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Abstract

This thesis aims to examine the nature of spatial representations in visuospatial working
memory (VSWM) and the mechanism by which the oculomotor system supports VSWM
maintenance. To examine these research questions, Chapter Two verifies the use of a
continuous report task in measuring memory for spatial locations, showing that the rep-
resentation of spatial locations is affected by the number of to-be-remembered items. In
Chapter Three, a strong eccentricity effect in spatial, but not colour, working memory
was observed. This result is argued to reflect that the resource involved in spatial work-
ing memory relies on topographic mapping. Chapter Four examined the distribution of
resources across sequences of spatial locations. Results showed that the serial position
effect, and therefore the distribution of resources, depends on whether the full sequence
or a single probe is to be recalled. To examine the role of the oculomotor system, saccadic
interference in spatial and colour working memory was examined in Chapter Five. Re-
sults showed that the oculomotor system is selectively involved in maintenance of spatial
locations in VSWM. Performing multiple delay-period saccades resulted in an increase in
guessing, but not imprecision, in spatial working memory. It is argued that spatial loca-
tions in VSWM are represented as activity peaks in a topographic cortical map. Within
this map, the oculomotor system is involved in maintaining the signal to noise ratio of
activity peaks for each of the to-be-remembered locations. This research makes an impor-
tant and novel contribution to the literature by advancing understanding of the nature
of representations within spatial working memory and interactions between VSWM and
action systems.
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Chapter 1

Literature Review

1.1 What is Visuospatial Working Memory?

Working memory is the ability to actively and temporarily maintain and manipulate infor-
mation for use in broader cognitive tasks and behaviour (Baddeley, 2010, 2011; Baddeley
& Hitch, 1974). Baddeley and Hitch (1974) proposed a multi-component model of work-
ing memory. This model conceptualises working memory as comprising two independent,
domain-specific slave systems, each with their own characteristics and capacity limits,
which are under the control of the central executive. This model of working memory has
been influential across the field of psychology, and has provided a framework for much

research examining the behavioural and neural underpinnings of memory and cognition

(Baddeley et al., 2021; Nee & D’Esposito, 2018).

The retention and maintenance of visual and spatial information is proposed to take place
in visuospatial working memory (VSWM). VSWM is a limited capacity store responsible
for maintaining information about the appearance and spatial locations of objects in a
visual array (Baddeley & Hitch, 1974). It has been shown that VSWM abilities are
correlated with and predictive of general fluid intelligence (Colom et al., 2007; Colom et
al., 2008; Unsworth et al., 2014), mathematical ability (Allen et al., 2019, 2020; Ashkenazi

et al., 2013; Fanari et al., 2019; Swanson & Beebe-Frankenberger, 2004), and reading
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comprehension (Daucourt et al., 2018; Inhoff & Weger, 2005; Nouwens et al., 2017).
Moreover, VSWM is affected by diseases such as Parkinson’s Disease and Alzheimer’s
Disease (Grossi et al., 1993; Lee et al., 2010; Zokaei & Husain, 2019). The involvement
of VSWM in such a broad range of behaviours highlights its role as a critical cognitive
system in daily behaviour and higher-level cognition (Rosner et al., 2022). However,
the representation of information within VSWM is still not fully understood in healthy

populations.

1.2 Functional Organisation of VSWM

Baddeley and Hitch (1974) proposed separation between the maintenance of verbal infor-
mation and visuospatial information in VSWM, with behavioural (Alloway et al., 2010;
Berry et al., 2019; Cocchini et al., 2002; Logie et al., 1990; Pickering et al., 2001; Postma
& De Haan, 1996; Shah & Miyake, 1996; Vandierendonck et al., 2004) and neurophysio-
logical studies (Basso et al., 1982; Hanley et al., 1991; Rothmayr et al., 2007; Smith &
Jonides, 1997, 1998; Vallar & Baddeley, 1984) supporting this view (but see Morey, 2018;
Poirier et al., 2019). These studies have relied heavily on the dual-task paradigm, where
the independence of two cognitive functions can be examined. In this paradigm, partici-
pants are asked to complete two tasks, a primary and secondary task, simultaneously. If
performance on the primary task is disrupted by performing the secondary task, the two
tasks are argued to rely on the same cognitive resources. Conversely, if performance of
the primary task is not significantly disrupted by the secondary task, it can be argued
that the two tasks are independent of each other. This method has also been used to
support separation between memory for visual and spatial features within VSWM, which

will be outlined in this section.

1.2.1 Behavioural Evidence

Using the dual-task paradigm, Tresch et al. (1993) reported a double dissociation be-

tween spatial and visual working memory. Participants were required to remember either
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the location of a dot or the form of an object, while concurrently performing movement
or colour discrimination tasks. Memory for object form was selectively impaired by the
colour discrimination task whereas memory for the dot location was selectively impaired
by the movement discrimination task. However, the objects used were drawn from a small
set of eight objects, which could be easily verbalised. Although a double dissociation was
found, this potential verbalisation of the objects used calls into the question the validity
of the task used to probe visual memory. Della Sala et al. (1999) developed the Pat-
tern Span Task, where participants are asked to remember visual matrices of filled and
unfilled squares. They compared pattern span performance to Corsi blocks performance
while participants were presented with irrelevant visual input or were required to follow
an arrangement of blocks with their hands (spatial tapping). Della Sala et al. (1999)
observed a double dissociation: performance on the Visual Patterns task was selectively
disrupted by irrelevant visual input whereas performance on Corsi blocks task was selec-
tively disrupted by the spatial interference task. It was therefore concluded that there is

behavioural dissociation in memory for spatial locations and memory for visual features.

The double dissociation reported in these examples (Della Sala et al., 1999; Tresch et
al., 1993) has not been reliably replicated, with many studies reporting same-system
interference only (e.g., Hecker & Mapperson, 1997), which suggests that this evidence
is insufficient to conclude that there is separation within VSWM. Many of the studies
investigating this issue have also used different interference tasks, for example passive
visual input, such as presentation of abstract paintings, and active movements generated
in space, such as spatial tapping (Della Sala et al., 1999). The differences in active and
passive interference tasks might mean that they interfere with VSWM to different degrees,

calling the validity of these tasks as pure VSWM interference tasks into question.

These issues prompted a more rigorous study of the independence of visual and spatial
stores in VSWM to be carried out (Klauer & Zhao, 2004). Klauer and Zhao (2004) at-
tempted to reproduce the double dissociation observed in previous studies (Della Sala
et al., 1999; Tresch et al., 1993), while ruling out other potential explanations for the

dissociation, such as similarity-based interference, short-term memory consolidation, and
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central executive involvement. Participants were required to remember the identities of
Chinese ideographs and the location of dots. Interference tasks involved either detecting a
stationary item within a moving array or to discriminate colours within a display. Across
six experiments, memory performance in the visual task was significantly more disrupted
by colour discrimination than by motion detection. Conversely, location memory was
significantly more disrupted by motion detection than by colour discrimination. Klauer
and Zhao (2004 argued) that these significant simple main effects provide strong evidence
for a double dissociation between visual and spatial memory within VSWM. Additionally,
these findings cannot be explained by other factors, such as central executive involvement,
strengthening the argument for a functional dissociation between visual and spatial stores
in VSWM. This dissociation has been confirmed by subsequent behavioural studies (Dar-
ling et al., 2009; Darling et al., 2007; Sanada et al., 2015; Smith, 2022; but see Vergauwe

et al., 2009).

1.2.2 Neurophysiological Evidence

Extensive neurophysiological evidence bolsters the case for a dissociation between spatial
and visual processing within VSWM. Using positron emission tomography (PET), Smith
et al. (1995) found that spatial memory activated right hemisphere regions whereas ob-
ject memory was associated with activity in the left hemisphere. They also reported
a behavioural double dissociation, which implied that different working memory buffers
are used for spatial and object information. Courtney et al. (1996) further showed that
activity was significantly greater in fusiform, parahippocampal, inferior frontal, and ante-
rior cingulate regions for visual working memory compared to location working memory.
Likewise, activity was significantly greater in superior and inferior parietal cortex and the

superior frontal sulcus in location working memory compared to visual working memory.

These findings have been supported by subsequent studies using functional magnetic res-
onance imaging (fMRI), providing greater spatial resolution and therefore greater support
for a dissociation between spatial and object working memory at the neural level (Court-

ney et al., 1998; McCarthy et al., 1996; Ren et al., 2019). More recently, Konstantinou et
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al. (2017) carried out voxel-based morphometry to examine whether different structures
might underlie capacity limitations in object and location working memory. They showed
that object and location memory spans were not significantly correlated, providing be-
havioural evidence for a separation between visual and spatial working memory stores.
Additionally, grey matter density and white matter volume of distinct cortical structures
correlated with spatial and object spans. These distinct pathways shown by PET and
fMRI are similar to the dorsal and ventral pathways that are involved in vision for action
and vision for perception (Goodale & Milner, 1992), indicating that there is a functional

significance of the separation of VSWM into visual and spatial stores.

However, this dissociation in neural pathways has not been widely accepted (McCants
et al., 2019; Nee et al., 2013), and there is a growing consensus against using locations
of neural activity to support domain-specificity within working memory (D’Esposito &
Postle, 2015; Eriksson et al., 2015). fMRI studies by Nystrom et al. (2000) and D’Esposito
et al. (1998) have suggested that the dorsal/ventral distinction between visual and spatial
working memory is too simplistic, as it is not reliably found in when different VSWM
paradigms are used. They argued that the areas proposed to be active during visual
and spatial working memory are observed because they are also involved in non-memory
processes, including attention and motor planning, which support memory processes.
Sala et al. (2003) examined neural activity when houses, faces, and spatial locations
are probed in VSWM tasks. They showed that activation was broadly consistent with
the dorsal/ventral pathways, thereby supporting fractionation between visual and spatial
VSWM at the neural level. As well as showing different patterns of neural activation, Sala
et al. (2003) demonstrated a behavioural dissociation in performance, consistent with the
claim that VSWM performance for faces is distinct, both behaviourally and neurally, from
memory for houses and locations. Memory for houses was not distinct from memory for
spatial locations. On first inspection, this pattern of data seems to suggest that there is no
clear fractionation between visual and spatial working memory. However, studies employ
different tasks and stimuli within these tasks, and these stimuli may comprise of multiple

features, both visual and spatial. These differences in tasks and stimuli might underpin
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the conflicting results. For example, Nystrom et al. (2000) sequentially presented letters
and shapes in distinct spatial locations, for both visual and spatial memory conditions
(Experiments 2 and 3). It is likely that, despite being instructed to remember either
the shape/letter or location, participants were encoding and retaining both spatial and
visual features of the stimuli. This idea is supported by Foster et al. (2017), who showed
that spatial locations are spontaneously represented in VSWM, even when irrelevant to
task completion. This automatic encoding of spatial information during visual working
memory tasks might be observed because spatial location aids in binding visual features
together into coherent representations in VSWM (Pertzov & Husain, 2014; Wheeler &
Treisman, 2002). Although there is a degree of separation between visual and spatial
working memory (Courtney et al., 1996; Smith et al., 1995), this might be less pronounced
than the separation between verbal working memory and VSWM because memory for

spatial locations is typically required to support memory for visual features.

The failure to find consistent evidence supporting separate neural pathways underlying
spatial and visual working memory processes is not too problematic for the modular view.
The mapping within the cortex, especially within the prefrontal cortex, is many-to-many:
many functionally distinct processes can activate the same regions within the brain. Fur-
thermore, using cortical locations to support dissociation of functions, especially memory
processes, is complex because it relies on accurately separating these cognitive processes.
For example, memory must be separated from attention, and within memory, encoding,
rehearsal, and retrieval processes must be separated. This separating of processes is com-
plex, and there is still overlap at some levels, for example where location aids encoding
into visual working memory, even when location is irrelevant to the primary memory task
(Foster et al., 2017; Olson & Marshuetz, 2005). Nevertheless, the behavioural and neuro-
physiological evidence presented in this section broadly suggests that there is a degree of

separability between visual and spatial working memory.
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1.3 Measuring VSWM

As outlined, there are many important differences in the tasks being used to measure
VSWM, which might result in different conclusions being drawn about the structure and
function of VSWM. For example, Brooks matrix task (Brooks, 1967), in which participants
are asked to remember a series of spatial locations or nonsense sentences, has been shown
to employ the use of general-purpose executive functions (Salway & Logie, 1995), so is not
specifically probing memory for spatial locations. A variety of tasks are used to measure
spatial and visual working memory, including Corsi blocks task, change detection tasks,

and continuous report tasks, which will be outlined in this section.

1.3.1 Typical Measures of VSWM

When measuring spatial working memory, studies typically use Corsi blocks task (Milner,
1971), where participants are required to recall a sequence of block tapping. This task
was developed as a spatial alternative to digit span, which is used to assess verbal working
memory (Corsi, 1972). Corsi blocks task is a powerful test that has been employed by
psychologists both in clinical and in laboratory settings to examine a myriad of different
research questions about VSWM, for example, examining VSWM deficits in different
patient groups (Kessels et al., 2000). However, there is a lack of standardisation in terms
of procedure, especially with respect to display characteristics, such as block placement
and block numbering, scoring, and determination of span measurement. As well as this,
replication has been difficult because procedural information is not always reported, such
as block tapping rate and trials performed at each level (Berch et al., 1998). This lack of
standardisation means that the reliability and validity of Corsi blocks task as a measure of
spatial processing has been difficult to verify, and has resulted in differences in estimates of
capacity, ranging from around four items to seven items (Monaco et al., 2013). Kessels et
al. (2000) proposed a framework for standardising Corsi blocks task, detailing important
procedural and scoring concerns that should be consistent across studies, including task

parameters such as block layout and scoring method. While the Corsi blocks task is widely
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used in experimental psychology, these parameters, or deviations from these parameters,
are not widely reported or justified in studies with healthy participants so the issue of

standardisation and the reliability of normative data remains (Arce & McMullen, 2021).

The nature of cognitive processes involved in Corsi blocks task has also been debated.
Some scholars have argued that Corsi blocks task is not a pure measure of spatial memory,
as both spatial locations and temporal order must be retained (Della Sala et al., 1999) and
differences in procedures and experimental set-ups may mean that participants engage in
different encoding and maintenance strategies (Berch et al., 1998). Vandierendonck et al.
(2004) attempted to examine the nature of cognitive processes underlying performance of
Corsi blocks task by using the dual-task paradigm in a series of experiments. Participants
were required to complete the Corsi blocks task while also completing random generation,
spatial tapping, or articulatory suppression tasks to assess whether Corsi blocks task
probes spatial memory or a more domain-general process. It was shown that performance
on the Corsi blocks task was significantly impaired in the spatial tapping condition, with
random generation affecting performance only at intermediate and long sequences, where
the central executive is engaged to support maintenance (Vandierendonck et al., 2004).
This suggests that Corsi blocks task is probing memory for spatial locations, but as the
task becomes more difficult, domain-general executive function mechanisms are required

to support performance.

Visual working memory is typically measured by participants recalling information about
simultaneously presented arrays of objects, such as in the Visual Patterns task (Della
Sala et al., 1999). The Visual Patterns task and Corsi blocks task are commonly used to
measure and compare performance across visual and spatial working memory. However,
there are a number of differences between the tasks, which might cause potential compar-
isons between the tasks to be considered problematic. One difference between the Visual
Patterns task and Corsi blocks task is in the mode of presentation. In Corsi blocks task,
the blocks are tapped one at a time, with the presentation array being present throughout
the task. In contrast, the visual patterns in the Visual Patterns task are presented simul-

taneously as arrays on cards. Having the presentation array being present throughout the
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trials in Corsi blocks task means that there are different potential sources of interference
within the presentation of sequences. For example, as a function of sequence length, the
amount of relevant and irrelevant information changes. On low span conditions, this might
impair performance, as the number of irrelevant stimuli outnumbers the relevant stimuli
and filtering settings, i.e. ignoring irrelevant stimuli, changes on a trial-by-trial basis (Jost
& Mayr, 2016). In contrast, in the Visual Patterns task, half of the array is always filled,
regardless of how large the matrix is. Additionally, the presented patterns change on each
trial, which might influence how participants encode information into VSWM (Rudkin et

al., 2007).

It might also be that the sequential nature of presentation in Corsi blocks task is inher-
ently more difficult due to the requirement to retain spatial-temporal associations as well
as mentally building and retaining relational information (Avons & Trew, 2006; Jiang
et al., 2000), whereas simultaneous presentation of stimuli in visual working memory
tasks like the Visual Patterns task does not necessarily require participants to encode
and maintain the relational information between stimuli. This simultaneous presentation
may result in increased visual span capacity. Lecerf and de Ribaupierre (2005) showed
that recognition performance in a matrix task was greater when stimuli were presented
simultaneously compared to when stimuli were presented sequentially (Gorgoraptis et al.,
2011; but see Thssen et al., 2010). It may therefore be that the Corsi blocks and Vi-
sual Patterns tasks are not probing visual and spatial working memory, but are probing
memory for temporal sequences and memory for patterns, respectively. Mammarella et
al. (2008) investigated this hypothesis in children using a battery of 13 working memory
tasks, including Corsi blocks task, backwards and forwards digit span, Visual Patterns
task, house recognition task, and static and dynamic maze tasks (more detail in Mam-
marella et al., 2006). The best fitting model to this data included separate components
for verbal working memory, visual working memory, spatial-sequential working memory,
spatial-simultaneous working memory, and an “active” component, which is involved men-
tally manipulating information (Mammarella et al., 2008). This model was subsequently

confirmed in adults (Mammarella et al., 2013) and suggests that, although Corsi blocks
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task does measure spatial working memory, it is likely that there are different subcompo-
nents of spatial working memory such that Corsi blocks task is measuring only one part
of spatial working memory ability (Mammarella et al., 2013; Mammarella et al., 2008;

Vandierendonck et al., 2004).

There are also distinct differences in the responses required on each task probing spatial
and visual working memory, which might affect the measurement of VSWM. In the Corsi
blocks task, participants are required to make a motor response, reproducing the sequence
presented at encoding. In typical visual working memory tasks such as the Visual Pat-
terns Task, participants are asked to verbally respond regarding which squares within a
matrix were filled. In some visual working memory tasks, a motor response is required,
such as clicking or shading which squares in a matrix were filled at presentation. However,
the extra demands that are present in prototypical spatial working memory tasks require
that participants respond with the temporal order presented during encoding. This re-
quirement to reproduce the correct temporal order means that participants transform the
stimuli and their representations in VSWM from retinotopic to spatiotopic representations
to enable motor responding. In contrast, visual working memory tasks typically rely on
two dimensional arrays, and there is no transformation from retinotopic to spatiotopic
representations required to enable verbal responding. This lack of transformation means
that there are fewer sources of noise present in visual working memory tasks, as retinotopic
representations are more accurate than spatiotopic representations, where error accumu-
lates over transformations (Golomb & Kanwisher, 2012; Shafer-Skelton & Golomb, 2018).
These differences in response demands, as well as differences in presentation, limit the
degree to which performance on the Corsi blocks task and Visual Patterns task can be

compared.

1.3.2 Change Detection Task

One potential task that is matched in terms of presentation and response demands is the
change detection task. This task involves presenting an array of items, such as coloured

shapes. After a short delay, a test array is presented, which might involve a change in
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an item’s colour, orientation, shape, or location. Participants are required to determine
whether a change occurred between the test array and first presentation of the array. By
changing the appearance or the location of stimuli within the array but keeping all other
factors such as response demands and presentation mode consistent, the characteristics of
visual and spatial working memory can be probed and directly compared. VSWM capacity
(k) is calculated by measuring the proportion of trials in which a change is correctly (hit
rate; h) and incorrectly (false alarm rate; f) detected relative to the number of items (V)

presented in the array (Equation (1.1), Pashler (1988); Equation (1.2), Cowan (2001)).

O el
by = N (1.1)
ko= Nx(h— f) (1.2)

Most work using the change detection task has probed visual working memory by exam-
ining performance with changes in colour or orientation (e.g., Machizawa & Driver, 2011).
The change detection task offers a reliable and stable estimate of VSWM capacity (Bal-
aban et al., 2019; Dai et al., 2019). In a large-scale examination of the change detection
task, Balaban et al. (2019) found that estimates of capacity were stable across trials, as
well as over time in 3,849 participants. This was found in a ten-minute version of the
task, indicating that even with few trials, the change detection task provides a reliable

estimate of VSWM capacity (Balaban et al., 2019).

However, this task is not without its limitations. There are several factors in the change
detection task that have been shown to affect performance, including the magnitude
of change to be detected. Keshvari et al. (2013) have shown that the probability of
reporting a change in an orientation change detection task increases with magnitude of
the change to be detected at every set size, up to eight items. This was demonstrated
by calculating capacity estimates at set size six for different magnitudes of change. At

magnitudes between 0° and 9°, k was estimated to be 0, indicating that no items were



Chapter 1 12

retained. Conversely, when changes were large at magnitudes between 81° and 90°, k was
estimated to be 3.8 items. They argued that, since capacity depends on the magnitude
of change to be detected, this is inconsistent with the basic idea of a fixed capacity in
VSWM. If there is a fixed capacity limit in VSWM, around three to four items should
have been retained regardless of the magnitude of change to be detected. This finding
therefore demonstrates that the change detection task must be tightly controlled to enable

a reliable estimate of VSWM capacity to be obtained.

A further consideration for the change detection task is the way in which capacity esti-
mates are calculated. Different calculations have been proposed depending on whether
the recognition task is whole-display (Equation (1.1)) or single-probe (Equation (1.2)).
The validity of these measures has been questioned because the estimate of capacity is
biased by both the equation and the set size used to calculate capacity (Rouder et al.,
2011). The equations used are valid only if N is greater than or equal to true capacity, k.
For example, if a set size of four items is used, participants with a true capacity of three
to four items will have a valid estimate of capacity, but if a participant has a capacity
of five items, their estimate cannot be larger than four. The implication of this is that
their estimate will be biased too low. This bias can be controlled by using larger set sizes,
but using a large range of set sizes is not always practical and the decision of which set
size will be large enough is not a straightforward one. Additionally, Cowan (2001) pro-
posed that VSWM capacity is a latent property that is unchanging across stimulus and
task properties, which has received mixed support in tasks using this measure of VSWM
(Balaban et al., 2019; Keshvari et al., 2013). However, use of the measure proposed by
Pashler (1988) results in an increasing k with increases in N (Equation (1.1)), contrary to
the idea of a stable VSWM capacity (Cowan, 2001). Examination of these capacity mea-
sures highlighted that they are not opposing measures, but are valid for different tasks:
Equation (1.1) is valid for whole report tasks, whereas Equation (1.2) is valid for single
probe tasks (Rouder et al., 2011). However, many studies misreport measures based on
their methods, resulting in inconsistencies across the field with respect to the ways in

which VSWM capacity are measured and interpreted when using the change detection
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task (Rouder et al., 2011).

The change detection task provides a method of measuring and comparing VSWM per-
formance for both visual and spatial features of stimuli. It is a useful, relatively straight-
forward, and reliable task that allows for a calculation of capacity estimates of visual and
spatial working memory (Dai et al., 2019; Xu et al., 2018). However, there are several
factors that might affect this reliability, and the appropriateness of the change detection

task depends on the research question being investigated.

1.3.3 Continuous Report Method

A key issue with the Corsi blocks and change detection tasks is that they rely on discrete
response spaces, producing a measurement of span (as in Corsi blocks task), or hit and
false alarm rates (as in change detection tasks). Relying on such responses limits the
degree to which inferences about the precision of the underlying representation can be
made. In particular, in the Corsi blocks task, the primary measure is a span measure.
It might be that the information from the presented array was encoded noisily, with
little impact on performance at low set sizes. However, with increasing set sizes, the
noise in representations increases, which increases the difficulty in selecting the correct
block in the correct temporal position or in detecting changes, therefore resulting in more
incorrect responses. Such tasks do not allow for detailed examination of the degree of
noise in representations. More sensitive tasks have since been developed that permit
more detailed examination of the precision in representations to be undertaken. One way
to examine the noise within VSWM representations is to use a continuous report task
(Wilken & Ma, 2004). In this task, participants are asked to reproduce a feature of a
target stimulus along a continuous scale; for example, reporting the colour of a stimulus
on a colour wheel or reproducing the orientation of a target. Computational models can
then be applied to the data to examine the error distribution and the sources of response
error. This task has been used to examine memory for a range of visual features, including
colour (Bays et al., 2009; Zhang & Luck, 2008), orientation (Bays, Gorgoraptis, et al.,

2011; Gorgoraptis et al., 2011), and motion direction (Zokaei et al., 2011).
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The continuous report task has been argued to provide a more sensitive measurement
of VSWM than tasks that span measures. Zokaei et al. (2015) examined VSWM per-
formance on an orientation continuous report task in healthy children, young adults,
and elderly adults, as well as in patients with Parkinson’s Disease (PD). Participants
performed a four-item orientation working memory task (three-item for children), and a
single-item orientation working memory task with varied delay periods to control for the
effect of the delay period on VSWM. PD participants, children, and a subset of elderly
participants also completed a sensorimotor task to control for sensorimotor coordination.
As well as this, all participants completed forwards and backwards digit span, and PD
and elderly participants completed forwards and backwards versions of the Corsi blocks
task. Precision on the continuous report working memory task was positively correlated
with backwards digit span for all participants, and positively correlated with backwards
Corsi span for elderly participants. This correlation indicates that the continuous report
task reflects the complex nature of VSWM because backwards span tasks emphasise both
storage and processing of memoranda whereas forwards span tasks emphasise storage only
(Groeger et al., 1999; but see Rosen & Engle, 1997). In the continuous report task, visual
and spatial features must be stored correctly in VSWM, but at recall, one feature, such as
colour, must be used to retrieve the correct probed feature, such as orientation. A correla-
tion between backwards span and VSWM precision indicates that the continuous report
task places additional demands on VSWM that are not always required in traditional
measures of VSWM. This also supports the claim that the continuous report task pro-
vides a method for examining the quality of VSWM representations because participants
are asked to reproduce a feature of a remembered item. This task provides greater insight
into VSWM processes and representations, which is beyond the information obtained by

using a binary response task, such as the change detection task (Zokaei et al., 2015).

The continuous report task may be considered a more difficult task than the change
detection task because of the additional demand to reproduce a visuospatial feature.
This increased task difficulty may lead to a reduced capacity estimate. The differences

between change detection tasks and continuous report tasks can be considered similar
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to the differences in recognition and recall memory tasks, where recognition judgements
may be based more on a decision regarding familiarity whereas recall is a more effortful
retrieval process requiring both search and decision processes (Kintsch, 1970). However,
such a distinction between recall and recognition tasks has received little support. A more
parsimonious position argues that recall and recognition memory are related functions in
memory (Haist et al., 1992), which may rely on similar retrieval mechanisms (Tulving
& Watkins, 1973). In this view, the differences in recall processes between the change
detection and continuous report tasks should not be considered problematic because they

rely on similar underlying processes within VSWM.

There are a variety of methods used to measure VSWM capacity, each with their own
strengths and limitations. Span measures and change detection tasks are useful for car-
rying out studies to gain an estimate of VSWM capacity relatively easily. However, these
methods rely on binary responding, so these tasks are not appropriate in cases where
a more sensitive measure of VSWM is required, for example, in investigating how well
information is encoded and retained. In these cases, a continuous report task may be
more appropriate, though this task might be more difficult to carry out and may place
additional demands on VSWM processes. Both the change detection task and contin-
uous report methods have been used to examine the nature of capacity limitations in
VSWM across multiple visual and spatial features. In this thesis, the continuous report
task is used to measure the precision with which spatial and colour information about
coloured dots is maintained in VSWM. Using the continuous report task, as opposed to
other measures of visual and spatial working memory allows for more detailed insight
into how spatial locations are represented in VSWM because participants are asked to
reproduce the spatial location exactly as they remember it. In addition, more meaningful
comparisons between spatial and visual working memory can be made because the influ-
ence of potential confounding variables, that may be present when performance across
Corsi blocks and Visual Patterns tasks is compared, for example, is minimised: the only
difference between the colour and spatial continuous report tasks is the feature to be

recalled.
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1.4 Models of VSWM capacity

One of the key characteristics of VSWM is that it has a limited capacity (Baddeley &
Hitch, 1974), with high inter-individual variability being observed in capacity estimates
(Machizawa & Driver, 2011). However, there is debate surrounding the nature of this
capacity limitation, with opposing views being put forward to explain it. Slot models
argue that there is a limit on the number of items that can be retained in VSWM (Zhang
& Luck, 2008). In contrast, the resource model argues that all task-relevant information
can be retained, with limitations on the fidelity with which information can be encoded
and maintained in VSWM (Bays et al., 2009). In this section, an overview of these models

and their supporting evidence will be discussed.

1.4.1 Slot Model

The slot model proposes that there are a limited number of slots available to maintain
information about objects at a fixed resolution. When all slots are filled, additional
memory items are not encoded into VSWM. The slot model therefore proposes that
VSWM is all-or-none: items are either encoded completely, as bound representations, or
not at all. This model of VSWM has been widely accepted and supported, and the use
of a single capacity estimate in the form of “how many slots are available” is useful for

comparing across individuals, task conditions, and tasks, including across modalities.

Luck and Vogel (1997) argued that VSWM has an upper limit of approximately four ob-
jects. In their experiment, participants were asked to complete orientation and/or colour
change detection tasks, with between one and twelve items. It was found that partici-
pants were almost 100% correct on trials in which up to four items were presented. As
the number of presented items increased beyond this, performance steadily declined. This
was found for colours, orientations, and conjunctions of colour and orientation (Luck &
Vogel, 1997). It was therefore argued that VSWM capacity is around four objects, rather
than four features: participants could recall information about eight features distributed

across four objects (conjunctions of colour and orientation). As well as this, participants
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could recall information about four features (colour or orientation) in a single-feature
change detection task. Despite there being a greater number of features to be recalled
in the conjunction condition, performance was similar to that in the single-feature condi-
tion, suggesting that conjunctions of features are held as bound representations in VSWM
(Luck & Vogel, 1997; Vogel et al., 2001). This limit of around four items has been widely
replicated and accepted across the field (Fukuda et al., 2010; Luck & Vogel, 2013). A limit
of around four objects is also consistent with limits found in visuospatial attention and
in perception, making it a useful measure of VSWM for comparison with other cognitive

processes (Cowan, 2001).

Neurophysiological studies using electroencephalography (EEG) and fMRI have offered
additional support for an item limit in VSWM (Todd & Marois, 2004; Vogel & Machizawa,
2004; Xu & Chun, 2006). This item limit has been demonstrated by measuring contralat-
eral delay activity (CDA), which is a sustained posterior ERP response in the hemisphere
opposite to the location of to-be-remembered items (Feldmann-Wistefeld et al., 2018;
Luria et al., 2016). The amplitude of CDA has been shown to be sensitive to the num-
ber of objects that must be remembered, increasing as the number of items increases
before plateauing when set size reaches and exceeds the individual’s maximum capacity
(Villena-Gonzélez et al., 2020; Vogel & Machizawa, 2004). Similarly, activity in the pos-
terior parietal cortex has been shown to increase with increases in set size before reaching
an asymptote when set size reaches the individual’s maximum capacity (Todd & Marois,

2004).

However, this strict form of the slot model fails to acknowledge that different charac-
teristics of the stimuli, such as object complexity, affect whether and how information
is retained in VSWM. Alvarez and Cavanagh (2004) showed that VSWM capacity was
reduced when complex objects, such as shaded cubes, were to be remembered, compared
to when simple objects, such as colours, were to be remembered (see also Eng et al., 2005;
Taylor et al., 2017). It was therefore argued that VSWM is not fixed, but depends on
the amount of information to be retained about each object. This proposal that VSWM

capacity might not be fixed but that it depends on the amount of information to be re-
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membered has been challenged. Awh et al. (2007) argue that the observed reduction in
VSWM capacity with increased object complexity was due to increased similarity between
sample and test items for more complex objects, which might interfere with comparing
sample and test items at recall, rather than the information load of the to-be-remembered
objects. Awh et al. (2007) therefore argue that object complexity is not a challenge for

the slot model.

A particular challenge for the strict form of slot model comes from the use of predictive
cues in VSWM. Studies show that recall is more precise at the cued location compared to
uncued locations when the cue is presented during encoding (Botta et al., 2010; Griffin
& Nobre, 2003; Palmer, 1990) or during maintenance when the array is no longer visible
(Pertzov et al., 2013; Souza et al., 2016). This is a challenge to the assumption of all-
or-none, fixed resolution encoding put forward by the slot model, where items should be
encoded and maintained with relatively equal precision. This finding does not necessarily
challenge the existence of a limited number of slots. Instead, these findings challenge how
VSWM slots are utilised and how the to-be-remembered objects are distributed amongst
the slots. This view is a challenge to the traditional, stricter slot model, which proposes
that each object is represented only once in VSWM (Luck & Vogel, 1997). In response
to this challenge, Zhang and Luck (2008) revised this model, called the slot+averaging

model.

1.4.1.1 Slot+Averaging Model

In the slot+averaging model, there are a limited number of independent slots available to
retain information in VSWM with a fixed precision. The critical difference from the tradi-
tional slot model is the way in which these slots are used. According to the slot+averaging
model, multiple slots can be used to retain information about the same item before the

representations are averaged together at recall.

Zhang and Luck (2008) used the continuous report task to probe memory for colour, and
applied a mixture model to examine the sources of response error (Equation (1.3)). They

found that response error, defined as the distance between the response colour value and
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the original colour value, followed a normal distribution centred on the original colour
value (¢(6)). The standard deviation of this distribution (o) represents the precision
of memory representations. Although no significant effect of set size was observed for
precision, Zhang and Luck (2008) found that precision decreased slightly between set
sizes one and three, indicative that multiple slots were allocated to one item and averaged
together at recall. A plateau in precision was observed between set sizes three and six.
This was interpreted as evidence that maximum VSWM capacity is around three items:
a plateau in precision indicates that each item is represented once, up to the maximum
number of slots available. Consistent with the all-or-none assumption of the slot model,
incorrect responses were proposed to be guesses, where participants responded at random.
The probability of guessing was therefore proposed to come from a uniform distribution
(7), where all possible responses were equally likely. The probability that the target item
was encoded into VSWM (P,,) was therefore modelled as 1 — v, where it was assumed
that, if the participant was not responding at random, they were responding with the
target value. P, declined slowly between set sizes one and three, before rapidly decreasing
between set sizes three and six. The results from this modelling, both in terms of precision
and the probability of reporting the target, suggest that there is an item limit of around
three items in VSWM, and this was highly correlated to the measure of capacity obtained
using a change detection task (Zhang & Luck, 2008). The decrease in precision between set
sizes one and three suggested that representations were averaged together at recall: when
more than one slot is available to store a single representation, precision is highest, but
as set size increases, and the number of representations of each item decreases, precision
will decrease and the likelihood of guessing will increase as some items are not encoded

into an available slot (Zhang & Luck, 2008).

p0) = (1= )00~ 0) + 7 (1.3

This revised model can explain why VSWM capacity is reduced for complex objects,

where more than one slot may be required to store each representation in VSWM. Be-
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cause more complex items require more than one slot, there are fewer slots available,
resulting in fewer items being retained in VSWM, which would result in a decrease in
capacity being observed. The results of studies using pre-cues can also be accounted for
by the slot+averaging model, where the cued object is stored in multiple slots, there-
fore decreasing the likelihood that uncued items will be encoded (Zhang & Luck, 2008).
Zhang and Luck (2008) examined the effects of cueing on VSWM and showed that P, was
significantly greater on valid trials but precision was only slightly, though significantly,
increased on valid trials compared to invalid trials. There was no significant difference
in precision between valid and neutral trials. This indicates that the cued location is
stored in multiple slots and these slots are averaged together at recall. The magnitude
of the difference between valid, neutral, and invalid trials was small, indicating that it is
not possible to produce an imprecise representation if an item is encoded into VSWM.
However, the facilitation of retro-cued items is less easily explained by the slot+averaging
model, as this requires a degree of flexibility in the distribution of slots after encoding,

which is not accounted for by the slot+averaging model.

Behavioural studies using both the continuous report task and the change detection task
have offered supportfor this revised slot model (Adam et al., 2017; Barton et al., 2009;
Donkin et al., 2013; Fukuda et al., 2010; Pratte et al., 2017). For example, Zhang and Luck
(2011) used a colour continuous report task in which the number of distinct colours used
was varied between 180 (high-precision) and 9 (low-precision) to examine whether there
is a trade-off between the quantity and quality of representations in VSWM. In the high-
precision condition, participants should prioritise encoding and maintaining high quality
representations, so a decrease in VSWM capacity (k = P, * set size) was hypothesised. In
contrast, in the low-precision condition, a coarser representation can be used to complete
the task, so if there is a trade-off between precision and capacity, an increase in k should be
observed. Zhang and Luck (2011) showed that participants cannot retain more items than
their VSWM capacity by decreasing the precision of these representations, as precision
and VSWM capacity estimates were equal across both high- and low-precision conditions

(see also Ramaty & Luria, 2018). The lack of a trade-off between precision and k is
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consistent with the idea that VSWM capacity is fixed, providing additional support for

the slot+averaging model.

In their large-scale study, comprising data from 3,849 participants and over 500,000 trials
in the change detection task, Balaban et al. (2019) showed that average VSWM capacity
was around three items, consistent with previous reports of VSWM capacity (Fukuda et
al., 2015). They further showed that participants have a bias towards reporting that a
change occurs in the change detection task. The implication of this bias is that, when four
items are presented, only around two to three of these items are represented in VSWM. At
test, if the probed item is presented in its original colour but not represented in VSWM, the
participant is more likely to respond with “different” because that item is not represented
in VSWM. This bias increases as set size increases because the proportion of items that
are not represented in VSWM increases. Balaban et al. (2019) argued that the change in
memory strength (d'), which is a similar measure to precision, at set size eight correlated
well with the change predicted from set size 4 (r = 0.47). The fact that this strength
halves when set size doubles is consistent with the characterisation of VSWM as a flexible
resource, which is distributed equally amongst all task-relevant memoranda (Bays et al.,
2009). According to the slot model, memory strength is a mixture of two measures: one
signalling the remembered items and one equal to 0 for the items that are not represented
in memory (Zhang & Luck, 2008). Additionally, due to the all-or-none nature of encoding
and storage, memory signal strength for individual items should be equivalent between

set size four and set size eight. The memory signal strength for individual items at set
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size four (d.,,) can be calculated by %ﬁf’““d, where n is set size, d
memory signal strength at that set size, and k is calculated memory capacity at set size
n. The observed d’' at set size four was 2.48. Using this in the calculation of memory
strength of individual items results in the finding that 2.79 items (k) were represented

with d’ of 3.56 (d.

' <1), while the remaining 1.21 items were represented with d’ of 0 at set

size four. Average d’ at set size eight can be predicted using dgs‘*T*k" to test the all-or-none
nature of slots. This calculation resulted in the prediction that items are represented in

VSWM with an average d’ of 1.13 at set size eight, with k equal to 2.54, the observed k
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at set size eight. That is, 2.54 items (ksss) are represented with d’ equal to 1.13; while the
remaining 6.46 items are represented with d’ of 0 at set size eight. When memory strength
was calculated in this way, the predicted memory strength values closely aligned with the
observed data (r = 0.83). This suggests that memory strength, and thus precision, is
equivalent across set sizes, supporting an item limit in VSWM and the assumption that a

subset of items in supra-capacity arrays are represented in VSWM with a fixed resolution.

Using a whole-report task, Adam et al. (2017) offer additional support for the slot model
of VSWM. They used the continuous report task to probe memory for colour and orienta-
tion. Participants were required to report all of the colours and orientations presented in
a given trial. They showed that, as set size increased, variability in responses increased,
similar to studies requiring a single response at test (Zhang & Luck, 2008). Notably, they
showed when recall order was free, participants reported the most well remembered items
first, with precision decreasing across the order of responding. Adam et al. (2017) also
examined whether some responses were guesses and estimated individual VSWM capacity
when six items were presented, using mixture modelling (Zhang & Luck, 2008). It was
observed that the final responses in the set size six condition were guesses, with most
participants showing a capacity limit between three and four items, consistent with previ-
ous work examining VSWM capacity limits (Robison et al., 2018; Todd & Marois, 2004).
Adam et al. (2017) therefore provide evidence consistent with the slot+averaging model
of VSWM, where responses become more variable as more items are to be remembered
and where participants respond at random when the number of to-be-remembered items

exceeds their VSWM capacity.

The slot+averaging model is not the only model that proposes an item-limit in VSWM,
and a number of revisions to the slot model have been proposed. For example, the
slot+resource model (Donkin et al., 2013; Standage & Paré, 2018; Zhang & Luck, 2008),
is a similar model to the slot+-averaging model with the exception that the precision within
slots is dependent on a limited pool of resources, which are distributed in a continuous
manner. However, the slot+averaging model is the most well-established revision to the

slot model, and has received the most empirical support (Fukuda et al., 2010).
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Overall, there is abundant behavioural and neural evidence to support an item limit in
VSWM. Moreover, the slot(+averaging) model provides a relatively straightforward way
to conceptualise limits in VSWM. The use of a single capacity estimate, the limit in the
number of slots, is easy to interpret and permits comparison across individuals, tasks,
conditions, and modalities. However, this model has been criticised as being overly sim-
plistic as it ignores some of the complexities associated with the encoding, maintenance,
and retrieval of information in VSWM. This issue is particularly important when multiple
objects are to be remembered as the mixture model proposed by Zhang and Luck (2008)
fails to accurately describe the pattern of responses observed at large set sizes (Bays et
al., 2009). An alternative approach, which rejects the idea of an item limit in VSWM, is
the resource model of VSWM (Bays et al., 2009).

1.4.2 Resource Model

Bays et al. (2009) argued that VSWM capacity is not limited by the number of items
that can be retained, but is instead limited in terms of the quality of information that
can be retained. They propose that the precision with which information is encoded
and retained in VSWM is dependent on the fraction of memory resources allocated to
each item. If a greater proportion of resources is directed towards an object, it will be
remembered more precisely. They further argue that it is necessary to correctly bind
object features together during maintenance and retrieval, enabling the information to be
used in a meaningful way (Bays et al., 2009). For example, when participants were asked
to recall the correct colour of an object, the target item was indicated by a location cue
so both the correct location and correct colour must be recalled. Bays et al. (2009) thus
proposed that there is no upper limit on the number of items that can be held in VSWM.
Rather, representations within VSWM are noisy, with three main sources of recall error
(Equation (1.4)): variability in the target representation (i.e., precision; o), guessing (),
and misbinding (). Misbinding/swap errors occur when participants have encoded all
the to-be-remembered features, but with incorrect identity-location binding information.

These errors are modelled in a similar way to the target item: a Gaussian with precision o
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centred on the presented values (¢, (0 — 07); Figure 1.1). These misbinding errors are not
predicted by the slot models due to encoding and maintenance of information occurring

in all-or-none independent slots.

p(0) = (1= B = 1)600— 6) + 7+ F 3" 6,(0 — 07) (1.4

Bays et al. (2009) attempted to replicate Zhang and Luck (2008) while accounting for
the occurrence of misbinding errors. They found that precision decreases gradually and
continuously with set size, even beyond three to four items, consistent with a power law.
Accompanying this decrease in precision was an increase in the probability of misbinding
errors ([3), even at set sizes of six items (see also Bays, 2016). When these misbinding
errors are included in modelling of response error, the proportion of variability in the data
accounted for by guessing responses is significantly decreased. Zhang and Luck (2008)
found that guesses made up 62% of responses. However, when misbinding errors were
included in the model, guesses made up only 14% of responses, indicating that a significant
proportion of guessing responses observed by Zhang and Luck (2008) were not truly
random (Bays et al., 2009). This result is inconsistent with the slot+averaging model:
precision declines steadily with increasing number of items to be retained, and there is
no rapid increase in the probability of guessing when set size exceeded VSWM capacity.
Rather, the decrease in precision seems to be a result of incorrect item-location bindings
at high set sizes. These findings are more consistent with the proposal that VSWM
is a finite continuous resource that is distributed amongst all to-be-remembered items.
Precision in VSWM therefore depends on the proportion of resource directed to each item:
as the number of items to be remembered increases, there is less resource dedicated to
processing each item, resulting in an increase in noise in the VSWM representation (Bays

et al., 2009).

The resource model has been influential in VSWM research and there have been multiple
proposals as to how the resource is allocated to items (Huynh Cong & Kerzel, 2021; Smith

et al., 2018; van den Berg et al., 2012). For example, the variable precision model argues
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Figure 1.1: Graphical representation of Bays et al. (2009) mixture modelling. The blue
curve represents the probability of responding with the target colour, while the green
curve represents the probability of reporting the other presented colours (non-target).
The standard deviation of these distributions represents the precision in responding. The
orange uniform distribution represents the probability of guessing, where all responses are
equally likely. Zhang and Luck (2008) included only the probability of responding with
the target (blue curve) and the probability of guessing (orange uniform distribution) in
their mixture model.

that the resource is not equally distributed across items and trials. That is, encoding
quality is random, such that some items will be better remembered than others on a
given trial, even if no cue is provided and items are equally salient (van den Berg et al.,
2012). In the current thesis, the Bays et al. (2009) resource model, in which the resource

is assumed to be equally distributed across all to-be-remembered items when no cue is

available, will be discussed.

The finding of decreased precision with increased set size is reliably found across visual
features, including colour (Bays, Wu, et al., 2011; Huang, 2010), orientation (Bays, Wu,
et al., 2011; Bays, Gorgoraptis, et al., 2011; Gorgoraptis et al., 2011), and motion di-
rection (Zokaei et al., 2011). Furthermore, studies where the relevance/saliency of an

item is increased via cueing offer strong support in favour of the resource model over slot
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models (Bays, Gorgoraptis, et al., 2011). For example, Gorgoraptis et al. (2011) cued an
item during encoding in an orientation continuous report task (Experiment Three). They
showed that the cued item was recalled more precisely than non-cued items. This finding
is consistent with an unequal distribution of resources, where VSWM resources are pref-
erentially distributed to the cued item, with fewer resources directed to remembering the
non-cued items. This finding of enhanced precision for cued items with a corresponding
cost for non-cued items is reliably found (Bays, Gorgoraptis, et al., 2011; Bays & Hu-
sain, 2008). Retro-cuing has also been shown to increase precision of the cued item while
decreasing the precision of the uncued item(s) (Kalogeropoulou et al., 2017; Pertzov et
al., 2013; Schneider et al., 2018; Souza et al., 2016; Sprague et al., 2016; van Ede et al.,
2019). This beneficial effect of retro-cues is a challenge for slot models, but can be easily
explained by the resource model. VSWM resources are flexible and dynamic, so can be re-
distributed amongst memoranda even after encoding and during maintenance. Resources
can therefore be redirected from uncued items towards the cued item even after encoding.
This redistribution of resources results in a decrease in precision for uncued items as they
receive a smaller proportion of resources compared to the cued item. In contrast, the cued
item will be represented with greater precision due to receiving a greater share of VSWM

resources.

To further strengthen the resource model position, Bays (2018) re-analysed data from
eight studies that used the continuous report task, some of which offered support for an
item limit in VSWM (Pratte et al., 2017; Zhang & Luck, 2008), while others supported a
resource model of VSWM (Bays, 2014; Bays et al., 2009; Gorgoraptis et al., 2011; van den
Berg et al., 2012; Wilken & Ma, 2004). According to the slot+averaging model of VSWM,
capacity can be estimated from either frequency of guessing responses, or from the set
size at which the standard deviation in response error (precision) begins to plateau. Crit-
ically, according to slot models, the two estimates should be equal (Zhang & Luck, 2008).
Combining evidence across the studies revealed that there was weak evidence supporting
a correlation between the capacity estimates (r = .25), even after standardisation (r =

.21) and removal of participants who had capacity limits equal to the maximum set size



Chapter 1 27

used in the studies (r = .09). Examination of each experiment separately revealed that, in
only one of the eight experiments, there was a significant correlation between the capacity
estimates derived from frequency of guessing and precision. Bays (2018) also performed
simulations to examine whether the correlation would be found when measurement error
was corrected via bootstrapping (r = .34) and by fitting a Bayesian hierarchical model
(estimated mean posterior correlation = .14), observing no meaningful correlation un-
der either simulation. This finding refutes the proposal that there is an item limit in
VSWM, and suggests that such a model is not self-consistent. That is, the slot model
proposes that capacity estimates derived from guessing and capacity estimates derived
from precision should be equal, but this was not found. The weak correlations between
capacity estimates, which explained less than 10% of the variance in the data, is strong
evidence against the slot model assumption of discrete representations in VSWM. This
finding does not fully discount the possibility of an upper limit on the number of items,
which is independent of differences in precision, that can be retained in VSWM. However,
models with a fixed capacity limit cannot adequately explain why precision decreases

monotonically with increases in set size, unlike the resource model.

Neurophysiological evidence also supports the resource model. Previous evidence showed
that there is an increase in neural activity before plateauing at individual VSWM capacity
(Todd & Marois, 2004; Vogel & Machizawa, 2004). On first inspection, these findings
are inconsistent with the predictions of the resource model, where delay period neural
activity should be constant because the same resources are engaged regardless of set size.
However, recent advances in analytical and modelling techniques have offered support for
the resource model. Multivoxel pattern analysis (MVPA) is used with fMRI data to infer
the functional role of networks within the brain by examining the relationship between
patterns of activity and experimental conditions (Mahmoudi et al., 2012). Sprague et al.
(2014) used MVPA to examine activity in the parietal, occipital, and frontal areas, and
to construct the representations of items at remembered locations within these regions.
They showed that, as set size increased from one to two locations, the activity in these

regions became coarser, mirroring the decrease in precision in memory performance (see
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also Emrich et al., 2013). Electrophysiological work in monkeys offers additional support
for a resource model of VSWM, suggesting that local field potentials during the delay
period correlate with the precision of memory representations (Lara & Wallis, 2012, 2014).
Electrophysiological correlates of both priority and precision have also been observed in
humans, where delay period neural activity tracked the proportion of resources allocated
to items, reflecting their precision within VSWM, providing additional neural evidence in
favour of the resource model of VSWM (Salahub et al., 2019). Furthermore, the amplitude
of CDA has been shown to correlate with the precision of recall, even at a set size of one
item (Machizawa et al., 2012). These findings suggest that VSWM precision can be
indexed by neural markers, and that a plateau in activity is not necessarily a marker of
VSWM capacity. These findings therefore provide further evidence in favour of the view
that VSWM is best characterised as a finite continuous resource rather than a store with

an upper limit on the number of items that can be retained.

The characterisation of VSWM as a resource may be less easy to interpret compared to
the single capacity limit proposed by the slot+averaging model (Rouder et al., 2011); it
is difficult to quantify VSWM in terms of “how much” resource there is in VSWM. Ad-
ditionally, the flexible and dynamic nature of a VSWM resource means that comparisons
across tasks and domains are more complex compared to the single capacity measure
provided by a slot model. However, the resource model is able to account for a wide
range of behavioural findings, such as the benefit of retro-cues, that slot models cannot
explain. Despite the nature of the resource being debated, this model has considerable
explanatory power. Neural network models have provided a method for investigating the
potential neural basis for VSWM resource by modelling neural spiking activity and re-
lating patterns in this activity to VSWM precision. Neuronal activity is stochastic and
spiking activity in neural models explain the presence of noise in VSWM representations
(Bays, 2015; Schneegans et al., 2020). This assumption of stochastic variability in neu-
ronal activity is incompatible with a slot model, where precision, and thus neural activity,

should be relatively fixed for each item encoded into VSWM.

Bays (2014) investigated how noise in neural gain might relate to errors in an orientation
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continuous report task. He modelled memory for orientation through a population coding
model. A decrease in neural gain with increases in set size was observed, and was similar
to the decrease in precision with increases in set size observed in the behavioural task
(Bays, 2014). This model provides a biologically plausible basis for a VSWM resource,
and is consistent with single-cell and fMRI data, which showed a decrease in the amount
of information about stimuli represented in neural activity as set size increases (Buschman

et al., 2011; Emrich et al., 2013).

To model the probability of misbinding, the idea of specialised neurons for representing
conjunctions of features can be included in the population coding model (Matthey et al.,
2015), consistent with the proposal that, while features are maintained independently,
information about the binding of features must also be maintained in VSWM (Bays, Wu,
et al., 2011). A mixed population code includes a limited number of neurons, some of
which are tuned to features and some of which are tuned to conjunctions of features inde-
pendently of memory for the visual features, as observed in visual area V2 (Gegenfurtner
et al., 1996). The proportion of units accounting for conjunctions of visual features has a
strong effect on misbinding errors. The more conjunctive units there are within the pop-
ulation, the less likely misbinding errors are. In contrast, when only single features are
coded (i.e., no conjunctive units), misbinding errors are overestimated when more than
one item is to be retained. It is worth noting that the ratio between conjunctive units
and feature units within the population depends on the number of items to be retained,
reflecting the dynamic nature of the resource model. This mixed population coding model
has been shown to fit behavioural data well, reproducing the decrease in precision and
increase in misbinding errors that are observed with increases in set size (Matthey et
al., 2015). This focus on population coding shows that the limit in the VSWM resource
arises from the limited population of units that can be active, and their interactions with
each other. Population coding models therefore argue that the notion of slots should be
abandoned as there is little anatomical evidence to support their existence, whereas the

resource model is a biologically plausible account of limits within VSWM.

There is growing behavioural and neurophysiological support for the idea that VSWM
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capacity can be characterised as a finite resource that is flexibly allocated across to-be-
remembered items (Bays et al., 2009; Ma et al., 2014). The precise nature of this resource
remains unclear, but the idea of population coding captures the different types of recall
error observed in empirical studies (Matthey et al., 2015). One idea that has extended
the proposal of population coding in VSWM is that resource allocation is constrained
by the availability of neurons (Franconeri et al. (2013), refer to this is as cortical “real
estate”) to represent the memoranda in modality-specific, topographically organized cor-
tical maps (Bays et al., 2009; Franconeri et al., 2013). The cortical maps hypothesis
proposes that each position within the map represents a value in a specific information
space (e.g. colour or spatial location). Items within an information space are represented
as peaks of activity within the map that compete with each other for representation.
Items from different spaces are represented in different maps and do not compete, re-
flecting the separability between spatial locations and visual features in VSWM outlined
above (Functional Organisation of VSWM). In the case of spatial working memory, there
is strong neurophysiological (Bisley & Mirpour, 2019; Lane et al., 2012), neuropsycho-
logical (Pisella et al., 2004; Smith & Archibald, 2020), and behavioural evidence (Ball
et al., 2013; Pearson et al., 2014) that the cortical maps that represent spatial working
memory are shared with maps used for the control of goal directed movements, such as
saccades. This overlap indicates that the same cortical maps underlying motor control
interact with the representation of spatial locations in VSWM. As a result, it is logical
to propose that the resource responsible for maintenance of spatial locations in VSWM
might be constrained by the availability of cortical space, and by the physiology of cortical

regions involved in VSWM maintenance.

There is continued debate surrounding the nature of capacity limitations in VSWM. There
is strong behavioural and neural evidence to suggest that VSWM is a continuous but
finite resource (Bays et al., 2009; Fallon et al., 2016; Ma et al., 2014). That is, VSWM is
limited by its ability to encode and retain accurate representations of all task-relevant or
to-be-remembered items, rather than by a discrete upper limit. However, the strength of

evidence in favour of a slot or resource model depends strongly on the methods used to
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measure VSWM as well as the assumptions made during modelling and analysis, such as
the potential sources of error in responses. In addition, the precise nature of this resource

allocation remains unclear.

1.5 The Role of the Oculomotor System in VSWM

Our ability to perceive and understand the world is dependent on our ability to construct
and retain a stable internal representation of the world in VSWM via exploratory eye
movements. The oculomotor system plays a critical role in visual perception (Land et
al., 1999; Land & Hayhoe, 2001), but behavioural and neural overlap in the oculomotor
system, visuospatial attention, and VSWM, especially in encoding and maintaining spatial
locations in VSWM has also been observed (Pearson et al., 2014; Pearson & Sahraie, 2003).
This section will outline research highlighting the selective involvement of the oculomotor
system in spatial working memory, providing further evidence for fractionation between
visual and spatial working memory, and discussing the involvement of the oculomotor

system at all stages of VSWM processing.

As outlined in the previous section (Resource Model), the resource model of VSWM
(Bays et al., 2009) provides a biologically plausible model of VSWM capacity. While this
model does consider that shifting of resources is dependent on the oculomotor system
(Bays & Husain, 2008; Ohl & Rolfs, 2017; Udale et al., 2022), it does not account for the
overlap between the oculomotor system and VSWM in great detail. The extensive overlap
between the cortical areas involved in VSWM and oculomotor control, chiefly posterior
parietal cortex and prefrontal cortex (Ikkai & Curtis, 2011; Jonikaitis & Moore, 2019)
suggests that any model of VSWM, regardless of whether they argue for a quantitative
or qualitative capacity limit, should also consider the role of the oculomotor system in

VSWM.

Early models that attempted to explain this overlap between VSWM and the oculomotor
system argued that VSWM is “nothing more” than preparing a movement (Theeuwes et

al., 2005), similar to the pre-motor theory of attention (Rizzolatti et al., 1987). However,
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studies have refuted this simplification of the role of the oculomotor system in VSWM,
showing that saccadic interference impacts memory for location independently of memory
for visual features (e.g., Postle et al., 2006), providing further support for their fractiona-
tion within working memory and giving an insight into the role of the oculomotor system
in VSWM. In addition, studies using the eye-abduction paradigm have shown that per-
formance on the Corsi blocks task was significantly disrupted by eye-abduction, where
spatial span was reduced by approximately one item when stimuli were presented at loca-
tions that were outside of the oculomotor range (Ball et al., 2013; Pearson et al., 2014).
Eye-abduction caused no disruption in visual or verbal working memory span as mea-
sured by the Visual Patterns, size estimation, and digit span tasks (Ball et al., 2013).
Using the eye-abduction paradigm enables the effects of oculomotor control processes to
be disentangled from attentional processes (Craighero et al., 2004), thereby ensuring that
only saccadic programming is disrupted while covertly shifting endogenous attention is
unaffected (Casteau & Smith, 2020; Smith et al., 2014, 2010). The findings reported by
Ball et al. (2013) and Pearson et al. (2014) therefore indicate that the oculomotor system
plays a functional role in memory for spatial locations, but is less involved in memory for

visual features or verbal information.

The oculomotor system appears to play a critical role in VSWM, and studies using eye
movements have played an important role in understanding the structure and mechanisms
involved in VSWM. However, the precise functional role of eye movements in VSWM re-
mains debated. There are several possibilities as to how the oculomotor system is involved
at different stages of VSWM. It may be that the oculomotor system is primarily involved
in encoding of spatial locations, perhaps via the pre-saccadic shift of attention ensuring
that saccadic targets are attended and represented in VSWM. Saccadic eye movements
during maintenance/rehearsal have also been shown to disrupt VSWM, indicating a role
for the oculomotor system in maintenance, as well as encoding, of spatial locations. Fi-
nally, it remains possible that the oculomotor system is required for the retrieval of spatial
information from VSWM, as outlined by scanpath theory (Noton & Stark, 1971) and the

looking at nothing phenomenon (Ferreira et al., 2008). The following sections review the
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evidence for the different functional roles of the oculomotor system in VSWM.

1.5.1 Encoding

One possible role for the oculomotor system in VSWM is that eye movements facilitate
encoding of information into VSWM. Consistent with this idea, saccades directed towards
locations or items bias entry into VSWM, resulting in more precise representations of those
objects and locations (Bays & Husain, 2008; Hanning et al., 2016; Shao et al., 2010; Udale
et al., 2022). A notable example of this is described by Bays and Husain (2008). They
asked participants to remember either the orientation or location of items in multi-item
displays, and showed that the saccade target was remembered more precisely than the
other items, even if the saccade item was extinguished before the saccade landed on the
item. The mechanism by which encoding occurs might involve the pre-saccadic shift
of attention, which is the mandatory shift of attention to the saccade target before the
execution of a saccade. This pre-saccadic shift in attention increases sensitivity at the
saccade location compared to other locations (Deubel, 1989; Zhao et al., 2012), which

might result in that location having a more precise representation in VSWM.

This idea can be extended to explain variability in VSWM capacity, and it may be that
saccades represent a way in which VSWM resources are preferentially shifted towards
to-be-remembered locations, resulting in a more precise representation in VSWM (Ohl &
Rolfs, 2017; Udale et al., 2022). Ohl and Rolfs (2017) demonstrated that saccades aid
in consolidating information in VSWM. They showed that VSWM performance was im-
proved for items at a saccade target, even if the saccade target was uninformative about
the test location (Experiment One) or was unlikely to be the test location (Experiment
Four). They argued that saccades aid in protecting and stabilising information in VSWM.
They further proposed that individual differences in this saccadic behaviour might un-
derpin individual differences in VSWM capacity limits, where the efficiency with which
saccades are made might reflect the efficiency with which VSWM resources are shifted to
ensure that items are encoded and maintained in VSWM with a high degree of precision

(Ohl & Rolfs, 2017).
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Other scholars have argued that if oculomotor activity has a specific role in encoding in
VSWM, enforcing fixation (fixed viewing) during encoding should reduce memory per-
formance relative to when eye movements are unconstrained (free viewing). Experiments
comparing free and fixed viewing during encoding have produced mixed results. It has
been shown that, in free viewing conditions, the number of fixations on task-relevant items
and the duration of these fixations during encoding was positively related to recall perfor-
mance (Saint-Aubin et al., 2007). However, increasing fixation duration on each item by
slowing presentation rate did not improve recall performance for item order (Saint-Aubin
et al., 2007). In addition, participants make few on-item fixations when encoding under
free viewing conditions, and these on-item fixations are not strongly related to spatial
memory performance (Lange & Engbert, 2013; Patt et al., 2014; Souza et al., 2020).
These findings seem to suggest that oculomotor activity at the locations of memoranda is
suppressed during encoding rather than being activated. Indeed, no difference in spatial
span was observed when participants were asked to maintain central fixation compared to
when they freely view memoranda during encoding in a Corsi blocks-style task (Czoschke
et al., 2019). On first inspection, it seems difficult to explain how memory is enhanced at
the saccade target (Bays & Husain, 2008) whereas others find no enhancement of items
that have been fixated (Lange & Engbert, 2013; Patt et al., 2014; Souza et al., 2020).
However, it is important to note that the pre-saccadic enhancement is only observed
for the final item in a sequence (Bays & Husain, 2008; Udale et al., 2022), and not for
all items within a sequence of saccades. Given that studies that correlate fixation with
performance use many items, only one of which will benefit from fixation, it is easier to
reconcile the two sets of data. The benefit of free viewing on memory span will be reduced

when averaged across all items, thereby becoming almost undetectable.

An additional reason for studies comparing fixed and free viewing conditions reaching
different conclusions is that they do not adequately disentangle the effects of oculomotor
control processes from those of attentional control processes, which are known to be tightly
coupled (Casteau & Smith, 2019; Smith & Schenk, 2012). It therefore remains possible

that the oculomotor system plays a role in encoding because participants may engage in
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programming of saccades/covertly shifting attention while maintaining fixation, and this
might underpin the relatively equal performance between free and fixed viewing observed
in some studies (Czoschke et al., 2019). As discussed, the eye-abduction paradigm permits
examination of the role of the oculomotor system independently of endogenous attentional
processes in VSWM. Pearson et al. (2014) showed that, when eye-abduction was applied
during encoding in the Corsi blocks task, there was a small but significant reduction in
spatial span when items appeared at locations that could not become the goal of a saccadic
eye movement. Notably, memory for visual features was not affected by the manipulation.
Under normal viewing conditions, the visual transients associated with the appearance of
memory items in Corsi blocks task activate saccade programs in the oculomotor system,
and this activation supports the encoding of those spatial locations into VSWM. When
eye abduction is applied, this activation in the oculomotor system is disrupted, which
interferes with the encoding of information into VSWM. This explanation is consistent
with evidence showing that eye abduction disrupts performance on Corsi blocks task,
which uses sudden onsets, but not the arrow span task, which relies on symbolic cues to
memorised locations (Ball et al., 2013). It is also worth noting that memory span was
not abolished, but reduced, in the abducted condition. This finding emphasises that the
oculomotor system plays a critical role in optimising encoding into VSWM (Ohl & Rolfs,
2017).

The data discussed in this section seem to suggest that the oculomotor system plays
a functional role in encoding information into VSWM. Specifically, it appears that the
oculomotor system has two partially dissociable functions. One role is to aid in the dis-
tribution of VSWM resources and to improve the precision of representations via the
pre-saccadic shift of attention. The pre-saccadic shift of attention prioritises the encoding
of information at the saccade goal with a high degree of precision, resulting in a precise
representation of the saccade target in VSWM (Bays & Husain, 2008; Udale et al., 2022).
The second role is that activation of oculomotor programmes supports the optimal en-
coding of spatial locations indicated by visual transients, supported by studies using the

eye-abduction paradigm (Ball et al., 2013; Pearson et al., 2014).
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1.5.2 Maintenance

The mechanism of rehearsal within VSWM was not specified in the original multi-
component model of working memory (Baddeley & Hitch, 1974). The idea that motor
traces act as associative links between visual snapshots acquired during encoding (Hebb,
1968) was extended to propose that rehearsal in VSWM may take place via an oculomotor
loop (Baddeley, 1986). This idea argued that there is significant overlap in VSWM and
the oculomotor system, and proposed that spatial locations are encoded as the goals of
upcoming saccades, actively maintained via covertly planning saccades to remembered
locations, and recalled through saccade plans, which guide selection of the remembered
locations. This proposal has been supported by studies showing that irrelevant eye
movements during the maintenance period significantly reduce VSWM span (Baddeley

& Lieberman, 1980; Postle et al., 2006).

Considerable research has therefore been conducted to examine the role of the oculomotor
system in maintaining and rehearsing information in VSWM. Two theoretical positions
have largely dominated this debate. The attentional rehearsal view (Awh et al., 1998)
proposes that maintenance and rehearsal in VSWM is achieved using attentional refresh-
ing, during which covert attention is directed to different spatial locations in memory to
maintain their representation. This view holds that oculomotor activity during rehearsal
is an epiphenomenon of the close coupling between covert attention and oculomotor con-
trol. This attentional rehearsal hypothesis contrasts with the oculomotor loop hypothesis
(Baddeley, 1986), which emphasises the functional role of the oculomotor system. It is
difficult to differentiate these theoretical positions using neuroimaging approaches because
of the large degree of overlap between regions involved in attention, VSWM, and oculo-
motor control (Awh & Jonides, 2001; Ikkai & Curtis, 2011; Zhou et al., 2022). Therefore,

much of the focus has been on carefully designed behavioural experiments.

One approach has been to examine how holding something in VSWM affects orienting of
attention. According to the attentional rehearsal hypothesis, covert attention should be

directed to locations held in VSWM (Awh et al., 1998; Awh & Jonides, 2001). Consistent
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with this, Awh et al. (1998) showed that when a location is held in VSWM, percep-
tual processing is enhanced at that location. They further showed that spatial working
memory performance was disrupted when attention was shifted away from memorised lo-
cations towards non-memorised locations during the delay period, suggesting that during
the maintenance period attention is shifted towards memorised locations to retain their
representation in VSWM. Further study has shown that, when participants are asked to
perform limb movements during the maintenance of spatial sequences, spatial working
memory performance is decreased (Lawrence et al., 2001). These findings provide addi-
tional evidence to support the attentional rehearsal hypothesis; shifts in attention precede
both eye and limb movements (Shepherd et al., 1986), such that performance of limb or
eye movements during the delay-period of a memory task disrupts the shifting of attention

towards memorised locations, thereby reducing VSWM span.

In a similar vein, if the oculomotor system has a functional role in the maintenance
of spatial information in VSWM, a correlation between delay-period fixations towards
memorised locations and memory performance would be predicted. Consistent with this
prediction, Tremblay, Saint-Aubin, et al. (2006) reported a positive correlation between
the number of fixations towards a pair of serially presented locations and spatial memory.
Similarly, Olsen et al. (2014) found that the degree of similarity between eye move-
ments performed at encoding and eye movements during the retention interval predicts
memory performance, but only when information about relative spatial locations was
available during recall. This finding has been extended by Lilienthal et al. (2018), who
showed that overt rehearsal leads to enhanced memory span, with delay-period fixations
on memorised locations predicting memory performance when environmental support was
available. However, these findings are not without their limitations. Specifically, in Trem-
blay, Saint-Aubin, et al. (2006), participants fixated at least one pair of locations on only
around two thirds of trials. This indicates that eye movements might make a relatively
minor contribution to rehearsal in VSWM. More problematically, in some studies the
stimulus array remained on screen throughout the retention interval. This environmental

support for rehearsal has been shown to influence both memory performance and delay-
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period oculomotor activity (Lilienthal et al., 2018; Souza et al., 2020). Indeed, Godijn
and Theeuwes (2012) carried out a similar study to Tremblay, Saint-Aubin, et al. (2006)
in which participants were asked to either freely view or maintain fixation on a single
point during the delay-period of a spatial serial recall task. In this case, no difference
in memory performance was found between free and fixed viewing conditions, indicating
that in the absence of a stimulus array, delay-period eye movements are not functional,

but are a reflection of covert attentional rehearsal processes in VSWM (see also Souza et

al., 2020).

An alternative approach is to investigate the effects of holding a location in VSWM on
the oculomotor system, specifically on the metrics of saccades. Theeuwes et al. (2005)
showed that holding a location in VSWM causes saccade trajectories to deviate away from
that location, similar to inhibition of return in attention (Taylor & Klein, 2000). Holding
a location in VSWM has also been shown to increase latency of saccades directed to that
location and this oculomotor inhibition is associated with decreased perceptual accuracy
(Belopolsky & Theeuwes, 2009a, 2009b; Ostendorf et al., 2004). These studies appear to
suggest that the oculomotor system plays a functional role in the maintenance of spatial
information because deviations to saccade trajectories are driven by activation at the level

of the superior colliculus (Godijn & Theeuwes, 2004).

Further support for the functional role of the oculomotor system in maintenance comes
from saccadic interference studies, in which participants make eye movements to irrelevant
locations during the maintenance period (Lawrence et al., 2004; Pearson & Sahraie, 2003;
Postle et al., 2006). Using the selective interference paradigm, Pearson and Sahraie (2003)
compared different types of interference performed during the retention interval of the
Corsi blocks task, including saccadic interference, limb movement, and covert attentional
interference. They showed that saccades performed during the retention interval disrupted
spatial span significantly more than other interference conditions, a finding which has been
supported in similar studies (Lawrence et al., 2004; Peterson et al., 2019). The finding that
saccadic interference is significantly more disruptive than covert orienting is consistent

with the claim that the oculomotor system and attentional systems make distinct and
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dissociable contributions to the maintenance of spatial information. However, making
saccadic eye movements necessarily involves shifts of attention. To clarify the extent to
which the oculomotor system contributes to maintenance independently of attentional
control, Pearson et al. (2014) applied eye-abduction during the retention interval of the
Corsi blocks task. They demonstrated that application of eye-abduction, and therefore the
disruption of saccadic programming, during the retention interval significantly disrupted
spatial span on Corsi blocks task but had no significant effect on performance on the
Visual Patterns task. Because eye-abduction does not disrupt endogenous covert attention
(Casteau & Smith, 2020; Smith et al., 2012), this study offers strong support for the idea
that the oculomotor system has a functional role in maintenance of spatial information

in VSWM that is independent of and in addition to the role of attention.

A final approach in examining the role of the oculomotor system in VSWM maintenance is
to investigate how delay-period eye movements towards a location affect the representation
of that location in VSWM. Ohl and Rolfs (2020) showed that memory for orientation was
improved at a memorised location if a delay-period saccade was performed to that location,
similar to Awh et al. (1998), who showed enhanced perceptual processing at memorised
locations. Ohl and Rolfs (2020) further showed that this effect was spatially selective to
the endpoint of the saccade, with very little enhancement for a stimulus at a location
near to the saccade target. It should be noted that these studies were examining memory
for non-spatial features such as colour and orientation or shape (Hanning et al., 2016;
Ohl & Rolfs, 2017, 2018), whereas other studies have emphasised the functional role of
the oculomotor system in memory for spatial locations (Ball et al., 2013). Nevertheless,
they support the view that the oculomotor system plays a functional role in VSWM
maintenance. This functional role in visual memory might occur via enhancement or
protection of the representation at a specific location, which aids the representation of

non-spatial features (Schneegans & Bays, 2019).

The behavioural experimental approaches discussed indicate that the oculomotor system
plays a critical functional role in VSWM maintenance, above that of the role of covert

shifts of attention. However, the specific mechanism by which the oculomotor system
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supports maintenance in VSWM is unclear. Saccadic interference studies may have found
a disruptive effect of delay-period saccades because additional information was presented
at saccade locations. This additional information might be encoded into VSWM, thereby
interfering with or displacing information already in VSWM (Bays & Husain, 2008; Schut
et al., 2017; Tas et al., 2016). Schut et al. (2017) showed that the decrease in preci-
sion following a delay-period saccade was equivalent to maintaining an additional item
in VSWM. Tas et al. (2016) found that performance on a colour change detection task
was significantly reduced when participants made a delay-period saccade towards a task-
irrelevant object compared to when the task-irrelevant object was presented at fixation
or when attention was covertly shifted towards the object. Additionally, delay-period
saccades to empty space did not affect VSWM performance, suggesting that the saccade
target is automatically encoded into VSWM and this is the mechanism by which delay-
period saccades interfere with VSWM maintenance. This finding is consistent with the
view that saccade targets are automatically encoded into VSWM (Ohl & Rolfs, 2017) to
aid perceptual stability across saccades (Hollingworth et al., 2008). Peterson et al. (2019)
provide additional support for this view, showing that guessing responses were increased
in a spatial change detection task following the performance of a delay-period saccade
compared to shifting covert attention. They further suggested that saccades “smear”
working memory representations due to remapping of VSWM representations across sac-
cades. They observed a directionally specific effect of saccades on precision in the change
detection task: precision was significantly decreased when the change occurred along the
axis of the saccade compared to when the change occurred along the orthogonal axis.
This remapping proposal also suggests that VSWM representations and the oculomotor
system share a common spatial representation, perhaps in a parietal priority map (Ikkai &
Curtis, 2011), because areas that are active during both VSWM and oculomotor activity
have a retinotopic organisation that undergoes updating (Golomb et al., 2008; Golomb &

Kanwisher, 2012).

There is extensive evidence that both attentional and oculomotor processes are active

during VSWM maintenance. Dual-task studies examining the effect of VSWM mainte-
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nance on saccade metrics, as well as the effect of delay-period saccade tasks on VSWM
demonstrate that the oculomotor system makes a specific and functional contribution to
the maintenance of spatial locations in VSWM that is independent of the role of atten-
tional rehearsal. The mechanism of this contribution is not clear, but studies indicate
that VSWM representations and saccade programs may be maintained within a common

spatial map (Ikkai & Curtis, 2011; Jerde et al., 2012).

1.5.3 Retrieval

A final possibility is that the oculomotor system may be involved in aiding retrieval from
VSWM. Early theories proposed that the degree of overlap between gaze patterns at en-
coding and retrieval is important for memory retrieval (scanpath theory; Noton & Stark
(1971)). They proposed that, during encoding, visual features are linked with a motor
component. At recall, the motor memory traces are reinstated and the presented vi-
sual features are compared to those stored in memory. Studies have shown a correlation
between the similarity of oculomotor activity at encoding and retrieval and memory per-
formance (Bochynska & Laeng, 2015; Laeng & Teodorescu, 2002). However, this finding
has not been reliably replicated; eye movements made during retrieval are not necessarily
a re-enactment of those made during encoding (Johansson et al., 2012). By experimen-
tally manipulating the eye movements performed during recall, Foulsham and Kingstone
(2013) showed that responses were more accurate if scanning behaviour during retrieval
was constrained to the parts of the image presented during encoding compared to when
random portions of the image were presented during retrieval. However, there was no
significant recognition advantage for re-viewing the fixation sequence made by either self
or another participant at encoding. Foulsham and Kingstone (2013) and Johansson et al.
(2012) provide evidence against a strong interpretation of scanpath theory, because the

fixation sequence in itself is not a predictor of memory performance.

A less strict interpretation of scanpath theory has been proposed in the looking at nothing
phenomenon. According to this view, gaze is directed towards locations held in memory

to facilitate the recall of information that was previously presented at that location.
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Critically, this theory does not assume that the sequence of fixations is repeated between
encoding and retrieval. This approach therefore has a greater degree of flexibility than
scanpath theory, reflecting patterns of behaviour that have been observed in visual mental
imagery tasks, visual long-term memory tasks, and verbal memory tasks (Brandt & Stark,
1997; Damiano & Walther, 2019; Ferreira et al., 2008; Spivey & Geng, 2001; Wynn et
al., 2018). While receiving some empirical support, this theory, and therefore the role
of the oculomotor system at retrieval, has been challenged. It has been proposed that
oculomotor activity is epiphenomenal to covert shifts of attention towards memoranda
at recall (Martarelli & Mast, 2013; Scholz et al., 2018). Scholz et al. (2018) asked
participants to remember factual statements associated with locations on a screen. During
retrieval, participants were asked to complete a tracking task, either covertly or overtly
shifting attention to locations on screen, while judging whether the test statement was
true. No difference between overt and covert disruption was found on memory accuracy,
which was taken as evidence that looking at nothing is a reflection of covertly shifting
attention to the associated location to aid retrieval. Similar results have been reported
by Martarelli and Mast (2013), indicating that the oculomotor system has a limited

functional role during recall.

The studies discussed with respect to the looking at nothing phenomenon and scanpath
theory have mainly examined memory for verbal descriptions or memory for long-term
visual memories, rather than VSWM. Early research suggested that the oculomotor sys-
tem plays a limited role in retrieval during the Corsi blocks and Visual Patterns tasks
(Pearson et al., 2014). Indeed, a patient with congenital horizontal gaze palsy has been
shown to use a retrocue to guide retrieval in a delayed match-to-sample task, regardless
of whether the cued stimuli appeared along the axis of paralysis (Masson et al., 2021).
Other empirical research has challenged this conclusion, and shown that a saccade per-
formed after masking of memoranda improved memory performance at that location (Ohl
& Rolfs, 2020, 2018). In addition, microsaccades towards the position of the cued stim-
ulus have been observed following presentation of a retro-cue in memory for colour and

orientation. This gaze bias was predictive of memory performance (van Ede et al., 2019).
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These findings suggest that the oculomotor system is involved in the selection of an item
for recall in VSWM, similar to the looking at nothing phenomenon. More recently, Kinjo
et al. (2020) examined the function and characteristics of eye movements in VSWM for
visual images and locations by manipulating viewing conditions. The looking at noth-
ing phenomenon was observed in free viewing conditions, but there was no difference in
memory performance between free and fixed viewing conditions. These results appear to
suggest that eye movements play a limited functional role in VSWM retrieval, and that
individual differences and task requirements play a large role in the degree to which the
oculomotor system is involved in VSWM retrieval. Kinjo et al. (2020) further proposed
that there may be two modes for memory retrieval, a non-saccadic mode and a saccadic
mode. The non-saccadic mode requires covert shifts of attention around a small inter-
nal representation to retrieve information. In contrast, the saccade mode is implemented
when the internal representation is large, where covertly shifting attention is insufficient
for retrieval from VSWM. This dual-mode approach can explain the seemingly conflict-
ing results from previous studies: task demands may have meant that covertly shifting

attention was sufficient for task performance.

The oculomotor system plays an important role in the encoding and maintenance of in-
formation, especially spatial locations, in VSWM. Behavioural evidence using a variety
of methods provide support for this view, including demonstrating that the oculomotor
system impacts what is maintained in VSWM, and the precision with which this informa-
tion is maintained. The oculomotor system appears to play a critical role in encoding and
maintenance, with a less important role in retrieval. However, the nature of the role of
the oculomotor system during encoding and maintenance, and how this relates to VSWM

capacity, remains unclear.

1.6 Chapter Summary

To briefly summarise this chapter, VSWM is involved in a variety of higher cognitive skills

(Baddeley et al., 2021), and VSWM can be separated from verbal working memory both
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behaviourally and neurophysiologically (Baddeley & Hitch, 1974; but see Morey, 2018).
VSWM also appears to be separated between memory for visual features and memory
for spatial locations (e.g., Klauer & Zhao, 2004), though there is a degree of functional
overlap in these stores (Nee et al., 2013; Schneegans & Bays, 2017). There is continued
debate surrounding how the capacity limits in VSWM are characterised. One approach
assumes that VSWM has a discrete item limit, where information about up to three to
four items can be retained (Zhang & Luck, 2008). An opposing view is that VSWM
is a finite but flexible resource, where VSWM precision is dependent on the proportion
of resource dedicated to each item (Bays et al., 2009). Empirical studies have offered
support for both views (see Fallon et al., 2016; Fukuda et al., 2010; Ma et al., 2014),
but the resource model appears to have better explanatory power, and neural network
models based on this model have offered biologically plausible mechanism by which noise

in VSWM representations might arise (Bays, 2014, 2015).

The oculomotor system appears to play an important functional role in VSWM, espe-
cially in spatial working memory. The role of the oculomotor system is independent of
and additional to the role of attention, especially during the encoding and maintenance
stages in spatial working memory (e.g., Pearson et al., 2014). Because there is extensive
neural overlap between the oculomotor system and VSWM, a range of behavioural studies
have been carried out to examine the functional role of the oculomotor system. Studies
have utilised a variety of methods including experimentally manipulating oculomotor be-
haviour, limiting the ability to execute saccades using the eye abduction paradigm, and
examining the bidirectional links between VSWM and oculomotor activity by examin-
ing the effects of VSWM on saccade characteristics. A functional role of the oculomotor
system in VSWM is consistent with the oculomotor loop hypothesis (Baddeley, 1986) in
which spatial locations are encoded as the goals of upcoming saccades, potentially via the
pre-saccadic shift in attention. These locations are actively maintained by the oculomotor
system, potentially via covertly planning saccades towards the maintained locations. The
role of the oculomotor system at retrieval is less clear, but recent evidence suggests that

the degree of involvement depends on task demands, where saccade plans guide selection
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of memorised material.

1.6.1 Research Aims

There is little research examining the nature of spatial working memory and the specific
role of the oculomotor system. The continuous report task has not been used to examine
spatial working memory as often as visual working memory (Pertzov et al., 2012; Schnee-
gans & Bays, 2016). As a consequence, the representation of spatial locations in VSWM
and the distribution of resources within spatial working memory remains unclear. Addi-
tionally, studies examining the role of the oculomotor system in VSWM rely on binary
response tasks such as the Corsi blocks (Pearson et al., 2014) and change detection tasks
(Peterson et al., 2019), so the nature of saccadic interference effects and the specific role of
the oculomotor system on spatial working memory remains unexamined. The implication
of using these tasks is that there is limited scope to examine the potential sources of recall
error, which would provide greater insight into the representation of information within

VSWM and the role of the oculomotor system in VSWM.

The aims of this thesis are twofold:
1. to examine the representation of spatial locations, and distribution of resources, within
VSWM; and

2. to examine the specific role of the oculomotor system in VSWM.

Across four studies, these two aims were investigated. Chapter Two examined the nature
of spatial working memory capacity limitations and the distribution of VSWM resources
in spatial working memory across set sizes using a spatial continuous report task. Chapter
Three more directly tested the cortical maps hypothesis by examining whether and how
eccentricity might constrain the distribution of VSWM resources and the representation
of spatial locations in VSWM across the visual field. Chapter Four investigated the
distribution of resources across serial positions in sequences of spatial locations in VSWM
using whole- and partial-report continuous report tasks. Finally, Chapter Five directly

compared the effect of saccadic interference in a visual and spatial continuous report task
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to examine the effects of delay-period activation of the oculomotor system on response

errors in visual and spatial working memory.



Preface to Chapter Two

Memory for spatial locations is important for supporting many functions of cognition
and behaviour, such as motor control (Van der Stigchel & Hollingworth, 2018). The
continuous report task provides a sensitive measure of VSWM, giving an insight into how
the sources of recall error in memory of visuospatial features might change in different task
conditions (Zokaei et al., 2015). The primary focus of VSWM research has been on the
nature of representations of visual features such as colour and orientation (Fallon et al.,
2016). When compared to the study of visual features, the continuous report task has not
been used as widely to examine the representation of spatial locations in VSWM. Because
of the lack of evidence that the continuous report task can be reliably used to examine
memory for spatial locations, my first study aimed to replicate and extend previous work
using such a task (Schneegans & Bays, 2016). Schneegans and Bays (2016) is one of only
two published studies that have used a spatial version of the continuous report task. I
decided to firstly try to replicate the results reported by Schneegans and Bays (2016) to

verify the use of a spatial continuous report task to measure spatial working memory.

This study attempted to retain the general methods reported by Schneegans and Bays
(2016), such as the number of trials per condition, the stimulus timing, and the stimulus
size. Using the parameters reported by previous work that has used such a similar task

provided a useful starting point for experimental design throughout this thesis.

Chapter Two has been submitted for publication in Vision Research with authors Siobhan

McAteer, Anthony McGregor, and Daniel T Smith.

47



Chapter 2

Saccadic Programming May Produce
a Non-linear Distribution of
Resources in Spatial Working

Memory

The capacity of visuospatial working memory (VSWM) is limited. However, there is con-
tinued debate surrounding the nature of this capacity limitation. The resource model
(Bays et al., 2009) proposes that VSWM capacity is limited by the precision with which
visuospatial features can be retained. Many studies have shown a monotonic decrease
in precision for visual features with increases in set size. However, few studies have ex-
amined this relationship within spatial working memory. The current study examined
the changes in precision and the sources of recall error in memory for spatial locations
across increases in set size. Consistent with the resource model there was an exponential
increase in localisation error and monotonic increases in the probability of misbinding
and guessing with increases in set size. These data indicate that items are encoded into
VSWM with increasing noise as more items are to be remembered, providing additional

support for a resource model of VSWM. However, an unexpected result was that im-
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precision did not increase between set sizes of two and eight. It was hypothesized that
guiding the mouse pointer to the memorized location afforded a look-then-click strategy
in which participants fixated the memorized location to accurately position the pointer
which many have compensated for the increased imprecision of the underlying memory
representations at set sizes of two or more. This result illustrates the flexibility of the
action system in producing accurate, memory guided movements even under conditions

where the underlying memory representation of the action goal is noisy.
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2.1 Introduction

Although we can perceive a rich visual world, we cannot retain all the information pre-
sented to us at any given time (Adam et al., 2017; Luck & Vogel, 2013; Ma et al.,
2014). Visuospatial working memory (VSWM) is the cognitive system that allows us to
temporarily maintain and manipulate limited amounts of visual and spatial information
about objects (Baddeley, 2000). There is continued debate surrounding the nature of the
capacity limitation in VSWM. One influential proposal is that there is a flexible limit
on VSWM capacity, where the limit is based on the fidelity with which items can be re-
tained in VSWM (Bays et al., 2009; Zokaei et al., 2011). This resource model of VSWM
draws primarily on studies that utilise the continuous report task (Wilken & Ma, 2004),
which requires participants to reproduce a visual feature, such as colour or orientation
of a probe after a short delay, along a continuous dimension. The distribution of recall
error can therefore be examined to probe the sources of recall error and provide an insight
into the precision with which representations are encoded and stored, providing a more

sensitive measure of VSWM compared to span methods (Zokaei et al., 2015).

Using this approach, Bays et al. (2009) showed that precision significantly decreased when
set size increased, even with an increase from one to two items. The decrease in precision
was accompanied by increasing misbinding errors, where a feature of a non-probed item
was reported, as set size increased, even up to six items. This finding indicates that
all visual features in an array are encoded into VSWM, but with increasing noise as
more features need to be retained. Bays et al. (2009) argued that when participants
are retrieving items from VSWM, all visual and spatial features of each item must be
correctly bound together. As a consequence, when participants incorrectly respond on a
given trial, they may be responding with the feature of another presented item from the
original array (misbinding), or they may be responding at random (guessing). Consistent
with this view, when misbinding errors are accounted for, the proportion of variance in

the data explained by guessing significantly decreases (Bays et al., 2009).

This finding has been replicated across a variety of non-spatial (visual) features, including
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colour, orientation, and motion direction (Gorgoraptis et al., 2011; Zokaei, Ning, et al.,
2014; Zokaei et al., 2011). However, fewer studies have modelled the precision and error
in spatial working memory. Given the well-established dissociations between memory for
visual features and spatial locations in VSWM (Darling et al., 2006; Darling et al., 2009),
it is likely that the pattern of response errors in memory for spatial locations might differ

from those observed in memory for visual features.

Pertzov et al. (2012) modified the continuous report task to probe memory for locations,
by asking participants to relocate objects to their original locations at test. They found
that, as set size increased from one to five objects, localisation error increased. Moreover,
the probability of committing misbinding errors increased with set size. This finding
indicates that the representation of spatial locations within VSWM can be characterised
by the resource model. However, the use of naturalistic objects in this study is problematic

due to their complexity, which may have reduced precision overall (Chen et al., 2017).

Schneegans and Bays (2016) addressed these criticisms by presenting coloured dots to
participants in a spatial continuous report task. As set size increased from one to eight
items, they found a monotonic increase in localisation error with a corresponding increase
in the prevalence of misbinding errors. This increase in misbinding errors indicates that
all items had been encoded into VSWM. There was also a monotonic increase in the
imprecision of memory representations as more items were to be retained, with a statis-
tically significant increase between four and eight items. However, Schneegans and Bays
(2016) had the fixation cross present throughout each trial, which may have allowed for
the global configuration of the array to be encoded, without the absolute positions of each
item being encoded and retained (Jiang et al., 2000). The use of a landmark would there-
fore reduce the cognitive load of the task, leading to an improvement in overall VSWM
performance. Furthermore, only a limited number of set sizes were examined (1, 2, 4, and
8 items), so the claim of a linear increase in localisation error with increases in set size

should be treated with caution.

The current experiment therefore sought to examine whether memory for spatial locations
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in the absence of a landmark is characterised by a monotonic increase in localisation error,

imprecision, and misbinding with increasing set size.

2.2 Method

2.2.1 Participants

We carried out an a priori power analysis using G*Power v3.1.9.7 (Faul et al., 2009) to
determine the required minimum sample size. Based on Schneegans and Bays (2016),
we required a sample of at least two participants to detect a large effect of set size
On response error (172 = .83) with 95% power and an alpha level of .05. We recruited
14 volunteers (M,g = 20.43 years, SDye = 1.34, 9 females, 4 males, 1 non-binary,
13 right-handed) from the Department of Psychology participant pool. Undergraduate
participants who were enrolled on the Psychology course at Durham University were
credited with participant pool credit for their time. The study received ethical approval

from Durham University Psychology Department Research Ethics Committee (reference:

PSYCH-2019-10-28T'15:23:58-1ckd86).

2.2.2 Design

We used a within-subjects design. The independent variable was set size, with eight
levels (set sizes 1 to 8). The dependent variable was localisation error, measured by the
Euclidean distance between the participant responses and the original location of the
probe item. Imprecision, probability of reporting a target, probability of misbinding,
and the probability of guessing, which were obtained from the best fitting mixture model

(Bays et al., 2009), were additional dependent variables.

Participants completed one practice block comprising eight trials, one of each set size, to
familiarise themselves with the task. The practice block was identical to the experimental
blocks, with the exception that participants were shown their own response as well as

the original location of the probe stimulus after submitting their response. They then
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completed 400 trials, randomised across 10 blocks, with each set size being tested 50

times.

2.2.3 Stimuli and apparatus

The task was programmed using Matlab R2019a, using the psychophysics toolbox (Kleiner
et al., 2007), and was based on Schneegans and Bays (2016). The stimuli consisted of
arrays comprising between one and eight coloured dots (diameter of each dot = 1° VA) and
a fixation cross (0.76° VA x 0.76° VA) positioned at the centre of the screen. The fixation
cross was present only at the beginning of each trial and was not present during encoding,
maintenance, recall. The colours of each dot were chosen without repetition from a bank
of eight discriminable colours: red, orange, yellow, green, cyan, blue, magenta, and purple.
The visual mask comprised 800 coloured dots, like those presented at encoding, filling the
annular space five to ten degrees of visual angle around central fixation. Participants’ gaze
was monitored using a tower-mounted EyeLink 1000 eye tracker (SR Research). Stimuli
were presented on a 20-inch CRT screen with a refresh rate of 85Hz. Participants sat

60cm from the computer screen, with the centre of the screen at eye level.

2.2.4 Procedure

Participants were instructed to maintain fixation on the centre of the screen throughout
each trial. Trials began with presentation of a fixation cross at the centre of the screen for
one second followed by a blank screen for 0.5s. The stimulus array, comprising between
one and eight coloured dots, was then presented for two seconds. The location of each
dot was randomly chosen within the annular region between five and ten degrees of visual
angle around central fixation. Fach dot was positioned at least 1.5° of visual angle from
other dots to ensure no overlap in their locations. After presentation of the array, the
visual mask was presented for 0.1s. A blank screen was then shown for 0.9s. At test,
one of the stimuli from the array was randomly chosen and presented in the centre of the
screen. Participants were required to move the mouse to click the location on screen where

it first appeared. Participants could respond with any location on screen as they were
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unaware that the stimulus presentation area was restricted. There was no time limit for
responding. A one second blank screen followed the response period, before the beginning
of the next trial. Participants were permitted to take a self-paced break between blocks.

An example trial is shown in Figure 2.1.

Until response

Figure 2.1: An example trial in Experiment One. Participants were shown an array of
between one and eight dots. After a short delay, they were asked to click on screen where
one of those dots first appeared.

2.3 Results

All inferential tests were carried out in R (R Core Team, 2019), using the rstatix package
(Kassambara, 2019). Greenhouse-Geisser correction was applied if the assumption of
sphericity was violated. Trials in which average saccade amplitude exceeded two degrees
of visual angle during encoding and maintenance were removed from analysis to control
for eye movements. This resulted in the full datasets of two participants being excluded
due to missing data. Of the remaining 12 participants, 14.56% of trials were excluded

due to eye movements.

Localisation error, measured by the Euclidean distance between the probed location and
the participant’s response on screen, was first examined to gain an overview of the pattern

of response error. We then fit a series of mixture models to examine the sources of recall
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error and to gain a greater insight into the ways in which recall error varied with changes
in set size. Localisation error can be considered a proxy for precision, but it does not

assume the distribution from which the response is drawn.

2.3.1 Localisation Error

Mean localisation error is displayed in Figure 2.2. There is a clear increase in localisation
error as set size increases, as confirmed with one-way repeated-measures ANOVA; F(3.45,
37.97) = 24.18, p < .001, nﬁ = 0.69. Bonferroni-Holm corrected pairwise comparisons

between adjacent set sizes revealed no significant differences; p > 0.069.

Simple linear regression was then carried out to examine whether set size predicts local-
isation error (Figure 2.2). Set size was a significant predictor of localisation error; m =
21.7, SE = 2.09, p < .001. However, the constant was not significant in this model; ¢ =
16.86, SE = 10.58, p = .114. Additionally, this model accounted for only 53% of variance
in the data; R?,gjustea = 0.53, F(1, 94) = 107.32, p < .001. Examination of the data
(Figure 2.2) suggested that an exponential model might provide a better fit to the data.
An exponential model in the form localisation error = a x exp(b x set size) was fit to
the data. Both the constant [a = 40.08, SE = 5.34] and set size [b = 0.21, SE = 0.02]
were significant; p < .001. Akaike Information Criterion values corrected for sample size
(AICc) was calculated for both models to assess their relative fits to the data. Compari-
son of AICc values revealed that the exponential model provided a better fit to the data

compared to the linear model; AAICc = 9.91.

2.3.2 Mixture Modelling

2.3.2.1 Model comparison

Mixture modelling was then carried out using MemToolbox2D (Grogan et al., 2020; Su-
chow et al., 2013) to examine which model best fit the response data for each participant.
We firstly compared the fit of the two-component mixture model (Zhang & Luck, 2008),

which comprises a normal and uniform distribution to that of Bays et al. (2009), which
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Figure 2.2: Localisation error as a function of set size for each participant, with the
best-fitting linear and exponential models plotted. The shaded regions represent 95%
confidence intervals. Mean values are shown in black, with the error bars representing
95% confidence intervals

comprises a normal distribution, misbinding errors and a uniform distribution. We also
compared these models to a model that comprised only a normal distribution centred on
the target location (Figure 2.3). The best fitting model across all participants, with the
lowest AICc, was one that included a normal distribution centred on the target location,
misbinding errors, and guesses corrected by assuming that responses were sampled from
the annulus within which stimuli could appear, although this was only a marginally better
fitting model compared to that which assumed no response sampling and was no different
to the model without response sampling in some participants (Bays et al., 2009); nor-

mal distribution only: Maarc. = 1053.57; normal distribution with guessing: Maarce =

717.83; normal distribution with guessing, misbinding, and no response sampling: M aarce

= 6.04.
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Figure 2.3: Difference in AICc scores of each mixture model for each participant compared
to best fitting model. Mean difference is highlighted in red.

2.3.2.2 Sources of recall error

We fit the best fitting model, which included response sampling, to each set size condition
and analysed how the sources of error changed across set sizes. Analysis of imprecision
(Figure 2.4A) revealed a significant main effect of set size; F(2.59, 28.48) = 3.58, p =
031, 7712, = 0.24. Bonferroni-Holm corrected pairwise comparisons showed a significant
increase in imprecision when set size increased from one item (M = 41.32, SD = 13.68)
to two items (M = 55.2, SD = 14.93); p = .016. No other differences were significant; p
> 0.768.

For the probability of reporting the target (Figure 2.4B), there was a main effect of set
size; F(2.45, 26.93) = 28.75, p < .001, nf, = 0.72. Bonferroni-Holm corrected pairwise
comparisons indicated that participants were significantly more likely to report the target

location at set size 3 (M = 0.98, SD = 0.04) than at set size 4 (M = 0.92, SD = 0.08).
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The differences between set size 4 and set size 5 (M = 0.78, SD = 0.18), and set size 7
(M = 0.68, SD = 0.16) and set size 8 (M = 0.54, SD = 0.23) were also significant; p <

0.045. No other comparisons were significant; p > 0.345.

For the probability of misbinding (Figure 2.4C), a significant main effect of set size was
observed; F'(3.04, 33.45) = 10.76, p < .001, 7]12, = 0.5. Bonferroni-Holm corrected pairwise
comparisons showed that participants were significantly more likely to report a non-target
at set size 4 (M = 0.09, SD = 0.08) compared to set size 3 (M = 0.02, SD = 0.04); p =

.031. No other comparisons were significant; p > 0.076.

Finally, for the probability of guessing (Figure 2.4D), there was a significant main effect
of set size; F(7, 77) = 8.92, p < .001, 77}27 = 0.45. However, Bonferroni-Holm corrected

pairwise comparisons revealed no significant differences between set sizes; p > 0.061.
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Figure 2.4: Mean imprecision (a) probability of reporting the target location (b), mean
probability of reporting a non-target (misbinding; c), and mean probability of guessing
(d) as a function of set size. Shaded regions represent SEM.
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2.4 Discussion

This experiment showed that localisation error increased exponentially as set size in-
creased from one to eight items. Mixture modelling (Bays et al., 2009; Grogan et al.,
2020) showed that the best fitting model to our response data was one that includes
misbinding errors (Bays et al., 2009) compared to a model that only includes a normal
distribution and guessing (Zhang & Luck, 2008). When we examined the effects of set size
on the parameters of this model, the probability of reporting the target location decreased
with set size, accompanied by increases in misbinding and guessing, indicating that items
were encoded into VSWM, but with increasing noise as set size increased. These findings
are broadly consistent with previous work supporting the resource model of VSWM (Bays

et al., 2009; Pertzov et al., 2012; Schneegans & Bays, 2016).

However, there are two ways in which our results differed from Schneegans and Bays
(2016). Firstly, Schneegans and Bays (2016) reported that a linear model provided a
good fit to their localisation error data. This linear effect was surprising, given the prior
findings in non-spatial memory, where the relationship between recall error and set size
follows a power law (Bays & Husain, 2008). In contrast, we found that localisation error
changed rapidly at set sizes larger than four items, with the relationship between set size
and localisation error being better characterised by an exponential model compared to
a linear model [linear model: R2adjust6d = 0.53, AICc = 1016; exponential model: AICc
= 1006.09]. This observation suggests that when more items are to be remembered, less
resource is directed to these items, resulting in greater noise in their representations. The
most probable explanation for this apparent discrepancy is simply that by jumping from
a set size of 4 to a set size of 8, Schneegans and Bays (2016) lacked the granularity to

detect the exponential relationship.

Secondly, although we observed a monotonic increase in localisation error with set size,
reflecting the fact that the absolute distance between the probed location and response
location increased as set size increased, we observed no significant changes in imprecision

after set size 2. In contrast, Schneegans and Bays (2016) reported a monotonic increase in
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both error and imprecision, which was largest between set size 4 and set size 8. When con-
sidering these data, it is important to recall that localisation error does not discriminate
between correct responses that land near the veridical location, guesses, and misbinding
errors, where the response is close to a non-probed location. In contrast, imprecision
reflects the distribution of responses on correct trials only. The combination of a steep
increase in localisation error and guessing errors, but flat curve for imprecision, suggests
that when participants correctly recalled the probed location, they did so with a high
degree of precision but were less likely to recall the correct location as set size increased.
On first inspection, this pattern appears to indicate that imprecision in spatial working
memory is unaffected by set size for set sizes more than two items, which is difficult to rec-
oncile with Schneegans and Bays (2016) and previous studies in visual working memory,
where a significant decrease in precision with each additional presented item is reliably

reported (Ma et al., 2014).

There are two potentially important methodological differences between the current study
and that of Schneegans and Bays (2016). Specifically, in the current study, fixation was
enforced during encoding and maintenance but not during the response phase, and the
hand was visible during probe localisation. In contrast, Schneegans and Bays (2016)
occluded the hand during the experiment. They also recorded eye-movements, but did
not report whether participants were instructed to maintain central fixation. Visually-
guided localisation tasks, like the one used in the current study, afford a response strategy
in which participants program and execute a combined eye-hand movement that initially
fixates the memorised location, then move the pointer to that location (de Brouwer et
al., 2021). Saccade programming is thought to be achieved via population coding, in
which multiple units are activated for a specific location within a map and the saccade
trajectory is determined by the weighted average of the activated population (Lee et al.,
1988; Sparks et al., 1976). A consequence of this averaging is that small changes in the
direction and amplitude of saccades are produced when multiple items are presented.
Critically, Arai et al. (2004) found that increasing the number of distractors from none

to one resulted in a decrease in initial dispersion and saccade latency, but increasing the
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number of distractors by more than one had minimal effects on the saccade metrics. This
finding is consistent with the idea that the contributions of locations not intended to be
the target of the upcoming saccade are relatively small, resulting in a small amount of

noise in the response due to the averaging of activity.

It seems reasonable to suggest that when the hand is visible and the response is a visually-
guided action, selection of the correct location in memory triggers a saccade averaging
process to program the eye movements necessary to fixate the correct location and guide
the mouse response. This process of saccade averaging will produce movements that are
invariant with set sizes of two or more (Arai et al., 2004), therefore preserving the precision
in the motor response despite an increase in noise in the underlying memory representa-
tion. The procedure used by Schneegans and Bays (2016) did not permit visually-guided
responses because the hand was occluded, and this may have disrupted the compensatory
effects produced by saccade averaging. This explanation may also account for our pre-
vious observation that saccadic interference increases guessing but not imprecision when
a spatial localisation task is used (McAteer et al., 2023)'. The process of selecting a
memorised item for a saccade target among distractors may also trigger the reallocation
of resource from non-targets to the movement goal, thus maintaining precision (see Udale

et al., 2022), even in the presence of many distractors.

There are two caveats to the current experiment which should be considered when in-
terpreting these data. Firstly, there was some loss of data due to our exclusion criteria
regarding eye movements. However, the medium and large effect sizes found for localisa-
tion error, imprecision, target responses, and misbinding are similar to previous findings
(Pertzov et al., 2012; Schneegans & Bays, 2016) and the overall pattern of results did not
change when data from all participants were analysed (see S1). Secondly, the distance of
stimuli from fixation was not controlled in either the current experiment or Schneegans
and Bays (2016), which may be important given there is evidence that attentional pro-
cessing is less efficient with increasing set size and distance from fixation (Carrasco et al.,

1995; Wolfe et al., 1998), and that changes in eccentricity influence VSWM encoding and

IThis refers to the data presented in Chapter Five.
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maintenance (McAteer et al., 2021)%.

In summary, our finding of a monotonic increase in error as set size increases is consistent
with Schneegans and Bays (2016), demonstrating that memory for spatial locations be-
comes noisier as set size increases. Additionally, by using a larger range of set sizes, it was
shown that localisation error increases exponentially with set size, rather than linearly,
which supports that precision in VSWM is related to the proportion of resource directed
to each item in VSWM. Imprecision in spatial working memory did not significantly in-
crease when set sizes was larger than 2. It was hypothesized that the task afforded a
visually-guided response and the saccade averaging processes associated with fixating the
memorized location compensated for the increased imprecision of the underlying memory
representations at set sizes of 3 or more. This result illustrates the flexibility of the action
system in producing accurate, memory guided movements even under conditions where
the underlying memory representation of the action goal is noisy. Comparison of models
of VSWM and examination of the sources of recall error provide additional support for

the resource model of VSWM.

2This refers to the data presented in Chapter Three.
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2.5 Supplementary Materials

2.5.1 S1: Experiment 1 analysis (no trials excluded)

2.5.1.1 Localisation Error

The results reported here include all data. Mean localisation error, measured by Euclidean
distance between the probed location and the participant’s response, is displayed in Figure
2.5. One-way repeated-measures ANOVA revealed a significant effect of set size; F(2.75,
35.81) = 73.95, p < .001, nﬁ = 0.85. Bonferroni-Holm corrected pairwise comparisons
between adjacent set sizes revealed significant differences between all adjacent set sizes (p

< 0.031), except between set sizes 2 and 3; p = .380).

Simple linear regression was then carried out to examine whether set size predicts lo-
calisation error (Figure 2.5). Both set size [m = 20.84, SE = 1.33, p < .001] and the
constant [¢c = 17.88, SE = 6.71, p = .009] were significant in this model. This model
accounted for 69% of variance in the data; R?.gustea = 0.69, F(1, 110) = 245.76, p <
.001. An exponential model in the form localisation error = a * exp(b * set size) was
also fit to the data. Both the constant [a = 42.19, SE = 3.56] and set size [b = 0.19, SE
= 0.01] were significant; p < .001. Corrected Akaike Information Criterion (AICc) values
revealed that the exponential model provided a better fit to the data compared to the
linear model; AAIC = 10.58.

2.5.1.2 Mixture modelling

2.5.1.2.1 Model comparison Mixture modelling was then carried out using Mem-
Toolbox2D (Grogan et al., 2020; Suchow et al., 2013) to examine which model best fit
the response data for each participant. We firstly compared the fit of the two-component
mixture model (Zhang & Luck, 2008), which comprises a normal and uniform distribution
to that of Bays et al. (2009), which comprises a normal distribution, misbinding errors
and a uniform distribution. We also compared these models to a model that comprised

only a normal distribution centred on the target location. The best fitting model across all
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Figure 2.5: Localisation error as a function of set size for each participant, with the linear
and exponential models plotted. The shaded regions represent 95% confidence intervals.
Mean values are shown in black, with the error bars representing 95% confidence intervals.
participants, with the lowest AICc, was one that included a normal distribution centred
on the target location, misbinding errors, and guesses (Bays et al., 2009); normal distri-
bution only: Maarc. = 1816.25; normal distribution with guessing: Maarc. = 1232.58.

This is displayed in Figure 2.6.

2.5.1.2.2 Sources of recall error A significant main effect of set size was found
for imprecision (Figure 2.7A); F(7, 91) = 11.13, p < .001, 17 = 0.46. Bonferroni-Holm
corrected pairwise comparisons revealed a significant increase in imprecision between set
size 1 (M = 39.98, SD = 10.93) and set size 2 (M = 52.12, SD = 10.68); p = .003. No

other differences were significant; p > 0.472.

A significant main effect of set size was found for the probability of reporting the target

location (Figure 2.7B); F(2.14, 27.79) = 61.13, p < .001, 2 = 0.82. Bonferroni-Holm
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Figure 2.6: Difference in AICc scores of each mixture model compared to best fitting
model for each participant. Mean difference is highlighted in red.
corrected pairwise comparisons revealed significant differences between all set sizes (p <

0.044) except between set size 1 and 2; p = .240.

A significant main effect of set size was observed for the probability of misbinding (Figure
2.7C); F(2.43, 31.65) = 15.55, p < .001, ; = 0.54). Bonferroni-Holm corrected pairwise
comparisons showed that participants were significantly more likely to report a non-target
at set size 4 (M = 0.08, SD = 0.07) than at set size 3 (M = 0.02, SD = 0.03), at set size
5 (M = 0.15, SD = 0.12) compared to set size 4, at set size 7 (M = 0.21, SD = 0.13)
compared to set size 6 (M = 0.19, SD = 0.14), and at set size 8 (M = 0.27, SD = 0.19)

compared to set size 7; p < 0.006.

A significant main effect of set size was found for the probability of guessing (Figure 2.7D);
F(1.84, 23.86) = 8.52, p = .002, 7712: = 0.4. However, Bonferroni-Holm corrected pairwise

comparisons revealed no significant differences between set sizes; p > 0.680.
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Figure 2.7: Mean imprecision (a), mean probability of reporting the target location (b),
mean probability of reporting a non-target (misbinding; ¢), and mean probability of guess-
ing (d) as a function of set size. The shaded region represents SEM.



Preface to Chapter Three

Chapter Two showed that the continuous report task and mixture modelling (Bays et al.,
2009; Grogan et al., 2020) can be used to measure spatial working memory. However,
the nature of the limitation in VSWM resources remains unclear. It has been proposed
that spatial working memory relies on topographic maps in frontal and parietal regions,
which integrate spatial information in VSWM and motor representations into a single
coherent representation (Franconeri et al., 2013). A key prediction of this cortical maps
hypothesis is that resource allocation is limited by the availability of cortical space to rep-
resent memoranda. Chapter Three attempted to investigate this hypothesis by examining
whether the eccentricity effect, which is proposed to affect visual search performance due

to cortical magnification (Carrasco et al., 1995), is observed in VSWM.

Chapter Two also highlighted that the requirement to maintain central fixation resulted
in missing data, and therefore excluded datasets, as well as the exclusion of almost 15%
of trials in the remaining datasets. As a result of this exclusion criteria, and the minimum
number of trials being required for the mixture modelling (Bays et al., 2009) being 30
(Bays, n.d.), the number of trials per condition was increased to 60 in Chapter Three?.
In addition to this increase, the total number of conditions was larger than Chapter Two
(24 compared to 8). As a result, the decision was made to make this study a multi-
session study. This decision was made in order to utilise a within-subjects design, while
minimising the potential effects of fatigue on the task as participants would be completing

four one-hour sessions in the multi-session study.

3 Although it is important to note that there was very little difference in the pattern of results when all
data were included in Chapter Two (Supplementary Materials) compared to when trials in which saccades
were made were excluded, indicating that the model parameters after data exclusion were reliable.
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Note that this study was affected by COVID-19, where laboratory access was limited
throughout data collection. A short-form version of the task, with only one session of 15
trials per condition, was conducted during this time. Results of this task are reported in
the Supplementary Materials, and were used to inform the power analysis for the multi-
session study, as an eccentricity effect was clearly observed. Although this effect was
observed with such a small number of trials per condition, a larger number of trials per
condition was used for the experiments reported in the main text to increase the reliability

of the resulting model parameters.

Chapter Three has been submitted for publication in Journal of Vision with authors

Siobhan McAteer, Anthony McGregor, and Daniel Smith.



Chapter 3

Precision in Spatial Working
Memory Depends on an Item’s
Location Within the Visual Field:
Evidence for an Eccentricity Effect

in Spatial Working Memory

Visuospatial working memory (VSWM) has been characterized as a flexible resource that
determines the precision with which memoranda are stored. The cortical map proposal
conceptualizes resource allocation in terms of competitive interactions between represen-
tations in brain areas that code the mnemonic feature of interest. A key prediction is
that resource allocation is limited by the availability of cortical space to represent mem-
oranda. In the case of spatial working memory, locations are hypothesized to be encoded
in retinotopic spatial maps used to control goal-directed action. These spatial maps are
known to be inhomogeneous, such that regions representing the fovea have smaller and
more densely packed receptive fields compared to regions representing more peripheral

locations (Curcio et al., 1987; Rovamo & Virsu, 1979). If the cortical maps hypothesis is
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correct, this inhomogeneity should be reflected in differences in the amount of resource
that can be allocated to increasingly eccentric locations, and therefore in the precision
with which they can be represented. This prediction was tested in two experiments in
which Bays et al’s (2009) mixture model was used to examine how sources of recall error
in spatial working memory changed across eccentricities. Consistent with the cortical map
idea, precision monotonically decreased as eccentricity increased when central fixation was
enforced (Experiment One) and in free viewing conditions (Experiment Two). No such
effects were observed for colour memory (Experiment Three). These results demonstrate
that resource allocation in VSWM is constrained by the availability of cortical resources

as predicted by the cortical map theory of VSWM.
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3.1 Introduction

Visuospatial working memory (VSWM) is a limited capacity system for the temporary
maintenance of spatial and non-spatial (visual) information about items for upcoming
task completion (Baddeley & Hitch, 1974). Although there is debate surrounding how
this information might be represented within VSWM, there is growing behavioural and
neurophysiological support for the idea that VSWM capacity can be characterised as a
finite resource that can be flexibly allocated across to-be-remembered items (Bays et al.,
2009; Ma et al., 2014). In this view, memory capacity is not constrained by a specific
number of slots, but rather by the availability of memory resource to maintain repre-
sentations at a functionally useful level of fidelity. The precise nature of this resource
remains unclear, but one prominent idea is that resource allocation is constrained by the
availability of neurons (Franconeri et al. (2013), refer to this is as cortical “real estate”)
to represent the memoranda in modality-specific, topographically organized cortical maps

(Bays et al., 2009; Franconeri et al., 2013).

The cortical maps hypothesis proposes that each position within the map represents a
value in a specific information space (e.g. colour or spatial location). Items within an
information space are represented as peaks of activity within the map that compete with
each other for representation. Items from different spaces are represented in different maps
and do not compete. Consistent with this idea, working memory for visual features and
memory for spatial locations are dissociated within VSWM, both neurophysiologically
(Courtney et al., 1996; Sala et al., 2003) and behaviourally (Darling et al., 2009; Darling
et al., 2007; Klauer & Zhao, 2004). For example, it has been shown that cortical areas
such as posterior parietal cortex and dorsolateral prefrontal cortex are selectively involved
in the maintenance of spatial locations (Alekseichuk et al., 2017; Ren et al., 2019). These
areas are similar to those areas involved in the vision-for-action pathway (Goodale & Mil-
ner, 1992), emphasising the role of spatial working memory in visually-guided behaviour
(Manohar et al., 2017). In contrast, the cortical areas involved in memory for non-spatial

features, such as shape and orientation, are more similar to the cortical areas involved in
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the vision-for-perception pathway (Ren et al., 2019).

In the case of spatial working memory, there is strong neurophysiological evidence that
the cortical maps that represent spatial working memory are shared with maps used for
the control of goal directed movements such as saccades. This argument stems from the
observation of retinotopic maps within motor areas, especially in those areas involved in
the programming of saccadic eye movements, such as superior colliculus, frontal eye fields
(FEF) and lateral intraparietal cortex (Bisley & Mirpour, 2019). For example, micros-
timulation of FEF has been shown to trigger an eye movement towards the corresponding
location in space, as well as enhancing responses at the corresponding locations in V4,
highlighting the spatially-organised nature of cortical maps underlying motor control, and
their coupling with perception (Moore et al., 2003). Critically, these cortical areas also
maintain activation during delayed saccades (Curtis et al., 2004; Sommer & Wurtz, 2001),
consistent with the idea that spatial working memories are maintained in cortical maps.
In humans there is a body of neuroimaging evidence showing shared neural representa-
tions for action, attention, and working memory (Ikkai & Curtis, 2011) and the areas
involved in the programming of eye movements such as the FEF have consistently been
shown to be activated during VSWM tasks and attention (e.g. Campana et al., 2007;
Lane et al., 2012; Smith et al., 2009, 2005).

Neuropsychological evidence also supports the idea of a common cortical map for action
and spatial working memory. For example, patients with Progressive Supranuclear Palsy,
a disease characterised by vertical paralysis of gaze, have significantly decreased spatial
span along the axis of paralysis compared to the non-paretic axis (Smith & Archibald,
2020). Furthermore, patients with spatial neglect, characterised by an inability to orient
and report sensory events in the contralesional side of space, show decreased performance
in a spatial change detection task for locations presented in contralesional space (Pisella
et al., 2004). Although this impairment was also shown in colour and shape memory,
spatial memory was significantly decreased compared to memory for colour and shape in
patients with parietal lesions (Pisella et al., 2004). It has been proposed that this deficit in

spatial neglect is related to deficits in oculomotor search behaviour (Husain et al., 2001),
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highlighting the extensive overlap between spatial working memory and the oculomotor
system. The implication of this overlap between the oculomotor system and VSWM is
that they share a common representation, with motor maps for the generation of saccades
being projected from superior colliculus to posterior parietal cortex for representation in
a priority map that serves action, attention and VSWM (Christophel et al., 2012; Paré &

Wurtz, 1997; Todd & Marois, 2005; Zelinsky & Bisley, 2015).

Behavioural studies lend further support to the proposition that action control and VSWM
share a common spatial map. Studies using the dual-task paradigm with delay-period per-
formance of saccades have shown that memory for spatial locations is disrupted (Lawrence
et al., 2004; Pearson & Sahraie, 2003; Smyth & Scholey, 1994), and that this saccadic
interference effect is specific to spatial memory (McAteer et al., 2023)%. The nature of
this disruption in spatial memory has been argued to result from delay-period saccades
reducing the signal-to-noise ratio of the activation peaks for the maintained spatial loca-
tions within the VSWM representation (McAteer et al., 2023)°. It has also been found
that maintenance of a location in VSWM results in inhibition of saccades to that location
(Belopolsky & Theeuwes, 2009a) and increased saccade curvature away from the remem-
bered location (Theeuwes et al., 2005) and that experimentally constricting the ability to
plan and execute saccades significantly reduces spatial memory span (Ball et al., 2013;
Pearson et al., 2014). These findings illustrate how VSWM and saccade control draw
on a shared cognitive process, consistent with the idea that performing saccades creates
competition for resource between saccade targets and memory item, thus reducing the

availability of resources for mnemonic representations in a shared cortical map of space.

The cortical maps hypothesis is also consistent with the evidence that physiological differ-
ences across the visual field are inherited by VSWM. For example, Carrasco et al. (2001)
demonstrated that the horizontal-vertical anisotropy in perception (reduced perceptual
performance for locations along the vertical meridian compared to iso-eccentric locations

along the horizontal) is present in visual working memory (Carrasco et al., 2001). This

4This refers to the data presented in Chapter Five.
5This refers to the data presented in Chapter Five.
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anisotropy has been explained in terms of low-level physiological differences in the vi-
sual system, specifically with respect to the densities of retinal ganglion cells and cones,
which is not radially symmetric across eccentricities in the visual field (Carrasco et al.,
2001). Similar anisotropies can be seen in oculomotor behaviour, whereby large horizontal
saccades have shorter latencies and higher accuracies compared to saccades along the ver-
tical plane (Irving & Lillakas, 2019), and in spatial working memory, where spatial span
and capacity is significantly reduced for locations presented along the vertical meridian

compared to locations presented along the horizontal meridian (Smith, 2022).

Another prediction that derives from the cortical maps model is that the spatial locations
of memoranda should affect the competitive interactions between them, such that closer
items will compete more than items with greater spatial separation. The relative spatial
positions of memoranda should therefore predict the precision with which items will be re-
tained. One way in which these competitive interactions have been demonstrated within
VSWM is by using a spatial crowding paradigm. Crowding effects have been demon-
strated in both perception and VSWM, where precision is lower when a target is placed
in close proximity to flankers compared to when the distance between flankers and targets
is increased, which has been argued to reflect the decreased inter-item competition when
inter-item distance is increased (Tamber-Rosenau et al., 2015; Yoriik et al., 2020). This
pattern of data supports the idea that perception and VSWM share a common repre-
sentation, which might be restricted by neurophysiological limits, although it should be
noted that Harrison & Bays (2018) have argued against crowding effects in VSWM when

items are presented serially.

To summarize, the cortical maps hypothesis argues that spatial working memory relies on
topographically organized cortical maps used to represent space. The considerable over-
lap between neural systems involved in oculomotor control and VSWM, combined with
behavioural evidence of dual task interference between motor control and spatial work-
ing memory is strong evidence of the view spatial memory relies on cortical maps that
integrate spatial information in VSWM and motor representations into a single coherent

representation. The cortical maps hypothesis also holds that the fidelity of representations
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in VSWM is constrained by the physiology of the cortical regions maintaining the map.
However, the evidence for this position is less direct, as it draws on studies examining how
perceptual anisotropies affect memory span (as opposed to the precision of memory rep-
resentations, Smith (2022)) and from related phenomena such as visual crowding (Yoriik

et al., 2020).

One way to address this issue is to make use of the eccentricity effect in vision. It is well-
documented that both reaction time and accuracy decrease with increasing eccentricity
and set size in visual search tasks (Carrasco et al., 1995; Wolfe et al., 1998) and object
recognition (Jittner & Rentschler, 2000). This eccentricity effect has been explained in
terms of cortical magnification, whereby there are fewer cortical resources dedicated to
processing each degree of visual angle as the visual field moves further into the periphery
(Rovamo & Virsu, 1979; Virsu et al., 1987; Virsu & Rovamo, 1979). Indeed, increasing
stimulus size as a function of cortical magnification was found to abolish the eccentricity
effect (Carrasco et al., 1995), although it should be noted that this cortical magnification
has not been reliably observed to neutralise eccentricity effects(e.g. Staugaard et al.,
2016). The eccentricity effect therefore offers a more direct way to examine the cortical
maps hypothesis in VSWM, in particular with respect to the key prediction that resource
allocation is limited by the availability of cortical resource, which is retinotopically mapped

across the visual field and declines with eccentricity.

The current study examined the eccentricity effect in visual and spatial working memory
using a continuous report task to characterise the pattern of response errors in VSWM
while systematically varying eccentricity and set size. If the cortical maps hypothesis is
correct, precision in spatial working memory should decrease with increasing eccentricity.
Analogous effects should not be observed in visual working memory because of the sepa-
rability in memory for visual features and memory for spatial features, in which memory
for spatial locations but not visual features is hypothesised to occur in spatially-organised

maps.
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3.2 Experiment One

3.2.1 Methods

3.2.1.1 Participants

An a priori power analysis based on the effect size for a significant main effect of eccen-
tricity observed in a pilot experiment (ng = .71; see Supplementary Materials), indicated
that we required a sample of at least three participants to observe a significant effect of
eccentricity for imprecision (o = .05, power = 95%). Six volunteers (M, = 28 years,
SDpge = 4.24, 5 females, 1 male, 5 right-handed) were recruited from Durham Univer-
sity. All participants reported having normal or corrected-to-normal vision. Participants
received compensation at a rate of £12 per session for participation. This experiment re-
ceived ethical approval from Durham University Psychology Department Research Ethics

Committee (reference: PSYCH-2019-10-28T15:23:58-1ckd86).

3.2.1.2 Design

We used a within-subjects design. There were two independent variables: set size (eight
levels: 1-8 items), and eccentricity, (three levels: 5°, 7.5° and 10° of visual angle around
central fixation). The dependent variables were localisation error, as well as imprecision,
and the probabilities of misbinding and guessing. Participants completed a total of 1440
trials, across four one-hour sessions. Sessions were completed at approximately the same
time on separate days. Each session comprised a practice block of 8 trials, where partici-
pants were shown the original location as well as their own response, and 360 experimental

trials, with no feedback presented, randomised across 15 blocks.

3.2.1.3 Stimuli and apparatus

The task was programmed using Matlab R2019a, using the psychophysics toolbox (Kleiner
et al., 2007). The stimuli consisted of arrays comprising between one and eight coloured

dots (diameter of each dot = 1° VA) and a fixation cross (0.76° VA x 0.76° VA) positioned
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at the centre of the screen. The colours of each dot were chosen without repetition from
a bank of eight discriminable colours: red, orange, yellow, green, cyan, blue, magenta,
and purple. The visual mask comprised 800 coloured dots, like those presented at encod-
ing, filling the annular space five to ten degrees of visual angle around central fixation.
Participants’ gaze was monitored using a tower-mounted EyeLink 1000 eye tracker (SR
Research). Stimuli were presented on a 20-inch CRT screen with a refresh rate of 85Hz.

Participants sat 60cm from the computer screen, with the centre of the screen at eye level.

3.2.1.4 Procedure

Participants were instructed to maintain fixation on the centre of the screen throughout
each trial. Trials began with presentation of a fixation cross at the centre of the screen for
one second followed by a blank screen for 0.5s. The stimulus array, comprising between
one and eight coloured dots, was then presented for two seconds. The locations of each
dot were randomly chosen from eight equally spaced locations on imaginary circles with
radius of either 5°, 7.5°, or 10° of visual angle from central fixation. After presentation
of the array, the visual mask was presented for 0.1s. A blank screen was then shown for
0.9s. At test, one of the stimuli from the array was randomly chosen and presented in the
centre of the screen. Participants were required to move the mouse to click the location
on screen where it first appeared. Participants could respond with any location on screen
as they were not informed that the stimulus area was restricted. There was no time limit
for responding. A 1.5s blank screen followed the response period, before the beginning of
the next trial. Participants were permitted to take a self-paced break between blocks. An

example trial is shown in Figure 3.1.

3.2.2 Results

Mixture modelling (Bays et al., 2009) was carried out using MemToolbox2D (Grogan et
al., 2020). This mixture model (Bays et al., 2009) assumes that there are three sources
of recall error: Gaussian variability in the response (imprecision), the height of which

indicates the probability of reporting the target location; the probability of guessing,
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response

Figure 3.1: An example trial in Experiment One. Participants were shown an array of
between one and eight dots. After a short delay, they were asked to click on screen where
one of those dots first appeared.

which is drawn from a uniform distribution; and the probability of responding with a non-
target (misbinding), which is drawn from a Gaussian centred on one of the non-probed
items. Maximum likelihood estimates were obtained for these sources of recall error in

each condition. The estimate of guessing was corrected by assuming that responses were

sampled from the annulus within which items could appear.

Owing to the small sample size, we ran linear mixed effects model in R version 4.2.1 (R
Core Team, 2019) using the 1merTest package (Kuznetsova et al., 2017), which applies
Satterthwaite’s method to estimate degrees of freedom and p values for the overall effects
of set size and eccentricity. The model was run for each dependent variable to examine the
effects of set size and eccentricity, which were included as fixed effects, after controlling

for the random effect of participant®. Bonferroni-Holm corrected post-hoc contrasts of

6The formula for the model was as follows for imprecision: imprecision ~ set size + eccentricity + set
size:eccentricity + (1/ID)
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the estimated marginal means were carried out to examine any significant effects using

the emmeans package (Lenth, 2022).

Trials in which average saccade amplitude exceeded two degrees of visual angle were

excluded from analysis. This resulted in the exclusion of 8.09% of trials.

For imprecision (Figure 3.2A), significant main effects of set size [F/(7, 115) = 11.79, p <
.001] and eccentricity [F(2, 115) = 5.54, p = .005] were observed. The interaction between
set size and eccentricity was not significant; F'(14, 115) = 1.22, p = .271. Bonferroni-Holm
corrected pairwise comparisons between adjacent set sizes revealed that no differences
between adjacent set sizes were significant; p > .021. Post-hoc comparisons between
adjacent eccentricity conditions revealed that the differences between 5° VA (M = 32.18,
SD = 14.35) and 7.5° VA (M = 35.8, SD = 18.82), and between 7.5° VA and 10° VA (M
= 43.51, SD = 29.81) were significant; p = .295.

For the probability of misbinding (Figure 3.2B), a significant main effect of set size was
observed; F(6, 100) = 4.04, p = .001. The main effect of eccentricity [F'(2, 100) = 9.34,
p < .001] and the interaction between set size and eccentricity [F(12, 100) = 1.03, p =
A428] were not significant. Bonferroni-Holm corrected pairwise comparisons revealed a
significant difference between set size 7 (M = 0.09, SD = 0.1) and set size 8 (M = 0.09,

SD = 0.15); p = 1.000. No other differences were significant; p > 1.000.

For the probability of guessing (Figure 3.2C), significant main effects of set size [F(7,
115) = 5.78, p < .001] and eccentricity [F(2, 115) = 5.53, p = .005] were observed.
The interaction between set size and eccentricity was not significant; (14, 115) = 0.93,
p = .529. Bonferroni-Holm corrected pairwise comparisons between adjacent set sizes
revealed that no differences between adjacent set sizes were significant; p > 1.000. Post-
hoc comparisons between adjacent eccentricity conditions also revealed that no differences

between eccentricity conditions were significant after correction; p > .184.
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Figure 3.2: Mean imprecision (a), mean probability of reporting the target location (b),
mean probability of reporting a non-target (misbinding; ¢), and mean probability of guess-
ing (d) at each eccentricity and set size. The shaded regions represent SEM.

3.2.3 Discussion

This pattern of results indicates that there is an eccentricity effect in VSWM such that the
noise in the representation, and therefore imprecision, increases as eccentricity increases.
However, asking participants to maintain central fixation is not reflective of naturalistic
viewing behaviour, and maintaining fixation during encoding and maintenance may result
in decreased memory performance (Henderson et al., 2005). Therefore, we conducted a
second experiment in which participants were free to move their eyes to examine whether

the eccentricity effect is still present under naturalistic viewing behaviour.
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3.3 Experiment Two

3.3.1 Methods

3.3.1.1 Participants

Six volunteers (Mg = 26.67 years, SDyee = 2.42, 2 females, 4 males, 4 right-handed) were
recruited from Durham University. All participants reported having normal or corrected-
to-normal vision. Participants received compensation at a rate of £12 per session for par-
ticipation. This experiment received ethical approval from Durham University Psychol-
ogy Department Research Ethics Committee (reference: PSYCH-2019-10-28T15:23:58-
1ckd86).

3.3.1.2 Design

Design was as described in Experiment One.

3.3.1.3 Stimuli and apparatus

Stimuli and apparatus matched that of Experiment One.

3.3.1.4 Procedure

For each session, procedure followed that of Experiment One, with the exception that
participants were instructed to view the screen in a natural manner and move their eyes

freely.

3.3.2 Results

No trials were excluded from analysis. On average, approximately 17 saccades (M =
17.23, SD = 4.25, minimum = 1, maximum = 37) were made throughout encoding and
maintenance on each trial. The same mixture model (Bays et al., 2009) and linear mixed
effects models as used in Experiment One were used in Experiment Two, which included

fixed effects of set size and eccentricity and participant ID as a random effect.
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For imprecision (Figure 3.3A), significant main effects of set size [F/(7, 115) = 44.07,
p < .001] and eccentricity [F(2, 115) = 59.98, p < .001] were observed. The interac-
tion between set size and eccentricity was not significant; F'(14, 115) = 1.37, p = .180.
Bonferroni-Holm corrected pairwise comparisons between adjacent set sizes revealed that
the difference between set size 1 (M = 17.37, SD = 3.86) and set size 2 (M = 37.77, SD
= 9.79) was significant; p < .001. No other differences between adjacent set sizes were
significant; p > .161. Post-hoc comparisons between adjacent eccentricity conditions re-
vealed that the differences between 5° VA (M = 33.69, SD = 11.47) and 7.5° VA (M =
40.58, SD = 15.11), and between 7.5° VA and 10° VA (M = 48.69, SD = 16.27) were

significant; p < .001.

For the probability of misbinding (Figure 3.3B), a significant main effect of set size was
observed; F(6, 100) = 84.36, p < .001. The main effect of eccentricity was also significant;
F(2, 100) = 13.89, p < .001. The interaction between set size and eccentricity was not
significant; F(12, 100) = 1.55, p = .120. For the main effect of set size, Bonferroni-Holm
corrected pairwise comparisons revealed significant differences between set size 4 (M =
0.07, SD = 0.06) and set size 5 (M = 0.14, SD = 0.09), set size 5 and set size 6 (M =
0.29, SD = 0.14), and between set size 7 (M = 0.31, SD = 0.14) and set size 8 (M = 0.39,
SD = 0.14); p < .016. No other differences were significant; p > 0.089. Bonferroni-Holm
corrected pairwise comparisons between eccentricities showed that the difference between
5° VA (M = 0.22, SD = 0.21) and 7.5° (M = 0.17, SD = 0.16) was significant; p = .010.
The difference between 7.5° VA and 10° VA (M = 0.14, SD = 0.13) was also significant;
p = .014.

For the probability of guessing (Figure 3.3C), significant main effects of set size [F(7, 115)
= 21.12, p < .001] and eccentricity [F(2, 115) = 22.47, p < .001] were observed. The
interaction between set size and eccentricity was also significant; F(14, 115) = 4.26, p <
.001. Bonferroni-Holm corrected comparisons between adjacent eccentricity conditions at
each set size revealed that the difference between 5° VA and 7.5° VA was significant at set
size 6 (Mspya = 0.02, SDspva = 0.03; Myspya = 0.09, SD7spva = 0.08, p = .002) and
at set size 8 (Mspya = 0.04, SDspya = 0.04; M7 5pva = 0.07, SD75pyva = 0.1, p < .001).
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The difference between 7.5° VA and 10° VA was significant at set size 7 (M75pva = 0.08,
SD7.5DVA = 0.06; MlODVA = 0.16, SDIODVA = 0.14, p < .001) and set size 8 (MIODVA =
0.06, SD1gpva = 0.08, p = .003). No other differences were significant; p > .064.
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Figure 3.3: Mean imprecision (a), mean probability of reporting the target location (b),
mean probability of reporting a non-target (misbinding; ¢), and mean probability of guess-
ing (d) at each eccentricity and set size. The shaded regions represent SEM.

3.3.3 Discussion

Experiments One and Two demonstrated an eccentricity effect in the precision of spatial
working memory that is consistent with the predictions of the cortical map hypothesis.
Although Experiments One and Two showed broadly similar results, there were some
interesting differences between fixed (Experiment One) and free viewing (Experiment
Two). The eccentricity effect for single-item displays was abolished under free viewing. On
first inspection, this result may seem hard to reconcile with the cortical maps hypothesis,

which predicts that the availability of cortical resources depends on the position within the
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visual field. However, several studies have shown that fixating an item is associated with
increased precision (Bays & Husain, 2008) and this facilitation of precision has been shown
to be driven by a transient saccade-related boost to the resource available for encoding
the saccade target (Udale et al., 2022). A pre-saccadic enhancement of precision may be
sufficient to compensate for the lack of cortical real estate available for more eccentric
items. Indeed, in visual search, it has been shown that the effect of eccentricity on
accuracy was reduced for free viewing compared to fixed viewing (Carrasco et al., 1995).
As set size increases larger than one item, participants tend to adopt the strategy to
maintain fixation in the centre of the array (Fehd & Seiffert, 2008), which allows the
eccentricity effect to emerge, even under free viewing. An alternative possibility is that,
in single-item displays, participants simply fixated the item during the encoding phase,
maintained fixation at that location throughout maintenance, and clicked where they were

looking at recall.

The cortical maps hypothesis predicts that eccentricity effects should be specific to spatial
working memory. Short term memory for features such as colour are hypothesised to be
encoded in non-spatial maps, which do not exhibit a spatial inhomogeneity. To confirm
that eccentricity effects are specific to spatial memory, a control experiment was conducted
in which participants were presented with the same memory arrays as Experiments One
and Two, but this time were shown the location of the target item and asked to recall its
colour. It was predicted that imprecision, guessing and misbinding would increase with

set size but be unaffected by eccentricity.

3.4 Experiment Three

3.4.1 Methods

3.4.1.1 Participants

Six volunteers (M,g = 20 years, SD,, = 0.6235, 3 females, 3 males, 5 right handed,

1 left handed, all confirmed normal or corrected-to-normal vision) were recruited from
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Durham University. Participants enrolled on undergraduate courses in the Department
of Psychology received credit for participation. This experiment received ethical approval
from Durham University Psychology Department Research Ethics Committee (reference:

PSYCH-2019-10-28T15:23:58-1ckd86).

3.4.1.2 Design

Design was as described in Experiment One.

3.4.1.3 Stimuli and apparatus

Stimuli and apparatus matched that of Experiment One with the exception that colours
were randomly generated from a colour wheel with at least 30° angular separation between
colours. At recall, participants were presented with a colour wheel 11° VA to 13° VA

around central fixation.

3.4.1.4 Procedure

For each session, procedure followed that of Experiment One with the exception that
participants were asked to recall the colour of each dot while maintaining central fixation

throughout each trial. An example trial is shown in Figure 3.4.

3.4.2 Results

Trials in which average saccade amplitude exceeded two degrees of visual angle during
encoding and maintenance were excluded from analysis. This resulted in the exclusion of
one dataset from analysis. Of the remaining five datasets, 27.18% of trials were excluded
from analysis. The same mixture model (Bays et al., 2009) and linear mixed effects models

as used in Experiments One and Two were used in Experiment Three.

For imprecision (Figure 3.5A), a significant main effect of set size was observed; F(7,
92) = 2.51, p = .021. The main effect of eccentricity [F(2, 92) = 1.19, p = .308] and

the interaction between set size and eccentricity [F(14, 92) = 1.67, p = .075] were not
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Figure 3.4: An example trial in Experiment Three. Participants were shown an array of
between one and eight dots. After a short delay, they were asked to report the colour of
one of those dots on a colour wheel.

significant. Bonferroni-Holm corrected pairwise between adjacent set sizes revealed no

significant differences; p > 1.000.

For the probability of misbinding (Figure 3.5B), there was a significant main effect of set
size; F(6, 80) = 13.26, p < .001. The effect of eccentricity [F(2, 80) = 0.2, p = .817]
and the interaction between set size and eccentricity [F(12, 80) = 0.85, p = .603] were
not significant. Bonferroni-Holm corrected pairwise between adjacent set sizes revealed

no significant differences; p > .125.

For the probability of guessing (Figure 3.5C), there was a significant main effect of set
size; F(7, 92) = 2.93, p = .008. The effect of eccentricity [F(2, 92) = 0.78, p = .463]
and the interaction between set size and eccentricity [F(14, 92) = 1.51, p = .123] were
not significant. Bonferroni-Holm corrected pairwise comparisons revealed no significant

differences between adjacent set sizes; p > 1.000.
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Figure 3.5: Mean imprecision (a), mean probability of reporting the target colour (b),
mean probability of reporting a non-target (misbinding; ¢), and mean probability of guess-
ing (d) at each eccentricity and set size. The shaded regions represent SEM.

3.4.3 Discussion

Experiment Three confirmed that imprecision, guessing, and misbinding in visual working
memory increase with set size as resource is divided amongst a larger number of objects
(Bays et al., 2009). Critically, these measures did not vary with eccentricity, confirming
that the effects observed in Experiments One and Two are specific to spatial working

memory, as predicted by the cortical maps hypothesis.

3.5 General Discussion

The current study investigated the cortical maps hypothesis by examining the eccentricity

effect in visual and spatial working memory using a continuous report task. An eccentricity
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effect was found in spatial working memory (Experiments One and Two), which was
characterised by increased imprecision with eccentricity. When memory for colour was
examined (Experiment Three), no eccentricity effect was observed. These results are
consistent with the cortical maps hypothesis in spatial working memory, which proposes
that the distribution of VSWM resources is constrained by the availability of cortical

space.

Imprecision within VSWM is hypothesised to be inversely related to the amount of cortical
resource directed to each item in VSWM (Bays et al., 2009). The finding of increased
imprecision with increasing eccentricity therefore reflects the fact that there was less
resource available at the highest eccentricities to encode and maintain these locations
in VSWM. This finding suggests the availability of VSWM resources is constrained by
the availability of cortical space. However, this cortical space is unequally distributed
across the visual field. The eccentricity effect for the probability of guessing provides
additional support for the cortical maps hypothesis. As eccentricity increased and more
items were to be retained, the probability of guessing in spatial working memory was
increased, as evidenced by the significant interaction effect in Experiment Two. The
probability of guessing indicates that some items were not represented in VSWM. Within
the cortical maps hypothesis, this finding indicates that the availability of cortical space
relates directly to the distribution of VSWM resources across the visual field. That is,
VSWM resources are denser around central fixation, becoming scarcer as eccentricity
increases. This explanation is comparable to the cortical magnification explanation of the
eccentricity effect (Virsu et al., 1987). Consequently, when more items are presented at
the highest eccentricity, not every item can be encoded as there is not enough resource
present at these eccentricities to be distributed amongst all to-be-remembered items,
causing some items not being encoded and resulting in an increase in guessing responses
for these conditions. This observation therefore lends strong support to the idea that

VSWM is a flexible but finite resource that depends on the availability of cortical space.

It was also found that misbinding was greatest for the stimuli closest to fixation. Although

this was not statistically significant under fixed viewing (Experiment One), the same trend
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was observed for both viewing conditions. It seems plausible that this effect is an artefact
of the decreasing spacing between stimuli at large set sizes. At small eccentricities the
spacing may have been sufficiently low that some ‘guesses’ landed unintentionally close to
the location of a non-target item, thus inflating misbinding. The stimuli were not scaled
with eccentricity, so participants were unlikely to unintentionally place a guess on the
position of a non-target item when arrays were presented at the more eccentric locations,

even at larger set sizes.

Overall, these data are consistent with the cortical map hypothesis of VSWM (Franconeri
et al., 2013) and the more specific claim that spatial working memory is represented in the
same cortical maps used to guide actions such as eye movements (Ikkai & Curtis, 2011;
Smith & Archibald, 2020; Zelinsky & Bisley, 2015). Indeed, the idea that visually-guided
actions and spatial working memory share a representation is a computationally efficient
way to temporarily maintain information for upcoming task completion. Networks already
specialised for encoding detailed sensory information are recruited to aid maintenance of
this information without requiring additional specialisation of cortical networks. This idea
aligns with the broader theoretical position that the principle functional role of VSWM
is the control of action (Heuer et al., 2020; Olivers & Roelfsema, 2020; Van der Stigchel
& Hollingworth, 2018).

The finding that eccentricity affects spatial but not colour memory echoes a previous
finding that oculomotor dual-task interference disrupts spatial but not colour memory
(McAteer et al., 2023)7. This finding lends further support for the hypothesis that spatial
locations and visual features are maintained in separate systems within VSWM and rely
on separate neural mechanisms (Courtney et al., 1996; Konstantinou et al., 2017; Sala
et al., 2003). In particular, memory for spatial locations relies on neural networks that
are known to contain topographic maps, such as the frontoparietal network. In contrast,
memory for visual features relies on right middle occipital gyrus and left superior temporal
gyrus (Ren et al., 2019). These separate neural regions underlying VSWM sub-stores are

similar to the two-streams hypothesis (Goodale & Milner, 1992) and emphasises the role

"This refers to the data presented in Chapter Five.
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of spatial working memory in visually-guided actions and behaving effectively within the

environment (Manohar et al., 2017).

To summarise, we found an eccentricity effect in spatial working memory such that im-
precision increased with increases in eccentricity. Given that the availability of cortical
resources for encoding spatial locations declines with increasing eccentricity, these data
suggest that the allocation of VSWM resources is constrained by the neural architecture
of the visual system. These results converge with neurophysiological evidence for shared
cortical representations for action goals and memorised spatial locations (Ikkai & Curtis,
2011), neuropsychological evidence that lesions to brain areas involved in visually-guided
actions also disrupt spatial working memory (e.g. Smith & Archibald, 2020), and be-
havioural evidence that dual tasks that involve visually-guided actions disrupt spatial but
not visual working memory (e.g. McAteer et al., 2023)®. Together, these findings support
the idea that spatial working memory representations compete for representation within

the spatial maps used to control action, as hypothesised by the cortical maps hypothesis.

8This refers to the data presented in Chapter Five.
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3.6 Supplementary Materials

3.6.1 Pilot Data

3.6.1.1 Methods

3.6.1.1.1 Participants Fifteen participants (M = 22.67 years, SD = 6.66, 12 fe-
males, 3 males, 15 right handed) volunteered. All participants reported having normal
or corrected-to-normal vision. Participants received credit for taking part. This experi-

ment received ethical approval from Durham University Psychology Department Research

Ethics Committee (reference: PSYCH-2019-10-28T15:23:58-1ckd86).

3.6.1.1.2 Design We used a within-subjects design. There were two independent
variables: set size (eight levels: 1-8 items), and eccentricity, (three levels: 5°, 7.5°, and
10° of visual angle around central fixation). The dependent variable was imprecision.
Participants completed 8 practice trials before completing the experiment. There were

360 experimental trials, randomised across 15 blocks.

3.6.1.1.3 Stimuli and apparatus The task was programmed using Matlab R2019a,
using the Psychophysics toolbox (Kleiner et al., 2007). The stimuli consisted of arrays
comprising between one and eight coloured dots (diameter of each dot = 1° VA) and a
fixation cross (0.76° VA x 0.76° VA) positioned at the centre of the screen. The colours
of each dot were chosen without repetition from a bank of eight discriminable colours:
red, orange, yellow, green, cyan, blue, magenta, and purple. The visual mask comprised
800 coloured dots, like those presented at encoding, filling the annular space five to ten
degrees of visual angle around central fixation. Participants’ gaze was monitored using
a tower-mounted EyeLink 1000 eye tracker (SR Research). Stimuli were presented on a
20-inch CRT screen with a refresh rate of 85Hz. Participants sat 60cm from the computer

screen, with the centre of the screen at eye level.
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3.6.1.1.4 Procedure Participants were instructed to maintain fixation on the centre
of the screen throughout each trial. Trials began with presentation of a fixation cross at
the centre of the screen for one second followed by a blank screen for 0.5s. The stimulus
array, comprising between one and eight coloured dots, was then presented for two seconds.
The locations of each dot were randomly chosen from eight equally spaced locations on
imaginary circles with radius of either 5°, 7.5°, or 10° of visual angle from central fixation.
After presentation of the array, the visual mask was presented for 0.1s. A blank screen
was then shown for 0.9s. At test, one of the stimuli from the array was randomly chosen
and presented in the centre of the screen. Participants were required to move the mouse
to click the location on screen where it first appeared. Participants could respond with
any location on screen as they were not informed that the stimulus area was restricted.
There was no time limit for responding. A 1s blank screen followed the response period,
before the beginning of the next trial. Participants were permitted to take a self-paced

break between blocks.

3.6.1.2 Results

Trials in which average saccade amplitude exceeded two degrees of visual angle were
excluded from analysis. This resulted in three datasets being removed from the analysis.
Of the remaining 12 datasets, 39.1% of trials being removed from the analysis. The
mixture model (Bays et al., 2009; Grogan et al., 2020) was fit to the data to gain an

estimate of effect size for the main effect of eccentricity on imprecision.

Eccentricity x set size repeated-measures ANOVA revealed significant main effects of set
size [F(3.04, 33.42) = 3.63, p = .022, n; = .248] and eccentricity [F(1.33, 14.67) = 26.45,
p < .001, 772 = .706]. The interaction between set size and eccentricity was not significant;

F(14, 154) = 1.08, p = .375, 2 = .090.

Holm-Bonferroni corrected pairwise comparisons between eccentricity conditions revealed
significant differences between 5° VA (M = 34.56, SD = 15.73) and 7.5° VA (M = 47.38,
SD = 19.53; p < .001) and between 7.5° VA and 10° VA (M = 60.96, SD = 24.96; p <
.001). The difference between 5° VA and 10° VA was also significant; p < .001.
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Figure 3.6: Mean imprecision as a function of set size for each eccentricity. The shaded
regions represent SEM.

Holm-Bonferroni corrected pairwise comparisons between set size conditions revealed a
significant difference between set size one (M = 39.47, SD = 19.76) and set size two (M

= 4792, SD = 21.4) only; p = .007. No other differences were significant; p > = .906.



Preface to Chapter Four

The preceding experiments provided strong evidence for the resource model of VSWM,
showing that the number and spatial location of memoranda can affect representation of
spatial locations in VSWM. However, these experiments used simultaneously displayed
arrays of memoranda. Previous tasks of spatial working memory have relied on par-
ticipants remembering and recalling sequences of locations, such as in the Corsi Blocks
task. There is little consensus on the distribution of resources across sequences of loca-
tions, with different serial position curves being observed during Corsi Blocks task (e.g.
Guérard & Tremblay, 2008) and continuous report tasks (Gorgoraptis et al., 2011; Zokaei
et al., 2011). Chapter Four aimed to examine whether these apparently conflicting serial
position effects are due to differences in the nature of the recall task by directly comparing

the serial position effects observed in whole and partial report continuous report tasks.

Note that the completion of this study was affected by restrictions imposed as a result of
COVID-19. An online pilot study (n = 56) was carried out, which matched the procedural
details reported in Experiment One, with the exception of the study being run on the par-
ticipants’ own devices. However, the results were unreliable due to the serial order curve
in the sequential presentation condition being much weaker than reported in previously
published studies. The power analysis for Experiment One was therefore based on Gor-
goraptis et al. (2011). This study was chosen as the basis for the power analysis because
it was deemed the most similar to the planned experiments, specifically with respect to
the use of the continuous report task. However, it is important to note that the primary
feature being recalled in Gorgoraptis et al. (2011) was orientation, whereas participants

in Chapter Four were asked to recall spatial location. This difference in recalled features,
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and therefore the dissociation in the visual and spatial memory stores (Klauer & Zhao,
2004), meant that the power analysis was used as an indicative, rather than the definitive,

minimum sample size.

In addition, the number of trials per condition was increased from 60 as in Chapter Two
to 80. This decision was made to further increase the reliability of the model estimates
after data were excluded due to eye movements. Because of the nature of the whole-
report task, where one trial tested all serial positions, participants were able to complete
the experiment in one session. However, in the single-report task, in which one trial was
only testing one serial position, participants were tested across two sessions to minimise
the effects of fatigue from the increased number of trials as participants were required to
complete a total of 800 trials in Experiment Three compared to 320 trials in Experiments

One and Two.

Chapter Four has been published in Journal of Vision: McAteer, S. M., Ablott, E.,
McGregor, A., & Smith, D. T. (2023). Dynamic resource allocation in spatial working
memory during full and partial report tasks. Journal of Vision, 23(2), 10, 1-14, doi:
10.1167 /jov.23.2.10.
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Chapter 4

Dynamic Resource Allocation in
Spatial Working Memory During

Full- and Partial-Report Tasks

Serial position effects are well documented in working memory literature. Studies of spa-
tial short-term memory that rely on binary response, whole-report tasks tend to report
stronger primacy than recency effects. In contrast, studies that utilize a continuous re-
sponse, partial-report task report stronger recency than primacy effects (Gorgoraptis et
al., 2011; Zokaei et al., 2011). The current study explored the idea that probing spatial
working memory using whole- and partial-report continuous response tasks would produce
different distributions of visuospatial working memory resources across spatial sequences
and, therefore, explain the conflicting results in the literature. Experiment One demon-
strated that primacy effects were observed when memory was probed with a whole-report
task. Experiment Two confirmed this finding while controlling eye movements. Critically,
Experiment Three demonstrated that switching from a whole- to a partial-report task
abolished the primacy effect and produced a recency effect, consistent with the idea that
the distribution of resources in VSWM depends on the type of recall required. It is ar-
gued that the primacy effect in the whole-report task arose from the accumulation of noise

caused by the execution of multiple spatially directed actions during recall, whereas the
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recency effect in the partial-report task reflects the redistribution of preallocated resources
when an anticipated item is not presented. These data show that it is possible to reconcile
apparently contradictory findings within the resource theory of spatial working memory
and the importance of considering how memory is probed when interpreting behavioural

data through the lens of resource theories of spatial working memory.
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4.1 Introduction

Visuospatial working memory (VSWM) is the limited capacity store for the temporary
maintenance and manipulation of spatial and non-spatial (visual) information (Baddeley,
2011; Baddeley & Hitch, 1974). There is continued debate surrounding the nature of
capacity limitations in VSWM (Fallon et al., 2016; Luck & Vogel, 2013; Ma et al., 2014).
One influential idea is that VSWM is a flexible and dynamic resource, which is distributed
across all task-relevant items (Bays et al., 2009). The precision with which information is
retained is dependent on the proportion of resource directed to each item. The resource
model of VSWM has received considerable behavioural and neuroscientific support (for
reviews, Fallon et al., 2016; Ma et al., 2014). However, the ways in which resources
are distributed across visuospatial sequences are not well-understood. To examine the
redistribution of resources across a sequence in VSWM, we investigated how memory for
spatial locations and the corresponding response errors differ depending on set size and

serial position.

Serial position effects have typically been examined in verbal memory tasks, where par-
ticipants are asked to recall sequences of words. Studies have shown a primacy effect,
where there is a sharp monotonic decrease in recall accuracy from the first serial posi-
tion. There is also a small recency effect, where performance improves for the final item
in the sequence (Murdock, 1968; Saint-Aubin & Poirier, 2000). These effects in verbal
memory have been replicated in visuospatial memory (Guérard & Tremblay, 2008; Jones
et al., 1995; Martin et al., 2017; Smyth & Scholey, 1996). Specifically, in spatial mem-
ory, Guérard & Tremblay (2008) asked participants to reconstruct a sequence of spatial
locations after presentation of seven black dots. Performance was compared with a ver-
bal memory task. The serial position curves observed in both spatial and verbal tasks
were similar, exhibiting primacy and small recency effects. Transposition errors were
more likely than omission errors, where no item is recalled, and this was found to increase
across serial positions in both verbal and spatial tasks (Guérard & Tremblay, 2008). These

effects have also been observed when visual-spatial movements (Agam et al., 2007, 2010,
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2005) and auditory-spatial locations (Parmentier & Jones, 2000; Tremblay, Parmentier,

et al., 2006) were examined, suggesting a reliable serial position effect across domains.

Studies examining serial position effects in VSWM have typically relied on binary re-
sponse tasks, especially Corsi blocks task (Milner, 1971). While this task provides a
reliable measurement of spatial working memory (Vandierendonck et al., 2004), the use
of a binary response permits limited examination of the representations maintained in
VSWM. The pattern of response errors across serial positions and how this might relate
to the distribution of VSWM resources therefore remains unclear. The continuous report
task (Wilken & Ma, 2004), which requires participants to reproduce a feature along a con-
tinuous dimension, permits a more detailed examination of VSWM representations and
the sources of recall error (Bays et al., 2009; Zokaei et al., 2015). The continuous report
task has been used extensively to investigate the representations of visual (Bays et al.,
2009; Zhang & Luck, 2008) and spatial (Pertzov et al., 2012; Schneegans & Bays, 2016)
features in VSWM. Behavioural studies using this approach to examine serial position
effects indicate that the redistribution of VSWM resources across a sequence may not
follow the serial position curve observed for quantized response tasks, in contrast to most
models of serial order effects (Gorgoraptis et al., 2011; Zokaei et al., 2011). Specifically,
Gorgoraptis et al. (2011) showed that, as the number of to-be-remembered items in-
creased, precision in memory for orientation decreased monotonically. Across a sequence
of to-be-remembered items, a strong recency effect was observed: precision was highest,

with the lowest probability of misbinding, for the final presented item.

Such a strong recency effect was proposed to reflect dynamic redistribution of VSWM
resources toward the most recently presented item. However, it is at odds with previ-
ous empirical work examining verbal and spatial working memory (Guérard & Tremblay,
2008) and is inconsistent with the predictions of computational models of serial position
effects, which predict small recency effects (Hurlstone et al., 2014). One potential reason
for this difference is that participants exposed to the continuous report paradigms did
not necessarily have to rely on spatial representations to solve the task. The task used

by Gorgoraptis et al. (2011) could be carried out without relying on spatial locations
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because the test orientation was probed by colour, even when spatial location was ran-
domised in their Experiment 3. Their task relied only on memory for visual features
rather than memory for visual-spatial conjunctions, which might explain why the serial
position curve differed from previous findings in VSWM. The current study aimed to
investigate the distribution of VSWM resources across sequences of spatial locations by
examining the pattern of response errors across serial positions in a spatial continuous
report task. This strategy permits the examination of whether performance in a spatial
continuous report task, where visual and spatial features must be remembered, mirrors
that of verbal tasks (Guérard & Tremblay, 2008), spatial tasks (Martin et al., 2017), or

visual tasks (Gorgoraptis et al., 2011).

4.2 Experiment One

4.2.1 Methods

4.2.1.1 Participants

An a priori power analysis was carried out in G*Power v3.1 (Faul et al., 2007). We
based this on Gorgoraptis et al. (2011), who reported a large effect of serial order on
precision (7 = .27). We carried out a power analysis to detect a main effect of serial
position using within-subjects analysis of variance with a factor of serial position with up
to four levels, 90% power, and an alpha value of 0.05. The analysis indicated at least
ten participants would be required for a set size of two, eight participants at set size
three, and seven participants at set size four. We recruited eight students from Durham
University (Mage = 23.75 years, SDage = 4.13, 5 females, 3 males, 7 right handed, 1 left
handed). Participants were compensated at a rate of £8/h for their time. This study

received ethical approval from the Department of Psychology Research Ethics Committee

(reference: PSYCH-2019-10-28T15:23:58-1ckd86).
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4.2.1.2 Design

We used a mixed design with two independent variables. Our between-subjects inde-
pendent variable was presentation mode (2 levels: sequential and simultaneous), and our
within-subjects independent variable was set size (4 levels: 1, 2, 3, and 4 items). Serial
position (up to 4 levels) was an additional within-subjects independent variable for the
sequential presentation condition. The dependent variables were imprecision, and the

probabilities of reporting the target location(s), non-target location(s), and guessing.

Participants were randomly assigned to one of the two presentation conditions. They
first completed a block of eight practice trials, two of each set size. Practice trials were
the same as the experimental trials, with the exception that participants were shown the
correct locations as well as their own responses on screen. Once the practice trials were
completed, participants completed 320 experimental trials, 80 of each set size, randomised

across 16 blocks. Participants were free to take a self-paced break between blocks.

4.2.1.3 Stimuli and apparatus

The task was programmed using Matlab R2019a, using the psychophysics toolbox (Kleiner
et al., 2007). The stimuli consisted of arrays comprising one, two, three, or four coloured
dots (radius = 0.5° VA) and a fixation cross positioned at the centre of the screen (1° VA
x 1° VA). The colours of each dot were chosen without repetition from a bank of seven
distinct colours: red, orange, green, cyan, blue, magenta, and purple. The locations of
the dots were chosen randomly within the annular region five to ten degrees of visual
angle around central fixation, with at least 1.5° visual angle separating each dot. The
visual mask comprised 800 coloured dots, like those presented at encoding, filling the
annular space 5° to 10° of visual angle around central fixation. Participants were asked
to respond as accurately and as quickly as possible. Participants were unaware that the
area of stimulus presentation was constrained and were free to respond with any location
on screen. Participants’ gaze was monitored using a tower-mounted EyeLink 1000 eye

tracker (SR Research). Stimuli were presented on a 20-inch CRT screen with a refresh
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rate of 85Hz. Participants sat 60cm from the computer screen, with the centre of the

screen at eye level.

4.2.1.4 Procedure

Trials began with presentation of a fixation cross at the centre of the screen for 500 ms,
followed by a blank screen for 500 ms. The stimulus array, comprising one, two, three,
or four coloured dots, was then presented. In the simultaneous presentation condition,
the array was shown for 2,000 ms. In the sequential presentation condition, each dot was
shown for 500 ms, with a 500ms inter-stimulus delay. After presentation of the array, the
visual mask was presented for 100 ms, followed by a 900 ms blank screen. Participants
were then asked to respond with the locations of each dot presented on that trial, indexed
by the coloured dot being shown at the centre of the screen and changing colour when the
mouse was clicked. In sequential conditions, the order of responding was the same as the
order of presentation. There was no time limit for responding. Responses were shown as
an array on screen for 1000ms, after which a 1000-ms blank screen was shown, before the
beginning of the next trial. An example trial for each condition is shown in Figure 4.1.

A B

500ms

responses
made
1000ms

Until all
responses
made

1000ms

Figure 4.1: An example trial for simultaneous (A) and sequential (B) conditions.

4.2.1.5 Statistical analyses

Mixture modelling (Bays et al., 2009) was carried out using MemToolbox2D (Grogan et

al., 2020). This mixture model (Bays et al., 2009) assumes that there are three sources of
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recall error: Gaussian variability in the response (imprecision), the height of which indi-
cates the probability of reporting the target location; the probability of guessing, which
is drawn from a uniform distribution; and the probability of responding with a non-
target (misbinding), which is drawn from a Gaussian centred on one of the non-probed
items. Maximum likelihood estimates were obtained for these sources of recall error in
each condition. The estimate of guessing was corrected by assuming that responses were
sampled from the annulus within which items could appear. Comparison of the corrected
Akaike Information Criterion values for the model with and without this response sam-
pling showed that the model that assumes response sampling provided a better fit in
all experiments for all participants (Ezperiment One: AAICc = 20.19; Experiment Two:
AAICc = 38.95; Experiment Three: AAICc = 30.69).

4.2.2 Results

An analysis of the effect of presentation mode is presented in Supplementary Materials
S1. Briefly, there were no significant effects of presentation mode or interactions between
presentation mode and set size. For the current analysis, we report only the data from the
sequential presentation mode. We included all datasets in this condition. Examination
of the eye tracking data revealed that, on average, approximately 20 saccades were made

on each trial (M = 19.87, SD = 8.33, minimum = 1, maximum = 51).

Owing to the small sample size, we ran linear mixed effects model in R version 4.2.1 (R
Core Team, 2019) using the lmerTest package (Kuznetsova et al., 2017), which applies
Satterthwaite’s method to estimate degrees of freedom and p values for the overall effect
of serial position. The model was run on each set size to examine the effect of serial
position after controlling for the random effect of participant. Serial position was included
as a fixed effect and we included participant ID as a random effect.® Bonferroni-Holm
corrected post hoc contrasts of the estimated marginal means were carried out to examine

any significant effects, using the emmeans package (Lenth, 2022).

9For all set sizes, the formula for the model was as follows for imprecision: imprecision ~ serial position
+ (1/ID)
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For imprecision (Figure 4.2A), a significant effect of serial position was observed at set
size four, F(3,9) = 4.96, p = .027. The effect of serial position was not significant at set
size two, F(1, 3) = 0.37, p = .587, or set size three, F(2, 6) = 4.33, p = .069. Post hoc
pairwise comparisons between serial positions revealed a significant difference between the
first and second item at set size four (p = .037). No other comparisons were significant

(p > 1.000).

For the probability of reporting the target (Figure 4.2B), no significant effects of serial
position were observed at set sizes two, F(1, 3) = 0.55, p = .513, three, F'(2, 6) = 1.12,

p = .387, and four, F(3,9) = 1.22, p = .357.

For the probability of misbinding (Figure 4.2C), a significant effect of serial position was
observed at set size four, F(3, 9) = 4.67, p = .031. The effect of serial position was not
significant at set sizes two, F'(1, 3) = 2.73, p = .197, and three, F/(2, 9) = 0.06, p = .946.
Post hoc pairwise comparisons between serial positions revealed no significant differences

between items at set size four (p > 0.145).

For the probability of guessing (Figure 4.2D), the effect of serial position was not signifi-
cant at any set size, set size two, F(1, 3) = 0.96, p = .400; set size three, F'(2,9) = 0.35,

p = .715; set size four, F'(3, 12) = 0.62, p = .617.

4.2.3 Discussion

This experiment aimed to examine the distribution of VSWM resources across sequences
of spatial locations. We observed a weak primacy effect; the first presented item was
remembered more precisely than items presented later in the sequence, although these
effects did not reach significance. There were no effects of serial position or set size on
the probability of guessing, indicating that all items were encoded into memory but with
increasing noise as the sequence length increased. This pattern of results is broadly con-
sistent with prior work that reports primacy effects in tasks that measure spatial working
memory (Martin et al., 2017). However, these results are inconsistent with previous work

using visual continuous report tasks (Gorgoraptis et al., 2011; Zokaei et al., 2011).
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Figure 4.2: Mean imprecision (A), probability of reporting the target location (B), proba-
bility of misbinding (C), and probability of guessing (D) for each set size in the sequential
presentation condition as a function of serial position. Error bars represent the standard
error of the mean.

There are key differences in our task and previous work (Gorgoraptis et al., 2011; Zokaei
et al., 2011), which might account for the differences in the serial position effects observed.
First, central fixation was not enforced in our experiment but was enforced in Gorgoraptis
et al. (2011). Although participants tend to make few on-item fixations when encoding
under free viewing conditions (Lange & Engbert, 2013; Patt et al., 2014; Souza et al.,
2020), Saint-Aubin et al. (2007) have shown that the number and duration of fixations on
task-relevant items is positively correlated with recall performance. Similarly, Martin et al.
(2017) observed that target-directed saccades improved recall accuracy for small set sizes.
It may be that allowing participants to move their eyes freely throughout encoding and
maintenance improved recall for the first item, but noise accumulated in the sequence of

eye movements throughout encoding and maintenance, resulting in increased imprecision
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for these items.

The second key difference is that we used a whole report task, whereas Gorgoraptis et al.
(2011) and Zokaei et al. (2011) used a single probe task. It is well-documented that the
nature of the recall task affects recall performance (Sperling, 1960). Asking participants
to recall one item from a sequence may result in VSWM resources being distributed across

a sequence differently from when the whole sequence must be reported.

We carried out two further experiments to examine whether these differences underlie the

primacy effect observed in the current experiment.

4.3 Experiment Two

We carried out a second experiment to examine whether the difference in viewing condi-
tions between previous work (Gorgoraptis et al., 2011; Zokaei et al., 2011) and Experiment

One might underlie the differences in the serial order curves observed.

4.3.1 Methods

4.3.1.1 Participants

We recruited 14 students from Durham University (Mage = 29.43 years, SD,ge = 9.18,
9 females, 4 males, 1 nonbinary, 12 right handed). Undergraduate students enrolled on
Psychology courses at Durham University (n = 3) were credited with participant pool
time in exchange for their participation. Other participants (n = 11) were compensated at
a rate of £8/h for their time. This study received ethical approval from the Department of
Psychology Research Ethics Committee (reference: PSYCH-2019-10-28T15:23:58-1ckd86).

4.3.1.2 Design

The design was the same as Experiment One.
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4.3.1.3 Stimuli and apparatus

The stimuli and apparatus matched those of Experiment One.

4.3.1.4 Procedure

The procedure followed Experiment One, with the exception that participants were asked

to maintain central fixation throughout each trial.

4.3.2 Results

Trials in which average saccade amplitude exceeded 2° VA during encoding and main-
tenance were excluded from analysis. This process led to the exclusion of four datasets
and the exclusion of 16.62% of trials from the remaining 10 datasets. An analysis of the
effect of presentation mode is presented in Supplementary Materials S2 and S3. Briefly,
there were no significant effects of presentation mode or interactions between presentation
mode and set size, and free viewing improved recall precision of single-item displays. The
linear mixed effects model matched the serial position analysis in Experiment One, which

included serial position as a fixed effect and participant ID as a random effect.

For imprecision (Figure 4.3A), a significant effect of serial position was found at set size
two, F(1, 4) = 9.01, p = .040, and set size four, F (3, 12) = 4.32, p = .028. The effect
of serial position was not significant at set size three, F(2, 8) = 3.41, p = .085. Post hoc
pairwise comparisons using Bonferroni-Holm correction between serial positions revealed

no significant differences between items at set size four (p > 0.084).

For the probability of reporting the target location (Figure 4.3B), a significant effect of
serial position was observed at set sizes three, F(2, 8) = 7.9, p = .013, and four, F(3, 12)
= 5.89, p = .010. The effect of serial position was not significant at set size two, F'(1, 4) =
0.02, p = .884. Post hoc pairwise comparisons using Bonferroni-Holm correction between
serial positions revealed a significant difference between the first and second presented
item at set size three (p = .036). No other differences were significant at set size three (p

> 0.435) or set size four (p > 0.095).
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For the probability of misbinding (Figure 4.3C), a significant main effect of serial position
was found at set size four, F(3, 12) = 4.84, p = .020. There was no significant effect of
serial position at set size two, F'(1, 4) = 2.58, p = .184, or set size three, F'(2, 8) = 1.27, p
= .331. Post hoc pairwise comparisons using Bonferroni-Holm correction between serial

positions revealed no significant differences at set size four (p > 0.075).

For the probability of guessing (Figure 4.3D), the main effect of serial position was sig-
nificant at set size three, F(2, 8) = 6.85, p = .018. The effect of serial position was not
significant at set sizes two, F(1, 4) = 0.33, p = .599, or four, F(3, 12) = 2.3, p = .129.
Post hoc pairwise comparisons using Bonferroni-Holm correction between serial positions

revealed no significant differences between items at set size three (p > 0.053).
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Figure 4.3: Mean imprecision (A), probability of reporting the target location (B), proba-
bility of misbinding (C), and probability of guessing (D) for each set size in the sequential
presentation condition as a function of serial position. Error bars represent the standard
error of the mean.
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4.3.2.1 Comparison between free (Experiment One) and fixed (Experiment

Two) viewing

We examined whether the instruction to maintain central fixation affected imprecision in
VSWM using linear mixed effects model (Figure 4.4). Presentation mode and viewing
condition were included as fixed effects, and participant ID was included as a random

effect.10

There was no main effect of viewing condition on imprecision at any set size (p > 0.573).
Serial position and viewing condition did not interact at any set size (p > 0.178). The
effect of serial position was significant at set size two, F(1, 7) = 5.88, p = .046, set size
three, F(2, 14) = 7.67, p = .006, and set size four, F(3, 21) = 9.17, p < .001. The
difference between the first and second item was significant at set size three (p = .026)
and set size four (p = .002). No other differences were significant (pg3 > 0.383, pesa >
0.806).

4.3.3 Discussion

This experiment examined whether the requirement to maintain central fixation would
reverse the primacy effect in spatial working memory observed in Experiment One to the
recency effect observed in previous studies (Gorgoraptis et al., 2011; Zokaei et al., 2011).
Contrary to this idea, we observed a primacy effect in Experiment Two. Indeed, when we
compared imprecision across Experiments One and Two, the primacy effect was stronger
in Experiment Two, with the first item of the list being represented more precisely in
VSWM than subsequent items. This result appears to rule out the possibility that the
discrepancy between our findings and those of Gorgoraptis et al. (2011) and Zokaei
et al. (2011) can be explained by participants using different oculomotor strategies.
An alternative explanation for the discrepant findings relates to the nature of the task.
More specifically, we used a whole-report task, whereas previous work (Gorgoraptis et

al., 2011; Zokaei et al., 2011) used a partial-report task that required participants to

10The formula for the model was as follows: imprecision ~ serial position + viewing condition + serial
position*viewing condition + (1/ID)
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Figure 4.4: Mean imprecision for each serial position as a function of set size in the
sequential presentation conditions collapsed across Experiments One and Two. Error
bars represent SEM.

recall information about one of the presented items. This difference might have affected
how resources were distributed throughout both tasks. In Gorgoraptis et al. (2011) and
Zokaei et al. (2011), participants were unaware which item was task relevant. It was
argued that resources were distributed towards the most task-relevant item, which was
presumed to be the most recent item. Gorgoraptis et al. (2011) subsequently used a
cue to explicitly indicate a task-relevant item. Precision was found to increase for the
most task-relevant item regardless of serial position. In contrast, in our task, all items
were equally relevant for successful task competition, which is likely to have resulted in
resources being distributed differently compared with when only a single probe is used at

recall. The possibility was examined in Experiment Three.

It is worth noting that imprecision was lower at set size one in free viewing compared
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with fixed viewing (see S3). This may be due to the fact that that item was fixated,
resulting in a boost in its representation from an additional resource, as outlined in the

model proposed by Udale et al. (2022).

4.4 Experiment Three

We carried out a third experiment to investigate the possibility that the contrasting effects
observed in Experiments One and Two and previous work (Gorgoraptis et al., 2011; Zokaei

et al., 2011) are due to differences in the nature of the task.

4.4.1 Methods

4.4.1.1 Participants

We based the minimum sample size on an a priori power analysis was carried out in
G*Power v3.1 (Faul et al., 2007) based on Gorgoraptis et al. (2011), who reported a
large effect of serial order for precision (7)5 = .27). We carried out a power analysis for
within-subjects analysis of variance with factor of serial position, with up to four levels,
with 90% power and an alpha of 0.05. To detect this main effect at set size three, we
required a sample size of at least eight participants, and at least seven were required to
detect the same effect at set size four. We recruited 10 students from Durham University
(Mage = 19.4 years, SD,ge = 0.97 years, 8 females, 1 male, 1 other/prefer not to say,
10 right handed). All participants reported having normal or corrected-to-normal vision.
Participants were compensated £10 for their time. This study received ethical approval
from the Department of Psychology Research Ethics Committee (reference: PSYCH-2019-

10-28T'15:23:58-1ckd86).

4.4.1.2 Design

Design was the same as Experiment Two with the exception that only sequential presenta-
tion mode was examined. Participants were asked to recall the location of one item from

the display at test. Each set size and serial position was tested 80 times over 2 sessions.
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Each session comprised 20 blocks of 20 trials, resulting in each participant completing a

total of 800 trials.

4.4.1.3 Stimuli and apparatus

The stimuli and apparatus matched those of Experiments One and Two.

4.4.1.4 Procedure

The procedure followed Experiment Two.

4.4.2 Results

One participant was excluded from analysis as they did not complete the full experiment.
No other data was excluded. The linear mixed effects models matched the serial position
analysis in Experiments One and Two, which included serial position as a fixed effect and

participant ID as a random effect for each set size.

For imprecision (Figure 4.5A), a significant effect of serial position was found for set
size two, such that imprecision was higher for the first item than the second item in the
sequence, F(1, 8) = 34.46, p < .001. The effect of serial position was also significant at
set size three, F'(2, 16) = 5.97, p = .012, but no pairwise comparisons were significant (p
> 0.455). The effect of serial position was not significant at set size four, F(3, 24) = 0.54,

p = .661.

For the probability of reporting the target location (Figure 4.5B), the effect of serial
position was not significant at set size two, F(1, 8) = 0.34, p = .575, three, F (2, 16) =

0.74, p = .492, or four, F (3, 24) = 1.21, p = .328.

Similarly, for the probability of misbinding (Figure 4.5C), the effect of serial position was
not significant at set size two, F(1, 8) = 2.27, p = .170, three, F(2, 16) = 0.13, p = .876,

or four, F'(3, 24) = 0.9, p = .453.

Finally, for the probability of guessing (Figure 4.5D), the effect of serial position was not
significant at set size two, F(1, 8) = 0.01, p = .917, three, F(2, 16) = 3.38, p = .060, or
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four, F(3, 24) = 1.41, p = .264.
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Figure 4.5: Mean imprecision (A), probability of reporting the target location (B), prob-
ability of misbinding (C), and probability of guessing (D) for each set size as a function
of serial position. Error bars represent the standard error of the mean.

4.4.2.1 Comparison between whole-report (Experiments One and Two) and

single-probe (Experiment Three)

We also compared imprecision between our whole-report tasks (Experiments One and
Two) and our single-probe task (Experiment Three) to examine whether and how the
serial position effect was affected by changing the nature of the recall task. The linear
mixed effects model was carried out at each set size and included fixed effects of serial
position, and recall task, as well as the interactions between recall task and serial position.

We included participant ID as a random effect.!!

We found a significant main effect of recall task at all set sizes, where imprecision in the

" The formula for the model was as follows: imprecision ~ serial position + recall task + serial posi-
tion*recall task + (1|ID)
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whole-report task was significantly greater than in the single-probe task at each set size;
set size two, F(1, 16) = 13.05, p = .002; set size three, F(1, 16) = 18.92, p < .001; and
set size four, F(1, 16) = 13.55, p = .002.

A significant interaction between recall task and serial position was also observed at every
set size; set size two, F(1, 16) = 23.91, p < .001; set size three, F(2, 32) = 13.79, p <
.001; and set size four, F(3, 48) = 5.73, p = .002. To examine what was driving these
interactions, we analysed the serial position effects for single-probe and whole-report tasks
at each set size (Figure 4.6). There were significant serial position effects on whole-report
tasks at all set sizes; set size two: F(1, 16) = 9.2, p = .008; set size three: F(2, 32) =
11.68, p < .001; set size four: F(3, 48) = 11.5, p < .001. There was a significant serial
position effect on the single-probe task at set sizes two, F(1, 16) = 15.07, p = .001, and
three, F(2, 32) = 3.76, p = .034. The serial position effect was not significant at set size
four on the single-probe task, F(3, 48) = 0.47, p = .705.

We then compared the serial position effects in each recall task at each set size using Holm-
Bonferroni corrected pairwise comparisons. At set size two, there was a primacy effect on
the whole-report task, where the first item was remembered with greater precision than
the second item (p = .008). This pattern was reversed in the single-probe task (p = .001).
At set size three, the first item was remembered more precisely than the second item on
the whole-report task (p = .003). No other comparisons were significant for either task
(p > 0.212). The same pattern was observed at set size four, with the first item being
remembered more precisely than the second item on the whole-report task (p < .001). No

other comparisons were significant for either task (p > 0.656).

4.4.3 Discussion

This experiment examined the effect of moving from a whole-report to a partial-report task
on the distribution of memory resources. The key finding was of a significant interaction
between serial position and report type, such that imprecision significantly decreased

with serial position in the partial-report task (a recency effect) but significantly increased
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Figure 4.6: Mean imprecision for whole report (sequential presentation mode only) and
single probe tasks as a function of serial position at each set size. Error bars represent
the standard error of the mean.

with serial position in the whole-report task (a primacy effect). This recency effect was
strongest at set size two, where the first presented item was recalled less precisely than the
second presented item. The presence of a recency effect in this experiment suggests that
the difference in serial position effects found in Experiments One and Two and those found
by Gorgoraptis et al. (2011) and Zokaei et al. (2011) are a consequence of differences
in the task used. The fact that changing the task from a whole-report to a single-report
produces a very different pattern of data is consistent with the idea that the difference in
the nature of the recall in the task (i.e., whether the task is whole-report or single-probe

report) plays an important role in the distribution of resources.

4.5 General discussion

The current study explored how VSWM resources are distributed across sequences by
examining the sources of recall error for sequences of spatial locations. When partici-
pants were asked to report all locations presented in a sequence, a primacy effect was

observed for imprecision and misbinding, regardless of whether participants were free to
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move their eyes (Experiment One) or maintained fixation (Experiment Two). The whole-
report task also required participants to make a sequence of goal-directed actions, as they
were required to move the mouse to the correct location of item N while simultaneously
maintaining the locations of items N+1, N+2, etc. Goal-directed actions are known to
disrupt VSWM (Lawrence et al., 2001; McAteer et al., 2023; Pearson & Sahraie, 2003;
Smyth & Scholey, 1994)'? and increase imprecision as each action requires spatial up-
dating that introduces noise into stored spatial representations (McAteer et al., 2023;
Peterson et al., 2019)!3. Tt therefore seems likely that the act of responding itself intro-
duced additional noise into the representations of yet-to-be-reported items, resulting in
a cumulative increase in imprecision across serial positions, and a primacy effect in the
whole-report task. Consistent with this explanation, when four items were presented but
only a single response was required in Experiment Three, the serial position effect was

abolished (see Figure 4.6).

When a single-probe task was used (Experiment Three), a recency effect was observed.
This recency effect is broadly consistent with previous work using a single-probe continu-
ous report task in visual working memory (Gorgoraptis et al., 2011; Zokaei et al., 2011).
One potential explanation for the existence of the recency effect is the dual-resource model,
which proposes that encoding occurs via drawing on one resource pool to attend to an
item before drawing on a second resource pool to retain the item following execution of
a saccade towards that item (Udale et al., 2022). The implication of this model is that
the final saccade target is represented more precisely in memory than preceding items.
The recency effect observed in our Experiment Three was weaker than recency effects
reported previously (Gorgoraptis et al., 2011; Udale et al., 2022; Zokaei et al., 2011).
This difference may be due to the fact that we did not enforce any viewing strategy. In
previous work, participants were required to maintain central fixation (Gorgoraptis et al.,
2011) or were instructed make a series of saccades towards items (Udale et al., 2022).
These viewing strategies are not reflective of natural viewing behaviour, indicating that

the strength of the recency effect might also depend on viewing behaviour. Additionally,

12McAteer et al. (2023) refers to the data presented in Chapter Five.
13McAteer et al. (2023) refers to the data presented in Chapter Five.
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we found that imprecision was relatively stable across serial positions at set size four,
which might indicate that participants learned that a maximum of four items would be
presented. This learning might have resulted in resources being pre-allocated across four
potential items before encoding. When fewer than four items were presented, the re-
maining resource was allocated to the final presented item. This flexibility in resource
allocation reflects the dynamic nature of VSWM, and might represent an efficient strategy
for task completion in single probe tasks in which it is not clear which item will be probed.
Future work might examine this hypothesis across a larger number of set sizes, and in

conditions where participants are instructed as to how many stimuli will be presented.

We also observed that VSWM precision was significantly reduced on the whole-report
task compared with the single-probe task, consistent with the well-documented effect
that performance on partial-report tasks is better than on whole-report tasks (Sperling,
1960). This effect was present for the first item, so cannot be fully explained by the
response-induced noise account outlined above. An alternative explanation is that it
reflects the use of different reference frames in whole-report and single-probe tasks. In
the whole-report task, participants were required to recreate the full sequence of spatial
locations at recall. The first item in the sequence was always recalled relative to central
fixation, but subsequent items were recalled relative to the previously reported location.
Participants may therefore have relied on global/relational information and a spatiotopic
reference frame. Conversely, in the single-probe task, the sequence was almost irrelevant
to task completion because recall of the probe item was always cued by the object colour
not its place in the sequence, and initiated from the centre of the screen. The successful
recall of the location in the single-probe task therefore relied on local information and
a retinotopic reference frame. The maintenance of spatial locations is associated with
activation in retinotopic spatial maps in visual areas and parietal cortex (Ester et al., 2009;
Jerde et al., 2012; Pratte & Tong, 2014; Serences et al., 2009) consistent with the view
that the default reference frame for representing spatial locations is retinotopic (Golomb
& Kanwisher, 2012). Transformation from a retinotopic into a spatiotopic reference frame

is noisy, leading to reduced memory performance (Golomb & Kanwisher, 2012; Shafer-
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Skelton & Golomb, 2018). This noisy conversion explanation aligns with our observation
that memory was less precise on the whole report task compared with the single probe

task at all serial positions.

The flexibility in the use of retinotopic and spatiotopic reference frames highlights the
flexibility in VSWM, where the nature of representation depends on task demands (Ser-
ences, 2016), which may include the nature of the recall task. However, it should be noted
that our range of set-sizes (two to four) was somewhat smaller than those typically used
to examine serial order effects (set sizes of one to seven) and it is possible that other
or larger differences in the distribution of resources across items might emerge at larger
set sizes. Additionally, it is possible that some subtle effects were missed in the analysis
owing to the small sample sizes used. However, the overall trend of the data indicates
that the distribution of resources depends on the nature of the recall task used, which

was the key research question.

To summarise, we found evidence for a primacy effect in VSWM when participants were
asked to recall all presented spatial locations in sequence (Experiments One and Two).
These observations are not consistent with previous work using the continuous report
task, which reported large recency effects (Gorgoraptis et al., 2011; Zokaei et al., 2011).
However, when a single-probe task (Experiment Three) was used, a recency effect was
observed, which is more consistent with previous work. We propose that the primacy effect
in the whole-report task arises from the accumulation of noise caused by the execution of
multiple spatially directed actions during recall, whereas the recency effect in the partial-
report task reflects the redistribution of preallocated resources when an anticipated item is
not presented. The fact that subtle differences in the nature of the recall task determines
how resources are allocated demonstrates the flexible and dynamic nature of resource

allocation in VSWM (Bays et al., 2009; Udale et al., 2022).
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4.6 Supplementary Material

4.6.1 Experiment One (Free Viewing) Presentation Mode Anal-
ysis

The linear mixed effects model included fixed effects of set size and presentation mode, as
well as the interaction between set size and presentation mode. We included participant
ID as a random effect.!* Effects in the sequential presentation mode were collapsed across

serial positions.

For imprecision (Figure 4.7A), a significant effect of set size was observed; F(3, 18) =
43.71, p < .001. The effect of presentation mode [F(1, 6) = 0.43, p = .536] and the
interaction between presentation mode and set size [F(3, 18) = 1.71, p = .201] were not
significant. Bonferroni-Holm corrected pairwise comparisons between set sizes revealed a
significant difference between set size one (M = 24.86, SD = 10.6) and set size two (M =

46.89, SD = 12.12); p < .001. No other comparisons were significant; p > 0.079.

For the probability of reporting the target location (Figure 4.7B), a significant effect of
set size was found; F(3, 18) = 6.11, p = .005. The effect of presentation mode [F(1, 6)
= 0.66, p = .447] and the interaction between set size and presentation mode [F(3, 18)
= 0.83, p = .494] were not significant. Bonferroni-Holm corrected pairwise comparisons

between set sizes revealed no significant differences between set sizes; p > 0.066.

For the probability of misbinding (Figure 4.7C), a significant effect of set size was found,
F(3, 18) = 6.36, p = .004. The effect of presentation mode [F(1, 6) = 0.04, p = .849]
and the interaction between set size and presentation mode [F(3, 18) = 0.05, p = .986]
were not significant. Bonferroni-Holm corrected pairwise comparisons between set sizes

revealed no significant differences between adjacent set sizes; p > 0.067.

For the probability of guessing (Figure 4.7D), no significant effects of set size [F(3, 18) =

1.61, p = .222], presentation mode [F(1, 6) = 1.54, p = .261], or the interaction between

1 The formula for the model was as follows for imprecision: imprecision ~ set size 4+ presentation mode
+ set size*presentation mode + (1/ID)



Chapter 4 120

set size and presentation mode [F(3, 18) = 1.09, p = .380] were found.
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Figure 4.7: Mean imprecision (A), probability of reporting the target location (B), prob-
ability of misbinding (C), and probability of guessing (D) for each presentation mode as
a function of set size. Effects in sequential presentation mode are collapsed across serial
order. Error bars represent the standard error of the mean.

4.6.2 Experiment Two (Fixed Viewing) Presentation Mode
Analysis

For imprecision (Figure 4.8A), a significant effect of set size was observed; F(3, 24) =
10.24, p < .001. The effect of presentation mode [F(1, 8) = 0.64, p = .448] and the
interaction between presentation mode and set size [F(3, 24) = 2.95, p = .053] were not
significant. Bonferroni-Holm corrected pairwise comparisons between set sizes revealed

no significant differences between adjacent set sizes; p > 0.123.

For the probability of reporting the target location (Figure 4.8B), a significant effect of
set size was found; F'(3, 24) = 12.26, p < .001. The effect of presentation mode [F(1, 8)
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= 3.86, p = .085] and the interaction between set size and presentation mode [F(3, 24)
= 0.97, p = .422] were not significant. Bonferroni-Holm corrected pairwise comparisons
between set sizes revealed a significant difference between set size three (M = 0.98, SD
= 0.02) and set size four (M = 0.89, SD = 0.09); p < .001 . No other differences were

significant; p > 1.000.

For the probability of misbinding (Figure 4.8C), a significant effect of set size was found,
F(3,24) = 794, p < .001. The effect of presentation mode [F(1, 8) = 0.16, p = .698]
and the interaction between set size and presentation mode [F(3, 24) = 0.09, p = .963]
were not significant. Bonferroni-Holm corrected pairwise comparisons between set sizes
revealed a significant difference between set size three [M = 0.01, SD = 0.02] and set size

four [M = 0.06, SD = 0.06]; p = .005 . No other differences were significant; p > 1.000.

For the probability of guessing (Figure 4.8D), significant effects of set size [F(3, 24) =
4, p = .019] and presentation mode [F(1, 8) = 12.37, p = .008] were observed, such
that guessing was significantly higher on sequential (M = 0.04, SD = 0.05) compared
to simultaneous (M = 0, SD = 0.01) presented arrays. The interaction between set size
and presentation mode was not significant; F(3, 24) = 2.27, p = .106. Bonferroni-Holm
corrected pairwise comparisons between set sizes revealed a significant difference between
set size three (M = 0.01, SD = 0.02) and set size four (M = 0.05, SD = 0.06); p = .047.

No other differences were significant; p > 1.000.

4.6.3 Comparison between Experiment One and Experiment

Two

We examined whether the instruction to maintain central fixation affected imprecision in
VSWM using linear mixed effects model (Figure 4.9). Set size, presentation mode and
viewing condition were included as fixed effects, and participant ID was included as a

random effect!®.

5The formula for the model was as follows: imprecision ~ set size + presentation mode + viewing con-
dition + set size*presentation mode + set size*viewing condition + set size*presentation mode*viewing
condition + (1[ID)
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Figure 4.8: Mean imprecision (A), probability of reporting the target location (B), prob-
ability of misbinding (C), and probability of guessing (D) for each presentation mode as
a function of set size. Effects in sequential presentation mode are collapsed across serial
order. Error bars represent the standard error of the mean.

A significant interaction between viewing condition and set size was observed; F(3, 42)
= 8.64, p < .001. Bonferroni-Holm corrected comparisons between free and fixed viewing
at each set size revealed a significant difference between free viewing (M = 24.86, SD

= 10.6) and fixed viewing (M = 44.97, SD = 8.64) at set size one; p = .001. No other

differences were significant; p > 0.467.
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Figure 4.9: Mean imprecision as a function of set size in fixed viewing and free viewing.
Error bars represent the standard error of the mean.



Preface to Chapter Five

Chapter Five aimed to examine how the oculomotor system might support maintenance
of information within VSWM. The oculomotor system plays an important role in the
maintenance of spatial locations in VSWM, but there is little consensus on its specific
role. Studies comparing the involvement of the oculomotor system in spatial and visual
memory may be problematic due to differences in the tasks used to measure VSWM (e.g.
Pearson et al., 2014). The use of the continuous report task offers an ideal method of
directly comparing the sources of recall error in spatial and visual memory, as only the
feature to be recalled is varied between the two tasks. The following study aimed to
compare the sources of recall error following covert and overt attentional delay-period

interference in spatial and colour continuous report tasks.

The procedure in Chapter Five, in which a dual-task paradigm is used, differed from the
preceding chapters. Although the dual-task paradigm is widely used to examine the role
of the oculomotor system in VSWM maintenance (e.g. Pearson & Sahraie, 2003), the
continuous report task has not been widely used in this paradigm. Some methodological
decisions were therefore more difficult than in the preceding chapters. The three interfer-
ence conditions were matched as closely as possible so that the only differences between
the conditions were to do with the demands on covert and overt attention. Participants
were asked to press the space bar to detect a target, which when combined with the
eye movement data, resulted in a measure of how well they adhered to the task instruc-
tions. However, because I varied the set size and interference/secondary task conditions,
and there were demands on both maintaining central fixation during different mnemonic

stages, I decided to test 150 trials per condition across 3 sessions. [ anticipated that
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around 20% of trials would be excluded due to eye movements, based on the preceding
chapters. In addition to anticipating data loss due to eye movements, I increased the
number of trials in anticipation that participants would have a lower than required hit

rate in the interference conditions.

With respect to the structure of each testing session, I decided to block each session by
interference task, and counterbalance the performance of these across participants. This
decision was made in order to minimise the potential confusion that might have occurred
across the covert and overt attention interference conditions, in which the only difference
was whether to make saccades. Although this meant that the sessions were quite long
(approximately 2-2.5 hours), participants were free to take self-paced breaks between

blocks of trials to reduce potential effects of fatigue.

Chapter Five has been published in Attention, Perception, and Psychophysics: McAteer,
S. M., McGregor, A., & Smith, D. T. (2023). Oculomotor rehearsal in visuospatial working
memory. Attention, Perception & Psychopysics, 85(1), 261-275, doi:10.3758 /s13414-022-

02601-4.
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Chapter 5

Oculomotor Rehearsal in

Visuospatial Working Memory

The neural and cognitive mechanisms of spatial working memory are tightly coupled with
the systems that control eye movements but the precise nature of this coupling is not
well understood. It has been argued that the oculomotor system is selectively involved
in rehearsal of spatial, but not visual material in visuospatial working memory. However,
few studies have directly compared the effect of saccadic interference on visual and spatial
memory, and there is little consensus on how the underlying working memory representa-
tion is affected by saccadic interference. In this study we aimed to examine how working
memory for visual and spatial features is affected by overt and covert attentional inter-
ference across two experiments. Participants were shown a memory array, then asked to
either maintain fixation, or to overtly or covertly shift attention in a detection task during
the delay period. Using the continuous report task, we directly examined the precision
of visual and spatial working memory representations and fit psychophysical functions to
investigate the sources of recall error associated with different types of interference. These
data were interpreted in terms of embodied theories of attention and memory and provide

new insights into the nature of the interactions between cognitive and motor systems.
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5.1 Introduction

Visuospatial working memory (VSWM) is the temporary store for the active maintenance
of limited amounts of information about objects, with subcomponents for retaining infor-
mation about their non-spatial features, such as colour, and spatial location (Baddeley &
Hitch, 1974). Extensive work has shown that there is a tight coupling between VSWM and
the oculomotor system during the encoding, maintenance, and retrieval phases (see recent
reviews by Heuer et al., 2020; Olivers & Roelfsema, 2020; Van der Stigchel & Holling-
worth, 2018). For example, several studies have reported enhanced encoding of visual
features for memoranda that were the goal of saccadic eye movements (Bays & Husain,
2008; Hanning et al., 2016), and maintenance and retrieval of object features from VSWM
is associated with eye movements towards the spatial location the object previously oc-
cupied (van Ede et al., 2019; Williams et al., 2013). The oculomotor system appears to
play a similarly important role in the maintenance of spatial information (Pearson et al.,
2014; Pearson & Sahraie, 2003; Tremblay, Saint-Aubin, et al., 2006). Indeed, performing
saccades during the delay period has been shown to selectively impair memory for spatial
information, with maintenance of non-spatial information, such as shape and size, being
somewhat less affected by oculomotor interference (Ball et al., 2013; Postle et al., 2006).
However, the extent to which the role of the oculomotor system in VSWM is specific to the
rehearsal of spatial, as opposed to visual (non-spatial) features, and how these underlying
representations are affected by saccadic disruption, remains unclear. This study attempts
to address these questions by examining how saccadic and attentional disruption affects

the precision of VSWM representations.

It has been argued that the oculomotor system aids rehearsal in VSWM through an
active control process (Baddeley, 1986). This position has been supported by studies
showing that performing eye movements during the retention interval reduces spatial
working memory span (Baddeley, 1986; Pearson et al., 2014; Pearson & Sahraie, 2003;
Postle et al., 2006). However, other forms of body movement, such as limb movement,

also disrupt spatial span (Lawrence et al., 2001; Smyth et al., 1988; Smyth, 1996; Smyth
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& Scholey, 1994), leading some researchers to argue that rehearsal in VSWM occurs
via shifts in spatial attention towards locations held in VSWM (Awh et al., 1999, 2000,
1998). This theory of spatial attention rehearsal argues that, because shifts in spatial
attention precede limb and eye movements, performance of these irrelevant behaviours
interrupts the shifting of attention towards locations held in VSWM, thereby impairing
VSWM maintenance (Awh et al., 1998; Awh & Jonides, 2001; Smyth, 1996; Williams et
al., 2013). However, disruption to VSWM due to saccadic interference is greater than
disruption caused by limb movement (Lawrence et al., 2004; Pearson & Sahraie, 2003)
and by covert orienting (Lawrence et al., 2004; Lilienthal et al., 2018; Pearson & Sahraie,
2003). These findings suggest that oculomotor activity plays a role in VSWM rehearsal
that is additional to and independent of covert shifts of attention. As a consequence,
the idea that rehearsal takes place via shifts in attention alone has been challenged by
several authors, who highlight a specific, functional role of the oculomotor system in the
rehearsal of spatial information in VSWM (Belopolsky & Theeuwes, 2009a, 2009b; Postle

et al., 2006).

The eye-abduction paradigm has been used to further challenge the argument that VSWM
rehearsal takes place via shifts in attention alone. This paradigm involves presenting stim-
uli to the visual field outside of the oculomotor range, thereby preventing the programming
and execution of saccades, without disrupting covert orientation of endogenous attention
(Casteau & Smith, 2020; Smith et al., 2014, 2012). Using this paradigm, Ball et al. (2013)
showed that disrupting saccade programming selectively decreased spatial span, with no
significant effects on working memory for non-spatial features. Subsequently, Pearson et
al. (2014) found that interference was greatest when eye-abduction was applied during
the maintenance interval, considerably reduced when applied during encoding, and absent
when during retrieval, consistent with the idea that the oculomotor system has a privi-
leged role in the maintenance of spatial locations in VSWM. These studies, which allow
for disentangling attentional mechanisms and oculomotor control processes, support the
view that the oculomotor system has a functional role in the rehearsal of spatial infor-

mation in VSWM, consistent with behavioural (Pearson & Sahraie, 2003; Postle et al.,
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2006; Tremblay, Saint-Aubin, et al., 2006) and neuropsychological evidence (Smith et al.,
2021; Smith & Archibald, 2020). However, the reliance on the Corsi blocks task, which
emphasises memory for both spatial location and temporal order rather than the quality
of the information maintained in VSWM, means that they could not examine how or why
disruption to the oculomotor system affected the representations held in VSWM. As a
consequence, the precise nature of interference to spatial and non-spatial components of

VSWM representations caused by disruption of the oculomotor system remains unclear.

One way to address the issue of how saccadic disruption affects the underlying repre-
sentations is to use computational models (e.g. Bays et al., 2009; van den Berg & Ma,
2018; Zhang & Luck, 2008). Peterson et al. (2019) applied Zhang and Luck’s (2008)
model to investigate how saccadic and covert attentional interference disrupts VSWM in
a location change detection task. Zhang and Luck’s model (2008) fits a mixture of normal
and uniform distributions to response data, giving an estimate of precision and guessing
in VSWM. Peterson et al. (2019) found that VSWM was less precise when participants
made a saccade to the periphery during the delay period but relatively unimpaired when
participants covertly shifted attention to the periphery or maintained central fixation.
The effect of saccadic interference was directionally specific: the loss in precision was
greatest when changes occurred along the axis of the saccade, with no difference when
the change in location occurred along the axis orthogonal to the direction of the sac-
cade. The proposed mechanism for this change in precision was spatial remapping (Bays
& Husain, 2007; Wolfe & Whitney, 2015), where the receptive fields of neurons in the
visual system are shifted in preparation for a saccade. Within VSWM, this results in the
representation of maintained information being remapped in the direction of the saccade
(Peterson et al., 2019). This finding suggests that the oculomotor system plays a func-
tional role in rehearsal of spatial information in VSWM by maintaining the precision of

the representations of the spatial location of objects.

Although Peterson et al. (2019) have advanced understanding of the role of the oculomotor
system in VSWM and discussed potential mechanisms underlying disruption of VSWM

due to saccadic disruption, their methods and analyses were somewhat limited in their
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ability to allow detailed examination of how performing delay-period saccades change the
VSWM representations. To probe precision, Peterson et al. (2019) varied the magnitude
of the spatial change to be detected. However, because responses on this task are binary,
the quality of the representation cannot be examined in depth. The degree of noise present
within the representations must be inferred from a discrete response space, rather than
the distribution of response error, thereby providing limited insight into the sources of
recall error. One widely used alternative method is to use a continuous report task, where
participants reproduce a feature of a probed stimulus along a continuous dimension, for
example reporting the colour of the stimulus on a colour wheel (Wilken & Ma, 2004).
This task permits a more complete insight into the underlying VSWM representation
by characterising response error more thoroughly. Peterson et al. (2019) opted against
using a continuous report task, arguing that, because it relies on manual responding, the
delay-period interference tasks might have biased subsequent motor planning at response,
which may have reduced their ability to isolate the effects of the interference tasks on
VSWM. However, the primary function of VSWM is to guide subsequent behaviour and
aid successful task completion (Baddeley, 2010; Manohar et al., 2017), so biases in motor
planning during responding could be argued to reflect changes in the underlying VSWM

representation.

Additionally, in Peterson et al’s (2019) study, participants were required to remember in-
formation about only three stimuli. It has reliably been shown that VSWM performance
is affected by the number of items retained, with precision in memory of non-spatial and
spatial features decreasing monotonically as set size increases (Bays et al., 2009; Schnee-
gans & Bays, 2016). Although saccadic and attentional interference decrease spatial span
(Lawrence et al., 2004; Pearson & Sahraie, 2003), it is not clear whether the interference
effects depend on how many items must be retained. Previous work has examined how
working memory span or memory for a limited number of items is affected by different
interference tasks (Lawrence et al., 2004; Pearson et al., 2014; Pearson & Sahraie, 2003;
Peterson et al., 2019). However, examination over a range of set sizes allows more specific

examination of the interference effects and how these might depend on how many objects
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are being retained in VSWM.

Finally, the application of Zhang and Luck’s (2008) mixture model is problematic. This
model has been criticised for presenting a simplistic overview of sources of error in VSWM
because it assumes that all incorrect responses are guesses, occurring as a result of items
not being maintained in VSWM (Bays et al., 2009; Ma, 2018). Bays et al’s (2009) mixture
model extends Zhang and Luck’s (2008) model and accounts for the probability of report-
ing a non-target (misbinding), which can occur due to incorrectly binding non-spatial
and spatial features together in VSWM. When the probability of misbinding is included
in modelling, the amount of variance accounted for by guessing is significantly decreased
(Bays et al., 2009), suggesting that it is an important source of error to consider in VSWM
responses (Bays, 2016). From Peterson et al’s (2019) method, misbinding errors could not
be analysed because memory items were identical so there was no potential for misbinding
errors to occur. Nonetheless, it may be premature to conclude that saccadic interference
increases the probability of guessing without first examining whether misbinding errors

are also affected.

5.1.1 Aim of current study

The current study aimed to address these criticisms and build on prior work (Pearson
et al., 2014; Pearson & Sahraie, 2003; Peterson et al., 2019) to examine how the rep-
resentations of spatial and non-spatial features in VSWM are affected by delay-period
activation of the oculomotor system. We examined the effects of overt and covert shifts
of attention on spatial and non-spatial memory representations using a continuous report
task. Bays et al’s (2009) mixture model was used to analyse the results. We carried out
two experiments, one probing memory for location and the other memory for colour, to
more directly examine how VSWM representations change due to saccadic disruption and
to investigate the hypothesis that the oculomotor system plays a specific and critical role

in rehearsal of spatial information in VSWM.
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5.2 Experiment One

Experiment One attempted to examine the effects of delay-period saccadic interference
(overt attentional shift) and covert shifts of attention on the representation of spatial
information in VSWM. Given that delay-period saccades have been shown to interfere
with working memory for spatial locations (e.g. Pearson & Sahraie, 2003; Peterson et
al., 2019; Postle et al., 2006), and that shifting covert, endogenous attention is largely
independent of the oculomotor system (Casteau & Smith, 2019, 2020; Smith & Schenk,

2012), we proposed the following hypotheses:

1. There will be a main effect of interference task type such that imprecision,
misbinding, and guessing will be greatest when the oculomotor system is activated,
i.e., in the overt attentional shift, compared to when central fixation is maintained.
Although we expect that there will be disruption in the covert attentional shift
condition, we expect that disruption in this condition will be smaller than that
caused by overt shifts in attention because the oculomotor system is not being

activated.

2. There will be a main effect of set size such that imprecision and misbinding will
increase with set size, consistent with previous work (Bays et al., 2009; Schneegans

& Bays, 2016).

3. The effect of overt attentional shifts on imprecision will be greater in this experiment
compared to the effect of overt attentional shifts on imprecision in Experiment
Two, which probed memory for colour, because the oculomotor system is selectively

involved in memory for spatial locations (Ball et al., 2013; Pearson et al., 2014).

We also explored the interaction between set size and interference type, but made no

specific predictions regarding this effect.
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5.2.1 Method

5.2.1.1 Participants

An a priori power analysis was carried out using G*Power 3.1 (Faul et al., 2009) to
determine how many participants are needed to carry out mixed ANOVA to detect a
significant within-between interaction between task and interference task type on precision
(Hypothesis 3). Based on unpublished pilot data, this interaction has an effect size of r]g =
0.13 (Cohen’s f = 0.39). Based on this, an alpha of .05, and 95% power, the power analysis
suggested a total sample size of 24 participants, 12 per experiment. Data collection was

finished when 12 usable data sets were obtained.

Undergraduate participants enrolled on Psychology courses at Durham University received
participant pool credit for their time. We received ethical approval from Department of

Psychology Research Ethics Committee (reference: PSYCH-2019-10-28T15:23:58-1ckd86).

5.2.1.2 Design

A within-subjects design was used. The independent variables were interference task type
(three levels: overt attentional shift, covert attentional shift, and central fixation) and set
size (three levels: one, two, and four items). The dependent variables were imprecision,

and the probabilities of reporting the target, misbinding, and guessing.

Participants completed one practice block before beginning each interference task type
condition. This practice block comprised 15 trials, five of each set size, to familiarise
them with the task. The practice block was identical to the experimental blocks, with the
exception that participants were shown their own response as well as the correct response
on screen. They then completed 450 trials per interference task type condition, resulting in
a total of 1350 trials for the experiment. Trials in each condition were randomised across 30
blocks. Within each interference interference task type condition, each set size was tested
150 times. The order of completing interference conditions was fully counterbalanced
across participants, with the set sizes being randomised within each interference task

type condition.



Chapter 5 134

5.2.1.3 Stimuli and apparatus

The task was programmed using Matlab R2019a, using the psychophysics toolbox (Kleiner
et al., 2007). The stimuli consisted of arrays comprising one, two, or four coloured dots
(visual angle of each dot = 1°), and a fixation cross positioned at the centre of the screen
(height of fixation cross in visual angle = 0.76°). The location of each dot was randomly
sampled from 24 predefined locations equally spaced along circles with radii of 5, 7.5, and
10 degrees of visual angle from central fixation. This ensured that the locations of dots
had no overlap. Colours of each dot were randomly chosen from a colour wheel, with
at least 60° angular separation on the colour wheel between each colour. This ensured
that each location and colour were sufficiently distinct and prevented verbal recoding and
learning as much as possible. The visual mask comprised 800 coloured dots, with colours
randomly chosen from the colour wheel, filling the annular space five to ten degrees of

visual angle around central fixation.

The delay-period interference task was a detection task. Participants were shown chevrons
(*/v), with sideways chevrons (>/<) inserted into the sequence at a fixed interval after
every four up- and down-facing chevrons. These were presented in black size 40 Arial font
10° of visual angle to the left or right of the centre of the screen in the overt and covert
attentional shift conditions, or at the centre of the screen in the central fixation condition.
Chevrons were presented at a rate of one every 250ms. Participants were required to press
space bar to detect sideways chevrons in all conditions. In the overt and covert attentional
shift conditions, the side of presentation flipped immediately after a sideways chevron
was shown. In the overt attentional interference task type condition, participants were
required to shift their gaze to fixate the chevrons. In the covert attentional interference
task type condition, participants were required to orient attention to the contralateral
channel and detect the sideways facing chevrons while maintaining fixation on the central
fixation cross. In the central fixation condition, participants were required to detect

sideways facing chevrons presented in the centre of the screen.

Participants’ gaze was monitored using a tower-mounted Eyelink 1000 eye tracker (SR
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Research). Stimuli were presented on a 20-inch CRT screen with a refresh rate of 85Hz.

Participants sat 60cm from the computer screen, with the centre of screen at eye level.

5.2.1.4 Procedure

Participants were instructed to maintain fixation on the centre of the screen throughout
presentation of the array. They were specifically informed that they should remember
information about the coloured dots on screen. They were also instructed to either shift
their gaze (overt attentional task type condition) or to maintain central fixation and detect
chevrons appearing either to the left and right of the centre of the screen or at the centre

of the screen throughout the delay period.

Trials began with the presentation of a fixation cross at the centre of the screen for 1000ms.
The fixation cross was followed by a blank screen for 500ms. The fixation cross and the
stimulus array, comprising one, two, or four coloured dots, were presented for 2000ms.
After presentation of the array, the visual mask was presented for 100ms. Participants
then performed the detection task for 5000ms. Following this delay period, one of the
stimuli from the array was randomly chosen and presented in the centre of the screen.
Participants were required to move the mouse to click the location on screen where it
first appeared. After participants submitted their response, their response was shown on
screen for 500ms. No other feedback was given in experimental trials. There was no time
limit for responding, but participants were asked to respond as quickly and as accurately
as possible. A 1500ms blank screen followed the response screen, before the beginning
of the next trial. After each block of 15 trials, participants were permitted to take a

self-paced break. An example trial is shown in Figure 5.1.

5.3 Experiment Two

Experiment Two attempted to examine whether there were analogous oculomotor inter-
ference effects in working memory for non-spatial features as in spatial working memory.

We proposed the following hypotheses, based on the proposal that the oculomotor system
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+1s

response
+1.5s

Figure 5.1: An example trial for each condition in Experiment One. Participants were
shown an array of between one and four coloured dots. During the delay period, partici-
pants were required to complete a detection task at either central fixation or in peripheral
vision by making saccades or covertly shifting attention. The detection task for saccadic
and attentional interference conditions is shown in the bubble. After this delay, they were
shown one of the coloured dots in the centre of the screen and asked to click on screen
where that dot first appeared.

is selectively involved in maintenance of spatial information in VSWM (Pearson et al.,

2014):

1. There will be a small effect of interference task type on misbinding due to
participants performing a dual-task, with the possibility that misbinding will be
highest for the overt attentional shift condition as activation of the oculomotor
system may disrupt the memory of the spatial location, which has been proposed
to aid maintenance of non-spatial features in VSWM (Schneegans & Bays, 2017).
This interference of the spatial representations due to oculomotor activity may in
turn disrupt memory for the colour-location binding. Furthermore, we predict that
there may be a small effect of interference task type on guessing, where guessing
will increase in the attentional shift conditions due to performing a dual-task.
However, we predict that there will be no significant effect of interference task

type on imprecision, and that the effect of interference task type on impreci-
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sion will be smaller in this experiment compared to the effect of interference
task type on imprecision in Experiment One, based on the proposal that the ocu-

lomotor system is selectively involved in maintenance of spatial locations in VSWM.

2. There will be a significant main effect of set size, such that imprecision and mis-
binding will increase with increases in the number of to-be-remembered items (Bays

et al., 2009).

We also explored the interaction between set size and interference task type, but made

no specific hypotheses regarding this effect.

5.3.1 Method

5.3.1.1 Participants

Based on the power analysis carried out to detect the interaction between task and inter-
ference type (Experiment One, Hypothesis 3), we required a sample of 12 participants for
this experiment. Data collection was terminated when 12 usable datasets were obtained.
Undergraduate participants received participant pool credit for their time. We received
ethical approval from Department of Psychology Research Ethics Committee (reference:

PSYCH-2019-10-28T15:23:58-1ckd86).

5.3.1.2 Design

Design was the same as Experiment One.

5.3.1.3 Stimuli

Stimuli were the same as Experiment One, with the exception that, at recall, a colour
wheel, with depth 2° of visual angle, was presented 11° to 13° of visual angle around

central fixation.
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5.3.1.4 Procedure

Procedure followed Experiment One, with the exception that, at recall, participants were
shown the outline of one of the dots in their original location and were required to click
the colour on the colour wheel that matched the colour originally presented at the probed

location (see Figure 5.2).

+1s

response
+1.5s
Figure 5.2: An example trial for each condition in Experiment Two. This is the same as

Experiment 1 with the exception that participants were shown one of the dots in their
original location and were asked to click on a colour wheel the original colour of the probe.

5.4 Statistical Analysis

For each experiment, we excluded any trials in which eye position was outside of an
interest period with radius two degrees of visual angle around central fixation during the
encoding period in all conditions, and during the delay period for the maintained fixation
and covert attention interference task type conditions. Based on previous studies, around
20% of trials in our studies are excluded due to excessive eye movements. Additionally,
participants were required to correctly detect more than 50% of the presented sideways-

facing chevrons during the interference task. Therefore, a usable dataset was defined as
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one in which there were at least 120 trials per set size in each interference task after
controlling for performance in the delay-period task and eye movements. This minimum
number of trials is greater than the minimum number of trials required for the mixture

modelling to be considered reliable (Bays et al., 2009).

We applied Bays et al’s (2009) mixture modelling to the data for each experiment using
the Matlab functions provided by Bays et al. (2009) and Grogan et al. (2020; Suchow
et al., 2013). This modelling fits a mixture of normal and uniform distributions to the
response data. The normal distributions are centred on the probed stimulus, representing
the probability of reporting the target location, and the uniform distribution represents
guessing, where all possible responses are equally likely. Additional normal distributions,
centred on the non-probed stimuli, were also fit to the data to retrieve a measure of
misbinding. The standard deviation of the normal distributions gives a measure of im-
precision: the wider the distribution, the less precise (more variable) the response. The
heights of each of the distributions represent response likelihood, between zero and one,
for reporting the target feature, a non-target feature, and guessing. In Experiment One,
the distributions were centred on the spatial location of the probed stimulus, therefore
a bivariate Gaussian distribution was fit to the data (Grogan et al., 2020). In Experi-
ment Two, the distributions were centred on the angle on the colour wheel of the probed

stimulus, therefore a Von Mises distribution was fit to the data (Bays et al., 2009).

For each experiment, we analysed the imprecision, and the probabilities of reporting
the target, misbinding and guessing using separate 3x3 repeated-measures ANOVA with
factors of set size (three levels: one, two, four items) and interference task type (three
levels: saccadic interference, covert attention, maintained fixation). If the assumption of
sphericity was violated, Greenhouse-Geisser correction was applied. These analyses were

carried out in R (R Core Team, 2019) using the rstatix package (Kassambara, 2019).

For a significant main effect of set size, we carried out pairwise comparisons, comparing
set size one to set size two, and set size two to set size four. For a significant main effect of

interference task type, we compared all interference tasks. To examine a significant inter-
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action between set size and interference task type, we examined the differences between
interference tasks at each set size. Holm-Bonferroni correction was applied to control for

multiple comparisons.

We also directly compared the effects of interference task types between Experiments
One and Two for imprecision to examine the hypothesis that the oculomotor system is
specifically involved in rehearsal of spatial information in VSWM. The effects of inter-
ference type were collapsed across set sizes and analysed using 2x3 mixed ANOVA with
between-subjects factor of task (two levels: spatial and colour) and within-subjects factor
of interference task type (three levels: saccadic interference, covert attention, maintained
fixation). If a significant interaction was observed, we examined the differences between

each interference task condition for each task.

5.5 Results

5.5.1 Experiment One

Fifteen participants (Mg = 19.33 years, SD,z = 1.18, 12 females, 3 males, 13 right
handed, 1 left handed, 1 ambidextrous, all confirmed normal or corrected-to-normal vi-
sion) volunteered and completed this experiment!®. After acceptance, participants were
unable to meet our original inclusion criteria. Due to differences in reaction times af-
fecting the precision of when the press was detected, performance on the detection task
was calculated by the total number of times the space bar was pressed, divided by the
number of times a sideways-facing chevron was presented. Participants were unaware of
this change in calculation and were instructed to perform the detection task as quickly
and as accurately as possible. Additionally, participants were unable to meet our original
target of at least 120 valid trials per set size in each condition, so this was relaxed to at
least 50 valid trials per set size in each condition. This resulted in the exclusion of three

datasets from analysis. Of the remaining 12 datasets, 30.58% of trials were excluded.

16 An additional six participants volunteered but withdrew during or after their first testing session.
Their data were discarded upon their withdrawal from the study
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5.5.1.1 Detection task analysis

We examined whether performance in the detection task varied according to the delay-
period interference task type. Overall, the average performance on the detection task was
0.87 (SD = 0.07). Performance on the detection task did not differ across interference

task types; F/(2, 22) = 1.76, p = .195, 12 = 0.14.

5.5.1.2 Mixture modelling

For imprecision (Figure 5.3A), a 3x3 repeated-measures ANOVA revealed a significant
main effect of set size; F(1.3, 14.25) = 15.27, p < .001, 772 = 0.58. Neither the main
effect of interference task type [F(2, 22) = 1.72, p = .202, 77]% = 0.14] nor the interaction
between interference task type and set size [F(1.52, 16.7) = 0.79, p = .436, ng = 0.07] were
significant. Holm-Bonferroni corrected pairwise comparisons between set sizes revealed
that the difference between set size one (M = 41.01, SD = 12.08) and set size two (M =
48.79, SD = 16.24) was significant; ¢(35) = -4.75, p < .001. The difference between set
size two and set size four (M = 58.94, SD = 27.2) was also significant; ¢(35) = -3.52, p

= .001.

For the probability of reporting the target location (Figure 5.3B), repeated-measures
ANOVA revealed significant main effects of set size [F(1.12, 12.3) = 14.22, p = .002,
n2 = 0.56] and of interference task type [F(2, 22) = 4.93, p = 017, 52 = 0.31]. The
interaction between interference task type and set size was not significant; F(4, 44) =
0.91, p = .469, 7712) = 0.08. For the main effect of set size, Holm-Bonferroni corrected
pairwise comparisons between set sizes revealed that the difference between set size one
(M = 0.96, SD = 0.05) and set size two (M = 0.89, SD = 0.13) was significant; ¢(35)
= 4.64, p < .001. The difference between set size two and set size four (M = 0.8, SD
= 0.2) was also significant; ¢(35) = 5.82, p < .001. For the main effect of interference
task type, the probability of reporting the target location was significantly lower in the
overt attentional interference task (M = 0.86, SD = 0.17) compared to covert attentional

interference task (M = 0.89, SD = 0.16; t(35) = -2.76, p = .018), and compared to
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when central fixation was maintained (M = 0.9, SD = 0.14; #(35) = -3.15, p = .010).
The difference between covert attentional interference task and central fixation was not

significant; ¢(35) = -1.18, p = .245.

For the probability of misbinding (Figure 5.3C), a repeated-measures ANOVA revealed
a significant main effect of set size; F(1, 11) = 4.95, p = .048, nf, = 0.31. That is, the
difference between set size two (M = 0.04, SD = 0.06) and set size four (M = 0.07, SD
= 0.1) was significant. Neither the main effect of interference task type [F(2, 22) = 0.59,
p = .565, 7]12, = 0.05] nor the interaction between interference task type and set size [F(2,

22) = 1.26, p = .304, 772 = 0.1] were significant.

For the probability of guessing (Figure 5.3D), a repeated-measures ANOVA revealed sig-
nificant main effects of set size [F(1.22, 13.38) = 15.32, p = .001, 12 = 0.58] and interfer-
ence task type [F(2, 22) = 4.14, p = .030, 2 = 0.27]. The interaction between interference
task type and set size was not significant; F(1.53, 16.85) = 1.64, p = .224, 7712, = 0.13.
For the main effect of set size, Holm-Bonferroni corrected pairwise comparisons between
set sizes revealed that the difference between set size one (M = 0.04, SD = 0.05) and set
size two (M = 0.07, SD = 0.08) was significant; ¢(35) = -3.68, p < .001. The difference
between set size two and set size four (M = 0.13, SD = 0.14) was also significant; #(35) =
-4.15, p < .001. For the main effect of interference type, the probability of guessing was
significantly higher in the overt attentional interference task condition (M = 0.1, SD =
0.12) compared to covert attentional interference (M = 0.08, SD = 0.11; ¢(35) = 2.57, p
= .034), and compared to when central fixation was maintained (M = 0.06, SD = 0.08;
t(35) = 2.67, p = .034). The difference between the covert attentional interference task

and central fixation was not significant; ¢(35) = 1.31, p = .199.

5.5.1.3 Directional-specificity of localisation error (Exploratory analysis)

We also examined whether there was a directionally specific effect of interference task type
on localisation error. Because responses were two dimensional, along the x- and y-axes,
we analysed the error along these axes separately using a factor called axis of error. We

carried out a 3 x 3 x 2 repeated measures analysis of variance with factors of interference
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Figure 5.3: Mean imprecision (a), mean probability of reporting the target location (b),
mean probability of reporting a non-target (misbinding; ¢), and mean probability of guess-
ing (d) as a function of set size in each interference condition. Error bars represent 95%
confidence intervals.

task type (3 levels: overt attentional, covert attentional interference, central fixation),
set size (3 levels: one, two, and four items), and axis of error (2 levels: x-axis, y-axis).
Significant effects of set size [F(1.1, 12.07) = 15.86, p = .001, 72 = 0.59] and interference
task type [F(2, 22) = 5.48, p = .012, ng = 0.33] were observed. A significant two-way
interaction between axis of error and interference task type was also observed; F(2, 22) =
5.19, p = .014, 77]2, = 0.32. Examination of this interaction revealed that localisation error
along the x-axis (M = 62.03, SD = 94.37) was significantly greater than localisation error
along the y-axis (M = 55.98, SD = 93.85) in the overt attentional shift condition; #(35)
= 4.26, p < .001. The differences in localisation error along the x- and y-axes were not
significant in the covert attention [¢(35) = 0.38, p = .703] and central fixation conditions

[t(35) = 0.48, p = .634]. No other effects were significant; p > 0.054. These results are
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illustrated in Figure 5.4.
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Figure 5.4: Mean localisation error for each axis of response in each interference condition.
Error bars represent 95% confidence intervals.

5.5.1.4 Discussion

This experiment aimed to examine how overt and covert attentional interference tasks
affected the representation of spatial information in VSWM. We found that the probabil-
ity of guessing was highest when the oculomotor system was activated compared to when
attention was covertly shifted and when central fixation was maintained. There was no
significant difference in the probability of guessing between the covert attentional shift
condition and maintaining central fixation. This result offered some support for Hypoth-
esis 1. However, there was no significant effect of interference task type on imprecision or
misbinding, which is inconsistent with the predictions outlined in Hypothesis 1. We also

observed that imprecision and misbinding increased with increases in set size, consistent
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with the predictions of Hypothesis 2. The probability of guessing also increased with
increases in set size, which was not predicted in any of our hypotheses. These findings of
an effect of set size on imprecision, misbinding, and guessing are consistent with previous
work supporting that VSWM is a flexible and dynamic resource (Bays et al., 2009). No
significant interaction between interference task type and set size was found, indicating

that the effect of interference task type does not differ as the number of memoranda differ.

The observation that guessing was highest following saccadic shifts compared to covert
attentional shifts and maintaining central fixation is consistent with previous work (Pe-
terson et al., 2019; Schut et al., 2017). However, the lack of an effect of interference type
on imprecision is surprising, and not consistent with previous findings, which show a de-
crease in precision in VSWM following saccadic shifts (Peterson et al., 2019; Schut et al.,
2017). The results of this experiment indicate that performing multiple task-irrelevant
saccades does not impact the quality of the representation of spatial locations in VSWM;
when participants are reporting an item that is represented in VSWM, they are relatively
accurate. However, saccadic interference affects the probability of memory items being
represented in VSWM. Specifically, it appears that producing a series of delay-period

saccades results in the removal of information from VSWM.

We also explored whether there was a directionally specific effect of interference task
type on response error. In line with previous work, response error was greatest along
the axis of the saccade (Peterson et al., 2019). This result seems consistent with their
proposal that spatial memory representations are updated when a saccade is executed,
but that the updating process is noisy, leading to a loss of fidelity. Unlike Peterson et
al. (2019), we observed no effect of saccades on precision per se. It is possible that a
subtle, directional effect of saccadic interference on imprecision was hidden because the
effects were collapsed across x- and y-axes to obtain a single measure of imprecision in
spatial working memory. Nonetheless, our finding of a directionally specific increase in
localisation error, which can be used as a proxy for precision, indicates a directionally
specific loss in precision that is specific to activation of the oculomotor system. It is also

possible that this difference reflects differences in the reference frame required for our task.
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Specifically, our task required localisation of the memoranda, which may have engaged a
more egocentric frame of reference, whereas that of Peterson et al. (2019) relied primarily

on an allocentric frame to recall the relative positions of the stimuli.

5.5.2 Experiment Two

Seventeen participants (Mage = 20.35 years, SD,,e = 2.42, 13 females, 4 males, 17 right
handed, all confirmed normal or corrected-to-normal vision) volunteered and completed

t'7. Five participants were excluded from analysis because they did not

this experimen
meet the revised inclusion criteria, as outlined in Experiment One. Of the remaining 12

datasets, 29.54% of trials were excluded.

5.5.2.1 Detection task analysis

We examined whether performance in the detection task varied according to the delay-
period interference task type. Overall, average performance on the detection task was
0.86 (SD = 0.07) and this did not differ across interference task types; F(1.15, 12.63) =
2.45, p = .140, 72 = 0.18.

5.5.2.2 Mixture modelling

Imprecision (Figure 5.5A) for colour data was calculated by transforming the concentra-
tion factor (k) of the circular normal distribution to the circular standard deviation. A
repeated-measures ANOVA revealed a significant main effect of set size; F'(2, 22) = 8,
p = .002, 7773 = 0.42. Neither the main effect of interference task type [F(1.31, 14.4) =
3.02, p = .096, nﬁ = 0.22] nor the interaction between interference task type and set size
[F(2, 21.96) = 0.57, p = .572, 7712) = 0.05] were significant. For the main effect of set
size, Holm-Bonferroni corrected pairwise comparisons between set sizes revealed that the
difference between set size one (M = 0.23, SD = 0.04) and set size two (M = 0.28, SD
= 0.09) was significant; ¢(35) = -3.59, p = .002. The difference between set size two and

set size four (M = 0.29, SD = 0.08) was not significant; ¢(35) = -1.04, p = .307.

I7An additional five participants volunteered but withdrew during or after their first testing session.
Their data were discarded upon their withdrawal from the study.
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For the probability of reporting the target location (Figure 5.5B), a repeated-measures
ANOVA revealed a significant main effect of set size; F(1.12, 12.28) = 15.08, p = .002,
775 = 0.58. Neither the main effect of interference task type [F(2, 22) = 0.51, p = .608, 775
= 0.04] nor the interaction between interference task type and set size [F'(2.13, 23.44) =
0.52, p = .615, 7]12) = 0.04] were significant. For the main effect of set size, Holm-Bonferroni
corrected pairwise comparisons between set sizes revealed that the difference between set
size one (M = 0.96, SD = 0.08) and set size two (M = 0.88, SD = 0.15) was significant;
t(35) = 5.05, p < .001. The difference between set size two and set size four (M = 0.75,

SD = 0.24) was also significant; ¢(35) = 6.29, p < .001.

For the probability of misbinding (Figure 5.5C), a repeated-measures ANOVA revealed
a significant main effect of set size; F(1, 11) = 12.22, p = .005, 772 = 0.53. That is, the
difference between set size two (M = 0.08, SD = 0.11) and set size four (M = 0.14, SD
= 0.18) was significant. Neither the main effect of interference task type [F(1.2, 13.16) =
0.3, p = .631, 772 = 0.03] nor the interaction between interference task type and set size

[F(1.1,12.13) = 0.46, p = .531, 72 = 0.04] were significant.

For the probability of guessing (Figure 5.5D), a repeated-measures ANOVA revealed a
significant main effect of set size; F(1.15, 12.63) = 7.17, p = .017, 771% = 0.39 . Neither
the main effect of interference task type [F(2, 22) = 0.89, p = .425, 7712) = 0.07] nor the
interaction between set size and interference task type [F(1.24, 13.69) = 0.82, p = .408,
7712) = 0.07] were significant. For the main effect of set size, Holm-Bonferroni corrected
pairwise comparisons between set sizes revealed that the difference between set size two
(M = 0.04, SD = 0.06) and set size four (M = 0.11, SD = 0.16) was significant; #(35) =
-2.91, p = .012. The difference between set size one (M = 0.04, SD = 0.08) and set size

two was not significant; ¢(35) = 0.76, p = .454.

A summary of the key effects in Experiments One and Two is presented in Table 5.1.
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Figure 5.5: Mean imprecision (a), mean probability of reporting the target colour (b),
mean probability of reporting a non-target (misbinding; ¢), and mean probability of guess-
ing (d) as a function of set size in each interference condition. Error bars represent 95%
confidence intervals.

5.5.2.3 Comparison between Experiment One and Experiment Two

We then examined whether the effects of the interference task types significantly differed
from each other across experiments (i.e., whether there was a significant experiment x
interference task type interaction). The imprecision data from Experiment One were
transformed such that the area of the response space was equal to 360 to enable better
comparison with the data from Experiment Two. Mixed-factor ANOVA revealed that the
interaction between experiment and interference task type was not significant; F(2, 44)

= 2.67, p = .080, 72 = 0.11.
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Table 5.1: Summary table of significance levels of each
variable in each experiment.

Set size x
) Dependent . Interference task |
Experiment i Set size interference task
variable type ) )
type interaction
Imprecision < .001%H* .202 .436
Experiment One: pTarget .002** 017* .469
Space pMisbinding 048% 565 304
pGuessing 001 #%* .03* 224
Imprecision .002%** .096 572
Experiment Two: pTarget 002 .608 .615
Colour pMisbinding 005%* 631 531
pGuessing 017* 425 .408

Note: * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001

5.5.2.4 Discussion

This experiment aimed to examine whether performing delay-period saccades impacted
memory for colour in a similar way to the effects on memory for spatial locations. We
found no significant effects of interference task type on any outcome variable, consistent
with the predictions of Hypothesis 1. We observed reliable increases in imprecision and
misbhinding increased with increases in set size, consistent with the predictions outlined
in Hypothesis 2. We also observed a significant effect of set size on guessing. These find-
ings are consistent with previous work examining memory for colour (Bays et al., 2009).
Additionally, there was no interaction between interference task type and experiment on
imprecision (Experiment One, Hypothesis 3), indicating that the overt attentional inter-
ference task did not have a greater effect on the precision with which spatial locations
are maintained in VSWM compared to the precision with which non-spatial features are
maintained. This lack of an interaction between interference task type and experiment is
perhaps unsurprising given the non-significant effect of interference task type on impreci-

sion in Experiment One.
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The lack of an effect of interference task type on misbinding was not consistent with the
predictions of Hypothesis 1. The original rationale for this hypothesis arose from the fact
that participants were required to compare the probed location with the stored location
to retrieve the correct colour. This aspect of the design means any changes in precision
of the representation of the probed location could lead to increased misbinding errors in
the colour task (Hypothesis 1). However, performing delay-period saccades did not result
in an increase in imprecision in memory for spatial location in Experiment One, and as a

consequence there was no effect on the misbinding in the colour task.

To summarise the key findings from Experiment Two, no effect of interference task type
was observed when examining any outcome variable. This is in contrast to Experiment
One, where performing delay-period saccades resulted in an increase in guessing. This
result confirms that saccadic disruption is not observed when probing non-spatial features
in VSWM (Ball et al., 2013; Pearson et al., 2014; Pearson & Sahraie, 2003; Postle et al.,
2006).

5.6 General Discussion

Previous work has shown that saccadic eye movements during the maintenance of spatial
locations leads to an impairment of VSWM (Pearson & Sahraie, 2003; Peterson et al.,
2019). This impairment is specific to spatial features and is greater than and independent
of the interference caused by covert shifts of attention (Lawrence et al., 2004; Pearson
et al., 2014). The current study investigated the mechanisms underlying this selective
interference effect by examining how delay-period activation of the oculomotor system
affected representations of spatial and non-spatial (visual) features in VSWM. Critically,
saccadic eye movements resulted in an increase in the probability of guessing when spatial
locations were probed (Experiment One) but not when colour memory was examined
(Experiment Two). Covert shifts in attention had no effect on memory representations
in either experiment. Furthermore, saccadic eye movements did not disrupt the precision

with which spatial and visual features were maintained. However, in both experiments
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imprecision, misbinding and guessing increased with increases in set size.

These findings are broadly consistent with previous work showing that delay-period ac-
tivation of the oculomotor system interferes with spatial but not visual working memory
(Ball et al., 2013; Pearson et al., 2014). Our data cannot be explained by the removal of
attention because our delay-period detection task required either a covert or overt shift
of attention. If rehearsal in VSWM takes place via shifts in attention (Awh & Jonides,
2001), performance on the covert and overt attentional interference conditions would have
been predicted to be relatively equal. In contrast, we observed that guessing responses
were significantly higher in the overt than the covert attention interference task condi-
tion. Additionally, guessing in the covert attentional interference task condition was not
significantly different from maintaining central fixation. This pattern of data indicates
that it is activation of the oculomotor system and not shifts of attention alone that drives
an increase in guessing. The increase in guessing in spatial memory found in Experiment
One, but no increase in misbinding in Experiment Two, following saccadic movements is
also consistent with Pearson and Sahraie (2003). When comparing the ratio of temporal
errors with spatial errors across conditions, they showed significantly more spatial errors
than temporal errors in conditions involving eye movements. Additionally, conditions
involving eye movements produced significantly more spatial errors than shifts of covert
attention alone (Pearson & Sahraie, 2003). Peterson et al. (2019) have also shown an in-
crease in guessing following performance of delay-period saccades. Our findings and those
of previous studies (Pearson & Sahraie, 2003; Peterson et al., 2019) therefore suggest that
the mechanism by which delay-period saccades interfere with VSWM is by increasing

guessing within spatial working memory.

Our exploratory analysis in Experiment One, examining the directional-specificity of in-
terference task types on response error indicated that response error was greater along the
axis of the saccade compared to the axis orthogonal to the saccade. This effect was not
found when the oculomotor system was not activated, indicating that the effect is specific
to the activation of the oculomotor system. This result lends support for the idea that

performing saccades leads to noisy updating of the spatial maps that represent memory
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items (Peterson et al., 2019), with the caveat that we did not observe significant effects

of saccadic interference on precision when collapsed across x- and y-axes.

Our data showed an increase in guessing with no corresponding increase in imprecision in
Experiment One. One way to interpret the pattern of our data might be in terms of a slot
model of VSWM (Zhang & Luck, 2008). According to a slot model, items are stored in
a finite number of independent slots. Several recent studies have shown that the goal of
an eye movement is automatically encoded into VSWM, irrespective of its task relevance
(Schut et al., 2017; Tas et al., 2016). In the current task, memory items were encoded
with the eyes fixated, then participants made saccades to the task-irrelevant locations. If
these saccades led to the automatic encoding of the saccade targets, they would fill two of
the available slots. This would result in VSWM representations being removed from two
slots, which would manifest as an increase in guessing. Because the slots are independent,
this removal would not affect the precision with which items in other slots are retained,

consistent with the pattern of increased guessing in the absence of reduced precision.

However, there are reasons to be cautious in accepting this interpretation. Specifically,
the slot model assumes that items are held as independent bound representations and that
spatial and non-spatial features are held in the same representation. This model therefore
predicts that there should be no misbinding of features. In contrast to this prediction, we
found a reliable increase in misbinding with increases in set size, consistent with previous
research in spatial (Schneegans & Bays, 2016) and visual working memory (Ma et al.,
2014). Furthermore, contrary to the bound-representation assumption, we found that the
overt attentional interference task interfered with spatial but not visual working memory,
indicating that these features may be maintained somewhat independently. Indeed, these
effects are more consistent with the resource model of VSWM (Bays et al., 2009), which
proposes that precision is dependent on the proportion of resources dedicated to each item
and that visual and spatial features are held independently (Bays, Wu, et al., 2011). We
also observed a set size effect on precision for both spatial and visual memory, which is

more consistent with resource than slot models.
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The resource model appears to offer the best explanation for the majority of the results.
However, it remains difficult to explain why guessing increased, without a corresponding
increase in imprecision, in the overt attentional interference task condition in spatial
working memory with this model. One speculative proposal is that VSWM items were
encoded with a high degree of precision. When the saccade targets were encoded into
VSWM during maintenance, resources were removed from VSWM items. However, this
did not significantly affect the precision with which VSWM items were retained because
the initial representation was encoded with such a high degree of precision. It may be
that the effect of performing saccades on precision was limited due to the small range of
set sizes used in this study. It is possible that as more items are to be retained and less
resource is directed to each item, the effects of performing saccades would be greater on

precision.

An alternative explanation might be that delay-period oculomotor activation disrupts
the ability to discriminate signals from noise in spatial working memory. This would be
problematic, because the resource model assumes that VSWM representations are noisy
but have a high signal-to-noise ratio, resulting in responses falling around the probed
item. Consistent with this, patients with Parkinson’s disease show increased guessing
responses with little difference in precision in orientation memory (Zokaei, McNeill, et al.,
2014), which was attributed to reduced signal-to-noise ratio caused by dopamine depletion
in Parkinson’s disease. As has already been noted, saccadic eye-movements require the
updating of the internal spatial maps that maintain representations of spatial locations.
This updating is likely to be imperfect, which may plausibly result in a reduction of signal-
to-noise in the maps. Reduced signal-to-noise would result in an inability to retrieve the
correct information at recall, leading to increased guessing. However, because changing
signal-to-noise does not affect the allocation of resource to the memoranda, precision of

correctly recalled locations is unaffected, consistent with the data observed in Experiment

One.

To summarise, we have demonstrated that interference in VSWM due to delay-period

saccades are specific to spatial, but not visual, working memory, and that the disruptive
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effect arises from an increase in guessing rather than a reduction in the precision with
which spatial locations are retained in VSWM. On first inspection the finding that disrup-
tion following saccades leads to increased guessing but not decreased precision appears to
argue for a slot-based model of VSWM. However, we also observed increased misbinding
and imprecision as set size increased and a dissociation in saccadic interference effects
between spatial and colour working memory, which is more consistent with resource mod-
els. To reconcile the effect of guessing with the resource model, it was proposed that
delay-period saccadic movements led to reduced signal-to-noise ratio in spatial working
memory, thus increasing the probability that responses fell far from the location of the

probed item.
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(General Discussion

There is abundant evidence supporting the resource model of VSWM in visual features
such as colour and orientation (see reviews by Fallon et al., 2016; Ma et al., 2014).
However, the nature of representation of spatial locations in VSWM is less clear. Much
of the research relies on binary response tasks, which means that the degree to which
sources of error can be examined and understood is limited. A second issue is that the
oculomotor system has a specific role, above that of covert shifts of attention, in the
maintenance of spatial, but not visual information in VSWM (Ball et al., 2013; Pearson
et al., 2014; Pearson & Sahraie, 2003; Postle et al., 2006). Any attempt to conceptualise
spatial working memory in terms of resource allocation must therefore also consider the
role of the oculomotor system in the allocation of resources to different items. The aims
of this thesis were therefore:

1. to examine the representation of spatial locations, and distribution of resources, within
VSWM; and

2. to examine the role of the oculomotor system in resource allocation in VSWM.

Throughout this thesis, spatial working memory is defined as memory for spatial locations.
This definition is primarily concerned with the representation of locations in an egocentric
reference frame because of the importance of VSWM in guiding and supporting upcoming

goal-directed actions (Olivers & Roelfsema, 2020; Rosner et al., 2022). In contrast, visual
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working memory is defined as memory for non-spatial features concerned with object
identity such as colour, orientation, and shape. These definitions of visual and spatial
working memory used in this thesis reflect the fractionation between memory for spatial
locations and object identity features both neurophysiologically (Courtney et al., 1996;
Ren et al., 2019) and behaviourally (Darling et al., 2009; Darling et al., 2007) within the

literature.

6.1 Key Findings

Chapter Two aimed to replicate and extend previous work applying the resource model
to spatial working memory (Schneegans & Bays, 2016). In Chapter Two, the slot and
resource models were compared in spatial working memory by examining the distributions
of response errors across set sizes, ranging from one item to eight items. The resource
model was found to provide a better fit to response errors in spatial working memory
compared to the slot+averaging model, as the best fitting model contained variability in
precision, misbinding, and guessing (Bays et al., 2009). Further, an exponential increase in
response error with increases in set size was found. This pattern of data provides support
to previous work in visual (Bays, Wu, et al., 2011; Bays et al., 2009; Gorgoraptis et al.,
2011) and spatial working memory (Schneegans & Bays, 2016), as well as highlighting

that the distribution of resources in spatial working memory is not linear.

Chapter Three examined how resource allocation in VSWM is affected by the positions
of items in space. These data showed an eccentricity effect in spatial working memory,
characterised by increasing imprecision and guessing with increases in eccentricity. The
eccentricity effect was not replicated in colour memory, ruling out the possibility that the
eccentricity effect in spatial working memory was a result of increased encoding noise. This
pattern of data indicates that the mnemonic representation of spatial locations changes
across the visual field, similar to perception and attention (Carrasco et al., 1995). This
finding also provides strong behavioural evidence that VSWM resources are limited by

the availability of cortical space in sensory regions, as predicted by the cortical maps
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hypothesis (Franconeri et al., 2013).

In Chapter Four, the serial order effect was examined to investigate how resources are
distributed in time and space across sequences of spatial locations using a continuous
report task and directly comparing performance on whole-report and partial-report tasks.
Different serial position curves were observed depending on whether the task was a whole-
report or partial-report task: a primacy effect was found when a whole-report task is used,
whereas a recency effect was observed when a single-report task is used. These results
highlight the flexibility in VSWM and emphasise the importance of the nature of the
recall task when considering the distribution of resources in VSWM. Specifically, the
recency curve in the partial-report task suggests dynamic allocation of VSWM resources
depending on the number of to-be-remembered items that are presented on each trial. In
contrast, in a whole-report task, the primacy effect arises as a result of spatial updating of
maintained locations due to performing visually-guided actions in the recall of each item
in a sequence. This spatial updating shows the relationship between the cortical maps
in which locations in VSWM are maintained and the cortical maps that are used by the

motor systems.

The role of the oculomotor system in VSWM was probed in Chapter Five by examining
how different delay-period attentional tasks affected the sources of recall error in spatial
and colour memory. It was observed that guessing, but not imprecision, was increased in
spatial working memory following the performance of delay-period saccades. This effect
was not replicated in visual working memory. These findings support the view that the
oculomotor system plays a specific role in the maintenance of spatial locations in VSWM
(Ball et al., 2013; Pearson et al., 2014; Pearson & Sahraie, 2003; Postle et al., 2006), and
suggest that the mechanism by which delay-period saccades interferes with VSWM is by
increasing guessing rather than by introducing additional noise into the representations
within VSWM. This finding is consistent with the proposal that locations in VSWM
are maintained as activity peaks within a cortical map, and provides additional evidence

supporting that spatial working memory and action rely on a shared representation.
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6.2 Spatial Locations are Maintained in a Cortical
Map

The evidence presented in this thesis is consistent with the characterisation of VSWM
as a finite but dynamic and flexible resource (Bays et al., 2009). However, the question
of what this resource is, and how it is implemented cortically, remains. Cortical map
architecture has been proposed as a potential format for VSWM resources within the
brain (Franconeri et al., 2013). Topographic maps have been reported across a range of
cognitive systems and behaviours, including the oculomotor system and attention (Bisley
& Mirpour, 2019; Ikkai & Curtis, 2011), as well as in supporting arithmetic and reading
(Dehaene & Cohen, 2007). A cortical map is defined as a representation containing
activity peaks representing information in a coherent spatial organisation (Franconeri
et al., 2013). Items within an information space, such as colour or spatial locations,
compete with each other for representation as activity peaks within the map. These
activity peaks represent the location of an item within the visual field. One example of
cortical maps is within early visual cortex, in which there are retinotopic maps of space
corresponding with percepts (Ress & Heeger, 2003). Another example of cortical maps is
the representations of spatial locations in parietal cortex, which are used to guide actions

such as eye movements (Ikkai & Curtis, 2011; Zimmermann et al., 2011).

The cortical maps hypothesis proposes that each position within the map represents a
value in a specific information space. Items from different spaces are represented in
different maps and do not compete. Consistent with this idea, working memory for
visual features and memory for spatial locations are dissociated within VSWM, both
neurophysiologically (Courtney et al., 1996; Sala et al., 2003) and behaviourally (Darling
et al., 2009; Darling et al., 2007; Klauer & Zhao, 2004). For example, it has been shown
that cortical areas such as posterior parietal cortex and dorsolateral prefrontal cortex
are selectively involved in the maintenance of spatial locations (Alekseichuk et al., 2017;

Ren et al., 2019). These areas are similar to those areas involved in the vision-for-action
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pathway (Goodale & Milner, 1992), emphasising the role of spatial working memory in
visually-guided behaviour (Manohar et al., 2017). In contrast, the cortical areas involved
in memory for non-spatial features, such as shape and orientation, are more similar to
the cortical areas involved in the vision-for-perception pathway (Ren et al., 2019). In
support of this view, it was observed that eccentricity effects are found in memory for
spatial locations but not in memory for colour (Chapter Three), and that delay-period
saccades interfere with memory for spatial locations but not memory for colour (Chapter
Five). These findings indicate that resource allocation for spatial and colour memory
may be underpinned by two separate sub-stores. In addition, the precision with which
spatial locations are stored in VSWM depends on the amount of cortical “real estate”
available (Franconeri et al., 2013). It was found that both the number of items (Chapters
Two, Three, Four and Five) and the eccentricity of items (Chapter Three) affects the
precision with which spatial locations are maintained in VSWM. These findings indicate
that as more items are to be retained, there is less cortical space available to encode and
maintain each item, so less VSWM resource can be directed to each item. As a result,
the precision with which each item is maintained is decreased (Bays et al., 2009). The
evidence throughout this thesis therefore supports the view that, within VSWM, spatial
locations are maintained in a spatial cortical map, which is constrained by the amount
of cortical space that is available for encoding and maintenance of to-be-remembered

locations.

The cortical maps hypothesis also argues that cortical maps of space are topographically
organised. Studies support that there is extensive overlap between the oculomotor system
and spatial working memory both behaviourally (e.g. Ball et al., 2013; Pearson et al.,
2014; Peterson et al., 2019) and neurophysiologically (e.g. Tkkai & Curtis, 2011). More-
over, the areas that are involved in spatial working memory contain topographic maps
of space, for example posterior parietal cortex (Jerde et al., 2012). A key prediction of
this hypothesis is that the precision with which representations are maintained in VSWM
is constrained by the physiology of the cortical regions involved in maintaining the map.

Indeed, evidence has shown support for this hypothesis. For example, Carrasco et al.
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(2001) demonstrated that the horizontal-vertical anisotropy in perception (reduced per-
ceptual performance for locations along the vertical meridian compared to iso-eccentric
locations along the horizontal) is present in visual working memory (Carrasco et al., 2001).
This anisotropy has been explained in terms of low-level physiological differences in the
visual system, specifically with respect to the densities of retinal ganglion cells and cones,
which is not radially symmetric across eccentricities in the visual field (Carrasco et al.,
2001). Similar anisotropies can be seen in oculomotor behaviour, whereby large horizon-
tal saccades have shorter latencies and higher accuracies compared to saccades along the
vertical plane (Irving & Lillakas, 2019) and in spatial working memory, where spatial span
and capacity is significantly reduced for locations presented along the vertical meridian

compared to locations presented along the horizontal meridian (Smith, 2022).

However, the evidence from anisotropies in VSWM only indirectly supports the corti-
cal maps hypothesis. The eccentricity effect observed in Chapter Three provides strong
support for this view, showing that imprecision and guessing in spatial working memory
increased with increasing eccentricity. The implication of this finding is that the distribu-
tion of VSWM is not equal across the visual field, but is constrained by the availability
of cortical resources, which should follow the pattern of cortical magnification. That is,
there are fewer cortical resources dedicated to processing each degree of visual angle as
the visual field moves further into the periphery (Rovamo & Virsu, 1979; Virsu et al.,
1987; Virsu & Rovamo, 1979), which manifests as decreased fidelity of the representation
within VSWM, and some items not being encoded into VSWM, resulting in increased

guessing.

Within the cortical map architecture, spatial locations are encoded and maintained as
activity peaks (Ikkai & Curtis, 2011). It has been proposed that the oculomotor system
plays a critical role in the maintenance of these peaks via feedback loops, where items
are encoded as saccade targets in the priority map and rehearsed by covertly planning
saccades to the memorised locations (Baddeley, 1986). Damage or interference with the
oculomotor system results in decreased span due to disruption of these feedback loops

(Pearson et al., 2014; Smith & Archibald, 2020). In Chapter Five, an increase in guessing
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following delay-period saccades was found in spatial memory, consistent with the differen-
tial involvement of the oculomotor system in visual and spatial working memory reported
previously (Ball et al., 2013). The results of Chapter Five demonstrate unequivocally
that saccade execution disrupts spatial working memory, independently of covert orient-
ing of attention. The probability of guessing was significantly higher following saccade
execution but there was no difference in the probability of guessing found between covert
orienting and central fixation delay-period tasks. This comparison across three matched
delay-period tasks, in which the demands of attentional orienting were equal, provides
strong evidence against the hypothesis that oculomotor involvement in VSWM is epiphe-
nomenal to shifts in attention (Awh et al., 2000; Awh & Jonides, 2001). Rather, this
pattern of results was interpreted in terms of the oculomotor system being involved in
maintaining a high signal-to-noise ratio for spatial locations in VSWM. Task-irrelevant
delay-period saccades reduce this ratio, resulting in increased guessing because the signal
cannot be discriminated from noise, therefore the representation cannot be recalled from
the cortical map. Critically, there is no change in precision because the amount of noise

within the representation is not affected.

The finding of increased guessing but no change in precision ( Chapter Five) differs slightly
from previous work showing a directionally-specific reduction in precision following per-
formance of a delay-period saccade (Peterson et al., 2019). A key difference between
Chapter Five and Peterson et al. (2019) is the task used to examine VSWM. Precision
in the current studies was derived from a continuous distribution of recall error, whereas
Peterson et al. (2019) derived their measure of precision from a binary response task in
which the magnitude of change to be detected was varied. This difference between the
tasks and measures of precision might have resulted in the different patterns of precision
observed. In addition, a bivariate normal distribution assuming a circular standard de-
viation was applied to the data in Chapter Five, compared to the Gaussian probability
density function used by Peterson et al. (2019), which might have also resulted in different
measures of precision being obtained. Indeed, when the localisation error along x- and

y-axes was examined, a directionally-specific effect of saccadic disruption was observed,
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similar to previous findings (Peterson et al., 2019), indicating that the circular standard
deviation might have masked some of the effects observed in the measure of imprecision
used. Nevertheless, the effects of delay-period saccadic interference are consistent with
previous work demonstrating that VSWM relies on activation of the oculomotor system
(Baddeley, 1986; Postle, 2006), especially during maintenance (Pearson et al., 2014; Pear-
son & Sahraie, 2003).

The cortical maps hypothesis argues that a region can be considered a map if it has a
coherent spatial organisation (Franconeri et al., 2013). It has been proposed that the na-
tive co-ordinate system in VSWM is retinotopic, as memory for retinotopically mapped
locations is more accurate compared to spatiotopically mapped locations (Golomb & Kan-
wisher, 2012; Shafer-Skelton & Golomb, 2018). The eccentricity effect observed in Chapter
Three offered preliminary evidence for this retinotopic mapping. In addition, the flexibil-
ity of transforming between retinotopic and spatiotopic mapping was shown in Chapter
Four. The different serial position curves shown between whole-report and partial-report
tasks show that the reference frame of the cortical map in VSWM may depend on the
nature of the recall task, highlighting the role of VSWM in guiding behaviour for upcom-
ing task completion (Baddeley & Hitch, 1974; Manohar et al., 2017). Responses on the
whole-report task were less precise than on the partial-report task, similar to the obser-
vation of decreased memory performance for spatiotopic locations (Golomb & Kanwisher,
2012; Shafer-Skelton & Golomb, 2018). The reference frame for the whole-report task
was likely spatiotopic because participants were required to reproduce the full sequence
of spatial locations, which were not always recalled from the centre of gaze. In contrast,
in the partial-report task, recall of the single item was always from the centre of gaze, so
transformation to a spatiotopic reference frame was not required. This transformation be-
tween reference frames is a noisy process, which would result in decreased precision for the
locations that were transformed. In addition, the evidence supporting that the mapping
within spatial working memory is retinotopic is consistent with work showing that spatial
working memory is associated with activity in cortical regions that are retinotopically

mapped (Ikkai & Curtis, 2011; Konen et al., 2013; Sereno et al., 2001).
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As well as this transformation in the whole-report task, it is likely that the locations
being maintained in VSWM were updated during the recall of each item. In the whole-
report task, recall of each item required a goal-directed action, which is known to disrupt
VSWM (Lawrence et al., 2004; Pearson & Sahraie, 2003) by increasing noise in the stored
representation (Peterson et al., 2019). This spatial updating is a likely candidate for the
primacy effect observed, where noise was accumulated within the VSWM representation
of yet-to-be-recalled locations following each response. This noise accumulation is re-
flected in the primacy effect, characterised by increasing imprecision with each item to be
maintained and recalled (Chapter Four). In contrast, when a single response was required
in the partial-report task, no additional noise was present in the locations maintained in
VSWM because only a single response from the centre of gaze was required. Indeed,
for imprecision, the serial position effect was abolished at the maximum set size in the
partial-report task, whereas a strong primacy effect was observed in the matched whole-
report task condition, supporting this noise accumulation explanation. This pattern of
results further highlights the overlap between action and VSWM (Pearson & Sahraie,
2003; Smith & Archibald, 2020), and show that the locations held in the cortical map
of VSWM can be read out and updated by the cortical and subcortical maps that guide
action, such as the superior colliculus (Ikkai & Curtis, 2011). This overlap also supports
that the function of both VSWM (Baddeley & Hitch, 1974; Manohar et al., 2017) and

cortical maps (Zelinsky & Bisley, 2015) is to support action and behaviour.

The data throughout this thesis suggests that the capacity of VSWM for spatial locations
is flexible, with precision depending on the number (Chapter Two) and eccentricity of
items (Chapter Three), as well as the nature of the recall task (Chapter Four). The
oculomotor system plays an important role in the maintenance of the activity peaks within

the cortical map, and therefore the accessibility of information in memory (Chapter Five).

One question that arises from the cortical maps architecture relates to where these cortical
maps are represented in the brain. A prominent idea is the sensory recruitment hypothe-
sis, which argues that VSWM maintenance occurs within early sensory cortex (Adam et

al., 2022). Topographic maps have been shown throughout sensory (visual) and parietal
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cortex (Silver et al., 2005), and the eccentricity effect (Chapter Three) offers some support
for topographic mapping in VSWM. This result suggests that there may be some overlap
between the cortical areas involved in VSWM and perception, consistent with sensory re-
cruitment hypothesis. Retinotopic maps have been observed in visual cortex (Wandell et
al., 2007), ensuring that the fovea, and locations closest to the fovea, are represented with
a high degree of precision. In VSWM, these locations might be considered to be the most
relevant for upcoming task completion, and therefore it is advantageous to represent these
locations more precisely within VSWM. This proposal might be considered somewhat sim-
ilar to the finding that targets of upcoming saccades are represented more precisely in
VSWM compared to non-targets (Bays & Husain, 2008; Udale et al., 2022), further high-
lighting the overlap between perception, oculomotor system, and VSWM (Ikkai & Curtis,
2011). The idea of sensory perception and spatial working memory sharing a cortical
representation is a computationally efficient way to temporarily maintain information.
Networks already specialised for encoding detailed sensory information are recruited to
aid maintenance of this information without requiring additional specialisation of cortical
networks. While the pattern of results in this thesis may indicate support for the sensory
recruitment hypothesis, more research using neurophysiological methods is required to

examine in more detail where cortical maps might be represented within the brain.

6.3 Evidence for a (Revised) Slot Model?

The findings outlined in the current thesis appear to fit best with the characterisation
of VSWM as a finite but flexible resource (Bays et al., 2009). This resource might be
implemented as a retinotopically-organised cortical map of space, wherein activation peaks
are maintained via oculomotor activity. However, the contrasting view is that VSWM
capacity is limited by the number of items that can be retained. It is therefore worthwhile
to consider whether a (revised) slot+averaging model (Zhang & Luck, 2008) might also

account for the pattern of data.

In Chapter Two, an exponential increase in localisation error with increases in set size
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might be considered consistent with a slot model. The small increases in error at set
sizes lower than around four items would indicate an item limit of around four items in
spatial working memory, consistent with previous work examining visual working memory
(Zhang & Luck, 2008). The eccentricity effect (Chapter Three), can also be explained by
a slot model. Because of the limited number of slots available, some spatial locations must
be prioritised, especially at high set sizes. Balaban et al. (2019) showed that there are
differences in accuracy across the visual field in the colour change detection task. They
found that performance was greatest at the top two central locations, compared to the
bottom of the visual field. However, differences between the best accuracy (M = 0.82)
and lowest accuracy (M = 0.72) were small, and no inferential statistics were carried out
to verify these conclusions. The primacy effect reported in Chapter Four can be explained
in terms of slots being allocated to items on a first come-first serve basis, where later items
are unable to displace the representations encoded into VSWM earlier in the sequence.
Likewise, the increase in guessing following performing delay-period saccades could be
interpreted in terms of the saccade targets being encoded into VSWM and displacing

memoranda within VSWM.

Revisions in the form of different resolutions within slots depending on the location within
the visual field and the nature of the recall task would be required in order for a slot model
to fully account for the results presented in this thesis. These revisions are not easy to
implement. How would the resolution of slots change across the visual field? What
mechanism would be implemented to ensure that the nature of the recall task is taken
into account? These revisions call for greater flexibility than the current iterations of the
slot model assume, and would result in a slot model that would be almost identical to a

resource model.

Furthermore, while it is possible that the pattern of data reported in this thesis might be
consistent with a revised slot model, the overall pattern of results presented in this thesis
pose a considerable challenge to key assumptions of the slot model. Model comparison in
Chapters Two and Three showed that the best fitting mixture model includes misbinding

errors in addition to precision and guessing (Bays et al., 2009) compared to including only
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precision and guessing (Zhang & Luck, 2008). The probability of guessing was relatively
low in most participants and did not reliably increase with increases in set size, even at
set size eight. An increase in guessing with set size was observed in Chapters Three and
Five, but not in Chapter Two. In contrast, the effect of set size on mishinding was reliably
observed in every chapter. If the slot model is correct, the probability of guessing should
be around 0.5 at set size eight, which is double the estimate of typical VSWM capacity
(Cowan, 2001; Luck & Vogel, 2013, 1997). The guessing rate was relatively low across all

studies, indicating that all items were represented in VSWM to some degree.

Additionally, according to the slot model, visual and spatial features of items are not
held in separate stores. Effects that are found in spatial memory, such as the eccentricity
effect, should therefore be observed in colour memory. In contrast, the resource model
(Bays et al., 2009) assumes that there are separate resources, which are responsible for
the encoding and maintenance of each feature. These separate resources for each feature
predicts that misbinding errors should occur in VSWM. Fractionation between colour and
spatial working memory was observed in Chapters Three and Five, where the eccentricity
effect and the disruptive effect of delay-period saccades were observed only for spatial
locations in VSWM. These findings provide strong evidence against the assumption that

items are held in bound representations within VSWM.

The slot model provides a parsimonious and highly interpretable model of VSWM ca-
pacity. However, in its current form it does not adequately account for the pattern of
data observed in this thesis, as outlined by a mixture model including misbinding errors
providing a mathematically better fit than a mixture model without misbinding errors in
Chapters Two and Three. The revisions that would be required to explain the presented
data would be extensive, calling into question its parsimony. Furthermore, these revisions
would result in such a flexible slot model that it would be almost indistinguishable from
the resource model. It therefore seems unlikely that a slot model, in any form, can explain

the results presented in this thesis.
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6.4 Limitations and Directions for Future Research

There are a few methodological limitations that must be considered in the interpretation of
the results of this thesis. In Chapters Three and Four, the sample sizes in each experiment
were quite small. A priori power analyses indicated that these sample sizes were sufficient
to detect the indicated effects with at least 90% power. Sample sizes were increased
slightly due to the data being noisy and due to data loss (see in particular Experiment
Three, Chapter Three). In addition, some of the pilot data was deemed unreliable. This
was particularly evident in the pilot study for Chapter Four, in which the serial position
effect was not observed in the sample. Given how robust and highly replicable the serial
position effect is in memory and perception (Logan, 2021), it was speculated that the
pattern of results in the pilot study was observed due the task being run online, where
participants may not have been fully engaged in the task. For this reason, the power
analysis was based on Gorgoraptis et al. (2011). This study was chosen as an appropriate
study on which to base the power analysis for Chapter Four because it was the most
closely aligned study to the planned methodology, specifically with respect to the use of
the continuous report task. However, it should be noted that this power analysis might
be problematic because Chapter Four was concerned with memory of spatial locations
of coloured dots, whereas Gorgoraptis et al. (2011) was concerned with the memory of
the orientation of coloured bars. The probing of different memory features might recruit
different cognitive systems (e.g. Ren et al., 2019), meaning that the power analysis should
be interpreted with a degree of caution. For this reason, the power analysis in this study

was used as an indicative, rather than definitive, minimum sample size.

In addition to increasing the sample sizes slightly beyond the minimum indicated by
the power analyses, linear mixed effects models were used to analyse the data in these
experiments ( Chapters Two and Three). Using linear mixed effects models controls for the
random variation in the data that is contributed by each participant, thereby providing
more accurate estimates of the experimental effects. Despite the smaller sample sizes in

these chapters, using linear mixed effects models increases the robustness of the results
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and decreased the probability of type I errors, leading to greater confidence that the

results are a true reflection of the experimental effects of eccentricity and serial position.

A related limitation is that, throughout all of the experiments in which fixed viewing
was enforced, data was lost. This might have been due to the removal of the central
fixation cross in the first three empirical chapters. The fixation cross was not presented
throughout encoding and maintenance periods in order to reduce the possibility that the
fixation cross would be used as a landmark thereby enabling relative locations of items
to be encoded into VSWM and improving VSWM performance (Jiang et al., 2000). This
did appear to make it more difficult for participants to maintain fixation, with between
approximately 8% and 30% of trials being excluded in each experiment where fixation
was to be maintained. It should be noted that when the fixation cross was presented, this
pattern did not change (Chapter Five). In addition, when fixed viewing and free viewing
conditions were compared and when all trials were included in analysis (Chapter Two,
supplementary materials), the overall pattern of the data did not change (e.g., Chapter
Four). One possible interpretation of this lack of difference between free and fixed viewing
conditions is that saccades, and thus the oculomotor system, might not play as important
a role in encoding and the distribution of resources as previously thought (Ohl & Rolfs,
2017). However, in Chapter Five the task demands of attention and eye movements were
precisely equated, and overt eye movements produced interference effects that were greater
than that of covert orienting alone. These findings emphasise that the oculomotor system
plays an important role, independent of covert attention, in the maintenance of spatial

locations in VSWM.

Another potential limitation in this thesis is that it has not considered the role of indi-
vidual differences in VSWM and performance in the continuous report task. It is possible
that participants’ performance might have improved due to practice, or due to the devel-
opment of cognitive strategies across trials and blocks (Slana Ozimic¢ et al., 2023). These
effects were not captured by the data analysis process in this thesis, because trial-by-trial
analysis was not conducted. It would be expected that participants would have shown a

gradual increase in performance over time with practice, or a more rapid increase in per-
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formance with the use of a strategy. One cognitive strategy that may have been adapted
in the tasks used in this thesis is that participants may have learned how the stimulus
presentation area was restricted such that they strategically responded with locations
within that area at recall. One way in which this strategy was corrected in the analysis
was to use response resampling in the mixture modelling, which uses the participants
own responses as a probability density function from which guessing responses are drawn.
Using this response resampling in the model results in a more representative estimate
of guessing, which reflects participants’ knowledge of the task statistics. However, this
measure does not necessarily provide support for the idea that participants were using
cognitive strategies. In future, it is worthwhile to ask participants in a short question-
naire how they responded and to capture some metric of meta-cognition in the task in a
manner similar to that used by Adam et al. (2017). Using such a measure in combination
with trial-by-trial analysis would provide a greater insight into how performance might

improve or degrade across testing sessions.

In addition to practice and the development of strategies, there are a number of other
individual differences that might account for some of the findings reported. Experiential
variables, which describe how participants feel while completing the task, are a partic-
ularly important category of individual differences. These variables include attentional
disposition, fatigue, and informational chaos, and have been reported by participants to
have affected performance on a change detection task (Oblak et al., 2022). Current the-
ories of VSWM tend to focus on cognitive and neural explanations of task performance,
but it is worthwhile considering how the participant’s experience of the task might also
limit or facilitate performance. For example, Oblak et al. (2022) reported that some par-
ticipants did not fully understand the change detection task used, or were overwhelmed
by the number of stimuli. These participants reported responding at random. In addition,
some participants reported continuing with the task because of a sense of obligation, but
were otherwise not motivated to continue. Again, these participants reported responding
at random. The idea of a cognitive map, as proposed in the current thesis, which also

considers individual differences in experience might better reflect how VSWM is used in
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behaviour and reflect the interactions between VSWM and other psychological processes

to guide and influence our daily behaviour.

A further limitation in Chapter Four is that only a limited number of set sizes were exam-
ined. Previous studies using sequential presentation paradigms have used a wider range of
set sizes (e.g. Gorgoraptis et al., 2011). It is possible that other or larger differences in the
distribution of VSWM resources might emerge at larger set sizes. However, the use of the
continuous report task to directly compare recall errors on the whole-report and partial-
report tasks permitted a greater insight into the distribution of resources in a controlled
manner whereby the only difference between tasks was the requirement to recall either the
whole sequence or a single item. Future research might examine the differences between
these two tasks across a larger range of set sizes to verify that the observations are true
at typically supra-capacity set sizes. In addition, the hypothesis that VSWM resources
are pre-allocated to the maximum number of items in a sequence could be explored by
displaying valid and invalid cues before the sequence informing participants how many
memoranda will be shown. In the valid cue condition, it would be hypothesised that the
recency effect would be abolished due to the pre-allocation of the resources to the number
of items in that sequence. In the invalid cue condition, the recency effect should increase
as a function of the difference between the cued number of items and the actual number of
items when the cued number is greater than the number of to-be-remembered items. This
pattern would be hypothesised because the resources would be pre-allocated to a greater
number of items than there are to be remembered, meaning that there would be greater
proportion of resource directed towards the final (most task relevant) item. In contrast,
when the cued number is less than the actual number of memoranda, an increase in guess-
ing would be expected, which would increase as a function of the difference between the
cued and actual number of memoranda, because there would be no resource available to
encode the final item(s) after pre-allocation of the resource. Using this cueing paradigm
would enable greater verification of the pre-allocation of resources in the partial recall

task and give a greater insight into the flexibility of the allocation of VSWM resources.

In Chapter Three the sizes of stimuli and spacing between stimuli were not scaled as
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a function of eccentricity. When the size of stimuli is scaled according to the magni-
fication factor (M-scaling), such that the cortical representation at each eccentricity is
constant, the eccentricity effect is abolished in perceptual tasks, including in visual search
(Carrasco & Frieder, 1997) and contrast sensitivity (Jigo et al., 2023). M-scaling is an
especially important consideration for the measures of guessing and misbinding because,
at the highest eccentricities where spacing was highest, it is unlikely that participants
would unintentionally place a true guess response close to a non-target. In contrast, at
the smallest eccentricity, stimuli were closer together, which might result in participants
guessing, but the response landed close to one of the non-target locations on that trial.
This response would be labelled as a misbinding response, thereby increasing the prob-
ability of misbinding and decreasing the probability of guessing for that condition. By
scaling the stimuli according to the magnification factor, a greater degree of control over
low-level visual features, such as retinal size of the stimuli, and the cortical representation
of stimuli at each eccentricity is permitted. It follows that, if the cortical representation
is equalised across eccentricities, the eccentricity effect should be reduced (Carrasco &
Frieder, 1997). However, this neutralisation of the eccentricity effect by M-scaling is not
always observed (Staugaard et al., 2016), which has been explained by attention being
biased towards central stimuli (Wolfe et al., 1998). Future research might examine how
M-scaling affects the eccentricity effect in spatial working memory to further investigate
the effects of eccentricity on misbinding and guessing responses. In addition, M-scaling
would allow for disentangling the contribution of visual factors and attentional factors in

representing spatial locations within VSWM.

As well as using the selective interference paradigm (Chapter Five) to examine the con-
tribution of the oculomotor system and attentional processes within VSWM, the eye-
abduction paradigm can be used to more directly tease apart these contributions further
(Craighero et al., 2004). Using this paradigm, it has been shown that the oculomotor sys-
tem plays a specific functional role in the maintenance of spatial information in VSWM
(Ball et al., 2013; Pearson et al., 2014). However, the extent to which the distribution of

VSWM resources depends on the oculomotor system can be examined further by using
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the continuous report task and the eye-abduction paradigm. The eye-abduction paradigm
prevents stimuli in the abducted hemifield from becoming the goal of a saccade by rotating
the eye into the temporal hemifield, with no effect on visual acuity. The eye-abduction
paradigm has been used to show that exogenous attention, but not endogenous atten-
tion, is restricted to the range of the oculomotor system (Smith et al., 2014). It seems
likely that VSWM is constrained to the effective oculomotor range, given that patients
with Progressive Supranuclear Palsy, a disease characterised by vertical paralysis of gaze,
have significantly decreased spatial working memory capacity along the axis of paralysis
compared to the non-paretic axis (Smith & Archibald, 2020). The key difference between
the temporal and nasal hemifields in the continuous report task would be in imprecision
and the probability of guessing. If the distribution of VSWM resources is constrained
to the effective oculomotor range, it is hypothesised that the probability of guessing and
imprecision would be increased in the temporal hemifield compared to the nasal hemifield
because locations in the temporal hemifield cannot become the goal of a saccadic eye
movement, therefore would not be represented in VSWM, or would receive a small share
of VSWM resources for representation, thereby resulting in a noisy representation within
VSWM. In contrast, if VSWM resources can be distributed beyond the oculomotor range,
there should be no difference between temporal and nasal hemifields in the probability
of guessing and precision. This research would extend the current proposal that spatial
locations in VSWM are maintained in a cortical map by further examining the constraints

of these cortical maps, and their interaction with the oculomotor system.

6.5 Conclusion

This thesis aimed to examine how spatial locations are represented in VSWM, and to
investigate the role of the oculomotor system in the maintenance of information in VSWM.
Across four studies, it was shown that precision in spatial working memory depends on
the number (Chapter Two) and eccentricity of memoranda (Chapter Three), as well as
the requirement to transform and update information within spatial working memory

(Chapter Four).
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These findings are consistent with the idea that spatial working memory is best char-
acterised by a flexible resource (Bays et al., 2009). This resource is constrained by the
amount of cortical space available, as proposed by the cortical maps hypothesis (Fran-
coneri et al., 2013). The availability of cortical space is influenced by both the number
and location of the memoranda across the visual field (Chapter Three). Within these
cortical maps, spatial locations are represented by activity peaks that are maintained by
the oculomotor system. This conclusion is supported by the finding that performance
of delay-period saccades, but not covert shifts in attention, increased the probability of
guessing, but not imprecision, in spatial working memory but not in colour working mem-
ory (Chapter Five). This finding was argued to reflect the role of the oculomotor system
in the maintenance of high signal-to-noise ratio of the activity peaks within the cortical

and subcortical maps that guide actions.

The results of this thesis, therefore, provide strong evidence that VSWM is best char-
acterised as a limited but flexible resource (Bays et al., 2009), and that the oculomotor
system plays a critical role in the maintenance of spatial, but not visual, information in
VSWM. This VSWM resource might be implemented in brain areas that represent space,
including primary visual cortex, parietal cortex, and frontal eye fields, as well as subcorti-
cal oculomotor regions such as superior colliculus, which relies on the oculomotor system
to encode and maintain locations as activity peaks. A consequence of this cortical map
architecture is that results appear to offer support for sensory recruitment hypothesis,
given that position within the visual field appears to affect the representation in a similar
way to perception (Chapter Three). Additionally, the results of this thesis emphasise the
important functional relationships between VSWM and motor systems (Chapters Four

and Five).
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