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Abstract

Spatial working memory (SWM) has been characterised as a flexible resource that deter-
mines the precision with which memoranda are stored. The ‘cortical map’ proposal predicts
that resource allocation, and therefore mnemonic precision, is limited by the availability
of cortical space to represent memoranda. This hypothesis was tested using a continuous
spatial localisation task in which memory items were presented at three eccentricities and
set sizes of 1-8. Localisation error increased systematically with eccentricity, as predicted
by the cortical maps hypothesis. Mixture-modelling analyses indicated that the eccentricity
effect was primarily driven by increases in imprecision at small set sizes (set sizes 1-5).
In contrast, when set size exceeded five items, guessing made an increasingly important
contribution to localisation error, suggesting that representations of peripheral locations
become more vulnerable to memory failure under high memory loads. Misbinding errors
were most prominent for locations nearest fixation, likely reflecting reduced inter-item
spacing at small eccentricities. Stimuli were not scaled to compensate for cortical mag-
nification, but the observed increase in imprecision closely matched predictions derived
from a cortical magnification function. Together, these findings support the cortical maps
hypothesis and indicate that spatial working memory representations compete for limited
representational resources within the spatial maps that guide action.

Keywords: memory; spatial; eccentricity; precision; working memory

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 [1]. 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 [2,3]. In this view, memory capacity is
not constrained by a specific number of ‘slots’, but rather by the availability of memory
resources to maintain representations 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 to represent the memoranda in modality-specific,
topographically organised cortical maps [4,5].

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
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each other for representation. Items from different information spaces are represented
in different maps and do not compete. Consistent with this idea, studies have shown
single and double dissociations between feature and space in VSWM in neuropsychological
patients [6-8] and behavioural experiments [9-14]. Furthermore, cortical areas such as
the posterior parietal cortex and dorsolateral prefrontal cortex are involved in the mainte-
nance of spatial locations, whereas non-spatial features, such as shape and orientation, are
represented in more ventral pathways [15-18]. Studies using computational models have
also highlighted that the properties of receptive fields can impact the precision with which
items are maintained and thus decoded from VSWM. For example, when participants
are required to maintain both orientation and spatial information, a retinotopic-specific
representation is found throughout striate and extrastriate cortex [19]. In addition, Mackey
and colleagues [20] have shown that the topographic mapping in the frontoparietal cortex,
which is known to be involved in the maintenance of spatial locations, is organised by both
polar angle and by eccentricity. These findings indicate that precision in VSWM, especially
the maintenance of spatial locations, may be constrained by the physical properties of the
cortical areas involved in the maintenance of these features.

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 the superior colliculus, frontal
eye fields (FEF) and lateral intraparietal cortex [21-25]. Critically, these cortical areas also
maintain activation during delayed saccades [26,27], consistent with the idea that spatial
working memories are maintained in cortical maps. Neuroimaging studies of human
participants report shared neural representations for action, attention, and visuospatial
working memory [28], and neurostimulation of regions such as FEF has consistently been
shown to affect VSWM and visuospatial attention, e.g., [29-32]. The oculomotor system
and VSWM appear to share a common representation, with motor maps for the generation
of saccades being projected from the superior colliculus to the posterior parietal cortex for
representation in a priority map that serves action, attention and VSWM [21,33-36].

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 performance of saccades have shown that memory for spatial locations is dis-
rupted [12,37-41] and that this saccadic interference effect is specific to spatial memory [13].
Maintenance of a location in VSWM also results in inhibition of saccades to that location [42]
and increased saccade curvature away from the remembered location [43]. Additionally,
experimentally constricting the ability to plan and execute saccades significantly reduces
spatial memory span [44,45]. These findings illustrate how VSWM and saccade control
draw on a shared cognitive process, consistent with the idea that performing saccades
creates competition for resources between saccade targets and memory items, thus reducing
the availability of resources for mnemonic representations in a shared cortical map of space.

The cortical maps hypothesis is also consistent with evidence that physiological differ-
ences across the visual field are inherited by VSWM [46,47]. For example, 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 [48]. 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 are not radially symmetric across eccentricities in
the visual field [49]. Similar anisotropies can be seen in shown in oculomotor behaviour,
whereby large horizontal saccades have shorter latencies and higher accuracies compared
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to saccades along the vertical plane [50] and in spatial working memory, where spatial
span and capacity (k) are significantly reduced for locations presented along the vertical
meridian compared to locations presented along the horizontal meridian [51]. Furthermore,
emory capacity for letters declines with eccentricity [52], and variability in memory-guided
saccades increases as a function of target eccentricity [46].

To summarise, the cortical maps hypothesis argues that spatial working memory relies
on topographically organised cortical maps used to represent space. The considerable
overlap between neural systems involved in oculomotor control and VSWM, combined
with behavioural evidence of dual-task interference between motor control and spatial
working memory, is strong evidence of the view that spatial working memory relies on
cortical maps that integrate spatial information in VSWM and motor representations into a
single coherent representation. The cortical maps hypothesis also predicts that the fidelity
of representations in VSWM will be 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 capacity, as opposed to the
precision of memory representations.

One way to address this issue is to make use of the eccentricity effect in vision. It
is well-documented that reaction time and detection accuracy decrease with increasing
eccentricity and set size in visual search tasks [53,54] and object recognition [55]. 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 [56]. 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 resources,
which are retinotopically mapped across the visual field and decline with eccentricity.
Consistent with this prediction, visual short-term memory capacity for letters declines
with eccentricity [52], and variability in memory-guided saccades increases as a function of
target eccentricity [46]. Notably, this effect was preserved when M-scaled stimuli were used,
consistent with the idea that fewer resources were available to maintain the representation
of more eccentric objects [52].

The current study examined the eccentricity effect in 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,
an increase in localisation error with increasing eccentricity should be observed. Given
RFs are less densely populated and larger at higher eccentricities, these errors should be
characterised by increased imprecision.

2. Materials and Methods
2.1. Participants

A priori power analysis using G*Power v3.1.9.2 indicated that a sample of at least
three participants would be needed to observe a significant main effect of eccentricity on
imprecision (x = 0.05, power = 95%, effect size 17;27 =0.71 based on a pilot experiment—see
Supplementary Materials S1). Six volunteers (Mage = 28 years, SDage = 4.24, 5 females,
1 male, 5 right-handed) were recruited from Durham University. All participants reported
having normal or corrected-to-normal vision. Participants gave written consent and re-
ceived compensation at a rate of £12 per session for participation. Data collection began
on 20 October 2021 and ended on 7 February 2022. This experiment received ethical ap-
proval from the Durham University Psychology Department Research Ethics Committee
(reference: PSYCH-2019-10-28T15:23:58-1ckd86).
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2.2. 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, 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 participants were
shown the original location as well as their own response, and 360 experimental trials, with
no feedback presented, randomised across 15 blocks.

2.3. Stimuli and Apparatus

The task was programmed using MATLAB R2019a, using the Psychophysics Tool-
box [57]. The stimuli consisted of arrays comprising between one and eight coloured dots
(diameter of each dot = 1° VA) and a fixation cross (height of fixation cross = 0.76° VA) po-
sitioned 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. Stimuli
were presented on a 20-inch CRT screen with a refresh rate of 85 Hz. Participants sat 60 cm
from the computer screen, with the centre of the screen at eye level. Fixation was monitored
using a tower-mounted EyeLink 1000 eye tracker (SR Research, Ottowa, ON, Canada).

2.4. Procedure

Participants were instructed to maintain fixation throughout the trial. Trials began
with presentation of a fixation cross at the centre of the screen for one second, followed by
a blank screen for 0.5 s. 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 a 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 0.1 s. A blank screen was then shown for 0.9 s. 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 1.5 s 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 1.
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Figure 1. An example trial. Participants were shown an array of between one and eight coloured dots.
After a short delay, they were asked to click on the screen where one of those dots first appeared.

3. Results
3.1. Analysis

Trials in which a saccade had an amplitude greater than 2.5° visual angle during
encoding and delay were excluded from analysis (959/8640 trials; 11% of trials). When
split by eccentricity, the exclusion rates were 10.6% at 5°, 11.2% at 7.5° and 11.5% at 10°.
Inferential analysis was carried out in R 4.1.2 [58], using the rstatix 0.7.0 package [59]. Mean
localisation error, imprecision, probability of reporting a target (PTarget) and guessing
were each analysed with a 3 (eccentricity) x 8 (set size) repeated measures ANOVA. The
assumption of sphericity was violated for guessing, so a Greenhouse—Geisser correction
was applied to the main effect of eccentricity for this analysis. Mean misbinding was
analysed with a 3 (eccentricity) X 7 (set size) repeated measures ANOVA (there are only
seven levels because misbinding errors are impossible at set size 1, so this set size is omitted
from the analysis).
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3.1.1. Localisation Error

There were significant main effects of set size (F(7,35 = 22.4, p < 0.001, 17%, = 0.818)
and eccentricity (Fp, 19) = 31.64, p < 0.001, 17% = 0.864), and a significant interaction be-
tween set size and eccentricity (F(14,70) = 4.97, p < 0.001, 17% = 0.498). These effects are
shown in Figure 2. Examination of the differences between eccentricity conditions at
each set size revealed that the difference between 5° VA and 7.5° VA was significant
at set sizes 6 (Mspya = 77.67, SDspya = 29.31; My spya = 127.69, SDy spya = 62.4) and
8 (Mspva = 134.53, SDspya = 38.92; Myspya = 175.58, SD75pya = 69.33); p < 0.02. The
difference between 7.5° VA and 10° VA was significant at set sizes 5 (Myspya = 91.08,
SD75pva = 40.49; Miopva = 139.57, SD1gpya = 68.94), 6 (M1gpva = 166.43, SD1gpya = 81.94),
7 (M7.5DVA = 139.47, SD7.5DVA = 63.97; MlODVA = 213.3, SDlODVA = 71.05), and
8 (Miopva = 251.59, SD1gpya = 92.62); p < 0.001. No other differences were significant;

p > 0.07.
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Figure 2. Mean localisation error at each eccentricity and set size. Filled circles (red shading) show 5°,
filled triangles (green shading) show 7.5° and filled squares show 10° (blue shading). The shaded
regions represent SEM.

3.1.2. Mixture Modelling

Mixture modelling [4] was carried out using MemToolbox2D [60]. The model returns
four parameters: pTarget, which is the proportion of trials in which the responses are based
on the target item; imprecision, which is variability in the response, operationalised as
the standard deviation of the von Mises distribution centred on the veridical value (0);
the probability of guessing, which is drawn from a uniform distribution (pGuessing); and
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Imprecision

the probability of responding with a non-target (pMisbinding), 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.

3.1.3. Imprecision

There was a main effect of eccentricity (F,109) = 52.05, p < 0.001, 17;2, = 0.689) but no
main effect of set size (F(7,35) = 1.66, p = 0.155, 17%, = 0.004), and no interaction between
eccentricity and set size (F(14,709) = 1.63, p = 0.101, 17;27 =0.019). These effects are illustrated in
Figure 3A. Post hoc comparisons between adjacent eccentricity conditions revealed that the
differences between 5° VA (M = 29.04, SD =5.13) and 7.5° VA (M = 39.94, SD = 7.53) and
between 7.5° VA and 10° VA (M = 53.29, SD = 9.87) were significant; p < 0.001.
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Figure 3. Mean imprecision (A), mean probability of reporting a non-target (misbinding) (B), and
mean probability of guessing (C) at each eccentricity and set size. The shaded regions represent SEM.

To evaluate whether the observed eccentricity effect was consistent with the cortical
maps hypothesis, predicted changes in imprecision were derived from the cortical mag-
nification function proposed by Horton and Hoyt [61], M(E) = 17.3/(E + 0.75), where M
represents millimetres of cortex per degree of visual angle and E represents eccentricity
in degrees.

The observed increase in o closely tracked the predicted decline in cortical representa-
tion across eccentricities. Relative to the 5° condition, imprecision (o) increased by 40.1% at
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7.5° and 87.4% at 10°, whereas the cortical magnification model predicted increases of 43%
and 86%, respectively. Thus, the magnitude of the observed eccentricity effect very closely
matched that expected from eccentricity-dependent changes in cortical magnification.

3.1.4. pTarget

There was a significant main effect of set size (F7, 35 = 18.33, p < 0.001, 17;2, = 0.786).
Neither the main effect of eccentricity (F, 19) = 2.85, p = 0.105, 7772] = 0.363) nor the interaction
between eccentricity and set size was significant (F(14,709) = 0.75, p = 0.717, 17?, = 0.131).
Bonferroni-corrected pairwise comparisons revealed that participants were significantly
more likely to report the target at set size 3 (M = 0.97, SD = 0.04) compared to set size 4
(M =091, SD =0.12), at set size 4 compared to set size 5 (M = 0.83, SD = 0.14), at set size
5 compared to set size 6 (M = 0.74, SD = 0.19), at set size 6 compared to set size 7 (M = 0.66,
SD =0.21), and at set size 7 compared to set size 8 (M = 0.54, SD = 0.22); p < 0.021. No other
comparisons were statistically significant.

3.1.5. Misbinding

There were significant main effects of set size (F(s 30) = 13.89, p < 0.001, ;7% =0.74) and
eccentricity (F, 109) = 5.08, p = 0.030, 17?, = 0.504) and a set size * eccentricity interaction
(Faz,60) = 1.94, p = 0.047, 17%7 =0.279), illustrated in Figure 3B. Examination of the differences
between eccentricity conditions at each set size revealed that the difference between 5° VA
and 7.5° VA was significant at set sizes 7 (Mspya = 0.23, SDspya = 0.21; My s5pya = 0.10,
5D7.5DVA = 008) and 8 (MSDVA = 0.30, SDSDVA = 0.17,‘ M7.5DVA = 0.08, 5D7.5DVA = 0.06),‘
p < 0.006. No other differences were statistically significant; p > 0.121.

3.1.6. Guessing

There was a significant main effect of set size (F(7,35) = 7.33, p < 0.001, 17;2, =0.284) and
eccentricity Greenhouse-Geisser correction (Fy 5,763) = 5.25, p = 0.014, 17% = 0.055). The
interaction between set size and eccentricity was also significant (F(14, 70) = 3.43, p < 0.001,
1772, =0.078) (see Figure 3C). Analysis of simple main effects indicated guessing significantly
increased with eccentricity at set size 8 (F(2) = 7.41, p = 0.011) and set size 7 (F(p) = 4.11,
p = 0.05). The effects were non-significant at smaller set sizes (p > 0.08).

4. Discussion

The current study investigated the cortical maps hypothesis by examining the eccen-
tricity effect in spatial working memory using a continuous report task. Consistent with
this hypothesis, we observed an eccentricity effect, such that increasing eccentricity pro-
duced a systematic increase in localisation error which became greater as set size increased.
Mixture modelling suggests that at set sizes 14, the eccentricity effect in localisation error
was primarily driven by increased imprecision, but as set size increased beyond 5 items,
guessing made an increasingly large contribution to localisation error. This pattern suggests
that as more items compete for a limited representational resource at the same time as the
available resources are reduced, the representational strength of individual items is reduced
to the point where they become indistinguishable from noise and therefore irretrievable.
However, given the relatively small sample, some caution should be exercised when eval-
uating the magnitude of the effect of the interaction between set size and guessing, and
further experiments with a larger sample are needed to definitively establish the strength
of this effect.

There was no evidence for a monotonic increase in imprecision as set size increased.
Rather, there appears to be a small increase in imprecision as set size increased from
one to two, a peak at set size 67, then a significant decrease in imprecision at set size
8. The majority of the monotonic increase in localisation error with set size therefore
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appears to be driven by increased guessing as set size increased beyond 5 items, rather
than increased imprecision. This result is somewhat different to that of Schneegans and
Bays [62], who reported a monotonic increase in imprecision with set size, but very similar
to our previous observations [63]. The precise reason for this discrepancy is not clear. One
possibility is that the study was underpowered to detect an effect of set size; however, it
may also be due to the different response modes used. Specifically, we [63] used a mouse
localisation task whereas [62] used a ballistic manual pointing action. The accuracy of
mouse pointing responses are less affected by set size than manual pointing responses [64],
which may partly explain the different response patterns. It is also noteworthy that the
current experiments and [63] tested the full range of set sizes from 1 to 8, whereas [62]
tested a narrower range of set sizes (1, 2, 3, 4 and 8). Given that the pattern of resource
allocation in WM is known to be sensitive to task structure [65], it is possible that the
differences reflect task-specific strategies adopted by participants. For example, at high set
sizes, participants may have consciously decided to prioritise a smaller number of items
to ensure accurate responding on this subset of items rather than attempting to store all
items at a low level of precision. This strategy would produce relatively stable levels of
imprecision but at the cost of increased guessing as set size increased, as we observed.

Misbinding was greatest for the stimuli closest to fixation. It seems likely 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.

There are some limitations to our study. Firstly, although adequately powered to
detect main effects of eccentricity, the study may have been underpowered to detect
weaker but still meaningful interactions. The small sample of young participants drawn
from a university population also means some caution is required in generalising to other
populations, such as older people. Furthermore, as noted earlier, the stimuli were not scaled
to compensate for changes in cortical magnification across eccentricities. Consequently,
it is not possible to determine whether the observed increase in imprecision originated
during perceptual encoding, memory maintenance, or both. However, the magnitude of
the eccentricity effect closely matched those predicted by a cortical magnification function.
This correspondence suggests that the decline in spatial working memory fidelity reflects
constraints imposed by the organisation of retinotopic cortical maps, although future
studies employing cortical scaling will be required to establish this more definitively.

Overall, these data are consistent with the cortical maps hypothesis of SWM [5]
and the more specific claim that spatial working memory is represented in the same
retinotopically organised cortical representations used to guide visually directed actions
such as eye movements [12,14,28,38,42-44,66]. Localisation error increased systematically
with eccentricity, and mixture-modelling analyses indicated that this effect reflected both
increases in mnemonic imprecision and increases in guessing. Notably, the magnitude of
the effect of eccentricity on imprecision closely corresponded to that predicted by reductions
in cortical magnification. Together, these findings are consistent with the view that the
fidelity of spatial working memory representations is constrained by the properties of
the underlying cortical maps. 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. This eccentricity effect aligns with the
broader theoretical position that the principal functional role of VSWM is the control of
action [67-69].
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The observation of an eccentricity effect in spatial working memory is also broadly
consistent with sensory recruitment hypotheses, which argue that cortical areas involved
in perception are also involved in maintenance of VSWM representations [70,71]. This
interpretation draws on evidence for shared neurophysiological mechanisms underlying
perception and memory [72-74] and behavioural evidence that crowding occurs in both
VSWM and perception [75]. Although the present findings do not directly demonstrate
shared neural substrates, the dependence of memory performance on eccentricity is con-
sistent with the idea that visual-spatial working memory inherits constraints from the
organisation of perceptual cortical maps.

5. Conclusions

We found an eccentricity effect in spatial working memory such that localisation error
increased with eccentricity. This effect became larger as set size increased. Analysis of the
sources of error with mixture modelling showed that imprecision and guessing increased
with increases in eccentricity. When set size exceeded five items, guessing, rather than im-
precision, became the main driver of localisation error. 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 cor-
tical representations for action goals and memorised spatial locations, neuropsychological
evidence that lesions to brain areas involved in visually guided actions also disrupt spatial
working memory and behavioural evidence that dual tasks that involve visually guided
actions disrupt spatial working memory. There was no monotonic increase in imprecision
with set size, which may be due to participants’” adoption of conscious mnemonic strategies
that prioritise the encoding of fewer items at a higher level of precision. Together, these
findings support the idea that spatial working memory representations compete for limited
representational resources in the spatial maps used to control action, as hypothesised by
the cortical maps hypothesis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/vision10030044 /s1, Figure S1: Mean localisation error (in degrees
VA) as a function of set size for each eccentricity. S1: Pilot Data.

Author Contributions: Conceptualisation, D.T.S., A.M. and S.M.M.; methodology, S.M.M.; software,
S.M.M.; writing—original draft preparation, S.M.M.; writing—review and editing, S.M.M., D.T.S. and
AM,; supervision, D.T.S. and A.M.; funding, S M.M. and D.T.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the Economic and Social Research Council NINE DTP
studentship awarded to SMM (grant number: ES/P000762/1).

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Dept of Psychology Research Ethics Committee at Durham
University (PSYCH-2019-10-28T15:23:58-1ckd86; 28 /20/2019, 28 October 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are openly available in OSF at
https:/ /osf.io/y864x/ (accessed on 15 July 2026).

Conflicts of Interest: The authors declare no conflicts of interest.

https:/ /doi.org/10.3390/vision10030044


https://www.mdpi.com/article/10.3390/vision10030044/s1
https://www.mdpi.com/article/10.3390/vision10030044/s1
https://osf.io/y864x/
https://doi.org/10.3390/vision10030044

Vision 2026, 10, 44 11 of 13

References

1. Baddeley, A.D.; Hitch, G. Working Memory. In Psychology of Learning and Motivation;, Bower, G.H., Ed.; Academic Press:
Cambridge, MA, USA, 1974; pp. 47-89.

2. Bays, PM.; Husain, M. Dynamic shifts of limited working memory resources in human vision. Science 2008, 321, 851-854.
[CrossRef] [PubMed]

3. Ma, WJ.; Husain, M.; Bays, PM. Changing concepts of working memory. Nat. Neurosci. 2014, 17, 347-356. [CrossRef] [PubMed]

4. Bays, PM.; Catalao, R.E.G.; Husain, M. The precision of visual working memory is set by allocation of a shared resource. J. Vis.
2009, 9, 7. [CrossRef]

5. Franconeri, S.L.; Alvarez, G.A.; Cavanagh, P. Flexible cognitive resources: Competitive content maps for attention and memory.
Trends Cogn. Sci. 2013, 17, 134-141. [CrossRef] [PubMed]

6.  Courtney, S.M.; Petit, L.; Maisog, ].M.; Ungerleider, L.G.; Haxby, J.V. An Area Specialized for Spatial Working Memory in Human
Frontal Cortex. Science 1998, 279, 1347-1351. [CrossRef] [PubMed]

7. Della Sala, S.; Gray, C.; Baddeley, A.; Allamano, N.; Wilson, L. Pattern span: A tool for unwelding visuo-spatial memory.
Neuropsychologia 1999, 37, 1189-1199. [CrossRef] [PubMed]

8.  Pisella, L.; Berberovic, N.; Mattingley, ].B. Impaired working memory for location but not for colour or shape in visual neglect: A
comparison of parietal and non-parietal lesions. Cortex 2004, 40, 379-390. [CrossRef] [PubMed]

9. Darling, S,; Della Sala, S.; Logie, R.H. Short Article: Dissociation between Appearance and Location within Visuo-Spatial Working
Memory. Q. J. Exp. Psychol. 2009, 62, 417-425. [CrossRef]

10. Darling, S.; Della Sala, S.; Logie, R.H. Behavioural evidence for separating components within visuo-spatial working memory.
Cogn. Process. 2007, 8, 175-181. [CrossRef] [PubMed]

11. Klauer, K.C.; Zhao, Z. Double dissociations in visual and spatial short-term memory. J. Exp. Psychol. Gen. 2004, 133, 355-381.
[CrossRef] [PubMed]

12. Postle, B.R,; Idzikowski, C.; Della Sala, S.; Logie, R.H.; Baddeley, A.D. The selective disruption of spatial working memory by eye
movements. Q. J. Exp. Psychol. 2006, 59, 100-120. [CrossRef]

13.  McAteer, S.M.; McGregor, A.; Smith, D.T. Oculomotor rehearsal in visuospatial working memory. Atten. Percept. Psychophys. 2023,
85,261-275. [PubMed]

14. Ball, K,; Pearson, D.G.; Smith, D.T. Oculomotor involvement in spatial working memory is task-specific. Cognition 2013, 129,
439-446. [CrossRef] [PubMed]

15.  Alekseichuk, I; Pabel, S.; Antal, A.; Paulus, W. P206 Cross-hemispheric frontoparietal desynchronization impairs the visual-spatial
working memory in humans. Clin. Neurophysiol. 2017, 128, e114. [CrossRef]

16. Ren, Z.; Zhang, Y.; He, H.; Feng, Q.; Bi, T.; Qiu, J. The Different Brain Mechanisms of Object and Spatial Working Memory:
Voxel-Based Morphometry and Resting-State Functional Connectivity. Front. Hum. Neurosci. 2019, 13, 248. [CrossRef] [PubMed]

17.  Goldman-Rakic, P.S. Cellular basis of working memory. Neuron 1995, 14, 477-485. [CrossRef] [PubMed]

18. Sala, ].B.; Rém4, P.; Courtney, S.M. Functional topography of a distributed neural system for spatial and nonspatial information
maintenance in working memory. Neuropsychologia 2003, 41, 341-356. [CrossRef] [PubMed]

19. Pratte, M.S.; Tong, F. Spatial specificity of working memory representations in the early visual cortex. ]. Vis. 2014, 14, 22.
[CrossRef] [PubMed]

20. Mackey, W.E.; Winawer, J.; Curtis, C.E. Visual field map clusters in human frontoparietal cortex. eLife 2017, 6, e22974. [CrossRef]
[PubMed]

21. Bisley, ].W.; Mirpour, K. The neural instantiation of a priority map. Curr. Opin. Psychol. 2019, 29, 108-112. [CrossRef] [PubMed]

22.  Armstrong, K.M.; Moore, T. Rapid enhancement of visual cortical response discriminability by microstimulation of the frontal
eye field. Proc. Natl. Acad. Sci. USA 2007, 104, 9499-9504. [CrossRef] [PubMed]

23. Armstrong, K.M.; Fitzgerald, ].K.; Moore, T. Changes in Visual Receptive Fields with Microstimulation of Frontal Cortex. Neuron
2006, 50, 791-798. [CrossRef] [PubMed]

24. Moore, T.; Armstrong, K.M. Selective gating of visual signals by microstimulation of frontal cortex. Nature 2003, 421, 370-373.
[CrossRef] [PubMed]

25. Tolias, A.S.; Moore, T.; Smirnakis, S.M.; Tehovnik, E.J.; Siapas, A.G.; Schiller, PH. Eye movements modulate visual receptive fields
of V4 neurons. Neuron 2001, 29, 757-767. [CrossRef] [PubMed]

26. Curtis, C.E.; Rao, V.Y.; D’Esposito, M. Maintenance of Spatial and Motor Codes during Oculomotor Delayed Response Tasks. J.
Neurosci. 2004, 24, 3944-3952. [CrossRef] [PubMed]

27. Sommer, M.A.; Wurtz, R.H. Frontal eye field sends delay activity related to movement, memory, and vision to the superior
colliculus. J. Neurophysiol. 2001, 85, 1673-1685. [CrossRef] [PubMed]

28. Ikkai, A.; Curtis, C.E. Common neural mechanisms supporting spatial working memory, attention and motor intention. Neuropsy-

chologia 2011, 49, 1428-1434. [CrossRef] [PubMed]

https://doi.org/10.3390/vision10030044


https://doi.org/10.1126/science.1158023
https://www.ncbi.nlm.nih.gov/pubmed/18687968
https://doi.org/10.1038/nn.3655
https://www.ncbi.nlm.nih.gov/pubmed/24569831
https://doi.org/10.1167/9.10.7
https://doi.org/10.1016/j.tics.2013.01.010
https://www.ncbi.nlm.nih.gov/pubmed/23428935
https://doi.org/10.1126/science.279.5355.1347
https://www.ncbi.nlm.nih.gov/pubmed/9478894
https://doi.org/10.1016/s0028-3932(98)00159-6
https://www.ncbi.nlm.nih.gov/pubmed/10509840
https://doi.org/10.1016/s0010-9452(08)70132-1
https://www.ncbi.nlm.nih.gov/pubmed/15156795
https://doi.org/10.1080/17470210802321984
https://doi.org/10.1007/s10339-007-0171-1
https://www.ncbi.nlm.nih.gov/pubmed/17415599
https://doi.org/10.1037/0096-3445.133.3.355
https://www.ncbi.nlm.nih.gov/pubmed/15355144
https://doi.org/10.1080/17470210500151410
https://www.ncbi.nlm.nih.gov/pubmed/36414815
https://doi.org/10.1016/j.cognition.2013.08.006
https://www.ncbi.nlm.nih.gov/pubmed/24001480
https://doi.org/10.1016/j.clinph.2016.10.323
https://doi.org/10.3389/fnhum.2019.00248
https://www.ncbi.nlm.nih.gov/pubmed/31551736
https://doi.org/10.1016/0896-6273(95)90304-6
https://www.ncbi.nlm.nih.gov/pubmed/7695894
https://doi.org/10.1016/s0028-3932(02)00166-5
https://www.ncbi.nlm.nih.gov/pubmed/12457759
https://doi.org/10.1167/14.3.22
https://www.ncbi.nlm.nih.gov/pubmed/24648192
https://doi.org/10.7554/elife.22974
https://www.ncbi.nlm.nih.gov/pubmed/28628004
https://doi.org/10.1016/j.copsyc.2019.01.002
https://www.ncbi.nlm.nih.gov/pubmed/30731260
https://doi.org/10.1073/pnas.0701104104
https://www.ncbi.nlm.nih.gov/pubmed/17517599
https://doi.org/10.1016/j.neuron.2006.05.010
https://www.ncbi.nlm.nih.gov/pubmed/16731516
https://doi.org/10.1038/nature01341
https://www.ncbi.nlm.nih.gov/pubmed/12540901
https://doi.org/10.1016/s0896-6273(01)00250-1
https://www.ncbi.nlm.nih.gov/pubmed/11301034
https://doi.org/10.1523/jneurosci.5640-03.2004
https://www.ncbi.nlm.nih.gov/pubmed/15102910
https://doi.org/10.1152/jn.2001.85.4.1673
https://www.ncbi.nlm.nih.gov/pubmed/11287490
https://doi.org/10.1016/j.neuropsychologia.2010.12.020
https://www.ncbi.nlm.nih.gov/pubmed/21182852
https://doi.org/10.3390/vision10030044

Vision 2026, 10, 44 12 of 13

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

Campana, G.; Cowey, A.; Casco, C.; Oudsen, I.; Walsh, V. Left frontal eye field remembers “where” but not “what”. Neuropsycholo-
gin 2007, 45, 2340-2345. [CrossRef] [PubMed]

Lane, A.R.; Smith, D.T.; Schenk, T.; Ellison, A. The involvement of posterior parietal cortex and frontal eye fields in spatially
primed visual search. Brain Stimul. 2012, 5, 11-17. [CrossRef] [PubMed]

Smith, D.T.; Jackson, S.R.; Rorden, C. Transcranial magnetic stimulation of the left human frontal eye fields eliminates the cost of
invalid endogenous cues. Neuropsychologia 2005, 43, 1288-1296. [CrossRef] [PubMed]

Grosbras, M.-H.; Paus, T. Transcranial Magnetic Stimulation of the Human Frontal Eye Field: Effects on Visual Perception and
Attention. J. Cogn. Neurosci. 2002, 14, 1109-1120. [CrossRef] [PubMed]

Christophel, T.B.; Hebart, M.N.; Haynes, ].-D. Decoding the Contents of Visual Short-Term Memory from Human Visual and
Parietal Cortex. J. Neurosci. 2012, 32, 12983-12989. [CrossRef] [PubMed]

Paré, M.; Wurtz, RH. Monkey Posterior Parietal Cortex Neurons Antidromically Activated From Superior Colliculus. ].
Neurophysiol. 1997, 78, 3493-3497. [CrossRef] [PubMed]

Todd, J.J.; Marois, R. Posterior parietal cortex activity predicts individual differences in visual short-term memory capacity. Cogn.
Affect. Behav. Neurosci. 2005, 5, 144-155. [CrossRef] [PubMed]

Zelinsky, G.J.; Bisley, ].W. The what, where, and why of priority maps and their interactions with visual working memory. Ann.
N. Y. Acad. Sci. 2015, 1339, 154-164. [CrossRef] [PubMed]

Lawrence, B.M.; Myerson, ].; Abrams, R.A. Interference with spatial working memory: An eye movement is more than a shift of
attention. Psychon. Bull. Rev. 2004, 11, 488-494. [CrossRef] [PubMed]

Pearson, D.G.; Sahraie, A. Oculomotor control and the maintenance of spatially and temporally distributed events in visuo-spatial
working memory. Q. J. Exp. Psychol. Sect. A Hum. Exp. Psychol. 2003, 56, 1089-1111. [CrossRef]

Smyth, M.M.; Scholey, K.A. Characteristics of Spatial Memory Span—Is There an Analogy to the Word-Length Effect, Based on
Movement Time. Q. J. Exp. Psychol. Sect. A Hum. Exp. Psychol. 1994, 47, 91-117. [CrossRef]

Hale, S.; Myerson, J.; Rhee, S.H.; Weiss, C.S.; Richard, A. Abrams Selective interference with the maintenance of location
information in working memory. Neuropsychology 1996, 10, 228-240. [CrossRef]

Peterson, M.S.; Kelly, S.P; Blumberg, E.J. Saccadic eye movements smear spatial working memory. J. Exp. Psychol. Hum. Percept.
Perform. 2019, 45, 255-263. [CrossRef] [PubMed]

Belopolsky, A.V.; Theeuwes, J. Inhibition of saccadic eye movements to locations in spatial working memory. Atten. Percept.
Psychophys. 2009, 71, 620-631. [CrossRef] [PubMed]

Theeuwes, J.; Olivers, C.N.L.; Chizk, C.L. Remembering a location makes the eyes curve away. Psychol. Sci. 2005, 16, 196-199.
[CrossRef] [PubMed]

Pearson, D.G.; Ball, K,; Smith, D.T. Oculomotor preparation as a rehearsal mechanism in spatial working memory. Cognition 2014,
132, 416-428. [CrossRef] [PubMed]

Lane, A.R;; Ball, K.; Smith, D.T.; Schenk, T.; Ellison, A. Near and far space: Understanding the neural mechanisms of spatial
attention. Hum. Brain Mapp. 2013, 34, 356-366. [PubMed]

Jiang, L.; Leung, H.-C. Errors in visuospatial working memory across space and time. Sci. Rep. 2021, 11, 14449. [CrossRef]
[PubMed]

Olivers, C.N.L. Selective attention and eccentricity: A comprehensive review. Neurosci. Biobehav. Rev. 2025, 178, 106368. [CrossRef]
[PubMed]

Montaser-Kouhsari, L.; Carrasco, M. Perceptual asymmetries are preserved in short-term memory tasks. Atten. Percept. Psychophys.
2009, 71, 1782-1792. [CrossRef] [PubMed]

Carrasco, M.; Talgar, C.P.; Cameron, E.L. Characterizing visual performance fields: Effects of transient covert attention, spatial
frequency, eccentricity, task and set size. Spat. Vis. 2001, 15, 61-75. [CrossRef] [PubMed]

Irving, E.L.; Lillakas, L. Difference between vertical and horizontal saccades across the human lifespan. Exp. Eye Res. 2019, 183,
38-45. [CrossRef] [PubMed]

Smith, D.T. A horizontal-vertical anisotropy in spatial short-term memory. Vis. Cogn. 2022, 30, 245-253. [CrossRef]

Staugaard, C.F; Petersen, A.; Vangkilde, S. Eccentricity effects in vision and attention. Neuropsychologia 2016, 92, 69-78. [CrossRef]
[PubMed]

Carrasco, M.; Evert, D.L.; Chang, I.; Katz, S.M. The Eccentricity Effect—Target Eccentricity Affects Performance on Conjunction
Searches. Percept. Psychophys. 1995, 57, 1241-1261. [CrossRef] [PubMed]

Wolfe, ].M.; O’'Neill, P; Bennett, S.C. Why are there eccentricity effects in visual search? Visual and attentional hypotheses. Percept.
Psychophys. 1998, 60, 140-156. [CrossRef] [PubMed]

Juittner, M.; Rentschler, I. Scale-invariant superiority of foveal vision in perceptual categorization. Eur. |. Neurosci. 2000, 12,
353-359. [CrossRef] [PubMed]

Virsu, V.; Rovamo, ]. Visual resolution, contrast sensitivity, and the cortical magnification factor. Exp. Brain Res. 1979, 37, 475-494.
[CrossRef] [PubMed]

https://doi.org/10.3390/vision10030044


https://doi.org/10.1016/j.neuropsychologia.2007.02.009
https://www.ncbi.nlm.nih.gov/pubmed/17449069
https://doi.org/10.1016/j.brs.2011.01.005
https://www.ncbi.nlm.nih.gov/pubmed/22037138
https://doi.org/10.1016/j.neuropsychologia.2004.12.003
https://www.ncbi.nlm.nih.gov/pubmed/15949513
https://doi.org/10.1162/089892902320474553
https://www.ncbi.nlm.nih.gov/pubmed/12419133
https://doi.org/10.1523/jneurosci.0184-12.2012
https://www.ncbi.nlm.nih.gov/pubmed/22993415
https://doi.org/10.1152/jn.1997.78.6.3493
https://www.ncbi.nlm.nih.gov/pubmed/9405568
https://doi.org/10.3758/cabn.5.2.144
https://www.ncbi.nlm.nih.gov/pubmed/16180621
https://doi.org/10.1111/nyas.12606
https://www.ncbi.nlm.nih.gov/pubmed/25581477
https://doi.org/10.3758/bf03196600
https://www.ncbi.nlm.nih.gov/pubmed/15376800
https://doi.org/10.1080/02724980343000044
https://doi.org/10.1080/14640749408401145
https://doi.org/10.1037/0894-4105.10.2.228
https://doi.org/10.1037/xhp0000596
https://www.ncbi.nlm.nih.gov/pubmed/30589355
https://doi.org/10.3758/app.71.3.620
https://www.ncbi.nlm.nih.gov/pubmed/19304651
https://doi.org/10.1111/j.0956-7976.2005.00803.x
https://www.ncbi.nlm.nih.gov/pubmed/15733199
https://doi.org/10.1016/j.cognition.2014.05.006
https://www.ncbi.nlm.nih.gov/pubmed/24908341
https://www.ncbi.nlm.nih.gov/pubmed/22042759
https://doi.org/10.1038/s41598-021-93858-6
https://www.ncbi.nlm.nih.gov/pubmed/34262103
https://doi.org/10.1016/j.neubiorev.2025.106368
https://www.ncbi.nlm.nih.gov/pubmed/40930336
https://doi.org/10.3758/app.71.8.1782
https://www.ncbi.nlm.nih.gov/pubmed/19933562
https://doi.org/10.1163/15685680152692015
https://www.ncbi.nlm.nih.gov/pubmed/11893125
https://doi.org/10.1016/j.exer.2018.08.020
https://www.ncbi.nlm.nih.gov/pubmed/30171857
https://doi.org/10.1080/13506285.2022.2042446
https://doi.org/10.1016/j.neuropsychologia.2016.06.020
https://www.ncbi.nlm.nih.gov/pubmed/27342258
https://doi.org/10.3758/bf03208380
https://www.ncbi.nlm.nih.gov/pubmed/8539099
https://doi.org/10.3758/bf03211924
https://www.ncbi.nlm.nih.gov/pubmed/9503918
https://doi.org/10.1046/j.1460-9568.2000.00907.x
https://www.ncbi.nlm.nih.gov/pubmed/10651890
https://doi.org/10.1007/bf00236818
https://www.ncbi.nlm.nih.gov/pubmed/520438
https://doi.org/10.3390/vision10030044

Vision 2026, 10, 44 13 of 13

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

Kleiner, M.; Brainard, D.H.; Pelli, D.; Ingling, A.; Murray, R.; Broussard, C. What’s new in Psychtoolbox-3. Perception 2007, 36,
1-16.

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2019.

Kassambara, A. rstatix: Pipe-Friendly Framework for Basic Statistical Tests (Version 0.7.0) [R Package]. 2021. Available online:
https:/ /CRAN.R-project.org/package=rstatix (accessed on 15 July 2026).

Grogan, J.P; Fallon, S.J.; Zokaei, N.; Husain, M.; Coulthard, E.J.; Manohar, S.G. A new toolbox to distinguish the sources of spatial
memory error. J. Vis. 2020, 20, 6. [CrossRef] [PubMed]

Horton, J.C.; Hoyt, W.E. The representation of the visual field in human striate cortex: A revision of the classic Holmes map. Arch.
Ophthalmol. 1991, 109, 816-824. [CrossRef] [PubMed]

Schneegans, S.; Bays, M. No fixed item limit in visuospatial working memory. Cortex 2016, 83, 181-193. [CrossRef] [PubMed]
McAteer, S.M.; McGregor, A.; Smith, D.T. Precision in spatial working memory examined with mouse pointing. Vis. Res. 2024,
215,108343. [CrossRef] [PubMed]

Cockburn, A.; Ahlstrom, D.; Gutwin, C. Understanding performance in touch selections: Tap, drag and radial pointing drag with
finger, stylus and mouse. Int. J. Hum.-Comput. Stud. 2012, 70, 218-233. [CrossRef]

McAteer, S.M.; Ablott, E.; McGregor, A.; Smith, D.T. Dynamic resource allocation in spatial working memory during full and
partial report tasks. J. Vis. 2023, 23, 10. [CrossRef] [PubMed]

Smith, D.T.; Archibald, N. Spatial working memory in Progressive Supranuclear Palsy. Cortex 2020, 122, 115-122. [CrossRef]
[PubMed]

Heuer, A.; Ohl, S.; Rolfs, M. Memory for action: A functional view of selection in visual working memory. Vis. Cogn. 2020, 28,
388-400. [CrossRef]

Olivers, C.N.L.; Roelfsema, P.R. Attention for action in visual working memory. Cortex 2020, 131, 179-194. [CrossRef] [PubMed]
Van der Stigchel, S.; Hollingworth, A. Visuospatial Working Memory as a Fundamental Component of the Eye Movement System.
Curr. Dir. Psychol. Sci. 2018, 27, 136-143. [CrossRef] [PubMed]

Serences, J.T. Neural mechanisms of information storage in visual short-term memory. Vis. Res. 2016, 128, 53—67. [CrossRef]
[PubMed]

Serences, ].T.; Ester, E.F,; Vogel, E.K.; Awh, E. Stimulus-Specific Delay Activity in Human Primary Visual Cortex. Psychol. Sci.
2009, 20, 207-214. [CrossRef] [PubMed]

Emrich, S.M.; Riggall, A.C.; LaRocque, J.J.; Postle, B.R. Distributed Patterns of Activity in Sensory Cortex Reflect the Precision of
Multiple Items Maintained in Visual Short-Term Memory. J. Neurosci. 2013, 33, 6516-6523. [CrossRef] [PubMed]

Ester, E.E; Serences, ].T.; Awh, E. Spatially Global Representations in Human Primary Visual Cortex during Working Memory
Maintenance. . Neurosci. 2009, 29, 15258-15265. [CrossRef] [PubMed]

Harrison, S.A.; Tong, F. Decoding reveals the contents of visual working memory in early visual areas. Nature 2009, 458, 632—635.
[CrossRef] [PubMed]

Yortiik, H.; Santacroce, L.A.; Tamber-Rosenau, B.J. Reevaluating the sensory recruitment model by manipulating crowding in
visual working memory representations. Psychon. Bull. Rev. 2020, 27, 1383-1396. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/vision10030044


https://CRAN.R-project.org/package=rstatix
https://doi.org/10.1167/jov.20.13.6
https://www.ncbi.nlm.nih.gov/pubmed/33289797
https://doi.org/10.1001/archopht.1991.01080060080030
https://www.ncbi.nlm.nih.gov/pubmed/2043069
https://doi.org/10.1016/j.cortex.2016.07.021
https://www.ncbi.nlm.nih.gov/pubmed/27565636
https://doi.org/10.1016/j.visres.2023.108343
https://www.ncbi.nlm.nih.gov/pubmed/38160653
https://doi.org/10.1016/j.ijhcs.2011.11.002
https://doi.org/10.1167/jov.23.2.10
https://www.ncbi.nlm.nih.gov/pubmed/36802333
https://doi.org/10.1016/j.cortex.2018.07.004
https://www.ncbi.nlm.nih.gov/pubmed/30103907
https://doi.org/10.1080/13506285.2020.1764156
https://doi.org/10.1016/j.cortex.2020.07.011
https://www.ncbi.nlm.nih.gov/pubmed/32892152
https://doi.org/10.1177/0963721417741710
https://www.ncbi.nlm.nih.gov/pubmed/29805202
https://doi.org/10.1016/j.visres.2016.09.010
https://www.ncbi.nlm.nih.gov/pubmed/27668990
https://doi.org/10.1111/j.1467-9280.2009.02276.x
https://www.ncbi.nlm.nih.gov/pubmed/19170936
https://doi.org/10.1523/jneurosci.5732-12.2013
https://www.ncbi.nlm.nih.gov/pubmed/23575849
https://doi.org/10.1523/jneurosci.4388-09.2009
https://www.ncbi.nlm.nih.gov/pubmed/19955378
https://doi.org/10.1038/nature07832
https://www.ncbi.nlm.nih.gov/pubmed/19225460
https://doi.org/10.3758/s13423-020-01757-0
https://www.ncbi.nlm.nih.gov/pubmed/32514799
https://doi.org/10.3390/vision10030044

	Introduction 
	Materials and Methods 
	Participants 
	Design 
	Stimuli and Apparatus 
	Procedure 

	Results 
	Analysis 
	Localisation Error 
	Mixture Modelling 
	Imprecision 
	pTarget 
	Misbinding 
	Guessing 


	Discussion 
	Conclusions 
	References

