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Abstract

This thesis focuses on three di�erent yet related phenomena, in the framework of

the interplay between foveal and peripheral vision. Three exceptions to traditional

visual models are discussed, illustrating three scenarios: 1) foveal vision aids

peripheral discrimination, 2) foveal vision does not interact with peripheral vision,

and 3) foveal vision hinders peripheral discrimination. This thesis also explores

the di�erence between subjective and objective precepts, illustrating the presence

of dissociations between the two. Part I reviews literature on the visual system

and models of visual perception. Part II discusses Foveal Feedback, a mechanism

where foveal retinotopic cortex recruitment enhances peripheral discrimination.

Foveal Feedback challenges the traditional retinotopic model of visual perception.

In this part, di�erent aspects of Foveal Feedback are investigated: 1) �rst, a

more precise estimate of the timing of the feedback; second, the existence of this

mechanism for di�erent types of stimuli and tasks, along with its modulation

by task and stimuli complexity; 3) third, a possible relation with visual imagery.

Part III presents a study on the Honeycomb Illusion, a particular stimulus where

mechanisms usually employed when looking at pattern (uniformity assumption,

extrapolation) do not occur. The Honeycomb Illusion represents a situation in

which there is no interaction between foveal and peripheral vision, thus being an

exception to the traditional view of peripheral information inferred from foveal

vision. Part IV introduces the Central Region Interference with Periphery (CRIP)

e�ect, illustrating how central vision can hinder peripheral discrimination, and

challenging predictive processing models. Through two di�erent studies, it is

demonstrated that we do not always rely on central vision to disambiguate elements

in the periphery. The �nal section summarises �ndings, addresses open questions,

and suggests future research directions.
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Chapter 1

Introduction

1.1 Aim and structure of the thesis

The human visual system is a marvel of complexity: a cascade of processes that
turns light into objects, movements and colours. We have many information on
the structure of the visual system, its physiology, and the visual pathways. This
knowledge maps onto psychophysics and physiology. For example, we can relate
colour vision to di�erent photo-pigments and di�erent colour pathways. We can
also study visual acuity and how it varies with eccentricity. Thanks to the work of
Hubel and Wiesel (1968) and Hubel (1982) we can characterise the speci�c neurons
in primary visual cortex (V1) that react to speci�c properties.

On the other hand, there are still signi�cant gaps in our understanding of
visual perception. For instance, the full characterization of the colour space is
more complex than what one could predict on the bases of channels responding
to di�erent wavelengths. Similarly, for visual acuity, we know that it can also be
modulated by context (i.e. neighbouring stimuli), as in crowding (Pelli et al., 2004).

A key point to understand visual perception is studying the subjective (phenom-
enal) experience. Sometimes subjective experience and objective measures di�er,
as in the case of in
ation (Abid, 2019; Knotts et al., 2019; Odegaard et al., 2018).

There are plenty of models in the literature that explain the complex concept
that is our experience of the visual world. However, there are also exceptions that
are not covered by these models. The aim of this thesis is a study of perceptional
shapes and objects recognition, unraveling some of these exceptions. The thesis
focuses speci�cally on the interplay between foveal and peripheral vision in three
di�erent situations:

1. Foveal vision aids peripheral discrimination

2. Foveal vision does not interact with peripheral vision

3. Foveal vision hinders peripheral discrimination
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These scenarios represent exceptions to traditional visual models, o�ering insights
into the complexity of visual perception. All of them are likely in our everyday
visual experience, and they are not mutually exclusive. For example, foveal vision
can aid peripheral discrimination under some circumstances, and hinder it under
others.

In this �rst section (Part I) background literature on the visual system is
provided, along with the description of some models of visual perception.

The second section (Part II) describes studies on Foveal Feedback. Foveal
Feedback is de�ned as the recruitment of V1 foveal retinotopic cortex in peripheral
discrimination through a form of feedback (Fan et al., 2016; Williams et al.,
2008). This mechanism represents an example of foveal vision aiding peripheral
discrimination. It also represents an exception to the traditional retinotopic model
of visual processing.

In the third section (Part III) the sensitivity and phenomenology of shapes
in the periphery are compared. This section presents a study on the Honeycomb
Illusion. The Honeycomb Illusion represents an exception to the way in which
patterns are generally perceived. Usually, when we look at a pattern we perceive
it as uniform even if it is not (Otten et al., 2017). In the case of the Honeycomb
Illusion we perceive as non uniform something that is uniform, even if there is no
reason for having this percept: the Honeycomb Illusion represents an example of a
situation in which foveal and peripheral vision do not interact.

In the fourth section (Part IV) a novel phenomenon is introduced. The phe-
nomenon is called Central Region Interference with Periphery (CRIP) e�ect. The
CRIP e�ect occurs in a pattern with a clear division between central and peripheral
regions. It is a good example of the hindering e�ect of central region on peripheral
region, for peripheral elements are perceived but their features are not correctly
extracted. The impairment in discrimination is due to the proximity of the central
region: the closer the two regions, the worse the performance. The CRIP e�ect
also represents an exception to predictive processing and extrapolation models.

In the last section (Part V) �ndings from the previous sections are summarised,
highlighting open questions and discussing future directions.
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1.2 Foveal and peripheral vision

1.2.1 Overview of the visual system

As already mentioned, the structure and physiology of the visual system are well
known. The starting point, the retina, contains the photoreceptors, the receptors for
sensory inputs. Photoreceptors are divided into cones and rods, and are di�erently
distributed across the retina, with the fovea containing the majority of the cones
and a small amount of rods while the periphery has the opposite distribution
(Curcio et al., 1990). From the photoreceptors, information is carried towards other
parts of the visual system through the ganglion cells. The axons of the ganglion cells
form the �bres of the optic nerve. Ganglion cells have a receptive �eld composed of
an excitatory central part and an inhibitory external part (ON cells) or vice versa
(OFF cells). These cells are divided into two types: magnocellular and parvocellular.
The former, with large receptive �elds, receive inputs from many photoreceptors,
and respond only at the beginning and at the end of stimuli presentation. They
are also sensitive to low spatial frequency contrast, but not to changes in colour.
These cells accurately detect rapid changes, but not constantly presented stimuli.
The magnocellular cells provide information on the temporal and global spatial
characteristics. Parvocellular cells have smaller receptive �elds and are sensitive
to high spatial frequency contrast and colour. They provide information on �ne
details and respond to continuous stimuli (Shapley & Hugh Perry, 1986).

The sensory input from the photoreceptors reaches the lateral geniculate nucleus
(LGN) through the optic nerve. At this level, the inputs from the magno- and
parvocellular cells are still strictly segregated, for they project to di�erent layers of
the LGN. Through the optical radiation the input is fed forward to V1. Here, basic
feature of shapes are processed (orientation, contrast, motion). V1 is organised
in a retinotopic way, that is, neurons with close receptive �elds in the retina have
close receptive �elds in V1. The retinotopic organization is not a 1:1 scale of the
retina. The foveal part is hyper-represented, since the receptive �elds in the fovea
are much smaller than those in the rest of the retina, thus there are proportionaly
more neurons that have a foveal receptive �eld. This phenomenon is called cortical
magni�cation (Virsu et al., 1987). At this stage, magno- and parvocellular cells
are less segregated (Nassi & Callaway, 2009). Even so, magno- and parvocellular
pathways represent two di�erent ways of processing information: spatial-temporal
processing, and �ne-detailed processing respectively.

From V1, information is fed forward to higher order visual areas, to provide
our everyday visual experience.

5



1.2.2 The Grand Illusion: The non-uniformity of the visual �eld vs the
uniformity of our visual experience

The consolidated knowledge on the visual system encompasses the di�erences
between foveal and peripheral vision. As previously mentioned, they di�er in many
aspects, both at an anatomical and a functional level.

Already at the retinal level, the di�erence in cones and rods distribution
contributes to a higher visual acuity in the fovea (Anstis, 1974) and a higher
information loss in the periphery (Zhaoping, 2014), along with the tendency to
foveate the objects of the visual environment we are interested in (Oliva et al., 2003).
On the other hand, cones are useless in scotopic vision and therefore under low
illumination there is a loss of central information (Stewart et al., 2020). Stepping
aside from the fovea-periphery comparison, there is a blind spot where the optic
nerve exits the retina, a gap in the visual information that is sent to V1 (Ferree
et al., 1925).

These anatomical di�erences are re
ected onto functional di�erences. Apart
from the �ner visual acuity, the fovea has higher contrast sensitivity compared
to the periphery (Rovamo et al., 1984; Skrandies, 1985). Moreover, there is less
con�dence in peripheral vision as compared to foveal vision even when stimuli are
equally discriminable (Toscani et al., 2021). On average there is less certainty
about what we is perceived in the periphery, but that might be related to the
lower acuity. In fact, stimuli presented in the periphery need to be enlarged to
be correctly discriminated (Zhaoping, 2024). Peripheral vision is also a�ected by
crowding to a wider extent than foveal vision (Pelli & Tillman, 2008). Crowding is
a visual phenomenon where the recognition of an object (target) is impaired when
the target is presented 
anked by other objects (
ankers) than when it is presented
alone (Levi, 2008; Pelli et al., 2004). There are various model of crowding in the
literature, which explain how the visual system's limitations in spatial resolution,
feature integration, and attention distribution give rise to crowding. However, what
they have in common is that the target-
ankers distance necessary to produce
crowding is higher the more peripheral the con�guration is (Gurnsey et al., 2011).

According to the Central-peripheral dichotomy theory (Zhaoping, 2017), central
and peripheral vision are specialised in two distinct functions: central vision receives
feedback from higher areas to perform object recognition and �ne details analysis;
peripheral vision mainly relies on feedforward information, for detection of salient
features or changes in stimuli characteristics. As a result, peripheral vision is more
prone to visual illusions (Zhaoping, 2019).
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It is fascinating to think that despite the anatomical and functional non-
uniformity of the visual �eld, we still have a rich, stable and most of alluniform
percept of the visual world. When looking at the sky in a warm summer day, we
have no doubt that we see a clear blue covering the entirety of our visual �eld. This
is just an illusion, or as it has been de�ned in the literature: the Grand Illusion
(Blackmore et al., 1995; Dennett, 1993; No•e, 2002; No•e et al., 1998). The Grand
Illusion refers to the discrepancy between the subjective percept of vision and
objective measure of what we can actually see. In reality, we do not have access
to all the visual information we think. An outstanding example of how we �ll
in missing information is inattentional blindness: the failure to notice something
that should be clearly visible (Simons & Chabris, 1999). This phenomenon is well
known beyond the visual perception �eld, and even beyond the psychology �eld. It
is commonly referred to as theinvisible gorilla, from a video used by Simons and
Chabr��s (1999) in their study on inattentional blindness. In the video, a group of
people were passing a ball to each other and observers were asked to count how
many passes were made. After some time, a person in a gorilla costume would walk
across the players. Unexpectedly, observers did not notice anything unusual while
watching the video. A similar mechanism is change blindness (Rensink et al., 1997).
Change blindness occurs when observers fail to notice small changes between two
pictures presented at two di�erent intervals separated by an interruption (O'Regan
et al., 1999), or without the interruption if the change is gradual enough (Simons
et al., 2000).

1.3 Mechanisms underlying the Grand Illusion

Various mechanisms have been proposed to account for the richness of our visual
experience. Although they are used to explain di�erent situations, they have in
common the idea of foveal vision driving perception. Peripheral vision is often
seen as secondary to foveal vision, overridden by it. Recent literature claims that
foveal and peripheral vision are related, and that peripheral vision is not just a
low-resolution version of foveal vision (Stewart et al., 2020). However, traditional
visual models can explain almost all our visual experience. This reason, along with
the di�culty of developing new models which can explain the complexity of the
visual phenomena contribute to the maintenance of these old models. The aim of
this thesis is not to suggest new models nor to reject the traditional ones, but to
highlight their limitations, presenting situations that cannot be entirely explained
by them.
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1.3.1 Predictive processing and extrapolation

The Grand Illusion can be explained with predictive processing. Predictive
processing posits that humans build internal models of the environment, which
are used to predict sensory inputs. The predictions are then compared to actual
sensory inputs, and the resulting discrepancies are used to update the model in a
continuous process (G. Edwards et al., 2017; Spratling, 2017). Various algorithms
explain predictive processing across di�erent levels of the visual system. At the
retinal level, predictable components of the visual input are removed to reduce
redundancy (Srinivasan et al., 1982). At the cortical level, hierarchical generative
models predict sensory inputs: higher-level areas send feedback predictions to
lower-level areas, and discrepancies or `prediction errors' are fed forward to update
these models (Rao & Ballard, 1999). Following the Free Energy Principle, the brain
tends minimise the discrepancy between predictions and sensory inputs across all
cognitive functions (Friston, 2010). A common thread across these algorithms is
the presence of feedback from higher to lower visual areas, to dynamically re�ne
and update the predictions. Through predictive processing the brain continuously
re�nes its internal representations of the world (G. B. Keller & Mrsic-Flogel, 2018).
V1, in particular, plays a crucial role in the integration of predictions and sensory
input (G. Edwards et al., 2017).

Predictive processing is of interest when it comes to understand foveal-peripheral
interplay in visual perception. Peripheral processing produces a preview of what
is present in the visual �eld (Valsecchi et al., 2018). While peripheral previews
o�er an advantage, accurate speci�c-features processing still relies on foveal vision
(Huber-Huber et al., 2019). Nevertheless this preview aids discrimination when
the peripheral shape is foveated, as the peripheral input is integrated with the
foveal one. As argued by Valsecchi (2016), perceptual uniformity is the result of
the constantly updated predictions of foveal representation based on peripheral
sensory inputs. This re-calibration underlies the stable perception of the visual
world between saccades. Instead of relying entirely on the less accurate peripheral
vision, the visual system selects the most likely object as the percept, based on the
peripheral information received. For this reason, objects in the peripheral visual
�eld appear as sharper than they are (Valsecchi et al., 2018): our visual system
learned to predict a speci�c peripheral shape from the corresponding foveal shape.

A mechanism related to predictive processing is extrapolation to the periphery
of information in the central vision. More speci�cally, extrapolation refers to a
process of inferring the continuation of a visual scene in the periphery from observed
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patterns in the centre. When there is ambiguity in peripheral vision information,
the brain relies on the more accurate information, which is from central vision.
That is, perception in the periphery is not directly linked to the sensory input, but
is modulated by central vision.

There is evidence of extrapolation in various domains. For example, when
presented with an object brighter in fovea and darker in the periphery, observers
tend to extrapolate the foveal brightness to the rest of the object. This only happens
when the centre and periphery are perceived as part of the same object (Toscani
et al., 2017). Moreover, research shows extrapolation of feature binding, such as
colour and orientation. When elements in the central vision have a speci�c colour-
orientation combination, it is more likely to perceive elements in the periphery
with the same combination, even when the peripheral features di�er (Suzuki et al.,
2013).

The result of extrapolation is perceptual consistency across the entirety of the
visual �eld, that is, the Grand Illusion.

1.3.2 Summary statistics and ensemble perception

Peripheral vision occupies a large portion of the visual �eld. As a result,
important information is often presented in the periphery (Rosenholtz, 2016). For
scenes perception, for example, information covers the entirety of the visual �eld.
One of the questions that arise when thinking of the richness of our visual experience
is how can we perceive more elements than our attention and working memory
allow. There is plenty of literature explaining the limits of attention and working
memory (Cowan, 2001; Luck & Vogel, 2013; Scimeca & Franconeri, 2015). On
the other hand there is our personal experience: we know we can see more than
the boundaries posed by attention and working memory. Brady and Tenenbaum
(2013) provided scienti�c support for this common knowledge. In their experiment,
participants had to report if one out of 25 items changed colour during each trial.
They found that the ability to detect changes in colour was dependent on the
regularity of the items: when they had little structure, the performance was lower
than when they were organised in a pattern. It seems that regularity is the secret
to overcome working memory capacity limits, thanks to what has been de�ned as
ensemble perception (Alvarez, 2011). Ensemble perception occurs when a group
of objects is perceived as a single object, which is the average of the objects that
compose it (Alvarez, 2011; Cohen et al., 2016). That is, a summary statistic is
used to represent the characteristics of the con�guration (i.e. mean orientation,
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contrast, size). Extracting summary statistics is made possible by the regularities
present in our everyday visual world: a forest is made of single similar trees, a

oor is made of single similar tiles, a crowd is made of single similar people. The
world has regularity, redundancy (Geisler, 2008; Kersten, 1987), which can be
exploited to represent scenes in a more e�cient and less resources-consuming way.
By using summary statistics to represent non-attended elements as an ensemble,
we ensure an accurate estimate of the whole scene: even if what is outside the
focus of attention has low resolution, the average of those elements is precise, for
the noise is lowered when computing the mean.

We know from the literature that we can extract summary statistics from sets of
objects (Bauer, 2009; Chong & Treisman, 2003; Dakin & Watt, 1997; Watamaniuk
& Duchon, 1992) and even from people in a crowd (Haberman & Whitney, 2007;
Sweeny et al., 2013) in situations in which we are not able to extract those feature
for the single element (Ariely, 2001). This is possible because neurons in V1 are
tuned to regularity (Olshausen & Field, 1996).

In this framework, inattentional blindness and change blindness can be explained
as a change that does not disrupt the summary statistics of the scene (Cohen et al.,
2016). Also crowding can be explained as the result of summary statistics (Balas
et al., 2009). When elements in the periphery are in a clutter, the visual system
integrates information from the entire region (an ensemble) through summary
statistics. This pooling of information results in a loss of information from the
single element, which is substituted by the average. As a result, the ability to
discriminate between individual elements is reduced, determining the crowding e�ect
(Freeman & Simoncelli, 2011). The Grand Illusion itself is just the consequence of
ensemble perception in this framework: the features of the speci�c elements in a
scene may not be discernible, but the gist is, leading to the impression of richness
and uniformity of the visual world (Whitney et al., 2014).

1.4 The study of repeated patterns

Patterns represent a good tool for the study of central-peripheral interactions.
They are generally perceived as uniform, even when they are not. A parallel with
the Grand Illusion can be easily drawn. For example, extrapolation occurs when
we present observers with non-uniform patterns for some time (Otten et al., 2017).
Moreover, summary statistics can be easily extracted from patterns (Whitney et al.,
2014). Mean orientation can be computed so that all the elements will have the
same orientation as the mean, even when the latter is not one of the orientations
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present in the set of elements (Morgan et al., 2008).
We predict uniformity, and we perceive uniformity, and this can result, as

mentioned above, in a perception that does not match reality: an illusion (G. B.
Keller & Mrsic-Flogel, 2018). In the case of patterns we have a uniformity illusion.
Uniformity illusion allows to maintain the stability and richness of the visual world
while avoiding to allocate too many resources in perceiving the visual environment.
Since patterns are usually uniform, we con�dently compute summary statics and
extrapolate the central elements to the periphery. In a simple yet e�ective example
of this uniformity assumption, Dennett (1993) describes a situation in which a
room is covered in a wallpaper with identical portraits of Marilyn Monroe. If we
enter the room, we immediately identify a single element of the pattern, a single
portrait of Marilyn Monroe. We then extrapolate the single Marilyn portrait to the
entire pattern, thus inferring its uniformity. This process of extrapolation allows
us to perceive the whole wall as covered with identical images, despite only being
able to focus in detail on a small part of the pattern at any given time.

An interesting consequence of the constant search for stability which is the
foundation of the uniformity illusion, and to a broader extent of the Grand Illusion,
is that there is a mismatch between what is perceived and the sensory input fed
forward to the visual areas (Fischer & Whitney, 2014; Su�arez-Pinilla et al., 2018a,
2018b). This mismatch is a useful tool to explore our visual perception in more
ecological situations, both when there is perception of uniformity in absence of
actual uniform stimuli and in some particular situations in which there is a uniform
stimulus but no perception of uniformity (i.e. the Honeycomb Illusion, which will
be discussed in Part III).
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Part II

Foveal Feedback
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This part presents new �ndings on the Foveal Feedback hypothesis.
Feedback is not something new in the visual system (Briggs, 2020; A. J. Keller

et al., 2020). As stated in the introduction (see section 1.3.1), predictive processing
uses feedback to guide perception in the periphery. Feedback is also used in centre-
surround integration (Bullier, 2001), context and attention modulation (Lamme
et al., 1998), and to optimise perception in general (Fi�sek et al., 2023). What is
novel about the Foveal Feedback hypothesis is that this speci�c feedback is not
retinotopic. When an object is presented in the periphery of the visual �eld, foveal
cortex is recruited thorough feedback. As a consequence, a novel representation
of the object's shape is formed in a di�erent cortical region than that of the
feedforward representation. Other than presenting a challenge to the traditional
retinotopic model, Foveal Feedback is a striking example of situations in which
central vision aids peripheral vision.

Chapter 2 of this thesis reviews the literature on Foveal Feedback under the light
of the Visual Sketchpad Hypothesis. This hypothesis considers foveal retinotopic
cortex as a visual sketchpad which is used for storing and manipulating detailed
visual information in the working memory. Foveal retinotopic cortex stores task-
relevant information to aid identi�cation of peripherally presented objects. This
visual sketchpad shares some similarities with Baddeley's visuospatial sketchpad
(Baddeley, 1988), yet there is no claim that foveal retinotopic cortex is the neural
substrate of the visuospatial sketchpad. The functional role of Foveal Feedback
is not yet completely understood, but some evidence from neuroimaging studies
suggests a link with peripheral shape processing. Behavioural and transcranial
magnetic stimulation studies show impairment in peripheral shape discrimination
when the foveal retinotopic cortex is disrupted post stimulus presentation. Chapter
2 links these �ndings with the Visual Sketchpad Hypothesis, discusses how the
characteristics of Foveal Feedback support this hypothesis and rules out other
possible explanations. Chapter 2 reports the work from the following publication,
under License CC BY 4.0:
Oletto, C. M., Contemori, G., Bertamini, M., & Battaglini, L. (2022). The Role of
Foveal Cortex in Discriminating Peripheral Stimuli: The Sketchpad Hypothesis.
NeuroSci, 4(1), 9{17. https://doi.org/10.3390/neurosci4010002

In Chapter 3 the temporal dynamics of Foveal Feedback are investigated to
�nd a speci�c time at which Foveal Feedback occurs. An online and an in-lab data
collection are compared, showing that online studies on Foveal Feedback yield the
same results as in-lab studies. Moreover, it is demonstrated that disrupting foveal
cortex a�ects both discrimination and response bias in a cyclic manner, suggesting
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the existence of two distinct feedback mechanisms, a faster perceptual feedback
followed by a slower cognitive feedback. This chapter reports the work from the
following publication, under License CC BY 4.0:
Contemori, G., Oletto, C. M., Cessa, R., Marini, E., Ronconi, L., Battaglini, L.,
& Bertamini, M. (2022). Investigating the role of the foveal cortex in peripheral
object discrimination. Scienti�c Reports, 12(1), 19952. https://doi.org/10.1038/
s41598-022-23720-w

Chapter 4 presents an investigation on the generality of Foveal Feedback for
di�erent types of stimuli and tasks. There is no agreement in the literature on the
existence of Foveal Feedback for low-level stimuli (Kroell & Rolfs, 2022; Weldon
et al., 2020; Yu & Shim, 2016). Based on the �ndings from the study reported in
Chapter 3 on the temporal dynamics of Foveal Feedback, it is proposed that Foveal
Feedback exists for low-level stimuli, but has a di�erent timing than for complex
stimuli. Low-level stimuli are used to probe the existence of Foveal Feedback in
tasks not requiring shape discrimination, and its speci�city to the parvocellular
system. The results of this study suggest that it is unlikely for Foveal Feedback to
be con�ned to the parvocellular system. However it is speci�c to tasks involving
shape analysis.

In Chapter 5 the hypothesis that Foveal Feedback is a by-product of saccade
planning (Williams et al., 2008) is challenged in favour of the Visual Sketchpad
Hypothesis. This chapter reports the work from the following publication, under
License CC BY 4.0:
Contemori, G., Oletto, C. M., Battaglini, L., Motterle, E., & Bertamini, M. (2023).
Foveal feedback in perceptual processing: Contamination of neural representations
and task di�culty e�ects. PLOS ONE, 18(10), e0291275. https://doi.org/10.1371/
journal.pone.0291275

In Chapter 6 in line with the Visual Sketchpad Hypothesis, it is hypothesised
that Foveal Feedback is part of a broader circuit associated with mental imagery.
By comparing the degree of peripheral discrimination impairment following foveal
cortex disruption with questionnaires designed to assess mental imagery (object
imagery, spatial imagery and verbal cognitive styles) the role of Foveal Feedback
in mental imagery is investigated. The �ndings from this study do not suggest
the existence of a link between Foveal Feedback and mental imagery. Further
investigation is needed to determine whether mask interference might occur with
more implicit measures of imagery. This chapter reports the work from the following
publication, under License CC BY 4.0:
Contemori, G., Oletto, C. M., Battaglini, L., & Bertamini, M. (2024). On the rela-
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tionship between foveal mask interference and mental imagery in peripheral object
recognition. Proceedings of the Royal Society B: Biological Sciences, 291(2018),
20232867. https://doi.org/10.1098/rspb.2023.2867
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Chapter 2

The role of foveal cortex in
discriminating peripheral stimuli: The
Sketchpad Hypothesis

Foveal (central) and peripheral vision di�er in many ways. The photoreceptor
distribution is one of the most evident, with rods being absent in the central portion
of the visual �eld while cones are scant in the peripheral part. Convergence from
photoreceptors and ganglion cells also increases as eccentricity increases. Therefore,
peripheral vision has lower resolution and higher crowding when compared to the
central vision (P. Wang & Cottrell, 2017). Yet, we do not have the impression of a
central portion with blurred surrounds. Instead, we perceive the visual environment
as uniform and integrated. Our brain constantly integrates the visual information
coming from di�erent sources and across di�erent time scales thus providing a
unitary percept of the visual world around us. In a recent review, Stewart et
al. (2020) described the interconnection between foveal and peripheral vision. It
emerged that considering peripheral vision as a less precise version of foveal vision is
too simplistic, and that the two are profoundly interrelated. Williams et al.'s (2008)
�nding shed light on one of the mechanisms that connects foveal and peripheral
vision in peripheral objects discrimination: foveal retinotopic cortex is recruited in
peripheral objects discrimination tasks through feedback from higher visual areas.
We will refer to this type of feedback as Foveal Feedback.

The literature on Foveal Feedback is still limited, yet on the basis of existing
evidence we suggest that foveal retinotopic cortex acts as a sort of visual sketchpad
for processing �ne-detail information (Weldon et al., 2016; Williams et al., 2008).

2.1 Feedback in the classical retinotopic framework

Visual object recognition cannot be based exclusively on feedforward processing.
There are many downward projections from higher- to lower-level areas in the
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visual system (Kveraga et al., 2007). There is growing evidence of feedback playing
an important role in visual perception (Maniglia & Seitz, 2018; Panichello et al.,
2013).

According to some models, feedback is described as a modulation or anticipation
of the feedforward generated representations of the objects (Ress & Heeger, 2003)
by carrying information about the context (Bullier, 2001). In predictive coding
models, feedback from higher cortical areas reduces activity in V1 when stimuli
form a coherent shape. Since global shape of the stimuli is represented in higher
visual areas, there is no need for lower visual areas to further process stimuli
information. As a result, this context information is fed back to V1, and its activity
is reduced (L. Harrison et al., 2007; Murray et al., 2002).

In �gure-ground segregation, both suppressive and enhancing feedback mech-
anisms have been found. Klin et al. (2017) found a suppression in V1 for the
�gure, and less suppression for the background through feedback mechanisms.
Other studies found the opposite e�ect (Jehee et al., 2007; Roelfsema et al., 2002):
information about the boundaries of the �gure is fed forward to higher visual areas,
which in turn send excitatory inputs to V1 through feedback connections (Heinen
et al., 2005).

A review by Cumming and Nienborg (2016) suggests the existence of an antici-
patory feedback employed for probabilistic inference: feedback information on prior
knowledge of a task is integrated with feedforward visual input, thus in
uencing
the responses in the task.

The literature suggests that feedback of visual information is retinotopically
organized (Briggs, 2020): feedback and feedforward information are thought to
converge on the same retinotopic area, which corresponds to the location of the
object.

One exception to the retinotopically organised feedback is predictive remapping.
Based on the predictive remapping hypothesis (Duhamel et al., 1992), the feedback
may involve di�erent retinal locations. In particular, before a saccade, neurons
are active in response to information from outside their receptive �eld, that is,
they update their response according to the future retinal location of the stimulus
(Melcher, 2007).

Williams et al.'s (2008) work, on the other hand, demonstrated the existence of
a special case of feedback. In Foveal Feedback, novel representations are formed in
a di�erent cortical region than that of the feedforward representation, but are not
necessarily linked to saccade planning. The di�erence between predictive remapping
and Foveal Feedback is discussed in Section 2.8.
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2.2 Data from fMRI

Williams et al. (2008) conducted a functional magnetic resonance imaging
(fMRI) study in which they analysed the foveal retinotopic activity in response to
peripherally presented objects. Participants saw novel objects taken from three
categories (smoothies, spikes, cubies, Op de Beeck et al., 2006). Two objects
from the same category were displayed in diagonally opposite peripheral locations
while participants were looking at the centre and performing a same/di�erent
task. The goal of this experiment was to �nd which area contained information
for between-category discrimination using multivariate pattern analysis (Norman
et al., 2006). Surprisingly, information was found in the foveal retinotopic cortex,
even if objects were presented more than �ve degrees from the centre of the
visual �eld. The authors explained these �ndings with the existence of a feedback
mechanism di�erent from that of the classical theories: a mechanism that feeds
object information from high-level object areas back to foveal retinotopic cortex to
enhance task performance (Figure 2.1).

Figure 2.1: Peripheral information from the retina is forwarded to peripheral retinotopic cortex
and foveal information is forwarded to foveal retinotopic cortex. Task relevant information is
then fed back to foveal retinotopic cortex from higher cortical areas.
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Further evidence of this foveal retinotopic activity for peripherally presented
stimuli comes from a study by Woolgar et al. (2015). They used the same set
of stimuli in a peripheral identi�cation task in which two objects were displayed
in peripherally opposing locations along the horizontal meridian. On each block,
participants were told to attend one object or the other using colour cues and to
judge the category of the target object. As in Williams et al.'s (2008) study, foveal
retinotopic activation was found, even if both the target and the non-target object
were presented in a di�erent retinal location.

2.3 Data from TMS

Chambers et al. (2013) provided causal evidence of the role of Foveal Feedback
in performance enhancement for peripheral discrimination tasks. They used the
same set of stimuli and a similar same/di�erent task as Williams et al. (2008)
with a transcranial magnetic stimulation (TMS). They used a �gure-of-eight coil
with the handle oriented upright so that the current 
ow was induced along the
superior{inferior axis. A double TMS pulse with 50 ms of pulse width was applied
to the posterior termination of the calcarine sulcus (corresponding to the foveal
retinotopic site) or to a control nonfoveal site (15 mm above the foveal site). Two
sessions of TMS were performed, one for each site, with a delay of at least 24 h
between them. For each session, there were eight blocks of 112 trials, in which the
double TMS pulse was applied at di�erent timings after stimuli onset (stimulus
onset asynchrony SOA) and with a high vs. low intensity (120 % vs. 40 % motor
threshold) within each block. A drop in performance was found at 350/400 ms
SOA for the high-intensity trials when the targets were presented in the periphery.

The authors argued that the e�ect of the disruption could be attentive. The
double TMS pulse could act as spatial priming, drawing attention away from
peripheral stimuli. To rule out this alternative explanation, Chambers et al. (2013)
applied a double TMS pulse at an SOA of 150/100 ms prior to stimuli onset.
According to the authors, at this timing the priming e�ect should be maximal.
They did not �nd any e�ect of the double pulse at 150/100 ms SOA. They concluded
that the impairment found with the double pulse at 350/400 ms SOA was not due
to spatial priming.

According to Chambers et al. (2013), the timing-speci�c e�ect of the disruption
cannot be explained by the same mechanisms that support attention (Desimone
& Duncan, 1995). These mechanisms rely on feedforward processing, while the
timing at which the TMS double pulse was e�ective was around 100 ms later than
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expected for attentional modulation (Noesselt et al., 2002).

2.4 Behavioural data

Some authors (Contemori et al., 2022; Fan et al., 2016; Weldon et al., 2016, 2020)
tried to replicate the foveal disruption using the same peripheral discrimination task
and the same stimuli as Williams et al. (2008) and Chambers et al. (2013). They
used a visual distractor displayed at fovea (foveal mask) in place of the TMS double
pulse. The visual distractor was either a dynamic coloured square (Contemori
et al., 2022; Fan et al., 2016) or an object similar to the peripheral targets (Weldon
et al., 2016, 2020).

The rationale is that feedforward information from the foveal mask would
interfere with the feedback information from higher cortical areas in the foveal
retinotopic cortex, thus disrupting performance. That is, when feedback from
peripheral stimuli and foveal mask information reach the foveal retinotopic cortex
at the same time, they interfere with one another. As a result, the foveal cortex
is no longer able to accurately process peripheral shape information. TMS and
mask produce a similar disruptive e�ect on performance. Nonetheless, the way
in which the disruption is achieved is very di�erent. This is re
ected in the
di�erent timings at which double TMS pulse and foveal mask have an e�ect on
discriminating peripheral stimuli. TMS cause an immediate tetanic activation on
the stimulated areas. Visual stimulus displayed at �xation takes around 40� 120
ms to reach the foveal retinotopic cortex and the activation builds over time for the
duration of the stimulus (Foxe & Simpson, 2002; Kammer, 2007). Peripheral stimuli
need to reach higher visual areas before being fed back to the foveal retinotopic
cortex. Therefore, the foveal mask should be displayed after the onset of peripheral
targets. It is expected that a foveal mask will have a disruption e�ect on peripheral
discrimination when presented at earlier SOAs with respect to 350/400 ms SOA
found in Chambers et al.'s (2013) paradigm. However, the speci�c time in which the
disruption is e�ective was unclear. For this reason, in the studies mentioned below,
di�erent SOAs for foveal mask presentation were used. Table 2.1 summarises the
characteristics of each experiment. In each study, one or two targets were displayed
in the periphery. At speci�c SOAs, a foveal mask was displayed. Participants were
then asked to perform discrimination tasks.
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Experiment Target
duration

Manipulation Timing of
the dip

Eccentricity Type of task

Chambers et al.
(2013)

< 150 ms TMS 350/400 ms 7 same/di�erent

Contemori et al.
(2022)

100 ms mask 83 ms 94 ms 7 same/di�erent

Fan et al.
(2016)

100 ms mask 83 ms 250 ms 7 same/di�erent

Fan et al.
blurred object
(2016)

100 ms mask 83 ms no dip 7 same/di�erent

Fan et al.
mental rotation
(2016)

100 ms mask 83 ms 450{550 ms 7 same/di�erent

Fan et al. single
object (2016)

100 ms mask 83 ms 150 ms 7 same/di�erent

Ramezani et al.
categories
(2019)

100 ms mask 100 ms 300 ms 0, 6, 12,
18, 24

categorization

Weldon et al.
(2016)

117 ms mask 117 ms 117 ms 6.5 same/di�erent

Weldon et al.
colour patches
(2020)

117 ms mask 117 ms 117 ms 6.5 same/di�erent

Weldon et al.
coloured objects
(2020)

117 ms mask 117 ms 117 ms 6.5 same/di�erent

Williams et al.
(2008)

100 ms no - 7 same/di�erent

Woolgar et al.
category (2015)

100 ms no - 6 categorization

Yu and Shim
(2016)

50 ms mask 33 ms 150 ms 10 target
recognition

Yu and Shim
gratings (2016)

50 ms mask 33 ms no dip 10 target
recognition

Table 2.1: For every study on Foveal Feedback with visual tasks, the following information is
reported: target duration, type of foveal retinotopic cortex manipulation (TMS, mask or no
manipulation for fMRI studies), timing of the dip in performance (if present and if applicable),
eccentricity of the peripheral stimuli (distance from the fovea in degrees of visual angle), and the
type of task performed. When nonspeci�ed otherwise, the stimuli used in the tasks were those
from (Op de Beeck et al., 2006).
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Weldon et al. (2016) selected �ve levels of SOA: two (� 267 and� 117 ms) in
which the central mask was displayed before targets onset; two (+117 and +267
ms) in which it was displayed after targets onset; one in which targets and mask
were presented at the same time (0 ms). They found that the only SOA at which
discriminability was impaired was +117 ms.

Fan et al. (2016) presented the foveal mask at SOAs of 50, 150, 250, 350, and
450 ms after stimuli onset. Compared to a no-mask condition, performance in
peripheral discrimination decreased at the 250 ms SOA. Using the same paradigm
as Fan et al. (2016), Contemori et al. (2022) used a �ner sampling of 61 levels of
SOAs (from 0 to 500 ms), and estimated the dip at 94 ms.

Yu and Shim (2016) introduced a slightly di�erent paradigm. Participants were
presented with a single peripheral stimulus and were asked to judge if it was a
previous selected target or a di�erent object from the same category. One of three
di�erent foveal masks was presented with a 0 and 150 ms SOA: the target, an
object from another category, or a scrambled object. In contrast to the disrupting
e�ect found in the other studies, they found an improvement in performance at
the 150 ms SOA, but only when the foveal mask was identical to the target.

The timing-speci�c e�ect of the mask rules out the attentive hypothesis: if the
foveal mask had an attention driving e�ect, it would have a�ected negative or early
positive SOAs rather than late positive SOAs. If the e�ect was to alert the system,
it would have been present at every positive SOA.

Ramezani et al. (2019) addressed how manipulation of the Foveal Feedback
information can a�ect processing of features that involve higher-level visual features
and areas, such as categorization. Participants had to discriminate di�erent category
levels: superordinate level (animal vs. non-animal, vehicle vs. non-vehicle), basic
level (bird vs. non-bird, reptile vs. non-reptile, car vs. non-car, and airplane vs.
non-airplane), and subordinate level (two bird tasks, two reptile tasks, two car
tasks, and two airplane tasks). A central mask was presented at 100, 200, 300,
and 400 ms SOAs. They found that the central mask impairs peripheral category
discrimination at 300 ms SOA in the basic and subordinate levels, but not in the
superordinate one.

In all these studies, the foveal mask impairs performance at one of several SOA
levels. This is taken to indicate the precise temporal dynamics of Foveal Feedback.
An alternative explanation is that the mask does nothing but a false positive is
found by chance. This could be ruled out if the e�ects were very large and would
survive correction for multiple comparisons. Since the e�ect sizes are quite small,
this is a potential problem in the literature.

23



2.5 Characteristics of the Foveal Feedback

What kind of information is fed back to the foveal retinotopic cortex is debated.
Williams et al. (2008) failed to �nd object information in the foveal retinotopic
cortex in a colour discrimination task. On the other hand, Weldon et al. (2020)
found an impairment in a same/di�erent colour discrimination task when presenting
a foveal mask. The authors' explanation on this discrepancy was that Williams et
al. did not check for colour information in foveal retinotopic cortex; they probed
shape information in both shape and colour discrimination tasks.

When using low-level feature (Yu & Shim, 2016) or blurred stimuli (Fan et al.,
2016), there was no modulation in performance by the foveal mask. Thus, only high-
level detailed object information seems to be fed back. This hypothesis is supported
by fMRI data: Fan et al. (2016) collected fRMI data while participants performed
the peripheral discrimination task. They found that foveal retinotopic cortex
contains both information about the object category and the object orientation.
Thus, the representation in the foveal retinotopic cortex is more image-like, in that it
contains both the general shape information (orientation in this case) and the spatial
details (in this case, the features to discriminate amongst categories). It is to note
that orientation could be read out only for objects in the same category. Moreover,
there was no correlation between orientation and object category information. The
�nding that the foveal mask impairs category discrimination only for basic and
subordinate categories (Ramezani et al., 2019) further supports this hypothesis.

The information that is fed back to the foveal retinotopic cortex is position
invariant. The pattern of activation in the foveal retinotopic cortex found in the
fMRI experiment by Williams et al. (2008) was the same across di�erent peripheral
objects locations. Additionally, the eccentricity at which peripheral stimuli were
presented varied between the studies that found an e�ect of the foveal mask
presentation (Table 2.1). In the above tasks, the eccentricity at which peripheral
objects were displayed was irrelevant for the task. For this reason, information
about peripheral stimuli eccentricity was not represented in foveal retinotopic
cortex. Further, in a category discrimination task with natural-not-novel objects
(Ramezani et al., 2019), the impairment was eccentricity-dependent; in the basic
level (e.g. bird vs. non-bird) it was only present at 24� of eccentricity, while in the
subordinate level (e.g. discriminate between two di�erent birds) it was present at
18� of eccentricity.

Furthermore, Foveal Feedback is position-speci�c: when both peripheral stimuli
were displayed in the upper or lower visual �eld, there was no object information
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in the spatial midpoint between them. The information about presented stimuli
was still found in foveal retinotopic cortex (Williams et al., 2008). When a foveal
mask was added it impaired performance, even when not displayed in the midpoint
of the two peripheral targets (Fan et al., 2016; Weldon et al., 2016). In addition,
only a foveal mask a�ected performance: when the peripheral discrimination task
was performed with a peripheral mask, it impaired performance at all SOAs in the
same way (Fan et al., 2016; Weldon et al., 2016). When the mask was presented
in a parafoveal location, in a peripheral identi�cation task, no modulation of
performance was found (Yu & Shim, 2016). Owing to di�erent representational size
across fovea and periphery, a foveal mask may cause more important impairment
than a peripheral one of the same size (Beck & Lavie, 2005). When masks were
scaled for cortical magni�cation, the impairment in performance still occurred only
for the central mask (Weldon et al., 2016). Modifying its size, the foveal mask still
had a disruptive e�ect on performance at speci�c timings (Fan et al., 2016). The
speci�city of the foveal retinotopic cortex disruption for the impairment in peripheral
discrimination implies that this area stores task-relevant object information.

2.6 E�ects of the similarity between foveal mask and pe-
ripheral targets

In foveal visual search, the similarity of a visual distractor with the targets is
known to decrease performance when targets and distractors are contemporary
(Beck & Lavie, 2005). Weldon et al. (2016) tested if this held true for peripherally
presented targets by using both categorically consistent and inconsistent distractors
in their experiments. They found no di�erence in the performance impairment
between a mask from the same or a di�erent category from the targets. On the other
hand, Yu and Shim (2016) found an improvement when the mask and the target
were identical compared to when the mask was an object from a di�erent category
or a scrambled object. They concluded that similarity between target and mask
enhances performance. However, Weldon et al. (2020) still found an impairment in
performance using a foveal mask of the same category as the peripheral stimuli.

These apparently opposite �ndings could be explained in part considering the
di�erence in the procedures. Weldon et al. (2016, 2020) presented two peripherally
opposing stimuli and a foveal distractor, while Yu and Shim (2016) only presented
one peripheral stimulus and one distractor. If foveal retinotopic cortex serves
as a visual storage in which the two peripheral stimuli are represented together,
presenting a third stimulus will impair performance. We can see a decrease in
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performance whether this stimulus is of the same or di�erent category (Weldon
et al., 2016), a simple coloured square (Contemori et al., 2022; Fan et al., 2016;
Ramezani et al., 2019) or whether it is grey vs. coloured (Weldon et al., 2020).
The only case in which the foveal mask enhanced performance was when it was
identical to the target (Yu & Shim, 2016). In this case, two identical stimuli aid
target recognition, because foveal retinotopic cortex receives the same information
twice.

When using low-level feature objects (coloured patches, Weldon et al., 2020),
results were di�erent for a coloured vs. a grey distractor. For the coloured mask
the signi�cant drop in performance was found at +117 ms compared to the 0
ms condition. For the grey mask the signi�cant di�erence was only found at 0
ms compared to� 267 ms. A possible explanation is related to the timing of
the foveal distractor being 
exible and dependent on a wide range of factors:
duration of the target (Weldon et al., 2016, 2020), task demanding (Fan et al.,
2016; Weldon et al., 2016) and number of peripheral stimuli (Fan et al., 2016). A
peripheral discrimination task with coloured patches could be too easy for a very
di�erent foveal distractor to disrupt performance. A grey scale distractor could be
easily ignored while comparing peripheral colours. On the other hand, a coloured
distractor is more di�cult to ignore, even in a simple task. A coloured patch would
act as a proper distractor in that retinotopic cortex receives information from three
di�erent colours, one irrelevant and two relevant for the task. When the patch is
grey, there are only two colours to be compared.

2.7 Is Foveal Feedback speci�c to vision?

There are some studies using non-visual stimuli and non-visual modalities of
perception that demonstrate the recruitment of foveal cortex for storing object
information. Let us consider the case of spatial information coming from touching
an object.

Something similar to the Foveal Feedback phenomenon was found for tac-
tile{visual integration. Monaco et al. (2017) found that haptic exploration of
objects in the dark recruits foveal retinotopic cortex in addition to the retinotopic
areas corresponding to the object position. That is, the foveal retinotopic cortex
builds a representation of the object even in absence of visual information. Par-
ticipants were asked to perform a delayed action on peripheral objects previously
seen or touched in the dark. During grasping after a delay, both foveal retinotopic
cortex and corresponding retinotopic area were activated, independently of the
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modality used to explore the object. The authors suggest that shape representation
is stored in foveal retinotopic cortex and that this representation is independent
of the sensory modality used to acquire it. Other evidence of the non-speci�city
of the Foveal Feedback for sensory modality comes from Bola et al. (2019). They
applied TMS in the same area as Chambers et al. (2013) but used a task involving
discrimination by touch. Participants were asked to read Braille letters in the
tactile modality while TMS pulses were applied at di�erent SOAs: 20{70{120
ms, 120{170{220 ms, 220{270{320 ms, 320{370{420 ms, or 420{470{520 ms. The
accuracy decreased when the TMS was applied on the foveal retinotopic cortex at
the 120{220 SOAs.

2.8 The Visual Sketchpad hypothesis

The timing at which foveal disruption results in a dip in performance is not
consistent with a feedforward process disruption (Lamme & Roelfsema, 2000). It
is unlikely that the purpose of Foveal Feedback is limited to a temporal storage of
images. If it were the case, object information would be found in the correspondent
cortical location.

A possible explanation discussed in Fan et al. (2016) and Ramezani et al.
(2019) is that of predictive remapping. According to the predictive remapping
hypothesis, cortical areas become more responsive to visual stimuli that after
a saccade will end there (Melcher, 2007). It is possible that foveal retinotopic
cortex is engaged in anticipation of a saccade toward the object (Ramezani et al.,
2019). If predictive remapping is a natural tendency, it would be activated even
if participants were not allowed to make a saccade towards the periphery. As a
result, foveal retinotopic cortex could receive information about the shape of the
stimulus due to predictive remapping even in absence of subsequent foveation of
the target. Foveal disruption was not e�ective when participants planned a saccade
away from the stimuli (Fan et al., 2016). Further support to this hypothesis comes
from a recent study by Kroell and Rolfs (2022) in which they demonstrated that
when the peripheral object's characteristics are irrelevant to the task, they are
still fed back to the foveal cortex: when participants are asked to report central
target orientation after executing a saccade towards a peripheral probe, if target
and probe have the same orientation, the accuracy is higher. Some �ndings are
not consistent with this hypothesis. When participants had to mentally rotate
the objects before performing the same/di�erent task, the timing at which the
mask a�ected performance shifted (Fan et al., 2016). This shift could mean that
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the saccade planning itself was delayed. However, if information is fed back to
foveal retinotopic cortex in anticipation of a saccade, there is no need for a delay in
object's foveation. Another possibility is that the timing of predictive remapping
is task-dependent.

On another note, predictive remapping cannot account for the relation between
performance and foveal cortical activity; in Williams et al. (2008) study, perfor-
mance in the peripheral discrimination task improved over blocks and was positively
correlated with the activity in foveal retinotopic cortex. According to the authors,
this suggests the development of a more precise mental representation of the object
category, that is, Foveal Feedback has a behavioural relevance.

It is also interesting that some studies found a shift in criterion (Chambers et al.,
2013; Contemori et al., 2022): following a TMS pulse or a central mask presentation,
a shift towards a more conservative criterion (more `di�erent' responses) was found.
This is a support for another hypothesis discussed in the literature (Chambers et al.,
2013; Weldon et al., 2016; Williams et al., 2008): foveal retinotopic cortex serves
as a sort of visual sketchpad for task-relevant information. In the high-resolution
spatial bu�er hypothesis (Lee et al., 1998), V1 is used by higher-level areas when
working with high-resolution detail. A link to Baddeley's visuospatial sketchpad
(VSSP) (Baddeley, 1988) can be theorised. Baddeley's VSSP is described as storage
for task-relevant visual images, which allows their manipulation in working memory.
In light of this hypothesis, the shift in criterion can be explained by the adding of
noise to the fed back object. When the mask (or the TMS pulse) reaches foveal
retinotopic cortex simultaneously with the stimulus information, noise is added to
the fed back representation. In the case of a same/di�erent task, comparison is
impaired since the two stimuli are perceived as di�erent, due to the added noise
in the visual bu�er. This issue will be further discussed in Chapter 3. Yu and
Shim (2016) link foveal retinotopic cortex with the ability to retain visual features
information in working memory (S. A. Harrison & Tong, 2009) and mental imagery
(Albers et al., 2013). The VSSP can account for the relation between performance
and foveal cortical activation: the more active the representation of the objects
in the foveal retinotopic cortex, the better participants are at comparing them
(Williams et al., 2008). Chambers et al. (2013) explained the shift in criterion by
stating that the visual sketchpad aids decision making, visual working memory, and
mental imagery. This is in line with a study from Kosslyn et al. (1999), in which
V1 is activated when participants performed a property comparison task (e.g.,
length of two lines) on previously seen central objects, with their eyes closed. When
they applied TMS pulse to V1, performance was impaired. Other TMS �ndings
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report an impairment in a visual working memory task when TMS was applied
after stimulus onset at speci�c timings (Koivisto et al., 2017; van de Ven & Sack,
2013). Cattaneo et al. (2009) tested the e�ect of TMS on V1 in a visual imagery
task, in which participants had to imagine an analog time when presented with a
digital one. TMS applied after stimulus o�set disrupted performance, suggesting
that V1 is involved in the encoding of the visual image. Finally, the e�ect of TMS
disruption on visual cortex in tasks that do not imply vision (Bola et al., 2019;
Monaco et al., 2017) strongly supports the visual sketchpad hypothesis.

In conclusion, it is reasonable to interpret the Foveal Feedback phenomenon in
the light of Baddeley's visual sketchpad. Further work is needed to understand to
what degree these processes overlap, and if Foveal Feedback is part of a broader
system that encompasses visual imagery and decision making. A possibility would
be to quantify the drop in performance in a paradigm similar to those described
in this chapter, and correlate it with the score in a visual working memory task.
Foveal disruption may cause more interference for participants with a higher score
in a visual working memory task.
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Chapter 3

Investigating the role of the foveal cortex
in peripheral object discrimination

There are situations in which we must recognize objects in the periphery of the
visual �eld without | or before | being able to move our eyes. In some cases, we
can successfully identify an object despite the obvious limits of peripheral vision.
To understand how this happens, we need to move beyond a classical retinotopic
framework of vision and consider scene perception as the result of processes that
integrate input coming at di�erent times and from di�erent parts of the visual �eld
(Loschky et al., 2017; Stewart et al., 2020).

According to the traditional view, visual object recognition relies primarily on
a hierarchical feedforward model in which the early processing stages are strongly
retinotopic (Hubel & Wiesel, 1968; Hubel, 1982). More recently, evidence has
shown that visual processing is more 
exible. The seminal work of Williams et al.
(2008), showed an involvement of the foveal retinotopic cortex in the processing
of information presented more than �ve degrees outside the fovea. They found
a task-related activation in the foveal cortex for stimuli presented at di�erent
peripheral locations. The authors argued that the foveal retinotopic cortex was
recruited by feedback signals from higher-level visual areas to participate in object
recognition as an auxiliary computational module (Williams et al., 2008).

Five years later, Chambers et al. (2013) provided causal evidence of the role
of this Foveal Feedback for peripherally presented object discrimination. They
showed that disrupting foveal processing with a transcranial magnetic stimulation
(TMS) pulse at the posterior calcarine site around 350 ms after target presentation
a�ected peripheral, but not foveal, object discrimination. This result was further
corroborated by two studies that, despite di�erent paradigms, found compatible
results, showing that performance in visual tasks declines when the early visual
cortex is stimulated with a TMS pulse between 90 and 320 ms (Allen et al., 2014;
Zeng et al., 2020). It is critical to note that this timing is not consistent with a
disruption of feedforward processing but is consistent with a late feedback signal
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(Chambers et al., 2013). Further support for the peripheral-to-foveal feedback
hypothesis comes from behavioral studies in which interference was produced by
a subsequent mask (for a review, see Stewart et al., 2020). Mask disruption on
peripheral discrimination occurred in a speci�c time window, which ranged from 117
(Weldon et al., 2016, 2020; Yu & Shim, 2016) to 300 ms (Fan et al., 2016; Ramezani
et al., 2019). The importance of feedback in early visual processing was known
prior to these studies, but it was thought to represent a predictive mechanism that
would support feedforward visual processing within a rigid retinotopic organisation
(Panichello et al., 2013). The discovery that this type of feedback is position
invariant suggests otherwise.

One possibility is that this feedback is necessary for processing �ne details in the
peripheral visual �eld (Weldon et al., 2016; Yu & Shim, 2016). Another hypothesis
is that this feedback is preparatory to foveation and is therefore a by-product of
saccade planning (Knapen et al., 2016). In support of this second hypothesis, Fan
et al. (2016) showed that the foveal noise mask was not e�ective when participants
made a saccade away from the peripheral objects. However, they also showed that
when a mental operation (mental rotation) was required before performing the
discrimination task, the disruptive e�ect of foveal mask presentation was delayed.
If the sole purpose of Foveal Feedback was to provide a prime to the foveation, its
timing would be bound to saccadic preparation and would not change according
to the mental manipulation of the stimulus. Furthermore, if this feedback was
predictive, one could expect an e�ect on every peripheral task independently of
task di�culty. The disruptive e�ect of the mask instead is speci�c to challenging
tasks that require �ne object discrimination (Ramezani et al., 2019; Williams et al.,
2008). Finally, since we can foveate only one object at a time, in a peripheral
comparison task we should expect little or no e�ect of mask since only information
from one of the two simultaneous targets could be brought to the fovea. The
fact that the noise mask also a�ects performance in comparison tasks shows that
information carried in the fovea is important for decision making and suggests
that it may be necessary to mentally manipulate peripheral objects rather than to
program a saccade (Fan et al., 2016). In this regard, the Foveal Feedback could be
part of an imaginative system that exploits low-level visual areas as a substrate for
persistence (Coltheart, 1980) and manipulation (Baddeley, 1988; Kosslyn, 1981) of
task-related visual information.

It is well known that there are variations in the oscillatory brain activity that
a�ect performance during visual tasks, with di�erent frequencies that are linked
to speci�c, perceptual, attentional, and cognitive processes (Balestrieri et al.,
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2022; Cabral-Calderin & Wilke, 2020; Ghiani et al., 2021). Recent studies have
shown that alpha oscillations in the visual cortex would be a correlate of late
feedback activity required for conscious perception (Michalareas et al., 2016; Ro,
2019; Wilming et al., 2020). Wilming et al. (2020) found evidence that, during
perceptual decision-making, endogenous information regarding perceptual choice
was related to the power of the alpha band. Furthermore, a recent study in mice
showed that the same neural population in V1 is involved in both feedforward and
feedback, but at di�erent time intervals exclusively (A. J. Keller et al., 2020)).

It seems possible that there is a pattern of temporal alternation between feedback
and feedforward and that the same neural population is involved in both but with
di�erent timing. The cyclic alternation of feedback and feedforward would require
retinotopic neurons in the fovea to switch between internally and externally oriented
processing according to a speci�c timing that we expect to be the individual alpha
rhythm (A. J. Keller et al., 2020; Wilming et al., 2020). We hypothesize that
such neurons are cyclically recruited via endogenous feedback to contribute to
the mental representation of the visual stimulus, and thus to perceptual decision-
making. This feedback could be part of a larger endogenous imaging system,
involving the occipital, parietal, and frontal brain areas, underlying the ability of
visual imagination (Dijkstra, Bosch, & van Gerven, 2019). If it were true that the
mask interferes with a cyclic feedback process, it would be reasonable to expect
oscillatory variations in the mask e�ect as well. Unfortunately, the range of stimulus
onset asynchronies (SOAs) used in the previous studies (see Stewart et al., 2020 for
a review) is not dense enough to allow for a proper characterization of the precise
timing of the foveal mask e�ect and potential rhythmic 
uctuations in perception
that would allow testing this hypothesis.

To better characterize the temporal dynamics and origin of the Foveal Feedback,
we planned two experiments based on the paradigm tested by Fan and colleagues
(2016), which is in turn derived from the paradigm used in Williams' (2008)
pioneering study.

In experiment 1, we tried to replicate the results of the main experiment in Fan
et al. (2016). Until now, studies that have investigated Foveal Feedback have used
small samples (N = 11 in Fan et al., 2016) of super-trained subjects. Here, we
tested naive participants through an online task. By doing so, we aimed to assess
the e�ect size in the general population. In addition, contrary to previous literature,
we analysed not only how the sensitivity varies as a function of the SOA, but also
the variation in the criterion. None of the previous behavioural studies analysed
the e�ects of mask on criterion. In their TMS study Chambers and colleagues show

32



a shift in criterion, which became more conservative in an expanded time window
that does not perfectly mirror the e�ect on d0 (Chambers et al., 2013). Indeed,
given that the Foveal Feedback could also be used during the decision-making
stage, we should �nd an alteration in the criterion in a speci�c direction. If the
fovea is recruited as an additional computational module to resolve stimulus details,
then the presence of a foveal mask may compromise details processing and induce
subjects to take a more conservative approach.

In experiment 2, the aim was to have a �ner analysis of the timing of the dip
function. To do this, we tested the same experimental paradigm in the laboratory,
but this time increasing the number of SOAs (from 5 to 60), testing the e�ect of the
foveal mask from 0 to 500 ms every 8.33 milliseconds. By implementing thisdense
sampling methodology (Balestrieri et al., 2022; Benedetto et al., 2016; Drewes
et al., 2015; Fiebelkorn et al., 2011; Landau & Fries, 2012; Ronconi & Melcher,
2017; Ronconi et al., 2018; Song et al., 2014), we wanted to implement a virtually
continuous sampling of the mask e�ect, which would not only lead to a much better
characterization of the timing of the main dip, but would also allow us to probe the
presence of Foveal Feedback related perceptual oscillations i.e. rhythmic variations
in behavioral responses re
ecting an underlying neural mechanism that is cyclic
(oscillatory) in nature (Fiebelkorn et al., 2011; Landau & Fries, 2012).

3.1 Experiment 1

In this experiment, we tried to replicate the main �nding from Fan et al. (2016).
In the original work, the authors tested a small group of highly trained participants
in a well-controlled laboratory environment with a large number of trials. In
contrast, we tested a larger number of naive participants and a smaller number
of trials. In addition to a conceptual replication of what was done previously, we
set out to study not only changes in sensitivity, but also changes in criterion due
to the presence of a foveal mask. If the function of Foveal Feedback were simply
to convey anticipatory priming to the foveal cortex, there would be no reason
to expect a deviation of the response criterion. On the contrary, if the foveal
cortex is recruited with the role of a high-functioning visual sketchpad, then the
introduction of random noise with the right timing could shift the criterion in a
more conservative direction. Failure to mentally represent one or both peripheral
stimuli could lead to judgment bias, causing them to be perceived as di�erent even
when they are not.

Experiment 1 was pre-registered at https://doi.org/10.17605/OSF.IO/RTNXS.
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3.1.1 Participants

A total of 56 volunteers (34 females) participated in the experiment. The age
range was 16{63 years. All participants had a normal or corrected-to-normal vision.
The participants were unaware of the purpose of the study and were contacted
by email amongst the non academic acquaintances of the investigators. To ensure
that the task was performed reliably, only those with an overall average sensitivity
(d0) of at least .7 were included in the study. All participants read and accepted
the informed consent before the experiments. The procedures were performed in
accordance with the guidelines of the Ethics Committee for Psychological Research
of the University of Padova, from which they were approved (prot. 4793), and in
accordance with the Declaration of Helsinki (\Declaration of Helsinki", 1996).

3.1.2 Apparatus

The study was built using PsychoPy3 (Peirce et al., 2019) and carried out
remotely using the Pavlovia server. This required the participants to perform the
experiment on their own personal computers. Participants were instructed to seat
at a viewing distance of 57 cm from the screen. A monitor no smaller than 11
inches and with a refresh rate of 60 Hz was required. At the beginning of the
experiment, participants were asked to resize a rectangle on the screen to match
the size of a credit card. In this way we could set a scaling factor for the stimuli,
independently of the monitor resolution. The temporal frequency of the monitor
was recorded during the experiment and all participants with monitor refresh rate
di�erent than 60 Hz were discarded from further analysis.

3.1.3 Experimental design

The experimental design was based on the original experiment by Fan et al
(2016). In total, there were 24 di�erent conditions according to a factorial design
2 Ö 2 Ö 6. The factors involved were the type of target (same/di�erent), the
positioning of the stimuli on the screen (45� or 135� diagonal), and the temporal
distance between the targets and the foveal mask (no-noise, 50, 150, 250, 350, 450
ms SOA).

In the original experiment, 11 subjects participated, performing 2.688 trials
each (excluding practice). Such a high number of trials per subject would cause a
high drop rate in remote data collection. To approximate the overall statistical
power of the Fan et al. study while reducing the total duration, we increased the
number of subjects to 56 who met the inclusion criteria. Eight participants who
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had an overall sensitivity index (d0) lower than .7 were excluded from the sample
and replaced. Each participant repeated each condition 22 times, for an individual
total of 528 trials divided into two blocks.

Before starting the test, to familiarise participants with the stimuli and the
task, a video was shown, in which the task and the stimuli were described in
detail. The task consisted of comparing the two peripheral stimuli and making a
same/di�erent judgment by pressing one of the two response keys on the keyboard.
Before the actual experimental block, participants completed a practice block in
which feedback was given after each response. The practice block consisted of 24�
11 trials for a total of 264 trials and lasted about 10 minutes. Although the amount
of practice may seem high, participants in our study were less experienced than
those in the original study. In fact, the authors reported that`subjects performed
several training sessions prior to the experiment'(Fan et al., 2016, Supporting
Information, p. 1).

3.1.4 Stimuli and procedure

Participants performed a same-di�erent task on two peripheral stimuli. They
were asked to press `m' on the keyboard for answering `di�erent' and `n' for
answering `same' as fast as they could. Target objects were abstract 3D shapes
of the spiky category used by Fan et al. (2016) which have been provided to us
courtesy of the authors of the original study (Figure 3.1). The average size of the
stimuli was 3� 1:5� and their eccentricity was 7� . The three-dimensional shapes
di�er from each other in four main respects: (1) the length of upper spikes, (2)
the length of lower spikes, (3) the orientation of upper spikes, (4) the orientation
of lower spikes (Figure 3.1). In each trial, two objects were randomly selected
from the set of 1296 so that they could either be di�erent or the same. As in the
original study, for di�erent pairs, dissimilarity was given by one or more of the 4
manipulated features. In addition, for each feature the variation between peaks
occurred along multiple levels. The �xation cross was presented in the center for the
duration of the experiment. At the beginning of the trial, the two targets appeared
simultaneously for 100 ms on the black screen. The targets were presented in
diametrically symmetric positions in opposing quadrants of the screen, alternating
pseudo randomly between quadrants 1 and 3 and quadrants 2 and 4. This was
made so that participants did not have any expectations of where the targets would
appear. A 7� 7� colored dynamic noise patch appeared at �xation for 83 ms at
5 SOAs (50, 150, 250, 350, and 450 ms). A baseline no-noise condition was also
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present.

Figure 3.1: Schematic of a trial in the experiment. Two spikey objects were presented for 100
ms in the periphery of the visual �eld in diagonally opposite quadrants. A dynamic noise mask
patch appeared in fovea for 83 ms at 5 di�erent SOAs: 50, 150, 250, 350 and 450 ms.

The response could be given only after the stimulus disappeared. The test was
self-paced, and the next trial began 500 ms after the response key was pressed.
During the practice block, visual feedback informed the participant about the
accuracy of the given response. Although we did not use eye-tracking, participants
were instructed to maintain central �xation. In addition, the presence of the targets
on the screen was very short and would have made eye movements counterproductive
(Weldon et al., 2016).

3.1.5 Data analysis

Starting from the accuracy data in the peripheral same/di�erent task, we applied
signal detection theory to calculate the sensitivity index (d0) and the criterion (C).
For this, we used the functiondprime() from the psycho package (Makowski,
2018), which calculatesd0 as the distance between the signal and signal+noise
distributions using the formula
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d0 = z(success rate)� z(false alarms rate):

The function implements the Hautus correction for extreme values, which
calculates the success rate as

hits + 0 :5
hits + misses + 1

and the false alarm rate as

false alarms + 0:5
false alarms + correct rejections + 1

(Hautus, 1995). A value of 0 indicates an inability to distinguish signals from
noise, whereas larger values indicate a correspondingly greater ability.

The C is calculated as the number of standard deviations from the midpoint
between the signal and signal + noise distributions, using the formula

C = �
z(hits) + z(false alarms)

2
:

Negative values ofC imply a bias toward responding `same' (liberal), whereas
positive values imply a bias toward responding `di�erent' (conservative).

To test for signi�cant di�erences between the SOAs, we �tted the data with
a linear mixed model in which thed0 was included as a dependent variable and
the SOA as an ordered factor with �ve levels. To control for the within-subjects
correlation typical of repeated measures, we also included an individual random
intercept in the model. Mixed models were estimated with a Restricted Maximum
Likelihood procedure (REML) with the function lmer() from the lme4 package
(Bates et al., 2015) in R. Next, we tested the �xed e�ects using a type III F-test
with the Satterthwaite approximation method for degrees of freedom. The decision
to use mixed models instead of a repeated measures ANOVA was taken to allow for
more 
exibility with data assumptions. Contrary to repeated measures ANOVA,
mixed models do not require the assumption of sphericity. Moreover, including
random intercepts accounts for individual di�erences in the overall performance,
which is fundamental for the estimate of �xed e�ects. We did not include random
slopes in the model because it would have increased model complexity with the
risk of over�tting, considering the small sample size used.

To assess the location of the dip, we compared each level of SOA with the
baseline no-noise condition by means of �ve paired samples two-tailed t-tests with
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False Discovery Rate (FDR) correction for multiple comparisons. The same analysis
pipeline was then applied to criterion (C).

3.1.6 Results

The d0 data are shown in Figure 3.2 (upper panel).

Figure 3.2: The upper panel showsd0 as a function of SOA (no-noise, 50, 150, 250, 350, 450 ms).
The lower panel shows the response criterion as a function of SOA (no-noise, 50, 150, 250, 350,
450 ms). Black dots represent mean values with standard errors. The black dashed line represents
the baseline no-noise condition.

The overall averaged0 in this experiment was 1.248 [1.195 1.302]. Type III
F-test with the Satterthwaite approximation, with the SOA levels as the only
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within-subjects variable, revealed a signi�cant main e�ect (F (4, 220) = 4.402;p =
.002). Pairwise comparisons indicated that the three levels di�ered signi�cantly
from the no-noise condition, 50 ms (estimate = .214,df = 55, t = 3.98, p = .001,
d = .53), 150 ms (estimate = .247,df = 55, t = 5.28, p < .001,d = .71), and 250
ms (estimate = .127,df = 55, t = 2.3, p = .042, d = .31). On the contrary, 350
ms (estimate = .055,df = 55, t = .949, p = .347, d = .13) and 450 ms (estimate=
.069,df = 55, t = 1.218, p = .286, d = .16) were not di�erent from the baseline.
This indicates a large drop in performance for SOAs lasting between 50 and 250
ms with the low point at 150 ms.

For the criterion, mixed model analysis of variance also revealed a signi�cant
main e�ect for SOA (F (4; 220) = 8:154;p < :001). Pairwise comparisons indicated
that the noise at 50 ms was not signi�cantly di�erent from the no-noise condition
(estimate = .041, df = 55, t = 1:154,p = :254,d = .15). Instead, 150 ms (estimate
= -.135, df = 55, t = � 4:038,p = :001,d = -.54) and 250 ms (estimate = -.093,
df = 55, t = � 3:24, p = :005,d = -.43) were signi�cantly higher than the no-noise
condition. Lastly, 350 ms (estimate = -.045,df = 55, t = � 1:532,p = :164,d =
-.21) and 450 ms (estimate = -.05,df = 55, t = � 1:732,p = :148,d = -.23) were
not di�erent from the baseline. This indicates a large peak in the criterion for
SOAs lasting between 150 and 250 ms with the high point at 150 ms.C data are
shown in Figure 3.2 (lower panel).

3.1.7 Discussion

The results of Experiment 1 show a decrease in sensitivity related to the presence
of a foveal mask at 50, 150, and 250 ms with a global minimum at 150 ms with
respect to the no-noise baseline condition. This pattern agrees with our expectations
and con�rms that the foveal mask presented in a time interval between 50 and 250
ms post-stimulus onset worsens performance in a peripheral visual task more than
the same mask presented outside of this time window.

We remotely tested a large sample of naive participants over the internet. The
number of trials per participant was smaller than in previous studies, but the total
number of trials was comparable. This shows that the e�ect of the foveal mask
is robust and it can be tested outside the laboratory. Our results are consistent
with what Fan et al. (2016) found in their main experiment (see their Figure
2). However, while our data show a single global minimum ind0 at 150 ms after
stimulus onset, they found the lowestd0 at 50 ms and a second dip at 250 ms.

On the one hand, this unexpected di�erence could be due to some modi�cation
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of the original paradigm that we were forced to make in the online adaptation. On
the other hand, estimating the minimum of a function based on just 5 data points
(SOA level) may be sub-optimal. With such a sparse SOA sampling, the actual
minimum may fall between two SOA levels. In addition, undersampling indirectly
produces a `smoothing' e�ect that conceals part of the variability, as well as any
cyclic e�ects (behavioural oscillations) linked to the e�ect of the mask.

Regarding the criterion, we found that the foveal mask at 150 ms produces a
positive shift with the participants becoming more conservative (more prone to
answer `di�erent'). A possible explanation for this result is that the foveal mask
prevents a precise reconstruction of the peripheral stimulus on the visual sketchpad.

The speci�c time window in which the dynamic noise mask acts on the criterion
suggests that it was the mask that caused the participant to consider the two
stimuli more often as di�erent. The simultaneous presentation of the two stimuli in
diametrically opposite positions excludes the many well-known stimulus-response
compatibility e�ects (Alluisi & Warm, 1990). However, in Experiment 2 we reversed
the response buttons for half of the participants, to include an additional control
for unexpected e�ects of response mapping.

3.2 Experiment 2

In this second experiment, we moved to the laboratory with the aim of obtaining
a much better characterization of the dipper function but also verifying the presence
of perceptual oscillations in performance that would predict other dips.

In the previous experiment, we found a reduction in sensitivity that ranged
from 50 to 250 ms, but the SOAs were too coarse to accurately establish the timing
of the global minimum and to exclude the presence of secondary dips. In two
di�erent experiments, Fan et al. (2016) found the disruptive e�ect of dynamic
mask at both 50 and 250 ms (see their Figures 2 and 5). The dip at 50 ms has so
far been interpreted as an attentional distraction caused by the noise onset when
the peripheral stimuli are still on the screen. This explanation predicts that the
two minima are caused by mechanisms that di�er not only in timing, but also in
nature.

However, the two dips may belong to one or more cyclic phenomena whose most
evident expression is the minimum found at around 250 ms. If this were true, by
means of a `temporally dense sampling', we could observe the presence of these
perceptual oscillations (Balestrieri et al., 2022; Benedetto et al., 2016; Drewes et al.,
2015; Fiebelkorn et al., 2011; Landau & Fries, 2012; Ronconi & Melcher, 2017;
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Ronconi et al., 2018; Song et al., 2014).
As a �rst step to test this hypothesis, we analysed the presence of one or

more dips by comparing the informativeness of the linear model against that of
polynomial functions of increasing degree. As a second step, based on recent studies
using the same method (Balestrieri et al., 2022; Benedetto et al., 2016; Drewes
et al., 2015; Fiebelkorn et al., 2011; Landau & Fries, 2012; Ronconi & Melcher,
2017; Ronconi et al., 2018; Song et al., 2014), we carefully characterize perceptual
oscillations in outcomes of interest (i.e. sensitivity and criterion).

Speci�cally, we probed perceptual judgments of our visual stimuli at many
di�erent equally spaced SOAs, and afterward we tested the presence of signi�cant
oscillatory variations by estimating the Fast Fourier Transform (FFT) spectrum.
If any peak in the FFT spectrum was statistically signi�cant, we further evaluated
the goodness-of-�t of sinusoidal �tting at the emerging frequency. The key idea
of the dense sampling method is that it allows to track 
uctuations in detection
performance over time, allowing to evaluate the presence of perceptual oscillations
de�ned as rhythmic variations in behavioral responses that re
ect an underlying
cyclic (oscillatory) neural mechanism (Fiebelkorn et al., 2011; Landau & Fries,
2012).

3.2.1 Participants

A total of 16 participants took part in this experiment (age range: 21{36, M:
25.31, SD=3.933; 12 female). No participant fell below the removal criterion for
performance, so all were included in subsequent analyses. All volunteers were
students at the University of Padova and had normal or corrected-to-normal
vision. They provided written informed consent before the experiments and they
were compensated for their participation. The procedures were performed in
accordance with the guidelines of the Ethics Committee for Psychological Research
of the University of Padova, from which they were approved (prot. 3745), and in
accordance with the Declaration of Helsinki (\Declaration of Helsinki", 1996).

3.2.2 Apparatus

The experiment was generated using PsychoPy3 (Peirce et al., 2019). Stimuli
were displayed on an LCD monitor with a resolution of 1920� 1080 pixels, at
120 Hz, and a size of 52� 42 cm. Each participant sat in a quiet dim room, at
approximately 57 cm from the screen, using a chin rest. An eye tracker (Gazepoint
GP3) was used to monitor the �xation of the participants. The stimulus was not
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presented if participants did not look within 2� from the �xation point. Each
trial was self-initiated by button press, and after the presentation of the stimulus,
participants responded by pressing the `l' or `a' as accurately as possible, with no
emphasis on speed. Half of the participants pressed `l' as the `same' button, and
the other half pressed `a'.

3.2.3 Experimental design

The experimental design was similar to the previous one, except for the number
of SOAs which were increased from 5 to 61 ranging from 0 to 500 ms, one every
8.33 ms. To allow for a robust estimate ofd0, each subject performed 48 repetitions
for each SOA level, while the baseline no-noise condition counted 96 trials. As
the total number of trials per participant was higher than in Experiment 1, we
were able to reduce the sample numerosity to 16 while maintaining a comparable
statistical power. The experiment started with a stimuli familiarization phase,
followed by a training phase of 252 trials with feedback. The test phase consisted of
three sessions of 1008 trials each, subdivided into two blocks. The participant was
allowed to take a short break between blocks and a longer break between sessions.
The total duration of the experiment, including breaks, was approximately three
hours.

3.2.4 Stimuli and procedure

The target objects were the same abstract 3D shapes as in Experiment 1. The
average size of the stimuli was 3� 1:5� and their eccentricity was 7� . Eye-tracking
calibration was performed before each block and participants were instructed to
maintain central �xation. They were informed that the next trial would not start
if they moved their eyes away from the center of the screen. To prevent any
bias towards one of the keys from a�ecting the criterion calculation, half of the
participants were asked to press `a' for answering `di�erent' and `l' for answering
`same', whereas for the other half of the participants the keys were reversed. A
7 � 7� colored dynamic noise mask patch appeared in fovea for 83 ms at 61 SOAs
one each 8.33 ms ranging from 0 to 500 ms included. In the baseline condition,
no-noise appeared.

3.2.5 Data analysis

The d0 and the C were calculated with the same procedure as in the previous
experiment. To assess the location of the dip, False Discovery Rate corrected
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post hoc were performed. A linear trend would indicate the absence of a dip; on
the contrary, the quadratic or cubic trend would indicate its presence. To study
the e�ect of noise as the SOA changes, we compared �ve di�erent mixed models
estimated with a maximum likelihood procedure (ML) with thelmer() function
of the lme4 package (Bates et al., 2015) in R. In each model, thed0 appeared as
a dependent variable along with a continuous variable related to the SOA. The
random e�ect consisted of the individual intercept for the participant. In the �rst
model, the SOA was modeled with linear regression, while in subsequent models
it was modeled with polynomials of increasing order up to the �fth degree. This
was done by calculating orthogonal polynomials for the SOA variable by means
of the poly() function in R. The selection of the best model was carried out
by considering the Akaike Information Criterion corrected for small sample sizes
(AICc) which scores the models based on their log-likelihood and complexity.

Next, we performed an omnibus test (ANOVA) with Satterthwaite's method
for degrees of freedom on the selected model re�tted with a REML estimation to
assess the signi�cance of the main e�ect of SOA. Finally, to detect the presence of
the main or secondary dips, we extracted all the minima from the model �t and,
for each, we extracted timing and location. We also tested whether the no-noise
and the 0 ms SOA were di�erent on average by means of a paired t-test. A similar
analysis pipeline was then applied to the criterion.

Thanks to the dense sampling achieved in this experiment, we also tested the
presence of behavioural oscillations in our data with the analysis used by Ronconi
and Melcher (2017). First, we conducted a spectral analysis over the individual
500 ms epochs. Data were zeros-padded and FFT was applied with MATLAB
prior to statistical testing. The signi�cance of peaks in the spectra amplitude was
assessed with non parametric permutation tests. Speci�cally, we generated a null
distribution by randomizing the SOA labels for each individual dataset, averaging
the permuted datasets across subjects afterwards. We repeated this procedure 3000
times. Then the signi�cance threshold was calculated as the 95� percentile of the
observed amplitude values in the full set of amplitude values of the permutation
distribution. Finally, as a con�rmatory analysis, we performed a sinusoidal �t for
each of the signi�cant frequencies that emerged in the FFT spectrum and calculated
the corresponding (observed)Adj -R2. For the best-�tting procedure, we applied to
both the observed and permuted data a smoothing with a moving average (moving
factor = 2 data points) over the zero-padded data, and the best-�t was searched
in a .5 Hz range around the starting frequency. The procedure was signi�cant if
the observedAdj -R2 fell above the 95� percentile of the null distribution of the
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surrogateAdj -R2 derived from the permutation tests.
The rationale behind the spectral analysis is that stimulus onset starts an

alternation of feedback and feedforward to maintain the stimulus in working
memory, and there are phase locked oscillations post stimulus onset. When the
mask interacts during speci�c phases, it disrupts the maintenance.

3.2.6 Results

The d0 and C data are shown in Figure 3.3.

Figure 3.3: The upper panel showsd0 as a function of SOA. The lower panel shows the response
criterion as a function of SOA. Black dots represent mean values with standard errors. The
black dashed line represents the baseline no-noise condition. The solid blue line represents the
polynomial �t.
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We also report thed0 dip and the C peak for each participant in Table 3.1.

participant min d0 min d0 timing max C max C timing max C - min d0

1 0.11 0.03 0.78 0.32 0.28
2 0.61 0.12 0.54 0.25 0.13
3 0.50 0.21 0.82 0.50 0.29
4 0.00 0.10 0.59 0.26 0.16
5 1.22 0.25 0.57 0.18 -0.08
6 0.52 0.25 0.59 0.17 -0.08
7 0.77 0.13 1.03 0.24 0.12
8 0.52 0.08 0.46 0.13 0.05
9 1.30 0.22 0.46 0.29 0.08
10 0.51 0.06 0.69 0.17 0.11
11 0.54 0.17 0.12 0.23 0.07
12 0.51 0.36 0.49 0.31 -0.05
13 0.42 0.18 0.78 0.15 -0.03
14 0.74 0.47 0.57 0.24 -0.23
15 0.42 0.10 0.25 0.16 0.06
16 0.00 0.06 -0.06 0.28 0.22

Table 3.1: Summary table showing the minimumd0, the peak C, their corresponding timings and
the di�erence between the C peak andd0 dip timings for each participant.

The overall averaged0 in this experiment was 1.418 [1.387 1.448], slightly higher
than in the previous experiment. In addition to the better testing conditions, each
subject performed a larger number of trials and therefore had a greater opportunity
to learn. The model selection showed that the best model was the quartic model
(4th-degree polynomial) which had a total predictive power of 66 % compared to
the full set of models as shown in Table 3.2.

Model selection based on AICc

Modnames K AICc Delta AICc AICc weight

quartic 7 985.07 0.00 0.66
quintic 8 987.10 2.03 0.24
cubic 6 988.94 3.87 0.10
linear 4 999.61 14.55 0.00
quadratic 5 1000.68 15.62 0.00

Table 3.2: Model selection table ford0. The best-�t model is listed �rst. K, the number of
parameters in the mixed model including �xed and random e�ects. AICc, Akaike Information
Criterion corrected for small sample sizes, the smaller the AIC value, the better the model �t.
Delta AICc, the di�erence in AIC score between the best model and the model being compared.
AICc weight, which is the proportion of the total amount of predictive power provided by the full
set of models contained in the model being assessed.
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The Type III F-test with the Satterthwaite approximation revealed a signi�cant
main e�ect of the 4th-degree (quartic) polynomial predictor SOA (F (4; 956) =
19:445;p < :001). The quartic model predicts a global minimum that was located
at a d0 of 1.24 and 94 ms after stimulus onset. Furthermore, there was no signi�cant
di�erence between the condition without noise and the condition with concomitant
noise (estimate = .111,df = 15, t = 1:259, p = :228, d = .31, d = -.40) or the
condition with noise onset at 500 ms after the target onset (estimate = -.136,
df = 15, t = � 1:594,p = :228,d = .50).

For the criterion, the model selection showed that the best model was the
quintic (5th-degree polynomial) which had a total amount of predictive power of
96 % compared to the full set of models as shown in Table 3.3.

Model selection based on AICc

Modnames K AICc Delta AICc AICc weight

quintic 8 -250.90 0.00 0.96
cubic 6 -243.66 7.25 0.03
quartic 7 -242.27 8.64 0.01
quadratic 5 -239.96 10.95 0.00
linear 4 -212.02 38.89 0.00

Table 3.3: Model selection table for the criterion. The best-�t model is listed �rst. K, the number
of parameters in the mixed model including �xed and random e�ects. AICc, Akaike Information
Criterion corrected for small sample sizes, the smaller the AIC value, the better the model �t.
Delta AICc, the di�erence in AIC score between the best model and the model being compared.
AICc weight, which is the proportion of the total amount of predictive power provided by the full
set of models contained in the model being assessed.

Mixed model analysis of variance revealed a signi�cant main e�ect of the 5th-
degree polynomial predictor SOA (F (5; 955) = 10:231; p < :001). The quintic
model predicts a global maximum that was located at aC value of .117 and 174
ms after stimulus onset. Furthermore, there was no signi�cant di�erence between
the condition without noise and the condition with concomitant noise (estimate =
-.0165,df = 15, t = � :285,p = :78, d = -.07) or the condition with 500 ms noise
(estimate = .033, df = 15, t = :524,p = :78, d = .13).

3.2.6.1 Spectrum analysis and best �t

The power spectrum analysis ford0 showed a peak at 3 Hz, with observed
values signi�cantly higher than the permutation spectrum in the 2.989{3.218 Hz
frequency range (.025< p < .027). A second signi�cant peak was found at 12.644
Hz (p = .034). For the C, we observed a single peak at 1 Hz, with observed values
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signi�cantly higher than the permutation spectrum in the .92{1.379 Hz frequency
range (.002< p < .017). Results from the power spectrum analysis are shown in
Figure 3.4.

Figure 3.4: Power spectrum analysis ford0 (upper panel) and C (lower panel). The horizontal
line shows the signi�cance threshold, frequencies that cross the line are statistically di�erent from
chance.

The best-�tting procedure for the d0 revealed that, for the 3 Hz frequency, the
observedAdj -R2 was signi�cant (Adj -R2 = :24, p = :019, best-�tting frequency
= 2.727 Hz, C.I. = [2.306, 3.147]). However, it was not signi�cant for 12 Hz
(Adj -R2 = � :016, p = :866, best-�tting frequency = 12.14 Hz, C.I. = [�xed at
bound]). For the C, the best-�tting procedure revealed that the observedAdj -R2

for the 1 Hz was signi�cant (Adj -R2 = :454,p < :001, best-�tting frequency = .65
Hz, C.I. = [ � 3:071, 4:371]). Results from the best-�t analysis are shown in Figure
3.5.
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Figure 3.5: The upper panel shows the 3 Hz (upper left panel) and 12 Hz (upper right panel)
sinusoidal �t for d0. The lower panel shows the 1 Hz sinusoidal �t for criterion.

3.2.7 Discussion

In this experiment, dense sampling of the SOA allowed us to accurately estimate
the temporal characteristics that best describe the e�ect of noise with respect
to sensitivity and criterion. Regarding sensitivity, we were able to con�rm the
presence of a global dip at about 100 ms after stimulus onset. This timing was
consistent with that found in Experiment 1 (150 ms) and earlier than that found
in the original study (250 ms, Fan et al., 2016).

Judging from our results, in the previous literature, the chosen intervals were
not ideal for precisely estimating the global minimum in sensitivity. By using sparse
sampling (generally 5 levels of SOA), you may measure a biased timing of the dip
which ends up falling into the nearest SOA level. Here, we have provided a detailed
characterization of the time course, which may help to estimate suitable levels for
future studies. We also note that in Experiment 2, simultaneous or highly delayed
noise (> 450 ms) had no e�ect on sensitivity. Therefore, we found no evidence for
the presence of two dips within the �rst 200 ms, contrary to what was reported by
Fan et al. (2016).
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Regarding the criterion, we con�rmed the presence of a maximum at about
174 ms, indicating more conservative responses. It is also important to note that
there was a delay of about 80 ms between the minimum ind0 and the maximum
in C. This di�erence was measured for each participant, and it was consistent in
11 out of 16 participants. This suggests that the foveal mask acts on at least two
separate mechanisms that in
uence sensitivity and criterion at di�erent times. This
result is further supported by frequency spectrum analysis. Although sensitivity is
a�ected by noise cyclically at 3 and 12 Hz, for the criterion the emerging frequency
was 1 Hz. Further con�rmation of this comes from the best-�tting analysis. The
sinusoidal �t was signi�cantly di�erent from chance at 3 Hz for sensitivity and at
1 Hz for criterion. The fact that the sinusoidal �t at 12 Hz was not signi�cant
does not invalidate the result of the FFT analysis. Indeed, this latter analysis
is not only su�ciently conservative but also more sensitive to the coexistence of
multiple frequencies in the data; with the sinusoidal �tting, on the contrary, higher
frequencies might be more penalized because they are more a�ected by noise in
the data.

Overall, our data strongly suggest the existence of two distinct mechanisms
in
uencing sensitivity and criterion response. Thus, we can infer that Foveal
Feedback interferes with incoming feedback to early visual areas from diverse
sources (and thus with di�erent timing). We can imagine the existence of at
least two di�erent feedback sources, one perceptual in origin and the latter more
cognitive.

3.3 General discussion

Recent studies have pointed to the possible role of the foveal retinotopic cortex
in the elaboration of peripheral information, presumably via a temporally 
exible
feedback signal from the higher-level cortex to the lower-level foveal cortex (Fan
et al., 2016; Ramezani et al., 2019; Weldon et al., 2016, 2020; Williams et al., 2008;
Yu & Shim, 2016). These studies show that processing foveal visual stimuli in a
narrow time window shortly after peripheral stimulus presentation interferes with
peripheral object discrimination. Consistent with this �nding, Fan et al.(2016)
found that presenting a foveal mask 250 ms after the stimulus onset disrupts
discrimination performance in the periphery. This e�ect primarily occurs for
tasks that involve spatial details, providing`psychophysical evidence that the high-
resolution specialization of the foveal cortex can be used for discriminating �ne
spatial details of peripheral objects'(p. 11631) (Fan et al., 2016).
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Experiment 1 was able to reproduce the non-monotonic SOA function observed
in the original experiment by Fan et al. (2016). In our data, we could identify a
clear drop in sensitivity when the noise was presented around 150 ms after stimulus
onset. We have also shown that foveal mask interferes with the decision-making
process, altering the response criterion in a more conservative direction. These
e�ects were su�ciently robust to be tested online in non expert participants but the
timing of the dip in the d0 di�ered by about 100 ms from what Fan and colleagues
(2016) found. It is true that Fan et al. (2016) found that the timing for noise
interference can vary depending on the amount of mental manipulation required
on peripheral objects to solve the task. However, since we used the same task
and stimuli as in the main experiment of the original study, this explanation does
not apply to our case. This discrepancy in timing led us to perform a second
experiment to measure more accurately thed0 as a function of noise. To do this,
we increased the levels of SOAs to better sample the time course of the e�ect.

Experiment 2 again supports the hypothesis that foveal noise interferes with a
peripheral task when the noise is presented in a narrow time window. However,
as in Experiment 1, we found that the strongest masking was earlier than 250 ms,
speci�cally at 150 ms in Experiment 1 and 94 ms in Experiment 2. Although it was
still consistent with the Foveal Feedback hypothesis, the timing found in our second
experiment precedes that of other studies conducted with similar paradigms. In
two di�erent studies, Weldon et al. (2016, 2020) found a dip in performance at 117
ms. Yu et al. (2016) found the dip at 150 ms, while Ramezani et al. (2019) found
the dip at 300 ms. There are multiple causes for this variability across studies. In
part this was due to diversity in the stimuli and tasks, but mostly this variability
could be attributed to the use of a limited number of SOAs. Only a few SOA levels
(3 to 5) were used in previous studies, and the dip was localized through pairwise
comparisons between di�erent SOA levels, without any interpolation. Instead,
through dense sampling, we were able to estimate the function that best describes
the e�ect of the mask and then use this function to �nd a minimum.

Given the high individual variability in the observed phenomenon, the low
sample size of previous studies may also have contributed to the di�erences in
the �ndings. In our study, we mitigated this problem by using a large sample
size (Experiment 1) and a large number of trials (Experiment 2). TMS-based
studies have also su�ered from these limitations (Chambers et al., 2013; Zeng et al.,
2020). In addition, it is not possible to make a direct comparison between TMS
and masking techniques, as the di�erence between the two procedures can lead
to di�erences in timing. While the TMS stimulus directly activates the cortex,

50



the noise mask activates the entire visual pathway starting from the retina before
interfering with the cortical process. Moreover, unlike a mask, the TMS stimulus
interferes instantaneously with neural activity. Our results, therefore, do not
necessarily contradict what has been reported in previous studies, but rather they
estimate more accurately the temporal dynamics of the disruptive e�ect of the
mask on thed0.

We also con�rmed an e�ect of noise on the criterion, which, as in the �rst
experiment, becomes more conservative, but with a di�erent timing with respect
to the sensitivity. This suggests that there are two distinct processes, one of a
more perceptual nature and one more cognitive. We have also veri�ed the co
presence of cyclical phenomena involving the sensitivity, one at a frequency close
to 3 Hz and the other at a higher frequency, close to 12 Hz. These additional
data suggest that the dip in sensitivity produced by the foveal mask could arise
as a combination of rhythmic variations at slower and faster frequencies, with
faster perceptual oscillations re
ecting the basic sampling frequency of the visual
system within the alpha band and the slower rhythm possibly resulting from the
extended network encompassing associative and control areas outside the visual
system (A. J. Keller et al., 2020; VanRullen, 2016; Wilming et al., 2020). The
criterion seemed to show an oscillatory pattern at 1 Hz, although the sampling
interval in our experimental design allowed us to measure only about half of a cycle
at this frequency, so this result should be taken with caution. It is possible that
the foveal mask interferes with task execution at distinct stages; the �rst, earlier,
related to the perceptual representation of the stimulus, and the second, slower,
linked to the decision process. When the mask reaches foveal cortex at the same
time as the stimuli, the stimuli representation is not formed, while when it reaches
foveal cortex after the stimuli it adds noise to the representation. As a result, the
stimuli are judged as di�erent due to the added noise. Imaging studies showed
that perception and imagery rely on similar neural representations throughout the
ventral visual stream and that in retinotopic visual areas representational similarity
is greater when the task requires processing of visual details (Kosslyn & Thompson,
2003). In re-imagining the stimulus to solve a discrimination task, it might be
convenient to discard positional information. This could lead to the post stimulus
foveal activation found by Williams et al. (2008).

The relationship between Foveal Feedback and mental imagery is also supported
by studies showing the involvement of the foveal cortex in processing tactile stimuli
(Monaco et al., 2017). Evidence that a TMS pulse in V1 in the range of 120
to 220 ms reduces performance in a tactile Braille letter recognition task (Bola
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et al., 2019) suggests that Foveal Feedback is not speci�c to the visual modality,
but instead is part of a general mechanism activated whenever high-resolution
bu�ers are needed for geometric calculations and object processing (Lee et al.,
1998). We therefore observe a strong similarity between the Foveal Feedback and
the visuospatial sketchpad theorized in Baddeley and Hitch's tripartite model of
working memory (Baddeley & Hitch, 1974). In their model, the sketchpad, similar
to an inner eye, allows individuals to revisit mental images pertinent to the task at
hand. Baddeley (1988) theorised that the sketchpad is the storage place in working
memory that contains the necessary object information to set up and manipulate
mental visual images. Although with di�erent connotations, such a construct is
also present in Kosslyn's de�nition of surface and deep representation (Kosslyn,
1981).

As is known, perception and imagination share neural representations in the
alpha frequency band and the contents of these shared representations are likely
to be complex visual features (Xie et al., 2020). The fact that noise impacts
sensitivity with a cyclic rate might be an indication that it interferes with the cyclic
endogenous feedback system in general, but the global minimum at about 100 ms
shows that this interference is greater when the feedback carries image information
critical to task execution (Dijkstra, Bosch, & van Gerven, 2019). Is there a more
parsimonious explanation for this phenomenon? In the reverse hierarchy theory,
shape discrimination involves an initial feedforward sweep followed by feedback for
�ner shape processing (Ahissar & Hochstein, 2004). Moreover, behavioral data
from perceptual learning studies show that information from low-level retinotopic
and high-level non retinotopic areas may be combined to support object recognition
(Dosher et al., 2013). However, there are three features that make Foveal Feedback
a special case. First, this feedback has an impact during the current trial response
and thus it is not related to a long-term perceptual �ne-tuning or learning. Second,
the feedback is not directed to the retinal areas where the stimuli are presented,
but instead is position-invariant. Third, despite the fact that a reverse hierarchy
model may imply a time course (Ahissar & Hochstein, 2004), we would expect a
detrimental e�ect of noise at all SOAs. Instead, the maximum e�ect of noise is
found when it appears after the o�set of the targets. Therefore, it is more plausible
that this feedback is part of a system of mental image formation.
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3.4 Conclusion

In this study, we extended previous �ndings about the temporal dynamics of
Foveal Feedback. We showed that the dip in sensitivity is earlier than previously
found and with no obvious secondary peaks. Moreover, for the �rst time, we show
the presence of a change for the decision criterion (response bias) that is temporally
distinct from that of sensitivity. The fact that the e�ect of noise on the criterion
is shifted in time with respect to sensitivity suggests that noise interferes with
feedback from higher areas at several levels and with di�erent timing. Finally, we
found evidence for perceptual oscillations in the disruptive e�ect of the mask e�ect
on sensitivity at both 3 and 12 Hz. These results suggest that the foveal mask
a�ects two mechanisms, one more perceptual and faster and one more cognitive
and slower.
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Chapter 4

Disrupting foveal cortex impairs
orientation discrimination of peripheral
low-level stimuli

In humans, there are important physiological and perceptual di�erences between
central and peripheral vision. Spatial acuity decreases rapidly with eccentricity,
re
ecting the non-uniform spacing of the receptors (Bear et al., 2007). However,
central and peripheral vision are part of an integrated system. Findings from the
literature have shed new light on one of the ways foveal and peripheral vision
interact. In shape processing, information from the periphery is fed back to more
central regions of V1 (Zhaoping, 2019). This idea is known as the Foveal Feedback
hypothesis (Williams et al., 2008). Although the presence of feedback is well-known
(Bullier, 2001; Felleman & Van Essen, 1991; Salin & Bullier, 1995), the novelty of
the Foveal Feedback hypothesis is that this feedback is not strictly retinotopic.

The attributes of the fed-back information and its neural substrate remain
unclear. In this behavioural study, we investigated the Foveal Feedback hypothesis
using low-level peripheral targets (Gabor patches) and a dynamic, coloured patch
as a central noise. The procedure relies on the idea that a foveal mask can interfere
with processing of peripheral stimuli, as shown by Fan et al. (2016) and Weldon et
al. (2016). We varied the timing of the mask onset and compared two di�erent
tasks (orientation vs contrast discrimination), and two di�erent kinds of stimuli
(magnocellular vs parvocellular activating) to weigh the relative contribution of
the magno- and parvocellular systems.

In Williams et al. (2008)'s study, participants were presented with two novel
objects in diagonally opposite locations and were asked to perform a same/di�erent
task. In one of the experiments, participants judged the shape of the stimuli, while
in the other they had to judge their colour. Using fMRI, the authors found patterns
of activation in the foveal retinotopic cortex relative to stimuli presented at di�erent
peripheral locations. The activation was found in the shape but not in the colour
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discrimination task. The work of Williams et al. (2008) showed that the foveal
retinotopic cortex can process information presented at more than �ve degrees
in the periphery. The authors argued that the decoding in the foveal retinotopic
cortex relied on feedback signals that originate in higher-level visual areas. They
suggested that this mechanism only works for tasks involving processing of detailed
shape information.

In recent years, evidence from both behavioural and neuroimaging data has
accumulated in support of the existence of this non-retinotopic feedback from the
periphery to the fovea (for a review see Oletto et al., 2022, and Stewart et al.,
2020). Interestingly, the timing at which Foveal Feedback is e�ective seems to be

exible and to depend both on stimuli and task complexity, as suggested by Fan et
al. (2016).

Weldon et al. (2020) tested if Foveal Feedback was speci�c to tasks involving
shape discrimination by comparing a shape discrimination with a colour discrim-
ination task. They observed a similar mask-related dip in performance in both
conditions, but the dip was less evident when using simple coloured patches as
target.

One possible explanation for previous results is that Foveal Feedback is speci�c
to tasks that involve high spatial frequency information rather than shape. The
primate visual system utilizes parallel processing pathways to handle di�erent
aspects of visual information. The parvocellular system is sensitive to high spatial
resolution and colour. The magnocellular system is sensitive to motion and low
spatial resolution (Callaway, 1998; Livingstone & Hubel, 1988). Although parvo-
and magnocellular steams are partially integrated in V1 (Nassi & Callaway, 2009),
at an anatomical level, V1 presents regions which predominantly receive magno-
or parvocellular inputs (M. Edwards et al., 2021). Many psychophysical studies
have con�rmed di�erent roles of M and P systems in processing of spatio-temporal
(Breitmeyer & Ganz, 1977; McAnany & Levine, 2007), contrast (Zemon et al.,
2023) and colour information (Awasthi et al., 2016). Thus there are functional
di�erences between these two steams, that is, they are selective for processing
speci�c visual properties (M. Edwards et al., 2021). Therefore, even if it is unlikely
that Foveal Feedback exclusively targets parvocellular inputs, it may be speci�c
to the processing of high spatial frequency information, which is related to the
parvocellular system. The hypothesis is that interference will be more pronounced
in tasks that depend heavily on parvocellular processing.

We adopted the procedure introduced by Fan et al. (2016) and replicated
by Contemori et al. (2022). Participants compared two stimuli appearing 7�
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from �xation at diagonally opposite locations. Sensitivity was computed using
signal detection theory (d0). Fan et al. (2016) used complex shapes called spikies,
originally from Op de Beeck et al. (2006) (Figure 4.1).

Figure 4.1: Examples of spikies. Six examples of the spikies stimuli from Fan et al. (2016)
experiment, originally from Op de Beeck et al. (2006). These objects are novel three-dimensional
shapes with an average size of 3Ö1:5� , which di�er according to four characteristics of the
spikes: length of the upper spikes, length of the lower spikes, orientation of the upper spikes and
orientation of the lower spikes.

We used simple stimuli, i.e. Gabor patches. They are a suitable tool to
approximate the spatial characteristics of the receptive �elds in V1 neurons (Jones
& Palmer, 1987; Ringach et al., 2002). There are two other studies in the literature
that employ respectively Gabors and Gabor-like patches �ltered for their orientation
in a Foveal Feedback paradigm. One is from Yu and Shim (2016), who used a target
recognition task. Participants were presented with a peripheral Gabor and a central
Gabor at di�erent SOAs, and reported if the peripheral Gabor was a previously
memorised target. Yu and Shim did not �nd any e�ect of mask presentation on
target recognition. In a recent study, Kroell and Rolfs (2022) used a dynamic, full-
screen noise with a 1/f distribution. Within this noise, they incorporated peripheral
targets by �ltering the background at the desired location to have orientations of
either � 45� or +45� , thereby creating Gabor-like patches. Participants reported
whether the central target was present and its orientation. The orientation of the
peripheral cue in
uenced the discrimination of the central target at speci�c timings.
The authors concluded that this is related to Foveal Feedback: information about
the orientation of the peripheral target is fed back to foveal retinotopic cortex,
interfering with central target discrimination.

In Experiment 1, our aim was to extend the above studies. We used two
peripheral stimuli as target, and a central mask. Using this paradigm, we can
compare the e�ect of central mask on peripheral discrimination in low vs high level
stimuli (i.e., Gabors vs spikies). Yu and Shim (2016) only used a 150 ms SOA
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and displayed a single target, while in our study the same/di�erent orientation
task is performed with two peripheral targets and a �ner sampling of SOAs. As
shown by Contemori et al. (2022) the number of levels used in previous studies is
sub-optimal for establishing the timing of the dip. For this reason, we increased
the number of SOAs to 31.

In Experiment 2, we set the spatial frequency to 1 vs 7 cycles-per-degree (cpd)
of the Gabors to stimulate mostly the magno- or the parvocellular systems (M.
Edwards et al., 2021). Our hypothesis was that Foveal Feedback is speci�c to
the parvocellular processing, which is critical for �ne shape discrimination. We
also compared a task that involved shape processing (Experiment 2a) and a task
that did not involve shape processing (Experiment 2b). In Experiment 2a we
used orientation discrimination as a simpli�ed version of a shape processing task.
Neurons in V1 exhibit selectivity for orientation (Field, 1987; Ringach et al., 1997),
which is involved in contour integration (Klink et al., 2017; Lamme, 1995; Lee et
al., 1995). This suggests that orientation plays a crucial role in contour integration
processes, since changes in orientation help in de�ning borders, and therefore
are key for �gure-ground segregation (Lee et al., 1997). In this sense, testing an
orientation task is a simpli�cation of testing complex shapes, since orientation
selectiveness is the starting point for shape discrimination. In Experiment 2b, we
used a contrast discrimination task. Contrast sensitivity is maximum in the foveal
region of the visual �eld (Skrandies, 1985; Stewart et al., 2020). It would not be
surprising if the fovea were recruited as an additional computational module to
solve a di�cult peripheral contrast discrimination.

To summarize our aims, we wanted to test if Foveal Feedback: a) exists with
low-level features stimuli; b) is speci�c to tasks involving shape discrimination;
c) is speci�c to the parvocellular system. If Foveal Feedback occurs for Gabor
patches, three di�erent scenarios are possible. In the �rst scenario, Foveal Feedback
is speci�c to tasks involving shape, but not tied to the magno- or parvocellular
systems. We expect a dip as a function of SOA in the orientation task for both
parvo- and magnocellular stimuli, and no e�ect in the contrast task. In the second
scenario, Foveal Feedback is speci�c to the parvocellular system, but not to shape.
We expect a dip in the parvocellular condition for both orientation and contrast
tasks and no dip in the magnocellular condition. In the third scenario, Foveal
Feedback is speci�c to both shape and the parvocellular system. We expect a dip in
the orientation task only in the parvocellular condition, and no dip for the contrast
task. To anticipate our �ndings, results were consistent with the �rst scenario.
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4.1 Ethic statement

All participants provided explicit informed consent before joining the experiment
and they were compensated for their participation. The study was approved by the
Ethics Committee of the University of Padova on Psychological Research (protocol
number 4812). The study adhered to the requirements of the WMA Declaration
of Helsinki { Ethical Principles for Medical Research Involving Human Subjects
(\Declaration of Helsinki", 1996). The data were collected, processed, and analysed
anonymously for Experiment 1, while in Experiment 2 they collected con�dentially,
and subsequently processed and analysed anonymously.

Experiment 2 and 3 were pre-registered at https://doi.org/10.17605/OSF.IO/
K9NPC.

4.2 Experiment 1

This experiment tests whether Foveal Feedback is speci�c to complex shapes. We
investigate the non-linearity of the modulation of performance in a discrimination
task with peripheral Gabor patches when a foveal mask was presented at di�erent
SOAs. We used 31 levels of SOAs to have a �ner sampling of the temporal distance
between targets and mask compared to previous experiments. Considering the
discrepancies in the literature about the foveal mask e�ect with Gabors, we expect
the dip to have a di�erent timing than that of more complex objects.

This study was conducted online for practical reasons. Data were collected in the
aftermath of the COVID pandemic. We used some precautions to discourage partic-
ipants from looking away from �xation. These will be described in the Discussion
section (4.2.8). We note that the e�ect of the central mask on discrimination with
peripheral stimuli has already been found in an online experiment. In a previous
study (Contemori et al., 2022) we used the same paradigm as the present study to
test complex shapes (spikies) both in an online and in a lab settings. We found
consistent results when directly comparing both sets of data, after applying the
same exclusion criterion as the present experiment. Consequently, we con�dently
applied the same methodology for online data collection, with the only di�erence
being the substitution of spikies with Gabors.

4.2.1 Participants

A power analysis was conducted based on data from a previous experiment on
Foveal Feedback (Contemori et al., 2022) using the R packagepwr2ppl (Aberson,
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2022). We used the means, standard deviations, and correlations of thed0 at
baseline vs. at the timing of the dip, considering a within-subjects design and
a one-way ANOVA. The power analysis estimated a sample of 15 participants
(power = .8, � = :05). We decided to include 25. A total of 62 (36 females;
M: 24.43, SD: 7.89) participants were recruited through an online crowdsourcing
platform (Proli�c) from 28/06/2022 to 30/09/2022. They were adults with normal
or corrected-to-normal vision. The exclusion criterion was set atd0 < : 7, to exclude
participants performing the task at random. This criterion was taken from Fan et
al. (2016) and was pre-registered. Moreover, we wanted to be as conservative as
possible since the data were collected online. After applying the exclusion criterion,
the �nal sample encompassed 25 participants (15 females; M: 22.6, SD: 2.71).

4.2.2 Apparatus

The experiment was written in JavaScript, a browser-compatible programming
language. We used JsPsych, a library for online behavioural experiments that
provides several high-level functions for presenting stimuli, timing control, randomi-
sation, and collecting responses (de Leeuw, 2015). We also used a speci�c extension
for psychophysics experiments (jspsych-psychophysics) that guarantees accurate
timing for visual stimuli (Kuroki, 2021). More speci�cally, this extension provided
the average frame rate of each trial for each participant. Participants whose frame
rate signi�catively deviated from 16.7 ms were excluded. The experiment was
hosted on a server of the Department of General Psychology that was set up with
JATOS (Lange et al., 2015). Participants were asked to close all windows and
non-essential background programmes and set the monitor refresh rate to 60Hz.
Those who completed the test with a di�erent frequency were excluded. Partici-
pants were provided with a link to access the page where they could download the
experiment batch �le. Double clicking on the batch �le would open the experiment
webpage in a browser window, with its processes automatically set to high priority.
To limit the variability of the system, participants were asked to use Chrome or
Firefox on a Windows machine. After providing information regarding gender and
age, participants were asked to perform a monitor size calibration procedure. The
procedure consisted in two steps. Participants adjusted the size of a rectangle
displayed on the screen so that it matched the dimensions of a credit card. In a
second step, participants were asked to verify that the side of a square was 10 cm.
Participants were asked to sit at an approximate distance of 57 cm from the screen,
with the line of gaze perpendicular to the monitor centre.
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4.2.3 Experimental design

We employed a three between-subjects factors design: 31 levels of SOAs, ranging
from 0 to 500 ms in intervals of 16.67 ms, plus a no-mask condition; the position of
peripheral stimuli (upper right and lower left vs upper left and lower right); and the
orientation of stimuli (same vs di�erent). This resulted in a 32Ö2Ö2 experimental
design. Participants completed a total of 768 trials, divided into 6 blocks, with
each condition repeated once per block.

4.2.4 Stimuli

Stimuli were two Gabor patches, consisting of a cosinusoidal carrier enveloped
by a stationary Gaussian following the equation:
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A Gabor patch is characterised by its wavelength (� ), phase (� ), and standard
deviation (� ) of the Gaussian luminance enveloped in the (x; y) space of the image
with � = � and � = 0 (even symmetric). The spatial frequency was 3 cycles per
degree (cpd).

We ran a pilot experiment to estimate the optimal amount of deviation from the
vertical orientation to achieve 70 % accuracy. The pilot experiment was conducted
with three participants (CMO, GC and LB). Firstly, GC was tested with four
di�erent tilts (6 � , 8� , 10� and 12� ). The pilot consisted of six blocks of 124 trials
each, with the same procedure described in the procedure section. Accuracy was
calculated with the overall number of correct responses, independently of SOAs.
The optimal Gabor tilt was found to be 10� with a contrast of .1 Michelson.
Therefore, CMO and LB were tested with the 10� tilt, achieving a performance
around 70 %. The Gabors were inscribed into a 5Ö 5� square and were presented
at 7� eccentricity along the two diagonals. The mask consisted of a 7Ö 7� dynamic
noise patch presented at �xation. It was composed of smaller squares and colours
changed repeatedly.

4.2.5 Procedure

Participants performed a practice block of 124 trials with trial-by-trial feedback.
In the experimental blocks, no feedback was provided. Figure 4.2 summarizes the
procedure. At the beginning of every trial, a blank screen was presented for 1000
ms. A white cross was presented throughout the whole trial to help participants
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�xate at the centre. Then two Gabors appeared in opposing positions along the
two diagonals (upper right and lower left or upper left and lower right) for 100
ms. Such a short timing was used to avoid participants executing saccades away
from the centre, as such a short timing would have made saccades disadvantageous
(Weldon et al., 2016). The mask was displayed in the fovea for 83 ms, with a delay
from target onset chosen randomly amongst the 31 possible SOAs. Participants
performed an orientation discrimination task: they pressed the `a' key if the Gabors
had the same orientation (condition `same') and the `l' key if they had di�erent
orientations (condition `di�erent') in a two-alternatives forced choice paradigm
(2AFC). The orientation of one of the Gabor was assigned randomly from a range
spanning 0� to 179� . In the condition `same', the second Gabor had the same
orientation as the �rst. In the condition `di�erent', the di�erence in orientation
was 10� . After every block, a text was shown to participants, encouraging them to
take a short break.

Figure 4.2: Procedure for Experiment 1. After 1000 ms of blank screen, two Gabors were displayed
in opposing locations for 100 ms. At speci�c SOAs, a foveal mask was presented for 83 ms. The
blank screen persisted until a response was provided.

4.2.6 Data analysis

We calculatedd0 using the same method as Chapter 3. In the �rst step of
the analysis, we calculated sensitivity in the baseline no-mask condition for each
participant. Higher values ofd0 re
ect higher sensitivity. These baselines were later
used to calculate the change-d0 index: for each participant we subtracted their
correspondingd0 at the baseline from theird0 at the other SOAs. In this way, the
participants were referenced to their own baseline. We extracted the timing and
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the value of the minimum change-d0 for each participant by selecting the lowest
change-d0 for each participant. We then �tted a mixed-e�ects model with di�erent
degrees (linear, quadratic, cubic, fourth grade and �fth grade polynomial model).
Change-d0 was the dependent variable and SOA was the independent variable.
We treated SOA as a continuous variable with 31 levels. Degrees of freedom for
the linear model were calculated with the Satterthwaite's method (Kuznetsova
et al., 2017). We performed a the same model selection as in Chapter 3. We then
proceeded to test the main e�ect of SOA performing an ANOVA on the selected
model. We report the e�ect size in terms of partial R squared (Rp2) computed with
the r2glmmpackage (Jaeger, 2017). To detect the location of the dip, we extracted
the timing of the minimum from the best model �t.

4.2.7 Results

Figure 4.3 shows the minima distribution across SOAs clustered in groups of 50
ms, the average change-d0 for each SOA and the best model �t.

Figure 4.3: Change-d0 as a function of SOA and minima distribution. Left panel: the dots
represent the average of change ind0 as a function of SOA. The blue line is the �tting of a
�fth-degree polynomial model. Negative numbers correspond to a decrease ind0, positive numbers
to an increase; error bars represent standard error means; the dashed line represents the baseline
no-mask condition. Right panel: the participants' minima distribution (clustered by 50 ms); for
each participant, the SOA of their minimum d0 was extracted, then the SOAs were grouped in
clusters of 50 ms, to plot the percentage of participants whose minimum fell within the clustered
interval.

Looking at the minima distribution, a later e�ect of the mask is evident. This
suggests that the best �t for the distribution is a non-linear model. None of the
participants had a minimum between 151 and 200 SOA, although the change-d0
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is overall negative within this range. This is because the performance for some
participants at those SOAs was lower than their baseline, but it was not the lowest
performance reached.

The model selection showed that the best �t was a �fth-degree polynomial
model (quintic), which had a total amount of predictive power of 60 % compared to
the full set of models (Table 4.1). The mixed model ANOVA revealed a signi�cant
main e�ect of SOA (F (5, 750) = 6.87; p < .001; Rp2 = .026). The predicted
minimum was at 182 ms SOA and corresponded to a decrease ind0 of .4.

Model selection based on AICc

Model K AICc Delta AICc AICc weight

quintic 8 1375.95 0.00 0.60
cubic 6 1378.62 2.68 0.16
quadratic 5 1378.69 2.75 0.15
quartic 7 1379.69 3.75 0.09
linear 4 1384.90 8.95 0.01

Table 4.1: Model selection table for change-d0. In the model column, the models are listed on the
Akaike Information Criterion corrected for small sample sizes (AICc). The smaller the AICc, the
better the �t of the model. The best �t is the �rst model listed. The models are named following
the polynomial grade factors scheme. K is the number of parameters in the mixed model that
includes �xed and random e�ects. Delta AICc for each model refers to the di�erence in the AICc
score between the current model and the best model. AICc weight is the proportion of the total
amount of predictive power.

4.2.8 Discussion

In Experiment 1 we investigated the e�ect of a foveal mask on discrimination of
low-level peripheral stimuli. We probed the location of the dip by using 31 levels
of SOAs and observed a non-linear e�ect of the foveal mask on performance. The
estimated dip was at 182 ms. This would explain why no e�ect of the foveal mask
was observed in the study by Yu and Shim (2016), where the only SOA employed
was 150 ms. Overall, our results demonstrate an e�ect of a foveal mask on the
discrimination of peripheral Gabor patches, thus con�rming the existence of Foveal
Feedback for low-level stimuli.

A high number of participants did not meet the inclusion criterion. This could
be a result of the di�culty of the task for naive participants. In the pilot study,
participants were experienced researchers, well-versed in the general experimental
procedure. This could have led to an underestimation of the task di�culty, resulting
in the exclusion of several participants who performed at or very close to 
oor level.
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A second limitation of this study is that it was conducted online without eye
movement control. Participants were supposed to �xate the centre of the screen
during presentation. Shifting gaze towards the periphery would result in one of
the targets being presented foveally, while the foveal mask would end up in the
periphery. However, it is important to note that targets were presented along
both diagonals. This design discouraged eye movements, as participants could not
predict in which diagonal stimuli would appear. In addition, initiating a saccade
after stimuli onset would result in foveating only one of the two targets, rendering
the other even more peripheral and making it impossible to compare the two stimuli.
Considering the short duration of the stimuli (100 ms), participants could not �xate
on one target and then move their gaze to the other. Initiating saccades during
stimuli presentation would lead to a decline in performance, even in the absence
of any foveal mask (baseline no-noise condition). Therefore, maintaining central
�xation until stimuli presentation was the most reasonable strategy. However, we
conducted Experiment 2 in a laboratory setting. This would allow us to con�rm
Experiment 1 results in a similar way as we did in our previous study with spikies
and both an online and lab setting (Contemori et al., 2022).

4.3 Experiment 2

In Experiment 1 we demonstrated that Foveal Feedback occurs for low-level
stimuli in a task involving shape discrimination. In Experiment 2, we manipulated
the task and the stimuli. We wanted to investigate the e�ect of a foveal mask 1)
separately for the parvo- and magnocellular systems and 2) in a task which did not
involve shape discrimination. In addition, Experiment 2a is similar to Experiment
1, the only di�erences being stimuli position and orientation shift. The stimuli were
only present along one of the two diagonals of the screen, compared to Experiment
1 in which they could be displayed in both diagonals. This manipulation was no
longer necessary since we employed an eye-tracker to control for eye movements.
The orientation shift was calculated for each participant with the use of a staircase,
to avoid throwing away too many data due to participants performing at 
oor level
as in Experiment 1.

4.3.1 Experiment 2a

We used an orientation discrimination task with Gabor stimuli, similar to the
one from Experiment 1. We manipulated the spatial frequency of the Gabors
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to create two conditions: a mostly magnocellular activating (M condition), and
a mostly parvocellular activating (P condition). Other than assessing the non-
linearity of the best �t as in Experiment 1, we wanted to test if the e�ect of the
mask depends on the activated visual pathway. We expect the presence of a dip in
at least one of the two pathway conditions. That is, if Foveal Feedback is speci�c to
the parvocellular system, the dip will be found only for the P condition. If Foveal
Feedback is not speci�c to the parvocellular system, the dip will be found for both
P and M conditions. To address this, we compared di�erent models to see if the
best �t includes condition as a factor.

4.3.1.1 Participants

A power analysis was conducted based on data from a previous experiment on
Foveal Feedback (Contemori et al., 2022) using the R packagepwr2ppl (Aberson,
2022). We used the means, standard deviations, and correlations of thed0 at
baseline versus at the timing of the dip, considering a within-subjects design and
a 2� 2 (timing � magno- vs. parvocellular activating stimuli) factors ANOVA
(power = .8, � = :05). In pre-registration, we stated that we would need 19
participants and that we would recruit 25. We decided to use a total number of
25 participants after applying the exclusion criterion, to have the same sample
size as in Experiment 1. We recruited 30 participants for this study (17 females;
mean age 25.5, SD 3.31) from 10/10/2022 to 19/12/2022. All participants had
normal or corrected-to-normal visual acuity and were unaware of the purpose of
the study. After applying the same criteria used in Experiment 1, �ve participants
were excluded, reducing the number of participants to 25 (14 females; mean age
25.72, SD 3.4).

4.3.1.2 Apparatus

The experiment was programmed using Psychopy (Peirce, 2009). Stimuli were
presented on a 24.1-inch Eizo CS2420 LCD monitor with a refresh rate of 60 Hz,
resolution of 1920Ö 1200 pixels, size of 51.8Ö 32.4 cm, colour temperature of
6500 K, and luminance resolution of 10 bits per colour channel. All stimuli were
generated using a gamma-corrected lookup table (gamma = 1 and luminance =
120 cd/m2) applied through a monitor-speci�c calibration with the Spider 4 Elite
colorimeter (DataColor, Lawrenceville, NJ, USA). The experiment was carried out
in a dark room and a chin rest was used to ensure a viewing distance from the
screen of 57 cm. To be sure that participants did not make saccades away from
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�xation during stimuli presentation, a Gazepoint GP3 eye tracker (60 Hz) was
used.

4.3.1.3 Experimental design

The experimental design was similar to that of Fan et al. (2016). There were two
practice blocks and two experimental blocks, so that the P and M condition could
be tested separately. Experimental blocks had a within-subjects factorial design
7Ö2Ö2. We considered three factors: the temporal distance between presentation
of targets and mask, encompassing six SOAs of 0, 50, 150, 250, 350 and 450 ms
and a baseline no-noise condition in which mask was absent; the orientation of the
peripheral stimuli (same vs di�erent); and di�culty of the task (high orientation
di�erence HOD vs low orientation di�erence LOD). Each combination of factors
was repeated 12 times, for a total of 336 trials per block and 672 trials overall.

4.3.1.4 Stimuli

Stimuli were Gabor patches as in Experiment 1. They were divided into two
conditions. In the P condition, the Gabors had a spatial frequency of 7 cpd, in the
M condition, the spatial frequency was 1 cpd. In the M condition, stimuli were

ickering at a frequency of 30 Hz, to increase the possibility of selective parvocellular
vs magnocellular activation. These frequencies were chosen based on the review
from Edwards et al. (2021), which takes into account the partially overlapping of
the two pathways at a cortical level. As in Experiment 1, the dimensions of the
stimuli were 5Ö 5� . In this experiment, the stimuli were presented at 7� eccentricity
along the 45� diagonal. The contrast was set at .2 for M stimuli and .7 for P with
a pilot study. The pilot study was conducted on ten participants. It consisted of
a two-interleaved three-down one-up staircase (Levitt, 1971). Participants were
presented with the same stimuli asset as the experimental blocks but without the
central mask. They had to report if the two Gabors had the same or a di�erent
contrast. Separately for P and M condition, we determined the contrast di�erence
at which each participant reached 79:4 % of correct responses. We did not include
any trial in which both Gabors had the same contrast, because we wanted to
know the minimum di�erence perceived. We then averaged the results together to
determine the contrast values of each condition.

The orientation di�erence was set for each participant with a two-interleaved
three-down one-up staircase (Levitt, 1971), in a similar fashion to the one used in
the pilot study but manipulating orientation instead of contrast. To determine the
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second level of di�culty, we used 90 % of the orientation di�erence found in the
staircase. Therefore, this was expected to be the hardest of the two conditions.
The average orientation di�erence for P stimuli was 75� in the HOD condition and
68� in the LOD condition. Average orientation di�erence for M stimuli was 23:3�

in the HOD condition and 21� in the LOD condition. The mask was the same as
in Experiment 1.

4.3.1.5 Procedure

For both P and M conditions there was a practice block of 168 trials, with
the same factors as the experimental block with the exception of the di�culty
level. Speci�cally, only the HOD condition (the easiest one) was presented in the
practice block. Acoustic feedback for both correct and incorrect responses was
given during practice but not in the experimental blocks. Every block started with
nine-point eye tracker calibration, and participants were instructed to maintain
central �xation. To help participants not to look away from the central point of
the screen, a circle was always present at �xation.

For every trial, after 1000 ms the �xation circle changed from grey to black,
to make the participant aware of the starting of the stimuli presentation. After
150 ms, a pair of peripheral stimuli was presented simultaneously. Stimuli were
displayed only when the participant was looking within 2� of the �xation circle.
Stimuli duration was 100 ms and the mask was presented at �xation for 83 ms
following Fan et al. (2016) procedure. Half of the participants were asked to press
the `a' key when the two Gabors had a di�erent orientation and the `l' key when
they had the same orientation; for the other half the keys were inverted. Within a
block, di�culty and SOA varied randomly. Also the orientation of one of the two
Gabors was randomly chosen amongst all possible orientations (0-179� ) and the
second had either the same orientation (condition `same') or a �xed orientation
di�erence, previously selected with the staircase (condition `di�erent').

4.3.1.6 Data analysis

We conducted the similar analyses to Experiment 1, with some di�erences. First,
we calculated two no-mask baselines for each participant, one for the M condition
and one for the P condition. These baselines were used to calculate two change-d0

indexes. Second, when testing the non-linearity, we used ten mixed-e�ect models.
In �ve of them (linear, quadratic, cubic, fourth and �fth-degree polynomial), SOA
and condition (M or P) were the �xed factors. In the other �ve (linear, quadratic,
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cubic, fourth and �fth-degree polynomial) we included only SOA as the �xed factor.
We did not include a model without SOA because we knew from Experiment 1 that
SOA in
uences performance. We wanted to test if this e�ect is di�erent between the
conditions, that is, if adding condition as a factor to the model would increase its
predictive power. We considered SOA as a continuous variable. Degrees of freedom
for the linear model were calculated with the Satterthwaite's approximation method
(Kuznetsova et al., 2017). In the preregistration we stated that we would conduct
paired t-tests for each level of SOA against the baseline. However, we decided to
use a di�erent approach by calculating change-d0. This was done to follow the
same pipeline as Experiment 1. Moreover, change-d0 is itself a measure of the
di�erence with the baseline, which also accounts for individual di�erences since it
is calculated for each participant and stimulus.

4.3.1.7 Results

Figure 4.4 shows the average change-d0 collapsed for di�culty and the minima
distribution across SOAs. In the M condition almost half of the participants had a
minimum at 50 ms, while in the P condition the minimum was between 50 and
150 ms. This suggests the presence of a later dip in performance. Model selection
revealed that the best �t was a fourth-degree polynomial model with only SOA as
a factor (Table 4.2). The mixed model ANOVA on the best model revealed a main
e�ect of SOA (F (4, 271) = 2.96;p = .02; Rp2 = .048).

Figure 4.4: Average change-d0 as a function of the SOA and minima distribution for each condition.
Right panel: average change-d0 as a function of SOA for P and M condition; negative numbers
correspond to a decrease ind0, positive numbers to an increase; error bars represent standard
error means; the dashed line represents the baseline no-mask condition. Left panel: the minima
distribution expressed in percentage of participants with the lower d0 per SOA divided per
condition.
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Model selection based on AICc

Model K AICc Delta AICc AICc weight

quartic 7 525.92 0.00 0.22
quintic 8 525.96 0.04 0.22
quintic + c 14 526.16 0.24 0.20
cubic 6 526.61 0.69 0.16
quartic + c 12 527.75 1.84 0.09
cubic + c 10 528.48 2.56 0.06
quadratic 5 529.64 3.72 0.03
quadratic + c 8 531.34 5.42 0.01
linear 4 532.65 6.73 0.01
linear + c 6 537.48 11.56 0.00

Table 4.2: Model selection table for change-d0. The models are ranked using the Akaike Information
Criterion corrected for small sample sizes (AICc). The smaller the AICc, the better the �t. The
models are named following the polynomial grade. The \+ c" means that the model contains
both SOA and condition as factors. When not added, the model only includes SOA as factor. K
is the number of parameters in the mixed model that includes �xed and random e�ects. Delta
AICc for each model refers to the di�erence in the AICc score between the current model and the
best model. AICc weight is the proportion of the total amount of predictive power.

Since the best model did not include the condition, only one minimum was
estimated. The minimum was found between 50 ms and 150 ms SOA (63 ms) and
corresponded to a decrease ind0 of .27 from the baseline.

4.3.1.8 Discussion

Experiment 2a tested if Foveal Feedback occurs di�erently for the magno- and
parvocellular systems. We used an orientation discrimination task with peripherally
presented Gabor patches. The best �t was a non-linear model without condition
(P vs M) as factor. This implies that the e�ect of the foveal mask does not
depend on the stream activated by the peripheral stimuli. The non-linearity of
the best �t suggests the existence of a performance drop, that is, foveal mask
in
uenced accuracy (change-d0) at a speci�c SOA. More speci�cally, the disruption
in performance happens when the foveal mask is presented between 50 and 150
ms after peripheral stimuli onset. Due to the coarse sampling of SOA we do not
have a precise estimate of the minimum. However, our dip is compatible with the
literature on Foveal Feedback. The timing was also compatible with the early dip
found in some of Fan et al.'s (2016) experiments and attributed to early attentional
distraction. However, their dip was only found when the position of the peripheral
targets was not predictable (target could appear along both the diagonals). In
the present experiment, the position of the targets was �xed, thus the 50 ms drop
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should not be present according to what suggested in Fan et al (2016). Therefore,
the dip found in Experiment 2a is more likely to be related to the Foveal Feedback
mechanism rather than an attentive mechanism.

It could be argued that varying the contrast of the stimuli between conditions
would result in di�erences in strength and timing of the mask e�ect (Kroell &
Rolfs, 2023). The response of the magnocellular system is faster and more transient
compared to the parvocellular one (Maunsell et al., 1999). For this reason, one
might expect a mask e�ect to occur a few tens of milliseconds earlier when the
mask interferes with predominantly M stimuli compared to when it interferes with
predominantly P stimuli. However, since the magnocellular system is known to be
selective for low spatial frequencies, low contrast, and high temporal frequency, we
adjusted the spatial frequency and contrast of the stimuli to make them as selective
as possible for the magnocellular system. The contrasts used in this experiment
should produce a variation in neural latency of a few milliseconds (Gebodh et
al., 2017). Also, the M stimuli in the present study had lower contrast, which
could compensate for the magnocellular system being faster than the parvocellular
system. Additionally, in Experiment 2a, we observed an earlier timing of the dip
in performance compared to the literature on spikies, and even in comparison to
Experiment 1. This phenomenon cannot be attributed to contrast variation since
lower contrast should lead to longer, not shorter, latencies.

4.3.2 Experiment 2b

In this experiment we investigated the e�ect of a foveal mask in a task that did
not involve shape discrimination. We also investigated if this e�ect was di�erent
for the parvo- and magnocellular systems. With the same paradigm and similar
stimuli to Experiment 2a, we presented participants with a contrast discrimination
task. We expected three possible scenarios. In the �rst one, the foveal mask has
no e�ect on the task, suggesting that Foveal Feedback does not occur for tasks
not related to shape discrimination. In the second, the e�ect of mask is speci�c to
the parvocellular system, implying that Foveal Feedback can occur for non-shape
related tasks as long as they require processing of highly detailed stimuli. In the
third one, there is an e�ect of the foveal mask on performance for both the M and
P condition. This suggests that Foveal Feedback is not speci�c to shape-related
tasks, nor the system involved. To test these scenarios, we used the same methods
as Experiment 2a.
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4.3.2.1 Participants

We applied the same exclusion criteria (d0 < .7) and reach the same sample
size as Experiment 1 and Experiment 2a. Since Experiment 2a and Experiment 2b
were the same but for the task performed, we did not run a second power analysis.
A total of 30 participants (21 females; M: 24.94, SD: 2.5) were tested to reach the
�nal sample of 25 (17 females; M: 23.92, SD: 2.72). All participants had normal or
corrected to normal visual acuity and were unaware of the purpose of the study.
They were recruited from 05/12/2022 to 17/03/2023 amongst Psychology students
and through social media ads.

4.3.2.2 Apparatus

The apparatus was the same as Experiment 2a.

4.3.2.3 Experimental design

We kept the design as close as possible to Experiment 2a. The experimental
design presented two di�erences with Experiment 2a. The �rst one was that we used
the position of the higher contrast stimulus in place of same vs di�erent orientation
as a factor. The second was the di�culty of the task, in which we manipulated
contrast instead of orientation shift (high contrast di�erence HCD vs low contrast
di�erence LCD). The number and organization of the blocks, repetitions and the
other factors were the same as Experiment 2a.

4.3.2.4 Stimuli

Stimuli were two vertical Gabor patches. The same dimensions, spatial and
temporal frequencies as Experiment 2a were used. Stimuli were presented at 7�

eccentricity along the 45� diagonal. The contrast was set for each participant
by means of a two-interleaved three-down one-up staircase (Levitt, 1971) in the
same way as we did in Experiment 2a for orientation shift. The starting contrast
di�erence was taken from literature (D��ez-Ajenjo & Capilla, 2010; M. Edwards
et al., 2021). To determine the second level of di�culty, we used 98 % of the
contrast di�erence found in the staircase. The average contrast di�erence for M
condition was .06 in the LCD and .07 in the HCD. The average contrast for the
P condition was .17 in the LCD and .19 in the HCD. The mask had the same
characteristics as in the previous experiments.
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4.3.2.5 Procedure

The procedure was the same as Experiment 2a except participants performed
a contrast discrimination task. They pressed the `a' key if the higher contrast
stimulus was in the lower left corner and the `l' key if it was in the upper right
corner, in a 2AFC paradigm. Participants were encouraged to take a short break
after the �rst half of the trials of the experimental blocks.

The decision not to exactly replicate the same-di�erent task from Experiment 2a
was driven by practical considerations, primarily to facilitate selective activation of
the magnocellular and parvocellular systems. Furthermore, in Experiment 2b, the
contrast range used was narrower compared to the orientation range in Experiment
2a. In a same-di�erent framework, this might have caused participants to easily
associate speci�c contrast levels with di�erent conditions. Additionally, even after
colour calibration, we consistently observed that the Gabor stimulus in the top
right corner was perceived as generally brighter than the one in the bottom left,
even when their contrasts were identical.

4.3.2.6 Data analysis

We calculated thed0 using the signal detection theory. The change in task
resulted in a slightly di�erent formula for calculating d0:

d0 =
zleft (Hit right ) � zleft (False alarms right )p

2

Where Hit is the rate of correct responses when the target was on the left and
false alarms is the rate of incorrect responses when the target was on the right.
Higher values re
ect higher sensitivity. Ad0 of zero corresponds to performance at
chance level. The same analysis as Experiment 2a were then performed.

4.3.2.7 Results

Figure 4.5 shows the average change-d0 collapsed for di�culty and the minima
distribution across SOAs. For the M condition, more than half of the participants
had their minimum between 0 and 50 ms. This suggests the presence of a later
e�ect of the mask only for the P condition. The selection of the model revealed
the best �t to be a �fth-degree (quintic) polynomial with SOA and condition as
�xed factors (Table 4.3). On the other hand, the mixed model ANOVA on the
best model did not reveal main e�ects (SOA:F (5,264) = 1.914;p = .09; Rp2 =
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.043; Condition: F (1,264) = 2.157;p = .14; Rp2 = .010) nor interaction (SOA Ö
Condition: F (5,264) = .81; p = .546; Rp2 = .018).

Figure 4.5: Average change-d0 as a function of the SOA and minima distribution for each condition.
Left panel: average change-d0 as a function of SOA for P and M condition; negative numbers
correspond to a decrease ind0, positive numbers to an increase; Error bars represent standard
Error means; the dashed line represents the baseline no-mask condition. Right panel: the minima
distribution expressed in percentage of participants with the lower d0 per SOA divided per
condition.

Model selection based on AICc

Model K AICc Delta AICc AICc weight

quintic + c 14 703.31 0.00 0.35
quartic + c 12 705.18 1.87 0.14
cubic + c 10 705.67 2.35 0.11
quartic 7 705.99 2.68 0.09
cubic 6 706.03 2.72 0.09
quadratic 5 706.61 3.30 0.07
quintic 8 706.81 3.49 0.06
quadratic + c 8 706.84 3.52 0.06
linear 4 708.56 5.25 0.03
linear + c 6 711.87 8.56 0.00

Table 4.3: The models are listed on the Akaike Information Criterion corrected for small sample
sizes (AICc). The smaller the AICc, the better the �t of the model. The best �t is the �rst model
listed. The models are named following the polynomial grade. The `+ c' means that the model
contains both SOA and condition as factors. When not added, the model only includes SOA as
factor. K is the number of parameters in the mixed model that includes �xed and random e�ects.
Delta AICc for each model refers to the di�erence in the AICc score between the current model
and the best model. AICc weight is the proportion of the total amount of predictive power.

We estimated the predicted minimum separately for the P and M condition,
because contrary to Experiment 2a the best �t model included also condition as a
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factor. For the P condition the predicted minimum was estimated between 0 and 50
ms SOA (47 ms). For the M condition, it was at 0 ms SOA. Minima corresponded
to a decrease ind0 of respectively .11 and .22 from the baseline for the P and M
condition.

4.3.2.8 Discussion

In Experiment 2b we used a contrast discrimination task with peripherally
presented Gabor patches to test the e�ect of a foveal mask for a task that does
not involve shape processing. We also compared two conditions (M vs P) using
stimuli that mostly activated the magno- or the parvocellular systems. A dip in
performance at a speci�c SOA would support the Foveal Feedback hypothesis. A
di�erence in the e�ect of the foveal mask on performance in the M vs P condition
means that Foveal Feedback works di�erently for the two systems. The best �t
for the data was a non-linear model, which implies that the timing of the mask
presentation has an e�ect on performance. The best �t also included both SOA and
condition as factors. This suggests a di�erent e�ect of the foveal mask presentation
in the two conditions. However, the ANOVA on the selected model revealed no
e�ects.

It is to note that the change in the task from a same/di�erent orientation
discrimination to a contrast discrimination based on localization may have modi�ed
the task from a real perceptual comparison to a saliency-based orienting one. This
could explain why the mask interference temporal pattern appears to be more
compatible with an attentive e�ect.

These contrasting results suggest that there is no clear e�ect of the mask and thus
Foveal Feedback may not occur for contrast discrimination tasks. This is con�rmed
by the analysis of the predicted minima. The minimum for the P condition was
found too early (47 ms) compared to the literature on Foveal Feedback and results
from Experiment 1 and 2a. This goes against the hypothesis that the e�ect of the
mask in the P condition is related to Foveal Feedback. Another explanation could
be an attentive e�ect similar to that found in Fan et al. (2016) at 50 ms SOA. At
this SOA, foveal mask and peripheral targets overlapped in time. This could have
determined a shift of attention from the periphery to the centre (Fan et al., 2016).
The minimum for the M condition was estimated at 0 ms. This minimum could
be considered an attentive e�ect similar to that of the P condition: simultaneous
presentation of a central mask and peripheral stimuli shifts attention towards the
centre. This is in line with the results from Yu and Shim (2016) who found an
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enhancement in performance for peripheral discrimination with Gabors when mask
and target were displayed at the same time and were identical.

Another explanation takes into account that the central mask could act as
a transient cue, inhibiting the magnocellular system (Pavan et al., 2022). The
dynamic, coloured patch was employed to allow for a more meaningful comparison
with prior studies, speci�cally those by Fan et al. (2016) and Contemori et al.
(2022). Both studies investigated the e�ect of a foveal mask on a peripheral shape
discrimination task. Although this choice aimed at reducing paradigm changes
only to the nature and type of peripheral stimuli, this speci�c foveal mask is a
more P-activating stimulus. This potential P-activation could contribute to the
contrasting results between the two conditions. It might be that for a contrast
task, a mainly P-activating mask is not su�cient to disrupt performance for the M
stimuli. Another explanation is that Foveal Feedback only occurs for M stimuli in
the contrast task, making a P-activating mask ine�ective in disrupting performance.
In this scenario, a more M-activating mask could show the presence of Foveal
Feedback. To explore these hypotheses, alternative masks should be considered,
such as the same mask with di�erent shades of grey instead of colours or a Gabor-
�ltered mask. Finally, due to the small number of SOAs used in the experiment, it
is not possible to accurately estimate the minimum for each model. However, both
minima were before 50 ms. It is likely that the apparent di�erence in the e�ect of
mask between P and M conditions is due to coarse sampling of SOAs, and that the
e�ect of mask is attentive for both conditions. To sum up, the presence of Foveal
Feedback in a contrast task is still unclear and should be object of future testing.

4.4 General discussion

With the present study, we investigated the role of foveal retinotopic cortex
in peripheral low-level stimuli discrimination. The Foveal Feedback hypothesis
was originally proposed by Williams et al. (2008). However, it is not clear if
this mechanism is implied in discrimination tasks with low-level stimuli. We
�rst investigated the existence of an e�ect of a foveal mask presentation on the
discrimination of peripherally presented Gabors. If present, the e�ect of the foveal
mask would suggest the existence of the Foveal Feedback mechanism. Having found
an e�ect of the foveal mask, we then compared a shape and a non-shape task to
understand what kind of information is fed back to the foveal cortex. Based on
the idea that the feedback is needed for �ne shape processing, we hypothesised
that a foveal mask would have an e�ect only when parvocellular activating stimuli
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are presented. Following this hypothesis, we compared parvo- and magnocellular
activating stimuli.

We conducted three experiments with a peripheral discrimination task. In
Experiment 1, we found an e�ect of mask on performance as a function of time.
By using 31 di�erent SOAs from 0 to 500 ms we were able to locate the dip in
performance with more accuracy than in previous experiments on Foveal Feedback.
The location of the dip was estimated at 182 ms. In Experiment 2 we compared
magnocellular and parvocellular activating Gabor patches and two di�erent tasks
(shape vs non-shape related). In Experiment 2a we tested a task involving shape
discrimination (orientation). Although an e�ect of the mask was found, there was
no di�erence in its e�ect on P vs M stimuli. In Experiment 2b we tested if the
presentation of a central mask impaired discrimination of peripheral Gabors in
a contrast discrimination task. This task did not require shape processing. We
found no e�ect of the timing of the central mask presentation. We concluded that
peripheral low-level feature stimuli engage the foveal retinotopic cortex as long as
the task involves shape discrimination. The engagement of the foveal cortex is
independent of the visual system activated (parvocellular vs magnocellular).

In Experiment 1 we expected similar results as Contemori et al. (2022) in terms
of timing of the dip. They used 62 levels of SOA, �nding a dip at 94 ms for complex
stimuli. Our dip is later than expected (182 ms), although comparable to other
timings found in literature with coarser sampling (Fan et al., 2016). The contrast
of the Gabors in Experiment 1 was .1 Michelson. Compared to a high-contrast
stimulus like a spikie, the latency would vary by about 10 ms (Gebodh et al., 2017).
This change is too small to account for the reported e�ects.

The dip found in Experiment 2a is closer to results from Contemori et al. (2022).
However, this dip (63 ms) is extracted from a coarser sampling of timings. As
we expected based on results from Yu and Shim (2016), who did not �nd an
e�ect of mask presentation at 150 ms, the timing of the e�ect of the mask is
di�erent for simple than for complex stimuli. This suggests a potential delay in the
mask's e�ect for Gabor patches. However, this interpretation is counterintuitive,
considering that the characteristics of Gabors are processed in the early stages of
visual perception in V1. A more likely explanation is related to the characteristics
of the stimuli. According to the literature, the timing of the dip is a�ected by
task demands (Fan et al., 2016; Weldon et al., 2016) and characteristics of the
stimuli (Fan et al., 2016). It is possible that in Experiment 1 the stimuli were
more di�cult to perceive. This could be due to the task being performed online,
with monitors that did not have the right gamma and colour corrections. The task
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itself could have been more di�cult in Experiment 1 as the tilt of the Gabors was
smaller compared to Experiment 2a, causing the timing of the dip to shift. This
explanation would be supported by the high number of participants who failed to
meet the inclusion criteria in Experiment 1, compared to the �ve exclusions in the
other two experiments. Alternatively, the di�erence in tilt could have in
uenced
the timing of the dip via manipulating the similarity between the stimuli. In other
words, the more similar the stimuli, the longer it takes to discriminate them. As a
consequence, the foveal retinotopic cortex would be recruited later for more similar
stimuli than for the di�erent ones.

Presenting a foveal mask at speci�c timings impairs peripheral discrimination
performance only in a task involving orientation discrimination. The logical
conclusion would be that Foveal Feedback only occurs for shape related tasks. It is
to note that Weldon et al. (2020) found the e�ect of a mask presentation when
using a colour discrimination task. Williams et al. (2008) did not �nd shape
object information in the foveal retinotopic cortex in the same task. According to
Weldon et al. (2020), Williams et al. (2008) did not check for colour information
in the foveal cortex, but for both the shape and the colour discrimination task the
authors only checked for shape information. When using blurred stimuli, Fan et al.
(2016) did not �nd any e�ect of foveal mask. It seems that a foveal mask impairs
peripheral discrimination of �ne-detailed stimuli and colour. This led us to the
hypothesise that Foveal Feedback only occurs when the parvocellular system is
activated. However, Experiment 2a suggests that a foveal mask a�ects the magno-
and parvocellular systems to the same extent. As a result, we have to rule out the
possibility of Foveal Feedback being speci�c to the parvocellular system in shape
processing tasks.

Another possible explanation considers the kind of task. In Experiment 2b
participants were asked to report which peripheral Gabor had the higher contrast,
while in Experiment 1 and 2a they performed a same/di�erent task. To our knowl-
edge, the literature on Foveal Feedback never tested the task used in Experiment
2b. It is possible that Foveal Feedback only occurs for speci�c tasks, that is, for
same/di�erent and target recognition tasks. This explanation is not supported
by the Visual Sketchpad hypothesis (Oletto et al., 2022), which links the foveal
retinotopic cortex to Baddeley's visuospatial sketchpad (Baddeley, 1988). The
hypothesis states that the foveal retinotopic cortex is recruited to store and manip-
ulate task-relevant information. If Foveal Feedback indeed occurs in contrast tasks,
it should be independent of the speci�c task at hand. Previous research suggests
that the information fed back is position-invariant (Williams et al., 2008). As a
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result, what is fed back to the foveal cortex pertains to the intrinsic characteristics
of the stimulus, whether those characteristics involve contrast or orientation. The
ultimate decision regarding whether to respond with `same/di�erent' or `up/down'
takes place at a subsequent stage in the processing chain.

Another explanation could be related to the kind of stimuli and mask used.
Weldon et al. (2020) found a less clear e�ect of foveal mask when using colour
patches instead of novel objects. When comparing peripheral colour patches, a
grey mask had an e�ect on performance only when presented simultaneously with
the peripheral targets. If the mask was coloured, its e�ect on performance occurred
later in time (117 ms after targets onset). It is therefore possible that a contrast
discrimination task with Gabor patches could be too simple to be in
uenced by
foveal mask presentation. This would align with the Visual Sketchpad hypothesis
(Oletto et al., 2022), suggesting that task-irrelevant information may not engage
foveal recruitment, thereby avoiding disruption to its functioning.

To conclude, we demonstrated that the negative e�ect on performance caused
by a foveal distractor is reproducible even with simpler stimuli that di�er from
the typical 3D multifeatured stimuli used in several Foveal Feedback paradigms.
Experiments 2a and b o�er evidence of the non-selectivity of Foveal Feedback for
either the parvo- or magnocellular pathway and indicate that this phenomenon is
likely restricted to shape comparison tasks. However, future research should address
this point with more caution, trying to come up with an alternative task that
maintains the same/di�erent structure instead of the localisation one used in the
present contrast task. Future research could also explore the remaining uncertainties.
An interesting direction would be to further investigate the dynamics of Foveal
Feedback with low-level stimuli that do not necessitate shape discrimination. One
hypothesis is to employ alternative low-level stimuli, and di�erent non-shape
related tasks. Another approach would include the manipulation of the foveal
noise, incorporating simpli�ed versions of the traditional dynamic coloured patch.
This will extend a recent study which had already investigated the manipulation of
foveal mask using di�erent Gaussian �ltered spatial frequency noises (Goktepe &
Sch•utz, 2024). They found that low spatial frequency noises had a more hindering
e�ect on discrimination. Thus, using a high vs low frequency mask may lead to
di�erent results when comparing both P vs M stimuli and contrast vs orientation
tasks. Taken together, these adjustments may contribute to a clearer understanding
of the interplay between foveal and peripheral processing in visual perception.
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Chapter 5

Foveal Feedback in perceptual processing:
Contamination of neural representations
and task di�culty e�ects

Traditionally, visual object recognition was thought to rely primarily on a
hierarchical feedforward, with early processing stages being strongly retinotopic.
Recent evidence has shown that visual processing is more 
exible, and that the
foveal retinotopic cortex plays an important role in processing information presented
in the periphery of the visual �eld (for a review see Stewart et al., 2020). This is
achieved through feedback signals from higher-level visual areas, which recruit the
foveal cortex to participate in object recognition as an auxiliary computational
module (Williams et al., 2008). One possibility is that this feedback is necessary to
recruit the small receptive �elds in the foveal cortex as an adjunctive computational
module for processing �ne details in the peripheral visual �eld. Another hypothesis
is that it is preparatory to foveation and is therefore a by-product of saccade
planning (Williams et al., 2008; Zhaoping, 2019).

Although there is support in favour of this second hypothesis (Fan et al., 2016;
Kroell & Rolfs, 2022), the preparation of foveation cannot account for all �ndings
(Contemori et al., 2022; Fan et al., 2016). First, fMRI studies have shown that
the amount of information present in the foveal retinotopic cortex is positively
correlated with task performance during peripheral discrimination tasks, indicating
that feedback is meaningful even in the absence of later foveation (Williams et al.,
2008). Second, in behavioural paradigms, the timing at which the foveal mask
causes the maximum drop in performance is not necessarily time locked to saccade
planning, and may be delayed if the task requires mental manipulation of the
target (Fan et al., 2016). Third, disrupting the feedback not only a�ects sensitivity
but also response bias, with participants tending to be more conservative in their
decision-making processes (Contemori et al., 2022). These observations suggest
that the foveal mask in
uences the decisional process beyond the planning of the
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saccade.
The nature of the information fed back to the foveal sketchpad is debated. When

the task is based on blurred stimuli (Fan et al., 2016), the foveal mask produces
no modulation in performance. On the other hand, discrimination is modulated
by a foveal mask for low level stimuli such as Gabor patches. As for category
discrimination, the foveal mask impairs subordinate but not supraordinate categories
(Ramezani et al., 2019). Moreover, fMRI data show that foveal retinotopic cortex
contains both information about category and orientation of the peripheral object
(Fan et al., 2016; Yu & Shim, 2016). Another visual ability that appears to be
in
uenced by the presence of the foveal mask is colour discrimination. A delayed
foveal mask negatively a�ects colour discrimination when target and mask were
coloured, but not when mask was grey-scale. On the contrary, when the task was
about shape, both coloured and gray-scale mask produced a similar disruptive
e�ect (Weldon et al., 2020). This suggests that the mask is more e�ective when it
shares some of the task-related properties of the stimulus. This is corroborated by
two other studies were the object acting as mask could be congruent or incongruent
with respect to the target. Results show increased performance for congruent and
decreased performance for incongruent masks (Kroell & Rolfs, 2022; Yu & Shim,
2016). This pooling of features between peripheral target and foveal mask could
also explain the conservative shift in the criterion found by Contemori et al. (2022)
in their recent work.

Within the framework of Signal Detection Theory,C denotes the individual
decision threshold or standard of judgment applied to categorize sensory stimuli as
either signal or noise. In their investigation, Contemori et al. (2022) found that
participants adopted a more conservative criterion when the stimulus was masked.
The peak of the criterion shift was observed approximately with 177 ms delay
between target and mask. These properties are not fully explained by a predictive
mechanism for foveation, and may be better accounted for by thinking of the foveal
retinotopic cortex as a visual sketchpad for the maintenance and manipulation
of task-relevant information, similar to Baddeley's visuospatial sketchpad (VSSP)
(Oletto et al., 2022).

The prevailing theory suggests that Foveal Feedback serves to recruit the �ne-
grained spatial resolution neurons of the foveal cortex to process extra-foveal shape
information (Chambers et al., 2013; Williams et al., 2008). This mechanism likely
aims to increase the precision of perceptual decisions (Baars, 1988; Lee et al., 1998;
Petro et al., 2014). The co-occurrence of foveal noise during the reconstruction of
peripheral stimuli disrupts this mechanism, causing a shift in the decision criterion
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(Contemori et al., 2022; Oletto et al., 2022). This account could also explain cases
where congruence between peripheral stimuli and foveal foil improves performance
rather than acting as masking (Kroell & Rolfs, 2022; Yu & Shim, 2016). This
top-down process might be a component of a larger circuit related to visual working
memory (Ester et al., 2013; S. A. Harrison & Tong, 2009) and/or mental imagery
(Kosslyn et al., 1999; Stokes et al., 2009).

In this study, we conduct an experiment to investigate the impact of stimulus
similarity and the onset asynchrony between the peripheral target and the foveal
mask on the decision-making process. We focus on a peripheral same/di�erent task
where peripheral objects display varying degrees of similarity between couples. We
hypothesize that when evaluating the similarity between two peripheral targets,
the concurrent arrival of task-related feedback and mask's feed-forward leads to
contamination of the neural representation of the targets.

Recognition of objects in the peripheral visual �eld is susceptible to crowding
(Levi, 2008). Information about the target identity can a�ect other tasks, despite
the fact that participants are unable to identify this target (Fischer & Whitney,
2011). The brain is predisposed to e�ciently process summary information about
groups of visual objects across various levels of complexity (Alvarez & Oliva, 2009;
Haberman & Whitney, 2007). Spatial proximity between the target and distracting
elements is a fundamental characteristic of visual crowding (Levi, 2008). In the case
of Foveal Feedback, where the targets and the mask are situated at a considerable
distance from each other, there is a possibility that temporal proximity could still
lead to pooling. Interestingly, research has demonstrated that even in classical
crowding, the masking e�ect of 
anker elements increases when they are presented
with a slight delay (Yeshurun et al., 2015). In other words, at a timing consistent
with Foveal Feedback, we expect pooling of visual information from mask and
target. This may result in a perceptual bias towards perceiving the targets as
di�erent. To investigate this hypothesis, we analysed the number of `di�erent'
responses elicited as a function of the SOA and objects similarity. Based on the
criterion shift found by Contemori et al. (2022), we expect the number of `di�erent'
responses to increase for SOAs between 100 and 200 ms. We also expect the number
of `di�erent' responses to change according to the similarity. We anticipate that
the `same' condition will be a�ected earlier than the `di�erent' condition, providing
an explanation for the discrepancy in timing between the dip ind0 and the peak in
C observed in a previous study by Contemori et al. (2022).

The second aim of this study is to investigate the e�ect of task di�culty on
performance. Using a similar same/di�erent paradigm, Fan et al. (2016) found
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that if one of the two peripheral targets is rotated, the delay at which the mask has
the greatest disruptive e�ect increases as a function of the degree of rotation. This
e�ect can be interpreted in two ways: either as a consequence of the increase in task
di�culty or as a consequence of the increase in task complexity, which refers to the
additional mental operation required before object comparison. Interestingly, Fan
et al. (2016) observed that the drop ind0 (a measure of discriminability) caused by
the presence of the mask remains consistent regardless of mental rotation, while
only the timing of mask e�ectiveness varies based on the angle of mental rotation.
They also noted that the levels of task di�culty for the conditions with 40� and 80�

of mental rotation were no di�erent, as participants performed similarly in these
two conditions (d0 = 1:17, d0 = 1:13; p = :721). This led Fan et al. (2016) to dismiss
the �rst interpretation. Instead, they argued that only the timing of the mask's
e�ectiveness changes with the angle of mental rotation. This dissociation between
discriminability and mask timing supports the notion that the shift in timing is due
to increased task complexity rather than task di�culty. However, it is important to
note that in the same study, the performance with the original task (without mental
rotation) was higher than in the one involving mental rotation. This indicates
that task di�culty and task complexity were at least partially confounded, as the
decline in baseline performance suggests that the addition of mental rotation could
have increased task di�culty. Hence, we aim to examine the e�ect of task di�culty
without any additional mental operations. In our study, the similarity within pairs
of objects serves as a proxy for task di�culty, with less similarity between objects
expected to result in easier discrimination (Op de Beeck et al., 2006). In this
context, the absence of an interaction between task di�culty and mask timing
would lend further support to Fan et al. (2016)'s interpretation .

5.1 Methods

The experimental design was adapted from the one used in Chapter 3. Partici-
pants engaged in a same-di�erent task involving two peripheral stimuli from the
spiky category (Figure 5.1). The study consisted of a total of 40 conditions in a 2Ö
2 Ö 10 factorial design. The factors were the type of target (same or di�erent), the
position of stimuli on the screen (45� or 135� diagonal), and the SOA between the
targets and the foveal mask (no noise, 0, 50, 100, 150, 200, 250, 300, 350, 400 ms).
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Figure 5.1: Schematic of a trial in the experiment. Two spikies were presented for 100 ms in the
periphery of the visual �eld, in diagonally opposite quadrants. The objects di�ered from each
other based on four primary characteristics, the length and orientation of both upper and lower
spikes. A dynamic noise mask appeared in the fovea for 83 ms, introduced at one of eight possible
SOAs: 50, 100, 150, 200, 250, 300, 350, and 400 ms. In the baseline condition, no noise mask
was presented. Spikies pairs exemplify average similarity across three similarity levels. Level 1
represents highly dissimilar object pairs with a Jaccard coe�cient of .513. Level 2 represents
di�ering object pairs with a Jaccard coe�cient of .609. Level 3 exempli�es highly similar object
pairs with an average Jaccard coe�cient of .755.

5.1.1 Participants

The participants were recruited between September 2022 and May 2023 through
advertisements on social channels, and the sample was composed of students
from the University of Padova and acquaintances of the experimenters. The data
were collected con�dentially by the experimenters and subsequently processed and
analysed anonymously for the group analysis. The participants were unaware of
the study hypotheses. All participants provided informed consent to participate,
and the study was approved by the General Psychology Ethics Committee of the
University of Padova under protocol number 4812. The study adhered to the
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requirements of the WMA Declaration of Helsinki{Ethical Principles for Medical
Research Involving Human Subjects (\Declaration of Helsinki", 1996). In our
previous online experiment (Experiment 1 in Contemori et al. (2022)), 56 subjects
were included in the analysis, performing 528 trials each (excluding practice) for a
total of 29568 trials. To achieve similar statistical power, we concluded the data
collection after testing 47 participants (30 females) who met the inclusion criteria
and performed 600 trials each, for a total of 28200. To ensure data reliability, we set
an inclusion criterion of at least 60 % accuracy (which roughly corresponds to ad0

of .7). All participants met this criterion and were thus included in the study. The
age range of the participants was 20 to 38 years, with a mean age of 24.28 years.
All subjects had a normal or corrected-to-normal vision. The participants were
contacted by email among the students of the Department of General Psychology
at the University of Padova.

5.1.2 Apparatus and procedure

The apparatus was the same as Experiment 2 in Chapter 4. The procedure was
similar to Contemori et al. (Contemori et al., 2022)'s study (Chapter 3). Each
participant performed a same/di�erent task with 600 trials divided into three blocks.
The practice block, in which feedback was given after each response, consisted of
24 Ö 11 trials for a total of 80 trials and lasted about 4 minutes, resulting in a
shorter practice than the original study.

At the onset of each trial, two targets were simultaneously presented for a
duration of 100 ms. The targets were located at diametrically symmetric positions
within opposing quadrants of the screen and were pseudo randomly presented
in either quadrants 1 and 3 or quadrants 2 and 4. This randomization was
implemented to eliminate any expectation bias regarding target location. Following
this, a dynamic, 7 Ö 7� coloured noise patch was presented for 83 ms at eight
SOAs of 0, 50, 100, 150, 200, 250, 300, 350, and 400 ms, while the �xation cross
remained in place. A baseline condition without any noise was also included.
Participants were required to wait until the stimulus (target + mask) disappeared
before providing a response. The response was only recorded starting from 600 ms
after target onset. Therefore, at the longest SOA, the keyboard lock extended 117
ms beyond the mask disappearing. For this reason, reaction time are not analysed
in this study. Given the challenging task and the instructions emphasizing accuracy
rather than speed, average reaction times were longer than 600 ms. After removing
outliers beyond 2.5 standard deviations, the reaction times were distributed as
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follows: Minimum .601, 1st Quartile .774, Median .921, Mean 1.078, 3rd Quartile
1.179, Maximum 3.588. There was no perceived waiting time before responding.
The test was self-paced, and the next trial began 1 s after the response key was
pressed.

5.1.3 Stimuli

The target stimuli were shapes of the spikies category. More details about
this type of stimuli are available in the original study (Fan et al., 2016). The
stimuli had an average size of 3Ö 1:5� and were presented at an eccentricity of
7� . The 3D shapes di�ered on four primary characteristics, namely, the length and
orientation of both upper and lower spikes, also illustrated in Figure 5.1. At each
trial, two shapes were randomly selected from a pool of 1296 possible shapes. The
objects in each pair could be either `same' or `di�erent'. According to the factorial
design, half of the trials (total = 28200, half = 14100) were labelled as `same' and
the other half as `di�erent'. Due to the full randomization of images, 16 trials
amongst the `di�erent' category contained identical objects. These speci�c trials
were reclassi�ed as `same' prior to conducting further analysis. As in the original
studies (Contemori et al., 2022; Fan et al., 2016), dissimilarity between shape
pairs was determined by variation across multiple levels of one or more of the four
manipulated features. Since the similarity between objects does not vary linearly
for di�erent combinations of these four characteristics (Op de Beeck et al., 2008),
we utilised a metric to quantify the degree of similarity that closely approximates
human judgment in the same/di�erent task. For further details, refer to the next
section.

5.1.4 Image similarity metrics

Image similarity refers to the degree to which two images are similar to each
other in terms of shape, colour, texture, and other visual factors. The more similar
the images are, the more di�cult it becomes to discriminate them. Although the
features variation performed during the arti�cial object creation should produce
gradually changing objects in terms of pixels overlapping, pixel-level similarity is
not a good predictor for human similarity judgments (Op de Beeck et al., 2008). For
this reason in the recent years other similarity metrics have been developed with the
intention to simulate the discrimination ability of a human observer (Reisenhofer
et al., 2018). To date it is not clear which one better captures the human perception
of image similarity (Behzadpour & Ghanbari, 2023). In the plethora of algorithms
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proposed, some are biologically inspired (Margalit et al., 2016; Reisenhofer et al.,
2018), while others are based on computational models (Behzadpour & Ghanbari,
2023). As an initial step in our analysis, we computed image similarity for pairs of
stimuli using various algorithms. Through evaluating these metrics based on their
R-squared values in regression analysis with task accuracy, we sought to identify
the metric that best aligned with performance. In the subsequent analyses, this
metric would be used to investigate the interaction between the masking e�ect and
similarity. The similarity metrics examined were the Structural Similarity Index
(SSIM, Z. Wang et al., 2004), the Gabor-Jet model-based similarity index (Margalit
et al., 2016), Haar wavelet-based perceptual similarity index (HaarPSI, Reisenhofer
et al., 2018), and the Jaccard similarity coe�cient (Jaccard, 1912). By considering
these diverse similarity metrics, the aim was to capture various factors that may
contribute to human perception of image similarity.

The SSIM is a metric that considers structural information in addition to pixel
values to measure image similarity. We calculated the index by means of thessim()
function in MATLAB (The MathWorks Inc., 2022). SSIM is more e�ective than
traditional methods that only consider pixel values because it assumes that the
human visual system is highly sensitive to changes in structural information, such
as edges and textures. SSIM compares the luminance, contrast, and structure
of two images to measure their structural similarity. To calculate the SSIM, two
images are divided into small windows, and the structural similarity values of all
the windows are averaged.

The Gabor-Jet model is a mathematical model used to measure the similarity
between complex visual stimuli, such as images. We calculated the index by
means of the MATLAB code provided by the authors https://geon.usc.edu/GJW/.
It extracts features from images using a set of Gabor �lters at di�erent scales
and orientations and calculates similarity by convolving an image with a bank of
Gabor �lters. The Gabor-Jet features capture the local frequency and orientation
information of the image and are used to calculate the similarity between two
images by computing the correlation between the two sets of features. Similarity
was calculated by correlating the magnitude obtained by simulating complex cell
responses with default parameters. The Gabor-Jet model is biologically plausible
as it is inspired by the properties of the visual system (Margalit et al., 2016).

The HaarPSI utilizes the Haar wavelet transform, which is particularly e�ective
in capturing abrupt changes in images. We calculated the index using the MAT-
LAB code provided by the authors http://www.math.uni-bremen.de/cda/HaarPSI/.
This metric focuses on perceptually relevant features, such as edges and texture,
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and quanti�es the similarity based on the wavelet coe�cients. HaarPSI has demon-
strated superior correlation with human opinion scores on extensive benchmark
databases compared to traditional full reference quality metrics (Reisenhofer et al.,
2018).

The Jaccard similarity coe�cient (also known as intersection over union) is a
metric commonly used in the �eld of computer vision and image processing. Prior
to Jaccard similarity extraction, images were converted into binary format using the
im2bw() function in MATLAB with a threshold of .2. This threshold was chosen
empirically to retain the main silhouette of objects intact and avoid isolated clusters
of white pixels. After image binarization, we calculated the coe�cient by means of
the jaccard() function in MATLAB. It measures the similarity between two sets
of data by calculating the intersection over the union of the sets (Jaccard, 1912).
In the context of image similarity, the Jaccard index compares the overlapping
regions between two images to determine their similarity. It provides a simple and
intuitive measure that is often used as a baseline for evaluating other similarity
metrics (Foare et al., 2020).

As a measure of consistency between metrics, we calculated a correlation matrix.
Figure 5.2 shows the correlation matrix for the four metrics.

Figure 5.2: Scatter plot matrix. The matrix shows how all the possible pairs of similarity metrics
were related to each other. On the top of the diagonal the value of the Pearson correlation. On
the diagonal the distribution of each metric. On the bottom of the diagonal the bivariate scatter
plots with LOESS smoothed �ts are displayed.
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For consistency, metrics were rescaled so that a value of one indicated that the
two images in the couple were identical, and zero indicated that images were totally
di�erent.

Despite the consistently high correlation (above .50 for each pair of metrics), the
Jaccard coe�cient had the highest average correlation with a meanR2 of .79. In
this case, Jaccard similarity alone was able to approximate the information provided
by the other indices e�ectively. To con�rm that the Jaccard coe�cient was the best
candidate, we �tted a generalized linear mixed model for each metric after scaling,
where accuracy in individual `di�erent' trials served as the dependent variable and
image similarity acted as the predictor. To account for individual variability, we also
included in the model a random intercept and a random slope for each participant.
Marginal R2 values were calculated by means of themodel performance() function
from the R packageperformance (L•udecke et al., 2021). ConditionalR2 considers
the variance of both the �xed e�ects and the random e�ects. Amongst the metrics
examined, the Jaccard similarity coe�cient demonstrated the strongest predictive
ability, yielding an R2 value of .169. TheR2 values for the remaining metrics are
presented in Table 5.1, along with the AICc and the delta AICc (�AICc).

Similarity metric AICc �AICc R ²

Jaccard 13827.438 0 0.169
HaarPSI 14004.970 177.532 0.144
SSIM 14165.140 337.702 0.137
Gabor-Jet 14409.636 582.198 0.103

Table 5.1: The table reports AICc (Akaike Information Criterion corrected for small sample
sizes), �AICc (di�erence in AICc values), and R ² (coe�cient of determination) calculated for a
generalized linear mixed model with accuracy in the `di�erent' trials as the dependent variable
and similarity between images as the predictor.

After establishing that the Jaccard coe�cient is the best amongst the selected
metrics in predicting accuracy, we divided the `di�erent' trials into three groups
based on the similarity level of the objects. The division into groups was performed
using the discretize() function from the arules (Hahsler et al., 2011) package
in R. This function converts a numeric vector into a factor with bins based on
k-means clustering. As a result, we created a similarity variable with di�erent levels
representing the degree of similarity between object pairs. Level 1 corresponds
to pairs of highly di�erent objects with an average Jaccard coe�cient of .513 (sd
= .031), level 2 corresponds to pairs of di�erent objects with an average Jaccard
coe�cient of .609 (sd = .034), while level 3 comprises pairs of highly similar objects
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with an average Jaccard coe�cient of .755 (sd = .061). As expected, we observed
that the average accuracy decreased with increasing levels of similarity almost
linearly from roof to 
oor performance. Speci�cally, the accuracy was .84 for level 1
(N = 7148), .74 for level 2 (N = 5090), and .60 for level 3 (N = 1846). Additionally,
we had a separate level, level 4, which consisted of trials conducted under `same'
conditions, yielding an average accuracy of .69. To visually represent this trend,
Figure 5.3 displays the proportion of correct answers as a function of the level of
similarity after the discretization process. The levels of similarity were subsequently
employed as an ordered factor in the following analyses.

Figure 5.3: Proportions of correct answers as a function of the similarity level. Level 1 contains
pairs of very di�erent objects, and level 4 pairs of identical objects. The proportions are depicted
using a non-linear scale, speci�cally theasn trans() scale for arcsine. Panel A displays cumulative
proportions, with bars representing 95% con�dence intervals, adjusted using the Tryon method.
These adjustments were calculated over Anscombe-transformed scores using thesuperb package
(Cousineau et al., 2021), and subsequently transformed back into proportions. Panel B depicts
individual proportions, with each color shade corresponding to a di�erent participant. The mean
is indicated by a horizontal blue line.

5.1.5 Data analysis

Analysis were performed in R (R Core Team, 2021). To analyse the mask e�ects
at the baseline we analysed accuracy data in the peripheral same/di�erent task
by �tting a generalized linear mixed model with two factors, the presence/absence
of the mask and the same/di�erent condition. To control for the within-subjects
correlation typical of repeated measures, we also included an individual random
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