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Abstract
While atypical sensory perception is reported among individuals with autism
spectrum disorder (ASD), the underlying neural mechanisms of autism that
give rise to disruptions in sensory perception remain unclear. We developed a
neural model with key physiological, functional and neuroanatomical parame-
ters to investigate mechanisms underlying the range of representations of
visual illusions related to orientation perception in typically developed subjects
compared to individuals with ASD. Our results showed that two theorized
autistic traits, excitation/inhibition imbalance and weakening of top-down
modulation, could be potential candidates for reduced susceptibility to some
visual illusions. Parametric correlation between cortical suppression, balance
of excitation/inhibition, feedback from higher visual areas on one hand and
susceptibility to a class of visual illusions related to orientation perception on
the other hand provide the opportunity to investigate the contribution and
complex interactions of distinct sensory processing mechanisms in ASD. The
novel approach used in this study can be used to link behavioural, functional
and neuropathological studies; estimate and predict perceptual and cognitive
heterogeneity in ASD; and form a basis for the development of novel diagnos-
tics and therapeutics.
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atypical sensory perception, autism spectrum disorder (ASD), excitation/inhibition
imbalance, reduced top-down modulation, visual cortex

Abbreviations: 1D, one dimensional; 2D, two dimensional; ASD, autism spectrum disorder; DF, degrees of freedom; E/I, excitation/inhibition or
excitatory/inhibitory; EPF, enhanced perceptual functioning; GABA, gamma-aminobutyric acid; SQ, systemizing quotient; TD, typically developed;
V1, primary visual cortex; V2, secondary visual cortex; V4, one of the extrastriate visual cortices in the ventral stream; WCC, weak central coherence
theory.
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1 | INTRODUCTION

Autism spectrum disorder (ASD) is a complex develop-
mental disorder manifested through heterogeneous
symptoms—such as restricted and stereotypical behav-
iors, avoiding eye contact and difficulty connecting with
others socially and emotionally (Frith, 1989). In addition,
individuals with ASD frequently report atypical sensory
perception, which could cascade into deficits in social
and emotional interactions (Green et al., 2015; Horder
et al., 2014; Robertson & Baron-Cohen, 2017; Thye
et al., 2018; Wood et al., 2021). Within the context of
atypical sensory perception in ASD, Happé (1996) intro-
duced the idea that individuals with ASD might be less
susceptible to visual illusions by testing them with the
Poggendorff and Ponzo illusions, among others. Several
illusions, including the Ponzo, Poggendorff and Zöllner
illusions, could share a common underlying mechanism,
related to misperception of orientation (Prinzmetal &
Beck, 2001) (Figure 1). Subsequent studies further sup-
port Happé’s (1996) findings. For example, Ishida et al.
(2009) showed that individuals with ASD are less suscep-
tible to the Ponzo illusion but not to the Muller–Lyer illu-
sion, which is in a different category of visual illusions,
not associated with orientation misperception. Moreover,
the finding of reduced susceptibility to visual illusions in
individuals with ASD is also consistent with Bayesian
account of ASD, which suggests inflexibility in processing

prediction errors in individuals with autism that could
result in reduced global integration (Booth &
Happé, 2018; van de Cruys et al., 2014).

However, some behavioural studies resulted in
highly variable findings that could not reliably show
significant differences between individuals with ASD
and control groups in illusion susceptibilities (Hoy
et al., 2004; Milne & Scope, 2008; Ropar &
Mitchell, 1999; Utzerath et al., 2019), likely due to
limited sample size, methodological differences, lack of
sensitivity in estimates and heterogeneity within the
autism population. In addition, individuals with ASD
could be less susceptible to only certain kinds of visual
illusions, but not all. To this effect, Walter et al. (2009)
collected data from large samples (146 neurotypical
individuals) and showed that the systemizing quotient
(SQ), a scoring scale that reflects systematic traits that
may be associated with ASD, is negatively correlated
with susceptibilities to the Ponzo and Poggendorff
illusions, although the Zöllner illusion did not follow the
same trend when tested individually (Baron-Cohen, 2006;
Walter et al., 2009). Therefore, even though visual
illusions could potentially serve as apertures into the
sophisticated information-processing mechanisms of our
brain (Gori et al., 2016), it remains unclear whether
visual illusions can be useful proxies for the study of the
underlying sensory processing mechanisms that are
disrupted in ASD.

F I G U R E 1 Relation between the Zöllner and Poggendorff illusions. (a) Zöllner illusion: The vertical lines are perceived to be tilted in
opposite directions of the local contextual lines. In (b), the right segment of (a) is rotated clockwise by 15� so that the local contextual lines
are vertically oriented. (c) Poggendorff illusion: Although the tilted green line on the right is physically aligned with the green line on the
left, it is perceptually aligned with the yellow line. (c) Can be considered the enlarged segment of (b) with a thicker vertical line and the
yellow line implying that the Poggendorff and Zöllner illusions are related and the directions of misperception are the same in both.
Therefore, having one or two context lines in the Zöllner illusion (instead of full set of context lines) could produce illusion magnitude
similar to that of the Poggendorff illusion, because in the latter, there are only two-line intersections contributing to the illusion. This
suggests that these illusions share a common underlying mechanism
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To address this gap, we built a neural model of the
visual system that can simulate orientation perception,
investigate possible underlying neural mechanisms of
visual illusions and provide the means for the necessary,
detailed parametric correlation that is challenging to get
in experimental studies. We used this platform to simu-
late the representation of Zöllner and Poggendorff illu-
sions, both of which rely on misperception of orientation
and, therefore, could share a common underlying mecha-
nism (Prinzmetal & Beck, 2001) but result in differential
susceptibility trends in the literature (Baron-Cohen, 2006;
Walter et al., 2009). Then, we incorporated into our neu-
ral model connectivity and physiological circuit and net-
work interactions to facilitate parametrization of the
ratio of excitation/inhibition and top-down modulation
of visual networks that may underlie ASD pathology
(Chung & Son, 2020; Flevaris & Murray, 2015; Isler
et al., 2010; Kessler et al., 2016; Robertson et al., 2014;
Schallmo et al., 2020; Seymour et al., 2019; Snijders
et al., 2013; Spiegel et al., 2019). This enabled us to inves-
tigate whether parametric changes of these mechanisms

can also lead to model visual representation changes,
shifting the degree of misperception produced by these
visual illusions and recapitulating the perceptual differ-
ences observed in ASD.

2 | MATERIALS AND METHODS

We developed a computational neural model that can
simulate visual processing underlying orientation percep-
tion. The study did not involve human subjects (not-
human subjects research), as reviewed, and approved by
the Institutional Review Board of Boston University.

2.1 | Units of the neural model

Neurons in the input layer of the neural model have pre-
ferred orientations, which mimic the preferred orienta-
tion tuning of neurons in early visual areas (Briggs &
Usrey, 2004). Given the fast, reciprocal pathway between

F I G U R E 2 The receptive field (RF) of the model orientation selective neurons. (a) Model elliptical receptive fields (RFs) with different
preferred orientations. (b) Model RFs with different aspect ratios and excitatory/inhibitory (E/I) ratios. The RFs’ excitatory and inhibitory
subfields are two-dimensional elliptical Gaussians with wide and narrow axes (�w and �n). The ratio of �w to �n is referred to as aspect ratio.
The inhibitory side bands stem from larger �n of inhibitory compared to �n of excitatory subfields. The ratio of excitatory to inhibitory �n is
called excitatory/inhibitory (E/I) ratio. (C) How the elliptical Gaussian is constructed for orientation selective model neurons by matrix
multiplication of circular Gaussians: The circular Gaussian with small sigma (left) determines the �n, and the circular Gaussian with larger
sigma (right) determines the �w of the resultant elliptical Gaussian (bottom)
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the Lateral Geniculate Nucleus (LGN) and visual cortex
in primates (Briggs & Usrey, 2007), we considered the
model LGN-V1 as an integrated compartment with its
neurons (V1 model neurons) having orientation prefer-
ence. As such, we constructed the receptive field of orien-
tation selective model neurons via matrix multiplication
of two Gaussian kernels with a small and a large sigma to
generate elliptical Gaussians (Figure 2). After the ellipti-
cal Gaussian was constructed, we used the rotation
matrix to generate the receptive field of orientation selec-
tive model neurons with different preferred orientations
(Figure 2a). Further, we exploited the nature of matrix
multiplication to control the E/I ratio and aspect ratio of
the receptive field of orientation selective model neurons
(Figure 2b).

Our neural model is structurally organized by hyper-
columns and functionally by interaction fields (Figure 3).
A hypercolumn is composed of 18 orientation selective
model neurons that are tuned to different orientations
from 0� to 180� and process orientation information in
each retinotopic location (x, y). The hypercolumn field is
designed to model the hypercolumnar organization in
the visual cortex (Hubel & Wiesel, 1977). The proposed
interaction field in the neural model represents interac-
tions of hypercolumns and top-down modulation from

higher areas: Interconnected areas (such as V1–V2) form
a functional interaction emerging from the fast inter-
areal signals (Bullier, 2001; Layton et al., 2014). The
higher the visual areas, the more complex the interac-
tions become (Layton et al., 2012) for which there are
sparse data related to ASD. For the cross-orientation
interaction, which is the focus of the current work, we
considered the impact of interaction from higher areas to
be relayed from V2 to V1 which in turn feeds the interac-
tion field; therefore, the interaction field impacts the
model interconnected V1–V2. Together, these offer a
basic model of impact of higher areas on V1–V2 and
show how interareal underconnectivity in ASD can be
modelled by shrinking interaction field size, which also
limits the range of cross orientation competition as well
as across space interaction.

2.2 | Model neurons general equation

The dynamics of our model neurons are rate based and
represented by a single compartment voltage V tð Þ that
obeys the following shunting equation (Grossberg, 1973;
Grossberg & Mingolla, 1985; Layton et al., 2012, 2014;
Layton & Yazdanbakhsh, 2015):

F I G U R E 3 Model hypercolumn neural units interaction via interaction field. (a) The schematic diagram of the model hypercolumn
field. Each layer of the hypercolumn is sensitive to the same orientation (�) at different retinotopic positions (x, y). Neurons in each column
are sampling the same retinotopic position (x, y) with different preferred orientations (�s). This way, the hypercolumn would be sensitive to
all orientations spanning retinotopic positions. (b) The interaction field is a three-dimensional on centre off surround kernel that is designed
to represent interactions across retinotopic positions (x, y) and orientations (�s) across the hypercolumn. The x and y range of the interaction
field determines the range of lateral interaction across hypercolumns; that is, the projection of 3D interaction field over x-y plane would be a
2D on-centre/off-surround interaction. The projection of interaction field along each orientation column is a 1D on-centre/off surround
interaction; therefore, the 3D interaction field is a combination of 2D on-centre/off-surround across visual space (x, y) and 1D on-centre/off-
surround across orientations in each column resulting in cross orientation interaction. The interaction field implemented in model V1 which
propagates within model interconnected V1–V2 reflects the impact of higher visual areas to areas V1 and V2 that act as active blackboards
(Bullier, 2001)
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