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Abstract

Both neurophysiological and psychophysical experiments have pointed out the crucial role
of recurrent and feedback connections to process context-dependent information in the
early visual cortex. While numerous models have accounted for feedback effects at either
neural or representational level, none of them were able to bind those two levels of analysis.
Is it possible to describe feedback effects at both levels using the same model? We answer
this question by combining Predictive Coding (PC) and Sparse Coding (SC) into a hierarchi-
cal and convolutional framework applied to realistic problems. In the Sparse Deep Predictive
Coding (SDPC) model, the SC component models the internal recurrent processing within
each layer, and the PC component describes the interactions between layers using feedfor-
ward and feedback connections. Here, we train a 2-layered SDPC on two different data-
bases of images, and we interpret it as a model of the early visual system (V1 & V2). We first
demonstrate that once the training has converged, SDPC exhibits oriented and localized
receptive fields in V1 and more complex features in V2. Second, we analyze the effects of
feedback on the neural organization beyond the classical receptive field of V1 neurons
using interaction maps. These maps are similar to association fields and reflect the Gestalt
principle of good continuation. We demonstrate that feedback signals reorganize interaction
maps and modulate neural activity to promote contour integration. Third, we demonstrate at
the representational level that the SDPC feedback connections are able to overcome noise
in input images. Therefore, the SDPC captures the association field principle at the neural
level which results in a better reconstruction of blurred images at the representational level.

Author summary

One often compares biological vision to a camera-like system where an image would be
processed according to a sequence of successive transformations. In particular, this “feed-
forward” view is prevalent in models of visual processing such as deep learning. However,
neuroscientists have long stressed that more complex information flow is necessary to
reach natural vision efficiency. In particular, recurrent and feedback connections in the

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008629 January 26, 2021 1/31


https://orcid.org/0000-0003-3372-5940
https://orcid.org/0000-0003-1468-0046
https://orcid.org/0000-0001-7916-2640
https://orcid.org/0000-0002-7854-1275
https://orcid.org/0000-0002-9536-010X
https://doi.org/10.1371/journal.pcbi.1008629
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1008629&domain=pdf&date_stamp=2021-02-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1008629&domain=pdf&date_stamp=2021-02-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1008629&domain=pdf&date_stamp=2021-02-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1008629&domain=pdf&date_stamp=2021-02-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1008629&domain=pdf&date_stamp=2021-02-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1008629&domain=pdf&date_stamp=2021-02-05
https://doi.org/10.1371/journal.pcbi.1008629
https://doi.org/10.1371/journal.pcbi.1008629
https://doi.org/10.1371/journal.pcbi.1008629
http://creativecommons.org/licenses/by/4.0/
https://github.com/VictorBoutin/InteractionMap

PLOS COMPUTATIONAL BIOLOGY

Sparse deep predictive coding captures contour integration capabilities in V1

VictorBoutin/InteractionMap). The two databases
used to train the algorithm are publicly available
online in the following link: STL-10 database
(http://cs.stanford.edu/~acoates/stl10) and Chicago
Face Database (https:/chicagofaces.org/default/).

Funding: VB and LP received funding from the
European Union’s H2020 research and innovation
programme under the Marie Sklodowska-Curie
grant agreement n 713750, by the Regional
Council of Provence-Alpes-Cote d’Azur, A*MIDEX
(n ANR-11-IDEX-0001-02), and the financial
support of ANR project “Horizontal-V1” (n ANR-
17-CE37-0006). This work was granted access to
the HPC resources of Aix-Marseille Université
financed by the project Equip@Vleso (n ANR-10-
EQPX-29-01) of the program "Investissements
d’Avenir'. Other authors received no specific
funding for this work. The funders had no role in
study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

visual cortex allow to integrate contextual information in our representation of visual sti-
muli. These modulations have been observed both at the low-level of neural activity and at
the higher level of perception. In this study, we present an architecture that describes bio-
logical vision at both levels of analysis. It suggests that the brain uses feedforward and
feedback connections to compare the sensory stimulus with its own internal representa-
tion. In contrast to classical deep learning approaches, we show that our model learns
interpretable features. Moreover, we demonstrate that feedback signals modulate neural
activity to promote good continuity of contours. Finally, the same model can disambigu-
ate images corrupted by noise. To the best of our knowledge, this is the first time that the
same model describes the effect of recurrent and feedback modulations at both neural and
representational levels.

Introduction

Visual processing of objects and textures has been traditionally described as a pure feedfor-
ward process that extracts local features. These features become increasingly more complex
and task-specific along the hierarchy of the ventral visual pathway [1, 2]. This view is sup-
ported by the very short latency of evoked activity observed in monkeys (= 90 ms) in higher-
order visual areas [3, 4]. The feed-forward flow of information is sufficient to account for core
object categorization in the IT cortical area [5]. Although this feedforward view of the visual
cortex was able to account for a large scope of electrophysiological [6, 7] and psychophysical
[8] findings, it does not take advantage of the high density (= 20%) and diversity of feedback
connections observed in the anatomy [9-11].

Feedback connections, but also horizontal intra-cortical connections are known to integrate
contextual modulations in the early visual cortex [12-14]. At the neurophysiological level, it
was observed that the activity in the center of the Receptive Field (RF), called the classical RF,
was either suppressed or facilitated by neural activity in the surrounding regions (i.e. the extra-
classical RFs). These so-called ‘Center/Surround’ modulations are known to be highly stimulus
specific [15]. For example, when gratings are presented to the visual system, feedback signals
tend to suppress horizontal connectivity which is thought to better segregate the shape of the
perceived object from the ground (figure-ground segregation) [16, 17]. In contrast, when co-
linear and co-oriented lines are presented, feedback signals facilitate horizontal connections
such that local edges are grouped towards better shape coherence (contour integration) [18].
Interestingly, both figure-ground segregation and contour integration are directly derived
from the Gestalt principle of perception. In particular, contour integration is known to follow
the Gestalt rule of good continuation as mathematically formalized by the concept of associa-
tion field [19]. This association field suggests that local edges tend to align toward a co-circu-
lar/co-linear geometry. Besides being central in natural image organization [20], association
fields might also be implemented in the connectivity within the V1 area [21, 22] and play a cru-
cial role in contour perception [19, 23]. In particular, it was demonstrated that short-range
feedback connections (originating in the ventral visual area and targeting V1) play a crucial
role in the recognition of degraded images [24]. These pieces of biological evidence suggest
that feedforward models are not sufficient to account for the context-dependent behavior of
the early visual cortex and urge us to look for more complex models taking advantage of recur-
rent connections.

From a computational perspective, both Predictive Coding (PC) and Sparse Coding (SC)
are good candidates to model the early visual system. On one hand, SC might be considered as
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a framework to describe local computations in the early visual cortex. Olshausen & Field dem-
onstrated that a SC strategy was sufficient to account for the emergence of features similar to
the Receptive Fields (RFs) of simple cells in the mammalian primary visual cortex [25]. These
RFs are spatially localized, oriented band-pass filters [26]. Furthermore, SC could also be con-
sidered to result from a competitive mechanism. SC implements an “explaining away” strategy
[27] by selecting only the dominant causes of the sensory input. On the other hand, PC
describes the brain as a Bayesian process that consistently updates its internal model of the
world to infer the possible physical causes of a given sensory input [28, 29]. PC suggests that
top-down connections convey predictions about the activity in the lower level while bottom-
up processes transmit prediction error to the higher level. In particular, PC models were able
to describe center-surround antagonism in the retina [30] and extra-classical RFs effects
observed in the early visual cortex [29]. In addition, studies have investigated the correspon-
dence between cortical micro-circuitry and the connectivity implied by the PC theory [31, 32].
Therefore, while SC might be considered as a local mechanism modeling recurrent computa-
tion within brain areas, PC leverages top-down connections to describe interactions between
cortical areas at a more global scale.

Rao & Ballard [29] were the first to leverage Predictive Coding (PC) into a hierarchical
framework and to combine it with Sparse Coding (SC). The 2-layers PC model they have pro-
posed had few dozens of neurons (20 in the first layer and 32 in the second one) linked with
fully connected synapses and trained on patches extracted from 5 natural images. These set-
tings did not allow the authors to spatially extend their analysis to the effect of the feedback
outside of the classical RF and to train their network on a scale that is more realistic (i.e. higher
resolution images and more neurons). In contrast, recently proposed architectures in deep
learning, like autoencoders, allow to successfully tackle larger-scale problems. Both PC and
autoencoders describe the generative process that gives rise to a given observation through a
Bayes decomposition of a probabilistic model and using a hierarchy of latent representation
[33]. Both frameworks can also be regularized using a sparse constraint on the latent represen-
tation (see [34, 35] for more details on sparse autoencoders). Nevertheless, PC and autoenco-
ders are exhibiting 3 major differences. First, while the encoder/decoder are different in
autoencoders, these are tied in PC. Second, autoencoders reconstruct the input image whereas
a PC layer aims at reconstructing the previous layer latent variables (i.e. only the first layer
aims at reconstructing the input image in PC). Third, autoencoders are mostly trained by
back-propagation to minimize a unique global reconstruction error while PC is trained to
jointly minimize several local reconstruction errors. Interestingly, other convolutional PC
frameworks, formulated to solve discriminative problems, have recently emerged to propose a
local approximation of the back-propagation algorithms in the domain of classification tasks
[36].

In this paper, we use a Sparse Deep Predictive Coding (SDPC) model that combines Predic-
tive Coding and Sparse Coding into a convolutional neural network. The proposed model
leverages the latest technics used in deep learning to extend the original PC framework [29] to
larger scale (higher resolution images seen by hundreds of thousands of neurons). While the
Rao & Ballard PC model describes the contextual effects of the feedback connection in the clas-
sical RFs, we leverage the convolutional structure of our network over a larger scale to address
the question of these contextual influences outside of the classical RF (i.e. in the extra-classical
RF). The main novelty of the SDPC lies in 3 main aspects. First, the SDPC is extending to
larger scale the original PC framework while keeping a learning approach that relies on the
minimization of local reconstruction errors that could be interpreted as Hebbian learning (as
opposed to autoencoders that minimize a global loss function). Second, it includes the latest
Sparse Coding (SC) technics to constrain the latent variables (i.e. iterative soft-thresholding
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algorithms). Third, the convolutional approach adopted in the SDPC allows to extend the anal-
ysis made by Rao & Ballard to neurons located in the extra-classical RFs.

We first briefly introduce the 2-layered SDPC network used to conduct all the experiments
of the paper, and we show the results of the training of the SDPC on two different databases.
Next, we investigate the feedback effects at the “neural” level. We show how feedback signals
in SDPC account for a reshaping of V1 neural population both in terms of topographic organi-
zation and activity level. Then, we probe the effect of feedback at the “representational” level.
In particular, we investigate the ability of feedback connections to denoise input images.
Finally, we discuss the results obtained with the SDPC model in the light of the psychophysical
and neurophysiological findings observed in neuroscience.

Results

In our mathematical description of the proposed model, italic letters are used as symbols for
scalars, bold lowercase letters for column vectors and bold uppercase letters for MATRICES. j
refers to the complex number such that j* = —1.

Brief description of the SDPC

Given a hierarchical generative model for the formation of images, the core objective of hierar-
chical Sparse Coding (SC) is to retrieve the parameters and the internal states variables (i.e.
latent variables) that best explain the input stimulus. As any perceptual inference model, hier-
archical SC attempts to solve an inverse problem (Eq 1), where the forward model is a hierar-
chical linear model [37]:

x=D]y, +¢ st. [[ 7]l <o, andy, >0

7= Dg)’z + 6 st. || 75/l <o, and y, >0

Vi1 = DLTVL +e¢ st [yl <o, andy, >0

The number of layers of our model is denoted L and x is the sensory input (i.e. image). The
sparsity at each layer is enforced by a constraint on the €, pseudo-norm of the internal state
variable y;. Note that this operator is termed pseudo-norm as it is counting the number of
strictly positive scalars and does not depend on their amplitude. Finally, €; and D; are respec-
tively the prediction error (i.e. reconstruction error) and the weights (i.e. the parameters) at
each layer i.

To tighten the link with neuroscience, we impose ¥; to be non-negative such that the ele-
ment of the internal state variables could be interpreted as firing rates. In addition, we include
convolutional synaptic weights, as the underlying weight sharing mechanism is well modeling
the position invariance of features within natural images. It allows us to interpret ¥; as a retino-
topic map describing the neural activity at layer i, and we call it the activity map. Mathemati-
cally speaking, our activity maps are 3D tensors. An activity map, y; of size [ns w,,, h,,] could
be interpreted as a collection of 72D maps of dimension (w,,, h,,,). In a convolutional setting,
D,; of size [n5 n,, w, h] could be viewed as a collection of nyfeatures of size n. x w x h. The
width and height of the features are denoted by w and h, respectively. D; is called a dictionary.
In terms of neuroscience, D; could be viewed as the synaptic weights between 2 layers whose
activity is represented by y;_; and y;. In this article all the matrix-vector products correspond
to discrete 2D spatial convolutions (see Eq 2 for the mathematical definition of the discrete 2D
convolution). To facilitate the reading of the mathematical equation, we have purposely abused
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the notations by replacing all the 2D convolutions operator by matrix-vector products (in
‘Model and methods we explain the mathematical equivalence between convolutions and
matrix-vector products).

Y, =D xy,

ne w h
with 71’—1 [i? k7 l} = ZZZDT[L mvpa q] X 71‘—1 [mv k— pv I— q] (2)

m=1 p=1 gq=1

st. k—pell,w,] and I —q€[1,h,]

In Eq 3, we define the effective dictionary, D¢", as the back-projection of D; into the visual
space (see S7 Fig for an illustration).

D" = D’.D! D! (3)

The effective dictionaries could also be interpreted as a set of Receptive Fields (RFs). Note that
RFs in the visual space get bigger for neurons located in deeper layers (that is, on layers further
away from the sensory layer). To visualize the information represented by each layer, we back-
project y; into the visual space (see Eq 18). We call this projection a “representation” and it is
denoted by y<".

One possibility to solve the problem defined by Eq 1 in a neuro-plausible way is to use the
Sparse Deep Predictive Coding (SDPC) model. The SDPC model combines local computa-
tional mechanisms to learn the weights and infer internal state variables. It leverages recurrent
and bi-directional connections (feedback and feedforward) through the Predictive Coding
(PC) theory. In this paper, we aim at modeling the early visual cortex using a 2-layered version
of the SDPC. Consequently, we denote the first and second layers of the SDPC as the V1 and
V2 models, respectively. Our V1 and V2 models are driven by the joint minimization of the £,
and £, loss function (see Eq 4). In the section ‘Model and methods’, the Eq 15 described a gen-
eralized version of the loss function.

1 , kK ‘
L= Sllx=Diy I+ 17 =Dyr [l +Ml 7 L

1 )
L, = B v, — DQTVQ ||§ |l 7, I

In Eq 4, ; is a scalar that controls the sparsity level within each layer. Note that we have
relaxed the €y-norm regularization in Eq 1 by replacing it with a £;-norm constraint in Eq 4.
The parameter kgp is used to increase the strength of the representation error coming from
V2. We thus call kgp ‘the feedback strength’ as it allows us to tune how close the V1 neural
activity is from its prediction made by V2. Last but not least, when the parameter kg is set to
0, the SDPC becomes a stacking of independent LASSO sub-problems [38, 39] and is not rely-
ing anymore on the Predictive Coding (PC) framework. Consequently, we also use the kg
parameter to evaluate the effect of the PC on the first layer representation. At a first glance, it
seems to be sub-optimal to use kgp # 1 in the loss function defined in Eq 4 to solve Eq 1. How-
ever we will see in the rest of the manuscript, that higher feedback strength provide the SDPC
with several advantages both in terms of neuroscience interpretation (see section ‘Effect of the
feedback at the neural level’) and in terms of computation (see section ‘Effect of the feedback
at the representational level’). In Eq 4, y; corresponds to the activity-map in V1 and y, to V2’s
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=== Feedback connections

= Feedforward connections

Internal Recurrent
connections

V1 model i V2 model
Image (SDPC Layer 1) ) (SDPC Layer 2)

Input

Fig 1. Architecture of a 2-layered SDPC model. In this model, y; represents the activity of the neural population and
€; is the representation error (also called prediction error) at layer i. The synaptic weights of the feedback and
feedforward connection at each layer (D] and D; respectively) are reciprocal. The level of sparseness is tuned with the
soft-thresholding parameter A;. The scalar kg controls the strength of the feedback connection represented with a blue
arrow.

https://doi.org/10.1371/journal.pcbi.1008629.9001

activity-map. We refer to the V1 space as the retinotopic space described by y;, and it is sym-
bolized with a small coordinate system centered in Oy, (see Fig 1).

The joint optimization of the loss function described in Eq 4 is performed using an alterna-
tion of inference and learning step. The inference step involves finding the activities (i.e. y;)
that minimize £, using Eq 5. In this equation, the sparsity constraint is achieved using a soft-
thresholding operator, denoted 7 (-) (see Eq 16 in section ‘Model and methods’ for the math-
ematical definition of the soft-thresholding operator).

oL,
o

7§+1 = Tnci?\,- (yi - nc,- )
(5)

= T’lc,ﬂxi (yf + nciDi(yf—] - D;Fyi) - kFB : ’7c,. (7: - D;’S»lyzt'+] ))

Once the inference procedure has reached a fixed point (see Eq 17 in section ‘Model and
methods’ for more details on the criterion we use to define a fixed point), the SDPC learns the
synaptic weight using Eq 6.

L,
D’&l = D: — nLi %
’ (6)

=D+ ’7L,.7’1'T(7’1—1 —DiTy))

In both Eqs 5 and 6, the variables 7! and D! denote the neural activity and the synaptic
weight at time step t, respectively. 77, is defining the time step of the inference process and 77,
is the learning rate of the learning process. We train the SDPC on 2 different datasets: a face
database and a natural images database.

In this paper, we aim at modeling the early visual cortex using a 2-layered version of SDPC
(see Fig 1). Consequently, we denote the first and second layer of the SDPC as the V1 and V2
model, respectively. All presented results are obtained with a SDPC network trained with a
feedback strength equal to 1 (i.e kgg = 1). Once trained, and when specified, we vary the feed-
back strength to evaluate its effect on the inference process. Note that we have also experi-
mented to equate the feedback strength during learning and inference, and the results
obtained are extremely similar to those obtained when the feedback strength was set to 1 dur-
ing the SDPC training. For both databases, all the presented results are obtained on a testing
set that is different from the training set (except when we describe the training in the section
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entitled ‘SDPC learns localized edge-like RFs in V1 and more specific RFs in V2°). All network
parameters and database specifications are listed in the ‘Model and methods’ section.

SDPC learns localized edge-like RFs in V1 and more specific RFs in V2

In this subsection, we present the results of the training of the Sparse Deep Predictive Coding
(SDPC) model on both the natural images and the face databases with a feedback strength kgp
equal to 1 (Fig 2). First-layer Receptive Fields (RFs) exhibit two different types of filters: low-
frequency filters, and higher frequency filters that are localized, band-pass and similar to
Gabor filters (Fig 2B and 2F). The low-frequency filters are mainly encoding for textures and
colors whereas the higher frequency ones describe contours. Second layer RFs (Fig 2D and
2G) are built from a linear combination of the first layer RFs. For both databases, the second
layer RFs are bigger than those in the first layer (approximately 3 times bigger for both data-
bases). We note that for the face database the second layer RFs present curvatures and specific
face features, whereas on the natural images database they only exhibit longer oriented edges.
This difference is mainly coming from the higher variety of natural images: the identity of

Natural images database Face database

BPENE= I
IEONSPRN

E .
HESEEENE
RNRSENEE
C

Fig 2. Results of training SDPC on the natural images (left column) and on the face database (right column) with
a feedback strength kgp = 1. (A): Randomly selected input images from the natural images database (denoted x in the
text). The two databases are pre-processed with Local Contrast Normalization [40] and whitening. (B) & (F): 16
randomly selected first-layer Receptive Fields (RFs) from the 64 RFs composing Djﬁr (note that Djﬁr = D], see Eq3).
The RFs are ranked by their activation probability in a descending order. The RF size of neurons located on the first
layer is 9 x 9 px for both databases. (C): Reconstruction of images corresponding to the input images shown in (A)
from the representation in the first layer, denoted %" (note that ¢ = DlTyl, see Eq 18). (D) & (G): 32 sub-sampled
RFs out of 128 RFs composing D;“T (note that D;“T = D] D], see Eq 3), ranked by their activation probability in
descending order. The size of the RF from neurons located on the second layer is 22 x 22 px on the natural images
database (D) and 33 x 33 px on the face database (G). (E): Reconstruction of images corresponding to the input images

shown in (A) from the representation in the second layer, denoted 75" (note that 5" = D] D]y,, see Eq 18).

https://doi.org/10.1371/journal.pcbi.1008629.9002
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objects, their distances, and their angles of view are more diverse than in the face database. On
the contrary, as the face database is composed only of well-calibrated, centered faces, the
SDPC model is able to extract curvatures and features that are common to all faces. In particu-
lar, we observe on the face database the emergence of face-specific features such as eyes, nose
or mouth that are often selected by the model to describe the input (second layer RFs are
ranked by their activation probability in descending order in Fig 2D and 2G). All the 64 first
layer RFs and the 128 second layer RFs learned by the SDPC on both databases are available in
the Supporting information section (S1 Fig for natural images and S2 Fig for face database).
The first layer reconstruction (Fig 2C) is highly similar to the input image (Fig 2A). In the sec-
ond layer reconstructions (Fig 2E), the details like textures and colors are faded and smoothed
in favor of more pronounced contours. In particular, the contours of the natural images recon-
structed by the second layer of the SDPC are sketched with a few oriented lines.

Effect of the feedback at the neural level

We now vary the strength of the feedback connection to assess its impact on neural representa-
tions when an image is presented as a stimulus. The strength of the feedback, kg, is a scalar
ranging from 0 to 4. When kgp is set to 0, the feedback connection is suppressed. In other
words, the neural activity in the first layer is independent of the neural activity in the second
layer. Inversely, when kgp = 4, the feedback signals are strongly amplified such that it reinforces
the interdependence between the neural activities of both layers. As a consequence, varying
feedback strength should also affect the activity in the first layer. The objective of this subsec-
tion is to study the effect of the feedback on the organization of V1 neurons (i.e. the first layer
of the SDPC).

SDPC feedback recruits more neurons in the V1 model. In the first experiment, we
monitor the median number of active neurons in our V1 model when varying the feedback
strength on both databases. The medians are computed over 1200 images of natural images
database (Fig 3A) and 400 images of the face database (Fig 3B). In this paper, we use the
median + median absolute deviation instead of the classical mean + standard deviation to
avoid assuming that samples are normally distributed [41]. For the same reason, all the statisti-
cal tests are performed using the Wilcoxon signed-rank test. It will be denoted WT(N = 1200,
p < 0.01) when the null hypothesis is rejected. In this notation, N is the number of samples
and p is the corresponding probability value (p-value). In contrast, we will formalize the test
by WT(N = 1200, p = 0.3) when the null hypothesis cannot be rejected.

A B

20

1 ET
i )| I

0 1 2 3 4 0 1 2 3 4
feedback strength (keg) feedback strength (keg)

N}
o

N
=3

-
o

% of active neurons
=
G

% of active neurons

o

Fig 3. Percentage of active neurons in the first layer of the SDPC model. (A) On the natural images database. (B)
On the face database. We record the percentage of active neurons with a feedback strength kgp varying from 0 (no
feedback) to 4 (strong feedback). The height of the bars represent the median percentage of active neurons and the
error bars are computed using the median absolute deviation over 1200 and 400 images of the testing set for the
natural images and face database, respectively.

https://doi.org/10.1371/journal.pchi.1008629.9003
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For both databases, we observe that the percentage of active neurons increases with the
strength of the feedback. In particular, we note a strong increase in the number of activated
neurons when we restore the feedback connection (from krg = 0 to kgg = 1): +8.7% and +4.7%
for natural images and face databases, respectively. Incrementally amplifying the feedback
strength above 1 further increases the number of active neurons in the first layer even if the
effect is sublinear. All the increases in the percentage of recruited neurons with the feedback
strength are significant as quantified with a Wilcoxon signed-rank test (WT) between all pairs
of feedback strength: WT(N = 1200, p < 0.01) for natural images database and WT(N = 400,

p < 0.01) for the face database. For each database, we notice that the inter-stimuli variability,
as illustrated by error-bars, is lower when the feedback connection is removed: 0.80% with kgg
=0 versus 2.55% with kgp = 1 for the natural images database and 0.25% with kgp = 0 versus
0.85% with kpg = 1 for the face database. These results lead us to 2 different conclusions: (1)
The feedback connection tends to recruit more neurons in our model of V1, (2) the feedback
signal is dependent of the input stimuli and leads to differentiated effect of the feedback
strength.

Interaction map to visualize the neural organization. The V1 activity-map (y,) being a
high-dimensional tensor, it is a priori difficult to visualize its internal organization. Following
our mathematical convention, the activity maps are 3-dimensional tensors of size [115 Wy, h,y),
in which the first dimension is describing the feature space (denoted 6), and the 2 last dimen-
sions are related to spatial positions (x and y respectively). One could interpret the activity
maps as a collection of ny2-dimensional maps describing each feature’s activity in the retinoto-
pic space. Said differently, the scalar ¥, [}, k, I] is quantifying how strongly correlated is the fea-
ture j (mathematically described by D/ [j, :, :, :]) with the input image (i.e. x) at the spatial
location of coordinate (k, /). Consequently, we denote 6 the space that describes the nfeatures,
and we call it the feature space. In practice, we extracted one angle per RF to describe its orien-
tation by fitting the first layer features (i.e. those presented in Fig 2B and 2F) with Gabor filters
[42]. Note that textural and low-frequency filters which are poorly fitted are simply filtered-
out (we remove 13 out of 64 filters). We use the extracted angles to discretized the feature
space: 0 € {0,}_,. Similarly, we describe a space of spatial coordinate (x, y) such that x € [1,
Wy, and y € [1, h,,]. One concise way to describe the V1 representation is to formalize it using
the complex number notation denoted y% (see Eq 7).

V0 € {0}, ¥x € [1,w,1,Vy € [1,h,], ¥°[0,x,5] = 7,[0,x,y]
(7)
st.jeCand 2 =-1

We decompose the computation of the interaction map into 3 steps (see Fig 4 for an illus-
tration of the computation of the interaction map).

o Step 1 is to extract small neighborhoods around the 10 most strongly activated neurons for
each orientation. First, we choose a feature (i.e. an orientation, denoted 8,), and we identify
the position of the 10 neurons that are the most strongly responsive to the selected orienta-
tion. Second, we extract a spatial neighborhoods of size 9 x 9 centered on each of these 10
neurons (we thus extract 10 different neighborhoods). We set the size of the neighborhood
to be the same than the one of the V2 features (i.e. D,) so that we can capture the feedback
effect coming from V2. At this stage, we have a 10 cropped versions of y; which are centered
on neurons strongly responsive to a given orientation. This orientation is called the central
preferred orientation (still denoted 6,). We use the notation (x,, y.) to describe the spatial
coordinates of neurons belonging to the cropped version of y;
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V1 representation (7,[6, x,y]) Neighborhood with normalized activity
(@lf, x..y.])

Step 1 Step 3
(neighborhood Step:2 (circular average)
extraction) (normalization)
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/ 0y,

Neighborhood (3X3 in the illustration) /

centered on the most strongly activated

neurons (shown in red in the illustration)

o [0.x.y.)) Interaction map (3x3 in the illustration)
@lx..y.
® Strongest activation ® Intermediate activation Low activation Features

Fig 4. Illustration of the procedure to generate interaction map. In this illustrative example we consider a V1
representation with only 4 feature maps (represented in the upper-left box). Step 1 is to extract a neighborhood (of size
3x3 in the illustration only) around the most strongly activated neuron (represented with a red square in the
illustration) for a given central preferred orientation (denoted 6,). Step 2 is to normalize the neural activity in the
extracted neighborhood using the marginal activity (see Eq 8). Step 3 is to compute the resulting orientation and
activity at every position of the neighborhood using a circular mean (see Eqs 11 and 12 respectively). To keep a concise
figure we have illustrated the computation of the central edge of the interaction map only. For simplification, the
illustration shows only 1 neighborhood extraction whereas the interaction maps shown in the paper are computed by
averaging neighborhoods centered on the 10 most strongly activated neurons.

https://doi.org/10.1371/journal.pchi.1008629.9004

o Step 2 is to normalize the activity of the neurons in each of 10 cropped versions of y; gener-
ated at Step 1. To normalize activity, we use the marginal activity, as defined by the mean
neighborhood in a spatially shuffled version of the V1 activity-map. Said differently, the mar-
ginal activity, denoted y,[6, x ., y ], is a spatial average over the activity of neurons that
respond to one given orientation 8. The variables (x ., y - .) represent the V1-space outside
of this neighborhood. We call a the normalized activity and its computation is defined in
Eq 8.

_ 71[9’xc7yc] B 71[07 ch,yw]

al0,x,y] = 7.00,x.,y.] "

Intuitively, for a given (6, x., y.), a[0, x., y] is positive if the activity inside the neighborhood
is above the marginal activity and negative in the opposite case.

« Step 3 is the actual computation of the interaction map. The interaction map, denoted 4, is
computed as the weighted average over all the orientations of the adjusted activity vector
(see Eq 9). We denote @ and |a| the resulting orientation and activity of the interaction map,
respectively (see Eq 10).

_ 1 .
a[‘xﬁyc] :Zza[07xc7yc} : e}H (9)
0=0,
= |a[xc7yc“ : eje[xc’h] (10)
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We use a circular weighted average to compute the resulting orientation (see Eq 11) and
activity (see Eq 12) of the interaction map.

— 1 On 1 O,
Olx..y] = atan2 ;Za[O,xmyc]sin(O),;Za[O,xmyc]COS(O) (11)
0=0, 0=0,
0 2 0 2
a (S al,x, yJeos(0) ) + (S al6, %,y Jsin(0) (12)
axc, . = — a ,xc, CCOS 3 Xy Ve
lalx,, ]| N\ \ & b 2 bz

The atan2 operator in Eq 11 denotes a generalization of the arctangent operator that returns
positive angle for counterclockwise angle and opposite for clockwise angle.

At the end of Step 3, we then have generated 10 interaction maps (one for each of the 10
most strongly activated neurons) for a given central preferred orientation. Next, we iterate
from Step 1 to Step 3, over 1200 natural images and we average the corresponding interaction
maps. At this point, we then have an interaction map for one given central preferred orienta-
tion. We then repeat this process for all central preferred orientations and for different feed-
back strengths ranging from 0 to 4.

SDPC feedback signals reorganize the interaction map of the V1 model. We investigate
the effect of feedback on the neural organization in our V1 model when the Sparse Deep Pre-
dictive Coding (SDPC) is trained on natural images. To conduct such an analysis, we used the
concept of interaction map, as introduced previously.

For all feedback strengths and different central preferred orientations, we observe that the
interaction maps are highly similar to association fields [19]: most of the orientations of the
interaction map are co-linear and/or co-circular to the central preferred orientation (see Fig 5
for one example of this phenomenon and S3 Fig for more examples with kgp = 1). In addition,
interaction maps exhibit a strong activity in the center and towards the end-zone of the central
preferred orientation. We define the end-zone as the region covering the axis of the central
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Fig 5. Example of a 9 x 9 interaction map of a V1 area centered on neurons strongly responding to a central
preferred orientation of 30°. (A) Without feedback. (B) With a feedback strength equal to 1. These interaction maps
are obtained when the SDPC is trained on natural images. At each location identified by the coordinates (x,, y.) the
angle is @|x_, y.] (see Eq 11) and the color scale is |a[x,, y.]| (see Eq 12). The color scale being saturated toward both
maximum and minimum activity, all the activities above 0.8 or below 0.3 have the same color, respectively dark or
white.

https://doi.org/10.1371/journal.pcbi.1008629.9005
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preferred orientation, and the side-zone as the area covering the orthogonal axis of the central
preferred orientation. The activity of the interaction map in the side-zone is lower compared
to the activity in the end-zone. We notice qualitatively that the orientations of the interaction
maps are less co-linear to the central preferred orientation when feedback is suppressed (i.e.
kgp = 0). In other words, when feedback is active, the interaction map looks more organized
compared to the interaction map generated without feedback (see Fig 5 for a striking example
of this phenomenon).

We next quantify this organizational difference we observed when we turn-on the feedback
connection. For a given feedback strength kgp, we introduce two ratios to assess the change of
the co-linearity (r,  (kg;)) and co-circularity (r,  (kg;)) w.r.t. to their respective measure

co—cir

without feedback (see Eqs 23 and 24 in section Model and methods for mathematical details).

We report these two ratios for the end-zone (Fig 6A) and the side-zone (Fig 6B). For all kg
> 0, we observe that neurons located in the end-zone and in the side-zone are more co-linear
to the central preferred orientation when the feedback connection is turned on. Indeed, all the
bars in the left-block of Fig 6A and 6B are always above the baseline (as computed as the co-
linearity / co-circularity when the feedback is turned off). This increase of co-linearity w.r.t. to
the baseline is highly significant as measured with the Wilcoxon signed-rank test (WT(N = 51,
p < le—3)). We also observe that the increase of co-linearity is more pronounced in the side-
zone (co-linearity bars in Fig 6A exhibit lower values than those in Fig 6B). In addition, we
note that increasing the feedback strength has a significant effect on the co-linearity in the
side-zone as quantified by all pair-wise statistical tests (WT(N =51, p < le — 2)). In contrast,
increasing the feedback strength has no effect on the co-linearity in the end-zone. We observe
that the feedback is not changing the co-circularity for neurons located in both the end-zone
and the side-zone. Indeed, all the bars in the right-block of Fig 6A and 6B are near the baseline.
Our analysis suggests that the feedback signal tends to modify neural selectivity towards co-lin-
earity in both the end-zone and the side-zone.

SDPC feedback signals modulate the activity within the interaction map. To study the
effect of the feedback on the level of activity within the interaction map, we introduce the ratio
r,(kpp) between the activity with a certain feedback strength and the activity when the feedback
is suppressed (see Eq 25 in section Model and methods). Coloring the interaction map using a
color scale proportional to r,(kgg) allows us to identify which part of the map is more activated
with the feedback. First, we observe qualitatively that the interaction map in the end-zone is
more strongly activated when the feedback connection is active. On the contrary, the side-
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Fig 6. Relative co-linearity and co-circularity of the V1 interaction map w.r.t. to feedback. (A) In the end-zone. (B)
In the side-zone. For each plot, the left and right block of bars represents the relative co-linearity (i.e. r, . (kg))and

co-circularity (i.e. 7, (k) with a feedback strength ranging from 1 to 4 w.r.t. their respective value without

feedback (see Eqs 23 and 24). Bars’ heights represent the median over all the orientations, and error bars are computed
as the median absolute deviation. The baseline represents co-linearity / co-circularity when kgg = 0.

https://doi.org/10.1371/journal.pchi.1008629.9006
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Fig 7. Example of a 9 x 9 interaction map of a V1 area centered on neurons strongly responding to a central
preferred orientation of 45°, and colored with the relative response w.r.t. no feedback. The feedback strength is set
to 1 and the SDPC is trained on natural images. At each location identified by the coordinates (x, y.) the angle is

9[xc, y,] (see Eq 11) and the color scale is proportional to r,(kgp) (see Eq 25). The color scale being saturated toward
both maximum and minimum activity, all the activities above 1.3 or below 0.5 have the same color, respectively dark
green or purple.

https://doi.org/10.1371/journal.pcbi.1008629.9007

zone exhibited weaker activities when feedback is turned on (see Figs 7 and 5S4 for examples of
this phenomenon with kzp = 1). Note also that the activity in the center of the interaction map,
which corresponds to the classical Receptive Field (RF) area, is lowered when feedback is
active.

We now generalize, refine and quantify these qualitative observations. We include a third
region of interest, the classical RF, to confirm the decreasing activity observed qualitatively at
this location. We report the median of the ratio r,(kgg) over all central preferred orientations,
for the end-zone, the side-zone, and the classical RF. This analysis is repeated for a feedback
strength ranging from 1 to 4 (see Fig 8). We observe an increase of the activity in the end-zone
of the interaction map with feedback compared to the end-zone of the interaction without
feedback (see Fig 8A). This increase is significant as quantified by all pair-wise statistical Wil-
coxon signed-rank tests with the baseline (WT(N = 51, p < 1le — 3)). For larger feedback
strengths, we observe a higher activity in the end-zone which is also significant (all pair-wise
statistical tests between all feedback strengths (WT(N =51, p < 0.01)). For example, in the
end-zone, the median activity over all the central preferred orientations is 16% and 25% higher
with a respective feedback strength of 1 and 4 compared to the median when feedback is sup-
pressed. This suggests that the feedback signals excite neurons in the end-zone of the interac-
tion map. In contrast, we observe a slight decrease of activity in the side-zone of the
interaction map with feedback active compared to when feedback is suppressed (see Fig 8B).
The decrease compared to the baseline is significant for kgg = 1 and kgp =2 (WT(N = 51,

p < le—2)). For higher feedback strength, the lowered activity in the side zone becomes less
significant. The activity in the classical RF exhibits a significant decrease compared to the base-
line (WT(N =51, p < 1e — 3)). In addition, the larger the feedback strength, the weaker the
activity in the center of the interaction map (WT(N =51, p < 1le - 2)). For example, we report
a change in the decrease from —28% for kgg = 1 to —34% for kgp = 4 compared to the activity in
the center of the interaction map without feedback (see Fig 8C).
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Fig 8. Relative response of V1 interaction map w.r.t. no feedback for all central preferred orientations. (A) In the
end-zone. (B) In the side-zone. (C) In the center (i.e. classical RF). Bars’ height represent the median over all the
central preferred orientations, and error bars are computed as the median absolute deviation. The computation of the
relative response, denoted r,(kgp), is detailed in Eq 25. The baseline represents the relative response without feedback.
Black arrows represent the trends observed in neurophysiology (see section ‘Comparing SDPC results with
neurophysiology’ for more details).

https://doi.org/10.1371/journal.pcbi.1008629.g008

We report the spatial profile of the median activity along the axis of the central preferred
orientation (see Fig 9). For all distances from the center, the activity along the central preferred
orientation axis of interaction mayp is significantly higher than the activity without feedback
(all pair-wise statistical tests with the baseline: WT(N = 51, p < le — 2)). The only exception is
in the classical RF of the interaction map, where the activity is weaker when feedback is active
(see also Fig 8C). This inhibition in the classical RF of the map compared to the baseline is sig-
nificant as quantified with pair-wise statistical tests (WT(N =51, p < le — 3)). Even if activities
for kpp # 0 along the central preferred orientation axis are always higher than the activity with
kpp = 0, they tend to decrease with distance to the center (pair-wise statistical test for different
locations: WT(N =51, p < le — 2)). Especially, for kg = 4, the neurons located just near the
center exhibit a response +36% higher than the same neurons without feedback. With the

LT,
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Fig 9. Relative response w.r.t. no feedback along the axis of the central preferred orientation of V1 interaction
map. Each point represents the median over all the orientations, and error bars are computed as the median absolute
deviation. The x-axis represents the distance, in number of neurons, to the center of the interaction map. The
computation of the relative response, denoted r,(kgp), is detailed in Eq 25. The baseline represents the relative response
without feedback. Black arrows represent the trends observed in neurophysiology (see section ‘Comparing SDPC
results with neurophysiology’ for more details).

https://doi.org/10.1371/journal.pcbi.1008629.g009
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same feedback strength, this increase of activity w.r.t to no feedback is reduced to 15% when
the neurons are located 4 neurons away from the center. At a given position different from the
center, increasing the feedback strength significantly increases the activity as quantified by all
pair-wise statistical test (WT(N =51, p < le — 2)).

Our results exhibit three different kinds of modulations in the interaction map due to feed-
back signals. First, the activity in the classical RF of the map is reduced with the feedback. Sec-
ond, the activity in the end-zone, and more specifically along the axis of the central preferred
orientation is increased with the feedback. Third, the activity in the side-zone is reduced with
the feedback.

Effect of the feedback at the representational level

After investigating the effect of feedback at the lowest level of neural organization, we now
explore its functional and higher-level aspects. In particular, this subsection is dealing with the
denoising ability of the feedback signal.

Denoising abilities emerge from the feedback signals of the SDPC. To evaluate the
denoising ability of the feedback connection, we feed the Sparse Deep Predictive Coding
(SDPC) model with increasingly more noisy images extracted from the natural images and the
face databases. Then, we compare the resulting representations (") with the original (non-
degraded) image. To do this comparison, we conduct two types of experiments: a qualitative
experiment that visually displays what has been represented by the model (see Figs 10A and
S5A), and a quantitative experiment measuring the similarity between representations of noisy
and original images (see Fig 10B and 10C on natural images and Fig 11A and 11B on face data-
base). These two experiments are repeated for a noise level (0) ranging from 0 to 5 and a feed-
back strength (kgp) varying from 0 to 4. The similarity between images is computed using the
median structural similarity index [43] over 1200 and 400 images for the natural images and
face database, respectively. The structural similarity index varies from 0 to 1 such that the
more similar the images, the closer the index is to 1. For comparison, we include a baseline
(see the black curves in Figs 10 and 11) which is computed as the structural similarity index
between original and noisy images for different levels of noise. It is important to note that this
experiment has been conducted without re-training the SDPC. Therefore, the network is
trained on non-degraded natural images and has not been explicitly asked to denoise degraded
images.

We first observe that whatever the feedback strength, the first layer representations of the
original image (first row, column 2 to 6 in S5A Fig) are relatively similar to the input image
itself. This observation is supported by a structural similarity index close to 0.9 for all feedback
strengths (o = 0 in Fig 10B for natural images and Fig 11A for faces). On the contrary, second
layer representations look more sketchy and exhibit fewer details than the image they repre-
sent (first row, column 7 to 11 in S5A Fig). This is also quantitatively backed by a structural
similarity index fluctuating around 0.4 for the natural images database (¢ = 0 in Fig 10C) and
0.6 for the face database (0 = 0 in Fig 11B). Interestingly, when input images are corrupted
with noise (i.e. when ¢ > 1), and whatever the feedback strength, first layer representations
systematically exhibit higher structural similarity index than the baseline (Fig 10B for natural
images and Fig 11A for faces). This denoising ability of the SDPC, even without feedback is
significant as reported by the pair-wise Wilcoxon signed-rank tests with the baseline for both
databases (WT(N = 1200, p < le — 2) for natural images database, and WT(N =400, p < le
— 2) for the face database). More importantly, the higher the feedback strength, the higher the
similarity index. In particular, on the natural images database, when the input is highly
degraded by noise (¢ = 5), the similarity is 0.02 for the baseline, 0.03 for kg = 0, 0.05 for
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Fig 10. Effect of the feedback strength on noisy images from natural images database. (A) In the left column, one
image is corrupted by Gaussian noise of mean 0 and a standard deviation of 2 (0). The central column exhibits the
representations made by the first layer (y<"), and the right-hand column the representations made by the second layer
(7s"). Within each of these blocks, the feedback strength (kgg) is equal to 0 in the top line and 4 in the bottom line. (B)
We plot the structural similarity index (higher is better) between original images and their representation by the first
layer of the SDPC. (C) We plot the structural similarity index between original images and their representation by the
second layer of the SDPC. All curves represent the median structural similarity index over 1200 samples of the testing
set and present a logarithmic scale on the y-axis. The color code corresponds to the feedback strength, from grey for
kg = 0 to darker blue for higher feedback strength. The black line is the baseline, it is the structural similarity index
between the noisy and original input images.

https://doi.org/10.1371/journal.pcbi.1008629.g010
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Fig 11. Effect of the feedback strength on noisy images from face database. This figure description is similar to the
description of the Fig 10B and 10C. For the face database, all presented curves represent the median structural
similarity index over 400 samples of the testing set.

https://doi.org/10.1371/journal.pcbi.1008629.9011
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kgp =1 and 0.06 for kgp = 4 (see Fig 10B). This improvement of the denoising ability with
higher feedback strength when ¢ = 5 is also significant as quantified by the pair-wise statistical
tests between all feedback strengths (WT(N = 1200, p < 1le — 2)). The inter-image variability of
the structural similarity of first layer representation as quantified by the median absolute devi-
ation is low compared to the median similarity on the natural images database (see S5D Fig).
In the face database, for a highly degraded input (o0 = 5), the structural similarity index is 0.01
for the baseline, 0.03 for kgg = 0, 0.05 for kgg = 1 and 0.07 for kg = 4. On the face database, the
increases of the first layer similarity with the feedback strength when inputs are highly
degraded (o = 5) are significative as measured by all the pair-wise statistical tests between all
feedback strengths (WT(N = 400, p < 1le — 2)). Inter-image variability of the similarity of the
first layer representation is also lower than the corresponding median on the face database (see
S6C Fig). Our analysis suggests that the feedback connection in the Predictive Coding (PC)
framework (i.e. when krp > 0) allows the first layer of the network to better denoise degraded
images. It is interesting to mention again that this property is emergent as the network has
never been explicitly trained to denoise degraded images.

Effect of sparsity on denoising. We have seen in the previous subsection that the feed-
back connection exhibited an emergent denoising ability. In this subsection, we wonder what
is the effect of the sparsity on the denoising ability of the Sparse Deep Predictive Coding
(SDPC). To answer this question, we feed the SDPC with increasingly blurred images, we vary
the level of the sparsity in the first layer during inference (i.e. A;) and we assess its impact on
the reconstruction quality using the structural similarity index. Figs 12 and 13 show the evolu-
tion of the similarity on the natural images and face databases and for 3 different levels of spar-
sity on the first layer: no sparsity at all (i.e. A; = 0), intermediate sparsity (i.e.A; = 1.5), and high
sparsity (i.e. A; = 3.0). We observe that high sparsity levels are beneficial for better reconstruc-
tion quality of the first layer when the input images are strongly degraded (see dark brown
curves in Figs 12A and 13A). In contrast, when input images are not degraded at all (i.e. 0 =0),
the lower the first layer sparsity the better the reconstruction quality (see light brown curves
on Figs 12A and 13A). In addition, we observe a similar phenomenon for the second layer of
the SDPC (see Figs 12B and 13B). Our analysis suggests that sparsity is playing a crucial role
when it comes to denoise strongly degraded input images.

In this section, we conducted a qualitative and quantitative analysis of the denoising ability
of Sparse Deep Predictive Coding (SDPC) model. Our results suggest that not only the feed-
back connection but also the sparse representation allows the SDPC to better recover images
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1 1
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Fig 12. Effect of the first layer sparsity on noisy images from natural images database with kgp = 4. (A) Structural
similarity index between original images and their representation by the first layer of the SDPC. (B) Structural
similarity index between original images and their representation by the second layer of the SDPC. Top lines represent
the sparsity levels that maximize the similarity for different levels of degradation. All presented curves represent the
median structural similarity index over 1200 samples of the testing set.

https://doi.org/10.1371/journal.pchi.1008629.g012
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Fig 13. Effect of the first layer sparsity on noisy images from face database with kgg = 4. This figure description is
similar to the description of the Fig 12. For the face database, all presented curves represent the median structural
similarity index over 400 samples of the testing set.

https://doi.org/10.1371/journal.pcbi.1008629.9013

degraded with noise. Therefore, the emergent denoising ability of the proposed model is
directly deriving from the combination of the 2 components of the SDPC that are Sparse Cod-
ing and Predictive Coding. The superior denoising capacity of the 2" layer of the SDPC sug-
gests that the network is able to disentangle informative features from noisy background. Such
a disentangling mechanism might help the network to better recognize object when the input
is corrupted.

Discussion

Herein, we have conducted computational experiments on a 2-layered Sparse Deep Predictive
Coding (SDPC) model. The SDPC leverages feedforward and feedback connections into a
model combining Sparse Coding (SC) and Predictive Coding (PC). As such, the SDPC learns
the causes (i.e. the features) and infers the hidden states (i.e. the activity maps) that best
describe the hierarchical generative model giving rise to the visual stimulus (see Fig 14 for an
illustration of this hierarchical model and Eq 1 for its mathematical description).

Deepest
prediction of the
network )| —
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| T I |
= A El R A
Layer 2 == n 'a 3 ‘ —.* ‘ 3
] : ‘ i
t A por®
- 2
| | T |
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64 or(64)
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Fig 14. Illustration of the hierarchical generative model learned by the SDPC model on the face database. The
deepest prediction (first row) is viewed as the sum of the features prediction (the second row). These feature
predictions are computed as the convolution between one channel of 7, and the corresponding features in D,.
Similarly, the eyes can be decomposed using y; and D (the third row).

https://doi.org/10.1371/journal.pcbi.1008629.9014
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We use this model of the early visual cortex to assess the effect of the early feedback connec-
tion (i.e feedback from V2 to V1) through different levels of analysis. At the neural level, we
have shown that feedback connections tend to recruit more neurons in the first layer of the
SDPC. We have introduced the concept of interaction maps to describe the neural organiza-
tion in our V1-model. Interestingly, the interaction maps generated when natural images are
presented to the model are very similar to biologically observed association fields. In addition,
interaction maps allow us to describe the neural reorganization due to feedback signals. In
particular, we have observed that feedback signals align neurons co-linearly to the central pre-
ferred orientation. At the activity level, we observe three different kinds of feedback modula-
tory effects. First, the activity in the classical Receptive Field (RF) is decreased. Second, the
activity in the end-zone of the extra-classical RF and more specifically along the axis of the cen-
tral preferred orientation is increased. Third, the activity in the side-zone of the extra-classical
RF is reduced. At the representational level, we have investigated the role of feedback signals
when input images are degraded using Gaussian noise. We have demonstrated that higher
feedback strengths allow better denoising ability. We have also shown that sparsity plays a cru-
cial role to recover degraded images. In this section, we link our model with the original PC
model [29] and we interpret our computational findings in light of current neuroscientific
knowledge.

SDPC extends Rao & Ballard’s PC model

The Sparse Deep Predictive Coding (SDPC) model is directly inspired by the Predictive Cod-
ing (PC) model proposed by Rao & Ballard [29] and extends it to a scale that is more realistic
for cortical processing in the visual cortex. The original PC model had few dozens of neurons
(20 in the first layer and 32 in the second one), linked with fully-connected synapses and
trained on patches extracted from 5 natural images. In this work, the SDPC leverages hundreds
of thousands of neurons (2 5 x 10° neurons in the first layer, 2 8 x 10° neurons in the second
layer for the network trained on natural images) and convolutional synaptic weights trained
on thousands of natural images. In terms of analysis, the interaction maps we introduced con-
firm and extend the results from Rao & Ballard. Our model also described the end-stopping
effects inside the classical Receptive Field (RF): we observed a strongly decreased activity in the
classical RF for extended contours when the feedback connection was activated (see Fig 5 from
[29] and see Figs 8C and 9). Last but not least, the convolutional framework of the SDPC
allows us to extend the Rao & Ballard findings beyond the classical RFs and to observe that
feedback signals play a role in the extra-classical RF. It tends to reinforce neural activity along
the preferred orientation axis (see Figs 9 and 7) and to reshape neural selectivities to better
reflect association fields.

SDPC learns cortex-like RFs while performing neuro-plausible
computation

The Sparse Deep Predictive Coding (SDPC) model satisfies some of the computational con-
straints that are thought to occur in the brain, notably local computations [44]. The locality of
the computation is ensured by Eq 5: the new state of a neural population (whose activity is rep-
resented by 7/*!) only depends on its previous state (y!), the state of adjacent layers (y'_, and
7:,1) and the associated synaptic weights (D; and D;,+). In the SDPC we have used the convolu-
tional framework to enforce a retinotopic organization of the activity map. The convolutional
operator suggests that features are shared at every position of the activity map. This assump-
tion has the advantage to model the position invariance of RFs observed in the brain. Never-
theless, the weight-sharing mechanism is far from being bio-plausible. Interestingly, recent
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studies have shown that imposing local RFs to fully connected synapses allows to mimic con-
volutional features without enforcing the weight-sharing mechanism [45]. Therefore, it sug-
gests that convolution-like operations might be implemented in the brain in the form of
locally-connected synapses. All these neuro-plausible constraints we have included in the
SDPC makes it unique compared to frameworks like feedforward neural networks or auto-
encoders. These networks are trained using a global loss function minimized through back-
propagation and do not leverage top-down signals during the inference process. Not only the
processing but also the result of the training exhibits tight connections with neuroscience. The
first-layer Receptive Fields (RFs) (Fig 2B for the natural images database and Fig 2F for the
face database) are similar to the V1 simple-cells RFs, which are oriented Gabor-like filters [46,
47]. Olshausen & Field have already demonstrated, in a shallow network, that oriented Gabor-
like filters emerge from sparse coding strategies [25], but to the best of our knowledge, this is
the first time that such filters are exhibited in a 2-layers network combining neuro-plausible
computations with Predictive Coding and Sparse Coding (in [29], Rao & Ballard exhibited
only first layer filters on their model constrained with a sparse prior). This architecture allows
us to observe an increase in the specificity of the neuron’s RFs with the depth of the network.
This observation is even more striking when the SDPC is trained on the face database, which
presents less variability compared to the natural images database. On face images, second layer
RFs exhibit features that are highly specific to faces (eyes, mouth, eyebrows, contours of the
face). Interestingly, it was demonstrated with neurophysiological experiments that neurons
located in deeper regions of the central visual stream are also sensitive to that particular face
features [48, 49].

Comparing SDPC results with neurophysiology

At the electrophysiological level, it has been demonstrated that as early as in the V1 area, feed-
back connections from V2 or V4 could either facilitate [12] or suppress [16] lateral interac-
tions. These modulations help V1 neurons to integrate contextual information from a larger
part of the visual field and play a causal role in increasing and decreasing activity for neurons
encoding for the contour and the background, respectively [18, 50, 51]. The SDPC model
behaves similarly: i) Fig 8A is showing a feedback-dependent increase of activity for neurons
located in the end-zone (i.e. in the direction of the contour) and ii) Fig 8B exhibits a feedback-
dependent decrease activity of neurons located in the side-zone (i.e. in the direction of the
background). As mentioned in the previous subsection, the SDPC is also consistent with the
increase of end-stopping effect related to the increase of the feedback strength. In electrophysi-
ology these phenomenons has been observed in monkeys using attentional modulations (that
we will interpret as a modulation of the feedback strength) [52] or by cooling-down areas
located after V1 to remove the feedback signals [17]. Moreover, it has been demonstrated that
the neural excitation due to feedback signal from V4 to V1 on neurons located on contours
was strongly dependent on the length of the contours [18]. An extended contour triggered
smaller extra-feedback signals compared to shorter contours (see Fig 2A in [18]). This
electrophysiological observation is in line with the SDPC results shown in Fig 9: neurons
located along the axis of the contour but far away from the classical Receptive Field (RFs) are
less strongly excited than those closer to the classical RF.

Functional interpretation of the observed V1 interaction maps

It was assumed that association fields were represented in V1 to perform such a contour inte-
gration [21]. Interestingly, SDPC first-layer interaction maps exhibit a co-linear and co-circu-
lar neural organization very similar to association fields even without feedback (see Fig 5). We
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formulate the hypothesis that this specific organization is mainly related to the statistics of
edge co-occurrences in natural images [20]. Nevertheless, the modulation of neural activity
within the interaction map mediated by feedback goes towards a better contour integration.
Indeed, the increase of activity in the end-zone and the decrease of activity in the side-zone
seem to be optimal to integrate smooth and close contours [53] (see Figs 7-9). In addition, the
organizational feedback modulation in the interaction map reveals that feedback signals tend
to reorganize the side-zone to promote orientations that are co-linear to the central preferred
orientation (see Fig 6). This organization may provide an optimal substrate to integrate
dynamic stimuli along two axes: a parallel one with the apparent motion-like sequence of ori-
ented stimuli moving along the end-zone direction [41, 54, 55], and a perpendicular one for
oriented stimuli moving perpendicular to their orientation. Interestingly, oriented Gabors
moving in an apparent sequence along the parallel axis are perceived as faster as Gabors mov-
ing along the orthogonal axis [55]. Furthermore, aligning the side-zone region to the preferred
orientation could also contribute to the aperture problem [56] and the observed bias for per-
ceiving oriented bars as moving in the direction perpendicular to their orientation [57, 58].

Do lateral interactions increase the sparseness of neural activity in V1?

In this paper, we have assumed that recurrent internal processing could be modeled using
sparse coding. Is it a realistic hypothesis? One of the main roles of sparse coding is to enforce
competition among neurons: it suppresses weakly activated neurons to promote strongly acti-
vated ones. In other words, sparse coding performs “explaining away”. Interestingly, when 2
stimuli (blobs) were presented at different locations and timings, it has been observed in mon-
keys’ area V1 that a suppressive wave tends to spatially disambiguate the positions of the 2 sti-
muli [59]. This effect was attributed to lateral interactions (due to the spatio-temporal
properties of the effect) and can be thought of as an explaining away mechanism. Other studies
have also demonstrated that lateral interactions exacerbate competition in cortical columns
with different orientations or ocular dominance [60-62]. Therefore, our sparse coding model
accounts for one possible function of lateral interaction. Nevertheless, the sparse coding algo-
rithm we use (i.e. the Fast Iterative Soft-Thresholding Algorithm (FISTA), see section “Model
and methods”) doesn’t allow to explicitly learn a lateral connectivity matrix. Consequently,
one might consider other sparse coding algorithms including lateral connection weights to
provide a more accurate model of cortical columns [63].

SDPC accounts for object processing in V1 with degraded images

In this paper, we demonstrate that both the feedback connection introduced by Predictive
Coding (PC) as well as Sparse Coding (SC) allow the Sparse Deep Predictive Coding (SDPC)
to denoise the representation generated in the first and the second layer. Interestingly, this is
an emergent property of the network as we do not explicitly train the SDPC to denoise the
input. This crucial point makes the SDPC very different from denoising sparse auto-encoder
that are trained to reconstruct corrupted input. Psychophysical experiments using backward
masking demonstrated that categorization performances were substantially impaired when a
mask followed a highly degraded stimulus (by occlusion or contrast reduction) [24, 64]. This
suggests that feedback is crucial to recognize a degraded image. We demonstrate a similar
result by assessing the representations of the first layer of the SDPC when the model is fed with
increasingly more noisy images and with different feedback strengths. In particular, we have
shown that feedback connections from V2 to V1 have the ability to denoise corrupted images
(see Figs 11, 12, S5 and S6). In addition, the previously mentioned psychophysical studies sug-
gest that feedback connections are not bringing any change in recognition accuracy when
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non-degraded images are presented to the subjects [24, 64]. In contrast, the structural similar-
ity index between the original image and the first layer representation when the SDPC is fed
with a non-degraded image exhibits a slight decrease, but significant enough, when the feed-
back strength or the sparsity is increased. We formulate the hypothesis that this discrepancy is
mainly coming from the fixed value we give to the feedback strength and to the sparsity
parameter. In the brain, representations are strongly subject to attentional modulation, and a
recent study has suggested that attention can be understood as a mechanism weighting feed-
back connections using the level of uncertainty [65]. Therefore, one might consider replacing
the parameters kpp and A; by internal state variables that would be specific to each input image
(similar to the sparse maps y;). For example, if the input image is not degraded, the feedback
signals should be weak as no higher-layer information is needed to faithfully represent the sen-
sory input. On the contrary, if the input is strongly degraded, the feedback connection should
be strong enough to bring additional information from higher-layer to compensate for the
high uncertainty in the first layer representations. Such modifications should allow the SDPC
to adapt to the specificity of each input, and could be used to model attentional mechanisms in
the SDPC.

Concluding remarks

In this study, we have shown that the first layer of the Sparse Deep Predictive Coding (SDPC)
model represents the visual input similarly to V1. We have also demonstrated that feedback
from V2 may modulate the interaction map in such a way to promote contour integration.
This improvement in contour integration with feedback strength resulted in a better represen-
tation when noisy images were presented to the SDPC. Note that the proposed SDPC is a sim-
plified version of perceptual inference models based on free-energy optimization [66, 67].
While free-energy estimates the entire distribution of error and prediction signals, our SDPC
only assesses their most likely values. One interesting perspective would be to extend the
SDPC to make it fit the precision-weighted message passing implemented in the free-energy
framework. Another interesting perspective would involve building deeper SDPC networks to
model brain areas like V4 or IT. In such a case, we expect that feedback signals in a deeper
layer should highlight higher-level concepts (e.g. the global shape of an object or its identity-
related items). In general, we foresee great perspectives to such a description of the brain both
in computational neuroscience to understand perceptual mechanisms and in artificial intelli-
gence for tasks like denoising, classification or inpainting.

Model and methods

In this section, we detail the Sparse Deep Predictive Coding (SDPC) model. We first explain
how the SDPC is directly related to the Predictive Coding (PC) theory. Next, we describe the
mathematics behind the inference and the learning process. We then explicitly describe the
back-projection mechanism used to interpret and visualize inference and learning results. We
also describe the databases and the network parameters we adopted to train the SDPC. Finally,
we detailed all the calculations needed to generate interaction maps.

SDPC model

Variable dimensionality and convolutional operator. In the entire article, we have
adopted the machine learning convention to describe the dimensions of our dictionary D and
of the activity map y: a dictionary D of size [n4 1., w, h] coud be interpreted as a collection of
nyfeatures of size n. x w x h. n. is then the number of channels of the representation on which
we apply the convolution. For example, in the case of the first layer dictionary, n. = 1 for
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grayscale images and n, = 3 for color images (i.e. the natural images database). The width and
height are denoted by w and h, respectively. Similarly, an activity map y of size [15 W, 1y,
could be interpreted as a collection of 7;2D maps of dimension (w,,, h,,).

Using the same dimension notation, we define our discrete 2D-convolutional operator
using the following operation (see Eq 13)

Vi = DiT *7i

ne  w h
with 7, ik =Y "> Dlli,m,p,q) x 7, \[mk—p,1 -] (13)

m=1 p=1 gq=1

st.k—pell,w,] and I—qg€[l,h,]

For the sake of clarity, in the mathematical description of our model, we replaced the con-
volution by a matrix-vector product. This mathematical transformation is valid as one can
always find an operator that transforms the dictionary D; into a Toeplitz matrix (we denote
this operator 7 in the following equation):

Y. =T (D) xy,=D] xy, s.t. T is the transformation of D] into a Toeplitz matrix (14)

In Eq 14, the sign x denotes the matrix-vector multiplication. To facilitate the reading of the
mathematical equation, we have purposely abuse the notation in the paper such that:
iy =Dy, =T(D]) x7,= D/ *7,

From predictive coding to sparse deep predictive coding. Fig 1 shows the architecture
of a 2-layered SDPC model that takes an image x as an input. As the SDPC is relying on the
Predictive Coding (PC) theory [29], it is continuously generating top-down predictions such
that the neural population at one level (y;) predicts the neural activity at the lower level (y;_;).
The prediction from a higher level is sent through a feedback connection to be compared to
the actual neural activity. This elicits a prediction error, €, that is forwarded to the following
layer to update the population activity towards improved prediction. This dynamical process
repeats throughout the hierarchy until the bottom-up process no longer conveys any new
information. We force the weights of the feedforward connection (D;) to be reciprocal to the
weights of the feedback connection (DiT) [29, 68]. We also impose a convolutional structure to
D; to strengthen the proximity with the overlapping Receptive Fields (RFs) observed in the
visual cortex. Mathematically, the SDPC solves the hierarchical inverse problem formulated in
Eq 1 by minimizing the loss function £ defined in Eq 15. This optimization process is sepa-
rated into two different but related steps: inference and dictionary learning. The inference pro-
cess involves finding a sparse activity map of the input considering the synaptic weights are
fixed. Once the activity map has been estimated, the next step is to update the synaptic weights
to better fit the dataset. We iterate these two processes until the convergence is reached.

Inference. To obtain a convex cost, we relax the £, constraint in Eq 1 into a ¢;-penalty. It
defines, therefore, a loss function that could be minimized using first-order methods like Itera-
tive Shrinkage Thresholding Algorithms (ISTA) [69]. This algorithm is proven to be computa-
tionally cheap and offers fast convergence rate. In practice, we use an accelerated version of
this algorithm called the Fast Iterative Soft Thresholding Algorithm (FISTA). Eq 15 describes
the generalized loss function, that is minimized at each layer using the Iterative Soft Thresh-
olding Algorithm.

1 k
Li = 5 H Vi~ DiTyi ”3 +% || Vi — DiT+17i+1 ||§ 'HH'H Vi ||l (15)
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One inference step used to update ¥; is shown in Eq 5. In Eq 5, 7, denotes a non-negative soft
thresholding operator, as defined in Eq 16. 7, is the learning rate of the inference process, it is

computed as the inverse of the largest eigenvalue of DD, [69].

x—oa ifx>a
T,(x) = (16)
0 if x<ua

Fig 1 shows how we can interpret the update scheme described in Eq 5 as one loop of the
inference process of a recurrent layer. This recurrent layer forms the building block of the
Sparse Deep Predictive Coding (SDPC) network (see S1 Algo for the complete pseudo-code of
the SDPC inference process). We initialize all the activity maps ¥ to zero at the beginning of
the inference process. We consider the inference process is finalized once all the activity maps
have reached a fixed point. Our fixed point consists in a threshold (7%,) on the relative varia-
tion of each activity map (Eq 17).

| vi =i,

7! has reached a fixed point if 70
Yilla

<T, (17)

Dictionary learning. The SDPC learns the synaptic weights using a stochastic gradient
descent on L,. Eq 6 describes one step of the dictionary learning process.

In Eq 6, Dj is the set of synaptic weights at time step ¢ and 17, is its learning rate. At the
beginning of the learning, all weights are initialized using the standard normal distribution
(mean 0 and variance 1). The learning step takes place after the convergence of the inference
process is achieved (see Algo 1). It was demonstrated that this alternation of inference and
learning offers a reasonable convergence guarantee [37]. After every dictionary learning step
we ¢£,-normalize each weight to avoid any redundant solution.

Algorithm 1: Alternation of inference and learning
while convergence not reached do
for i =1 to L do

yi = Tm-,-%f (vi— I/Ic,-vyfﬁi) # inference
for i =1L to L do
D' =D! — VL, # learning

Back-projection mechanism. Interestingly, the dictionaries could be used to project (or
back-project) the activity of a neural population and their associated synaptic weights into the
next (or previous) level. Due to their high dimensionality, the weights D; are difficult to inter-
pret and visualize for i > 1 as they represent a structure into an intermediate feature space at
layer i — 1. To overcome this limitation, we back-project the weights D; into the input space,
which is the visual space [37]. This back-projection, called effective dictionary and denoted by
D", could be interpreted as the set of Receptive Fields (RFs) of the neurons located in layer i.
Note that the network doesn’t directly compute the effective dictionaries, and it is used only to
visualize what has been learned and represented by the model. Mathematically, the effective
dictionaries are described in Eq 3, and illustrated in S7 Fig. Similarly, we defined y*" as the
back-projection into the visual space of the hidden states variable y; (Eq 18). This mechanism
is used to reconstruct the input image from one intermediate layer.
yolf = D?ffT 7, (18)

i
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Databases

We train our SDPC model on two different databases: The Chicago Face Database (CFD) [70]
and STL-10 [71].

The Chicago Face Database consists of 1, 804 high-resolution (2, 444 x 1, 718 px), color,
standardized photographs of male and female faces with varying ethnicity between the ages of
18 and 40 years. We re-sized the pictures to 170 x 120 px to keep reasonable computational
time. This database is partitioned into batches of 10 images. This dataset is split into a training
set composed of 721 images and a testing set of 400 images. No validation set was used.

The STL-10 database is a recognition dataset developed for unsupervised feature learning
and composed of color photographs with a resolution of 96 x 96 px representing animals
(bird, cat, deer, dog, horse, monkey) and non-animals (airplane, car, ship, truck). The images
are highly diverse (different viewpoints, backgrounds, . ..) and could be considered as natural
images. The set is partitioned into a training set of 5000 images and a testing test of 1200
images. No validation set was used.

All the curves, images and histograms presented in this paper are generated using the test-
ing set. The training set is used only to learn the synaptic weights. All these databases are pre-
processed using local contrast normalization and whitening. Local contract normalization is
inspired by neuroscience and consists in a local subtractive and divisive normalization [40]. In
addition, we use whitening to reduce dependency between pixels.

Network parameters

Networks and training parameters of the Sparse Deep Predictive Coding (SDPC) model are
summarized in Table 1 for the natural image and face databases. We used PyTorch 1.0 [72] to
implement, train, and test the SDPC model.

Interaction maps analysis

Computation of the relative co-linearity and co-circularity for different feedback
strength. We measure the co-linearity deviation of the interaction map with a circular differ-
ence between the central preferred orientation (6,) and the orientation of the interaction map
(see Eq 19). The co-circularity deviation is quantified using a circular difference between a
map of orientations that are co-circular to the central preferred orientation and the angle of

Table 1. SDPC network and training parameters on natural image and face databases. The size of the convolutional
kernels for each layer are shown in the format: [number of features, number of channels, width, height] (value of the
convolutional stride).

DataBase
Face images Natural images
network param. D, size [64, 3,9,9] (3) [64,3,9,9] (2)
D, size [128, 64, 9,9] (1) [128, 64, 9,9] (1)
M 0.3 0.4
A 1.6 12
Tsiap 5e-3 5e-3
training param. # epochs 250 250
n, le-4 le-4
m, 5e-3 5e-3
momentum 0.9 0.9

https://doi.org/10.1371/journal.pcbi.1008629.1001
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the interaction map (see Eq 20) [73]. We simplify the calculation of the co-circular angle map
in Eq 20 by centering the coordinate (x,, y.) in the middle of the interaction map (the co-circu-
lar map is shown in the top right corner of the Fig 6A and 6B).

0::0—1in[xc’yc] = ‘()c - é[xmyc” (19)

acufcir[xcﬂyc] = ‘atan ( : y’:‘)) +§ - é[xciyc]”

E co

_ sin(0,) - (% +»7) (20)
2(sin(0,) - x, — cos(6,) - y.)

with x_

and y, = tan (HC —1—5) - X,

The atan operator in Eq 20 denotes the arctangent operator. For a given feedback strength

kgp, we introduce two ratios, denoted 8" . and 8%, (see Eqs 21 and 22, respectively) to scale

co—lin

the co-linearity and co-circularity w.r.t. their marginal measure. In those equations, the mar-

[x_.,y..]) and co-circularity (6"® _ [x__, y_]) correspond to the co-lin-
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ginal co-linearity (6
earity and co-circularity computed outside of the contour neighborhood. To facilitate the

interpretation of these ratios, we make sure they are following the same evolution than a preci-
sion measure. For example, if an interaction map exhibits a higher co-linearity with the central

preferred orientation, then the corresponding 8", will be necessarily over 1.

co—lin
0kes 0’:;51”1[ Ncﬂywc] (21)
co—lin — 0](]_3
co—lin [ c7 yc]

ékFB 0’::]5 czr[ ~c7y~c]

co—cir — 01(]_3

5 ey 22)

To quantify how more co-linear and co-circular were the different regions of the interac-
tion maps with feedback compared to the same interaction maps without feedback we used
the following ratios (see Eqs 23 and 24):

o'

raco—lin (kFB) = ézlo";ig (23)
co—lin

él;(};B cir
(kFB) = ﬂkFB -0 (24)

co—cir

L)

co—cir

Computation of the relative activity with or without feedback. To compare the relative
activity with or without feedback, we introduce the ratio r,(kgp) (see Eq 25).

| (key)|

ro(ke) = M—:O”

(25)

Supporting information

S1 Fig. Receptive Fields (RFs) when the SDPC is trained on the natural images database.
(A) 64 first layer RFs, sorted by activation probability in a descending order. The size of the
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RFsis 9 x 9 px. (B) 128 second layer RFs, sorted by activation probability in a descending
order. The size of the RFs is 22 x 22 px. All the visualized RFs are generated using Eq 3.
(TIF)

S2 Fig. Receptive Fields (RFs) when the SDPC is trained on the face database. (A) 64 first
layer RFs, sorted by activation probability in a descending order. The size of the RFs is 9 x 9
px. (B) 128 second layer RFs, sorted by activation probability in a descending order. The size
of the RFs is 33 x 33 px. All the visualized RFs are generated using Eq 3.

(TIF)

S3 Fig. Example of 9 x 9 association field of V1 centered on neurons strongly responding
to 6 different contour orientations, when the SDPC is trained on the natural image
database. From left to right and top to bottom the contour orientations are 0° (A), —30°
(B), —60° (C), 90° (D), 60° (E) and 30° (F). The feedback strength is set to 1. At each loca-
tion identified by the coordinates (x, y.) the angle is 8[x_, ] (see Eq 11) and the color scale
is|a[x_, y.]| (see Eq 12). The color scale being saturated toward both maximum and mini-
mum activity, all the activities above 0.8 or below 0.3 have the same dark green or white
color, respectively.

(TIF)

S4 Fig. Example of a 9 x 9 association field in V1 colored with relative response w.r.t no
feedback, centered on neurons strongly responding to 6 different contour orientations,
when the SDPC is trained on the natural image database. The feedback strength is set to 1.
From left to right and top to bottom the contour orientations are 0° (A),—30° (B), —60° (C),
90° (D), 60° (E) and 30° (F). At each location identified by the coordinates (x,, y.) the angle is
0[x_,y.] (see Eq 11) and the color scale is proportional to r,(kgg) (see Eq 25). The color scale
being saturated toward both maximum and minimum activity, all the activities above 1.3 or
below 0.5 have the same dark green or dark purple color, respectively.

(TIF)

S5 Fig. Effect of the feedback strength on noisy images from the natural images database.
(A) In the left block, one image is corrupted by Gaussian noise of mean 0 and standard devia-
tion (o) varying from 0 to 5. The central block exhibits the representations made by the first
layer (y%"), and the right-hand block the representations made by the second layer (7).
Within each of these blocks, the feedback strength (kgp) is ranging from 0 to 4 in columns.
Highlighted images with black square are those selected in Fig 10. (B) median structural simi-
larity index between 1200 original images and their reconstructions by the first layer of the
SDPC. (C) Structural similarity index between original images and their reconstructions by
the second layer of the SDPC. (D) Error, as computed with the median absolute deviation, of
the structural similarity index plotted in (B) (i.e. for the first layer). (E) Error, as computed
with the median absolute deviation, of the similarity index plotted in (C) (i.e. for the second
layer). The color code corresponds to the feedback strength, from light grey for krp = 0 to
darker blue for higher feedback strength. The black line is the baseline, it is the similarity
between noisy and original input image.

(TIF)

S6 Fig. Effect of the feedback strength on noisy images from the face database. This figure
description is similar to the description of the S5 Fig. For this database, all presented curves
represent the median structural similarity index over 400 samples of the testing set.

(TIF)
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S7 Fig. Illustration of the back-projection mechanism. The projection of the second layer

dictionary into the visual space (D;ffT) is obtained by convolving the transpose of the first layer
dictionary (D]) by the second layer dictionary (D) [37]. This mechanism could be also used
to back-project any activity map into the visual space (see Eq 18).

(TIF)

S1 Algo. SDPC inference algorithm. Pseudo-code of the inference using python-like pseudo
algorithm. 7 () denotes the element-wise non-negative soft-thresholding operator. A fortiori,
T ,(-) is a rectified linear unit operator. # comments are comments.

(TIF)

Author Contributions

Conceptualization: Victor Boutin.

Formal analysis: Victor Boutin, Frederic Chavane, Laurent Perrinet.
Funding acquisition: Franck Ruffier, Laurent Perrinet.
Investigation: Victor Boutin.

Methodology: Victor Boutin.

Resources: Laurent Perrinet.

Software: Angelo Franciosini.

Supervision: Frederic Chavane, Franck Ruffier, Laurent Perrinet.
Validation: Frederic Chavane, Franck Ruffier, Laurent Perrinet.
Visualization: Victor Boutin.

Writing - original draft: Victor Boutin.

Writing - review & editing: Victor Boutin, Angelo Franciosini, Frederic Chavane, Franck
Ruffier, Laurent Perrinet.

References

1. Riesenhuber M, Poggio T. Hierarchical models of object recognition in cortex. Nature neuroscience.
1999; 2(11):1019. https://doi.org/10.1038/14819 PMID: 10526343

2. DiCarlo JJ, Zoccolan D, Rust NC. How does the brain solve visual object recognition? Neuron. 2012; 73
(3):415-434. https://doi.org/10.1016/j.neuron.2012.01.010 PMID: 22325196

3. Bullier J. Integrated model of visual processing. Brain research reviews. 2001; 36(2-3):96—107. https:/
doi.org/10.1016/S0165-0173(01)00085-6 PMID: 11690606

4. Lamme VA, Roelfsema PR. The distinct modes of vision offered by feedforward and recurrent process-
ing. Trends in neurosciences. 2000; 23(11):571-579. https://doi.org/10.1016/S0166-2236(00)01657-X
PMID: 11074267

5. Fabre-Thorpe M, Richard G, Thorpe SJ. Rapid categorization of natural images by rhesus monkeys.
Neuroreport. 1998; 9(2):303-308. https://doi.org/10.1097/00001756-199801260-00023 PMID:
9507973

6. Freedman DJ, Riesenhuber M, Poggio T, Miller EK. A comparison of primate prefrontal and inferior tem-
poral cortices during visual categorization. Journal of Neuroscience. 2003; 23(12):5235-5246. https:/
doi.org/10.1523/JNEUROSCI.23-12-05235.2003 PMID: 12832548

7. RustNC, Mante V, Simoncelli EP, Movshon JA. How MT cells analyze the motion of visual patterns.
Nature neuroscience. 2006; 9(11):1421. https://doi.org/10.1038/nn1786 PMID: 17041595

8. Serre T, WolfL, Bileschi S, Riesenhuber M, Poggio T. Robust object recognition with cortex-like mecha-
nisms. |IEEE Transactions on Pattern Analysis & Machine Intelligence. 2007;( 3):411-426. hitps://doi.
org/10.1109/TPAMI.2007.56 PMID: 17224612

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008629 January 26, 2021 28/31


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008629.s007
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008629.s008
https://doi.org/10.1038/14819
http://www.ncbi.nlm.nih.gov/pubmed/10526343
https://doi.org/10.1016/j.neuron.2012.01.010
http://www.ncbi.nlm.nih.gov/pubmed/22325196
https://doi.org/10.1016/S0165-0173(01)00085-6
https://doi.org/10.1016/S0165-0173(01)00085-6
http://www.ncbi.nlm.nih.gov/pubmed/11690606
https://doi.org/10.1016/S0166-2236(00)01657-X
http://www.ncbi.nlm.nih.gov/pubmed/11074267
https://doi.org/10.1097/00001756-199801260-00023
http://www.ncbi.nlm.nih.gov/pubmed/9507973
https://doi.org/10.1523/JNEUROSCI.23-12-05235.2003
https://doi.org/10.1523/JNEUROSCI.23-12-05235.2003
http://www.ncbi.nlm.nih.gov/pubmed/12832548
https://doi.org/10.1038/nn1786
http://www.ncbi.nlm.nih.gov/pubmed/17041595
https://doi.org/10.1109/TPAMI.2007.56
https://doi.org/10.1109/TPAMI.2007.56
http://www.ncbi.nlm.nih.gov/pubmed/17224612
https://doi.org/10.1371/journal.pcbi.1008629

PLOS COMPUTATIONAL BIOLOGY Sparse deep predictive coding captures contour integration capabilities in V1

9. Felleman DJ, Van DE. Distributed hierarchical processing in the primate cerebral cortex. Cerebral cor-
tex (New York, NY: 1991). 1991; 1(1):1-47. PMID: 1822724

10. Sporns O, Zwi JD. The small world of the cerebral cortex. Neuroinformatics. 2004; 2(2):145-162.
https://doi.org/10.1385/NI1:2:2:145 PMID: 15319512

11.  Markov N, Misery P, Falchier A, Lamy C, Vezoli J, Quilodran R, et al. Weight consistency specifies regu-
larities of macaque cortical networks. Cerebral cortex. 2010; 21(6):1254—1272. https://doi.org/10.1093/
cercor/bhg201 PMID: 21045004

12. Gilbert CD, Li W. Top-down influences on visual processing. Nature Reviews Neuroscience. 2013; 14
(5):350. https://doi.org/10.1038/nr3476 PMID: 23595013

13. Roelfsema PR. Cortical algorithms for perceptual grouping. Annu Rev Neurosci. 2006; 29:203-227.
https://doi.org/10.1146/annurev.neuro.29.051605.112939 PMID: 16776584

14. Muller L, Chavane F, Reynolds J, Sejnowski TJ. Cortical travelling waves: mechanisms and computa-
tional principles. Nature Reviews Neuroscience. 2018; 19(5):255. https://doi.org/10.1038/nrn.2018.20
PMID: 29563572

15. Series P, Lorenceau J, Frégnac Y. The “silent” surround of V1 receptive fields: theory and experiments.
Journal of physiology-Paris. 2003; 97(4-6):453—474. https://doi.org/10.1016/j.jphysparis.2004.01.023
PMID: 15242657

16. Nurminen L, Merlin S, Bijanzadeh M, Federer F, Angelucci A. Top-down feedback controls spatial sum-
mation and response amplitude in primate visual cortex. Nature communications. 2018; 9(1):2281.
https://doi.org/10.1038/s41467-018-04500-5 PMID: 29892057

17. NassiJJ, Lomber SG, Born RT. Corticocortical feedback contributes to surround suppression in V1 of
the alert primate. Journal of Neuroscience. 2013; 33(19):8504—8517. https://doi.org/10.1523/
JNEUROSCI.5124-12.2013 PMID: 23658187

18. LiangH, Gong X, Chen M, Yan Y, Li W, Gilbert CD. Interactions between feedback and lateral connec-
tions in the primary visual cortex. Proceedings of the National Academy of Sciences. 2017; 114
(32):8637—-8642. https://doi.org/10.1073/pnas.1706183114 PMID: 28739915

19. Field DJ, Hayes A, Hess RF. Contour integration by the human visual system: evidence for a local
“association field”. Vision research. 1993; 33(2):173-193. https://doi.org/10.1016/0042-6989(93)
90156-Q PMID: 8447091

20. Geisler WS, Perry JS, Super B, Gallogly D. Edge co-occurrence in natural images predicts contour
grouping performance. Vision research. 2001; 41(6):711-724. https://doi.org/10.1016/S0042-6989(00)
00277-7 PMID: 11248261

21. Gilbert CD, Li W. Adult visual cortical plasticity. Neuron. 2012; 75(2):250—-264. https://doi.org/10.1016/j.
neuron.2012.06.030 PMID: 22841310

22, Gerard-Mercier F, Carelli PV, Pananceau M, Troncoso XG, Frégnac Y. Synaptic correlates of low-level
perception in V1. Journal of Neuroscience. 2016; 36(14):3925-3942. https://doi.org/10.1523/
JNEUROSCI.4492-15.2016 PMID: 27053201

23. Polat U, SagiD. Lateral interactions between spatial channels: suppression and facilitation revealed by
lateral masking experiments. Vision research. 1993; 33(7):993-999. https://doi.org/10.1016/0042-6989
(93)90081-7 PMID: 8506641

24. Wyatte D, Curran T, O’Reilly R. The limits of feedforward vision: Recurrent processing promotes robust
object recognition when objects are degraded. Journal of Cognitive Neuroscience. 2012; 24(11):2248—
2261. https://doi.org/10.1162/jocn_a_00282 PMID: 22905822

25. Olshausen BA, Field DJ. Sparse coding with an overcomplete basis set: A strategy employed by V1?
Vision research. 1997; 37(23):3311-3325. PMID: 9425546

26. Hubel DH, Wiesel TN. Receptive fields and functional architecture of monkey striate cortex. The Journal
of physiology. 1968; 195(1):215-243. https://doi.org/10.1113/jphysiol.1968.sp008455 PMID: 4966457

27. Spratling MW. Unsupervised learning of generative and discriminative weights encoding elementary
image components in a predictive coding model of cortical function. Neural computation. 2012; 24
(1):60-103. https://doi.org/10.1162/NECO_a_00222 PMID: 22023197

28. Knill DC, Pouget A. The Bayesian brain: the role of uncertainty in neural coding and computation.
TRENDS in Neurosciences. 2004; 27(12):712-719. https://doi.org/10.1016/.tins.2004.10.007 PMID:
15541511

29. Rao RP, Ballard DH. Predictive coding in the visual cortex: a functional interpretation of some extra-
classical receptive-field effects. Nature neuroscience. 1999; 2(1):79. https://doi.org/10.1038/4580
PMID: 10195184

30. Srinivasan MV, Laughlin SB, Dubs A. Predictive coding: a fresh view of inhibition in the retina. Proceed-
ings of the Royal Society of London Series B Biological Sciences. 1982; 216(1205):427—-459. PMID:
6129637

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008629 January 26, 2021 29/31


http://www.ncbi.nlm.nih.gov/pubmed/1822724
https://doi.org/10.1385/NI:2:2:145
http://www.ncbi.nlm.nih.gov/pubmed/15319512
https://doi.org/10.1093/cercor/bhq201
https://doi.org/10.1093/cercor/bhq201
http://www.ncbi.nlm.nih.gov/pubmed/21045004
https://doi.org/10.1038/nrn3476
http://www.ncbi.nlm.nih.gov/pubmed/23595013
https://doi.org/10.1146/annurev.neuro.29.051605.112939
http://www.ncbi.nlm.nih.gov/pubmed/16776584
https://doi.org/10.1038/nrn.2018.20
http://www.ncbi.nlm.nih.gov/pubmed/29563572
https://doi.org/10.1016/j.jphysparis.2004.01.023
http://www.ncbi.nlm.nih.gov/pubmed/15242657
https://doi.org/10.1038/s41467-018-04500-5
http://www.ncbi.nlm.nih.gov/pubmed/29892057
https://doi.org/10.1523/JNEUROSCI.5124-12.2013
https://doi.org/10.1523/JNEUROSCI.5124-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23658187
https://doi.org/10.1073/pnas.1706183114
http://www.ncbi.nlm.nih.gov/pubmed/28739915
https://doi.org/10.1016/0042-6989(93)90156-Q
https://doi.org/10.1016/0042-6989(93)90156-Q
http://www.ncbi.nlm.nih.gov/pubmed/8447091
https://doi.org/10.1016/S0042-6989(00)00277-7
https://doi.org/10.1016/S0042-6989(00)00277-7
http://www.ncbi.nlm.nih.gov/pubmed/11248261
https://doi.org/10.1016/j.neuron.2012.06.030
https://doi.org/10.1016/j.neuron.2012.06.030
http://www.ncbi.nlm.nih.gov/pubmed/22841310
https://doi.org/10.1523/JNEUROSCI.4492-15.2016
https://doi.org/10.1523/JNEUROSCI.4492-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/27053201
https://doi.org/10.1016/0042-6989(93)90081-7
https://doi.org/10.1016/0042-6989(93)90081-7
http://www.ncbi.nlm.nih.gov/pubmed/8506641
https://doi.org/10.1162/jocn_a_00282
http://www.ncbi.nlm.nih.gov/pubmed/22905822
http://www.ncbi.nlm.nih.gov/pubmed/9425546
https://doi.org/10.1113/jphysiol.1968.sp008455
http://www.ncbi.nlm.nih.gov/pubmed/4966457
https://doi.org/10.1162/NECO_a_00222
http://www.ncbi.nlm.nih.gov/pubmed/22023197
https://doi.org/10.1016/j.tins.2004.10.007
http://www.ncbi.nlm.nih.gov/pubmed/15541511
https://doi.org/10.1038/4580
http://www.ncbi.nlm.nih.gov/pubmed/10195184
http://www.ncbi.nlm.nih.gov/pubmed/6129637
https://doi.org/10.1371/journal.pcbi.1008629

PLOS COMPUTATIONAL BIOLOGY Sparse deep predictive coding captures contour integration capabilities in V1

31. Bastos AM, Usrey WM, Adams RA, Mangun GR, Fries P, Friston KJ. Canonical microcircuits for predic-
tive coding. Neuron. 2012; 76(4):695-711. https://doi.org/10.1016/j.neuron.2012.10.038 PMID:
23177956

32. Shipp S. Neural elements for predictive coding. Frontiers in psychology. 2016; 7:1792. https://doi.org/
10.3389/fpsyg.2016.01792 PMID: 27917138

33. Marino J. Predictive Coding, Variational Autoencoders, and Biological Connections. 2019;.
34. Makhzani A, Frey B. K-sparse autoencoders. arXiv preprint arXiv:13125663. 2013;.
35. NgA, etal. Sparse autoencoder. CS294A Lecture notes. 2011; 72(2011):1-19.

36. Millidge B, Tschantz A, Buckley CL. Predictive Coding Approximates Backprop along Arbitrary Compu-
tation Graphs. arXiv preprint arXiv:200604182. 2020;.

37. Sulam J, Papyan V, Romano Y, Elad M. Multi-Layer Convolutional Sparse Modeling: Pursuit and Dictio-
nary Learning. CoRR. 2017;abs/1708.08705.

38. Sun X, Nasrabadi NM, Tran TD. Supervised Deep Sparse Coding Networks for Image Classification.
IEEE Transactions on Image Processing. 2019; 29:405—418. https://doi.org/10.1109/TIP.2019.
2928121 PMID: 31331886

39. Boutin V, Franciosini A, Ruffier F, Perrinet L. Effect of top-down connections in Hierarchical Sparse
Coding. Neural Computation. 2020 Nov; 32(11):2279-309.

41. Pham-Gia T, Hung T. The mean and median absolute deviations. Mathematical and Computer Model-
ling. 2001; 34(7-8):921-936. https://doi.org/10.1016/S0895-7177(01)00109-1

42, Fischer S, Sroubek F, Perrinet L, Redondo R, Cristobal G. Self-invertible 2D log-Gabor wavelets. Inter-
national Journal of Computer Vision. 2007; 75(2):231-246. https://doi.org/10.1007/s11263-006-0026-8

43. Wang Z, Bovik AC, Sheikh HR, Simoncelli EP, et al. Image quality assessment: from error visibility to
structural similarity. IEEE transactions on image processing. 2004; 13(4):600—612. https://doi.org/10.
1109/TIP.2003.819861 PMID: 15376593

44, Whittington JC, Bogacz R. An approximation of the error backpropagation algorithm in a predictive cod-
ing network with local Hebbian synaptic plasticity. Neural computation. 2017; 29(5):1229—-1262. https://
doi.org/10.1162/NECO_a_00949 PMID: 28333583

45. Amit Y. Deep learning with asymmetric connections and Hebbian updates. Frontiers in computational
neuroscience. 2019; 13:18. https://doi.org/10.3389/fncom.2019.00018 PMID: 31019458

46. Jones JP, Palmer LA. An evaluation of the two-dimensional Gabor filter model of simple receptive fields
in cat striate cortex. Journal of neurophysiology. 1987; 58(6):1233—1258. PMID: 3437332

47. Jones JP, Palmer LA. The two-dimensional spatial structure of simple receptive fields in cat striate cor-
tex. Journal of neurophysiology. 1987; 58(6):1187—1211. https://doi.org/10.1152/jn.1987.58.6.1187
PMID: 3437330

48. Henriksson L, Mur M, Kriegeskorte N. Faciotopy—A face-feature map with face-like topology in the
human occipital face area. Cortex. 2015; 72:156—167. https://doi.org/10.1016/j.cortex.2015.06.030
PMID: 26235800

49. Leder H, Carbon CC. Part-to-whole effects and configural processing in faces. Psychology Science.
2004; 46(4):531-543.

50. GilbertC, lto M, Kapadia M, Westheimer G. Interactions between attention, context and learning in pri-
mary visual cortex. Vision research. 2000; 40(10-12):1217—1226. https://doi.org/10.1016/S0042-6989
(99)00234-5 PMID: 10788637

51. ChenM, YanY, Gong X, Gilbert CD, Liang H, Li W. Incremental integration of global contours through
interplay between visual cortical areas. Neuron. 2014; 82(3):682—694. https://doi.org/10.1016/j.neuron.
2014.03.023 PMID: 24811385

52. PoortJ, Raudies F, Wannig A, Lamme VA, Neumann H, Roelfsema PR. The role of attention in figure-
ground segregation in areas V1 and V4 of the visual cortex. Neuron. 2012; 75(1):143—156. https://doi.
org/10.1016/j.neuron.2012.04.032 PMID: 22794268

53. Kovacs |, Julesz B. Perceptual sensitivity maps within globally defined visual shapes. Nature. 1994; 370
(6491):644—646. https://doi.org/10.1038/370644a0 PMID: 8065449

54. Chavane F, Monier C, Bringuier V, Baudot P, Borg-Graham L, Lorenceau J, et al. The visual cortical
association field: A Gestalt concept or a psychophysiological entity? Journal of Physiology-Paris. 2000;
94(5-6):333—-342. https://doi.org/10.1016/S0928-4257(00)01096-2 PMID: 11165904

55. Georges S, Series P, Frégnac Y, Lorenceau J. Orientation dependent modulation of apparent speed:
psychophysical evidence. Vision research. 2002; 42(25):2757-2772. https://doi.org/10.1016/S0042-
6989(02)00303-6 PMID: 12450495

56. Wouerger S, Shapley R, Rubin N. “On the visually perceived direction of motion” by Hans Wallach: 60
years later. Perception. 1996; 25(11):1317-1367. https://doi.org/10.1068/p251317

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008629 January 26, 2021 30/31


https://doi.org/10.1016/j.neuron.2012.10.038
http://www.ncbi.nlm.nih.gov/pubmed/23177956
https://doi.org/10.3389/fpsyg.2016.01792
https://doi.org/10.3389/fpsyg.2016.01792
http://www.ncbi.nlm.nih.gov/pubmed/27917138
https://doi.org/10.1109/TIP.2019.2928121
https://doi.org/10.1109/TIP.2019.2928121
http://www.ncbi.nlm.nih.gov/pubmed/31331886
https://doi.org/10.1016/S0895-7177(01)00109-1
https://doi.org/10.1007/s11263-006-0026-8
https://doi.org/10.1109/TIP.2003.819861
https://doi.org/10.1109/TIP.2003.819861
http://www.ncbi.nlm.nih.gov/pubmed/15376593
https://doi.org/10.1162/NECO_a_00949
https://doi.org/10.1162/NECO_a_00949
http://www.ncbi.nlm.nih.gov/pubmed/28333583
https://doi.org/10.3389/fncom.2019.00018
http://www.ncbi.nlm.nih.gov/pubmed/31019458
http://www.ncbi.nlm.nih.gov/pubmed/3437332
https://doi.org/10.1152/jn.1987.58.6.1187
http://www.ncbi.nlm.nih.gov/pubmed/3437330
https://doi.org/10.1016/j.cortex.2015.06.030
http://www.ncbi.nlm.nih.gov/pubmed/26235800
https://doi.org/10.1016/S0042-6989(99)00234-5
https://doi.org/10.1016/S0042-6989(99)00234-5
http://www.ncbi.nlm.nih.gov/pubmed/10788637
https://doi.org/10.1016/j.neuron.2014.03.023
https://doi.org/10.1016/j.neuron.2014.03.023
http://www.ncbi.nlm.nih.gov/pubmed/24811385
https://doi.org/10.1016/j.neuron.2012.04.032
https://doi.org/10.1016/j.neuron.2012.04.032
http://www.ncbi.nlm.nih.gov/pubmed/22794268
https://doi.org/10.1038/370644a0
http://www.ncbi.nlm.nih.gov/pubmed/8065449
https://doi.org/10.1016/S0928-4257(00)01096-2
http://www.ncbi.nlm.nih.gov/pubmed/11165904
https://doi.org/10.1016/S0042-6989(02)00303-6
https://doi.org/10.1016/S0042-6989(02)00303-6
http://www.ncbi.nlm.nih.gov/pubmed/12450495
https://doi.org/10.1068/p251317
https://doi.org/10.1371/journal.pcbi.1008629

PLOS COMPUTATIONAL BIOLOGY Sparse deep predictive coding captures contour integration capabilities in V1

57. Lorenceau J, Shiffrar M, Wells N, Castet E. Different motion sensitive units are involved in recovering
the direction of moving lines. Vision research. 1993; 33(9):1207-1217. https://doi.org/10.1016/0042-
6989(93)90209-F PMID: 8333170

58. Montagnini A, Mamassian P, Perrinet L, Castet E, Masson GS. Bayesian modeling of dynamic motion
integration. Journal of Physiology-Paris. 2007; 101(1-3):64—77. https://doi.org/10.1016/j.jphysparis.
2007.10.013 PMID: 18036790

59. Chemla S, Reynaud A, di Volo M, Zerlaut Y, Perrinet L, Destexhe A, et al. Suppressive traveling waves
shape representations of illusory motion in primary visual cortex of awake primate. Journal of Neurosci-
ence. 2019; 39(22):4282-4298. https://doi.org/10.1523/JNEUROSCI.2792-18.2019 PMID: 30886010

60. Crook JM, Kisvarday ZF, Eysel UT. Evidence for a contribution of lateral inhibition to orientation tuning
and direction selectivity in cat visual cortex: reversible inactivation of functionally characterized sites
combined with neuroanatomical tracing techniques. European Journal of Neuroscience. 1998; 10
(6):2056—2075. https://doi.org/10.1046/j.1460-9568.1998.00218.x PMID: 9753093

61. Crook JM, Engelmann R, Léwel S. GABA-inactivation attenuates colinear facilitation in cat primary
visual cortex. Experimental Brain Research. 2002; 143(3):295-302. https://doi.org/10.1007/s00221-
002-1007-y PMID: 11889507

62. Piepenbrock C, Obermayer K. The role of lateral cortical competition in ocular dominance development.
In: Advances in neural information processing systems; 1999. p. 139-145.

63. GregorK, Szlam A, LeCun Y. Structured sparse coding via lateral inhibition. Advances in Neural Infor-
mation Processing Systems. 2011; 24.

64. Wyatte D, Jilk DJ, O'Reilly RC. Early recurrent feedback facilitates visual object recognition under chal-
lenging conditions. Frontiers in psychology. 2014; 5:674. https://doi.org/10.3389/fpsyg.2014.00674
PMID: 25071647

65. Feldman H, Friston K. Attention, uncertainty, and free-energy. Frontiers in human neuroscience. 2010;
4:215. https://doi.org/10.3389/fnhum.2010.00215 PMID: 21160551

66. Friston K. The free-energy principle: a unified brain theory? Nature reviews neuroscience. 2010; 11
(2):127. https://doi.org/10.1038/nrm2787 PMID: 20068583

67. Friston K. Hierarchical models in the brain. PLoS computational biology. 2008; 4(11):e1000211. https:/
doi.org/10.1371/journal.pcbi.1000211 PMID: 18989391

68. Spratling MW. A hierarchical predictive coding model of object recognition in natural images. Cognitive
computation. 2017; 9(2):151—-167. https://doi.org/10.1007/s12559-016-9445-1 PMID: 28413566

69. BeckA, Teboulle M. A fast iterative shrinkage-thresholding algorithm for linear inverse problems. SIAM
journal on imaging sciences. 2009; 2(1):183-202. https://doi.org/10.1137/080716542

70. MaDS, Correll J, Wittenbrink B. The Chicago face database: A free stimulus set of faces and norming
data. Behavior research methods. 2015; 47(4):1122—1135. https://doi.org/10.3758/s13428-014-0532-5
PMID: 25582810

71. Coates A, Ng A, Lee H. An analysis of single-layer networks in unsupervised feature learning. In: Pro-
ceedings of the fourteenth international conference on artificial intelligence and statistics; 2011. p. 215—
223.

72. Paszke A, Gross S, Chintala S, Chanan G, Yang E, DeVito Z, et al. Automatic differentiation in PyTorch.
NIPS 2017 Workshop. 2017;.

73. Perrinet LU, Bednar JA. Edge co-occurrences can account for rapid categorization of natural versus
animal images. Scientific reports. 2015; 5:11400. https://doi.org/10.1038/srep11400 PMID: 26096913

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008629 January 26, 2021 31/31


https://doi.org/10.1016/0042-6989(93)90209-F
https://doi.org/10.1016/0042-6989(93)90209-F
http://www.ncbi.nlm.nih.gov/pubmed/8333170
https://doi.org/10.1016/j.jphysparis.2007.10.013
https://doi.org/10.1016/j.jphysparis.2007.10.013
http://www.ncbi.nlm.nih.gov/pubmed/18036790
https://doi.org/10.1523/JNEUROSCI.2792-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/30886010
https://doi.org/10.1046/j.1460-9568.1998.00218.x
http://www.ncbi.nlm.nih.gov/pubmed/9753093
https://doi.org/10.1007/s00221-002-1007-y
https://doi.org/10.1007/s00221-002-1007-y
http://www.ncbi.nlm.nih.gov/pubmed/11889507
https://doi.org/10.3389/fpsyg.2014.00674
http://www.ncbi.nlm.nih.gov/pubmed/25071647
https://doi.org/10.3389/fnhum.2010.00215
http://www.ncbi.nlm.nih.gov/pubmed/21160551
https://doi.org/10.1038/nrn2787
http://www.ncbi.nlm.nih.gov/pubmed/20068583
https://doi.org/10.1371/journal.pcbi.1000211
https://doi.org/10.1371/journal.pcbi.1000211
http://www.ncbi.nlm.nih.gov/pubmed/18989391
https://doi.org/10.1007/s12559-016-9445-1
http://www.ncbi.nlm.nih.gov/pubmed/28413566
https://doi.org/10.1137/080716542
https://doi.org/10.3758/s13428-014-0532-5
http://www.ncbi.nlm.nih.gov/pubmed/25582810
https://doi.org/10.1038/srep11400
http://www.ncbi.nlm.nih.gov/pubmed/26096913
https://doi.org/10.1371/journal.pcbi.1008629

