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Abstract

The puzzle of computer vision might find new challenging solutions
when we realize that most successful methods are working at image
level, which is remarkably more difficult than processing directly vi-
sual streams. In this paper, we claim that their processing naturally
leads to formulate the motion invariance principle, which enables the
construction of a new theory of learning with convolutional networks.
The theory addresses a number of intriguing questions that arise in
natural vision, and offers a well-posed computational scheme for the
discovery of convolutional filters over the retina. They are driven by
differential equations derived from the principle of least cognitive ac-
tion. Unlike traditional convolutional networks, which need massive
supervision, the proposed theory offers a truly new scenario in which
feature learning takes place by unsupervised processing of video sig-
nals. It is pointed out that an opportune blurring of the video, along
the interleaving of segments of null signal, make it possible to conceive
a novel learning mechanism that yields the minimum of the cognitive
action. Basically, while the theory enables the implementation of novel
computer vision systems, it is also provides an intriguing explanation of
the solution that evolution has discovered for humans, where it looks
like that the video blurring in newborns and the day-night rhythm
seem to emerge in a general computational framework, regardless of
biology.

1 Introduction

While the emphasis on a general theory of vision was already the main ob-
jective at the dawn of the discipline [16], it has evolved without a systematic
exploration of foundations in machine learning. When the target is moved



to unrestricted visual environments and the emphasis is shifted from huge
labelled databases to a human-like protocol of interaction, we need to go
beyond the current peaceful interlude that we are experimenting in vision
and machine learning. A fundamental question a good theory is expected
to answer is why children can learn to recognize objects and actions from a
few supervised examples, whereas nowadays supervised learning approaches
strive to achieve this task. In particular, why are they so thirsty for su-
pervised examples? Interestingly, this fundamental difference seems to be
deeply rooted in the different communication protocol at the basis of the
acquisition of visual skills in children and machines.

So far, the semantic labeling of pixels of a given video stream has been
mostly carried out at frame level. This seems to be the natural outcome of
well-established pattern recognition methods working on images, which have
given rise to nowadays emphasis on collecting big labelled image databases
(e.g. [5]) with the purpose of devising and testing challenging machine learn-
ing algorithms. While this framework is the one in which most of nowadays
state of the art object recognition approaches have been developing, we ar-
gue that there are strong arguments to start exploring the more natural
visual interaction that animals experiment in their own environment.

This leads to process video instead of image collection, that naturally
leads to a paradigm-shift in the associated processes of learning to see.
The idea of shifting to video is very much related to the growing inter-
est of learning in the wild that has been explored in the last few years (see.
e.g. https://sites.google.com/site/wildm12017icml/). The learning
processes that take place in this kind of environments has a different na-
ture with respect to those that are typically considered in machine learning.
Learning convolutional nets on ImageNet typically consists of updating the
weights from the processing of temporally unrelated images, whereas a video
carries out information where we pass from one frame to the previous one
by smooth changes. While ImageNet is a collection of unrelated images, a
video supports information only when motion is involved. In presence of
fixed images that last for awhile, the corresponding stream of equal frames
basically supports only the information of a single image. As a consequence,
it is clear that visual environments diffuse information only when motion is
involved. There is no transition from one image to the next one—like in
ImageNet — but, as time goes by, the information is only carried out by
motion, which modifies one frame to the next one according to the optical
flow. Once we deeply capture this fundamental features of visual environ-
ment we early realize that we need a different theory of machine learning
that naturally processes streams that are nor regarded just as collection of
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independent images anymore.

A crucial problem that has been recognized by Poggio and Anselmi [20]
is the need to incorporate visual invariances into deep nets that go beyond
simple translation invariance that is currently characterizing convolutional
networks. They propose an elegant mathematical framework on visual in-
variance and enlighten some intriguing neurobiological connections. Overall,
the ambition of extracting distinctive features from vision poses a challeng-
ing task. While we are typically concerned with feature extraction that is
independent of classic geometric transformation, it looks like we are still
missing the fantastic human skill of capturing distinctive features to recog-
nize ironed and rumpled shirts! There is no apparent difficulty to recognize
shirts by keeping the recognition coherence in case we roll up the sleeves, or
we simply curl them up into a ball for the laundry basket. Of course, there
are neither rigid transformations, like translations and rotation, nor scale
maps, that transforms an ironed shirt into the same shirt thrown into the
laundry basket. Is there any natural invariance?

In this paper, we claim that motion invariance is in fact the only in-
variance that we need. Translation and scale invariance, that have been
the subject of many studies, are in fact examples of invariances that can
be fully gained whenever we develop the ability to detect features that are
invariant under motion. If my inch moves closer and closer to my eyes then
any of its representing features that is motion invariant will also be scale
invariant. The finger will become bigger and bigger as it approaches my
face, but it is still my inch! Clearly, translation, rotation, and complex de-
formation invariances derive from motion invariance. Humans life always
experiments motion, so as the gained visual invariances naturally arise from
motion invariance. Animals with foveal eyes also move quickly the focus of
attention when looking at fixed objects, which means that they continually
experiment motion. Hence, also in case of fixed images, conjugate, vergence,
saccadic, smooth pursuit, and vestibulo-ocular movements lead to acquire
visual information from relative motion. We claim that the production of
such a continuous visual stream naturally drives feature extraction, since
the corresponding convolutional filters are expected not to change during
motion. The enforcement of this consistency condition creates a mine of
visual data during animal life. Interestingly, the same can happen for ma-
chines. Of course, we need to compute the optical flow at pixel level so as to
enforce the consistency of all the extracted features. Early studies on this
problem [10], along with recent related improvements (see e.g. [2]) suggests
to determine the velocity field by enforcing brightness invariance. As the
optical flow is gained, it is used to enforce motion consistency on the visual
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features. Interestingly, the theory we propose is quite related to the varia-
tional approach that is used to determine the optical flow in [10]. It is worth
mentioning that an effective visual system must also develop features that
do not follow motion invariance. These kind of features can be conveniently
combined with those that are discussed in this paper with the purpose of
carrying out high level visual tasks.

The convolutional filters are somewhat inspired from the research ac-
tivity reported in [8], where the authors propose the extraction of visual
features as a constraint satisfaction problem, mostly based on information-
based principles and early ideas on motion invariance.

In this paper, the importance of motion invariance is stressed and, more-
over, the solution is derived in the framework of the principle of cognitive
action [4], which gives rise to a time-variant differential equation, where the
Lagrangian coordinates corresponds with the values of the convolutional fil-
ters. It is pointed out that, under causality conditions, the well-position of
the problems arises thanks to the process of video-blurring taking place at
the beginning of learning, which has also been experimented in children. The
learning process can be interpreted in the framework of the minimization of
the cognitive action that offers a self-consistent framework. In particular,
if the video signal is almost periodic [3], then the computational model re-
duces to an asymptotically stable differential equation that yields a sort of
statistical consistency.

2 Driving principles and main results

We are given a retina X, which can formally be regarded as a compact subset
of the plane; for the moment we will not assume any specific shape —any
deformation of the closed disk will serve. The purpose of this paper is that of
analyzing the mechanisms that give rise to the construction of local features
for any pixel x € X of the retina, at any time t. These features, along
with the video itself, can be regarded as visual fields, that are defined on
the retina and on a given horizon of time [0..7]; clearly the analysis of
on-line learning of visual features leads to regard the horizon as [0..00).
As it will be clear in the remainder of the paper, a set of symbols are
extracted at any layer of a deep architecture, so as any pixel —along with
its context — turns out to be represented by the list of symbols extracted at
each layer. The computational process that we define involves the video as
well as appropriate vector fields that are used to express a set of pixel-based
features properly used to capture contextual information. The video, as well
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Figure 1: Convolutional computation in a deep network. The input is pro-
cessed by convolutional filters which transform C' — @& — €. Notice that
the features are extracted at different level on the same pixel z.

as all the involved fields, are defined on the domain D = X x [0..7]. In
what follows, points on the retina will be represented with two dimensional
vectors x = (x1,22) on a defined coordinate system on the retina. The
temporal coordinate is usually denoted by ¢, and, therefore, the video signal
on the pair (z,t) is C(x,t). For further convenience we also define the map
Cy: X — R™ so that Cy(x) = C(x,t). The color field can be thought of
as a special field that is characterized by the RGB color components of any
single pixel; in this case m = 3.

Now, we are concerned with the problem of extracting visual features
that, unlike the components of the video, express the information associated
with the pair (z,t) and its spatial context. Basically, one would like to
extract visual features that characterize the information in the neighborhood
of pixel z. A possible way of constructing this kind of features is to define!

1l 1
Ci(w,t) = — + E / dy ij(x,y,t)Ci(y,t) = — + (pr X Cp)i(z). (1)
n =0 X n

Here we assume that n symbols are generated from the m components of
the video. Notice that the kernel ¢(x,y,t) is responsible of expressing the
spatial dependencies, and that one could also extend the context in the
temporal dimension. However, the immersion in the temporal dimension
that arises from the formulation given in this paper makes it reasonable to

' Throughout the paper we use the Einstein convention to simplify the equations.
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begin restricting the contextual information to spatial dependencies on the
the retina.

In addition, it is worth mentioning that the agent is expected to return
a decision also in case of fixed images, which represents a further element
for considering features defined by Eq. (1). The filters ¢ can be regarded as
maps from X x X x [0..7] to R™™, where n is the number of the features
defined by @. It is worth mentioning that whenever ¢(z,y,t) ~ ¢(x — y,t)
the above definition reduces to an ordinary spatial convolution. Notice that
while the kernel ¢(x,y,t) can handle the ambiguities that arise from the
the presence of strong visual deformations of the same features in the same
frame at time ¢, the same does not hold for ¢(x —y, t), that only reasonably
deals with those deformations while focusing attention on x at time ¢t. This
issue will be widely covered in the following, but it is already clear that
the convolutional filter p(z — y,t) can face strong visual deformation only
when supported by focus of attention driven computation. The presence of
multiple deformations in the same frame yields inconsistent decisions, so as
only an “averaging solution” can be discovered. The computation of €;(z, t)
yields a field with n features, instead of the three components of color in
the video signal. However, Eq. (1) can be used for carrying out a piping
scheme where a new set of features €'is computed from ¢. Of course, this
process can be continued according to a deep computational structure with
a homogeneous convolutional-based computation, which yields the features
® at the p convolutional layer. The theory proposed in this paper focuses on
the construction of any of these convolutional layers which are expected to
provide higher and higher abstraction as we increase the number of layers.
The filters ¢ are what completely determines the features @;(z,t). In this
paper we formulate a theory for the discovery of ¢ that is based on three
driving principles:

e Optimization of information-based indices
We use an information-based approach to determine ¢. Beginning
from the color field C, we attach symbol y; € X of a discrete vocabulary
to pixel (z,t) with probability @;(x,t). The principle of Maximum
Mutual Information (MMI) is a natural way of maximizing the transfer
of information from the visual source, expressed in terms of mixtures
of colors, to the source of symbols y; € 3. Clearly, the same idea can
be extended to any layer in the hierarchy. Once we are given a certain
visual environment over a certain time horizon [0, 7]— which can be
extended to [0, 400) — once the filters ¢ have been defined, the mutual
information turns out to be a functional of ¢, that is denoted as I(¢p).
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However, in the following, it will be shown that the more general view
behind the the maximum entropy principle (MaxEnt) offers a better
framework for the formulation of the theory.

e Motion invariance
While information-based indices optimize the information transfer from
the input source C' to the symbols, the major cognitive issues of in-
variances are not covered. The same object, which is presented at
different scales and under different rotations does require different rep-
resentations, which transfers all the difficulty of learning to see to the
subsequent problems interwound with language interpretation. Hence,
it turns out that the most important requirement that the visual field
¢ must fulfill is that of exhibiting the typical cognitive invariances
that humans and animals experiment in their visual environment. We
claim that there is only one such fundamental invariance, namely that
of producing the same representation for moving pixels. This incor- Classic
porates classic scale and rotation invariances in a natural way, which '"varances as
is what is experimented in newborns. Objects comes at different scale ir:\?:r?:n ce.
and with different rotations simply because children experiment their
movement and manipulation. As we track moving pixels, we enforce
consistent labeling, which is clearly far more general than enforcing
scale and rotation invariance. The enforcement of motion constraint
is the key for the construction of a truly natural invariance. It will
be pointed out that motion invariance can always be expressed as the
minimization of a functional M (y).

e Parsimony principle
Like any principled formulation of learning, we require the filters to
obey the parsimony principle. Amongst the philosophical implications,
it also favors the development of a unique solution. The development
of filters that are consistent with the above principles requires the con-
struction of an on-line learning scheme, where the role of time becomes
of primary importance. The main reason for such a formulation is the
need of imposing the development of motion invariance features. Given
the filters ¢, there are two parsimony terms, one P(p), that penalizes
abrupt spatial changes, and another one, K(p) that penalizes quick
temporal transitions.

Overall, the process of learning is regarded as the minimization of the cog- Minimization

nitive action of th.e.
cognitive

A(p) = —Z(9) + AuM(p) + ApP(p) + A K(p), (2) action.
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Figure 2: Motion invariance in the feature extraction process. The sym-
bol yi, that defines a features at the beginning of motion (¢ = 0 s), must
be coherently extracted during the movement — see the enforcement of the
coherence requirement at t = 1,2 s.

where Ay, Ap, Ax are positive multipliers. While the first and third princi-
ples are typically adopted in classic unsupervised learning, motion invariance
does characterize the approach followed in this paper. Of course, there are
visual features that do not obey the motion invariance principle. Animals
easily estimate the distance to the objects in the environment, a property
that clearly indicates the need for features whose value do depend on mo-
tion. The perception of vertical visual cues, as well as a reasonable estimate
of the angle with respect to the vertical line also suggests the need for fea-
tures that are motion dependent. Since the above action functional A(y)
depends on the choice of the multipliers A\ys, Ap, Ax, it is quite clear that
there is a wide range of different behavior that depend on the relative weight
that is given to the terms that compose the action. As it will be shown in
the following, the minimization of A(y) can be given an efficient computa-
tional scheme only if we give up to optimize the information transfer in one
single step and rely on a piping scheme that clearly reminds deep network
architectures. While this paper focuses on unsupervised learning, it is worth
mentioning that the purpose of the agent can naturally be incorporated into
the minimization of the cognitive action given by Eq (15).

Now, we provide arguments to support the principled framework of this
paper. Like for human interaction, visual concepts are expected to be ac-
quired by the agents solely by processing their own visual stream along with
human supervisions on selected pixels, instead of relying on huge labelled
databases. In this new learning environment based on a video stream, any in-
telligent agent willing to attach semantic labels to a moving pixel is expected
to take coherent decisions with respect to its motion. Basically, any label at-
tached to a moving pixel has to be the same during its motion. Hence, video
streams provide a huge amount of information just coming from imposing



coherent labeling, which is likely to be the primary information associated
with visual perception experienced by any animal. Roughly speaking, once
a pixel has been labeled, the constraint of coherent labeling virtually offers
tons of other supervisions, that are essentially ignored in most machine learn-
ing approaches working on big databases of labeled images. It turns out that
most of the visual information to perform semantic labeling comes from the
motion coherence constraint, which explains the reason why children learn
to recognize objects from a few supervised examples. The linguistic process
of attaching symbols to objects takes place at a later stage of children de-
velopment, when he has already developed strong pattern regularities. We
conjecture that, regardless of biology, the enforcement of motion coherence
constraint is a high level computational principle that plays a fundamental
role for discovering pattern regularities. Concerning the MMI principle, it
is worth mentioning that it can be regarded as a special case of the MaxEnt
principle when the constraints correspond with the soft-enforcement of the
conditional entropy, where the weight of its associated penalty is the same
as that of the entropy (see e.g. [17]). Notice that while the maximization
of the mutual information nicely addresses the need of maximizing the in-
formation transfer from the source to the selected alphabet of symbols, it
does not guarantee temporal consistency of this attachment. Basically, the
optimization of the index is also guaranteed by using the same symbol for
different visual cues. Motion consistency faces this issue for any pixel, even
if it is fixed. As for the adoption of the parsimony principle in visual envi-
ronments, we can use appropriate functionals to enforce both the spatial and
temporal smoothness of the solution. While the spatial smoothness can be
gained by penalizing solutions with high spatial derivatives —including the
zero-order derivatives— temporal smoothness arises from the introduction
of kinetic energy terms which penalizes high velocity and, more generally,
high temporal derivatives.

Since the optimization is generally formulated over arbitrarily large time
horizons, all terms are properly weighted by a discount factor that leads
to “forget” very old information in the agent life. This contributes to a
well-position of the optimization problem and gives rise to dissipation pro-
cesses [4].

The agent behavior turns out to be driven by the minimization of an ap-
propriate functional that combines the all above principles. The main result
in this paper is that this optimization can be interpreted in terms of laws of
nature expressed by a temporal differential equation. When regarding the
retina as a discrete structure, we can compute the probability that at time ¢,
in pixel z, the emitted symbol is y; by 1/n+ @ik, (t)Ci(z—y) (t). Here, for any
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pair of symbols yg, y;, and for any pixel with position z, in the coordinate
system defined by x, the filter ¢;1, is the temporal function that the agent
is expected to learn from the visual environment. Basically, the process of
learning consists of determining

» = arg mwin A(p).

In Section 5 we prove that there is no local solution to this problem, since
any stationary point of this functional turns out to be characterized by the
integro-differential equation (14). We also show that we can naturally gain a
local solution when introducing focus of attention mechanisms. Its purpose
is to provide a weighed contribution of the single terms of the action by
attaching higher weights to pixels where the agent is focussing attention.
Under this re-stating of the problem, we prove that the minimum of the
cognitive action corresponds with the discovery of the filters ¢;;, that satisfy
the time-variant differential equation

¢ (&) + AP (6)+B(6)g® (1) +C(1)aV (t)+ D(t)a(t) + F(¢,q(t) = 0, (3)

where ¢ is the linearized vector of ¢;j,, matrices A, B, C, D, F depend on
the time through the video signal and the trajectory of the focus of attention,
and F is a bounded nonlinear vector. The subsequent analysis will provide
clear evidence on the need of a fourth-order differential equation for the
determination of the filters. Equation (3) has quite a complex structure,
since it also contains the non-linear term F'(¢,¢(t)) that, however, as it will
be shown is piece-wise linear. It is shown that the dependence on time of the
coefficients is inherited by the time-variance of the video. Hence, the solution
of the differential equation involves dynamics whose spectrum is induced by
the video. The analysis carried out in the paper shows how can we attack
the problem either in the case in which the agent is expected to learn from a
given video stream with the purpose to work on subsequent text collections,
or in the case in which the agent lives in a certain visual environment,
where there is no distinction between learning and test phases. Basically,
it is pointed out that only the second case leads to a truly interesting and
novel result.

In particular, the solution of the above differential equation is strongly
facilitated when performing an initial blurring of the video that lasts until
all the visual statistical cues are likely been presented to the agent. This
very much resembles early stages of developments in newborns [18]. In so
doing, at the beginning, the coefficients of Eq. (3) are nearly constant. In

10

Fourth-order
Euler-Lagrange
model of
learning.

Learning by
blurring
trajectories.



this case, the analysis of the equations leads to conclude that only a very
slow dynamics takes place, which means that all the derivatives of ¢ are
nearly null and, consequently, ¢ is nearly constant. This strongly facilitates
the numerical solutions and, in general, the computational model turns out
to be very robust, a property that is clearly welcome also in nature. As time
goes by, while the blurring process increases the visual acuity the coefficients
of the differential equation begin to change with velocity that is connected
with motion. However, in the meantime, the values of the filters have reached
a nearly-constant value. Basically, the learning trajectories are characterized
by the mentioned nearly-null derivatives, a condition that, again strongly
facilitates the well-position of the problem.

A further intuitive reason for a slow dynamics of ¢(t) is also a conse-
quence of visual invariant features. For example, when considering a moving
car and another one of the same type parked somewhere in the same frame,
during the motion interval, the processing over the parked car would benefit
from a nearly constant solution. This suggests also searching for the same
constant solution on the corresponding moving pixel. When regarding the
problem of learning in a truly on-line mode, the previous differential equa-
tion can be considered as the model for computing ¢;;, given the Cauchy
conditions. Of course, the solution is affected by these initial conditions.
Moreover, as it will be clear in the reminder of the paper, the previous dif-
ferential equations yield the minimization of the action under appropriate
border conditions that correspond with forcing a trajectory that satisfies the
condition of nearly-null of the first, second, and third derivatives of ¢. When
joined with the blurring process this leads to a causal dynamics driven by
initial conditions that are compatible with boundary conditions imposed at
any time of the agent’s life.

The puzzle of extracting robust cues from visual scenes has only been
partially faced by nowadays successful approaches to computer vision. The
remarkable achievements of the last few years have been mostly based on the
accumulation of huge visual collections gathered by crowdsourcing. An ap-
propriate set up of convolutional networks trained in the framework of deep
learning has given rise to very effective internal representations of visual
features. They have been successfully used by facing a number of relevant
classification problems by transfer learning. Clearly, this approach has been
stressing the power of deep learning when combining huge supervised collec-
tions with massive parallel computation. In this paper, we argue that while
stressing this issue we have been facing artificial problems that, from a pure
computational point of view, are likely to be significantly more complex than
natural visual tasks that are daily faced by animals. In humans, the emer-
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gence of cognition from visual environments is interwound with language.
This often leads to attack the interplay between visual and linguistic skills by
simple models that, like for supervised learning, strongly rely on linguistic
attachment. However, when observing the spectacular skills of the eagle that
catches the pray, one promptly realizes that for an in-depth understanding
of vision, that likely yields also an impact in computer implementation, one
should begin with a neat separation with language! This paper is mostly
motivated by the curiosity of addressing a number of questions that arise
when looking at natural visual processes. While they come from natural
observation, they are mostly regarded as general issues strongly rooted in
information-based principles, that we conjecture are of primary importance
also in computer vision.

The theory proposed in this paper offers a computational perspective of
vision regardless of the “body” which sustains the processing. In particu-
lar, the theory addresses some fundamental questions, reported below, that
involve vision processes taking place in both animals and machines.

Q1 How can animals conquer visual skills without requiring “intensive su-
pervision” ?
Recent remarkable achievements in computer vision are mostly based
on tons of supervised examples— of the order of millions! This does
not explain how can animals conquer visual skills with scarse “super-
vision” from the environment. Hence, there is plenty of evidence and
motivations for invoking a theory of truly unsupervised learning ca-
pable of explaining the process of extraction of features from visual
data collections. While the need for theories of unsupervised learning
in computer vision has been advocated in a number of papers (see
e.g. [23], [15],[21], [9]), so far, the powerful representations that arise
from supervised learning, because of many recent successful applica-
tions, seem to attract much more interest. While information-based
principles could themselves suffice to construct visual features, the
absence of any feedback from the environment make those methods
quite limited with respect to supervised learning. Interestingly, the
claim of this paper is that motion invariance offers a huge amount
of free supervisions from the visual environment, thus explaining the
reason why humans do not need the massive supervision process that
is dominating feature extraction in convolutional neural networks.

Q2 How can animals gradually conquer visual skills in a truly temporal-
based visual environment?
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Q3

Animals, including primates, not only receive a scarse supervision, but
they also conquer visual skills by living in their own visual environ-
ment. This is gradually achieved without needing to separate learning
from test environments. At any stage of their evolution, it looks like
they acquire the skills that are required to face the current tasks. On
the opposite, most approaches to computer vision do not really grasp
the notion of time. The typical ideas behind on-line learning do not
necessarily capture the natural temporal structure of the visual tasks.
Time plays a crucial role in any cognitive process. One might believe
that this is restricted to human life, but more careful analyses lead
us to conclude that the temporal dimension plays a crucial role in
the well-positioning of most challenging cognitive tasks, regardless of
whether they are faced by humans or machines. Interestingly, while
many people struggle for the acquisition of huge labeled databases,
the truly incorporation of time leads to a paradigm shift in the in-
terpretation of the learning and test environment. In a sense, such
a distinction ceases to apply, and we can regard unrestricted visual
collections as the information accumulated during all the agent life,
that can likely surpass any attempt to collect image collection. The
theory proposed in this paper is framed in the context of agent life
characterized by the ordinary notion of time, which emerges in all its
facets. We are not concerned with huge visual data repositories, but
merely with the agent life in its own visual environments.

Can animals see in a world of shuffied frames?

One might figure out what human life could have been in a world
of visual information with shuffled frames. Could children really ac-
quire visual skills in such an artificial world, which is the one we are
presenting to machines? Notice that in a world of shuffled frames,
a video requires order of magnitude more information for its storing
than the corresponding temporally coherent visual stream. This is a
serious warning that is typically neglected; any recognition process is
remarkably more difficult when shuffling frames, which clearly indi-
cates the importance of keeping the spatiotemporal structure that is
offered by nature. This calls for the formulation of a new theory of
learning capable of capturing spatiotemporal structures. Basically, we
need to abandon the safe model of restricting computer vision to the
processing of images. The reason for formulating a theory of learn-
ing on video instead of on images is not only rooted in the curiosity
of grasping the computational mechanisms that take place in nature.
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Q4

It looks like that, while ignoring the crucial role of temporal coher-
ence, the formulation of most of nowadays current computer vision
tasks leads to tackle a problem that is remarkably more difficult than
the one nature has prepared for humans! We conjecture that animals
could not see in a world of shuffled frames, which indicates that such
an artificial formulation might led to a very hard problem. In a sense,
the very good results that we already can experiment nowadays are
quite surprising, but they are mostly due to the stress of the computa-
tional power. The theory proposed in this paper relies of the choice of
capturing temporal structures in natural visual environments, which
is claimed to simplify dramatically the problem at hand, and to give
rise to lighter computation.

How can humans attach semantic labels at pizel level?

Humans provide scene interpretation thanks to linguistic descriptions.
This requires a deep integration of visual and linguistic skills, that are
required to come up with compact, yet effective visual descriptions.
However, amongst these high level visual skills, it is worth mention-
ing that humans can attach semantic labels to a single pixel in the
retina. While this decision process is inherently interwound with a
certain degree of ambiguity, it is remarkably effective. The linguistic
attributes that are extracted are related to the context of the pixel
that is taken into account for label attachment, while the ambiguity
is mostly a linguistic more than a visual issue. The theory proposed
in this paper addresses directly this visual skill since the labels are
extracted for a given pixel at different levels of abstraction. Unlike
classic convolutional networks, there is no pooling; the connection be-
tween the single pixels and their corresponding features is kept also
when the extracted features involve high degree of abstraction, that is
due to the processing over large contexts. The focus on single pixels
allows us to go beyond object segmentation based sliding windows,
which somewhat reverses the pooling process. Instead of dealing with
object proposals [26], we focus on the attachment of symbols at sin-
gle pixels in the retina. The bottom line is that human-like linguistic
descriptions of visual scenes is gained on top of pixel-based feature
descriptions that, as a byproduct, must allow us to perform semantic
labeling. Interestingly, there is more; as it will be shown in the fol-
lowing, there are in fact computational issues that lead us to promote
the idea of carrying our the feature extraction process while focussing
attention on salient pixels.
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Q5

Q6

Why are there two mainstream different systems in the visual cortex
(ventral and dorsal mainstream)?

It has been pointed out that the visual cortex of humans and other pri-
mates is composed of two main information pathways that are referred
to as the ventral stream and dorsal stream [6]. The traditional dis-
tinction distinguishes the ventral “what” and the dorsal “where/how”
visual pathways, so as the ventral stream is devoted to perceptual anal-
ysis of the visual input, such as object recognition, whereas the dorsal
stream is concerned with providing motion ability in the interaction
with the environment. The enforcement of motion invariance is clearly
conceived for extracting features that are useful for object recognition
to assolve the “what” task. Of course, neurons with built-in motion
invariance are not adeguate to make spatial estimations. Depending
on the the value of the Aj; parameter, the theory presented in this pa-
per leads to interpret the computational scheme of “ventral neurons”,
that are appropriate for recognition — high value of A3y — or “dorsal
neurons” that are more appropriate for environmental interactions —
Ayr = 0. The model behind the learning of the filters indicates the need
to access to velocity estimation, which is consistent with neuroanatom-
ical evidence. Interestingly, we will see that the theory also advocated
the need of hierarchical structures for the dorsal mainstream, but there
is one more reason for those structures in the ventral stream.

Why is the ventral mainstream organized according to a hierarchical
architecture with receptive fields?

Beginning from early studies by Hubel and Wiesel [11], neuroscien-
tists have gradually gained evidence of that the visual cortex presents
a hierarchical structure and that the neurons process the visual infor-
mation on the basis of inputs restricted to receptive field. Is there a
reason why this solution has been developed? We can promptly realize
that, even though the neurons are restricted to compute over receptive
fields, deep structures easily conquer the possibility of taking large con-
texts into account for their decision. Is this biological solution driven
by computational laws of vision? In this paper we provide evidence of
the fact that receptive fields do favor the acquisition of motion invari-
ance which, as already stated, is the fundamental invariance of vision.
Since hierarchical architectures is the natural solution for developing
more abstract representations by using receptive fields, it turns out
that motion invariance is in fact at the basis of the biological struc-
ture of the visual cortex. The computation at different layers yields
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features with progressive degree of abstraction, so as higher computa-
tional processes are expected to use all the information extracted in
the layers.

Why do animals focus attention?

The retina of animals with well-developed visual system is organized in
such a way that there are very high resolution receptors in a restricted
area, whereas lower resolution receptors are present in the rest of the
retina. Why is this convenient? One can easily argue that any action
typically takes place in a relatively small zone in front of the animals,
which suggests that the evolution has led to develop high resolution
in a limited portion of the retina. On the other hand, this leads to
the detriment of the peripheral vision, that is also very important. In
addition, this could apply for the dorsal system whose neurons are
expected to provide information that is useful to support movement
and actions in the visual environment. The ventral mainstream, with
neurons involved in the “what” function does not seem to benefit from
foveal eyes. From the theory proposed in this paper, the need of foveal
retinas is strongly supported for achieving efficient computation for
the construction of visual features. However, it will be argued that the
most important reason for focussing attention is that of dramatically
simplifying the computation and limit the ambiguities that come from
the need to sustaining a parallel computation over each frame.

Why do foveal animals perform eye movements?

Human eyes make jerky saccadic movements during ordinary visual ac-
quisition. One reason for these movements is that the fovea provides
high-resolution in portions of about 1,2 degrees. Because of such a
small high resolution portions, the overall sensing of a scene does re-
quire intensive movements of the fovea. Hence, the foveal movements
do represent a good alternative to eyes with uniformly high resolution
retina. On the other hand, the preference of the solution of foveal
eyes with saccadic movements is arguable, since while a uniformly
high resolution retina is more complex to achieve than foveal retina,
saccadic movements are less important. The information-based theory
presented in this paper makes it possible to conclude that foveal retina
with saccadic movements is in fact a solution that is computationally
sustainable and very effective.

Why does it take 8-12 months for newborns to achieve adult visual
acuity?
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There are surprising results that come from developmental psychology
on what a newborn see. Charles Darwin came up with the following
remark:

It was surprising how slowly he acquired the power of fol-
lowing with his eyes an object if swinging at all rapidly; for
he could not do this well when seven and a half months old.

At the end of the seventies, this early remark was given a technically

sound basis [24]. In the paper, three techniques, — optokinetic nys-
tagmus (OKN), preferential looking (PL), and the visually evoked po-
tential (VEP) — were used to assess visual acuity in infants between

birth and 6 months of age. More recently, the survey by Braddick
and Atkinson [18] provides an in-depth discussion on the state of the
art in the field. It is clearly stated that for newborns to gain adult
visual acuity, depending on the specific visual test, several months are
required. Is the development of adult visual acuity a biological issue
or does it come from higher level computational laws? This paper
provides evidence to conclude that the blurring process taking place
in newborns is in fact a natural strategy to optimize the cognitive ac-
tion defined by Eq. 15 under causality requirements. Moreover, the
strict limitations both in terms of spatial and temporal resolution of
the video signal, according to the theory, help conquering visual skills.

Causality and Non Rapid Eye Movements (NREM) sleep phases

Computer vision is mostly based on huge training sets of images,
whereas humans use video streams for learning visual skills. Notice
that because of the alternation of the biological rhythm of sleep, hu-
mans somewhat process collections of visual streams pasted with re-
laxing segments composed of “null” video signal. This happens mostly
during NREM phases of sleep, in which also eye movements and con-
nection with visual memory are nearly absent. Interestingly, the Rapid
Eye Movements (REM) phase is, on the opposite, similar to ordinary
visual processing, the only difference being that the construction of vi-
sual features during the dream is based on the visual internal memory
representations [22]. As a matter of fact, the process of learning the
filters experiments an alternation of visual information with the reset
of the signal. We provide evidence to claim that such a relaxation com-
ing from the reset of the signal nicely fits the purpose of optimizing an
overall optimization index based on the previously stated principles.
In particular, we point out that periodic resetting of the visual infor-
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mation favors the optimization under causality requirements. Hence,
the theory offers an intriguing interpretation of the role of eye move-
ment and of sleep for the optimal development of visual features. In a
sense, the theory offers a general framework for interpreting the impor-
tance of the day-night rhythm in the development of visual features.
When combined with newborns blurring, it contributes to a relaxation
dynamical process that turns out to be of fundamental importance for
the final purpose of optimization of the visual constraints.

3 Visual constraints

We can provide an interpretation of the processing carried out by our visual
agent in the framework of information theory. The basic idea is that the
agent produces a set of symbols from a given alphabet while processing the
video.

MMI principle. Let us define random variables X and T, which take
into account the spatial and temporal probability distribution, while Y is
used to specify the probability distribution over the possible symbols, and
F' to specify the frames. In order to assess the information transfer from
X,T,F toY we consider the corresponding mutual information I. Clearly,
it is zero whenever random variable Y is independent of X, T and F. The
mutual information can be expressed by

I(Y;X,T,F) = S(Y) - S(Y | X, T, F). (4)

The conditional entropy S(Y | X, T, F) is given by

SY | X, T,F) = —/ > " dPx 1 r pilogp; (5)

Q=1

where p; is the conditional probability of Y conditioned to the values of X, T'
and F, dPx r r is the joint measure of the variable X, T, F', and (2 is a Borel
set in the (X, T, F) space. The agent generates symbols y;, i = 1,...,n
along with the corresponding probabilities on the basis of input source that
is based on m symbols that are still given along with their probability. Now,
let us make two fundamental assumptions:

e The conditional probability p;(z,t,C), where C' is a realization of ran-
dom variable F', is given by the i-th feature field @;(z,t).
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e Random variables X, T, F' follows the ergodic-like assumption, so as
we can perform the replacement:

/dPX,TJ?—)/ d,u.
Q D

In what follows we will assume that the measure du(x,t) is f(x,t)dzdt.
Moreover, we assume that f(z,t) is factorized according to

f(@,t) = g(z — a(t))h(t), (6)

where a(t) is the trajectory of the focus of attention and h is monotonic
increasing function. This ergodic translation of the probabilistic measure
suggests that we pay attention where the eye is focussing attention, that is
in the neighborhood of a(t): This can be achieved by means of a function
g(z — a(t)) peaked on the focus of attention. Such a trajectory is assumed
to be available but, as pointed out in Section 9, it can also be determined
in the overall framework of the theory presented in this paper. In addition,
ergodicity here means that we pay attention mostly on “recent visual life.”
Clearly, this very much depends on the choice of h. It is quite obvious
that the measure du = g(x — a(t))h(t)dzdt only makes sense provided that
the function h does not change significantly during statistically significant
portions of visual environments. Whenever these two assumptions hold, we
can rewrite the conditional entropy defined by Eq. (5) as

S(Y | X.T.F) = — /D A1) 3 il 1) log €, ). (7)

Similarly for the entropy of the variable Y we can write

S(Y) ==Y Pr(Y = y;) log Pr(Y = y,).
i=1

(8)

Now, if we use the law of total probability to express Pr(Y = y;) in terms
of the conditional probability p; and use the above assumptions we get

Pr(Y = ;) = /Q APy 1p ps = /D dpz,t) Cs(a, 1), )

n

SY)=-Y (/Dd,u(m,t) @i(x,t)> log(/Dd,u(:B,t) @’i(x,t)).

i=1

(10)
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Finally the mutual information becomes

n

I(Y;X,T,F)—Z(/Ddu@ilog@'i—/Ddu@i~log/Ddu@’i>. (11)

=1
Of course, V,t: @(x,t) is subject to the probabilistic constraints

Y Ci(z,t) =1 (normalization) (12)

0 < @i(z,t) <1 (positivity)
MaxEnt principle. An agent driven by the MMI principle can carry
out an unsupervised learning process aimed at discovering the symbols de-
fined by random variable Y. Interestingly, when the constraints are given
a soft-enforcement, the MMI principle has a nice connection with the Max-
Ent principle [13]: The maximization of the mutual information corresponds
with the maximization of the entropy while softly-enforcing the constraint
that the conditional entropy is null. While both the entropy terms get the
same absolute value of the weight, once can think of different implementa-
tions of the MaxEnt principle that very much depend on the special choice
of the weights. When shifting towards the MaxEnt principle one is primar-
ily interested in the satisfaction of the conditional entropy constraint, while
bearing in mind that the maximization of the entropy protects us from the
development of trivial solutions (see [7] pp. 99-103 for further details). Of
course, the probabilistic normalization constraints stated by Eq. 12 comes
along with the conditional entropy constraint. The computational mech-
anism that drives the discovery of the symbols described in this paper is
based on MaxEnt, but instead of limiting the unsupervised process to the
fulfillment of the conditional entropy constraint, we enrich the model with
other environmental constraints.

First, we notice that the map which originates the symbol production
mechanism has not ben given any guideline. The conditional entropy con-
straint only involves the value taken by @; which depends on ¢;;(z,t), but
there is no structural enforcement on the function ¢;;; its spatiotemporal
changes are ignored. Ordinary regularization issues suggest to discover func-
tions ;; such that

ApP+AK = >\2P/ dtdmh(t)(ngoij(x,t))Q—F);K/ dtdmh(t)(Ptgoij(m,t))Q,
D D

is “small”, where P,, P, are spatial and temporal differential operators, and

Ap, Ax are non-negative reals. Notice that the ergodic translation of du, in
this case, only involves the temporal factor h(t).
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Second, as already pointed out, many relevant visual features need to be
motion invariant. Just like an ideal fluid is adiabatic— meaning that the
entropy of any particle fluid remains constant as that the particles move
about in space—in a video, once we have assigned the correct symbol to
a pixel, due to the fact that the movement of object is continuous, that
symbol is conserved as the object moves on the retina. If we focus attention
on a the pixel z at time ¢, which moves according to the trajectory x(t)
then @(x(t),t) = ¢, being ¢ a constant. This “adiabatic” condition is thus
expressed by the condition d@'/dt = 0, which yields

0:@; + v]@j@’i =0, (13)

where v: D — R? is the velocity field that we assume that is given, and Oy,
is the partial derivative with respect to x;. When replacing @; as stated by
Eq. (1) we get

/X dy ((9,54,0@'0]' + ¢ij0Cj + Ukak@ijcj) =0,

which holds for any (¢,z) € D. Notice that this constraint is linear in
the field . This can be interpreted by stating that learning under motion
invariance consists of determining elements of the kernel of the function
M(pij) = [y dy ((9tg0ijCj + ¢i;0,C; + vkakgoijC’j). A discussion on the
problem of determining the kernel of .# is given in [7].

4 Focus of attention

5 Cognitive action laws

In the previous section we have proposed a method to determine the
filters ¢;; based on the MaxEnt principle. We provide a soft-interpretation
of the constraints, so as the adoption of the principle corresponds with the
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minimization of the “action”

Aol) = /D dj@i(p) - log /D dpCi(p) — Ac /D 411 G3() log ()

o [ (i@(@—l)Q—Ao [ neie)- o) <0

A A
+ 713 dtdz h(t)(Pypij(x,1))2 + TK dtdz h(t)(Prgpij(x, 1))
D D

+ )\M/ dp (8,Ci() + Ujaj@i(SO))Q,
’ (14)

where the notation @;(y) is used to stress the fact that @; depends func-
tionally on the filters . Here the first line is the negative of the mutual
information and the constants Ao, A1, Ag, Ap, Ak, and s are positive mul-
tipliers. In the above formula, and in what follows we will use consistently
Einstein summation convention.

We notice that the mutual information (the first line) is rather involved,
and it becomes too cumbersome to be used with a principle of least action.
However, if we give up to attach the information-based terms the interpre-
tation in terms of bits, we can rewrite the entropies that define the mutual
information as

2
S(Y|X,T,F)—>—/du(ﬂ? and S(Y)—>—(/ @)
D D

Interestingly, this replacement does retain all the basic properties on the sta-
tionary points of the mutual information and, at the same time, it simplifies
dramatically the overall action, which becomes

Alp) :;</Ddl¢@i(90))2_)\20 Ddu@’?(w

)\ n—1 9
+ 3 Ddu(i;@i(so)—l) —Ao/Ddu@i(so>-[@i<so><0} "
)\p )\K

+ == | dtdx h(t)(Pepis)? + / dtdax h(t)(Prpij)?
2 D 2 D

A
+§”/Ddu (at€¢(¢)+vjaj@i(so))2a

We shall —form now on—assume that the fields @; are extracted by con-
volution, so that @;(z,t) = 1/n+ [ ¢i;(z — y,t)Cj(y,t) dy. In order to be
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sure to preserve the commutativity of convolution —a property that in gen-
eral holds when the integrals are extended to the entire plane—we have
to make assumptions on the retina and on the domain on which the fil-
ters are defined. First of all assume that X = [0..L] x [0.. L] and define
Xy :=[-L..L] x[—-L..LJ]. If the video has support on X, then it is conve-
nient to assume that ¢ has spatial support on X4; in doing so the commuta-
tive property of the convolution is maintained if we perform the integration
on X4. Hence, we have

1 1
Ci(z,t) = — + /X pij(x —y,t)Cj(y,t) dy = - +/ ©ij(y,t)Ci(x —y,t) dy.
4

n X4
(16)

In what follows we assume that D <« X4 x [0..T].
The Euler-Lagrange equation of the action arises from 0.A(p)/dp;j(x,t) =
0. So we need to take the variational derivative of all the terms of action

in Eq. (15). In the following calculation, we will assume that du(z,t) =
f(x,t) dx dt. The first term yields

)
/DCk dﬂ‘W/dZdeyf(sz)Sij(ny)Cj(Z_yaT)

_ /dz F )0z —at) - /dz dr de (2 7)o €, 7)Ch(z — £,7);
(17)

while the second term gives
51/ @ (2,7)f(2,7) dz dr —/ dz f(2,6)Cs(2,)C; (= — . )
5(,01']'(:13, t) 9 I k\~> ’ X ) 1\~ ¥ )

= [ag( [ d 100, - 2.0 - €0)pulé ). N

The variation of the third term similarly yields

3 [ ae( [ ase00 -2 00 -0 omienn

—/dzf(z,t)Cj(z—x,t).
(19)
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The variation of the terms that implements positivity is a bit more tricky:

g _ 5€k(z77—)
W /DCk: [Ck < 0] dp = W [Ck(Z,T) < O]f(Z,T) dz dr

/Ck 2,T) iksiz (;) ; O]f(Z,T) dzdr.

However, the second term is zero since
/ (2, 7)S[Ch (2, 7) < Of (2,7) dz dr — / dz dr A€ ppm (6, 7)C (2 — €,7)
(U deein(& O~ €7) + ¢ [ dgBon (€I~ £7) < )

~ 1 € pun&.TIConlz ~ 1) < 0).

The difference of the two Iverson’s brakets is always zero unless the epsilon-
term makes the argument of the first braket have an opposite sign with
respect to the second. Since € is arbitrary small, this can only happen if
J d€ @rm (&, 7)Crm(2—&,7) = 0. Thus in either cases the whole term vanishes.
Hence, we get

1)
W/D@'k-[@k<0]du:/dzf(z t)Cj(z — z,1)[@5(2,t) < 0]. (20)

Finally, the variation of the last term is a bit more involved and yields (see
Appendix A):

where
Eik(x, &, t) = /Ddz f(z,8)Ci(z — x,t)Cr(z — €, t);

I (2, €, ) = /D dz (F(2,)DuCy (= — 2, 6)Culz — &,1)

- 8t(f(zat)cj(z - SL’,t)Ck(Z - £7t)) (22)
+ f(2,t)Cj(z — 2,t)Ci(z — &, 1));

Tjp(x, & t) = /D dz (f(z,t)DiCj(z — z,t) DiCi(z — &, 1)
— 3(f(2,1)Cj(z — 2, 1)Ci(z — &, 1))).
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In doing all this calculations we have used the commutative property of
the convolution as stated in Eq. (16), if we had not done this we would
have obtained, in some cases, expressions with an higher degree of space
non-locality (i.e. with more than one integral over X4). Then the Euler- Euler-lagrange

Lagrange equations reads: integro-
differential

equations for
the cognitive

)\K-Pt*(h(t>Pt(Pij (a:, t)) + )\Ph(t)P;;ngDij (:U, t)
teylot) ([drdgaenonen -v) -5 [de ot Oont) e

local in time,

+vZ/d5c]kw£, £)pmi(&,t) — /\/dzfzt Cj(z — 2, 0)[Gi(z, ) < O ™ *Pace!

(23)

where ¢;(z,t) = [dz f(2,1)Cj(z — a,t) and ¢ (2,&,t) = [dz f(2,8)C)(z —
fE,t)Ck(Z—g, )

Temporal locality. From Eq. (23) we immediately see that the first term Approximate
in the second line of this equation is non local in time; this means that the 2nd adioint

. s . variable-based
equations are non-causal and therefore it is impossible to regard them as | i1 dc for
evolution equations for the filters . To overcome this problem we propose removing

two different approaches: temporal
non-locality.

e Enforce time locality by computing the entropy on frames rather than
on the entire life of the agent:

</D @i(x,t) f(x,t) dxdt>2 s /OT dt (/X @;(x,t) f(z, 1) dm)2,

e Define a causal entropy

si(t) = /Ot dT/deG’Z-(x,t)f(ac,t),

and insert in the action the time average of this quantity together with
the constraint that enforces this definition. In this way the entropy
term in the Lagrangian will be replaced with

/ dt+a/OTdt <si(t)—/0t dT/de@i(m,T)f(x,T))Q.
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e Define the same causal entropy of point 2. above but insert the deriva-
tive of the constraint that enforces this definition. In this way the
entropy term in the Lagrangian will be replaced with

;/Ong(t) dt—|—a/0Tdt (sz(t) - /de@',-(x,t)f(a:,t))2.

In this way the E-L equations that we derive are automatically local
in time.

For the moment we will develop the theory using the first assumption.
The variation of this term gives, as expected the local form of Eq. 17: ¢;(z,t)-

fdé- Ck(£7 t)%k(f,t)
Space locality. We showed that the Euler-Lagrange equations for our
theory are

A Pr(h(t) Prpij(z,t)) + Aph(t) Py Pypij(z,t)
+ [t loetalen - o
X

Adjoint
equations to
remove spatial
locality and
focus of
attention.

+ W(E]k(l’?ﬁ?t)a? + ij('r7£7t)at + T]k(x7£7t))]902k(£7 t)

+ sz_:l/X dg c?,g(x,g,t)@mk(g,t) — vej(x,t)

_ )\/dzf(z,t)Cj(z e )Gz ) < 0] = 0,

and as we can see the unknown fields appear inside a space integral. Now
we ask ourselves if it is possible to make this equations local in space so that
they can be regarded as differential equation.

We found that it is possible to do this “localization” exploiting a crucial
property of human vision: The focus of attention. Once we choose g, we
can choose a differential operator L such that Lg = 6.

Now if we define the adjoint function I';;(x, £, t) so that

LTy (,60) = s ey a6 ) = Ao, €.0) + (S (o, €.1)07
+ M2, &, 1)0 + Yjr(, &, 1)) | pin (&, t),
(24)
and the function Aj;(z, €, t) as a solution of
LAj(%,8,t) = M;Cﬁ(%ivt%@mk(&t% (25)
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we can rewrite Euler Lagrange equations as
Aic P} (h(t) Pupi(2.)) + Aph(t)PE Pagpij(,8) + Dy (. a(t), £) + Ay (@, a(t), £) — vey(a, 1)
— AR(t) / dz g(z)Cj(z — z,t)[C;(z,t) < 0] = 0.
(26)

Equations (24), (25) and (26) together form a system of differential equa-
tions.

Notice that the spatial function g that we used here to resolve space
non-locality is the same function that appears in the measure du; however
we could also have chosen a different function.

Softmax formulation and focus of attention. Normalization con-
straints in (00) can be automatically enforced in the definition of the fea-
tures; for example consider the following definitions:

Aat) = /X i 0C g, ) dy,  Cile,1) = oi(Ar(@, )., An(a, 1)),

where o;(z1,...,2,) == €%/ > ), € is usually referred to as the softmax
function. With this redefinition the therms on the action concerning the
information theory based constraints is automatically well defined, while the
motion invariance term can still be imposed on the convolutional activations
Ai (:U, t).

Notice that the motion invariance term as it is imposed in Eq. (00) try
to enforce the invariance of the features on the entire retina by imposing
constraints on the convolutional filters . Therefore this will result in a
mean effect since in general it is not possible to choose a single form of the
filter that accommodates all the possible motions that the video could have.
If we really want to impose a strong motion invariance we then have to focus
on one trajectory: The trajectory of the focus of attention a(t) and impose

that
dA;

0=
dt

(a(t),t) = B Ai(a(t),t) + Vo Ai(a(t), t) - alt).
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This formulation therefore it is based on the following action

1 2 A
ate) = ([ nes)" =% [ anes
A

+7P dtdxh(t)(chpij(x,t))2+)\7K / dtdx h(t)(Ppij(z,1))?
D D

A [T 2
+2/0 dt h(t) (9 Ai(a(t), t) + VaAi(a(t), t) - a(t))”.
(27)

This action (modulo the substitution @; < A; and the normalization terms)
can be obtained from Eq. (00) by setting du = h(t)d(z — a(t)) dxdt; however
in doing so also the penalty term that comes from the mutual information
is computed only on the trajectory of the focus of attention.

6 Multilayer architecture

As it has been discussed in the previous section even though it is possible
to extract visual features by means of a single convolutional layer, this kind
of architecture has some drawbacks...

Consider the action defined layers £ = 1,..., L, analogously to the theory
defined on one layer we will have the quantities gpfj(ac, t), Az, t), C(z,t)
with the understanding that CY(z,t) is the visual signal, or colour feature.

Now consider the following multi-layer cognitive action (written using
Einstein notation for both discrete and spatial indexes)

T
ALZ/ dtw(t)(Kso+KA+K0+U0+MA+V¢A+VAO),
0
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where (no sum over t)
1
2

+ ’Y«patsﬁfj(x» t)attSij(fU’ t) + nﬁwfj(x, t)akspfj(x, t));

Ko = 5 (ol (2,000 (2, 1) + BoOrel (2, 1)0rpl; (3, 8) + oy (@, 1) Dugel (v, 1);
1
Ka =5 (rad(z, ) Aj(, 1) + Bad A (w, )0, Af (w0, ) + aadu Aj (x, )0 Aj (1)

szHmdm@&mﬁ+&@%umadmw+wmdumm&mﬁﬁ

2
U = 3 o(2)CL w0 = " g(a) (Cha, 1)

My = %M(atAf(a(t),t) n 8kAf(a(t),t)dk(t))>2;
2
chA = g(.’L‘)% (Af($, t) - Spf](f’ t)cfil(f -, t)) ;

Vao = %g(w)(Cf(x,t) _ ai(Ae(x,t)))z.

Let us now write the equations of motion for the fields ¢, A and C.
The functional A" depends on ¢ only trough K, and V4 so the equa-
tions of motion for ¢ are

B) /T
—_— drw(t) (K, + V,a) = 0.

Assuming that ¢ vanishes on the boundary of the retina, and letting T =
{(z,t) e X x[0.T)|zeX,t=T}and T~ ={(z,t) e X x[0..T] |z €
X,t =0} we have that (no sum over /)

6AL 4 0 . 3 ¢
ol oy el (@, t) £ 2badier (. )
) ?

+ (Way + Wy — wﬂgo)@tz@fj(x»t) + (W — wﬁgo)atwfj(% t)
— 9() (A1) — €. 0CL (€~ 9.0)) CF )
- w%A@fj(% t).
Together with the boundary conditions that
O‘np‘Pfj(xa t) + ’YwatSij(l’a t)=0

3 ¢ L2 , ¢ on T
wao,0; ‘Pz‘j(xa t) — wa,0; ‘Pij(lf, t) + (why — w’ﬁo)at%j(%t) =0
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_OAY A0} AL (2, 1) + 200407 ALz, 1)
5 AL(z, 1) Z ’

+ (B — wBa) O A (x,) — wBad A (. t)

—wna DAYz 1) — Ay (w(t)&(a: — a(t)) oAz, t))
A () (5(:[,- — a(t))9p Az, t))dkdm

— Arw(t)dy (5@ — a(t)d, Az, t))dk(t)

+ (@) (Al 1) - (&, 0 € —w,1)

~9) (Chlat) - (4@ ) aAaw

With the boundary conditions
asAl(x,t) =0
! 1(3 z) . ¢ on T,
waadp A (z,t) — waad; Aj(z,t) + (wha + An)0i A (z, 1) = 0
Then finally

SAL

S wBe0;Cf (x,t) — wBedCf (x,t) — wne AC (x,t)
+9(@)g()CLE 1) = Aogl@)Cf (x,1) — g(y) (AL (1)
— Pl ECHE —y ) )l @+ .8) + g(2) (C(a,t) — (A (1))
With boundary conditions

whe,C(x,t) =0 on T,

7 Boundary conditions

8 Neural interpretation in discrete retina

8.0.1 One layer architecture

Up to this point we have proposed our theory as a field theory, we now Allocating one
consider the corresponding theory defined on a discretized retina X*¥. For neuron per

. . . . . ixel: Th
each point = of the discretized retina we then have a variable ;. (t). z::rs (pl_; )

are defined on
30 the quantized
retina X*.



Since all the terms in the cognitive action (except for the kinetic terms)
are expressed in terms of the feature field €;(z,t), so we need to show how
this fields can be written on a discretized retina X* = {(i,5) | 0 < i <
¢, 0 < j </} On a discrete retina we will have instead of the fields
@ij(z,t) a bunch of functions of the time variable ¢;;,(t), indexed by the
point on the retina x other than the filter indices ¢ and j. Similarly the color
field will be replaced by Ciz(t).

Using Einstein notation we have that the discretized form of the feature
fields is @’gm (t) = 1/n+ iy (t) Cr(a—y) (t), where the sum over y is performed
over the discrete retina X% Then for example the two pieces of the motion
invariance term becomes

0;@;(x,t) dise, @E () = @ity () Cho—y)(t) + Piky (£) Cr(z—y) (£);
0;C(w, 1) 5 AJEE (1) = iy () A Crayy (1)-

The term of motion invariance becomes a quadratic form in ¢ and ¢ since

Piky [gx(v : A(jk(xfy) + Ck(xfy))(v ’ AC(m(asfz) + Cm(xfz))(;zj] Pimz
+ ZSDiky [gx (U ’ ACvk(acfy) + Ck(xfy))cm(xfz)éij} ijmz (28)
+ Qbiky [gazck(x—y) Om(x—z)(sij] Spjmz

The other relevant terms of the theory (the entropy, the relative entropy
and the probabilistic constrains) are just a function V(p(t),1).

Notice also that because of the proposed factorization of the weight func-
tion f(z,t) = h(t)g(z — a(t)) the term g, in the discretized formulation is
also a function of time, and as it has been pointed out in Section 2. This
contributes to the time dependence that affects the coefficients of the differ-
ential equation that governs the evolution of the filters. However since g,
plays the role of a probability distribution over the retina it must be that
Y wext 9o = 1 for every t.

Before going on to describe the theory on the discretized retina we will
show how it is possible to linearize the indices of ¢ in order to deal with a
vectorial variable rather than a more complex tensorial index structure. In
order to be more precise in the construction we will split the retina index z
of ¢ into its two discrete coordinates x1 and xo so that the filters fields will
be identified by four rather than three indices. For the same reason when
considered necessary we will also explicitly write down the summations. As
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we have argued the first step towards discretization is

1
Ci(z,t) — ¢ = Z Z Pik(z1—&1) (wa—82) (E)Crer 6, ()
k=0 —£<& <L
2820
1
B ﬁ—*— Z Z Pikere2 (1) Cr(ar—&1) (wa—62) (1)
k=0 —£<& <L
—£<E <L

In Appendix B we show that the feature field can be rewritten as

Cﬂ **+qu(t L', (J)()
Jj€Ji

where ¢; are the linearized features and I'; the linearized input. The map
T, transforms appropriately j into another index depending on the point in
which the convolution is computed (see Appendix B).

The cognitive action then can be written with appropriate regularization
terms as

n—1

T 2 T A 2
Al(q) = A (q) + (/O dt h(t)gxagx(t)) +/O dt h(t) [?lgz (z; @ (1) — 1)
200 (@0 + g0 (€, (1) + kA1)

~ Mga @, (DIE%, (1) < 0],

where A%(q) is a suitable regularization term that we will discuss in the

following.
Let us now see how the action can be rewritten in terms of the variables
g. The motion invariance term becomes (see Eq. (28))

[ @S S (it a0+ Ja00x0a0 )

i=1jlcJ;
where the matrices can be expressed as:
Mje = gaPr,pPryr Nie = 92(Cr, () + 0eARL1, ()T, ), (20)
Oji = 9:(I'r, (j) + vk AkL'r, () (T, ) + 06 AR, 1))-

As it is explained in Appendix B, by a careful redefinition of these matrices,
we can transform the sum over J; as a sum over the entire set J (definitions
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of J and J; are also in Appendix B and they are essentially subsets of
{0,...,nm(3¢ 4+ 1) — 1}). Thus the motion invariance term is just

/Tdth(t) (1--Mh (t)de + q; N (£) 41 ()0 (1) (t))
. 2% Gi\U)de T g5V () qe 2(]] AN )

and from now on the range of the indices of repeated sums is intended to be
J.

Because of the way in which the problem is formulated, it seems natural
to chose as a criterion for the choice of the filters the minimization of the
functional Af. For this reason the regularizing part of the functional Ag must
be carefully chosen so that it does not spoil the coercivity of the functional,
but we need also to be sure that it will give rise to stable EL equations.

Coercivity and stability cannot be obtained with a regularization term
that contains only first derivatives in time (see [4]).

Aﬁ _ Tdh O"-2 B <12 . k 2
olg) = tht) | 5ldl" + 5 ldl" +7d- 4+ 5ldl
0
. i} N
a, .. B, . Y. a2 k9
= [ dth(t) | =|d*+ Z|qf* + = = .
/0 ()<2|q| +2|Q| +2(Q+Q) +2|q|)

All the other terms can be discretized as well (see Appendix B for the Cognitive

details) so that the action as a functional of the gs reads action in its
linearized form.

# = T 2 T a9 5.2 . A b -
Aty =3 ([ den 3 ba) 4 [ aen(Git + Glal +ad-a+ a0
i=0 /0 jed; 0
1
+ g - N%G + 0 (k — AcM* + MM + M\ 0%)q
1—A
+ Cb'q+ws(t,q)),
(30)
where «, 3, v, k, Ay, A1 and A¢ are real positive constants while
bj(t) == Z 9L, (5
rzEXH
n—1 1 1 (31)
ws(t,q) =D D g (ﬁ +> QjFTz(j)> [Z L1, k) < _ﬁ]'
1=0 xeXﬁ jEJZ' keJ;
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Then if we formulate our minimization problem on the set K := {q €
H?(0,T;R") | ¢(0) = ¢°,4(0) = ¢'} under the assumption that A is limited
in the interval [0..7], and that we can choose k big enough so that the
quadratic term in ¢ in Eq. (30) is positive definite, we can prove that the
minimum of the functional A* on the set K exists (the apparently dangerous
linear term in ¢ with possible negative coeflicient can also be controlled with
the regularization term k/2|q|?).
If we also make the entropy term local in time we get

) = [ atn( 1P+ L1 i+ Mg Mo+ g N

(q) = |t Slal” + Sl +9G- ¢+ =74 Mg+ Amq - N¥q
1

+ 54 (k+ B — A\cM* + MM + Ay 0%)q (32)

1- )¢

beq+wi(t.q)),

where Bj; = bjb;. As it is remarked above the minimization problem takes
place in the convex and closed set K and then in order to evaluate the first
variation of this functional we need to take as a varying function v € V =
{v e C>®(0,T;RF) | v(0) = ©(0) = 0}.

The differential E-L equation for the whole functional thus reads:

ag® +24¢® + (& +4 — R)j - (1—% A AN 4 AM(NH)’> g

- ((]\;7“)’ - 15) q+

Cb+ Vaws(t, q) =0,
(33)

n

here P := k + Bf - Ao MY 4+ MM + 2\ 0%, R =5+ A MB and we have
used the notation f = hf (so that for example & = ha).
In deriving equations some conditions arises naturally at ¢t = T":

aG(T) +44(T) =0
aq®(T) = &4(T) + (B + A M* = A)d(T) + A (N (T) = 0

This is in fact a system of second order ODE’s with non-constant coefficients.
An interesting special case of these equations is that obtained with a null
signal C' = 0. With this assumption our equations become

aqW +24q®) + (& +4 = B)i+ (3 = B)i+ ka = 0.
Now assume that h(t) = e, with # positive, then

aq® +20aq™ + (0*a + 0y — B)i + (0*y — 08)i+ kg =0.  (35)
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In order to see whether this equation can be stable we need to apply the
Routh-Hurvitz criterion. For a fourth order ODE ¢® +aq® +bj+cg+dg = 0
this criterion reduces to check if a > 0, b > 0,0 < c < aband 0 < d <
(abc — c?)/a? that in our case means that

B

a>0, >0, k>0 y>, 0 <o BB —0(y+20)]

4k

(36)

So for example if we choose « = 1/2, v =2 and § = f = k = 1 we obtain
a stable equation. This being said it is also crucial to notice that we have
control over the important parameter of the theory 6 as long as you choose
the regularization parameters carefully. Also k£ can be chosen large enough
to overcome the negative contribution of the conditional entropy and to
make the overall term positive definite.

We are now in condition to address most of the questions raised in Sec-
tion 2.

Addressing Q1,...,Q8. The expression of the minimum of the cogni-
tive action leads to computational laws on visual feature in convolutional
networks that very well address the questions Q1, @2, @3, Q4. The theory
shows that any visual agents — including animals — can conquer visual skills
without requiring (Q1) “intensive supervision.” In particular, the Euler-
Lagrange differential equations that dictate the agent life only process visual
streams without any supervision, so as they represent a fully-unsupervised
method of feature extraction. The agent interaction with the environment
can, later on, at different stage of development, benefit from a number of
different forms of supervision that can refine the features developed accord-
ing to the proposed scheme. Unlike most approaches from machine learning,
here the role of time is of crucial importance (Q2). Interestingly, it becomes
clear what is the effect of shuffling video frames (Q3), which is likely to be
also a “cul de sac” for humans! Finally, the given laws of feature devel-
opment inherently operate at pixel level (Q4) so as to support a primitive
of vision that is clearly available in humans. The discussion on the role of
motion invariance also indicates the reason why we need distinct feature
models depending on the visual purpose. In particular, motion invariance
turns out to be useful for recognition tasks, whereas such a property must
not hold for neurons involved in motion control of the agent. This addresses
question @5 on the reason why human visual cortex is in fact composed of
two different systems, namely the ventral and dorsal mainstream. The spa-
tial non-locality of the Euler-Lagrange equations discussed in the previous
section (23) suggests that efficient solutions cannot be discovered without
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making assumptions on the convolutional filters. Interestingly, the introduc-
tion of adjoint variables makes is possible to remove spatial locality. This is
especially interesting when the Green function is chosen as the g functions
of the probabilistic measure. Clearly, it is a peaked bell-shaped structure
of g, centered on the point of focus of attention a(t), that leads to discover
peaked filters. This arises from simple arguments: in case of peaked g the
convolutional net only needs to react to pixels close to the focus of attention
and the spatial regularization does the rest. Hence, neurons that are based
on receptive fields become the natural solution and, consequently, we can
also interpret the reason why the ventral mainstream is organized according
to a hierarchical architecture ((?6). At the same time, also a natural answer
arises on the reason why do animals with very good visual skills typically
focus attention (Q7). In particular, animals with foveal eyes they perform
complex movements with the main purpose of locating informative regions
of the retina. At the light of the theory proposed in this paper, the factor g
that is used in the ergodic translation of the probabilistic measure du plays
a crucial role defining a system dynamics to address (Q6) and (Q7). Overall,
the role of focus of attention is crucial to provide a good measure of visual
informativeness. On the other hand, it turns out that the peaked filters are
updated only in reasons that are close to the area of focus, which dramati-
cally simplifies the learning process, since this leads to remove the inconsis-
tencies deriving from the presence of multiple weights updating. In a sense,
focus of attention is a mechanism that separates learning and inference; the
weight updating takes place on where we focus attention, while inference
clearly takes place all over the retina. Clearly, any post-aggregation scheme
can use the measure g connected with the focus of attention of measure the
“global presence” of a certain feature/object in a given frame.

9 Boundary conditions and causality

We have seen that the batch-mode approach is motivated by the property
that, under appropriate conditions, the cognitive action is convex and admits
a unique minimum. This holds true when boundary conditions (34) are
imposed. Interestingly, these conditions are verified in the simple case in
which

q(0) =0 (37)
§(T) = §(T) = ¢*N(T) =0 (38)
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Clearly, the conditions ¢(0) = 0 and ¢(0) = 0 are also a natural choice; in
particular, from the first one we conclude that Vo € X :  @;(z,0) = 1/n.
Throughout the paper, these are referred to as the “relaxing boundary condi-
tions.” Now, if we want to gain causality we need to impose that the optimal
solution is one which is independent of the time horizon. Suppose we want
to discover a solution g over [0..%s] such that, once restricted to [0..%;] is
the same as the solution over [0..%;] for any to > ¢;. For this to happens,
we can promptly see that Euler-Lagrange equations to be used for solving
the problem over [t; ..t2] do require to be initialized according to Cauchy
conditions on t;. This arises when considering that as to — ¢; the above
boundary conditions for the solution over [¢; .. 2] collapse to Cauchy condi-
tions. Clearly, forcing the initial conditions is not necessarily consistent with
searching the minimum under boundary conditions (34). The consistence,
however, can be gained whenever we conceive a novel learning scheme which
corresponds with a temporal deformation of the given Lagrangian. Let us
focus on the special case in which the boundary conditions (38) are im-
posed. In order to guarantee the consistency with Cauchy initial conditions,
one needs to ensure the fulfillment of the condition on the derivatives of ¢
on the right border, which can be if we upper bound the values of ||¢(¥|.
This is made possible by the very special nature of the video signal C if we
scale it up and down, we do not change the associated information. Hence,
If 0 < p <1 then Cp = pC carries out the same information as C. However,
notice that as p — 0, because of the retina sensibility, the signal is lost.
When quantizing CY, information loss is due to the limited number of bits
used to represent C'. Now, let €1, €9,€3 > 0 be derivative thresholds to en-
sure that we follow a learning trajectory that is mominally compatible with
the relaxing boundary conditions (38). Basically we assume that, instead of
feeding the machine with signal C, the input is Cy defined as

3
Cy = [Ilei = lg1 > 0] pC (39)
i1
3
p=n(t—p) [T = lla™)+, (40)
i1

where ()4 = [a > 0]a and p(0) = 0. We can easily see that the p dynamics
is comsistent with 0 < p < 1. Likewise, the learning trajectory that is
nominally compatible with the boundary conditions since we always have
4]l < €1, ||d]| < e2 and [|¢¥]| < e3. This holds true because of the “night
relaxation dynamics” in case in which Eq. (35) is stable, that is guaranteed
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when choosing a set of parameters that satisfy the conditions (36). As any
of the conditions ¢; — ||¢?|| > 0 is violated, the threshold ¢; is reduced to
Ce;, that is €; + (¢;, with 0 < ( < 1, so as to carry out a sort of hysteresis
process. We can easily that the time the agent is sleeping at night is strongly
depending on (. Its choice contributes to define the duration of a relaxation
behavior until until |¢*)| > Ce; holds true. As the condition is met the
threshold ¢; is restored in Eq (39). The overall dynamics guarantees that
Ce; < ||g?|| < €. To sum up, when ¢; is small enough the learning trajectory
that is driven by the Cauchy initialization evolves is always kept close to
the boundary conditions on the right side of the interval. This guarantees
that the learning problem formulated as the minimization of the cognitive
action is solved on any interval, regardless of its length. In a sense, there
is no difference between the learning and test; the agent simply lives in its
own learning environment by optimizing the cognitive action, that is in fact
expressing the constraints to be satisfied.

Addressing Q9: blurring in newborns. As already noticed, while the
transformation C' — Cj = pC' does not destroy information in the continuum
setting of computation, as the video is quantized, no matter how many bits
we choose, for arbitrarily small values of p the signal C} can be significantly
blurred. Interestingly, the above computational scheme, which is dictated
only by mathematical requirements of satisfying the boundary conditions,
is what happens in newborns during their evolutive process of vision acqui-
sition. It is worth mentioning that the scale transformation C' — Cp, = pC
is not the only one which supports a system dynamics that is nominally
compatible with the boundary conditions. If the signal C' undergoes a spa-
tiotemporal low-pass filtering computation we end up in conclusions that the
correspondent dynamics is very similar to those driven concerning Eqs. (39)
and (40). Notice that video blurring, which induces a deformation into the
Lagrangian favors the development of a technically sound solution and it is
at the same time fully compatible with the problem of learning in visual en-
vironments. The reason is that humans and machines must do their best to
extract visual cues also in presence of fog or in dark environments. Hence, a
learning process focussed on information extraction in case of blurred video
turns out to be useful for the kind of visual skills that are ordinarily required.
A strong property that is acquired by visual agent carrying out a learning
trajectory that is nominally compatible with the boundary conditions is that
they are causal agents. This is straightforward consequence of the fact that
the conditions (38) are nominally verified at any time of the agent life. The
causality of the agent is of crucial importance for the learning process, since
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causality has important consequences on statistical consistency. The last
but not the least, the described blurring process plays a crucial role to make
the Euler-Lagrange differential equations of learning very-well conditioned.
Again, this is in fact a consequence of imposing a learning trajectory where
the derivatives of ¢ are upper bounded with small values. This allows us to
set up a numerical framework with strong precision and, at the same time,
with limited computational burden. This is also gained because of the lim-
itations on [|¢¥|| and it is clearly an important feature in computer vision.
An accurate analysis on the dynamics of p clearly indicates that the choice
of n plays a crucial role. One very much would like to synchronize the end
of blurring with the end of learning, that must be somewhat connected with
the statistical structure of the given visual environment. It looks like that
there is no clear way of perfectly performing such a synchronization. The
main reason is that we are in front of complex dynamics driven by the video
signal that are likely hard to catch. This analysis addresses directly item
Q)5 raised in Section 2.

Addressing Q10: day-night rhythm. Interestingly, the described re-
laxation process is just a way to give up looking for a magic blurring process
and rely, on the opposite, on a strategy that guarantees built-in satisfaction
of the boundary conditions. Eqgs (39) and (40) draws an intriguing picture
that very much reminds us of the day-night human alternation rhythm. In-
terestingly, the idea of following a trajectory that is glued to the boundary
conditions naturally leads to segment the agent’s life into days and nights.
While the video processing takes place whenever €; — ||¢®|| > 0, the viola-
tion of the condition corresponds to the agent sleep phase where relaxation
takes place. Clearly, the day-night alternation rhythm depends strongly on
the choice of (. Interestingly, there is no special reason for assuming that it
must be kept constant during the agent’s life; other objectives could drive
a different decision. In addition, notice that the agent’s relaxation results
in a truly sleep in the sense that the agent, unless you do not waked it up,
cannot process visual information upon request. Interestingly, this gives the
agent a truly human-like behavior, that pairs with the common framework
of learning under video blurring.

The overall process dynamics is also dependent on other remarkable
choices. In particular, the analysis carried out in this paper focuses on
a special choice of function h (e.g. e%). Its consequence is that for an
effective generalization process to take place one needs to establish a very
slow dissipative processes to guarantee that the weighting term A does not
penalize too much back in time. This is of crucial importance in order to
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give the agent the capability of storing enough information for its decision.
This analysis addresses directly directly item Q6 raised in Section 2.

10 Discussion

This paper is about information-based laws of visual features, that are de-
termined under the principle of Maximum Entropy. Unlike most machine
learning approaches to computer vision, here we assume that the agent
which performs feature extraction lives in an “wild visual environment,”
and processes video streams instead of huge image repositories. Amongst
the constraints imposed in the convolutional-based feature generation, mo-
tion invariance does represent the major distinctive idea.

It is pointed out that all other invariances, that are typically considered
in models of computer vision, turn out to emerge naturally from imposing
feature motion invariance. In a sense, imposing such an invariance corre-
sponds with the natural exploitation of a huge amount of supervised infor-
mation from nature, which invites us to propose a coherent labelling for
moving pixels of a certain object. The proposed theory makes it possible to
learn the filters of convolutional nets by solving differential equations that
can be regarded as information-based laws of feature extraction.

The proposed computation model arises from the minimization of an
appropriate set of constraints that is expressed by the associated cognitive
action. The Euler-Lagrange equations of this action return a trajectory that
is the minimum of the action under boundary conditions that impose the
vanishing of the derivates of the filter parameters. The differential equations
of the trajectory has forth-order and turns out to be the simplest model
which can simultaneously guarantee the minimization of the action and the
asymptotic stability.

A fundamental result on the proposed theory concerns the structure of
the companion differential equation which carries out the blurring process
as well as the day-night rhythm cycle. This drives the trajectory towards a
system dynamics which guarantees that the initial conditions for the differ-
ential equation are consistent with the boundary conditions.

According to the general formulation of the theory, the optimal solution
requires to disentangle the puzzle of Euler-Lagrange equations that take
the form of integro-differential equations with non-locality in both time and
space. While one can get rid of time non-locality in different ways, in order
to disentangle spatial non-locality it is shown that focus of attention is a
natural solution that dramatically reduces the computation burden.
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The theory opens the doors to a truly new computational framework Addressing the
for computer vision, where convolutional nets can learn visual features sim- "

. . . . .. . . questions” on
ply by acquiring visual data with no supervision. In addition to this new . emergence
applicative perspective, the theory addresses the “ten questions” on the of visual
emergence of visual perceptual skills in both humans and machines. Inter- perception,
estingly, many biological solutions of evolution are naturally explained by regardless of

the proposed framework, which suggests that they are themselves driven by the nature of

the agent.
information-based laws. There a number of on-going studies that emerge
from the formulation given in this paper:
e Optical flow equation as another Lagrangian coordinate
In the paper we have assumed that the optical low is given. Following
the basic idea of brightness invariance ([10]) the velocity in any pixel
x at time t satisfies the condition C(z(t),t) = ¢, where ¢ is a real
constant. Hence we need to satisfy the constraint
0:C 4 v;0;C = 0.
This constraint can be associated with the penalty
2
/ d,u(atCJrvjajC) .
D
Once this is added to the cognitive action, we are in front of a new
problem with the additional Lagrangian coordinates v;. As suggested
in ([10]), it is also opportune to introduce a regularization term so as
to obey to the parsimony principle.
The

Interestingly, one can start computing the velocity field by focussing reinforcement
only on the terms of the action that involves the corresponding com- |o0p for optical
putation. As this is available, it can be used for feature extraction as flow and
described in this paper. However, it is clear that one can benefit of feature

a positive reinforcement of the estimations of the optical flow and of computation.
the visual features. Once the features have been determined on the

basis of a given optical flow, we can optimize the overall cognitive ac-

tion again so as to refine its estimation. This is quite reasonable: it

means that whenever, we have a cognitive mechanisms for attaching

labels to moving objects, those labels clearly facilitate their tracking.

Basically, tracking and recognition becomes two cooperating processes

that mutually benefit by a virtuous circle of interactions. However, it

interesting to notice that the optical flow can be determined regard-

less of feature extraction with good approximation. The described
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process somewhat obeys to general principles pointed out in develop-
mental psychology concerning the the presence of stages in cognitive
processes taking place in children (see e.g. [12, 19]).

e Integration with eye movements

A similar mutual benefit can be experimented when pairing the com-

putation of the trajectory of the focus of attention with the process

of feature extraction. A recent study on eye movement ([25]) is in

fact based on the variational same principle invoked in this paper and,

therefore, a natural pairing is possible. In particular, instead of adopt-

ing the proposed way of modeling the peripheral vision, we can modify

the “curiosity field” that only depends on the gradient of the bright-

ness with an appropriate enriched field that takes into account the

features extracted at (z,t). In so doing, instead of modeling the local The

details only, this new field turns out to depend also on the context of reinforcement

. . . . loop of focus

the pixel and can properly model peripheral vision processes. Clearly, ¢ o . 0
like for the optical flow estimation, there is in fact a looping process and feature
that can yield a benefit in the process of feature extraction. computation.

e Learning in layered architectures
The variational analysis carried out in this paper for the optimal ex-
traction of visual features provides yet another remarkable support to
the need of hierarchical organization in neural computation. It has
been shown that only deep nets can efficiently discover features also in
the fully unsupervised framework proposed in this paper (see question
Q6). Tt has been pointed out that different layers extract additional in-
formation simply because of the natural receptive field structure of the
filters that is derived from the need of local equations. Interestingly,
once we realize that shallow nets cannot afford to solve the problem
efficiently, we can start thinking of a deep net since the beginning and

propose a different formulation.

_ . . Feature
Suppose we add a layer on top of @, so as € = @21 x ¢. In this encoding with

case, we have two unknown filters ¢ 9 and p2,1. We can reformulate geep nets.
the problem of learning @10 and @21 by composing a new cognitive
action, where we add the new constraints @ = 1 0xC and €' = ¢ 1 %C.
In so doing, in addition to the the unknown filters 10 and @21 we
also involve the variables ¢' and €. Of course, this way of enforcing

constraints that express the deep net model can be extended to any
depth.

e Introduction of the purpose of the agent
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While the feature extraction process described in this paper has a truly
unsupervised nature, we can think of environmental interactions that
provide fundamental information for the achievement of a specific task.
For example, as already pointed out, navigation in the environment
and object recognition are remarkably different. In humans and pri-
mates this corresponds with a separate computational process taking
place in the dorsal and ventral pathways. Interestingly, the variational
framework described in this paper need not to change to acquire skills
driven by a certain purpose. We need to compose the appropriate
cognitive action to properly model the agent environmental interac-
tion, but the main learning structure that emerges as Euler-Lagrange
equations is the same. In particular, the overall learning process based
on the video blurring and day-night rhythm is still at the basis of the
satisfaction of the boundary conditions. The previous remarks on the
way the optical flow and also the eye movements can improve during
the acquisition of visual features indicates that, again, the learning
process must be driven by developmental phases. This means that the
unsupervised process described in this paper must be carried out un-
til good features have been developed and, only later on, higher level
linguistic tasks must take place. Of course, this can be driven by fo-
cussing of attention mechanisms that simply ignore complex linguistic
tasks until low level visual features have been developed.

Statistical connections Most of machine learning algorithms are devel-
oped in the framework of statistics, so as the achievement of good gen-
eralization is strongly connected with the appropriate selection of the
samples to be used for learning. The approach to learning discussed
in this paper does not rely on a training set, but on the formalization
of the life of the agent in its own visual environment, so as there is
no neat distinction between training and test sets. Clearly, we need
to devise a different way of capturing the consistency of the learning
process that is not necessarily driven directly by statistical principles
that rely on sample complexity analyses. Interestingly, in the case of
asymptotically stable Euler-Lagrange differential equations and of al-
most periodic[3] video signals we conjecture that the formulation given
in this paper allows us to establish close links with classic statistical
assessment. This is due to the minimization property of the action
that has been derived in this paper and to the causality of the agent
that derives from the blurring process.
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o Fnergy analysis While the day-night rhythm alternation, along with
the associated relaxation phase is technically sound, one promptly re-
alizes that in order to gain visual concepts, the agent needs to develop
a filter solution ¢ that, after a certain learning period, ends up into a
stable point at the beginning of every day. This is fundamental in order
to guarantee a consistent scheme in response to visual stimulus. How
can such a configuration be reached? Clearly, the filters are daily up-
dated beginning from the agent birth. The given computational laws
of learning, that include video blurring and the day-night rhythm al-
ternation indicate that the filter updating is quite robust and proceeds
with a velocity that very much depends on the monotonic function h,
which plays an important role in stability. We conjecture that the pro-
cess of building the convolutional filters is in fact one which dissipates
energy to construct ordered configurations, driven by the video stream
regularities. The general analysis given in [4] could be used to explore
this conjecture.
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Marco Maggini, and Marco Lippi on the notion of developmental visual
agents http://dva.dii.unisi.it/. We also thank Marcello Pelillo and
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Appendices

A Variation of the motion term

We will show in some details how the variation of the motion term wy, (¢)
[ dzdr f(z,7)(D:Ck(2,7))? gives Eq. (21). For compactness we let d/dt
Dy, then

Owm(p) :/ dzdrd§ f(2,7)DrCr(z,7) D (C(2=& 7)rm (&, 7))-

6g0¢j(a:,t) (5(,01‘]‘(.% t)

now using the property 6/6u(z) [ dy A(y) = — [dy A(y)é(x — y) (valid
under the assumption that in doing the varlatlons all the boundary terms
are zero) we have

M /dz [f(z,t)Dt@i(Z,t)Dth(z —x,t)

dpij(,t)
— 0u(f(2,t)Cj(2z — z, 1) DyCy(2, 1))].

We can rewrite this variation in terms of the filters ¢ using the expression

for Dy@i(z,t) = [ dy [0xpij(y, )Cr(z — y, t) + pir(y, 1) D:Cr (2 — y, 1)]:
/ dzdy { F(2,1) [0r0i (1, 1) Cilz — y, 1)
+ ©ik(y, t)DiCr(z — y, 1) DyCj (2 — x,t)
— O [f(2,)Cj(z — x,t) (Orpij (y, ) Ci(z — y, 1)
+ oy, ) DiCi(z — 4, 1)) }.

Then expanding this expression we obtain
5‘(5;% ; / dy / a2 f(2,1)Cj(= = ,)Ch(z — ,1) ) OB pin(y, )
/dz f(z,t)DiCj(z — x,t)Cr(z — y, t)
= O (2 )0z — 2, )Clz = 3, 1)]) Drpin . )
+ (/dz f(z,t)DiCj(z — x,t) D C(z — y, t)

— O f(2,t)Cj(z — x,t) D Ci(2 — v, t)])%k(yi)},

which is exactly the same expression of Eq. (21) once we define A, B and C
as in Eq. (22).
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B Linearization

Let us now define the sets

I=1{ijkl|i,j,k,1€N, 0<i<n, 0<j<m, L<k</l (<1<}
I=1{ijkl|i,j,k,1€N, 0<i<n, 0<j<m,0<k<2,0<I[<20}
It ={ijkl|i,5,k,l€N, 0<i<n, 0<j<m,0<k<300<1<3(}

together with the map 7, defined by (i j k1) = ij(k + £)(l + £). This map
clearly is a bijection between I and I with the obvious inverse 7_,. The
proper linearization is achieved through the map r: It — J* ={0,..., N}
with N = nm(3¢+1)2 - 1

i, J k l
rGijkl)y=1" " 7

. . 2 . . 2
n, . 3041, 304 1 =1+k(B0+1)+7(30+1)"+i(304+1)"-m.

And since this is a mix-radix system with bases 3¢ + 1, m and n (see [14]
page 208) 7 is bijective and to map a number u € J* back to I one just
have to apply the traditional division algorithm with slight modifications
(the precise algorithm is explained in exercise 2 page 327 of [14]). Let us
also define J = r(I).

Given the maps ¢;jp: RT — R, t — ¢;;1(t) for each j € JT we can
define the map ¢;: R - R

t q;(t) == or_ 105y (1)

Similarly for the color field maps Cji: RT — [0..a] with a < oo defined
by t — Cjii(t), we first extend, for every 0 < i < n, to a three index
object C’ijkl(t) = Cji(t) and then we define for every j € J* the function
Ij: RT —[0..q] so that

t— Fj(t) = C-r,g(rfl(j)) (t)

With this definitions we can now rewrite C’fx in terms of the new functions
q and T'; we have:

m—1
Y D Cinte-0E-01)Cinar—1+0) @240 (1)

k=0 0<g& <26
0<g;<2¢

@ (t) =

T

SRS

=

m—

Y Y erkeren) DCr (kw1 —e1+20) ws—e2+20) (E)-
k=0 0<&;<2¢
0<£2<20

S|
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Then if we now define v, (ijkl) :=ij(x1 — k + 2¢) (x2 — | + 2¢) from the
definition of ¢ and I" we have that

1 m—1
o ——
Cialt) =~ + Y7 ke T reen) (t)-
k=0 0<&1<2¢
0<&;<2¢

Notice that r(y.(i k& &2)) is well defined since 0 < z; — & + 2¢ < 3¢ for
i = 1,2 whenever 0 < z; < £ and 0 < & < 2{. Moreover if we set J D
Ji={jeJ|ri(j)=ikaB, 0<j<m,0<a<2(,0<p<20}) for
1 =0,...,n — 1 then we finally have

@ (t) = % + ) g (T35 (1),

JE€J;

where T,(5) = r(7.(r71(j))). Notice that for any j € J we may have
T.(j) & J, however we always have that T,(j) € J* and therefore we may
think of T, as a map between J and JT.

We will now show how it is possible to rewrite each term of the cognitive
action in terms of the new variables ¢;. Before doing this let us collect
the relevant variables for the feature extraction into a vector: Let ¢ :=
(Qiy s gy - -, Giy,), where i3 < iy < --- < i, are the indices that form .J,
ie. J = {i1,i2,...i5} with i; € J*, and L = nm(2¢ + 1)2. This vector
naturally defines a map ¢: R™ — R%. Moreover we will assume that matrix
multiplications and scalar products are computed summing the indices of J:
(Az); = ;e iz and a-b= 3 . ;a;b;.

Let us begin with the entropy term

2 isc i, r 1 2
(/Ddﬂ@i) dise, _ (/0 dth(t) gx(;+ijfn<j>)>
i=0 e Xt

JjeJ;

1 2 (T (/" ?
:n+n/o dthb-q+;</ dthzbﬂb‘),

0 JjeJ;

where we have set b;(t) := > c vt gL', () and b= (biy, by, ..., bi ).
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The conditional entropy instead gives

isc — T 1 ?
/Ddu(gg disc, ;)/0 dt h(t) Z 9 (5 + quFTac(j)>

zeXH Jed;

12 7 ’ S
:+/ dthb‘q+/ dth(t)Zqu'MjeQZ

n n
0 0 i=0 jLeJ;

1 2 T T
:+/ dthb-q+/ dt h(t)q - MPq
0

n n 0

where My = > cx: 921, (jyI'1,1) and we have introduced the following
notation: Given a matrix () over the indices of J i.e. given the numbers Q) j;
with j,1 € J we define Q% such that (Q*);; = Q;; - [j and I € Ji, for some k.

. -1
In this way Z?:o Zj’leji 4 Qiq = ZNGJ QjQE‘ZQl =q-Qq.
The motion invariance term is already discussed in Section 7.0.1, so we
can move on to the probabilistic constraints.

/Dd# (2102 - 1) dise, /OTdth(t) > gx(nZlZ%FTz(j))Q

zeXH 1=0 jeJ;
T
- / dt h(t)q - Mg.
0
The sign term instead gives:
" T
/ dp @@ < 0] =5 [ dt h(t)ws(t,q)
D 0

where

n—

wiltd) =3 Y a5+ Y aini) [ @l < 3

1
=0 ze Xt JjeJ; keJ;

Therefore the action in the discretized formulation becomes

n—1

T 2 T a /B )\
_ o Qo P AM g
A(q) »g()(/o dthéJ b]qj> +/0 dth(2|q| + 2|q| + 5 4 M4
i= J€J;

1
+ Anq - NG+ 0" (k = Ae M+ MM + M\ 0% g
1- )Xo

+ b-q+ws(t,q))~

(41)
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Also if we approximate the entropy term as suggested in the first point at
the end of Section 5. With this substitution the only change is that the first
non-local term in Eq. (41) that becomes

1 n—1 T 2 1 T n—1 1 T
22/ atn (> bja;) —2/ Yy qujblq,—2/ dtq- Bfq,
i=0 /0 JE; 0 i=0 jleJ; 0
where Bj; = bjb;. So the action becomes
T
o . B,. AM . . .
At = [ aen (G + Sl + 200 M+ g N
0
1
+ 50 (k+ B = A\cM* + M\ M + A\ O%)q (42)
1—-)A¢

+ b'q+ws(t,q))-

If we let k + B — )\th + MM + MO = P, B+ Ay M? = R and we use
the convention that f = fh, we can rewrite the action in the more compact
way

TG 1 o N S
Alq) = dt<§|fﬂ +5d- Ra+ g N+ 5q-Pq
0

(43)
1—A
n C

b- Q+ws(th))'

C Variation in the discrete

Let us consider the first variation of the functional in Eq. (32). Actually
since the variation of the second and third line of that equation is immediate
let us just focus on the variation of the first line and define

. )

Q.. B, . . AM . Ay N

Al(‘]):/ dt (§|Q|2+§|Q|2+’YQ'Q+7;\4Q'MHQ+/\MQ'NHQ)
0

Let ¢(s) = Aj(q+ sv) for any v € V, then the first variation in the direction
of v of this functional is of course /(0). Then:

T
¥(0) = /0 dt {(&G+4q)- 5+ [(B+ e ME)G+AG+ A (N*) gl -0+ Aar NG}
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Now we start integrating by parts and we repeatedly use the fact that if
v € V, then v(0) = ©(0) = 0, then we get

¥'(0) =[(6d +4d)0 + ((B+ A M*)q + 44 + A (N q — (66 + 50))v]
T
+ /0 {64 +4)" = ((B+ AuM*)q + 4G+ Mr(ND'q) + AN} v

The E-L equations are obtained when we impose 1'(0) = 0 and since we can
always chose a variation such that v(7") = 0(T") = 0 using the fundamental
lemma of the calculus of variations

aq® +24¢B3) + (G +4 — B — A MP)§

. : . . : (44)
+ (5 = B = A (M + (N*) = N%))G — Ay (N*)'q = 0,

Putting back the E-L equations into the expression of the variation we also
obtain the appropriate boundary conditions

GG (T) +4d(T) = 0;
6q®(T) = 4d(T) + (B + Ay M* = 3)d(T) + A (N (T) = 0.

Notice that when the input is zero at t = T, then the second of this condi-
tions reduces to ag® (T) — &G(T) + (8 — 4)¢(T) = 0 which does not involve
the value of ¢ at T" but only the values of its derivatives.

In order to complete the variation of the functional in Eq. (32) we have
to add to Eq. (44) the term (kI + B" — A\cM® + M\ M + Ay O%) g + =2¢h +
Vqws(t,q). This means that, referring to Eq. (3) the coefficients has the
following form:

A =% (45a)
h  vh B A,
Bt)=~+-1 -2 _ My, 4
(t) h“+ oh “a o (45b)
_ b Bh Amh Am e oy Ay,
Clt) = 5 — — = =om = S (M + (N — N¥); (45¢)
)\Mh )\M k Bh )\C /\1
D(t) = =222 (NBY (N Y+ S+ M D
(t) o NV (0T = (V) + — o+ — +a(, |
45d
1—A 1
F(t.q) = —"Cb+ —Vus(t,q). (45¢)

The matrices M, N and O are defined in Eq. 29, the vector b and the
function w; are instead introduced in Eq. 31 and Bj; = b;b;.
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