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Description
Title of Invention: "Brain-computer interface system suitable for
synchronizing one or more nonlinear dynamical systems with the
brain activity of a person"
Field of application of the invention
[0001]

The present invention finds application in the field of the so-called "braincomputer interface systems" or "brain-machine interface systems", i.e., systems
suitable for receiving as input physiological signals associated with a person's brain
activity (such as electroencephalographic or near-infrared spectroscopy signals) in
order to process said signals and extract from them one or more commands for other
actuation devices (for example, a robotic arm).

[0002]

The systems of this type are typically used to help people with motor and/or com
munication disabilities interact with the outside world. In particular, the braincomputer interface systems, when combined with appropriate devices, allow these
people to overcome, at least in part, their motor and/or communication limits by
performing one or more actions that, otherwise, would be precluded to them (for
example, due to damage to the brain or spinal cord).

[0003]

The systems of this type can also be used to determine the level of alertness and
reactivity of a person driving a vehicle, in order to detect the onset of sudden
drowsiness.

Overview of the prior art
[0004]

Current brain-computer interface systems include, first of all, one or more devices
suitable for acquiring physiological signals associated with a person's brain activity,
such as an electrode of an electroencephalograph. The electroencephalographic signals
are amplified, appropriately filtered and sent to a suitable extractor to extract from the
same characteristics relevant to the classification of the brain state of the person from
whom the physiological signals were acquired. Said characteristics may consist, by
way of example, of univariate parameters such as the amplitude in a certain frequency
band and/or in bivariate parameters such as the synchronization between two signals.
The features extracted by the aforementioned extractor are entered into a numerical
classifier (usually a neural network) previously trained to recognize a brain state
comprising a specific "imaginary" action, i.e., an action conceived by the person to
whom the system is applied. If the classifier recognizes a brain state comprising the
aforementioned imaginary action, it issues a command to execute a "physical" action
corresponding to (i.e., "concretizing") said imaginary action. The command is then sent
to a suitable actuation device in order to produce, as an effect, the fulfillment of the
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aforementioned physical action (which may also consist in the communication of in
[0005]

formation only).
The known brain-computer interface systems have relatively long response times:
that is, a person must think for a long time about the (imaginary) action for which the
classifier has been trained so that the latter is able to recognize it (in order to then issue
a command to execute a corresponding physical action). In addition to this, the
accuracy of the recognition remains too low.

Object of the invention
The object of the present invention is to overcome the aforementioned drawbacks

[0006]

by indicating a faster and more accurate brain-computer interface system than the
known systems of the same type.

Summary and advantages of the invention
The object of the present invention is a brain-computer interface system

[0007]

comprising:
•

means applicable to a person for the acquisition of at least one physiological

signal associated with the brain activity of said person. These means will be indicated
later in this description with the expression "means of acquisition" and include, by way
of example, at least one electrode for electroencephalography or an optode for nearinfrared spectroscopy (better known as "NIRS");
•

amplifying means of said physiological signal (acquired from said acquisition

means);
•

filtering means of said amplified signal (from said amplification means). Said

filtering means preferably comprise a band-pass filter;
•

extraction means, from said filtered signal (from said filtering means), of ch ar

acteristics relevant to the classification of a brain state of said person (from whom the
physiological signal was acquired);
•

at least one numerical classifier (preferably a neural network) of said features

extracted from said extraction means,
said numerical classifier being trained to recognize, from said features extracted
from said extraction means, a brain state of said person comprising an imaginary action
(i.e., being suitable for examining said characteristics so as to establish whether the
brain state of said person corresponding to said features includes said imaginary action,
so as to recognize or not the presence of the latter in the brain activity to which said

physiological signal is associated from which said characteristics have been extracted),
said numerical classifier being suitable, upon the recognition of a brain state
comprising said imaginary action, to emit at least one execution command of a
physical action, for example corresponding to (i.e., "concretizing") said imaginary
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action.
[0008]

For the sake of convenience, here and in the following of the present invention, the
expression "imaginary action" does not mean only an action conceived by the person
to whom the means of acquisition are applied, but also an action performed by the
mind of this person and consisting, for example, in a sudden transition from the waking
state to the state of sleep, classifiable as sudden drowsiness. In this case, the physical
action of which the numerical classifier issues an execution command is not a concrete
action of the imaginary action, but consists, for example, in issuing an alarm sound
signal suitable to awaken the said person (bringing them back to the wakeful state).

[0009]

According to the invention, said brain-computer interface system also includes:
•

at least one nonlinear dynamical system for processing said filtered signal and

sending the processed signal to said extracting means,
said extraction means being means for extracting said features from said filtered
signal after having been processed by said nonlinear dynamical system,
said nonlinear dynamical system comprising at least two differential equations,
each of said differential equations specifying a time course of a variable as a
function of said variable and/or of at least another variable also included in another of
said differential equations, so that each of said differential equations is interdependent
with at least one of said differential equations,
said filtered signal (received as input by said nonlinear dynamical system) corre
sponding to at least one of said variables of said differential equations,
at least one of said differential equations comprising said variable corresponding to
said filtered signal, multiplied by a first coefficient (of coupling between the brain
activity and the nonlinear dynamical system),
each of said differential equations comprising at least one of said variables not cor
responding to said filtered signal, multiplied by a second coefficient (of coupling
between the variables of said nonlinear dynamical system),
said signal processed and sent to said extraction means corresponding to one or
more of said variables of said equations,
•

a first memory for storing at least one value assumed by said first coefficient;

•

a second memory for storing, for each of said second coefficients, at least one

value assumed by said second coefficient,
the value of said first coefficient and the value of each of said second coefficients
being such that said nonlinear dynamical system:
•

preferably has intrinsic dynamics (i.e., generates a spontaneous activity)
and

•

processes said filtered signal in such a way that, in said signal sent to said ex

traction means, one or more of said characteristics relevant to the classification of a
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brain state of said person are reveled and/or enhanced.
[0010]

Nonlinear dynamical systems, if they communicate with each other, tend to syn
chronize with each other. If two nonlinear dynamical systems are synchronized with
each other, they generate mutually related output signals. Since brain activity is, in
some respects, similar to the behavior of a nonlinear dynamical system, the nonlinear
dynamical system of the brain-computer interface system object of invention tends to
synchronize with the brain activity of the person to whose brain the acquisition means
are applied: in this way, the signals outgoing from the nonlinear dynamical system of
the brain-computer interface system of the invention are correlated with the physi
ological signals acquired by the acquisition means.

[001 1]

The suitably filtered and amplified physiological signal is injected into the
nonlinear dynamical system in a sufficiently strong manner as to influence the
behavior of said system without, however, overcoming its intrinsic dynamics. The
value of said first coefficient and the value of each of said second coefficients are
chosen in such a way that the output signal from the nonlinear dynamical system
entering the extraction means "helps" the latter to distinguish certain characteristics of
the input signal, so as to facilitate the task of the numerical classifier.

[0012]

Incidentally, the nonlinear dynamical system must include at least two differential
equations since if it included only one, it would not be able to oscillate, i.e., it would
not have intrinsic dynamics. In other words, this system would not have a spontaneous
activity.

[0013]

Incidentally, a nonlinear dynamical system is realizable numerically or elec
tronically. In this second case the variables of the differential equations of the system
correspond to circuit quantities (i.e., voltages and currents).

[0014]

By way of example, it is known that it is possible to construct a nonlinear, and p o
tentially chaotic, dynamical system in the form of an integrated circuit by combining
multiple inverter rings. Advantageously, for the present application, this allows an easy
control of the dynamical properties of the oscillations through the variation of the
currents in the same, obtaining the generation of signals qualitatively very similar to
the electroencephalographic traces (L. Minati, M . Frasca, N. Yoshimura, L. Ricci, P.
0?wiecimka, Y. Koike, K. Masu, H. Ito, Current-Starved Cross-Coupled CMOS
Inverter Rings as Versatile Generators of Chaotic and Neural-Like Dynamics Over
Multiple Frequency Decades, IEEE Access 7(2019), 54638-54657).

[0015]

The nonlinear dynamical systems are substantially known. More precisely, the
concept of synchronization of nonlinear dynamical systems by an external system is
well established (e.g., S. Boccaletti, The synchronization of chaotic systems, Phys.
Rep. 366 (2002), 1-101). Similarly, the nonlinear, possibly chaotic nature of physi
ological signals, such as the electroencephalogram, is well known (e.g., C.J. Stam,
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Nonlinear dynamical analysis of EEG and MEG: review of an emerging field, Clin
Neurophysiol. 116(2005), 2266-301). However, to the best of our knowledge, the
notion of synchronizing an artificial nonlinear dynamical system or network to a physi
ological signal, particularly in real-time, is entirely new and not found in the academic
or patent literature.
[0016]

For example, US 2007 0213786 A 1 describes a closed- loop system for preventing
epileptic seizures based on real-time analysis of the electroencephalogram. Even
though notions of nonlinear dynamics and synchronization are included, the fun
damental notion of synchronizing the measured signal to an artificial nonlinear
dynamical system or network is entirely missing. On the contrary, and in contrast to
the central notion in the present invention, linear and nonlinear features are explicitly
extracted from the measured signals.

[0017]

Analogous arguments apply to US 2010 0198098 Al, which describes a similar
system. In this case, too, nonlinear dynamics are only mentioned with regards to ways
of measuring features of the measured signals. There is not any reference to the idea of
synchronizing the measured signal to an artificial nonlinear dynamical system or
network.

[0018]

In W O 201 1 123059 A l a brain-computer interface based on the electroen
cephalogram and imaginary movement is described. In this case, too, nonlinearity is
only mentioned in the context of nonlinear regression. There is not any reference to the
idea of synchronizing the measured signal to an artificial nonlinear dynamical system
or network.

[0019]

Finally, in US 2010 0292752 Al, a system and a method for analyzing and
generating neural signals is presented. The invention is based on the notion of
separating the phase and amplitude of a signal and performing a decomposition into
so-called dynamical modes. Again, there is not any reference to the idea of syn
chronizing the measured signal to an artificial nonlinear dynamical system or network.

[0020]

Other innovative features of the present invention are illustrated in the following
description and referred to in the dependent claims.

[0021]

According to one aspect of the invention, the brain-computer interface system
includes:
•

a plurality of said acquisition means, respectively for acquiring a plurality of

physiological signals associated with the brain activity of said person;
•

a plurality of said amplification means, respectively for the amplification of said

plurality of physiological signals (respectively acquired by said plurality of acquisition
means);
•

a plurality of said filtering means, respectively for filtering said amplified

signals (respectively from said plurality of amplification means);
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a nonlinear dynamical network comprising a plurality of said nonlinear dynamical
systems, respectively for processing said filtered signals and sending the processed
signals to said extracting means (i.e., each nonlinear dynamical system of said network
is suitable to receive as input a respective filtered signal, to process it and to send the

processed signal to the extracting means. In other words, each signal filtered by one of
the filtering means of said plurality is sent as input to a respective nonlinear dynamical

system of said network),
said extraction means being means for extracting said features from said filtered
signals after having been processed by the nonlinear dynamical systems of said

network,
each nonlinear dynamical system of said network comprising at least one differential
equation specifying a time course of a variable as a function of:
-

said variable

and/or of
-

at least one other variable also included in another of said differential equations of

said system

and/or of
-

at least one other variable also included in one of said differential equations of

another nonlinear dynamical system of said network
in such a way that each linear dynamical system of said network is interdependent

with at least one other nonlinear dynamical system of said network,

each of said filtered signals (received as input by said plurality of nonlinear
dynamical systems) corresponding to at least one of said variables of said differential
equations of a nonlinear dynamical system of said network,
in each nonlinear dynamical system of said network, at least one of said differential

equations comprising said variable corresponding to one of said filtered signals,
multiplied by said first coefficient,
in each nonlinear dynamical system of said network, each of said differential

equations comprising at least one of said variables not corresponding to one of said
filtered signals and not included in one of said differential equations of another
nonlinear dynamical system of said network, multiplied by said second coefficient,
in each nonlinear dynamical system of said network, at least one of said differential

equations comprising at least one of said variables not corresponding to one of said
filtered signals and also comprised in one of said differential equations of another
nonlinear dynamical system of said network, multiplied by a third coefficient (of
mutual coupling between the nonlinear dynamical systems of said network),
said signals sent to said extraction means corresponding to said variables of said

linear equations,
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for each nonlinear dynamical system of said network:
-

said first memory being suitable for storing at least one value assumed by said first

coefficient,
-

said second memory being suitable for storing, for each of said second coefficients,

at least one value assumed by said second coefficient,
•

a third memory for storing, for each of said third coefficients, at least one value

assumed by said third coefficient,
for each nonlinear dynamical system of said network, the value of said first co
efficient, the value of each of said second coefficients and the value of each of said
third coefficients being such that said nonlinear dynamical system:
•

preferably has intrinsic dynamics

and
•

processes said filtered signal in such a way that, in said signal sent to said ex

traction means, one or more of said characteristics relevant to the classification of a
brain state of said person are revealed or enhanced.
[0022]

According to this aspect of the invention, the brain-computer interface system
comprises a plurality of nonlinear dynamical systems, each of which is advantageously
coupled with at least another of said nonlinear dynamical systems. In other words,
nonlinear dynamical systems interact with each other, that is, they have a level of
mutual synchronization. As a result of this, the signals coming out of the nonlinear
dynamical systems and entering the extraction means help the latter even more to di s
tinguish certain characteristics of the input signals, so as to facilitate the task of the
numerical classifier.

[0023]

Incidentally, as the intensity of the coupling increases, the aforementioned syn
chronization is initially manifested in the form of coherence of phase fluctuations, and
finally also in the form of overlapping amplitude fluctuations. As an example, the
onset of this phenomenon can be quantified in a particularly advantageous way on b i
ological signals and coming from nonlinear systems through a measure known as
"warped phase synchronization" (L. Minati, N. Yoshimura, M . Frasca, S. Dro?d?, Y.
Koike, Warped phase coherence: An empirical synchronization measure combining
phase and amplitude information, Chaos 29(2019), 021102).

[0024]

As an example, the application of a brain-computer interface system based on a
numerical classifier in the form of a neural network (multi-layer perceptron) is known
in order to control a robotic arm starting from an analysis in time real of signals
recorded from brain activity (L. Minati, A. Nigri, C. Rosazza, M.G. Bruzzone,
Thoughts turned into high-level commands: Proof-of-concept study of a vision-guided
robot arm driven by functional MRI (fMRI) signals, Med Eng Phys. 34(2012), 650-8).

[0025]

Likewise, a similar application of a brain-computer interface system based on a
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classifier consisting not of a neural network but of a hybrid controller containing a
series of relations and operating rules based on the extraction of specific features from

brain activity is known (L. Minati, N. Yoshimura, Y. Koike, Hybrid Control of a
Vision-Guided Robot Arm by EOG, EMG, EEG Biosignals and Head Movement
Acquired via a Consumer-Grade Wearable Device, IEEE Access 4(2016), 9528-9541).
According to an aspect of the invention, said extraction means are means for ex

[0026]

tracting said features
not only:
from said filtered signal after having been processed by said nonlinear
dynamical system
or
from said filtered signals after having been processed by the nonlinear
dynamical systems of said network, if said linear dynamical systems are more than
one,
but also:
from said signal filtered but not processed by said nonlinear dynamical system
or
from said signals filtered but not processed by the nonlinear dynamical systems
of said network, if said linear dynamical systems are more than one.
According to another aspect of the invention, the brain-computer interface system

[0027]

includes:
a nonlinear transform (for example, a sigmoidal function) for:
- the transformation of said filtered signal so as to reveal and/or enhance certain
intervals of the dynamics of said signal (so as to highlight the signal components most
relevant for the purpose of brain-computer interfacing, for example, zero-crossing
events), and
-

sending the transformed signal to said nonlinear dynamical system,

said nonlinear dynamical system being suitable for processing said filtered signal

after having been transformed by said nonlinear transform,
or, if said linear dynamical systems are more than one:

a plurality of nonlinear transforms (for example, sigmoid functions), r e
spectively for:
- the transformation of said filtered signals so as to reveal and/or enhance certain
intervals of the dynamics of said signals (so as to highlight the signal components most
relevant for the purpose of brain-computer interfacing, for example, zero-crossing
events), and
-

sending the transformed signals to the nonlinear dynamical systems of said

network,

WO 2021/019776

PCT/JP2019/030295

the nonlinear dynamical systems of said network being respectively suitable for
processing said filtered signals after having been transformed by said nonlinear
transforms.
According to another aspect of the invention, said extraction means are means of

[0028]

extracting said features not only:
from said transformed signal after having been processed by said nonlinear
dynamical system
or
from said transformed signals after having been processed by the nonlinear
dynamical systems of said network, if said linear dynamical systems are more than
one,
but also:
from said signal transformed but not processed by said nonlinear dynamical
system
or
from said signals transformed but not processed from the nonlinear dynamical
systems of said network, if said linear dynamical systems are more than one.
[0029]

According to another aspect of the invention, said brain-computer interface system
includes first evaluation means for:
the incoming reception of said signals processed by the nonlinear dynamical
systems of said network,

the evaluation of how much each of said input signals is synchronized with each
of the others of said received input signals, and
the generation of a first synchronization matrix (or, more generally, statistical
interdependence) concerning said signals received at the input,
said extraction means being means for extracting said features from said signals

processed by the nonlinear dynamical systems of said network as inserted in said first
synchronization matrix (i.e., after having been evaluated by said first evaluation
means).
[0030]

According to another aspect of the invention, said brain-computer interface system
includes second means of evaluation for:
the reception as input of said filtered and possibly transformed signals if said
nonlinear transforms are present, but not processed by the nonlinear dynamical systems
of said network,
the evaluation of how much each of said input signals is synchronized with each
of the others of said received input signals, and
the generation of a second synchronization matrix concerning said received
input signals,
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said extraction means being means for extracting said features not only from said
signals processed by the nonlinear dynamical systems of said network as inserted in

said first synchronization matrix, but also by said signals filtered and possibly
transformed if said nonlinear transforms are present, but not processed by nonlinear
dynamical systems of said network as inserted in said second synchronization matrix.
[0031]

According to another aspect of the invention, said extraction means are not only
means of extracting said features:
from said signals processed by the nonlinear dynamical systems of said network
as inserted in said first synchronization matrix,

and
from said filtered and possibly transformed signals if said nonlinear transforms
are present, but not processed by the nonlinear dynamical systems of said network as

inserted in said second synchronization matrix,
but also:
from said signals processed by the nonlinear dynamical systems of said network
but not evaluated by said first evaluation means,
and/or
from said filtered and possibly transformed signals if said nonlinear transforms
are present, but not processed by the nonlinear dynamical systems of said network, nor

evaluated by said second evaluation means.
[0032]

According to another aspect of the invention, in the case in which said linear
dynamical systems are more than one, said plurality of acquisition means comprises a
plurality of electrodes for electroencephalography,
said brain-computer interface system comprising further filtering means including

at least one spatial filter suitable for reconstructing, from said filtered signals, a
plurality of physiological signals as would be acquired if said electrodes were placed
on the cerebral cortex of said person,
the nonlinear dynamical systems of said network being respectively suitable for
processing said filtered signals after having been processed by said spatial filter, and
possibly transformed if said nonlinear transforms are present.
[0033]

According to another aspect of the invention, said nonlinear dynamical system, or
at least one of the nonlinear dynamical systems of said network if said linear
dynamical systems are more than one, comprises at least three of said differential
equations.

[0034]

Incidentally, if a nonlinear dynamical system includes at least three differential
equations, it can have a so-called chaotic behavior. A nonlinear dynamical system has
a chaotic behavior when small variations of parameters associated with the differential
equations included in said system can significantly alter the output signals of the same
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without however that said output signals are classifiable as noise. When a nonlinear
dynamical system has a chaotic behavior it is able to exhibit phase transitions: that is,
the system has access to a very wide repertoire of behaviors.
[0035]

The fact that a nonlinear dynamical system can have a chaotic behavior is known.

We therefore do not dwell on providing further details.
[0036]

According to another aspect of the invention, in said nonlinear dynamical system
or in at least one of the nonlinear dynamical systems of said network comprising at
least three of said differential equations if said linear dynamical systems are more than
one, the value of said first coefficient, the values of said second coefficients and, if
present, the values of said third coefficients, are such that said nonlinear dynamical
system, or said at least one of the nonlinear dynamical systems of said network

comprising at least three of said differential equations if these linear dynamical
systems are more than one, have a chaotic behavior.
[0037]

If a nonlinear dynamical system includes at least three differential equations, it
might be advantageous to choose the parameters of the same in such a way that the
nonlinear dynamical system has a chaotic behavior. As is known, brain activity, in
addition to being, in certain aspects, similar to the behavior of a nonlinear dynamical
system, can have chaotic elements. According to this aspect of the invention, therefore,

the synchronization between the nonlinear dynamical system or the network of
nonlinear dynamical systems is even better, and the brain activity of the person to
whom the acquisition means are applied.
[0038]

According to another aspect of the invention, in said nonlinear dynamical system
or in at least one of the nonlinear dynamical systems of said network if said linear
dynamical systems are more than one, the value of said first coefficient, the values of
said second coefficients and, if present, the values of said third coefficients are such
that in said nonlinear dynamical system, or in said at least one of the nonlinear
dynamical systems of said network, if said linear dynamical systems are more than
one, emergent phenomena manifest themselves.

[0039]

According to another aspect of the invention, said brain-computer interface system
includes:
a machine for receiving said command from said digital classifier and the
execution of said physical action (comprised in a brain state of said person upon
recognition of which said numerical classifier is trained) for example corresponding to
said imaginary action;
a supervision unit for updating, in said nonlinear dynamical system or in each of
the nonlinear dynamical systems of said network if said linear dynamical systems are
more than one, of the value of said first coefficient, of the value of each of said second
coefficients and, if present, the value of each of said third coefficients.
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According to another aspect of the invention, said brain-computer interface system

[0040]

comprises feedback means that can be operated by a user (which could be the person to
whom said acquisition means are applied) for communication, to said supervision unit,
of an own evaluation of the correspondence between said imaginary action and said
physical action (performed by said machine),
said supervision unit being suitable for:
•

-

receiving as input:
said filtered signal, possibly transformed if said nonlinear transform is present,

but not processed by said nonlinear dynamical system
or, if said linear dynamical systems are more than one,
-

said filtered and possibly transformed signals if said nonlinear transforms are

present, but not processed by the nonlinear dynamical systems of said network, nor
evaluated by said second evaluation means, if present;
•

updating, in said nonlinear dynamical system or in each of the nonlinear

dynamical systems of said network if said linear dynamical systems are more than one,
the value of said first coefficient, the value of each of said second coefficients and, if
present, the value of each of said third coefficients according to the assessment com
municated by said user.
According to another aspect of the invention, the brain-computer interface system

[0041]

includes:
•

further acquisition means applicable to said person for the acquisition of at least

one further physiological signal not directly associated with the brain activity of said
person (such as for example the heartbeat);
•

means for monitoring said machine for detecting an execution of said physical

action by said machine,
said supervision unit being suitable for:
•

evaluating, from an examination of said further physiological signal, a corre

spondence between said imaginary action and said physical action, and
•

updating, in said nonlinear dynamical system or in each of the nonlinear

dynamical systems of said network if said linear dynamical systems are more than one,
the value of said first coefficient, the value of each of said second coefficients and, if
present, the value of each of said third coefficients according to the evaluation carried
out by said supervision unit.
[0042]

The assessment made by the supervisory unit is indirect and is based on the
recognition of emotional reactions by the user (i.e., the person to whom the means of
acquisition is applied), in particular, frustration. As an example, in the event of an
incorrect operation, a transient acceleration of the heartbeat and an increase in skin
conductance can be expected.
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According to another aspect of the invention, said supervision unit is suitable for:

[0043]

receiving as input also:
-

said signal processed by said nonlinear dynamical system
or

-

said signals processed by the nonlinear dynamical systems of said network if said

linear dynamical systems are more than one;
updating, in said nonlinear dynamical system or in each of the nonlinear
dynamical systems of said network if said linear dynamical systems are more than one,
the value of said first coefficient, the value of each of said second coefficients and, if
present, the value of each of said third coefficients also as a function of said signal
processed by said nonlinear dynamical system or, if said linear dynamical systems are
more than one, of said signals processed by the nonlinear dynamical systems of said
network.

Brief Description of Drawings
Further objects and advantages of the present invention will become apparent from

[0044]

the detailed description provided below of example embodiments thereof and from the
accompanying drawings merely given by way of a non-limiting example, in which:
- figure 1 shows a schematization of a brain-computer interface system according
to the present invention;

- figure 2 shows an electroencephalographic signal acquired by a person to whom
the system of figure 1 is applied;
- figure 3 shows the frequency spectrum of the signal in figure 2 ;
- figure 4 shows the signal in figure 2 as processed by a nonlinear dynamical
system forming part of the system in figure 1, in the case in which there is substantially
no coupling between the signal in figure 2 and said nonlinear dynamical system;

- figure 5 shows the frequency spectrum of the signal in figure 4 ;
- figure 6 shows the XY plot between the signal in figure 2 and the signal in figure
4;

- figure 7 shows the signal in figure 2 as processed by the nonlinear dynamical
system forming part of the system in figure 1, in the case in which there is a coupling
between the signal in figure 2 and said nonlinear dynamical system which is not zero
but at the same time not so strong as to overwhelm the spontaneous activity of the said
nonlinear dynamical system;
- figure 8 shows the frequency spectrum of the signal in figure 7 ;
- figure 9 shows the XY plot between the signal in figure 2 and the signal in figure
7;

- figure 10 shows a schematization of a variant of the system in figure 1;
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figure 11 shows a two-dimensional matrix whose elements express an average syn

chronization value between twenty-one electroencephalographic

signals acquired by a

person to whom the system in figure 10 is applied;
-

figure 12 shows a two-dimensional matrix whose elements express a synchro

nization difference between the twenty-one signals of which the matrix in figure 11
expresses an average synchronization value;
-

figure 13 shows a two-dimensional matrix whose elements express a mean synchro

nization value between the twenty-one signals of which the matrix in figure 11
expresses an average synchronization value, as well as respectively processed by
twenty-one nonlinear dynamical systems forming parts of a dynamical nonlinear
network included in the system in figure 10, in the case in which there is substantially
no coupling between said nonlinear dynamical systems of said network;
-

figure 14 shows a two-dimensional array whose elements express a synchronization

difference between the twenty-one signals of which the matrix in figure 13 expresses
an average synchronization value;
-

figure 15 shows a two-dimensional matrix whose elements express an average syn

chronization value between the twenty-one signals of which the matrix in figure 11
expresses an average synchronization value, as well as respectively processed by the
twenty-one nonlinear dynamical systems forming parts of the dynamical network
linear included in the system in figure 10, in the case in which there is a non-zero
coupling between said nonlinear dynamical systems of said network;
-

figure 16 shows a two-dimensional array whose elements express a synchronization

difference between the twenty-one signals of which the matrix in figure 15 expresses
an average synchronization value.

Detailed description of some preferred embodiments of the invention
[0045]

In the continuation of the present description, a figure may also be shown with
reference to elements not expressly indicated in that figure but in other figures. The
scale and proportions of the different elements depicted do not necessarily correspond
to the actual ones.

[0046]

Figure 1 shows a brain-computer interface system 1 applied to a person 2 in order
to recognize an imaginary action conceived by the latter or performed by the latter's
mind and to command, upon recognition of said imaginary action, the execution of a
physical action (possibly realizing said imaginary action) to a machine 3.

[0047]

The system 1, object of invention, includes a device suitable for acquiring a physi
ological signal associated with the brain activity of the person 2. This device,
previously identified with the expression "means of acquisition", can comprise, by way
of example, an electrode for electroencephalography or an optode for near-infrared
spectroscopy. Assuming that the physiological signal is acquired by an electrode 4 for
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electroencephalography (shown, in figure 1, applied to the scalp of person 2), said
signal corresponds to an electroencephalographic signal.
[0048]

The signal acquired by the electrode 4 is sent to an amplifier 5 which, in addition
to amplifying said signal, can convert it to the digital domain. The signal thus
amplified is transmitted to a filter 6, preferably of the band-pass type, in order to
attenuate the components of the signal corresponding to non-relevant activities of the
person 2. More precisely, the filter 6 preferably attenuates both the frequencies which
are too low (because they are artifacts of the movements of the person 2), and the fre
quencies which are too high (because they are artifacts of the muscular activity of the
person 2). The filtered signal is sent to a nonlinear transform 7 (for example, a
sigmoidal function) to reshape its distribution conveniently. In particular, the filtered
signal is transformed so as to emphasize certain ranges of the dynamics of said signal,
that is to say in order to highlight the signal components most relevant in braincomputer interfacing for the purpose of recognizing states cerebral including imaginary
actions (for example, zero-crossing events).

[0049]

The signal thus transformed is fed into a nonlinear dynamical system 8 comprising
at least two, and preferably at least three, differential equations 9 (shown in figure 1,
by way of example, in a number equal to three: "dl", "d2" and "d3"). Each equation 9
specifies a time course of a variable as a function of said variable and/or of at least
another variable also included in another equation 9, so that each equation 9 is inter
dependent with at least another equation. The transformed signal (received as input by
the system 8) corresponds to at least one variable of the equations 9, for example iden
tifiable with the letter "s". At least one of the equations 9 comprises said variable "s"
multiplied by a first coefficient (of coupling between the brain activity of the person 2
and the system 8), for example identifiable with the letter "k". Each of the equations 9
further comprises at least one variable that does not correspond to the transformed
signal (that is, that is not "s") and multiplied by a second coefficient (of mutual
coupling between the variables of the equations 9, i.e., between the variables of the
system 8). The second coefficients are for example three and are respectively iden
tifiable with the letters "a", "b" and "c".

[0050]

Incidentally, for the avoidance of doubt, the transformed signal "s" can be entered
in one or more of the equations 9 of system 8, as well as in all equations 9. In addition
to this, an equation 9 can be interdependent with one or more of the other equations 9
of system 8, as with all equations 9.

[0051]

As it is possible to note in figure 1, the system 1 comprises a first memory 10
where at least one value assumed by the coefficient "k" can be stored, and a second
memory 1 1 where, for each of the coefficients "a", "b" and "c", at least one value
assumed by said coefficient "a", "b" or "c" can be stored.
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The signal thus processed (by the system 8) is sent to a feature extractor 13

(previously identified with the expression "extraction means") suitable to extract from
the processed signal characteristics of the latter relevant to the classification of one
brain state of the person 2. Incidentally, the signal that is sent to feature extractor 13
corresponds to one or more of the variables of the equations 9.
[0053]

The feature extractor 13 generates a feature vector that is entered in a numerical

classifier 14 (preferably, but not necessarily, a neural network) previously trained for
the recognition, from said features extracted from the feature extractor 13, of a brain
state of the person 2 including an imaginary action. In other words, the classifier 14 is

suitable for examining said characteristics so as to establish whether the brain state of
the person 2 (corresponding to said characteristics) comprises said imaginary action, so
as to recognize or not the presence of the latter in the brain activity which is associated

with the physiological signal from which said characteristics have been extracted.
[0054]

The classifier 14, upon recognition of a brain state comprising said imaginary
action, issues a command to execute a physical action, for example "concretizing" said

imaginary action. Said command is preferably sent to the machine 3 which is suitable
for carrying out said physical action (possibly corresponding to the imaginary action
comprised in a brain state of the person 2 to the recognition of which the classifier 14
has been trained). The machine 3, upon receipt of said command from classifier 14,
performs said physical action. The machine 3 comprises, by way of example, a robotic
arm or a screen showing a message.
By way of example, it is known how robotic arms are made that can receive simple

high-level commands, such as "grab the red object", and execute them thanks to the
guidance of an artificial vision system (L. Minati, N. Yoshimura, Y. Koike, Hybrid
Control of a Vision-Guided Robot Arm by EOG, EMG, EEG Biosignals and Head
Movement Acquired via a Consumer-Grade Wearable Device, IEEE Access 4(2016),
9528-9541).
[0055]

Likewise, the method is known for making robots capable of walking in multiple
speeds and gaits thanks to pattern generators, incidentally based on nonlinear

dynamical systems, and placed under the control of variables that can be set on the
basis of the output of a numerical classifier (L. Minati, M. Frasca, N. Yoshimura, Y.
Koike, Versatile locomotion control of a hexapod robot using a hierarchical network of
nonlinear oscillator circuits. IEEE Access 6(2018), 8042-8065).
[0056]

Equally similarly, it is known how virtual keyboards are displayed on video that
can be controlled through brain activity and are designed to allow a paralyzed subject
to express words and sentences (L.A. Farwell, E. Donchin, Talking off the top of your

head: toward a mental prosthesis utilizing event-related brain potentials, Electroencephalogr Clin Neurophysiol 70(1988), 510-23).
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The system 8 tends to synchronize with the brain activity of the person 2 so that

[0057]

the signal output by the system 8 (and sent to the feature extractor 13) is correlated
with the physiological signal acquired by the electrode 4. The value of the coefficient
"k" and the value of each of the coefficients "a", "b" and "c" are such that system 8 :
•

have, preferably but not necessarily, intrinsic dynamics (i.e., generate a

spontaneous activity)
and
•

processes the signal "s" (received as input by the system 8) in such a way that,

in the signal that is sent to the feature extractor 13, one or more of said characteristics
relevant to the classification of a brain state of the person 2 are revealed or enhanced.
[0058]

In other words, the value of the coefficient "k" and the value of each of the coef
ficients "a", "b" and "c" are chosen in such a way that the signal output by the system 8
and sent to the feature extractor 13 "helps" the latter to distinguish certain char ac
teristics of the input signal, so as to facilitate the task of the classifier 14.

[0059]

By way of example only, a first known nonlinear dynamical system comprising
two differential equations is the Stuart-Landau system, which has the following form:
dx(t)/dt = a · x(t) - to · y(t) - x(t) · (x(t) 2 + y(t) 2)
dy(t)/dt = to · x(t) + a · y(t) - y(t) · (x(t) 2 + y(t) 2)
where "a" represents a bifurcation parameter and "c " is the natural frequency of the
oscillator.

[0060]

Again by way of example, a second known nonlinear dynamical system
comprising two differential equations is the Rossler system, which has the following
form:
dx(t)/dt = - y(t) - z(t)
dy(t)/dt = x(t) + a · y(t)
dz(t)/dt = b + z(t) · (x(t) - c)
where "a" is a parameter that controls the chaoticity level of the system, and "b" and
"c" are usually set to constant values.

[0061]

As a further example, a Rossler system that receives the signal "s(t)" coupled to its
variable "x(t)" as input has the following form:
dx(t)/dt = - y(t) - z(t) + k · (s(t) - x(t))
dy(t)/dt = x(t) + a · y(t)
dz(t)/dt = b + z(t) · (x(t) - c)

[0062]

Preferably, but not necessarily, if the system 8 includes at least three differential
equations 9, the value of the coefficient "k" and the value of each of the coefficients
"a", "b" and "c" are chosen in such a way that the system 8 has a chaotic behavior.

[0063]

Preferably, but not necessarily, the value of the coefficient "k" and the value of
each of the coefficients "a", "b" and "c" are chosen in such a way that in the system 8
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emergence phenomena occur, as predominantly observed, for example, near a
transition between periodic and chaotic dynamics, and between presence and absence
of intrinsic dynamics (understood as sustained oscillation even in the absence of
external stimuli), i.e., near a so-called "critical point". The critical points of nonlinear
dynamical systems, as well as their intrinsic dynamics, are substantially known. We
therefore do not dwell on providing further details.
Preferably, but not necessarily, the feature extractor 13, in addition to receiving the

[0064]

signal processed by the system 8, also receives the signal transformed by the nonlinear
transform 7 but not processed by the system 8. The feature extractor 13 is therefore
preferably suitable for extracting characteristics relevant to the classification of a brain
state of the person 2 not only from the signal transformed by the nonlinear transform 7
after having been processed by the system 8, but also by the signal transformed by the
nonlinear transform 7 and not processed by the system 8.
The system 1 preferably, but not necessarily, comprises a device 15 (for example,

[0065]

a micro-switch) operable by a user to express their own evaluation of the corre
spondence between the imaginary action recognized by the classifier 14 and the
physical action performed by the machine 3. Said user could correspond to the person
2. In this case, the device 15 can be activated by the person 2 to express his own

evaluation of the correspondence between the imaginary action eventually thought of
her and the physical action performed by the machine 3. The device 15, previously
identified with the expression "feedback means", communicates the evaluation
expressed by the person 2 to a supervision unit 16 that also receives the signal
transformed by the nonlinear transform 7 but not processed by the system 8 The unit
16 is suitable for updating the value of the coefficient "k" and the value of each of the

coefficients "a", "b" and "c" according to the assessment of such correspondence com
municated by the person 2.
According to a variant of system 1, the latter does not include the nonlinear

[0066]

transform 7. According to this variant:
•

the system 8 processes the signal as filtered by the filter 6 ;

•

the feature extractor 13, in addition to receiving as input the signal processed by

the system 8, preferably (but not necessarily) receives also the signal filtered by the
filter 6 but not processed by the system 8. The feature extractor 13, according to this
variant of the system 1, is therefore preferably suitable for extracting characteristics
relevant to the classification of a brain state of the person 2 not only from the signal
filtered by the filter 6 after having been processed by the system 8, but also by the
signal filtered by the filter 6 and not processed by the system 8;
•

the unit 16, if present, also receives the signal filtered by the filter 6 but not

processed by the system 8.
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According to a variant of the system 1, the supervision unit 16 also receives the
signal as processed by the system 8 at the input and is suitable to update the value of
the coefficient "k" and the value of each of the coefficients "a" , "b" and "c" also as a
function of the aforementioned signal as processed by the system 8.

[0068]

Figure 2 shows an example of an electroencephalographic signal 20 acquired by
the person 2 by means of the electrode 4. More precisely, the signal shown in figure 2
corresponds to the aforementioned signal as sent to the system 8 after having been
amplified by the amplifier 5, filtered by the filter 6 and transformed by the nonlinear
transform 7. The dotted line marked by the number 2 1 corresponds to the instant in
which the person 2 started to think of an imaginary action to the recognition of which
(that is, to the recognition of a brain state comprising which) the classifier 14 has been
previously trained. As it is possible to note in figure 2, the trajectory of the signal 20 is
visually different before and after the instant 21. Before the instant 2 1 the signal 20 is
in fact characterized by large amplitude oscillations and relatively periodic. After the

instant 2 1 the signal 20 instead presents a more irregular time course. However, this
difference is extremely slight and it is precisely the weak nature of these differences
that makes it necessary to develop systems such as the subject of the invention.
[0069]

Figure 3 shows the frequency spectrum 22 of the signal 20.

[0070]

Figure 4 shows the time course of a first example of a signal 25 sent by the system
8 to the feature extractor 13 following the input reception of the signal 20. In other
words, the signal 25 is the result of the signal processing 20 by the system 8. In the

example of figure 4, the parameter "k" is equal to zero. This means that, in this
example, there is no coupling between the brain activity of the person 2 and the system
8. The signal 25 therefore has no correlation with the signal 20 and is due exclusively

to the spontaneous activity of the system 8.
[0071]

Figure 5 shows the frequency spectrum 26 of the signal 25.

[0072]

Figure 6 shows the XY plot 27 between the signals 20 and 25. The fact that the
XY plot 27 substantially corresponds to a large rectangle is a consequence of the fact
that between the signals 20 and 25 there is no synchronization. Nevertheless, from a
comparison between the graphs respectively shown in figures 2 and 4 it is possible to
notice that the signal 25, although not correlated to the signal 20, has a frequency
content which in large part overlaps with the latter's content. This is confirmed by the
partial overlap found by comparing the frequency spectra 22 and 26. The above is due
to the appropriate way in which the differential equations 9 that make up system 8

have been chosen, and the values that have been assigned to the parameters "a", "b"
and "c" of the same.
[0073]

Incidentally, if, conversely to the example of figure 4, the parameter "k" tends to
infinity, between the brain activity of the person 2 and the system 8 there would be a
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coupling so strong as to overwhelm the activity spontaneous of the system 8. In this
case, the signal leaving the system 8 would be a replica of the signal 20 and the XY
plot between said signals would be very flattened along a diagonal segment (since
there would be almost complete synchronization between them).
[0074]

Figure 7 shows the time course of a second example of signal 30 sent by the
system 8 to the feature extractor 13 following the input reception of the signal 20.
Similarly to what was said for the signal 25 of figure 4, the signal 30 is the result of the
processing of the signal 20 by the system 8. In the example of figure 7, the parameter
"k" was chosen greater than zero but not so large as to overwhelm the spontaneous

activity of the system 8. This example corresponds to the preferred mode of use of the
system 1. In other words, the signal 20 is injected into the system 8 sufficiently
strongly as to influence the behavior of the latter without, however, overcoming its
intrinsic dynamics. The values of the parameters "a", "b" and "c" are also appropriately
chosen (preferably through an initial training phase) so that the signal leaving the
system 8 helps the feature extractor 13 to distinguish certain characteristics of the
signal 20 in order to facilitate the work of the classifier 14.
[0075]

Figure 8 shows the frequency spectrum 3 1 of the signal 30.

[0076]

Figure 9 shows the XY plot 32 between the signals 20 and 30. The fact that the
XY plot 32 substantially corresponds to a flattened and inclined ellipsoid resembling a
straight line having a positive slope is a consequence of the fact that between the
signals 20 and 25 there is a partial synchronization. In addition to this, also the di s
tribution of the amplitudes of the frequency spectra takes a form much more similar to
the starting electroencephalographic signal with respect to the case with null coupling,
which is characterized by a superimpo sable but very different shape frequency range.

[0077]

Incidentally, although it is preferable that the system 8 has intrinsic dynamics, the
values assigned to the parameters "a", "b" and "c" could be such that the system 8 has
no intrinsic dynamics, or, although not having intrinsic dynamics, it is very close to
having them. When the system 8 is in this last condition, it is said that it is close to a
so-called critical point, i.e., it is maximally responsive to external stimuli.

[0078]

Figure 10 shows a brain-computer interface system 33 which differs from the
system 1 in that it comprises a plurality of devices suitable for acquiring respective
physiological signals associated with the person's brain activity 2. Said devices,
previously identified with the expression "acquisition means" may include, by way of
example, respective electrodes for electroencephalography or respective optodes for
near-infrared spectroscopy. Assuming that the physiological signals are acquired by
means of respective electrodes 34 for electroencephalography (shown, in figure 10,
applied to the scalp of the person 2), said signals correspond to respective electroen
cephalographic signals. In figure 10 the electrodes 34 are shown, by way of example,
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in a number equal to three.
[0079]

Each of the signals acquired by the electrodes 34 is sent to an amplifier 35 which,
ike the amplifier 5, besides converting said signal, can convert it to the digital domain.
Each of the signals thus amplified is transmitted to a filter 36, preferably of the b and
pass type, in order to attenuate the signal components corresponding to non-relevant
activities of the person 2. More precisely, like the filter 6, the filters 36 preferably
attenuate both the frequencies that are too low (because they are the artifacts of the
movements of the person 2, or rather of non-neural physiological activity), and the fr e
quencies that are too high (because they are artificial muscular activity of the person
2). Each of the signals thus filtered is sent to a nonlinear transform 37 (for example, a
sigmoidal function) to reshape its distribution conveniently. In particular, similarly to
what occurs in the system 1, each of the filtered signals is transformed so as to
emphasize certain ranges of the dynamics of the said signal, that is, so as to highlight
the signal components most relevant for brain-computer interfacing, such as zero
crossing events, in order to recognize brain states including imaginary actions.

[0080]

The signals thus transformed are fed into a nonlinear dynamical network 38
comprising a plurality of nonlinear dynamical systems 8 (shown in figure 10, by way
of example, in a number equal to three, "Sysl", "Sys2" and " Sys3 ", being three
electrodes 34). In other words, each of the signals thus transformed is fed into the r e
spective system 8 of the network 38 (each of which including at least two, and
preferably at least three, equations 9). The systems 8 of the network 38 are therefore
respectively suitable for processing the signals transformed by the nonlinear transforms
37. Each signal transformed by one of the nonlinear transforms 37 is therefore sent as

input to a respective system 8 of the network 38. Each system 8 of the network 38
comprises at least one equation 9 specifying a time course of a variable as function not
only of said variable and/or of at least another variable also included in another
equation 9 of said system 8 (as in system 1), but preferably also of at least another
variable also included in another equation 9 of another system 8 of the network 38, so
that not only each equation 9 of a system 8 of the network 38 is interdependent with at
least another equation 9 of said system 8, but each system 8 of the network 38 is also
interdependent with at least another system 8 of the network 38.
[0081]

Each of the transformed signals received as input by a system 8 of the network 38
corresponds to at least one variable of the equations 9 of the said system 8. The
variable of the i-th transformed signal can for example be identified with

[0082]

"Sj".

In each system 8 of the network 38, at least one of the equations 9 comprises said
variable "si" multiplied by the previously mentioned "first coefficient". More precisely,
in the i-th system 8 of the network 38, the first coefficient multiplied by the variable
i"

"S

(corresponding to the coupling coefficient between the brain activity of the person 2
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associated with the i-th transformed signal and the i-th system 8 of the network 38).
[0083]

In each system 8 of the network 38, each of the equations 9 further comprises at
least one variable not corresponding to the transformed signal (that is, that it is not "s;")
and not included in an equation 9 of another system 8 of the network 38, multiplied by
the previously mentioned "second coefficient". More precisely, in the i-th system 8 of
the network 38, the second coefficients are for example three and are respectively iden
tifiable with the letters

e "c;" (corresponding to the mutual coupling coef

ficients between the variables of the equations 9 of the i-th system 8 of the network 8).
[0084]

In each system 8 of the network 38, at least one of the equations 9 comprises at
least one variable not corresponding to the transformed signal (that is, that it is not "s;")
and also included in an equation 9 of another system 8 of the network 38, multiplied by
a third coefficient (of mutual coupling between the systems 8 of the network 38). More
precisely, in the i-th system 8 of the network 38, the coefficient multiplied by a
variable of the j-th system 8 of the network 38 can for example be identified with "gi ".

[0085]

For each system 8 of the network 38, the memory 10 is suitable for storing at least
one value assumed by the coefficient "k," and the memory 11 is suitable for storing, for
each of the coefficients

"a,",

e

"Cj",

at least one value assumed by said coefficient

"¾", "bi" O "Ci".

[0086]

As it is possible to note in figure 10, the system 33 also includes a third memory
39 where it can be memorized, for each of the coefficients "gi ", at least one value

assumed by said coefficient "gi ".
[0087]

The signals processed in this way (from the systems 8 of the network 38) are sent
to a unit 40 (denoted, in Figure 10, by "Synl") suitable for evaluating how much each

of the received input signals (thus processed by the systems 8 of the network 38) is
synchronized with each of the other input signals received. Incidentally, the signal that
is sent to the unit 40 corresponds to one or more of the variables of the equations 9.

[0088]

The unit 40, previously identified with the expression "first means of evaluation",
generates a synchronization (or, more generally, statistical interdependence) matrix
concerning the signals received at the input. Said synchronization matrix is sent to the
feature extractor 13 which is suitable for extracting from the signals processed by the
systems 8 of the network 38 as inserted in said synchronization matrix (i.e., after
having been evaluated by the unit 40), characteristics relevant to the classification of a
brain state of the person 2.

[0089]

Similarly to what was said for the system 1, in the system 33 the feature extractor
13 generates a feature vector which is entered in the numerical classifier 14 previously

trained to the recognition, from said features extracted from the feature extractor 13, of
a brain state of the person 2 including an imaginary action. In other words, the
classifier 14 is suitable for examining said characteristics so as to establish whether the
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brain state of the person 2 (corresponding to said characteristics) comprises said
imaginary action, so as to recognize or not the presence of the latter in the brain
activity which are associated the physiological signals from which said characteristics
have been extracted. The classifier 14, upon recognition of a brain state comprising
said imaginary action, emits a command to execute a physical action possibly "m ate
rializing" said imaginary action. Said command is preferably sent to the machine 3
which performs said physical action.
[0090]

The systems 8 of the network 38 tend to synchronize with the brain activity of the
person 2 so that the signals sent to the feature extractor 13 are correlated with the ph ys
iological signals acquired by the electrodes 34. In each system 8 of the network 38, the
value of the coefficient

the value of each of the coefficients "a,", "b;" e "c;" and the

value of each of the coefficients "g " are such that said system 8 :
•

it has, preferably but not necessarily, intrinsic dynamics

and
•

processes the signal '

(received as input by said system 8) in such a way that,

in the signal that is sent to the unit 40 (and, through the latter, to the feature extractor
13), one or more of said characteristics relevant to the purposes of the classification of

a brain state of the person 2 are revealed and/or enhanced.
[0091]

In other words, in each system 8 of the network 38, the value of the coefficient "k
i"

and the value of each of the coefficients "gi " are chosen in such a way that the signal

outgoing from said system 8 and sent to the unit 40 "helps" the feature extractor 13 to
distinguish certain characteristics of the input signals, so as to facilitate the task of the
classifier 14.
[0092]

By way of example only, two Rossler systems coupled bi-directionally (i.e., sym
metrically) at their variable "x(t)", and which receive the signals "si (t)" and "s2 (t)"
coupled respectively to their variables

"Xi

(t)" and "x 2 (t)" have the following form

) + k · (s j (t) - Xj (t)) + g · (x 2(t) - Xj(t))
y (t)

(xi(t) - Ci)
) + k 2 · (s2(t) - x 2(t)) + g · x, t) - x 2(t))

y2(t)
(x 2(t) - c2)
[0093]

Preferably, but not necessarily, if at least one of the systems 8 of the network 38
comprises at least three differential equations 9, the value of the coefficient "k,", the
value of each of the coefficients "a,",

e "c," and the value of each of the coef

ficients "gi j " in said system 8 are chosen in such a way that said system 8 comprising at
least three differential equations 9 has a chaotic behavior.
[0094]

Preferably, but not necessarily, in one or more systems 8 of the network 38, the
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the value of each of the coefficients "a,",

e "c;" and the

value of each of the coefficients "g " are chosen in such a way that in one or more said
systems 8 of the network 38 emergence phenomena occur.
[0095]

Preferably, but not necessarily, the signals transformed by the nonlinear transforms
37, in addition to being sent to the systems 8 of the network 38, are sent to a unit 4 1

(indicated, in Figure 10, by "Syn2") suitable for evaluating how much each of the input
signals received (transformed by the nonlinear transforms 37 but not processed by the
systems 8 of the network 38) is synchronized with each of the other signals received at
the input. The unit 41, previously identified with the expression "second evaluation
means", generates a second synchronization matrix concerning the signals received at
the input. Said second synchronization matrix is sent to the feature extractor 13
together with the synchronization matrix generated by the unit 40. The feature
extractor 13 is therefore preferably suitable for extracting characteristics relevant to the
classification of a brain state of the person 2 not only from the signals processed by the
systems 8 of the network 38 as inserted in the synchronization matrix generated by the
unit 40, but also from the signals transformed by the nonlinear transforms 37 and not
processed by the systems 8 of the network 38 as inserted in said second synchro
nization matrix (i.e.. after having been evaluated by unit 41).
[0096]

According to a variant of the system 33, the feature extractor 13 receives as input
(and is therefore preferably suitable for extracting characteristics relevant to the classi
fication of a brain state of the person 2 from) not only the signals processed by the
systems 8 of the network 38 as inserted in the synchronization matrix generated by the
unit 40 and the signals transformed by the nonlinear transforms 37 and not processed
by the systems 8 of the network 38 as inserted in the synchronization matrix generated
by the unit 41, but also the signals processed by the systems 8 of the network 38 but
not evaluated by the unit 40 and/or the signals transformed by the nonlinear transforms
37 and not processed by the systems 8 of the network 38, nor evaluated by the unit 41.

[0097]

According to another variant of the system 33, the latter does not comprise the unit
40 and/or the unit 41. According to this variant the feature extractor 13 receives as
input (and is therefore preferably suitable for extracting features relevant to the classi
fication of a brain state of the person 2) the signals processed by the systems 8 of the
network 38 and preferably also the signals transformed by the nonlinear transforms 37
and not processed by the systems 8 of the network 38.

[0098]

According to another variant of the system 33, the feature extractor 13 does not
receive input signals not processed by the systems 8 of the network 38, regardless of
whether or not they have been evaluated by the unit 41.

[0099]

Like the system 1, the system 33 preferably, but not necessarily, comprises the
device 15 and the supervision unit 16 which also receives the signals transformed by
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the nonlinear transforms 37 but not processed by the systems 8 of the network 38. The
unit 16 is suitable for updating, in each of the systems 8 of the network 38, the value of
the coefficient

the value of each of the coefficients "a,", "b;" e "c;" and the value of

each of the coefficients

according to the evaluation of the correspondence

(between the imaginary action and the physical action) communicated by the person 2.
[0100]

According to another variant of the system 33, the latter does not include the
nonlinear transforms 37. According to this variant:
the systems 8 of the network 38 process the signals as filtered by the filters 36;
the feature extractor 13, in addition to receiving as input the signals processed
by the systems 8 of the network 38, optionally evaluated by the unit 40, if present,
preferably (but not necessarily) receive as input also the signals filtered by the filters
36 but not processed by the systems 8 of the network 38, optionally evaluated by the

unit 41, if present. The feature extractor 13, according to this variant of the system 33,
is therefore preferably suitable for extracting characteristics relevant to the classi

fication of a brain state of the person 2 not only from the signals filtered by the filters
36 after having been processed by the systems 8 of the network 38 and possibly

evaluated by the unit 40, if present, but also by the signals filtered by the filters 36 and
not processed by the systems 8 of the network 38 and possibly evaluated by the unit
41, if present;
the unit 16, if present, also receives the signals filtered by the filters 36 but not
processed by the systems 8 of the network 38.
[0101]

According to another variant of the system 33 wherein said devices suitable for
acquiring respective physiological signals associated with the brain activity of the
person 2 comprise the electrodes 34 (for electroencephalography), the system 33
comprises at least one spatial filter suitable for reconstructing, from the signals as
filtered by the filters 36, a plurality of physiological signals as would be acquired if the
electrodes 34 were placed on the cerebral cortex of the person 2. According to this
variant, the systems 8 of the network 38 process the signals as filtered by the filters 36
after having been treated by said spatial filter, and possibly transformed if nonlinear
transforms are present.

[0102]

The system 33 preferably, but not necessarily, includes in addition to or as an

al

ternative to the device 15, a device 42 (previously identified with the expression
"further acquisition means") applicable to the person 2 for the acquisition of at least
one further physiological signal not directly associated with the brain activity of the
person 2. The system 33 preferably, but not necessarily, comprises a device 43
(previously identified with the expression "monitoring means") suitable for a u
tonomously detecting an execution of the previously mentioned physical action by the
machine 3. The device 42 includes, by way of example, an electrode for detecting the
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heartbeat of the person 2. The device 43 includes, by way of example, a computerized
video camera. Both devices 42 and 43 communicate with the supervision unit 16 so
that the latter can evaluate, from an examination of the aforementioned further physi
ological signal, the correspondence between the imaginary action conceived by the
person 2 or performed by the mind of the latter and the physical action performed by
the machine 3. The unit 16 is suitable for updating, in each of the systems 8 of the
network 38, the value of the coefficient
"b " e

"C "

the value of each of the coefficients "a;",

and the value of each of the coefficients "g " as a function of the evaluation

of this correspondence carried out by the unit 16.
[0103]

Also the system 1, ike the system 33, in addition to or as an alternative to the
device 15, could include the devices 42 and 43 connected with the supervision unit 16.

[0104]

According to a variant of the system 33, the supervision unit 16 also receives the
signals as processed by the systems 8 of the network 38 as input and is suitable to
update, in each of the systems 8 of the network 38, the value of the coefficient "k,", the
value of each of the coefficients

e "c," and the value of each of the coef

ficients "g " also as a function of the aforesaid signals as processed by the systems 8 of
the network 38.
[0105]

Figure 11 shows an example of a two-dimensional array 45 whose elements
express an average synchronization value between twenty-one electroencephalographic
signals acquired by the person 2 respectively by means of twenty-one electrodes 34
(i.e., whose elements express an average synchronization value between each of said
twenty-one electroencephalographic signals and each of the other twenty of said
twenty-one electroencephalographic signals). More precisely, the signals of which the
matrix in figure 11 expresses an average synchronization value correspond to the
twenty-one said signals as well as respectively sent to twenty-one systems 8 of the
network 38 after respectively being amplified by twenty-one amplifiers 35, re
spectively filtered by twenty-one filters 36 and respectively transformed by twenty-one
nonlinear transforms 37.

[0106]

For the avoidance of doubt, according to this example, the system 33 comprises
twenty-one electrodes 34 for acquiring, respectively, twenty-one electroen
cephalographic signals which are respectively amplified by twenty-one amplifiers 35,
filtered by twenty-one filters 36, transformed by twenty-one nonlinear transforms 37
and sent to twenty-one nonlinear dynamical systems 8 belonging to the network 38.

[0107]

Figure 12 shows a two-dimensional matrix 46 whose elements express a synchro
nization difference (calculated by comparing two mental states of interest, in this case,
a state of rest and the imaginary execution of repeated opening and closing of the
hands) between the twenty-one signals of which the matrix 45 expresses an average
synchronization value (i.e., whose elements express a synchronization difference
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between each of said twenty-one electroencephalographic signals and each of the other
twenty of said twenty-one electroencephalographic signals).
[0108]

Figure 13 shows an example of a two-dimensional array 47 whose elements
express an average synchronization value between twenty-one signals respectively sent
by the twenty-one systems 8 of the network 38 to the unit 40 following the respective
input reception of the twenty-one signals of which the matrix 45 expresses an average
synchronization value. In other words, the twenty-one signals of which the matrix 47
expresses an average synchronization value are respectively the result of the
processing, by the twenty-one systems 8 of the network 38, of the twenty-one signals
of which the matrix 45 expresses an average synchronization value. In the example of
figure 13, the parameters "g " are set to zero. This means that, in this example, there is
no coupling between the systems 8 of the network 38. Every electroencephalographic

signal acquired by the electrodes 34 is therefore processed by one of the systems 8
without the latter being in any way correlated with the other twenty systems 8 of the
network 38 (which process the other twenty electroencephalographic signals).
[0109]

In the example of figure 13, in each of the systems 8 of the network 38 the

parameter

was chosen greater than zero but not so large as to overwhelm the

spontaneous activity of the system 8. As a consequence of this fact, the distribution of
the synchronization between the output signals is rather similar to that observed for the
input signals in figure 11. As previously said, this corresponds to the preferred mode of
use of the systems 8. In other words, the signals which are sent to the systems 8 of the
network 38 are respectively fed into the said systems 8 in a sufficiently strong manner
to influence the behavior of the latter without, however, overcoming their intrinsic

dynamics. Moreover, in each of the systems 8 of the network 38 the values assigned to
the parameters

e "c;" are suitably chosen (preferably by means of an initial

training phase) so that the signals leaving the systems 8 help the feature extractor 13 to
distinguish certain characteristics introduced into the network 38 so as to facilitate the
work performed by the classifier 14.
[0110]

Figure 14 shows a two-dimensional matrix 48 whose elements express a synchro
nization difference (calculated by comparing two mental states of interest, in this case,
a state of rest and the imaginary execution of repeated opening and closing of hands)
between the twenty-one signals of which the matrix 47 expresses an average synchro
nization value.

[0111]

Although in this example there is no synchronization between the systems 8 of the
network 38, it is possible to notice a certain similarity between the matrix 45 and the
matrix 47, and between the matrix 46 and the matrix 48. This similarity is due to the
fact that the systems 8 of the network 38 are individually coupled to the input signals,
but not between them.
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Figure 15 shows a second example of a two-dimensional array 49 whose elements
express an average synchronization value between twenty-one signals respectively sent
by the twenty-one systems 8 of the network 38 to the unit 40 following the respective
reception as input of the twenty-one signals of to which the matrix 45 expresses an
average synchronization value. Similarly to what has been said for the matrix 47, the
twenty-one signals of which the matrix 49 expresses an average synchronization value
are the result of the processing, by the twenty-one respective systems 8 of the network
38, of the twenty-one signals of which the matrix 45 expresses an average synchro

nization value. In the example of figure 15, the parameters "g " have been chosen
larger than zero, but not so large so that the activity of a system 8 of the network 38
overwhelms the activity of the other systems 8 of the network 38, so that there is a
coupling between the systems 8 of the network 38. This example corresponds to the
preferred mode of use of the system 33. Furthermore, similarly to what has been said
with reference to the example of figure 13, in each of the systems 8 of the network 38
the parameter

has been chosen greater than zero but not so large as to overwhelm

the spontaneous activity of the system 8 has been chosen (the signals that are sent to
the systems 8 of the network 38 are in other words introduced into said systems 8 in a
sufficiently strong manner to influence the behavior of the latter without, however,
overwhelming its intrinsic dynamics). Moreover, in each of the systems 8 of the
network 38 the values assigned to the parameters

e "c," are also appropriately

chosen (preferably through an initial training phase) so that the signals leaving the
systems 8 help the feature extractor 13 to distinguish certain characteristics introduced
into the network 38 so as to facilitate the work carried out by the classifier 14. It should
be noted, in this case, since the systems 8 are coupled together, the average level of
synchronization in the matrix 49 is higher. In addition to this, it is possible to note that
the synchronization distribution is markedly different with respect to the matrices 45
and 47, and this is precisely because the systems 8 interact with each other, combining
the signals received individually as input with via interactions of the both the attractive
and repulsive type.
[0113]

Figure 16 shows a two-dimensional matrix 50 whose elements express a synchro
nization difference (calculated by comparing two mental states of interest, in this case,
a state of rest and the imaginary execution of repeated opening and closing of the
hands) between the twenty-one signals of which the matrix 49 expresses an average
synchronization value. As observed for the matrix 49, it is noted that the distribution is
clearly different with respect to the matrices 46 and 48, and this for the same reasons
indicated above. Incidentally, we note that in this case the difference between the two
conditions has a more regular distribution, and focuses on some signals, which
specifically correspond to those recorded above the sensory-motor cerebral cortex.
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Incidentally, similarly to what was said for the system 1, in the system 33,
although it is preferable that the systems 8 of the network 38 have intrinsic dynamics,
the values assigned to the parameters

"b;" e "c;" could be such that one or more

systems 8 of the network 38 do not have intrinsic dynamics, or, although not having

intrinsic dynamics, they are very close to having them (that is, in the so-called critical
point).
[0115]

On the basis of the description provided for a preferred example embodiment, it is

obvious that some changes may be made by those skilled in the art without departing
from the scope of the invention as defined by the following claims.
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Claims
[Claim 1]

Brain-computer interface system (1, 33) comprising:
•

means (4, 34) applicable to a person (2) for the acquisition of at

least one physiological signal associated with the brain activity of said
person (2);
•

means (5, 35) for amplifying said physiological signal;

•

means (6, 36) for filtering said amplified signal;

•

means (13) for extracting, from said filtered signal, characteristics

relevant to the classification of a brain state of said person (2);
•

at least one numerical classifier (14) of said characteristics

extracted from said extraction means (13),
said classifier (14) being trained in the recognition, from said
features extracted from said extraction means (13), of a brain state of
said person (2) comprising an imaginary action,
said classifier (14) being suitable, upon recognition of a brain state
comprising said imaginary action, to emit at least one execution
command of a physical action,
said brain-computer interface system (1, 33) being characterized in
that it further comprises:
•

at least one nonlinear dynamical system (8) for processing said

filtered signal and sending the processed signal (30) to said extraction
means (13),
said extraction means (13) being means for extracting said features
from said filtered signal after having been processed by said nonlinear
dynamical system (8),
said nonlinear dynamical system (8) comprising at least two dif
ferential equations (9),
each of said equations (9) specifying a time pattern of a variable as a
function of said variable and/or at least another variable also included
in another of said equations (9), so that each of said equations (9) is in
terdependent with at least another of said equations (9),
said filtered signal corresponding to at least one of said variables of
said equations (9),
at least one of said equations (9) comprising said variable corre
sponding to said filtered signal, multiplied by a first coefficient (k, k ),
each of said equations (9) comprising at least one of said variables
not corresponding to said filtered signal, multiplied by a second co-

WO 2021/019776

PCT/JP2019/030295

efficient (a, b, c, a , b , c ),
said signal (30) processed and sent to said extraction means (13) cor
responding to one or more of said variables of said equations (9),
•

a first memory (10) for storing at least one value assumed by said

first coefficient (k, k,);
•

a second memory (11) for storing, for each of said second coef

ficients (a, b, c, a , b;, c ), at least one value assumed by said second co
efficient (a, b, c, a , b;, c ),
the value of said first coefficient (k, k,) and the value of each of said
second coefficients (a, b, c, a,, b,, c,) being such that said nonlinear
dynamical system (8) processes said filtered signal in such a way that,
in said signal (30) sent to said extraction means (13), one or more of
said characteristics relevant to the purposes of the classification of a
brain state of said person are reveled and/or enhanced.
[Claim 2]

Brain-computer interface system (33) according to claim 1, ch ar
acterized in that it comprises:
•

a plurality of said acquisition means (34), respectively for

acquiring a plurality of physiological signals associated with the brain
activity of said person (2);
•

a plurality of said amplification means (35), respectively for the

amplification of said plurality of physiological signals;
•

a plurality of said filtering means (36), respectively for filtering

said amplified signals;
•

a nonlinear dynamical network (38) comprising a plurality of said

nonlinear dynamical systems (8), respectively for processing said
filtered signals and sending the processed signals to said extraction
means (13),
said extraction means (13) being means for extracting said features
from said filtered signals after having been processed by the nonlinear
dynamical systems (8) of said network (38),
each nonlinear dynamical system (8) of said network (38)
comprising at least one differential equation (9) specifying a time
course of a variable as a function of:
-

said variable
and/or of

-

at least one other variable also included in another of said equations

(9) of said nonlinear dynamical system (8)
and/or of
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-

at least one other variable also included in one of said equations (9)

of another nonlinear dynamical system (8) of said network (38)
in such a way that each linear dynamical system (8) of said network
(38) is interdependent with at least one other nonlinear dynamical
system (8) of said network (38),
each of said filtered signals corresponding to at least one of said
variables of said equations (9) of a nonlinear dynamical system (8) of
said network (38),
in each nonlinear dynamical system (8) of said network (38):
-

at least one of said equations (9) comprising said variable corre

sponding to one of said filtered signals, multiplied by said first co
efficient (k;);
-

each of said equations (9) comprising at least one of said variables

not corresponding to one of said filtered signals and not included in one
of said equations (9) of another nonlinear dynamical system (8) of said
network (38), multiplied by said second coefficient (a, b, c, a , b,, c,);
-

at least one of said equations (9) comprising at least one of said

variables not corresponding to one of said filtered signals and also
included in one of said equations (9) of another nonlinear dynamical
system (8) of said network (38), multiplied by a third coefficient (gi );
-

said first memory (10) being suitable for storing at least one value

assumed by said first coefficient (k,);
-

said second memory (11) being suitable for memorizing, for each of

said second coefficients (a, b, c, a , b , c ), at least one value assumed by
said second coefficient (a, b, c, a , b , c ),
said signals sent to said extraction means (13) corresponding to said
variables of said equations (9);
•

a third memory (39) for storing, for each of said third coefficients

(gi ), at least one value assumed by said third coefficient g

)

for each nonlinear dynamical system (8) of said network (38), the
value of said first coefficient (k,), the value of each of said second coef
ficients (a, b, c, a,, b;, c,) and the value of each of said third coefficients
(gi ) being such that said nonlinear dynamical system (8) processes said

filtered signal in such a way that, in said signal sent to said extraction
means (13) one or more of said characteristics relevant to the classi
fication of the brain state of that person are revealed and/or enhanced.
[Claim 3]

Brain-computer interface system (1, 33) according to claim 1 or 2,
characterized in that said extraction means (13) are means for ex-
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trading said features
not only:
•

from said filtered signal after having been processed by said

nonlinear dynamical system (8)
or
•

from said filtered signals after having been processed by the

nonlinear dynamical systems (8) of said network (38), if said linear
dynamical systems (8) are more than one,
but also:
•

from said filtered signal but not processed by said nonlinear

dynamical system (8)
or
•

from said signals filtered but not processed by the nonlinear

dynamical systems (8) of said network (38), if said linear dynamical
systems (8) are more than one.
[Claim 4]

Brain-computer interface system (1, 33) according to claim 1 or 2,
characterized in that it comprises:
•

-

a nonlinear transform (7) for:
the transformation of said filtered signal so as to emphasize certain

ranges of the dynamics of said signal, and
-

sending the transformed signal (20) to said nonlinear dynamical

system (8),
said nonlinear dynamical system (8) being suitable for processing
said filtered signal after having been transformed by said nonlinear
transform (7),
or, if said linear dynamical systems (8) are more than one:
•

-

a plurality of nonlinear transforms (37), respectively for:
the transformation of said filtered signals so as to emphasize certain

ranges of the dynamics of said signals, and
-

sending the transformed signals to the nonlinear dynamical systems

(8) of said network (38),

the nonlinear dynamical systems (8) of said network (38) being re
spectively suitable for processing said filtered signals after having been
transformed by said nonlinear transforms (37).
[Claim 5]

Brain-computer interface system (1, 33) according to claim 4, ch ar
acterized in that said extraction means (13) are not only means of ex
tracting said features:
•

from said transformed signal (20) after having been processed by
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said nonlinear dynamical system (8)
or
•

from said transformed signals after having been processed by the

nonlinear dynamical systems (8) of said network (38), if said linear
dynamical systems (8) are more than one,
but also:
•

from said transformed signal (20) but not processed by said

nonlinear dynamical system (8)
or
•

from said transformed but not processed signals from the

nonlinear dynamical systems (8) of said network (38), if said linear
dynamical systems (8) are more than one.
[Claim 6]

Brain-computer interface system (33) according to claim 2, or
according to claim 3 when dependent on claim 2, or according to claim
4 when dependent on claim 2, or according to claim 5, characterized in
that it comprises first evaluation means (40) for:
•

the reception as input of said signals processed by the nonlinear

dynamical systems (8) of said network (38),
•

the evaluation of how much each of said input signals is syn

chronized with each of the others of said received input signals, and
•

the generation of a first synchronization matrix concerning said

input signals,
said extraction means (13) being means for extracting said charac
teristics from said signals processed by the nonlinear dynamical
systems (8) of said network (38) as inserted in said first synchro
nization matrix.
[Claim 7]

Brain-computer interface system (33) according to claim 6, ch ar
acterized in that it comprises second evaluation means (41) for:
•

the reception as input of said filtered and possibly transformed

signals if said nonlinear transforms (37) are present, but not processed
by the nonlinear dynamical systems (8) of said network (38),
•

the evaluation of how much each of said input signals is syn

chronized with each of the others of said received input signals, and
•

the generation of a second synchronization matrix concerning said

received input signals,
said extraction means (13) being means for extracting said features
not only from said signals processed by nonlinear dynamical systems
(8) of said network (38) as inserted in said first synchronization matrix,
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but also by said filtered signals, and possibly transformed if said
nonlinear transforms (37) are present, but not processed by the
nonlinear dynamical systems (8) of said network (38) as inserted in said
second synchronization matrix.
[Claim 8]

Brain-computer interface system according to claim 7, characterized
in that said extraction means (13) are not only means of extracting said
features:

from said signals processed by the nonlinear dynamical systems
(8) of said network (38) as inserted in said first synchronization matrix,

and
from said filtered and possibly transformed signals if said
nonlinear transforms (37) are present but not processed by the
nonlinear dynamical systems (8) of said network (38) as inserted in said
second synchronization matrix,
but also:
from nonlinear transforms (37) are present but not processed by
the nonlinear dynamical systems (8) of said network (38) as inserted in
said second synchronization matrix,
and/or
from said filtered and possibly transformed signals if said
nonlinear transforms (37) are present, but not processed by the
nonlinear dynamical systems (8) of said network (38), nor evaluated by
said second evaluation means (41).
[Claim 9]

Brain-computer interface system according to claim 2, or according
to claim 3 when dependent on claim 2, or according to claim 4 when

dependent on claim 2, or according to claim 5 when claim 4 is
dependent on claim 2, or according to claim 6 when dependent on
claim 2, or according to claim 7 when claim 6 is dependent on claim 2,
or according to claim 8 when claim 6 is dependent on claim 2,
characterized in that said plurality of acquisition means comprises a
plurality of electrodes for electroencephalography,
said brain-computer interface system comprising further filtering
means including at least one spatial filter suitable for reconstructing,
from said filtered signals, a plurality of physiological signals as would
be acquired if said electrodes were placed on the cerebral cortex of said
person,
the nonlinear dynamical systems (8) of said network (38) being re
spectively suitable for processing said filtered signals after having been
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processed by said spatial filter, and optionally transformed if said
nonlinear transforms (37) are present.
[Claim 10]

Brain-computer interface system (1, 33) according to one of the
preceding claims, characterized in that said nonlinear dynamical system
(8), or at least one of the nonlinear dynamical systems (8) of said
network (38) if said dynamical systems linear (8) are more than one, it
includes at least three of said equations (9).

[Claim 11]

Brain-computer interface system (1, 33) according to claim 10, ch ar
acterized in that, in said nonlinear dynamical system (8) or in at least
one of the nonlinear dynamical systems (8) of said network (38)
comprising at least three of said equations (9) if said linear dynamical
systems (8) are more than one, the value of said first coefficient (k, k,),
the values of said second coefficients (a, b, c, a, b , c,) and, if present,
the values of said third coefficients (gi ), are such that said nonlinear
dynamical system (8), or said at least one of the nonlinear dynamical
systems (8) of said network (38) comprising at least three of said
equations (9) if said linear dynamical systems (8) are more of one, has
a chaotic behavior.

[Claim 12]

Brain-computer interface system (1, 33) according to one of the
preceding claims, characterized in that, in said nonlinear dynamical
system (8) or in at least one of the nonlinear dynamical systems (8) of
said network (38) if said linear dynamical systems (8) are more than
one, the value of said first coefficient (k, k,), the values of said second
coefficients (a, b, c, a , b , c,) and, if present, the values of said third co
efficients (gi j ) are such that in said nonlinear dynamical system (8), or
in said at least one of the nonlinear dynamical systems (8) of said
network (38) if said linear dynamical systems (8) are more than one,
emergent phenomena occur.

[Claim 13]

Brain-computer interface system (1, 33) according to one of the
preceding claims, characterized in that, in said nonlinear dynamical
system (8) or in at least one of the nonlinear dynamical systems (8) of
said network (38) if said linear dynamical systems (8) are more than
one, the value of said first coefficient (k, k,), the values of said second
coefficients (a, b, c, a , b , c,) and, if present, the values of said third co
efficients (gi ) are such that said nonlinear dynamical system, or said at
least one of the nonlinear dynamical systems of said network if said
linear dynamical systems are more than one, has intrinsic dynamics.

[Claim 14]

Brain-computer interface system (1, 33) according to one of the
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preceding claims, characterized in that it comprises:
•

a machine (3) for receiving said command from said classifier (14)

and performing said physical action;
•

a supervision unit (16) for updating, in said nonlinear dynamical

system (8) or in each of the nonlinear dynamical systems (8) of said
network (38) if said linear dynamical systems (8) are more than one,
the value of said first coefficient (k, k,), the value of each of said second
coefficients (a, b, c, a , b , c,) and, if present, the value of each of said
third coefficients g ) .
[Claim 15]

Brain-computer interface system (1) according to claim 14, ch ar
acterized in that it comprises feedback means (15) operable by a user
(2) for communication, to said supervision unit (16), of a proper

evaluation of the correspondence between said imaginary action and
said physical action,
said supervision unit (16) being suitable for:
•

-

receiving as input:
said filtered signal, and possibly transformed (20) if said nonlinear

transform (7) is present, but not processed by said nonlinear dynamical
system (8)
or, if said linear dynamical systems (8) are more than one,
-

said filtered and possibly transformed signals if said nonlinear

transforms (37) are present, but not processed by the nonlinear
dynamical systems (8) of said network (38), nor evaluated by said
second evaluation means (41), if present;
•

updating, in said nonlinear dynamical system (8) or in each of the

nonlinear dynamical systems (8) of said network (38) if said linear
dynamical systems (8) are more than one, the value of said first co
efficient (k;), the value of each of said second coefficients (a, b, c, a,, b,,
C;)

and, if present, the value of each of said third coefficients (g )

according to the evaluation communicated by said user (2).
[Claim 16]

Brain-computer interface system (33) according to claim 14, ch ar
acterized in that it comprises:
•

further acquisition means (42) applicable to said person (2) for the

acquisition of at least one further physiological signal not directly a s
sociated with the brain activity of said person (2);
•

monitoring means (43) of said machine (3) for detecting an

execution of said physical action by said machine (3),
said supervision unit (16) being suitable for:
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evaluating, from an examination of said further physiological
signal, a correspondence between said imaginary action and said

physical action, and
updating, in said nonlinear dynamical system (8) or in each of the
nonlinear dynamical systems (8) of said network (38) if said linear
dynamical systems (8) are more than one, the value of said first co
efficient (k;), the value of each of said second coefficients (a, b, c, a,, b,,
C) and, if present, the value of each of said third coefficients g

)

according to the evaluation carried out by said supervision unit (16).
[Claim 17]

Brain-computer interface system (1, 33) according to claim 15 or 16,
characterized in that said supervision unit (16) is suitable for:
receiving as input also:
-

said signal processed by said nonlinear dynamical system (8)

or
-

said signals processed by the nonlinear dynamical systems (8) of

said network (38) if said linear dynamical systems (8) are more than
one;

updating, in said nonlinear dynamical system (8) or in each of the
nonlinear dynamical systems (8) of said network (38) if said linear
dynamical systems (8) are more than one, the value of said first co
efficient (k;), the value of each of said second coefficients (a, b, c, a , b,,
C;)

and, if present, the value of each of said third coefficients g

)

also

as a function of said signal processed by said nonlinear dynamical

system (8) or, if said linear dynamical systems (8) are more than one, of
said signals processed by nonlinear dynamical systems (8) of said
network (38).
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