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1
DIRECT NEURAL INTERFACE SYSTEM
AND METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a National Stage of International patent
application PCT/IB2013/002725, filed on Oct. 31, 2013, the
disclosures of which are incorporated by reference in their
entirety.

FIELD OF THE INVENTION

The invention relates to a direct neural interface system,
to a method of calibrating such a system and to a method of
interfacing a subject’s brain to a machine, e.g. a robotic arm.

Direct neural interface systems, also known as brain-
computer interfaces (BCI) allow using electrophysiological
signals issued by the cerebral cortex of a human or animal
subject for driving an external device or machine. BCI have
been the subject of intense research since the seventies. In
2006, a tetraplegic subject has been able to drive a robotic
arm through a BCI. See the paper by Leigh R. Hochberg et
al. “Neuronal ensemble control of prosthetic devices by a
human with tetraplegia”, Nature 442, 164-171 (13 Jul.
2006).

BACKGROUND

Until now, the best results in this field have been obtained
using invasive systems based on intracortical electrodes.
Non-invasive systems using electroencephalographic (EEG)
signals have also been tested, but they suffer from the low
frequency resolution of these signals. Use of electrocortico-
graphic (ECoG) signals, acquired by intracranial electrodes
not penetrating the brain cortex, constitutes a promising
intermediate solution.

Conventional BCI systems use a limited number of “fea-
tures” extracted from EEG or ECoG signals to generate
command signals for an external device. These features can
be related e.g. to the spectral amplitudes, in a few deter-
mined frequency bands, of ECoG signals generated by
specific regions of the cortex when the subject imagine
performing predetermined action. As a result, only a few
features of the signal are used, while the other features of the
signal are not taken into account. This approach is not
completely satisfactory as, for any different command signal
to be generated (e.g. vertical or horizontal movement of a
cursor on a screen) it is necessary to identify different
features, associated to different actions imagined by the
subject and substantially uncorrelated from each other.
Moreover, it is intrinsically inefficient as only a small
amount of the information carried by the acquired ECoG
signals is exploited.

The paper by Zenas C. Chao, Yasuo Nagasaka et Naotaka
Fujii “Long term asynchronous decoding of arm motion
using electrocorticographic signals in monkeys”, Frontiers
in Neuroengineering, Vol. 3, Art. 3, Mar. 30, 2010 describes
a method of decoding (i.e. predicting) the motion of a
monkey arm by applying PLS (Partial Least Squares) regres-
sion to wavelet-transformed ECoG signals. Such an
approach allows a more efficient exploitation of the infor-
mation carried by neuronal signals, and does not rely on
predetermined “features” of said signals.

Document WO 2011/144959 discloses a BCI method
wherein control signals for an external device or machine
are generated by applying multi-way regression (e.g. N-way
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PLS, or NPLS) to neuronal signals represented as three-way
tensors, said three ways corresponding to time, frequency
and space. Use of multi-way instead of more conventional
multiple regression (e.g. PLS) allows an even more efficient
use of information.

Prior art BCI methods based on regression (either multi-
linear or multi-way) suffer from some drawbacks. Notably:

“Background” (non-task related) brain activity generates
noise-like parasitic signals, which in turn generate
spurious low-amplitude command signals. If the BCI is
used e.g. to control a robotic arm, these spurious
command signal induce a tremor of the arm in the
absence of voluntary motion.

Muscular contraction (in particular, mastication) gener-
ates artifacts in the form of sharp peaks with large
amplitude. If the BCI is used e.g. to control a robotic
arm, these artifacts can induce large, unwanted
motions.

Moreover, background brain activity and muscular arti-
facts are also suitable to “pollute” the data set used for
learning the regression model used for command signal
generation.

The paper of Kentaro Shimoda et al. “Decoding continu-
ous three-dimensional hand trajectories from epidural elec-
trocorticographic signals in Japanese macaques”, Journal of
Neural Engineering, Vol. 9, No. 3 discloses a method for
detecting mastication artifact and eliminating them from the
training data set of a regression model. However, this
method cannot be applied “online” (in real time), during the
application of the model.

SUMMARY OF THE INVENTION

The invention aims at overcoming at least some of the
drawbacks of the prior art. More particularly, the invention
aims at providing a BCI method and system which is at least
partially immune from noise induced by background signal
activity and/or muscular artifacts, while making efficient use
of information carried by neuronal signals.

An object of the invention, allowing achieving this aim, is
a direct neural interface system comprising:

a signal acquisition subsystem for acquiring electrophysi-
ological signals s(t) representative of neuronal activity
of a subject’s brain; and

a processing unit for representing electrophysiological
signals acquired over an observation time window in
the form of a N-way data tensor, N being greater than
or equal to one, and generating command signals for a
machine by applying a regression model over said data
tensor;

characterized in that said processing unit is configured or
programmed for generating command signals for a machine
by applying Generalized Linear regression, with a nonlinear
link function, over said data tensor.

According to different embodiments:

Said processing unit may also be configured or pro-
grammed for detecting and correcting outlier elements
of said data tensor before applying said Generalized
Linear regression.

More particularly, said processing unit may be configured
or programmed for generating command signals for a
machine by applying Generalized Additive Linear
regression over said data tensor, said Generalized Addi-
tive Linear regression making use of additive functions
f(x;) of the form:
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fita) if x; 1s an outlier
fo) = { failx;)

otherwise

where x, is an element of said data tensor x(t) and f, ;and £,
are different functions.

Even more particularly, said processing unit may be
configured or programmed for generating command signals
for a machine by applying Generalized Additive Linear
regression over said data tensor, said Generalized Additive
Linear regression making use of additive functions f(x,) of
the form:

filx) =

{ ¢; if x; is an outlier

X; otherwise

where x; is an element of said data tensor x(t) and c; is a

constant.

Said processing unit may be configured to define said
additive functions f, by applying a statistical test to a
calibration dataset

Said processing unit may be configured or programmed
for representing electrophysiological signals acquired
over an observation time window in a form chosen
among: a 3-way data tensor x(t); or a vector x(t)
corresponding to an unfolded 3-way data tensor; said
three ways corresponding to time, frequency and space,

Said processing unit may be configured or programmed
for performing Generalized Linear regression based on
PLS regression.

Said signal acquisition subsystem may comprise a plu-
rality of ECoG or EEG electrodes.

Said processing unit may be configured or programmed
for generating continuous command signals.

Another object of the invention is a method of interfacing

a subject’s brain to a machine comprising the steps of:

a) acquiring electrophysiological signals representative of
neuronal activity of the subject’s brain;

b) representing electrophysiological signals acquired over
an observation time window in the form of a N-way
data tensor x(t), N being greater than or equal to one;
and

c) generating command signals for said machine by
applying a regression model over said data tensor;

characterized in that said step ¢) comprises generating said
command signals by applying Generalized Linear regression
over said data tensor.

According to different embodiments:

The method may comprise a preliminary calibration step
comprising: acquiring electrophysiological signals rep-
resentative of neuronal activity of the subject’s brain,
and representing said electrophysiological signals
acquired over at least one observation time window in
the form of a N-way data tensor x(t), N being greater
than or equal to one; acquiring at least one output
vector y(t) associated to said time window or windows;
determining a linear regression model between said
data tensor or tensors and the corresponding output
vector or vectors, and predicting at least on output
vector §(t) from said linear regression model and at
least one said data tensor; and determining, by nonlin-
ear regression, a link function fitting said acquired
output vector or vectors y(t) with corresponding pre-
dicted output vector or vectors ¥(t).
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Said step ¢) may further comprise detecting and correct-
ing outlier elements of said data tensor before applying
said Generalized Linear regression.

Said step ¢) may be performed by applying Generalized
Additive Linear regression over said data tensor, said
Generalized Additive Linear regression making use of
additive functions fi(x,) of the form:

Sii(x) if x; is an outlier

fio) = { foi(xi)

otherwise

where x, is an element of said data tensor x(t) and f, ;and
f,,, are different functions.

More particularly, said step ¢) may be performed by
applying Generalized Additive Linear regression over said
data tensor, said Generalized Additive Linear regression
making use of additive functions f,(x;) of the form:

¢; if x; is an outlier

X otherwise

fi(xi):{

where x, is an element of said data tensor and ¢, is a
constant.

Said step ¢) may comprise a preliminary calibration step
comprising defining define said additive functions f, by
applying a statistical test to a calibration dataset.

Said step b) may comprise representing electrophysi-
ological signals acquired over an observation time
window in a form chosen among: a 3-way data tensor
x(t); or a vector x(t) corresponding to an unfolded
3-way data tensor; said three ways corresponding to
time, frequency and space,

Said step ¢) may comprise performing Generalized Linear
regression based on PLS regression.

Said step a) may comprise acquiring ECoG or EEG
signals by using a plurality of spatially separated elec-
trodes.

Said step a) may comprise generating continuous com-
mand signals.

BRIEF DESCRIPTION OF THE DRAWINGS

Additional features and advantages of the present inven-
tion will become apparent from the subsequent description,
taken in conjunction with the accompanying drawings,
which show:

FIG. 1, a functional scheme of a direct neural interface
system according to an embodiment of the invention;

FIG. 2, a plot comparing an observed hand movement and
its prediction by Unfolded PLS (UPLS) regression on ECoG
signals, according to the prior art;

FIG. 3, a plot illustrating outlier detection in a method
according to an embodiment of the invention;

FIG. 4, a plot comparing an observed hand movement and
its prediction by Additive Model—Unfolded PLS (AM-
UPLS) regression on ECoG signals;

FIG. 5, a plot illustrating the determination of a link
function used in a method according to an embodiment of
the invention;

FIG. 6, a plot comparing an observed hand movement and
its prediction by Generalized Linear Model—Unfolded PLS
(GLM-UPLS) regression on ECoG signals; and
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FIG. 7, a plot comparing an observed hand movement and
its prediction by Generalized Additive Model—Unfolded
PLS (AM/GLM-UPLS) regression on ECoG signals.

DETAILED DESCRIPTION

FIG. 1 illustrates the general structure of a direct neural
interface system according to an exemplary, and non-limit-
ing, embodiment of the invention. In this embodiment, the
cortex of the brain B of a human or animal subject is
implanted with 32 measurement electrodes (to simplify the
figure, only 14 are illustrated: references 2-15) and three
reference electrodes (reference 1) for acquiring ECoG sig-
nals. As it is commonly known, the aim of these reference
electrodes is to provide a “common signal”. By “common
signal”, it is meant an electrical signal that affects all or most
of measurement electrodes. As this signal is less specific to
actions, it is usually preferable to evaluate it, as precisely as
possible, so as to remove it. In this purpose, one or more
reference electrodes may be operated. The ECoG signals
acquired by the electrodes are pre-processed by a pre-
processing module PPM.

Pre-processing comprises amplifying and filtering the raw
signals acquired by the electrodes, sampling them e.g. at 1
kHz, converting the sample to digital format. In some
embodiments, pre-processing may include subtracting a
common signal measured by all electrodes.

The ECoG electrodes 1-15 and pre-processing module
PPM form an acquisition subsystem, outputting a digital
multichannel signal s(t).

Signal s(t) is then provided to a processing unit or module
PM for generating command signals S(t) driving an external
device or machine ED, e.g. a manipulator. Advantageously,
command signals S(t) are “continuous”, defining e.g. a
three-dimensional trajectory of manipulator ED.

The pre-processing and processing modules can be imple-
mented in the form of application-specific integrated cir-
cuits, programmable circuits, microprocessor cards, suitably
programmed general-purpose computers, etc.

In the present exemplary embodiment of the invention,
the method is applied for decoding the continuous three-
dimensional hand trajectories from epidural ECoG signals of
a Japanese macaque.

In their above-referenced paper “Long term asynchronous
decoding of arm motion using electrocorticographic signals
in monkeys”, Zenas C. Chao and coworkers have recorded
epidural ECoG signals of a Japanese macaque, and used
them to decode (predict) continuous three-dimensional hand
trajectories of the animal (hand motion was recorded by an
optical motion capture signal with a sampling rate of 120
Hz). In the same time ECoG signals were recorded with a
sampling rate of 1 kHz from 32 electrodes implanted in the
brain.

In the present exemplary embodiment of the invention,
the observed three-component hand trajectory signals are
used to train the regression model, whereas the ECoG
signals are used as input data.

Although the present exemplary embodiment is based on
the hand movement of a monkey, the method could be used
to acquire neuronal signal generated by the brain of a human
subject imagining an action (e.g. moving an arm); then, a
suitably trained regression model is used to generate—
taking the neuronal signals as inputs—continuous command
signals for a robotic arm, to make it follow the movement
imagined by the subject.

A preliminary calibration step is necessary to build the
regression model. This calibration step is carried out using
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a so called training set. This training step is followed by a
step of model verification (so-called “test” step), using a so
called test set. Train and test sets do not overlap.

During both calibration and test steps, features of
recorded signals are extracted, so as to define a feature
tensor x(t) from preprocessed signal s(t). Data (i.e. prepro-
cessed ECoG signals) are subdivided into “time epochs”,
e.g. of 1 second duration; successive epochs have a temporal
spacing of 0.2 s, therefore they overlap by 0.8 s. The signals
of each epoch are mapped to time-frequency-space domain
by continuous wavelet transform, e.g. by considering a
frequency band from 5 to 300 Hz with 5 Hz steps. Due to the
1 kHz sampling rate, each time epoch initially includes 1000
time points.

At each frequency, the module of the wavelet-transformed
signal is calculated. Further, a sliding average is applied, the
size of the sliding windows being 100 ms. Then, a 10 times
down sampling is carried out, so as to reduce the amount of
time point data. As a result, each epoch is converted into a
three-way tensor of dimension 60x100x32 (192,000 ele-
ments): 60 frequency bins, 100 time points, 32 channels, or
electrodes.

During the calibration step, 1500 time epochs are con-
sidered. As a result, each time epoch-related feature tensor
x(t) 1s gathered so as to form a fourth order calibration tensor
X.

The calibration tensor X is unfolded, which results in a
matrix, each line of the matrix including an unfolded feature
tensor x(t). In this case, during the test step, each feature
tensor x(t) is further “unfolded” to form a vector (one-
dimensional tensor) x(t).

The output vector y(t) includes the coordinates y(t) of the
hand of the monkey at time t. During the calibration step,
each y(t) vector corresponding to a given feature tensor x(t)
is gathered to form a matrix Y. Therefore, the training data
set includes:

y(t) vectors resulting from a tracking system which
records the output variables, namely the hand coordi-
nates; and

x(1) feature tensors, corresponding to respective y(t) vec-
tors.

The calibration step aims at determining a regression
model between said output variables y(t) and said x(t)
feature tensors.

According to the prior art, the regression model is linear
multivariate and can be written:

Epl0=p+ ), Bxi M

i=lp

where:

E(°) represents the expected value of a random variable;

x is the unfolded feature tensor x(t), and x, with i=1-p (in

the exemplary embodiment, p=192,000);

y is a coordinate of the output vector y; and

Bo, B are constants, determined during the calibration

step.

Alternatively, the calibration tensor may X not be
unfolded, as described in W02011144959. In this case,
non-unfolded feature tensors also have to be used during the
output vector calculation (i.e. trajectory decoding) step.

During the test step, the command signal S(t) is generated
by applying regression model (1) to the feature tensors x(t)
(more sophisticated approaches could use even higher-
dimensional data tensors).
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FIG. 2 has been obtained from the experimental data of
Zenas C. Chao and coworkers (publicly available at http://
neurotycho.org/epidural-ecog-food-tracking-task). The thin
line represents the z-coordinate of the observed hand move-
ment; the continuous line represents its reconstruction—
which can be used as a command signal for a machine such
as a robotic arm—obtained by applying unfolded PLS
(UPLS) regression to epidural ECoG signals, preprocessed
as discussed above, each time epoch being represented by a
two-way tensor corresponding to the unfolding of a time-
frequency-space three-way tensor. On FIG. 2, feature A
represents an artifact due to mastication and feature B
represents noise due to background brain activity. Therefore,
the figure illustrates the above-mentioned drawbacks of the
prior art.

The quality of the trajectory decoding (or “prediction”)
can be expressed by the correlation coeflicients R, the
normalized Absolute Mean Errors AME and the Absolute
Mean Difference Errors AMDE. In the case of FIG. 2 one
has:

Ryprs=(0.51, 0.71, 0.67)

AME 5, (26.6,26.5, 47.6)

AMDE 5, ~(20.1, 16.2, 32.7)

where values within brackets refers to x, y and z compo-
nents of the hand trajectory (only the z-component
being illustrated on the figure). The index “UPLS”
reminds that PLS regression is used.

Actually, the FIG. 2 displays two sorts of noise:

The first type of noise is a high amplitude noise, which
may be related non-brain specific activity. For example,
it can be bodily muscular activity, such as mastication
(see feature A on FIG. 2)

The second type is the brain background activity, i.e. non
informative brain signal. (see feature B on FIG. 2)

An aim of the invention is to address these sorts of noises
(or at least one of them), by the use of two different noise
correction methods, so called Generalized Additive Model
and Generalized Linear Regression which can be operated
separately or combined.

According to an embodiment of the present invention,
artifact due to non-brain activity (e.g. feature A on FIG. 2)
can be corrected by:

Identifying components of each feature sensor which may

be considered as outliers

Correcting the previously identified outliers.

By outlier, it is meant a component of the feature tensor,
which value is considered as not relevant with brain activity.
Usually, outliers denote features which value exceeds a
determined range.

From a mathematical standpoint, the proposed method is
equivalent to replacing conventional multivariate linear
regression—i.e. equation (1)—by a so-called linear Additive
Model:

Eiyl9)=fo+ ), fitx)

i=1p

with additive functions f; defined as:

)= { fuix) if x; is an outlier 3
ST A

otherwise
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f;; and f,, being different functions. In other words, a
function f is applied on each feature x; of a feature tensor
x(t), said function f being different whether said feature is
considered as an outlier or not. In particular embodiments,
the f, ; function may be constants, which can be determined
during the calibration step, in which case (3) becomes:

¢; if x; is an outlier

39
filtxi) ={

X; otherwise

Even more particularly, the constant ¢, may be equal to
Zero.

It is worth noting that additive functions f; are discon-
tinuous, while, in the prior art, Additive Models most often
use continuous and smooth additive functions.

There are several ways to identify outliers. For example,
a statistical test can be performed based on the training data
set. The distribution density of each feature x, can be
estimated, the values exceeding a given threshold being then
considered as outliers. The threshold can be predetermined,
or calculated through statistical tests, such as the Grubb’s
test.

FIG. 3 shows the plot of an exemplary probability density
fanction (pdf) for an element, so called “zscore” of generic
tensor element x; (j=1 . . . 192,000) and a threshold,
determined by Grubbs’ test, discriminating outliers from
acceptable values. The term zscore denotes that the variable
has previously been centered (mean value=0) and scaled
(standard deviation=1). Anyway, data centering and scaling,
prior to outlier identification, is optional.

FIG. 4 shows the prediction of the z-component of the
hand trajectory obtained using the Additive Model of equa-
tions (2) and (3) combined with UPLS regression (AM-
UPLS). Experimental data are the same as in FIG. 2, and the
dotted line corresponds to the z-component of the observed
trajectory. It can be seen that artifact A has disappeared—
being replaced by a much less intense noise-like distur-
bance. Moreover, noise B has been attenuated.

The values of R, AME and AMDE are as follows:

R s oprs=(0.57, 0.74, 0.76)

AME ,,, pr—(23.6,22.1, 37.0)

AMDE /5 5=(15.0, 12.8, 24.5).

With respect to the conventional linear UPLS model used
to obtain FIG. 2, R has increased and AME/AMDE
decreased, which corresponds to an improvement of the
quality of the prediction.

Although it also reduces noise, use of a linear Additive
Model is primarily effective against muscular artifacts. A
more effective way of dealing with noise, in particular
induced by non-task related brain activity, is the use of a
Generalized Linear Model (or Generalized Linear Regres-
sion model). As it is known in the art, in a Generalized
Linear Model, a so-called “link function” (which is gener-
ally non-linear) is applied to the linear combination of
predictor used in standard linear multivariate regression:

Ely|x) = g(ﬁo >y ﬁ,-x,-] @

i=l,p

where g(-) is the nonlinear “link function”.

Basically, the link function g takes into account, to some
extent, the non-linear dependence between the predictors
(i-e feature tensor x(t)) and the response (i-e output) y(t).
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Inventors have shown that the application of a link
function, as previously defined, may significantly improve
the reliability of the predicted vector. The link function g can
be determined during the calibration step, as follows:

observed output vectors y(t) are extracted

x(t) feature tensors, are measured, so that each feature

tensor x(t) corresponds to an observed output vector
y().

a first regression model between said output vectors y(t)

and said x(t) features tensors is determined,

predicted output vectors (t) are computed using said first

regression model,

said predicted output vectors Y(t) are compared to the

observed output vectors, and a link function g(y(t)) is
determined, preferably by nonparametric regression
e.g. by Nadaraya-Watson kernel regression—which
best fits said observed output vectors y(t) in other
words the link function g is determined during a so
called fit step, which aims at defining a link function g
which, when applied to linearly predicted values best
fits the observed values.

Said first regression model can be a linear regression
model. In this case,

YW =Fo+ ) Bixlo).

i=Lp

FIG. 5 shows a particular example of link function,
obtained by taking linearly-predicted (i.e. predicted using
linear PLS) values of z (Z,,,4c..4) a5 independent variables
and observed values of z (Z,,,,,...) @ dependent variables,
“z” being the third coordinate of'y. It can be seen that, in this
particular case, for small values of Z,,,;.. &(2) 15 almost
constant, thus suppressing low-amplitude noise; for high
values of 7, 8(z) tends to a constant value, thus
“clamping” high-amplitude peaks due to artifacts.

FIG. 6 shows the reconstruction of the z-component of the
hand trajectory obtained using the Generalized Linear
Model of equation (4) combined with UPLS regression
(GLM-UPLS). Compared to FIG. 2, it can be seen that the
noisy feature B is quite effectively suppressed, and that even
artifact A is somehow reduced (in particular by the suppres-
sion of unphysical negative values).

The values of R, AME and AMDE are as follows:

Reiaroprs—(0.56, 0.76, 0.70)

ME ;0 prs=(22.46, 17.1, 34.8)

AMDE,, ,/ 1pr5=(13.0, 12.6, 23.9).

In a preferred embodiment of the invention, both AM and
GLM are combined with a linear regression method such as
UPLS (Generalized Additive Model):

E(y|x) = g(fo +

Z fixi] S

i=Lp

with additive functions f; given by equation (2) and a link
function determined as discussed above.

The technical result of this preferred embodiment is
illustrated on FIG. 7.

The values of R, AME and AMDE are as follows:

Rrrcra(0.66, 0.80, 0.79)

AME,, craroers—(18.5, 155, 31.1)

AMDE ,,/n61200prs— 9.2, 10.0, 20.8).
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Tt can be seen that noisy feature B is almost completely
suppressed (which is not achieved by GLM-UPLS alone, not
to speak of AM-UPLS alone), and artifact A is also signifi-
cantly reduced (while AM-UPLS alone leaves a quite strong
noise-like perturbation). This underlines the synergy
between AM and GLM in BCIL.

Equations (1), (2), (4) and (5) correspond to regression
models for predicting one coordinate (z) of an arm trajec-
tory. It will be easily understood that three separate mod-
els—and therefore three link functions in the case of GLM-
UPLS and AM/GLM-UPLS and three sets of additive
function in the case of AM-UPLS and AM/GLM-UPLS—
are required for the complete prediction of the three-dimen-
sional trajectory.

The invention has been described with reference to a
specific, non-limiting embodiment using UPLS. However,
any other known multivariable or multi-way linear regres-
sion method—of the PLS family or not—may be used.

In the exemplary embodiment described above, neuronal
signals are represented by three-way (space, time, fre-
quency) tensors obtained by continuous wavelet analysis of
multichannel signals, which are subsequently unfolded.
However, different N-way representation can also be used.
Moreover, several different kind of signal preprocessing can
be applied, as known in the art.

According to different embodiments of the invention,
neuronal signals other than ECoG (e.g. EEG or intracortical
signals) can be used to generate continuous or even discrete
command signals, for a machine or external device which
may not be a robotic arm.

The invention claimed is:

1. A direct neural interface system comprising:

a signal acquisition subsystem for acquiring electrophysi-
ological signals s(t) representative of neuronal activity
of a subject’s brain; and

a processing unit for representing electrophysiological
signals acquired over an observation time window in
the form of a N-way data tensor (x(t)), N being greater
than or equal to one, and generating command signals
(S(1)) for a machine by applying a regression model
over said data tensor,

wherein said processing unit is configured or programmed
for generating command signals for a machine by
applying Generalized Linear regression, with a nonlin-
ear link function, over said data tensor,

wherein said processing unit is configured or programmed
for detecting and correcting outlier elements of said
data tensor before applying said Generalized Linear
regression, and

wherein said processing unit is configured or programmed
for generating command signals for a machine by
applying Generalized Additive Linear regression over
said data tensor, said Generalized Additive Linear
regression making use of additive functions fi(xi) of the
form:

Sii(x;) if x; is an outlier

foilxi) otherwise

fi(xi):{

where x, is an element of said data tensor x(t) and f, ;and 1, ,
are different functions.

2. A direct neural interface system according to claim 1,
wherein said processing unit is configured or programmed
for generating command signals for a machine by applying
Generalized Additive Linear regression over said data ten-
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sor, said Generalized Additive Linear regression making use
of additive functions fi(xi) of the form:

¢; if x; 1s an outlier
filx) = .
X; otherwise

where x, is an element of said data tensor x(t) and ¢, is a
constant.

3. A direct neural interface system according to claim 1,
wherein said processing unit is configured to define said
additive functions fi by applying a statistical test to a
calibration dataset.

4. A direct neural interface system according to claim 1,
wherein said processing unit is configured or programmed
for representing electrophysiological signals acquired over
an observation time window in a form chosen among:

a 3-way data tensor x(t); or

a vector x(t) corresponding to an unfolded 3-way data
tensor, said three ways corresponding to time, fre-
quency and space.

5. A direct neural interface system according to claim 1,
wherein said processing unit is configured or programmed
for performing Generalized Linear regression based on PLS
regression.

6. A direct neural interface system according to claim 1,
wherein said signal acquisition subsystem comprises a plu-
rality of ECoG or EEG electrodes.

7. A direct neural interface system according to claim 1,
wherein said processing unit is configured or programmed
for generating continuous command signals.

8. A method of interfacing a subject’s brain to a machine,
the method comprising the steps of:

a) acquiring electrophysiological signals (s(t)) represen-

tative of neuronal activity of the subject’s brain;

b) representing electrophysiological signals acquired over
an observation time window in the form of a N-way
data tensor x(t), N being greater than or equal to one;
and

¢) generating command signals (S(t)) for said machine by
applying a regression model over said data tensor;

wherein said comprises generating said command signals
by applying Generalized Linear regression over said
data tensor,

wherein said step c) further comprises detecting and
correcting outlier elements of said data tensor before
applying said Generalized Linear regression, and

wherein said step ¢) is performed by applying Generalized
Additive Linear regression over said data tensor, said
Generalized Additive Linear regression making use of
additive functions fi(xi) of the form:

fuilx) if x; is an outlier
filtxi ={
frilx)

otherwise
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where X, is an element of said data tensor x(t) and f, ;and £,
are different functions.
9. A method according to claim 8, further comprising a
preliminary calibration step comprising:
acquiring electrophysiological signals (s(t)) representa-
tive of neuronal activity of the subject’s brain, and
representing said electrophysiological signals acquired
over at least one observation time window in the form
of a N-way data tensor x(t), N being greater than or
equal to one;
acquiring at least one output vector y(t) associated to said
time window or windows;
determining a linear regression model between said data
tensor or tensors and the corresponding output vector or
vectors, and predicting at least on output vector ¥(t)
from said linear regression model and at least one said
data tensor; and
determining, by nonlinear regression, a link function
fitting said acquired output vector or vectors y(t) with
corresponding predicted output vector or vectors y(t).
10. A method according to claim 8, wherein said step c)
is performed by applying Generalized Additive Linear
regression over said data tensor, said Generalized Additive
Linear regression making use of additive functions f;(x;) of
the form:

¢; if x; is an outlier
fitw) =

X; otherwise

where xi is an element of said data tensor and ¢, is a constant.

11. A method according to claim 8, wherein said step c)
comprises a preliminary calibration step comprising defin-
ing define said additive functions f; by applying a statistical
test to a calibration dataset.

12. A method according to claim 8, wherein said step b)
comprises  representing electrophysiological  signals
acquired over an observation time window in a form chosen
among:

a 3-way data tensor x(t); or

a vector X(t) corresponding to an unfolded 3-way data

tensor,

wherein said three ways correspond to time, frequency

and space.

13. A method according to claim 8, wherein said step c)
comprises performing Generalized Linear regression based
on PLS regression.

14. A method according to claim 8, wherein said step a)
comprises acquiring ECoG or EEG signals by using a
plurality of spatially separated electrodes.

15. A method according to claim 8, wherein said step a)
comprises generating continuous command signals.

L S S T
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