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Abstract: EEG-based Brain Computer Interfaces (BCI|
require on-line detection of mental states from spontaneous
EEG signals. Recognition of mental activity was attempted
on both raw and SL+ransformed EEG data from five

healthy people performing two mental tasl{s, namely
imagined right and left hand movements. Linear classifiers
were used including Signal Space Projection (SSP) and
Fisher's linear discriminant. Results showed that best
recognition scores (82%o) were obtained with the surface
Laplacian transformation of the recorded potentials and the
SSP linear classifier.

400H2, and signal was bandpass filtered between 0.1 and
100 Hz before digitization. At the beginning of a recording
session, subjects remained in a resting state-relax with
eyes opened-for 60 s. The EEG activity of this period is
used as a baseline for subsequent analysis of the mental
tasks. Then, subjects started performing a given mental task
immediately after the operator instructed them to do so, and
they maintained that task for more than 10 s. Every subject
executed four times each mental task during the recording
session, with a resting period of 10 s between each. After
removal of l-second segments contaminated with either

ocular artifacts
INTRODUCTION
The attempt to recognize mental pattern by the EEG
potential signals it at the base of the field of the BrainComputer Interface (BCI). Currently, in the framework of a
joint European project, we are developing an Adaptive
Brain Interface (ABI) that uses a portable battery-driven
system for the detection of several EEG patterns. Here, we
report results obtained in the recognition of mental pattern
with two linear classifiers based on the Signal Spoce
Projection (SSP) algorithm and Fisher's linear discriminant
functions tl-2l.The interest in the use of such classifiers in
the BCI framework was in the simple training and decision
procedures that linear classifier supports. In fact, these
procedures does not involve non-linear minimization
procedures such as those necessary for the neural network
classifiers. Recognition performances of the two linear
classifiers were observed on a set of EEG data recorded
from a group of five healthy people performing two motorrelated mental tasks, namely imagined right and left hand
movements.

METHODS

Data Collection and Preprocessing. Five

healthy

subjects (three males and two females) participated
voluntarily in experiments where they performed several
mental tasks, including imagination of the movement of the
right middle finger (RI) and the left middle finger (LI). The
whole scalp was covered with 26 EEG electrodes placed
onto standard locations according to the extension of the

l0-20 international system. Sampling frequency

was

or

execution

of

actual movements, it

remains about 40 seconds of EEG signals for every mental
task for every subject. The analytical surface Laplacian
(SL) transformation of EEG potentials is computed with a
spherical spline of order 2 using raw signals from all 26
channels. We compute spectrograms (time varying spectra)
of either raw or Sl-transformed EEG data by estimating the
Power Spectral Density (PSD) of 2-second long epochs,
each starting I s after the previous one. We use the Welch
periodogram algorithm to estimate the PSD. Epochs are
divided into segments of I s, with a Hann window of the
same length applied to each segment, and 50 % overlapping
between the segments. This gives a frequency resolution of
I Hz. Finally, the power components are referred to the
corresponding values of the estimated PSD of the baseline
and transformed in dB-i.e., we take the logarithm of the

division. The spectral values were considered in a
frequency band from 8 to 30 Hz, since those band was

recognized to be useful for the recognition of mental pattern

in a previous paper []. Since the final BCI device will
operated with a few channels as possible in the following
we considered only data coming from the PSD over the six
centro-parietal channels, namely C3, Cz, C4, P3, Pz and P4.
Feature extraction Spectral values from the six
recording channels were estimated for each imagined
movement for an amount of 40 seconds of the recorded
session ("the learning period"). Mean spectral values and
variances were estimated in each frequency bin for each
class of imagined movement (LI, RI). Then, univariate t
tests were performed between mean values for classes LI
and R[, at

a

significance level

of

p<0.05, Bonfenoni-

corrected for multiple comparisons. The 20 frequency bins
that best differentiate (in terms of statistical significance)
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the RI and

LI

classes were chosen as features

for

the

LI and RI patterns.
Signal Space Projection In the Signal Space Projection
method a r-dimensional space is defined so that a
"measure" vector M(t), whose components are features
successive recognition of mental

obtained by the cross-validation technique. The first main
factor was METHODS with two levels (SSP and FISHER),
while the second one was SPATIAL FILTER, with two
levels (RAW and SURFACE LAPLACIAN).

by a point. Given rn vectors of n-dimensional "patterns"

(St, S2,..., S*), the m components of the "activation"

Table l. Detection scores (in percentages) for right and left
movement imagination tasks using the six channels set-up,
both for Laplacian-transformed (SL) and raw potentials

vector:

(RAw).

extracted from incoming data, is represented in that space

(l)
A(t): S- M(t)
of each pattern in M(t). S- is the

weight the presence
pseudoinverse of the projection matrix S whose columns

FISHER

SSP

Subjects RAW

SL

clO1

78.85

88.0

of the mental tasks, Sp or 51, is the mean of the selected
components of the PSD computed during the 40 s the

mj01

65.85

88.

rao1

78.57

60.0

subject was imagining the corresponding single movement

rb01

92.11

82.35

taO1

81.4
79.3

92.3r

are the patterns (Sr, 52,...,

(right or left).

S.). The pattern describing

one

It is worth noting that, for

every possible
combination, individual patterns Sp and 51 are obtained for
every subject. This is a key point of our approach that seeks
to develop individual interfaces since not two people are the
same either physiologically or psychologically.
Fisher's linear discriminant. We would like to classiff
our input pattern array x with a linear discriminant function
such as

(2)
Y:wtx
where w is the the weight array of unknowns that defines
the separation between classes of right imagined movement
(RI) and left imagined movement (LI) in the input space. It
is possible define a projection that attempt to maximize the
separation of the classes. Fisher's discriminant attempt to
maximize a function J(w) that represents the differences

the projected class means, normalized by a
measure of the within-class scatter along the w direction.
By defining ml and m2 as the class means, and the average
between

of the data set m, the function proposed J(w) is
(3)
J(w) : w'S6w / w'S*w
where S5 is the between class covariance matrix given by
(4)
S5: (m2-ml) (m2-ml)'
and S* the within-class covariance matrix given by
S* : XneRr (xn-ml)(xn-ml)' * X nelr (xn-m2)(xn-m2)' (5)

first summation runs over all the patterns
to the class RI and the second over all the

where the
belonging

patterns belonging to the class LI. J(w) is maximized when
the weights are chosen proportionally to the S*-' (m2-ml).
Once obtained the weight vector w, the generic input
pattern x were assigned to the class R[ if the result of the
projection w'(x-m) is greater than zero, and to the class LI
otherwise.

Cross validation For recognition purposes, we applied
to the EEG data the k-fold cross-validation, with k : 8. We
divided the EEG data set into k subsets of equal size. The

SSP and Fisher linear discriminant projection were
recomputed k times, each time leaving out one of the
subsets from training, but using only the omitted subset to
compute the recognition rate. The results presented were an
average of the recognition rate obtained for each one of the
k subset of data not used for the SSP and Fisher training.

A two way Analysis of Variance
(ANOVA) was performed on the recognition scores
Statistical analysis.

Mean

I

82.1

RAW
66.67
52.17
79.41
77 .78
63.79
67.9

SL
84.0
68.0
50.0

8l.08
7s.93
71.8

RESULTS
Table

I reports the recognition rates of imagined

right

(RI) and left (LI) movements using the six centro-parietal
electrodes. Results are shown for each of the five subjects
investigated, together with the mean and standard deviation
for the four possible SSP classifiers. The Sl-based SSP

classifiers achieve the best results for almost all the
subjects. In particular, the best mean scores are 82.lYo and
79.3% for Sl-transformed and raw potentials, respectively.

ANOVA demonstrated that the use

of

SSP improves

significantly the recognition score with respect the use of
Fisher discriminant method (METHODS main factor, F :
3.62, p<0.05). Also the Surface Laplacian improves the
results for the recognition scores with respect the raw
potentials.

CONCLUSIONS

This study has shown that six electrodes, placed over
centro-parietal areas, are sufficient to detect two mental
states related to imagined movements with a linear
classification techniques (SSP, Fisher). Classification
results are quite promising, with the 82.lo/o of recognition
in average obtained on five healthy subjects by using the
SSP classification technique and the surface Laplacian
transformation. These results opens the avenue for a BCI
device based on linear classifiers instead those based on
neural networks.
REFERENCES
tll F. Babiloni

, F. Cincotti, L. Lazzarini, J. Millän, J.
Mouriflo, M. Varsta, J. Heikkonen, L. Bianchi and
M.G. Marciani"'Linear classification of low-resolution

EEG patterns produced by imagined

hand

movements", IEEE Trans. on Rehab. Engng., June
2000.

l2l

Fukunaga, Statistical Pattern Recognition, Oxford
Universitv Press. 1994.

3*o IntenNATroNAL ConrenencE oN BrorlrcrRoMAGNETrsM

8-12 October 2000, Bled - SLOVENIA

