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Linear discriminant analysis as EEG features reduction
technique for brain-computer interfaces

Abstract: BCI systems analyze the EEG signal and translate patient intentions into simple commands. Signal processing methods are very
important in such systems. Signal processing covers: preprocessing, feature extraction, feature selection and classification. In the article authors
present the results of implementing linear discriminant analysis as a feature reduction technique for BCI systems.

Streszczenie: Systemy BCI analizujg sygnat EEG i ttumacza intencje uzytkownika na proste polecenia. Waznym elementem systeméw BCI jest
przetwarzanie sygnatu. Obejmuje ono: przetwarzanie wstepne, ekstrakcje cech, selekcje cech i klasyfikacje. W artykule autorzy prezentujg wyniki
badan z zastosowaniem liniowej analizy dyskryminacyjnej jako narzedzia do redukcji cech. (Liniowa analiza dyskryminacyjna jako narzedzie

redukcji cech sygnatu EEG)
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Stowa kluczowe: Liniowa Analiza Dyskryminacyjna, LDA, redukcja cech, selekcja cech, interfejs mézg-komputer, EEG

Introduction

Constructing of an efficient brain-computer interface
(BCI) is one of the most challenging scientific problems and
focuses scientists attention from all over the world. Often
BCl interfaces are based on EEG signals recorded from the
surface of the scalp, because this method of brain activity
monitoring is noninvasive, easy to use and quite
inexpensive. Brain-computer interfaces make use of several
brain potentials such as: P300, SSVEP or ERD/ERS [1,2,3].
The most difficult case for implementation is BCI based on
brain potentials associated with movements (ERD/ERS).
The ERD/ERS name origins from the phenomenon of EEG
signal power rise or fall in the frequency bands 8-12 Hz and
18-26 Hz, when a subject spontaneously imagines a
movement. In our experiment we tried to classify EEG
signals for a single asynchronous trial of imagining

movement.
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Fig. 1. The scheme of brain-computer interface

The most important part of BCI system is EEG signal
processing, which include preprocessing, feature extraction
and classification (fig. 1). In our experiment feature
extraction based on linear discriminant analysis is taken
simultaneously with feature reduction.

Data acquisition

In the experiment we used a dataset of EEG signals
provided by IDIAP Research Institute (Silvia Chiappa, José
del R. Millan). The set contains data from 3 normal subjects
acquired during 3 non-feedback sessions. The subjects
were relaxed, sat in normal chairs with arms resting on their
legs. Each subject had three tasks to execute: imagination

of repetitive self-paced left hand movements, imagination of
repetitive self-paced right hand movements, generation of
words which started with the same random letter. The
subject performed a given task for about 15 seconds and
then switched randomly to another task on the operator's
request. EEG signals were recorded with a Biosemi system
using a cap with 32 electrodes located at standard positions
of the conventional 10-20 system. Authors used only 8
selected electrodes: F3, T7, C3, CP1, C4, T8, F4 and Cz.
The sampling rate was 512Hz. No artifact rejection or
correction was performed. Dataset contains raw EEG
signals. Each training file contains additional 33™
component indicating classes to which the particular parts
of signal belong.

Feature extraction

There exists many methods of feature extraction. The
most widely used for EEG signal are methods based on
frequency analysis, for example discrete Fourier transform
(DFT) or power spectral density (PSD). We used a method
based on DFT. At first the EEG signal is divided into one-
second windows overlapping by a half of second. The half-
second overlap enables to generate large enough set of
data for efficient classifier learning.

In this way we obtained 1280 features from each one-
second window [3]. Such a large number of features makes
the classification process very difficult. For further analysis
frequency band was restricted to 8Hz-30Hz. In this way only
184 features from one-second window were taken into
consideration. The scheme of feature extraction procedure

is presented in fig. 2.
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Fig. 2. The scheme of feature extraction
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Only some features contain useful information for
distinguishing classes. It was found that a linear
combination of features can create a new, better feature set
of reduced dimension. In the next step authors used linear
discriminant analysis to feature reduction.

Feature reduction by linear discriminant analysis

Linear discriminant analysis (LDA) is a well known
feature reduction technique [4]. LDA is used to find a linear
combination of features that can better separate two or
more classes. The LDA finds such direction a that provide
maximum linear separation of classes. An example of a
data projection on directions a and b is given in fig. 3. There
are many possibilities for finding directions but only some
are optimal for data discrimination.

Fig. 3. LDA finds a direction (a) that maximize the separation of
data

A measure of data separation can be expressed as the
maximum of separation coefficient F (1):

_ tr(Sm)
T tr(Sw)

(1)

where S, depicts the between-class scatter, S, within-
class scatter. The bigger the value of F (1) the grater
probability of classes separation.

Let us assume that we have C classes, each containing
N observations x;.. The measure of within-class scatter S°
for the class ¢ can be estimated as (2):

() §¢ = XL (xf — p®) (f — )’

where u° indicates mean of the all observations x; for c-th
class. Generalization S, of the within-class scatter for all C
classes can be calculated as:

@)

where n; is the number of x; observations in each class and
N is a total number of all observations. The value of
between class scatter S% for class ¢ can be calculated as:

@) St =Y —w@ - w"

where t/ indicates the mean of the all observations x; for i-th
class and u indicates the mean of the all observations x; for
all classes. Generalization of between-class scatter S, for
all C classes can be calculated as:

®)

where nymeans the number of x; observations in each class
and N is a total number of all observations.

It can be proved that directions providing the best class
separation are eigenvectors with the highest eigenvalues of
matrix S [4]:

(6)
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Generally the matrix S is not a symmetric matrix and
calculation of eigenvectors can be difficult. This problem
can be solved by using generalized eigenvalue problem [5].
A transformed data set can be obtained by:

(7) y=x"W

where W=[wis,wz,..,.wy] is a matrix build with the M
eigenvectors of matrix S connected with the highest
eigenvalues. LDA reduces the original feature space
dimension to M. A new data set y is created as a linear
combination of all input features x with weights W. In
authors experiments the total number of features is 184. For
further analysis only two LDA components were taken. The
data after LDA transformation can be seen in the fig. 4. The
data are easily separable. In next step of the experiment
data classification was performed.

: : O lefthand
038 forrne e ot Mot O right hand e
v : 7 word
03 :
- &
0251 oo ge o
E v 0
02t p-0B
g O&% o
£ ]
S 015¢ Voo ) Og
z I
<
g [ PO TP SRR Qg O
W
D5 g P
O,
-005 -
01 I I I I I I I I I I
-035 03 -025 -02 <015 -01 -005 0 005 01 015

First component

Fig. 4. Data after LDA transform (two components) for the first
session of first subject

Classification accuracy

At first for classification authors used K-nearest-
neighbor classifier (10-KNN). Because the number of
observations was not too large, authors used 10-cross-
validation test [4]. Data were divided into 10 parts, nine
parts were used to learn classifier and one to test it. Such
an operation was repeated 10 times, so each of the ten sets
was tested. The total error was calculated as the average of
errors for all ten sets. The 3 subjects and 3 session were
tested. The results for for 3 different subjects are presented
in tables 1, 2, 3.

Table 1. Classification error for the first subject

First subject
Session 1 Session 2 Session 3 Mean
5.7% 3.3% 5.3% 4.8%
Table 2. Classification error for the second subject
Second subject
Session 1 Session 2 Session 3 Mean
8.8% 9.1% 9.1% 9%
Table 3. Classification error for the third subject
Third subject
Session 1 Session 2 Session 3 Mean
12.8% 7.1% 7.3% 9.1%

The results showed that LDA performs well as a feature
reduction method. Classification error was very small. In our
case the average classification error for separation of three
classes was only 4.8% for the first subject. The average
classification error for separation of three classes was 9%
for the second and third subject.
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In the next step authors tried to find the dependence of
LDA component number on classification error. The results
of this experiments for third subject and third session is
presented in the fig. 5. As it is shown in fig. 5 the smallest
error was obtained for the first two LDA components.
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Fig. 5. Classification error dependence on LDA component number

Next authors tested classifier using quadratic
discriminant analysis (QDA). The results are shown in
tables 4, 5, 6.

Table 4. Classification error for the first subject

First subject
Session 1 Session 2 Session 3 Mean
6.8% 3.5% 4.2% 4.8%
Table 5. Classification error for the second subject
Second subject
Session 1 Session 2 Session 3 Mean
9.8% 7.5% 8.9% 8.7%
Table 6. Classification error for the third subject
Third subject
Session 1 Session 2 Session 3 Mean
11.3% 6.9% 7.3% 8.5%

Classification errors for QDA were also very small. In
that case the average classification error for separation of
three classes was only 4.8% for first subject. The average
classification error for separation of three classes was 8.7%
for the second and 8.5% for the third subject.

Conclusions
In experiments authors used only 8 EEG channels.
Discrete Fourier transform coefficients were used as

features. For feature reduction a linear discriminant analysis
was implemented. The experiments proved that it is
possible to classify successfully the "mental tasks" with the
use of only 8 electrodes. Linear discriminant analysis is a
good tool for feature reduction. Only two components of
LDA were used. Authors tested 10-NN, LDA and QDA
classifiers. All classification methods gave small
classification errors. For all this methods and for the first
user, classification error was only 4%. For the second and
third user classification error was about 9%. Such a small
error is a very good result. It is worth noting that EEG signal
contained artifacts such as EOG and ECG. The main
disadvantage of implementing LDA for feature reduction is
the need of using all FFT coefficients (features) as the input
signals. The new set of features is calculated based on all
observations. Such a situation will not occur in real BCI
implementation. So the results for real BCl system can be
worse.
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