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Abstract 

In Brain Computer Interface research， it is com-
mon to use linear method to analyze human's brain 

signals. For instance， AR modeling method may 

be used in the process of extracting features from 

the EEG (E1ectroencepha1ogram) signa1s. Some 

studies used statistica1 pattern recognition method 

based on AR mode1 to discriminate the EEG sig-

na1s (for example see [1] and [5]). On the other 

hand， the studies ofFreeman (1991) suggested that 
Chaos underlies the abi1ity of the brain to respond 

fl.exib1y to the outside world. Therefore， some non-
1inear mode1ing method may be used to ana1yze 

brain signa1s. 

In this study， we applied a non-1inear mode1-

ing method based on quasi-AR mode1 to extract 

features from EEG signa1s recorded during righ七

hand， 1eft hand， and right foot motor imagery 
Key words: Quasi-AR model， AR mode1， BCI， 

Fuzzy inference， Pattern recognition 

1 Introduction 

Human's brain signa1s can be used as input sig-

na1s of an interface system which is called Brain-

Computer Interface (BCI) in order to co凶 ・01com-

puter or any e1ectric device. For a rea1 usability， 
BCI can provide a new communication channe1 be-

tween human and machine， which can 1ead para1y-
sis patients to higher quality of 1ife. A BCI system 

can be simp1y illustrated in Fig. 1. 

In genera1， the input signa1s of the system may be 
EEG， ECoG (E1ectrocorticogram) or even action 
potentia1s. In recent works， an EEG-based BCI 
system can be used to move a cursor to a target 
on a disp1ay or to contro1 a robot (such as AIBOl 

robot) to move 1eft or right [2]. In these studies， 

1 AIBO : SONY entertainment robot 
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Fig. 1: A genera1 BCI system 

a system based on AR mode1 has been emp10yed 

in the process of classifying two motor imageries 

of right hand and 1eft hand. We a1so proposed a 

process to classify three motor imageries of right 

hand， 1eft hand， and right foot based on AR model. 

However， the accuracy of recognition is not high 

enough to apply it into the practica1 system. 

A non-1inear mode1ing method is required in or-

der to ana1yze human's brain signa1s. In this pa-

per， we propose a statistica1 pattern recognition 

method based on non-1inear mode1， i.e. quasi-AR 

mode1， to classify three motor imageries of right 
hand， 1eft hand， and right foot. 
In this paper， a quasi-AR mode1 and the process 

of mode1 estimation are introduced first. Then， 
a statistica1 pattern recognition method base on 

quasi-AR mode1 will be app1y to discriminate the 

EEG signa1s. 



2 Quasi-AR model 

2.1 乱10deldefinition 

Let y(t) be a signal at time t， Z(t) the regression 
vector given出 [y(t-1) y(t -2)…y(t-m)]T (m is 
AR order). We are looking for the relationship be-

tween Z(t) and y(t). A qua出siト司ARmodel i泊sdefined 

a出sfollows 

山)= zT(t)(e+~e(ψ(t))) +e(t) )
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where， 

e( t) : the independent radom variable 

with normal distribution 

。:the constant parameters vector 

。ニ [α1α2 ・.am]T

<p( t) :ψ(t) = [y(t -1) y(t -2)…y(t -r)f 

(r三m)

ムe: a vector whose each element is a nonlinear 

function of <p(t). 

ムe= [~el ，t ...ムem，t]，ムei，t= fi(ψ(t)) 

Applying Fuzzy inference， the function fi(ψ(t)) 
can be expressed回 ([4])

立 1ωij(八LJAL(U(t一同))
五(ψ(t))= ~\_"k ，¥/ (2) 

立 1(八;J4(山一的))
M 

=乞ωijNfj(ψ(t)) (3) 

where八 isminimum operator， M is the number 

of fuzzy rules， y(t -k)'s are the components of 

ψ(t)， and μAL is the m embership function of the 

fuzzy set A{. For example， in the case of r = 2 

and <p(t) = [y(t -1) y(t -2)]T， the membership 
function can be set as Fig. 2. 

A quasi-AR model can be illustrated as Fig. 3. 

2.2 Parameter Estimation 

We need to estimate all parameter e and ωij from 
observed data. To simplify expression， we use pa-
rameter vector φand a regression vector ZNL(t) 
defined剖

φ= [eT，ω11…ωmM]T (4) 

ZNL(t) = [ZT(t)， ZT(t)⑧ Z1
j
(t)]T (5) 
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Fig. 2: Example of membership function 
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Fig. 3: Quasi-AR model 

where Z1f (t) [Nfj (ψ(t))]， and the symbol ③ 

denotes Kronecker production. Then， the system 
(1) can be written出

ν(t) = Zr.，dt)φ+ e(t) (6) 

Apply least-squares method， the p紅 ametervector 

φcan be estimated as follows 
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However， we apply an RPEM2 algorithm given as 

follows instead of calculating (7) 

φ(t) =φ(t -1) + L(t)c(t，φ(t -1)) 

P(t -1)ψ(t) 
L(t) = 

+ψT(t)P(t -1)ψ(t) 

(8) 

(9) 

P(t -1)ψ(t)ψT(t)p(t -1) 
(t) = P(t -1) --¥-， _~ .;， 

1+ψT(t)P(t -1)ゆ(t)

where 

c(t，る(t-1)) = y(t) -Z~dt)る(t -1) 

ψT(t) = Z~L(t) 

3 Materials and乱1ethods

3.1 Experimental Paradigm 

(10) 

Three subjects from 22 to 24 years old partici-

pated in this study. All of them were not taking 

medication. Each of the subjects participated in 

10 or 11 sessions， all on different days. Each ses-
sion consisted of 4 experiments. Each experiment 
was carried out with 60 trials (20 'left hand'， 20 
'right hand'， and 20 'foot' trials) and lasted 60 min-
utes. The sequence of 'left hand'， 'right hand' and 
'foot' trails were randomized throughout each ex-

periment. During the experiment， the subject sat 
in a comfortable armchair， and a computer screen 

was fixed 100 cm in front of him. Each trial was 

8000 ms long (Fig. 3). At 2000 ms， an acoustical 
warning tone and a fixation cross with an arrow 

were presented at the center of the screen for 1250 

ms. The arrow pointing to the left (←)， to the 

right (→)， or downward (↓) specified the motor 
imagery task to perform. Feedback (FB)剖 abar 

refl.ecti時 thesubject's imagination was shown at 

the center of the screen from 5000 ms to 8000 ms 

(Fig. 4). There were two types of sessions:自rst，
in the initial sessions， data was collected for the 
creation of a subject-specific classifier and no feed-
back therefore was provided. Next， in the feedback 
sessions， the classifier was then used to classify 
the subject's EEG online while he imagined the 

requested movement， and the results were shown 
back to the subject (See Fig. 5). 

2RPEM : Recursive Prediction Error Method 
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Fig. 5: Feedback 

3.2 Data Acquisition 

Position of electrodes are shown in Fig: 6. The 

EEG signals were amplified by a Nihon Khoden 

amplifier and then were sampled at 128 Hz. The 

band-pass filter was set at band仕om1.5Hz to 

60Hz. In this study， brain signals were extracted 
from electrode C3， C4， CZ and those outskirt elec-

trodes. For example， a signal of channel C3 will 

be derived回

YC3 = Yo - (YC3A + YC3P + YC3L + YC3R) /4 

The signal derived by this method is called small 

Laplacian filtered signal (SL signal). The signals 

of channel C4 and CZ were derived by the same 

way. 
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Fig. 6: Position of electrodes 



Electrooculogram (EOG) were derived from 2 

electrodes， one was placed at the position that 
above the right eye， and the other was placed 
just below the left eye， in order to detect vertical 

and horizontal eyes movement. Electromyogram 

(EMG) were derived仕ombipolar elecもrode. We 

use these signals to make sure that， the subject 
did not make any muscle movement through ex-

periment. 

4 Pattern Recognition Method 

1n this study， an EEG signal was assumed to be 

generated仕oma quasi-AR model that was dis-

cussed at section 2. That is 

山)= a7(t) (0 +ムO(ψ(t)))+ e(t) 

= íZ~L(t)φ + e(t) 

where 

φ= [OT，ω11…ωmM]T 

iZNL(t) = [iZT(t)， iZT(t)⑧ iZ1f(t)]T 

(11) 

(12) 

A feature vector can be defined出

。=[φTρ]T (13) 

where，ρis the distribution of white noise e(t). 1n 
this study， we try to classify 3 motor imageries of 
right hand， left hand and right foot by using 1， 
2 or 3 EEG signal channels (C3， C4 or CZ). The 
following Bayes decision rule was applied in this 

process. 

k* =αrgMαx Pr(ωkliZNd 
k 

P(iZNLIωk)Pr(ωk) 
=αrgMαX n/，.-" 、 (14)

k 

=αrgMax{lnP(iZNLlwk) + lnPr(ωk)} (15) 
k 

where ωk is class (right hand， left hand or right 
foot)， iZNL = iZkrv iZ'jyv íZ~L (iZkrL' iZ'jyv íZ~L 
are the signals from C3， C4， CZ defined by Eq. 

12) in the case using only one channel， iZN L 

{iZ kr L' iZ'jy L} in the case using 2 channels， and 
iZ N L {iZ kr L ， iZ 'jy v iZ ~ d in the case using all 
3 channels. 

Following decision function will be obtained 

k* = 町Min ~ と竺仙川+
k 、 L

N 

Ej;乞 (y(t)-可iZNd
2

f 内 t=m+l

-lnPr(同)}日)

where m is AR order， N is number of data of one 
experiment. To apply pattern recognition method 

in the process of classifying 3 motor imageries， we 
need to estimate paramater <I> and p first. 

1n this study， to estimate parameter φand ρ， 
we set the AR order to 10 (i.e. m 10)， and 
<p(t) = [y(t -1)ν(t -2)V. The fuzzy set and 
membership function were set as Fig. 7. 
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Fig. 7: Fuzzy set and membership function 

The parameters were estimated by following 2 

steps 

Step 1 : Assume the parameters associated with 

the nonlinear terms of quasi-AR model to be zero， 
i.e.ω11…ωmM] = 0 in (11). Then， we obtain 

y(t) = cj7(t)0 + e(t) (17) 

1ndeed， (17) is nothing but a linear AR model. 
Hence， the estimation of the linear approximation 
can be used出 aninitial value for the estimation 

of the quasi-AR model. 

Step 2 : We take 0 that was estimated from step 
1 and [ω11…ωmM] =0錨 initialvalues. Apply the 

process仕om(8) to (10) to estimate φ. 
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Parameter p can be estimated as follow 

司 Np N 

p= I"~ ..¥)，ヤ (yj(t)ーがzh)2
Np(N-m)Zt二11、

(18) 
where Np is the number of experiments， m is AR 

order， and N is the number of data of each exper-

iment. 

5 Results 

In this study， 98 periods (Fig. 8) were consid-

ered， and the order of AR model is set to 10. 
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Fig. 8: Processing period 

To obtain a more general view of the ability of 

classification， a 5 times 5 fold cross validation was 

performed. The 5 times 5 fold cross validation 

mixes the data set randomly and divides it into 5 

equally sized disjunct partitions. Each partition is 

then used once for testing， and the others are used 
for training. The average of 5 different accuracies 
is the accuracy result of a 5 fold cross validation. 

This procedure is repeated 5 times and then， take 
an average of all accuracies again. 

All 3 channels C3， C4， CZ should be used to 

classify 3 movement intentions. However， in this 

study， first， we try to use only one channel (in 

this case， we try to use channel C4) to classify 
movement intentions. If， with only one channel， we 
can obtain the recognition result high enough， the 
BCI system can be simplified with a few electrodes. 

The figures from Fig. 9 to Fig. 13 show the 

recognition results from session 6 to session 11 of 

subject 06c2. 
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Fig. 9: Recognition results of subject 06c2 
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Fig. 11: Recognition results of left hand movement 

Fig. 9 show the recognition result of each町 move-

ment intention. In each experiment， the subject 
only can imagine one movement well. In session 11， 
the subject was able to imagine movement of the 
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Fig. 12: Recognition results of right hand move-

ment 

Fig. 13: Recognition results of foot movement 

left hand well， while the right hand and foot move-
ment imageries were not made delicious. In session 

8， subject was able to make a greate right hand 

movement imageries， while the left hand move-
ment imagery was not so good. Since only one 

movement could be imaged well while the others 

were not， the identification rate fell down. 
Fig. 10 show the identification rate of each ses-

sion. The buoyancy of identification rate can be 

identified. From Fig. 11 to Fig. 13 we can identify 

that the accuracy rate of left hand and foot move-

ment imageries increased， while the right hand 
movement imagery decreased. 

Generally， the identification rates are not high 
enough. Some reasons can be given. 

. Fuzzy sets， and membership functions were 
not suitable. 

• Since it is very di伍cultto imagine 3 move-

ments at the same time， it is necessary to 
com五rmthat the subject is able to imagine 

well or not. 

6 Conclusions 

In this study， we proposed a statistical pattern 

recognition method based on quasi-AR model in 

order to discrimate three patterns of the EEG sig-

nals. Through this study， we can see that quasi-
AR model has a linear AR structure， so that 
the parameters of model can be estimate simply. 

Moreover， a quasi-AR model can be seen as a 

model combining a linear AR model and non-linear 

elements. In comparison with the AR model， the 
quasi-AR model contains more information of the 

signals， and non-linear features of brain signals can 
be extracted by non-linear elements. In our study， 
the identification rate was not hight enough to per-

suade that we were able to extract the non-linear 

features of brain signals. 

This study also suggest that we can confirm foot 

motor imagery by EEG signals， as well as right 
hand and left hand imagery. Therefore， foot m。
tor imagery can be used酪 anoperator to control 

electric device or computer. It is necessary to in-
crease the accuracy of recognization and increase 

the kind of available operator in order to m北e

system usability. 
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