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Abstract

Electroencephalograph (EEG) recordings during right
and left hand motor imagery can be used to move a cur-
sor to a target on a computer screen. Such an EEG-based
brain-computer interface (BCI) can provide a new commu-
nication channel to replace an impaired motor function. It
can be used by e.g., handicap users with amyotrophic lat-
eral sclerosis (ALS). In this paper, feature extraction based
on morphological multiresolution analysis is introduced to
discriminate the EEG signals recorded during left and right
hand motor imagery, and oddball task. The mixture features
in the brain wave signal of single channel is able to separate
to various bands. The structural function to decide the filter
characteristic is discussed using the experimental studies.
Keywords: EEG, AR-model, brain computer interface, mo-
tor imagery, morphology, multiresolution signal analysis.

1. Introduction

Classification of EEG signals is a difficult task, espe-
cially when the derived classification result is to be used to
control an electronic device, because in this case the classi-
fication has to be performed on a single-trial basis (i.e. not
averaged). Such a system which transforms signals from
the brain into control signals is known as a BCI [1] [2]. For
the single-trial signal recognition method, many methods
have been proposed. For example, artificial neural network
(ANN) with frequency components as a feature vectors [3]
and linear discrimination method based on adaptive AR pa-
rameter [4] [5]. We have also proposed a system based on
AR model [6]. The learning effects of subjects were inves-
tigated [7].
In this paper, we use morphological filter [8] [9] for EEG
signal because that takes constant shape in each event. In
particular, N100 of visual or aural evoked potential (EP),
and P300 of recognizing event related potential (ERP), and
high frequency component of motor imagery are extracted
by this method. Furthermore, these features are separated

by multiresolution signal analysis. The designing method
of these structure and the method to pattern identification
are discussed.

2. Morphological Multiresolution Analysis

2.1 Morphological filter

In this section, we give a brief description on math-
ematical morphology. As basic operations, we employ
Minkowski addition ⊕ and Minkowski subtraction 	, which
are defined as follows.

[
f ⊕ g

]
(t) = max

t−u∈F
u∈G

{ f (t − u) + g(u)} (1)

[
f 	 g

]
(t) = min

u∈G
{ f (t − u) − g(u)} (2)

where f (t) is an input signal and g(t) is the structural func-
tion which characterizes the filter. Furthermore, F and G
denote the domains of f (t) and g(t), respectively. Conven-
tionally, it is assumed that every signal takes the value −∞
out of its domain. By combining these operations, we define
two morphological filters:

opening : fg(t) =
[
( f 	 gs) ⊕ g

]
(t) (3)

closing : f g(t) =
[
( f ⊕ gs) 	 g

]
(t) (4)

where gs(t) := g(−t). The opening process for f (t) by g(t)
removes the parts in the positive direction of the wave form
of f (t) those are too narrow to fit for the wave form of g(t)
attached below. In contrast, the closing filter removes the
narrow negatively directed parts. In other words, opening
(resp. closing) smooth f (t) from the positive (resp. neg-
ative) direction by g(t). Furthermore, the open-closing fil-
ter consisting of successive applications of the opening fol-
lowed by the closing provides an effect of lowpass filter.
Thus, we can also construct a highpass filter by taking the
difference between the input signal and its open-closing.

lowpass : ψ↑(t) =
(

fg
)g

(t) (5)

highpass : ω↑(t) = f (t) − ψ↑(t) (6)
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The schematic figures of morphological operations are
shown in Fig. 1.

Figure 1. Property of morphological filter

2.2 Design of structural function

It is necessary to set out the structural function to use
morphological filters. By the convention, the structural
function has finite values only in the processing window and
takes −∞ on the outside. In this paper, we use the Haar type
and Circle type structural functions (Fig. 2). The Haar type
structural function is defined with a constant parameter c
and the width of window 2n + 1 as follows.

g(t) =


c (−n ≤ t ≤ n)
−∞ (otherwise)

(7)

Similarly, the Circle type structural function is defined with
a variable parameter k and the width of window 2n + 1 as
follows.

g(t) =


k
√

1 − x2/n2 (−n ≤ t ≤ n)
−∞ (otherwise)

(8)

In case of Circle type, we choose the variable parameter k
by the following criterion.

k = argMax
k


t2∑

t=t1

(
ψ↑(t) − ω↑(t)

)2
 (9)

2.3 Multiresolution analysis

A sequence of successive processes with varying struc-
tural functions constitutes a multiresolution signal analysis.
To describe this, let us assume that there exist sets V j and

Figure 2. Structural function

Figure 3. Three-level signal analysis scheme

W j. We refer to V j (resp. W j) as the signal space (resp. de-
tail space) at level j. Then, for a given input signal x0 ∈ V0,
we obtain the following recursive analysis scheme:

x0 → {x1, y1} → {x2, y2, y1} → . . .

→ {xk, yk, yk−1, . . . , y1} → . . . (10)

where

x j+1 = ψ↑j(x j) ∈ V j+1

y j+1 = x j − x j+1 ∈ W j+1

(
x j ∈ V j, x j+1 ∈ V j+1

)
.

Conversely, the input signal x0 can be reconstructed by sum-
ming up the detail signals at every level. A three-level sig-
nal analysis scheme is depicted in Fig. 3. In this paper, we
increase the width of windows by 2 to the power of levels.

3. Feature Extraction Method Based on AR
model

The EEG signals are assumed to be generated from an
autoregressive (AR) model,

yt =

m∑

j=1

φ jyt− j + νt = ΦT zt−1 + νt, m + 1 ≤ t ≤ N (11)

Φ =
[
φ1, φ2, . . . , φm

]T

zt−1 =
[
yt−1, yt−2, . . . , yt−m

]T

where, yt is observed EEG signal at time t, and νt is the
independent random variable with normal distribution.

E[νtνs] = ρδt,s, νt ∼ N[νt; 0, ρ], θ =
[
ΦT , ρ

]T
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where, θ means model parameter vector. The first m obser-
vations y1, y2, . . . , ym serve as initial conditions for the Eq.
(11), following equation is assumed.

p (y1, y2, . . . , ym, θk) = p (y1, y2, . . . , ym) · p (θk) (12)

And it is assumed that the feature parameter θk in the class
ωk is deterministic. This assumption is expressed as fol-
lows.

p (yN/ωk) = p (yN/θk) (13)

yN =
[
y1, y2, . . . , yN

]T

These assumptions yield the following explicit expression
for the conditional probability density functions.

p (yN/ωk) = p (y1, y2, . . . , ym)
(

1
2πρk

) N−m
2

· exp

−
1

2ρk

N∑

t=m+1

(
yt − ΦT

k zt−1

)2
 (14)

The purpose of this paper is to identify 2 classes human’ s
will. Therefore, following Bayes decision rule is adopted.

k∗ = argMax
k

Pr (ωk/yN)

= argMax
k

{
−N − m

2
ln (2πρk)

− 1
2ρk

N∑

t=m+1

(
yt − ΦT

k zt−1

)2
+ ln Pr(ωk)

 (15)

Where,

yN =
[
y1, y2, . . . , yN

]T : EEGsignals

ωk : Class

For the estimation of parameters, the following likelihood
function is considered.

L = p (yN/ωk) (16)

To maximize the criterion function L, partial differentia-
tion of L with respect to each parameter is done and then
equated to zero. Then the obtained simultaneous equations
are solved to give rise to the equations below.

Φ̂k =


N∑

t=m+1

zt−1zT
t−1


−1

·


N∑

t=m+1

ytzT
t−1

 (17)

ρ̂k =
1

N − m

N∑

t=m+1

(
yt − Φ̂T

k zt−1

)2
(18)

4. Experimental Paradigm

Five subjects (A, B, C, D, E: 22-24 years old) partici-
pated in this study. All were right-handed. At first, we ex-
perimented left and right hand movement imagery for for-
mer subjects (A, B, C) which were called Experiment I. On
the other hand, we experimented visual oddball task for lat-
ter subjects (D, E) which were called Experiment II. During
the experiment, the subject fixated a computer monitor 100
cm in front of him. According to the instruction which is
presented in the monitor, subjects begin imagery.

4.1 Experiment I

Left and right hand motor imagery task takes the re-
sponse brain wave caused according to hand motor imag-
ination. In this experiment, three subjects (A, B, C) test by
follow experimental paradigm. Each trial was 8000 ms long
(Fig. 4). At 3000 ms, the fixation cross was overlaid with
an arrow at the center of the monitor for 1250 ms, pointing
either to the left (←) or to the right (→). Depending on the
direction of the arrow, the subject was instructed to imagine
a movement of the left hand or the right hand. Feedback
(FB) consisting of a bar-graph is presented at the center of
the monitor from 4250 ms to 8000 ms. There were two
types of sessions: in the initial sessions, data was collected
for the creation of a subject-specific classifier and, there-
fore, no feedback was provided. In the following feedback
sessions, the classifier was then used to classify the subject’s
EEG on-line while he imagined the requested kind of move-
ment, and feedback was given to the subject as described
above. Subjects participated in 10 sessions all on different
days. Each session consisted of 3 experimental runs of 60
trials (30 ’left’ and 30 ’right’) and lasted about 40 minutes.
The sequence of each trials, as well as the duration of the
breaks between consecutive trials (ranging between 500 and
2500 ms), were randomized throughout each experimental
run. And after the second session, the feedbacks were ex-
ecuted based on the parameter estimated from the previous
session’s data.
In addition, EEG recording and data acquisition are done
as follows. EEG recording electrode positions are shown in
Fig. 5(a). For example, channel C3 is derived by following
equation.

monopolar : yt = yC3 − yA2

bipolar : yt = yC3A − yC3P

small laplacian : yt = yC3 − (yC3A + yC3R + yC3P + yC3L) /4
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yC3, yC3A, yC3R, yC3P, yC3L and yA2 denote as follows.

yC3 : an electrode placed C3
yA : an electrode placed 2.5 cm anterior to C3
yR : an electrode placed 2.5 cm right to C3
yP : an electrode placed 2.5 cm posterior to C3
yL : an electrode placed 2.5 cm le f t to C3

yA2 : an electrode placed lobe o f the right ear.

Channel C4 is derived in the same way. The EEG signals
are amplified and band-pass filtered between 1.5 and 60 Hz
and then sampled at 500 Hz.

4.2 Experiment II

In Oddball task experiments, the response EEG waves
related to cognition are obtained by giving stimulation with
different frequency to subjects. In this experiment, two sub-
jects (D, E) are given visual stimulation (Rare: red, Fre-
quent: green). Concretely, the experiment is composed of
totally nine sessions, and session is composed of 100 trials
(red : green = 3 : 7, interspace between trials: 2-4 seconds)
(Fig. 6). EEG recording electrode positions are shown in
Fig. 5(b). The EEG signals are amplified and band-pass
filtered between 1.5 and 30 Hz by Nihon Khoden amplifier
and then sampled at 1000 Hz.

Figure 4. Timing chart

Figure 5. Position of the electrode

5. Result

5.1 Result of Experiment I

Averaged signal is shown in Fig. 7. At the time just after
2000 ms, 3000 ms and 5000 ms, the peak in negative direc-
tion is observed, it is evoked potential N100. Nine levels of
morphological multiresolution analysis processes to single
trial brain wave with such a feature. Haar type structural
function Eq. (7) is used. Table 1 shows used parameter and
separation signal depicted in Fig. 8 The left side of figure is
a low frequency component, and the right side is a high fre-
quency component. The element of ERP can be extracted
at a specific level. The pulse shape is appeared in level 1-3
and the shape of evoked potential is appeared in level 6 and
7. Consequently, the reconstructed signals is made by us-
ing the signal of specific level, and done pattern recognition
based on AR model. In case of monopolar signal, the results
depicted in Figs. 9,10,11. It is confirmed that accuracy rose
10 % in some sessions in subject B.

5.2 Result of Experiment II

Averaged signals are shown in Fig. 12. The channel is
displayed in order of frontal, central, parietal and occipi-
tal. The left side figure shows average of rare stimulation
and the right side figure shows average of frequent stimu-
lation. As both stimulation, visual evoked potential N100
appear in parietal and occipital region. Event related poten-
tial caused by cognition appear only rare stimulation from
frontal to central. Note that, we intend to extract of these
feature in single trial EEG by using morphological multires-
olution analysis.

Figure 6. Timing chart of oddball task

Figure 7. Averaged EEG signal

Table 1. parameter of structural function
g0 g1 g2 g3 g4 g5 g6 g7 g8

c 0 0 0 0 0 0 0 0 0
2n + 1 3 5 9 17 33 65 129 257 513
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And, seven levels of morphological multiresolution analy-
sis processes to single trial brain wave with such a feature.
Haar type structural function in Eq. (7) is used. Table 2
shows the parameters. By using these structural function,
separation results of rare stimulation based on opening pro-
cess depicted in Fig. 13 and frequent stimulation based on
opening process depicted in Fig. 14. The left side of figure
is a low frequency component, and the right side is a high
frequency component. Opening processing is useful for ex-
tract positive peak because it performs smoothing from neg-

Figure 8. Multiresolution analysis
(subject: C, channel: monopolar of C3, class: left hand)

Figure 9. Pattern recognition result
(subject: A, channel: monopolar of C3 and C4)

Figure 10. Pattern recognition result
(subject: B, channel: monopolar of C3 and C4)

ative side. Therefore, the element of P300 was able to be
observed at a specific level in the brain wave only rare stim-
ulation.
Next, the pattern recognition is investigated in the feature
obtained. The structural function is Circle type in Eqs. (8),
(9). Where, period (t1 − t2) is the period that difference of
sum of amplitude between each class becomes maximum.
The separation result is shown in Fig. 15. Fig. 16 shows
the recognition result based on the P300 area’s feature and
Bayes method.

6. Conclusion

In this paper, feature extraction based on morphologi-
cal filter was introduced to discriminate the EEG signals
recorded during right hand and left hand motor imagery.
To extract the response brain wave of audiovisual or ERP,

Figure 11. Pattern recognition result
(subject: C, channel: monopolar of C3 and C4)

Figure 12. Averaged EEG signal during odd-
ball task

Table 2. parameter of structural function
g0 g1 g2 g3 g4 g5 g6

c 0 0 0 0 0 0 0
2n + 1 3 5 9 17 33 65 129
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Figure 13. Separation result based on Haar
type Opening (Low stimulation)

Figure 14. Separation result based on Haar
type Opening (Frequent stimulation)

Figure 15. Separation result based on Circle
type Opening

Figure 16. Pattern recognition result by using
Circle type Opening processing

we prospect to use Morphological filter because EEG waves
has specific wave pattern and morphological filter has wave
form extraction property. As a result of morphological mul-
tiresolution analysis, the identification accuracy of 80 % is
obtained in oddball task experiment in the cause to extract
ERP. Also, the method worked as preprocessing of identi-
fication, the accuracy rate were improved by 10 % in the
distinction of the brain wave when the right hand left hand
motor imagery. The mentioned results suggest that mor-
phological multiresolution analysis is useful to extract the
feature from EEG.
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