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Abstract— Single-channel EEG systems are very useful in
EEG based applications where real time processing, low com-
putational complexity and low cumbersomeness are critical
constrains. These include brain-computer-interface and bio-
feedback devices and also some clinical applications such as
EEG recording on babies or Alzheimer's disease recogni-
tion. In this paper we address the problem of eye blink arti-
facts detection in such systems.

We study an algebraic approach based on numerical differ-
entiation, which is recently introduced from operational calcu-
lus. The occurrence of an artifact is modeled as an irregularity
which appears explicitly in the time (generalized) derivative of
the EEG signal as a delay. Manipulating such delay is easy
with the operational calculus and it leads to a simple joint
detection and localization algorithm. While the algorithm is
devised based on continuous-time arguments, the final imple-
mentation step is fully realized in a discrete-time context, using
very classical discrete-time FIR filters. The proposed approach
is compared with three other approaches: (1) the very basic
threshold approach, (2) the approach that combines the use of
median filter, matched filter and nonlinear energy operator
(NEO) and (3) the wavelet based approach. Comparison is
done on: (a) the artificially created signal where the eye activ-
ity is synthesized from real EEG recordings and (b) the real
single channel EEG recordings from 32 different brain loca-
tions. Results are presented with Receiver Operating Charac-
teristics curves. The results show that the proposed approach
compares to the other approaches better or as good as, while
having lower computational complexity with simple real time
implementation. Comparison of the results on artificially cre-
ated and real signal leads to conclusions that with detection
techniques based on derivative estimation we are able to detect
not only eye blink artifacts, but also any spike shaped artifact,
even if it is very low in amplitude.

Keywords— Electroencephalography, eye blink artifacts, dif-
ferential algebra, operational calculus, parameter estimation.

I. PROBLEM DESCRIPTION

In electroencephalographic (EEG) recordings electrical
activity of the levator muscle (which controls the upper
eyelid and is responsible for eye blinks), projects on vectors
pitched by the EEG electrodes causing artifacts.

Eye blink artifacts affect more than 10% of an average
human EEG (human in average blinks once in 5s, and the
duration of an artifact is more than 0.5s), thus they are a
very important problem in EEG signal processing.

The amplitude of these artifacts depends on the ampli-
tude of the levator muscle activity and on the brain region
where the EEG is recorded. Typically, the amplitude has the
same order of magnitude as the recorded brain activity.
Thus, during the eye blink EEG recording is useless for
most of applications. On the other hand, the artifacts can not
be detected only by setting a threshold.

Common approach for eye blinks detection is placing ex-
tra electrodes close to the eye. Signal from these electrodes
is amplified with differential amplifier, then setting an ap-
propriate threshold is enough for the detection. Moreover, if
several EEG channels are recorded, blind source separation
is often used, not only to detect artifacts, but also to reject
them from the EEG data.

However, placing extra electrodes close to the eye or us-
ing EEG with several channels is not suitable in many ap-
plications. Upcoming consumer application based on EEG
such as brain-computer interface [1], or biofeedback devices
[2] are mostly intended for non-clinical, everyday home use.
Simplicity of use and low price are essential for those de-
vices. Therefore, the use of single channel EEG systems
imposes naturally [3]. Some clinical application such as
recording on babies [4] or Alzheimer's disease recognition
[5] are often based on single channel EEG systems as well.
In this paper we address the problem of eye blink artifacts
detection in such single channel systems. We show how
new algebraic technique for numerical differentiation [6]
can lead to algorithm for joint detection and estimation of
the locations of the eye blink artifacts in a single channel
recording.

In the following section we model the artifact-free part of
the signal as a piecewise polynomial and we interpret the
occurrence of a spike artifact as a discontinuity point in that
model. Next, we describe an algorithm which allows us to
detect and locate such an irregularity point. The main steps
of the algorithm are based on the very classical operational
calculus (which is widely used in electrical circuit). The
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solution admits an easy implementation, as a combination
of finite impulse response (FIR) filters.

In section 3 we compare the proposed approach with
three other approaches: (1) the very basic threshold ap-
proach, (2) an approach that combines the use of median
filter, matched filter and nonlinear energy operator (NEO)
[7] and (3) the wavelet based spike detection algorithm [8]
Since the projection of the levator muscle activity depends
on the brain region where EEG is recorded we did the com-
parison on single channel recordings from 32 different brain
locations. To be able to have a complete control over the
eye blink locations and the signal to noise ratio we also did
a comparison of the four approaches on artificially created
signal where we used eye blink templates obtained from the
real EEG recordings. The results are presented with receiver
operating characteristic (ROC) for each of the 32 locations.
They indicate that the proposed approach compares favora-
bly with the threshold and NEO based approach, while it
performs similarly as the wavelet approach, but it has sig-
nificantly lower computational complexity and can be im-
plemented for online detection.

1. DESCRIPTION OF OUR APPROACH

The association differential algebra-operational calculus
leads to simple and efficient algebraic approach for parame-
ter estimation, initiated in [9]. This approach is applied here
in order to obtain an eye blink artifacts detection method.
This can be seen as a change-point detection problem:

Given Y(t), a noisy observation of a piecewise regular

signal X(t), we want to detect the abrupt changes and esti-

mate their locations. We apply a purely algebraic approach
(see [9], [10] and [11] for the details).
We represent each eye blink artifact in the signal as ir-

regular point. If _is an artifact location then we know that
the N™ order derivative of X(t) has the form:

d" o NPT (k)

G D10+ 2 (45O + 5 -1)?),
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1

where the exponent (K) stands for the derivative of order
K, g is the jump of the k™ order derivative at the point
t, and [f]represents the regular part of f . We have set
Hy i1 2 X9 (04) = x®(0-) =x“(0+) and g, , , is
defined similarly with the origin replaced by the point t, .

Several estimators of t_ can be deducted from (1). For
example, take N =2 and consider an interval 1], with the
origin = and length T
X (t)=x(t+7).

If we neglect [X ], then we see that X_, the operational

For tel] , let set

analogue of X

equations:
i
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satisfies a system of linear differential

T !
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Observe that the unknown parameter t, appears explicitly

in the coefficients of this system. We divide all terms of (2)

by s for an integer v large enough to have only an inte-
gral operators (since differentiation is known to be ill-
conditioned) i.e. negative powers of S (here v > 2). Next,

replace X_ by its noisy observation Y,  counterpart and

choose T such that there is at most one discontinuity point
t, in ITT . By using very classical operational calculus rules,

we finally obtain, back in the time domain, a linear system
P (r)O(r) =9, (r) , where ®(7) is the estimation of

the vector [t,,t?]' corresponding to the interval ! . The

matrix P (z) and the vector Q (z) have the form:

R@) =], p(Dy.(Dd2, Q.(2)=], a,(2)y,(2)d2
where {p, (4)}; ; and {q, (1)}, are polynomials in A .
In an interval 1]
Uy =4, =0 and the system P (7)O(r)=0Q (r) is
degenerated in the noise free case. Thus, if ¢ is a given

threshold, representing for example the noise level in
P (r) and Q (7), we say, e.g.: t, =0 (no detection) if

I’P.(7) li< 0. I, on the other hand an eye artifact occurs at

in which X_ is smooth, we have

an instant t,, then we would have || P, (z)II> ¢ for all

- T
intervals |

T

7 <t <7+T. These observations lead to a joint detec-

tion and estimation of the eye artifact occurrences, without
the need to solve the above linear system for ®(7) .

containing t, , ie., for all 7 such that
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Observe that one can replace the condition
| P.(7) li< o (degeneracy of the linear system) by a num-

ber of other decision criteria such as, for instance,
| D(7) £ det{P,(r)}|< o or

C@) 2PN AR (D}, 4Q (D} < 0.
The second mentioned has been used in this paper (more
information on choice of the criteria can be found in [12]).
Implementation of the algorithm in the discrete time
domain is done using classical numerical integration. The
work horse trapezoidal rule is applied as an approximation

method. Finally, each entry of P (r) and Q (7) are

computed as the output of a FIR filter, with input given by
the discrete samples of the noisy observation [13].

111. CONCLUSIONS

In order to asses the efficiency of the proposed algebraic
approach we compare it with three other approaches:

e The basic threshold approach, where it is assumed that
the eye blink artifacts have the largest amplitudes in the
recorded signal and only a threshold is applied to detect
them.

e The approach that combines median filtering, matched
filtering and NEO. In literature this approach is known
to emphasize spike shape waveforms as the eye blinks
[71.

e The approach that is based on wavelet decomposition,
where scales are calculated depending on the input
parameters: minimum and maximum spike width [8].

The comparison has been done on 7.5 minutes of 32
channel EEG recording, at the sampling frequency of 1kHz.
The electrodes were placed according to the international
10-20 system. The recording was unipolar with reference
calculated as the averaged sum of all the 32 electrodes. The
ground electrode was placed on the forehead. All electrode

impedances were less than 5kQ) .

Since we address the problem of the eye blink detection
and localization in single channel EEG, all four approaches
were applied on each of the 32 channels separately. Since
the recorded signals are from different brain regions, we are
able to evaluate how different electrodes positions affect the
results of the different approaches.

In order to have reference information on when the ex-
aminee actually blinks, apart from the EEG, two additional
electrodes were used. One was placed above and the other
below the examinee's right eye. In 7.5 minutes of recording
we detected 65 eye blinks. The results for each of the four
approaches are presented with 32 ROC curves, one for each

channel (fig. 1). Every curve is made from 50 points that are
calculated for different threshold levels. The detection is
taken as correct if the eye blink occurred in 1s window
around the point that is found to be above the threshold
level. For each of the 50 points, the probability of correct
detection is defined as the ratio between the number of
correct detections for a given threshold and the total number
of spikes. The probability of false alarm is defined as the
ratio between the number of false alarms and the maximal
possible number of false alarms for a given threshold. From
the results shown on fig. 1 we conclude the following:

e Since electrodes Fpl and Fp2 are located very close to
the eyes all four approaches have almost perfect
detection rate (all eye blinks are detected with almost
no false alarms).

e Poor detection results for channels FC5, FC1, FC2 and
FC6 suggest that the projection of the eye muscle
activity is very low in this region, what leads to
conclusion that eye blink detection is not necessary in
some cases.

e Advantages of using either algebraic approach, wavelet
approach or combination of median filter, matched
filter and NEO are the greatest when the algorithms are
applied on signals from the electrodes that are placed
further from the eyes (from T7 to PO10 on fig. 1). Here
we notice the property of the algorithms to emphasis
spike shape waveforms in the noisy enviroment (since
threshold approach gives poor results the recorded
signal is obviously very noisy in these brain regions).
For the electrodes F7, F3, Fz, F4 and F8, where the
projection of the eye activity is bigger (since they are
located closer to the eyes), threshold approach performs
similar to the other three approaches.

Simulation done on the real EEG recording gives a good
overview of the algorithms performance on signals from
different brain regions. However, this simulation has a
drawback since we can not be sure that the eye artifacts are
the only spike shaped artifacts in the signal. Any other mus-
cle movement by the examinee or some electrodes shifting
may cause such artifacts as well. Since we are not aware of
these additional artifacts their detection by the algorithms
will be considered as false alarm.

In order to have a complete control over the artifacts
locations we made an artificial signal by using white noise
and randomly distributed eye blink template created by
averaging eye blinks from channel T8 from the real EEG
recording. The result of the comparison is again presented
with ROC curve (fig.2). Now the algebraic and the wavelet
approach performs similarly (while algebraic approach has
much lower computational complexity) and better than
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approach based on combination of median filter, matched
filter and NEO.
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Fig. 1 32 ROC curves obtained when real EEG signal is used. The vertical
axis denotes probability of correct detection and goes from 0 to 1, while the
horizontal axis denotes probability of false alarm and goes from 0 to 0.03.

Algebraic approach performs better with respect to the
other approaches when simulation is done on the artificial
signal (fig. 2) than when it is done on the real signal (fig. 1).
This suggests that, as we mentioned earlier, the real signal
had some other spike shape artifacts that we were not aware
of and their detections were counted as false alarms.
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Fig. 2 ROC curve obtained when synthesized EEG signal is used.

Easy implementation (FIR filters), high robustness and
the real time processing make the proposed approach quite
eligible for eye artifact detection in single channel EEG
systems. This is particularly interesting knowing that, due to
a low cost and simplicity of use, single channel devices
become more and more common, especially in home use
consumer devices, as well as in some clinical applications.
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