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ABSTRACT

Electrooculogram (EOG) contamination is a common critical
issue in general EEG studies as well as in building high-
performance brain computer interfaces (BCI). Existing re-
gression or independent component analysis based artefacts
correction methods are usually not applicable when EOG is
not available or when there are very few EEG channels. In this
paper, we propose a novel ocular artefacts correction method
for processing EEG without using dedicated EOG channel-
s. The method constructs estimate of ocular components
through artefacts detection in EEG. Then, an optimization
based on logistic regression is introduced to remove the com-
ponents from EEG. Specifically, the optimization ensures that
the discriminative information is maintained in the corrected
EEG signals. The proposed method is offline evaluated with
a large EEG data set containing 68 subjects. Experimental
results show that, through the artefacts removal correction
by the proposed method, EEG classification accuracy can be
improved with statistical significance.

Index Terms— EEG, ocular artefacts correction, brain
computer interface

1. INTRODUCTION

The technical field of EEG-based BCIs has seen rapid growth
in recent years, with a wide range of promising applications
such as motor rehabilitation and cognitive training. One of
the major challenges in EEG signal classification/detection in
BCI, is EEG’s high susceptibility to artefacts contamination
by e.g., ocular activities [1]. Therefore, EOG is often record-
ed along with EEG to capture eye movement information for
further artefacts removal.

Eye movement correction procedure (EMCP) based on re-
gression analysis is a commonly used preprocessing method
that uses EOG to remove the ocular artefacts from EEG [2,3].
By conducting regression on EEG and EOG, the relation co-
efficient between EEG channels and EOG channels is cal-

This project was supported by a grant from NMRC, Singapore.

culated to estimate a propagation factor, and subsequently,
the EOG portion is subtracted from EEG after scaling by the
propagation factor. However, as EOG may also contain brain
activity information, such regression based subtraction would
cause the loss of relevant EEG signals. Independent compo-
nent analysis (ICA) proves to be a more preferable method in
eliminating the portion of EEG signals that are contaminat-
ed by EOG artefacts [3]. ICA approaches the ocular artefacts
correction by blind source separation (BSS). Assuming that
the observed EEG signal is a mixture of multiple unknown
and mutually statistically independent sources, ICA solves the
inverse problem and estimates the sources. Then, the source
components corresponding to eye movement can be manual-
ly identified and removed based on the inverse matrix. The
maximum number of independent components estimated by
ICA is the number of the EEG and EOG channels. Usual-
ly, ICA is applied to data sets recoded from at least 10 EEG
channels [4]. In [5], it is found that as few as 35 channels
are needed for source estimation in the study of concurrent
locomotor and cognitive tasks.

Although the requirement of minimum number of chan-
nels may vary in different experiment tasks, the sources sep-
aration would be less applicable when only a few EEG chan-
nels are available. However, in practical BCI systems, the
number of the available channels could be limited for the
comfort and the convenience of subjects [6, 7]. In such cases,
it is difficult to implement EMCP and ICA. To address this
problem, here we present a novel ocular artefacts correction
method which does not require EOG data and is applicable to
single-channel EEG data. Besides the requirements of EEG
and EOG, the other major challenge for artefacts removal lies
in that the preprocessing for artefacts removal may cause the
loss of the class information in EEG signals, and, subsequent-
ly, the drop of the classification accuracy. To ensure that
the artefacts correction does not degenerate the discriminat-
ing power of the data for EEG classification in BCI, our com-
putational model used uses a supervised approach based on a
logistic regression.

This paper is organized as follows. In Section 2, the oc-
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ular correction based on logistic regression is presented. In
Section 3, the validity of the proposed method is verified by
experimental study on EEG based attention detection. Con-
cluding remarks are given in Section 4.

2. OCULAR ARTEFACTS CORRECTION

2.1. Ocular Artefacts Detection

To conduct the ocular artefacts correction without EOG
recording, the artefacts need to be extracted using raw EEG
data 𝑋0(𝑡) ∈ ℝ

𝑛𝑐×𝑛𝑡 , where 𝑛𝑐 is the number of channels
and 𝑛𝑡 is the number of time samples. Given the analysis of
the morphology characteristic of the potentials induced by
eye movements in [2, 8], the moving average filter is applied
to the raw EEG data to obtain the smoothed signal 𝑥𝑠(𝑡) for
further potential extraction, as below

𝑥𝑠(𝑡) =
1

𝑚

𝑗=𝑚
2∑

𝑗=−𝑚
2

𝑥0(𝑡+ 𝑗) (1)

where 𝑚 is the number of the neighboring points used in the
moving average filter, and 𝑥0(𝑡) ∈ ℝ

𝑛𝑡 is the EEG signal
from one arbitrary channel, or in other words, one arbitrary
row of 𝑋0(𝑡). Calculate the relative height of the peaks as

ℎ(𝑡) = max(∣𝑥(𝑡)− 𝑥(𝑡− 1)∣, ∣𝑥(𝑡+ 1)− 𝑥(𝑡)∣) (2)

Define the peak height range parameter ℎ𝑟 as

ℎ𝑟 = [ℎ𝑏, ℎ𝑢] (3)

Then, find the set 𝒫𝑡 containing time indexes of those peaks
with height in the range ℎ𝑟 as

𝒫𝑡 = {𝑡 : 𝑚
2

< 𝑡 < 𝑛𝑡 − 𝑚

2
and ℎ𝑏 < ℎ(𝑡) < ℎ𝑢} (4)

For each element 𝑡𝑖 ∈ 𝒫𝑡, 𝑖 = 1, 2, ..., ∣𝒫𝑡∣, let 𝑧𝑖𝑏 and
𝑧𝑖𝑎 be the nearest zero points before and after 𝑡𝑖. Then, the
artefacts signal 𝑥𝑎(𝑡) is obtained as

𝑥𝑎(𝑡) =

{
𝑥𝑠(𝑡), 𝑧𝑖𝑏 < 𝑡 < 𝑧𝑖𝑎 ;
0, else.

(5)

Examples of constructing 𝑥𝑎(𝑡) from 𝑥𝑠(𝑡) with different ℎ𝑟

are illustrated in Figure 1. As shown by subfigures (a) and
(b), 𝑥𝑎(𝑡) are zeros except those points belonging to peaks
with heights within a certain range. In this way, EEG data that
are not contaminated by the ocular artefacts could be kept as
intact as possible in the artefacts removal procedure.

Moreover, with different height ranges ℎ𝑗
𝑟 = [ℎ𝑗

𝑏, ℎ
𝑗
𝑢]

𝑇 , 𝑗 =
1, 2, ..., 𝑛ℎ, 𝑥𝑗

𝑎(𝑡) can be extracted correspondingly, where 𝑛ℎ

is the number of peak height ranges. Define 𝑋𝑎(𝑡) as the ma-
trix containing all artefacts signals 𝑥𝑗

𝑎(𝑡), as follows

𝑋𝑎(𝑡) =

⎡
⎢⎣

𝑥1
𝑎(𝑡)
...

𝑥𝑛ℎ
𝑎 (𝑡)

⎤
⎥⎦ (6)
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(a) ℎ𝑟 = [30, 70]
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(b) ℎ𝑟 = [70, 150]

Fig. 1. Examples of artefacts signal construction.

𝑋𝑎(𝑡) in (6) can be regarded as the pseudo-EOG signal.
As mentioned above, using 𝑋𝑗

𝑎(𝑡) for artefacts correction is
more advantageous than using the real EOG signal as it is ze-
ro at most of the time points, which would cause less informa-
tion loss in the artefacts removal procedure. Besides, in con-
ventional EMCP, one propagation factor is estimated for one
EEG-EOG pair. Different components 𝑥𝑗

𝑎(𝑡) can be regard-
ed as artefacts corresponding to different eye movements. By
estimating different filtering parameters for them, it is more
flexible to maintain the discriminative information in EEG
signals after the artefacts correction. In the following section,
we will introduce the discriminative learning of the filtering
model for artefacts removal.

2.2. Ocular Artefacts Removal

Let 𝑥𝑐(𝑡) be the signal after the artefacts correction, as follows

𝑥𝑐(𝑡) = 𝑥0(𝑡)− 𝜃𝑋𝑎(𝑡) (7)

where 𝜃 ∈ ℝ
𝑛ℎ is the filtering parameter, which is similar to

the propagation factor in the conventional EMCP, represent-
ing the portion of the artefacts in EEG to be subtracted. To
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ensure that the artefacts correction could benefit the classifi-
cation in BCI, 𝜃 is learnt in a discriminative manner, which
is different from estimating the regressive coefficients used in
EMCP. As the power of the EEG signal is one of the most
common features in BCI, the power of 𝑥𝑐(𝑡) plus a bias pa-
rameter 𝑏 is used to construct the latent variable 𝑧 [9–11], as
follows

𝑧 = 𝑥𝑐𝑥
𝑇
𝑐 + 𝑏

= 𝜃𝑇𝑅𝑎𝜃 − 2𝜃𝑇 𝑟𝑎 + 𝑟0 + 𝑏 (8)

where 𝑅𝑎 ∈ ℝ
𝑛ℎ×𝑛ℎ is the covariance matrix of 𝑋𝑎(𝑡), i.e.,

𝑅𝑎 = 𝑋𝑎𝑋
𝑇
𝑎 (9)

𝑟𝑎 ∈ ℝ
𝑛ℎ is the vector containing the correlation between

𝑥𝑎(𝑡) and 𝑥0(𝑡), i.e.,

𝑟𝑎 = 𝑋𝑎𝑥
𝑇
0 (10)

and 𝑟0 is the variance of 𝑥0(𝑡). Thus, the function used to
predict labels based on the logistic function is

ℎ(𝑧) =
1

1 + 𝑒−𝑧
(11)

Therefore, the final objective function is

𝐽(𝜃, 𝑏) =
1

𝑛𝑗

𝑚∑
𝑗=1

[−𝑦𝑖 log(ℎ𝑖(𝑧))−

(1− 𝑦𝑖) log(1− ℎ𝑖(𝑧))] (12)

where 𝑦𝑖 and ℎ𝑖(𝑧) are the true label and the predicted la-
bel for trial 𝑖, respectively, and 𝑛𝑗 is the number of trials for
model training. The filtering parameter 𝜃 could be obtained
by minimizing 𝐽(𝜃, 𝑏).

By applying the ocular artefacts detection and removal for
each EEG channel 𝑥𝑘

0(𝑡), we could obtain the corrected signal
for each channel, as follows

𝑥𝑘
𝑐 (𝑡) = 𝑥0(𝑡)− (𝜃𝑘)𝑇𝑋𝑘

𝑎 (𝑡) (13)

where 𝜃𝑘 and 𝑋𝑘
𝑎 (𝑡) are the filtering parameter and artefacts

signal for channel 𝑘. Let 𝑋𝑐(𝑡) be the multi-channel data after
the artefacts correction, i.e.,

𝑋𝑐(𝑡) =

⎡
⎢⎣

𝑥1
𝑐(𝑡)
...

𝑥𝑛𝑐
𝑐 (𝑡)

⎤
⎥⎦ (14)

Then, a proper feature extraction method could be applied to
𝑋𝑐(𝑡) followed by the classification.

3. EXPERIMENTAL STUDY

3.1. Experiment Setup and Data Processing

EEG data were recorded using a Neurosky dry EEG head-
band with one bipolar channel, which was positioned at the
frontal site Fp1. The sampling rate was 256 Hz. 68 subjects
participated the experiment, and for each subject, 3 session-
s of Color Stroop test were recorded [12]. The second and
third sessions were recorded 20-30 weeks after the first ses-
sion was recorded. In each session, there were 40 Stoop trials,
during which the subject was assumed to concentrate on the
test. Each Stroop trial was followed by a rest period when the
subject could relax. Each Stroop trial lasted around 10s while
the rest period between 2 Stroop trials was around 15s.

To increase the number of trials, a 4s window with a
window-shift is applied to segment EEG data recorded dur-
ing Stoop trials, which yields data of the attention class. The
same segmentation is also applied to EEG recorded during
rest periods, which yields data of the idle class. In this way,
the final data set is balanced between the two classes, i.e.,
attention class and idle class. Moreover, the first half of the
original Stroop trials with rest period were truncated into
training trials and the second half test trials. For each subject,
the number of total trials was around 240.

In this study, raw EEG data are smoothed with 𝑚 = 10 in
(1), and 2 spike height ranges are used, i.e., 𝑛ℎ = 2, yielding
𝑋𝑎(𝑡) ∈ ℝ

2×𝑛𝑡 . ℎ1
𝑟 and ℎ2

𝑟 are set manually by examining
the morphology of spikes in the training set. After the oc-
ular artefacts correction, a filterbank containing 9 frequency
bands (2-6Hz, 6-10Hz, ..., 34-38Hz) is applied to calculate
the bandpower of 𝑋𝑐(𝑡), and, subsequently, mutual informa-
tion is applied to select 4 from the 9 bandpower features [13].
Selected features are classified into the attention class or the
idle class by the linear discriminant analysis (LDA) classifier.

3.2. Results

Table 1 summarizes the classification results of the proposed
ocular artefacts correction method based on logistic regres-
sion (OACL) compared with the baseline method for which
no artefacts correction preprocessing is applied. As shown
by Table 1, for all three sessions the proposed method im-
proves both the median and average classification accuracies,
the significance of which is validated by Wilcoxon signed-
rank test with p-values all below 0.05. Since OACL yields
significant improvements in all three parameter settings, the
proposed method is robust against ℎ𝑟 to a certain extend. Fig-
ure 2 shows the comparison of the classification results in a
more observable way, where each dot represents an average
result of one subject across three sessions. As x-axis repre-
sents the accuracies with baseline (BL) and y-axis represents
OACL, it is shown that the proposed method could achieve
improvements for most of the subjects with more dots above
the line 𝑦 = 𝑥.
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Table 1. Classification results (%)
Baseline OACL

ℎ1
𝑟, ℎ

2
𝑟 [30, 70], [70, 150] [30, 80], [80, 150] [30, 90], [90, 150]

Session 1 2 3 1 2 3 1 2 3 1 2 3
mean 64.95 63.88 61.65 67.10 65.66 64.08 66.82 65.48 64.12 66.69 65.61 64.22

median 62.23 61.53 60.00 66.40 64.38 62.39 64.74 64.59 61.72 64.01 64.88 61.57
std 12.80 11.40 11.69 11.85 11.33 11.64 11.81 10.99 11.58 11.79 11.18 11.01

p-value - - - 0.041 0.009 0.001 0.037 0.029 0.001 0.043 0.035 0.001
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Fig. 2. Classification accuracy comparison. Subfigures (a), (b), (c) correspond to OACL with ℎ1
𝑟 = [30, 70], ℎ2

𝑟 = [70, 150],
ℎ1
𝑟 = [30, 80], ℎ2

𝑟 = [80, 150] and ℎ1
𝑟 = [30, 90], ℎ2

𝑟 = [90, 150], respectively.
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Fig. 3. Raw EEG signal and EEG signal corrected by OACL.

In Figure 3, one example of the comparison between
EEG signal and EEG signal corrected by OACL is illustrated,
where it can be found that the fluctuation around 3.5 second
have been modulated.

3.3. Discussion

In conventional EMCP, the propagation factor represents the
portion of the EOG in the EEG to be subtracted, which means
that the propagation factor is always a positive value between
0 and 1. Representing a similar portion parameter, 𝜃 in (7)
is expected to be between 0 and 1 too, although such a con-
straint is not implemented in the objective function. Surpris-
ingly, 𝜃 is negative for some subjects upon the optimization,
which means that the amplitudes of certain peaks have been
increased.

To find out the effects of the negative 𝜃, we have added
the regularization in the objective function (12), as follows

𝐽𝑟(𝜃, 𝑏) = (1− 𝜆)𝐽(𝜃, 𝑏) + 𝜆( 1
2𝑛ℎ

∑
(𝜃2𝑗 − 𝜃𝑗)) (15)

We have tested 𝜆 = [0.005, 0.01, 0.1], which yield most of 𝜃
between 0 and 1, and, however, less improvement in classifi-
cation accuracies.

For further investigation, the numbers of peaks in the two
height ranges ℎ1

𝑟 and ℎ2
𝑟 are calculated for each class. The

distributions of the number of subjects over the number of the
peaks for the two classes have been compared, with the his-
tograms illustrated in Figure 4, where y-axis represents the
number of subjects and x-axis represents the number of peaks
with height in the range ℎ1

𝑟 or ℎ2
𝑟 . By comparing the atten-

tion class (class A) and the idle class (class I), we can find
that there are much more subjects with more peaks for class
I than class A, and differences between the two classes are
proved to be significant in all 6 cases by Wilcoxon signed-
rank test. Therefore, it is possible that differences of the ocu-
lar movements between the two classes are so significant that
the proposed method captures such differences rather than the
mental state differences between the two classes.

4. CONCLUSIONS

This study investigates the ocular artefacts correction for B-
CI experiments without EOG or muti-channel EEG, where
EMCP and ICA are usually not applicable. In the proposed
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Fig. 4. Comparison of peak number histograms between the
two classes.

method, multiple artefacts signals corresponding to different
eye movements are constructed using EEG data. In this way,
different filtering parameters could be estimated for differ-
ent artefacts signals, which is more flexible than estimating
the propagation factor for EOG. Moreover, in the proposed
method, the filtering parameters are optimized using logistic
regression to ensure that the artefacts correction benefits the
classification. The proposed method is evaluated using a two-
class single-channel EEG data set containing 68 subjects, and
the significance of the improvements is validated by statistical
tests. In our future work, we will develop an method to auto-
matically optimize the parameters and investigate the extrac-
tion of metal states that are independent of ocular movements
to have a better understanding of the attention condition.
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