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a  b  s  t  r  a  c  t

Ocular  artifacts  (OAs)  are  one  the  most  important  form  of  interferences  in the  analysis  of  electroen-
cephalogram  (EEG)  research.  OAs  removal/reduction  is a key  analysis  before  the processing  of  EEG signals.
For classic  OAs  removal  methods,  either  an  additional  electrooculogram  (EOG)  recording  or  multi-channel
EEG  is required.  To  address  these  limitations  of  existing  methods,  this  paper  investigates  the  use  of  deep
learning  network  (DLN)  to remove  OAs  in  EEG  signals.  The  proposed  method  consists  of  offline  stage  and
online  stage.  In  the  offline  stage,  training  samples  without  OAs  are  intercepted  and  used  to train  an  DLN  to
reconstruct  the  EEG  signals.  The  high-order  statistical  moments  information  of EEG  is  therefore  learned.
In  the online  stage,  the  trained  DLN  is  used  as a filter  to automatically  remove  OAs  from  the  contaminated
EEG  signals.  Compared  with  the  exiting  methods,  the  proposed  method  has  the following  advantages:
(i)  nonuse  of  additional  EOG  reference  signals,  (ii)  any  few  number  of  EEG channels  can  be  analyzed,  (iii)
hallow network time saving,  and  (iv)  the  strong  generalization  ability,  etc.  In this  paper,  both  public  database  and  lab  indi-
vidual  data  for EEG  analysis  are used,  we compared  the  proposed  method  with  the classic  independent
component  analysis  (ICA),  kurtosis-ICA  (K-ICA),  Second-order  blind  identification  (SOBI)  and  a shallow
network  method.  Experimental  results  show  that  the proposed  method  performs  better  even for  very
noisy  EEG.

© 2018  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Electroencephalography (EEG) is a portable and high-temporal
esolution signal that can be used for quantitative analysis of the
rain’s different functional states [1–7]. Typically, EEG signals are
haracterized by three components, including shape, frequency,
nd amplitude [8]. In the frequency domain, EEG signals usually
mplicate information about rhythmic activities at different fre-
uency bandwidths of �-delta (0.5–4 Hz), �-theta (4–8 Hz), �-alpha
8–13 Hz), �-beta (13–30 Hz) and �-gamma  (30–50 Hz) [8–11].

ain applications of EEG range from neurophysiological clinical
onitor to brain computer interface (BCI) [12–17]. However, a

ecorded EEG signal is highly contaminated with physiological arti-
acts from various sources, such as eye blinking/movements, heart
eating and movement of other muscle groups [8,18]. Among the
rtifacts signals, one of the most troublesome artifacts observed in

he EEG signals are due to the ocular activity, which are called ocular
rtifacts (OAs) [19]. OAs can easily obscure the EEG signal, making
ts visual or automated neurophysiological monitor and data analy-
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sis difficult [20]. Moreover, it has yet been proven that OAs diminish
the classification accuracy of BCI applications [1,21].

EEG signals contain lots of OAs. During the process of EEG
signals acquisition, eye blinking/movements are inevitable. Eye
blinking/movements generate spike-like shaped signal waveforms
with the peaks reaching up to 800 �V and each peak occurs in a
very short period of 200–400 ms  [22], which are called electroocu-
logram (EOG) signals. These movements change the electric field
distribution around the eyes and the surface of brain cortex. When
these movements are collected by the scalp EEG electrode, the OAs
are formed and overlapped with EEG signals. EOG signals share
many features with OAs such as the low frequency bands (�, � and
� [23]), spike-like shape, etc. and they are all occurring in a very
short period. Estimating clean EEG signals from contaminated ones
is a very tricky problem, because OAs are unmeasurable interfer-
ences. Fortunately, the amplitudes of OAs are larger than that of
EEG, which may  be a good breakthrough for OAs removal.

OAs removal is inevitable before the neurophysiological mon-
itoring or data analysis of EEG. It’s true that the all kinds of
algorithms aiming at recovering artifact-free signal have been

investigated intensively. In the early years, the common method
was to manually cut the entire segment of data affected by the
OAs, which can lead to a relevant information loss [1,13]. In recent
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ears, there has been an increasing interest in the research of OAs
emoval [24–27]. It is the evidence to the importance of this issue.
enerally, these methods can be divided into four categories.

1) Artifacts filters: This class of methods are common artifacts
removal methods for EEG signals, which have been generally
used to remove OAs. One of the most popular methods is the lin-
ear filtering method [12,28]. This method assumes that the OAs
and EEG signals have different frequency ranges. When remov-
ing OAs, a high-pass filter can be used to filter the OAs in EEG
signals. This method can be efficient for BCI systems which use
a neurological phenomenon with high-frequency bands (like �
and � rhythms). However, some relevant research works have
proven that the OAs are overlapped with the clean EEG sig-
nals in frequency domain [8,29]. Therefore, it might eliminate
useful EEG signals during artifacts removal. The adaptive filter-
ing method can be seen as an improved method of the linear
filtering method. This method employs the contaminated EEG
signal as input, and the EOG signals as reference signals. The
corrected EEG can be obtained by subtracting the filtered out-
puts [30,31]. This method is more effective compared with the
linear filtering method. However, it needs an additional EOG
recording. Unfortunately, collecting EOG signals during a long-
term EEG recording is inconvenient and uncomfortable for the
subjects. As the modern brain computer interface rehabilita-
tion system develops rapidly, the producers are considering
the good user’s experience as one of the top priorities. For
the purpose of putting motor imagery system into practical
daily rehabilitation for stroke patients, some patients could not
accept the electrode “paste” on their head, not even the EOG
electrode which is around their eyes. So, it’s better to use few
EEG channels and not to use EOG channel to denoise the OAs to
a satisfying result, which is very important to practical using of
brain computer interfaces. One of our research goal is helping
patients acceptable to use brain computer interfaces with good
user experience.

2) Blind source separation (BBS): This class of methods have been
shown by many researchers that they can be used to effi-
ciently separate the distinct artifact components from EEG data
[36]. Blind source separation assumes that the EEG signals are
a linear mixture of neural and OAs. Independent component
analysis (ICA) is one of most popular blind source separation
methods [37,38]. ICA can decompose multiple EEG channels
into an equal number of independent components (ICs). ICs
that contain OAs can be identified through visual inspection.
After discarding OA-related ICs, the uncorrupted EEG signals
can be reconstructed by the remaining ICs. ICA can separate
OA-related ICs efficiently, but this method not only causes use-
ful information loss but also enhances the coherence between
different EEG channels [39]. In addition, this method needs a
large number of EEG channels to ensure that the ICs with dis-
tinct characteristics of OAs are identified. However, collecting
large number of EEG channels is also uncomfortable for the sub-
ject. With few number of EEG analyzing channels and low time
cost, combining without additional EOG channel recording, the
method proposed in the paper could be used in practical motor
imagery rehabilitation system, which avoid the trivial prepara-
tion and experiment and more susceptible for stroke patients.

3) Wavelet transformation analysis: This class of methods have
been widely used in OAs removal [32,33]. In particular,
the wavelet analysis that based on thresholding techniques
has received extensive attentions [34,35]. This method uses

wavelet transformation to decompose the contaminated EEG
signals into series of sub-bands at first. Then a thresholding
function is used to automatically correct the coefficients related
to OAs sub-bands. Finally, EEG signals are reconstructed based
Fig. 1. Flowchart of the proposed method.

on the corrected coefficients. This method can be used in the
online OAs removal and it doesn’t need reference signals. How-
ever, the threshold for wavelet transformation is difficult to be
determined, an unsuitable threshold may  result in degradation
of the EEG data which could reduce the generalization ability
of the EEG system [26].

(4) Neural network analysis: Recently, the neural network has been
applied in the OAs artifacts removal [8]. Nguyen H.A.T et al. pro-
posed a method called wavelet neural network to remove the
OAs artifacts [8]. This method replaced the thresholding func-
tion that used in the wavelet analysis with a neural network,
which avoids the defects of thresholding function. Jing Hu  et al.
combined the functional link neural network and adaptive neu-
ral fuzzy inference system (FLNN-ANFIS) to remove OAs and
electromyogram (EMG) artifacts [26]. This method wisely con-
structed a filter by using FLNN and ANFIS to filter OAs and EMG
artifacts, which is good at handing the vague data. These two
methods mentioned above both take advantage of the ability of
neural network that can approximate smooth nonlinear func-
tions. However, these methods still need the EOG signals to
train the neural network or these methods still need EOG sig-
nals as reference signals. Moreover, the approximation ability
of neural network is limited compared with the deep learning
network.

As we  all know, deep learning network (DLN) has been widely
used in image processing and other applications. Despite the suc-
cess of DLN, its application in EEG is still rare [40]. In an attempt
to overcome defects of the traditional methods mentioned above,
this paper proposes a novel, robust and efficient DLN to remove
OAs in contaminated EEG. The proposed method has the following
properties: (i) this method doesn’t need additional EOG recording
as reference signals whether in offline stage or online stage, which
is comfortable for the subjects with foreseeable good application on
brain computer interface rehabilitation system, (ii) this method is
suitable for few number of EEG electrodes, which is convenient for
EEG recording, cost-saving and appropriate for application, (iii) OAs
can be automatically removed online by using the learned model,
which has fast processing speed and it can be applied in online sys-
tem, (iv) this method has strong generalization ability, which can be
widely used. The proposed method can be divided into two stages
(Fig. 1). The first stage is an offline stage, and the second stage is an
online stage. A formal flowchart description is given in Table 1.

The rest of the paper consists of four sections. Section 2 intro-
duces the proposed method and related work. Section 3 gives the

description of the source of the dataset used in this study. Sec-
tion 4 shows the detailed experiments and results. Conclusion and
discussion are given in Section 5.
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Table 1
Component of the proposed method.

Offline stage:
(i): provide contaminated EEG and intercept enough training samples.
(ii): use these samples to train an DLN to learn features of clean EEG.

Online stage:
(iii): standardize the contaminated EEG and input them to the trained
DLN.
(iv): apply the trained DLN to reconstruct the input data and output
the corrected EEG.

Fig. 2. Structure of DLN.
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Fig. 3. A single “neuron”.

. Materials and methods

.1. Proposed method

.1.1. Introduction of DLN
DLN is the new family of learning methods that can offer good

epresentation of data using a multiple-layered structure, with each
ayer representing different degree of data features abstraction
41–44]. In this study, we apply the stacked sparse autoencoder
SSAE) [45] as a DLN. Fig. 2 shows a DLN with 3 hidden layers.
ssuming that x, x̂ are input data and output data of the DLN.
ccording to [45], it uses x = x̂,  where x, x̂ are n dimensional col-
mn  vectors, which correspond to n inputs of DLN. Layer 1 is the

nput layer, layer 2–4 are hidden layers, layer 5 is the output layer.
he circles labeled “+1” are called bias units and correspond to the
ntercept terms, while other circles are called “neurons”. Fig. 3 is a
ingle “neuron”. In Fig. 3, W1–W3 is the connection weights and b
s the intercept term. The “neuron” is an arithmetic unit with x1–x3
nd b as the input. The output can be written as follows:

w,b (x) = f
(

WT x
)

= f

(
i=1∑
3

Wixi + b

)
(1)

here hw,b (x) is called the activation value and f ( · ) is called the
ctivation function. In this paper, we use the sigmoid function as
he activation function, which is:

(z) = 1
1 + exp −z

(2)

( )

here f (z) ∈ (0, 1).
As shown in Fig. 2, W (l,l+1) (l = 1, 2, 3, 4) is the parameter (or

eight) matrix associated with layer l and layer l + 1. Also, b(l)
ng and Control 43 (2018) 148–158

denotes the bias associated with layer l and layer l + 1. Two adjacent
layers are connected by weights and intercept terms. The structure
of the DLN can be seen as a deep neural network consisting of mul-
tiple layers of sparse autoencoders (SAE), in which the output of
former SAE is wired to the input of successive SAE. Following the
method of [45], a good way to obtain good parameters for a DLN is
to use greedy layer-wise training [46]. To do this, (i) train the first
SAE on original input to obtain parameters accordingly, (ii) use the
first layer of the first SAE to transform the original input into a vec-
tor consisting of activation value of the hidden units, (iii) cut off
the output layer and the connection weights associated with hid-
den layer and output layer in the SAE, (iv) train the second SAE on
this vector to obtain parameters of the second SAE accordingly, (v)
repeat for subsequent layers, using the output of each layer as input
for the subsequent layer. The training process can be seen in Fig. 4.
The red part in Fig. 4 means that it will be eliminated in the next SAE
training. After this phase of training is complete, fine-tuning using
backpropagation can be used to improve the results by tuning the
parameters of all layers at the same time. The approach about how
to train an SAE can be seen in [47].

2.1.2. Interception of EEG samples
In this paper, we  use the EEG samples without OAs to train an

DLN. By doing this step, we could successfully avoid the use of EOG
signals, which is one of the advantages of the proposed method.
So, the way  to intercept the ideal training samples is the key step
of this paper. For realizing this, it’s necessary to obtain the EEG
segments without OAs at first. For convenience’s sake, the EEG
segments without OAs will be simplified as no OAs EEG segments
(NOEs) and the EEG segment without OAs as NOE.

(1) Introduction of kurtosis
Kurtosis is a fourth-order cumulant of a random variable. Kur-

tosis is defined by

Kur = cm4 − 3cm2
2 (3)

where cmj (j = 2, 4) is the jth order central moment with the fol-
lowing form:

cmj = E
{

[s − E (s)]j
}

(4)

where E is the statistical expectation of the random variable s. In a
signal, the steeper a signal is, the higher kurtosis value of the signal
will be. Thus, the kurtosis is a good method to detect OAs.

(2) Identification of NOEs based on kurtosis
As is mentioned in the introduction part, EOG signals share many

features with OAs, for example, they both occur in a very short
period (200–400 ms). In other words, there exists NOEs in a con-
taminated EEG signal. Fig. 5 is a typical contaminated EEG signal
for 20 s (the sampling frequency was 100 Hz). The signal is divided
with the same time period into 10 windows. Fig. 5 shows that OAs
mainly exist in the Window 3, Window 4, Window 8 and Window
9, while the EEG segments in the rest windows can be considered
as not containing OAs. Calculate the kurtosis of the EEG segment
in each window and obtain the kurtosis value kw (w denotes the
sequence number of window). Then according to a certain amount
of observation and empirical analysis, threshold kv is set to pick
up the EEG segment. If the EEG segment kurtosis is over thresh-
old kv,  this segment is eliminated which is doom to contain ocular
artifact. On the contrary, the rest remaining EEG segments are con-
sidered as non-contaminated EEG segments. In this way, we can
obtain enough NOEs.

(3) Interception of the training samples from NOEs
In this paper, we intercept the training samples from NOEs.
Assume that the length of a window is Lw, which is also the length
of an NOE. Assume that the length of a training sample is n. � is the
parameter for letting the Lw and n to be integral multiple relation-
ship. Due to the � which is the positive real number parameter, all
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Fig. 4. Schematic of training process.
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Fig. 5. A typical conta

he length of the intercepted segments is equal. The alignment of
he intercepted segment could make full use of the EEG segment
nd it has benefit to the further analysis. In order to make full use
f the selected NOEs, the relationship of Lw and n should satisfy:

w = ˛n (  ̨ ∈ N+) (5)

.1.3. EEG feature learning by DLN training during offline stage
The DLN needs to be trained firstly before employing, which is

ne of the most important content of this method. A training set of
 training samples

{
x(1), . . .,  x(m)

}
is firstly intercepted from NOEs.

here every sample (x(a)(a ∈ N+, a ≤ m)  is n dimensional column
ector (contains n sampling points), which corresponds to n inputs
f DLN. Each training sample should be normalized before training.

 formal description of the framework for 3 hidden layers is given
n Table 2.

After the DLN training described in Table 2, the learnt optimal
arameter set � is computed. That is also to say that some features
f EEG signals have been learned by these parameters. The next
tage is an online stage, the contaminated EEG signal should be
tandardized before OAs removal.

.1.4. Standardization of contaminated EEG before OAs removal
The contaminated EEG should be standardized before OAs
emoval, which is a very crucial step. Select an NOE from the con-
aminated EEG and normalize it at first. Then take this segment as a
eference and standardize the rest of contaminated EEG according
o the reference. Assume that the length of a contaminated EEG seg-
ed EEG signal for 20s.

ment is Lc (contains Lc sampling points), then the standardization
formula is as follows:

EEGstd (k) = (EEGctn (k) − SNmin)
SNmax − SNmin

− min

{
(EEGctn (x) − SNmin)

SNmax − SNmin
|x ∈ (1, 2, . . .,  Lc)

}
(6)

where EEGstd (k) denotes the contaminated EEG after standard-
ization on the sampling point k, EEGctn denotes the contaminated
EEG before standardization, SNmin and SNmax denote the min-
imum and maximum of the selected NOE, respectively. The
anti-standardization formula is as follows:

EEGcrt (k) =
[

EEGotp (k) + min
{

(EEGctn (x) − SNmin)
SNmax − SNmin

|

x ∈ (1, 2, . . ., Lc)
}]

· (SNmax − SNmin) + SNmin (7)

where EEGcrt denotes the corrected EEG, EEGotp denotes the output
of the DLN. Fig. 6 and 7 show a reference for 1s and an EEGstd for
2s, respectively. From Fig. 7 we  can see that the NOEs in the EEGstd
are successfully restricted to 0–1, while the OAs are greater than 1.
Since we use Eq. (2) as the activation function (f (z) ∈ (0, 1)), the
output range of a “neuron” is 0–1, which means the output range of
the output layer composed of “neurons” in a DLN will also be 0–1.

And since we  use the normalized EEG samples without OAs to train
the DLN, the NOEs will be reconstructed and the OAs will be lim-
ited when the trained DLN is applied to remove OAs in EEGstd. In this
way, the OAs in the contaminated EEG can be successfully removed,
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Table 2
DLN training algorithm.
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nd this is the core of the proposed method. After the standardiza-
ion of contaminated EEG, the trained DLN can be applied to remove
As.

.1.5. OAs removal by using the trained DLN during online stage
The procedure of online stage is summarized as follows:
Step 1: Assume that a contaminated EEG signal is represented

s ED×N, where D and N stand for the signal length and number of
hannels, respectively. For computation, the ED×N is concatenated
nto a vector in R� , with � = D × N.

Step 2: Divide the R� into c segments, which each segment is
ecorded as Seg� , where � ∈ N+, � ≤ c denotes the sequence num-
er of segments. And the Seg� is an n dimensional vector, which
orresponds to n inputs of DLN.

Step 3: Standardize the Seg� according to the Eq. (6).
Step 4: Input the Seg� to the trained DLN and obtain the output

ata.
Step 5: Obtain the corrected EEG according to the Eq. (7).

.2. Simple introduction of compared methods
The proposed method is compared with four methods in this
aper, including the shallow network SAE, ICA, kurtosis-ICA (K-ICA)
nd Second-order blind identification (SOBI).
SAE is a kind of a shallow network, which can be used to learn
high-order statistical moments. However, its learning ability is lim-
ited compared with the DLN. A detailed introduction of the SAE can
be seen in [47].

ICA is effective in multi-type artifacts removal and it should be
a good benchmark method for educational purpose in EEG-related
research [8]. The principle of ICA has been introduced in the intro-
duction part.

K-ICA is an improved method of ICA. This method uses kurto-
sis to determine the threshold to separate the artifacts-affected
ICA components from the unaffected components [24]. The most
important advantage of using this method is that it can remove
OAs automatically. However, some important information may  be
compromised while removing the OAs.

The Second-order blind identification (SOBI) algorithm utilize
the difference of source signal’s space and frequency. Firstly, it cal-
culates the whitening data from multiple time delays to get a set
of correlation coefficient matrices. Secondly, a set of correlation
coefficient matrices are processed with optimal joint diagonaliza-
tion. Finally, the correlations of independent sources are eliminated
from source signal. SOBI [49] is an emerging signal processing tech-
nique that can be used to facilitate source analysis from EEG [50]
and MEG  data [51]. SOBI works to minimize the relatedness among
the final recovered source signals that make up the mixtures of
signals.

2.3. Performance metrics

Three metrics are used to assess the performances of the pro-
posed method, including power spectral density (PSD), root mean
square error (RMSE) and EEG classification accuracy.

PSD defines how the power of the signal or time series varies
with frequency. This paper uses PSD to evaluate the OAs removal
effect.
RMSE is “Root Mean Square Error”. It’s always to evaluate the
precision of the measuring value and the true value. In this paper,
RMSE is used to evaluate the reconstruction ability of DLN and the
OAs removal ability of the proposed method. It is the meaning of
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econstruction ability of DLN. For the reconstruction ability of DLN,
he RMSE is seen as a reconstruction error and defined as follows:

MSE =

√√√√1
n

k=1∑
n

(
EEGotp (k) − EEGinp (k)

)2
(8)

here EEGinp denotes the input data of the DLN. For the OAs removal
bility of the proposed method, the RMSE is defined as follows:

MSE =

√√√√1
n

k=1∑
n

(EEGcrt (k) − EEGNOE (k))2 (9)

here EEGNOE denotes an NOE for length n. The value of RMSE
hows the difference between the corrected and original non-
ontaminated signal. It depicts the degree of the two-signals’
pproximation. In this case, with the small RMSE value, it could
ake conclusion that the output EEG reconstructed signal has con-

ained more of the effective original EEG component.
The proposed method is used on the motor imagery EEG data

ith its related frequency domains range under 40 Hz, so the motor
magery classification accuracy is a good way to test whether this

ethod would cause the loss of useful information.

. Data description
The dataset used in this paper is from “Data sets 1” for BCI
ompetition IV, which is launched on July 3rd 2008. This data set
onsists of EEG data from 7 subjects of a study published in [48].

Fig. 8. RMSE’s Relationship with sparsit
ng and Control 43 (2018) 148–158 153

However, data for subjects 3–5 have been artificially generated. For
each subject, two classes of motor imagery were selected from the
three classes: left hand, right hand, and foot (side chosen by the
subject; optionally also both feet). Each subject has 200 trails of
motor imagery and each trail lasts for more than 6 s. EEG signals
were recorded from 59 channels, which positioned over senso-
rimotor areas densely. Signals were band-pass filtered between
0.05 and 200 Hz and then digitized at 100 Hz with 16bit (0.1 �V)
accuracy. More details were described in [48]. In this paper, we
selected Subject 1, 2, 6 and 7 to test the proposed method, because
their EEG data are real. In addition, EEG data from three indi-
viduals tested in our lab are added to check the validity of the
proposed method. Neuracle WirelssEEG Acquisition System is used
to acquire the signals with 32 channels EEG. The acquisition system
has high precision(24-bit) with low input noise(<0.4 �Vrms) sam-
pling technology to guarantee the signal quality while recording
small amplitude signal. Each individual also has 200 trials of motor
imagery and each trial also lasts for more than 6 s.

4. Experiments and results

4.1. DLN training

In this paper, n equals 100 input units are inputted into DLN.
For each subject, the EEG data is divided into two parts (Part 1 and
Part 2), while each part consists of 100 trails. Part 1 is used to train
and test the DLN, and Part 2 is used to remove OAs and test the pro-
posed method. Take Subject 1 for example, according to Section 2.2,
we obtain 16520 training samples to train the DLN and 15458 test
samples to test the reconstruction ability of the trained DLN from
Part 1. Through a large number of experiments, we find that there
are mainly two  factors affecting the reconstruction ability of DLN.
One is the sparsity parameter � (applied in the hidden layers) and
the other is the weight of the sparsity penalty term  ̌ (details can
be seen in [45,47]). Take DLN with a structure of 100-80-100-80-
100 for example, the relationship between the reconstruction error
(RMSE) and the two factors can be seen in Fig. 8. From Fig. 8 we can
see that the RMSE obtains the minimum when � = 0.4,  ̌ = 0.00005.
Thus, � = 0.4,  ̌ = 0.00005 is taken in this paper. It is noted that an
acceptable RMSE reconstruction value could be least for the prior-

ity because the least RMSE value shows that the reconstruction EEG
segments contain enough effective original EEG segments.

After training, the DLN seems to have “learned” these wave-
forms adequately enough to be able to reconstruct them. In order

y parameter and sparsity penalty.
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Fig. 9. Reconstruction of test sample by DLN.

Fig. 10. Reconstruction of test sample by SAE.
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Fig. 12. Removal effect by using SAE.

Fig. 13. Removal effect by using ICA.

Fig. 14. Removal effect by using K-ICA.

Table 3
RMSE values of corrected EEG signals.
Fig. 11. Removal effect by using DLN.

o show stronger learning ability of DLN, we have compared the
econstruction ability between DLN and SAE. Figs. 9 and 10 depict
econstructions of one of testing samples drawn by the output of
LN for 3 hidden layers and SAE, respectively. Clearly, the DLN
erforms better in the details of the signal.

.2. OAs removal

The OAs removal is processed during the online stage. In this
aper, EEG data from Part 2 is used to remove OAs. Take a contam-

nated EEG segment from Subject 1 for example, Fig. 11 depicts the
emoval effect by using the proposed method. Fig. 11 shows that
he OAs in the contaminated EEG are successfully removed. We  also
se other four methods (SAE, ICA, K-ICA, SOBI) to make the compar-

son. Figs. 12–15 show the removal effects by using SAE, ICA, K-ICA
nd SOBI, respectively. Although, the SAE obtains the similar result
s the DLN, the DLN performs better in reconstructing the details

f the signal. It is deserved to be mentioned that the reconstruc-
ion result on gamma  band could not be perfectly coincided, the
amma  band contains few information about motor imagery signal
or the physiological feature morphology. The EEG band for motor
Methods DLN SAE ICA K-ICA SOBI

RMSE 1.2838 1.2602 1.4934 1.4260 1.371

imagery analysis is concentrate under 40 Hz with the hidden useful
information. The tuning � and  ̌ parameters for DLN reconstruction
result could beyond the satisfactory between [0,40] Hz frequency.
This paper concentrates on ocular artifact denoising method used
for motor imagery rehabilitation system. The reconstruction of DLN
on gamma  band would influence little to the latter analysis on EEG
motor imagery analysis. But if the gamma  band could be approxi-
mated better, there is no doubt to further optimize performance of
the motor imagery rehabilitation system. Fig. 13 shows that the OAs
are removed, but the corrected EEG is deformed compared with the
original EEG. Fig. 14 shows that the OAs removal is not complete.
Moreover, the corrected EEG is moved compared with the original
EEG. Fig. 15 shows that the OAs are removed on the whole, but the
details have a little deforming effect. Table 3 gives the RMSE of the
corrected EEG, which shows that the DLN and SAE method perform
better than SOBI, ICA and K-ICA.

In the frequency domain, the proposed method also obtains

good result. Fig. 16 shows PSD of the contaminated EEG and the
corrected EEG processed by DLN, SAE, ICA, K-ICA and SOBI, respec-
tively. Theoretically, PSD value of an ideal corrected EEG should be
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Fig. 15. Removal effect by using SOBI.

Fig. 16. PSD of contaminated EEG and corrected EEG.

Table 4
Classification accuracy of different methods.

Contaminated EEG DLN SAE ICA K-ICA SOBI

Subject 1 78.2% 79.8% 76.4% 74.6% 78% 77%
Subject 2 76.6% 79.2% 76.2% 71.8% 75.4% 71%

s
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f
f
E
t
u
b

u
f
c
a
t
w
1
f
c
t

cross-subject testing scenarios to test the generalization ability of
Subject 6 63.6% 66% 63% 62.6% 61.6% 67%
Subject 7 71.4% 75.4% 72.4% 70.2% 71.4% 73%

mall in the concentrated frequency ranges of OAs, which should
pproximate the contaminated EEG as accuracy as possible in other
requency ranges. From Fig. 16 we can see that in the concentrated
requency ranges of OAs (�, � and �), PSD values of five corrected
EG signals are all declining. And DLN and SAE perform slightly bet-
er than ICA, K-ICA and SOBI, but in the 13–20 Hz area, where many
seful EEG information is contained, the DLN method performs
etter than SAE.

In this paper, the classification accuracy of motor imagery is
sed as a metric to test whether five methods caused loss of use-
ul information. We  use Part 2 from four subjects to calculate the
lassification accuracies. For each subject, Part 2 contains 100 tri-
ls (100 labels). Intercept first 5 s of EEG data for each trial, and
hen evenly divide these 5-s EEG data into 5 segments. Therefore,
e can obtain 500 labels in total and each label corresponds to

 s of EEG data. Here, the common spatial pattern (CSP) is used

or feature extraction and the support vector machine (SVM) for
lassification. Table 4 shows the classification accuracies of the con-
aminated EEG and the corrected EEG for 4 subjects. From Table 4
Fig. 17. Computational time of different methods.

we can see most of classification accuracies processed by four com-
pared methods are reduced in varying degrees, which implies that
the four compared methods may  cause the loss of useful EEG infor-
mation.

4.3. Time consumption

Time consumption is a very important issue in OAs removal.
The processing time for 200 trials (each trail contains 59 EEG chan-
nels and each channel in each trail contains 5 s of EEG data) under
different methods is given in Fig. 17. The time is calculated with
MATLAB (release R2013a) running on Windows 10 (Intel Core i3-
4130 CPU3.4 GHz processor, 10 GB RAM). Fig. 17 shows that the
DLN is much more time saving compared with ICA, K-ICA and SOBI.
Because of the fact that ICA needs manual involvement to eliminate
OAs, its time consumption fluctuates between 20 and 45 s.

4.4. Generalization ability

The proposed method is proven to have strong generalization
ability, which is good for widely used. In this paper, we  use the
the proposed method. For example, we first use the training sam-
ples from Subject 1 to train an DLN, and then use this trained DLN
to remove OAs from Subject 2, Subject 6, and Subject 7, respec-
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Fig. 18. OAs removal by using DLN1 for Subject 2.
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Fig. 20. OAs removal by using DLN1 for Subject 7.

Fig. 21. OAs removal by using DLN1 for Participant 1.

Table 5
Comparisons of classification accuracies by using DLN1 and their own DLN.

Contaminated EEG DLN1 DLN2

Subject 2 76.6% 79.6% 79.2%
Contaminated EEG DLN1 DLN6

Subject 6 63.6% 65.2% 66%
Contaminated EEG DLN1 DLN7

Subject 7 71.4% 73% 75.4%
Contaminated EEG DLN1 DLNp1

Participant 1 72.5% 73.9% 75%
Fig. 19. OAs removal by using DLN1 for Subject 6.

ively. In addition, three healthy participants are engaged in the
xperiment for further real validity. For convenience, DLNi denotes
n DLN whose training samples are from Subject i (i  = 1, 2, 6, 7).
igs. 18–20 give the OAs removal effects by using DLN1 for Sub-
ect 2, Subject 6, and Subject 7, respectively. Figs. 21–23 give the
As removal effects by using DLN1 for Participant1, Participant2
nd Participant3. From the six figures we can see that OAs are still
uccessfully removed. Table 5 gives comparisons of classification
ccuracies for Subject 2, Subject 6, and Subject 7 by using DLN1 and

heir own DLN. And of course, Table 5 also gives the comparisons
f classification accuracies for Participant 1, Participant 2, and Par-
icipant 3 by using DLN1 and their own DLN. As a result, Table 5
as strong evidence to prove that the proposed method has strong

Contaminated EEG DLN1 DLNp2

Participant 2 75.3% 77.8% 76.9%
Contaminated EEG DLN1 DLNp3

Participant 3 69.5% 71.4% 73.5%

Fig. 22. OAs removal by using DLN1 for Participant 2.
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multilevel wavelet approach for automatic detection of epileptic spikes in the
Fig. 23. OAs removal by using DLN1 for Participant 3.

eneralization ability. It should be pointed that we obtained the
imilar results by using DLN2, DLN6, and DLN7 to the rest subjects
ncluding real healthy subjects, respectively.

. Conclusion and discussion

In this paper, a novel method based on DLN is proposed for
emoving OAs from contaminated EEG. The proposed method
killfully takes advantage of the structure characteristics and the
trong learning ability of DLN, which can remove OAs effectively.
ompared with the classical OAs removal methods, the proposed
ethod has many highlights. For example, it doesn’t need addi-

ional EOG recording in real time and there is no limit to the number
f channels. Moreover, the proposed method is much more time
aving and it has strong generalization ability, which is useful for
nline OAs removal.

In the future work, we are going to improve the training method
f DLN or try replacing the SAE with other neural networks such
s convolutional neural networks (CNN) to strengthen its fitting
bility for the details of EEG. And also, more modern denoising
lgorithms with bigger database should be compared to find the
obust ability of this method. Additionally, these networks can also
e introduced to other applications such as EEG features extraction
nd classification.
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