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Abstract

Brain-Computer Interface (BCI) enables human beings to interact with the outside world
through brain intention. Human-computer interaction (HCI) based on electroencephalogram
(EEG) has become the main research direction in the field of BCI. Though many achieve-
ments have been made in EEG research recently, the lack of sample data and individual
differences, effective motor imagery (MI) classification based on EEG signals is still a chal-
lenge. Compared with the 2D and 3D CNN models that are widely used, however, there
are few researches on extracting EEG sequence features using 1D CNN model. To this end,
considering the temporal structure of multi-channel EEG signals, we propose a EEG-Based
temporal one-dimensional convolution neural network (ETIODCNN) to classify MI. First,
we extract temporal correlation from EEG signals by introducing the core blocks. Then, we
use the global average pooling (GAP) layer and the fully connected (F) layer to fuse the
temporal series features, and realize classification task. Our model can automatically learn
effective features from EEG signals. We trained and tested the proposed method on BCI com-
petition IV datasets (BCICID). The experiments were conducted on two open-source EEG
datasets. The comparison results show that this method has good performance in real-time
and accuracy.

Keyword Brain-computer interface - EEG - 1D CNN - Core blocks - Motor imagery -
Classification

X Chaoqin Chu
chuchaoqin@st.xatu.edu.cn

B4 Hui Gao
gaohui @xatu.edu.cn
Department of Mechanical and Electrical Engineering, Xi’an Technological University,

Xi’an, Shaanxi 710021, People’s Republic of China

Department of Electrical and Information Engineering, Xi’an Technological University,
Xi’an, Shaanxi 710021, People’s Republic of China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11042-023-16536-x&domain=pdf
http://orcid.org/0000-0002-5535-4709

45748 Multimedia Tools and Applications (2023) 82:45747-45767

1 Introduction

Brain-computer interface (BCI) can enable disabled people to interact with the outside world
through brain signals [48]. Moreover, BCI plays a great role in virtual reality and meta-
universe [23].

BCl is a novel approach that directly controls external equipment by bypassing the typical
peripheral nervous system. Thanks to the merits of the lower hardware cost, the higher
temporal resolution, and portability, EEG-based BClIs are widely used. Many recent studies
on BCI have obtained achievements in the field of health, such as emotion recognition [49].
The EEG signal is easy to obtain in a non-invasive way. It not only has high time resolution,
but also can be obtained in real-time. Therefore, at present, EEG is regarded as the most
practical method for BCL.

To control external devices, such as ground vehicle [51], wheelchairs [1, 26], robot arms
[44], through imagination, MI can be interpreted as human imaginary movement without
actual movement. We can get the corresponding EEG signal from some active brain areas. The
BCI system is still frequently used in the field of rehabilitation engineering today. According
to certain researchers, MI-BCI has a high practicability in the rehabilitation of limb illnesses,
which has prompted many researchers to invest in MI-BClI research [47]. The results of these
practical applications have attracted more attention from experts in the field.

However, the current EEG-based BCI system is still immature and faces many challenges.
Firstly, EEG signals usually contain a lot of noise. In addition to the system noise caused
by circuit system and power line interference, EEG signals also have some unique inherent
noise. In addition, studies have shown that subjects’ emotions will also bring uncertain noise
to EEG signals [29]. It is difficult to ensure that participants focus on the task throughout
experiments. Secondly, compared with image or video analysis tasks, EEG-based analysis
tasks usually involve only 8-128 signal channels, leading to limited signal resolution. Thirdly,
the correlation between EEG signals and the corresponding brain activities is fuzzy. For
example, in other pattern recognition tasks, the label of the sample can be given by directly
observing the picture or video, but it is not easy to infer the intention by directly observing
the EEG signal. Finally, most current EEG-based MI recognition methods often rely heavily
on manual processing in the raw data preprocessing stage [16].

The proposed method is end-to-end trainable, which can be extended to real-world appli-
cations. our model is compared with some baseline models and the most advanced models.
The results show that the proposed method can identify different types of human intentions
in different BCI systems. Notably, we seek to improve the robustness and adaptability for
various persons in the two-class and four-class MI classification tasks. The proposed method
is evaluated on two publicly available EEG datasets, involving cross-subject and multi-scene
motion intention detection. Experimental results show that our model has better classification
accuracy than the baseline and advanced methods.

The rest of this paper is organized as follows: the relevant work is described in Section 2,
Section 3 introduces our method, Section 4 gives experiments and results, and the conclusions
are presented in Section 5.

2 Related works

Existing EEG-based MI recognition methods mainly include two stages: feature processing
and feature recognition. The first stage often requires a complex and error-prone manual
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design [14]. Therefore, the whole feature processing process is time-consuming, and the
obtained features usually have limitations, such as specific testers and specific acquisition
environment, which is not easy to be extended to other subjects and testing environments.
Besides, the current research on EEG classification mainly focuses on the subjects, i.e., the
test data and train data from the same subject or binary EEG signal classification [45]. There
are few EEG classification studies considering different scenes and subjects, which cannot
meet the requirements of real-world BCI applications, and the accuracy of many existing
methods is only about 75%. For example, Grosse-Wentrup et al. [15] proposes an algorithm
that needs to extract common spatial pattern (CSP) features before classification. Hence, new
methodologies must be considered that can complete the feature extraction and classification
process directly from the EEG time series.

Deep learning does not require manual features and domain knowledge and can directly
use the original EEG data to extract features without preprocessing. Researchers have recently
used the deep learning (DL) method for EEG classification tasks because it helps improve the
accuracy and decrease the EEG channel number. Kumar et al. [22] presents a DL approach for
extracting features as the network’s input using CSP. A novel DL approach for classification
of EEG MI signals, using SAE over 1D CNN features, a convolutional neural network
(CNN)-based model [42] achieved the desired accuracy.

To learn the dynamic correlation in the MI signal, based on multi-layer CNN feature
fusion, [2, 20] provides an improved CNN model for EEG MI classification. Hou et al. [17]
developed a unique method for decoding EEG four-class MI problems using scout ESI and
CNN, which can obtain competitive results. A method of generating spatial spectral feature
representation is proposed, which can preserve multiple variable information in EEG data
[7]. Zhao et al. [50] presents a system where the serial module can extract rough features
in the time-frequency-space domain and the parallel module is used to fine feature learning
in different scales. A stacked random forest model is used to enhance feature extraction and
classification [40].

An end-to-end model [13] is constructed to reduce dimension and learn generalized fea-
tures without specific approach to get the feature. CNN has been widely used in EEG signal
sequence analysis [10, 30]. In [41], a combined structure of CNN and LSTM is used to obtain
spatio-temporal features and perform high-precision classification of EEG data. Some works
achieve similar classification accuracy in different MI tasks even for shorter length MI data
[34]. Liu et al. [25] proposed to select the MI signal with a duration of 2s for comparative
experiments. The results show that the appropriate selection of the length of MI signal for
experiments has a great impact on the classification accuracy.

As mentioned above, our motivation is as follows: (1) Compared with the 2D and 3D CNN
models that are widely used, however, there are few researches on extracting EEG sequence
features using 1D CNN model. To improve the real-time performance of MI classification,
we designed a 1D CNN architecture with core blocks. It is efficient for EEG processing and
it saves computing resources and reduces the complexity of the model. (2) We use the sliding
window technique and select the appropriate window length to generate more training EEG
data. (3) We validate the performance of our model on two datasets for different classification
tasks.

This paper proposes the method based on special 1D-CNN architecture and EEG data
augmentation technology for EEG classification. In this method, the sliding window seg-
mentation method are used to extend the training data, and special 1D-CNN framework is
used to extract the temporal optimal EEG features. Based on this, our method can obtain
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a high EEG recognition accuracy. In the experiment, two EEG datasets are used to test the
method performance, and satisfactory results are obtained.

3 Method

For the EEG classification task, we first consider the time-dependent that multi-channel EEG
signals have. Secondly, reasonable information in different dimensions can make the model
much more expressive. For this purpose, we designed a suitable network. Its specific model
structure and implementation details of data enhancement will be described in detail. Lastly,
we present the learning procedures.

3.1 Core block

In different neural network structures, such as convolutional and recursive layers are used
to extract the dynamic properties of EEG signals and thus learn valid information about
partial sequence segments. The temporal convolution layer is computationally efficient in
time series classification tasks, so temporal convolution can be used as a feature extraction
module to extract features of time series. Inspired by this, we propose the core blocks for
four reasons. First, the convolutional layer in the core block can extract high-level features
of multidimensional channel EEG signals. Second, in the core block, the BN [19] layer
normalizes small batches of data for each channel independently in all observations.

After the convolutional operation, the BN layer is used to accelerate CNN training and
reduce sensitivity to network initialization, which is very effective for fitting models and
improving accuracy. Obviously, BN can normalize the data distribution to bring the data
back to the unsaturated region. Third, in the core block, it is followed by a ReLU layer [28]
after BN layer. The ReLU layer applies a threshold operation to each element, converting
any input value less than zero to zero, which can control the saturation of the activation. BN
layers and ReL.U layers are included in the composition of each core block. Last, each FC
layer in the core block integrates all the features learned in the previous layers across the
sequence, especially in the case of large differences between the source and target domains.
The FC layer can maintain a large model capacity thus ensuring the migration of the model
representation capability. It helps to extract high-level information across time and space,
and at the same time it can mitigate over-fitting.

At the feature level, the core blocks can be interpreted as follows. Each convolutional layer
in the core block conducts a weighted feature combination with nonlinear activation. Then,
the extracted features are repeatedly convolved across channels in the next convolutional
layer. Here, we use this convolutional structure as the core block to extract multidimensional
channel EEG signal features, allowing us to directly understand the feature extraction process
in the temporal dimension.

3.2 The framework of Ml classification system

Figure 1 shows the proposed framework of EEG-based MI classification system. The frame-
work can learn valid information through a combination of core blocks. Let the matrix
X € RN'T serve as the input samples. Where N denotes the number of recorded electrode
channels, 7' denotes the number of signal sample points.
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(c) Architecture of the proposed 1D CNN

Fig.1 Schematic diagram of the MI classification system. Figure 1 (a) is an experimental table for EEG data
collection, where the duration of the motion imagination task is taken as 4 s. Figure 1 (b) shows some pre-
processing operations that have been performed on EEG data, including channel selection, data segmentation,
and artifact removal. In addition, we standardize data processing by converting multi-channel EEG data into a
two-dimensional matrix format. We enhance the EEG data by DA operation. Figure 1 (c) shows our proposed
1D CNN model. Three 1D convolutional layers were used for feature extraction of EEG signals, which can
capture some local patterns or temporal features in the input signal

CNN has also been recognized as an effective DL method in recent years. It has a hierarchy
in the form of different layers, each of which uses specific operations to extract high-level
features from the input data. In our experiments, we proposed 1D CNN architecture consists
of 20 layers. It includes five core blocks. Each of the first three core blocks is composed of
CONYV + BN+ ReLU, and the rest two core blocks is composed of FC+ BN + ReLU . The
GAP layer facilitates structurally regularizing the entire network, preventing over-fitting and
preserving global feature information, directly giving each channel an actual special meaning.
For classification problems, the softmax function is the output unit activation function. A
softmax layer and a classification layer usually follow the final FC layer. The classification
layer calculates the cross entropy loss of weighted classification tasks, which have mutually
exclusive categories. The network analysis results and configuration parameters are shown
in Table 1.

In this system, the recorded EEG signals were split into MI-EEG data with length of
4s. Then, data augmentation (DA) was performed on the splitting data. Through the sliding
window technology, the MI-EEG signal with a length of 2s is extracted from the MI-EEG
signal with length of 4s, and finally the samples are enhanced. The classification result of the
2s MI-EEG signal will be the output of the 1D CNN.

3.3 EEG preprocessing and data augmentation

In our works, first, 22 channels were selected from the raw EEG signals. The sampling
frequency is 250Hz. Then we remove artifacts and extract four categories MI-EEG data from
the EEG signal of each channel automatically. The length of each MI-EEG data is 4s. Finally,
we implement data augmentation for MI-EEG data.
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Table 1 Implementation details of the ETIODCNN framework. The number of convolution kernels used by
each convolution layer in the first three core blocks is 16,32,48 respectively. The stride is equal to 1 and all
the filter kernel sizes equal 5

Core blocks Layer name Activations Learnables
Sequenceinput 22 [-]

Core block 1 convld_1 16 [Weights: 5x22x 16, Bias: 1x16]
batchnorm_1 16 [Offset: 16x 1; Scale: 16x 1]
relu—_1 16 [-]

Core block 2 convld_2 32 [Weights: 5x16x32, Bias: 1x32]
batchnorm_2 32 [Offset: 32x1; Scale: 32x1]
relu_2 32 [-]

Core block 3 convld_3 48 [Weights: 5x32x48, Bias: 1 x48]
batchnorm_3 48 [Offset: 48 x 1; Scale: 48x1]
relu_3 48 [-]
globalavgpool1d 48 [-]

Core block 4 Fc_1 128 [Weights: 128 x48, Bias: 128x 1]
batchnorm_4 128 [Offset: 128 x1; Scale: 128 x 1]
relu_4 128 [-]

Core block 5 Fc_2 128 [Weights: 128 x 128, Bias: 128x 1]
batchnorm_5 128 [Offset: 128 x1; Scale: 128 x 1]
relu_5 128 [-]

Fc_3 4 [Weights: 4x 128, Bias: 4x1]
softmax 4 [-]
classoutput 4 (-]

Those EEG signals have been preprocessed before feeding the convolutional layer [25].
Suppose we have a series of MI-EEG sequence signals as inputs, which we denote by X'. We
normalize each channel signal of input data as follows:

Nien
Sij=| ;=D X j/Nien | /oi o)
j=1

where o}, j, i and Nj,, refer to the standard deviation of channel i, the position in the signal,
the channel and the number of sample sequences in a batch of inputs. The signal S; ; is then
divided into batches. After preprocessing, these signals will be fed into convolution layer and
it is then written in the form of matrix N; x Nj.,, where N; and Ny, refer to 22 and 500,
representing 2 seconds.

Here, we have a sequence of MI-EEG signals S with n sample points, assuming the fol-
lowing three parameters are defined: L;,0n—overiaping 18 the length of sample non-overlapping
region for two neighbor segments. Ly, is the length of each segment. N is the number of
segments. Their relationships are defined in (2).

n=(N—-1)x Lnan—auerlaping + Lseg (2)
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Fig.2 The schematic diagram of data augmentation

In this paper, 7 is the sample points, Lyon—overiaping and Lyeg, are specified as 50 and 500,
respectively. Then, the MI signal with 1000 sample points can obtain 11 training samples
with 500 sample points. If we specify the three parameters (1, Lyon—overlaping> Lseg), the
MI-EEG signal S can be split into N shorter MI-EEG signals {S[n], Sz2[n], ..., Sy [n]} with
an overlap of 90%, the schematic diagram of data augmentation as shown in Fig. 2.

3.4 Model Learning

The proposed network consists of five core blocks combined with other layers to form a
20-layer network, as shown in Fig. 3. First, the input multidimensional signal is fed to the
first convolutional layer. In our proposed ETIODCNN method, the size of the convolution
kernel used in the convolution layer of all core blocks is 5. The first convolutional layer uses
a convolutional kernel in the shape of 5x22. It was mentioned earlier that the signal of the
input layer is in the form of a 22 x 500 matrix. In the convolution process, the padding mode
is set to ‘same’ and stride is set to 1, so we get the feature map as an array of 500x 1 (1D).
The number of convolution kernels in the first convolution layer is specified as 16, so the size
of the output is 500x 16. After convolution, the feature map is fed to the BN layer and then
to the ReLU layer for nonlinear activation. For the first convolution layer in the core block,
we have the mathematical expression:

<22

0 (W) =B W) + Y (SeuWi om, i) + -+ + S a5 (,m, 1) 3)
i=1

LB Ra= 48

' Layer 17-18 ’
Layer 0 Layer 13 Layer -6 Layer 7-9 Layer 10 Layer 11-13 Layer 14-16 y y
Sequencomput Core blockl Core block2 Core block3 1D-globalagpool Core block4 Core block$ FC3+Softmax Classification output

Fig.3 The proposed 1D CNN architecture for the EEG signal features extraction and four-class MI classifi-
cation tasks
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where o, () stands for neuron u in layer / of map m. It also refers to the scalar product
between the input neuron and the weighted value. W, (I, m, i) is the filter used in the neural
network, [, m, i, and v represent the layer, map, kernel/channel and position in the kernel,
respectively. b' (1) refers to the bias of neuron u in layer [, here [ is 1.

The input to the second convolutional layer is a 500 x 32 matrix. The shape of the convolu-
tion kernel used in it is 5x32. Its structure and properties are similar to those of the previous
layer. It just has a different feature map size. For the second convolution layer in the core
block, the mathematical expression as follows:

igN/iernel
oh =6+ > (MGW@m D+ MW GmD) @
i=1

where N, ,i ornel 18 the number of convolutional kernels used in the [y, convolutional layer. m
refers to the elements i, j of the feature map produced after the convolution of a specific
layer. The input to the third convolutional layer of the core block is a 500x48 matrix. The
shape of the convolution kernel used in it is 5x48. Similarly, for the third convolution layer
in the core block, the feed-forward processing can be seen in (4).

In each core block, a BN layer and an ReLU layer are included. After being computed by
convolutional or fully connected layers, the obtained feature information is first input to the
BN layer and then processed by a ReLU function. The reconstructed feature information can
be calculated by the (5)-(9):

1 &
n= ;0"’ )
1 N 2
2 _ 1 b
o _N,;(O' w, (6)
0, — K
(zorm — 1 , 7
K Jolfe @
0; = yo!™ + B, 8)
f(O) = max(0, O) 9

where o;. is the feature information obtained from the previous layer and i represents the

feature value of 0. J is the mean, o2 is the variance, y and B are the parameter learned
during training. Mini-batch training is used, which divides the entire training sample into
smaller parts and updates all parameters after learning a mini-batch instead of a single sample.
Where € is a constant, when the variance is small, numerical stability can be improved.

A 1D global average pooling (1D-GAP) layer implements down-sampling by calculating
the average of the feature map. Through this operation, the global information is preserved
and the local-global information features are extracted by representing the original channel
feature vectors in one value after weighted average calculation.

The fully connected (FC) layer flattens the output. FC layer is included in core block4
and core blockS5, respectively, and the number of hidden units is set to 128. To prevent loss
of desired feature information, the FC layer merges all previous feature representations and
often contains many consecutive layers. For MI-EEG classification problems, the last fully
connected layer combines all the features before using the softmax operation. For example, on
the task of MI-EEG four-classification, the softmax operation can map the outputs of multiple
neurons to the interval (0,1), and gives four values ranging between 0 and 1, which of the four

@ Springer



Multimedia Tools and Applications (2023) 82:45747-45767 45755

values (four indexes in total) has the largest value represents the class corresponding to that
position. Therefore, the softmax value of the i class can be calculated. So, for multi-class
classification issues, the softmax function is the output unit activation function after the last
fully connected layer, we have:

P, BIr)P(r)  _ explei(x, B))
YA PG BIrpP(ry) YN explej(x. B)

where 0 < P(ri|x, ) < 1and Zle P(rilx,B) =1,¢c; = In(P(x, B|r;) P(ri)), P(x, Blri)
is the conditional of probability of the sample given class i, 8 is a system parameter in
the multi-classification task, and P(r;) is the class prior probability. For classification and
weighted classification problems with mutually exclusive classes, a classification layer com-
putes the cross-entropy loss. The best parameters can be found by minimizing the cost
function, and it can be specified as:

D K
1
Lioss = _Bzzwi “tai - Inyai, (an

d=li=1

P(rilx, p) =

(10)

where D is the number of samples, K is the number of classes, w; is the weight for class i, 74;
is the indicator that the 4" sample belongs to the i class, and yg; is the output for sample
d for class i, which in this case, is the value from the softmax function. In other words, yg;
is the probability that the network associates the d" input with class i.

4 Experiment and results
4.1 Description of EEG datasets

BCl competition IV dataset 2a (BCICID 2a) [3]. The dataset contains 22 channel EEG signals
from 9 subjects (AO1-A09). The sampling rate of the signal is 250 Hz. The data correspond
to four different MI tasks, including left hand, right hand, tongue, and foot. For each subject,
the data contain training data and testing data. There are 288 trials in the training data (72
trials per MI task) and 288 trials in the testing data. Note that a period of [2, 6] seconds was
considered in our experiment. Herein, the training and testing sets of the BCICID 2a can be
separated into two categories. To train and test our model, we used data from 9 subjects with
around 28000 samples.

BCl competition IV dataset 2b (BCICID 2b) [43]. This dataset records three bipolar channel
EEG signals of nine subjects (B01-B09), i.e., those involving left-hand and right-hand MI
activities. The sampling rate is 250 Hz. For each subject, five times of data collection were
performed. The first three times were used for training and the rest for testing. The period of
[3, 7] seconds was used in the experiment.

4.2 Experimental setup
Implementation details In this experiment, we implement the proposed 1D-CNN network

framework using the Matlab 2021b software. As for the hardware system configuration, the
processor is an Intel (R) Xeon (R) silver 4110 CPU @ 2.10 GHz, the RAM has a capacity of
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32.0 GB, and the graphics card is NVIDIA RTX 2080 Ti. Network training and testing are
performed on a workstation with the Microsoft Windows 10 operating system. The network
hyper-parameter of our model mainly includes the following aspects: the size of the mini-
batch used for each training iteration, the number of hidden node, the kernel size, the initial
learning rate and the max-epoch. Meanwhile, the adaptive learning rate algorithm chooses
adaptive moment estimation (Adam), which is a method for stochastic optimization.

We trained our model with non enhanced data samples and enhanced data samples
respectively, and finally verified and analyzed the performance of our model in different
classification tasks.

Optimizing parameters and training network To find the optimal network hyper-
parameters and choose the best combination of network hyper-parameters, we employed
the experiment over the training data of the BCICID 2a. In this study, we use the deep learn-
ing toolbox to construct and execute experiments. The purpose is to train the deep learning
network and find the optimal parameter configuration of the network.

Based on the experimental design and statistical analysis, as shown in Table 2. In this
paper, the initial learn rate is set to 0.001, the filter size is set to 5, the hidden node is set
to 128, the epoch is set to 30, and the min-batch size is set to 128. Therefore, we choose
this best combination of four network hyper-parameters to train our model. For example, the
network training performance of trial 41 and trial 80 are shown in Fig. 4. The accuracy and
error diagrams of two trials are shown in Fig. 4 (a) and (b). The results of experiment verify
that the model has a excellent performance.

4.3 Statistical analysis and performance evaluation

Statistical analysis. Several statistical characteristics were analyzed in this study to estimate
and compare the performance of various approaches. TP, TN, FP, and FN stand for true

Table 2 Parameter optimization with different combinations of network hyper-parameters. In the experiment
manager, we assign three values to each hyper-parameter, such as initial learn-rate equals [0.0001 0.001 0.01],
filter-size equals [3 5 7], hidden-node equals [128 256 512], and min-batch size equals [32 64 128]. We used
the exhaustive sweep strategy to obtain optimal four network hyper-parameters and the results of 81 trials were
generated. Notably, the initial learning rate in all ten trials is 0.001. We select 10 trials with higher network
accuracy and lower loss. The bold shows the trial 59 with best performance

Trial ~ Elapsed time Initial Filter Hidden Min batch  Accuracy  Loss
learn rate size node size

14 Ohr I min39sec  0.0010 5 256 32 95.90% 0.029
17 Ohr 1 min44 sec  0.0010 7 256 32 96.34% 0.024
35 Ohr 1 min12sec  0.0010 7 128 64 93.20% 0.049
41 Ohr 1 min12sec  0.0010 5 256 64 97.67% 0.023
50 Ohr 1 min 12sec  0.0010 5 512 64 95.00% 0.036
59 0 hr 1 min 0 sec 0.0010 5 128 128 98.57% 0.018
62 Ohr I min I sec 0.0010 7 128 128 93.00% 0.044
68 0 hr 1 min 3 sec 0.0010 5 256 128 94.10% 0.043
71 0 hr 1 min O sec 0.0010 7 256 128 92.47% 0.041
80 0 hr 1 min 2 sec 0.0010 7 512 128 95.67% 0.031
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Fig. 4 The network performance and training results of trial 41 (herein, learn-rate is 0.001, filter-size is 5,
hidden-node is 256, and min-batch size is 64) and trial 80 (herein, learn-rate is 0.001, filter-size is 7, hidden-
node is 512, and min-batch size is 128)

positive, true negative, false positive, and false negative, respectively. Accuracy, confusion
matrix, and Kappa (k) are used to evaluate the performances based on these metrics.
Accuracy (AC) : describes the ratio of true positives and true negatives for all predictions.

3 TP+TN
T TP+TN+FP+FN’

AC 12)
Kappa (x) : is a robust measure since it considers the possibility of the agreement obtained
by chance. The « value can be computed as below:
AC —
=20 (13)
1 - Pe
Where P, is the theoretical probability of agreement. The higher the « value, the better
the performance.

Performance evaluation In addition, we set the optimal network hyper-parameters, we use
the BCICID 2a and the BCICID 2b to train and test our model. Datasets were divided into
training, validation, and testing sets in a 7:2:1 ratio.

The training results of our proposed method for the BCICID 2a are illustrated in Fig. 5.
The confusion matrix with column and row summaries are shown in Fig. 5 (a)-(i), and the
“True Class” is the true label, while the “Predicted Class” is the predicted label. The true
positive rates and false positive rates are displayed in the row summary, while the positive
predictive values and false discovery rates are displayed in the column summary.

To evaluate the classification accuracy of MI tasks, someone considered the effects of dif-
ferent numbers of conv1D layers and different input signal processing lengths [35]. Based on
the consideration and inspiration, our experimental results show that different configurations
of network parameters and the number of channels of EEG signals are also very important to
improve MI classification performance, it can be seen in Table 2 and Fig. 6. According to the
correlation coefficient [6] of EEG signals, the EEG signals of adjacent channels in the same
brain functional area have strong correlation and similar characteristics. We generated three
sub-datasets with 3 channels, 6 channels and 22 channels respectively from BCICID 2a.
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BCICIV-2a-A02T Confusion Matrix BCICIV-2a-A03T Confusion Matrix
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Fig.5 Test results of the proposed model on 9 subjects of BCICID 2a. The confusion matrix chart display the
true positive rates and false positive rates in the row summary. Also, the confusion matrix chart display the
positive predictive values and false discovery rates in the column summary

At the same time, we also use the original two datasets (BCICID 2a and BCICID 2b)
without data augmentation to train and test our model. We evaluated through experiments
and found that: the MI task of the acquired EEG signal is closely related to the channels of
various brain functional areas. The information of each channel is also highly correlated, and
an MI task is generated by the combined action of EEG channel signals from different brain
functional areas. The data enhancement operation improves the performance of the model
for MI classification. And the result is shown in Table 3.

To adequately test the method’s performance and stability, the average of all subjects
classification results for the different datasets after applying different 20 predictions. It indi-
cates an improvement in the quality of the prediction findings and the confusion matrix with
column and row summaries. With the increase of the number of channels, the classification
performance is excellent, as shown in Fig. 7 and Table 3. The BCICID 2b with 3 channels
is shown in Fig. 7(a) and the confusion matrix of 3, 6, 22 channels of BCICID 2a are shown
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A

rrelation coefficient matrix

Fig. 6 Correlation coefficient analysis diagram of all channels of EEG signal. (a) EEG cap, (b) EEG layout
map, (c) correlation matrix, (d) EEG representation

in Fig. 7(b), (c), and (d), respectively. The results of experiment verify that our proposed
method has a excellent performance.

10-fold cross-validation We used the BCICID 2a data with DA operation to evaluate the
performance of the proposed method. In addition, we divided them into ten subsets, respec-
tively. Each time, one subset was used as the validation set, and the other nine were used
as the training set. Ten cross-validation tests were conducted to obtain the average result.
Similarly, we also conducted evaluations in the same way on each subject data. Our model
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Table 3 Average of all subjects classification results. With the increase of the number of channels, the classifi-
cation performance is excellent. When N4, equals 22, AC with DA operation and AC without DA operation
obtained best result on BCICID 2a

Dataset Tasks Nehan ACyith—pa(%) ACyithout—p A (%)
BCICID 2a LRET 22 98.31£0.11 86.68+0.42
LRET 6 96.47+0.27 75.23+0.38
LRET 3 93.6240.61 68.974+0.52
BCICID 2b LR 3 97.07+£0.16 73.50£0.32
Confusion Matrix (Nehan~3) Confusion Matrix (Nchan = 3)
1 6 1 1.5%
1 23 1 42%
2 1 0 4 6.7%
§ 2 25 100.0% 83 5 2 0 1 10.3%
0 5
= E 4| 2 2 2 8.6%

100.0% 96.2%
89.0%  946%  921%  97.0%
& 10% | 54% | 7.9% 3.0%
1 2 1 2 3 4
Predicted Class ®) Predicted Class

(@)

Confusion Matrix (Nchan = 6) Confusion Matrix (Nchan = 22)

3.8%

1.4%

5.6% 2.9%

w

2.4%

True Class
True Class

1.3%

IS

98.7% 95.8% 97.1% 96.2% 100.0% 97.4% 98.5% 98.8%

1 2 3 4 1 2 3 4
Predicted Class Predicted Class
© (@

Fig. 7 Confusion matrix. Average of all subject classification results for the BCICID with different channels
after applying different 20 predictions

achieved an average accuracy of 97.32(10.17)% with a variance of 0.0176 on BCICID 2a, an
average accuracy of 96.04 (£0.23)% with a variance of 0.0481 on BCICID 2b, and an average
accuracy of 94.76 (£0.55)% with a variance of 0.0314 on PhysioNet [18], respectively.
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Table 4 Classification accuracy (%) and kappa values of PSD, VPSD, ABS, VSBS and our method. Exper-
iments show the average evaluation results of two sessions from the BCICID 2b. The bold shows the best
average results

Subjects  Accuracy (%) Kappa

PSD VPSD  ABS VSBS  Ours PSD VPSD  ABS VSBS  Ours
BO1 70.785  71.66 71.23 74725 9532  0.515 0.53 0.525 0.585  0.929
B02 58.5 58.155  64.175 58.01 9491 0205 0.2 0.285 0.19 0.931
BO3 63.435 63425 59.16 60.89 96.09 0.295 0.3 0.2 0.23 0.962
B04 97.725 97725 97725 974 97.57 0.97 0.97 0.97 0.97 0.986
BOS 84.72 84.505  83.12 93.7 98.66 0.725 0.71 0.685 0.89 0.992
B0O6 81.74 84.22 83.125 85465 9644 0.64 0.7 0.675 0.73 0.948
B0O7 79.785  81.92 78.38 86.455 95.61 0.65 0.69 0.635 0.755 0932
BOS 92355 92.835 93.145 95385 9696 0.865 0.88 0.87 0.925  0.959
B09 86.135  87.39 86.805 92.055 95.05 0.79 0.825 0.785 0.875  0.956

Average  79.465 80.205  79.65 82.68 96.29  0.63 0.645 0.625  0.68 0.955

4.4 Performance comparison

Some methods propose different network framework based on different convolution struc-
tures, and some combine the traditional feature extraction methods and DL methods to
improve MI classification accuracy. For example, the accuracy is 92.9%, 84.3%, 76.2%,
73.6%, 71.9% in the studies of Sadiq et al. [33], Joadder et al. [21], Samek et al. [37],
Devlaminck et al. [11], and Atyabi et al. [5], respectively. In order to verify the effectiveness
of the proposed method, we also compared our method with PSD, ABS, VSBS, variations
based PSD (VPSD) methods on the BCICID 2b. Table 4 gives the accuracy and kappa val-
ues of PSD, VPSD, ABS, VSBS and our methods. When compared to other approaches for
extracting features, it can be demonstrated that our method produces superior results. Our
approach has an average kappa of 0.955 and an average accuracy of 96.29%. When compared
to VSBS, the proposed technique improves average accuracy by 13.61% and average kappa
by 0.27.

The within-subject test is implemented, i.e. the training data set and test data set are from
the same subject. More importantly, the comparison results of performance of different net-
works as shown in Table 5. Our method outperforms others in terms of parameter quantity,
real-time performance and accuracy. Table 6 show the test accuracy of each subject under
different networks and the test accuracy of corresponding networks. According to the exper-
imental results, it displays that the accuracy of subject 2 is the lowest and the accuracy of
subject 3 is the highest on BCICID 2a. However, a higher standard deviation in the model
indicates that the model may fit extremely well for some subjects while being just fair for
others. More subject data for model training may overcome this, thus decreasing the gap.

The CNN-based model [42] also used SAE over 1D CNN features and attained an EEG
classification accuracy of 70%. The BCICID is used to implement and test this concept.
Table 7 shows a comparison of the proposed method’s overall accuracy with that of other
approaches. Our proposed strategy outperformed the baseline, which also used CNN, in terms
of accuracy.

On the BCICID, the MCNN approach only achieved accuracy of 75.7% for subject-
specific training and assessment. With cropped training, the shallow and deep CNN model
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[38] was constructed for MI classification and achieved 72.0% decoding accuracy. Before
DL techniques were used to EEG data, the most successful conventional machine learning
methodology was filter bank common spatial patterns (FBCSP), which generated the greatest
results for EEG decoding. FBCSP and CNN are used to extract spatio-temporal information
from BCICID data [36], on the BCICID, this approach was able to attain 74.4% test accuracy.
Notably, we enhanced our training samples and our model got better classification accuracy.
Our method improves 13.67%, 21.7%, 23% in accuracy than Musallam et al. [27], Amin
et al. [2], Sakhavi et al. [36], respectively.

Table 5 Comparison results of

. Network Network Performance
gf&zzﬁsgzi:;isamn of Parameter Testing Time (s) Accuracy (%)
DeepNet 193,429 1.1 71.85
EEGNet 3,268 0.7 78.70
ShallowNet 46,164 0.3 80.17
SPCNN 134,374 0.7 83.65
ETIODCNN 35,396 0.024 96.67

Table6 Classification accuracy (%) of each subject of BCICID 2a by comparing different other state-of-the-art
networks. The bold indicates the best average result

Subjects Networks
DeepNet EEGNet ShallowNet SPCNN ETIODCNN

A0l 73.13 80.98 79.29 80.63 98.23
A02 55.98 54.96 65.14 71.52 95.74
A03 79.46 88.80 92.19 92.64 99.12
A04 74.42 69.02 65.94 75.40 98.30
A05 74.60 79.15 77.81 80.09 97.23
A06 54.73 72.59 71.52 74.64 97.75
A07 76.28 84.96 93.98 93.66 97.32
A08 83.21 86.16 86.61 93.04 95.85
A09 83.84 91.65 89.02 91.25 97.07
Average 71.85 78.70 80.17 83.65 97.40

Table 7 Performance comparison of different methods. Classification accuracy of the proposed method and
other state-of-the-art works are evaluated and compared on BCICID 2a. The bold indicates the best result

Methods Description Accuracy
Schirrmeister et al. [38] CNN with cropped training 72.0%
Sakhavi et al. [36] Temporal features with FBCSP and CNN 74.4%
Amin et al. [2] MCNN 75.7%
Tabar et al. [42] 1D CNN with SAE 70.0%
Ang et al. [4] Filter bank CSP 68.0%
Musallam et al. [27] An efficient TCNet-Fusion model 83.73%
ETIODCNN 1D CNN with data augmentation 97.40%
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5 Discussion

The validity and generalizability of research results in small-sample studies on EEG clas-
sification and EEG pattern recognition may be influenced by several potential factors, such
as low statistical power, overfitting risks, instability, and feasibility in practical applications.
Small-sample studies are prone to low statistical power, making it difficult to detect true dif-
ferences or correlations. Moreover, due to the limited sample size, the research results may
not adequately represent the entire population, thus limiting the reliability and generalizabil-
ity of the findings. Additionally, small samples can lead to overfitting of the training data and
poor generalization to new data, causing the research results to deviate from expectations
when tested on larger samples or other datasets. Furthermore, small samples can result in
result instability, where the same data may yield different outcomes under different sampling
or partitioning schemes, challenging the reliability and consistency of the research. It’s worth
noting that due to the small sample size, the research results may not accurately reflect EEG
classification issues in different populations or contexts. Therefore, when applying the find-
ings of small-sample studies to real-world scenarios, more validation and empirical research
support are needed. Recent EEG studies [9, 12, 31] have endeavored to address these limi-
tations in small-sample research by using similar sample sizes across different contexts and
successfully mitigating these issues.

In our work, to enhance the reliability and generalizability of the research on small-sample
EEG classification, we have increased the training sample size and employed methods such as
cross-validation, while emphasizing the stability of the proposed model’s EEG classification
results. The MI task categories in BCICID 2a and PhysioNet are both four categories. We
tested the training model on two datasets with the same hyper-parameters. We find that the
MI samples in BCICID 2a are more than PhysioNet. The model accuracy and test variance
obtained from BCICID 2a are superior to PhysioNet. Therefore, the specific MI task cate-
gories and the MI sample numbers of subject in different datasets will have a certain impact
on our model.

In practical brain-machine interface applications, precise and effective decoding and
encoding of EEG signals are crucial for controlling a robotic hand to perform actions such
as finger grasping and releasing. First, our approach can achieve accurate classification of
EEG signals, encode the classification results into control commands, and send these com-
mands wirelessly or through a USB interface to an intelligent peripheral device (robotic
hand) equipped with a Raspberry Pi system. Secondly, the main control system receives the
command information and drives the motors of the robotic hand accordingly. Finally, the
robotic hand performs actions based on the control of EEG signals. Applying generative
techniques to EEG signals can increase the amount of data, data diversity, and data privacy
protection, helping explore unknown areas and optimize EEG experiment design. EEG gen-
eration technology can contribute to improving the performance and applications of EEG
signal classification and pattern recognition tasks. When implementing this technology in
the future, there may be challenges in the following aspects:

1) Consideration of EEG signal quality and noise during the EEG acquisition process.
We know that EEG signals are susceptible to muscle activity, electromagnetic interference,
and other noise. Obtaining high-quality EEG signals is essential for accurately identifying
intentions and executing corresponding actions by the robotic hand.

2) Training a universally stable and effective model is challenging. Each individual’s EEG
signals have unique features and patterns, so personalized models need to be established for
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recognition and control. Additionally, EEG signals may change over time, due to emotions
and physiological states, requiring models with good adaptability and robustness.

3) Real-time and latency issues in brain-machine communication. Controlling the robotic
hand requires real-time and low-latency conditions. The acquisition, processing, and decod-
ing of EEG signals need to be performed as quickly as possible to achieve real-time control
of the robotic hand’s actions. Reducing signal processing and transmission latency poses a
technological challenge.

4) Multi-action classification. Robotic hands typically have multiple actions and move-
ments, such as grasping, lifting, and rotating. Accurately identifying and classifying different
intentions is a challenge, especially when transitioning between actions smoothly. Ensuring
the precision and accuracy of the robotic hand’s actions is also crucial. These challenges
mainly focus on the decoding and encoding aspects of EEG signals.

6 Conclusion

In this paper, the method of EEG classification of motor imagery based on a special 1D CNN
architecture and data augmentation is proposed. We use core blocks to build the network
and choose the time sliding window with a length of 2s to enrich MI samples. BCICID
2a and 2b are used to verify the effectiveness of proposed method. The comparison with
other state-of-the-art works shows the superiority of our ETIODCNN model. In conclusion,
ETIODCNN has a good real-time classification performance. Our training model outperforms
other models in terms of stability and robustness. Furthermore, our method can improve the
performance of MI tasks without any complicated and time-consuming feature engineering.
The experimental results help us better understand how to use DL methods to solve EEG-
based classification problems. In the future work, we hope to apply EEG recognition and
generation for actual control systems, such as the control of wheelchairs. On the other hand,
we also try to embed algorithms into mobile devices to control multiple daily devices.
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