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Abstract

:

Motor imagery (MI) electroencephalography (EEG) signals are widely used in BCI systems. MI tasks are performed by imagining doing a specific task and classifying MI through EEG signal processing. However, it is a challenging task to classify EEG signals accurately. In this study, we propose a LSTM-based classification framework to enhance classification accuracy of four-class MI signals. To obtain time-varying data of EEG signals, a sliding window technique is used, and an overlapping-band-based FBCSP is applied to extract the subject-specific spatial features. Experimental results on BCI competition IV dataset 2a showed an average accuracy of 97% and kappa value of 0.95 in all subjects. It is demonstrated that the proposed method outperforms the existing algorithms for classifying the four-class MI EEG, and it also illustrates the robustness on the variability of inter-trial and inter-session of MI data. Furthermore, the extended experimental results for channel selection showed the best performance of classification accuracy when using all twenty-two channels by the proposed method, but an average kappa value of 0.93 was achieved with only seven channels.
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1. Introduction


Cognitive information and communication technology (CogInfoCom) is a technology used to facilitate interaction between humans and information and communication devices or robots. This technology employs various tools, including brain-computer interface (BCI), gesture control, and eye tracking [1]. BCI is a technology that measures and analyzes brainwave signals to recognize and control user intentions [2]. Ongoing research explores the use of BCI in areas such as behavioral analysis and improving the quality of life for individuals with cognitive impairments, with BCI being integrated with gesture control or eye tracking technologies for this purpose [3,4,5]. Furthermore, with the development of low-cost BCI devices, researchers are exploring the use of BCI to control robots in real-life situations [6,7] and for virtual reality-based education [8]. Brainwaves, which are now being integrated into various fields, are considered an important biological signal. However, BCI has the characteristic of being greatly influenced by vision, making it a field that requires delicate measurement and precise analysis [9,10,11,12].



The main objective of a BCI system is to detect specific brain activities and use signal patterns to command a computer to perform specific tasks [13,14,15]. The electroencephalogram (EEG) can be used to recognize a person’s intention to control an external device [16]. When people imagine moving their hand or foot, a specific region of their cerebral cortex is activated, resulting in a decrease in amplitude of the EEG rhythm signal within a specific frequency band detected in that region. This is referred to as event-related desynchronization (ERD), while an increase in amplitude of the rhythm signal in other regions is called event-related synchronization (ERS). ERS and ERD are mainly characterized by mu (8–14 Hz) and beta wave (14–30 Hz) spectra, respectively. These imagination-based activities in BCI are referred to as motor-imagery (MI) [17,18,19], and EEG data for MI tasks in a BCI system are collected using electrodes attached to the scalp [17,20].



EEG signals are widely used as a major brain signal in the BCI system due to their non-invasive nature [21]. However, since brain activity can be affected by multiple sources of environmental, physiological, and activity-specific noise [22,23], it is important to consider the following properties of EEG signals. EEG signals are naturally non-stationary. Diverse behavioral and mental states continuously change the statistical properties of brain signals. Thus, it poses a problem that signals other than the information signals we want to obtain are always irregularly present [24]. In addition, EEG signals that are recorded often have a low signal-to-noise ratio (SNR) due to the presence of various types of artifacts, such as electrical power line interference, electromyogram (EMG), and electrooculogram (EOG) interference [25]. To improve the signal-to-noise ratio and eliminate artifacts from the EEG signals, effective preprocessing is necessary before feature extraction [26]. Furthermore, EEG reveals inherent inter-subject variability in brain dynamics, which can be attributed to differences in physiological artifacts among individuals. This phenomenon can significantly impact the performance of learning models [27].



To address these problems, many researchers have implemented various feature extraction techniques for MI classification. The most important thing in the MI-based BCI system is to extract discriminative characteristics of the EEG signals that affect system performance. Common spatial pattern (CSP) is a popular method of extracting different MI features. The CSP spatial filtering method well represents the spatial characteristics of the EEG signal for each motion image. However, the CSP algorithm has limitations in that the frequency band, acquisition time, and the number of source signals must be determined in advance [28,29]. To solve this problem, an FBCSP method [30] that divides the EEG signal into several narrow frequency bands and extracts features by applying different CSP filters to each of the divided signals has been proposed. However, there are limitations in selecting the signal acquisition time or the number of spatial features to be extracted [31].



Recently, many studies have been proposed for automatic feature extraction and classification using deep learning methods such as CNN, LSTM, and restricted Boltzmann machine (RBM). The results of these approaches have shown that it reduces the time-consuming preprocessing and achieves a higher accuracy [32,33]. A RBM with a four-layer neural network was applied to accomplish better performance for motor imagery classification in [32]. Zhang et al. proposed a hybrid deep network model based on CNN and LSTM to extract and learn the spatial and temporal features of the MI task [33]. CNN combined with short-time fourier transformation (STFT) was applied for two-class MI classification in [34]. In another study [35], LSTM using dimension-aggregate approximation (1d-AX) channel weighting technique to extract features from EEG is proposed to enhance classification accuracy. In [36], EEG signals were classified by constructing a convolutional neural network (CNN) using an image-based approach. Meanwhile, some studies [33,37,38,39,40,41] have suggested adding time segments based on FBCSP, but the performance improvement in accuracy was not significant. The authors of [37] showed that multiple time segments by sliding windows from a continuous stream of EEG can extract more discriminable features. In [38], regularized CSP algorithms were proposed to promote the learning of good spatial filters, including extracting features from a fixed time segment of 2s. Moreover, Zhang et al. developed a hybrid deep learning method to extract discriminative features, combining the time domain method and the frequency domain method for a four-class MI task [33]. In [41], to address the issue of nonstationary EEG signals, sliding window-based CSP methods have been proposed to consider session-to-session and trial-to-trial variability. Experimental results showed that the sliding window-based methods outperformed the existing models for both healthy individual and stroke patients. EEG signals are sequential data, and a recurrent neural network (RNN) is one of the architectures to train the sequential processing, demonstrating good performance in time-series signals analysis. The most popular type of RNN is the long short-term memory (LSTM) network [33,42]. Although many EEG classification methods based on neural network have been proposed, there are a few studies that applied LSTM to multi-class MI task.



In this study, a framework is presented to improve the classification accuracy of four-class MI EEG signals using an LSTM-based classification method for extracting temporal features from time-varying EEG signals. We apply an overlapping sliding window approach not only to augment training data sets, but also to acquire time series data of EEG signals. Moreover, considering that the phenomena of ERD and ERS appearing in the sensorimotor cortex during motion imagination occur in different frequency bands for each subject, an overlapping band-based FBCSP is used to extract the subject-specific spatial features. In addition, to explore the effectiveness of channel selection processing, we investigate whether feature extraction from channels filtered by channel correlation affects the classification accuracy of MI task.



The rest of this paper is organized as follows. Section 2 provides a review of related work. Section 3 describes the proposed LSTM-based method with or without channel selection for four-class MI EEG classification. The experimental results and analysis are discussed in Section 4, and Section 5 concludes the paper.




2. Related Work


The extraction of discriminative features from EEG signals is an important factor affecting the performance of BCI systems in classifying MI tasks. Feature extraction is carried out in the spatial, time, and frequency domains [26].



2.1. Feature Extraction and Classification Techniques


CSP is generally used as a spatial domain feature extraction method for MI EEG classification [26]. CSP aims to learn a spatial filter that maximizes the variance of spatially filtered data in one class while minimizing the variance of filtered data in another class [28,43]. This approach has shown a noticeable effect in two-class EEG signals classification. Furthermore, various CSP-based algorithms including FBCSP [29,44,45,46], an improved version of CSP algorithm, have been proposed to extract spatial patterns from EEG signals. In [44], regularization on the CSP filter coefficients was proposed to deal with CSP problems using many electrodes, and this study has shown that the number of electrodes can be reduced with little performance loss. Arvaneh et al. [45] proposed a sparse multi-frequency band CSP (SMFBCSP) algorithm that was optimized using a mutual information-based approach. Their proposed method achieved better performance than other methods based on CSP, sparse CSP, and FBCSP. In a study [46], they suggested a method to select the most discriminative filter banks by using mutual information of features extracted channels. They employed CSP features extracted from multiple overlapping sub-bands, and classification was performed using a support vector machine. Spatial domain approach can be combined with temporal domain approach to enhance the classification performance [27,47]. Ai et al. [43] introduces a new method to combine the features by the CSP and local characteristic-scale decomposition (LCD) algorithms to extract multiscale features of MI EEG signals. To archive high-classification accuracy and low-computational cost, they considered that EEG signals represent brain activity by fusing features extracted from the associated brain regions. Hamedi et al. [48] explored the use of neural network-based algorithms with EEG time-domain features. This work used multilayer perceptron and radial basis function neural networks for feature classification. Lu et al. [32] used the restricted Boltzmann machine (RBM) for EEG classification, where frequency domain representations of EEG signals were pretrained using fast Fourier transform (FFT) and wavelet packet decomposition (WPD) in stacked RBMs. They achieved better performance over other state-of-the-art methods in experimental results. In [49], Park et al. presented a new method to avoid overfitting problems and improve performance of MI BCIs, using wavelet packet decomposition CSP and kernel extreme learning machine. The proposed method outperformed existing methods in terms of classification accuracy. Tabar et al. [50] proposed a deep network, combining CNN and stacked autoencoders (SAE) to classify EEG motor imagery signals. They used the short-time Fourier transform (STFT) to construct 2D images for training their network. The features extracted by the CNN are classified through the deep network SAE. Lee et al. proposed a classification approach utilizing the continuous wavelet transform (CWT) and a CNN [51]. The CWT was utilized to generate an EEG image that incorporates time-frequency and electrode location information, resulting in a highly informative representation.



Recently, many researchers have utilized neural network techniques as an effective architecture for classifying MI tasks. These techniques combine all three phases of extraction, selection, and classification into a single pipeline [27,35]. Several studies have employed deep learning frameworks to classify EEG signals, and these have shown improvements in classification accuracy. Dai et al. used a CNN with hybrid convolution scale and experimented with different kernel sizes to obtain high classification accuracy [29]. They demonstrated that using a single convolution scale limits the classification performance. Sakhavi et al. introduced a temporal representation of the EEG to preserve information about the signal’s dynamics and used a CNN for classification [52]. Moreover, a hybrid deep learning scheme that combines CNN and LSTM has been proposed, where CNN extracts spatial information and LSTM processes temporal information. Zhang et al. developed a deep learning network based on CNN-LSTM for four-class MI, which was trained using all subjects’ training data as a single model [33]. This study showed a better result than an SVM classifier. They also proposed a hybrid deep neural network with transfer learning (HDNN-TL) in [53], which aimed to improve classification accuracy when dealing with the individual differences problem and limited training samples. RNN (recurrent neural network) is a type of ANN whose computing units are connected in a directed graph along a sequence, making it a popular choice for analyzing time-series data in various applications, including speech recognition, natural language processing, and more [35,42,47]. The most popular type of RNN is the LSTM network, which is an excellent way to expose the internal temporal correlation of time series signals [27,53]. Zhou et al. applied wavelet envelope analysis and LSTM to consider the amplitude modulation characteristics and time-series information of MI-EEG [54]. In [55], a RNN-based parallel method was applied to encode spatial and temporal sequential raw data with bidirectional LSTM (bi-LSTM), and its results showed superior performance compared to other methods.




2.2. Channel Selection Approach


EEG signal processing, scalp regions where the signal recordings are collected, are called channels or electrodes [56]. High-density EEG electrodes reveal more information about the underlying neuronal activity, but increase redundancy due to noise, and generate high-dimensional data. Therefore, it is crucial to have efficient channel selection methods that can identify optimal channels and reduce system complexity [56,57,58].



Several studies have used channel selection algorithms to enhance system performance, in which some channels are generally selected, considering channel location, dependency, and redundancy [56,59]. An improved binary gravitation search algorithm (IBGSA) is used for detecting effective channels for MI classification [57]. In this study, the results showed that detecting effective channels can obtain a better performance. In [56], an optimization-based channel selection method was proposed for MI tasks to reduce the computational complexity associated with the large number of channels. The proposed method initializes a reference candidate solution and then iteratively identifies the most relevant EEG channels. Yang et al. utilized a filtering technique in channel selection, where the most correlated channels are selected based on the consideration of mutual information and redundancy between channels [59]. In [60], to obtain high classification accuracy, a filtering method has been proposed to reduce the number of channels by iteratively optimizing the number of relevant channels. In another study [61], an optimization method using channel contribution score was used for channel selection, resulting in an average accuracy of 90% with only seven channels. To represent the brain functional relationships for MI tasks, Ma et al. [62] used the correlation matrix that expresses the functional relevance between channels. The proposed method showed MI decoding performance of above 87.03%. Li et el. [63] proposed an EEG decoding framework to consider spatial dependency and temporal scale information for MI classification. In this study, they extracted both spatial features by channel projection and temporal features, and then applied CNN to classify EEG tasks.





3. Improving Multi-Class MI Classification


The proposed method performs feature extraction based on overlapping band-based FBCSP (Filter Bank Common Spatial Pattern) and performs classification based on LSTM. This section describes the preprocessing for feature extraction and then explain classification using overlapping band-based FBCSP and LSTM.



3.1. Prepocessing


The proposed method utilized the publicly available BCI competition IV dataset 2a [64], which was recorded using twenty-two EEG channels (C = 22) and three EOG channels at a sampling rate of 250 Hz (R = 250). The EEG channels represent brain waves, and the EOG channels represent eye blink signals. Figure 1 shows the window determination process for feature extraction from a single-trial EEG. We used data collected from twenty-two EEG channels for 3 seconds (3s), starting 1 s after the cue sign, after removing three EOG channels from the BCI dataset. That is, the number of samples,    n i   , acquired in a single trial of the ith subject is as follows.


    n i   =   3 S   ∗ R ∗ C  



(1)







If the number of valid trials after removing rejected trials generated during EEG data measurement is V, the total number of data Ni acquired from the ith subject is as follows.


   N i  =  n i  ∗  V i   



(2)







EEG signals require extraction of many features in a single session. The number of features extracted from overlapping windows is much greater than the number of features extracted from non-overlapping windows, and the shorter the length of the sliding window, the more features that can be extracted. Therefore, in this study, an overlapping window of 1 s from 1 s after the cue sign was applied and an interval of 0.1 s was placed between consecutive sliding windows to extract more distinguishable features from EEG signals and improve classification accuracy. The number of samples included in the 1 s window is R∗C. Furthermore, it is essential to extract more features within a session rather than extract features from three 1 s windows due to the inherent non-stationarity in the EEG data. Therefore, we performed feature extraction while moving the 1 s window by Δts. As a result, the number of samples,    n i   , extracted from a single trial from the ith subject is shown in Equation (3).


   n i  =  (   R   (  R ∗ ∆  t s   )    − 1  )  ∗ R ∗ C  



(3)







Therefore, the total samples, Ni, that can be obtained from the ith subject is shown in Equation (4).


   N i  =  (   R   (  R ∗ ∆  t s   )    − 1  )  ∗ R ∗ C ∗  V i   



(4)








3.2. LSTM-Based FBCSP with Overlapped Band


After determining the window for feature extraction, feature extraction was performed. We used the overlapping band-based FBCSP algorithm in this study. This algorithm, like the conventional FBCSP, consisted of four steps: bandpass filtering, spatial filtering using CSP, feature selection, classification. Figure 2 shows the general framework for the proposed approach.



A filter bank that decomposes the EEG into multiple frequency passbands was employed in the first step, starting from 4 to 32 Hz with the bandwidth of 4 Hz and overlap of 2 Hz. A total of 13 bandpass filters were used, namely, 4–8, 6–10, 8–12, 10–14, …, 28–32 Hz due to the overlapping between two frequency bands. The signals were bandpass filtered by Chebyshev type II filter. As suggested by many studies [33,52,53], CSP features extracted from overlapping sub-bands led to an improved performance of motor imagery EEG-based BCI systems. Inspired by these research results, we used multiple overlapping filter bands to achieve higher classification accuracy.



In the second step, filtered signals were transformed to spatial subspace using CSP algorithm for feature extraction, and CSP features in each frequency band were extracted. In the third step, the discriminative features were selected from the filter bank which consisted of overlapping frequency bands, using the ITFE algorithm [65] which optimized the approximation of mutual information between class labels and extracted EEG/MEG components for multiclass CSP. The fourth step employed two-stacked LSTM layers to classify the selected CSP features. Thus, the selected features were then fed into LSTM networks.



LSTM network is an advanced RNN that allows information to persist. It can handle the vanishing gradient problem of RNN [33,42]. The key to LSTM is cell state, which consists of three gates. The forget gate decides to remember or forget the previous time step’s information. The input gate attempts to learn new information, while the output gate transmits the updated information from the current time step to the next. At last, in the output gate, the cell passes the updated information from the current time step to the next time step. In other words, LSTM can control important information to be retained and unrelated information to be released by using three gates. Therefore, LSTM is an excellent way to reveal the internal temporal correlation of time series signals and can learn one time step at a time from EEG channels, so we adopt LSTM to extract discriminative features of time-varying EEG signals.



As mentioned above, we employ an overlapping bandpass filter as well as overlapping window-based feature extraction method to further improve classification accuracy of four-class MI EEG signals. Moreover, LSTM is used for classification that enables better quality learning by storing the correlation information from EEG signals through time. In this scenario, we anticipate that our approach will provide us more discriminative information for feature extraction from EEG signals.




3.3. LSTM Based FBCSP with Overlapped Band Applying Channel Selection


EEG is measured by a BCI device with many channels. To explore the effectiveness of channel selection, we first carried out the channel selection task by correlation between channels and then performed feature extraction and classification with only selected channels among multiple channels. Figure 3 shows the EEG classification processing step including the channel selection step.



Pearson’s correlation coefficient is used to find channel correlation for subject’s MI in channel selection task. We calculated the correlation coefficient between channels for each MI and determined that the correlation between the two channels was high when the absolute value of the correlation coefficient is greater than 0.8. MICoeffj,k,l, which stores high correlation information between channels for each MI, is calculated by Equation (5) and stores 1 if the correlation between channel j and channel k in the lth motion is high or 0 otherwise, where l is the lth MI for each subject and j and k mean the jth and kth channels.


  M I C o e f  f  j , k , l   =  {       1    i f   c o e f f  (   C  j , k , l   ,  C  j , k , l    )  ≥ 0.8      0    o t h e r w i s e        



(5)




where j and k = 0, …, 21, and l = 1, …, 4.



Figure 4 shows an example of MICoeff showing high correlation by channel during one trial for several subjects. That is, channels having a high inter-channel correlation for each MI are shown. For example, for subject1, channel 0 showed high correlation with channels 2, 3, and 4 in all motions but high correlation with channel 7 only in right motions. Channels with high correlation for all MIs can interfere with unambiguously determining the class in MI classification, thus those channels were removed. That is, channels with high correlation between channels for each MI of all subjects are checked, and the high correlation between all channels is ranked, eliminating the channels in order of maximum correlation. Thus, only channels that allow the subject MI to be discriminated are selected.





4. Experimental Results


4.1. Dataset and Experimental Environment


In this study, we used the BCI competition IV-2a dataset [64]. This dataset was collected while imagining movements of the left hand, right hand, feet, and tongue from twenty-two EEG electrodes and three EOG channels with a sampling frequency of 250 Hz and a bandpass filtered between 0.5 Hz and 100 Hz from nine subjects. All experiments were carried out using Python in an Intel i9-7920X CPU and an Nvidia GTX 1080 Ti GPU environment. The window size for feature extraction was set to 750 (750win) and 250 (250win); 750win is a window without applying window sliding, and the window movement time Δts of 250win with window sliding was set to 0.1 s. Subject-specific features were extracted using FBCSP in each channel except for the EOG channel. 250win-OB is a technique that extracts features by applying an overlapped band in FBCSP to 250win. The overlap size applied to the bandpass filter was set to two. In FBCSP, the classifier used two-layer-stacked LSTM. Of the total trials for each user, 80% was used as a training dataset and 20% as a testing dataset, and the epoch was set to 400. We evaluated the proposed method based on various evaluation metrics such as accuracy, kappa coefficient, precision, recall, and the results of all the evaluation metrics were represented as the average value of 10 repetitions. The kappa value was mainly used as the evaluation metric for comparison evaluation with previously proposed algorithms. The kappa value is a scale that reflects the classification accuracy by correcting the classification results caused by chance, and the BCI competition committee that provides the data used in this experiment also recommends this scale [64,66].




4.2. Experimental Evaluation


We first compared the kappa values of 750win, 250win, and 250win-OB. As shown in Figure 5, in subject7 with the highest kappa value, 750win was 0.82, whereas 250win was 0.97 and 250win-OB was 0.98. In subject6 with the lowest kappa value, the kappa value was 0.19 for 750win, while it was 0.90 for 250win and 0.94 for 250win-OB. The average kappa value of all subjects in 750win was 0.54, whereas it was 0.92 in 250win and 0.95 in 250win-OB. These results show that the window size, application of a sliding window, and overlap of the bandpass filter greatly affect MI EEG classification results.



Figure 6 shows the results of an MI EEG classification of 250win-OB. All indicators for subject3 and subject7 appeared higher than other subjects, and subject9 showed lower indicators than other subjects. The average index of all subjects showed 0.97 in accuracy, precision, and recall, and a slightly lower kappa value of 0.95. These results have shown that the algorithm proposed in this study classifies the MI EEG of various subjects quite well.



We compared the performance of the existing methods and the 250win-OB method proposed in this study. Figure 7 shows the results of the comparison by kappa value. Through this result, the 250win-OB method shows better performance than other previously proposed methods. Existing techniques showed a large difference in the kappa value according to the subject, whereas the 250win-OB maintained a significantly high value for all subjects. In more detail, FBCSP [30] had an average kappa value of 0.57 and a standard deviation of 0.18 for each subject, SRLDA [67] showed 0.74 and 0.17, shared network [33] showed 0.81 and 0.12, and HDNN-TL [53] showed 0.81 and 0.10. On the other hand, the method proposed in this work showed an average of 0.95 and a standard deviation of 0.02. Therefore, through this comparison, it was shown that the proposed method is more suitable for the MI EEG classification of various subjects than existing algorithms.



In addition, the experimental results showed differences in classification results for each algorithm. In FBCSP, SRLDA, and 250win-OB, subject7 had the highest kappa value, while subject1 had the highest in HDNN-TL. The subject with the lowest kappa value was subject6 in FBCSP and SRLDA, whereas subject2 had the lowest in shared network and HDNN-TL, and the 250win-OB showed the lowest result in subject9. The lowest kappa value of 250win-OB also improved by about 340.7% from 0.27 to 0.92 compared to FBCSP, and by about 68.5% from 0.63 to 0.92 compared to HDNN-TL, which showed the best performance among existing techniques.



Figure 8 shows the comparison of classification accuracy with existing techniques. A-SVM [68] and BLRDLPP [69] are techniques that extract features and use the machine learning algorithm SVM for classification, while TCANET [70] is a new CNN-based classification technique. The experimental results show that the proposed method in this paper, 250win-OB, which extracts detailed features and learns through deep learning classification, outperforms A-SVM or BLRDLPP techniques that classify with machine learning algorithms after feature extraction, as well as TCANET, which learns with overall deep learning. Through such experiments, our findings showed that the suggested algorithm outperforms other existing algorithms in classifying the four-class MI EEG.



The correlation coefficients between channels are calculated to conduct channel selection for classifying EEG. Figure 9 shows a heat map of the correlation between channels for each user. As shown in the experimental results, the channel correlation coefficient values for each user showed a lot of variation. Subject3 and subject5 show a much higher correlation between channels than other subjects, whereas subject6 and subject9 show a relatively low correlation compared to other subjects. Overall, there are differences in the value of cumulative correlation, but channels with high inter-channel correlation showed high correlation in most subjects.



To analyze the effect of the number of channels on the classification accuracy, the results using all 22 channels and the results after removing channels with high correlations were compared. The number of channels to be removed can be specified, and in this experiment, the results after removing 5, 10, and 15 channels were compared with the results using all channels, and the results are shown in Figure 10 with the comparison of kappa values. The proposed 250win-OB method was used in the experiments.



When five channels with high correlation were removed, subject4, subject7, and subject8 showed slightly lower results than 250win-OB with all channels, but with these exceptions, most subjects showed the same performance as 250win-OB. In the case of 250win-OB-10 with 10 channels deleted, the average performance was lowered by 1.35% compared to 250win-OB. In the case of 250win-OB-15, using only seven channels after deleting fifteen channels, it showed 2.87% lower performance than 250win-OB. Experimental results showed that classification was best performed when all twenty-two channels were used, but an average kappa value of 0.93 was maintained even when only seven channels were used.





5. Conclusions


The EEG used in the BCI system has a problem in that end-to-end learning is difficult because it is greatly affected by noise and has a great effect on performance depending on the frequency range used. To classify the four-class MI EEG for each subject, we proposed an overlapped band-based FBCSP with an LSTM classifier. The proposed algorithm applied a sliding window for each channel, tried to overcome the dependence on frequency band by extracting features for each window using FBCSP-based on overlapped band, and tried to classify features over time using LSTM. Through experiments, we showed that the algorithm proposed in this study can classify the four-class MI EEG of all subjects better than other existing algorithms. In future work, we plan to conduct a study on selecting the minimum required number of channels based on the set accuracy and finding the channel selection threshold for choosing the number of channels. Based on the findings of this paper, we believe that our research can be extended to EEG-based emotion recognition, preference recognition in neuromarketing and game control, and so on.
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Figure 1. Feature extraction from a single-trial EEG. 
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Figure 2. Processing steps of the filter bank common spatial pattern. 
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Figure 3. Processing steps of the FBCSP with channel selection. 
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Figure 4. Correlation between channels for each MI. The circle (o) represents a high correlation between two channels. (a) Subject 1; (b) Subject 3; (c) Subject 8. 
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Figure 5. Kappa value according to window size. 
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Figure 6. Index of classification result of 250win-OB. 
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Figure 7. Performance comparison between existing methods and the proposed method. 
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Figure 8. Comparison of accuracy with existing methods and the proposed method. 
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Figure 9. Cumulative channel correlation heatmap by subject. The heatmap is based on the cumulative value of the number of times the correlation between channels is greater than 0.8. 
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Figure 10. Change of kappa value according to channel removal. 
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