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Fig. 1. Paradigm of EEG acquisition for motor imagery.
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Fig. 2. Integrated flow chart of motor imagery pattern

recognition.
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FIEALREL, W, (n,t) FIW,(0,t) 5 B4 Wa(n, t)
MW, (0,¢) i Fourier 28 #t; ¢(w) A 4 % RZ B
B, o (w) NN R B, G(w) H iy, (w) 4514
B(w) F 4y, (w) B Fourier 2L 4.
AAERERS T8 fro(t) 7€ LUT
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K o () IRR BRI IR AE; 0 (¢) ICR BRI ARAL. A
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Fig. 3. EEG signal decomposition results: (a) EMD-based IMF components and (b) their corresponding frequency
spectra; (¢) APEWT-based IMF components and (d) their corresponding frequency spectra.

118701-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 2 R  Acta Phys. Sin. Vol. 67, No. 11 (2018) 118701

250 150
b
sool @ (»)
100
150
100 ‘ 50
- - |
~ ~
o] h g 0 |
g 0 | E }
—50 —50
~100
~100
~150
—200 R — ~150
o 1 2 3 4 5 6 7 8 9 o 1 2 3 4 5 6 7 8 9
i) /s i) /s

B4 MR EEG (5% (a) 5 EEG (3%, (b) EHIJG EEG (3%

Fig. 4. EEG signals of motor imagery: (a) Original EEG signal; (b) reconstructed EEG signal.
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Fig. 5. ES features of motor imagery EEG: (a) Left motor imagery; (b) right motor imagery.
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Fig. 6. MS features of motor imagery EEG: (a) Left motor imagery; (b) right motor imagery.
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N T BUE AR ST A v, o A S Ah 4
b 40 25 77 55 7 4 B AR R R A AT RR R 3R
HFI Ay 2K, A 73R 1A A, AL o s
HE1R2%F 358, 4—6 s fl 5—7 s =/ NSRS [R] B
M EEG 553477 2K 000, Hdr, 7k 1 fiik 2
W BAF B M RRAE 3R AT BR A (1284 Hz), MM
23] 7 ELM BHNFRHIE 7] 55 7535 325 37 s
EEG {55 #4745 FR A, 1% 77155 5 X ES FFAE R
MS FE 4T BSR4 (1284 Hz). i), s
fiEAE 2 ELM [R5 NRFE M & 71 4 9 ELM i A
REAE ) 5 R SR 7 V2 RN AR SC 7 v (VE AR 3 74T).

Bl 7 (a) A1 L7 (b) 23 0 2 4 F 77 9% 1R 7 ¥ 2
13 2/ 6 44 321X 1E 3 A [F] I [8] B (1) 70 2K TR 7
A ITEL, 2 S1—S5 R LI BN
4—6 s, ZREH S6 HIEARI BN 3—5 s; Al 7% 2
i, 2R S4 BRI B 3—5 s, HSZ i #H 1)
BB BN 46 5. TESRARIT B or 8 IR 2 (10 L
W A2 S1RTS6 7E v 1 A B i 4 R B 3K,

TR S2—S5IE VL2 AL . BARTE R LS
BUY R IEMZR IR, Tk 2 8 F 51 1, (H Ak
of Ll 3 AN B[] B 1 23 SRAE R R AT S, vk VAR5
k2. LEWIRN T VEIGE B A B R Rr i, AR 2R
X ES FFAEAN MS FRAE R BURBEAAAE 22 7, B 7 i
AN A 2R 3 9 MR AR (172 0 2R IE il K.

R1 AFEFERRR
Table 1. Description of different methods.

G3HTTi: 53 HRHE Es
Jiik 1 ES — ELM
Jivk 2 — MS ELM
Jri% 3 ES MS ELM
Jivk 4 ES MS LRI H AR
KTk ES MS RN A

BISXTE T 6 B2 INEE3—7 sigsh R 5
FASR J5 45 AR AL P 3 2 JEIE R K. B 8 AT
E, RT3 MO VLS AR, a5 PR VR 3 R T
R, Hh ARSI L 43 95 1E B 5 AT 4 Fb
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Fig. 7. Error bar chart of classification accuracy with different time: (a) Method 1; (b) method 2.
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Fig. 8. Error bar chart of classification accuracy with five methods.
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Fig. 9. ROC curves generated by classification of test sets by six subjects with five methods.
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F 2 AFEZIRE B ERRE /%
Table 2. Average accuracy of different subjects/%.

WAREA S1 S2 S3 S4 S5 S6 Ml
SCHR [10] 81.08 — — — — — 81.08
SCHR [27] — 97.07 78.88 75.73 90.43 83.27 85.08
STk [28] — 98.1 84.3 72.5 86.2 86.0 85.42
A T7 95.57 99.40 77.00 79.50 98.62 89.63 89.95

WAk, Ryt — P RAE A SO A R, e
AT i AR TR 26 5 4 A TR 5040 4R 10 9 5L
BRIEAT T X EG. SCHR [10] 6 HHT %} 5.5—7.5 s ]
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R2WH T AT 5 X SCHR P 3 5 KE
B, AR S1I T 38 43 28 1F # R Lk SCHR [10]
P 714490 H 43 05, H = T BCLSE 3 58 —
2 1189.29%, J& b 4 A ¥ 4 IR N
88.83%, LU SCHiR [27] Mt 3.75 AN E 43 s, ELSCHR [28]
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FEm K2 APEWT i 72, &S VR B #624
0.2997 s, R AR VER AR HISEEE, E&1E
£ BCI.

3 ATNERNFEG
Table 3. Time consumption of the method used in

proposed method.
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Abstract

Improving recognition rate of motor imagery (MI) -related electroencephalography (EEQG) is of great importance for
numerous brain computer interface (BCI) applications. However, the performance of a typical BCI system greatly relies
on the effectiveness of the extracted features from raw EEG signals and the ability of the classifier to correctly identify
different MI patterns. Therefore, in this paper, a new recognition method based on adaptive parameterless empirical
wavelet transform (APEWT) and selective integrated classification model is proposed to enhance the classification
accuracy of Ml-related EEG signal. First, the APEWT is used to decompose EEG signals from different MI patterns
into several intrinsic mode functions (IMFs), each of which contains different rhythm information over different frequency
bands. Then several related modes are optimally selected based on the correlation coefficients calculated between each
IMF component and the original signal to reconstruct EEG signals. Next, in order to further extract useful pattern
information from both the time domain and frequency domain, the energy spectrum features of multiple time segments
from the reconstructed signals and marginal spectrum features of different frequency bands corresponding to those
selected modes are investigated, respectively. Finally, the extracted multiple features from time domain and frequency
domain are input into the selective integrated classification model to build an MI recognition system. The selective
integrated classification model consists of several extreme learning machines (ELMs) as the basic classifiers, different
weights are assigned, respectively, to ELM basic classifiers based on their corresponding classification performances,
and several basic ELM classifiers with good performances are selected to construct the final integrated model. The
proposed method is evaluated on two public datasets, including BCI Competition II dataset III and BCI Competition
IV dataset 2 b, and is compared with four different combination methods where different features in time domain
or frequency domain in the feature extraction stage and different ELMs based classification models are considered.
Experimental results demonstrate that the proposed method outperformed four combination methods and the existing
methods recently reported in the literature using the same datasets in terms of classification accuracy and area under
the ROC curve receiver operating characteristic metric. Specifically, our proposed method achieves the highest average
classification accuracy (89.95%) in the compared methods, which indicates its better classification performance and
generalization capability. In addition, the proposed method exhibits high computational efficiency, thus providing a new
solution for online recognition of MI-related BCI and having the potential to be embedded in a practical system for

controlling an external device.

Keywords: adaptive parameterless empirical wavelet transform, selective integrated classification model,

motor imagery, brain-computer interface
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