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transform in EEG signal recognition

LIU Zhen, ZHU Bing-yu, ZHANG Jing-xiang'
(School of Science, Jiangnan Univercity, Wuxi Jiangsu 214122, China)

Abstract: EEG signals are of great significance for the diagnosis of brain diseases. However, the recognition accuracy is
greatly affected by the feature selection and redundant features. To solve this problem, an adaptive-tunable Q-factor wavelet
transform multi-feature algorithm (Ad-TQWT MF) is proposed based on the Q-factor wavelet transform in this paper. First,
the energy Shannon entropy ratio based on the decomposed subbands is defined, and it is set to the optimization evaluation
standard of the adjustable @) factor wavelet. Then, the time domain, frequency domain and nonlinear features of the
transformed EEG are fused to construct a useful characteristic subspace through the adaptive feature selection. Finally, the
characteristic subspace of EEG is identified by the Ad-TQWT MF. Some experiments are carried out on the EEG datasets
of first and second BCI competitions including Dataset_III, O3VR, X11b and S4b. The experimental results show that
the accuracy of the proposed algorithm in the linear discriminant analysis classifier are 89.2%, 81.2%, 83.2% and 85.6%.
Compared to Haar and Db_4, the feature redundancy rate of proposed algorithm drops by 10%~30% and the recognition
accuracy of EEG increases 3%~5%. The experimental results strongly prove the effectiveness of the Ad-TQWT algorithm.
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AJEIE K T4 F, @2 A F AR T A TR
77, YZEE e T 55 T s A REEGIIFEAH
FEAEW] 22 53 FEACIS IR 22 S A1 Ve IE 1 2R IEAE 7
KA TEEGHS FIA .

2R M T (linear predication, LP)! 7V /& 20 M s 7 %
P — Py, A R A [N ZME SR St — 4
IZIZ A OC R, B LT

2(t) = Saga(t — i), 23)
l

b (t), o(t—1i) 5 B NtRit — i ZIEEGS 5 38 %,
DR 55 A O B 0 058, @ AR ILP R EL. a;
FR, Y5 — i 2P K. R, ¢ — ixft
i Z (R iR I 20(19)(23) 58 I REA R AILP
BRL, 535 HEEGTS 5 IFEA M FILP SR 4, K HAE
NEEG/E 5 IIHEAFIE.
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2.3.2 EEG/5 5 HAURAIFELERE
TQWTXEEGE 5 #4T J 2 4l )5, 15 5 9 50
T 4 IAANFSIR )T, 5o N AR ) oy . TR
T BE B A AN AR X 8] _EEEGH B8 & 40 AT
8 Z2TQWT 4 fift & i At B2 211 (13) 5% X
PIFTEAK M eE (B, B S, B
E={E EJ|l1 <i<J}. (24)
I LEECE I e X, EEEGE 5 R
SRR PFIFINE, B B S hR AN, H
Hi-E e 0 T d () Bk e n T
i 108N (5))

n—0 1

108;(5)

Hr: GRE— DMK N, (s) RRIEKER
G WA 78 55 53 T s BT 7 1 Bt /N AR G d(s) & —
FRAELREAFAE, d(s)RK, F7 5115 2% B bk vy 1200 AR 4
(24)-(25) 58 LI/ N RE R A S Ay TE SRR, 73 it 5
EEGT5 5 I TR 4EHUR/ N Re &, 1F AT A A28
PERFIE.
2.3.3 EEG{5 SHHiERL& LR

XTI, SN SRR BT, HpAE 2 [A] 2 [6) 7] fig
FAEES, HPUFIETU A, B % $ (feature selection,
FS)TERf PR AN T 2k B BHRFAE A AT E R, AR SEPRAT 5%
H AR PP ARAE, 2348 TUARFFIERY, A JE s
TEZEFRI SRR P2t B & N AR IR RS, 0 2K
FE R NRFAE VTN R, INSRAFIE S 70 288 2 M R R,
3@ N R 52 SRR IE RS, HIE 145 H T EEGTS 5 I Ad-
TQWT MFSLIEP BARFAE.

3 SR

N7 BEAD-TQWT MFPELVERIRTATHE A R LA
KEReE, AR 25 BCIE FEA I 4R 10 475K
5. M=, = mBCIEIEMEEGA £ FHUl 4, K
HiDataset_II1LL 128 HztC3, CzAIC4 =B iE k47K
FE, B CR A9 s K 115 5, O3VR, X1bF1S4bI4 LA
125 HzXFC3IFICAH A8 18 HEAT R AE, A S50 K
N8 s, 4N EHEEHIE T YA i Notch i 23 40 P 5,
4 % F/EERD/ERS A ¢ A7 7£ 1110.5 Hz 130 Hz[X [A] 4.
S 2 B A b SRR, AT RHIE BRI T,
i A B T AR 1 L SRR T B AT A O Ak
22 F A R AR S B IR 1 FTR.

F1, Dataset IR F B A3 s 20 & 1, A
t = 6 sHURIFLIAL = 0.125 siF 3, A3 Hdi 4
PR A4 sSHEshE 1, Wt =4 sTHIRFHFLLAL =
0.04 stE3l, R1HERE—FINE O EEERERIREA

d(s) = , (25)

8%k 1 EEG(E 5 HIAA-TQWT MFALE

HiN: BUABEGHE SHIRERREX ={ X1, Xo, - -+, Xn},
Y ={y1,y2, ,yn}-

Wit RHEE S F = {(F], F), -

FFAESREL:

BB FIREEE X T R SR, SRR T DA B,
BEYX] X5, XL

HB]2 WX, X5, XL EA X T AR FQI T
FITQWTA i, FIFH RIEATVEMY, e RECKIIQIA
¥.

B3 WiZQ (X, X5, , Xp Y FIX AT IE 5
R, 25T + 1T H {1 (n), hi(n)[1 <@ < J}.

BB A XFH{li(n), hy(n) P XY, X5, , X0, YARA1)(13)
(0)23)ERMFIEEE = {F1, Fa, -, Fnlnxm.

FHEE

WS IRIEAREY S FEARNRESE S F, TEIZ4E 5 m
HLSRHIEZS 8] F o, AKGE BRI AR I 28 N EFE
ML f; = {FL F2 - FM b IR VIR
FREF N, HEHRHETF =R F = {F', f;}.

BB 6 KEARBRINF = {F', f VI8 AT
SRR E Ace;, 15 Ace; > Acei— 185 Ace; + 6 >
Acc; 155 — 1VGHAT ELR, 4o S35 2 45 1F ) 4%
FStepS, 01 B 1A AR AL B, 0, &5 75
Y P RIRFAE f;.

BB T MEF IS mIN &5 R AIEIR, B T2 A
F' = {fi, fix1, - fo E R SR A

k1 FRHKEE
Table 1 Experiment Dataset

HmdE  EEs OB B HOREARE
Dataset_IIT 3 2 280 3360
O3VR 2 2 400 32320
X11b 2 2 1080 14040
S4b 2 2 1080 14040

3.1 FHERREX

MRHETQWT ) 73 i B 44 5 388 DL SRR, 456
ERD/ERSHIL G A7 AE (115 2 X [6] K1 SCHR (2317 65045
K., AT L %€ Dataset T QA+ HUAE 35 il A (1, 12],
HAR3N AR E QI FHBUE L F A1, 10]. X T |
AN KR, 53 5 25 DX 1) 000 J i e A L s
LMQR T, SHIEMATTE &S HINR2.

% 2 HAEETQWTH 5%
Table 2 Parameters of TQWT in different datasets

SCER[101 % ALtz

Ktk
Q r J Q r J
Dataset Il 1 3 2 340 5 8
O3VR 2 3 7 235 5 8
X11b 1 3 2 530 3 7
S4b 2 3 3 280 3 7
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MR 2 PG QR T, TURZr MR EHT
53 )% B RS HEATTQWT 20 filt. AR 20(9)-(10)it
H&T R 220 (1D)(13) /N Re B AR AE. R K
QS)VHH A TEYEHL, 73 T2 WIS 1) 481 EBRELCH2048,
P 3K G B A RATUSRRAE. BRATUSAFAEAD, 38 75 1
HURE AR FILP 2 BUSE I SRR, 4% 20(19) TH 5 & 2iis
SEREARR, B m Bt 20(23) TP TR BdE 22 1704
[FILP 530148, FmA2 I3 ILP S5 M8.
3.2 FHEIERE

IR AE, LP R AL, /N B DL 53 T2 4E 00
BT RAE SN, 13 BIRE A FIRFIE 42 LR 3.
FIFHAd-TQWT MFI¥ H & NS AE I B SRR P HURFAE
TFat(a], 1520 bR IFEARRHELE B 7 5 iR 4PN, H
HX 1 TEHR AL D T 28% (KR E, Foth 34N 5 4 M)
B4 RS AE L5 R A 10%~18% 22 [8). o0t [ 38 o
TEIE PR R AT IR 5, 2B 1 IR S Hh TR
TiE, BEAR T ISR B8t A U RIS TR 47

k3 HARFIEER

Table 3 Feature dimensions of the sample

k4 FIERAF IR ORI

Table 4 Feature dimensions removed by feature s-

election
Hmek EERFFEE RIS RIRRHIER MR LA
Dataset_III [1,19,28,29,40,41] 51 10.5%
03VR [1,3,4,5,7,18] 28 17.6%
X11b [1,2,3,6,15,16,17,19,22] 23 28.1%
S4b [18,27,33,34] 32 11.1%

3.3 pRMERHE

L RS L DL BRI IR B IS, T e A5 B 1R
TESEAR TN 2 14 1) 7325 % (linear discriminant an-
alysis, LDA), ¥ &HL(support vector machine, SV-
M) DU i SR I LR S VM) R EAT I 5.
Ut Ad-TQWT MFSEIER AT A 21, 1K Haar
LA Db_4/)Nifk bR B 3G 21 R SR nt HRZH. Xt
IR HAR R AT R SR AN 73 2RI R T RS X
BOIE, Rl AR TR A 3 A S M D B 28 SR 7y e
T, AX L 1EA A N5, 43 510 FH SRR AN [RIRFAE B HL
77 ¥%:(Haar, Db_4, TQWT, Ad-TQWT, Ad-TQWT MF)
BHATHRFHESREL, 0N LDA, SVM LK i # S VMt

N N LP KRR M EE . TN, BRI TTERIROCHEZL. Hidr, Haar/ N4 &
PEE wm o ozmom oamo om0 \ : =
REE B M. 3N KA IROC T 2k i EIS BT, MEISH & i Haar
Dataset IIl 9 8 1 1 3 57 INETEIAN A3 BRI AUCHE 88 %, A5 74 1 I 4k v Aff
?{31‘1’: z 2 1 1 ; 2‘2‘ 43 515981%, 81% Fi178%. Haar/IN i 2 15 5 W1 —
Sab ) 8 | . ) 2% BEF NG, FoANE B B BN E S, SR A RE
S RIUIE A TP BHE, RIS 5 20 R IRS BERUIK.
100 T T T 100 T T T 100 T T T
80 (0.20, 0.81) 80 (0.19, 0.81) 801 (0.19,0.78)
& 60 F%:1 & 6or %1 & 6or %1
t\: AUC =0.88 LP AUC =0.88 ﬁj AUC=0.88
= 40 g 40 oz 40
— ROC — ROC —— ROC
20 AUC 20 AUC 20 AUC
Haar-SVM Haar-SVM Haar-GSVM
%20 40 60 80 100 % 20 40 60 80 100 % 20 40 60 80 100
BIER /% RIEZR /% RIEZR / %
5 HaarfJROCHIZE(X11b-LDA, SVM, EH#iSVM)

Fig. 5 ROC of Haar(LDA, SVM and GSVM in X11b)

Db_d/NBAE N —FhESE /N, R T Haar/ NEEAS
L. EloZh T %/ NS IURFIE f5 34N 25 8%
FROCHH 2k, M 6, 7] DL HDb_4/)N % 52 B
fESES, Zid 3N 2588 7 I AUCH 88 %, 1HH41H)
AR HE B 223 390 8 1%, 82%A179%. 5 T Haar/ N,
Db _d/NE R AL AL, SR IBEG AL A7 FAFIE I 6E
71 BT i AR T QB T [ E A, SN EA

AEid MEEGHS 5 AE PR Ik sl 14

TQWT-5Haar, Db_4/]N A [F], HLQEE - 7T 3 11,
K7 R TQWTHEHURFAE I 45 J5 ROC I 8. K7+, AT
PLE tHTQWTHE B (1) FF 1E 46 & 4 1034 0 K28 1
AUCH 51 88%, 88% F1189%, Hi7H4 (I HERA 2 435l
80%, 82%F179%. % T HaarADb_4/N i, TQWTH:
QN T R RIS 5 FIRFHEEA T Y, 7T LLE M EEGTS
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SHE BN, BELPRPIQI FikFEF, & 8, Ad-TQWTLEI N2 AUCH N90%, FEAL [ HEHf

KEMSLR = HIR T
BEXF QPR 7 e b = BAR I ) e, A FHE-SER PP

RO 51N84%, 84%F182%. BT JRTQWT, Ad-TQWT
HQR TG, NEFEHERICECEEG 55 e E

QIR ¥, Ad-TQWTH il (5 5 15 2 FIROC i £ 4n

i, W5 SRR RN 7E 7).

100 : //, 100 : //, 100
80 (020, 0.81) 80 (0.20,0.82) 80 (0.18,0.79)
i\g 60 E2E:1 i\g 60 E2E:1 § 60 E2E:1
Tij AUC =0.88 Tij AUC =0.88 Tij AUC =0.88
w4 w4 w4
—— ROC ——— ROC ——— ROC
20 AUC 20 AUC 20 AUC
Db4-LDA Db4-SVM Db4-GSVM
% 20 40 6 80 100 % 20 40 6 80 100 % 20 40 60 80 100
RIEZ /% BIE# / % BIE# / %
6 Db_4fJROCHIZ(X11b-LDA, SVM, EHiSVM)
Fig. 6 ROC of Db_4(LDA, SVM and GSVM in X11b)
100 : //, 100 100
80 (0.20,0.80) 80 (0.19,0.82) 80 (0.18,0.79)
& 60 E%:1 & 60p E%:1 & 60 E%:1
tj AUC =0.88 tj AUC =0.88 tj AUC =0.89
w 40 w 40 w 40
—— ROC —— ROC —— ROC
20 AUC 20 AUC 20 AUC
TQWT-LDA TQWT-SVW TQWT-GSVM
% 20 40 60 80 100 % 20 40 60 80 100 % 20 40 60 80 100
BIE# /% RIEZE / % RIEZ /%
K 7 TQWTHIROCHIZ(X11b-LDA, SVM, {iHiSVM)
Fig. 7 ROC of TQWT(LDA, SVM and GSVM in X11b)
100 100 / 100 /
80 (0.18, 0.84) 80 (0.18,0.84) 80 (0.18, 0.82)
R 60 1E2:1 e 60k 1E2:1 e 60k 1E2:1
tj AUC = 0.90 tj AUC =0.90 tj AUC =0.90
m 40 —— ROC m 40 ——— ROC m 40 ——— ROC
AUC AUC AUC
20 Ad-TQWT 20 Ad-TQWT 20 Ad-TQWT
LDA SVM GSVM
% 20 40 60 80 100 % 20 40 60 80 100 % 20 40 60 80 100
RIER /% RIEE /% IER /%

K 8 Ad-TQWTHIROCHIZE(X11b-LDA, SVM, &Z#iSVM)
Fig. 8 ROC of Ad-TQWT(LDA, SVM and GSVM in X11b)

Ad-TQWTESRFEI T ZYEFERHE, (H20% THHE  $RHWAD-TQWT MFHE, 78 0 & ELEEGTE &, FIH
Z A AR DG, AT RE H ILARAE TUAR, IR RRIEE B I8 AR R B A0 R IE T2 0], PR TR 5 4
A EMRHET 220, 32 HAD-TQWT MFEE. Hr B, 32w TR B HEmn 26, ik R mT AT DL R
ZEHIROC Hi & 4 9. R,

B934 43 2 B2 (K AUCHY 990%, FLiiat iy v fe RS T AN SEAREAE3IN 1548 N BAEK)
53 985%, 84%FN82%. BT Wi 4y 7715, A3 MHERZ LKL AUC, NFRSHISEIR 45 R, vl LS
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N SR 2% ~5% U % -

1) Ad-TQWT 5 Haar, Dd_4/)N % FITQWTAH Lt *f
O3VRANS4bH I 7 H AR AL H L =1 T 1%~3%, 1E
Dataset TIIFIX11bFR#E & 1 2%~4%;

2) ZEFTQWTS5AA-TQWT MF& 2% i HIEEGE 5
W, JE R RS A A LUV N QIR TV Fa b,
Ak, AR R 2R PEERAE, B F I N AR I A
BERAE T2 [8), 2558 T 10%~30% 0 A HFAE, #2758 T

3) /£ LDA, SVM LA J¢ =1 B SVM 3% 43 25 48 b,
Dataset_IIUR1X11b7ZELDA R il i #f K LLSVM 5 &
HSVME11%~4%. O3VRILE = HrSVM I 1 HE i K
51 HHLDAFISVM2%~3%. S4bZESVM T I vl i
Bt =1485.6% Ad-TQWT MEREIEEASF] /32 8% FiR
) ) I AR T A R 1 Dl B . B S R (R B 4, Ad-
TQWT MF¥ ] it — 4R mriR M EEGTE 5 RS L.

100 /, 100 / 100 /
80 (0.19, 0.85) 80 (0.18, 0.84) 80 (0.18, 0.82)
R 60+ 1E2:1 X 60+ E2:1 X 60+ E2:1
- AUC =0.90 - AUC =0.90 - AUC =0.90
H o K
w40 —— ROC w40 —— ROC w40 — ROC
AUC AUC AUC
20 Ad-TQWT 20 Ad-TQWT 20 Ad-TQWT
MF LDA MF SVM MF GSVM
% 20 40 60 80 100 % 20 40 60 80 100 % 20 40 60 80 100
BIEZE /% BRIE# / % BRIE# / %

9 Ad-TQWT MFJROCHIZ(X11b-LDA, SVM, &#fSVM)
Fig. 9 ROC of Ad-TQWT MF(LDA, SVM and GSVM in X11b)

k5 BRFR MR AEHF

Table 5 Test accuracy of each dataset

LDA SVM &#iSvM

AR FRIEHREL B8 NIREY
M HERREE fERREE

Harr 85.8% 855%  83.3%

Db_4 86.2% 84.7%  83.0%

Dataset_III TQWT 85.7% 843%  82.4%
AdTQWT  88.6% 85.6%  84.4%
AdTQWTMF 89.2% 85.5%  854%

Harr 76.7% 751%  78.1%

Db_4 76.5% 14.8%  18.2%

O3VR TQWT 788% 71.6%  81.4%
AdTQWT  789% 77.8%  80.9%
AdTQWTMF 792% 781%  81.2%

Harr 82.6% 824%  82.1%

Db_4 824% 823%  82.7%

S4b TQWT 83.0% 845%  83.7%
AdTQWT  84.1% 855%  84.8%
AdTQWTMF 84.6% 85.6%  84.8%

Harr 80.3% 81.0%  79.8%

Db_4 80.2% 81.0%  80.5%

X11b TQWT 80.3% 80.9%  80.9%
AdTQWT  822% 829%  822%
AdTQWTMF 83.2% 829%  82.4%

4 BH

ASCEIEEGE 5 1A HTQWT S HQH T LAk
VPN BR HE, FRAEAFTE TR (7 )8, 32 tH Ad-TQWT
MF& %, 8 R & A AR ELE ATQWTHIQIR F 11
T FRE, 1R R QR -/ NE A4, KT, Aite AN
AELRMERFIERL S, H IE N R RFIE B SRR 725 ],
$Em T EEGE S IR BIRE . Ja 8 T/EHEEEGIE 5
(1) H RS TR — 2D T AR T 7.
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