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Abstract: The brain-computer interface is an emerging technology, which can analyze the collected motor imagery
signals to control the external auxiliary equipment. A new method based on the noise-assisted fast multivariate empirical
mode decomposition (NA-FMEMD) algorithm was proposed for electroencephalogram signal feature extraction and
classification. The method outperformed state-of-the-art methods based on noise-assisted multivariate empirical mode
decomposition in not only computational efficiency but also classification accuracy. Firstly, all multivariate intrinsic
mode functions and trend signals were obtained by the NA-FMEMD. Secondly, the multivariate signals with specific
frequency bands were selected by computing their average frequencies. Thirdly, the common spatial pattern was applied
to extract features. Finally, the feature vectors were classified using a support vector machine. Simulation data and BCI
Competition IV data are used to verify the effectiveness and advantage of the new method, and the method is compared
with noise-assisted multivariate empirical mode decomposition.
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JxiHl#z 11 (brain-computer interface, BCI) j&
IR IR, AT LR K B S #2208l AR
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o BRI SEIUN AN B I B R o, i
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AT AR IRES, Je v LR TR A, s
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R VEREAT RGN, K ) 3 IR 12 3l J 2 4b T
4~8Hz MBI 0 Fifdt. 8~13 Hz S u TR L
e 13~30 Hz B Bt R A Sz A B s s
Jiti FF AFACL IR H AR B B, 5 R IZ B AR S (motor
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KM [E A CRAZEND F B0z 8 X (1) w15 AR A
SR s, B G [A 22 Cevent-related
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a5 AR ORI S, H TR I 7k
A {H A4 (fourier transform, FT) Ul Dijgeiflas
& (power spectral density, PSD) P, [ [n] 5%y
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transform, WU A I [ (common
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1998 £, Huang N E % AR 1 7256485507
fi# (empirical mode decomposition, EMD) #7%, 1%
TiiEse e R IKE), T ARk AR .
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VLIRS . 2009 4F, Rehman N % N9 T
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M A A S R R R
x, (1) = Al,l Sin(znfl,lt + ¢|,1) +
AL2 sin(2nf1,2t + (/71,2) + Ah3 sin(2nflﬂ3t + (0173) +to,

x, (1) = AZ,I Sin(zﬂ:fz,lZ + (02,1) +
Az,z sin(21rf2’2t + (02,2) + A2,3 sin(27rf2’3t + (02,3) + o,

x,(t) = A3,1 sin(27rf3’1t + (03,1) +
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A,,sinQ2nf, ,t + @, ,) + 4,5 sin2nf, 1 + @, )+ @, (5)
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—ATA 4 NI RGTE S, di~ds 50 58 &8
B 20l A AR B IMF 20, r i i ik
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*1 HEFSEIME
&5 B Bi/Hz a Pi/Hz 0 Fi/Hz
x,(1) 24.9/22.8/26.7/22.1 11.1/12.7/10.9/10.7 7.3/6.4/6.2/4.2
X,(2) 28.1/28.9/20.0/25.6 12.1/12.0/12.0/12.3 7.4/5.9/4.0/5.2
X, (1) 18.8/19.6/27.0/25.9 9.1/8.1/11.1/10.4 5.3/6.5/5.1/4.7
x,(?) 19.1/15.4/13.1/23.4 11.7/9.3/8.8/8.1 4.5/4.9/6.9/4.8
x2 FIA NA-MEMD HJ£xH I EIE S #T A MRS R A TR
Bk d, /Hz d, /Hz dy /Hz d, /Hz ds /Hz
x, (1) 37.3/37.0/33.7/34.9 24.7/22.8/26.6/21.9 11.2/12.9/11.3/11.0 7.3/6.5/6.5/5.1 5.7/5.8/4.5/4.2
X, (1) 34.6/32.2/37.3/33.9 27.9/28.5/20.1/25.5 12.2/12.1/12.3/12.6 7.4/6.1/6.3/5.3 5.7/5.9/4.2/5.1
x5 (t) 38.2/39.2/33.8/32.5 19.0/19.7/26.9/25.7 11.1/16.2/11.2/10.4 9.1/5.6/5.4/4.9 5.2/6.0/4.9/4.4
x, (1) 37.1/37.0/38.5/33.5 19.1/16.8/25.5/23.5 11.9/14.4/10.7/8.5 10.0/9.2/7.0/5.6 4.6/4.9/4.5/4.5
*3 FIA NA-FMEMD B3 {A BIES#HITH BREERAY T80 ER
55 d, /Hz d, /Hz d, /Hz
x,(1) 24.5/22.8/26.7/21.9 11.1/11.5/11.0/10.9 7.3/6.3/6.1/4.2
X,(2) 28.0/29.1/20.2/25.6 12.2/12.1/12.0/12.6 7.3/5.9/4.3/5.3
x5 (t) 18.7/19.8/27.1/25.8 9.8/9.6/11.3/10.3 5.3/6.4/5.0/4.8
x,(t) 19.4/16.1/18.4/23.0 11.9/12.7/9.2/8.2 4.7/5.5/6.7/4.8

HI AT 45 A 411, NA-MEMD S8 I B %
o P O WS ERE 22 B I3)E B 52
NA-FMEMD B0 CAT 15 B 225 3 )24 1l NA-MEMD
BAFAEL B MR E DL, 5 4 JE S8 1 Bk
BB 55y 60 WAL, NI B E S HEEUK
LA NA-FMEMD &%, [Ai}, NA-FMEMD £
LI fRIZ AT IR R 1.05 s, 5 NA-MEMD $7.9%
(1) 6.89 s #HEL, THELRCRIETT T 5.56 fif.
32 RBESHERR
321 fRwAz 5 HEE

S H SRk B A R A ARBIE ST 0 2008 A
BCI Competition 1V i& &A% i i 3yi 42,
AN as by £ g ISR EdE . A2
AN ZHEZATS (a EHFTAEFRE, b ik
BT EFNLTF, (IR T AT, g8 T AF
A, HHMTT 200 WELH:, BAMES% 100 K.
ASAFHIZARE ¢ Mg, JL 200 R8s e/
FFIBHEGATE % 100 0. B EHE 5 59 ANliE
(¥ BEEG 5%, RFEIHA 100 Hz. KTIX 59 4Nl
T () HARR ARG W22 SCik[24]. BT A iz 348
G RN 5 R L IR G, 1T 59 AMEiE A
11 AN I A7 TR P 0 X8R0, Rl b A S i

11 AMEE AT 8T, 4394 FC3. FC4. Cz. C3.
C4. C5. C6. T7. T8. CCP3. CCP4.
322 HIEAE

(1) TAbEE

T B SR B 1 o FERE R S HL R AR A S
PRI Z2 140 A SCE 4R F 8~30 Hz EURFIR T il
JE AT T 2R (a. by f. @) [EE4liash A8
5 A HEA TR AL B, $E i Eth. RS,
XPRRAL 11 AN R AT I AR A T RS R
BRI, ASCOOEI 4 AN EIERAT R

(2) Ao i

W B U S50 15 31 1) 22 A4 -5 R /1 T 17 e
P15 5 F) ] NA-FMEMD S8 T IAo0fi,  Horp
WG TR 4 4VEiE (C3. C4. CCP3,
CCP4) SI 45 B i 4 Rl 5 fhom o g —
174 4 NMIBIE RIS, di~d; 705 R % ImIE 4L
P 20 1ok I A o3 i A B A A s R AIRHE P IMF's
GrE, r AR BRI HA, BT
NA-FMEMD H324A7 #5055 8 14, 3— = MIMF
W AN 2 R AT SR AR — 8, IR # TR AR I
4 NHEIE P FIRR AT RN, 2K 4. 7]
WL, FIH NA-FMEMD 523256412 sl AR AT 45 R AR
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=4 #F NA-FMEMD &334 LR 5 ST O RRR S Ry T 155 E
55 d, /Hz d, /Hz d, /Hz d, /Hz ds /Hz
x,(0) 23.93 11.26 6.20 3.54 1.72
x,(t) 22.54 10.81 6.47 3.41 1.78
x,(£) 23.07 10.96 6.35 3.45 1.98
x,(£) 21.81 10.63 6.47 327 1.81

o HAE S AT i, SRR 12 S 2 EES 9
BN B W B IEPEX RS S B TR 4
B, A LA S R At B R R A A A

C3 CRBGRH Dz X ) C4 CRg [ 1
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BRI u T (b (59 WK 6 i, Hpkisk
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s, ZREF L TFIEHEZATS, C3I M ut
AR A A /N T C4 18 p TSAEIEAE, AIR T ERD
M% L5 ERS % .

AN, ZH ST NA-FMEMD & 3% il
NA-MEMD $3EX 5280 g 1) 200 25085 5> il P 5
(PS5 E AT I TB) o Ferr, i P A5 R 20 AR 3 AT N [R]
H 126 s, JaE D RIZATII R 7.86 s,
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T 5.24 £,
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S
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|
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2 3 4 5 6 7 8
SRAERT /s

6 MRS C3. C4EIE p AP
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AT, WEAR mEH (m=1,2,3,4,5) 521
BRI A B o Sukmfi%, il Loy 2R e
R S € e m fE TEEULIIR, ARSI
BOSEAR AT — kKl 5y, BRI IIATIERS m
IR REAT 3 7, LB KA 2 SRAUER R o BRIEZ Sh,
ARSI 1) L AR T U AR SCHR Y 1K) 5 AR T S
HRGEHCA HE BOTm ey, e 1A
AR DT SE IR HEZIE B, KT ARG 2R s
Xt SEHERS 4 R Wi 2 AE AR R I AR P AT 70 # e
KRR AR 5, BEFIENS TR ZRA
B BT FUERR A AL R

£S5 TREFHELEE TN BESHERSLERE

AT #T NA-FMEMD ¥ J£F NA-MEMD [f]

ERE e mapreadont BRREEAXNE
m=1 70.0% 68.3%
m=2 83.3% 78.3%
a m=3 83.3% 85.0%
m=4 85.0% 86.7%
m=5 90.0% 81.7%
m=1 T1.7% 78.3%
m=2 76.7% 75.0%
b m=3 80.0% 73.3%
m=4 78.3% 70.0%
m=5 75.0% 68.3%
m=1 60.0% 58.3%
m=2 76.7% 80.0%
f m=3 80.0% 78.3%
m=4 80.0% 75.0%
m=5 76.7% 73.3%
m=1 68.3% 70.0%
m=2 86.7% 75.0%
g m=3 90.0% 86.7%
m=4 90.0% 85.0%
m=5 91.7% 88.3%

MEFANSZARE AL SRR TG, AR 1)
THER TSRS R FIEREAL T NE-MEMD 5.
oo ASSCHEH BT IR0 B e (4 D3R
H I S ERR M) N 85.4%, HEHE T NA-MEMD
SR T 2.1%. H4h, AT LW 3Ry
i CSP IEBARRFAELESE m HS A 1. 1K

H i P A 5 B AR B (R Bk s 1, AT e PRy
AEAR EAE B R B AR SERT CHLans32ik# b 152
A, AL (FEnZik# g BIss
). HAERNL, £l f sERmh,
NA-FMEMD $3%5 NA-MEMD S50k 17—
B, (A RAELER T, NA-FMEMD
R Yk L NA-MEMD S0 58 ik

N T HE IR AESE T NA-FMEMD [#) 7 VA 74
PRI L%, £ #H ¥ NA-FMEMD 5% Al
NA-MEMD £85Il N 1528 F# a Ml b, I HA
FAANIE] ) 23 2800 I S B R R AR BEAT 43 2 0 IR 2853
839 SVMPL 2325 [m B (classification and
regression tree, CART) P71 K-fifi4% (K-Nearest
Neighbor, KNN) P8R 28 1 50 5] 437 (fast linear
discriminant, FLD)[29]o T REAESE B m (3 )T
BRI 73 RUERZAE R 4r R AR, A FFFEYE
JEE T B i R 5 AR 20 SR MERA 2 WK 6.

£6 FRHESETHRBESHRENLEME

e T NA-FMEMD F)

T NA-MEMD [t

I N L L

SVM 90.0% 86.7%

CART 80.0% 85.0%

iy KNN 83.3% 83.3%
FLD 93.3% 80.0%

SVM 80.0% 78.3%

CART 66.7% 65.0%

b KNN 68.3% 76.7%
FLD 86.7% 83.3%

HE 6 ATLUEH, MET NA-MEMD #7%,
NA-FMEMD SRR T e FuErfiZe. X1
Zi# a K, NA-FMEMDHFLD 3K43 T 93.3%F1)4)
KU, L NA-MEMDHSVM it 6.6%; %1528
Z b ki, NA-FMEMD-FLD 3K43 T 86.7%[H143 35k
%, b NA-MEMD+FLD it 3.4%. T3R8 a
H#) CART 23R b HH [ KNN, 7E[R— M 2888
NA-FMEMD HyL 17 KRR REA Eis T NA-MEMD
Hike b, WO REMMEEKE, FLD 72848t
FeAT I SVM 23 28238 SE i HI 55T FMEMD (1)
HI4 2K ). R8T FMEMD [T SHESE R, $ T2
R a MBS, FLD $AMUERZEEL SVM &
tH 3.3%, 1015243 b >Kiid, FLD Lt SVM =it 6.7%.
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60 ZIA/E AMRREE, WA 3.2.2 592843 el
m 0 (m=5), 7ralkA%ET NA-FMEMD HIET
NA-MEMD 238G i A5 570 K5k E R 50 I
YRS, FIFHAAEE G 08T 50 IRSEE 15
HEffEe, Wil 7 P BB 7 vl a, RSO ik
(17> FUER 2 AN T 25T NA-MEMD [ 52
b, HREfED, BERE TR,

92F
90} ' —_
88} : i
86}
84}
82}
80}
78+ !
76+
74t
72+

NA-FMEMD

7 LR T R R SHER AN L

ASCHEH T B3 T NA-FMEMD (125485
I B4 5 o KT . MR T NA-MEMD &%,
NA-FMEMD 53k 08 5 INHERa il v 0 i 1715
SRR (R 2. £3. £4), HHETRIHGE
SN AE UL 3. B 4L 18 5, [RINHIA EARK
BRI (EBhIXLRF, T NA-FMEMD [
JiAE AL FEAE B ARG o A5 5 I S DBk 1)
IR TEERE (L 5. 3 4), FEHEMIMLR N T HE
SEIHE CAW w i T ERD Al ERS Bl%: (UL
Kl 6). B, ASCHAFI 2308 S AT 9328,
g5 AR W P $2 7 R Re 8 AR A5 — B v oy U %
CFHERI RN 85.4%), HHET NA-MEMD $%:4%
BT 21% (W3 5D Fiak, ARCE 2R3 g AT
T 50 oyFESEES, SR WoREET NA-FMEMD )7
R RE T A, SR, TS TR R AT
(L 7).

(EAFERINRE, ASCERET 11 MEES 50T
HAss . S2br |, NA-FMEMD S92 ) B
THARIEIE T EEG {55 . T NA-FMEMD HiL4
% WIS WL B FOmEE T, Bk, A AR
T (A5 5, AT NA-MEMD $.3%, NA-FMEMD

NA-MEMD

FREBHEAR A Hk, REEIZE TRE
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L EEYE, K NA-FMEMD Ab 3 %% 42 18 i I
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Tff 1 1 45 5 10 I AR 045 L 5T 5 &5 CSP T4,
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