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Classification of EEG signals in different states based on combined
classifier
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(1. State Key Laboratory of Robotics, Shenyang Institute of Automation of Chinese Academy of Sciences, Shenyang
110016, China; 2. School of Electrical Engineering and Automation, Tianjin University, Tianjin 300072, China)

Abstract: It is difficult to use a single EEG classifier to achieve an ideal recognition accuracy of control intention,
when the operator is in different operating states, and both arm operation and EEG control are used in the underwater
vehicle operation. An algorithm is proposed to improve the recognition accuracy by selecting the classification result
by using the combined classifier and correcting the classification result according to the specific situation of the actual
operation. Firstly, the Fisher discriminant method is used to train the data generated by the armless operation and the
arm operation to get the classifier in two operation states. Then, the two classifiers are combined, and the curve fitting
is used to determine the reference distance difference which is used to determine the classification result (the selection of
the difference takes into account individual differences). Futhermore, the distance difference is corrected by the distance
correction function according to the particularity of the actual operation situation. Finally, the final classification result is
determined by comparing the difference between the reference distance difference and the corrected distance difference.
In order to verify the effectiveness of the proposed algorithm, six subjects are invited to participate in the testing process.
The experimental results show that the proposed algorithm improves the recognition accuracy by 13.42%, 5.55% and
5.55% respectively, compared with the other three methods in the designed online experiment, which demonstrates that
the proposed algorithm is feasible and effective.
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T ZRIAE S BI BFERAS T 7 [\ 4 2R 45 R )
A R ws (d) Blwg (d) BT
{ws(dA) = a1di + axda + as,
wo(da) = brdi + bada + bs.
13BN S0 A M 22 5, 45 0 2% il 4 28 R, Ul
T SR AT RE A T7 T AT 15 B2 A R, AT R TR
(RS AA B B Ay 5 94 R B8 224 dp. HR 4R d, PT DL SE ik
IR — o3 R 7 REE R I, da > dy, WAL
IR AR REREI A da < dy, WIEELI> K4
B I 2845 W W Uy % S v PR B ZE (B AR 4 S b R AR
B FAS T TS B, B e T MR ZE R, T LR
Wb sz WA A 45 R 3 AE S [F] 2 R 45 R k5
(15 5 HRFAE. 75 #h 264005 1 R v, fn SR8 21 2218 K/
AR B R B R (U R0, D48 391 S P EA T #T 2R AL
DA S 5 W BEAA [ e . 5 AU A il 4 05 m B
KA Hh 1 3 e 48 B D, WA I8 B 7y SR 45 SRR
MBI, 50 K/NRTTE d, FIREEA RE S 2l
B SR AR R =, RN M m 5 n A 22 BRET, d, K i 2
BE VEERM—T e, FBERAEAGH,

(6)

1.0
= . 08}
e
X 0.6f
S
%E 0.4}
T
™= 02t B3
. d/y - o
0 L 1 L i L 1
-4 -3 -2 -1 0 1 2 3 4
PR 2EH d,
(a) P FEAERE B 2 1Ed,= 0
1.0 Ay, dyrs
= .08t '
e
W 0.6
b
w= 04r b4
e "X (p.p)
0 N éjm.l dh ." ’idsn N f
-4 -3 -2 -1 0 1 2 3 4
PR 2EME d,

(b) I LR 25 % 1Hd, = p,
E4 RESEPERNENNEEEEEE
K4 N F R AT I 1444 “ 3567 (724
FREBRAE T R A T2 ANEE TR R«
567 ) 7 [R]85 5 T 33k () 6 oA PR B8 22 M, 1 AL A
N B ZEAE da, PNAE R AN [R] PR BS 25 AE 5 B AL
B w, B SO BT E RS T 75K R B
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PR 5 NAAE T B RAPIRE T R A2 2REUR. K 4(a)
PR A LR dy 5 0 K/ 7 SORIE U 2R 45 R,
W B AERE B ZE Ml dy = 0, BEH B IE MR ZE T K
4(b) J9R F — I T D £ 5 i R 70 R 45 2R, 1 HL
O BE HE B B ZE (O S RUBAR AR, R dy = p,. B 4(b)
EI T ADEERNRAYE &, DB R RS
SR R B BN T AR T 0 KA R
TG AR T RIS T RE R —
AL HIZE, (p, pe) EC KBRS,
2.3 SrRLERAVEEL

BAEN SRS A — AR LIRES TS IT 2
AR, PRI, 75 5 R84 i PR 22 RS B R 78
H AT — A AR AT AR T 28 G BEAA 1) 70 S
B A 1 2 T DU R 2 25 (A 5 R IO — 70 SR
R IERRRLSE, 2R )5 A AT — X R AR S B 1 2
AT P 88 220, B R A2 10 (10 0 88 22 (i B e
IrREER.

TR 73 SR B A A BE 1 — N EZ N, O
J 2 IR R 2R ) R 5 1) S5 1 2 . AR
TIN TSR 2 IR, I B B 2 SRR P R A
Wi R4 SR IE B IR RE L. F AT, 3 B e B 1
ERZIET RIS LA — MR — Tk
R JEE BRI 50 RS ST I 2 R S B LR 73 R A5 R 0 A
RFAE, 0 R4 RS R T i 2k 5 AU w = 0.
w = VIO F LA B B RO £k, 1% B AT
XU T 55 J JEE bR BRI ABAF R P A VR VoIR8 R S [
T RGBS SR AN R 2 SR AR R L A0S [
KA. BT BUETE I FFE N[0, 1], £ @ L i SR8
PR K SR S AN (] 2 58 B AR B B D s 2 AS R B
IR,

P 5 9L ) 0 B B 22 4E da BRI SR T B
H, o B E 0N [dy, dp ) AHIEON[0,1]. fa RET
BERAERET da KIBRTE SR EE R AL, f5 NAFAETH
BRAFIRA T da HIBBIE e L R AL

fil

I
1
I
1
1 1
] ]
1 1
I I
1 1
I I
d, l

d, d

5 BEEEEIBTERBERY

WHE LT, do A dy R T30 B0 E A 7
3,08 THEAR S8 B ARSI Jm AT DL B AT A4S,

A EBEESR NSO E IR, X R B 3 E
B SFER R Bws(da) Sw = 0vw = 1T
,‘iﬁj\%uyﬂdsoxdm,wqg(dA)'iw =0.w=1H% 55
AN doo~ doy, 79 T A E B 5E & B, X B d,
PE R AL &2 A S 0 SR S P EAE A BE
Huags s EE S, A

do = —(|dso — dp| + |ds1 — dp| + |dgo—

dp| + |dg1 — db]) /4 + dy,

dy = (|dso — dp| + |ds1 — dp| + |dgo— @
dp| + |dg1 — db|) /4 + db.
PRI B4 AR fo A0 fB AT
0, da < dg;
fa=q(da—do)/(df —do), do < da < dy;  (8)
1, da > dy.
0, da = dy;
fe =19 (da —d.)/(df —dy), dy < da <ds; ()
1, da < d,.

(S WA S da > dp B BT A G
RERRTEE LT (fa = 1); Hda < d BN
1732545 B 7» K45 Rt e & LTI (f5 = 1).

T T4 N BRI 0 A — PR OIR A T IE 2
AT 2 AR AERR I BE B ZE4H da BIRRTE 3R 12 b
i 1O — 7 R A R BT BE IR R R (| fa —
[ J5, 2R — KE RSB 1E 250 1) PR B 248
I 47 BB ) e W DL S I SRS A AR R T — IR
AP A R 25 01 52 D T T R A, ) i B e 25 0 26
SERIEE T 32K As A3 REE R A AT — IR AR
W T AL T A, WU B i 25 93 S 45 SR B
TOrRA B RE R A AR IE R ik BT — I AE
VRS I HE IR e A4 VIR 25 T I8 F) 7 2K 45 73
RER LR R, IFHN 7AW T 90, w4 &
XF dp BT R 22 A8 R B A4S IR BOR W 2, 8 B8 d, 11 2218
PR Z IEROR AW B AR N RAETC T8 AR
B TFPAT T Ny MEL AT ERERE THAT T
N AR, € SCHATIE S ZEH N da (1), B IE GBS
EAE N dp(1), B IERECN fr. 5 2074 T 702K
[, FLAT— OB I T 73 2888 A4y 28485 5L BT da(l
—1) > dp(I > 2),MMBIERE fr 5B ZM
dr(l) & X nF:

fr= NN+wN (1= |fa— fel)df —dp), (10)
dr(l) = da(l) + fr. (11)
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Ny 5 N BEUE R/ 5AF 5% KRG, it H 2k
AT 12 AT 55 15 A [543 A RS i 4 1 48 2 > 27
BB R E. N, 8RR, 1 1 T0 T8 B AE R MRS
BRSBTS, Ny /(N + Ne) 8K, 1B T BE 778058 AH S
Hh, N, BN ABIERE J18ES, Ny /(N + Ne) FHEIECR
[0,1], (1= |fa — fu|) FMEIN [0, 1]. [fa — fol A T
I — R R TT R IEFAFERE, | fa — f|BE/DN,
Ui Z A BE 85 5 dy, BRI, 1T B IR AR JE I, 12 1E R
JI78, I T — A MVIRFS BT Rt B2 1) 43 28 88 73 8 4
REVLEBR RZ, [ fa — fp| 8K, T RE LRI B
a1, 18 1E RE 78R 55, 126 BT — VR VAR ZS P st B2 1) 43
KRB RERI LR/, e TIBIERE 18555,
BB IE bR B PR e 1 TRV . G0 SRk A8 IEVE
B /0N, J0 77 A A T R M n SR e B 2 1E Y T
R PP ABIEMRRE S . df — dy ABHE S 0
AU B, 3K B R Sk PR i) & TRV, HoHE d g (1) BRAE
PRESEAE E BN, BA S A B IE. 5N, = 08L
H\fa— fpl =10, fr =0, ABIEKR, 4N, =0
Hfa = fall, fr = dy — dp, BIERCR I 2. [HIE,
B IE AL fr LRI N [0,d; — dp]. RNAE da (1) 12
TEJEAS B K, PLSRBIUE I G B2 R 38 A 150 4G
UK da (1) 5 frRARKE dR (D).

[FIREHE, 5 4 5™ A 1 20 28 5% (R, HAT— Rk B
THRBBHIFRERAE A - 1) < dp(l = 2),
MMEIE R fr 518 1E G PR B 2 (H d R (1) 52 SLANR:

fr= i (U= fa = fol(dr ), (12)
dr(l) = da(l) = fr- (13)

PR B IR e, EBAE 7 R 45 RO RE
I i S W ELSEAE L. (H 2, 18 1E A 7T R 3 B0 HUR
TR SREE R, W AT — UG EL T 733888 A5 2R45
R, H R0 E s 23 2848 B 7> K45 RN, 4 5K
Brfl OS5 9845 B 1) 73 45 3 IR 1Y, H 24 A EE
18 ZEAB R dy, WIAE IE 5 B0 5 106 U R 1R 70 SR 46
SR Il DL 22 R A AE P RR AR MR 2 B 4 AR, (L
SRR

3 SERRRUE

3.1 WIFAASEBREHRERENSENAR
AT WE A SO TR AL A 4 2 38 b i B S

i 5 7 V5 B AR R, 3k 6 L A 3 4 AT I

1444 “R58 7 BEAT T VEANAMT, 36 2 9 A SO Vi i

5 M) 6 RUE I & TRV B8 2518 (), = p,) S BIME.

T2 AT LT BSR4 K5

B, TCVE R A IR B B, AR i R0 SR AL
R 77 PR E SRR B 22 MH, R A B LR/
W4 dy, = d, = dp = 0. R 2751, BT e 1
F AR (BRAE 20040 I ZEHERE B 2 5 F
BA—E M wFe, R A 2 7.

#2 oI ENEEEEEERLHE

iR FEMEPE S 2 ME dy, BIfE d,, M dy
1 —0.28 —2.08 1.52
2 0.00 0.00 0.00
3 0.01 —1.13 1.15
4 1.49 —0.81 3.79
5 —0.20 —2.92 2.52
6 0.20 —0.83 1.23

FHME 0.20 —1.30 1.70

SCHF A A LR I LS 5 3 28 8 g AR e 1k
73R, G ITEIE T Guit S S EAR AN R U e /M
JEL U, JH 3 A B AR R i N 2 M) PR R A B T A £ 1k
AR fhe e Sy ) v R IE 2 8], AR A RFAIE 5 18] Hh SR ER
R AEAS LN 70 I B B e 23 SR T BEAE FH SEHRF ) B AL
FETC TR NAAAE TR AR IRZE T I 2k
13 EI1 53 254889 R C R D, 5 XL SVM-H Ky Bl
FI 5 24 C RN D R AT 1 A'F T PET o v =0 A ve FA) 4
R BT 4y 28 s AR ERAE R B I U7 vk
NTTIE L AR T 7 288 B RN AR & B T
NITE2 A HA G 7K HA dy = 0RVUNERIER
BRI ITE N THE 3 AL & 0 2K 8 HAT dy = p, KR
AR R B 58T R4 0 T R R 4r R 45 R, K3
2T SRR E B HER AR A LR

T3 ST EREREIRAEREMNLLR

B[4k HERZE /%
el # SVM-H/ %
ER B JEL Tk k3 Jiika
1 57 56.14  42.11 57.89 71.93 73.68
2 14 8571  7.14 92.86 92.86 92.86
3 40 80.00 2250 77.50 67.50 67.50
4 69 66.67  39.13 60.87 47.82 52.17
5 100 57.00  48.00 52.00 66.00 64.00
6 41 7805  17.08 8292 92.68 95.12
FEME 53.00 70.60  29.33 70.67 73.13 74.22

HH % 3 0] i, {5 A B0 23 2R 28 1), SVM 5 Fisher
PR 59 T B v A SR HE IR RSP 3 (B AH Z BN (R
T Fisher AT DA bl 526 i P 120 22 (R0 S0 S AR TR 47
H AT 2H A, A AR SCHE H I AE AL G 0 2R3 I 1714
JIT 43 30 1) 45 A 7 PR o v A %6 B v, AT SVM-HL,
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HARRRETRER 55 £ 905

TIEL J7E2 TiE3 4 4T 1 3.62 % 44.89 %o
3.55%- 1.09 %o. EIAAHXS T 7538 2 F 732 3 IR T+ 2%
RAYE ABZITEHE G T A0 E & B G T4
TN T A 40 2 e A P B AN [R], B8 9 & 2,
T P 4 P 2 222 A A B W] DA FH SR o B T S

sy = 0Ny = x 73l 970 J1H A M3 2K 1H B
AR B e P TH F = AR P AR B, BT o R R
Wie NAEW A BEL 2, Bz > 0. K6 N 1 A1 #
R TEAPPANE S RTTE T KRR, R EEN
PR SR R, [ s N R IE R 45 R, B IE AR R

TN RS
12
10F - FRis R
o - HRIAER
VKBRS
ot .
4r Py
2 S
. RTTARE
00 2 4 6 § 10 1z 14
(@) Hik1
12
Lol - EmaR
iyt i
8r 3T BHEY
ot )
il o
L4
2t SR .
L. KT AR
00 2 4 6 § 10 1z 14
(b) Hik2
12
Lok - EmazsR
- HER AR ,
8T YT B Y
ot .
PR
4 B o '. .:...:‘. ,-'-.-
2t Los .
. JrRTT AR
00 2 4 6 § 10 1z 14
(c) 77ik3
12
Lol - Eman
iy
8r KT B
ot ,
4r _.-'.-.;:-.‘;";.
o LR 3
. SR AR
00 2 4 6 § 10 12z 14
(d) Fik4

E6 %1t EEsMTRN2TE TS KER

WEEL 6 T LA H, 77 4 o4 2 TE W 10 45 R ot
G S 4y R AL T AT (o, yo) HOB 2
PR B B B A AT o/ V2| = da R

(20 — y0)/V2| = dg; XHI T 20 > 0,50 = 0,5

zo = V2(da +dp),
Yo = V2d.4.

32 WEBIESEERGENEY

T BRI FITES DA 1F e B DRk, 1K B B

6 AL B IR B N T I 144> “R50 7 AT I0AE, SEA

B Ny = Ne = 72. RAG W TAETTIE4 TR E 7))

FEAME FAE IE s E 58 S IR S 00T RGN 5y

FAERA Z L.tk 4 n] 50, A8 A2 1E BB 3UE RS

SPRUET A TR MIRT, 6 A pt il P 5E A 1

4.63 Y%.

*4 TEASERBERHERT

(14)

RGOS SRR LR %
. MMERBIERE SRABERSE |,

e YA Fiffs 322 [V
B 4 e 2 Ie— HiRTIES RS
1 89.58 96.53 6.95
2 99.31 99.31 0.00
3 90.97 93.06 2.09
4 77.08 84.03 6.95
5 75.00 86.11 11.11
6 98.61 99.31 0.70

SFYIE 88.43 93.06 4.63

T I UE AR ST R A RO, AT TR 4R 58

1) EFEEAERE T ERS THAER 2, 0 B
B 95 9 1 4F0 7, B FE L — N A BTS2 T 2
ARSI T 6N IR

2) FEFEEAERE TR 21T HAEE £, 0
R R g5 92 508, BRI AL — A8 4 I i 4 it
1724 “Wlie” 3tk r 64~ “ilEe”

3) B IBAT IR AT, BB XA R TG
WML R b A S TR AT 1364 “ilER”, A
N, = N, = 18.

SE STV 4 I I IE BRGNS, RS i
THE BRI R 4 R R B R R L.
Fe ST, Tk S M FO7 vk 1L J5ik 2, Tk 34l
T+ 7 13.42 % 5.55 %0+ 5.55 Yo, IR T J59% 5 (A4 Rk,

RS HELRERED 4G ENIRAERZERLE %
W %

bRy
ik Jrik2 J7ik3 J7i%4
1 75.00 75.00 86.11 94.44
2 83.33 100.00 100.00 100.00
3 75.00 91.67 88.89 88.89
4 36.11 50.00 38.89 5278
5 63.89 58.33 63.89 75.00
6 94.44 100.00 97.22 97.22
SEYME 71.30 79.17 79.17 84.72
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X T 5 A o g L B TR TSR L ik E Y
A58 1E 5 5 B8 ZE T R R R (N, = N, AR
N TR B A A da (1), DA bR B IE 5 IR B 22 (E
Ndr(l). ¥ Tz #H, Hd, = —0.28,d, = —2.08
Mdp = 1.52. #5da(l) > dg, WA da(l) = dp; 45
da(l) < dg, WA da(l) = dg. SR NRT—UGRELT
I AR a1, B A A 4 9548 BIY
NRER, U IEREREHEIR() > d BB IE
AR, B o F E AT 3 3 AR R A . B
2SI 2R T, B 2 R PR 2 2 13 K A8 IR R B
ZEAH 2 Bl 2 38K, R PE B8 22 (8 2 0T d, B 25 5 7
B TERR. SMEIE G BB 22 H N dy B, 18 TE 1T PR 5
ZEMH A b1 (b = —0.88), M2 7= A& IE AR & IE R
PEEG ZAEYE N [be, dp]. FEGNTAT— IR 1 42K
5 BIN o REE R, H G0 e N 2 2888 Ao 38
SR MBIERES EMEdr() < d’ B IEF A
RSN Iy K88 BRI Raq R hiz g
2 T i, B A 2 T EE RS 2 IR B IR R 2 E
2 B 2 ek /)N, R PE B8 22 8 30T d, R 25 5 7 AR S
IERCR. A8 1E J5 BE B8 ZE (8 N dy A8 1E i BE B8 248
N by (by = 0.32), M 277 A A& TE R (A& 1E A1 BE 25 22
EIEER [dy, b2).

Sljz

=

m(m}d P

e b ’*'

e o

1o —0.88} g

K

& - 508 b, d, b,

"=2.08 -0.88 0.32 1.52

AT 2 E 4,0

7 B ELIT S EEESEENNEXER

B8 tid 12 1ALl S (A 7 R4 RAB IE e
PR ZE AR O AR ARy G ST, IR B IE
Jr BB d R (1). AR £ 36 1> “ e ” tht A4
T 16457 [F) 73 2845 R AE - 8 s O 134N kA 3
MEARR T, 3 B 5 B IE R K
A [ 7 R E R A I, 1B 18 J5 #R O IR 45 R, W
B IR HOR 2 1 B HIAE .
1.52

0.32

-0.88

& IF J5 BE 88 248 d (1)

-2.08 :
1 7 13 19 25 31 37

“BLe " 4

58 FIUHAERRSRERIEEFEREERBR

4 4 ®

ASCHE S LG SR AR AR S BR AR 1
BB IE 73 R85 R B 7 B RO 7 AR N kT
SRR AR ZS T $2 i) 5 R ) B v 8. % 05 V%
& T AN 22 S AN S B A M A DL RE R, ZEBE AL N
AT BRI AT B ORIE A = B VR AV 22, fif e 1 i
RIS ES AN T8 BREARES 5 KR 1A
R FEIX PR IR ) ARG A B S 5 R, 6 100
RO AR R 1 A DAL 380 LAt A DG SCRRFR TE. 4 A7 A BRI T
AT 5 1 52 Ml 2 HE 3 i R 428 i) DA SIZ 56 2 7 ) S FH AL
PIREAP IR 2 — 8 TR TARE S Ex dE— 20 g
TE32 T BRAE 2 e 2 B )4 N 5 1 e LR Y A
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