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EEG-BASED EMOTION RECOGNITION

ABSTRACT

The emotion largely reflects humans’ cognition and attitudes. Along with the development of
brain science and psychology, emotion recognition has gradually been paid attention to and
becoming the research focus in this field. The topic on EEG-based emotion recognition has a
certain value on today’s research of brain-machine interfaces and driving safety system. In this
issue, through the emotional stimuli experiment, the author induced subjects’ two kinds of
emotional states which are happiness and sadness, and then collected the subjects’ EEG data.
After that, the author used short-time Fourier transform to extract the EEG differential entropy
(DE) features, the asymmetry differences of DE (DASM) features and the asymmetry ratios of DE
(RASM) features. After using a linear dynamic system (LDS) to smooth features, the author then
used the linear support vector machine (SVM) classifier to classify the emotion states, and also
using the principal component analysis (PCA) and minimum redundancy maximum relevance
(MRMR) algorithm to do the EEG feature dimension reduction. From the research, the author
found that the EEG-based emotion recognition is effective and feasible, in which, the DASM and
RASM features can contain as much information as the differential entropy features while the
LDS and the MRMR algorithms are both able to enhance the recognition accuracy effectively.
The information of EEG-based emotion is mostly concentrated in the high frequency band. So the
Gamma band has the best recognition performance and the Beta band is the second best one.
However, the Alpha, Theta and Delta bands are less effective.

Key words: EEG, emotion recognition, differential entropy, LDS, MRMR, key frequency band
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AT ANPGRS A SR, L, BE AR B, %
JEAR A R R ATE AT IO E P KA 28 70 ORI RIS R, BEAT i A5 -5 A SRR AR o

R TR B S5 RAER B 2N, EFE YO8, M. S0 B X =M
PRI, A S A A, RS SR FENETEL, Bt
A o 51 EWAE FH AN R RS, AR A S IR B RN, AT Ok il
SELESE . BT, BEALEILSRS A T 12 B BAE R R, o, 6 B
iR 6 BURMCEDUUE, TAHERGE I BeS B mA 30 A0 A7 i () ikl il
PRSI R 25

EFEALBIAIT BAE R R LR T, 25 8 SRR R BRI R B 1
T2, A RFFIZMEE IMMEE AR, Kbk 7 e BL BB ATE 4
Bl A o SRR Z AR A A 1 0 T TR 2 R A s e R, BT
TEFRAE AR L) FERARETE 0 BRI/ RIBRT R, bt (RIS ). CERERI
PN CEIRZE) 5o AR, B TEHIFA AT h 2l 115 BOIR A 15t
DS LK S MRy B B S R R A 28 L AT AT B, it 238 SRS i DU it AT 1 IR
B ORIZ L FLEY Fr BERETH A H T 15 28RS

R R EE 5 RO R 4575 A R BIE T, 9 7 PRAER T I 15 45 40 T RE L 5
Ko BH DAL BUUIR IR UL AT & A E 2 RIS BIRES, IR ZRPOAE
LA AR 2 B 5 ok Tt G O R Pk B s I K. 2EE 0N, ol B i)
H AR 155 48 LA s 2t e O Rl 7 i L PR 1 4 R A B 9 2 S A R

3.3 Hik1ER

R T NARGAE, WML, FRAE 22 & 24 D26, Bl ELvE TR
Eo RREIRDL R AF, SR HTRERRAR DL R AF,  RRRURS 105 T B AT AR A o RIS AR S . 4%
WH LIS RE P 7 IE%, MIEH, KRR R 4f . DU gaRH 59852 1 IR,
RGN — BBl b fESEI 2 A, BOE 5 A T SRR AR G IR R I JF TR T
IR NS/
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3.4 SEIGFRIE

AR IIGAE S0 % B E B AT, B BOE IR AR E R S R b, B 4
B R DR S BB TS IR, 5 A0 1 JRCAE 28 5 R ) W R T . 82858 1 LR B0 R S8 5 ik
HWRGRRN, BHERSENREEY. BEEE, KoEm LIS E. 40 &
()35 RN RUER RE S Ik BB AT (AR e . [RIES, 7R IR LSR5 2 3 A
FHIRFE (I REm, il B8 28 By A ok #i s R Hh 1 K

SIS 3-1 Fios.

NeuroScan

RIE

B 3-1 1B LI

AVR S R A1 6 B 3-2 s, EEEHESI NeuroScan &R G Al & 5L k. o,
NeuroScan £ 4t 3 22 H LA IE . EEGAE ‘5 KA TBOR &% LA AE — & THE ML EIZ 4T 1 Scand 33K 14
R, W R S S o AR IE SR RAE R 5, S HORERBOR, mZ&adid Scand 3514
RN R RS N oK. 1 A — S TE EAUNERE 250 K5 5 R N S 4, X
AR T3 FOR B BRI A 56 19 2 S T 71 1 T
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ERTHEPC

B 3-2 1E LB &

3.5 SKhuidiE

(D ZRPAE B IREEEARE R, WAL FE DL S Ag Bk G AN IR L 55
FEARNGOEE, RN ZRPE A AT FEE RS U AT BG5S RE. AE, HE
AP IAE LI N SIS R S I

(2) JAZh ESI NeuroScan 24t 1 HLJRFIBOR A, [FINHZAT Scand.3 ¥k, W& Scand.3
i E S RENSE, —HREQRHERBESENN 64 F(E55, RFEMZE N 1000Hz.

(3) 25l i3 38 b o R SHe e S i PR, S S b AR RN 2 28 AR W e 255 HaL AT
P —— VS A AR, ELFE DU AN R R L AR, (RN B FE ML R M2 B3, — 10 %% Scand.3
HEAS AR BTG L, Iy AT 62 AN AR (B M1 AT M2 A1), BUK 4 ANHRFLH
W 35018 B BRAH - 6] 3-3 K] 3-4 24y Scand.3 H &N AR LE V56 i F 7 117 )5 IR BB R =

(4 JENFRBORBAT R T BN ZEATR BRI B e . bR RAL B R, RS0
PRI, R A X S 18 R 3 T O T SR

(5) ZHRREW LB BES, FNEZE TR, E5A R
PRECRIN T RN BAEAE, BEXT R AT A R, IRl FRXEME R, AT 2R
WA 5%,

(6) FRIREEAF ZRERE SIS R DL B b A R a6 R
PR, RIS IE SR M G5 . 78S AR SR AE B 115 5 DA R, 2
S IPRSF AT RES TR A« B 3-5 Rl Bl 4% i I fE «

(T JIB BRI TE G, A5 1L S 5 1 REHORAE I Z B, RGO SE 58
W

(8) SESEIR G, Bl S5 N I HmE, 85 B Uik B G B, R N7 e o H i
FHEIR AR, W HB TR E %Y.

(9) fESEIGH, ANrllfpi e I b w g #kE. B2l Lo AN RZE SRR ER
W2, N TR, SEINZRAINARE A, SRm G 4R ORI Se 50 B AR A
W YE, BAAE AT T AL SEES, X A SIS AN R [ B ) Bedk AT, [RIRE T —
JAVL L.
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B 3-4 AN R EE R EREE

SAR/E T R R T (V5!

REr1 FrBE2 FE3 — ... — FE12

& 3-5 RIBA R E

3.6 EEEN
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FUERAEONT I, B2 BYEEER. N T ESEImE R B RN, AP =R 1
SO, SR T 121 8 55 2 B BEAT sl ik

EHINN, POl S R NIEIRTE AL, RN A 2 TR PR 2158 58 463X BUR R AN fig
BEAT R L AR T i s B, S Wi R AR ORI 57, RS 2B I A FEXT R
HREZ G, EHERI, ERRETER RS, PUOVBOAE RIS — BBV,
HHETR, OIS E . MK ENAFRATRE, FOVEH T — RN TE, $als
BIMEAE ST, — MR LB 01, BRI BSEIR 2 M, ORAME

3.7 VN

EHAERRHR LI Z e H SR B AT 1A, W BBl 0 T LR S 1 0
Rte Ao E BN, LR RE PR R AR, JEERZ BRI T, RN AT LS
LA BURIEA BHE & X BRI NG 4, JEAFAEE . HEAM AP (—F—
0O BFR, FRBEGTURIITE 2 L K M DR R TS 4 208 S o8, HORM s 2 b
ftd 2 OB IR AL . AL, BRI S, Ok FE RS2 R e 14 I 28 5 M U i s 2hiss
Ko RS S RGPS K AEWL R AT T30, BRI NN, ARRSER BN
1E, SEHER) 8 IR B BRI KR, PrilX 8 Hstinsiiy A2k, AT T2
J5 1R 43 BT AR SRR 53 0

3.8 KE /G

ABAE T IHT WA TRBE TN EER LSRR, SRR, Mk 7ol
R RE. RIATRIAGIE . SKIRIEE . SEIRIIEEM-T- & . LR BARERIED IR, SCi iVt
BRI A RERBO AR RN S PN B, XLl 7 orr.
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FOE BX%

4.1 RS SRYTALLIE

4. 1.1 Zthir

i R S AR S, EEIE LR A, — RO S RER IG5 & s
FRIS ARG S, iR O, DRSS, XA TGS, N TR B4
FI R ST, Ol 2w rE TA B e N L — 2D

TEARSL 2.4 FIPFI%E T 508 A G 2 IS AT B, FTCAE ), A @i A
B i A ROEE N 1Hz 2 50HZ, 17— i FR AR A DA R AE 0.5Hz B 100Hz Aifh, FHAR
Ma, NEAErEEERE, RBhERIRNEN, A7 1Hz LU, Eha5hH
SETBA T ES. B 4-1 FoR 7 A RN EEAS SR LR SR Dy 2515 S 6 T

q,ﬂ [\
J anfy yi “ L A"
.-rﬂi“ ! NM‘ h vm” ‘”L wenbabay “‘*W“Wwvwwww
(@EiF /) EEG (o)BZ AR £hiar
aned 'Wwwﬂm. )-'
"‘ VJ. lW‘A'
b
(cR =D hidr
A . A U AT
W ._-J’ K vh*}w = 3 "N ' "-’\/\-. ,’J V\N"-\ .,"' N l\
e ‘Jlu-,r“ A" g Wy .\A‘V\I
(AN thidr (DBXIE Phir

B 4-1 Sl AR S AR Al Dy 5 5 Bxt L

B T ARSI R AR AT 5 I L4 R B s i A S AR S5 R A A5 i FLA5 5 BE 2l 22 40,
H ATSCH 00 25 ik 7R LU J LA

(D) EFA R B MR D9 ZEA RIS SRR, R Ohidi {5 5 W 1 P B, B N BN
2 RS 5 i Bl 2RI, DN T RS IE O E L I LA S A R R O, IR AR
AE L BR—LARH R DI -

(2) JEF: WG S ORIE S, LRSS 5, AR g T DAEAR
KA R WU DI 25 Bk o thm] DAE AT S e, (R R AL F Dy a2 RS 2 HR F Oy 32E — 2 €
Fo MK 0.5Hz | 100Hz Z WSS B TR S S, 2 R SRR 0 A il H 1
ARRBHAT

(3) /NBAEH Y N AT LKL I SR B ST 2%, T L R A R LA
AR e B OIS 5 SIS SR E B IS, (B8 R B0y E 5 AU _E 1
AL H AR TGS 5 A4 BT LALE/NEAR e o B 328 A TSR MR 218 TR 5 BR
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4.2 ¥R

i FELAE 5 IRRRAIE 32 2545 I IERAREAIE AU AR AR B AR AIE — 2%

(1) BRI 3 22 it ST Bt G I (Rl AR Ak, i H A5 5 R FRA RIS O, b i v
A RIME . 722, WM. RIZRTERIRABRHIE . H AR 8RR 2 AT FAE 5 2 AT i
G ML TR S M AL I, 127 R EIE TR R e 2 e A e e AR AR R AR
thia®s.

(2) ATUSRRE R FUE S EAN B E R RREAR Ak o K i FELAS 5 DR Sk S5 380 4
W RISk 22 O ISR, B Delta #iiBk (1—4Hz) | Theta 4Bt (4—8Hz).
Alpha #iE (8—13Hz). Beta #iE% (13—30Hz) Al Gamma #iE (30—50Hz) X fiMFI4E
LS BN I RSB, 9 8 B 1 a0 D 26055 5 | o0 55 S B (1) A R AR A

(3) WAURFE, ERHERHE SAUSRRE 26, RS 5 RE BB B # s — A
ANR/NFHIF IR, AR5 PRI LGN [A] B N — 5 I SR i il o 380 AN 2%, X —
AT 1) B 3 ] DAAS B — 2 I T AN R SRR AR, T AN (R B B 1S B 5 T H 2
AHIF] 1) 22 AR, X Se AR B B o5 B ) A8 Ak 5 I B A2 Ak, ERLt mT DA ]
REE 5 MRS ARG S

TEARURAG N, EH N T IRBUBISAFAE B A I 18] 1284 3y, BOmT$2H 7 R HAS 5 i it
BURFE T2 5 5 S f a2

4. 2.1 B AR HEL P 00 R P L P A

TEARA S, EFia M 1 I Bk AR 4 DL RO T bR R B2 B HLAE 5 [ I BREALE o

R BT A L P A 48 ] DR A A o — AR DR/ IN PRI ) B P D 300 5 R e B A 46
M T RAT 12 B ) B 0T B PRI AIE ,  HH T i LS 5 2 SRR SRAR M B s, DRt b 2.
A i B S R AR SR RN T R B 2

B AR L AR R 1) 58 SR

N-1
X, = X, eI n=0-,N—1 (4-1)
Horr, xo /25 n ANESES 2 A B AR 5 AR, X256 kAN B 1) (8 B PR iR
5 HICH R e B AR 5 ST
STFT{x|n]}(m, w) = X(m, w) = Z x[n]w(n — m)e o® (4-2)

Horp, x[NZMAKSEEBIE S, w)ZERE, EARRET AN TE (WA PG EE s
BREEAENE RED , X(mw) 2 x[n]w(t-t) [ 8 B kAR e gh 5L

DT E I E LT

w(n) = 0.5 (1 — cos (%)) (4-3)

DT EXORAET R52 T, wiBE B, T HGH s s 5 T 90, RE A T4
BRI RS S
K (42> R (4-3) &3F, BRIl 205 e HON DT T B0 S O 8 B i A48 2 5
+o

STFT{x[n]}(m, w) = X(m,w) = Z %X[I’l] (1 — cos (ZH(H — m))) g~ion (4-4)

N-1

n=-w
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(By) XY AXAALZ
X e/ SHANGHAI JIAO TONG UNIVERSITY g:_FHE EE{E%E’\]'[%E%LD\%U

4. 2. 2 DIy ZEE 5 B AN 40 00
B  BE  XT 5 5 I D) R BEAR A A AR, (e E &y, 1l 5B R AR AR
) B T 23 15 525 B 7 SO HAAR 2 B 3R LAAR L R A 45 R, siebm b, Dl 28 B 5 FH )
REM G E L, WHZACRAME S EEN 7, EEN R 2Z DR KA. TR
ERNMRE T Z NG S, SR ESAF AR B S 5 BUE D6 20 Sk B 35 5 i)
BB R L, RIEA BT E IR . Kk, 38 R A B AR i VSR T R
FEARGh, B354 BB AR 23T Delta # B (1—4Hz) . Theta #iEL (4—8Hz).
Alpha #iiEt (8—13Hz). Beta #i& (13—30Hz) Al Gamma #iEt (30—50Hz) X FAMHEL
MM, FEIEESEREESBOS PR, Hun AR5
PSD = {Z[abs(FFTDATAi)]2}/(EndNum — StartNum + 1) (4-5)

H, FFTDATA ZIEHUR G5 L5 i Nt s S8UE, BT 28i(E 5 2 i
55 B B AR B, K FFTDATA, & — NR AL, oAbt SR AR 77 R IR1F1Z% 40
RN FE, A EndNum =2 —AMRBL 45 R A4, StartNum S& 1ZARBUT a6 s AL B
B AZIB T SRS S R IG, B3] 72 B P R o R % 1

SEFHTEA G PR B AR RHE 2 B — S5 5 105 i (Differential Entropy), f&ifRA

DE, ERTHEARWT:
DE = log2(PSD). (4-6)

4.3 $FEEE

4.3. 116307

T P20 — A ] B A RTINS, TR — 8 IXA] SR T ARk 122 145 5 A
WAL, WTUEBRREEBRGES, FEHEEERNE SR ES . B iks
JRERAN T B o

B —BUE S IA n AR, B B, xo X3, woe ,xn}, BLm N E EORMEA IR
M (m<n) , WA BT R S 5 {nd i ERIE U8

m-—1

p

1

WEgpET ) e PTTg KSpELlptlenNop 0D
=—p

AR —N T A B R BN, WA IR, IR T BT

BRI E P B SEAR T8, EREEAERRME . RTUAR. 98 A7 6k 2 8] 55 7 T AR AT B 1
ORI 3 A 115 5 A B A

4.3. 2 &M R4

LB J1 RGO — A TR BRI R T AL

U SR IRA TN B R AT HOA5 5 B DR 2 R SR TR T 5 A AR W g e 7, RIS 5 iy —
FARREZ, RIRNTIEH T — RITNERMTFZIME, BRABIZEMATHE X, AT
WAIRZAEAG SEL R DAL, Z=Xe—MRAFRIfih. SR, R s B 7
BN REE T I A BENLA R AL, IBAX TR S IZy, Zy, oo Z,, Al
Al OB — REUFEARGTHXE, BIX, Xg, eoeee o Xno (ERWERIN LA Z0 R Al T
WX BT, T2 R BEATLRE 75 AR AN HERf . (R AT A% A8 D IN B 2 0 D7 ok i 5
R ZINE AR ZE NS, T REALE P SR, A Zo IR AL AR S 3 2 XARL IV T 2R3k AT 5
A5 Z AR AR T B AL 75 B A S it T AR BOXCORAG T Za M - PR, R — 30X
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IR EAREREN THGE, BT DU 2 SC— MR, 32 2% SR SR 7ok 3R A5 g A
i B[] AT B I FE AR A PRI, 2R VRSN ) R U R Xk — MR

MBI RGN B R, ETE AR, BT ITE LS RS
MR A . B, R o Am AU S A8 W R B —iRRIA
p(2n|2n_1) = N(z,|Az,_1,T) (4-8)

p(x-n|zn-) = ,-'\.-",(XR|CZR, E) (4-9)

LB 1 R G R AIIRS & AR B WA & i oA, W LS A

p(z1) = N(z1|ptg. Vo). (4-10)

PR 2 e T i A R R e AR50 1, AT EANTE s R e i 4tk

R

z, = Az, | +w,

{ X, = Cz,+v, (4-11)
Z; = fg+u

Hobt, BRI A 4

w ~ N(wl[0.T)

{v ~ N(v[0.%) (4-12)
u ~ N(ul0,Vy)

LRIER) ) RGNS H, 1040 = {A T, C, =, o, Vo}, FRATRENS 8 12 B KAk
(Expectation-maximization) 53, {8 F e K DUSR B X Lo S 50l ", R Ud, 6 {3 2R
YeBh 1 R GHT, A  BARE NI R EE, BT E S, AITTH S 03 B I L
fH, SREHR BB HARN LML ) RGAERY, X B b 2E AT T AR e .

4. 4 BEEKXNFEIF DXL

4. 4.1 ZFFIA AL

4.4.1. 1 ¥EiR

WL#s 22 2 0 N B 2= I AR B = S W . o, el B 22 S vt o SR a8 A T Ak
RG> FARCIIREARLEN, AV H IR FEAUZ LA ) 20 FAE 0, AL e B A2 ab
3o W B ST MR —2H LN SR (A AR SR TR HE 7 4R S8, 1 LA B Fr ERPERE
TR WBZ SITEE T ENLE AR FR, 185 RN MEEARRT B IZEH], THEHL
TR SRR, SRS AR

SCREMEAL (SVM) DL R HAH IR 125 ) SR AR A E i FH 1 M B 2 S A A e
Z T EHE S

B AR SCRE M AL — AN AENER 1) i 26 1t 7 2R 4%, FESVMIIZERS, L Ziidm A\ —
RINGFEARFIEAN TS B ZEMARE (), XFEAT LR —ANSVMPIERL, 7ESVMTI
M, R IR AR, 2% AR 7 28 hRvE . [RItk, SVMAR Y H S A4
FEACHIL ST 2173 (8] o BT AEAL B I — Fh om0 B EE 1 i — /NP E— R AP 441
R E] . TR RN, A — 2% AR B 2 B — AN BB IR~ 1, ARRFE AR 5000 ) o A AR X
LGB T TP, — MBI A—NE0, 4GB B TR A A, B A T 2l 2 g 311X
AFEAR I, SR 5 I e 5 BT B X380 o] DRI BT 2 RAE OL 1. 2RI, 7E—LER
FAr, ARSCFEAR T B Bt 2] 7 — N IR4ER S R 22, XA AR P E AT 2,
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B FEPS
D) SHANGHALJIA TONG UNIVERSITY ET R (S 2y Eng
SRR, SVME IS A A 7 ARV WA R B, (E 15 B REE A A AN AT A L I AH RIS A
4.4, 1. 2 ZRAENT 4r SR A EAL
X5 M E A n N R RN BREED, A FE:
D = {(xi,yi) | xi ERP,y; € {—141}E;1 (4-13)

Forr, xi y p 4EVIZREE 2, yi Z R8s SO B I e nlbnil, JE-1 B 1.

B EPAF— A TR AR yi = -1 R yi = 110 A8 FE B 5K AN SR G BE B AN
BK, R LR, SRR

AT — ARG EIR AR R T IAAT LA i — R x MRS, B x 54

w'x—b=0 (4-14)
AR R IR, wo i T B A ﬁ%@%ﬂxﬁ!ﬁ?&%?ﬂﬁl%ﬂﬁﬁﬁ?ﬁ%
R
{W'X_b=1 (4-15)
w:-X—b=-1

@ UATERE, FRATAT AR BL R PO T 2 1 PR B R, BT DA SR P A

[lwl]
BT L I, SRR MW . SB[ R R VA A2,
FIT CAFRATT AT AT B 2R B0 5 xi 0 AT 290K
yilw-xj—b) =1 1<i<n (4-16)

LR EFTE, %% SYM 7 RAsfEUIZRIS ZH R BIERTA xi 75 & £ wll )5/ ME
K 4-2 f& SVM 73 SR a2t m] 73 00 T s i B

Xz
7 >
N/ A
° < A
[ J _.xﬁ-/
[ 7/ A "
o 4 ,‘7/ /
4 + N
<y
p?
°o ~ “
s o
s 4 7
. O
, o o
/ ’
. y ©~o
7/
©)
’ /® o
’ ’
I“ p;
NG X
O *

B 4-2 SVM £t m] 431 Ay

4. 4.2 K B4l

FEREIR A, KEIEARSE: (KNND 2 —NARIESHU 71, EAEREA ) 28 2 3t
TR 23 18] Y 53T IR A SR AT . KNINGR: JET-52451 25 ST (0, AT DA T A AL %
SRR RNV —

FEKNNH, —AMEA ) 7 i 5 MG s RS R JUE I, XA A 2
I3 ERIKAN AR SR SRR B —28 (K — AR, — BBV . wifik=1,
IXANFEAR T2 E 3 B Sl A s T e 125
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s/ SHANGHAI JIAO TONG UNIVERSITY HTEBIESHIFHIRA
FRIE T2 AT LA T A, — AR R & PR 2 8 KA il s s PEAE P 2
AR L BRI RN EAE M AR, — BN, UL AR K mOHZREAS 1 5 T ek,
PRI BE BN, @), FIZEEAR S SR AR RS, MNZRE s rBUE B 1/S.
KNNELGERIZREA e — DA LR IES MR A&, BN IGREARAAE — 205
W BITE B I 1 L SEA AR IR L8 5 A R AE (S B B IR A ) B RMBA T ) S bR IR AR AF
e, KN E, KE—MHIRERNTE, — RIS ARALE B AR 2 A
S5, KNNGEIGE I BRI R AT 70 2. R, EKNNZR2RHT, BR T KIERR 2245 €4,
A PR AR ZE T A ST ZAR 8  Hoh, W T IR SRR AR &, W) 22 R L AS EE B,
e B R, AR A MEM . 5 — 5, e T CBEERI kel
Iy 2REE AR R T IR w2, B, A 2RI da] DUS ATINBUG I “45852 7 J7al, X —
255 B DSl P I T V2R 8. R A-3 R KNNELIE RG], EA IR ZE RO R, st
K=3, MIZRER N B =M, #K=5, MaHWNEGTIE.

u A
- N
. |
s
r
&
&,
’
t \
H 'H \
! 1
! 1
LI !
!

B 4-3 K\ 2 REERER

4.5 $F{EFFYE

4.5. 1 FRA 500

FENLAR 2 20T, N — HARHEE T — B2 — i Ros THEIE R, X2 RETT
&, ERGTAHT (PCA) T JFHFAE A B, — 4UHT S AE i i, X SRRSAE 2 (8] HANAH 5, R
ETCRERER] T i/, [FR, HEFBEERT R A & B R G (S B2 2 RHE,
FRAE BT

F R AT — PR T, BB IR A AR — ] R AH R AR B AR R — A
LM RRA &, XML R B R AR B R . XA DU T FE K
DEA A RRUNT BT RAR R SR ZE R M S B 2058 — AN b b, RRIESE
— RS, MHE ZF R 58— E R T ZE N0, DU, SRR A H 7 (A
HH IR AL FRAE

BRAMA T RBROFEAE A, BB MFEARIRHEECR pgE, W4 7 2R 3R Zn*p
YERERE, b, MATR AR, MR, HFEARSORNRED THHEE, Bin>p. H
TR AN AL T BEAN R, DRI B4 EAH LR e AT B 07 22 2 3 B LI, e 2t 2%
AT ARUEAL T IhAb, RX = (X1, X2, ..., Xp)s X1 =(Xg, Xo, ..., Xn) ' » H.n*pZEsa
B X T2 B REAE FE PR TEE AL S5 IO 45 2R o F2 B0 20 AT ik R s v AR U R B XA G e A e
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7y = 1 Xy + Xy o pgpXg

Ly = 1 Xy + Xy + o+ ppXp (4-17)

Zp = uplxl + up2X2 + -+ uprp

o, p*pE W FERRVER DG REERE, FEREZ/ERFIERTFEX S 32 5o o 5 A #e 13
B, ZBIRVESR — E W, ZoRIESR sy, - s ZAESEpERS . B BR
FRAS MR R BRI, Zof T 2R FRI, 250k, 2o, TH, ZoMzy gtk Tk,
Bicov(Zy, Z2) =0, ZM 58 2 fip-14 e 2k B k.

4.5. 2 fg/NTUR KA R

MRMRFEZARIE — ANRFEEE g H — AL N TR SR AR G RFIE . TEALES 2 ST 1,
BN — RBVFFAE R % b2 (8] — EAFAEE A CRITUAR, MRMREE P DA X SR AEHE T
Bt/ N TS I KA SR R AR HELE 55— A2, DABEEHE. FTLL, MRMRSIEE 8 T HL
S STHVRFEIE PR RRAE PR FURRAE BRI

i FAERFAE I BRI A AR R 28 RE0GE HAE OC R d i IR — AHARHAE, T MRMIREEE U 7E X Sy
TEA I B AT 3R R 2% R e A 12 TR AR S e, Ak R Ul X —ZHRRAE LA 20 e B T 4% FE /N AT A
FAME R IIAAE o 1 S AR S P SRR S MR IR A VB S S BT, AR5 T
ITTURTERE R, KBNS 5 — M ORRE TURYER/N, A O B SRR IR EAE e ik %
FHIE, DACSEHE, XPRHEATHT o« 18— M 05 1E A ML S A TUR PR B 7 A2
FEEIMRMRELVE R I At

4.6 KRE/Z

5 FELAE T O AL BEAP SR 0 9 7 TRAR L ARRAEAREN . RHET R RRAERRLEA S 3] 3 K )L
AL, ARTEZAG T LD B R SR RA K R, S TRAR BRI 5 Vs
ARFALE S BB SR F L e BRI AR 3 MU A SRR~ ISR O 3 P I AN et s ) 2R 45
RFAIE P 20 I P 280 4 32 B 23T AN B /N TUAR B KA SR B 2 20 70 SIS ) 8 0 SRR 0 LA K
TSR AP

019 7 40 ;T



E T ESHIIEEIRA

FHE IWHER

WS = F P EN LR IIEND R, EH RN, P4 B E A ik,
BRE T MAEIE, HXMWRIRER FRE— UL L, &&0R1G 8 HedE. m)E, %2
i AR DY 5 b A A S IR S B b AT Ab B, BAAODIRITT

5.1 BiETALIE

(1) BERAFEALE: BT Scan B R MM B 24 /2 1000Hz 19, #ds st T k2
F ik 2 (A7 i s (B RO AL SR [R], SX R A2, DRGTE JREE TR RERE 5 AN RUFERAE— IR,
B[ 1000Hz fI0 H A= 5 %y 200Hz BN HLAE S, T2 )5 s a3

(2) INFALEE: BT ARSI T 64 SN ERIEFFATHIE R, M2 w55t
/RS 1 & 2 SHINE, ARFEEPAREIARIRENER, e R e E
WRE, EFEMSBOREIACRIR S AT, FONSEEE SR E TRES, A i
TR 2 R A G —, X0 Z G HN  REok T S AME, BT DAE AR
i, EE R T HOR F AR S P SR ) VR A R S B . T AR AT
I XIS B AR IEAR, T H 62 RINEEE T AKRSA RS ERNEIZINIUR, UEE
IR AL ER IR G50 B 28 1) Tl 45 R A G IR K B2

(3) F¥ms#l: e =FhNgnt, B Rk A ARSI TR, PRt 2 2R
R RH AT DL, o EI R, 2 RIS £ .

(4) Fthil: 7RI ERER CENHS KR H M — SR k. AR
R, SEFIRPE T R T VR S G L FAL B R R OaZE, T AT B B OB
1Hz 2] 50Hz iy, PR R TAR@E g, 9827 75Hz UL s (RZERIIEMT
Yoo ALK I8 B AR AE TRAC R B B O idE, 152 Ja B Ab B A 7y 2 F 21 3R i 25 0
IR

5. 2 $FERER

EH R R T IR (PSD) LA BRI E 5 (DED FlR [a] 4840 [ 1
RIS S HIHHIE. T PSD fil DE M-S O E P A gt 7, 7Eibab s Bk 4%E
AESEH 22 BRFNAH B

(1) FERHEE AR T RAERIM S SR ERE S, 25 2 D) 5 15 % B
WAZR G IRAT I FRAE AU, S S, SR AR e mT DARX — . SR, an ST —4A
B AE R B 3 A T A AR, S A AN e A 2B BN TR 6 B () — AN A, IX AR
FRTRENAGE, FOAD)ZERE 5 B2 B 8] AR oAs o DRt =8 pE i kA5 B
BONEAE B, X1 A S HERE R AR, RANTEERNE R, B E
FR/NBEN 1 FD, BFIECR AR N 200HZ, ATUSCRAESZ N 512Hz. Witk—%K, & 1 WK
I35 B 2 i ME B AR S e 3 s 2, IAA Delta #iBt (1—4Hz). Theta 5Bt (4
—8Hz). Alpha #iE (8—13Hz). Beta #iilft (13—30Hz) I Gamma #iifx (30—50Hz) iX
TAE S4B EE SN R REY),  RIER X e B o A R BURFE . A R A

PSD = {Z[abs(FFTDATAj)]Z}/(EndNum — StartNum + 1) (5-D

020 7 40 T



XFELALE

] SHANGHAI JIAO TONG UNIVERSITY %{FHE %1%%9"]'%%iﬂ%”
DE = log2 (PSD). (5-2)
N l:':‘
StartNum = SEGEUEANA /I RN ATCRAE A (5-3)
EndNum = i Bt 45 B / I SR RE AR ZR MUK A AR 5 (5-4)

XRE, TR —ALEE, SRR T 62%5=310 /> PSD 4H4E LA K 62%5=310 > DE 4HiE .
(2) A WGARTFRIE: BFFLRET, NS % B2 s R 22 #2287t [F] — I ] 7=
WA R SAE S5 & . EZENEK, LRSS IR R, eATE & BAar
P RREZE R, B TE RS0, NI IO B R A A5 i AN X RR R BT s R 1
FIt AZE FE SR A5 AN G FRRFAE » B 22 27 AN I B RRAE 5 45 e AR AL B 27 A~
PRI SR A 22 AN RS, BeA3RAR T 275 = 135 1> DASM FHEAI 27%5 = 135 4 RASM
FRAE, For:
DASM = DE » — DE 4 (5-5)
RASM = DE .. /DE 4 (5-6)
27 X E AL B L 5-1 FoR, AL sbRic iR Al 27 S8 FS sbric 244
TSR, EAET g — X FR. Bk 27 X HF N Fpl-Fp2, AF3-AF4, F7-F8, F5-F6,
F3-F4, F1-F2, FT7-FT8, FC5-FC6, FC3-FC4, FC1-FC2, T7-T8, C5-C6, C3-C4, C1-C2,
TP7-TP8, CP5-CP6, CP3-CP4, CP1-CP2, P7-P8, P5-P6, P3-P4, P1-P2, PO7-PO8, PO5-PO6,
PO3-PO4, CB1-CB2, 01-02.

@% Y@
Y0eeee®?
IR ICIEIC A
@@ @®@®® @@
@@0@@0@.

.@%..@

B 5-1 4 27 XX HR iR Ar B E

i LR, AR 1 B IEIRREEE RIS T 310 A PSD 4, 310 4~ DE $§fif, 135 4
DASM 4#4F, 1354~ RASM 454iF, 270 4~ DASM&RASM. H Ak W, K ER:

H
)
[
p=il
P2
5
p=il



VY #ELAAE

%) st 10 Tons Uy EFBBIE S HiEERs
RK5-1 HERIER

FHIE 44 Delta Theta Alpha Beta Gamma Total
PSD 62 62 62 62 62 310
DE 62 62 62 62 62 310
DASM 27 27 27 27 27 135
RASM 27 27 27 27 27 135
DASM&RASM 54 54 54 54 54 270

5. 343 EFE

NI R —FIE S E R ARG RE, Rk, 300N, BTSRRI Z 2
SPHETAEAZNE ), AR BRI B Bl 1 A TR 51 e i, T 6k
REEH O N S5 SR TR MG B, &G MG, 85 AR E T
W ARG, EE KA TEIPEY (MA) LS £2% (LDS) #HT TR,

X RS 2R DU AT AR 4

XA IR I  RFAE 310 D7 AIREATTIE, IR 1 #0310 4ERFAE AR AN —
AREA, — I 2000 N2 FIREASEAT 261 SVM Ik (R 23R AT SVM 732K
IR ATF LIBSYVM™D, ] 500 MEAT IR AT . B4 BIREIL P (EH B
S8 MM 21 Sh ) R G TR AN R 45 2R, sk 5-2 R 5-2 fras CElEE 4 9%):

#6-2 F—HEHENHETHEBER

1A H2d HIMH FAM FEL5H FoH

AV 68.30 92.45 63.19 77.34 55.73  91.67
VBT 71.91  90.63 64.26 85.42 75.52  89.84
EEN I RS T77.66  88.02  65.53  77.60  77.08  90.89

ETH FE8dl
64.47  90. 10
70.85  88.80
78.30  94.27

100

RAHERE (%)

A 2 3 A s el 74 e
H¥

& 5-2 F—HEE KR TR AR

m A
miEsT
m &M 1 RS

XFEEER 5-2 BRI =R B 0L, AR AR IZ A 7 RRCR A TG DL - i ] 5-2 W] LU
FEME B, XA 2 4L 6 AL, AR RECR ETI 5 BB, X AL 55—
R AR RUERA R AL 90% A L, T RAUL R ST, FTEL, EHVON, XTARTHEs

%22 71 HL40 T
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3 %/ SHANGHAI JIAO TONG UNIVERSITY g:_FHE EE{E-FT,—'E’\]'[%E%}R%U

AR AR = B R, T AR B A B I 7S D R R A AROR, BRI RS S5 S E g
5 B . SR, BT MR, BT DATERMIEPIG I, RA 2 O e i 4 & 2 SR AR
PRI R A RCT A T, M H, RREE RELE SR — 5 i O N B 3 5B S5
A e R KEFHEE B, X ATREE P G U R AT S BRI IR R . kR 2228 2 M5 6
HREME, HRM 6 HERT, FIEEMNERIMS A PSRBT, Rl 1 4.
55 MM T4, Zid LDS ‘P EaRE 10500 ERHERE, XE DI EMER, —)F
HFRRAERAR L, S T s & R & T AR B 5 B Al g EE: B—
T, 3K = AR AR S B R HERR R AR T 70%, AT DAY AR RO i 2, i L
WP L3 T, BTV LS IE: RPN R AR, PE R e it M
HEMRER, R, R TERSCRRIFESE, FERERIEAR, HEERIE T geR 2
T EORRAE A SR S A A ) T B

TEAE B T HFAEFI & — R AT A 2 G, 2838 SON PR IE P (7 V53T T LU,
ATLLE R, BRT 28 2 HAZE 4 A, WEEFIMRBCRE I 2 4h, HoRm 6 HEdE, #iesk
YES) 1 RGIBCER EAFAR 2 o XA S5 1 a8 i 55 DU 35 Ao 3 P AR5 1 B s 1 v DAHE I L
Ky RN AL R Bl 7 2 it e Bl (R B — AN B 18] 5 Y BT s P 34048, T 2k bE s R Gl 2
2R 77 ERAT — 2 M P AL 25005 AT BINBCT 1), 3X B AR LGS B P35 1) 5 iR
NHER TSR SR, ZRNESN T RGN RO R o Sk B UK, B FAE LDS
ST IR R A2 [ S TR RS 5 I 23, IR N N R — NS A GXFEAE
SERRN R IEERE), BTN AR R, TR SECE 2 AR 4 HEE
W2 VES) 1 RGN i B 3 SR AL

EE AT A AT 7 AR RS SRR, AR IS 3 b, BRI RO
S ARSI BT, (HREUNSE R 2%, BT 28 =4 AP R B HER R T 70%, J&
o R 2 R, XGRS 2 ATE A 13 I BRI AR 2 (R R R N 45 18
FF . (HSERR EASR, XABIEILE R e LH SYVM R B NSEURH SEN. HTES
SRR AE TSR, Bk, AR | 4R 5 20, 28 2 ZHRN5E 6 4. 5 3 RIS
T B4 HAE 8 SR E MR R AR, BUOAE AN N B S S R AR B B
AN, T BF RIS A, BRI R BEEA — N SVM I SRR, PRt x
T UL ERE— Mol B m 2T GRS, Bt F S50 — 801 GXAE 2 5 s b3 38
dt—REREIE ) . BRI, AR 5. 6. 7. S NN, KA XIGAE M 7138 s ALK
ZHUE, WIEENSEE 1. 2. 3. 4 AR, SURHAMPMNSEGEIT 7R N T REZFRIKLE
ZHRE, 2 e [F) — AN A [ 4 s 45 ST 73, ik 5-3 FIE] 5-3 s (B4
BIN%):
£5-3 F— AR ERIFIEFIBRCR

ik 1 ik 2 #ik 3 ik 4 ISR

R 62. 02 92. 06 63. 83 83.72 75. 40
BT 73.72 90. 24 67. 56 87. 11 79. 66
L3N R G 77.37 89. 46 71.92 85. 94 81.17

ZHITHBE SRS 3 4l s a3 ai R, IERE RO 3 B PSR, aTeURIL T
JE ARSI T SRR, & TP 5. 1%, ARG, FIEE A,
HER T — 5SRO NE, A DOR BT B #4F & A 20 (A5 2R I 5 5 I DL L.
i H, BOE PSR T, & Rea € s, WL mia & 20mn fsdE, 2
R IR ENE B 1 ARG HEREAT P I

023 70 40 ;T
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100
90

80

70

60 -

50 - m AR

40 - m EEFY)

30 1 PR
20 -

10 -

0

1 k2 A3 Wika BT
R A

WA HEHE (%)

B5-3 B—RA B A KRR RCR

5.4 F 35K

BATREAFEARSREZG, TEHE ZREE B R 2128 50K 7 A, SR 58 i i e
XS ARSI PIREAEAT 2038, XL RNLE 2= S 2

5.4.1 &M svm 432K

EARE T, 4 $LH T PSD.DE.DASM A1 RASM U Fi4FAE, LA DASM 5 RASM
IEIIERAF, FEit%E DASM A1 RASM FL[RIVE NS AE 5L, ERSREL W2 5-1
FIim, 1% BRHE 2 (M B R & B IR 2 I TURAE ., 24 DASM #il RASM S H DE 18114317,
il DE J& PSD WXi4, 1 BB HREIE & IS S E R XA ER, Frbl%Ex
FAARFRIRE A A KT 210 28, AR LERFAE S N e v 43, X LLERIS 4518 .

TR FMFEA A RTINS R (ENN%), HH, FAHIZGHEAR
#2000 ety MHKFEAHCH 500 7247, RH SVM 733885 MR BN IZ s BU AT — 0
%, FrAEBdEYZL LDS R

F5-4 FEFHEA L ESVMA BRR

HE FHIE 44 Delta Theta Alpha Beta Gamma Total
1 PSD 38.94 50. 42 44. 26 58.72 79. 57 64. 47

DE 45. 32 44. 26 45. 74 60. 85 75. 32 77. 66

DASM 45.11 44. 26 44. 26 69. 36 76. 17 76. 17

RASM 44. 26 44. 26 44. 26 44. 26 74. 68 79. 15
DASM&RASM 43. 40 33.83 44. 26 68. 51 75. 32 76. 38

2 PSD 55. 47 46. 61 72.92 96. 35 95. 83 82. 55
DE 54. 69 42. 45 88. 02 96. 61 95. 05 88. 02

DASM 61.97 55.73 72.40 96. 61 86. 98 89. 06

RASM 58. 33 58. 33 68. 75 96. 61 91. 67 92.71

DASM&RASM  61.97 55.73 71. 88 95. 05 90. 10 89. 06

#
N
=
b
(5]
=
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7 SHANGHAI J1A0 TONG UNIVERSITY E TR iE ShiELiRg

43R 54
HEL FRIE£4 Delta Theta Alpha Beta Gamma Total
3 PSD 53. 62 63. 83 56. 17 60. 64 42. 76 54. 47
DE 53. 83 65. 96 60. 21 67.87  47.02 65. 53
DASM 61.28 57.02 47. 66 62. 98 49. 15 67. 02
RASM 54. 89 54. 90 47.23 58. 94 48. 30 62. 98
DASM&RASM  66. 17 54. 04 47.23 67. 23 50. 00 66. 81
4 PSD 55. 47 59. 11 64. 32 82. 03 59. 64 75. 00
DE 41.93 48. 44 48. 44 89. 84 95.05  T71.60
DASM 50. 00 57.55 45. 57 86. 19 91. 40 68. 75
RASM 55. 47 59. 38 45. 31 85. 94 88. 54 67. 45
DASM&RASM  55.47 59. 90 53.91 87. 50 91. 40 67.19
5 PSD 54. 17 55. 47 56. 77 62. 76 81.77 64. 06
DE 47.92 53. 39 55. 47 63. 02 84. 38 77.08
DASM 58. 33 57.81 54. 43 56. 51 78.91 73. 44
RASM 60. 15 50. 26 55. 47 58. 85 86. 20 74. 22
DASM&RASM  59. 64 58. 08 55. 47 57.03 92. 19 73.70
6 PSD 67. 17 63. 80 94. 27 91. 41 91. 41 87. 50
DE 54. 17 77.34 91.93 96. 61 91.93 90. 89
DASM 60. 42 55. 47 85. 16 91. 67 97. 14 91. 41
RASM 61. 46 55. 21 77. 86 91.67 92. 18 96. 09
DASM&RASM  60. 42 55. 47 85. 42 95. 31 93. 23 91. 41
7 PSD 47. 45 75. 74 61.91 58. 30 66. 60 76. 81
DE 47. 87 66. 17 54. 89 65. 11 75.53 78.30
DASM 47.23 60. 00 55. 74 73. 20 55. 96 78.94
RASM 44. 89 57. 87 55. 74 78. 94 55. 96 72.77
DASM&RASM  52. 34 58.51 55. 74 76. 17 56. 17 78.72
8 PSD 66. 93 67. 19 57.55 80. 99 74.74 81.25
DE 63. 54 66. 93 60. 68 90. 88 91. 41 94. 27
DASM 45. 05 55. 73 77. 60 83. 85 94. 27 77.60
RASM 55. 47 55. 73 67.97 80. 21 94. 53 90. 10
DASM&RASM  55. 47 55. 47 81.77 82. 55 94. 27 78. 39
P15 PSD 54. 90 60. 27 63. 52 73.90 74. 04 73. 26
DE 51.16 58. 12 63. 17 78.85 81. 96 81.17
DASM 53. 67 55. 45 60. 35 77.55 78.75 77. 80
RASM 54. 37 54. 49 57. 82 74. 43 79.01 79. 43

DASM&RASM  56. 86 53. 88 61. 96 78. 67 80. 34 77.71

E LR KB R E A A A PSD62. DE62. DASM27. RASM27.
DASM&RASM54 , UL K& fir # 45 B iy PSD310 . DE310 . DASM135. RASM135 Fi
DASM&RASM270. HH T 4404 30 MR R, —ILf 8 ¥R, v 17 HH M Hrds &,
¥ 8 RN PSRRI, W 54 Fios.

25 7 4L 40

=



7 o a0 Tors Univests AT RS AEERz

100
90
80

70

X m “F¥PsD

@ m P DE

g V-1 DASM

Eé m ¥ RASM

60 —
50 -
40 -
30 -
20 +
10 -
0 -

Delta Theta Alpha Beta ~Gamma Total
i EEL AR

Bl5-4 R FIRMEA HIZR RS VMA RBCR

KR AT B 177, %t 5-4 FE 5-4 H iR BIBCER T 40T, AL R4k
(1) X} F[F]—2H%5#% PSD #1 DE (A [F 532K A R : PSD #1 DE (X 5I7E T DE 5 PSD
PL 2 NIRAIXT G, PSD MIBCEBIR K, —BAE 10° 4, AR NZRIIRRIRAN 5, R
M7 IR— %, A
H—fl = B E-—wm/MED / CRORNE-S/MED (5-7)

A —4bJ5 B A -1 B 1 a2 A, A5 7 A7 2 [ AN 2RI TR .

PSD Al DE AL 015 B2 — kR, HJ& DE $R-EH T35 B 7 6 Bt S 2 4
WA T L SRER BRI . /3 5-4 1) PSD M1 DE 4pK45 8, WTUES], B
7 DE310 45 RIGZ4AR T PSD310 45 R 2 4h, He &AM [ DE62 14551 PSD62 [t
S5 HA @G IR — A IR HAEE R R . AT, B 5-4 TR PSS ME T D4R 2,
TEARAN Delta F1 Theta #11B:, PSD62 (AR EE4f, Mi{E A Beta F1 Gamma AL, B
i DE62 MR EE 4, 1M Alpha 4Bt ., PSD62 1l DE62 [ RERL . X FiX—4%
W, 4. 5. 7. SHBIEREN T A, HoAl 4 HEEENS A LYFZE R . BT DE310 1432
TR R 52 At T PSD310 (43 2RUEm R, R Z JFRIWFFE T, LA DE /N S5 10%s
(IR

(2 5% FEAN [ 2H A A [F) e ik TR ) 0 SRR s 2838 R 4R 1Y) DE310 FRRIERY 4328
S5 RAE Nz UM AR 2R AR, TG 25 4E0) i o AN 384 1 4 46 1 TR B 2R A R 77, 66%-
88. 02%. 65.53% 77.60%. 77.08%. 90.89%%. 78.30%. 94.27%, WJLLEH|, 41K 5
A BRI ZTN, A 90%LL EFIX PR SUER AR I (I 0L, A 70%72 4 R AR A
TR L. UL AT I, T FAE S S 2R, 2 — Mo AMERIRBUR I 77, ST
AFEPIBAR,  ATREE AR A BUR GLRIAN ], 0 mT B8 2 PR 30T s 3o b g%z AN [+
F 2 0] B A B A AN RLAE Ty SN ), FB 2 R B i IX MR AR Z R I R R . BT AF
TEVE IR 2 2H1T 88. 02%- 55 6 211 90. 89%FNEE 8 ZH 1) 94. 27%, My ~F-3J iR BIHERG R 2y 81. 17%,
DR M2 38 DN AR TR SEEB6 R AR T FL A 5 (T V2 AT IR, 2 R 5 1 A B 2 TE A 2T

FEIVSERL A, BT AR E, AT AR M Zh— AN, (E kT
1o A AR 2 e FH R TR0 Ath 2 5 PR AT 1o SRR T SRS B A s - fEAR R,

% 26 71 FL40 7T

F-15) DASM&RASM



By VS

e/ SHANGHM]IADTONGUN[VEP&[W HEFxnEESEE RS
?%%ﬁtAﬁﬁﬁﬁTﬁ@ﬁﬁ%ﬁ% e HLIERS T — R AL, R s —
B AR, T 53— A R, SRIGAEIX AR ST BT AT 4, BT ISR 2
FHEARE, EIX A EE D BUE 1, H AR (5-7). 3 5-5 M 5-5 —4Hil
xR 2R (BN, L, $FfE4lkss DE3L0, flif] LDS 14, Zift SVM
ke

R5-5 BAPR—HING—ANKHI 2 KHR

k1 H 2 HR 3 ik 4 T4
2 77. 66 88. 02 65. 53 77.60 77.20
ot 77. 08 90. 89 78. 30 94. 27 85. 14
B %
N 55. 06 81. 20 69. 24 77.97 70. 87
£t ER 5y
B2
N 58. 07 78. 47 57.40 76. 32 67. 57
B —2H IR
1 56. 57 79. 84 63. 32 77. 15 69. 22

100

90

80

70

60 -

50 - m 55— 2H Bl 2R
m 55 H o)l Rk

40 1 w — ALY — R

30

20 -

10 -

0 _

k1 k2 i3 k4 EHy
RE

WAERE (%)

Bl5-5 AR —HING— ARSI R

Xk, —HMAMEREAT 24, EEEE 5-5 PR, TBER], gald
2 R 4 B IHERG A T5% LA 1, B VO EBF RO . B TR SCI ) L
MR REANR], HARIBRMIA B th—E 220, BN EARPPEHAR, —Hillg 2
DR TR 2R B CRE 2 PR 25 AT BT T B AR 19, DRIEA il 2 Ak 4 #E M IR
S A ROEE R I 4 . BAE R R AP S A A BTN . A 0 3 T8

2R, 63%AIRBIRRARLF 1, X E BRI 3 7R 5 — RS TR BB BUAR B A
PR R, S BCE— HEHE A — HER RS R BRI EA P50, #ax 4 Hsitb
FAEFEMFER R, T AR, ol 3 At 4 55— 41 Sei8 (iR R m AN a0 55 — 415256,

%027 71 FL40 T
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AT I T AT H I — AR S5 R o g R =S 2.

SR, B 1 B DL SCA BT AR, A R B AR 56% /A0 A7, Twi 1 ol 2H 4
PR BOREAA 7%, &5 Fub ASERAR B 5 HA R AR, X R BRI 1
PR IR SEE U 1R BHR AN RN o BLAR 28 DA RS [F) (RSSO R 5 30K A [ o Jae s A2
BRERG, {HAE, DA S e, 5. e DUE. BE, #nT DURE R — 2R IE 4%,
AN TR SR AL T BEAE IR LU S 28 RS B 0 25 LB T X . 35, M S 5 AU 2 BE Z 1)
SO, 3257 3G AN IR AR A (B4 WEE . MRS, R, B 1 s
RBA w1 H A

FREUOERI %, W TR KBRS, BRRM A, HEXNTH K
WIS 26 NOZ Nl 73, AR IE1Z KRR R IREAR L& T BT 4oy Ja e, AR %5 IR
—EEIAFREE, RAREWERNZIENE o etE 2 I BAE 5 TUI%k, 4 Retsi
G R A IO R AN [T 55 HA AT A A ] A7 J ) i

(3) XAl —41 %4 DE. DASM. RASM HIARFI 4 BAH: = 5.2 8 T A
S B AL A B SRR BN BT BSR4 B T DASM F1 RASM 1 Mt 4545
fiE, 8L DE. DASM. RASM FFAEA 70830, A ABSHIEIX — ik . 3K 5-4 s
A2 (R B R % 4L iZ AT B ) DE. DASM. RASM i i 70 2K UERf R, 26F 8 4P Tk
I&E 3, BARAK 2 HUL 2 DE HIHER %5, (H/2& DE [f4E%0E DASM fil RASM 4E5(1) 2. 3
%, K DE BIHER RS2 BT, R0 DASM 1 RASM #ERGX IF AR HL DE ik T £/,
—RRAE BN AT . WA — S, FTUURIN, B AR S ANE 45 R & DE. DASM
FIRASM BA EF, BESRIAZIHHRHE, (HRIX = REFEZ AR 2R S
DR EN. FTUEHINN, —BORUL, DE MR8 B fae —u5, Wi FHAE i
Bl LU, 28171, DASM Fl1 RASM H AL (152515 B A2 nT SE M @ 9 1, AL,
DE A e AR BN B I 4ERCEOR I JE ), (R ERTUR E Mt 1R &, DASM Al RASM
REf FH Lt DE /5 2 M 4E5 R B A S 1 i RS 1045 2, o] NSRBI Ao A B 1)
ASKFFR AT 51 S 13X — B2 A SE PRI 1

(4) *tEEFE—4H%EdE DASM. RASM #1 DASM&RASM HIAE /2R #£ (3)
R 4518% 7~ DASM F1 RASM Hiia % 1 2% HA MIMIELE S, 1 DASM 1 RASM
ELSREN L B 22 A 0T RRE AR 1) DE [E IR AR R0, (2 EARIE A, F AT §ExT 528
BHERNFEEW, HEKEENIEERIEN—HEE, £ DASM&RASM Z5ill%, N4
NSRBI IEBON 54 4, BEARE 270 4ER5ME. (E3R 54w, B Jcbbis [F— 4 Bs 5N et
] DASM. RASM #1 DASM&RASM 12558, FTLLES], &4 DASM&RASM54 #i2
T DASM27 I RASM27 g5 R 2 [h], 8o s T eElImgR, RHMETElmgR 2R o
(1), X — g5 mit ] 5-4 H - FIME R BE I R A5 2, BR T Theta SREL, Joe UAMIEL |,
DASM&RASM54 (#4154 =T DASM27 Fil RASM27 FREE KA ME . ZE4 tHIiAA,
FEREAMREL L, AAE ] DASM27 5% RASM27 2% B A 2, 1l DASM&RASMS4 U it % 4,
T Z A ANFRE R, SR L R

SRJE B M T A B L ) DASM135. RASM135 # DASM&RASM270 HIf& i, w LA
B, BRTH 4 A¥dE, LT 7 AEIEN DASM&RASM270 145K 15/T DASM135 Al
RASM135 (&5 R 2 18], FF A R T AT R, 1 HAES 4 A E 2N T e &R,
FIHAR AR T 55 4 HAREP . FrLLE#E N, DASM135 il RASM135 Rk 4E £
CatEm T, Hh—2ad 7 - SEIRNER, X $E T DASM&RASM270 AMUKFIE
g, T HEIRTUREBOR, MM 72888 a2k Bk, X a0gm 5,
il DASM135 5, RASM135 K /r 2K 420 T .

(5) b [Rl— AR AN RSB 73 R 80R . 23R 5-4 A I AMA R T —4H
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IR AE T B P B R BIHER R, Horp, 5 AR AR TE Gamma A7 B L A HERF R 5
Hoax 3 HAWRMZAE Beta SiBt EAR S IAERZ, 1Kl 5-4 R R B E P32
1 Gamma AEL b 1 HERf 2 i e [RIRERRT, W AR HH I ot o Y A 20 R0 BT A AT B B AV E DR ALE
SRASHIVERRAE LR, ATRURBL, BT 5 —HEUE 24, S FREAEN, #e a0
FHIE M B mE e e s, XTEEe BT &, K4 Delta. Theta AL I HERf 2 & iz
KT Beta A1 Gamma AEL(HERASE, BT DATEASAREL b, AERE/N I b0 R0RE
MERE R SR TMBIE ST, RAFEEMEB LML R EA L Gamma 5(# Beta ik
LERT . ZHLE 2.4 PR T I EAMBAFE RIS Beta SUE 32 2t T AAE HH IS EEIR
AT RGO, b BRI ZE M A B8 tk; Gamma Al B = B /E N EMEAEHFE
PR EIEIUEY) . 852 204 i om0 i R 2 B R B . AR KSR 25 A
BERFFA IR IIUE, A WSS RAE R 2 B T HBON s i F A5 5

5.4.2 K &t mk

ZRIFTE I R AR SVM 43288830810, BUEH R K Hal4lik
(KNN) #E47432%, BUMr % DE310 4E4F1E, 280t LDS “FiE )5, F K=1 i K Hilr 485k
AT IS, JFSLRME SYM Hugh it AT e, 45 Bk 5-6 FIE 5-6 s CEAUN%):

225-6 5—HBIESVMATKNNS 2K 45 %t H

w1H 24 WH3A A4 W5 FEedl HWTA Fedl

SVM  77.66 88. 02 65. 53 77.60 77.08 90. 89 78.30 94. 27
KNN  48.94 72. 40 48. 30 62. 50 38. 80 90. 89 55.74 83.07
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F5-7 L RSVMATKNNS K1 45 B 5t b

Bkl B2 B3 Beika S 5]
SVM 77. 37 89. 46 71. 92 85. 94 81.17
KNN 55. 72 81. 65 52. 02 72.79 65. 55
100
90
80
70
g w0
§ 50
£ 4 HSVM
?é 2 ® KNN
20
10
0
ianw Hrik2 k3 Hrika KT
B M

E5-7 F—Z B RSVMAIKNNS 2K 45 S Xt E

7EE 5-6 FIE 5-7 h#BAES B LG 2], SVM 2035045 BB nm T KNN 458, 7
BIE T 15%AE A . T4 SVM AT KNN B IS S8 s G Al SYVM R T
o KNN Z253 345 2 A8, 1 KNIN DU S 404 22 0735, B B AN RE RS TE ik F (5 51X
FAAREAIE X 22 T A4 A2 2% P 175 450 A o

5. 5 FFERFLE

FEARE T, T DE s PSD fEX #ia H3R#5 11, Kkl DE #1 PSD HITURFEIR
i1, XK 4 DE IRURTE %4k I Lk PSD Z247, Bt LA+ DE310 /£ DE #1 PSD FHIEMRF
FrLAEAR SR, %3%% DE310. DASM135 fll RASM135 —3t 580 4ENFIE1F NE RUSFAE
AL b, RERHEZ MARZEZIIRIGE, WA -S5BETUNRRBIHAR, X
BTG R TUR BIRFIEAEE A | 5 2] 4 R IRE,  [FIFEentor R a8 W= — @ T, it
HERR A i R BT UL, BB AERLARE A 1 2 3 43 A (PCA) Rl /N TU AR B K AH R (MRMR)
PR, XHIX 580 TFEHRIEAT IEYE. 32 R o AT AR /N TUAR B K AH KR BV ATE 28 HL g
AR SEF R T LDS 1 5 B8, 261tk SVM 432538, 43 3 14 PCA F MRMR™
M 580 4ETF4f, KN 25 BATRIERESE, T RAR 48 MdE, aAdREIER K, mA
A — AN ) 7 2H A 25 52 31 SVM S5 REm DR ek B i P A 46 SRR 8, 13
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#5-8 PCAFIMRMRARFAE P4 J5 73 KA R
B | 4% 5 30 55 80 105 130 155 180 205 230 255 280
k| PCA 56.7 70.18 66.28 7655 76.49 76.17 7556 7865 77.80 7845 79.07 78.84
1| MRMR 8095 88.16 77.61 79.19 67.37 73.24 7334 7080 76.16 73.80 7517 76.05
i 305 330 355 380 405 430 455 480 505 530 555 580
PCA 78.81 78.97 79.2 79.33 79.2 79.33 79.07 79.07 79.07 79.07 79.07 79.07
MRMR 7254 7238 7480 7451 7341 7951 77.19 7999 79.20 79.52 7843 79.07
B | 4% 5 30 55 80 105 130 155 180 205 230 255 280
k| PCA 92.19 96.61 94.01 94.01 94.01 9401 94.01 94.01 94.01 94.01 94.01 94.01
2 | MRMR 9401 9401 96.61 96.61 93.36 9401 93.36 9349 94.79 94.92 9544 96.35
Yy 305 330 355 380 405 430 455 480 505 530 555 580
PCA 94.01 94.01 94.01 94.01 94.01 94.01 94.01 94.01 94.01 94.01 94.01 94.01
MRMR 96.09 9544 96.09 96.35 96.48 96.48 96.35 9583 95.83 94.92 94.01 94.01
B | 4% 5 30 55 80 105 130 155 180 205 230 255 280
| PCA 4128 66.28 7181 7149 7053 708 7095 70.75 70.75 70.75 70.64 70.64
3| MRMR 7968 80.96 7575 81.06 8149 8117 79.68 80.64 71.38 7574 7861 76.17
Yy 305 330 355 380 405 430 455 480 505 530 555 580
PCA 70.64 70.64 70.64 70.64 70.64 70.64 70.75 70.75 70.75 70.75 70.75 70.75
MRMR 7341 7404 69.68 7202 73.83 7053 7096 7064 7117 71.07 70.64 70.75
| 4EHL 5 30 55 80 105 130 155 180 205 230 255 280
k| PCA 84.38 85.03 8490 8503 85.03 8503 8503 8503 8503 8503 8503 8503
4 | MRMR 86.33 86.33 8959 89.85 89.98 90.11 89.46 89.19 89.06 89.58 88.93 89.58
i 305 330 355 380 405 430 455 480 505 530 555 580
PCA 85.03 85.03 85.03 8503 85.03 8503 8503 8503 8503 8503 8503 8503
MRMR 89.71 88.80 89.06 88.15 87.63 8737 87.11 86.72 86.59 86.72 86.85 85.03
| 4EH 5 30 55 80 105 130 155 180 205 230 255 280
| PCA 68.63 79.52 79.25 8177 8152 8151 8139 8211 8190 8206 8219 8213
MRMR 8524 87.36 84.89 86.68 83.05 8463 8396 8353 8285 8351 8454 8454
i 305 330 355 380 405 430 455 480 505 530 555 580
PCA 82.12 8216 8222 8225 8222 8225 8221 8221 8221 8221 8221 8221
MRMR 8294 8267 8241 8276 8284 8347 8290 8329 8320 83.06 8248 8221
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H, BUIHERR R TLT A, SN R Bl 4 71, 75 PCA M 80 4E[£ 3] 5 41
R, STRA AN KRR TR 1 R A R 2 78 PCA B4 8, A1t R 1
BT, AT RAAR N E, AR, WRIAAE 5-6 H PCA 4L T
WHER R R A ARNER G, 4 2 LA R PCA 4T ik H A4 1) [ 4k B AR AT LAORAIEAE
100 ZELA ERRAIRCRAAE 7, AW R A 154 IZRI TR AAE6E 2 R PE R, PCA B4t
A ReEE I IR D TUARANTE AR SRS TR B M HERfA 22, I B, MRRIE4EFE R F) 100 45LL RS,
AR A5 08 2 RHIES B, SR AMEF R AR RI N . PCA ZHTUA
RENS A IRIF IR, EH DA AT RER N PCA S i 77 2 f K AIRRAE 22 18] () £k T 55 2%
PR SRR BT 1) 1587 AR 2 () v, SRR gl 2 JE 0 2 1 AR 4 1)y T R — A AR 3
)&, SR, SXPPHE U RFAE B ANAH 5 10 25 20 L BOHT RFAIE R 7 v B 58 A R e A L
FIRF 55 56 45048 1, PRI o] e RO SO T AR 2 )T 530 1 B B (e A HEA A 1
BRBME R, M ICIE B AR TR R R

SRIG, REIHTLLN MRMR 5%, MRMR B2 4EE T B AL (I8 Z L PCA
K13%, 1 MRMR (¥ FE4ERCR B R 7. BH0R 1, — PG IR B R BEE MRMR (4
YL IS, SRS EREZE 105 4ELL T 5 X IR Pt 7 midiak 2 puEnf e — B ek
R, B MRMR M 580 B& %] 450 47 AR, HERSRERE LA, 2 J5 M 450 4EE] 105 4k
R, WERR N —H N, 7E 105 483 55 4ihH — ARG B2 5, HEREREEZ T
BT SRR 3 Ak 4, NLETE MRMR M 580 4ER& 5] 80 4Effnt ferh, B THRAJLAH
IR R B AL, RAER RS — R R PRSI . BT I H A AN AL R R AN
Ui, VAR MRMR FE4E8E Rt 2GR 2 L FERAR, —& MRMR K4t fEd — e
SAF B LY 580 2 R T R 2 B HH 2.2 v PR A8 R, T e v AR P 23 o) N2 P 4 PS5 38 7E 100 4ELL TS
B 1 HILE 30 48, T HAR =P HILAE 80 44k, wI UL BE 80 47y 580 4
FRTA RIS R T, BN b s TIRZ TEHRFERI O s, HERRZE e & 2 B R 4 28 1)
TR AR MRMR BE4ES] 5 4%, R ARG R AR R R T 55T 580 iR Bl v A
R, fA] ILE S MRMR SRAZITET 5 485/ N TR B KAE S IRFIE Bl 2 DAL 7 580 HEHRFAE
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ks TR —ATPRIERE, EHFEEEHE I TFIMENES) 1 KRG T ER R
TEBEAT TP 3RS T A RHME4 ! LDS i MEdEs, & FHLN SVM 2p38ext
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EEG-BASED EMOTION RECOGNITION

1. Introduction

Emotion is a combination of human consciousness and behavior performance. It largely
reflects human’s perception of things and attitudes. In daily life, mood exists everywhere,
especially in interpersonal relationships, and it cannot be ignored. Similarly, in the senior man-
machine interaction systems, computer-based emotion recognition technology has played a very
crucial role. For its significance and wide usage, emotion recognition has become a popular focus
in the field of modern neuroscience, psychology and computer science.

The methods of emotion recognition can be divided into two categories: non-physiological-
signal-based method and physiological-signals-based method. The method based on
non-physiological signals includes facial expressions and tone of voice recognition. The method
based on physiological signals refers to the EEG, EMG, ECG, skin impedance, heart rate and
respiration monitor signals to obtain emotional states. EEG-based emotion recognition is one of
the most commonly used way for its recognition success rate, standard evaluation definition and
easier equipment for data obtain.

This research project focuses on the collection of EEG signals and the algorithms for
analyzing the EEG data to recognize different emotional states. And it will finally confirm the
feasibility of EEG-based emotion recognition and find some optimization algorithm to improve
the recognition accuracy.

2. Brain and Emotion

The human brain which consists of telencephalon, diencephalon, cerebellum and brain stem
composition, is an important part of the central nervous system. The telencephalon that is known
as the brain includes two parts which is the left hemisphere and the right hemisphere. It is
responsible for generating awareness of sensation and controlling limb movements and other
advanced features to achieve. For most people, the left brain is mainly in charge of the language
functions, while the right brain is responsible for the functions of emotions and image thinking.
Thus, the left brain and the right one have a separate chain of conscious thought and memory.
Brain science and neuroscience studies suggest that EEG frequency bands of Delta, Theta, Alpha,
Beta and Gamma have a close relationship to various physiological and psychological activities.

(1) Delta band (1-4Hz): The brain waves will remain at the Delta frequency band when the
adult is having a deep and dreamless sleep.

(2) Theta band (4-8Hz): It is similar to the Delta band but the Theta waves usually occur
during a shallow sleep.

(3) Alpha-band (8-13Hz): Alpha waves are one of the most basic brain waves. When the
person’s body is in a relaxed state but he has a clear conscious, the Alpha waves will occur.

(4) Beta-band (13-30Hz): Beta waves reflect everyday’s awaking situations. When one’s
EEG is in the beta band, his mind is not only of high alert, but also able to do effective actions.
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(5) Gamma-band (30-50Hz): Gamma band is the highest EEG frequency band. When
different groups of neurons simultaneously send the same signal to perform a specific cognitive or
movement, the EEG waves will remain at the Gamma band.

Emotion is a collective term for a series of subjective cognitive experience, which combines
a variety of feelings, thoughts and behaviors. Thus, it is not only a subjective psychological
feeling, but also an objective physiological response. Discrete emotions are generally considered
as a set of basic emotions that are happiness, anger, fear and sadness. Continuous emotions are
commonly thought as Lange’s two-dimensional emotional classification model which use delight
and sorrow as two basic emotions and put them at the longitudinal axis of the poles, while the
horizontal axis indicates excitement, the greater the value the more excited emotion.

The author believes that, as each subject have different sensitive degrees for listening and
watching, so compared to single sensory stimuli, a collection of video clips for the integration of
visual and auditory are better to induce emotions. However, if the subject himself is in a relatively
passive state, then his response to the stimuli will not be very obvious. Therefore, during the
experiment, subjects are asked to think about their own memories or imagine a similar sentiment
when they are watching the stimuli materials so that emotions can be evoked more strongly.

3. Experiment

The author chose a total of four subjects, two men and two women, aged 22-24 years old.
The subjects are all right-handed. During the experiment, the subjects are all of normal hearing,
eyesight and mental condition. The four subjects have undergone two experiments with an interval
of more than one week.

The experimental hardware platform consists of ESI NeuroScan system and two computers.
The NeuroScan system includes an electrode cap, EEG signal acquisition amplifier, and the
Scan4.3 software which is running on a computer. The EEG signals of subjects are real-time
collected by the electrode cap. Through the amplifier and the Scan4.3 software, the EEG data is
finally displayed and stored on the computer. And the other computer is connected to the big
screen and the audio equipment, just for playing stimulus materials.

For each experiment, the author has done as follows:

(1) The subject is asked to fill in basic-information table, and then, the author informs the
subject of the experiment’s procedure and considerations;

(2) Start the ESI NeuroScan system and amplifier while running the Scan4.3 software.

(3) Help the subject to wear the electrode cap and inject the EEG conductive paste.

(4) Start the stimuli computer and play the test video, adjust the volume and the picture
quality according to the subject’s feeling.

(5) Try to capture the subject’s EEG, and check whether the signal is abnormal. If the EEG is
normal, start to play the stimuli, at the same time, start the formal acquisition of EEG.

(6) When the stimuli ends, stop the collection of EEG and save the segment data. Finally
close all the equipments.

4. Data Processing

After the experiments to collect data, the author did data processing as follows:
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(1) Data preprocessing: In this issue, the author chose the filtering method to remove the
artifacts of EEG. Because the effective frequency is 1Hz to 50Hz, so | used a low-pass filter,
filtered the signals over 75Hz (mainly EMG interference).

(2) Feature extraction: The author used the short time Fourier transform (STFT) to change the
time-domain data into the time-frequency data. | used a one-second Hanning window as a window
function, and the time-domain sampling frequency is 200Hz, the frequency-domain sampling is
512Hz. After the STFT, | chose the differential entropy (DE) features of each channel and each
band of Delta, Theta, Alpha, Beta, and Gamma. | also thought about the asymmetry features of left
and right brain. Finally, | got the features of DE310, DASM135 and RASM135.

(3) Feature smooth: The author used moving average (MA) and linear dynamic system (LDS)
to smooth the features.

(4) Feature classification: The author used a linear SVM classifier and K nearest neighbor
(KNN) algorithm to train and classify the EEG data.

(5) Feature selection: The author had extracted a total of 580-dimensional features. However,
there is some redundant and irrelevant information in these features. So | used the principal
component analysis (PCA) and minimum redundancy maximum relevance (MRMR) algorithm to
do the dimension reduction.

5. Conclusion

The author has collected and processed the EEG data as what is mentioned before, and the
conclusion is as follows:

(1) In this issue, the average accuracy of the EEG-based emotion recognition is 81.17%. So
the author believes that the EEG-based emotion recognition is feasible, and the methods for data
collection and processing in this project are effective.

(2) EEG-based emotion recognition is quite sensitive to the experimental equipment and
environment. With different EEG cap and different cap position, the same person may get different
result.

(3) After feature smoothing, the recognition accuracy will be significantly improved, while it
can drastically reduced the training and classification time. Comparing to the moving average
algorithm, the linear dynamical system is more efficient and reliable according to the data
processing result.

(4) Although using the differential entropy as features results the classification to be more
consistent, however, DASM and RASM features have also contained enough information of
emotion which make them as reliable and adequate as DE.

(5) The information of emotions usually exists in high-frequency band of EEG. Thus, the
features of Gamma band has the highest recognition accuracy, Beta band is the second highest one,
while Alpha, Theta and Delta band features cannot correctly identify emotions.

(6) For the EEG classification, SVM classifier’s result is much higher than the results of
KNN, as SVM uses much more complex model than KNN, and KNN algorithm is too simple to
classify these complicated EEG data.

(7) During feature dimension reduction, MRMR algorithm is significantly better than PCA.
When MRMR reduces the feature dimension, the accuracy rate will have a significantly increase
especially in the low-dimensional area, however, the PCA is just able to maintain the accuracy rate
instead of increasing it.
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6. Future Work

Through this research, the author got the conclusions which are mentioned before, but there
are still some uncertainties. It is mainly because the amount of data is not enough, which is not
able to fully represent the general situation. Therefore, the next step for this research is to collect
more data. Emotion recognition application is very broad, but the EEG-based emotion recognition
is still in the laboratory condition. In more distant future, we can try to combine the EEG, EOG,
video signals together to achieve a more accurate emotion recognition. Also, we can apply the
EEG-based emotion recognition to other related areas such as driving fatigue detection system and
so on to achieve its practical application value.



