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Brain-computer interface target detection method based on
decision fusion of P300 and ErrP
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Abstract: Aiming at the problem of limited detection accuracy in the application of brain-computer interface ( BCI) technology in target
detection, a new encoding and decoding method based on the decision layer fusion of P300 and error-related potential (ErrP) in event-
related potential (ERP) was proposed. In the encoding aspect of the BCI system, the P300 and ErrP features are respectively evoked by
the target image and visual feedback. In the decoding aspect, four schemes are used for target detection: individual P300 feature,
individual ErrP feature, feature layer fusion of P300 and ErrP, and decision layer fusion of P300 and ErrP. The average results of 10
healthy subjects with four schemes show that the balance accuracy of decision layer fusion of P300 and ErrP is the highest, reaching
80. 03%=5.20% , which is improved by 4. 38% compared with the method of using individual P300 feature and is improved by 11.29%
compared with the method of using individual ErrP feature. The feasibility of hybrid BCI technology in target detection tasks is verified.

Keywords : brain-computer interface ; target detection; P300; error-related potential ; decision fusion

Tk Z XS R B 5 0 AATETZ AL RE ) 25 R B AR
TR RE T 55 5B  XELAIE N B - R ok . I A
I3 YN ST QIS N 35| == S g = RN ¥ @ e e

WA PEEE Bt i AR N T HE I 2 IS E UAHURL G IR 258 9 & ik B ARl . fii-
2 R F R 53 A P 0 LR 55 A R B, AR ME T A2 R HLEE [ ( brain-computer interface , BCI) 7 LUK Fp X i 28 R
HERA R oK S8 KRBT R A BARK IOk b G AR AR A il 18 4, SE I 5 4k o 2

0 5l

i3

ek H 9 . 2023-03-07 Received Date: 2023-03-07
# FLATH  E K ARRHAEL LT H (62106173,62122059) B g 1 Bimi i 20 257 51 3EG151 A AT H (2021GXRCO71) | P E R R 3L 45
71 ki %% Bl (2022M712364)



- 32 LSRR R e o

937

I s B RS anfe A BCT HAR Al A A fiE
SHLE 7 BE, S¢ I m o i ER H AR A B A
HrfE,

Jivi B8, [€] ( electroencephalogram , EEG ) SR I R K
3% Bl AR LS B A ST Bez — , B e IR B
e ARA S FTRTCRI SRR 2 . 56T EEG M-
FHLAV (event-related potential, ERP) f&— P45 19 I 175
FHLE FREAE T HAS I OB P 2k 2 BT
BCI [EIG B bn ol iy == 2 B R AE . A 1 3850 ) R
P PR H BRI R 7, T S R A 2 PRI ) e A T, BHE
GB35 A0 58 5 B (rapid serial visual presentation,
RSVP) 5 A BCI 13 3 1 S B i 80 70
Py B I A 2 R R G P 37 A ] — [ 5 o7 AR Y HL
PRSP £ PR JE o /E RS BRI O K R R E
ERP B4 SEIEXS B AR R AR5, P300 2 H bR it
PR OC 8 ERP WL 43, 3l A LB TR H b 0B S
300 ms 2247, SR P300 AR AR I Al B8 23 4 A [R]
M5 56 2 80N AR 4R, X6 T RSVP AT 45 b 1 23 ik
EEG 73 28R L2 — N E RIYPRE, —LLfF 58 & M il
BT, W T w2 IR G A ) 4 - o A
('spatial-temporal hybrid common spatial pattern- principal
component analysis, STHCP ) O S R W 2EE W
Tt B Y A DA A 1 SRR 5 R B 2 I R e
%, W0 Lin %7 82 tH 2 & RSVP HESLH TG R R,
e B b R 2 BN BB P 1, il 20K % P300 A
& TR SRR, A EE BRI AT P300
JAT BRG] T 43 2% T A 3 014 3 — A0 785 5 Mao 251 g AR
ST AL T RSVP 1Y ER K RAT 55, i i 2 i iR
i 1 Az Bl LR/ AE A i — 2D 45 s 32 3UE A
T BRS04 R B oAy ok 1 5 4 PR B 0 O 52 4 119 1)
B, LR b RVEREST P300 1Y H ARGy A TE B AL 2
TEATIAFAE M AR B T R A2 A% TC I e AR 498 S
SE), FIH] RSVP-BCI &R S84 i H s A DU o 4 58 119
AT E— PRI

5T 2 B, A8 A 4G I 4% 1R AH 5% L A ( error-related
potential, ErP ) BEAE 42 5 BCT RGEAY T SE " ) EnP
FETET A NI T SR B 48 B A IR I, TETE Bl
SR AH 5 T (error-related negativity, ERN) {5 5 Fll
TEBAAH 5 51 (correct-related negativity, CRN ) {5 5 ) 22
IO ARSRUN ) 32 18055 1 2R S8 P Bl R 7 A Y i
HLAFAE AT LAXT BCL 3R 48 ) i 11 45 SR AT b L 2= 4
AU Cruz 28U Y FEAES Bl HEESINA T ExP A 304
BRI 38 A A P Rl AT A R s R, SIS B T B
L ASNIE, AT WL, BB FE 3 K &4 5 S H
R4 BCI' AH 15 40 00— R G RE T 4 58 URR 52
M BARESS BRI, LRI 5838 50K EnP {5576 0 fir

BRGMNER TR, &M B A5 B 2 2 R A 0w %t
RGVERERI R A FRRIFSE

RSP | E R B -HLRR A B AR A A AR B
S RN 5455 FI A AR SC I e ) B Ak T 3
RSVP 19 BCI HArAHIVE R, 4 Hrishie 17 sl fd H P300
FROESYE BB ] ExeP FFAF 5028 P300 5 EnP $F1F)2
A 4325 P300 5 ErP YR Z RG22 4 FhJy SEXT BCI
RGVERERSE ), $5 E T T B ARK I A B IR A BCI
RS, SR ER,P300 5 EnP 3 E S A B AR A I
Ti B AAF I oy B R T IR 2R AE 2 A 1
HFRKGIN 7 322, 7645 58 BCT BLab [ 32 Th 7 K6 0 o 1 3%
AHIF T RENS MBI Sz S R R AG DR v () H B R0 5 4G
MR GRS

1 LWHZE

1.1 EHE3tg

A7 10 BAFWTE 23~26 ¥ IZIXE S 5B LNH
KA, AR B A, L IE R B8 IE S IE
WLORERE, LR R T R 5t St i
A SR ARSI R R A T R
1.2 SEI§igit

SIS BFE T tH MATLAB T E. 46 Psychtoolbox %
5 IfEaE 24,5 ~F WA R 2% DL 240 Hz kil TR S 8,
ABIFSE 6 Y G A TR T 7 R BHE 4 ObjectNet! ™ |
52 MG SR ALAR S e LA TR0 HL ARS8 AN ) 43 B
HFrEUGE IR, TG EEBOR H AR RS T 5E 4%
BEARRIA A MG, 2 0 5 & R AR S Y i, R G5 — 3
554 1 080%1 080 pixels, SCH R an&l 1 fron, S $E
10 41, 420 50 Al o & B AR i & 1 40%,
2 [R) A2 B TR AR 4 32 338 RS T 5, KAME 3~ 5 min,

<1041
/ <501 K \
<105k
1 000 ms I 60 ms I 1 000 ms 1 000 ms 5 min
R’ S E BRI Bt /95! PN 9SS

B SRt

Fig. 1 Experimental procedure

ZARF LTI B BB 75 om 24 AT E R T L, 76
CLR T B FEL 5 i P 2 2 PP AT S 8 A 55 AR AR
MEBEBI IR 7 51 iR 0 B AR PSR s v S 96 o 7
B2 7R, 1) SR B B, e — RO IR T, B 1s /9
TR R ZIAE R, 2) &R, 10 5kEE



5 6 3]

T P300 5 ErP JRACRS BIIN-PLIE H H AR RN T7 % © 33

RO 732 1 IR AT s e b2 B, 4 ok R 4k
60 ms, Herfie 24 1 1H N BAR G, o Ak HARIEIER,
FTAT UGN Jr B AL B, R 5 B R rp oK
S2AFE A ZZ IR, IHEBR IR Zh X% EEG {55 (9 T4,
IEAN, 9 B3 10 % 528 X I L A5 B9 T8 , £ SEHR T U i
XU R e 9 A T R B AT AR RSO Hh B
i 3 sk AR S 3 5Kk (ZAXE AR ) o 3) Rdsibr B, 1%
FPAE R s B d BEALLE 1 s B RIAS A, fa i 10
RZANFI P BAR R, < 22 AR ZATF I P A
FAAE ARRIEIR 3203 5 R 2 5 e TE O 10 2% S el 2R
TS A AR—B 4) R IR A s R
T, T 32 IE IR R . e R, /MR F AR R
B2 A P300 AL, T3 i WA BEAIL R BL A0 B 5t 75
T A EreP RHIE

Ko K % Ko &
RN R

RN 20 N
A
e

| | !
WS RS RS RS RS RE | | |
i G BN F—
It "B K

K2 spiad i
Fig.2 Single trial procedure

1.3 HBEPRESTLIE

ARWFFEAHFH Neuroscan 2 & WF il (1) B BHIF R 11
ZmiE N RE RS, R 5 HBCE R Synamps2 K A%
SR FLAR 5 S RHE SRR AR 3 B, HURRCHE
A3 R FE PR A TA B 10-20 AR ifES R IRAG 1 64 T HLR
Hefi , S5 it & TSR IO, B4 AL & (FPz Fl Fz ZJH)) 2
M, D AR Sk B )R Ag/AgCl S BAHLR
FHPLII R3] 15 kQ VAR R ZH50E 5 kQ LI, i
B RAEAA 1 000 Hz , R4 ik A 5 41047 0. 1 ~200 Hz
M ISP 50 Hz FATEUEDE

oL 3 A 45 ol AR B L ent” A% 29 B B 4 ok
“ mat” K8 A S H BIEFLR  FERFEE] 200 Hz 1~
10 Hz A7 UE I A 0800 Be ik i S4B 4%, B Bir
U, BE B DL B bR BUSRIGR i 0 B2, Tt H AR
W LABEHLAE H br B Rk G5 st Sk 0 B 21, 20 3R O
IF2ZIHT 0. 1 s~ Ji5 0. 6 s B, AR LA S s 2102 0 1
ZIHT 0. 1 s~J5 0.6 s (A B, DL 0 BFZ] ~FF 0. 1s
Bt R FEAESEA TR AR OE
1.4 HEREZSEKREK

BT B U FRL 15 5 A9 2028, Marathe 25110 42
1 3 45 4 A4k A B 8 43 43 B 2 (sliding hierarchical

®AF3 ®AF4

7
OF5 oF3 oFl eFz eF2 eF4 ®F6

. e WFT8
OFC3 @FC| @FCz @FC2 ®FC4 ®FCO
7 oC5 eC3 eCl s @Ml

o oCP3 ®CPl @CPz @CP2 oCP4 -
TP7 oCP5 oCP6 YPs

ops ®P3 OPI Pz eP2 ePd
7

OPOS5 gp03  @pOz  #PO4 ®FOP

RQ7

K3 64 SHRHRAE M A

Fig.3 64 electrodes distribution

discriminant component analysis, sHDCA ) /& RSVP BwR P
SRS ER 5 A R A M BE 2 — R
By [B] T PN 2% A R e 40 1) 5 s TR AR il 3 322
B 1 A A A TR A, RE A T 4T 3R AR P300 {551 1 1Y)
i B, 2019 4R, Xiao %170 ) i Ht AU 45 2 IC i
( discriminative canonical pattern matching, DCPM ) 575 F
THET RSVP WP 5 i H e 0 32 580 12 ol 1 30 ) 5 1]
15 5 ( discriminative spatial patterns, DSP ) 30 I H = 5
A AR 7S 3 5 AR A 5E 43 BT ( canonical correlation
analysis, CCA ) B4 3 i Fi {5 5 P AiE , 5 Jo ) 2 28 31 A A g
ATVERE, FAr MR Al T HA L g =5 IR I ik . Rt
AR sHDCA A1 DCPM FE3L4001%t 10 45 3238 % i
HUBOIR EAT 74328, JF RS H T AP S ;10 3R 10 $r38 X
b B2 00 2R E50R

AT BCL R 40 B Anfar il 25 8 (4 ] Sk, Aot 58 0
T WM LR . 1) 258 P300 F#E, 2 R E il i 52
PR H br/AE B bR BAR TS &5 2) BT 05 S5t
ErP FRAEEUE & SO Vil PER B HLIL S 52 52 75 5
H B FIRER — B0 k. MR B AV 2R3 pafh
BCI RELr25KmE , Al 4 iR, %8 1 Rk P300
REIERN J7 32, 8 5 oA E-BCI, i i DCPM 5335 %+ P300
PR AEAF S FE A T B R AE R EURN 4325, B T H AR ER
55 P300 HFAEAA DI, DA I il i 23 245 B R Gext S
PP REER TR 2 R AT EnP R ARSI )75, 5
4 V-BCL ] DCPM 3545 ExeP FEAEAH S il L 17 28
MRFAESRIRAN SRS T BEPL S 157 AR R S IR T K 52
BUE A EnP RRAE RS S5 AT EreP A AT LK
FIGFPBIRE T 3% J7 %8 3 SR P300 5 EreP $3AEJZ il
AR T, W5 S B V-BCI, BIAR §i5 525 N 28 B AS ]
SR P300 5 ExP FRAEM AR BB LB V]
FH DCPM 53032 %58 3 A B3 40 B 047 AR AE £ ORI 43 288 il v,
IYREIRMEEE I RGN BRI 4 KA TR 4 R



- 34 - LSRR R e o

8375

FH P300 5 EnP Pe5R )2 filG #5007 25, 5 O Ed: Vd-

BCI, [F] # #1245 B 45 9 25 19 A [, 56 % P 288 e AiE i ]

DCPM S35 DL, 45 ) T P 5 1 WK [ BE B8 J
FrE1: BBP3004FAEA B (E-BCI)

W . o f—
EEGFN BCIFN
% EEG TN BCITN

EEG FP BCTFP

75 33: P300-5ErrPHHE 2 BilA &L 3 (E: V-BCI)

PEAT B AR [ Bd . Vd ]| BRI S AL
(support vector machine, SVM ) 4328 2% 33547 H] 31|, Fii #L 43
RERBGEE W RGN R 73 2RE5 R

FTR2: BPMErPRFAEA I (V-BCI)

EEGI TP

vi EEGI FN
R A bR —

-1 RMAEAR Exp)

| _ V2
v |
R

EEGI TN
EEG1 FP
EEG2 TP

EEG2FN

EEG2 TN

EEG2 FP

77 54: P3005ErrP 3R 58 2 Rl A AL Bl (Ed: Vd-BCI)

WRIREL
El EEGI1 TP
EEGI TP E1 - BCITP
BerE ARVl EEGI FN
[E1:V1) EEGI FN = A b Vil SVM
"] RME bR — — ii iii H " EEGI TN e
M! [E2:V2) BCIEN T - RMFH CEnP) o SEciE |||
- REUERA (ExP) ———— EEG1 FP
v - A EEG2 TP
- A b L EEG2 TP i V2 sam
L voe o ' -
i + EEG2EN - RMAK (EP) sVM
A ey Y *@—{ 2 RV EEG2 TN
EEG2 TN
BCIFP EEG2 FP laaBCLEE
EEG2 FP
E2 w HIED2
E2 |

Fig.4 Classification strategies

1.5 fERETRM

BOE AL H bR BHRICN TE 6 (positive ) , AL 7 &
3R K R 11 3S (negative ) , W) 7T DA ) 8 H IR v 46 [
( confusion matrix) {1Z& 1 T 75, TP (true positive ) A #% 1E
2N IS REA K A ; FP (false positive ) A B S 1R 43
NI FEAR B ; FN (false negative ) 9 55 1% 4335
N H P REA S ; TN (true negative ) N IER 432k i
AR

MRARIRIBHEE E L ARG or a5 0 H B bR . B ARKR
H 2R BIE P2 (true positive rate, TPR) |, JE @ IE# 432N
TEZRAREAER SR IE R R LA JE B bR A 4%,
BN E A (true negative rate, TNR) B AR i YIRS
R 3 o N Y QLTSN [N = B N Q[ R S T T S S
(accuracy) , RFIEAf 7328 4 IE 2SR 7 R A REARES 1 B A A
B H M 5 B R S 7 1E 5 % (balanced accuracy, BA)
R B A th 22 5 9E HARK 1 38 B AR 1, v] LLkE
PR S AR S AN VA 1 L) 4 2 TE A R O 2%

*x1 RBEHBEEME
Table 1 Confusion matrix
SRR A IEZE bR N2
T A IE 2 TP FP
Ty 12 FN TN

2 & B

2.1 FHER4FIEIREY

P300 Fl ExeP 55 3 i1 40 5 1 38075 &, 3 ok 22 ]
ERP AHICHIE , v LA 2 A R AE 0] 431 DA B F 43 2%
HIIHTRIE | SR 5 43 BIAG 2 36 T P300 #1 EreP AHICRRE 1Y)
Gy IRV 2R RRE A Rl G T 1, A AT AL R T 2Ry
TERIR A BCL RGEMW R4, M5 # 5T P300 5 EnP
) AR I R e B AR S

SERTIFFE 2 B, THRL DX RN AR Hh e X 45 ) 2 P300 K¢
ErrP A 43 M R e B KR X ek, DRk | A SCHE 5 20T POz
SEEAL B P300 4R AE K FCz S HCAL ) EnP 4F1E,
5(a) & 6(a) 5504 L HbR/AE B bR EG B 0 B
ZIFLLGE R/ R S BRSSO B 20 fR ISR | K
S 5% DX 358 4 7 24 s Ao 20 i £ 7 B 2 00 o 7 25 p (E/N T
0.05, RIZH R (E 2 A G2 X, LIEG BB h
0 i %], HArEURTE POz SHAL S L T IR(EHK K P300
FRIE s AR RS Ry O B 2, B iR R AE FCz SR AL 175
R IEETE KRR EnP FFE, B 5(c) K 6(c) 535
5(a) & 6 (a) Bk B X R B Fisher 28 7 21 1) & 5k
( Fisher’ s linear discriminant ratio) , 1] PAiE4T ERP 4FAE 7]
SRS, AT LA B, 2 LA 5 3 I AE 300 ~ 600 ms |
200~ 500 ms s [E] 7 57~ H T 85 v 0 AT 0, DR Ik B s
ATRRIE AT S B 18] B e BUZ B ) B



5 6 3]

T P300 5 ErP JRACRS BIIN-PLIE H H AR RN T7 % © 35

B 5(b) [ 6(b) 2 il A5 5 43 I HE POz, FCz
SR A 1y = PR AR G 3% 4R 3 (event-related  spectral
perturbation , ERSP) Z55% | 73351 7% 5 B 35 AH [w] 9 B[] 745 ¢+

BT AR RE R AR . BT S (d) (B 6.(d) 233 D 1A S il
HUE S 1 POz, FCz S 15 Ab 59 30 UK ) A -+ P (inter-trial

POz

15r — Target
04s 04s 04s —— Non-target
10 ____— Difference
Z
o
=3
=5
,10 ]
-0.1 0 0.1 0.2 0.3 04 0.5 0.6
I [/
(a) POz Bk EAP300 9 3= ZERFE I I S B2 B
(a) Time domain waveform of POz with P300 as the main feature
POz
040
0.35 —— Target & Non-target
)
% 0.30
] 025
3 020
& 015
2
2 0.10
s 5
0.05 |
0
-0.1 0 0.1 0.2 03 04 0.5 0.6
I [/
(c) POz BXERP Fisher &

(c) ERP Fisher ratio of POz

coherence , ITC ) &5 5 | AL [R] A5 Mt 43 991 76 15 s S8 AH [R] 9
R a] 7 P9 BE TR G . BT P300 5 ErrP REAEA
MG B, FE B4 A0 AEARAI B, 22 I A M fL 43 2 v g — il
F1~10 Hz JEUESE I, AR BB AIE 247388 3 9 2 % g 45
L IBOT AR TT 100 ms N A IEHE T I IE

p
50 - 3

R /Hz

- 1.

-0.1 0 01 02 03 04 05 06
B /s
(b) POz5: 1k LA B8 H B E OB %1 i) 22 5 #EER SP
(b) Difference ERSP of POz at time 0 when images appear

POz

0.200
0.175
0.150
0.125
0.100
0.075
0.050
0.025

(d) POz 1Bk LA 44 Hi DL RO 2B 22 AR TC
(d) Difference ITC of POz at time 0 when images appear

K5 His/ AR BARIEIGAT Al RS b
Fig.5 Analysis of EEG features evoked by target/non-target images

B TGRERL P300 ib 2 EreP A RHIE , 25 7R K HL
P P4 B T HcHis 18] A B AT W] S0P A o, AT AR 45 i v
POE T R IE T AE R TR) 67, S =2 J5 1 73 2R SR ARl S 4k
2.2 PBSEER

XFF I HL 4325, 46 T 1 FX (area under the curve,
AUC) 32 B E AR IR 2B i AR fef FH B PH 26 5 i
PR BT ITOA, Rk o AN T8 25 J31) 5 43 285 i 1) {1 32
B R MRS | 2 B o AR RE I B AR AR L AR
FEAHHT SPSS A%t i v 43 R 4 R AT S i e g, H
ARG, SR FH B 2R B A2 I 5 22 43T (one-way repeated
measures analysis of variance ,One-way RMANOVA ) #£5% A~
RIS % P300 K ExeP 5 69 5200 , 24 80405 R 1 i 3K 2
K56 ( Mauchly’ s test of sphericity) B, X345 S04 735 56 B
JEAZ IE ( Bonferroni correction) , o 25 B 4 0.05, & 7
Shy AL 2R A D7 22 AR I A 2R X TR T P300
HE RN L 4325, DCPM 39 1) AUC (82. 47%+7. 03% ) i
T sHDCA &3 (80.44% +5.96%) ; % T3 T EnP 4%

TR ik HL 432, DCPM B35 19 AUC (71, 01% =4. 47%) {H.
AL T sHDCA 575 (64.85% +3.88%) , 45 HF W,
DCPM 57k 76 WG 2 I o {5 5 0 1 3% B o 1 1 g
LK,
2.3 BCI ZEHREER

TEMGHL A 2 HERE b, 4 Fp 207 3151 BCT R 4E
X} UL A TR0 R 45 SR an 1] 8 BT 7R, 43 B0 42 1R 2. 4
TR, B B AR EMRIR IR IE 2 ( positive ) FEA =N
200,27 4 HAREHS IR 125 (negative ) FEAS I 300,

PNGRICINDE g IPO R RIE R 7Y s v | I S R 7Y st
SR IE B 3 R R OF i 1E 8 R X 4 B PR A 4R AR, BT
P300 FIEET ExP RFEZRALG I Ed. VA-BCL RS 1115
TR B EE R, 0N 72.95% +4. 47% . 87. 10% +
6.05% 81.44% +5.36% .80.03% +5.20% ; P300 5 ErrP
FEFFIE)ZRA 1) E . V-BCL RGP R 2E , 4 Fldg bR 530
H 66.05% +5.99% . 78.90% +5. 72% . 73. 76% + 5. 68% .
72. 48%=+5. 1% ; E-BCI RE2KE5 ALK T Ed: Vd-BCI



- 36 - G R - C I T ERYEC
FCz FCz
15r — Error 50 2.0
03s 03s 03s — g%{f{‘ect 15
10 @@@ — Difference 40 19
i 5 '.“ ',“ .'.I:N 30 0.5
@ / 5 0
E == IR m\ § 20 -0.5
-5 10 o
s |
-10 ! -2.0
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 -0.1 0 01 02 03 04 05 06
i 17 /s I 18l/s
(a) POz R LAP3004 1 ZERHE X I SR BE (b) POz'F 16k LA B4 Hi BLIN RO 20 f) 22 PR ER SP
(a) Time domain waveform of POz with P300 as the main feature (b) Difference ERSP of POz at time 0 when images appear
0.10¢ Fez 50 e 0.200
— Error & Correct 0.175
ﬁ 0.08 0.150
= < 0.12
§ 0.06 N 5
H @_ 0.100
£ 0.04 ® 0.075
E 0.02 0.050
0.025
o 0
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 -0.1 0 01 02 03 04 05 06
i [a)/s B 17)/s
(¢c) POz'2BXERP Fisher Z 3 (d) POzS: 16 DA 44 HH B E S0 s 20 By 22 SR TC
(c) ERP Fisher ratio of POz (d) Difference ITC of POz at time 0 when images appear
6 i/ IS AHF AN A AR AE 2 AT
Fig. 6 Analysis of EEG features evoked by error/ correct feedback
1001 X - 0.05) ,#HLt V-BCI &Gt42 5 11. 38% (p<0.001) ;Ed: Vd-
[ 1 [ 1 N P ) N -
90 I sHDCA BCI RS0 IEHK L E-BCT RS04 7 4. 38% (p<
;E %0 S DCEM 0.05),H V-BCI &G E 11.29% (p<0.001) , A WL 3
E iEAF P300 I EneP HEAE AT e 45 15 AT B T
- b P RPAEAGE I B 75 VAR A 1 70 R 45 R AT BT T
60
50

ErrP44E

P3004%AE
7 RIS A AL R p<0. 05, p<0. 001)
Fig. 7 EEG classification results by different
algorithms( “ p<0. 05, ™" p<0. 001)

RYGE,4 FhHERR M 69. 65%+6. 08% 81. 63%+7. 08% .
76. 84%+6. 42% 75. 64%+6. 30% ; V-BCl Z G RERAIL,
AFFEFR I DA 62.10% = 4.67% . 75.37% +5.01% .
70. 06% +4. 82% .68. 3% +4. 18% .

PADK 2 I 7 25 43 T 45 R R W] Ed: Vd-BCI
RS Bk R M T E-BCT RSE4RE T 3.30% , HH#K
T V-BCL R4 A 10. 85% T+ (p<0. 001 ) ; AF HFRA:
RIFM L Ed: VA-BCI R4 E-BCI RSG5 T 5. 47% (p<
0.01), Lt V-BCI &G4 11.73% (p<0.001) ; Ed: Vd-
BCI & 48 B /R IE 7 R L E-BCI RS H 4.60% (p<

3% it

ARFFTE T —FEET P300 5 EnP #9IR 4 BCI &
S0, BT T 5l P300 A Bl EneP £ P300 5 ErP
FRAEZ RS R P300 5 EnP PR 2 RIS 4 Ry %
SEBREMGASIN i T A T4 S B0 25 SRR B, 08 2 B bRk 2
3k B RRI S5 5, 2 L AE S DR R LA 1 R
T R W IE SR, ABFSE 4 B SE T P300 5 ExP 1Y
IRA BCLEETH T HARKIN R G010 T 554

BRSO SE R R, B P300 FRAF AR RS HERR R T
B EreP FEAE 5, 22 B /N SR A58 05 & 1 P300
By B INAR A, T 50% ME R A48 15 R 75 & 0 P TR
ErP $FE AT R84 32 3 32180 9% 57 B 52, PR AR 0F 5% -
ANJETE S EreP FRAF R € 7 AL IETR & BCL REEHY
FERARAD IR U, TR EeeP S5O AR 4R AL S 5 5|
PG5 i P 00 A s v A BT bR AR B i B B



5 6 3]

T P300 5 ErP JRACRS BIIN-PLIE H H AR RN T7 % -+ 37 -

* %

HARAS 2

F8 ARITERGIIER(" p<0. 05,7 p<0. 01, p<0. 001)
Fig. 8 Results of systematic classification of different schemes ( “p<0. 05, p<0. 01, p<0. 001)

EIRSE T ofisk S

FHA T B I L RFAE A T 402 5 B3t P300 5 EnP
PR 2 RS RIS T T R G0 R e R, (HASTE
B PR Z A T I H AR R AT B
P300 A H AR H R A HE T BN 83 (A AE S 1 B A
Rz 5 b A ] RE 2 S BU™ E A G 5L, T DL I i FE
— SO [A] BUAS HEA T S5, T B T H FrAs: H Fe g 4R 5
B, PRIZ RS T RSP ARE H AR AR T Ak
P300 A H bR R T 5. 47% , 2 RS EAE T KR
HFRAIEE N B bR 588 5 76 1 TS UGS DU o sk A
T RGERIEIIR S,

FH T B 2k S 5 Hh JE IR SRS P300 4FAE {145 H bR
A5 AN SC L 5 B2 5 o0 BRI S 45, HL AT DL A 2
MARGAGRN I — 5838, ZIE IR &4 3T P300
FR T P A0 S A R DL % G A5 il 5 A R A R 2R TR
& BCI HARK R Ge , HARK UL, A4 556 77 28 1 Se kil
P300 FfEh B br/dE B bR RS 25 R, 301015 & I e
EnP {55 B Ja il & A 40 A UK 2 i Al &t s
I, I H AT IR 2 A OME$E = Bk 1 EEG #4645
FHERR AN ARSI LS S R A R R T
R R 24 B I 2B80R KRR FRIEZE R 2
E— 2Rl A, T 3853 R i H A - 22 2 B B -2 -0 R
TE A3 SR AA O = 1 R G A U R

4 45 it

ARG T HT P300 Ml EnP (WIR A BCI R4t
JRINIFE K T A AR Ol L RR AR, O (8 P BE T o SR il
G007 A BT 1 58 RSVP-BCL H b Al v fff 5657
PR B[R, Sy ik A -HLRS 5280 A 2l B ARSI 4 A 1 A&
Jrd At 1R L, B 0 LRI
5%

[1] XUMP, HE F, JUNG P, et al. Current challenges for

BARIEME

(2]

(3]

[4]

[5]

[6]

(7]

[8]

(9]

I E-BCI

= V-BCI
B E:V-BCI
B Ed:Vd-BCI

b=S S RURT RS

the practical application of electroencephalography-based
brain-computer interfaces [ J ]. 2021,
7 (12) . 1710-1712.

TORRES E P, TORRES E A, HERNANDEZ-ALVAREZ M,
et al. EEG-based BCI emotion recognition; A survey[ ] ].
Sensors, 2020, 20 (18) . 36.

MENG J Y, XU M P, WANG K, et al. Separable EEG
features induced by timing prediction for active brain-
computer interfaces[ J]. Sensors, 2020, 20 (12) . 3588.
LEES S, DAYAN N, CECOTTI H, et al. A review of

rapid serial visual presentation-based brain-computer

Engineering,

interfaces [ J |.
15 (2) . 23.
LI B, LIN Y, GAO X, et al. Enhancing the EEG

classification in RSVP task by combining interval model

Journal of Neural Engineering, 2018,

of ERPs with spatial and temporal regions of interest[ J ].
Journal of Neural Engineering, 2021, 18 (1) 016008.

FEET A = I A S BT XS TR 4 R B 5
i A5 S I S R G R E R BT B [ T]. AR T
P22 ,2022,39(1) : 39-46.

CUILYJ, XIES Y, XIE X ZH, et al. A spatial-temporal
hybrid feature extraction method for rapid serial visual
presentation of electroencephalogram signals[ J]. Journal
of Biomedical Engineering, 2022, 39(1) ; 39-46.

LIN Z, ZENG Y, WANG X, et al. EEG-based target
detection during a multi-rapid serial visual presentation[ C ].
2017 8th International IEEE/EMBS Conference on Neural
Engineering (NER) , 2017 556-559.

MAOJY, QIU S, WEI W, et al. Cross-modal guiding
and reweighting network for multi-modal RSVP-based

target detection [ J ]. Neural Networks, 2023, 161;

65-82.
MAO J, QIU S, LI D, et al. A cross-modal guiding and
fusion method for multi-modal RSVP-based image



38 R R %37 %
retrieval [ C ]. International Joint Conference on Neural Applications (CIVEMSA), 2019. 172-175.
Networks (IJCNN), 2021 1-7. (18] Pha, Bh-F, B ek, 45, Jk-HLa 11 P R R A G
[10] ZEYL T, YIN E W, KEIGHTLEY M, et al. Adding P RIS SEEIESE [ )], AR R TR AR, 2021,
real-time bayesian ranks to error-related potential scores 38(3) . 463-472.
improves error detection and auto-correction in a P300 SUN J S, ZHONG Z P, XIAO X L, et al. Classification
speller[ J]. TEEE Transactions on Neural Systems and algorithms of error-related potentials in brain-computer
Rehabilitation Engineering, 2016, 24 (1) . 46-56. interface[ J|. Journal of Biomedical Engineering, 2021,
[11] ZEYLT, YIN E R, KEIGHTLEY M, et al. Partially 38(3) ; 463-472
supervised P300 speller adaptation for eventual stimulus [19]  ZEfB, R4, PMVE B, 5. 22T RSVP T ) AN B

[12]

[13]

[14]

[15]

[16]

[17]

timing optimization: Target confidence is superior to
error-related potential score as an uncertain label [ J].
Journal of Neural Engineering, 2016, 13 (2): 026008.

CRUZ A, PIRES G, NUNES U J. Double ErrP detection
for automatic error correction in an ERP-based BCI
speller[ J]. IEEE Transactions on Neural Systems and
Rehabilitation Engineering, 2018, 26 (1) : 26-36.

LI Z, ZHANG S, PAN J. Advances in hybrid brain-computer
interfaces : and applications [ J ].
2019,

Principles, design,
Computational Intelligence and Neuroscience,
2019 3807670.

BhER, H G OC, X, 4F. BT P300-SSVEP Y XLA P
G -ZEAUE DU B R [T]. KRB S48,
2022,37(6) : 1401-1411.

HAN J, DONG B W, LIU M, et al. Two-person collaborative
brain-controlled robotic arm system for writing Chinese
character using P300 and SSVEP features [ J ].

2022,

Journal of
Data Acquisition and Processing, 37 (6):
1401-1411.

BARBU A, MAYO D, ALVERIO J, et al. ObjectNet; A
large-scale bias-controlled dataset for pushing the limits of
object recognition models [ C ]. 33rd Conference on
Neural Information
(NeurIPS) , 2019.
MARATHE A R, RIES A J, MCDOWELL K. Sliding

HDCA ; Single-trial EEG classification to overcome and

Processing Systems

quantify temporal variability[ J]. IEEE Transactions on
Neural Systems and Rehabilitation Engineering, 2014,
22(2): 201-211.

XIAO X L, XU M P, MING D. A comparison of
classification methods for recognizing single-trial ERP in
RSVP-based brain-computer interfaces[ C]. 24th IEEE
International Conference on Computational Intelligence

and Virtual Environments for Measurement Systems and

AR ANLEME RGNS ()], oL T 5L R
#,2022,36(6) : 22-29.
LIJF, XUJJ, SUNM Y, et al. Research on human-
machine cooperation system for bad information detection
based on RSVP[ J]. Journal of Electronic Measurement
and Instrumentation, 2022, 36(6) . 22-29.
EEE T
FNBEEY, 2021 AF T A0 Tolk KA 3K45
AL, O R R R B s 5Ot T
ey R T e e s S L L
LM,

E-mail; jingminsun@ tju. edu. cn

Sun Jingmin received her B. Sc. degree
from Hefei University of Technology in 2021. Now she is a
M. Sc. candidate in School of Precision Instrument and Opto-
Electronics Engineering, Tianjin University. Her main research
interest includes brain-computer interface.

SAE CGEAFAEH ), 73l 7E 1986 4F
1993 45T RH R A AR AG 27 2 AL s 1227
AL IR KR 2 B 2 TR S A AL R 2 5T
BEMFSE B3, S BEAT S 07 1) R AR ) B o WL T
“f JUHL Holter % B8 70 HT . 28 I 5 T T AR HL
(YNNI S RE b (S RV A
AFR IR BT S AU
E-mail ; Ixzhang@ tju. edu. cn

Zhang Lixin ( Corresponding author) received his B. Sc.
degree in 1986 and M. Sc.

University. Now he is a researcher at the Institute of Medical

degree in 1993 from Tianjin

Engineering and Translational Medicine of Tianjin University. His

research interests include biomedical electronics, Holter

intelligent analysis of ECG, puncture navigation surgical robot,
ultrasonic hyperthermia simulation and modeling, digital medical
image processing and telemedicine and embedded medical

instruments.



