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E T P300-SSVEPHI M AthE X -1ZHWEXFHEE RS
AR 3 SEND IS AENE T | 1L 3%

(1. KA R ARG AR 506 7 TR 2EBE, KL 30007252, KR 2FE 22 T R 5 AL E 22058 B, K 300072)

@ E: L TE-M 4 2 (Brain-computer interface, BCD# lm-#H K LRk REGKRXHER., Km,
NARREG KA EARIEF X, BERATRHEA T2 8 b EAR P, X2l 28 R 5 T agdkdstr
5 F K AT FEA, KRR BRI A S A A AL B AL B kR AR R ek i A
P300 F= %4 & AL 3 # & ¥ 4% (Steady-state visual evoked potential, SSVEP) i ¥ 4% 42, FF & T 108 45 4~ 6%
BAMFERE-EIARE 2R, FARARBYRXF—E£ X H5, SLEMXEXFHEHEAN
87.92% ,-F 3 J£ 415 B 4% #ir it & (Information-transfer rate, I'TR) % 66.00 b/min, % & 4% & 7 BCI4#Z
B X, i T W B BCTAR AR AUARE 69 T 47 M Ao A 20k, W B BCI#R A 7 4 K 4%,
FEEIE . AL O AR A B s P300; A8 AL F A R An

RESES: R318;TNI1L7 XERAR SRS A

Two-Person Collaborative Brain-Controlled Robotic Arm System for Writing Chi-
nese Character Using P300 and SSVEP Features

HAN Jin', DONG Bowen®, LIU Miao"?, XU Minpeng"?, MING Dong"*?

(1. College of Precision Instruments and Optoelectronics Engineering, Tianjin University, Tianjin 300072, China;2. Academy of

Medical Engineering and Translational Medicine, Tianjin University, Tianjin 300072, China)

Abstract: Brain-controlled technology based on brain-computer interface (BCI) has developed rapidly and
made great progress. However, the existing research mostly adopts the single-person brain-controlled
manner, which has the problems of poor execution efficiency and low degree of controllability, making it
difficult to meet the needs of complex manipulation tasks. To address this problem, this study adopts a
time-frequency-phase hybrid encoding method, and designs a collaborative strategy. A two-person
collaborative brain-controlled robotic arm system with 108 instructions has been developed, enabling two
people to write Chinese characters simultaneously one stroke by one stroke. The average online accuracy of
the eight subjects is 87.92%, and the corresponding average online information-transfer rate (ITR) is
66.00 b/min. This system extends the BCI information interaction manner, and preliminarily verifies the
feasibility and effectiveness of collaborative BCI manipulation of robotic arm. It provides technical support
for collaborative BCI.

Key words: brain-computer interface(BCI); brain-controlled robotic arm; two-person collaboration; P300;
steady-state visual evoked potential (SSVEP)
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Jii-#L 42 1 (Brain-computer interface , BCI) J& — '] ¥ & 2 S04 19 28 SCHE AR | 38 1 SR 45 Wi o2 | i
FRITRG afn 4E 5 A AR B A 3 B AR S, R AR 5 Ak 3 R R i A R R T, DT e AR A 2 R T B
AL oM N T LK BIERAC B R AR E R TR SRR IE R ER Y T
BCT A fili 45 ¢ A 1E J2 38 o W 2 053 A K 15 = 0 H FE 3% Al S A0 30 35 4 110 428 1 45 5 L DA 52 WG AR iz
155, ™ 08 ol B 0 SR 3 5 A R aC T AR A T AT AR 0 B R Ak 4 ) B R SR AL TR 1 B R B AR

WEFE N B3R KRR AS [6] 48 B2 19 45 5L 5 AR T J ik -5 R Z2 000 TR R s T8k # R . 2010 4,
Royer 218 Y R H1 3k Bz il H, ( Electroencephalography , EEG ) 5 5 F1 % BE 5 1 % W&, 52 30 %5 kg #80 & 7Bl
() = 245 5 2013 4F , Lafleur 25T & T Wi 6 AL R S8, ¥4 51l i 32 3148 4 (Motor imagery, M) %
I AHLEY RATRE R, I FT sk 52 A A 9 S 05 B R I B 2 B 5 2015 4F , Karavas 25 7R & T —
Folo 37 R4 R G0, AT B RE A% ) BN 3 £2 90 0 A HLEAT 4 BA 64T 52017 4F , Merino % ¥ 831 T —Fl 52
R TC AR GE, S 1 X T AHL 64> H il EE R A T MIMEANLR G Z R G R A EZHE
il 45 2 B AL 3 5 2018 4F , Chen 25 T 1598 4 MO ML 2R 45, B0 31 1 18 485 5 43 1 R g T
#71E 520194F , Edelman % F G 6 BCTHE AR | B R SEBL T % A1 38 LM 1 o4 2845 ), 12 22 45 ] LA
Bl R SE AR S A BRI TR - EOR AT DAk R AR TR A TR R

HRER G A5 L R S e L H 22 R FHORE BN 1 G A 5, BB A B4 T 2L AT A TR R E A
THT T 52 2% 2% AF R 0 TAEAT 55, QA AT K 4503, ALK 5L 7 IR OO T, B 2 A0 S ML 45 37 5%, 5 A i 458
FEAE AT ROR 22 AT 45 11 v AR A o 0, X DL 906 5 o8 B4R 45 AT 451100 o s T, A 9 5 R T B 43 %2
BRI 53 22 41k TR A e A D7 R BT T RN P [ B AR SR R 3 AT 55 A O 43 43 BT B8 (T ask-related
component analysis, TRCA) fi# s P300 5 %2 25 ¥ 3 175 & ¥ £ (Steady-state visual evoked potential, SS-
VEP) R A Bl L AFE , TF & T 108 46 4 i 3 3 SN W [m] 27 i - LBV R 48, S i — 2 — Rl iy 3
HOASY RT BCIsxgH T, AR BCIB S AL T 2%

1 XWHE

1.1 #HiXER

A 10 L@ AZ I (44 LM 6 4 B AFEIRAE 21~28 % AR 45 Rl F) S I eg 2 5 5, Horp 8
ANSIN T LR RIBERFI HE AR S TARARIE ., RIEH/RKFERES A2 E8e
Foor VTR L AR T A T RIS [E A O A BT S R A T RE Y S SR S IR .
1.2 R%Zigit

-4 HLAE 2 40t BCT ¥ RGEFIHLAVE 45 7 RGEH L. B 1R T8 RGN HIAE &, Horp
BCIF R G IG5 5 R 5 AL BER R & A i 553k 38R 4 ARG AR AT < 323K 3 18 3o 7 9040 1l 4 s
T, 175 2 R N B4 AREAE G F, 228 3k 50 A 38 R 400 ] e B B A R 32 1 A5, SRS W TR0 48 2R DR - 0 S 5t
I X 5 5 BT AL 1] G B L T, A2 4 TR 3 s A R T 4 RO A T . AR, T e A I e O A S
THIZIKAE A TR T — 58U 0 Za i 0385 47 IE 0, I 45 SR 2538 1 TCP/TP 3 {5 P, 28 A b W I 53 1
e R MU (4 6-D 25 [a] AL b, Jim K AL A8 4 DS 04T G2 A7, 55 BXT HLARRY 114 5 I 42 11
1.2.1 ABA%BRE

PP 2 B SR W SR AL 22 Wk RIS 53 22 Bk AH 45 5 19 TR & 9 5 07 v T [R) I35 P300 RS 25 L 58
U5 & WAL AR AE . R 2 T, B SRS 108 A48 A P 1 3 Sl 124 33 BB, A A A B R O — A
S P300 BF S A% L 9 A AT e BE R BE AL TR L DA KR OB X R [R] K BE (9 460, HEJE 019 2 175 ]
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Fig.1 Block diagram of two-person collaborative brain-controlled robotic arm system

AN 1.49°, K F J7 10 B ff Ol 1.78° 0 B AN F 4 IR B 8] 24 200 ms, 3 3 8] B (Inter-stimulus inter-
val, 1S1) 28 100 ms. Jf A 5 5 [8] i FF 46 N5, BT LAE 1 s Z N 108 A 4% 1T LA 58 B — YR 5¢ 4% 11 3k 77
N, BR R 1A K (round ) o &1 3 TR T BEER 1 P9 9 AN 4 1Y il 38 o R 10, v 21 € 7 Sk AR R A
Fisk 221 ) 38 A T %) R A AT G B o 545 48 P300 G AR A TR 4 R IO T G R LAE 5% il 2k 8
AR, H B R 00 450 R ) A 7 BB AN AR TR o SR T e S i r R AE 1 AT AR 2GR ] 0 R
BT K T 12 Hz, B33 0] B 2L 0.2 Hz 3% i, 551 2250 6] 4 12.4~14.6 Hz, 91 41 {57 19 20 K 1% & 7T 38
N TF R R A B AR B AR R AR B KR 0.35m . TG M OR AE 27 5F LCD Wk S R, 4y

PEF R 192018 K X1 080 1% 2 , Il #i K 4 120 Hz.
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Fig.2 BCI subsystem—Distribution of 108 targets Fig.3 Flow chart of the hybrid encoding stimulus para-

on the stimulation interface digm
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R SEBRDCF BB G AR SR TS K B AR U S i Em AT ROy, B B W R
P A4 S, e JFG S A5 B ) T 4 S o O ] ) A T R 3 ke e R A i DU AT L e b e i 9 R
90 G R S e, 22 ) 4 OC AR R E  SE B DU AR S o L FEAR SO O LB S B AR B
P A i R DA — R i e R A2 Bl S B SR A T a5 X TR BEATIE LR o BN DU R T R A — 2
Xf 7 1] 4 #p 4 g (10, 14) B8 i s X, 88 28X (9, 18) S g K] 5 X T30 A5 7 B 55 — 2B X 7 /& 5 v 2
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(a) Two-dimensional pixels of “Fu” on (b) Index of target endpoints for “Fu”
the stimulation interface(108 pixels)
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Fig.4 Chinese character writing example—Fu
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(a) Two-dimensional pixels of “Shu” on (b) Index of target endpoints for “Shu”

the stimulation interface(108 pixels)
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Fig.5 Chinese character writing example—Shu

1.2.2 ALEMDL*

AW FERFAE F ZALHE P300 . SSVEP, DL AR A R A, AH N A i B B3 76 AR v 32 Bk 3% 20 2k A 4 )
43 H7 (Step-wise linear discriminant analysis, SWLDA) (4" Ji& 2 8t 8 45 3¢ 73 #F (Extended canonical corre-
lation analysis, ECCA) Ml TRCA ¥, Hh SWLDA 2HL &8 25%  Sil 4 g > —  se ik iy
il B, B ORI 3 ECCA M TRCA #7444 .

(IAE: 55 A O 1 53 43 B B3k

R A FEAE I SSVEP FRAF 09 i85, SR TRCA, FLAZ O AR X FRIZSHEA, 38— 2
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w=[w;, w,,w,, - wy, 1B 2B P72 Rk o R, AR RIS N, 2
R A S BB, BRI R g T .

WS BRI s B A i P O S () € RN A N S O RS B, 0 ) 23 P9 A R A S A
Ji 8 e U Jr 22 A0k

N,

N,
w'Sw= > > uvj‘wjoov<x;f‘>(t),xﬁf”(t)) (1)

hihy=1j1.js=1
hyF hy

A :Cov(a, b)REAER a5 oI5 2, SMERNRHRRIL /Ty 2280, NACRFEZE 0 T A 1y
IR AE, hy A AR IR w5 . xT (D) BEATR %, In A LLF FR 8 444

w Qw = E wj‘wjoov<Ijl([),sz([)>:1 (2)
AP QIR FIZANBEANR FE R A 22 Mo 285201, 2) , SR M5 5% 40 e v F5 46 Sy LU 0 4k ]

w’ Sw

(3)

w = arg max ——
v w Qw

i3 P B H SR BOA TR AR R MR AR Q1S X M ARAE n] . SRS L R F NS O R |

X T NASENREAS, SR T 51 1] PF ek 45 52 05 1) 47 46 0, 79 3 36 AR 2R e W B
W:[wl, Wy, W;, ---,w‘\y[] (4)

(2)9" i 74 B R AH OC 43 #7312

LA A 5& 43 #7 ( Canonical correlation analysis, CCA ) J& i i 5% P 41 55 4 1 1] & p9 35 52 S5 B, {7 1)
RS MR R B G f ok, LA AR A R

RS S XERY N, Y, e RN HIERIZB RN, A
sin(2nft) |
cos(erjZ)
Y, i

: J= o0 S5 0 I (5)

sin (22N, /)
_COS(ZTrNhﬂ)_
T Ny AN, 3 SRR T SO 118 9 B0 A B (AR SC e 80 5) DA BB s A B B P2 AR 5 XA Y 0
R B 5 5E AR 3 WL R W S CCA G /2 g

o o E[w!xy'w,]
W, W, = argmax p(W X, W]Y)= "
Ww, JEIwI xx w  E[wivy'w,] (6)

K E[REBA I, o RFE LRI K R E . ECCART CCA N, FIA T ZIRE MG A A
TG LA AR T 2 (1 R S L ECCA 9 %3 ] i 2% b AR 3 30 4 AL B T URE A XA (AT 2 4 X
e COA 7 50 1y 2 ] 4 U 7% W,( XX, )L 00 3 4038 A IE 4 5% BERR 22 CCA 13 51 60 % 1l 0 3 7
W(XY,). W,( XY, ) AT E BRI E A SBEAR 26 CCA 615 10 2 [ g 9 2 W,( X,Y,), oo i 1 2
PO A 25| W30 o 22 i 3 R il 5 R AT A A O AR B ik Ry
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Ti . ~ _ . a
-~ o(XTW (XX,), X, W, (XX,))
r,— b — . R o R (7)
i3 o XTW, (XY,), X, W, (XY,))
T XTWL(XLY), XTWL(XLY)
WA SCERL 16 ], % R B AT A R4, B
4
ﬁ[ZESigﬂ(rz‘.&>"’fk (8)
k=1

Hop e RFX (D A REA RG], e 2458 1 28 WU K o, 6 I 4323 2 H BR R 50 2%
1.2.3 MMA ISR T LA

% T &40k il Universal Robots 24 7 9 UR10 & 81l S H ML, f KEE sh BE 2 0 1 300 mm, & K 3K
Fiit 10 kg, Be KRB sh# B0 1 300 mm/s. XF T AU /9% 3 vl i i TCP/IP Wil k47 #4617 &
6-DAIRR (X,Y,Z, Ry, Ry, R,)FE T, Hovh XA MU A oty A0 0 T 356 057 100 12 B (32 A a2 S AL 11
TAEGEE), Y ZACFR LI =423 [\ th ACE A R R 845, Ry Ry R, MRE T X Y. Z =i
WERG A BE . TR ARG, BCLF & 48 nT LA LA 4 47 52 A 4 o
1.2.4 AA4FmeH ik

PP 24 A 5 1 SR 2-D ST (K X S =m X n) , T HLARE Ry 6-D 25 [6], R L 72 BCT T £ G5 e 0 i L 15 B
13BN 5, T 2 2 A bR W S 55 K 2D 1 THT A b B Je R BILBRVES 1Y) 6-D 23 B AR AR o 7E HILARUVE Bk
Ji, X Ry Ry R JEEEHEE . H b, SO UM I ERVEF & A X 58 R MOXN, IS 40 1] 20 iy S T
(4 F1f, K X SE=m X o) B — 8 (e, y) B 135 -1 (R YZ 18, K X 58 =M X N) 9 e 5 52
PR b S — AR, AR BRI R (X, Y — y/(n— 1)X N, Z+2/(m— 1)X M, Ry, Ry, R,
1.3 MEBERESHLE

fiki H8 48 38 4F Neuroscan Synamps2 R G #E 17 R 4L, i B R 45 R G060 % 64 1 v HL 3 0, 4 > XU
TE L 2 fe T TE | T S S 5 A ST B B, SRR AR R A S S RS . B E SR 24 4
A RSBSOS 40, AT Y A i S M PR ) A8 4K B s SCHF 20 KHz SRR SEG i, S IR FHBLAR T 10 kQ, R
FER P E N 1000 Hz, Z41 18 3E I 0.1~200 Hz, 50 Hz B ik 38 P g kb BG4 A7 . 3L T [ BR 10/20 24, 3
KT Fz.Cz.Pz . PO7 . PO8.O1.02 1 0z 84~ T8, ZH Bl N AEFL % M1, bl il FPz Al Fz 1% 48
1

e ORI, FEALEE PG (1) BEE 3800 5 (2) B N A 48F IR 51 o 24 T 25 B8 2 4R 00 1E s,
DU A] DL 0 TE R R0 H AR, A H AR IR A R . ARG F AT AR, 32T SSVEP I P300 FFAE R
PE SR T UB U AR 41100 TRCA J7 36 Fn4t: #0043 M7 (Linear discriminant analysis, LDA) fift i 553 | B
B2 A, 38 25 SR B SCHR L 15 TR SCiik [ 17 48 0 00 TR 5 e AiF A B8 35 32 5 1 ) B9 6 i DL SCik (191
PR, TR B g 1R 3, 32 BEOR F SSVEP R AE AR G FFAF 5 Fl A B 0 325 5 X TR He o8 E A R, 2R
FH P300 7 AF FIE A ¢ AF 95 F Ah 38 0 3% 5 % F 38 2455 19 18031, 222 R A SSVEP-P300 FR & F¢AE 1 Fh b
PRINE o % HL AR AR B AL BE S BN R .

X P300 4R AE , T 4k B [y BOKF SR AR R B8 g 25 Hz, bR 8 SRR 20 U1 e 35 5k 120 i % 2% 24 b 31
DR A E S HCH L1 Hz, 10 Hz ], R AE 48 B0 8] %3 2 [ 50 ms, 800 ms ], 0 ms AR I i 1 %1 .

X T SSVEP $HE , 4k BE B Bt R bE R [ 250 Hz, bk 8 SIRELHE 2 ik U 10 55 I 154 ik % 2% 41 4k
PR, uE R 2SR E S 8N [ X Hz, 92 Hz] (X=11, 22, 34,46, 58,70,82) , ¥ fiF £ B ] %7 24 [ 140 ms,
340 ms] o
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TV ER X B SB[ X He, 92 Hz] (X=1,11, 22, 34,46, 58,70, 82) , 4 A & BB 18] % 4 [ 50 ms,
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Fig.6 Flow chart of signal processing

1.4 LWRE

SE BT, A2 AL A B B R AR 60 e AR T L IR E L TSR W B A EAF L IF S E
PREFFINERI RS, 5, SEm A ML MEL TR, EELLE D W EBFEAE KW
L =R, MBI R 0797 K 8L 0.7 s SR I A B H N 1 4T 23 W] I IR i 22 5 e 1y TN
KR RFZES s, B2 i AR W] /Y H bR 5 W o B8 R BAL 45 14> H AR R A 8 A H b . B
A Z AR 7 B RO BE AL A DU A U T 108 AN F AT, 3 B8 AT 43 i 3 41 o8 R (B 4H 36 A F AT )
HHZ BT UAHTRE, BB EZA N 13 min, BELKILRET SA L, G 2 A, 310
o ERLRILRETAALIAPIK, BHBKFESMEZRLSNF WM MES . BiknT,
WG D7 B E R, D m 7 AE 16 28, 8 Sy, A 2 4 K & o8 i 8 B i, RIAR s R
TRy, 44 #1258 B 16 AR 3R sl 50 A% T B0 AT R S B RT, 24 U0 e TR AR S BIL U K AR 3 2R
(NS XS
1.5 PERETTAE

BCI 4058 & H & PE 18 #n 5 B 7% i 3 2R (Information-transfer rate, ITR) , HFE AKX K

ITR= logZN-O-PlogzP-O-(l—P)logZ% ><6—7(3

K NRIRLS DB PRGNS IE R, T i il 5448 2 Bt B[] ZEAR RgeHdh N2 108, B
FALE S AWM NI, T LA TR 1.7.2.7.3.7 4.7 M 5.7 sCHAS L 8] 0.7 3 AR R 8 Aot i) :1.2.3 .4
M5s). TEFEBMRE, ELLE T, TFHEEMBINY 4 s, H T I B 2 6l sl BOE 18 25 il .

2 TLIEHER

2.1 HFMESTHT

ARTIF 5T 30 228 B (]33 3 A A7 B i 1523, BT LA & P300 A1 SSVEP HEAE , I 38 23 AH R i) ML 7% 24 >
AR TR 0 G F R R R AT IR 5 4026, SCHRT20-21 1B BFSE 45 S 2 U, R AS ERP B4 76 45 B 32 AR
HFE 1~4 Hz 9, B AR A A 20 - T AR I 5 38 11 A B 451 3R 3 38 15 8 0 12 Hz DA, B LA AT LAGE i R )
1) 8 Uk 25 Ab B, 43 B W EE A ERP M SSVEP 43 o Bl 7 )8R T 1E C2.Pz. Oz = S B AL 1Y B2 ERP %
o JHERR SSVEP (9 T-H , Bt 2 1 45 55 hy 1~ 11 Hz (945 3 38 % 28 b B8, 37 K4 SR ey 250 Hzo B[] %
0 ms R F MBI LA 20 . M7 7] LUOULER 31 B 2 (19 N 100 543, BRI Z 4k, 78 Cz Pz B AT B B i P300
LAY AE Oz FIEAT B B P100 B4y o 18 8 BB T 12.4 Hz fl 14.6 Hz 51 R M3 AE Oz S i I I |, Hy ik
PR ERP 13, Bl 20 52 7 58 4 11~ 17 Haz (1445 30 8 % 5 kb BE , JF B R BE R 250 Hzo B[4 O ms

(9)
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FRFHRFOIT ik 220 . I 8 AT LU B 7R JOT 46 (0 ms) J= i ¥ B B9 U 3 i 2 T B 48 O, 181 8 (b) I IE
M A AR KT P 8 (), Ul W AIR 35 1 5 BB AR AR G . AP 7 (8 IR I e 7, et T S 98 e i v A R

(8] B% 24 100 ms, P M7 5 i FL 25 60 7 10 Hz (9 [ 2 3R IR 5 . LIRSS R LW, & &l h s & B &5 ERP

o3 F SSVEP 8y, vl ]l T T — i 0 2851 .
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Fig.7 Average transient ERP at Cz,Pz and Oz
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(a) Stimulation freauency 12.4 Hz (i.e.Module 1)  (b) Stimulation frequency 14.6 Hz (i.e.Module 2)
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Fig.8 Average SSVEP of different stimulation frequencies at Oz channel
2.2 BEER

B SE R HBE — 1k (Leave-one-out, LOO) , GLF B IE# R A ITR . B 9 J&/R T R B0 — FEAIE AN
A FRAIE S [ DR R 8 U0 0% A HR R 031 T Ay 2% R P S A% LE A 30 0 S R T 0 3 o G v 038 2 O R oM
W2, R p<C0.05, xR FR p<T0.01, "R 3R p<T0.001, e T 55 J7 5 oy PR DR 25 o 0 0 At Uy 22
GIHT .

ME9RT LA H, IE B R B N MR A R A 38 0 2 b T ds . 3T IR G4 IE R TRCA J7 ik fE R Bl
S BN AR T T A Ty o AE R AR 5 i (B 9(e) ) B TR A REAE R TRCA B
RAESE LR R B0 56 5 50 W, #0725 U IE 8 R AR IR R 73.80%6 .88.98%6,93.70% ,94.91% .96.29% , &
T TG RAR A TRCA-SWLDA B3 UE B T A SCH 1R A RRAE M i B0k i e bt . fE R 2
TELR TR BRI 25 H B S e 25 2R 8 IN MRS IR AT S 0 .

2.3 TELMEEE
T T S AP AELR I I EE R . LA LI, A4 8l — A1, 75 2 A VR 78 O 7“1 7 i
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S2 4.7(3.7-+1) 16/18 88.89 70.25
S3 5.7(3.7+2) 16/18 88.89 57.92
S4 5.7(3.7+2) 16/17 94.12 63.53
S5 4.7 (3.7+1) 16/20 80.00 59.80
S6 4.7(3.7+1) 16/19 84.21 64.61
S7 4.7(3.7+1) 16/18 88.89 70.25
S8 4.7(3.7+1) 16/19 84.21 64.61
Max 94.12 77.05
Min 80.00 57.92

Mean+=STD 87.92+4.61 66.0045.82
3 4RIF

A SCF IS 43 22 31k R 53 22 0k TR i B 5 v L B U P ] R AR SR L T T R T 108 45 4 B W



1410 R EBLE Journal of Data Acquisition and Processing Vol. 37, No. 6, 2022

N B3 1) M AU 2R e, 5 A 55 A S5 R o3 0 B B0 A 7 2 9 P300 A SSVEP {1 & HRAIE , K Bt
1 B 5 PR A A 5 B 6-D HLARAE , S B 1 0 MILARUE A 7 2 S I R S8 e B — 2B — R Y A

EO

R EE T N 42 7 20, SO B[R] 75 R AT B e A B 450 M S R o9 B [R) BCTHR i 17 H R

> HE

S &k

(1]

(2]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

WOLPAW J R, WOLPAW E W, ALLISON B Z, et al. Brain-computer interfaces: Principles and practice[M].[S.1.]: Oxford
University Press, 2012.

WANG Kun, XU Minpeng, WANG Yijun, et al. Enhance decoding of pre-movement EEG patterns for brain-computer
interfaces[J]. Journal of Neural Engineering, 2020, 17(1): 016033.

GAO Shangkai, WANG Yijun, GAO Xiaorong, et al. Visual and auditory brain-computer interfaces[J]. IEEE Transactions on
Biomedical Engineering, 2014, 61(5): 1436-1447.

GAO Xiaorong, WANG Yijun, CHEN Xiaogang, et al. Interface, interaction, and intelligence in generalized brain-computer
interfaces[J]. Trends in Cognitive Sciences, 2021, 25(8): 671-684.

ROYER A S, DOUD A J, ROSE M L, et al. EEG control of a virtual helicopter in 3-dimensional space using intelligent
control strategies[J]. IEEE Transactions on Neural Systems &. Rehabilitation Engineering, 2010, 18(6): 581-589.

LAFLEUR K, CASSADY K, DOUD A, et al. Quadcopter control in three-dimensional space using a noninvasive motor
imagery-based brain-computer interface[J]. Journal of Neural Engineering, 2013, 10(4): 046003.

KARAVAS G K, ARTEMIADIS P. On the effect of swarm collective behavior on human perception: Towards brain-swarm
interfaces[CJ//Proceedings of IEEE International Conference on Multi-sensor Fusion and Integration for Intelligent Systems.
[S.1): IEEE, 2015: 172-177.

MERINO L, NAYAK T, KOLAR P, et al. Asynchronous control of unmanned aerial vehicles using a steady-state visual
evoked potential-based brain computer interface[J]. Brain Computer Interfaces, 2017, 4(1/2): 1-14.

CHEN Xiaogang, ZHAO Bing, WANG Yijun, et al. Control of a 7-DOF robotic arm system with an SSVEP-based BCI[J].
International Journal of Neural Systems, 2018, 28(8): 1850018.

EDELMAN B J, MENG J, SUMA D, et al. Noninvasive neuroimaging enhances continuous neural tracking for robotic device
control[J]. Science Robotics, 2019, 4(31): eaaw6844.

CHEN Yonghao, CHEN Yang, YE Xiaochen, et al. Implementing a calibration-free SSVEP-based BCI system with 160
targets[J]. Journal of Neural Engineering, 2021, 18(4): 046094.

TOWNSEND G, PLATSKO V. Pushing the P300-based brain-computer interface beyond 100 bpm: Extending performance
guided constraints into the temporal domain[J]. Journal of Neural Engineering, 2016, 13(2): 026024.

RYAN D B, TOWNSEND G, GATES N A, et al. Evaluating brain-computer interface performance using color in the P300
checkerboard speller[J]. Clinical Neurophysiology, 2017, 128(10): 2050-2057.

WANG Yijun, CHEN Xiaogang, GAO Xiaorong, et al. A benchmark dataset for SSVEP-based brain-computer interfaces[J].
IEEE Transactions on Neural Systems and Rehabilitation Engineering, 2016, 25(10): 1746-1752.

XU Minpeng, HAN Jin, WANG Yijun, et al. Implementing over 100 command codes for a high-speed hybrid brain-computer
interface using concurrent P300 and SSVEP features[J]. IEEE Transactions on Biomedical Engineering, 2020, 67(11):
3073-3082.

NAKANISHI M, WANG Yijun, CHEN Xiaogang, et al. Enhancing detection of SSVEPs for a high-speed brain speller using
task-related component analysis[J]. IEEE Transactions on Biomedical Engineering, 2017, 65(1): 104-112.

HAN Jin, LIU Chuan, CHU lJiayue, et al. Effects of inter-stimulus intervals on concurrent P300 and SSVEP features for

hybrid brain-computer interfaces[J]. Journal of Neuroscience Methods, 2022, 372: 109535.



4 % .4 F P300-SSVEP 8 WA F a2 R E 55 5 A % 1411

[18] HAN lJin, XU Minpeng, WANG Yijun, et al. “Write” but not “spell” Chinese characters with a BCI-controlled robot[C]//
Proceedings of 2020 42nd Annual International Conference of the IEEE Engineering in Medicine & Biology Society (EMBC).
Montreal, QC, Canada: IEEE, 2020: 4741-4744.

[19] XU Minpeng, JIA Yihong, QI Hongzhi, et al. Use of a steady-state baseline to address evoked vs. oscillation models of visual
evoked potential origin[J]. NeuroImage, 2016, 134: 204-212.

[20] JIN J, ALLISON B Z, SELLERS E W, et al. An adaptive P300-based control system[J]. Journal of Neural Engineering,
2011, 8(3): 036006.

[21] JIN J, SELLERS E W, WANG X, et al. Targeting an efficient target-to-target interval for P300 speller brain-computer
interfaces[J]. Medical & Biological Engineering & Computing, 2012, 50(3): 289-296.

fEEEA

AR (1986-) , %, Wi+, ¥k
Ui, BIE 5T 5 1A - 2 AR
Jiki-MLEE O

481994, B, Wi+ 0 5
A RS D5 I s AL A
MR 2 > 2 /L {5 5 b
B 5 4 B, Email: jin-
han@tju.edu.cn,

VRIS (1988-) , BIs1EE,
F W BB g
P2 TR il -HL% 0 (s
S5 A BRI 22 9R 1 , E-mail:

minpeng.xu@tju.edu.cn,

B0 (1998-), 55, A L B
gL A WL T ) L
H g {7 5 b 35 23
#ro

Bl % (1976-) , B 1E &,
PR SR SR St R
2 TR AL T
AL ERRN 28 PR E-mail:

richardming@tju.edu.cn,

(% #. TH#)



