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Abstract: To address the issues of low spatial resolution and susceptibility to noise in traditional single-modality
brain-computer interface (BCI) technologies based on electroencephalography (EEG), an increasing number of studies have
focused on BCI research that combines EEG signals with functional near-infrared spectroscopy (fNIRS) signals. However,
integrating these two heterogeneous signals poses challenges. This paper proposes an innovative end-to-end signal fusion
method based on deep learning and evidence theory for motor imagery (MI) classification. The spatiotemporal feature infor-
mation of EEG signals is extracted using dual-scale temporal convolution and depth wise separable convolution, with a hy-
brid attention module introduced to enhance the network’s ability to perceive important features. For fNIRS signals, spatial
convolution across all channels explores activation differences between different brain regions, while parallel temporal con-
volution and gated recurrent unit (GRU) capture richer temporal feature information. During the decision fusion stage, the
decision outputs obtained from decoding each signal are first utilized to estimate uncertainty using Dirichlet distribution pa-
rameter estimation. Subsequently, Dempster-Shafer theory (DST) is employed for dual-layer reasoning, effectively merging

evidence from the two basic belief assignment (BBA) methods and different modalities to obtain the decoding results. The
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proposed model is evaluated on the publicly available TU-Berlin-A dataset, achieving an average accuracy of 83.26%,

which represents a 3.78 percentage points improvement compared to the state-of-the-art research. This provides new ideas

and approaches for fusion studies based on EEG and fNIRS signals.
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2 DA B 2L [R] g e 75 R b 5% . B S X EEG (5 5 i 47
8~30 Hz 1Yi7 il UE I , B 7ELR B 5 M1 23284 55 AHOG Y
R B UL . i FH-5~-2 s I E AT SR ER AR IE 9
D PRIASR 22 5 B0 SRS B R G 2% L RS
B3 M UL ) A AR PR TG 50 R A% S A b S S 0 )
PR, 2 TS R TSR . AT AR 5
FE 10 s AT 55 25 09 B8 ofe I 2 I 45, T 2 J 2ok 3 i
T g, BRAORBLE & 0 R/ 3 s, 26K N3 s

B AN B B R 77 X5 10 s B9 80 474031, ik 209 e 8
PR RCR R A A 20 1 EEG 5 5 1 4
K/INHE (60,30,2 000) 75 i (180,30, 600) (kK , il il ,
RAFERT ] ). BARA I
data]=EEG[Li:, (j—1) x3xF:jx3xF,] (8)

Hovp, datal £ R 8 AR CE A B OB,
Jj € [1,3];F /R EEG A5 5 I RAEIF , Jy 200 Hz.
4.2.2 {NIRS{SSHi4iE

SRAEH 1Y INIRS BUE & 615 5 3 0 i £ , 15 Je )
FAAE IE 19 He R - B 2 A5 1 HbO F1 HbR (¢ 3 A48
B . AT S 228 5 SR P b 3 — 3y JE
UEDGATEL R 0.01~0.1 Haz X 080 047 08 Ik A 25 B0 Bk AN
WP 5 7= A (R R, TRVRE T —5~—2 s I B M0 4 7 3L 2k
WEIE , $EHUT 55 B Be il 10 s Bt Ve 4 1 ab BE 3 . AR SC
4 HbO A1 HbR %4k 76 38 38 48 B E 175 9, 8 H 2 93 B0
VHE AR X [] — s 221 S ) 3 3 %) B0 kA7 00 — 1k, LA

S ER =W
, fNIRS[, : , /]— mean(fNIRS[, :
z_datali.:. 1= : std(]fNIRS[i,(; 1) :
o i FRORE K e IR ¢S] A
i A EEG 15 5 43 I [FRE 19 7 1 %) INTRS £ afs it
P ALBE, F o 10 Hz, e AR 3238 5 19 INIRS 55
W 4E B KN (60,72, 100) 28 %, (180,72,30).

5 XBERSNH

5.1 XWiEE

R T VAR B AR HE BE G 43 2R ME e, S IE R 24
ARlA AR AR SCHE A T B4 TU-Berlin-A X}
B2 IR VAT T AT RAE, 45 R KR N AL
UG AIE S 2 v A . AR R I R FH 38 U i A R B
Fl Adam TRALES | 2 2] 32358 0.001, #E K/ A 64, Y1125
B 12058, I8 F 55 — S U0 2545 2 A AR it
BT IRAR .
5.2 BIESSZESHERIER

AT FEPEAG T 5 A B 5 (0 245 1 22 A5 25 A Y A
TU-Berlin-A $6 4 1 1950 JEVERE , IF AR I S0 9 45 SR 2
il 7P 7. 4 OO M R I A AR Y o Ik RE A T
AR RL . Ry T E— A PR B A A B TR X T
P BB S B ) B I O, AR SO T 28 45 R 1
PRSI AZ I E | . E 8 s, M T
EEG M 4% , il A B A0 25 42 T 19 22 3R 3 HL B 3k 5
86.21%, 1M A XF T INIRS P 2% , 32 T+ % Ny 82.76%. i [
Wilcoxon B FIR 46 43 5 K6 46 T A A B S AN AR S 22
[F1] {4 2 S 15 0 3 25 SR R A 1 p {25/ F 0,001,
T e 2s G HA Goit2f A B

9 R T 321 S8 i FHAS [RI A 7R T 1% TR V8 e

D ()
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EEG
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(b) INIRSHET 5 A AR BT H
8 A A X T P Fh B 2 4 R s R 1

AT LA A EEG 50 INIRS 5 5, 26 T 702K
e 22 S AOR RN WL AR P ST 2R

T

(a) EEG ALY 1 1R 16 4 1

T AR 2%

(b) fNIRSHEETRY [ R VE i B

T RPN A G D I ELMER R
Th. X T R RELAS M5 B A 7, (AR B
T TR 1 P A AR 25 KA T 3 A AR 2, DA T R A
F) o MER R BT T A2 A T U 3.

5.3 SEMHARWERILE

P 1 i S AR R BAEEE LN ZRPTAh ) S tb s
RIGHAT T HoA S5 R RT3 1 Scak[ 11 LRGSR A
%, LVEEG B 3G 3/ CSP 231 A7 22 \HbO #11
HbR A B (] S4B e b A R AR, AT FHIS 46 LDA 432545
AYHUER K EEG 155 65.6% HbO 155 63.5% HbR {5
566.5%, 1RG5 M 74.2%, A EEG 11 5 8.6 1
a5 SCHRL 13 B A b 7 D SR AR & i —Fh

2 PR AR LS — R SR 2 B A i . YT EEG
155, 20 R ER I 3R R AE R FH S R ) AL 20 22 ) I
PRI CSPARHE R FH LDA 3 2K 88 K BRAR . X T
INTRS {55, 43 A F LDA #2 5 HbO Al HbR 4438 38 (144
THAE AR IR 25 1542, DA Rl B ) R B AR CSP
A3 B SAEAE MRFE , R FH LDA BEAT 20 25 (W 4%
PRAR . B2 U I 78.56% , e T-HABK AR FI BARE 2
Al A BEAR IO S . SOk [22 R SCHR[ 17 149 538 1 INTRS

595 % EEG FRE AR UL EEG 15 5 51 5 INIRS $51iF
FHRER, il 22 5 I 4 SR 38 v 0 — P s FE ik
B, X RS 5 2 E] i A BEAE G . SCik (21 14 Y
W 28 A L IR PR S 5, T8 BB & RRE R, HER R
K 76.21%. A SCHEH B 22 S Rl T 48 AN UL HERR R
T A LS O SO AR S B S5 A L,
A SR EE . A, 3R A INTRS B EUAS T He
A SRR A A 2 R R
5.4 JHBLEIE

SR T WEFE T R Hh A5 2 RGER 3 BA RE R, AR SC
X A BB AS A AR R A AT T IS . JF R T
USRS TUE R HEBR AR & ik A R, 5B
FIPSR Z R AT T X

X TS EEG 55 A SCRHR H B 26 548 [R] i
BTN H , AL A SR B A T R S A
TRATERSIMLE], LABG AR SCHf FH 5 2 A 80, 25 5%

TR 25

(c) ZBESRE BN AYIRIAHE

9 I 8 AYA R A IR HE
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*1 FEAR—#BEENARFRIILER AT % 2 EECHEMEHMIWER

PSP EEG NIRS EEG+NIRS R | S S RETER — Kappa
SCHR[1112017 | 65.60 | 63.50(HBO).66.50(HbR) | 74.20 JyHL
SCHR[131,2019 | 73.28 71.21 78.56 EEG-1 KEAER N 72.64 0.452
SCHR[141,2020 71.55 67.01(H1b0),69.31(HbR) | 77.53 EEG-2 | /MEER J 72.89 0.458
k(2212022 | 76.50+9.63 67.80+8.23 78.59+8.86 EEG-3 | MNEHEM x 74.32 0473
k2112023 | 65.00 63.13 76.21 A3 | BOUEER J 75.44 0.508
k1712023 | 71.9+17.09 74.14+10.40 79.48+11.32

A 75.44+10.77 75.59+5.75 83.26:6.98 RIS DL K A5l FH GRU BB 1 52 e, 25 R n 3% 3

W2 s . AR REE R ERAE R AR RE ) L4547
I e S WIRR RURE A AR RE S T A T M AT AR 5 1)
WIRAE R, TSR 28 A FRIARE ST . K2 iR, ke
RS  HER AR T T 29 114 A 23 5, 1 5R]
TE R BRI P ERE AR T 2 T BURAE ], A B T
R S G Al T BRI, S 20 2R R R

X RS INIRS A5 5, AR SO FL 73 17 AN Al 45

N . TR I )RR R 4 B B, R TT 40 B S RS
T o 4 BB O 1 60 20 SRR R oA W b T S
BRI RS (B AE B R (AR I BUCR T R
DB, 33 AT 8 A R Ry b o A5 R BR 08 B 32 % 22 381 3 1) i
MES UATER G B R, BRI T LS 4 1) b A 2 3
T8 22 18] (2 [ 56 22 A sg BAE . [l 5] A GRU A5
Bt gt — A5 SR A B R AR SRR ) L 3R T T 2
.

&3 INIRSHEKMEHAMELILER

- e B 6 21 L
LAY 23 [ FFAF 4 H e e TR /% Kappa
NIRS-1 FRifEB I B AR X 72.01 0.440
NIRS-2 bR FrifEAR R x 71.67 0.433
fNIRS-2 PRI x N 73.62 0.472
fNIRS-4 RO e 2 RT3 B R N 72.35 0.447
AL PRUEGTR TREET] 73 B4 TR N 75.59 0.505
FAPRILEGHE R RA AR E SRR AE SIS L.
SERIEAT PR BE S i — 2P JE AN Sigmoid pRELTS Fd4 FEREEBMAEHENOILE
BN 2L 5 L3 MR % 0 80.63%. BT R S RS T WEFI /% | Kappa
FIRUE ARG i A8 1 AT — N 2 A A R A Fusion-1 IR 80.63 0613
BT A5 S ) 1 I AER |, SR 5 AR e ok S A X 3 Fusion-2 TS S 82.68 | 0.648
KA RIATINAL, T 203 FE W R 1K 2 82.68%. HHILZ Fusion-3 | BIZSI EEE A G MEATUEARERE | 73.47 | 0.469
T AR SCHR 1 U i FE O AR RN S 1 AL T AR A3 8326 | 0.665
BT B FEUER R AL T 2 83.26% , 7o/ B ik T F Tk
WA 4 IR . RS I A T IR T 6 IR

AR, oK EEG HINIRS B i 4l 37 7 e 4 S L it
A7 f] Rl A, T Rl 5 B 4 2 45 R 43 31 R 7
BBA J5 1AM T B AR E A T, R e e
G . SIS R 2T IR A R RN 73.47 %,
TR AT B Y Rl B I 25 2 (83.26%). X —
55 AW TR (R B A A 1 s AR v, R BB T 0
AR A R ST A5 BORUR B 2 P, AT RE 3L
AlA 5 A5 BRI T 8UE B IR, TR 432
REF AR RUE R . BEAh 5 Rl (55 1 o g R
AL, Z A3 Rl B AL (14 43 25 YE B RN Kappa (B i 25 42
1o, e IR A3 R 25 SR B S N 2 i T REDLAN SR PE , T
ST A A RRE SR IRE 7, — R T 2R

X T RlA EEG {55 FINIRS {55 5 # MI 432507 5%,
AR SCHRE T — b (i FHE 38 F RS 1 b Rl S s 1) Bl
KL . B, 0 EEG BB AT INTRS AR A AR 7
ABIEAT TIRAMIBESE . b AEXT RS EEG A5 5 1
T /N AR B A6 BROR FE 43 42 88 45 5 19 B 1]
FEAE, 151 A TR A 1R 5 ) ML R £ a4 A M g Az Ak
AEJ) . FEXS BB INIRS 155 FWT 5 o, X 0 2% v £ ]
B A% B RN R B T INIRS B9 45088 031, Tl i {8
FATHIEFUR GRU B 4 1 H4= U 51 A Rl (5 8, . R
FI T ARG FE S 1 07 ¥ 64T EEG 55 FHNIRS 15 5 (19 i
B ST A RN R A, AR AN T B I R 2% 2
B O0 T RARHE 1 20 28 A0 v o 1 D5 s 1 | IE B
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