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Abstract: In recent years, brain-machine interface (BMI) technology has been used more and more widely in physical
rehabilitation and life support for the disabled and the elderly. For the the single-joint information transmission (SJIT)
model, through the model improvement, the decoder design and the auxiliary controller design, the closed-loop BMI system
is formulated in this paper to restore the movement of the single joint. The innovation of this paper mainly includes: 1)
the relative velocity vector is introduced to improve the SJIT model to reduce the overshoot, and then the performance of
improved model is tested; 2) based on this improved model, a decoder based on Wiener filter and an auxiliary controller
based on model predictive control strategy are designed and introduced to restore the missing information loop. The
offline and online simulation results show that the improved model can greatly improve the output performance, reduce the
overshoot clearly; and the formulated closed-loop system can well restore the missing information loop and track the target
trajectory. In addition, the closed-loop system has strong anti-interference capability.
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Jidi #1.4% I (brain-machine interface, BMI)£ AR{E N
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Fig. 1 The system of brain-machine interface

e ARIZ 5)) 5 K 7 JE A TT TR B 2 AN AT 47,
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() g 2 RS A A D B R T e
Pollok %54 T RS 1/M 145 X BRI T 45 s i 3l )
PEIR R, VRS M 7 ORI 48 B g sh i A 5
FRI: EspostiZE AAEBMIR St HH N Js it f2 il (5 f5 A4
ISR HAE A B, 2 SRR R SO IR B A 2
WX 2 R A 12): Kumars N\ FE T 0655 B AL i (single-
joint information transmission, SIIT)F 4 JE47 1 P34
BMI £ 4t % 1112 ). 751X 26 485 7Y o Bullock %5 A T
1998 FEHEH I SITTRABILE A BMI RS MG 2 L 428
| 5 R B T4 77 THI I 7 2 BIR 2 9G0, FE LR A
FEAE T 1) 12 AR LCRORS i 1 220 ) T K (X 354, 5
FAE TCHAE FR s s B R R, 5 TEH
W FTH R 2) B H 5 AR 0T Ia 3 ) 5
bR )& BEAR &, (B3R I A SR B IR PR
B D SEIT. (EAE, BT R B R H bR AR
BRI, % ISR RAE I A s I
AN RAE, AR AR — € R TC R) RE [RIN, 8 52 bR
N R ORI T B 2e4 m A BMIL AR SR 45
H A T LR IR B LR, FEA I e 15 48385 AR M 1) 4
15 BRI, B RHZAEA B i+ .

— i, EIR RS R, 7S RN
H— SRS, X T AR SIIT R S 07 & fi it
PRI A, v DR L8 5| AN B B —

B, BV Bk B AT dE. [FIR, A A R
RIR, TR BIE B T R S 0 R B 2T 2R
FEAE RO TR, AR S 5] N R K ) e
SIITAE A T 0.

AR, EERTBMIR G A i CAFAE— 2L 5T, 4E
FHIBMIR S, FMEB&R & i2 8 5 N R 2 5)
PATZR IS HAREE VLS, FEEEEBMIR AW
WK FE S K, TR I — ) ) B A 5 b
I AE B R 5 2 K A PR BMIR 4. 1X 514
RN E W TV G B S Tt A S 5t 55 5|
ANZ G5, BMIR S REA R P FHI171 78 i
[B] B AFAE A5 LT, Dangi Al Sussillo 2y B 78 1 3T
F 18 B K alman i % F138 VA #5228 ) 285 (1) e i s 0 4130
WA TIIRENERE, &5 R R BREE, fFhs s
P BB (HI 0 152 45 [ 42 1IDRG B8 ) A7 AR K $R FHU4-150; 2Kl
Hb, Dangi, OrsbornFlNatanif it X A L T 2% Fh 2
T2 R AT LU, e T — B 25 SRIe-181 3
HH, Orsbornff 5T R B, FIFABMI R ST R G /E 1]
SEPERIPAT R A BRI {HOrsbornth 5 Hi,
[R M ki FELA 5 7 S B ia Bl i A% 2 B I 7] A2 22 AL,
FE R 5 FH A0 2% H) 1 26 28 55 0 A 5 R R 7 1] 1)
KEREA B 2R, [FIE, BT Kz 3 X 38 an e
25 11 Jz A7 ) 1) iR B o A S8 A A, P DA SRS
H, FPRBMI R Gt 45 1 a2 SEBr v, 77 2 ih PR
e R S 0t ] B (i ), FE 51 N B i) 28 ASR AL 5
R Az ] 3200,

B L il R, BMISTUERE 44 77 % | 56 [l A ve Ko
Nicolelis##% F-7E20064 R i Hi 7 BMISHE YA LR
PRI 7 7 1 Y Foh 28 —ANRIER B FREEA
RPISEE S RN, CASE AERR 042 0 S MR 15 48 (o
). F, BMIURGA T 51 NG I8 B4 B2 ) s 1
IR 2 4t, FHEAE A _E 1 v S s ) 9 LS oot
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28 IR R G0 HA W BB S 1) NI
F Bl NGB a8 A AL & O R R ) 2R RS
HAEHEFR Z AR RS, S, 1%
THSER R FIE R M s e d s hl d N B T S,
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SRR P B DL S IO A i A AR B R S i 5 |
ECHIASHR 2 T A AT RER,

— & K 15, 9 4% 1 (model predictive control,
MPC) A LR3I A 1) RIGIEFRIE & BITERE

EARME N H bR R B, FRE R s 2 2)
HE PIIIARE TR K g N i HE A5 2 R R U AL S AR AL 1A
i — AR ER 2324 3) Rt AR e M SRR
JBLIRT RS SR T (5 M4 2 2] P A BMILR Gt 3 AR PE BE 1) 43
Hrep 23250 R bk, AR SCEBFEMPCIE AR EE 3R R SEH)
P A8,
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A ASIITHE A g B, 85 5] A AH X 18 B ] &
X A A AT O, R0 SO A B M REEAT T
iR R, BT eSO AR A, it 1T 2T Wiener JIE UK
(RIS Es . 5] AMPCHE A HI e tiE | HAB0R
YU A FABMI R S, DAY & 6k 2% (1) 45 518 2%,
SEHERIEE B bR B .
2 BRI AR
2.1 SJITHEE A

Bullock 5§72 H [RISIITHE B Ui (&2 ffr 7. 1248 L 4
AN T NRREAT B B ICTTIE 3 I 45 B AL i K.
AR, GO AR IS 5, SHE T EK R
WI'R: DVV Y HAEE I [7) & (desired velocity vector)-
OPV % i & ] & (outflow position vector). OFPV
Nt 1 A4 B 17 & (outflow force and position vect-
or). SFV A& /117 & (static force vector). IFV R
4 77 17) & (inertial force vector). PPV A BN 21| (47 B
[n] & (perceived position vector). DV 2 7] & (diffe-
rence vector), TPV A H b i & 7] & (target position
vector), JPV N5/ & [7] & (joint position vector), 7%
7 v M4 Jt(dynamic gamma motoneurons), ° S
~ FH £ JC (static gamma motoneurons), o N o fH 48 TG
(alpha motoneuron), Ia A Ta B44E N4 (type 1a affer-
ent fibers), ICHIIA f& N 4 4E(type 11 afferent fibers).
R DX 3 A 45 DX A4 N XIS

|7 A L

JPV (3&71)

IR0 S A5
(spinal cord circuit) (sensory feedback)

P2 SITTAERY( “—” Jodibilih S i ik
7o “=7 R )
Fig. 2 The SIIT model ( “~” represents inhibitory feedback,

and the rest of connections are excitatory)

DV £ 50 41 1 kit S TPV AIPPVIA] [ i 2. DV
22 TC P24 HL G Bl (average firing activity)r; FH R
Ak

ri(t) = max{T;(t) — z;(t) + B",0}, (1)
FHA0<r(¢) <1, FHrixy B E 3 l(agonist muscle).
TEJG SRR S AR N R B 10T A 2% B
#% 2l Wl (antagonistic muscle). T;(t) 3 7~ F 8 WL )

TPV, z; () R 7RPPVH 22 T 20 1 3 JHC L 38, IX e g 28
JCAIEESETH R SIS HTAL S B* R RDVAIZ T
HILRB RS B0 (base firing activity).

IS DV AR £ J0 20 2R v 5w 22 h) &, 2 T e
DVVHZ TR AT LU 184 5 /5 2DV VA 4 T 2
BT s B, (t):

w;(t) = max{g(t)(r;(t) — r;(t)) + B*,0}, (2)
Hrp: BYRERDVVHE LA IR IES); g(¢) Rk
GOfE T, IHBE Hok B T 2K M2 15 (basal ganglia).
DV VHIZ e HEEIE SN AE B s R b AT, B
FoP 2780 G sh 4GSR 1 A AL A% B [8] (phasic-move-
ment time). GOf& 5 g(t)3h&N

dg;ft) =e(—g' () +(C—g'(t)g"), Ga
dg;s(t) =e(=g*(t) + (C = g*(1))g' (1)), (3b)
9(t) = gogz@, (3¢)

Hop: H B NS 2 (slow integration rate); g° &Rl
o e 3 A () — AN BT R BN B C R NGOME 51
HME.
OPV 1 £ St 41 v] £ IXDV VAIPPV # £ 6 41 1) 15
B, AP ESy, () Rl
dyi(t) _
dt
(1 —i(®)(nxs(t) +
max{u;(t) — u;(t),0}) — yi(t)(nz;(t) +
max{u;(t) — u;(t),0}), 4
Hodn Ay L] R 7. i 25348 Bl 4 48 7T 4H (static moto-
neurons) F #2512 #2876 2H (dynamic motoneurons)
SIS (1), 7P (6)For, HoPRBiEsnh
7 (t) = wi(t), (52)
71 (t) = pmax{u;(t) — u;(t),0},  (5b)
Ferf AR R T TaZ TIPS 21 2~ 25 7
8l 30 (6a)—(6b) 3k 1

sh(t) =
S(Emax(35(0) - pi(1),0} +
smaxir? (1)~ 0 o), 6

s1(t) = S(0max{~](t) — pi(t),0}), (6b)
Horp: sl () Fs? () 53 R R Ta S FITUYL R AR S 41 4 1)
PR EIES; p s EBINALE; 0N ERSIZEE
#1-%ff (static nuclear bag and chain fibers) ] R ; ¢
7N B A% AR 4 4 (dynamic nuclear bag fibers) [ R
B AR NALEESNBAME ] S (w) =w/(1+100w?)
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Y5 H. PPV TG Y RIS B, (¢) WaR(7):

s;(t —7),0} — x;(t) max{oy,(t) +
sh(t —7) — st —7),0}, o

Forb: 7 RIORRBUERS; o 3 5 H &, IRV ZE e P
KImseeEahg, (t) W=
¢i(t) = Nimax{s; (t — 1) — s7(t — 7) — 4,0},

®)
Forh A9 BUSE. 1T SFV #1128 70 4 1 75 L 3
fi ()W H R 3o
dfi(t)

= (1= fi(t)hs;(t —T) -

VEOSE) + 55t =7), )
Horp: o NI K 46 2 2 (inhibitory scaling parame-
ter); hoAH I AR, LA ORI HI SN B0k (external
load compensation) ] K /NFITEE . OFPV# £ o 4T
B g ) a, (t) 3 2 RAR I Z oA I AR AL M
(phasic-tonic), HA] H F K R:

dt

ai(t) = yi(t) + ¢:(t) + fi(t). (10)
a P& TCAH I RSB (1 DR
a;(t) = a;(t) + s} (), (11)

H AR IR 225K [ 5 (stretch reflex) i 75 . F& T iR A
R, B E AT H R A

d gzz(t) = %(M(Cz(t) —pi(t))—M(c;(t)—p;(t))+

dt
Horb: EEVAL B p,; (¢) AL T 1B B I i A
176 ¥t P B9 (origin-to-insertion distances)Z [H]; 2R ALl Hh,
p; (MR REANALE, HE EINALE 2 85 2
pi(t) + p;(t) = 1, Moz EELA R, B8R
TN T 5 G B A 0, KON RTT R ah it &, V
NRATRERE. 2 M (¢;(t), pi(t)) = max{c;(t) — pi(t),
0} R E B B AE R T F. M (¢;(t) — pi(t)) —

M(c;(t) — p;(t)) IE4E AM, ¢;(t) RANLAYAEEZN
(contraction activity), HAIERIRN
O e o). 03

Hory RAEWAA % (contraction rate) IR/,

w1 ZER A HEM R, FEASCTE S, B
K EBINUL E p; () ARSI E.
2.2 R

S B 2 s L N AR 0B 3 P 30 4E (voluntary
movement)If, AR SETTERIE H ARz B JF AL

IR AN ; A STUTAL A A HA 1 OG5 o7 B AR B H B S5 1)
WA, X UL, AR AEAE R R /. Dy T T A,
Pz AR L& R G 8 I R R, RSk
HONKRATALE, 4, HiX— RS TAER, IR R
C i) 258 R AT 5 A R e P L R R R R B 1R R, AE S
SRERD 3T I B A RABAESE T X — f. R, EExF
I ) UK AR (i S e A ). A SCIEIE I H bRk
J¥ 7] £ (target velocity vetctor, TVV)#1 £ JG 20 | 575
TH B [7] & (joint velocity vector, JV V) 5 70 2H FAH X
T 7] & (relative velocity vector, RVV)#£8 G2 X} 58
2. 175 I SITT AR Al Hh et

WEB TR, ML TGS s, 128 H
TPV £ TR ANIPV AL TCAH E 4R 4 H A B A7 B [
&, P ATVVHEA LA, IVVH A LR Fig
At R R I PR [, B PR LT ) SRS RV VA
2“2 IE 5 S i HRVV. B 0 8 K Y
RVV 15 G DV 2 7o 20 i HH DV 3L [E 4 FH T
DV VI 2 TCAL 5 #4 J 1 elodE SITTRL A, B ARl ik 4
T

D) 5L NTVVFIIVY, i 52 1 i ot (6) Flo? (¢) 7T

GRSy
vy 9T(@) oo dpi(t)
v; (t) = a Y (t) = at
2) RVVHI % ol R H#i A TPV APV ) AR X 33 &,
HATHig A

(14)

vi (t) = v; (t) — o7 (). (15)
3) FHRHE, SOt EIDV VAT R
ui(t) =
max[g(t)(ri(t) —r; () +C(vf (t) —v;(t)))+ B", 0],
(16)

P CARVV M 231

I A s o A T PIDAA ] A4 I 4
RGmBAEBRAEN N EERRNERGEAR ST
TERK I 5 R 2, R0 T “RER0” 14 FH T LA
TEARKAEE _EHRTH R R . DR, AR SC 32 2
I 51 N X IERE (O B A ) Sk el SR A AR R, DA
RAMER AR O R G, Bk, X4 Hid
TBINITVVRIIVVH#Z L R EARVE R, RISk
SR C A TPVHIPVAR L 6 4L 38 2 ) & 20(15)
X TVVRIVVAZ JeH B S ) 47 R 24
VERAH BTV VATV VARZ 704 (KR 3 111 2(16)
ITE2R2) FI A _EIn N 7 AR S8R =15 000, i
T RM R B A BB SR SR AR T P 7 (¢) R
FAR/IN, TR TR b A e STITAR AL 5 J STITAR AL
R, WIAAA I gk R R
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Fig. 3 The model of single-joint mobile information transmission circuit was improved
2.3 ZORWA Sy 5t BEAE ¢ HUE R 3, & & o B8 U 1R

i BUERFER RN 10 ms. JEARAL A, AR B IE 2
W BT AR, fERTS0 msHh, RS T B3R,
HEIGOSE 5 (¢")1Et = 50 msi IFJH. g* &k [ #if fisi
PORH DI — AN, X — ST DVVE= AR
M. AR S, GO 538 3 42 il 56 15 7% 2 1) 33 )3 42 ol
58 B 4 58 AT 45 1 I 1B BRa, (0) = 2;(0) = 0.5,
yi(0) = y;(0) = 0.5, p;(0) = p;(0) = 0.5, u;(0)
u;(0) = B“Fir;(0) = r;(0) = B* 2.4, HAbAE &
VISR BEE 0.

K =200, V =10, v = 0.15, B" = 0.1,
B*=0.01, 0=05,0=05, ¢ =1,
n=0.7, p=0.04, \ = 150, \, = 10,
A=0.001, §=0.1, C = 25, ¢ = 0.05,
Y =14, h=001, 7=0.

ORI T AERAS L K S 5035 5 TR AR R AR ).

1) BREFES HAR.

AN IR P AR RS H AR R
H(14) 5 &, SO R TV VARZ Je 4 % 1E 0. [
I, 29¢ = OmF, B 2(16) 5 01, AH XI5 B2 XDV V) i
o (8) A=A oM, R SRS 55 R AR 5 4 A
[6]); {H24¢ £ OF, ModbA Rl L AR L 22 T AR
T BT L, SR AR B TR 75 SO AR 2 D R it
FERE R BN

W4, WA TN [F] A AR Ay v P e i ok
B 5 O () 2 M R A AR E 3= 3h LN
PN FBRSh, HESU B ST E 2 [R47F
TERZR, AR ENALEp, (t) KR RS R
R, Bl = 0.75, Ti(t) = 0.7. 14 H T AFRCHUYE
I ORI () & TR AR (r RO R 1 UGE 2 HAME
(1T B 18] ¢, 3R 7R R GLU AR I 8] o R oR R G B U ).
RIGREARRA AP EEXR, EHRLRHE

¢ = S EUFERALEIC = 0)Ff) i T & FER0.60%, %
U L P52 AR H W] B 45 5 R AR T % TR A, i
B¢ = 1. B4 1 ¢ = 1 JEUSE RS Bt A A i) R
ERRACRT LEAE AL SR, 7 B H 2, CAodE i A
R R LA N ZR 58 S R TR A AR
A1 R ARG = 0.75, Ty(t) = 0.7)
Table 1 The dynamic index of improved model

(¢° = 0.75, Ti(t) = 0.7)

Fag ¢ re/ms tp/ms al%
1 0.0 550 650 0.75
2 0.5 590 680 0.59
3 1.0 640 740 0.46
4 1.5 690 790 0.44
5 2.0 720 830 0.42
6 2.5 750 850 0.41
7 3.0 770 860 0.38
8 3.5 790 880 0.35
9 4.0 810 890 0.28
10 4.5 840 910 0.19
11 5.0 870 1250 0.15
075 T T T T T
0.70 e e e e
”
4
i
0.65F |/ 1
O i
S !
060+ | .
]
] — Hirihizk
055 1 = JARRERERROR 4
/ - - B PR
/
0.50 Vi 1 1 1 1 1
0 500 1000 1500 2000 2500 3000

t/ ms

Kl 4 #3 HAsRERER R
Fig. 4 The tracking results of static trajectory
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Fox, M A AE AN FIGOfE 5 (¢°) T AT RE
BAR. BEALHRT (t) = 0.7, IF [ E ¢ = 13EATIEt. 22
gt T R BRSO B — 2 51 g0 PR REFEAR.
2RI 15, St AL AT g UE Al TR B2/

PR 2R GE A WE SIS TR SE B, [RJ I, e a2 i m] &, T
JERRAN SRR, GO 5 5 HIHUE g = 0.758F )
A B0y PRI, AR S0 HAEGOfE 5 /E AUt
{H.

2 FEHBIFHLC=1)

Table 2 The comparison of dynamic index ({ = 1)

JRASAY AU Y
F5 g0

re/ms  tp/ms o/% ri/ms tp/ms  o/%
1 035 1120 1280 0.81 1200 1350 0.51
2 045 930 1080 0.88 990 1120 0.62
3 055 790 940 0.87 850 980 0.68
4 065 670 800 0.66 750 870 0.63
5 075 550 650 0.75 640 740 0.38
6 085 490 580 1.49 520 600 0.67
7 095 450 550 227 470 560 1.40

2) EREESHASENIL.

AN IR PR i 2 A R B R IR B A
THANMIT, (t) T RGERER: VIGaHLE 73 liEEh
0.7F10.4, WIUHTHEE 7 kS N0.1/s, 0.2/, 0.3/s, I35
DA FERE A1 s 5 PR AL B AL LRI IL 5 6553
A, R RG50S AP R ZE T 77 F (sum
of squared error, SSE)E NERER AR KIPEATFEFR. WA
SERUWRIFIR, RN, SO ()R 22 Y 7 FITE
65K IRERPUIE IS N 38/ T IR, DRI, OdhAgesy
FEERER BN AP I BOR AR T AR, EISRER T
51, 6P IR SE FxT b, KT ELWE H, Sodhps
R PR ER BN A LI R AR T AR A,

k3 NEPIEIRIZHAR
Table 3 The tracking results of dynamic trajectories

ZhAHbR WEETIIAI(SSE)
5

VG E  AHEERE RER e
1 0.7 -0.1 0.9108  0.9051
2 0.7 —0.2 0.9956  0.9653
3 0.7 -0.3 14928 1.4349
4 0.4 +0.3 02993 0.2606
5 0.4 +02 02514 02270
6 0.4 +0.1 0.2433  0.2126

0770 T T T T T
&)
0.65F AN i
| Y,
)
060F f \‘_,, -
<
é 0.55 ’,l B
H
0.50
045} o .
0.40 1 1 1 1 1
0 500 1000 1500 2000 2500 3000
t/ ms
— HREE R
——- HFRUT R R G S
——— HFRL NG RS
—— IREE HFR6

= FUbR6 T I RGO A
—=— F4r6 T et iR Sk

Kl 5 ShAPUERERERCR

Fig. 5 The tracking results of dynamic trajectories

3 HWHABMIRZGHIHIE

1 I3 %0, KX 34 DVV, OPV J2OFPV#IZ: 7T
SFL e T A F SR AR B SR MAIE Bl R A A SRR, X T
A B R A7 TE 1) R P e e N U 75 B A 8 SR B AR
EREEENSR T YN T EREE Eri ey S M ST F SN
TEA5 BIRAFHE BB AR, BT AR 38 X AMERF T 2
JRAAIZ ) Dy e t3-15), AR SCl i 5 T2 T MPC SR (1)
S EhFE A« BT WienerJEUKR 1IARIDES, M@ MG K6
B B PHER L4 1 R Guik ) F3R H 1. VR, A
o N L B3T3 SRV ISV AR T4 F 2 1 S ot
5 BAHTAME.
3.1 RSB AR T

1) AR

BT WienerflE U 1 fR-AD 35 AT E oA B, A
TS TR i e Sk B (1 7 SN ZRA5 3. AR ek
HERISITTAR B4 A2 sl I S5 B MR B8 . R 20(1)(3)-
Q6T 5, A2 BUELFE K R J2 % #h 4 T2H P 3T
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