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Fig.1  Anatomical structure of motor function of BG
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PEAR AL AR L3R v TR 114 T4 R T s A
FEAR AL T AR SRR A (8] 4 > HE LR
T, 92 Tl 38 165 DA Sy S Pl 5 S 10 i () 2 3 I 3 [
STN f4 < [H] 42 38 [ Fl— 2% DA B2 JiT 28 STN £ 35 GPe
YR 2 38 M 2H AL . Gurney SE NP2 R B
B AR B VA 1T 4y B B IR, T A E BE R N B, BE
PF SR I 3 Bl S A P

C g 7 AR ) R 28R T ORF R
TE) P18 75 AT i 510 0 5 B SR 5K T B 2 — A 17 B 1) i
B AR AR BRECIRUE S T D BB L 43 B 3 1 Rk
Bz 2 38 S 80 GPi R = AN A TR 3% B 78 i 1] _E
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Skeletal Oculomotor Associative Limbic
Motor Circuit nerve circuit circuit circuit

Cortex

STR
Output GPi e
core SNr 1= r
el Ventral Medial | Medialdorsal&
Thalamus Vetﬁmh anterior dorsal ventral anterior
alamus thalamus thalamus
(a) Bt is gl [l 5 | Sl I b 25 [ i TR AEL ] 6 1 300 25 [l
(a) skeletal motor circuit, oculomotor nerve circuit, associative circuit, limbic circuit.
Primary motor(M) cortex Premotor Associative[A) Limbic(L)
| Supplementary motor cortex cortex prefrontal cortex prefrontal cortex
(" Ventral anterior Ventral anterior Ventral anterior thalamic medial
thalamic nucleus, || thalamic nucleus, nucleus, magnocellular mediodorsal
dencicellular parvicellular subdivision & mediodoraal thalamic
\_  subdivision subdivision thalamic nucleus nucleus

(b)iz 3 X JRAR DX FNi0 2% X 25 Ky 21 21 K]

(b) the structural organization of the motor, associative and limbic circuits.

K5 BGr B IFATLn %
Fig.5 BG Separated Parallel Organizational Loop

(AR Ak, 3K AT LA 43 5138 09 3] B 4 L (R BE R B-STR AR TR I 15 S5 OO M sl 42 54 (4R
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JCZRY AR, BRI eI RE R B AT RS AT R s sh ARy AR R i B Y
A3 NSNS0 o T B [P 5 B A o A LURR B 17 00 8 8 0k 2 mas s ARy FAT X
BEE A RNE T 22 5 B -STN M TORI R  BG A i 2738 B AR DGR B 2 A Y 2 10, 1
Ji-STR #H 22 JC )@ T A A (P 22 ST DG STN DA 58 801 . B BG BIFSE U K , AN{UEE RS
BOE R 58 sh BB sh M2 BG M5B 568 B 52 4 (0 S, T FL2E T fiff X
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SRS DI RE X — B O E L X BG Y
Iy FiE 300 % 1 5 e A K B TS N DR T b
PR BC A5 Z I A B G R |, Wk s RS
FXTBCUIREMIRA R RS K .

2 ITARKEE

21 ITARKRBEWTHZIINE

— ELLIR, BG IYBTFEH T TR BG 2 KAk
PRAT R PSR ) R A% AT IR FRAT AN AR 2 10], BG
AT R R I P EEAIL R St 2 55 1.3 75,
TATE A4 T BG i i B AH SCHE S, MU % 1) £
JEE 2% 1 [A) 4238 56 GPe T RS il M 48 B, DT i
R GPe X STN HY 4 , 1 1M 35 i GPi 41 Jifd 9 1% R
JE s AR P 5 Z AR, 2 A2 A ] e
el b 2B E ST T Al s g,
Fei pAe dEim gl XA T N DR A R BRI IR E— 2
R Ry T HE 8 B T e, T T 2 3 s T 4
(BRI DLES 2.2.2795 , Gurney 58 A\ BYAFEHL) 3 Fif
A7 R PSR 8 e B ALt 28 AL T vt - i LR R
BL B b~ i 5 J B -3 ] AR AL T 2%
1,325 830k 32 ).

TIPS B, RIAR I e AL 2 A N 4%
b SR AZ ) BRI 73 D PR 2. A A R 5 S il
TR AN T Z 8] R R 1] (B8 s 52 ) R S B 5
1T A 1] 3 49 DU 2 3 3 A (] 38 (8 22 1] 114 i 45t 5 4 ok
S TSR IR R, B AR DL 3 I o 22 1
#% (Recurrent Neural Networks, RNN) &y LAt iy . —
SEREHYAR T R AL , DL S IR sk i e it
ORI AL E] A H T8 P 22 M 45,
T A R T e R
2.1.1 Winner—takes—all 3= 5= S] #1

R NAT Sy e B AR Y 32 B FI T STR Hf MSNs
Z B GABA JEHZ 1) i B . 7E 3 SEAR A v (1) 47 R
5 1k B R B 2 il 3 R SR H Winner—takes—all
(WTA) , & fiff ] #lt 28 9 28 g 85 3 — A~ B — 11
Winner. WTA 2% 2] LU 2 —F 55 4 6 R A9 52 > M
Wy TR 2R S — RS TE M 48 G54 vh i o —
ADTEGR LTEG S N FEE R AR

Ok SR = w A E A A S SR Y 1 )
AR 1) 5 X ORI 58 4 J22 v 25 ol 28 0008 0 4 A TR 1)
WA AT A — A A A B S 4 il
X FIW,

@33 Winner #1270 . 15 25— Fb 19 4y A

XX R, 292 A n A 203 B Y AL E
i) 5 W, 345 X AT AL b A 5 X Bk Ld A
H [n] 5 H) ) Winner #2200 , HALE (0] 51 0 W,
[[ORER P

W,:T-X=i:1111va§11(Wi-X) (1)

() 28 it 5 AUIEL T HE WA 2 > BT R
ARER T oA 1, AR o 0. HUA Rl 22
TCA AR HACE ) i X = PR RIEA R
1, HRIAE HR.

i 5 MSNs =2 ] %) 91 ] 322 432 £1%) %5 5 0 2% ey 1l
— B L , Winner #1122 TTII AR LB #0200,
NTTAERF AP 2 TT R TG B X FiA% N e Pt 72
AAE STR A, HL e A T3 5 A [v] 17 36 % 4% 128 )
BG % 2 A% N R A 9 HIAE Actor—Critic
REAYE ) Actor #843, For STR A FH K F SNe 9
NG 5 R PR R 14T Sh B S AU TR R
SRR ZHGRIERAE TP E A SRR 45 | (B2 TE
BT DL I YR 24 S A, SRt For v Y
R Winner—shares—all ™', 22 WTA HLH A9 —4>
AR B AR T i 28 e i A ) A 8 R A 2 A Y
KF, N Z2 A Bl 28 T0AB 1598 BR . 3 AL Fe i
AP A 2 U B T S AR R G, 14 R AR
TR A 7S A B B A

T£ Winner—loses—all (WLA ) #5 %4 /b | 5] 322 38 j#%
BTGPy Sl B, I TR 04T A il
JH B2 3 B A ) PR D S O 15 5 A A i
IFR R WLA) , A [] 3 % 22 R) 0 B ] 22 S >fe BHL
L2447 N AR BB BATAE 5 i 2 TT A X I Y
BT, 3K S8 B0 2 N STR 28 GP 31 Fr figi 14 43 #2515 8.
LA — 8430 5 STN Y4 B AR L , Gurney 55
B A A L JE B T STR KX I R EF 5
(Focusing signal ) iy i 4> 783X SRR | GPe
AN R —A 4 ] g%, A B TR R ER AR T4
FEEEE L 1X 5 GPe 7F Berns Fll Sejnowski FAJ 457
IVE AR FE AL GPe HH T S BRIEFR L
A A g OC B Y B[R] FEE AR Y, I A1, Gurney A FY 37
RO R 2 (AT IR S 24T AR 5
— SRR LR BG AT R 28 & — R
FORESRL N . XA 5 B i R Fr g Bz o B AT R i
PEI 25 (1 — o3 iR
2.1.2 Adaptive Resonance 3= 5 =] ##H 22 [ 4%

FEXT N2 0.0 BRAA RN 3 B9 A 58 #E o
Carpenter 25 A% — B i 6 #E 57 48 — 19 By B



9% 6 b

AT - BT IS 22 1 ML A A7 by DR SRS 9

B . 1976 4F |, Carpenter #& H F i& M 3t 37 2 i
(Adaptive Resonance Theory, ART) , ART J&—F{ A
HURIRR 28 B8 | BT 53 M A ] 7 A B 722 A i) 5 v
SIE R DR 29N & SIS DI IR E 7R I R o
ART SR AE — S T2 ) FE B Ak HEL Y S Al 1
Y .Grossberg £ 1957-1958 4F 42t 17—/l HAE £k
PRI J7 e 2 580K e 7 KMRAIL il J2 A 7= A 47
T RE #Y Y0 51 . 3k 28 J7 B A A T ORI Y A 2 AL
(Short-Term Memory, STM) . H* ] ic 12 (Medium-
Term Memory, MTM) I & # i 12 (Long-Term
Memory , LTM).STM i& AJ A 43 4 B AL Y STM J7 72
I3V STM J7 FEH™ LAY STM 5 7 .

TEJNANAY STM J7 B2 FR s Jin 7 —2E351, nf G2
JELMERY , X LT E T AN TTiE S U AL R
o, e
% - _A"x" + 2}’: 1ff (x/) Bﬁzf(';) -

igj(xj)cjlzf[) + 1 (2)

i (2) A7 e T AT R BB R L IE
B R (IR AT f 1 g, Fms 53 A
BAELEME 55 L B, C, 3R BRI L2, %07
RIALE:

S K STM J7 A5 B 42T T 455900 B 285 1

v DI
dv,
E = —Aix +
(B - xi) [ ifj(xj) Bﬁz](;) + 1] -
i=1
(D+x) 1 X () B + 1] (3)
i1

HHRE ) BHI D R E R, bS50 T
FHE(2).

I SCSTM 7 2
dx, 4
—=-=-A.x. +
dt Lxl

(B - Cxi) [ iﬁc('xk)Dkiykizki + 1] -

@+RQ[2&@J%m4ﬁL] (4)

JrFE(2)FI(3) AR (4) BYRPBR IGO0 . TR (4)
B C I F A 0% B2 i STM J7 72, 2447
TETCS B 70 U AW ) B 280 E=0, T E=0 IR 1k
BAE I AR B0 . S 250 C M F 320 O X
/L U S R S € S 1 = (S ST

LS () Dy, + LR T BGRB8  5m

EAHEA L Y g (6) Gz, + I AT

PRI

MTM A7 2 B A 5 — A A R AT 4
PRED VL, 485 X 224 R A PO e 8730 5y i S i A 5 B
R R )PP 573 — S AH SR B PR e D 3 i
AT, By 1O R A M P[] —
AT MTM AR I3 B2 8 G AR 5 U A
Jike:

dv.
%=H(K—y,¢)—Lfi(x,¢)y,¢ (5)

T3 R (5) il iR A8 Bt y i ad H(K-y,) LLIE E 3 3
H Z2FREN Hodge RAE K, I Had g [ 555 /() 517
P BE y, 22 1) B A EL A FH R4 ] O 0 L > AL B
.

@yz

(a) AT 23 A 24 2T B9 Outstar 25 (42) AT A R LAY &
o7 E T #5272 2T 1 Instar P45 (£7)

(a)Outstar network for spatial pattern learning and Instar network for

e

learning of bottom-up adaptive filters

compete —_—
npu
Input Outstar P

learning

Instar
learning

(b) Instar-Outstar B4 R 2%

(b) An Instar-Outstarassociative network
Fl6  LTMAFAERY MR AL (A8 L K e AT R I & I 2%
Fig.6  Two variants of LTM and their associated networks
LM ¢ 6P RS P 2 — v GFR Y Tnstar
o] (Mg T X WE 6(a) 1), — M T A
NS (SOM)BEAS h 7R T b A 1 32 7 i
7572 . o — T ARRFR A Outstar 27 2] (2% % 407
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AILE 6(a) T ), — M H F 25 #3024 2 Outstar
F Instar 5= ] J& WU X 2% 7 LA e X e 24
() P, B2 S IR L R T SR A ), WIS S SR A

Outstar > 72 :

dz;

m = Mfi(xi)[hj(x/-) - zij] (6)
Instar %> HHE:

dz;

P =Mﬁ(x/)[hi(xi)—zij] (7)

Y Outstars A Instars 25 &2 € 5, & W —
/= JZ Instar—Outstar P45, F T2 2 AT £ 4k ki
NS B BT AR 22 24t 2 ] 1) Z2 et (18 6(b) ).
1E ART BERL rh | 550 SUAE S FH ok 7 SCAE W 3 U1 o
2 M 2% (Biological Recurrent Neural Networks,
bRNN).

DL R B8 R il , Carpenter 1 Grossberg fifi
J5 4t ART [ 4% ART [0 25 ) i A2 = 40 4 ) — 78
g3 Bk ok AR IR B T R TR A B =X, FR
F H AN (Complementary Computing) 12 Ji 11
. (Laminar Computing). B &M TR T KM 42 5
L] Bl 2 SUR AR AT A B , 3% LE A AH BLAE
R R AR REAT 2 B R IR T R B S
A B SN0 2 00 ] %, 33K L8 ] % 4 5 R 2 FE WT LA
SRR R A R B A= W) BE . 28k AW R AIE S
Uk, ART WE8 A7 7E LR =Fh: ART- T - 4b 3 — 3
il B U A 5 ART- 11 Ab B 3% 2 R (5 5
(ART- T 9" @I 20) s ART- 1T« J2: 3 G4 28 A5t
R GRS HT PR S5 48 1 DI BET A W2 T M 28 4™
KRB Z 22 c 4 ) i H ART-IL7ER 28
JCIB TR RS gy AT A A 22 o0 i A W v A
SR ML, PR mTAR$L T ART- 1 FI ART- 11, ART-
W HA TARSR A DI RE AT FERE ) .

ART- I 2 W28 i 4D A A T 18] 7 (a) , HoBk
3R W A < A I 2 AR 2 A [
TRE SR A JZ PR R HEE W s JE AR R U3
JZ . HEZAPUIZ BRI 454 WL 7(b) Fl (e ). 3%
W24, 5 =000 I 7 R G R T R G £
P, HAAR I 2 4540 UL P 8. ART— 1 i 28 2% 1) °%
AR 32 ok A P 1y AR, PR e L
BRI JZ 22 (8] DT JSC AR B AG I , %o DG MR 2 e
15 RN 27T , I 2 B 2 25 B8 AP 2 5
2 A PR AR B2 . 0 28 % i 32 1)
iy AR B AT B DETC AR BEAG A L N T
A AR, M B AT BT R 4 4B B D

Inpln; (1 Feedforward connection
w
layer Input Output
layer layer
Ol.ltpl.l Feedback connection
| 1 e Input _ “  Output
ayer layer— layir

(a) ART- I MRZE 28 I R F N )

(a)Topological structure of ART— I neural network

Y1 Yi Ym
b, T i
\NoWnr /N Wimy

Mfﬁ_ b et _'/ .1Vnm

N

4 X
| - AN

A

Comparison layer
(STM)

ART- T #4505 42

(h)Comparison layer of ART— I neural network

Recognition layer
(STM)

8

(c) ART- T Hr£e L i ]2

(c) Recognition layer of ART— I neural network

FI7 ART- 1R W% i 2

Fig.7 Topological structure of ART-I neural network

PRI B s @ ELEE B BE s B2F I B B s 1 R Ex
ART- I 28 W 48 R D BE S5 A 5 ART- T (928
L AT 50 P2 F R E,, 20 5 AT LAKE R, ART- T 19
LA 2 FRZE X 4 (0 F RN F, 2 0 P A B 2
2 JC IF I 1 Ak BB He A6 F 45 74 WL 1 9 (). 1 7E
ART- Il #h 22 M 2% F, 2 34y NS LRI L FL )2
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Fig.8 Structure of ART- Il Neural Network

A MAS BRI, JF BAEPIZE Z 0], BIFFTE F,
B F, W AT AU E w,, B F, B F 0 R 55 B AUE
by Hoi=1, e on =1, e m ART— I RiZR 9 45 (1) 2
SRS N 5 ART- T MR 4 4B B
Carpenter 5 Grossberg T 1990 4F- 4t} T ART-
WL 28 R 265, 20 I 24 2 — R AE A 22 I 28 J2 R 4 A v
SIS B oA AR U A AT 1 AR AR %
1R RRAR A 35 N PRk 2 ) g A 2], I RE
ARyt 52 B A 35 20 iy AP 41 AE XA 26 v

(a) ART-IL A1 28 [0 25 (14 BB 28 6 TE S Itk BB At 2 1

(a)Topological structure of single neuron positive feedback

processing module of art-ii neural network

A TR TR, A B R R R
I AR A Ay, An e R s ] e e
LM RS ELAE £ 2 Mk i3t I 3 ) 27 REAB 5541
AU B4 5 fil J R ICALARAE SR AR S5 T LA
i B ART- T 70 2 Kol B 2 (o 4 R AL
P SLINTELESON L ¥ PRy D P97 ) v
RERS e B Al A BRI A 24 %78  ART- 1L &
ey RS A 10.

1,

(b) ART-II P 45 4544
(b)Structure of ART-II neural network

K19 ART-IIHPZE R4
Fig.9 ART-II neural network
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Fig.10  Search dynamics in ART-III system
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Wi Houk F1 Wise " £ Hi 1412 2 L) Az il #5 2Y , 5k
T BG A, b A T A /I Y (] 2R Y
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PACHL, LI 1), 9 AL S 1 S5 AY 40 i A1 1
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H R AL T RE S 1% (BG A N I AH ELAE F LA K
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reward propensity Input-1

Input-2 Error

BG \\Cortex / CB

/

pattern ; pattern lificati ofi t
classification ,| embodiment formation amplilication refinemen
F Y
Ourput

— Net excitatory pathways e———— Net inhibitory pathways —se—

neuromodulatory and training inputs

P11 it BG I CB 1 4 i A PR S
Fig.11 Distributed processing module through BG and CB

FFRE AHIE 2 T A A 22— MR AR 58
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X AT REIE X 12 Bl B B 1 SRR A
Az P B R
222 EF-RREBNTE

(1) Gurney [ 2E£E -4 il 517U

Gurney 5 H 4 1E#H “7E 1998 4E 5l #2 i T BG
VERAT M IEPE RN SSH4 . B A iAo ok A A )
AN [ B A A [ A8 SR, SR T, 24 DR i [ 42
T3] 8 I JR SRR, 3 AN T RERAR S A A2
(4 BIAE . Gurney 55 A 3 L f S22 A R K P 47 24
Oy RRAEAEAT N FRIE EAFTEE P R DI REFRIT Z [H]
5, BT S e R, 3 AWl i AR A
g D, S — R UL, B AT AT AR RN IE AR
Aab BA i AR RTINS B, B — NPT RE
SRR I —LE4T 5y IR A AT 552 410 i) R 22 B X Sy
K, I AERL S B0 T R AR A R AR 5

Gurney 55 N9 (2001) & T — A2 1
AJ{E A BG THIRRI Y 2R B 158 i $ 2 A T A
111998 4E£2 H A AHOCHE &, BT R e 4%  FEA 5k
WO T SRIA R L AESCHER[30 112 O GPR1 L JESCHR
[29 ]iC A GPR2. £ Gurney FIT 2 Hi gl vp | 9 g

fif e T AT HIEEE R PR 2R SR AR I SCrhie
IR T Z AR DA F2 B H AR e, b B B 1R
FEROMES, T Ui Bl & W] B T BG AL AY 25 —

P —EL T TR ny ol AL 55T i B BG fift i)
G450 =, RS [F] BG B BRI D) e DTk ; £
MU, 2% &3 DA ZEJE Y BG I BE P A9 B Z 1, XF DA
TE 5 £8P 5 v 09 /E 2R 47 23 A . |0 4> H B 7E
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(|

Fig.12  The model architecture of the complete model for selecting

and controlling path combinations in GPR1
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Voo Yo res ¥, ) SR BB A S A y L
A LA S B AW y ()

0 a<e
y, = m(a—g) e<as<l/m+e (9)
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Hrhge (xl, Koy "ty xn),sﬂi]*/l\ff%%d\%mﬁﬁ-
76 GPR2 1, JE T GPR1 [ 1 42 4 F{5 5 1k
BEWLH I — 2P T — 5 NASSTR N4, B4~
[ e SR e TNG ER =W SN N XS e e
PE] 13, 512 P 22 HEZRAS Y e (o T B0 280 () ARk
ST (Tl
a=-k(a-u)
a=u
Horp w AR A K AT 7= A ) L 5 M Je LA L & SR B
TR T 240 R b 25 T L L) R, a2 A T AL
TE AT A BB | AR AS BG 25 44 15 5 (STR, STN,
GP,SN) B R H T iR (g # 22 Je B AY , JF-#E STR i
B R T 22 P )2 AT ) PRSI A5 R
UL SCHR GPR2 A 26 DU
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GPi-SNr

W Multiplicative weighN
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@ Leaky integrator

@ Dopaminergic input
@ Salience input J

K13 GPR2 LIS RO B A Sl T 45 4

Fig.13  Single channel structure of model parameter annotations in GPR2

FE Gurney %5 A2 (2004) /) TAE b, A AT 42
TR E AT SOIR AR SR 2 TR R, BT A
3 %M 22 0 R - MSNs LR U A fi] B 25 9T (Fast
spiking interneurons , FSIs). 1% 5% 84 iy £ ) 4 FRAE AL
TEA 22 T ] A SR R PSS Ao 28 0 ] R 1) i 4
AR 28 T8I0 B9 GABA M 22 S IE A 1R 43 ) F3 )
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OEEPEAE A2 AR |5
QLI T 20 MR 2 18] B AR B A P 588
(S IR PR T 240 . ) 4 ) A 5



9% 6 b

AT - BT IS 22 1 ML A A7 by DR SRS 15

(@) 328 5 J2 7oA b ) o 28 50 %6 B 15 0 T 52
Y.

Glutamatergic

DA

P14 STR P i A e 4

Fig.14  Connection of microcircuits in STR

Gurney S HIGA/EE Y (2014) BUBFFE 7R 4M T ¢
F STR i L I A BG— - Jii— Bz J5 [l fi ¥ 47 Ry sk v
JIT AL A BV A TRk 11, ELARAY STR H GABA
TOH B B 32, IR 14 7R R T VAR STR 7847 R
VP AT EAE T, AT 45 A BG— o filki— i J5 7] ¢
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Fig.15 Functional Connection of BG Model in Humphries et al (2006)
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Fig.16 Functional architecture of BG computing model in Humphries et al (2010)
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W 2R BGHE H bR i il AU B, 5
TERG IR 28 G0 Q0] 76 AR G (87 i) Oy Rl rh TAE R T
BBy T B B AMIE S AN K3 G %R A% A
P28 A A L ELA R

Frank 25 A" (2001) /& 3 F BG 19 47 3 1% ok
FERELR), T4 1 3 R A 2 v 8 e — B AT LA Rk
Y53 AR TR Al TR AR A 2 Bt
K24 20000 3B 10 R fH , A5E TR ) L A 285 4y WL 1]
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Fig.17 Functional architecture of BG computing model in Frank et al. (2001)
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BEHAVIOR DECISION-MAKING MODEL BASED ON BASAL
GANGLIA MECHANISM *

Song Jian Liu Shenquan® Zang Jie
(School of Mathematics , South China University of Technology , Guang zhou 510640, China )

Abstract Basal ganglia are a series of neurological nuclei in deep brain, which are mainly connected with the sur-
rounding cerebral cortex, thalamus, cerebellum and brainstem. The main function of basal ganglia is to participate in
motor regulation and random motion control, especially in decision-making and action selection of behavior. This paper
mainly introduced the behavioral decision-making model based on the mechanism of basal ganglia, and focused on the
progress of theoretical models of decision-making and action selection. Firstly, the anatomical structure of basal ganglia,
composed of input nucleus, output nucleus, dopamine system and relay nucleus, were introduced, and then the func-
tional connections of basal ganglia (direct pathway, indirect pathway and hyper-direct pathway ) were described. Second-
ly, the theoretical progress of decision models in motion and action selection based on the interaction between multiple
cortical-BG circuits in the basal ganglia was summarized, including Gurney’s select-control model, Humphries’ neuron
population model, Frank’s cognitive decision model, Wang’s choice decision model and Rabinovich’s phase space dy-
namics decision model. Finally, the relationship between these theoretical decision models and brain diseases (e.g. Par-

kinson’s disease) was discussed.

Key words basal ganglia, nerve circuit, decision-making, action selection, dynamic models, Parkinson’s

diseas
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