#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 10 (2024) 100502

RN T E M HENEN NFIT AT AN A

TAHN EHE Ea

mAELT ER IR

(FRRFHRFAEE TR, G 230601)

(2023 4E 11 12 Ad®]; 2024 4F 3 7 31 AUEMENR)

T BEL 5 R LA S B0 A= 1y it 22 5 ik o0l 3R Pl SRR 80T . Oy T R AR PR RN A T S R A 4 I 5% 1) )
12547 R, AR SCE S A RUR A IR AZ B #5855 A — 4> Hindmarsh-Rose (HR) 1 4> FitzHugh-Nagumo (FN)
P2 T, ¥4 BAC BH R R, T A3 B S Ae bl 2 N 2. SR I R FEAR I . 223 BT L 2R o 5 8 B0 IR 5 | 4 5%
B T i RZ S AT AT SY . 4 SRR 2 28 R I W B AT O, AR AT R
BV G RS IRE R AT R A, W AR AT R SR A SR, BE S 2D R P e ] S i A o vk S
TRARE R, w5, A AR & 1S T g M4, Rk T 0 B R A A R

KR AZBLA BRI, 7B 4, g | A, B

PACS: 05.45.-a, 05.45.Jn

1 3

NZE R R — R 2 1000 124 #2802
B S 4 1. Aol S il S T B A
oA o 28 TG N — B 2 1 I g% (1. AE B A R
R KM Rt B rh ) 2B A4 T — e ph 2850
ARV T AP R, 1952 4F, A2 AT
TRENEY IS, $210 T —1 14t Hodgkin-
Huxley (HH) ffi28oAl ), 3255 — > HA e
BE RO R 2 TR B RS A A
K0 4 9% £ 1, U0 Izhikevich #1 22 5 B, Morris-
Lecar (ML) #2250 M, 4k Hindmarsh-Rose (HR)
LIl =4k HR #1200, FN (FitzHugh-Nagu-
mo) #ZEIG 7, Chay #2850 B I Rulkov £ 7T 1)
S5 XA i 2 TR AR Moy T R RO,
BASHEEA MR AP L

P28 50 S HL 5 i B Ak 2 5 fih 142 4 AR R A
P22 AR, TEHEE T M2 ITh/ N2 5 3
J12E 07 UG T ARy Bk g Li 45 003 R HR
FFN #2200 5 WA WU # A T2 BH 4% AH 45

il

t BIE1EE. E-mail: 07115@ahu.edu.cn
© 2024 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.73.20231792

A, BT — AR A p 22 W 2% T gT AT i
15 R FARGE [P 4. Ding 55 M BFFE T 23
TR T ot 22 D 2% v B R A IR 75 |, 320 25 I 8% P
PSP ZTR— MBI ZE AR, Njitacke 5512
F T A 4k HR #0f—4~ FN ool
B =TT G, HEAT T WA T RE B RN A
W) 8 J1 547 A WFSE. 78 SCHR [13) PR A 1 A (FN
PZT0) A il B (ML #H400) M 203 R T 1% M
serh BRI ST . B BRI AL S AT,
W5 S A 28 70 2 (8] AR 5 17 06 T 38 1Al b A
U ph 270 HAT T2 S (1410,

g 5 T 7 55 A/ 98 5 S A Rl A P
B G, smph 2 R 8h 12447 0. BTk
1) JR vt SR L AR 25 1) 2 A8, (e RS0
FiE T A RN (IR BT, SO R 28
TCHRRZETT I 1) 8 1 244 T AR A TG . S AF

B, R, TRABIESE B RN Xl 22T i R e B A
RIS Gl A AR S Al LA 0
AT BRAE [R) A2, SR BE Y L 2> fre E i 22 &
GERERELIT. Hu 55 1AM 7 —A it =

http://wulixb.iphy.ac.cn

100502-1


http://doi.org/10.7498/aps.73.20231792
mailto:07115@ahu.edu.cn
mailto:07115@ahu.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 10 (2024) 100502

22 TR LAY /)N Hopfield 1 28 W 4% | LU 45 S 11
A FE T R T R 2 TR R T LA R R 2 )
MIAT R . A T ASEAUL L RN R L G AR 5 X Hopfield
P2 28 152, Wan 55 09 23 51 5% FOSCh 212 FH
ar M IR ARL PGB AR AT T, 45 R 3R, %
FEL R TR S ) 11 D 26 SR B0 R R 2= 0 sl iAoy, T
DA S 8B 1) 2 A= AL B (AL 0 DL i

2 BE 7 2 A 1A% FL fr AR 38 ) — P LA Ly
PR oo . BT B AT AR B i
P, ICBH AR R Ak L RH | BRI 2 2 5 AT
BRI 4 DA ITHF, BAE B T R
22 M 2% B 5E 2022, A BH 2% T H TR AE Pyt 22
G fiph, FAE AP 28 TR 57 22 (R A FLAY, 22 77 A 1Y
JEN L P, Xu A8 P FR T —Fh 3T = AR 2B
v Wilson # 22 oAE AL ff F 5y 1 2% 40 B 5 IR
AWFSE T IR SERWI U6 S5 AR R FL TG 3. 45
R, 1ZFH Wilson # £ o] DR B H 5
MBI I125A TR, AFEAKIFRILAE B 5| F s LR
MG EATE HR M2 ol g | A—A™ 3 {E 8 it
P IR A, AT LAASEALL F R SR 1) [ (ELA5 0, 46
7~ T BEOBER &R AT R 291, A, AP A A o
T BHARAE A H RN B N7, T — AR A HR
PZETCAL ARSI R T HEAE R AT A FIRT 4R
B DGR 732547 R 20 Rt SRR AR H I, T
BRI B AT B S B L

I3 TR 43 AR — ROk B T 2R 3% B 88 T
H, B8 2 TR A oA st b s 2r i 4
IS, FR ATz, TRAE T i a0 i
i3 728 W g 2R g 120300 B 22 AR, Ry ax Se ity
PIRFFETERE TR ATt T 1 T H. 7E1ZFH4%
ik, XA A IEAC DI RE AR S HE BH S 43 Bk
R TR A RE AR R B 3. JE b i FH 4
B, REAS RS M AR R T RS B 3
1720, IR AT HE T AR I 2R A R A B Ak, 78
P28 I 28 R AT B AR AT T T B 2 BT T AR
Y[ R M ARG PR B2 AR AR S TRy
TR B A 28 IR 28RS | 435 B0 ot 25 I 245 FE A 3L AR
Z= B AR () A RIS B A ALAULRE ), BEAE TR
I ECH R WA YR 2 RGBT R B R, Xt
SR B 28 W 46 1 52 4= 3 1 2 AT IR AR B
FARHE AL

% FRVHSWE K&, AR T —FH—A
HR., Pi™ FN #2850 MU 84 P42 B 41 58 1
SR A BRI 2% . R AR o375 T L 2

W RAGE R RN 5| 2555 0T R s 1547 8. 1
) FH Bsf 1R B 4 i O i SE B T RS 4. A
JG, il id STM32 F750 SEHL TR 4%, 500k T #Hie
3T AR R

2 Az AR A R R R

AN T —Fp o B BUR A IRAZ B %S, I
MM T AR B T 2 .

2.1 SEMIZPEES
R FE RO SR AR B U T R R —Fh
A58 B AR R S, — P B Rl A IR
T BHAS 7 SRy 130
i = wq(p)v = apv,
(1)
%p = g(p,v) = tanh(cp) — ¢ + v,
;H\:EF‘7 v, l , P %H wq(‘P) ﬁ%‘]%@%‘f&@%%%ﬁ/\%
JE A BHAR g L RS AR B AL T R AR
g(p,v) NP B N FR S R, o Al e TR 14BH
SR, q FRIEL

2.2 YdawgiE ok

K a = —02Fc =100, RIFIEZHEv =
Asin(2nft) I AMGS, WFoE T g th i3 5012
FHAESTEA Al A S 4003 | SRR AN BT (R i [e]
& MA=2V, ¢=09Fp0)=—0.1, FFED5N
0.5, 3, 3.5, 7 I, TZBH AR AW i M1 22 4N 151 1(a)
Fiw, B f 3R A M2t TR 2 =1,
q=10.9, ¢0)=-0.1, & 1(b) FFMEBE IR 1E A
2V _EFE] 3V IS g i o] 42 TR RRUORE AR K
AR, I B AT R B RS .
Kl 1(c) TLARH, =1, A=2VHp0)=-0.1
if, BEE g N 1 FFES 0.8, W ki [0 £t A s
b, IS E BEOIC BE A R R B R

2.3 IESKMIZESF[NEHEIE IR
MR AE 55 2% % B 00, HE B S A BEL 4% 1) 1B Hi, 151
(POP) A PHABLRA~ LA i R, i YOG ]
i, JEZ) RPEAZ R & AT LAAE Ho il AR T 4k

ZETAERY ¥ 0 = 0f0A (1) 2Nk, AT RIS3:
d?p

= g(p,0) = tanh(cp) — . (2)

100502-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 10 (2024) 100502
0.5
(a) — f=05 — f=35 (b) — A=20V (c) —q=1.0
0.5 — f=3 —f=7 051 — A=25V
— A=30V
< < <
> ot L0 > 0
_05 L
—0.5F
1 1 1 1 —0.5 1 1 1 1 1
-2 —1 0 1 2 -2 0 2 -2 -1 0 1 2
v/V v/V v/V

B o BRI B 4 g i el 2

(a) RREIBR; (b) AIERIF; (c) AR B %

Fig. 1. Hysteresis loops of fraction-order memristor: (a) Different frequencies; (b) different amplitudes; (c) different orders.
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Fig. 2. (a) POP plot of the memristor; (b) DC v-i plot of the memristor.
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Fig. 3. Topology of coupled neurons.
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Fig. 4. Equilibrium point of the network.
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Fig. 5. (a) Bifurcation diagram of ¢; (b) the corresponding
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Fig. 6. (a) Two-parameter bifurcation diagram; (b) SE com-
plexity diagram.
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Fig. 8. (a) Coexisting bifurcation diagrams; (b) the largest Lyapunov exponents; (c) coexisting attractors of periodic and chaotic
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3, SR AEE LK bk IR S RN RS 2 T 4t
R AT AR Z 0905 B, (1 TR ASRE M.

HRARE ] 9(a) ) R IR N 52 B e AR ALY 43 72
B, 8T 3 NEIERY kORAFTE IR 2 M4 (WA T
K, x1, o, xs Mo AT R ANIE 11 FroR. 7]
PIREL R, AR S50 AR R R AT R,
SE K AL TSR] LB, 2y FR R I] 5] v e 2 ik
WAL TIRHR, 21, @ BT B] 7 51) o 3% 22 ik o T T
Ui, xs BRI ES kA T A, B
AN B A LR RN R B K R R, R
A LA 3R RO (R 2B B R ARk, T 2 ik i IX
AW/, EETER, A . o 21
BRIN k = 0.3 BRI EF 3, 15 ARR k= 0.5
(R E] R3], SR 38R k = 0.7 It a] R 3. 404
SEILRI, PRGN 9 E T LS N B 25 I 4% ) R
15247, AT F A A R e 7 A Mg T

5 Bt & W 4 g R

51 REWIRSRYES
TEZA 2R, JEEtE R G nFEH 2k

BRI SE 45 1042 R R BT ST C R
FEA T AZ DI B SRR RIE]. T
RIEATRE S| KA LG R, T R ICL [ 14 R 5
i, B 7E AR BRI DL T R A FE G F Hak
SERIER FBhifs T S, HHARE T A& sl insg
TRICIRAS. JETF 0L, FRATTA AR ] 52 5 72 4 il AR
ABEN N RGN T T %07 S A TR S
B, ¥ RGE 8 155 F 2SR, HAERSA
DI e 2 451, (1 RS Re e G H N AE 5l )2
FUAE E R
AR SCHRk [43] HEISE S, 25 R A

X =9(X) =nh(1)G x (X — 4), (1)
He X = (21, y1, 22, y2, 73, Y3, p) — L4
HikE, X = (X)) HMZERLE, —nh(1)G x (X — A)
SEPEHIES, 0 HEHRE, G RE—-EYE A AR,
h(T) B—"MJETE R, A= (0, i, 0, 0, 0, 0, 0)T
S E T S | AL B RS, Yimax T Yimin
FORFIEW S| T b TR, kA o a; =
(Y1t Yimin) /2. VEFEAN[R]BY ov; fEL{E0E o 28 D00 £4% L) f
TEARTRIGG 50 T R —Fh 5] 7, B XGRS

100502-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 10 (2024) 100502
101D k=0.3 10 LB k=0.5 10 | (c1) k=0.7
5F 5F 5
g 0t g ot g 0
—5F -5 -5 |‘
—10f —10+ —_10l
0 200 400 600 0 200 400 600 0 200 400 600
t t t
(a2) k=0.3 (b2) k=0.5 (c2) k=0.7
5F 5F 5F
& 0 § o & 0
—5F —5t -5t
0 200 400 600 0 200 400 600 0 200 400 600
t t t
6
(a3) k=0.3 (b3) k=05 (c3) k=07
ar 5t 5t
2 -
i: (O B? 0 i:) 0F
—2
—4r —5} —5f
—6 . . . . . .
0 200 400 600 0 200 400 600 0 200 400 600
t t t
(ad) k=0.3 (b4) k=05 (c4) k=0.7
10 10 10
S 0Ff S 0Fr S oF
—10 —10 —10
0 200 400 600 0 200 400 600 0 200 400 600
t t t
B 11 BRI RN 21, oo, x3 M @ HITHN  (al)—(ad) k= 0.3; (b1)—(b4) k= 0.5; (c1)—(c4) k= 0.7

Fig. 11. Induction strength-relied firing patterns for 1, z2, 3 and ¢: (al)—(a4) k= 0.3; (b1)-(b4) k£ =0.5; (cl)—(c4) k=0.7.
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Fig. 14. Hardware block diagram of the designed network.
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Dynamic behaviors analysis of fraction-order neural network
under memristive electromagnetic induction
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Abstract

The dynamic behaviors of coupled neurons with different mathematical representations have received more
and more attention in recent years. The coupling among heterogeneous neurons can show richer dynamic
phenomena, which is of great significance in understanding the function of the human brain. In this paper, we
present a fraction-order heterogeneous network with three neurons, which is built by coupling an FN neuron
with two HR neurons. Complex electromagnetic surroundings have meaningful physical influence on the
electrical activities of neurons. To imitate the effects of electromagnetic induction on the three-neuron
heterogeneous network, we introduce a fraction-order locally active memristor in the neural network. The
characteristics of this memristor are carefully analyzed by pinched hysteresis loops and its locally active
characteristic is proved by the power-off plot and the DC v-i plot. Then, the parameter-dependent dynamic
activities are investigated numerically by using several dynamical analysis methods, such as the phase diagrams,
bifurcation diagrams, Lyapunov exponent spectra, and attraction basins. In addition, the network also reveals
rich dynamic behaviors, including coexisting activities, anti-monotonicity phenomena, transient chaos and firing
patterns, providing support for further investigating the firing patterns of the human brain. In particular,
complex dynamics, including coexisting attractors, anti-monotonicity, and firing patterns, can be influenced by
the order and strength of electrical synaptic coupling and electromagnetic induction. The control of the bistable
state can be realized through the time feedback control method, so that the bistable state can be transformed
into an ideal monostable state. The study of the fraction-order memristive neural network may expand the field
of view for understanding the collective behaviors of neurons. Finally, based on the ARM platform, we give a
digital implementation of the fraction-order memristive neural network, which can verify the consistency with
the numerical simulation results. In the future, we will explore more interesting memristive neural networks and

study different types of methods to control the firing behaviors of the networks.

Keywords: memristive electromagnetic induction, fraction-order neural network, attractor coexistence, anti-

monotonicity
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