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Fig. 1. Hysteresis loop of fractional-order memristor: (a) Different amplitudes for f = 1; (b) different frequencies for A = 4.
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Fig. 2. Topology of coupled neurons.
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Table 1.  Eigenvalues of coupled neurons.

A A2 A3 A1 As
01>0,00>0,03>0 0 1 IESCR IEER ESR
01>0,00>0,03<0 0 1 IESR IEFER HSER
01>0,00<0,03>0 0 1 IER AR ESR
01>0,00<0,03<0 0 1 IESR AR HSER
01 <0,00>0,03>0 0 1 IR EFLR EIR
01 <0,00>0,03<0 0 1 SR EFLR HSER
01<0,00<0,05>0 0 1 TSR MR ELHR
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AFPARZS IS | 53647, lad 73 SR, DR I Y
P AT LA b s ¢ 30 2 R S R AP AE.

3.1 SHMIZEBEHETEEERER
BnTUHNEESE

SRk = 1.250F, EFERILRIE (00 0 0 -3),
(0031 -3)H (0030 -3), 50EHr 12 BH e 7 8k
o R A S R 22 O AR R m (1) FE AT 43 2 R G A
Lyapunov #8 %0 4%l 3 firzr. & 3(a) 1, ZL 68N
WILRTE (0 0 0 0 -3) 5 LI, W Gl A wiia(E
(0031 -3) 15L&, LT NRIEIE (00 3
0 —-3) B3 X & BRI LR EDS Y I TP Lyapunov
FEE TE 3(b).

& 3(a) HAS [E)A0 BAE B4 0 SL IR 26 BA il 22 e
BRI ILAE A, S0 46 254F R (0 0 0 0 -3) B, &
gt (5) UMM G IT 1R 8 R 4, 7EZad Pk
SIS 53 AT o W 3 Ja 10 — R S — e, Wt
MR (0031 -3) B, &G (5) XN JEH —ad ¥
FIVEIE X IR 5 1 A S IDU s, [FIRELE 23 PR

2.5

(a)

2.0

1.5

1.0

Tmax(t)

B 1A% 43 6547 0 2 R —F0 FE 30— e, T 2440 R
AR (00 3 0 -3) By RILARG KR XN AT
JEA—CH, A AR 0 XN kA B R, AR
JAMI R 5 Z 0N AR RS Lyapunov 8 82840
XTH AL o LEIW) A

9 —SEHE H m, 7 2y V1 L REE (5) [
W5 F 2R AP ME 4 Fin, Hdis e, e
AL EPERRILRE3ZRR (003 1-3), (000
0-3) F1 (0 03 0-3). [AIE, 7ER] 4 ] LU EE, A
(7] J&) S 5 | - FTR A 5 | ) e A7 DL SAS T] S 30
W5 | F B LA R, AN TRIF D2 A e S 1
ST RIS G40 F N5 A8 PR TR T I 5 | -4 Hh BT 204K
BrIZBHASFR G I S B 2 oe .

3.2 JFHERS|FEH

XA ARSI EAF IS, B 5 45 T4
B A BERR A 5 AR 2T 5 | T A 5 | 7
b, HFEA R m = 0.2210, 45 € A kL H{A,
1E (2(0) y(0) (0)) = (L0 = 5)if, 23 Hi T 2(0)-u(0)
B 46 ~F- T Y Jm FE WG 5 | A L B(a), (b) BT Y
ki = 1.5 B, AT LA BT W05 2] 60 F 7 €0 I i 23 €2
HYFEAE UL 5(a), Ho i A CR I =, FH ARk
J—. Mk = 1.8, APELR| 4R M FH 6
3 A (0 g FEAE WL R 5(b), Hodh ek At F IR Tk
A, mEARAMM, FaRERR—. Ed
Kl 5(a), (b), 24 ki BORRMERY, 23802 53 B9 12 R
A IR TT s | FE 4.

2 ey BOR[RIEI, 23802 BRRR & 5 B 25T
A5 AP MR A RS, GWHEA R AT L
F - T 1T 8 R DI B AS [RS8 5 | - A7

(b) (0031

—3) (0000 —3)

0.1

—-0.1

—-0.2

—0.3F

Lyapunov exponents

—0.4F

K3 XTHEREmEERE () XT m 228, (b) X RIRT A Lyapunov 15 £ 4]

Fig. 3. Coexistence of coupling coefficients: (a) Bifurcation diagram of the relationship; (b) corresponding to the first two exponen-

tial diagrams.
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Fig. 6. Coexistence of y-u plane attractors with different values: (a) k1 = 1.5; (b) k1 = 1.8.
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(e)—(h) experimental results of single-chip microcomputer.
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Multistability of fractional-order memristor-coupled
heterogeneous neurons and its hardware realization
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Abstract

There is heterogeneity among different neurons, and the activities of neurons are greatly different, so the
coupling between heterogeneous neurons can show richer dynamic phenomena, which is of great significance in
understanding the neural function of the human brain. Unfortunately, in many studies of memristive coupled
neurons, researchers have considered two adjacent identical neurons, but ignored the heterogeneous neurons. In
this paper, two models are chosen, i.e. a Hindmarsh-Rose neuron model and a Hopfield neuron model, which are
very different from each other. The proposed fractional-order linear memristor and fractional-order hyperbolic
memristor simulated neural synapses are introduced into the two heterogeneous neuron models, considering not
only the coupling between the two neurons, but also the coupling between single neurons. The self-coupling of
neurons, a five-dimensional fractional memristive coupled heterogeneous neuron model, is established. In the
numerical simulation of the new neuron model, the phase diagrams, bifurcation diagrams, Lyapunov exponent
diagrams, and attraction basins are used to demonstrate the changes in coupling strength and other parameters
in the memristive coupled heterogeneous neuron model, the new neuron model performance coexistence of
different attractors. On the other hand, by changing the initial state of the system while keeping the relevant
parameters of the system unchanged, the multistable phenomenon of the coupled heterogeneous neuron model
can be observed. Using the phase diagram, the coexistence of different periods, and the phenomenon of period
and chaos can be clearly observed. The coexistence of different attractor states can also be observed in the
attractor basin. This has many potential implications for studying dynamic memory and information processing
in neurons. Uncovering different types of multistable states from a dynamical perspective can provide an insight
into the role of multistable states in brain information processing and cognitive function. Finally, the neuron
model is implemented based on the micro control unit of the advanced RISC machine, and the phase diagram is
observed under some parameters of the coupled neuron model on an oscilloscope. The experimental results show

the validity of the theoretical analysis.
Keywords: heterogeneous neurons, memristive, attractors coexistence, multistable
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Multistability of fractional-order memristor—coupled heterogeneous neurons and its hardware realization
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