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& = —z + 2.6 tanh(z) — 1.44 tanh(y) + 0.6 tanh(z)

y = —y+2.4tanh(z)+kW (p) tanh(y)+1.35 tanh(z)

Z = —z — 6tanh(z) — 1.2 tanh(z)

¢ = ctanh(y) — dh(p)

(5)

ISR ¢ HxB
TCHIE A RIE TN s
Ciz; = —% + Zwij tanh(z;) + I;(i,j € N*) (1)
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& = —x + 2.6 tanh(z) — 1.44 tanh(y) + 0.6 tanh(z)
y = —y + 2.4 tanh(z)+0.0001 tanh(y)+1.35 tanh(z)
Z = —z— 6tanh(xz) — 1.2 tanh(z)

(2)
X, yMzaml N2 Tt (i=1, 2, 3)FE AL,
AR IR L T (05 ARG B AL, X4k
RAHA RGN AT REERAE AT EARRIEM . A3
K B2 R B 22 Ju 20 H I R . oo,
e I 1K 2 03 BRAR R MERE S AZ P 25 R B s B R I T

i=Wi(pv

{WWﬁa+w> (3)
® =cv—dh(p)

Hrh, o RIZIHZBAIMIRELE, W(p) NI FH

BEER, av by cHAHIZPHBE B S5,

h(p) NNEBIRESZ TR EL, 73 J9h (@) Mhy(0) IS

gy, BARI R IE AW T
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0 = —xz¢ + 2.6 tanh(zp) — 1.44 tanh(yo) +1.35 tanh(z)
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3.1 BEIZFEIBEBERE LB

KESHN=0, a=1, b=0.01, ¢=1.83,
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#1(0.1, 0.1, 0.1, 0.1), ZFHFEE5REERIE[0.4, 2] X [A]4F
o K H PURY JeA%- 2238 (Runge-Kutta) ik Ml K
EVETHERAS AR T 1) 43 720 B RN 9L (1) 2 5 i R
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A3 (D) FTan . B3 (a) Hr 20t B 28 0 BT 46 2% 1
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T WA, RYFEE=1.7722015 % 8 HE IR
o BREMERI, SAZBHKE S 55 kR A E S,
X [8[0.99, 1.35]F1[1.49, 1.76] NI, REGHIH KZE
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KM RIGERFFEOBOLL N . X ERE Y
FAEIX AN X B B B = AR VR R 5 7, T e oA
DX 1) P 00 7= A A ot JE A 51 - [RIEF, A )
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FIRIEE A4 M (-0.1, -0.1, -0.1, -0.1)F1(0.1, 0.1,
0.1, 0.1). El4(a) Nk=0.7H 1377 B IR 5] F,
K4 (b) Jk=0.91F 3L A7 A 20 51 5, El4(c) Nk=
0.97H [ 3LA7 B 40 5| 7 F0 R 120 51 7, E4(d)
RNk=1. 440 B SLLE P B 51 7, El4d(e) Nk=
L5 A7 R A TR 5] ¥, E4(f) Ak=1.61}
FIAE R B IR 5] 7. S5 RERW, LIRS &5
FERPUARFRMER, PY4EZBHHNN R 402 7= A 5 oA
[F) 2R 2 (R FEAE IR 5] F
3.2 ZiRENSIFHEERRE

E3. 1R B, Bl ZHa=1, b=0.01,
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0.1, 0.1, 0.1). PU4EIZPHHNN R G vl o7 M F=A4
ERHEMORER G T, BW5FrIEE S5
N M BE S . W5 (a) MBS (c) B, W
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BT AR WS (b)AES(d) s, WEDIRESAE
HHRER () B hy (@), WG] F = AR A B 5 1)
Wik W5l E N TR g

_J2N+1 h(p)=hi(p)
To2M 42 h(p)=ha(p)

N T — RV I BHHENN R 41 2 2%
NIRRT UL k-0 TR 73 20 B SR A 1R 22
WAEW G F AR, R HUETE R 53177 —
;, MRETE[0.4, 2], 4370 B IR EE R I A LU
R EYUONRHE R KT X 3. W6, EIX [A]
[1.58, 1.742] I, ZJEIXIkbEE N MIUE IR A
Wi 7 3G N, Xt — 2R T DU 4EZBHHNN
RGBRATHEZ ARG L] FHIGe ), HHHE
T 5.
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TEVY4EZ FHHNN R4 5L, A& nimA
FH 22 2% 8 Ik v bR 500 38 1 ik e FRL VAL (Ml ti-level -
logic Pulse Current, Iy, p)¥Jil:

(10)

0.5

o e LE1 (-0.1,T0.1, -0.1, -0.1)
" =
&3] /a—
= —0.5 A( LE2 J\MM
Y "=-LE3
-1.0 =
0.5 0.5 1.0 1.5 2.0
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" (= L e O et Y
1-LE2 A
A et
00 W""~1E3 ~—|
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(a) IMBERE 5] F (N=0)

(b) 2N 5] - (M=0)

(c) 3MMHHE 5] T (N=1) (d) 4R ] T (M=1)

B 5 $asihil 2 B0 N B M AR P

n

Inp =s Z ansgn (sin (wpt))
1

I, IO 22 2038 4R ik LA IR 12 FHHN N £
SR NEWME TR, %R % NIREZ IR
LAZBHHNN R4t

(1), s gk FL I B A R 46 8 R
£, MAAHUEO.S, a,RARFEn MRS ENIFEER
B, w, BB MR BRI A, ()R]
BHTRRNN:

& = —x + 2.6tanh(z) — 1.44 tanh(y) + 0.6 tanh(z)
+Inrp

y = —y + 2.4tanh(z) + kW (¢) tanh(y)
+1.35 tanh(z)

Z = —z — 6tanh(z) — 1.2 tanh(z)

¢ = ctanh(y) — dh(p)

(11)

(12)
EERNRZ, 22BNk RRIIMAARZ

SR (5) AR AR IE . S HUUE Na=1, b=0.01,
c=1.83, d=1.425, k=1.08, #IUE4MH (0.1, 0.1,
0.1, 0.1), BkMEFEEINEL, *2%a,=0.654,
w,=0.3420F, (i HELERRW, 7EIZH B EBI AR
AMINZ 93 B8k v L R SR REORD T, 2 (12) 78
3.2 2 WA 5] T SR a e A T B Rk g
M 2 Xm a5 7, X B4 NikEZ IRER |
T, B8R, EASEELE3.27 — B 5| Tk
HifkE.

NT SR 4EIZBLHNN R G AR E £
WEILHHENN RS, A1k Az SBSHES WS
BOE LA NI AR LR RSB
SRS FENIEE ST 715 R EE TR KRS
M RIRHU(LEL) &), HPLELH T RIERS
(2 715 R I LELASUE R X BN R F8E s, N
FEAFLIN SXof 7 ] BB RS, D AR T XS R R
MRS . 4 SEBLELS RG2S 8 <
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k
(a) 125 % B (N=0)
6
4

0.5 1.0 1.5 2.0

(c) 3% EE(N=1)

—4
6 L . .
0.5 1.0 1.5 2.0
k
(b) 22%43 % B (M=0)
6
4
. LR
3 ol = it e
-2 7 ?g'{;%
- == =55
6 Lo . .
0.5 1.0 1.5 2.0

k
(d) 4% W E(M=1)

P 6 -y 1T I 20 25 P

7 MELZWMEILBHHNN RS K

B, "TEWEINZ SEMFEER T REAFZ 15
RS A . 155 (Spectral Entropy, SE) &%
REMIELMEN I REE MR TR —, HRH
KNSR 5 B P BEALIE IEAEOC, RIS R &
VR 51 B Dy B AT R 4

(a) IMREREM 5] T (N=0)

(b) 2 MR EIRAER 5] T (M=0)
P 8 s 2 BN N Bk M (A

HHUZ A G s R RIZH S B cfE AR &S
H, KHUETEHIN(0, 3], cHIBUETERIY[-11.5,
11.5], BHEHIZHNAN0, HRRGESEIHIIG K
T 53. 2 R — 20, DA R SC I A 3E STk S5 7T
et B9Vt 2 JOZ MK et BT, RIPYZEHZ
PHHNN 2 Gt 1) 20 2 W5 A= 2% B2 e A 1], i i 0
RIXAE AL, G ENSHEE N, W42
HNN R G5 112547 9 % 2 Bk Al e 520 0 2
K109t N 2 S bk i B i Je ,  BHRE 2 i B12
FHHNNR G sh S W ME AR i ¥ . Xt 2
0 Z BRI PRI T 30 A 1 B R 2R B o A
FRDL, TEAMINZ SUZ AR K N, AEBh S
RO Y22, ToH R PR R, xR
= YN A B T SR A RN, R MZh AT
ARG N2 G2kt Bl e, —4Eshas
e I 25 TR DR A TR AR X XN = 4E3)

(c) SMREREBWS T (N=1)  (d) 4MREREWRS] T(M=1)
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© 0
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0 1 2 3

(a) 244t B

(=)

-0.2

Lﬂ

-0.4 A

—0.5 \
-1. 0

c \10 Q

-0.6

(b) 34BN K

d=1.425

-0.6

X ﬂzz |

K 9 VUZEIZBHHNN R L 3 AN 5 2 4% L 0 A

d=1.425

10

-0.4

-5

-0.6
-10

0 e oo
k

() 24EEN A

d=1.425

RN

(b) 34E3) 75

(c) TUBHSER A i

B 10 iR EZ REIBHANN RSB AU 5 5 24 B 4 A

25 1 T P R U S TR S R, R
LEE B S SO I shim R K. R, WS
SESE &AM BUE S N, BEEAE L
Tho bIRGEHFEH, 2408 Hk e IR v
BIAAMEIEE), $RFHIZFHHNN 2 G0 52 44

4  EFMultisim SFPGABRE {4 E8 B8 SE )

4.1 ETMultisimER B9 R0 E BE 36 F

KRB Z WG HHNN & 4 3 M B R+
R EAT A0 F 2 () S RSB, B 2 0 BRI
PRAEELR ()~ XU IEY) 5 2 B i tanh (4), (=2,
y, z) 12 g8 ko R B R R AR Ty FREET
DL EFRE, XHiEZWEIZIHANN RS T 3
AR R (S s T, W LT .

1E 2 QM ik LR, S AR R
V,,=sin(2nF,, ¢ )i, o BT, Rk
KA:

n

Iyrp = Z sgn (sin (27 F4nt)) /Ran
1

Z o BORBUR B (o) T RKy K
Ko B K, T 2 73 B AR S A AR AZ B 25 i BUE
MEy. E\v E,2E AREHHE, @t E5HEE
TERMERI ., A AN FRENRES
WEWEF . AKFLin=2R%1, OnERI I,

OffFR/R TR, BARHE NI N ok 2 W32,

(13)

FEAR MG, ®HATL0S2CPIE 5 UK
5. ADG633Te LR FIMPS2222 k&, %8
F) 415 VALY DU IE D) R B B A B tanh (4) B
TIANFEBH S . 4NNPNEARE . 248 BB 38 1
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A Nested Multi-scroll Memristive Hopfield Neural Network and
Its Hardware Implementation

WANG Zhe WAN Qiuzhen ZHOU Pan RAO Huhui

(College of Information Science and Engineering, Hunan Normal University, Changsha 410081, China)

Abstract:

Objective In recent years, researchers have employed memristors to simulate neuronal synapses for
dynamically adjusting synaptic weights, thereby constructing memristive neural networks. The memristive
Hopfield neural network (HNN) can more precisely reflect the nonlinear dynamic behavior of biological neural
systems. Notably, multi-scroll attractors have garnered significant attention in the field of secure
communication owing to their complex topological structures and high state-space ergodicity. However, most
existing studies have focused primarily on single-structure multi-scroll attractors, whereas multi-scroll attractors
with special structures remain in need of further exploration. Consequently, this paper proposes an HNN system
capable of generating special nested multi-scroll attractors, thereby overcoming the limitations of traditional
single-structure multi-scroll attractors.

Methods A four-dimensional (4D) memristive HNN system is constructed based on a three-neuron HNN. In
this system, a multi-segment nonlinear magnetically controlled memristor is integrated into the self-connected
synapse of neuron 2. By analyzing the equilibrium points and system stability, this study investigates the
effects of memristor coupling strength and system initial conditions. The number of multi-scroll attractors can
be increased by adjusting the parameters of the memristor. Building upon this, a novel nested multi-scroll
memristive HNN system is established by introducing multi-level logic pulse current. The proposed system can
generate unique nested multi-scroll attractors, and its complexity can be further enhanced. Finally, the
accuracy of the MATLAB numerical results is verified through Multisim circuit simulation and FPGA-based
hardware experiments.

Results and Discussions The experimental results indicate that by regulating the coupling strength of the
memristor self-connected synapses, the proposed 4D memristive HNN system can yield bifurcation diagrams
and Lyapunov exponent spectra (Fig. 3), as well as diverse coexisting attractors (Fig. 4). Meanwhile, multi-
scroll attractors with varying scroll numbers are obtained (Fig. 5-7). By regulating multi-level logic pulse
currents, a novel nested multi-scroll memristive HNN system is constructed. This system can generate nested
multi-scroll attractors (Fig. 9-10). Spectral entropy analysis demonstrates that, compared with the original 4D
memristive HNN system, the proposed system has its complexity effectively enhanced (Fig. 11-12). Both
Multisim simulation (Fig. 14) and FPGA-based experiments (Fig. 15-16) verify the feasibility of the proposed
memristive HNN system.

Conclusions Based on a three-neuron HNN, a 4D memristive HNN system is constructed by embedding a
multi-segment nonlinear magnetically controlled memristor. Through equilibrium point and stability analysis,
this paper reveals the regulatory effect of the memristor coupling strength, as well as the evolution law of
coexisting attractors dependent on initial conditions. The results show that the system can enter a chaotic state
via a period-doubling bifurcation route and produce single-scroll and double-scroll chaotic attractors. The
number of multi-scroll attractors can be increased by optimizing memristor parameters. Furthermore, by
regulating multi-level logic pulse currents, a novel nested multi-scroll memristive HNN system is developed to
generate nested multi-scroll attractors. Spectral entropy analysis proves that the application of multi-level logic
pulse currents enhances the system complexity. The numerical simulation results from MATLAB, Multisim
simulations and FPGA-based experimental results are highly consistent, which validates the feasibility of the
nested multi-scroll memristive HNN system.

Key words: Hopfield neural network; Memristive self-connecting synapses; Multi-level logic pulse current;

Nested multi-scroll attractor; Hardware implementation.
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