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Abstract. In this paper, the stability and Hopf bifurcation of a class
of fractional-order Hopfield neural networks with time delay and double
memristors are discussed. The local stability of the equilibrium point of
the system is discussed. Taking the time delay as the bifurcation param-
eter, the critical condition of Hopf bifurcation in the system is derived.
In order to improve the stability of the system, by adding a state feed-
back controller to the network system, the stability of the system and the
conditions for Hopf bifurcation are analyzed. The numerical simulation
shows that the state feedback controller improves the dynamic perfor-
mance of the system, the bifurcation point of the system is delayed, and
the system obtains a larger parameter stability range.

Keywords: Fractional order Hopfield neural networks - memristor- sta-
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1 Introduction

Human brain is the most complex nonlinear dynamic system known at
present. In order to reveal the complex dynamic characteristics of the biological
nervous system, researchers designed neural networks by imitating the behavior
of biological neural networks to realize the reception [1], storage [2] and transmis-
sion of information [3]. In 1982, Hopfield proposed the famous Hopfield neural
network model based on energy function [4], which has been widely used in asso-
ciative memory, image processing, secure communication and other fields. From
the perspective of dynamics, Hopfield neural network has rich dynamic charac-
teristics, which has an important impact on the design and application of the
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network. Due to the existence of special nonlinear neuron activation function in
Hopfield Neural Network (HNN), it is an important tool to simulate the complex
behavior of human brain [5].

Fractional calculus can describe physical phenomena more accurately [6]. As
a kind of nonlinear resistance element with memory function, memristor becomes
a natural non-volatile memory. Due to its high cost and technical complexity,
much of the research relies on models and simulations. Different types of memris-
tor models (such as cubic smooth [7] , quadratic smooth [8] , primary smooth [9]
, and hyperbolic tangent [10] memristor models) have different nonlinear dy-
namic behaviors, and their introduction into neural network systems leads to
richer dynamic characteristics, such as chaos and bifurcation phenomena.

Time delay is universal in neural networks. However, the introduction of time
delay often causes changes in system stability, such as bifurcation [11], periodic
oscillation [12], chaos [13] and so on. For example, the reference [14] studies the
synchronization control of memristor complex valued neural networks with time
delay. The synchronization problem of coupled neural networks with distributed
delays is studied in the reference [15].

The memristor neural networks exhibit rich dynamic behaviors, mainly in sta-
bility, chaos and bifurcation. The global asymptotic stability of recurrent neural
networks with discrete time-varying delays and distributed time-varying delays
is studied in [16]. The highly correlated chaotic behavior of recurrent neural
networks under structural connectivity in [17]. Reference [18] studies the inte-
ger bifurcation and chaotic behavior in memristor Chen system. Reference [19]
discusses the zero-Hopf bifurcation behavior of memristor BAM neural network
model with delay and diffusion. In the study of bifurcation and its control, re-
searchers usually prevent, delay, or guide bifurcation phenomena by adjusting
system parameters or introducing external controls. For example, literature [20]
analyzed the dynamic behavior and control problem of Lesley-Gower predator-
prey system, and literatur [21] discussed the Hopf bifurcation problem of the
economic model, and proposed a time-delay feedback control scheme to control
the bifurcation.

From the above narrative, we find that fractional-order memristor delay Hop-
field neural network not only combines the advantages of fractional-order cal-
culus and memristor, but also introduces the disturbance effect of time delay,
which can simulate the complex behavior of neurons and its memory effect more
accurately. In this paper, we construct a fractional order double memristor delay
Hopfield neural network system, analyze the effects of time delay on the system,
and simulate the effects of time delay on organisms in biological nervous systems.

2 Model description

The bidirectional electromagnetically induced current between neuron 1 and
neuron 2 is simulated by a magnetic-controlled memristor. Its mathematical
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model can be described as the following form

iv = Gy)vm = kv, (1)
yl =Vnm,

where k; represents the coupling strength of neurons under electromagnetic in-
duction, y; represents the magnetic flux of the memristor. G(y1) = k1y1 rep-
resents the derivative function, vy; and i,; represent the membrane potential
difference between neuron 1 and neuron 2 and the induced current through the
memristor, respectively.

The self-connecting synapse of neuron 2 is simulated by a quadratic nonlinear
magneto-controlled memristor.Its mathematical model can be described as

{i:k‘z(c—dy%)l’a (2)

Y2 =V — Y2,

where ko represents the coupling strength of the memristor synapse,y, represents
the magnetic flux of the memristor,G(y2) = ¢ — dy3 represents a derivative
function,v and ¢ Represents the membrane potential of neuron 2 and the current
flowing through the memristor, respectively.

Based on the above two memristors, a fractional double memristor Hopfield
neural network model is constructed, which is affected by electromagnetic in-
duction and time delay. The system is as follows:

D%y (t) = —ci21(t) + a1 tanh (21 (t)) + a1z tanh (zo(t — 7))
+hiy (w2(t) — 21(1)),
D%y(t) = —coxo(t) + aoy tanh (21 (t — 7)) + ko(c — dy) tanh (z2(t)) (3)
—k1y1(z2(t) — 21(t)),
DPyy = wa(t) — a1 (1),
D%y = tanh (xz( ) = v,

where 6 € (0, 1] it’s fractional, DY represents the fractional derivative of Caputo,
x;(1 = 1,2) represents the membrane voltage of the i-th neuron,y;(i = 1,2) rep-
resents the internal state variable of the memristor,Hyperbolic tangent function
tanh(z,)(n = 1,2) represents the neuron activation function from the voltage
input from the n-th neuron, and its coefficient a;; is the mutual synaptic weight,
indicating the connection strength,coefficient ¢;(i = 1,2) it’s a self-connecting
synapse,T are the time delay existing in the system.

3 Local stability and bifurcation analysis of uncontrolled
systems

In this section, the delay is used as a bifurcation parameter to discuss the
local stability of the equilibrium point of system (3) and the conditions of Hopf
bifurcation. Then the linearized equation of the system at the origin 0(0,0,0,0)
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is as follows :

Dal‘l (t) = —clxl(t) + allxl(t) + G,lgxg(t — T) + k1y1 (l‘g(t) — X1 (t)),
Daxg(t) = —Cgl‘g(t) + a21$1(t — 7') + kQC{L‘Q(t) — k11 (l‘g(t) — I,L‘l(t)), (4)
D6y1 = {EQ(t) — l’l(t),

DGQQ = 2(t) — yo.

Applying the Laplace transform, the characteristic equation of system (4) is:

)\9 —Ji _J£2 — Jilze_/\‘r —Ji3 0
—Jy =y N =y —Jay 0| 5
1 -1 Y 0 ’ (5)
0 -1 0 MN+1

where {11 = —C + aj] — klyla JiQ = k1y1, JfQ = aig, J13 = kl(l'g — xl), Jél =
kiyi, Jor = ag1, Jag = —ca + kac — kyy1, Jaz = —ki (22 — x1).
The characteristic equation corresponding to equation (5) is as follows:

D(\,7) = Do(X\) + D1 (AN)e > + Dy(N)e 22 =0, (6)

where Dg(A) = A% + 5103 + 5o A2 + b3 A9 + by, D1(A) = bsA2? + bgA? + by,
Dy(X) = bsA?? 4+ bgA? by = —J11 — Jog — Jiz + Jog + Ja2J11 — J 21 12,
by = —Jiz + Jaz — J'21J 12 — JaszJi1 — JazJ 12 + JizJ 21 + JizJa2 + J11Jo2,
by = —Ji1Joz — JazJig + Ji13J 21 + Ji3Jao, bs = —J 12J"91 — J" 120701,
b = —J'12J"91 — J'21J" 12 = J"12Jo3 + J"21J13,b1 = 1 — J11 — Jaa,
by = —J"12J23 + J"21J13,b8 = J" 21" 12,bg = —J" 21" 12.
According to the characteristic equation, the stability of the equilibrium point
is divided into the following two cases.

Case 1. When 7 = 0 , the system characteristic equation is
P =X 4+ mi X3 4 mad® 4 ma\? +my =0 (7)
where my = by, mo = by + b5 + bg, m3 = b3 + bg + bg, m4 = by + by.

Lemma 1. For the following fractional order system: D%x(t) = Ax(t),A €
R™ ™ the equilibrium point of the system is locally asymptotically stable if all

eigenvalues \i(i = 1,2..n) satisfy |arg(\;)| > 2, where 0 € (0, 1].

Then according to Lemma 1 and Routh-Hurwitz stability criterion, we have:

Theorem 1. The system (3) is locally asymptotically stable if and only if A; >
0(i =1,2,3,4) is true, where A; is defined as follows:

e m1 mg 0

1Mm3

A1=m17A2=‘ 1 my yAz =1 1 mg my |, Ay = myAs.
0 miq ms

Case 2. When 7 > 0, to simplify this equation, we multiply both sides of the
equation by e, in which case equation (6) is reduced to the following:
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Do(N)er + Dy (X\) + Da(N)e > = 0. (8)

Let A = dw = w(cos § + isin§)(w > 0) be the root of the system, then
substitute this value into the characteristic equation, separating the real and
imaginary parts, and get:

Us + (Uy — Us) coswt — (1 + n3) sinwt = 0, ()
N2 + (m — n3) coswr — (Uy + Us) sinwt = 0,

where U; = w?? cos 207 + byw3? cos ?’ﬁ + bow?? COS O + bsw? cos 97” + by, =

w*? sin 207r+b1w30 sin 39’T+bgw sin 97r+bgw sin 4% U, = b5w cos O +bgw? cos ‘9—’T+

b7, m2 = bsw?? sin fr+bgw’ sin 2% Us = bgw?? cos 07r+b9w cos 7, ng = bgw?? sin O+
bow? sin &* 9”

Accordlng to formula (9), and it can be obtained that

COSWT = — U2(U12+U32)+7]§(771;‘773) ;
Ui -Us+ni—n3 (10)
Sinwr = Uz (1n14n3)—n2(U1+Us)
UZ—UF+ni—m3

From equation (10), it can be obtained:

1 Uz (U + U
Ti(k) = {arccos (— 2( 1+ 3) + 772(771 + 773)

- +2kw},k=o,1,27....
U = UF +n3 —n3 )

(11)

Wy

where we take
To = Tio = Z:I{llzn {ri},wo = wi,. (12)
Then at 7 = 79, we have a pair of pure imaginary roots of the equation,
and at 7 € [0,79), the roots of the equation have negative real parts. Let
A7) = u(7)+iw(T)(w > 0) be the root of equation (9) satisfying lim, ., u(7F) =
0,lim,_, w(Tk) = wp near 7 = T( ). By taking the derivative of 7 in the char-
acteristic equation (9), the followmg formula can be obtained:

d\ a1 (wo, 10) + az(wo, o)

dr — Bi(wo, 1) + Ba(wo, 70)’ (13)
and dA, @ (wo, 70) B (w0, 7o) + aa(wo, 7o) Ba (wo, 7o)
a1 (wo, 79)b1(wWo, To) + a2(wo, 7o) b2(Wo, To

Relgr) = B (w0, 70) + B2 (w0, 70) | 14

Obviously 8%(wg, 7o) + 52 (wo, 7o) must be greater than 0, so we can get:
. dA .
sign < Re s lr=ro ¢ = sign {aa1(wo, 70)51(wo, T0) + e (wo, 70)B2(wo, 70) } -

If condition (Hl)szgn{Re[d—)‘}} # 0, then transversal condition Re [%] lrery #
0 holds.

Based on the above analysis, the following theorems can be obtained :



6 Feng Liu et al.

Theorem 2. For the system (3), assume (H1) is true.

(1) If 7 € [0,70), the system is locally asymptotically stable at the equilibrium
point O;

(2) If T > 19, the system is unstable at the equilibrium point O, and a Hopf
bifurcation occurs at O at T = 7.

4 Stability and bifurcation analysis of controlled systems

In this section, a state feedback controller is added to the fractional-order
delay dual memristor system to improve the dynamic performance of the system,
increase the critical delay of Hopf bifurcation and delay the Hopf bifurcation
point of the system. It is essential to enhance the robustness of the system so
that it can remain stable in the face of stronger disturbances. The controller
model in this section is represented as follows:

U(t) = o[z(t) —z(t — 7)],

where § represents the feedback gain and 7 represents the delay inside the feed-
back controller.

We add the state feedback controller to the first item of the system, then the
system model is as follows:

Del'l (t) = —C171
+k1yi (z

—~

t) + a11 tanh (z1(t)) 4+ a12 tanh (a2(t — 7))

() — 21(8)) + 6(22(t) — wa(t — 7)),

D%z5(t) = —coxa(t) + agy tanh (z1(t — 7)) + kao(c — dy3) tanh (z2(t))
g (w2 (t) — 21 (1),

D%y = x5(t) — a1 (1),

D%, = tanh (22(t)) — yo.

l\D

(15)

[\~]

Obviously, we get the same balance point for uncontrolled and controlled
systems. Then the linearized system at the origin O is as follows

Dz (t) = —cr@1(t) + an1@1 () + arzaa(t — 7) + kyyr (z2(t) — 21(t))
+0(z2(t) — 22t — 7)),

Del'g( ) = —CQQL'Q(t) + CLlel(t - 7') + kQCfEQ(t) - klyl(xg(t) - (El(t)), (16)

Dlyy = wy(t) — 1(t),

Dy = x5(t) — 1.

Then the characteristic equation of the system is:

N Ty, —Ty—Tpe ™ —Ti5 0
~Tyy — Tyye™ " N — T —Ths O
=0. 1
1 -1 Y 0 0 (17)
0 -1 0 N+1

where Ty = —¢1 + a1 — kay, Tiy = kiys + 8, Tyy = a1z — 6, T13 = ky (22 —
x1), Ty, = k1y1, Toy = a21,Toa = —c2 + koc — kyy1, Toz = —k1(z2 — 21).
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The characteristic equation of system (15) is:

P\, 7) = Po(N) + PL(\)e T + Po(\)e M = 0. (18)

where Py(A) = A% 413N £ 15020 41300 -1y, Py(\) = 15020 4+ 16A0 417, Py(N) =
1sA20 +19N% 1 = L =Ty =Ta,la = =T =T = T13+To3 +To2Tn Ty, Ty, 13 =
—T3+To3— T21T12 To3Th1 — T23T13+T13T2; +T13Top 4 T11 T, la = =111 Tz —
Ty3T1o +T13Th, 113159, 15 = _T12T21 11515, 16 —”_77;2T21 Ty Ty —TyoTos+
T21T13,l7 = —T12T23 + T21T13al8 = 21 127l9 = =15, T',.

To simplify this equation, we multiply both sides of the equation by €7, in
which case equation (18) is reduced to the following:

Py(M\)e + PL(N) + Py(N)e ™ =0. (19)

At this time, we only study the effect When 7 > 0, let A = iw = w(cos § +
isin 7)(w > 0), put it into the characteristic equation, separate the real and
imaginary parts can be obtained:

My 4+ (M; — M3) coswt — (N7 + N3) sinwr = 0, (20)
Ny + (N7 — N3) coswt — (My + M3) sinwt = 0,

where M; = w*? cos 207 + byw?? cos 39—” + byw?? cos Om + bgw? cos & + by, Ny =
w? sin 207 +b;w3? sin 29¢ 39” +b2w sin 97r+b3w sin &, M, = bg,w% cos 07r—|—b6w cos el—i—
b7, No = bsw?? sin 97T+b6w sin &, My = bgw?? cos 07r+b9w cos 8% Ny = bgw?? sin O+
bow? sin &= 9”
By sunphfying equation (20), we can get:

__ Moy(M1+M3)+Na(N1+N3)
COSWT = M2 M2+N2 N2 ) (21>
Sinwr = Mz(N1+N3) N2(M1+M3)
M2 M2+N2 2

According to the previous analysis of uncontrolled systems, we also derive the
conditions for Hopf bifurcation in controlled systems.

Lemma 2. If w; makes H(w) = 0, then when T = 11, the eigenequation has a
pair of pure imaginary roots twy, where

1 M (My + Ms) + Nao(Ny + Ns) )
A S vy v 2y v B A S

T = Ti1 = I11112n {Ti}7o.)1 = Wi, -
1=1,2,...

Lemma 3. Let \(7) = ¢(7) +iw(7)(w > 0) be the root of equation(21)satisfying

lim §(T-j) =0, lim w(7]) = wy near 7. So the condition for Hopf bifurcation

is Re[d)\”w =wi,T="1 7’é 0.



8 Feng Liu et al.

Proof. By differentiating 7 in the characteristic equation (18), the following for-
mula can be obtained:

2 _ Ar(wr, 1) + Az (w1, 1)

dr Bi(wi,m1) + Ba(wi, 1)’

and
d\ o Al(wl,Tl)Bl(UJ1,7'1) +A2(w177'1)32(w177-1)
Re[—] = 5 5 .
dT Bl(wl,ﬁ) +BQ(’[U1,T1)
Then,
. dA .
sign {Re [dr] 'r_'rl} = sign {Ai(wy, 71)B1 (w1, 1) + Aa(wy, 71)Ba(wy, 1)}

Then, when condition (H2) sign { Re [$2] |-—-, } # 0 holds, the system satisfies
Hopf bifurcation condition.

Based on the above analysis, the following theorem can be obtained:

Theorem 3. If condition (H2) is true.

(1) When 1 € [0,71), the system is locally asymptotically stable at the equi-
librium point O;

(2) When T > 71, the system is unstable at the equilibrium point O, and at
T =711, a Hopf bifurcation occurs at O.

5 Numerical simulation

For the uncontrolled system (3) and the controlled system (15), we set the
corresponding system parameters to verify the correctness of the theoretical
analysis, and study the influence of time-delay 7 on the system.

For uncontrolled systems (3) set the parameter to ¢; = ¢o = ky = ¢ =
1,a11 = —0.1,a12 = 4,021 = —3.4,k1 = 0.17,d = 0.4. Let the initial value be
(0.1,0.1,0.1,0.1) and the fractional order 6 be 0.95. Then the system is:

D%y (t) = —x1(t) — 0.1tanh (21 (t)) + 4tanh (zo(t — 7)) + 0.17y1 (w2(t) — 21 (1)),
DYy (t) = —xo(t) — 3.4tanh (21 (t — 7)) + (1 — 0.4y2) tanh (z5(t))
—0.17y1 (z2(t) — z1(1)),
Dy =21 (t) — y1,
D%y = tanh (z2(t)) — yo.

At this time, according to the above parameters and equations, we can sim-
ulate and analyze the fractional-order memristor neural networks :

(1) According to equation (11), we can get the critical delay point 79 =0.06.
Obviously, we can see that 7y is small, which means that the system can only
be stable with a small delay, and the system bifurcates into chaos by period-
doubling at 7 = 0.47. Secondly, the stability of the system is analyzed according
to the sequence diagram and phase diagram of the system. First, in 7 = 0, we
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can calculate A; > 0, verifying the validity of Lemma 1 and theorem 1, that
the equilibrium point of the system is locally asymptotically stable under the
condition of no delay (as shown in Figure 1). When the value is 7 = 0.05 < 79,
the system is in a stable state (as shown in Figure 2). As can be seen from
the figure, with the increase of time, the neuronal variables eventually tend to a
stable state, and the generated periodic solutions are evenly distributed in space.
When 7 = 0.07 > 79, the system is in an unstable state (see Figure 3). As can
be seen from the figure, the neuronal variables do not tend to be stable with the
increase of time, and the generated periodic solutions are not uniform in space,
at which time the system generates multiple limit cycles.

;uoe}> = -

Fig. 1. When 0 = 0.95,7 = 0, the waveform graph and phase diagram of system (3),
the equilibrium point is locally asymptotically stable.

0 50 100 150

o
=
g

01 0.1

0.08 0.08
0.06
BN | Noos

0.02

0 50 100 150 0 50 100 150

Fig.2. When 60 = 0.95,7 = 0.05 < 79, the waveform graph and phase diagram of
system (3), the equilibrium point is locally asymptotically stable.
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Fig.3. When 60 = 0.95,7 = 0.07 > 70, the waveform graph and phase diagram of
system (3), the equilibrium point is unstable and the system Hopf bifurcation occurs.

Fig.4. When 6 = 0.95,7 = 0.07 < 71, the waveform graph and phase diagram of
system (15), the equilibrium point is stable.

(2) Set parameter § = 4 for the controlled system, and the other parameters
are the same as those for the uncontrolled system.

D% (t) = —x1(t) — 0.1tanh (x
+4(za(t) — x2(t — 7)),

DYy (t) = —xo(t) — 3.4tanh (21 (t — 7)) + (1 — 0.4y2) tanh (z5(t))
—0.17y1($2(t) — Zl‘l(t)),

DOy = z1(t) — y1,

D%y = tanh (z2(t)) — yo.

1(t)) + 4tanh (z2(t — 7)) + 0.17y;1 (z2(t) — z1(¢))

By calculating and comparing with the bifurcation diagram (5), we get the
critical delay 7 = 0.115. Compared to an uncontrolled system, the critical delay
increases and the bifurcation point delays, which means that the system can
remain stable over a wider range of delays. When 7 = 0.07 < 71, in the uncon-
trolled system, the system cannot reach stability, resulting in Hopf branching,
while in the controlled system, the system is in a stable state under the action
of the controller (as shown in Figure 4), thus verifying the role of the controller
on the system.
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6 Conclusion

In this paper, the stability and bifurcation characteristics of a class of
fractional-order double memristive Hopfield neural networks with time delay
are studied, Two memristors are selected, one is used to characterize the elec-
tromagnetic induction effect of the system, and the other is used to simulate
the coupling between memristor synapses. The local stability of the equilibrium
point of the system is analyzed, the time delay is selected as the bifurcation
parameter, the bifurcation behavior of the system is analyzed. Then, a state
feedback controller is designed to control the bifurcation of the system, so that
the system can maintain stability and increase the robustness of the system.
The numerical simulation shows that the system with the controller expands the
stability range of the original system and achieves the ideal control effect.

The authors will continue to study memristor based neural networks in depth,
especially in the following two aspects of future work: first, the study of more
complex systems. The memristor is used as a connection synapse to form a
complex neural network model by coupling multiple neurons. Compared with
traditional neural networks, the coupled model is more complex and variable.
Second, explore more complex dynamic behaviors and applications. In addition
to stability and bifurcation phenomena, deeper dynamical properties such as
hyperchaos and attractors will also be looked at, which are of great importance
for practical applications such as encrypted communications.
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