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Abstract In this paper, a class of coupled memris-
tive neural networks of neutral type with mixed time-
varying delays via randomly occurring control is stud-
ied in order to achieve anti-synchronization. The model
of the coupled memristive neural networks of neu-
tral type with mixed time-varying delays is less con-
servative than those of traditional memristive neural
networks. Some criteria are obtained to guarantee the
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anti-synchronization between the drive system and the
response system. Two kinds of randomly occurring
memristor-based controllers are designed. The analysis
in this paper employs the differential inclusions theory,
linear matrix inequalities, and the Lyapunov functional
method. In addition, the new proposed results here are
very easy to verify and also extend the results of earlier
publications. Numerical examples are given to show
the effectiveness of our results.

Keywords Memristive neural networks - Neutral-
type - Mixed delays - Randomly occurring control

1 Introduction

In the past decades, in order to process information
intelligently, artificial neural networks haven been pro-
posed to simulate the function of human brain. Tra-
ditional artificial neural networks have been imple-
mented with a circuit, and the connection between
neural processing units is realized with a resistor. The
resistance is equal to the strength of synapses between
neurons. The strength of the synapses is a variable,
while the resistance is invariable. Combining the mem-
ory characteristic of memristor, the resistor is replaced
by a memristor in order to simulate artificial neural
network better, and a memristor eventually may be
used in artificial neural networks. Recently, the authors
in [1-4] have concentrated on the dynamical nature
of memristor-based neural networks in order to use it
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in applications, such as pattern recognition, associa-
tive memories, and learning, in a way that mimics the
human brain.

It is well known that time delays generate com-
plex and unpredictable behaviors in practice and are
often caused by finite switching speeds of the ampli-
fiers. Therefore, much effort has been paid in recent
years for analyzing dynamic behaviors of neural net-
works with various types of time delays (see [5—8]). The
constant time delays, and the time-varying delays have
been studied in [9, 10]. Note that the neural signal prop-
agation is often distributed during a certain time period
in the presence of an amount of parallel pathways with a
variety of axon sizes and lengths. Hence, the authors in
[11-13] have concentrated on the discrete and distrib-
uted delays. In addition, anti-synchronization control of
neural networks plays an important role in many poten-
tial applications, e.g., nonvolatile memories, neuromor-
phic devices to simulate learning, adaptive, and spon-
taneous behaviors. However, up to now, there are few
studies on the anti-synchronization control of memris-
tive neural networks with distributed delays and dis-
crete delays.

On the other hand, due to the complicated dynamic
properties of the neural cells in the real world, there
exist many neural network models such as recurrent
neural networks [14], fuzzy neural networks [15],
and bidirectional associative memory neural networks
[16,17] that cannot characterize the properties of a
neural reaction process precisely. It is natural and
important that systems will contain some information
about the derivative of previous state. This kind of
neural network is termed as neutral-type neural net-
work. Inrecent years, there has been a growing research
interest in the study of delayed neural networks of neu-
tral type (see [18-22]). However, there were few studies
to analyze the anti-synchronization control of coupled
memristive neutral-type neural networks with discrete
and distributed time-varying delays (mixed delays).

And due to the fact that signals in networked sys-
tems are not transmitted perfectly or the control is not
available, as in the cases of packet dropouts, random
failures, and repairs of actuators, control should be sus-
pended from time to time. Therefore, control activation
and networked systems may occur in a probabilistic or
switching way and are randomly changeable in terms
of their types or intensity. So the main contributions to
this paper are as follows:
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1. we fill the gap on anti-synchronization control of
coupled neutral-type memristive neural networks
with mixed delays;

2. we propose a less conservative model of the cou-
pled neutral-type memristive neural networks with
mixed time-varying delays;

3. we propose two kinds of memristor-based ran-
domly occurring controllers, i.e., memristor-based
delay-independent controller and memristor-based
delay-dependent controller. The memristor-based
delay-dependent controller is less conservative than
the other one. Some criteria are obtained to guar-
antee the anti-synchronization between coupled
memristive neural networks of neutral type with
mixed delays.

2 Preliminaries

Based on the physical properties of memristor, the
memristor-based neural networks of neutral type with
time-varying mixed delays are described by (i =
1,2,...,n)

dxi(t) —dix;(t — 11(1))]

= | —cixi(0) + D aij(xi(0)) f (xj (1))
Jj=1
. i (1
+ D bij (i ()0t = 12(1)
j=1
t

n
+ D e (xi (1) h(x;(s))ds | dr,
j=1 t—13(t)
where x;(¢) is the voltage of capacitor C;. a;;(x;(t)),
bij(xi(t)), e;j(x;(t)) represent memristor-based
. Wi .
weights, a;;(x; (1)) = % X sging;, bij(xi (1) =

Wij ; Waij ;
- X sgingj, ejj (x; (1)) = - X sgingj, and

. I, i
sglnij - [—17 i =j7

in which W(l)ij, W(Z)ij, W(3),‘j denote the memduc-
tances of memristors Ry, R, R3. R, Ry, R3 represent
the memristors.
Combining with the physical structl(ljre of a memris-
q(1)ij

tor device, one can see that W(y);; = Ton” Wij =
L
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dq(Z)i j d‘](3)i'
oo WO = o, Where 4aij» 4@ij» 4(3)ij and

O()ijs OQ)ij» O(3)ij denote charge and magnetic flux of
the memristors Ry, R, R3, respectively.

Many studies show that pinched hysteresis loop is
the fingerprint of memristive devices. Under different
pinched hysteresis loops, the evolutionary process of
memristive systems evolves into different forms. It is
generally known that the pinched hysteresis loop is due
to the nonlinearity of the memductance function. The
memductance functions W(1y;j, W(2)ij, and W(3);; are
given by:

2
Wwyij = lwij +312)ijo(yij»

2
Wyij =13)ij + 3l @)ijo oy

2
Waij = Ls)ij + 3L6)ijo 35

where l1yij, [yij» 13)ij> layijs 15)ij> Loyij are con-
stants, i, j = 1,2,...,n. According to the feature
of a memristor, a;;(x;(t)), b;j(x;(t)), e;j(x;(¢)) are
continuous functions, a;; < a;;(x;(t)) < aj, 51'1' <
bij(xi(t)) < bij, and é;; < e;j(x;(t)) < &;, for
i, J = 1, 2, Lo, n, where &ijv é,’j, l;,'j, l;,'j, éij’ éij are
constants. A(x; (1)) = (a;j (x; (1)) nxn and B(x; (1)) =
(bij(x;(t)))nxn are memristive connection weights,
which represent the neuron interconnection matrix and
the delayed neuron interconnection matrix, respec-
tively. In the artificial neural networks, the memristors
worked as synaptic weights. The connection weights

Axi (1) = (aij(xi (1)),
B(xi (1) = (bij(xi (1)), »
E(x; (1) = (eij(xi(1)))

nxn’

change according to the state of each subsystem.
If Axi(0) = (@ijxiODnxn » Bxi(0) = (aij
(i ()))nxn and E(x;(t)) = (eij(xi(t)))nxnare con-
stants, the system (1) will reduce to a general net-
work. D = diag(dy,..., d) > 0 and C =
diag(cy, ..., ¢p) > 0 are self-feedback connec-
tion matrices. f(x(t)) = [f(xl(t)), ...,f(xn(t))]T,
F(e(1) = [Fr1(0). -, Z0u ()T, and A(x(1) =
[h(x1 (D), ..., h(x,@)]T are the neuron activation
functions. 71(t), t2(¢), t3(¢) corresponds to the time-
varying transmission delays.

When N memristor-based neural networks of neu-
tral type with time-varying mixed delays are coupled

by a network, we obtain
dlxi (1) — dixi(t — 11(1))]

= [— cixi (1) + D aij (xi (1)) f(x; (1))

j=1

+ D bij (i (10)E(x,(t — 12(1)))

j=1

n t 5
+ i (xi (1)) hixj(s))ds

j=1 t—13(1)
N
+> pmi;Tx j(l‘):|dt, 2)
j=1
where x; (t) = (x;j1(1), xi2(¢), ..., xin(1))T is the state

variable of the ith memristive neural network. Sup-
pose each memristive neural network is a node, and the
information between two nodes is transmitted via an
edge. M = (m;;) yxn represents the coupling matrix,
and if there is an edge from memristive neural net-
work j to 7, then m;; = 1; otherwise, m;; = 0 # j).
Andm;; = — Z;V:L i Mij- B represents the coupling
strength. The positive definite diagonal matrix I" stands
for the inner coupling between two connected memris-
tive neural networks.

In this paper, we use the following assumptions and
definitions.

Assumption 1 In this paper 71(¢), 12(¢), t3(¢) are dif-
ferential functions with 71 (¢) < 1 < 1, 02 (t) < pup <
1, 13(t) < pu3 < 1,and 71(t) < 11, (1) < 17,
73(t) < 13, where 11, 12, 173, 141, L2, 13 are positive
constants.

Assumption 2 The functions ﬁ, gi,and h; are boun-
ded and odd functions.

Assumption 3 Fori, j =1,2,...,n,
coldij, aij} fi(x; (1)) + coldij, aij} fi (v (1))
C colaij, aij}(fi(x; ) + f;(v; (1)),
colbij, bij}g; (xj(t — 1a(1) + colbij, bij}§; (y; (t — T2(1)))
C colbij, bij} (g (xj(t — () + §;(yj(t — ©2(1)).
colbij, bij}hj(x;(t — T3(1))) + colbij, bij}hj(y;(t — t3(1)))
C colbij, bij}(hj(x;(t — T3(0))) + hj (v (t — T3(1)))).

Lemma 1 (see[23]) Forvectors a and b, the inequality
+24Th < a'Sa + bTS™'b holds, in which S is any
matrix with S > 0.
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Lemma 2 (see [24]) For any positive definite matrix
W, a scalar r > 0 and a vector function n : [0, r] —
R" such that the integration concerned are well defined,
then

r T r r
(/ n(s)ds) w (/ n(s)ds) < r/ nT(s)Wr)(s)ds.
0 0 0

Definition 1 (see [25]) Suppose E C R". Then, x
F(x) is called as a set-valued map defined on E, if
for each point x of E, there exists a corresponding
nonempty set F(x) C M. A set-valued map F with
nonempty values is said to be upper semicontinuous at
xoe E if, for any open set N containing F(xg), there
exits a neighborhood M of xq such that F(M) C N.
F(x) is said to have a closed image if for each x€eE,
F(x) is closed.

In this paper, solutions of all the systems con-
sidered in the following are intended in the Filip-
pov’s sense, where [-, -] represents the interval. Let
c_l,'j = max{&,-j, ﬁij}, Qij = min{&ij, cvl,‘j}, b,‘j =
max{l;ij, l;ij}’llij = min{l;ij, l;,'j}, E,’j = max{é,'j, é,’j},
¢;; = min{ejj, éij}, A = (@ij)nxn, B = (bij)nxn, E =
(éij)nxna A= (‘_lij)nxna B = (éjj)nxn, E = (E,"/)nxn’
fori = 1,2,...,n. cofu, v} denotes the closure of a
convex hull generated by real numbers u# and v or real
matrices u and v.

Based on Definition 1, by applying the theory of
differential inclusion, the memristor-based neural net-
works of neutral type with mixed delays can be written
as the following differential inclusion:

d[x(t) — Dx(t — 71(2))]

e[ —Cx()+ D colai; (v (D) F(x(0)

j=1

+ D colbij (xi()))F(x(t — 12(1)))

j=1

3)

+ > coleij (xi (1))

j=1

t
X / h(x(s))ds + ﬂMFx(t)i|dt.
t

—73(1)

The differential inclusion (3) means that there exist
a;ij()€ajj(xi (1)), bij(t) €bij(xi (1)), eij(t)ee;;j(xi (1)),
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and A(t) = (aij(O)nxns BO) = (bij()nxens E(1) =
(€ij(t))nxn, such that

dLx (1) = Dx(t = 1)) =[~Cx(t) + A) fx(1)
+B1Z(x(t = (1)

t

+E(t) h(x(s))ds + ﬂer(z)] dt. (4

t—13(1)

Let system (4) be the drive system, and the response
system is as follows

dly() = Dy(t = )] = [~Cy®) + A0 f6:@)
+BOE(y (= 1a())

t

+E(t) h(y(s))ds + /SMFy(t)i| dr.

t—13(1)

®

According to Assumptions 3, let e(t)=(e1(?), e2(?),
o en()T be the anti-synchronization error, where
ei(t) = xi(t) + yi (@), it — 12(1)) = x;i (t — 12(1)) +
Vit = 12(1)), €i(t — 13(2)) = x;(t — ©3(1)) + yi(t —
73(¢)). Using the theories of set-valued maps and dif-
ferential inclusions, we can get the following anti-
synchronization error system

dle(t) — De(t — 11(1))]e

[ — Ce(t) + ) _ cofaij(ei ()} f (x(1))

j=1

+ D colbij(ei(t)))g(e(t — 12(1)))
j=1

(6)

n t
+ > coleij(ei (1)} h(e(s))ds

j=1 t—13(1)

+ ﬁMFe(t)]dt.

Or equivalently, there exist a;;(t)ea;j(e;(t)), bij(t)
ebjj(ei (1)), eij(1)eeij(ei (1)), and A(t) = (aij())nxn,
B(t) = (bij(t))nxn, E(t) = (€ij(t))nxn, such that
dle(t) — De(t — 11(1))] = [—Ce(t) + A(t) f (e(1))
+B(1)g(e(t — 12(1))) )

t
+E(t) h(e(s))ds + BMTe(t)]dt,

t—13(1)
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where fi(e; (1)) = fj(x;() + fi(y; (1), gjlej(t —
n()) = gjxjt — @) + &yt — (),

hjlej(t — 13(1))) = hj(x;j(t — 3(1))) + hj(y; —
73(1))).

3 Main results

In this section, we investigate the anti-synchronization
control for the coupled memristor-based neural net-
works with mixed time-varying delays under the ran-
domly occurring control.

Theorem 1 Under Assumptions 1-3, the error system
(7) of the coupled memristor-based neural networks
of neutral type with mixed time-varying delays will be
convergent, if there exist a positive diagonal matrix
P =diag(Py, P>, ..., P,), positive matrices Q1, O,
03, 04, Os, Qs, O7, O3, S1, S2, and a positive scalar A
such that the following LMIs (Linear Matrix Inequality)
hold:

P <Al (8)
3(S1 + $2) < Qes
Yuvyie 0 0 Y5 0 0 ¢ig O
* Y 0 0 Y5 0 0 yog O
* x Y3 0 0 0O O O O
* % % Ygqe 0 O O O O
Y= * % x % Yss 0O O O O |,
¥ % k% x Yge 0 0 O
* x % x ok * Y7 0 0
* % x x % * x Ygg O
* k% ok ok ok k% %k Ygg
)
where

Y11 = —2PC +2BMTP —2pPK + PES'ETPT
+ 01+ 02+ 03,

Y12 = D'PC — pDTPMT
+pD"PK, Y5 = PA, Y3 = PB,

Y =PDYES;'E'DP + (u1 — DOy,

Yos = —DTAP, Yy = —D'BP,

V33 = (n2 — D02, Yua = (n3 — 1) 03,

Vss = 1107 + 1203, Y66 = Q4,

V71 = 05+ 1306, Y88 = (2 — 1) Q4,

Vo9 = (u3 — 1)Qs.

And the randomly occurring memristor-based con-
troller is designed as
u(e(r)) = —p)K(e(r))e(t), (10)
Ke(t) < K(e(1))e(t) < Ke(r), (1)
where IZ(t)eco{K(e(t))} and p(?) is a stochastic vari-
able that describes the following random events for sys-
tem (7),

Event 1: (7)experiences (10) (12)
Event 2: (7) does not experience (10)
Let p(t) be defined by
1, if Event 1 occurs,
pl) = [ 0, if Event 2 occurs, (13)

where E[p(1)] = pe[0, 1].

Proof Construct the following Lyapunov—Krasovskii
function

9
Vit e() = D Vilt, e(t)). (14)

i=1

Along the trajectory of system (7), we define an oper-
ator LV by

LV(t,e(t)) = Vi(t, e(t)) + Ve(t,e(t))[—Ce(2)

+ A@t) fle(n)) + B(t)g(e(t — 1a2(1)))

! 15
h(e(s))ds (15)

t—13(1)

+ BMTe(t) + u(t)],

+E®)

where V;(t, e(t))=2CGE v, (1, e(1)=(DAg,

deq
v, v, PV,
G ) Vee 1. e) =50 s
and the controller u(¢) is designed to achieve the
synchronization of coupled memristor-based recurrent

neural network. And

Vilt, e(n)) =[e(t) = De(t — 1y ())]" P
[e(r) — De(t — 11 ()]

From (7) and (16), we get

(16)

LVi(t, e(t)) = 2[e(t) — De(t — 11(t))]T P[—Ce(t)

+A() f(e(t)) + B(t)g(e(t — 12(1)))
t

+ E(t) h(e(s))ds + BMTe(t)

1—3(1)
—p(OK (t)e(1)]
=T (1)[-2PCle(t) + e ()[2PA(1)] f (e(t))
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+eT(OR2PB1))gle(t — 12(1)))
't

+eTORPE®)]

Jt—13(1)

+eT(O[2BMT Ple(r)
+eTORP(—pO)K )]e)

+eT (¢t — 11 (1)2DTPCle(r)

+eT(t — 1 (1)[-2DTA@) P f(e(1))

+el(t — 1)) [-2DT PB(1)1g(e(t — 12 (1)))
t
+el(t — 1 ()[—2DTPE®)] h(e(s))ds
Jt—13(1)
+eV(t — 11 () [—2BDTPMTe(t)

+eT(t — i )R2DT Po() K (1)]e).

h(e(s))ds (17)

From Lemma 1, we get
_ t
eTHRPE®)]

Jt—13(t)

<eTOPESTETPTe(r) (18)

t T t
+ [/ h(e(s))dsi| M |:/ h(e(s))ds} ,
t—13(1) t—13(1)

and

h(e(s))ds

t

eT(t — i) [-2DTPE(1)] / h(e(s))ds

t—=13(1)

<t —n@)PDTES;'ETDP et —1i(t))  (19)

T
+ |:/t h(e(s))ds:| S |:/t h(e(s))ds:| .
t—13(1) 1—13(1)

Utilizing Lemma 2 yields

t T t
[/ h(e(s))ds:| S1+ 52) [/ h(e(s))ds:|
t—13(t) t—13(t)

t
<3(0) R (e(5))(S1 + S2)h(e(s))ds (20)
1—3(1)
t

=< / hT (e())[13(S1 + S2)]h(e(s))ds.
t

—73(1)
According to Assumption 1, we have

t

Va(t, e(t)) =/ eT(s)01e(s)ds.
=71 (1)

LVa(t,e(t)) = e" (1) Q1e(r)
— (I =t (0)e (t — 11 (1) Qre(t — 11 (1))
<e'(1)Qre(t) —e"(t — 71 (1)

x [(1 = 1) Qrle(t — 71(2)). (21)
And we set
t
Vi(t, e(t)) =/ €' (s)0ae(s)ds.
1—1(1)

@ Springer

LVs(t, e(t)) = €' (1) Qze(r)
—(1 —1(@)e" (1 — 12(1)) Q2e(t — 12 (1))
< el (1) 0re(t) — €' (1 — 1a(1))
x [(1 — p2) Qale(t — T2 (1)). (22)
By Ito’s differential formula studied in [26], we could
infer that

t

Va(t, e(t)) = / el (s) Qze(s)ds.
t—13(1)

LVi(t, e(t)) = " (1) Q3e(t) — (1 — 13(1))
xel (t — t3()) Q3e(t — 13(1))
< e () Qze(t) — e (t — 13(1))
x [(1 — u3)Qsle(t — 13()).  (23)

And

t

Vs(t, e(t)) = / 4T (e(s)) Qag e(s))ds.
1—1(1)

LVs(t, e(1)) = g"(e(t)) Qag(e() — (1 — 12(1))
xgl(e(t — 12(1))) Qagle(t — 12(1)))
< g (e(1)) Qagle(r) — g" (et — T2(1)))

x[(1 — 12) Q4lg(e(t — (1))
(24)

According to Assumption 1, we get

t

Vo(t, e(t)) = / 1T (e(s)) Qsh(e(s))ds.

t—13(1)
LVe(t, e(t)) = h" (e(t)) Qsh(e(t)) — (1 — t3(t)h"
x(e(t — 13(1))) Qsh(e(t — 13(1)))
< W (e(1)) Qsh(e(t)) — h (et — T3(1)))
x [(1 — 113) Q5] h(e(t — 3(1))).
(25)

We set

0 t
V7(t,e(t)):/ / hT(e(s))Qﬁh(e(s))dsdr.
—13(t) Jt+r
LVi(t, e(t)) = t3(t)h " (e(1)) Qeh(e(t))
t
- / hY (e(s)) Qeh(e(s))ds
t

—13(1)

< h"(e(t))[r3Q6lh(e(t))
t
— / hT(e(s)) Qeh(e(s))ds.
t

—13(7)

(26)
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From condition (9), we obtain
t
/ hT (e(s)[73(S1 + S2)1h(e(s))ds
t7r3t(t) (27)
[ W) @shtetsds <o.
t

—13(t)
We set

0 t
Vit ew) = [ ST ()01 f (e(s))dsdr
—11(t) Jt+r
LVs(t, e()) = 71 (1) fT(e(1)) 07 f (e(1))
t
- / FT(e(5)) Q7 f (e(s))ds
t

—71(0)
< Nt Q71 f (e(1)). (28)
And

t
Volt, e(t)) = / FT(e(s)) 05 f (e(s))dsdr.

—12(t) Jt+r

LVo(t,e(1)) = (1) f T (e(t)) Qs f (e(1))
t
— / FT(e()) Qs f(e(s))ds
t

—n2(1)
< fTe)r0s] f (e(t)). (29)

Substituting inequalities (16)—(29) into (15), we obtain
E[LV(t,e(t)] < ¢ (1)[-2PC +2BMT P —2pPK

+ PES;'ETPT

+ Q1+ Q2+ Q3le() + " (N[2PA]f (e(1))

+ e (D[2PBlg(e(t — ra(1))) + €' (t — 11 (1))

x 2DTPC —28DTPMT +2pDTPKle(r)

+ e'(t — 11 ()[-2DT AP] f (e(t))

+ e"(t — () [-2D" PBlg(e(t — 12(1)))

+ Tt — @) PDTES;'ETDPT

0

+ (1 — DQ1let — 11 (1)) + 't — (1)) (30)

+ [(u2 — DQ2le(t — 12(1)) + e (t — T3(1))
x [(u3 — 1) Q3le(t — 13(t))
+ fTe)[t107 + 12051 f(e(1))
+ g"(e()[Q41g(e(t))
+ hT(e()[Qs + 13 Q6lh(e(t))
+ " (et — N2 — 1) Q4lg(e(t — 1a(1))
+ hT(e(t — (O[3 — 1) Qslh(e(t — 73(1)))
=o' Ve,
where

o7 = [T 0. 1 =), €T x (1 = T2, "

x (t — i3(0)), fT(e(r)), g (e()), K (e(r)), g*
T
X (et = 2. W (et = 5]

Yiuuviz 0 0 ¢s 0 0 Y3 O
* Y 0 0 vYos 0 0 yog O
« % Y 0 0 0 0 0 0
* % % Ygue O 0O O O O
W= * % % x Y55 0O 0 O O |,
* % % % % Yge 0 0 O
* % % % % % Y7 0 0
* % % % % sk ok Ygg O
* % k% %k % %k Yo
where
Y11 = —2PC+2BMTP —2p

PK +PES'E'PT + Q1+ Q2 + 03,
Y12 = D'PC — BDTPMT + pDTPK,
Y15 = PA, g = PB,
Y2 = PDTES;'ETDPT + (11 — 1) Q1
Yos = —DTAP, Yy = —DTBP,
V33 = (2 — 1)Q2, Yus = (u3 — 1) 03,
Vss = 1107 + 1208, Y66 = Q4.
V77 = 05+ 1306, Y88 = (12 — 1) Q4,
Vo9 = (u3 — 1)Qs.
If ¥ < 0,then LV(¢t,e(t)) < 0, so the drive system

and the response system get anti-synchronization. This
completes the proof. O

Remark 1 In the above proof, we construct a novel
Lyapunov function by employing a delay-fractionizing
approach in order to reduce the possible conservatism
induced by the Lyapunov function when dealing with
time delays.

When D = 0, from Theorem 1, we obtain the fol-
lowing corollary.

Corollary 1 Under Assumption 1, the error system
of the coupled memristor-based neural networks with
mixed time-varying delays can be described by

dle(n)] = [ — Ce(t) + A@) f(e(1) + B()g(e(t — 12(1)))
t

+ E(1)

t—13(1)

h(e(s))ds + ﬂMre(r)]dr
3D

and (31) will be convergent, if there exist a positive
diagonal matrix P = diag(Py, Py, ..., P,), positive
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matrices Q1, Q2, 03, Q4, Qs, Q6 07, 08, S1, S2, and
a positive scalar ) such that the following LMIs hold:

P <A, (32)
73(81 + 82) < Qe (33)
Yy 0 0 0 PA O O PB O
* Yy 0 0 0 O O O O
*x % Y33 0 0 O O O O
* % x Ygue 0 0 O O O
Y= * * x * Ys5 0 0 O O |,

* % % % % Yge 0 0 O

* % ok % x % Y7 0 O

*  x % ok  k  k  x Ygg 0

* ok ok k% %k k% Yoo
where

Y11 = —2PC +2BMTP —2pPK
+PEST'ETPT + Q1+ 02+ 03,

Voo = (u1 — D01, Y33 = (n2 — 102,

Vas = (u3 — 1) 03,

Vss = 1107 + 1208, Y66 = Q4,

V77 = Qs + 1306, Y38 = (L2 — 1) 04,

Vo9 = (u3 — 1)Qs.

The randomly occurring memristor-based controller is
designed as
u(e(r)) = —p)K(e(®))e(t), (34
Ke(r) < K(e(1)) < Ke(), (35)
where K (t)eco{K (e(t))} and p(t) is a stochastic vari-
able that describes the following random events for sys-
tem (31),

Event 1: (31) experiences (34) (36)
Event 2: (31) does not experience (34)
Let p(¢) be defined by
1, if Event 1 occurs,
) = [ 0, if Event 2 occurs, 37

where E[p(1)] = pe[0, 1].

Remark 2 When D = 0, the systems are no longer
neutral-type neural networks. When E(r) = 0, the sys-
tems no longer have distributed time-varying delays.
We can also get the synchronization results from The-
orem 1 when D = 0 or E(r) = 0.

@ Springer

Next, we will give another controller which depends
on the time-varying delays.

Theorem 2 Under Assumptions 1, the error system
(7) of the coupled memristor-based neural networks
of neutral type with mixed time-varying delays will be
convergent, if there exist a positive diagonal matrix
P =diag(Py, P>, ..., Py), positive matrices Q1, Q2,
03, 04, Os, Q¢, Q7, Os, S1, S, and a scalar ). > 0
such that the following LMIs hold:

P <Al (38)
73(81 + $2) < Qs (39)
Yiiviz 0 0 Yys 0 0 yys O

* Yo 0 0 Y5 0 0 Yog O
* % Y33 0 0O O O O O
* % x Yuue 0 0O O O O
Yy=| *x * *x % ¥Ys5 0 0 0 0 | =<0,
* %k % * x Yg 0 0 O
* % % % % x Y7 0 0
% ok ox ok ox %k x Ygg O
* k% k% ok x ok Ygg
where
Y11 =—-2PC+28MI'P —2p1PK;

+PEST'ETPT + 01 + 02 + 03,

Y12 = DTPC — BD"PMT + pyD"PK | — py PK .
Y15 = PA,yng = PB,
Yo = PDTES;'ETDPT

+(u1 =101 +2mD"K, P,
Yos = —D"AP, Y3 = —D"BP,
V33 = (2 — 1) Q2, Yus = (u3 — 1) 03,
Vss = 1107 + 1208, Ye6 = Q4,
V771 = 05+ 1306, Y38 = (2 — 1) Q4,
Vo9 = (3 — 1)Qs.

The randomly occurring memristor-based controller is
designed as

u(e(r)) = —p1()Ky(e(t))e(r)

(40)

— p2(D)Ka(e(®))e(t — 11(1)),
Ke(t) < Ki(e(t)) < Kie(0), (41)
Kye(r) < Ka(e(t)) < Kae(n), (42)

where K (t)eco{K1(e(1)))}, Ka(t)eco{Ka(e(1))}, p1 (1)
and p(t) are stochastic variables which describe the
following random events for system (7),

(7) experiences (40)

Event 1 :
[ (7) does not experience (40) (43)

Event 2 :
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Let p1(t), p2(t) be defined by

1, if Event 1 occurs,

p11) = [ 0, if Event 2 occurs, (44)
1, 1if Event 1 occurs, ,

p() = [ 0, if Event 2 occurs, , (@3)

where E[p1(t)] = p1€[0, 1], E[p2(1)] = p2€[0, 1].

Proof Consider the Lyapunov—Krasovskii function as
the same as in Theorem 1. By Ito’s differential formula,
we could infer that

LVi(t,e(t)) = 2[e(t) — De(t — 11 (l))]TP

[—Ce(t) + A1) f(e(1)) + B(t)gle(t — 12(1)))
t

+ E(t) h(e(s))ds + BMTe(t)

t—13(7)
— pIOK 1 (De(t) — p2 (K2 (1)(t — 71 (1))]
=T (O)[-2PCle(t) + T (N2P A f (e())
+ T OR2PB1)g(e(t — 12 (1))

+ T(ORPE®W)] t h(e(s))ds
t—13(1)
+ T (O[2BMT Ple(r)
+ N OR2P(—p1 (1) K1 (1)]e(r)
+ e (O[—2Ppr () K2 (D]e(t — 11 (1))
+ Tt =1 (1)2DTPCle(t) + ¢ (1 — 11 (1))
x [=2DTA(t)P1f(e(t)) + €' (t — 11(1))[-2DT PB(1)]

x gle(t — (1)) + €T (t — 11 ())[-2DT PE(1)]
t

(40)

— 2DPE®) h(e(s))ds
1—13(1)

+ Tt — 11 (1) [—2BDTPMTJe(r)
+ Tt — 1y )2DT Ppy (1) K1 (1)]e(r)
+ Tt — 1 )R2DT pa () K2 (1) Ple(r — 71(1)).

And

E[LV(t, e(t)] < e (t)[—~2PC +2BMT P —2p; PK |
+PEST'ETPT 4+ 01 + 02 + 031e(r)
+eT(O[-2p2PKyle(t — 71(1))
+eTOR2PAIf(e(r) + T (D[2PBIgle(t — (1))
+eT(t —r(e)2DYPC —28DTPMT
+2p1 DT PK |1e(r)

+eT(t — 1) [-2DTAP] f(e(t))

+eT(t — 1 (1)[-2DTPBlg(e(t — 12 (1))

+eT(t — 1 )PDTES,'ETDPT 47

+202D K5 P + (1 — DQ1le(t — 71(1))

+eT(t — )2 — DOle(t — 12(1))

+el(t — i3z — DQ3lelt — 3(1)

+ T e@)r1 07 + 12081 f (e(1))

+87 (e[ Qalge(®) + hT (e(t)[Q5 + 1306l (e(t))

+8T (et — Ok — DO4lgle(t — 12(1)))

+hT (et — T3 [(u3 — 1) Qslh(e(r — 13()))
=9y,

where ¢7 = [e(1).e"(t — T (1)), e"(t — n2(1)),
el(t = w3(0), fT(e(®). g7 (e(t)). KT (e(n)), g™ (e(t —
(1)), h (e(t — t3(1))]T. If ¥ < 0 in Theorem 2,
then LV (¢, e(t)) < 0. So the coupled memristor-based
neural networks with mixed time-varying delays will
be convergent under the controller (40). This completes
the proof. O

When the neural networks (7) are not coupled, then
from Theorem 2, we obtain the following corollary.

dle(t) — De(t — 11(1))] = [—Ce(t) + A1) f (e(1))
t
+ B(t)gle(t — (1) + E() h(e(s))dsdr.
1—13(1)

(48)

Remark 3 Theorem 1 makes the controller (10) a lit-
tle conservative because it only depends on e(?). In
Theorem 2, we construct a different controller, which
depends on both e(#) and e(t — t1(¢)), such that it is
less conservative than Theorem 1.

Remark 4 Compared with the randomly occurring
controllerin [27], the controllers (10) and (40) are based
on memristor, which have memory characteristic.

Corollary 2 Under Assumptions 1, the uncoupled
memristor-based neural networks of neutral type with
mixed time-varying delays (48) will be convergent, if
there exist a positive diagonal matrix P=diag(Pi, Ps,
..., Pp), positive matrices Q1, Q2, O3, Q4, Os, Qe,
07, Og, S1, S2, and a scalar A > 0 such that the fol-
lowing LMIs hold:

P <Al (49)
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73(S1 + $2) < Qs (50) 4 Tllustrative Example
Yiiyiz2 0 0 ¢us 0 0 g O In this section, several examples are presented to illus-
* Yo 0 0 Y5 O 0 g O trate the effectiveness of the results obtained above.
* % Y30 0 .0 0 00 Consider a coupled two-dimensional memristor-based
¥ k% Yu 00000 recurrent neural network model as follows:
Y=| * % % % %55 0 0 0 0 [|<0, '
* % % x x Ye 0 0 O
k ok ok ok ok ok Yy 00 de(t) — De(t — 11(1))]
% ok k% % % % x Ygg 0 ~ ~
Foxox ok ok k% % Yoo =[ = Ce(t) + At) f () + B()g(et — 12(1))
t
+E@) h(e(s))ds + BMe(1)]dr,
where —13(0)

Y11 = —2PC —2p1 PK,
+PES'ETPT + Q1+ 02 + 03,

Y12 =D"PC+piD'PK, — mPK,,

Y15 = PA, Y3 = PB,

Yo = PDTES;'ETDPT
+ (1 = 1)Q1 +2mD K, P,

Y25 = —D'AP, Y3 = —D'BP,

V33 = (2 — 1)Q2, Yus = (u3 — 1) 03,

Vss = 1107 + 1208, Y66 = Qa,

V771 = 05+ 1306, Y88 = (12 — 1) Q4,

Vo9 = (u3 — 1)Qs.

The randomly occurring memristor-based controller is
designed as

u(e(r)) = —p1()Ki(e(r))e(r)

(51)

— p2(t)Ka(e(t))e(t — 11(1)),
K e(t) < Ki(e(t)) < Kre(t), (52)
Kye(t) < Ka(e(t)) < Kae(?), (53)

where K1 (t)eco(K1(e(1))), Ka(t)eco{Ka(e(1))), p1 (1)
and py(t) are stochastic variables which describe the
following random events for system (48),

Event 1 : (48) experiences (51) (54)
Event 2 : (48) does not experience (51)
Let p1(t), pa(t) be defined by
1, 1if Event 1 occurs,
P = [ 0, if Event 2 occurs, (53)
1, if Event 1 occurs,
pa(t) = [ 0, if Event 2 occurs, (56)

where E[p1()] = p1€[0, 1], E[p2()] = p2¢€[0, 1].

@ Springer

(57)

where e(t) = (e1(t), ex(t)) is the state of the error
system (57) and the time-varying delays are 71(t) =
0(1) = 13(1) = 3sin(t). Take f(e; (1)) = glei(t)) =
h(ei(t)) = 5(| ei(t) +1 | — | ei(t) — 1 |), and obvi-
ously, f(e;(t)) is odd and bounded.

Other parameters of the error system are given as

follows: 0.1 0 0.6 0
b= ( 0 0.2)’C:( 0 0.7)’

ayi(ein(t)) = 0.3sin(ei1 (1)), a1z(ei1 (1)) = —0.2sin(e;1 (1)),
az(ein(t)) = —0.2sin(ein (1)), ana(ein(t)) = sin(ein (1)),
az1(e;3(1)) = 0.6sin(e;3(1)), azz(ei3(1)) = 0.3sin(e;3(1)),
bii(ei1(t)) = 0.4sin(ei1(1)), bia(ei1(t)) = 0.3sin(e;1(1)),
by1(ei2(1)) = 0.5sin(ei2(1)), b (ei2 (1)) = 0.2sin(ei2(1)),
b31(ei3(1)) = 0.4sin(ei3(1)), b (eiz(r)) = 0.2sin(e3(1)),
e11(ei1(t)) = 0.3sin(e;1(1)), e12(ei1(t)) = 0.5sin(ei1 (1)),
e21(eia(t)) = 0.5sin(ein(t)), exn(ei2(r)) = 0.3sin(ei2(1)),
e31(ei3(1)) = 0.3sin(ei3(1)), ea(ei3 (1)) = 0.3sin(e3(1)),
K (ei1(t)) = 0.5cos(ei1(1)), K (ei2(t)) = 0.6cos(ei2(1)).
We choose w1 = o = u3 = 0.1, 71 = 0.1, p =
0.2, 73 = 0.3, and

- (0302 - (0403
A:(o.z 1 )’Bz(o.so.z)’

- 0.30.5 00
b= (0.5 0.3) K= (0 o) ’
-2 1 1
M = 1 =21
1 1 =2
Using the LMI toobox in MATLAB, we obtain the fol-
lowing feasible solutions to LMIs in Theorem 1

P 0.2628 —0.0671
~\—0.0671 0.2497 )~

o1 — ((2:032 0.0068
~ \0.0068 2.041 )
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Fig. 1 (Color online) The curves of state error ¢;;(i = 1,2, 3)
for the memristive neural networks with neutral type (57) under
the delay-independent randomly occurring controller (10), and
the expectation of control probability is E[p(¢)] = 0.9
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Furthermore, we consider the synchronization error
system (57) under the controller (10), and E[p(t)] =
0.9. Figures 1 and 2 show the state error of system
(57) with the controller (10) is synchronized. Thus, we
verified Theorem 1.

In order to show the significant contribution to this
paper, we compare with the existed results in [28],

©

N..

i

=

o e,
e22(t)
e32(t)

-2.5 -
0 2 4 6 8 10

t

Fig. 2 (Color online) The curves of state error e;2(i = 1, 2, 3)
for the memristive neural networks with neutral type (57) under
the delay-independent randomly occurring controller (10), and
the expectation of control probability is E[p(#)] = 0.9

3

1,2,3)

-
a

&0

Fig. 3 (Color online) The curves of state error ¢;1 (i = 1, 2, 3)
of memristive neural networks with mixed delays and without
neutral type under the memristive delay-independent randomly
occurring controller (10), and the expectation of control proba-
bility is E[p(t)] = 0.9

which is the memristive neural networks with mixed
delays and without the neutral-type part. Sowe let D =
0 in the error system (57) without neutral type under the
controller (10). Then, we get the error curves in Figs. 3
and 4. We summarize the comparisons between earlier
works and the obtained results. It is concluded from
this numerical example that the established results in
this paper are new and the model is less conservative
when compared to the existing results [28].

In order to compare two different memristive con-
trollers, we take the following example when the sys-
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=1,2,3)

6,0

Fig. 4 (Color online) The curves of state error ej2(i = 1,2, 3)
of memristive neural networks with mixed delays and without
neutral type under the memristive delay-independent randomly
occurring controller (10), and the expectation of control proba-
bility is E[p(t)] = 0.9

Fig. 5 (Color online) The curves of state error e;j(i =
1,2, ..., 15) of memristive neural networks of neutral type with
mixed delays under the memristive delay-dependent randomly
occurring controller (40), N = 15, and the expectation of con-
trol probability is E[p1 ()] = 0.8, E[p2(¢)] = 0.7

tem (57) works under the controller (40). The num-
ber of nodes in the networks is N = 15, and we
take the same parameters as the above example. The
adjacency matrix M is produced by a small-world net-
work with rewiring probability 0.6 and the coupling
strength B = 1. And E[p1(t)] = 0.8, E[p2(t)] =
0.7, Ki(ej1(t)) = 0.5cos(ei1(t)), Ki(ea(t)) =
0.6cos(ei2(t)), Ka(ei1(t)) = 0.5sin(ei1(t)), Kz
(ei2(t)) = 0.6sin(e;2(t)). Then, we get Figs. 5 and

@ Springer

Fig. 6 (Color online) The curves of state error ej2(i =
1,2, ..., 15) of memristive neural networks of neutral type with
mixed delays under the memristive delay-dependent randomly
occurring controller (40), N = 15, and the expectation of con-
trol probability is E[p1 ()] = 0.8, E[p2(¢)] = 0.7

6 which show the state error of the system. Thus, we
verified Theorem 2.

Remark 5 Compared with the time-varying time delays
in [29,30], the mixed probabilistic time-varying delays
in [31] is less conservative. And in [31] authors studied
the neural networks with random coupling strengths,
then in this paper, we studied the neural networks under
the random occurring controller.

5 Conclusion

This paper proposed two kinds of randomly occurring
controllers in order to achieve the anti-synchronization
of coupled neutral-type memristive neural network
with mixed time-varying delays. According to the Lya-
punov stability method, linear matrix inequalities, and
the differential inclusion theory, these two kinds of
control strategies are successful in ensuring the con-
vergence of the system. It can well mimic the human
brain in many applications, such as pattern recognition,
associative memories, and learning. Finally, numerical
examples are given to illustrate the effectiveness of the
proposed theories. For further research topics, it is rec-
ommended that the synchronization of coupled mem-
ristive neutral-type neural networks with mixed time-
varying delays via randomly occurring control should
be studied. Also, it is important to extend our results to
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memristive neutral-type neural networks with multiple
proportional delays.
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