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ABSTRACT In this paper, we investigate the synchronization in the mean square sense of memristive
multidirectional associative memory neural networks with mixed time-varying delays and stochastic pertur-
bations. In the proposed approach, the mixed delays include time-varying delays and distributed time delays.
Sufficient criteria guaranteeing the synchronization of the drive-response system are derived based on the
drive-response concept, the stochastic differential theory and Lyapunov function. With the removal of certain
strict conditions of weight parameters, less conservative results are generated. To illustrate the performance
of the proposed synchronization criteria, a secure communication scheme to realize secure data transmission
is designed. Meanwhile, the effectiveness of the proposed theories is validated with numerical experiments.

INDEX TERMS Memristive multidirection associative memory, mixed delays, secure communication,

stochastic perturbations, synchronization control.

I. INTRODUCTION

With the rapid development of network communication,
secure transfers of a large amount of data have become
a challenging task. Therefore, secure communication tech-
nologies have become very important tools. Recently, secure
communication technologies based on chaotic systems and
synchronization have been widely studied in [1]-[4]. In [1],
the authors proposed a secure communication scheme based
on parameter modulation via the synchronization of hyper-
chaotic systems. In [2], in order to improve the physical
realization of secure communication based on chaotic sys-
tems, the authors proposed a novel chaos masking encoding
method. The authors presented a method based on the state
observer design, which applied to secure communications
in [3]. The secure communication method was designed

based on exponential synchronization, masking method and
parameter modulation in [4]. Although the secure communi-
cation methods based on chaotic systems and synchronization
have attracted the attentions of many researchers, there are
few studies for memristive neural networks (MNNs) [5].
Therefore, it is meaningful to analyze secure communication
methods based on MNNS.

Traditional biological neural networks lack the capabil-
ity of reflecting variable synaptic weights when simulating
associative memory of human brains. Therefore, memristors
instead of resistors were employed in artificial neural net-
works to form MNNs [6]-[8]. In recent years, the dynamic
behaviors of MNNs were studied in [9]-[11], in which the
dynamic behaviors have been widely applied to associative
memory [12], medical image processing [13], [14], etc..

2169-3536 © 2018 IEEE. Translations and content mining are permitted for academic research only.

36002

Personal use is also permitted, but republication/redistribution requires IEEE permission.

VOLUME 6, 2018

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0002-6796-7596
https://orcid.org/0000-0002-1929-8447

W. Wang et al.: Synchronization Control of Memristive MAMNNSs and Applications in Network Security Communication

IEEE Access

Meanwhile, memristive bidirectional associate memory
neural networks (BAMNNSs) have been extensively studied
in [15]-[17]. In addition, as an extension of BAMNNsS,
MAMNNSs were proposed by Hagiwara [18] and their
dynamic behaviors have been widely studied in [19]-[21].
However, there are few studies for memristive MAMNNES.
Thus, it is necessary to study the dynamic behaviors of mem-
ristive MAMNNSs.

In the real world, the stability and synchronization of
chaotic systems play an important role due to their potential
applications to image encryption [22], secure communica-
tion [23], secure image transmission [24], intelligent data
analysis [25], etc.. However, the stability and synchroniza-
tion of memristive MAMNNS are rarely reported in litera-
tures. Thus, the stability and synchronization of memristive
MAMNNS desire more research attentions.

It is well known that time delays and stochastic perturba-
tions are ubiquitous in practical applications. The time delays
are inevitable in the hardware implementation due to the
switching of amplifiers. Various types of time delays, such
as time-varying delays [26], discrete time delays [27], dis-
tributed delays [28], leakage delays [29], additive delays [30]
and mixed delays [31] are often considered. Moreover, in real
nervous systems, synaptic transmission is a noisy process,
which is caused by random fluctuations from the release of
neurotransmitters and other probabilistic causes. Therefore,
stochastic perturbations are also inevitable in the real world.
The related literatures [32], [33] take into account the effect
of stochastic perturbations. Since time delays and stochas-
tic perturbations may induce the instability or oscillation of
systems, we require appropriate control strategies to make
systems stable. Over the past few years, various control
methods have been utilized for stabilization and synchro-
nization [34]-[36]. Hence, it is meaningful to analyze the
dynamic behaviors of MNNs with time delays and stochastic
perturbations.

In this paper, we propose a new model by combining
the characters of both MAMNNSs and MNNs, which can
simulate the associative memory process of human brains
more effectively. The main contributions of this paper can be
summarized in the following:

(1) We propose a novel stochastic memristive MAMNN s
model, which includes time-varying delays, distributed
delays and stochastic perturbations.

(2) Sufficient criteria guaranteeing the synchronization of
the chaotic drive-response system are derived, which based
on the drive-response concept, the stochastic differential the-
ory and Lyapunov function.

(3) With the removal of certain strict conditions on the
weight parameters and discuss the cases in detail, we obtain
some less conservative results for the synchronization of the
drive-response system.

(4) To illustrate the performance of the proposed synchro-
nization criteria, we design a secure communication scheme
based on chaotic memristive MAMNNS, which can realize
secure data transmission.
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The rest of this paper is organized as follows. The proposed
memristive MAMNNSs model with mixed delays and stochas-
tic perturbations is introduced with some preliminaries
in Section 2. Based on the drive-response concept,
the stochastic differential theory and some inequality tech-
niques, some sufficient criteria for ensuring the syn-
chronization of drive-response system are obtained in
section 3. A secure communication scheme is designed in
Section 4. Numerical examples are discussed in Section 5,
while Section 6 concludes this paper with some insights
provided.

Il. PRELIMINARIES
In this section, we introduce the following memristive
MAMNNSs with mixed delays :

dxyi(t)
dt

= i — dpi(xi (8))xxi (1)

+ D) o))y (1)
i

m Np

+ 0D by i)yt — Tpjai(t)))

p=1, j=1
pFk

m Np

t
+ E E Cpjki(Xxi (1)) / Tpipi()ds, (1)
p=1,j=1 t—p(t)
pFk

where xii(t) denotes the voltage of the ith neuron in the
field k, m is the total number of fields and n, corre-
sponds to the number of neurons in the field p. fi;(x) shows
activation functions. di;(xxi(t)), apjki(Xxi(t)), bpjri(xxi(¢)) and
Cpjki(xki(t)) denote the synptic connection weights. The time
delays tp;(z) and p(z) are time-varying delays and dis-
tributed delay, respectively. Ij; represents the external input
constants.

Throughout this paper, co[£, £] denotes the convex clo-
sure on [£,£]. R" represents n-dimensional Euclidean
space. A column vector is defined as col(xy;)) = (x11,
X120, - ,xmnm)T. Besides, the initial values of system (1) are

given as follows: ¢(s) = (B11(5), P12(5), -+ , P, ()T €
C([-1,0],R"),inwhicht = max max {Tpji(?), p(1)}.

1<p=m.p#k 1<j<n

Some notatigns are defined as follows: d}; = max{c?k,', Elk[},
dy; = min{dy, d}, i = m?X{dp{ki, T
min{apji, apjki}, bpjki = max{bpji bpjki}: by =
min{byjxi, byjii}s Tpji = Max{Cpjiis Cpjki}s Cpji = Min{Cpjkis
Cpjii}> 0 < Tyjri(?) < 71, 0 < p(t) < p1, Tpki(t) <12 < 1.

According to the features of memristors and the current-
voltage characteristics, for convenience, we define the fol-
lowing formulas by applying the set-valued mapping theorem
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and the stochastic differential inclusion theorem.

dyi, k(1)) < T,
co(dyi(x(t))) = { coldi dii}.  1xui(t)| = T,
di, ()] > T,
pjki, ki ()| < T,
co(apjki(xki(1))) = § colapjui, apjrit,  1xi(t)| = Th,
Apjkis X ()] > T,
l;pjkiv [xki (D] < T,
colbpjii(aii()) = \ colbpjris bpjri}, (D) = T,
Z’pjki» |xki ()] > T,
Cpjkis i ()] < This
co(cpjki(xki(1))) =\ colCpjnis Cpjxi}s  1Xki(t)| = T,
Cpjki s [xki ()] > T,
where the sw1tch1ng jumps Ty > 0, fork = 1,2,---,m
andi = 1,2, -, ng. dk, > 0, dk, > 0, apjk,, apjk,, bpjk,,

b,,/k,, cpjk, and ¢ Cpjki are constants. Obviously, co{dk,, dk,} =
[d_kp dﬁl] Co{apjkla apjkl} [_pjklv ap]kz Co{bp]kz’ bpjkl} =
[ijkj’ bpjki] and co{épjkh ijkl} [_p/kp cp]kl]’ for k,
p=12,--- mp#ki=12,--- ,n,j=12,--- np.

According to the above definitions, system (1) can be
written as follows

dxy;
S0 ¢ s~ coldutas)xi()
+ YD colapiCai(t))y0p(1))
e
+ D) colbpriCari ) (Copi(t — Thai(t)))
e
+ > Zco(cp,k,(xk,a))) / JriCpi(s)ds, - 2)
= i
or equivalently, for k = 1,2,--- ,m,p # ki =

1,2, . m, there exist d(i() €  coldii(xii(t))).
apjki(xi(1)) € colapji(xxi(1))), bpjki(xxi()) € co(bpjri(xri(1)))
and 8,,jk,~(xk,-(t)) € CO(ijk,‘(xki(l))), such that

dxy; 5
xsz(t) = Iii — dpi(xri(t))xpi(t)
+ Z Zflpjki(xki(f))ﬁaj(xpj(t))
(=i

+ D0 i) (it — Tyja(t)))

p=1, j=1
pFk

+ Z Z C[)jkl(xkl(t))/ ﬁ?](xp](s))ds 3
p=L,j=1
pFk
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In this paper, system (2) or (3) is considered as the drive
system. Then the corresponding response system is described
as

dyyi
Y ;(” € I + i) — coldiCya(t))yai(t)
+ DY colapiCmi))fp(pi()
!
+ D0 colbpiri )y it — Thjai(t)))
e
£ 3 o) / IO
o
)
or equivalently, for k = 1,2,--- ., m,p # ki =
1,2,---,ng, there exist cAiki(Ayki(t)) € co(dri(yi(1))),

apikiVki (1)) € colapji(Vii(t))), bpjkiki(t)) € colbpjii(Vii(t)))
and Cpjki(Vki(1)) € co(cpjki(Vii(t))), such that
dyi(t)

=l o) dii i)y ()

+ Z Z&pjki(yki(f))ﬁ;j()’pj(t))
i

+ 0 by GO it — (1))

p=1, j=1
p#k

+ZZcp,kl(ykl<t>) f JiCpi(sDds, )

p=1,j=1
pFk

where 14(t) represent the appropriate control inputs and

dyi, [yki(®| < i,
co(dri(yii(1))) = § coldpi, dii},  yki(t)| = Tk,
dri, |yki(®)| > Cii,
pjki, i@ < T,
co(apjii(yii(1))) = § colapjii, dpji}, Yk = i,
Qpjkis [Yri(®)] > T,
byjti. k(O] < Thi.
co(bpjki(Yki(1))) = § cotbpjkis bpjxi},  1yki()| = T,
byjki, [yki(H)] > i,
Cpjkis k(D] < T,
co(cpji(Vki(t))) = § co{Cpjuis Cpjki}>  [Yri(t)| = This
Cpjkis V()| > Ty

The initial values of system (4) are given as follows :
D(s) = (P11(5), P12(), -+ Poan, ()T € C([=7, 01, R,
in which T = max{t(, p1}.
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Based on the discussions above, a class of memris-
tive MAMNNSs model with mixed time-varying delays and
stochastic perturbations is proposed as follows:

() = [ i = duaCia(O) (1)
+ 0 apiuiCeai( )i (1)

p=1, j=1
pFk

+ ) by ki) Copi(t — Ti(2)))

p=l1, j=1
pF#k

+ Z Zcpjkl(xkl(t))/ fp](xp](s))ds]

p=1, j=1
pFk

010 (13500, 5500 = ) deo(t), (6)

where oy; (t, Xpj(t), xpj(t — tpjk,-(t))) is the noise intensity and
d(am(t), w1a(t), -+, a)mnm(t)) represents a standard Brown
notions defined on the probability space (2, %, {%;};>0, P).
(Q, #,{Z}>0, P) is a complete probability space with a
natural filtration {%;};>0 satisfying the usual conditions.
E(-) denotes the expectation operator with the respect to the
given probability measure P.

In this paper, system (6) is considered as the drive system.
Then the corresponding response system is described as

dyii(0) = [ i = dusra(Dyi ()

+ Z Zapjki@ki(t))ﬁaj(y[?j(t))
!

m 1p

+ D0 by kO Opi(t — Tyjki(2)))

p=1, j=1
p#k

+ Z Zc,,,kl@k,(t» / fp,(yp,(S))dS]

p=1, j=1
p#k

01 (1, 0, 3yt = D)) do). (D)

In order to obtain our main results, we define the synchro-
nization error of the system as follows:

ei(t) = yri(t) — xii(2),

where the initial values of error systems are defined as
follows: W(s) = ®(s) — @(s) = (V11(s), ¥12(s),
Wr(s), - -+ ,\I/mnm(s))T € C([-r,0],R"Y, in which T =
max{ty, p1}.

Assumption 1: For k = 1,2,--- ,mi = 1,2,--- ,ng,
Vsi,82 € R and 51 # s7, the activation functions fi;(-) are
odd bounded and satisfy the Lipschitz condition

[fxi(s1) — fii(s2)] < Liils1 — s2l,
(Ol < F,

where Ly; and F' are nonnegative constants.
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Assumption 2: For k = 1,2,--- ,mji = 1,2,--- ,ng,
the noise intensity oy; (t, Xpj (1), Xpj(t — rpjki(t))) satisfies the
linear growth condition with o(¢,0,0) = 0 and there exist

two nonnegative constants « and 8, such that

2
‘Uki(t s Xpj (1), Xpj(t — Tjii(1))) ‘
< alpi(O1 + Byt — T

Definition 1: For any initial values W(s) € L;,O([—z, 01;
R™), if there exist A > 0 and M > 0 such that

E(lew(|*) = Me™™ sup E([W(s)]*).1 =0,
—1<s<0
then the equilibrium point of system is exponentially stable
in the mean square.

Ill. MAIN RESULTS

In this section, we will design proper controllers piz;(¢) to
realize exponential synchronization of memristive MAMNNs
with mixed delays and stochastic perturbations. In the follow-
ing, our main results are described:

A. SYNCHRONIZATION CONTROL OF MEMERISTIVE
MAMNNS WITH MIXED DELAYS AND WITHOUT
STOCHASTIC PERTURBATION
In this subsection, we investigate the memristive MAMNNSs
with mixed delays and without stochastic perturbations.
Theorem 1: Suppose that the Assumption 1 holds, the non-
linear controllers are designed as uii(t) = hieri(t) —
nkisign(eg;(t)). If there exist constants Ay; and ng; > 0, such
that

m
hii = min {d’“ ) Z Z pjtilpy + Dyl

p 1, j=1
Pk
1
+ p1€é jkl j+1 +i+p1],
xdii — > Z Z katL +b2
p_] j=1
pFk
1
+plc/le —|—1+—_ +,01]} (®)
m nNp
ki > |dii — dii|Tri + Z Z |apjii — pjii | L Tpj
p=1, j=1
pFk
m Np
+FY Y [|bpjki — bpjki| + 1[épjri — Cpjti ] ©
p=1, j=1
pFk

then the drive system (2) and response system (4) are mean
square exponential synchronization.
Proof: Please see Appendix A.

Remark 1: There are some previous related works

about synchronization of MNNs under the following
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conditions [37]:

coldy;, diilyp — coldy;, diilxy;
C coldy, dlpj — Xpj)» coldynis @pjiilfyipi(1)
— c0[a,,i» Apjiilfpj (xpj (1))
- CO[ijkp ap]kz](];)j(ypj(t)) fp](xp](t)))

xcolbyi;, bpjkilfipj(t — Tpjii(1)))
colbyy;s pjii 1o Cipj(t — Tpji(1)))
C colbypis ikl fpjpi(t — Tpsi (1)) = fpjCipi(t = Tojai(1)))),

t
X COEpjki, Cpjki] / fpj(ypj(s))ds - Co[gpjkiv Cpjki]
t—p(1)

t
X / JpiGpi(8))ds
t—p(1)

t

N

1
coleye Tl | ioMds = [ fyatsnds)
t—p(t) t—p(t)

It is easy to know that the above conditions hold when
xki(t) and yii(t) have same signs, or xi(r) = 0 or
vki(t) = 0. Meanwhile, the switching jumps I'y; are ignored
in [37]. Compared with the results obtained in [37], with the
removal of certain strict conditions and discuss the cases in
detail, the results we obtained are less conservative.

Corollary 1: Suppose that the Assumption 1 holds, the non-
linear controllers are designed as uxi(t) = hyeri(t) —
nkisign(ei(t)). If there exist constants hy; and ng; > 0, such
that

m Np
hi(t) < min {dk, =3 20 D gl + Byl
17 L, j=1
pFk
m
+1+—) dk’__zz( kil PJ
p=1, j=1
Pk
DLl + 1 } 10
+ piki™p, + 1+ 1— 1'2) (10)
m Np
Mk > |dii — dii|Twi + Z Z |apjki — pjii| LpiTps
r=1, j=1
pFk
m Np
+ > > |bpji = byl F (11)

p=1, j=1
pFk
then the drive system (2) and response system (4) are mean
squre exponential synchronization.
Proof: Let the distributed delay p(#) = 0. The process
of proof is similar to Theorem 1, so it is omitted here.
Corollary 2: Suppose that the Assumption 1 holds,
the linear controllers are described as ui(t) = hyexi(t).
If there exists a constant /;;, such that

m Np

1
hii(t) < Dyi — —XZ(A Lot By + 14 +— 5
=1j=1

p#k

),

(12)
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where Dy; = minf|dy,l, |dkil}, Akipj = max{lag,|, |akipjl},
Bpjii = max{|l_9kipj|, |bripj|}, then the drive system (2)
and response system (4) are mean squre exponential
synchronization.

Proof: The proof process is similar to the Corollary 1,
so it is omitted here.

B. SYNCHRONIZATION CONTROL OF MEMERISTIVE
MAMNNS WITH MIXED DELAYS AND STOCHASTIC
PERTURBATION

In this subsection, we investigate the memristive MAMNNSs
with mixed delays and stochastic perturbations, in which the
nonlinear controllers are showed as uii(t) = hyeri(t) —
nkisign(exi(t)).

Theorem 2: Suppose that the Assumptions 1 and 2 hold.
Then the drive system (6) and response system (7) are
mean square exponential synchronization, if there exist
constants A; and ng; > 0, such that

hii < min [d’” ) Z Z pjktL2 + pjkth

p#lk J=1
g 148
+ p1épily +1+a+1—+,01]
m
2
Xdkl__ZZ jle +b]kt
p=1, j=1
p#Fk
148
+ p1epply + 1+ o +1—+p1]} (13)
m Np
Mk > |dki — dii|Tii + Z Z |apjki — apjii |LpiTpj
p=1, j=1
pFk
m 4
+FY Y [\bpjki — byjii| + p1|épjii — &,,jki|]. (14)
p=1, j=1
pFk

Proof: Please see Appendix B.

Corollary 3: Suppose that the Assumptions 1 and 2
hold. Then the drive system (6) and response system (7)
are mean square exponential synchronization, if there exist
constants Ay; and ng; > 0, such that

m

hi(1) < min {dkl _ - Z Z il + DL
P 1, j=1
Pk .
+ ﬁ -
I dii — 5 Z Z apjiily,
p—l j=1
pFk
N 1+
2 52
+bpjkinj+l+a+1_T2]}, (15)
m Ny
M > |dki — dii|Tii + Z Z |apjki — apjii |LpiTpj
p=1, j=1
pFk
m Np
+ >3 |bpji — bpjua|F - (16)
p=1, j=1
pFk
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FIGURE 1. The process of secure communication.

Proof: Let the distributed delay p(#) = 0. The process

of proof is similar to Theorem 2, so it is omitted here.

Remark 2: In Theorem 1, we only consider the effect
of time delays on the synchronization of system. However,
we consider the effects of time delays and stochastic pertur-
bations on the synchronization of system in Theorem 2.

Remark 3: In practical applications, the effect of stochastic
perturbations on the synchronization of system is inevitable.
Therefore, we introduce stochastic perturbations to make the
system more realistic in Theorem 2.

IV. DESIGN PROCESS OF SECRET COMMUNICATION
SCHEME

Secure transfers of a large amount of data have always
been a hot topic. In this section, we propose a secure com-
munication scheme based on the synchronization criteria.
The specific process of security communication is shown
in Fig.1.

1) Based on the memristive MAMNNSs model and the
drive-response concept, we design a proper drive sys-
tem X and the corresponding response system Y.

2) An error system is constructed and the system can be
synchronized by designing suitable linear controllers
based on Corollary 2.

3) Transmitter: suppose the plaintext signals to be sent
are r(t). The plaintext signals r¢;(¢) and the adaptive
tracking signals vg;(¢) are introduced into the drive
system X to generate the corresponding chaotic signals
Xki(t). The chaotic signals x;(¢) are superimposed with
the plaintext signals r;(¢) to produce encrypted trans-
mission signals sg;(t) = xi(¢) + rri().

4) Receiver: the received encrypted signals s;(¢), adap-
tive tracking signals Vj;(¢) and linear controllers are
introduced into the response system Y to generate
corresponding chaotic signals y;(z). Then, according
to the chaotic signals y;(f) and received encrypted
signals s;(¢), the decrypted plaintext signals Ry;(f) =
ski(t) — yri(t) are obtained.

Remark 4: The chaotic path of the memristive
MAMNNSs used in the secure communication scheme is
more complicated, which improves the confidentiality of the
network transmission. In the transmission process, only one
transmission signal can be realized, the physical realization
is more convenient and universal.
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V. NUMERICAL SIMULATION
In this section, in order to illustrate the performance of the
proposed synchronization criteria, several numerical exam-
ples are given to illustrate the effectiveness of our proposed
results.

Example 1: We consider the following memristive
MAMNNSs with mixed delays and without stochastic pertur-
bations, there are three fields and one neuron in each field.

dxy1(t)
T = By = dia O (0)xia (0)
dt
3
+ 3 apia k1 ()1 (1 (1))
=1,
pF#k
3
+ D bkt k1 ()1 (51 (1 — Tp1x1 (1))
p=1,
pFk
3 !
+ Zcplkl(Xkl(t))/ Tp1(p1(s))ds, — (17)
p=1, t—p(1)
pFk
where
1.2, |x11] < Ty,
di(x11(2)) = bl !
1.3, x> T,
0.3, |x11] < Ty,
do1(x21(1)) = bl 2!
0.4, |x11] > Iz,
0.5, |x31] < T3y,
d31(x31(1)) = il = T
0.7, |x31] > Iy,
—0.92, |x1(0)] < Ty,
aii1(x1(t)) = ()] *!
0.33, [x21(8)] > T2,
0.24, |x31(0)| < T'zq,
a1131(x31(1)) = 1)l o
0.37, |x31(8)| > I'1,
—0.6, |x11(®| <Tyq1,
ax(x11(t)) = @)l H
0.4, [x11(H)] > Ty,
1.12,  |x31(1)| < T3y,
a131(x31(1)) = 1)l o
0.36, |x31(1)| > I'3y,
098, |xn(®) <TI'i,
az111(x11(1)) = Pl "
0.1, [|x11(®)| > I'1y,
—0.58, |x21(0)] < Ty,
az21(x21 (1)) = b1 ()] 2!
0.12, [x21(8)| > T2,
0.36, |x21()| < Ty,
b1121(x21(1)) = i)l 2!
0.21, |x21(8)] > Iz,
—0.52, |x31(0)| < T3y,
b1131(x31(1)) = 1)l .
0.62, [x31()] > 31,
0.85, |xn1(®)| <TI'qy,
bo111(x11(1)) = Pl "
0.29, |x11(0)] > I'1y,
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085,  uay(0)] < Tal.
br131(x31(2)) = [x31(0)] 31
—0.39,  [x31(0)| > 31,
—098, ()| < T,
b3111(x11(1)) = lx11(1)] < Ty
=095, |xnu@l > ',
065, |xa1(t)] < Ty,
b3121(x21(2)) = |x21(2)] < Typ
=0.72,  [x21(@®)| > 2.
—0.52. |xa1(t)] < oy,
c1121 (01 (1)) = Ix21(2)] < Typ
047, |x21@)] > Ty,
044, |xa(1)| < Tal.
c1131 (31 (1) = lx31()] < '3
0.48,  [x31()] > T3,
—046. |x1()] < Ty,
11 (x11 (1) = lx11 ()] < Ty
=02, |xn@®l > T,
055, |xai(0)] < a1,
c131(x31(1)) = [x31(0)] 31
=047, |x31(0)| > T3,
0.68. x11(t)] < 1y,
e (x1 (1) = i@l < T
0359 |X11(l)| > Fll,
081, |oy()] < Ty
c3121(x21 (1)) = Ix21(2)] < Typ
—0.67, [x21(1)| > I'21.

Let I'yy = I'p; = T'3; = 1. We set the action func-
tions as fki(x) = tanh(x). The time-varying delays and dis-
tributed delays are 7,;;(t) = 0.5cos(t) + 0.5 and p(t) =
0.5sin(r) + 0.5, respectively. According to Assumption 1,
we have Ly, = L, = 1, F = 1. By calculating,
we get 11 = 1, o = 0.5 and p; = 1. The initial val-
ues are set as [x11(¢), x21(¢), x31(¢)] = [1.05, 0.25, —0.75],
11(®), y21(0), y31(1)] = [0.3, 0.45, 0.2].

Fig.2 represents the drive system (2) without stochastic
perturbations. It has chaotic attractor with the initial val-
ues given above. Fig.3 depicts the state trajectories of the
drive system (2) and the response system (4). According

0.5

L 0ory,

> .05

X, (ory, (1)

Xy (1) 0T Y, (1)
FIGURE 2. Phase trajectories of system (2) (corresponds to x) and

system (4) (corresponds to y) with mixed delays and without
stochastic perturbations.
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FIGURE 3. State trajectories of drive system (2) (corresponds to x) and
response system (4) (corresponds to y).
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FIGURE 4. State trajectories of error between the drive system (2) and the
response system (4) without stochastic perturbations. . (a) The error
without controller. (b) The error with nonlinear controller.

to the conditions of Theorem 1, the nonlinear controllers
are set as puy(t) = —3ey1(t) — 4sign(er (1), p2a(t) =
—der1(t) — Ssign(ez1(t)), u31(t) = —3e31(t) — 4sign(es1(1)).
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FIGURE 5. Phase trajectories of system (2) (corresponds to x) and system
(4)(corresponds to y) without distributed time delays and stochastic
perturbations.
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. . . . . . . .
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FIGURE 6. State trajectories of drive system (2) (corresponds to x) and
response system (4) (corresponds to y).

Then (a) and (b) in Fig.4 describe the state trajectories of
the error system without controllers and with nonlinear con-
trollers, respectively. It implies that the drive system (2)
and the corresponding response system (4) are mean square
exponential synchronization.

Then we investigate system (2) and system (4) without dis-
tributed delays and stochastic perturbations. Under the same
parameters, Fig.5 represents the drive system (2) without
distributed delays and stochastic perturbations. It has chaotic
attractor with the initial values given above. Fig.6 depicts the
state trajectories of system (2) and system (4). According to
the conditions of Corollary 1, the nonlinear controllers are set
as u11(t) = —2ey1(t) — 3sign(er1(2)), u21(t) = —3ex(t) —
3sign(ez1(t)), mu31(t) = —3e31(t) — 4sign(es1(¢)). According
to the conditions of Corollary 2, the linear controllers are
set as w11(t) = —2e11(2), u21(t) = —3ez(t), u31(t) =
—3e31(f). Then Fig.7 describes the state trajectories of the
error system without controllers, with nonlinear controllers
and with linear controllers, it implies that the drive system (2)
and the corresponding response system (4) are mean square
exponential synchronization.
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FIGURE 7. State trajectories of error between the drive system (2) and the
response system (4) without distributed time delays and stochastic
perturbations. (a) The error without controller. (b) The error with
nonlinear controller. (c) The error with linear controller.

Example 2: We consider the following stochastic
memristive MAMNNs with mixed delays and stochastic
perturbations, there are three fields and one neuron in
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each field.

dxp1(t) = [Ikl — di1 (1 (1)xp1 ()

3
+ )y G (D)1 (51 (1)

p=1,
pFk

3
+ Z bp1i1 Cer1 ()1 (ip1 (2 — Tp1£1(2)))

p=1,
pFk

r=1
p#k

3 t
+ Zcplkl(xkl(l))/ fpl(xpl(s))ds]dt
t—p(t)

+ 011 (1,510, X1t = a1 )doo(r), (18)

where

di(x11(1)) =

dr1(x21(1)) =

d31(x31(2)) =

ain1(x1 (1)) =

a1131(x31(1)) =

a1 (x11(1)) =

az131(x31(1)) =

a3 (x11(1)) =

az21(x21 (1)) =

b1121(x21 (1)) =

b1131(x31(1)) =

bo111(x11 (1)) =

br131(x31(1)) =

b3111(x11 (1)) =

36010

L3, |xii| < T,
1.4, |xn1l > I',

L1, |xi1| < Ty,
1.2, |x11] > I'a1,

1.5, |x31] < T3,
1.7, |x31| > a1,

—0.25,  |x21(®)] < Tz,
0.32, |x21(8)| > a1,
0.26, [x31(0)] < I3y,
0.36, |x31(1)] > I'31,
=13, |xn@| < TI',

1.4, [x11®)| > 1,

1.54,
0.32,

lx31()| < I3y,
lx31(8)] > I'31,
1.8, |x11() <T'n,
L1, |xnn®] > T,

—0.68, |x21(#)| < Iz,
0.12, [x21()| > I'21,
0.32,  |x21(0)| < T2y,
0.24, |x21(8)] > Iz,
—0.54,  |x351(0)| < T'sp,
0.42, lx31()| > I'31,
148, x| < T,
1.19, |x11(®)] > I'11,
0.35, lx31 ()] < T'31,
—0.49,  |x31()] > I'31,
—0.88, |xn@®)| < T,
—0.75, |x11(®)| > T'11,

—045. tay(5)] < Ty,
b3121(x21(1)) = l21()] = Ty
=022, x| > T
072, a1(t)] < Tay.
c1121(21 () = lx21(0)] < "oy
0.42,  |x21(0)] > T2,
—0.54, |wai(1)] < T,
c1131(631(0) = lx31(1)] < T3
0.68,  |x31(0)] > I'3y,
—-0.86, |x11(»)| <T'q,
111 (x11 (1) = [x11(2)] 1
0.8, x| > T,
0.84. |xsi(t)] < Tay.
c2131(x31 (1)) = lx31()] < '3
0.72,  |x31()] > T3y,
—058. ()] < Ty,
e (xi(2) = lx11 (1) < Ty
0.63, x| > T,
—0.76, |x21(®)| < 'y,
c3121(x21 (7)) = l21()] = Ty
—0.82, |x21(®)| > T

Let I'yy = I’y = I's; = 1. We set the action func-
tions as fii(x) = tanh(x). The time-varying delays and dis-
tributed delays are 7,;(t) = 0.5cos(t) + 0.5 and p(t) =
0.5sin(z) 4+ 0.5, respectively. According to Assumption 1,
we have Ly; = Ly; = 1, F = 1. By calculating, we get
71 = 1, p = 0.5 and py = 1. We set the stochastic
perturbations are oy;(t, Xp;j(t), Xpj(t — Tpjri(t))) = —xpj(t) —
0.2xpj(t — Tpjxi(1)), then we have @ = 2, B = 0.1. The initial
values are set as [x11(t), x21(¢), x31(¢)] = [1.05, 0.25, —0.75],
11(0), y21 (), y31(1)] = [0.3, 0.45, 0.2].

Fig.8 represents the drive system (6) with mixed delays
and stochastic perturbations. It has chaotic attractor with the
initial values given above. Fig.9 depicts the state trajectories
of the drive system (6) and the response system (7). Accord-
ing to the conditions of Theorem 2, the nonlinear controllers
are set as w11(t) = —Tey1(t) — Tsign(e11(1)), u21(t) =
—3en1(t) — 3sign(ez1 (1)), 131(t) = —4e31(t) — Ssign(es1(1)).
Then Fig.10 describes the state trajectories of error system

x,Mory,

Xy, (t) or Yo (t)
FIGURE 8. Phase trajectories of system (6) (corresponds to x) and

system (7) (corresponds to y) with mixed delays and stochastic
perturbations.
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FIGURE 9. State trajectories of system (6) (corresponds to x) and
system (7) (corresponds to y).
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FIGURE 10. State trajectories of error between the drive system (6) and
the response system (7) with mixed delays and stochastic perturbations.
(a) The error without controller. (b) The error with nonlinear controller.

without controllers and with nonlinear controllers, it implies
that the drive system (6) and the corresponding response
system (7) are mean square exponential synchronization.
Then we investigate the drive system (6) and the response
system (7) without distributed time delays. Under the
same parameters, we set the stochastic perturbations are
oki(t, Xpj(1), Xpj(t —Tpjki(2))) = —1.4xj(£)—0. 2 (t —Tpjki(2)),
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FIGURE 11. Phase trajectories of system (6) (corresponds to x) and
system (7) (corresponds to y) without distributed time delays.
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FIGURE 12. State trajectories of system (6) (corresponds to x) and

system (7) (corresponds to y).

then we have « = 4, B = 0.1. Then the drive system (6)
has chaotic attractor with the initial values which can be
seen in Fig.11. Fig.12 depicts the state trajectories of the
drive system (6) and the response system (7). According
to the conditions of Corollary 3, the nonlinear controllers
are set as u11(t) = —Teyi(t) — 4dsign(e11(t)), n21(t) =
—3ep1(t) — 2sign(ez1 (1)), u31(t) = —4e31(t) — 4sign(es3 (1))
Then Fig.13 describes the state trajectories of error system
without controllers and with nonlinear controllers, it implies
that the drive system (6) and the corresponding response sys-
tem (7) are mean square exponential synchronization under
the controller.

Example 3: In this example, the secret communication
based on the memristive MAMNN:S is realized by hiding the
signals in the chaotic system. We consider the memristive
MAMNNSs without distributed delays and stochastic pertur-
bation, there are three fields and one neuron in each field.
In the following, the specific steps are displayed:

1) Based on the drive-response concept, we choose the
driver system and response system without distributed
delays and stochastic perturbations.

2) An error system is constructed as follows:

eki(t) = yri(t) — xii(2),

36011
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FIGURE 13. State trajectories of error between the drive system (6) and
the response system (7) without distributed time delays. (a) The error
without controller. (b) The error with nonlinear controller.

and according to the conditions of Corollary 2, the lin-
ear controllers are set as p11(t) = —3e11(t), p21(t) =
—2e31(1), u31(t) = —3e31(2).

3) Transmitter: suppose the plaintext signals to be sent are
r11(t) = 0.05sin(z), r21(t) = 0.1c0s(0.8¢) + 0.06sin(z)
and r31(¢) = 0.2sin(f) — 2tanh(¢). The plaintext sig-
nals ri;(t) and the adaptive tracking signals vg;(¢) are
introduced into the drive system to generate the corre-
sponding chaotic signal xz;(#) as follows:

d
0y~ dia @0
! 3
+ Y apii (k1 ()1 1 (1))
ik
3
+ D b1 G OVt Cp1 (1 = T1xa (1))
@
+qk1 * (re1 (1) — v (1)),
d
v’;f” = Gr1 * (a (0) — v (1),

(19)

36012

where the parameters are set the same as in Example 1,
g = ¢ = q31 = 0.1, g1 = g31 = g3 = 1.
The initial values of vii(t), v21(¢) and v3i(¢) are
v11(0) = v21(0) = v31(0) = 0. The chaotic signals
Xki(t) are superimposed with the plaintext signals ry;()
to produce encrypted transmission signals sii(f) =
X () + rei(e).

4) Receiver: the received encrypted signals sg;(¢), adap-
tive tracking signals Vi;(¢) and linear controller are
introduced into the response system to generate corre-
sponding chaotic signals y;(#). So the corresponding
response system is defined as follows:

d
ykd—lt(t) = Ix1 — di1 Yre1(O))yr1 (1)
3
+ Y i Gri N1 Gp1 (1)
g
3
+ ) bt Gk Op1 Gp1 (t = Tix1 (1))
o
k1@ +qr1 * (k1) —yr1 (@) — Vi1 (1)),
dVii(1) R
g dkax (sx1() — yr1 (1) — Vi1 (1)),

(20)

where the initial values of Vy1(¢), V21(¢) and V3(¢) are
V11(0) = V11(0) = V31(0) = 0. Then, according to
the chaotic signals y;(#) and received encrypted signals
ski(t), the decrypted plaintext signals Ry;(t) = sxi(¢) —
Vki(t) are obtained.

The (a) in Fig.14 represents time response curves of the
plaintext signals r1(¢), the decrypted signals Ryi(¢) and
encrypted transmission signals sx1(¢) of three fields, respec-
tively. The (b) in Fig.14 represents time response curves
of the plaintext signal r(¢), the decrypted signal R(¢),and
encrypted transmission signal s(¢) of each field, respectively.
The (c) in Fig.14 describes the error between the plaintext
signals r¢1(¢) and the decrypted signals Ry (¢) of three fields,
respectively.

Remark 5: Compared with literature [5], we utilize
the memristive MAMNNs model to encrypt the signals,
which makes the chaotic characteristics of signals more
complicated. Since three fields and one neuron in each
field are considered, we can transmit three signals at
the same time, which improves the utilization of the
networks.

Remark 6: Compared with traditional methods of secure
communication [1]-[4], we use memristors instead of resis-
tances in artificial neural networks, which makes the system
have the nonlinear and "memory" characteristics of mem-
ristors. At the same time, due to the complex structural
characteristics of MAMNNSs, we use memristive MAMNNSs
to realize secure communication, which will improve the
security of information transmission.
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FIGURE 14. The implementation of secure communication. (a) Plaintext
signals ry (t), decrypted signals Ry (t) and encrypted transmission
signals sy (). (b) Plaintext signal r(t), decrypted signal R(t) and
encrypted transmission signal s(t) of each field. (c) Error.

VI. CONCLUSION

Traditional biological neural networks can not reflect the
variable synaptic weights when simulating associative mem-
ory. In this paper, we propose a novel memristive MAMNNS

VOLUME 6, 2018

model, which considers time-varying delays, distributed time
delays and stochastic perturbations. Then the synchronization
of our proposed model are analyzed by creating appropri-
ate controllers. In the proposed approach, we obtain some
less conservative results by removing certain strict condi-
tions. By constructing a suitable Lyapunov function, using
the stochastic differential inclusions and some inequality
techniques, some sufficient criteria for guaranteeing the syn-
chronization of drive-response system are obtained. Based
on the synchronization criteria and memristive MAMNNS,
we design a secure communication scheme. Furthermore,
some numerical simulations are given to demonstrate the
effectiveness of our main results.

APPENDIX A

PROOF OF THEOREM 1

If the Eq.(8) in Theorem 1 holds, there exists a small enough
constant A > 0 such that

,\—-ZZ L+ bl

hii < min {tﬁi

p#k
2 42 et Py
‘ 0
+ 16l + 1+ - + pie ‘]
2
X dii — _)‘ 5 Z Z pjktL i+ bPJkl
p=1, j=1
p#k
)»T]
+ préplyy+ 1+ T—— + ,016}”’0‘]}. 21)
©

Then we consider the following Lyapunov function:

V(e@), 1) = eMefi(r)

1 &2
2 A(s+11)
+ es.(s)e ds
e MR
p=1, j=1 piki

pFk
m np

+ Z Z/p] /Jﬂe ()P dzds.  (22)

p=1, j=1
p#k
Due to the features of memristor, Theorem 1 will be proved
in nine cases.
@ xei ()| < Thiy Iyri@®)] < T
The drive system (2) can be written as follows:

dxii(t) . U
i Iy — diixy(t) + Z Zapjkiﬁaj(xpj(t))
p=1, j=1
pFk
m Np
+ 0 bpjaifyiGpi(t = Ti(1)))
p=1, j=1
p#k
m p
Y / FCpds.  (23)
p=1, j=1 P
p#k
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The response system (4) can be written as follows:

n
dyii() ; N
= T — diyia() + Z] ;a,,jkus,j@pj(r>)
=1L =
pFk
m p
+ 0 by it — Tpjaa()
p=1, j=1
p#k
m  p
+ 0 i / TpiOpi($)ds+ pri(t).  (24)
p=1, j=1 p(t)
Pk

In the following, we will get the error system such that
m p
= pii(t) — dklekl(t) + Z Z ap/klfp/(ep/(t))

p=1, j=1
pFk

deyi(1)
dt

m Np

+ DD bpjrifi(ept — Tppa())
p=1, j=1
p#k
np

F S f e, 25)

p=1, j=1
p#k

where foi(ep() = friOpi(0) — forCpO)fpilep(t —
ki) = FojOipj(t = Tki(1) = fjCopi & = TojriON, [, )
Foieni(sDds = [ o o Opi(Nds = [} FoiCxpi(s))ds.
According to It 0’s differential formula and Assumption 1,
along the trajectory of system (25), we get
LV (e(t), 1)

< {0 = 2 + 2mi)ed (1) — 2uileni(t)]

m p
+2lew(0)] Y Y apirilpjlepi(t)]

p=1, j=1
pF#k
m p
+2le()] Y Y byikilpjlepi(t — Tpjui0))|
p=1, j=1
pFk
m
+, 2|ek(t)] Z Zcpjkl p]/ |epj(s)|ds
_ p(1)
p=l, j=
p#k
m m
D+ Zepj(t)
p_l j=1 p=1, j=1
p#Fk p#k
m nNp
x p1e"t =Y "N et — (1))
p=l1, j=1
p#k
m 1p t
-3y / egj(s)ds}. (26)
p=1, j=1 t—p(t)
p#k
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By using the mean-value inequality, then we have

2|exi(t)|apjxiLpjlep;(t)]

<a [2,]1@ ekl(t) +e ([) 2|ekl(t)|b[7jkl p/|ep/(t - Tp/kt(t))|
< bp]k, ek,(f) + epj(t Tpjiki(1)) 2l eki(t)|CpjkiLyp

t t
X / lepi()lds < p1ELlet(t) + / ey ()ds.
t—p(t)

t—p(r)
Then we get
V(e(t), t) {[)\ dez + 2hy; + Z Z( p]kl pj
p=1, j=1
pFk
5 AT]
bp]kl i+ pl jkl j)]eki(t) + [1 + l—1
ny
+oen] Y Ze,,,(t)}
p=1, j=1
p#k
III;
[[)‘ 2dyi + 2hyi + Z Z( il PJ
p=1, j=1
p#k
Arl
bmkt 0+ P1€ mkt + I+ — -1
+ pre! )]eil-(t)}- 27

According to Eq.(21), we obtain ZV(e(t), t) < 0. Fur-
thermore, we have

E(V(e(r),1)) —E(V(0,0)) <E /l LV (e(r), t)dt < 0.
0

(28)
Owing to
7 ekr
E(V(e(O), O)) < max max [1 +
1<p<m.p#k 1<j<n, -1
+ote ] sup Ele()l?
—1<5<0
=M sup Eley(s)]. (29)
—1<s5<0

On the basis of Eq.(28), we get
E(V(e(0),0)) = E(V(e(t). 1)) = " Elex(t)|.
Therefore, we gain

Ele(H)|*> < Me™ sup  Elex(s)?,

—1<s5<0

this implies drive system (2) and response system (4) are
mean squre exponential synchronization.
@ [xki (D) > Tiis [yri(?)] > T
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The drive system (2) can be written as follows:

dxyi(t)
dt

m Np
= Ijy — dixi(t) + Z Z&pjkﬂ(})j(xpj(t))
pFk

m Np
+ 30D bl Cepi(t — i)
p=1, j=1
pF#k

+ Z Zcp]klf

p=1, j=1
pFk

o Tpj(xpj(s))ds. (30)
p(

The response system (4) can be written as follows:

d ; m 1p
yfl ©_ = pii(t) — diyii(t) + Z Za,,,klf,,,(ypj(;))
e
np
+ Z pr}klfpj(ypj(t — Tpjki(1)))
o
+ Z Z Cpjki / fpj(ypj(s))ds + . (1)
F

In the following, we will get the error system such that

n
deyi(t) U
d—l = pii(t) — dklekl(t) + Z Zap]kfp](ep](t))
p=1, j=1
pFk
m Np
+ Z prjkiﬁ?j(epj(t = Tpiki(1)))
p=1, j=1
p#k
m
+ Z Zcplkl / ﬁm(ep](s))ds (32)
p=1, j=1
p#k
Then we get
m np
Ve(n),t) < e“[[x — 2dy; + 2l + Z Z(&ijing
p=1, j=1
pFk
A.Tl
bpjkt pj+p1 sz + 1+ — —
Foemio)] o

According to Eq.(21) and Eq.(28), we know that drive sys-
tem (2) and response system (4) are mean squre exponential
synchronization.

® xki ()| < Ty yri@)] > Ty

The drive system (2) can be written as
system (23), the response system (4) can be written as
system (31). In the following, we will get the error system

VOLUME 6, 2018

such that
deyi(1) 5
)
d— = wui(t) — dklekl(t) + Z Zap]klfpj(epj(t))
p=1, j=1
pFk
m Np
+ Z Z bpjkifpi(epi(t — Tpjki(t)))
p=1, j=1
p#k
m
+ Z Zcpﬂa / Joiepi($))ds + (dki
p=1, j=1 ®
pFk
m Np
— di)xki(t) + Y > (g — dpjii )i Cepi (1))
pFk
m Np
+ D0 bpiki — by epi(t — Tiri(1)))
p=1, j=1
p#k
m Np
+ )0 @it — pjiki) f s (34
p=1, j=1
Pk
Then, according to Ito’s differential formula and

Assumption 1, along the trajectory of system (34),
we get
m 1p
V(1) = |- 2o 20+ 30D @l
p=L, j=1
p#k
AT]
bp]kl -4 'O] ]kl + 1 + — 1 1
+ pre*)]ed(0) + 2[(dki — di)Tws
m Tp
+ D0 (@piki — ) LT
p=1, j=I
pFk
m Np
+ Z Z[(bpjki — b)) F
p=1, j=1
p#k

+ (Cpjki — Cpiki)P1F ] — i lei (D) } (35)

According to Eq.(9) and Eq.(21), we obtain
ZLV(e(t),t) < 0. On the basis of Eq.(28) and Eq.(29),
we know that drive system (2) and response system (4) are
mean squre exponential synchronization.

@ |xei ()| > Ty Iy < T

The drive system (2) can be written as system (24),
the response system (4) can be written as system (30).
In the following, we will get the error system
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such that
deyi(1)
— = i) = digeii(t) +p21: Zlap,klﬁj,(em(r»
= ]_
p#Fk
m Np
+ >0 bpjeifpilepi(t — Thi(1)))
p=1, j=1
p#k
m Np
+ Z Z Cpjki [ Tpi(epi($))ds + (dii
p=1, j=1 p(t)
p#k
m Np
—di)yi )+ Y (pjki — apjei) i i (1))
p=1, j=1
p#k
m Np
+ Z Z(bpjki = bpjki)fpi Opj(t — Tpjxi(1)))
p=1, j=1
p#k
m Np t
A0 s = | FuopoNds. 36
p=1,j=1 t—p(t)
pFk

According to Ito’s differential formula and Assumption 1,
we have

m  Tp
V(e(). 1) < e“{[)» — 2dji 4 2 + Z Z(&,z;/kiL,%j
p=1, j=1
pFk
ATL
) e
+ ,ole“’] )]e,%,-(t) + 2[(5Zki — di)Tki
m p
+ > D (g — i) LTy
p=1, j=1
p#k
m p
+ Z Z [(bpjxi — bpjri) F
p=1, j=1
p#k

+ @ik = o1 F1 = mu]lew(l ] 37)

According to Eq.(9) and Eq.(21), we obtain
fV(e(t), t) < 0. On the basis of Eq.(28) and Eq.(29),
we know that drive system (2) and response system (4) are
mean squre exponential synchronization.

® |xti ()| < Ty Iyri@)] = T

® |xi ()| = Thi» Iyri(@)] < T

@ |xi()] = Tiis [yi(®)| = T

X (D) = Thi, [yri(?)] > T

@ |xi ()| > Ty Iy = T

The rest of five cases are similar to cases @ and @, and
the process of proof is omitted here. To sum up, Theorem 1
is proved.

36016

APPENDIX B

PROOF OF THEOREM 2

If the Eq.13 in Theorem 2 holds, there exists a small enough
constant A > 0 such that

m
fi < min {d"i - _)‘ 2 Z Z pjuil + bpiily

p L, j=1
pF#k
1+
+p1épLy Jr1+0t+e“11 ﬂ+p1€m]
m Np
Xd’“__)‘__zz jle2+b]kl
p=1, j=1
pFk
1+
+ o1l + 1+ +e“11_ﬂ +p1€m]}

(38)
Then we consider the following Lyapunov function:

V(e@), 1) = eMeg()

m

p
Z/ e, (s)e)‘(s“])ds
p=1, j=1 1—Tpjki (1)

m- o0 t
+ Z Z/ / elz,j(z)e)‘(”p‘)dzds.
p=1, j —p1 Ji+s

=1, j=1

(39)

Due to the characteristics of memristor, the theorem will
be proved in nine cases. The process of proof are similar to
Theorem 1, so it is omitted here. To sum up, Theorem 2 is
proved.

REFERENCES

[1] J. He, J. Cai, and J. Lin, “Synchronization of hyperchaotic systems with
multiple unknown parameters and its application in secure communica-
tion,” Optik-Int. J. Light Electron Opt., vol. 127, no. 5, pp. 2502-2508,
2016, doi: 10.1016/j.ijle0.2015.11.055.

[2] G.Xu,J.Xu, C. Xiu, F. Liu, and Y. Zang, *“Secure communication based on
the synchronous control of hysteretic chaotic neuron,” Neurocomputing,
vol. 227, pp. 108-112, Mar. 2017, doi: 10.1016/j.neucom.2016.08.100.

[3] I. N'Doye, H. Voos, M. Darouach, ‘“Observer-based approach for
fractional-order chaotic synchronization and secure communication,”
IEEE J. Emerg. Sel. Topics Circuits Syst., vol. 3, no. 3, pp. 442-450,
Sep. 2013, doi: 10.1109/JETCAS.2013.2265792.

[4] B. Naderi and H. Kheiri, “Exponential synchronization of chaotic sys-
tem and application in secure communication,” Optik-Int. J. Light
Electron Opt., vol. 127, no. 5, pp. 2407-2412, 2016, doi: 10.1016/
j-ijle0.2015.11.175.

[5] F T. Duan and B. T. Cui, “Synchronization of memristor-based com-
petitive neural networks with different time scales,” Appl. Mech. Mater.,
vol. 740, pp. 238-242, Mar. 2015, doi: 10.4028/www.scientific.net/
AMM.740.238.

[6] Y. V. Pershin and M. Di Ventra, “Experimental demonstration of asso-
ciative memory with memristive neural networks,” Neural Netw., vol. 23,
no. 7, pp. 881-886, 2010, doi: 10.1016/j.neunet.2010.05.001.

[7] M. Itoh and L. O. Chua, “Memristor cellular automata and memristor
discrete-time cellular neural networks,” Int. J. Bifurcation Chaos, vol. 19,
no. 11, pp. 3605-3656, Nov. 2009, doi: 10.1142/S0218127409025031.

VOLUME 6, 2018


http://dx.doi.org/10.1016/j.ijleo.2015.11.055
http://dx.doi.org/10.1016/j.neucom.2016.08.100
http://dx.doi.org/10.1109/JETCAS.2013.2265792
http://dx.doi.org/10.1016/j.ijleo.2015.11.175
http://dx.doi.org/10.1016/j.ijleo.2015.11.175
http://dx.doi.org/10.4028/www.scientific.net/AMM.740.238
http://dx.doi.org/10.4028/www.scientific.net/AMM.740.238
http://dx.doi.org/10.1016/j.neunet.2010.05.001
http://dx.doi.org/10.1142/S0218127409025031

W. Wang et al.: Synchronization Control of Memristive MAMNNSs and Applications in Network Security Communication

IEEE Access

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

X. Huang, Y. Fan, J. Jia, Z. Wang, and Y. Li, “Quasi-synchronisation
of fractional-order memristor-based neural networks with parameter mis-
matches,” IET Control Theory Appl., vol. 11, no. 14, pp. 2317-2327,
Sep. 2017, doi: 10.1049/iet-cta.2017.0196.

W. Wang, L. Li, P. Haipeng, J. Kurths, J. Xiao, and Y. Yang, “Anti-
synchronization of coupled memristive neutral-type neural networks with
mixed time-varying delays via randomly occurring control,” Nonlinear
Dyn., vol. 83, pp. 2143-2155, Nov. 2015, doi: 10.1007/s11071-015-2471-
9.

P. Jiang, Z. Zeng, and J. Chen, ““On the periodic dynamics of memristor-
based neural networks with leakage and time-varying delays,” Neuro-
computing, vol. 219, pp. 163-173, Jan. 2017, doi: 10.1016/j.neucom.
2016.09.029.

M. Zheng et al., “Finite-time stability and synchronization of memristor-
based fractional-order fuzzy cellular neural networks,” Commun. Nonlin-
ear Sci. Numer. Simul., vol. 59, pp. 272-291, Jun. 2018, doi: 10.1016/
j-cnsns.2017.11.025.

J. Yang, L. Wang, Y. Wang, and T. Guo, “A novel memristive Hopfield
neural network with application in associative memory,” Neurocomputing,
vol. 227, pp. 142-148, Mar. 2017, doi: 10.1016/j.neucom.2016.07.065.
X. Hu, G. Feng, S. Duan, and L. Liu, “A memristive multilayer cellu-
lar neural network with applications to image processing,” IEEE Trans.
Neural Netw. Learn. Syst., vol. 28, no. 8, pp. 1889-1901, Aug. 2016,
doi: 10.1109/TNNLS.2016.2552640.

S. Zhu, L. Wang, and S. Duan, “Memristive pulse coupled neural net-
work with applications in medical image processing,” Neurocomputing,
vol. 227, pp. 149-157, Mar. 2017, doi: 10.1016/j.neucom.2016.07.068.
C. Chen, L. Li, H. Peng, and Y. Yang, “Fixed-time synchronization
of memristor-based BAM neural networks with time-varying discrete
delay,” Neural Netw., vol. 96, pp. 47-54, Sep. 2017, doi: 10.1016/j.neunet.
2017.08.012.

H. Li, H. Jiang, and C. Hu, “Existence and global exponential stabil-
ity of periodic solution of memristor-based BAM neural networks with
time-varying delays,” Neural Netw., vol. 75, pp. 97-109, Mar. 2016,
doi: 10.1016/j.neunet.2015.12.006.

M. S. Ali, R. Saravanakumar, and J. Cao, “New passivity criteria
for memristor-based neutral-type stochastic BAM neural networks with
mixed time-varying delays,” Neurocomputing, vol. 171, pp. 1533-1547,
Jan. 2016, doi: 10.1016/j.neucom.2015.07.101.

M. Hagiwara, “Multidirectional associative memory,” in Proc. Int. Joint
Conf. Neural Netw., vol. 1, 1990, pp. 3-6.

S.-C. Chen and H. Gao, “Multivalued exponential multidirectional asso-
ciative memory,” J. Softw., vol. 9, no. 5, pp. 397-400, 1998.

M. Wang, T. Zhou, and X. Zhang, ““‘Global exponential stability of discrete-
time multidirectional associative memory neural network with variable
delays,” ISRN Discrete Math., vol. 2012, Sep. 2012, Art. no. 831715,
doi: 10.5402/2012/831715.

P. Basaras, G. losifidis, D, Katsaros, and L. Tassiulas, ‘“Identify-
ing influential spreaders in complex multilayer networks: A central-
ity perspective,” IEEE Trans. Netw. Sci. Eng., to be published, doi:
10.1109/TNSE.2017.2775152.

A. Akhavan, A. Samsudin, and A. Akhshani, “A symmetric image encryp-
tion scheme based on combination of nonlinear chaotic maps,” J. Franklin
Inst., vol. 348, pp. 1797-1813, Oct. 2011, doi: 10.1016/j.jfranklin.
2011.05.001.

O. M. Kwon, J. H. Park, and S. M. Lee, ‘“Secure communication based on
chaotic synchronization via interval time-varying delay feedback control,”
Nonlinear Dyn., vol. 63, pp. 239-252, Jan. 2011, doi: 10.1007/s11071-010-
9800-9.

H. Tirandaz and A. Karmi-Mollaee, “Modified function projective feed-
back control for time-delay chaotic Liu system synchronization and its
application to secure image transmission,” Optik-Int. J. Light Electron
Opt., vol. 147, pp. 187-196, Oct. 2017, doi: 10.1016/].ijle0.2017.08.103.
X. Luo, J. Deng, J. Liu, W. Wang, X. Ban, and J.-H. Wang, “A quantized
kernel least mean square scheme with entropy-guided learning for intelli-
gent data analysis,” China Commun., vol. 14, pp. 127-136, Jul. 2017.

H. Zhao, L. Li, H. Peng, J. Xiao, and Y. Yang, “Finite-time boundedness
analysis of memristive neural network with time-varying delay,” Neural
Process. Lett., vol. 44, pp. 665-679, Dec. 2016, doi: 10.1007/s11063-015-
9487-5.

A. Wu and Z. Zeng, “Lagrange stability of memristive neural networks
with discrete and distributed delays,” IEEE Trans. Neural Netw. Learn.
Syst., vol. 25, no. 4, pp. 690-703, Apr. 2013, doi: 10.1109/TNNLS.
2013.2280458.

VOLUME 6, 2018

(28]

[29]

(30]

(31]

(32]

(33]

(34]

[35]

(36]

(371

P. Jiang, Z. Zeng, and J. Chen, ““Almost periodic solutions for a memristor-
based neural networks with leakage, time-varying and distributed delays,”
Neural Netw., vol. 68, pp. 34—45, Aug. 2015, doi: 10.1016/j.neunet.2015.
04.005.

A. Chandrasekar, R. Rakkiyappan, and X. Li, “Effects of bounded and
unbounded leakage time-varying delays in memristor-based recurrent neu-
ral networks with different memductance functions,” Neurocomputing,
vol. 202, pp. 67-83, Aug. 2016, doi: 10.1016/j.neucom.2016.04.012.

W. Wang, M. Yu, X. Luo, L. Liu, M. Yuan, and W. Zhao, “Syn-
chronization of memristive BAM neural networks with leakage delay
and additive time-varying delay components via sampled-data control,”
Chaos Solitons Fractals, vol. 104, pp. 84-97, Nov. 2017, doi: 10.1016/
j-chaos.2017.08.011.

Y. Song and S. Wen, “Synchronization control of stochastic memristor-
based neural networks with mixed delays,” Neurocomputing, vol. 156,
pp. 121-128, May 2015, doi: 10.1016/j.neucom.2014.12.077.

J. Lu and D. W. C. Ho, “Stabilization of complex dynamical networks
with noise disturbance under performance constraint,” Nonlinear Anal.
B, Real World Appl., vol. 12, pp. 1974-1984, Aug. 2011, doi: 10.1016/
j-nonrwa.2010.12.013.

X.Li, J.-A. Fang, and H. Li, “Exponential stabilisation of stochastic mem-
ristive neural networks under intermittent adaptive control,” IET Control
Theory Appl., vol. 11, no. 15, pp. 2432-2439, Sep. 2017, doi: 10.1049/iet-
cta.2017.0021.

M. Yu, W. Wang, M. Yuan, X. Luo, and L. Liu, “Exponential anti-
synchronization control of stochastic memristive neural networks with
mixed time-varying delays based on novel delay-dependent or delay-
independent adaptive controller,” Math. Problems Eng., vol. 2017,
Mar. 2017, Art. no. 8314757, doi: 10.1155/2017/8314757.

S. Ding, Z. Wang, N. Rong, and H. Zhang, “Exponential stabiliza-
tion of memristive neural networks via saturating sampled-data con-
trol,” IEEE Trans. Cybern., vol. 47, no. 10, pp. 3027-3039, Oct. 2017,
doi: 10.1109/TCYB.2017.2711496.

J. Gao, P. Zhu, A. Alsaedi, F. E. Alsaadi, and T. Hayat, “A new
switching control for finite-time synchronization of memristor-based
recurrent neural networks,” Neural Netw., vol. 86, pp. 1-9, Feb. 2017,
doi: 10.1016/j.neunet.2016.10.008.

A. Wu and Z. Zeng, “Anti-synchronization control of a class of memris-
tive recurrent neural networks,” Commun. Nonlinear Sci. Numer. Simul.,
vol. 18, no. 2, pp. 373-385, 2013, doi: 10.1016/j.cnsns.2012.07.005.

WEIPING WANG received the Ph.D. degree in
telecommunications physics electronics from the
Beijing University of Posts and Telecommunica-
tions, Beijing, China, in 2015. She is currently
an Associate Professor with the Department of
Computer and Communication Engineering, Uni-
versity of Science and Technology Beijing. She
received the National Natural Science Foundation
of China, the Post-Doctoral Fund, and the basic
scientific research project. Her current research

interests include brain-like computing, memrisitive neural network, associa-
tive memory awareness simulation, complex network, network security, and
image encryption.

XIN YU received the bachelor’s degree in com-
puter science and technology from Yanshan Uni-
versity, Hebei, China, in 2016. She is currently
pursuing the M.E. degree with the University of
Science and Technology Beijing, Beijing, China.
Her current research interests include memristive
neural networks and brain computing.

36017


http://dx.doi.org/10.1049/iet-cta.2017.0196
http://dx.doi.org/10.1007/s11071-015-2471-9
http://dx.doi.org/10.1007/s11071-015-2471-9
http://dx.doi.org/10.1016/j.neucom.2016.09.029
http://dx.doi.org/10.1016/j.neucom.2016.09.029
http://dx.doi.org/10.1016/j.cnsns.2017.11.025
http://dx.doi.org/10.1016/j.cnsns.2017.11.025
http://dx.doi.org/10.1016/j.neucom.2016.07.065
http://dx.doi.org/10.1109/TNNLS.2016.2552640
http://dx.doi.org/10.1016/j.neucom.2016.07.068
http://dx.doi.org/10.1016/j.neunet.2017.08.012
http://dx.doi.org/10.1016/j.neunet.2017.08.012
http://dx.doi.org/10.1016/j.neunet.2015.12.006
http://dx.doi.org/10.1016/j.neucom.2015.07.101
http://dx.doi.org/10.5402/2012/831715
http://dx.doi.org/10.1109/TNSE.2017.2775152
http://dx.doi.org/10.1016/j.jfranklin.2011.05.001
http://dx.doi.org/10.1016/j.jfranklin.2011.05.001
http://dx.doi.org/10.1007/s11071-010-9800-9
http://dx.doi.org/10.1007/s11071-010-9800-9
http://dx.doi.org/10.1016/j.ijleo.2017.08.103
http://dx.doi.org/10.1007/s11063-015-9487-5
http://dx.doi.org/10.1007/s11063-015-9487-5
http://dx.doi.org/10.1109/TNNLS.2013.2280458
http://dx.doi.org/10.1109/TNNLS.2013.2280458
http://dx.doi.org/10.1016/j.neunet.2015.04.005
http://dx.doi.org/10.1016/j.neunet.2015.04.005
http://dx.doi.org/10.1016/j.neucom.2016.04.012
http://dx.doi.org/10.1016/j.chaos.2017.08.011
http://dx.doi.org/10.1016/j.chaos.2017.08.011
http://dx.doi.org/10.1016/j.neucom.2014.12.077
http://dx.doi.org/10.1016/j.nonrwa.2010.12.013
http://dx.doi.org/10.1016/j.nonrwa.2010.12.013
http://dx.doi.org/10.1049/iet-cta.2017.0021
http://dx.doi.org/10.1049/iet-cta.2017.0021
http://dx.doi.org/10.1155/2017/8314757
http://dx.doi.org/10.1109/TCYB.2017.2711496
http://dx.doi.org/10.1016/j.neunet.2016.10.008
http://dx.doi.org/10.1016/j.cnsns.2012.07.005

IEEE Access

W. Wang et al.: Synchronization Control of Memristive MAMNNSs and Applications in Network Security Communication

XIONG LUO (M’16) received the Ph.D. degree in
computer applied technology from Central South
University, Changsha, China, in 2004. He is cur-
rently a Professor with the School of Computer
and Communication Engineering, University of
Science and Technology Beijing, Beijing, China.
His current research interests include neural net-
works, machine learning, and computational intel-
ligence. He has authored extensively in his areas
of interest in several journals, such as the IEEE

Acckss, Future Generation Computer Systems, and Personal and Ubiquitous

Computing.

36018

JURGEN KURTHS studied mathematics with the
University of Rostock and received the Ph.D.
degree from the GDR Academy of Sciences
in 1983. He was a Full Professor with the Univer-
sity of Potsdam from 1994 to 2008. He has been
a Professor of nonlinear dynamics with the Hum-
boldt University of Berlin, Berlin, and the Chair of
the research domain transdisciplinary concepts of
the Potsdam Institute for Climate Impact Research
since 2008 and a Sixth-Century Chair of Aberdeen
University, U.K., since 2009. He has authored over 500 papers that are
cited over 18 000 times (h-factor: 57). His primary research interests include
synchronization, complex networks, and time series analysis and their appli-
cations. He is a fellow of the American Physical Society. He became a
member of the Academia Europaea in 2010 and the Macedonian Academy
of Sciences and Arts in 2012. He received the Alexander von Humboldt
Research Award from CSIR, India, in 2005, and an Honorary Doctorate from
the Lobachevsky University Nizhny Novgorod in 2008 and one from the
State University Saratov in 2012. He is an Editor of journals, such as PLoS
ONE, the Philosophical Transaction of the Royal Society A, the Journal of
Nonlinear Science, and Chaos.

VOLUME 6, 2018



	INTRODUCTION
	PRELIMINARIES
	MAIN RESULTS
	SYNCHRONIZATION CONTROL OF MEMERISTIVE MAMNNS WITH MIXED DELAYS AND WITHOUT STOCHASTIC PERTURBATION
	SYNCHRONIZATION CONTROL OF MEMERISTIVE MAMNNS WITH MIXED DELAYS AND STOCHASTIC PERTURBATION

	DESIGN PROCESS OF SECRET COMMUNICATION SCHEME
	NUMERICAL SIMULATION
	CONCLUSION
	REFERENCES
	Biographies
	WEIPING WANG
	XIN YU
	XIONG LUO
	JRGEN KURTHS


