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ABSTRACT Traditional biological neural networks lack the capability of reflecting variable synaptic
weights when simulating associative memory of human brains. In this paper, we propose a novel memristive
multidirectional associative memory neural networks (MAMNNSs) model with mixed time-varying delays.
More precisely, the proposed model is investigated with time-varying delays and distributed delays. Then,
we design two kinds of delay-independent and delay-dependent controllers to analyze the problem of
finite-time synchronization. Based on the drive-response concept and Lyapunov function, some sufficient
criteria guaranteeing the finite-time synchronization of the drive-response system are derived. With the
removal of certain constraints on the weight parameters, the results we obtained for synchronization are
less conservative. To illustrate the chaotic characteristics of the memristive MAMNNS, an image encryption
scheme is designed. Meanwhile, the effectiveness of the proposed theories is validated with numerical
experiments.

INDEX TERMS Finite-time synchronization, image encryption, memristor, multidirection associative

memory neural networks.

I. INTRODUCTION

Images play an important role in human life. With the rapid
development of network communication, secure transfers
of large amounts of image data have become a challeng-
ing task. Therefore, encryption technologies have become
highly important tools. Recently, image encryption methods
based on chaotic mapping have attracted the attention of
many researchers in [1]-[4]. In [1], an encryption algorithm
that uses the chaos based S-BOX was developed for secure
and speed image encryption. A visually meaningful image
encryption scheme based on the lift wavelet transformation
was proposed in [2]. In [3], a chaotic system based image
encryption scheme with identical encryption and decryp-
tion algorithm was analyzed. Meanwhile, the authors in [4]
proposed a chaotic system for color image encryption by

combining Logistic, Sine and Tent systems. Although the
image encryption methods based on chaotic mapping have
been widely developed, there are few studies of biological
neural networks [5]-[12], especially for memristive neural
networks (MNNs) [11], [12]. The problem of image encryp-
tion based on chaotic neural networks was studied in [5]-[7]
and the methods of image encryption based on the synchro-
nization were showed in [8]-[10]. Meanwhile, the authors
presented a novel image encryption scheme employing the
memristive hyperchaotic system, cellular automata and DNA
sequence operations in [11]. In [12], a new memristive
chaotic system was presented, and its dynamical behav-
iors were analyzed. Therefore, an image encryption scheme
based on memristive chaotic sequences is still a substantial
topic.
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Memristors have typical non-linear characteristics, and
they are employed to replace the fixed-value resistors [13] in
artificial neural networks to form MNNs [14]-[16]. In recent
years, the dynamic behaviors of MNNs were analyzed
in [17]-[19], where the dynamic behaviors have been widely
applied to associative memory [20], medical image pro-
cessing [21], [22], etc.. Meanwhile, memristive bidirectional
associative memory neural networks (BAMNNs) have been
extensively studied in [23]-[27]. In addition, as an extension
of BAMNNSs, MAMNNS are similar to BAMNNS in structure.
MAMNNSs were proposed by Hagiwara [28] and the dynamic
behaviors of MAMNNS have attracted great attention of
many researchers in [29]—-[31]. The authors proposed a multi-
valued exponential associative memory model in [29], and
they analyzed the stability of this model. A discrete-time
MAMNNSs model with varying-time delays was formulated
in [30], in which the global exponential stability of the system
was analyzed. The authors devised a method in [31], which
can accurately detect nodes able to exert strong influence over
the multilayer networks. However, there exist few literatures
about memristive MAMNNSs. Thus, it is significant to study
the dynamic behaviors of memristive MAMNNS.

It is generally known that time delays are inevitable in the
hardware implementation of MNNs due to the switching of
amplifiers. Various types of time delays, such as time-varying
delays [32], distributed delays [33] and mixed delays [34] are
often considered. Meanwhile, stability and synchronization
of chaotic systems play an important role due to their poten-
tial applications to image encryption [5]-[12], secure com-
munication [35], secure image transmission [36], intelligent
data analysis [37], etc.. However, in practical applications,
it is desirable that a synchronization objective is realized in
finite-time. In recent years, some results on the synchroniza-
tion of chaotic MNNs were obtained in [38]—[41], but there
are few studies about the finite-time synchronization of mem-
ristive MAMNNS . Therefore, it is meaningful to analyze the
finite-time synchronization of chaotic memristive MAMNNSs.

Motivated by the above discussions, the main contributions
of this paper can be summarized in the following:

« We propose a novel memristive MAMNNSs model with
mixed time-varying delays. More precisely the proposed
model is investigated with time-varying delays and dis-
tributed delays.

o We design two kinds of delay-independent and delay-
dependent controllers to analyze the synchronization of
the drive-response system.

« Sufficient criteria guaranteeing the finite-time synchro-
nization of the drive-response system are derived based
on the drive-response concept and Lyapunov function.

« With the removal of certain constraints on the weight
parameters and discuss the cases in detail, we obtain less
conservative results for the synchronization of the drive-
response system.

o To illustrate the performance of the proposed criteria,
an image encryption scheme based on chaotic memris-
tive MAMNNSs sequences is designed.
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The rest of this paper is organized as follows. The proposed
memeristive MAMNNs model with mixed delays is intro-
duced with some preliminaries in Section 2. Sufficient criteria
for ensuring finite-time synchronization of the drive-response
system are described in section 3. An image encryption
method based on chaotic sequences of memristive MAMNNSs
is designed in Section 4. Numerical examples are discussed
in Section 5, while Section 6 concludes this paper.

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

dxy(t)
dt

= Ixi — dpi(xri (1)) xxi (1)

np

+ ) D apuiCai()i (1)

b !
+ ) D by Gpi(t — Tpjaa(t))
=1, j=1
p#Fk
m np t
+ D) cppilau(®) / Foi@pi(s))ds, (1)
p=1, j=1 t—p(l‘)
p#k

where xy;(¢) denotes the voltage of the ith neuron in the field
k, m is the total number of fields and n, corresponds to
the number of neurons in the field p. di;(xki (1)), apjri(xki(?)),
bpjki(xxi(2)) and cpji(xi(2)) denote the synptic connection
weights. The time delays 7,;(¢) and p(¢) are time-varying
delays and distributed delay, respectively. f;i(x) is activation
function. Ij; represents the external input constants of the ith
neuron in the field k.

Throughout this paper, a column vector is defined as
col(xy) = (x11, x12, -+ xmnm)T. col&, E] denotes the convex
closure on [£, &]. In the Banach space, all sets of continuous
functions are expressed as C([—t, 0], R"). Besides, the ini-
tial values of system (1) are given as follows : ¢(s) =
($11(5). $12(5), -+ + Py, ()T € C([—7. 01, R"), in which

T=_max = max {t(t), p(t)}.
I<p=<m.p#k 1<j<n,

Some notations are defined as follows:

dii = max{dy, du}, dy; = min{dy;, dii}, apjri = max
{Gpjkiy apjii}s ki =min{dpjki, dpjki}> bpjki = Max{bpjii, bpjki}s
bywi = min{bpjui, bpjkit, Cpjki = max{Cpjiis Cpjiits Cpi =

min{Cpjki, Cpjii}, 0 < Tpiri(t) < 71,0 < p(t) < p1, Tjki(t) <
7 < 1.

According to the features of memristors and the current-
voltage characteristics, as well as the applied set-valued map-
ping theorem and the stochastic differential inclusion theo-
rem, for convenience, we define:

dii, [xki ()] < T,
co(dri(xki(1))) = § coldyi, dii},  |xki(®)| = T,
dri, |xki ()| > Cii,
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pjki, ki ()| < T,
colapjki(xki(1))) = § colapjui, apjriy, Xk = Thi,
pjiki» i ()] > T,
bpjki- ()] < Thi,
co(bpiti(xii(1))) = { colbpjui, bpjxi}, x| = T,
bpjti- i (1)) > T,
Cpjkis [xxi ()] < Tkis
co(Cpjki(Xki(1))) = § colpjnis Cpjki}s x| = Th,
Cpjkis [xki ()] > Ty
Obviously, co{dyi, dii} = [dy;, diil, coldpjiis apji} = (@i
apjtils colbpjui byjxiy = [byjais bpjiki) and colépnis Epjri} =

[¢pjkis Cpjii)s for k,p = 1,2,--- mp # ki =
1,2,--- ,ngj = 1,2,---, np. According to the above def-
initions, system (1) can be written as follows
dxi(1)
dt

€ Iy — co(dyi(xki(1)))xri (1)

+ YD colapniCei( N 0ep(t)

p=1, j=I
p#k J=

np

+ Z >~ colbpiriCari ()i Capi(t — Thiai(t)))

] 1

wll

np

Z CO(ijkl(xkl(t))) / fp](xp](s))ds

+ Z
p=1 =
pEK
2
or equivalently, there exist cAz’b,-(xk,-(t)) € co(dii(xi(1))),
Apjki(xxi(1)) € colapji(xxi(1)), bpjki(xxi (1)) € co(bpjri(xxi(1)))
and ﬁpjki(xki(t)) € co(cpjki(xki(1))), such that

dxyi N
x:;t(t) = ki — dii(xXi(1))Xri (1)
+ D) apkiCa()i G (1)
e

+ Z Zépjk,(xki(r))fp,-(xp,-(r — k(1))

<~
Sl
o

Ms

t
+ Zf’ ki (Xki (1)) / ()ﬁ,j(xpj(s))ds. 3)
Jj=1 t—p(t

=
Sl
o~

In this paper, we consider system (2) or (3) as the drive
system. Then the corresponding response system is described
as follows:

dygi
yc];’t(t) € i + pii(t) — co(dri(yri()))yi(t)
m Mp
+ 3 colapuiuONfyi(p )
1, j=1

=T
]
=
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- Z > colbpririEN i Gpi(t — Thai(t)))
bax =
£33 colepu) / IO
r=1 j=1
p#k
)
or equivalently, there exist led(yk,-(t)) €  co(dri(yki(1))),

apikii(1)) € colapki(t))), bpjkiVii(®)) € cobpjii(Vi(1)))
and Cpjki(Vri(1)) € co(cpjki(Vii(t))), such that

PO~ + pate) = O
m Tp
+ DY Ak Or) (1)
ok
m  Tp
+ ) D by OriENf it — Tpjaa(t)
hak i
m  Tp t
+ Y0 i) f FoiGpi(s))ds,  (5)
,; _#1[{ j=1 t—p(t)
where 14;(t) represent the appropriate control inputs and
dii, ()] < Thi,
coldii(yu(t) = | coldi, dig},  yi()] = Thi,
di, k()] > Thi,
Qpjii» Ve < Thi,
colapikiri(1))) = § colapjki, apjxit,  yki(®)| = Thi,
pjki, (@] > T,
byjkis k()] < Thi,
colbpjii()) = | colbpjtis bpjaa}, vkt = Thi,
bpjki, [yki(D)] > T,
Cpjkis V&) < T,
cocpiki(Vki(1))) = | colCpjnis Cpjxi}s  Yri(D| = T,
Cpjkis [Vki()] > T

The initial values of system (4) are given as follows :
D(s) = (P11(s), P12(), -+, Poun,, () € C([—7,0], RY),
in which T = max{ty, p1}.

We define the synchronization errors of the system as
follows:

exi(t) = yri(t) — xxi(1),
where the initial values are defined as follows: W (s) = ®(s)—
Ps) = (Wi1(8). Win(s), -+, Wa1(s), -+, Wy, ()T €
C([—t, 0], R™), in which T = max{t], p1}.
Assumption 1: For k = 1,2,--- ,mji = 1,2,--- ,ng,
Vsi,$2 € R and s1 # s2, the activation function f;(-) is odd
bounded and satisfies the Lipschitz condition

[fki(s1) — fii(s2)| < Ligls1 — s2|,  fu() < F,

where Ly; and F are nonnegative constants.
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Definition 1: The response system is said to be synchro-
nized with drive system in finite-time, if under a suitable con-
troller, there exists a constant 7 > 0 such that lim e;(t) = 0

and ex(t) = 0, fort > T, where T is called thet_s)etting time.

Lemma 1: (Chain Rule). Suppose that V(x) : R* — R is
C-regular and x(¢) : [0, +00) — R is absolutely continuous
on any compact subinterval of [0, +00). Then V(x(¢))
[0, 4+00) — R is differentiable for a.a.te [0, +00), and we
have

dv(x(1))
dt
Lemma 2: Assume that a continuous, positive-definite

function V(¢) and real numbers 2 > 0 and 0 < 1 < 1, such
that

=w()x(t), Yw(t) € aV(x(t)).

V() < —hV(1), t>19, V() >0.

Then the synchronization error system is finite-time stable,
i.e., V() satisfies

VI < VT e9) — h(1 — )t —10), to <t <T,

and V(¢) = 0 for Vr > T, with the setting time T given by

VI=1(1)

T=1n+——7.
h(1 —n)

Ill. MAIN RESULTS
In this section, some sufficient criteria guaranteeing the syn-
chronization of the drive-response system are derived.

A. DELAY-INDEPENDENT CONTROLLER

In this subsection, we investigate the synchronization of the
drive system (2) and the response system (4) with mixed
delays. We design a delay-independent controller as follows:

Wii(t) = —0kiexi(t) — Okisign(eri(t))
1
— 5sign(ek,-<r)>h|ek,-<t>|'7*‘, (©6)

where §;; and 6; are constants determined later, and the real
numbers 4 and 7 satisfy 4 > 0and 0 < n < 1.

Theorem 1: Suppose that Assumption 1 holds. Then under
the control law (6), the response system (4) can synchronize
with the drive system (2) in finite-time

VOB
(1 —n)’
; LN (2 12
where §;; > max { —dii+5 Y ) [ p/lep/—}— 1 +bp]lepj
r=1, j=1
p#k

}'lp
1
'O‘cpjkl pj 1= rz +'0‘] ~dii + 5 ; [ @il p/ +1+

w[[\ﬂs

bjlelfj + o1y + s+ ,01]}, Oki = |dii — dii|Thi +

Zﬁ Zl ijki — i Ly U + [bpii — byl F + |épjui —
=
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m Np

tilorF | VO) = 0+ X Zf ) s+

pfl
p#k

5 Zf o [y @dzds, h > 0and 0 < 5 < 1.
—1 ]_
Proof: Please see Appendix A.
Corollary 1: Suppose that Assumption 1 holds. Then under
the control law (6), the response system (4) can synchronize
with the drive system (2) in finite-time

vt
h(1 =)’
. m Mp o
where 8;; > max { —di+ Z Z [ pjkl p]+ 1 +bpjk1LPj
o=t
= 2 g2 1
- 12] ~dyi + z Z [ kil 1+ bPJlePJ * 72]}’
p= lj 1
p#k
|dk, dk,|rk, + Z Z [|dpjk1 apjkl|ijrpj + |b17]kl
j=1
p#k

\iji|F:| h > 0,0 < n < 1lad V() = e;i-(O) +

2
T]]k ) € j(s)ds.

p # k
Proof: Let the distributed delay p(z) = 0. The process
of the proof is similar to Theorem 1, so it is omitted here.
Remark 1: There are some previous related works
about synchronization of MNNs under the following condi-
tions [42], [43]:

coldy, diilypi(t) — coldy, diilxy(t)
C coldy;, diil(ypj(t) — xpj(1)), colyini @pjkilfpi Gpi (1))
— coldypi» Apjkilfpj (i (1))
C colayps apjkil fpjpi(1)) — fj(xpj())),
colbyis bpjti pjOpi(t — Tpjki(1)))
— colbyjiis bpjkilfpi Cpi (1 — Tpjki(1)))
colbyx;s Bpjil(f Gpi(t — Tjai(1)))

t
_fpj(xpj(t - ijkz(t)))) colc Cpjki ijki]/ ()fpj(ypj(s))ds
t—p(t

IN

t
— colcpin» Cpjii / ﬁ)j(xpj(s))ds

IN

t
CO[C ki’ ijkz](/ fpj(ypj(s))ds - / fp/(xp/(s))ds)
t—p(t)

It is easily checked that when xg;(¢) and yg;(¢) have same
signs, or xii(t) = 0 or yg(t) = 0, the above conditions
hold. Moreover, the results obtained in [42] and [43] are
independent on the switching jumps I't;. Hence, in this paper,
with the removal of these strict conditions, the results we
obtained are less conservative.

Remark 2: In the controllers 6, the discontinuous terms
sign(ek;(t)) may be undesirable in some practical applica-

tions. In this case, the continuous terms ‘)j""(t) can be
lexi(t)|+a

35767



IEEE Access

W. Wang et al.: Finite-Time Synchronization of Chaotic Memristive MAMNNSs and Applications in Image Encryption

chosen as approximations of sign(exi(¢)), in which a > 0 is
sufficiently small.

B. DELAY-DEPENDENT CONTROLLER

In this subsection, we investigate the synchronization of the
drive system (2) and the response system (4) with mixed
delays. We design a delay-dependent controller as follows:

ki(t) = —dkieri(t) — Orisign(eri(t))lepi(t — Tpiki(t))|

t
epi(s)ds|
t—p(t)
— sign(eri () (vki + hlew()["), 7N

where i, ki, €ki and y; are constants determined later, real
numbers 4 and 7 satisfy 4 > 0and 0 < n < 1.

Theorem 2: Suppose that Assumption 1 holds. Then under
the control law (7), the response system (4) can synchronize
with the drive system (2) in finite-time

[V(0)]' "
h(1—mn)’

— &xisign(exi(1))|

T =

m . ) N
where 8 > max ). Z{ — dii + apjilpj, —dii +

Ci;'k =
po, .
Elpjkinj}, O > max Z > 1bpjkily), bpjkinj}s T
har =
m np . N
max 221 Z {Cp]lepj’ Cpjki pj} Yki |dki - dki|Fki +
hei =

m np
Z} > [|apjkt - ankl|LPJFPJ + |bpjkt - pjkl|F + |Cp/kl -
hai =

cpjk,|,01F] h>0,0<n<1and V(0) = sign(ei(0))exi(0).

Proof: Please see Appendix B.

Corollary 2: Suppose that Assumption 1 holds. Then under
the control law pi(t) = —dkieri(t) — Orisign(eri(t))lepi(t —
Tpjki (1)) —sign(exi(1))(yxi+hlexi(1)|"), the response system (4)
can synchronize with the drive system (2) in finite-time

_ Vo'
h(1—mn)’
m.p . ., N N
where 8§;; > max Y. Y. { — dii + pjiiLpj, —di +apjkinj}a
=1
h2i =
m Np . N
Ok > max ) Z {bp]ksz]abp]kt pj} Vi > |dii — dii| Thi +

p=1, j=
p#k]

[|“ﬂ/kl - ap/k!|Lp/Fp/ + |bp/kt - p/kl|F] h>0,0<

m ”p
2 2
p=1 j=1
p#k
n < 1and V(0) = sign(eri(0))eri(0).
Proof: Let the distributed delay p(#) = 0. The process

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

Remark 3: Theorem 1 takes into account the influence
of delay-independent controllers on system synchronization,

while Theorem 2 considers the influence of delay-dependent
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controllers on system stability. The two theorems show the
importance of controllers for the system synchronization.

Remark 4: Due to the state of the neuron is not only
related to itself, but also the changes in the neuron associated
with it will have an impact on it. Therefore, in Theorem 2,
we consider the delay-dependent control strategy.

IV. IMAGE ENCRYPTION

Image encryption technologies play an important role in
transmitting large amounts of image data. In this section,
we propose an image encryption algorithm based on the
chaotic memristive MAMNNS obtained in Main Results. The
specific steps of the algorithm are as follows:

1) Read the original color image, its size is m * n % 3.

2) Use the Mchange and Nchange functions to per-
form row permutation and column permutation for the
image, respectively.

3) Trichromatic separation.

o The R, G and B components of the image are
separated, and their respective matrices are Ip =
image(:, :, 1), I = image(:, :,2) and Ip = image
(:, 1, 3) respectively.

4) Generate three chaotic sequences.

o According to the Corollary 1, we choose appropri-
ate parameters and layers of the drive system, then
we obtain three chaotic sequences yint(1, m * n),
yint(2, mxn) and yint (3, mxn) from different fields
of memristive MAMNN:S, respectively.

 In order to make the numerical values of chaotic
sequences between 0 and 255, the following oper-
ations are performed to the chaotic sequences
yint(j, m * n), where j = 1, 2, 3. (See Table 1.)

TABLE 1. Chaotic sequence yint(j, m  n).

chaotic sequence yint(j, m x n).
x=zeros(3,m*n);
for j=1:3
for i=1:m*n
if round(10*yint(j,i))<10*yint(j,i)
x(j.i)=mod(round(108*(10*yint(j,i)-round(10*yint(j,)))),256);
else
x(j.i)=mod(round(108 *(1-(10*yint(j,i)-round(10*yint(j,i))))),256);
end
end
end

o The three primary color matrices obtained in
step 2 are converted into a one-dimensional
matrix, respectively. Then we obtain three one-
dimensional matrices imageg = Ig(:)’, imageg =
I6(:) and iamgep = Ip(:).

5) Image encryption.

o Perform the XOR operations on the three chaotic
sequences yint(j,m * n)§j = 1,2,3) and
image sequences. The encrypted image is found
in Table 2.

6) Trichromatic combination.

VOLUME 6, 2018
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TABLE 2. XOR operation.

XOR operation.

for i=1:m*n
a(i) = bitzor(z(1,1),imager(4));
b(3) = bitzor(x(2,1), imagec(4));
c(i) = bitzor(x(3,1),imagep(i))

end

)

o The three components R, G, B are combined and
normalized by image(:, :, 1) = reshape(a, m, n),
image(:, :,2) = reshape(b, m, n), image(:, :,3) =
reshape(c, m, n) and image = mat2gray(image).

V. NUMERICAL SIMULATION
In this section, several numerical examples are given to
illustrate the effectiveness of our proposed synchronization
criteria.

Example 1: We consider the following memristive
MAMNNSs with mixed delays. There are three fields and one

neuron in each field.

dxy1 (1)

p=1,
p#Fk
where
1.3, |x11l <T'q1,
di(x11(1)) = il !
L4, |xi1] > T,
0.1, |x11] < Ty,
dr1(x21(1)) = ! :
0.2, |x11] > I'a1,
0.3, [|x31] < T3,
d31(x31 (1)) =
0.4, |x31] > I'31,
—0.45, |x1(®)| < Ty,
a1 (1)) = o1 (0] :
0.32, |x21(t)| > Iy,
0.36, |x31(0)| < TI'zy,
a131(x31(1)) = b ®)|
0.38, |x31(1)] > I'31,
—11, X (t < Fl )
ax11(x11(1)) = (0] :
1.24,  |x11(®] > I'11,
1.14,  |x31(t)| < TI'zy,
a2131(x31(2)) = b ®)|
0.32, |x31(t)| > '3y,
1.2, |xn@®| =Ty,
a3 (x1() =
1.18, |x11(®)] > 'y,

= Ir1 — di1 (g1 (0)xp1 ()

3
+ Z ap1i1 (k1 (0))fp1 (p1(2))

~ T
~

z

3
+ D bkt Cka (W1 (1 (1 — Tp1x1 (1))

<
w
e

t
+ ) () f oG s
t—p(t
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—0.28, |x21(0)| < T,
az121(x21(1)) =
0.12, [x21(®)| > Ty,
032, |xa1(t)] < Tay.
b1121(x21(1)) = P21 ()] < T2
024,  [x21(0)] > Tay,
~034, ()] < Ty,
bi1131(x31(1)) = lx31(2)] 31
042,  |x31(0)] > I3y,
138, ()| < T,
b1 (x11(2)) = i)l < T
LI, x> Ty,
0.15, x31(t)] < T3y,
ba131(x31(1)) = lx31(1)] < T31
=049,  |x31(0)| > 31,
—0.38. |x1()] < Ty,
b3 (x11(1)) = lx11 (1) < Ty
=095, |xn@l > T,
045, ()] < Ta,
b3121(x21(2)) = |x21(2)] < Typ
=022, |21 ()| > 2.
—0.84, ()] < Ta,
c1121 (01 (1)) = |x21(2)] < Tyy
0.18,  |x21()| > T2y,
0.68. |xai (1) < Tl
1131 (031 (1) = lx31(H)] < T3
042, [x31(0)] > T3,
024, x| < Ty,
111 (11 (1) = [x11(2)] 1
=058, |xn@| > T,
~0.62, |x31(1)] < T3,
c2131(x31(1)) = |x31(2)| < 31
=044,  |x31(0)| > T3,
~0.82, () < Ty,
c3 () = [x11(2)] 11
—0.84, [xn(@)| > 11,
078, |xa1(t)] < Tay.
c3121(x21(1)) = 21 (1)l 21
0.19,  |x21()| > Ta1.
Let I'y; = I’y = I's; = 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(t) + 0.5, respectively. According to Assumption 1,
we have Ly, = L, = 1, F = 1. By calculating,
we getp = 1, p = 0.5 and p; = 1. The initial val-
ues are set as [x11(¢), x21(¢), x31(¢)] = [1.05,0.25, —0.75],
11@@), y21(2), y31(1)] = [—0.3, 0.45, 0.2].

Fig.1 represents the drive system (2) and the response
system (4). They have chaotic attractors with the initial val-
ues given above. Fig.2 depicts the state trajectories of the
drive system (2) and the response system (4). According
to the conditions of Theorem 1, the delay-independent con-
trollers are set as w11(r) = —4eq1(t) — Ssign(eq1(t)) — %
sign(er1(t)]e11(t)| 702, o1(t) = —3ea1(t) — 4sign(e (1)) —
zsign(e21()le21 (|0, w31 (1) = —3e31(1)—3sign(es (1))~
zsign(em(t))|631(t)|’0'5. According to the conditions of
Theorem 2, the delay-dependent controllers are set as
ni1(t) = —1.2e11(1) — 1.2sign(er1(1))lepi(t — Tpj11(1)| —
0.Lsign(ert (D) | [} ) epi(s)ds| —sign(ers())(S+lenn (1)),
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%, (M ory, () X0eryy®
21 21

FIGURE 1. Phase trajectories of system (2)(corresponds to x) and
system (4)(corresponds to y) with mixed delays.

0.5

Amplitude

=)

FIGURE 2. State trajectories of the drive system (2)(corresponds to x) and
the response system (4)(corresponds to y).

u21(t) = —0.5e21(2) — 0.Lsign(e21())lepi(t — Tp21(1))] —
0.5sign(e21 (D) | f,_ ) epi(s)ds|—sign(ean ) (@d+1ear (1)),
u31(t) = —1.5e31(t) — 0.1sign(e31())lepi(t — Tp31(1))] —

0. Lsign(es1 (D) | [, epj(s)ds| —sign(e (1)(3+1es1 (1)]).
Then (a-c) in Fig.3 describe the state trajectories of the errors
system without controllers, with delay-independent and with
delay-dependent controllers, respectively. It implies that the
corresponding response system (4) can synchronize with the
drive system (2) in finite-time, in which the setting time
according to Theorem 1 is 717 ~ 2.7, Tp1 =~ 0.4 and
T31 == 1.9, the setting time according to Theorem 2 is
Tr1 &~ 2.3238, T22 ~ 0.8944 and Ty3 ~ 1.9494.

Then we investigate system (2) and system (4) without
distributed delays. Under the same parameters, Fig.4 rep-
resents the drive system (2) and the response system (4)
without distributed delays. They have chaotic attractors
with the initial values given above. Fig.5 depicts the state
trajectories of system (2) and system (4). According to
the conditions of Corollary 1, the delay-independent con-
trollers are set as w11(t) = —3.5e11(t) — 3.5sign(e11(¢)) —
zsign(entlen ™", pai(®) = —2.5ex(1) — 2sign
(e21(1)) — gsign(eat()lex1 (™%, u31(1) = ~2.5e31(t) —
2.5sign(es1(1)) — %sign(es1 (t))le31(t)|~*3. According to the
conditions of Corollary 2, the delay-dependent controllers

are set as u11(t) = —1.2e11(t) — 1.2sign(e11(2))lepi(t —
Ty ()] — sign(en()3.5 + len()*), uar(t) = —0.5
35770
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FIGURE 3. State trajectories of errors between the drive system (2) and
the response system (4). (a) The errors without controllers. (b) The errors
with delay-independent controllers. (c) The errors with delay-dependent
controllers.

X, ory, (0

X M ory. O

X, 0 0ry,, (0

FIGURE 4. Phase trajectories of system (2)(corresponds to x) and
system (4)(corresponds to y) without distributed delays.

e21(t) — 0.1sign(e21(1)lepi(t — Tpp1())| — sign(e2i (1))
2+ le21(®)|*), u31(r) = —1.5e31(t) — O.1sign(e31(1))lep;
(t — Ty31(1)] — sign(ez1(1))(2.5 + le31(1)|*>). Then (a-c)
in Fig.6 describe the state trajectories of the errors system
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FIGURE 5. State trajectories of the drive system (2)(corresponds to x) and
the response system (4)(corresponds to y) without distributed delays.
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FIGURE 6. State trajectories of errors between system (2) and system (4)
without distributed delays. (a) The errors without controllers. (b) The
errors with delay-independent controllers. (c) The errors with
delay-dependent controllers.

without controllers, with delay-independent and with delay-
dependent controllers, respectively. It implies that the corre-
sponding response system (4) can synchronize with the drive
system (2) in finite-time.

VOLUME 6, 2018

0

%y (1) 05 05 %,5()

FIGURE 7. Phase trajectories of system (2) without distributed delays.

Encrypted image

FIGURE 8. The process of encryption of an image.

Example 2: We consider the following memristive
MAMNNSs without distributed delays. There are three fields
and one neuron in each field.

dxg1 (1)
- Tt — dier (i1 (£)x11(2)
3
+ ) i a1 Cep1 (1)

p=1
p#k

3
+ D bpia ki ()1 Cop1 (= o1 (1)),
(=t
where the parameters are the same as in Example 1. The initial
values are set as [x11(¢), x21(2), x31(1)] = [1.2,—-0.3,0.4],
and Fig.7 represents system (2) without distributed delays.
It has chaotic attractor with the initial values.

Then we select a standard color image of the size of
512 % 512 to encrypt the image (lena.tif) based on the mem-
ristive MAMNNSs without distributed delays. Fig.8 describes
the process of encryption of the original image. It can be seen
that the encrypted image has lost the original image feature
based on the given encryption method.

The gray histogram is a powerful attribute to describe
the statistical characteristics of the image. Fig.9 displays the
gray histogram of the original image, and it can be seen that
there exist distribution characteristics in the gray histogram
of the three components. Fig.10 describes the gray histogram
of the encrypted image. It can be seen that the gray his-
togram of the three components is uniformly distributed. This
implies that our encryption method can effectively encrypt the
image.

Correlation analysis of adjacent pixels is an important
indicator to evaluate the encryption effect of an image.
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FIGURE 9. The histogram of the original image. (a) Original image—
R component. (b) Original image—G component. (c) Original image—
B component.

TABLE 3. Correlation analysis of adjacent pixel of the original image.

The proposed. Method in [44] Replacement Chaos

horizontal direction 0.9733 0.9663 0.9765 0.9717
vertical direction 0.9843 0.9780 0.9812 0.9821
diagonal direction 0.9623 0.9873 0.9644 0.9516

We randomly select 1000 pairs of pixel values, in which
Fig.11 shows the correlation analysis of adjacent pixels of the
original image, Fig.12 describes the correlation analysis of
adjacent pixels of the encrypted image. The specific correla-
tion is shown in Table 3 and Table 4.
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encrypted histogram--R
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encrypted histogram--B
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FIGURE 10. The histogram of the encrypted image. (a) Encrypted
image—R component. (b) Encrypted image—G component. (c) Encrypted
image—B component.

TABLE 4. Correlation analysis of adjacent pixel of the encrypted image.

The proposed. Method in [44] Replacement Chaos

horizontal direction -0.0175 0.0234 0.0810 0.0151
vertical direction 0.0067 -0.0167 0.1816 -0.0155
diagonal direction 0.0052 -0.0172 -0.0231 -0.0139

According to Table 3, we can see that the correlation
coefficients of adjacent pixels of the original image are close
to 1, i.e. it has a strong correlation. However, we can see that
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FIGURE 11. Correlation analysis of adjacent pixels of the original image.
(a) Horizontal direction. (b) Vertical direction. (c) Diagonal direction.

the correlation coefficients of adjacent pixels of the encrypted
image are close to O in Table 4, i.e. they are almost irrele-
vant. This shows that our encryption method can effectively
encrypt the image.

Compared with the results of literature [44], our proposed
method has less correlation coefficients of adjacent pixels of
the encrypted image, so it has better ability to encrypt images.
At the same time, we combine the two encryption methods of

VOLUME 6, 2018
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FIGURE 12. Correlation analysis of adjacent pixels of the encrypted
image. (a) Horizontal direction. (b) Vertical direction. (c) Diagonal
direction.

replacement and chaos, which is more effective than using
only one encryption method.

VI. CONCLUSION

In this paper, we propose a novel memristive MAMNNS
model, which includes time-varying delays and distributed
time delays. Then the finite-time synchronization of our pro-
posed model is analyzed by creating appropriate controllers.
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In the proposed approach, we obtain some less conservative
results by removing certain strict conditions. By construct-
ing a suitable Lyapunov function and using some inequal-
ity techniques, some sufficient criteria for guaranteeing the
finite-time synchronization of the drive-response system are
obtained. An image encryption scheme is designed based
on the chaotic memristive MAMNNSs. Furthermore, some
numerical simulations are delivered to demonstrate the effec-
tiveness of our proposed theories.

APPENDIX A
PROOF OF THEOREM 1
Construct the following Lyapunov function:

/ e (s)ds
t fpjkt(t)

np

+ Z > / 3 /H (2)dzds. (8)

p;&" j= 1

According to the differential
Theorem 1 will be proved in nine cases.

@ k()] < Tiis [yri(®)] < T

The drive system (2) can be written as follows:

V(t) = efi(t) + —— .
'”_]k j=1

inclusion theorem,

dxyi (1) . m
; = Ii; — dpixpi(t) + Z Zapjkiﬁ”j(xpj(t))
Bz =1
+ Z pr}klfpj(xpj(t ijkl(t)))
Bk =1
Z Zcpﬂa / )fpj(xpj(s))ds- )
=1, j= ot
;&

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

vt , m
yfh = I — duyk () + Y > dpjuafyi0pi(1)

b2k /=1

+ Z Z’;pjkiﬁj(ypj(f — Tyjki(1)))

%i% =
np

T Z Zcpfkl/

ToiOpi($)ds + pri(t). (10)
#}( j=1 p(1)

Then the error system is obtained as follows:

deyi(t) -
= i) — e + ) Zap,ktﬁ,,(ep,(r»
p#]k =1

m np .

+ YD bpjuafpilepi(t — i)
nzk =1

=3 / Joten(onas,an
bk /=1
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where fi(epi() = foyOp(0) — fpiCop0), filept —
i) = foiOpi(t — T —fpi(pit — Tpiki(1))),
S gy Toiepi0)ds = [i_ o FoiOpi(SDs— [i_ oy i Cepi())ds.

Along the trajectory of system (11), we calculate the
derivative as follows:

V(t) = 2e1i(1)] — drieri(t) + Z Zépjkifpj(epj(t )
p=1, j:l
p#k

F () + Y bpjuafpiepit — Thi(1)))

p=1, j:l

p#Fk
m ;
+ Z Zépjki/ fp](ep](S))ds] —
e
m - p np
% Z Z () = Z Z — Tpjki(1))
(R =L =1
+ 2 Zm - Zf 2 ()ds.
p=1. j=1 >—l j=1 (t)
p#Fk
(12)

According to Assumption 1, we obtain

V(1) < —Qdui + 281(1')61%,-(0 — 26kilexi(t)| — hlew(0)]"

Tp

+2lexi(t)] Z > apjuilpjlep ()] + 2lew(t)|

p=1 1
p#kj

x Z pr,k, Lpjlepi(t — o) + 2lexi()]

ok
m np t 1
X3 Dl [ lepolds +
P r— t—p(t) -T2
o
p#k
m np
553D 3L IR 3p B
p=1 j=1 p=1 j=1
p#k p#k
F XY eg0-2 Y [ o
p=1, J— p=1, / 1 (t)
p#k p#k
(13)
By using the mean-value inequality, then we have
2|€ki(t)|dpjki Lpjlepi(®)]
1271kz ekz(t) + ep](t) 2|ekl(t)|bpjkl p]|ep](t ijki(t))|

bp]kl ekl(t) +e (t

t
X / lepi(s)|ds
t—p(t)

t
< p1é ]kz pjekl(t)—i—/ elz,j(s)ds.
1=p(t)

Tpiki(1)), 2leri(t)|CpjiiLy
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Then we get

V() <[- 2dk,—28kl+§ E(,k, i
r=1 j=1
p#Fk

1
bp]kl i+ pi1cé ]k, + 1+ R + p1)]ei(®)

— 264ilexi(t)] — hlex(n)|". (14)
Under the conditions of Theorem 1, we obtain
V() < —hlew ()" (15)

Then, according to Lemma 2, the drive system (2) and
the response system (4) are synchronized in the finite-time

1—
T =1+ \;;( lz(g‘;). This implies the proof is completed.

@ xgi () > iy [yri()] > T
The drive system (2) can be written as follows:

n
dxi(1) -
dll = I — dklxkl(t) + Z Zap]klfpj(xp](t))
r=1 j=1
p#k

m np
+ D it — Tyaa(1)))
p=1 j=1
p#k

m

F 3 S [
p=1, j=1 p(t
p#k

)ﬁ,j(xpj(s))ds. (16)

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

dyri(t)

DO i+ 3 3 )
r=1 j=1
p#Fk

np

+ Z Zb kil i pi(t — Toiki(1)))

p=1, ] 1
P#k
Y Yo / Sy Opds+uia(r). (17)
r=1 j=1 1=p(t)
p#k

Then the error system is obtained as follows:

dey;
W = i) — i) + 5 3 i)
p=1, j=1
p#Fk
+ Z Zi?pjkfpj(epj(t — Tpjki(1)))
r=1, j=1
p#k
Y Yo / ietonds. a9
r=1, j=1
p#k

The proof of the rest is similar to @, so it is omitted
here.

VOLUME 6, 2018

® xei ()| < Ty yri@)] > T

The drive system (2) can be written as system (9),
the response system (4) can be written as system (17). Then
the error system is obtained as follows:

dey;(t)

= () = die(t) + Z Zap,klﬁ),(ep,u))

=1 1
P#kj

m np
+ DY byjeafoi(eni(t — i)

_1 j=1

mn t
+ Z Zcp/kl f ()fpj(epj(s))ds
t—plt

p=1 j=
pFk =

+ (dii — dii)xi(?)

m Ny

+ Z Z(apjkl - apjkl)ﬁ)j(xp](t))

r=1 j=1

‘W

p#k
+ Z Z(bpjkl bpjkl)fpj(xpj(t - ijkl(t)))

m np
+ ) @i — i) / FiCspsds. (19)

1 j=1

Along the trajectory of system (19), we calculate the
derivative as follows:

m np
V() < [ - 2du — 28 + Z > @l + byl
p=1 j=I1
pEK

1
++1

+ 2[(31@' — di)Tii + Z Z(lejki — apjki) Ly Tpj

+,01£’ kil +Pl)]ekl(t)

hai =
m np
+ Z Z[(bpjki — bpjki)F + (Cpjki — Cpjki)p1F]
i
— k] lex (O] — hlex (D). (20)

Under the conditions of Theorem 1, we obtain
V(1) < —hlew(®)|". (21)

Then, according to Lemma 2, the drive system (2) and the
response system (4) are synchronized in the finite-time 7 =

o + ‘21(1(:8) This implies the proof is completed.

@ |xi()] > Ty [yki(®)| < Thi.
The drive system (2) can be written as system (16),
the response system (4) can be written as system (10).
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Then the error system is obtained as follows:

np

dey;
ez(t) = pupi(t) — dklekz(t)"' Z Zaplklfpj(epj(t))
ek =
+ 30> bpifi(epi(t — Thi(0)
hok =l
+ Z Zcplkl / Foj(epi(s))ds
Pk =] .
+ (dyi — di)yii(t)
+ DD i — apiridpi (1)
hai !
P
+ Z > Bpjxi = bpjridp it — (@)
yerEas
+ > Z(cmk, Cojki) [ fp,<yp,(s>>ds (22)
el

The proof of the rest is similar to @, so it is omitted here.

® |xxi(t)| = T or |yri(t)| = 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.

APPENDIX A
PROOF OF THEOREM 2
Construct the following Lyapunov function:

V(1) = sign(eyi(t))exi(t).

According to the differential inclusion theorem, Theo-
rem 2 will be proved in nine cases.

@ xi ()| < This Iyri(@)] < Ty

The drive system (2) can be written as system (9),
the response system (4) can be written as system (10). Then
the error system can be written as system (11).

Along the trajectory of system (11), we calculate the
derivative as follows:

V(1) < sign(ex)miitt) — duaex + Y Y dpi
hak !

< Jo(epi ) + YY" bpjrifpi(epi(t — Thit)))
(R
m np
+ 305 G / , Foiepi(s))ds (23)
- =1 A

=
Al
agen
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Then we obtain

m np
V() < —diilel+ Y Y lapiddyilep)]
h2i =
m np
+ YD bpirifpiCeni(t — Thri))]
p=1. j=1
p#Fk
m np t
+ YD b / Foilepi(s)ds| — Suilexi(t)]
p=1 j=I t—p(t)
p#k
t
— Okilepi(t — Tpjki ()] — xil ep;(s)ds|
t—p(t)
— (ki + hlei(t)]). (24)
According to Assumption 1, we have
m np
V(1) < —(@dui + Sile®l + D Y lapjuiLpje(0)]
hai !
m np
+ Y Y bpiripiepi(t — Tyixi(0))]
YR
m np
+ Z Z|c,,,kl o / ep(s)ds|
p= p(t)
;e
t
— Okilepi(t — Tpiki(1))| — &xil epj(s)ds|
t—p(1)

— (ki + hlegi(1)I")

m np
< >0 (=dii + apjuilp — i)leri ()]
r=1, j=1
p#k

p

+ Z D pjaiLpj — Ori)lep(t — Tpjri(0))]

p=1, 1
p# =

m

t
+ Z Z(kaz pj 3k1)|f ()epj(s)ds|
t—p(t

r=1 j=1
p#k

— hlew()|". (25)
Under the conditions of Theorem 2, we obtain
V(1) < —hlew(®)". (26)

Then, according to Lemma 2, the drive system (2) and
the response system (4) are synchronized in the finite-time
T =1t + ‘21(1(;%) This implies the proof is completed.

@ [xki (D) > Tiis [yri(?)] > T

The drive system (2) can be written as system (16),
the response system (4) can be written as system (17).
Then the error system can be written as system (18).
The proof of the rest is similar to @, so it is omitted
here.
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® |xti ()| < Ty Iyri@)] > T

The drive system (2) can be written as system (9),
the response system (4) can be written as system (17). Then
the error system can be written as system (19).

Along the trajectory of system (19), we calculate the
derivative as follows:

m np
V(1) < —dilen®| + Y (epi(1)]
bk T
m np . _
+ YD bpirifpiCepi(t — Thie))]
hai =
+ > Dcp,k, f Frilepi(9))ds|
p=1 j=1 p(t)
p#k

+ sign(exi(t))(dyi — dii)xri(t)

+sign(en()| D D ki — ki) Cipi (1)

i =

+ Z Z(b ki — épjki)fpj(xpj(t — Tpjki(1)))

bax =

t

+ Z Z(Cp]kl - cpjkl)/ fpj(xpj(s))ds]

p=1, j=1 t—p(t)

p#k
— kileri(t)] — Okilepi(t — Tpjui (1))

t
— &kil )epj(S)dSI — (Vi + hle(I™).  (27)
t—p(t

According to Assumption 1, we have

m np
< D0 (—dii + dpjuilpy — Sii)lewi(t)]

p=1 1
Ip#k =
Tp
+ Z Z(bpjkz pi — Oki)lep(t — Tpjki(1))|
r=1 j=1
p#k
+ Z Z(kal pj — ki)l / epj(s)ds|
r=1, j=I1
p#Fk
m np
* {ld"i —dulla+ ) D ['lejki = dpjki|LpyTpj
r=1, j=I1
p#k

+ |bpjki — bpkil F + |epjni — 5pjki|,01F] - )/ki}
— hlexi(0)]". (28)

Under the conditions of Theorem 2, we obtain

V(t) < —hlen()|". (29)
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Then, according to Lemma 2, the drive system (2) and the
response system (4) are synchronized in the finite-time 7' =
to + ‘;l(l—n_(n"))) This implies the proof is completed.

@ |xi ()| > Ty yri@)] < T

The drive system (2) can be written as system (16),
the response system (4) can be written as system (10). Then
the error system can be written as system (22). The proof of
the rest is similar to @, so it is omitted here.

® |xxi(t)| = T or |yri(t)| = T

The rest of five cases are similar to cases @ and @, and
the process of proof is omitted here. To sum up, Theorem 2
is proved.
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