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Global projective lag synchronization of fractional order memristor based

BAM neural networks with mixed time varying delays

A. Pratap, R. Raja, C. Sowmiya, O. Bagdasar, Jinde Cao, G. Rajchakit

ABSTRACT

This paper addresses Master-Slave synchronization for some memristor-
based fractional-order BAM neural networks (MFBNNs) with mixed time
varying delays and switching jumps mismatch. Firstly, considering the inherent
characteristic of FMNNSs, a new type of fractional-order differential inequality
is proposed. Secondly, an adaptive switching control scheme is designed to
realize the global projective lag synchronization goal of MFBNNs in the
sense of Riemann-Liouville derivative. Then, based on a suitable Lyapunov
method, under the framework of set-valued map, differential inclusions theory,
fractional Barbalat’s lemma and proposed control scheme, some new projective
lag synchronization criteria for such MFBNNs are obtained. Finally, some
numerical examples are presented to illustrate the effectiveness of the proposed

theoretical analysis.

Key Words: Projective lag Synchronization; Memristor-based BAM Neural
networks; Mixed time-varying delays; Filippov’s solutions;

adaptive switching control.

I. Introduction

In recent years, numerous researchers have focused
on the study of fractional order systems. These
represent an extension of the classical integer order
differential systems which have been studied for
more than three hundred years [1, 2, 3]. Fractional-
order calculus has established itself as a powerful
tool in describing many processes in fields such
as biology, bio-engineering, bio-physics, physics,
mechanics, fluid dynamics, economics, ecological
systems or optimization.
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In particular, fractional order dynamical systems
are a useful instrument in modelling processes which
require infinitely degrees of freedom (in contrast to
the classical integer order system), as well as in the
description of memory and hereditary properties of
various material. As such, numerous results concerning
dynamical behaviors of fractional order networks
have been investigated, including the stability [4, 5],
synchronization [6, 7], stabilization [9], bifurcation
[10, 11] and many others. Fractional order nonlinear
dynamical systems are used in practical situations,
where the discrete time varying delays are unavoidable
because of the finite speed of signal transmission and
the network parameter fluctuations of the hardware
implementation. Usually, the distributed delays are
bounded because during the particular period, the
signal propagation is distributed. Basic ideas and
applications of the bounded distributed delays, as well
as suggestions on how to solve simple problems of
pattern recognition in a time dependent signal are made
in [12].

In 1971, the basic concept of memristor (a
contraction of memory and resistor) was introduced
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by Chua [13], as the fourth fundamental basic circuit
element along with resistor, inductor and capacitor.
Also, Chua established the mathematical proof of the
nonlinear relation between charge and flux [13]. In
2008, a Hawlett-Packard research team realized the first
memristor, their results being published in Nature [14,
15]. Memristor is a passive two-circuit element with
nonlinear relationship between current and voltage. In
the construction of memristor based neural networks
one can replaces the resistors used in classical artificial
neural networks with memristors. In real time, it
plays an important role in a novel circuit elements
because it simulates the functions of human brain and
it had been strong applied to high-speed low-power
processors, biological models, pattern recognition,
associative memory, filters, improved startup speed of
computers or for extending cell phone battery life.

In 1987, bidirectional associative memory (BAM)
neural networks were postulated by Kosko [17], as an
extension of the single-level auto-associative Hebbian
circuits to a double-level pattern matched by hetero-
associative correlation. The major advantage of this
extension is that it recalls and stores pattern pairs
regarded as the bidirectionally stable states. This can
be successfully applied to many fields such as pattern
recognition, artificial intelligence, signal and image
transmission or optimization, Some meaningful results
have been reported[9, 18, 19]. Currently, the research
about combined problems for the synchronization
of fractional order nonlinear dynamical systems and
memristor based BAM neural network systems has
made significant progress in terms of both theory
and applications. For example in [9], Wu er al.
investigate about the Global Mittag-Leffler stabilization
of fractional-order bidirectional associative memory
neural networks based on the methods of a linear-
partial state feedback control techniques, a generalized
Gronwall-Bellman inequality approach.

Since the formulation of master-slave synchro-
nization concept in 1990s by Carroll and Pecora,
synchronization problems involving fractional order
dynamical systems have become a very active research
topic, and many applications have been found in
areas including nonlinear neural networks, signal pro-
cessing, bio-engineering, physics-engineering, secure
communications or computer networks. Numerous
concepts of synchronization have been formulated,
such as projective synchronization [21], complete
synchronization [22], or anti-synchronization [24].
It is worth noting that many systems cannot be
synchronized directly. For example, effective control
schemes have been designed for the synchronization of

neural network systems, such as state feedback control
[34, 35, 37], impulsive control [25, 36], adaptive control
[26, 38], hybrid control (combination of adaptive and
state feedback controls) [27, 28], or intermittent control
[29].

Our paper is motivated by the recent results
of Chen et al [21], concerning criteria for the
global projective synchronization of memristor-based
fractional-order neural networks (MFNNs), in the
sense of Caputo fractional order derivative, by a hybrid
control approach and fractional order inequalities.
In this paper, we propose a novel projective lag
synchronization method concerning memristor-based
fractional-order BAM neural networks (MFBNNSs) and
we derive sufficient conditions ensuring global projec-
tive synchronization, global complete synchronization
and global anti synchronization. Several related results
and techniques have been published in the recent
literature. For example, Yu er al. [28] investigated
the projective synchronization for fractional neural
networks (FNNs) in the sense of Caputo derivative,
while Zhang et al. [30], used fractional Barbalet’s
lemma, Razumikhin stability theorem, and Filippov
solutions in the sense of Riemann-Liouville derivative,
to formulate several sufficient conditions which ensured
the projective synchronization of delayed MFNNs
under a switching control scheme.Inspired by the
aforementioned discussions, the main contribution of
this article is further summarized as below:

e This is the first work that investigates the global
projective lag synchronization of fractional order
memristor based BAM neural networks with
mixed time varying delays in the sense of
Riemann-Liouville(R-L) derivatives.

e Here we have used adaptive switching controller,
which is proposed by means of switching feature
of a memristor.

e By applying the properties of R-L derivative, set-
valued map analysis and differential inclusion
theory, the projective lag synchronization error
system is formulated. And the results are
improved when compared to the existing works
in the literature.

II. Model Description and Preliminaries

Notations. Throughout this paper, R is the space of
real number, N is the set of positive integer. We denote
by ||p|| = >_i, |ps|, which corresponds to the classical
notation for the ||.||; norm, while R™*™ denotes the
set of all m x n real matrices. The absolute value of
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a given square matrix A = (ai;)nxn € R™*", is |A] =
(laij])nxn € R™™™, while for a given vector p € R”
one has sgn(p) = [sgn(p1),sgn(pz2), ..., sgn(p,)]? is the
sign function We also define by C([—w,OLR") the

Banach space consisting of the 1— order continuous
function maps from [—w,0] into R™. Throughout
this paper we consider the Riemann-Liouville (R-L)
derivative of order 0 < o« < 1. Here, we first recall some
basic definitions of fractional order calculus and some
important lemmas (see, e.g., [2]).

Definition IL.1 The Riemann-Liouville derivative of
order « for a function p(t) is defined as

dn (n—a
Dp(t) = = (D5 p(1)]

1 dn ! n—a—1
_1“(n—a)dt"/to(t_s) p(s)ds,

where t > tg and n is the positive integer such that
n—1<a<n.
Particularly, when 0 < o < 1,

d,. _(-a
DG p(t)]

dt
= ﬁ% /to (t—s)"“p(s)ds.

Definition I1.2 The Caputo fractional-order derivative
of order « for a function p(t) is defined as

o1 op(s) )
D00 = 5 ], = e &

where t >ty and n is the positive integer such that
n—1<a<n.
FParticularly, when 0 < a < 1,

1 b opl(s)
I(1—a) /t (t—s) ds.

Remark I1.3 Many authors the initial conditions of
fractional derivatives are not easy because the initial
conditions of R-L derivative operator are expressed in
term of fractional order derivative. In this paper, we
set the initial conditions to be zero, as in this case the
operators for the Riemann-Liouville (R-L) and Caputo
derivatives coincide [3].

Dp(t) =

Dp(t) =

Some properties of the R-L fractional-order
derivative are given in the following lemma (see [2]).

Lemmall4 Let o> 0,8>0, and w(t), u(t) €
C'to, b]. The following properties hold:

(1) DD~ Pw(t) = DY Pw(t);

(2) D*D~*w(t) = w(t),

(3) D¥(w(t) £ u(t)) = D*w(t) £ D¥u(t).

‘We now consider a class of memristor-based fractional-
order BAM neural networks (MFBNNs) models,
described as follows:

=—aipi(t) + > (i) (45 (1))

Dapi(t)
+ > i) fi(a;(t = (1))
j=1
dji(pi(t i(qi(s))ds
+ 10 [ e
+ Ji7 t Z Oa
D%q;(t) = — u;q;(t) + Z[Uij(%' ()]gi(pi(1))

+Z w;;(g;(t

Y buas ) / L eeas

+H;, t>0, (1)

Ngi(pi(t —7(t)))

where i = 1,2, ..., (n€N+)andj_12 m (m €
Ny). Let p(t) = (p1(6).pa(t) - po(t))” € B" and
40) = (@1(0).02(D) (D) € B™ denote  the
state vector of the neurons at time t > 0, while
a; >0 and wu; >0 are positive constants. Let
F(@(t) = (A (£), oo (Fr(gm ()T € R™  and
9((1) = ((91(p1(1)), -, (gn(Pa(1)))" € R” be
continuous feedback functions. Denote by J; and H;
the bounded input vectors and by 7(¢) > 0, p(t) the
discrete and distributed time varying delays satisfying
0<7(t) <7, 7()<o<l and 0<p(t)<p (7
and p denote the maximum values of the discrete
and distributed time delays). The memristor based
connection weights are defined as

- G P < T
bji(pi(t) = { by Ipi(t)| > T,
B c;;-, |pz<t)‘ <Ti
ci(pi(t) = { i P> T,
B df Ipi)| < T
dji(pi(t)) = {dj;, pi(t) > T,
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vl g (0] < T
Uz(q(t)) — 127 g < j
o vij» lai ()] > T;,
+ -
wi;(g; (1) = wi_j7 lg; ()] < j:j
wi g ()] > T,
+ ~
zij(g; () = Zij» (1) < T
zij, 4 ()| > Tj,

in  which switching jllmps T, Tj o

0, b5, b, dh, v, wi, 2t by, e d v, w

Vi jZ’ ji? ’L]’ i3 zg7 Vi jZ’ ji? Uij’ iJ
and z; ; are constants relating to memristances.

Remark IL5 In view of the memristor switching rule
in the circuit design of Ref [23], the switching states
depends on the voltage difference, which is connected to
two ports of the memristor. i.e., the values of connection
weights can express as the difference between the
voltage of the capacitor and network output. But this
paper deals with the memristor connection weights that
depends on the potential of the state p;(t), q;(t) and
the voltage of one port, if p;(t) and q;(t) is less or
more then the switching jump parameter T; and Tj.
Based on the above analysis, the memristive connection
weights are changed with respect to the state p;(t)
and q;(t) of the system. It obvious that the memristive
connection weights are discontinuous with almost two
distinct points of discontinuity +T; and +T;, in the
memristor model is more general than the existing ones.

Since the memristive connection weights are discontin-
uous, the solution in the classical sense may not exist.
In this case, solutions of the system can be extended
in Filippov’s sense [32, 33]. Based on the differential
inclusion theory [31] and the properties of set valued
maps, it follows that

Dapi(lf) — alpz + Z ]2 pz ]fj (qj( ))
j=1

+ Z co(cji(pi(t)]f3(g;(t — 7(1)))

dji it FACIAG ds
+ e o0 | e
+Ji, t>0
DR05(6) € = uyas (1) + D feoliay ()]s 1)
+ 3 feotwns (45O gstpite — ()

+ 3 (ol a5 ()] / i) ds 4
i=1 t=p(t

= min{z;"; i i

(2
We define
+
bji, - lpi(t)] < T3
colbji(pi(t))] = [bji: b5il, |pi()] = T;
be pi)] > T,
i (1) < T;
coleji(pi(1))] = [cji Cjils [pi(D)] = T;
+
djq;v - pi()] < T
cold;i(pi(t))] = ;> djil, |pi(t)] = T;
dj_iv ‘pi(t” > T,
i gl <T)
colvij(q; ()] = [vij: 0i5)s la; (0] =T
Wi gl <1)
colwij(gi()] = 4 lwiy @i, lg; ()] =T;
W, lq; ()| > Tj,
S le0l<T
colzi;(q;(t))] = [zij: Zig)s 1a; ()] = us
27,_33 ‘QJ(t) > J
In this paper, we set
bg - Hlll’l{b]“ jl} bﬂ - max{bgz’ J’L}
Q - mln{cyzv _]7,}’ C]Z - max{cﬂ, ]7,}
d;; = mln{d i JL} dj; = max{d I ﬂ}
v;; = min{v)}, v}, vy = max{v), vy},
Wy = mm{w”, } W; = max{w-- w,; 1,
}-

Zij = max{z], Zj}, 2 =

There exist bji(t) € [co(bi(pi(t))], &(t) €
[c0(c;i(pi(t)))], dji(t) € [co(dyi(pi(t)))], b5(t) €
[CB(Ul7(q E )))]’ wz]( ) € [CO("UM(QJ( )))] and

2 (t) € [co(2i;(g;(t)))], measurable function such
that for ¢ > 0, one has

m

t) + Z byi(t) f(a;(1))

+ 2 i) filas(t = (1))

D%p;(t) = — aipi(
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Z / £i(q;(s)) ds + Ji,
=1 t—p(t)
+ va gz pz

Wi (t)gi(pi(t — 7(t)))

D%q;(t) = —u;q;(t

+
-

«
Il
-

+

-

t
%m/'mmmm®+m
t—p(t
3)

=1

In this work, the slave system is described by

m

= —aipi(t) + Y [ba(Bi(£)]£5(3 (1)

j=1

+Z Cji pz

f] qj (t—7())

dji~t j~j8 ds
+;[@WM?M@U)
+Ji+G(t), t=0

)+ Z vi;(G;(t
+ Z wi;(q;(t

+Zm@wM ﬂm@m

+ Hj +g;(t), t >0, 4)

Dp;(t)

Dadj( )= U‘jqj )gi(Pi(t))

)gi(pi(t — (1))

fori=1,2,..,n, j =1,2,...,m, where (;(t) and g;(t)
denote the control inputs. Consider the state variable
of the slave system jp(t) = (p1(t), pa(t), ..., pn(t))T €

R™, 4(t) = (1(t), @2(t), -, Gm(1))" € R™. The system
parameters can be defined as
< b, (1) < T
bu(l) = 4 0 B
i Di(t)] > T,
~ c“l} 151 t S 1’-‘7,
ettty = { o POIST
iir |Di(t)| > T,
~ dJ'riv |ﬁ2(t)| < Tl
dup(t) = §
o 1B > T,
. o a0 <7
0ii(G(t) = { S Z
vy 13 ()] > T,

wiy (@) —{“%Iwmgﬁ
Zj ] = + - g
wigs 145 ()] > T,

z+ . 4.
25 (g (1)) { i GO < T;

;)] > Ty.
Next, we apply the differential inclusion theory, in the
sense of Filippov.

The set valued map of the slave system can be
described as

Dp;(t) € — a;pi(t) + Z NIfi(g;(¢))

+

'MS

[co(c;i(Pi(1)))1f5(q;(t = 7(t)))

-
I
-

+
Ms

w@mwm/umwmm
t—p(t

 +HIG()], >0

n

Dg;(t) € —u;@; () + Y _[eo(vij (d;(1)))]gi (B (1)

i=1

ool (3 (1))

+ZM%@WM/UMMW®
i=1 t=p(t

ST

+

gi(pi(t — 7(t)))

+ Hj +Hls; ()], t > 0. ()
We define
v Bl <T)
colbji(pi(t))] = 05, bjil, |Pi(t)] = T;
G BI<T:
coleji(pi(t)] = [cjis Ciil, 1pi(t)] = Ts
C]_za |ﬁz(t)‘ > Ti’
n _ ,
i dji B pi(t)] < Tv
CB[d]l(pl(t))] = [dji?d]l]) |ﬁz(t)| = E
d;w |ﬁ2(t)| > Ti,
oh Gl <1
colvij(g; ()] = [, i5)s 13 ()] =T
Vi, 1q;(t)| > 15,
who g0l <,
colw;(q;(t))] = w,;, wijl, 1q;(t)] = T}
w;;, ;)| > Tj,

(© 2017 John Wiley and Sons Asia Pte Ltd and Chinese Automatic Control Society

Prepared using asjcauth.cls



6 Asian Journal of Control, Vol. 00, No. 0, pp. 1-14, Month 2017

2 ol <
colz;(q; ()] = (215, Zi3), 13 ()] = T
zi;, ‘ (t)|

All other parameter are defined as neural slave
system. The initial conditions assumed for the
Master-Slave system are described as follows p;(s) =
Gi(5); 4;(5) = 0;(s), Pi(s) = 0i(s), ¢;(s) = 0;(s),
respectively, s € [—w,0], 6;(s), 0;(s), 7i(s), 0;(s) €
C([—w, O],R). Here  w = max{7*,p*} fori=
1,2,..,n,5=12...m

Then there exist l}ﬂ(t) [co(bji(pi(t)))],
¢ji(t) € [co(cji(pi(1)))] dji(t) € [co(d;i(pi(t)))],
Gr(t) € H[G ()],  045(t) € [co(vi(q;(1)))],  wi;(t) €
[co(wiz(q;(1)))], Zij(t) € [ O(ZZJ (q; ()] and
s;(t) € Hlg;(t)] the measurable function such that
Dopi(t) = — aipit) + Z b (053 (1)
Zé fJ th_T( )
j Nj S dS
+ D 0 [ D)
+J; + ¢ (), £t >0,
D?q;(t) = —u;q;(t) + ZUU )9i (P
+ _Z s (£)gs(Bs(t — 7(1))
éij t i ~i s))ds
DI >/tp(t)g 5:(5))
+ Hj +¢;(t), t > 0. 6)

Definition I1.6 For any solution of the Master-Slave
system with different initial values is said to be a
projective lag synchronization, if

Jim [[5(1) — Ap(t —9)]| + Jim |q() -
Where )\ is the projective coefficients and O is the
projective transmittal delay.

Remark IL.7 For 9 =0, the Master-Slave system
achieves globally projective synchronization. For ¢ =
0, A =1, the Master-Slave system achieves globally
complete synchronization; also, for the values ¥ =
0, A= —1, the Master-Slave system attains globally
anti-synchronization.

M(t =) = 0.

The following assumptions ensure the existence and
uniqueness of solution of the master-slave system.
(H1). The activation functions f; and g; are Lipschitz-
continuous on R and f;(0) and ¢;(0) are bounded, i.e.,
there exist Lipschitz constants L; > 0 and L; > 0 such
that

19:(B) — gi(p)] < Lilp—pl,
1£i@) = fi(@l < Ljlg—dl,

for all p,q p, geR and

1,2,....,m

(H2). For all p, q € R, there exist constants L; > 0

and L; > 0 such that

lg:s(p)l < Li, |fi(q)] < Ly,

fori=1,2,...,n, 7=1,2,....m
The following fractional Barbalat’s lemma (see, e.g.,
[20]) plays to critical role in our main theorems.

1=1,2,...,n, j=

Lemma IL.8 If ft s)ds has finite limit as t — oo,
D>A(t) is bounded then lim; oo A(t) = 0, where 0 <
a <1

II1. Synchronization results

In this section, we wuse suitable Lyapunov
functions to derive sufficient conditions ensuring global
projective lag synchronization, based on adaptive
switching control scheme.

Let r;(t) = ﬁl(t) — )\pi(t — 19) and T; (t) = q~j(t) —
Ag;(t —19). Considering the adaptive switching control
given in the slave system (4), it follows that

G(t) = { O ):

i(t)
oy = ) i (O75(8) = 5 sen(7; () + (A — 1) H;
5t {/itj(t) = 4]75(t)],
(N

where f;, ki, t; and ~y; denotes the positive gains,
n;(t) and p;(t) denotes the adaptive constants.

i(t) — Bisgn(ri(t)) + (A —1)J;
Kilr

i(t)];

The dynamical error systems (3) and (6) can now
be expressed in the following form

Dori(t) = —ars(t) + Y [B0)1;(3(0)

— Nbji(t — ) f(q;(t — 79))}
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I CHOTACE 0N
= it = 9) (st =9 = (t = )))]

+

¢

> [dit [:mj@@»m

1

<.

)\Ci — t j ~j s—1))ds

=0 [ il as)
—mi(t)ri(t) — Bixa(t), ®)

DF5(1) = =y (1) + 3 |55 ()9 (Bu(t)

-

+ > [ (gt - )

i=1

= N (= D)gi (it — 0 — 7(t = 9))]

Z’ij t i ~i s))ds
+Z}[<>[ﬁw9@<»
—Aéijt—ﬁ i iS—’l9 ds
( )meg@( )
= 1 (0)75(t) — v5(0), ©))
where
-1, ’I"l(t) >0
xi(t) € Hlsgn(ri(t))] = { [-1,1], ri(t) =0
1, Tl(t) > 07
-1, ’I:l(t) >0
vj(t) € Hlsgn(7;(t))] = { [-1, 1], 7(t) =0
1, ’Fz(t) > 0.

Next we shall prove to the following lemma, needed by
the proof of our main theorem.

Lemma IIL1 Assume that b;;(t) € [éo(bji(pi(t)))],
¢ji(t) € [co(czi(pi(t)))], dji(t) € [co(di(pi(1)))],
0i;(t) € [co(viz(g;(1)))], wu( ) € [co(wi;(q;(1)))],
2ij(t) € [co(zi; (q ()], bji(t) € [co(bji(pi(t)))],
Cjilt ) [co(c;i(Bi(t)))], dja(t) € [eo(d;i(Bi(1)))],
03 (t) € [co(vi;(q;(1))], wi;(t) € [co(wi;(g;(1)))]

and %;(t) € [co(zi5(q;(1)))].
By the assumptions H(1)
conditions are satisfied:

and H(2), the following

byi(t) £5(d;(8)) — Abji(t — 9)) f;(q;(t — 9))

<bj; L |75 (t)] + @1,
6360001550t = 7(6))) = Acsalt — )

9=t - 9))

()] + P2,

dji (1) fi(q;(s))ds

x fi(q;(t —
<c5 Lyl (t —

05(1)g: (Pi(t))

= st = 9)gi (it — )|
<viLalri(t)] + V1,

iy ()i (il — 7(2)))

= Nyt = D)ga(pa(t =9 = 7(t — )|

<wy; Lilri(t — 7(t))] + Wa,

Zi(t) /t " gi(Pi(s))ds

SN2 (- D)) /tt st 9) ds(

t
S%u/ ri(s))] ds + s,
t—p(t)

where 1 =1,2,..n and j=1,2,...m, X is the
projective coefficients, ¥ is the projective transmittal
delay, with the notations b;i:max{|bji|, b1}

c5; = max{lej;], lejlh, dj; = max{|df|, |d;]}.
,U;kj - maX{|U1]| |U1j|} wlj - ma‘X{‘w1j| ‘wlj|}
zf = max{|z”| |2;;1}. We also have

<I>1 max{\bﬂ
Py = max{|c]; —

bjil L3, |bj§ = b5lIAIL;, 0},
cji|Lja |cji - CjiH/\|Lja 0},

dy = max{\dji - (i;i|,oij7 |d;rZ — d;i|\)\|pij,0},

Uy = max{|v;; — ;| L, |vjj - vi;||)\|Li,0},
Uy = max{|w;; —w;;| Ly, \w w,; || AL, 0},
Uy = max{|2; — z;;lpLi, |27 — |\>\|pLu0}

Proof. The proof of this result is divided into four cases.

(1). For [5:(t)] < T, [pi(t — 9)] < Ty and [;(8)| < T,
lg;(t — )| < T}, we get

byi(8) £5(d;(t)) — Nbji(t — ) f(q;(t — 9))

(© 2017 John Wiley and Sons Asia Pte Ltd and Chinese Automatic Control Society
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bl (4340 (0) = Mias(t = 9))|
<Ib125]35(0) = Mgyt = )|
<b3,L;|75(t)],

and
i (t)9i (Pi(t)) — Moij(t — 9))gi(pi(t — 19))’
=[uf (9:(5:() = Agutwatt = 9))) |
<l L[pi(t) = Api(t — )|

<w;;Li|ri(t)|-

(2). For |pi(t)| > Ty, Ipi(t — 9)| > T; and |g;(t)| > T},
|q;(t = V)| > T}, we get

bjs () £3(d5 (1)) — Abji(t — 9)) £5(a;(t — 19»]
b3z (@) — Mgt — )|

<|bj;|Ly| (1) — /\qj(tfﬂ)))

<bj;L;|75(t)],

and
Bij (1) gi (i (1)) — Mgy (t — 0))gs (pi(t — 19))'
= o5 (015 (1) — Agi(oi(t — )|
<|vy; | Li|Bi(t) — Api(t — 19))‘

<wj;Lilri(t)].
From above two cases, Similarly we have to prove that
&i(0)f3(q;(t = 7)) — Aéj(t — V)

X filas(t =0 = vt = 0)| < &Lyt — )],

Gt [ 5 ds—Adte—

t t

< pas-masl<aiL [ el
t—p(t) t—p(t)

and

Wi (£)gi(Pi(t — 7(1))) — Ay (t — )

xgi(pilt = 9 = 7(t = )| <wlLilri(t = ~(0)],

54(t) / BB s iy ()

t
></ gi(pi(s — 1)) ds
t—p(t)

t
<l [ Inlo)lds
t—p(t)

(3). For [p.(H)] > T Ipi(t — 9)] < T and |g,(8)| > T,
|g;(t — )| < T}, we get

bji (1) £5(d5(t)) — Nbjs(t — 9)) £ (q; (¢ — 19))‘
bji (1) £5(d5(t)) — Nbjis(t — 9)) £ (q; (t — )

+ Abji(t) f(q; (£ = 9)) = Abji(t) f(q; (£ — 19))’
<Ibsa (D1 £5(@ (1)) = M (a5t = )|+

IM|Bji(t) = bji(t — 9)||f;(q;(t — 9))]
Il L5 | (8) = Alas (¢ = 9)
<b3, Lyl (O] + [b); = blIN 5,

— + ol
+ [b;; — bjiHMLj

and

B ()9i(Pi(1)) = Ao (¢ — 9))]gi(pi(t — )|
0ij (1)gi(Di (1)) — Avij (t = 0))gi(pi(t = )

o AT (0gi (pi(t = 9)) = Ny (Dga(pi(t — )
9i(Pi(t)) — Agi(pi(t — 1))
Bij (8) = 0ij (t = D) lgi(pi(t — )]

pi(t) — Api(t —9))| + [vy;
<wj; L7 ()] + |v:; — v |\ L.

<|v45(t)]

+

A

<|vi;|Li

— vilIAILs

Similarly, we have

&(0) 1@ (t = (1)) = A&ji(t = 9))
X fila;(t =0 —(t =)
<Lyl (t = )] + If; = AL

Vjit t ijS S—>\Ajit—

d ()/tp(t)f(q())d dji(t =)
j~j8—’L9 ds

x/tp(t)f(Q( ) ‘

t
Sy NI L
t—p(t
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and
i (091 (51 (¢ = 7(2))) = Mgt — )
X gi(pi(t =9 = 7(t = 9))

<wiiLilri(t — ()] + |vf — vi;l[AILs,

0 [ 0o ds = N —)

X /f gi(pi(s — 1)) ds

—p(t)

t
<eili [ In(s)lds+ plf - 5l
t—p(t)

(4). For [p;(t)| < T, [pi(t — 9)| > T and | ()| < T,
|q;(t —9)| > T}, we get

bjs(0) £5(d;(8)) — Aoyt — ) f(q; (¢ — 19))‘

bjs(£).f5(@; () — Abji(t — 9)) f;(g;(t = 9))
+bjit = 9)) f5(8(t) = byt — ﬁ))fj((ij(t))‘

<lbsilt = OI|13(@ () = Ay as(t — )|

o [Bsst) = bt = )10

<IB1L3]50) = Mag(t = 0)| + 16 = 07 Ly

<b3,Lj|75(t)] + |bf; = b3 | L,
and

B35 (8)9: (51 (1)) — Ay (¢ = 9))ga(pa(t — 9)|

=515 ()91 (3u(8)) = Xy (¢ = 9)gi (pult = )
04y = D)ga(u(8)) = By (¢ = 9))g: (55 (0)

<y (¢ = ) |93 (Pu(8)) = Agilpi(t — 9))
[0 = 15t = 9))|l9: 3 (0)

<l L5 (8) = Mpilt = )| + v = 5|

S’U;}Ld’f‘i(t” + |U;; — ’UZ_j|L,

Similarly, we have

¢5i(t) £(g;(t — (1)) — Aéja(t — )
x figi(t =9 —7(t —1)))
<& Li| 75 (t = T(0)| + | — ¢l L;

t

di(t) / £3(d5(s)) ds
t—p(t)

. t
—Admt—ﬂ)/ £3(d;(s — 9)) ds
t—p(t)

t

<Ly [ sl ds + pld) - dylL,
t—p(t)

and

X gi(pi(t — 0 —7(t —19)))
<wj; Lilri(t — T(0)| + |vf; — v | Ls,

545(t) / BB syt )

X /tt /\gi(pz’(s—ﬁ))dé”

—p(t)

¢
<z;Li / |r:(s))| ds + p|zz+] — 2| Li-
t—p(t)

This completes the proof of the lemma. Based on the
above lemma and the adaptive switching controller, the
sufficient conditions are derived to the following results.

Theorem II1.2 Assume that H(1) and H(2) hold.
If the following conditions are satisfied, then the
Master-Slave systems are globally projective lag
synchronization based on the switching controller (7)

m
Qy = oo (ﬁi - [Z; Uy + Ty + ‘1’3]> >0,
=

O, = min (yj—[2<1>1+<1>2+<1>3]) > 0.

1<5<m
7= =1

Here b3, i,y dj;, vy, wiy, 25, Vi, Yo, ¥s, @1, $
and ®3 are those already defined in Lemma I11.1,
while n;, Bi, 1; and v; denote appropriate positive

constants.
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Proof. Choose the Lyapunov-like function defined by sgn(7;(t)), while for 7;(¢) # 0, €;(¢) can be arbitrary
V(t) = Vai(t) + Va(t) + Va(t), where chosen in [—1, 1], if 7;(¢) = 0.
Vi) =D~ (S ()] + Y 1750, Valt) =3 5 ) = ()
i=1 j=1 i=
n m 1 m 2
— —n)2 il _ 2 + — t t
Valt) = 2 g ) ="+ X 50— ) 2,3, (50) = )iy (0
1 m n .- t _ n B n
V() =3 > (Do eils) /f_w) 175(5)| ds = ;m(t)ln(t)l ;m\n(t)l
j=1 =1 g g
m n 0 t m m
N ad, / / 17 ()] ds + 2 w00 = 375 (0)
j=11i=1 —p(t) Jt+s j=1 j=1
1 n m + and
*‘Li) i
+1_02(wa /”(t)r (s)|ds

nyanf, [ e FIEE
i=1 j—1 p(t) Jt+s +izzw§}h|ﬁ(t>\

By calculating the derivative of the Lyapunov-like i=1 j=1
function based on the Riemann-Liouville derivative
definition along the solutions of the error system (8) and + Z Z Liplr(t)
(9), we get =1 j=1
m t
V(1) = V() + Va(t) + Va(0), (10) B S)EN / ri(s)lds
i=1 j=1 t—p(t)
where mon 5
+ DD iyl =7 (1))]
. - LR j=1 i=1
Vi) =D“[Z|Ti(t)| Py 750 o
= = +1_UZZC§iLj|fj(t)
j=1i=1

<Z — a;|ri(t) |+§: L |75 ()] + @
{ =1 [ } +ZZ JP‘TJ

C;iiﬂfj( |+q’2} +i[ L o,
x /tip(t) |75(s)| ds + ‘I>3] — i) ()] — 50@‘@)}

—

j=1 — ZZ L /t o |75 (s)] ds.

j=11i=1

According to Eq. (10) and the hypotheses of our

n i { w7 ()] + En: [Ufj Lilri(t)] + \1’1} theorem, it followi that .

" - . V) < Y In0] - €1 S 0] - (22 + 02)
+y [w;‘jLi|ri(t — () + \1/2} S+ [z;‘jLi = =

=1 =1

' -7 ilm(ﬂl +§:|@-(t)l < —TA(b),
x /t— o |ri(s)] ds + \I’S} — w; ()75 ()] — ’yjyj(t)} [i—l =1 }

where vi(t) = sgn(ri(t)), if r;(t) # 0, while ¢;(t) can ~ Where A(t) =320, [ri(H)]+ 3270 \m and T =
be arbitrarily chosen in [—1, 1], if ;(¢) = 0 and v;(t) = min{Qy, ©1}. As V() + 7T ft ds < Vi(ty), it

© 2017 John Wiley and Sons Asia Pte Ltd and Chinese Automatic Control Society
Prepared using asjcauth.cls



A. N. Other: A Demonstration of the Asian J. Contr. Class File 11

follows that lim;_,, A(t) is bounded, hence D®|r;(t)]
and D®|7;(t)| is also bounded. According to the
fractional Barbalat’s Lemma we have lim;_, ., A(t) = 0,
therefore it follows that

lim ||r(¢)|| = 0 and lim ||7#(¢)|| = 0.
t—o0 t—o0
Hence, the Master-Slave systems based on the

switching controller (7) are globally projective lag
synchronized. This completes the proof of our main
theorem.

In the particular case when the master-slave systems
are without distributed delay, we have some interesting
consequences. The following corollary follows directly
from Theorem 171.2.

Corollary IIL3 Suppose that Assumptions H(1) and
H(2) hold. The Master-Slave systems based on the

switching controller (7) are globally projective lag
synchronization, if the following conditions hold:

m w*.
— 3 ) _ * L )
= min {otm = 30 (o4 720 )1 >0

p=
Yy = min (ﬁi ~S g+ %}) >0

1<i<n -
Jj=1
n ot
_ : * 7% T
1=
n
As= mi ( NP, + )
4= min (7 Zl{ 1+®2}) >0
1=
The parameters b;‘l, Chis U, Wiy, W1, Wa, @y and P9

have been defined in Lemma I11.1, while n;, 8;, u;
and -y; denote appropriate positive scalars.

Remark II1.4 Many of the results have been
investigated the fractional order synchronization
of memristor based neural networks to non-
linear activations which satisfies the conditions:
9:(0) = 0, £;(0) = 0, g:(£T3) = f;(+T)) =

Gi(£T)) = f;(£T;) =0, T, = T; and T; = T;, where

T;, Tj, T;, YN’] are parameter switching jumps, see Ref
[6, 7, 8, 21]. But in this paper, the above assumptions
are to be restricted and the major improvements are
listed as below:

1. Assume the switching jump parameter of
MFBNNs in (1) is different from switching

Jjump parameters of MFBNNs in (4), that is
9:(£Ty) # 0, f;(£T) # 0, 9:(+T2) # 9:(£T3)
and fj(£T;) # f;(£Tj), where T;, Tj, T, T
are switching parameter jumps.

2. The mismatch switching parameter jumps are
unavoidable in real life applications because
the noises, external disturbance or other human
factors.

3. Based on the restricted assumption, the system
(1) can be treated as discontinuous dynamical
system. Additionally, the switching jumps depend
on the Master-Slave synchronization condition,
which leads to switching jumps when they are
relatively small.

4. This article is associated with the synchronization
errors, projective coefficient, transmitted delay
and switching parameter jumps.

IV. Numerical simulations

In this section, a numerical examples is given to
illustrate the theoretical results obtained above.

Example IV.1 In system (1), choose o =0.97, p=
(p,p2)"oq = (a1, @), f(@) = (fil@r), fa(g2))",
9(p) = (91(p1), 92(p2))" fi(a;) = tanh(q;), gi(pi) =
tanh(p;), 7(t) = %, p(t) =0.1sint+1, 0 =03 <
L, 7=2p=2 J=(0 07T, H=(0 0)T, a; = 0.5,
a9 = ]., Uy = 175, U = 1.75 and

—1.5, lp1(¢)] < 0.1

bii(p1(t)) :{ —0.95, |pi(t)] > 0.1,

=235, [p2(t)] £0.2
, p2(t)] > 0.2,

175, |p(t)] < 0.1
0.98, |p1(t)| > 0.1,

|
—
[N~}
o
RS

V)
~
o
=
A
o
o

Ip2(t)] < 0.2
—1.2, |pa(t)] > 0.2,

1.52, |pi(t)| <0.1
1.08, |pi(t) > 0.1,
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m<p2<t>>={ s
d11(p1(t)):{ ;i?
d12(p2(t)):{ _fxg
d21<p1(t)):{ (1)2?
dgz(m(t)):{ (1)3;
Un(ql(t)):{ ot
m<q2<t>>{ o
v21<q1<t>>{ s
wg(ql(t)):{ o
m1<q1<t>>={ Iy
w12(Q2(t)):{ o
wl(ql(t)):{ o
wg(ql(t)):{ Corn
zn<q1<t)>={ s
,m<q2<t>>{ o
221<q1<t>>{ Cosr
mm(t)):{ o5

In the switching control scheme (T) we can choose
11(0) = 0.09, 72(0) = 0.02, p1(0) =

the values

Asian Journal of Control, Vol. 00, No. 0, pp. 1-14, Month 2017

p1(t)] 0.1
p1(8)] > 0.1,

()] < 0.1
p1(8)] > 0.1,

p2(t)] < 0.2
|p2 t | > 0.2,

(
la(t)] < 0.1
lg1(¢)] > 0.1,
lg2(t)] < 0.2
lg2(t)| > 0.2,

|q1t|<01
|q1t|>01

|q1t|>02

7|Q1t
) |q1t|>01

)
(t)
(t)

g ()] < 0.2
(t)
)] <
(t)

)| <02

)

)|

)|

[
)
=
=

g2 (t

lq1 (t
g1 (t

7|Q1t

lp2(t)] < 0.2
lp2(t)[ > 0.2,

lp2(t)] < 0.2
Ip2(t)] > 0.2,

004, /LQ(O) = 0027 kz =Ll = 01, A= 2, m =

5.8, my =06, uy =104, s =85 and Li =1Ly =
Li=Ly=1, 8 =477 =85 for i,j=1,2. By
simple manipulation of ®,, ®o, 3, ¥y, U5 and
Ws, we get & =3.08, & =1.76, &3 = 3.36, ¥, =
1.44, ¥y, =1.32 and 3 = 1.84.

\lde(r)_1[]
\ilde(r)_2

0 5 10 15 20 25 30 35 40
step

Fig. 1. Projective lag synchronization error evolution of 7; (¢) and 7 (t).

—,0
—n,0
1,y (1)
()

05 //
pi

5 10 15 20 25 30 35 40
step

Fig. 2. The dynamical coupling strengthes of the switching controller

(8).
It is easy to check,

§i

1—0

min {ai +n; +
K3

2

S (o ) o
j=1

2
miin {,81 — Z{‘I’l + ‘112 + \113}} >0

j=1

i { + u Jrigj
min 4 u; ;
j J R
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: * C;i * \ T
i=1
2

mjin {vj — Z{fI)l + Dy + @3}} > 0.
i=1

for (i,j5 =1,2). According to Theorem III.2, the
Master-Slave systems are globally projective lag
synchronization based on the switching controller
(7). Next, we choose the initial conditions of
MFBNNs master system and slave system as
(p1(t), p2(t), 1 (1), 42(t)) = (—0.6,1.7,1.9, —0.5)

and (ﬁl(t)»ﬁ2(t)761(t)762(t)) = (1'4’ 0.9,1.6, 1'2)'
Figure.l displays the projective lag synchronization
evolution for state variables, while Figure.2 shows that
the adaptive control gains tends to positive number.

V. Conclusion

This paper discussed a class of global projective
lag synchronization of MFBNNs with mixed time
varying delays. By employing the fractional Barbalat’s
lemma, differential inclusion theory and suitable
Lyapunov-type methods, some new sufficient criteria
is derived to ensure that the synchronization error
dynamical system converges to zero, based on adaptive
switching control schemes. Finally, a numerical simu-
lation have been provided, to illustrate the effectiveness
and feasibility of our main theoretical results. Basically,
the bilayer structured competitive type neural networks
contains two kinds of state variables such as long-
term memory and short-term memory and it played
a significant role in broad spectrum of potential
application in different fields. However, the proposed
method can be easily extended to global projective lag
synchronization of fractional order competitive type
neural networks with discontinuous activation and we
will consider the interesting issue for future work.
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