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Abstract

This article, we explore the asymptotic stability and asymptotic synchronization analysis of
fractional order delayed Cohen-Grossberg neural networks with discontinuous neuron activation
functions (FCGNNDDs). First, under the framework of Filippov theory and differential inclusion
theoretical analysis, the global existence of Filippov solution for FCGNNDDs is studied by means
of the given growth condition. Second, by virtue of suitable Lyapunov functional, Young inequal-
ity and comparison theorem for fractional order delayed linear system, some global asymptotic
stability conditions for such system is derived by limiting discontinuous neuron activations. Third,
the global asymptotic synchronization condition for FCGNNDDs is obtained based on the pinning
control. At last, two numerical simulations are given to verify the theoretical findings.

Keywords. Asymptotic stability; Asymptotic Synchronization; Fractional order systems; Time-
delay; Filippov’s solutions; Pinning control.

1 Introduction

Around three hundred years back, the origin of fractional order calculus was first off mentioned by
Leibniz and L’Hospital and its realistic applications have been developed very slow for a long time
[39]. Until recently, it has been a great research topic due to the fact many fractional order models
play a crucial role in many real world objects. Comparing to an integer order dynamical system,
fractional order dynamical system is more accuracy, non-local and has weakly singular kernels. As a
result, fractional order calculus has been bought into various disciplines, especially modeling such as
epidemic models [2], financial model [9], market dynamics [24], artificial neural networks [27], dielec-
tric polarization [32] and so on. We realize that the next state of a system not only depends upon
its current state but also upon its historical information. Since a model derived from the fractional-
order equations possesses memory, it is precise to describe the states of the neurons. In the truth,
the fractional calculus consolidated into the artificial neural network system can all the more likely
present the dynamical attributes. In this manner, the investigation on the fractional order neural
network (FNNs) dynamical behaviors in both theory and applications has turned out to be urgent
and mandatory.

On the other hand, the neural networks which have promising potential for applications in pattern
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recognition, automated control, and associative memory have obtained important interest among re-
searchers over the most recent three decades. In nature, there are numerous kinds of neural networks:
recurrent networks, competitive networks, bidirectional associative memory (BAM) networks, cellular
networks, Cohen-Grossberg networks and Hopfield networks which might be all computational mod-
els motivated by biological neural networks. In a digital implementation of biological neural network
dynamical behaviors, the time delays unavoidably appear in the process of transmission signals and
information storage for the motive that the finite switching speed of the amplifiers, see Refs [10, 34].
Consequently, the stability and synchronization of fractional-order delayed neural network dynamical
behaviours have been taken into consideration by means of many research scholars and a large number
of great outcomes has been gained in the existing literature [5, 21, 26, 30, 50, 51] for instance.

Cohen-Grossberg type neural network, as special case of Hopfield neural networks, was firstly coined
by Cohen and Grossberg in 1983 [11]. Recently, fractional order Cohen-Grossberg neural network
(FCGNNS) has attracted considerable attention owing to its widespread applications in various disci-
plines in pattern recognition, parallel computing, and many different areas and extensively investigated
by many researchers, see [35, 36, 48, 49] for instance. Basically, the neuron activations are not contin-
uous due to the fact signal transmission among neurons and signal outcomes are all discontinuous. In
[20], it’s miles discovered that neural network system with discontinuous activation functions is a more
perfect model. Lamentably, the most of the previous literature focused on FNNs with continuous neu-
ron activation functions, see [5, 31, 44, 45] for instance. However, up to now, there is little attention
for synchronization analysis of FNNs with discontinuous activations have been investigated see Refs
[13, 14, 15] via state feedback control, adaptive feedback control and impulsive control. Different from
those control techniques, pinning control technique is more ideal because it has been applied to one
neuron or the huge number of neurons instead of all neurons. To the authors knowledge, however,
so far the stability and pinning synchronization problem for FCGNNs with discontinuous activations
has not been tackled.

With the inspirations outlined as over, our main aim in this work is to investigate the global asymp-
totic stability and pinning synchronization analysis of general class of fractional order discontinuous
Cohen-Grossberg neural networks with time delays via comparison theorem for the fractional order
linear delayed system. The designed pinning control strategy of this paper is totally different from
those in the existing synchronization results of fractional order and integer order Cohen-Grossberg
neural networks. The main contributions of this paper can be highlighted in the following aspects.

1. By means of non-smooth analysis and the framework of differential inclusion theory, the global
existence of a solution in the Filippov sense is established for addressed FCGNNs with time
delays and discontinuous neuron activations.

2. Based on the comparison theorem for the fractional order linear delayed system, suitable frac-
tional order Lyapunov function and 2-norm method, some sufficient condition for global asymp-
totic stability of FCGNNs with discontinuous neuron activations are introduced.

3. A novel pinning controller is designed to guarantee the asymptotic synchronization criteria for
FCGNNs with discontinuous neuron activations.

4. In most of the FNNs in the available literature the existence of pinning control strategy and
discontinuous neuron activations have not taken into consideration simultaneously. This shows
the novelty of our proposed result.

Notations. In this work, N represents the space of natural numbers from 1 to n, R™ represents
the space of m-D Euclidean space, respectively, and R™*™ stands for a set of all m x m real matrices.

For p = (p1,...,pm)T € R™, ||p|2 is the 2-norm, which is denoted by [|p|l2 = \/p? + ... + p2,.



2 Preliminaries

In this section, we will recall the basic definition’s and some properties concerning fractional order
derivative are presented, while we introduce model formulation, assumptions and some important
lemmas. Moreover, we also present the existence of solution in Filippov sense.

Definition 2.1 [22, 29] The Riemann-Liouville fractional integral order 0 < p < 1 for a function
q(t) is defined as

Ih(t) = ﬁ / (t— 5" q() dr,

where the Euler’s Gamma function is denoted by T'(p) = f0+oo exp{—t}tt1dt.

Definition 2.2 [22, 29] The Caputo fractional-order derivative with order p for a differential function

q(t) is defined as follows:
1 bg™(k)
DFq(t) =
)= T J, e

where t >0 and m — 1 < u<m € Z*. Especially, when 0 < u <1,

L[ d)
D0 = 5 ), T

Furthermore, the following necessary properties about Caputo fractional-order derivative are provided.
Property 1: For m — 1 < y < m, we have

th
2qM(0), p>0.

o~

m—1
D q()] = q(t) = Y
k=0
Especially, 0 < p < 1, one has
1" [D*q(t)] = q(t) — q(0).
Property 2 : For any arbitrary constants v; and vy, then
D* [111111 (t) + v2g2 (t)} =v1D"q(t) + v2D"qa(t).

Definition 2.3 [22, 29] The two parameters Mittag-Leffler function with pn > 0,71 > 0 has expressed
in the following form:

+o00o 1

-
Emﬁ(T) = E 7 o
— I(ul + )

For i =1, its Mittag-Leffler with one parameter function is shown as

+o0 1
-
E = —— =E, .
o) = 2 Ty~ P
Lemma 2.4 [1] Let p(t) € R™ be a continuous and differentiable function. Then the following rela-
tionship holds
DFp(t) < 2p(t)DFp(t), VO <p <1, t>0.

Moreover, when p(t) € R™, it holds that D*p™ (t)p(t) < 2pT (t)DFp(t), V0 < u < 1, t > 0, or the
equivalent inequality D* > p2(t) < 237" |pi(t)|D*|pi(t)| holds for all 0 < p <1, t > 0.



Lemma 2.5 [7] For any vectors p,q € R™ and a positive definite matriz L € R™*™ then
2p g <p'Lp+q"L7q.

Lemma 2.6 [23/ Letq; >0, 2 >0, g3 > 1, g4 > 1 and g3 ' +q; ' = 1, then the following relationship
holds:

€ q3 5*1 qa
G < ( (]1) + ( 112)
qs3 g4

where ¢ is any positive real number.

Lemma 2.7 [37] (Fractional Halanay inequality) If the continuous function v(t) >0, t € R, and

DHu(t) < do + 630(t) + 04 8upy_ (1)<t V(K), t 20,
v(t) =lo(®)], t<0,0< pu<1,

where o(t) is a bounded and continuous function, the coefficients &y, 03, 04 satisfy that dg, dq >
0, 03 <0, and —7 <t — A(t) < t. Let Ey = sup_, <, .<o{lo(k)|} and vo = |0(0)|. If 03+ d4 < 0, we
have

d3 do
v(t) < By + — vy — .
()_ 0 O3+540 03 + 04

In addition to that, limy_, 1 o (t — A(t)) = 400, then for any given 6 > 0, there exists t* = t*(Ey,0) > 0
such that

do
t) < — 6. t>t".
v(t) < 53+54+ L t>

Lemma 2.8 [38] Consider the following delayed fractional order differential inequality

Dtp(t) < =Bp(t) +yp(t = A), t >0, 0 <p <1,
p(k) = o(k), Kk € [=A,0],

and delayed fractional order linear system

{Dup@ = —Bp(t) +p(t —A), t >0, 0< p <1,
p(/ﬂ:) = Q(H), K€ [7>‘30]a

where p(t) and p(t) are continuous and non negative in [0, +00), and o(t) > 0, t € [-,0]. If 8, v > 0,
then p(t) < p(t) for all t € [0, +o0].

Lemma 2.9 [38] If 0 < pn < 1, all the eigenvalues \*s of S = —f + v satisfy arg()\*) > 5 and the
characteristic equation det(A(t)) = s + 8 — ve~** = 0 has no pure imaginary roots for any A > 0,
then the equilibrium point of system

DFp(t) = —Bp(t) +vp(t — A)

is Lyapunov globally asymptotically stable.



Lemma 2.10 [43] Suppose the locally integrable and non negative function E(k) on k € [0,T), T <
+oo and the nondecreasing continuous function F(k) < K defined on k € [0,T), where K > 0 is
positive scalar. If non-negative locally integrable function, J(k) satisfies

J(k) < E(k) + F(x) /Ot(ﬁ — ()t
on k € [0,T), we have
J(k) < E(K)E, [F(x)T(8)”
where > 0 is a positive constant, E,, is a Mittag-Leffler one parameter function and I'(-) is a Gamma

function.

Lemma 2.11 [47] Let v(t) € C*([0,400),R) be a continuous and differentiable function, the follow-
ing inequality satisfies almost everywhere.

D*u(t)| < sgn(v(t))D*o(t), 0 < p < 1.

3 System formulation and existence of solutions in Filippov
sense

In this manuscript, we consider a general class of fractional order Cohen-Grossberg neural networks
with delays and discontinuous neuron activation function (FCGNNDDs) described by the following
expression:

Dipy(t) = —ai(pi(t)) | bi(pr(t)) — 272y cijhi(pi (8) = Y000y dijhyi(pi(t — X)) = ka |,

pi(r) = ai(k), & € [=A,0].

for 1 =1,2,..,m, where m denotes the number of neurons in a network; p;(t) denote the state variable
of I neuron at time t; @;(-) is an amplification function and b;(-) means well behaved function; c;;
and dj; represents the synaptic connection strengths at time ¢ and ¢ — A, respectively; A is the constant
time delay; h;(g;) is the neuron activations; k; is the constant external input.

(1)

Denote (1) = (1) -pm(0)" € R, A1) = diag (0110, mom (). BED) = (10,
'Wl(pm( ))) ¢ = ((17)m><7m D = (dlj)m><7m h(p(t)) = (h1(p1(t)).....hm(pm(f))) ,and K =
(kl, k)T, the vector form of Eq.(1) can be expressed with the following form:
Drp(t) = —A(p(1))[B(p(t)) — Ch(p(t)) — Dh(p(t — \)) — K], @)
( ) ( )’ [_)‘70]'

where o(k) = (01(k), ..., Qm(li))T € C([—)\,O], Rm) is the initial condition and the norm is defined
by:

loll = sup lo(t)]].
te[—A,0]

In this manuscript, the neuron activations is assumed to the sense of discontinuity form. As a result,
the traditional solution for fractional order differential equations does not suitable to FCGNNDDs
system (1). In this case, we need to study the concept of Filippov solutions [1, 2] of considering the
fractional order discontinuous right-hand side system.

Now, we define the Fillipov set-valued map analysis [19] of f(I) at [ € R™ as follows:



Definition 3.1 (Filippov Regularization). We consider the fractional order differential system as
follows:

{D“qb(t) = f(t,¢), t>0, (3)

¢(0) = ¢Uu (b € Rm’

where f(t, ) is discontinuous in ¢. The Fillipov set-valued map H : R™ — 2R™ is defined as:

to)= (N ®[7tB(6.2\7)]

e>00(J)=0

where B(¢,e) = {6 |6 — ¢|| < e}, T CR™ and o(J) represents the Lebesque measure of set J. A
vector function ¢(t) defined on I C R is said to be a Filippov solution of system (2), if it is absolutely
continuous on any subinterval a non degenerate interval [t1,ta] of I, for a.a. t € I, ¢(t) satisfies the
differential inclusion: D ¢(t) € H(t, @)

Via the above differential inclusion analysis, the FCGNNDDs system (1) can be written by the fol-
lowing form:

Dipy(t) € —ar(pi(t)) [bl (1) = D20y e [hy(ps(8)] — 2272y dijH R (pi (E = N)] — kl] :

p(k) = o(k), Kk € [=A,0].

(4)

fora.at>0,1=1,2,....,m, Where?-[[h(q)} = (’H [hl(ql)],...,H[hm(qm)])T, ’H[hj(qjﬂ = [min{hj(qj_)7
hi(q )}, max{hy (a7, hi(a7)}].

From the aforementioned discussion, we define the solution of initial value problem of FCGNNDDs
system (1) as below:

Definition 3.2 (Initial Value Problem) (IVP). For any continuous function o; : [=X,0] — R™
and measureable selection w; : [, 0] — R™, such that w;(k) € H[h;(0;(K))] for a.a k € [=),0]
by an IVP corresponding to FCGNNDDs system (1) with initial values (Qj,wj). Suppose, there is a

functions [p;(t),0;(t)] : [=X,T) = R™ x R™, such that p is an output solution of FCGNNDDs system
(Don [-A,T) for some T >0, and

D”pl(t) = —qy (pl(t)) [bl (pl(t)) — Z;n:l Cljéj(t) — E;nzl dljéj(t — )\) — k’l:|,

6;(t) € HIh;i(p;(t))], for a.at €0,T) (5)
pi(k) = 01(k), VK& €[=)0],

01(k) = wi(k), fora.ak € [-),0].

Definition 3.3 A constant vector p* = (p%,...,p5,)7T is said to be an equilibrium point FCGNNDDs
(1) in the Filippov’s sense, such that

0€ —a(p lbl ;) ch] Zdl] - kz]

Or equivalently, there exist §f € H [hj (p”f)], such that

J

m

0= —aj pl |le pl chjél Zdljél* — k‘l].
j=1



In order to establish our stability and synchronization results, we introduce the following assumptions.

Assumption 1. For every | = 1,2,...,m, there exist a non-negative constants a;, a@;, b;, b and
21, the amplification function a;(-) and the behaviour function ;(-) are continuous functions, which
satisfying the following relationship:

ai\qr) — ai(p; bll_bll
ala) — alp) >z, b < bular) — bu(pr) <b, Vp,q €R, p #q.
q —pi qr — D1
Assumption 2. For every [ = 1,2, ...,m, there exist a non-negative constant ¢;, such that
ar(qu)bi(q) — ai(p)bi(p1)
qr — Pi

Next, we provide the assumptions for the discontinuous neuron activations in system (1).

<

a < ai(pr) < @y,

Z (rbl? vplaql e R.

Assumption 3. For j = 1,2,..,m, the neuron activation function h; is bounded (|h;(:)] < ¢;)
and continuous function except for a finite number of jump discontinuities xj, in every bounded inter-
val. In addition, there exist right limit h;L(Xi) and left limit A (x},), respectively.

Assumption 4. For each j = 1,2,..,m, suppose H satisfies a growth condition, then there exist
positive constant @; and w; such that

k(i) == sup 9] < diy|p, ()| + .
D[R (p;(1))]

Assumption 5. For every j = 1,2,...,m, there exist a non-negative constants u; and w; such that
10;() = 8;(t)| < wylg;(t) —pi(t)] +wj, Vs, a5 €R,
where 6;(t) € H[h;(p;(t))] and 6;(t) € H[h;(q;(t))].

Theorem 3.4 Under the assumptions (1), assumption (3) and assumption (4), then there exist at
least one solution p(t) of FCGNNDDs (1) on [0,400) in the sense of Eq.(5).

Proof. If p(t) — —A(p(t))[B(p(t)) — CH(p(t)) — DH(p(t — X)) — K| is upper semi-continuous with
bounded nonempty closed convex value, the local existence of solution (p(¢)) with initial values (o, @)
of Eq.(5) can be guaranteed. From Assumption (1) and Assumption (4), one has

le®I < IO+ ﬁ/ t(tfn)ﬂ*ﬂ%(pm»w(mm))fcwpw))fDmp(H)fK)J] dr

< WO+ s | (¢ — sy AN Blpe) s+ 7/ (¢ = 0 AN [Fllatol + B] dx
bris [ €= DI [l = 0+ ] dn [ A

< lp(0)] + ﬁ /Ut(t — ®)“HA[Blp(s) | d & + ﬁ /;(t — &) HAlC| [FIIP(H)II + R] dr
+ﬁ / (¢~ sy AN D F(Ip()]l + IpO)) + R dr + ﬁ / (¢~ mp AN d

- [1 + %t"} Ip(0)]| + ﬁ /Ot(t — k)P {HZII [IC+ D] R+ IIZHHKH} dr
+ﬁ / (t— B+ 1AN[IC) + DI E el d s

= MO+ 3D [ an




t*
Mty = [1+ RS

(1131 + Al [Icl + D1 F]

IANIDIF) IpO)] + =

£ (1ANICI -+ 1D B+ A )

=
~

~—
Il

F = max{ty, ..., Uy }, R =max{d,..., 0}, A = diag{ay, ...,an} and B = diag{b, ..., by, }. Moreover,
M(t) is non decreasing function, then

Ip(t) < MOE{NOT ()],
where Lemma 2.10 has been used. So p(t) remains bounded for any positive time, which guarantees

the existence of global solution in the Filippov sense and it is defined on [0, +00). Hence the proof is
completed.

4 Stability results

This section is devoted to the global asymptotic stability of FCGNNDDs system (1).

Theorem 4.1 Under Assumptions (1)-(3) and Assumption (5), the equilibrium point of system (1)
is global asymptotically stable if the following algebraic inequality are satisfied:

: [ 1_
g = 12}2}% {2szz — &3 — E . [al {|Clj|51 + ‘dlj|82} u; + aaﬂqzluz} }
=
> max { Em i6-|d»l|ul} =v>0 (7)
1<i<m L £~ 9 T ’
i=
T i 1 R >0, a = —Bsin(50) +7 <0, where By = Em a [|Cl‘|+ |dl‘|}w‘. (8)
= 2e3 2 = J jl| Wy

Proof. Let us take v;(t) = p;(t) — pj, according to Definition 3.3 and system (1), we have

{D%(t) = —an(ou(t)) [Bu(0n () = S5y €185 = 5 oy (¢ = )] )
v(k) = a(k) —pf = u(k), Kk € [-A,0].
where d;(v;(t)) = ay (vi(t) + p;), bu(vi(t)) = by (vi(t) + p;) — bi(p}) and 6;(t) = 5;(t) — &7
Consider the following Lyapunov function:
G(t) = o (byoe) = 5 D w7 (1) (10)

From Lemma 2.4, Assumption (1) and Assumption (5), we gain

NE

DG < S w(t)Dru(t)

Il
_

I
NE

(v (£))a (vi(£)) [ —bi(on(t) + > ebi(t) + S diydi(t — A)}
j=1 j=1

I
-

NE

(o (1) [ ~ o0 1 ) [us oy + )
j=1

1



3 fou0) g ol (¢ = V)| +
alblUIQ(t) + ZZ aylegj|ugloi(t)|v;(t)]
>yt it = W]+ 2> [lewg] + ldgl| s ()

=1 j:1

IN
|
M

Il
-

HMg

By using Lemma 2.6, one has

SO aaglulu@®)lo; )] < Zzazlcleuj[%vf(t)nL%vf(t)]

1=1 j=1 1=1 j=1

DO a@ldygluglo ()t = N)| - < Zzal|dlj|uj[ ()+712U (t—w

=1 j=1 1=1 j*l
2 m
v
l
= E E eay|dyj|u; E,E *a1|djl‘“l
=1 j5=1 =1 5=1

and

l:Zl\vz(t)lRl < ;[?uf(thgfzf]

Substituting (12)-(14) into (11), one has

1 v2(t)

DtG(t) < — Z 2a,b; + €3 — Z {al|cl]|u]61 + —aj|cﬂ|ul + sgal|dl]ujn IT
+Z |: —a |d l|ul] ! R?
< 105 - 253 1

< —BG( )+7G(t— A)+ 7
Consider the following linear system

DrH(t) = —BH{)+~yH(Et—X)+7

(15)

(16)

where H(t) > 0, (H(t) € R), and have the similar initial values with G(¢). Taking Laplace transform

of (16), we have

+o0 o0
sPH(s) —s""*H(0) = —BH(s)+ 'y/o exp{—st}H(t —\)dt+ 7%/0 exp{—st}dt

—+o0 7
= BHG) 4y [ ew{s+ @)V + T

+oo #
= () +yep{=s} [ e{-s}H)dv+ ]



0 +o0 #
= () +yent=n [+ [ Jewt-wiaw)de+ ]
0
— —pH() +yexp{-s) [ exp{—su () d
+yexp{—sA}H(s) + ;

0 .
[s“ + B —vyexp{—sA}|H(s) = s TH(0)+yexp{—s\} /_)\ exp{—sy}H () d ¢ + g (17)

By virtue of Lemma 2.9 and in Eq.(17), we obtain A(s) = s#+S—vexp{—sA} and A(s) = det(A(s)) =
0. Now we have to prove det(A(s)) has pure imaginary roots for any A > 0.

Suppose A(s) = s* + f — vexp{—sA} has pure imaginary roots for any A > 0. If 0 < 0, s =
oi = |o|[cos(Z) — sin(%)], o is a real constant. That is, s = oi = |o|[cos(Z) + sm(i”)] into
characteristic equation s* 4+ 8 — yexp{—sA} = 0, we have

lo|* [COS('“Z )+ zsm(i;m)] + B —7[cos(oA) —isin(oA)] =0
which imply that
|| [cos(“2 )+ sm(#)] + B = y[cos(oA) — isin(o))] (18)
Splitting real and imaginary parts of Eq.(18), we gain

|0\“cos( )—l—ﬁ = ~vcos(ogA) (19)
\awsin(#) = —ysin(o)) (20)

From (19) and (20), we obtain

+
[l cos(2) + 8]+ [l sin(LT)] =42 = 0
It follows that
o[ + B2 + 280 | cos(%”) — A2 =0. (21)

Now, we estimate the discriminant of Eq.(21), one has
T2
A = [28e0s(50)] — 482 -

- [
From hypothesis of our theorem, we have v < § sin( i””) which follows that A < 0. That is det(A(s))
has no pure imaginary roots for any A > 0. Further, we need to prove eigenvalues of matrix J =v—
satisfy |arg(A*(J)] > 5. Asy < Bsin(%) < B, 0 < u < 1. Therefore A*(J) are negative. That
is [arg(A*(J)| > 5. Again by using Lemma 2.9, the equilibrium point of (16) is globally asymptotic
stable. Hence H(t) — 0 as t — +o00. Based on Lemma 2.8, we have 0 < G(t) < H(t) — 0 as t = +o0.
Therefore the equilibrium point of system (1) is global asymptotically stable. This proof is ended.

Remark 4.2 Only a few works focused on the global stability of FCGNNs. Different from the stability
results in [35, 49], our standards given sufficient conditions for global asymptotic stability of FCGNNs
with discontinuous neuron activations through comparison theorem for linear fractional order delayed
system, at the same time as the preceding literature either concerned in continuous neuron activations
or without using Lyapunov principle for the addressed network model. Furthermore, the obtained
stability criteria, in terms of algebraic inequalities, is quite simple to check in practice.
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5 Pinning synchronization results

This segment, we design a class of novel pinning controller to ensure global asymptotical synchroniza-
tion criteria for the FCGNNDDs.

Model (1) is consider as master system, the corresponding controlled slave system is as follows

{D“Ql(t) = —ar(q(t)) {bl (au(t)) = X272y aghiai(t) — ST dighy(a;(t — N) — ki — El(t)},
QI(K) = él(ﬁ)7 K€ [7>‘70]a
where FE;(t) is pinning control inputs, ¢;(¢) is the state variable and other parameters are similar as

those in master system (1). The initial values ¢;(k) € C([—A,0],R™) is associated with slave system
(22) and the norm is defined by

(22)

ol = sup [la(t)
te[—A,0]

Based on differential inclusion analysis and from (22), we have

{D”QZ(t) € —ar(q(t)) [bl (@) = 327y M hi(qs(8)] = 2270y dijH R (gt = N)] — ki — El(t)]a
ql("i) = él(’i)v K€ [_)‘70]'

for a.e. ¢t > 0. Or equivalently there exist 0,(t) € H[h;(g;(t))], the initial value problem of slave
system in the following expression:

{D“Qz (t) = —ai(a(t)) [bl (@) = 2270y caj0i(t) = Y20, dig(t = A) — ky — El(t)},
a(k) = o1(k), kK €[-A,0].

Define synchronization error v;(t) = q;(t) — pi(t). From master system (1) (or (5)) and slave system
(22) (or (23)), the error system can be obtained as

Dru(t) = —ar(ai(t)) [bu(@(t)) — 3270 5 (t) — 5L, dif(t — A) — Ez(t)}
+a (pl t ) l(pl (t)) g 1 ;jd;(t) — Z;nzl di0;(t — )‘)} (24)
v(k) = o1(k) — o(k) = wi(k), kK € [-),0].
forl=1,2,..,m,aet >0, v(k) = 0(k)—

(23)

01(k) is the initial values associated with error system (24).

Novel pinning control is a strategy which simply requires a small fraction of neurons with small
pinning control strength to achieve asymptotical synchronization for the entire system. Without loss
of generality, we will choose ¢ neurons from all neurons are controlled directly and the model of pinning
controller Ei(t), I =1,2,...,m in slave system is designed as

Ei(t) = —nsgn{u(t)} x M](Zﬁlw(t)l) if1=1,2,..C 25)
0, ifl=C+1,(+2,....,m

where 1 > 0 is an adjustable constant, E, (t) denote general control input which can be applied in
each node, and Ej(t) is corresponding pinning control strategy to realize synchronization. It implies
that, there are m — ¢ neurons are pinning controlled indirectly.

In some situation, the master system (1) cannot be completely synchronized to the slave system

(22) with designed pinning control law (25). In this case, quasi-synchronization will be considered in
this paper. The concept of quasi-synchronization is defined as follows

11



Definition 5.1 Master-slave systems (1) and (25) are said to achieve quasi-synchronization with
error bound 0 > 0 if there exists a compact set M such that, for any initial condition w(k) €

C’([A,O],R””), the error v(t) = q(t) — p(t) converges to
T = {[lo(®)l| <0}, t = +oo,

where v(t) = [v1(t), .., vm (BT, qt) = [ (1) gm(D]T, p(t) = [P1(t); e P ()] and w(k) =
[@1(K), ey T (8) ()] T

Theorem 5.2 Suppose Assumptions (1)-(3) and (5) holds. The master (1) and slave system (22)
with designed pinning control law (25) can achieve quasi synchronization with error bound ./ 52_—7:/ if
the following algebraic inequalities are satisfied:
- 1
¢ = min {217 +2¢; — 221k — €3 — QZ {|cl7\ + |dyj] }gjzl Z {aﬂch\u e1 + a,|c,g|ul}
€1

1<i<m
j=1 j=1

m m 1
_ ngaldljuj} — 11%(1122% { Z ga‘j|djl|ul} =77 > O,
- SIS =1

m

m 1 B
Z T 2 >0, where R; = Zaz [\Czﬂ + |dlj@w

j=1

Proof. Consider the following Lyapunov function:

From Lemma 2.5, Lemma 2.11, Assumptions (1) — (3) and (5), we gain

6w = D iy
< D lm@IDH ()]
=1
< Z'”l | sgn(vi(t)) D" ui(t)

= Z lur(t)] sgn(vi(t)) [ — Jar(@(®)bi(@ () — ar(p(t)bi (i (t))]
+ [az (au(t)) — ar(pu(t }kz + Zal au(t))cij[05(t) — 0;(t)]
+ i ar(qi(t))cijd; zm: ar(pu(t))ei;6;(t) + i ar(qu(t))diz[0;(t — N) — 8;(t — V)]

+§:al( 1(£)) ;05 iaz t))dij0;(t — N) + Ey(t)
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m

< 3 [t 0+ 3 O S akol bl 0+0))

=1 =1 Jj=1
+Z|w {Zml(ql(t)—al(m())Hcl]na )} + Zm {Z 1ld|
g3 (t = M|+ w3] }+ 3 @ 3l (@) — an(mn (1)

=1 j=1

i ult
dij]|0;(t — v, sgn{v b
x|dy;]|6;(t } § i (t) [ sgnfvi(t)} x lZz—H z(t)]<]§1| )

00— 2020 0 S 20+ 303 [feul + b 2070

p'qs

1=1 1=1 =1 j=1
ZZ arferjluglvi(t)]|v; (t |+Zzal‘dlj|uj‘vl ) vt = A)|
=1 j=1 =1 j=1
+3 ot [Z [lew| + |dlj|]ale] (27)
1=1 j=1

Then, substituting (12)-(14) into (27), we obtain

DUGE) < =3 [n b= aki]of(t) + 30 D (el + ldil|Ganf ) + Y [SoR) + 5 R
=1 =1 j=1 =1 €3
m m 1 m m B €y 1
Z > aileslu; | SR () + gv?(t)} DI OR 5y - V)]
=1 j=1 =1 j=1
1 m m m 1
— 752 21 + 2¢; — 221k 753722 [clj|+ \dljﬂgjzl Z {al|clj|u]51 + aj|cjl\ul}
=1 j=1 j=1 €1
m B m 1
-3 2al|dlj|ujlvz szaﬂdﬂ\uwl (t=A)+ ZngQ
J=1 l 1j=1 1—1 °=3
= G@+NG@—)+W
< —=EG(t) + sup G(k)+7 (28)

t A<k<t

From the condition of Theorem 5.2, we obtain £ —~ > 0. Based on the Fractional Halanay inequality

Lemma 2.7, we have
()2 < 1| =2— . t > +o0 (29)
v(t — .
2=\Ve—r

Thus, we can conclude that the error system (24) converges to the region T containing the origin,

where
* = {00 o0 <\ 7= = +oc, (30)

which indicates that the master system (1) and slave system (22) with pinning control law (25) achieve

quasi synchronization with error bound ,/ 5{—’; This proof is ended.
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When the neuron activation function is taken to be a common Lipschitz-type, Assumption (5) can be
replaced with the following condition:

Assumption (5A). Suppose there exist constants u; > 0, the following inequalities are established

|hj(p) —hj(g)] < wjlp—gq|, ¥, p,geR, j=1,2,.....;m,
|hi(p)| < wj;, j=1,2,....,m.

As a special case of Theorem 5.2, we provide the corresponding result.

Corollary 5.3 Under Assumptions (1)-(2) and (5A), master system (1) and slave system (22) with
pinning control law (25) are globally asymptotically synchronized if the following algebraic inequalities
18 satisfied:

) m m -~ 1 -
£ = s {277 +2¢; — 221k — €3 — 22 [|Clj| + |dlj‘:|WjZ[ — z; {az\cljmjsl + aaﬂq;\ul
J= Jj=
m m 1
- Zdl} > 7= e {2 S b} >
J= =
a = —Esin(%) +v<0.

Remark 5.4 Reviewing existing works, there are numerous outcomes on the global asymptotic syn-
chronization analysis of integer-order discontinuous Cohen-Grossberg neural networks [16, 17] via
pinning control policy and fractional order discontinuous neural networks [8, 46] have been studied
extensively over the past few years. Recently, fractional order Cohen-Grossberg neural networks have
been received much more interest from lot of researchers, see Ref [48, 49]. However, there are no re-
sults at present to study the pinning controller for synchronization analysis of fractional order Cohen-
Grossberg neural networks with delays and discontinuous neuron activation function (FCGNNDDs)

as far as we know. In view of this, we have proposed the global asymptotical pinning synchronization
analysis of FCGNNDDs.

Remark 5.5 In order to shed light on how to design a suitable pinning controller in application

perspective to obtain global asymptotically synchronization, we take an example for the application of
Theorem 5.2, we’re able to the layout following steps:

Table 1: The Algorithm to design the pinning control strategy

Algorithm

step.1: Initialize the system parameters C, D.

step.2: Randomly choosing ¢ of pinned neurons from all neurons.

step.3: Select the appropriate values ¢;, z;, @ u;, w;, §; to Assumptions (1)-(3)
and Assumption (5).

step.4: Choose the control strengths 7.

step.5: Given €1, €9, €3 and solve to get &, v, 7.

step.6: Check whether £ > v > 0 and 7 > 0. If success, the procedure further moves to next
level. Otherwise the procedure turns back to adjust the control strengths in step 4.

step.7: Based on the proper control strengths, we design a novel pinning control.

14



Remark 5.6 Yang et al. [41] dealt with the global Mittag-Leffler stability and synchronization analysis
of fractional order neural networks with linear threshold neurons in quaternion field by designing simple
linear feedback control. Yang et al. [42] discussed the global asymptotical synchronization analysis of
fractional order neural networks with time delays in complex field by designing discontinuous feedback
control. It is seen that in all the aforementioned references, the authors controllers are applied to
every neuron of FNNs, which could be very high priced and impractically. However in our paper, we
have used the pinning control technique which is more effective than the control techniques used by the
authors in [41, 42], because it has been applied to one neuron or the huge number of neurons instead
of all neurons, which greatly reduces the control costs and consumption.

6 Numerical Examples

This segment provides two examples to indicate the advantages of the obtained stability and synchro-
nization results in previous segments.

6

w— P ()
— (1)

—a} 4

step
Figure 1: The equilibrium point of (31) is global asymptotically stable.
Example 6.1 Consider the following two-state FCGNNDDs:
2 2
DYPp(t) = —ar(pu(t)) [bz (pi(8)) = > eizhi(pi(8) = > dighy(pi(t = V) = kz] ; (31)
j=1 j=1

where | = 1,2, X = 0.5, k1 = ky = 0.5, a1(p) = a2(p) = 1 + 12, bi(p) = b2(p) = 8 + tanh(p),
hj(p) = 0.005 * sin(p) + 0.09 * sgn(p), j = 1,2 and

0.3 -1 15 —0.8
¢ = (Clﬂ‘)zxzz{—o.? 0.5]’ D:(d”)2x2:[0.6 1.2.]

Based on Assumptions (1) and (5), we have a = a; = 0.5, @G = a3 = 2, u3 = ug = 0.5 and
wy = wy = 1. It is easy to estimate § = 3.3, v = 1.05, # = 10.7 with €1 = €2 = 2 and €3 = 3,
that is the conditions presented in Theorem 4.1, — + v < 0 holds. Therefore, the equilibrium point
of FCGNNDDs (31) is global asymptotically stable. In Fig.1 presents the time responses of the state
variables in (31) with initial conditions p(0) = (5, —5)T. So, these simulations confirm the validity of
proposed Theorem 4.1.
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Example 6.2 Consider the following FCGNNDDs with m=3:
3
DY pi(t) = —ay (pu(t)) | bu (pu(t ZCU i(8)) = Y dijhi(pi(t = N) — ki, (32)
j=1

where | = 1,2,3, A = 2, k1 = ko = k3 = 0.02, a1(p1) = 0.7+ 1+p2, asz(p2) = 0.9 + 1+ 23 az(ps) =
1+ %, b;(p) = 3.5+ sin(p), h;(p) = tanh(p) +sgn(p), j =1,2,3 and

3.1 05 15 1 -135
C = (aj)gs=| 1 35 2 |, D=(dy)s,,=|-2 05 225
-1.5 -2 21 25 —4 =05

The initial conditions of system (32) is taken as p(k) = (pl(/i),pz(n),pg(m))T = (-2,3,57T, k €
[—2,0). Based on Assumptions (1)-(3) and (5), we have @1 = @2 = a3 = 1, ¢1 = ¢2 = ¢3 = 1.5,
21=20=23=0bu; =us=u3 =0.5, wy =wy =w3 =02 and ¢ = ¢ =¢3 = 1.

8 T T T T T T T T T 8 T
— P, (1) — P, (1)
== =) === q ()

6l . : . : vo 6l . : . : Vo]

Figure 2: The trajectories of synchronization Figure 3: The trajectories of synchronization

states p1(t) vs. ¢1(t) and their error vy (¢) un- states p1(t) vs. qi(t) and their error vi(t)

der the pinning control. without control inputs.

¢ —_—r0 ° —_—0
===, === a0

o ‘ [ B | o ‘ [ k|

Figure 4: The trajectories of synchronization Figure 5: The trajectories of synchronization
states pa(t) vs. g2(t) and their error va(t) un- states pa(t) vs. @o(t) and their error wvo(t)
der the pinning control. without control inputs.
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— (1)

== mayl)

6l . : . : v,

i i i I i i i I
(3 2 4 6 8 10 12 14 16
step

Figure 6: The trajectories of synchronization
states ps(t) vs. ¢s(t) and their error vs(t) un-
der the pinning control.

step

Figure 7: The trajectories of synchronization
states ps(t) vs. ¢3(t) and their error vs(t)
without control inputs.

The corresponding slave system is defined as

chj Zdl]

which shares the similar parameter values of the master system (32). Ei(t) is pinning control inputs
and two neurons are under control, i.e., ( = 2. In other words, in this example, first two neurons are
selected as directly control, and third neuron is pinning controlled neuromn.

DO, (t) = —a(qu(1)) [bl at (gt =A) — ki — El(t)] (33)

/ Estimated Error
/y Simulated Error

1 I I

0

VI
~

20 30 40 50

step

60 100

Figure 8: Synchronization error norm |[v(¢)|| with controller.

Nezxt, selecting the gain of controller in (25) with parameter n = 13, that satisfy the conditions pre-
sented in Theorem 5.2. The initial conditions of slave system is taken as q(k) = (q1(k), g2(x), q3(/<a))T =
(=3.5,4.5,2)T, Kk € [-2,0). In simulations, Figures 2 and 4 depicts the trajectories of the directly
controlled synchronization states p1(t), pa(t) and q1(t), q2(t) for master system and the corresponding
slave system and their errors vi(t), va(t). The trajectories of the directly controlled synchronization
states p3(t), qs(t) and their error vs(t) are provided in Figure 6. The trajectories of p1(t), pa(t), ps(t)
and q1(t), q2(t), q3(t) and their errors vi(t), va(t), vs(t) without control inputs are depicted in Fig-
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ures 3, 5 and 7. It is easy to estimate 6.325 =& > v =3, m = 7.095 with e = 0.6, e5 =1, g3 = 1,
that is the conditions presented in Theorem 5.2, & —~ > 0 holds. Thus, the synchronization between

the master system and slave system with m = 3 can be achieved quasi-synchronization with estimated

error 52—” = 2.066, which is displayed in Fig. 8.

Example 6.3 Consider the following FCGNNDDs with m=4:
4
D"Ppi(t) = —a; (pu(t) [bz ni(t Z ciihy(p; (1) =Y dighy(p;(t = N)) = k|, (34)
j=1

where | = 1 3,4, A =08, k1 = ko = ks = 0.5, a(p) = diag{0.8,0.8,0.8}, b;(p) = p, h;(p) =

1.4 —-22 —02 —-02 -1 —-05 12 -2
01 15 —-12 08 21 1.1 —1.6 -05
C = ()= 05 —-12 13 1.1 |’ D = (di) 44 = 1.2 —-13 -1 1.3

-1 =02 1 1.1 0.3 0.1 1.3 =03

The initial conditions of system (34) is taken as p(k) = (p1(fi),pg(/@),pg(/@),p;;(/{))T = (1.5,2,-2.5,—-0.5)T,
€ [-0.8,0). Based on Assumptions (1)-(2) and (54), we have @y = a2 = a3 = 0.5, ¢1 = ¢2 = ¢3 =
1, ug =us =uz =0.6, 21 = 290 = 23 = 1 and wy = wy = wz = 0.2. The corresponding slave system

6 T 6 T
— (1) — ()
— V(1) — V(1)
4 VACK| 4N V5O 1]
s V(1) s V(1)
2 1 2
ot e~ 0 \
2 / -2
” -4
-6 -6
0 2 4 6 8 10 o 2 4 6 8 10
step step
Figure 9: Synchronization error without con- Figure 10: Synchronization error with con-
trol troller (25)

is defined as
4
D9gu() = —au (a0(1)) [be (¢ Z ashs(a;(6) = dishs (it = N) = ki = B®)]. (35)
j=1

The initial conditions of slave system is taken as q(r) = (q1(k), ¢2(k), g3(r), q4(/<;))T =(-1,-2,2,1)T,

€ [—0.8,0). If there is no control inputs, the evolution of synchronization error vy(t), va(t), vs(t)
and vy(t) are shown in Fig. 9, which implies that system (34) and system (35) can not be global
asymptotically synchronized. Under the pinning control inputs (25), three neurons are under control,
i.e., ¢ =3 and selecting n = 5.5. It is easy to estimate 1.875 =& > v = 1.02 with e1 = €9 = €3 = 1.5,
that is the conditions presented in Corollary 5.3, & —~ > 0 holds. Under the controller (25), we can
get the state trajectories of synchronization errors vi(t), va(t), vs(t) and vy(t) which are illustrated
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by Fig.10. The states of the error system converge to zero, which shows the validity of the condition
check of Corollary 5.3. Thus, the synchronization between the master system and slave system with
m =4 can be achieved global asymptotically synchronized via designed pinning control law.

7 Conclusion

This article dealt with the stability and pinning synchronization analysis of fractional order delayed
Cohen-Grossberg neural networks under discontinuous activations. By means of Filippov theory,
differential inclusion theoretical analysis, as well as fractional order comparison theorem, the global
asymptotic stability criteria of such system was investigated, and some sufficient conditions were
proposed via the concept of fractional Lyapunov-functional. At the same time, a novel pinning control
strategies were designed for slave systems, and global asymptotical synchronization of FCGNNDDs was
obtained in the in the Filippov sense. At last, to help readers understand this article, two numerical
examples are provided to demonstrate the effectiveness and validity of the presented results. Moreover,
the synchronization issue has played a vital role in engineering applications, such as information
sciences [6] and secure communication [12, 18, 25]. Pinning control techniques can be suitable for
various glorious dynamics such as FNNs [15, 21, 39], memristor based FNNs [48, 50], fractional order
T-S fuzzy neural networks [36, 51] and fractional order complex networks [28, 35]. In the near future,
we will try to work on the synchronization results of the above mentioned problems.
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