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Abstract: This study discusses the global asymptotical synchronization of fractional-order multi-
delay coupled neural networks (FMCNNSs) via hybrid control schemes. In addition to internal delays
and different coupling delays, more importantly, multi-link complicated structures are introduced
into our model. Unlike most existing works, the synchronization target is not the special solution of
an isolated node, and a more universally accepted synchronization goal involving the average neuron
states is introduced. A generalized multi-delay impulsive comparison principle with fractional order
is given to solve the difficulties resulting from different delays and multi-link structures. To reduce
control costs, a pinned node strategy based on the principle of statistical sorting is provided, and
then a new hybrid impulsive pinning control method is established. Based on fractional-order im-
pulsive inequalities, Laplace transforms, and fractional order stability theory, novel synchronization
criteria are derived to guarantee the asymptotical synchronization of the considered FMCNN. The
derived theoretical results can effectively extend the existing achievements for fractional-order neural
networks with a multi-link nature.

Keywords: coupled neural network; synchronization; multi-link structure; impulsive pinning control
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1. Introduction

In recent decades, the exploration of complex networks has gradually become a hot
topic in various fields of science and engineering [1-6]. Generally speaking, complex
networks are composed of a great deal of highly interrelated fundamental units and often
exhibit complex and diverse dynamics [7,8]. Among those dynamic behaviors, the synchro-
nization state that exists in many natural and artificial systems has become an important
indicator for improving some specific performance of the networks. Various kinds of
synchronization modes have aroused considerable concerns from research communities
due to their potential applications in different aspects [9-11]. For instance, Sheng et al. [11]
investigated the finite-time outer synchronization for discrete-time stochastic complex net-
works under the case of communication delays and possible information loss and applied
the derived synchronization results to image encryption.

It is a noteworthy fact that plenty of complex networks in reality, such as traffic
networks, social relation networks, and communication networks, are rarely single-link
networks [12]. For example, social relationships can be divided into blood relationships,
geographical relationships, and occupational relationships based on different classification
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standards. If we take each type of relationship as a single-link subnetwork, social relation
networks can be better modeled by multi-link complex networks. A multi-link neural
network contains multiple neural subnetworks, which can enhance its parallel processing
ability. By providing redundant paths for signal transmission, the robustness and fault
tolerance of the network can be enhanced. Hence, it is valuable to consider the impact
of multi-link complicated structures when studying the synchronization ability of neural
networks. Up to now, some impressive achievements concerning the dynamic behaviors
of multi-link complex networks have been derived [13-15]. Tang et al. [13] formulated
a general model of couple-delayed complex networks involving multi-link natures. By
utilizing pinning control, the output synchronization and He output synchronization
issues for multi-link complex networks are investigated in [14]. Zheng et al. [15] studied
the synchronization of complex multi-link networks including or not including internal
delays using intermittent control schemes.

However, most works mainly focus on multi-link complex networks with integer-
order calculus. Fractional calculus, as an extension of derivatives and integrals to arbitrary
orders, has an advantage over integer calculus in describing real natural phenomena. It
not only enriches degrees of freedom but also has several distinct properties incorporating
infinite memory and heredity that the integer calculus operator does not possess [16,17].
Moreover, the fundamental feature of the extension operator is nonlocality, which means
its future information depends on the current communication and the past communica-
tion simultaneously [18]. Until now, multifarious applications of fractional calculus have
involved many aspects, such as viscoelastic systems [19,20], applied mathematics [21],
and biomedicine [22]. Especially in terms of memory description and genetic characteris-
tics, fractional calculus also plays a positive role in the study of neural networks [23,24].
Recently, several remarkable synchronization outcomes about multi-link networks with
fractional order have been obtained [25-28]. For instance, Xu et al. [25] explored the
global asymptotic synchronization problem of multi-link impulsive neural networks with
a fractional-order Caputo derivative by feedback control schemes under the assumption
of no time delays in signal transmission. Yao et al. [26] focused on the synchronization
of fractional-order multi-link complex systems based on Lyapunov direct methods and
linear matrix inequalities. Jia et al. [27] explored the synchronization of fractional-order
multi-link complex networks including uncertainties in finite time. Sakthivel et al. [28]
obtained the synchronization criteria for fractional-order multi-link dynamical networks
with disturbances by feedback control strategies.

Various time delays unavoidably exist in complex networks due to the limited switch-
ing speed and the inherent communication bandwidth between neurons. To obtain a more
realistic synchronization result, Velmurugan et al. [29] considered the projective synchro-
nization issues of fractional-order single-link neural networks with a constant delay by
using stability theories and linear feedback control methods. Wang et al. [30] studied the
existence, uniqueness, and global asymptotic stability of equilibrium points for delayed
fractional-order complex networks. In [31], the global synchronization criteria for fractional-
order memristive neural networks including time delays was derived by establishing a new
fractional-order delayed inequality without impulses. Ramasamy et al. [32] analyzed the
dynamic influence of hypergraph links in fractional-order complex systems and obtained
that the high-order interaction was conducive to the early synchronization of networks.
Peng et al. [33] discussed the global synchronization problem of fractional-order inertial
neural networks including time delays by discontinuous feedback control and adaptive con-
trol. Based on the quaternion sign function and some new lemmas, Shang et al. [34] studied
the synchronization of fractional-order delayed quaternion neural networks in finite time.
Pratap et al. [35] analyzed the synchronization condition of fractional-order multi-link
neural networks including internal delays and coupling delays by a feedback controller.
Existing works [25-28,35] on fractional-order multi-link neural networks assume that there
are no coupling delays or possess the same coupling delays for different topologies under
continuous feedback control. Due to the impact of multiple different internal and coupling



Mathematics 2023, 11, 3051

30f17

time delays as well as multi-link complicated structures on the stability of fractional-order
systems, it is difficult to achieve synchronization goals for such fractional-order systems
using discontinuous impulse control, which is also the key issue and the main challenge of
this study. Naturally, how to establish the new impulsive delayed comparison principle
and design a reasonable hybrid impulsive control strategy to overcome these unfavorable
impacts and reduce control costs has become a key issue that needs to be considered in
this article.

In view of the preceding discussion, this paper aims to study the synchronization
issue of FMCNNs with multi-link complicated structures. The first mission is to construct
an appropriate pinned-node strategy and hybrid impulsive control schemes to obtain the
global asymptotical synchronization of the comprehensive neural model under discussion
in this paper. In addition, there is a great demand for establishing new impulsive compari-
son principles to overcome difficulties caused by multi-delays and multi-link complicated
structures. The contributions of this article can be summarized below. First, the fractional-
order neural networks considered in this study include multi-link complicated structures
and internal delays as well as coupling delays, and each coupling structure corresponds to
a different coupling time delay, which shows our neural model is more generalized than
existing works [25-28,35]. Second, a generalized fractional impulsive comparison principle
including multi-delays is established to overcome the influence of multiple time delays and
multi-link structures on network synchronization. Third, compared with continuous feed-
back control in [29,31,33,34], a selection strategy for pinned nodes is given by utilizing the
principle of statistical sorting, and a novel hybrid impulsive control scheme is established
in this paper, which increases communication security and saves control costs. Lastly, novel
synchronization criteria are derived under hybrid impulsive pinning control methods to
ensure the more universally accepted synchronization of the concerned FMCNN.

Notation 1. I, denotes the n-dimensional identity matrix. R" denotes the n-dimensional real space.
diag{- - - } represents a diagonal matrix. For matrices P € R"*™ and F € R"™*1, P® F € R"™*"™
can be calculated by

puF pwF - piwF
nF  pnF - po,F

pgFp— | P PR P
Pan PnZF ce anF

2. Preliminary Knowledge and Network Model

This part first introduces some important definitions and lemmas, then gives a gener-
alized multi-link network model.

Definition 1. The fractional integral for a function g(t) is defined by

o) = o [ =0 e,

where t > to, I'(+) is the Gamma function and p > 0 represents the order.

Definition 2. The Caputo fractional derivative for a function g(t) is defined by

e N R LT

wheret > t),0 <n—1<u<nandn & Zy. When0 < u < 1, one can derive

‘Dyg(t) =

“Dlalt) = iy [ (4= 1) e (e
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Lemma 1 ([36]). Assume that all eigenvalues of C + M meet |arg(A)| > % and the characteristic
equation det(A(s)) = 0 has no purely imaginary solutions for V t;; > 0,i,j = 1,2,...,n, one can
derive that the zero solution of the system below

‘DIY(t) = MY(t) + Y(tz), n € (0,1),

is globally asymptotically stable, where M = (m;;) € R™", C = (¢;;) € R™", Y(t) =
Wi (1),y2(8) s yn ()T, Y(t2) = (Xfq cjy(t —le) i1 C2jYj(t = Toj), s Kjq Cujy (£ —
Ti))T, G = (gij) = (cije™"" +my;) € R4, j=1,2,..,nand A(s) = s'I, — G.

Lemma 2 ([37]). Suppose that x(t) € C([to, +o0), R) is differentiable and 0 < u < 1. If there
exists a point t* > to such that x(*) = 0 and x(t) < 0 for to < t < t*, then “Dh.x(t*) > 0.

Lemma 3 ([38]). Let w(t) € R" be a derivable function, then one can derive
‘Dlwl (H)w(t) < 2wT (t)°Dlw(t), t > ty, 0< p < 1.
Lemma 4. Assume that functions u(t) > 0 and y(t) > 0 satisfy

‘Difu(t) < —au(t) + b1u(t — (1) + bau(t — w(t)) + - - - + bau(t — 1 (t))
+cft () 4(s)ds, t # b,

u(ty) < egu(ty), o 6 Zy,

u(t) =6(t), t € [ty — T, to),

)

and

Dyy(t) = —ay(t) + bin(t — 71 (t)) + bay(t — T (t)) + - - + ban(t — Ta(t))
e fi e (s)ds, t # ta, )
n(t) =0(t), t € [to — T, to),

where 0 < u < 1,0<7(t) <7,0< 75t <t(i=12---,0),0<e <1 a€R, and
b >0(i=1,2,---,a). Then, 0(t) < O(t) for tg — T < t < tg gives that u(t) < y(t) for t > t.

Proof. Utilizing mathematical induction, we first demonstrate that u(t) < y(t) for
t € [to,t1). Clearly, u(t) < p(t) is equivalent to u(t) < ¢y(t) if ¢ > 1 represents an
arbitrary scalar. Assume u(t) < y(t) for t € [to,t1) is not right. Since 6(t) < ¥(t) for
t € [to — T, to] and the continuity of u(t) and y(t) on [fo, t1), one can find a point t* € [to, t1)

such that
u(t) <gn(t)t € [to -7, #%), 3)
u(t*) = gn(t"),
where ¢ > 1 denotes an arbitrary scalar. By Lemma 2, we have
‘Di.u(t*) > ¢"Dhy(t). 4)

However, it derives from Equations (1)—(3) that
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Dhu(t) < — au(t*) + byu(t* — 1 (1)) + bou(t* — () + - - - + bau(t* — ()
t*
+ c/ u(s)ds
r—7(t*)
< —agy(t) + bigy (" — 1 (£7)) + bagy (£ — 2 (t7)) + -+ - + bag (H* — T (7))
t*
+ cg/ y(s)ds
r—7(t)
=¢‘Dpy(t), (5)
which contradicts Equation (4), and this contradiction shows
u(t) <gy(t) t € [to, t1). (6)

Setting ¢ — 1, one can derive that u(t) < y(t) for t € [ty,t1). Assume there exists
h € Zy such that u(t) < y(t), t € [ty_1,ts),0 =2,3,-- ,h, then we have u(t) < y(t) for
to—7 <t <typandu(t,) < eu(t,) <epm(t,) <n(t,) = n(ty). Since y(t) is continuous
on [ty — T, 0), repeating the similar proof stages for u( ) < py(t) on the interval [ig, 1), we
can get u(t) < y(t) fort € [ty, t;1). Consequently, we complete the proof of Lemma 4. [

Consider the following fractional-order multi-delay neural networks including multi-
link complicated structures characterized by

N
“Dffuy(t) = — Bug(t) + Af (ui (1)) + Gh(ue(t — 1)) + Y eV Tau(t — )
j=1

N N
+ Z esz(jz)quj(t — Tz) + -+ 2 eaV]fj“)rauj(t - sz)r (7)
j=1 j=1

where k = 1,2,...,N, and u(t) = (ug1(t), wpo(t), ..., ugn (t))T € R" represents the state of
neuron k. B = diag{by, by, ..., by } denotes a diagonal matrix with b; > 0. A = (akj)nxn and
G = (8kj)nxn represent the non-delay and delayed connection strength matrices, respec-
tively. 0 < 1p < tand 0 < 1, < T(m = 1,2, ..., &) represent the internal delay and coupling
delays, respectively. f(itx(£)) = (f1 (11 (£)), fo (12 (£)), s f (1 (£)))T andh hug(t = T0)) =
(hy (g (t — 70)), ha (uga (t — T0)), ooy i (1 (t — T0))) T represent the non-delay and delayed
activation functions at time t and t — 1, respectively. €, > 0(m = 1,2, ..., «) is the coupling
strength for the mth coupling structure. I'y, = diag{vu1, Ym2, - Ymn} > 0(m =1,2, ..., a)

represents the mth inner-link matrix. v (m = (Vk(] ))N><N (m=1,2,..,a) denotes the mth
coupling configuration matrix, where Vk(]m) is decided as follows: if there exists an edge
between neuron k and neuron j, then Vk(].m) # 0; otherwise, V(.m) = 0(k # j). Furthermore,

V(") conforms to the diffusive coupling requirement Vk(,:" ) = ] 1j#k Vi ( )(k =12,..,N).

N
Define 7i(t) = & L ux(t), then we can obtain
k=1
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[ 1 N
‘D) =5; L D tt)
=1
N
:;;[—Buk(f)ﬁ-/&f(uk( )) + Gh(u(t — 1)) 261 Tyt - )
=1

+
™=

€2Vk( )quj(t - Tz) +---+ Z €o¢Vk(;X)rvcuj(t - TIX):|

j=1 j=1
¢ L)+ 3y - ATG0) + 3 1 G
=— =Y ut)+<= Y Af N h(uk(t — 1))
N&= N = N k=1
1 N N (1) 1 N N (
+NZ€1(ZV@ )Tyt —7) ﬁz (ka] )Touj(t — 1)
=1 k=1 =1 k=1
1N N (@)
+ '+NZ€’X(ZV]‘] )ra ( Ta)
j=1 k=1
B Y 1 Y 1N
:—NZuk(t)—kNZAf( ( ))—f—NZGh(uk(t—ro)). 8)
k=1 k=1 k=1

It is clear that 4; Z Z em( Z V )quj(t — Ty) = 0 on the basis of the definition
m=1j= k=1

of V(") that is 2 ij =0,m=1,2,.,4j=12,.,N.
k=1

Let error vector z(t) = uy(t) —

2
M=

uy(t), then one can obtain
1

‘Dlzi(t) = — Bz(t) + Af (ui(t)) — — Z Af (ue()) + Gh(ug(t — 1))
N o N
Z (ur(t — 1)) Z 2 sz] — Ti)- )

Assumption 1. For activation functions f;(-) and h;(-), there exist constants p; > 0, ¢; > 0
such that

|f1 |<¢1|X1 XZl/i:1/2/~--/n/ XleR/XZGR/
i (x 1)— i( 2)| <¢ilx1—xal, i=12,...,n, x1 €ER x2 €R,

where |(-)| represents the absolute value.

Definition 3. Fractional-order neural network Equation (7) realizes synchronization if

N
lim || 1 (¢) Z k=1,2,---,N.

t—c0

Remark 1. Fractional-order neural networks have unique non-locality and finite memory properties,
which integer-order systems do not have. For this reason, fractional-order differential systems can
better describe various natural phenomena, as they fully utilize all historical information from initial
to current states.

Remark 2. Existing fractional-order neural networks mainly focus on synchronization with single
time delay or a simple single-link structure, and impulsive synchronization issues of fractional-order
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multi-delay coupling neural networks including multi-link complicated structures are rare. The
main reason is that multiple delays and multi-link complicated structures significantly impact
the system’s stability. This study presents a generalized fractional-order impulsive comparison
principle including multiple hybrid delays and utilizes hybrid impulsive control schemes to overcome
this difficulty.

To achieve the synchronization target of fractional-order dynamical system (7), con-
sider the following hybrid impulsive pinning controller

Ui(t) = Upx(t) + Usk(t), k=1,2,...,N, (10)
where the state feedback control item Uy (f) is
uO,k(t) = —Pka(l’), k= 1,2,...,N, (11)

and the impulsive control item Uj x(t) is

—+o00
ul,k(t) _ {(7;1 ﬁazk(t)(S(t — ta), ke @(ta>/ (12)

0, k& D(ty).

Here, F; is the feedback control gain and S, denotes the impulsive strength at ¢,.
4(+) is the Dirac delta function. The impulsive sequences {t,} meet t{, — oo as
o — +oo. D(ty) = {ky, ko, -+ ,ki} € {1,2,---,N} represents the set of pinned neu-
rons at f = t,. To obtain concrete D (t;), one can reorder the errors z1(t), zo(t), - - - ,zn(¥)
by [lze, ()] = [|lze, ()| = -~ = llzg, ()] = - - > [|lzoy (D), then D(tr) = {01,062, -+, 01}
By Equations (9)—(12), one can further derive that

= —Bz(t) — Rz (t) + Af (we(1) — é Af (ui(t)) + Gh(u(t — 1))
N

1 N & (m) (13)
- kZl Gh(ug(t — 1)) + Zl €m 121 Vk]' szj<t — T, t € [tr—1,t0),
— m= j=

N
Zk(t;_) - Zk(tc;) = ,Bazk(tc;)rk € E(ttf)rﬁ@(t(r) =lLoeZ,.

3. Main Results

Theorem 1. Under Assumption 1 and —2 < B, < 0(c € Z.), if there exist constants &, > 0,
71 > 0, and matrix F > 0, such that the inequalities below

(i) IN® (2B + AAT + ¥ + GGT + 1 In) + 2%y &t em (VI VT @ T, Ty) —2F @ 1, <0,
(i) V25— om <11,

hold, where ¥ = diag{y3,¢3,..., 93}, F = diag{F,F,...,Fn},p0 = Amax(In @ D),
Om = Cmem,m=1,2,...,a,and ® = diag{q)%, 4)%, ... ,qb%l }, then neural network Equation (7) is
asymptotically synchronized via hybrid impulsive controller Equation (10).

Proof. Consider the following function

N
V() = )z (Hz(t) = 2" (Dz(t). (14)

k=1

When't € [t;_1,t,), using Lemma 3, one can obtain that
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k;l 1 N
=2y 2] (1)] — Bai(t) — Fea(t) + Af(ui(D) — 55 1 AF(me(t))
k=1 k=1
+Gh(u(t — ) — — ZGh u(t — 1)) + XIX: iemvlfjm)l”mzj(t—‘rm)] (15)
N &= m=1j=1

N N N N
From Y. z/ () =0, onehas zI(HA [f(ﬁ(t)) -4 g f(uk(t))} =0and ¥ z](t)G

k=1 =1 k=1
[h(ﬂ(t —T)) — E h(ug(t — 1) ] = 0. Utilizing Assumption 1, we can then derive the
following inequahtles
N 1N
2 H ()| Af(u(t) — 5 12 Af(”k(t))]
k=1 k=1
N N 1 N
=2 )z (NA[f(ue(t)) = fF(@(®)] +2 ) zg (DA | f(@() — 5 1 f(”k(t))l
k=1 k=1 k=1
< % zZF (HAATz (1) + 2 zi (£) ¥z (¢
k=1
—=2T(1) [IN © (AAT + T)] (t). (16)
N 1 N
222,{ Gh(u(t — 1)) — N ZGh(uk(t_TO))]
k=1
N
=2 ) = ()Glh{ue(t ) —h(a(t )]

N
<Y 2l (GG Tz (1) + Z 2 (£ — 1) Pz (t — 1)
k k=1

=1
=21 (1) (I @ GGT)z(t) + 2T (t — 1) (Iy ® ®)z(t — T9). (17)

Moreover, using the properties of the Kronecker product of matrices, one can get

< Y Eltemz () (VIVOIT @ T, T)z(t) + Z Ememz! (t — T)z(t — T (18)

m=1 m=1

Substituting Equations (16)—(18) into Equation (15) yields



Mathematics 2023, 11, 3051 90f17

®
DIV () <zT(t) [IN ® (—2B+ AAT +¥ + GGT + L) + Y &l en(VMVOIT ©T,T,,)

m=1
—2F® In] z()) + 2T (t— 1) (IN @ P)z(t — 1) + f Ememz! (t — Tw)z(t — T)
m=1
=2 (t)(In @ i)z (t)
<-mV({#) +poV(t—1)+ i‘, omV (t = Tm), (19)

m=1

where pg = Amax(IN @ @) and py = Enem(m =1,2,...,a).
When t = t,,0 € Z, we can obtain that

VIt = Y )zt + X z(5)z()

keD(ty) kgD (ty)
= Y (4B 2z (t)zlty)+ Yz (t)z(ty). (20)
keD(t,) kD (ts)

Let Bs € (—2,0), W, = %W € (0,1), then one can derive
(N=1)(1=Wo) = [We — (14 o) |1 2 0. 1)

Denote Iy (t; ) = min{||z(t; )| : k € D(te) }, a(tr ) = max{||zx ()] - k & D(te)},
one can further get

1-Wo) Y z(t7)z(ty) < (1—Wo)(N = DIT3(¢, )
k€D (ts)
< (1—Wy)(N = DIT(t;)
[We — (1+ ﬁa)z]ln%<t;)
]

< [Wo — (1+ Bo)? 7 (ty)zklty ). (22)
k€D (ty)

Combining Equations (20) and (22) yields that

V5 = Y [+ Be)® = Wolz{ (t:)zk(ts )+ Y. Wz (t;)z(t;)
keD (ty) ke®(ts)

<We—=1) Y i)zt + Y Wozl (to)z(ty)+ Y. zf (t)ze(ty)
k¢D (ty) k€D (ty) k¢D (ty)

N
=Wo ) 2 (8 )zk(ty ) = WoV (1), (23)
k=1
where W, € (0,1). Combining Equations (19) and (23) gives

{chV(t) < -—mV(t)+pV(t—1) + ilpmV(t —Tm), t € [to_1,to), o1

V(tE) < WoV(t;).
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Consider a multi-delay differential system below

DYX(H) = —mX(t) +poX (t = 10) + ) pmX (t—Tw), (25)

m=1

where X (t) is continuous on [ty — T, +c0) and it possesses the same initial condition as
V(t). Based on Lemma 4 and 0 < W, < 1, we have

0<V(t) <X(t). (26)
Utilizing the Laplace transformation for fractional system Equation (25) gives
sFX(s) —sh 1 X (to)

+o00 +oo
— —nX(s) +p0/ e—SfX(t—To)dt+p1/ e Xt — ) dE+ - -
to

fo

+o0
+pa/ e X (t — 1y )dt
to

+00
oS40 X (1)dt + o / eS0T X (1)t A - -

to—m

+o0
=—mX(s) +P0/t

0~

+o0
+pa/ e ST X (1) dt
1

0~ Ta

t —+o0 t
=—mX(s) + pge ™ Loty dt + e SLX (H)dt| + pre—*™ C et (t)dt
U Y ) P -
0 -

-7 fo

+c0 t +o0
+ e“X(t)dt} + ot ppe [/0 e SLX(t)dt + eStX(t)dt}
to—Ta

to to

=~ A(S) + poe VX (s) + pre A (s) + - -+ pre X (s)

t t t
+p067”0/0 e*StX(t)dt—i—ple*”l/o e*StX(t)dt—k"-—i-pae*sT“/o e Stx (t)dt. (27)
to—T0 —

to—1 to—Ta

By Lemma 1 and Equation (27), one can get

t
et X ()t + -+ e / " estx (), (28)

. to—Ta

det(A(s))X(5) = 5" 1 (t0) + poe ™™ [ o

to—To

where the characteristic polynomial det(A(s)) = s* + 111 — (poe ™ + p1e ™51 + - - - + pge™ ™).
The next goal is to demonstrate that det(A(s)) = 0 has no pure imaginary solutions. Assume
s = bi = |b|(cos 7 +isin(£7F)), where b € R. Substituting s into det(A(s)) = 0 gives

(bi)F + 11 = Z pme” 0, (29)

Then, one can further derive

D‘ .
[(0i)F + 1> = | Y pme™ ™0, (30)
m=0
which yields that
b2 +2 1cos 7T +n5 = m COS bTy, )2 m Sin 6T, )2
1 ’7 4 Y
m=0 m=0

< 2( Z om)”. (31)
m=0
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o o
Let Y) = 2+ 2p1cos 5550+ 12 — (L pmcosbty)? — (L pmsinbz,)?. It is not
m=0 0

m=|

difficult to derive that Y(0) = 77 — ( f; Om €08 bTy)? — ( f; PmsinbT,)? > 0, since
m=0 m=0

o
V2 ¥ pm < 11 and p,; > 0. Note that Y(d) represents a second-order polynomial,
m=0
and one has Y(|b|#) > 0, which indicates the equation in (31) has no solution. Hence,

43
det(A(s)) = 0 has no pure imaginary solutions. Moreover, when v2 ¥ p,; < 771, we

m=0

o
have |arg(—n + ¥ pm)| > %. Using Lemma 1, the zero solution of Equation (25) is
m=0

asymptotically stable and lim;_, yo X(t) = 0. Then one can get lim;, 1 V(t) = 0 by
inequality Equation (26). Hence, the synchronization of multi-link system Equation (7) can
be achieved via hybrid impulsive controller Equation (10). O

Remark 3. Compared with the existing literature concerning fractional-order multi-link
systems [25-28,351, our model not only considers internal and coupling time delays but also
has different coupling time delays for each coupling structure.

Based on the theoretical analysis of Theorem 1, when V2 =yB =... =yl =,
fractional-order multi-link network Equation (7) is simplified to the following single-
link version:

N
Dl up(t) = — Bug(t) + Af (ue(t)) + Gh(up(t — 1)) + Y elv;j”rluj(t ), (32
j=1

wherek = 1,2, -+, N. Accordingly, the hybrid impulsive controller for this model is still
as shown in Equation (10), then one can derive the following useful corollary.

Corollary 1. Under Assumption 1 and —2 < B, < 0(c € Z.), if there exist constants
¢1 > 0,17 > 0, and matrix F > 0, such that the inequalities below

(i) In® (=2B+ AAT + ¥ + GG + 1 1,) + & 'en (VOOVIIT @ TiTy) —2F @ 1, <0,

" s

(i) po +p1 < 171 sin o

hold, where ¥ = diag{y3?, ¥3,..., $2},F = diag{Fy, b,..., Fx},00 = Amax(Iny ® D),

p1 = &€y, and © = diag{$?, §3,..., $2}, then single-link neural network Equation (32) is
asymptotically synchronized via hybrid impulsive controller Equation (10).

Proof. Similarly to Equation (29), it is not difficult to get the following characteristic equation

(bi)y +m = poeirobi + P167T1bi. (33)

Substituting s = bi = [b|(cos 5 +isin(£7)) into Equation (33), one can derive

|b|Fcostst + 111 = pocos(Tb) + prcos(Tib), (34)
|b|#sin(£57) = —posin(ob) — p1sin(7yb),
which gives
w
b + 2171|h|”cos# + 173 — (0% + p? + 2p0p1c0sb(19 — 71)) = 0. (35)

2
Let Y(2) = 92 + 213 cos 50 + 73 — (03 + p3 + 2p0p1c08b(T9 — 11)). It is not difficult to
derive that Y(0) = 72 — (02 + p? + 2pop1cosb(t) — 7)) > 0, since pg + p1 < 171 sin 55,0 <
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i < 1,and 71 > 0. By utilizing the properties of Y(?) as a second-order polynomial,
one can obtain Y(|b|) > 0, which shows Equation (35) has no solution and characteristic
Equation (33) has no pure imaginary solutions. The remaining proof process is similar to
Theorem 1 and we finish the proof of this corollary. []

Remark 4. Theorem 1 and Corollary 1 are also correct for y = 1, namely, the synchronization
results obtained in this article still hold for integer-order neural networks.

Remark 5. According to the results in Theorem 1 and Corollary 1, one can summarize the algorithm
steps of the hybrid impulsive control below.

Step 1. Initialize the system parameters B, A, G, u, 1, Tn, €m, Tm, ym),

Step 2. Compute the parameters ¢;, ; based on Assumption 1.

Step 3. Choose an appropriate impulse gain B, and impulse interval ty — t_1.

Step 4. Determine the feedback gain Fy and constant parameters 11, &, based on control conditions.

4. Numerical Examples

This part gives numerical simulations to test the rationality of the achieved theoreti-
cal results.

Example 1. Consider fractional-order multi-delay coupled neural networks including multi-link
complicated structures consisting of six neurons, which can be described as

6
1
“Dffug(t) = — Bug(t) + Af(ui()) + Gh(u(t = 1)) + Y eV Truj(t = 1)
j=1
S PR
+) 2V, Douj(t — 1) + Z€3ij Taui(t —13), (36)
j=1 j=1

where e; = 0.5, =0.6,e3 =0.7, u =099, 7p = 0.05, 7y = 0.06, T» = 0.08, and 13 = 0.10.
The self-feedback weight matrix and the connection strength matrices are selected as

70 0 12 03 0.7 0.8
b= [ 0 70 ]'A_ [ 1.0 12 } ¢= [ 0.6 —1.0 ]

respectively. The inner coupling matrices are chosen as

05 0 1.0 0 12 0
fi= { 0 05 ]'FZ_ { 0 10 ]’r:”_[ 0 1.2}
Moreover, the coupling configuration matrices of fractional-order multi-link system Equation (36)
are defined as

—-0.7 01 0 0.3 0 0.4
01 —-09 06 0 0.2 0
0 06 —-14 07 0 0.1

1
Vi= 0.3 0 07 -11 0.1 0 ’
0 0.2 0 01 —-06 03
0.4 0 0.1 0 03 -038
—-0.8 025 0 0 02 035
025 —-07 015 03 0 0
V2 0 015 —-085 0.2 0.1 0.4

0 0.3 02 —-10 05 0 !
0.2 0 0.1 05 —-115 035
0.35 0 04 0 035 -—1.1



Mathematics 2023, 11, 3051

13 of 17

-11 025 015 04 0.3 0
025 —-125 025 035 0 0.4
015 025 —-17 055 065 0.1
04 035 055 -25 085 035
0.3 0 065 085 —-225 045
0 0.4 01 035 045 -—-13

The non-delay and delayed activation functions are f;(x) = h;(x) = tanh(x). Itis
clear that Assumption 1 holds when ¢; = ¢; = 1(i = 1,2). Let §; = 4.25, F, = 4.78,
te —ty_1 = 0.05,and &, = 1(m = 1,2,3). A simple calculation gives that v2 Y% _; oy —
1 = —0.2902 < 0, and the maximum eigenvalue of matrix Q = Iy ® (—2B + AAT + ¥ +
GGT 4+ L) + X2y Elem (VI VIMIT @ T,T,,) — 2F @ I, is —0.4353 < 0. Consequently,
the above parameters fulfill all the requirements in Theorem 1. The initial values of multi-
link network Equation (36) are randomly chosen within the real interval [—5 5]. Utilizing
the hybrid impulsive control methods, the time evolution processes of 1 (t) and z(t) can be
seen in Figure 1a,b under the above control parameters. The horizontal ordinate in the figure
represents the system’s evolution time. Figure 1a displays that the two dimension states
of vectors u(t) of all neurons tend to converge to completely consistent states over time.
Figure 1b displays that the error norm of neurons gradually approaches zero as the control
duration increases. Based on the definition of global synchronization, Figure 1 shows that
the controlled multi-link network can achieve global asymptotical synchronization, which
means the theoretical analysis of Theorem 1 is correct.

6

1,2,3,...6)
1,2,3,...6)

u () (k
llz, O (k

(a) (b)

Figure 1. The time evolution processes of uy(t) and ||zx(t)|| under hybrid impulsive control in
Example 1. (a) ui(t); (b) ||z, (£)]].

Remark 6. In contrast to the continuous feedback control in [29,31,33,34], hybrid impulsive
control, as a class of discontinuous control methods, can carry on impulse stimulation at impulse
instants and feedback stimulation within the impulse interval, which possesses the merits of simple
implementation and increased safety during signal transmission. Comparing pure impulsive
control [7,9,16] with the method presented in this article, if pure impulsive control is used instead of
hybrid impulsive control, one can find that condition (i) in Theorem 1 is always untenable, since the
feedback part F ® 1, is the key factor in the validity of condition (i).

Remark 7. Considering the nonlocality of fractional differential equations, a typical predictor-
corrector scheme called Adams—Bashforth—Moulton [39] has been used for solving multi-delay
fractional-order differential equations in a numerical simulation in Matlab R2020b (see Appendix A).
We should point out that one can apply the product trapezoidal quadrature rule for the corrector
term and use the product rectangle rule to evaluate the predictor term. Hence, with the help of these
two rules and the given algorithm steps, the entire numerical method is easy to implement.
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Example 2. Consider fractional-order coupled neural networks including single-link topological
structures described as

6
CDt”uk(t) = — Buy(t) + Af (ug(t)) + Gh(u(t — 1)) + Z ele(jl)l"luj(t —-1), (37)
=1

where e = 0.8, y = 0.95, 19 = 0.03, and 7y = 0.04. The self-feedback weight matrix and the
connection strength matrices are selected as

40 0 1.6 —18 1.0 1.0
B_{ 0 15}"4_[1.8 14 }'G_{ 3.0 —3.0}'

respectively. The inner coupling matrix and the coupling configuration matrix are chosen as

-14 02 04 0.3 0.1 04
02 -18 0.6 0.2 0.5 0.3

r_[10 0] ,i_| 04 06 -16 03 01 02
=10 10" | 03 02 03 -19 09 02 |’
0.1 0.5 0.1 09 —-20 04
0.4 0.3 0.2 0.2 04 -—-15
respectively.

The non-delay and delayed activation functions are f;(x) = h;(x) = 0.5tanh(x). Itis
clear that Assumption 1 holds when ¢; = ¢; = 0.5. Let 3 = 1.61, F, = 6.26,t, —t,_1 = 0.1,
and §; = 1. A simple calculation gives that oo +p1 — 171 sin% = —0.3050 < 0, and the maxi-
mum eigenvalue of matrix Q = Iy ® (—2B+ AAT + ¥+ GGT + 1 1,) + é‘l_lel (vAyWT g
I'1T1) —2F ® I, is —0.2812 < 0. Hence, the above parameters guarantee all the require-
ments in Corollary 1 are fulfilled. The initial states of fractional-order single-link network
Equation (37) are randomly selected within the interval [-5 5]. Under the hybrid impul-
sive control schemes, the simulation results of uy(t) and zi(t) in Equation (37) are given in
Figure 2a,b. The abscissa in the figure also stands for the system’s evolution time. Figure 2a
indicates that the two-dimensional state vectors u(f) of all network nodes tend to con-
verge to a completely consistent state over control time. Figure 2b indicates that the error
norm of all network nodes gradually approaches zero as the control duration increases.
Figure 2 shows that single-link neural network Equation (37) can achieve asymptotical
synchronization under the proposed hybrid control schemes, which validates Corollary 1.

6 8
o
6
_ & |
@ |
o a Sl
J a
I O
: i
5 - V’ f
1F ‘v\"‘"\‘
| ==
6 0 = :
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
t t
(a) (b)

Figure 2. The time evolution processes of uy(t) and ||zx(t)|| under hybrid impulsive control in
Example 2. (a) ui(t); (b) ||z, (£)]].
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5. Conclusions

This article analyzed and validated the global asymptotical synchronization of fractional-
order multi-delay coupled neural networks (FMCNNSs). Due to the impact of various time
delays and multi-link structures on the stability of fractional-order complex systems, this
paper addressed these difficulties by establishing a generalized fractional-order compar-
ison lemma and a hybrid impulsive pinning control strategy, and some new sufficient
conditions were acquired to ensure the global synchronization of the concerned multi-delay
coupled neural networks. We will combine event-triggering strategies and impulsive
pinning control technologies to achieve the selection of impulse instants and network
nodes in the future. In addition, as an important tool, the theory of fixed points could be
applied to impulsive synchronization analyses. This is also a worthwhile direction for our
future research.
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Appendix A

To facilitate the readers” understanding of the solution of the fractional-order differen-
tial equation in this paper, we have provided the following relevant code, which is named
fo_solution.m.
function [t,y] = fo_solution(step,tfinal,ini_value,mu,delay)
len = length(ini_value);

N = tfinal/step;

t = linspace(0,N,N + 1)*step;

k = delay/step;

y0 = ini_value;

y = zeros(len,N);

forn=0:N —1

disp(['execution number:’, num2str(n), 't =/, num2str(n*step)]);
b=@(j) step™" /mu x ((n+1—j)" — (n —j)™);

s = zeros(len,1);

forj=0:n
ifj—k<=0
Xjk = Y0;
else

Xjp =y, j—k);
end

if j==

x]' = yO;

else

xj =y(:j);
end

s = s+ b(j) * equ(j = step, xj, xjx);
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end

yp = y0+s/gamma(mu);

a = @(j)(n —j+2)mF) 4 (n— j)mt) — 2 (n — j4 1) (metD);
SUMO = (n™11) — (n — mu) * (n +1)"™") * equ(0, 0, 0);
SUM1 = zeros(len,1);

forj=1:n

ifj—k<=0

Xjk = y0;

else

Xjp =y, j—k);

end

xj =y(:j);

SUM1 = SUMI1 + a(j) * equ(j * step, xj, Xjx);
end

SUM = SUMO + SUM1;
ifn+l1—k<=0

Xnk = yO;

else

Yo =y(,n+1—k);
end

y(:;,n+1) = y0+ step™ / gamma(mu + 2) * equ(n * step, yp, x,x) + SUM x step™" /
gamma(mu + 2);

end
y=[yo,yl;
end
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