Computational and Applied Mathematics (2023) 42:20
https://doi.org/10.1007/540314-022-02122-8

®

Check for
updates

Asymptotical stability and synchronization
of Riemann-Liouville fractional delayed neural networks

Yufeng Zhang' - Jing Li' - Shaotao Zhu'? - Hongwu Wang'-3

Received: 23 December 2021/ Revised: 2 November 2022 / Accepted: 8 November 2022 /
Published online: 25 December 2022
© The Author(s) under exclusive licence to Sociedade Brasileira de Matematica Aplicada e Computacional 2022

Abstract

In this paper, we investigate the asymptotical stability and synchronization of fractional
neural networks. Multiple time-varying delays and distributed delays are taken into consid-
eration simultaneously. First, by applying the Banach’s fixed point theorem, the existence
and uniqueness of fractional delayed neural networks are proposed. Then, to guarantee the
asymptotical stability of the demonstrated system, two sufficient conditions are derived by
integral-order Lyapunov direct method. Furthermore, two synchronization criteria are pre-
sented based on the adaptive controller. The above results significantly generalize the existed
conclusions in the previous works. At last, numerical simulations are taken to check the
validity and feasibility of the achieved methods.

Keywords Fractional neural networks - Asymptotical stability and synchronization -
Multiple time-varying delays - Distributed delays - Lyapunov—Krasovskii function

Mathematics Subject Classification 34A08 - 34D06 - 34H15

1 Introduction

In the recent few decades, various artificial neural network models such as Hopfield neural
networks (de Castro and Valle 2020), recurrent neural networks (Achouri and Aouiti 2022),
cellular neural networks (Xu et al. 2021) have been widely investigated due to their exten-
sively application in optimization combination, filtering, signal processing, and so on. These
applications are strongly affected by the dynamical behaviors of neural networks, especially

Communicated by Leonardo Tomazeli Duarte.

B Jing Li
leejing @bjut.edu.cn

Interdisciplinary Research Institute, Faculty of Science, Beijing University of Technology,
Beijing 100124, China

Faculty of Information Technology, Beijing University of Technology, Beijing 100124, China
College of Engineering, Northeastern University, Boston MA02115, USA

@ Springer f DMAC


http://crossmark.crossref.org/dialog/?doi=10.1007/s40314-022-02122-8&domain=pdf

20 Page2of19 Y.Zhang et al.

stability and synchronization. Therefore, the investigation on the stability and synchroniza-
tion of neural networks has become an attractive subject and a great deal of excellent results
have been proposed, see for examples (Chen et al. 2020; Wang et al. 2021; Xiao et al. 2021;
Liu et al. 2021).

Time delays, induced by the limited speed of the transmission between neurons, are usually
ubiquitous in neural networks. What is more, some complicated behaviors such as oscillation,
bifurcation, or chaos may be produced by time delays (Song and Peng 2006; Aouiti et al.
2020). Thus, it is significant and unavoidable to study the stability and synchronization
of delayed neural networks. Zhang and Zeng (2021) provided several criteria to check the
stability and synchronization of reaction—diffusion neural networks with general time-varying
delays. By Lyapunov—Krasovskii functions and linear matrix inequalities, the asymptotic
stability of recurrent neural networks with multiple discrete delays and distributed delays was
concerned in Cao et al. (2006). The exponential stability of Clifford-valued inertial neural
networks with mixed delays was studied by the means of pseudo almost periodic function
theory and some inequality theories in Aouiti and Ben Gharbia (2020). In Sheng et al. (2021),
the finite-time stability of competitive neural networks with discrete time-varying delays was
discussed by adopting comparison strategies and inequality techniques. By now, a variety of
results about the stability and synchronization of neural networks have been derived.

It is worth noting that the above analysis about neural networks is focusing on the integer
calculus. Fractional calculus (Podlubny 1999; Kilbas et al. 2006), as an extension of the
integer calculus, has received considerable attention due to its broad applications in many
fields such as viscoelasticity (Koeller 1984), bioengineering (Debnath 2003), fluid mechanic
(Tripathi 2011), and so on. Compared with the traditional integer-order systems, fractional-
order models can depict multifarious processes and phenomena more exactly because of
its memory and hereditary properties. Owning to these superiorities, many researchers have
attempted to combine fractional calculus with neural networks, leading to fractional-order
neural networks. Moreover, the dynamical behavior of fractional neural networks has become
a noticeable subject and numerous results have been widely investigated (Fan et al. 2018;
Huang et al. 2020; Zhang et al. 2018; Xiao and Zhong 2019; Pratap et al. 2018; Chen et al.
2018).

Obviously, it is of considerable importance to investigate the stability of fractional neural
networks. In Liu et al. (2017), the properties of activation functions and M-matrix were
utilized to consider the Mittag—Leffler stability of fractional recurrent neural networks. In
Zhang and Zhang (2020), Chen et al. (2021), the method of the Lyapunov—Krasovskii function
was used to study the asymptotic stability of fractional neural networks with time delays.
Yao et al. (2021) considered the exponential stability of fractional-order fuzzy cellular neural
networks with multiple delays by Laplace transform method and complex function. Some
criteria about the finite-time stability of fractional inertial neural networks with time-varying
delays were proposed by Lyapunov—Krasovskii function and analytical techniques in Aouiti
et al. (2022). In Li et al. (2021), based on the sign function and activation functions, the
uniform stability of complex-valued fractional neural networks with linear impulses and
fixed time delays was discussed.

In addition, the synchronization of fractional neural networks is another heated topic in
recent years. In Li et al. (2022), Bai et al. (2022), via employing the method of Lyapunov—
Krasovskii function, the exponential synchronization and secure synchronization of fractional
complex neural networks were investigated. You et al. (2020) studied the Mittag—Leffler syn-
chronization of discrete-time complex fractional neural networks with time delay by applying
the Lyapunov direct method and designing a suitable controller. Du and Lu (2021) utilized a
new fractional-order Gronwall inequality to explore the finite-time synchronization of frac-
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tional memristor-based neural networks with time delay. The quasi-uniform synchronization
of fractional neural networks with leakage and discrete delays was discussed by Laplace
transformation and several analytical techniques in Zhang et al. (2021).

Apparently, we can find that there are several effective methods such as Laplace transfor-
mation (Yao et al. 2021; Zhang et al. 2021), linear programming approach (Yang et al. 2020),
and Lyapunov direct method (Zhang and Zhang 2020) in demonstrating the stability and
synchronization of neural networks. Among them, the Lyapunov direct method is the most
frequently used in the existing literatures (Zhang and Wu 2022). For fractional systems, the
main difficulty is how to construct an appropriate Lyapunov—Krasovskii function, because
similar tools in integer calculus can not be generalized to fractional calculus easily. On the
other hand, most of the previous works regarded the time delay as a single time-varying delay
or constant time delays (Yao et al. 2021). However, it may not keep unchanged during the
transmission in neuron and the delays between the neurons may different. In view of this, it is
necessary and meaningful to explore some effective methods to investigate the stability and
synchronization of fractional neural networks with various types of time delays. However,
as far as we know, such investigation are rare (Syed Ali et al. 2021; Wu et al. 2022).

Motivated by the above analysis, we probe the asymptotical stability and synchronization
of Riemann-Liouville fractional neural networks with multiple time-varying delays and
distributed delays. The main contributions in this paper can be summarized as follows:

e We introduce the multiple time-varying delays and distributed delays to fractional neural
networks simultaneously. Compared with the previous works, the model is more close
to actual applications.

e The uniqueness, asymptotical stability and synchronization of the demonstrated system
are proposed. In addition, the obtained results are expressed as the matrix inequalities,
which are more concise and feasible to use.

e To avoid the difficulty of calculating the fractional-order derivative of a function, two
Lyapunov—Krasovskii functions associated with fractional integral terms are considered
and we can compute their first-order derivative directly.

e Based on the relationship between the stability and synchronization of fractional sys-
tems, two sufficient conditions about the synchronization of the considered system are
proposed.

This paper is organized as follows. In Sect. 2, some preliminaries and the fractional neural
network model are described. The asymptotical stability and synchronization criteria of the
considered system are studied in Sect. 3. In Sect. 4, four numerical examples are taken to
check the validity and feasibility of the proposed results. Some conclusions and further works
are summarized in Sect. 5.

2 Preliminaries and model description

At present, there are several definitions for fractional-order derivatives, such as Riemann—
Liouville and Caputo definitions. The two definitions have their own advantages. The Caputo
derivative is more applicable in practical engineering, because its initial conditions are the
same as integral-order systems in form. However, the Caputo derivative requires the func-
tion to be n-order differentiable and the Riemann—Liouville derivative only requires that
the function be continuous. On the other hand, compared with the Caputo derivative, the
Riemann—Liouville derivative can be considered as a natural generalization of integer deriva-
tive, because it is a continuous operator from the integer order to arbitrary order. Therefore, the
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Riemann-Liouville derivative is applied in this paper. Some preliminaries and the fractional
neural network model are introduced in this section.

Definition 1 The Riemann-Liouville fractional integral of order p for the function u(z) is
defined as

RDPu@t) = T )/ (t — )P lu(s)ds, p >0,

where I'(-) is the Gamma function and I'(p) = ftso P=le=1dr.

Definition 2 The Riemann-Liouville fractional derivative of order ¢ for the function u(¢) is
defined as

1 dn t
R 4 _ —g—1 +
1o D7 u(t) = Ti—q) dt”/,o(t_s)n 9 u(s)ds, n—1<qg<neZ".

In this paper, we investigate the Riemann—Liouville fractional neural networks with multiple
time-varying delays and distributed delays described by

KDY ui(t) = —aju; (1) + sz, Fiuj(0) + Z Z cfigj it — ox(1)))

k=1 j=1
+Zh,,/ Wit —s)rj(u;(s)ds + I, t>0, (1
j=1
where 0 < o < 1,i = 1,2,---,n; u;(¢) denotes the state of the ith neuron; b;;, ,/»hij

represent the neuron interconnection parameters at time ¢; a¢; > 0 is a constant; f;, g;,7;
are neuron activation functions with f;(0) = g;(0) = r;(0) = 0; g« (¢) is the time-varying
delay satisfying ok (t) < ok, 0)(t) < yx < 1, I; is the external input.

The initial conditions of system (1) are given by

oD i) = i), 1 <

Assumption 1 (A1) The delay kernel ¥; € C([0, +00), R) is a nonnegative function. Then,
the following equalities hold

+00
(a) A Yj(s)ds =1;
+00
(b) / syrj(s)ds < oo.
0

In this paper, the delay kernel ¥ (¢) is given by 1/ (t) = e~".

Assumption 2 (A2) The neuron activation functions f;(-), g;(-), r;(-) are continuous and
satisfy the Lipschitz condition, which means that the following inequalities hold

@) |fj 1) — fju)|< Huy — ual;
(b) 1gj (1) — g u2)|< Iuy — ual;
(©) |rjur) —rj2)|< Bluy — ual,

where u;, up € R and ! 1 l?, lj. are Lipschitz constants.
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Assumption 2* (A2%) The neuron activation functions g; (-), r; (-) are continuous and satisfy
the Lipschitz condition, which means that the following inequalities hold

(@]gj(un) = gj )< luy — ual;

B)Irj ) = rju)|< [luy — ua,

where u1,u> € R and [2, 13 are Lipschitz constants. In particularly, the neuron activation
function f;(-) is monotonically increasing, bounded and Lipschitz continuous, that is

fiGun) — fiu2) _

Uy —uz

(©0= I,

where ljl. is a positive constant.
Lemma 1 Ifa > B > O, then the following property holds for integrable function u(t)
Rp2ED; u) =8 DY Pu).

Lemma2 Letu(t) € R" be a vector of differentiable function, then the following inequality
holds

1
3 KDY ) Put)) < u"()PEDIu), 0<a <1,

where P € R"*" is a constant, square, symmetric, and positive definite matrix.

Lemma3 Foranyx,y € R", € > 0, the following inequality holds
1
2xTy <exTx+ fyTy.
€

Lemma4 For constant matrices 211, 12, Q022, where Q11 = QB, Qo = 52;2, the follow-
ing two inequalities are equivalent

Q Q2
a) Q= > 0;
@ (sz 922)

(b) Q22 > 0, Q11 — Q5,925,212 > 0.

Definition 3 A constant vector u* = (uj, u3, - - ,uZ)T € R” is an equilibrium point of
system (1) if and only if u™* satisfy the following equations:

= —a;u; +sz]fj(” )+chug}(u

k=1 j=1

+Zh11/ lﬁ,(l S)rj(u s +1;, i=1,2,-

Jj=1

3 Main results

In this section, several sufficient conditions for asymptotical stability and synchronization of
Riemann—Liouville fractional delayed neural networks are derived.
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3.1 Asymptotic stability criteria

Theorem 1 Suppose that Al, A2 hold; Letu = (i1, o, - - , i,)" € B, where B is a Banach
space endowed with the norm ||ul|; = Y_7_,|it;|. Then, there must exist a unique equilibrium
point u* for system (1) if the following inequalities hold.

" |bij |1} + 113 K |ck. 112
: J i : i .
P=Z<lgfén$+ 155, a”><1,z=12--~ @
i=1 J k=1 J
Proof Let u = (iiy, iia, - , iin)" = (aju1, aguz, - - , apu,)" € R™. Constructing a map-

plng (2 B— B! ‘p(“) = (‘/’1(”)7 ¢2(u)a s Pn (u))T and

i (u) = Zh;f,( )+ZZcug,( ) th,/ w,a—s)r,( )ds—i—[

k=1 j=1
For any two different points £ = (£, {2, - - - ,Kn)T,] = (1, J2, ,]n)T, we have
9 (0) — 9 ()] < Zb,,f,< ) Zb,,f, ”)
j=1 4
J
cht/gj()_zzcug/< /)‘
k=1 j=1 k=1 j=1
,,/ vt — s)r]< )ds—Zh,J/ Yt —s)rj <f> s
|b; |1 + |hii |3 n
Z L AL T Sh O Kl
j=1 k=1 j=1 4j
Then, we can get
n
le®) — eIl = _li (@) — @i (1)
i=1
Iszll +|h,j|l3 u -

-y

i=1 j=1

n
max
> (125%,

i=1

Y
GENEIDS o 16— il
i=1k=1j J

—1

IA

21t -

|bl,|l1 + |hl,|l3) "

n

d max |Cij| J
+>> 1sisn—_— E 1€; — Jjl
i=1 k=1 Joj=1

1 3 K k172
_ . max |bij|lj+|hij|lj max |Cij|lj
=3 (am, 3, S e,
i=1

a
J k=1 J

So le@) —e()|l < pll€— yI||. Based on (2), we can find that the mapping ¢ is a contraction
mapping on R”. Hence , there must exist a unique fixed point #* € R”, such that ¢ (™) = u*.
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Scilicet,

Zbllf]< >+ZZC]81 <j>+zh1]/ WJ(Z S)rj </>d5+11
k=1 j=1

i
Letu} = -, we have
1

0= —aju} +Zb,,f,(u )+22c,,g,(u >+Zhu/ Yt = s)rjh)ds + 1.

j=1 k=1 j=1

According to the Definition 3, the theorem can be proved. O

By the transformation pu; (t) = u;(t) — ul’f, we can rewrite system (1) into the following
vector form

K
RDEp(t) = —Ap(@) + Bf (u@) + Y Crg(ult — ox (1))
k=1
t
+H/ Yt —s)r(u(s))ds, 3)

where I’L(t) = [I'Ll(t)v M2(t)» e alu/n(t)]T! A= diag[alva27 e 7an]7 B = [bl]]7ck =
[, H = [hij], ¥(t — ) = diag[y1(t — ), Y2t —5), -+, Yt — 5)] and f(uu(1))

[/1(u1 (), fo(ua @), -+ fulun)] gt — 0k (1)) = [1 (1t — 0k (1)), g2 (pa(t —
0 D))+ s gn(in(t — ok @], r (@) = [P @), r2(2(0), -+, (@]

Theorem 2 Suppose that Al, A2 and Theorem 1 hold; Then the system (3) is asymptotical
stable if there exist a positive definite matrix P, positive definite diagonal matrices M, Gy,
and positive scalars 8y, q such that the following inequality holds.

/ 1 / 1
* M 0 0 0

El _ ko k Gl 0 0 >0’ (4)
* % * * Gk 0
% % * * 0 0

where S =2PA — LiMLy — L3QL3 — Y5 8¢ L2GyLa, Ly = diag[l}, 13, -+ ,I}], Ly =
dlag[llv l2 e 513]5 L3 - dlag[l?7 133 e ,13], Q = diag[CIl» q2, -, (]n]

Proof Consider the following Lyapunov—Krasovskii function
V() =Vi(t) + V2(t) + V3(0),
where

(AGEA S GYINGR

Va(t) = Zak f 8" (alt +9)Grg (1 +))ds,

ok (1)
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n %} t
Vi(t) =Y q; [0 V() f Vi (N (rj (i (§)))*dEdn.
j=1 o

Next, we can compute the derivative of V (¢) with the help of Lemmas 1, 2 yields
Vi(t) = g Df ul () Pu(e) < 20" ()P DY (1)

K
= M(r)P[ — Ap() + Bf (u()) + Y Crg(u(t — ox (1)
k=1

1
+H/ 1ﬁ(t—S)r(M(S)))dS}

K

= 26" () (=P A (@) + 21" (O PBF (1) +2 ) 1" () PCrg(ut — ok (1))
k=1

t
12T PH f V(i — $)r(u(s))ds, )

K
Va(t) = ) okg" () Grg(u(t))
k=1

K
- ZSk(l — 0r()g" (1t — 0 (1)) Grg(u(t — 0 (1)))
k=1

K
< Y 5k () Grg(()
k=1

K
=D 81— 78" ((t — k(D) Grg(t — or(1))). ©6)
k=1

Based on the integral form of Cauchy’s inequality

2
(/u(t)v(t)dt) < (/uz(t)ds></v2(r)dr>,

we have
V3(1) = qufo wj(ﬂ)(r(ﬂj(f)))zdﬂ_ij‘/o Y ) (rj (6 = m)))*dy
j=1 j=1

< T (w) Qr () — qu/O l/fj(n)dnfo Y () (rj (&t = n))dy
j=1

< u (L3 0L3u(r)

t T t
—(/ wz—sv(u(s))ds) Q(/ V(= r(u(s)ds). ™
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According to Lemma 3, there must exist a positive definite diagonal matrix M such that
21" (1) PBf (1u(1))
— 2" ()PBM ™M f(u(t))
<u"OPBMT'BTPu(t) + fT(()Mf (), ®)
K
23 T PCrg(ult — ok (1))

k=1

K 1
=> 2uT(OPCLG, > G g(u(t — i (1))
=1

~

K
< ; L T PCG ' ClPu()
K
+ )8 =y (1t — k() Grg (et — ox (1)), ©

k=1

2ut () PH f Y (t — s)r(u(s))ds

t
=2uT(1)PHQ 102 / Y (t — 5)r(u(s))ds

<u'OPHQ 'H"Pu()
t T t
+< / Iﬁ(t—S)r(M(S))dS> o( / Yt — $)r(u(s))ds). (10)

Hence, from (5)—(10), we can get

V(1) = Vi(t) + Valt) + V3(1)
<2u (O (=P A + 1 O PBM T BTPu(e) + fT ()M (11(1))
K
1 T —1 T T —1 4T
_ PC,G, C, P PH H' P
+,§sk<1—m“ (OPCrG ' CEPp@) + " ()PHQ e (t)

K
+ 8T () Grg () + 1" (L3 QL3 (1)
k=1
K
<7 _ ~1pT
<pu (t)|: 2PA+L3QLy+ LiMLy + ) 8LaGyLy + PBM~'BTP
k=1

+PHQ™ HTP+Z PckG;‘ckTP}u(t)

8k (1 — i)
= 1T AR@),

where A =2PA—L ML —L3QL3y— Y} 84 LoGyLo—PBM~'B"P—PHQ 'H"P—
Zle mPCkG;lCEP. So V(1) is negative if and only if A > 0. We convert the A to
the form of matrix E; by Lemma 4 and the theorem can be proved. O
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Remark 1 Tt is worth noting that the matrices M and Gy should be positive and diagonal
in Theorem 2. In the following Theorem, the constraint has been removed with the help of
another Lyapunov—Krasovskii function.

Theorem 3 Suppose that Al, A2% and Theorem 1 hold; Then, the system (3) is asymptotical
stable if there exist positive definite matrices P, Gy and positive scalars 8, wj, q; such that
the following inequality holds.

(O OR —PC —PCg —PH
* Oy —-WC —WCk —-WH
* ok 511 =y)Gy -+ 0 0
g, = , , .| >o (11)
E * . . .
* % * * k(1 —yx)Gg O
* ok * * * 0

where ®1 = 2PA—L3QL3 — Y 0| 8 LaGyLay, & = 2WALT', &3 = —~(LTWB+ PB)
and W = diag[wy, wa, - -+, wy].

Proof Consider the following Lyapunov—Krasovskii function
V() = Vi(t) + Va(t) + V3 (1) + Va(0),
where

Vi) =8 DY T () P,

0

K
Va(t) =) & / g (u(t + $)Grg(u(t + 5))ds,
k=1 —ok (1)

n o0 t
Vi)=Y q; /O W (n) / W () (rj (i (§)))*dédn,
j=1 =

n t
Vi) = 2Zw,~f0 Fij ()R Df j(s)ds.
j=1

Similar to the process of Theorem 2, we can compute the derivative of V4(¢) yields

Va(t) = 2T (u@)W D (1)

K
= 2fT(u(r)>W[ — A() + BF (u(0) + Y Crg(ut — 0i(1)))

k=1
+H/ Yt — s)r(u(s))ds]

< <2fT(O)YWALT' f(@) + 2T (@) WBf (u(0))

K
+2)° FT (@)W Crg (it — 0k (1))

k=1

t
+2fT(M(t))WH/ Yt —s)r(u(s))ds. 12)
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Combining (5), (6), (7), (12), we have

V(©) = Vi(6) + Va (@) + V(1) + Va (1)
K
< uT(O(-2PA+ L3QLs + ) 5eLaGrLo)u(r)
k=1
K
+2u O LTWB + PB) f () +2 ) 1 () PCrg(uit — i (1))

k=1
t
+2u"(t)PH f Yt — )r(uis)ds — 2fT(w@)WALT! f(uu(1))
K
+2 ) M)W Crg(uit — (1))

k=1

t
+2f N (w)WH / Y (t — s)r(u(s))ds

K
=78 = ygT (1t — 0k (1) Gl — oi(1)))

k=1
t T t
- ( / it - S)F(M(S))dS> 0 ( / Wit - s)r(u(s))ds)
() T (1)
f (@) f ()
gt — 01 (1) | s —oiom
= — . =) .

(i — 0k (1)) (u(t — 0k (1))

Jf vt = s)r(u(s))ds Jh o Wt = $)r(u(s))ds

Therefore, the system (3) is asymptotical stable under the condition of (11). This completes
the proof. O

Remark 2 Obviously, the constraint that the matrices G, should be positive and diagonal
has been replaced with the positive matrices in Theorem 3. However, the restriction A2*
is more strict than A2. Therefore, two sufficient conditions in Theorems 2 and 3 can be
chosen according to the practical engineering. In the following part, we will discuss the
synchronization problem of the system (1) based on the relationship between the stability
and synchronization.

3.2 Asymptotic synchronization criteria

Taking system (1) as the drive system, the response system can be defined as

n K n
RDfVi() = —aivi(t) + ) _bij £ 0) + YD cligiwit — ox (1))

j=1 k=1 j=1

n t
+Zhi,-/ Yj(t —$)rj(vj())ds + I + 2 (1), (13)

j=1
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where z; (¢) is the suitable controller. In this subsection, we investigate the synchronization
between (1) and (13).

Define the error e; () = v; (t) —u; (t). Then, we can get the following error system between
(1) and (13)

n K n
RDlei(t) = —ajei () + Y _bij filej) + Y Y chigjlejt —ox ()
j=1

k=1 j=1

n t
+Z’Wf Vit = $)Fj(ej(s))ds + 2 (1), (14)
j=1 o

where fj(e; (1)) = fj ;)= fjwj(1)), gj(e;(t—or(1))) = gj(vj(t—or (1)) —g;(u;(t—
ok(1)),rj(e;j(t)) = rj(vj(t)) — rj(u;(t)). The control law z; () is adopted as z;(t) =
—ojei(t),o0; € R. For convenience, we transform the above system into the vector form
yields

K
RDie(t) = —(A+&)e(®) + Bf () + Y Crilelt — or (1))
k=1

t
+H/ Y (t — s)(e(s))ds, (15)

where 0 = diag[oy, 02, -+ -, 0,]. It is easy to find that the synchronization between the
system (1) and (13) is equivalent to the asymptotical stability of the system (15) (Hu et al.
2018).

Theorem 4 Suppose that Al, A2, and Theorem 1 hold; Then, the systems (1) and (13) are in
synchronization if the following inequality holds.

1 1
SPB .\ /5iamPCr \sgagnPCk PH
* 0 0 0

M
G 0 0
B=|* " ! . _ "> (16)
* % *
* %k * * Gk 0
* %k * * 0 0

where S = 2P(A+&) — LiMLy — L3QL3 — Y0, 8 L2Gi Lo.

Theorem 5 Suppose that Al, A2% and Theorem 1 hold; Then the systems (1) and (13) are in
synchronization if the following inequality holds.

& ®3 —-PC, -+ —PCg —PH
* &y  —WC(C —-WCkg —-WH
* x 81 (L—y)Gy - 0 0
B4 = , , .| =0 (17)
ko sk * . . .
* % * ¥ k(1 —yx)Gg O
* ok * * * (0]

where &1 = 2P(A+&) — L3QL3 — Y. 8¢ LaGyLa, 2 =2W(A + &)L
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Remark 3 The theorems obtained in this paper reveal the relationship between the asymptot-
ical stability and synchronization of fractional neural networks.

Remark 4 Compared with Hu et al. (2018), the neural networks in this paper are more appli-
cable due to its multiple time-varying delays and distributed delays. Some inequality theories
are used in dealing with the time delays.

4 Numerical simulations

In this section, four examples are taken to show the correctness of our proposed results by
LMI toolbox and predictor-corrector algorithm (Bhalekar and Daftardar-Gejji 2011).

Example 1 Consider the following two-dimensional fractional-order delayed neural net-
works

BD%u(t) = —Ap(r) + Bsin(u(r)) + Ctanh(u(r — 0.5))

t
-I—H/ Y (t — s)cos(p(s))ds. (18)
—00
The parameters of (18) are set as
2.1 0 0.1 0.17 03 —0.1 0.2 —0.1
A=< 0 2.1)’B=<0.3 0.2>’C=(—0.2 0.1 )’H=< 0 —0.2)'

Obviously, the neuron activation functions satisfy the condition A2 and [ } = l? = l? =1.
It can be verified that ' ' '

! VE 72
|blj|lj +|hlj|lj " |Clj|lj> _ 1.37 -1

2
max
p= 1=j<2
; ( aj aj 2.1
So, there exists a unique equilibrium point for system (18).

According to the Theorem 2, we can obtain positive scalars § = g1 = g» = 1 and a
positive definite matrix P, positive definite diagonal matrices M, G by Matlab LMI toolbox,

which illustrate the asymptotical stability of system (18)

P 1.6534 —0.0024 M= 1.9915 0 G = 1.9915 0
T\ —-0.0024 1.6433 ) T 0 19810/~ — 0 19810 )"

To further verify the correctness of the above analysis, the state trajectories of system (18)
under different initial conditions and different fractional-order conditions are simulated by
predictor—corrector algorithm in Figs. 1, 2. It is easy to find that the trajectories of states
uy(t), up(t) are asymptotical stable.

Example 2 Consider the following two-dimensional fractional-order delayed neural networks
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15 T T T T 0.5 T T
6,=1.5 6,=0.5
—0,=0.8 02=0.7
6,=05 6,=15
1 ol
€05 L d By ﬁ
3 3
0 h 4 Bl
4B | ! ! ! B ! ! ! |
0 20 40 ¢ 60 80 100 0 20 40 § 60 80 100
(a) Trajectories of states uj(t) (b) Trajectories of states uo(t)

Fig. 1 Trajectories of states under different initial conditions. The fractional order is set as « = 0.6

1 T T T T 0.2

08

0.6 1 -02 F

2 04 S04
3
0.2 t 06
of -0.8
5 . . I I = ! ! ! .
100 200 ¢ 300 400 500 0 100 200 ¢ 300 400 500
(a) Trajectories of states u1(t) (b) Trajectories of states us(t)

Fig.2 Trajectories of states under different fractional-order conditions. The initial condition is set as [0.8, 0.7]

XDYu(t) = —Au(r) + Btanh(uu (1)) + Ctanh(uu(t — 0.5))
t
+H/ Y (t — s)cos(u(s))ds. (19)
—00
The parameters of (18) are set as
1.8 0 -0.1 0 0.3 -0.2 0.1 —=0.2
AZ( 0 1.8>’B:< 0 —0.1>’C: <—0.2 0.3 >’H:( 0 —0.1)'

Similarly, the Theorem 1 can be proved as follows

bij 1+ i 113 Neijli3 1
022(1?;@22 { : .4 / :ﬁ<]'

aj aj

i=1

So, there exists a unique equilibrium point for system (19).
Then, we can find positive scalars § = q; = w; = 1, j = 1,2 and positive definite
matrices P, G that satisfy the inequality (11)

p— 2.3456 —0.0017 G = 4.0327 —0.0027
T\ —-0.0017 2.3473 J° 7 7 \ —0.0027 4.0354 )°
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15 0.5
o1=1.5 c‘;2=0.5
6,=0.8 6,=-0.7
—0‘=-0.5 L u92=-1 5
1 J ok
&; 0.5 e; 0.5
L :
0 L 1
58 | | | | - ! | | !
0 20 40 i 60 80 100 0 20 40 i 60 80 100
(a) Trajectories of states u; (t) (b) Trajectories of states ug(t)

Fig.3 Trajectories of states under different initial conditions. The fractional order is set as & = 0.6

2 04 S04
3 3
0.2 1 -06 |
02 . . . p . . . .
0 100 200 § 300 400 500 0 100 200 p 300 400 500
(a) Trajectories of states w1 (t) (b) Trajectories of states us(t)

Fig.4 Trajectories of states under different fractional-order conditions. The initial condition is set as [0.8, 0.7]

Therefore, we can conclude that the system (19) is asymptotical stable based on the Theo-
rem 3. The trajectories of states u1(¢), uz(#) under different initial conditions and different
fractional-order conditions are given in Figs. 3, 4, which can verify the accuracy of the
previous work.

Example 3 Consider the following two-dimensional fractional-order delayed neural net-
works

(Ifo‘;L(t) = —Au(t) + Bsin(u(t)) + Ctanh(u(t — 0.5))

t
—{—H/ Y (t — s)cos(uu(s))ds. (20)

The parameters of (20) are set as
1.7 0 0.4 —0.1 0.6 0.1 0.3 0.2
A= ( 0 1.7>’B - (0.3 —0.2)’C: <—0.2 0.4>’H: < 0 —0.1)'
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0
e,

0]
e, ]

0 50 100 150 200 250 300 0 50 100 150 200 250 300
t t

(a) Trajectories of states e (t), ea(t) (b) Trajectories of states eq(t), ea(t)

Fig.5 Trajectories of states under different fractional-order conditions. The parameters are set as « = 0.6 and
o = 0.8 respectively
Then, the error system between (13) and (14) can be devised as
RDfe(t) = —(A + &)e(t) + Bsin(e(r)) + Ctanh(e(r — 0.5))

t
+H/ Y (t — s)cos(e(s))ds + z(1), (21)

where the control law can be chosen as

_ (=02 0
7=\ 0 005)°

Based on the Theorem 4, the positive definite matrix P and positive definite diagonal matrices
M, G can be calculated by Matlab yields

P 4.4674 0.1959 M= 23818 O G — 2.8494 0
“\0.19595.2716 ) ° 7 0 49722)" " 0 54527 )"

So, the error system (21) is asymptotical stable which means that the systems (13) and
(14) are in synchronization. Figure 5 presents the trajectories of e (¢), e>(#) under different

fractional-order conditions. We can find that the time responses of the states tend to zero,
which illustrates the correctness of the above analysis.

Example 4 Consider the following two-dimensional fractional-order delayed neural net-
works

RDu(t) = —Au(t) + Btanh(u(1)) + Ctanh(u(r — 0.5))

t
+H/ Y (t — s)cos(u(s))ds. (22)

The parameters of (22) are set as
1.5 0 0.2 —-0.1 —0.1 —0.2 0.3 —0.21
AZ( 0 1.5)’32 <—o.5 0.3 )’C: (—0.3 0.17>’H: <o.1 —0.2)‘

@ Springer f bMA



Asymptotical stability and synchronization... Page 170f 19 20
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(a) Trajectories of states e (t), ea(t) (b) Trajectories of states e1(t), ea(t)

Fig.6 Trajectories of states under different fractional-order conditions. The parameters are set as « = 0.6 and
o = 0.8 respectively

Similarly, we can get the error system between (13) and (14), that is
,R;Df‘e(t) = —(A 4+ 0)e(t) + Btanh(e(t)) + Ctanh(e(t — 0.5))

t
+H/ Y (t — s)cos(e(s))ds + z(1), (23)

where the control law can be devised as

_ (=013 0
7=\ 0o —008)"

So, there exist positive definite matrices P, G that satisty the inequality (17)

P 1.9251 —0.0358 G = 2.1986 0.0930
T\ —0.0358 1.8965 /7 7 \0.0930 1.8433 }°

Based on the Theorem 5, we can conclude that the error system (21) is asymptotical stable,
which means that the systems (13) and (14) are in synchronization. The synchronization
trajectories of e (), ex(¢) in Fig. 6 further verify the accuracy of the above analysis.

5 Conclusion

As we know, various types of time delays are inevitable in the implementation of fractional
neural networks. Recently, the dynamical analysis of fractional delayed neural networks
has received considerable attention. In view of this, we consider the fractional neural net-
works with both multiple time-varying delays and distributed delays, and then investigate
their asymptotical stability and synchronization. First, by the Banach’s fixed point theorem,
the existence and uniqueness of the considered system are studied. Then, two sufficient
conditions are derived to ensure the asymptotical stability of the addressed model by integer-
order Lyapunov direct method, which can avoid calculating the fractional-order derivative of
Lyapunov—Krasovskii functions. Furthermore, the synchronization criteria are presented as
our main results. Numerical simulations are proposed at last by LMI toolbox and predictor—
corrector algorithm to check the effectiveness of the obtained results.
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In the future, we might study the dynamical behaviors including stability, synchronization
and bifurcation of fractional memristive complex-valued neural networks with time delays
and impulsive effects.
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