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1 Introduction

During recent past, it has been shown that wide classes of the real world phenomena can be
stated as neural networks. This advantage makes the neural networks powerful resources
to study and investigate the mentioned phenomena. On the other hand, unifying various
categories of the real life problems in the framework of the neural networks helps us trans-
form these natural phenomena into essentially mathematical engineering problems. So,
we can restrict ourselves to investigating the neural networks instead of multi-oriented re-
searches on the aforementioned topics. In this way, the monographs [1, 14] can be helpful.
The concept of the neural networks will be more important in theory and in applications
if we combine them with time-delays to reach time-delay neural networks (the impor-
tance of the time-delay systems can be learned from the monograph [16]). Thanks to the
time-delay neural networks, one can study qualitative dynamics of some of the most im-

© The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other
third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by

L]
@ Sprlnger statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a

copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.1186/s13662-021-03274-3
http://crossmark.crossref.org/dialog/?doi=10.1186/s13662-021-03274-3&domain=pdf
http://orcid.org/0000-0002-9460-9997
mailto:y_gholami@sut.ac.ir

Gholami Advances in Difference Equations (2021) 2021:112 Page 2 of 26

portant bioscience problems, such as the dynamics of diabetes, population dynamics and
epidemiology, for instance, time-delay neural networks are capable of making a research
field the study of evolutionary dynamics of the COVID-19 pandemic virus. This ability can
be summarized in the fact that in time-delay dynamical systems derivatives of unknown
functions at particular times can be described in terms of the values of those functions at
previous times. In this case, the studied neural networks have great potential to describe
rising/falling oscillations, as well as stability/instability in their qualitative dynamics. Let
us proceed a bit further. If time-delays appear both in the state of the interconnecting neu-
rons and their derivatives, then the studied dynamical system is said to be a neutral-type
time-delay neural network It is expected that these advanced neural networks represent a
complete characterization of the neural systems having extended applications in engineer-
ing problems. Here, we suggest some of the recent most motivating research papers related
to the neutral-type time-delay neural networks and the cited bibliography therein for more
consultation on this topic; see [2—8, 11, 24, 25]. The nonlinear nature of the dynamical
systems makes them an excellent platform to study the real world phenomena and their
engineering refinements, so in the light of the nonlinear neutral-type time-delay neural
networks one can concentrate on engineering and artificial intelligence problems such as
intelligent recognition processes, including speech recognition, lip reading, handwriting
recognition, image recognition, pattern and sequence recognition, data processing, blind
signal separation, email spam filtering, signal processing, control problems, fixed point
computations, function approximation, optimization problems, and many other real life
problems. These applications and corresponding information can be represented in the
case that the states of neurons become stable. In other words, as has been proven, such
neural systems are required to have constant equilibrium points independent of the ini-
tial data that are globally asymptotically stable, see [26]. This is why stabilization of the
neural networks has recently attracted wide audience and witnessed day-to-day growing
investigations. In this way, the interested follower is advised to study the following papers:
[9, 10, 13, 15, 17-23, 26—44]. For convenience let us make a convention here. From now
on, we call the nonlinear neutral-type time-delay neural networks as the NNTDNNSs.

At the end of this section, we state that the rest of the paper will be organized is follows.
In Sect. 2, we first define the main NNTDNNSs that will be stabilized later. Also some
basic setting and discussions will be made here. Section 3, the main part of the paper,
includes the stability analysis to achieve global asymptotic stabilization of the main neural
system. Prior to this analysis, by the use of the coincidence degree theory, it will be shown
under which conditions the studied NNTDNN has at least one solution to be stabilized.
In Sect. 4, we present some numerical simulations to verify the validity of the presented
stability criterion. Finally, in Sect. 5, we summarize the solvability and stability criteria

presented in this paper.

2 Formulation and basic setting

Prior to presenting the stabilization process, we introduce the mathematical model of the
dynamical neural system that has described above. As stated, our neural network contains
multiple discrete time-delays in the states of the interconnecting neurons and further mul-

tiple discrete time-delays in the time derivatives of states of these neurons. Accordingly,
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our desired NN'TDNN is introduced as follows:

3i(t) = —cyi(®) + Y aggi(y(®) + Y bygi(y(t — 7))
j=1 J=1
(2.1)

+ Zeljﬁ(j/,(t— ¢y)) +ui i=12,...,n,

j=1

with the following properties:
(P1) () denotes the state of the ith neuron;
P,) n presents the number of the neurons;
P3) ¢; is some positive real constant;
Py) aj and by are real constants;

(

(

(

(P5) ey is the neutral coefficient;

(Ps) T is the time delay of the neuron’s state;

(P7) & is the neutral time delay;

(Pg) g € C(R,R) is a nonlinear activation function for which there exists a positive real
constant M; such that |gi(x)| < M. In addition, g; obeys the Lipschitz-continuity

condition, that is, there exists a positive real constant /; such that
|g,(v) —g,«(w)| <llv-w|, vweRvZw,

(P9) f; € C(R,R)isagiven function with the property that there exists a positive real pos-
itive constant M, such that |fj(x)| < M,. Furthermore, f; is a Lipschitz-continuous
function, so that there exists a positive real constant »z; such that

[ﬁ(v) —f,'(w)’ <mjlv-w|, vweRv#w,

(P10) u; is a constant (an external input);

(P11) n:=max{z;|i,j=1,2,...,n} and k:=max{¢; | i,j = 1,2,..., n} with § := max{n, k}.
At the end of the detailed statement of the neural model (2.1), we note that the accompa-
nying initial data of the neutral-type neural network (2.1) are introduced by

y,(8) = ¢,(8) € C(I=6,0LR),  3(t) = () € C([-5,0], R). (2.2)

This is an opportunity to describe the philosophy of the functional space corresponding to
the NNTDNN model (2.1). For the stabilization of the NNTDNN, (2.1) is required to be
solvable first, that is, the neutral-type neural system (2.1) has to have at least one solution
to be stabilized. So, prior to stability analysis, we have to apply an appropriate solvability
procedure that gives us a mathematical key to reach at least one solution of this NNTDNN
and, consequently, provides a plan to stabilize this solution. Our preferred solvability key
is the coincidence degree theory, which, in order to be applicable, must act on a relevant
periodic solution space. So, we introduce this periodic functional space as follows:

Yi={yly=0ny2....y.) € C(R",R),y(t+ T) = y(1)}, (2.3)

n
Iylly := 21 yilloos  Iilloo := %\y,(t)\. (2.4)
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We believe that it is necessary to consult more on the neutral-type time delay neural net-
works, and on the importance of the time delays and stability methods. But at this moment
we provide a brief description of the coincidence degree theory. To find the complemen-
tary details, we refer the interested followers to [12], Chaps. IV and V). So, let us start as
follows.

Definition 2.1 Let ) and Z be real normed spaces. A linear mapping L :domL C Y — Z
is called a Fredholm mapping provided it satisfies the following conditions:

(i) kerL has finite dimension,

(ii) ImL is closed and has finite codimension.

Let L be a Fredholm mapping. Then its index is given by
IndL = dimker L — codimImL.

Assume that L is a Fredholm mapping with zero index and there exist continuous projec-
tors P: )Y — Y and Q: Z — Z such that

ImP =KkerlL, kerQ=1ImlL, Y =kerL @ kerP, Z=ImL®ImQ.
So, one may derive that
Lldomznkerp : domL Nker P — ImL

is invertible. Let us denote the inverse by Kp : ImL — dom L N ker P. The generalized in-
verse of L denoted by Kp g : Z — dom L Nker P is defined by Kp o = Kp(I — Q).
If L is a Fredholm mapping with zero index, then for every isomorphism / : ImQ — ker L,

the mapping JQ + Kp,g : Z — dom L is an isomorphism and, for every # € domL,
UQ+Kpq) 'u=(L+]'P)u.

Here, we define the L-compact operators that play an important role in the coincidence
degree theory.

Definition 2.2 Let L :domL C Y — Z be a Fredholm mapping, E be a metric space, and
let N : E — Z beamapping. Then N is called L-compact on E provided that QN : E — Z is
continuous and KpoN : E — )Y is compact on E. In addition, we say that N is L-completely
continuous if it is L-compact on every bounded E C ).

Now, having all of these preliminaries, we present the main solvability result as follows.

Theorem 2.3 Let Q@ C Y be open and bounded, L be a Fredholm mapping with zero in-
dex, and let N be L-compact on Q. Furthermore, assume that the following conditions are
satisfied:

(i) Lu # ANu for every (u,A) € ((domL \ ker L) N 92) x (0, 1);

(i) Nu¢ImL forevery u e kerL N9<;
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(ili) deg(JQN|kerznae, 2 NkerL,0) #0 with Q:Y — Y a continuous projector such that
kerQ=ImL and ] :Im Q — kerL is an isomorphism.
Then, the equation Lu = Nu has at least one solution in dom L N Q.

We finalize this section with a quick overview of the stability tools for the time delay neu-
ral networks and complexities of the multiple essentially distinct time delays to stabilize
the corresponding neural systems. To this aim, let us consider the forthcoming cases:

(C) fry=17and g = g, for i,j = 1,2,..., n, then we have the following NNTDNNS:

yit) = —ciyi(t Z“t}g/ yj(e Z big (y(t
. (2.5)
+Ze,1ﬁ(yj(t—{j))+ui, i=1,2,...,n
j=1
(C) Ifry=rand g =¢,fori,j=1,2,...,n, then we get the following NNTDNNS:

5i(8) = —eyi®) + D agg((0) + Y bygi (¢

j=1 j=1

! (2.6)

+Zeliﬁ(5’j(t_§))+ui, i=12,...,n

j=1

The direct consequences of the NNTDNNS (2.5) and (2.6) is that both of these neural
networks can be represented in the vector matrix form:

§(t) = =Cy(t) + Ag(y(8)) + Bg(y(t — 1) + Ef (§(t - ¢)) + u, 2.7)
in which
C := diag(c; > 0), A= (@) nxn B:= (by)nxns E:= A= (ej)nxn> (2.8)
interconnection matrices
and

y(t) = [yl(t)7y2(t)’ oo »yn(t)]T;
) = [a (01 ), £020)), .8 ()], (2.9)

u=[ug, gy ..., 1) 7.

Furthermore, the vector matrices g(y(t — 7)) and f((¢ — ¢)) for the two cases (C;) and (Cy)
are respectively represented as follows:
(V1)
g0t -1) = [@ (1t - 1), 202t - 1), -, @yt — 7))

(2.10)
FEE=0) = [ = 20)) G2t = 22} fou (G = &)

and
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(V)

gOt-1) =@ 01t -1).@(nE - 1)), gl - )],
. (2.11)

FOE-0)=[A01E =)ot =)o fulnlt - )]

Now, comparing the NNTDNN (2.1) with the vector matrix NNTDNNSs (2.7)—(2.9), (2.10)
and (2.7)-(2.9), (2.11), we come to the conclusion that the NNTDNN (2.1) cannot be rep-
resented in the vector matrix form. This is the main complexity of the multiple essentially
distinct time delays. In the vector matrix case (2.7), establishing the stability conditions
is easier than deriving stability analysis for the NNTDNN (2.1). So, the stabilization tech-
niques such as LMI, that stands for the linear matrix inequality, are not applicable on the
NNTDNN (2.1). As instances of this these cases, we suggest the papers [19, 28—30, 36, 40],
and the cited bibliography therein for more consultation. In this case, it is reasonable that
we are interested in developing the classic mathematical techniques to reach improved
stabilization tools such as the novel Lyapunov functionals. Since the stability analysis of
the NNTDNN:S is not widely investigated in the literature in comparison with the other
techniques, this is a good time to make new investigations on neural dynamical systems
like the NNTDNN (2.1).

3 Stability analysis
As stated in the introduction of the paper, for the stability analysis of the NNTDNN (2.1),
we need a criterion that guarantees the existence of at least one solution for the NNTDNN

(2.1) to be stabilized. So, we start with the solvability result as follows.

Theorem 3.1 Suppose that hypotheses (Pg) and (Py) are satisfied. Then, the NNTDNN

(2.1) has at least one T-periodic solution.

Proof Our proof strategy is to show that all conditions of Theorem 2.3 are satisfied and,
consequently, we conclude that the neural system (2.1) has at least one solution. So, begin

with the definition of the basic operators L and N as follows:
L:domL={y(®) |y(t)eY,5(t) €Y} CY — Y, L(y):=7, (3.1)

and
N:Y—Y,  N@):=[(Nx)@), Nax)(@), ..., N)(©)],
(Nix)(#) = —ciyi(e) + Xn: a;gi (y(®)) + 2": biig; (v(t - 7y))
1 1
+ Xn:e,jﬁ(yj(t —&)) fw, i=1,2,...,m (32)
1
= 0;(t,y(8), y1(t = Ta), a2t = T2), -, Yt = Tin),
J1(t = ) 92t = Gi2)s oo It = Cin).-
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Also, let us define the projectors P: Y — kerL and Q:Y — Y as follows:

1 /7
Py=Qy:= ?/0 y(¢) dt. (3.3)

So, we get the following:
T
kerL :=R", ImL:= {y ‘ye Y,/ y()dt=0,i= 1,2,...,1/1}.
0

Besides,
ImP =kerL, kerQ=ImL,
that is,
IndL := dimkerL —codimImL =n-n=0.
So, this proves that L is a Fredholm operator of index zero. Next, we show the L-

compactness of the operator N. To this aim, we first define the operator Kp : ImL —
kerP NdomL as

(Kpy)(t) := [(Kpy)1 (0), (Kpp)a(t), ..., (pr)z(t)]T,

in which
T 1 T t
(I(py);(t):zf yi(t)dt—?/ / yi()ds, y=0UnY2...,yn) €ImL,i=1,2,...,n.
0 o Jo

Since we do not want to waste the time and space for proving straightforward exercises, so,
for a given open and bounded subset €2 of Y, we come to the conclusion that both QN and
Kp(I = Q)N are continuous, and QN (R2) and Kp(I — Q)N () are both relatively compact,
that is, the operator N is L-compact. In accordance with Theorem 2.3, it is time to prove
that the condition (i) is satisfied. The plan is as follows. We will show that if Lu = ANu,
then u € ©, for a given open and bounded subset €2, that is, we will prove the counterpart

of the assumption (i). So, let us begin with
Ly=ANy, Ae(0,1), (3.4)

where y = (y1,¥2,...,Yx) € Y is an arbitrary solution of the operator equation (3.4). Equiv-

alently, one has

yl(t) = )"®i(t1y(t)ry1 (t - Til);yZ(t - Ti2)1 .. ')yn(t - Tin)’

g1t =)ot =), Iu(t = Cin)),  i=1,2,...m.
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Integrating both sides of the recent neural system over the interval [0, T], fori=1,2,...,n,

yields

yi(T) - y:(0) =0
T
= )»/0 O;(t,y(),71(t = T2), y2(t = Ti2)s -, Y (E = Tin), (3.5)
Y1t = C1), 32 (E = Cia)s s It = Cin) ) it

The left-hand side of the equality (3.5) implies that there exists s; € [0, T], fori = 1,2,...,n,
such that

O;(siy(8:), y1(s: — Ti1), y2(8i = Tiz)s -+ > (i = Tin)s

(3.6)
V1(8i = 1) 72(8i = Ci2)s - In(si = Lin)) = 0.
Consequently, comparing (3.6) with (3.2), we arrive at the following equality:
- ajj - bij = €ij /. u;
yi(si) = Z :gi(yi(si)) + Z :gj()’/(si -1) + Z :ﬁ(yj(si - gy) + o (3.7)
/:1 1 ]:1 L 1:1 L 1

Hence, we get that

" g " b
its)| < l?" | lgi(is)| + > I;}, |
jr =1 j=1

- legl |, . i
50stsi =) + -~y = )| + |Z )

2

Turning to the hypotheses (Pg) and (Ps) leads us to the following inequality:

" [ Mi(lay] + |by) + Mole] |24
!yi(si)ISZ{ S’ 0’ 2 ’}+—. (3.8)

c
j=1 !

In order to reach the desired conclusion, we have to multiply both sides of the operator

equation (3.4) and then integrate over the interval [0, T]. In this case, it follows that

T T n n
fo ey de = fo {—ciyxt)yi(t) £ 3 asg ()50 + 3 bug (3t - 7)5i(0)

j=1 j=1

+ Y ey (5 — &) 3ule) + um(t)} dt

Jj=1

T n n
- /o { aigy(/(O)3i(6) + _ bigy (¢ = 7)) 3u(®)

Jj=1 Jj=1

+ 3 e (5t - £))5ue) + mxt)} dr.

j=1

Page 8 of 26
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Therefore, we come to the conclusion that

/OTj/§(t)dt§ /OT )

Z a;g (y;())7:(6) + Z bygi(y;(t - 7)) 3:(t)
-1 =

dt

+ Zeijﬁ(j/j(t - é'ij))j/i(t) +u;9;(£)

j=1

T n n
J=1 j=1

+ > legllfi (e = &) | + 1l } B20] } dt

-1

" T
< {Z[M1(|ﬂij|+|bij|)+M2|€l'j|]+|Mi|}/(; |9:(0)] dt.

j=1

In continuation, thanks to the inequality

T 2 T
(/ |w(t)|dt> ng wio)|” dt,
0 0

we have

T 2 T 9
( / |yi(t)|dt> -7 / 5:0) | de
0 0

., . (3.11)
< T!Z[Ml(lai,-l +1byl) + Male;|] + |ui|} / |7:(2)| dt.
j=1 0
Equivalently, it has shown that
T n
| 3ol de = TS o1y + 031) + Maley ] + i (3.12)
0 -
j=1
We combine here the inequalities (3.8) and (3.12), and then arrive at the following inequal-
ity:
(@) < (¢ + T){Z[Ml(mm + |byl) + Msle|] + |ul~|}. (3.13)
j=1
Thus,

19l ii?éf’%]{'”(t)' li=1,2,...,n} < (c"+ T){Z[Ml(m,n + |byl) + Mseyl] +s},

j=1
in which

{c‘l =max{c;'|i=12,...,n},

E:=max{|y;||i=1,2,...,n}.

Page 9 of 26



Gholami Advances in Difference Equations (2021) 2021:112

In this case, we have proved that

Iylly =D lyillos < (¢ + T) {ZZ[Ml(Ialyl +|byl) + M leyl] + ng } (3.14)
i=1

i=1 j=1

Let y := A + ¢, with

e>1,  Aw=(c'+ T){XH:XM:[Ml(lmjl +byl) + Maley|] + ns}.

i=1 j=1

Then, if we define

Q:={yeY|lylly <y},

we have proved that, if Ly = ANy, A € (0,1), then, y € Q@ N dom L. Equivalently, for each
y € dQ2NdomL and A € (0,1), we have Ly # ANy. So, the condition (i) in Theorem 2.3 is
satisfied.

Next, we are going to prove the condition (ii) in Theorem 2.3. To this end, suppose
y € 9Q NkerL is a constant vector y = (y1,¥2,...,¥,) € R”, with |||y = y. Then, it follows
that

n n 1 T
IQNylly = 3 L I1QNylloo = | — fo (Niy)(t)dtH
i=1 i=1 00

1 (7 -
T /0 {—ciyi(t)+2ﬂug;(y;(t))

j=1

+ Zbugl vt 7711 Zeuf(y; =i ) + Mi} dt

j=1 )
" |1 T n
=27 fo {—cm(t) + Y (@ + bygy) + Zeuf + u;}
i-1 j=1 =1 0

>cZ||yl||oo ZZ || + 1byl) My + |e;| M, )

i=1 j=1

—nS(c::min{ci |i= 1,2,...,n})

= c{(c-l + T){ii[Ml(mlﬂ +|byjl) + Male;|] + ng} + e}

i=1 j=1

- {iim“tﬂ +byl) My + |e;| Mo} + ns}.

i=1 j=1

After some manipulation, we get that for each y € 9Q2 NkerL,

IQNylly = c[e + T{ZZ[Ml(mm + |byl) + Mey|] + ns” > 0. (3.15)

i=1 j=1

Page 10 of 26
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The latter inequality proves that Ny ¢ Im L, for each y € 9Q NkerL. So, this has proven
that the condition (ii) in Theorem 2.3 holds.

Here, we are in such a position to complete the existence analysis by showing that the
condition (iii) in Theorem 2.3 is also fulfilled. To this aim, let us define

H(,y):==ACy+ (1 -2)JQNy, (1) €[0,1] x K, (3.16)
in which the isomorphism J : Im Q — ker L stands for the identity operator and
C:=diag(cy, ¢, ...,Cn) € Myuxp.

So, for each y € 9Q2 NkerL, it follows that

n

[HG ]y 3= DGy = D mas {|H (25:()

tel0,T
i=1 i=1 (0.7]

b

such that

H(0) = e + 27 /O {—cm(t) 3 g (0)

j=1

+ Z bygi(y;(t — 7)) + Z eifi (7t — i) + ui} dt.

j=1 j=1

So, we get
1-2 [T
|H (%, 2:(8))| = ciyi(e) - T./o {Z{(lﬂijl + byl )My + lej| My} + |Mi|} dt.
j=1

Therefore, similar to the previous step, one may derive that

|H™9)], = c{e + T[ZZ[MI(WA +1byl) + Maley|] + ng” >0,

i=1 j=1

that is, for each y € 9Q Nker L, one has H(},y) # 07. Then, by the use of degree invariance
under a homotopy, we arrive at
deg(JQN |kernog, @ NkerL,07) = deg(H(0, ), 2 NkerL,0")
=deg(H(1,-), 2 NkerL,0")
= deg(-Cy, @ NkerL,0") #0.
So, the condition (iii) in Theorem 2.3 is fulfilled. Since all conditions of Theorem 2.3 are

satisfied, we come to the conclusion that the NNTDNN (2.1) has at least one solution.
This completes the proof. d

This situation is at the borderline between the solvability and stability of the NNTDNN
(2.1), meaning that it just remains to handle the uniqueness of the existing solution (equi-
librium point in view of the dynamical systems) of the NNTDNN (2.1). To this aim, wee
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just need a little bit of creativity to introduce the transformation z(z) := y(¢) — y* where
¥ =595 ...,y5)T € R” stands for a given equilibrium point of the NNTDNN (2.1). In
this case, the NNTDNN (2.1) can be restated as the following transformed NNTDNN:

zi(t) = —cizi(t) + Zﬂijgj(zj(t)) + Zbijgj(zj(t - 1)
! ! (3.17)

n
+ Zeij}_i(éj(t -g)), i=12,...,n
-1

The golden point of the NNTDNN (3.17) is that this neural network has the origin as
its unique equilibrium point. This property enables us now to manage the claimed global
asymptotic stability analysis. Prior to presenting the stability analysis, we point out that in
the new NNTDNN (3.17), all properties of the NN'TDNN (2.1) hold, just in the properties
(Pg) and (Py) the Lipschitz-continuities will be transformed into the following ones. So,
the NNTDNN (3.17) has the following properties:

(Pnew) Comparing both of the neural networks (2.1) and (3.17), we have

(Pi,new) = (Pi)r l = 1) 2’~ . ~,7) 10, 11; (3.18)
(P8,new)
()| <Llz®)|, i=12,...,n,
1Gi(z:())] < Lilzi(®)], i n (3.19)
Gi(zi(0) := gi(zi + y7) - &i(7),  with Gi(0)=0,i=1,2,...,m.
Furthermore,
(P9,new)
|FilziO)| < milz: (@), i=1,2,...,m, (3.20)

Filzi(0) = filzi + y7) - i), with F(0)=0,i=1,2,...,n.
Now, we are ready to state and prove the main stability result as the following theorem.

Theorem 3.2 Suppose the nonlinear neutral-type time-delay neural network (3.17) satis-

fies the properties (P1 new)—(P11new)- If @ is a positive constant such that 0 < « < 1, then the
origin of the NNTDNN (3.17) is globally asymptotically stable provided that the following
conditions are satisfied for each i = 1,2,...,n:

n

-
2
E {lajl + by + lej| + IF1aji|}

eri=a(c +80) + L

j=1
(3.21)
n n
=2 lagllbul + il lcil + axllagl} > 0,
j=1 k=1
1—0[ n n n
€x;==ci—— D bl + D Y layel byl + bl bl + lejel il } >, (3.22)

j=1 j=1 k=1
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ZZ {lajlleil + 1Bl lesil + lejillesil} > 0. (3.23)

j=1 k=1

Proof The main strategy to prove this theorem is to define the following quadratic-integral

Lyapunov functional:

V(2(2),2(2), t) := V1 (2(2), 2(8), 8) + Va(2(8), 2(2), £), (3.24)

Vi(el0) 2000, ) 1= ;O‘) 3 e (e) + - ZZ  Pw0)ds, (3.25)
i=1 i=1 j=1 Y%

( (1), 2(¢), t —SZZ Qz z,(s (3.26)

i=1 j=1 =i

In this case, one has

Vi(2(t) 2(8),t) = (L + @) Y cim?zi()z(t) + % PIDINACTO)

i=1 i=1 j=1

1 n n )
P

i=1 j=1

(3.27)

and

Va(2(8) 2(8),8) =8 Y > GHE(0) =8 Y > G (%(t - 1)) (3.28)
i=1 j=1 =1 j=1
We continue keeping in the mind the following key point:
—ZZﬁ z(t 272 z(t Zf2 Zi(t (3.29)

i=1 j=1

Thanks to this key point, and concentrating on the first two parts of Vy, given by (3.27), it
follows that

(1+a) Zc,m z;(8)z; t)+—ZZ]:2 zi(t

i=1 j=1

=(L+ )Y cmiz®z) + Y F2(z()

i=1 i=1

<(1+a) Y amlz(0)z(t) + Y mPZA(0) (the property (Pspe))

i=1 i=1

Z mi{acizi(t) + (2:(2) + cizi(t)) } z:(0)

Zm aczzz(t)"'zﬂz/g/ Z](t +Zbl]g] Z/(t Tz;) +Zeu Z}(t é‘z]) éi(t)
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e Ym0
=)
+(@-1) Zn; mcizi(t) Zn;ﬂifgf (z(®))
i =
+(a—1) il m7cizi(t) ébiigi(zi(t )
+(@-1) Zm cizi(t Zeu (- &)
23 <Zﬂ,,g, ” ) (Z b0 (5t )
¥ ZZm (Za,,g, Z(t ) (Zel, (&(t - &) )
+2 21: m; (ZI: b G(z(t - 7) ) (Z ey 5(%(t = &) )
+ Zm (Zal,g, z(2)) )(ZaUG, z(t) )
+ ; m? (:ZI by G(z(t - Tz‘;‘))) (Z b (7t - TW))

j=1

+Zm (Zeu (2t - ¢y) )(Zel/ Z,(t Cq))

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

In continuation, we are going to bound the multiple series (3.31)—(3.39) one-by-one as

follows:

(@-1) Z m;cizi(t) Z a;G;(z(0))

i=1 j=1

=(ax-1) Z Zmlzciﬂijzi(t)gj(zj(t))
i=1 j=1

<1-a)) Y micla|z®)]|G(z0)]
i=1 j=1

1

< —azzm cilaglz? (£) + ZeilaglG} (z(0))
i=1 j=1 i=1 j=1

<2 S meilayl20) + 2lay |22
i=1 j=1 i=1 j=1

(according to the property (Pg new))

n n n n
- l-«a
—_— E E m?cilaijlzf(t) + E E mfcilaiillfzf(t).

i=1 j=1 i=1 j=1
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Therefore, we get

(a - I)Zm szl(t)zﬂugj Zj t) = —sz Ci |ﬂ11| +l2|d]l|) Z(t)~

i=1 j=1

Let us now consider (3.32). Then,
(=1)Y mlczt) Y biGi(z(t - 1y))

i=1 j=1

=(a=1)) Y micbz()G(z(t - 1)

i=1 j=1

<(1-a)) Y micilbyl|z(t)] |G (2t - )|

i=1 j=1
—a n n 1 —« n n
—— > “micilbylz}(¢) + 3N mlalby|GE (z(t - )
i=1 j=1 i=1 j=1
—a n n 1 — n n
—— > micilbylz(t) + DO mialby|BZ (- 1)
i=1 j=1 i=1 j=1

(according to the property (Pgnew))

LSS b2+ 2SS b2 ),

i=1 j=1 i=1 j=1

that is,
n n
o — 1) Z m?c,’zi(t) Z a,»jgj(zj(t - rij))
i=1 j=1
ZZm c,|b,}|z () +

i=1 j=1 i=1 j=1

|b11|l Z t/z)

At this step, if we consider (3.33) and arrive at
(a—1) Z m; cizi(t) Zel, (5 - &)

=(x-1) Z Z m?CieijZi(f)E(éj(t - 9’1'))

i=1 j=1

<(1l-a) Z Z m;ciley|zi() || F (2t - ¢)|

i=1 j=1

- 30N micileslzi @) + Lo« N micile| F (5t - &)

i=1 j=1 i=1 j=1

(3.40)

(3.41)
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l-«
= T m; Cl|el]|Z (®) + sz Cllel]| Z] (t Cl])

i=1 j=1 i=1 j=1

(according to the property (Pg new))

n n

i=1 j=1 i=1 j=1

Equivalently,

-1) Z m; Ctzz(t) Z ez] Z/(t Cl/))

(3.42)

a n n
2 2
—_— Z Zmi cileylz; (t) +

i=1 j=1 i=1 j=1

4 g
scileilz; (¢ — ).

Now, it is time to estimate the triple group (3.34)—(3.36). So, we begin with (3.34) as fol-
lows:

2) mi Y ayGi(5(0) Y biG(z(t - 1y)
i-1 j=1 =1
= 227”1 Z“L/g/ Z/(t) szkgk Zk(t Tzk))
i=1

=2) ) D miaghal;(z(t) Gzt ~ )

i=1 j=1 k=1
S22ZZm?mzjnbik”gj(zj(t)”|gk(zk(t—tik))|
i=1 j=1 k=1
<ZZZW1 |at1||bzk|‘g2 Z/ ZZZW’ |ﬂzj||btk|gk Zk(t_ftk))
i=1 j=1 k=1 i=1 j=1 k=1
n n n n n n
=Y D0 mlallbil|G (@) | + Y D 0 mFlap bl G (2t - i)
i=1 j=1 k=1 i=1 j=1 k=1
n n n n n n
<D mlallbal B2 ) + Y D Y mlapd bl 2 (¢ - o)
i=1 j=1 k=1 i=1 j=1 k=1

(according to the property (Ps new))

n n n n n n
=D 3N mlallbal Bz @) + Y Y mFlagl bl 72 (¢ - 7).

i=1 j=1 k=1 i=1 j=1 k=1
Hence, we have shown that
n n n
2y " m Yy aGi(50) Y byGi(z(t - 1))
i=1 j=1 j=1

(3.43)

<N mlallbl B2 + Y Y Y mlapd 1yl 27 (¢ - ).

i=1 j=1 k=1 i=1 j=1 k=1
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Here we take a look at (3.35). In this case,
2 Z m; Z al,Q, z,(t) Z e;F; ;,,
=2 Z m? Z a;G;(z(t)) Z e Fr(zr(t — Lu))
i=1 j=1 k=1

- ZZZZ’“ ajenGi(z(0) Fi (2t - Cir))

i=1 j=1 k=1
< 22 Z Zm?|ﬂtj||eik| 1Gi(z(0) || Fr (2 = ) |
i=1 j=1 k=1
< ZZZm |aijllexl |G} (z(0)) | ZZZm |l el FR (26(¢ = )
i=1 j=1 k=1 i=1 j=1 k=1
= Zzzm |ﬂ}l||e}k||g2 Zz(t) ZZZWI |ﬂk/ |ekz|]: Zz(t Ckz))
i=1 j=1 k=1 i=1 j=1 k=1
=< ZZZ”” |ajil e | 727 (£) + Zzzmﬁﬂjkﬂeﬂﬁ(t— &ii)
i=1 j=1 k=1 i=1 j=1 k=1

(aCCOFding to (PS,new)_(P9,new))'

Thus, it yields

22}7’[ Zﬂl]gl Z] t) Zel] Z](t (l])
i=1

(3.44)
< Z Z Z m? || |ep |27 () + Z Z > mla leil (¢ - gi).

i=1 j=1 k=1 i=1 j=1 k=1

Next, we focus on (3.36). So, we have the following:

ZZWI Zbl}g] Zl(t Tz/) Zeu Z}(t gz]

=2 Z m; Z b;Gi(z(t - ty)) Z eaF (2t - Lu))

i=1 j=1 k=1

=23 Y mibgeaG(z(t - 1) Fi(a(t - i)
i=1 j=1 k=1

<2) > > milbyllenl|G(z(t - ) || Fa(et - cu)]|
i=1 j=1 k=1

<ZZZW1 |bt/||ezk|g2 Z}(t Tl]) ZZZW[ |b11||ezk|]:k Zk(t é‘zk))

i=1 j=1 k=1 i=1 j=1 k=1
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n n n n n n

=Y 3 mlibillelGF (zilt — 7)) + bl lexs| F (2i(t - i)
i=1 j=1 k=1 i=1 j=1 k=1
n n n n n n

< m? |yl 227 (¢ — 1) + i |yl lejil 7 (¢ — &)

(based on (PS,new)_(P9,new))'

So, in a compact form, we get the following inequality:

2Zm sz/g; Z/(t Tz]) Zez/ Z/(t é-z]
(3.45)

< Z Z Zm?|bji| lej| 27 (t — ;) + Z Z Zmﬁb]ﬂ leji|27 (¢ — &jo).

i=1 j=1 k=1 i=1 j=1 k=1

Now we prepare ourselves to complete the mentioned unification process by estimation

of the last triple series (3.37)—(3.39). To this aim, we first consider (3.37). Then, we have

S-St (S
Soi(Suton) (St
YN et 0)Ge(ax(0)

i=1 j=1 k=1

<Y D) milallay|Gr (z:0)

i=1 j=1 k=1

= Z Z Z WI,2 |aki| Iakjllfz?(t) (based on the property (Pg new))-
i=1 j=1 k=1

Thus, it follows that

> m} <Z a;Gi(z(®)) )(Z%QJ z(t) ) mawillay| 72 (2).  (3.46)
i-1 j=1 i

j=1 =1 j=1 k=1
Prior to the final step, we have the triple (3.38) that gives us the following:

> om? (Z byG(z(t - Tz‘j))) (Z byG(z(t - Tij))>
i=1 j=1

Jj=1

=> m (Z biiGj(z(t - Tij))) (Z biGi (2t - Tik)))
i=1 j=1

k=1

=SSN mbybad (5t - ) Gezi(t — i)

i=1 j=1 k=1
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= m21byl1bicl |G (2t — 7)) || Ge (2t — 7)) |

1
= EZ |bt/||bzk|g2 Z](t Tz]) Zzzm |bl]||blk|gk Zk(t Tzk))

i=1 j=1 k=1 ll}lkl

1
=5 m?|bji| b | G7 (z:(t - 17)) + ZZZm |bigl bl G2 (2t - 144)

i=1 j=1 k=1 zl/lkl
1 n n n 1 n n n
=3 i billbel GF (2t = ) + 5 D D - D mi bl IbilG7 (=it = )
i=1 j=1 k=1 i=1 j=1 k=1

= Z Z 1} |bjil|bjk| G (zi(t — i)

< m?|bﬂ~| |bjk|lizzl-2(t —-1;;) (based on the property (Pgnew)).

Equivalently, it has demonstrated that

(Z b;G; Zl(t Ty) ) (Z bi/'gj(zi(t - sz))>

= (3.47)

Zm |bjillb| 27 (¢ - ).

i=1]1 =1

This is the final step, where we estimate the triple series (3.39). Hence, one has

Ee(Eor-o) S0
—Zm (Ze,, (2t - &) )(ieikfk(ék(t—ak)))

k=1

= Z Z Z m?e,;eik.ﬁ (,"Z]'(t - é‘ij))]:k (;Zk(t - gik))

i=1 j=1 k=1

<3 mlegllel | F (& - ) || F et - ¢ao)) |

i=1 j=1 k=1

< % Z Z Zmﬂeij”eiklf}z(éj(t_ ) + % ZZ Zm?|€ij||€ik|-7:13(ék(f )

i=1 j=1 k=1 i=1 j=1 k=1

= % SN mileillen FE (z:(t - gi)) + % D3N el F2 (zi(t - &)

i=1 j=1 k=1 i=1 j=1 k=1

= % Z Z Zmﬂeﬁ“ejku:iz(éi(t - i) + % Z Z Zm?|€jk|leﬁ|]ﬂ2(it(f - i)

i=1 j=1 k=1 i=1 j=1 k=1
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zzzzm lejille| F2 (2:(t - i)

n n
Z m?‘leﬁl lejk Iél.z(t — i) (based on the property (Pg new)).
i=1 j=1 k=1

In a compact form, we have proven that

( e Fi (4t - gy) )(Zeu (z(t - & ))

.2
< Zmi lejillej|Z; (¢ = o).
k-1

i=1 j=1

(3.48)

Now, let us compare (3.31)—(3.39) with (3.40)—(3.48) and then gather the obtained data
into (3.27). In this case, we come to the conclusion that

Vi(2(8), 2(2), t)
SR SIS ORED D) DEA IO NS D) DEA CIN)
i=1 i=1 j=1 i=1 j=1

< OtZWlLZ 222(t)

l-«a 2 2 2
Zei(lag) + Ilagi|) 27 (2)
i=1 j=1
1
2 2 2 2.2
feilbilz; () + ccilbiilliz; (t — Ty)
-1 j-1 -1 j-1
2 2 4 -2
ccileylz; (£) + ccileilz; (£ - &i)
i1 -1 -1 j-1
n n n n n o n (3 49)
2 2,2 2 2,2 :
Y DY mlapllbpl B2 @) + Y Y D milapd bl 2 (¢ - 1)
=1 j=1 k-1 =1 j=1 k-1
n n n n n n
2 2.2 4 2
+ZZZWH lajilleik|l; z; (t)+ZZZmi|ﬂjk||eji|zi (t=&)
=1 j=1 k-1 i1 j-1 k-1
n n n n n n
2 2.2 4 -2
NN mibllel B e - i)+ Y Y > mi bl leilz (¢ - gj)
i1 j=1 k-1 =1 j=1 k-1
n n n
Y DN Y awillag| zi(e)
i1 j=1 k=1
n n n
Y NS bl bl 227 (¢ - 1)
i1 j=1 k=1

n n n
YN mtleillel £t - gi).

i=1 j=1 k=1
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Since
V(2(2), 2(2), £) := Vi (2(8), 2(8), £) + Va(2(8), 2(0), 8), (3.50)
then, in the light of (3.27), (3.28), and some simplifications, we arrive at

V(2(2),2(8), t)

<Zm : ¢ +812) +

n

-
2
> Hlagl + byl + leyl + Flal)

j=1

n n
2 2
+1; E E {lajilbj| + il |ci| + |ﬂki||dkj|}}zl- (1)

j=1 k=1

" l-«
> aatst S
xzf(t—tji)

n

1-
+me[ :
i=1

x Z(t - &)

n n n
2. 2 2, 2 4, -2
== Z m; €1,z; (£) — Z li€2,z; (t — Tji) — Z m; €3,Z; (t = Gji)-
i=1 i-1 i=1

ZZ |ajel 1Bl + byl |yl + |e,k||c,l|}}

1 k1 (3.51)

ZZ |ajellejil + bjellei] + |e,k||e,,|}}

j=1 k=1

Since, for each i = 1,2,...,n, the constants m ll, €1 62“ and €3 all are positive, this
is a direct consequence of the inequality (3.51), that is, V(z(t), 2(t), t) < 0, except that for
each i,j = 1,2,...,n, z;(t) := 0, zi(t — 7;) := 0, and z;(t — &) := 0, that is, the origin z(¢) =
[z1(8), z2(2), .. ,zn(t)]T [0,0,...,0]7 is asymptotically stable. Besides, if ||z(t)|y — oo,
then, according to (3.24) and (3.25), V(z(t), 2(¢), £) — oo, that is, the Lyapunov functional
(3.24)—(3.26) is radially unbounded. So, the origin z(¢) := 0 is globally asymptotically sta-
ble. This completes the stability analysis of the NNTDNN (3.17). O

4 Numerical simulations
This section is devoted to the numerical applications illustrating the implementability of

the stability criterion presented in Theorem 3.2.

Example 4.1 Let us consider the NNTDNN

x(t) := —x(t) + 2 sin(x(¢)) — % sin(x(¢ — 0.1)) — % sin(x(¢ — 5))
- 2%(t - 0.1) — 3&(t - 0.4),

(&) := —y(t) + 2 sin(y(£)) — % sin(x(¢ — 3)) — % sin(x(¢ — 1))
-39 -1) - 35(t - 0.4).

(4.1)
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Indeed, the neural dynamical system (4.1) is a reduced version of the NN'TDNN (3.17) for

n = 2, having the following coefficient matrices:

e R A

(4.2)
e e 1
E:= , c=a:=1, b=e:=—-.
e e 2
Furthermore, the time delays and activation functions have been chosen as follows:
711 := 0.1, T12 := 5, To1 := 3, Ty = 1,
and
Cll = 0.1, §'12 = 0.4, §'21 = 1, §'22 = 0.4,
(4.3)

gl(w) = Sin(W), i= 1’21
Fiw):=w, i=1,2.

In this case, [; =m; := 1,i=1,2, and § := 5. Having the above mentioned data in hand, it is

easy to check that, for @ =0.25 and each i = 1,2,

€1,i > 0, € > 0, €3, > 0. (44)

Since all conditions of Theorem 3.2 are satisfied, we come to the conclusion that the origin
of the NNTDNN (4.1) is globally asymptotically stable, as can be observed in the following

numerical simulation (see Fig. 1).

0.3

02

0.1

x(t)

0.0 /\ — y(t)

0.1

Double Neural Net Solutions

-0.2

-03

Time Zone: t

Figure 1 Global asymptotical stability of the origin in the NNTDNN (4.1)
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Example 4.2 In this simulation we choose # = 4 in the NNTDNN (3.17) and consider the

following neural network:

() := —x(£) — sin(x(¢ — 0.1)) — sin(x(z — 0.2)) — sin(x(¢ — 0.3)) — sin(x(z — 5))
- 2&(£—0.1) — f=&(£ — 0.02) — 7=&(¢ — 0.03) — =&(¢ — 0.4),
9(t) := —y(t) — sin(2x(¢ — 0.1)) — sin(2y(¢ — 0.2)) — sin(2y(t — 0.3))
—sin(2y(t - 4)) — £3(t - 0.1) — (£ — 0.02) — &3(t - 0.03)
— 163t = 04),
z(t) := —z(t) — sin(4z(t — 0.3)) — sin(4z(t — 0.04)) — sin(4z(¢t — 0.05)) (4.5)
—sin(4z(t - 1)) — £2(£ - 0.1) — 7 2(¢ — 0.02) — 1=2(¢ — 0.03)
- Li(£-04),
w(t) := —w(t) — sin(w(t — 0.4)) — sin(w(t — 0.6)) — sin(w(t — 0.8))
—sin(w(t - 2)) — 3o w(t — 0.1) — s w(t — 0.02) — o w(t — 0.03)
— Jew(t —0.4).

In this case, we can summarize the coefficients of the neural network (4.5) as follows:

c a a a a b b b b
C:C, A::aaaa, B:_bbbb’
c a a a a b b b b
C a a a a b b b b
(4.6)
e e e e
1
__Llle e ee ’ cebee=1, 4:=0
16 |e e e e
e e e e
Besides, the time delays of the NNTDNN (4.6) are as follows:
T11 = 0.1, T12 := 02, T13 = 03, T14 = 5,
To1 := 0.1, Ty = 02, To3 = 03, To4 = 4,
T31 := 03, T3 := 004', T33 := 005, T34 = 1,
741 := 0.4, T4 := 0.6, 743 := 0.8, Tyq := 2,
41 42 43 44 47)

¢11:=0.1, £12:=0.02, ¢13:=0.03, C14:=04,
£o1:=0.1, L9 :=0.02, L3 :=0.03, {4 := 0.4,
£31:=0.1, L3 :=0.02, £33 :=0.03, L34 := 0.4,
C41:=0.1, C49 :=0.02, C43:=0.3, Ca4.:= 0.04.

So, we get that § := 5. Finally, according to the neural dynamical system (4.5), we have

G1(2) = Gu(2) :=sin(z) = Ly = [y := 1,
gz(Z) = sin(2z) = 12 =2, (48)
G3(z) :=sin(4z) = [3:= 3,

F(W)=v=m;:=1, i=1,2,3,4.
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0.4

03
— x(t)
0.2 —y(t)
7(t)
0.1 w(t)

oo ANAD o

Quadraple Neural Net Solutions

0.2

0 5 10 15 20 25 30 35
Time Zone: t

Figure 2 Global asymptotical stability of the origin in the NNTDNN (4.5)

Keeping the aforementioned setting and choosing « = 0.5, with a direct computation, it is
concluded that

€1,i»€2,i»€3,i» €4,; > 0; i= 1) 2’ 3) 4) (49)

that is, the origin of the NNTDNN (4.5) is globally asymptotically stable, as is shown in
Fig. 2.

5 Concluding remarks

We finalize this paper with a compact description of the managed investigation. In this
paper, the nonlinear neutral-type time-delayed neural network (2.1) has been studied.
The main aim of our investigation was to introduce a novel Lyapunov functional to stabi-
lize this neural dynamical system. Since the NNTDNN (2.1) cannot be represented in the
vector matrix form, such as the matrix neural network (2.7), it cannot be stabilized with
some standard stability tools such as the linear matrix inequalities technique. Therefore,
the quadratic-integral Lyapunov functional (3.24)—(3.26) has been introduced as the ba-
sic stability key for the global asymptotical stabilization of the NNTDNN (2.1). In what
follows, we summarize the steps of our investigation:

(S1) In this paper, we consider a mathematical model of the # interconnecting neurons
(2.1).

(S2) This neural network model is nonlinear, that makes it more suitable for studying the
real world phenomena.

(S3) This neuro-system is of neutral type, meaning that not only the neuron states but
also the states of their derivatives appear in the nonlinearities which makes it a more
accurate mathematical statement of the studied model.

(S4) This model includes multiple time delays, which have important roles in the
(dis)appearance of the stability and oscillation within the model (as illustrated in
the numerical simulations).
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(Ss5) In this paper, we apply the coincidence degree theory to solve the neural dynamical
system (2.1), which is a rare mathematical solvability tool for the neural networks.

(Se) After guaranteeing the existence of at least one solution for the NNTDNN (2.1), in
order to reach a unique solution, we have transformed the neuro-system (2.1) to the
NNTDNN (3.17) that has the origin as its unique solution.

(S7) Inthis paper, we have defined the new quadratic-integral Lyapunov functional (3.24)-
(3.26) including all of the time delays to globally asymptotically stabilization of the
transformed neuro-system (3.17).

(Ss) Atthe end of the stability analysis, some numerical simulations have been presented,

which justify the implementability of the presented stability criterion.
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