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1. Introduction

In recent years, neural networks (NNs) have played an important role in fields such as addressable
memory, pattern recognition, and optimization control due to their nonlinear computing capabilities
and powerful parallel processing [1-4]. In 1986, Lee et al. [5] described a form of higher-order
correlation formalism tensor for NN, proposed high-order NNs based on ordinary low-order NNs. The
model can simulate auto associative, heteroassociative, as well as multiassociative memory. In [6, 7],
several higher-order connection-weight models with different structures are proposed. Recently, an
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increasing number of scholars working on NN research have turned their attention from low-order
systems to high-order systems, trying to overcome the limitations of traditional NNs. These higher-
order models have higher fault tolerance, larger storage capacity, faster convergence speed, and
stronger approximation properties than first-order NNs.

As one of the interconnected NNs, bidirectional associative memory NNs (BAMNNS) [8,9] consist
of two-layers of heterogeneous associative circuits, which extend the functionality of single-layer
neural networks and have the functions of memory and information association. For quite some time,
most researchers have been focusing on low-order BAMNNS rather than high-order BAMNNSs [10-15].
However, due to some shortcomings of low-order BAMNN:S, it becomes very important to incorporate
high-order interactions into such BAMNNSs. Therefore, Simpson [7] put forward a class of higher-
order delayed BAMNNS. In particular, second-order BAMNNS can enhance the storage capacity but
require more connections. Since then, different architectures with high-order connections have been
utilized to construct desirable BAMNNSs [16-18].

It is widely known that synchronization is of utmost importance for BAMNNSs. Identifying certain
conditions to ensure the achievement of synchronization in drive-response systems is a significant
research topic for BAMNNSs. The term “synchronization” has a long history and denotes the state where
two or more systems display common dynamic behaviors. When we study the dynamic behaviors of
NN, synchronization can play an extremely crucial role. In the past few years, the synchronization
problem of various types of BAMNNSs has drawn extensive attention due to their broad applications
in multiple fields, including pattern recognition, associative memories, automatic control engineering,
combinatorial optimization, signal processing, and parallel computation.

Up to now, it has been revealed that the research on the synchronization problem for delayed drive-
response BAMNNSs holds great significance for fundamental science. A large number of studies have
emerged regarding the study of different types of synchronization problems for delayed BAMNN:S.
for example, long-time synchronization [19-22], finite-time synchronization [23-25] and fixed-time
synchronization [26-29]. References [19] and [21] respectively studied the synchronization problems
of single inertia BAMNN and delayed BAMNN by using matrix measure theory. They gave several
criteria for GES by using Halanay inequality methods and Lyapunov stability theory, respectively. The
proposed criteria are independent of delay parameters. Furthermore, valuable new insights into the
stability and synchronization of BAMNNS are put forward. In reference [20], the authors concentrate
impulsive synchronization of delayed memristive BAMNNSs. By employing the so-called linear matrix
inequality (LMI) approach, which is based on the time-varying Lyapunov function, the time-dependent
impulsive results for the exponential stability of the error system are derived. In references [19-21],
the Lyapunov functional method, LMI method, and matrix measure method are mainly applied to
study synchronization problems. While reference [30] presents a new global synchronization research
method and gives a criterion for global asymptotic synchronization of BAMNNS by using the integral
inequality technique. This method and result extend the research on global synchronization of NNs. In
reference [31], the general decay synchronization problem of BAMNNs with T-VD and distributed
delay is studied by using Lyapunov method and useful inequality techniques. Sufficient criteria
for the GDS of BAMNNSs are given. In [32], sufficient conditions for global robust exponential
synchronization of interval BAMNNS are given through a direct method based on the system solution.
This method avoids the difficulty of establishing the Lyapunov—Krasovskii functional. Moreover, the
derived global robust exponential synchronization criterion is simpler and easier to implement.
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Regarding the achievement of exponential synchronization between dynamical systems, previous
studies have employed various methods such as the matrix measure strategy and the method based
on the finite-time stability theorem [24], the Lyapunov function method [33-36], the analytical
method [37-39], the figure analysis method [40], and the integral inequality method [41-44]. However,
there are few other methods apart from those mentioned above for studying the synchronization
problem of delayed BAMNNS. This has motivated us to seek another method to investigate the GES
problem of BAMNN:S.

Furthermore, in computer simulation practices, discrete-time networks have certain advantages
over continuous-time networks in transmitting digital information. Thus, researching the dynamic
characteristics of discrete-time high-order NNs holds significant importance. However, aside from the
aforementioned methods, there are very few other approaches for studying the synchronization problem
of discrete-time delayed high-order BAMNNSs. This spurs us to seek another method to investigate
the GES problem of delayed discrete-time high-order BAMNNs. Based on the above discussion, we
propose a novel method for synchronizing the drive-response system.

The primary objective of this paper is to design a control law that can globally exponentially
synchronize the delayed discrete-time high-order BAMNNs. Additionally, it aims to obtain a time
convergence that is more precise and has a high level of accuracy. The contributions of this article are:

(1) The synchronization criteria deduced by this approach are merely equivalent to solving a few
straightforward linear scalar inequalities and are comparatively intuitive.

(2) The controller gains are in fact computed using the parameters of the discrete-time high-order
BAMNN itself, and this can significantly decrease the computational complexity.

(3) The synchronization criterion derived is relatively straightforward and can be readily solved by
utilizing YALMIP software.

The remaining portion is structured as follows: The elaboration and preparatory work of the
problem will be conducted in the next section. The major achievements of this research, a new standard
for GES, are presented in Section 3. Illustrative examples are provided in Section 4 to verify the validity
of the obtained results. Finally, in Section 5, we present our conclusions.

Notations: The real number and integer set are denoted by R and Z, respectively. For positive
integers [ and s where [ < s, let [/, s]z be the set that contains all the positive integers ranging from /
to s. The symbol R™* denotes the set consisting of / X s matrices. RX* and R are subsets of R™,
with the former containing all nonnegative matrices and the latter containing all positive matrices. In
a similar vein, we also utilize R, R., among others. When s — oo, the limit case of [/, s]z is denoted
as [[,)z. For S = [s;;] € R™ and K = [k;;] € R, the matrix [s,;k;;], denoted by S o K, refers to
the Hadamard product of § and K, and the notation S > K (or § < K) denotes s;; > k;; (or s;; < k;j).
If s;; > kjj (or s;; < k;j), wesay § > K (or § < K). Let |S| = [|s;j|]. Then [SK| < |S|IK]| for all
S € R and K € R?. The notation || - ||, represents the Euclidean norm, and the notation ® denotes
the Kronecker product of matrices.
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2. Preliminaries

We consider the following discrete-time high-order BAMNNSs with multiple T-VDs:
G+ 1) = aidi() + Z |bisfi(0) + ciif (92 = 6,0

* Z Z dijg 1B (t = Sy ()it = 83(1)
S5

+I,Et),z € [1,n]z,t €[0,00)z, (2.1a)

9+ 1) = a;0,(0) + Y [Bufii0) + 2. fidite = (1)

i=1

" At = o ONZALAE = 0 (1))
i=1 r=1
+ij(t)’ .] € [lv m]Z’ re [0’ 00)27 (Zlb)

where g;,a; € (-1, 1) ; Constants b;;, b ji» Cij» Cji» dij and d jir represent the connection weights; ;(¢) and
9,(t) denote the ith and jth neuronal states of layer-X and layer—Y respectively; f; : R — [— 51), sil)]
g R—>[- s (2)] f R — [—Egl) (1)] and g, : R — [— s (2)] denote the neuronal activation

functions; s(l) ng) 1 and s(z) are known positive constants; For the known positive integers d; s 0; il
7 and O'J,,, the multlple T VDs is represented as 6;; : [0,00)z — [0,0;;], 6;;s : [0,00)z — [0,6;;],

oji . [0,00)z — [0,5 ;] and 0 i : [0, 00)z — [0, 7 jir]; and I;(¢) and I (1) are variable external input.

9

Remark 2.1. The BAMNN extends the single-layer auto-associative Hebbian correlator to a two-
layer pattern matched hetero-associative circuits, and extracts the complete and clear patterns stored
in memory from incomplete or fuzzy patterns. The network, as in (2.1), can store pairs of patterns
or memories and search for them in both forward and backward directions. Therefore, the BAMNN
exhibits relatively excellent information—memory and information—association capabilities.

We require these assumptions.

Assumption 2.1. For any ay,a, € R subject to a; # ,, there are BE”, ﬁy) € R, such that fi(0) = £;(0),
0 < Hahe) < g0 gpg < LT < g yyhere Vi € [1,n]z, V) € [1,ml.

aj—ar a|—ar

Assumption 2.2. For any ay,a, € R subject to a; # a,, there are ﬁ(z) ﬁ(z) € R, such that 2;(0) =
gi(0) = 00<wﬁﬂ@<#Hmm<ﬂﬂﬁ@<ﬁ”wEnm%wenmh

a)1—a2 a1 —@2

We regard discrete-time high-order BAMNN (2.1) as a master drive system and consider the
following form of slave matching response system:

e+ 1) = @)+ ) [bifi@ o) + ciuf (Dt - 6,,0)]

J=1
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+ Z Z dijlgj(ﬁj(t - 5ij1(l)))gl(19z(f —0;(1)))
j=1 I=1

E) + Ui(t),i € [1,n]z,t € [0, 0)z, (2.2a)

B+ 1) = a0, + D [bufidio) + 2ufiditt = (0]
i=1

+ 3 At = 0 OG- 7 i0)
i=1 r=1

+I;(0) + Vi(0), j € [1,m]z,t € [0, 00)z, (2.2b)

where U;(7) and V(z) are the controllers to realize the GES.
Let n;(t) = &i(¢) — Zi(t), i@ = 9() - ﬁj(t). Take n;(t) and 7;(¢) as the synchronization error
variables. Then, from Eqs (2.1) and (2.2), we can obtain that the error dynamical system:

n,(r+1>—an,<r>+z bisf; @10 + ciif; (it = 6,,0))]

+ )0 D diin|8i0 1 = 8i(1))g] Gt = 63(1))

j=1 I=1

+€31j(t = SO Dt = 5:(1))))
=Ui(t),i € [1,n]z,t € [0, 00)7, (2.3a)

A+ 1) —ajﬁ]<r>+2 b i) + & (it = (1)

* Z Z djir |88t = 0 (ONE (01t = (1)

i=1 r=1
+8 (it — 0 (Ot = (1)
=Vi@),j € [l,m]z,t € [0, 00)z, (2.3b)

where

£ = £ + 9500 = f50),
g501,()) = g;;() + D) = g;D()),
Fr @) = i) + &) = FiGe),
21()) = 8 () + L)) = ZiGi()).
Due to Assumptions 2.1 and 2.2, we deduce that

@) < UL g5 < BP0, 1f w) < B,
g <BPMl, heR, i€[l,nlz, j€[l,ml. (2.4)
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Let v = maxi<i <ni<ji<m Max {5ij,5'ji,(_5ij,,6'ji,}. The symbol C([-v,0]z,R") denotes the set that
consists of all functions ¢ : [-v,0]z — R". Let there be a norm || - || on R* X R™. It is defined such
that for [l(@, Al = (el + 1BI3)'%, a € R, B € R™. Similarly, a norm ||(-,-)|l, can be defined on
C([-v, 0]z, R") x C([-v,0]z,R™) by

. Bl = sup max {lg(s)ll IBCs)I)

se[-v,0]z

V¢ € C([-v,0]z,R"), ¥ ¢ € C([-,0]z, R™).

Definition 2.1. [4] The response discrete-time high-order BAMNN (2.2) and the discrete-time high-
order BAMNN (2.1) are said to be GES with a decay rate A if there exist 8, A € R, and controllers U(t)
and V(1) such that arbitrary solution (1(t), 7)(t)) of error dynamical system (2.3) satisfying

70, I < Be™ ||(4, 8|

v’ Yt e [V9 OO)Z’

where (¢, ¢) € C([-V, 0]z, R") X C([-V, 0]z, R™) is the initial functions corresponding to the solution
@, 7(®) ; n(®) = Mm@ ... 7,01 and 7(t) = [1(1) ... Gu®]".

The objective of this paper is to design a state feedback controller of the form:

Ui(t) = (pi —apni(1), i € [1,n]z,1 € [0, 00)z,

which makes the discrete-time high-order BAMNNS (2.1) and (2.2) achieve GES, where p; and p; are
the controller gains to be determined.

Remark 2.2. Discrete-time high-order BAMNN is a typical recurrent neural network, which plays
an important role in pattern recognition and combinatorial optimization. At present, although many
scholars have studied the dynamic characteristics of high-order BAMNN with time delays, most of
them have focused on complex continuous-time network models, while the research on discrete-time
network models is relatively scarce. Therefore, this paper conducts a study on the synchronization
problem of a discrete-time high-order BAMNN model with multiple T-VDs. In addition, an important
role is also played by BAMNN in the fields of signal processing and artificial intelligence.

3. global exponential synchronization analysis

Set

E5 =& o|CITy + BT} + X, & = [¢®], B=[b;], C = [cij],
N=G'(Ego|D|+ Ego|D)T5,G =1, ® P,P = [s7s7 ... s@7,
D =[D{Dj...D}].D =[D\D,...D,),D; = [dyl,

Es =[Ej \Ep},...E},) Es = [EgiEps . .. Egal, Egi =[],

Zp =7 o|CIT, +|BIT, + R, &7 = ["77], B=[b;], C = [¢;,
N= HT(Fﬁ o|D| + F“ﬁ o |ﬁ|)f2, H=1,8 0,0 = [5(12)5(22) o S;z)]T,
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D=[D'DY...DI1,D =[D\D,...D,1,D; = [dl,
Fy=[F} Fhy...F},).Fy = [F,MFB,2 Fﬂn Fgj = [#71],
gy = €I,

= diag(8\",....8"), ['; = diag(B\",....B"),
I, = diag(8%,...,82), I, = diag(8?, ...,B?).

Theorem 3.1. If there exists ¢ € R!, Y € RT, it € R, ¥ € RI" and € R, such that

®ﬁ,nﬁ + Eﬂ;‘ +¢ =< 0, (3.1
Egit + Op,¥ + Y < 0, (3.2)

then the error system (2.3) is globally exponentially stable, that is, the drive system discrete-time high-
order BAMNN (2.1) and response system discrete-time high—order BAMNN (2.2) achieve GES via the
controllers in (2.5), where p; = *g;ii; Vand p; = V", where i, Vj, ¢; and Y are the ith and jth
components of i, V, ¢ and y, respectlvely

Proof. Choose Y > 0 such that
Ya>[1 --- 117, rp>[1 --- 1]".
For any fixed ¢ € C([-v, 0]z, R") and ¢ € C([-v, 0]z, R™), define

i(r) = Y(¢, P)lle i, 1 € [-v,00)z, (3.3)
2(1) = Tl(g, Pll,e T, 1 € [y, 00)z, (3.4

where (¢, ¢) serve as the initial functions.
Suppose (17(), 7j(t)) is the solution of (2.3). Next, the following expression will be proved by using
the mathematical induction method

In(Ol < a@), 7] < (), t € [-V, 00)z. (3.5)
Obviously, in combination with the definition of || - ||, and the selection of ', we have
In(o)| < k), (k)| < D(k), Yk € [-v,0]z.

Suppose that for any fixed k > 0, when ¢ < k, the inequality (3.5) holds. For any i € [1,n]z, when
t = k+ 1, using (2.3a), (2.5), (2.4), and Assumptions 2.1 and 2.2, we obtain

ik + DI < lodlmGol + Z |161L 7 GG + el Gk = 63|

0 i I @k = 83 kN)Ig; Tk = S:(k))]

j=1 I=1

+18571 1k = S;(lIgi( Dk - 6ijl(k)))|]
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< ol + Y [1bilB 1, () + e Btk = 6, |

J=1

£ 3 il 18,09k = 8:R))B it = 5|
j=1 I=1

B 211k = 63k Ilgi (Dt = 615k

< o1+ ) [1bilB 1, () + e Bl (k = 65|

j=1
m
2
Jj=

dijl | s B ik = 8| + 57871,k = S5k)) |
Utilizing the inductive hypothesis, we are able to obtain

Ms

~
Ul

1

ik + DI < it k) + > (1B 9,(K) + leiflB"9 1k = 61,k |

Jj=1

£ 0 il [sPBP 0k = 830(k)) + 57BF (K = 61 (K))] (3.6)

j=1 =1

By substituting Eqgs (3.3) and (3.4) into (3.6), we obtain

it + D) < 1o Tl e + >[Ikl 1@, Pllve ™
j=1

m m
! p)||, e PE0i0)s 2) 502 —Blk—611(k
HelB TG, Pllve O]+ 37 il | 57PN, Dl 405,

j=1 I=1
2) o2 —B(k—6,1(k)) ~
+s, ),3( )TH((ﬁ ¢)||Ve (k=041(k) ]

< Tli(g, Plle ™ x {|pi|ﬁ,- + Z(Iszlﬁﬁ” + leyj 1By,
j=1

m m
+ 2 2l [P 4 57 vj]}

]: =1

= Tli(@, Plle ™ x {|p,-|ai (|bz,w“> +ley 1B e + Z dij ISEZ)E(Z’e“’”) J

|dlj |S(2)ﬁ(2)eﬁ61ﬂ

M=
Ms

+

1l
—_
~

Il

J 1

= T|i(¢, Il e P x {|Pi|'7li

m m
) p(2) B5yi~
DI

j=1 I=1

m
1 1) _B5; 2) n(2) 85y | ~
(|bl~j|ﬂ§~> el e + Y ldils B ) 7
=1

g =
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= (@, Plle™ x {|pl-|ﬁi £y
j=1

m
2) o(2) B3y |
v Y dils? B ] v,-}
=1

< 1@, Plle ™ x {|pl-|ﬁi + (1B + leyB e
j=1

m
1 1) _B5:i 2) 5(2) _B5:;
BB + leilB e + > Idils? B e
=1

528 e )5 a7)

=1

Note that ¢; = |p;|it;. Based on the arbitrariness of i € [1, n]z, we can conclude that (3.7) is equivalent
to

InCk + DI < Tl Pll,e (@ + Egb).
By making use of (3.1) and (3.3), we obtain
n(k + DI < TN, Plle™ Vit = ak + 1). (3.8)
Similarly, through a procedure similar to the one used in deriving (3.8), it is straightforward to that
itk + DI < TN, Plle ™5 = Dk + 1).

Therefore, (3.5) is true.
Then, in combination with Egs (3.3)—(3.5), we obtain

1G(8), DI = (@R + 172
< (laIE + PR
= e\, Bl + 7122, Vi € [0, c0)s.

Let = V(| + [I7]13)7. Then

1G22, DI < e ||(8. D], - V1 € [0, 00)z.

The arbitrariness of ¢ € C([-v,0]z,R") and ¢ € C([-v,0]z,R™) guarantees GES of the error

system (2.3), that is, the discrete-time high-order BAMNN (2.1) and (2.2) achieve GES via the
controllers in (2.5). |

4. Numerical examples

Next, the effectiveness of the results given in this paper will be illustrated through a specific
numerical example.
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Example 4.1. For n = 2,m = 2, consider the drive discrete-time high-order BAMNNs (2.1) and the
response discrete-time high-order BAMNNSs (2.2) with the controllers in (2.5), and the parameters are
as below: a = 0.3,(12 = 04, &1 = 05, &2 = 06, bll = —1.6, b12 = 01, b21 = —4.1, b22 = 32,
1311 = 11, 512 = 05, 221 = —0.1, 322 = —2.1, C11 = —1.4, Clp = 01, Cr = 02, Cy = —2.3, 6’11 = —3,
6‘]2 = —2.%, 6‘2] = 0}\3, 6‘22 :A—1.2, d]]/]\ = 5, d“f = 1, d]%] = 0, d]%z = 5, dz}\]] = 2, d212 = 0, d221 = 0,
dyn =2, di11 =4, di12=0,d121 =0,d122 =5, dp11 = 1, dyia = 1, dypy =0, doyp =0, and

fi(s) = fo(s) = fi(s) = fa(s) = 0.04tanh(s),
g1(s) = g2(s) = §1(s) = g2(s) = 0.4tanh(s), s € R,
O'j,‘(f) =Ppjitqj cos(tm), 6,‘j(l‘) =rij+ i sin(tr/2), l,] € [1,2]z,t € [0, 00)7,

where riy = rip = ) = 1 = 10, 511 = 8512 = 8521 = s = 10, p1y = pi2 = pay = pn = 10,
g1 =g = qi2 =g =10, 6111 = 6112 =0121 =012 = 0211 = 0212 =01 =02 =3, 0111 =012 =
121 = 0122 = 0211 = 0212 = O = 0o = 3.

Clearly, 01 = 01p = 021 = 02 = 011 = 012 = 021 = 02 = 20. Furthermore, when ,6’(11) = (21) =
0.04, B(ll) = ~(21) = 0.04, ,8(12) = (22) = 0.4, andﬁ(lz) = ~(22) = 0.4, Assumptions 2.1 and 2.2 are satisfied.

By solving the inequalities (3.1) and (3.2) in Theorem 3.1, the following feasible solutions are
obtained:

it =[7.6343,5.6956]", % = [11.0709, 3.1479]",

©=[59x%x10%4.6x 101",y =[53x 10 3.7 x 10°]".
Consequently, the controller gains of the desired state feedback controllers are as follows:

p1 =0.7709 x 1073, p, = 0.8025 x 1073,
P =05%x107, p, =1.2x1073.

It can be readily verified that the conditions of Theorem 3.1 in our paper are met. Consequently,
based on Theorem 3.1 in our paper, the drive system given by (2.1) and the response system given
by (2.2) are GES under the controllers (2.5). We choose the initial values of the state variables as
£(s) = [0.6428 —0.1106]7, 9(s) = [0.2309 0.5839]7, Z(s) = [1.6873 0.9528]" and d(s) = [-1.2949 —
0.37721%, s € [-20, 0]z. We also define the external input I} = I, = 0, J, = J, = 0. The error curves of
drive—responses system n,(t), n,(t), 11 (t) and 7j,(t) are shown in Figures 5 and 6, the curves of variables
41(1), £H(1), 04 (F), D (2), Zl(t), Zg(t), ﬁl(t), ﬁz(t), are shown in Figures 1-4. It is readily observable that
the error states are rapidly converging to the equilibrium point of zero. Therefore, it can be concluded
that, in accordance with Theorem 3.1, the considered discrete-time high-order BAMNNs model (2.1)
can achieve GES with system (2.2).
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5. Conclusions

This paper addresses the issue of GES for discrete-time high-order BAMNNs of multiple T-
VD. Utilizing the definition of GES, we initially derive delay-dependent GES criteria for the error
dynamical system. Subsequently, a controller gain is provided. Finally, we present illustrative
examples to demonstrate the applicability of the conclusions. Compared with the previous research
results, the proposed method has the following advantages:

(1) The method directly employs the definition of GES and avoids the construction of any Lyapunov-
Krasovskii function;

(2) The obtained sufficient conditions are in the form of linear scalar inequalities, which are easy to
solve;

(3) With a small modification, the proposed method is applicable to more general NNs models.

The stability of the error system considered in this paper is the stability in the Lyapunov sense.
What is mainly considered is the long-term behavior of the neural network, and it cannot be directly
applied to the research on the synchronization in finite time. Therefore, it is necessary to propose more
effective analysis and design methods.
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