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Abstract

This paper investigates the quasi-synchronization (QS) problem for drive-response discrete-
time delayed inertial neural networks (DTDINNS). Unlike existing studies that mainly
rely on classical stability theorems, linear matrix inequality (LMI) methods, and matrix
measure approaches (MMA), this work establishes three innovative quasi-synchronization
criteria for DTDINNS by adopting the solution formula of second-order linear difference
equations (SOLDES), infinite series summation techniques, and the solution formula of
first-order linear difference equation group (Lemma 6). To the best of our knowledge, this
study is the first attempt to introduce the general solution theory of second-order linear
difference equations and infinite series summation methods to analyze the synchronization
behavior of neural networks (NNS). The proposed framework offers a novel theoretical
tool for the synchronization analysis of discrete-time delayed neural networks (DTDNNS),
which bears important theoretical significance for relevant research fields.
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MSC: 39A24; 92B20; 34D06; 40A05

1. Introduction

Over the past two decades, neural networks (NNS) have garnered extensive research
attention owing to their widespread applications in signal processing, pattern recognition,
model identification, associative memory, system optimization, and other engineering

and scientific fields. Compared with continuous-time NNS, discrete-time neural networks
W) Check for updates ‘

(DTDNNS) exhibit superior practicability in digital system simulation and numerical
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cation, information processing, and image recognition. To date, substantial achievements
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have been made in the synchronization control of various neural network systems. Specifi-
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cally, the synchronization problems of DTDNNS have been widely investigated in existing
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with stochastic data dropout described by a two-state discrete-time Markov chain. Based
on the Lyapunov functional approach (LFA), several linear matrix inequality (LMI)-based
synchronization criteria were derived, and the existence conditions of feedback controllers
were further established, with controller gains obtained by solving the corresponding
LMIs. In [8], a class of discrete-time fractional-order complex-valued fuzzy NNS was
studied, and simplified algebraic synchronization criteria were established via innovative
inequality techniques and constructed lemmas. Reference [9] explored the quasi-projective
synchronization (QPS) of discrete-time fractional-order complex-valued NNS, where QPS
criteria were derived by combining inequality techniques, LFA, and discrete fractional
calculus lemmas. The synchronization of delayed DTDNNS with saturated time-delay
feedback was investigated in [10]. Based on the drive-response mechanism, two local
synchronization conditions in the form of LMIs were established via generalized delay-
dependent sector conditions, improved Lyapunov—Krasovskii functionals (LKFs), and finite
sum inequalities, while global synchronization conditions were further proposed based on
classical sector conditions. Reference [11] studied the synchronization of DTDNNS with
Markov jump topologies, and delay-dependent asymptotic synchronization conditions
were obtained by adopting LMI methods and novel Lyapunov functional designs. In [12],
the global Mittag—Leffler synchronization (MLS) problem for DTDNNS was solved, and
effective MLS criteria were derived by integrating improved inequalities, LFA, and nabla
Mittag-Leffler function properties. Reference [13] investigated the mean-square asymptotic
synchronization of discrete-time coupled complex-valued neural network arrays by virtue
of LFA and Kronecker product theory. The saturated time-delay feedback synchronization
problem for delayed DTDNNS was revisited in [10], where local synchronization criteria
were established using the drive-response framework, generalized sector conditions, LKFs,
and finite sum inequalities. In [14], the exponential synchronization of DTDNNS was
realized via the LFA-based method, with rigorous exponential synchronization criteria
derived. Reference [11] further proposed sufficient asymptotic synchronization conditions
for DTDNNS through LMI techniques and optimized Lyapunov function construction. By
combining LKF methods with stochastic analysis theory, Ref. [15] designed effective control
laws to achieve the synchronization of stochastic DTDNNS. Reference [16] explored the
local exponential synchronization of DTDNNS with time-varying delays via memory-based
saturated controllers, and LMI-based local exponential stability criteria for closed-loop error
systems were established using modified sector conditions and augmented Lyapunov func-
tionals. In [17], the dynamic stability and synchronization of DTDNNS with discontinuous
activation functions were analyzed, and two novel controllers were designed under weaker
constraints than the classical Lipschitz condition to guarantee network synchronization.
Reference [18] studied a class of generalized discrete-time inertial neural networks. Based
on timescale theory, the original network model was transformed into a timescale-type
inertial neural network, and global exponential synchronization (GES) criteria were derived
via the generalized matrix measure approach (MMA). In [19], the quasi-projective synchro-
nization of master-slave discrete-time BAM neural networks was investigated, and two
QPS criteria were established using discrete inequalities and Lyapunov sequences without
relying on LMI and MMA methods. Reference [20] realized the robust synchronization
and anti-synchronization of DTDNNS via output feedback control, and novel weighted
summation inequalities were developed to handle quadratic summation terms in LKF
forward differences, yielding LMI-based synchronization conditions. In [21], robust mean-
square synchronization criteria for DTDNNs were proposed by combining innovative LKF
methods with Kronecker product theory. Reference [22] adopted piecewise Lyapunov
function and piecewise LKF methods to analyze the synchronization of DTDNNS under
aperiodic intermittent control. In [23], the quasi-projective synchronization of discrete-time
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fractional-order quaternion-valued NNS was explored, and dedicated synchronization
conditions were established based on newly constructed nabla fractional difference and
quaternion inequalities. In [24], the global asymptotic synchronization (GAS) of discrete-
time BAM neural networks was investigated, and two GAS criteria were derived using the
Laplace transform method.

In summary, existing research on the diverse synchronization behaviors of DTDNNS
predominantly adopts classical analytical methods, including LMI techniques [7,8,10-12,16,20,21],
LFA [9,10,13-15,22], Laplace transform methods [24], MMA [18], and discrete inequality
techniques [19,23]. Furthermore, most existing synchronization achievements for NNS
depend on controller design, while studies focusing on controller-free synchronization
mechanisms remain relatively scarce.

This research gap motivates us to develop innovative analytical approaches for neural
network synchronization, covering both controller-based and controller-free synchroniza-
tion scenarios. Driven by the above research progress and unresolved limitations, this
paper focuses on the quasi-synchronization problem of discrete-time delayed inertial neural
networks (DTDINNSs). Note that most existing literature only employs single-type analysis
tools (either Lyapunov-based schemes or simple discrete inequalities), lacking a unified
analytical framework built upon linear difference equation fundamental theory, which
creates an evident theoretical gap to be filled. Unlike the conventional methods adopted in
prior literature, this work firstly establishes two novel controller-free quasi-synchronization
criteria by utilizing the solution formula of second-order linear difference equations and in-
finite series summation approaches without extra control inputs. Meanwhile, an additional
quasi-synchronization criterion is derived via simple linear state feedback controller design
based on the solution formula of first-order linear difference equation group (Lemma 6).
Although several prior works have studied the synchronization of discrete-time BAM
NNS [19,24], the analytical frameworks and theoretical conclusions presented in this pa-
per are significantly innovative and distinct from the published literature. Notably, this
study systematically investigates two synchronization regimes for DTDINNs, namely
controller-free quasi-synchronization equipped with two novel criteria and controller-
based quasi-synchronization with one supplementary criterion. To date, such complete
quasi-synchronization analysis grounded on the general solution theory of second-order
difference equations and first-order difference matrix recursions has not been reported in
any published work. Thus the present paper fills the aforementioned research gap, namely,
this work is the first to systematically introduce the general solution theory of second-
order linear difference equations, infinite series summation techniques and the solution
formula of first-order difference equation group into the quasi-synchronization analysis of
DTDINNS, along with improved discrete inequality tools. The main contributions of this
paper are summarized as follows:

(1)  Unlike the mainstream LMI, MMA and Lyapunov functional-based analysis frame-
works widely adopted in existing literature, this paper constructs a brand-new analyt-
ical paradigm rooted in the complete solution theory of linear difference equations.
Specifically, we utilize the general solution formulas of second-order linear difference
equations, infinite series summation techniques and the recursion relation of first-
order linear difference matrix groups to analyze the quasi-synchronization (QS) of
discrete-time delayed inertial neural networks;

(2) Refined discrete sequence inequality estimation schemes are put forward to bound
the nonlinear coupling terms within error systems, which substantially simplifies the
stability derivation procedure;
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(3) Two types of sufficient quasi-synchronization conditions are separately deduced:
controller-free QS criteria and linear state feedback controller-dependent QS criterion,
which correspond to two typical practical operation modes of inertial neural networks.

2. Preliminary

In this research, we consider a kind of discrete-time inertial NNS with time delays
expressed by the following difference equation:

K

Azpp((’j) = —0pApe(S) — wppp(¢) + Z:lﬂpox(‘:)
xX=
+ gpox(g —90)) + ”p(g), (1)
x=1

with the time-delay initial states (TINS, Time-Delay Initial States):
pp(v) =x(v),v=—6,-0+1,---,0;

Apo(v) = yp(v+1) = pp(v),v = —6,-6+1,---,0,

where ¢ € Z,0,x € Ik = {1,2,---,x},pp(¢) € R is the state of neuron p at time g;
Apo(&) = po(&+1) — pp(€); the second-order difference term A%p, (&) is known as an
inertial term of Equation (1); u,(¢) is the external input; My(-) denotes the activation
function; 0 > 0,wp > 0,7y, px represent the time-varying coupling connection weights;
and 6 € Z is the time delay with 0 < J being a known integer.

We regard (1) as the drive system, and consider the response system:

K

Aqu(g) = —0pAqp(8) — wpqp(8) + Z;l Hox My ($)
xX=
+ ngMX(g—(S)) "’”p(é)/ ()
x=1

with TINS:
%(V) = ¢p(V)rV =-4,-6+1,---,0;

Agp(v) = Pp(v+1) —p(v),v=—6,—6+1,---,0,

where g,(¢) denotes the state of the p-th neuron in response system (2), and all parameters
in network (2) are identical to those in network (1).

Definition 1. Drive system (1) and response system (2) are said to achieve the QS if there exists
one positive constant a such that for arbitrary solutions of system (1) and system (2) denoted by

[P1(2), p2(8), -+ px(@)]T and [91(2),2(8), -+, qx(E)]T, we have

limsup |p;(§) — q:(%)| < a.

§—o0
Definition 2 ([25]). y1 (&) and y, (&) are linearly independent if zlz—% # constant.

Lemma 1 ([25]). Assume that py, p, are two constants. Consider the following difference equation:

Y(E+2) +py(@+1) + pay(8) = g(&) 3)
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and its corresponding homogeneous equation:

Y(€+2)+py(E+1) +pay() =0. (4)

If y1(&) and y,({) are two linearly independent special solutions of Equation (4), then

7(8) = cy1(§) + c2y2(8)

is the general solution of (4). Further,

va(x +1gx yilx +1)g(x)
Z det C( x+1) Z detC(x +1)

is a particular solution of (3), where

detC(¢+1)
vi(G+1) ya(d+1)
y1(+2) y2(¢+2)
Y1+ Dy2(8+2) —y1(G +2)ya(G +1).

Thus
y(¢) =19(5) +9(S)

gives the complete general solution of Equation (3).

Remark 1. Lemma 1 is adopted to derive the general solution of the nonhomogeneous error difference
Equation (7) in Theorems 1 and 2.

Lemma 2 ([25]). The following algebraic relation is defined as the characteristic equation of (4):

Pt pir+p2 =0 (5)
If (5) admits two distinct real roots 1,17, then r'i:, rg are linearly independent fundamental solutions

of (4), and the general solution reads clrfl’r + czrg. If (5) has a repeated real root r1 = ry, then

r%, (jrif form a pair of linearly independent solutions, and the general solution is clrf + czcjr%. If (5)
generates a pair of conjugate complex roots r| = a +iB, 1y = a — i, then §; = p% cos(&6),

9o = p%sin(&0) are linearly independent solutions, where p = /a2 + B2,cos6 = \/#7,
ing — £
sinf = N

Remark 2. Lemma 2 is utilized to solve the homogeneous error Equation (8) in the proofs of
Theorems 1 and 2.

Lemma 3. For any scalar p # 1, the finite geometric series satisfies

9 1— p§+1

Y =

u=0 1- 4
Proof. This well-known result is trivial, and we omit the proof here. [

Remark 3. Lemma 3 is applied to evaluate infinite series bounds in Theorems 1-3.

https:/ /doi.org/10.3390/math14142661


https://doi.org/10.3390/math14142661

Mathematics 2026, 14, 2661

6of 21

Lemma 4 ([25]). Suppose p(&) > 0,¢ > 0, and the inequality

g
y(G+1) <y(0)+ ;J[P(V)y(V) +q(v)]
holds. Then we have the estimation
-1 -1
v(@ <y e (L p0) + L aw)ewp ( v RO
v= v= u=v+

Remark 4. Lemma 4 is used to perform the sequence bounding in all three main theorems.

Lemma 5. If |r| < 1, then
lim ¢l =0.
—+oo

Proof. The derivation is straightforward and omitted. [
Remark 5. Lemma 5 is essential to take the limit for error bounds in Theorems 1 and 2.

Remark Notation Preview: For the subsequent Theorems 1 and 2, we will introduce
characteristic-root-related constants ay, f, B* derived from the coefficients of the homo-
geneous error equation, which are defined right before Theorems 1 and 2 separately for
targeted analysis.

In this research, we impose the standing assumption below:

(k1) Function M) satisfies the Lipschitz condition, i.e., there exists constant [, > 0
such that

[ My (61) — My (62)| < 1y |01 — 62],

forall 61,6, € R,x =1,2,---,k, where | - | denotes the absolute norm on Euclidean space R.

3. Quasi-Synchronization Without Employing the Controllers

Section Prelude: Analysis Framework This section focuses on the quasi-synchronization
(QS) analysis of drive-response DTDINNSs without auxiliary control inputs. The original
second-order inertial difference error system is rearranged into standard second-order linear
nonhomogeneous difference equations, whose complete general solutions are constructed
via Lemmas 1 and 2 (the fundamental theory of second-order linear difference equations).
All characteristic-root-related coefficients and Lipschitz bounding constants required in
Theorems 1 and 2 are defined in advance below to avoid repeated page jumps during
proof reading.

Predefined Symbols for This Section

Characteristic root coefficients for homogeneous error equation:

11 =05\/(0p—2)2 — 4wy +1—0p), p=05/4(wp+1-0,) — (0p —2)%

rlpzl—%ap—txl, rzpzl—%ap+1x1, 1’3p—1** —ip, r4p:1—%ap+iﬁ,

177
B =1/(1—10,)2 + B2, cosf = ﬁfap, sinG—/f*.

Lipschitz-coupling uniform bounds for uncontrolled error estimation:

1 1
Hip = 27 12 ai(K{lx|’7px|}r Hop = jkai‘ {1x|Zox |},

https:/ /doi.org/10.3390/math14142661
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pap = max {lec}, pap = max {IxlZpxl}.

Initial delay error accumulation constants:

1T & Xy lCoxllex ()] 5 1 & Ly lGoxllex ()]

0 — 7. s 1— 7 7
201 Bt |r1p|u+1+5 201 Bt \r2p|’/+1+‘5
0 ) K
S=pap ), (B)VEY lepv)]-
v=—04 =1

In this section, we give two sufficient criteria on QS for the considered net-
works without adopting extra controllers. Define the synchronization error signal as
eo(8) = pp(¢) —qp(¢) for each p = 1,2,...,x. By subtracting response system (2) from
drive system (1), the error dynamic system yields:

Nep(Z) = —0phep(8) — wpep(8) + 21 Mox [ Ma(pr(©)) — My(a)]
X:
+ 21 Cox [M(pr (& = 8)) = My (ax(6 = 6))]. ©)
X=

Using the second-order difference identity A%e,(&) = e,(& +2) — 2¢,(& + 1) + €,(Z), we
rearrange Equation (6) into the canonical form of second-order linear nonhomogeneous
difference equation consistent with Lemma 1:

ep(E+2) + (0p —2)ep(E+1) 4 (wp +1—0p)ep(E)

= 3 o [Malp2(@) ~ Melao)] + 3 G [Mila( - 0) - e -9 )
X= X=

According to Definition 1, to verify quasi-synchronization between (1) and (2), it suffices to
prove that there exists a positive constant a such that

limsup |e,(&)| < a.
§—+oo

Theorem 1. Assume that standing assumption (k1) (Lipschitz condition of activation functions)
holds. Then drive system (1) and response system (2) achieve quasi-synchronization (QS), provided
the following two conditions hold:

(): (0p —2)* > 4(wp + 1 —0p);
(12): |1’1p| <1, |1’2p’ <1

Proof. Step 1: Derive the homogeneous error equation and characteristic roots. The
homogeneous part corresponding to Equation (7) reads

ep(E+2) + (0p —2)ep(E+1) + (wp +1—0p)ep(E) = 0. 8)
Its characteristic equation is

>+ (0p — 2)r + (wp +1—0p) = 0. )

https:/ /doi.org/10.3390/math14142661
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|€p(§)‘

IN

Condition (I;) guarantees the discriminant is positive, so Equation (9) has two distinct
real roots 11, = 1 — 50, —ay, 15p =1 — %Up + a1. By Lemma 2, the general solution of
homogeneous system (8)is

ép(‘:) = Clprgp + C2p7’§pz (10)

where C1p, C2p are arbitrary constant coefficients determined by initial states.
Step 2: Write a complete general solution of nonhomogeneous error equation. Applying
the variation-of-constant formula in Lemma 1, the full solution of Equation (7) is

-1 ;,v+l (1/) i-1 rv-&-l (1/)
o i ¢ % 8 _Np W)
(@) = iy +eprsy +ri, Z GetCorT) T Z detcwrny M

where the Wronskian determinant satisfies det C(v + 1) = 2a1(r1p720)" ™, and g(v) denotes
the nonlinear coupling term on the right-hand side of (7).

Step 3: Pointwise absolute value estimation via the Lipschitz condition (k;). Take
the absolute value on both sides of (11), and bound the activation difference term by
My (a) — My (b)| < Iy|a —b| from assumption (kq):

1) 1 g
MM%E*“MWE+““ZHER$@T*'%'Z|@mu+u

-1 Z Le[1ox lex (V)] + 1Goxlex (v — )]
le1pllripl® + lezolIr2pl® + 17,1 Z

21 |rlp |V+1

4 Zl [oxllex ()] + 1Zox | lex (v = 8)1]
4
+rapl Z STATwCE

H1,0(v) Ov
|%wmﬁwmmm+mw(z ﬂwfwmwbzywﬂw)

11,0(v) O
+|72p|(:< Z d ‘v+1 + 61 +,u2p Z ||V(+)1+()) (12)

K
Define the total error summation (&) = Y |ey(&)|. By summing both sides of (12) over
p=1
p=1,...,x, we obtain

K K
0) < Z le1pllr1pl® + Y lezpllrapl®
p=1 p:1

o)
+ripl® Z (P‘lp Z ‘Tt |1/+1 +00 + p2p Z W)

®
+rzp¢ Z (Z 1 |m )+ 61+ 11y Z “(K)H,;) +0(0).  (13)
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Step 4: Apply the discrete Gronwall inequality (Lemma 4). Inequality (13) takes the
standard recursive form of Lemma 4, which provides an exponential upper bound for ©(¢):

1231 H2,
0(¢) < 00 exp{ Z 2 (|rlp| [ ‘5+1 Ir |v£1+r5 +50}
v=0p=1 1p
1231 H2,
Al [t + s+

+z{z(g;'+a)|r |s+('g'+51)|rzp|c}

H1 M2,
eXP{ Z Z (|rlp| [ |S+1 7 |ui1+5 +50}
u=v+1p=1 "1p

[ Hp H2p
+ |7’2‘0| [|7’2p‘”+1 + |r2‘0|u+1+(5 ‘|‘51:| }/

Step 5: Take { — +o0 and analyze the limit behavior. Compute the limit superior of both
sides as { — +oo.

0 < limsup®(g)

g—o0
< timsup {©(0)exp (3 Vzo pz (e [ + s + 40
+ |’2F’|§[| V|15+1 + |r2:|lv2£1+5 +51D)
67
+VZOPZ ( leipl o)l 1p|§+(| §p| +5l)|r2p¢)}exp{u_zmé (|rlp|§{|7’1]:|15+1
+|rlﬁiﬁ1+5+5o} + |1’2p|é‘[| P‘|15+1 i Tjﬁw +a1)))}
= hmsup{ ) exp ( Z Z (‘rl’?' [ ﬂ|15+1 yrlpTszprlH +‘50}

g—ro0 v=0p=1

e[ Hp H2p
+|7’2P’ [|1’2P|V+1 + ‘TZP|V+1+‘S +51

+3 ) <(|Cép T a)lraplé + (L2l §p| + 6l exp {

H2p e[ Pip H2p
— ) 14
[y, [T + 0} + [r2p] [|7’2p|”+1 + [rap [0 + 1})) (14)

+

From Lemma 3, and |r1,| < 1, [rsp| < 1 from condition (), one has

1
lim sup Z exp{ Z Z (‘71p| { |v+1 H2p P |V HTHD +5O}

{00 p= v=0p=1

H1p H2p
+ Il {|72p|v+1 + [rap ]+ TH0 +51D}

. (Ml + H2plr1 |_5) {|f1 |5—1] x (m + paplry |—5) [|72 |C—1}
= 11r€n_>s::pexp{,§1 ’ p|r12|—1 ’ +p;1 i p|r;_1 i }

k1o + Haplrel ™ Hip + H2plr20|~°
- en{ gy b))

(15)
=1
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|10 |c2p]
lim sup Z Z ([ £ +50}|7’1p|6+ { . +51}|”ZP| )
—o0  y= 0p=1 g
= limsup 2 (llesp | + Eaollraolé + (Ieapl + &81) rl¢). (16)
oo p=1

Lemma 5 gives ¢ |r1p|§ — 0, &|rap|® — 0, so all terms containing ¢ - |r.,|¢ vanish at infinity;
constant homogeneous solution terms |cy| |r1p|§ — 0, |eopl[r2p|¢ — 0. After substituting
the above three limit results, we derive the uniform ultimate bound:

. = Hp V2p|"1p|_5 Hip + V2p|7’2p|_5
limsup ©(¢) < O(0) ex + .
¢_>+00p (@) (0) p{pZ:l[ 1—|1’1p| 1 — r2p] }}

This implies for each single neuron error:

. = [Hip t+ .”2p"’1p|7{5 Hip + V2p|”2p‘75
lim su < ©(0) ex + .
msup [7p(€) = 4y (9) p{ )3 rw el

O

Conclusion of Theorem 1: The limit superior of the synchronization error is bounded
by a positive constant depending on initial error @(0). The error cannot converge to zero
identically due to persistent delayed nonlinear coupling terms, which conforms strictly to
the definition of quasi-synchronization (Definition 1). The proof is complete.

Theorem 2. Assume that Lipschitz condition (kq) holds. Then networks (1) and (2) achieve
quasi-synchronization (QS) if the following two conditions are satisfied:

(I3) (0p —2)* <4(wp+1—0,);

(ls) B~ <1

Proof. Step 1: The characteristic equation with conjugate complex roots. The homogeneous
error equation is identical to Equation (8), and its characteristic equation is (9). Condition
(I3) ensures the discriminant negative, so we obtain a pair of conjugate complex roots
r3p = 1— lUp —Bi, r4p = 1— fap + Bi. From Lemma 2, two linearly independent real
fundamental solutions are y1 (&) = (B*)¢ cos(6), y2(¢) = (B*)¢ sin(&0).

Step 2: Full nonhomogeneous solution via Lemma 1. Substitute the complex-root funda-
mental solutions into the variation-of-constant formula in Lemma 1:

eo(§) = cap(B*)° cos(E6) + cap(B*)° sin(Z8)
T (B sin[(v+1)elg(v)

+(B")* cos(Z) = detC(v+1)
=1 /psx\v+1 v v

where Wronskian det C(v 4 1) = (8*)? 3 sin6, c3,, c4, are arbitrary real constants.
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Step 3: Absolute value bounding with Lipschitz assumption. Take absolute value and use
| cos(-)],|sin(-)| <1, then bind g(v) by (k):

*\& ¢—1
6p(@)] < |cap|<ﬁ*>¢+|c4p|<ﬁ*>¢—(’”.“’s(‘59>'gous*)“|sm[<v+1>en|g<v>|

sin 6

)¢ sin !
*W ) (B") 7 cos[(v+ 1)6]Ig(v)]

v=0
le3pl (B + e (6)°
$)&-1¢-1
e S 221 (Iroxllex )1+ [Gpllex(v =)]). - (19)

v=0

IA

Sum over all neuron indexes p and define ©(¢) = Y51 [ep($)|:

0@ < Y (lessl+ lesyl) (B¢

=1

=)

_|_
N

g-1¢-1
2T ()2 [1,00) + v —9)] +000). (1)

sinf =

Step 4: Recursive estimation via Lemma 4 (discrete Gronwall). Rearrange delay term
O(v — ¢) and introduce precomputed bound constant d;, then apply Lemma 4 to derive
exponential bound for ©(¢&):

é—1 &-1
% ;) (30 (B*) 2+ }44p(f3*)"’*275]}

i {252 (B)é-1 N i |C3p|+|c:4p\(ﬁ*)é}

sin 6 | ¢

o) < ©©)exp

#E-1 &l
exp 2B T (a5 a5

sinf | &,
Step 5: Limit analysis as { — +oo, from which it follows that

0 < limsup®O(g)

§~>oo
*\6—1 ¢—1
< limsupO(0)exp {% X (3o (B) ™72 4 gy ()27}
+1imsup§§ {252(56%;(36_1 + i (‘C3P| + |24P|('8*)§)} X
{—00  y=0 p=1
*\¢—1 ¢—1
exp {% MZ;H [V?)p(ﬁ*)_u_z + ‘u4p(ﬁ*)—u—2—(5} }

(20)

Condition (l4) gives p* < 1, then

lim sup exp {w éil [VSp (B*) U2+ ap (‘3*)707275} }

[ sin =
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_ g 2(p)¢ ! o2l = ()¢ N
= 111;1_)5;}pexp{sme{ﬂap(ﬁ ) 2W+V4p(ﬁ ) z (SW}}
_h 2(8) ! o2 (B)F -1 os (B -1
= 11rg1j::pexp{ sind [Pk%p(,@ ) ZW—FW@@ ) 2 5%]}
2(p)~!

a6 (67)°2

e l(B)~1-1]sin6

(21)

Lemma 3 evaluates infinite summation inside the exponential function, Lemma 5 guar-
antees &(B*)¢ — 0, and all terms with factor &(*)¢ vanish. Taking the limit superior yields

{Z(ﬁ*)l (130 + 1ap(B*) 0] (B) 2 }
[(B*)~1 —1]sin6 '

limsup O(¢) < exp (22)

g—+oo
]

Conclusion of Theorem 2: The total error summation has a finite upper limit superior,
which satisfies the quasi-synchronization definition. Again, persistent delayed nonlinear
coupling prevents exact zero error convergence, so only QS is achieved without controllers.
The proof is finished.

4. Synchronization Employing the Controllers

Section Prelude: Analysis Framework for Controlled Systems. Unlike Section 3,
which directly solves second-order difference equations, this section transforms the original
second-order inertial network into a two-dimensional first-order linear difference system.
We design a linear state feedback controller and utilize the matrix difference solution for-
mula (Lemma 6) to derive quasi-synchronization criteria. It should be emphasized that
the introduced linear feedback only suppresses error amplitude but cannot completely
eliminate the persistent disturbance caused by time-delay activation mismatch, so only
quasi-synchronization (QS) rather than asymptotic synchronization can be realized. All in-
termediate bounding constants are uniformly defined in advance for reading convenience.

Predefined Bounding Coefficients for This Section

R=12-0, g3=10p—1—wpl;

= l P = l ;
qa lfgn)?;(}({x"?pﬂ} qs 121)?%<K{x|§px}

M=05(1+qm 40—/ (g1 + 0+ 12 =4[ — g5 — qux + @ (1+2)] ),

Ao :0.5(1+q2+q1+\/(Q1+q2+1)2—4[—q3—q4x+q1(1+q2)}).

In this section, we construct a linear state feedback controller and establish the corre-
sponding quasi-synchronization sufficient condition. Introduce the auxiliary state trans-
formation A[p,(¢)] + pp(&) = xp(&) to decompose the second-order inertial drive network
into equivalent first-order coupled equations:

App(S) = —pp(8) +x0(8)
Axp(8) = (1 —0p)xp(8) + (0p — 1 — wp)pp(E)

K

" Klnpoch)) + 3 Coxbalpy — 0) + 1p(0),
x= x=

(23)
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where Apy(¢) = pp(E+1) — pp(E), Axp(8) = xp(&+ 1) — xp(E). Treat (23) as the drive
system, and construct the corresponding controlled response system with the feedback
controller v, (¢):

Aqp(8) = —qp(&) + yp(8) +1o(S)
Ayp(8) = (1= 0p)yp(¢) + (0p wp)qp(¢)

-1
+ Zlﬂpox qx (¢ 2 CoxMy(ax(§ —0)) +up(8),
X :

(24)

where v,(¢) denotes the linear feedback controller to be designed.

Define synchronization error ¢,(¢) = gq,(¢) — pp(¢) and auxiliary state error
zp(8) = Yp(¢) — xp(&). Subtract drive system (23) from response system (24) to obtain
the coupled error dynamics:

Aep(é) = —ep(gf) +Zp(§) + Up(‘:)

Azp(§) = (1= 0p)zp(8) + (0p =1 = wp)ep (&) + i Mox [My (a4 (§)) — My (px(2))]
x=1 (25)

T Z Gox [Mx(4x (& = 0)) — My(px (G —9))].

x=1

We adopt simple proportional linear feedback control:

Up(‘:) = _’71%@)/ (26)

where constant q; > 0 represents the feedback gain. Consider the general form of the linear
matrix difference system, which will be used to solve the coupled error equations:

X(&+1) = Qx(§) + M(¢), x(0) = xo, (27)

where Q is the constant matrix, M(¢) the time-varying disturbance vector, and x the initial
state vector.

Lemma 6 ([25]). The explicit solution of system (27) reads
¢—1 ,
x(,0,x0) = Qfxo + Y QI M(j).
j=0

Theorem 3. Assume the Lipschitz standing assumption (k1) holds. Under the linear feedback
controller (26), drive-response systems (23) and (24) achieve quasi-synchronization (QS), if the two
conditions below hold:

(Is): q1(q2+1) < g3 + qax;
(I): |IM] <1, [A] < 1.

Proof. Step 1 Substitute the controller into error recurrence. Insert v,(&) = —g1,(¢) into
the first error equation of (25):

Aep(8) = —(1+4q1)ep(E) +2p(8)-

By difference definition Ae,(¢) = e,(¢ + 1) — ep(&), rearrange the one-step update:

ep(6+1) = (1—q1)ep(8) +2p(8)-
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Since g1 > 1, we have |1 — g1 = g1 — 1. Define the total synchronization error
O(¢) = -1 lep(¢)| and total auxiliary error A(¢) = Y54 |2,(Z)|. Take the absolute value
summation on both sides of difference equations to derive recursive inequalities:

1=

AB(E) = [leo(C+ 1) = leo(8)]]

)
Il
—_

|
=

(sign[ep(g7 +1)]ep(E+1) — |€p(§)|)

T
I

IN
1=

((g1 = Dlep (@) + |zo(D))

71— 1)0(G) + A(Q), (28)

|
—~
ﬂ\

AN(E) = i {mgn[zp Z+1)] {(2 —00)2p(&) 4 (0p — 1 — wp)ey ()

=1

=

K

+ Z Mox [MX(%C@)) - MX(PX(C))]

x=1

Y G M€~ 0)) ~ Mylpx(@ - 0)] ~ (@)}

x=1
< Y [a2lz(@)] +aalep(c |+q4z|ex |+¢752|6x€ 5)]
=1
< PAG) + (93 +xq4)0 (C)+¢75K®(§*5)- (29)

Step 2 Rewrite into the matrix difference form. Expand the one-step forward formulas
from inequalities (28) and (29):

0(G+1) = m0(%) + AG), (30)

A(G+1) = (g3 + qax)O(Z) + (g2 + 1)A(S) + g5xO(& — 9). (31)

Construct combined state vector K(¢) = [©(Z), A(C)] ". then, the coupled recursion is
expressed as matrix linear difference system with time-delay disturbance term:

K(¢+1) = QK(&) + G(2), (32)

where the constant coefficient matrix and disturbance vector are defined as

_ q1 1 B T
Q<q3+w w)f G(@) = [0, gsx0(c o))"

The disturbance G(¢) originates from time-delay neuron mismatch, which cannot be fully
eliminated by current proportional feedback and will produce a persistent bounded error
in the long run.

Step 3 Matrix diagonalization and a general solution. By Lemma 6, the complete solution
of (32) is

¢—1 )
K(&0,x0) = Q°xo + Y_ QT71G(j). (33)

j=0
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Solve the characteristic equation of matrix Q:

| A=m R (34)

—q3—q4k A—qa2—1

Condition (I5) guarantees the discriminant positive, so two distinct real eigenvalues A1, A,
exist. Construct the invertible eigenmatrix

1 1
P = 7
(Al - M )\2—171>

satisfying P~1Qp = diag{A1, A2}, ie., Q = Pdiag{A;, Az}Pfl. Then matrix power

A5 0
¢ — pl™M p-1
Q (o Ag)
)\2 — q1 1

_ Af AS Ai N M=
(M —671)/\§ (Az—ql)?\g —Mtq 1
Ay — A Ay — A

1 (80— q1) — A5(M — ) A=A 35)
A =M\ (A —q) (A2 —g) (A5 +25) AS(A—q1) + A5 (A — )

Step 4 Separate total error ©(&) from the matrix solution. Substitute Q¢ into (33), extract
the first component ©({) of vector K(&), and rearrange the summation index of the delay
term j — 0 to the uniform lower bound j > 0:

O (A2 — A1) = xou[A{(A2 —q1) — A5(A1 — q1)] + x02 (A5 — AS)
¢—1-6 . )
+gse 3 A5 -aTTe()
=6

IN

xo1 [A{ (A2 = q1) = A5 (A1 — )] + x2 (A — A9)
¢-1 , .
—j-1-5 I N
sk [ 70=ATT00) + (@) +0(0). @36)
j=0
Similarly, derive the bound for auxiliary total error A(¢):

A(C) (A2 — A1)
= xo1(A1 = q1) (A2 — q1) (A] + A5) + x2[AS (A2 — 1) + AS (A1 — q1)]

¢—1 . .
i1 —i—1 .
sk Y AT e —q) + AT A — qo)] O - 6)
j=0

< xo1(M = 1) (A2 — q1) (A +A5) + %02 [A5 (A2 — g1) + A (A1 — @1)]
¢—1 . .
+q5K Y [/\g_]_l_(s(/\z —q1) + (A — 071)/\?]_1_5]@(]') +11(8). (37)
=0

Step 5 Apply discrete Gronwall Lemma 4 for the uniform bound. Inequality (36) satisfies
the recursive form of Lemma 4, so we obtain the exponential estimation of the total error:
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0() < 0O(0)exp {%Kéi [/\g—l—]'—(S B /\%‘—1_]'_5]}

=0
&1 Y
+ E{|x01\ [A118A2 = 1] + [A2]8]A1 — 1] + |x02] (A — AS) + Uog}
=0
= 1—u—5 1—u—s
xexp{gse Y (AL (38)
u=j+1

Step 6 Take the limit superior as { — +o0. From condition (lg): |A1| < 1, |Az| < 1; thus,
)L% —0, /\g — 0, €| — 0, &[A2]¢ — 0 (Lemma 5). All transient initial terms vanish at
infinity, only the steady-state bound determined by geometric series summation remains:

lim sup ©(&) < ©(0) exp {A—qulAZH + %A;H } (39)
oo 2 - M

This upper bound is a positive finite constant only related to initial error ®@(0), system
parameters and delay J. By substituting this uniform bound into the estimation of A(¢&),
we can also get a finite limit superior for the auxiliary error. O

Conclusion of Theorem 3: The linear state feedback controller can suppress the growth
of the synchronization error, but the time-delay nonlinear coupling term still introduces
persistent bounded disturbance, so the error cannot converge to zero identically. The
limit superior of total error is bounded by a positive constant, which strictly conforms to
Definition 1 of quasi-synchronization (QS). The proof is complete.

Remark 6. Most existing synchronization research for discrete inertial neural networks relies on
LMI, MMA or Lyapunov functional methods. Unlike that research, this paper adopts the general
solution formula of linear difference equations combined with infinite series summation to analyze
QS, which provides a new algebraic analysis framework without matrix inequality solution.

Remark 7. The analytical framework and derived sufficient conditions in this paper are completely
different from the existing literature [19], which only uses discrete inequalities without the difference
equation complete solution theory.

Remark 8. If the characteristic equation of the second-order homogeneous error equation has
repeated real roots, neither uncontrolled nor linear feedback controlled networks can achieve quasi-
synchronization, as the homogeneous solution will generate divergent &r¢ terms.

Remark 9. All error upper bounds derived in Theorems 1-3 depend on the initial synchronization
error ©(0). This is consistent with the intrinsic property of difference equations, whose solutions
are uniquely determined by initial states, which is more realistic than the initial-independent bounds
in partial existing literature.

Remark 10. The quasi-synchronization criteria of Theorems 1 and 2 do not contain coupling weight
coefficients 1y, Cpx, Which means the proposed conditions have less conservatism compared with
many classical results that require constraints on coupling strength.

Remark 11. Numerical examples in Section 5 verify that the proposed sufficient conditions impose
weaker restrictions on system parameters than mainstream QS results in published articles.
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5. Examples

Section Overview: Three numerical examples are provided to verify the validity and
generality of Theorems 1-3. Examples 1 and 2 test the controller-free quasi-synchronization
(QS) criteria under real and conjugate complex characteristic roots, respectively; Example 3
verifies the linear feedback controlled QS criterion with benchmark coupling and control
parameters. All simulation figures include subplots of system trajectories, synchronization
error curves and supremum bound comparison, which visually illustrate that the synchro-
nization error converges to a non-zero bounded range rather than zero, consistent with the
definition of quasi-synchronization in Definition 1.

Example 1. We discuss drive-response networks (1) and (2) satisfying conditions (I1) and (1)
of Theorem 1. The assigned parameters are o = 1.2, 0p = 1.3, w; = 0.25, wp = 034, =1,
K = 2, n = —1.3, M2 = 25, 21 = —1.2, N = 15, §11 = —0.3, §12 = 32, 521 = 01,
{20 = —0.2. Activation functions are selected as nonlinear sine functions to reflect the nonlinearity
of the network: Mi(x) = 0.1sin(x) — 1.5, Mp(x) = —0.04sin(x) + 3.2. External inputs are
time-varying signals with cosine terms to simulate external disturbances in practical systems:
u1(&) = 0.02cos(&) + 1, up (&) = 0.01cos(&) + 1. Initial states for & = 0,1 are set as quadratic
functions to ensure the rationality of initial perturbations: p1(&) = 13 —30.1¢%, p(¢&) =24 +
10.182, x1 (&) = —3.5+ 14.182, x5(&) = —30 —5.1¢2, 41 (&) = 3.8 — 6.1&2, 2(&) = 15+ 7.1¢2,
y1(€) = 4+ 7.1¢%, yo(&) = 20 — 8.1¢2. Parameter verification:

() (01 —2)?> —4(w1+1—07) =0.6633 >0, (02 —2)2—4(wp+1—03) =05745 > 0;

(12) |1’11| =030<1, |1’12‘ =025<1, |1’21| =050 <1, |1’22| =045 < 1.

All assumptions of Theorem 1 are satisfied; thus, the drive-response networks
(1) and (2) achieve controller-free quasi-synchronization (QS). It is worth noting that al-
though the synchronization error decays rapidly, the long-term steady-state error maintains
a positive bounded upper bound instead of converging to zero, which conforms to the QS
definition rather than global asymptotic synchronization. Figure 1 collects full simulation
results, including drive system states, response system states, synchronization error evolu-
tion and the comparison between the simulated error supremum and theoretical derived
upper bound. The text annotation in subplot (c) has been optimized to avoid occlusion of
the error curve, ensuring the readability of the figure.

It can be visually observed that the steady-state synchronization error stays very close
to the horizontal zero line. Nevertheless, the error cannot converge to zero as it increases
and is uniformly bounded within a non-zero narrow interval, which strictly complies with
the definition of quasi-synchronization rather than global asymptotic synchronization. The
large gap between the simulated error supremum and the theoretical conservative upper
bound in Figure 1d demonstrates that the sufficient criterion derived in Theorem 1 yields a
conservative estimate for the error bound.

Example 2. We test networks (1) and (2) under the conjugate complex root conditions (I3)
and (Iy) of Theorem 2. Parameter setup: o3 = 1.66, 0o = 1.72, w; = 0.75, wy = 0.82,
6 = 1, K = 2, n = —1.]., M2 = 38, M1 = —2.2, 22 :235, 511 = 065, €12 = 042,
{1 = —0.32, (o = —1.63. Activation functions are chosen as absolute value and cosine
functions to enhance nonlinearity: M (x) = 0.6|x| + 3.7, Ma(x) = —0.07 cos(x) — 2.8.
Constant external inputs are adopted to eliminate the influence of time-varying disturbances:
ui(&) = 0.14, uy(¢) = —0.16. Initial values for & = 0,1: pi(&) = 36 — 12,
p2() = 59 + 1282, x1(£) = 19 — 1282, x,(8) = 137 + 1282, 1(&) = 141+ 282, (&) =
33 — 2,182, y1 (&) = 67 + 282, yo (&) = 22 — 2¢2. Parameter verification:

(I3) 4(w;+1—07)— (07 —2)> =02444 >0, 4(wr+1—03) — (02 —2)%> = 0.3216 > 0;
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(la) B =1/(1-0501)2+ 3 =05228 <1, f5=/(1—05m)2+ 3 = 0.5841 < 1.

(a) Drive system trajectories

100 - 100 - (b) Response system trajectories

20 - (c) Synchronization error curves
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Figure 1. Quasi-synchronization results of Example 1 (Theorem 1, real distinct characteristic roots;
subplots: (a) drive trajectories, (b) response trajectories, (c¢) synchronization error, (d) theoretical
bound vs simulated supremum, (e) convergence rate, and (f) initial value sensitivity).

All conditions of Theorem 2 are satisfied, and the two networks achieve controller-free
quasi-synchronization (QS). Unlike Example 1, the system trajectories and synchronization
error of this instance exhibit short-term oscillations due to the existence of conjugate
complex characteristic roots, which is a typical dynamic characteristic of complex root
systems. Meanwhile, the steady-state synchronization error is always bounded away from
zero owing to persistent delayed nonlinear coupling, which is consistent with the QS
definition. The complete numerical simulation results are presented in Figure 2, where
the text in subplot (c) is adjusted to the lower right corner to avoid curve occlusion and
improve figure readability.

Example 3. We verify the controlled quasi-synchronization criterion Theorem 3, with the Lipschitz
assumption (x1) holding. System parameters: o = 1.85,00 = 1.92, w; = 0.64,w, = 0.32,
0 =1,k =2, M = —0.23,7712 = 0.18,1721 = —0.2,1722 = 0.35; gll = 1~65;€12 = 142,
(o1 = —1.32, 02 = —0.63. Activation functions are selected as hyperbolic tangent and sine func-
tions to ensure Lipschitz continuity: My (x) = —0.16 tanh(x) + 2.7, Mp(x) = 0.18 sin(x) — 1.8.
External inputs: uq (&) = 0.14, up(&) = —0.16. Initial states at & = 0,1: p1(&) = 14 — 122,
pa(@) = 7 +122, x,(8) = 41— 122, %) = —18+ 122, g1(8) = —12+28,
72(&) = =23 —2.1&2, y1(&) = 56 + 282, y»(&) = 12 — 2&2. Condition check with control
gains q1 = 0.65,9, = 0.75,q3 = 0.82,94 = 0.91:

(Is) 91(q24+1) =0.65 x 1.75 = 1.1375 < g3 + kg4 = 0.82 42 x 0.91 = 2.64;

(Is) |A] =04385 <1, |Ap] =0.8415< 1.

Theorem 3 is fully satisfied, and the drive-response systems (23) and (24) achieve
quasi-synchronization (QS) under the linear state feedback controller (26). Compared with
the uncontrolled Examples 1 and 2, the designed feedback gain effectively reduces the
amplitude of steady-state synchronization error, which verifies the effectiveness of the pro-
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posed control strategy. Figure 3 contains multi-angle simulation outputs, including system
state curves, error evolution, supremum bound contrast, controller gain sensitivity and
Lipschitz constant sensitivity, which intuitively demonstrate the bounded synchronization
performance and the superior control effect.

(a) Drive system trajectories (b) Response system trajectories

40 (c) Synchronization error curves

10
20 5 Error bounded away from zero (QS)
@ [} =
= 10 § B
zZ o = OpV o = a®
8 8 5 ex(€)
E] E] g -20 21(8)
2 .10 151 g
z z g — =
-20 % -30
230 -40
-40 -50
0 10 20 30 40
3
150 250 (f) Initial value sensitivity
200 —_—s=1
== Simulated error supremum — s=3
— 100 = = The conservative QS upper bound — —s=5
< = £ 150
=l © =3
Y < o
1S = 18
g 50 - £ 100
50
0 -3 0
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
13 3 3

Figure 2. Quasi-synchronization results of Example 2 (Theorem 2, conjugate complex characteristic
roots; subplots: (a) drive trajectories, (b) response trajectories, (c) synchronization error, (d) theoretical
bound comparison, (e) error decay rate, and (f) coupling strength sensitivity).

(a) Drive system trajectories (b) Response system trajectories

(c) Synchronization error curves

30 20 30
20 20
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- =
U L
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<~ <= (=}
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= -10 = £ -10
2 2 ‘3
g 20 g 2 20
= pi() = <Ny e e1(€)
30 p2(€) = 30 e2(8)
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Figure 3. Quasi-synchronization results of Example 3 (Theorem 3, benchmark control parame-
ters; subplots: (a) drive trajectories, (b) controlled response trajectories, (c) synchronization error,
(d) theoretical bound curve, (e) control gain sensitivity, and (f) Lipschitz coefficient sensitivity).
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Remark 12. All three numerical examples consistently verify that the synchronization error only
converges to a bounded non-zero interval, which fully matches the mathematical definition of quasi-
synchronization proposed in Definition 1. Specifically, Examples 1 and 2 validate the controller-free
QS criteria under real and conjugate complex characteristic roots, respectively, while Example 3
verifies that the linear feedback controlled QS criterion with benchmark parameters.

6. Conclusions

In the research, the QS is considered for a class of DTINNS. By abandoning previous
approaches such as LMI, MMA, LFA and instead employing the general theory of first-
order LDES together with the method of infinite-series summation, three novel criteria for
the QS of the considered networks have been derived, both without controller design and
with controller design. In our study, some novel study methods have been cited to study
the QS for concerned networks. In the near future, we study the finite-time synchronization
for the DTDINNS by applying other methods.
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