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Abstract: In this paper, we introduce the notions of the almost anti-periodic discrete process of the
N-dimensional vector-valued and N x N matrix-valued functions. Some basic properties of the
almost anti-periodic discrete functions are established. Based on this, the conditions of the stability
and instability of the almost anti-periodic solutions to the general N-dimensional mechanical system
and the underactuated Euler-Lagrange system have been considered. Moreover, some examples are
provided to support our obtained results.
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1. Introduction

Almost periodic oscillation is a hot research field in the study of dynamic equations
(see [1-21]). In recent years, many results of the various types of dynamic equations
have been established related to almost periodic background including the results of the
almost periodic analysis on the stochastic dynamic equations, fuzzy dynamic equations,
and the dynamic equations on hybrid domains (see [3,12-14,16-20,22-24]). Based on the
theory of translation closedness for time scales, the almost periodic functions and their
generalizations were well defined and applied to study different types of dynamic models
on time scales (see [1,3,12-20,23,25-29]).

On the other hand, another important phenomenon called anti-periodic oscillation was
widely studied in the last ten years, and many results were established (see [5,6,10,11,30]).
Anti-periodic functions were widely used in homogenization theory for composite materials
and the continualization of discrete lattices (see [31,32]). It is well known that although anti-
periodic oscillation belongs to a periodic oscillation, it is able to reflect a more particularly
accurate oscillation in a period through the switch of its oscillation direction, and it has
been widely applied in many interdisciplines (see [4-6,8-14,17-21,23,25-30,33,34]).

In 2017, M. Kosti¢ introduced an interesting notion of almost anti-periodic functions in
Banach space and studied the relationship between the types of anti-periodic functions and
almost periodic functions in Banach spaces. After this, some related works were published
(see [8,9,30,33,34]). It is natural to ask how to define the almost anti-periodic discrete
process and explore what properties they will possess. The answer of this question will
make it possible to study the almost anti-periodic discrete dynamic equation and contribute
to establishing almost anti-periodic results on time scales.

Motivated by the above, the main aim of this work is to introduce the notion of the
almost anti-periodic discrete process of the N-dimensional vector-valued and N x N matrix-
valued functions and to establish the stability of the almost anti-periodic discrete solutions
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to the general N-dimensional mechanical system and underactuated Euler-Lagrange sys-
tem. For some relating the finite-dimensional vector spaces, one may see [35] and the
underactuated Euler-Lagrange system with N degrees of freedom and m independent
controls (see [36]), as well as the general N-dimensional mechanical system (see [4]).

2. Almost Anti-Periodic Discrete Functions

In this section, we will introduce the notions of the almost anti-periodic discrete
functions for the N x N matrix-valued function and the N-dimensional vector-valued
function and establish some of their basic properties.

Definition 1. Let M(:) = [mjj(-)]nxn : Z — RN*N be an N x N matrix-valued discrete

function and p(-) = [p1(-),..., pn()]T : Z — RN be a N-dimensional vector-valued discrete
function, we define

M 1 N N 1 N
[IM(n)]| = ﬁ]};; imii(m)], [[p(n)]| = N}; pj(n)].

If for Ve > 0, there exists a positive integer 1(e) and T € [m,m +1])z,Ym € Z, such that p(n)
satisfies the following condition

lp(n+71)+pn)| <e VnelZ.

Then, p(n) is called the almost anti-periodic discrete function, T is called the e-almost anti-
period of p(n), and 1 is called an inclusion length. Similarly, M(n) is an almost anti-periodic
N x N matrix-valued discrete function if

IM(n+71)+M(n)|| <e VnelZ
The set of all almost anti-periodic N x N matrix-valued discrete functions is denoted by ®.

Definition 2 ([30]). Let {q(n)} be a discrete sequence, if for Ve > 0, there exists a positive integer
1(e) such that q(n) satisfies the following condition

lqn+1) —q(n)| <e, Vnel

for some T € [m, m + 1]z, where m € Z. Then, q(n) is called the almost periodic discrete function
and T is called the e-almost period of q(n).

Lemma 1. Let M(n) be an almost anti-periodic discrete function; then, it is an almost periodic
discrete function.

Proof. By Definition 1, we have
[M(n +27) = M(n)[| < [M(n+27) + M(n + )| + [ M(n +7) + M(n)]| < 2e.
The proof is completed. [

Through Lemma 1, the following lemma is immediate.

Lemma 2 ([26]). Let M(n) be an almost periodic discrete function (or an almost anti-periodic
discrete function). Then, | M(-)|| : Z — R is bounded.

In what follows, some basic properties of the almost anti-periodic discrete functions
will be established.

Theorem 1. Let M(-) € &, then cM(-) € & forall c € R.
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Proof. By Definition 1, one has

€

IM(n+t)+ Mn)| < "

for ¢ # 0. Thus, we have

leM(n+7) + cM(n)|| < |e[|M(n +7) + M(n)[| < c|— =&,

£
c]
which means cM(:) € &. For ¢ = 0, one can obtain the desired result. The proof is
completed. O

Theorem 2. Let M(-) € & and Q(n) = M(n + k) for some k € Z. Then, Q(-) € .
Proof. Since M(-) € &, we have
IM(n+7)+ M(n)|| <e forall n e Z.

Hence,
IM(n+k+1)+Mmn+k)| <e nez,

ie.,
IQn+71)+Q(n)|| <e nez,

which implies Q(-) € &. The proof is completed. [

Theorem 3. Let B(-) € & and S(n) be a summable N x N matrix sequence, i.e.,

So= ) IS(n)]| < oe.

nez

If M(n) = mEZS(m)B(n —m) forn € Z. Then, M(-) € &.

Proof. Since S(n) is a summable matrix sequence, for Ve > 0, there exists Ny > 0 such that

Y, ISl <e.

|n]>No
By Definition 1 and Theorem 2, one has

s

|B(n+t—m)+Bn—m)| < 5
0

By Lemma 2, we have ||B(n)| < A for some A > 0 and any n € Z. Hence, we have

IM(n+ 1)+ M(n)|| =

Y S(m)B(ntt—m)+ ¥ s<m>B<n—m>H

mez mez
< Y, S(m)Bn+t—m)+ Y S(m)B(n—m)H
[m|<No |m| <Ny

—1—‘ Y S(m)Bn+t—m)+ Y S(m)B(n—m)H
|m|>No [m|>No

<l = S(m)HHB(n—i—T—m)+B(n—m)||
[m|<No
+’ r S(m)B(n—I—T—m)H—I— )3 S(m)B(n—m)H
\m\>N0 |m\>N0
<SoE || T S(m)HA+ v S(m)HAgs—i-Z)\e,
|m|>Ny |m|>No
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which means M(-) € &. The proof is completed. [
Theorem 4. Let M(-) € &, then ||M(n)|| is an almost periodic discrete function.
Proof. Since M(-) € &, we have

|IM(n+1)+M(n)|| <e nelZ.

Hence,
1 N 1 N N
[IMn+ D) = IMm)]l] = | & X Imij(n+7)| - 5z L X [mij(n)|
j=1i=1 j=li=
1 N
< L L [Imij(n+7)] = [mij(n)]|
j=1li=1
1 N N
szlil 21|mz] n+7)+mq( )|
J=1=

=[[M(n+1)+M(n)|| <e
which means that {|| M(#n)|| } is an almost periodic discrete function. The proof is completed. [

Based on the theorems above, the following result can be proved.

Proposition 1. Let M(-) € &, ¢ > 0,if ||[M(n)|| > ¢ > 0. Then, the following limit exists:
1
tim [T 0

1
n

Proof. Leth(n) = {]ﬂ[ |M(])|] , we have
j=1

In[h [ZlnHM ]

Step 1. We will prove that || M(n)|| is bounded. Since M(n) is almost anti-periodic, by
Theorem 4, we obtain || M(#n)||, which is almost periodic. Moreover, by Lemma 2, one has
| M(n)||, which is bounded; i.e., there exists A € R™ such that sup, ., |In[|[M(n)||| = A

Step 2. We will prove that In || M(n)|| is an almost periodic discrete function. Since
f(x) = Inx is uniformly continuous on [c,e*], i.e., for Ve > 0, there exists 5(¢) > 0 such
that |x; — x2| < J implies

[f(x1) = f(x2)] <&

for x1,x2 € [c, e’\]. On the other hand, M(-) € &, i.e.,
IM(T+n)+M(n)| <e.
By Theorem 4, one has
[IM(T +n)[| = M)l <e.
By Step 1 and ||[M(n)|| > ¢ > 0, we have ||[M(n)|| € [c,e"]. Thus, one has

|In||M(n+7)|| —In||M(n)||| <e forall neZ,
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which means that In || M(n)|| is almost periodic, i.e., for Ve > 0, there exists a positive
integer Iy(e) such that M(n) satisfies the following condition:

|In[|M(n+7)|| =In[[M(n)|[| <e, neZ,

for some T € [a,a + ly|z and a € Z.
Step 3. By Step 2, for T € [a,a + lg]z and V] > 0, there exists an positive integer Io(¢)
such that M(n) satisfies the following condition:

| In [|M(n +7)|| = In[[M(n)]]] < 2/ nez,

for some T € [a,a + ly|z and a € Z. Next, we will consider T = a and 7 € (a,a + ly]z cases.
CasesI. T =a. Letb € ZT, one has

b
T mIMO) - EmimMO)l| =

j=a+1

b
T I IMG) - % in MG |

j=7+1

b
< £ |miG + 0l - m M| <
]:

CasesII. T € (a,a + ly]z. By Step 2, for b € N7, one has

T n M H—ZlnIIM H\
j= a+1
T+b .
— | T mymg ||—21n||M I+ MG~ % 1n|M<]>|\
] T+1 j=a+b+1
. . . T+h .
< 42!1n||M]+r>\|71nHMJ||!+,2 M@+ Y MGl
=1 j=a+1 j=a+b+1
< @ 412pA.

Moreover, for the case I, through taking a = (k — 1)n, b = n, we have

&n . ! . en
Y wmIMG)| - Y IMG)| <
j=(k=1)n+1 j=1

for the case II, through taking a = (k — 1)n, b = n, one has

kn
Y. In|M(j ||—21n||M ||‘ <—+210/\
j=(k=1)n+1 j=1

Step 4. We will prove that the Limit (1) exists. For any m,n € N*, one has

zmnM u——zmHM ||] <

m i In | M) | — f”z” 1n||M<j>|\

1
mn

2| & 1m0 ||—n21nr|M ||\
X

[%

<

kn n
YoM - 5 1n||M<j>||\
j=(k—1)n+1 j=1

km m
L ()] - £ ”M@”H'
]:

j=(k—=1)m+1

+

ek §\~
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On the other hand, by Step 3,if T = a4 = (k — 1)n, then

’ ZIHIIM ||——Zln||M ||’< 7+ €T):§<&
if T € (a,a+ 1)z = ((k—1)n, (k—1n) + ly]z, then

n m

%j;llnllM(j)\l—%jgllnHM ||’ Smln[ €”+2ZOA)+n(ms+210A)

SM]

for m,n > [Z2*] 4 1, which indicates that the Limit (1) exists. The proof is completed. [

Proposition 2. Let M(-) € &. Then, the following limit equalities hold:

1

o n=tim | T M) = tim | F11m6)1]
j=m+1 j=1
n —1 n
@ 0=t [T IMOI] = fim | T 1MG)
j=—n

Proof. (i) Through using the process of the proof of Proposition 1, we can turn (i) into the
following equality:

m—+n n
P&[ZZHWM |—zhmMm@-n. @)
j=m+1 j=1

By the proof of Proposition 1 Step 2, for V5 > 0, there exists a positive integer Iy(¢)
such that M(j) satisfies the following condition:

[In[[M(j+7)| = In[|M()]| < 5 forall j€Z,

where T € [m,m + 1]z and m € Z. Next, we will consider T = mand T € (m,m +1]z
cases. By the proof of Proposition 1 Step 3, taking 2 = m and b = n, the desired results can
be shown.

Cases I. T = m. For T = m, we have

vy lnllM()H—ElnllM II‘
] m+1
-y lnllM(J)IIéZ In | M(j) I‘
]:T+1 ]:1

IN

n
%,Zl|ln|\M(j+T)|| ~In MG < 5% <e
j=

Therefore, Equation (2) holds.
CasesII. T € (m,m+1]y. For T € (m, m + 1], we have

m-+n n
il X In[[M()[l - X In|M(G)]
] m+l j=1
n T+n
= 2 Y In|[M(j)|| — = In|[MG)[ + » InM({ - X 1nIIM(J')II‘
j=7+1 j=1 j=m+1 j=m+n+
. . . T+n .
< }1{2|1n||M(J+T>|—1n||M(1)|||+,Z |In[MG)I[+ X |1n||M(J)|I|}
j=1 j=m+1 j=m+n+1
< HF+2n<e
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for n > [42] 4 1. Hence, Equation (2) holds.
(if) Through using the proof process of Proposition 1, we can turn (ii) into the follow-
ing equality:

n——oo —1

1 i Ly ~
lim — Z In||M(j)]|| angl'.}oE Y. In|[M(j)]|.
j=-1 =1

On the other hand, by the proof of Proposition 1 Step 2, we obtain that In ||[M(n)|| is
almost periodic discrete function. Hence,

1
nh_r)rolof :2 In |M(j)|| = hm ZlnHM
ie.,
1 & . L .
lim = 32 In M) - ) In [ M| =0. 3)
j=—n j=1

Similarly, by the proof of Proposition 1 Step 2, we have
I M(j+7)| = In[|M()| < 5 forall j€Z,
where T € [-n —1,—n — 1+ 1]z. Next, we will consider the case for T = —n — 1 and

T € (—n —1,—n — 1+ I]z. By the proof of Proposition 1 Step 3, taking a = —n — 1 and
b = n, the desired results can be proved.

Cases. 7= —n—1. Fort = —n — 1, we have
1 -1 . L . 1 n .
al L In[[MG)[ - X 1HIM(J)|‘ = Z 1lﬂllM()ll—Z 1HIIM(])II‘
j=—n j=1 j=7+1
<3| £ g+ - ) |
j=
<leén=f<e

Therefore, Equation (3) holds.
CasesI. T € (—n—1,—n—1+1]z. Fort € (—n — 1, —n — 1 + 1|, it follows that

—1 n
T In M) - ,zllnnM(j)n\
]**” j=
n T T+n

- 4 Y in M) - £ mIMO) + £ G - zmann\

j=t
< 3,[2|1n||M;+r>|—1n||M )|+ ; [1n | M(j |||+z|1n||M M
< %(€”+21A) <

forn > [41)‘] + 1. Hence, Equation (3) holds. The proof is completed. [

3. Almost Anti-Periodic Oscillation of the Mechanical System

In this section, we will consider the almost anti-periodic oscillation of the general
mechanical systems.
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3.1. Existence and Uniqueness of the Almost Anti-Periodic Solution

Consider the general N-dimensional mechanical system as follows:
B[(q(n+2) —=2q(n+1) +q(n)] + Clg(n +1) —q(n)] + S(q(n)) = f(n), )

where g(+) = [q1(+),...,qn(-)] € RN, B,C € RN*N is symmetric and B is positive definite,
the vector S(g) collects all position dependent forces, such a linear and nonlinear stiffness
forces or non-potential forces, f(n) is an almost anti-periodic discrete function. Moreover,
Equation (4) can be rewritten as

Bq(n+2)+(C—2B)q(n +1) + (B—C)q(n) + S(q(n)) = f(n).
Assume that x(n) = [q(n),q(n +1)]7, i.e.,
x(n) = [q1(n),...,qn(n),q1(n +1),...,qn(n +1)]7,

Equation (4) can be rewritten as

<o) = [T = 1 LSt

0 I H q(n)
B7H(C—B) B'(2B-C)][q(n+1) (5)

0
*[BH%n»—BlS@@w)
= Rx(n) + b(n),

where & = B~1(C — B)g(n) + B~'(2B — C)gq(n +1) and

0 I 0
R:{E%c—m B*@B—Q}bmﬁzb*ﬂw—B*%wm>'

In the sequel, we will establish some sufficient conditions of the existence and unique-
ness of the almost anti-periodic solution of Equation (5).

Theorem 5. Let s < n, the unique solution of Equation (5) with the initial value condition
x(s) = xq can be given as:

x(n) = () gln + DT = Rx(0) 4 Y. Rib(n—1- ),
j=n—1-s
ie., e
) =l + 0 = (508 )] )
0 0 I 1o
+j:n§1—s [Bl(c —B) B '(2B— C)] [’7} '

whereR® =1, n =B 'f(n—1—j) =B 1S(q(n—1—)).
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Proof. Step 1, we will prove the existence of the solution of Equation (4). For n > s,
we have

x(n+1) = R"1=5x(s) + Rib(n —j)

= R 1=5x(s) + Rib(n —j) + b(n)

= R|R"°x(s) + :i Ri=b(n —j)| + b(n) = Rx(n) + b(n)

and x(s) = x, which means that x(n) is a solution of Equation (4).

Step 2, we will prove the uniqueness of the solution of Equation (5). Let x(n) and y(n)
be two solutions of Equation (5) with the initial value condition x(s) = y(s) = x, then
we have

x(n)=Rx(n—1)+b(n—1) and y(n) =Ry(n—1)+b(n—1).
Assume that V(n) = x(n) — y(n), then V(n) = RV(n —1). Hence,
V(n) = R"°V(s).

On the other hand, x(s) = y(s) = xo, i.e., V(s) = 0, which implies V(n) = 0, i.e.,
x(n) = y(n). The proof is completed. [

Lemma 3. Let T be a e-almost anti-period of f(n), if |R|| + A|[B7Y| < 1—A, [[R]|] < A,
IIS(9) + S(p)| < ﬁ“p—#q”for p,q € RN and 0 < A < 1. Then,

[b(n + 1) +b(n)|| < vllg(n+ 1) + q(n)||
lgn+1+7)+q(n+1)|| <Zlg(n+7)+q(n)|

whereve()\,l)and0<§—w<1.

Proof. Since b(n) = [0,B~1f(n) — B~1S(gq(n))] T we have

Ilb(n + 1) + b(n) :HB Lf(n+1) ( (n+1))+ B~ 1f(n)—B’1S(q(n))H
< ||B71£( n+~r)+B 1f( )W+ 1B~ 15( (n+T))+B_1S(q(n))H
< B M e+ 1B~ 5t 1H||q<n+1 +aq(n)|
= |

|B~L|e+ Al|q( n+r +q(n)|.

Hence, there exists v € (A, 1) such that ||b(n + ) + b(n)|| < v||q(n+ T) + q(n)]]. On
the other hand, 7 is a e-almost anti-period of f(n) and x(n) = [p(n), p(n +1)]*, we have

lx(n+1+7)+x(n+1)]| =|gn+1+7)+q(n+1)||+lgn+2+71)+g(n+2)|
|[Rx(n+ 1) 4+ b(n+ 1)+ Rx(n) + b(n)||

[IR[[[|x(r + T) + x(n)|| + [[b(n + T) + b(n) ||

RN (llg(n+7) +q(m)| + lg(n +1+7) +q(n+ 1))

IB=HI(ILf (n+7) + f(m) | + 1S (q(n + 7)) + S(q(n))]])

(IRIF+AUB=HDNg(n + 1) + () + [IR[[g(n +1+7) + g(n+ )| + B¢,

IN 4+ INIA

-
o
N

(A= 1RIDIg(r +1+7) +q(n+ V)| + lg(n +2+ 1) +q(n +2)]|
< (IR +MBHDlIg(n + 7) +q(n)l| + B Je.
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Hence,

R||+A|B!
latn-+1+7)-+ g0+ 0l < BEETR g4 4 g

The proof is completed. [

Now, consider the underactuated Euler-Lagrange system with N degrees of freedom
and m independent controls by a discrete dynamic equation as follows:

B(q(n)) (q(n+2) —2q(n+1)+q(n))
+C(q(n),q(n+1) —q(n))[q(n+1) — q(n)] + G(g(n)) = Lw, (6)

where B is a positive definite matrix denoting the inertia matrix, C is the Coriolis matrix, G
is the gravity vector, L = [0, I}, (*) = [q1(:),- .-, qn(+)] € RN is the generalised coordinate
vector, and w € R™ is the control. Assume that x(n) = [g(n),q(n + 1)]T, Equation (6) can
be rewritten as

x(n+1) = [q(n + 1)]

q(n+2)
_ [ gn+1) } n [ 0
vooq(nI)er(nJrl) B~ (q(n)) [Lw — G(q(n))] @)
- [’Yo vl}x(n)ﬂ(n)
= H(n)x(n)+a(n),
where
70 =B~ (q(n)Cq(n),q(n+1) —q(n)) — 1,
1 =21 =B (q(n))C(q(n),q(n+1) —q(n)),
and

H(n) =[,$0 ,YIJ a(n) = [Bl(qm))[L?u—G(q(n))]]'

Theorem 6. Let s < n, the unique solution (7) with the initial value x(s) = xq can be given as

—(j+1)

n)z(iiiH(j)Jco—i—Z{ 1_[ Hn—z} (j)+a(n—1).

i=

Proof. The proof process is similar to the proof process of Theorem 5, we will not repeat
ithere. O

Lemmad4. Let T € ZT,

||B*1(q)C(6/,P)—I||+H21—B’1(q) PIl<fg -4 <1-4
IB(9)[Lw — G(q)] + B~ (p) [Lw Gl < Allp+4ll,
[H(n)a(n) + H(s)a(s)|| < max{[|[H(n)|, [H(s)[[}||a(n) + a(s)]|

forany p,q € RN, n,s € Zand 0 < A < 5 < 1. Then,
la(n + 1) +a(n)|| < Allg(n + 1) +4q(n)

lg(n+1+7)+q(n+1)|| <yllg(n+1)+q(n)|
[H(n+ t)a(n+ )+ H(n)a(n)|| < max{||H(n+ 1), [[H(n)[|}|a(n+7) +a(n)|

4

7



Appl. Sci. 2022,12,1991 11 0f 23

Proof. Since

we have
la(n+71)+an)|= |B (q(n+1))[Llw —G(q(n+1)
+B71(q(n)) [Lw — G(q(m)) ]|
< Mlg(n+ 1) +q(n)|
and

lx(n+1+7)+x(n+1)|
lg(n+1+7)+qm+1)[ + g

(n4+24+71)+g9(n+2)|
||H(n)x(n+r)+a(n+r)+H((n)x(n a(n)]

INIA I

+
[E() [0+ ) + x(1)]| + la(n +7) + a(o)]
IH)[(lg(n+7) +q(m) [ +llg(n + 1+ 7) +g(n+ D) + Allg(n + ) +q(n)]]),
(1= IRt + 1) g+ Dl + gl +2) g0+ 2)
< (IO + N+ 7) + ()|
Hence,
o+ 147) + g+ ) < S lan-+7) g
and

lg(n+2+7) +q(n+2)|| < (IH@)| + BT )llq(n +7) +q(m)].

On the other hand, since

0 I
Hn) = [70 71]

where

70 =B~ (q(n))Cq(n),q(n+1) —q(n)) — I

1 =21 =B (q(n))C(q(n),q(n+1) —q(n))
we have

[Hm)|| = = [N+|B 1 (q(n))C(q(n )q(n+1) q ) =1
+ [[21=B1(q(n))C(q(n), q(n +1) —q(n))|]
< g+ -b=F<1

ie., Q—\(@'(‘;S/H\ <. Thus, |[gn+1+71)+g(n+1)|| <#llg(n+ 1)+ q(n)|. Since

[|H(n)a(n) + H(s)a(s)|| < max{[|[H(n)]|, [[H(s)||}|la(n) +a(s)],
we have
[H(n+7)a(n+ 1)+ H(n)a(n)|| < max{[|H(n + 1), |[H(n)[ }Ha(n +T) +a(n)].

The proof is completed. [
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3.2. Stability of the Almost Anti-Periodic Solutions

In this section, we will establish the stability of the general N-dimensional mechanical
system and the underactuated Euler-Lagrange system under the almost anti-periodic
discrete process. Through Equations (5) and (7), the systems (4) and (6) can be turned into
the following nonhomogeneous linear system

x(n+1)=M(n)x(n)+c(n), neZ, 8)

which leads to the corresponding homogeneous linear system

x(n+1) = M(n)x(n), neZ, ©)
where
M(n) = R = {B‘l(g — B) B—l(zg - C)]
and
o) =800 = |10y 5150
in Equation (5),
M(n) = H(n) = ,SO 711]

in Equation (7), where
70 =B~ (q(n))C(q(n),q(n+1) —q(n)) ~ 1,

11 =21 - B~1(q(n))C(q(n),q(n+1) — q(n)).

Next, we will establish the stability of Equation (8) to obtain the stability of
Equations (4) and (6). For convenience, denote M, := inf{|M(n)| : n € Z}, M* :=
sup{[|M(n)| : n € Z}.

Theorem 7 ([7]). Let n,s € Z,
n

]:[SM(n —j), n>s,

j=1
¥(n,s) = [ nes
0, n<s.

Then, the following results hold.
(i)  The zero solution of Equation (9) is stable if and only if

¥ (n,s)| < K(s),

where K(s) is a positive constant dependent on s.
(i)  The zero solution of Equation (9) is uniformly stable if and only if

[¥(n9)] <K,

where K is a positive constant independent of s.
(iii) The zero solution of Equation (9) is asymptotically stable if and only if

lim [['¥(n,s)|| = 0.

n—oo
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(iv) The zero solution of Equation (9) is uniformly asymptotically stable if and only if
[ n9)] < Ky
for some constants K > 0and n € (0,1), n > s.

Theorem 8. If all the conditions of Lemma 3 hold for M(n) = R and c¢(n) = b(n) (or all the
conditions of Lemma 4 hold for M(n) = H(n) and c(n) = a(n)) and

do= lim [ TTIMG)I| " <1. (10)
j=1

Then, Equation (8) has a unique uniformly asymptotically stable almost anti-periodic solution

n—2 rn—j—1
xo(n):'z [ q M(n—i)}c(j)—l—c(n—l) neZ.
j=—00 i=

Moreover, Equation (4) (or Equation (6)) has an unique uniformly asymptotically stable almost
anti-periodic solution.

Proof. Step 1. We will prove that x((n) is well-defined for all n € Z. By Proposition 2 (ii)
and Equation (10), we can obtain

1] & .
tim | & i MO)] - L inMG) | =
=1

j=—n
ie.,
17 & .
ggr;on[jzz_nlnann] .
Hence,

lim [ H | M(f) } = Ao,

j=—n

which implies that for Ve > 0, there exists N > 0 such that

I HM(J')IIF—AO <e

j="n

forn > N, ie.,
1

ro-e<| 1 MO < 20+

j==n

ie.,

(Ao —€)" < H IM(G)|| < (Ao +e)",

]_—71

Hence, there exist some A € (Ap,1) and A, € (0, Ag) such that

A2<HM*§HHM ||<]’[M*<A”forn>N2. (11)

j=—n j=—n j=—n
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Hence,
n—2 [n—j-1 ) )
]< N2|: Mnil :|C(])H
n— l n—j—1
< i Mn_z] < £ |1 1M1 el
j<— Nz i=1 | j<—N i=1
= X [FnlIIM(nl)l ] IIM(nl)I}I()II
j<—N; Li=1 i= n+
0
= & [ 11 Mol T o]l
j<—Np Lr=n-1
0
= II M| X { |M()||}||C(f)|-
r=n—1 j<—Np Li=j+

By Equation (11), one has

0 0 -1
I MO E A el < T 1M £ {H |M(i)||}||c(]')|
r=n—1 J<—Np r=n—1 J<—Np Li=j+1
0 i1y
< IT MO X A7 (-
r=n—1 j<—Np

0 -1

Hence, the series ] |[M(r)|| ¥ [ I1 ||M(z)|] llc(j)|| converges, which implies
r=n—1 j<—Np Li=j+1

that the following series converges:

n—2 rn—j—1
L [ 1T Men=i]el.
j=—00 i=1
Hence, for
n—2 rn—j—1
i = L | TT M- 9]e) +etr 1)
j=—00 =

this series converges for nn € Z. Therefore, we prove that it is well-defined.
Step 2. We will prove that x(n) is a solution of Equation (8). Since

n—1 rn—j

o+l =Y HM<n+1—z>] (7) +c(n)
j=—o0 Li=1
n—2 n—j n—(n—1)
= Z 1M(n—kl—z)] (j) +c(n) + [ l—{ Mn+1-i)|c(n—1)
j=—o0 Li= i=
n—2 n—j
- Y M) 2M<n+1—z>] (j) + e(n) + M(n)e(n — 1)
j=—o00 i=
n—2 rh—j—1
—mn) | TT Mln=0)]e()+ Mln)e(s =1) + c(o)
j=—o00

=M(n) o( ) +c(n),

which means that x(n) is a solution of Equation (8).
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Step 3. We will prove that the solution of Equation (8) is an almost anti-periodic
discrete process. By Step 1, we have

—1 —1 —1
A< T M. < TT IMG) < TT M° <

j=—n j=—n j=—n

for n > N,. Hence, there exists N3 > N, such that

]ZNOO [ffM( -0 < 5

Thus,

[xo(n+ 1) +xo(n)[| = lg(n+ T+ 1) +q(n+1)[| + lg(n + 1) +q(n)|
n+t—2 |:n+rjl

L | 1 M<n+r—i>}c<f>+c<n+r—1>

]':—oo

M(Tl-i—T—i)}C(j)-i—C(n-i—T—l)

[T M ~i)|et) +ctn -1

—N3+71-1 pnt+t—j-1 —N3—1 pn+7—j-1
+‘ Y [ I M(Tl—f—T—l’)}C(]')H-F ) I M(”—i)}c(]')H
j=—00 i=1 j=—00 i=1
n+1-2 n+t—j—1 n—2 n—j—1
ST M)+ T[T Mo-a)e0)
j=—N3+71 i=1 j=—N3 i=1
n— n—j—1
et =D+ en+r-01+5 < 5 [T Mo+ e-]eg+ 0
':—Ng, i=1

+ rille(n i)]c(j)H Fleln—1) +e(n 1))+ 5

n—2
n—j—1 . . e
< X NG+ + e+ lletn = 1) +eln+ 7= 1)) + 5.
j=—N3
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Hence, by Lemma 3 (or Lemma 4), we have
[x0(n +7) +x0(n)|| = lq(n +7+1) +q(n+1)| +[[q(n+7) +q(n)|

oo . . €
<y A lU|M(]+T)+q(])H+U||11(”—1)+‘J(”+T—1)||+§
J=—Ns3

n—2 . )
< Y AT op™t|g(—Ns 4 1) + g(—N3)|
j=—N3

o €
+on™ =0 lg(= N5 + 1) + (= Na)l| + 5

n—2 i )
:||q(N3+T)+q(N3)|( Z /\;l—]—lv”N3+]+w7N3—(n—l)>+£

j=—Ns 2
n—2 n_il1 ] ¢
_v||q(—N3—|—T)+q(—N3)||< Z A ] 17N3+]+17N3—(n—1)) +§
j=—Ns
N3+n—-2 o ’7N3+n72
=0[lq(—Ns + 1) + q(—N3)|| = — + =
M

forv,n,A1 € (0,1) and

which means
[g(n+T+1) +qm+ 1] +[lg(n+1)+q(n)| <e

Therefore, we obtain that the solution of Equation (8) is an almost anti-periodic
discrete process.

Step 4. We will prove that xp(n) is an unique uniformly asymptotically stable almost
anti-periodic solution. By Step 1 and Equation (10), we have

n

n n
A < TIM. <TTIMG) < TTM* < A}
j=1 j=1 j=1

for some Ay € (Ag,1), A2 € (0,Ap) and n > Ny. Hence, for n > s, we have
n—s

[T M@ ])H < AL

=1

¥ (n,8)|| =

Thus, by Theorem 7, xo(n) is an unique uniformly asymptotically stable almost anti-
periodic solution. The proof is completed. [

Theorem 9. If
_1
lim inf >1, (12)
n—oo

[ﬁMwwr

then the solution of Equation (10) is unstable.

Proof. Since
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we have ) .
n— n—1 -
[T M0 =) || [ TT M=) | = 01 =1
j=0 j=0
Hence,

n—1 . 1 1

0 M(n - ]) Z . -1 = -1 % n

= ’ [ 11 M(n—f)} ( ‘ {n]'[lM(n—j)} )

j=0 =0

(i) T

On the other hand, by Equation (12), there exists some A3 > 1 such that

n

[]Ij: Mn ) -

n—1 -1-1
It —a] >
j=0
which means
n—1
H M(n ])H > A5,
=0

Next, by contradiction, we will show the solution of Equation (10) is unstable. Assume
that the solution of Equation (10) is stable, by Theorem 7, there exists K(s) such that

n—1

[T M(n —f)H < K(s),

j=1

[¥(ns)] =

it is a contradiction with

lim
n—,oo

n—1
[ M= j)H > lim A}

]:0 n—oo
for A3 > 1. Hence, the solution of Equation (10) is unstable. The proof is completed. [

In what follows, we will provide two examples to support our obtained results of
Theorem 8.

Example 1. In Equation (4), let s = 1, x(s) = [q(1),4(2)]"

B=C= |3 3], slatn) =290, £ = || a0 = 1) 9@ = [ ]
In fact,
5= [3 ] B0 -5 sen = [FanE] < ao, k<[ 1], R =R
Thus,
(1) = g0, g(n + DI = Rx(s) +R]nflsb<n S1- ),
and
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For the status of q1(n) and ga(n), see Figures 1 and 2.

0.4 r T T T

0.2F .

-0.2

-0.4 - ]

q1(n)

—0.6 .

= i i i i

Figure 1. The status of the almost anti-periodic solution of the system (4).

0.8 .

0.4} :

q2(n)

02F -

_ﬂ_z u B

Figure 2. The status of the almost anti-periodic solution of the system (4).
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Example 2. In Equation (6), let s = 1, q(n) = [q1(n),q2(n)], q(1) = [1,1]T, q(2) =

w = 1[0,1]
B(q(n)) =C(q(n),q(n +1) —q(n))
=[2q(n),q(n)] + [(1) 8} G(g(n)) = {143((12):;58?}
In fact,

T FE0) Lo — Gla(ny)  [72() cos
(‘1(”))— 1 sin(qi(n))—qi(n)sin gz | w = (‘7(”))— /| ’

SIN g —
2 q2(n) sin g% 12 87

“L(g(n))(Lw — G(q(n))) = g2(n) cos f% — q1(n) sin gk
B~'(q(n))(Lw — G(q(n))) [_qzzn)COS&‘FSin(ql(H))—ql(n)sinsfj'

Hence,

—2 n—(j+1)

:(jliH(j))x(ﬁ—jzs[ I H(n—i)}a(j)—i—a(n—l)

n—2

=H(n—1)xo+ Z H(n—1i)a(j)+a(n—1)
j=s
and
n—2 ] L—
- 92(j) cos gz — q(j) sin gk
qn+1) =q@)+ % | g P j
=1 —'hzﬂ cos £ +sin(q1(j)) — ( /) sin 8]71
. g2(n—1)cos %2 — gy (n — 1) sin %1
_‘72(”2_1) cos L— = +sin(q1(n)) — g1 (n — )sin%
qZ(n—l)costm(” 1) sin i
=q(n) + ’
q(n) _‘72(71271) CcoS 4 —1 —i—SlH( (n)) 41(” - 1)Sil’1%

For the status of g1(n) and q;(n), see Figures 3 and 4.
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-3 i i i i i i i L
o 5 10 15 20 25 30 35 40 45

Figure 3. The status of the almost anti-periodic solution of the system (6).

1.5} .

0.5} -

a2(n)
o

_2-5 i i i L i i i i
O 5 10 15 20 25 30 35 40 45

n

Figure 4. The status of the almost anti-periodic solution of the system (6).
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4. Conclusions

Anti-periodic phenomena always appear in various fields related to engineering science
and technology. Almost anti-periodic phenomena is a natural extension of anti-periodic
phenomena whose dynamical behavior can be reflected by almost anti-periodic process.

As an important tool of description of discrete process with almost anti-periodic
circulation in the fields of engineering, biological chemistry, and neural computation, etc., a
notion of discrete almost anti-periodic process has been proposed in this paper. Indeed, for
an arbitrary almost anti-periodic sequence, the relatively dense set can also be applied to
depict their accurate definitions. In the literature [26], Wang et al. addressed some basic
notions to introduce a series of notions of almost periodic process on different types of time
scales; the most convenient and precise statement is to adopt an intersection of intervals
and subsets of real lines to portray the relative density distributed on time scales. The set
with such an intersection property is called a relatively dense set. Naturally, it can be also
applied to precisely describe an almost anti-periodic process on time scales.

The relatively dense set of the time scale version is presented as follows:

Assume that 7 is a time scale with periodicity, i.e., there is a nonempty set Q0 C R\ {0}
such thatt 4y € 7 forallt € T and y € Q. Now, a standard notion of relative density of
a subset of R could be introduced.

A subset S of R is called a relatively dense set if and only if there is a positive number
L suchthat [b,b+ L] NS # @ foreachb € T.

By using this basic notion, we can also address the notion of an almost anti-periodic
process on time scales.

Let M(-) = [uij(-)]nxn : T = RN*Nbea N x N matrix-valued discrete function and
w(:) = [wi(+),...,wn()]T : T — RN be a N-dimensional vector-valued function; then,
we define

1 N N 1 N
MBI =5z L L w0l lw®] = N]; |wj(£)].

j=1i=1

If for Ve > 0, there exists a positive integer /(¢) such that
Ele,u):={1eQ:|wt+1)+w®)| <e}

is relatively dense. Then, w(t) is called the almost anti-periodic discrete process, and
& (e, w) is called the e-almost anti-period of w(t). Similarly, M (t) is an almost anti-periodic
N x N matrix-valued function if

Ee, M) ={teQ:[M(t+T1)+M(t)| <e}

is relatively dense.

The results of this paper provide a new avenue to study almost the anti-periodic
process on a discrete time case. Meanwhile, the definition mode of function adopted in the
paper could be extended to combine continuous cases and other complex time variables.
Their comprehensive definitions and properties based on more complicated time situations
will be investigated in our future research.
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