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Abstract. In this paper we investigate the boundedness and the periodicity character
of solutions of the difference equation

1 AL A2 A,’fL
Tp41 = Maxq —, , s e , n=20,1,...
LTpn Tp—1 Tn-2 LTn—k

where { A% }2°, are sequences of positive numbers and A% € (0,1] for all n =0, 1, ...
and 1=1,2,...,k.
The solutions of the particular form

1 1
xn+1:max{ , }, n=20,1,...
Tn—p Tn—gq

where p and g are nonnegative integer numbers will also be discussed.
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1. Introduction

In [5] Elabbasy et al. investigated the boundedness and the periodic nature of
solutions of the max type difference equation

o)
LTp+1 = MAX§ —, )

Tp Tp—1
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where {A,}52, is a periodic sequence of period two and A,, > 1.

Also, Elabbasy et al. [6] studied the semicycles, the boundedness and the
periodicity of solutions of the Max-equation

{ 1 A, }
Tp41 = MaAxX§ —, ,

Tp Tp—1

where {A,}52, is a periodic sequence of period three and A, € (0,1] for all
n =0,1,... such that the elements of one of the three subsequences {As3;}32,,
{Asi41}52, or {Asit2}72, equal one.

In [8] Feuer et al. investigated the asymptotic behavior, the oscillatory char-
acter and periodic nature of solutions of the equation

max{z,, A}
Tn+1 = 7.% T )
nen—

where A is a real constant and x_1, o are nonzero constants.

Also, see [1-10] for some difference equations with the property that every
solution is eventually periodic.

The aim of this paper is to study the boundedness and the periodicity char-
acter of solutions of the general max-type difference equation

1AL A2 Ak
Tp41 = Maxq —, , yeee , n=0,1,...
Tp Tp—1 Tp-2 Tn—k

(1)

where {A%}%° | are sequences of positive numbers and A%, € (0, 1] for all n =
0,1,... and i=1,2,....k.

Also the periodicity of solutions of the missing term difference equation

{ - } 0.1 @
Tpt1 = MAX , , n=0,1,...
et Tp—p Tp—g

where p and ¢ are nonnegative integer numbers will be investigated.

Max-type equations are important both for purely theoretical reasons, as
well as for applied reasons. The first purely theoretical equation, for which it
was possible to rigorously show that it has a strange attractor, was “Lozi’s map
[10]” which is a max-type equation. There are various applied models which use
max-type equations.

2. Some Basic Properties and Definitions

In this section we mention some basic properties and definitions for Equation

(1)
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Equilibrium point
Clearly Equation (1) has a unique equilibrium point = = 1.

Definitions
(1) Semicycles
(a) A positive semicycle of a solution {z,}°° _, of Equation (1) consists of a

“string” of terms {zy, i11,..., Tm}, all of which are greater than or equal to
the equilibrium ¥ with [ > —1 and m < oo, such that

either [=-1, or I>-1 and x_1 <7

and

either m=o00, or m<oo and x4+ <7

(b) A negative semicycle of a solution {x,}5° _, of Equation (1) consists of a
“string” of terms {xy, i11,..., Tm}, all of which are less than the equilibrium
T, with [ > —1 and m < oo, such that

either [=-1, or I>-1 and x_1>7%

and

either m=o00, or m<oo and x4 >7.

The sequence {z,}>° _, is said to be oscillatory around an equilibrium point
Z if {x, —T}>2 _, is oscillatory around zero.

(2) Permanence
The difference equation

xn+1=G(Jcn,xn_1,...,xn_k), n:O,l,...

is said to be permanent if there exist numbers m and M with 0 < m < M < oo
such that for any initial conditions _g, & _gy1, ..., £—1,Z¢ € (0, 00), there exists
a positive integer N which depends on the initial conditions such that

m<x, <M forall n>N.

(3) Periodicity

A sequence {z,}2° _, is said to be periodic with period p if x4, = z, for all
n > —k. A sequence {z,}>> _, is said to be periodic with prime period p if p is
the smallest positive integer having this property.



50 E. M. Elabbasy, H. El-Metwally, and E. M. Elsayed
3. Boundedness of Solutions

In this section we investigate the boundedness of positive solutions of Equation
(1). Our result is the following theorem which is a minor modification of Lemma
2.1 in [7].

Theorem 3.1 Every positive solution of Equation (1) is bounded.

Proof. First we claim that {z,,}° _, is bounded from above by a positive number
M > 0 if and only if {z,}7° _, is bounded from below by a positive number
m > 0.

Indeed, suppose {x,}>° . is bounded from above by a positive number
M > 0. We shall show that {z,}>° . is bounded from below by a positive
number m > 0.

It follows from Equation (1) that

1 AL A2 Ak
xn+1=max{—, n noL, }
Tp Tp—1Tnp—2 Tn—k
142 k
Smaxd 2, An Aw Al L
- M M M M M

Then for every n > 0, we see that

x > —.
n+1_,A4

Conversely suppose that {z,}>° _, is bounded from below by a positive number
m > 0. We shall show that {z,}> _, is bounded from above by a positive
number M > 0.

It follows from Equation (1) that

1 AL A2 Ak
xn+1=max{—, noo—n .., —=
Tp Tp—1 Tp—2 Tn—k
1 AL A2 Ak 1
< max{—, o, —"} = —.
m' m’' m m m
Then for every n > 0, we see that
1
Tnt1 = —,
m
and so the proof of the claim is complete. ™

We are now ready to prove the theorem. To get a contradiction, suppose
that {z,}7° _, is not bounded from above. Then there exists N > 0 such that

max{z,: -k <n< N} <zn.
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It follows that there exist integers N1 and Ny with N < Ny < Nj such that

xn, <min{z,: -k <n < N1},

and
xn, =max{zr,: —k <n < N}
Thus
1 k
1 Ayn AN, 4
N, = Inax y RN
ITN;—1 TN;—2 TNy —k—1
1 k
1 Ay A% 1
> max{ —, L e i S
TNy TNy TNy TNy
Then

TN, TN, 2> 1.

We also have

1 Ay, Alfvr1
TN, = INax

TNy—1 ’ TNy—2 T TNy—k—1
1 AL Ak 1
< max{ —, Ny Lo Np—l L - -
TNy TNy TNy TNy
From which it follows that
TN, TN, < 1.
This is a contradiction, and so the proof of the theorem is complete. ]

4. Periodicity of Solutions of Equation (1)

In this section we investigate the existence of periodic solutions of Equation (1).
Two separate cases of Equation (1) will be discussed.

41. AL =1,i=1,2,...,k, n=1,2,...
We have the following results.

Lemma 1. Let {z,}5° _, be a positive solution of Equation (1) which is not

eventually constant. Then the following statements are true.

(1) With the possible exception of the first negative semi-cycle, every negative
semi-cycle of {x,}22 . has length equal to one.

(2) Ewery positive semi-cycle of {x,}5° _, has length equal to k + 1.

Proof. (1) Suppose there exists N > 0 such that

zny_1>1 and zny <1



52 E. M. Elabbasy, H. El-Metwally, and E. M. Elsayed

Then from Equation (1) we see that

1 1 1 1
TN4+1 = mMax {4 —, , s e > 1.
IN IN-1 ITN-2 ITN—k

(2) Suppose there exists N > 0 such that ay < 1. Then from Equation (1)
we see that

1 1 1 1
ITN+1 = INax§ —, ’ PRERE) >1)
IN TN—-1 TN-2 TNk
1 1 1 1
I N+2 = Imax y PREES) >1)
IN4+1 TN TN-1 TN—k+1
1 1 1 1
TN4+3 = max , Sy ey > 1,
TN4+2 TN4+1 TN TN—k+2
1 1 1 1
ITN+k+1 = Max ) ) yoeeey T >1a
IN+k ITN+k—1 TN+k—2 TN
and
1 1 1 1
TN+k+2 = INax , , s eens < 1.
TN+k+1 TN+Ek TN4k—1 TN+1
This completes the proof. ]

Theorem 4.1. FEvery positive solution of Equation (1) is eventually a periodic
solution of period k + 2.

Proof. Tt follows from Lemma 1 that every positive semi-cycle of every solution
{z,}5 _,, of Equation (1) eventually of length k& + 1 and every negative semi-
cycle of length one. Thus {z,}>° _, is a periodic solution of period k + 2. The
proof is complete. [ |

4.2, Ah=1,1<i<r and A) <1, r+1<j<k.

In this section we consider Equation (1) where A% =1, 1 <i <r and AJ <
1, r4+1 < j <k. That is

11 1 At Ak
Tp41 = mMaxq —, s een , yeee , n=0,1,...
Ly Tp—1 Lp—r Tp—r—1 LTn—k

3)

Here we state and prove the following results.

Lemma 2. Let {x,}5° . be a positive solution of Equation (3) which is not

eventually constant. Then the following statements are true.
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(1) With the possible exception of the first negative semi-cycle, every negative

semi-cycle of {x,}22 . has length equal to one.
(2) Ewvery positive semi-cycle of {x,,}5° _, has length at least equals r+1 and at

most equal to k+ 1.
Proof. (1) Suppose there exists N > 0 such that

rzny_1>1 and zny <1.

Then it follows from Equation (3) that

11 1 A Ak,
TN4+1 =mMax<{4 —, s eens , yerns > 1.
TN TN-1 IN—r TN-—-r—1 TN—k

(2) Suppose there exists N > 0 such that zx < 1. Then from Equation (3), we

see that
11 1 ATt Ak,
xN_H:maX{—, s een , N s een > 1,
TN ITN-1 IN—r ITN-—r—1 TN—k
11 1oAY AR
TN42 = max ST ey , + s e + > 1,
TN+1 TN IN—r+1 TN-—r TN—k+1
1 1 1 AVt Ak,
IN+r4+1 = Max I R ) +Ta"'a tr >1a
IN+r TN+r—1 IN TN-1 TN —k+r
and
r4+1 k
1 1 1 AN+7“+1 AN+7“+1
TN+4r42 = IMNax s s ey s vy .
LTN+r+1 TN+r TN+1 TN TN —k+r+1
It is clear that
<1 forall 1<i<r+1.
TN+
However, one of the following inequalities holds
AT+j
MZl forsome 1<j<k 0<i<k—r-—1.
TN—i

Therefore
either Tnyr42 >1 or Tnyprpo < 1.
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Thus every positive semi-cycle has length at least r + 1.
Similarly, we see that

either aniryi > 1 or Tnyrq <1 for i=3,4,..,k+1.
Now assume that

TNt > 1 forall i=r+2,r+3,...,k+1.

It follows from Equation (3) that

r4+1 k
1 1 1 ANtk ANgrn <1
, s e , yenes .
TN+k+1 TN+E TN+k—r+1 LTN+k—r TN+1

TN+k4+2 = INax {

Thus every positive semi-cycle has length at most k + 1.
The proof is complete. [ |

Theorem 4.2. Equation (3) possesses a periodic solution of period r + 2.

Proof. Let {z,}22 _, be a positive solution of Equation (3). Assume there exists
an integer N > 0 such that

TN—ky TN—k+1,--- TN-1 = 1,

and
max{\/Al} <zny <1 forall i=r+1,7r+2,.. k.

Then from Equation (3) we obtain

11 1 A Ak, 1
IN4+1 —IMaxq —, g eeey 5 g ey = —,
TN TITN-1 IN—r TN-—r—1 TN—k TN
r4+1 k
11 1 AN Avi |1
IN+2 = Imax Ty eeey 5 s ey =
IN+1 TN IN—r+1 TN-r TN—k+1 TN
r4+1 k
- 1 1oAY, Ak,
IN+r4+1 = Max I L ) PRERY —
IN+r TN+r—1 IN ITN-1 TN —k+r TN

r+1 k
B 1 1 1 AN, AN |
LTN+4r42 = Max = TN,

) ) ) ) ) )
LIN4r+1 TN4r TN+1 TN TN—k+r+1
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and
r4+1 k
_ 1 1 1 ‘AN+¢+2 AN4¢+2
LTN+4r+3 = mMax ) PRRE) ) PRRE) - -
TIN4r+2 TN4r+1 IN+2 TN+1 TN —k+r4+2 TN

Thus
IN+r43 = TN+1-

Then it follows by induction that {z,}>° _, is periodic solution of period r + 2.
This completes the proof. [ |

Conjecture 1. FEvery positive solution of Equation (3) is periodic with period
r+ 2.

Previous results [1-3], show that this conjecture is true. However, we do not
require that {4, }22, is a periodic sequence. Although, we are not able to prove
this conjecture in the general case, we prove it for the following particular case.

Consider the difference equation

1 1 A
$n+1=maX{—, ~ }, n=20,1,.. (4)

)
Tn Tpn—1 Tn-—-2

where {A4,}5°, is a periodic sequence of period two as {...,a, 8, , 0, ...}, and
a, B € (0,1). Suppose that a > .
Lemma 3. Fvery solution of Equation (4) which is bounded below by /o

1
belongs to the interval [\/a, —.
Va

Proof. Let {x,}52 _, be a positive solution of Equation (4) and let there exist
N > 0 such that
ZTn_o > o forall n> N.

It follows from Equation (4) that

{ 1 1 An } { 1 1 AN}
TN41 = INax§ —, ) < max T T = T = (T
IN TN-1 TN-2

Similarly, we see that

1 1 A 1 1 A 1
$N+2:maX{ y T N+1} Smax{—,—, N+1}:_'
IN+1 TN IN-1 (e} o

Similarly to the above, the proof follows. [ |

Lemma 4. FEvery positive semi-cycle of any solution of Equation (4) which is
bounded below by /a has exactly length two.
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Proof. Suppose there exists N > 0 such that
zny_1 <1 and zny>1.

Then from Equation (4) we see that

1 1 An
TN4+1 = mMax<{4 —, , >1
IN TN-1 TN-2

and

1 1 Ani
$N+2:maX{ y N <1,
IN+1 TN TN-1

An+1  Anta o
where xy_1 > Vo = < <—=va<l.
1>V In_1  Ja ~ Ja

This completes the proof. [ |

Remark 1. By Lemma 2, every negative semi-cycle has length one.

Theorem 4.3. Every positive solution of Equation (4) which is bounded below
by v/a is eventually periodic with period three.

Proof. Since the positive semi-cycle has length exactly two and the negative
semi-cycle is of length exactly one, we consider only the following cases for an
integer N >0

(a) xny_2, zny—1 > 1 and zny < 1;

(b) zy—2, zx > 1 and xy_1 < 1;

(¢) zy—1, x> 1 and xy_o < 1.

We will consider only the case (a) (the other cases are similar and the proof will
be omitted). Assume (a) holds, then it is easy to see from Equation (4) that the
solution is of the form

1 1 1 1
ey ENy =y =3 Ny~ eee -
TN TN TN TN

Therefore {z,}5> _, is a periodic solution with period three. ]

Lemma 5. Assume {x,}32 _, is a positive solution of Equation (4) and suppose
there exists m > 2 such that

Tm—2 < \/E
Then either {x,}22 4 is an eventually periodic solution with period three or

lim inf z,, > V.

n—00

Proof. Tt follows from Equation (4) that

1 1 A, «
Tmt1 = Max{ —, , = ,
Tm Tm—-1 Tm—2 Tm—2
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1 .
where Zy—1, Tm > —. SO QLym—1 > /& > Tpy_o, and similarly az, > Tm_s.

NG

{ 1 1 Apt } {$m—2 1 g } Tm—2
Tm+2 = Max — = max — = ,

) ) ) )
Tm+1 Tm Tm-—1 @ Tm Tm-1

and

{ 1 1 Am+2} { O Typ_o « }
Typt3 = Max = max ,— .

) ) )
Tm+2 Tm4+1l Tm Tm—2 « Tm

We consider the following two cases:

Tm—2

(A1) Zpys =
the solution is of the form

In this case, by some simple computations, we see that

) ) ) )

« Tm—2 Tm—2 « Tm—2 Tm—2
ey , yeee
Tm_os @ o Tm_s o« @

Therefore {z,}>2_, is a periodic solution with period three.

(A2) Tppy3 = . In this case we see that

m—2

1 1 Amq3 Lm—2 a Brm—2 a
Tm+4 = Max = max , , = ,
a 'x

) )
Tm+3 Tm+2 Tm+l m—2 « Tm—2

and

1 1 Apga Tym—2 Tm—z a2
Tty = Max = max , , )

) )
Tm+4 Tm4+3 Tm42 « « Tm—2

We consider the following two cases:

(B1) Zyys = Z2=2. In this case we see that the solution is of the form
+ a

{ Tm_2 O O Tm_2 « a }
M} ) ) ) ) ) bR .
@  Tm—-2 Tm-2 « Tm—2 Tm-—2

Therefore {z,}22 _, is a periodic solution with period three.

2

(B2) @mis = Then
T

m—2

1 1 Am+5 } {xm—Q Tm—2 BTm_2 } Tm—2
= max

Ty = Max =
+ { a2’ a o«

) )
Tm+5 Tm+4 Tm+3
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and in this case we see that

Tm—2
a?

Tm—2
Tm—2 < Tm42 = o < Tmt6 =

Thus
liminf z,, > Va.

n—oo
Theorem 4.3 and Lemma 5 lead to the following main result of this section.
Theorem 4.4. Every solution of Equation (4) is periodic with period three.

5. Periodicity of Equation (2)

It is well known that every solution of the difference equation

Tpt1 = , n=0,1,...
n—j

is periodic with period 2j + 2, where j is a nonnegative integer number.

One may think of a relation between the period of the periodic solution of
Equation (2) and the period of the solution of equations

1

Tp41 = , and xpy1 = .
Tn—p Tp—q

Amazingly, there is a relation. This relation will be given by the following
theorem.

Theorem 5.1. The following statements are true.

(1) If g # 3p + 2, then every positive solution of Equation (2) is periodic with
period q + p + 2.

(2) If ¢ = 3p + 2, then every positive solution of Equation (2) is periodic with
period 2p + 2.

Proof. (1) Tt suffices to show that every positive semi-cycle of any solution of
Equation (2) has length ¢+1 and that every negative semi-cycle has length p+1.

Assume that there exists an integer N > 0 such that

TN—q; TN—q+1, - TN-1=>1 and ay <1
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It follows from Equation (2) that

1

TN41 = max {

1

1
) < 1)
IN—p TN-—q

TN42 = max {

1

1
Y < 1)
TN-p+1 TN—g+1

TNip—1 = max{

1

1
) < 1)
IN-2 TN-—q+p-2

TN4p = Max {

and
1

TN4p+1 = Max {—

1
) < 1)
ITN—-1 TN-—q+p—1

1
,———— > 1.
TN TN—g+p

Therefore the negative semi-cycle has length exactly p + 1.

Again, we see from Equation (2) that

1
T N4p+2 = Max {

)
TN+1

1
> 1,
TN—g+p+1

1
TN4p+3 = Max {

)
TN42

1

1
> 1,
LN —g+p+2

1
IN+p+q+1 = max{

Y
TN+q

and

1
) > 1)
LTN+g—1 TN+4p-1

1 }
> 1,
TN+p

1
TN+ptg+2 = Max {

1
, < 1.
TN+g+1 TN+p+1

59

This gives that the positive semi-cycle has exactly length ¢ + 1. The proof is

complete.

(2) As in Case (1), assume that there exists an integer N > 0 such that

TN-3p—2; TN—3p—1,--,ZN—1>1 and any <L
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It follows from Equation (2) that

1 1
xN+1=maX{ ,7}<1,
TN—p TN-3p—2
1 1
TN42 = mnax , <1,
IN—p+1 TN-3p—1

1 1
xN_H,_l:maX{ ,7} <1,
IN-2 TN-2p—4
{ 1 1 } <1
TN4p = Max S—
v $N—1, TN—-2p—3 ’
and
1 1
TN4p+l = maxq —, ————— p > 1.
TN ITN-2p—2

Therefore the negative semi-cycle has exactly length p + 1.

Again, we see from Equation (2) that

1 1
TNipt2 = mMax ,——— > 1,
TN+1 TN-2p—1
1 1
TN4pt3 = mMax , > 1,
ITN+2 TN-2p

1 1
TN42p = Max , > 1,
TN4p—1 TN-p-3

1 1
TNt2p+1 = max{ ; 7} > 1,
IN+p TN-—p-—2

and

1 1
TN42p+2 = max{ , } < 1.
IN+p+1 TN-p-1

This means that the positive semi-cycle has exactly length p + 1. The proof is
complete. -

Remark 2. Note that the period of the difference equation
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1 1 1 1
LTp+1 = MaAX § —, ) 30y )
Tn Tp—-1 Tn-2 Tn—k

is the average of the periods of the equations

LTn+1 =
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