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ABSTRACT.  In this study, some necessary and sufficient conditions are given for the stability of linear delay
difference equations involving generalized difference operator. For the root analysis Schur-Cohn criteria is used
and some examples are given to verify the results.
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1. INTRODUCTION

Difference equations are the discrete analogues of differential equations and usually describe certain phenomena
over the course of time. For a homogeneous linear difference equation, the stability of the or equilibrum point (or
steady-state) zero is equivalent to the boundedness of all solutions for n > 0. For the asymptotic stability of the
equilibrum point zero is equivalent to all solutions having zero limit as n — oo, which is true if and only if every root
of the characteristic equation of homogeneous linear difference equation lies in the open disk |1 < 1.

The basic theory of difference equations is based on the difference operator A defined as

Ayn)y=y(n+1)—-ymn), neN
where N = {1,2,...}.
In [1,7,13] authors suggested the definition of A as

Ayn)y=ym+0)—-ym, [leN.
In [14,15] authors defined A, as

Ay (k) =y(k+ 1) —ay (k)
where « is a fixed real constant and k € {ng,ny + 1, ...} and ng is a given nonnegative integer.
Throughout this paper we define the operator A;, as
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ANgym)=ym+1)—ay(n), nleN,ack.

Stability of solutions of linear difference equations with constant coofficients requires analysis of root of character-
istic equation. In [2,4,5, 8-12] authors found some stability results using root analysis. In our study firstly we will
consider the asymptotic stability of the zero solution of the difference equation involving generalized difference of the
form

A;’fay(n =D+ rAym) + sy(n) =0 (1.1)
with the initial conditions
y@=¢i,i=0,1,2,--- ,(m-1Il-1 1.2)
where a,r, s,€ R, [,m,n € N. By solution of equation (1.1) we mean a real sequence y(n) which is defined for n =
0,1,2,---,(m— 1)l - 1 and reduce equation (1.1) to an identity over N. Later we will consider the asymptotic stability
of the zero solution of the delay difference equation involving generalized difference of the form
Ay = 1) + 1A y(n) + sy(n —kl) =0 (1.3)
with the initial conditions
y@ =¢i,i=—kl,=kI+1,---,(m—-1)1-1 (1.4)
where a,r, s,€ R, k,[,m,n € N and k > 1. Similarly by solution of equation (1.3) we mean a real sequence y(n) which
is defined for n = —kl, -kl + 1,--- ,(m — 1)l — 1 and reduce equation (1.3) to an identity over N.

Paper is organized as follows: In Section 2 we give some definitions, properties of generalized difference operator
and some basic lemmas and theorems. We will give stability results for equations (1.1) and (1.3) in section 3. Also we
will give illustrative examples which verify the results obtained.

2. SoME DEFINITIONS, AUXILIARY LEMMAS AND THEOREMS

In this section we will give some definitions, auxiliary lemmas and theorems which we use throughout this study.

For each positive integer m, we define the iterates A by

ALYn) = A (A7 y(m)) .
Basic property of the operator A;, is shown below.

Lemma 2.1. For each positive integer m

U S i m i .
Ajy(n) = Z(—l) ( ,)ay(n+(m—z)l). (2.1
i=0 !
Proof. The proof can be easily done by induction, so we omit it. O

Definition 2.2 ( [3]). Let / be some intervals of real numbers and consider the difference equation

Xn+1 = F(xn’ KXn—1s +ees xn—k) (22)
where F is a function that maps some set /*! into 1. Then a point x is called an equilibrium point of equation (2.2) if

x, = xforalln > —k.

Definition 2.3 ( [3]). Let x be an equilibrium point of equation (2.2).

(a) An equilibrium point x of equation (2.2) is called locally stable if, for every € > 0, there exists & > 0 such that if
{xn};_4is a solution of equation (2.1) with

|x_k — 5C| + |x_k+1 - 5C| + ...+ |)C() - 5C| <9,
then
|xn - 5c| <eg, foralln > 0.

(b) An equilibrium point x of equation (2.2) is called locally asymptotically stable if x is locally stable, and if in

addition there exists y > 0 such that if {x,},__,is a solution of equation (2.2) with
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|x,k - 5c| + |x,k+1 — 5c| + ...+ |xo - 5c| <,
then
lim x, = x.

(c) An equilibrium point x of equation (2.2) is called global attractor if, for every solution {x,}, _, of equation (2.2)
we have
lim x, = x

(d) An equilibrium point x of equation (2.2) is called globally asymptotically stable if x is locally stable, and x is
also a global attractor of equation (2.2).
(e)An equilibrium point x of equation (2.2) is called unstable if it is not stable.

Consider the linear difference equation
Xntl = AXp + A1 Xp-1 + =+ + QXnk 2.3)

where q; € R,i=0,1,....k, ke N.
As is customary, a zero solution of (2.3) is said to be asymptotically stable iff all zeros of the corresponding charac-
teristic equation are in the unit disk. Otherwise the zero solution is called unstable.
As it is well known, the asymptotic stability of the zero solution of the linear difference equation is determined by
the location of the roots of the associated characteristic equation
k
P Z ai/lk—i - 0.
i=0
Thus, for each particular choice of the coefficients a;,i = 0, ..., k, one can use the so called Schur—Cohn criterion.
However, with this method, it is very difficult to get explicit conditions for a general form of (2.3) depending on the
coefficients. This kind of explicit conditions are of special importance in the applications, where the coefficients are
meaningful parameters of the model [10].

Definition 2.4 (Inners of a matrix [6]). The inners of a matrix are the matrix itself and all the matrices obtained by
omitting successively the first and the last rows and the first and the last columns.

The inners of the following matrix A are shown below.
b11 b12 b13 b14 b15

byt by by by bos by by by
A=| b3t by b3z by bss |,| bz bz by |,[b33]
byt bay baz bas  bus by bsz by

bsi bsy bs3 bsy bss
Definition 2.5 ( [6]). A matrix is said to be innerwise if the determinants of all of its inners are positive.

Consider the linear homogeneous difference equation with constant coefficient

yn+k)+pyn+k-1)+pyn+k—-2)+ -+ py(n) =0 24
where pi, pa,- - -, pr are real numbers. Then the zero solution of (2.4) is asymptotically stable iff |1] < 1 for all
characteristic roots A of (2.4), that is for every zero A of the characteristic polynomial

p) =2+ p A+ pp A+ 4y (2.5)
Now the following theorem gives a necessary and sufficient conditions for the zeros of the polynomial (2.5) lie inside
the unit disk |1] < 1 [6, sec 5.1, page 246].
Theorem 2.6 (Schur-Cohn Criterion [6]). The zeros of the characteristic polynomial (2.5) lie inside the unit disk if and
only if the following hold:
p() >0, (=1p(=1)>0
and (k — 1) X (k — 1) matrices
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0 0 0 0
P r .- 00 0 0 Pk Dk-1
Ay = : s : :
Pk-3 P-4 - 1 0 0 pe - P3
P2 Pk3 o pr 1 Pk Pk-1 0 Py P2

are innervise.

In [6] using the Schur-Cohn Criterion (Theorem 2.1), necessary and sufficient conditions are given on the coefficients
pi such that the zero solution of (2.4) is asymptotically stable. Some compact necessary and sufficient conditions for the
zero solutions of (2.4) to be asymptotically stable are available for lower order difference equations. Hence conditions
for second and third order difference equations are given below.

For the second order difference equation

x(n+2)+ pix(n+ 1)+ prx(n) =0

the zero solution is asymptotically stable if and only if

pil <1+ py<2. (2.6)
For the third order difference equation

x(n+3)+ prx(n+2)+ prx(n+ 1)+ p3x(n) =0

a necessary and sufficient condition for the zero solution to be asymptotically stable is concluded as [6]

Ip1 + psl <1+ prand |pr - pipsl < 1-p3 (2.7
3. MaN Resurrs

In this section we will give some stability results for the difference equation (1.1) with initial conditions (1.6),
the difference equation (1.3) with initial conditions (1.4) and illustrative examples. For this we will use Schur-Cohn
criterion .

Theorem 3.1. Consider the difference equation (1.1) with initial conditions (1.2) Then the following statements are
equivalent.
(a) The zero solution of (1.1) is asymptotically stable.

(b) Followings hold;
m=3
> (@)ai + (=12 (m)a'"2 tr+ (D" ma™ ! - art
pary i 2
s+(=1)"d" >0,

m=3 m\ m

Z(,)a’+( )am_2+(—1)mr+mam_l+

im0 \! 2

(=D (ar —s)+d" >0,
1 0 0o 0
~(7)a 1 0 0
PP ) 0. 0s

: 1
i (_1)m—2< m )amfz +r (_1)m73( m )am73 1 |

m-2 m=3
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0 0 (-1)"a" (1" ma ! —ar+ s
: (=)™ ma"" —ar+ s :
O (_])mam :

(_l)m a (_l)m—l mam—l —ar+s - . ('Z)az

matrices of dimension (m — 1) X (m — 1) are innerwise. Here entries of A, _| is formed by the coefficients of p(t) where
m-3 (m\ ] m
p(1) = Z (—1)’( _)a’t’"’ + ((—1)"’2( )a'“ + r) £+ (1" ma"™ —ar+s)t+ (1" a"
i=0 ! 2

Proof. (a) = (b). Suppose that zero solution of (1.1) is asymptotically stable. Since (1.1) is a linear difference
equation with constant coefficients then the roots of the corresponding characteristic equation must be in the unit disk.
Using Lemma 1.1 we reduce (1.1) to

Z( 1)’ ( )a yn+(m—-1-00D+ry(n+1)—aryln)+ sy(n) = 3.1

i=0

Rearranging (3.1) we get

Z( 1)!( )ay(n+(m—1—1)l)+(( 1)'"2(2) m2+r)y(n+l)+

((—1)'"-1 ma" ™" = ar + s) y(n) + (=)™ a"y(n - 1) = 0. (3.2)

The characteristic equation of (3.2) is

m=3
Z(_l)l( ) im=il ((_l)m—Z (Z)am—z + r) prn

(( 1)m 1 _ar+ S) l+ (_1)m a" = 0. (33)

Getting A" = t1in (3.3) we obtain

Z( 1)1( )at’""+(( 1)m2(2) m2+r)t2+

(( " 'm —ar+s)t+( D" a" = 0. (3.4)
In (3.4) taking

m-3
Py =) (- 1)'( )at’”"+(( 1)’“(2) 2+r)z2+
i=0
(( D" ' m, —ar+s)t+( D" a", (3.5)

pi=(=1) (':‘)ai forl <i<m—3, ppo=(-1)"2 ("zq)a’"‘2 +7, pmot = (=1D)" " ma™" —ar + sand p,, = (-1)"a™. In
view of Theorem 2.1 following conditions are necessary and sufficient conditions for the roots of polynomial in (3.5)
to be inside the unit disk |7] < 1.

p(l) = Z( 1) ( )a + (=12 (’;)am_z +r+ (D" "mad™ —ar+ s+ (=1)"d" >0,
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m=3
(—l)m Z (_1)1 (r?)ai(_l)mi + (—l)m ((_1)/712 (’;)amZ + r)
i=0

+ DD ma™ ! = ar ) (=1 + (=D (=1 "

Hr(=1)" p(=1)

m-3
= Z ("f‘)a" + (’Z)a"” + (=" r+ma" " + (=1 (ar — s) +d" > 0, (3.6)
i
i=0
and the matrices A5 _, whose entries are formed the coefficients of p(f) must be innerwise where
1 0 0 0
~(7)a 1 0 0
AE = (3)a® ~(7)a 0... 0|+
: 1
e R e O D N 1
0 0 e 0 =" a™
0 0 (=)™ am D" " ma" ' —ar+s
D" ma™ ' —ar+s
0 -D)"a™ :
| (=D)"a™ D" 'ma™ ' —ar+s - (1121)612

Since |tf] = |/11| < 1 and [ > 0 we can see that |[1] < 1. Hence (b) is satisfied.

(b) = (a). If (3.1), (3.1) and (3.1) hold then for characteristic polynomial of (1.1) conditions of Schur-Cohn
criteria are satisfied. So roots of characteristic polynomial be inside the unit disk. Hence the zero solution of (1.1) is
asymptotically stable. O

Corollary 3.2. Consider the difference equation involving generalized difference
Aiay(n —D+rAyn) + sy(n) =0

with the initial conditions
yi)=¢;,i=-L-1+1,---,1-1
where a,r, s, € R,r # —1, I,n € N. Then the following statements are equivalent.
(a) The zero solution of (3.2) is asymptotically stable.

(b) |=2=22| < & 41 <2 holds.

Proof. (a) = (b) . Suppose that the zero solution of (3.2) is asymptotically stable. For m = 2 equation (1.1) reduces
to equation (3.2). Using definition of A;, (3.2) reduces to

I +ryn+10)+(s—ar—2a)yn) + azy(n -0 =0,

which is equivalent to
2

ar —2a a
T2 y(n) + s ry(n - =0. 3.7

In view of Theorem 3.1 and (2.6) , the roots of the characteristic polynomial of (3.7) be inside the unit disk |1] < 1
if and only if

Yo+ 1)+ 2=

a2

<
1+r

s—ar—2a
1+r

+1<2

holds. Hence (b) is satisfied.
b)) = (a).If |%+’r2“| < 1‘1—+r + 1 < 2 holds then for characteristic polynomial of (3.2), conditions of Schur-Cohn
criteria are satisfied. So roots of characteristic polynomial be inside the unit disk. Hence the zero solution of (3.2) is

asymptotically stable. O
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Example 3.3. Consider the generalized difference equation of the form

1
A31/290 = 5) + 205, 23(1) + 7y(m) = 0 (3.38)

where [ = 5,a = 1/2,r = 2, s = 1/4. For m = 2 all the conditions of Corollary 3.2 are satisfied. Hence the zero
solution of equation (3.8) is asymptotically stable.

Corollary 3.4. Consider the difference equation involving generalized difference
Ap Y =D+ rAgy(m) + sy(n) = 0 (3.9)
with the initial conditions
y(@) =@ fori=—-L—l+1,---,21-1

where a,r, s,€ R, n,l € N. Then the following statements are equivalent.
(a) The zero solution of (3.9) is asymptotically stable.
(b) |r—3a—a3| <1+3d? —ar+sand|3a2 —ar+s+rad’ —3a4| < 1-a® hold.

Proof. (a) = (b) . Suppose that the zero solution of (3.2) is asymptotically stable. For m = 3 equation (1.1) reduces
to equation (3.9) which is equivalent to

Y+ 20) + (r = 3a) y(n + 1) + (3a* — ar + 5) y(n) — @’y(n = 1) = 0. (3.10)

In view of Theorem 3.1 and (2.7), the roots of the characteristic polynomial of (3.10) be inside the unit disk |1] < 1
if and only if

|r—3a—a3 <1+3d®—ar+s
and
|3a2—ar+s+m3 -3a*| < 1-4d°
hold. Hence (b) is satisfied.

(b) = (a) . Proof is same as in proof of Corollary 3.2. O

Example 3.5. Consider the generalized difference equation of the form
1
ALY =4) = 2 Ay 1y (n) = 0, G.11)

where | = 4,a = 1/4,r = —1/8, s = 0. For m = 3 all the conditions of Corollary 3.4 are satisfied. Hence the zero
solution of equation (3.11) is asymptotically stable.

Theorem 3.6. Consider the delay difference equation (1.3) with initial conditions (1.4). Then the following statements
are equivalent.

(a) The zero solution of (1.3) is asymptotically stable.

(b) Followings hold ;

= i m i m—2 m m-2 m—1 m—1
p(l) = ;(—1) (l_)a +(=1) (2)a +r+(=1D)"" ma

—ar+(D"d" +5>0,
m+k— “ m i m m— m m—
(1) k‘p(—1>=;(i)a+(—1) [(—1) 2(2)a 2+r]

+ (=1t [(—1)'"*1 ma™ " - ar] + (=Dl gm 45 s0,
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[ 1 0 0 0 0]
—('1")61 1 0 0 0
() (e 10

k-2 = : (’;’)az +
Dm+k—5 1 0 0
Pm+k—4  Pm+k=5 ( )a2 —('f)a 1 0

| Pmtk-3  Pmtk—4  DPm+k-5 ('Z a? —("f)a 1

[ O 0 0 s 1
0 S Pm+k-2

S DPm+k=2  Pm+k-3
'. : : Pm+k-3
O s . .
0 s DPmik—2  Pmtk—3 —(’;’)cﬁ
| S Pmsk—2  Pmek=3 —('gq)a3 (’;)az

matrices of dimension (m + k — 2) X (m + k — 2) are innerwise. Here entries of A, _| is formed by the coefficients of

p(t) where
m=3 R "
p() = ; (-1 ( i )a’t’”’ - ((—1)’"2 (2)a’"2 + r) 2+
((—1)”’ ma"" — ar) t+(=D"d" + 5.
Proof. The proof is similar to the proof of Theorem 3.1, so we omit it. O
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