Chapter 6 M)
Exponential and /,-Stability in Volterra L
Equations

This chapter is devoted primarily to the exponential and /,-stability of Volterra dif-
ference equations. Lyapunov functionals are the main tools in the analysis. It is
pointed out that in the case of exponential stability, Lyapunov functionals are hard
to extend to vector Volterra difference equations or to Volterra difference equations
with infinite delay. In addition, we use nonstandard discretization scheme due to
Mickens [122] and apply them to continuous Volterra integro-differential equa-
tions. We will show that under the discretization scheme the stability of the zero
solution of the continuous dynamical system is preserved. Also, under the same
discretization, using a combination of Lyapunov functionals, Laplace transforms,
and z-transforms, we show that the boundedness of solutions of the continuous dy-
namical system is preserved. We end the chapter with a brief section introducing
semigroup, which should stir up some curiosity in the application of semigroup to
Volterra difference equations. The chapter concludes with multiple open problems.
The work of this chapter heavily depends on the materials in [9, 51, 59, 76, 91],
and [98].

6.1 Exponential Stability

We consider the scalar linear difference equation with multiple delays

x@t+1)=a(t)x(t)+ ti b(t,s)x(s), t >0, (6.1.1)

s=t—r

where r € ZT,a: 2T — Rand b : Z* X [—r,0) — R. We will use Lyapunov func-
tionals and obtain some inequalities regarding the solutions of (6.1.1) from which
we can deduce exponential asymptotic stability of the zero solution. Also, we will
provide a criteria for the unboundedness of solutions and the instability of the zero
solution of (6.1.1) by means of Lyapunov type functionals.
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Consider the kth-order scalar difference equation
x(t+k)+pix@+k—1)+pax(t+k—=2)+---+ ppx(t) =0, (6.1.2)

where the p;’s are real numbers. It is well known that the zero solution of (6.1.2) is
asymptotically stable if and only if |A| < 1 for every characteristic root A of (6.1.2).
There are no easy criteria to test for exponential stability of the zero solution of
equations that are similar to (6.1.2) for variable coefficients. This itself highlights
the importance of the creativity of constructing a suitable Lyapunov functional that
leads to the exponential stability. When using Lyapunov functionals, one faces the
difficulties of relating the constructed Lyapunov functional back to the solution x so
that stability can be deduced. This task is tedious and we did overcome it. The au-
thors have done an extensive literature search and could not find any work that dealt
with exponential stability of Volterra equations of the form of (6.1.1). This research
offers easily verifiable conditions that guarantee exponential stability. Moreover, we
give criteria for the instability of the zero solution. Most importantly, our results
will hold for |a(z)| > 1. We will illustrate our theory with several examples and
numerical simulations. It is scarce to find results concerning the use of Lyapunov
functionals in the stability of finite delay difference equations due to the unforeseen
difficulties in constructing such functions. This section intends to fill some of the
gap and moreover, we will compare the results obtained in this section to known
ones where other methods are used, such as operator theory.

In Chapter 2, we looked at the system of functional difference equation of the form

x(n+1)=G(n,x,), x € R* (6.1.3)

where G : ZT x R — R is continuous in x. Let x be any solution of (6.1.3). Quite
often when using Lyapunov functional to study system (6.1.3) we encounter pair of
inequalities in the form of

n—1

Wi(x(n)) <V (n,x(-)) = Wa(x(n)) + Z(,)K(H,S)Ws(X(S)),

AV(n,x(-)) < =Wa(x(n)) + F(n)

where V is a Lyapunov functional bounded below, x is the unknown solution of
the functional difference equation, and K, F, and W;,i = 1,2,3,4 are scalar positive
functions. The wedge W, is mandatory in order to relate the solutions x back to V.
Hence, identifying such a W is not an easy job, as we shall see later on in this sec-
tion. It is even more difficult when using Lyapunov functionals to obtain exponential
stability, since it requires that along the solutions of (6.1.3) we have for some o > 0

AV (n,x(1) < —aV(n,x(+)).

The above inequality presents us with formidable challenges as maybe seen later in
the section. However, a simple but clever rewriting of the difference equation points
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us in the right direction in constructing the appropriate Lyapunov functional, as we
shall see from (6.1.5).
Let y : [—h,0] — (—eo,0) be a given bounded initial function with

il = max |y

It should cause no confusion to denote the norm of a function @ : [/, o) — (—co, o)
with
loll = sup |o(s)].

—h<s<oo

The notation x, means that x;(7) = x(r + 1), 7 € [—h,0] as long as x(¢ + 7) is defined.

Thus, x; is a function mapping an interval [—%,0] into R. We say x(¢) = x(¢,%, )

is a solution of (6.1.1) if x(¢) satisfies (6.1.1) for t > to and x;, = x(to +5) = Y(s),
€ [—h,0].

In preparation for our main results, we let

A(t,s) = blu+s,s). (6.1.4)
By noting that
Alt,t—r—1)=0,
we have that (6.1.1) is equivalent to
11
Ax(r) = (at) +A(r+1,0) = D)x(1) =LY, A(t,5)x(s). (6.1.5)
s=t—r—1

In [138], the author used the same method and studied the exponential stability and
instability of the zero solution of

x(t+1) =a(t)x(r) —b(t)x(t — h).

One of the novelty of rewriting (6.1.1) in the form of (6.1.5) is that it allows us to
obtain stability results concerning the totally delayed Volterra difference equation

x(t+1) Z b(t,s)x(s), 1 > 0. (6.1.6)
S=t—r
We have the following definition.

Definition 6.1.1. The zero solution of (6.1.1) is said to be exponentially stable if
any solution x(z,y, W) of (6.1.1) satisfies

x(t,10, ¥)| < C(H‘I/H»fo) gri=) - forallt > fg,
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where { is constant with 0 < { < 1, C: RT x ZT — R*, and 7 is a positive con-
stant. The zero solution of (6.1.1) is said to be uniformly exponentially stable if C is
independent of #,.

For simplicity we let
O@)=a(t)+A(+1,)—1.

Assume
NA%(t,2) <0, forallt+s+1<z<r—1. (6.1.7)

Lemma 6.1 ([98]). Let A(z,s) be given by (6.1.4) and that for 6 > 0 the inequality

- ((SJ(EI)F < Q1) < —réA (1 +1,1) — Q1) (6.1.8)

holds. If

-1 -1
+8 Y Y AL)X(2), (6.1.9)

S=—rz=It+s
then along the solutions of (6.1.1) we have
AV (1) < Q)V(1).

Proof. First we note that due to condition (6.1.8), Q(r) < 0 for all # > 0. Also, we
use the fact that if u(¢) is a sequence, then Au?(t) = u(t + 1)Au(t) +u(t)Au(t).
Let x(¢) = x(¢, 1y, W) be a solution of (6.1.1) and define V (¢) by (6.1.9). Then along
solutions of (6.1.5) we have

AV() = |x(t+1)+ i A+ 1,s)x(s)] O | x(0)+ ti A(t,s)x(s)]
s=t—r s=t—r—1
1—1 11
+ |x(t)+ _Z 1A(t,s)x(s)] Ay | x(t) + _Z 1A(l‘,s))c(s)]
+ 8N, i tf A (t,2)x°(2). (6.1.10)

S=—rz=t+s
We note that
t t—1

X(t+1)+ D A+ 1Ls)x(s) = (1) + Dx(t) =L Y, A(t,s)x(s)

s=t—r s=t—r—1
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t

+ Y, A(t+1,5)x(s)

s=t—r

-1
= (0()+ )x(2) + 2 A(t,5)x(s)

s=t—r—1

t—1
= () + x()+ 2 A(t,s)x(s),

s=t—r
since A(t,t —r — 1) = 0. With this in mind, (6.1.10) reduces to
=1

AV(1) = [(Q(I)H)X(I)Jr > A(LS)X(S)} O(1)x(1)

s=t—r

+

x(t)+ i A(t,s)x(s)} O(1)x(t)

s=t—r

-1 -1

+80, Y Y AMt,2)x%(2)

S=—rz=t+s

= Q()V (1) + (Q*(1) + (1)) (z)

-1 -1

—80(1) 3 X A1.9¥()

S=—rz=t+s

=1 =1

+84, Y Y AXt,2)x%(2)

S=—rZz=1l+s

—1 2
- Q(t)< > AU»S)X(S)) : (6.1.11)

s=t—r
Also, using (6.1.4), we arrive at

-1 -1 —1 t

AY Y AP =Y Y ANt+1,2X(2)

S=—rz=t+s S=—rz=t+s+1

-1 -1

-3 Y A(12x(2)

S=—rz=t+s

= i [Az(t+1,t)x2(t)+ ti A% (1 4+1,2)x%(2)

sS=—r z=t+s+1

— ti A2(t,2)x%(z) — A% (1, +5)x°(t + s)}
z=t+s+1
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i (Az(t F 1L (r) — A2 (1 4 5)x2 (1 +s))

s=—r

+ f til DNA2(1,2)x%(2)

s=—rz=t+s+1

= rA%(t + 1,6)x% (1) — i A% (1,1 +5)xX*(t +5)

s=—r1

I PVLEEE

s=—rz=t+s+1

IN

rA%(t 4 1,0)x (1)

—1
S A%t t+5)x7 (1 +5). (6.1.12)

s=—r

With the aid of Holder’s inequality, we have

~1 2 —1
( Y A(t,s)x(s)) <ry, A%(1,5))x%(s). (6.1.13)
s=t—r s=t—r
Also,
| —1
NN ANt (2) < Y AX(t,5)x(s). (6.1.14)
S=—rz=t+s s=t—r

By invoking (6.1.8) and substituting expressions (6.1.12)—(6.1.14) into (6.1.11), we
obtain

AV(t) < Q)V (1) + (Q°(1) + (1) +r8A% (1 + 1,1)) (1)

t—1
+ [ (8 +1)rQ(1) — 8] 3, A%(1,5)x°(s)

s=t—h

< Q()V(r). (6.1.15)

This completes the proof.

Theorem 6.1.1 ([98]). Assume the hypothesis of Lemma 6.1 holds and suppose there
exists a number o < 1 such that 0 < a(t) +A(t + 1,1)) < . Then any solution
x(t) = x(t,t0, W) of (6.1.1) satisfies the exponential inequality

t—1
’+8v(t0) I1 (a(s) +A(s+1,s)) (6.1.16)

s=1(

()] <

fort > ty.
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Proof. First we note that condition (6.1.8) implies that there exists some positive
number o < 1 such that |a(f) +A(r + 1,1))| < o. Now by changing the order of
summation we have

53 Y 20920 =53 ¥ 20080

S=—rz=t+s =t—rs=—r

=8 Y At R)(z—t+r+1)

> A%(1,2)x%(2),

and hence,
—1 t-1 S t—1 2
53 XA (@)= | X A | -

s=—rz=t+s =

Let V() be given by (6.1.9). Then

s=t—r—1 S=—rz=t+s
t—1 5 —1 2
> [x(t)Jr z A(t,s)x(s)] +; z A(t,2)x(z)
s=t—r—1 7=t—r

5 ; r1o ’
> mx (1) + r+6x(t) + " z;rA(nz)x(z)}

6 o
= 1o (®)-

Consequently,
5 ,
() < V()

From (6.1.15) we get

V(t) <V(to) ] (als) +A(s+1,5)).

s=ty
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Thus we arrive at

7 t—1
()] < \| 52V ) T (@(0) + A+ 1.9)

for ¢t > tg. This completes the proof.

Corollary 6.1 ([98]). Assume the hypothesis of Theorem 6.1.1 holds. Then the zero
solution of (6.1.1) is exponentially stable.

Proof. From inequality (6.1.16) we have that

r t—1
o)l < | 2 o) TT (als) +A(s-+ 1.9)
< ?V(m)a”’o

for t > ty. The proof is complete since o € (0,1).

Now we state a corollary regarding the exponential stability of the zero solution
of (6.1.6).

Corollary 6.2 ([98]). Assume the hypothesis of Theorem 6.1.1 holds with Q(t) =
A(t+ 1,t) — 1. Then the zero solution of (6.1.6) is exponentially stable.

Remark 6.1. If for a positive constant M we have
V(1) <M, forally > 0,

then the zero solution of (6.1.1) is uniformly exponentially stable. This follows from
the exponential inequality (6.1.16).

6.2 Criterion for Instability

In this section we use a nonnegative definite Lyapunov functional and obtain criteria
that can be easily applied to test for instability of the zero solution of (6.1.1).

Theorem 6.2.1 ([98]). Let H > r be a constant. Assume Q(t) > 0 such that
Q1)+ Q(1) —HA%(t 4+ 1,1) > 0. (6.2.1)

If
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1—1
—H A%(1,5)x%(s), (6.2.2)
s=t—r—1
then along the solutions of (6.1.1) we have
AV (1) > Q(1)V (1).

Proof. Let x(r) = x(t,1p,¥) be a solution of (6.1.1) and assume V(¢) is given
by (6.2.2). Since the calculation is similar to the one in Lemma 6.1 we have that

AV(t) = Q(t)V (1) + (Q*(t) + Q(r) — HA*(t + 1,1)) x> (1)

-1 2
+ O(1)(H—r) ( 72 1A2(t,s)x2(s)>

> Q()V (1), (6.2.3)

where we have used

s=t—r —

t—1 2 t—1
( D A(t,s)x(s)) <r ; A%(1,5)x%(s)

and (6.2.1). This completes the proof.

We remark that condition (6.2.1) is satisfied for

—1+/1+4HA2(t + 1,1)
o) > 5 :

Theorem 6.2.2 ([98]). Suppose the hypothesis of Theorem 6.2.1 holds. Then all
solutions of (6.1.1) are unbounded and its zero solution is unstable, provided that

ﬁ (a(s)+A(s+1,s)) =oo. (6.2.4)
Proof. From (6.2.3) we have

t—1

V(t)>V(to) [] (als) +A(s+1,5)). (6.2.5)

s=1y
Let V(¢) be given by (6.2.2). Then

=1
V(t) = x2(t) +2x(r) Y, A(r,s)x(s) +

t—r—1

—1
- H tz A%(1,5)x%(s). (6.2.6)

t—r—1
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Let § = H — r. Then from

- )

we have

< %xz(t) + griAz(Ls)xz s

A substitution of the above inequality into (6.2.6) yields

V(t)gxz(t)—&-éx() (B+r—H ZAzts
tll

Using inequality (6.2.5), we get

()] = ﬁvm(r)
- \/Tv‘/z(ro) (ﬁ (a(s)++A(s + 1,s>> ;

0|
This completes the proof.

We have the following corollary regarding the unboundedness and instability of
(6.1.6).

Corollary 6.3 ([98]). Suppose the hypothesis of Theorem 6.2.1 holds with Q(t) =
A(t+ 1,t) — 1. Then all solutions of (6.1.6) are unbounded and its zero solution is
unstable, provided that

=

TT(AGs+1.5)) =
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6.2.1 Applications and Numerical Evidence

In this section we provide examples that illustrate our theoretical results in two

instances: when the coefficients a(z) and b(z,s) are constants, and when they are

functions. ,

First, if a(t) = a and b(t,s) = b (a,b € R) we have A(t,s) = >, b. Then A(t,s) =
u=t—s

b(r+1—1t+s). Hence, NA(t,5) = b*(r—t +5)> —b*(r+1—1+5)* <0 and thus

condition (6.1.7) holds. Also A(z + 1,7) = br, and hence condition (6.1.8) becomes

é
(6+1)r

<a+br—1<—[8b* +(a+br—1)%]. (6.2.7)

It is obvious from (6.2.7) that when a = 1, b has to be negative.
Next we give four examples where the emphasis is on |a| > 1.

Example 6.1 ([98]). Leta=r=1,b=—0.3 and 6 = 0.5. Then one can easily verify
that (6.2.7) is satisfied. Hence the zero solution of the delay difference equation

x(t+1)=x(t)—03x(t—1) (6.2.3)
is exponentially stable.

Example 6.2 ([98]). Leta=1.2,b = —0.3,r = 1, and 6 = 0.5. Then one can eas-
ily verify that (6.2.7) is satisfied. Hence the zero solution of the delay difference
equation

x(t+1)=1.2x(r) —03x(t — 1) (6.2.9)

is exponentially stable as illustrated in Figure 6.1.

Example 6.3 ([98]). Let a = 1.29,b = —0.6,r = 1, and § = 0.5. With these val-
ues (6.2.7) is satisfied, and therefore the zero solution of the delay difference equa-
tion

x(t+1)=1.29%(t) — 0.6x(t — 1)

is exponentially stable as shown in Figure 6.2.

Example 6.4 ([98]). a = 1.125,b = —0.15,r =2, and 6 = % Then one can easily
verify that (6.2.7) is satisfied. Hence the zero solution of the delay difference equa-
tion

x(t41) =1.125x(r) — 0.15(x(t — 1) +x(t — 2))

is exponentially stable as shown in Figure 6.3.
It is worth mentioning that in both papers [87] and [136], in which fixed point theory

was used, it was assumed that

—1
[Ta(s) =0, ast — e
5s=0
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Fig. 6.1 Trajectories of (6.1.1) when a() and b(t,s) are constant. Figure 6.1 refers to Example 6.2
where a = 1.2,b = —0.3, and r = 1 with initial condition x(0) = —10 and x(1) = 10.3. Figure 6.2
refers to Example 6.3 where a = 1.29,b = —0.6, and r = 1 with initial condition x(0) = —10 and
x(1) = 10.3. Figure 6.3 refers to Example 6.4 where a = 1.125,b = —0.6, and r = 2 with initial
condition x(0) = 15,x(1) = 2, and x(3) = —10.

for the asymptotic stability.

Example 6.5 ([98]). Leta = 1.3,b = —0.2,r = 1 and H = 1.1. Then Q(r) = 0.1 >
—1+/1+4HAX (1 + 1,1
0. Moreover Q(t) > +V1+ (t+1,0)

and (6.2.4) are satisfied and the zero solution of

= 0.0422. Thus conditions (6.2.1)

x(t+1)=13x()—02x(r — 1) (6.2.10)
is unstable. Actually, all its solutions become unbounded for large ¢. Figure 6.2

shows a trajectory for the above equation with initial condition x(0) = —10 and
x(1)=-1.3.
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Fig. 6.2 Trajectories of (6.1.1) when a(¢) and b(z,s) are constant. This graph corresponds to Ex-
ample 6.5 where a = 1.3,b = —0.2, and r = 1 with initial condition x(0) = —10 and x(1) = —1.3.

Remark 6.2. When a(t) and b(z,s) are constant the solution x(¢) of the delay differ-
ence equation (6.1.1) is the same as the sequence (.xn)neNO defined

recursively as

Xntr1 = AXnpr + 0 (Xpr—1 + -+ +x4) ,n € Ny, (6.2.11)

and for which the general solution can be obtained analytically. For r = 1 in par-
ticular, the general solution to (6.2.11) is easily calculated. For instance, the exact

solution to (6.2.8) in Example 6.1 is

p 10x(1) _
x(t) = (\/E> x(0)cos (1r0) + v30 (O)COSQSin(Ie) ;

- 10 sin @

where 6 = arctan (?) Since ‘@‘ < 1 we see that liIJlrl |x(¢)| = 0 with an expo-
t—> oo

nential convergence. The exact solution to (6.2.9) in Example 6.2 is

(1) — 6x(0) ¢
x(t) = % Kx(O)JrlO (1)\@ 10 ) (64;(;@)

_ 6x(0) _ t
+ <x(0)—1ox(l)\@ 10 ) (6 18/6> ]

Since ‘ 6#6/6 < 1, we see that the solution x(¢) of Example 6.2 converges exponen-

tially to zero. Similar calculations can be done for Examples 6.3 and 6.4. Finally,
the exact solution to (6.2.10) in Example 6.5 is
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x(1) - 0N 134 /589
me)m 3 )( s )

x(1) = BAON /13 /9
+<x(0)—20 = )( _ )]

Since ‘13;75/@’ > 1, we see that lim |x(¢)| = +oo.
t—rfoo

x(t) =

S

We now give two examples that illustrate the exponentially stable and unstable case
when a(r) and b(¢,s) are functions. We corroborate our results with numerical sim-
ulations.

Example 6.6 ([98]). Let a(t) = d**1 + % and b(t,s) = —d'** for d € R. Then
r r
A(t,s) =—d* Y d", and therefore A(t+1,t) = —d* Y d“ = —d* "' forr = 1.

u=t—s u=1
We can show that AtAz(t,z) <Oforallt+s+1<z<t—1.1If we take r =1 and
1
6 = 1, we obtain Q(t) = —3 With these choices we see that the left inequality

of condition (6.1.8) is trivially satisfied. To obtain the right inequality, we need to
1 1
choose d such that (dz(d4)’ + 9) < —Q(@r) = 3 for ¢ large enough. It is there-

fore sufficient to choose d € (0, 1). In that case, ZEIJIrl (d*)" = 0 which implies that

the right inequality of condition (6.1.8) will eventually be satisfied. Note that con-

dition (6.1.8) is satisfied for all # > 0 when d € (0, @} With these choices for the
parameters d, 8, and r, we can conclude that the zero solution of the delay difference
equation

2
x(t+1) = (d”“ + 3> x(t) —d*x(r —1)
is exponentially stable. We plotted two of its trajectories in Figure 6.3.

Example 6.7 ([98]). Let a(t) = d**' + 1.1 and b(t,s) = —d'**. Then from Exam-
ple 6.6 we have A(t + 1,1) = —d**! when r = 1. In that case choosing H = 1
yields Q(t) = 0.1 > 0. With these choices we see that condition (6.2.1) is satisfied
if d € (0,1) and hence the zero solution of the delay difference equation

x(t4+1) = (@ + 1.1)x(t) —d* (- 1)

is unstable as illustrated in Figure 6.4. In fact, the zero solution is unstable for all
choices of a(t) = d**! 4 v with v > 1. We note that with these choices of a(t) and
b(t,s) we have

oo

[1(als)+A(s+1,5)) = Hv-+<>°

and hence (6.2.4) is verified.
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a(t)=d>*" + 2/3, b(t,s)=—d"*®, d = 1/3, r=1 a(t)=d>*" + 2/3, b(t,s)=—d™®, d = 2.99/3, r=1
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Fig. 6.3 Trajectories of (6.1.1) when a(t) = d**+! + % and b(t,s) = —d'**. These plots refer to
Example 6.6 with r = 1. The initial condition was taken to be x(0) = —1 and x(1) = 0.21. In
Figure 6.3(a) we plotted the trajectory obtained with d = % and in Figure 6.3(b) we plotted the
trajectory with d = 2%. In the latter case, since condition (6.1.8) is verified only after a certain
value of 7, the first few terms of the trajectory x(¢) are not converging to zero until condition (6.1.8)
is satisfied.

at)=d2*" + 1.1, b(t,s)=—d™®, d = 1/3, r=1

107720 30 a0 50 60 70 80 90 100
t

Fig. 6.4 Trajectories of (6.1.1) when a(t) = d**' + 1.1 and b(t,s) = —d'**. This graph corre-
sponds to Example 6.7 with r = 1 and initial condition x(0) = —1 and x(1) = 0.21.

Next we compare our results to existing ones. Let a = 1.2,by = —0.2, b, =
—0.088,h* = 2, and 6 = 0.5. Then one can easily verify that (6.1.8) is satisfied.
Hence the zero solution of the difference equation with multiple delays

x(141) = 1.2x(t) — 0.2x(t — 1) — 0.088x(r — 2). (6.2.12)

is exponentially stable.
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It is worth mentioning that in both papers [87] and [136] it was assumed that
Ha —0, ast — oo

for the asymptotic stability. Of course our a = 1.2 does not satisfy such a condition,
and yet we concluded exponential stability. Let a =1.2,b = —0.3,h=1, and 6 =
0.5. Then one can easily verify that (6.1.8) is satisfied. Hence the zero solution of
the delay difference equation

x(t+1)=12x(r) = 0.3x(t — 1) (6.2.13)

is exponentially stable.

Moreover the above condition of [87] and [136] cannot be satisfied since our a =
1.2. Next we compare our results with the results obtained in [125] by El-Morshedy.
Hence, we begin with the statement of the following.

Lemma 6.2 ([125]). If there exists A € (0,1) such that
N N s—1
[[Tatn—j)+b(m)|+ > |[Taln—j)| |b(n—s)| <A, (6.2.14)
=0 s=1 j=0

for large n, then the zero solution of
x(n+1)=a(n)x(n) +b(n)x(n—N) (6.2.15)

is globally exponentially stable.

It can be easily seen that condition (6.2.14) cannot be satisfied for the data given in
the above (6.2.12). Next we state two major results from [125], by Berezansky and
Braverman, so we can compare with equation (6.2.12) and (6.2.13).

Lemma 6.3 ([16]). Let 0 < y < 1 and Z |a;(n)|+|1—ay(n)| < yfornlarge enough.

Then the equation

x(n+1)—x(n) = —a;(n)x(n) — Y a;(n)x(g(n)) (6.2.16)

M=

=2

is exponentially stable. Here n — T < g;(n) < n for some integer T > 0.

Lemma 6.4 ([16]). Suppose that for some y € (0, 1) the following inequality is sat-
isfied for n large enough:

S Jay(n)| i 2 H—|1—2ak )< 7. (62.17)
=2 j=ge(n)i=1

Then (6.2.16) is exponentially stable.
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In the spirit of (6.2.16) we rewrite (6.2.13) as
x(t+1)—x(n) = 2x(¢t) —0.3x(r — 1).
Then the condition in Lemma 6.3 is equivalent to
laz(n)|+ |1 —a1(n)| =03+[1+0.2] > 1,
is not satisfied. Also, condition (6.2.17) is equivalent to
laz(n)||ar (n)|+ 1 —ai(n)] =0.3(0.2) +]1+0.2| > 1,

is not satisfied. Thus, we have demonstrated that Lyapunov functionals yield better
results as seen from the improvement over the results of [16] and [125]. For more
comparison with existing literature, we have the following theorem by Berezansky,
Braverman, and Karabash.

Theorem 6.2.3 ([17]). Consider the two delays difference equation
x(n+1)—x(n) = —apx(n) —ayx(n —h1) —axx(n—hy), hy, hp >0.  (6.2.18)

Suppose at least one of the following conditions hold:
1)1 >ap >0, |a1| + |az| < ap;

ap+a;+a

2)0<ag+ai+a <1, |a|hy +|azlhy < ——T T2 .

|ao| + |ai| + |az|
ap+ax — |a‘

|ao| +|a1| +|az|”

Then Equation (6.2.18) is exponentially stable.

3)0<ap+ar <1, \a2|h2 <

The next theorem is due to Cooke and Gy®ri.

Theorem 6.2.4 ([42]). The multiple delays difference equation

N
x(n+1)—x(n) =— 2 apx(n—hy), ap >0, b >0, (6.2.19)
k=1

is asymptotically stable if
N

agh, < 1. (6.2.20)
k=1

The next theorem is due to Elaydi (1994) and Kocié¢ and Laddas (1993).
Theorem 6.2.5 ([63, 94]). The multiple delays difference equation

M=

x(n+1) —x(n) = ap(n)x(n) — ) ar(n)x(gx(n)), gr(n) <n (6.2.21)

k=1



270 6 Exponential and /,-Stability in Volterra Equations

is asymptotically stable if

N
ap(n)—e for0 <ap(n) <1
g‘ e (r { 2—ap(n)—¢€ for 1 <ap(n) <2 (6.222)

The next theorem is due to Hartung and Gy®ri.

Theorem 6.2.6 ([77]). The multiple delays difference equation

x(n+1) Z arx(gr(n)), ax >0, gr(n) <n, (6.2.23)

is exponentially stable if

lim sup (n — gg(n)) < oo, (6.2.24)
n—oo
and
N 1 N
Y axlimsup (n—gk(n)) <14+-— a. (6.2.25)
k=1 n—oo e i—1

We remark that Theorems 6.2.4 and 6.2.5 only give results regarding asymptotic
stability.

Consider the difference equation in Example 6.4, where we have shown its zero
solution is exponentially stable.

x(n+1) —x(n) = —(—.125)x(n) — 0.15x(n — 1) — 0.15x(n — 2). (6.2.26)

Then ag = —.125, a; = 0.15, and, a; = 0.15. It is clear that 1) of Theorem 6.2.3
cannot hold since our ag is negative. Similarly, condition (6.2.22) cannot hold since
it requires that ap > 0. Notice that Theorems 6.2.4 and 6.2.6 are not applicable to the
results of this section since the coefficients (6.1.1) depend on time. In Example 6.6
we showed the zero solution is exponentially stable. Also we remark that our theo-
rems do not require sign conditions on the coefficients and the fact that if we rewrite
the equations of Theorems 6.2.4, 6.2.5, and 6.2.6, in the form of

x(n+1) = (ap+ x(n) +aix(n—hy) + axx(n— hy)

then their first coefficient, ag + 1 > 1, unlike our theorems that are applicable to
|ap+ 1| > 1 as it was demonstrated in the examples.

In general, it is a major problem to find an appropriate Lyapunov functional and
hence, the dependence of the quality of the corresponding results on such functional.
However, once a suitable Lyapunov functional is found, investigators may continue
for decades deriving more and more information from that Lyapunov functional. It
is a common knowledge among researchers that stability and boundedness results
go hand in hand with the type of the Lyapunov functional that is being used. To
illustrate our concern, we consider the delay difference equation
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x(t+1) =a(t)x(t) +b(t)x(t — 1)+ p(t), t €ZT, (6.2.27)
where a,b, p : ZT — R, T is a positive integer. We have the following theorem.

Theorem 6.2.7. Assume
la(®)| < 1, forall t € Z (6.2.28)

and there is a 0 > 0 such that
b(1)|+6 < 1, (6.2.29)

and
la(?)| < 6, and |p(t)| < K, for some positive constant K. (6.2.30)

Then all solutions of (6.2.27) are bounded. If p(t) = 0 for all t, then the zero solution
of (6.2.27) is (UAS).

Proof. Consider the Lyapunov functional

t—1
V(tx() = x()[+8 3, [x(s)

s=t—T

Then along solutions of (6.2.27) we have

! —1
=R+ DI =@ +8 Y |xs)[-8 3 [x(s)

s=t+1-1 s=t—7T
< la@)|lx(0)[ = [x(6)] + [b(0)|[x(r — )| + & Z ()| -6 Z x(s)[+[p(1)]
s=t+1-1 s=t—1T

(la@)]+8 = 1)x(6)|+ (b(1)] = 8) Ix(e = T) + |p(1)]
(la(@)[+8 = 1)[x(6)| +1p(1)|

—v|x(¢)|+ |p(2)|, for some positive constant 7.

INIA

The results follow from either [133] or Theorem 2.2.4.

It is evident from Example 6.2 that Theorem 6.2.7 does not give any result concern-
ing the exponential stability of the single delay difference equation

x(t+1)=1.2x(t) —0.3x(r — 1).

This illustrates the uncertainty we face when using Lyapunov functionals. On the
other hand, it is tricky to construct a Lyapunov functional that deals with multiple
delays.

As we indicated before, there is always a price to pay. By using Lyapunov function-
als, our method relaxed the stringent conditions on the size of the coefficients. On
the other hand, it puts a severe demand on the size of the delay 4. The next theo-
rem, which is due to Clark [35], does exactly the opposite; however, it asks for the
coefficients to be constants.
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Theorem 6.2.8 ([35]). Suppose the coefficients a and b of (6.2.15) are constants.
Then Equation (6.2.15) is asymptotically stable provided that

la] +1b] < 1.

6.3 Vector Equation

In this section we try to extend the concept of exponential stability of finite delay
scalar Volterra equation to the finite delay vector Volterra equation

t—1

x(t+1)=Px(1)+ Y, C(t,5)g(x(s)), (6.3.1)

sS=t—r

where r is a positive integer, P is a constant n X n matrix, and C is an n X n matrix of
functions that are defined on —r <7 < s < oo, where ¢, s € [—r,00) N Z. The nonlinear
function g : R” — R” is continuous in x. Throughout this paper it is understood that
if x € R, then |x| is taken to be the Euclidean norm. Obtaining exponential stability
through the method of Lyapunov functional V requires that along the solutions, we
have AV (¢,x) < —aV (t,x), something that is almost impossible to obtain in vector
equations. Materials of this section can be found in [51] and the references therein.
Let U = (u);j be an n x n matrix. Then we define the norm |U]| to be

n

|U| = max 2|u,j\

1§j§”i:1

It should cause no confusion to denote the norm of a sequence function @ : [—7,00) N
Z — R" with

ol = sup |o(s)l-
—r<s<oo

The notation x; means that x;(7) = x(t + 7),7 € [-r,0]NZ as long as x(t + 1) is
defined. Thus, x; is a function mapping an interval [—r,0] NZ into R". We say x(¢) =
x(t,10,y) is a solution of (6.3.1) if x(r) satisfies (6.3.1) for r > #o and x;, = x(tp +
s) = y(s), s € [-r,0] N Z. Throughout this paper it is to be understood that when
a function is written without its argument, then the argument is . We begin with a
stability definition. For 7y > 0 we define

E;

0 = [—r, [0] NZ.

Let C(t) denote the set of sequences ¢ : [—r,c0) NZ — R" and ||¢|| = sup{|¢(s)] :
sE€[-rt]NZ}.

Definition 6.3.1. The zero solution of (6.3.1) is stable if for each € > 0 and each
1o > —r, there exists a 0 = 0(€,%) > 0 such that [¢ € E,;, — R", ¢ € C(¢) : ||¢]| < J]
implies |x(t,79,¢)| < € for all 1o > 0.
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In order to be able to handle the calculations for AV (¢) along the solutions of (6.3.1),
we let

,
A(t,s):= 2 Cu+s,s), t,s €10, ) NZ}.
u=t—s
Clearly A(f,t —r—1) =0, and as a consequence, one can easily verify that (6.3.1)
is equivalent to the new system

1—1
Ax(t) = Ox(0) +A(+1,08(0) = A Y Alt,)g(x(s)),  (632)
s=t—r—1
where the matrix Q is given by Q = P — I and [ is the identity n X n matrix.

Remark 6.3. Writing (6.3.1) in the form of (6.3.2) allows us to obtain stability result
regarding the nonlinear Volterra difference equation

t—1
x(t+1)="Y, C(1,5)g(x(s)). (6.3.3)

S=t—r

This is remarkable since (6.3.1) is considered as the perturbed form of x(t + 1) =
Px(t), which implies that the stability of the zero solution of (6.3.1) depends on
the stability of linear part; that is, one must require that the magnitude of all the
eigenvalues of the matrix A be inside the unit circle.

Before we state and prove our next theorem, we assume there exists a positive def-
inite symmetric and constant n X n matrix D such that for positive constants A, i,
and U, we have

PTDO+Q"D = —pl. (6.3.4)

Due to the nonlinearity of the function g, we require that
x" (PTDA(t+ 1,1) + DA(t + 1,1)) g(x) < —pa|x|* if x # 0, (6.3.5)

and
lg(x)| < Alx. (6.3.6)

It is clear that conditions (6.3.5) and (6.3.6) imply that g(0) = 0 and hence x = 0 is
a solution for system (6.3.1). We note that since D is a positive definite symmetric
matrix, there exists a positive constant k such that

k|x|* < x” Dx, for all x. (6.3.7)

If W(r) and Z(r) are two sequences, then AW (1)Z(r) = W (1 + 1) AZ(1) + (AW (1))
Z(1).

Theorem 6.3.1 ([51]). Let (6.3.4)—(6.3.6) hold, and suppose there are constants y >
0 and o > 0 so that

t—1

— i =24+ AP A+ 10|+ (AAT 1+ 1,0)D[+[Q"D]) Y, |A(t,5)] < —a,
S=I—r

(6.3.8)
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—y+AAT(t+1,6)D| + Q" D| <0, (6.3.9)
and
t—1
1-1 Y, |A(t,5)|>0 (6.3.10)
s=t—r—1

then the zero solution of (6.3.1) is stable.
Proof. Define the Lyapunov functional V (z) = V (¢,x) by

t—1

Vo= (0+ 3 ACo)slo)) D(s0+ % Aloel(s)

s=t—r—1 s=t—r—1

-1 -1
+r Y, Y A@)lg(x(2)) (6.3.11)

S=—rz=t+s

First we note that the right side of (6.3.11) is scalar. Let x(¢) = x(¢,f, ) be a so-
lution of (6.3.1) and define V(¢) by (6.3.11). Then along solutions of (6.3.1) we

have

xD(x(t)+ D A(nS)g(X(S)))

s=t—r—1

—1
+ A+ 1,0)[[gx(@)]P =7 X 1A +9)|[g(x(t +9)

S=—r
Using (6.3.2) one can easily show that

1

t—1
x(t+1)+ Z A(t+1,5)g(x(s)) = Px(t) + Z A(t,5)g(x(s)).

S=t—r S=t—r

With this in mind AV becomes

t—1
AV() = (Px)+ 3 A(t,s)g(x(s)))TD(Qx(t)—I—A(t+ L0)g(x(1)))

t—1

+ (0 +A6+ 105()) D(x()+ 3 Al)g((s)))

s=t—r—1

-1
+ YA+ L)l[g(x(0) P =1 Y A1 +5)| g (x(r +9)) .

sS=—r
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After rearranging terms, the above expression simplifies to
AV(t) = x"(t)(P"DQ+ Q" D)x(t) +x" (t)P" DA(t + 1,1))g(x(t))

(S A9s)) Dox)

s=t—r

+ ( i A(t,s)g(x(s)))TDA(t—i—l,t)g(x(t))

S=t—r

t—1
+x"0)Q"D Y A(t,s5)g(x(s)) +g" (x(t)AT (t+ 1,1)Dx(r)

s=t—r—1
t—1
+ 8" x)AT(t+1,0D Y A,9)g(x(s)) + yriA(t + 1,0)[|g(x(2))?
s=t—r—1
—1
— v Y A +5)||g(x(t+3)) (6.3.12)

s=—r

Next we try to simplify (6.3.12) by combining likewise terms. We begin by noting
that g" (x)A" (t+1,¢)Dx = [x" DA(t + 1,1))g(x)] " and hence we have

xT PTDA(t +1,1))g(x) 4+ g" (x)AT (r +1,1)Dx

=x" (PTDA(t+1,t) + DA(t + 1,1)) g (x).

t—1 t—1

(3 AC9)E0() DOXN) + W™D T, Alr,5)glx(s))

s=t—r s=t—r—1
t—1

=x"()0"D Y A(t.5)g(x(s))

s=t—r—1

t—1

+ [( Z A(t,s)g(x(s)))TDQx(t)}T

s=t—r

t—1
=2x")Q'D Y A(t,s)g(x(s))

s=t—r—1

t—1
<2 MIQ"D| Y 1A, s)l|g(x(s))]

S=t—r

t—1

<1Q'D] X A )|(Ix(0) +g(x(s)),

s=t—r
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where we have used the inequality 2ab < a* + b?. Similarly,

t—1
3. At.9)g(x(s))) DA+ 11)g(x(0)
t—1
FEGOAT 10D Y, AC9()
s=t—r—1
t—1
:gT(x(t))AT(t—i—lJ)D 2 A(t,s)g(x(s))
s=t—r—1
t—1

+ [( 2 A(l,s)g(x(s)))TDA(t—i-1,t)g(x(t))

s=t—r

T

t—1
= 28" (x()AT(t+1,0)D Y, At,5)g(x(s))
s=t—r—1
t—1
< 2Alx(r)||AT (r+ 1,1)D| ; [A(2;5)]]g(x(5))]
t—1
< AAT e+ 10D X A )| (k1) +[g(x(s) ).

Letu =1t +s, then
—1 —1
Y Y A +9)|lgx+9))P = =1 Y, |A,s)]lg(x(s) .

S=—r S=t—r
By substituting the above four simplified expressions into (6.3.12) yields
AV() < [ = = 2+ P A2+ 1,0)
-

+ (AT (t+1,0)D| +1Q7D]) ¥ 1A(1,5)|] ()

t—1
+ [leIAT(HlJ)DIHQTDI} D IAGs)lg(x(s) .
< —alx(r)*. (6.3.13)

Let € > 0 be given, we will find 6 > 0 so that |x(¢,7,9)| < € as long as [¢ € E,, —
R:||¢]| < §]. Let

t()fl —1 1071

2=p(142 3, \A(to,s)|>2+lzv Y Y JA(0.2)].

th—r S=—rz=1ly+s
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By (6.3.13) we have V is decreasing and hence for t >ty > 0 we have that

V(tax) S V(t07¢)
to—1

< DI(0() + 3, Alto.)5(9(s)))”

to—r
—1 t()f]

Y Y A6

s=—rz=Ilp+s
to—1

=52 |D|(1+7L > IA(to,S)I)2

to—r

-1 t— 1

+vAT 82 Y Y A(t,2)

S=—rz=ty+s

< 8217 (6.3.14)

By (6.3.11), we have

t—1
Vi) > (x)+ 3 Als)a(s)

s=t—r—1

D(x(t)+ ti A(t,S)g(X(S)))

s=t—r—1

t—1
> (-] Y AC9st(s)]) (63.15)

s=t—r—1

Combining the two inequalities (6.3.14) and (6.3.15) we arrive at

f01< %42 S Mo

So as long as |x(¢)| < €, we have
|()|<——|—€/’L Z A(t,s)|, for all £ > to.
s=t—r—1
Thus, we have from the above inequality
|x(r)| < € for 6 < — (l—l 2 s)|)e.
s=t—r—1

Note that by (6.3.10), the above inequality regarding § is valid. This completes the
proof.

We have the following corollary.
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Corollary 6.4 ([51]). Assume all the conditions of Theorem 6.3.1 hold. Let x(t) be
any solution of (6.3.1). Then |x(t)|* € I([ty,*>) N Z).

Proof. We know from Theorem 6.3.1 that the zero solution is stable. Thus, for the
same § of stability, we take |x(¢,7,¢)| < 1. Since V is decreasing, we have by
summing (6.3.13) from # to t — 1 and using (6.3.14) that,

t—1
V(t,x) < V(tg,0) < 8*L* — o Y |x(s)[?

0]
Since,

t—1 t—1

V(t,x)Z(x—i— D A(t,s)g(x(s)))TD<x+ D A(m)g(x(s))),

s=t—r—1 s=t—r—1

we have that

(x+ lil A(t,s)g(x(s)))TD(x-f- > A(t,s)g(X(s)))

s=t—r—1 s=t—r—1

t—1
< &L —a Y |x(s)* (6.3.16)

fo
Also, using Schwarz inequality one obtains

t—1

(3 neolseon) = (3 mealaws e

s=t—r—1

— t—1

2 X A x(s)
S=t—r— s:tfrfl
AsY'Z! | |A(t,s)| is bounded by (63 10) and |x|* < 1, we have 3'=!  |A(t,s)|

|x(s)|> is bounded and hence Y'_! | |A(t,s)||g(x(s))| is bounded. Therefore,
from (6.3.16), we arrive at

vtr

t—1

t—1
oY xs)P < 82— (vt Y, A(t,s)g(x(s)))T

S=1 s=t—r—1

t—1

xD(x+ Y Als)(()

s=t—r—1

t—1
<S4+ Y, ACs)sa)]) <K,

s=t—r—1

from which we deduce that [x()|* € I([to, ) NZ).
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Due to our previous remark, it is straightforward to extend Theorem 6.3.1 and Corol-
lary 6.4 to (6.3.3) by setting the coefficient matrix P = 0.

Theorem 6.3.2 ([51]). Let (6.3.4) and (6.3.5) hold for P = 0 matrix. Assume (6.3.6)
and suppose there are constants y > 0 and o > 0 so that

—pt1— o + YA+ 1,0+ (AAT (14 1,0)D)
t—1

+ D)) Y 1A, 9)] < —a,

t—r

—y+A|AT (1 4+1,1)D| +|D| <0,

and

t—1
1-1 Y, |A(r,5)]>0

s=t—r—1
then the zero solution of (6.3.3) is stable and |x(t)|* € ([to,o0) NZ).

Proof. The proof is immediate consequence of Theorem 6.3.1 and Corollary 6.4 by
taking the matrix P to be the zero matrix which implies that Q = I.

Next, we resort to fundamental matrix solution to characterize solutions of (6.3.1)
and then compare both results. We begin by considering the homogenous system,

x(141) = Ax(r) (6.3.17)

where A = (a;;) is constant n x n nonsingular matrix. Then if @(z) is a matrix that
is nonsingular for all # > 7y and satisfies (6.3.17), then it is said to be a fundamental
matrix for (6.3.17). Also, it is known that if all eigenvalues of A reside inside the unit
circle, then there exist positive constants / and 1 € (0, 1) such that |@ (1)@~ ()| <
In'~". For more on Linearization of systems of the form of (6.3.17), we refer the
reader to [57]. Suppose the function g is Lipschitz. That is, there exists a positive
constant L such that

g(x) —g(y)| < Llx—y| (6.3.18)
for all x and y. Then (6.3.18) along with g(0) = 0 imply that |g(x)| < L|x].

Theorem 6.3.3 ([51]). Assume all eigenvalues of A of system (6.3.17) reside inside
the unit circle. Also, assume (6.3.18) along with g(0) = 0. In addition we ask that
for some positive constant R

i |C(u,s)| <R, (6.3.19)

s=—r1

then the zero solution of (6.3.1) is exponentially stable provided that RL < 1_Tn

Proof. Let @(t) be the fundamental matrix for (6.3.17). For a given initial function
¢ : [—r,e0) NZ — R", by using the variation of parameters, we have that
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t—1 u—1

x(1) = DD (10)0(t0) + 3, DN)D (1) Y, Clus)glx(s).  (63.20)

u=ty s=u—r

Then x(¢) given by (6.3.20) is a solution of (6.3.1) (see [57]). Hence, for r > 1y we
have

t—1
()] < 0" 719 (t0)| +RLIN'™" 3, ™" fx(u)-
u=ty

The rest of the proof follows along the lines of Theorem 4.35 of [57], by invoking
Gronwall’s inequality (see Corollary 1.1).

Theorem 6.3.3 gives stronger type of stability since it requires the zero solution

of (6.3.17) to be exponentially stable. We end this section with an example.
(120 _(1/3 0

Example 6.8. Let P = ( 0 1/2) and C(t,s) = ( 0 1/3>,

r—t+s+1) 0

1
_ (3
then A(¢,s) < 0 L(r—t+4s+1)

1
_ gr 0
and A(t + 1,1) ( Oér)

From P'DQ + Q"D = — 1, we obtain
=

4 8ur
D= (3”(1)4 O).Letg(x)
3t —9

8/.1]7'

X1

X2
Then
x" (PTDA(t +1,t) + DA(t + 1,1)) g(x) = —pa (x} +3) .

Hence (6.3.5) is satisfied. By letting Sgr% <A< ﬁ we have that |g(x)| < A |x].
For the sake of verifying (6.3.10), we note that

1
Alr,)| < Slr—t+5+1] < g fors e [r—rt—1].

Thus,

t—1 t—1

r_r(r+1)
Y, A@s< Y <
s=t—r—1 s=t—r—1 3 3
3
Thus, 1 -2 32 | |A(t,s)| >0 for A < FEEE Left to verify conditions (6.3.8)
r\r

and (6.3.9). As before, by simple calculations one can easily show that (6.3.8)
and (6.3.9) correspond to

) 2
w2y R (D < e (6.3.21)
3779 T3H3
and Mo 2
Ly L 2 <o, (6.3.22)

9 30T
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respectively. Now inequalities (6.3.21) and (6.3.22) can be satisfied by the choice of
appropriate Uy, lp, and r. Thus we have shown that the zero solution of

1 59#2xl
1/2 0 < (1/3 0) Hr
x(t+1)= x(t) —
( ) ( 01/2) () s;r( 01/3 S
supr X2
is stable by invoking Theorem 6.3.1.
Next we consider the nonlinear Volterra difference equation
Y1) = Fy(m) + X Cln,s)h(y(s) + g(n) (63.23)

s=0

where f and h are k x 1 vector functions that are continuous in x and g is k£ x 1
vector sequence. In addition C is k x k matrix functions on Z* and Z* x Z". Note
that (6.3.23) has no delay. We are mainly interested in the Uniform boundedness on
the solutions of (6.3.23) and its exponential stability when g(n) =0 for all n € Z*.
We make the assumptions that for positive constants A, A,, and M that

SO < Ayl [A()] < A2]y], and [g] < M. (6.3.24)
If A = (a;;) is a k x k real matrix, then we define the norm of A by
k

Al = max{z laij|}.

Isisk™ 5

Similarly, for x € R¥, |x| denotes the maximum norm of x. In the next theorem we
construct a Lyapunov functional to obtain uniform boundedness and the exponential
stability of the zero solution.

Theorem 6.3.4. Assume (6.3.24). Also, we assume that

n—1 oo
> Y IC(, )| <o, (6.3.25)
s=0 j=n
M+ 22|C(n,n)|+K Y |C(j,n)| < 1—a, (6.3.26)
Jj=n
i . Ka
|C(n,s)| > A 2 |C(j,s)| where A = - (6.3.27)
j=n

where €, 0, and K are positive constants with o € (0,1) and K = € + 4. Then every
solution y(n) of (6.3.23) is uniformly bounded and lim sup |y(n)| < Y%. Moreover; if
X—ro0

g(n) =0 foralln € Z, then the zero solution of (6.3.23) is exponentially stable.
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Proof. Let’s begin by defining the Lyapunov functional V by
n—1 oo
V(n) =y +K 3, 3 1CG:s)lIy(s)]. (6.3.28)
s=0 j=n

Then using (6.3.28) we have along the solutions of (6.3.23) that

AV(n) = ly(n+1)[ = ly(n |+K<ii $)|Iy(s \—ZZ\CL )1y (s) )

s=0 j=n

Or

AV (n) = (Iy(n+1)[ = |y(n) <Z n)[y(n I—Z\Cns [1( )I)

8

Substitute y(n+ 1) and use (6.3.26) to obtain

AV(n) < (If( (n))| +[g(n |+ZIC n, )| (y(s ))I—Iy(n)>

s=0

+K<ZICJn||y I—Z\CHSIIy )I)

Jj=n
Or

AV(n) < (M [+ M+ 4, i |Cn,8)[|(v(s))] = Iy(n)>

s=0

+K<2|Cjn||y I—Z\C’Hlly )|>

j=n

After simplification we arrive at

AV(n) < (/11 —1+7Lz|C(n7n)|+Ki |C(j,n)|> y(n)]

j=n

1S (o~ K)o,

s=0

which reduces to

AV(n) < —aly(n)|+ M+ (A - K ZIC'H [y ()]

Using (6.3.27) we get

AV(n) < “Qﬂ”—a‘é_z
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Now use the fact that A := % ande:=K—-1, = —W = K to simplify to

AV (n)

IN

n—1 o
- (Iy(n)l +KY, Y IC(J',S)IIy(S)|> +M

s=0 j=n

= —oV(n)+ M.

Now, by applying the variations of parameters formula we get:
n—1
V(in) < (1—a)"'V(0)+M Y (1—a) D,
s=0

which simplifies to

V(m) < (1-a)'V (o) + o

Using (6.3.28) we arrive at

bl < (1= b(O)] + (6329)
< O+

Hence we have uniform boundedness. If g(n) = 0 for all n € Z™, then from (6.3.29)
we have

()] < (1—-a)"ly(0)],

which implies the exponential stability. This completes the proof.
For the next theorem we consider the scalar Volterra difference equation

n—1
x(n+1) = u(n)x(n)+ Z{)h(n,s)x(s) + f(n), (6.3.30)

and show, under suitable conditions, all its solutions are uniformly bounded and its
zero solution is uniformly exponentially stable when f(n) is identically zero. We
assume the existence of an initial sequence ¢ : ZT — [0,0), that is bounded and

p— >O~
o]l oé‘l%ﬁo'd’(s)" ny >

Theorem 6.3.5 (Raffoul). Suppose there is a scalar sequence o : " — [0,0). As-
sume there are positive constants a > 1 and b such that

n—1
a(s)a P =N P n(u,s)| > 0, (6.3.31)

u=s

\u(n)|+ |o(n)| — [A(n,n)| — 1 < —(1—a™?), (6.3.32)
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and for some positive constant M
n—1
S (1—a )V f(s)| <M, for 0<n<eo.
s=0
() If . .
max Y (Ot(s)aib("f‘“l) - Zafb(”*‘“l)\h(u,s)o < oo

nzng s=0

then all solutions of (6.3.30) are uniformly bounded and its zero solution is uni-
Sformly exponentially stable when f(n) is identically zero.

(ii) If for every ng > 0, there is a constant M (ng) depending on ng such that

np—1 no—1

Y als)a —blno=s=1) _ Za (0=~ p(u,s)| < M(no),
s=0

then all solutions of (6.3.30) are bounded and its zero solution is exponentially
stable when f(n) is identically zero.

Proof. Consider the Lyapunov functional
V(n x) = |x(n)|

+ z [ 7h (n—s—1) _ z a*h(”*ufl)lh(u,s)u |x(s)| (6.3.33)

u=s

Then along the solutions of (6.3.30) we have
AV (n,x) < [u(n)|lx(n |+Z () |x(s)[ + [f(n)]

+

M=

[ax(s)a=Ptm) Ea’b” lh(u,s)[] lx(s)]

u=s

f=)

3
—_

=3 syt "za D), 5)[] ().

©
(=}

Next we try to simplify AV (n,x).

3 (o) )= 3 a0 ) [ )
n—1
o)) =S, a0 5] i) )

u=s

(=}

I
M=

i
(=]

n—1
[ar(s)a™" =) =3 a0 (u,5)| = [, )] x(s)]

u=s

B
|

i
o
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+ a(n )\x( )= [h(n,n)|x(n))|
n—1

—b Z [ —b (n—s—1) _ Z a—b(n—u—1)|h(u7s)‘] |X(S)|

u=s
- Z |1, )| [x(s)| + ax(n) x(n)| = [A(n,n)|[x(n)].
Substituting the above expression into (6.3.34) and making use of (6.3.32) yield

AV (n,x) < [|p(n)| +le(n)] = |h(n,n)| = 1]|x(n)|
n—1

(1—a )Y [a(s)a s ﬁ; Y= (a5 x(s)] 4+ | £ ()

s=0
< —(1=a™) [lx(m)]
n—1
+ Zo[a(s a b=y Za “h(u,s)[] 1x(s)] + £ (n)]
—(1—a 2V (n,x)+|f(n)]. (6.3.34)

Set B = (1—a~?) € (0,1) and apply the variation of parameters formula to get

V(n,x(n)) < (1=B)""V(no, ¢) + Z =D £(s)]

s=ngp

< (1=By ||| 1+

ng—1 no—1

+ Z [(X(S) —b(ng—s—1) z a b(ng— u—1)|h(u’s)|
5s=0
n—1

+ Y (1—a) "V f(s)]. (6.3.35)
S=n(

The results readily follow from (6.3.35) and the fact that |x(n)| < V (n,x). This com-
pletes the proof.

6.4 z-Transform and Lyapunov Functionals

Next we use combination of Lyapunov functionals and z-transform to obtain bound-
edness and stability of Equation (6.3.23).

We assume the existence of a sequence @(n) such that

@(n) >0, Ap(n) <0and i @(n) < oo. (6.4.1)
n=0
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Lemma 6.5. Assume (6.4.1) and if

n—1
H(n) = B(n)+A Z;)<P(n—s—1)ll3(3)|7 (6.4.2)

AH(n)=—af(n) B0)=1, (6.4.3)

where 3(n) and H(n) are scalar sequences, then

B(n) +nz;{a+l(p(n—s— MB(s) =1 foralln=1,2,3,..., (644
B(n)>0 foralln=1,23,..., (6.4.5)
iﬁ(rz) < oo, (6.4.6)

and N -
B(z)=|1+ Z% +/l§ <Z_Z1> , (6.4.7)

where B(z), ¢(z) are Z-transforms of B and @.

Proof. By (6.4.3) we obtain
i) = 10) - 'S, B0
and hence
Hin) = H(0) - a’:Z;ﬁ(s)

n—1
= B(n)+ Z(,){OH?HP(H—S— 1)}B(s)-

Since $(0) = H(0), we have (6.4.4). The proof of (6.4.5) follows by an induction
argument on (6.4.4) and by noting that the summation term is positive and (0) = 1.
For the proof of (6.4.6) we sum (6.4.3) from s =0to s =n—1 and get

n—1
a Z()ﬁ(s) =H(0)—H(n).

Since B(n) > 0Vn > 0, we have that H is monotonically decreasing. Therefore

oo HO)
0< ) B(s) < —= for every n,
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which proves (6.4.6). Left to prove (6.4.7). The z-transforms of ¢ and 3 exist for
some |z| > d, where d > 0. Therefore, replacing n by n+ 1 in equation (6.4.4) gives

Blnt 1)+ Y {o+Ap(n—s)}B(s) =

s=0

Taking the z-transform of both sides and using the fact that 3(0) = 1 give

{z+ az—l—?ui)(z)}ﬁ(z) =
z—1 b4

Since z > 0 we can divide through by z and get,
1 A ~
{l+az_1+ (p(Z)}ﬁ(Z)_Z

Finally solving for f(z) gives

1
5o 1 AP(2) z
B(Z)_{l+az—l+ z } (z—l)’

which proves (6.4.7).
Theorem 6.4.1. Assume the hypothesis of Lemma 6.5. Assume there is A > 0 such

that
AN@(n—s—1)+1|C(n,s)| <0 forO<s<nforn€Z", (6.4.8)
and
AL+ M| Cln,n)| + A(0) < 1— (6.4.9)
where o € (0,1), then for every solution y(n) of (6.3.23), |y(n)| is uniformly
bounded and

M
lim sup ()| <~

n—roo

Proof. Define the Lyapunov functional V by
n—1
V() =[y(n)|+1 Y on—s—1y(s), n>0. (6.4.10)
5s=0
Then, using (6.4.10) we have along the solutions of (6.3.23) that

AV(n)=Iy(nJrl)IJr?Liaq)(n—S)ly()I—Iy I—/IZ(P —s=1Dy(s)l,
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which simplifies to
AV () = {yn+ Dl = [y(m)|}
n n—1
+ /1{ 2 en—s) () [l - Z()(P(n—s— D Fy(s) }

s=0

= {bn+ 1) =i}
n—1
" /1{ zAm(n—s—1>|y<s>|+<p<o>|y<n>|}.

s=0

Along the solutions of (6.3.23) we have
AV () < {001+ g(n)1+ 3 i1t - b
n—1
+2{ X 2upln—s=1)y(s)| + 9(0) p(m)]}
s=0
< {2+ M-+ 22 3 [Cn5) b (s)| - )]

n—1
+ 2{ T Bap(n—s = 1)(s)] + @(0) y(n) }-
s=0
After some algebra, we arrive at the simplified expression,

AV () < { [+ AalClnm) | = 1+ A9 (0)] Fy(n)] + M
n—1
+ { T lC.) |+ 2 A0 (n = 5= D]y(s)] .
s=0
Using (6.4.8) and (6.4.9) we arrive at
AV (n) < —aly(n)|+M, M>0 (6.4.11)
Due to (6.4.11), there is a nonnegative sequence 1 (n) : Z™ — R such that

AV(n) = —aly(n)|+M —n(n).

Since 7 is a linear combination of functions of exponential order, 7 is also of expo-
nential order and so we can take Z transform and have

2V (2) =2V (0) =V (2) = —al5(z)] +MZ_L1 —i(2).
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We solve for V and get

V(@) = 5V (0) - @)+ M

z 1)
(z—1)2 z—1°

To derive the second expression for V, use the fact that

Z

n—1
z [ S+l - 1>g<s>] - L0a00.

Taking the Z-transform in (6.4.10) we arrive at

V()= {1 +A‘Z’(Z>}|y~<z>|.

Z

Substituting it into

V() = —5V0) - 1) M(Zfl)z_jﬁ
gives
VO = l)z—fﬁ—|~(z)|+z"~’(z)f(z)|

Taking the z inverse in (6.4.12) gives

n n—1
y(n)| = V(0)B(n) —MB(n)+M ;)ﬁ(S) - Zon(n*sf DB(s)
n—1

n—1
=V(0)B(n)+M Zg,ﬁ(s) - Z(,)n(nfsf DB(s)

n—1
<V(0)B(n)+M ZBB(S)-

289

(6.4.12)
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Since B(n) is bounded, there exists a positive constant R such that f3(n) < R for all
n > 0. Hence, the above inequality gives

)| < VO)R+

This shows that all solutions y(n) of (6.3.23) are uniformly bounded.
Note that since Y, B(n) < oo, we have that f(n) — 0, as n — oo and hence

M

< <—.
lim sup|y(n)| MZﬁ <=

This completes the proof.

We end the section with the following example.

Iy1 ()]
n)) : 1 1+h| )
S = (IMMI&M
o) = (157

1 10
C(n,s) ::m |:O ]:l

Example 6.9. Let

and

RG] < )} Cnss) < o and

Then we have, |f(y(n))| < 16\)’( n)|,
|g(n)| < 1. Let

1

and define the Lyapunov functional V by
n—1
V(n) =Iym)]+4 Y ¢(n—s—1)|y(s)]-
s=0

Then we have A = %, M= 11—67 and A, = 1. Then all conditions of Theorem 6.4.1
are satisfied since A¢(n) <0, lAd)(n —s5s—1)4+ A2|C(n,s)| < 0. Moreover, con-
dition (6.4.9) is satisfied for & = =. Thus, by Theorem 6.4.1 all solutions are uni-
formly bounded and satisfy

y16
a 137

i <
lim sup|y(n)| <
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6.5 [,-Stability

In this section we state the definition of /,-stability and prove theorems under which
it occurs. We begin by considering the nonautonomous nonlinear discrete system

x(n+1) = G(n,x(s); 0 < s <n) < Gn,x(")) (6.5.1)

where G : Z* x R¥ — R is continuous in x and G(n,0) = 0. Let C(n) denote the
set of functions ¢ : [0,n] — R and ||¢|| = sup{|d(s)]|: 0 < s <n}.

We say that x(n) = x(n,ng, ¢) is a solution of (6.5.1) with a bounded initial function
¢ : [0,n0] — R¥ if it satisfies (6.5.1) for n > ng and x(jj) = ¢(}j) for j < ny.

Definition 6.5.1. The zero solution of (6.5.1) is stable (S) if for each € > 0, there is
a 8 = 8(ng,€) > 0 such that [ng > 0,¢ € C(ng), ||¢|| < 0] imply |x(n,n9,0)| < €
for all n > ny. It is uniformly stable (US) if it is stable and & is independent of ng. It
is asymptotically stable (AS) if it is (S) and |x(n,ng,9)| — 0, as n — co.

Definition 6.5.2. The zero solution of system (6.5.1) is said to be [,-stable if it is

stable and if Y ||x(n,ng,9)||P < e for positive p.

n=n
We have the following elementary theorem.

Theorem 6.5.1. If the zero solution of (6.5.1) is exponentially stable, then it is also
[,-stable.

Proof. Since the zero solution of (6.5.1) is exponentially stable, we have by the
above definition that

i H.X(I’l,n(),d)) (H(PH I’l()) z aprl n—ng)

n=ng n=ng

= [C(ll6]l.no)Pa0P1 Y 4P

n=n
= [C(l[8]],n0)]"/ (1 —a’™),
which is finite. This completes the proof.

We caution that [,-stability is not uniform with respect to p, as the next example
shows. Also, it shows that (AS) does not imply /,-stability for all p. In Chapter 1,
we considered the difference equation

n

x(n+1)= ]

x(n), x(ng) =x0 #0, ng > 1
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and showed its solution is given by

Xono
x(n) :=x(n,no,x0) = —

Clearly the zero solution is (US) and (AS). However, for ngp = n, we have

x(2n,n,xp) = % — %O #0

which implies that the zero solution is not (UAS). Moreover,

oo

3 lstmm)ll” < 3 1L = ol ()" 3 (),

n=ng n=ng n=nq

which diverges for 0 < p < 1 and converges for p > 1.

The next example shows that asymptotic stability does not necessarily imply /-
stability for any p > 0. Let g : [0,00) — (0,00) with lim,_,. g(n) = co. Consider the
nonautonomous difference equation

x(n+1) = [g(n)/g(n+1)]x(n), x(no) = xo, (6.5.2)
which has the solution x(n,n9,x0) = 3(’;2:10))
tends to zero, for fixed initial ny and the zero solution is indeed asymptotically
stable. On the other hand

xo. It is obvious that as n — <o the solution

i ||[x(n,n0,%0)||” = [g(no)xo]” i (L)p (6.5.3)

n=ng n=ng g(n)
which may not converge for any p > 0. For example, if we take
g(n) = log(n+2),

then from (6.5.3) we have

3 st 0) | = llog(o-+ 2 ol ¥ (7o)

n=ng n=ny lOg (l’l —+ 2

which is known to diverge for all p > 0.
The next theorem relates /,,-stability to Lyapunov functionals.

Theorem 6.5.2. If there exists a positive definite V (see Definition 1.2.1) and along
the solutions of (6.5.1), V satisfies AV < —c||x||?, for some positive constants ¢
and p, then the zero solution of (6.5.1) is l,-stable.

Proof. Set the solution x(n) := x(n,ng,$). The hypothesis of the theorem implies
the zero solution is stable. Thus, for n > ng there is a positive constant M such that
[|x(n,n0,¢)|| < M. For n > ny we set
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n—1

L(n) = n)+c 3, [x(s)[I".

s=ngpy
Then for all n > np we have

AL(n) = AV (n,x) +|[x][?

—c|[x[[” +¢[[x[[” = 0

IN

Therefore, L(n) is decreasing and hence 0<L(n) <L(ng) =V(ng,9), n > ng. This
implies that 0 < L(n) =V (n,x) +¢ 2 [|x($)]|? < V(no,¢), n > np so that
S=n
0<V(nx) < —csz [|P +V(no,9).
S=ngp

As a consequence,

z ||)CS no, ¢ |P<V(n0’ )/Ca n 2 no.

s§=ng

Letting n — oo on both sides of the above inequality gives

oo

2 [|[x(n,n0,9)||” <V (ng,¢)/c < o

n=ngp

This completes the proof.

In the next two examples we show that the /,,-stability depends on the type of Lya-
punov functional that is being used. Moreover, there will be a price to pay if you
want to obtain /,-stability for higher values of p.

Example 6.10. Consider the scalar Volterra difference equation
n—
x(n+1) =a(n)x(n) + Y, b(n,s)f(s,x(s)) (6.5.4)

with f being continuous and there exists a constant A; such that f(n,x)| < A]x].
Assume there exists a positive & such that

la(n)|+ A Z |b(s,n)|+A1|b(n,n)|—1< —a, (6.5.5)
s=n+1

and for some positive constant A which is to be specified later, we have
A <A, (6.5.6)

then the zero solution of (6.5.4) is /; -stable.
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Proof. Define the Lyapunov functional V by

n—1 o
V(n,x)=|x(n)|+4 3 3 b(s, j)llx())|

Jj=0s=n

We have along the solutions of (6.5.4) that

AV(1) < (la(n)] +A i 1 [b(s, )|+ A [b(n,n)| = 1) [x(n))|
s=n+

n—1

+(A1=2) X [b(n,5)[|x(s)]

s=0
< —alx(n)].

This implies the zero solution is stable and /;-stable by Theorem 6.5.2. This com-
pletes the proof.

Example 6.11. Consider (6.5.4) and assume f is continuous with |f(n,x)| < A;x2.
Assume there exists a positive constant ¢ such that

oo n
2(n)+ A > |b(s,n)|+ Aila(n)] Y |b(n,s)| -1 < —a, (6.5.7)
s=n+1 s=0
and for some positive constant A which is to be specified later, we have
n—1
Mla(n)|+ A7 Y [b(n,s)| — 2 <0. (6.5.8)
s=0

Then the zero solution of (6.5.4) is I,-stable.
Proof. define the Lyapunov functional V by

n—1 oo
V(nx) =x*(n) + 24 Y, ¥ |b(s. ) ()

Jj=0s=n

We have along the solutions of (6.5.4) that
n—1
AV (1) = (a(n)x(n)+ z b(n,s)f(s,x(s)))2 —x%(n)

+ A% (n 2|bsn|—12|bns|x x2(n)

s=n+1

n—1
< @*(n)x*(n) + 22 |a(n)||x(n IZ |b(n,s)||x(s |+(Zb(n7S)f(S,X(S)))2

+ Ax%(n Z|bsn|—12|bns|x *(n).

s=n+1
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As a consequence of 2zw < z> +w?, for any real numbers z and w we have
2A1|a(n)||x(n |Z|bns||x ) < A]a(n |2\bns +x())

Also, using Schwartz inequality we obtain

n—1 n—1
(Z(,)IJ('%S)f(s,X(S)))2 = Y [b(n,9)["2[b(n,5)[ "] £ (5,x(s))]

s=0

n—1 n—1
< %Ib(n,S)l Zalb(mS)lﬁ(S,x(S))

n—1 n—1
< A7 Y 1b(n,5)| Y [b(n.s)[x%(s).
s=0 s=0
Putting all together, we get

AV () < (@) +2 il|b(s,n)|+7tl|a(n) 3 b(n.s)| - 1))
s=n+ =0

n—1

n (/11|a(n)|+/122\bns I~ )2|bns

s=0

< —ax*(n).

This implies the zero solution is stable and /;-stable by Theorem 6.5.2. This com-
pletes the proof.

A quick comparison of (6.5.5) with (6.5.7) and (6.5.6) with (6.5.8) reveals that
the conditions for the /»-stability are more stringent than of the conditions for /;-
stability.

6.6 Discretization Scheme Preserving Stability and Boundedness

In Chapter 1, we briefly discussed the notion that Volterra discrete equations play
major role in numerical solutions of Volterra integro-differential equations. In this
section we apply a nonstandard discretization scheme due to Mickens (see [119])
to a Volterra integro-differential equation, to form a Volterra discrete system. By
displaying suitable Lyapunov functionals, one for the Volterra integro-differential
equation and another for the Volterra discrete system, we will show that under the
same conditions on some of the coefficients, the stability of the zero solution and
boundedness of solutions are preserved in both systems.

This section is intended to give a brief introduction to the subject of discretization,
although by no means, should it be considered a complete study of the subject. The
author is not claiming that the discretization scheme used here is the most general
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nor it is the most efficient. The sole purpose of this section is to introduce the reader
to the effectiveness of Lyapunov functionals when dealing with preserving the qual-
itative behaviors of solutions. However, this section should set the stage for future
research in preserving the characteristics of Volterra integro-differential equations
when nonstandard discretization schemes are used in obtaining the corresponding
Volterra discrete systems. For comprehensive treatment of the subject of nonstan-
dard discretization we refer to [119] and [120].

For motivational purpose, consider the differential equation

X (t) = ax(t), for some constant a < 0, (6.6.1)

which has the solution x(r) = ¢*“~0) and x(t) — Oas  — oo,
On the other hand, if we consider the difference equation

x(t+1) = ax(t), x(to) = xo, (6.6.2)
then the unique solution of (6.6.2) is
x(t) = xoa' "0

and
x(t) = 0as  — oo

provided that |a| < 1. We see that the stability is not preserved. Applying the ap-

proximations
x(t+h) —x(t) x(t+h)+x(t)

/
= )= — —— =~ .0.
X(1) T x(0) 5 (6.6.3)
to equation (6.6.1) we have the analogous discrete system
2+ah
1 6.6.4
x(n1) = S x(n), (664

where x(n+ 1) = x(t + h) and x(n) = x(¢). All solutions x(n) of (6.6.4) satisfy
x(n) — 0as n — oo, provided that

2+4+ah
2—ah

(6.6.5)

Clearly, inequality (6.6.5) is satisfied for a < 0 and 0 < h < 1. Thus, we see that the
discretization scheme defined by (6.6.3) preserved the stability of the zero solution.
It is noted that the result holds under the restriction that the step-size A\t = h satisfies
the restriction

O0<h<l1. (6.6.6)

Restriction (6.6.6) is a direct consequence of how we discretize equation (6.6.1). To
ease the restriction given by (6.6.6), we use a nonstandard discretization scheme due
to Mickens [122]; that is we let
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X —X e —
x’(t):W, P(ah) = — L 6.6.7)

We note that this scheme holds for all 2 > 0. For more on the use of nonstandard dis-
cretization, we refer the reader to [119, 120, 121, 122]. Under discretization (6.6.7),
equation (6.6.1) becomes

x(n41) = (14a®(a,h))x(n) = e x(n). (6.6.8)

Since a < 0, we have that e < 1, and hence all solutions of (6.6.8) go to zero
asymptotically without any restriction on the step-size h. Thus, we see that the dis-
cretization scheme defined by (6.6.7) preserved the stability of the zero solution.

Definition 6.6.1. A resulting difference equation is said to be consistent with respect
to property P under a given discretization scheme with its continuous counterpart if
they both exhibit property P under equivalent conditions.

Based on Definition 6.6.1, we see that (6.6.5) is consistent with respect to asymptotic
stability with (6.6.1) under discretization (6.6.3) provided that (6.6.6) holds. The
same is true for (6.6.7) but without further restriction on the size .

Next we discuss the stability, uniform asymptotic stability, and exponential stability
of Volterra integro-differential equations and their corresponding discrete systems
with respect to certain discretization schemes. Consider the scalar Volterra integro-
differential equation

X (t) = ax(t) Jr/OtB(t,s) f(s,x(s))ds, t > 0. (6.6.9)

We assume f(#,x) is continuous in x and 7 and satisfy
|f(t,x)] < vl (6.6.10)
where 7 is a positive constant. The kernel B : R?> — R is continuous in both argu-
ments. By considering the discretization scheme (6.6.3) for
X (t) = ax(t)

and by approximating the integral term with

! 13
/ B(t,5)f(s,x(s)) ds = h S B(t,5)f(5,x(s)), 6.6.11)
0 s=0
we arrive at the corresponding discrete Volterra equation,
2+ah 20> &
_ > 6.
x(n+1) 2iahx(n)+27ahzB(n,s)f(&x(s)), n>0, (6.6.12)

s=0
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where x(n+ 1) = x(t + h), x(n) = x(¢) and 0 < h < 1. Similarly by considering
discretizations (6.6.7) and (6.6.11) we arrive at the corresponding discrete Volterra
equation,

x(n+1) = e x(n) + hd(a,h) 2 B(n,s)f(s,x(s)), n> 0, (6.6.13)

s=0

The study of Volterra discrete systems is important since they play a major role in
the fields of numerical analysis, control theory, and computer science. Thus, finding
a discretization scheme under which Equation (6.6.12) is consistent with (6.6.9) is
important. Throughout this section it is assumed that the step size & satisfies 0 < h <
1. In preparation for the next theorem we make the following assumptions.

|B(z,s)| is monotonically decreasing in ¢ (6.6.14)

and there exists a constant o > 0 such that V¢ > 0
a—|—')// (u,t)|du < —a. (6.6.15)

Theorem 6.6.1. Assume conditions (6.6.14) and (6.6.15) hold. Then (6.6.13) is

consistent with respect to uniform asymptotic stability under the discretization
scheme (6.6.7) and (6.6.11) with its continuous counterpart (6.6.9).

Proof. Define the Lyapunov functional V by

|+y// B(u,s)||x(s)|du ds.

Then by making use of (6.6.15), we have along the solutions (6.6.9) that

t
Vo) = L X0+ [ 1Bl du—y [ 1B0.5) () lds

< a|x<z>\ + [ 1B (o)l

[ Bl a7 [ 1805 x(o)lds
Jay [ Bunldu] o)

—alx(t)].

Then by Theorem 2.6.1 of [22], the zero solution of (6.6.9) is (UAS). Now we turn
our attention to (6.6.12). Define V by

IN

IN

n—1 oo

V(n) = |x(n)|+yh®(a,h) 3, 3 |B(u,s)|[x(s)].

s=0u=n
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It can be easily shown that along the solutions of (6.6.13)
AV(n) < [eah +yhd(a,h) Y |Bu,n)| — 1} lx(n)).
u=n
Due to condition (6.6.15) there exists a positive constant 3 such that

y/ B(u,t)|du < B.

We can choose % small enough so that the above inequality combined with (6.6.14)
and the fact that @ < 0 to imply that there exists a positive constant 1 such that

e 4+ yhd(a,h) Y [B(u,n)| —1<—n.

Therefore,
AV(n) < —nx(n)].

By setting oo = 0 in Theorem 2.2.4 we have the zero solution of (6.6.13) is (UAS).
The proof is complete.

In Theorem 6.6.1 we showed that the discretization scheme given by (6.6.3) and (6.6.11)
preserved the uniform asymptotic stability of the zero solutions of Equations (6.6.9)
and (6.6.12). In the next theorem we will show that the discretization scheme given
by (6.6.3) and (6.6.11) preserves the exponential asymptotic stability of the zero
solutions of Equations (6.6.9) and (6.6.12) under more stringent conditions on the
kernel B(z,s). For the next theorem we make the following assumptions.

|B(z,s)| is monotonically decreasing in 7 and s. (6.6.16)

Suppose there exist constants k > 1 and & > 0 such that
a+yk/ (u,t)|du < —0r <0 (6.6.17)
where k = 1+ ¢ for some € > 0. Suppose
IB(1,5)| > A /t " \B(u,s)|du (6.6.18)
where),> 2>0,0<s<t<u<eco,and
y/oto /lw IB(u,s)|duds < p < oo forall g > 0. (6.6.19)
0

Remark 6.4. Due to conditions (6.6.16) and (6.6.17) there exists a positive constant
B such that
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yk/ \B(u,1)| du < B.
!
Similarly, by conditions (6.6.16) and (6.6.19) there is a constant such that
n()—l o
h@(a,h)yk Y, D |B(j,s)| <Ti.
s=0 j=ng
Finally, as a consequence of (6.6.16) and (6.6.18) we have
Bn.s)l = 2 3 18751
j=n

Theorem 6.6.2 ([91]). Assume conditions (6.6.16)—(6.6.19) hold. Then (6.6.13) is
consistent with respect to uniform exponential stability under the discretization
scheme (6.6.3) and (6.6.11) with its continuous counterpart (6.6.9).

Proof. Define
V(1,x) = [x(t)| +k /0 t [ "B, 5)|dul f(s,x(s))|ds. (6.6.20)

Let V'(t,x) = 4V (t,x(t)). Then along the solutions of (6.6.9) we have,

x(t)
[x(0)]

< alalt)| + [ 1B0.5) 1/ (5:2(6))lds
[ 1)l 0,000~ [ 1809152060l

V() = S0k [ 1B ldulf0,0)| & [ 1BGs) 1 5x(6) s

< art b [ B0l 1+ (0 =) [ 1B5) 1G5 x(6)) s

< —afalo)] ~e [ |B0.9)]£(5.x(5)lds

< —afato)] e [ [ 1Bwladlss.x()lds

< a1 +k [ [ 1Bldul(5,5(5))lds]

< —aV(t,x). (6.6.21)

Hence inequality (6.6.21) yields
V(t,x) < V(tg,9(.))e 10,
As a consequence, we have

()] < V(to,6(.))e *=) for 1 >1
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10 o0
<ol [1 —i—ky/ / |B(u,s)|du ds} e~ ®=10) for 1> .
0 fo

Hence, the zero solution of (6.6.9) is uniformly exponentially stable.

Remark 6.5. Suppose p(fp) is a constant depending on 7. If condition (6.6.19) is
substituted with

1. oo
/ ’ / IB(u, )| duy(s)ds < p(to), forto >0,
0 0

then a slight modification of the proceeding paragraph shows that the zero solution
of (6.6.9) is exponentially stable.

To show the zero solution of (6.6.12) is uniformly exponentially stable, we define
V(n) =V (n,x) by

n—1 oo

V(n) = |x(n)| + kh®(a,h) 3, 3 |B(j,5)If(s,x(s))].

s=0 j=n

Then along solutions of (6.6.12), we have

AV(n) = Ix(n+1)|—IX(n)|+kh‘P(a,h)i i 1B(,$)I1f (s, x(s))]

s=0 j=n+1

n—1 oo

—kh®(a,h) ZO 2. [B(9)I1f (s,x(s))]
5s=0j=n

ex(n) + hd(a,h) 2 B(n,s)f (s,x(s))\

s=0

n =

—[x(n)| +kh(a,h) 3 {Z 1B(j,5)I1.f (s, x(s))]

s=0 "~ j=n

n—1 oo

—[B(1,9)| £ (5,x(5)) || —kh®(a,h) 3, 3 1B(j,s)f(5:x(5))]

5s=0 j=n

< [+ ykn(a.n) 3 |BG.n) 1] (o)

j=n
n—1
+h®(a,h)(1—k) Z(,) |B(n,s)[|f (s,x(s))|

Let o be defined by (6.6.17). Then by (6.6.16) and (6.6.17), we can choose an
appropriate 4 so that

e+ ykh®(a,h) Y |B(j,n)| — 1 < —a.

j=n
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Asa consequence,

AV (n) < —a|x(n)| +h®(a,h)(1—k Z |B(n,$)||f(s,x(s))]|

< —alx(n)| — eAhd(ah) i i 9IIfGs,x(5))]

IN

—o||x(n)|+hD(a,h) kz 2 1B(j9)I1f(s,x(s))]

s=0 j=n
= —oV(n).

The above inequality implies that
Vin) <(1—a)""™V(ng), n>ng > 0.
Or

()| < (1= a)"™"V(no)
no—l o
< lloll[1+h@(ah) ¥, 3 1B(.9)||(1=a)" 7, n>m > 0.
s=0 j=ng
This completes the proof.

Now we turn our attention to the preservation of boundedness. Consider the Volterra
linear integro-differential equation

+/st s)ds+g(t), 1 >0 (6.6.22)

and its analogous discrete Volterra equation, under discretizations (6.6.7) and
(6.6.11)

n

x(n+1) = e"x(n) +h®(a,h) Y, B(n,s)x(s) +h®(a,h)g(n),n >0  (6.6.23)
s=0

where a, B are as defined before and g is continuous and uniformly bounded. Thus,
there exists a positive constant M such that

h®(a,h)|g(t)| <M, forall t > 0. (6.6.24)

Theorem 6.6.3. Suppose there is a continuous function Y : [0,00) — [0,00) with
1

v <0 fort>0, / y(u)du < oo, and %w(t—s) +|B(,8)] <0for0<s <t <es,
0

where |B(t,t)| is uniformly bounded. If fort > 0, a+ y(0) < —a < 0, for some pos-

itive constant o, then (6.6.23) is consistent with respect to boundedness under the

discretization scheme (6.6.7) and (6.6.11) with its continuous counterpart (6.6.22).
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Proof. Define a Lyapunov functional

V) = )|+ [ W= 9)la(s)lds.

Along the solutions of (6.6.22) we have,

x(t) ' d
o () + w(0)|x(r)| +/0 5, V(= 9)lx(s)lds

< alalt)| + [ 1BG.5) () s

V'(t,x) =

+ 15+ WO+ [ Swte—5)i(s)lds

IN

-t WO+ 4+ [ [ 5wl =)+ 18069l (o)lds
—alx(t)| + M.

N

By ([23], pp. 109-111) we have all solutions of (6.6.22) are bounded. With respect
to (6.6.23) we consider the Lyapunov functional

n—1
V() = k()] +hP(a.h) 3, ylon—s = Dlato)]

Then along solutions of (6.6.23), we have

AV(n) < [+ h(a,h) (|B(nm)| + w(0)) — 1] x(n)]

n—1

(@) 3, [Anyln—s = 1)+ B9 x(5)] + gl

Due to condition %w(t —8)+|B(t,5)] <0for 0 <s <t <eo, wehave A, y(n—s—
1)+ |B(n,s)| <0for0<s<n<eo.
Also, due to condition a + y(0) < —a < 0 we have a < 0. Moreover, since |B(z,7)|
is uniformly bounded we arrive at the fact that we can choose & small enough so
that

e+ hd(a,h)(|B(n,n)|+y(0)) — 1 < —a,

for some positive constant «¢. As a consequence,
AV(n) < —ajx(n)|+M.

By Theorem 2.1.1 we have all solutions of (6.6.23) are bounded. Thus, (6.6.23)
is consistent with respect to boundedness under the discretization scheme (6.6.7)
and (6.6.11) with its continuous counterpart (6.6.22).

Next we state the following corollaries using discretization (6.6.3).
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Corollary 6.5 ([91]). Assume conditions (6.6.14) and (6.6.15) hold. Then (6.6.12)
is consistent with respect to uniform asymptotic stability under the discretization
scheme (6.6.3) and (6.6.11) with its continuous counterpart (6.6.9).

The proof follows along the lines of the proof of Theorem 6.6.1 by taking

2]’[2 n—1 oo
V() = ()| + 7 3 S Bus) ()]

s=0u=n

Corollary 6.6 ([91]). Assume conditions (6.6.16)—(6.6.19) hold. Then (6.6.12) is
consistent with respect to uniform exponential stability under the discretization
scheme (6.6.3) and (6.6.11) with its continuous counterpart (6.6.9).

The proof follows along the lines of the proof of Theorem 6.6.2 by taking

2h2 n—1 oo
V0D = bl 5k 3 318U s

For the next corollary we consider (6.6.22) and its analogous discrete Volterra dif-
ference equation

2+ah 252
M) =5 )+ 5=

i B(n,s)x(s)+g(n),n>0 (6.6.25)
s=0

under discretization scheme (6.6.3) and (6.6.11).

Corollary 6.7 ([91]). Suppose there is a continuous function  : [0,0) — [0,0) with
t

v <0fort>0, / y(u)du < oo, and %ly(t—s) +|B(t,5)] <0 for 0 <s <t <o,

0
where |B(t,t)| is uniformly bounded. If fort > 0, a+ y(0) < —o. < 0, for some pos-
itive constant «, then (6.6.25) is consistent with respect to boundedness under the
discretization scheme (6.6.3) and (6.6.11) with its continuous counterpart (6.6.22).

The proof follows along the lines of the proof of Theorem 6.6.3 by taking

2/’12 n—1

3 i & V== DGl

V() = x(n)| +

6.7 Semigroup

We end the book with a brief introduction of the concept of semigroup. The notion
of semigroup falls under the umbrella of fixed point theory. In continuous dynam-
ical systems, including partial differential equations, semigroup has been the main
tools in studying boundedness, uniform exponential stability, strong stability, weak
stability, almost weak stability, the existence of weak solutions, and almost periodic
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solutions. The theory of semigroup has been well developed for continuous dynam-
ical systems, which is not the case for discrete dynamical systems. This section is
only intended to raise curiosity about the subject of semigroup and how it can be
effectively used to qualitatively study solutions of discrete dynamical systems, and
in particular, Volterra difference equations.

Let X be a Banach space and #(X) the Banach algebra of all linear and bounded
operators acting on X .

Definition 6.7.1. The subset T = {T (n)},cz of B(X) is called discrete semigroup
if it satisfies the following conditions:

(1) T(0) =1, where I is the identity operator on X .

(i) T(n+m) =T(n)T (m), foralln,me Z*.

Definition 6.7.2. A linear operator A is called the generator of semigroup 7 if

lim T(s)x—T(1)x
s—1 s—1

,Xx€D(A),

where the domain D(A) of A is the set of all x € X for which the above limit exists.

Next we consider the discrete initial value problem
x(t+1) =Ax(t), x(to) = x0 € D(A), t > 1o, t,tg € Z™, (6.7.1)

where A is the generator of 7. By [76] the initial value problem (6.7.1) has the
unique solution
x(t) =T (t —19)x0. (6.7.2)

Denote the norms in X and #(X) by || - ||. We have the following theorems. First, for
concise definitions and terminology regarding stability and boundedness we refer to
[76].

Theorem 6.7.1 ([76]). The following statements are equivalent:
(i) Equation (6.7.1) is stable;

(ii) {T(t) : t € Z} is bounded;

(iii) Equation (6.7.1) is uniformly stable.

Theorem 6.7.2 ([76]). The following statements are equivalent:
(i) Equation (6.7.1) is asymptotically stable;

(ii) limy o0 || T (t)x|| = O, for every x € X;

(iii) Equation (6.7.1) is globally asymptotically stable;

(iv) Equation (6.7.1) is uniformly asymptotically stable.

Next we turn our attention to using semigroup in Volterra difference equations.
Thus, we consider the linear convolution Volterra difference equations with infinite
delays

x(n+1) ZC n—s)x(s), n>nyg >0,n,ny €Z", (6.7.3)

§=—o0
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and

x(n+1)= Z {C(n—s5)+G(n,s)}x(s), n>ng >0,n,ng € Z". (6.7.4)

§=—o0

Our intention is to write (6.7.3) as a functional difference equation so that semigroup
can be used to derive conditions that relate solutions of (6.7.3) and (6.7.4). Let y be
a positive constant. Define the set

B"={¢:Z" — C*: sup |g(r)]e" < oo},

teZ~

where C is the set of complex numbers. Then B is a Banach space when endowed
with the norm
[lol| = sup |(t)|e" <<, ¢ € BT.

teZ~
As we have done before, for x,, € BY, we set
xn(s) =x(n+s), s€Z".
Then we may write (6.7.3) as
x(n+1) =L(x,), (6.7.5)

where L(-) : BY — C¥ is a functional given by
L(¢) =2, C(Ne(=J), ¢ € B".

Let 7' (n) denote the solution of (6.7.5). Then T'(n)p = x,(¢), for ¢ € BY. Moreover,
we denote by x(-, @) the solution of (6.7.5) satisfying x(s,®) = ¢(s), for s € Z~.
Then it can be easily shown that T'(n) is a bounded linear operator on B and satisfies
the semigroup property

T(n+m)=T(n)T(m).

We have the following theorems.

Theorem 6.7.3 ([59]). Suppose system (6.7.5) possesses an ordinary dichotomy
with dichotomy constant M (see [59]). Assume

oo n

S [C(n)|e" < oo and Y sup |G(n,s)]e"" ) < oo, (6.7.6)
n=0 s=—o00N>N(

oo np— 1

> Y (G(s. ) )] e?07) 4 2 z |G(s,j) < 1/M. (6.7.7)
5=, Vl()]ffoo 5= ﬂ()] )

Then for any bounded solution x(n) of (6.7.3) on [ng,) there exists a unique
bounded solution y(n) of (6.7.4) on [ng,°) such that



6.7 Semigroup 307

n—1
y(n) =x(n)+ ¥, T(n—s=1PE*( 3 [Gls.i)y()))
S=ngn Jj=—o0

o S

= X Tn-s=1)(=PE( X G(s.)¥() n =m0, (678)

sS=n ]:—oo
where E°(t) =1 ift = 0 and E°(t) = 0 (matrix) if t # 0.

Theorem 6.7.4 ([59]). Assume (6.7.6) and (6.7.7) Suppose system (6.7.5) possesses
an ordinary dichotomy with dichotomy constant M and related projection P (see
[59]) such that

[|T(n)P|| < Md" for some a,0 < a < 1.

Then there is a one-to-one correspondence between bounded solutions x(n) of (6.7.3)
on [ng, o) and bounded solutions y(n) of (6.7.4) on [ng, ), and the asymptotic re-
lation

y(n) =x(n)+o(1) (n — o)

holds.

Naturally, the resolvent operator that was developed in Chapter 1, Section 1.3, might
be used to define a semigroup for Volterra difference equations. To see this, we
consider Volterra difference equation of convolution type

x(n+1)=Ax(n)+ i B(n—s)x(s) (6.7.9)
s=0

for all integers n > 0 and for integers, 0 < s < n, where A, B are k X k matrix func-
tions, and x is a k X 1 unknown vector. Then, we saw that the resolvent matrix
equation of (6.7.9) takes the form

R(n+1) =AR(n) + iB(n—u)R(u), R0)=1,neZ". (6.7.10)
u=0

Let A and B(-) be closed operators in X. Hence D(A) endowed with the graph norm
|x| = ||x|| + ||Ax]|| is a Banach space denoted by Y. Next we use the resolvent op-
erator to define the solution of the nonhomogenous Volterra difference equation of
convolution type
n
x(n+1) =Ax(n)+ Y, B(n—s)x(s) + f(n), (6.7.11)
s=0

where f is a k x 1 given vector. First, we have the following definition.
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Definition 6.7.3. R(-) is a resolvent of (6.7.11) if R(n) € $(X) for n € Z* and
satisfies

1. R(0) = (the identity operator on X).
2.R(n) € B(Y) forn € Z" and for y € Y, we have

R(n+ 1)y = AR(m)y+ Y B(n— )R (u)y
u=0

= R(n)Ay+ i R(n—u)B(u)y. (6.7.12)
u=0

We note that item 2. of Definition 6.7.3 is needed for (ii) of Definition 6.7.1. Suppose
R(n) is the resolvent operator of (6.7.11). Then, it can be easily shown using the
results of Section 1.3 that the solution of (6.7.11) is given by

x(n) = R(n)xo + iR(n—u—l)f(u), neZt. (6.7.13)
u=0

Now, one can use the concept of the resolvent operator given by (6.7.12) to obtain
various results concerning the qualitative analysis of solutions of Volterra difference
equations.

It is worth noting, however, that using the resolvent operator in Volterra difference
equations to define a semigroup and obtain a meaningful result is in dire need for
further development.

6.8 Open Problems

Open Problem 1
Prove a parallel theorem to Theorem 6.3.5 by considering (6.3.30) as a vector equa-
tion.

Open Problem 2
Extend Theorem 6.3.5 to the delay Volterra difference equation

n—1
x(n+1) = p(n)x(n)+ ¥ h(n,s)x(s)+ f(n),

s=n—h
where £ is a positive integer.

Open Problem 3 (Extremely Hard)
Extend the results of Section 6.1 to the following Volterra difference equations

n—1

x(n+1)=Px(n)+ Y, H(n,s)g(x(s)), (vector)

§=—o0
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x(n+1)=a(n)x(n)+ ’i h(n,s)g(x(s)), (scalar)

§=—00

and
n—1

x(n+1)=Px(n)+ Y, H(n,s)g(x(s)), (vector)

s=n—h

where & is a positive integer.
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