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The aim of this paper is to discuss the oscillatory behavior of difference systems of mixed
type. Several criteria for oscillations are obtained. Particular results are included in regard
to scalar equations.
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1. Introduction

The aim of this work is to study the oscillatory behavior of the difference system

14 m
Ax(n) => Pix(n—i)+ > Qix(n+j), n=0,1,2,.., (1.1)
i=1

j=1

where x(n) € R?, Ax(n) = x(n+ 1) — x(n) is the usual difference operator, £,m € N, and
fori=1,...,€ and j = 1,...,m P; and Q; are given d X d real matrices. For a particular
form of the scalar case of (1.1), the same question is studied in [1] (see also [2, Section
1.16]).

The system (1.1) is introduced in [9]. In this paper the authors show that the existence
of oscillatory or nonoscillatory solutions of that system determines an identical behavior
to the differential system with piecewise constant arguments,

m

(4
x(t) = > Pix([t—1]) Z x([t+41), (1.2)
i=1

where for t € R, x(t) € R? and [-] means the greatest integer function (see also [8, Chap-
ter 8]).

By a solution of (1.1) we mean any sequence x(#), of points in R4, with n = —¢,...,
0,1,..., which satisfy (1.1). In order to guarantee its existence and uniqueness for given
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2 Oscillatory mixed difference systems

initial values x_,...,Xo,...,Xm—1, denoting by I the d X d identity matrix, we will assume
throughout this paper that the matrices Py,...,Ps, Q1,...,Qmn, are such that

det(I—Ql)#O, ifm=1,
detQ,, #0, ifm=>2, (1.3)

P;=0, foreveryi=1,...,¢,

with no restrictions in other cases (see [8, Chapter 7] and [9]).

We will say that a sequence y(n) satisfies frequently or persistently a given condition,
(C), whenever for every v € N there exists a n > v such that y(n) verifies (C). When there
is a v € N such that y(n) verifies (C) for every n >, (C) is said to be satisfied eventually
or ultimately.

Upon the basis of this terminology, a solution of (1.1), x(n) = [x1(n),...,x4(n)]7, is
said to be oscillatory if each real sequence xx(n) (k = 1,...,d) is frequently nonnegative
and frequently nonpositive. If for some k € {1,...,d} the real sequence xx(n) is either
eventually positive or eventually negative, x(n) is said to be a nonoscillatory solution of
(1.1). Whenever all solutions of (1.1) are oscillatory we will say that (1.1) is an oscillatory
system. Otherwise, (1.1) will be said nonoscillatory.

Systems of mixed-type like (1.1) can be looked as a discretization of the continuous
difference system

4 m
x(t+1)—x(t)=ZPix(t—i)+ZQ]-x(t+j). (1.4)
i=1 j=1
When Q,, = I, one easily can see that, through a suitable change of variable, this system
is a particular case of the delay difference system

P

x(t):Zij(t—rj), (L1.5)

i=1

where the A; are d X d real matrices and the r; are real positive numbers.

As is proposed in [8, Section 7.11], we will investigate, here, conditions on the matrices
Piand Q; (i=1,...,¢,and j = 1,...,m) which make the system (1.1) oscillatory. For that
purpose we will develop the approach made in [3], motivated by analogues methods used
in [6, 7] for obtaining oscillation criteria regarding the continuous delay difference system
(L.5).

We notice that for mixed-type differential difference equations and the differential
analog of (1.4), those methods seem not to work in general. In fact, for such equations
the situation is essentially different since one cannot ensure, as for (1.5), that the corre-
sponding Cauchy problem will be well posed, or guarantee an exponential boundeness
for all its solutions (see [11]).
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According to [9] (or [8, Chapter 7]) the analysis of the oscillatory behavior of the
system (1.1) can be based upon the existence or absence of real positive zeros of the char-
acteristic equation

14 m
det ((A—I)I—ZA’R— ZMQJ) =0. (1.6)
i=1 j=1
That is, letting
14 m
MQ) = > AP+ > MQ;, (1.7)

i=1 =1
one can say that (1.1) is oscillatory if and only if, for every A € R* =]0,+o],
A—1¢&a(M(Q)), (1.8)

where for any matrix C € M4(R), the space of all d X d real matrices, by ¢(C) we mean
its spectral set.

Based upon this characterization we will use, as in [3], the so-called logarithmic norms
of matrices. For that purpose, we recall that to each induced norm, || - ||, in M4z(R), we
can associate a logarithmic norm y : Mz(R) — R, which is defined through the following
derivative:

u(C) = (I +tCl) [ 1=0, (1.9)

where C € M4(R). As is well known, the logarithmic norm of any matrix C € My(R)
provides real bounds of the set Red(C) = {Rez: z € 0(C)}, which enables us to handle
condition (1.8) in a more suitable way. Those bounds are given in the first of the following
elementary properties of any logarithmic norm (see [4, 5]):
(i) Rea(C) € [—u(~C),u(O)] (C € Ma(R));
(ii) w(Cy) —u(=C) = u(Cr+ C) < u(Cy) +u(Gy) (G, C; € My(R));
(iii) u(yC) = yu(C), forevery y = 0 (C € M4(R)).
In regard to a given finite sequence of matrices, Cy,...,C,, in M4(R), and on the basis

of a logarithmic norm, g, we can define other matrix measures with some relevance in
the sequel such as

k v
a(Cx) =/4<ZC,>), b(Cx) :y<ZCi), fork=1,...,7. (1.10)
i=1

i=k

In the same context, these measures give rise to the matrix measures « and f3 considered
in [10] as follows:

a(C) =a(C) =u(C), a(Cr) =a(Cr) —a(Cx_1), fork=2,...,; i
1.11
B(C)) =b(Cv) =u(Cy),  B(Ck) =b(Ck) = b(Chs1), fork=1,...,v-1
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In the sequel whenever the values a(—Cy), b(—Cy), a(—Cy), and B(—Cy) are consid-
ered, we are implicitly referring to the values above with respect to the finite sequence
-Cy,...,—C,.

Notice that by the property (ii) above, these measures are related with the correspond-
ing logarithmic norm y in the following way:

k %

a(Ce) = 2 u(C),  b(C) = > p(C), (1.12)
i=1 i=k

a(C) =u(Cr),  B(Cr) =u(Cr)s (1.13)

forevery k = 1,...,7.
With respect to the measures & and f3 the following lemma holds.

Lemma 1.1. Let Cy,...,C,, be a finite sequence of d X d real matrices.
(@) If y1 = - - - = y, = 0 is a nonincreasing finite sequence of nonnegative real numbers,
then

M(i)’icz) < Z)’i“(ci)- (1.14)

i=1

(b) If0 < yy < - - - <y, is a nondecreasing finite sequence of nonnegative real numbers,
then

/A(ZV:)/,'C,') < Zyi[}(Ci). (1.15)

i=1

Proof. We will prove only inequality (1.14). Analogously one can obtain (1.15).
Applying the property (ii) of the logarithmic norms, one has

u(iéwcz‘) =#(w§1€i+§(%—w)6) < W(in) +u(§(%—w)@)-

i=1 i=1
(1.16)

On the other hand, since

v—1

D (i=p)Ci= (1 =y2)Ci+ (y2=y3)Ci+ (3 =) Ci+ -+ (y»-1 = 1) Ci

i=1

+(2=y3) Gt (3 —pa) Cot - -+ (o =) Cot - - -

+ ()}V—Z - YV—l)Cv—Z + (Yv—l - )/V)CV—Z + ()’v—l - Yv)cv—b
(1.17)
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and ypiy < y;, for every i = 1,...,v — 1, we have by the properties (ii) and (iii) of the loga-
rithmic norms,

<2V1Cz><w<ZCz> (o1 (z(:)

i=1 i=1

+ (y-2 = pr-1) (ZC> + (2 —ys)p (iici)"‘()’l_)@)#(cl)-

(1.18)
Thus
v v—1 v—1 y=2
(5] e (30) {5 ) o b(5) (5]
i=1 2 i=1 i=1 i=1 (1'19)
+yz[ (ZC:) —u(C }+W(C1)
i=1
which is equivalent to (1.14). O

In view of the examples which will be given in the sections below we recall the follow-
ing well-known logarithmic norms of a matrix C = [cjx] € M4(R):

w(C) = max {ckk + Z | cik } Yoo (C) = max {cu + Z ik | } (1.20)
<k=d <j=d
j#k k#j
which correspond, respectively, to the induced norms in M4(R) given by

d d
Icl = lmlgl{z |c,-k|}, IClle = m,axd{z |cjk|}. (1.21)

j=1 k=1

With respect to the norm ||C||, induced by the Hilbert norm in R4, the corresponding
logarithmic norm is given by p»(C) = maxo((B + BT)/2). For this specific logarithmic
norm, some oscillation criteria are obtained in [3].

2. Criteria involving the measures « and f3

By (1.8) and the property (i) of the logarithmic norms, we have that (1.1) is oscillatory
whenever, for every real positive A,

A=1é[—p(=MN),u(MQ)]. 2.1)
This means that (1.1) is oscillatory if either
uMQ)) <A-1, VAeRT, (2.2)
or

p(—M@Q))<1-1, VieR™ (2.3)
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Depending upon the choice of the matrix measures proposed, one can obtain several

different conditions regarding the oscillatory behavior of (1.1).

THEOREM 2.1. Ifforeveryi=1,...,¢,and j=1,...,m,
a(Pi) <0,  B(Qj) =0,

then (1.1) is oscillatory.

Proof. By the property (ii) of the logarithmic norms, one has

w10 $10)

i=1

(2.4)

(2.5)

(2.6)

(2.7)

For every real A €]1,+[, inequalities (1.14) and (1.15) and assumption (2.4) imply

that
WMD) = Y 0a(P) + 3 VB(Q) =

Then, for every real A > 1, we conclude that
wMO)) <A-1,

since in that case A — 1 > 0.
Let now 0 < A < 1. From (2.7) and inequalities (1.14) and (1.15), we obtain
m

¢
SZA*%( Z Ma(Qj),

and by assumption (2.5) we have

) < grfﬁ@)

But as

AT G+t
maxj)s>i -1/~

we conclude that, for everyreal 0 <A < 1,

¢ e i+1
Sape) = -0 -0y g e
i=1 i=1

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)
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Thus by (2.6),

e i+1
u(M(V)) < —(A—1)z%/3(p,-) <A-1, (2.14)

i=1
also for everyreal 0 <A < 1. O
As a corollary of Theorem 2.1, we obtain the following statement.

CoOROLLARY 2.2. Under (2.4) and (2.5), if

Zﬁ(Pi) <--, (2.15)

then (1.1) is oscillatory.

Proof. Since (i+1)""!/i' > 4 for every positive integer, the condition (2.15) implies (2.6).
O

The condition (2.15) is a result of (2.6) through a substitution involving the lower
index of the family of matrices P;. A condition involving the largest index, m, of the family
of matrices Q; is stated in the following theorem.

TueOREM 2.3. Under (2.4) and (2.5), if B(P;) # 0, for somei=1,...,¢, and

(m%)”‘”*”(gﬁ<pi))(%ﬂ) . o1

then (1.1) is oscillatory.

Proof. As in the proof of Theorem 2.1, we have
u(MQL) <A-1, (2.17)

for every real A > 1.
Recalling inequality (2.10), we obtain by (2.5), for everyreal 0 <A < 1,

4 m
u(MQO) <A1 B(P) +A™ > a(Q)), (2.18)
i=1 =1
since A=t = A=Y and A/ = A". The function

m

¢
fFO) =271 B(P) +A" 2, Q) (2.19)

j=1

is strictly concave and

ZT_HX(Q;‘)>

o) (2ee) G 220

) < (m
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By (2.16) we have then, for every real 0 <A < 1, y(M(A)) < —1 <A — 1, and consequently

condition (2.2) is fulfilled and system (1.1) is oscillatory.
By use of (2.3), the following theorem is stated.

THEOREM 2.4. Ifforeveryi=1,....8 and j=1,...,m

then (1.1) is oscillatory.
Proof. For every A > 1, as in (2.8), we have
14 ) m
<3 Aa(—B)+ S VB(-
i=1 j=1

and by (2.21)
) < D MB(-
j=1

Since for j > 1,

A 3 jj
nﬁx(l—)t) ERTE

and for j =1,

sup (L> =-1
A>1 1-1 ’
we can conclude (under the convention 0° = 1) that

m

S VB(-Q) < (- z ']1/3
j=1

for every real A > 1. So by (2.23), we obtain
[’t( - M g 1)] 1[3

for every real A > 1.

)>

1-1,

O

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)
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On the other hand, for every 0 < A < 1, as in (2.10), by (2.22), we have

- M) zA B(—P)+ > Ma(-Q;) =0<1-21,
j=1
and consequently system (1.1) is oscillatory.
CoOROLLARY 2.5. Under (2.21) and (2.22), if
Z B(-Qj) <—

j=1

then (1.1) is oscillatory.
Proof. Clearly (2.31) implies (2.23).

Remark 2.6. In case of having m > 1, (2.31) can be replaced by 2;11 B(-Qj) =

We illustrate these results with the following example.

Example 2.7. Consider system (1.1) with d = € =m =2, and
-1 1 R
P1: 5 P2: 10 5
-1 0 -1
Q -9 =2 Q -8 1
Tl -1 T2 —10)

Through the logarithmic norm y;, we have

a(Py) =1 (P1) =0 =y (P,) = b(Py),
1
10’
a(Qi) = (Q1) = =6 =1 (Q2) = b(Qu),
a(Q2) = (Qi+Q2) =b(Qi) = 16,

a(P) = 1 (P +Py) = b(Py) = —

and consequently
a(Py) =0, a(Py) = —— B(Q1) = -10, B(Q;) = -6,

B(Pr) = 10 B(P,) =0, a(Qp) = -6, a(Q;) = —10.

Since

V2 % 160( - %) (1

2 +1) ~ —1.0260 < -1,

(2.30)

(2.31)

—1.

(2.32)

(2.33)

(2.34)

(2.35)

we can conclude, by Theorem 2.3, that the correspondent system (1.1) is oscillatory.
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Notice that, as

(z+1)‘+1 ) ( 1) 3?2
z B TV A Rk

(2.36)

Theorem 2.1 and Corollary 2.2 cannot be applied to this system. The same holds to The-
orem 2.4 and Corollary 2.5 since the respective conditions (2.21) and (2.22) are not ful-
filled.

Through the application of inequalities (1.13), from Theorem 2.1, Corollary 2.2, The-
orem 2.4, and Corollary 2.5, the corollaries below extend results contained in [3, Theorem
2].

CoroLLARY 2.8. Let u(P;) <0, u(Q;) <0, for everyi=1,...,¢, and j = 1,...,m. If one of
the inequalities

¢ i+l
Z (H—;) u(P;) < -1, Z/‘ )< —= (2.37)

is satisfied, then system (1.1) is oscillatory.

CoROLLARY 2.9. Let for everyi=1,...,¢,and j = 1,...,m, u(—P;) < 0, u(—=Q;) < 0. If one
of the inequalities

21_111” —Qj)<-1, Zlu(—Qj)<—1, (2.38)
m =

is verified, then system (1.1) is oscillatory.
Example 2.10. Consider system (1.1) withd =2,€=3,m =2,

p -2 -1 p -1 2 p -5 0
1= 1 _7) 2 = 1 _4) 3= 2 >

(2.39)
-1 1 -2 0
Ql—[o _5:|> Qz—[_l _1]-
With respect to the logarithmic norm g, we have
w (Py) = -1, p1(P2) =0, p1(Ps) =u1(Q1) = -1, w(Q2) = -1,
(2.40)

# (Pl) +/’11(P2) tm (P3) = —

Then the corresponding system (1.1) is oscillatory by Corollary 2.8. Remark that Corol-
lary 2.9 cannot be used in this case.
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When d = 1, one has u(c) = ¢, for every logarithmic norm, y, and any real number, c.
As a consequence also a(c) = B(c) = c. So, all the results involving logarithmic norms and
the matrix measures & and f can easily be adapted to the scalar case of (1.1), that is, to
the equation

4 m
Ax(n) = > pix(n—i)+ > q;x(n+j), (2.41)
i=1 j=1
where p; and gq; are real numbers, fori=1,...,¢,and j = 1,...,m.
Remark 2.11. The scalar case correspondent to Corollary 2.9 is in certain a sense an ex-
tension of [1, Theorem 6] (or [2, Theorem 1.16.7]).
3. The measures a and b

Through the use of the matrix measures a and b, different criteria are obtained through
the following theorems.

TaEOREM 3.1. Ifforeveryi=1,....¢,and j=1,...,m,

a(P,») <0, b(Q]) <0, (3.1)
a(Qj) <0, b(Pi) <0, (3.2)

4
b(P;) <0, > b(P) = -1, (3.3)

then (1.1) is oscillatory.

Proof. Recall inequality (2.8) and notice that for every real A,

e 4
ZA"@(P,») =1"la(P) + er[a(Pi) —a(Pi-1)]
14 -1
= S A a(P) - S A" Va(p)) (3.4)
-1

S VB(Q) = 3 M[b(Q) ~ b(Qu)] +17b(Qy)
j=1 j=1
= ilfb(Qj) - iW‘“b(Qj) (3.5)
j=1 j=2
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Therefore, for every A > 1, we have by (3.1)
> Aa(P;) <0, > NB(Q)) =0, (3.6)
i=1 j=1

taking into account that A=(1 —=A~!) >0, fori=1,..., — I,and M/ (1 —A7!) >0, for j =
2,...,m. Thus, for every A > 1, we obtain y(M (1)) < 0 and in consequence

u(M(L)) < A—1. (3.7)

Recalling now inequality (2.10), first observe that, analogously,

14

Ze:)‘_iﬂ(l’i) = i/rib(Pi) =2 A (P

i=2

, (3.8)
=A71B(Py) + D A7 (1 - )b (Py),
i=2
m m m—1
> Va(@) = Y Va(@) - X Aa(Q)
=1 = jl*l (3.9)
“Aa(Qu) + S V(1 - a(Q)).
j=1
Therefore, letting 0 < A < 1, (3.2) implies that
e e e
D> ATB(P) = 3 b(P) -1 b(P), (3.10)
i-1 i=1 i=2

since A" > 1 for every i = 1,...,£. On the other hand, as /(1 —1) > 0 for every j =
1,...,m— 1, we have again by (3.2)

i}tia(Qj) <0. (3.11)
j=1
Thus
(4 (4
u(M) < > b(P;) =AY b(Py), (3.12)
i=1 i=2

for every 0 < A < 1. If the sum Zfzz b(P;) = 0, then we obtain by (3.3)

4
u(MQ) <> b(P) <—1<A-1 (3.13)

i=1
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for every 0 < A < 1. Otherwise the right-hand term of (3.12) is the straight line deter-
mined by the points (0,5, b(P;)) and (X%, b(P)/(S, b(P;)),0), which stays under
the straight line A — 1 when A runs the interval ]0, 1], taking into account (3.3) and that

(Zle b(Pi))/(Zfzz b(P;)) > 1. Hence, for every 0 < A < 1,
(M) <A-1.

Thus (1.1) is oscillatory and the proof is complete.
TaeOREM 3.2. Under (3.1) and (3.2), with b(Py) <0, if

G CRRE

then (1.1) is oscillatory.

Proof. For A > 1, one can follow the proof of Theorem 3.1.
Let now 0 < A < 1. The equalities

£
Z/\ ‘B(P:) = A1b(Py) + > A7 (1= )b (Py),

M=

Na(Qj) = A"a(Qu) + ZAJ (1-1a(Q))

j=1

-.
Il
—_

imply
u(M@Q)) <A7'b(P1) +1"a(Qm),
for every real 0 < A < 1. The function
gM) =17"b(P1) +1"a(Qm)

is strictly concave and

a(Q ) 1/(m+1) 1
g) = (m o ) b(P1)<Z+1>
for every real A. Then by (3.15),
p(M) < -1<A-1,

for every 0 < A < 1, and (1.1) is oscillatory.

(3.14)

O

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)
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TaEOREM 3.3. Ifforeveryi=1,....,8and j=1,...,m

b(_Q1)<O> ib(—Q]‘)S—l,

then (1.1) is oscillatory.
Proof. By (3.4) and (3.5), one has, for every real A,

-1

[4( —M(A)) b Z/\fi(l —A’l)a( —P,') +A*€a( —Pg)

i=1

+Ab(= Q1)+ 2 M (1-1")b(-Q)).
j=2
If A > 1, we have by (3.21)
u(=MQM) =22 b(-Q) - > b(-Q)),
j=1 j=2

since M/ > A for every A > 1. If Z;":2 b(-Qj) = 0, then

- M) Z ~Qj) < -A<1-A

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

Otherwise, for A > 1, the right-hand term of (3.25) is a half line passing through the point
(X7 b(=Q/(XL1 b(=Q:)),0), with a slope not larger than the slope of 1 — A. Then

taking into account (3.23), one has

(Zr.b(-Q))
(2;”:117(—(21))

<1,
and consequently y(—M(A)) <1 —A, for every A = 1.
Let now 0 < A < 1. By (3.8) and (3.9), one obtains

14
u(=MQW) <A b(=P1)+ D A7 (1 - )b(-P)

i=2

m—

+A"a( Z V(1 =Na(-Q)),

(3.27)

(3.28)
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and by assumption (3.22), we have
p(—=M@R)) <0<1-1 (3.29)

forevery 0 <A < 1.
Thus (1.1) is oscillatory, which achieves the proof. O

The following example illustrates the use of these results.

Example 3.4. Consider now system (1.1) withd =2,8 =m =3,

2 1 1
p=| 15 15|, Pp,=|15 ., P=| 5 ,
1 -5 -1 2 -2 -6

(3.30)
-15 0 1 2 -6 -1
Ql_ 1 11 > QZ_ 11 > Q3_ 1 —10 .
By use of the logarithmic norm .., we obtain

alP) =a(@) =0, a(Ps) =b(Py) =b(P) = -5, a(Q) =b(Q) =19,

bQ) =4 bQ) =5  aQ)=-3 b(P)=-2,  a(P)=-.
(3.31)

The condition (3.15) is satisfied, since its left-hand term is equal to

19 1/4 1 1 4 )
(3—_1/5> <—g)<g+1> f—E@N—l.O%Z (3.32)

Then the correspondent system (1.1) is oscillatory.
Notice that for this system, Theorem 2.1, Corollary 2.2, and Theorems 2.3 and 3.1
cannot be used since

a(Ps) = a(Ps) —a(P2) = ¢,
(3.33)
b(P,) +b(P) +b(Ps) = _é o218

By use of inequalities (1.12), from Theorems 3.1 and 3.3, one can state results involv-
ing only the logarithmic norm p. However, such results are less general than those already
described in Section 2. Nevertheless, for the scalar equation (2.41), the correspondent re-
sults involving the measures a and b are more general than those obtained with the mea-
sures « and f3. In fact, notice that for any given finite sequence of real numbers, ci,...,c,,
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we have
k v
k) = DG b(c) = > cis
i=1 i=k
4 v
Z alck) =ver+(v=1)cp+ - +2¢,-1+¢, = z(v—k+1)ck, (3.34)
k=1 k=1
v
Z k) =ve,+(v—1)cy_; + - +2C2+61=chk.
Moreover, for the finite sequence, —cy,...,—¢y, one has

a(—ca)=-ala),  b(-a)=-bla), (3.35)
and consequently
Z - k) Z(V k+ck, > b(—ck) Z (3.36)
k=1 k=1 k=1 k=1

Therefore Theorems 3.1, 3.2, and 3.3 can be, respectively, rewritten, as the following
corollaries.

CoOROLLARY 3.5. If

a(Pi)=szS0, Zpk<0 foreveryi=1,...,¢,
k=1 k=i
J m

a(q)) =D gk <0, b(q)=>q;<0, foreveryj=1,...,m, (3.37)
k=1 k=j

and either

4
>ipi< -1, (3.38)

or

Z}?qu; /(m+1) , » ] )
(m me) (Zp,»)(ZH) <-1, (3.39)

i=1

then (2.41) is oscillatory.
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COROLLARY 3.6. Ifforeveryi=1,...,8and j = 1,...,m,

i ¢
a(pi) = Zpkzo, b(p,-)zZpkzO, for everyi=1,...,¢,
k=1 k=i

M=

qj =0, foreveryj=1,...,m,

j
ag)) = > q=0, b(qg))=
k=1

k=j

M

m
q; >0, >igi=1,
1 j=1

j
then (2.41) is oscillatory.
Example 3.7. The equation

Ax(n) = —x(n-3)+x(n—-2)—x(n—1) —x(n+2)
is oscillatory, by Corollary 3.5 through condition (3.38).
Example 3.8. Still by Corollary 3.5, the equation

Ax(n) = —%x(n -3)— éx(n —1)=3x(n+1)—5x(n+2)

is oscillatory through condition (3.39) since

-8 3\/(1
(2_3/10) ( - E) (5 + 1> ~ —1.5057.

(Notice that condition (3.38) is not fulfilled in this case.)

Example 3.9. The equation
Ax(n)=3x(n—-3)—x(n—-2)+2x(n—1)+x(n+1) —x(n+2)+x(n+3)
is oscillatory, by Corollary 3.6.

Acknowledgment
The research of the first author was supported in part by FCT (Portugal).

References

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

[1] R. P. Agarwal and S. R. Grace, The oscillation of certain difference equations, Mathematical and

Computer Modelling 30 (1999), no. 1-2, 53-66.

[2] R. P. Agarwal, S. R. Grace, and D. O’Regan, Oscillation Theory for Difference and Functional

Differential Equations, Kluwer Academic, Dordrecht, 2000.

[3] Q. Chuanxi, S. A. Kuruklis, and G. Ladas, Oscillations of linear autonomous systems of difference

equations, Applicable Analysis 36 (1990), no. 1-2, 51-63.



18  Oscillatory mixed difference systems

[4] W. A. Coppel, Stability and Asymptotic Behavior of Differential Equations, D. C. Heath, Mas-
sachusetts, 1965.

[5] C. A. Desoer and M. Vidyasagar, Feedback Systems: Input-Output Properties, Academic Press,
New York, 1975.

[6] J. M. Ferreira and A. M. Pedro, Oscillations of delay difference systems, Journal of Mathematical
Analysis and Applications 221 (1998), no. 1, 364-383.

[7] J. M. Ferreira and S. Pinelas, Oscillatory retarded functional systems, Journal of Mathematical
Analysis and Applications 285 (2003), no. 2, 506-527.

[8] I. Gyori and G. Ladas, Oscillation Theory of Delay Differential Equations, Oxford Mathematical
Monographs, Oxford University Press, New York, 1991.

[9] 1. Gyori, G. Ladas, and L. Pakula, Conditions for oscillation of difference equations with applica-
tions to equations with piecewise constant arguments, SIAM Journal on Mathematical Analysis 22
(1991), no. 3, 769-773.

[10] J. Kirchner and U. Stroinski, Explicit oscillation criteria for systems of neutral differential equations
with distributed delay, Differential Equations and Dynamical Systems 3 (1995), no. 1, 101-120.

[11] T. Krisztin, Nonoscillation for functional differential equations of mixed type, Journal of Mathe-
matical Analysis and Applications 245 (2000), no. 2, 326-345.

José M. Ferreira: Departamento de Matematica, Instituto Superior Técnico, Avenida Rovisco Pais,
1049-001 Lisboa, Portugal
E-mail address: jferr@math.ist.utl.pt

Sandra Pinelas: Departamento de Matematica, Universidade dos Agores, Rua Mae de Deus,
9500-321 Ponta Delgada, Portugal
E-mail address: spinelas@notes.uac.pt


mailto:jferr@math.ist.utl.pt
mailto:spinelas@notes.uac.pt

Mathematical Problems in Engineering

Special Issue on

Modeling Experimental Nonlinear Dynamics and

Chaotic Scenarios

Call for Papers

Thinking about nonlinearity in engineering areas, up to the
70s, was focused on intentionally built nonlinear parts in
order to improve the operational characteristics of a device
or system. Keying, saturation, hysteretic phenomena, and
dead zones were added to existing devices increasing their
behavior diversity and precision. In this context, an intrinsic
nonlinearity was treated just as a linear approximation,
around equilibrium points.

Inspired on the rediscovering of the richness of nonlinear
and chaotic phenomena, engineers started using analytical
tools from “Qualitative Theory of Differential Equations,”
allowing more precise analysis and synthesis, in order to
produce new vital products and services. Bifurcation theory,
dynamical systems and chaos started to be part of the
mandatory set of tools for design engineers.

This proposed special edition of the Mathematical Prob-
lems in Engineering aims to provide a picture of the impor-
tance of the bifurcation theory, relating it with nonlinear
and chaotic dynamics for natural and engineered systems.
Ideas of how this dynamics can be captured through precisely
tailored real and numerical experiments and understanding
by the combination of specific tools that associate dynamical
system theory and geometric tools in a very clever, sophis-
ticated, and at the same time simple and unique analytical
environment are the subject of this issue, allowing new
methods to design high-precision devices and equipment.

Authors should follow the Mathematical Problems in
Engineering manuscript format described at http://www
.hindawi.com/journals/mpe/. Prospective authors should
submit an electronic copy of their complete manuscript
through the journal Manuscript Tracking System at http://
mts.hindawi.com/ according to the following timetable:

Manuscript Due December 1, 2008

First Round of Reviews | March 1, 2009

Publication Date June 1, 2009

Guest Editors

José Roberto Castilho Piqueira, Telecommunication and
Control Engineering Department, Polytechnic School, The
University of Sdo Paulo, 05508-970 Sao Paulo, Brazil;
piqueira@lac.usp.br

Elbert E. Neher Macau, Laboratério Associado de
Matemadtica Aplicada e Computagdo (LAC), Instituto
Nacional de Pesquisas Espaciais (INPE), Sdo Jose dos
Campos, 12227-010 Sao Paulo, Brazil ; elbert@lac.inpe.br

Celso Grebogi, Center for Applied Dynamics Research,
King’s College, University of Aberdeen, Aberdeen AB24
3UE, UK; grebogi@abdn.ac.uk

Hindawi Publishing Corporation

http://www.hindawi.com



http://www.hindawi.com/journals/mpe/
http://www.hindawi.com/journals/mpe/
http://mts.hindawi.com/
http://mts.hindawi.com/

	1. Introduction
	2. Criteria involving the measures  and 
	3. The measures a and b
	Acknowledgment
	References
	1Call for Papers4pt
	Guest Editors

