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Abstract. In this paper, we study the uniform boundedness and uniform ultimate
boundedness of solutions of the third-order delay differential equation

(*) & (e, 2)i + gli(t — r(t) + fla(t — (D)) = plt,@, ),

where 0 < r(t) < v, is a positive constant, p(z, ), g(¢), f(z) and p(t, z, z,Z) are contin-
uous functions. We obtain some sufficient conditions which ensure that all the solutions
of Eq.(*) are uniformly bounded and uniformly ultimately bounded. Our result revise
and improve some earlier results.
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1. Introduction

Recently, TUNC [14] considered the delay differential equation
(L1 &4, &)+ g(@(t —r) + fa(t =) = pt,z, &, E),
or the equivalent system form

T=1y
(1.2) Y=z

f= )=o) @)+ [ )
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where 0 < r(t) < v, is a positive constant, ¢(z,y), g(y), f(x) and p(t, z,y, z)
are continuous functions; g(0) = f(0) = 0. The derivative a%gp(ac,y) =
wz(r,y) exist and is also continuous. The functions f and g are also as-
sumed differentiable. He obtained the following result.

Theorem A ([14, Theorem 2|). Assume the following conditions are
fulfilled. There are positive constants a,b, c,cy,m,~y, 3, L and M such that

(1) ab—c>0,

(i7) f(z)sgnz > 0 for all x # 0, sup{f'(x)} = ¢, |f'(z)] < L for all
7 B > (e £0),

(7i7) % b for ally # 0,19’ (y)| < M for all y,
(iv) 0 <r(t) <7,7'(t) < B,0 < B <1,

(v) o(z,y) > a,ypz(z,y) <0 for all x and y,

(vi) 0< 22 —p < min {42 a=el ) £ ),
(vii) |p(t,z,y,z)| <m for allt € [0,00), for all z,y, z.

Then the solutions of (1.1) are uniformly bounded and uniformly ulti-
mately bounded, provided that

. 1500
v < mln{w,
3(ab—c)(1 - p)
AIL1+p+ab—c+a+a?®)+ (L+M)(p+a?)(1—-p6)]
7(ab—¢)(1 - B) }
oMl +p+ab—c+a+a?+bL+M)(1+a)(l—7p)

with = ab“‘C.
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We point out that the above Theorem A is not applicable to all equations
of the general form (1.1). For example, consider the equation

¥ (1) + (2 N e_gc(t)a'c(t)) &(t) + 42 (t —7(t)) + fgzzt T_(t:zt))

x(t —r(t)) 2

Tt =rO) G ) T 1 e 20 + 20 + 20

or its equivalent system form

T =1y

. Yy x
z:—(2+exy)z—<4y+1+y2> — (x+1+$2>

t 1— y2 t 1— CC2
+/ <4+>zsds—|—/ <1+>ysds
t—r(t) (1+y?)? (=) t—r(t) (1+22)? (#)
1

"TreE e 2

Following Theorem A it is easily verified that with a = 2, b = 4, ¢ = 2,
co =1, L =2, M =5, all the hypotheses of Theorem A are true except (vi)

because g(y) = 4y + %, then
9(y) 4

. [1 3

4=—— >minq -, — » for some values of y,
y 1+y? { 816 }
which leads to a contradiction.

The purpose of this paper is to study the uniform boundedness and
uniform ultimate boundedness of (1.1). The most effective method to study
the uniform boundedness and uniform ultimate boundedness of (1.1) is the
Lyapunov’s direct (or second) method. See [1-18] and the references therein.
Thus, by using a more general Lyapunov function, our result improves some
known results in [12] and [15], and revise a result in [14].

Before we state our main result, we shall give an important boundedness
criteria for the general non-autonomous delay differential systems.

First consider a system of delay differential equations

(1.3) r=F(t,x), Tr=z(t+0), —r<60<0,
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where F': R x Cy — R" is a continuous mapping, and takes bounded sets
into bounded sets. Here F'(t,0) = 0 and Cy := {¢ € C([-r,0],R") : ||¢] <
H}. The following lemma is a well-known result obtained by BURTON [3].

Lemma 1.1 ([3]). Let V(t,¢) : R x C — R be continuous and locally
Lipschitz in ¢. If

(i) W(z()) < V(t.2) < Wi(2(0)]) + Wa (S, Wa(2(s))ds) , and

(17) 17(1.3) < —Ws(|z(t)|)+M, for some M > 0 where W(r), W;(i = 1,2,3)

are wedges then the solutions of (1.3) are uniformly bounded and uniformly
ultimately bounded for bound B.

2. Main result

Our main result in this paper is the following theorem which revises and
improves a result in [14].

Theorem 2.1. Further to the basic assumptions on o, f, g, h and p, as-
sume that the following conditions are satisfied (a,b,c, m,¢€, 3,7, 6,6, L, M -
some positive constants;)

(i) p(2,y) 2 a+ e, ypa(z,y) <0 for all z and y;
(i) 2 > b for all y # 0;

o (x#0), flx)<q

(i) L&)
(tv) ab—c >0

(v) [f'(2)] < L, |g'(y)| < M, for all z,y;
(vi) 0 < B <1,0<r(t) <~,r(t) < p; and
(vii)

Ip(t, z,y,2)| < m+ (x| + |y| + |z]) for some m,d > 0.

Then the solutions of system (1.2) are uniformly bounded and uniformly
ultimately bounded, provided that v satisfies

90 2p1 (1 = B)
L+ M a(l-8)(L+M)+ L(eab+a+1)’

2epz(1 — B) }

Sol(1—=B) L+ M)+ M(aab+a+1)] [’

7<min{
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Proof. Consider the Lyapunov functional

x y y
2V (1, 1, ) = 2 / F(€)de +2 / gtn)dn +2a [ vl v)dy
0
(2.4) 4 aab®z? + 22 — aaby® + 2aa’bry + 20abzz + 2ayz + 2y f ()

+ )\/ / 0)dods + T/ / 0)dods,
—r( t+s —r( t+s

where « is a positive constant satisfying

0 < a < min

i

dp(ab —c) 5o 1
277 — s
ab [afs() + (% — b) ] ab(p(z,y) —a)’ a

A and T are positive constants which will be determined later. Our target
is to show that V(xy, yt, 2¢) satisfies the conditions of Lemma 1.1. First, by
(1.2) and (2.1), we have

GVl a= - aaf@e {a™® - @) - ai b - (plo) - )2
— aab {g(yy) - b} xy — aab{p(z,y) —alrz + ay /Oy v (z,v)dy

+ (aabz + ay + 2)

/ £ (2())y(s)ds + / g'<y<s>>z<s>ds]
t—r(t) t—r(t)

t
+ M2 (t) + 7220 (t) — A1 — 1 (t)) / y?(6)do

t—r(t)

t
-1 —r’(t))/ 22(0)d0 + (aabx + ay + 2)p(t, z,y, 2).
t—r(t)

Since ypz(x,y) < 0, and using conditions (ii), (vi), (vii) of Theorem 2.1 and
2uv < u? + v? we obtain

d
dt

— aab {g(yy) - b} xy — aab{p(x,y) —alxz + fozab(L + M)ya?

—V(xe,yt,2t) < —aabf(x)x — {ab —c— aaQb} y° —{po(z,y) — a}z

+ Ayy? + 72 +2a(L+M)’Yy + (L+M)
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t

y*(s)ds + ;M(aab+a+1)/ 22(s)ds
t—r(t)

t

+ 1L(ozab +a+ 1)/
2 t—r(t)
t

—Ml—mﬁﬁ s —r-) [ 25y

—r(t) t—r(t)
+ (aablz| + aly| + |2])|p(t, 2, y, 2)|.

Using conditions (iii) and (vi) of Theorem 2.1, after some rearrangement,
we obtain

d 1
%V(l‘t’yt, 2) < —gaab{do — (L + M)} x?

B %aabdo {[”U +205  (p(2,y) — a)2]? + [m 2 (g;y) - b> y} 2}

=05 (p(x,y) — a)[do — aab(p(z,y) — a)]*

1 1
+ {QCL(L—FM)’Y—F Av}zf + {Qa(L—FM)'y—FTv} 22
1 t

#{sHoa s -xa-p)} [ s

+{;Mmm+a+n—fu—m}j;mf@m8

+ (aablz| + aly| + |2])[m + o(|2] + [y| + |2])]

—{ab—c—aab <a+50_1 {gfyy)—b]j}y?.

If we choose

dp(ab — ¢) 5o
ab [aéo + (# — b) 2] Tab(p(z,y) — a)

0 < a < min

there exits some positive constants u; and uo such that

d 1 _
gV(xt,yt, zt) < —iaab {00 — (L + M)~} 2 — py? — €128, 1,2

1 1
+§{a(L+M)+2/\}7y2+§{L+M+27'}722



7 UNIFORM ULTIMATE BOUNDEDNESS 369

+ 1{L(aab—f—a—|—l) —2)\(1 —5)} t yz(s)ds
2 t—r(t)

+1{M(aab+a+1)—27(1—6)} t 22(s)ds
2 t—r(t)

+ (cablz| + aly| + [z])[m + 6(|=] + |y[ + |2[)].
Further simplification yields

d 1
ﬁv(ﬂfmyt, 2t) < —gaab{do — (L + M)} x?

- {m —;[a(L+M)+2)\]7}Z/2

B {em%—l _;[L+M+27]’y}z2

4 % {L(cab+a+1)—2X1-3)} t yQ(S)dS
t—r(t)

+1{M(aab+a+l)—27(1—ﬁ)} t 22(s)ds
2 t—r(t)

+ m(aablz| + aly| + |z])+6(cablz|+aly|+[z]) (|z[+]y|+|z]).
Now, if we choose

L(cab+a+1) M(oab+a+1)

Vhaee % T
and
< min{ 0 21— )
K L+ M a(l—B)(L+ M)+ L(aab+a+1)’
2ep2(1 — B) }
Sol1=B)(L+ M) + M(aab+a+1)J’
we get
GV (@, 2) < (e +47 + 2%) + mlaabla] + aly| + |2])

+ d(aablz| + aly| + [2])(Jx] + |yl + [2])
< —(n—0A)(2? + y? + 2%) + m(aablz| + aly| + |z]),
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where A = 1max {4aab+ a+1,aab+ 4a + 1,aab+a + 3}. If we choose
§ < £, then there is some 6 > 0 such that

d
$V(wt,yt,zt)< —0(2® + 4% + ) + kO(|z| + |y| + |2])

2@ o7+ 2) = ¢ (el = K+ (il — B 4 (el — B} + DR

< -

l\D\le\D D

0
(a:2+y2+z ) —|—%k2, for some k,6 > 0.

Thus, condition (ii) of Lemma 1.1 is satisfied by taking W5(r) = () 7% and

M = (39) k2. Next, we show that condition (i) of Lemma 1.1 is satisfied.
We note that by conditions imposed on f, g and ¢ we have

2a [ syt +2 [ atndn+ 20 [ vota,vyar

+ aab®s? + 22 — aaby® + 2aa’bry + 20abrz + 2ayz + 2y f(x)
= aab(l — aa)z? +a {2/0 f(&)ae — a1bf2(x)}
) . 2 y
+ ab {afiy + afibflf(ar)} + {2/ g(v)dv — by2}
0
+a {2 /y vp(z,v)dy — ayQ} + (aabz + ay + 2)*
0
> aab(1 - +a{2 [ 1= | o - 50}

+ Q/Oy (g(v) — b) vdv + Qa/oy(go(x,v) — a)vdv + (aabx + ay + 2)*.

v

Using conditions (i), (ii), (iii) and (iv) of Theorem 2.1, we obtain

]- 2 C 2
‘/ 2) > —aab — =+ R
(II,’t,yt, t) = 2a (1 aa)x a50 (1 )IE

+ eay® + (aabx + ay + 2)°.

But 1 — aa > 0 since we can choose « such that 0 < a < % Also, by
condition (iv) of Theorem 2.1, 1 — 5 > 0. Hence we can easily check that

V (¢, yi, 2¢) satisfies condition (i) of Lemma 1.1. This completes the proof
of Theorem 2.1.
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Remark 2.1. It is clear that Theorem 2.1 is an improvement and exten-

sion of Theorem A. In particular, from our theorem we see that hypothesis
(vi) assumed in Theorem A is not necessary for the uniform boundedness
and uniform ultimate boundedness of solutions of (1.1).

10.

11.

12.
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