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Abstract

In this paper, a nonautonomous almost periodic prey-predator system with impulsive
effects and multiple delays is considered. By the mean-value theorem of multiple
variables, integral inequalities, differential inequalities, and other mathematical
analysis skills, sufficient conditions which guarantee the permanence of the system
are obtained. Furthermore, by constructing a series of Lyapunov functionals, we
derive that there exists a unique almost periodic solution of the system which is
uniformly asymptotically stable. Finally, a numerical example and some simulations
are presented to support our theoretical results.

Keywords: impulsive effects; delays; permanence; almost periodic solution;
asymptotical stability

1 Introduction

It is widely known that predation is a very common ecological phenomenon in the natural
world, and research on the dynamics of the prey-predator system is extremely meaningful
and important in many fields, such as protecting varieties of the biological species, main-
taining ecological balance, agricultural pests control and management, etc. As research of
the prey-predator system is concerned, the earliest work dates back to the great contri-
bution of Lotka (1925) and Volterra (1926). However, based on the classic Lotka-Volterra
model, many ecologists found that the predation rate was not just simply proportional to
the product of the density of the predator and prey. It was always different for different sys-
tems. Then the conception of the functional response was proposed. Functional response
refers to the predation rate per predator with a response to changes in the prey density,
i.e., predation effects of predators on the prey.

Since then, studies depending on all kinds of functional responses sprang up quickly,
such as of Holling type [1-3], Michaelis-Menton type [4], Beddington-DeAngelis type
[5], Ivlev type [6], Hassell-Varley type [7], and so on. In 1989, Crowley and Martin [8] pro-
posed a new functional response that can accommodate interference between predators.
It is similar to the well-known Beddington-DeAngelis functional response but has an ad-
ditional term in the first right term equation modeling mutual interference between the
predator terms.
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Crowley-Martin type functional response is used for data sets that indicate feeding rate
that is affected by predator density. It is assumed that predator feeding rate decreases by
higher predator density even when prey density is high, and effects of predator interference
in feeding rate remain important all the time whenever an individual predator is handling
or searching for a prey at a given instant of time. And the formula of the per capita feeding
rate Crowley and Martin proposed in [8] is as follows:

mx

(1+ax)1+By)’ W

S (%) =
Here m, o, B are positive parameters that describe the effects of capture rate handling
time and the magnitude of interference among predators, respectively, on the feeding rate.
On the one hand, since models with Crowly-Martin functional response can be gener-
ated by a number of natural mechanisms and admits rich but biological dynamics. How-
ever, to the best of our knowledge, references reported on this functional response seems
to much less until recent several years (see [9-13]) for the form of the functional response
is relatively complex, for the form of this functional response is relatively complex, and it
is worthwhile to further study the models with it.
Recently, Liu et 4l. in [12] considered a stochastic prey-predator system with Crowley-
Martin type functional response as follows:

dx(t) = %) — bix(t) - Gz | 4t + (081 dBi(0) + 12 dBa (1)),

o )
dy(t) = Y(8)[rs = bay(t) + sy ) At + ¥[8 dBi(8) + pu1 dBs(0)],

in which they obtained the condition of the global existence of a unique positive solution
and the stochastic permanence of the positive solution to the model. Furthermore, it is
shown that both the prey and the predator species will become extinct with probability
one if the noise is sufficiently large.

Yin et al. in [13] studied the following modified Leslie-Gower predator-prey model with
Crowley-Martin functional response and spatial diffusion under a homogeneous Neu-

mann boundary condition:

(1+au)(1+bv)
g—‘t’ =dyAv+cv(l - %), xeQ,t>0,

{g—;‘zdlAu+u(1—u—+), x€Q,t>0, @)

in which they obtained some important qualitative properties, including the existence of
the global positive solution, the dissipation and persistence of the two species, the local
and global asymptotic stability of the constant equilibria, and Hopf bifurcation around the
interior constant equilibrium.

On the other hand, it is well known that there are many natural or man-made factors in
the real world, such as earthquake, flooding, drought, crop-dusting, planting, hunting and
harvesting. These kinds of factors can bring sudden changes to an ecological system, and
the intrinsic discipline of the environment or the species in the system will often undergoes
these changes in a relatively short interval, usually we could regard it happens at some fixed
times. From the viewpoint of mathematics, such sudden changes could be described by
the impulsive effects to the system. In addition, when a prey-predator system is studied,
it is more reasonable to consider time delay during the predation, because there is often
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a digest time instead of transforming food into intrinsic growth rate of the predator. As
far as the impulsive system is concerned, there have appeared much excellent work in
the last decades, such as impulsive effects in ecological systems (see [14—21]), in epidemic
systems (see [22]) and in the neural network models (see [23—25]). Besides, there are many
important monographs in this field (see [26—28]).

Particularly, research on the impulsive system with delays still seems to be a hot issue
(see [29-37]), and these kinds of hybrid systems are usually called impulsive functional
systems. When an impulsive functional system is concerned, the difficulty both in the
impulsive differential equation and in the functional differential equation will occur at
the same time, then the dynamical behaviors, such as permanence, periodic solution, al-
most periodic solution, and its asymptotical stability properties, as well as bifurcations
and chaotic behaviors etc., might be richer, more complex, and more interesting.

Enlightened by the above literature, we propose an almost periodic prey-predator sys-
tem with Crowly-Martin type functional response and impulsive effects in this paper, in
which digest delays are also considered in the process of predation, and the final model is
as follows:

a@y(t-4)
= x(t)[rl(t) dl(t)x(t - fl) T+a () (tltg))(“g( Dy (t— r4))]’ ¢ #tk keN
- 2 (O)x(t-13) ’ ’
2 - (t)[FZ(t) _dZ(t)y(t_ TZ) + (Tra(®)x(t-13)) (1_,_; (Oy(e— 1.4))])

x(tf) = (L + hu)x(ty),
(&) = (1 + hor)y(te),

t=t,keN,

where x(t), y(£) are population densities of the predator and the prey at time ¢, respectively.

7; (i = 1,2,3,4) are all nonnegative constants, d;(t) (j = 1,2) denote the inner density resis-

tance of the predator and of the prey. iy > -1, j = 1,2, k € N, when kj > 0, the impulsive

effects represent planting, while /; < 0 represents the impulsive denote harvesting.
Throughout the present paper, we define

ft= tselggf o, f'= jnf f(2),
for any bounded function f(¢) defined on R* = [0, +00).

Further, we assume that

(C1) ri(8), ci(t), di(t) (i =1,2), a(t) and B(¢) are all bounded and positive almost periodic

functions;

(C2) H;(¥) = H0<tk<t(1 +hy),i=1,2, k € N is almost period functions and there exist

positive constants H and H! such that H! < H;(t) < H".

The rest of this article is organized as follows: In Section 2, we will give some definitions
and several useful lemmas for the proof of our main results. In Section 3, we will state and
prove our main results such as permanence of the system, existence, and the uniqueness
of an almost periodic solution which is uniformly asymptotically stable by constructing a
series of Lyapunov functionals. In the last section, we give a numerical examples to support
our theoretical results, then provide a brief discussion and summary of our main results.

2 Preliminaries
In this section, we will state the following definitions and lemmas, which will be used in
the next sections.
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We have K = {t; € R|ty < tr,1,k € N,lim_, 1o i = 00}, and we thus denote the set of
all sequences that are unbounded and increasing. Let D C 2, Q # ®, T = max;<;<4{27:},
& € R. Also, we denote PC(&) is the space of all functions ¢ : [§, — T,§,] — 2 having
points of discontinuity at pq, ia,... € [§o — T,&o] of the first kind and left continuous at
these points.

For J C R, PC(J, R) is the space of all piecewise continuous functions from J to R with
points of discontinuity of the first kind #, at which we have left continuity.

Let ¢, ¢, € PC(0), denote by x(£) = x(£;0, ¢1), ¥(£) = y(£;0,$2), x,¥ € 2 the solution of
system (4) satisfying the following initial conditions:

0 <x(s;0,¢1) = ¢1(s) < 00, 0 <y(s;0,¢2) = ¢a(s) <00, se€[-7,0],

x(0;0,¢1) = ¢1(0) > 0, ¥(0;0,¢2) = ¢(0) > 0.

(5)

Since the solution of system (4) with initial conditions (5) is a piecewise continuous func-
tion with points of discontinuity of the first kind, #, k € Z, we introduce the following
definitions for the almost periodicity.

Definition 2.1 (see [38]) The set of sequence {tf(}, t}(‘ = tgij — bt k,j € N, ty € K is said to
be uniformly almost periodic, if for arbitrary ¢ > 0 there exists a relatively dense set of
g-almost periodic common for any sequences.

Definition 2.2 (see [38]) The function ¢ € PC(R, R) is said to be almost periodic if the
following conditions hold:
(1) The set of sequences {t;(}, tj‘ = tryj — tis k,j € N, i € K is uniformly almost periodic.
(2) Forany ¢ > 0, there exists a real number § > 0, such that if the points ¢ and ¢,
belong to one and the same interval of continuity of ¢(¢) and satisfy the inequality
|t — 2] < 8, then |p(t1) — p(t2)] < &.
(3) Forany ¢ > 0, there exists a relatively dense set T such that if n € T, then
lo(t +n) —@(t)| < ¢ for all £ € R satisfying the condition |t — #| > ¢, k € N. The
elements of T are called e-almost periods.

For the following system:

du _ C1(8)v(t-14)

a = w1 (6) = Dri(Oult ~ 1) ~ Gaguno )BT ©6)
dv _ Co(t)u(t-13)

@ = VOl (t) - Dy OVt - ) + Tamui ) aBE—a)

with initial value

u(s) = ¢1(s), u(s) = ¢a(s), ¢ €PC(0),i=1,2,
0 < u(s;0,¢1) = pi1(s) < +00, 0 <v(s;0,¢2) = a(s) < +00, s € (-1,0].

7)

Here the expressions of the functions A(¢), B(t), C;(¢), D;(t), i = 1,2, are given as follows:

AW = H@Oa®) = [T 0+ ma(),

O<ty<t
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Gt = Hi®)ait)= [ A+ moa®),

O<ty<t

Cy(t) = Hy(t)ea(t) = 1_[ (L + har)ea(8),

O<ty<t

Di(t) = Hi(t)d(t) = 1_[ L+ hy)di(t),

O<ty<t

Ds(t) = Hy(t)dy(t) = l_[ (1 + hap)dy ().
O<tg<t

In the following, we will give some useful lemmas, which will be used in the next sec-

tions.

Lemma 2.1 Assume that (u(t), v(t))T is any solution of system (6) with the initial conditions
(7), then u(t) > 0, v(t) > 0 for all t € R*.

Proof Let

Ci(O)v(t - 14)

(1 +A@)u(t - t3))(1 + BVt - 14))’
Cy(B)u(t — 13)

1 +A@)ut —w3))1 + Bt — 1))

M(t) = r(t) - Di(Hu(t — 1) —

N(t) =ry(t) = Do ()v(t — 12) +

Then from system (6) we have
u(t) = u(O)exp{/tM(s)ds} :¢1(0)exp{/tM(s)ds} >0,
0 0

t t
v(t) = V(O)exp{/ N(s) ds} = ¢2(0)exp{f N(s)ds} > 0.
0 0
This completes the proof of this lemma. O

Lemma 2.2 For system (4) and system (6), we have the following results:
() If (u(t), v(t))T is a solution of system (6), then

(), 5(0)" (]‘[ 1+ mau@), ] (1+h2k>v(t))

O<ty<t O<ty<t

is a solution of system (4).
2) If (x(t),y()T is a solution of system (4), then

(u(®),v(0)" (1‘[(1+h1k> (@), ] @+ ho) @+ ) y(t))

O<ty<t O<ty<t
is a solution of system (6).

Proof (1) (u(t),v(t))T is a solution of system (6). That is, for any ¢ # t;, k € N,

ut)= [T @m0, o= [] @+ ha) 50

O<ty<t O<ty<t
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is a solution of system (6), which yields

[]0+m)™*@

O<tg<t

= l_[ 1+ hlk)_lx(t){rl(t) - Di(2) 1_[ A+ hy) (- )

O<ty<t O<ty<t
B Ci(®) [Toeger 0 + ha) ' y(2 - 1) } @
(1 + A®) [Towger 0+ i)t = 13)) (0 + B() [Tooyy (1 + hat)19(t = 1)) )

[T a+m0™yo

O<ty<t

- T @ h 50 -Da) TT 4 yte -

O<ty<t O<tg<t

N Gi(8) l_[0<tk<t(1 + hy) 7 x(t - T3) } ©)
1+ A) [Toey @ + )2t = 1)) A + B [Tcg e (1 + M) 9t = 7)) |

By the previous definitions of the functions A(t), B(¢), Ci(t), and D;(t), i = 1,2, it follows
from the simplification of (8) and (9) that

dx _ _ _ _ c1(t)y(t—14)

i - 2B (0) = d(Ox( - 1) ~ T o 10)
Y _ co (t)x(t—13)

a = YO0 - Oyt - 7) + oo -

On the other hand, when ¢ = &, k € N, we have

2(t) = lim [ @+ moue)= [T @+ mpute)

t*)[k O<ty<t 0<t1'§tk
=@ +hg) [T A+ mout) = 0+ (), (11)
O<ty<t
y(g) = lim [T @+hagv©)= [T @+ vt
k 0<ty<t 0<tj<t
= (U hoe) [T @+ ha)vlee) = U+ Bag)y(te). 12)
O<ty<t

Combined (10) with (11) and (12), we can see that (x(t), y(¢)) is the solution of the im-
pulsive system (4).

(2) Because u(t) and v(¢) are continuous on each interval (¢, £x+1], we only need to check
the continuity of u(t) and v(¢) at the impulsive point £ =, k € N.

Since

ut)= [] Q+m)™@),  vie)= [T Q+h) 50,

O<ty<t O<ty<t

we have

u(tf)= ] Q+mp)™s(t) = [T @+ )™t = uite), (13)

O<tj=<ty O<tj<ty
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u(ty)= [] Q+mp)?a(te) = [T O +m) s =ut). (14)

O<tj<ty O<tj<ty

Similarly, we can check that
v(tr) = v(t) = vte). (15)

Thus, u(¢) and v(¢) are continuous on [0, +00).

On the other hand, similar to the above proof of step (1), we can verify that (u(z), v(£))"
satisfies system (6).

Then (u(t), v(t))7 is a solution of the non-impulsive system (6).

This completes the proof of Lemma 2.2. d

Lemma 2.3 (see [39])
(1) Assume that for w(t) >0, t > 0, we have

w(t) < w(t) (a —bw(t - ‘L'))
with initial conditions w(s) = ¢(s) > 0, s € [-1,0], where a, b are positive constants,

then there exists a positive constant w* such that

ﬂeﬂ‘f

b

lim supw(t) < w*:=
t—00

(2) Assume that for w(t) >0, ¢t > 0, we have
W (£) = w(t)(c — dw(t - 1))

with initial conditions w(s) = ¢(s) > 0, s € [-7,0], where ¢, d are positive constants,
then there exists a positive constant w, such that

ce(c—dw*)f

tl_l)rgo infw(t) > w, := —

Let R? be the plane Euclidean space with element X = (x,y)” and norm |X| = |%| + |y|,
C = C([-7,0],R?), B € R*, and denote Cp = {¢ = (¢1(s), 92(5))" € Clll¢|l < B} with o] =

SUPse (7,01 19(8)0 = SUPse(_r 07 (l@1(S)] + [@2(s)]).
Consider the following almost periodic system with delay:

X (8) =f(t, %), teR, (16)

where f (¢, ¢) is continuous in (¢, ¢) € R x Cg and almost periodic in ¢ uniformly for ¢ € Cg,
Vp >0, 3M(p) > 0 such that |[f(¢,¢)| < M(p) as t € R, ¢ € C,, while x, € Cp is defined as
x:(8) =x(t + s) for s € [-7,0].

The associated product system of (16) is in the form of

x,(t) :f(trxt)» )"(t) :f(tryt)’ tER. (17)

Then by the conclusions of [38, 40], we have Lemma 2.4.
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Lemma 2.4 (see [40]) For ¢,y € Cg, suppose that there exists a Lyapunov function
V (¢, ¢, V) defined on R* x Cp x Cg satisfying the following three conditions:

@) ullg -¥ 1) = V(e ¥) <v(lgp - ¥ ), where u,v € P = {u: R* — R"|u is

continuous increasing function and u(s) — 0, as s — 0};

2) [V, ¢, %) - V(E,d, V)| <L(I¢ — dll + |1 — V), where L is a positive constant;

(3) D*V(t, ¢, ¥)lar) < -y V(L ¢, V), where y is a positive constant.
Further, assume that (16) has a solution x(t,v, ) such that |x(t,v,¢)| < By fort > v >0,
B > By > 0. Then system (16) has a unique almost periodic solution which is uniformly
asymptotically stable.

Lemma 2.5 (see [36]) For any x,y,u,v € R, we have the following important inequality:
[l =yl =l =vi| < o~ ul + |y~ v]. (18)

3 Main results
First in this section we will give some notations as follows:

u I nl u I nl u

B -C B -C

W= eplrinl - WP{ (7 ‘D?”*)ﬁ} ’
1 1

k

Alry v+ Cy Alry v Cy r
= ] Al (> Vi
A'D)

Theorem 3.1 Assume that (C1) and (C2) hold, suppose further that
(C3) C¥< B,
then any positive solution (u(t), v(t))T of system (6) satisfies

u, < liminfu(¢) < limsup u(t) < u*,
t—=>+00 t—+00

Ve < liminfv(¢) < limsupv(t) < v*.
t—>+00 t—+00

Proof Let (u(t),v(t))T be any solution of system (6), then from the first equation of (6),
u' () < u(t)[rf = Diu(t - )]

By the first conclusion of Lemma 2.3, we have

U
lim sup u(t) < l% exp{rin} =u". 19)

t—+00 1

Similarly, by the second equation of system (6),

Clu(t - (04
V() < v(t) [rg —Dév(t— ) + %} < v(t)[(rg + A—Zl) —Dév(t - 12)],

which leads to

limsup v(¢) < =V (20)

Al 1 CY {Alr;‘ +CY }
T
t>i0 | AID} ?

Al
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Therefore, there exists a 77 > 0, such that v(¢) < v* when ¢ > T7.

Thus, when ¢t > T} + 7, from the first equation of system (6) again we have

’ ! D4 Cidv* ! C{{ D"
u'(t) > u(t)|r; —Diult—n) - B >u(t)| [ - ) Tult—n) |
Then by the second conclusion of Lemma 2.3, we have
! nl ] ! nl U
. . rlB - Cl rlB - Cl
ltlgl}é‘lofu(t) > BID? exp 5 -Diu* |1 § = u,. (21)

On the other hand, from the second equation of system (6) again, we can get
v(t) > V(t)[ré - Dyv(t - 12)].

Then, by the second conclusion of Lemma 2.3 again, we have

!
liminfv(¢) > % exp{ (ré - D5V )1y} = v (22)

t—>+00 H

Thus, we complete the proof of this theorem by combining (19), (20), (21), and (22). O

Theorem 3.2 Assume that (C1)-(C3) hold, then any positive solution (x(t), y(t))T of system
(4) satisfies

H{u* <liminfx(t) <limsupx(t) < H'u",

t—+00 (> 4+00

Hlv, <liminfy(t) < limsupy(¢) < Hv".
f=>+00 t—+00

Proof Since (x(¢),y(t))T is a solution of system (4), then by the second conclusion of
Lemma 2.2,

O ORY
(), 10) ‘<H1(t)’Hz(t>) 23

is a solution of system (6).
Then it follows from Theorem 3.1 that

t
u, <timinf O < fiminfu(z) < limsupu(z) = limsup ~2- < %, (24)
t—+oo Hi(t l—+00 t—+00 t—+00 Hl(t)
t t
v, < timinf 2 < liminfv(e) < lim supv(e) = limsup 22 <7, (25)
t—>+00 Ho(t t—>+00 t—+00 t— +00 2( )
which implies that
H'u, <liminfx(t) < limsupx(t) < H*u*, (26)
f=>+00 t—+00
Hév* < liminfy(¢) < limsupy(z) < Hyv*. (27)
i—>+00 t—+00

This completes the proof of this theorem. O
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Remark 3.1 Suppose that (C1)-(C3) hold, then system (6) is permanent.

Before we discuss the existence and uniformly asymptotically stability of a unique almost

periodic solution of system (4), we will introduce the following notations first:

o) = 1(41'2 + 1(51’4; ﬂl = 114* - \/1(1 - (I(Q + 1(3)1'1 - ([(1 + 1(3)1'3;

Oy = DIZV* + P— (T2 + T4)L3 —L4‘L’2 —L5'(4; ,82 = Ll‘L’l +L2'L’3,

where

U 5% 2
K = [&] , K= (D)

M2N
A*CHDH*(u*)*v* CEDu*v* B*(CYu*)*v*
Ottt g WL AN " o Ll AN Ml o Ll L
M2N M2N M3N3
CUDtuv* AH(CH* ) B“CYDiu*(v*)?
lei, L2=7, ng—;
MN? M3N3 MN?2
B“Clu*v*7? Clu* Chy*
Ly= (D), Le=|—2 |, M=2—, M=
+= (D) 5[MN2 Y L TR
BlCéu*v*

M=1+Au,, N=1+BYv,, P=

1+ A*u*)(1 + Brv*)?’

Theorem 3.3 Assume that (C1)-(C3) hold, further assume that
(C4) positive Ly and Ly exist, such that “1 < )‘1 < ;i
then system (4) admits a unique almost perwdlc solutton which is uniformly asymptotically

stable.
Proof At first, we prove that system (6) has a unique uniformly asymptotically stable al-

most periodic solution.

In order to achieve this aim, we take a transformation
u(t) = e, v(t) =Y, teR". (28)

Then system (6) is transformed into following system:

"(t) = - 1(t-11) _ Cy(0)e1(t-14)
#(0) =n(0) - DiB)e" A -1 B 72))’ (29)
Y1(£) = ra(t) = Dy(£)e ™) + o Jikala

(1+A(t)e*1( t 73))(1+B(t)e?1(-74)) *

Suppose that U;(¢) = (x1(£),y1 ()T and Uy(t) = (x2(£),y2(£))T are any two solutions of
system (29), then the product system of (29) reads

1(t— ‘El) G (t)eyl(tim)
X1 (t) = Vl(t) Dl (t)ex (1+A(t)e"l(t’T3))(l+B(t)ey1(t_m))’
y1 t-19) C2(t)e'x1(tirg)
A0) = nal8) = Do + GG ey (30)
— X0 (t-11) _ G (t)9y2(tir4)
x5(t) = ri(t) = Di(t)e IR RERGE
Y5 (2) = ra(t) — Dz(t)e}’z t-12) 4 Gy ()e2t-73)

(1+A(t)é‘2 (t-13))(1+B(¢)er2(t-74)) *
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Denote
§* ={¢ = @1,01)" € C([-7,01,R?) | Inus,, <y, <Inu*,Inv, <y, <Inv*,teR*}.

For any ® = (¢1,$2)7 = (x1,,71.)7 € S*, we can choose W = (Y1, ¥2)7 = (wa,y2,)7 € S*
such that

|2(0) — W(0)|, = |¢1(0) — ¥1(0)| + |¢1(0) — ¥1(0)| > 0. (31)

Consider a Lyapunov functional V (t) = V(¢, ®, W) = V(t, (X1, y11) 7, (%22, ¥2:)T) defined on
R* x §* x §* as follows:

V(t) = Vi(t) + Va(t) + Va(2) + Val), (32)
where

Vi(t) = M [x1(8) — %2(8)| + A2 |y1(8) — 32(2)

; (33)

-3 t
Vo(t) = MKy / / |x1(r) - xz(r)| drds
—213 Jit+s

+.

-1 t
+ MKy / / |x1(r) - xz(r)| drds
211 Jt+s

-7 t
+ M K3 / |x1(r) - xg(r)| drds

T1—-13 J 48

-13 t
+ M K3 / / |x1(r) - xz(r)| drds
—T1—-13 JI+s

-3 t
+ MoKy / |x1(r) - xz(r)| drds

To—T3 J t+s§

W / - / |1 () — 2a(r)| dr dis; (34)
Vat)=nata [ [ putr) )] s

—T4 t
+ MLy / ’yl(r) —yg(r)‘ drds

73—T4 Jt+S

-T2 t
+ AoL3 / |y1(r) - yz(r)| drds
—T9—T4 JI+S

—T4 t
+ AoL3 / / |y1(r) - y2(r)| drds
—T9—T4 JI+S

+

) t
+ AaLy / f |y1(r) - yz(r)| drds
219 Jt+s

vials [ [ nte) 0| aras (35)

+

Va®) = 2aMy / 131(5) = ()| ds + My / 1(5) = 72(5)| . (36)

-13
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According to the definitions of $* and V'(¢) = V (¢, @, V), there is some positive constant
M large enough such that

V(t)=V(t, V) <M. (37)
By the structure of V(¢), it is easy to see that

V(2) = Vi(£) = minfag, Ao} (|%1(2) = %2(0)| + |31(8) - 32(8)|) = 2| D(0) — W(0)|, >0, (38)

where A = min{A;, A5} > 0.

Moreover, by the integrative inequality and the absolute-value inequality properties we
have

1
V(t) < 5 {200 +22) + M T (Ky + Ky +2K3 + Ly + Ly)
+ )»2'(2(1<4. + I<5 + 2L3 + L4 + L5) + 'C()\,le + )\.le)}
x sup [|x1e(s) = x2e(8)| + |y1e() = y2:(5)|]
se[-1,0]

= AP -, (39)
where

- 1 2
A= 5{2()»1 + )\.2) + )\,1'( (1(1 +1<2 + 21(3 +L1 +L2)

+ )»2'(2(1@; +I<5 + 2L3 +L4 +L5) + T()\,le + )\.le)}

Letu,v € C(R*,R"), choose u = As, v = As, then the first condition of Lemma 2.4 is satisfied.
For Y& = (211, y1:) ", W = (%0, 920) T, ® = (x5, )T, W = (x5,,95,)7 € S*, then from the pre-
vious definitions of Vi(t), i = 1,2, 3,4, it is easy to calculate that

V(t,®,9) - V(t, )|

= hal[x(0) =20 = [ (1) = 50| + Aol 92 (0) = 12(0)] = i (@) - 30)|
kg /2: /;Hxl(r) x| - | () - 30| | dr dis
+hk /;: [| 1) — 22| — |} () — 5| | dr dis
ks [ | | 510 20| = [ () = 30| i
ks / 133 /t ;| Ix(r) = 22 (7)] = [ r) — 50| | drdis
+ ks /3 ) = 2] = 20— 30| drds

To—T3 Y E+S§

+ Mo K5 /_ ’ ||x1(r) —xz(r)| - |x>f(r) —xﬁ(r)”drds

73-14 Jt+s
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+haly / - / 1) = 32| = |95 () = ()| dr s

+A1L2/: ' Hyl('")—)@(")} - ‘)’T(”‘J’ﬁ””drds

T3—T4 Y L+S

+ oL f_ C 10 =220~ ) — 350 drdis

T0—T4 JL+S

+Ls / i 1) = 2| = |y: () = y3)| | drdis

T3—T4 JL+S

+hala / 2 | 1) = 32(1)| = |y; (1) = 5()| | dr ds
+hals / | 1) = 3o0)| = |y () - 35| drdi
b aaMy /t_;“xl(s) _19)| = |#5) — #56)| | ds
+haby [ [a(5) = 7205)| ~ [y5(5) - 3505 | ds:

Then it follows from inequality (19) in Lemma 2.5 that
|V, ®,0) - V(t, D, W)
< Mm@ = 0] + [22(6) =5 O] + 22/ [0 = y; O] + [p2(0) - 13 0]

+ )LlKl/i ’ ||x1(r) —xi‘(r)\ + !xz(r) —x;‘(r)||drds

213 Jit+s

-T] t
+ A1K2/ ||x1(r) —xf(r)| + |x2(r) —x;(r)||drds

271 Jt+s

-T1 t
+ M K3 / f } |x1(r) —xf(r)| + |x2(r) —xj(r)} | drds
—11-T3 J t+S
-13 t
+ M K3 / / } |x1(r) - xi‘(r)| + |x2(r) - xz(r)} ’ drds
—T1-T3 JI+s§
73

- t
+ A21(4/ Hxl(r) —xf(r)| + |x2(r) —xé‘(r)Hdrds

To—T3 JI+8

+ A K5 /7 ’ Hxl(r) —xf(r)! + !xg(r) —xz(r)Hdrds

T3—T4 J t+S

—T4 t
+A1L1/ / Hyl(r)—yf(r)| + |y2(r)—y;(r)||drds

—T1-T4 JI+S

—T4 t
+AIL2/ ||y1(r)—yf(r)| + |y2(r)—y§(r)||drds

—T13—T4 JI+§

) t
+k2L3/ ||y1(r)—yf(r)| + |y2(r)—y§(r)||drds

—10-14 Jt+s

—T4 t
cials [ [ 0 =510+ ) -550| aras

T9—T4 JL+S

eials [ [ [In0)=510)] + ) 550 s

279 Jit+s
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+ AoLs /2 ||y1 r)— yl(r)\ |y2 r)— yz(r)||drds
+A2M1/ Hxl(s)—xi‘(s)’ + |x2(s)—x§(s)Hds

+ MM, / [[y1(8) = ¥ (9] + |2 (s) — 3 (5)|| ds,
which yields

|V(tr Ci), ‘Ij) - V(tl &)1 l,I\l)|
2
<y s[upo [[xie(s) = x5 (8)| + [yie(s) — ¥5(9)]]
=1 se|-T

=2(II® - ®|| + ¥ - b). (40)

This means the second condition of Lemma 2.4 is satisfied.

Finally, we will prove the last condition of Lemma 2.4.

In fact, calculating the right derivative D* V;(¢) of Vi(t) along the solutions of system
(30) we have

D'Vi() = (%(2) - %3 () sgn(x1 (&) = %2(8) + (7 (0) = y5(8) sgn(n(®) - 32(®).  (41)
It follows from the mean-value theorem and the product system (30) that

x,(2) — x5 (2)

Ci(t)ert—)

= Di (¢t %2(t—11)_D £ x1(t-11)
1(B)e 1(t)e T 1+ A()en @) (1 + BH)er )

C (t)eyl(t—m)
T (L+ A(D)en )1 + B(t)entt-m)’

Then

x1(£) = x5(2)
= =D [x1(t — 71) — x2(t — 1) ]

A(t)Cy(8)e20+03(0)
(1 +A(t)e”20)2(1 + B(t)e®)
Ci(2)e?
1+ A(t)e20)(1 + B(t)e% )2

[x1(2 = 73) — 2%2(t — 73) ]

(1t = 1a) = 32(t — )], (42)

where 0,(t) lie between x; (¢ — 71) and x5 (t — 11), 62(¢) lie between x; (¢ — 73) and x,(f — 13),
05(t) lie between y; (t — 74) and y,(t — 74).
That is,

x,(2) — x5 (2)
t

= Dy ()" D [x1(8) — %2(2) | + D1 (£)e? / [#)(s) —x(s)] ds

t-11
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A(2)Cy(t)e2O+05(0)
T AQEOR( T B0y ™
A()Cy(£)e®+6:0 t
T (L+A@)e202(1 + B(t)e0) J,_,.,
Ci(2)eB®

" s Ao 5 Boenop ¢~ e ) )

() —x2(8)]

[#)(s) — x5 (s)] ds

Integrating both sides of (42) on the interval [t — 73, t], we have

/ [xi(s) - x’2(s)] ds = —/ Dy (s)e"® [x1 (s—11) —22(s — Tl)] ds

‘ 02 (s)+63(s)
/ A(s)Ci(s)e )[xl(S—T:—;) —xy(s— Ts)] ds

—q (L+A(s)e29)2(1 + B(s)e )

t Ci(s)e?®)
- / 7 A0 (1 5 BEHOp e~ ) =yals - )] ds

-
__ / Dyt +5+ 1)e 5 0 [y (¢ 4 5) — (£ + 5)] ds
-2

/—13 A(t +S+ Tg)cl(t +S+ T3)692(t+s+1:3)+03(t+s+t3)
+

o3 L +A(+5+13)e29)2(1 + B(£ + 5 + 13)el3(t+5773))

X [xl(t +8) —xo(f + s)] ds

/‘T‘* Ci(t + 5 + 14)eBErs+)

ooty L +A( + 5+ 14)e2E547)) (1 + B(£ + 5 + 14)ef3(E+577))2

X [y1(t + ) = (¢ +9)] ds,

which implies that

-71

< \/Ef |1 (£ + ) —xa(t +5)| ds

/ [%1(s) = x5(s)] ds

27
-
+\/K1/ ’xl(t+s)—x2(t+s)‘ds
~-T1-T3
-
+M2/ [y1(t +3) = ya2(t + )| ds. (44)
—T1-Ta

Similarly, we can get

-71

<K |1t +5) — %2 (¢ +5)| ds

/ [xi (s) — (S)] ds

—13 -11-13
13
+\/K1/ |x1(t+s)—x2(t+s)|ds
-213
-
+M2/ {yl(t+s)—y2(t+s){ds. (45)
—13—T4

Thus,

(x1(8) — x5(2)) sgn (1 () — x2(2))
< - (Dju. = VK |11 (8) - 2:0)|
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.

+I(3/ |x1(£ +5) = xa2(¢ + 5)| ds
-71-13

_,4

[y1(t +8) = ya(t +9)| ds

T1-74

T
+I(2f |x1(t+s)—x2(t+s)|ds+L1/
-27 —

1 }xl(t+s) —xg(t+s)’ ds

1
+K1f |x1(t+s)—x2(t+s)|ds+1(3/

213 T1-13
-,
+L2f |y1(t+s)—yz(t+s)|ds+M2|y1(t—14)—y2(t—r4)|. (46)
—13-T4

By the same argument, from the second and the fourth equation of system (30) we can
derive that

Y4(8) = y5(2)

C2 (t)exl(t*"f?,)
(1 + A(t)e =) (1 + B()en =)

:Dz(t)eyz(t—rz) _Dz(t)em(t—rz) +
Cz(t)exZ(t’Q)
T 1+ A()en ) (1 + B(t)er2-m)
=Dy () y1(t - 12) - ot — )]

Cg(t)695 ()
T+ A 0)2(1 + Bp)es®)
B(t)cz(t)eé’s(t)+96(f)
T L+ A(t)es50) (1 + B(t)efs )2

[%1(2 = 73) — 2%2(t — 73) ]

(12— 7a) =32t - @), (47)

where 64(¢) lie between y (£ — 75) and y5(¢ — 12), 65(¢) lie between x1(t — 73) and x5 (¢ — 13),
06 (2) lie between y; (¢ — 74) and y,(t — 74).
Integrating both sides of (47) on the interval [£ — 15, £], we have

[ to-no)e

t

= | Dy)e"[yi(s - 12) — yals — 12)] ds

t—19
t 05 (s)
Cy(s)e
C ) —ma(s—13)|d
* / L+ AWP (L s Beeom) 16~ @) ~nals = )] ds
t B(s) C2 (S)695(5)+95 (s)
- — 1) = yals—a)]d
,/t_rz (1 " A(S)egs(s))(l T B(S)e%(s))z [yl(S 'E4) }/2(8 T4)] S
5
= / Dy(t+s+ 12)694(”5”2)[y1(t +5) —ya(t+5)]ds
-219
/"3 Colt + 5+ 73)eB5E+8) [ (£ + 5) — w2 (£ + )]
+
—ryrs L+ A(E +5+13)elE5+7))2(1 + B(£ + 5 + 13)el6(t+5+73))

/—14 B(t TS+ ‘L’4)C2(t +S+ .(4)805(t+s+r4)+o95(t+s+t4)

-ty (L+A(t + 5+ 14)el5Ers+1))(1 + B(s)els(t+5+74))2

x [y1(t +5) = (¢ +9)] ds, (48)
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which leads to

/ﬁM@—M%ﬁ

—T4

_Tz
< \/LT;/ yr(t +5) = y2(t +5)| ds + /Ls [y1(t +8) = ya(t +5)| ds
-279

—T2-T4

+M1/_IS |x1(t+s)—x2(t+s)|ds. (49)

2-13

By the same argument, we can obtain

f [51(s) = y5(s)] ds

) -74
5\/1: ’yl(t+s)—y2(t+s)|ds+\/f5/ ’yl(t+s)—y2(t+s)’ds
—274

10274

+M; ” x1(¢+5) — 22 (¢ + 5)| ds. (50)
| |

T3-74

On the other hand, it follows from (47) that

Y4 () = y5(8)

:mmﬂm/ [2(5) - 92(s)] ds

t-1p
B(t)Cz(t)e(’s(t)+95(t)
 (L+ A@)eBO)(1+ B(t)esO)2
B(t)Cy(t)es 060 t
(1 +A(2)e%O)(1 + B(t)es )2 /
Co()efs®)
1+ A(t)ef50)2(1 + B(t)efs )

~ Dy ()" D[ y1(8) - y2(2)] [71(8) - y2(0)]

[71(5) = y2(s)] ds

t—14

[x1(2 - 73) — 22(2 — 73)]. (51)
Thus, combined (51) with (49)-(50), one can deduce that

(1) = y5(®)) sgn(y1(8) — y2(1))

,rz
< —(Dhvs + P) |31 (2) - 32(2)| +L4/ y1(£+5) = ya(t +5)| ds
-219

-3

-
+L3/ |y1(t+s)—y2(t+s)|ds+1(4/ |x1(t+s)—x2(t+s)|ds
—T12-T4 —T72—173

) T4
+L3/ |y1(t+s)—y2(t+s)|ds+L5f {yl(t+s)—y2(t+s)|ds
_ T

T9—T4 -2

+&/W3MM+Q—@Q+QMMJ@MQ—@—@Q—@N (52)

3-T4
Therefore,
D*Vi(t) < —M (Dl — VEK) |31(£) = x2(8)] = A2 (Dhvic + P) |31 (E) = 20|

-13 -71
+A1K1/ |x1(t+s)—xz(t+s)}ds+kll(2/ |x1(t+s)—x2(t+s)|ds

273 271
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-1 —13
+A11<3/ |x1(t+s)—xz(t+s)|ds+kll(3/ |1 (£ +5) = 2 (£ + 5)| ds

T1-13 71-13

13 —13
+A21(4/ |x1(t+s)—xz(t+s)|ds+kzl(5/ |x1(t +5) = %2 (£ + 5)| ds

13 13- 74

—14 —14
+A1L1/ |y1(t+s)—yz(t+s)|ds+)qL2/ [y1(t +5) = ya(t +9)| ds

-7 3-T4

) —14
+A2L3/ |y1(t+s)—yz(t+s)|ds+A2L3/ |y1(t+s)—y2(t+s)|ds
—12—-T4 —12-T4

1)
+A2L4/ |y1(t+s)—y2(t+s)|ds+k2L5/
-219

74
|y1(t+s) —yz(t+s)| ds
74

+ haMy w1t — 73) — %2t — T3)| + MMa |y1(E — a) — 32 (t — Ta)|. (53)

On the other hand, according to the structure of V;(t), i = 2,3,4, we can easily calculate

the right derivatives D* V,(¢), D* V5(t), and D" V,(t) along the solution of system (30) as
follows:

D* Vz(t) = ()\11’31(1 + )\.11'1[(2 + )\11’31(3 + )\11’11(3 + )\.21’21(4 + )\21’41(5) X |x1(t) —xz(t)|

—T]

1
|x1(t +58) —xo(t+ s)‘ ds
271

1
—)»11(1/ ’xl(t+s) —xg(t+s)|ds—kll(2/

213
-

’ ‘xl(t+s) —xz(t+s)}ds

-1n-13

-
—)»11(3/ ’xl(t+s) —X2(t+5)’d3—)»1[<3/

71-13

1
—k21(4/ ‘xl(t+s)—x2(t+s)|ds

213

1
— K5 / |x1(t +8) —xo(t + s)| ds; (54)

T3-74

D*V3(t) = Qumily + MT3Lo + AaTaLs + AaToLs + AaToLy + daTaLs) X |31(£) — y2(2)|

—14 -4
—)qu/ |y1(t+s)—yz(t+s)|ds—A1L2/ [y1(t +8) = ya(t +9)| ds

T1-74 3-74

—T.

) 4
—A2L3/ |y1(t+s)—yz(t+s)|ds—A2L3/ [y1(t +5) = ya(t + )| ds

274 —T2-T4

1
—A2L4/ ‘yl(t+s)—y2(t+s)‘dsds

279

-
—AoLs / |y1(t +8)—ya(t+ s)| ds; (55)

274
D' Vi (t) = haMy [ |1 (8) — 2(8)| = [#1(£ — T3) — 22 (£ — 73) ]

+ MM [[p1(8) = y2(8)| = |y1(t = 7a) = (£ — ) |]. (56)

From (53)-(56), by a simple reduction we can easily give the following estimations for
the right derivatives of V(¢):

D* V(t) < —{)&1 (D{M* — 4/ K]) - ()\17,'3[(1 + A]Tll(z + )\1‘(3[(3 + )\1‘(11(3

+ )\21’21(4 + )\,21’41(5)} X |x1(t) - xz(t){ - {)\.2 (DZZV* + P) - ()VITILI
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+ )\.1T3L2 + )L2T4,L3 + )L2T2L3 + )L2T2L4 + )L2T4L5)} X |y1(t) —yz(t)|

= —(MpBrL = hoor) |01 (8) — %2(8)| = (haorz — A1) y1(8) — y2(8)].

If we denote § = min{j; — %al,ag — %ﬂg}, then 8 > 0 by the condition (C4).
Thus, it follows from equalities (37) and (38) that

D'V(t) = —(ﬂl - i—jdl)lﬂﬁﬁ(f) —x5(t)|

- ((Xz - %ﬂz)lzbﬁ(t) = 10]

< =8[ha |1 () = x2(8)] + A2y (0) = 32(0)|]

) R0
= -8Vi(t) = -4 0] V(t)
SEPALIORL IO

- M
Lety = _A7|¢(0)A—/I\IJ(O)\O 8, then y >0 and

D*V(t) < —yV(t), teR*.
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(57)

(58)

(59)

This means the last condition of Lemma 2.4 is satisfied. By Lemma 2.4, the system ad-

mits a unique uniformly asymptotically stable almost periodic solution (x(¢), y(t))”.

Thus, by the transformation (28), we can conclude that system (6) admits a unique uni-

formly asymptotically stable almost periodic solution (u(t), v(t))” = (e®,e"®)T,

Finally, we will explain that system (4) has a unique uniformly asymptotically stable al-

most periodic solution.

In fact, from Lemma 2.2, we know that

T
(s50)" = ( T a+moyute, [T @+ haowto)

O<ty<t O<tg<t

is a solution of system (4). Since the condition (C2) holds, similar to the proofs of

Lemma 31 and Theorem 79 in [28], we can prove that (x(¢),y(£))! is almost periodic.

Therefore, (x(¢), y(t))7 is the unique uniformly asymptotically stable almost periodic so-

lution of system (4) because of the uniqueness and the uniformly asymptotical stability of

(u(t), v(t)".

This completes the proof of this theorem.

4 Numerical simulations and discussions

O

In this section, we will give a numerical example to illustrate the feasibility of our analytical

results, then some discussions of the effects of impulsive perturbations and time delays to

the system are referred to in the end of the paper.
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Example 4.1 Consider the following nonautonomous prey-predator system with impul-
sive effects and delays:

% =x(¢)[1.04 + 0.02 sin(2¢) — (0.90 + 0.02 cos(3¢))x(t — 0.005)

(0.03+0.01 sin(3£))y(¢—0.001) ]
(1+x(¢-0.002))(1+y(¢-0.001)) +*

% = y(¢)[1.19 + 0.01sin(3¢) — (1.92 + 0.02 sin(2¢))y(¢ — 0.001)

(0.005+0.001 cos(26))x(¢-0.002) ]
(1+x(£-0.002)) (1+(¢-0.001)) 1’

x(t;) = (L+ hu)x(t),
Y(&) = 1+ ho)y(t),

t # ty,
(60)

t=t,keN,

where r1(£) = 1.04+0.02 sin(2£), 7, (£) = 1.19+0.01 sin(3£), d1(¢) = 0.90 + 0.02 cos(3¢), dy(t) =
1.92 + 0.025sin(2¢), ¢;(¢) = 0.03 + 0.01sin(32), ¢ (¢) = 0.005 + 0.001 cos(2¢), a(t) = B(¢) =1
are all positive, bounded and almost periodic functions which satisfy the condition (C1)
in the paper.

If we can set Jiy; = —0.05, hy = —0.06, t; = k, t € [0,20], and choose H! = 0.3584, H! =
0.2901, H =1, HY =1, then it is not difficult to verify

Hi<H@®)= [] Q+hg)<H, (=12),

O<tr<t=20

which satisfies the condition (C2).
Furthermore, according to the notations in Section 3 one can make some simple calcu-
lations as follows:

u*~33779,  u,~09482,  v'~22101, v, ~0.6064;
A'~03585, A“=1, B'~02901, B‘=1;
=102, =106, rh=118,  r¥=1.20;
Cl~0.0072, C“=0.04, C.~0.0012, C¥=0.006,
D! ~03155, D"=0.92, D,~05512, D¥=194.
Then it is obvious that C¥ & 0.04 < B'r} ~ 0.2959, which satisfies the condition (C3) in

Theorems 3.2 and 3.3. Meanwhile, with the help of mathematical software such as Maple,
we can calculate that

a; ~0.00004, B1~ 0.1081, oy ~0.3156, B2~ 0.00075.

Then we can choose positive constants A; = A, = 1, which satisfy

o M o
— ~0.0004< — =1 — ~418.1291.
1 Az 2
That is to say, the condition (C4) in Theorem 3.3 is also satisfied. Thus, all the conditions
of Theorems 3.2 and 3.3 hold, according to the theoretical analysis, system (4) should be
permanent and admits a unique uniformly asymptotically stable almost periodic solution.
In order to verify this point by numerical simulations, we plot the time-series of the preda-
tor x(t) (see Figure 1(a)) and the prey y(t) (see Figure 1(b)). One can see that the population
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Figure 1 The dynamics of system (4) with two initial conditions x(0) = 1, y(0) = 0.2 and x(0) = 1.2,
y(0)=0.8.
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Figure 3 The dynamics of system (4) with initial condition x(0) = 1, y(0) = 0.5 but different cases of

density of the predator oscillates around x(£) = 1.09 and the population density of the prey

oscillates around y(¢) = 0.59, this indicates the permanence of the system. The almost pe-

riodic phenomenon is also easily observed from the figure. Moreover, we can see that the

solution U (¢) = (x;(2),y1(t))T with initial condition x(0) = 1.2, y(0) = 0.8 gradually approx-
imate the other solution of U,(£) = (x2(t), y2(¢))T with initial condition x(0) = 1, y(0) = 0.2,
and it proved that the almost periodic case is asymptotically stable.

On the other hand, when the system is permanent, we will show the difference with two

different impulsive effects (see Figure 2) and different cases of time delays (see Figure 2).
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From Figure 2, we can see that both the mean density population of the predator and the
prey are decreasing with stronger impulsive effects, such as enhancing the harvesting rate,
the efficiency of the insecticides for the species, and so on. In addition, in order to show
the effects of the delays to the dynamics of the species, we consider two different cases of
time delays, Case 1 (with 7; = 0.005, 7, = 0.001, 73 = 0.002, 74 = 0.001 in Figure 3(a)) and
Case 2 (with 7; = 0.5, 15 = 1, 13 = 0.2, 74 = 0.1 in Figure 3(b)) with the same initial condition
x(0) =1, y(0) = 0.5. We can see that the mean population density of the bigger time delays
(Case 2) is bigger that the smaller ones (Case 1). This suggests that a longer digest delay in
the predation may be conductive and could increase the possibility of the permanence of

the population.
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