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ABSTRACT. This paper studies the solution behaviour of a general delayed
predator-prey model with discontinuous prey control strategy. The positive-
ness and boundeness of the solution of the system is firstly investigated using
the comparison theorem. Then the sufficient conditions are derived for the
existence of positive periodic solutions using the differential inclusion theory
and the topological degree theory. Furthermore, the positive periodic solution
is proved to be globally exponentially stable by employing the generalized Lya-
punov approach. The global finite-time convergence is also discussed for the
system state. Finally, the numerical simulations of four examples are given to
validate the correctness of the theoretical results.

1. Introduction. Predator-prey systems are of significant importance in many
fields such as biology, physics, chemical technology, population models and economy.
The dynamic behavior analysis of predator-prey systems plays an important role
in the design and application of the predator-prey model (see[l, 21]). The periodic
solution and the stability of the positive equilibrium are the main concern for the
predator-prey systems.
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From the control method perspectives, there exist several types of control strate-
gies for the predator-prey models, including the economic threshold control (see[6,
22]), the sliding mode control (see[5, 36]), and the feedback control (see[11, 38]). For
the economic threshold control strategy, harvesting is carried out when the popula-
tion density of prey is above a certain harvesting economic level, while harvesting
is prohibited when the population density of prey is below the harvesting economic
level. As pointed out by [22], owing to the presence of time delays, it is difficult for
managers to carry out the economic threshold control strategy efficiently. Discontin-
uous prey harvesting control strategy is an effective control method of the economic
threshold control methodologies and has attracted significant research interest over
the past decade. The main purpose of the harvesting control is to ensure the exis-
tence of globally asymptotically periodic solution of the predator-prey systems to
maintain enough natural resources and at the same time to avoid the extinction of
species.

When a discontinuous control strategy is implemented to the predator-prey sys-
tem, the resulting dynamic model becomes discontinuous predator-prey models.
Generally speaking, there are two types of discontinuous predator-prey models, one
is a delayed predator-prey model with control strategy, and the other is a non-
autonomous system with control strategy ([4, 32, 9, 42, 27, 14, 17, 20, 36]). Cai
et al.[2, 3] studied the periodic dynamical behavior of a class of delayed Filippov
system under the framework of differential inclusion in set-valued analysis. Duan
et al.[9, 7] considered a delay Lasota-Wazewska model with discontinuous harvest-
ing policy. Luo et al. [32] gave the almost periodicity of the delayed predator-
prey model with mutual interference and discontinuous harvesting policy. Wang
et al.[37] investigated a non-autonomous Hassell-Varley type delayed prey-predator
system with non-selective harvesting control strategy. Martin et al. [33] studied
the predator-prey models with delay and prey harvesting. Fan et al.[10] exam-
ined a non-autonomous delayed ratio-dependent predator-prey system by using the
continuation theorem of coincidence degree theory. Liu et al. [28] presented the
dynamics of a stochastic regime-switching distributed delays predator-prey model
with harvesting. Luo et al. [31] analyzed the global boundedness of the solutions
in a Beddington DeAngelis type predator-prey model with nonlinear prey taxis and
random diffusion. Liu et al. [29] studied the nonlinear dynamic behavior in a
predator-prey model with harvesting. Chakraborty et al. [4] investigated a prey-
predator type fishery model incorporating partial closure for the populations. Song
et al. [35] analysed a non-autonomous ratio-dependent three species predator-prey
system with additional food for predator. Lu et al. [30] considered a non-constant
eco-epidemiological model with SIS-type infectious disease in prey. Zhang et al.
[41] studied a stochastic non-autonomous Lotka-Volterra predator-prey model with
impulsive effects. Jiang et al. [19] investigated a stochastic non-autonomous com-
petitive Lotka-Volterra model in a polluted environment. Zuo et al. [44] examined
a stochastic non-autonomous Holling-Tanner predator-prey system with impulsive
effect. Li et al. [26] gave the dynamics of a non-autonomous Beddington-DeAngelis
type density-dependent predator-prey system.

Although the periodic solution of a predator-prey model ([2, 3, 33, 32, 37, 13,
15, 18, 40, 23, 24, 16]) was extensively studied, to the best of our knowledge, the
general delayed predator-prey model with discontinuous prey harvesting control
has not yet been considered. Due to the characteristic of discontinuous harvesting
control strategy, the existing results obtained for the optimal continuous harvesting
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policy, threshold policy and weighted escapement policy cannot be directly applied
to the general delayed predator-prey model with discontinuous harvesting control
strategy. New analysis needs to be performed for the periodic solution of a general
delayed predator-prey model with discontinuous harvesting control strategy.

Motivated by the above brief discussions and inspired work [43, 38, 33], the main
focus of this paper is on the periodic solution analysis of a general delayed predator-
prey model with discontinuous harvesting control strategy. The dynamical behavior
of the general delayed system with discontinuous prey harvesting control is more
complex than that of a predator-prey model without delay considered in [43, 38, 33],
because of the complexity of the structure of the delayed system with discontinuous
prey harvesting control. The novelty of this paper lies in three aspects. Firstly,
the regularity and visibility analysis of the general delayed predator-prey model is
conducted by using the principle of differential inclusion. Secondly, it is found that
there exists a periodic solution for the non-autonomous delayed predator-prey model
by using the principle of topological degree and set value mapping. Furthermore, it
is shown that the solution of the general delayed predator-prey system is globally
exponentially stable by utilizing the Mawhin-like coincidence theorem. Numerical
simulations of four examples are presented to demonstrate the correctness of the
theoretical results. The obtained results show that the general predator-prey model
with delay and discontinuous prey harvesting introduced in this paper can have
more dynamical behaviors than the conventional models without delay.

The rest of this paper is organized as follows. Section 2 presents a general delayed
predator-prey model with discontinuous prey harvesting control strategy and some
preliminaries for the analysis. Section 3 performs the periodic solution analysis of
the general delayed predator-prey model with discontinuous prey harvesting control
strategy. In Section 4, four illustrative examples and their simulations are provided
to demonstrate the effectiveness of the theoretical results obtained. Concluding
remarks are given in Section 5.

2. Preliminaries. This section briefly introduces the general delayed predator-
prey model with discontinuous prey control strategy and provides some definitions
and lemmas for the analysis. Throughout this paper, we set a positive continuous
function of w-period on a compact interval of R (see[2]) as:

n

1 w
= t)dt, nM = t), 7" = min n(t). 2.1
w/o n(t)dt,n tgﬁ}i]"( )51 tg[%}i]n() (2.1)

2.1. Model description. This paper considers the discontinuous prey control
strategy introduced in the first equation and a time delay 7 in the interplay term
y(t)Q(x(t)) of the second equation of the predator-prey system as:

dZSst) = ri(t)a(t)g(@(t), K () — k() P(t, x(t))y(t) — er()ha(x(t))x(t),
dgliit) =yt — 1)k (1)Q(t, z(t — 7)) — y(t)5(¢),

(2.2)
where the change rate of the predators depends on the number of prey and predator
at a certain previous time (see [43, 33, 2] and [39]); x(¢) and y(¢) represent the
population densities of the prey and predator, respectively; 1 (¢) denotes the specific
growth rate of the prey, and K (¢) stands for the carrying capacity of the prey; d(t) is
the death rate of the predator and k() is a positive constant describing the effects



2642 WENJIE LI, LIHONG HUANG AND JINCHEN JI

of the capture rate; ri(t), k1(t),(t), e1(t), K(t),b1(t),c(t) are positive continuous
w-periodic functions.

The other parameters and functions involved in the equation when 7 = 0 are
satisfied the following assumptions (see [43, 34, 33] for more details):

(H1): g(x(t, K(t)) represents the net growth rate of the prey and satisfies g( K (¢),
K(t)) =0, g(0, K(1)) > 0 gy ((t), K(t)) <0, lim g (2(t), K(t)) = 0.(for
x(t) > 0, K(t) > 0). In addition, there exists a positive constant G' and a con-
tinuous function & such that g(z(t), K(t))—g(z1(¢), K(¢t)) = ¢.(&§, K(t))(x(t)—
2 (1), 19,6 K(1)] < G.

(H2): P(t,z(t)) is a continuously differentiable predator response function and
satisfies P(0,z(0)) = 0,P(t,xz(t)) = c(t)x(t)p(t,z(t)) > 0 for z(t) > 0,
Jm p(t,z(t)) < co. Moreover, there exists a positive constant/ and a con-
t—o0

tinuous function v such that p(t, z(t)) — p(t,z1(t)) = pl(t,v)(x(t) — 21(t)),
9,(t.0)] < Po.

(H3): Q(t,x(t)) = b(t)P(t,x(t)) denotes continuously differentiable predator
response function and satisfies Q(0,2(0)) = 0,Q(¢,z(¢)) > 0 for z(¢) > 0.
There also exists a positive constant P and a continuous function v such that
p(t,2(t)) = p(t, 21 (t)) = py (8 v)(2(t) — 21(2)), [P (8 V)] < Fo.

(H4): hy is continuous except on a countable set of isolate points {py}, where
there exist finite right and left limits, h} (px) and hi (px), with hi(pr) >
hi (px). In addition, hy has a finite number of discontinuous points on any
compact interval R, Vz(t) € [0,00), 0 < hi(z(t)) < 1 and hy(0) = hy(0F) = 0.

2.2. Preliminaries. Let ([0,w], () denote the Lebesgue measurable space, R™(n >
1) as an Euclidean space, and Kv(R™) as all nonempty compact subsets of Euclidean
space, then the metric ¢ is defined by

¢(e,d) = max{(e,d),(d, c),c,d € Kv(R™)}, (2.3)
where i(c,d) = sup{dist(z,c) : © € c},u(d,c) = sup{dist(y,d) : y € d}, Kv(R")
represents a complete metric space with the Hausdorff metric (.

Definition 2.1. [8] Given a set-valued function F : X — P(Y), a function f :
X — Y is said to be a selector for F if f(z) € F(x) for all z € X.

Definition 2.2. [8] Let X and Y be topological Hausdorff spaces and P(Y) be all
nonempty subsets of Y. We say that F : X — P(Y) is upper semicontinuous at
x € X if for every neighborhood U of F(x), there exists a neighborhood V of x
such that F'(2) C U for every & € V. A set-valued function F' : X — P(Y") is upper
semi-continuous on X if it is upper semi-continuous at every x € X.

We adopt a reasonable definition from Filippov (see [8, 2, 9]) and consider the
following delayed differential equation with discontinuous right-hand side

2(t) = f(t,2(t — 1), 2(t)). (2.4)
A set-valued map F : R™ x R™ — R™ associated with system (2.2) is given by
5>0 (N)=0

where K[I] denotes the convex hull of I for set I C R, and (N represents Lebesgue
measure of set N. A solution in Filippov’s sense is an absolutely continuous function
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2(t), t € (0,T), which satisfies differential inclusion and for almost all ¢ € I, z(t)
satisfies the differential inclusion,

2'(t) € F(t,2(t — 7), 2(t)) for almost all (a.a.) t € (0,7). (2.6)

Definition 2.3. A Filippov solution of system (2.2) u(t) = (z(t),y(t))T is a density
solution on any compact interval of (—oo,T) — R if

1). u(t) is continuous on (—oo,T’), and absolutely continuous on [0,T);

2). For almost all ¢t € [0,T),u(t) = (z(t),y(t))? satisfies

) o (De(t)g(e(t), K1) — c(tlha (p(t, 2(t)(B)u(t) — o2 (VK[ (2(0)]2(0),

dt
= ki (B)e®)b()p(t, x(t — 7))z (t = )y(t — ) = 6(t)y(?),

dy(t)
dt
(2.7)

) — ek (O)p(t, 2()y(t) — er (OK[ha (2(t)]2(t) = fr(t u(t)),
t — Tyt — 1) — 6()y(t) £ fo(t,u(t)). It is clear that the
fa(t,u(t))T is upper semi-continuous. Then there exists a
))] such that

where r1(t)x(t)g(z(t), K(t
ki(®)e@b(t)p(t, 2(t — 7))z
map (¢, u) < (fi(t, u(t )Z

)
(
function v, (t) € K[hy(z(t

O s (Og(ar), K1) — b Op(t, 20)2y(t) — 1 (D),
WOy @epOp(t. o(t — )att ~ (e~ 7) — SEwo)

(2.8)
for almost everywhere ¢t € [0,T) any bounded measurable function v;(t) satisfying
(2.8) is defined by the population density solution w(t). With Definition 2.3, it is
easy to notice that the population density u(t) is a solution to the discontinuous
system (2.2). Clearly, v1(t) is a harvesting policy function, and u(t) denotes the
population densities of the predator and prey.

Definition 2.4. (Initial value problem (IVP)) For any continuous and bounded
function g = (g1, 92)7 : (—00,0] — R? and any measurable selection 17 : (—o0, 0] —
R, such that ¢y € K[hi(g1(a))] for a.e. a € (—o0,0] by an initial value problem
of system (2.2) with condition [g,1], we consider the following problem, look for
a couple of functions [u(t),v1(¢)]; (—oo,T] — R x R, such that u(t) is a solution
of model (2.2) on (—o0,T) for some T' > 0 (T might be +00), v1(t) is a harvesting
solution of u(t), and

dfigft) = ri(H)(t)g(z(t), K(1)) — c(t)kx()p(t, ()2 )y (t) — ea(t) 1 () (t)
d%T(tt) = k1 (H)e®)b(t)p(t, x(t — 1))t — T)y(t — ) — 3(t)y(t), for a.c.a € [0,T),

v1(a) € K[hq(g1(a))], for a.e.a € [0,T),
u(a) = g(a) > 0, Va € (—o0,0].
7 () =1 (a) > 0, for a.e.a € (—o00,0].

(2.9)

Definition 2.5. [9] Let u*(t) = (z*(¢),y*(t))T be a solution to the given IVP of
system (2.2), if for any solution u(t) there exist constants M > 0, A > 0 and ¢; > 0
such that

[u(t) — u* ()] < Me 21 for t > 1 > 0, (2.10)

then solution u*(¢) is said to be globally exponentially stable.
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Next we adopt some lemmas and definitions for the periodic dynamical behavior
of the inclusion (2.7) ([2, 3, 4]).

Definition 2.6. A solution u(¢) of the given IVP of system (2.2) on [0,+00) is a
periodic solution with period w if u(t + w) = wu(t), for all ¢ > 0.

Lemma 2.7. [2, 25, 3| Suppose that f : Rx R™ — Ku(R"™) is upper semi-continuous
and w-periodic in t. If

1). there exists a bounded, continuous open set Q C C,,, w-periodic map: R —
R"™, such that for any positive number 0 < A < 1 each w-periodic solution u(t) of

the following inclusion

du
T € Af(t,u) (2.11)

satisfies u ¢ OQ if u exists;
2). each solution u € R™ of the following inclusion

0c i/ow ft,u)dt = go(u) (2.12)

satisfies u & 02N R™; and
3). deg(go, 2N R™,0) # 0, )
then inclusion (2.7) has at least one w-periodic solution with u € §.

A local Lipchitz function V' (u): R™ — R is said to be regular, if for each u € R"
and v € R™, there exists the usual (right-sided) directional derivative of V' (u,v) at
u in the direction v

t —
V/(u,0)* = lim V(u+tv) — V(u)

t—0+ t ’

and V(u) admits a strict derivative at u, provided that for each v, the following
equation holds:

‘//\’(u,v) = lim sup Viy+to) - V(y)

t—0t y—u t ’

then V' (u,v)* = V/(u,v).
Now, we briefly introduce a chain rule for computing the time derivative of the

composed function V(u(t)) : [0,4+00) — R.

Lemma 2.8. (Chain Rule)[2, 3] Assume that V(u): R™ — R is C-regular and
u(t):[0,400) — R is absolutely continuous on any compact interval of [0,400).
Then, u(t) and V(u(t)) are differentiable for almost all t € [0, +00), and

w _ <Q(t), G“(‘l(t“> Volt) € aV (u(t)), (2.13)

where OV (u(t)) is the Clark generalized gradient of V' at u(t).

Lemma 2.9. [8] Let u(t) be a solution of system (2.2), which is defined on [0,T),T €
(0,+00]. Then, the function |u(t)|, is absolutely continuous and

%\u(tﬂ =0T () (t) = Zvi(t)u;(t), for a.a.t € [0,7),
with
vilt) = {Sign(ui(t)), if u;(t) #0,

arbitrary chosen in [—1, 1], if u;(t) =0.
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Lemma 2.10. (Positivity) Under the assumptions (H1)-(H4), suppose that every
positive initial value u(o) = (zo,yo) > 0 is continuous on t; — 7 < a < 400, then
the solution of system (2.2) satisfies u(t) > 0 fort € [t1, +00).

Proof. By applying the same method as Proposition 3.1 in [2], we can obtain the
conclusion of Lemma 2.10. The detailed proof for Lemma 2.10 is provided in Ap-
pendix A. 0

Lemma 2.11. All the solutions of system (2.2) with the positive initial condition
uy, = (x0,yo) are ultimately bounded.

Proof. From the first equation of system (2.9) and Eq.(2.1), under assumption (H1),
if z(t) > KM, then we have 1Mz, (t)g(z(t), K(t)) < 0, and
dx(t)
dt
Integrating both sides of Eq.(2.14) with respect to ¢ gives rise to

2(t) < K™ exp {— / t chfms,x(s))y(s)ds} ,

ty

< ="k p(t, () x(t)y(). (2.14)

where c“kfp(s,z(s))y(s) > 0, and t; is a positive number. By using assumption
(H2) and Lemma 2.10, we know that z(t) < K™ for t > t;, then x(t) is bounded
for all ¢ > 0.

Next, we prove that y(t) is ultimately bounded for ¢ € [t1,4+00). This discussion
will be divided into two cases below:

Case 1. If 2o < KM, then we have z(t) < K™ on t; — 7 < t < +00. By using the
assumption (H1), it easy to know that g(¢,z(¢)) > 0. By comparing the coefficients
of the non-autonomous system (2.9), then we have the following comparison system

W) o Mat)g (), K (1)) — FREp(t, 2(t))x(D)y (1),
ddtt (2.15)
% <k MM p(t, a(t — m)a(t — m)y(t — 1) — 4y(t).

By taking the right-hand side term of inequality (2.15) as the new two-dimensional
system, we can obtain a new delayed system

dzolhgt) =Mz (t)g(21(t), K(t) — cEkEp(t, 20 (1)) 21 () 22 (t),

dzd27t(t) = kMMM p(t, 20 (t — 7))21(t — T)2a(t — 7) — 6L 2(2).

Due to z1(t) > 0,22(t) > 0 for all ¢ € [t1,+00), by letting w(t) = laz1(t) + £122(t +
7), P kE =01, kMMM = (5, based on assumptions (H1)-(H4), there exist positive
constants K™ and g™ such that |2 (¢)| < K™, |g(21(t), K(t))] < ¢™. Taking the
derivative on both sides of the equality w(t) yields

w'(t) = lo2y () + l125(t + 7)

(2.16)

< =0l 2t + 1) + 1Mty () g(21(2), K ()

< =05 (Lrza(t + 7) + boz1 (1) + 6% lozy (1) + Lorl 21 (D) g(21 (1), K(t)  (2.17)
< —0w(t + 1) + £a6" 21 (1) + Lar 21 (H)g(21 (1), K (1))

< —0Lw(t) + L6 KM + forM M gM
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we can easily know that w'(t) < lod? KM + forM KM gM — 5Ly for all t > T.
Furthermore,

GSE KM 4t} KM gM o8P KM 4 by} KM M

tE)noow(t) < 5L :>€221(t)+£122(t+7') < oL .
(2.18)
Then by letting + =t + 7 > T, we know that
lorM KM gM

and consequently 21 (), z2(¢) are ultimately bounded.

Case 2. If zy > KM, where zg is a positive initial value, we prove that the y(t)
is bounded if zo > x(t) > KM. By using the assumption (H1), we know that
g(z(t), K(t)) < 0. A similar procedure to that of Case 1 can be used to prove Case
2, and we have

lorF KM gl

£16%

Then, from Egs.(2.15), (2.19) and (2.20), we know that z(t),y(t) are also ulti-
mately bounded for ¢ € [t;,+00), where ¢; = max{to,T}. Hence, the y(t) is
ultimately bounded, i.e., for any positive solution w(t) of model (2.2), there are

M y-M M
KM, brlzfgL ¢— and t; such that 0 < z(t) < max{x, KM},0 <

(1) < (2.20)

positive constants

M p-M
527‘1 K

y(t) < max{yo, TE’M} for t € [t1,+00), which completes the proof of Lemma
2.11. O

3. Main results.

3.1. Existence of the periodic solution.

Theorem 3.1. Suppose that assumptions (H1)-(H4) hold and that 7g* — &1 > 0,
then system (2.2) admits an w-period periodic solution.

Proof. Theorem 3.1 can be proved in three steps. Firstly, we know that the solution
u(t) = (x(t),y(t)) of system (2.2) is non-negative for all ¢ > 0, then we introduce
the change of variables

uy (t) = Infz(t)], ua(t) = Infy(t)] (3.1)
into the discontinuous system (2.2), and we have
duq (t
) ¢ 1y (D)gle®, K1) — bk (Dplr, e O)e O — ey (K[ (e O],
dujt( D b O b(E)p(t, €107t 0= )

(3.2)
where all functions satisfying assumptions (H1)-(H4). We know that us (t) = Inz(t) :
(0,00) = R, and us(t) = Iny(t) : (0,00) — R are absolutely continuous, then we
can say that z(t) = e¢“® and y(t) = e*>® are both absolutely continuous. In
order to prove the existence of w-periodic solution z(t),y(t) of system (2.7), the
existence of w-periodic solution u(t) = (uy(t),u2(t))? of system (3.2) needs to be
proved. Thus, in order to prove Theorem 3.1, we have to show that Eq.(2.7) has
one periodic solution of positive period w.
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Now, let us define

Co = {u(t) € C(R,R?) : u(t +w) = u(®)}, || u(t) ||, = Ztre%ix lug(t) |, (3.3)
then we know that C,, is a Banach space. Let f(t,u(t)) = (f1(t,u(t)), fa(t,u(t)))T
for u(t) = (z(t),y(t)) € C,, where

filt,u(t) = r1(D)g(e @, K () = etk (t)p(t, et )e> O — &1 (K[ ()],
Folt,ult)) = iy (De(Db(Ep(t, e ¢=7)er2t=n—waOur=7) _ 5(7)
(3.4)
Obviously, f(t,u(t)) : R x R? — Kv(R?) is a upper semi-continuous under assump-
tions (H1)-(H4). From Lemma 2.7, we need to find a bounded and open set Q
corresponding to the inclusion u'(t) € Af (¢, u(t)), A € (0, 1], that is

du(it(t) € Al (D)g(e™ D, K (1)) — c(t)ka (t)p(t, e+ )e2 ) — ey (8K [ha (¢ )],
Q20 Nk ()elr)pla)p(t, e =)= D) ()

(3.5)
Suppose that (uy(t),uz2(t))? is a periodic solution of the inclusion (3.5) with an
arbitrary w period and there exits a certain A € [0,1]. Due to the measurable
selection theorem (see[2]), we can find a function (uj(t),u2(t))? : [0, +00) — R?
such that v, (t) € K[hy(e®1®)], for almost everywhere ¢ € [0,T) and

dug (¢
Q) — b (gle®. K1) — )k (plt. 4 O)0 — & (O (1),
dua(t
U20) _ s (et e 47D 2D =0) )
(3.6)
Integrating (3.6) over the interval [0,w), 0 <1 (t) < sup () < 1 results in
Y1€EK(u(t))

w

| comon e e+ /

0

/ S(t)dt = / ki (t )p(t, et (=) eua(t=r)—ua(t) ur(t=7) g (3.8)

From Eqs.(2.7)-(2.8) and assumption (H4), we can obtain

/ | uh () | dt < / c(t)ky (t)p(t, e e dt + / e1(t)y1(t)dt + / r(t)gMdt
0 0 0 0

= QFQMW7

(O (t)dt = / ot e Oy(nar,  (37)

(3.9)
ub() [dt < | St + | ki(#)e(®)b(#)p(t, evr () eu2(t=T)—ua(t) gua (t=7) gy
| us(t) | (t) (t)c(t)b(t)p(t,
0 0 0

= 2/ §(t)dt = 28w.
0

(3.10)
By noting that u(t) = (u1(t),u2(t))T, there exist m;, (; € [0,w) such that

ui(m;) = tlelﬁ)ci] ui(t), ui(¢;) = tg[lgg] ui(t),i=1,2. (3.11)
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From Eq.(3.7), we have that [ c(t)k1(t)p(t, e"r®)e 2 dt < FgMw, which implies

rgM
From (3.10) and (3.12), we can derive that
w _ ?QM
0 ctpthy
It follows from (3.9) that
/ Ll (1) | dt < 27gM . (3.14)
0

Using assumptions (H1)-(H4) and differential mean value theorem, there exist con-
stants % and @ such that u(t — 7) — u(t) = —u/(h)7 and e=* M7 < o, Then from
(3.10), (3.7) and (3.6), we can obtain

w
/kl(t)c(t)b(t)p(t,e“l(t_T))6“2(’5_7)_“2(’5)6“1(t_T)dt
0

w " (3.15)
= / k1 (8)c(t)b(t)p(t, e (=)= T gu(t=T) gy < / 5(t)dt,
0 0
/ R A S (3.16)
0 P ki clbt’
there exists t — 7 = w1 € [0,w] such that
From (3.16) and (3.17), we have
@ )
t) < L) |dt <2rgMw 4+ In———F——. 3.18
w() <mlm)+ [0 @ <omto o @1s)
By recalling the definition of K[h;(e**®)] and the property of hy((e**(®)) in as-
sumption (H4), we can easily notice that 0 < v;1(f) < sup mt) <1

71 €EK[h1 (e*1(1)]
According to assumptions (H1)-(H4), we can derive from (3.5) that,

w w
rgtw < / c(t)key (t)p(t, e @2 dt 4 / e1(t)m (t)de,
0 0
Tglw < / c(t)key (t)p(t, e @)=t 4 / e1(t)dt
0 " 0 (3.19)
= 7glw —Fw < / c(t)hey (t)p(t, e ®)er2(dt,
0

w
Fgtw —Fiw < / ch{VIpMe“"’(t)dt = Tglw —Fiw < ch{V[pMe"Q(t)w,
0

which yields
— L —_
rgT —é1
>In———. 3.20
u2(C2) N T (3.20)

From (3.20) and (3.10), we have

w =L = _
us(t) = us(Co) — / | uh(t) | dt > Ino L o5y, (3.21)
0 cMEp
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Combining (3.13) and (3.21) leads to

Tgl — — M
M pM

By & max |uy(t) |< max{ In + 26w,

te[0,w]

+ 25w} : (3.22)
Similarly, using assumptions (H1)-(H4), we can obtain from (3.6) that

/ S(t)dt = / et (£)e()b(O)p(t, € (=) ) g2 (t=7) —ua (1) g (t=7) gy
0 0 (3.23)

:/ kl(t)c(t)b(t)p(t,em(t—f))e—u/(ﬁ)reul(t—T)dt’
0

Swg/ k{‘/[chMpMe*“/(h)Teul(t*T)dt:>3w</ @k{wabMpMeul(t*T)dt.
0 0

(3.24)
Therefore, there exists a positive number (; = ¢ — 7, and from (3.24) we can
derive that

0

u1 (1) 2 lnipkychMpM (3.25)
From (3.10) and (3.25), we have
@ i)
t) > - 1) |dt > In————— — 27gMw. 3.26
() > m(C) ~ [ 1) > e <ol (320
Combining (3.26) and (3.18) implies
s s M M
B = trer%gux] | wi(t) |< max lnpk{WchMpM ’ +27¢" w, lnpkachLbL + 2Fg w}
(3.27)
Consider the following model of inclusion
0 € 7g(e™) — chip(e™ )" —ETK[h1(e™)],
I / - (3.28)
0= Cklbp(eul(th))efu (h)‘reul(tfr) 7 5’
where Tg(e*t) = L [¥ rg(e“l(t))dt ckyp(e = 1 fo )p(t, e ®)et2dt,
Cklbp(eul(tfr)) % e*u/(h)Teul(t T) 1 fo kl( () () ( 77—) —u (h)-reul(tf'r)dt.

It is easy to notice that all solutlons of Eq.(3.28) are bounded. By denoting
B = By + By + Bs, each solution u = (uj,us)? € R? of Eq.(3.28) satisfies
| u1 | + | u2 |< B and the inequality

m——— |+ 27gMw, In— | + 27g™
max{ npk{wabM M‘—i— g W npkchprL + 2rg w}
?gL _ g (3.29)
1 _

Here By is sufficiently large. Let Q = (uq(t),ua(t))T € Cu :|| (ur(t),u2(t))? |, <
B. Then, it is easy to know that {2 is an open bounded compact set of C, and
u ¢ 02 for any A € (0,1]. The proof of Condition 1) of Lemma 2.7 is now complete.

In the second step, we need to prove that Condition 2) of Lemma 2.7 is satisfied.
Suppose that there exists a solution wu(t) of the inclusion (3.28), then u(t) is a
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constant vector with |u;| 4 |us| = B. That is,

1 [ T — ckip(e etz — 1 g1K[hq(e¥r)dt
0¢ ;/0 f(t,u)dt = go(u) = ( ate’ 1 }0 Cklsz))( eul)) —u (h)T 21(61,‘ T)[dt( 5) ] ) .
(3.30)

This leads to a contradiction to Eq.(3.28). This completes proof of Condition 2) of
Lemma 2.7.

In the third step, we need to prove that Condition 3) in Lemma 2.7 is satisfied.
Define the continuous homotopy map ¢ : 2N R? x [0,1] — C,:

ﬂmm%mz< wg§ )

on( T - L[5 ckip(e™)e™> + E1K[hy (e*)dt]
=0+ L [ kychp(e™)dt '

where h € [0,1] is a parameter. If u(t) = (uy(t),u2(t))? € 02N R2, then we know
that u = (u1,us) is a constant vector in R? with | uy | + | uz |= B. We will show
that when u € QN R%,0 ¢ (u1,u2)” & @(u,uz, h). If not , then there is a vector
u = (u1,u2)? ¢ p(uy,ug, h) with | uy | + | uz |= B, such that 0 € (uy,us,h), that
is

(3.31)

1 w___
06@()+Mm()+f/<%MW%“+§NMWﬂ&L
w Jo
e (3.32)
0= —g + h[—g —+ ; / cklbp(eul)6_“’(E)T€u1(t_7)dt],
0

Based on Eq.(3.29), we can obtain that

g — M — M
rnax{ IDWW’ =+ 27"9 w, lnm =+ 27”g w
=L =M
—|—max{ lnrj\gkiM + 26w, rg +25w} < B

It follows from (3.32) that | uy | + | u2 |< B which is a contradiction. Clearly, the

algebraic equatlon 1/1(u1, u2,0) = 0 has a unique solution u* = (zo, yo) (uf,uz)T
which satisfies rg = %f g(t, e ®)dt, eyp(er) = ifo k1 (t)e(t)p(em ™) dt,
Ep(em) =1 fo 1(t)p(t, e"l(t e “Z(t )= “"‘(t)]e“l(t_ﬂdt. Therefore, by ap-

plying the homotopy invariance and using the property of the topological degree,
we have

deg{go, 2N R",0} = deg{ip(u1,uz,1),2N R",0}

— ET
= deg{p(u1,us2,0), 2N R™, 0} = sign rg(i ) % ‘ =1+#0.

(3.33)

where deg.(-, -, -, ) is the topological degree, which is an upper semi-continuous set-

valued map (see [2]). Then, Condition 3) in Lemma 2.7 holds. This indicates that
all the conditions in Lemma 2.7 are satisfied. Hence, under assumptions (H1)-(H4),
if 7g — 27 > 0 holds, then system (2.2) has a periodic solution which is w period.
The proof of Theorem 3.1 is complete. O

Now, we are ready to state that system (2.2) has a unique w periodic solution
x(t), y(t), which is globally exponentially stable.
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3.2. Uniqueness and global exponential stability.

Theorem 3.2. Under the assumptions of Theorem 3.1, suppose that n[lax][r(t)pl—i—
tel0,,w

c(t)k1(t)p2 — e1(t) + c()b(t)k1(t)ps — I(t)] < 0, then system (2.2) admits a unique
w- pemodzc solution u(t) = (x(t),y(t)), which is globally exponentially stable, where

= (GMO -LgM)M = (M()Po — L — M()L) p3 = (M()L + MyPy + L), My =
maX{KM Bt xo.y0}, g™ = max [g(t,z(1)| and L = max [p(t,z(1))],
t€(0,,w] t€(0,,w]

where (xg,yo) s a positive initial value.

Proof. From the condition of Theorem 3.2, there exists a positive constant € > 0
such that

r(t)p1 + c(t)k1(t)p2 — e1(t) + c()b(t)k1(t)ps — 6(t)

e+ 5 <0. (3.34)
From Lemma 2.11, we know that there exist a constant
1% M M
My = max {KM % xo,yo} with a positive initial condition (z,yo) and

a t such that for all ¢ > t3, 0 < z*(¢),y*(¢),z(t),y(t) < Mp. From (2.9) and
assumptions (H1)-(H4), we know that |g(t,z(t))| < g™ and |p(t,z(t))| < L, where
7 (t) € colhi(t, x(t))],vi (t) € colh1(t,x*(t))], then we can obtain

&(t) — 2" (t)

=r®)g(zt), K®)z(t) = g(z" (t), K(1)z" ()] — c(t)k1 (1) [p(t, 2(2))y (D) (t)

—p(t, =" (0)y" )" ()] — er (D) (Dz(t) — 1 ()= (1))

=r(®)lg(xt), K@)z(t) — g™ (1), K(£)x(t) + g(2™ (1), K(8))x(t) — g(z” (), K ()2 ()]
— ek (Oy(O)[p(t, (1)) (t) — p(t, 2™ ()2 ()] — c(O)ka ()p(t, 2 (0)=" (D) [(y(t) — y" (1))]
— a1 () ®)z(t) — i (t)z"(t)]

— ek )y (B)[p(t, 27 (¢)

— ek (Op(t, 27 ()x" (O)[y(t) —y" ()] — er () (D) — (2" ()]

=r(®)g(xt), K@)x(t) — g™ (1), K(1)x(t) + g(x™ (1), K(8))x(t) — g(z” (1), K (t))z" ()]
— e[k (Oy (@) [p(t, x(t)) — p(t, 2™ (£))] — ek @y (O)p(t, ™ (1)) [2(t) — 2™ (1)]

— ek ()p(t, 2™ ()2" () [y(t) — y" ()] — ex(B) [ (D (t) — n (D" ()]

=r(t)z(t)g(xd), K(t) — g(z" (1), K(t)] + r(t)g(z” (t), K(£)[x(t) — =" (t)]

— ek ()y(O)z ) [p(t, 2(t)) — p(t, 2" (1)] — () ka Q)y@)p(t, =" (1)) [2(t) — 2 (¢)]

= c()ki(t)p(t, ™ (1)z" (O)[y(t) — y™ ()] — ex (D) (D) (t) — 71 (2" (¢)]

There also exist continuous functions 7, 75 such that g(z(
/

t
g' (12, K(t))(2(t) — 2*(1)) and p(t, (1)) — p(t,z*(t)) = p'(
ing assumptions (H1)-(H3). Then we have |¢'(72, K(t))| < G and [p'(t, 73] < Fo.
Accordingly, Eq.(3.35) can be rewritten as

)
B(t) — " () = [r(t)(g (72, K (1))a(t) + g(a(t), K(1)) — c(t)k

= [r(
+p(t, 2" (0))][a(t) — 27 (0)] = ek (O)p(t, 2" ()" (O)[(y(1) = y™(1)]
—ea1®)n@)z(t) =1 (B)z" ()]

[l
—
~~
% ~—
<
—~
~~
~—
—
=
~
—
~~
&
~—
8
o~
~—
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By using Lemmas 2.10 and 2.11 and assumption(H1)-(H3), we have

i (t) — @ (t) < [(r(t)(GMo + g™) + c(t)k1 () (MoPo — L)} (x(t) — (1))
— ek () LMo (y(t) —y™(t)) = ex()[m )z(t) — 71 ()2(t)
+ 1 (H)z(t) — 1 ()" (1)
<[(r(t)(GMo + g™) + c(t)k1 (1) (Mo Po — L) — ex (1)) (x(t) — 2*(t))
— (k1 ()Mo L(y(t) —y* () — ex()z (@) [y (t) — 7 (2)]

(3.36)
and
Y(t) — " (t) = c(b®) k1 (W) [p(t — 7, 2)y(t — T)a(t — 7)

—pt—7,a")y (t —7)z"(t — 7)) — o) [y(t) —y" (t)]
= c(t)b(t)k:l ®[pt — 71, 2)y(t — 1)zt — 1) — p(t — 7,2 )y(t — 7)z" (t — 7)
+pt—72 )yt — 1) (t —7) —p(t — 7,27 )y (¢t — 7))z (t — 7)]

5(t)[y( ) Yy (t)]
= c(®)b)kr()y(t — 7)[p(t — 7, 2)(t — 7) — p(t — 7,27)a" (t — 7)]
+e(®)b(®)k1 ()p(t — 7,27 )a" (¢ — T)[y(t — 7) =y (t = 7)]

—6(t)[y(t) —y" ()]

(3.37)

Furthermore, there exists a continuous function 74 such that p(¢,z(t — 7)) —
p(t,x*(t — 7)) = p'(t,7a)(x(t — 7) — 2*(t — 7)) by using assumptions (H1)-(H3).
Then we have |p’(¢,74)| < Py. Subsequently, Eq.(3.37) can be rewritten as

y(t) = g* (t) < cb()kr (t)(MoPo + L)[x(t — 7) — a™(t — 7)]

+e(®)b(t)ky () MoLly(t — ) — y*(t — 7)] = 6" [y(t) — y* (1))

There exists a t € [t; — 7, 400] (see[9]) such that

U(t) = 97 () < e(®)b()k (8) (Mo Po + L)[(t) — x" ()] + c(£)b(t)k1 () Mo L[y(t)) — y (¢)]

=85 (y(t) =y ().

(3.38)

(3.39)

Moreover, by letting x(t) = w1 (t), y(t) = ua(t), we can obtain

%lui(t) — ui ()] = Olui(t) — ui (O)] (i (t) — ™ (1)) = vi(t) (ua(t) —us™(£)), (3.40)

where

0 if wi(t) —ui(t) = () —i(t) =0,
vi(t) = ¢ sign(yi(t) =1 (t)) if ua(t) = uj(t) and 71 (t) # 71 (0), (3.41)
sign(us(t) — u(t))  if wi(t) # u’(2).

Obviously, it follows from (3.41) that
vi(t) (wi(t) = ui (1) = Jui(t) — ui ()], i =1, 2,01 () (3 (E) =71 () = [ () =1 ()]

Consider the Lyapunov function V'(¢) :

V(t) = [a(t) — 2" ()] + y(t) — y"(t)|e™". (3.43)
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Clearly, V (¢) is absolutely continuous. By virtue of Lemma 2.8, from (3.42)-
(3.46) we can determine the derivative of V' (¢) along the trajectory of (2.2) with the
initial condition «(0) = (x(0),y(0)) > 0.

T — oy (1) — & (0) 2 3(0) — 37 (0)) + elalt) — 2" (D" +<lylt) — " (D]

Sela(t) — a*()|e™ +ely(t) —y* (#)|e™ + [r()(GMo + g™)
+e(t)k1 () (MoPo — L) — e1(t) + c(t)b(t)kr (8) (Mo Py + L)) | (t) — 2 (1) ]e*"
+ [=e(Oki(t) Mo L + c(t)b(t)kr () Mo L — 6(1)][y(t) — y* (t)]e®
—e1(®)z(t)(n(t) — 77 (B)]e”"

< (e +7()(GMo + g™) + cl(t)ka (t) (Mo Py — L)
—e1(t) + c(O)b(t)k1 (t) (Mo Py + L))|(t) — 2" (t)|e*"

+ (e — (ki () MoL + c(t)b(t)k1 () Mo L — (1)) [y (t) — y* (1) ]e”".

Then it follows from (3.44) that

av(#)
dt

(3.44)

<[(2e + (r(t)(GMo + ™) + c(t)k1 (t) (Mo Py — L) — 1(t) — c(t)ka (t) M,

+ c(t)b(t)k1 (t) (Mo Py + L) + c(t)b(t)k1 (t) Mo L — ()] Moe.
(3.45)
Accordingly, when ¢ > to, there exists a positive constant € > 0 such that

V() _ [, O+ ek (2 = e1(t) + (b1 ()ps = 6(2)]
At = 2

Mert <0

holds, where My = max{K™, for K¥g™ 20,90}, p1 = (GMo+gM), pa = (Mo Py —

£0L
L — MyL),ps = (MoL + MoPy + L).
Hence, system (2.2) admits a unique w-periodic solution u(t) = (x(t), y(t)), which
is globally exponentially stable. This completes the proof Theorem 3.2. O

Remark 1. In system (2.2), the function g(x(¢), K(t)) is the net growth rate of the

prey, for instance, the logistic growth with g(x(t), K(t)) = r(t)(1 — w((t))) which sat-

isfies all the conditions. p(t,z(t)) is the so-called predator functional response, and
Condition 2 includes the commonly used functional response ([43, 34, 2]), namely

Holling T type with p(¢,x(¢)) = m(t)z(t), Holling II type with p(¢, z(t)) = ;'(Lt()?_i((tt)),

Holling III type with p(t, z(t)) = %, Ivlev type with p(t, 2(t)) = a(t)x(t)(1—

e~ A®21)) Monod-Haldane type with p(t, z(t)) = m, Holling IV type

with p(t, z(t)) = %, and some other equivalent forms (see[34]). From the
point of view of biology, we only restrict our attention to system (2.2) in Ro.
For system (2.2), a global bifurcation and the existence uniqueness and the non-
existence of limit cycles in certain ranges of parameters for the general predator-prey

system were studied in the absence of the impulsive harvesting [43].

3.3. Global convergence.

Theorem 3.3. Under the assumptions of Theorem 3.2, any harvesting solution
(u(t),v1(t)) is globally convergent to the harvesting equilibrium point (u*(t), v (t))
N measure.
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Proof. Firstly, it is assumed that the positive harvesting equilibrium point of sys-
tem(2.2) is denoted by (u*(t),~;(t)) € R%. By differentiating the Lyapunov func-
tion, we have

=y (&(t) — 2*(t)) + v2 (9(t) — y*(1)) + ela(t) — a*(t)[e*" + ely(t) — y*(t)]e™
<elz(t) - ( et +ely(t) — y*(1)|e=" + e + r()(GMo + ¢™)

+ c(t)ka (1) (Mo Po — L) — ex(t) + c(t)b(t)k1 (£) (Mo Po + L)][ax(t) — ™ (t)]e
+[e = (ki (t) Mo L + c(t)b(t)kr () Mo L — 8(1)]|y(t)) — " (£)]e”
—e1(Oz()m(t) =71 (1)]e < —e7 Moln(t) =77 (t)]e,

(3.46)
where ¢ = ef Myest > 0.
Integrating both sides of inequality(3.46) with respect to ¢ yields
V() - < / 1 (5) = i s)]ds. (3.47)

Clearly, V (t) is monotonically non-increasing. Then there exists a limit number
Ny such that , ligl V(t) = Ny. Subsequently we have V' (u(t)) — Ny > 0 and
— 400

+o00
%(V(t)—V(T)) > /T I (s) — 75 (s)|ds. (3.48)

For any € > 0, by letting E. = {t € [T, 400)|n(t) — v ()] > €} < &, (see[2]), we
can obtain

1 o e

FVO-vVE)E [ e =i@s> [ o i > (e
(3.49)

From p(E.) < +o00, we know that Ve > 0, u{t € [T, +00) }|71(t)—~F (t)] < e} = +o0,

ie., for t — 400, 747(t) € R is an almost classification point of ~1(t). By using

Proposition 2 in [23], it is easy to see solution (u(t),~1(t)) of system (2.2) converges

to equilibrium point (u*(t),~v7(¢)) in measure, as t — 400, that is, utilng v =i

This completes the proof of Theorem 3.3. O
Theorem 3.4. Under the conditions of Theorem 3.3, any solution (z(t),y(t)) o

t
the predator-prey system (2.2) converges to equilibrium point (z*(t),y*(t)) in ﬁmte
time.

Proof. If h(*=(t)) — 91 <0 < h(z*"(t)) — 7. Let h™(z*(t)) =7 (t) = h(z"~ (1)),
h*(z*(8) =7 (8) = h(z** (1)), A = min{h™* (z*(t)), ™ (2*(t))}, and
H(a( (t) =

t) = ha(u(t) + %) =1 (1), u(t) = 2(t) — 2" (1), (3.50)

Obviously, H(z1(t)) is compact continuous interval in [0,00) except on a count-
able set of isolate points {pr}, and F(t) = 11 (t) — 77 (t) € Klhi(z(t))]. It is clear
that A > 0 by assumption (H4). Because hm _H(p) = H(07) < —A, and

lim+ H(p) = H(0") > A, there exists a sufﬁ(nently small positive constant € such
—+0

that |H(z1(¢))] > A and VO < |u(z)| < e. Since the positive equilibrium point
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(z(t),y(t)) of system(2.2) globally asymptotically converges to (z*(t),y*(t)), there
exists a positive number 7, > 0 such that

[u(B)] = [x(t) —2* ()] <&, (3.51)

from (3.50) yields || 7(¢) ||= |71(t) — 5 (t)] = A. For Eq.(3.47), there exists a
positive number T**, such that

V) ey — vl < —ca. (3.52)
Integrating both sides of inequality (3.52) with respect to t leads to
V(u(t),t) <V (u(T™), T) = CAE = T™). (3.53)
Combing (3.43) and (3.53) yields
Mu(®)] < V(u(T™), T™) = CA(t = T™). (3.54)

There exists a positive number T* such that ¢t > T* = T** 4 %A)T“) Then
we have

Mlz(t) — 2" (t)] = M|p@)| = [V (u(t))] < 0. (3.55)
from the conditions of Eq.(3.43), we have x(t) = 2*(¢t) and y(t) = y*(¢) for ¢t > T*.
This completes the proof of Theorem 3.4. O

4. Numerical simulations. This section gives numerical simulation results to
demonstrate the theoretical results obtained in Section 3. Four specific biological
models will be compared to show the correctness of the theoretical results developed
in Section 4.

Example 4.1. Holling I type. Let g(¢,z(t)) = (1 — 0.2sin(%)) — (1 — 0.5cos(§))z(t),
r(t) =1, p(t,z(t)) = x(t)(1 — 0.1sin(§)), ki(t)e(t)b(t) = 2(1 — 0.1cos($)), o(t) =
1 — 0.1sin(%). Consider the non-autonomous predator-prey Holling I type model

with disconﬁ‘;cinuous harvesting policy:
da(t) ot t
TR z(t)(1 — O.QSm(é)) —(1- 0.5cos(6))x(t)x(t)
—a(t)(1 - 0.1sin(%))y(t) — 0.3k (2(8))2(0), (4.1)
d@(’T(tt) —2(1 - O.lcos(é))y(t )t —1)— (1 — 0.1sin(é))y(t)

0 if 0 < a(t) <0.83,
1 if z(t) > 0.83,

Fig.1 and Fig.2 show the numerical simulation results for the non-autonomous
and the corresponding Holling I type system (4.1). Fig.1 demonstrates the peri-
odic solution of the non-autonomous Holling I type system with discontinuous prey
control strategy, while Fig.2 displays that the solution converging to an equilib-
rium for the corresponding autonomous Holling I type system whose coefficients
are constant.

where hy(x(t)) =

Example 4.2. Holling IT type. Let g(¢,2(t)) = 1.3 —0.2sin(

t, ) )—(1.3—0.2sin(%))
z(t), r = 1, p(t,z(t)) = (0.2 — 0.1cos(é))x(t)/(1 + 0.1cos(é))

(t), ki(t)c(t)b(t) =

5 ol
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2 —0.1cos(£), 6(t) = 1 — 0.1sin(£), the Holling II type system (2.2) is given as:

dz(t) x(t)(1.3 — 0.2sin( )

dt ) —
((¢)(0.2 — 0.1cos(¥))
(1+0. 1cos( ) 5(15) — 0.2hy ((t))2(t), (4.2)

dy(t) _ ((2—0.1cos(g))y(t — Da(t — 1))
de (14 0.1cos(&)(z(t — 1))
0 if 0 < x(t) <0.61,
1 if z(t) > 0.61,
Fig.3 shows the periodic solution of the non-autonomous Holling IT type system
(4.2) under discontinuous prey control strategy. While for the corresponding au-
tonomous Holling II type system (4.2), Fig.4 displays the trajectory converging to

an equilibrium for the system under the condition that the coefficients of the Holling
IT type system (4.2) are constant.

Example 4.3. Holling III type. Let g(t, 2(t)) = (1—0.2sin(&))—(1.3—0.1sin(
z(t), r(t) = 1, p(t, 2(t)) = ((0.2—0.1cos(g))x(t))/(1+0.2cos(g)x(t ) (1)), k1 (t)c(t)b(t
3 —0.2cos(%), 0(t) =1 — 0.1sin(%), the Holling III type equation (2.2) is given by

de(t) ot ot
T z(t)(1 — 0.25111(6)) — (1.3 — 0.1sm(6))x(t)x(t)

((t)(0.2 — 0.1cos(5))y(t))

T 1+ 02cos(Da(a() @), (4.3)

dy(t) _ (3 = 0.2cos(5))y(t — 1z (t — 1))
dt (14 0.2cos(§)(x(t — L)x(t — 1))

0 if 0 < a(t) <0.27,

1 if z(t) = 0.27.

Similarly, Fig.5 and Fig.6 show the periodic solution of the non-autonomous

Holling III type system (4.3) and the trajectory converging to the equilibrium of
the corresponding autonomous Holling III type system with constant coefficients,
respectively.
Example 4.4. Holling Ivlev type. Let g(t,z(t)) = (1 — 0.1sin(%)) — (0.6 —
0. lbin(t))QC(t), r(t) =1, p(t,z(t)) = ( )(0.6 — 0.1cos())(1 — exp(—0.8x(t)), d(t) =
1—0.1sin(%),k1 (t)c(t)b(t) = 2—0.1cos(%),the Holling Ivlev type Eq.(2.2) is expressed
as

(1.3 — O.QSin(é))x(t)x(t)
y(t))
)

/\Qﬂ\

—(1— O.ISin(é))y(t),

where hy(x(t)) =

§))
)

—(1- 0.1Sin(é))y(t)a

where hq(x(t)) =

dz(t) .t .t
el (1- 0.151n(§))x(t) — (0.6 — 0.181n(§))x(t)x(t)
—x(t)(0.6 — 0.1005(%))y(t)(1 — exp(—0.8x(t))) — 0.3hq (z(t))x(t),
dg(/lgt) —a(t—1)(2— 0.1cos(§))y(t —1)(1 — exp(—0.8z(t — 1))
— (1= 0.1sin())y(0),

0 if 0<a(t) <0.73,

where hy(2(t)) = { 1 if 2(t) > 0.73.
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FIGURE 1. Periodic solution of Holling I type non-autonomous system; (a) phase
portraits of the state variables z(¢t) and y(t), (b) trajectory in three-dimensional
space, and (c) trajectories of the state variables z(t) and y(t) with time.
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Ficure 2. The trajectory converging to an equilibrium of the corresponding
Holling I type autonomous system; (a) phase portrait of the state variables
z(t) and y(t), (b) trajectory of the state in three-dimensional space, and (c)
trajectories of the variables x(t) and y(¢) with time.
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Ficure 3. Periodic solution of Holling II type non-autonomous system; (a)
phase portraits of the state variables z(t) and y(t), (b) trajectory in three-
dimensional space, and (c) trajectories of the state variables z(¢) and y(¢) with
time.
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Ficure 4. The trajectory converging to an equilibrium of the corresponding
Holling II type autonomous system; (a) phase portrait of the state variables z(t)
and y(t), (b) trajectory of the state in three-dimensional space, (c) trajectories
of the variables z(t) and y(t) with time.
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FicURE 5. Periodic solution of Holling III type non-autonomous system; (a)
phase portraits of the state variables x(t) and y(¢t), (b) trajectory of the state
in three-dimensional space, and (c) trajectories of the state variables z(t) and
y(t) with time.
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Ficure 6. The trajectory converging to an equilibrium of the corresponding
Holling III type autonomous system; (a) phase portrait of the state variables
z(t) and y(¢). (b) trajectory of the state in three-dimensional space, and (c)
trajectories of the variables x(t) and y(¢) with time.
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FIGURE 7. Periodic solution of Ivlev type non-autonomous system; (a) phase
portraits of the state variables x(t) and y(t), (b)trajectory in three-dimensional
space, and (c) trajectories of the state variables z(t) and y(t) with time.
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Ficure 8. The trajectory converging to an equilibrium of the corresponding
Ivlev type autonomous system; (a) phase portrait of the state variables z(t) and
y(t), (b) trajectory of the state in three-dimensional space, and (c) trajectories
of the variables z(t) and y(t) with time.
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Fig.7 and Fig.8 demonstrate the numerical simulation results for the periodic
solution of the non-autonomous Holling Ivlev type system under discontinuous con-
trol strategy and for the equilibrium of the corresponding autonomous Holling Ivlev
type systems with constant coefficients, respectively.

By analyzing Examples 4.1-4.4, we can easily know that the conditions of The-
orems 3.1-3.4 are all satisfied. Thus, the non-autonomous predator-prey systems
have a unique globally asymptotically stable w-periodic solution. The numerical
simulation results shown in Fig.1 for Holling I type system (4.1), Fig.3 for Holling
IT type system (4.2), Fig.5 for Holling III type system (4.3), and Fig.7 for Holling
Ivlev type system (4.4) demonstrate that there is a unique globally exponentially
stable w-periodic solution of the non-autonomous delayed models with discontinu-
ous prey control strategy. The numerical results are in excellent agreement with the
theoretical results of Theorems 3.1-3.4. While for the corresponding autonomous
predator-prey models, periodic solutions do not exist in the systems but an equilib-
rium under the selected parameter regions. The existence of the globally exponen-
tially stable periodic solution is preferred to maintain the sustainable development
of the ecosystem.

5. Summary and discussion. Under the condition of the predator-prey system
with ecological sustainability, when the number of prey is above a certain level, we
should remove some preys. In real world, given the fact that an excess of preys
cannot be discovered in time, then we should consider the delay effects occurring
in taking actions to remove a certain number of preys. Based on the previous
literature on discontinuous harvesting control strategy, we proved the positiveness
and boundedness of the solutions of the general delayed model with discontinuous
prey harvesting control strategy. By using the degree theory, set-valued mapping
and differential inclusion theory, we analyzed the periodic solutions of the general
non-autonomous system. More interestingly, both theoretical and numerical results
demonstrated that Example 4.1 (Holling I type), Example 4.2 (Holling II type),
Example 4.3 (Holling IIT type), and Example 4.4 (Holling Ivlev type) all exist a
periodic solution under discontinuous control strategy. The periodic solutions of
the models were found to be exponentially asymptotically stable. The periodic
solution can well maintain the sustainable development of the ecosystem.
Compared with the existing studies in the literature, system (2.2) is more gen-
eral and considers the delay effects in harvesting preys. The discontinuous har-
vesting control strategy is simple and easy to be implemented in real world appli-
cations. It is worth pointing out that our research results on the corresponding
autonomous systems have been obtained before, but few studies were focused on
the non-autonomous delayed predator-prey model. In this paper, the classical au-
tonomous ordinary differential theory could not be applied to perform the qualita-
tive analysis of the general delayed predator-prey model (such as equilibrium point
analysis and sliding bifurcation analysis). This will be our future research topics.

Acknowledgments. The authors would like to express sincere thanks to the anony-
mous reviewers for their valuable comments and suggestions.

Appendix A. Proof of Lemma 2.10. From the definition of the solution for sys-
tem(2.2), u(t) is a solution of differential inclusion (2.7). Clearly, under Condition
(H4), we know that éolh1(0)] = 0, and hq(x(t)) is continuous at u(t) = 0. Due to
the continuity of hq at u(t) = 0, there are positive constants D, and Dy such that
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when | z(t) |< Dy, | y(t) |< Daq, x(t) and y(t) are continuous, and the inclusion
(2.7) becomes the dynamic system:

% = 2(O)[r()g(t, x(t)) — cO)p(t, z(8))y(t) — ex(n (t, ()],

S O (eIt — )t — Tyl —)y(t) " — (1)

Hence, u(t) > 0 for all t € [0,+00). If not, we let ¢ = inf{t | z(¢) = 0},

t5 = inf{t | y(t) = 0}, then ¢ > 0(¢ = 1,2) and z(¢;) = 0, y(¢t3) = 0. From

the continuity of x(t),y(t) on [0,4+00), there is a positive constant d; such that

tf —0; >0and 0 < z(t) < D1, 0 < y(t) < Dy for t € [t} —;,t))i = 1,2. Next, by

multiplying both sides of Eq.(5.1) by ﬁ, ﬁ for all t € [t —;, ) and integrating
with the interval ¢ € [t] — d;,t}), we have

3

(5.1)

£

ftf,él [r(s)g(s,2(s))—c(s)p(s,z(s))y(s)—e1(s)ha(s,z(s))]ds

0==x(t]) =z(t] —d1)e >0,
t; s)c(s S 8,8—T)x(S—T S—T S -l S S
0=y(ts) = y(t; — 52)ef’5*52[k1( )e(8)b(s)p(s,s—7)z(s—7)y(s—7)y(s) " —d(s)]d >0,
(5.2)

which is a contradiction to the previous assumption. Hence, u(t) = (x(t),y(t)) >0
for all ¢t € [0,T) and T — oo, which completes the proof of Lemma 2.10.
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