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Abstract

In this study, we consider a biological resource management predator-prey model
with impulsive releasing and harvesting at different moments. First, we prove that all
solutions of the investigated system are uniformly ultimately bounded. Second, the
conditions of the globally asymptotic stability predator-extinction boundary periodic
solution are obtained. Third, the permanence condition of the investigated system is
also obtained. Finally, the numerical simulation verifies our results. These results
provide reliable tactic basis for the biological resource management in practice.

Keywords: predator-prey model, impulsive releasing, impulsive harvesting, extinction,
permanence

1 Introduction

Biological resources are renewable resources. Economic and biological aspects of
renewable resources management have been considered by Clark [1]. In recent years,
the optimal management of renewable resources, which has direct relationship to sus-
tainable development, has been studied extensively by many authors [2-4]. Especially,
the predator-prey models with harvesting (or dispersal and competition) are investi-
gated by many articles [5-8]. In general, the exploitation of population should be deter-
mined by the economic and biological value of the population. It is the purpose of this
article to analyze the exploitation of the predator-prey model with impulsive releasing
and harvesting at different moments.

Impulsive delay differential equations are suitable for the mathematical simulation
of the evolutionary process. The application of impulsive delay differential equations
to population dynamics is an interesting topic since it is reasonable and correct in
modelling the evolution of population, such as pest management [9]. Moreover,
impulsive delay differential equations are used in various fields of applied sciences
too, for example physics, ecology, pest control and so on. According to the nature
of biological resource management, Jiao et al. [10] introduced the stocking on prey
at fixed moments, and considering the following impulsive delay differential equa-

tion
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A0 =xi0a—bn ()~ ° ’Zfl‘gt) 65 (1),

xo(t) = rx3(t) — re "Tas(t — 1) — wap(£), t #nrt,

(1) = 1 — 1) + 1"13’;52) x5(t) = dss (£) — Exs (1) — da (1), .
Axi(t) = p,

Axy(t)=0,¢ t=nt, n=1,2,..

AX3(I) =0,

(@1(£), 92(¢), 93(¢)) € Cr = C (|11, 0, R?), :(0) >0, i=1,2,3.

The biological meanings of the parameters in (1.1) can be seen in [10]. Jiao and
Chen [10] consider the mature predator population is harvested continuously. In fact,
the population with economic value are harvested discontinuously. It will be arisen at
fixed moments or state-dependent moments, that is to say, the releasing population
and harvesting population should be occurred at differential moments in [10]. In this
article, in order to model the fact of the biological resource management, we investi-
gate a differential equation with two impulses for the biological resource management.

2 The model
It is well known that the basic Lotka-Volterra predator-prey model can be written as
dxq (¢
{0 (0 — an — b)),
dxd‘(t) 2.1)
;t = x2(6)(—d + cx1 (1)),

where x;(f) and x,(¢) are densities of the prey population and the predator popula-
tion, respectively, r >0 is the intrinsic growth rate of prey, a >0 is the coefficient of
intraspecific competition, b >0 is the per-capita rate of predation of the predator, d >0
is the death rate of predator, ¢ >0 denotes the product of the per-capita rate of preda-
tion and the rate of conversing prey into predator. If rc < ad is satisfied, the predator
x5(¢) will go extinct and the prey will tend to r/a, that is to say, system (2.1) has
boundary equilibrium r/a, 0). If rc > ad is satisfied, system (2.1) has globally asymptoti-
cally stable unique positive equilibrium (d/c, rc - ad/cb).

System (2.1) is an organic growth model, that is to say, there is no intervention manage-
ment on system (2.1). Obviously, the dynamical behaviors of system (2.1) is very simple.
As a matter of fact, the mankind more and more devote themselves to investigate and
empolder the ecosystem with the development of society. Bases on the ideology, we
develop (2.1) by introducing releasing the prey and harvesting the predator and prey at dif-
ferent fixed moments, that is, we consider the following impulsive differential equation

S _ 1) = vx(0)) - Bxo(0),
ddtt t4(n+Dr, t#(n+1)r,
z(t) = kBx(0)y(t) — dy(t),

Ax(t) = —p1x(t), (2.2)
Ay(t) = —pay(t),
Ax(t) = p,
Ay(t) =0,

} t=(n+Dr, n=1,2,..

} t=(n+1Dz, n=12,..
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where x(¢) denotes the density of the predator population at time £. y(£) denotes the
density of the prey population Y at time £ a >0 denotes the intrinsic growth rate of
the prey population X. b >0 denotes the coefficient of the intraspecific competition in
prey population X. f >0 denotes the per-capita rate predation of the predator popula-
tion Y. k >0 denotes product of the per-capita rate and the rate of conversing prey
population X into predator population Y. d >0 denotes the death rate of the predator
population Y. 0 < g7 <1 denotes the harvesting rate of prey population X at ¢ = (n +
Dt,nme Z". 0 < py <1 denotes the harvesting rate of predator population Y at ¢ = (n +
D, ne Z'. u >0 denotes the released amount of prey population X at ¢t = (n + 1)1, n
e Z'. Ax(t) = x(¢t") - x(t), where x(¢t") represents the density of prey population X
immediately after the impulsive releasing (or harvesting) at time ¢, while x(¢) represents
the density of prey population X before the impulsive releasing (or harvesting) at time
t. Ay(t) = y(¢%) - y(t), where y(¢t") represents the density of predator population Y
immediately after the impulsive harvesting at time ¢, while y(¢) represents the density
of predator population Y before the impulsive harvesting at time ¢. 0 < / <1, and
denotes the period of impulsive effect.

3 The lemmas
Before discussing main results, we will give some definitions, notations and lemmas.
Let R, = [0, =), R2 = {z € R? : z > 0}. Denote f = (fi, f2) the map defined by the right
hand of system (2.2). Let V : R, x R? — R,, then V is said to belong to class V, if

(i) V is continuous in (nt,(n+10)t] x R? and ((n+1)7, (n+ 1)t] x R% for each
lim ) (o) V(8 2) = V(ntt, 2), lim,)) (nev) V(8 2) = V(ntt, 2) and
lim([,z)_)((ml)ﬁ,z)\/(t, z) = V((n+1)t*,z) exists.

(i) V is locally Lipschitzian in z.

Definition 3.1. V e V,, then for (tz)e€ (nt,(n+0)r]xR?> and
((n+Dz, (n+ 1)7] x R? the upper right derivative of V(¢, z) with respect to the impul-

sive differential system (2.2) is defined as
1
D'V (t,z) = }llirr(l) sup [V(t+h z+hf(t,z)) — V(tz)]

The solution of system (2.2), denote by z(£) = (x(¢), y(£))7, is a piecewise continuous
function z:R, - R% z(¢) is continuous on (nt,(n+[l)t] x R? and
(n+Dt,(n+1)t] x R¥(n € Z,,0 <1< 1). Obviously, the global existence and unique-
ness of solutions of (2.2) is guaranteed by the smoothness properties of f, which
denotes the mapping defined by right-side of system (2.2) (see Lakshmikantham [4]).

Before we have the main results. We need give some lemmas which will be used in
the next. Since (dx(t)/d¢ = 0) whenever x(¢) = 0, dy(t)/dt = 0 whenever y(¢) = 0, t = nz,
x(nt") = (1 - py)x(nz), y(nr") = (1 - uy)y(nr), and ¢ = (n + Dz, x((n + D7) = 2((n + D7) +
U, 4 = 0. We can easily have

Lemma 3.2. Suppose z(f) is a solution of system (2.2) with z(0") > 0, then z(¢) > 0 for
t > 0. and further z(¢) >0 ¢ > 0 for z(0") >0.

Now, we show that all solutions of (2.3) are uniformly ultimately bounded.

Lemma 3.3. There exists a constant M >0 such that x(¢£) < M, y(¢) < M for each
solution (x(z), y(2)) of (2.2) with all ¢ large enough.
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Proof. Define V(t) = kx(£) + y(t). When ¢ = nt and ¢t # (n + [)t, we have

D*V(t) +dV(t) = kl(a + d)x(t) — bx*(t)]
k(a+d)]2 . k(a+d)® _

= kb0 =y, 4b

Mo,

where My = k(a + d)*/4b. When t = nz, V(nt") = kx(nt*) + y(nt*) = (1 - uy)kx(nr) +
(1-pz)y(n7) < kx(nt) + y(nr) = Vinr). When t = (n + l)r, V(n + D)7*) = kx((n + D7*) +
((n+ D7) = kx((n + Do)+p + y((n + D7) = V((n + D7) + p. From ([[6], Lemma 2.2, p.
23]), for t € (nz, (n + )7] and ((n + )7, (n + 1)7], we have

M efd(tft) efdr
—d 0 —d
V(t) < V(0)e % + d(l—e T)+,u1_edt+,uedt_1
Mo edt .
— + , ast— oo.
d THer g

So V(t) is uniformly ultimately bounded. Hence, by the definition of V(t), there exists
a constant M >0 such that x(t) < M, y(t) < M for t large enough. The proof is
complete.

If ¥(t) = 0, we obtain the subsystem of system (2.2)

T a0, Ay e

Ax(t") = —pax(t), t=(n+Dt, neZ*, (3.1)
Ax(tT)=p, t= (n+1)r, neZ",

x(0") =x(0) > 0.

It is easy to solve the first equation of system (3.1) between pulses

ae®=")x(nt*)

_Ja+b[edt=n7) — 1] x(nt+)’
x(t) - aea(tf(ml)r)x((n + Z)T+)
a+b[edt=(mD) — 1] x ((n+1)7+)’

te(nt,(n+1)7],
(3.2)
te((n+Dr,(n+1)7].

By considering the last two equations of system (3.1), we obtain the following strobo-
scopic map of system (3.1):

(1 — p1)ae™ x(nt*)

x((n+1)77) = a+bed[1 + (1 — pp)(e?0-D7 — 1)] x(nt+) NS

(3.3)

Taking A = (1 - py)ae™ >0 and B = be™™ [1 + (1 - py) (e**D7 - 1)] >0, we can rewrite

(3.3) as
Ax (nt*)
1)) = . 3.4
X((n+ 1)r7) a+Bx(nt+)+H (34)
Referring to [11], we can easily prove that (3.4) has unique positive fixed point
(A+/LB—61)+\/(A+/,LB—61)2+4,LLQB (3.5)
X = , ’

2B

which can be easily proved to be globally asymptotically stable.
Then, we can derive the following lemma:
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Lemma 3.4. System (3.1) has a positive periodic solution xf(vt) For every solution x(f)
of system (3.1), we have x(t) — g{) as t — oo, where
aea(tfn‘r)x*
a+b[ealt=nt) — 1] x*’

(1 — u1)ae =yt
a+b [(e“’f —1)+(1—p1) (ea(tfnr) _ eglr)] o

te (nt, (n+Dt],

) - (3.6)

te((n+Dz, (n+ )],

4 The dynamics
In this article, we will prove that the predator-extinction periodic solution is globally
asymptotically stable and system (2.2) is permanent.

4.1 The extinction
From above discussion, we know that (2.2) has a predator-extinction periodic solution
(x/(vt), 0)- Then we have following theorem.

Theorem 4.1. If

alt __ * _ at _ palt ),k
ln1 ! >ar—2[ln (1+ ble 1)x )+ln (1+ b(1 = ) e )x )], (4.1)
— M

a a+b(edt —1)

and

m o [m (1 G ”"”) +In (1 5 O (e - e““)x*)] —dr,  (42)

1—wur b a a+b(edr —1)

hold, then predator-extinction periodic solution (g{), 0) of (2.2) is globally asympto-
tically stable. Where x* is defined as (3.5):
Proof. First, we prove the local stability. Define x, (t) = x(t) — xf(\{), y(t) = y(t), we

have the following linearly similar system of system (2.2):

dx (t) ~ ~
¢ _ (a—2bx(t) —Bx(t) x1(t)
dy%t) 0 —d XONA
dt
It is easy to obtain the fundamental solution matrix

_ (ep(fh(a—2bx(s))ds)  x
o) = (P ()

There is no need to calculate the exact form of (*) as it is not required in the follow-
ing analysis. The linearization of the third and fourth equations of (2.2) is

G- (3 ) (i)

The linearization of the fifth and sixth equations of (2.2) is

Gl i) - G (i)
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The stability of the periodic solution (;;(Vt), 0) is determined by the eigenvalues of

M= (1—0M1 1_0M2> (é?) (1),

which are
A= (1= pa)exp(—dr) < 1A = (1 — p1) exp (/Or(a - 2bﬂs’))ds> ,

According to the Floquet theory [6], if | 4, |<1, i.e. (4.1) holds, then (xf(vt),o) is
locally stable.
The following study is to prove the global attraction, choose ¢ >0 such that

T

p=(1— ) exp /[k,s(ft)w)—d] de] <1, (4.3)

0

From the first equation of (2.2), we notice that dx(¢)/d¢ < x(¢)(a - bx(t)), so we con-
sider following impulsive differential equation

dZ(tt) =z(t)(a—0bz(t)), t<(n+Dr, t#¥(n+ 1)z,

Az(t) = —p1z(t), t=(n+Dt, (4.4)
Az(t)=p, t= (n+1)7,
z(0%) =z(0%),

From Lemma 3.4 and comparison theorem of impulsive equation (see [[6], Theorem

3.1.1]), we have x(t) < z(t) and z(t) — Z(A{) as t — oo, that is
x(t) < z(t) < x(t) + &, (4.5)

for all ¢ large enough, for convenience, we may assume (4.2) hold for all £ > 0. From
(2.2) and (4.5), we get.

dﬁ(tt) < (kB(x(t) + &) —d)y(t), t#(n+D1, t#(n+ 1)1,

Ay(t) = —pay(t), t=(m+Dt, n=1,2,..
Ay(t')=0, t=mn+1D1,n=12,..

(4.6)

(n+l+1

Soy((m + 1+ 1)t") < y((n + D)1 - o) exp [f(mm)t(kﬂ(ag(\;) +e)— d)ds], hence y((n

+ 0)7") < y(iz") p” and y((n + I)t7) > 0 as n —> oo. Since 0 < y(¢) < y((n + D)1 - py)

aeTx* ; a(1—pug)e x*
2 a+b(etT—1)x ¥ qub (et —1)+etm —ealt ) |x*

(1-Dz for (n + D)t < t < (n + [ + 1)z, therefore y(t) - 0
as [ —» oo,

Next we prove that x(t) — xf(vt) as t — oo, For ¢ >0, there must exist a £, >0 such
that 0 < y(¢) < ¢ for all ¢ > £,. Without loss of generality, we assume that 0 < y(¢) < ¢

for all £ > 0, then, for the first equation of system (2.2), we have

x(t)[(a — Be) — bx(t)] < d);(tt) < x(t)(a — bx(t)), (4.7)
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then, we have z,(¢) < x(¢) < 2z5(£), and z,(t) — xf(vt), z(t) — xf(\{), as t — oo, While z;

(t) and z,(t) are the solutions of

dz(llt(t) =zi(t)[(a— Be) — bz (t)], t#(n+Dr, t#(n+1)7,

Az (") = —1z1(t), t=(n+1D)z, 8)
Azy(t)=p, t=(n+1)t,

z1(0%) =x(0"),

and

dzczlft) =z()[a—bz(t)], t#(m+Dr, t+(n+1)r,
Az (t7) = —paza(t), t=(n+1D)r, @9)
Az(t)=p, t=(n+1)T,

2(07) =1(0"),

respectively. And

(a— ﬁg)e(a*ﬂ‘f)(f*m)z*{
(a— Be) + bela—pe)t=nt) — 1] z%”
(1 — u1)(a — Be)elaro) Tz
(a—Be) + b[(e(a—b'ejlr —1)+(1 =) (e(a—ﬁe](t—nr) _ e(a—b’s)lr)]ZT'

te (nt, (n+D)r],

21 (1) =

(4.10)
te((n+Dr, (n+1)7]

where

. (Ar+uB - (a—ﬁs))+\/(A1 +uB1 — (a — Be))* + 4u(a — Be)B, (4.11)
Z7 = , ’

! 2B,
and A; = (1-py)(a - Be)e“P)™ >0 and By = be'® ~ P [1 + (1 - py)(e P07 _ 1)) >0.
Therefore, for any &; >0. there exists a £;, ¢t > £; such that

z?(?) —& <x(t) < z;\(;) +&,
Let ¢ — 0, so we have
x’(vt)—sl < x(t) <)€(\{)+81,

for ¢ large enough, which implies x(t) — xf(\{) as t — oo. This completes the proof.

4.2 The permanence
The following study is to investigate the permanence of system (2.2). Before starting
this study, we should give the following definition.

Definition 4.2. System (2.2) is said to be permanent if there are constants m, M >0
(independent of initial value) and a finite time 7, such that for all solutions (x(z), y(¢))
with all initial values x(0") >0, y(0") >0, m < x(¢) < M, m < y(¢) < M holds for all ¢ >
To. Here T, may depends on the initial values (x(0"), (y(0™)).

Page 7 of 15
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Theorem 4.3. If

1
n
11—

alt __ * _ At __ ,alT |4k
< kB In{1+ ble Dx +In|1+ b1 — (e e —dr,
b a a+b(ed™ —1)

holds, then, system (2.2) is permanent. Where x* is defined as (3.5).

Proof. Let (x(¢), ¥(¢)) be a solution of (2.2) with x(0) >0, y(0) >0. By Lemma 3.3, we
have proved there exists a constant M >0 (BM < a) such that x(¢) < M, y(t) < M for ¢
large enough. We may assume x(¢) < M, y(t) < M for t = 0.

1
(4.12)

In this view, for the first equation of system (2.2), we have

dx(t)

a > x(t)[(a — BM) — bx(t)], (4.13)

then, we obtain the following comparative impulsive differential equation

dizl(tt) =n(t)[(a — BM) —bn(t)], t#(n+D1, t+#(n+ 1)1,

An(tt) = —uan(t), t=(n+Dz, w1
An(t*)=pu, t =(n+1)r,

n(0*) =x(0%).

Analyzing (4.14) with similarity as (4.8), we have n(t) — r{({), and

(a — BM)ela=FM)(t=n)

(a — BM) + b [ela=BM)(t=n7) — 1] p*
(1= 1)(a — BM)ele- P! e

(a— BM) + b[(£l=PMIT — 1) + (1 — py) (elaAMI-n) — ola=pic)| e

, te(nt, (n+N)r],
n(t) =

(4.15)

te((n+Nz, (n+1)7],
where

o (As + 1By — (a — BM)) + \/(Az + 1By — (a — BM))? + 4u(a — BM)B, (4.16)
2B,
and Ay = (1 - py)(a - BM)e® - BM S0 and B, = be P (1 4+ (1 - /41)(6(“ - pMQA-Dr
1)] >0. Following comparative theory of impulsive differential equation [6], we know
there exists a &, such that x(t) > ﬁ-(\f) - & for all ¢ large enough, and &, >0. So x(t) >[n*
+ (1 - pr)a - BM)e“PME (g - BM) + b(e = P - 1)] - &, = m, for ¢ large enough.
Thus, we only need to find m; >0 such that y(¢) > m; for ¢ large enough. We will do it
in the following two steps.
(1) By the condition of Theorem 2, we can select m3 > 0, &1 > 0 small enough such
that 0 < m3 < g, and

kﬂ b (e(afﬁm;)lr _ 1) z* b (1= puy) (e(a—ﬂmg]r _ e(a—ﬁm;)lr)z*
= In(1 In(1 — — .
o= |:n( + ae pms +In{1+ a— By + b(er — 1) kBeit—dr > 0

where z* is defined as (4.20). We will prove that y(t) < m3 cannot hold for ¢ > 0.
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Otherwise,
dz(:) >x(t) [(a— Bms3) —bx(t)], t#(n+D7r, t#(n+1)z,

Ax(t) = —puix(t), t=(n+Dz,

Ax(t) =x(t)+pn, t=(n+1)z,

(4.17)

By Lemma 3.4, we have x(f) > z(t) and z(t) — z(t), t = o, where z(f) is the solution

of
dz(t
d(t) = 2(t) [(a = pms) = bz(0)], 17 (n+Dz, 17 (n+1)7,
Az(t) = —piz(t), t=(n+1)z, (4.18)
Az(t) =z(t) +u, t =(n+1)7,
and
(tl — /gM)e(a—/Srng)(L—nr)n*
(a— Bms) + beta-pm)ionr) _ 1]+ L € (17 (4 D7)
2(t) = 1 3 (amfimy) (E7T) (4.19)
Q- pla=fm)et 107 . L te((neDe, (n+1)],
(a— Bms) +b[(el=Fm)lt — 1) 4 (1 — pp) (ela—pm)(t=n7) — gla—pms)icy|z*
where
L (s e By — (a— pms)) +y/(As + uBs — (@ — pm))? + dpula— Bms)Bs (4 50
oo 2B3 ’
and As = (1= p1)(a — Bms)el@Pm)T = 0 and

Bs = be@=Pm)lt [1 4 (1 — py) (elePm)(1-Dr —1)] > 0.

Therefore, there exists a T; >0 such that
x(t) = z(t) = z(t) — &1,

and

d
)(/i(tt) > y(O[kB(a(t) — 1) —d], t#(n+D)z, (4.21)

Ay(t) = —pay(t), t=(m+D7t, n=1,2,..

for ¢t > T;. Let Ny € N and Njz > T4, integrating (4.21) on (n + [ - 1), (n + D7), n =
N;, we have

(n+)

Y(n+1)) = (1—p2)p((n+1—1)7) exp ( /

n+l—1)t

[k,B(z(t) o) - d] dt) = (1= )y((n+l-1)7)e”,

then, y(Ny + k + D)) > (1 - /,tz)ky((Nl + 1)71)e’% — oo, as k — oo, which is a contradic-
tion to the boundedness of y(f). Hence there exists a t; >0 such that y() > ms.

(2) If y(t) = ms for ¢ = t;, then our aim is obtained. Hence, we only need to consider
those solutions which leave region R = {(x(¢), y(¢)) € R? : y(t) < m3} and reenter it
again. Let t* = inf>(, {y(t) < ms3}, there are two possible cases for ¢*.

Case 1. t* = (n + [ - 1)t, ny € Z,, then x(¢) = m3 for t € [ty, t*) and y(¢*) = m3, and y
(t*") = y(#*) < ms3. Select ny, n3 € N, such that

Page 9 of 15
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In ()
kﬂm3 —d,

(1 . Mz)nzengaenzalr -~ (1 o Mz)nzen3ae(nz+l)alr >1,

(1’12—1)1’>T2=

where o, = kBm, - d <0, Let T = ny7 + nyr. We claim that there must be a £, € [£*,
t* + T] such that y(t,) > ms, otherwise, consider (4.21) with z(#*") = y(£*"). We have

2(0) =2(m)e™™ Y 4 2(0), te (=), (nel-1)e] (.22)
and n; + 1 <1 < 1y + n3, then
|z(t) — z(t)] < MelkBms—d)(t=mz) _ o

and y(t) < z(t) < z(t) +ep (m + ny - Dz < ¢t < ¢* + T, which implies (4.22) holds for

4+ mpr <t <t*+ T. As in step 1, we have
y(t* +T) > y(t" +ny)r)e™?,
The second equation of system (2.1) gives
dy(t
My pm —d) =00, 17 (11,
Ay(t) = —pay(t), t=(n+1- 1)z,

(4.23)

Integrating (4.23) on [#*, t* + n,1], we have

y(tF +n7) > (1 — pa)™mse” ™7,

thus we have
Y+ T) = (1 — up)Pmse® ™ e > m;,

which is a contradiction. Let t = inf>{y(t) > ms}, thus y(t) > ms for t € [t*, ], we
have y(1) > y(t*)eal(t*t*) > (1 — pag)2"mse” (12413) = gy for ¢ > 1. So we have y(£) 2
mj. The same arguments can be continued since y(t) > ms. Hence y(t) > m; for all
t>1

Case 2.tz (m+1-1)t,ne Z, then y(t) = m3 for t € [4;, t*), and y(t*) = m3. Sup-
pose t* € ((n}) +1—1)t,(n] +)7), (t € Z,), then there are two possible cases for
te (t*, (n) + 7).

Case 2(a). y(t) < m3 for all t € (t*, (n])7). Similar to case 1., we can prove that there
must be a t) € [(n] + )T, (0} + )T + T] such that y(t;) > ms. Here we omit it.

Let t = info+{y(t) > m3}, then y(¢) < mj3 for t € (t*,t) and y(t) = ms. For t € (t*, 1),
we have

y(t) > (1 _ pl)nzm;mse(nz +n3+1)olr.

Let my = (1 — pa)"*maem+)0T < ', so y(¢) > m, for t € (¢*,1). For ¢ > 7, the
same arguments can be continued since y(t) > m1;.

Case 2(b). There exists a t € (t*, (n})7) such that y(£) > m3. Let T = inf,_ - {y(t) > m3},
then y(¢) < m; for t € (t*,7) and y(i) = ms. For t € (t*,1), (4.23) holds true, integrating
(4.23) on (t*, 1), we derive

y(t) > y(t*)e‘”ﬁ_‘*) > mze”'t > my,
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Since y(t) > ms3 for ¢ > %, the same arguments can be continued. Hence y(¢) > mj for

t > t;. This completes the proof.

5 Discussion
In this article, according to the fact of biological resource management, we proposed
and investigated a predator-prey model with impulsive releasing prey population and
impulsive harvesting predator population and prey population at different fixed
moment. We analyze that the predator-extinction periodic solution of this system is
globally asymptotic stability. If it is assumed that x(0) = 2, y(0) =2, a=2,b=1,d =1,
B =06 k=009, pu =02, 4, =06, u =3,1=025 7 =1, obviously, the condition of
predator-extinction are satisfied, then the predator-extinction periodic solution of sys-
tem (2.1) is globally asymptotically stable (the numerical simulation can be seen in Fig-
ures 1, 2, and 3). We also obtain the condition of the permanence of system (2.2). If it
is assumed that x(0) = 2, y(0) =2, a=2,b=1,d=1,=0.6, k=09, yy =02, yy =
0.4, u = 3,1 = 0.25, 7 = 1, obviously, the permanent condition of system (2.2) is satis-
fied, then, system (2.1) is permanent (the numerical simulation can also be seen in Fig-
ures 4, 5, and 6). From results of the numerical simulation, we know that there exists
an impulsive harvesting predator population threshold w3, which satisfies
0.4 < pub* < 0.6. If up > p3*, the predator-extinction periodic solution (3;({), 0) of sys-
tem (2.2) is globally asymptotically stable. If uy < u3* system (2.2) is permanent.

From Theorems 4.1 and 4.3, we can easily guess that there must exist an impulsive
harvesting predator population threshold u3. If ;o > u3, the predator-extinction peri-

odic solution (x’(vt), 0) of system (2.2) is globally asymptotically stable. If 2 > uh,

2.5 H

1.5

T
I

0 20 40 60 80 100

Figure 1 Time-series of x(t) of globally asymptotic stability predator-extinction periodic solution of
system (2.2) with x(0) =2,y(0)=2,a=2,b=1,d=1,=06, k=09, 4, =02, u; =06, u=3,1
=0257=1

\
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1.6

1.4 b

0.6 b

0.4f 1

0 20 40 60 80 100

Figure 2 Time-series of y(t) of globally asymptotic stability predator-extinction periodic solution of
system (2.2) with x(0) =2,y(0)=2,a=2,b=1,d=1,=0.6,k=0.9, 4y =02, u; =06, u=3,1
=0257=1

1.6

141 b

y(®)
o
(o]

1 1.5 2 25 3 35 4 45 5
x(t)

Figure 3 Phase diagram of globally asymptotic stability predator-extinction periodic solution of
system (2.2) with x(0) =2,y(0)=2,a=2,b=1,d=1,5=06,k=09, u; =02, u; =0.6, u =3, |
=025 7=1
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45} .
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w
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Figure 4 Time-series of x(t) of permanence of system (2.2) with x(0) =2,y(0)=2,a=2,b=1,d =
1,$=06,k=09, =02, u; =04, u=3,1=025r7=1.
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0 20 40 60 80 100

Figure 5 Time-series of y(t) of permanence of system (2.2) with x(0) =2,y(0)=2,a=2,b=1,d =
1,=06k=09, 4, =02, u; =04, u=3,1=0257=1.
A
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2.2

y(®)

x(t)

Figure 6 Phase diagram of permanence of system (2.2) with x(0) =2,y(0)=2,a=2,b=1,d=1,
p=06,k=09, u=02,u,=04pu=3,1=0257=1

system (2.2) is permanent. The same discussion can be applied to parameters y; and 7.
These results show that the impulsive effect plays an important role for the perma-
nence of system (2.2). Our results provide reliable tactic basis for the practically biolo-

gical resource management.
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