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1. Introduction

One of the important interactions among species is the predator-prey relationship and it has been extensively studied because
of its universal existence. Predator-prey models are argubly the most fundamental building blocks of any bio and ecosystems
as all biomasses are grown out of their resource masses. One of the familiar factors affecting the dynamics of predator-prey
models is the functional response, which relates a single predator’s prey consumption rate to prey population density. Lotka
[1] and Volterra [2] introduced the first predator-prey model in 1925 and 1926 respectively. In recent years, predator-prey
model takes the form:
" _ ET

' = rx(l K) g(z)y, @

Y =y(=d+ pg(z)).
Here, x and y respectively stand for the densities of the prey and the predator and g(x) is the functional response function,

which reflects the capture ability of the predator to prey. For the detailed biological meaning, see for example [3-5] and the

references contained therein. When we consider the exploit of human being should be added, the model (1) becomes:

x = rx(l — %) —g(x)y — ha,

Y = y(=d+ pg(x)) — ha.
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For the study on systems with harvesting, one may consult [6-12] etc. In 1969, Hassell and Varley’s [13] introduced a general
predator-prey system, in which the functional response dependents on the predator density in different way. It is called a

Hassell-Varley type functional response which takes the following form:

o _ oz _ cxy
= r:r(l i) v ) @)

y’=y(—d+ ﬁ) v €(0,1)
where v is called the Hassell-Varley constant. In the typical predator-prey system interaction where predators do not form
groups, one can assume that v = 1, producing the so-called ratio dependent predator-prey system. For terrestrial predators
that form a fixed number of tight groups, it is often reasonable to assume v = % For aquatic predators that form a fixed
number of tight groups, v = % may be more appropriate. A special case of system (3) with v = 0 and v = 1 in ref [3, 14] cited
therein. Hsu [15] studied system (3) and presented a systematic global qualitative analysis to it. Kai Wang [16] discussed

the following delayed predator-prey model with Hassell-Varley type functional response:

(1) = (1) (alt) — b(O)a(t — (1)) — ),

y'(6) =y (- d®) + 70505 ), v € (0,1)

(4)

and established the existence of positive periodic solutions. In [17], the authors proposed a non-selective harvesting predator-

prey model with multiple delays as follows:

2(t) = o(t) (r1(t) = b(O)a(t — (1) — O ) — e (B (t),

¥/ (1) = y(O)( —ra(t) + 2O 1)y (2).

()

They considered the periodic case and derived case of easily verifiable sufficient conditions on the existence of positive

periodic solutions of (5).
Theorem 1.1 ([17]). Suppose that the following assumptions hold.
(I). 71(t) < 1 and 75(t) < 1, for t € R,

(II). a2 > 72 + é2, m(r — é1) > ax,

. e following algebraic equation set = T,y :7;170—17*237 q; =0, —7m—=¢C+ agr as a finite
1II). Th llowing algebrai ; r b LY 0 2 0 h

myY 4z myY 4z

number of real-valued positive solution.
Then system (5) has at least one positive periodic solution.

As we know, in population dynamics, many evolutionary processes experience short-time rapid change after undergoing
relatively long smooth variation. Examples include annual harvest and stock of species as well as annual immigration.
Incorporating the phenomena gives us impulsive differential systems. A lot of work has been done in this direction to
namely a few see [18, 19] and the references therein. For the theory of impulsive differential equations we refer the reader to
[20—-22]. In this paper, we shall consider (5) with impulsive effect, precisely, we consider the following non-selective harvesting

impulsive predator-prey system with multiple delays:

dolt) — g() (Tl(t) —b(t)z(t — (1) — %) —a(D)x(t), t # ty,
52 = (o) (= ra(0) + R ) — e(0u(). ¢ b

Az(t) = z(tT) — z(t) = digz(t), t = ty,

Iy
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where a1(t), az2(t), ri(t), r2(t), b(t), c1(t), ca(t), T1(t), T2(t) are continuously nonnegative periodic functions with period w,
m >0,v € (0,1) and dik,dor € (—1,0] (k € N), {tr} is a stricktly increasing sequence with ¢; > 0 and limy_, o tx = 00, we
further assume that there exists ¢ € N such that dy(x4q) = dik, da(ktq) = d2x and tx4q = tx +w for £ € N. From the point of
view of mathematical biology, we only consider the positive periodic solutions of (6). By applying the continuation theorem
of coincidence degree theory [23]. We will derive sufficient conditons on the existence of positive periodic solutions. As we
see, our result not only improve but also generalise Theorem (1) in Section 2. Then the result demonstrated by MATLAB

simulation in Section 3.

2. Existence of positive periodic solutions

Before exploring the existence of periodic solutions of system, we will make some preparations. Let X, Y be real Banach
spaces, L : DomL C X — Y be a linear mapping and N : X — Y be a continuous mapping. The mapping L is said to be a
Fredholm mapping of index zero, if dimKerL=codimImL <+oc and ImL is closed in Y. If L is a Fredholm mapping of index
zero, then there exists continuous projectors P : X — X and Q : Y — Y such that ImP = KerL, Ker@ = ImL = Im(I — Q).

It follows that the restriction Lp of L to DomL NKerP : (I — P)X — ImL is invertible. Denote the inverse of Lp by Kp.

Lemma 2.1 ([23]). Let Q C X be an open bounded set, L be a Fredholm mapping of index zero and N be L-compact on Q.

Assume

(a). for all A € (0,1) and z € 82N DomL, Lz # ANz,

(b). for all x € QN DomL, QNz # 0,

(¢). deg(JQN,Q N KerL,0) # 0.

Then Lz = Nz has at least one solution in Q N DomL.

Lemma 2.2 ([19]). The set F C PC,, is relatively compact iff

(a). F is bounded, that is ||¢[| = sup,c(o ) [9(t)] < M for each ¢ € F and for some M > 0,
(b). F is quasi-equicontinuous.

Lemma 2.3. Let ¢ € PC,. Then fort € [0, w]

q

> Ad(te)

k=1

1

o0 <19+ 5| [ 1 lds + ] o(1) > 0(s)] — [/ ¢/ (9)lds +

] |

Lemma 2.4 ([16]). If 7 € C'(R, R) with (i) 7(t + w) = 7(t) and (i) ‘Z—(tt) <1 fort € [0, w], then function u(t) =t — 7(t)

> Ad(te)

has a unique inverse p~ ' (t) satisfying p € C(R, R) with u~ (s +w) = u~'(s) +w for s € [0, w].

In what follows, for convenience, we shall use the notation g = Js g(t)de, g™ = max,cpo, v 9(t), g° = minse(o, w) 9(t),

where g is piecewise continuous function with period w.
Theorem 2.5. For system (6), assume that:
(I). 11(t) < 1 and 13(t) < 1, fort € R,

(). @2 >+ — 2, mirm—a+ %) >a,

o)
le el
(524
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(III). The following algebraic equation set T' = {(z,y) : % -G —br— A =0, 2 _F g4 2T — 0} has a

myY4x w myY 4z

finite number of real-valued positive solution.
Then system (6) has at least one postive periodic solution.

Proof. By the biological meaning, we only focus on the positive periodic solutions to system (6). Let z(t) = e“1® and

y(t) = 2. Then system (6) becomes:

’ _ wy (t—71(t al(t)e“2<‘)
ul(t) - 7‘1(1:) —C (t) - b(t)e 1 1) mewuz(t)+eu1(t) )
ag(t)e*1(t—72(1)
meYu2(t) feur(t—72(2))

us(t) = —(ra(t) + c2(t)) +

Aui(t) = log(1 + dix),

Ausz(t) = log(1 + dak)-

In order to apply Lemma 2.1 to study the existence of positive periodic solutions to above system, we set

X = {u(t) = (w1 (t),u2(t))" € PCu(R, R?) s wi(t + w) = wi(t), i=1,2},Y = X x R*,¢=1,2,3...k.

and

ullx = sup |ui(t)]+ sup [ua(t)].
telo, w] tel0, w]

lullx + llyll,u € X,y € R*.

l[ully
Then both (X, |.||x) and (Y, ||.]|y) are Banach spaces. Define
DomL = {u(t) = (ui(t),us2(t))” € PC,(R,R®) :u; € PCL,, i =1,2}.

L:DomLNX — Y, Lu(t) = (u} (), us(t), Aui (tr), Aua(ty))”.
N:X =Y,

_ a ew2(t)
N U1(t) B r (t) _ C1(t) _ b(t)eul(t T1(t)) _ WM log(l + dig

ag(t)e®1(t=72(1)

uz(t) —(ra(t) + c2(1)) + o2 (0 foul (F—72(2) log(1 + dax -
P:X—-X, P((ul,uz)T) = (’UTl,u_z)T.
Q:Y =Y,
q
q 1 [w 1 q
= t)dt + =
9 u1 mi 5 Jo () +“;mk 0
U2 7 ng L (t)dt+izq: 7 0
k=1 w JO uz w Nk k=1
k=1

It is not difficult to see that

KerL = {u = (u1,u2)" € X : Jc€ R?, (ui(t),u2(t)) =¢, fortc R}

w q
ImL = {y = (f,a1,a2,...,aq) € Y : 3 f € DomL, / f(s)ds + Zak = 0}.
0

k=1
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Since ImL is closed in Y. ImP = KerL, KerQ = ImL, and dimkerL = codimL = 2. We know that L is a Fredholm mapping

of index zero. Moreover, the generalized inverse (to L) K, : ImL — KerP N DomlL is

Kp(u):/o s)ds + Z akf—/ / s) dsdt — Zak

0<ty <t

Then direct computation gives us

q
w u —T a et ()
oo [rl(t) = e1(t) = b(t)e T — mewigﬁ)nfeul(w]dt +5 Zl‘)g(l + dik) 0 a
_ k=1
QN ) = 1w an (£)e¥1 (= 2(1) I = 1o
s Jo [ = (r2() + () + e @ } dt+ 5 Y log(1+ dax) k1

k=1

and

—T711(s a(s)e™ (s)
Jy [r1(9) = eas) = b(s)emr 7D — —wOT S Tds 4 3 log(L+ du)
K,(I-Q)Nu = o<t <t
s (5)et1 (5= 72(2))
J [— (ra(s) + ca(s)) + mewi(ﬂlueul(s,v(s))]ds + > log(l + dax)

o<t <t

q
w uy(s—711(s aj(s)e" (s)
L5 fot [rl(s) —ci(s) — b(s)eur =) _ W’lbg(li)je“l(*)] dsdt + Zlog(l + dix)
k=1

q
w ao(s)e? (s—72(s))
Lfo ot [* (r2(s) + c2(s)) + 2(s)el1 2720 5 ]dsdt+Zlog(1+d2k)

e 42 () 4 ou1 (- 72(5)
k=1

q
w wy (f—1 u2(t)
(2= D I3 [ri®) = ex(t) = by ) — 02D 1dr 43 log(1 -+ da)
k=1

ag(t)et1(t=72(1)

q
(5= )57 [ = (ra0) + ea(0) + 05 e gy e+ ) log (1 + d)

By Lebesque covergence theorem, QN and K, (I —Q)N are continuous. Furthermore, it follows from Lemma 2.2 that QN (£2)
and K,(I — Q)N () are relatively compact for any open bounded set  C X. Therefore, N is L-compact on € for any open
bounded set © C X. In the following, we consider the operator equation, Lu = ANwu, A € (0, 1), that is,

[ —c1(t) — b(t)e wi(t—71(t)) _ __ag(t)e¥2(® ]

meYu2(t) yeur(®) |7

ag(t)e®1(t—m2(1))

= [ )+ ea(t) + mewu2<t>+eu1(t—mu>)]v

Aui (t) = Mlog(1 + dik)],

AUQ(t) = )\[log(l =+ dzk)}

Integrating of both sides of of the first equation in equations (8) gives

a1 (t)€u2 (t)

- _ (" i (t=71(£))
wlri —a)+dr = [ [oge e

In view of Lemma 2.4, conditions (i) and (ii), we obtain

/w b(t)eul(tf‘rl(t))dt _ /W b(p’il(t))eul(t) dt,
0 o 1=mi(p"1(t))

which together with (9) gives

e @) | a(per
Wl — G) + dy 7/0 [1_7( =Y meV“2(t)+e“1(t>]dt’ (10)

)
(e 9]
~
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which yields,

© w(ri —a + 4 =) s
/ et < g 2w, (11)
0 1
where A1 = LR OV Multiplying both sides of the second equation of equations (8) by e72(®) and integrating them

= (e 1(0)

from 0 to w, we have

w w (b= 72 (D) Fyua(t)
~yusg(t) _ a2(t)eu1
/0 (r2(t) + ca(t) — dz)e™™ V' dt = /0 e B CR )R

CLM w
< 22 eUl(t—m(t))dt,
m Jo
_ ﬁ w eul(t) &
m Jo 1=m(u=' ()
< 7@341\%4 ) e gy,
m 0
Where A2 = m Together Wlth (11) giVeS
/W e’Y“Q(t)dt < Aa2 / w1 (t)dt
0 (7"2 +cf —da)
[(7"1 —c+ j)a2 Ay ]
- mAE(rl + ek — do)
£ WN,. (12)
If uz(t) > 0, then €72 > 1 and (11) gives
Np > 1/ 2t > 1,
w Jo
which implies that there must be a constant 81 € [0, w] such that
log IV:
us(Br) < 222 (13)
which together with (11) and (12) yields
Ny > l/ e1dg,
w Jo
S W /°u 20y
2 A3 0
m(ry 4+ ck — do)
az’ Ay
which yields that there is a constant a1 € [0, w] such that
L, L
—d
u1(a1)gmax{|logN1|,’10gW’}. (14)
ay' Aj
On the other hand, if uz(t) < 0 (10) yields
L YR e L[~ (1=y)uz(?)
w(m —a)+di <Ay / e dt+—/ aq (t)e'" "2 de, (15)
0 mJo

and 0 < e1=Mu2(® < 1 it follows from (15) that

Wi — @) +dy < Ai”/ e (0qy 4 22
0
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together with condition (II), we have

w
|
0

and by (11), we get
Ny > l/ O dt >
w Jo

which yields that there is a constant az € [0, w] such that
u1(a2) < max{|log N1|,|logk1]|}.

By (14) and (17), we know that there exists constant « € [0, w] such that

+ —
u1 (o )<max{|lOgN1| |log k1, ‘log miry M/C\2M

}H1

Meanwhile, from condition (II), and the second equation of (8) and (16) we obtain

_ do “ mas (t)e'yu?m
0< w[‘” - (Tz e Uﬂ = ), mere® 4 ent—nm b
w yuz ()
M €
< maz /0 e t=ra() 90

v ( 0“’ GQ’Yuz(i))%

SMAZ e e}
(fO e2u1 2 )2

)

(Jo e
_ v (f;’ 62‘/“2(75))%
= mas L 1 w 1
3 (fo eQ’Yul(t)) 3

M w
< mas . ( / e2'yu2 (t))
ki (wAL)z Vo

= ma

’

Nl

Thus, we have

M -
mas

l/“ezwz(t)dt > AL whi (d2 B (7:2 te- ?))]2 L2
0

w

which yield that there is a constant 32 € [0, w] such that

log k
us(fBa) > &‘

Thus by (13) and (20), there must be a constant 8 € [0, w] such that

u2(B) < max {‘log’yNg ‘, ’Likz ‘} L H,.

Now, by (8), (18) and (21), we obtain

1( [« 1
(1)) < |u1<a>|+2( [+ Zlogmdm)
0 k=1
1{& q N
< H1+w(r1—c1)+2<zlog(1+d1k)+ élog(ﬂrdlk)) =M
1
lu2 ()| < |u1(ﬂ)|+§(/ |us (t)|dt + kzzllog 1+d2k)>
1
< H2+w(r2+02 —(Zlog 1+d2k Zlog 1+d2k)>ﬁM2.
k=1 k=1

(16)

(17)

(18)

(19)

(20)

(21)

(23)
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From condition (II), we denote by (ui;(t)), (u3;(t)), ¢ = 1,2,...q, all the real-valued solutions of the following algebraic

solution set

Ay e peut(D) ajet2(®) }
w + 71 ! be H |:me7“2(t>+e“1(t) O’ (24)
_ _ Goet1(t)

Lo -at S e =0

Let use take
maxi<; w u*it,u*it}

Mo £ oA ishcioe {(1(0), (3,0} ) (25)

And, now together with (22), (23) and (25) we can set M = M; 4+ Ms + Mo and take Q = {u = (u1(t),u2(¢))T : ||u|| < D}.

It is clear that  verifies the requirement in Lemma 2.1. If u € 0Q N KerL = 9Q N R?, then u is a constant vector in R?

with ||u|| = D satisfying

d s e _pewm® _ __ae 2™
QN ui®) | [ Hri—a—be meT 2 O ® |
B ~ g (t)
ua(t) d2 — T2 —C2+ azert 0

meYu2(t) feur(t)

Consider a homotopy B, ((u1,u2)T) = pJQN((u1,u2)T) 4+ (1 — u)é((u1,u2)T). By a direct computation and the invariance

property of homotopy, one has deg{JQN, KerL N 99,0} = deg{¢, KerL N 9,0} = | > 0. By now we have proved
that Q verifies all the requirements in Lemma 2.1. Then, we get that equations (8) have at least one periodic solution
(ui(t)), (us(t))T with period w in DomL N €, which implies that at least one positive periodic solution (e1(®) 2" with

period w. This completes the proof of theorem. O

3. Examples

We illustrative the theorem with few examples.

Example 3.1. In system (6)

(2+?.1 cos t)y(t)

do() — (p) [(4 —0.2cost) — (2 — 0.1 cost)a(t — 0.25) — 2¥0
v (0+a(0)

. o.1sint)], t o b,

() _ oy )[ (14 0.3cost)  @+0lsint)z(t=02)

1+ O.2cost)}, t # tk,
uZ () Fa(t—0.2)

(26)
Az(t) = (2 = Dax(t), t = tx,

Ay(t):(%_l)y(t% t = t, k:172737"' ,q

It is obvious that conditons (i) and (it) hold. In addition the algebraic set I' has only positive real valued solution (x,y) =

(%, 15305165622), which together with Theorem (2.5) yields that System 26 has atleast one positive periodic solution.

(1,1).

Take
the initial value by (f(0),g(0)) = Fig.1 shows the dynamic behaviors of the solution (z(t),y(t)), which is a positive

periodic solution of System 26.

H\ ‘M\\U | | AN
" w\\M““WHM‘ M\H“‘\MMH\M“H‘H
HS*\“H‘W ‘\H‘“‘ \\H‘\‘\HU\ U‘H‘ ‘\‘W‘“‘ -
‘
" HH”\ ““‘Mh‘ ‘\m‘wmww H‘u‘\ o7

1.05 d

VAANANAAMANNANANNN

NNNNNNNNN
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Figure 1. Evolution of the positive periodic solution of System 26

Example 3.2. In system (6)

Y2 (t)+x(t)

dz‘li(tt) :y( )|: (1+O3COSt)+ (2. 4+O lcost)x(t—0.2) (2+0.1COSt)], t?étk,
u (t)+a(t—0.2)

Az(t) = (2 = 1Dax(t), t =tx,

Ay(t):(%_l)y(t% t = ty, k:172737"' ,q

do() — (1) [(4 —0.2cost) — (2 — 0.1 cost)z(t — 0.25) — GF0:Leosy®) (1 _ O.lsint)], t# th,

(27)

In this system conditions (i) and (iii) are hold and condition (ii) fails. Fig.2 shows the details of the dynamic behaviour of

the solution (z(t),y(t)) to System 27 with the same initial value as that in System 26, which shows that the integral curve of

the prey is periodic, but the predator is finally extinct.

13 1 1
09 09
I I I I I NAARANRANRNAN
=AM AR
{ { |
| ‘V‘u‘MH\‘uH\‘uH\\\\\\\\\\\\\\\\\\\\\\\ \‘H‘H \‘H‘H \‘M 08 08
i 07 07
; 06 06
= o5 o5
= s
09 0 0.4
08 0.3 03 /
\
0.2 02 \
0.7 -
0.1 0.1 T
06 oh )
0 50 100 150 200 0 50 100 150 200 06 07

Figure 2. Evolution of the solution of System 27

Example 3.3. In system (6)

59

dolt) _ (1) [(4 —0.2cost) — (2 — 0.1cost)z(t — 0.25) — Z2t0leosthv® g
uZ (H)+a(t)

(35 +0.1sin t)z(t—0.2)

y%(t)+z(t70.2)

T y(t)[f(1+0.3cost)+ - (1+0.2cost)], t # ti,

Ax(t) = (2 — Dx(t), t = tg,

Ay(t):(%_l)y(t% t:tk’ k:17273a"' »q

- O.lsint)}, t# th,

In this system condition (i) hold. But the algebraic set has no positive solution and condition (ii) satisfied for equality.

Choosing the same initial value as in System 26 we can get the detail of its dynamic behaviour of the solutions are (x(t), y(t))

in fig.8, which shows that the solution of the prey is periodic and the extinction of the predator, that is there is no positive

periodic solution of the System 28

| mmmmmMwmn" ‘ I
‘\‘\W U””‘”U‘W“H\‘”\”‘“”‘U”UH““ 00
1.2 HH 08 08\
‘ \HMM\H‘ “\\“U“ H\H\WM\H o7 or| \
HHM \mm N
\M\‘u\MHMHMHHMM\HHHHHMHMMM\ os o
= HV“VW“WWHHHHVW Zos So0s

Figure 3. Evolution the solution of System 28
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Example 3.4. In system (6)

dz(t)

= a(t) [(4 —0.2cost) — (2 — 0.1 cost)z(t — 0.3) — EHoLeosDu®) (1 1 sint)], t £ th,
v (O +a()

dy(t) _ y(t)[, (1+0.3cost) + (3+(1)41sint)z(t7(170.25cos4t) o) +0.1cost)], t £ty
Y2 (t)+x(t—(1—0.25 cos 4t)

Az(t) = (2 = Da(t), t = tx,

In this system does not satisfy condition (i) but the conditions (i) and (ii) hold. From fig.4 shows that the solution of the

prey and predator are both periodic.

o w \ L “ i JJ Jw w 1 <
Figure 4. Evolution of the positive periodic solution of System 29
Acknowledgements

The first author research was financially supported by University Grants Commission New Delhi 110 002, India (Grant No.
F1-17.1/2013-14/RGNF-2013-14- SC-TAM-38860/(SA-III/Website)).

References

[1] A. Lotka, Elements of Physical Biology, Williams and Wilkins, Baltimore, (1925).
[2] V. Volterra, Variazioni e fluttuazioni del numero di individui in specie animali conviventi, Mem. Accd. Lincei., 2(1926),
31-113.
[3] H. L. Freedman, Deterministic Mathematical Models in Population Ecology, Marcel Dekkar, Newyork, (1980).
[4] R. M. May, Complezity and Stability in Model Ecosystems, Princeton University Press, Princeton, NJ, (1973).
[5] J. D. Murry, Mathematicl Biology, Springer-Verlag, Newyork, (1989).
[6] X. M. Wu, J. W. Li and Z. C. Wang, Ezistence of positive periodic solutions for a generalized prey-predator model with
harvesting term, Computers and Mathematics with Applications., 55(2008), 1895-1905.
[7] T. K. Kar and U. K. Pakari, Non-Selective harvesting prey-predator models with delay, Communications in Nonlinear
Science and Numerical Simulation 11., 4(2006), 499-509.
[8] D. Wang, On a non-selective harvesting predaor-prey model with Hassell-Verlay type functional response, App. Math.
Comput., 246(2014), 678-695.
[9] T. K. Kar and A. Chorai, Dynamic behaviour of a delayed predator-prey model with harvesting, Appl. Math. Comput.,
217(2011), 9085-9104.
[10] Z. Zhang and Z. Hou, Fuzistence of four positive periodic solutions for a ratio-dependent predator-prey systems with

multiple exploited (or harvesting) terms, Nonlinear Analysis: Real World Applications., 11(2010), 1560-1571.

392



R. Eswari and V. Piramanantham

[11] Y. H. Fan and L. L. Wang, Multiplicity of periodic solutions for a delayed ratio-dependent predator-prey model with
Holling type 111 functional response and harvesting terms, J. Math. Anal. Appl., 365(2010), 525-540.

[12] F. Wei, Ezistence of multiple positive periodic solutions to a periodic predator-prey system with harvesting terms and
Holling III type functional response, Commun Nonlinear Sci Numeric Simulat., 16(2011), 2130-2138.

[13] M. Hassell and G.Varley, New induction population model for insect parasites and its bearing on biological control,
Nature., 223(1969), 1133-1136.

[14] R. Arditi and L. R. Ginzburg, Coupling in predator-prey dynamics: ratio dependence, J. Theorect Biol., 139(1989),
311-326.

[15] S. B. Hsu, T. W. H. Wang, Y. Kuang, Global dynamics of a predator-prey model with Hassell-Varley type functional
response, J. Math. Biol., 10(2008), 1-15.

[16] K. Wang, Periodic solutions to a delayed predator-prey model with Hassell-Varley type functional response, Nonlinear
Anal. RWA., 12(2011), 137-145.

[17] G. Zhang, Y. Shen and B. Chen, Positive periodic solutions in a non-selective harvesting predator-prey model with
multiple delays, J. Math. Ana. Appl., 395(2012), 298-306.

[18] B. Dai, H. Su and D. Hu, Periodic solutions of a delayed ratio dependent predator-prey model with monotonic functional
response and impulse, Nonlinear Analysis., 70(2009), 126-134.

[19] Q. Wang, B. Dai and Y. Chen, Multiple periodic solutions of an impulsive predator-prey model with Holling-type IV
functional response, Mathematical and Computer Modelling., 49(2009), 1829-1836.

[20] D. D. Bainov and P. S. Simeonov, Systems with Impulse Effect: Stabililty, Theory and Applications, John Wiley and
Sons, Inc., Newyork, (1989).

[21] D. Bainov and P. Simeonov, Impulsive Differential Equations: Periodic Solutions and Applications, John Wiley and
Sons, Inc., Newyork, (1993).

[22] V. Lakshmikantham, D. D. Bainov and P. S. Simeonov, Theory of Impulsive Differential Equations, World Scientific
Publishing Co., Inc., Teaneek, NJ, (1989).

[23] R. Gaines and J. Mawhin, Coincidence Degree and Nonlinear Differential Equations, Springer-Varleg, Berlin, (1977).

w
©
w



	Introduction
	Existence of positive periodic solutions
	Examples
	Acknowledgements
	References

