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In this paper, we investigate the solution moment stability for a Harrison-type predator—prey model with parametric
dichotomous noises. Using the Shapiro—Loginov formula, the equations for the first-order and second-order moments are
obtained and the corresponding stable conditions are given. It is found that the solution moment stability depends on the
noise intensity and correlation time of noise. The first-order and second-order moments become unstable with the decrease
of correlation time. That is, the dichotomous noise can improve the solution moment stability with respect to Gaussian
white noise. Finally, some numerical results are presented to verify the theoretical analyses.
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1. Introduction

The interaction between the species and their natural
environments has been extensively studied over the past

1141 The predator—prey interaction is a basic struc-

decades.!
ture in population dynamics and can be explored according
to the mathematical model. In recent years, some theories
of functional response have been developed to understand the
complex dynamics of the predator—prey model. The functional
response in a predator—prey model is the average number of
preys killed per individual predator per unit time. Different
types of functional responses, for example, Holling types I,
II, TIT function,[®”! ratio-dependent functional response, !
and Beddington—DeAngelis function,!!%!!] can describe dif-
ferent kinds of species in population dynamics. In this pa-
per, we consider a Harrison-type functional response,l!>~14]
which describes a reduction in the predation rate at high preda-
tor densities due to mutual interference among the predators
during food searching. The Harrison-type functional response
predator—prey model is governed by the following equations:

av ——(a—bN)N—ﬂ
dr mP+1’

dp kN
—=(-d P
dr ( +mP+1> ’

where N = N(t) and P = P(t) describe the prey and predator
population at time ¢, respectively, a is the natural growth rate

)

of prey and a/b is the environmental carrying capacity, d is the
natural death rate of the predator, ¢, m, and k denote the cap-
turing rate, half capturing saturation constant, and conversion
rate, respectively. All these parameters are positive.

In practice, numerous ecosystems are associated with
random fluctuating environment or environmental noise,
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which can be modeled by using stochastic differential
equations.! 211 May!!3! pointed out that the birth rate, car-
rying capacity, competition coefficients, and other parameters
involved in the ecosystem exhibit random fluctuations to a
greater or lesser extent due to environmental noise. Mao!!®]
proved that noise can not only have a destabilizing effect but
also have a stabilizing effect in the control theory. Saha and
Banerjee!'®! studied the exponential mean square stability of
the interior equilibrium point for the delayed predator—prey
model in the presence of parametric white and colored noises.
Sun et al.,’?%! and Li and Jin[?!! investigated the effect of col-
ored noise on the pattern formation of a spatial predator—prey
model. However, most of the above-mentioned papers are con-
cerned with Gaussian white noise or the Ornstein—Uhlenbeck
process. The dichotomous noise or random telegraph sig-
nal finds wide application in model building because of the
simplicity of the two-state process.?>281 Meanwhile, the di-
chotomous noise is a better representation of real noise than
the widely used Guassian white noise!>”) and can be used to
describe natural colored fluctuations. In this paper, we use
the dichotomous noise to model the environmental noise in
a predator—prey model and explore the effect of dichotomous
noise on the stability of solution moment.

The rest of this paper is organized as follows. In Sec-
tion 2, a Harrison-type functional response predator—prey
model with parametric dichotomous noise is presented. In
Section 3, the equations of solution moments and the corre-
sponding moment stable conditions are obtained. In Section 4
some numerical simulations are provided to verify the theoret-

ical results. Conclusions are summarized in Section 5.
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2. Model

Considering the effect of the environmental noise on
model (1), we obtain the following equations:

dN cNP
o (a+&i(t) —bN)N — mP11
dpP kN

£ (-a P

dr ( +‘§2(t)+mp+1> :

where &;(¢) (i =1,2) are the uncorrelated dichotomous noises,

2

namely a kind of two-state random process, their means are
both zero and correlation functions described as follows:

@) = (&) =0,
e

T

@0&) - Zep(-21), 0

T

where o; (i = 1,2) are the noise intensities and 7 is the corre-
lation time of noises. Here &;(¢) (i = 1,2) take two values. For

example,
Si(t) € {My, =M}, o1 =M M,
A=t"=w+p, A=M—M,
&a(t) € {M3,—Mys}, 02 =M3Myr,
A=t =+, Ay=M;— M. “4)

where U is the transition rate of &;(¢) from M to —Ma, [
is the reverse rate, p3 is the transition rate of & (¢) from M;
to —My, U4 is the transition rate of &,(r) from —My to Ms,
Ap and A, denote the asymmetries of the dichotomous noises
&i(t) (i=1,2) respectively. When A} = A, =0, &§(¢) (i=1,2)
describe the symmetric dichotomous noises.

When A = 77! — oo, equation (3) degenerates to the
Gaussian white noise with zero mean and correlation functions
are

(&1(1&i (")) =D18(t—1"),
(&()&a(t")) =Dad(t —1"), 5)

where D; (i = 1,2) are the noise intensities of Gaussian white
noise.

In Fig. 1, we use the method of acceptance-rejection to
realize the stochastic processes for the dichotomous noises
éi(t) (i _ 172).[23,25,26]

It is seen that the deterministic model of Eq. (1) has three
equilibria as follows:

Ey=(0,0), E;=(a/b,0), E*=(N* P*),
where
. klam—c)+\/k(4bcdm+k(am—c)?) ., kN*—d
N* = , Pr= .
2bkm dm

When ak > bd, the interior equilibrium E* is locally asymp-
totically stable.!4]
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Fig. 1. (color online) Dichotomous noises &(¢) (i = 1,2) with M; =
M, = 1, My =My = 2, o] = 0.01, Oy = 0.04.

3. Moment stability analysis

In this section, we consider the moment stability of the
interior equilibrium E* and study the effects of dichotomous
noises on the stability of system solution moment. Introduc-
ing a small perturbation (,v) and assuming that N = N* +u,
P = P* +v, we obtain the linearization of Eq. (2) as follows:

du
— =piu+pv+ué(t),

dr
d (6)
y
@ = p3u+ pav+v&(t),
t
where
N B —cN*
P1= ) pZ*(mP*_’_l)za
kP _ —kmN*P*
p3= mP*+1’ pa= (mP*+1)2’

and &;(7) (i =1,2) defined by Eq. (4). For simplicity, we con-
sider only the symmetric dichotomous noises in the following

analysis.

3.1. First-order moment

Taking an average on Eq. (6), the first-order moment
equations are obtained as follows:

d (u)
dt

= p1{u) +p2(v) + (&1 (1)u), (7
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d{v)

a P () + pa (v) +(&(t)v) - (8) 0.12

(a)

Using the Shapiro—Loginov formula,!?°! the following equal-

ity is obtained: 0.08 unstable region

d (&1 (H)u du
GO0 (a0 -r@on. @ e
stable region
Multiplying Eq. (6) by &; (¢) and taking the average, then com- 0-04
bining with Eq. (7), one has
d t)u
CLOU  (py—2) G+ 2 () 1A ). (10 :
0 0.04 0.08 0.12
Similarly, the following equations are obtained 7
d (& (t)v | (b) —
2 (py— ) (o) + s (G + 02 1), 1) 02| w
d t)v @ ‘l
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Fig. 3. (color online) The first-order moment with A = 5: (a) stable re-
gion; (b) time histories for o7 = 0.02, and 6, = 0.03; (c) time histories
for o1 = 0.08, and 6, = 0.06.

P(t)

The above linear differential equations (7)—(13) can be
rewritten in the state space form as follows:

% 1 3 3 y 5 X(t)=AX(1), (14)
N(t) T

Fig. 2. (color online) Predator—prey model (1): (a) time histories; (b) where state vector X' = [ <”> <v> <§1”> <€2v> <€lv> <€2”> ] >

phase portrait. the expression of system matrix A is given in Appendix A.
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The corresponding characteristic equation of Eq. (14) is
given as

aor6 +a1r5 +a2r4 —|—agr3 —l—a4r2 +asr+ag =0, (15)

where the expressions of coefficients a; (i = 0,...,6) can be
found in Appendix A.

According to the Routh—Hurwitz criterion, the solutions
of Eq. (14) are stable if the following conditions are satisfied:

a aop 0
A, % det _a3 @ - 0 >0,

ayp—1 ap—2 - dan
(n=1,2,...,6), a; =0 (j>n). (16)

In order to show the stable region of the first-order mo-
ment, we choose the parameters to be a = 1.5, b = 0.1,
c=0.6,d=02, k=04, m=0.1, and the initial condi-
tions (Np,Py) = (1.5,0.5). In Fig. 2, we plot the time histo-
ries and phase portrait for model (1) and find that the interior
equilibrium E* = (0.65707235,3.141447) is globally asymp-
totically stable. In Fig. 3(a), the stability boundary for the
first-order moment is plotted in the (o;,02) plane according
to condition (16). When (oy, 02) falls into the below region
bounded by the curve, the first-order moment of perturbation
is stable as shown in Fig. 3(b). Otherwise, the correspond-
ing first-order moment of perturbation is unstable as plotted
in Fig. 3(c). Figure 4 shows the time histories of the first-
order moment with different correlation times of noises. It
is seen that the first-order moment of perturbation converges
to zero and the first-order moment of the interior equilibrium
is stable for A=7"" = 0.8 (see Fig. 4(a)). Figure 4(b) shows
that the first-order moment of perturbation is divergent and the
first-order moment of the interior equilibrium is unstable for
A=1"1=20.
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Fig. 4. (color online) The first-order moment with oy = 0.08, and
07 = 0.06 and different correlation times: (a) A=7"! = 0.8 and (b)
A=1"1=20.

3.2. Second-order moment

Using the Shapiro-Loginov formula, the following differ-
ential equations for the second-order moment are obtained;

Y (1)= BY (1), (17)

where

Y= [ () () ) (Gu) (%) (v} (Eaw) () (Ev®)]",

the expression of system matrix B is given in Appendix B.
The corresponding characteristic equation of Eq. (17) can
be obtained as

b0r9+b1r8 +b2r7+b3r6+b4r5 +b5r4
+ ber® +byr* + bgr+ by =0, (18)

where the details of coefficients b; (i = 0,1,...,9) can be
found in Appendix B.

Using the Routh—Hurwitz criterion, the stable conditions
of Eq. (18) are derived as follows:

by by -0
L G I EC
b1 by -+ by
(n=1,2,...,9), b; =0 (j >n). (19)

In order to check the stable conditions (19), the second-
order moments of perturbation for different values of A are
plotted in Fig. 5. In Fig. 5(a), the second-order moment of
perturbation is divergent for A=7t~! = 3.0. Then, the correla-
tion time of noise is increased to A=7"! = 0.2 in Fig. 5(b), the
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second-order moment of perturbation tends to zero. In Fig. 6,
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Fig. 5. (color online) The second-order moments with the noise in-
tensities o7 = 0.02, 0, = 0.03 and the different correlation times: (a)
A=t"!=3.0and (b) A=7"1 =0.2.
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Fig. 6. (color online) The second-order moments with A=7"! = 0.5
and different noise intensities: (a) o7 = 0.02, 0, = 0.01; (b)o; = 0.03,
Oy = 0.06.

we fix the correlation time T = 2 ~' = 2 and plot the second-
order moments of perturbation with different noise intensities.
It is seen that the second-order moment becomes unstable with
the increase of noise intensity (see Figs. 6(a) and 6(b)).

4. Numerical simulations and discussion

In order to check the above theoretical results, we give
some numerical results of model (2) in this section. In Figs. 7
and 8, we choose the same values of system parameters as
those in Figs. 5 and 6. Figure 7 shows the plots of the evo-
lutionary predator and prey populations for fixed noise in-
tensities 67 = 0.02 and o, = 0.03 and different correlation
times. It is seen that the predator and prey populations oscillate
around the interior equilibrium E* = (0.65707235,3.141447)
for A=t~! = 0.2 in Fig. 7(a). When the correlation time of
noise is chosen as A=t~ = 3.0 in Fig. 7(b), the amplitudes
of the predator and prey populations increase obviously and
the interior equilibrium is unstable, which is consistent with
the result shown in Fig. 5. In other words, the stability of
solution moment can be improved by increasing the corre-
lation time of noise. Figure 8 shows the time histories of
the predator and prey populations for fixed correlation time
A=1"! = 0.5 and different noise intensities. When the noise
intensities are chosen as 01 = 0.02, 6, = 0.01, the amplitudes
of predator and prey populations fluctuate around the interior
equilibrium (see Fig. 8(a)). When the noise intensities increase
to 61 = 0.03 and o, = 0.06, the amplitudes of predator and
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Fig. 7. (color online) Time histories of model (1) with o7 = 0.02,
0> = 0.03 and different correlation times: (a) A=7"! = 0.2 and (b)
A=t"1=30.
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Fig. 8. (color online) Time histories of model (1) with A=7~! = 0.5 and

different noise intensities: (a) o7 = 0.02, and 6, = 0.01; (b) 6; = 0.03,

oy = 0.06.
prey populations become very big and fluctuate far from the
interior equilibrium (see Fig. 8(b)). That is, the stability of
solution moment can be destabilized by increasing the noise
intensity, which is consistent with those obtained in Fig. 6.
Therefore, it is shown that the dichotomous noise can improve
the stability of system solution moment with respect to Gaus-
sian white noise.

5. Conclusions

In this paper, we study the solution moment stability of a
Harrison-type predator—prey model with parametric dichoto-
mous noises. The equations of the first-order and second-
order moments are derived and their stability conditions are
obtained. It is found that the moment stability of the inte-
rior equilibrium does not change for sufficiently small random
perturbation. When the noise intensity increases, the interior
equilibrium becomes unstable. That is, the solution moment
stability can be destabilized by a large random environmental
perturbation. Furthermore, the interior equilibrium becomes
unstable if the correlation time is sufficiently small. In other
words, the dichotomous noise makes the interior equilibrium
more stable than the Gaussian white noise. Considering the
variability of environmental noises, more different types of
noises (e.g. trichotomous noise,*°! Levy noise!*!) can be in-
troduced into a predator—prey model. Meanwhile, the method
used in this study can also be applied to the case of asymmetric
dichotomous noises.

Appendix A: Derivation of system matrix A

System matrix A in Eq. (14) can be derived as

A A
A_[A3 A4}’ (A1)
where
[ p1 1
Ar=1| p3 pa 0 ;
_Gll 0 pl—l
[0 0 0 0 omA O
Ay=|1 0 0], As=|0 0 p5|,
0 p 0 0 0 0
[ pa—2 0 p3
As=| 0  pi—2 0
| m 0 pi—A

According to the system matrix (A1), the corresponding
coefficients in Eq. (15) are given as follows:

ay =1, a; =41 —3q,

ay = 612 = A(10g; + 61+ 62) +3(43 + q2),

a3 = 42> —3A%(4q, + 01 + 02)
+2 [8(q7 +42) + 01(p1 +3ps) + 62(3p1 + pa)]
—q1(q1 +642),

as = A01[A(2q1 + 11ps) = 3(A + ps)?]
+A02[A(2q1 +11p1) =3(A +p1)?]
+A(014062)(—2p2p3 —3q2) + A*
—6q1A° +2(Tp1pa+4q2)A°
+A%6102+6q1(3q2+ pap3)A + 391 (65 + q1),

as = Aoy [—13 —l—lz(l?l +5p4)
+A(=5p5+ pap3s —4p1pa) + pa(242 + paqi]
+A0 [~ 2>+ A%(5p1 + pa)
+A(=5pt + pap3 —4pips) + p1(2q2 + p1ai)]
+q> [4l(l—q1)2+q2a1]
+A%[016:22 —q1) — (A —q1)*],

ag = {A[01p4(A — ps) +0o2p1(A —p1)] + g2}
x (A= q1A +q2) + A*6102 [A* + p1ps — Aqi ],

where g1 = p1+ ps, @0 = p1pas— pap3.

Appendix B: Derivation of system matrix B

The system matrix B of Eq. (17) can be given as follows:

B, B, B;
B=| By Bs Bg |, (B1)
B; Bsg B
where the submatrices B; (i = 1,...,9) have the following

forms:
2pp O 2py
Bi=| 0 2ps 2p3 ;
p3 P2 pPi1tpa
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2 0 0 0O 0 O
B,=|0 2 01|, Bs3=|0 0 0|,
0 0 1 1 0 0
201 0 0
Bi=A| 0 20 0 |,
0 0 (o]

_2[)17/’{, 0 2p2
BSZ 0 2p4—)~ 0 )
L D3 0 P1+Dp4

[0 0 0 ]

Bs=|2p3 0 0 |, By=210,B],
L 0 0 p
[0 po O ]

Bs=|0 0 0 |,
[0 0 2p; |
_P1+p4 P3 0

By = 2py 2p1—4 0
0 0  2ps—2A

Based on the system matrix (B1), the coefficients in Eq. (18)

are given as follows:

bo
by
b3

by

1, by =4A—-9q,

3[11q7 +4g2 +24% — A[32¢1 +5(01 + 02)],
225247 +4q2 — pap3 +2A% —214q1
+2(01+02)(27p1 +43ps— 161) — 2141 [347 +4q>],
24%[594% + 16¢2 +2(01 + 02)?

+2(01 4 62)(29p1 + 19p4) + 8(0162 — pap3)]
+2A[— (014 02)(14q1 +94p1 pa)

— 8847 + —24q1 (492 — pap3)] +A*

— 122 [61(9pF +25p3) — 02(9p3 +25p})]
—61%[3(01 + 02) +44q1 |

+6(pt + p3) 1147 +38q2 +22p1 pa
+24(247 + 19p1 pagy + 11pip3),

and the expressions of b; (i =5,...,9) are not presented here

because their expressions are lengthy.
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