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NEIMARK-SACKER BIFURCATION AND CHAOS CONTROL IN A
MODIFIED NICHOLSON-BAILEY MODEL

Q. DN, M.A. KHAN

ABSTRACT. This article deals with the study of some qualitative properties of a
discrete-time host-parasitoid model. The present model is a modification of classical
Nicholson-Bailey model and the modification is based on a particular case of Hassel-
Varley model in which the interaction between parasitoids is taken in such a way
that the searching area per parasitoid is inversely proportional to the density of
parasitoid. Moreover, it is shown that there exists Neimark-Sacker bifurcation for
the unique positive steady-state of given system. Confirmation of complexity and
chaotic behavior are verified by plotting largest Lyapunov exponents. Furthermore,
feedback strategy is introduced in order to stabilize the unstable equilibrium.
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1. INTRODUCTION

One of the most earliest application to a biological system is the discrete-time Nichol-
son and Bailey model which involved two insects, a host and a parasitoid. The
development of the model goes to Nicholson and Bailey [1]. The parasitoid are the
organism that kills the host organism and live freely as an adult stage but lays eggs
in the larvae or pupae of the host. Host that are not parasitized give rise to their
own offspring. The host that are completely parasitized die but the eggs of the
parasitoid may be survive to the next generation. There are many unrealistic as-
sumptions in such host-parasitoid systems such as a constant reproductivity of the
host, a constant searching efficiency, and a homogeneous environment are unrealis-
tic assumptions. Positive equilibrium state can be stabilized with addition of some
realistic assumptions. In original Nicholson-Bailey model for a long time survival of
parasitoid and its host many modification have been seen in literature.
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The general host-parasitoid model is governed by the following two-dimensional
discrete-time dynamical system:

Nip1 =rNef (Ni, Py)

Pri1 = cNe(1 = f (Ng, Pr)), M

where V; is the density of host species in generation ¢, P; is the density of parasitoid
species in generation ¢, f(Ny, P;) is the fraction of hosts that are not parasitized,
r is the number of eggs laid by a host that survive through the larvae, pupae,
and adult stages, and c¢ is the number of eggs laid by a parasitoid on a single
host that survive through larvae, pupae, and adult stages. The function f can be
interpreted as the probability that each individual host escapes the parasitoid, so
that the complementary term 1 — f in the second equation is the probability of being
parasitized. Moreover, as Ny = 0 implies that P41 = 0, i.e., the parasitoids cannot
survive without the hosts. This is one reason why parasitoids are good biological
control agents. In Nicholson-Bailey model it is assumed that f(Ny, P;) = exp(—AP;),
where A is the searching efficiency of the parasitoid which is the probability that a
given parasitoid will encounter a given host during its searching lifetime. Thus (1)
reduces to the following Nicholson and Bailey model:
Nt-‘rl = TNt eXp(—AAPt)7 (2)
Py =cNi (1 —exp(—AR)).

At the rate of low parasitoid densities the oscillatory behavior occurs in Nicholson-
Bailey model, then the host population behaves approximately as follow:

Niy1 = rNg,

that is, its growth remains unchecked. Moreover, this unrealistic behavior suddenly
results increase in number of parasitoids until the host are killed by attack. To
take into account the effect of parasitoid interference on the hostparasitoid model,
the equation proposed by Hassell and Varley [6] can be used A = aP, ™, where
P, is the number of parasitoids in generation ¢, a stands for the quest constant,
which represents the searching efficiency when P, = 1, m is the mutual interference
constant. Therefore, classical Nicholson-Bailey model can be modified as follows:

Nii1 = 1Ny exp(—aPtl_m),

Pii1 = cNy (1 — exp(—aP}™™)) . (3)

The greater the values of mutual interference constant m in the model (3) yields
stronger the stability chance, and as m — 0 it behave like Nicholson-Bailey model,
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i.e., unstable intersection will arise. For simplicity, we take ¢ =1 and m = %, then
(3) reduces to the following special form of Hassell-Varley model [7]:

Nyy1 = rNgexp (—a Pt> ,

Pii=N (1 — exp (—a Pt)) ' (4)

In remaining discussion, we study the bifurcation analysis for confirmation of Neimark-
Sacker bifurcation for positive steady-state of system (4), and feedback control strat-
egy is used to stabilize the chaotic orbits at an unstable steady-state. For more detail
of some interesting population models both in differential equations as well as in dif-
ference equations, we refer the interested reader to [2, 3, 4, 5]. Moreover, for some
interesting results related to the qualitative behavior of difference equations, we refer
the reader to [8, 9, 10, 11, 12].

2. EXISTENCE AND STABILITY OF POSITIVE EQUILIBRIUM

Let (N, Py) be equilibrium point of system (4), then we have the following algebraic
equations:

N, = rN, exp (—a\/f’*) ,
P. =N, (1 — exp (—a\/ﬁ*)) .

Neglecting the trivial equilibrium (N, P,) = (0,0), we have the following system of
algebraic equations:

1 =rexp (—cu/ﬁ) ,
P. = N, (1 — exp (fa\/]?*>> .

Solving system (5), we obtain P, = (IHT’”)Z, and N, = H@(Pijap) = %. In order

()

a?(r—1)’ \ a

The Jacobian matrix J (N, P,) evaluated at the unique positive equilibrium point
(N, Py) = ((;2(?;2)12), (1%7“)2>> of system (4) is given by

to confirm the positivity of (N, Py) = (r(lm)2 (m—T)Q), it is assumed that r > 1.

1 _ _rinr
J (Nx, Py) = r—1 2151Tr_1 ] :
r 2(r—1)
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The characteristic polynomial of the Jacobian matrix J (N, Py) is given by:

Inr rinr
PA) =N = (14— | A+ o 6

() (*2@-1)) T (6)
In order to study the stability analysis of unique positive equilibrium point of system
(4), we have the following result.

Lemma 2.1. Assume that F(\) = A2 — AN+ B, and F(1) > 0 with A1, Ay are root
of F(A) = 0. Then the following results hold true:

(i) [M| <1 and |A2] < 1 if and only if F(—1) >0 and B < 1.

(i) |A1] < 1 and [A2] > 1, or [A1] > 1 and |A2| < 1 if and only if F(—1) < 0.
(iii) |A1] > 1 and |A2| > 1 if and only if F(—1) > 0 and B > 1.

(iv) A1 = —1 and Ag # 1 if and only if F(—1) =0 and B # 0, 2.

(v) A1 and Mg are complex and || = 1 and |Az| = 1 if and only if A2 — 4B < 0 and
B=1.

Suppose that A; and Ay be eigenvalue of the Jacobian matrix J (N, Py) evaluated
at unique positive equilibrium point of system (4), i.e., roots of the characteristic
polynomial (6). Then unique positive equilibrium point (N, Py) of (4) is called a
sink if [A1] < 1 and |A2| < 1 and thus the sink is locally asymptotic stable equilibrium
point. (Ny, Py) is known as source or repeller if |A;| > 1 and |A2| > 1 and thus a
source is always unstable. (N, Py) is called a saddle point if |A1| < 1 and |A2| > 1,
or |A1| > 1 and |A\2] < 1) and thus a saddle point is also unstable. (N, P) is known
as non-hyperbolic if either |A;| =1 or [A2] = 1.

According to [7], the unique positive equilibrium point of (4) is locally asymp-
totically stable if 1 < r < rg, where rg be unique positive root of the equa-
tion rlnr — 2r + 2 = 0, then we have ry ~ 4.9215536345675055. From (6),
P(1) = %lnr > 0, so applying Lemma 2.1 the following result gives an explicit
condition on r such that the roots of (6) are complex with unit modulus.

Lemma 2.2. The roots of characteristic polynomial (6) are complex with modulus
one if r = rq, where rq is unique positive root of the equation rInr —2r +2 =0 in
]1, 00[ such that r ~ 4.9215536345675055.

Proof. According to part (v) of Lemma 2.1, the roots of (6) are complex and lie on

unit circle under the conditions ‘(1 + Q(I;Ifl))‘ < 2 and 2?:112) = 1, or equivalently
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we have I
nr
1, rlnr —2 2=0.
2(r—1)< , rinr —2r + 0 (7)
Assume that ©(r) = rlnr—2r+2and ¥(r) = 2(1;‘_71) —1. Then it follows that O(r) <

0 for all » €]1,7[, ©(r) > 0 for all r €]ry, 00[, ©'(r) > 0 for r > 2.718281828459045,
where m &~ 4.9215536345675055 and ©(4.9215536345675055) ~ 0. Thus r; =
4.9215536345675055 be unique positive root of ©(r) = 0 in |1,00[. On the other

1
hand, li_}n% U(r) = —3 lgn U(r) = —1 and ¥'(r) = % < 0 for all 7 €]1, 00]

because r — 1 < rlnr for all » > 1.

3. NEIMARK-SACKER BIFURCATION

We investigate the parametric conditions for Neimark-Sacker bifurcation for the
unique positive equilibrium point (N, Px) of system (4) by taking r as bifurcation
parameter. Similar results found in [13, 14, 15, 16, 17, 18, 19, 20]. Under the
influence of Neimark-Sacker bifurcation dynamically invariant closed curves are pro-
duced. The characteristic equation of the linearized system of (4) has two complex
conjugate roots with modulus 1 under the conditions (7) of Lemma 2.2. Next, we
assume that

Qng = {(a,r) :

Inr
2(r —1)

<1, rlnr—2r+2=0, r > 1, a>0}.

Then it follows from Lemma 2.2 that
Qns = {(a,r) : 7 =~ 4.92155363456 75055, a > 0} .

Choosing the parameters (a,r1) in an arbitrary fashion from the set Qg with r; ~
4.9215536345675055. System (4) can be described by the following two-dimensional

(5) = (e 2 )

It is easy to see that map (8) has a unique positive fixed point <£2(1(21)12) , (177”) 2) which
is also the unique positive equilibrium point of system (4). Since (a,r1) € Qng and
r1 =~ 4.9215536345675055. Taking 7 as bifurcation parameter and considering the

perturbation of (8) as follows:
A7 —aV/P
< N ) R (7“1—i—r)Nef ’ (9)
P N(1—eaVP)
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where |F| < 1 is taken as small perturbation parameter. Next we consider the

. 2 2 . .
transformations u = N — ;2(1(1;?1) =P- (ln") so that map (8) is transferred into

the following form:
U air a2 U fi(u,v)
()= ) ()« 5n) o

f1(u,v) = arzuv + a140? + bruv® + bov® + +0 ((Ju] + v])*)

where

fo(u,v) = agguv + aggv? + dyuv? + dov® + O ( lu| + |v]) ) ,

=1 a ~ (m+7F)In(r +7) " _rit+r—1 Gy — In(ry +7)
oo e i+ r—1) T T F P T 24— 1)
. __a72 ) _a2(7“1+f)(1+1n(7"1+7:)) b _a4(1+ln(T1+F))
B o) T 8In(r A ) - 1) 8 (In(ry +7))*
. __a4(r1+f) [(ln(rl+17))2—|—3ln(7’1+f)+3] o — a?
2 18(r1 47 — 1) (In(r1 + 7)) BTy ) In(ry + 7))
I In(ry +7) 41 _ a'(n(ri+7) +1)
AT 8+ 7 —1) ' 8(r + M) (n(r + /)3

a* [(In(r1 4+ 7))? + 31In(ry +7) + 3]
48(r1 +7 — 1) (In(ry +7))*

The characteristic equation of Jacobian matrix of linearized system of (10) evaluated
at the equilibrium (0,0) can be written as follows:

A2 — p(P)A + () =0, 1)
where In(r +7) (e + ) In(ry +7)

N n(ry T f: (& r)in(rq T

P =14 o oy M = e o

Since (a,r1) € Qng, the roots of (11) are conjugate complex numbers A1, Ao with
[Ad1] = |A2] = 1. Then it follows that:

Moo =20 4 g ),

Then we obtain

d|A d|A 11
<|,}|> = <|A?|> - Mo 0.037843691260996154 > 0.
ar ) s—g dr )i 2y2(r1 —1)2+/riInr
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Inry

Furthermore, we have p(0) = 1 + =T # 0,1. Moreover, (a,r1) € Qyg implies
that —2 < p(0) < 2. Thus p(0) # £2,0,1 gives A", A" # 1 for all m = 1,2,3,4 at
7 = 0. Hence, roots of (11) do not lie in the intersection of the unit circle with the
coordinate axes when 7 = 0 and r; ~ 4.9215536345675055.

In order to obtain the canonical form of (10) at 7 = 0, we take a = @,

B = 31/44(0) — p?(0) and consider the following mapping:

(v)-(a %)) w2

Under mapping (12), the canonical form of (10) can be expressed as:

()= (s () (den) 3

where b b
fla,y) = B+ D2 4 P ? 4 243,
a2 a2 a2 a2
g(z,y) = (alg(a —an) — a23> uv + <a14(a —au) - a24> v?
’ Bais B Baiz B

bi(a — a11) dl) 2 <b2(a—a11) d2) 3 4
+|———— = |w | —————— — = | v+ O ((|z| + ,

< ) 2 e (] + u)*)

u = ajgr and v = (a — aj1)x — By. Next, we define the following nonzero real
number:

_ 2
L= ([_Re <(112)\)\1))\2§205n> - %|§11|2 — €o2)* + Re()\2§21)]> ,
- =0

where 1
520 = g [f:r:ac - fyy + 251‘9 +e (%x o gyy B 2fxy>} ’

11~ ~ ~ ~
{11 = i |:f2.’L' +fyy+b(9:m+gyy)} )
11~ . _ - " ~
T )]
1 r~ _ B _ = _ ~ ~
521 — E [f:r:a:x + fxyy + Jrzy + Gyyy +e (gmcx + Jzyy — fmﬁy - fyyy)} :

Due to above analysis, we have the following conclusion.
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Theorem 3.1. Assume that r; ~ 4.9215536345675055 holds and L # 0, then
system (4) undergoes Neimark-Sacker bifurcation at the unique positive equilib-
rium point (Ny, Py) when the parameter r varies in a small neighborhood of 1 =
4.9215536345675055. Furthermore, if I < 0, then an attracting invariant closed
curve bifurcates from the equilibrium point for » > r1, and if L > 0, then a repelling
invariant closed curve bifurcates from the equilibrium point for r < rq.

4. CHAOS CONTROL

In order to stabilize the unstable equilibrium of system (4) we introduce feedback
strategy [21, 22]. Consider the following controlled system corresponding to (4):

Nip1 = rNpexp (—a Pt) - U,

Py =Ny (1 — €xp <—a Pt)> )

where U; = K (Nt - ZS{;?S) +W <Pt - (IHTT)Q> is taken as controlling force and
K and W are the feedback gains. The Jacobian matrix of controlled system (14)

1 2 2\ . .
e (12)%) ds given

(14)

evaluated at unique positive equilibrium point (N, P.) = <

as: |
1 _ K _ rinr _ W
Cy(N,, P,) = [ . 2r1)

r 2(r—1)

The characteristic equation of the Jacobian matrix Cj(N,, P.) is given by

A2—<1+2(jflj1)—K>A+2(fljD(r—K)+M:o. (15)

Let A1 and Ay be the roots of (15), then we have

Inr

=14+—-~-K 1
and I W(r - 1)
nr r—

In order to obtain the lines of marginal stability we must assume that A1 = £1 and
A2 = 1. Under these restrictions the absolute values of A1 and A9 must be less
than 1. First we suppose that A\ A2 = 1, then it follows from (17) that:

Inr r rinr

—1
L1:2(T_1)K— - W:2(r—1)_1' (18)
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Next, suppose that Ay = 1 and from (16) and (17), we obtain the following line for
marginal stability:

Inr —2r+2 r—1 Inr
Ly:| ——m | K — W = . 19
2 ( 2(r — 1) > r 2(r — 1) (19)

Finally, if Ay = —1, then from (16) and (17) we get

(Inr+2r—2 r—1_ (I4+7)lnr

It is easy to see that stable eigenvalues lie within the triangular region bounded by
the straight lines L, Ly and L3 (see Fig. 1).

Figure 1: Stability region of system (14) for a = 0.95 and r = 4.8

5. NUMERICAL SIMULATION AND DISCUSSION

Example 5.1. First, we consider system (4) such that a = 0.5, r € [4,12] and
with initial conditions Ny = 12.7, Py = 10.1. In this case, system (4) undergoes
Neimar-Sacker bifurcation and bifurcation diagrams are shown in Fig. 2. From Fig.
2a and Fig. 2b, it easy to see that both populations undergo Neimark-Sacker bifur-
cation when r varies in the interval [4,12]. The corresponding maximum Lyapunov
exponents (MLE) are plotted in Fig. 2c. In Fig. 3 the local amplification of Fig.
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2 is shown when 7 is taken in a subinterval [4.4,6] of [4,12]. Furthermore, in Fig.
4 another local amplification of Fig. 2 is shown when r is taken in a subinterval
[10,12] of [4,12]. In Fig. 5, phase portraits of system (4) with varying r as r = 4.89,
r=4.9, r =4.921553635, r = 4.93, r = 4.95 and r = 4.98 while keeping a = 0.5 and
initial conditions Ny = 12.7, Fy = 10.1 are shown in Figures 5a, 5b, 5c, 5d, be and
5f, respectively.
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500 500

(a) Bifurcation diagram for Ny. (b) Bifurcation diagram for P;.
MLE

0.15F

0.10F

“ bl 1Y
w7 RO

-0.10F

-0.15¢

(¢) Maximum Lypunov exponents

Figure 2: Plots for the system (4)
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4.4 46 4.8 5 52 5.4 5.6 5.8 6
r r

(a) Local amplification corresponding to Fig.(b) Local amplification corresponding to Fig.

2a. 2b.
MLE
.04
"l /\‘/,\ \ m
1 1 1 ! 1 r
45 5.0 5.5\[ ﬂfr
—D.D‘.‘ L

(¢) Local amplification corresponding to Fig.
2c

Figure 3: Local amplification corresponding to Fig. 2 for r € [4.4, 6].
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Figure 4: Local amplification corresponding to Fig. 2 for r € [10,12].
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c¢) Phase portrait for r =
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(e) Phase portrait for r = 4.95 (f) Phase portrait for r = 4.98

Figure 5: Phase portraits of system (4) for different values of r with a = 0.5 and
initial conditions Ny = 12.7, Py = 10.1

Example 5.2. Next, we take a = 0.95, » = 4.95 and initial conditions (Ny, Pp) =
(3.53,2.81). In this case, the unique positive equilibrium point

(3.5519621500321303, 2.834394038914528) of system (4) is unstable. In Fig. 5,
plot of N; is shown in Fig. 6a, plot of P; is shown in Fig. 6b and phase por-
trait is shown in Fig. 6¢ for system (4). In order to make the equilibrium point
(3.5519621500321303, 2.834394038914528) locally asymptotically stable, we use the
state feedback control strategy. For this, we consider the corresponding controlled
system (14) in which the feedback controlling force is taken as U; = K(N; —
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3.5519621500321303) + W (P, — 2.834394038914528) with feedback gains K = 0.01
and W = —0.02. In Fig. 6, plot of Ny is shown in Fig. 7a, plot of P; is shown in
Fig. 7b and phase portrait is shown in Fig. 7c for system (14).

0 1000 2000 3000 4000 5000 [ 1000 2000 3000 4000 5000

(a) Plot of N; for system (4) (b) Plot of P; for system (4)

5

45

(c) Phase portrait for system (4)

Figure 6: Plots for system (4) with a = 0.95, r = 4.95 and initial conditions
(No, By) = (3.53,2.81)
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3.52 ! " " 2.8 ! .
0 200 400 600 800 1000 0 200 400 600 800 1000

t t

(a) Plot of N; for system (14) (b) Plot of P; for system (14)

287

2.86

2.85

3.52 3.53 3.54 3.55 3.56 3.57 3.58 3.59

Nt

(c) Phase portrait for system (14)

Figure 7: Plots for system (14) with a = 0.95, r = 4.95, K = 0.01, W = —0.02 and
initial conditions (No, Py) = (3.53,2.81)
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