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Abstract: A discrete-time prey-predator system of Leslie-Gower type with harvesting is considered in this
paper. The system is first discretized using the Forward-Euler method. The topology and stability of the
fixed points of this method are discussed using period-doubling and Neimark-Sacker bifurcation analysis.
Secondly, a non-standard finite difference scheme of the same system is presented. We have shown the
permanence and dynamical consistency of this scheme. It has been shown that our non-standard finite
difference scheme is the best scheme for this system, according to Mickens. Using the center manifold
theorem, the normal form of the Neimark-Sacker bifurcation has been derived. Numerical simulations are
provided, using a computer package, to illustrate the consistency of the theoretical results. Finally, chaos
control techniques have been applied to control the chaotic dynamics of the system.
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1. Introduction

he predator-prey relationships are the basis for the interaction of most species on planet Earth. This
T provides our complex ecosystems with rich biodiversity [1] and allows us to pertinently explain these
systems using mathematical models. Using the coexistence conditions of prey and predators, renewable
resources can be optimally managed [2]. Moreover, these systems can be used in physics, economics, chemical
reactions, and many other fields to understand and explain natural phenomena. In the first half of the 20
century, oscillations in prey and predator populations were captured by a model designed by Lotka [3] and
Volterra [4]. This model was the starting point of a new way of designing mathematical models for competitive
systems and generated a plethora of literature over time. To better capture the components of predator-prey
interactions, various types of functional responses were proposed by Holling [5]. In [6], Leslie and Gower
proposed that the carrying capacity of the predator’s environment should be proportional to the number of
prey. The aim of this modification was to consider the physical phenomenon that the increase in the capacity
of both predator and prey must be bounded. This phenomenon is not incorporated in the Lotka-Volterra
model, but in [7] the Leslie-Gower model was proved to have a unique positive equilibrium as well as global
asymptotic stability for any allowed parameters. Then, in [8], the stability with Holling functional responses
was established. In [9], feedback controls were introduced, and the model was proved to be globally stable.
Further properties of this model, like the Hopf bifurcation [10] and unique limit cycles [11], were proved.
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However, this model has its own drawbacks. One major drawback of this model arises in scenarios where the
density of the prey population is low. In such cases, the predator cannot switch to alternative food sources
[12].

This problem of alternative food sources is significant in natural settings, but it is not very important
in some specific circumstances, such as harvesting. The exploitation of natural resources and other human
activities has deeply perturbed the ecosystem on this planet. This perturbation is one of the major causes
of global warming, which in turn contributes to changes in the migration patterns of different species or, in
the worst cases, even their extinction. Harvesting of such species helps rectify such scenarios. Harvesting is
also commonly practiced in fisheries, wildlife, and forestry management, showing the economically beneficial
motivation of harvesting. Nevertheless, it has been observed that without scientific management, harvesting
may bring more harm than good to nature. For example, in [13], the authors observed that more predator
species are likely to become extinct if harvesting increases. Mesterton-Gibbons in [14] and Chaudhuri in [15]
studied multi-species harvesting models. Kar et al. in [16] and Chaudhuri and Ray in [17] studied non-selective
harvesting models of a prey-predator system in fisheries. In [18], the dynamics of predator-prey models with
nonzero constant harvesting were studied, and in [19], the authors discussed constant proportion harvesting in
a class of predator-prey models. Asfaw studied nonlinear harvesting in a time-dependent predator-prey model
with non-autonomous dynamics in [20], whereas Leard et al. in [21] and Lenzini and Rebaza in [22] discussed
the ratio-dependent model for harvesting. In [23], non-smooth threshold harvesting in a prey-predator model
was considered, and the complex dynamics of the system were obtained.

Most of these models are designed using continuous derivatives. The benefits of continuous systems
depend on the scenario in which they are used. Continuous systems explain those physical phenomena in
which the target subject has overlapping time dynamics, such as the next generations or offspring. This is
not true in all cases. There are many fish species, such as salmon, which spawn and are born at the same
time each year. For such subjects of interest, discrete-time models are more suitable [24]. Discrete-time
models are also used for studying organisms and species over time. They not only describe populations with
non-overlapping generations better than their continuous counterparts but also elegantly show the chaotic
behavior of nonlinear dynamics [25,26]. However, this process of discretization is far from perfect. In fact,
numerical oscillations are generally induced if classical finite difference schemes are used for the discretization
of continuous systems, see [27,28]. These methods use approximations to produce finite representations of
functions, which is not sufficient if we want to probe into the dynamical behavior of the system. These
methods produce fallacious numerical behavior, such as the creation of ghost equilibrium points, changes
in the stability nature of existing equilibrium points, or destruction of domain invariance, revealing chaos,
etc., which is not present in the actual model [29]. To rectify this aberration, the non-standard finite difference
(NSFD) scheme was proposed by Mickens in [30]. He paved the way to construct discretization methods that
deal with dynamical information, leading to a qualitative dynamical numerical scheme [29]. This method was
named by Mickens as the Non-standard Finite Difference scheme.

A very special, complex, and interesting dynamic phenomenon also emerges in the investigation of
bifurcations. This phenomenon is called chaos and has been studied for a long time. It focuses on the extreme
sensitivity to initial conditions of the underlying dynamical laws of systems, which can even be deterministic
in nature but, due to some hidden patterns, give highly irregular results with slight variations in the initial
conditions. It has been shown to be present in most natural, physical, and social sciences as well as in
mathematical biology. However, in most cases, it is not considered favorable, and over time, researchers have
developed techniques to delay or even eliminate the chaotic behavior of systems. A state-feedback control with
time delay was proposed by Chen and Yu in [31] for chaotic systems. The nonlinear state-feedback control was
implemented by Abed et al. in [32] for controlling chaos introduced by period-doubling bifurcation. Luo et
al. introduced a hybrid feedback control method in [33] to apply to period-doubling bifurcation, which was
further shown to be applicable to Neimark-Sacker bifurcation as well. The OGY method was introduced by Ott
et al. in [34], while Romeiras et al. proposed the pole-placement methodology in [35], which is also considered
to be a generalization of the OGY method.

In this paper, we use the model proposed by Xie et al. in [36], in which they studied simultaneous
harvesting for both prey and predator. They proved the boundedness, permanence, and stability of the model
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and discussed various bifurcations. They showed that under certain conditions, the model exhibits a stable
limit cycle resulting from a supercritical Hopf bifurcation. In [36], they describe their model as

dx oy
A 1—x— _
ar R 7)’

d 1)
d% Y p(l_ mﬁ—gx) _5>’
with the initial conditions: x(0) > 0, y(0) > 0. Here, x(t) and y(t) represent prey and predator densities,
respectively, at time t. All parameters in system (1) are positive.

In the remainder of this paper, we discretize system (1) by first applying the classical finite difference
scheme in §2 and then create a non-standard finite difference scheme in §3, using the guidelines provided
by Mickens in [30]. The topology and dynamics of the discrete system obtained using the classical finite
difference method are given in §2.1 and §2.2; the existence of period-doubling bifurcation is given in §2.3,
and the existence of Neimark-Sacker bifurcation is shown in §2.4. The corresponding numerical examples and
graphs are given in §2.3.1 and §2.4.1, respectively. The same analysis for our non-standard finite difference

scheme is presented in §3.1, §3.2, and §3.2.1, respectively. In §4, the chaos control techniques are presented.
Finally, we conclude in §5.

2. Classical discretization

There are different classical finite difference methods to discretize a continuous system. The ranking of
these methods depends on their complexity and order. The most commonly used schemes are the Euler and
Runge-Kutta methods, commonly known as integrator methods. In this work, we apply the forward Euler
method to convert system (1) to its discrete counterpart. If we take k as the step size, then using the forward
Euler method, (1) is given by

b4
Xpt1 = Xn +kxy 1_xn_minxn _'Y)/

2)
Ynt1 =Yn+kyn | p (1—ﬁy”> —5>-

m -+ xy
2.1. Fixed points of system (2)
We solve the following system to find the fixed points of (2):

X 1—x—wy—'y> =0,
m+x 3)

o(p (1-52) -8) =0

The system has three fixed points on the boundary, namely,

) = {00, (0622 -0},

For interior fixed points, we have the following cases:
i)If 6 > porif § < pbuty > 1, then there is no positive interior fixed point of the system.
ii) If § < p and 7y < 1, then there exists a unique positive interior fixed point of the system, namely,

Ey=(%,7) = (“("ﬁp‘5> +1 —'y,pﬁp(s(m—l—f)) .
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2.2. Stability analysis of the fixed points

The respective variational matrices at E, Ey, E3, and Ey4 are

= [ 14k(1—79) 0
= 0 1+k(p—0) |’
[ a(l—17)
1—-k(1- —k——
I = =) 5 |,
i 0 1+k(p—9)
1+k<1_7_“(p_§>)
- po
J3 k(p_5)2 1_k<p_5) ’
i Pe
_ A1 —A
Ja=I+k Ay —Ay |
_ - 72
where A; = ¥ S , Ay = A= Poy 5,and Aq = p — 6. To determine the stability of

(m+x)?2 Tm+x 7T (m+x)
system (2) at each fixed point, we use the following lemma.

Lemma 1. Let t; = Tr(J;), det; = det(J;), and p;(z) = z> — tiz+det;, i = 1,...,6. Suppose z1, zo are the roots of
p(z). Then the fixed point is:

i) a sink, which is locally asymptotically stable if p(—1) > 0and det < 1.

i) a source, which is locally unstable if p(—1) > 0 and det > 1.

iii) a saddle if p(—1) < 0.

iv) non-hyperbolic, and may exhibit a fold or transcritical bifurcation if p(1) = 0.

v) non-hyperbolic, and may exhibit a period-doubling bifurcation if p(—1) = O and t # —2,0.

vi) non-hyperbolic, and may exhibit a Neimark-Sacker bifurcation if 4 det —t> > 0 and det = 1.

Using Lemma 1, it is straightforward to show that E; is always unstable, E; is always a saddle, and Ej3 is

stableif 1 — ¢ < “p=9) D‘(pﬁ;&

and a saddleif 1 —y > . The stability analysis of the unique interior fixed

point is richer and more central to our work.

Proposition 1. Let A;, i = 1,2,3,4 be as defined in §2.2,

s 2y [ Ay ArBy? B
=0 A1+m+x<m+x AP Gy 7O M) )

4)
s 27 [ A:By AsBy*
pp=0-AMit o <m+3? T AP\ Gy T M) )
and
k:m—@—ﬂm+mﬂ4@&
! A1AL — AyAs ’ 5)
ko — A1 — Ay + \/(Al + A4)2 —4A5,A;3
1 A1Ay — Ay A3 '
For the positive interior fixed point E4, suppose p ¢ (p1,02). Then Ey is:
a) locally asymptotically stable if k € (0,kq);
b) locally unstable if k € (kp, 00);
c) asaddleifk € (ki,kp);
d) non-hyperbolic with eigenvalues zy = —1and |zy| # 1ifk =kyork = ky, and k # 2 and k # L;
Ay — A Ay — A
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A — Ay

— = and
A1Ay — A2 A3 "

e) non-hyperbolic with complex conjugate eigenvalues, |z1| = 1 = |zz|, if and only if k =

4

Proof. Define p(z) = z? — tz + det to be the characteristic polynomial of system (3) at E4, where t = 2+ (A1 —
Ag)k and det = (AyA3 — A1 Ay)k? + (A1 — Ag)k + 1. Forany k > 0,

p(—1) = (ArA3 — A1 AL)K* +2(A1 — Ak + 4.

Thus, we can easily show that

p(—=1) >0, ifke (0,ki) U (ky, 00),
p(=1) <0, ifke (k, k),
p(—=1) =0, ifk=kjork=k,.
Also,
. Al — Ay
det >1, ifke AlA4—AzA3/oo),
. Ay — Ay
f L Tt
det<1, ifke 0'A1A4—A2A3>'
_ e A=Ay
det=1, ifk= 7A1A4—A2A3'

Then, using Lemma 1, we can state that E, is:

a) asink if and only if
Al — Ay

k€ {(0,k1) U (kz,00)} N (Orw> = (0,k1);

b) asource if and only if

A1 — Ay _ ,

c) asaddleif and only if k € (kq,k2);

2
d) non-hyperbolic with eigenvalues z; = —1 and |z3| # 1 if and only if k = k1 or k = kp, and k # AL
41— A
4
and k # A A
e) non-hyperbolic withz; , € Cand |z1| =1 = |z| ifand only if k = Mz A andke (0 4
P 12 hesm = YT A A - Ay "Ay—-A)
O
2.3. Period-doubling bifurcation
Define,
Q = (& B,8,my,pk) €ER. 1 ko =k orky, ko # 2 ko # 4 p & (p1,02)
PD PO, 108, 7Y, 0, R0 + - R0 1 2, RO A4—A1’O A4—A1’ 1,2 .

Let («, B,9,m,y,p, k) € Qpp, k be the bifurcation parameter. To perturb k, let K be such that |K| <« 1. The
perturbed mapping is,

x+(k+K)x[1—x— 4y -
<;>_> y+(k+K)y<<p(1ﬂ?£cx>(5)>
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In order to translate the fixed point to (0,0), assume x = X+ X and y = Y + 7. Then with the help of
Taylor series expansion, the above mapping can be written as:

X an an X frp (X,Y,K)
(7 )= (o) (3) (v ) ®

where a7 = 1+ kAq, a;p = —kAp, ayy = kAsz, ap = 1 — kA, pr (X, Y, K) = kb1X2 + kb XY +
A1KX — AyKY + kbsY? + kby X3 + kbsX2Y + b1 KX? + byKXY + b3KY2 + kbgXY2 + kby Y3 + O (|X +Y 4 1<|4)
and ¢pp (X,Y,K) = kbgX? + kbgXY + A3KX — A4KY + kb1gY? + kb1 X3 + kb1 X2Y + bgKX? + boKXY +

amif am
blOKYZ + kb]3XY2 + kb14Y3 + O (|X+ Y+K|4>, Where, bl = ﬁ — 1, bz = _m, b3 = O,
. amy __am _ _ _ PBP _ 20By ___Br _ PP
b4_ (m+x)4/b5_(m+x)3/b6_0b7_0/b8_ (m+f)3’b9_m+f'b10_ m+f'b11_(m+2?)4’

20817
bip = — (mpfz)g/ bz = (m 'ipx)Z and by4 = 0.
To convert the system (6) into the normal form of period-doubling bifurcation, let

X\ u\ a1 2 !
(Y) = TpD<U><—1—a11 Zz—a22><v>, (7)

where Tpp is an invertible matrix. If we define

dy =c1k (0112 (a11 +1) (bg — bacy) + a3y (brcy — bg) + (a1 +1)2 (*blo)) ,
dy =c1(—k) (—ﬂlz (a11 + ap — 22 + 1) (bg — baca) + 2a%, (bg — bica) +2 (a1 + 1) byg (a2 — Zz)) ,
ds =c1 (a2 (A1C2 + A3) (1111 + 1) (A2C2 — A4)

(-
( ),
dy =c1 ((a2 — 22) (Aac2 — Ag) +a12 (Arca + A3)),
ds =c1k (1112 (a2 — 22) (bg — baca) + af, (bycy — bg) — byg (a2 — 22) 2) ,
de =c1k (ﬂ 1 (baca — b1y) + (an1 + 1) a3y (brz — bsca) — (a1 + 1) 26112513) ;
dy =cik (a2, (2a11 + axy — 2o +2) (byy — bscp) — 3a3y (byy — bycy) — (ay1 + 1) apbyz (ayq +2ap — 220 + 1)) p
ds =cq (ﬂlz (a11 4+ 1) (bo — baca) + a7, (bica — bg) + (ayy +1)2 (—blo)) ,
dg = — 4 (—alz (a11 + a2 — 22+ 1) (bg — bacy) + 211%2 (bg —bica) +2 (a1 + 1) byg (a — zz)> i
dyo =c1 (012 (a22 — 22) (b — baca) + a7 (brca — bg) — big (a22 — 22) 2) ,
diy =cik ( T (11 4 2ap — 22 + 1) (b1p — bsca) — 347, (b11 — baca) — arpbi3 (a2 — 22) (2411 + ax — 22 + 2)) ,
dyp =1k (11

diz =c1k (ﬂlz (11 + 1) (=bacs — bo) + a3, (bics + bg) + (a11 + 1) 2bm) ,

=N

5 (420 — 22) (b12 — bsca) + a3y (bacy — by1) — arabys (a2 — 22) 2) ,

dig =c1(—k) (6112 (a11 + az — 22 + 1) (bacs + bo) — 243, (bics + bg) — 2 (a11 + 1) byg (ax — Zz)) ,
dis =c1 (a12 (A1c3 + Az) + (a1 +1) (Axcz — Ayg)),
dig =c1 ((a22 — z2) (Azcs — Ay) + a1z (Arc3 + Az)),

diy =c1k ( a1 (az2 — 22) (bacs + bo) + agy (bics + bs) + big (422 — 22) 2) ,
dig =c1k (LZ 12 (b4C3 + bll (0111 + 1) LI%Z (b5C3 + blz) + (au + 1) 2012b13) ,
di9 =c1k <—ﬂ%2 (2a11 4 ax — 22 +2) (bscs + byo) + 3a3, (bycs + byy) + (a11 + 1) apabys (a1y + 2a00 — 225 + 1)) ,

dyo =c1 (—alz (a11 + 1) (bacs + bg) + Cl%z (bicz +bg) + (a1 + 1) zblo) ,
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doy = — 1 (alz (a11 + azp — 22 + 1) (bacs + bo) — 243, (bycs + bs) — 2 (a1 + 1) byg (az2 — Zz)) /
dy =c1 (*1112 (a22 — 22) (bacs + bg) + a3, (bics + bg) + bio (a2 — 22) 2) ,
drs =1k (—a%z (a11 4+ 2ap3 — 2z + 1) (bscs + b1n) + 311?2 (bgcz + b11) + a1obiz (a2 — z2) (2411 + a2 — 22 + 2)) ,
dpy =c1k (—ﬂ%z (a22 — 22) (bscs + bia) + a3, (bacs + biy) + a12b13 (a2 — 22) 2) ,
X =ayp (u+0),
Y =—(1+an)u+(z2 —ax)y,
and
pr (u,v,K) —dyu? + dyuv + d3Ku + dyKo + dsv® + deu® + dyu®v + dgKu? + doKuv + d1gKv? + dqquv® + dqpv°
+0 (ju+o+K[*),
gpp (1,9,K) =dizu? + diauv + disKu + d16Ko + d170% + digu® + digu?v + dogKu? + dyy Kuv + dppKo? + dosuv®
T doyv® + 0 (\u +ou+ K\4) ,

u -1 0 u pr (u,v,K)
(2) = (0 a)(e) (b))

In order to convert to normal form, let M (0,0,0) be the center manifold of (8), evaluated at (0,0) in a
small neighborhood of K = 0. Let

then (7) can be written as

MC = {(K,u,v) 0= GpD (K,u), |u| < 51, ‘K| < 52/GPD(0/0) = O,DGPD(0,0) = 0},

and
Gpp (K, u) = m1u2 + myKu + m3K2 + 0 (|K + u\3) .

Define,
Fpp (K, Gpp (K, u)) = Gpp (K, —u+ fpp (K, u, Gpp (K, u))) — 22Gpp (K, u) — §pp (K, u, Gpp (K, u)).
By comparing coefficients in the equation Fpp (K, Gpp (K, u)) = 0, we get,

_ s i
1—22’ 2 1+Zzl

my msz = 0.

Thus, by center manifold theorem, the following map gives dynamics restricted to Mc:

dgdis o dgdiz  dadis 2
Fo —  —u+diu? + dyKu — K dg — — K
¢ " R B G A pepo prieng B

drdiz \ 3 4
+(d6—|—1_z2>u +0 (|K+ul*).

Furthermore, define

( 0?Fc  10Fc 9*Fc
Y1

9Kou 2 9K au? ><0,0) =& 70,

1°F 192F-\2 dod
Y, = ( C+( C)) :d%+d6+12137é0.
(00)

6 ous 2 9u? — 2
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Theorem 1. If Y1 # 0and Y, # 0, then if k varies in small neighborhood of ky or ky then the system (2) exhibits
period-doubling bifurcation at the interior fixed point when parameter. Moreover, the period-two orbits that bifurcate
from the interior fixed point are unstable if Yo < 0 and stable if Y, > 0.

2.3.1. Numerical example

Select (a,B,0,m,v,p,ko) = (0.07,1.9,0.1,1.2,0.75,1.9,1.11), k € [1,1.4] and the initial value (xg,yp) =
(0.45,0.5). The fixed point is (¥, 7) = (0.215097,0.705589). The Jacobian matrix at (%, 7) is

1—0.209792k —0.0106401k
0.897507k 1—-1.8k ’

with eigenvalues z; = —1 and zp = 0.759395. For any positive k, the eigenvalues are less then 1 and zp = —1,
if k # 1.11484, or, k # 9.26699. Thus, the fixed point is stable for any k # 1.11484, or, k # 9.26699, otherwise,
the fixed point undergoes period-doubling bifurcation, as k varies in the small neighborhood of ky, where we
let kg = 1.11484. After calculations, we get, Y1 = 0.00602808 # 0 and Y, = 57.4343 # 0. These values proves
the correctness of Theorem 1 and rectify the dynamics of system (2) observed in §2.3. Moreover, Y, > 0, which
shows that the stability of period-two orbits that bifurcate from positive equilibrium.

It is apparent from Figure 1a that the fixed point (0.215097, 0.705589) of system (2) is stable for k < 1.11484
and it becomes unstable due to period doubling bifurcation around 1.11484, see Figure 1b. In Figure 1c, we
get a stable period 4-cycle, which in bifurcation diagram, Figure 2, can easily be seen around k = 1.42. As the
value of the bifurcation parameter k is slightly increased, the dynamics of the system exhibits a stable period
8-cycle around k = 1.43. This can also easily be seen in the bifurcation diagrams in Figure 2.

If we further increase the parameter k to 1.44, the increment gives rise to a dynamic of four connected
attractors, as can be seen in Figure le. Further increment in k to 1.48 gives rise to a dynamic of two connected
attractors, Figure 1f, which then finally evolves into a one-piece chaotic attractor, see Figures 1g and 1h.

(1= Gyt for e Stnndard D Scbeme s = 1] [F= oottt Standard D Seheme = 143
PhaaeFortenitof (o Stamtord D Schems G = 11 P Porteitaf e Stdord D Scbem for = 115

(a) (b) (c) (d)

[ connetedchaotic areas o e Standard FD Seheme at = 141 ot tor | [Evostaon fogintoovs for Stadard W= e chnoti stractor o (e Standard T Schme ath = 164
)

v

(e) ® g (h)

Figure 1. For the parametric values («, 8,8, m, v, p, ko) = (0.07,1.9,0.1,1.2,0.75,1.9,1.11), the phase portraits at
(x,7) = (0.215097,0.705589).
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Period - Doubling Bifurcation for x using Standard FD Scheme | Period — Doubling Bifurcation for y using Standard FD Scheme |

zzzzz
0218 L

_——
0216 ) —

0214

Figure 2. Period-Doubling bifurcation diagrams for system (2) for k € [1,1.4] with parameters («, 8,8, m, "y, p, ko)
= (0.07,1.9,0.1,1.2,0.75,1.9,1.11) and initial conditions (xg,yo) = (0.45,0.5).

2.4. Neimark-Sacker bifurcation

Define,
Al —A 4
_ 7 . _ 1 4
Qns = {(a,ﬁ,é,m,’y,p,ko) ceR ko= —A1A4 A, Ay ke (0, 7144 _Al) }
Let (a,8,0,m,v,p,k) € Qng, i-e, k = ﬂ. Let K be as defined before. Then the perturbed
A1Ay — Az A3

mapping is given by
L A
( > x+(k+K)x<1 x 'y)

y y+(k+K)y<p(1—nﬁ’_yx>—5>

In order to translate the fixed point to (0,0), assume x = X + X and y = Y + 7. Then with the help of
Taylor series expansion, the above mapping can be written as

X 11 C12 X fns (X,Y)
<Y>_><czl C22><Y>+<8N5(X,Y)>' (8)

wherec;; =1+ (k+K) Ay, c10 = — (k+K) Ay, c01 = (k+ K) Az, cop =1 — (k+ K) Ay, and

fns (X,Y) = (k4 K) b1 X% + (k + K) by XY + (k + K) b3Y? + kby X3 + kbs X2Y + kbs XY? + kb Y?
+0(1x+Y]*),
gns (X, Y) = (k+K)bgX? + (k+ K) bgXY + (k + K) byoY? 4 kby1 X3 + kbyp XY + kbi3XY? 4 kb1, Y®
+o(Ix+Y*),
and b;, i € {1,2,...,14} be the same as defined in §2.3. Let pys(z) be the characteristic polynomial of the

variational matrix in (8) defined as

pns(z) = 2 = P(K)z + Q(K), ©)
where P(K) = c11 + ¢ and Q(K) = cq1¢22 — 21612 Since (a, 8,5, m,,p,k) € Qys, the eigenvalues z; and
zy are complex conjugate with |z;| = |zz| = 1. This also shows that z;, = @ + ém and
1 =|z1| = |z2| = v/Q(K). Note that P(K)? — 4Q(K) < 0, which implies that P(K)? < 4Q(K) or P(K) € (—2,2).

Abqﬁp#5+f<_ml—1,mm

(X+m)2
<d|dzll<,2)K_0_;<P—5—f<wiy_x)z—1)) £0.
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To check whether the unit circle of coordinate axis do not contains the roots of (9) at K = 0 at the
intersection, we need to ensure that ZTZ # 1 for m = 1,2,3,4. It will be true if we can show that
P(0) # —2,0,1,2. Since, («,B,9,m,7v,p,k) € Qng, we already know that P(0) # —2,0,2. Finally, P(0) # 1 if

and only if k # . Now, to convert system (8) to the normal form at K = 0, define

01
Tns = ,
w21

1
where R = @ and S = E\/4Q(O) — P(0)2. Here, Tys is an invertible matrix. If we consider the

Ay —Aq

transformation
X u
and define
o — (k4 K) (=R (b2S +b1) + S (b10S + bg) + bs)
1= ’
S
. (bo(—R) + 2b19S + bg) (R(k + K))
2 = '
S
bm (Rz (k =+ K))
€3 :#/
o, oK (=R (b5S +bg) +5 (b135 + biz) + bua)
4 = 7
S
_ (kR) ((2b13S + b1p) — bsR)
€5 =
S
b1z (kR?)
6 =——g
S
e7 =0,
eg = (bgs + bl) (k+K),
€9 :bzR(k + K),
e1p =0,
e11 =k (bsS +by),
€12 :b5kR,
e13 =0,
e14 =0,
X =v,
Y =Su + Ro,
and
fns (w,0) = equ? + equv + e3v? + equ® + esuv + eguv® + ezv° + O (|u + 0\4) ,
gNs (u, Z)) = €8M2 + eguv + 610”02 + 6111/13 + €12u2"0 + 81314’02 + 614’03 +0 (‘M + U|4) .

System (8) is thus transformed into

u R -S u st(”/U)
(o) =~ (8 ) () (i)
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In order for the map (10) to exhibit Neimark-Sacker bifurcation, the following quantity must be non-zero:

1—2z)z3 1
Mns = ([ Re (60206011(1_21)2) 3 |@n[* = |@oa]® +Re(@2122)D , (11)
! K=0
where
1[fns  Pfns | ,9%8Ns Pgns  Pgns % fns
@0 = g1 %2 " 92 % audo +‘< w2 a2 _zauavﬂ’
1[0*fns | 9*fns Pgns | Pfns
on = g | ou? o —H( w2 | a2 )]'
_ 1[&fns  Pfns  9%8Ns Pgns  gns | 9% fns
@02 = 8| o2 9? _Zauav _H( ouz 92 +28uav> ’
_ 1 [&fns |, Pfus | Pgns | gns Pgns | PIns  Pins P fns
“n = 16| w3 o2 T awov T ad ! ( 3P | oud? w90 )] '

Using the theorem in [37], we have the following result.

1 L . .
Theorem 2. If k # A My defined in (11) is non-zero, (w,B,9,m,v,p,k) € Qng and k varies kg =
4— M
Al —A
2 then system (3) exhibits Neimark-Sacker bifurcation at the unique fixed point (X,7). Moreover, a
A1Ay — ArAj

repelling invariant closed curve bifurcate from the fixed point (%,§) for k < ko, if Mys > 0. Similarly, an attracting
invariant closed curve bifurcate from the fixed point for k > ky, if Mg < 0.

2.4.1. Numerical example

Take, (a, 8,9, m,v,p) = (1,0.6,0.3,0.1,0.3,0.4), k € [2.2,5.2] and the initial value (x¢,y9) = (0.4,0.1). For
k = ko = 2.65985, the Jacobian matrix is

1+0.0246377k —0.73913k
0.0416667k 1-0.1k ’

with z; = 0.899774 — 0.436356: and z; = 0.899774 + 0.436356: being the eigenvalues. Both eigenvalues lie

. . 1 4 d|le
th t circle. Also, k — F = 132692, k — ) = .07 =
on the unit circle so, kg # A A 3.2692, kg € <0, A4A1) (0,53.0769), ( TK )K_O
(d!;?') = 0.0376812 # 0. Finally, we get, Mys = —12.9312 # 0. Thus, the fixed point exhibits
K=0

Neimark-Sacker bifurcation at (X,7) = (0.283333,0.159722), as can be seen in Figure 3. Moreover, for
k > 2.65985 since Mys < 0, the invariant closed curve that bifurcates from the fixed point is attracting.

The stable fixed point will become unstable due to Neimark-Sacker bifurcation on varying the parameter
k above the threshold value 2.65985. In Figure 4a, at k = 2.3 we can see a stable spiral point and as k increases,
the stable spiral grows in size. As k gets closer to the threshold value, kg = 2.65985, the spiral’s edges becomes
rough and it converts converts into an the invariant closed curve that is attracting. The edges and spiral can
be seeb in Figure 4b at k = 2.7. In all these figures, the fixed point is represented by red dot. Atk = 2.9, the
roughness of edges gradually reduces and the attracting invariant closed curve grows in size, as can be seen
Figure 4c. When k is increased further, all the rough edges disappear and only the attracting invariant closed
curve remains. Because of the close values of the k it is obvious that the bifurcation is producing quasi-periodic
motions around the fixed point.

In Figure 4d, once the parameter k is increased to 4.61, we obtain an interesting behavior of the map. The
map converts into 10 attracting invariant closed curves, coexisting simultaneously. Further increment in the
parameter k change these 10 attracting invariant closed curves into chaotic attractors, Figure 4e, and above this
value, the dynamic evolution of system (2) becomes a chaotic attractor, as evidenced in Figure 4f.
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Neimark — Sacker Bifurcation for x using Standard FD Scheme Neimark — Sacker Bifurcation for y using Standard FD Schcmcl

k k

25 30 35 40 a5 50 25 30 35 40 a5 50

Figure 3. Neimark-Sacker bifurcation diagrams for initial conditions (xg, y9) = (0.4,0.1) and k € [2.2,5.2], with
parameters (a, 8,6,m,v,p) = (1,0.6,0.3,0.1,0.3,0.4), at (%, 7) = (0.283333,0.159722)

Phase Portrait of the Standard FD Scheme for k = 2.3 Phase Portrait of the Standard FD Scheme for k = 2.7 Phase Portrait of the Standard FD Scheme for k = 2.9
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(a) The fixed point behaves as a stable (b) Emergence of Neimark-Sacker (c¢) Invariant closed curve with few
spiral. bifurcation. rough edges.

|lese Portrait of the Standard FD Scheme for k = 4.61 |lese Portrait of the Standard FD Scheme for k = 4.7 |Phase Portrait of the Standard FD Scheme for k = 5.2

y by

/’ . ™ = . >
/P

(d) 10 invariant closed curves. (e) 10 chaotic attractors. (f) The system exhibits chaos.

Figure 4. Phase portraits at (%,7) = (0.283333,0.159722) for the parametric values («,B,d,m,v,p, ko) =
(1,0.6,0.3,0.1,0.3,0.4,2.65985)

3. Non-standard finite difference method

The genesis of the use of non-standard finite difference methods to solve differential equations
numerically was started in [38], some thirty years back. Since then, many researchers have contributed to
the development of these exciting new set of rules to discretize continuous systems. Mickens in his book [39],
describes these new rules as follows:

1) The order of discrete derivatives and the orders of corresponding derivatives of the differential
equations must be equal.

2) Denominator functions for the discrete derivatives are expressed in terms of more complicated
functions of the step - sizes.

3) Nonlinear terms are modeled non-locally on the computational grid or lattice.

4) The discrete system has the same fixed points as that of its continuous counterpart.

5) The boundary fixed points of the discrete system have the same stability as that of the fixed points as
that of its continuous counterpart.
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Mickens call all the numerical methods satisfying the above set of rules as the best finite difference
methods for a particular continuous system to discretize. Formally, the scheme must be dynamically
consistent, as defined below.

Definition 1 (Dynamically consistent Finite Difference Scheme [39]). A difference equation is dynamically
consistent with its differential equation, if they both possess the same dynamics such as stability, bifurcation,
and chaos.

Definition 2 (Permanence [39]). A discrete system is said to be permanent if for any positive solution (x,, ¥, ),
there are positive real numbers w; and W;, i € {1,2}, such that,

wp < liminfx, <limsupx, < Wy,
n—oo n—oo

< im i <1l .

wy < hrg 1£f yn <limsupy, < Wp

n—o0

Using Definitions 1 and 2 as guidelines, we define the following non-standard finite difference scheme
for system (1).

(1+ (1 = 7)¢k)) x(t)

x(t+k) = . ,
L+ (k) (s f(izt) +x(b)
(4900 — 8)y(H
YR = Bay(B)

L~
where, ¢(k) = k + O(k?). Note that

1) the order of discrete derivatives is exactly equal to the orders of the corresponding derivatives of the
differential equations,

2) the denominator functions for the discrete derivatives are expressed in terms of more complicated
functions of the step-size and

3) the nonlinear terms are modeled non-locally on the computational grid.

Let t = nk, x(nk) = x, and y(nk) = y,, then the system can be written as,

(1+ (A= 7)9(k)) xn

Xn4+1 = XY ’
1+ ¢(k) <m+x —I—xn)
1+ ¢(K) (o — 8)) (12)
Yn+1 = ( 47 P ]/n.
14 2R (Boyn)
m+ x,

Theorem 3. Suppose that ¢p(k) =k + O(k?), v < 1+ L and § < p+ 0

¢ (k)

. Then, system (12) is permanent.

1 1 1
Proof. If y <14+ —andd < p+ ——,then -1 < (1 — v)¢(k) and ——~ < p — 6. Thus,
T R = melk) and gy <

(1+ (1= 7)9(k)) xn 1+ ¢(k)

0< < Xp ’
14 ¢(k) (nﬂf”) 1+ (k) (n%*“)
(1+¢k)(p —9)) yn 1L+ ¢(k)p
O oW V| 1L e®GBew)
m—+ x, m—+ Xy

Applying the lim inf and lim sup operators, as n — oo, completes the proof. [
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3.1. Topological dynamics of NSFD

The fixed points of system (12) are

ENST =(0,0),

Ns: (o m(p — ) ,
EN%((%[%;), )

ENs4:<0<(Pﬁp5)+1%Pﬁp‘5(m+X)>,

i.e., the system has same fixed points as that of its continuous counterpart. The jacobian matrices, evaluated at
each fixed points respectively, are,

s, [ 1400 (1-) 0
I 0 L+ ¢(k) (p —9)
T 14+9()(1—7) .
| 1 sle=96m
] = Bo ,
(o —9)%p(k) 1
L Bo(L+ (o= 0)¢(k)) 14 (p—0)p(k)
[ 1 B a(1—7)¢(k)

N = T+ (T =7)pk) A=y +m)(1+ 1 —)¢k) ]
I 0 L+ (0 —0)¢(k)
[1+A(Q1—y—2x—m) —aA

e B L CI ) S ] :

i B
where, A = pk)x d B = 1 Note that, A > 0 and B > 0 since ¢y €

A+A-Dp®) Gtm) 7 T 119 —0)
(0' T+ 4)(1k)> and d € (0, P+ q§(1k)> . The eigenvalues for each boundary fixed point are respectively,
Mzt = {1+ o)1= 1)1+ 9K (0~ )},

)\st_ 1+¢(k)( ) 1
i 1+¢(k) (p—0) THolk)(o—0) [’

&
Bo
1
PRASCIEE (S E— | k)(p—29¢ } .
1,2 {1+4)(k)( 7 + ¢(k)(p = 9)
Since, we must have vy < 1 and ¢ < p, Lemma 1 ensures that
a) EN%1 is always unstable since eigenvalues, {(1 — )¢ + 1,¢(p — &) + 1}, are always greater then 1.

: 1+ 1 -7)¢) 1 NS, ; ~

b) The eigenvalues of JN%2 are {’B P , . Thus, E*V°2 is unstable if 5(1 — y)p >
5 ap(p—08) +po "1+ ¢(p —9) pL=e

a(p — 0), stable if (1 — ¥)p < a(p — ¢) and non-hyperbolic with one eigenvalue equal to 1 if f(1 —v)p =

a(p—9).

c) EN%s is always saddle since eigenvalues of JN% are {
then 1.

Thus, the boundary fixed points of system (12) have the same dynamics as that of their continuous

counterpart. For the unique positive interior fixed point, EN4, we will show below that it also satisfies the
conditions given by Mickens [39]. Thus, in light of all the above information, (12) is the best finite difference

1
—_— 1+ ) },i—e, always greater
Tra_yg  TeP=2 ys g
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scheme for our system (1).

Remark 1. Note that, the best finite difference scheme for any continuous system is not unique. Depending
on the grid values chosen to define the non-linear terms of the system, there can be more then one best finite
difference schemes for any given system.
] A1B _ap(k) (0 —p)? i :
Th 4. L = — = (1-— A SAA S A — %, A =
eore(m) et m T-(1—A;)B ( X+ Bo 0% %, B as defined above and A,

¢p(k)x L . .
— . Then, the unique interior fixed point of system (12) is
07900 gue inerior fxed point o/

1) locally asymptotically stable if m € (111, 00),
2) locally unstable if m € (0, 1) and
3) non-hyperbolic with complex conjugate eigenvalues, v1 and vy such that ||v1|| = 1and ||vz|| = 1, m = 1 and

B+3 _1-2t—q-m _1-B
A1 X+m Al ’

Proof. For the unique interior fixed point, if we define respectively T and A to be the trace and determinant of

A
JNS+and A = Z +1m' then we can define the characteristic polynomial of JN54 as,

pns, (V) = V> —Ttv+A. (13)

Here, the trace T = 1+ A (1 — 7 — 2% — m) + B and the determinant of [N A = B(1+ A (1 — ¢ — 2% —m)) +
a (9(k)(p — 9)%)
Pe

Now, pns, (1) = (B+1)(2+A(1—-2% -y —m)) + AB

AB

> 0, for the given parametric

B
—5)2 O — oy —
“AlB‘P(’_C)(P 9) +B<1+A1( 2% m+1)> 1
Bp (X +m) I+m
This is true if m = m. Thus, A > 1ifm < m, A =1if m = mand A < 1if m > m. Finally, T € (-2,2) if we
have

(@) (p—9)*) a
o

conditions. Also, the determinant A = 1 only if,

~_B+3 < 1-2%x—vy—m < 1-B
Al X+m Al '

Thus, using this information and Lemma 1, we get to the intended results. O

Remark 2. With the given parametric constraints, it is not possible for pys, to have —1 or 1 as roots. Thus, at
the positive fixed point, system (12) can not undergo period-doubling, fold or transcritical bifurcation. This
is in accordance with continuous counterpart of system (12). This is the advantage of non-standard finite
difference scheme proposed above, which is not present in system (2), discretized using the standard finite
difference method, since the system (2) exhibits the period-doubling bifurcation, induced by the discretization
method itself, not by the actual dynamics of the system.

3.2. Neimark-Sacker bifurcation of system (12)

Define,

i B+3 1-2x—9—m 1-B
B 7 . _
Qrpys = {(0(,,3,5,111,%P/k) eRY A < X+m < A’

o AB o (k)6 —p)? :
e ] e e L
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Let (&, B,6,m,v,p,k) € Q FDys/ i-e, m = m. Then the system exhibits Neimark-Sacker bifurcation if m
varies in some small neighborhood of 7. Suppose mg represents the perturbation parameter for system (12)

such that |mg| << 1.
x(1+ (1 —7)¢o(k))

(x ) R 1+ ¢(k) (erlg?H'amyO)HC)

y(1+¢(k)(p—9))

Pey
L) G )

If we assume x = X + % and y = Y + ¥, to translate the fixed point to the origin, then with the help of
Taylor series expansion, we get

X c11 12 X frDys (X,Y)
()= e ) (7)), as

where
_ 14+ x _
. _“(P(k)]/ (.’)?—H’Fl—i-mo> + X+ m+mgy
U @+ mtmo) 1+ (k%) +ag(k)y
o xp(k)x
BTG+ m4mg) 1+ ¢(k)x) + ap(k)y’
c _Bpo(K)7*(¢(k)(p —6) +1)
21 _ _ 2 7
(X +m+mo + Bop(k)77)
O C mo)* (9(k)(p — ) +1)
0 = - )
(X + m+mo + Pogp(k)77)
Frons (X,Y) =1 X2+ XY + ¢3Y2 4+ ¢4 X3 + 5 X2Y + coXY2 + ¢,Y3 4+ 0 (|X 4 Y|4) )
SFDyg (X, Y) :ngz + C9XY + C10Y2 + C11X3 + C12X2Y + C13XY2 + C14Y3 +0 (|X + Y|4) ,
and
o) L A— > 2
o(k) | ¢()(()(X+m+m0)2 B ay i ay 1
ap(k)y _ (% +m+mg) (X +m+ mg)
o = X+m+m0+¢(k)x+1
ap(k)y i '
200k) [ 1 — W)
ap(k) | % " )<<) (xtmtm)?) 1
xp(k)y _ X +m+my
o m‘f‘(ﬁ(k)x-f—l
k - 7
(X +m+mp) (% +¢(k)3€+1)
o = w?¢(k)*
((F+m+mp) (p(k)x +1) +ag(k)g)?’
3
k 3 1— Déy
cy = x "o < (’?‘f'm‘f'mo)z)
= _

(X4 m+mg)® ("‘Wk)??+¢(k)x+1> (WJr(i,(k)Hl)z

X +m—+ my %+ m + mo
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¢wﬁ(ﬁqmﬁH%p+4)(“-@+éinmz)+ 9 (k)

+ay 7 - —
(k)i _ X+ m+my
. A
+ (k)2 (x_+m+mo)2 ’
ap(k)y +o(k)x+1
X +m—+ mg

o ag(k)((1 —7)¢p(k) +1)
T 29 (k)7 :

(X +m+mp) <3E—|—m—|—mo +(P(k)f—|—1>

—X 24 (k2% )22
o s ap(k)y K)x+1 : (11”" P e
(X +m+mp) <Jf-l—rrl+mo + ¢(k)x + >

+ 22mome (k)% + 11m3¢p (k)% + 14mo¢p (k)22 + 6mep (k)X + 6mod (k)

— dam(k)*y — damop (k)7 — 6ap(k)*2y + 6 (k)% + 4p(k)2* + %

— 2a¢(k)y + 3m3p(k)* + Imom>P (k) + 2m>P (k) + ImGmep(k)? + 3m3p(k)?

26 (k) (1 _ “92)
) (X +m + mp) 1
+ dmomep (k) + 2myep(k) + m + mo) + ()7 o 5+ Ttmtmg |’
(g o005 +1)
30(k) (1= ‘Xy_>
2o | 1- 4)()( _(X+m+m0)2 L 2
_ ‘X(P(k)y +¢(k)f+1 X +m+mg
co = X +m—+ my )
(% +m+mo) (p(k)X + 1) + agp(k)y) 2

o w>p(k)°
;= —

((x+m+mo) (p(k)x +1) +agp(k)y)>
Let the characteristic polynomial of the matrix in (14), at the origin be

PEDys (V) = 12 — T(mo)v + D(my),

ie., T(m()) = ¢11 + ¢ and D(WIO) = (1€ — C21C12. Since, (D(, B,6,m,,p, k) S QPDNS therefore the roots
) . ! /aD(ng) — T(mo?
and 1 = |11]| = |no] = /D(mg) or T(mg) € (—2,2). Also, if we define D; = ¢(k)(p —d)+1, Dy =  +
Bog(k)g +m, D3 = (m + %) (1 + ¢(k)%) + ap(k)y, Dy = a¢(k)xy, D5 = pp¢(k)j and D = % + ap(k)y + m,

d
then | 1112] £ 0if,
dmo =0

of (13) are complex conjugate vy, v such that 11| = |1z] = 1 and 11, =

Dy (Ds (¢p(k)x +1) + (k) (¥ +m) (28 +m)) +1  2D5Dg (% + m)

5D 0. 15
Ds D, +5Dy # (15)

To check whether the unit circle of coordinate axis do not contains the roots of (13) at my = 0 at the
intersection, we need to ensure that v{’lz # 1forn = 1,2,3,4. It will be true if we can show that T(0) #
—2,0,1,2. Since, (,B,8,m,7,p0,k) € Qpp,,;, we already know that T(0) # —2,2. Finally, T(0) # 0 if

D% Dy Deg
"Dy (x+m) <4>(k) (£ +m)? i ¢(k) (f+m)2>/ "

1
R
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and T(0) # 1if

1 D3 Dy .
PEPY 50 T Darm) <¢<k) F+m) ) | 4

Thus, the roots of (13) do not lie in the intersection of unit circle of co-ordinate axis when my = 0 and
equations (15), (16) and (17) are satisfied.
To convert the system (14) to the normal form at my = 0, define

0 1
TFDNSZ(Gz G1>'

T 1
where ¢1 = (20) and ¢1 = E\/4]D)(0) —T(0)2. Here, Trp,, is an invertible matrix. If we consider the

transformation
X u
then the system (14) can be written as

u 1 —G2 u fPDNS (u,0)
<0> -~ (Gz G1 ><0>+<gFDN5(”/U)>’ {1s)

fFDNS (u,v) =equ® + eyuv + e30” + equ® + esu®v + eguv® + e;v° + O (|u + v|4) ,

where,

- 4
3rpys (1,0) =egu® + equv + e19v° + e11u°> + e + e13uv? + e140° + O (\u + 9| ) ,
and

e1 =62 (c10 — G1c3),

ey = —2¢%c3 — g1 (ca — 2c19) + co,
e :Q% (c10—c2) +61(co —c1) — giez +cg
G2 ’

€4 ZG% (c14 —G1¢7),
€5 =G2 (—39%07 —61(c6 —3c14) + 013) ,
e6 = — 3¢3c7 + ¢ (3c1a — 2¢6) — 61 (c5 — 2¢13) + 12,

e :Q? (c14 — ¢6) + 63 (c13 — ¢5) + 61 (€12 — €a) — GFe7 + on
G2

eg ZG%C&
eg =G (c2 +261¢3),
e10 =c1 + ¢102 + 6ic3,
e11 :G%C%
e12 =5 (c6 + 361¢7) ,
€13 =62 (05 + 26106 + 39%07) ,

e14 =C4 + G165 + Q%Cé + 9?07-

For the map (18) to exhibit Neimark-Sacker bifurcation, we must have U # 0, where,

1—2u)v2 1
U= <[— Re (wzow11(1_332> ~5 |on* - @l + Re(wzlvz)D , (19)

m0:0
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and,
o =L [Pfns P fns n O*gns L+ Pgns  gns 0% fns
2078 | ou? 002 oudv du? 90?2 oudv ) |’
_1[*fns | @*fns ?gns | P Fns
on =y | ou? t o +l< w2 T o902 )] ’
o =1 [ fns 9% fns _232§Ns Y Pgns  I°3ns zaszs
0278 | ou2 902 dudv ou2 902 dudv )|’
P Pfns | Pfns | %8s n Pgns Y PIns | Pgns  Pfns  Phns
T P E oudv?  du2dv 003 ous oudv?  du2dv 003 '

The following theorem is taken from [37].

Theorem 5. If (a,p,0,m,7,0,k) € QFp, and m varies in the small neighborhood of 11, then system (12) exhibits
Neimark-Sacker bifurcation at the unique fixed point (%,ij). Moreover, a repelling invariant closed curve bifurcate from
the fixed point (%,¥) for m < 1, if 5 > 0. Similarly, an attracting invariant closed curve bifurcate from the fixed point
form >m,if U <O.

3.2.1. Numerical example

Here, we take m as the bifurcation parameter. Let us assume that (a,B,6,7m,7v,0k) =
(0.6,0.35,0.49,0.0504637,0.2,0.8,0.5), m € [0.001,0.1] and the initial value (xo, o) = (0.05,0.3). The Jacobian
matrix is

0.949308172 + 030386517 + 0.0300235 _0.0304155
m2 + 0.31762417 + 0.0246878 i + 0.18191
0.0052519 1.12198 (1 + 0.135714)* |/
(171 + 0.158423)? (17 + 0.158423)?

and for m = m = 0.0504637 the eigenvalues arev; = 0.997792 — 0.0664121: and v, = 0.997792 + 0.0664121..
Both eigenvalues have norm equal to 1. Note that, T(0) = 19.1813 # 0 and T(1) = 2.56518 # 0, thus,

1-2%—y—m B+3 1-B d ||
T =1 -2,0,1,2}, Also, D =1, — - =
(mg) 99558 ¢ {—2,0,1,2}, Also, D(my) , T m € ( A A ) and < ).,

(d J:_f') L = 4.11006 # 0. Finally, we get, U = —87574 # 0. Thus, the fixed point exhibits Neimark-Sacker
bifurcation;lj at the fixed point (%,7) = (0.135714,0.206126), as can be seen in Figure 5. Furthermore, for m >
0.0504637, we have U < 0 and an invariant closed curve bifurcates from the fixed point which is attracting.
The stable fixed point will become unstable due to Neimark-Sacker bifurcation on varying the parameter
m above the threshold value 0.0504637. In Figure 6a at m = 0.06, the fixed point is a stable spiral point and as m
decreases, the stable spiral looses its stability. The spiral becomes dense and eventually breaks as m gets closer
to the threshold value 0.0504637. At this point the stable spiral starts converting into an attracting invariant
closed curve when m = 0.05 and m = 0.045 as can be seen in Figure 6b and Figure 6¢ respectively. In all these
figures, the fixed point is represented by red dot. As is evident from the Figure 6d, as m is decreasing, the

system behavior is converting gradually into a single attracting invariant closed curve. The Neimark-Sacker
bifurcations is producing the quasi-periodic motions around the fixed point, which is obvious if we observe
changes in phase portraits from small changes in the values of m. In Figure 6e, the system has been converted
to a single attracting invariant closed curve.
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Neimark — Sacker Bifurcation for x using NSFD Scheme Neimark — Sacker Bifurcation for y using NSFD Scheme

Figure 5. Neimark-Sacker bifurcation diagrams of system (2) for («,B,6,m,v,pk) =
(0.6, 0.35,0.49,0.0504637,0.2,0.8,0.5) and initial conditions (xo,yo) = (0.05,0.3)

Phase Portrait of the NSFD Scheme for m = 0.045

Phase Portrait of the NSFD Scheme for m = 0.06 Phase Portrait of the NSFD Scheme for m = 0.05
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(a) Stable spiral when m > m (b) Hopf bifurcation (c) Invariant closed curve

[Phase Portrait of the NSFD Scheme for m = 0.03|

Phase Portrait of the NSFD Scheme for m = 0.01
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(d) As m decreases further, the system
converts into a single invariant closed (e) At m = 0.01, we get a single
curve invariant closed curve

Figure 6. Phase portraits for («, 8,5, m, 7, p, k) = (0.6,0.35,0.49,0.0504637,0.2,0.8,0.5)

4. Chaos control using multiple control strategies

In this section, we apply multiple feedback control strategies to try controlling the chaos present in the
both standard finite difference model (2) and the non-standard finite difference model propose in (14). To
control the period-doubling bifurcation, we will apply the State Feedback Control method. In order to control
the Neimark-Sacker bifurcations for both systems (2) and (14), we will use hybrid feedback control strategy
which is shown to control Neimark-Sacker bifurcation, although initially its design was aiming to control the
period-doubling bifurcation.
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4.1. Controlling period-doubling bifurcation of model (2)

To control the chaotic behavior of system (2) around the period-doubling bifurcation, we apply the
state feedback control method. Suppose that we introduce u, = —5S; (x, — 0.215097) — S, (y» — 0.705589)
as feedback in the system 2. The new system is then given by:

Xpa1 =X +kx, [ 1—x, — &Y —’y)—l—un,
;ﬂ+xn (20)
_ _ Py _
Yn+1 = Yn + kyn P(l m+xn) 5)-

The Jacobian matrix | of the controlled system (20) evaluated at the interior fixed point (%, 7) is given by:

0.7661 —S; —5S, —0.0118
1.0005 —1.0067 ’

The trace and determinant of the above matrix are —0.2406 — S; and 1.0067S5; + 1.0005S, — 0.7593
respectively. Thus, the lines of marginal stability are as follows:

Iy : Sy = —1.006S; + 1.7583,
I : Sy = —2.00555; — 0.4809, (21)
I3: Sy = —0.0067S; — 1.3314 x 10~ 15,

The region shown in Figure 7 is the one bounded by the marginal stability lines given in (21) and
represents the combinations of S; and S, for which the period-doubling bifurcation of the system (2) is delayed
to k = 1.6 instead of k = 1.11484. And even after k = 1.6, it can be seen in Figure 8 that the chaotic orbits are
very much controlled and not getting out of control as was the case in the uncontrolled system. This is also
confirmed by looking at the Maximum Lyapunov exponents in the Figure 9 where the comparison between
the Maximum Lyapunov exponents around the period-doubling bifurcation of the uncontrolled system (2)
(S1 = S = 0) and the controlled system (20), where S; and S; belongs to the stability region shown in Figure
7 is shown. This comparison shows that the MLE is delayed to enter the positive region and not until k reaches
near 1.6 that we see the evidence of chaotic behavior in the system.

| Stability Region using SFC for Standard FD Scheme . |

S,
i Label
10 S Ll
L,

J \—
L L s

Stability Region

(a)

Figure 7. Stability region for the control parameters S; and Sy, bounded by the marginal stability lines given in
1)
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Controlled x for Standard FD Scheme delaying Period — Doubling Bifurcation Controlled y for Standard FD Scheme delaying Period — Doubling Bifurcation

y

Figure 8. Delayed Period-Doubling bifurcation diagrams for the controlled system (20) for S; = 0and S; =1
and k € [1,1.92] with parameters («,8,6,m,7,p,ko) = (0.07,1.9,0.1,1.2,0.75,1.9,1.11) and initial conditions
(XO,yo) = (0.4, 01)

Maximum Lyapunov Exponent for uncontrolled SFD Model . | Maximum Lyapunov Exponent for SFD Model controlled through SFC .

MLE

MLE

(@) (b)

Figure 9. Comparison between the Maximum Lyapunov exponents around the period-doubling bifurcation of
the uncontrolled system (2) (S; = S; = 0) and the controlled system (20), where S; and S, belongs to the
stability region shown in Figure 7

4.2. Controlling Neimark-Sacker bifurcation of model (2)

Let (a,B,9,m,7v,0) = (1,0.6,0.3,0.1,0.3,0.4), k € [2.2,5.2] and the initial value (xg,y9) = (0.4,0.1). As
shown in example 2.4.1 the system (2) exhibits Neimark-Sacker bifurcation around k = 2.65. To control the

chaotic behavior of system (2) we apply the hybrid feedback control method. For that purpose, lets modify
system (2) as follows:

m+ xy

Yns1 = & ( Yn + kyn <p (1 _ /31/) _5>) A, (22)

m-+ x,

Xn1 =G xn+kxn<1xn X 7)>+(1§)xn,

where { € [0,1] and the controlled strategy in the above system is a combination of both parameter
perturbation and feedback control. = Moreover, by suitable choice of controlled parameter ¢, the
period-doubling bifurcation and Neimark-Sacker bifurcation for the equilibrium point (%, ) of the controlled
system above, can be advanced (delayed) or even completely eliminated. The variational matrix of controlled
system, determined at (X, i7) is:
0.0655325¢ +1 —1.96597¢
0.110827¢ 0.734015

If we define the trace and the determinant of the above matrix as 7, and A; respectively, then:

T, = 0.0655325¢ + 1.73402,
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Ay = 0.217883¢2 + 0.0481018¢ + 0.734015.

The controlling affect is apparent in Figure 10. For ¢ = 1, i-e, for the original system (2) the behavior of
x, y and the complete system is shown in figures 10(a), 10(c) and 10(e) respectively. The system is showing
chaotic behavior. To control it, let § = 0.93. Then the system starts behaving in a very controllable manner as
is evident from the figures in 10(b), 10(d) and 10(f).

The resulting controlled bifurcation diagrams and the comparison of Maximum Lyapunov exponents for
the uncontrolled system (2) (¢ = 1) and the controlled system (22) { = 0.8 are given in Figures (11)(a), (11)(b)
and (11)(c), respectively. By looking at comparisons of MLEs, we can see that the chaos in the system is delayed
from approximately k = 2.9 to k = 3.65. This information can also be verified in the bifurcation diagrams of
the controlled system, which shows the efficiency of the control strategy.

[Behavior of x without HFC Strategy for SD of Harvesting model. | [Behavior of x with HEFC Strategy for SD of Harvesting model |

[Behavior of y without HFC Strategy for SD of Harvesting model

2000 4000 6000 8000 10000 2000 4000 6000 8000 10000 | 2000 4000 6000 8000 10000 f

(a) (b) (c)

|Belmior of y with HFC Strategy for SD of Harvesting model . Behavior of SD of Harvesting model without HFC Strategy . Behavior of SD of Harvesting model with HFC Strategy .

Figure 10. Controlling Neimark-Sacker bifurcation using hybrid feedback control method. Figures (a), (c)
and (e) represents the behavior of system (2) whereas figures (b), (d) and (f) represents the behavior of the
corresponding controlled system (22) for parameters («, 8,8, m,,p, ko) = (0.07,1.9,0.1,1.2,0.75,1.9,1.11) and
initial conditions (xg, ) = (0.4,0.1)

Controlled Neimark — Sacker Bifurcation for x using Standard FD Scheme | [(tunn-ullul Neimark — Sacker Bifurcation for y using Standard FD Scheme
- * ]

Maximum Lyapunov Exponent for uncontrolled & controlled SFD Model .

Uncontrolled

(a) (b) (c)

Figure 11. Controlled Neimark-Sacker bifurcation using hybrid feedback control method in Figures (a), and (b).
Figures (c) represents the comparison between the Maximum Lyapunov exponents the uncontrolled system (2)
(¢ = 1) and the controlled system (22) ¢ = 0.8
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4.3. Controlling Neimark-Sacker bifurcation of NSFD model (12)

Let (&, B, 6, mo, v, p, k) = (0.6,0.35,0.49,0.0504,0.2,0.8,0.5) and the initial value (xo,y9) = (0.05,0.3). As
shown in example 3.2.1 the system (12) exhibits Neimark-Sacker bifurcation around m = my. To control the
chaotic behavior of system (12) we apply the hybrid feedback control method. For that purpose, lets modify
system (12) as follows.

Xp41 =¢ (1+(1~ Z)f(k)) n +(1=2C)xy,
1 (= "
+¢()(m+xn+x> o)
_ x| A+ek)(p—5))yn N
Yn+1 = (;I - (P(k)(ﬁp]/n) + (1 g) Yns
m+xn

where § € [0,1] and the controlled strategy in the above system is a combination of both parameter
perturbation and feedback control. It is obvious as well that the more ¢ is close to 1, the less control is exerted
on the system for chaos. The closer ¢ is to 0, it means the chaos is not controllable through light control actions.
Moreover, by suitable choice of controlled parameter ¢, the period-doubling bifurcation and Neimark-Sacker
bifurcation for the equilibrium point (%, 7) of the controlled system above, can be advanced (delayed) or even
completely eliminated. The variational matrix of controlled system, determined at (%, ) is:

0.104299¢ +1  —0.13089¢
0.120363¢  1—0.108715¢ | °
If we define the trace and the determinant of the above matrix as 73 and A3 respectively, then:

73 2 — 0.00441544F,
Az = 0.0044¢% —0.0044¢ + 1.

The controlling affect is apparent in Figure 12. In fact we can see that the system is quite unstable when
the parameter m passes the threshold value of 1y and to control the system or to delay the bifurcation, we have
to change the value of our control parameter ¢ now and again. As an example, when m = 0.0504 the system
starts exhibiting the Neimark-Sacker bifurcation as is evident in Figure 12(a). Note that in this figure and all the
subsequent figures, when we take ¢ = 1 then we recover our uncontrolled system given in (12). Thus Figure
12(a), Figure 12(c) and Figure 12(e) represents the behavior of uncontrolled system (12) for various values of
the parameter m. Thus at m = 0.0504 the Neimar-Sacker bifurcations is delayed if we choose { = 0.97 as is
shown in Figure 12(b). But as we reduce the value of m from 0.0504 to 0.0495, this value of ¢ is not enough
to delay the bifurcation. Instead the system keeps on exhibiting the emergence of Neimark-Sacker bifurcation.
The system also shows in Figure 12(c) the increase in the bifurcation activity. Thus in order to control the
system at this stage, we need to decrease the value of ¢ to 0.8. By doing so, as we can see in Figure 12(d), the
system’s state returns to pre-Neimark-Sacker behavior. The similar type of behavior is observable if we further
decrease the value of m to 0.0485. The uncontrolled system’s chaotic behavior increase as shown in Figure
12(e). Also no previously selected value of ¢ is good enough to control this much chaos in the uncontrolled
system. Due to which we have to further decrease the value of ¢ to 0.6 to bring the controlled system to the
pre-Neimark-Sacker stage. This is shown in Figure 12(f). The resulting controlled bifurcation diagrams and
the comparison of Maximum Lyapunov exponents for the uncontrolled system (14) (¢ = 1) and the controlled
system (23) ¢ = 0.6 are given in Figures (13)(a), (13)(b) and (13)(c), respectively.
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|Behavior of NSFD model using HFC Strategy for £ = 1. |

|Behavior of NSFD model using HFC Strategy for £ = 0.97.

Behavior of NSFD model using HFC Strategy for & = 1. |
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Figure 12.

Controlling Neimark-Sacker bifurcation using hybrid feedback control method. Figures (a),

(c) and (e) represents the behavior of system (2) whereas figures (b), (d) and (f) represents the behavior
of the corresponding controlled system (23) for various values of ¢ and parameters («,8,6,mp,v,p,k) =
(0.6,0.35,0.49,0.0504,0.2,0.8,0.5) and initial conditions (xg, y9) = (0.05,0.3)

|Conlro]_led Neimark — Sacker Bifurcation for x using NSFD Scheme with ¢ = 0.6 . ‘ ‘Conlrollcd Neimark - Sacker Bifurcation for x using NSFD Scheme with £ = 0.6 . ‘

B ¥

[Maximum Lyapunov Exponent for uncontrolled & controlled NSFD Model .

MLE

Uncontrolled

(c)

Figure 13. Controlled Neimark-Sacker bifurcation using hybrid feedback control method in Figures (a), and (b).
Figures (c) represents the comparison between the Maximum Lyapunov exponents the uncontrolled system (14)

(¢ =1) and the controlled system (23) ¢ = 0.6

5. Conclusion

This paper studied the behavior of discrete Leslie-Gower type model with harvesting. The discretization
of the continuous system has been done using initially the classical finite difference method (Forward Euler
method). Then we designed a non-standard finite difference scheme for the system which is dynamically
consistent and the best finite difference scheme, according to Mickens [39]. For both schemes, stability of
fixed points and their topology has been discussed. It is shown that the forward Euler scheme do not
change the fixed points of its continuous counterpart but changes their stability by introducing non-existent
bifurcations and chaos in the system. While non-standard finite difference scheme changes neither. In the
subsequent sections, the bifurcation scenarios for the unique positive interior fixed point of both schemes have
been studied and proved, using the center limit theorem. We note that the non-standard finite difference
scheme exhibits only the Neimark-Scaker bifurcation which leads to the stable limit cycles, as is the case
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with system (1). On the other hand, the discretization of system (1) using forward Euler method exhibits
the period-doubling bifurcation as well as the Neimark-Sacker bifurcation. Also, this classical discretization
scheme introduces chaos in the system, which is not inherent in the system and is because of the nature of the
classical discretization process. We have also studied the chaos and its control for the both the systems and the
bifurcations. The controlling effects are also shown.

The mathematical results are supported with some numerical examples showing the period-doubling
bifurcation in Example 2.3.1 and Neimark-Sacker bifurcation in Example 2.4.1 for system (2) and the
Neimark-Sacker bifurcation in Example 3.2.1 for system (12). Using Mathematica, we carry out the numerical
simulations to support the analytical results obtained in sections §2.3, §2.4 and §3.2. The numerical simulations
reaffirm our analytical results, while displaying insights about the local stability of the positive interior
fixed point. As is known already, a slight change in the parametric values, change the behavior of the
system’s trajectories, which makes its dynamics more complex. By using different values of parameters
(«, B,6,m,7,p, k), we numerically showed the presence of period-doubling and Neimark-Sacker bifurcations
for system (2) and the Neimark-Sacker bifurcation for system (12). Theese numerical results are supported by
the phase portraits at different values of bifurcation parameter and the bifurcations diagrams. Based on the
result in this study, harvesting firms have better chance of maximizing their gains by setting their constraints
to a certain value while varying them from time to time according to the stability conditions.
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