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The main concern of this paper is to discuss stability and bifurcation analysis for a class of discrete predator-prey interaction with
Holling type II functional response and harvesting effort. Firstly, we establish a discrete singular bioeconomic system, which is
based on the discretization of a system of differential algebraic equations. It is shown that the discretized system exhibits much
richer dynamical behaviors than its corresponding continuous counterpart. Our investigation reveals that, in the discretized
system, two types of bifurcations (i.e., period-doubling and Neimark-Sacker bifurcations) can be studied; however, the dynamics
of the continuous model includes only Hopf bifurcation. Moreover, the state delayed feedback control method is implemented for
controlling the chaotic behavior of the bioeconomic model. Numerical simulations are presented to illustrate the theoretical
analysis. The maximal Lyapunov exponents (MLE) are computed numerically to ensure further dynamical behaviors and

complexity of the model.

1. Introduction

Bioeconomics is linked closely to the early development of
ideas in fisheries economics due to the pioneering work of
Canadian economists Gordon [1] and Anthony Scott (in
1955). Their basic theories used recent developments in
modeling of biological fisheries, initially the contributions
made by Schaefer in 1954 and 1957 on introducing a sys-
tematic connection between fishing mechanism and growth
of biological type through the implementation of mathe-
matical modeling verified by experimental studies, and also
associated itself to resource protection, ecology, and the
environment [2]. These concepts were developed from the
multifishing science environment in Canada at that time.
Modeling and fishing science developed rapidly during an
innovative and productive period, especially among Cana-
dian fishing researchers of various disciplines. Fishing
mortality and population modeling were launched for

economists, and novel interdisciplinary methods of mod-
eling became obtainable for the economists, which made it
feasible to measure the economical and biological impacts of
various fisheries management decisions and fishing activi-
ties. Modern bioeconomics related to fisheries science can
furnish perception into developing methods to deal with the
overexploitation and complexities of overcapacity in marine
fisheries where most are affected by lack of solid governance,
changing coastal ecosystem dynamics, and natural fluctu-
ations [3].

Moreover, Gordon in [1] suggested economic theory
keeping in view the common property of resource, which
was based on the effect of the harvest effort on an ecosystem
by taking into account an economic perspective, assuming
that x (t) and e (t) denote the density of harvested population
and the harvest effort in an ecosystem, respectively; then the
total cost is equal to ce (t), and the total revenue is equal to
pe (t)x (t), where ¢ denotes the cost of harvest effort, and p is
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used for the unit price of harvested population. Then, the
economic interest y for the harvest effort by the harvested
population is given by

u=e(t)(px(t) —c). (1)

Taking into account Gordon [1] theory, Zhang et al. [4]
studied a class of bioeconomic system with implementation
of theory for singular systems. Their study was consisted of
bifurcation analysis and chaos control for the proposed
bioeconomic model. Later on, Liu et al. [5] reported stability,
bifurcation analysis, and state feedback control for a class of
predator-prey interaction with harvest effort on predator
and stage structure for prey. Chakraborty et al. [6] studied a
bioeconomic system with implementation of theory of
differential algebraic equations. They investigated stability,
Hopf bifurcation, and state feedback control for a class of
predator-prey interaction with time-delayed effect. Zhang
etal. [7] investigated a singular bioeconomic model for prey-
predator interaction with diffusion and time delay. Zhang
et al. [8] carried out comprehensive study related to theory,
applications, complexity, and control of singular bio-
economic systems. Zhang et al. [9] explored the Hopf bi-
turcation for a predator-prey type bioeconomic system with
two delays and predator harvesting. Meng and Zhang [10]
discussed the qualitative behavior of a delayed singular
bioeconomic predator-prey model without and with sto-
chastic fluctuation. Liu et al. [11] analyzed the local dy-
namics and Hopf bifurcation for a biological economic
model with Holling type II functional response and har-
vesting effort on prey. Liu et al. [12] proposed a singular
fishery model for a class of prey-predator interaction with
gestation delay for predator and maturation delay for prey.
Liu et al. [13] formulated and discussed a singular predator-
prey model by implementing commercial harvesting on
predator with gestation delay for predator and maturation
delay for prey. In [14], Li et al. studied a singular bio-
economic predator-prey system with Holling type II func-
tional response and nonlinear harvesting on prey. Meng and
Wu [15] discussed a singular prey-predator system with two
delays, nonlinear predator harvesting and Bedding-
ton-DeAngelis functional response. Babaei and Shafiee [16]
reported stability analysis, bifurcation, chaotic behavior, and
control for a singular bioeconomic model of prey-predator
interaction governed by an algebraic equation and 3-di-
mensional differential equations.

In case of mathematical modeling of predator-prey in-
teraction, the research concerning interspecific interactions
has been numerously based on continuous predator-prey
systems of two variables. On the other hand, particular
species, covering several classes of insects and seasonal
plants, have nonoverlapping generations successively, and
consequently, their population undergoes in discrete time
steps. Populations with nonoverlapping generations can be
modeled suitably with difference equations, otherwise
known as iterative maps or discrete dynamical systems.
Several authors have shown that nonoverlapping genera-
tions governed by iterative maps reveal complex and chaotic
behavior, and the dynamics in such cases may yield a much
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richer set of patterns than those examined in continuous-
time systems (cf. [17-24]). Furthermore, discrete-time
models also have been used for rich dynamics of bio-
economic systems for some classes of predator-prey inter-
action. For example, in [25], the authors analyzed complex
dynamics of a discrete-time bioeconomic system for pred-
ator-prey interaction with the implementation of Euler
approximations. Wu and Chen [26] implemented the
Poincaré scheme for discretization of a singular bio-
economic model and they analyzed period-doubling bi-
furcation, Neimark-Sacker bifurcation, and stability
behavior. Liu et al. [27] studied the chaotic behavior of a
discrete singular system related to the bioeconomic model of
the prey-predator type.

Taking into account predator interaction with logistic
growth and Holling type II functional response for prey
population, we have the following system [28]:

d—x=x<d—kx—L>,
dt a+x

dy bx

a Narx ')
where x = x(t) and y = y(t) denote state variables for the
densities of prey and predator at time f, respectively.
Moreover, d is the intrinsic growth rate of prey, r represents
the natural death rate of the predator, a is used for half
capturing saturation constant, and b represents the maximal
growth rate of the predator. Furthermore, d/k denotes the
environmental carrying capacity for the prey population.

Keeping in view (1) and (2), we obtain the following

predator-prey biological economic model with Holling type
II functional response with harvest effort:

(2)

d—x:x(d—kx— 4 —e>,

dt a+x

1dy bx (3)
dt_y<a+x r),

|y =e(px—oc).

Applying the forward Euler scheme to system (3), we
obtain the discrete-time predator-prey biological economic
model with Holling type II functional response as follows:

( Yn
X, =x,+hx|d-kx, — —e
n+l n n( n a+xn n |’

=y, +h bx, —-r )
Y1 = Vn Y a+x, >

L U= en(pxn _C)’

where h is the integral step size for the Euler approximation.
In this paper, we discuss some dynamical aspects of the
discrete singular model (4). For this, the first existence of



Discrete Dynamics in Nature and Society

interior (positive) fixed point and local dynamics of system
(4) about biologically feasible equilibrium are carried out.
Secondly, it is proved that system (4) undergoes period-
doubling bifurcation and Neimark-Sacker bifurcation by
varying the economic profit u as the bifurcation parameter.
Thirdly, a state delayed feedback control strategy is applied
to avoid bifurcating and chaotic behavior of bioeconomic
model (4). At the end, numerical examples are presented for
verification and illustration of our theoretical discussion.

2. Fixed Points and Stability Analysis

In order to study the qualitative behavior of the solutions of
the nonlinear model (4), we study the existence of fixed
points and their stability properties. From system (4), we can
see that there exists a fixed point X = (xg, ¥y, €) in R} if
and only if X, is a solution of the following equations:

'x=x+hx<d—kx—L—e),
a+x

4 bx (5)
= h —_ N
rern(ee )

Ly =e(px—c).

Through a simple calculation, we obtain

Xo = (02 yo: €0) = <ﬁ’ (a+x0)(d = kx, - eo)>ﬁ>-
(6)

For biological considerations, we focus on the dynamics
of the positive fixed point of the system (4). Thus,
throughout the paper, we assume the conditions for the
existence of a unique positive fixed point of system (4) as
follows:

b>r,
be<r(ap +c), )
bd—r(ak+d)_ U .

(b- r)? r(ap+c)—bc”

In pk-plane, the existence of a unique positive fixed point
of system (4) is depicted in Figure 1.

The generalized Jacobian matrix J (x,, y,,€,) of system
(4) about interior (positive) fixed point (x,, y,,€,) is
computed as follows:

1= Bk, + %00 . o
a+ xo) a+x,
J (0> ¥o-€0) = abhy, 1 0
2
(a+x,)
eyp 0 pxg—c¢

(8)

B Coexistence region

F1Gure 1: Coexistence region for system (4) with a = 6.76,b = 9.4,
c=158,r=0.74, p=9.2, and d = 8.83.

Then, it is easy to see that the generalized characteristic
equation of the Jacobian matrix J (x,, ¥, €,) can be written
as

h h
1= by + ——020 ) 0 e
a+xg) a+x,
det =0,
e abhy, i -1 0
(a+x,)
eyp 0 pxg—c
9)
which on simplification yields
M +PL+Q =0, (10)
where
P = hix. — hxoy,  heypxy 5
P o(atx,) pro-c

! ar 2
:m[&#—(sﬁz)(m_c) ]:H—Q—l,
2
+heopx0 +abh XoYo

Pro=c (a+x)

I S e arp 2
- ((arp/ (b - r))fc)2 [Rzy (2 1)<b— r C) ]’

hx
Q=1- hkxy + ——020_
a+x,)

(11)

where
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H- abx0y03>0,
(a+x,)
hr
R, = s (ap +c),
_ hr ak(b+7)
5 = —?<d—ﬁ>, (12)
hr
R, :?[(ap+c)(1—hr)+hcb],
_hr ak(b+r)
Sz—?[d—?+hd(b—r)—harkj|.
Let F(1) = A% + PA + Q, then
F(1)=1+P+Q=H>0,
F(-1)=1-P+Q-= 2
((arpl/ (b= 1)) - )’ (13)
arp 2
w22
where

hr hr\ hcb
R3 = 3 [(GP+C)(1 —7) +T],

ak(b+r) hdb-r) hark]
+ - .
b-r 2 2

(14)
e

In order to discuss the stability of the fixed point of
(x0> ¥9»€9)> we need the following lemma.

Lemma 1 (see [23]). Consider S({) = {* + P{ + Q. More-
over, assuming that S(1) >0 and {, and {, are two roots of
S({) =0, then the following hold true:

(i) 1§1<1 and |{,1 <1 if and only if S(-1)>0, and
S(0)=Q«<1

(i) (1< 1 and || >1 (or |{1]>1 and |(,]| <1) if and
only if S(-1)<0

(iii) 1{;1>1 and |(,| > 1 if and only if S(-1)>0 and
S(0)>1

(iv) {; = -1 and |, #1 if and only if S(-1) =0 and
P+0,2

(v) ¢, and {, are complex and |(,| = 1 and |{,| = L if and
only if P> —4Q<0 and Q=1

Assume that {; and (, are roots for the characteristic
equation of the variational matrix J (x,, ¥,, €,) about interior
(positive) fixed point (x, ¥y,e,) which are known as ei-
genvalues for the equilibrium point (x,, y,, e,). Taking into
account the topological types related to the fixed point
(x> ¥or€9) of system (4), we say that the fixed point
(xg> ¥o»€9) is a sink (asymptotically stable) if |{;| <1 and
IG5 <15 (x5 Yo €p) s called a source (repeller) if || > 1 and
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1(51> 15 (x4, ¥, €) is called a saddle if [(;| > 1 and |{,| < 1 (or
I(;1<1and |(,] > 1;and (xg, ¥, €,) is called nonhyperbolic if
either |{;| = 1 or |{,| = 1, on the other hand, if {; = -1 and
|(5] # 1 are necessary conditions for the emergence of pe-
riod-doubling bifurcation and -2<P<2 with Q=1 are
necessary conditions for the occurrence of Neimark-Sacker
bifurcation. Moreover, if S(1) = 1 + P + Q > 0, then all cases
of Lemma 1 are depicted in Figure 2 in PQ-plane.

Keeping in view Lemma 1, the following theorem is
presented for local dynamics of system (4) about its positive
fixed point.

Theorem 1. Assume that b>r, bc<r(ap +c), and ((bd -
r(ak +d))/ (b -71)*) - (u/ (r(ap +c)—bc))>0; then, there
exists unique interior (positive) fixed point (x, ¥y, e,) for
system (4) satisfying the following conditions:

(i) (xg, yo-€9) is a sink if and only if R,u<sS,
((arp/(b— 1)) = ¢)* and Ryu> (S; - 2) ((arp/ (b-
r) - c)’

(ii) (xq, yo-€9) is a source if and only Ryu>S,
((arp/ (b= 1)) =c)* and Ryu> (S, —2)((arp/ (b—
) -c)’

(iii) (x¢, ¥o-€y) is a saddle if and only if Ryu<
(S; = 2)((arp/ (b - 1)) —¢)*

(iv) (x¢, ¥o»€,) is nonhyperbolic if one of the following
conditions hold true:

(1) Ry = (S5 -2)((arp/(b—r)) —¢)’, Rypu#(S+
2)((arp/ (b=r)) —¢)%, (S, +4) ((arp/(b—-71))—
c)

(2) Ryp = S, ((arp/ (b— 1)) — ¢)* and H (u) < 4

Next, for a=39, b=14, ¢=3.7, r=34, p=5238,
d =21.1, and h = 0.25, the dynamical classification of in-
terior equilibrium of system (4) is depicted in pk-plane (see
Figure 3).

Taking into account part (iv.1) of Theorem 1, it is easily
to observe that the eigenvalues about the equilibrium point
(xg> ¥9-€9) are given by A, =-1 and 1, =1-P with
|A,|# — 1. On the other hand, if part (iv.2) of Theorem 1
holds true, then one can obtain that the eigenvalues for the
equilibrium point (x, ¥y,€,) are conjugate complex num-
bers with modulus one.

Next, we consider the following set:

e B (R (e

(a) b, [ d, ka D1 s h)

ar 2
Rip+ (S + 2)(ﬁ_ c) ,

| (5, + (2 c>2.

(15)
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F1GURE 3: Dynamical classification of interior equilibrium of system (4) in uk-plane.

It is easy to see that the steady state (x,, y,, €,) undergoes Next, we consider the following curve:
period-doubling (flip) bifurcation whenever parameters vary
in a small neighborhood of Fj.

_ _ _ S, (arp 2 kar \( par )
{HB = @bedk prpo B 0<p= ! (b_ ; c) <(d b_r)(b_r ), H(u)<4b. (16)
On the other hand, (x, ¥, e,) undergoes the Nei-  in a small neighborhood of Hy. In Section 3, we discuss the

mark-Sacker (Hopf) bifurcation whenever parameters vary ~ occurrence of period-doubling bifurcation around the



interior fixed point (x,, y,,e,) with the variation of pa-
rameters in a small neighborhood of Fj, and the emergence
of the Neimark-Sacker bifurcation about (x,, y,,e,) with
varying the parameters in a small neighborhood of Hj.

3. Bifurcation Analysis

Keeping in view the analysis of Section 3, we discuss the
period-doubling bifurcation and Neimark-Sacker bifurca-
tion about the positive fixed point (x, ¥,,€,) in this section.
For this, choose parameter y as bifurcation parameter for
investigating the period-doubling bifurcation and Nei-
mark-Sacker bifurcation about (x,, y,, e,) by implementing
the novel normal form theory of discrete singular systems,
the center manifold theorem, and the bifurcation theory of
discrete systems [29-35].

3.1. Period-Doubling Bifurcation. First, we start our inves-
tigation related to period-doubling bifurcation for system
(4) about its equilibrium (xg, y,,e,) with a variation of
parameters in a small neighborhood of Fjy. For this, we
choose parameters (a,b,c,d,k, p,r,u,,h) arbitrarily from
Fy,  taking into  account system (4)  with
(a,b,c,d, k, p,r,u;,h) € Fg. In this case, system (4) is de-
scribed by the following 2-dimensional map:

x—>x+hx(d—kx—L—e>,
a+x
4 bx (17)
h - >
y—oot y( r+a+x)
Ly =e(px—o).

It is easy to see that system (17) has a unique positive
fixed point (x,, y,, €,) such that the eigenvalues are given by
Ay =-1 and A, =1-P with [1,|# —1. Assume that
(a,b,c,d, k, p,r,uy, h) € Fy with  p; = (1/R)) (S, -2)
(tarpl (b= 1)) - ¢)%. Next, we take p* as a bifurcation pa-
rameter, considering a perturbation for system (17) as
follows:

’x—>x+hx<d—kx—L—e>,
a+x

bx ) (18)

4 o —
y y( r+a+x

Ly, +u" =e(px—o),

where y* « 1 is taken as a small perturbation parameter.
Then, system (17) can be described in the following way:

{ (x, )" — f(x,y.e),
g(x,y,e) =0,

(19)

where

Discrete Dynamics in Nature and Society

faye)= (i (x.pe) fr(xp.e),

,fl(x,y,e):x+hx<d—kx_i_e),

a+x

bx
a+x)

[ g(x, y,€) =e(px—c) - p.

[l y,e)=y+ hy(—r +

(20)

Then, it is easy to see that Dg(x,, y,,€e) = (eyp,0, pxy —
¢) such that the rank of Dg(x,, y,,¢,) = 1. On the other
hand, a local parameterization y for the 2-dimensional
smooth manifold ~defined by M, ={(x, y.e) ¢ R3;
g(x, y,e) =0, andrank Dg (x, y,e) = 1} about (x,y,e) €
B(xg,y0,€9) € M, is given as follows: for any
(x, y,e) € B(xy, ¥o»€)> there is Z € A C R? such that

X=y(2)=X,+UyZ+V,H(2),

9(y(2)) =0, 2y

where
0
L
0

(22)

- o O O o =

X = (x,y,e), Xy= (x0,¥p-€) Z=(2,,2,), and H: R?
— R is a smooth mapping. For further details, the in-
terested reader is referred to [36]. Taking into account the
definition of y, we obtain the following:

D(g(x)\ ' 090
D1//(z)=< (iT ) 10|, (23)
0 01

for arbitrarily chosen (x, y,e) € B(xy, ¥,,€). Then, system
(19) is written as follows:

Z— f(Z), ZeACR, (24)

where A = v 1B (xp, ¥, €)-
Taking into account (24), we have

* 2 2 %
Zy T 42y Ay A a2 415212, a2
3 2 x4
+a;2) +a11212, + O<(|Zl| +|Zz| +l/" |) )’
* 2 2 %
z; — bz + byzy + bz +by12) + 01,212, + b3z

+b111Zi + bnzzfzz + O<<|21| +|Zz| +|H*|)4>'
(25)
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In order to compute the coefficients related the normal
form, we need some further computation. From the
aforementioned computation, one can easily get

Dfl(X)=(1+h(d—2kx— 24 —e), ha ,—hx)
a+x

(a+ x)*
_( abhy bx
sz (X) = (m, 1+ h<—7’ + a+ x), 0)

Dg(X) = (ep,0, px —¢)

-1

. 00 ep 0 px—c 00
Dg(X) \
Dy (z) :< > 10|=1 10 O 10 (26)
Us
01 01 0 01
1 0
= ° 1|=(D.v.D. y)
_e
px—c
and from this, it follows that Assume that f,, (y(Z)) represents the derivative of
T fi(y(Z)) with respect to z; and taking
D, y(z) =<1,0’_ ep ) , fiz,(X) = fir,(y(2)). In a similar way, one can adopt no-
z) px—c (27) tations for fiziz,- (y(Z))and fiZ,zjzk (v (Z)). Next, it is easy to

, see that
D,y (z) =(0,1,0)".

(28)

f12,(X) =D, (X)D, y(2) = 1+ h<d “ ke (aiyx)2 mer picpfc),
h
flzz (X) = Dfl (X)Dzzllf(z) = —a +xx;
bh
S, (X) =D f,(X)D, y(2) = 4 yz’
(a+x)

a+x

Fas(X) = D (XD, y(2) = 1+ h(—r L )

Putting X, into (28), one has the following:
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( B ~ eopxo  xo(d—kxg—e)\ _ .  hr ak(b+r)
flzl(XO)_1+h< kx°+pxo—c+ Py =1+ d+7b—r
hr (b-r1)? (ap+c¢) .
b (apr - cb+cr)? (y 0,
hr
*flzz( 0) =~ a+ x, =T (29)
_ abhy, _abh(d-kxy-e) . _kar (4 +up,)(b-1)
fZZI(XO)_(a+x0)2_ a+x, =hb-n)| d b-r apr—cb+cr )
B bx, \
L szz(XO) =1+ h(—r+a N xo) =1
Then, from (28), it is easy to see that
[ Dr,. (%) - (h( 2k + ope 2), ah 2,h<—1+px)),
1 (a+x) (px—c) (a+x) px—c
Df 1., (X) = ( o )
4 (30)
2abhy  ab
D ,0
fzzl ( (a+x) (a+x) )
abh
D X)=|—,0,0 ).
L f2z,(X) ((a+x)2 )
Consequently, one has the following:
( 2 2
Frope (X) = Df 1, (XOD, y(2) = h[—2k e e
! ! ! (a+x)” (px-o)
h
Frem(X) = Df L (D, y(2) = ———,
(a+x)
4 (31)
2abh
Faee,(X) = D (XID, y(2) =~
(a + x)
bh
Faeey(X) = Df (XID, y(2) = —
{ (a+ x)
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Putting the value of X, in (31), one has the following:
f (X,) = h _2k+2a(d—kx0—eo)_ 2e, pc h[ okt 2d(b—r)2_2kr(b—r)
a0 (a+x,) (px, - ¢)’ ab’® b
2(b-r) [ 1 pc .
apr —cb +cr (ab2 (apr — cb+cr)’ (44,
ah h(b-r)
h flzlzz (XO) = 2= 2 (32)
(a+x,) ab
2abh(d - kx, —e,) 2h(b-71)*( akr 2h(b-r) \
X = = — d N
S22, (%) (a+ x,) ab b-r " ab(apr - cb + cr) (b +447)
Fo (X, = abh _h(b-r)
_ 2212, 0 (a 4 xo) ab .
Then, from (31), it follows that
( 6ahy 4hep c 2ah 2hpc
Dflz z 20
” (a+x)* (px—c) (a+x) (px—¢)
2ah
l)flzlz2 (X) ( )
(a+ x)
(33)
Df. (X ( 6abhy  2abh ) 0),
(@a+x)* (a+ x)
2abh
Dszlz2 ( )
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Then, we get
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( 2
Frome (X) = Dfy. . (X)D, () = — 2, _Shepre
12121 121 1 (a+x) (px—c)
2ah
f1212122 (X) = D,f]:zlz1 (X)DZZW(Z) = 3
(a+x)
4 (34)
6abh
fZlelzl (X) = DfZlel (X)DZII[/(Z) = y4,
(a+x)
2abh
Freyey(X) = Df ez (0D, y(2) = ———,
| 121 121 (a+x)
Putting the value of X, into (34), we obtain that
f (X,) = 6ah(d — kxo = o) | Gheop’c _ 6hkr(b—1)* 6hd(b-r)’
1z,2,2, (L 3 37 3 213
(a+x,) (pxo - ©) ab ab
6h(b-n' [ 1 pc ,
+apr—cb+cr 20 m (b +47),
2ah 2h(b-r1)’

3 2,212, (Xo) = = > 35
flllz( 0) (a+x0)3 20 (35)
6abh (d - kx, — e;) 6h(b—r)3< akr) 6h(b—r)* .

X,) = - d- - )
f2212121 ( 0) (a N x0)3 TR b_r TR (apr—cb + cr) (141 U )
2abh 2h(b-r)’
fzzlzlzz (XO) = El 272 .
| (a+x,) a’b
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Consequently, it follows from (29), (32), and (35) that

ab?

' hr( ak(b+r)> hr (b—r)*(ap +c)
a=l+—\d+t——" | +—————y,
b b-r b (apr - cb+cr)
5 =T
2 b’
hr (b—r)’(ap +c)
=40 —" "3
b (apr - cb+cr)
2 3
au:h[_2k+z db-r’ 2kr(b=r)_ _2(b-1) (
ab b apr —cb+cr
h(b-r)
ap =~ a
2h(b-r)’ [ 1 pc ]
Gi3=—"—— 7|72 2
apr—cb+cr |ab®  (apr— cb+cr)
_6hkr(b-1) 6hd(b-r)’ 6h(b-n' [ 1
G = ab’ a’b’ apr —cb+cr | a*b®
2h(b-r)°
J auz:W’
b-r
bl _h(b_r)<d_a1)r—cb+cr‘ul> —akr,
b, =1,
h(b-r)
b=,
apr —cb +cr
p _2hb-r?(akr \ o 2hb-n’
T ap b-r ab(apr—cb+cr)‘yll’
_h(b-r)
b12_ ab >
_ 2h(b-r)
'S " ab(apr —cb +cr)
) _6h(b—r)3< - akr)_ 6h(b-r)"
11 a2b? b-r) 4b* (apr —cb+ cr)‘dl,
2h(b-r)’
buzz_T
a’b

11
. pc
i (apr - cb+cr)2)yl])
2
pc
(apr — cb +cr)’ Ho
(36)
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Next, we consider the following nonsingular matrix: Then, it is easy to see that system (24) can be written as
follows:
a4 a4
T= < ), (37)

~1-a; b -a <”> (—1 0)(u>+(f1(u)w)>’ (39)
. . . . v 0 A J\v fa(uvsp)
implementing the following translation:

z, u where
z, y

£y = ay (h-ay) - azb“zf L9 A —ay) - aszZZIZZ L3 A —ay) - azbmz]”*
a,(1+1,)

a,(1+1,) a,(1+1,)

a3 (M —ay) —abys 5 o an (b —a) —aby 5
ay(1+ 1) ¥ ay(1+ 1) 1

+ an (/12 - 611) - azb“zz%zz + O<(lzl| +l22| +lH*|)4)

a,(1+1,)
* _a11(1+a1)+a2b“ 2 ap(l+a)+aby, a(1+a)+ab;
fa(uvp’) = a(1+1) g (L)) 1= a(1+h)

a3 (1+ay) + “2511322 o a(1+a)+ “21911123
4y (1+ 1) i# 4y (1+ 1) 1

(40)

a;;, (1+ay)+ayb a4
iy mm O (el D))

zy=a,(u+v), z,=—(1+a)u+,—a),

z,2, = az[—(l +a)u’ + (A, —2a, - Duv+a, (A, - al)vz],
Z=a [u2 +uv+ vz],
z? = a; [u3 +3ulv + 3u’ + v3],

Zz, = a; [—(1 +a)u’ + (A, - 3a; - 2)ulv+ (24, - 3a, - D’ + (A, — 1)1/3].

In order to determine the center manifold W, (0,0,0) of = manifold theorem [29], and it is easy to see that there exists a
(39) about the equilibrium point (0,0) in a small neigh-  center manifold of the following form:
borhood of y*, we implement an application of the center

W, (0,0,0) ={(u,v,u") € R, v = h(u, "), h(0,0) = 0, Dh(0,0) = 0}, (41)
for u and u* sufficiently small. Furthermore, we assume Then, it is easy to see that the center manifold satisfies the
that following:

h(u ) = cou’ + cyup™ + cou™” + O((|u| +

)3), (42)  h(ut fi(nh(ou)w')ow’) = Lk p) + fo (b (wu”)u).
(43)

‘u*



Discrete Dynamics in Nature and Society

Taking into account (42) and (43) and then comparing
coeflicients for (43), one can easily obtain that

13

1
=72\ [(1 +ay)(ayay —ap (1 +ay) —aybp,) + “%bn]’
(1-13)

o = (1+a)) +ayby; (44)
: (1+1,)
c, =0.
Furthermore, taking into account (39), it is restricted to
the center manifold W, (0,0, 0) as follows:
Fru— —u+du’ +dou’ +d, ,u’uy" +dup™ +d,u + O((Iul +|y*|)4>, (45)
where
1
dy = 1 [(/\2 -ay)(ana, —ap(1+ay) +a;;3a,) - bllag +(1+a,)bya, - b113a§]>
2
1
dy, = L1 [a13(A; = 1) = bi3a,],
2
1
dy, = Tt [(’12 —ay)(anaxc; +ape (A, —2a; - 1) +ay5¢0) - bna%ﬁ]
2
46
~bpa,¢, (A, - 2a; - 1) = bza,6), (46)
1
diy = m [a13¢; (A, = 1) = byzaycy],
1
dyy = L1 [(’12 - ‘11)(‘111‘12‘30 + ‘1111‘15 +apco(Ay —2a; — 1) —aya, (1 + al)) - bllagco]
2

~bpa,c9 (A, —2a; — 1) - bmag + buzag (1+ al)]'

In order for system (45) to undergo a flip bifurcation, we
require that two discriminatory quantities «;and a, are not
zero, where

=2d,,,
(0,0)

1/3*F\° 1(9°F ,
o = <§<W) + g(ﬁ))(oo) = z(dm + dll)'

(2 B O
YU\ T ourou  our ou
(47)

Keeping in view the aforementioned computation and
bifurcation theory given in [36, 37], we have the following
theorem.

Theorem 2. Assume that (a,b,c,d,k,p,r,u,) € Fp. If
o, #0, then system (17) undergoes a flip bifurcation at the
fixed point (x, vy, €y) When the parameter y varies in a small
neighborhood of u,. Moreover, if a, > 0 (resp., a, < 0), then the
period-2 orbits that bifurcate from (x,, vy, €,) are stable
(resp., unstable).
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In the last Section 5 related to numerical simulation,
we choose some parametric values for system (4) such that
it undergoes period-doubling bifurcation about positive
equilibrium as p varies in the suitable interval (see
Figure 4).

3.2. Neimark-Sacker Bifurcation. Finally, we discuss the
Neimark-Sacker bifurcation about equilibrium (x, ¥, €,)
with variation of parameters (a,b,c,d,k, p,r,u,,h) in a
small neighborhood of Hj. For this, we choose parameters
(a,b,c,d, k, p,r, u,, h) arbitrarily from Hp, taking into ac-
count system (4) with (a,b,c,d,k, p,r,u,,h) € Hp. In this
case, system (4) is described by the following 2-dimensional

Discrete Dynamics in Nature and Society

Then, it is easy to observe that map (48) has a unique
positive fixed point (x, ¥,,e,). Next, we take y* as a bi-
furcation parameter and consider a perturbation corre-
sponding to map (48) given as follows:

'x—>x+x<d—kx— ) —e>,
a+x

bx ) (49)

y—>y+y(—r+a+x

Ly +p" =e(px —o),

where p* « 1 is taken as a small perturbation parameter.

map:
) Furthermore, from (24), we have
x —>x+x<d—kx— 24 —e),
a+x
4 bx (48)
—y+yl-r+ ,
o)
L 4, =e(px —o).
2 3 2 4
Zy — 412 + 4,2, + a1 2] + 052,25 + 41127 + 011,212, + O<(|zl| +|zz|) )
(50)
2 3 2 4
2z, — bizy +byzy + by 2] + byz12, + by 2]+ byp20 2, + O<(|z1| +|zz|) )
where coeflicients a,a,,a1,, 4154111 412 and Mo = Na (@ =L,
b,,b,,b,1,b15,b,11,b;1, given in (24) are similar to the co- Al R (54)
efficients in (36) by replacing u; with u, + y*. Moreover, it I=—lesg= 7227& 0.
must be noted that the characteristic equation corre- du* 2 (f L= ©)

sponding to the linearization of (50) about (z,,z,) = (0,0)
is given as follows:

M+pN+q)=o, (51)
where
p()=h)-qW)-1
o 1 B B arp 2
) = s R (5= ) () |
abx
Wyt = 0)o .
(M ) (a+x0)3>0
(52)

Suppose that (a,b,c,d,k, p,r,u,, h) € Hg; then eigen-
values about (0, 0) are conjugate complex numbers denoted
by A and A with modulus 1 such that

LA = —%y*)i% 4q(u*) - p* (u*), (53)

and, consequently, one has

On the other hand, it is necessary that, at 4* = 0, one
musthave A", 1" # 1, (m = 1,2,3,4), or equivalently one has
p(0)# —2,0,1,2. Next, it must be noted that p(0) = h(0) —
q(0)—1=H(u,) -2 and H (y,) <4 because (a,b,c,d,k,
p>7> iy, 1) € Hg. As a result, one has p(0) # —2,2. Conse-
quently, it is required that p(0) #0, 1, which is equivalently
written as follows:

H (uy) #2,3. (55)

Consequently, the eigenvalues of system (50) which are
given by 1,1 about fixed point (0,0) do not lie in the in-
tersection of the unit circle with the coordinate axesat y* = 0
whenever conditions (55) hold true. Moreover, in order to
discuss the normal form for system (50) about u* = 0, we
choose pe=0, o=1- (H(u,y)/2), w= (1/2)
VH (4,) (4 = H(uy)),

a, 0
r-( ) G0
o-a, —w

taking into account the following translation:
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FiGUre 4: Bifurcation diagrams and LLE for system (3) with a=5.8, b=8.8, c=21, d=3.6, k=25, r=16, p=2.2, h=0.98,
u € [0.19,0.22], and (x, y,,€y) = (1.28,0.6428,0.287). (a) Bifurcation diagram for x,. (b) Bifurcation diagram for y,. (c) Bifurcation
diagram for e,. (d) Largest Lyapunov exponents.

<Zl)=T(”)_ (57) (”)_>(U_w>(u)+ E(u’v) , (58)
%) v v w o v fa(u,v)

Then, it is easy to see that system (50) takes the following
form:

where

— a a a a 4
Frlu) ==tzl+ zz, + —Hz) M0z, 4 O<(|21| +|Zz|) )
a, a, a, a,

— o—a,)a;; —ab o—-a,)a;, —ab
fz(u)v):( 1) 11 2 HZ%-I-( 1) 12 2 122122

a,w a,w

1 122

+ (‘7_ a,)a; - azbmzs + (‘7_ al)auz - azbuzzz + O<(|z1| +|z2|)4)
a,w a,w

z| = au,

zy=(0—a,)u-wv,
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_ 2
2,2, = ay (0 —a,)u” + a,wuv,

z; = au’

1= Gl

3_ 33 (59)
zZ) = au’,

2z, = ai (0 —a))u’ — wuv.

Therefore, at point (0,0), we have Then, system (58) undergoes a Neimark-Sacker bifur-
7 s 5 —a) cation, if we have the following nonzero discriminatory
i =201, + 20y, (0 - ay), quantity [30, 32]:

71 =apw, (1- ZA)XZ 1 -
" 0=|-Re( 7 |LiiLy - E|LH|2 ~|Ly[* + Re(ALy) |
?luuu = 6“1115‘%’ ur=0
(61)
7o %
S ruawr = a, @ where
?lvv = 7luvv = ?lvvv = 0’
_ 2 )
Souu = w [(0 -ay)(aya, tap(0-ay) —aby,) - azbu]’
72141/ =(0-ay)ay, —aby,,
— 6a,
S o = o [(0-ay)(aya1; + (0 —ay)ay, —azbyyy) — asbyy ],
— 2
S o =— [azbnz - (0 - ‘11)“112]’
a,
721/\/ = 72uvv = 72vvv =0.
(60)
1,— — = —
Lll = Z((fluu + flvv) + l(quu + f2vv))>
1,— — — = — —
L12 = g((fluu - flvv + 2f2uv) + 1(f2uu - f2w - zfluv))’
(62)

Ly = %((711414 - Tlvv - 27214") + i(Tz"'” B TZW * 271”"))’

1 ,— _ _ _ _ _ _ _
2 =77 v T T 1w T 2w T Tovw ) T 0T 200w + T 2uww = J 20uv = T 20w ) )5
Loy = 2o (Frawas Fraom * T * Faow) + (P o + o = Fauaor = o))

Keeping in mind the aforementioned computation, one 4, Chaos Control

has the following result.

Bifurcating behavior, chaos, and unstable fluctuations have
always been considered as adverse criteria in biology;
therefore, these are damaging for the reproduction of the
biological population. Certainly, we require to take action to
stabilize the biological population. For further details and
applications of chaos control methods, we refer to [37-50]
and the references therein.

Theorem 3. Assume that condition (55) is satisfied and 0 # 0,
then the Neimark-Sacker bifurcation exists at the fixed point
(x0> o> €0) in a small neighborhood of u,. Further, if 0 <0 (resp.,
0>0 ), then an attracting (resp., repelling) closed invariant curve

bifurcates from the fixed point for u> p, (resp., p<u, ).
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In this section, we propose the following state delayed
feedback control method for system (4):

Xy = X, + hxn<d —kx, —

X

Yur1 :yn+hyn(a+xn

u=e, (pxn - C)’

where 0 is the feedback gain for the controlled system (63).

n
a+x,

bx, )
—r,

17

- en) + 8(xn - xn—l)’

(63)

Next, introducing u,, = x, — x,,_;, we obtain the fol-
lowing controlled system equivalent to system (63):

xn+1:xn+hxn(d—kxn— U —en>+8un,
a+x,
xn
Yn1 =yn+hyn<a+xn_r>:
4 (64)
Uy = hxn<d - kx, —L—en) + 0u,,
a+x,

LU= en(pxn _C)'

The generalized variational matrix J (x,, y,, 4, €,) of the
controlled system (64) about its fixed point (x,, ¥y, Uy, €y) =
((ar/(b=1)), (a+xy)(d —kxy —ey),0, (u/ (pxy—c))) is

given as follows:

h
my, L N ~hx,
a+x,
bh
7('1 24 0)2 1 0 o0
a+x
J (0> Yoo U €9) = 0 >
h
1-my, - +x0 & —hx,
a+x,
peg 0 0 pxy—c
(65)
where
hx
my, =1 +¢— hkx. (66)

(a+ xo)2

Then, generalized characteristic polynomial for J (x,, ¥,
Uy, €y) is defined as follows:

D S T
a+x,
&)’02 1-21 0 0
P = det| @) -0,
Tomy, % 520 iy,
a+ x,
peg 0 0 pxy-c
(67)
which, on simplification, yields
F(W) =1 +AV +BL+C, (68)

where
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A:Pxo(5+eoh+m11+1)—C(5+m11+1)

€= pxo

>
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c(((abhzxoyo)/( (a+ x0)3)) +20my, + mu) + pxo({(abhzxoyo)/( (a+ xo)s)) —egh —20m, - mu) (69)

>

¢ — pxg

C:=6-20my,.

Keeping in view the controllability for system (63), we
have the following lemma.

Lemma 2. Assume that b>r,bc<r(ap+ c), ((b d—r(ak+
d)/ ((b-1)%) - (u/(r(ap+c)—bc))>0; then the fixed
point (X0 Yo Ug> €9) = ((ar/(b—r1)), (a + xy) (d — kx, —
), 0, (u/ (pxy —c))) of system (63) is a sink if the following
conditions are satisfied:

|A+C|<1+B,
|A-3C|<3-B, (70)
C*+B-AC<1.

5. Numerical Simulation and Discussion

In this section, our main purpose is to validate theoretical
findings with numerical simulation. For this, first of all, the
existence of the period-doubling bifurcation is illustrated
through particular choice of biologically feasible parametric
values. Choose a =5.8, b=8.8, c=2.1, d=3.6, k=25,
r=1.6, p=2.2, and h = 0.98 with the variation of bifur-
cation parameter p in [0.19,0.22]. Then, around
u = 0211175, system (3) undergoes period-doubling bi-
furcation. On the other hand, at a =5.8, b =8.8, c = 2.1,
d=36, k=25 r=16 p=22, h=098 and
u = pq =0.211175, system (3) has a unique positive fixed
point (1.28889,0.642835,0.287096), and the characteristic
polynomial for the Jacobian matrix of singular system (3) is
given as follows:

PA) = A% +0.057005) — 0.942995. (71)

Moreover, the roots of P(A) are —1 and 0.942995.
Consequently, (a,b,c,d,k, p,r,u,,h) € Fg, and it follows
the correctness of Theorem 2. On the other hand, bifurcation
diagrams for singular system (3) and corresponding largest
Lyapunov exponents (LLE) are depicted in Figure 4.

Secondly, choose a=41.5 b=85 c=27, d=34,
k=14, r=3.5 p=23, and h=0.75 with a variation of
bifurcation parameter y in [0.4,1.1] for validity of Nei-
mark-Sacker bifurcation. Then, around u = 0.678396, sys-
tem (3) undergoes a Neimark-Sacker bifurcation. On the
other hand, at a =41.5, b=85, c=2.7, d =34, k=14,
r=3.5 p=23,h=0.75and y = y, = 0.678396, system (3)
has a unique positive fixed point
(1.78221,18.1794,0.484887), and the characteristic poly-
nomial for the Jacobian matrix of singular system (3) is given
as follows:

P(A) =A% —1.207131 + 1. (72)

Moreover, the roots of P(A) are 0.603567 — 0.797313i
and 0.603567 + 0.797313i with [0.603567 + 0.797313i| = 1.
Consequently, (a,b,c,d,k, p,r,u,,h) € Hg, and it follows
the correctness of Theorem 3. On the other hand, the bi-
furcation diagrams for singular system (3) and corre-
sponding largest Lyapunov exponents (LLE) are depicted in
Figure 5. Moreover, in the chaotic region, that is, for
u € [0.678396, 1.1], some phase portraits of system (4) are
depicted in Figure 6.

Finally, in order to see the efficaciousness of delayed
feedback control strategy for system (4), we choose a = 41.5,
b=85¢=27,d=34k=14,r=35, p=23, h=0.75,
and p =0.95 in the chaotic region. At these parametric
values, system (4) has unique positive fixed point
(x0> Yo €0) = (1.78221,9.77703,0.679018), and the complex
conjugate roots of the characteristic equation for the Jaco-
bian matrix are 0.813859 + 0.625908i with
|0.813859 + 0.625908i| = 1.02671 > 1. Therefore, (1.78221,
9.77703,0.679018) is a source for system (4). Furthermore,
for these parametric values, system (64) can be written as
follows:

Xy = X, + 0.75xn<3.4 - l.4x, - AT en) + 0u,,

415+ x,

85x,,

=y, +0.75 ——— =35,
Yur1 Yn yn<41.5+xn )

Upyy = 0.75xn<3.4 S P — eﬂ) +ou,

C415+x,

| 0.95=¢,(2.3x, —2.7).
(73)

On the other hand, the characteristic polynomial of the
Jacobian matrix of system (73) is given as follows:

PA) =A% = (8 + 1.62772)A% + (28 + 1.05413)A — 8. (74)

Taking into account the conditions of Lemma 2, we
have that the positive fixed point of system (73) is a sink
if —0.920461 <d< —0.14539. Consequently, system (73)
is controllable in &€ ]-0.920461,-0.14539[. More
generally, if we take a =41.5, b=85, ¢ =27, d =34,
k=14,r=3.5, p=23, h=0.75 and p € [0.678396,1.1],
then the controllable region for system (64) is depicted in
Figure 7.
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FiGUre 5: Bifurcation diagrams and LLE for system (3) with a =41.5, b=85, ¢ =27, d=3.4, k=14, r=3.5, p=23, h=0.75,
u € [0.4,1.1], and (xg, ¥y, €y) = (1.5,5.58,0.775). (a) Bifurcation diagram for x,,. (b) Bifurcation diagram for y,. (c) Bifurcation diagram for
e,. (d) Largest Lyapunov exponents.
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FiGure 6: Continued.
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FIGURE 6: Phase portraits of system (4) for a = 41.5,b = 85,c = 2.7,d = 3.4,k = 1.4, = 3.5, p = 2.3, and h = 0.75 and with different values
of u € [0.678396, 1.1]. (a) Phase portrait for y=0:678396. (b) Phase portrait for 4=0:7. (c) Phase portrait for 4 =0:75. (d) Phase portrait
for u=0:8. (e) Phase portrait for y=0:85. (f) Phase portrait for y=0:95. (g) Phase portrait for y=1. (h) Phase portrait for y=1:08.

6. Conclusion

We discuss the dynamical behavior of a discrete-time sin-
gular bioeconomic model. Moreover, Euler’s approximation
is implemented to a bioeconomic model governed by the
differential-algebraic system proposed in [11]. The Nei-
mark-Sacker bifurcation and period-doubling bifurcation
are studied for the discrete bioeconomic model with the
implementation of normal form theory, bifurcation theory,
and the center manifold theorem. On the other hand, we
select p (the economic profit parameter) as a bifurcation
parameter. Our investigations show richer dynamical be-
haviors for the discrete-time bioeconomic model compared
with its continuous counterpart studied in [11]. Numerical
computation for maximum Lyapunov exponents ensures
further dynamical behavior and complexity of the model.

Such type of complex phenomena might result from eco-
nomic profit [25]. With the variation of the bifurcation
parameter y, the biologically feasible fixed point resembles
the stability of economic profit, and later on, the system may
sacrifice its stability by undergoing period-doubling or
Neimark-Sacker bifurcation, and consequently trajectories
tend to a period-doubling cascade or an invariant circle. Our
theoretical discussion reveals that if the economic revenue p
increases beyond a certain threshold value g, (respectively,
U,), a phenomenon of period-doubling bifurcation (re-
spectively, Neimark-Sacker bifurcation) occurs. From
Theorem 2 (respectively, Theorem 3), if the economic rev-
enue y is equal to or larger than the bifurcation value g,
(respectively, u,), the predator population, the prey pop-
ulation, and the harvesting effort will not stay at steady
states, which will result in serious biological economic
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Ficure 7: Controllability region of system (64) for a = 41.5, b = 85,
c=27 d=34, k=14, r=35 p=23 h=075 and
u € [0.678396,1.1] in ud-plane.

environmental imbalance. Thus, it is sensible for fishermen
to keep the economic revenue within a certain range for the
purpose of maintaining the sustainable development of
biological resources. On the other hand, the suggested state
feedback control method of the delayed type vanishes such
fluctuating phenomena and derives the bifurcating behavior
of singular discrete-time economic prey-predator system
towards a stable situation. Computation reveals that this
delayed-type control strategy can be applied only by
modifying the effort of harvesting for the prey population
density by taking into account the present prey population
density and the previous one. Consequently, economists can
formulate some strategies to restrain or encourage the
harvesting attempts in practical applications, for example,
adjusting market price and revenue, abating pollution,
making an allowance to fishermen, so that the biological
populations can remain at their stable states.
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