AIMS Mathematics, 9(10): 29608-29632.
DOI: 10.3934/math.20241434
AIMS Mathematics Received: 31 July 2024

Revised: 27 September 2024

Accepted: 10 October 2024
https://www.aimspress.com/journal/Math Published: 17 October 2024

Research article

Hopf bifurcation and hybrid control of a delayed diffusive
semi-ratio-dependent predator-prey model

Hairong Li!, Yanling Tian?>*, Ting Huang' and Pinghua Yang'

' College of Computer Engineering, Guangzhou City University of Technology, Guangzhou,
Guangdong 510800, China

2 School of Mathematics, South China Normal University, Guangzhou, Guangdong 510631, China

* Correspondence: Email: tianyl @scnu.edu.cn.

Abstract: A delayed diffusive predator-prey system with nonmonotonic functional response subject
to Neumann boundary conditions is introduced in this paper. First, we analyze the associated
characteristic equation to research the conditions for local stability of the positive equilibrium point
and the occurrence of Turing instability induced by diffusion in the absence of delay. Second, we
provide conditions for the existence of Hopf bifurcation driven by time delay. By utilizing the normal
theory and center manifold theorem, we derive explicit formulas for Hopf bifurcation properties such
as direction and stability from the positive equilibrium. Third, a hybrid controller is added to the
system. By judiciously adjusting the control parameters, we effectively enhance the stability domain
of the system, resulting in a modification of the position of the Hopf bifurcation periodic solutions.
Numerical simulations demonstrate the presence of rich dynamical phenomena within the system.
Moreover, sensitivity analysis was conducted using Latin hypercube sampling (LHS)/partial rank
correlation coefficient (PRCC) to explore the impact of parameter variations on the output of prey
and predator populations.
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1. Introduction

The rich dynamics of nonlinear systems have significant implications for modern technology,
advancing developments in fields such as natural sciences and engineering applications. Non-linear
dynamical systems typically serve as mathematical formalizations of conventional scientific concepts
and complex entities, with widespread applications in biology, ecology, and chemistry [1-3]. Zhang
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and Lu [4] studied a type of predator-prey system with a Holling-IV type functional response function

dx (1) a(H)xy(1)
7 xi1(®)[r1 = bi(®)x(1) - R SRR .
do) o a(n( (D
7 x)[r - T(l)]’

where x, (1), x, () represent the densities of the prey and the predator at time ¢, respectively, m # 0,n > 0
are all constant, and ry, r, represent the intrinsic growth rates of the prey and the predator respectively,
by(?) is the intra-specific competition rate of the prey. a;(¢) is the capturing rate of the predator, a,(r)
is a measure of the food quality that the prey provided for conversion into predator birth [4]. In [4],
Zhang and Lu demonstrated the global stability of the positive equilibrium point using the Lyapunov
function. In [5-7], many scholars have studied the properties of periodic solutions for the semi-ratio-
dependent prey-predator model. Zhao [8] investigated the stability and bifurcation of model (1.1) with
two delays.

With the continuous deepening and expansion of research, scholars have found that in the natural
world, the emergence of many phenomena is not only influenced by the current state but also closely
related to the state of a certain moment or period in the past. This phenomenon is called time delay.
Many scholars have investigated predator-prey models with various types of time delays, such as
infinite delay, time-varying delays, and multiple delays [9-11]. Under specific conditions, delays
induce variations in the stability of equilibrium states, leading to the emergence of bifurcations or
spiral wave patterns in the considered systems [12—17]. Therefore, the application of time delay in
predator-prey models is important for studying the dynamic behavior of ecological systems and
predicting their future development trends.

Reaction-diffusion models are commonly employed to characterize the movement and evolution.
In both macroscopic and microscopic worlds, every particle, such as bacteria, cells, and organisms,
moves in an apparently random manner, commonly referred to as diffusion processes [18]. The
diffusion process may lead to environmental changes. Turing’s initial studies demonstrated that stable
homogeneous states can become unstable under certain conditions in reaction-diffusion systems,
leading to the formation of patterns [19]. The corresponding instability is referred to as
diffusion-driven instability [20]. Li et al. [21, 22] studied the relevant issues of Turing patterns.
Dynamics studies on the stability and bifurcation issues of reaction-diffusion systems have also been
quite extensive [23—27]. Hence, the factor of diffusion is considered.

Stability and bifurcation are crucial considerations in the study of predator-prey models. Hopf
bifurcation is a significant mathematical tool for describing periodic behavior, and studying Hopf
bifurcation contributes to the understanding and modeling of important phenomena in biological
systems such as periodic behavior, stability transitions, and dynamic oscillations [28-31].
Considering the system instability caused by Hopf bifurcation, there has been an increasing depth of
research on bifurcation control by scholars in recent years [32—-34]. Control strategies can effectively
enhance dynamic behavior in model research. Jiang et al. [35] proposed a new control scheme that
effectively controls bifurcations. Control strategies such as PD control, state feedback control,
time-delay feedback control, and hybrid control have been continuously evolving [36-39]. The
concept of a hybrid control strategy was initially introduced by Luo et al. [40], research has shown
that compared to pure feedback control, the control parameters in hybrid control can be adjusted over
a wider range, making it more convenient and feasible for practical implementation. Peng [41]
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explored the role of hybrid controllers in predator-prey models within the field of biological systems.
From a biological perspective, adjusting the stable range of bifurcation period solutions enables the
coexistence of two species under oscillatory patterns. These control strategies have predominantly
been formulated and examined based on established principles of ordinary differential equations
(ODEs). However, there has been limited exploration into control in predator-prey systems described
by PDEs. Ghosh [42] investigated a practical approach of utilizing time-delayed feedback for
bifurcation control in reaction-diffusion systems, thus highlighting the substantial theoretical research
significance of the work presented in our paper.
A delayed diffusive system established in this paper is as follows:

Gu(x, 1) = diAu(t, x) + u(x, O r) = buu(x, 1) — o ],
x€(0,Q),r>0,
2v(x, 1) = dyAv(t, x) + v(x, D[, - ZEED], x €(0,Q),1> 0, (1.2)
1(0,1) = v,(0,1) = 0, u(Q, 1) = v(Q, 1) = 0, t>0,
u(x,t) = up(x,t) = 0,v(x, 1) = vo(x,t) 2 0, (x,1) €10,Q] X [-7,0],

here u(x,t) and v(x,t) represent the population densities of the prey and predator, respectively.
Parameters of the system (1.2) are regarded as constants. d; and d, represent the constant diffusion
coeflicient. 7 represents that the consumption of prey by predators needs some time to be converted
into effective energy. A represents the Laplacian operator, the system subject to the Neumann
boundary condition, and we assume that area [0, Q] is closed, where Q = In(/ > 0); the population
cannot go through the boundary of the region.

The main contributions of this paper include: (1) To better approximate real ecological systems, the
semi-ratio-dependent prey-predator model with Holling-1V functional response in ordinary differential
equations is being extended. Time delays and diffusion terms are being introduced into the model.
By analyzing the system’s corresponding characteristic equations, the conditions for Turing instability
induced by diffusion in the absence of time delays are being deduced. (2) The impact of time delays on
the stability of positive equilibrium points in reaction-diffusion systems is being investigated. Sufficient
conditions for the existence of spatially homogeneous and inhomogeneous Hopf bifurcation are being
provided. Utilizing partial differential equation normalization theory and the center manifold theorem,
explicit methodologies for determining the bifurcation direction and the stability of periodic solutions
at positive equilibrium points are being derived. (3) The application of control strategies for Hopf
bifurcations in reaction-diffusion systems formed by partial differential equations is currently limited.
A hybrid controller is being integrated to regulate the bifurcation behavior in reaction-diffusion systems
with a Holling-IV functional response. Results demonstrate that by adjusting control parameters, the
spatial stability range is expanded, leading to modifications in the positions of periodic solutions of the
Hopf bifurcation and enhancing the system’s performance and controllability. (4) Currently, there are
few researchers conducting sensitivity analysis on the reaction-diffusion prey-predator system, at least
from our current perspective. Thus sensitivity analysis of the system is being carried out using Latin
hypercube sampling/partial rank correlation coefficient (LHS/PRCC), exploring the parameter space
of the model. This analysis offers valuable insights for comprehending the uncertainty and intricacy of
the system.

The paper is arranged as follows: In Section 2, we analyze the stability of the model with the
inclusion of reaction-diffusion terms and the conditions that lead to Turing instability; We also study the
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existence of spatially homogeneous and inhomogeneous Hopf bifurcations. In Section 3, We present
the properties of the Hopf bifurcation. In Section 4, the dynamical behavior and control strategy of a
controlled diffusion system are investigated by incorporating a hybrid controller into the prey-predator
model. In Section 5, numerical simulations are accomplished to substantiate conclusions. At last, it is
a conclusion of this paper.

2. Stability of equilibrium points and Hopf bifurcation analysis

It is calculated that the system (1.2) has two possible equilibrium points.
(1) The boundary equilibrium E; = (;—‘1, 0).

(2) The coexisting equilibrium point E, = (u., v.), which v, = P2 and the following equation have at
a
least one positive root u, .
b + (nby — r)u + (22— nry + mPby)u — mlry = 0. @.1)
ap

Let u(t) = u(x, 1), v(t) = v(x, 1), u(t — ) = u(x,t — 7), and v(t — 7) = v(x,t — 7). The system (1.2) is
linearized at (u., v.):

ou
ot _ u(t) u(t) ut—1)
% DA(W) Ll o ¥ oo | (2.2)
ot
where
_[(d O [ ann —anp (O 0
D_( 0 d2 )’Ll_( 0 0 ,Lz— ay; —dx ’
and
o av.m?* — aju*v, a\us
=r - E ’ = S 5>
an=n " (m? + nu, + u?)? R nu, + u?
Clef AV,
ax = —>, an =
u? U
The characteristic equation of (3.1) is
det(Al = My — L, — Lye ™) = 0, (2.3)
1 0 kZ 2
where I = 0 1) and M, = -3 D" fork € {0, 1,2, ...} := Ny. Then we have
A+ Ad + B+ dape™ + Cre™ = 0, (2.4)
where
k? K k? k?
Ay = 1—2(0«'1 +dy) —ayn, Br= l—4d1d2 - l—zdzau, Cr = l—zdlazz —apax + appday.
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2.1. Stability of the equilibria as T = 0

(1) The characteristic equation to E; = (2—‘1, 0)is

K2 k?
(/1+ l—2d1 + rl)(/l+ l_2d2 - }"2) = 09k € NO-
Obviously,
2 k2
/11:—_d1_r1<0, /12:——d2+’"2§7’2,k€N0-

2 2
There is at least one positive characteristic root of (2.5), hence E; = (1:_11’ 0) is unstable.
(2) When 7 = 0, the characteristic equation to E,. = (u,, v.) 1S

2 4 2

2+ [l_z(dl +dy) —ay +apld+ l—4d1d2 - l_z(dzall —dyay) + apax —ayan = 0.

Define

2
o =—(d + dz)l—2 +ap — a,

k* k?
Ok = l—4d1d2 - l—z(dzan —dax) + apax — ayan.
Assume that
(H1) ay;;—an <0, apay—anan >0.

(2.5)

(2.6)

2.7)

When d; = d, = 0 and 7 = 0, all roots of (2.6) have negative real parts under hypothesis (H1),

E. = (u.,v.) is locally asymptotically stable.
Here are the three cases for dividing the parameters,

Casel : dra;; — dya» < 0;
Case?2 : d2a11 — d1a22 >0, and (d2a11 - d1a22)2 - 4d1d2(6112021 —apay) < 0;
Case3 : d2a11 - d1a22 > 0, and (d2a11 - d]dzz)z - 4d1d2(d126lz] - 61116122) > 0.

Denote
S ={klgr <0,k € N, }.

Theorem 1. Suppose (H1) holds and T = 0.

(1) In Casel(or Case2), E. = (u.,v.) of system (1.2) is locally asymptotically stable.
(2) In Case3, when k € S, then E, = (u.,v.) of system (1.2) is Turing unstable.

Proof. If Casel(or Case2) hold, we have o < 0 and ¢; > 0 for k € Ny, the above (1) holds. If Case3
hold, we have ¢, < 0 for k € S. This ensures Eq (2.6) has a positive real part root, so E. = (u., v,) of

system (1.2) undergoes Turing bifurcation.

O

Remark 1. The system (1.2) exhibits an unstable predator-free equilibrium point, which may not occur
in natural systems. At the positive equilibrium point E, = (u., v.), there is a richer dynamic behavior.
According to the conditions of Turing, spatial diffusion can lead to the destabilization of the stable
equilibrium of the ordinary differential equations corresponding to reaction-diffusion systems, forming
regular pattern structures in space, known as diffusion-induced instability. Example 1 of numerical

simulations can illustrate the occurrence of Turing instability.
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2.2. Hopf bifurcation (t > 0)

We will derive the conditions for the Hopf bifurcation. Suppose iw(w > 0) be a solution of Eq (2.4),
then
—w* + iwA; + By + (iwaxy + C)(cos(wt) — isin(wt)) = 0. (2.8)

Then we have

Crcos(wT) + wax sin(wt) = w? — By, (2.9)
warcos(wt) — Cysin(wt) = —Aw, ’
which lead to
w* + w*(A; - 2B, — a3,) + Bf = C; = 0. (2.10)
Let z = «?, then (2.10) becomes
7 +2(A; - 2By —a3,) + B — C} = 0, (2.11)
where
4 k2
A]% —2B; — a%z = l—4(d% + d%) — l—2a11d1 + Cl%l — a%z,
k* k> k* k?
B -C;= l_4d1d2 - l—z(dzllu —diay) + (apnasx — auazz)][ljdldz - l—z(dzau (2.12)

+diay) — (anay —ajan)|.

We have Bj — C; < 0, there must exist some kg € {1,2,---} satisfied B; — C; < 0 for k €
{0,1,2,--- , ko — 1}, andBi —C,% >0forke{ky,ko+1,---}.

When a;; € (—o0, —ay,), then we have —A; + 2By + a5, < a3, — a3, < 0 for any k € N.

When ay; € (—ax, ax), we make the following assumption:

ks o0 o 2k 2 2
(H2) - l—4(d1 +dy) + l_zalldl +ay —ay; <0.

If (H2) holds, then we have

4 2
2 2 0,12 2 0 2 2

for any k > ky. These imply that there are no purely imaginary roots in Eq (2.4).
Since B —C; < 0, when k € {0,1,2,---,ky — 1}, the equation (2.11) has one positive root z,
namely

~(A? — 2By — @3,) + \J(A? — 2By — %, — 4(B} - CD)
. .

Equation (2.4) has a pair of roots with purely imaginary +iwy at Ti(k €{0,1,2,--- ko — 1}, j € Np),
where

k=

J (A} = 2B~ @B,) + (A2 - 2B, — a, ) — 4(B} - C})
Wy = ’
2
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and
1

J _
Tk

Wy

Obviously ) = min{ri}. Denote
JeNo

Let Au(t) = au(t) + iwi(t) be the root of (2.4) near 7 =

(1)) = 0 for wi(t)) = wy.

da
Lemma 1. The following traversal condition holds: Re(d—)l
T

= —arccos

2 .
Wi (Cr —anAy) — BiCr 2jm |
C2 ) +—-,J € No.
K T Way Wk
T= min {7'2}.
kel0,1,2, ko—1)

> 0.

—)
=T,

Proof. Take the derivative of both sides of (2.4) with respect to 7, and we have

dAa dAa

da
20— + Ay— — e "1(day + Ck)d— — e (Aay + Cy) + e
T

dr dr

20+ A +ane™™ 1

da_,
(E) =

then

Re(d_/l)__l i = Re[
dt ™

T e Tapn +Cy) A

Riwy + A (Cosw,T + ISTNW,T) +

ia)k(iwkazz + Ck)

Zwi —2B; + A,% - a§2

2 2.2 =1’
C; + wiay

A7 = 2B — a3, — 4(B} - C7)

> 0.

2, 2.2
C; + way,

|-

(2.13)

(2.14)

Ti,k € {0,1,2,--- ,ko — 1} satisfying

At
an— =0,

dr

O

These critical values Ti for j€{0,1,2,---};k€{0,1,2,--- ,ky — 1} are possible Hopf bifurcations.
Suppose qu * T]JQ forany i,j € {0,1,2,---}; k1, ko € {0,1,2,--- ,ky — 1}. Based on the above, we

derive the main result.

Theorem 2. When a;, € (—o0,—ay,), if (H1) holds; When ay, € (—ax,a), if (H1)(H2) hold, there

are the following conclusions.

(1) When t € [0,7), the coexisting equilibrium E, = (u.,v.) of system (1.2) is locally asymptotically
stable, where T is defined in (2.14). _
(2) System (1.2) undergoes a Hopf bifurcation at the equilibrium E, = (u,,v.) when 7 = T, j =
0,1,2,---;k=0,1,2,--- , kg — 1. Furthermore, when k = 0, bifurcating periodic solutions are
spatially homogeneous, otherwise, they are spatially inhomogeneous.

AIMS Mathematics
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3. Stability and direction of Hopf bifurcation

We will apply Wu [23] and Hassard’s [28] method to compute properties of periodic solutions for
system (1.2). For fixed k € {0, 1,2,--- ,ky—1}, j € Ny, we denote 7* = Ti. We perform a transformation
u(x,t) = u(x,vt) — u, and v(x, 1) = v(x, 7t) — v, but we still use u(x, 1), v(x, t) instead of u(x, r), v(x, t).
Then (1.2) can be transformed into the following system:

ou a(v+v,)

— =1[d|A * -b *) ’

= 7[d, u+(u+u)(r1 1(u + u.) m2+n(u+u*)+(u+“*)2) (3.1)
LN S o 'R |
o =% K T

for x € (0,Ir), and ¢t > 0. Let
T= T* +lu’ Ml(t) = I/l(', t)a uZ(t) = V(',t) and U = (1/[1, uZ)T .

We use C := C([-1,0],X) to represent the phase space, then (3.1) can be written as an abstract

differential equation.

_dzt(t) = T'DAU®) + L") (U) + F (U, ), (32)

where L(1)(¢) : C — X and F(¢,u) : C X R — X are defined by

a;1¢1(0) — a2¢,(0)

L@ =K\ ,160-1) = anga(-1) ) G-3)
F(¢, ) = uDA¢ + L(u)(¢) + f(¢, ), (3.4)
with
f(@, 1) = (T + ) (Fi(g, ), Fo(, )", (3.5)
Fi(¢, 1) = a13¢7(0) + a14¢1(0)¢2(0) + a15¢7(0) + a16¢7(0)¢2(0) + 0(4),
Fa(¢, 1) = angi(—1) + a1 (=1)¢2(0) + arspa(—1)$2(0) + azr¢7(—1)
+ axd7(—1)$2(0) + azod(—1)ga(—1)
+ a30¢p1(—=1D)g2(0)pa(—1) + 0(4), (3.6)
where
a v, — aym*nv, — 3aym*u,v, au? — aym?
a3 = —b; — ,»  dia

(m? + nu, + u?)3 (2 + nu, + u2)?’

aju,v,(u — 4m’n — 6u,v.m?) + a\v.m(m? — n?)

as =

(m? + nu, + u2)* ’
3aju.m® — ayu + aym’n a,v? av,
aie = ayy = ———, 4y = ——
(m? + nu, +u?)® u uz’

2
_ ay _ arv, _ arv, _ arv,
s = ——, A= "—"75, Q= ", 4= —""7,
u* M* * *
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arV, ay
ay = ———7, a3 = —
ud’ uz’

with ¢(6) = (¢1(6), $2(6))" € C.
Consider the linear equation

% T"DAU(t) + L(7*) (U,) . (3.7

Clearly, (0, 0) is an equilibrium point of the system (3.1). Consider the functional differential equation

k2
= -7 D z(t) + L(T")(2,). (3.8)

By the Riesz representation, there exists a bounded variation function 7(8, 7*)(—1 < 6 < 0), such

that
0

-1 D ¢(0)+L(T ) (@) = f [dn ©.7)] ¢(6),  for ¢ € C([-1,01,R?). (3.9)

-1

We choose

k2
0 -dk

(0, 7") = 0 e (-1,0), (3.10)

(0 ) o=-1.
—dan

For ¢ € C' ([-1,01.R?),y € C' ([0, 1], R?), we define

| % -1<6<0,
A =
[, dn@.10¢0),6 =0,
Ay =

[ dn s, pup(=5), s = 0

Define the following bilinear pairing

0 9
W, @) = Y(0)p(0) — f f Y(e — 0)dn(0, 0)p(e)de
1 Je=0 (3.11)

0 0 0
= y(0)¢(0) + 7 f Y(e + 1)( )¢(6)d6.
-1 dzy —dax

Through the above analysis, +iw,7" are the eigenvalues of A (7*) and A*. Let P and P* be the two-
dimensional center spaces of A (%) and A* associated with +iw, 7" , then P* is the adjoint space of P.

AIMS Mathematics Volume 9, Issue 10, 29608-29632.
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Let p1(0) = (1,6€)Te % and p,(6) = p,(6)(8 € [-1,0]) be the bases of A (7*) and A* corresponding
to iwT*, —iw, T" respectively. By calculations, we have

1 kz a
= — — 1 - d -1, = .
Sl (“” kA 12) T= for — ik

T
Let ® = (@, ®,), and ¥* = (¥;,'¥3) with

Wi T 0 w0
(9 = 21O+ P20) :( Re(e™) ) ) o= PO =p2®) :( Im () )
2 Re (é‘;etwk‘r 9) 2l Im (fetwk‘r 0)
for 8 € [-1,0], and
o+ @@ ( Re(e) Y L g = g0 [ Im(ee)
fort € [0, 1].
Now we define (¢*,®) = [ Eiz’il Eizzzg ] , and it can be computed by (3.11), then we
2> ¥l 25 X2

construct a new basis P* by
Y= (L) = (L0 Y

Then (¥, @) = I,. In addition, define f; := (ai, cy,%), where

| cos 'fx ) 0
@ = 4= ke |
0 COS TX

Define
c-fr= cla}{ + czai, for ¢ = (c1, ) € C.

We have PcnC to represent the center space of (3.7), where
PenC(@) = @ (Y, (o, ) - fi, ¢ €C. (3.12)

And C = PcyC @ PsC, here PsC and PcyC are complementary in C, where

1 I 1 I
(u,v) := —f uvidx + —f Uy vodx,
l7T 0 l7T 0

T T I 2\\/
for u = (uy,up)” ,v=Oy,v2) ,u,veXand (e, fi) = (<¢>, ak>, <¢, ak>) .
Let A, be the infinitesimal generator generated by the solution of the linear Eq (3.7), and
rewrite (3.1) as

d
Zf) AU, +R(Un ), (3.13)
where
B 0, 6e[-1,0),
R(Uy.p) —{ F U0, 80, (3.14)

AIMS Mathematics Volume 9, Issue 10, 29608-29632.
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Induced by C = PcyC @ PsC, the solution can be obtained as

X
U, = <1>( . )fk+h(x1,x2,u>, (3.15)

where ( ? ) = (W, U, i), h(x;,x,u) € PsC, h(0,0,0) =0, Dh(0,0,0) = 0. The solution
2
of (3.2) can be obtained as
U,:cb( X )fk+h(x1,x2,0) (3.16)

Let z = x; — ix,, and notice that p; = @ + iD,, then

Z+Z 1 -
q)( )fk = (‘Dl,q’z)( i7) )fk =5 (p1z + p12) fr, 3.17)
2
and (3.16) can be transformed into
1 _ _
Ur= 7 (p1z+Ppi2) fe + W(z.2), (3.18)
where ) )
_ 2+7 (z—-2) .\. b4 _ Z
W(Z,Z):h(T, > ,O): W203+W1122+W02§+"' . (319)
From [23], z satisfies
Z =itz + 8(2,2), (3.20)
where
_ . 7 _ z
8(z,2) = (¥1(0) = ¥2(0) (F (U, 0), fi) = 807 T8N+ 8T + s (3.21)

from Eqgs (3.18) and (3.19), we have

=2

1 kx
I/tt(o) = 2(Z + Z) COS( ) + W(l)(o) + W(l)(O)ZZ + W(()é)(o)z_ T—

l

v = %(f +ED) COS( )+ W(z)(O)Z2 + W(0)Z + W<2>(o)

2
=N 1) ‘r* < =
u(=1) = = (ze7 + 7¢™ cos( ) Wéé)(—l)a+Wﬁ)(—1)zz+W“)( 1)—

2

vi(=1) = ) + ng))(—l) + W(=1)zz + W (- 1)—

l\)l'—‘ [\)|>—

(é_-ze—iwk‘r* n Ezeiwm’*) cos (k_lx

Hence

kx\ [z z_ %z kx 5 kx
F, (U,,0) = cos? T —c11 + zzC10 + EC“ + C13 COS T + ¢4 cOS> T + e,

k 2 z z k k
F2 (Ut, 0) = 0052 (TX) (%Cﬂ + ZZsz + %Ez]) + Lz (C23 CcOS TX + Cpg COS3 _lx) +

(3.22)
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(F(U,0), fo) = 7° (F1 (U, 0) e + F2 (U, 0) )

_ Z_ZT*( c1y ))(+ZZT*( cn )X+§T*( e ))(+Z2—ZT*( ¢ )+ (3.23)
2 Ca1 C22 2 Ca1 2 $ ’

with 1
d k
X== cos’ = dx,
l7T 0 l
I I
¢l = as cos’ k_x dx + G cos? @ dx,
lﬂ' 0 l lﬂ' 0 l
I I
k k
¢ = @ cos’ = dx + el cos? = dx,
lﬂ' 0 l l7T 0 l

1 1 _
=3 (a3 +é&aw), cnn= 1 (26113 + (& + 5)6114) ,

1- 1
13 = WH0) Qays + €ary) + Wé(l))(o) (6113 + 556114) + Wﬁ)(O)aM + EW%)(O)C’M,

1 _
=7z (36115 + (& + 25)6116) ,

1 —2iwyT* 1 2N\ —iwiT"
Cy = 5(6123 + axé)e + 5(61245 + ays&)e ,

1 1 R | — N | _
Cn = 5023 + 1(61245 + apsEE)e' T + 1(61245 + apséE)e T + Zazé(f + &),

.1 =1 = - I
Co3 = Wéz))(—l)(ane“"” + 50265 + 561245) + Wﬂ)(—l)(zazﬂ_lwﬂ + ay + axée )

1 - - — —
+ 5 Wag (0)@e™™ + arsé + axs€e™ ™) + Wy (0)e ™ (a4 + arsé)

—lwgT* 1 iwt*
+ W)@ + axe™ ™) + JaxWag (-1)e
1 T | | | N 1-
Cou = 5027(6_“”” + Eelwkr )+ Sa(E+ zfe_zwm )+ 50296_”“"7 &+ 58)
1 - .
+ 7030(E + £ 4 £8),
Let (vi,v2) = ¥1(0) — i¥,(0), and notice that

1 (" L kx 1 [ kx 3
— 3 dx =0, — Y dx=k=1,2,3,...
lJT . COS l X l7T . COS l X 8

Then, by the (3.19) and (3.21), we can obtain the following quantities:

|0, keN,
820 = V1C11T* + V26‘21T*, k= O,
0, keN,

811 = . . _
vicnT + vaept', k=0,
|0, k€N,
82 =\ vianr + vt k=0,
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821 = VISIT + VoG, k € Ny.
To calculate g,;, we need to find W5(6), W;(0) for 8 € [-1,0]. From (3.19) we have

W(z,2) = Waozz + Wiz + Wizz + Wz 2+ -+,

(3.24)
AW (z2) = ArWaok + A Wiz + Ar WS + -+,
and by [23], W(z,2) satisfy
W =AW+ H(2), (3.25)
where
_ 7 _ z
H(z,2) = Hzoa + Hyzz + Hozz + - (3.26)
= XOF (Ut9 0) - (D (lP’ <XOF (Ut9 0) aﬁ> : fk) 5
and X, : [-1,0] — B(X, X) is given by X,(6) = { (1)’ ;1_?)9 <0,
Hence, we have
Qi = Ap)Wao = Hyy, =AWy = Hy,  (“2iwt — Ar) Wy = Hyp, (3.27)
that is
Wy = Qiwyt* = Ap)™ Ha, Wi = —A{Hy, W = (<2iat” — Ar)™' Hep. (3.28)
From (3.26), we have that for 6§ € [—1, 0],
H(z,7) = —®0)¥Y(0)(F (U, 0), fi) - fx
p1(0) + p2(6) pi(0) — p2(0)\( ¥1(0)
= - 5 F ’O ’ .
1 ) .
=3 [p1(0) (¥1(0) — i¥2(0)) + p2(0) (¥1(0) + Y2 (OD](F (U, 0), fie) - fi
1 _ 2 _ _ .7
=5 [(P1(9)820 + p2(0)84,) 5t (P1(O)g11 + p2(0)g1,) 22 + (P1(0)g02 + P2(0)8) 5] + o
(3.29)
Therefore, by (3.26), for 6 € [-1, 0]
0, keN,
H,y(0) = 1 _
20 ) (P1(O)g20 + P2(0)8y,) - fo. k=0,
0, keN,
H0) = 1 _
" =5 (P1©@gu + pa(60)3,)  for k=0,
0, keN,

Hy(0) = 1
02(0) { ) (p1(O)goa + P2(O)gy) - fo, k=0,
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and
H(z,2)(0) = F (U,,0) = ® (Y,{F (U;,0), ) * fio
where
T* i“ cos? (ka) , ke N.
Ho© =4 003
T — = (P1(0)g20 + P2(0)8py) - fo. k=0,
Ca1 2
T* ?2 cos? (ka)’ keN,
Hu© =4 020
T — = (p1(0)g11 + p2(0)g,,) - fo. k=0.
(6%) 2

By the definition of A, and (3.27), we have

. . . 1 _
Wao = A Woo = 2icym" W + 3 (P10)g20 + P2(0)8) - fi» —-1<6<0.

That is _
Wao(0) = ~ | &20p1(0) + @Pz(@ fi + Eje¥
2w T 3
where
W2(0), k€N,
E, = ,. g
: Wa0(0) — 55+ (g20p1(9) + %pz(f))) - fo, k=0.

Using the definition of A~ and (3.27), we have that for -1 < 6 < 0,

l 82

. 3 l

2it | =22 p1(0) - fo + —2py(0) - fo + E

20T 6w, T
ol &

—T'DA| 22 p1(0) - fo+ —2 py(0) - fo + E

20T 6(1_)kT
% ig20 ig02 2iwrT*0

—L(7") -p1(0) - fo + -p2(0) - fo + Ee

20T 6w, T

1
= ( ?1 ) 2 (P1(0)820 + p2(0)802) - fo-
21

Notice that .
{ T*DA[p1(0) - fol + L) [p1(O) - fo] = iwot" p1(0) - fo,

T*DA[p2(0) - fol + L () [p2(0) - fo] = —iwoT* p2(0) - fo.

We have
o k
iy T E; — T"DAE, — L(1%) (Elez""” 9) =7 ( Z“ )cos2 (TX) k € N,.
12

Therefore

. * k2 -1

« ZIa)kT + dll_2 —dap an C11 2 kx
E =7 i o 2 i cos“|—].
—ay e 1T 2i T + dyr + ape T C12 [

(3.30)

(3.31)

(3.32)

(3.33)
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Similarly, we have
I _
Yo (p1(0)g; — p1(O)g11) + Es.
Wy T

Calculate W, using the same method, we have

-1
k2
E, =1 diz —an aiz C12 cos> kx
2 = 2 —.
—as| dzlf—z +axn 22 )

Thus, we can evaluate the following values:

Wi (0) =

2
1
c1(0) = 20;7_* (820g11 - 2|gul - lg?l )+ 5821,
__Re(@©) , _
K= Rl () B2 =2Re(ci(0)),
1
T, = - [Im (c1(0)) + J75) Im (/l, (T*))] .
wWT

Theorem 3. For any critical value Ti, we have the Hopf bifurcation is forward (u, > 0) or backward
(U < 0). The bifurcating periodic solutions are orbitally asymptotically stable (8, < 0) or unstable
(B2 > 0). The period increases (T, > 0) or decreases (T, < 0).

4. Hybrid control of bifurcation
In this section, we design a hybrid controller to control Hopf bifurcations and expand the stability

range of equilibrium points. The system (1.2) with hybrid controller control can be described as
follows:

Su(x, 1) = diAu(t, x) + u(x, 0[r) = buu(x, 1) — o],
Lv(x,1) = dyAv(t, x) + Kv(x, D[r, = ZEED] 4+ (1 = K)(0(x, 1 = 7) = ), (4.1)
x€(0,Q),1>0,

where the parameter K is treated as a feedback parameter, and v, represents the value of v(z, x) at the
equilibrium point.

Linearize the system affected by the hybrid controller at the equilibrium point, and obtain the
linearized controlled model as follows:

ou
a5 | u(t) u(t) u(t—1)
% _DA(v(t))+L1(v(t))+L3(v(t_T)), (4.2)
ot

where
_ dl 0 _ ayy —ap _ 0 0
o= o )u=(% ) el )
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and

av.m?* — aju*v, a\us

ay =ry —2bju, — 2+ )7 ap = m,
by = K‘;vz, by = RO ),
The characteristic equation of (4.2) is
det(Al + Dk* — Ly — Lze™) = 0, (4.3)
then we have
B+ AN =bpe™™) +0 +Te™ =0, (4.4)

where

A(K?) = (d) + do)k* — ayy,
®(k2) = kz(dldsz —andy),
T(kz) = —6111922k2 + ay1by + apbs;.

When 7 > 0, let iw(w > 0) be a solution of Eq (4.4), then decompose into the real and imaginary parts,
we have

Ycos(wT) — Wby sin(wt) = w* — O, @.5)
wbycos(wt) — Tsin(wt) = Aw, )
which lead to
@'+ (A -20 - b)) + O - T =0, (4.6)

where
Py =20 + b}, — A* = —(d* + d)k* + 2a,,d\k* + b3, — d?|,
O = @’ -1 = (d1d2k4 - 61111922162)2 —(andn +apndy — dzbzzkz)z-

We propose the following hypotheses:

(H3) (didy — a11by)* — (a11byy + ajpdy; — dobyy)* > 0;
(H4) a;1d; < df + d%, and P, < 0; or
(HS) a;\d, > di +d5, and aj,d; < (d} + d3)(aj, — by,).

Suppose (H3) holds, Q; > 0,Yk > 1; Suppose (H4) or (HS) holds, P, < 0,Yk > 1. These imply that
there are no purely imaginary roots in Eq (4.6) for £k > 1. On the other hand, when k = 0, we have
Qo < 0, then the Eq (4.6) has one positive root :

1 1
wy = [E(biz —aj, + \/(biz —a1))? + 4anbyn + anby)?]>.
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On account of (4.5), it is obvious that

w(2)6112b21
COSWOT = 5
anby + apby” + (A)Ob22
Therefore
| w?a; b 2ijn
T, = —arccos 0712 il TERS L,j € Ny. 4.7)
wWo allb22 + (llzbzl + w0b22 wWo
Denote 70 = min{t!} .
enote 7, 1]7211\]13{70} | |
Let A(t) = a(1) + iw(t) be the root of (4.4) near 7 =17),j=0,1,2,---, satisfying a(r)) = 0 for

a)(Té) = wy . Take the derivative of both sides of (4.4) with respect to 7, and we have

(d_/l)_l _ 24— (byp + Y1 — bng/l)e_AT

dr (T - bzz/l)/le_/h
Then
Re(d—/l )_1 ': ATwy — 2b22a)(3)sinw07'é + (Abzzwé + Zng)cosworé - bzzwg
dr ™% T2wj + wibs, '

If Re(j—f ;_IT,- # 0, the traversal condition will hold. Based on the above, we derive the main result.
-0

Theorem 4. Assume that (H1)(H3)(H4) or (H1)(H3)(HS) hold. There are the following conclusions.

(1) The coexisting equilibrium E. = (u.,v.) is locally asymptotically stable for T € [0, T8).
(2) The coexisting equilibrium E, = (u.,v.) is unstable for T € (7'8, +00). And system (4.1) undergoes
a Hopf bifurcation at the equilibrium E, = (u.,v.) when T =1,j=0,1,2,---.

Remark 2. The above analysis demonstrates that by adjusting the feedback control gains, it is possible
to change the values of the Hopf bifurcation without altering the original equilibrium point. This allows
the system to transition from its original unstable state back to a stable state, effectively expanding the
stability region and maintaining the predator-prey dynamic equilibrium (see Section 5).

5. Numerical simulations

Example 1. Consider system (1.2) with the following parameters: dy = 0,d, = 0, r; = 0.35,
r, = 022,by = 0.27,a; = 0.57,a, = 0.11,m = 0.36,n = 0.30, and T = 0. Hypothesis (H1) is
satisfied, then (u.,v.) = (0.043,0.086) is locally asymptotically stable (Figure 1). We take
di = 5,dy = 12, by Theorem 1, (u.,v.) = (0.043,0.086) is still locally asymptotically stable
(Figure 2). We choose d, = 0.01,d, = 5, and we have that (u.,v.) = (0.043,0.086) is Turing unstable,
and Turing patterns appear (Figures 3 and 4).

AIMS Mathematics Volume 9, Issue 10, 29608-29632.



29625

013 0.125
\ u
0.2/} vH 012
I
oa1f | 0115
[
0.1 0.11
£ 009 0.105
5 _— ,
< o008 > 01
g
& 007 0,095
0.06 0.09
0.05 0.085
0.04 0.08
0.03 0.075
0 50 100 150 200 0.03 0.04 0.05 0.06 0.07 0.08 0.09
t u

Figure 1. The numerical results are acquired with 7 = 0,d; = d, = 0.
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Figure 2. Behaviors of appearance for Turing stable conditions with 7 = 0,d, = 5,d, = 12.
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Figure 3. Behaviors of appearance for Turing unstable conditions with 7 = 0,d; = 0.01,d, =
5.
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Figure 4. Pattern appearance of (a) prey and (b) predator for Turing unstable conditions with
7=0,d, =0.01,d, = 5.
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Example 2. Consider system (1.2) with the following parameters: d, = 0.49,d, = 0.8, r; = 0.97,
r, =0.96,by = 0.14,a; = 0.42,a, = 0.92,m = 0.79 and n = 0.96 . The system (1.2) has a unique
coexisting equilibrium (u.,v.) = (6.5,6.5), we compute that the critical value is T ~ 1.5551 . By
Theorem 2, system (1.2) is locally asymptotically stable for T = 1.4 € [0,7] (Figure 5). As 7= 1.8 >
T, the system (1.2) undergoes oscillations (Figure 6). In addition, we calculate Re(C1(0)) = —12.687,
then we have u, > 0,6, < 0.

6.516
6.514-
6.512-|
6.51+-
El
6.508-
6.506-- "
6.504 -
6.502
6.5-1
0

564 > 64

. - e 05 —
. i Ce——"T3gp ] 300
; : 200
Py /7//(150
27100
t

Figure 6. The periodic solutions bifurcating from the coexisting equilibrium FE, where
T=18>T.

In the process of selecting parameter values for numerical simulations of the model, there exists a
certain degree of uncertainty in parameter selection. In order to identify parameters that significantly
impact the densities of prey and predator populations, those parameters that have a substantial effect
on model outputs, precise values should be assigned, while parameters with minor impacts on model
outputs can be assigned rough estimates [43,44]. This allocation of values is crucial for assessing the
sensitivity of the model relative to parameter manipulations. We employed Latin hypercube
sampling/partial rank correlation coefficient (LHS/PRCC) sensitivity analysis [45] to explore the
entire parameter space of the model. In this study, parameter values were obtained from Example 2
with a reference deviation of +25%, and a uniform spread was assigned to each model parameter.
Each LHS run consisted of 200 simulations, and the sampling was conducted autonomously. The
PRCC values range between -1 and 1, where positive and negative PRCC values respectively reveal
the positive or negative correlation between model parameters and model outputs, while the
magnitude indicates the strength of the linear relationship.

From Figure 7, it can be observed that the growth rate of the prey, food conversion rate, and digestion
delay have a positive impact on the prey population density. That is, an increase in these parameters
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will lead to an increase in the output of the prey population density. On the other hand, the internal
competition rate and predation rate have a negative impact on the prey population density. A decrease
in these parameters will result in a decrease in the output of the prey population density. Additionally,
we find that the intrinsic growth rate of both the prey and predator has a significant positive effect
on the predator population density. The competition rate within the prey population, digestion delay,
and the diffusion coefficient of the prey have a significant negative impact on the predator population
density, and the predator population is more sensitive to theses parameters.

PRCC for u PRCC for v

PRCC Value
o
PRCC Value

dl r1 bl al m n d2 r2 a2 | tau

R T P B
(a) (b)

Figure 7. Impact of uncertainty of system (1.2) on (a) prey population and (b) predator
population.

Example 3. We consider the influence of the hybrid bifurcation control strategy of system (4.1). We

choose K = 0.83, other parameters remain the same as in Example 2; the bifurcation critical point of
the controlled system (4.1) is ‘rg ~ 2.3. By Theorem 4 that when T = 1.8 < Tg, the controlled
system (4.1) returns to locally stability at the equilibrium point (Figure 8), when t = 2.5 > 7'8, the
system (4.1) undergoes oscillations (Figure 9). Therefore, adjusting the controller coefficient can
effectively expand the stable region and change the position of the bifurcation point. It is evident that
reducing the feedback gain leads to a faster convergence of the system towards a stable state; in other
words, a smaller feedback gain results in better control of the controller’s impact on Hopf bifurcation

(Figure 10).

6516
6514
6512
651
s .
6508
6.506-|-
6504
6502 -
65-l
0

h 0
0 2 100
t t

2 100

Figure 8. Waveform plots of the controlled system (4.1) with 7 = 1.8 < 1) = 2.3; the
feedback gain is K = 0.83. The controlled model (4.1) returns to stability at equilibrium
point E, .
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Figure 9. Waveform plots of controlled system (4.1) with 7 = 2.5 > 7§ = 2.3; the feedback
gain is K = 0.83.
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Figure 10. Waveform plots of controlled system (4.1), the feedback gain is K = 0.9, K =
0.83, K = 0.78 for T = 2.5. The control effect increases as the feedback gain decreases.

6. Conclusions

This paper delves into a delayed diffusive semi-ratio-dependent predator-prey model. We first
analyzed how diffusion can lead to Turing instability for the system without time delay. Second, we
considered the time delay 7 as a parameter for bifurcation and provided conditions for the occurrence
of Hopf bifurcation. Our results indicated that time delay can induce complex dynamical phenomena;
the model can bifurcate from the normal equilibrium solution to spatially homogeneous and
inhomogeneous periodic solutions. The time delay effect causes the system to transition from a stable
state to periodic oscillations, reflecting a dynamic imbalance between predator and prey populations.
Over time, the populations of predators and prey alternate between increase and decrease, forming a
periodic fluctuation pattern. Furthermore, through calculations, it was determined that the Hopf
bifurcation is forward and the system possesses stable branch periodic solutions. This implies that the
interaction between prey and predators is regulated through stable periodic oscillations, maintaining
ecological balance and species diversity. Third, a hybrid controller has been incorporated into the
system (4.1) to optimize the dynamic characteristics of the predator-prey model. With the addition of
a hybrid controller and reasonable parameter adjustment, the previously oscillating waveforms regain
stability. This signifies that the introduction of the controller has effectively controlled the range of
model stability. Loading the controller onto the predator and adjusting its control parameters can
achieve objectives such as population control, population dynamics regulation, and ecosystem
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management, playing a significant role in the fields of biology and ecology. Furthermore, through
PRCC analysis, we have obtained the sensitivity relationships between the two population densities
and the parameters. It is evident that the inclusion of diffusion and time delay has a more significant
impact on the predator population density. Finally, numerical examples are introduced to validate the
theoretical results.

The bifurcation studied in this paper is limited to one-dimensional space. To be more realistic,
future research will continue to explore higher codimension branching problems, such as Turing-Hopf
bifurcations of codimension two or even three, and their more complex dynamical phenomena. We
also will explore the analysis and comparison of alternative control strategies and their corresponding
simulation scenarios, thereby enriching the development of the current stage of research.
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