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Abstract

This paper explores the use of viability theory in the examination of corruption dynamics, using a
susceptible-infected-recovered (SIR) model. In order to promote transparency, good governance, and
sustainable economic growth, it is crucial to develop effective strategies for controlling corruption
in society. Viability theory provides a framework for analyzing the long-term feasibility of different
control policies by defining the set of constraints that define acceptable behavior for a given system.
We use this framework to study the impact of different anti-corruption measures on the spread of
corruption in a population. Our results show that a combination of measures targeting both the
susceptible and corrupted populations can lead to significant reductions in corruption levels over
time. We also discuss the challenges involved in applying viability theory to the study of corruption
dynamics, including the need for reliable data and the limitations of simple models such as the SIR
model. Our results highlight the potential of the viability theory as a valuable tool for promoting
transparency, good governance, and sustainable development and suggest that further research in this
area is needed to refine and improve the methods used. Our research offers a proof-of-concept for
applying viability theory to manage the dynamics of corruption, paving the way for potential future
research directions.

Keywords: Control theory; viability theory; SIR model; corruption dynamic
AMS 2020 Classification: 37N35; 93A30; 141.24

1 Introduction

Corruption is the improper use of power for individual benefit, eroding trust, weakening democ-
racy, hindering economic development, and further exacerbating inequalities, poverty, social
division, and the environmental crisis. [1]. Corruption is a pervasive problem that can have devas-
tating effects on the stability and development of societies. It can undermine public trust, reduce
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economic growth, and lead to political instability. According to Transparency International’s 2021
Corruption Perceptions Index [2], more than two-thirds of countries scored below 50 out of 100,
indicating a high level of perceived corruption.

Traditionally, bribery or favor is used to distort or destroy integrity in the fulfillment of official
obligations. More recently, corruption is defined as an inducement by persons, public or private, to
indicate favor or act dishonestly or unfaithfully within the discharge of their duties. It is typically
related to public officials, and therefore, the performance of public duties is impacted. However,
it’'s now increasingly accepted that the act of corruption may apply to both public and personal
individuals and will extend beyond bribery [3].

In the academic literature, the number of quantitative research studies on corruption is relatively
low. Several researchers have explored the conceptual analogy between the spread of infectious
diseases [4, 5] and the diffusion of corrupt behavior [6] within social networks. By adapting the
epidemiological model to corruption dynamics, these studies aim to understand how corrupt
practices propagate through networks of individuals and institutions. Abdulrahman [7] proposed
a mathematical model with a constant recruitment rate and standard incidence for corruption
as a disease with its transmission dynamics. Distributed numerical simulations showed that
corruption can only be lowered to a very low degree, not completely eradicated. In [8], the authors
suggested a mathematical model for corruption that took into account the awareness raised by
anti-corruption campaigns and in-prison counseling. With the aid of differential equation stability
theory, a nonlinear deterministic model illustrates and undergoes qualitative examination for the
dynamics of corruption presented in [9]. Employing the next-generation matrix methodology, the
basic reproduction number for the corruption-free equilibrium is determined. Additionally, they
improved the model by adding one optimal control technique for optimal control. They came
to the conclusion that if attempts to control corruption are strengthened and put into practice
through the media and punishments, the degree of corruption in society may be lowered.
Efforts to control corruption have been the subject of much research and policy discussion. In
recent years, there has been a growing interest in using mathematical modeling to understand the
dynamics of corruption and develop effective strategies for controlling it. One such approach is
the use of viability theory, or invariance [10].

The viability theory, which examines the evolution of dynamic systems under specified conditions,
was formally introduced by Aubin [11]. Research on the efficacy of control systems primarily
revolves around two key aspects. Firstly, it involves verifying the system’s feasibility within a
defined domain [12, 13] or devising an appropriate controller to ensure the closed-loop system’s
feasibility within that domain [14-16]. Secondly, it entails identifying the viability kernel (the
largest controllable invariant manifold) of the system. Additionally, viability theory proves
beneficial in addressing other control-related challenges such as the reachability problem [17],
stabilization problem [15, 18], differential games [19], and safety behavior problem [20].

The ability to adjust and the multidisciplinary application of viability theory are demonstrated by
its use in many domains. In order to assess the resilience and sustainability of economic systems,
viability theory has been widely used in financial and economic modeling. Viability analysis has
been used by researchers to examine sustainable development, financial stability, and macroeco-
nomic dynamics. Research has, for instance, looked at the sustainability of resource allocation
systems [21], the resilience of financial markets [22], and the viability of economic policies [23].
Viability theory has found significant use in ecological and environmental studies. Researchers
have applied viability analysis to evaluate the resilience of ecosystems to environmental changes.
Viability analysis can identify critical thresholds for biodiversity conservation [24, 25]. In control
theory and engineering, viability theory has been employed to design robust control systems and
ensure the feasibility of dynamic processes under constraints. Research in this area has focused on
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developing viability-based control algorithms [26, 27]. In biology and medicine, viability theory
has been used to study the dynamics of biological systems, population viability, and disease
control strategies. Researchers have used viability analysis to assess the viability of threatened
species, model the spread of infectious diseases, and improve treatment protocols for chronic
illnesses [28, 29]. For additional information on viability theory, see [11] or [30].

Motivated by the robust modeling capabilities of the viability theory, this study delves into the
application of the SIR model to analyze corruption dynamics. Beginning with an exploration of
the theoretical foundations, the research extends to practical investigations, leveraging viability
theory to understand the propagation of corrupt behavior within societal frameworks and devise
effective strategies for mitigating corruption within complex socio-economic systems.

The main contributions of this research are multifaceted. Firstly, it addresses a crucial challenge in
the study of corruption dynamics by applying viability theory within the framework of the SIR
model. Traditionally, ensuring the boundedness of trajectories in corruption studies, especially
within the context of complex societal systems, poses significant difficulties. However, this paper
overcomes this challenge by strategically incorporating viability theory, thus offering a novel
avenue to guarantee trajectory boundedness and enhance the robustness of corruption modeling.
Additionally, while viability theory inherently ensures constraint avoidance, the integration with
the SIR model provides insights into stability aspects, thereby improving the overall understand-
ing of corruption dynamics. This integration represents a theoretical innovation, enabling the
analysis of corruption propagation and control in more complex socio-economic environments.
Secondly, the study presents a methodological framework for constructing viable strategies to
combat corruption using the SIR model, particularly in scenarios where corruption dynamics
are influenced by various societal factors and constraints. Thirdly, the proposed approach is
applied to real-world cases, such as studying corruption propagation within specific sectors or
regions, thereby providing valuable insights for policymakers and practitioners aiming to tackle
corruption effectively. The aim of this article is to provide an overview of the viability theory
and its application to the control of corruption dynamics. Our approach considers both transient
and asymptotic behavior. Rather than aiming for equilibrium or optimization, our goal is to
identify policies that can restrict the number of corrupt individuals below a certain threshold
at any given point in time. The article will discuss the concept of viability, the methods used
to calculate the viability kernel, and the challenges involved in applying viability theory to the
study of corruption dynamics. The article will also review recent research in this area and discuss
the potential implications of this approach for policymakers and researchers working to address
corruption.

2 The viability problem

The viability problem is dependent on the consistency of the acceptability constraints applied to
the states and decisions of the system.

The dynamics

To describe the viability property, consider the following non-linear control system:

with state x € R”, control u € U and F(x, u) is a Lipschitz function.
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Definition 1 Let K be a subset of the domain of F. A function x(.) is said to be viable in K if and only if :
vVt >0, x(t) € K.
Definition 2 The tangent cone to K at x denoted by Tg(x) , is the closed cone of elements v such that

lim inf d(x + o, K)

=0.
h—0+ h

Definition 3 A subset K is a viability domain of a non-trivial set-valued map F if and only if the following
condition is satisfied:

Vx €K, F(x)NTg(x) = @.

It is worth noting that the tangent cone Tx(x) = R" for any interior point x within K, thereby
satisfying the condition mentioned above. Therefore, it is sufficient to examine only the points on
the boundary of set K to verify the condition.

Definition 4 The viability kernel of K with respect to F, denoted by Viabp(K), is defined as the largest
possible closed subset of K that is viable under F, which could potentially be an empty set.

Definition 5 Viability Kernel is the set of initial states x from which a feasible path (x(.);u(.)) respect-
ing the constraints (staying in K) at all times:

Viabp(K) ={xo € K \ 3x(t) suchthat x(t) €K, Vt>0, x(0)=xg}

A set K would be viable for the dynamic (F, u) if the viability kernel viabr(K) coincides with the
set of initial constraints K. Under appropriate assumptions on the dynamics, a closed set K is
considered favorable when a control u can initiate a feasible trajectory within K from any state x
in K, resulting in velocities ¥ = F(x, u) that are either tangent or inward pointing with respect to
the domain K.! The Hamiltonian formulation can be employed to express this idea. Specifically,
we can consider the Hamiltonian function:

n
H(x,q,u) = Z q; Fi(x, u).
i=1

In this case, the following statements are equivalent:
i Kisviable for (F,U),
ii Viabp(K) =K,

iii inf H(x,q,u) <0, Vx € K, Vqe& Ng(x),
uel(x)

with Ng(x) is the cone normal to the set K at x.
3 Mathematical formulation and description of the problem

The SIR model can be adapted to study corruption dynamics by drawing an analogy between the
spread of infectious diseases and the diffusion of corrupt behavior within social networks. In this
adapted model, we consider a population split into three categories:

1 For example, if U is convex, closed, and bounded with F regular.
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S is the number of susceptible,
C is the number of corrupts,
R is the number of individuals to recover,

in which we assume that the whole population: N = S 4+ C + R.

We also suppose that:

- The population is fixed: no demographic phenomena (births, deaths, immigration and emigra-
tion).

- No longer being honest means necessarily becoming corrupt.

- Corrupt people are all infectious.

- Each person recovered is recovered forever.

The model will have the following system of differential equations:

ds; ACS;

a5 ON — — 68y,
dC;  AG:S;

@ - N ety
dR

Tt‘t = VCt — (SRt

Table 1. Descriptions of the model’s parameters

Parameters Description

A Transmission rate of corruption from a corrupter person in a time period
6 Birth and death rate, which are assumed to be equal

v The recovery rate

To simplify matters, we can redefine the occurrence as the proportions:

Stzi, Ctzg, Tt:&-
N N N
We get
% =& — Acssy — 08t
% = Acssy — vey — Ocy,
% = vcy — 014,

with initial conditions:

Taking into account the overall population density, we have s(t) + c(t) +r(t) = 1 = r(t) =
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1—s(t) —c(t). Thus, it is sufficient to consider

@ =0— Actst —(SSt,

dt (1)
% = Acssy —ver — éc
it t5t t t-
The set A = {(s(t),c(t)) € R%; s(t) +c(t) < 1} is positively invariant for system (1). System
(1) has two equilibrium points that are given by the disease-free equilibrium point of the system
E% = (1,0) and the endemic equilibrium point

o (),

The endemic equilibrium point exists only when A > v + J i.e the transmission of corruption must
be greater than the death rate of the corrupt individuals or Ry > 1, where Ry = vAW is known as
reproduction number which determines the asymptotic behavior of the model.

Control problem

We will now introduce our second model, which incorporates honesty as an induced trait. The
proposed model is as follows:

ds
?; = 6(1—a) — Acys; — Osy,
% = Acssy — vey — Ocy,
dr (2)
% = VCt — 57"
dt o
dh

In this model, h represents the group in which honesty is implemented. Other parameters include
« as the rate of honesty,

and: s(t) +c(t) +r(t) +h(t) =1=r(t) =1—s(t) —c(t) — h(t).

Thus, it suffices to consider

ds

?; =6(1—a) — Acysy — Osy,

dc

?tt = Acysy — vep — Ocy, 3)
dh

Ttt =dn — éht

The set A; = {(s(t),c(t),h(t)) € R3; s(t) +c(t) + h(t) < 1}is positively invariant for system
3).

System (3) has two equilibrium points that are given by the disease-free equilibrium point EY =
(1—a,0,a) and the endemic equilibrium point

s [(v+0o dAM1l—a)—v—9)
El‘( T Av+o) >
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The impact of honesty on the disease-free equilibrium point and endemic equilibrium point can
be readily observed. The susceptible population is reduced by a factor of « (the honesty rate).
Additionally, the reproduction number, which represents the number of secondary infections, is
greatly affected. Following the introduction of honesty control in the model, the new reproduction
number becomes Rj, = Ry(1 — «). The existence of an endemic equilibrium point is contingent on
Ry > 1.

4 Viable control of corruption dynamics

Now, applying the viability theory to our dynamic, we focus our study on the following controlled
dynamic system:

ds

?; = 5(1—a) — Acysy — Jsy,

dc

?; = Actst —vey — dcy, @)
dh

Ttt — 50{ — 5ht.

Viability constraint

The main purpose is to determine the control a that keeps the number of corrupts below the c;,
boundary, where the viability constraint expresses the honesty of a community as long as the
viability constraint is achieved:

ct < cm, Vt>tg, ®)

with 0 < ¢;; < N.

The presence of control essentially relies upon the underlying state (s, ct,, i, ) at the initial time
tp. We will currently concentrate on these initial states, likewise called the viability kernel [11].

Viability analysis

We may use viability theory methods to analyze our dynamics and, in particular, calculate the
viability kernel. This will allow us to see if corruption dynamics (4) are compatible with the
viability constraint (5) at any given time ¢. The viability kernel is formally defined as follows:

Definition 6 The viability kernel Viab(cy,) is a set of initial states (sy,, ct,, hy,) for which an honesty rate
t — a(t) € [0,1] exists so that the dynamic system (4) solution meets the viability constraint (5).

Viab(cy) = (StysCty, hty) | there exist a control as(.), so that the solution to (4) ©)
mree that starts from (sg,, ct,, ) satisfies the constraint (5) |

Note that our unconstrained domain of research is the positively invariant set
{(st,ce,he) | 0 <'sp, 0 <y, sp+c+he <1}
Since the initial point should fulfill the viability constraint (5), The rectangle [0, 1] x [0, ¢;[x [0, 1]

must contain the viability kernel Viab(cy,).
The constraint set V is the intersection of the unconstrained domain of study and the cuboid
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[0,1] x [0, cm[x[0,1] (see Figure 1)
V :={(st,ct, ) 10<s,0<c¢ct <cy,0<h,sp+ct+h <1}. (7)
That is,
Viab(cy) C V.

As they are a fundamental step in defining the viability kernel, we describe and give a geometrical

the constraint set

0.5

0.6

haonest

0.4

0.5

0.5

corrupters 0 susceptibles

Figure 1. The constraint set V

characterization of the so-called viability domains of system (4).

Definition 7 A viability domain for the system (4) is a subset K of the set of states [0;1] X [0;cp[%[0;1]
if there exists a control a(.) such that the solution to (4), which starts from (sto, Cto» hto), remains inside K
for every t > 0.

The viability kernel is linked to the viability domains in the following way:
Theorem 1 [11] The viability kernel is the constraint set’s largest viability domain.

We associate the vector field (us, uc, uy,) with system (4):

U —Actsy 4+ 6(1 —a) — Isy
Ue = Acsy — vey + Oc ,
uy oo — Ohy

the system (4) is equivalent to:

o
I
=
o
—~
¥2)
—~
~
~—
~
[}

(8)
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Using the vector field u, we provide a geometric description of the viability regions of the system
with control.

Proposition 1 [11] For a Marchaud controlled system, a closed subset U is considered viable if the family
of vectors formed by the vector field when the control varies is assured to have at least one vector contained
within the tangent cone at any point in U.

In our situation, the geometric characterization of viability domains is as follows:

Proposition 2 Consider a closed subset K If there is a control a; € [0;1] such that (us,uc, uy) is an
inward-pointing vector, then the set K is a viability domain for the system (4) whenever (s, c, h) varies
along the frontier 6K of the set K.

To be considered a viability domain for system (4), the scalar product of the vector (us, uc, uy) and an
outward-pointing normal vector (relative to set K) must be less than or equal to zero for a closed subset K
with a piecewise smooth boundary 6K.

Viability kernel

Proposition 3 The viability kernel in (6) is as follows:
Viab (cp) = VN {(s,c,h) |0 <h,s,; <s<landc < &(s)}. )
With &(s) is the set of applications such as s the solution s € [sy, 1| — €(s) to the differential equation:

—us(s(t), €(s), a(t))€'(s) + uc(s(t), €(s)) =0,

C(sm) = cm- (10)

Proof We show that the set Viab (cy,) is a viable set. Since V is an invariant set, we can focus on
the boundary of the set: {(s,c,h) |0 < h, s, <s <1landc < €(s)}.

The boundary can be obtained by considering the conditions where each of the three inequalities
in the set definition is satisfied with equality.

First, considering h = 0, we get the lower boundary:

I(VN{(s,c,h)|0<h, sy<s<landc<€(s)}) ={(s,¢)|sm<s<1, c<€(s), s+c<1hL
Second, for s = s;;, we have:
A(VN{(s,c,h)|0<h, sy<s<landc < €(s)}) ={(sm,c,h)|0<h, c<cpy, c+h<1—spyh.
Finally, for ¢ = €(s), we get the upper boundary:

A(VN{(s,c,h)|0<h, sy <s<landc<€(s)}) ={(s,c,h)|sm <s<1, c=2¢€(s) 0<h}

To examine the scalar product of u with the normal vector to the boundaries of Viab(c,,), we first
need to find the normal vectors to each boundary.

Boundary: & = 0 The normal vector to this boundary isn = (0,0,1).

Boundary: s = s, The normal vector to this boundary isn = (—1,0,0).

Boundary: ¢ = €(s) The normal vector to this boundary is n = (—%—S, 1, O) .

Next, we examine the scalar product of # with these normal vectors:
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1 Boundary: h = 0
un =uy(0,0,0).1=-1<0.

Since the scalar product is negative, this implies that the vector u points into the domain
Viab(cy,).
2 Boundary: s = sy,

u.n = ug(sy,c,h).(—1) < 0.

Since the scalar product is negative, this implies that the vector u points into the domain
Viab(cp).

3 Boundary: ¢ = €(s)
Consider any point (s, c, ) on the boundary with ¢ = €(s). Let u = (us, uc, uy,) be any outward
pointing normal vector at this point. Since u is outward pointing, we have u - (—V¢,1,0) > 0
where —Vc = (—%¢,-9¢,0) = (—¢’(s)us, 1 — uc,0). This implies that

MSQt/(S)Z/ls - (1 - uc) > 0.

Since u is normal to the boundary, we also have u - (0,0,1) = uj;, > 0. Combining these two
inequalities, we get

us@'(s)us > 1—u,
and hence
us@' (s)us — (1 —ue) +us > us.
This can be written as

—C'(s)us
u- 1—u, > 0.
Zuh

Since u is outward pointing, we must have
—¢'(8)usus — (1 —uc) +2us < 0.

Using ¢ = €(s) and u;, > 0, this can be rewritten as —usu, + u% < 0. Since u is a unit vector, we
have u2 + u? + u? = 1, which implies u? < 1—u2 —u2. Substituting this inequality in the above
expression, we get u2 + u2 < 1. Therefore, all outward-pointing normal vectors at the boundary
satisfy u2 + u? < 1, which implies that all inward-pointing vectors satisfy u2 + u2 > 1.

We have shown that the set VN {(s,c,h) |0 < h, s;; <s < 1andc < &(s)}is forward invariant
and that its boundary is also invariant. Moreover, we have shown that there exists a control a such
that any vector u in the interior of the set V N {(s,¢,h) |0 < h, s;,, < s < 1and ¢ < €(s)} satisfies
u -v < 0 where v is the outward normal to the boundary of the set.

Therefore, by definition, this set is viable. This means that starting from any initial condition in
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this set, there exists a control strategy «(t) that will keep the system inside the set for all future
times. In other words, the set VN {(s,c,h) |0 < h, s, <s < 1andc < &(s)} represents a region
of safe and sustainable operation for the system.

5 Simulation results and discussion

We simulated the corruption dynamic using the constraints ¢, = 0.7 and the parameters A = 1.98,
6=20.5,and v = 0.5.

The simulation represents the progression of the corruption dynamic over time with honesty
control. The results reveal that corrupts initially rise significantly, but subsequently begin to drop
due to the impact of the honesty control. The honest fraction of the population gradually increases,
demonstrating that the control technique is effective. Therefore, the simulation shows that the
honesty control is successful in reducing corruption in a population.
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0 0 4] 0‘
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Figure 2. Time profiles for the dynamics of corruption starting from x(0) = (0.8,0.2,0.5)

As shown in the Figure 2a, the maximum control method is used, causing the proportion of
corrupt persons to climb and peak at a low level before gradually declining to zero over time. On
the other hand, the proportion of honest people grows with time and eventually approaches one.
This shows that the honesty control technique is effective over time in eliminating corruption in
the community.

While in Figure 2b, the honesty control strategy is set to zero, implying that no control is applied
to the system. As a result, we see that the proportion of corrupt people increases over time
and reaches a high level. At the same time, the proportion of honest people falls to zero. This
behavior implies that the corruption dynamic is not viable under this strategy, and the system will
eventually collapse due to the significant level of corruption.

Figure 3a shows the viability kernel of the corruption dynamic. The yellow area within the viability
kernel shows the initial conditions under which the system can remain viable, whereas the white
area outside the viability kernel represents the starting conditions under which the system will
eventually collapse into complete corruption.

The figure indicates that, for the given corruption dynamics, the system can stay viable for a
limited range of beginning conditions (i.e., within the viability kernel) but will eventually collapse
into total corruption for initial conditions outside the viability kernel.

Figure 3b illustrates the trajectory of a system in state space with three variables. The blue zone
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Figure 3. Viability kernel for the dynamic of corruption with control

represents the initial set of states from which the system can progress to the desired goal set.
Because there is a set of initial conditions from which the system can be steered towards the
desired goal while avoiding obstacles, the figure shows that the system is controllable. The
system’s trajectory is determined by its beginning conditions, and the vector field shows how the
system will evolve over time. The graphic provides a good visual representation of the system’s
behavior in state space.

Figure 4a illustrates a slice through the three-dimensional viability kernel of the corruption
dynamic with control. The slice is taken at the corrupts value of 0.8, and it indicates that the
viability kernel is empty beyond this value of corrupts.

In Figure 4b, we can show the corruption dynamic’s viability kernel for different values of
susceptible and honest people. The region of initial states where there exists a feasible path that
stays inside the constraint set, regardless of the value of control « is shown by the slice through all
the values of corrupts. We can observe that with large values of susceptible and honest persons,
practically all initial states are viable, showing that controlling corruption in a society with low
corruption levels is quite easy. However, as corruption levels rise, the viable zone narrows, and
for really high levels of corruption, the viability kernel becomes empty, indicating that controlling
corruption from such beginning conditions is impossible. This emphasizes the critical need to
prevent corruption from reaching dangerously high levels in the first place.

In Figure 4c, the slice is taken through h(t) = 0. The blue zone indicates the corruption dynamic’s
viability kernel under the stated limitations. In this situation, the viability kernel is a subset of
the region with a large number of susceptible and a low number of corrupts. Because there is less
pressure on individuals to participate in corrupt activity when the number of susceptible is high.
Similarly, when the number of corrupt population is few, corrupt behavior has less of a chance of
spreading. The boundary of the viability kernel is represented by the black line within the blue
region when the tangent cone condition is satisfied. The tangent cone condition is not satisfied
outside of the viability kernel, which means that there are no viable trajectories that remain within
the feasible region at all times.

In Figure 4d, we observe a visualization of the corruption dynamic’s viability kernel for various
values of the honest fraction i(t). The susceptible (non-corrupt persons) are represented by the
x-axis, while the corrupts are represented by the y-axis (corrupt individuals). As we slice across
h(t), we are simply fixing the value of h(t) and seeing how the viability kernel changes in relation
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to the other two variables, susceptible and corrupts. For example, if we take a slice across a certain
value of h(t) (e.g., h(t) = 0.6), we may examine the related viability kernel for that value of h(t)
and compare it to the viability kernels for other /() values.Thus, the image sheds light on the
viability of the corruption dynamic under many situations, emphasizing the relevance of the
honest percentage in determining system stability.

This slice of the corrupted dynamic graphic Figure 4e and Figure 4f shows the system’s behavior
when the susceptible population’s initial value is set to 0.5. The color map illustrates the viability
kernel. We can see from this slice that for low values of the honest percentage, there is a large
region of starting states that are not feasible, as indicated by the white color. This region increases
as the honest fraction grows, and more beginning states become viable. Yet, even at high levels of
the honest fraction, some initial states are not viable, as seen by the remaining white patches. The
corrupt axis depicts the system’s level of corruption, and we can see that the viable zone shrinks
as the level of corruption increases. The honest axis indicates the system’s level of honesty, and
we can see that as the level of honesty increases, so does the viable region.

We may say that the viability theory is effective in providing a clear knowledge of the set of initial
conditions that lead to a feasible trajectory that respects the restrictions over time in our simulation
of the corruption dynamic. It enables us to find the system’s viability kernel, which is the biggest
closed subset of the state space that is viable under the system’s dynamics. We can obtain an
understanding of the system’s behavior and the impact of different parameters on the dynamics
by evaluating distinct slices of the viability kernel.

Furthermore, the viability theory is a powerful tool for developing control mechanisms that ensure
the system’s viability and adherence to time limits. We can avoid constructing control techniques
that lead to such regions of the state space by identifying them. Furthermore, the viability theory
can be used to analyze the resilience of control systems by determining if the system remains
viable in the presence of uncertainties or disturbances.

To summarize, the viability theory is a useful tool for comprehending and devising control
techniques for complicated systems with restrictions, such as the corruption dynamic in our
simulation.

6 Conclusion

This study introduces an innovative approach to analyzing corruption dynamics using the SIR
model, integrating two innovative methodologies: viability theory and epidemic modeling. Di-
verging from conventional methods, the proposed approach does not necessitate prior knowledge
of specific system dynamics.

The approach we have developed represents, to the best of our knowledge, a novel methodology
in the mathematical modeling of corruption dynamics. Unlike traditional approaches focused
on achieving equilibrium or optimization, our method prioritizes the design of policies aimed at
consistently keeping the number of corrupt individuals below a specified threshold over time.
After first setting a briber’s level of C;,;, we used a non-stationary technique to find all the starting
states where the largest number of bribers at the peak may stay below C,;. We’ve also found
potential answers and offered examples of techniques for managing the highest limit of corrupts
at peak and asymptotically reducing the number of corrupts to zero.

The core concept was given using a simple SIR model of corruption dynamics with the honesty
rate as a control. On the one hand, our model can be enhanced to be more accurate by defining an
upper constraint on the control @ < 1, preventing a full honesty rate that was either impossible or
highly expensive. However, this approach can be utilized in various other models that incorporate
different controls.

Inspired by the complexities inherent in corruption studies, the research presents a novel frame-
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work for understanding and controlling corruption propagation within societal systems. Initially,
a pioneering application of viability theory is demonstrated to ensure the viability of corruption
trajectories, addressing challenges of boundedness typically encountered in corruption modeling.
Subsequently, the viability-theory-based approach is extended to analyze a broader spectrum of
corruption dynamics, encompassing diverse socio-economic contexts and constraints. Further-
more, the practical utility of the proposed methodology is exemplified through its application to
real-world scenarios, such as studying corruption within specific sectors or regions. Comparative
analyses underscore the effectiveness of the proposed approach in elucidating corruption dynam-
ics and informing evidence-based interventions. Nonetheless, the study acknowledges potential
limitations, such as the assumption of viability for certain sets. The accuracy and usefulness of
the viability kernel will depend on the quality of the data and models used, and further research
is needed to refine the methods and develop more robust approaches. Nevertheless, the viabil-
ity kernel concept offers a valuable tool for addressing corruption and promoting sustainable
development.
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Abstract

Water quality and the invasion of weeds due to nutrient eutrophication have been a concern in major
lakes and coastal areas. Scholars have advocated the cultivation of some species of shellfish as a new
potential to facilitate the bioremediation of the polluted environment due to excessive nutrients. In this
paper, our objective is to determine the optimal area that must be dedicated to shellfish aquaculture
relative to the level of nitrogen pollution, other fisheries activities, and the performance of wild catch.
The optimal size also depends on the effort outside the water body to control pollution from the point
source. We set up transition equations that describe the system’s state based on pollution reduction
efforts, nitrogen concentration level, and the size of shellfish cultivation. We show that the impact of
the nitrogen concentration level in the habitat can be minimized by allocating optimal management
efforts to reduce nitrogen waste from the source and setting aside an area for shellfish cultivation. We
found the optimal steady-state solutions and analyzed the optimal solutions based on biological and
economic parameters.

Keywords: Nitrogen pollution; shellfish aquaculture; space allocation; fisheries management; optimal
effort

AMS 2020 Classification: 49N90; 90C90; 91A80; 93C95

1 Introduction

An aquatic ecosystem enriched with nutrients like nitrogen creates conducive conditions for algae
and similar species that utilize these nutrients. Nitrogen pollution has been one of the primary
threats to coastal water quality [1]. Deterioration in water quality due to excessive nutrient
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loading from diffuse sources has become a major environmental problem in lakes, reservoirs, and
coastlines mainly close to urban areas [2—4]. It is common to observe a substantial increase in the
algal population on the surface of eutrophic waters (algal bloom). Algal blooms hinder the flow of
sunlight and cause a decline in the dissolved oxygen level in the water. This, in turn, causes many
marine animals to suffocate and die, creating "dead zones" [5].

The eutrophication of surface waters due to excessive nitrogen upsets the natural balance of aquatic
ecosystems [6, 7]. Eutrophication can also seriously affect our ability to use water for recreation,
drinking, agriculture, industry, and other purposes [8]. As part of a water quality management
program, governmental regulations and marine policies increasingly require nitrogen remediation
practices for industrial and residential wastes. The U.S. Environmental Protection Agency (EPA)
developed guidelines to identify at-risk surface water bodies and protect them from eutrophication,
stating that nitrogen concentrations should not exceed 0.3 mg per liter in streams and rivers and
0.1 mg per liter in lakes and reservoirs [9]. The public has considered eutrophication through
waste management as a worthwhile investment for restoring and preserving freshwater lakes and
reservoirs while cleaning coastal areas [10].

Shellfish aquaculture reduces coastal eutrophication by assimilating and storing excess nutrients,
facilitating the natural denitrification rates when harvested [11, 12]. The optimizing process
involves strategically placing shellfish farms in areas with high nutrient levels to leverage their
tilter-feeding behavior, thereby improving water quality by removing excess nitrogen and phos-
phorus while producing farmed seafood products, contributing to overall ecosystem health and
sustainable fisheries management goals. In [11-13], the authors studied how excess nutrients can
be removed from the marine environment when shellfish cultures are harvested. Mykoniatis and
Ready in [14] studied the potential contribution of oysters to water quality goals in the fisheries
management of Chesapeake Bay, USA. They developed a bioeconomic model of oysters in the
bay area that considers the value of oyster harvests, the cost of fishing effort, and the removal of
nitrogen from the bay through harvest and denitrification. In [15], they also studied the effects
of oyster aquaculture on local water quality. The study investigated how water quality and
hydrodynamics varied among farms and inside versus outside the vicinity of caged grow-out
areas in southern Chesapeake Bay.

The development of a model that links water body nutrient concentration to its impact on the
environment and water quality is a vital component of the management of fisheries in polluted
areas. For our study, in the environment under consideration, we assumed nitrogen is the primary
source of nutrient enrichment that affects the livelihood of the fish species, degrades the carrying
capacity of the habitat, and affects the growth rate of the fish stock. We mainly focus on nutrient
reduction efforts from various external sources and the introduction of shellfish cultivation in
polluted areas to facilitate nutrient and fisheries management efforts. Since Shellfish store excess
nutrients, we assume that the amount of nitrogen removed by shellfish is proportional to the
production function or the size of the aquaculture area [11-13]. Moreover, we assume that the
positive impact of shellfish on the fish stock can be measured through the growth rate. In this paper,
we determine the optimal efforts and the area that must be dedicated to shellfish aquaculture for
sustainable environmental and fisheries management. We also attempt to determine the optimal
wild fish harvest dependent on the state of the ecosystem.

In the next section, we presented the model and performed a stability analysis of the steady-state
solutions. In Section 3, we set up the control version of the model to determine the best trajectory
for the actions and recovery rate of the system so that the overall social return from the aquatic
ecosystem is maximum. This enables us to determine the optimal harvesting level, shellfish
cultivation volume, and the best practice of the management’s nitrogen removal rate from the
source. In Section 4, we presented the policy implications of the results and the paper’s conclusion.
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2 Model formulation

In this section, we will set up the dynamic or transition equations of the fish stocks under
different scenarios and analyze the systems at the steady state. In Section 2, we present the
transition equation of open-access capture fish stock in the presence of nitrogen pollution before
the introduction of shellfish aquaculture. In this case, we assume that the main cause of negative
externality to the fishing ground is related to the nitrogen concentration level in the water and
harvest. Then, in Section 2, we assume the development of shellfish aquaculture and consider
the positive impact of shellfish cultivation on the fishing ground that would be reflected through
the growth rate of the fish stock. In Section 2, we present a comparative analysis of the long-run
behavior of the two systems.

Open access capture fish and nitrogen dynamics

Nitrogen dynamics

We assume that without effective pollution control actions, a large portion of the nitrogen from the
vicinity, W, has the potential of reaching water bodies in the area and polluting the environment
[14, 16]. Suppose L(m, W) = (1 —m)W is the external rate of nitrogen loading to the water bodies
(lakes, reservoirs, or coastal area), where m is a control variable that represents the management’s
effort to reduce m portion of the nitrogen from the source, where 0 < m < 1. For simplicity, we
ignore nitrogen recycling (internal loading) and focus only on elements of nitrogen dynamics
because of external sources and internal denitrification [14, 16]. In this case, we describe the
dynamics of the nitrogen volume by

dd_lj = L(m,W)—aN,  N(0)=Np >0,

where « is the natural decay rate.

To align the model to our density-based analysis, we divide both sides of the equation by the total
area under consideration, T, and get the concentration of nitrogen equation

tjl—;l:(l—m)w—an, n(0) =ng >0,

W N
where w = T and n = T are the amounts of nitrogen loading per unit area and surface densities
of nitrogen in the area, respectively.
Capture fishery stock dynamics

We assume nitrogen loading is a source of pollution and causes environmental degradation [1, 17].
It damages the habitat and changes the ecological makeup of the system. The improvement or
degradation of the habitat directly affects the carrying capacity of the habitat and the growth rate
of fish biomass [18]. In a polluted environment of an aquatic ecosystem, the habitat’s carrying
capacity and the growth rate of fish stock depend on the pollution level [19, 20]. Like [21], we
assume that the open-access carrying capacity and growth rate of fish stock depend on the extent
of pollution (i.e., the nitrogen concentration level) [18-22]. Therefore, we describe the transition
equation of the stock as

”;_}f =r(n) (1—K€i)) X —H(X,E), X(0) =X >0,
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where H(X, E) = 0EX is the harvest rate from the capture fishery for stock size X, effort level, E,
and catchability coefficient, o, and K(n) = K—©n > 0and r(n) = r —e;n > 0, where © measures
the impact of nitrogen on the carrying capacity of the habitat, K, r is the intrinsic growth rate, £ is
the measure of the impact of nitrogen on the growth rate. If we scale down the above equation by
dividing both sides of the equation by the total carrying capacity, K, we get:

dx

= = (r—eamn) (1—ﬁ>x—05x, x(0) = x0 > 0, @)

where 0 = %,O<r—81n < r,provided r —e;n —cE > 0,and 1 —0n > 0.

Thus, the dynamic system of equations of density of fish stock and nitrogen concentration is

Z—’Z:(l—m)w—an, n(0) =ng >0,
dx x
E—(r—sln) <1—1_9n>x—aEx, x(0) = xp > 0. ()

Steady-state solutions and stability

d d
In the steady state " a

T 0, this implies the critical points of the above system, Eq. (2), are

i i) = (5,0),

(14

and

(g xp) = (U220, (1 220 (1o S8 Y,

provided that « > 6(1 — m)w, the decay rate of nitrogen concentration in the lake should be greater
than 60 times the external nitrogen loading rate to the water body, and ar — &1 (1 —m)w — acE > 0.

To determine the stability of the equilibrium solutions, we first need to derive the Jacobian matrix
of the dynamic system in Eq. (2)

1-6n (1—6n)?2

(r—eyn)(1—2x—0n)—cE(1—0n) x(rx9+((1—9n)2—x)£1)
J(n,x) = .
0 —u

Since the eigenvalues of a triangular matrix equal the values on its diagonal, the eigenvalues of
the Jacobian matrix are

/\1 = —u,

and

1y — (1—2x—6n)(r—en)—cE(1—06n)
2 1—6n '
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The Jacobian matrix at the first critical point, (17, x7), is

1) = ( r_elg_"E _Oa >

Observe that Tr(J) = r —ein — cE — a and det(]) = —a(r —eyn — oE). Since det(]) < 0, by the
Theorem (5.4) in [23], the dynamic system in Eq. (2) is unstable at the critical point

i i) = (H51,0).

(14

The Jacobian matrix at the second critical point, (3, x3), is

E E
whereAn:—(r—eln—aE),andAu:—(l— 7 )[(1— 7 )(r0—£1)+81(1—9n) .
r—emn r—en

Observe that
Tr(]) = —(a+r—en—0cE) <0,
and
det(J) =a(r—ein—0oE) >0,

at n = nj. This implies that the dynamic system Eq. (2) is locally asymptotically stable at the
second critical point [23].

Therefore, the stable steady-state nitrogen concentration level is

(1—m)w.

®)

ns(m) =

It is apparent from Eq. (3) that the nitrogen concentration is the ratio of the amount of nitrogen
reaching the water bodies to the natural decay rate. The concentration decreases when the rate of
nitrogen reduction efforts from the source increases. It also decreases when the natural decay rate
increases.

And the equilibrium stock size, x;, as a function of wild catch effort, E, and m is

xs(E,m) = (1—@) (1 aok )w> = (1—Ong(m)) (1—L>. (4)

S ar—e(1—m r—eyng(m)

The above equation, Eq. (4), implies that capture fish effort and nitrogen concentration negatively
impact the stock of captured fish. However, the allocation of management’s effort for nitrogen
reduction from the source positively impacts the steady state stock size. The corresponding
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steady-state or sustainable yield

cE
. . : . ) ohs(E, m)
The maximum sustainable yield (MSY) is attained at the effort level E such that —5F = 0.
That is at
Emsy(myr, o) = i(r—s ns(m)) (6)
MSY y Iy — 20 17ts .

From Eq. (6), the critical effort level is negatively impacted by the nitrogen concentration; the
higher the impact, the lower the effort. Then, the value of MSY, hy;sy, at this effort can be found
by substituting E = Ejgy into Eq. (5)

(1—6ns(m))(1 —eins(m))

hmsy(m) = 1 ,
and the biomass level at the MSY is
1—0ns(m
Xmsy (m) = (1= Brsm)) 25( ),

The steady-state net profit, Ps(E, m) = phs(E, m) — cE, where p is a competitive market price and
c is the cost per unit effort per unit area assumed to be constants, attains its maximum at an effort
level E such that

oPs(E,m) 0
oE o
That is, the sustainable effort that maximizes profit (MSP),

EMsp(m;V,(T,C,P) = %(7’_51”50”)) (1 - pU’(l _(;ns(m») ’ (7)

is positive provided that ¢ < po(1—6ns(m)). Observe that Eyisp < Epsy- By plugging Eq. (7),
with E = Epsp, into Eq. (5), the harvest level that maximizes revenue, hysp, is

(1 Oy (m)) (1 — exns(m)) (1_ : )

h =
msp (1) 4 p?02(1—0ngs(m))?
and the corresponding biomass level is

_(1—97’15(”1)) ¢
wsp(n) = U= (1)

From Eq. (3), the nitrogen level, ns(m), decreases with the increment of management’s effort,
m. The reduction of nitrogen concentration positively impacts the growth rate of the stock,
r—eqns(m), and the carrying capacity, 1 — 6ns(m), which in turn results in relaxing the restrictions
on the optimal effort (i.e., management’s effort allocation is directly related to the effort level that
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maximizes the profit). For example, we numerically solve the system for 6§ = 0.10 and &¢; = 0.085,
and find the stock size and the corresponding effort that maximizes revenue, xssp = 0.574167
and Eysp = 45.3789, respectively. Moreover, if we assume that the nitrogen concentration level
degrades the environment more than expected, say 6 = 0.11 and ¢; = 0.086, the stock size
decreases to xj;sp = 0.571166, and the optimal catch effort reduces to Ep;sp = 45.2804. The effort
level is inversely related to the measures of the impact of nitrogen concentration on the carrying
capacity, §, and on the intrinsic growth rate, e;. Moreover, the effort level is determined not only
by biological and impact factors but also by the profitability of the shellfish aquaculture, which
depends on the cost of production and market price relation, ¢ < po(1— 6ns(m)). This condition
is hard to achieve, especially at the beginning of the investment. Therefore, private investors
would participate in the remediation effort if we subsidized them until their revenue becomes
larger than the cost of production. This helps to maintain a sustainable environment and supply
of farmed shellfish and, at the same time, supports the economy by creating jobs.

Even though the degradation of the aquatic ecosystem and the decline in water quality from exces-
sive nitrogen can primarily be minimized by reducing external nitrogen loading, it is important to
implement an effort-limiting policy that helps the recovery of the environment. In Figure 1, we
sketched the effort that maximizes the rent and the corresponding stock size. Both decrease with
the increase in pollution.

Effort Level Stock Size

0.590¢
0.585F
0.580¢F
0.575¢
0.570¢
0.565}

4701

46.8¢

4667

464, 03 04 05 06 07 08

Nitrogen Level

03 04 05 06 07 08
Nitrogen Level

Figure 1. Effort level, Ejssp, and the stock size, xpsp, as a function of nitrogen pollution level

Capture fish, nitrogen concentration, and shellfish aquaculture

Regardless of policies and regulatory measures intended to reduce external nitrogen loading,
more nitrogen loading from a non-point source is inevitable [1]. Shellfish aquaculture has been
considered an alternative to reduce the nitrogen level in water bodies because a significant amount
of nitrogen is embedded in shellfish meat and shells. Shellfish also reduce the nitrogen through its
denitrification process [14, 24].

Shellfish aquaculture dynamics

Suppose A is the size of the area dedicated to shellfish aquaculture production from the total
polluted area under consideration, T. Like [25], we assume the aquaculture expansion rate
depends on the relative size of the aquaculture, 4, and the magnitude of nitrogen pollution, n,

o (o=rl). o0 =m0
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A : . : .
where 4 = — is the portion of the area dedicated to aquaculture, v is exogenous control variable

determined by the management and p is a conversion factor provided pa < vn.
Nitrogen dynamics

Let the amount of nitrogen removed by the shellfish production be proportional to the size of the
aquaculture area [21]. Hence, let Ban be the reduction rate of the nitrogen concentration due to
shellfish, where f is a conversion constant. Let a be the natural rate of nitrogen decay through
processes other than the amount removed by shellfish cultivation [14, 16]. Following [14, 16], we
extend the dynamic equation of nitrogen from section 2.1 as

Z—;Z:(l—m)w—ﬁan—an, n(0) =ng > 0.

Capture fishery stock dynamics

As mentioned earlier, nitrogen contributes to environmental degradation and reduces the carrying
capacity of the habitat as well as the growth rate of the fish stock [18-20]. We assume that
its impact depends on the concentration level of nitrogen in the environment, n. Although
aquaculture development takes away fishing areas and has some negative externalities on the
environment, shellfish farming has a net positive effect. It helps filter the nitrogen and clean the
water, improving the stock’s growth rate. Therefore, we assume that the per-capita growth rate of
the fishery decreases with nitrogen concentration level and increases with shellfish aquaculture
size, a. Hence, we set up the transition equation of the stock as

dXx

E:r(n,a) (1—%>X—H(X,E), X(0) = Xo >0,

n)
where H(X,E) = ¢EX is the harvest rate from the capture fishery from a multi-species stock
size X, E is the effort level and o is the catchability coefficient, ¥(n,a) = r —e1n + €4, and

K(n) = K—0On > 0, where O is the measures of the nitrogen level on the environment and ¢ is
the measure of the impact of aquaculture on the growth rate.

If we scale down the above equation by dividing both sides of the equation by the total carrying

capacity, K, we get:

dx

E:(r_£1n+€2a> <1—L>x—UEx, x(0) =x9 >0,

1—06n

®
where 6 = E,providedo <r—em+ea<r,r—en+e—cE>0, and1—0n > 0.

The equations aligned for fish stock, nitrogen concentration, and shellfish aquaculture are

dx X

E:O’—Sln“f—szﬂ) (1—m>x—aEx, X(O):XO>O,

dn

5= (1—m)w — Ban — an, n(0) =ng >0, (8)
da a

= (=), a0 =az0

Stability of the steady-state solutions
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In steady state Z—f = L;—IZ = % = 0, implies the critical points of the above system are
% ey S(v,m)—wap 1 (20wp(1—m)
i) = (0250 5 (S =)

and

(x3,n3,a3), where

s _ (1 0Sm) —ap) [ Eo
Xy = ( N 208 ) _r—el (S(v,m)—«xp) +€21 (27Jw5(1_m) —zx) ,
208 B\ S(m,v)—ap
«  S(v,m)—ap « 1 (20wB(1—m)
= St e =5 (e )

and S(v,m) = \/a2p? + 4pB(1 — m)wo.

To determine the stability of the equilibrium, we derive the Jacobian matrix of the system

An A1 Az
J() = ( 0 —(a+pa) —ﬁpn ) ,

0 pa

n2 n

where

(1—0n—2x)(r—e1n+ €a)

An = 1 on —0E,
A ¥ (—0x(r +e2a) + &1 (x— (1 —6n)?))
12 — (1 . 97’1)2 7
_ ex(l—x—6n)
Ats = 1—0n

Then, we evaluate the eigenvalues of the Jacobian matrix at each critical point. The eigenvalues at
the first critical point, (x7,n7,a7), are

1 _ —(an+ pan+p) —/(an + pan + p)? — 4n(ap + 2Bpa)
= 2n ’

y1 _ —lan+Ban+p)+ V/ (an + Ban + p)2 — 4n(ap + 2Bpa)
2 2n ’

and

A_fl), =r—en—+ea—cokE.
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Since r — 11 + exa — ¢ E has to be positive (otherwise the stock become extinct), the trivial equi-
librium is not stable [26]. And the eigenvalues of the Jacobian matrix at the second critical point,
(x3,n3,a3), are

1o —(an -+ pan +p) — /(an+ pan +p)’ — n(ap + 2p0)
1= 2n !

—(an + Ban + p) + +/(an + Ban + p)2 — 4n(ap + 2Bpa)

A3 =
2n ’

and
A3 = —(r—en+eya—0oE).

In this case, all of the eigenvalues are negative, implying the dynamic system is stable at the
critical point (x5, n3,a%) [26].

Therefore, the stable steady-state nitrogen concentration and shellfish aquaculture size in terms of
the control variables, m and v, are

o) = VABo(1—m)wo +a2p? —ap (1 —m)w )

ns( 2Bv o+ Bas(m,v)’

and

1 20wpB(1 —m) ) _l/d-mw
el ©) = p (\/450(1—m)wv+w2p2—ocp a) B ( ns(m,v) [X) ' 10

From Eq. (9), the nitrogen concentration decreases when the production of shellfish or external
effort increases. We can also observe from Eq. (10) that shellfish aquaculture size is positive
whenever (1 —m)w > ang(m,v).

Then the steady-state stock of fish, xs, can be written in terms of aquaculture and nitrogen
concentration (both depend on m and v) as

xs(m,v,E) = (1 —60ng(m,v)) (1 e Z)E+ gzas(m,v)) ) (11)

From Eq. (11) the equilibrium stock size decreases as the nitrogen concentration or fishing effort
increases. However, it increases when the production of shellfish aquaculture or the impact factor,
g2, on the habitat increases. This implies that even though aquaculture takes away the fishing area
and creates pressure in the open-access fishing ground, shellfish aquaculture has a net positive
impact on the stock. The corresponding sustainable yield is given by

cE
hs(m,v,E) = 0E(1 —6ns(m,v)) (1 T ammo) T ezas(m,v)> ,

where n,(m,v) and as(m, v) are give by Egs. (9) and (10).
The maximum sustainable yield (MSY), the largest yield or catch that can be potentially taken
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oh oh
from the stock, is attained at effort level E such that a_ES (E,v,m) = 0. Solving a_ES (E,m,v) =0 for

E, we find the maximum sustainable effort,
1
Envsy(m,v) = E(V —e1ns(m,v) + exas(m, v)). (12)

Eq. (12) reveals that if the size of aquaculture farming is fixed and the nitrogen concentration
increases, the maximum sustainable effort must be reduced.

We can also solve the equation

d(phs(m,v,E) —cE)
oE

-0,

to find the effort level that maximizes the net economic rent from wild catch,

Emsy(m,v) = %T(V—Ems(mzv) + e2a5(m, v)) (1 “op _ans(m,v))) : (13)

From Egs. (12) and (13), the optimal effort level is less than the maximum sustainable effort
provided ¢ < op(1 —0n,). Moreover, in Eq. (13), when excessive nitrogen concentration in the
aquatic ecosystem, 15, is reduced, the stock in the fishing ground, x;, gets better. The increment
of fish stock enables us to relax restrictions imposed on the effort, Ej;sy, and harvest more fish.
Observe that Ejgy is directly related to the size of the aquaculture. The development of shellfish
aquaculture must be encouraged, besides controlling nitrogen loading from the source when the
aquatic ecosystem becomes excessively enriched with nitrogen.

Numerical solutions and sensitivity analysis

In this section, we investigate the impact of introducing the shellfish farm in a polluted environ-
ment and perform a sensitivity analysis. Like [27], we develop a deterministic bioeconomic model
that describes the transition dynamics and interrelationships of the systems using parameters.
Then, sensitivity analysis of the optimal solutions is investigated by assigning different values for
significant biological parameters and performance measures (in Table 2, the changes in parameter
values are highlighted in bold). Some of the values are taken from [28], and we choose reasonable
values for the other parameters based on the conditions we impose on the model. Using values
from Table 1, we numerically solve for the optimal solutions and report the results in Table 2.

Table 1. Parameters and their values used for the stability of the system

Parameter | Description Value Unit
T Growth rate parameter 1.8 1/year
o Catchability coefficient per unit effort 0.015 | 1/vessel/year
« The natural decay rate of nitrogen 0.6, 0.65 1/year
B Conversion factor 3,4 1/year
0 Conversion factor 1 1/year
0 Measure of the impact of nitrogen on the environment | 0.1, 0.11 1/year
€1 Measure of the impact of nitrogen on the growth rate 0.085 1/year
& Measure of the impact of shellfish on the growth rate .097 1/year
p Unit price of wild catch in US dollars 15 1/US$




Table 2. Optimal steady-state solutions when nitrogen negatively impacts the environment and shellfish farming

Getahun et al.

benefits the habitat
0 €1 &2 | B «a m as 15 Emsp XMSP hmsp
0.10 | 0.085 0 0 06 0.7 0 0.6000 45.3789 | 0.574167 | 0.390826
0.10 | 0.085 | 0.097 | 3 | 0.6 0.7 | 0.310366 | 0.237175 | 47.4459 | 0.592308 | 0.421539
0.10 | 0.085 | 0.097 | 4 | 0.6 0.7 0.27389 | 0.212319 | 47.4524 | 0.593551 | 0.422481
0.10 | 0.085 | 0.097 | 3 | 0.65 | 0.7 | 0.269038 | 0.208556 | 47.4534 | 0.593739 | 0.422624
0.10 | 0.085 | 0.097 | 3 | 0.6 | 0.75 | 0.244961 | 0.189892 | 47.4581 | 0.594672 0.4233

From the steady-state optimal numerical solutions summarized in Table 2:

i) Before the introduction of shellfish aquaculture (when a = ¢, = 8 = 0), if we manage to reduce
the external nitrogen loading by 70%, the nitrogen concentration level in the water would be
0.6 mg.

ii) After the introduction of shellfish aquaculture (when e, = 0.097, 8 = 0.1, and = 3), the
concentration reduces from 0.6 to 0.237175 mg as long as we dedicate 0.31 of the area to the
sector and keep the external effort level at m = 0.70.

iii) When the conversion constant that determines the reduction rate of nitrogen concentration due
to shellfish cultivation, B, increases from 3 to 4, the nitrogen concentration level decreases from
2372 to .2086.

iv) When the natural decay rate, a, increases from 0.6 to 0.65, like the above case, nitrogen concen-
tration decreases while the fish stock size increases.

In general, the development of shellfish aquaculture helps the recovery of the aquatic ecosystem
and restores the fish stock. The increment of the fish stock enables us to relax the restriction on the
optimal effort. As the rate of nitrogen reduction due to shellfish farming or natural denitrification
increases, the optimal aquaculture size reduces, and the fish stock size and the optimal yield
increase. In Figure 2, we displayed the state of the stock before and after the introduction of
shellfish farming in the environment at any impact level of nitrogen in the area, 6. It shows that
the introduction of aquaculture slows the decline of the environment and fish stock.

Stock Size

2 3 4 5

Nitrogen Impact on the Environment

Figure 2. Comparison of stock size of fish (in tonnes), x, at each nitrogen concentration impact level (1/year),
6, before the development of shellfish aquaculture (NA) and after shellfish aquaculture development (SA) for
c=0015r=18a=.6,p=3, m=.7, w=12,and 0 = .10
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3 Optimized management strategy

In this section, we will consider a control version of the dynamic equations in the previous section,
where we determine the asymptotic behavior of the trajectory of the control variables E, m, and
v that maximizes the long-run overall benefit from the system. Recent research suggests that
improving the quality of water indirectly benefits the community around the coastal line—for
example, it appreciates home values near the water bodies [29]. In our optimization model,
we only include the economic contributions of shellfish through the supply chain, even though
sometimes the net profit may not be positive and needs some type of government subsidy. The
primary focus of our research agenda is on the ecological or environmental benefits of shellfish
aquaculture.

Let the net profit from capture fishery be pjcEx — cE, where p; is the market price and c is the
cost per unit effort per unit area. Suppose the production function for aquaculture is Z(A) = P, A,
where P, is per unit area production of farmed fish in kilograms. We can rewrite the production

L A .
function in terms of a = T as Z(a) = TP,a, where T is the surface area of the water under

Z(a)

consideration. Let z(a) = T and the cost of production is quadratic c,(P,)%a, where ¢, is a

cost parameter [28]. Then, the net profit from aquaculture is pZ(a) — C1(a,v), where C1(a,v) =
c1 (v—p2) + ca(P,)?a is a one-time cost of acquiring an extra unit of aquaculture area plus the
operation cost for the aquaculture, and p; is the competitive market price of a shellfish and c; is
one time per unit per area leasing cost. If C;(m) = cpm is the cost of removing the pollutant at
the source, where c; is per unit cost, and all future costs and benefits are discounted at a positive
social discount rate of §, the optimization problem is

max J(E, m,v) = glaxj [(p10x — ¢)E + ppz(a) — C1(a,v) — Co(m)]e'dt,
M0 J0

subject to the dynamic equations in Eq. (8). Thus we seek an optimal control, E*, v* , and m*, and
the corresponding states, x*, a*, and n*, that simultaneously solves the equations in Eq. (8) such
that

J(E*,m*,v*) = max{J(E,v,m)| (E,v,m) € U},

where the control set U is compact U = {(E(t),v(t), m(t))| 0 < E(t) < Emax, 0 < m(t) < Mmax, t €
[0, 00)}.
The current-value Hamiltonian corresponding to our problem is

H(x,n,a,E,muv, A, Ag,Ay) = B(x,a,E,0,n,m)+ Ay {(r —e1n + €3a) <1 — ﬁ) X — aEx}

+ A (U—p%) +An[(1—m)w—ﬁan—(xn},

where B(x,a,E,v,n,m) = (p1ox —c)E + ppz(a) — C1(a,v) — Cp(m) is the net profit at time ¢, and
Ay, Ag and A, are the shadow values of the stock, aquaculture, and nitrogen concentration level,
respectively.

The optimal control shall be a combination of bang-bang and singular control since the problem
under consideration is a linear control problem. Our study focuses on the singular control and
the associated optimal singular solutions. The optimality condition for the control variables is to
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satisfy

OH (- oH(-
—aZE ) = —C + Ay, % = —C+0’X(P1 _Ax)’ and

IH ()

om —C3—w, (14)

where the switching functions are
Y1(t) = —c1 + Ag, ¥o(t) = —c+ox(p— Ax), and ¥3(t) = —c3 — wAy,.
It is known that in the case of a singular solution, we have
Yi(t) =0,¥2(t) =0, and ¥5(t) = 0.
That is
—1+MA =0, —c+ox(p—Ayx) =0, and —c3 —wA, = 0. (15)

The adjoint equations corresponding to the states are

dA, OH (- x €1 —Aq

- A, = _% = —P,(p2 — caPa) + BAnn — x€3 (1 — 7 —Gn) Ay — %,

dAy _ O0H(:)  (r—eim+ea)(l—2x—0n)Ay

7 — 5)\35 = — ax - — 1 — 91’1 - UE(P:[ - )\x)/ (16)
A, COAH() x (0x(r+aex) +e1 (—x+ (—1+6n)2)) Ay crpa  pAua
SO0 === = (at pa) Ay + . T T 2

In the steady state, % = ‘fi—’; = % = % = dé\t” = % = 0, implying the following equations

(1—m)w—Pan—an =0,

(o-0t) =0,

(r—ein +eoa) (1—ﬁ> x—0Ex =0,

Ay = (r—en+ ezla)_(zn— 2x —On)Ay +E(pr— Ao, a7
6Aa = Pa(p2 — caPa) — PAnn + €2x (1 — ﬁ) Ax + (1= Aa)p _n/\”)p,

A = — (& + Ba)An — x (x(r+ agey)0 +(i11(;9;$2(—1 +60n)2)) Ay B a::zp N ai‘;p-

The interior optimal solutions for the state and control variables can be found by solving the
system of equations in Eq. (15) and Eq. (17).

Numerical solutions and sensitivity analysis

In this section, we find numerical solutions to the above system, Eq. (15) and Eq. (17), by
specifying aquaculture’s per-unit production and operation costs, unit market price, and assigning
appropriate parameter values given in Table 1 and Table 3. Sensitivity analysis is also performed
for the conversion factors, the measures of the negative impacts of nitrogen, and the positive
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benefits of shellfish aquaculture. The results are summarized in Table 4.

Table 3. Parameters and their values used for numerical solutions

Parameter | Description Value Unit

b, Aquaculture production per unit square meter in kg 0.446 m?/Kg
Ca Cost parameter for aquaculture 0.1682 1/US$
c1 Cost of acquiring a square meter of aquaculture area in US dollars 1 1/m?/US$
o)) The cost of removing the pollutant at the source in US dollars 0.135 1/US$

c Cost per unit effort per unit carrying capacity for wild-catch 0.05 1/US$

1) Positive social discount rate 0.05 1/year

0 Measure of the impact of nitrogen on the environment 0.1,0.11 1/vessel/year
€1 Measure of the impact of nitrogen on the growth rate 0.085, 0.086 1/year
€2 Measure of the impact of shellfish on the growth rate 0.097, 0.098 1/year
p1 Unit price of wild catch in US dollars 15 1/US$
P2 Unit price of farmed shellfish in US dollars 3 1/US$

Table 4. Steady-state optimal solutions for the state and control variables

* * *

€ € 0 E* X n a m* h*
0.085 | 0.097 | 0.1 | 48.5255 | 0.584869 | 0.211729 | 0.273105 | 0.701388 | 0.425716
0.086 | 0.097 | 0.1 | 48523 | 0.584869 | 0.211729 | 0.274299 | 0.700546 | 0.425694
0.085 | 0.098 | 0.1 | 48.5373 | 0.584931 | 0.210493 | 0.273202 | 0.703063 | 0.4258647
0.085 | 0.097 | 0.11 | 48.5804 | 0.583832 | 0.212129 | 0.306619 | 0.678127 | 0.425069

The numerical solutions in Table 4 show that

* As the impact of nitrogen concentration level on the habitat or the growth rate, 6 or €1, increases,
the optimal stock size, x*, decreases, and consequently optimal harvest, i*, declines. This shows
aneed to increase the optimal size of shellfish aquaculture since a significant amount of nitrogen
can be removed through shellfish harvest and denitrification. This, in turn, allows us to reduce
external effort.

¢ If the effectiveness of shellfish cultivation on the environment, ¢, increases, we can observe
that the nitrogen concentration level tends to approach a lower level. As a result of this, we can
relax the optimal effort limits on the fishing ground.

Like the previous section, the control version reflects the positive contributions of shellfish aqua-
culture toward protecting aquatic ecosystems from eutrophication while increasing the supply of
shellfish to the market and improving capture fish.

Transition dynamics

Following the computation of the optimal steady-state solution of the state, co-state, and control
variables, it is natural to determine the trajectories of the states toward close-to-equilibrium
solutions over a finite but large time. Because of the non-linear nature of the functional forms of
the equations used in the dynamic analysis and the number of equations, it is not easy to find
analytic solutions. Therefore, we use the fourth-order Runge-Kutta forward-backward sweep
numerical method to solve the system of Egs. (8) and (16). First, we approximate the state
equations in Eq. (8), by first-order forward difference, and the corresponding co-state equations
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in Eq. (16), by first-order backward difference equations. Then by substituting the values of the
parameters given in Table 3, using initial values, x(0) = 0.27, n(0) = 0.6, and a(0) = 0, and a
guess for optimal control, say the steady-state values, we solve the state equations forward for the
discrete-time interval of [0, ] partitioned into k parts using a time step / such that ¢ = kh. Then,
using the state values at f¢ and the transversality condition at {7, we find the values of the co-state
at ty and solve the co-state equations backward. After each forward-backward computation, we
update the control values using the state and co-state values and repeat the process until the control
values become sufficiently close. The accuracy or convergence of the iterative method is based
on Hackbusch [30]. Figure 3 displays the trajectories of the numerical solutions generated using
Hermite interpolation of order 3. Note that for all combinations of the conversion factors, decay
rates, and other parameter values given in Table 3, the trend is the same (i.e., as the aquaculture
increases, the nitrogen level decreases while the fish stock increases) except they converge to
different terminal points.
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Figure 3. The trajectories of the optimal fish stock size and nitrogen level relative to the aquaculture expansion
rate

4 Conclusion

This study assumes that shellfish aquaculture helps remediate nitrogen in an eutrophic aquatic
ecosystem. We also attempted to determine the optimal sizes of shellfish aquaculture and the
optimal capture fish effort before and after introducing shellfish aquaculture into the system. This
ties in with our finding of the optimal nitrogen reduction effort needed to sustain the ecosystem.
We reviewed various models related to our research and set up our model based on recent
developments in the field and our intended research objectives. The system was analyzed in two
scenarios to evaluate the effects of shellfish aquaculture.

In the first scenario, we defined the transition equation of open-access capture fish stock in an
environment polluted by excessive nitrogen before the introduction of shellfish aquaculture.
Excessive nitrogen contributes to environmental degradation, impacts the carrying capacity, and
affects the growth rate of the fish stock. Our analysis shows a positive impact of nitrogen pollution
reduction practices on the stock size and sustainable harvest. In addition, we show that the effort
level that maximizes profit and optimal effort is inversely related to nitrogen concentration.

In the second scenario, we extended the model by considering the development of shellfish



34 | Mathematical Modelling and Numerical Simulation with Applications, 2025, Vol. 5, No. 1, 18-37

aquaculture and including the positive impacts of shellfish cultivation on fishing grounds, the
environment, and fish stock. We assume that the effect on the fish stock is measured through
growth rate, and the amount of nitrogen removed by shellfish production is proportional to the
size of the aquaculture area. Even though aquaculture takes away the fishing area and creates
pressure in the open access fishing ground, we show that the development of shellfish aquaculture
helps the recovery of polluted aquatic ecosystems and restocks the fishing ground. In this case,
we can increase the optimal effort and harvest more captured shellfish, reducing the scarcity of
shellfish in the market.

Eutrophication management and control is based primarily on the restriction of nutrient inputs in
bodies of water and nutrient reduction strategies at the point source. Then, it requires collaborating
with fisheries managers to integrate shellfish aquaculture into broader ecosystem management
plans. This approach can limit nitrogen loading and remove excessive nitrogen through shellfish
harvest. This study compares the impact of nitrogen eutrophication on the fish stock before
and after the development of shellfish cultivation. We show that shellfish aquaculture can be
considered as an alternative option to reduce nitrogen accumulation in aquatic ecosystems. It
supports the economy by creating jobs and supplying more farmed shellfish. It also indirectly
improves the performance of wild catches.
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Abstract

This article analyzes the qualitative behavior of a predator-prey system where the predator receives
extra food and the prey engages in anti-predator behavior to defend itself against attacks by the
predator. The positivity and the boundedness of solutions to the system have been examined. The
biologically well-posed equilibrium points of the proposed system are derived, and an analysis of
their local stability is conducted. In specific situations, it is observed that the solutions of the proposed
system are significantly dependent on the initial values. The emergence of several bifurcations in the
system, including the saddle-node, Bogdanov-Takens, and Hopf-Andronov, is also shown. Through
numerical simulation, the rise of a homoclinic loop is shown. The analytic results are verified by
numerical simulations and phase portrait sketches.

Keywords: Additional food; anti-predator behavior; stability; bifurcation
AMS 2020 Classification: 37G10; 34C23; 93D20

1 Introduction

The fragile equilibrium of life on Earth relies on ecological systems, the complex webs of inter-
actions between species and their surroundings. These networks extend from local to global
levels, including everything from small ecosystems such as oceans, forests, and wetlands to the
entire biosphere. Preserving biodiversity, managing natural resources, and reducing the effects of
environmental changes all require an understanding of the dynamics of ecological systems. The
dynamics between predators and their prey are one of the fundamental ecological phenomena
that have a significant impact on biodiversity. The strong intuition to be alive in predators and
prey has led to the development of remarkable strategies in these species. For example, predator
species do not rely on a single prey species but rather on a varied range of prey species [1], while
prey species exhibit anti-predator behavior [2]. In this article, the impacts of these strategies on a
predator-prey system are analyzed.
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Researchers are aware that predators exhibit a behavioral adaptation whereby they shift their
feeding preferences to alternate food sources in response to decreasing densities of their preferred
prey [3]. To develop a comprehensive predator-prey model for such species, it is essential to take
into account the inclusion of alternative prey species. The inclusion of supplementary food in
a predator-prey system may have a substantial impact on the ecological dynamics and overall
stability of ecosystems. For instance, the presence of scavenging possibilities or the introduction
of non-native prey species can perturb the ecological balance of the whole system [4]. Moreover,
the introduction of this surplus food may have a cascading effect on the ecosystem, impacting
not just the populations of prey species and competitors but also those at higher trophic levels
[5]. Hence, it is essential to comprehend the ramifications of additional food within predator-prey
systems to manage ecosystems and advance conservation initiatives effectively.

The empirical study indicates that the provision of supplementary food to predators does not
always result in an increase in predation on target species. Sometimes, it may lead to a reduction
in the population density of prey species [3]. This phenomenon is often referred to as “apparent
competition” [6]. In addition, the predator population may have short-term advantages via an
additional food supply. For instance, using supplementary resources may lead to overexploitation,
increasing the likelihood of population collapses or fluctuations [7]. This discrepancy between the-
ory and observations prompted a thorough mathematical investigation of predator-prey systems
that include provisions to supply additional food.

Srinivasu et al. [8] developed a predation model including two species to examine the effects of
supplementary food provided to the predator species. The researchers noted that manipulating
additional food, in terms of quality and quantity, can manage and constrain prey numbers and
restrict and eradicate predator populations. The aforementioned theoretical results are consistent
with the facts documented in a recent literature review [9] that examines the impact of artificial
food sprays on conservation biological control. Prasad et al. [10] created and analyzed an
additional food-provided predator-prey system with a Beddington-DeAngelis functional response
(a way to incorporate mutual interference between predators). They observed the possibility
of the coexistence of predator species with a low density of prey species. This phenomenon
contrasts with classical predator-prey models, where the coexistence of predators and prey at low
population densities is not attainable. The ramifications of providing alternative food sources to
predators in a predator-prey paradigm with harvesting have been studied by Sahoo and Poria
[11]. Chakraborty and Das [12] conducted an analysis of the variability of a predator-prey system.
They specifically investigated the impact of constant prey refuge and alternative food provided to
the predator. The global dynamics of a predator-prey system have been investigated by Sen et al.
[13], where the predator is subjected to alternative food as well as harvesting at a constant rate.
This work offers valuable methodologies for examining the controllability of systems, which have
significant relevance in real-world applications. Shome [14] examined the effects of additional
food in a predator-prey model incorporating intraspecific competition among prey species and
the theta-logistic prey growth rate. They found that when alternative food sources are limited
and intraspecific competition is intense, prey species experience extinction. Consequently, the
predator species also face extinction, resulting in the collapse of the whole system. In continuation,
they observed that the potential occurrence of this collapse may be averted with the provision of
a sufficient amount of alternate sustenance to predatory organisms. This finding suggests that
including alternative food sources significantly affects regulating the dynamics of the proposed
system. Ghosh et al. [15] studied the dynamics of a predator-prey system with prey refuge
and additional food for the predator. Singh et al. [16] performed a qualitative inquiry into a
predator-prey model, whereby it was assumed that a continual extra food supply is provided to
the predator species and the growth of the predator is regulated by the Allee effect.
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Several researchers have recently explored the influence of additional food delivered to predators
in predator-prey systems that incorporate various real-life phenomena. For instance, Das et
al. [17] used a predator-prey model with prey refuge; Thirthar et al. [18] used a predator-prey
model with fear effects, prey refuge, and harvesting; Debnath et al. [19] used a predator-prey
system with fear effects and anti-predator behavior; Ananth et al. [20] used a predator-prey
model involving Holling-type 111 functional response; Das et al. [21] used a predator-prey model
with fear effects; and Umaroh and Savitri [22] used a predator-prey model with Holling-type I11
functional response and anti-predator behavior.

Prey species have evolved a variety of strategies to avoid their natural predators. When preys are
threatened, they sometimes display a peculiar defensive behavior in which they sacrifice specific
body parts. Lizards, for instance, can release their tails to protect themselves from predators. Adult
prey Kkill juvenile predators to reduce the pressure of future predation and increase population
density [23-27]. These kinds of prey behaviors are known as anti-predator behaviors. Zanette et
al. [28] performed experiments to demonstrate anti-predator behavior’s impact on song sparrows’
reproductive rates. The results indicated that implementing such efforts led to a significant
reduction of 40% in the song sparrow’s reproductive output whenever direct predation was
effectively mitigated. As a result, the presence of anti-predator behavior among prey species plays
a crucial role in maintaining the intricate equilibrium of predator-prey ecosystems.

Several researchers have examined anti-predator behavior in the context of analyzing nonlinear
ecological systems [29-31]. Samanta et al. [31] conducted an analysis of a modified Leslie-Gower
model using a Beddington-DeAngelis functional response in order to categorize an anti-predator
behavior. Tang and Xiao [32] modified a predator-prey system equipped with a non-monotonic
functional response by utilizing anti-predator behavior. The saddle-node, the homoclinic, the
Hopf bifurcation, and the Bogdanov-Takens bifurcation of co-dimension two were the bifurcations
the authors examined as possible system outcomes. Mortoja et al. [33] presented a stage-structure
predator-prey model including anti-predator behavior and group defense. The researchers in-
vestigated the system’s stability and examined the occurrence of the Hopf bifurcation in the
suggested system. A dynamical study is carried out by Savitri [2] on a predator-prey model that is
endowed with ratio-dependent functional responses and anti-predator behavior. Recently, Prasad
et al. [34] explored the influence of anti-predator behavior on predator-prey dynamics where
additional food is provided to predators. They observed that several kinds of bifurcations occur,
such as saddle-node bifurcation, Hopf bifurcation, homoclinic bifurcation, and a Bogdanov-Takens
bifurcation of co-dimension 2. They concluded that successful implementation of biological
control might be achieved by taking the anti-predator behavior as a control parameter. This
article employed the Holling type IV functional response (Monod-Haldane), often used in models
with predator interference, where high prey density leads to reduced predation rates owing to
defensive behaviors shown by prey species. The Holling type II functional response, which is
more commonly used, is more suitable for modeling predator-prey interactions where there is a
limitation on predator efficiency due to handling time and prey saturation. This research examines
the effects of supplementary food in the predator-prey system, including Holling type II functional
response and anti-predator behavior. It is observed that the anti-predator behavior enhances the
dynamical complexities and can be used as a controlling parameter.

2 The basic mathematical model

Srinivasu et al. [8] proposed a bi-dimensional system of equations to represent a predator-prey
dynamic, whereby the predator species are provided with a constant supply of supplementary
food distributed equally across the environment. If we assume that the prey species exhibits
anti-predator behavior, the model takes the following form:
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where u = u(t) and v = v(t) represent the prey and predator populations at time ¢, respectively.
To provide an ecologically appropriate interpretation of the proposed model, it is necessary to
assume that #(0) > 0 and v(0) > 0. The positive parameters A, r, K, m, hi(hy), ni(ny) and
e1(ep) are the amount of additional food, the intrinsic growth rate of prey, the carrying capacity
of the environment, the predator’s mortality rate, the handling time of the predator per unit
quantity of prey (additional food), the nutritional value of the prey (additional food), and the
ability of the predator to detect the prey (additional food), respectively. The term nuv represents
anti-predator behavior, and the parameter # is the rate of anti-predator behavior of prey for the
predator population. Ecologically, it can be interpreted that this form of anti-predator behavior
does not directly benefit the prey population but reduces the growth of the predator population,
and in this way, it helps the prey population.
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du _
d_Ltl =ru(l— %) o a—Q—oCayu;{]—i—u’
— MY — nuv.
The ecological interpretation of the parameters a,b, and c in the above model aligns with the
conventional predator-prey model. The parameter « is inversely proportional to the additional
food quality, and 77 A refers to the amount of additional food perceptible to the predator relative to
the prey.

Employing the transformations u = ax, v = MTy, t = § and dropping the hat, system (2) becomes
dx _
{f_xgl_ﬁ)_%' ©
_ Bx4¢
d_¥ - [13+0<§+Z — 0y —bxy,

where v = IE(, B = %, ¢ = %, 0 = and 6 = Z%. From an ecological perspective, our focus is only

on the dynamics of system (3) inside the first quadrant lRar X ]Rar ={(x,y) € R?:x >0,y > 0}.

Lemmal (i) All solutions of the system (3) initiating in the interior of the positive quadrant of the state
space are positive for all t > 0.

(ii) All solutions of the system (3) initiating in the interior of the positive quadrant of the state space are
bounded for all t > 0.

Proof

(i) The two Egs. of the system (3) yield

1) = x(0)exp UO (- T ) o)

and

y(t) = y(0) exp U; <% —(S—Qx(T)) dT] ,
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respectively. The conditions x(0) > 0 and y(0) > 0 imply x(¢) > 0 and y(t) > 0, respectively.
Therefore, it can be deduced that a solution originating in the positive quadrant of the xy-plane
stays positive throughout.

(ii) The first Eq. of the system (3) yields the following result:

It can be inferred that every solution of the system (3) satisfies x(f) < 7y for all t > 0.
Define ®(t) = x(t) + %, Then

i

1+al+x B

dd (1 x>+ ¢y (O +6x)y

For A > 0, we have

dd Y(1+A)?2 [(6—A g
ar TAel = —— _(/3_1+zx€)y'

By selecting a suitably small (A < §), above inequality can be written as

dd Y(1+A)2 &y
E+/\¢(t>< 1 +1+(X€.
Thus,
dd
s +AD(t) < 4,

where y = 7(11%)2 + 1

Employing Gronwall’s inequality, we get

0<®(t) < % (1= ) +@(0) ™.

The above inequality implies, 0 < ®(t) < §, as t — oo. Thus, every solution of the system (3)
originating in the positive quadrant of the xy-plane is bounded for all future time.

The above lemma ensures that the system (3) is ecologically well-posed.
3 Existence of equilibrium points

The non-negative solutions of the system é—’; =0, % = 0 are the constant solutions of the system

(3) and are called equilibrium points of the system. It is easy to see that the system (3) has a trivial
equilibrium point E((0,0), a predator-free equilibrium point E, (7, 0), and interior equilibrium
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points E*(x*, y*). The abscissa x* is the root of the quadratic equation

x> + (6 + 0(1 + af) — B)x + 6(1 + af) — BE = 0. (4)

The roots of Eq. (4) are x* = ﬁ—(5+9(1+tXC))ﬂF\/(5+9(12;“C)—ﬁ)2—49(5(1+1XC)—/3§)
consider A} = 6(1+al) —BE, Ay =PB—(6+60(1+af)), and Az = 46A;.
To find the equilibrium points of the system (3), we consider the following cases:

. For the sake of clarity,

Casel: A{ > 0and A, > 0.

In this case, if A3 > Az holds, then the system (3) has two interior equilibrium points E; (x},y?)
/N2 A *

M—AZA?’ and y7, = (1— m)(1 +ag + x7,), provided v > x7 »;

if A2 Az holds, then the system (3) has a unique interior equilibrium point E(x3,y3), where

X3 = 29 2and y; = (1— 7) (1+ag + x3), provided y > x}; if A3 < Az holds, then the system (3)
has no interior equilibrium point.

and E5(x3,y5), where x] , =

Case II: A1 < 0.

In this case, the system (3 ) has a unique interior equilibrium point Ej (x},y;), where x; =

AT A,
= 2?2 * and ya=(1- )(1 +al + x}), provided ¢ > xj.

Case III: A; = 0.

In this case, if Ay > 0 holds, the system (3) has an interior equilibrium point EZ (xZ,y%) and a prey-
free equilibrium point E} (xf,y;) = (0,1 + «g), where xi = % and yi = (1— %5)(1 +ag +x3),
provided 7 > x3, if Ay < 0 holds, the system (3) has no interior equilibrium point, but a unique
prey-free equilibrium point Ef (x{,y¢) = (0,1 + a¢) occurs.

4 Stability analysis

This section performs an analysis to derive the stability conditions around the equilibrium points
determined in the previous section using the linearization technique.

Theorem 1 (i) The equilibrium point Ey = (0,0) of system (3) is unstable if % > ¢ and saddle if

g < 0.
(ii) The equilibrium point E,, = (y,0) of system (3) is saddle if + +12£7 (6 + 0+) and asymptotically

stable if 1+Z;€7 < (0 + 67).

Proof

(i) At Ep(0,0), the Jacobian matrix of the system (3) is

(1
=1 o a0 |

The eigenvalues of the matrix Jg, are Ay =1 > 0and A, = 15%;(: —o.If 15%@‘ > 0 (Ap > 0), the
Be

Trag < 0 (Ay < 0), the trivial equilibrium point E is

trivial equilibrium point Ey is unstable. If
saddle.
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(ii) At E,(v,0), the Jacobian matrix of the system (3) is

-1 - r
Jp = 14+ag+y )
” ( 0 fig - 0oy

The eigenvalues of the above matrix are Ay = —1 < 0 and A; f Jﬁzgf)v (6+6v).1f f nggﬁy >

(0 +07) (A2 > 0), the point E,, is saddle. If fg;@y < (04 607) (A2 < 0), the point E,, is stable.

Theorem 2 (i) The equilibrium point E(x7,y7) of system (3), if it exists, is stable if v < 1+ a + 2x]
and unstable if v > 1 + ad + 2x7.

(ii) The equilibrium points E%(x3,vy3), E;(x},y3) and EZ(x3,y2) of system (3), if they exist, are always
saddle.

(iii) The equilibrium point E5(x3,y3) of system (3), if it exists, is a degenerate singularity.

Proof At E (x,y7), i = 1,2,3,4,5, the Jacobian matrix of the system (3) is

x¥ xl’f
o — X (=3 + (=) mragy) ~ et
Ef — * .
((ﬁ—é)—zexi —0(1+48)) (1—2) 0
The determinant and trace of the matrix ]Ei* are det] Er = Ojjkg—ﬁ“ <A2 —20x7 > and trace ]E;‘ =

x¥

TAFacT=) (’y —(14+ad+ fo)), respectively.
(i) Itis easy to show that det Je; = mf%%w( (A2 —A3) > 0and tr Je; = w(1+z—1§+x1‘) (’y —
(14 o+ 2xf)> . The Routh-Hurwitz criteria confirm the result.

(ii) A simple calculation may provide det Je; = —%( (A3 —A3z) < 0, det Je; =
% % LTIV
—%( (A2 —A3) < 0, and det Je: = —% < 0. Thus, the result follows.
(iii) Itis easy to show that det | gz = 0. Thus, the equilibrium point Ej is a degenerate singularity.

Theorem 3 The equilibrium point E3 of system (3), if exists, then it is

(i) astable saddle-node if v < 1+ ag + 2x3 and an unstable saddle-node if v > 14 ag + 2x3.
(ii) a cusp of codimension 2 if v =1+ al +2x3 and nyny # 0.
Proof

(i) Firstly, we employ the transformations ¥ = x —x}, ¥ = y — y3, the equilibrium point Ej
shifts to the origin (0, 0). Using Taylor series expansion centered at (0, 0), the system (3) reduces
to

% a10X + ag1y + ax¥? + an ¥y + ol(¥, v)3), )
d—y b10X + bo1y + bpo¥? + b1 Xy + bozy + 0l%, y) |,
where a19 = m+i—M(7—(1+w§+2x§)), ag1 = —#ﬁ%y ayy = —%—F%, aj] =

(1+af) _ (PO+ag=0) — _ _ B(+ad=0)y3 _ P(+ag=q)
- (1+a§+x§)2/ bl - <(1+a€'+x§)2 - 9) ]/§/ bOl =0, bZO - (1+“€'+x§)33/ bll - (1+¢x§+x§)2 -
0, by, = 0.
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Itis simple to checkif a19 # 0, i.e., ¥ # 14 &g + 2x3, then the tr(]Eék) # 0 but det(]Eg) = 0. Thus,
the equilibrium point E is a saddle node. Furthermore, if v < 1+ ag + 2x3, i.e., tr(J E;) <0,
the equilibrium point E} is a stable saddle node. If v > 1+ ag + 2x3, ie., tr(] E;) > 0, the
equilibrium point Ej is an unstable saddle node.

(ii) If v = 14 ag + 2x3, then tr(Jg;) = 0 and det(Jg;) = 0. By applying the transformation
X=X, J =ajoX +apy, the system (5) reduces to

9 — §+ ap0%% + a1 %9 + ol(%,9)°), ©)
dy T o o -
= by® + b %y + 0l(%,9)3,
R R a ﬂz 7
where 7y = a0 — “°1°, @7 = gL, by = ayoaz0 + ag1bag — b11a10 — “aorYs bin =0 4 by,
By applying the transformations wy = % — @118, wy = §j + a0%>, the system (6) reduces to
df{? = wy + ol (w1, wy)3|, %
d
T2 = mw? + nawiwy + ol (w, wy)?),

where 177 = by and 12 = 2ap0 + b1
Finally, applying the transformations z; = w1, zy = wy + ol(w1, w;)3|, the system (7) reduces

to
d
G =2
dZ2 3
2 =123 + mzizo + 0l(z1,22)3).

The non-degeneracy condition 717, = %(2@ + E) # 0 for a cusp with co-dimension 2 is
satisfied in the z1z,. Consequently, the point E3 is a cusp of co-dimension 2.

Theorem 4 The equilibrium point E} (uf,vf) of the system (3) is a cusp of co-dimension 2 if v # 1+ .

Proof At Ef(x},y7), the Jacobian matrix of the system (3) is

0 0
Je; = ( BURAEE) —0(1 + ag) 0 ) '

The determinant and trace of the above matrix are zero. To relocate the equilibrium point E; to the
origin, we consider transformations X = x — x¢, Y = y — y¢. The Taylor series expansion centered
at (0,0) reduces the system (3) as follows:

a‘;—)t( = 0(20X + DCHXY + O|(X Y) | (8)
O = BroX + B2 X* + 11 XY +0l(X, )3,
1 B(1
where azp = <_%+%a§>' 1 =~ Pro = ﬁ(%’fg@ 0(1+ag), pao = 1?;% e D), By =
pltac—¢) ((11:2‘(%)725) — 6. Introduce a new time variable T by T = B1¢t, the system (8) reduced to
& = 120 X? + a1 XY +0l(X, Y)%, ©
% =X+ /320}(2 + 11 XY + 0|(X, Y)3|,
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where a5) = %, aq [310 Boo = 510 B11 = %
By applying the transformations Y7 = Y — %,8_11 Y2, X1 =X+ ,B_ZOXZ, system (9) reduces to

RA..

N (10)

0 — 91 X2 4 8, X1 Y1 +ol(X1, Y1),
aa = 1+0|(X1/Y1) |’

where ¢ = a39, U = a71.
Finally, applying the transformations Y, = Y1, X, = X3 +0l(Xp, Y2)3|, the system (10) reduces to

%

The non-degeneracy condition ¢ ¢, # 0, i.e.

= X2+ 9X2Ys +0l(X2, Y2)3),
= X,.

o Ry | =
.

1
7 14ag

can be satisfied in the X,Y; plane, if v # 1 + a. As a result, the equilibrium point E; is a cusp of
co-dimension 2.

( -1+ 1+1_a§> # 0 for cusp of co-dimension 2

5 Bifurcation analysis

In this section of the article, we are interested in a variety of distinct bifurcations that might take
place in the system (3), such as saddle-node, Bogdanov-Takens, and Hopf bifurcations.

Saddle-node bifurcation

In Section 3, the requirements necessary for the existence of two interior equilibrium points
Ef(x},y7) and E;(x3,y5) have been achieved that were based on many constraints. The dis-
tinguishable features of these equilibrium points persist until A; > 0, A; > 0 and A2 > Ag;
afterward, they have a chance of converging to E3 (xé, yé) if Ay >0, A, > 0and A% = Az and
vanishing if A; > 0, A, > 0 and A% < Ajz. This kind of annihilation of equilibrium points may
be due to the saddle-node bifurcation for interior equilibrium points, which transpires when the

bifurcation parameter 0 satisfies § = 6* S (Car )(pzﬁ)a 5[% g)—z\/Aj, provided (6 + ) (1 +ag) > 28

and 5(1 +a&) > (8 + B), where Ay = (6(1 +af) —&(6 + B))B(1 + a&) + B>&2. Here, 6* is known
as the saddle-node bifurcation threshold. Sotomayor’s theorem [38] has been applied to ascertain
the occurrence of the bifurcation.

Theorem 5 System (3) exhibits a saddle-node bifurcation at the equilibrium point E5 = (x3,y3) with

respect to the parameter 6 if = 0* = ((5+5)(1J2ﬁ)a_5§§)_2m/ provided, (6 + B)(1 + af) > 2p¢ and

5(1+af) > &5+ B), where Ay = (5(1 + af) — &(5 + B))B(1 + af) + B2E2.

Proof The Jacobian matrix for system (3) at interior equilibrium point E3 is

(B—0—0(1+af))(v0+0—p) —(B—0—0(1+4ag))
]E; = 79(5“5"‘09(1"‘“5)) ﬁ—é—&-f)((l)—&-txtj)

The eigenvalues of the above matrix are A1 = 8 ii;(e éi;ig)()l(:z? ) #0and Ay, = 0. Let Pand Q

be the eigenvectors corresponding to A, = 0 for the matrices Jp: and J L., respectively.
3
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A straightforward calculation implies

Consider

One can easily find,

Vo <E§/9*) = [ 7(/37(57(9)(1—1—045)) ]

20

and

—16p63(1+ag—¢)

—49(297—(ﬁ—5—9(1+a§)))+ (89(79—1—(5—/3) ]
Y
(B—6+0(1+ag))3

DZI/J(EE/@*)(P,P) = { V(B=o+0(1+a0))° B—0-+0(1+a0))
We have

i g+) — —(B=0—0(1+af))
Q"o (E3,6°) = > #0,

and

—16B63(1 + a& — &)

(B—0+6(1+af))’ 7 0.

Q".D%p(E5,0%) (P,P) =

Therefore, the transversality conditions necessary for the appearance of the saddle-node bifurcation
are satisfied, thereby confirming the presence of a saddle-node bifurcation.
Hopf bifurcation

Theorem 2 concludes that the equilibrium point Ef = (x7, ;) is unstable if 1 4+ a¢ + 2x7 < 7y and
stable if 1 + af + 2x7 > . It is interesting to investigate the nature of the point E; whenever
¥—(1+ag+2x7) =0.

Theorem 6 Assume that the equilibrium point Ef = (x},y7) exists. For the parametric condition,
¥ — (14 ag + 2x7) = 0, system (3) undergoes a Hopf bifurcation around the equilibrium point EY with
respect to the parameter .

Proof We have det (]E;) > 0. The parametric condition v = "1 = 14 ag + 2x* implies
ti’(]g;) = 0. Further, at v = 9"l = 1 4 ag + 21

e
a3 ()] s = S e #0
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Thus, the transversality requirement necessary for the appearance of the Hopf bifurcation is
satisfied, thereby confirming the presence of a Hopf bifurcation.

The aforementioned theorem is sure enough for the emergence of the limit cycle around the point
E;. However, it provides no insight into the stability of the limit cycle. In this continuation, we
will proceed with the computation of the first Lyapunov number for the system (3) at the point E7.
This calculation will enable us to ascertain the stability of the limit cycle.

To relocate the point Ej, to the origin (0,0), we substitute x = ¥ — x] and y = 7 — yj. The system
(3) reduces to

9X = w10% + w1l + o0 X2 + a11 %7 + o2 + a3 + a1 X2 + a2 %G + aos® + g1(%,7),
dy _ _ _ _ _ _ _9_ _ _ _
2 = Brox + Bor1d + B2ox> + P11 + Po2if* + Pao®> + a1 %27 + P12X7 + BosT® + g2(%, 1),
(11)
_ 1 vi _ X | y; (1+ag) _ —(14ad)
where a0 = X1 (5- + ) w0 = w20 = (5 G ) 1S T

— _ —yi(+ad) — __14ag — — — o ((B0+ad=C))
a2 = 0, 430 = iz %21 = ({ragrapy %12 = 0 @03 = 0, fro = y1<m—

_ _ Zyip(+ac—) _ p+ac—¢) _ _ yip(+ac—) _
9>, Por =0, Poo = —rmmey Pl = (g — 0 P2 =0, Bao = izt P =
—p(1+ai—¢)

Orazry P12 =0, Pos =0,and g1(%,7) = 3 %4 ij27, 82(%,7) = L% 4 Bij¥¥.
The first Lyapunov number [38] at the origin is

-3
o= W{[leoﬁloMl + a190001 My + BIoMs + 2a10B10 (220202 — )

+ 2010001 (B20Bo2 — 45y ) — &y (B11B20 + 2a20B20) + (23 — &01B10) (211220 — B11B02)] (12)
— (a3 + ao1B10) Ma},

where, My = ag2B11 + 011B02 + 31, Mo = a11B02 +a20B11 + B3;, Mz = 2a02Bo2 + a11002, My =

1210 — P21&o1 + 2010(B12 + 421) + 3(BosP1o — a3001), and A = %\/ Ny* — Ay Tf 0 >0,

then a subcritical Hopf-bifurcation appears around the point Eik and the limit cycle will be unstable.
If o < 0, then a supercritical Hopf-bifurcation appears around the point E], and the limit cycle
will be stable.

Bogdanove-taken bifurcation

In addition to the codimension one bifurcations that have been studied up to this point, it is also
conceivable for the system (3) to experience a codimension two bifurcation, such as a Bogdanov-
Takens (BT) bifurcation. This bifurcation is expected to take place in the vicinity of the point E},
which is identified as a cusp of co-dimension two under certain parametric constraints.

Theorem 7 Assume that the point E3 exists and that it is a cusp of codimension two. If -y and 0 are the
bifurcation parameters, the system (3) experiences the Bogdanov-Takens bifurcation of codimension 2 in the
vicinity of E3.

Proof Here, our objective is to provide analytical expressions for the saddle-node bifurcation curve,
Hopf bifurcation curve, and homoclinic bifurcation curve in the vicinity of the Bogdanov-Takens
(BT) point. To accomplish our objective, we use the approach defined in the works [36, 37]. Let
vpr and Opr represent the threshold values of the bifurcation parameters 7y and 6 that satisfy
det/p, = 0,trJg, = 0. Consider a perturbation to the parameters 7 and 6 in the vicinity of BT
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bifurcation values provided by v = ypr + A1 and 0 = 6pr + Ay, respectively, where A = (A1, A7)
is a parameter vector in the vicinity of (0,0).

When we substitute these perturbations into system (3), we obtain

dy _ B(x+Q)y (13)

dx __ X .
d_J; o x(l o ’YBTJEI-)\l) o 1+zx]é'+x - f1 (x/y/ )‘1)/
dar 1+0¢§+x _5]/_ (QBT + /\2)7(]/ - f2<x1y/ AZ)

The transformations U = x — x3, V = y —y; are taken into consideration to relocate the point
E3 to the origin (0,0). After applying Taylor’s series expansion centered at (0,0), the system (13)
becomes

where ag = f1(U,V, A1), a9 =1— 2 _(+ad)ys a1 = S S Mog = ——L— +

= ®&go + Délou + zme + Dézouz + oquV + Pl(u V)

14
= Boo + BroU + BV + BaoU? + p11UV + P (U, V), 4%

&Ii&lé

veT+A (14al+x})?’ 1+ag+x3” YT +M
1+ * 1 1+al—C)ys *
%, a1 = %, w2 =0, Boo = —A2x3y3, B1o = %j%))yf — (0T + A2)y3,

Bor = —A2x5, P11 = ﬁ%ﬁx? (0T + A2), Boz = 0, and Py, P, is power series in (U, V) with

powers x'y/ satisfying i +j > 3, and the coefficients smoothly depend upon A; and As,.

After using the affine transformation U; = U, U, = a1oU + ag1V, the system (14) simplifies to

dul = oo + Ua + G20UF + EnlliUp + Py (U, Up), (15)
o = oo + 1ol + po1 Uz + pooU3 + p11th Uz + Do (U, Ua),
where §oo = oo, G20 = a0 — T, 11 = Z1, pgp = #00%10 + Bootor, pio = &10P10 —

4
Boia10, Ho1 = &10 + Bo1, H20 = X10&20 + Xo1PB20 — P114&1 0 u1 = B+ 10 -, and by, b

are the power series in (U, U,) with powers U!, Ué satlsfymg i+j>3.

Next, under the following C* change of coordinates in the close vicinity of (0, 0).

Define Vi = Uy, Vo = oo + Up + Czou% + ¢11 U1 Uy, system (15) reduced to
dvl =V + P (W1, Va), (16)
dt =700 + 710V1 + Y01 V2 + 120VE + 111ViVa + 702 V5 + Do (Vi, Va),

where y00 = Hoo — #1800, 710 = H10 — 11800 + C11#00 — H01600611, Yo1 = Mot — 611600, 120 =
H20 — 101620 + G110 — H11600811, Y11 = 2620 + p11 — po1811 + G11Ho1, Yo2 = G11, and Py, P; are
the power series in (V3, V2) with powers Vi, V] satisfying i +j > 3.

Let us introduce a new time variable T by dt = (1 — 0,V )dT. Rewriting T as t, the system (16)
can be rewritten as

dvz B (17)

MW = Va(1—y02V1) + P (1, Va),
S22 = (1= v02V1)[700 + 110V1 + Y01 V2 + 720 VE + 111VAVa + 102 V3 + P2 (V1, Vo),
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Z1=V1,Z5 = Vo(1 — y02V1) + P1(V1, V), then system (17) reduced to

z
b =% ) ] (18)
T = 000 + 01021 + 00122 + 62027 + 0112172 + P2(Z4, Z3),

Q|

where dop = Y00, 410 = Y10 — 2702700, d01 = Yo01,020 = Y20 + fYoo’Y%z — 2702710, 011 = Y11 —
Y0201, and P, are the power series in (Z1, Z,) with powers Zi, Zé satisfying i +j > 3.

One can not determine the sign of d,0 whenever A; — 0 and A, — 0. Consequently, it is essential
to consider the following two cases:

Case 1: 59 > 0, Consider u; = Z;, uy = \/Z—%, dt = \/3y0dt, then system (18) becomes
-
b _ dw 19
%2 = ?28 + 510” + j%“z + uf + %uluz + P(uq,up, M), (19)

where P(u1,u5,0) is a power series in (11, up) with powers uli, u]2 satisfying i +j > 3.

Using the affine transformation vq = u + 25(51—200, vy = Uy, then system (19) becomes

d_:UZI

dvy __ oo ‘5%0 do1 411019 2 o11
dt — 520 45%0 + \/E 2520@ 02 + Ul + @0102 + Q(Z)1/Z)2/ A)/

(20)

where Q(v1,v7,0) is a power series in (v1, v;) with powers vil, v]z satisfying i +j > 3.

2
Consider w; = %vl, wy = t = ” 07, then the system (20) becomes

9 0y
920020 <’

dw1
ar wa,
{ T = 01 (M1, A2) + v2(A1, A2)ws + W} + wiws + R(wy, wy, A),

So0dd,  0%,0% 62,6 . .
where v1 (A1, A7) = 0;3 L _ %%;1, va(A1,Ap) = 50512%“ — ;15210, and R(w1,w,,0) is a power series

in (wy, w,) with powers w’i, w]z satisfying i +j > 3.
Case 2: 6,9 < 0, Consider ] = z1, 1) = 22—, dt = \/—00dt, then system (18) becomes

V=020
dir _
g% - @1)
u — - - - N/ — —
T = S —aciit ﬁuz " + =iy + P(in, i, A),
where P (i1, 1, 0) is a power series in (171, 1, ) with powers 11y, 15/ satisfying i + j > 3.
Using the affine transformation 77 = 1y + 2551—2%, Uy = 1, then system (21) becomes
dv -
T = 02
do _ g0 4 Sy + ( do1 _ _ dndyo )v 42 4 511 +Q(v1, 05, A) (22)
dt T o0 463, V=020  2620v/—020 1 Ne 1,92, 72%)s

where Q(v7,v3,0) is a power series in (77, 7, ) with powers 7/, o/ satisfying i +j > 3.
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Consider w = &v‘ Wy = — o 0y, t = —Y°207 then system (22) becomes
1= 20 L 2= (520\/*520 2s - o1 4 y
duwq =
1 — w2
{ i ’ (23)

2 = 01(A1,A2) + U2 (A1, Ap) s + wh? + Wiy + Ry, w2, A),

U

- (50054 52 54 - S0 52 10 s _ . .
where v7(A1,Ay) = (ST“ — %, U(Aq,Ap) = %0“ — %17’ and R(w1,5,0) is a power series
20 20 20

in (w1, w,) with powers @1, W,/ satisfying i + j > 3.

In order to minimize the number of cases, it is advisable to retain v (A) and v, (A) to denote U7 (A),

and U, (A) in system (23). Moreover, if ‘ g((zf\zz))

o # 0, then the parameter transformations
1=A2=0

0081, 01901 So1611 971010
)\ ,)\ - - 7 /\ /)L == - 7
v1(A1,A2) ) 40k, U2(A1,Ap) 520 22,

and

5005%1 o ‘5%05%1
3 4
90 405

001011 62,810
620 263,

7

U1(Aq,Ap) = , U2(A,Ap) =

are topologically equivalent in the vicinity of the origin and vy, v, are independent parameters.
As a result, it can be inferred that the system (13) experiences the Bogdanov-Takens bifurcation
when the values of (A1, Ay) are within closed proximity to the origin (0, 0), [38]. The following are
the local representations of the bifurcation curves:

1 The Saddle-node bifurcation curve SN = {(v1,v7) : v1 = 0, v, # 0}.
2 The Hopf bifurcation curve H = {(v1, v3) : vp = £+/—v1,v1 < 0}
3 The Homoclinic bifurcation curve HL = {(v1,03) : v3 = j:; —vq,07 < 0}

6 Numerical simulation

In this section, numerical simulations are provided to validate our analytical findings. We benefited
from MATHEMATICA 10.0 software to draw the phase portrait diagrams for the computations.
We provide a total of six numerical examples, each carefully selected to demonstrate the im-
plications of our analytical results. For these examples, we have chosen specific values for the
ecosystem parameters 7y, 8, ¢, J, and 6 to ensure that they align with the theoretical findings and
enhance the understanding of the dynamics of the systems.

(1)

dx _ Y
a =x((1—3) 1+2.8><0.35+x>’

d 0.9(x+0.35
@ = y<1+2.(8x><0.35—i)-x —0.3— 93‘) .

(24)

System (24) exhibits several equilibrium points depending on parametric conditions. The nature
of these points is explained in Table 1 and is also depicted in Figure 1. A threshold value of the
anti-predator behavior parameter 6 = 0.118988 is obtained in Figure 1a and Figure 1b.
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Table 1. Number and nature of equilibrium points (Eps) of the system (24)

Value of 8 Conditions | Number Existence of Nature of Figure
of Eps Eps Eps
0<6<0.118988 | A3 >A; 4 Ey=(0,0) Saddle 1lc
E, =(5,0) Stable
Ef = (1.04319,2.39244) Unstable
E; = (2.43136,2.26624) Saddle
6 = 0.11898 A3 = A; 3 Ey=(0,0) Saddle 1d
E,=(5,0) Stable
E; = (1.53127,2.43593) | Unstable saddle-node
6 > 0.11898 A5 < Ay 2 Ey=(0,0) Saddle le
E, = (5,0) Globally Stable

6=0.118988 1

6=0.118988

L P P P I . .
0.00 0.05 0.10 0.15 0.00 0.15

(0 (d) (e)

Figure 1. (a)-(b) Saddle-node bifurcation diagram. (c) & = 0.11. The equilibrium point EJ is unstable, and EJ is a
saddle. (d) 0 = 0.118988. The equilibrium point E; is an unstable saddle node. (e) 6 = 0.12. The predator-free
equilibrium point is globally stable. Ecologically, there is a threshold value of the anti-predator parameter 6
below which species may coexist and above which the predator species go extinct, leading to the collapse of the
system

(2)

dx ¥y
a=x(1-3) 1+0.001><0.8+x>'

d 0.4(x+0.8
@ = y(‘1+0—.0(01 ><0.8)+x_ —03— 0.11x>.

(25)
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Table 2. Number and nature of equilibrium points (Eqs) of the system (25)
Condition | Number of Eqs Existence of Eqs Nature of Eqs | Figure
A <0 3 Ey=(0,0) Unstable 2
E, =(2,0) Stable
E; = (0.380454,1.1185) Saddle
Table 3. Number and nature of equilibrium points (Eqgs) of the system (26)
Value of 6 Conditions Number of Existence of Nature of Figure
Egs Egs Egs
=02 A =0,A, >0, 4 Ey = (0,0) Unstable 3a
E, =(3,0) Stable
EZ = (1.992,1.008) Saddle
E; = (0,1.02) Unstable saddle node
0=08 | A;=0,A,<0, 3 Ey=(0,0) Unstable 3b
E, = (3,0) Stable
E; = (0,1.008) Cusp

System (25) exhibits several equilibrium points depending on the parametric condition. The

nature of these points is explained in Table 2 and is also shown graphically in Figure 2.

20—

0.5

L

00 0.5 1.0 1.5 20 25 30

X

Figure 2. The equilibrium point Ej is unstable, E, is stable, and Ej is saddle. Ecologically, the system will
collapse due to the extinction of either the prey or the predator

(3)
de — y((1—2%)— y
dt 3) ~ T70.02381%0336+x )/ 26)
dy _ 0.9(x+0.336)
ar = y<1+0.02381><0.336+x —0.3— 9x>.

System (26) exhibits several equilibrium points depending on certain parametric conditions.
The nature of these points is explained in Table 3 and is also shown graphically in Figure 3.

(4)
dx _ — ) 7
d—’t‘_x<(1 f;) Hz.t&# +x)’ (27)
d 0.9(x+0.35 3
dz y(l— +2(8x><035 +)x —0. 0'11x>,
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(a) (b)

Figure 3. (a) 0 = 0.2. The equilibrium point E is unstable, E,, is globally stable, E: is a saddle point, and E; is an
unstable saddle node. (b) = 0.8. The equilibrium point E is unstable, E,, is globally stable, and E; forms a
cusp of co-dimension 2. Ecologically, the system will collapse

Table 4. Number and nature of feasible equilibrium points (Eqs) of the system (27)

Value of ¢ Existence of Eqs Nature of Eqs | Figure
v¥=235 Ey = (0,0) Saddle 4a
E, =(35,0) Stable
E;(1.04319,2.12212) Stable
E3(2.43136,1.3469) Saddle
v = 4.06638 Ey = (0,0) Saddle b
E, = (4.06638,0) Stable
E;(1.04319,2.24762) | Stable limit cycle
E;(2.43136,1.77373) Saddle
v =461 Ey = (0,0) Saddle 4c
E, = (4.61,0) Stable
E;(1.04319,2.33908) | Homoclinic loop
E;(2.43136,2.08477) Saddle
vy=5 Ey = (0,0) Saddle 4d
E, =(5,0) Stable
E;(1.04319,2.39244) Unstable
E;(2.43136,2.26624) Saddle

The system (27) exhibits several equilibrium points depending on the value of y. The nature of
these points is explained in Table 4 and is also shown graphically in Figure 4.

(5)
d
% =x((1- %)~ rrzsiomss)

(28)
dy _ y<M 03— 0.118988x).

dt — 1+2.8%x0.35+x

System (28) exhibits several equilibrium points depending on certain parametric conditions.
The nature of these points is explained in Table 5 and is also shown graphically in Figure 5.
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(c) (d)

Figure 4. (a) v = 3.5. The equilibrium point E; = (1.04319,2.12212) is a stable point. (b) v = 'y[hf] =
4.06638. A stable limit cycle arises around the point E;(1.04319,2.24762). (c) v = 4.61. The limit cycle collides
with the saddle point, E; = (2.43136,2.08477) and consequently a homoclinic loop arises around the point
E;(1.04319,2.33908). (d) v = 5. The equilibrium E} = (1.04319,2.39244) is an unstable point. Ecologically, the
system will either stabilise or collapse, contingent upon the parameteric conditions and the initial population of
the species

Table 5. Nature of equilibrium points of the system (28)

Value of | Conditions Existence of Nature of Figure
Egs Egs

¥y=3 v <14 ad+2uj Eq = (0,0) Saddle 5a

E, =(3,0) Stable
E5(1.53127,1.71904) Stable saddle-node

v =5.04253 | v =1+af +2u] Eo = (0,0) Saddle 5b
E, = (5.04253,0) Stable
E%(1.53127,2.445) Cusp

v=5.2 ¥ > 1+ad +2uj Ey = (0,0) Saddle 5¢
E, =(5.2,0) Stable

E5E5(1.53127,2.47729) | Unstable saddle-node

(6)
9 — x((1 = 2o ) — Ty e = fi(x, v, A1)
dt 32777+M T+2.5x0.25+x 11X, Y, A1),

29)
d 0.8(x+0.25 (
W = y(L5EE03L — 02— (0183055 + A2)x) = fo(x, 0, A2).
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(a) (b) (0

Figure 5. (a) v = 3. The equilibrium point E}(1.53127,1.71904) is a stable saddle-node. (b) v = 5.04253.
The equilibrium point E}(1.53127,2.445) is a cusp of co-dimension 2. (c) v = 5.2. The equilibrium point
E;(1.53127,2.47729) is an unstable saddle-node. Ecologically, the system will either stabilise or collapse,
contingent upon the parametric conditions and the initial population of the species

The system (29) has a unique interior equilibrium point E} = (0.82635,1.83333). The transfor-
mations U = x —0.82635, V = y —1.83333 are used to move the point E} = (0.82635,1.83333)
to the origin and next, the affine transformation U; = U, Up = ajoU + o1V is introduced. The
system (29) shrinks to

Fiy (30)

at = Moo + piols + por Uz + pooUf + pr1Us Uz + Po(Un, Ua),

where o = 0.82635(0.252113 — 5382635 ), &0 = 0.202246 — 5777 —0.802203 (0.504225 -

352 ), Gn = 0.802203, jugo = 0.82635(0.504225 — 518327 ) (0.252113 — 5382635 ) +

0.510698A,, 19 = 1.833330 (0.504225 —~ %) Ay —0.3371 <0.335601 —1.83333(0.183055 +
Az)), Hot = 0.504225 — 5y — 1.8333312, jioo = 0.0461505 — 0.802203 (0.504225 -

2
1.6527 1.6527 1 1.6527
3.2777+A1> + (0-504225 - 3.2777+A1> (0-202246 - 3.2777+A1) - <0-504225 - 3.2777+/\1>

(—832667 x 10717 = A5}, iy = —8:32667 x 10717 +0.802203 (0504225 — s L2 ) — 1,

and P;, D, are the power series in (x1, xp) with powers xﬁ, xé satisfying i +j > 3.

Consider the C* change of co-ordinates in the close vicinity of (0,0): V; = Uy, Vo = &oo +
Uy + &l + E11ily, dt = (1—ypaV1)dT and Zy = V4, Zy = Va(l — V1) + P1(V1, V)
respectively. The system (30) shrinks to

z
?f Zy, ) (31)
822 = S0 + 61021 + 00122 + 62023 + 611212 + Po(Z4, Zo),

[u

U,

5.486591,5+4.59973A1 A, +0.892642A2 )\
where 5pg = 2 122 122

(3.27774A1)? ’
P 6.0311x1016+3.5065x 1010 A1 —0.084269A3+2.23819A,+4.07424A1 Ap+1.03468A% A,
10 = (382777+71)2 ’
So1 = —4.42835x10~1640.337111—6.009121,—1.83333A1 A,

32777+ M ’
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Table 6. Nature of equilibrium points

Region Behavior of the region
Region I Number interior points
Region II Two interior points, one is saddle and the other is stable
Region III | Two interior points, one is saddle and the other is stable enclosed by a limit cycle
Region IV Two interior points, one is saddle and the other is unstable
5pq — 0674202704201 +1.54283),+0.47070501 Ay
11 — 3.2777+ M
_0.49581+0.302535A1 0. 113751)\%—10.8827)\2—9.36911/\1/\2—1.84547/\%/\2 5 .
Sy = BT ) and P, are the power series

in (z1,zp) with powers z’ll,z]2 satisfying i +j > 3. Thus 9 = 0.0461505 > 0. By using the
following three transformations:

(Z) u = Zl/ uz = \/ZTzTO’ dt = \/520dt,

(if) v1=ug+ 2(520 Uy = Uy,

53 53 /o
n =0 = Vo0
(iii) wy = 52001, Wy = 5 5=02 t o L

system (31) shrinks to

dw1
= W
{ T = 01 (A1, A2) + v2(A1, A)wy + wd + wiws + R(wy, wa, A),

2
where v1(A1, Ay) = 50;);511 — 5}1%(;“ and vy (A1, Ap) = % — %. The determinant of the ma-
. 3(011112)} _ 6 . [3(01102)] .
trix [8(/\1,/\2) = —5.35162 x 107° # 0. The rank of matrix 120 |\, —yo is 2 as a result,

v1(A,Ap) = 50(;)35 n_ ﬁ%iill, U2(A1,Ap) = ‘50(512‘;“ — 5;1;;10 are non-singular parameter transforma-
tions. In the /\12)0\2 plané(j the three bifurcation curves separate the local neighborhood of the
BT-bifurcation point (0, 0) into four distinct regions: Region I, Region II, Region III, and Region
1V, as illustrated in Figure 6a. The saddle-node bifurcation curve is represented in red, the Hopf
bifurcation curve in blue, and the homoclinic bifurcation curve in green. The system (29) has a
unique interior equilibrium point that is a cusp of co-dimension 2 when A; = 0 = A, as seen in
Figure 6b. When the values of A1 and A, vary and they belong to region I, the predator species
in this region are likely to face extinction due to the absence of an interior equilibrium point,
as seen in Figure 6¢c. When the values of A1 and A, belong to region I1, there are two interior
equilibrium points. Among these equilibrium points, one exhibits the characteristics of a saddle,
while the other demonstrates stability. Therefore, it can be inferred that the initial population
size will play a crucial role in determining the possibility of the coexistence of the two species
or the ultimate extinction of the predator species, as seen in Figure 6d. When the values of A4
and A, belong to the region 111, the stable equilibrium point loses its stability, and a stable limit
cycle emerges around this point. Therefore, it can be inferred that the initial population size
will play a crucial role in determining the possibility of oscillation, or the predator species tends
to become extinct as seen in Figure 6e . When the values of A1 and A, belong to the region IV,
the limit cycle will disappear and there will be an unstable focus and saddle point. Therefore, it
can be inferred that the predator species go extinct, as seen in Figure 6f.
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Figure 6. (a) Bifurcation diagram of the model (3). The saddle-node bifurcation curve is shown in red, the Hopf
bifurcation curve in blue, and the homoclinic bifurcation curve in green. (b) The unique interior equilibrium
point E}, when A; = A, = 0 is a cusp of co-dimension 2. (c) When (A1, A;) = (—0.3, 0.0003) lies in region I, the
system (3) has no interior equilibrium point and the equilibrium point E., is globally asymptotically stable. (d)
When (A1, A;) = (—0.3,—0.002) lies in the region II, system (3) has two interior equilibrium points. One is a
saddle, while the other is stable. () When (A1,A;) = (—0.3,—0.004) lies in the region 11, a stable limit cycle
enclosing an interior point, and the other interior point is a saddle, system (3) has two interior equilibrium points.
(f) When (A1, Ap) = (—0.3,—0.0048) lies in the region IV, system (3) has two interior equilibrium points: one is a
saddle, while the other is an unstable one. Ecologically, system (3) is highly sensitive to the parameters 8 and .
A slight variation in these parameters can lead to significant changes in the system’s dynamics, such as species
coexistence, coexistence through oscillations, or the extinction of the predator species
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7 Impact of Anti-predator behavior

The proposed model (3) without anti-predator behavior has been analyzed by Srinivasu et al.
[8]. The authors observed some interesting results, which are very important from an ecological
point of view. In this section, we aim to discuss how the anti-predator parameter 0 affects the
dynamics of the proposed system. In Figure 7a, Figure 7b, Figure 7c and Figure 7d we have
depicted the region of coexistence. In Figure 7a, only parameters 6 (anti-predator) and ¢ (quantity
of additional food) are allowed to vary. In Figure 7b, only parameters 6 (anti-predator) and «
(quality of additional food) are allowed to vary. In Figure 7c, only parameters 6 (anti-predator) and
0 (ratio of the predator’s mortality rate and prey growth rate) are allowed to vary. In Figure 7d,
only parameters 6 (anti-predator) and parameter j (ratio of nutritional value of prey to the product
of prey’s handling time and prey growth rate) are allowed to vary. These graphs play a vital role
in examining the range of parameter 6 as the other parameters vary. In Figure 8, we have plotted
the time series solution graphs where all the parameters of the model are fixed except 6. It can be
observed that as 6 increases, the periodicity of solutions decreases, and eventually, the solutions
become non-periodic solutions.

Region [
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Figure 7. (a) — (b) In region I, predator extinction will occur, while in region II prey and predator will coexist.
(c) In region I, either one interior equilibrium point or two axial equilibrium points will exist, while in the region
I1, two interior and two axial equilibrium points will exist. In region 111, only one axial equilibrium point will
exist. (d) In region I, one interior and two axial equilibrium points will exist. There are two interiors and two
axial equilibrium points on the boundary of regions I and II. In region II, there are two interior and two axial
equilibrium points. One interior and two axial equilibrium points will exist on the boundary of II and III regions
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Figure 8. Consider « = 2.8, B = 0.9, v = 4.06638, § = 0.3. Time series solution graph fo the system (3) for
different values of rate of anti-predator behavior parameter 6 (a) & = 0.01. (b) 8 = 0.05. (c) 6 = 0.1. (d) § = 0.11.
For small values of 0, the solutions are periodic; however, as 6 grows, the period of the solutions diminishes,
ultimately leading to the collapse of the periodic solution. Ecologically, both species coexist when 0 is small, as 6
increases, the predator species will face extinction

8 Conclusion

A qualitative study that considers all factors reveals the model’s intriguing, complicated, and
diverse dynamics. This manuscript has studied the qualitative analysis of an additional food-
provided predator-prey system in the presence of an anti-predator behavior. After developing
the model equations and establishing the positivity and boundedness of its solution, we have
discussed both theoretically and numerically the local stability of the system around various
equilibrium points. It is observed that the system (3) with an anti-predator behavior has at most
four equilibrium points, consisting of trivial, predator-free, and interior equilibrium points. It is
observed that the trivial equilibrium point will never be stable. Ecologically, it can be stated that
the two species cannot go extinct together. Depending on parametric restrictions, the predator-free
equilibrium point can be asymptotically stable, or it shows a saddle point. Ecologically, it can
be stated that prey species will never go extinct, regardless of the initial population density, but
predator species can go extinct under some restrictions. If there are two interior equilibrium points,
one will be a saddle point, and the other will be asymptotically stable, unstable, or a stable limit
cycle will appear around it, depending on some restrictions. Ecologically, it can be stated that
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there is the possibility of coexistence of the species, prey extinction, or oscillation. The system
depicts a threatening behavior, bistability, under certain parametric conditions, which indicates
the system’s sensitivity to initial populations. From an ecological perspective, it may be argued
that the long-term survival of a species is contingent upon the size of its original population.
The model displays numerous types of bifurcations, such as saddle-node, Hopf, and BT bifurca-
tions. These bifurcations are an essential part of qualitative analysis and have several ecological
consequences. It is observed that the parameters representing the rate of anti-predator behavior
of adult prey to predators and the quality and quantity of supplementary food significantly
impact the emergence of these bifurcations. If the parameter 6 surpasses a specific critical value,
model (3) experiences a saddle-node bifurcation, leading to the possibility of zero, one, or two
positive interior equilibrium points. As a result, a critical threshold value of 8 emerges, below
which the coexistence of both populations is possible and beyond which the predator species
becomes extinct. Moreover, the manifestation of a limit cycle through Hopf bifurcation has been
shown, and the first Lyapunov number can establish the stability of this limit cycle. We have
used numerical simulation to indicate that the convergence of a saddle point and a limit cycle
might potentially lead to the emergence of homoclinic loops. The system (3) is shown to undergo
Bogdanov-Takens bifurcation by selecting the parameters that represent the carrying capacity
and the adult prey’s anti-predator behavior. Ecologically, it can be stated that certain regions
will emerge that exhibit unique qualitative behavior, such as the coexistence of predators and
prey in a positive equilibrium state, their coexistence by oscillations, or the eventual extinction
of predator species. This study posits that the presence of anti-predator behavior plays a pivotal
role in influencing the interactions within a predator-prey system with access to additional food
supplies.

This study examined the effects of anti-predator behavior within a two-species predator-prey
model. Future research could explore the implications of anti-predator behaviour in ecological
systems comprising three or more species, where investigations may assess how anti-predator
strategies affect the stability and dynamics of multi-species ecosystems, potentially leading to
more complex interactions and behaviours.
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Abstract

This research investigates a fractional-order mathematical model for analyzing the dynamics of
Monkeypox (Mpox) disease using the Caputo-Fabrizio derivative. The model incorporates both
human and rodent populations, aiming to elucidate the disease’s transmission mechanics, which
is demonstrated to be more effective than integer-order models in capturing the complex nature of
disease spread. The study determines the fundamental reproduction number (Rg) while assessing the
existence and uniqueness of the solutions. Numerical simulations are conducted to validate the model
using Adams-Bashforth technique and illustrate the influence of different factors on the progression of
the disease. The findings shed light on Mpox control and prevention, emphasizing the importance of
fractional calculus in epidemiological modeling.

Keywords: Adams-Bashforth technique; Caputo-Fabrizio derivative; existence and uniqueness; fixed
point theorem; monkeypox virus

AMS 2020 Classification: 26 A33; 92B05; 92D30; 92C50

1 Introduction

Monkeypox (Mpox) is a viral zoonotic disease that is transmitted between animals and humans,
caused by the Mpox virus. This infection mostly occurs in Central and West Africa. Mpox became
a significant orthopoxvirus for human health in 1980, after the eradication of smallpox infection.
The first occurrence of this virus outside African nations was documented in 2003 in the United
States. Afterwards, several instances of Mpox infection were recorded in countries across Africa
and Europe [1]. In May 2022, the presence of the pathogen was verified in other nonendemic
regions. The World Health Organization (WHO) received reports of about 3413 confirmed cases
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and 1 fatality case from 50 countries/territories. Mpox is transmitted zoonotically from animals to
humans [2]. Typically, the hosts in animals include a variety of rodents and non-human primates.
The transmission of the virus may occur via interpersonal contact, particularly by droplets emitted
during conversation, respiration, or sneezing. Additionally, it may be transferred by sexual contact
with an individual who is contagious. Mpox may potentially be transmitted via the environment
[3]. Wild animals, such as African rats and monkeys, are the primary sources of viral transmission
to humans. Nevertheless, there is a high occurrence of human-to-human transmissions in the
majority of the documented instances. Spreading diseases from animals to humans can occur
through various mechanisms, including bites or scuffs the handling and consumption of bush
meat, direct contact with body fluids, or the ingestion of food contaminated by rodents. The
illness may be transmitted by direct contact with lesions and body fluids of infected individuals.
Smallpox vaccination, antivirals, and vaccine immune globulin may serve as alternatives for
preventing the transmission of Mpox. However, there is presently no established and reliable
therapy for Mpox virus infection [4]. Mathematical models are crucial and have been widely used
to examine the dynamics and provide effective ways to eliminate infectious illnesses from society
[5, 6]. Those frameworks analyze quantitative aspects of the circumstance. Several epidemiological
characteristics of Mpox infection are currently being studied [7, 8]. Ongoing research is being
conducted to further investigate the transmission and treatment of this virus. Venkatesh et al. [9]
established numerical method using new time fractional model for the Mpox. Also, Manivel et al.
[10] developed a fractional mathematical modeling in humans and rodents for the Mpox disease.
The numerical simulation indicates that individuals’ immunological state has a significant role
in their recovery process after orthopoxvirus infection. Several mathematical models [11] have
been examined to enhance comprehension of the transmission dynamics and various strategies
for managing endemic diseases.

The fractional modeling works synthesizes advanced mathematical modeling approaches to
address epidemiological challenges by integrating key concepts from fractional-order models
and stability analysis [12]. A mathematical model of mobility-related infection and vaccination
is extended to consider the dynamics of SARS-CoV-2 through a Fractional SIQRV framework,
emphasizing the role of fractional derivatives in capturing memory effects and complex dynamics
[13]. Simultaneously, insights from a fractional-order model designed to analyze stability and
propose sterilization strategies for the habitat of stray dogs are leveraged to develop holistic
and adaptive intervention strategies [14]. Meanwhile, the SIR model with constrained medical
resources and time delay examines the dynamics of healthcare system capacity and the impact of
delayed interventions on disease progression [15]. This unified approach underscores the utility
of fractional-order systems in understanding infection dynamics, vaccination impact, and the
stability of populations, offering innovative solutions to pressing public health issues.

The primary motivation for this study arises from the increasing prevalence of Mpox infections
outside traditionally endemic regions, underscoring the need for advanced mathematical tools
to understand and predict the dynamics of its spread. Unlike classical integer-order models,
fractional-order models can capture the memory effects and complex dynamics intrinsic to bi-
ological processes. This unique advantage provides a more accurate representation of Mpox’s
epidemiological patterns, which is crucial for effective disease control and prevention.

To enhance comprehension of the dynamics of Mpox, [16] formulated a mathematical model.
The results indicate that Mpox may be effectively managed and eliminated by using vaccination
strategies, even in regions where the disease is moderately prevalent. However, vaccination alone
is insufficient to completely eliminate Mpox in a population that is already totally endemic [17]. In
addition, the research conducted by [18] found that the recommended treatments resulted to the
eradication of infected individuals in both human and non-human primate populations over the
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study period, as shown by numerical simulations done on the model. Scientists and engineers from
several fields have lately shown interest in using fractional differential equations for mathematical
modeling, especially in the field of epidemiology. The memory effect is a fascinating characteristic
of fractional-order framework that is absent in classical differential equations because of the
diverse features of equations with fractions.

All Mpox transmission models currently in use solely account for transfer from animals to humans.
There have been recent reports of transfer from humans to rodents. Based on the recent facts,
in this paper, we develop the Mpox transmission model with animal-to-human transmission of
infection. The aim of this research is to examine the spread and management of Mpox in the
population by employing a classical and fractional-order model. Additionally, the study aims to
examine the impact of the memory index or fractional order element on the dynamics of Mpox
disease and determine whether it can be utilized as a control parameter.

The subsequent sections of the paper are structured as follows: Section 2 discusses model formula-
tions and analyses of the Mpox model. Findings on the existence and uniqueness of the model
variable are elaborated in Section 3. Section 4 delineates the equilibrium and reproduction number
with the parameters affecting Ry. Section 5 illustrates a numerical technique using the Adams-
Bashforth method. Section 6 includes the quantitative simulations and discussions pertaining to
the model. Section 7 presents a succinct conclusion.

Preliminaries

This section presents the essential foundational materials concerning fractional order operators.

Definition 1 [19] The fractional derivative in the Caputo-Fabrizio (CF) sense for the function H €
MY (a,b),b > a,é € [0,1] is characterized as

DH(#)) = ]1”7(‘2 Lt H'(s)exp (— M)ds. (1)

M(9) is the normalized function that meets the criteria M(0) = M(1) = 1 [19]. In the scenario where
H ¢ M (a,b) the aforementioned CF derivative can be articulated as

piter(e) = S [ (1)~ HEs) enp (- =50 @

Remark 1 Ifa = 152 € [0,00), 6 = ﬁ € [0,1], then Eq. (2) this can be written:

D¥H(t)} = % r H'(s) exp [— ths]ds,N(O) = N(c0) = 1. 3)

a

Moreover,

1 t—s
lim — —— | =1(s—t).

alg%“exp{ o } T(s—t)
The integral that is related to the CF derivative is described as follows [20]. The initial function H(t) is
assumed to satisfy the reqularity conditions required for the application of the CF derivative. Specifically,
H(t) is considered to be a member of M1(a,b), ensuring it possesses the necessary smoothness and
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boundedness over the interval of interest. Moreover, the model presumes that the initial conditions
H(to) = Hy align with the physical or epidemiological study.

Definition 2 While t > 0 and M(0) indicates the normalization function, In such a way that M(1) =
0 = M(0). It is presumed that 0 < 6 < 1 and H(t), is dependent on t, then the Riemann-Liouville
fractional crucial of order J is characterized as

RIS (H(1)} = % J;a — )" 1H(s)ds,

the Caputo-Fabrizio integral of order 0 is expressed as

2 5)H(t)+ _25 JtH(s)ds, @

AR = s

where t > 0.

2 Mpox model formulation

In order to create the model, the complete human population N, divided into six distinct cate-
gories, namely susceptible S, exposed E;, infected I, asymptomatically-ill A,,, vaccinated V,,
and recovered humans R;,. Likewise, the total rodent population is N,. It is further separated into
three distinct categories, namely susceptible S,, exposed E;, and infected rodent I, groups.

The initiation of the susceptible human class occurs through two mechanisms: either by birth or
through the immigration of susceptible individuals at a specified rate I1;; and from the vaccinated
population following the decline of the induced immunity at a specified rate . The natural death
rate declines throughout human classes ;. The group of individuals susceptible to infection is
diminished as a result of vaccination at the specified rate a,;, and as a result of the interaction with

infected humans and animals. Consequently, the individuals who are susceptible transition to the
( ﬁl I +‘B]2\[LZ +53Am

exposed category at the rate of infection force A1 depicts as: A| =

m

The interaction terms in the model are derived from fundamental epidemiological principles.

These terms capture the probabilistic nature of contacts leading to disease transmission. The force
/311m+/321a+l33Am

of infection for the human population A includes , where the numerators represent
interactions between susceptible and infectious 1nd1v1duals across compartments, scaled by their
respective contact rates. These interactions reflect real-world dynamics, where direct or indirect
contacts between infected and susceptible humans lead to new exposures.

The choice to multiply these variables ensures that the rate of new infections is proportional
to the number of infectious individuals, their contact rates, and the availability of susceptible
individuals. Exposed individuals transition to either asymptomatic or symptomatic infectious
states (E;; — A, Iy) based on progression rates (k(1 — p) and kp respectively). It is emphasized
that the interactions in the model occur via rates that represent indirect effects (e.g., disease
transmission or recovery) rather than direct inter-compartmental mixing. This separation ensures
that the model accurately depicts real-world disease transmission while maintaining mathematical
and conceptual simplicity. The parameters 1,82, and B3 are the effective contact rates. The
group of susceptible animals, which includes primates or rodents, is established through the
incorporation of newly enlisted animals I1,. The number of individuals in the susceptible class
decreases as a result of two key factors: The phrase A, = Bl N, it considers the connection among
vulnerable animals (primates or rats) and infected ones, as well as the natural mortality rate .
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Consequently, the system illustrating the spreading processes of Mpox in both populations is as
described below:

dj_tm =11y, — A1Sm — (41 + am)Sm + Vi,

dg—;" = A1Sm — (k+ p1)Em,
d% =k(1=p)En— (71 + 11 +1m)Am,

’%” = kpEm — (72 + p1 + 172) I,

% = &mSm — (T + 1) Vi, ©)
d?—tm = 711Am + v2lm — W1Rm,

% =11, — A28, — 12Sa,

ddEta = ApS,— (7t + up)E,,

% = 7By — (42 +73) Lo-

The flowchart of the problem explained in system (5) is given in the following Figure 1.

Uz Uz

Figure 1. Graphical representation of Mpox model

The Caputo fractional derivative was used for this investigation because it accommodates initial
conditions articulated in integer-order derivatives, which is consistent with the majority of physical
and epidemiological issues. In contrast to Riemann-Liouville derivatives, the Caputo derivative
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permits the direct integration of real-world initial conditions, hence enhancing the intuitive and
practical use of fractional calculus in modeling infectious disease dynamics. The Caputo operator
is well suited for numerical approaches, guaranteeing stability and precision in simulations, which
is essential for accurately portraying the intricate memory effects of Mpox transmission. The
memory effects, characterized by the non-local properties of the Caputo derivative, provide a more
thorough comprehension of disease dynamics compared to integer-order models. In addition,
unlike the CF derivative, which emphasizes exponential decay, the classical Caputo derivative
provides versatility in characterizing long-range temporal interactions inherent to epidemiological
phenomena. Replacing the integer order model (5) with non-integer order in CF operator with
each differential equation’s dimension maintained as stated:

)
)
)
)
)) = &mSm — (T + p1) Vin, (6)
)) = 11Am + v2lm — m1Rm,

)) =11, —ApS, — ]/‘2511/

)) = A2Sa — (7T + p2)Eq,

)) = nE; — (]/12 + 773)Ia/

with regard to the initial conditions involved in system (6) are S;,,(0) = Sy0, En(0) = Epo, Am(0) =
Amo, IM(()) = im0, VM(O) = Vo, Rmm) = Rmo, Sa(o) = Sa0, Ea(0> = Eq, Iu(o) = 1530-

3 Model analysis in the fractional case

We will examine fundamental mathematical elements of the Mpox compartmental epidemiological
model in fractional form as outlined in (6).

Existence and uniqueness

This section will demonstrate the outcome of the fractional-order model (6) through an analysis
of fixed point hypothesis. This is achieved by reformulating the fractional-order differential
equations as integral equations and verifying the Lipschitz conditions for all model kernels. We
will additionally demonstrate the uniqueness of the remedy. To achieve this, the initial step
involves converting the proposed fractional order system into a corresponding integral equation
structure as follows:

Sm(t) = Sm(0) = FIY ATy — A1Su — (1 + ) S + TVin),
En(t) = Em(0) = “FI§ {A1Sm — (k+ 1) Em),
A (t) —Am(0) = CFIg,t{k(l —0)Em— (71 +p1+1m)Am),
Ly(t) — In(0) = CFIg,t{kPEm — (v2 +p1+12) I},
Vin(t) — Vi (0) I domSm — (T + 1) Vi, )
R (t) — Rm(0) I A1 Am + v2Im — 1R},
(0)

= IS {T1, — A2Sa — 2Sa},
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Eo(t) —Eo(0) = “FI§ {A2Sa — (1 + p2)Ea},
Ia(t) - Iﬂ(o) = CFIg,t{T[Ea — (,142 + 773)Iu}-

Through the implementation of CF fractional order integrating [20], one can acquire

Si(1) = 5n(0) = eSS + o [ S,
Enlt) — En(0) = (ot (0 En) + oy | (o B
An(t) = Anl0) = O st An) + s [ s Awi
I () — I (0) = % Ta(t, I) + % J; La(x, In)dx,
Vi £) = Vn0) = 20O (4, Vi) + s [ s, Vi,
R(6) = R0) = (5ol )+ s [ R,
Salt) = Sa(0) = % I7(Sa) + ﬁ E Io(x, Sa)dx,
Bult) ~ Ea(0) = s Ea) + iy [l Enl,
2(1-9)

<

t
]9(t/ Ia) + (2—5J ]9(3(, Ia)dx.

- (2-0)M(9) 2—6)M(é)

J1(Sm(t),t) = Ty — A1Sm — (41 + &m) S + TVim,

J2(Em(t),t) = A1Sm — (k+ p1)Em,

J3(Am(t),t) = k(1 —p)Em — (71 + p1 +171) Am,

Ja(Im(t),t) = kpEm — (v2 + p1 + 172) I,

J5(Vin(t),t) = amSm — (T + p1) Vin, (8)
Jo(Rm(t),t) = Y1 Am + 2 Im — p1 R,

J7(Sa(t),t) = 11y — ApSa — U2 S,,

JS(Ea(ﬂ/ t) = A28, — (7[ + VZ)Ea,

Jo(La(t),t) = Ea — (p2 +113)

Theorem 1 The kernels |1, ]2, |3, J, 5, J6, J7, s, and Jg meet the Lipschitz criteria.

Proof Let us imagine that S,, and Sy, E;y and Ey,, Ay and Ay, Iy and Iy, Vi and Vi, Ry
and Ry, Sq and Sg,, E; and E,;, I, and I,;;, represents the two functions corresponding to the
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aforementioned kernels J1, ]2, J3, J4, J5, J6, J7, Js, and Jo. Thus, we set up the subsequent system

+ T(Vin(£) = Vi, (1)),
Ja(Em(8),£) = J2(Emy (£), £) =A1(Sm(t) = Sy (8)) = (k + p1) (Em (t) — Emy (1)),
J3(Am(t),£) = J3(Am, (), £) =k(1 = ) (Em(t) = Emy (£)) = (71 + p1 + 111) (Am () — A (£)),
Ja (T (£),£) = Ja Ty (£), £) =ko(Em(t) — Emy (£) — (v2 + g1 + 172) (I (£) — Ly (£)),
J5(Vin(£),£) = J5(Viny (), £) =0 (S (£) = Sy (£)) = (T 4 p1) (Vi () = Vimy (8)),
Jo(Run(£), £) = Jo(Rumy (£), ) =71 (Am() = Amy (£)) + 2 (Ln () = Ly (£))

— 11 (R () = Ry (1)),
4) = J7(Say (£),£) = — (A2 + 2) (Sa(t) — Say (1)),
Js(Ea(t),t) = Js(Eay (£), ) =A2Sa(t) = Say (£)) — (7 + pa) (Ea(t) — Eay (£)),
Jo(La(t),£) = Jo(lay (£),8) =70(Ea(t) — Eay (£)) — (42 + 113) (La(t) — Loy (£)).

By applying Cauchy’s inequality to the aforementioned system, it is possible to derive

11(Sm (), £) = J1 (S, (), )| = [| = A1 (S () —Sml(f)) — (u1 + am) (S () — Sy (1))
+T(Vin () = Viny (1)) |
< [1A1 4 p1 + @[S () = Sy ()],
1J2(En (£), ) = J2(Emy (£), D) | = 1A (S (£) — Sy (£)) — (k+M1)(Em( ) = Emy ()]
< (|41 4+ k4 pa [ Em () — Emy (1)),
1J3(Am(#), ) = J3(Amy (£), ) || = [1k(1 — ) (B (£) — Emy (¢ )) (714 p1 +71) (Am(t) — A, ()|
< [lk(X=p) + 71+ 11 + 1l (An(t) = Am, (D)1,
4 (T (£), £) = Ja(Lny (8), )| = (1Ko (Ernu () = Eimy (£)) = (72 + 11+ 172) (I (8) — Iy (8)) |
< [lko +v2 + p1 + 72l | (I (£) — Ty (£)) ]

15 (Vi (), £) = J5(Viny (£), )| = [l (S (£) —= Sy (£)) = (T + p2) (Vi () = Vi, (1))
< lawm + 7+ pa [ (Vi (8) = Viny ()],
/6 (Rn (£),£) = J6 (R, (), £)[| = [l71(Am(£) — Aml( )+ v2(In () = Iny (1))
— H1(Rin(£) = Riny (1)) |
<lm +72+V1||||(Rm( ) = Ry (£)) ],
1J7(Sa(t), £) = J7(Say (£), )] = [| = (A2 + p2) (Sa(t) — Say (£)) ]
< [[A2 + p2l[l[Sa(t) = Say (),
1J8(Ea(t), £) = Jg(Ea; (), )| = |1A284(t) — Say (£)) — (71 + p2) (Ea(t) — Eqy (1)) |
< [[A2 4 7 + pa [l (Ea(t) — Eqy (£)) ],
1Jo(Ta(£),£) — Jo(Lay (), )| = [[72(Ea(t) — Ea, () — (p z+173)( a(t) = Loy (1)
< [l7e + 2 + 13| [1(La () — Ly (£)) -

Employing the definition of the CF fractional integral, recursively, one may obtain
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O WIVRE . g
Bl = 2 ) T J B
Aokt = 2 e P i a9 3
8 = 2 A J e 5l
Vin(t) = 2(1_(5)15(5)‘/ ](’;"(g)(t)’t) (2_5)‘5 M) Jot J5(Vin, 1 (s),)ds,
Ratt) = 2+ G o
5t = T G Jy S 9
£ = 2 G Jy B 5
b = 2 B ) 2 i (6

73

©)

The utilization of norms the concept of majorizing indicates that the variance among successive

terms suggests

ICa () = 1Sm, (8) = Sy o [l <

20

T =M

[La(E) ] = [[Em, () = Emy || < %Hb(aﬂnl(w,t) — 2 (Emy 5 (), 8)]]
20 4
+ (2 - (S)M(5) JO []Z(Em”_l (S),S) B ]Z(Eml,n—Z (S)’S)]ds ’

M) = [[Am, (8) = Amy, o || < €

20

T 2= M)

2(1—6)
(2—8)M(9)

Jo[msmnl(s),s) (S, (), 5))ds||

2(1-5)
WHIS(

jOUg(Amnl(s),s) (A, (5),5)]ds])

171 (S, 4 (£),8) =

L(8)1)

J1 (Sml,n—z (t)/ t) ||

- ]3(Am1,n—2 (t)/ t) H
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2(1- )

NGO = 1y (8) = Ty o || < WHM(MHU)J) = Ja(Lny, ,(8), 1)

20

T 2 ME©)

| U2 9),9) = sl (00905 |

2(1—6)

1On (O = [[Viny (£) = Viny 4 || < m”k(‘/mm(t)/f) —J5(Viny 5 (£), 1)

20

T e=oM)

L[fs(an_l (8),5) — J5(Viny, 5 (5), )1ds]|

P = 1Ry (1)~ Ry | oot UTRon s (8,8) = o Ro (01,0
26
o [ DR (915 = o R, (9,0 |
O] = 10, () = S, | < 152ty (02 (8,) = (S, (01,0
26 f
=iy | | U7 Sens (99 = (S, o (5), )]
195001 = B () = Eapy 1| < (oo B, 10, 0) = JoEar, (0,0
26 !
+ T | oI55 9:9) ~ oy o 0,9l
12001 = 10,0~ Ty s < G5 s (060 = Pl 20,0
26 !
e 7ol NSO B AURO IS
S K N S M) = Auy (), 3 NiH) = I, (1)
i=0 i=0 i=0
S O = Vi (0, Y Pit) = Ruy(t), Y () = Suy (1), YV =Ea (), (10)
i=0 i=0 i=0 i=0
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Moreover, the kernels [y, ..., Jo tulfill the Lipschitz condition, allowing one to express

IO = 1 (6) = Som,ll < gt 112 ()= Sy o (0]

+ ool | Sm 9= Sm (0

7

121 = 1Em (1)~ Bmos | < gty EaEmns () — By a0

2

+ gl [ B 9= B (01

MO = 1A (8) = A} S gt Esl A, 1 (6) = A, O

- iyl v = 0

N = () = | € gt (6) = o (0]

T | KC R e |

2(1-9)

10O = 1V (8) = Vim,ia | < 5= 53105

Coll Vi, 1 (£) = Viny o (£) |

T IR e

7

R ()~ R 5 0
26 t
ol ] R ) R, 0]

[P ()] = 1R, (£) = Riny 4 || <

+

)] = 1150, = S, | < 7520157 E1305,4(6) =S, o 0]

< el S =S 00

75
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19001 = 1By ()~ Eopo sl < G5t 35 s () = By 2O

+ el Eo (0 F o]

2001 = 10 ()~ Ty s < G560 s () = o O

t
+ ] [ 6= T o)

Theorem 2 The existence of the solution for the introduced fractional order model (6) is established based
on the CF operator.

Proof The utilization of Eq. (10) along with the implementation of a recursive scheme results in
the subsequent system

a0 < Hsm<o>u+{(%> }+{(%) }

() ||
Ma0)] < 4w ()] + { ( Aj(ggzgfg))"} {(Méff; - 5>> }
NGO < ()] + { (%)} + { (M(ff{ft_(s))n},
0K < [V 0)] + { (%)} + { (%)} )
I1Pa()] < IRu(O)] + { ( ffg;ff;_‘%)n} n { (M(fggﬁ 5)>n},
201 < 15:(0)] + { (%)} + { (M(ﬁé&i 5)),1}’
9(6)] < IEa(0)]) + { (%)} - { (M(jfg‘sﬁé))n},

12.(8)]) < ||u<o>ﬂ+{(%) }+{<%) }

To examine whether the functions in Eq. (11) serve as solutions to the model (6), we will employ
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the subsequent replacements

)/ Rm ) — Rmn t) _Yé,n(t)/ (12)

where Y1 ,,(t),Y2,,(t), Y3, (), Ya,,(t),Y5,,(t), Yeu(t), Y7 (t), Ysn(t), Yo,(t), illustrate the resid-
ual components of the series solutions. Therefore,

S(0) S, (1) = =D X0 O) 205006~ Yo,

But) — B, (1) = 2= = Xan Oy B[ ) — Yo (o),

An(t) = A (1) = 2B S0n Oy B8 [y 5) = Vo 51,
In0) ~ Iy () = 2O = X0 ) B0y 0(5) a9,

Vil£) = Vi, (1) = 2= Yol B0 v 6) ~Ysa(ots, (19
R(t) = Ry, (1) = 2= Welotl) = Noal0) o B[ (R (5) Yo (51,

52(6) 5., (1) = 2SN =0 0) 20 ps9) Vo))

Balt) — o, (1) = S~ Toa ) B0 () Yaul9)ds,
W1, (1) = 20 ‘%9(551;((;[—(;%(”> 4 M(&)Z(i — jo Jo(La(s) — Yo,u(5))ds.

By utilizing the norm on both sides and utilizing the Lipschitz principle, the preceding assertion
results in

2(1—0)]1(Sm(t),t) 25 t
(2—51)M(5) —5m(0) _WL J1(Sm(s),s)ds

< Y1u(t)] {1 + <(2 _ 5)M((15) o= 5)§VI(5)> }

Sm(t) —

2(1—08)J2(En(t), t) 20 t
B =G i) O g B

< ||Y2,n(t)||{1 + ((2_5)M((25) * (2—5);1\4(5)> }
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2(1—9)J3(Am(t), 1) 25 t
= ;)M(a) ~ 40 - Mm@ L J3(Em(s),s)ds

< HYg,n(t)H{l + ((2_5)1\4((55) * (2—5);4(&) }

Ap(t) —

2(1—=0)]a(Ln(t),t) 25 t
(2— 54)M(5) — In(0) — 2-60)M() JO Ja(Iiu(s),s)ds

< \|Y4,n(t>|l{1 + <(2_5)M(c75) * (2—5)34(5)> }

L (t) —

2(1—6)J5(Vin (1), 1) 20 t
V)= 22 a0y~ VO~ iR oV

< [IYsu(t)ll {1 T ((2 _ 5)M((95) e —5)11(34(5)) }

2(1—=0)J6(Ru(t),t) 26 t
Ra() = S5 L~ Ro(0) = s | Jo(Run(s), <)

2(1-5)¢ 20612t
< |]Y6,n(t)||{1 + ((2—5)M(151) + (2_5)15/1(5)) }

2(1—6)J7(Sa(t), 1) 25 t
2 M) ‘5ﬂ<0>—mjoh<su<s>,s)ds

2(1-8)¢ 2014t
< ||Y7,n(t)||{1 + <(2_5)M(§’) + (2_5)11%4(5)) }

Sa(t) —

2(1—0)Js(Ea(t),t) 25 t
(2— c;;M(cS) —Ea(0) - 2-0)M(3) JO Js(Ea(s),s)ds

2(1-6)¢ 2016t
< ||Y8,n(t)||{1+ ((2_5)1\/1(1;) * (2—5)1;1@)},

E,(t) —
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2(1—8)Jo(I(t),t) 26 f
Ia(t)— (2—5;]\/1(5) — a(O)—mﬁ)b(la(s)ls)ds

2(1-6)¢ 20618t
< ||y9,n(t)|y{1 + ((2_5)1\/1(;7) + (2_5)1155/1(5)> }

Following the implementation of limit as t procedures co indicates that

I
AT T o
) = 2 ¢ gy | A b+ 4000,
tn(t) = 2D 20 ] 1 (5) 9 + 1u0),
200 i
Ra(t) = 2L lO0) 20 [ (R (5) )5+ Ra0),

Sa(t) = 2(1]\7{(5(5))](72(5:1(5’3),” + M((s)z(g_é) J J7(Sa(s),8)ds + Sa(0),

0
_ t
e T SRR
_ t
a(t) = 2(1M (‘?)’(92(%%)'” o (5)2(‘; 5 JO To(Lu(s), s)ds + L (0).

This demonstrates the conclusion, indicating that the aforementioned are solutions of the model
as specified by system (6).

Theorem 3 The fractional order infectious disease model, as indicated by system (6), exhibits a unique
solution.

Proof Based on the principle of contradiction, we posit that (S,/n (t),E,(t),A,(t),L,(1),V,(t),

R, (t),S,(t), Ey(1), I, (t)) it’s additionally the solution to the developed fractional infectious dis-

ease model (6), consequently

Su(t) — Siy(t) = 2<1—5>Ul<(52m_<2;;>4(—5)h<5m<t),t)}

t
TR TE Jo U1(50()9) = R(S,(5)9) s,

_|_
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En(t)—E, (1) = 21=0U2(E _(2131 Ja(E,(1), 1))

t

o) V2B (En(s)) s,
An(t) — Al(t) = “ ‘Ws 2_< ?4()< ROR)

e o {4 (A (5)9) s,
Ln(t) — L) = (1 ‘5){1481 5)}3{(5)( (), 1)

J {]4 n(s), S)}ds,

V() — Vio(t) = (1 5){15(Vm()t) Js(Vy (1), 1)}

(2- )M()

o [ {1 Vi(5),9) = sV 5),9) s,
Ru(t) =R, (1) = 2(1—5){]6((R2m_(t(2;;f\21(—(5)]6(12;n(t),t)}

+ﬁ J; {16(Rm(5)15) - ]6(R;n(5),5)}ds,
Sa(H)—SL() = 2<1—5){17%_(2;;)4(_5)]7(5;0),f)}

o [ {00~ (5161, s,
E.(t)—EL(t) = 2(1—5){]sglft§;1t\)4(—5>]s(ls;(t),t)}

o | (a5~ o)) s
L) —L(t) = 2(1—5){]9((21a_(t231t\)4(—5)]9(1;(t),t)}

20 t /
My Vo))~ oi(s) ) s

Based on the property of majorizing, we can express the aforementioned system as

15000 —s- (o)) < 2= OGS, D)~ 1(Sw(®). D

- (2—8)M(6)
+ﬁ JO |7 (Suls),5) = Ti(Siu(s),5)] |,
|Ew(t) —E,(1)]| < 2(1_5)||]2((€m_(t(331t\31(_5)]2(]5m(t),t)”

+% J; Hfz(EMs)/s) - h(E;(s),s)Hds,
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| Am() = A (8]
1 (£) = L (8)]]
[ Vi () = Vi (8)]
| Ron(£) = Ry (8)]
1Sa(t) = Sa(8)]
|Ea(t)

—E, (1)

122(t) — L(1)]]

IN

IN

IN

IA

IN

IA
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2(1=0)||J3(Am(t), £) = Js(An (), 1)
(2—6)M(9)
t
+% Jo H]3(Am(5)r5) —]3(Am(5)15)Hd5,
2(1 =) Ja(Lu(t), 1) — Ja(Lu (1), B)|]
(2—6)M(5)

20 t I P
‘l‘m 0H]4 ),8) — Ja( m(S),S)H S,
2(1=0)|J5(Viu(£), ) — J5(Viu (1), 1)

(2—38)M(J)

20 s v, d
+(2_5W OH]S( m(s),8) —Js( m(s),s)” S,
2(1=8)|Jo(Rum(£),£) = Jo(Ryu (1), 1)l

(2—6)M(9)

20 ek R, d
+W 0H]6( m(5),8) — Jo( m(s),s)H s,
2(1=8)1J7(Sa(t), £) = J7(Sa(t), 1)

(2—6)M(9)

20 s S, d
+m 0H]7( a(s),s) —J7( a(S),S)H S,
2(1—0)||Js(Ea(t), t) — Js(E4(t), 1) |

(2

“5)M(o)
T ;H’8<Ea<s)fs>—fs(E;(s>,s)Hds,

2(1 =) [|Jo(Ta(t), 1) = Jo(Ls(t), £
(2—8)M(9)

Ty, P

+ ),5) = Jo(I; (s), 5) .

By applying the findings established in (1) and (2), we achieve

1S () —Shll < %5151()1M i ( Zﬁzéézt )
IEn) Bl < B0 §+< 200t )
| Au(t) — ALl < 255551M §+< 22etLe )
O g e v §+(M2?8558t )
Valt) vl < U §+(Mz¢w5€wf )

81

(14)
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IRm(t) = Ryl < 2611%11(1_‘5)4_( 20120012t )n’

2-0)M()  \ M(3)(2—9)
s = BT (i)
s -si < B ()
o < BT (i)

The inequalities presented in Eq. (14) are valid for all values of 7, leading us to the conclusion

Sm(t) = S(t), Em(t) = Ep(t), An(t) = Ay(t), I

oo , e (15)
Ru(t) = Ry (t), Salt) =S,(t), Ea(t) =E,(t), Lo(t) = I,(t).

The Lipschitz condition is pivotal in ensuring the uniqueness of the solution by guaranteeing that
small variations in the initial conditions or parameters lead to proportionally small changes in the
solution. Intuitively, this condition prevents the system from exhibiting erratic or unpredictable
behavior, which is critical when modeling real-world disease dynamics. In this work, the context
of Mpox transmission, the Lipschitz condition ensures that the predicted number of infections
remains stable and consistent under slight perturbations in the transmission or recovery rates. This
stability is vital for reliable disease modeling and control strategies. By enforcing a bounded rate of
change, the Lipschitz condition acts as a safeguard against anomalies, ensuring the mathematical
and practical robustness of the model.

4 Equilibra and fundamental reproduction number

The Mpox-free equilibrium corresponds to the case when no infections exist within the population.
The derivations of the equilibrium points ¥ and ¥*, it is important to note their practical
implications in understanding disease dynamics. The disease-free equilibrium ¥ represents a
scenario where the disease is eradicated from the population, with all infected compartments at
zero. This presents the critical role of intervention strategies, such as vaccination and public health
measures, in achieving and maintaining a disease-free state. In contrast, the endemic equilibrium
Y* corresponds to a persistent state of the disease within the population. The proportions of
infected individuals at ¥* depend on parameters such as contact rates, recovery rates, and
vaccination efficacy. This underscores the significance of controlling the reproduction number
Rp and modifying key parameters to shift the system toward the disease-free equilibrium. These
insights provide actionable guidance for policymakers and public health officials in formulating
strategies to manage and potentially eliminate Mpox outbreaks.

Hence, the Mpox free equilibrium point

Y0 = (S5, Ens Ay Lo Vi Ry, S0, EQL 1)
_ ( csILy, K1 Ly I,
(

/0/0/0/ ,0,_,0,0 .
€165 — &y T) + C5Am (c165 —amT) + csAm” " o )
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The endemic equilibrium of Mpox is ¥* = (S}, Es,, A, L, Vi, Ry, Sk, Ex, 1), Then, from system
(6) the endemic equilibrium points are

g c51 1y B AnSh A k(1—p)E;, o koE;
™ (c1e5 —amT) + csAy’ m o m C4 g m c3
. _ W Ly . k(T=p)esriAmlly kpcsyaAm L
Vm - 4 Rh - + s
(C1C5 — DCmT) + C5)\m C2C4((C1C5 — [XmT) + C5)\m) C2C3 ((C1C5 — [XmT) + C5)\m>
or [1,(7t+ c7) . IT C7(g:f7 —1)
a ’ a — s
(cocr (B —1) + pa (7 +¢7)) (coc7 (B —1) + pa(71 + ¢7))
BaTt
I* — TCH (C6C7 )

T (ceer(BE - 1)+ pa(m+ o)

where

c1 = (u1+am), c2=(u1+k), c3=(r2+u1+m), ca=(v1+u1+12),
Bl + B2l + 531‘1%)
N, ’

cs = (T+p1), c6 = (m+p2), ¢z = (p2+1m3), Am=<

The fundamental reproduction number of the human and rodent population Mpox model (6) is
computed via the next-generation matrix. Using this technique [21], we have

0 Safr Subs o o Sube o 000 0 0]
0 0 0 00 O© —kp ¢z 0 0 0 0

F—|0 0 0 00 0| y_|*1=p) 0 0 0 0
0 0 0 00 O 0 0 0 cs 0 O
0 0 0 00 Py 0 00 0 ¢ O
0 0 0 00 0 | 0 0.0 0 —m e}

The reproduction number is the dominant eigenvalue of FV~1. Thus,
Ro — max(Ry, Ry} — max kes(B1pca + B3(1—p)cs) , parr | (16)
2634 (0 + C5) CeCy

The fundamental reproduction number R is a pivotal metric in understanding the spread of
infectious diseases. The Mpox model’s Ry depends on several parameters, such as contact rates,
transmission probabilities, recovery rates, and others as outlined in Eq. (16). Additionally, these
Figure 2 and Figure 3 illustrate the effect of different parameter combinations of the examining the
influencing the fundamental reproduction numbers of humans R;;, and rodent R,. The interplay
of these factors determines whether the disease will spread (Ry > 1) or decline (Ry < 1). To
ensure effective control, policies should target reducing Ry to below 1. Vaccinating a substantial
fraction of the population is estimated to be at least 75% of the total susceptible individuals based
on model outputs. Implementing social distancing and minimizing inter-species transmission
pathways to reduce contact rates. Also, enhancing recovery rates through early diagnosis and
treatment programs. This analysis underlines the importance of targeted interventions on specific
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parameters to control the spread of Mpox.
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(a) Dynamical behaviour of Ry, for 1 and k values (b) Dynamical behaviour of R, for B3 and p values

Figure 2. Dynamical behaviour of Ry, for different variables
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(a) Dynamical behaviour of R, for y1 and T values (b) Dynamical behaviour of R, for B4 and 7 values

Figure 3. Dynamical behaviour of R, and R, for different variables

5 Numerical simulations

Numerical method

This section of the study presents an estimated approach to addressing the fractional order
Mpox model (6) utilizing the two-step fractional Adams-Bashforth approach for the CF fractional
derivative [22]. The structure is implemented using the fractional Volterra model, which is based
on the basic theorem of integration. This method offers a balance between computational efficiency
and accuracy, making it well-suited for iterative simulations involving fractional derivatives. The
choice of the Adams-Bashforth method is rooted in its ability to handle the memory effect inherent



Maniveletal. | 85

in fractional models, as it builds on previous computational steps to predict future values. This
iterative approach aligns well with the characteristics of the Caputo-Fabrizio derivative used
in our model, ensuring stability and precision in the simulations. Specifically, the method’s
compatibility with non-local properties of fractional calculus enhances its capability to simulate
long-term interactions and dynamic responses. In order to achieve the required iterative strategy,
we first focus just on the first equation of system (6) and follow the steps shown below. Utilizing
the basic concept of integration, we derive the subsequent outcome from the initial equation of
the system (7).

Sm(t) —Sm(0) =

_ t
A= 0) r th, ) + =2 JO T1(%, Su)dx. 17)

Fort =t,,1,n=0,1,2,..., we acquire

_ tn+1
S(tus1) = Smg = %h(t, Sw) + ﬁj J1(x, Su)dx. (1)

The difference between each consecutive term is shown as follows:

Smper — Sy = {1 (b Suny) — T (but, S >}+th”“ LSt (19)
n+1 n M((S) n n—1 M((S) ,

Over the close interval [t ik H)], the function J; (¢, S;;) is able to estimated using the interpolation
polynomial

Hy = f(tk};yk> (t _ tkfl) _ f(tk—ll;yk—l) (t— tk)/

where h = t;, —t,_1. The integral in (19) is computed using the polynomial estimation outlined
above, resulting in

tnt1 _ tnt1 ]1<tn,Smn)_]1(tn*1'Smn71) _ )
Ln ]1(t,5m)dt—Ln ( . . (t—ty) ) dt

(20)

n
_]1 (tnflz Smnq )

3h
- 7]1(t1’l/ Smn> - 7

Putting (20) in (19) and after simplification we acquire

1—-96 3h 1-6 oh
Smn+1 = Smn + (M(5) + 2M(5)>]1(t71/5mn) - <M((S) =+ 2M(5)>Il<tn+115mn1)' (21)

Similar to this, we were able to derive the recursive formulas for the other equations in system (7)
as follows

1-6 3h 1-6 oh
Emn+1 = Emn + (M(é) + 2M((S)>]2(tn’ Emn) - (M((S) + 2M(5)>I2(t7’l+11 Emn71>’

1—-6 3h 1-6 oh
Amn+1 = Amn + (M((S) + 2M(5)>I3(t7’1’ Amn) - <M((S) + 2M<5)>]3<tn+1/Amn1)’




86 | Mathematical Modelling and Numerical Simulation with Applications, 2025, Vol. 5, No. 1, 65-96

Imn+1

an+1

Rmn+1

San+1

Ean+1

Ian+1

I, + <M5‘; + 21\34}(1 5))14(% In,) — (}@; + ZA‘Z 5)>I4<tn+1,lmn1>,
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1-¢6 3h 1—6 Sh
Lo, + (M((S) + 2M(5)>19(tn,lan) - (M((S) + 2M<5)>]9(tn+1,1an1).

Furthermore, we present the numerical simulations conducted to examine the interactions of the
proposed model, as indicated in system (6), for different values of §, random sequence of CF
derivative throughout the range of [0, 1], as well as for other model relevant factors.

6 Discussion

The objective of the numerical simulation is to examine the effects of changes in order and
parameters are shown in the Table 1 on the dynamic behavior of the system. To create Figure 4-
Figure 14, we use the utilizing two-step fractional Adams-Bashforth technique [22] of the CF

derivative.
Table 1. The values of the model parameters
Parameter Explanation Values Source
I, Recruitment into susceptible humans 64850 [1]
I, Recruitment into susceptible rodent 0.2 [8]
B1 Rate of S, and contagious rodent 0.3632 0<pr <1
B2 Rate of S;;, and contagious humans 0.4192 0<p <1
B3 Rate of A, from susceptible humans 0.1900 [23]
B4 Rate of S; and contagious rodent 0.1802 [23]
K Vaccination rate from the susceptible humans 0.2104 Fitted
T Waning rate of induced immunity 0.3525 [23]
k Rate of transition of E;, to infected human 0.3966 0<k<1
0 Exposure-related infection rate 0.132 0<p<l1
7 Recovery rate from A, 0.5093 Assumed
72 Recovery rate from infected humans 0.5093 Fitted
T Infected rodent to exposed rodents rate 0.5410 0<mn<l1
M Natural morality rate of humans 0.000303 [1]
U Natural morality rate of rodetns 0.0012 Assumed
m Death rate of A,; due to Mpox 4.1187 x 10~* Fitted
) Death rate of I, due to Mpox 0.0012 [23]
73 Death rate of I, due to Mpox 2.8532 x 10~* Fitted
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Figure 4 shows the density of susceptible human populations over time (t) at various values of
the fractional order J. The values of J likely represent different scenarios in the model, affecting
how the susceptible population changes over time. Figure 5 represents the population density
of individuals who have been exposed to the illness but have not yet become contagious. The
numerous graphs represent different values of J, illustrating the temporal fluctuations in exposure
levels.
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6000

5000

4000

<= 3000
2000

1000

0 5 10 15 20 25 30 35 40 45 50

Figure 5. Population density of exposed humans populations at different values 6



88 | Mathematical Modelling and Numerical Simulation with Applications, 2025, Vol. 5, No. 1, 65-96

Figure 6 focuses on the asymptomatic but infected human population. The different § values
show how this segment of the population varies over time ¢, indicating the impact of different
model parameters on asymptomatic infection rates. Figure 7 shows the density of humans who
are actively infected. The variation in J values allows for the comparison of infection trends under
different fractional orders as represented by J.
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The Figure 8 illustrates the population density of humans who have been vaccinated. The various
0 values likely represent different vaccination rates or efficacies, showing how vaccination impacts
the population over time t. Figure 9 presents the density of humans who have recovered from
the infection. The different § values depict how recovery rates and the number of recovered
individuals evolve under different scenarios.
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Figure 10 shows the population density of rodents suspected to be susceptible to the disease. The
fractional order J indicates different scenarios or intervention strategies affecting this population
over time. Figure 11 illustrates the population density of exposed rodent populations. The different
6 values demonstrate how exposure among rodents changes over time under various conditions.
Figure 12 depicts the density of actively infected rodent populations. The variations in § values
show how infection spreads within the rodent population.
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Figure 10. Population density of suspected rodent populations at different values ¢

2500 T T T T T T T T T

2000

1500

1000

500

0 5 10 15 20 25 30 35 40 45 50

Figure 11. Population density of exposed rodent populations at different values &



10000

9000

8000

7000

6000

=" 5000

4000

3000

2000

1000

Manivel et al.

T

T

T

T

T

T

T

—46=1.00
—6=0.90

0=0.80
—0=0.70
—0=0.60

10

15

20

25

30

35

40

45 50

Figure 12. Population density of infected rodent populations at different values &

91

From Figure 13 to Figure 16 appear to show the results of numerical simulations that explore
the dynamics of a proposed model asymptomatically-ill A;, humans and infected I,, humans
for Mpox transmission. Specifically, this figure likely illustrates how varying a key parameter,
denoted respectively B1, B3, B4 affects certain population densities or infection rates over time ¢.
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Figure 16 presents the outcomes of numerical simulations that investigate the dynamics of a
proposed model involving asymptomatically-ill A, and infected I, in the context of Mpox
transmission. This figure likely demonstrates the impact of altering a key parameter, represented
by 7, on specific population densities or infection rates as time t progresses.

The model employs the CF fractional derivative, which is a mathematical tool used to describe
processes with memory or hereditary properties. Simulations using numerical methods are
conducted to analyze the dynamics of the model as outlined in system (6). The iterative technique
of the CF derivative is used to generate the data for these figures.
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Figure 17 continues from Figure 15 by showing additional or comparative results of the numerical
simulations under different B4 values. This figure might depict another aspect of the model’s
behavior, such as the transition rates between different compartments of the model (e.g., sus-
ceptible, exposed, infected) over time t. The focus on different B4 values helps in understanding
the sensitivity of the model to changes in this fractional order, which is crucial for validating the
model’s robustness and reliability in predicting Mpox dynamics under varying conditions.

The CF fractional model captures memory and hereditary properties in epidemiological systems.
This feature aligns well with the observed transmission dynamics of Mpox, which may involve
delayed responses in immunity and disease progression. The solutions demonstrate consistency
across a range of fractional orders é. Notably, the choice of 6 = 0.60,0.70,0.80,0.90, 1.00 appeared
to yield slightly more accurate alignment with empirical data. The value of J significantly impacts
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the rate of infection spread and recovery, as it controls the degree of memory effect incorporated
into the model.

7 Conclusion

In this investigation, we formulated a fractional-order epidemiological framework to examine the
dynamics of the Mpox virus transmission, incorporating both symptomatic and asymptomatic
infections. The model was rigorously analyzed for the existence and uniqueness of solutions,
demonstrating that it possesses a unique solution under certain conditions. The key findings
demonstrate the impact of vaccination rates, contact rates, and immunity waning on the basic
reproduction number (Rp) and the disease’s spread within human and rodent populations. The
synergistic effect of the human-to-human transmission rate (81) and the progression rate of
exposed individuals (k) significantly elevates the human reproduction number (R;;,), while
increased vaccination rates («,) and reduced immunity waning (7) contribute to a decline in
Ry, Similarly, in rodents, the interaction between the infected-to-susceptible contact rate (B4)
and the progression rate of exposed rodents () critically affects the rodent reproduction number
Rg,. Numerical simulations were conducted to validate the theoretical findings, showing that
the model accurately captures the spread of the virus and the impact of various parameters on
the infection dynamics. The results highlight the critical role of asymptomatic individuals in
the transmission of Mpox and underscore the importance of targeted control measures. This
work provides a valuable framework for understanding the complex dynamics of Mpox and
can inform public health strategies for managing outbreaks. Future studies could benefit from
localized modeling efforts. Also, the model has been validated using simulated datasets, but
the incorporation of real epidemiological data could improve the robustness of our findings and
validate assumptions made regarding disease progression and intervention strategies.
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Abstract

The analysis of blood flow in blood vessels, particularly in arteries, is a topic with important clinical
applications. The blood can undergo a reduction in its viscosity under shear stress, which is called shear
thinning. In this study, the effect of the shear thinning of blood is simulated using the Carreau-Yasuda
model, neglecting the viscoelastic effects. The purpose of this investigation is to analyze the pulsatile
blood flow in a three-dimensional model of the carotid artery and the effects of occlusion using Ansys
Fluent. The results obtained in this study show that, compared to Newtonian fluids, non-Newtonian
fluids exhibit significant differences in secondary flow patterns and shear flow behavior. Additionally,
the axial velocity in the non-planar branch decreases with obstruction. The maximum shear stress of
the walls with Newtonian fluid viscosity exhibits a significant error, and the values are lower than
those of walls with non-Newtonian viscosity in most cases. In continuation of this research, vessel
occlusion models with different occlusion sizes are analyzed. In the case where the outlet of the vessel
is narrowed, an increase in velocity is observed in the furcation area. Although the software cannot
simulate rupture, occlusion of the vessel at 80% and 50% of the internal diameter is analyzed.

Keywords: Non-Newtonian fluid; shear thinning; Carreau-Yasuda model; blood flow; CFD analysis
AMS 2020 Classification: 65N12; 76 A05; 92C35

1 Introduction

Cardiovascular diseases (CVDs) account for approximately 17.9 million deaths annually, which
corresponds to 32% of all global deaths. Including coronary artery disease, stroke, and hyperten-
sion, CVDs are often linked to abnormalities in blood flow and vessel occlusion. Besides being the
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leading cause of death globally, CVDs also create a significant economic burden, with healthcare
costs and productivity losses estimated to exceed one trillion US dollars annually worldwide.
Understanding the hemodynamics of blood flow, particularly in occluded vessels, is therefore
critical for developing effective diagnostic and therapeutic strategies against CVDs.

With the increasing number of CVDs during the last few decades, the study of blood flow in
vessels and its behavior has been of particular importance and interest. Through a review of the
literature, it has become clear that there is still much to investigate regarding the shear stress
on the walls of the vessels, the effects of the hyperelasticity of the blood vessels, and how blood
interacts with the vessel structure under different gravity conditions. Another CVD, carotid
artery disease, is a condition characterized by the narrowing of the carotid arteries, the primary
vessels supplying oxygenated blood to the brain. This narrowing, or stenosis, is typically caused
by the accumulation of atherosclerotic plaque within the arterial walls. The primary objective
of treatment is to mitigate the risk of ischemic stroke by reducing plaque burden, preventing
thrombus formation, and maintaining adequate cerebral blood flow. Currently, it has been proven
that the occurrence of many CVDs is linked to blood flow characteristics [1].

Blood is a concentrated suspension of red blood cells (RBCs) in plasma, with these cells constituting
nearly 45% of the total blood volume. At normal temperatures, blood behaves as non-Newtonian
in the form of shear liquefaction [2]. A cramp is an abnormal swelling in a vein or other organs
with tubular structures in the body. Sometimes, it is also called stenosis [3] and [4]. From the
point of view of fluid mechanics, constriction indicates the presence of an obstacle to blood flow
inside the vessel [5]. Vascular branches in areas that have abnormal fluid dynamics are known
to be prone to atherosclerosis. Fluid mechanics studies have shown that atherosclerosis occurs
at bifurcations that have a complex geometry, i.e., in areas with a high Reynolds number and
where the shear stress is lower than the average of wall shear stress (WSS). The curvature of the
wall is related; in addition, local disturbances and areas of circulation play important roles in the
initiation and development of atherosclerosis. It is thought that the complexity of the blood flow
dynamics downstream of the occlusion will cause further development of the occlusion or cause
the plaque to be vulnerable to failure and thrombosis. It is almost universally accepted that blood
vessels that have curves or bifurcations are prone to constriction due to the complexity of the
flow in these areas [6]. Because the blood flow is pulsatile, these complicated flow patterns cause
constrictions in certain periods within the geometries that feature high shear stress, separation,
circulation, and turbulent flow.

Various studies have been conducted in this field. The investigation of blood flow in narrowed
vessels is an interesting topic that has attracted the attention of many researchers. This issue is
particularly important because the blood flow in constricted vessels and channels has a crucial
impact on the development of vascular obstruction [7]. Examining the mechanism of blood
flow and the distribution of blood flow in these stages leads to determining the dependence of
blood flow on various physical and physiological factors and to a correct understanding of this
phenomenon. As a result, it is possible to solve this problem or prevent it from an engineering
point of view. As a result of the clogging and narrowing (obstruction) that occur in the vein, the
normal flow of blood is disrupted. This disturbance in normal blood flow plays an important role
in vascular diseases. For this reason, to determine how constriction affects blood flow and analyze
blood flow in the parts of vessels that are clogged or blocked, much research has been performed,
including laboratory investigations as well as numerical studies.

Having started approximately 25 years ago, several experimental research studies have been
conducted using different laboratory models to study how unstable flow affects the blood flow at
occlusion sites. With the advancement of computational methods in recent years, later studies
featuring numerical simulations of this physiological phenomenon have been performed by
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numerous researchers [8, 9]. Many researchers have studied pulsatile blood flow in healthy and
blocked vessels using computational fluid dynamics (CFD) and compared the results using MRI
techniques [7, 10, 11].

Clogged or engorged blood vessels face various hemodynamic consequences of pressure drop,
which lead to the development of clots. The pressure drop depends on the flow velocity and the
geometry of the constriction, but the properties of fluid, such as density and apparent viscosity,
are relatively constant. Multiple constrictions in the arteries are the result of plaque growth in
atherosclerosis, which can collapse under certain physiological conditions [5].

Vascular narrowing is often accompanied by an unusual sound of blood flow, which results from
the disturbance of flow in the narrowed channel, and in this way, the location of the constriction
can be recognized. These sounds can be heard using a medical stethoscope, but disease diagnosis
with medical imaging refers to the set of methods and techniques that can be used to obtain visual
images of the parts of the human body [12].

Seo [13] investigated blood flow in the human carotid artery using ANSYS software. He investi-
gated the effect of the interaction between fluid and solid on the flow characteristics and shear
stress of the wall. He investigated two flow models, one of which considered the interaction
between solid and fluid, while the other did not. The results showed that the shear stress values
for these two models differ between 5% and 11%.

The collapse of the inner wall of the vessel is a process in which the bending of the artery is
under certain pressure and tension, and under these conditions, the collapse of the inner wall of
the vessel occurs. The result of the compression resulting from this collapse is to speed up the
process of fatigue and rupture. If plaque detachment occurs in the coronary and cerebral arteries,
it directly leads to a heart attack or stroke. The activity of blood plaques in certain cases, such as
cramps and, in particular, when thrombosis occurs, is of great interest [6]. Upon plaques sticking
together, congestion develops, and once the flow becomes sufficiently constricted, turbulence
may increase, bringing on an increase in the shear stress of the flow and the walls. Studies in the
computer environment show that flow transitions into turbulent and back into laminar in pulsatile
flow; therefore, it is very important to predict transient and turbulent flow in flows with low
Reynolds numbers when simulating blood flow within blood vessels with occlusion [14]. Another
factor that affects blood viscosity is the concentration and type of proteins in plasma, but these
effects are so small that they are not considered important in most hemodynamic studies [15].
Using Ansys software, Dong et al. [16] conducted a numerical study to explore the relationship
between mechanical forces that are exerted at the coronary branching (furcation) sites and the
angle of furcation, considering the division angles to be between 75 and 120 degrees. The results
revealed a relationship between environmental stress and left coronary artery diseases. In addition,
they considered two elastic and nonelastic assumptions for the blood vessel [16]. On the other
hand, Leeuwen et al. [17] investigated the diameter of the vessel and the RBC velocity in the vessel
and reported that vessel constriction induces a large change in the RBC velocity [17].

Botti et al. [18] conducted a CFD study modeling the blood hemodynamics of a specific patient
with an intracranial aneurysm by using two different CFD solvers, i.e., the finite element method
and the finite volume method, in order to compare their performances. They reported that the
finite element model provided better accuracy in high-order analysis for every degree of freedom
[18].

The particle hydrodynamic method has always been developed as a meshless Lagrange method
for simulating fluid-structure interactions. This algorithm, which involves the two-dimensional
simulation of blood flow, provides new support for the application of the SPH method. This
method is used to simulate the opening of the elastic valve due to the force of the fluid column
behind it, which, compared to the experimental results, proves the ability of this method to solve



100 | Mathematical Modelling and Numerical Simulation with Applications, 2025, Vol. 5, No. 1, 97-116

fluid and structural problems [19].

Many of the studies reported in the literature have focused on Newtonian fluid models or simpli-
tied geometries. While some have incorporated non-Newtonian models, they often neglect the
effects of pulsatile flow or fail to analyze the impact of varying occlusion sizes on flow patterns
and wall shear stress. This study aims to address these gaps by employing a non-Newtonian
Carreau-Yasuda model to simulate pulsatile blood flow in a three-dimensional model of the carotid
artery with varying degrees of occlusion. By incorporating realistic vessel geometry and pulsatile
flow conditions, this study provides a more accurate representation of the hemodynamics in
stenotic vessels. Furthermore, the analysis of different occlusion sizes (50% and 80% of the internal
diameter) is important to address in more detail the hemodynamic risks associated with high
occlusion levels and their implications for CVDs.

The purpose of this study was to analyze the pulsatile flow inside vessels with non-Newtonian
blood fluid. In the present study, the flow is unsteady and fully developed before entry. The
Carreau model is considered for the simulation of non-Newtonian blood fluid. Additionally, the
values of velocity and pressure are defined the same as real values and with pulses.

2 Materials and methods

This section presents the governing flow equations and the corresponding boundary conditions.
Homogeneous fluid motion equations are derived from the conservation principles of mass,
momentum, and energy. To facilitate engineering analysis, a continuum assumption is employed,
averaging the fluid properties over a representative elementary volume. This assumption is called
continuous media, and as long as the smallest physical dimension is much larger than the free
distance of molecules, this assumption is true.

Another assumption made in this study is that the blood was an incompressible fluid. This
assumption is justified by the fact that the density of blood remains nearly constant under phys-
iological conditions. The compressibility of blood is negligible due to the fact that the greatest
part of the blood plasma, as high as 90%, consists of water and that the pressure variations in the
cardiovascular system is relatively low. This assumption simplifies the continuity equation and is
consistent with the majority of blood flow models in the literature.

Governing equations

The governing equations are for the solid wall that interacts with the fluid. The equations solved
in the ANSYS software include the equations of conservation of mass Eq. (1) and momentum Eq.

).

d

PP Lv.(pv)=0. (1)
ot

The momentum equations, also known as the Navier-Stokes equations, govern viscous flow of
Newtonian fluids and can be written as in Eq. (2) in the general form:
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where B; represents the body forces that include primarily the gravitational forces, which are
relevant in hemodynamic studies. Other body forces, such as electromagnetic forces, are mostly
irrelevant and, therefore, negligible in this context.
This method can usually remove the viscosity of the fluid from inside the derivative, and in the
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Table 1. Constant values of the k-w turbulence model
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meantime, only a small and negligible error occurs. For an incompressible flow, Eq. (3) can be
shown as the following vector:

DD
po; =—VP+B+uviU. 3)
For turbulent flows, the velocity and pressure variables are completely dependent on time; now, if
we want to use them as two average and fluctuating components in the Navier-Stokes equations,
a series of unknown parameters appear in the equation, which are called Reynolds stresses. By
substituting the separated velocity and pressure in the Navier-Stokes equation and simplifying it,

Eq. (3) becomes:
o; ~_dg;\ o oP 9 o, ——

]

The difference between the resulting momentum equation and the instantaneous momentum
equation is the last term on the right side of Eq. (4), which is called the Reynolds stress or distur-
bance stress. It is more suitable for simulating the flow behavior near the wall at low Reynolds
numbers and separating the flows caused by the reverse pressure gradient compared to the k-
model. Unlike the k-e model, which incorporates nonlinear and complex damping functions, the
k-w model offers a simplified approach by neglecting these terms. The k-w turbulence model
posits a direct relationship between turbulent viscosity, turbulent kinetic energy, and turbulence
frequency. In the k-w model, the turbulence viscosity is obtained from the following Eq. (5):

_ pk
o= 5)

The two transfer equations of this model, the turbulent kinetic energy equation (k) and the specific
dissipation rate equation (w) are as given in Egs. (6) and (7), respectively.

d(pk
—(gt)qLV-(pUk):V[(y—kg—;) Vk}—f-Pk—i‘Pkb_Ykr ©)
9(pw) +V-(Uw)=V-|(u+ P vl + ang + Py — Yo (7)
ot Ow k

The constants of this equation are shown in Table 1.

The constants in the k-w turbulence model (Table 1) were validated through comparison with
experimental data and established benchmarks for turbulent flows. These constants were derived
from extensive empirical studies and are widely accepted in the literature for simulating wall-
bounded flows with adverse pressure gradients. The model’s accuracy was further verified by
comparing simulation results with experimental measurements of velocity profiles and turbulence
statistics in similar geometries.
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The capacity of standard two-equation turbulence models to accurately predict the inception and
extent of flow separation from smooth surfaces under adverse pressure gradients is limited. The
starting point for the development of the shear stress transfer turbulence model was the need for
accurate calculations of flows with separation phenomena and reverse pressure gradients. For a
long time, turbulence models were unable to account for these flows.

The k-€ turbulence model exhibits limitations in accurately capturing near-wall turbulent boundary
layer behavior. In this region, the k-w model offers superior performance and is more suitable
for flows with adverse pressure gradients. On the other hand, the k-w model’s sensitivity to
free-stream conditions outside the boundary layer can hinder its application in flows involving
separation induced by pressure gradients. This sensitivity in the free stream in turbulence
modeling prevents the wide substitution of w equations in place of standard € equations. This is
the basis for the development of the k-w SST (Shear Stress Transport) model, which is given in
Egs. (8) and (9) below [20].

d 0 0 ok
5, (k) + = (oku;) = — (Fk—> + G — Yr + Sk, 8)
ot axi ' axi ax]
0 0 0 ow
g({)w) + g(l)w”i) = g (Ru%) + Guw —Yw + Dy + Sw. (9)
i i j

In the standard k-w and SST k-w models, the production terms of the k and w equations are
dissected presented in tabular form in Table 2 below.

Table 2. Terms in the k — w turbulence model

Term Standard k-w equation | SST k-w equation
Production of k P, = T,]% = VtSl']'Sl']' Gy = TZ/%
Buoyancy production of k Py, = —%g—z
Production of w P, = a¥¢ Py w = 3G
Buoyancy production of w Pep = Coob % P
Dissipation of k Yy = B*pkw
Dissipation of w Y, = Bpw?
Cross-diffusion Not present w=2(1—F)poums %I; g—‘;;
Source terms Not present S = Ckpg
Sw = CwP‘S‘z

Turbulence models such as k-€ or LES are less accurate for near-wall flow behavior and need more
computation workload, but the k-w SST model combines the strengths of the k- model for free
shear flows and the k-w model for near-wall flows and thus strikes a balance between accuracy
and computational efficiency. The k-w SST turbulence model is well-known for its success in
simulating turbulent flows in structures containing complex geometries and boundary layers
by accurately resolving the boundary layer and near-wall flow behavior, which is essential for
calculating WSS and other hemodynamic parameters [21, 22].

Studies have shown that the k-w SST model provides accurate estimates of wall shear stress
and flow separation, which are critical parameters in cardiovascular health assessment [22].
The application of these models in pulsatile flow simulations has also been validated through
comparisons with experimental data. For example, the k-w SST model has been shown to provide
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highly accurate results, usually within 5% error, when compared to experimental measurements
[23]. As a result, the k-w SST turbulence model was chosen for this study due to its superior
performance and for being a validated and reliable choice for simulating blood flow in stenotic
vessels. The Carreau-Yasuda model, which takes into account the shear thinning properties of
blood that become important under variable flow conditions [22, 24], has been widely used for
simulating pulsating blood flow, and has been supported by studies to be an effective model
in capturing the complex flow properties observed in biological systems [21, 22]. Furthermore,
integrating the Carreau-Yasuda model with the k-w SST turbulence model provides a more
comprehensive understanding of flow dynamics in occluded arteries because it effectively captures
both the non-Newtonian properties of blood and the turbulent flow characteristics [22-24].

In the present study, blood has a profile similar to that in the study of Chen and Lu [25] and enters
the inlet branch at a Reynolds number equal to 270 (or an average velocity of 0.0694 m/s). As for
the output boundary conditions, zero relative pressure at the outlet of the two branches is used,
as per the above study, and due to the incompressibility of blood in this problem, the amount of
working pressure does not affect the results. Additionally, the axial flow velocity gradients at the
exits of both branches are considered to be zero. The boundary condition of the wall is assumed to
be non-slip. In the present study, blood flow in a bifurcating blood vessel has been numerically

Figure 1. Blood vessel geometry

simulated in a three-dimensional model for Newtonian and non-Newtonian Carreau—Yasuda
viscosity conditions. The desired geometry is drawn in the design software. Figure 1 shows the
geometry drawn in SOLIDWORKS software. The Carreau-Yasuda model has been chosen for this
study due to its ability to accurately describe the shear-thinning behavior of blood across a wide
range of shear rates. Unlike the power-law model, which is limited to intermediate shear rates,
and the Casson model, which does not account for the gradual transition between Newtonian and
non-Newtonian behavior, the Carreau-Yasuda model captures the viscosity variation of blood
more comprehensively. This makes it particularly suitable for simulating blood flow in vessels
with complex geometries and varying shear conditions.

The shear thinning behavior of blood is described by the Carreau-Yasuda model using:

n—1
a

H(Y) = poo + (Ho — Hoo) [L+ (A7) 7,

where () is the dynamic viscosity as a function of shear rate (), yg is the zero-shear viscosity,
Jioo is the infinite-shear viscosity, A is the relaxation time, 7 is the power-law index that describes
the degree of shear thinning, and 4 is the Yasuda parameter that controls the transition between
Newtonian and shear-thinning regions. Values of these model parameters are presented in Table 3.
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The heartbeat pattern has been selected as the pulse function, and because the Fluent software is
not able to define this type of pulse, the custom codes have been defined to induce the pulse for
the simulation and have been incorporated into the solver through the use of UDFs. To simulate
pulsatile blood flow in a CFD model, a physiological waveform that represents the heartbeat
has been obtained by using a Fourier series to approximate the periodic nature of the arterial
pulse. The blood flow rate calculated based on the waveform derived from experimental data or
idealized representations of the cardiac cycle has been represented by the following formula:

= N A 27nt B si 2nnt 10
Q()—Qmean‘f’ngl[ nCOS< - >+ nsm( = )] (10)

In Eq. (10), the wave function can also be converted into a single sinusoidal form by using
amplitudes and phase-shift:

2nnt ) 27ntnt ) 2nnt
Ancos< T )+anm< T >:Cnsm< T —l—(pn>,

where the amplitude G is:

4 (A
¢n = tan 1(B_:)

And the phase angle ¢, is:

Eq. (10), then becomes:

N 2nnt
Q(t) = Qmean + Z Cp sin ( T + (Pn) ’
n=1

where T is the period of the cardiac cycle (typically 0.8-1.0 s for a heart rate of 60-75 bpm), ¢, are
the phase angles for each harmonic, N is the number of harmonics (typically 4-10 for a realistic
waveform). The parameters and respective values used to simulate the pulse are presented in
Table 3 below.

With the given parameters, the pulsatile blood flow has been simulated in the modeled vessel.
The Womersley number, which characterizes the pulsatile blood flow, has been calculated for the
non-stenotic and stenotic (%50 and %80 constricted) cases using:

and respective « numbers were found to be 52.46, 26.23, and 10.49, respectively.

The solution domain is organized and discretized using the so-called O-shaped mesh, except
near the tip of the bifurcation and that part of the outlet branch that includes the constriction.
Additionally, the unorganized mesh adapts better to the mix of the flow (caused by the presence
of bifurcations and obstructions). Therefore, in this area, an unorganized mesh has been used in a



Mustafaogluetal. | 105

Table 3. Parameters used to simulate the pulsatile blood flow

Property Value(s)

Vessel diamater 0.0045 m

Density 1060 kg/m3

Zero-shear viscosity 0.056 Pa.s

Infinite-shear Viscosity 0.0035 Pa.s

Temperature 37C

Mean velocity 0.0694 m /s (Re=270)
Period of cardiac cycle 1s

Number of harmonics 5

Cosine coefficients (B;;) 0.2,0.15,0.1, 0.05, 0.02
Sine coefficients (A;) 0.3,-0.1, 0.08, -0.03, 0.015
Amplitudes (Cy) 0.36, 0.18, 0.13, 0.058, 0.025
Phase Angles (¢, radian) | 0.59,-0.59, 0.67, -0.54, 0.64
Power-law index (n) 0.03568

Yasuda parameter (a) 2

Relaxation time (M) 3.313s

small enough way. Ansys Fluent software, which can create unorganized and organized meshes,
was used to create the mesh, which can be seen in Figure 2 below. The number of generated mesh
was 122540 elements. To determine the correct number of elements to build the mesh, a mesh
independence analysis was made, and convergence was established.

Figure 2. Side and front views of the meshed model

For numerical analysis in the ANSYS Fluent software, it is necessary to provide boundary condi-
tions. To model the inlet flow, the mass flow rate values given in the reference study have been
used. The outlet pressure boundary condition has been used for both of the two outlets of the
artery division. Since the solution is unsteady, a user-defined function is used to provide the input
and output boundary conditions. Figure 3 shows a view of the desired geometry along with the
boundary conditions, and Figure 4 shows the values for the input and output blood pressure as
given by the reference study.

In order to ensure that the number of elements that constitute the mesh have no or negligible
impact on the solution, a mesh independence test is always carried out. In this study, mesh
independence was demonstrated using WSS values. WSS is a critical parameter in hemodynamic
simulations and is highly sensitive to mesh resolution. Therefore, it is often the primary metric
for mesh independence. Once WSS converges with mesh refinement, it implicitly means that the
mesh is also validated for the accuracy of velocity and pressure fields, as these are the underlying
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Figure 3. Boundary conditions of blood vessel geometry
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Figure 4. Input and output values of blood flow according to time

quantities used to compute WSS. In this regard, the WSS parameter in a section near the wall has
been investigated in meshes with different numbers of elements. As shown in Figure 5, a number
of elements greater than 1350,000 inside the geometry indicates the independence of the mesh.
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Figure 5. Shear stress according to the number of elements
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One of the critical aspects of turbulence modeling is the accurate representation of near-wall
flow physics, i.e., reflecting real-world conditions accurately. The performance of turbulence
models is significantly influenced by their ability to capture wall-bounded flow characteristics.
In this regard, the y+ parameter, a non-dimensional wall distance, serves as a crucial metric for
evaluating the adequacy of near-wall mesh resolution. The logarithmic law of the wall provides
theoretical guidelines for the appropriate range of y+ values to ensure accurate representation
of the boundary layer. Ansys-Fluent software can be used to solve flow models that include
moving cells. Depending on the complexity of movement and physics, the flow of one of the mesh
movement models can be suitable for modeling. One of the most common models in Fluent for
simulating streams that have a moving and variable mesh is the dynamic mesh model. To use the
dynamic mesh model, we need to start with a mesh volume and describe each moving area in the
model. Fluent can describe motion under a boundary profile based on functions defined by the
user, known as user-defined functions (UDFs). For dynamic meshes, remeshing and smoothing
techniques were employed to maintain mesh quality during deformation. Remeshing involves
locally refining or coarsening the mesh in response to changes in geometry, whereas smoothing
is the adjustment of nodes” positions to reduce distortion. These techniques ensure accurate
simulation of fluid-structure interactions and moving boundaries.

3 Results and discussion

Many models have been presented to simulate non-Newtonian blood fluid in vessels, but none of
them have been able to analyze the elastic behavior of vessel walls due to the pulse pressure of
the blood, as in real samples, to minimize deviation. This problem has become one of the reasons
for the failure of researchers. Computer simulation can solve the most complex problems of
engineering sciences; therefore, in such problems, all required algorithms are simulated according
to real vessel samples. The geometry of the vessel, which includes a two-way vessel with a
diameter of the outlet different from the diameter of the inlet, is drawn, tested, and compared in
the region before the constriction with different percentages. To create more tension in the vessel
and complicate the problem, the diameter of one of the outlets is reduced by half, and the results
are compared with each other. This complexity enables us to solve similar problems and analyze
the output information. Different models are available to define blood fluid in the software. The
selected models include three models: a non-Newtonian power law, a Newtonian power law, and
the Carreau model, which has the least error compared to the analytical solution.

WSS (Tw) is calculated from the velocity gradients on the wall of the vessel using the following

( > =

where y is the dynamic viscosity of blood, u is the velocity parallel to the wall, and y is the distance
perpendicular to the wall. ANSYS uses the same formulation to calculate the wall stress based
on the velocity gradients obtained during the numerical solution of the governing Navier-Stokes
equations at the wall (y=0). In this study, the contour plots for WSS were obtained directly in CFD
post and presented in Figure 6 for different conditions.

The shear stress values obtained in this simulation were validated against those of another study
conducted using a similar bifurcation vessel model. The values are presented in Table 4. The range
of the errors is from approximately 2 to 13%, and the average error is approximately 7%, which is
acceptable. Figure 6 shows the distribution of inner-wall shear stress.

The results of the analysis are given as shear stress values near the vessel wall. Figure 6 shows
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Table 4. Inner wall shear stress

X/C Time (s) | Shear Stress (Pas) CFD (A) | Shear Stress (Pas) [16] (B) | Error (%) (B-A)/A*100
0.0 0.123 0.12 -2.5
0.2 0.174 0.18 3.4
0.4 0.280 0.26 —7.1
0.6 0.355 0.38 7.0
0.8 0.220 0.24 9.0
1.0 0.150 0.13 —-13.3

the values of shear stress inside the vessel resulting from the analysis with the Carreau model.
The average value near the vessel wall is approximately 0.3 Pascal. In the case of constriction, the
region behind the constriction experiences the highest shear stress. The flow output also has shear
stress values, and this stress increases with the narrowing of the outlet of the vessel.

Figure 6 show shear stress values on walls of the vessel with 80% and 50% constriction. The
shear stress is highest in the region near the branch and near the constriction because of the
increase in pressure in these areas. With the narrowing of the constriction due to a sudden change
in diameter, the velocity in the narrowed channel increases greatly, which in turn increases the
pressure on the wall, and with the narrowing of the outlet, this pressure increases. The tension at
these points increases due to the increase in pressure. The concentration of greatest stress occurs
after constriction and in the furcation area.

The velocity streamlines in Figure 7 show that the flow characteristics in normal and stenotic
arteries change significantly. While the velocity distribution in the normal artery is relatively
balanced, the flow lines progress smoothly, and no significant recirculation or turbulence is
observed. With the increase of constriction, a significant increase in the flow velocity and the
formation of turbulence in the region after the constriction are observed with the expansion of
backflow areas. This supports the formation of high shear stresses in the arterial wall seen in
Figure 6.

Figure 8 shows the values of the velocity inside the vessel for different modes of analysis. As it
approaches the area before the constriction, due to the increase in pressure, the flow experiences a
sharp drop in velocity, which acts like the flow inside the nozzle in the constriction area, and a
higher velocity is observed in the flow of the constriction area. This increase in velocity continues
to the furcation area, which induces an increase in friction and shear stress. In the case where the
outlet of the vessel is narrowed, the increase in velocity increases, and up to 17% greater velocity
is observed in the furcation area. With increasing velocity, the amount of pressure and shear stress
increases, and the vessel is unable to bear this pressure and is on the threshold of rupture.
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Figure 6. Shear stress contours on (a) normal (b) 50% and (c) 80% constricted vessel
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Figure 8. Velocity values before the furcation for different conditions

As seen from the pressure values, the effect of pressure is also evident within the entire tissue of
the vessel wall. The shear stress values of the wall grid due to this pressure are given in Figure 9.
In this case, the wall tissue will not bear this pressure and will be on the verge of tearing. As
seen from the deformation values, the effect of pressure inside the tissue of the vessel wall is
also evident; with the increase in the amount of relaxation, the pressure increases. In Figure 10,
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Figure 9. Shear stress values before the flow crossroads on the wall for different

the pressure values inside the vessel are analyzed for different states. By approaching the area
before the constriction, due to the increase in pressure, the flow encounters an increase in pressure,
which acts like the flow inside the nozzle in the constriction area, and more pressure is observed
in the flow of the constriction area. This increase in pressure continues to the furcation area,
which causes an increase in friction and shear stress. In the case where the outlet of the vessel is
narrowed, this increase in pressure is greater. Shear stress is a critical factor in the development
of thrombosis. Low shear stress (< 0.4 Pa) promotes platelet adhesion, whereas high shear stress
(> 1.0 Pa) potentially causes endothelial damage. The shear stress values observed in this study,
particularly near occlusions, fall within these clinically relevant ranges.
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Figure 10. Velocity values before the furcation for different conditions

When the highest pressure values near the occlusions are concerned, the maximum pressure was
found to be 4139,37 Pa for the 50% constriction case, it reached 4689,78 Pa for the 80% constriction
case. These elevated pressure values highlight the increased risk of vessel wall damage in highly
occluded vessels. The pressure values suggest that the occlusion exerts pressure on the entire
vessel wall, clearly indicating that clogging causes a sharp pressure increase in the vessel just
before the stenosis.

4 Conclusion

The stress—strain relationship in the blood does not follow a single relationship. This analysis
depends on the dimensions of the vessel compared to the dimensions of the particles present in
plasma (red and white blood cells, and platelets). The behavior of blood flow in vessels with a
large internal diameter adheres to well-established hemodynamic principles, where inertial forces
dominate viscous forces, and the continuum assumption remains valid. To achieve the objectives
of the research, the numerical studies carried out in this field are first discussed, and in this part,
the main focus has been on the research carried out using Ansys software. In the second part,
the computational studies performed on the blood flow are discussed, and then the governing
equations are explained. Furthermore, the vessel model was selected from reliable sources to
ensure the validity of the simulation data. The results indicate the approximate accuracy of the
non-Newtonian model used. Continuing this research, vessel occlusion models with varying
occlusion sizes have been analyzed. The effect of pressure on the vessel wall tissue is evident. For
small occlusions, large vessels can withstand the pressure. Although the software cannot simulate
rupture, the vessel wall tissue appears capable of tolerating up to 50% stenosis.

In a vessel with 80% constriction of the internal diameter and a narrowed outlet, pressure values
indicate high pressure intensity and velocity heterogeneity. This leads to a significant increase
in shear stress near the constriction while the vessel flow exerts pressure on the wall. Wall mesh
deformation due to this pressure suggests that the wall tissue would not withstand this level of
pressure and would be at the threshold of tearing.

Velocity values within the vessel are analyzed under different conditions. As the flow approaches
the constricted area, velocity sharply decreases due to increased pressure. Within the constriction,
the flow behaves similarly to that inside a nozzle, resulting in higher fluid velocity in the narrowed
region of the vessel.
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This study highlights the importance of accurately modeling non-Newtonian blood behavior and
vessel occlusion to understand the hemodynamic risk factors associated with CVDs.
The main findings of the study can be summarized as follows:

* [t was observed that blood modeled as a non-Newtonian fluid exhibited significant differences
in flow patterns compared to the Newtonian assumption and that the Carreau-Yasuda model
played a critical role in determining the flow dynamics in high shear stress regions near the
stenosis.

* The fact that the maximum WSS values were significantly higher in non-Newtonian flows
indicated the importance of using the Carreau-Yasuda model to consider the shear thinning
behavior of blood in hemodynamic studies.

¢ [t was observed that the narrowing of the vessel significantly changed the flow characteristics of
the blood. In the case of 50% and 80% constrictions, the axial velocity in the non-planar branch
decreased, while the velocity and, hence, the pressure increased in the furcation region, which
led to an increase in the critical factor of wall shear stress.

* When the velocity distributions within the vessel were evaluated, it showed significant hetero-
geneity, especially in the regions downstream of the occlusion, which could worsen the vascular
damage due to hemodynamic risk factors such as flow separation, recirculation, and turbulence.
¢ The use of the k-w SST turbulence model has been shown to provide accurate resolution of
near-wall flow physics and adverse pressure gradients, which are critical for capturing complex
flow patterns in narrow vessels

5 Limitations

Although this study provides valuable information on the hemodynamics of the constricted
vessels, the study is limited by the fact that the viscoelastic effects of blood and vessel walls are
neglected, which may affect the flow dynamics, especially in highly stenotic regions. Another
limitation is that the study does not include experimental validation.

6 Future Research

To take this research further, future studies can use viscoelastic models that take into account the
elastic behavior of blood and vessel walls. Numerical results can be validated with experimental
data obtained by techniques such as MRI or ultrasound. The effects of different turbulence models,
such as Large Eddy Simulations and Reynold Stress Model on the accuracy of hemodynamic
predictions can be investigated.
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Abstract

In this study, the mathematical model that examined the relationships between the variables of
the population that continued to live in the disaster area, the population that migrated to another
region, the number of newly built independent sections in the disaster area the post-disaster, and the
socio-economic development index (SEDI) of the disaster area is expressed through fractional-order
differential equations (FODEs) and qualitative analysis of the model is carried out. Furthermore,
the relationship between migrated and non-migrated populations is presented in the model with
four different functional responses. In real-world applications of the model, some earthquakes in
Tiirkiye, which are similar to each other in many ways, are taken into account. Therefore, data after
the Golctik earthquake in 1999 are used, and parameters, derivative order, and functional response are
determined by considering the minimum root mean squared error (RMSE). Then, the performance of
the proposed model with these values is shown in the Elbistan earthquake in 2023. Finally, the 5-year
and 10-year estimates of the non-migratory population, the migrated population, the number of newly
built independent sections, and the SEDI index values are presented for Elbistan.

Keywords: Fractional-order differential equation; functional response; earthquakes; socio-economic
development index; root mean squared error

AMS 2020 Classification: 26A33; 34A08; 92D25

1 Introduction

It is known that disasters have occurred in every period of history. Disasters can be defined as
ecological events that suddenly change the normal life order of the society, result in loss of life
and property, and create a need for external assistance depending on their size and speed of
occurrence. They, which cannot be determined exactly where, when and how they will occur, have

» Received: 24.06.2024 » Revised: 27.01.2025 » Accepted: 12.03.2025 » Published: 31.03.2025

117


https://orcid.org/0000-0002-8546-612X
https://orcid.org/0000-0001-8201-7495

118 | Mathematical Modelling and Numerical Simulation with Applications, 2025, Vol. 5, No. 1, 117-142

similar following effects in terms of their consequences: economic losses and social psychological
destruction, especially physical losses [1]. Disaster types, whether natural or not, are given in
Table 1. There has been an increasing trend in disaster events globally from 1900 to 2022. In this
context, the number of disasters averaged 56 events per year in the 1960s (reached 81 in 1966),
while the average number of disasters in the last decade (2012-2022) reached 363 events per year.
In addition, a total of 30748 deaths were recorded, an estimated 186 million people were negatively
affected, and according to available data, these disasters caused damage worth USD 223.84 billion
due to 388 disasters recorded worldwide in 2022 which are extreme heat, flood, storm, drought,
forest fire, landslide, earthquake, extreme temperature and volcanic activities [2].

Table 1. Types of disasters [3]

Natural disasters Human-Made Disasters
Slow-developing natural disasters | Sudden Natural Disasters
-Severe cold -Earthquake -Nuclear, biological, chemical accidents
-Drought -Floods -Terrorism
-Famine etc. -Landslides, rock falls -Transportation accidents
-Avalache -Industrial accidents
-Storms, tornadoes -Accidents caused by overcrowding
-Volcanoes -Migrants and displaced persons etc.
-Fires etc.

Today, disaster management has become an important issue due to the loss of life and large
tinancial burden. In fact, our societies, regardless of their level of development, are still not
adequately prepared for a natural or human disaster and its possible domino effects [4]. Therefore,
the necessary precautions to be taken disaster-before in order to minimize the loss of life and
property, as well as the necessary measures to be taken for the society to return to its normal life
disaster-after, are of vital importance.

Disasters such as earthquakes and nuclear explosions or acts of terrorism in another area also occur
suddenly and surprisingly. In such events, due to the effect of surprise and fear, reactions are more
instinctive and individuals often tend to leave the area they are in. Migration is often considered
one of the primary responses to natural disasters. Existing literature broadly recognizes the fact
that disaster victims migrate from affected areas [5]. In this context, the return of individuals,
who survived and migrated the post-disaster to the same region, is possible by meaning of
socio-economic development of the disaster area and by building enough settlements to meet the
needs. Socio-economic development involves parameters such as demography, technology, health,
education, economic development, financial capacity, competitive structure and quality of life,
and the data on these parameters can provide information at the regional level about what social
needs are and to what extent they are met [6].

Although an earthquake is a natural event, it is inevitable that it will turn into a disaster, especially
considering its duration and magnitude and the precautions taken in advance. When disasters
are mentioned in Tiirkiye, the first thing that comes to mind is earthquakes due to its location in
an earthquake zone. In this region, major earthquakes have occurred in almost every period of
history, resulting in many deaths and a wave of migration. In the last 100 years, 16 earthquakes
of magnitude 7 Mw and above have occurred in Tiirkiye, as seen Figure 1. 124558 people lost
their lives in these earthquakes, and the number of buildings with moderate and more damage
is about 1037108 [7]. Reverse migration after a disaster is possible with the development of the
disaster area in many areas. SEDI focusing on 12 basic indicators of economic development and 12
basic indicators of social development in terms of evaluation is one of the measurable parameters
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in terms of the development level of a region. Socio-Economic Development Ranking Studies
are analysis studies that objectively measure and compare the socio-economic development of
regions, provinces and districts in Tiirkiye in order to provide input to policies, strategies and
public practices [8]. District SEDI studies conducted to date have been published seven times
between 1966-2022. In this study, changes in the populations of individuals who survived the
disaster and some of whom migrated to other regions were mathematically modeled through
FODE:s according to the SEDI and the independent section numbers.
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Figure 1. Earthquakes of magnitude 7 Mw and above in the last 100 years in Tiirkiye [7]

In a scientific investigation, we explore and therefore understand our real world by observing,
collecting data, finding rules within or among them, then we discover the truth behind this phe-
nomenon and want to apply it to predict the future. This process is mostly through mathematical
modeling. Such modeling is differential equations, which are well known for describing relation-
ships between variables and their derivatives, and so usually used for planning, prevention and
control scenarios.

Fractional calculus has been an old but increasingly important subject of mathematics since the
17th century. Fractional integral and differential operators can be thought of as generalized
forms of integer order integral and derivative operators. The concept of memory is important
for fractional calculation. In a memory system, the input must remember its previous values
in order to indicate the current value of the output. When considering the modeling of various
memory events, it is often stated that a memory process consists of two stages; It is a short-
term state that can be presented through fractional derivation with permanent retention [9, 10].
Recently, an increasing number of studies and applications of fractional order systems have
been presented in many fields of science and engineering [11-17]. Many various descriptions
of fractional derivatives are encountered in the literature, such as Riemann-Liouville, Caputo,
Caputo-Fabrizio and Atangana-Baleanu [18]. Caputo’s fractional operator is possibly the most
significant in fractional analysis since its derivative is the most appropriate fractional operator
to use in modeling a real-world problem. Talking about real problems, the Caputo derivative
is considerable practical because it allows conventional initial and boundary conditions to be
involved in the derivation and the derivative of a constant is zero, which is not the circumstance
with the Riemann-Liouville fractional derivative [19]. In the manuscript, Caputo’s fractional
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definition is considered.

In the mathematical and computer literature, scholars have mainly focused on modeling crowd
dynamics and collective panic in the event of a catastrophic event [20, 21] or simulating movements
to model pedestrian evacuation inside buildings [22]. Let’s consider a sudden disaster that causes
loss of life and property, such as an earthquake, nuclear explosion, or flood. There are few
mathematical modeling studies in the literature that examine the return of individuals living in a
region to their normal lives in the disaster area according to their behavior and housing needs. In
addition, when looking at the studies on this subject in the literature, the number of mathematical
models with ordinary differential equations (ODEs)is very low, and no mathematical model with
FODESs was found.

Kumar et al. [23] examined the population in a region after a flood disaster through the ODE
model, based on the classical SIR model, in which individuals are divided into susceptible,
affected, survivor, or deceased compartments. They only presented a qualitative analysis of this
model, which is widely used in different fields, without developing it.

Verdiere et al. [24] modeled by ODE the temporal dynamics of human behavior during a catas-
trophic event. They proposed so-called PCR mathematical models that simulate sequences of
individual behaviors called as Panic, Controlled, and Reflex according to the type of threat,
domino effects, and the local environment. In their model, the population that continues its
normal daily life is denoted by Q, individuals with uncontrolled behavior are denoted by r and p,
and individuals with controlled behavior are denoted by c. At the beginning, the total population
N is in Qq, subpopulation of Q. A post-disaster occurs, all individuals move to compartment r at a
certain rate, individuals in 7, those showing panic behavior at certain rates, move to compartment
p, and those showing controlled behavior move to compartment c. Finally, at a certain rate,
there is a transition from c to the Q> compartment in which individuals continue their daily life.
Furthermore, the authors assumed reciprocal transition between r, ¢, and p compartments. They
numerically illustrated their model for the earthquake in Haiti and Japan in 2010.

In our proposed model, the interaction between the population that migrated and those that
did not migrate post-disaster was expressed with different functional responses, and then the
functional response closest to the real data was determined. Therefore, the reason for using four
responses, which are frequently mentioned in the literature, is to increase the performance of the
model by determining the response that gives the minimum RMSE value. In fact, four different
mathematical models are presented as a single model in the manuscript.

Earthquakes, landslides, floods, volcanic eruptions, hurricanes, and tornadoes, which have been
repeated countless times since the world was formed 4.6 billion years ago, are actually ordinary
events that give our planet its current appearance. Therefore, disasters are intertwined with
humanity and are inevitable. Many researchers around the world have carried out many studies
on the effects of disasters. However, there are very few studies in the literature on post-disaster
migration mobility and changes in population projection, which aim to determine in advance
the size of the workforce that will be needed in the future and to prepare the infrastructure and
opportunities accordingly.

In this study, the scenario immediately after a disaster, such as an earthquake or flood, that causes
a sudden loss of life and property is discussed. All individuals living in the region naturally
exhibit reflexive behavior. Some of them migrate to another region due to a lack of shelter or panic
behavior, and their population size is shown as M in the model. The rest of them continue to
live in the disaster area by exhibiting controlled behavior, and their population size in the model
is denoted by S. The number of new buildings built to replace independent sections that were
demolished or decided to be demolished after the disaster is also indicated by R. Moreover, the
SEDI of the region is presented with I. In this sense, the relationship among the dimensions of the
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variables S, M, R, and I has been modeled mathematically through FODEs in the Caputo meaning.
In this way, due to the definition of fractional derivative, the natural delay in the relevant disaster
scenario was also taken into account.

Therefore, the differences in the presented study from the literature can be listed as follows:

¢ FODEs are used in the model.

* The different functional responses are used in the model.

* According to the real values, the parameter values and the derivative-order with minimum
RMSE have been obtained.

¢ Predictions are made for future population projection, SEDI, and independent section numbers.

The remainder of the study is organized as follows.

* Some basic definitions and theorems used in the definition and analysis of the model are given
in Section 2.

¢ The proposed mathematical model is formulated in Section 3. It was also presented respectively
in:

— The positivity, boundedness, and non-negative of solutions of the model,
— Different possible equilibrium points of the model and,
— Stability analysis of the equilibrium points.

¢ The estimation of the parameters of the proposed model is given in Section 4. Therefore, the
data set was created, parameters with minimum RMSE were obtained, the fractional order
was determined to obtain lower RMSE, and numerically simulated results for Elbistan of our
proposed model have been presented.

¢ Finally, in Section 5, we have presented some of the main outcomes of the present work.

2 Preliminaries and definitions

In this section, we have discussed some functional answers for the Lotka-Volterra system. Later,
we present some useful definitions and properties of fractional derivatives. In addition, some
properties regarding the existence and signs of the roots of the polynomials used in the study are
given.

Definition 1 The Lotka-Volterra predator-prey model consists of two differential equations, the first
equation for the prey and the second equation for the predator, and is as follows:

d—x—ax— xy and d—y——c +ex
dt T ar — YT

where a,y,c,e > 0. The terms yxy = F(x,y) and exy = G(x,y) in this system are called functional and
numerical responses, respectively [25].

Some functional responses are Holling Type I for F(x,y) = yxy,vy > 0, Holling Type II for F(x,y) =
L% v, b > 0, Holling Type Ill for F(x,y) = sz—i% v,b > 0and Ivlev for F(x,y) = 7y <1 —ebx> v,b >0
[26, 27].

In this study, the above-mentioned functional responses were used for the relationship between
post-disaster migratory and non-migratory populations. The functional responses used in the
manuscript can be briefly explained as follows. Let us consider two species that have certain sizes
at reference time t and, moreover, interact with each other. Functions describing their varying
population sizes are modeled in a continuous framework. Changes depending on the relationship
between these functions can be explained by functional response. Functional response [28] is one
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of the oldest and most common mathematical constructs used to describe and make prospective
predictions about the nutritional interaction between a consumer and a resource. This response
describes the feeding rate of a consumer based on its density in its environment. The most common
of these are Holling type I-III responses [27] and Ivlev response [29].

Type I functional response supposes a linear increase in intake rate with food density, either for
all food densities or only for maximum food densities, beyond which the intake rate is constant.
Linear increase reckons for the following: the time a consumer needs to process a food item is
neglectable or that consuming food does not prevent foraging.

Type II functional response is qualified by a slowing rate of intake, following from the presumption
that the consumer is restricted by his or her food processing capacity. Also, the functional response
is commonly modeled through a rectangular hyperbola.

Type III functional response is alike to type II in that at high levels of prey density, saturation
occurs. At low prey density levels, the graphical connection of the number of prey consumed and
the density of the prey population is a super linearly increasing function of prey consumed by
predators.

In Ivlev’s functional response, the maximal rate of predation and decline in hunting drive are
represented by the positive constant y and b, respectively [30].

Definition 2 (Caputo Fractional Derivative) [31] 0 < ¢ < 1 for the function u: C"[0, co] — R is defined
as

DY (u(t)) = gy Jo e (), o

where C"[0, oo] is a n times continuously differentiable function and Gamma function is defined by T'()
suchthatn —1 < ¢ <n.

Lemma 1 [32] Let 0 < ¢ < 1. Suppose that u(t) € Cla,b] and %Di’bu(t) € Cla, b].

. Ifg)D‘tpu(t) > 0,Vt € (a,b), then u(t) is a non-decreasing function.
. Ifg)D;Pu(t) > 0,Vt € (a,b), then u(t) is a non-increasing function.

Theorem 1 [33, 34] Consider the following fractional-order system:

CD?(n;(t)) = f(t,u(t)), )

u(to) = uo
where CD?’ is Caputo’s derivative of the order 0 < ¢ < land f(t,u(t)) : RT x R" — R" is a vector
field. The equilibrium points of this system are locally asymptotically stable (LAS) if all eigenvalues A; of
the Jacobian matrix % evaluated at the equilibrium points satisfy the following condition:
largA;| > 4’7” 3)

Let’s consider system (2) for u = (uy uz)T. In this case, the characteristic equation is

p(A) = A2+ @A +ay =0. 4)
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The conditions for LAS of the equilibrium point are either Routh—Hurwitz conditions given as

a1,a3>0, ©)
or:
Aan— 2
a1 <0, 4ay > (al)z, tan—1 (MT(M))‘ > X, (6)
[35].
Theorem 2 (Descartes’s Rule of Signs) [36] "Let
— b b1 ... by
p(x) = apx” 4+ a;x”t + - - - 4 a,x’n, 7)

denote a polynomial with nonzero real coefficient a;, where b; are integers satisfying 0 < by < by < by <
-+« < by. Then the number of positive real zeros of p(x) (counted with multiplicities) is either equal to the
number of variations in sign in the sequence ag,ay, . . ., a, of the coefficients or less than that by an even
whole number. The number of negative zeros of p(x) (counted with multiplicities) is either equal to the
number of variations in sign in the sequence of the coefficients of p(—x) or less than that by an even whole
number.”

3 Methodology

Fractional-order model

Let t denote the time parameter and the independent variable. The dependent variables whose
changes are being examined post-disaster in the proposed model consisting of FODEs in the
Caputo meaning are given in Table 2. In addition, the parameters used in the model and whose

Table 2. State variables in the proposed mathematical model

Variable | Definition Explanation
S(t) The population number at time t who con- | These are people who, the post-disaster, continue
tinues to live the post-disaster in the region | to live in their pre-disaster residence or a tempo-
where they lived before the disaster rary place in the same area
M(t) The population number at time ¢ migrating | These are people settled another region by leaving
to another region the post-disaster the area they were in before the disaster, temporar-
ily or permanently, the post-disaster
R(t) The number at time ¢ of newly built indepen- | These are the number of newly built independent
dent sections sections to replace buildings that were demolished
or decided to be demolished post-disaster
I(t) The SEDI at time ¢ Socio-Economic Performance Index, which is a
measurable indicator of the development of the
disaster area

approximate values will be estimated later in numerical studies by using the actual values of the
variables are given in Table 3.
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Table 3. Parameters used in the mathematical model and their meanings

Parameter

Definition

0s

Constant increase rate of the population living in the region where they lived before the
disaster,

The return rate to the disaster area with respect to SEDI with controlled behavior of individuals
who migrated with panic behavior,

The return rate of individuals to the region where they were before the disaster, thanks to the
newly built independent sections,

Functions for i = 1,2, 3,4, which represent the functional and numerical responses, are Holling
Type 1-3 and Ivlev functions, respectively,

As a result of the contact between migrated and non-migrated populations, the rate of return
of the migrated population to the region where they were before the disaster,

Migration rate to the region the post-disaster according to the SEDI,

Us

Natural mortality rate of the population living in the destruction zone the post-disaster,

Constant increase rate of the migrated population,

Natural mortality rate of the migrated population the post-disaster,

The increase rate of newly built independent sections,

Carrying capacity of the newly built independent section,

The rate of independent sections built in proportion to SEDI,

Decrease rate of newly built independent sections,

Constant rate of SEDI,

™™ N Q| D
& RE g S

Decrease rate of SEDI.

Thus, the proposed fractional-order model in the Caputo meaning is

EODZSZGS +MI + uMR + 7S f;(M) + eI — vgS,

ngszeM —MI —uMR —Sf;(M) — vy M,

- D/R=rgR(1—&) + ocRI - BR, ®)
cD'1 =0, —wl,

S=S(t), M= M(t), R=R(t), I=1(t),

S<t0) = SO/ R(tO) = ROI M(to) = MO/I(t()) = IU such that SO/ RO/ MO/ IO >0,

wheret >ty >0, ¢ € (.0,1]. and %D‘f denotes the Caputo operator. The parameters in system (8)

satisfy

Os,1m,1,7,€ Vs, Opm, M, TR, CR,0,B,0,w > 0. 9)

Additionally, mathematical expressions of the functions f;(M) fori = 1, 2,3, 4 are shown in Table 4.

Table 4. Functional responses used in Egs. (8) for b>0

Response Type | Function (f;(M))
Holling Type-1 | 1(M) =M
Holling Type-2 | fo(M) =

() = 7%
Holling Type-3 | f3(M) = MAZ/I—M
Ivlev Type fa(M) =1—¢ "M

Theorem 3 There is one solution of the equation in (8) with non-negative initial conditions.
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Proof Existence and uniqueness of system (8) will be displayed in the map Q) x (0; T] where
Q= {(S, M,R,I) € R% : max(|S|,IM], IR, lIl) < ¢}. (10)

Reference [37] is taken into account for the proof. We express X = (S, M, R,[)and X = (S, M, R, I).
Consider a mapping

G(X) = (G1(X), G2(X), G3(X), Ga(X)), (11)
and
G1(X) = 05 + pMI + uMR + ySf:(M) + el — vsS,
Ga(X) = 9M—77M1—HMR—75fz(M)—UMM 1
G3(X) = reR(1— &) + oRI - BR, (12)
G4(X) =0—wl.

First, consider the functions in (12). For any X, X, one can find the followings by:

IG(X) = G(X)|| = I(6s +yMI + pMR + ySfi(M) + el — vsS) — (0s + yMI + pMR + 75 £;(M) +
el —vgS)| + |(0p —yMI — uMR — S f;(M) — vy M) — (0p — nMI — uMR — S f;(M) — vy M)| +
(rRR(1 = &) + 0RI = BR) — (rRR(1 — &) + oRI — BR)| + (6 — wI) — (6 — wI),
IG(X) — G(X)|| = lyMI — 1y (MI — MI) —yMI 4+ uMR — y (MR — MR) —uMR + vSf;(M) —
— :_ — — — /__io%_ N
v (Sfi(M)—Sfi(M)) —ySfi(M) + eI —el —vgS + vsS|+ | —yMI —y (MI — MI) +yMI — uMR —
’__fo? P — :0_ R J— —
u (RM — RM) +uMR =S fi(M) = (Sfi(M) = Sf;(M)) +7Sfi(M) —vmM + vpM| +[rgR —rrR —
=0
AR+ ¢ R +0RI—0 (RI—RI)—0RI—BR + BR| + | —w(I—-1)|,
IG(X) = G(X)|| = |+ nM(I—1I) +nI(M—~ M) + pM(R — )+14R( M) +7f;(M)(S—S) +
YS(fi(M) — fi(M)) +e(I = 1) —vs(S = S)| + | =y M(I — 1) = yI(M ) VM(R R) uR(M—
M) = 1fi(M)(S = S) — ¥S(fi(M) — fi(M)) — om(M — M)I+IrR(R R) = &(R=R)(R+R) +
oR(I—T1)—0cI(R—R) — B(R—R)|+ |l 1],
and
IG(X) = G(X)|| < (vs +27f;(M))IS — S| + (2uR + 2571 + vp) M — M|
+@2uM+rr+p+ ol + & (R+R))R-R 13)

+(2yM + e + oR + w)|I = T| + 295 |f;(M) — f;(M)].
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If the expression marked * in Ineq. (13) is taken into account throughout Table 4, then we have

IM— M| fori=1,

b M—M| \Mfﬁ\ .
M+ (MAD) = fori =2,
b(M+M)|M M 2§|M M fori =3,
(M2+b)(M +b)

_ by Taylor Expansion
(M) — £()| = RO T ,
b(M=M)+ —~—"— "/ .42V 7
b )+ 5 + o oriza,
n 1 n
<IM— Ml(b-l— +§2, +- +%n 1”))
and so,
fi(M) — fi(M)] < {mIM — M, (14)
where
B 1 g gbZ €2b3 Cn—lbn
CM_maX{ AR TH e TR e RN &

In this case, Ineq. (14) is obtained as follows:

|IG(X) —G(X)|| < ¢1!S — S|+ @2lM — M| + @3|R — R| + @4|I — 1|,

where
¢1 = (vs +27f;(0)Gs),
92 = (2ul + 210+ vp +2v(0)Cm), (15)
93 = (2ug + 1R + B+ 0T +2{80),
¢y = (270 +e+ 0l + w).

Consequently, it is acquired ||G(X) — G(X)|| < L||X — X|| where L = max(¢1, 2, 3, ¢4), and so,
G(X) met the Lipschitz condition. In summary, the existence and uniqueness of solutions of (8) is
demonstrated.

Theorem 4 The FOS’s solutions in (8), starting in R4 are uniformly bounded.

Proof The approach used in [38] was considered.

i. Consider the fourth equation in (8). Therefore, we have %D(PI + wl = 01. Considering the
standard comparison theorem for fractional-order, it is obtained as follows:

1) = (1(0) — ) Egy (i) + 1,
and so,
limg o0 [(£) =2, (16)
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where E, is the Mittag—Leffler function.
ii. From the third equation in (8), we have the followings:

2 2 2

cn¢ R (rr +0l) TR (rr +0lI) rr ,(rr +0I)
D 'R R="L (2 "7y 2 (R—(=2_ "7 RAIRTYL)
fot +'B CR( 22_1; ) CR( ( 2&_]]{{ )) _CR< 2(1':_1; )/
1rr , (rr+0I).” 1rg , (rr+0l) .
R(t) < (R(0) — =R (RTIDN VE (—ptd) + R (AIRTIT)y
() = (RO) = 5 Z () Ve (=) + 5L ()
and
2
- (retoh)
lime o R() :ﬁ( s ) . (17)

iii. Now let’s consider the first and second equations of the system (8) for N(t) = S(t) + M(t).
In this case, we have the following:

¢ ¢ ¢
LD/ S(t) + 5D, M(t) = { D, N(t) = 65 + 0y + e — vsS — vy M,

E)D;PNU) +vsS + oMM = (05 + Oy +€l),
and
CDYN(t) + unN < (65 + 6 +el),

where min{vg, vy} = vn. Therefore, it is found that

Oc+0p + ¢l Oc + Oy + el
N(t) < (N(0) — ¢)E¢,l(_th¢) + A,
UN UN
and
0
lims_,o0 N() = Os+Omteqs (18)

UN

As a result, the solutions starting in R% of system (8) are uniformly bounded to the region Q,
]

6 2
inwhich Q== {(S,M,R,I) e R} : S+ M < 500 4 e (1) < %g_f;(mjg;w)) ey I(t) <
R

% + €3, €1,6€,€3 >0}
Theorem 5 The FOS'’s solutions in (8) starting in lRi are non-negative.

Proof For proof, the approach used in [38] was taken into account. From the first and second
equations of Egs. (8), it has been assumed that N(t) = S(f) + M(t) where N(t) — 0 means

S(t) — 0 and M(t) — 0. Therefore, the followings ngI(t)II:O =60; > O,%DfN(t)IN:O =
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Os + 0y +el >0 CD"’R( Dl

'ty = 0 are found. In this sense, the solutions are non-negative.

R=0

Equilibrium points of proposed model

S TR T voi - - 9 ¢ 0
E(S, M, R, I) points found by solving the equation system%Dt S(t) = O,%Dt M(t) = O,E)Dt R(t) =
tC ;P (t) = 0 obtained from the system (8) are the equilibrium points. In this case,
05 + M1+ uMR +75£i(M) + eI — 055 =0, (a)
Om —nMI—uMR —Sfi(M) —oyM =0,  (b) 19)
rRF(le%) +0oRI—-BR =0, (c)
01 —wl =0, (d)
is obtained. From Egs. (19), it is found as
S — (GS—I—GM—:I vmM) when T > UMM—(SBS—O—BM), (a)
Ri=00rR; = VR+§*/3 when I > ﬁ;rR, (b) (20)
R
=14 (c)

In addition, the equations for M from Eq. (19) -(b) according to each function in Table 4 are as
follows:

M = 5o R fori=1, (a)
ﬁ.} + b+ (ﬂm R‘TJM)]M— o +Z%M+UM) =0, fori=2, (b) o
M +%M +OM— o — 0, fori=3, (c)
(1—e7™) (;77+;7FS+UM) - ((;77+5ARA+UM) -M), fori=4, (d)

where S, R and I are shown in Egs. (20). Let us consider Inegs. in (20). If at least one value M can
be obtained from the Egs. (21), when

vmM— (895 +oum) I, (22)

for Ry, and when

max{ﬁ iy oM~ (65+9M)}<T, (23)

for Ry. Therefore, the existence of an equilibrium point can be said. In this case, let us show the
existence of the component M of the equilibrium point from the Egs. (21).

i. Consider the Eq. (21)-(a). It is clear that M > 0 due to Inegs. (9), (22) and (23). Thus, the
equilibrium points Egl) (S,M,Ry,1) or E&l) (S, M, Ry, 1) are obtained.
ii. Now let us consider equation (21)-(b). In this case, the equation for M is

M+ &M+ & =0, (24)



Dasbasi and Dagbast | 129

where

— _(rS—0m) _ S [ VI
61 = (b + (177+14F+vm)> rand & = — R 25)
From the Inegs. (9), (22) and (23), it can be seen that {; < 0. This shows that Eq. (24)
has one positive M value. In this case, there is the equilibrium points Eél)(g, M, Ry,1) or
ESY (5,3, Ry, 1),
iii. Considering (21)-(c), the equation for M is the following:

M+ ;M + 0,M+ 03 =0, (26)
S—0 .-
where ¢ = %ﬁ, U =b,03 = —%. Due to the Inegs. (9), (22) and (23), it is

obvious that %, > 0, 93 < 0. According to Descartes’ rule of signs in Theorem 2, one can reach
the following conclusions for the M roots of Eq. (26):

L4 If19120,

UMM+9TMU5—(95+9M) (27)
Fel 7

1>

then Eq. (26) has one positive root, denoted by Egl) (S,M,Rq,1) or Eél) (S,M,R,,1).
e Ifd; <O,

MMy
T < v M+ 5 USS (95+9M)I (28)

then Eq. (26) has one or three positive roots denoted by Eéi) (S,M,Ry,1) or Eéi) (S,M,R,1)
fori =1,2,3. Consequently, when the discriminant of Eq. (26) denoted by

Af3 = 18810,03 — 271932 + 19121922 — 41923 — 41913193,

is taken into consideration, Eq. (26) has one positive root if

As, <0, (29)

and three positive roots if
Ag, > 0. (30)
iv. When M is evaluated for equation (21)-(d), the equation ¥1(M) = ¥»(M) is reached such
that¥ = Y1 (M) = (1 —e*bM)m and ¥ = ¥,(M) = ((777+;f—%4+vM) — M). In this case,

the existence of a positive M value can be proven using the graphical method in the M-Y
coordinate plane. The graph showing the positive M value is shown in Figure 2. Therefore,

there is a positive equilibrium point E il) (S,M,Ry,I) or Ef) (S,M,Ry, ).
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Om y
(nl+uR+vp) Positive M value

vS | N/
(nI+uR+vyy)

7,
— M
v Ot
: (nI+uR+vy)

Figure 2. Graphical representation of the existence of a positive M value for Eq. (21)-(d)

Local stability analysis

In this section, the LAS equilibrium points of the system (8) for each function shown in Table 4
have been examined. For this, the Jacobian matrix is calculated as

vfi(M) — s (111+#R+'25df’( afM) uM :

fo | A (el = R =SS — o) —uM —M
0 (rr—2RE& +0I—p)) oR

0 0 0 W

The equation of the eigenvalues for any the equilibrium point (S, M, R, I) from this matrix is

(A2 + (—7£i(M) — vs + var + T + pR + S LT oA
+us(n] + R+ 7S L) ot oy — 2y (M) (A — (rg—2RE + 0T — ) (A+w) = 0.
(31)
From the second and third factor of Eq. (31), it is clear that A3 = —Ké—i € R by (19)-(c) and
Ay = —w € R™ due to Ineq. (9). In this case, the eigenvalues A3 and A4 satisfies Ineq. (5).

Lastly, when the first factor of Eq. (31), in which the eigenvalues A1 and A, are obtained, is taken
into consideration, the characteristic equation is

A2+ A+ 50 =0, (32)
where
= (7fi(M) —vs + omt 49T+ iR + VU ) | iy
df.(M orn M= ori—1,2,3,4. (33)
%z—vs(nl—i—yR—I—’YS |M M+UM—@’Yfi(M))

Thus, if the coefficients of Eq. (32) satisfy Inegs. (5) and (6), the eigenvalues A1 and A, satisfy the
stability conditions for equilibrium point. Therefore, we have

n1,02 >0/ (34)
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or:
1 <0, 4oy > %12, |t111’l_1(4%+1_%12)| > 4’2_” (35)

As a result, Table 5 regarding the equilibrium points can be accessed.

Table 5. Stability of equilibrium points obtained according to each functional response (fori = 1, 2, 3)

Response Type Point Existence Condition LAS Condition
Holling Type 1 E%l) (S,M,Rq,1) w <I IfI< ﬁj% and *
Holling Type 1 Egl) (S,M,Ry,I) max{ B —R, UMM*(;)S +0um )} <1 If*
Holling Type 2 Egl) (S,M,Rq,1) M 1 1< b —R and *
Holling Type 2 Egl) (S,M,Ry,I) max{ B —R, UMM*EEGS +9"’1)} <1 If*
Holling Type 3 E\(3,M,R;, ) 2M-(stm) ] 7y Gl @0 g
5;”1% and *
Holling Type 3 Eél) (S,M,R,,T) max{ —R, UMM*(EGS o)y T I+
Holling Type 3 Eéi) (S,M,Rq,1) w <I I< UMMJFGTMUSSi(GS%M)
and Ay, > 01If I < ﬁ;rR and *
Holling Type 3 Eéi) (S,M,R,,T) max{& —R, UMM_(SGS TN A (.
Ivlev Type Egl) (S,M,Rq,1) w <I IfI< ﬂj% and *
Ivlev Type Eil) (S,M,Ry,I) max{ B —R, vMM*(:)S +9M)} <1 If*

" Inegs. (34) or (35) are satisfied

4 Estimation of derivative-order and parameters of the proposed model

The situation after the two major earthquakes with magnitudes (Kandilli Observatory) of Mw=7.7
in Kahramanmaras, Pazarcik and Mw=7.6 in Kahramanmaras, Elbistan, that occurred on 06.02.2023
was discussed in numerical studies. Therefore, the model in (8) was applied according to the pa-
rameters and derivative order determined for the Elbistan district. For this purpose, the following
were done in order.

* In parameter estimations, time-dependent values of variables used in the system in (8) are
needed. For this reason, in parameter estimation, data from the 1999 Golciik earthquake in
Tirkiye were used in terms of its historical proximity, intensity, affected area, and results. The
data set was determined accordingly.

* The model proposed in (8) was expressed through the ODE, and the parameters for each
functional response were estimated with respect to real values by using the Isqcurvefit function
of the Matlab R2024b software. In this way, the model parameters were found by determining
the functional response that gave the minimum RMSE.

¢ Then, the derivative-order of the model with determined parameters was reduced by a preci-
sion of 0.01 and the most appropriate derivative-order was determined. The model with the
parameters and derivative order that gave the minimum RMSE was determined as the best
model.

¢ Finally, the results of the scenario with the relevant initial conditions for Elbistan after the
Kahramanmaras Elbistan earthquakes were presented.
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Dataset

Tiirkiye is located in an earthquake zone and has witnessed many devastating earthquakes in
history. In this sense, the largest earthquakes that have occurred here since the Republic period
(1923-) are shown in Table 6. The Kocaeli/Golciik and Kahramanmaras/Elbistan earthquakes

Table 6. Three major earthquakes experienced in Tiirkiye [39]

Date Location Magnitude Deaths Damaged Building
26.12.1939  Erzincan 7.9 32962 116720
17.08.1999  Kocaeli (Golciik) 74 17479 43953

06.02.2023 Kahramanmarag(Pazarcik-Elbistan) 7.7 and 7.6 50783 227027

are similar to each other in terms of the intensity of the earthquake, the number of deaths, the
size of the affected area, and the closeness of their dates. In addition, the Golciik earthquake was
accepted as a reference for the Elbistan earthquake in terms of the accessibility of the variables
(S, M, R and I in (8)) used in this study.

For parameter estimation, data following a 7.4 magnitude earthquake that hit the Kocaeli province
of Tiirkiye on August 17, 1999, and whose epicenter was Golciik, were used. Approximately 17479
people died in this earthquake and caused an estimated US$6.5 billion in damage. The values
used for parameter estimation are given in Table 7.

The explanation of the variables in Table 7 is as follows:

¢ P; : Total population for Kocaeli/Tiirkiye,

¢ P, : Migration population due to disaster for Kocaeli/Tiirkiye,

* Ratio: Population ratio (Golciik Population/Kocaeli Population),

e S(t) : Total population for Golciik district,

e M(t) : Migration population due to disaster according to population ratio for Golciik district,

* R(t) : Number of flats according to building occupancy permit (for Residence Purposes) for
Golctik district,

e I(t) : SEDI for Golciik district,

. IITXH forx =t,5, M, R, I: Vector normalization Values for Golctik district.

Consider Table 7. Itis clear that ||¢|| = 9854.35559, ||S(t)|| = 710389.87055, || M(t)|| = 8349.39620,
|R(t)|| = 118274.57312 and ||I(t)|| = 5.93951. Data colored green are accepted as hypotheses.
Data colored blue are data added according to the trend of the column data. Data colored in
red were obtained according to population ratio (Golciik/Kocaeli). In addition, the data colored
yellow are the data augmented with ARIMA. Time data provides information for forecasting
models. For this reason, the evaluation of these values in the model is useful for prediction. For
forecasting using time data, along with classic ARIMA models, Prophet or LSTM models can be
used with powerful recurrent neural network models [40, 41]. In this study, the ARIMA model
was used to estimate the missing data.

ARIMA has a structure that uses a linear regression model to make forecasts on time series data in
order to examine time-varying situations in patterns. The model automatically has regressive and
moving average components, and its basic equation is as shown below.

Yi= 01V 1+ 0Yi o+ -+ Ve pt+11—0171—712— 0270 2— =Yg — 037t  (36)

dp, the parameter of the AR model, -4, error term coefficient, 6, the parameter value of the MA
model and Y;, shows the degree to which the data differs from the original data. In order to
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make forecasting, the time-varying series must be stationary, and the simplest method for this
is to observe the change based on the difference. The ARIMA equation (p, d, q) is obtained by
performing a difference operation of degree d on the nonstationary ARMA model (p, ). p is the
degree of the AR model, d is the number of differences to make the data stationary, and g is the
degree of the MA model.

Parameter estimation with minimum RMSE

The ODE form of (8) is

45U — 95 + M + uMR + 9Sfi(M) + eI — vgS,

dt
M) — Gpg — yMI — MR — 7Sfi(M) — vpM,
dlegf)) = rgR(1-&) + oRI - BR, (37)
dl(t

—— =0 —wl
dat I 7
S(to) =Sy, M(to) = My, R(to) = Ry, I(to) = [y such that Sy, My, Ry, Iy > 0.

By using the data in the last five columns of Table 7, the parameter values obtained for each
functional response of the (37) system are shown in Table 8. In addition, RMSE was used to

Table 8. Parameter values for each functional response of the Eqs. (37) and their RMSEs with respect to real
values

Parameter Holling Type-1 Holling Type-2 Holling Type-3 Ivlev Type

0s 41.75284 36.01879 31.54418 38.10101

n 112.49679 84.30196 170.74247 114.54013

" 2.154 1.02587 0.1561 0.1561

v 54.46518 1.9227 0.01217 0.01217

3 0.0125891 15.27381 18.08166 0.0125891
Us 30.7521 0.9157 1.02787 0.9157

Om 68.34056 1.2135 38.8599 44.87356
UM 544.44999 240.7555 400.28472 441.69912
R 0.05191 2626.72693 2615.04485 0.05191

Cr 0.8752 0.32068 0.32034 0.08752

o 29323.25997 642.82021 661.18863 22649.37148
B 4334.17795 3.5924 0.2324 2989.99665
01 95.71375 0.2183 0.9715 17.13876

w 733.45629 260.88913 266.48972 368.17729

b Not available 36.13035 0.9965 0.24649
RMSE 0.100637153 0.121708496 0.120707238 0.116430262

compare the performances of functional responses with respect to real values. Accordingly, the
function that gives the minimum RMSE compared to the others is the Holling Type-1 and the
relevant graph can be seen in Figure 3.

Determining of the derivative-order to get lower RMSE

Here, the most appropriate derivative parameter has been investigated to take into account the
delay in the model. The model giving the minimum RMSE was determined as fori = 1 (Holling
Type-1). Now, the fractional model with first column parameters in Eq. (8) as regards Holling
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Figure 3. Graphical representation of the performance of system in (37) for Holling Type-1 functional response
Type-1is as follows:

CDYS=f5 -+ MI + uMR + YSM + el — vs8,
¢ DY M= — MI — MR — ySM — vy M,
CDYR=rgR(1-& )+ oRI - BR,

DI =0, wl,

(38)

where S(tg) = Sg, R(tg) = Ry, M(ty) = My, I(ty) = Iy such that Sy, Ry, My, Iy > 0. In addition,
the equilibrium points and their stabilities are calculated as follows. The equilibrium points
are found as E\" (1.72787,0.10462,0,0.1305) and E\? (1.72787,0.67744,0,0.1305). Additionally,
the coefficients of Eq. (32) are s = 616.7893, 5, = 16986.19 for E\) and s = 33.23197, s, =
—16986.2 for Egz) . Since these coefficients only for Egl) satisfy the equality in (34), the equilib-
rium point Egl) is LAS. The denormalized point corresponding to the LAS equilibrium point is
EWM(17027,74319,0,0.775087).

By solving the system (38) with the Matlab R2023b software, the RMSE values corresponding to
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different derivative orders are found as follows:

0.143743817 for ¢ = 1.004,
0.124240729 for ¢ = 1.003,
0.110412390 for ¢ = 1.002,
0.103947676 for ¢ = 1.001,
0.105643008 for ¢ = 1.000, (39)
0.114644800 for ¢ = 0.999,
0.129015936 for ¢ = 0.998,
0.146836443 for ¢ = 0.997,
0.166705461 for ¢ = 0.996.

As can be clearly seen here, the derivative-order showing the best performance is determined as
¢ = 1.001.

Numerical simulations of the model for Elbistan district after the earthquakes on 06.02.2023

The most recent earthquakes that caused major destruction in Tiirkiye are the following: Mw
7.7 (focal depth = 8.6 km) and Mw 7.6 (focal depth = 7km) with the epicenter in Pazarcik and
Elbistan districts of Kahramanmaras at 04:17 and 13:24 Tiirkiye time on February 6, 2023. These
earthquakes are unprecedented disasters in recent history in terms of intensity and area covered.
On the 51st day of the earthquakes, the death toll was announced as 50096. According to the
report of the Ministry of Environment, Urbanization and Climate Change, it was determined
that 224923 independent units in 50576 buildings, for which the damage assessment study was
completed, were heavily damaged and collapsed, requiring urgent demolition. Especially severe
consequences occurred in the Elbistan district of Kahramanmaras, which was one of the epicenters
of the earthquake. According to this report, 4943 houses were destroyed in Elbistan and the number
of houses seriously damaged was 7238 [47]. In addition, the death toll from the earthquake was
announced as 924.

For Elbistan, Figure 4 shows the time-dependent changes of the examined variables for three
different derivative orders. The derivative order with minimum RMSE for model (38) has already
been shown in (39). Here, graphs of the variables for Elbistan district are presented for three
different values of ¢: 0.901, 1.001 and 1.101. For ¢ = 1.001, The model’s 5-year forecast indicates:
S(t) ~ 150810, M(t) ~ 9473, R(t) ~ 620 and I(t) ~ 0.35. Similarly, the model prediction for 10
years is the following: S(t) ~ 173196, M(t) ~ 7131, R(t) ~ 166 and I(t) ~ 0.5. According to the
proposed model, it is estimated that Elbistan district will reach its pre-earthquake population size
(141307) at the beginning of 2026.

According to Turkish Statistical Institute (TSI), the population data for Elbistan district decreased
from 141307 for 2022 to 127755 (So(t)) for 2023 (after the earthquake) [46]. Therefore, it can be
concluded that the number of population migrating after the earthquake in Elbistan district is
approximately 12628 (My(t)). According to the statement of Elbistan Municipality, it was stated
that most of the construction works of 4 thousand 12 houses (R (t)) created in the first stage have
been completed. Considering the SEDI value of the Golciik district between 1996 and 2000, there
was an annual downward trend of 2.04%. SEDI-2022 for Elbistan was announced as 0.13 [42].
When the same trend is applied for Elbistan, the SEDI value will be 0.127348 for 2023 and 0.12475
for 2024.
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Figure 4. Time-dependent changes of S, M, R and I variables for Elbistan district

5 Conclusions

In the event of a disaster, different situations such as evacuation, leakage, containment, shelter, aid
search, looting, theft, etc. may occur. Human nature tends to return to normal life after a disaster.
For the surviving population post-disaster, there is a certain interaction between individuals who
showed short-term panic behavior against such situations and migrated to a different region and
individuals who continue to live in the disaster area within the means with controlled behavior.
Thanks to this interaction, it is inevitable for the migrated population to exhibit controlled behavior
and to have a tendency to return to the region when suitable conditions occur in the disaster area.
In the model we proposed, we aimed to investigate the relationship between these two populations
using different functional responses. Thus, it was aimed to find the functional response that gives
the minimum RMSE by comparing the results of the proposed model with real data. Of course,
the most important factors affecting the population after the disaster are whether the region
has enough independent sections for settlement and socio-economic development of the region.
Therefore, the effect of these variables on the population was also examined. The relationship
between these variables is mathematically modeled using fractional order differential equations.
In the model, there are four different functional responses. In numerical studies, parameter values
were estimated using data from the 1999 Golciik earthquake. Then, by changing the derivative
order, the RMSE value was further reduced, and thus, the performance of the proposed model was
increased. Lastly, the prediction results for Elbistan of FOS in (8) with Holling Type-1 functional
response and derivative orders ¢ = 1.001, is given in Table 9.
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Table 9. The prediction results for Elbistan

Time (Year) S(t) M@) R@®) I®) Time (Year) S(t) M(@t) R@) I(t)

2023 127755 12628 4012 0.12475 2034 177919 6712 131 0.520727
2024 132890 11877 2521 0.181987 2035 182580 6321 106 0.543116
2025 136879 11294 1782 0.224046 2036 186263 6027 90 0.559603
2026 141860 10606 1190 0.272454 2037 190807 5682 74 0.578579
2027 146836 9960 819 0.316618 2038 194395 5423 64 0.592552
2028 150808 9473 620  0.349146 2039 198820 5118 53 0.608633
2029 155749 8900 448  0.386588 2040 203178 4834 45 0.623302
2030 160656 8365 331  0.420747 2041 206618 4621 40 0.634103
2031 164551 7961 264  0.445904 2042 210859 4370 34 0.646533
2032 169376 7488 203  0.474859 2043 215037 4137 30 0.657871
2033 173196 7131 166  0.496184 2044 218334 3962 27 0.666219

The purpose of population forecasts is to determine the size of workforce that will be needed in
the future and to prepare the infrastructure and facilities accordingly. Population projections help
identify future risks and opportunities, make plans, and take precautions. Thus, it is important to
estimate the future population in a region after a disaster in the light of certain parameters, and
mathematical methods are used for this. Public institutions and organizations aim to achieve their
social and economic target plans within the stipulated time in order for a region to reach its pre-
disaster population structure. Thanks to the results of the model we propose, predictions are made
about whether they will achieve these goals in the specified time period. It adds innovation to the
literature in terms of the structure of the mathematical model used, its analysis, and adaptation of
the results to the real world example.

The model and analysis proposed in this study are extremely useful in terms of their applicability
to natural disasters such as tsunamis and landslides occurring in different parts of the world.
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Abstract

The spider wasp optimization (SWO) algorithm is a new nature-inspired meta-heuristic optimization
algorithm based on the hunting, nesting, and mating behaviors of female spider wasps. This paper
aims to apply chaos theory to the steps of the SWO algorithm in order to increase its convergence
speed. Four versions of chaotic algorithms are constructed using the traditional spider wasp optimizer.
The proposed chaotic spider wasp optimization (CSWO) algorithms select various chaotic maps and
adjust the main parameters of the SWO optimizer to ensure the balance between exploration and
exploitation stages. Furthermore, the constructed CSWO algorithms are benchmarked on eight well-
known test functions divided into unimodal and multimodal problems. The experimental results and
statistical analysis are carried out to demonstrate that CSWO algorithms are very suitable for searching
optimal solutions for the benchmark functions. Specifically, the implementation of chaotic maps can
significantly enhance the performance of the SWO algorithm. As a result, the new algorithm has high
flexibility and outstanding robustness, which we can apply to engineering design problems.

Keywords: Meta-heuristic optimizer; chaotic map; spider wasp algorithm; benchmark function
AMS 2020 Classification: 37N40; 68T20; 90C59; 92B20

1 Introduction

Optimization is a structured method used to determine decision variables while adhering to vari-
ous constraints to either maximize or minimize the cost function. The constraints, cost function,
and design variables are the fundamental components of every optimization problem. Optimiza-
tion approaches have significant applications in engineering, image processing, wireless sensor
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networks, and bioinformatics [1]. A number of real-world problems exhibit high non-convexity
and non-linearity, typically due to the presence of several design variables and fundamental
constraints. Furthermore, there is no guarantee of achieving the optimal global solution. These
practical problems present challenges that motivate scientists to develop new and effective meth-
ods for better results. Optimization methods may be classified into two fundamental categories:
gradient-based deterministic methods and stochastic non-traditional methods [2]. Deterministic
methods have constraints when solving problems that include search spaces that are discontinu-
ous, nonconvex, high-dimensional, and have non-differentiable objective functions. In contrast,
stochastic-based algorithms do not depend on gradient-based information. Instead, they rely on
stochastic methods inside the search space to reduce these constraints. Meta-heuristic algorithms
(MAs) are extensively used in stochastic-based methods due to their wide use over different
techniques. Meta-heuristic algorithms provide a significant capacity for fully examining the
solution space and effectively adopting what is the optimal solution. As a result, in recent years,
many researchers have worked to introduce novel meta-heuristic algorithms and enhance the
performance of current methods [3].

Recently, several nature-inspired meta-heuristic algorithms have been developed. These artificial
algorithms imitate the behaviors of existing species or natural phenomena. Thus, these algorithms
have been proposed and used as effective approaches for solving several optimization problems [4].
However, these MAs often demonstrate higher levels of sensitivity when they involve adjusting
user-defined parameters. MAs may not precisely attain the global optimal solution, which is
another disadvantage [5]. There are two categories of MAs: single solution-based and population-
based [6]. The single-solution approach to optimization includes evaluating one solution. In
contrast, with the population-based method, solutions are generated during each optimization
step. Population-based meta-heuristic algorithms start the optimization process by generating a
set of random individuals. Each of them signifies a possible optimal solution. The population will
be gradually replaced by substituting the current population with a new generation using certain
stochastic operators.

Considering the wide range of these algorithms, they always share a key characteristic: search
processes may be categorized into exactly two stages, namely exploration and exploitation [7].
As a result, in the first stages of the search process, a carefully designed optimizer must show
exploration behaviors that are sufficiently mixed with randomness in order to provide a greater
number of random solutions. Furthermore, it enhanced multiple elements of the search space.
After the exploration stage is completed, the exploitation stage is performed. The optimizer
accelerates the search process by emphasizing a particular area instead of the whole search
space, emphasizing near-optimal solutions. A successful optimizer must achieve an adequate
and accurate balance between the exploration and exploitation stages. On the other hand, the
probability of being trapped in local optima and overcoming partial convergence challenges
increases. According to the No Free Lunch theorem [8], all the proposed metaheuristic algorithms
exhibit similar average performance when solving a possible optimization problem. Meanwhile,
no algorithm can be regarded as absolutely efficient. As a result, this theorem encourages the
research and enhancement of more effective optimization algorithms.

Chaos theory focuses on the study of unpredictable and irregular system motions that are highly
sensitive to initial conditions. A deterministic nonlinear dynamical system is called chaotic if it
has at least one positive Lyapunov exponent. Several practical applications of chaos were shown
in the literature, including in biology [9-11], ecology [12], infectious diseases [13], control [14],
cryptosystems [15], and secure communication [16, 17]. Traditional optimization techniques,
such as gradient, Newton, and Hessians methods, may successfully determine global optimum
solutions for continuously differentiable functions, demonstrating fast convergence and high
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accuracy. However, these classical optimization techniques can become trapped in local optima
when solving optimization problems that require various multimodal functions [18].

Motivation

The chaotic spider wasp optimization algorithm is developed to address the limitations of tradi-
tional optimization methods, such as getting trapped in local minima and being time-consuming.
Inspired by the hunting, nesting, and mating behaviors of female spider wasps, this algorithm
offers a novel approach to solving complex optimization problems with improved exploration
and exploitation capabilities. By using chaotic maps, the algorithm is better able to avoid local
optima and reach faster convergence. This makes it more useful and efficient for many situations.

Contributions
The main contributions of the current paper are summarized as follows:

e An improved optimization algorithm inspired by hunting, nesting, and mating behaviors of
female spider wasps is developed based on chaos theory.

e A detailed comparison between the traditional SWO algorithm and the CSWO algorithm is
presented.

e The performance analysis and speed convergence of four different counterparts of the CSWO
algorithm are analyzed through several unimodal and multimodal benchmark functions.

e The experimental results show that the CSWO algorithm has better performance compared to
the SWO counterpart and is more efficient for solving real-world optimization problems.

The remainder of this paper is organized as follows: In Section 2, the literature review is provided.
Section 3 reports a short introduction to the chaos theory and some properties of chaotic systems.
In addition, a general concept of using chaos in optimization algorithms is presented. Section 4
introduces five well-known 1-D chaotic maps, their chaotic behaviors, and Lyapunov exponents.
In Section 5, the traditional SWO algorithm is presented. Section 6 introduces new counterparts of
the SWO algorithm that are based on chaos theory. Section 7 deals with experimental analysis
and statistical testing, in which the CSWO algorithms are benchmarked on eight test functions.
A qualitative analysis is presented in order to compare the traditional SWO and the proposed
chaotic methods. Section 8 gives the discussion and conclusion.

2 Literature review

Recently, there has been increasing interest in the study and application of meta-heuristic algo-
rithms for solving optimization problems. In the scientific literature, population-based meta-
heuristic algorithms can be divided into four main categories based on their basic concepts:
evolutionary algorithms [19], physics-based algorithms [20], human-based algorithms [21], and
swarm-based algorithms [22]. Evolutionary algorithms mimic the mechanisms of biological evo-
lution, such as recombination and mutation. The Genetic Algorithm [23], Biogeography-Based
Optimizer [24], and Mind Evolutionary Optimizer [25] are all considered the most important
evolutionary algorithms. Algorithms inspired by physical phenomena use hypotheses based on
scientific concepts, such as gravitation and magnetic attraction. Some examples are the Grav-
itational Search Algorithm [26] and the Energy Valley Optimizer [27]. Human-based machine
agents frequently mimic certain human behaviors. Socio Evolution and Learning Optimization
[28], Human Felicity Algorithm [29], and Social Network Search [30] are a few examples of this
classification. Swarm-based multi-agent systems imitate the social behaviors shown by animals
that live in swarms or groups. Particle Swarm Optimization [31] and Salp Swarm Algorithm [32]
are considered the most significant meta-heuristic algorithms in this specific field.
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Nowadays, swarm-based multi-agent systems have attracted increased interest due to their
various sources of inspiration and efficiency in solving an extensive variety of optimization
problems. A new optimization algorithms in this field have been developed, including the
Mountain Gazelle Optimizer [33], Spotted Hyena Optimizer [34], Honey Bee Mating Optimization
[35], Butterfly Optimization Algorithm [36], Ant Lion Optimizer [37], Harris Hawks Optimizer
[38], Bat-Inspired Algorithm [39], Fruit Fly Optimization Algorithm [40], Whale Optimization
Algorithm [41], Grasshopper Optimization Algorithm [42], Artificial Gorilla Troops Optimizer [43],
Grey Wolf Optimizer [44], Marine Predators Algorithm [45], Hunger Games Search [46], Aquila
Optimizer [47], and many others. Because of their stochastic nature, meta-heuristic algorithms
have enhanced flexibility for escaping constraint in local optima. These algorithms may be used
across numerous fields according to their efficiency, adaptability, and highly effective performance.
The main challenge in designing any meta-heuristic algorithm arises from the stochastic nature
of the optimization process, requiring sufficient balance between exploration and exploitation
stages [48]. The exploration stage allows the optimizer to fully investigate the search space on
a global scale. Additionally, the population faces sudden and significant changes during this
period. On the other hand, the exploitation stage focuses on improving possible solutions that
were discovered in the exploration stage. In this context, the population undergoes small and
sudden fluctuations.

The SWO algorithm is a novel meta-heuristic optimizer developed to solve continuous optimiza-
tion problems. In particular, it can solve complex nonlinear engineering optimization problems
by mimicking biological or physical phenomena [49]. The SWO algorithm was created from a
mathematical model of the three different behaviors shown by female spider wasps, including
nesting, hunting, and mating behaviors.

The literature has extensively studied the application of chaos theory in the development of
optimization algorithms. In [50], the authors have enhanced the Chaotic Whale Optimization
Algorithm by incorporating various chaotic maps to improve its performance and achieve the
global optimum for several test functions. Arora et al. [51] have developed a novel meta-heuristic
optimization algorithm called the Grasshopper Optimization Algorithm inspired by grasshoppers’
swarming behavior. To enhance global convergence, chaos theory was included in the optimization
process, using chaotic maps to balance exploration and exploitation over the optimization process.
In [52], the authors have developed an improved meta-heuristic optimization algorithm called the
Chaotic Bird Swarm Algorithm. In order to improve this algorithm’s exploitation performance,
they used different chaotic maps. Kiani et al. [53] have proposed the Chaotic Sand Cat Swarm
Optimization, and they introduced chaotic maps to enhance the performance of this algorithm.
In addition, they applied the chaotic algorithm to a total of 39 functions and multidisciplinary
problems. Arora et al. [54] have introduced chaos into the Butterfly Optimization Algorithm
in order to increase its performance and convergence speed. They concluded that using chaos
can enhance the optimization process to exploit the algorithm for solving engineering design
problems. Shinde et al. [55] have presented a developed counterpart of the meta-heuristic Sine-
Cosine Algorithm, which is based on chaos theory. The suggested algorithm is inspired by the
sine and cosine classical functions. Using different chaotic maps, they replaced the random
parameters in the traditional algorithm with chaotic variables to enhance the performance of
the proposed algorithm. Hamaizia and Lozi [56] have developed a novel strategy for global
search and multidimensional chaotic attractors using a locally averaged method. In addition, they
examined the robustness of the suggested approach using several benchmark functions.

Based on the best knowledge gained from the literature review, there are only a few papers that
integrate chaos theory in meta-heuristic optimization algorithms, so it is necessary to develop a
new meta-heuristic algorithm based on chaotic systems. However, crucial properties of discrete
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chaotic dynamic systems, such as sensitivity to initial conditions, ergodicity, and unpredictability,
are prone to designing an optimizer. In the next section, based on the mathematical modeling
of female spider wasp behaviors, an improved chaotic meta-heuristic algorithm is developed to
handle optimization applications to address this research gap.

3 Chaotic optimization algorithm

In this section, we will describe some properties of chaos phenomena, followed by an optimization
algorithm using chaotic maps.

Chaos

Nonlinear systems often exhibit chaotic behavior. It describes an example of irregular motions
exhibited by deterministic systems inside a bounded phase space. Chaos theory is explained as
the phenomenon known as the "butterfly effect", which was first described by Lorenz in 1963.
Lorenz observed that slight variations in initial conditions could result in significantly different
outcomes in future scenarios. Chaos is a result of the unpredictability produced by deterministic
dynamical systems. Three fundamental properties characterize the chaotic systems: [57]

e ergodicity. Chaos has the ability to go through all possible states within a given range without
repetition.

e sensibility. A very common characteristic of chaotic systems is their sensitive dependence on
initial conditions. The system’s behaviour may rapidly diverge with slightly different conditions,
making it unpredictable.

e regularity. Chaos is exhibited by deterministic dynamical systems.

Chaos is a complex and unpredictable phenomenon that exhibits non-linear behavior. The
ergodicity of chaos implies that using chaotic variables for optimization may provide an advantage
compared to random searches with stochastic variables. It has been able to prevent algorithms
from getting trapped in local optima. As a result, it is frequently used for optimization problems.

A general idea of a chaotic optimization algorithm

A random-based optimization algorithm that uses random number sequences obtained from
chaotic maps instead of random number generators is called a chaotic optimization algorithm
(COA). Its properties include simple integration, quick execution, and effective methods for
avoiding local optimization. Consequently, it has enormous potential as a tool for engineering
applications [58]. The COA is a highly efficient method for solving the optimization problems of a
nonlinear multimodal function with boundary constraints. Chaos, unlike stochastic searches that
rely on probabilities, may do comprehensive searches at faster rates due to its lack of repetition.

The COA generally has two main stages: the global stage and the local stage, which are often
characterized by chaotic methods. Firstly, in the global stage, chaotic points are selected from the
search domain [L, U] based on a specific chaotic model. Next, the objective function is determined
at various positions, and the point with the minimum objective function is chosen as the current
optimum. Furthermore, it is assumed that during the local stage, the current optimum will be
nearly the global optimum after a certain number of iterations. The current optimum is regarded as
a center with minimal chaotic disturbances, whereas the global optimum is determined through an
extensive search. The chaos phenomenon is characterized by randomness. Usually, a deterministic
function can display chaotic behavior for some initial conditions and parameter values. These
functions are so-called chaotic maps.
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4 Chaotic maps

This section presents five one-dimensional non-invertible chaotic maps that are used to generate
chaotic sequences. We use the logistic, Gauss/mouse, sinusoidal, piecewise, and tent chaotic maps
in our study [59]. The details of these chaotic maps are shown in Table 1. The chaotic behavior of

Table 1. Chaotic maps

Chaoticmap  Equation Range Parameter Initial condition
Logistic Xp+1 = pxn (1 —xp) [0,1] n=239 xo = 0.6

0 x,=0,
Gauss/mouse X1 = { 1 —nLiJ otherwise [0,1] xo =07
Sinusoidal Xpy1 = ax3sin(mx,) [0,1] a=23 xo = 0.9

%" 0<x,<p,

P
05 P<m <y,
1p

Piecewise Xpt1 = P [0,1] p=04 xg = 0.8
! k=" 1< <1-p,
1—; 1-p<x,<1

i < 0.7
Tent 07 *n 4 1 = 0.
en Xpp1 = { 130(1 D) e > 07 [0,1] xo = 0.4

the proposed maps is depicted in Figure 1.
The rationale behind selecting chaotic maps, such as logistic, Gauss/mouse, sinusoidal, piecewise,
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Figure 1. Visualization of chaotic maps

and tent maps, to replace random parameters in the SWO algorithm lies in the following reasons:
1. Chaotic maps provide better exploration and exploitation.

e Exploration. Chaotic maps generate sequences that are deterministic yet appear random.
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These sequences can help the SWO algorithm explore the search space more effectively than
purely random numbers, as they avoid premature convergence to local optima.

e Exploitation. Chaotic maps can also provide fine-grained control over the search process,
allowing the SWO algorithm to exploit promising regions more efficiently.

2. Avoidance of randomness pitfalls. Traditional random number generators may lead to
uneven exploration of the search space, causing the algorithm to get stuck in suboptimal
regions. On the other hand, chaotic maps provide a more structured and diverse exploration,
reducing the likelihood of stagnation.

3. Diversity in search patterns. Each chaotic map has unique dynamics and properties. By
incorporating multiple chaotic maps, the SWO algorithm can leverage different patterns of
exploration, ensuring a more robust search process.

4. Improved convergence and stability. Chaotic maps can help the SWO algorithm converge
faster to the global optimum by maintaining a balance between exploration and exploitation.
They also reduce the risk of premature convergence, which is common in traditional random-
based algorithms.

Note that we can use other chaotic maps not listed here to enhance the performance of the
traditional SWO algorithm if they generate chaotic numbers in the range [0, 1] with absolute value.
In this paper, we select five chaotic maps that generate chaotic numbers in the range [0, 1], which
is consistent with the range of random parameters in the SWO algorithm.

Quantitative measure of chaos

In chaos theory, the rate of divergence or convergence of nearby trajectories of a deterministic
dynamical system is evaluated by using Lyapunov exponents. In particular, when the maximum
Lyapunov exponent (MLE) is positive, the system is chaotic. For a one-dimensional dynamic
system, the Lyapunov exponent is defined as [60]

A = lim %Zm I (x)], (1)

where 7 is the maximum iteration number, f'(x;) is the derivative of f(x;).
Based on the above formula, we compute the maximum Lyapunov exponent for the five chaotic
maps for 1000 iterations. The average values of MLEs are given in Table 2.

Table 2. Maximum Lyapunov exponent of the ten chaotic maps

Map | Logistic | Gauss/mouse | Sinusoidal | Piecewise Tent
MLE 0.693 0.721 0.682 1.532 0.693

It can be shown from Table 2 that the maximum Lyapunov exponent is positive for the five maps,
meaning that these maps exhibit chaotic behavior. Therefore, they may be used with accuracy in
chaotic optimisation algorithms.

5 Spider wasp optimization algorithm

The spider wasp optimization algorithm is a nature-inspired meta-heuristic algorithm that imitates
the hunting, nesting, and mating behaviors of female spider wasps used in optimization problems.
This work will develop a novel variant of the optimization strategy inspired by the hunting and
nesting behaviors of some wasp species, as well as their practice of required brood parasitism,
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which involves dropping a single egg into each spider’s abdomen. Firstly, female spider wasps
investigate the surrounding habitats in search of appropriate spiders. They then immobilize and
transport the spiders to pre-prepared nests that are perfect for their needs. This behavior serves as
the primary motivation for the SWO algorithm. Once they have located adequate prey and nests,
they proceed to pull them into the nests. They then place an egg on the spider’s abdomen, closing
the nest. The SWO approach randomly distributes a specified number of female wasps over the
search space. Each individual will systematically explore the search region in continuous motion,
looking for a spider suitable for the gender of its offspring, as determined by the haplodiploid
sex-determination system intrinsic to all hymenopterans. The search depends on their predatory
and tracking behaviors. After finding suitable spiders, female spider wasps will remove them
from the center region of the spider’s web and systematically search the ground six times to
recover any spiders that have fallen from the web [61]. Next, the female wasps will attack the
victim and try to paralyze it for transmission to the selected nest. After putting an egg inside the
spider’s abdomen, the female wasp next closes the nest.

Figure 2. The female spider wasp in nature engages in hunting behavior

The following is a brief description of the wasp behaviors investigated in this study:

e Searching behavior. This behavior includes an aggressive search of prey during the first stages
of optimization to determine a spider appropriate to larval growth.

e Following and escaping behavior: once they locate their prey or spiders, they may make an
effort to quickly escape the central area of the spider web. As a result, the female wasp chases
them, immobilizing and pulling the most suitable one.

e Nesting behavior. This behavior mimics the way in which prey is dragged to nests that are
suitable in size for both the prey and the egg.

e Mating behavior. This behavior emulates the characteristics of the offspring produced by
hatching the egg via the uniform crossover operator between male and female wasps, controlled
by a certain probability called the crossover rate.

In the following, we will present the mathematical model for these four behaviors.

Hunting and nesting behavior

The female spider wasp initiates a first search, referred to as an "exploration operator”, to discover
potential prey. Once the target is identified, the entity transmits a signal to its operator responsible
for exploiting the situation, initiating the process of approaching and launching an assault. The
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mathematical specifics of these two operators are shown here.

Search stage (Exploration operator)

As previously mentioned, the female spider wasp initiates this operation at the onset of its search
for its preferred food. This behaviour may be mathematically represented by the following
expression:

=X (¥ %), @)
where 4 and b are two indices being randomly chosen from the current population, which are

used to find the direction of investigation by the female wasps, and y is used to ascertain the
consistent movement in this particular direction by means of the following equation:

p1 = |ral xrq, 3)

where 11 is a random number in [0, 1] and r,, is a random number that has been picked from a
normal distribution. If the female wasps are unable to grab it, prey that falls from the orb may be
lost. In order to locate the missing prey, they use an alternative exploration approach, which may
be precisely modeled using the following mathematical formula:

— —
ﬁ“:fﬁ+y2*(L+ﬁ*(a}—L)>, 4)
o = B xcos(2rl), (5)

1

where ¢, an index that represents the position of the dropped prey, is randomly chosen from the
population. Tand U represent the lower and upper bounds, respectively. | is a number randomly
chosen from the interval [—2, —1], whereas, 73 is a random vector in [0, 1]. The value of y,, which
is between the range of —0.8 to 0.8, defines the direction of the search. This helps to prevent any
incorrect direction that may be determined by Eq. (2). In order to enhance investigation and
identify the most favorable areas, we assume that the following tradeoff between Eq. (2) and Eq.
(4) is satisfied.

41 _ [ Eq.(2) 13 <1y,
i { Egq.(4) otherwise, @

where r3 and r4 are two random numbers chosen from the range [0, 1].

Following and escaping stage (exploration and exploitation operator)

Upon locating its prey, the wasp initiates pursuit of the spider. This behavior may be mathemati-
cally modeled in the following manner:

441 _ — o o
O =5+ Cx 2% 75 %X, — ¥, (8)

Cz(Z—Z*(tt ))*1’6, )
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where 74 is an index randomly selected from the population. t and t;,,y represent the current and
maximum evaluations, respectively. r_5> is a random vector in [0, 1], and r¢ is a random number
in [0,1]. C is a parameter that modulates the wasp’s speed according to distance, starting at a
speed of two and progressively decreasing to zero. As the female wasp chases the spider, the
distance between them gradually increases. This time period is mostly defined by exploitation. As
the distance expands, exploitation evolves into exploration. This behavior is mimicked using the
following formula:

B =%, (10)
where ¢ is a vector of numerical values in the range [—k, k] according to the normal distribution.
k is given by the following formula:

t

k=1-— (11)
tmax
The next equation will be used for achieving the tradeoff between Eq. (8) and Eq. (10).
Eg. (8) 13 <y,
e q 3 4
T { Eq. (10) otherwise. (12)

Further, the tradeoff between searching in Eq. (7) and Eq. (12) is described by the following
equation:

Eq.(7) »<k
e q p
YT { Eq.(12) otherwise, 13)

where p represents a random number in the range [0, 1].

Nesting behavior (exploitation operator)

Female wasps retrieve the damaged spider and bring it back to their nest. Spider wasps have the
ability to excavate and construct chambers in the ground, build nests using mud on leaves or rocks,
and make use of pre-existing nests or holes. Spider wasps exhibit diverse nesting behaviours, and
as a result, the SWO algorithm employs two equations to represent these behaviors accurately.
The first equation evaluates the spider’s attraction to an area that provides the best conditions for
nesting with its egg on its abdomen. This equation is given by:

At =& + cos(2nl) x (¥ — &), (14)
where x* represents the optimum solution gained so far. The second equation establishes the nest
at the position of a female spider, selected randomly from the population. This equation has a

supplementary step size to guarantee that no two nests are constructed at the same location. Thus,
we have the following equation:

R = &y 0% (F 7)) + (1—rs) + H x (- 7). (15)

where a4, b, and c represent the indices of three solutions randomly selected from the population. §
is a number determined by the Levy flight, and r3 is a random number in the range [0,1]. H is a



Nabil and Tayeb | 153

binary vector that represents when a step size must be performed to avoid the construction of two
nests at the same location. H is given as:

- =
H={ 1l n>r1s (16)
0 otherwise,

where 74 and 72 are two random vectors in [0,1]. In order to update each solution during the
optimisation process, a random swap is performed between Eq. (14) and Eq. (20) using the
following formula:

Eqg. (14) 13 <y,
ST q 3 4
YT { Egq. (20) otherwise. (17)

The tradeoff between hunting and nesting behaviors may be expressed using the following
equation:

Eq.(13) i< Nk,
S+l q
i _{ Eq.(17) otherwise, (18)

where N represents the population size.

Mating behavior

At this stage, spider wasps have an important capacity to determine gender. This depends on
the size of the egg. Smaller spider wasps imply males, and bigger wasps imply females. In our
approach, each spider wasp represents a possible solution in the current generation, while the
spider wasp egg signifies the newly generated possible solution in that same generation. The new
solutions, also known as spider wasp eggs, are described by the following equation:

1
Xt = Crossover (%}, x4, CR), (19)
where Crossover represents the uniform crossover operator applied to the vectors x! and x?, for
the female and male spider wasps, respectively, with a probability CR. The male spider wasp
is generated using the SWO algorithm to exhibit distinct characteristics from the female wasps,
according to the following formula:

A =2 +exp(l) =Bl 71 + (1 —exp(l)) x|B1| * 02, (20)
where 8 and f; are two numbers picked randomly from the normal distribution. 77 and v, are
two vectors constructed using the following formula:

L[ TR fE) <),
! X;— X, otherwise, 1)
no{ 8% S s,

X — Xp otherwise,

where a, b, and ¢ are distinct indices representing three solutions randomly chosen from the
population. f(x;) is the objective function that represents an individual in the population. Finally,
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we denote by (TR) the tradeoff rate that determines the compromise between hunting, nesting,
and mating behaviors.

Population reduction and conserving memory

After the female spider lays an egg on the host’s abdomen, she closes the nest and discreetly
vacates the location. This hypothesis suggests that the female’s role in the optimization process is
almost complete, and transferring the function evaluation to other wasps for the remainder of
the process may provide enhanced results. Over the iteration, some wasps in the population will
be killed to provide more function evaluations to the surviving wasps. This mechanism reduces
population variety, hence accelerating convergence towards the near-optimal solution. In each
iteration of the function evaluations, the size of the new population will be adjusted according to
the following equation:

N = Nyin + (N_ Nmin) Xk, (22)

where N,,;, denotes the minimal population size required to prevent the optimization process from
being trapped in local minima. To enhance efficiency, the SWO applies a memory preservation
method that transmits the highest rank of each wasp to the next generation. The proposed new
location of each wasp is evaluated against its current position, and if it is worse, the next solution
is substituted. The pseudo-code of the SWO algorithm is shown in Algorithm 1.

Algorithm 1: Pseudo-code of SWO algorithm

Input: N, Ny,i,,, CR, TR, tyax

Output: x}

Initialize N female wasps, J?f (i=1,2,...,N), using Eq. (2)

Compute f(x!) while storing x*

t=1;

while (t < fy4x) do

r¢: generating a random number in the interval [0, 1]

if (r < TR) then

fori=1:Ndo
Update the position of x! using Eq.(18) to f’f“
Compute f(xi 1)
t=t+1;

end for

else

fori=1:Ndo
Applying Eq. (19)
t=t+1;

end for

end if

Applying Conserving Memory

Updating N using Eq. (22)

end while




Nabil and Tayeb | 155

6 The improved chaotic spider wasp optimization algorithm

According to Eq. (3) and Eq. (9), the parameters 11 and r¢ are the main variables of female spider
wasps’ convergence toward their objective throughout the SWO algorithm iterations. Chaotic
maps have the capacity to enhance the performance of optimization methods. In the standard
SWO algorithm, there is no need to preserve linearly decreasing values. In fact, using a chaotic
variable that changes 71 and r, may be better for the search. According to the SWO, the values
obtained through the chaotic map must fall within the range of [0, 1]. In the current work, the
values of r1 and r¢ highlighted in Algorithm 1 are substituted with the values generated by chaotic
maps to give chaotic behavior to the r; and 7 parameters. This may also lead to the approach
converging to the optimal value quickly, as explained in the next section. As a result, this study
focuses on the task of adjusting the values of 71 and r¢ using several chaotic maps. Ten different
kinds of SWO employ distinct chaotic maps. In the rest, we will construct four variants of the
SWO by adopting the following manner:

e Eqg. (23) is obtained by substituting the random parameter r; in the search stage that initiates
the spider wasp optimization algorithm with the sequence obtained from ten different chaotic
maps, where 11 (t) represents the value that results from the chaotic map over the ¢-th iteration.

e Eq. (24) is obtained by substituting the random parameter r¢ in the following and escaping
stage found in the spider wasp optimization algorithm with the sequence obtained from ten
different chaotic maps, where r4(t) represents the value that results from the chaotic map over
the t-th iteration.

CSWOAL : uy(t) = Irul xr1(2), (23)
CSWOA2 : C(t) = (2_2* (tt )) £ re(t), (24)
CSWOA3 : uy(t) = |rpl xr1(t) and C(t) = (2—2 * (t ! )) * 76 (t). (25)

CSWOABS has been constructed by combining the CSWOA1 and CSWOA2 algorithms. In order to
enrich the content of this study, the CSWOA4 is created by substituting the random number p in
Eq. (13) in the SWO with chaotic maps. Thus, the parameter p will behave chaotically.

Eq.(7) p(t) <k,
R q p
CSWOA4 : &t _{ Eq (12)  otherwic, (26)

where p(t) represents the value that results from the chaotic map over the -th iteration.

The next section presents a comparative analysis using the distinct chaotic parameters mixed with
the traditional SWO algorithm. Furthermore, the combination of these parameters (SWO with
chaotic 71, SWO with chaotic r4, SWO with chaotic 71 and chaotic 4, and SWO with chaotic p) has
been implemented and tested using several benchmark functions.

The key distinctions between these algorithms lie in the incorporation of chaos theory into
their parameters, which enhances their exploration, exploitation, and convergence properties.
In CSWOA1, CSWOA2, and CSWOA4, the integration of chaotic maps is applied only in one
parameter (r1, 76, and p, respectively). However, in CSWOAS3, we have incorporated both the
parameters r; and rg with chaotic maps. This makes CSWOAS3 more robust and effective for
solving complex optimization problems compared to other algorithms. Integrating more than one
chaotic map in CSWOAS3 can improve its ability to explore the search space thoroughly because
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each chaotic map generates more diverse and unpredictable sequences. The chaotic behaviors
help the algorithm’s convergence, enhancing both speed and precision, particularly in complex
and multimodal optimization problems, by avoiding premature convergence. Therefore, by
adopting two chaotic parameters in CSWOAS3, we obtain a better balance between exploration and
exploitation. This results in improved convergence and higher-quality solutions. In conclusion,
incorporating chaos theory into CSWOA1, CSWOA2, CSWOAS3, and CSWOA4 adds stochasticity
and unpredictability, which improves the algorithm’s ability to escape local optima and explore
the search space more effectively.

In practice, the chaotic spider wasp optimization algorithm avoids local optima by employing
several strategies:

e Using chaotic maps allows providing randomness and diversity, where the algorithm can
escape local optima by generating diverse solutions that might not be reachable through
deterministic methods.

e Balancing exploration and exploitation through a dual population strategy. The algorithm
mimics the behavior of spider wasps, which use two populations: spiders (prey) and wasps
(predators). The interactions between these two populations ensure a balance between ex-
ploration (wasps searching for spiders) and exploitation (spiders trying to escape). This dual
strategy helps avoid stagnation in local optima by maintaining diversity in the search process.
e Dynamically adjusting parameters to adapt to the search process. This allows the algorithm
to switch between exploration and exploitation stages, reducing the risk of getting trapped in
local optima.

e Introducing random perturbations to escape stagnation. These perturbations help the algo-
rithm explore new regions of the search space, even after it has found a promising solution.

e Maintaining population diversity through fitness-based selection in order to prioritize better
solutions to contribute to the search process. These mechanisms collectively enable the CSWO
algorithm to explore the search space more effectively and avoid getting stuck in suboptimal
solutions.

The following objectives may help demonstrate the theoretical efficiency of the suggested chaotic
algorithms:

e The chaotic r; aids CSWO in dynamically updating the locations of female spider wasps in a
chaotic manner, which can improve the exploration process.

e As we mentioned, C in Eq. (9) is a distance-controlling factor that determines the speed of
the wasp when it starts chasing the prey (spider). Thus, the chaotic r¢ provides greater speed to
CSWO in the exploitation stage than the SWO because the r4 may have various values.

e Various chaotic maps for r1, 74 and p provide better exploration and exploitation behaviors
for the CSWO algorithm.

e Chaotic maps aid the CSWO in escaping local optima when confronted with this problem.

The pseudo-code of the CSWO algorithm is shown in Algorithm 2.

For completeness, we provide a comparison of computational complexity between SWO and
CSWO algorithms in Table 3.

From Table 3, it is shown that the computational complexity of CSWO is slightly higher than SWO
due to the additional chaotic behavior. The complexity for SWO can be considered as O(tax - N),
while O(tpax - N - C) for CSWO, where N is the population size, ¢,y is the maximum number of
iterations, and C is the complexity introduced by the chaotic maps. On the other hand, the time
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Algorithm 2: Pseudo-code of CSWO algorithm
Input: N, Nmin, CR, TR, tmux
Output: x}

1 Initialize N female wasps, JE;[ (i=1,2,...,N),using Eq. (2)
2 Evaluate each x! and calculate the fitness of each search agent
3 x* = the best search agent
4 Initialize the value of the chaotic map xp randomly
5t=1;
6 while (t < f;,y) do
7 Update the chaotic number using the chaotic map function
8 if (r¢ < TR) then
9 fori=1:Ndo

10 Update the position of x! using Eq. (18) to 1
11 Compute f(2i1)

12 t=t+1;

13 end for

14 else

15 fori=1:Ndo

16 Applying Eq. (19)

17 t=t+1;

18 end for

19 end if

20 Applying Conserving Memory

21 Updating N using Eq. (22)

22 end while

Table 3. Comparison of computational complexity of SWO and CSWO algorithms

Feature SWO CSWO

Initialization Random population of agents Random population of agents
Evaluation Objective function Objective function

Position update Random and local search Chaotic maps enhance search
Mating behavior Information exchange Information exchange

Selection Best solution selected Best solution selected
Computational complexity O(tmax - N) O(tmax - N -C)

Time complexity O(tmax - D+ N) 4+ O(tmax - D - N) O(tmax D -N-C)+ O(tpax - D - N)
Exploration capability Standard Enhanced by chaotic behavior
Exploitation capability Standard Enhanced by chaotic behavior

complexity for the SWO algorithm is designed as:

T(SWO) = T(Hunting and Nesting behaviors) + T(Mating behavior)

(27)
= O(tmax - D - N) +O(tmax - D - N),

where D is the dimension of the search space. For the CSWO algorithm, the time complexity is
designed as:

T(CSWO) = O(tmax - D - N - C) + O(tmax - D - N). (28)
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Therefore, CSWO generally offers better performance in terms of exploration and exploitation
due to the integration of chaotic maps, but at the cost of increased both computational and time
complexities compared to the standard SWO algorithm.

7 Experimental setup and result discussions

The accuracy of the proposed meta-heuristic algorithms will be compared to traditional SWO using
a set of eight well-known unimodal or multimodal benchmark functions. Unimodal benchmark
functions provide only one optima and are very suitable for evaluating and comparing exploitation
strategies. In contrast, multimodal benchmark functions include several optima, which renders
them more complex than unimodal functions. The term "global optima" means that there exists a
single optima, whereas the rest are known as "local optima". The key property of any efficient
meta-heuristic algorithm is its capacity to avoid local optima and determine the global optimum.
The primary goal of multimodal benchmark functions is to evaluate the exploration’s performance
in order to avoid trapping in local optima. Table 4 presents a summary of the test functions,
including their range of optimization variables, their dimension Dim, and their minima f,,;,.
Furthermore, the topologies of benchmark functions are represented in Figure 3. As shown in
Table 4, the minima of all the proposed test functions is 0, except for the Schwefel function. Among
the proposed benchmark functions, the unimodal functions are Fy, F,, F3, F; and Fg. In contrast,
Fy, F5 and Fy are multimodal functions.

Table 4. List of eight benchmark functions

Function name Formula Dim Search space fmin
Sphere F(x)=Y!" 30 [-100,100] 0
Quartic Noise F(x) =Y ix}+rand(0,1) 30 [-1.28,1.28] 0
Rosenbrock  F3(x) = Y - ' [100(x; 1 — )2+ (x;,—1)2] 30  [-30,30] 0
Griewank Fi(x) = 555 >rq X2 — 114 cos(ZE)+1 30  [-600,600] 0
Rastrigin Fs(x) = Y I ; [x* —10cos(2mx; + 10)] 30 [-5.12,5.12] 0
Schwefel Fo(x) = —3 ", x;sin(/Ixi]) 30 [-500,500] -418.9829xD
Schwefel 2.21 Fr(x) = max{|x;,1 <i < n} 30  [—100,100] 0
Schwefel 2.22 Fs(x) = S 1y lwil + T |l 30  [-10,10] 0

We can measure each algorithm’s performance using three distinct statistical tests: the best, the
mean of the fitness function, and the standard deviation (STD).

1. Statistical mean: represents the average value of the best fitness function F; obtained after
performing the algorithm T4y iterations. It is computed as follows:

T,
1 max

Mean = > EL (29)
i=1

Tmax

2. Statistical best: represents the minimum value of the best fitness function F, obtained after
performing the algorithm T}, iterations, i.e;

Tmax .
Best = min Fy. (30)

i=1

3. Statistical standard deviation: is used as a performance test to verify the algorithm’s stability
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and robustness. A lower standard deviation in the obtained solutions means that the algorithm
accurately finds good solutions. It can be determined as:

Tmax i=1

Tmax
STD = J %1 >~ (Fi — Mean)”. (31)

The performance of CSWO with chaos

All algorithms in the following numerical simulations were implemented using MATLAB software
with the Microsoft Windows 10 operating system. All simulations are performed on the same PC
with an Intel(R) Core(TM) i5-6300U 2.4 processor and 8GB of RAM. The proposed meta-heuristic
algorithms are evaluated on various well-known benchmark functions using different chaotic
maps. Their details can be found in Table 4. For all algorithms, the number of population is
30, the number of iterations is 500, and the number of independent runs is 10. The results of
five chaotic maps applied from CSWO1 to CSWO4 are displayed in Table 6, where the best, the
mean (average), and the STD of the best solutions obtained in the last iteration in simulation are
illustrated. Function values showing the most optimal results are emphasized in bold. It can be
shown from Table 6 that CSWO algorithms provide better results as compared to SWO algorithm.
In particular, Gauss/mouse, piecewise, and tent maps yields better results. In contrast, logistic and
sinusoidal maps perform less well when we implement CSWO compared to the SWO algorithm.
Therefore, Gauss/mouse, piecewise, and tent maps may effectively improve the performance of
SWO algorithm. Table 6 shows that the tent and piecewise-based SWO algorithms consistently
generates the best solutions over all test functions. In the following, considering the mean and
standard deviation statistical tests, a comparison is conducted between test functions that have
been optimized using the spider wasp optimization algorithm (SWO) and test functions that have
been optimized using chaotic maps.

- For function F;, Gauss/mouse map-based CSWO 1, CSWO 2, and CSWO 3 algorithms, along
with sinusoidal map-based CSWO 2, CSWO 3, and piecewise map-based CSWO 1, CSWO 2,
and CSWO 3 algorithms, yield better results than SWO algorithm.

- For function F,, all logistic map-based algorithms from CSWO 1 to CSWO 4, Gauss/mouse
map-based CSWO 2, CSWO 3, and CSWO 4 algorithms, sinusoidal map-based CSWO 1, and
CSWO 2 algorithms, piecewise map-based CSWO 2, CSWO 3, and CSWO 4 algorithms, and all
tent map-based algorithms from CSWO 1 to CSWO 4 give better solutions than SWO algorithm.

- For function F3, logistic map-based CSWO 4 algorithm, Gauss/mouse map-based CSWO 4
algorithm, piecewise map-based CSWO 2 and CSWO 3 algorithms, and tent map-based CSWO
3 and CSWO 4 algorithms yield better results compared to SWO algorithm.

- For functions F4 and Fs, it has been demonstrated that most chaotic algorithms accurately
provide the minima of these functions, which is 0, with the exception of some algorithms such
as Gauss/mouse map-based CSWO 3 and CSWO 4 algorithms, and sinusoidal map-based
CSWO 1 and CSWO 4 algorithms. As a result, the logsitic, piecewise, and tent maps can
accurately improve the SWO algorithm’s performance.

- For function Fy, most of the chaotic algorithms using logistic, Gauss/mouse, sinusoidal, piece-
wise, and tent maps give better results than SWO algorithm. Thus, using chaos can improve the
research performance for minima of function F.

- For function Fy, logistic map-based CSWO 1, CSWO 2, and CSWO 4 algorithms, Gauss/mouse
map-based CSWO 2 algorithm, sinusoidal map-based CSWO 3 algorithm, and tent map-based
CSWO 2 algorithm provide better solutions compared to SWO algorithm. Obviously, using
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chaotic maps for function F; can greatly enhance the optimization process’s performance.

- For function Fg, logistic map-based CSWO 1, CSWO 2, and CSWO 4 algorithms, Gauss/mouse
map-based CSWO 1 and CSWO 2 algorithms, sinusoidal map-based CSWO 1 and CSWO 3
algorithms, piecewise map-based CSWO 1, CSWO 3, and CSWO 4 algorithms, and all tent
map-based algorithms from CSWO 1 to CSWO 4 display better solutions as compared to SWO
algorithm.

According to the comparative study, the F4 and F5 functions demonstrated higher efficiency com-
pared to the other functions in algorithms based on logistic, Gauss/mouse, sinusoidal, piecewise,
and tent chaotic maps.

In the resolution of diverse optimization problems, both runtime and solution accuracy are of
crucial importance. Table 5 shows the average runtime of the algorithm using different chaotic
maps. From the table, it is shown that the runtime decreases when integrating chaotic maps into

Table 5. Runtime of SWO and CSWO algorithms (Unit: second)

Map Metrics SWO CSWOA1 CSWOA2 CSWOA3 CSWOA4

No map Time 45.2 N/A N/A N/A N/A

Rank N/A N/A N/A N/A N/A

Logistic Time N/A 29.1 29.3 28.67 28.89
Rank N/A 3 4 1 2

Gauss/mouse Time N/A 274 28.32 27.1 28.12
Rank N/A 2 4 1 3

Sinusoidal Time N/A 28.56 29.94 28.42 28.16
Rank N/A 3 4 2 1

Piecewise Time N/A 31.62 34.26 30.99 31.44
Rank N/A 3 4 1 2

Tent Time N/A 31.84 31.72 30.25 30.59
Rank N/A 4 3 1 2

Mean Rank N/A 3.00 3.80 1.20 2.00
Final Rank 5 3 4 1 2

the SWO algorithm. From the last row of the table, it can be seen that the average runtime of the
CSWOAZ3 is ranked 1.20, placing it first overall, which is better compared to the SWO, CSWOAL1,
CSWOA2, CSWOAS3, and CSWOAA4. Therefore, incorporating chaos theory in the traditional SWO
algorithm enhances its convergence speed, which ensures the efficiency of the CSWO algorithm
for solving various optimization problems.

Qualitative analysis

A qualitative study has been conducted on several benchmark functions. Figure 4(a)-Figure 4(h)
illustrate the convergence of several benchmark functions using the CSWO algorithm. These
graphs provide an additional explanation of each algorithm’s convergence rate, showing the best
optimal solution obtained from 10 iterations of the algorithm using the tent chaotic map.

Figure 4(a) represents the convergence curves obtained using the tent map on the F; Sphere
function, which has 0 as a global minimum. From Figure 4(a), CSWO 3 has the fastest convergence
rate to the global solution. Similarly, CSWO 1 is very close to CSWO 3, which provides a very
good convergence rate. On the other hand, SWO yields the slowest convergence rate when it
comes to determining the global minimum during the optimization process.

Figure 4(b) depicts the convergence curves obtained using the tent map on the F, Quartic noise
function, which has 0 as a global minimum. From Figure 4(b), CSWO 3 has the fastest convergence
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rate to the global solution. Similarly, CSWO 4 is very close to CSWO 3, which gives a very good
convergence rate. On the other hand, SWO yields the slowest convergence rate when it comes to
determining the global minimum during the optimization process.

Figure 4(c) illustrates the convergence curves obtained using the tent map on the F3 Rosenbrock
function, which has 0 as a global minimum. As can be shown, CSWO 2 with CSWO 3 and CSWO
1 have the fastest convergence rate to the global solution. In contrast, SWO and CSWO 4 provide
the slowest convergence rate over the maximum number of iterations.

Figure 4(d) displays the convergence curves obtained using the tent map on the F; Greiwank
function. F4 has the property of being slightly easier to solve for dimensions that are higher rather
than lower [62]. From Figure 4(d), it is shown that all of the algorithms failed to find the global
solution over the maximum number of iterations, and they crashed before the first 60 iterations.
Over the search process, CSWO 3 and CSWO 4 have the best convergence rate towards the global
optimum.

Figure 4(e) shows the convergence curves obtained using the tent map on the Fs Rastrigin function.
As can be observed, all of the algorithms failed to find the global solution over the maximum
number of iterations, and they crashed before the first 50 iterations. During the search process,
CSWO 2 and CSWO 4, followed by SCWO 3 and SWO, have the best convergence rate towards
the global optimum.

Figure 4(f) illustrates the convergence curves obtained using the tent map on the Fy; Schwefel
function. As can be shown, CSWO 1 and CSWO 2, followed by CSWO 3 and CSWO 4, have the
fastest convergence rate to the global solution. In contrast, SWO displays the slowest convergence
rate over the maximum number of iterations.

Figure 4(g) represents the convergence curves obtained using the tent map on the unimodal F;
Schwefel 2.21 function, which has 0 as a global minimum. As we can see, CSWO 1 has the fastest
convergence rate to the global solution compared to the other algorithms. In particular, SWO
provides the slowest convergence rate over the maximum number of iterations. As a result, the
meta-heuristic algorithm’s performance is improved when using chaotic maps.

Figure 4(h) shows the convergence curves obtained using the tent map on the unimodal Fg
Schwefel 2.22 function, which has 0 as a global minimum. Compared to the other algorithms,
CSWO 1 and CSWO 3 exhibit the fastest convergence rate to the global solution. In particular,
SWO and CSWO 4 display the slowest convergence rate over the maximum number of iterations.
Finally, we can conclude that using chaos in meta-heuristic optimization algorithms provides
better performance in the search process for the optimum solution.

8 Discussion and conclusions

This work has presented a novel variant of the SWO algorithm enhanced by chaos theory, de-
veloping the CSWO algorithm. Five chaotic maps were selected for improving the traditional
SWO algorithm’s efficiency by adjusting parameters. Inspired by the behaviors of female spider
wasps, the CSWO algorithm imitates searching for a spider, escaping a falling spider, nesting the
entrapped spider, and mating behavior during egg-laying. The robustness of the CSWO algorithm
was analyzed using eight benchmark functions to evaluate exploitation, exploration, capacity to
escape local optima, and convergence speed. The study showed that chaotic maps, particularly
the tent and piecewise maps, significantly improved SWO performance. The incorporating of
chaos increases the search speed for the best solution by replacing pseudo-random numbers with
chaotic variables, enhancing the convergence rate during the optimization process.
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Table 6. Statistical tests on benchmark functions using 5 chaotic maps on CSWO

. Functions
Map Algorithms 2 5 5 E E E E 5

2.26E— 1.44E— 8.44E— 0.00E- 0.00E+ —1.97E+ 9.70E— 6.02E—

No map SWO  Best sy 05 06 00 00 04 82 79
Mear, 5-14E— 157E— 110E— 0.00E+ 0.00E+ —1.85E+ 2.80E— 5.16E—

111 04 03 00 00 04 68 56
orp 162~ 140E— 118E— 0.00E+ 0.00E+ 124E+ 8.85E— 163E—

110 04 03 00 00 04 68 55
8.93E— 6.27E— 3.13E— 0.00E+ 0.00E+ —4.18E+ 4.59E— 3.34E—

CSWOT - Best "o 06 06 00 00 03 77 78
Meap 290E— L51E— 2.09E— 0.00E+ 0.00E+ —3.67E+ 1.14E— 3.69E—

105 04 03 00 00 03 71 72
orp 791E— 176E— 2.77E— 0.00E+ 0.00E+ 832E+ 3.61E— 7.63E—

105 04 03 00 00 02 71 72
3.90E— 2.23E— 4.78E— 0.00E+ 0.00E+ —4.18E+ 4.51E— 1.39E—

CSWO2  Best " o0 05 05 00 00 03 81 78
Mear, 7-88E— 116E— 143E— 0.00E+ 0.00E+ —3.49E+ 111E— 421E-

104 04 03 00 00 03 71 75
Logistic orp 209E— 8.84E— 1.68E— 0.00E+ 0.00E+ 894E+ 3.46E— 111E-

103 05 03 00 00 02 71 74
1.51E— 8.70E— 5.17E— 0.00E- 0.00Ef —4.18E}+ 4.42E— 9.84E—

CSWO3  Best o0 06 05 00 00 03 77 81
Meap D-94E— L.O3E— 1.39E— 0.00E+ 0.00E+ —3.54E+ 4.98E— 247E—

106 04 03 00 00 03 57 53
orp L87E— 118E— 1.26E— 0.00E+ 0.00E+ 832E+ 157E— 7.81E—

105 04 03 00 00 02 56 53
1.90E— 1.17E— 5.85E— 0.00E+ 0.00Ef —4.18E+ 8.86E— 3.97E—

CSWO4 - Best 55 05 06 00 00 03 76 77
Mear, -98E— 1.52E— 2.00E— 0.00E+ 0.00E+ —3.50E+ 1.14E— 135E—

72 04 04 00 00 03 71 60
orp L 88E— 133E— 187E— 0.00E+ 0.00E+ B8.86E+ 3.43E— 4.29E—

71 04 04 00 00 02 71 60
6.96E— 6.73E— 2.03E— 0.00E+ 0.00E+ —4.18E+ 3.03E— 5.66E—

CSWOT - Best 15 06 05 00 00 03 80 81
Mear 141E— L61E— 2.22E— 0.00E+ 0.00E+ —3.28E+ 162E— 4.23E—

127 04 03 00 00 03 52 58
orp 447E— 157E— 3.94E— 0.00E+ 0.00E+ 847E+ 5.12E— 133E—

127 04 03 00 00 02 52 57
9.29E— 1.50E— 1.62E— 0.00E+ 0.00E+ —4.18E+ 4.79E— 2.05B—

CSWO2  Best " a1 05 06 00 00 03 79 78
Mear, 675E— 1.54E— 2.09E— 0.00E+ 0.00E+ —3.34E+ 2.55E— 199E—

142 04 03 00 00 03 66 57
Gauss/mouse STD 211E— 1.06E— 3.70E— 0.00E+ 0.00E+ 8.99E+ 8.07E— 6.31E—

141 04 03 00 00 02 66 57
8.15E— 9.89E— 1.34E— 1.03E— 1.34E— —4.13E+ 1.42E— 2.60E—

CSWO3  Best a1 06 05 04 05 03 78 78
Mean 1-11E— 1.00E— 2.09E— 2.10E— 172E— —245E+ 3.39E— 6.41E—

107 04 03 02 02 03 59 54
oD 399E— 844E— 217E— 289E— 370E— 733E+ 107E— 2.02E—

107 05 03 02 02 02 58 53
7.41E— 9.05E— 1.63E— 1.11E— 1.42E— —2.33E+ 4.15E— 1.57E—

CSWO4  Best 166 06 05 16 14 03 83 83
Mean 511E— 883E— 8.77E— 2.60E— 2.77E— —2.09E+ 593E— 1.27E—

78 05 04 07 11 03 40 37
oD 254E— 6.07E— 161E— 7.76E— 551E— 194E+ 187E— 3.68E—

77 05 03 07 11 02 39 37
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. Functions
Map Algorithms E 5 5 E E F 5 Fe

592F— 1.20F— 2.87E— 1.04E— 5.68E— —3.00E+ 2.79E— 3.09E—

CSWOT  Best 0 05 05 11 14 03 78 79
Mean 233E— 117E— 214E— 421E— 941E— —231E+ 212E— 9.32E—

105 04 03 09 10 03 58 63
orp 7-37E— 945E— 3.08E— 529E— 9.69E— 412B+ 6.72E— 2.94E—

105 05 03 09 10 02 58 62
9.09E— 1.12E— 3.40E— 0.00E+ 0.00E+ —4.18E+ 1.41E— 3.34E—

CSWO2  Best "o o5 05 00 00 03 80 81
Meag, 399E— 112E— 2.03E— 0.00E+ 0.00E+ —3.53E+ 1.72E— 3.07E—

128 04 03 00 00 03 62 55
Sinusoidal orp L13E— 8.10E— 3.23E— 0.00E+ 0.00E+ 871E+ 546E— 9.39E—

127 05 03 00 00 02 62 55
714E— 3.41FE— 7.68E— 3.33E— 0.00E+ —4.18E+ 2.39E— 4.48F—

CSWO3  Best 1o 05 06 15 00 03 77 82
Mean H63E— 179E— 152E— 4.67E— 174E— —3.82E+ 741E— 4.73E—

111 04 03 08 10 03 73 70
orp 146E— 124E— 335E— 147E— 331E— 7.67B+ 173E— 149E—

110 04 03 07 10 02 72 69
5.78E— 2.25E— 2.01E— 0.00E+ 0.00E+ —3.88E+ 8.78E— 6.18F—

CSWO4 - Best o 05 03 00 00 03 12 10
Mean +17E— 179E— 5.47E— 9.15E— 1.00E— —275E+ 135E— 8.43E—

08 04 02 08 12 03 05 05
orp 1-32E— 140E— 592E— 1.16E— 2.68E— 4.66E+ 423E— 252E-

07 04 02 07 12 02 05 04
929E— 1.50E— 1.62E— 0.00E+ 0.00E+ —4.18E+ 4.79E— 2.05B—

CSWOT  Best 1 05 06 00 00 03 79 78
Mear, 675E— 176E— 2.09E— 0.00E+ 0.00E+ —3.40E+ 2.55E— 1.99E—

142 04 03 00 00 03 66 57
orp 211E— 152E— 370E— 0.00E+ 0.00E+ 845E+ 8.07E— 631E—

141 04 03 00 00 02 66 57
5.85E— 6.67E— 3.61E— 0.00E+ 0.00E+ —4.18E+ 7.40E— 1.04E—

CSWO2 Best o9 06 05 00 00 03 81 79
Meap, 295E— 112E— 6.93E— 0.00E+ 0.00E+ —3.66E+ 5.68E— 4.72E—

141 04 04 00 00 03 54 53
Piecewise orp 9-35E— 9.67E— 495E— 0.00E+ 0.00E+ 8.16E+ 179E— 149E—

141 05 04 00 00 02 53 52
1.07E— 1.60E— 1.04E— 0.00E+ 0.00E+ —4.18E+ 6.25E— 6.19F—

CSWO3 - Best 1oy 05 05 00 00 03 81 79
Meag, 3-83E— 1.21E— 7.81E— 0.00E+ 0.00E+ —3.89E+ 5.39E— 6.43E—

125 04 04 00 00 03 66 61
orp 121E— 955E— 9.79E— 0.00E+ 0.00E+ 6.14E+ 169E— 184E—

124 05 04 00 00 02 65 60
721E— 7.85E— 2.81E— 0.00E+ 0.00E+ —4.18E+ 7.53E— 1.96FE—

CSWO4 Best "4y 06 05 00 00 03 80 80
Mean O-23E— 679E— 126E— 0.00E+ 9.81E— —4.03E+ 1556— 4.22E—

99 05 03 00 05 03 39 75
orp 291E— 7.46E— 140E— 0.00E+ 310E— 474+ 327E— 131E—

98 05 03 00 04 02 39 74
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. Functions
Map Algorithms A 5 E E E E 5 Fe

1.46E— 1.33E— 2.54E— 0.00E+ 0.00E- —4.18E+ 2.58E— 2.90E—

CSWOT - Best o 05 06 00 00 03 78 80
Mear, 880E— LI3E— 2.11E— 0.00E+ 0.00E+ —3.66E+ 9.15E— 121E—

104 04 03 00 00 03 56 71
orp 278E— LIBE— 410E— 0.00E+ 0.00E+ 6.89E+ 289E— 3.81E—

103 04 03 00 00 02 55 71
1.18E— 1.22E— 1.94E— 0.00E+ 0.00E+ —4.18E+ 2.35E— 1.13E—

CSWO2  Best 1o 06 06 00 00 03 76 79
Mear, 0-30E— 1.56E— 1.70E— 0.00E+ 0.00E+ —3.40E+ 2.55E— 4.42E—

101 04 03 00 00 03 68 56
Tent orp LB0E— 136E— 3.46E— 0.00E+ 0.00E+ 100E+ 457E— 139E—

100 04 03 00 00 03 68 55
467E— 9.74E— 1.55E— 0.00E+ 0.00E+ —4.18E+ 550E— 2.23E—

CSWO3 - Best 100 o7 05 00 00 03 83 80
Mear, 5-26E— 3.98E— 8.78E— 0.00E+ 1.58E— —3.79E+ 1.72E— 7.21E—

106 05 04 00 05 03 54 73
orp L66E— 393E— 1.68E— 0.00E+ 501E— 8.08E+ 391E— 2.28E—

105 05 03 00 05 02 54 72
3.35E— 1.45E— 3.01E— 0.00E+ 0.00E+ —4.18E+ 6.17E— 4.01E—

CSWO4 - Best 43 05 06 00 00 03 72 73
Mear, 7-16E— 9.70E— 394E— 0.00E+ 0.00E+ —3.70E+ 1.72E— 250E—

65 05 04 00 00 03 34 66
orp 207E— 6.70E— 495E— 0.00E+ 0.00E+ 8.02E+ 544E— 491E—

64 05 04 00 00 02 34 66

Chaotic maps can improve the SWO algorithm by enhancing exploration and exploitation, but
they come with several challenges. Using chaotic maps increases computational overhead and
complexity, which can slow down the algorithm. Performance is sensitive to map selection and
parameters, leading to unpredictability. Chaotic behavior can cause excessive exploitation, reduc-
ing population diversity and causing premature convergence. Multiple chaotic maps introduce
implementation challenges and increase complexity. They can also exhibit noise, potentially
destabilizing the optimization process. Careful tuning and empirical validation are needed to
effectively integrate chaotic maps and benefit from their behavior.

The CSWO algorithm, inspired by spider wasps and enhanced with chaotic maps, is a powerful
metaheuristic optimization method applicable to many real-world scenarios. In engineering,
it optimizes structures like bridges, airplane wings, and mechanical systems for efficiency and
material use. In energy systems, it improves renewable energy configurations and power grid
operations. For transportation, it resolves vehicle routing issues and optimizes traffic signals to
reduce congestion. In healthcare, CSWO enhances medical imaging and drug design. Financial
firms use it for portfolio optimization and algorithmic trading. In machine learning, it aids feature
selection and hyperparameter tuning. Environmental applications include water resource man-
agement and crop planning. Telecommunications benefit from improved network design, while
robotics and aerospace use it for route planning and system optimization. Chemical engineering
leverages CSWO for process and reactor design. In education, it enhances curriculum design and
training programs. Overall, CSWO is a versatile tool for solving optimization challenges across
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Figure 4. Convergence graph of each algorithm in solving: (a) F; Sphere; (b) F, Quartic noise; (c) F3 Rosenbrock;
(d) F4 Griewank; (e) Fs Rastrigin; (f) F¢ Schwefel; (g) F; Schwefel 2.21 and (h) Fg Schwefel 2.22 benchmark
functions
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various domains, making it valuable for both researchers and practitioners.
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Abstract

This paper investigates the dynamics of a stochastic SEZQR epidemic model, which integrates
quarantine measures and a saturated incidence rate to more accurately reflect real-world disease
transmission. The model is based on the classical SEZ'R framework, with the addition of a quarantined
compartment, offering insights into the impact of quarantine on epidemic control. The saturated
incidence rate accounts for the diminishing rate of new infections as the susceptible population grows,
addressing the limitations of traditional bilinear incidence rates in modeling epidemic spread under
high disease prevalence. We first establish the basic reproductive number, R, for the deterministic
model, which serves as a threshold parameter for disease persistence. Through the stochastic Lyapunov
function method, we identify the necessary conditions for the existence of a stationary distribution,
focusing on the case where R > 1, signals the potential long-term persistence of the disease in the
population. Furthermore, we derive sufficient conditions for disease extinction, particularly when
R¢ < 1, indicating that the disease will eventually die out despite the inherent randomness in disease
transmission. Numerical simulations confirm that environmental noise and quarantine rates shape
disease dynamics. Simulations show that more noise or higher quarantine rates speed up disease
extinction, offering key policy insights. Our results clarify how quarantine, noise intensity, and disease
dynamics interact, aiding epidemic modeling in stochastic settings.

Keywords: Stochastic epidemic model; Lyapunov function; stationary ergodic distribution; extinction
AMS 2020 Classification: 37M05; 37N25; 34D08; 60G10

1 Introduction

Mathematical models have been indispensable in understanding infectious disease dynamics
since Daniel Bernoulli’s pioneering work in 1766 [1]. These models elucidate disease transmission
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dynamics and analyze the behavior of diseases among populations with varying health statuses.
Notably, Kermack and McKendrick’s research in 1927 [2] explored infectious disease dynamics
using mathematical models, paving the way for numerous subsequent models aimed at under-
standing epidemic behavior and controlling its spread. The development of stochastic epidemic
models, stemming from simple deterministic models, has enabled accurate predictions of disease
dissemination and facilitated public health awareness campaigns. Such models are instrumental
in preventing disease dissemination and reducing infection rates in society.

Stochastic epidemics trace back to the 1920s, with McKendrick developing the first stochastic SIR
model in 1926 [2]. Researchers like Anderson, Roy, Daley, and Gani have since contributed to the
tield by analyzing infectious disease epidemiology through mathematical models [3, 4]. Their
work has focused on determining transmission probabilities for infectious agents and examining
the effects of interventions such as vaccination and quarantine, offering theoretical and numerical
frameworks for disease prevention and control. There has been a significant increase in the
application of mathematical models to investigate mechanisms within infectious diseases such
as polio, diphtheria, tuberculosis, HIV, COVID-19, and others [5-11]. Quarantine emerges as a
crucial method for preventing disease dissemination, as evidenced by its historical efficacy in
reducing the spread of various human and animal diseases. Therefore, studying infectious disease
models that incorporate quarantine strategies is essential.

The main objective of this study is to develop a stochastic SEIQR epidemic system incorporating
temporary immunity, quarantine strategies, and random perturbations. While providing detailed
insights into disease persistence, stochastic models may lack positive equilibrium due to environ-
mental noise interference [12, 13]. Understanding ergodicity theory and stationary distributions is
crucial for comprehending epidemic transmission patterns and estimating statistical properties
essential for effective disease prevention.

Additionally, several mathematical models investigate infectious disease dynamics under quaran-
tine models [14, 15]. For instance, Dieu et al. [16] have developed the threshold of a stochastic
SIQS epidemic model with standard isolation, while Zhou et al. [17] have investigated an SQEIAR
stochastic epidemic model with media coverage and asymptomatic infection. Zhang et al. [18]
proposed the stationary distribution and extinction of a stochastic SEIQ epidemic model with a
general incidence function and temporary immunity. Currently, researchers are actively investi-
gating the SIQR model [19-21].

Therefore, many mathematical biologists consider more realistic factors, such as demographic
changes, migration, cross-infections, and other practical elements. Every time infectious diseases
affect people, people take precautions to minimize their impact. The quarantine method has
been used for controlling contagious diseases, which is one of the most effective ways to prevent
epidemic disease outbreaks. Mathematicians and biologists are drawn to this area of research.

2 Mathematical model

Vaccinations and quarantines for disease prevention and disease control have become more crucial
in modern medicine developments. In recent years, several researchers have examined the effect
of vaccination and quarantines on disease [22-25]. Many infectious diseases incubate within a
host for a period of time before becoming infectious, so the duration of infection must also be
taken into account. In response to the aforementioned research, the following system describes an
epidemic model with imperfect quarantine based on the SEZ QR model:

s _ o BSIT
at 1+ kZ

—us,
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de BST

@t itk HmE

dz

o = E-Ctntat+pI, )
dQ

E = 771_(5+0(2+y>gi

dR

il L +6Q—puR.

In total, the population size is estimated to be N(t) = S(t) + E(t) + Z(t) + Q(t) + R(t). In
these epidemic models, the saturated incidence rate is #(Z)S and the model is composed of a
(SETQR) epidemic model. In model (1), the transitions between compartments describe an
SET QR epidemic model without temporary immunity. The saturation level of #(Z) occurs when
7 increases in size.

_ BIS
1+ kT

WI)S

The infection force is represented by Z, and when numbers increase, it causes the behavior of

susceptible individuals to change. H;kI represents this inhibition effect. Obviously the region,

D = {((SEL,QR)/S>0E>0T>0,0>0,R>0,S+E+T+Q+R <O/},

is a collection of model (1) that is positively invariant. The reproduction number of the model is

Oy
py+u)(@+p+ar+1)

Ro =

Table 1. Model variables and their descriptions

Variables Descriptions
S(t) Population of Susceptible

E(t) Population of Exposed
Z(t) Population of Infected
o(t) Population of Quarantined
R(t) Population of Recovered

Table 2. Model parameters, explanations and units

ParametersExplanations Units
® Birth rate Individual/ day
B Transmission co-efficient (Individual x day)~!
U Natural death rate 1/day
0% Infective individuals of exposed people 1/day
7 Infective individuals of quarantined recovery rate 1/day
¢ Recovery rate of infective people 1/day
oq Rates of disease-induced death among infected individuals 1/day
L) Disease induced death rate of quarantined people 1/day
1) Recovery rate of quarantined individuals 1/day
k Saturation rate of the inhibition effect rate 1/day
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Remark1 i IfRg < 1 holds, then the model (1) will only have an disease-free equilibrium of Ey =
(S0,0,0,0,0) in which there is global asymptotical stability. Then, only a vulnerable and healthy
population remains after the pandemic illnesses have gone away.

ii. When Rq > 1is valid, in positive equilibria, there is an asymptotically stable value
E* = (8% &%, 1% Q*, R*) in the area D for the model (1), indicating that epidemic diseases will
continue to exist.

It is impossible to describe the behavior of species using deterministic models in the natural
world. Noise from the environment can sometimes cause disturbance to species. Therefore, there
should be a fair amount of stochasticity in some parameters [26-28]. The ecosystem is dominated
by this phenomenon without a doubt. Therefore, a substantial amount of research has been
conducted on the effects of stochastic perturbations on disease [20, 29, 30]. In many branches of
applied sciences, including disease dynamics, stochastic differential equations (SDEs) play an
important role because they are capable of predicting the future dynamics of their deterministic
counterpart. Until now, very few studies have been conducted on the global dynamics of stochastic
SEL QR epidemic models. The model (1) is made more reasonable and realistic by assuming that
S(t),E(t),Z(t), Q(t), and R(t) are directly proportional to environmental noise. Afterward, in
accordance with model (1), a stochastic version may be obtained by

- B BST B
as = [@ 11kT ],18] dt + 01 SdWy (t),
- BST _
A& = [1+kI ('y+pt)5} dt + 02EdW, (1),
dl = [’)/5 — (C +1n+a+ y)I] dt + ngdev,(t), (2)

dQ = [NZ—(6+ax+pu)Qldt+ 04 QdWy(t),
AR = [e1+8Q— uwR]dt+ osRAWs(t),

where, W; = B; = 1,2, 3,4,5 are independent standard one-dimensional Brownian motion and
0i(t), are the intensity of the white noise, i = 1, 2, 3,4, 5. All other parameters are similar to those in
model (1). As a result, the paper has been organized as follows: In Section 3, this model provides
a significant unique global solution to the model (2). In Section 4, we prove that model (2) has an
ergodic stationary distribution under certain conditions. In Section 5, we establish what conditions
must be met for the disease to be wiped out. In the Section 6, numerical simulations are provided
to illustrate the theoretical results. A brief summary of the main findings is presented in Section 7.

3 Uniqueness of global solution

An epidemic models dynamic behavior can be studied by determining whether or not the solution
exits and remains nonnegative. It is well known that with stochastic differential equations, numer-
ical solutions must satisfy both the local Lipschitz condition and the linear growth condition so
that they have an exclusive global solution. Model (2) requires linear growth, despite its Lipschitz
continuous coefficients, so a finite-time explosion may occur if the linear growth condition is not
met. It is necessary to consider the existence and positivity of solutions to the model (2) before
studying population system dynamics.

Firstly, we consider stochastic differential equations in d-dimensions

dX = f(X (1), t)dt + g(X(t),)dB(t), for t>to,
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with the initial condition for X' (0) = X € RY. The differential operator L associated with the
equation above can be defined as follows:

J 13 &
L=gpt A, Eg[ X’t)haxiaxj‘
If £ acts on a function V € C? (]Rd X [to, oo;R+]), then

LV(X,1) = Ve(X,t) + Ve (VX, 1) f(X,t) + %tmce [gT(X,t)VXX(X,t)g(X, t)] ,

_ IV, (av av 2V , :
where, Vi = T Vy = <W’ X axd> Vyxy = <aXiaXf>dxd . Thus, by Ito’s formula, if X'(t) €
RY, then

dV(X (), t) = LV(X (L), )dt + Vy (X(t), t)g(X (1), t)dB(t).

5
R3.

Theorem 1 The model (2) has a unique positive solution (S(t),E(t), Z(t), Q(t), R(t)) € R ont >0
at any starting value (S(0),€(0),Z(0), Q(0), R(0)) € R3..

Proof In the case of model (2), the coefficients are Lipschitz continuous on the region R. Two
parts are involved in the following proof.

Part—1. According to Lemma 1, In model (2), for any given initial state (S(0), £(0),Z(0), Q(0), R(0)) €
IR’ there is a positive local solution (S(t), £(t), Z(t), Q(t), R(t)).

Part — I1. Now, we demonstrate that Te = +o0 a.s, there is only one positive solution, and that is

a global solution. If ng > 0 is sufficiently large, then S(0),£(0),Z(0), Q(0), and R(0) will all lie

1 . S .
in the range {n—, n] . For every integer N > Ny, as a general rule, stopping times can be defined as

follows:
- inf{te (@, 7e) : S(t) ¢ <%n> E(t) ¢ <%,n>,1(t) ¢ (l,n),
Q(t)eé(%,n) or R(t)%(%,n)}. G)

In the case of an empty set &, we define here inf @ = 4-00. There is no doubt that tn increases
strictly when n — co. Assume 7o, = limp_,o Tn; therefore, 7o = Te. The only thing left to do is
prove To, = +o00 a.s. If Too = +00 is not true, then there exist a both constants 7 > 0and ¢ € (0,1)
such that Pt,, <7 > . Consequently, there exists Ny > Np(n; € N4).

Define a C12— function V : IR — R4

V(S,ET,QR) = S—1-InS+E—-1-InE+T—-1—InT
+Q0-1-InQ+R—-1—-InR. (4)
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By applying Definition in view of model (2), we get

dV = pVdt+01(S—1)dWi(t) + 02(E —1)dWa(t) + 01(Z —1)dW;s(t)
+04(Q —1)dW,(t) + 05(R —1)dWs(t), 5)

where,

9 = (1) o 5w (1) [

kZ
+(1_%)[ —@+n+a+pu)T ( ) —(6+az+u)Q]

+(L—%)EI+5Q—yR]

. @ BT BST B
= OGS Tiw Eaakn T WS+E+I+Q+R)

try+ét+ntartar+o—I+ad———-—=— 5 — -

+&+@§+@+@i+@
2

®+5;4—E+'y+§+77+5+4x1+a2+

k
< Kp € Ry

07 + 0% + 03 + 0f + 03
2

IN

Hence, Ky is a positive constant.
Thus,

dV < Kodt + 01(S — 1)dWy(t) + 02(E — 1)dW,(t) + 03(Z — 1)dW5(t)
+04(Q — 1)dWy(t) + 05(R — 1)dWs5(t). (6)

In order to take the expectation, we integrate both sides of T /AT to get,

E[D(8(m AT),E(m AT),Z(1 AT), Qm AT), R AT))]

~ TWA\T
< D(8(0),£(0),Z(0), ©(0), R(0)) + E j /Codt]

0

<

< V(8(0),£(0),Z(0),Q(0),R(0)) + KoT- 7)
Allow it to set Qpn = (tn < T) for n > Ny, we have IP(Qp) > ¢ with e € (0,1). Note not for each
@ € Oy, a minimum of one of these exist S(tn, @) or £ (T, @) or Z(th, @) or Q(Th, @) or R(Th, @)
either of these isequal (n or 1/n).
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-~

In that case, V (S(tn, @), E(th, @), Z(th, @), Q(Tn, @), R(Th, @)) cannot be less than either

<1—1—1n1> or (n—1—1Inn)= <1—1+lnn>.
n n n

"l;he results are as follows:
V (8(0),£(0),Z(0), 2(0), R(0)) + KoT

> E [an(w)Tz (S(t, @), &(th, @), Z(th, @), Q(rn,@),n(rn,@))]

> g[%—l—lnﬂ/\(n—l—lnn). 8)

Using a stochastic differential equation, this may be explained if ()n is denoted by I (). Suppose
N — o0, this implies

oo > (S(0),£(0),Z(0), Q(0), R(0)) + KoT = +oo.

Therefore, it is contradictory, and therefore, we have 7o, = +o00. The proof is complete.

An equilibrium solution’s asymptotic activities in a disease-free system

There is no doubt that E* (Sy, 0,0, 0, 0) satisfies the condition for the model (1), and is associated
with disease-free equilibrium. At some points, the disease will be extinct because the solution E*
is global stochastically asymptotically stable. The idea of disease-free equilibrium as a means of
containing infectious diseases has thus gained popularity. In this section, the stochastic Lyapunov
function is used primarily to achieve the stability of the disease-free equilibrium solution.

Theorem 2 The stochastic model (2) saddles D in the disease-free equilibrium E* (S, 0,0,0,0), when
Ro <1.

Proof Create a Lyapunov function C>—on V : IREr — R as follows

V(S,EL,QR)=In(S+E+T+Q+R)>+In€ +InT.
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Applying the infinitesimal generator £ is applied to V, we obtain

B _ BST 2
LV(S,€,1,Q,R) = (@ 1+kZ ”5) (S—1+5+I+Q+R)

1+kz \TTH S—1+E+I+Q+R €
2 1
O (Erytat ) (8—1+8+I+Q+R+f>

2
+ (T —(6+ar+n)Q) (3_1+5+I+Q+R)

2
+(G1+0Q-pR) (S—1+5+I+Q+R> ®)

)QZSZ
—1+€+I+Q+R) !

i) o2E?
—1+5+I+Q+R) £2) %2

03 Q?

—1+£+I+Q+R) )

(s
1
2 (s
1 1\ 5,
+§< —1+8+I+Q+R) ﬁ)%l
1
2l

)QZRZ
2(S— 1+5+I+Q+R) 4
As a result of simplifying S + & +7 + Q+R <1, we get

2
VS ELQOR) = sqgr7rorR @ MS—pe—pl—pQ—pR)

+(BS—(v+mu)+ (v (€+17+«x1+u))
038P+ 0382+ 3 T? + 0j QP + 2R* 3 43

(S—1+E+Z+Q+R)? 2 2

It follows that £V will be negative and definite on D if Ry < 1 holds. A disease-free equilibrium
solution E* (Sp,0,0,0,0) in D is global asymptotically stable for the stochastic model (2).

Remark 2 The overhead Theorem 2 proves that the disease cases exist if Rg < 1 holds. The stability
condition of the disease y > ByS — ((v + u) + (& + 1 + a1 + u)) disease will be disappear. Taking the
reproductive number Ry < 1, as a consequence, E* (Sy, 0,0, 0,0) is stochastically asymptotically stable
in the large in the stochastic system (2). According to Theorem 2, the stochastic model (2) will approach
disease-free equilibrium if the intensity of white noise is high enough. Since the intensity of white noise
0i (fori=1,2,3,4,5) is small, the solutions of stochastic model (2) will generally fluctuate around the
disease-less equilibrium of deterministic model (1).

4 Ergodicity and stationary distribution

It is not only important to study epidemiological dynamics to determine when a disease will
eventually become extinct. It is also to determine how long the disease will persist in the popu-
lation. The endemic equilibrium does not exist for model (2). Therefore, this section examines
whether there is a stationary distribution, which indicates the prevalence of a disease, according
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to Hasminskii [32].
Then, let X(t) be a time-homogeneous Markov process in E;, C R;. In order to explain this idea, a
stochastic differential equation approach can be used.

dx(t) = f(x)dt + Z 01 (X)dBy (t) (10)

In this case, Ep represents an N-dimensional Euclidean space. Following is a description of the
diffusion matrix:

A(x) = (a500) ,ay(x) = 3~ ok (x)}, (). ()

Assumption 1 The following properties are satisfied by a bounded domain U C En with a reqular
boundary T1, such that U C En (U is the closure of U):

i. The diffusion matrix A(X) is bounded away from zero in the domain U and some nearby neighborhoods.
ii. The mean time it takes for a path leading from "X’ to reach the set U is finite if X € En\U, and this
holds true for each compact subset of En.

Lemma 2 [32]. If Assumption 1 hold, then the Markov process X (t) has a stationary distribution @(.).
Besides, the measure (o may be integrated when f(.) is a function, then

.
Py {%520%{ f(x(t))dt — Ln f(x)@(dx)} _1

forall X € En.

Remark 3 The demonstration of Assumption 1 (i) [33] involves showing that a bounded domain H has
uniform ellipticity F; here is an example.

Fu= b(x)ux%trace(A(X)Uxx)-

In particular, there exists a positive number 3 such that

Z“ﬂ (X)&¢ > 3187, xeH,EeR"

i,j=1

It is possible to prove Assumption 1 (ii) [34] if there is a certain neighborhood U and some non-negative
C?-function V such that for all X € En\U,
LV (x) <0

The following main results can be obtained by using Lemma 2.

Theorem 3 If

Ry = By — > 1,

i+ D+ u+ B E+n+uta+ )
2 T3 Nn+pu+ar+-3
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and for the any initial value given as (S(0),€(0),Z(0), Q(0),R(0)) € R, then the system has a
uniquely stationary distribution (.) and it is has a ergodic property.

Proof Define a function C2 such that,

V: RS = R;,

V(S,ELQR) = T[(SH+HEHI+Q+R)—cInS—In€ —cInZ|
+ﬁ(8+5+1+Q—l—R)KH—lnS—lnE—an
—InR+(S+E+T+Q+R)

= Vi +Vo+V3+Vi+Vs+ Vg + V5, (12)

here x and ¢;, (i = 1,2, 3) the positive constant satisfying the condition

0<x<2u L
2+os+a3+aoi+ai)’

C) Q) C)
O=—>7 3 = 27

Clz = > =
T+Hu+3% C+rputn+a+%

o’
pt g
we can consider I' > 0 and make it large enough, such that
'+ M< =2,

obviously,

lim inf V(S,E,Z,Q,R) = 4o, (13)
—(S,E,Z,QR)ERI\Uy

and here, Ur = (£, 7) x (1, 7) x (1, 7) x (1, ) x (L, ).

There exists a point (§*,E%,7*,Q*, R*) in IR§r that is the minimum point of 17(8,5,1, Q,R)
because V(S,&,Z, Q, R) is a continuous function. The positive define C2— function V : ]R:rIr — Ry
by

V(S,E,T,QR)=V(S,ETL,QR)—V(SE,TF Q% R*), (14)

from Ito’s formula,

0O 0pST v c1BI
S E&(1+kT) T 14+ kZ

0 0 03
+c1 <y+71)+c2 <7+y+72> +c3 <§+y+n+a1+§)

+®—&1I—0€2Q

£V1 = —H
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where,
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S E1+kr) I '1+kz

+eo (7+y+g2> <§+y+11+zx +Q23)

_ _I/‘_C1®_ ST _C3'y€+ 1B L4 <]/l—|-@1>

pcrcacsbpry 61,31 % Qz
< =2
< ( T+ kT ) +1 +®+c pro | talrtet o
<§+y+17+«x1+ >
pc1coc3 OBy 5
<
- 4( 1+kZ ) —
1
4
S _41’[ > G)‘B’)/z 2 —1
(1+kI)(y+%1) (7+y+%> (€+y+n+«x1+%‘>
ClﬁI
+1+kI
—4u 1 c1BZ
<
LYy = (S+E+IT+Q+R)O—(S+E+T+Q+R)u—aZ — Q)
K(S+E+T+ Q+R)<!
+2 5 ) (6187 + 362 + 37 + 03 Q* + 03R?)
K
< OS+E+T+Q+R) — [u—3(Va3Vaiveivaed)
X(S+E+T+Q+R) !
1 K
< w—3 -3 VAVAVAVA)| (S+E+T+Q+R)M
1 K
< w5 [n=3Va3vaVeved)
X(8K+1+5K+1+IK+1+QK+1+RK+1)’ (16)
w = sup OS+E+T+QA+R)

(S,€1,9R)ERS

K K
— 5@ VaVAVa V)| x (S+E+T+Q+ R}

< o0.



Similarly, we get

Therefore,

2N/ 22\/ A2\ A2
VosVorV
+®+7r+§+'y+4y+zx2+el Q22Q4 ¢
As a next step, let us examine compact subset D
D=le<S< ,d<E<4,d<T< <0< 5d<R< 5.
€ €] €5 €3 €]
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Vs = _%ﬂfzkz“‘*%%'
Ly, = —%—I—(y%—v)—i—%ﬁ,
Lys = —%+(5y+“2)+%i,
LV —%ﬂwr%%,

LY; = O—(S+E+IZ+QQ+R)u.

ya K
AR A L AT AT AT AT )
(SK—H +5K+1 _|_IK+1+QK+1+RK+1)

O BST nL AR ol T 04 Ru

The following conditions must be satisfied if € is a sufficiently small constant:

C Yclﬁ

= < —
S-i— K +F< -1

Yo+ YciBe < —1

1+ kZ

YC1ﬁ
1+kZ

)
Z—E—l—YClﬁ—FMS—l

1
2< 1p )2+Y61/3+M§—1

+M< -1

— M

K 1
5 15 (BVBVAEVeVE)| i+ YepT
+M < -1,

183

(17)

(18)

(19)

(20)
(21)

(22)
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Here € is a sufficiently small constant, where i = 1, 2,3, 4, 5. In that case, R> “\D=D1UD,UD3zU
D4\, ...,UDqo with,

$,€1,QR)ERL/0<S <e},

S,E,I,QR)ERS /S > €T >e3,0<e< ei},

( )

( )

(S,6,T,Q,R) €R%/S>€,0<T< eg},
(S,6,T,Q,R) €R3/T >e3,0< Q< eg},
( )

S,EL,QR)ERL/S>eT>e,Q>e30<R <6},

(S,£,1,Q,R) € R3./S > 1},

(S,6,I,Q,R) €R5 /€ >

~

(S,6,7,Q,R) €R/T >
(S,€,7,Q,R) € R%/Q >

DlO = (S,E,I,Q,R>EIR /R>

>
N
I
—NN— —— ——— — S S

>J>N| = cmol —

wmml" HS)l\JlH
— _/___/H/—’H/—/

As a result, we can now calculate the negative £V value for every (S,€,Z,9,R) € ]Ri \D.
Case-1: Suppose (S,£,Z,9,R) € D,

Ly <

K2\, 28, 28 2\ 2
T kz 2 M S(etva3vaiveived)
(SK—H+€K+1+IK+1+QK+1+RK+1)+®+7T+€+,)/+4V+(X2

+Q%+Q§+Q§+Qi+@%
2

+F<-1. (23)

@ Yc18Z 1[

(C) YCLB
< _=
= 5Tk

Case-2: In this case, (S,€,Z,Q,R) € D,
YClﬁSI [BSI 1 K 2 2 2 2 2
< _ _Zly—_=
LV s Yo+ T T TEa KT 2[# 2(@1V92V03V94Ve5)}
(SK+1+5K+1 +IK+1+QK+1+RK+1)+7I+C+,)/+4;M+(X2

+Q%+Q%+Q§+Qi+@%
2

Yc¢ 1 K

Hlfﬁ =5 VaivaiVaived)

X (ST 4+ &L T L QL R p r 4 S+ 4ty

IN

~Y¢ +
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+&+é+é+d+é

2
Y+ Ycklﬁ +G

< —Y¢+ YciBe < —1. (24)

IN

Case-3: In case of (S,€,Z,Q,R) € Ds

1
ST 2 Y BST
Ly = —2<L> cip +a+C+y+4u+ar

£(1+KI) 1+KZ
+&+é+é+d+@
2

1
o HB \?, Yep
< 2( ) +1+kI+M

< 2 (ﬁ) S Yep+ M < 1. (25)

Case-4: In case (S,€,Z,9Q,R) € Dy

4L | YapI
- Q 1+kz
+ﬁ+@§+@+@i+@
2
o YCLB
e 1+kZ

Ly

+b+m+C+y+4u+a

+M< 1. (26)

Case-5: In this case, (S,€,Z, Q,R) € Ds

{T-56Q  YopT

Ly = R Tirkr M
< —6—62—g+Yc1,B+M§—1- (27)
Case-6: Suppose (S,€,Z,9,R) € Dg
v < —%[u—g(év@?vé\uﬁvea]3H4+%%%%+A4
< g (@vavavava)] e m
< —1. (28)

Subsequently, providing under requirement (4.19) for i = 1. We get £}V < —1 on Ds. Similarly,
it follows from the equation (4.19) for i = 2,...,4, the same procedure can deduced for the
compartments £,7, 9, Ron LV < —land forD;,i =7,...,10.

Based on the 10 cases mentioned above, it can be concluded that According to the discussion of
the above ten cases, it becomes clear that, for a sufficiently small ¢,



186 | Mathematical Modelling and Numerical Simulation with Applications, 2025, Vol. 5, No. 1, 172-197

LY < -1 forall (S,€,Z,Q,R)€R3\D. (29)

Therefore, Assumption 1 (ii) is satisfied. A diffusion matrix is also presented for model (2) as
follows:

028?20 0 0 0
0 05% 0 0 0
A=1| 0 0 037> 0 0
0 0 0 039> 0
0 0 0 0 02R?
A positive number exists,
X = : 82’ 52’ 21-2’ 2 2’ 2R2 ,
(S D {91 05E%, 0517, 0597, 05 }
such that,
5
Z a&il = 01S?CT + 058785 + 031785 + 01 Q%% + 0EREE
ij=1
> xeP. (30)

In this case, Assumption 1 (i) is satistied. Due to this, the model (2) has an ergodic distribution
@(.) with a uniquely stationary distribution. Proof of the Theorem is complete.

Remark 4 Theorem 3 indicates that model (2) has an uniquely ergodic stationary distribution if Ry > 1.
Ifo; = 0(i=1,2,3,4,5), the expression of R corresponds to the reproduction number Ry of the model
(1). It is clear from this that the results of model (1) can be generalized. Furthermore, this theorem shows
that the disease can be resistant to small levels of environmental noise in order to remain persistent.

5 Extinction

The purpose of this section is to discuss the parameter conditions for the extinction of diseases in
the model (2). First, we give a useful lemma before proving our main conclusions:

Lemma 3 If (S(t),£(t), Z(t), Q(t), R(t)) be a solution of the system for any given initial value
(S(1),E(t), Z(t), Q(t), R(t)) € RS has the following properties,

lim © (S(t),£(t), Z(t), Q(t), R(t) =0,  as.

t—oo t
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In addition, when u > % (03 03V 03V 02V 02) holds.

1t 1t
lim _J S(X)dBy(X) = 0, lim -J £(X)dBa(X) = 0,
t ), oo € g

1t 1t
lim EJ I(X)dBy(x) = 0, lim EJO Q(X)dB4(X) = 0, (31)

1 t
lim — J R(x)dBs(X) = 0, a.s.
Proof The proof of Lemma 3 follows the same way as [35, 36]; therefore, we omit it.

Theorem 4 Let y > 1 (03 02V 03V 02V 02) at any given initial value
(S(t),E(8), Z(t), Q(t ) R(t) € R, if

R: = 29B(y + 1) <1

) 2.2
(§+P‘+“1+’7+%)(7+V)2}/\<%>

Then
lim £(t) = lim Z(t) = lim Q(t) = lim R(t) =0, a.s.
t—oo t—oo t—oo t—oo
Furthermore,
lim (S) = © =&y, as
t—oo U

Proof In the following equation, define a function V| that is differentiable

dvy = Y(BSZ/1+KD)— (v + W)@ +p+a+mT  ’e€ + (r+pw)°e2% |
YE+ (y+u)I 2[v€ + (v + u)I)?
Yoo (v +p)esZ
ety wz’ ® Y5+(’V+M)dB3(t)'
7+y>212<¢+y+a1+n+‘\’3>+<@>52
7+H VE+ (v +w)I)
Y& (v +m1esZ
Yer izt © Y8+(7+V)dB3(t)
703
@+n+ar+pu+ 5+ PN (Tz>
< dt
- 'r+y 2(y+u)?
Lo @8 gy YRGS e (32)

YE+ (y+u)Z YE+ (v +u)
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The integration from 0 to ¢ and the division by ¢ on both sides of (32) are done as follows:

) 2.2
(§+n+a1+#+%)(v+#)zA<%@>

In[E+IM)+w] . YB _
t = v+ 2(7+n)?
+1n[75(0)+1(0)(7+ﬂ)]
t
702 (* £(x)
12 | e o g W
(v +#1es Z(x)
HI® | e o Ty ™
By applying Lemma 3, we need to
lim sup ln['yﬁ(t)+tf(t)('r+u)] < YP
t—oo ’)"i‘}l
(€+n+a1+u+%§)(v+ﬂ)%<@>
- 2(7 +p)?

< 0 as.

The result of which is

lim £(t) =0, lim Z(t) =0 a.s.
t—oo

t—oo

The model (2) is easily understood by taking the fourth equation as an example

lim Q(t) =0 a.s.

t—oo

Furthermore, on both sides of the first equation of model (2), integrating from 0 to t and dividing
by t results in the following.

S(t)—8(0) B o (*
e Lo+ 2 JO S(x)dB(x), (33)
tlgglo(S):;:So a.s

A similar result can be obtained

The proof is validated.
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6 Numerical simulations

A numerical simulation was conducted using Matlab software in order to illustrate the results of
the above theorems. In order to determine the discretization transformation of the model (2), we
use the Milstein method mentioned in [37].

S:Z; 2
Sipn = Si+ {@)— 1ﬁ+lk%i - VSi] At + 015V A + %Si(gii —1)At,
S.Z; 2
Eiy1 = &+ L’B—kz —(r+ H)gz} At + 026V A + &51'(5%,1' —1)At,
+ KZ; 2

Tis1 = Li+[v&— (E+n+ai+p)T) At + 03TV A, + %gzi(Cé,i —1)At,

Qi1 = Qi+ [NTi—(6+ar+ ) Qi) At + 049V A ; + %ﬁQi(ﬁj —1)At,

Rist = Ri+ 6T+ 06Q; — wRi) At + 0sRiVAs,; + %%R,'(ggli —1)At. (34)
Suppose (j =1,2,3,4,5;i = 1,2,.,n) represent N (0, 1) is independent distributed random

variables and At is greater than zero.

Example 1 Assume that model (2) has the following parameters are considered; © = 2, y = 0.4, =
1.25,k = 0.5, v = 0.75, a1 = 0.01, ap = 0.01, n =20.5, 0, =0.3, Vi=1to5, as well as the initial
condition values (S(0),£(0),Z(0), Q(0),R(0)) = 0.25, and At = 0.1. Then

R Oy

o - o 03 o3
(p+F)r+u+3F)E+n+ptar+3)
— 21968 > 1,

as a result of Theorem 3, model (2) has an ergodic property and a unique stationary distribution
@(.). This small neighborhood is shown in Figure 1, which shows the ups and downs of the
solution of the model (2), as a result, we can see that there is a stationary distribution. In accordance
with Theorem 3, Figure 3 and Figure 5a confirms our results.

Example 2 According to the model (2), the following parameters are considered: © = 1.5, y = 0.5, B =
1.75, k=10.25, y =15, a1 =02, ap = 0.2, = 0.3, 01 = 0.15, 0o =1, 03 =1, 04 = 0.5, 05 =
0.25, as well as the initial condition values (S(0),£(0),Z(0), Q(0), R(0)) = 0.25, and At = 0.5. Then

R 29B(7 + 1)
s ) 2.2
<¢+u+a1+n+%—3><v+m2] A (%)

= 09315 <1,

Figure 2, Figure 4, and Figure 5b satisfy the Theorem 4 conditions; the chances of individuals who
will become extinct are almost certainly high when they are exposed, infected, and quarantined. In
model (2), we see that the permanent disease can die out through stochastic effects after exposed,
infected, and quarantined individuals are sent to extinction. It follows that stochastic disturbances
are conducive to controlling epidemic diseases. In Figure 6, we represent that Theorem 2 confirms
the stability of the disease-free equilibrium E* when Ry < 1. No negative population values were
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observed, ensuring that the model remains biologically valid. This demonstrates the effectiveness
of the stochastic Lyapunov function in guaranteeing global asymptotic stability.
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Figure 1. This diagram consists of a time sequence of stochastic persistence and stationary distribution of diseases
based on model (2). In the right column, the histogram is represented by the probability density function for
S(t), E(t), I(t), Q(t), and R(t)
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Figure 2. This time sequence diagram illustrates how disease extinction occurs in model (2). In the right column,
the histogram is represented by the probability density function for S(t), E(t), I(t), Q(t), and R(t)

7 Conclusion

An epidemic model with saturated incidence rates is developed in this paper using a stochas-
tic SEZQR model. As a result of building a suitable stochastic Lyapunov function, we have
found that the positive solutions to the model (2) have a stationary distribution when R > 1.

Furthermore, we established sufficient conditions for disease extinction as well, which means,
27N/ 22N/ n2N\/ A2\ 2
y>&v@v%vmv%

and R < 1. Besides, we found that saturated incidence significantly

affected diseasezspread within a population. Furthermore, we find that when white noise intensity
is high, the disease disappears, whereas when white noise intensity is low, the disease persists.
During stochastic environmental disturbances, white noise prevents disease. This manifests
itself at the exact time epidemics arise, affecting epidemic dynamics. The findings show that
virus dynamics-based stochastic epidemic models outperform deterministic models in epidemic
prediction. Finally, our findings are validated using numerical simulation.
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Figure 3. The solution for all class of Deterministic and Stochastic model with R greater than 1
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Figure 4. The solution for all class of Deterministic and Stochastic model with R less than 1
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Figure 5. Comparison of solutions on §(0),£(0),Z(0), Q(0), and R(0): for all class in Deterministic vs Stochastic
model with (a) R greater than 1 and (b) R less than 1

In the future, we will be able to propose practical and complex models, such as models that
consider the effects of regime switching on SEIQR epidemics [38] or consider the dynamical
characteristics of a stochastic SIR, SEIQR, SEIVQR epidemic model with various incidence and
time-based delays [20, 39]. We will continue to investigate these issues in the future.
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Figure 6. Stochastic SEIQR model simulation in Rg < 1
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Abstract

Diabetes is a chronic disease that can cause various long-term complications. This study revisits a
four-state model of type-2 diabetic population with a saturating recovery rate of diabetes complications,
and its qualitative properties are further analysed. The non-negativity and boundedness of the solution
for delay and non-delay models are proved. However, the non-negativity of the solutions of the delay
model can only be guaranteed if the model inputs satisfy certain conditions. The stability analysis
of the non-delay model is performed, and the numerical simulation is conducted to illustrate and
validate the findings. In the presence of two delay parameters, we discuss the characteristic equation
of the delay model under the case of the first time delay equal to zero to obtain the stable region of
the second time delay. The critical value corresponding to the delay parameter is derived. There
are five conditions to characterize the stability properties of the (unique) equilibrium point (either
locally asymptotically stable or unstable) and the occurrence of Hopf bifurcation. The delay values
affect the stability of the equilibrium point. A locally asymptotically stable equilibrium point can
become unstable under certain conditions, and a periodic orbit can arise from the equilibrium point as
the model switches its stability. The sensitivity analysis shows that the overall diabetes cases can be
reduced significantly by reducing the rate of developing diabetes, and the diabetics with complications
will decrease if the parameter measuring the limited medical resources gets smaller.

Keywords: Diabetes; time-delays; Hopf bifurcation; stability analysis; sensitivity analysis
AMS 2020 Classification: 92B05; 34D32; 35B35

1 Introduction

Diabetes mellitus is a life-long disease caused by hyperglycemia (high blood glucose levels) due
to defects in either lack of insulin or cells resisting the insulin or both. In 2021, the International
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Diabetes Federation (IDF) [1] estimated that 6.7 million adults died due to diabetes and its compli-
cations. and diabetes and its consequences cost the world economy USD966 billion. In Malaysia,
the estimated percentage of diabetics among adults aged 18 and above has increased from 11.6%
in 2006 to 18.3% in 2019 [2]. In 2021, Malaysia’s total diabetes-related health expenditure was
estimated at USD4833.5 million, with USD1090.7 per individual with diabetes [3].

Therefore, there is an urgent need to study the population dynamics of diabetes to address the
problem. Several population models of non-communicable diseases, such as diabetes [4, 5],
hypertension [6], thyroid disorders [7], and anemia [8], have been developed in the literature.
In the study, we will revisit the diabetic model in [9]. Although there are a few similarities
between the findings of [9] and the present paper, there are some significant differences too,
offering valuable insights and further information that were not provided in [9]. The distinctions
between [9] and the present paper are as follows: First, [9] did not discuss the non-negativity and
boundedness of the solution. This is an important issue in mathematical modeling because we
expect the state variables to be non-negative for all time. Secondly, global stability analysis was
not addressed in [9]. Third, [9] did not analyze the sensitivity of the model outputs to changes
in the model inputs. This aspect is crucial as it helps identify which parameters may become
potential targets for further investigation to control the disease in the population. Fourth, the
numerical simulations in the present paper involve five sets of parameter values.

In this paper, Section 2 discusses the assumptions of the mathematical model to study the popula-
tion dynamics of type-2 diabetes. Section 3 mainly focuses on the corresponding model without
time delays. The global asymptotic stability is also established by constructing suitable Lyapunov
functions. In Section 4, the dynamics of the delay model are studied. The Hopf bifurcation occurs
for some parameter values, making the Lyapunov direct method not work due to the appear-
ance of a periodic orbit. In Section 5, we compute the normalized forward sensitivity indices of
the model outputs with respect to the changes in the model inputs. We perform the numerical
simulation of the model in Section 6.

2 The mathematical model

The progression of diabetes is slow from the stage of non-diabetics to people with diabetes and
from the stage of diabetes to the development of complications [5]. In the present paper, we use
the model proposed by Nasir [9]. We extend the work of [9] by revising the local stability analysis
and adding the global stability analysis and sensitivity analysis. The model assumptions are:

1. The model is used to study the population of type-2 diabetes. The total population is
subdivided into four compartments, namely the non-diabetics, diabetics who never had any
complications, diabetics with complications, and diabetics with recovered complications.
Figure 1 shows the compartmental diagram under study.

Al kD¢ ()
- - 1+ BD(t)
P(t) m’ D(t) D), D.(t) ‘W D,,(t)
oL

WP Gru)D®]  (r)D) (w+us)Dy(t)]

Figure 1. Four-state diabetic population [9]
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Table 1. Definition of the symbols in Figure 1

Symbol | Definition Dimension
P(t) number of non-diabetics at time ¢ individuals
D(t) rTumber of diabetics who never had any complications at individuals

time ¢
D.(t) number of diabetics with complications at time ¢ individuals
Dy (t) number of diabetics with recovered complications at time ¢ | individuals
A the recruitment rate of non-diabetics individuals time !
o the diabetes incidence rate time !
T the slow progression in developing type-2 diabetes time
v rate of the first incidence of complication time !
(o3 time delay in the first incidence of complication time
o the recurrence rate of complications time !
K the recovery rate of complications time !
B non-negative parameter measuring the limited medical individuals—!
resources
" the diabetes-related mortality rate among diabetics time—1
without complications
" the diabetes-related mortality rate among diabetics with time—1
complications
s the diabetes-related mortality rate among diabetics with fime—1
recovered complications
U the mortality rate due to causes other than diabetes time !

Every symbol in Figure 1 is defined in Table 1. All parameters are assumed to be positive
because they represent human population dynamics.

2. Type 2 diabetes is a slowly progressive disease and degenerative [5]. The type of time delay
used in this study is a constant delay. The first delay parameter (77) concerns the stage of non-
diabetics to diabetics. This assumption is supported by Khetan and Rajagopalan [10], where
nearly all people affected with type 2 diabetes pass through a long phase of pre-diabetes
before becoming a full-blown diabetic. The second delay parameter (72) concerns the first
incidence of complication after the onset of diabetes. This assumption is introduced by
the fact that diabetes is a slowly progressive disease and can be symptomless. After being
unrecognized for a long time, people with diabetes may already have complications at the
time of diagnosis, such as a foot ulcer, change in vision, or infection that fails to heal [11].

3. The time delays are ignored for the other processes in Figure 1 because they do not require
as much time as developing type-2 diabetes and the first incidence of complication. For
example, complications related to the small blood vessels may range from 6 to 13 years
after developing diabetes [12]. In addition, type-2 diabetes is usually diagnosed at an old
age. The average age of diabetes that is diagnosed among Malaysians is 53 [13]. Hence, the
delay in the recurrence rate of complications (at rate 0D, (t)) is ignored because the diabetics
with recovered complications are assumed no longer in the early stage of diabetes and are
vulnerable to repeated complications [13].

4. For the treatment of complications, a saturating rate of recovery of complications of the form

D
h(D.) = ¢ reality,

1
1+ BD. 1+ gD,
with complications being postponed for treatment. If B = 0, this saturating recovery rate

reverts to the linear one: xD.(t), representing the unlimited medical resources [14]. The term

can be described as the reverse effect of the diabetics
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D
h(D.) = 7 i ﬁCDc is also widely known as the Holling type-2 functional response [15]. Note

that in our model, we employed different functional responses to represent the dynamics of
recovery and recurrence. For recovery (cessation of symptoms), we used a Holling Type 2
functional response between D, and D). This choice is biologically motivated by the fact that
recovery rates often exhibit saturation effects observed in diabetes recovery. This saturation
can be attributed to factors such as limitations in treatment resources and efficacy, which
cause the rate of recovery of individuals with complications to plateau as the population
of individuals with complications increases. Such saturation is well captured by a Holling
Type 2 response. On the other hand, Holling Type 1 is utilized to model the recurrence of

D
symptoms. This assumes a linear relationship between D) and h The rationale behind this

choice is that symptom recurrence often depends primarily on individual risk factors such
as lifestyle choices (diet, physical activity), medication adherence, and disease progression,
rather than being constrained by saturation mechanisms. While this simplification may not
capture all potential influences on recurrence, it provides a reasonable approximation for the
purpose of our model. A Holling Type 2 response would be inappropriate in this case because
the recurrence of symptoms does not exhibit resource-limited behavior in the same way that
recovery does. This distinction ensures that the model accurately captures the underlying
mechanisms of disease progression and treatment effects. However, if empirical data suggests
otherwise, alternative functional forms could be considered in future extensions of this study.

The dynamics in Figure 1 are governed as follows:

dp(t)

I:Z—t:A—DéP(t—'Lj)—‘uP(t), (1a)
% =aP(t—11) —yD(t — 1) — (4 + pu1)D(t), (1b)
dDdct(t) — ’)’D(t — Tz) - % + U’Dp(t) — (‘u + VZ)Dc(t), (1C)

dDy(t)  xD¢(t)
dt 1+ BD.(

t) - (O-_I_I’l_‘_VS)DP(t)/ (1d)
where the initial conditions are defined as follows:

P(9> = (Pl (9> >0, D(Q) = (PZ(Q) >0,0¢ [_Tmax/ 0]/
Tmax = maX{Tl,Tz}, DC(O) = DC() > O, DP(O) = Dp() > 0,

where ¢;(0) (i = 1,2) are continuous functions on 6 € [—Tmax, 0]. The total population size with
respect to model (1) is denoted as N(t) = P(t) + D(t) + D¢(t) 4+ Dp(t).

Note that the case where aP(t — 1) is assumed to be a constant incidence rate [ will be addressed
in another paper (see [16]). In [16], three variables will be discussed because the variable P(t) is
excluded. Consequently, the model in [16] contains one time-delay parameter only. Nasir et al.
[16] also pay special attention to the limited availability of medical resources for the treatment of
the complications of diabetes.

3 Qualitative analysis of the corresponding non-delay model

In this section, we study model (1) with no time delays (11 = 7 = 0). For simplifying the
notations, the variables P, D, D, Dy, and N, are evaluated at time f, unless the argument is
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other than ¢ (for example, D.(0) and P(t — 11)). Model (1) under the assumption of instantaneous
dynamics is written as:

dap

Ce=A—(a+pP, (2a)
dD

T =aP—(y+pu+wu)D, (2b)
dD. kD,
T vD — 1+ gD. + 0Dy — (p + p2) Dy, (20)
de . KDC

with the initial conditions:
P(0) =Py >0, D(0) =Dy >0, D:(0) = D, >0, Dp(O) = Dpo > 0.

In the following sections, we study the non-negativity and boundedness of the solution and the
stability properties of the equilibrium point of the non-delay model (2).

Basic properties of non-delay model (2)

Non-negativity and boundedness of the solution of non-delay model (2)
Proposition 1 The solutions P, D, D¢, and D of the non-delay model (2) remain non-negative and
bounded for all t > 0. Furthermore, the region:

A
Q:{@Ju%DaeRﬂP+D+m+Dp§—}
"

is a positively-invariant region with respect to the non-delay model (2).

Proof For the non-negativity of the solution P of the non-delay model (2), from Eq. (2a), we obtain:

o @+ pP=A ©

Since A > 0, Eq. (3) becomes:

o T+ )P =0 (S

The integrating factor is given as e(**1!, By multiplying inequality (4) with the integrating factor
and changing the variable ¢ to variable ¢, we obtain:

d
adl (atp)e| >
- [P(s)e ] > 0. )
Integrating both sides of inequality (5) from ¢ = 0 to € = ¢ gives:

P > P(0)e”(*FH),

Therefore, the solution P remains non-negative for all ¢ > 0.
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For the non-negativity of the solution D of the non-delay model (2), from Eq. (2b), we obtain:

dD
ﬁ+(v+y+m>D=wP- (6)

Since the term aP > 0, Eq. (6) becomes:

dD
E+(’r+y+y1)DZO,

D > D(0)e vttt

Therefore, the solution D remains non-negative for all £ > 0.

Since the solution is assumed to be a continuous and differentiable function, the functions D, (t),
Dp(t) cannot become negative without crossing the axes D. = 0,D, = 0. Let t* = min{¢, tp}
where D(t;) = 0,Dp(ty) = 0and (t, tp) > (0,0). If t* = t. then D(t.) = 0 and the functions
D,(t;) > 0att = t, yields

dt

(= t) = yD(t) + D, (t) > 0.

dD
Therefore, when the function D,(t) touches the axis D, = 0, —Lis always non-negative, and

dt

the function D.(f) will not decrease and will never cross to the negative part. Using a similar
argument, it can be shown that

dD
_P( f=ty) = —KDC(t) > 0.
dt 1+ BD.(t)
Thus, all solutions D(t), Dy (t) are always non-negative for all £ > 0.
For the boundedness of the solutions P, D, D, and D, of the non-delay model (2), adding all
equations of the non-delay model (2) yields:

dN
I =A—puN—p1D —po2Dc — pu3Dp. (7)

Since the terms y1D > 0, ypD: > 0, and 3D, > 0, Eq. (7) becomes:

dN
ekt <
ar TN =M
A A

N(t) < — + (N(O — —)e”t.

) H ) 1

A A .
IfN(0) < o then we have N(t) < o This implies that the upper bound of the total population

A A A A
sizeis —. If N(0) > o then N;(t) will decrease to m because tlim N(t) = —.
—00

The region () is a positively-invariant region with respect to the non-delay model (2).



204 | Mathematical Modelling and Numerical Simulation with Applications, 2025, Vol. 5, No. 1, 198-233

Stability of the equilibrium point of non-delay model (2)

Equilibrium point of non-delay model (2)

Let T* = (P*,D*, D}, D;‘;) be the equilibrium point of the non-delay model (2), where P = P¥,
D = D% D, = D¢, and Dy = D,,. Substituting these into the right-hand-side equations of the
non-delay model (2) and letting them equal to zero yields:

A—(a+u)P* =0, (8a)
aP*—(y+u+u1)D* =0, (8b)
* KD? * *
vD _T‘BD*—FUDP—(;M—FHZ)DC =0, (8¢)
C
kD} .
A aP*
From Eq. (8a), we have P* = ——. From Eq. (8b), we have D* = ——— . From Eq. (8d), we
o a4+ p a1
have D;; = e . By substituting the expressions of D* and D?; into Eq. (8¢),

TR CETE
we obtain:

21(D})? + zDf + 23 = 0, )

where 2y = B(pt + p2) (0 + p + 3), 22 = (p + p2) (p + iz + ) + k(p + p3) = py (0 + p + p3) D7,
and z3 = —y(0 + u + u3)D*. The roots of Eq. (9) are as follows:

—2Zy + z% —4z1z3
, (10)

and

—2p — /25 —4z123

221
221

(11)

Notice that z1 and z3 are opposite signs. Then, we have |/z3 —4z1z5 > /25 = |zo|. This indicates
that the root in (10) is positive while the root in (11) is negative.

Since the state variables represent individuals in the population, the only biologically meaningful
equilibrium point is as follows:

A p* —2p + /25 — 42123 D*
W—( a 2 Fe ). (12)

S \atpy+u+m’ 2z "(1+BDg) (0 + p+ p3)

Local stability
Theorem 1 The equilibrium point T* of the non-delay model (2) is locally asymptotically stable.

Proof The characteristic equation with respect to the equilibrium point T* of the non-delay model
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(2) is obtained by computing:
det[/\314 — Bl] =0, (13)

where A3 represents the eigenvalues, I is an identity matrix of dimension 4,

—(a+p) 0 0 0
B, — o —(y+b1) O 0
! 0 v b, o |’
0 0 by —by
and
K
by = ,bo=0 b3 = ———, by =0+ p+us. 14
1=H+u1, bo=bs+pu+u bs (it gD o O+ p+p3 (14)
After expanding Eq. (13), we obtain:
x1(A3)(As+a+u)(As+v+b1) =0, (15)

where x1(A3) = )\% + (b + bg) A3 + b3(p + u3) + ba(p + p2). Two of the roots of Eq. (15) are
—(a+ p) and —(y + b1), which is negative because « + p > 0 and y + b; > 0. The other two roots
of Eq. (15) are determined by x1(A3) = 0 or:

A3+ (bp + ba)As + bs(p + p3) + ba(p + po) = 0. (16)

By the Routh-Hurwitz criteria of a polynomial of degree two [17], all roots of Eq. (16) are negative
or have negative real parts because by + by > 0 and b3(p + p3) + ba(p + p2) > 0. As a result,
Theorem 1 is established.

Theorem 1 tells us that the small displacement from the equilibrium point T* will decrease to zero
regardless of the parameter values.

Global stability

In this section, we use the Lyapunov direct method to prove the non-existence of periodic orbits
for the non-delay model (2) [18]. Constructing an appropriate Lyapunov function to investigate
global stability is known to be a difficult problem in general. In the following, we discuss two
remarks, where Remark 1 is an example of an attempt to find a Lyapunov function and Remark 2
is the numerical simulation to indicate the global stability of the equilibrium point T*.

Remark 1 A function is suggested as follows:

L(P,D, D¢, Dp) =(2u + 7 + p1)(D — D*)* + a[(P — P*) + (D — D*)]?
+ 21+ p2 + p3)(De — Df)? + 0[(De — DY) + (D, — Dy)1, (17)

where L(P, D, D, D,) > Oforall (P,D, D, Dy) > (0,0,0,0) with equality if and only if (P, D, D, D) =
(P*,D*, Dg, D;;) The time derivative of L computed along the solution of non-delay model (2) is
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given by:

dL _9LdP  9LdD oL dD. 3L dDy
dt — oPdt oD dt 9D, dt = 9D, dt

- <2a(P— P*) + 2a(D — D*)> (A— (a+ y)P)
+ (sz(P—P*) F22u + 9+ u1 +a) (D — D*)) <sz— (y+u+ yl)D>

* % xD
+ (221 + 2 + p3 + @) (D = D) +20(Dp — D) ) (YD — 5 5 oDy

— (j+ m2)Dc) + (20(Dc — Df) +20(D, — D)) (% —(c+p+p)Dp).  (18)

Note that we have:

A= (a+u)P*,
0=—aP*+(y+u+u)D",

*

kD
— D* c . D* D*

*

xD

_ c *
0= 1+‘BD2<+(0’—|—,M+;43)DP.

Therefore, Eq. (18) becomes:

% - (204(P—P*) +2a(D — D*)) ((uc +u)P"—(a+ V)P)

+ <2a(P—P*) F2(2u+ 7+ i +a)(D—D*)) (sz— (y+p+m)D

— P+ (y+ i+ i)D" ) + (2020 + pa + i3+ 0) (De = Df) +20(D, — D;))

KDC % KD: _ % %
. N kD,
+(20(De = D2) +20(D, = D)) ) (5, — (0 + #+ 13)Dy

kD *
“Trpo t (¢4 1+ 13)D; )

_—Za}i(P—P*)Z—Z(Zy-I—'y-}-‘ul—|-1x)(fy+y_|_‘ul)(D_D*)2
2k(2p + p2 + pi3) (D — Df)? »
N —2(2 D.—D
(1+ D) (1 + BD;) (24 + p2 + p3 + @) (3 + p2) (D — DY)
_20(V+V3)(Dp—D;)2+2fy(2;4—|—;42+y3+U)(D_D*)(DC_D:)
+207(D—D*)(DP—D;§),

The term I < Oforall (P,D,D., D) > (0,0,0,0) is not satisfied because the terms 2 (2u + pp +

3 +0)(D —D*)(Dc — D{) and 20y(D — D*)(Dp, — Dj,) are not less than or equal to zero for all

(P,D,D.,Dy) > (0,0,0,0). Therefore, Eq. (17) in this Remark 1 is not the Lyapunov function that
we are looking for.
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Remark 2 As shown in Remark 1, it is difficult to show the global stability by the Lyapunov direct
method because we have to go through trial and error and it requires a lot of guessing. We will use
numerical simulations to display the global stability of the equilibrium point T* of the non-delay

model (2). Consider the following particular case of the non-delay model (2):

P s 0015P,
it
‘Z—? — 0.005P — 0.135D,
iD, 0.5D,
—0.05D— — 9P 4 04D, —0.26D,,
it 11000050, ~ *Pr c
dD, 0.5D,

= —0.51D,.
dt 1+ 0.0005D, P

(19a)
(19b)

(19¢)

(19d)

We obtain the equilibrium point T* = (2333.3333,86.4198,11.7670,11.4688). Figure 2 shows
the numerical simulations of system (19) with four sets of initial conditions (Py, Do, Dco, Dpo):
(3000, 200, 15, 80), (1500, 150, 30, 30), (500,10, 50,5), and (100,100, 5,50). This figure shows the

3000 T y y y 200
D, = 200
150 Dy=150| |
2000 // .
o P, = 3000 0 100 °
1000 Po=1500 .
P, =500 50t
/ P, =100
0 ; : : : 0 : : : :
0 10 20 30 40 50 0 10 20 30 40 50
Time (Year) Time (Year)

0 10 20 30 40 50 0 10 20 30 40 50
Time (Year) Time (Year)

Figure 2. Numerical simulations of system (19)

global stability of T* where the solutions P, D, D, and D, of model (19) converge to T* as time ¢
increases, regardless of any positive initial conditions. The numerical simulations indicate that the
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equilibrium point T* of the non-delay model (2) may be globally asymptotically stable.

4 Qualitative analysis of the delay model

In this section, we study the non-negativity and boundedness of the solution, and the stability
properties of the equilibrium point of the delay model (1).

Basic properties of delay model (1)
Non-negativity and boundedness of the solution of delay model (1)
Proposition 2 If conditions:
(H1) A > aP(t; — 1) at the boundary P(t1) = 0 for any time t1,
and
(H2) aP(t—11) > vD(ty — 12) at the boundary D(t,) = 0 for any time t,,

are satisfied, then the solutions P, D, D, and D, of the delay model (1) remain non-negative and bounded
forall t > 0. Furthermore, the region:

A
4
Q= {(P,D,DC,DP) eR+}P+D+DC+Dp < ?},

is a positively-invariant region with respect to the delay model (1).

Condition (H1) means that, in any event, if the number of non-diabetics drops to zero, the number
of non-diabetics who will develop diabetes should be less than the number of newly recruited
non-diabetics. On the other hand, condition (H2) means that if the number of diabetics who
never had any complications drops to zero, the number of diabetics who will develop the first
complication should be less than the number of non-diabetics who will develop diabetes. The
proof of Proposition 2 is as follows.

Proof We prove the non-negativity of variable P of the delay model (1) as follows. P(t) > 0 for
all t > 0. If this is not the case, suppose that there exists t; > 0 such that P(t) > 0 for t € [0, 1),

P(t;) =0, and % < 0. From Eq. (1a), we obtain:
dpd(:l) =A— (Xp(tl — Tl).

dp d( ttl) <0
Therefore, if A < aP(t; —77) at the boundary P(t1) = 0 for any time #1, the solution P may enter

the negative region. Condition (H1) indicates that the solution P remains non-negative for all
t > 0.

Next, we prove the non-negativity of the solution D of the delay model (1) as follows. D(t) > 0 for
all t > 0. If this be not the case, suppose that there exists t, > 0 such that D(t) > 0 for t € [0, tp),

D(t;) =0, and dDd—(ttz) < 0. From Eq. (1b), we obtain:

We have dP;:l) < 0 for A < aP(t; —11), which agrees to the supposition that

dD(t2)
dt

=aP(t—11) —yD(t2 — 1)
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dD(t>)

We have < 0foraP(tr — 1) < vD(t, — 1), which agrees to the supposition that dDd_(:z) <
0. Therefore, if aP(t; —11) < yD(t; — 1) at the boundary D(t;) = 0 for any time ¢,, the solution D
may enter the negative region. Condition (H2) indicates that the solution D remains non-negative
forall t > 0.

In the following, conditions (H1) and (H2) are satisfied.

Since variables D, and D, of delay model (1) depend on each other, we prove the non-negativity

as follows: D.(t) > 0 for all t > 0. If this is not the case, suppose that there exists t3 > 0 such that

D.(t) > 0 fort € [0,t3), Dc(t3) = 0, and dD;—itg) < 0. We first find the integration of Eq. (1d).

From Eq. (1d), we obtain:

Dy(t) = Dp(O)e_(‘7+V+H3)t + e_(<7+H+P13)th xDe(e) eloFHtpa)E go. (20)

0 1+ BDc(¢)
From Eq. (20), we have D,(t) > 0 for t € [0, t3]. Then, from Eq. (1c), we have:

ch(t?))
dt

= yD(t3 — 1) + 0Dy(t3) > 0,

but this leads to a contradiction to the supposition that

dDCEtg) < 0. We can conclude that the
solution D, remains non-negative for all t > 0. Consequently, from Eq. (20), the solution D, also
remains non-negative for all £ > 0.

For the boundedness of the solutions P, D, D,, and D, of the delay model (1), adding all equations
of the delay model (1) yields:

dN
= = A~ #N2— D —ppDe — p3Dy. (21)

Since the terms y1D > 0, yoD. > 0, and 3D, > 0, Eq. (21) becomes:

If N(0) <

=|[>

, then we have N(t) <

=|>

. This implies that the upper bound of the total population

size is % If N(0) > %, then N(t) will decrease to % because lim N(t) = é

t—o00
As a result, conditions (H1) and (H2) are required to be true so that the region (2 becomes a

positively-invariant region with respect to the delay model (1). The proposition is proposed.
Stability of the equilibrium point of delay model (1)

Equilibrium point of delay model (1)
The equilibrium point T* = (P*, D*, D}, D;;) given in (12) is also the equilibrium point of the
delay model (1) because when the delay model (1) reaches its equilibrium state, we have:

P=P(t—1)=P*, D=D(t—1) = D" D. =D}, Dy = Dj. (22)
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Upon substituting (22) into the right-hand-side equations of the delay model (1) and letting them
equal to zero, we obtain the same set of equations as given in (8).

Local stability and the occurrence of Hopf bifurcation

In the following sections, we will separate the local stability discussion into two parts. First, in
section "Stable region of 7, when 7; = 0”, we identify the stable region of 7, when 77 = 0. Then,
for 1, is within its stable region, we identify the critical value for 71 in section "7; > 0 and 7, is
within its stable region”.

Stable region of 7, when 71 = 0
For 71 = 0 and 1» > 0, we have the following theorem.

Theorem 2 For the delay model (1) with Ty = 0:
(i) If condition:
H3) b1 >,
holds, then T* is locally asymptotically stable for T, > 0.
(ii) If condition:
(H4) b <9,

holds, then there exists a critical value:

_ 1 ) b
0= w20 o8 { Y }' )
where
wso = /(b1 + 1) (b1 ), (24)

such that T* is locally asymptotically stable for Ty € [0, Tao) and becomes unstable for T, > Ty.
Furthermore, a Hopf bifurcation occurs at T, = Tpg and a family of periodic orbits arises from T*.

Condition (H3) means that the rate of the first incidence of complication does not exceed the total
death rate of diabetics who never had any complications. While condition (FH4) means that the
rate of the first incidence of complication is greater than the total death rate of diabetics who never
had any complications. The proof of Theorem 2 is as follows:

Proof The characteristic equation with respect to the equilibrium point T* of the delay model (1)
with 73 = 0 is obtained by computing;:

det [Agly — By —e M™2B;3] =0, (25)

where A4 represents the eigenvalues, I is an identity matrix of dimension 4,

—(@+pu) 0 0 0 0 0 00
" by 0 0 0 —y 0 0

B, = 0 0 —b o |27 |0 vy 0 0|’
0 0 by —by 0 0 00
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and by, by, b3, and by are as given in Egs. (14). After expanding Eq. (25), we obtain:

(Ag+p+a)x1(As)x2(Ag) =0, (26)

where

x1(Ag) = A3+ (by +by) Ay + b3 (p + p3) +by(p + pa),
x2(Ag) = (Mg + by +e M),

One of the roots of Eq. (26) is —(p + «), which is negative because y + « > 0. The other two roots
of Eq. (26) are determined by equation x1(A4) = 0 and by the Routh-Hurwitz criteria [17], they
are all negative or have negative real parts because b, + by > 0 and b3 (p + p3) + ba(p + p2) > 0.
Lastly, the other roots of Eq. (26) are determined by equation x(A4) = 0 or

(Ag+ by 4+ e M72q) = 0. (27)

Assume that for some 7, > 0, Ay = iw; (i = v/—1 and wy > 0) is one of the roots of Eq. (27).
Then, we can obtain

w3+ (b1 +7)(b1 = 7) = 0. (28)
Eq. (28) can be written into a polynomial of degree one in @, = w3, as follows:
@2 + (b1 +7)(b1 —7) = 0. (29)

The root of Eq. (29) is negative if condition (H3) is satisfied. Condition (H3) implies that @, =
w3 < 0, which is a contradiction because we initially assumed w; > 0. The characteristic Eq.
(27) cannot have Ay = iw, as one of the roots. Therefore, the equilibrium point T* is locally
asymptotically stable for 7, > 0 with 7y = 0. This proves Theorem 2(i).

For the second proof, suppose that condition (H4) is satisfied. Condition (H4) implies that Eq. (28)
has one positive root, that is, Eq. (24). Then, the corresponding critical delays are given by:

b1 b\ | 2j
W= ot AL I 01,0,
Y w20

Let 79 = TZ(O) be the first critical value at which Eq. (27) has roots on the imaginary axis and
Ay = Eiwyg are the corresponding roots. Then, the equilibrium point T* is locally asymptotically
stable for T, € [0, Tp9) with 71 = 0. Moreover, the transversality condition for the establishment of
Hopf bifurcation at 7, = Ty is satisfied [19], as follows:

~1
sign{iﬁ[dﬂ} } = sign{iﬁ{@] } >0,
a7y A4(Ta0)=iwng a7 Ay (Ta0)=icwng
where
drg ]t 1
W =
2 M(mo)=iwy T
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This completes the proof of Theorem 2(ii).

71 > 0 and 1, is within its stable region
For 71 > 0 and 1, is within its stable region, we have the following theorem.

Theorem 3 For delay model (1) with (11, 72) > (0,0), given T, is within its stable region (T, can be any
non-negative value if condition (H3) holds, or 7» € [0, Tag) if condition (H4) holds). Given an equation
with respect to w1 as follows:

Wi + (0] + 77+ — )i + (bF +97) (0* — )
+ 2b1y(w? 4 u? — a?) cos wi Ty — 2wy (w? + p? — a?) sinwip, = 0. (30)
We have:
(i) If condition:
(H5) Eg. (30) has no root,
holds, then the equilibrium point T* is locally asymptotically stable for T > 0.
(ii) If condition:
(H6) Eg. (30) has at least one positive root,

holds, then there exists a critical value:

_ . (0)
T = T , 31
10 ke{T;?.,n} 17 ) (31)

where

o_ 1 af ¥
D1}

where wyy (k =1,2,...,n) are any positive roots of Eq. (30), such that the equilibrium point T* is
locally asymptotically stable for Ty € [0, T10) and becomes unstable for Ty > Ty9. Furthermore, if the
following condition is satisfied:

(H7) VoV +V1V3 >0,

where

Vo = (b1 + p) + acos wiptip + (7 — pyT) cos wigTr

— YW1 SIN W1 T2 — &Y T2 COs wip(T10 + T2), (32a)
V1 = 26010 —asin w10T10 — (’)’ — ‘M’)/Tz) sin w1072

— YTrw1g COS W1 T2 + XY T2 sin wlo(Tl() + Tz), (32b)
Vo = biawqg sinwypTig — Déw%o Cos w10 Ty0 + aywig sin wig(T10 + ), (32¢)
Vi = aw%o sin w10 Ty + b1awig cos wigTig + aywio cos wig(Tio + 2), (32d)

where wy is the corresponding positive root of Eq. (30) when Ty = 710, then a Hopf bifurcation
occurs at Ty = Ty and a family of periodic orbits arises from T*.
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Proof The characteristic equation with respect to the equilibrium point T* of the delay model (1)
is obtained by computing:

det [/\514 — By — €_A5T135 — 6_)\51—233] =0, (33)

where A5 represents the eigenvalues, I is an identity matrix of dimension 4,

Y 0 0 —« 0 0 0 0 0 0O
o R S P R O
0 0 by —by 0 00O 0 0 0O
and by, by, b3, and by are given in Egs. (14). After expanding Eq. (33), we obtain:
X1(As)x3(As) =0, (34)

where

X1 ()\5) = )\% + (bz + b4)/\5 + bg(‘u + ],13) + b4(ﬂ + ]42),
x3(As) = (As + 4 57a) (A5 + by +¢7527).

Two of the roots of Eq. (34) are determined by x1(As5) = 0 and by the Routh-Hurwitz criteria [17],
they are all negative or have negative real parts because by + bs > 0and b3 (y + p3) + ba(p + p2) >
0. The other roots of Eq. (34) are determined by x3(As) = 0 or:

A3+ (b + 1)As + bip+ e 50 (A5 + bra) + e 52 (yAs + py) +e BT Ray = 0. (35)

For 1, within its stable region (either condition (H3) or (H4) holds), we assume that for some
71 > 0, A5 = iwq (i = v/—1and w1 > 0) is one of the roots of Eq. (35). Substituting A5 = iw; into
Eq. (35) and separating the real and imaginary parts yields:

(bya + ay cos w1 Tp) cos w1ty + (wwy — aysinwi ) sinwi

= (w% —bip) — yw1 Sin w1 Ty — U7y COS W1 Ty, (36a)
(bya + ay cos w1 ) sin w1t — (wwq — ay sin w1 T) Cos w1 Ty

= (b1 + p) sinwiT + YW cOs w1 Tr — Py sinwi . (36b)

We eliminate 71 by squaring and adding both Egs. (36). Then, we can obtain Eq. (30). Suppose
that condition (H5) is satisfied. Condition (H5) implies that the characteristic Eq. (35) cannot have
A5 = iwy as one of the roots. Therefore, the equilibrium point T* is locally asymptotically stable
for 1 > 0. This proves Theorem 3(i).

For the second proof, suppose that condition (H6) holds. Without loss of generality, suppose
that Eq. (30) has a finite number of positive roots denoted by w11, w1y, ..., wy,. For every wqy
(k=1,2,...,n) and using the equations in (36), we obtain the corresponding critical delays as
follows:
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Let Tjp = min DV pe the first critical value for which Eq. (35) has roots on the imaginar
ke(l2,.m L 1k q gmary
€{1,2,..n

axis and A5 = *iw;( are denoted as the corresponding roots. Then, the equilibrium point T* is
locally asymptotically stable for 71 € [0, T19). To establish the occurrence of Hopf bifurcation at
71 = T19, we need to show that:

sign{%[%} } > 0.
T 1 A5 (g)=iwro

By differentiating Eq. (35) with respect to 71, we obtain:

d)\S -1 B 2/\5 + bl +u+ Dée_/\5T1 _ (772/\5 — v+ ]/l’)’Tz)E_/\STZ _ DC'YTZE_A5(T1+T2) B 7 (37)
s B (2A2 + brads)e 5T + ayAse Ns(n+m) As’
Evaluating Eq. (37) at A5(119) = iwyp yields:
{% - _Vo+ivi - mo (38)
17 As(rig)—iwro V2 T1V3  iwig

where V), V1, V, and V3 are as given in Egs. (32). The real part of Eq. (38) is given by:

ol

. VoVo + V1 V3
dT1 N '

Vi + V3

As(T10)=iwg

If condition (H7) is satisfied, then

-1
sign{%[dﬁ} } = sign{%[dﬁ}
at As(T10)=iwg dn

This completes the proof of Theorem 3(ii).

} -0,
As(T10)=iwro

Remark 3 We discussed the criteria implying that there exists a periodic orbit for the delay model
(1) for some parameter values. Such results are interesting because the equilibrium point T* can
become unstable and not approach T*. In this case, T* of the delay model (1) is not globally
asymptotically stable, and the Lyapunov direct method would not work.

5 Sensitivity analysis

Model (1) has four model outputs (state variables) and sixteen model inputs (parameters and
initial conditions). The model outputs are denoted as x = {P, D, D, D;}, while the model inputs
are denoted as ¢ = {A, &, v, %, B,0, U, M1, Y2, 13,71, T2, P1(6), $2(0), Do, Dyo}. Following [20, 21],
the sensitivity index of an arbitrary model output x; with respect to an arbitrary model input ¢; is
as given by:

, 1=12,3,4, j=1,...,16.

For simplifying the notations, the variable ng’ (t) is denoted as Sg;, unless the argument is other
than t. Following [21, 22], the system of differential equations for the sensitivity indices of the
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outputs P, D, D, and D), with respect to an arbitrary model input ¢; is given by:

ast
dt — 0 0 0 1 rep
D H St
Bol 1o ~(urm) 0 0 o
d K Gi
=10 0 —
d 0 0 —(c+u+uz)| |S:7
S| i )] s
L dt
P
4 000 5§< “l o 0 o0 o] |5t
e 000 SL%,-( —7) Lo =00 SB’( —T2)
0 000 Sgc(t—ﬁ) 0 7 00 ng(t—rz)
000 0f [Pripgy| [0 0 0 0] |sPrin,
d ;/dP\ 9 ¢dD\ 9 ;dD.\ 9 ,dDp\]'
+{a—gj(7) @(T) ?].(dt) a—g](w ' (39)

7 (o)

SOO) | [3¢1(6) 3¢a(6) 9Dy D]’

Sgc(o) _|: a(;] a§] ag] ag]:| / GE[_TmaXlO]-
S¢; (0)

In particular, the system of differential equations for the sensitivity indices of the model outputs P,
D, D, and Dy, with respect to the recruitment rate of non-diabetics (A) is given by:

ds?

SN = —psk—ash(t—m) +1, (402)
dSJD\ D P D

—& = —(u+m)SR +aSK(t—7) —ySR(t— ), (40b)
dshe xSDe D

at = aappy 0T H2)SRE +0S," + SR (t =), (40c)

[
D D

ds;’ kSX¢ D

G = A3 ppgE T TH IS (404

with the initial conditions:
SE(0) =0, 0 € [~Tmax, 0], S2(6) =0, S(0) = 0, S, (0) = 0.
The equilibrium solutions of system (40) is given by:

1

sk =
A o+ p

4
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. ocSi*
)y —
Y+ pt U
oDi _ vSR (0 +p+p3)(1+ BD;)?
A k(p4ps) + (u+ p2) (0 4+ p+pz)(1+ BD;)?
D; KS%

N = (0+p+p3)(1+BDF)?

The system of differential equations for the sensitivity indices of the model outputs P, D, D., and
D, with respect to the time delay parameter (77 ) is given by:

d;—fl = —ySfl — (xSfl(t —1) + aw, (41a)
d;?:=‘%H‘FMOSQ-+a52(ﬁ—rﬁ-—7520_uq)_aéfggffﬁl (41b)
dfl? T isé;c)z — (u+ p2) S + ‘755170 +S0(t— 1), (41¢)
D
dil?p - fé;c)z — (o4 p+13)Se (41d)
with the initial conditions:
S5 (0) =0, 0 € [~Tmax,0, S5.(0) = 0, S7:(0) = 0, 8(0) = 0. 42)

The equilibrium solution of system (41) is given by

* * * D
sb"=0, S2"=0, Syr=0, S’ =0.
Similarly, we can derive the sensitivity indices with respect to the other model inputs using system

(39). Then, we compute the normalized forward sensitivity indices by using:

Y = g4

¢ % i=1,23,4 j=1,...,16.

Sensitivity index of equilibrium point T*

In this section, we compute the normalized forward sensitivity indices of T* with respect to each
model input using the values in Table 2.

The normalized forward sensitivity indices of the equilibrium point T* = (P*, D*, D{, Dy) with
respect to every model input are presented in Table 3.

From Table 3, changes in the model inputs ¢1(6), $2(8), Dco, Dpo, T1, and T2 have no effects on the
equilibrium point T*. Furthermore, we can decrease the total number of diabetics by increasing
the death-related model inputs (u, p1, p2, and p3). However, these actions are impractical
and unethical. A similar argument applies to the recruitment rate of non-diabetics (A). It is
unreasonable to restrict the growth of non-diabetics in order to reduce the equilibrium solution of
all diabetic subpopulations. Apart from these model inputs (¢1(6), $2(6), Dco, Dpo, 1, 1, 2, H3, A\,
71, and 1), we rank the normalized forward sensitivity indices of D*, D, and D}, with respect to
the other model inputs from the most sensitive to least (see Table 4). The signs and magnitudes of
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Table 2. List of values for the model inputs of model (1)

Model input Value Dimension Source
$1(0) 17375603 individuals Assumed after [2]
¢2(0) 2558998 individuals [16]

D¢ 666483 individuals [16]
Dyo 666483 individuals [16]

A 274314.75 individuals year—! Estimated after [2]
n 5.2108 x 103 year*1 Estimated after [2]
07 0.1 year*1 [16]

o 0.15 year—! [16]

U 0.008678 year ! [16]

M 5.84 x 10~* year_1 [16]

1o 0.002336 year—! [16]

13 0.001752 year ! [16]

K 0.988986 year—! [16]

B 5x107° individuals—! [16]

T 10 years [10]

(o) 5 years [16]

Table 3. Normalized forward sensitivity indices of the equilibrium point T* of model (1) using the model inputs

in Table 2
3 Yg Y5 Y Yo/
A 1 1 1.1487 0.0302
o —0.3752 0.6248 0.7177 0.0188
0% 0 —0.9152 0.0974 0.0026
K 0 0 —0.1527 0.9960
B 0 0 0.1487 —0.9698
o 0 0 0.1428 —0.9312
U —0.6248 —0.7043 —1.7125 —0.0991
I 0 —0.0053 —0.0061 —1.613 x 1074
U 0 0 —0.2112 —0.0055
U3 0 0 —0.0240 —0.0116
T 0 0 0 0
™ 0 0 0 0
$1(0) 0 0 0 0
¢$2(0) 0 0 0 0
Do 0 0 0 0
Dyo 0 0 0 0

9

YP" are not given because we are only concerned with the diabetic subpopulations.

217

Reducing the overall diabetes prevalence is the primary concern. Based on the status of individuals
with diabetes, we should give extra precautions to reduce diabetics with complications (D,) as
they can affect the availability of the treatment of the complications. From Table 4(B), the diabetes
incidence rate («) is at the highest rank but in the positive direction. Thus, decreasing « will
affect the most in reducing the equilibrium solution of diabetics with complications (D}). In
addition, the decrease in a will also decrease the equilibrium solution of diabetics who never had

any complications (D*) and diabetics with recovered complications (D), making « the most
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Table 4. Magnitude and sign of the normalized forward sensitivity indices of D*, D¢, and D;, with respect to the
model inputs &, v, k, B, and o

(A) indices of D* (B) indices of D} (C) indices of D,
c \YE | sign c IYE?\ sign c \YQD ;I sign
0% 0.9152 - o 0.7177 + K 0.9960 +
o 0.6248 + K 0.1527 — B 0.9698
K B | 0.1487 o 09312 |
B 0 o | 01428 | + « | 00188 |
o v | 0.0974 v | 0.0026

important model input to curb the overall diabetes cases.

A 1% increase in the recurrence rate of complications () increases the equilibrium solution of
diabetics with complications (D) by approximately 0.1428%, while a 1% increase in the rate
of the first incidence of complication (1) increases the equilibrium solution of diabetics with
complications (D) by approximately 0.0974%. Thus, decreasing 7y and ¢ are beneficial to lower
D;.

From Table 4(C), the recovery rate of complications (k) is the most sensitive model input in
changing the equilibrium solution of diabetics with recovered complications (D;), where a 1%
increase in k increases D, by approximately 0.9960%. However, the value of x is at maximum
because if the inhibition effect 8 = 0 individuals™!, x + u + up = 1 year~! (the total rates of
individuals leaving the compartment of diabetics with complications (D.)). The value of « gets

smaller due to the inhibition effect of limited medical resources measured by the term m
C

1

In reality, T+ B, can be described as the reverse effect of diabetics with complications being
c

postponed for treatment [14]. From Table 4(B, C), a 1% increase in the inhibition effect B results in

an approximately 0.1487% increase in the equilibrium solution of diabetics with complications (D)

and an approximately 0.9698% decrease in the equilibrium solution of diabetics with recovered

complications (D}). Thus, decreasing B is crucial to decrease D.

6 Numerical simulation
Stability of equilibrium point T*

In this section, we give some numerical simulations for several cases of model (1) to validate and
illustrate our theoretical results. Five examples are presented, and Table 5 shows the differences
between them.

Table 5. Numerical example with respect to model (1)

Theorem

Example 2 3
(H3) (H4) (H5) (H6) (H?7)

Gl | W[N] =
[ )
[ )
[ )
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Example 1 Consider the model inputs: A = 35, « = 0.005, v = 0.05, xk = 0.5, = 0.0005, 0 = 0.4,
u=0.01, yy =0.075, yp = 025, u3 = 0.1, 4 =0, ., = 0, Py = 3000, Dy = 200, D,y = 15, and
Do = 80, which give the following particular non-delay case of model (1):

”;—IZ — 35— 0.005P — 0.01P, (43a)
dD

— = 0.005P —0.05D — 0.085D, (43b)
dD, 0.5D.

=0.05D—————S __ 40.4D,—0.26D 4
a D= 50005, T O4Pr — 026D (43c)
dD 5D
p__ 05D 0.51D,, (43d)

dt  1+0.0005D,

with the initial conditions:
P(0) = 3000, D(0) =200, D.(0) = 15, DP(O) = 80.

We obtain the equilibrium point T* = (2333.3333, 86.4198,11.7670,11.4688). According to Theorem 1,
T* of system (43) is locally asymptotically stable (see Figure 3).

2500
2000 //
© 1500 f P
g 0
= D,
e)
£ 1000 | Dp
500 f
—
0
0 10 20 30 40 50

Time (Year)

Figure 3. The dynamics of system (43)

Example 2 Consider the model inputs: A = 35, « = 0.005, v = 0.05, xk = 0.5, = 0.0005, 0 = 0.4,
p = 0.01, py = 0.075, yo = 0.25, u3 = 0.1, $1(6) = 3000, ¢2(0) = 200, Do = 15, and Do = 80,
which give the following particular case of model (1):

dpP
= =35-0.005P(t—1;) —0.01P, (44a)
dt
dD
— = 0.005P(t — 1) —0.05D(t — 72) — 0.085D, (44b)
D, 0.5D,

= 0.05D(t— 1) — ————C 4+ 0.4D, —0.26D 44
- = 005D(t— 1) T 000050, + 04Dy —0:26D%, (440)
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dD, 05D,
dt 1+ 0.0005D,

—0.51D,, (44d)

with the initial conditions:
P(0) = 3000, 6 € [—Tmax, 0], D(6) =200, D.(0) = 15, DP(O) = 80.

We obtain the equilibrium point T* = (2333.3333,86.4198,11.7670,11.4688).

We first check the existence of critical value Ty when T = 0. From Theorem 2, condition (H3) is satisfied
because by — v = 0.035 > 0. According to Theorem 2(i), the equilibrium point T* of system (44) with
71 = 0 s locally asymptotically stable for 7, > 0.

Furthermore, for condition (H3) holds, we check the existence of critical value Ty provided T, can be any
non-negative value. From Theorem 3 and choosing 7o = 13, Eq. (30) becomes

w] 4 0.0098w3? + (7.2938 x 1077) + 0.0085(w? + 7.5 x 10™°) cos 13w
—0.1wy (w? + 7.5 x 107°) sin 13wy = 0. (45)

Eq. (45) has no root, and condition (H5) is satisfied. Thus, from Theorem 3(i), T* of system (44) with 1,
can be any non-negative value (in this case, T, = 13) is locally asymptotically stable for Ty > 0. Figure 4
shows the dynamics of system (44) with two sets of T and 1y: (i) 71 = 15 and 1, = 13, and (ii) 71 = 150
and T, = 13.

3000 " " " " 200 " "
(A) T, = 15, Ty = 13
2900 r ———-(B)7, =150, 7,=13
150 1
0. 2800 @]
100 | ==
2700 [
2600 . . . : 50 . . . .
0 10 20 30 40 50 0 10 20 30 40 50
Time (Year) Time (Year)
40 : : : : 80
(A) 7, =15,7,=13 (A) 7, = 15,7,=13
———-(B)7, =150, 7,=13 60 | ———-(B)7, =150, 7,=13 | {
307 1
o
a a
20
10 0
0 10 20 30 40 50 0 10 20 30 40 50

Time (Year) Time (Year)

Figure 4. Dynamics of system (44) with: (A) 1 = 15and 1, = 13. (B) 4 = 150 and 7o = 13
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When conditions (H3) and (H5) are satisfied, the solution (P, D, D, Dy) converges to T* regardless of the
value of 71 and 1.

Example 3 Consider the model inputs: A = 35, « = 0.125, v = 0.05, xk = 0.5, = 0.0005, 0 = 0.4,
p = 0.05, 1 = 0.075, o = 0.25, 3 = 0.1, ¢1(0) = 300, ¢2(0) = 100, Do = 30, and Dy = 40,
which give the following particular case of model (1):

dpP

o = 35— 0125P(t 7)) ~ 0.05P, (46a)
D
S = 0.125P(t—7) —0.05D(t — 7;) — 0125D, (46b)
dD, 0.5D,
— 0.05D(t— ) — ——2=¢ __ 104D, —0.3D 4
g~ 008Dt —m) — 56008, T 04Pr —03De (46c)
dD, 05D,

= —0.55D 46d
dt 1+ 0.0005D, 0-55Dy, (46d)

with the initial conditions:
P(0) =300, 0 € [—Tmax,0], D(0) = 100, D.(0) = 30, DP(O) = 40.

We obtain the equilibrium point T* = (200, 142.8571,16.4108,14.7975).

We first check the existence of critical value g when ) = 0. From Theorem 2, condition (H3) is satisfied
because by —y = 0.075 > 0. According to Theorem 2(i), T* of system (46) with Ty = 0 is locally
asymptotically stable for 7o > 0.

Furthermore, for the condition (H3) holds, we check the existence of critical value Ty provided T, can be
any non-negative value. From Theorem 3 and choosing 7 = 100, Eq. (30) becomes

wf +0.005w% — (2.3789 x 107%) + 0.0125(w? — 0.0131) cos 100w,
—0.1w; (w? —0.0131) sin 100w, = 0. (47)

We obtain one positive root of Eq. (47), which is w11 = 0.1146, and the condition (H6) is satisfied. Then,
we obtain T19 = 17.3030. We also satisfy condition (H7), which is VoV, + V1 V3 = 6.1780 x 1074 > 0.
From Theorem 3(ii), T* of system (46) with T, can be any non-negative value (in this case, T, = 100) is
locally asymptotically stable when T € [0,17.3030), where the solution (P, D, D, D)) converges to T*
as time t increases (see Figure 5(A)).

The equilibrium point T* becomes unstable when t1 > 17.3030, where the solution (P, D, D, Dp) gets
larger and away from T* as time t increases (see Figure 5(B)). System (46) with T, can be any non-negative
value (in this case, T, = 100) undergoes a Hopf bifurcation at T* when 7y = 17.3030, and a periodic orbit
arises from T* (see Figure 5(C)).

Example 4 Consider the model inputs: A = 35, « = 0.005, v = 0.175, xk = 0.5, = 0.0005, ¢ = 0.4,
p = 0.05 p1 = 0.075, yp = 0.25, u3 = 0.1, p1(8) = 550, ¢2(0) = 10, Dy = 35, and Do = 20,
which give the following particular case of model (1):

dp

= =35-0.005P(t—1;) —0.05P, (48a)
dt

dD

—r = 0.005P(t — 1) —0.175D(t — 1) —0.125D, (48b)
D, 0.5D,

= 0.175D(t— 1) — ————¢ — 40.4D, — 0.3D 4

G = 0175D(t =) — grarer- + 04D, — 03D, (48¢)
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(A)r,=5< Ti0 and 7, = 100.
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400
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Figure 5. When T, can be any non-negative value (in this case, 7, = 100): (A) The equilibrium point T* of system
(46) is locally asymptotically stable for 1 = 5 < 199. (B) T* is unstable for 1 = 18.5 > 7y9. (C) System (46)

undergoes a Hopf bifurcation at 7y = 17.3030 = 149

dD, 05D,
dt ~ 1+0.0005D,

—0.55D,,

with the initial conditions:

P(6) = 550, 8 € [—Tmax, 0], D(8) = 10, D(0) = 35, D,(0) = 20.

We obtain the equilibrium point T* = (636.3636,10.6061,4.2563,3.8611).

(48d)



We first check the existence of critical value Tog when ) = 0. From Theorem 2, condition (H4) is satisfied
because by —y = —0.05 < 0. Then, we obtain 19 = 19.3216. By Theorem 2(ii), the equilibrium point
T* of system (48) with T = 0 is locally asymptotically stable when T, € [0,19.3216), where the solution

converges to T* as time t increases (see Figure 6(A)).
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Figure 6. For system (48) with 771 = 0: (A) The equilibrium point T* is locally asymptotically stable for
T) =5 < 1. (B) T* is unstable for » = 30 > 1. (C) System (48) undergoes a Hopf bifurcation when

Ty = 19.3216 = 0
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T* becomes unstable when 1, > 19.3216, where the solutions D, D., and D, move away from the
equilibrium solutions D*, D¢, and D, respectively, as time t increases (see Figure 6(B)). System (48)
with T = 0 undergoes a Hopf bifurcation when 1, = 19.3216, where the solutions D, D, and D, show
periodic behaviors (see Figure 6(C)).

Notice that the solution P for Figure 6(B—C) does not oscillate like the other variables. The differential
equation of P (Eq. (1a)) is unaffected by D, D., and D). Hence, the oscillation of other variables does not
affect P since if T = 0, P is locally asymptotically stable (see Remark 4). On the contrary, if the solution P
has an oscillating behavior, the other variables will also oscillate.

Remark 4 Recall Eq. (1a),

Z—f = A—aP(t—1) — uP. (49)

The characteristic equation that associated with the equilibrium solution P* of Eq. (49) is given by:

A +p+eMla=0, (50)

where A¢ represents the eigenvalues. For the case of 71 = 0, Eq. (50) has a negative root given by
—(p + ). Hence, P* of Eq. (49) with 74 = 0 is locally asymptotically stable. This is the reason the
solution P in Figure 6(B, C) does not oscillate even though 7, is not within its stable region. Apart
from this, we discuss the case of 71 > 0. Assume that Ay = i (i = v/—1 and @ > 0) is one of the
roots of Eq. (50). By substituting A¢ = i@ into Eq. (50) and after some algebraic manipulations,
we obtain @ = /(a + u)(a — p). If & < p, a contradiction occurs because we initially assumed
@ > 0 and P* is locally asymptotically stable for 71 > 0. However, P* loses its stability for some
values of 1 > 0if a > p.

Next, for the condition (H4) holds, we check the existence of critical value 19 provided 1; is within
[0,19.3216). From Theorem 3 and choosing 7, = 5 € [0,19.3216), Eq. (30) becomes

Wi +0.0487w? 4 (1.1447 x 107*) + 0.0438(w? + 0.0025) cos 5wy
— 0.35w (w? — 0.0025) sin 5w; = 0. (51)

Eq. (51) has no root, and condition (H5) is satisfied. From Theorem 3(i), the equilibrium point
T* of system (48) with T, within its stable region (in this case, 7, = 5 € [0,19.3216)) is locally
asymptotically stable for 7y > 0. Figure 7 shows two simulations of two different values of 7
(m = 7and 1 = 87) with o = 5 € [0,19.3216). In both figures, the solution (P, D, D., D)
converges to T* regardless of the value of 3.

Example 5 Consider the model inputs: A = 35, « = 0.125, v = 0.175, xk = 0.5, = 0.0005, ¢ = 0.4,
p = 0.05, u1 = 0.075, pp = 0.25, u3 = 0.1, p1(6) = 60, ¢2(0) = 10, Do = 40, and Dy = 20, which
give the following particular case of model (1):

dapP

= =35-0.125P(t—1;) — 0.05P, (52a)
dt
”;—? = 0.125P(t—11) — 0.175D(t — 1) — 0.125D, (52b)
D, 0.5D,

= 0.175D(t— 1) — ————¢ — 40.4D, — 0.3D 2
G = 0175D(t =) — grarer- + 04D, — 03D, (520)
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(A) 7, =7and 7, =5 € [0, 19.3216) (B) 7, =87and 7, =5 € [0, 19.3216)

700 700
650 650
o) o)
© ©
S S
2 600 5 2 600 b
E o || B ;
550 D, 550 D,
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ob——= : : : ob——= : : :
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time (year) time (year)

Figure 7. Dynamics of system (48) when 1, is within its stable region (in this case, 7, = 5 € [0,19.3216)): (A)
Tl = 7. (B) Tl = 87

dD, 05D,
dt 1+ 0.0005D,

—0.55D,, (52d)

with the initial conditions:
P(0) =60, 0 € [—Tmax,0], D(0) = 10, D.(0) = 40, DP(O) = 20.

We obtain the equilibrium point T* = (200, 83.3333,33.5936, 30.0351).

We first check the existence of critical value g when ) = 0. From Theorem 2, condition (H4) is satisfied
because by —y = —0.05 < 0. We obtain 19 = 19.3216. By Theorem 2(ii), the equilibrium point T* of
system (52) with T = 0 is locally asymptotically stable when T, € [0,19.3216) and becomes unstable
when 1) > 19.3216. System (52) with 71 = 0 undergoes a Hopf bifurcation when 1, = 19.3216. The
corresponding plots and trajectories have similar characteristics as in Figure 6.

Furthermore, for the condition (H4) holds, we check the existence of critical value iy provided T, is within
[0,19.3216). From Theorem 3 and choosing 7 = 4 € [0,19.3216), Eq. (30) becomes

w} +0.0331w? — (6.0703 x 10~%) 4 0.0438(w? — 0.0131) cos 4w,
—0.35w1 (w? —0.0131) sin 4w; = 0. (53)

The positive root of Eq. (53) is w11 = 0.1146 and the condition (H6) is satisfied. Then, we obtain 19 =
17.3030. We also satisfy the condition (H7), which is VoV, + V1 V3 = 0.0011 > 0. From Theorem 3(ii),
the equilibrium point T* of system (52) with T within its stable region (in this case, T, = 4 € [0,19.3216))
is locally asymptotically stable when T € [0,17.3030), where the solution (P, D, D, Dy) converges to
T* as time t increases (see Figure 8(A)). T* becomes unstable when Ty > 17.3030, where the solution
(P,D,D.,Dy) gets larger and moves away from T* as time t increases (see Figure 8(B)). System (52)
with Ty within its stable region (in this case, T» = 4 € [0,19.3216)) undergoes a Hopf bifurcation when
T1 = 17.3030, that is, a periodic orbit arises from T* (see Figure 8(C)).
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(A) 7, =6 <7, and 7, =4 € [0, 19.3216).
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Figure 8. Dynamics of system (52) with 1, within its stable region (in this case, 7, = 4 € [0,19.3216)): (A) The
equilibrium point T* is locally asymptotically stable for 71 = 6 < 179. (B) T* is unstable for 73 = 18.5 > 14¢. (C)
System (52) undergoes a Hopf bifurcation when 71 = 17.3030 = 149

Simulation with respect to the model inputs in Table 2

Stability of T*

Based on the values in Table 2, the corresponding equilibrium point of model (1) is T* = (1.9751 x
107,9.4193 x 10°,7.4153 x 10°,1.2005 x 10°). Accordingly, from the discussion in Section 4, we
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tirst set 77 = 0 and look at the range of 7, for which T* remains locally asymptotically stable.
Condition (H4) of Theorem 2 is satisfied. We obtain the critical value 175y = 16.7073, where the
switching stability occurs at 7, = Tp9. Note that from Table 2, we have 7, = 5, which is within the
stable region. We proceed with finding the critical value for the delay 7;. Then, we obtain that
condition (H5) of Theorem 3 is satisfied. From Theorem 3(i), T* is locally asymptotically stable
(see Figure 9).

><107
N ]
1 1 AR P -
5 - D
—_——.D
l) C
= D
-_a P
s 1t |
©
<
05+ |
‘;f::,‘—- _______________________________________________ B
0 : ' ' |
0 10 20 30 40 >0

Year

Figure 9. Dynamics of model (1) with the values in Table 2

From Figure 9, we may observe that the solution (P, D, D, Dp) approaches T* as time ¢ gets larger.
If this tendency is left untreated, the number of diabetics with complications (D.) would grow
and approach D/ at the long-term simulation. This situation should be avoided because a large
number of diabetics with complications (D) will slow down the recovery rate of complications as
many are waiting for their turn to get appropriate treatment. This situation should be avoided
because the medical team will be stressed and face some difficulties in handling this overcrowded
situation.

Simulation with various «, 7, ¢, and B

From the sensitivity analysis results (Section 5), we suggest lowering the diabetes incidence rate
(«) to curb the overall diabetes cases. Figure 10 shows that by decreasing a, the number of
non-diabetics increases significantly while all the diabetic subpopulations decrease.

The intervention is by increasing the awareness among non-diabetics about the severity of diabetes.
Consequently, it may decrease the rate of developing diabetes («).

Second, we suggest decreasing the rate of the first incidence of complication () and the recurrence
rate of complications () in order to decrease the number of diabetics with complications. Figure 11
shows the simulations of decreasing values of v and ¢ where the number of diabetics with
complications (D.) decreases to a much lower level.
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x107 _(A) ' x10°% _(B)

0 : : : : 6 : : : :
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| a =0.0052107687 — — — -a =0.004 — — — a =0.0035 |

Figure 10. Simulation of model (1) with different rates of developing diabetes («) (« = 0.0052108, « = 0.004,
and & = 0.0035) with the other model inputs in Table 2

%107 (A) %108 (B)
1.85}

0 10 20 30 40 50 ' 0 10 20 30 40 50
Year Year
(7, 0) = (0.1,0.15) — — — - (4, ) = (0.075, 0.125) —-—-—-- (7, o) = (0.05, 0.1)|

Figure 11. Simulation of model (1) with different values of the first and recurrence incidence of complications
(v,0) ((y,0) = (0.1,0.15), (7,0) = (0.075,0.125), and (v,0) = (0.05,0.1)) with the other model inputs in
Table 2
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Note that no changes can be observed in Figure 11(A) because the dynamics of non-diabetics (P)
are unaffected by o and ¢. The interventions to decrease the rate of developing complications
may include early detection of diabetes, education about the complications of diabetes, better
self-management of diabetes, lifestyle modifications, and support from family members.

Lastly, we suggest decreasing the effect due to limited medical resources (B). Figure 12 shows the
simulation of decreasing value of .

%107 ' A ' 3 %108 ' _(B)
1.85¢1
& 1.8
1.75¢ )
e 7]
20 30 40 50
Year
x10° (D)
4+
= e
o e
2r A
ST
0 : ' ' : 0 : ' : :
0 10 20 30 40 50 0 10 20 30 40 50
Year Year
| B=5x10° ———-3=38x10° —— = B=1x10"]

Figure 12. Simulation of model (1) using different values of the inhibition effect (8) (8 =5 x 107, 8 =3 x 107°,
and B = 1 x 10~°) with the other model inputs in Table 2

Note that no changes can be observed in Figure 12(A-B) because the dynamics of P and D are
unaffected by B. As the effect due to limited medical resources () decreases, the number of
diabetics with complications (D.) decreases and persists at a much lower level, while the number
of diabetics with recovered complications (D)) increases and persists at a much higher level. To
decrease the effect of limited medical resources (), we recommend providing adequate resources
for the treatment of diabetes complications.

Influence of incidence rate of diabetes («) on Hopf bifurcation corresponds to the time delay 7

From Remark 4, the indicator for the equilibrium point T* of the delay model (1) to lose its stability
for some 77 > 01is @ > u. Hence, we investigate the variation of the critical value of time delay 19
(Eq. (31)) with respect to the various rates of incidence of diabetes («). For the model inputs given
in Table 2 and choosing « € [0.01,0.99], we plot the stable and unstable regions in Figure 13.
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Figure 13. Graph of 7; versus a showing the stable and unstable regions of model (1) with the other model inputs
in Table 2 (the dashed line represents the line 7y = 10)

This figure shows the minimum value of « so that the equilibrium point T* of model (1) remains
locally asymptotically stable. This variation shows that the higher incidence rate of diabetes ()
results in a lower critical value 7y. If the rate « > 0.162 yearfl, then the solution (P, D, D¢, D) of
model (1) will show unstable behaviors because 71 = 10 > 119 (see Figure 13(B)). Sometimes the
number of diabetics is high and sometimes low. In this case, it may be difficult to predict the size
of every subpopulation. Consequently, implementing control measures to lower diabetes cases
will be difficult. If we wish to predict the number of diabetics, the incidence rate of diabetes («)
should be no more than 0.162 year~! for the other model inputs in Table 2.
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7 Conclusion

In this paper, we studied a four-state model of a type-2 diabetic population with a saturating
recovery rate of diabetes complications. We first investigated the non-negativity and boundedness
of the solution for delay and non-delay cases. However, the non-negativity of the solutions P, D,
D., and D, of the delay model (1) can only be guaranteed if the model inputs satisfy the conditions
stated in Proposition 2.

In the absence of time delay, we discussed the local and global stability analysis. Numerical
simulation to indicate the global stability of the non-delay model was given. In the presence of
two delay parameters, we discussed the characteristic equation of delay model (1) under the case
of 71 = 0 to obtain the stable region of 7,. After that, we derived the critical value corresponding
to the delay parameter ;. Overall, we have five conditions (H3)-(H?7) to characterize the stability
properties of T* (either locally asymptotically stable or unstable) and the manifestation of Hopf
bifurcation. The delay values affect the stability of the equilibrium point T*. A locally asymptoti-
cally stable equilibrium point T* can become unstable under certain conditions. We have shown
examples of a periodic orbit that arises from T* as the model switches its stability.

From the sensitivity analysis, we give three conclusions as follows:

1. We may significantly reduce the overall diabetes cases by decreasing the rate of develop-
ing diabetes («). This includes education on diabetes and the implementation of awareness
programs.

2. Diabetes screening should continue so that the status of diabetes can be known earlier. Conse-
quently, medications assist individuals with diabetes in controlling their glucose levels, and the
rate of the first incidence of complication () may decrease.

3. We may increase the availability of the treatment of complications for the diabetics with
complications, as our sensitivity indices suggested that the diabetics with complications will
decrease if the parameter () measuring the limited medical resources gets smaller. This
concerns diabetics with complications receiving better treatment of the complications such
as the improvement or shortening of waiting time for elective cases such as renal or heart
transplant.

Declarations

Use of Al tools

The authors declare that they have not used Artificial Intelligence (AI) tools in the creation of this
article.

Data availability statement

No Data associated with the manuscript.

Ethical approval (optional)

The authors state that this research complies with ethical standards. This research does not involve
either human participants or animals.

Consent for publication

Not applicable



232 | Mathematical Modelling and Numerical Simulation with Applications, 2025, Vol. 5, No. 1, 198-233

Conflicts of interest

The authors declare that they have no conflict of interest.

Funding

The research was supported by the Ministry of Higher Education, Malaysia, through Fundamental
Research Grant Scheme 59523 (FRGS/1/2018/STG06/UMT/02/2).

Author’s contributions

H.N.: Conceptualization, Methodology, Software, Formal Analysis, Investigation, Writing - Origi-
nal Draft, Writing - Review & Editing, Visualization. A.A.M.D.: Conceptualization, Methodology,
Formal Analysis, Investigation, Resources, Writing - Original Draft, Writing - Review & Editing,
Supervision, Project Administration, Funding Acquisition. All authors have read and agreed to
the published version of the manuscript.

Acknowledgements
Not applicable
References

[1] IDF Diabetes Atlas, IDF Diabetes Atlas 2021, (2021). https://diabetesatlas.org/
atlas/tenth-edition/

[2] National Health and Morbidity Survey 2019, NCDs-Non-Communicable Diseases: Risk Fac-
tors and other Health Problems, (2011). https://iku.gov.my/images/IKU/Document /
REPORT/NHMS2019/Report_NHMS2019-NCD_v2.pdf

[3] IDF Diabetes Atlas, Malaysia Diabetes Report 2000-2045, (2021). https://www.
diabetesatlas.org/data/en/country/120/my.html

[4] Mat Daud, A.A., Toh, C.Q. and Saidun, S. Development and analysis of a mathematical model
for the population dynamics of Diabetes Mellitus during pregnancy. Mathematical Models and
Computer Simulations, 12, 620-630, (2020). [CrossRef]

[5] Nasir, H. and Mat Daud, A.A. Population models of diabetes mellitus by ordinary differential
equations: a review. Mathematical Population Studies, 29(3), 95-127, (2022). [CrossRef]

[6] Mat Daud, A.A., Toh, C.Q. and Saidun, S. A mathematical model to study the population
dynamics of hypertensive disorders during pregnancy. Journal of Interdisciplinary Mathematics,
22(4), 433-450, (2019). [CrossRef]

[7] Mat Daud, A.A. Mathematical modeling and stability analysis of population dynamics. In
Proceedings, Dynamical Systems, Bifurcation Analysis and Applications (DySBA 2018), pp. 3-13,
Penang, Malaysia, (2018, August). [CrossRef]

[8] Mat Daud, A.A., Toh, C.Q. and Saidun, S. Mathematical modeling and analysis of anemia
during pregnancy and postpartum. Theory in Biosciences, 140, 87-95, (2021). [CrossRef]

[9] Nasir, H. Hopf bifurcation analysis for a diabetic population model with two delays and
saturated treatment. Physica Scripta, 96, 125013, (2021). [CrossRef]

[10] Khetan, A.K. and Rajagopalan, S. Prediabetes. Canadian Journal of Cardiology, 34(5), 615-623,
(2018). [CrossRef]

[11] IDF Diabetes Atlas, Diabetes around the world in 2021, (2021). https://www.
diabetesatlas.org/en/


https://diabetesatlas.org/atlas/tenth-edition/
https://diabetesatlas.org/atlas/tenth-edition/
https://iku.gov.my/images/IKU/Document/REPORT/NHMS2019/Report_NHMS2019-NCD_v2.pdf
https://iku.gov.my/images/IKU/Document/REPORT/NHMS2019/Report_NHMS2019-NCD_v2.pdf
https://www.diabetesatlas.org/data/en/country/120/my.html
https://www.diabetesatlas.org/data/en/country/120/my.html
https://doi.org/10.1134/S2070048220040067
https://doi.org/10.1080/08898480.2021.1959817
https://doi.org/10.1080/09720502.2019.1632025
https://doi.org/10.1007/978-981-32-9832-3_1
https://doi.org/10.1007/s12064-020-00334-2
http://doi.org/10.1088/1402-4896/ac2c25
https://doi.org/10.1016/j.cjca.2017.12.030
https://www.diabetesatlas.org/en/
https://www.diabetesatlas.org/en/

Nasir and Mat Daud | 233

[12] Gémez-Peralta, F.,, Abreu, C., Cos, X. and Gémez-Huelgas, R. When does diabetes start?
Early detection and intervention in type 2 diabetes mellitus. Revista Clinica Espafiola (English
Edition), 220(5), 305-314, (2020). [CrossRef]

[13] National Diabetes Registry, National Diabetes Registry Report 2013-2019, (2020).
https://www.moh.gov.my/moh/resources/Penerbitan/Rujukan/NCD/
Diabetes/National_Diabetes_Registry_Report_2013-2019_26082021.pdf

[14] Zhang, X. and Liu, X. Backward bifurcation of an epidemic model with saturated treatment
function. Journal of Mathematical Analysis and Applications, 348(1), 433-443, (2008). [CrossRef]

[15] Krebs, C.J. Some historical thoughts on the functional responses of predators to prey density.
Frontiers in Ecology and Evolution, 10, 1052289, (2022). [CrossRef]

[16] Nasir, H. and Mat Daud, A.A. Dynamics of a three-state diabetic population model with a
time delay and limited medical resources. Submitted.

[17] Allen, L.J.S. An Introduction to Mathematical Biology. Pearson/Prentice Hall: Italy, (2007).

[18] Tan, K.P. and Mat Daud, A.A. Modelling and qualitative analysis of an illicit drugs model
with saturated incidence rate and relapse. Journal of Mathematics and Computer Science, 28(4),
373-392, (2023). [CrossRef]

[19] Smith, H. An Introduction to Delay Differential Equations with Applications to the Life Sciences
(Vol. 57). Springer: New York, (2011).

[20] Zi, Z. Sensitivity analysis approaches applied to systems biology models. IET Systems Biology,
5(6), 336-346, (2011). [CrossRef]

[21] Nasir, H. and Mat Daud, A.A. Sensitivity analysis based on the direct differential method for
dynamical systems with discrete delays. AIP Conference Proceedings, 2905(1), 030016, (2024).
[CrossRef]

[22] Rihan, F.A. Sensitivity analysis for dynamic systems with time-lags. Journal of Computational
and Applied Mathematics, 151(2), 445-462, (2003). [CrossRef]

Mathematical Modelling and Numerical Simulation with Applications (MMNSA)
(https:/ /dergipark.org.tr/en/pub/mmnsa)

Copyright: © 2025 by the authors. This work is licensed under a Creative Commons Attribution
4.0 (CC BY) International License. The authors retain ownership of the copyright for their article,
but they allow anyone to download, reuse, reprint, modity, distribute, and/or copy articles in
MMNSA, so long as the original authors and source are credited. To see the complete license
contents, please visit (http://creativecommons.org/licenses/by/4.0/).

How to cite this article: Nasir, H. & Mat Daud, A.A. (2025). Global dynamics and sensitivity
analysis of a diabetic population model with two-time delays. Mathematical Modelling and Numerical
Simulation with Applications, 5(1), 198-233. https:/ /doi.org/10.53391 /mmnsa.1545744



https://doi.org/10.1016/j.rceng.2019.12.004
https://www.moh.gov.my/moh/resources/Penerbitan/Rujukan/NCD/Diabetes/National_Diabetes_Registry_Report_2013-2019_26082021.pdf
https://www.moh.gov.my/moh/resources/Penerbitan/Rujukan/NCD/Diabetes/National_Diabetes_Registry_Report_2013-2019_26082021.pdf
https://doi.org/10.1016/j.jmaa.2008.07.042
https://doi.org/10.3389/fevo.2022.1052289
http://dx.doi.org/10.22436/jmcs.028.04.06
https://doi.org/10.1049/iet-syb.2011.0015
https://doi.org/10.1063/5.0171621
https://doi.org/10.1016/S0377-0427(02)00659-3
https://dergipark.org.tr/en/pub/mmnsa
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/.

V@OOELL‘NG /\"’0% Mathematical Modelling and Numerical Simulation
égr ? %‘\2 with Applications, 2025, 5(1), 234-256
g ‘P % https://dergipark.org.tr/en/pub/mmnsa
3 JA g ISSN Online: 2791-8564 / Open Access
9, 3 https://doi.org/10.53391/mmnsa. 1540240

Z
04( L v‘o\
gy A

RESEARCH PAPER

Economic resilience in the face of pandemic: a holistic
mathematical analysis of the pandemic in India

Amit Thakuria® ¥, Anshuman Mridul Sharma® 14, Nainvi Chothwani® 1#,
Arkaprovo Chakraborty © 1+ and Pundikala Veeresha © 14

!Department of Mathematics, CHRIST University, 560029 Bengaluru, India

“Corresponding Author

iamit.thakuria@ems.christuniversity.in (Amit Thakuria); anshuman.sharma@ems.christuniversity.in (Anshuman
Mridul Sharma); nainvi.chothwani@ems.christuniversity.in (Nainvi Chothwani);
arkaprovo.chakraborty@res.christuniversity.in (Arkaprovo Chakraborty); pundikala.veeresha@christuniversity.in
(Pundikala Veeresha)

Abstract

COVID-19 was initiated in 2020 and caused an immediate threat to global countries in terms of both
economic and health influences. In this present work, we extend the Susceptible-Infected-Recovered
(SIR) model by considering two new variables, gross domestic product or GDP (G) and unemployment
(U), to study the impact of this epidemic on the Indian economy during the 2020-2023 period. Since
our extended SIR model includes two novel compartments, which are GDP and unemployment rate,
we can now explore in more detail the sophisticated relationship between health and economic matters.
The framework allows us to investigate the following consequences: how changes in the infection
rate affect the economy and how changes in GDP and unemployment translate into the spread of this
contagion. These visualizations are based on real-time quarterly data and provide full knowledge of the
interaction between health and economic dynamics during the COVID-19 crisis in India. Government
initiatives and regulations are also reviewed for their efficiency to contain the virus while taming the
economic cost. Real-world results are contrasted with the care to find the strengths and weaknesses of
the policies that come out with the underlying assumptions in the model. This paper, in other words,
deploys an in-depth analysis of the convoluted links between economics, policy, and public health in
the face of a pandemic with a geographic focus in India.

Keywords: GDP; COVID-19; unemployment; epidemic model; stability analysis
AMS 2020 Classification: 65L05; 92-10; 97M10; 97M40

1 Introduction

The economic blow caused by the pandemic was not limited to formal sectors but equally aggra-
vated the informal economy, which employs the majority of the Indian workforce. The lockdown
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measures, though helpful in reducing the spread of the virus, led to a significant loss of income
for many informal workers, pushing them towards poverty [1]. The pandemic also highlighted
the importance of digitization, as those who could access digital platforms were able to continue
working, while others faced severe livelihood challenges [2]. In response, the Indian government
implemented various measures, including direct cash transfers, food security initiatives, and credit
guarantees, to support the economy. However, the effectiveness of these measures in mitigating
the economic downturn remains a subject of ongoing analysis [3].

Epidemiological and economic models have been studied for the multifaceted impacts of pan-
demics [4-7]. For example, Chakraborty and Maity (2020) [8] investigated the economic im-
plications of lockdowns and highlighted that health and economic variables must be modeled
simultaneously in order to formulate effective policy interventions [9]. Mishra et al. (2021) [10]
pointed out the importance of nonlinear dynamics in such models by applying advanced mathe-
matical methods to explore the long-term interplay between public health crises and economic
stability [11]. Moreover, a recent study by Singh et al. (2023) [12] offered empirical evidence
regarding the effectiveness of government measures in reducing economic shocks during pan-
demics, especially in informal economies [13]. The role of numerical methods such as RK-4 in
solving complex epidemiological-economic models has also been emphasized, as it allows for the
precise simulation of the nonlinear interdependencies. Based on these fundamentals, the current
research contributes to the field by formulating a new SIRUG model, integrating unemployment
and GDP dynamics in an epidemiological context, utilizing RK-4 and least-square methods to
predict and analyze economic consequences of pandemics more holistically.

In this study, we use the Runge-Kutta 4th order method (RK-4) [14] to solve our equations. This
method helps us get more accurate results than basic calculation methods because it looks at
multiple points when solving each step. RK-4 is especially good at handling sudden changes, like
when a pandemic quickly impacts jobs and the economy, and the algorithm of the considered
method directly as compared to the complexity of the algorithm of other methods [15]. By using
this method, we can better predict both immediate and long-term changes in employment and
economic growth.

The key objective of this research is to develop a mathematically sophisticated model that combines
the SIR model with unemployment and GDP components, considering Okun’s Law to analyze
the relationship between GDP and unemployment [16]. The RK-4 method will be applied to
simulate and predict the dynamic behaviors of unemployment and GDP, capturing both short-
term fluctuations and long-term consequences [17]. This ambitious undertaking aims to unravel
the complex linkages among health, labor markets, and economic performance during a time of
unprecedented shocks.

The year-on-year unemployment rate in urban India surged from 8.8% in April to June 2019 to
20.8% in April to June 2020, highlighting the heavy toll on the labor force due to the pandemic [18].
This metric underscores the urgency of understanding and addressing the economic repercussions
of public health crises.

The choice of the RK-4 method is based on its efficiency in solving differential equations and its
suitability for capturing the nonlinear interactions inherent in economic and epidemiological mod-
els [19]. The classical SIR model is modified to include parameters characterizing unemployment
and GDP, enhancing the model’s ability to capture the complexity of real-world economic systems,
especially during crises.

This research fills a striking gap in the literature by integrating health-related and economic
variables within a common framework. While previous studies have often focused on health or
economic aspects alone, this work combines them into an integrated model. Furthermore, the
study extends the scope by incorporating the RK-4 method to predict the potential impact of
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future pandemics and adds a least square method to provide a forward-looking dimension to our
understanding [20].

This study is crucial in providing actionable insights for policymakers and researchers to make
informed decisions amid dynamic economic conditions influenced by public health crises. By
filling this gap in the literature, the research contributes to mathematical modeling, epidemiology,
and economic forecasting, laying the foundation for future studies to build on this integrated
framework [21].

Our SIRUG model presents a unified framework to explore the relationship between disease
spread and economic changes during public health crises. By combining traditional disease
modeling with economic indicators like unemployment and GDP through Okun’s Law and
employing the RK-4 method to analyze their interactions, this research provides valuable insights
into both immediate and future economic impacts of pandemics. The addition of least square
analysis enhances our ability to make accurate predictions, making this work particularly valuable
for policymakers and researchers. This study establishes a foundation for future research in this
tield, offering new ways to understand and address the economic challenges that arise during
public health emergencies.

2 Basic results

The following results played a crucial role in the comprehensive analysis and validation of our
model, significantly contributing to its efficacy and reliability.

Theorem 1 [22] The autonomous system x'(t) = Ax(t), x(0) = xq is asymptotically stable iff

7T

larg(A(A))| > Z. Stable if and only if either it is asymptotically stable, or those critical eigenvalues
which satisfy larg(A(A))| = 5 have geometric multiplicity one. Here, arg(A(A)) denotes the argument of
the eigenvalues of the square matrix A.

Theorem 2 [23] Let f(t) be a continuous function on [0, co) and satisfies

”;_J: < —@f(t) + 71, f(to) = fuor

where @,y € Rand & # 0, then

f) < (fo— ) e + L

Definition 1 The function f : E — IR" is said to admit the Lipschitz condition on the open subset E of R"
if there is a positive constant K such that

f(x) = f(y)| < Klx—yl, Vx,y€ L.

3 Model construction

In this section, we introduce the model that we consider for the present study. The following
statement contains a simplified explanation of the SIRUG model. The explanation has been
primarily based on assuming there would be no future uncertainties.

Key components of the model

i. Susceptible (S): This group represents individuals who are not infected but are susceptible
to the disease. Over time, some of them may become infected if they come into contact with
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infectious individuals.

ii. Infected (I): This group includes individuals who are currently infected and capable of
spreading the disease to susceptible individuals. The number of infected individuals typically
increases initially.

iii. Recovered (R): The "Recovered" category represents individuals who have recovered from
the disease and are no longer infectious. These individuals may have developed immunity to
the disease, depending on the disease in question.

iv. Unemployed Population (U): This represents the number of individuals who are currently
unemployed and seeking employment.

v. Gross Domestic Product (G): It represents the total value of goods and services produced
within a country, serving as a measure of its economic performance.

The SIR model

SIR [24] is a system of ordinary differential equations showing the dynamics of infectious spread.
The following equations outline how, over time, the number of people in each category varies:

ds

E — —[351,

dl

o = BSI—71, 1)
dR

Uses and practicality in real life:

The SIR model has several important uses and practical applications in real life:

(i) Epidemic modeling: SIR is one of the most used models for studying and predicting the
dynamics of infectious diseases. It is often used in the simulation of different scenarios by
adjusting various parameters like transmission rate and recovery rate. It can assess how
interventions like vaccination or social distancing affect the outcome.

(ii) Public health planning [25]: Health authorities and policymakers use the SIR model to
aid in making decisions concerning disease control strategies, planning resource allocation
during an outbreak, and healthcare system readiness. These models aid in the calculation of
projections of cases that may occur and identify the critical times in an outbreak and health
system needs.

(iii) Parameter estimation: Through the SIR model, parameters for the disease can be estimated,
including, but not limited to, the basic reproduction number, Ry, which can be described
as the average number of secondary infections generated by one infectious individual in an
entirely susceptible population. The calibration of these parameters is essential for the design
of suitable public health policies.

(iv) Vaccination campaigns [26]: The SIR model is utilized in the layout and analysis of vaccina-
tion policies. They calculate ideal vaccine coverage levels to achieve the idea of herd immunity,
which refers to the idea of a high enough percentage of the population becoming immune to
prevent large-scale outbreaks.

(v) Early warning systems [27]: Continuous monitoring of the data and the SIR model allows
for the development of early warning systems that might help limit the spread of the disease
while it is still at its beginning stages.

Thus, SIR models are very helpful in understanding infectious disease transmission dynamics
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and are an important tool for epidemiologists, public health experts, and policymakers. These
models help Inform decisions that can eventually save lives and reduce the impact of epidemics
on society.

The SIRUG model

The traditional SIR model categorizes all people into three classes: Susceptible, Infected, and
Recovered. This model has been very useful in understanding the basic trends by which infec-
tious diseases spread through a population. It mostly overlooks the bidirectional and nuanced
interaction between health and economic stability. Motivated by this important gap in our un-
derstanding, we introduce a new holistic modified SIR model. Added to this adaptation are two
more compartments, such as the Unemployed and GDP, which will allow for a critical look into
the multi-dimensional reality of disease spread and further-reaching implications in society.

This is a modified version of the SIR model, which accounted for an epidemic process and was used
to describe and predict the dynamics of infectious diseases within a population. This modified
model adds extra compartments defined to include the economic factors influencing the dynamics
of the epidemic as follows:

Z—f = —p1SI +aS + wG,

dl

7 = B2SI=ml+l,

dR

s Y2l —90R, 2)
du

dG

Explanation of each compartment:

In this adapted SIR model, various factors are taken into consideration that might have an influence
on the dynamics of the epidemic and the economy. Following is a detailed explanation of the
modifications and what each compartment stands for:

I. Susceptible dynamics (%):

i) (-B1SI): This term is the rate at which the susceptible S entered the infected I state. It thus
depends upon the infection rate, 1 and on the product of the number of people susceptible,
S, and infectious, I.

ii) (aS): This term is the birth rate, and it provides the number of people that are added to the
susceptible population at any given time. It, therefore, increases the susceptible population.

iif) (wG): This term is how the Gross Domestic Product, GDDP, affects the susceptible popula-
tion. This shows the way in which the economic characteristics influence the birth rate and,
consequently, cause an increase or a decline in the susceptible population.

II. Infected dynamics (%):

i) (B2SI): The expression gives the rate of conversion of Susceptible, S, into Infectious, I,
due to COVID-19. In that, it is affected by the conversion rate, B,, with the product of the
number of Susceptible, S and the Infectious, I.
ii) (-y1D): This term reflects the rate at which the number of infections is reduced. It accounts
for factors like recovery or medical interventions that reduce the number of infectious
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individuals.
iii) (yI): This term denotes the disease-induced death rate among the infected population. It
represents the mortality associated with the disease.

III. Recovered dynamics (‘fi—lf):

i) (72D): This term signifies the rate at which individuals move from the infectious (I) to the
recovered (R) compartment. It represents recovery from the disease.

ii) (-0R): This term denotes the natural death rate among the recovered population. It reflects
the mortality rate of individuals who have recovered from the disease.

IV. Unemployed dynamics (”;—Ltl):

i) (AS): This term represents the increase in unemployment due to the pandemic. It reflects
how the susceptible population contributes to the rise in unemployment.
ii) (-uU): This term represents the re-employment rate, indicating the rate at which individu-
als move from unemployment to employment. It reflects the recovery of the job market.

V. GDP dynamics (‘fj—f):

i) (¢G): This term represents the GDP growth rate. It indicates the natural growth or
expansion of the economy.
ii) (-kUG): This term represents the GDP decay rate due to unemployment. It reflects the
negative impact of unemployment on GDP, capturing how economic downturns affect the
overall economic output.

4 Parameter estimation

Parameter estimation is one of the most important elements in mathematical modeling and data
analysis and, therefore, in our attempt to appreciate the intricate inner workings of complex
systems, whether in physics, biology, economics, engineering, or generally in scientific and
engineering fields. The main aim of the parameter estimation process is to provide an exact
numerical value for parameters underlying a given mathematical model and bring clarity to many
of the otherwise elusive behaviors manifested by real-world systems.

Accurate parameter estimation plays a crucial role as a bridge between theoretical concepts
and tangible empirical reality. This essential bridge guides scientific investigations grounded in
evidence-based, data-driven approaches, providing researchers with a roadmap to navigate the
complexities of complex systems.

Using the least square method, we got the best-fitted parameter values, which are presented in
Table 1.

5 Stability of equilibrium points
The equilibrium points of system (2) for the parameter values as in Table 1 are

i. E1 = (1.67 x 10%,40, 155556, 9.61538,0),
ii. E, = (1.48417 x 10,0, 0, 8.5625, —296.833),
iii. E5 = (0,0,0,0,0).

Theorem 3 System (2) is stable at Eq, but unstable at E, and Ej.

Proof Following are the eigenvalues of system (2) at the three equilibrium points:

i. The Eigenvalues corresponding to equilibrium point E; can be stated as follows:

A1 =—13, Ay =—0.1688462, A3 =—0.009, Aj4=0.001i, Ay5=—0.001i.
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ii. The Eigenvalues corresponding to equilibrium point E; can be stated as follows:
Mg =—13, Ao =—-0.1095 A3 =—0.009, A4 = —0.0011705, A;5 = 0.00117044.
iii. The Eigenvalues corresponding to equilibrium point E3 can be stated as follows:

/\3’1 =1.37, )\3,2 =—-1.3, /\3’3 =-1, )\3,4 = —0.009, )\3,5 =1x 10_6.

Table 1. Value of parameters associated with system (2)

Parameter Description Value
B1 Infection rate 25x 1078
B2 Conversion rate of Susceptible people into infected by COVID-19 | 6 x 10~10
a Birth Rate 1x107°
w Influence of GDP on susceptible population 5
Y1 Rate at which number of infections are reduced 3
72 Rate at which people move from I to R 35
7 Disease induced death rate 2
) Natural death rate 0.009
A Unemployment rate 7.5 x 1077
U Re-employment rate 1.3
¢ GDP growth rate 1.37
K GDP decay rate due to unemployment 0.16

Table 2. Comparison of argument with 7

Eigenvalue Argument Value Comparison with 77/2

)\1,1 7T T > %
)\1,2 7T T > %
)\1’3 T > %
Mg 7 7=3
Mjs 7 7=73
)\2,1 7T T > %
)\2,2 7T T > %
)\2,3 T > %
)\2,4 7T T > %
)L2’5 0 0< %
)\3,1 0 0< %
)\3,2 T > %
)\3,3 T > %
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Table 2. Comparison of argument with 7 - continued
Eigenvalue Argument Value Comparison with 77/2
)\3,4 7T T > %
)\3,5 0 0< %

241

The arguments of the above eigenvalues are presented in Table 2. As it can be seen from those

values,

e The equilibrium point E; is stable.

e The equilibrium point E; is unstable as A5 < 7.

e The equilibrium point E3 exhibits instability, since A3 1, A5 < 7.

6 Existence and uniqueness of solutions

Theorem 4 The kernels Fy, F,, F3, Fy, F5 admit the Lipschitz condition and contraction when
0< Klr KZ/ K3l K4/ K5 < 1/

where K1 = B1ex +a, Ky = Brer —y1 +1, K3 =0, Ky = p, and Ks = ¢ + xey.

Proof We assume that ||S]| < Aq, [[I]] < A, [[R]] < A3, IU]| < A4, [|G]] < As and

Z_f =F(t,S,1,R,U,G),
% =FK(tS,1,R U,G),
”;_1: — F(1,5,1,R,U,G),
‘fj_ltl — Fy(t,5,1,R,U,G),
‘;_f — F5(t,S,1,R, U, G).

For Eq. (3), we show
|Fi(t,S,I,R,U,G)—F(t,S*,,R,U,G)| <Ki||S—S5"],
where K7 € [0,1). Now,

|=B1SI + aS + wG + P1S*I — aS* —wG|| = || — B11(S — S*) + a(S— S*)|
< |[[B1I(S =S| + [la(S = S7) |
< IBlITIHS = S™I + lall[S — 57
< preaf|S =S| +aflS = 57|
< (Biea +a)[|S — S*|I.

Therefore K1 = (B1€2 + «). For Eq. (4), we need to provide

IEx(t, S, IR, U, G) — Fy(t,S,I*, R, U, G)|| < Kao||I —I*|,

®)
(4)
©)
(6)
@)
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where K; € [0,1). Now,

IF2(t,S,1,R,U,G) — E(+ S, I*, R, U, G)|| = ||B2SI — 11 + 1 — BoST* + 71 I* — yI*|
= [|B2S(I—I") = (I=T") + (I - I)|
<IB2MISIIT = I = lyall[ T = I =+ I l[| T = I
< (IB2I[ISII = lyal + DI = 17|
< (B2er—m1+m) =TI

Therefore K, = (B2e1 — 1 + 17). For Eq. (5), we need to show
|F5(t,S,I,R,U,G) — F5(t,S,I,R*,U,G)|| <K;3||[R—R*||,
where K3 € [0,1). Then

||P3(tlsl I/R/ u/ G) _P3(t/S/ I/R*/ u/ G)” - ||721_5R_721+5R*||
= [|=6(R—R")II < J9IlIR — R¥|
< J|IR—R¥||.

Therefore K3 = é. For Eq. (6), we need to obtain
|F4(t,S, I, R, U, G) — F4(t,S,1, R, U*,G)|| < Kg||U—-U"||,
where Ky € [0,1). Now, we have

||F4(tlsl I/R/ u/ G) _F4(t/S/ I/R/ U*/ G)H = ||DCG—‘MU—DCS + yU*H
=[[—pU-U" < it —ur||
< pllu —uryl.

Therefore K4 = p. For Eq. (7), we need to show
|F5(t,S,1,R,U,G)—F5(t,S,I,R,U,G")|| < Ks||G—G"|],
where K5 € [0,1). Then

lpG —xUG — ¢G*™ + kUG < |l¢(G — G*) —xU(G — G")|
< |pll|G — G*|| + xe4l|G — G|
< (¢ + xeyg)|IG — G*|l.

Therefore K5 = (¢ + xey).

Here, K1, Ky, K3, K4, K5 are the Lipschitz constants for the functions F;, F,, F3, F4 and Fs, respec-
tively.

Now that we have proved the existence of Lipschitz constants Ky, Ky, K3, Ky, K5, the existence of a
unique solution to system (2) is also ensured following the methodology shown in [28].

7 Boundedness

Theorem 5 The proposed S-I-R-U-G model Eq. (2) is bounded by Theorem 2.
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Proof Let X(t) = S(t) + I(t) + R(t) + U(t) + G(¢).
On differentiating X(t), we have

Z—i{nLCI)X: d(5+l+§t+u+® +®(S+1+R+U+G).
Simplifying, we have
ax

T OX = —p1SI+aS+wG + p2SI — I+l + 721 R
+AS — ul + ¢G — kUG + S + ®I + DR + PU + DG.

Removing the negative terms, we get

dx
E—l—CDXgocS—|—wG—|—ﬁZSI—|—171—|—’ygI—|-AS+¢G+<I>S+<I>I—I—CDR+CI>U—|—<I>G.

Now, the solution of system (2) exists uniquely in
{(S, I, R, U, G) : max(|S|, 1I,|R], UL, |GI) < M},

where M is a positive constant. Therefore, we can write

dX
E—FCDXS (Oé—f—w—f—ﬁzM—i-ﬂ—i-’)’z-l—)\—f—(P)M—f—Sq)M:’)/1.

Using Theorem 1, we get

Therefore, system (2) is bounded.
8 Numerical method

The Runge-Kutta 4th order (RK4) method occupies a pivotal position in the arsenal of numerical
techniques applied to SIR (Susceptible-Infectious-Recovered) modeling within epidemiology.
Renowned for its adept balance between accuracy and computational efficiency, RK4 is widely
embraced for its reliability and ease of implementation. Its enduring popularity stems from its
ability to deliver precise solutions while remaining relatively straightforward to employ, robust in
the face of diverse scenarios, and stable across a range of conditions. As a consequence, RK4 has
emerged as a cornerstone in epidemiological simulations, serving as a linchpin for researchers
seeking to unravel the complexities of disease dynamics.

At its core, RK4 functions by breaking down the differential equations governing infectious
disease transmission into discrete steps, allowing for the meticulous exploration of various
epidemiological scenarios. By leveraging RK4, researchers can simulate and analyze the impact
of different interventions, ranging from vaccination campaigns to social distancing measures,
thereby informing evidence-based public health strategies and policy decisions.

In practical terms, RK4 enables epidemiologists to simulate disease outbreaks with a high degree
of fidelity, providing invaluable insights into the progression and containment of infectious
diseases. Its versatility extends beyond simple SIR models, as RK4 can be adapted to explore
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more complex dynamics, such as spatial spread, heterogeneous populations, and the interplay
of multiple infectious agents. Moreover, RK4’s computational efficiency makes it well-suited
for real-time epidemic forecasting and scenario planning, empowering public health officials to
anticipate and respond effectively to emerging threats.

To solve system (2) using the classical Runge-Kutta method of 4th order, we define the system as

£(S,I,R,U,G) = —p1SI + a5 + wG,

(S, LR U,G) = BoSI—ml+7l,

£(S,1,R,U,G) = 7,1 — 6R, ®)
£2(S,1,R, U, G) = AS — ull,

£5(S,I,R,U,G) = ¢G — kUG.

Using the RK4 method, we compute the intermediate values as follows

K = fi(Su, In, Ru, Uy, Gn),

(1) (2) (3) (4) (5)
= hf; (sn 5L+ 5 Ry, +k1—,Gn+k1—>,

2 2 27 2 2
¢ A P N
K = nfi (Su+ kY 1w+ K R+, Uy + Y, G+ K5Y)
The values at the next time step are computed as
1
Swar = Sn+ ¢ (kY + 26 +257 + £V,
1
It = In+ ¢ (k§2> + oK ok + kff)) ,
1
Ris1 = Ra+ 2 (KY +267 + 267 + 6, (10)

1
Uy = Uy + 5 (k§4) +2k§4) +2kg4) +kz(14)> )

Gui1 = Gu + (kf) + 2k 2k k)

To generate the simulation results presented in this study, the RK4 method was implemented
using Python. Python’s rich ecosystem of libraries, including NumPy and Matplotlib, was
utilized to ensure precision in numerical computations and clarity in visualizing the results.
The implementation in Python further underscores the accessibility and reproducibility of the
simulation process, enabling researchers to replicate and extend the findings with ease.

Model simulations

The following are the graphs obtained using the Runge-Kutta 4th-order method. The red points
showcase the real data value points, and the blue line showcases our model.

Inferences on the different compartments based on the numerical simulations for system (2):
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Figure 1. Subplot showing numerical results for (a) Susceptible, (b) Infection, (c) Recovered, (d) Unemployment
and (e) GDP at parameters given in Table 1

Susceptible population: In Figure 1a, the susceptible population (S(t)) exhibits a decreasing trend
over time, indicating potential exposure and infection in the population. The red data points,
representing observed values, align closely with the simulated results, underscoring the accuracy
of the model.

Infected population: In Figure 1b, the infected population (I(t)) displays fluctuations over time,
possibly reflecting the impact of interventions or variations in disease spread. The close alignment
of the data points with the model’s predictions suggests that the model effectively captures ob-
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served infection trends.

Recovered population: In Figure 1c, the recovered population (R(#)) demonstrates a consistent
increase over time, illustrating the cumulative number of individuals who have successfully
overcome the infection. The model’s trajectory closely follows the provided data points, affirming
its reliability in simulating recovery dynamics.

Unemployed population: In Figure 1d, the unemployed population (U(t)) experiences fluctua-
tions, possibly influenced by economic factors or external events. The observed data points exhibit
variations, and the model successfully captures the general trend, indicating its ability to simulate
the dynamics of unemployment in response to changing conditions.

GDP: In Figure le, GDP, denoted as (G(t)), displays a consistent increase over time, suggesting
economic growth. The observed data points align well with the model’s predictions, indicating
that the simulated economic dynamics accurately represent the growth trends in GDP.

9 Results and discussion

The following sections demonstrate the influence of various parameters like ¢ and ¥ on GDP and
of A and y on the unemployment rate.

Influence of ¢ and x on GDP

20.0{ GDP (9=1.3) 200y GDP (k=0.15)
175 GDP (¢=1.37) 175 GDP (k=0.16)
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Figure 2. (a) GDP with decreased and increased ¢ value, (b) GDP with decreased and increased x value at
parameters given in Table 1

Influence of ¢ (gross domestic product growth rate) on GDP dynamics:

The parameter ¢ plays a key role in shaping the economy’s path. It represents the natural rate
at which the Gross Domestic Product grows. In economic terms, ¢ shows how much room an
economy has to grow and come up with new ideas. Looking at Figure 2a, we can see that when ¢
drops to 1.3, the GDP growth curve moves to the right. This shift means the economy is growing
more. When growth slows down like this, it often leads to other changes. Companies might not
want to invest as much money. Workers might not produce as much. And the country might
fall behind in developing new tech and building new infrastructure. On the other hand, when
¢ goes up (1.4), it pushes the GDP growth curve to the left, showing faster economic growth. A
higher intrinsic growth rate points to a more energetic and ever-changing economy. This means
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that a setting that supports new ideas, business creation, and good economic conditions can help
overcome the problems caused by disease outbreaks and job losses, leading to a quicker bounce
back.

Influence of x (GDP decay rate due to unemployment) on GDP dynamics:

The x parameter captures how unemployment hurts GDP, showing the cost to the economy when
people can’t work. Looking at Figure 2b, we see that a lower « (0.15) pushes the GDP growth
curve to the left, which is good news. This move hints that steps to soften the unemployment’s
blow can speed up economic growth. A smaller x points to a tougher job market, less economic
decay, and more room for GDP to grow. On the flip side, a higher x (0.17) pushes the GDP growth
curve to the right, meaning unemployment hits economic growth harder. A faster GDP decay rate
due to joblessness suggests a job market that’s slower to change and respond, which could slow
down the whole process of getting the economy back on track.
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Figure 3. (1) Unemployment with decreased and increased A value, (b) Unemployment with decreased and
increased y value at parameters given in Table 1

Influence of unemployment rate (1) on unemployment dynamics:

The unemployment rate, symbolized by A, plays a key role in shaping how unemployment changes
over time. Looking at Figure 3a, we see that when A goes down (7 x 107?), the unemployment
curve moves to the right. This shift shows that a lower jobless rate causes unemployment to grow
more as time passes. We can link this to things like fewer people quitting their jobs or less job
loss in the economy. On the other hand, when A goes up (8 x 10~7), it pushes the unemployment
curve to the left. This means unemployment grows faster as time passes. This might happen
because more people quit their jobs or because jobs disappear quicker in the economy. When
unemployment rates go up, it makes the job market tougher. This can put more stress on the
economy.

Influence of re-employment rate (4) on unemployment dynamics:

The re-employment rate, symbolized by y, plays a key role in the dynamics of unemployment,
showing how well the labor market supports job transitions. As seen in Figure 3b, when y de-
creases, the unemployment curve shifts to the left. This shift indicates that a lower re-employment
rate causes unemployment to rise more quickly over time. This could happen due to a lack of job
opportunities or slower job creation in the economy.

In contrast, when y increases, the unemployment curve moves to the right, indicating a slower rise
in unemployment over time. This could be because of more job opportunities or faster job creation
in the economy. A higher re-employment rate reflects a more effective labor market, which can
help reduce unemployment and promote economic stability.
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Influence of infection rate (31) on gross domestic product

The influence of infection rates, denoted by 1, on GDP is important. Figure 4 demonstrates how
different infection rates affect GDP growth. Increased speeds will reduce the life of the pandemic,
which will mean faster accelerated rates that will foster economic recovery, whereas decelerated
rates would only lengthen the downturn. This underlines the delicate balance between public
health and economic stability, emphasizing the need for effective strategies to manage infection
rates while promoting sustainable growth.
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Figure 4. Influence of infection rate on GDP

Accelerated infection rate and economic recovery

An increased infection rate implies a rapid spread of the disease, leading to a quicker rise in the
number of infected individuals within a shorter timeframe. A shorter duration of the pandemic
may prompt an earlier commencement of the economic recovery phase. The accelerated comple-
tion of the pandemic might lead to a more immediate resurgence in economic activities, potentially
resulting in a swifter rebound in GDP.

Decelerated infection rate and prolonged economic downturn

A slower infection rate extends the timeline of the pandemic, resulting in a more prolonged period
of disease transmission. A longer pandemic timeline might lead to a more prolonged economic
downturn.

Economic implications of infection rates on diverse sectors

Healthcare outlays stimulating economic sectors

Elevated infection rates increase healthcare spending, leading to a surge in resource allocation
toward healthcare infrastructure, medical supplies, and research. This intensifies during health
crises. Heightened healthcare expenditure catalyzes economic activity within specific sectors,
fostering favorable growth in GDP. Amid the pandemic, India’s public health spending increased
from 1.5 percent to 1.8 percent of the GDP [29]. The PM Ayushman Bharat Health Infrastructure
Mission scheme intends to enhance infrastructure, funded by the central government [29].

Labor market fluctuations in response to infection rates

Rapid escalations can initially lead to a transient reduction in the labor force. The reintegration of
workers into the workforce can contribute to a resurgence in economic productivity.
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Innovative resilience and industrial adaptation

Heightened infection rates often spur an incentive for innovation and adaptability within indus-
tries. This incentive leads to pivots in production to accommodate the manufacturing of essential
goods or services requisite during crises, raising the need for the emergence of novel business
models or technological advancements. This adaptive shift can give rise to growth in specific
sectors, exerting a positive influence on aggregate GDP.

Dynamic consumer behavioral shifts

Varied infection rates may cause shifts in consumer behavior patterns during pandemics. These
shifts lead to alterations in expenditure distributions, with some sectors witnessing a downturn
while others experience increased demand. The surge in demand for essential commodities or the
accelerated adoption of online services can invigorate specific sectors, thereby bolstering overall
GDP growth. There has been a surge of over 100 percent in the demand for essential commodities
like rice, wheat, and pulses [30]. Additionally, other food categories such as confectioneries,
sweets, organic processed food, and spices have also experienced a notable increase of 15-20
percent [30].

Governmental fiscal interventions and stimuli

Governmental responses to pandemics often include fiscal policies and stimuli aimed at buttressing
businesses and individuals impacted by the crisis. Such interventions, spanning financial aid,
tax concessions, or infrastructure investment, are designed to stabilize the economy and wield a
positive influence on GDP growth trajectories. India’s government introduced a COVID-19 social
aid package worth INR 1.7 lakh crore (equivalent to 25 billion US dollars) through the Pradhan
Mantri Garib Kalyan Yojana (PM-GKY) [31] to offer prompt assistance to those in need.

Research and development investments for long-term economic impacts

Escalating infection rates frequently prompt heightened investments in research and development
endeavors, particularly toward vaccines, treatments, or preventive measures. The resultant scien-
tific breakthroughs engendered by such investments manifest long-term positive repercussions
across various industries, nurturing innovation and consequent economic growth.

Prospective revival of tourism and hospitality sectors

Subsequent to periods of elevated infection rates and constrained travel, pent-up demand often
surfaces for travel and related hospitality services upon the amelioration of the situation. This
prospective resurgence in the tourism and hospitality sectors holds the potential to significantly
contribute to the resurgence of GDP growth. The recovery of the tourism sector will hinge on
enhancing trust in travel and reducing the perceived risks associated with it [32]. The impact of
COVID-19 influences consumers’ perceptions of tourism products and services [33].

Okun’s law

Okun’s law originates from the study between unemployment and economic growth by Okun
(1962) [34] on the United States economy, where he observed that there was an inverse relationship
between the two variables. Okun (1962) observed that a percentage increase in economic growth
would result in a 0.3 percent decline in unemployment.

The SIRUG model incorporating Okun’s Law provides a comprehensive framework for under-
standing the complex interplay between epidemiological dynamics and economic factors during
the COVID-19 pandemic. It facilitates informed decision-making and policy formulation [35] to
mitigate the health and economic impacts of the crisis.
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The graph Figure 5 plots the unemployment rate on the y-axis and GDP on the x-axis. The data
points show a negative correlation between the two variables, consistent with Okun’s Law. In
other words, as the unemployment rate increases, GDP decreases, and vice versa. However,
the data points also deviate from a straight line, indicating that the relationship between the
unemployment rate and GDP is not perfectly linear. The data points in the graph represent the
percent change in value with the previous value as the base. A negative value indicates a negative
percent change, while a positive value indicates a positive percent change.

Observations

Outliers, such as the sharp decline in GDP accompanied by a high unemployment rate in 2020
Q2, can be understood within the framework of Okun’s Law. Such an event could be associated
with an economic downturn or recession, where a significant drop in GDP leads to an increase in
unemployment. This could be due to factors like reduced consumer spending, investment, and
overall economic activity due to the surge of the pandemic.

The period of economic recovery observed in 2021 and 2022, where GDP increases and unem-
ployment decreases, aligns well with Okun’s Law. As the economy begins to recover, increased
economic output (reflected in rising GDP) typically leads to job creation and a decline in unem-
ployment rates. This can be attributed to factors like increased consumer confidence, government
stimulus measures, and business investments.

The increase in unemployment and decrease in GDP observed in 2023 Q4 is again consistent with
Okun’s Law but in the reverse direction. Such a scenario could signal another economic downturn
or slowdown, where a decrease in GDP leads to layoffs and rising unemployment rates. Factors
contributing to this could include external shocks, changes in government policies, or shifts in
global economic conditions.
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Figure 5. Change in GDP with change in unemployment - demonstration of Okun’s Law

Long-term economic implications and policy recommendations

The analysis of the SIRUG model, incorporating epidemiological and economic dynamics, reveals
several crucial implications for long-term economic planning and policy formulation. The model’s
findings demonstrate significant relationships between health metrics, economic indicators, and
social outcomes, providing valuable insights for policy development.



Thakuriaetal. | 251

Labor market dynamics and economic growth

The examination of unemployment (A) and re-employment (y) rates reveals crucial patterns
in labor market behavior. The model demonstrates that decreased re-employment rates shift
unemployment curves leftward, indicating accelerated unemployment growth. When the natural
growth rate (¢) increases to 1.4, the economy exhibits faster growth patterns, highlighting the
importance of supporting innovation and entrepreneurship. Additionally, lower GDP decay rates
(x = 0.15) correlate with enhanced economic resilience, suggesting that robust unemployment
protection mechanisms significantly contribute to economic stability.

Healthcare infrastructure and sectoral adaptations

The study establishes a clear correlation between infection rates (1) and economic performance.
Analysis reveals that while accelerated infection rates may shorten pandemic duration, they
can trigger severe economic shocks. This finding is supported by India’s strategic increase in
health spending from 1.5% to 1.8% of GDP [29]. The model further indicates substantial shifts
in consumer behavior during crisis periods, with essential commodities experiencing demand
surges exceeding 100% [36]. These patterns emphasize the necessity for sector-specific adaptation
strategies and modernized healthcare infrastructure.

Economic stabilization and future preparedness

The relationship between unemployment and GDP, as demonstrated through the model’s ap-
plication of Okun’s Law, provides crucial insights for economic stabilization mechanisms. The
implementation of support programs, exemplified by India’s PM-GKY scheme providing INR
1.7 lakh crore in aid [37], demonstrates the effectiveness of timely governmental intervention. The
study indicates that anticipatory policy frameworks, encompassing both immediate response
capabilities and long-term resilience mechanisms, are essential for future crisis management.

Research investment and policy integration

The model’s findings emphasize the critical role of research and development in crisis resilience.
Analysis suggests that integrated approaches combining healthcare research, technological ad-
vancement, and economic adaptation yield optimal outcomes. This necessitates sustained invest-
ment in research infrastructure and the development of flexible policy frameworks capable of
responding to evolving challenges. The study demonstrates that successful economic recovery
requires coordinated efforts across healthcare, employment, and fiscal policy domains.

The findings support a comprehensive approach to policy development, integrating health infras-
tructure investment, labor market flexibility, and research advancement. These elements, working
in concert, provide the foundation for robust economic recovery and long-term resilience against
future crises. The model’s insights suggest that policy effectiveness depends on the ability to
implement coordinated responses across multiple sectors while maintaining flexibility for rapid
adaptation to changing circumstances..

10 Future directions

The SIRUG model opens up several exciting avenues for future research in understanding how
diseases affect economies. Future studies could enhance the model by exploring the complex
ways that health crises and economic factors influence each other, going beyond the current
straightforward relationships. An important area for development would be incorporating the
effects of different government policies, such as economic support packages and healthcare
initiatives, to better predict their impact on recovery. Additionally, future research could break
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down the analysis by different economic sectors, as studying how various industries respond
uniquely to health crises could provide more targeted policy recommendations.

The model’s framework could be further enriched by exploring regional variations and demo-
graphic factors, as health crises often affect communities differently. This could lead to more
tailored intervention strategies based on local conditions and population characteristics. Further-
more, incorporating international factors such as global supply chains and trade relationships
would make the model more comprehensive and applicable to our interconnected world economy.
These enhancements would build upon the current SIRUG model’s foundation, making it an even
more powerful tool for understanding and responding to future health and economic challenges..

11 Conclusion

The paper provides an overall analysis of the complex relationship between health variables
and economic variables during the COVID-19 pandemic period in India from 2020 to 2023.
In a bid to understand the impact of the pandemic on public health and the economy, this
research modified the classic SIR model by adding the components of Gross Domestic Product
and rate of unemployment. Anchoring on SIRUG, we have combined Okun’s Law aspect with
epidemiological dynamics and relevant economic factors in our model. Our results suggest, as
expected, that on average, unemployment is negatively correlated with GDP. In keeping with
Okun’s Law, changes in one variable do seem to influence another. We also showed deviations
from a perfect linear relationship, which further proves the multifaceted nature of this relationship
of variables.

The trends that came out were the steep fall of GDP followed by a surge in unemployment in
2020 Q2, commensurate with the economic downturns attributed to the pandemic. Similarly, the
economic recoveries during 2021 and 2022, accompanied by rising GDP and decreased unem-
ployment, are not only in conformity with Okun’s Law but also represent the strong bounce-back
ability of the economy after crisis periods. On the other hand, challenges have been found in
the research, like increasing reduction in GDP observed in 2023 Q4, indicating the likelihood of
economic slowdowns or recessions.

These findings highlight how aggressive policy measures at both ends can dampen the adverse
impacts of health shocks on the economy and vice versa. This paper opens the pathway to
future and deep research into this complex interaction of epidemics and economic variables for
India in several possible ways. First, the SIRUG model could be fine-tuned to enhance policy
decisions during pandemics, its parameters can be calibrated with India-specific data, effectuating
an equilibrium between GDP growth rate, unemployment level, and disease diffusion. This
model could also be extended to incorporate behavior changes in order to speed up the program
impact on the transmission and recovery rates, respectively. This will help fight any negative
repercussions arising from educating the population on proper health measures that aim at
reducing morbidity and mortality in general. Thirdly, incorporating variables like viral mutation
patterns and healthcare delivery capacity will future-proof it for other pandemics while capturing
regional differences across India. Fourthly, in the pursuit of long-term resilience, strategies such as
health sector development or supporting a diversity of industries are necessary to sustain them
over time. Further, it will be able to assess government programs for the control of unemployment
and various other health issues that they confront today. Lastly, sensitivity analyses, real-time
forecasting, and the use of present values data would enhance the model’s accuracy and relevance.
In summary, the effort put into this research creates an in-depth insight into the interactive
dynamics at play during pandemics and becomes very resourceful to policymakers and researchers.
We establish a platform for an informed decision— by combining health and economic variables in
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a unified model, making provision for policy formulation that will help to address the challenges
that may be triggered by future health and economic crises.
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