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1. Introduction

In this Editorial, we present “Advances in Dynamical Systems and Control”, a Special
Issue of Axioms. This Special Issue comprises 10 articles contributing frontier research in
the areas of dynamical systems and control, both in theoretical and application advances.
The study of dynamical systems and control is crucial for advancing engineering. It
encompasses a wide range of topics, including chaos and bifurcations, complex systems,
fractional difference and differential equations, fuzzy control and systems, linear and non-
linear control systems, mathematical education in science and engineering, matrix and
spectral analysis, modeling, stability and robust stability, as well as the stability of pseudo-
polynomials and quasi-polynomials. Therefore, this Special Issue aims to address issues
pertaining to the above fields through articles concerned with a variety of related topics.

2. Overview of the Published Papers

In contribution 1, entitled “Chaotic Steady States of the Reinartz Oscillator: Mathe-
matical Evidence and Experimental Confirmation”, the Reinartz sinusoidal oscillator is
analyzed to study its chaotic steady states and solve the chaos and hyperchaos localization.
The oscillator is considered in its conventional topology. The results show that a pair of pos-
itive Lyapunov exponents are sufficient to verify that physically reasonable circuit values
yield robust dynamical behavior. All the necessary fingerprints of structural stable chaos
are proven via the numerical results, and the dynamics are compared with the strange
attractor captured as oscilloscope screenshots.

In contribution 2, entitled “Fractal Fractional Derivative Models for Simulating Chem-
ical Degradation in a Bioreactor”, a three-equation differential mathematical model is
presented to describe the degradation of a phenol and p-cresol combination in a continually
agitated bioreactor. The authors conducted a stability analysis of the model’s equilibrium
points and used three alternative kernels to analyze the model with fractal-fractional
derivatives, exploring the effects of the fractal size and fractional order. They developed
highly efficient numerical techniques for the concentration of biomass, phenol, and p-cresol.
To complete the study, numerical simulations were used to illustrate the accuracy of the
suggested method.

In contribution 3, entitled “On Population Models with Delays and Dependence
on Past Values”, the authors present a study on methods for adding dependence onto
past values in population dynamics models. The studied methods include the following:
(i) populations at earlier time units, (ii) the use of non-local operators in the model descrip-
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tions, and (iii) the introduction of exposed population groups. The authors conclude that
modeling assumptions should be clearly stated when using fractional derivatives.

In contribution 4, entitled “Simpson’s Variational Integrator for Systems with
Quadratic Lagrangians”, the authors proposed a variational symplectic integrator, which is
then compared with the Newmark’s variational integrator. The proposed scheme is im-
plicit, symplectic, and conditionally stable. The precision and convergence of the proposed
integrator are illustrated via simulations.

In contribution 5, entitled “The Existence of Li-Yorke Chaos in a Discrete-Time Gly-
colytic Oscillator Model”, the existence of chaos is proven by finding a snap-back repeller,
using Marotto’s theorem. The study was performed for an autonomous discrete-time
glycolytic oscillator model, which exhibits chaos in the Li-Yorke sense.

In contribution 6, entitled “Dynamical Behaviors of Stochastic SIS Epidemic Model
with Ornstein-Uhlenbeck Process”, for an incomplete inoculation stochastic SIS epidemic
model perturbed by the Ornstein-Uhlenbeck and Brownian motion, the existence of a
unique global solution is established and control conditions for extinction are derived. The
authors established sufficient conditions for the existence of stationary distribution via two
Lyapunov functions and the ergodicity of the Ornstein—Uhlenbeck process.

Contribution 7, entitled “Robust State Feedback Control with D-Admissible Assurance
for Uncertain Discrete Singular Systems”, addresses the state feedback control associated
with D-admissible assurance for discrete singular systems subjected to parameter uncer-
tainties in both the difference term and system matrices. A refined analysis criterion of
D-admissible assurance is reported, where the distinct form embraces multiple slack ma-
trices and reduces linear matrix inequality (LMI) constraints, which may be beneficial for
reducing conservatism in admissibility analysis.

In contribution 8, entitled “Parameters Determination via Fuzzy Inference Systems for
the Logistic Populations Growth Model”, the problem of determining parameters for the
logistic population growth model is addressed. Unlike traditional schemes, the proposed
approach incorporates ecosystem variables as inputs into a fuzzy inference system designed
to capture the inherent uncertainties of population dynamics. As the resulting model uses
fuzzy numbers as coefficients, it is represented by a fuzzy differential equation.

In contribution 9, entitled “Dynamics of a Fractional-Order Eco-Epidemiological
Model with Two Disease Strains in a Predator Population Incorporating Harvesting”, the
authors formulated and analyzed a fractional-order eco-epidemical model, which considers
two disease strains in a predator population. They examined the positivity, boundedness,
existence, and uniqueness of the solutions. In the model’s formulation, the population is
considered to comprise three groups: susceptible predators infected by the first disease,
predators infected by the second disease, and a prey population.

Contribution 10, entitled “Exponential Stability for a Degenerate/Singular Beam-Type
Equation in Non-Divergence Form”, presents a stability analysis for a degenerate/singular
beam equation in non-divergence form. The authors employed energy methods to derive
stability conditions for the problem under consideration.

Funding: This research was funded by Tecnologico Nacional de Mexico grants number 21808.25-P
and 22705.25-P. Nohe R. Cazarez-Castro, specially thanks to Universidad Michoacana de San Nicolas
de Hidalgo for the facilities granted to carry out a postdoctoral stay. The APC was funded by
MDPI-Axioms.
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Article

Chaotic Steady States of the Reinartz Oscillator: Mathematical
Evidence and Experimental Confirmation

Jiri Petrzela

Department of Radio Electronics, Faculty of Electrical Engineering and Communications, Brno University of
Technology, Technicka 12, 616 00 Brno, Czech Republic; petrzela@vut.cz; Tel.: +420-541146561

Abstract: This paper contributes to the problem of chaos and hyperchaos localization in the funda-
mental structure of analog building blocks dedicated to single-tone harmonic signal generation. This
time, the known Reinartz sinusoidal oscillator is addressed, considering its conventional topology,
both via numerical analysis and experiments using a flow-equivalent lumped electronic circuit. It is
shown that physically reasonable values of circuit parameters can result in robust dynamical behavior
characterized by a pair of positive Lyapunov exponents. Mandatory numerical results prove that
discovered strange attractors exhibit all necessary fingerprints of structurally stable chaos. The new
“chaotic” parameters are closely related to the standard operation of the investigated analog functional
block. A few interestingly shaped, strange attractors have been captured as oscilloscope screenshots.

Keywords: Reinartz oscillator; generalized transistor; two-port admittance parameters; numerical
analysis; hyperchaos; chaos; strange attractors

MSC: 37M05

1. Introduction

Irregular behavior associated with analog electronic systems is caused by serious
problems that have been intensively studied by engineers and researchers in the last three
decades. From the viewpoint of typical properties, long-term unpredictability, broad-band
frequency spectrum, and dense strange attractors are the fundamental fingerprints of
chaos. Once upon a time, this kind of repeatable dynamical motion was misinterpreted as
phase noise, because similar apparent properties are observed in the time and frequency
domains. From the application point of view, chaotic tangles have been reported during the
analysis of seemingly linear analog and digital [1] frequency filters, phase-locked loops [2],
amplifiers working under different operational regimes [3], power converters [4], switched
capacitor circuits [5], modulators and demodulators, mixers, very simple multi-state static
memory cells [6], logic gates [7], random number generators [8], and many others. This
very short and surely incomplete list implies that both autonomous and driven dynamical
systems are subject to chaotic behavior; only the presence of at least one nonlinearity
is mandatory.

Since the practical designs of sinusoidal oscillators require a mechanism for amplitude
stabilization, these common building blocks should be treated as nonlinear. Therefore, the
existence of chaos within circuit models as well as practical realizations is not a surprise.
The chaotic motion is often excited by the unstable fixed points, i.e., generated strange orbits,
which are members of the so-called self-exited attractors. Because of the simultaneous acting
exponential divergency of state space neighboring orbits and the attractor boundedness
within a finite state space volume, the minimum number of working accumulation elements
is three, regardless of the combination of circuit elements. The famous Colpitts oscillator
probably represents the oldest topology where chaos has been confirmed, both numerically
and experimentally [9]. This kind of circuit modified to operate in the higher frequency
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band is addressed in paper [10]. It is shown that the parasitic base-emitter capacitance of
a bipolar transistor should be a working accumulation element as well. The basic circuit
structure of Hartley oscillators and chaos evolution are discussed in the framework of
papers [11,12]. For nonlinear sinusoidal oscillators that have four accumulation elements,
both chaos and hyperchaos represent a possible time-domain solution, as mentioned in
work [13]. Also, RC feedback oscillators have been studied with respect to the generation
of robust chaotic waveforms. The existence of such steady states has been observed in
Wien bridge-based feedback [14], phase shift type of feedback loop [15], and atypical but
very simple feedback, as suggested in paper [16]. Interesting lumped chaotic oscillators
having one or two transistors and packs of surrounding passive components can be found
in research paper [17]. There, authors use a heuristic approach to develop many canonical
circuits with experimentally measurable, structurally stable, chaotic self-oscillations. It
is shown that the natural nonlinear features of used transistors can perform folding and
stretching of vector field quite easily.

This paper is organized as follows: The next section describes a path leading to a
mathematical model dedicated to numerical analysis, which is the content of the third
paper section. The fourth part brings experimental verification, i.e., the construction of
a flow-equivalent dynamical system based on the following two different but universal
methods. Commercially available active devices are used for the realization of both the
linear and nonlinear parts of the vector field. Captured oscilloscope screenshots prove that
the observed chaotic behavior is neither a numerical artifact nor a long transient.

2. Mathematical Model of Reinartz Oscillator

Figure 1a illustrates a circuit topology that is ready for harmonic signal generation,
namely, the well-known Reinartz oscillator. This circuit typically produces low-distortion
sinusoidal waveforms within a frequency band of about hundreds of kHz, typically up to
units of MHz. Of course, the topology can differ slightly for specific applications.

1
¥22
i2
o
®
L3 C *
Lo 1 i
[]m V2
4\ y12(-v1-vy) QL1 |V1
Mp3i3 .
M13l3\J/
(a) (b)

Figure 1. Reinartz sinusoidal oscillator: (a) practical configuration, and (b) simplified calculation
schematic. Numerical values of passive elements are not provided.

In fact, all resistors are used to set up a bias point of a bipolar transistor, while
capacitors Cy, Cy, and Cj serve for filtering, DC blocking, and temperature drift stabilization
of a bias point. Thus, an equivalent circuit for analysis in an operational frequency band
can be obtained by shorting the capacitors mentioned above, causing the removal of all
resistors. The hypothetical bias point of a generic bipolar transistor will be represented by
a conventional two-port network described using four frequency-independent admittance
parameters. The input and output admittances will be exclusively positive real numbers.
Moreover, we will consider odd-symmetrical cubic polynomial forward transconductance
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and zero backward transconductance. Investigated autonomous lumped electronic system
exploits inductively coupled emitter and collector windings to the main tank circuit formed
by passive components L3 and C. However, to avoid unwanted parasitic oscillations,
inductors L1 and L, are not coupled to each other.

Of course, small signal models of bipolar transistors allow us to perform a linear
analysis, leading to symbolic formulas for oscillation frequency in the case that the electronic
system works just on the boundary of stability. Generally, the characteristic equation will
be a fourth-order polynomial with relatively complicated nonzero coefficients. However,
a straightforward analysis for a complex frequency jw combined with a few justified
simplifications leads to the formula for oscillation frequency fose = (271y/L3C) -

In linear dynamical systems, chaotic behavior is out of the question. Nevertheless,
a bipolar transistor is a nonlinear active element if a large signal must be processed. The
dynamical behavior of the circuit given in Figure 1b is uniquely determined by following
the set of first-order ordinary differential equations (ODEs)

— _ d; _ 1 e b=k 1 =iy
Us = —Crah Ly [Ml:)’ ! Y2 yn + yzzyﬂ( 1 )}’

1 | i =i . d. 1 . .
7 = 1 ﬁ-f—szla},gla = 7;(v3+ Mz iy + Mas - 1),

M

=

where four-dimensional state space is formed by the vector of state variables x = (v3, 71, i2, i3)T.
Note that voltage-controlled current-source y12(v) = 0 S and forward trans-conductance
y21(v) will be a scalar nonlinear function of the form

y21(v) = a-0°+ B0, )

and symbols Mj3 and My3 represent the mutual inductances of three-wind loss-less trans-
formers described by three linear differential equations Z-I = V (symmetry of impedance
matrix Z along main diagonal indicates that the transformer is a reciprocal element)

d d ;
Lq at Od *M13 n 51 (%]
0 Ly ar —Mp; T | 5] = (%3 I8 (3)
d d d i
—Mi3 af —Mp3 ar Ly dar 13 U3

The shape of the cubic function (2) reflects the fact that the linear part of ic vs. vpg
transfer characteristic is limited on one side by the region where the transistor is closed,
and the other side is smoothly trimmed by the region of maximal output current.

The localization of fixed points associated with the dynamical system (1) in conjunction
with (2) is very important. Regardless of the values of the system parameters, the origin of
state space is always the only equilibrium. The search-for-chaos algorithm that allows us to
find chaos within the Reinartz oscillator is focused on the self-excited strange attractors. In
this case, the close neighborhood of origin will be unstable (saddle-spiral local geometry
R2HR? is preferred) for all combinations of parameters. An absence of offset and quadratic
terms in formula (2) leads to the symmetry of a vector field with respect to the origin. Also,
forward trans-conductance 11(v) is of saturation type, meaning that « <0 " B > 0. This
kind of output-input characteristic of the active element de facto represents the linear
transformation of coordinates between a circuit-oriented model and a mathematical model.
In other words, the bias point of a bipolar transistor is initially centered within the linear
part of the ic = f(vpg) curve. Then, this point is shifted toward the origin of state space.
The dynamical system (1) together with (2) is invariant under full linear change of the
coordinates v3——v3, iy ——iy, ip——ip, and i3——i3. Simultaneously, both M3 and M3 are
the subject of physical realization constraints and will not be larger than the value of 0.6 H.

Several recent papers, for example, [18-22], utilize a multi-objective fitness function
to find a robust chaotic motion within the lower-order deterministic dynamical systems.
The proposed methods are often general, such that both autonomous and driven systems
can be investigated. In our case, the same approach as proposed in [18] has been adopted,
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i.e., a three-step calculation toward weighted cost function. The first step covers a simple
check of the stability of the fixed point located at the origin. In this stage, all sets of
parameters leading to unwanted local geometry near the state space origin can be omitted
early, significantly saving time demands for optimization. The second test is a calculation of
attractor boundedness and dissipation of the flow. If passed, the full spectrum of Lyapunov
exponents (LE) is established, and the Kaplan—Yorke dimension of the state space attractor
is calculated. For chaos, the first LE needs to be positive, and the sum of all LEs must be
negative. For hyperchaos, there is a pair of two significantly positive Les, while the sum of
all LEs stands negative. Within each optimization step, the numerical values of all system
parameters (defined up to two decimal places) are known. Thus, corresponding eigenvalues
associated with a fixed point at the origin can be easily obtained, and an optimal time
step size for numerical calculations can be determined and updated accordingly; check
paper [23] for more details. Note that the calculations of individual cost functions are
independent; the sets of system parameters are exclusive input variables. Therefore, a
search-for-chaos routine is a good candidate for multi-core parallel processing.

Thanks to impedance and time scaling, working accumulation elements can be kept
in unity, i.e., L3 =1 Hand C = 1 F, such that the fundamental frequency component equals
159 mHz. The common operational regime deals with the ratio L; /L;—10. In an upcoming
analysis, we suppose unity inductances L; = L, = 1 H to unify the time constants associated
with individual differential equations. From the viewpoint of watched dynamical system
properties, the existence of long-term structurally stable strange attractors is conditioned
by the flow dissipation, that is

x € ¢(t): div(F) = ;2F + -Fs+ -Fs + LFy =

P .. 4)
B (B43) —6-a-ip-ir +y3 (B —ya2 — yn)] —ﬁ’

1
Lyy3, vz

where ¢ (t) represents a state orbit, F means a four-dimensional vector field, and Fy is the
right-hand side of k-th ODE. In both cases of investigated chaotic systems (will be revealed
below), this function stands negative (in average) for complete ranges of state variables
i1 and iy of a fully evolved strange attractor. Another key property of the final dynamical
system is the existence of an unstable fixed point located at the origin. This requirement
means that the characteristic polynomial

M 2yu+yn=p 3 i Y313 (1- M2, — M3 ) +y11 (22— B) —y22 (Y22 —B) A2+

; 2

Y11°Y22 Y15 )
yn(27M%37M§3)fﬁ+yzz+M%3(ﬁ+yzz)*M13'M23(2'y22*l5)/\_|_ Vi tyn Y-y By —yn) _ 0
Y11y VY5 ’

has at least one root with positive real parts. Assume a limited case of zero coupling
between windings, i.e., M3 = 0 H and M3 = 0 H. Solving for the roots of polynomial (5)
gives us information about the oscillating solution of isolated L3C tanks and the stability of
the rest of the circuit, namely

Mo = tj,Agq = i\/(ﬁ—yzz)~(ﬁ—5~yzz)_Z-y%1~yzz+y11~y§2—[3-yn-yzz_ ©)
’ T 2.y -y» 2131V

The eigenvalues A3 4 can be of any conceivable configuration depending on the rela-
tions between y11, ¥22, and B. This includes eigenvalues that are both real and negative, real
with opposite signs, real eigenvalues with positive parts, and complex conjugated numbers
with either positive or negative real parts. Obviously, both the input and output admittance
of transistors cannot be zero. Important bifurcation planes are given by =y and =5y
since the third and fourth eigenvalues form a complex conjugated pair between these lines.
It is worth mentioning that each change in the vector field geometry near the state space
origin is followed by a dramatic change in the global system dynamics. During intensive
numerical analysis (especially using the searching for chaos routine), it finally turns out
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that at least one stable manifold associated with state space origin is needed for chaos
and/or hyperchaos evolution. Of course, the existence of unpredictable behavior in the
case of full repelor at the origin of state space is not definitely excluded, and it can be
considered a possible topic for future investigations.

In the upcoming section of this paper, the results originating from the application of
such a brute-force numerical search algorithm applied on basic AC-ready circuit topology of
a Reinartz oscillator are provided. Proposed optimization/search routine was implemented
in Matlab and can be adopted (with small adaptation changes) for any type of finite-
order dynamical system, including those with fractional-order derivations of some state
variable. However, the huge number of required numerical operations makes it usable
only if appropriate computing power is available. In the case of this work, a workstation
composed of i9-10900K (3.7 GHz) and 128 GB RAM was utilized.

3. Numerical Analysis and Results

A mathematical model dedicated to numerical analysis and optimization will be
considered dimensionless and expressed in the form of system (1) with nonlinear features
of transistor (2), and with {My3, M3, ¥11, Y22, &, B} being a group of unknowns. Within the
optimization procedure, the value of each unknown is encoded into a binary expression;
the sought parameters can take non-extreme, physically reasonable discrete values only.
Two decimal places represent a smooth-enough resolution.

Two distinct sets of parameters that lead to the topologically similar, robust, and
chaotic behavior were discovered. Concretely, the first set (case I) is

Mz = 0.6H,Mo; = 0.1H,y;; = 1S,y» = 1S,a = —8A-V 3,8 = 10S.  (7)
while the second set (case II) is
M3 = 0.52H, My = 0.22H,y;; = 2S,y» = 45,0 = —8A-V 3,8 = 185.  (8)

Figure 2 shows both the geometrical shape of a chaotic attractor and the sensitivity
dependance on the tiny changes in the initial conditions. For each case mentioned above,
a group of 10* initial conditions was generated randomly around the state space origin
with a normal distribution and standard deviation 1072 (red dots). Then, the final states
after short-term (¢, = 10 s, purple points), average-term (¢, = 50 s, green points), and
long-term (t,,4x = 100 s, blue points) evolution are stored and visualized. For all simulations,
the fourth-order Runge-Kutta integration method was utilized with a fixed time step of
100 ps.

Figure 3 contains interesting numerical results concerning the Reinartz oscillator, case L.
Firstly, plots showing the divergency of the vector field along a chaotic orbit can be found
there. A typical strange attractor (for § =10 S and = 11 S) is located within the state space
volume with very small positive values and a negative value close to zero. Figure 3 also
provides the distribution of dynamic energy along the trajectory associated with parameter
set (7). Note that all mutual inductances M3 and Mp3 for dynamical system case I and
II represent tight coupling between primary and secondary windings. For both cases
of chaotic systems, the origin is an unstable equilibrium point, as monitored frequently
during the search-for-chaos optimization procedure. For parameter set (7), zero equilibrium
exhibits a stable two-dimensional manifold, and the corresponding eigenvalues are

A1 = 6.904,Ay = 0.149,A34 = —0.026 + j0.985. )
In comparison with these results, parameter set (8) leads to the following eigenvalues:
Ay = —0.089+j0.915,A34 = 0.714 = j0.285. (10)

Because of different vector field geometry near the 4D state space origin, self-excited
chaotic attractors discovered by searching routine can be marked as distinct types.



Axioms 2023,12,1101

AT
{);’2\___4%4»,.’

Figure 2. Sensitivity analysis of chaotified Reinartz oscillator plotted in different state space plane
projections, case I: (a) v3 vs. iy, (b) v3 vs. i3, () ip vs. i3, (d) i1 vs. ip, and (e) v3 vs. i. For parameter
set case II: (f) v3 vs. i3 and (g) i1 vs. ip. Color representation of time evolution: initial states (red dots),
short-term (red), medium-term (purple), and long-term (blue).
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-25 ()

Figure 3. Snippets of numerical analysis of dynamical system case I. Divergence of the vector field

including color legend for the following: (a) =10 S and, (b) 8 = 11 S. Plane projections showing
dynamic energy distribution E; over the state space plane fragments: (c) i; vs. i3, (d) v3 vs. i3, and
(e) iy vs. ip. Color legend: (f) numerical values for energy plots.
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Figure 4 provides a closer insight into how regions of chaos (of course, only a small
fragment is addressed) within a hyperspace of system parameters look. These are high-
resolution plots with a total number of calculated values of 50 x 50 = 2500 in each square.
Transitions between chaotic and hyperchaotic behavior do not follow conventional rules
such as changes in eigenvalues or the stability index of zero equilibrium; see paper [24] for
more details. Little can be known about these routes, only that they are rare and cannot be
described by a closed-form mathematical formula.
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Figure 4. Fragments of rainbow-scaled contour plot of the largest LE as a two-dimensional function

of biasing point of bipolar transistor: (a) input vs. output admittance, (b) input admittance vs. linear
part of forward trans-admittance, (c) output admittance vs. linear part of forward trans-admittance.
Used resolution deals with uniform parameter step 10 for each plot.
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Figure 5 provides a continuation of numerical results, showing time-domain analysis
results for the Reinartz oscillator (1) coupled with a parameter set (7). The bifurcation
diagram reveals a sudden transition from periodic to chaotic motion and several narrow
periodic windows for continuous change in the parameter § from 9.5 S up to 10.9 S. This
bifurcation sequence ends up with an unbounded solution. For all numerical integrations,
the initial conditions were chosen as small disturbances (100 mV) of capacitor voltage.

(a)

(b) (© (d)

9.6

9.7 9.8 9.9 10.0 10.1 10.2 10.3 10.4 10.5 10.6 10.7 10.8 ﬂ 10.9

o
E
4

|

Hy, Hi3

WA

1x10%

TIo0 10 120 130 140 150 160 170 180 190 200 210 220 250 240 250 260 270 280 290 300 310 320 330 340 350 360 370 3% 390 0 0.305 061 0315 T

mi normalized time normalized frequchy
1
mi 2

Figure 5. Plane projections reflecting the state changes of parallel resonant tank vc vs. i3: (a) $=9.5S,
(b) 8=9.75,(c) =105, and (d) B = 10.9 S. Each plot has horizontal axis range vc € (-8, 8) V and vertical
scale i3 € (=8, 8) A. Subplot (e) provides half-return map calculated for plane vc = 0V, captured for state
variable i3 and in range 8 € (9.6, 10.9) S with step 1 mS. Subplot (f) represents visualization of v¢c and i3
in time domain; subplot (g) shows corresponding frequency spectrum. Three-dimensional projections
showing changes of attractors for magnetic coupling: (h) M3 = 0 H and M3 =0 H, (i) M3 =0.3 Hand
M23 =0H, (]) M13 =0.1Hand M23 =0.1H, (k) M13 =0.5Hand M23 =0.1H.
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4. Design of Chaotic Oscillators and Experiments

Since fully analog circuit-aided solutions of ODE sets are free of numerical errors, a
truly chaotic steady state can be distinguished from a long chaotic transient or numerical
artifact. For further reading about the credibility aspects of research focused on chaotic
dynamical systems, papers [25,26] are recommended.

Modeling nonlinear dynamics using analog circuits is a well-established task, with
multiple correct solutions achieved by the following different approaches. The main goal is
to reach one-to-one correspondence between the behavior of the mathematical and circuit
models of the dynamical system. The complete framework on how to proceed is outlined
in the comprehensive review paper [27] for voltage-mode networks and in paper [28] for
current-mode operation regimes.

In the upcoming subsections, two universal methods dedicated to nonlinear circuit
synthesis of flow-equivalent, case I, chaotic Reinartz oscillator are given, including the
numerical values of all passive components. By considering the dynamical system (1) with
nonlinearity (2) and the discovered parameters (7), the normalized (with respect to time
and impedance) set of the ODE becomes

3

%vl = —04,%02 =0.6-0v4—2-vp+0v3—8(vy—v3)+10- (v — v3) ,%03 = vy —v3+0.1-0y4,

’ (11)
7704 = v1+0.6-0v2+0.1-03,

where x = (v1, v2, v3, v4)T is a new state vector composed of node voltages only. Parameters
« and B need to be separated because they will be considered the variables. The circuit
design of system case II is completely analogical; no changes in the circuit element’s inter-
connections are necessary. It is worth nothing that the Orcad Pspice circuit simulations lead
to the same results as real experimental observations captured by an oscilloscope. Hence,
these results are not provided.

4.1. Analog Multiplier-Based Design

For the generation of any type of attractors, continuous offset voltage applied to the
inputs of operational amplifier-based ideal integrators can be problematic simply because
of the output saturation. This event can also be caused by the intrinsic nonideal offset
voltage of an operational amplifier. In such cases, the classical approach, where the right-
hand side of each equation of system (1) represents a sum of the currents flowing through
a grounded capacitor, will probably be the better design approach. To minimize the final
number of active elements, the linear part of the vector field should be decomposed: in part
Yassives Which contains grounded and passive resistors and in part Y, where individual
entries are implemented using active transadmittance cells. Then, the final matrix equations

will be p
T
E (Cl G G G ) = (Ypassive + Yactive) -V+ f(V)r (12)

where V is a vector of the main node voltages and f comprises nonlinear functions. For the
dynamical system (11), the matrices and vectors mentioned above can be of the form

0 0 -1 0
| -8 (02—03)+10- (02—03)3
0 01 O A= 0 - 19

0 0 07 0

0 0 0
—96 1 06
1 —11 01 | Yactioe =
06 01 —07

Ypussive -

c o oo

— o oo
N
o
o
o

A corresponding chaotic oscillator is provided in Figure 6. There, resistors and
capacitors have fixed values derived from the basic time constants of integrators chosen
quite large, namely T = Ryop,-C = 10*.1078 = 100 ps. The corresponding sets of ODEs are

d - _K dy, — (K 1 1 1 1 1 1 (0 — _ Ky —0a)3
Cigo = RZU4’C2dt02 = <R12 R R R8)02+R3U3+R504+ Rs (v —v3) Ri (v2 —v3)°,

d 1 Ky 1 1 1 i K 1 1 11
C3Ev3 = R737]2_|_ (177 7 H)U3+HU4’C4EU4 = E01+E02+EU3+ R TR s Uy.
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Figure 6. Fully analog circuit realization of equivalent chaotic Reinartz oscillator, system case I; only

four-quadrant analog multipliers AD633 are used.

For derivation of these ODEs, an ideal transfer function of analog multipliers has
been used, i.e., Viy = K-(Vx1-Vx2)-(Vy1-Vy2) + Vz, where K = 0.1 is an internally trimmed
constant. Obviously, entries of the admittance matrix Y, can be changed via external
DC voltage; in our design case, we chose default 1 V for simplicity. The chaotic system
working in a lower frequency band is well suited for a breadboard realization. Resistors
Ry and Rjp do not appear in (14) since these serve only to compensate for constant K.
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Similarly, components Ri3 and Rj4 are dedicated to the compensation of constant Ks.
To continuously trace some routing-to-chaos bifurcation scenarios, a nonlinear shape of
forward transconductance is supposed to be independently variable. System parameter 8
can be changed via variable resistor Rg, and resistor Ry; directly adjusts the cubic term of
polynomial (2), parameter a. The actual value of Ri, needs to be adjusted accordingly to
Rg. Several examples of oscilloscope screenshots captured during experimental verification
of this novel chaotic oscillator are provided in Figure 7.

"
./ /’

p
Pac>SOMY Fios )05

Figure 7. The chaotic Reinartz oscillator, system case I, constructed using analog multipliers only,
including a few examples of captured oscilloscope screenshots.

4.2. Integrator Block Schematic-Based Design

Obviously, a design concept based strictly on analog multiplies requires a total of
eight integrated circuits. As we will see, the total number of active elements is twofold
if compared to the design approach based on the integrator block schematic. A chaotic
oscillator equivalent to the same Reinartz oscillator was successfully implemented and
verified using four integrated circuits only (a pair of voltage feedback operational am-
plifiers TL084, two analog multipliers AD633). Because of the zero mean of generated
chaotic waveforms (full symmetry of the desired strange attractors), integrator-based circuit
synthesis is possible. The final circuit is shown in Figure 8. Its behavior is determined by

the following ODE:
3
Ay = % Codp, — 2 Ruvs o4 Ry (fos Ry ) Ry(os Ry, o
Cizor = Ra’czdfvz = "R TRRy  Rs T Rp\Ry ~ R Rig Rig\Ri7 Ryg Ry ) ’ (15)

_ Ryvy vz vg d _ Ronmy vy U3

d
C3iV3 = RyR;; ~ Ry~ Ry C4ar¥4 = RiRs T Ry — Ro-

Resistors Rjg and Rpp do not take part in this set of equations since these components
serve to annulate coefficient K;. Systems (15) and (11) are related via a simple linear
transformation of state space coordinates v ——v; and —v4——v4. A few pieces of true
experimental verification of the designed chaotic oscillator are provided in Figures 9 and 10.
In the latter case, a sequence of limit cycles that is shortly interrupted by a chaotic attractor
is demonstrated for continuously increased values of parameter S.

15
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Figure 8. Fully analog circuit realization of equivalent chaotic Reinartz oscillator, system case I,

implementation based on integrator block schematic.

16



Axioms 2023,12,1101

Pied0.2% Fiosd 20

Figure 9. The chaotic Reinartz oscillator, system case I, integrator block schematic design method,
with few measurement outputs.
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Figure 10. The chaotic Reinartz oscillator, dynamical system case I, integrator block-based schematic

design method, and different limit cycles with captured intermittent chaos.
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5. Discussion

The main aim and importance of this work is to demonstrate the existence of robust,
non-predictable waveforms coming from a significantly simplified mathematical model
of a conventional LC oscillator. The investigated mathematical model includes only a
single scalar nonlinear function intrinsic to the bipolar transistor instead of dealing with
an enormously complicated large-signal global model of this three-terminal device. The
presented results can motivate other design engineers and mathematicians to follow this
research and extend it by including the following:

1.  Findings from the area of non-integer order dynamics associated with individual
accumulation elements [29,30].

2. Discoveries from higher-order dynamics that originate in considering parasitic prop-
erties of transistors [31].

3. A description of circuit behavior under nonlinear magnetic coupling that is closer to
practical reality [32].

6. Conclusions

The simplified topology of the well-known Reinartz circuit can produce either chaotic
or weakly hyperchaotic self-oscillations, even under conditions of linear magnetic cou-
pling coefficients. Proof is demonstrated within this study on both a numerical and an
experimental basis. A bipolar transistor is modeled by two-port admittance parameters
with the assumption of neutralized backward signal transmission. The bias point of the
transistor is derived from a class A amplifier. Although biasing is hypothetical, parameter
sets that result in observed chaotic steady states represent physically reasonable quantities
(after suitable time and impedance rescaling) not far away from common numerical values.
In accordance with explicit model vs. circuit parameter comparison and visual observa-
tion, very good agreement between measurement results and theoretical assumptions has
been achieved.
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Abstract: A three-differential-equation mathematical model is presented for the degradation of
phenol and p-cresol combination in a bioreactor that is continually agitated. The stability analysis
of the model’s equilibrium points, as established by the study, is covered. Additionally, we used
three alternative kernels to analyze the model with the fractal-fractional derivatives, and we looked
into the effects of the fractal size and fractional order. We have developed highly efficient numerical
techniques for the concentration of biomass, phenol, and p-cresol. Lastly, numerical simulations are
used to illustrate the accuracy of the suggested method.
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1. Introduction

In a bioreactor, chemical degradation is the process by which certain chemicals or
compounds are broken down or changed by living things in the bioreactor’s controlled
environment. Bioreactors are widely used to support biological processes, including
fermentation, enzyme manufacturing, and wastewater treatment in various industries,
including pharmaceuticals, biotechnology, wastewater treatment, and food production.

Many scientific papers have presented the isolation and work of microbial species with
higher-degradation action and abilities to degrade chemical compounds [1]. Many isolated
bacteria have been investigated in [2]. The biodegradation of one or all chemical parts
hinges on the composition of the specific mixture and the utilized microorganisms [3-6].
Fractional calculus is an influential extension of the classical derivatives. Fractional
differential equations (FDEs) have recently been implemented in different fields. Many
authors have worked on these equations, such as the KdV equation [7], advection-dispersion
equation [8], telegraph equation [9], Schrodinger equation [10], heat equation [11], convection-
diffusion equation [12], Fokker Planck equation [13], and Lambert-Beer equation [14,15].
Some of the FDEs do not have exact solutions. Therefore, it is required to work on numerical
methods to solve the mentioned equations, such as solving nonlinear fractional diffusion
wave equations with the homotopy analysis technique [16], solving PDEs of fractal order
by Adomian decomposition method [17]. In [1], the authors have given a bioreactor model
but do not consider the bacteria’s death rate and general configuration of the reactor. We
have provided the bioreactor model with the fractal-fractional operators. The model with
fractal-fractional derivatives has never been analyzed so far. Our model includes the death
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rate of bacteria, which is important in the process’s environment. We also consider the
general configuration of the reactor, where our model includes a membrane and continuous
reactor. Additionally, we fractionalize the model and apply a novel numerical technique to
achieve the numerical simulations. In these simulations, we use different fractal dimensions
and fractional orders. For more details, see [18-30].

We organize our manuscript as follows. Problem formulation is performed in Section 2.
In Section 3, we discuss the model’s analysis in the classical case and present the equilibrium
and stability analysis. Next, we explore the analysis of the model with three different
kernels viz. the power-law kernel (Section 4), the exponential-decay kernel (Section 5),
and the Mittag—Leffler function (Section 6). Finally, in Section 7, we illustrate the numerical
simulations of the proposed models.

2. Preliminaries

The following definitions of fractional differentiation operator and fractal-fractional
integral operator with three different kernels are taken from [21] .

Definition 1. The fractional differentiation operator with the power-law-type kernel is described as:

1 d
FFPy®1] 01y a-a <
FPDYA() = 7o [ FE)(E=9)ds, 0 <y <1, (1)

where,
afs) . f() = f(5)

= 2
ds'l t—s 1 —gll @)

Definition 2. The fractional differentiation operator with the exponential-decay-type kernel is
described as:

t _
FEDf) = T [ SO ew (70— 9)d 0<an <l 0

Definition 3. The fractional differentiation operator with the Mittag—Leffler-type kernel is described as:

AB(a) —o

., d [t P
fFMDt TE(E) = — ﬁl f(s)E“(m(t—s) )ds,0<zx,17S1, 4)

where AB(a) =1 —a + ﬁ

Definition 4. The fractional integration operator with the power-law-type kernel is described as:

PR = 1 | (£ 5T 1g(s)ds. 5)

Definition 5. The fractional integration operator with the exponential-decay-type kernel is described as:

a, Y o T(1—w
SO = gty fo oS0 + T ) ©

Definition 6. The fractional integration operator with the Mittag—Leffler-type kernel is described as:

Q t — -1
FMI() = s [ 0= 9 s+ TE SR ), @)

Here, we present the model to be investigated in this research. We present the model as:

21



Axioms 2024, 13, 151

ds

Tfh = D(Spho - Sph) —kpp - V(Sphrscr) X, ®)

djfc " = D(Sar0 = Ser) = ker - (Sp S ) - X, ©)

i—f = —DBX + ¢Sy, Ser ) X, .

i (Sph, scr> — ‘umax(]ﬂ;lgsph N Honax(er) Ser o

KS(Ph) + Sph + ki(’;;) + Icr/phscr KS(CV) + Ser + Kiter) + Iph/crsph

The model parameters and variables are detailed in [1]. The parameter p is presented
in the general configuration. When = 1, we have continued the reactor. When = 0, we
have a membrane reactor.

3. Analysis of the Model in Classical Sense

Now, we begin with analyzing the properties of the model in classical sense.
We consider the number of equilibrium solutions of the model ((8)—(10)). It is obvious
that the model has a branch of the washout given by

Eo :(Sph; Ser, X) = (SphO/ ScrO/ O)' (12)

We obtain the steady state solution of ((8)—(10)) by setting to zero the right side. From
the model ((8)—(10)), we have:

ScrOkph + kcr(sph - SphO)
Scr — k 7
ph
D (s,,ho - sph)

kph (IBD)

(13)

aﬂ(sph/SCV)(—kcr)X
a(SPh/SCI’)X *kcr,u(sphfscr)

f= (o) P

‘u(sphISCV)X 3
u(SppSer) X
a(s::T)X 1 (Sphs Ser)ker (Spn, Ser)
D 0 DB 0
-D crQ—>cr _ -1 _
V= (o) - v R
0 DB 0 D
D 0

0 _kcr,u(sph/ Scr)
Fv-1=

0 .u(sphrsﬁ’)

[ 0 —,Bchry(sph,sC,) ]

0 Dp 0 BDu(Spn,scr)

—A _,Bchr]/l(Sphr Scr)

det[ FV-1—AL | =0 , =0

Thus, weobtain A; =0, Ay = ,BDy(sph,scr) = Ry.

Lemma 1. The steady state solution Ey is locally asymptotically stable when D > D¢, and is
unstable when D < D.,, where

kicrkph (ScrOkph - Sphokcr)imaxcr
{kicrkph (Kscrkph + ScrOkph - sphOkcr) + (Scrkph - Sphokcr)z} p

Dcr =

22
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Proof. We have
Ep = (Sphr Ser, X) = (SphOI S¢0,0)

M (S pn/Scr) OU(Spp.Ser) 7]
-D— #kphx —#kphx —u(8pns Ser)kpn
J ,Ser ) sScr
](EO) = —kcr%x —-D — %kcrx _V(Sph/ Scr)kcr
o1 (SypSer) O (S psScr)
I 785:;1 X _765:,1 x —DB + u(sph, Ser) ]
-D 0 _V(SphOr ScrO)kph
J(Eo) = 0 —-D _#(SphO/ScrO)kCT’
0 0 —DB+ ulspnosScro)
where
Sph Sph
‘M(Sph/ Scr) = ‘umax(pshz)h P + K .umax(zgy) P |
Ks(ph) +spn + #ph) + Loy phScr s(cr) T Ser + Ki(er) + LpnserSpn
—D—A 0 *]/l(sphr Scr)kph
det[](EO) - )\13] = 0 -D-A _.u(sph/scr)kcr =0
0 0 y(sph, Ser) —DB—A
=(=D = A)(=D = A)(u(spn,Scr) = DB —A) =0
AM=-D, A=-D, Az= —,BD + y(sph,sﬂ)
and
52
_ ph0 -1
V(sph/ Scr) = MAaXppSpho (ksph + Spho + Ki + Icr/phscrO)
i(ph)

2
S
-1
K i + Iph/crspho)
i(ph)

kicrkpn (ScrOkph - SphOkcr) T maxey

[kicrkph (Kscrkph + ScrOkph - SphOkcr) + (Scrkph - Sphokcr)z} p

+ maxcrScro (kscr + Scro +

Dcr -

If D > D¢, then A3 < 0. Thus, all eigenvalues are negative. This shows that the steady
state solution Ej is locally asymptotically stable. [

4. Analysis of the Model with the Power-Law Kernel

Here, we analyze the model with fractional differentiation operator using the power-
law kernel as:

5D S = D(Spio = Spi ) — k- (S Ser ) - X. (14)
b7 D} Ser = D(Ser0 = Ser) — ker - i (Spns Ser ) - X. (15)
BFP DX = —DBX + i Sy, Ser ) X. (16)
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We have the following relation between the classical and fractal derivative [21]:

prf(t) = L

=1

A relation between the classical derivative and the fractal derivative gives

(IJQLD;.‘XSph = 771”771 (D (SphO - Sph) - kph : ﬂ(sphr Scr) . X)-
§EDfSey =t (D(Scro — Ser) — ker - #(Sph,Scr) . X)
0-DfX =t (—D/ﬂX + y(sph, scr)x).

For simplicity, we define

A(t' SPh’SCV' X) = 77t1771 (D (SPhO - Sph) - kph : .u(sph/ Scr) . X)-
B(t/ SPh’ SC”/ X) = ’7f'7_1 (D(Scro - Scr) - kcr K (Sph/ Scr) . X) .

C(t, Sph, Ser, X) = 1! (—DﬁX v y(sph, s)x)
Then, we obtain

8EDES = A(t, Sy, Ser, X).
8ED§ Ser = B(t, Spp, Ser, X).
§EDEX = C(t,Spp, Ser, X).

Applying the Riemann-Liouville integral yields:

Spn(t) — Sy (0) =ﬁ /Ot A(T, Sph, Ser, X) (t — T)* d.

Sar1) = 5r(0) =7 [ BT Sy S X) (1 = 7).

1 t
- / C(T, Sph Ser, X) (t — T)* .
0

Discretizing the above equations at ¢, 1, we receive:

1 bnt1 _
Sps(tns1) = 531 0) = /0 A(T, Sy Sers X) (by1 — 7)1,

1
- T(a)

1 EE] B
m/o C(T/ Sph/ Scr, X)(tn+1 _ T)DC ldT.

tn+1
scr(tn+1) - Scr(O) /é B(T/ Sph/ Scr/ X) (t'rH»l - T)aild’r.

X(tyy1) — X(0) =
1 a—1
A(r, Sphs Sers X)(ty 1 — )" dr.

1 _ a1
t B(T, Spn, Ser, X) (tnr1 — 7)) dT.
j

i a—1
/ C(T, Sy Sers X) (b1 — T) Ldr.

24
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(18)
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(20)

(21)
(22)

(23)

(24)
(25)
(26)

(27)
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(31)

(32)

(33)
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We use two-step Lagrange polynomial as:

T J—
5/(T, Spi Ser, X) = :

Then, we obtain

Spn(tns1) —

T—tji Tt
pj(Tr Sphr Scr/ X) - 7tA(t]I Sph/ SC?’/ X) - £ £ A(tj,l,sph, SC'r‘r X) (36)
/A /A
T— t]‘ — t]'
q]‘(T,Sph,Scr, X) = ﬁB(t Sph,Scr, X) -y 1B(tj—115ph/ Scr,X). (37)
] ] ] ]
—t 1 C(t Sph/ Ser, X) - ﬁc(tjfll Sph/ Ser, X) (38)
] ] =
1 & B
50 = g 20 /t (T S Ser, X) (b1 — ) N
j=07%
n | h*A(t;, Sy, Ser, X ) )
= L UirSpteSer ) (1= o — 24 0)

Scr(thrl) -

I'(a+2)
—(n—=j)*(n—j+2+2a))]

n h* A ] 1rsphrSC7’/ )
(e +2)

—(”—]) (n—j+1+a))]

(CEREis

Py R
n | h*B (t‘,s h,Scr/X) Ay :
—(n—j)*(n—j+2+2a))]

haB ,S hr Ser, ) N\
_le > e (=gt
—(n=j)*(n—j+1+a))
- X(0) = T zx) i/]ﬂ (T, Sphs Sers X)(tn+1 _T)aildT

h*C i'],Sph,Scr,X)

- ¥

(n+1—-j)*n—j+2+a)

=0 I'(a+2)
—(n—j)%n—j+2+2a))]
hac 1, Spns Ser, X) .
_Z ] IX—IZ) cr (<n+1_])a+l
j=

—(”—]) (n—j+1+a))]

Thus, the numerical scheme for the model with power law kernel has been obtained.
We used this scheme and obtained Figures 1—4.
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Proposed Method

Proposed Method

Proposed Method

0.7 T 0.3 T 0.05 T T T
a=1.0 a=1.0
a=0.90| | a=0.90
a=0.80 @=0.80
a=0.70 a=0.70
120 120
t
Figure 1. Solutions of (14)—(16) for B = 1, fractal dimension 1, and « = 1,0.9,0.8,0.7 with the
power-law kernel.
Proposed Method Proposed Method Proposed Method
0.7 0.3 0.05
a=1.0 a=1.0
0.68 a=0.90 a=0.90
a=0.80 a=0.80
a=0.70 a=0.70
0.66 T
0.64 4
Eﬁ 0.62 b
w
0.6 T
0.58 T
0.56 b
05t ‘ ‘ ‘ ‘ ‘
0 20 40 60 80 100 120 120
t
Figure 2. Solutions of (14)—(16) for B = 1, fractal dimension 0.8, and « = 1,0.9,0.8,0.7 with the
power-law kernel.
Proposed Method Proposed Method Proposed Method
0.7 0.3 0.05
a=1.0 a=1.0
=0.90 | 0.045 2=0.90
a=0.80 . @=0.80
@=0.70 | 1 =0.70 0.04 =0.70
T 0.035
b 0.03
— oot
T 0.02
T 0.015
T 0.01
T 0.005
os ‘ ‘ ‘ ‘ ‘ oot ‘ ‘ ‘ ‘ ‘ . ‘
0 20 40 60 80 100 120 20 40 60 80 100 120 0 20 40 60 80 100 120
t t t
Figure 3. Solutions of (14)—(16) for B = 0.5, fractal dimension 1, and « = 1,0.9,0.8,0.7 with the
power-law kernel.
Proposed Method Proposed Method Proposed Method
0.7 T T T T T 0.3 T T T T T 0.05 T T T T T
a=1.0 a=1.0
=0.90 | 0.29 0.045 2=0.90
a=0.80 =0.80
a=0.70 | 7 0.28 0.04 1 a=0.70
T 0.035
0.27
b 0.03
~ 026 —
N = Zo0.0251
@ 0.25 *
T 0.02
0.24
1 0.015 -
B 023 0.01
4 0.22 0.005 -
os ‘ ‘ ‘ ‘ ‘ oot ‘ . ‘ ;
0 20 40 60 80 100 120 20 40 60 80 100 120 0 20 40 60 80 100 120

Figure 4. Solutions of (14)—(16) for p = 0.5, fractal dimension 0.9, and & = 1,0.9,0.8,0.7 with the

power-law kernel.
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5. Analysis of the Model with the Exponential-Decay Kernel
Next we analyze the model with using the exponential-decay kernel as:

BFED"Sy = D (Spio — Spn ) — k- 1 (Sps Ser ) - X. (39)
gPED?’WScr = D(Scr0 — Ser) —ker - pt (Sph/ Scr) - X. (40)
FFEDMIX — —DBX + 1 (sph, sC,) X. 41)

Using the relation between the classical derivative and the fractal derivative yields

SFD3S,y =t (D (spho - s,,h) — k- y(SPh, scr) : X) (42)
CFD2S,, =yt~ (D(SC,O — Ser) —ker - y(Sph, sc,) : x) (43)
§7 DX = i1~ (~DBX + i (Sys Ser ) X). (44)

For simplicity, we define

K(t, Sph, Ser, X) =t (D (spho - s,,h) — k- 1 (sph, sc,) : x) (45)
L(t,Spp, Ser, X) = 51! (D(sﬂo — Sep) —ker - y(Sph, sc,) : X) (46)
M(t, Sy, Ser, X) = 7t7~ (=DBX + 1t (S, Ser ) X)) 47)

Then, we obtain

6 DES = K(t, Spp, Ser, X). (48)
§EDESer = L(t, Sp, Ser, X). (49)
6E DX = M(t, Spp, Ser, X). (50)

Applying the CF integral yields [22]:

t
Syu(t) — S,(0) = MK(t,Sph,Scr,X)—i-M‘Za) /O K(T, Sy Ser, X)d.
Ser(t) — Ser(0) = ﬂL(t,S 3o Sers X) + —o— /tL(T,S 1 Ser, X)dT.
M(a) P M(a) Jo P
X(t) —X(0) = ﬂM(t,S n Ser, X) + & /tM(r,s 1 Ser, X)dT.
M(a) P M(a) Jo s

Discretizing the above equations at ¢,,,1 and t,, we receive:

11—«
— T K(t n '
M(IX) (Yl' Scr' )

n+1 _ 0
Sph o Sph+ ph’

o

tn+1
Svint /0 K(T, S Ser, X)dt

1—n

L(tu, STy, S, X

« 8]
Svint /0 L(t, Sph Ser, X)dT

1—n

Xn+1 — XO
M)

M(t”/ Zh/ Sgrr Xn)

® EE]
+W/O M(T,Sph,SCY,X)dT
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and

— & 1 1 1
b= St gy Kty SRS X

/ (T, Spis Ser, X)dT

—
St = S?r ( Lt 1, S, se, X T)
o tn
+W (T,Sph,SC,,X)dT
1—«
X" = XH—M(“)MW 1Sy Se LX)
o tn
+W/O M(T,Sph,scr,X)dT
Thus, we reach
11—« 1 1
s — sgh+m(1<(tn, i St X) = K(tyo, ST, SB7L X0 ))
4 tn+1
i /t K(T, Sy, Ser, X)d
n+1 n 1—w n n n—1 cn—1 yn—1
Scr - Scr"’W(L(tn/ phlscrlx ) (n 1’Sph /S X ))
0 tn+1
i /t L(T, Sy, Ser, X)dT
11—«
Xn+1 — Xn"‘m(M(tnr phlsigﬂxn) M( - llszh l,Sn 1 Xn 1))
« [EE]
+W/t M(T, Spp, Ser, X)dT

Using the two-step Lagrange polynomial yields, we receive:

SZ;A — («x)( (tu, Sl 2 X7) — Kt 1’SZh1'Sn 1 xn— 1)>
(32hK b, ST S0, X) — Z Kt 1,52111’5;1 1 xn- 1))

S?YH = sy ((X"; (L(tn, ph/S?r/Xn) L(t, 1'52}:1'5” 1 xn— 1))
—i—N;z)(?)zhL(tn, ph,SZ’r,X”)—ﬁL( N 1)>
xntl = Xn_i_]lwzoj’;(M(tn/ ph/S?an) M(t,_ 1/52}1 1/511 1 xn— 1)>

30
SRS <M(tn, TSt X1 —

h n—1 gn—1 n—1
M) \ 2 ~M(t, 1,5 SET XM

2 ph 7

Thus, the numerical scheme for the model with exponential decay kernel has been
obtained. We used this scheme and obtained Figures 5-8.
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Proposed Method Proposed Method Proposed Method

0.7 0.3 0.05 T T T
a=1.0
0.68 b 029} =0.90
@=0.80
a=0.70
0.66 1 0.28
0.64 1 0.27
Eﬁ_ 0.62 T :5 0.26
@
0.6 T 0.25
0.58 b 0.24
0.56 1 023
0.54 0.22
0 20 40 60 80 100 120 20 40 60 80 100 120 60 80 100 120
t t t
Figure 5. Solutions of (39)-(41) for B = 1, fractal dimension 1, and « = 1,0.9,0.8, and 0.7 with
exponential decay kernel.
Proposed Method Proposed Method Proposed Method
0.7 T T T T T 0.3 T T T T T 0.05 T T T T T
a=1.0 a=1.0
a=0.90| | a=0.90
a=0.80 a=0.80
a=0.70 a=0.70
120 120
t
Figure 6. Solutions of (39)—(41) for B = 1, fractal dimension 0.7, and « = 1,0.9,0.8, and 0.7 with
exponential decay kernel.
Proposed Method Proposed Method Proposed Method
0.7 T T 0.3 T T 0.05 T T T T T
a=1.0
0.68 029 0.045 - + a=0.90
a=0.80
0.66 0.28 0.04 a=0.70
0.035
0.64 0.27
0.03
= 0.62 = 0.26 .
= ] = 0.025
2 @ 025 =
0.02
0.58 0.24
0.015
0.56 0.231 0.01
054 022 0.005
0.52 0.21 0
0 20 40 60 80 100 120 0 20 40 60 80 100 120 60 80 100 120
t t t
Figure 7. Solutions of (39)—(41) for B = 0.8, fractal dimension 1, and & = 1,0.9,0.8, and 0.7 with
exponential decay kernel.
Proposed Method Proposed Method Proposed Method
0.7 0.3 0.05
a=1.0 a=1.0
@=0.90 | 4 =0.90
a=0.80 a=0.80
a=0.70| | @=0.70
120 120

Figure 8. Solutions of (39)—(41) for § = 0.8, fractal dimension 0.7, and « = 1,0.9,0.8, and 0.7 with
exponential decay kernel.
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6. Analysis of the Model with the Mittag-Leffler Kernel

Now, we analyze the model with fractional differentiation operator using the Mittag—
Leffler kernel as:

FEMDYTS = D (spho - s,,h) — k- (sph, scr) e (51)
FEMDUIG = D(Se0 — Ser) — ker - 1 (s,,h, sC,) - X. (52)
FFMDYI Y — _DBX + 1 (sph, sc,) X. (53)
Then, we obtain
HBDES )y = 1! (D (spho - sph) — k- (sph, scr) : X) (54)
ABDRg,, — 11 (D(SC,O —Se) —ker 1l (s,,h, scr) : x). (55)
BPDEX = t1 = (= DX + (S Ser ) X)) (56)

For simplicity, we define

Y(t, Sph Ser, X) =t (D (spho - sph) — k- (sph,sa) : X) (57)
Z(t, Sy Ser X) = t7™1 (D(Ser0 = Ser) = ke 14 (Sps Ser ) - X)) (58)
T(t, Sy, Ser, X) = 7t7" (~DBX + 1t (S, Ser ) X)) (59)

Then, we receive

0EDES = Y (£, Sp, Sers X). (60)
0D Ser = Z(t, Sph, Ser, X). (61)
0PDEX = T(t, Spn, Ser, X). (62)

Applying the AB integral gives:

11—« « t o

Spn(t) = Spu(0) = mY(t,Sph,Scr,X)—l—W/o(t—p) Y (p, Sypn Ser, X)dp.
11—« « t o

Ser(t) — S (0) = mzu,sph,smxwrm/o (t = p)* " Z(p, S i Ser, X)dp.
11—« « t o

X(H) - X(0) = AB(N)T(t,Sph,Scr,X)—i—m/o(t—p) YT(p, Sy, Ser, X)dp.

Discretizing the above equations at t,, 1, we receive:
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1—a
822_1 - Sgh + WY(tn_A'_l,Szh, S?r, Xn)
b4 tn+1 a—1
+W/O (tns1 = p)* Y (P, Spn, Scr, X)dp
1—a
S?r-H = Sgr“‘ mZ(tHl,Szh,Sg,X”)
4 b1 a1
"‘W/O (tns1 = p)* " Z(p, Sp, Ser, X)dp
11—«
Xn-i-l — XO + WT(tn—‘rlr SZh’ S?rl Xn)

14 (] a1l
B o (e PP, Sy Ser X

Then, we obtain

11—«
St = St Zpgay Y (e Shur S X'
o L [HY (ST, SE, X" . :
* 4B )y F(Dcp—i-Z) (n+1=%(n—it+2+a)
i=0 |
—(n—i)%(n—i+2+2a))]
YOS
AB(a) &= [(a+2)
—(n=)(n—i+1+a))
Sn"l‘l o SO i 1—uw Z(t g gn X?’l)
cr = cr AB(DC) n+1s2 phr Scrs
o n -h“Z(ti,th/S?r/Xn) . .
P AL Tary (ot nmit2ee
i=0 |
—(n—)*n—i+2+2a))]
& _h“Z(tifl,Szhil,sgflzxnil) (n+1 -)tx+l
AB(H() Z;O F(ac+2) ( n 1
—(n—)*(n—i+14+a))
xm+l —  x0 1_7“1"1} nognoxn
= X B (En41, S Sers X")
o n _haT(tj,th/S?r/Xn) . .
t @ L Tary (HImmie2ee)
i=0|
—(n—i)*(n—i+2+2a))]

[HeT(t_q,8"-1, 8071, xn=1)

o h 7 A&
~ AB(a) l;’)_ Ffa—o—Z) ((n—i—l—z) "
—(n=)*(n—i+1+ua)).

Thus, the numerical scheme for the model with Mittag-Leffler kernel has been
obtained. We used this scheme and obtained Figures 9-12.
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Proposed Method
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Figure 9. Solutions of (54)-(56) for B = 1, fractal dimension 1, and « = 1,0.9,0.8, and 0.7 with

Mittag—Leffler kernel.
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2=0.70

120

Proposed Method
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Figure 10. Solutions of (39)-(41) for = 1, fractal dimension 0.5, and « = 1,0.9,0.8, and 0.7 with
Mittag-Leffler kernel.
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Figure 11. Solutions of (39)—(41) for B = 0.5, fractal dimension 1, and « = 1,0.9,0.8, and 0.7 with
Mittag—Leffler kernel.
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Figure 12. Solutions of (39)-(41) for § = 0.5, fractal dimension 0.6, and « = 1,0.9,0.8, and 0.7 with

Mittag-Leffler kernel.

Remark 1. A valuable and huge benefit of fractional differentiation operator is that we can formulate
models better defining the systems with memory effects. It is known that the use of integro-
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differential kernels of a certain type in integro-differential equations leads us to the fractional
derivative operator [31]. The kernels with degree functions in integro-differential equations of the
Voltaire type [32], allow us to describe this memory effect [33,34].

Fractal—-fractional operators with different memories are related to the non-local dynamical
systems’ different types of relaxation processes. Thus, models with fractional differentiation operators
are more effective and valuable.

7. Results and Discussions

In this section, we present numerical simulations for different fractional order and
fractal dimension values. We also add the classical derivative with the integer fractal
dimension equal to 1.

We chose fractal dimension as the integer and noninteger in the figures. We discuss
the results with the three kernels described in Sections 5-7. The figures «, 5, and # are
between zero and one. In these simulations, § is the parameter given on the model, 7
is the fractal dimension, and « is the fractional order. We see the effect of the fractional
order « under different kernels and values of the parameter  and the fractal dimension
1. Figures 1 and 2 show the numerical simulations for § = 1, the fractal dimensions 77 = 1
and r7 = 0.8, and for different fractional order a values with the power-law kernel. We also
show how this kernel behaves for § = 0.5 and the fractal dimension 7 = 1and 7 = 0.9 in
Figures 3 and 4. We see that the convergence is faster for the case p = 1 than to the case
B = 0.5, as long as the fractal dimension is close to 1. The concentrations S, (t) and S¢(t)
decrease as long as « decreases. In all the cases, the concentration X(t) decreases to 0.

The results for the exponential-decay kernel are shown for f = 1 in Figure 5 (with
fractal dimension 7 = 1) and Figure 6 (with fractal dimension 77 = 0.7). We demonstrate
the results for § = 0.8 and # = 1 (Figure 7) and n = 0.7 (Figure 8). Despite varying the
parameters B, «, and the fractal dimension, there are fewer differences in the concentrations
with respect to the results shown by the power-law kernel.

Finally, in Figures 9-12, we show the results for the Mittag—Leffler kernel. The numerical
simulations for f = 1 are shown in Figure 9 (y = 1) and Figure 10 (y = 0.5). We also see the
behavior of the solution for f = 0.5, = 1 in Figure 11 and g = 0.5, 7 = 0.6 in Figure 12.

We have seen that the exponential-decay kernel is the one that converges faster to the
equilibrium, with the smaller difference among concentrations of the substances.

8. Conclusions

This work provides a mathematical model for breaking down a phenol and p-cresol
mixture in a bioreactor with continuous stirring. Three nonlinear ordinary differential
equations served as the foundation for the model. The equilibrium points of the model were
identified, and their stability was examined and shown. Additionally, we used the fractional
differentiation operator to examine the model and three distinct kernels to examine the
effects of the fractal dimension and fractional order. We developed very efficient numerical
algorithms for biomass, phenol, and p-cresol concentrations. To demonstrate the accuracy
of the suggested approach, we offered numerical simulations for different « and  values.
The right choice of model parameters would require validation with experimental data.
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Abstract: The current values of many populations depend on the past values of the population. In
many cases, this dependence is caused by the time certain processes take. This dependence on the
past can be introduced into mathematical models by adding delays. For example, the growth rate
of a population depends on the population T time units ago, where 7 is the maturation time. For
an epidemic, there is a time T between the contact of an infected individual and a susceptible one,
and the time the susceptible individual actually becomes infected. This time 7 is also a delay. So, the
number of infected individuals depends on the population at the time T units ago. A second way of
introducing this dependence on past values is to use non-local operators in the description of the
model. Fractional derivatives have commonly been used to provide non-local effects. In population
growth models, it can also be done by introducing a new compartment, the immature population,
and in epidemic models, by introducing an additional exposed population. In this paper, we study
and compare these methods of adding dependence on past values. For models of processes that
involve delays, all three methods include dependence on past values, but fractional-order models do
not justify the form of the dependence. Simulations show that for the models studied, the fractional
differential equation method produces similar results to those obtained by explicitly incorporating
the delay, but only for specific values of the fractional derivative order, which is an extra parameter.
But in all three methods, the results are improved compared to using ordinary differential equations.

Keywords: population models; delays; fractional derivatives; exposed population models; dependence
on past values

MSC: 65L05

1. Introduction

Many biological processes depend on the population in past times. For a birth process,
the number of births depends on the mature population, that is, the population T time units
ago, with 7 the maturation time of the population. In an epidemic, after contact between a
susceptible individual and an infected one, it takes a certain time for the infection-causing
agent (virus, bacteria, etc.) to reproduce inside the body and make the individual sick. So,
the number of newly infected individuals depends on the number of contacts that occurred
at a certain time in the past. At the cell level, immune cells take time to become active and
eliminate the bacteria or debris. Of course, not all biological processes depend on the past.
For a population with a fixed death rate, the number of deceased individuals at the present
time depends only on the number of individuals at the present time. Mathematical models
based on ordinary differential equations (ODEs) do not consider the influence of the past.
But for models with processes depending on past values, incorporating this dependence
into the model equations will change the solutions for the better since the model will be
more realistic.

There are three widely used methods for introducing the dependence of a process
in the past. The first one is to use delay differential equations (DDEs). The second one
is to use fractional differential equations (FDEs). The third one is to introduce additional
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compartments in the model, where the individuals spend an average time before mov-
ing out of the compartment. Introducing delays is a straightforward way of adding the
dependence of the past to a biological process. Adding delays may change the dynam-
ics of the process [1-3]. Some possible changes are the introduction of oscillations, the
introduction of discontinuities in the time derivatives, the non-uniqueness of solutions,
and different stability regions. There is a vast amount of literature spanning many years
on epidemic or disease transmission models using delay differential equations (DDEs)
(see, for example, [1,4-8]). For epidemic models at the population level, the time between
a susceptible having contact with an infective and actually getting the disease (time of
infection) is the most commonly considered delay. But there are also other delays like
maturation times, the time it takes a vaccine to become effective, the time it takes an
infected individual to recover after getting the disease, etc. For a within-host infection,
delays include the time it takes the pathogen to replicate or reproduce and spread over
the affected organ, the time it takes the immune system to react, and the time it takes
cells to reproduce, among others. There are different types of delays. Discrete-constant
delays are used when each delay has the same value for the entire population. Distributed
or continuous delays are used when the delay varies according to a given distribution,
such as normal or gamma, around the mean value. In this paper, we will only consider
discrete delays. Fractional calculus started with a letter from L'Hopital to Leibniz asking
about derivatives in non-integer order. There are several different definitions for fractional
derivatives and integrals, with the most common ones being the Riemann-Liouville and
the Caputo versions. There are many good papers and books about differential equations
using fractional derivatives (FDEs), such as [9-12]. In recent years, a vast number of papers
have used fractional derivatives in epidemic models, including many for specific epidemics
such as influenza, dengue, and COVID-19 [13-17]. The Caputo form is the most widely
used fractional derivative. It has the advantages that its derivative of a constant is zero
and for FDEs, the initial conditions are given in terms of the unknown and, if necessary,
integer-order derivatives at the initial point. Exact solutions of FDEs are hard to find. There
are several numerical methods [18-21]. Fractional derivatives are non-local operators that
involve the solution from the initial time until the current time. So, the solution at the
current time depends on the solution at all previous times, so FDEs incorporate memory.
ODEs neglect such effects. In addition, when fitting data, fractional models have more
degrees of freedom through the orders of the fractional derivatives compared to ODE
models. In fact, many papers that use fractional derivative models for epidemics justify
their use by demonstrating superior data fitting compared to ordinary differential equation
models. This has been done for different epidemics such as dengue, Ebola, and COVID-19
[14,22,23]. Discrete-time fractional differential equations have also been used [24-26] but
not as widely as continuous-time fractional differential equations. Possible reasons for
this are that popular methods become more popular and the widespread availability of
ready-to-use software for FDEs. A third way of introducing dependence on the past in
a population mathematical model is to add more compartments. For models including
birth processes, this can be achieved by adding an immature population, with individuals
staying in this compartment for an average time equal to the maturation period. Examples
involving insect populations can be found in [27,28]. In epidemic models, this can be
achieved by adding an exposed population [29-31]. The dependence of solutions on past
values is a topic of very high interest, especially in epidemics, with some recent references
being [32-36]. The main objective of this paper is to study how to introduce dependence
on past values into ordinary differential models of population growth and disease trans-
mission. This is discussed in Section 2. In Section 3, results and numerical simulations are
presented. Finally, in Section 4, a discussion of the results is presented.
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2. Materials and Methods

In this section, we present the addition of dependence on the past using delays,
fractional derivatives, and additional compartments to several compartmental models of
population growth, epidemics, and within-host infection propagation.

We start with very simple models and continue to more complicated ones. For all
examples, dependence on the past is added to the ODE model using three methods. The first
method is to introduce discrete delays. While this can be done in several ways, not all of
them make biological sense. The second method is to use non-local fractional derivatives
instead of time derivatives. The third method is to add more population compartments,
such as immature or exposed populations, and incorporate dependence on the past based
on the time individuals spend in these compartments. For the simplest model considered,
with one population and described by a linear differential equation, it is possible to calculate
exact solutions for the original ODE and all models based on the three methods. For the
delay differential equation models, the solution requires numerical approximation of the
solution of a transcendental equation. For the logistic model, there is an exact solution only
for the ODE, but stability can be found for all models. For the epidemic models, there are
no exact solutions, and the local asymptotic stability of the disease-free equilibrium can
be determined for all methods. But the expressions become more complicated with the
complexity of the model.

The pyramid flowchart depicted in Figure 1 illustrates the sequence of models used in
this paper. These models progress from linear, with one state given by the Malthus model,
to non-linear, with one state given by the logistic model, and finally, to non-linear epidemic
models with several states, each increasing in complexity. ODE refers to the corresponding
ordinary differential equations model, DDE refers to the delay differential equations model,
EXP refers to the model with immature or exposed populations, and FRAC refers to the
fractional differential equations model. E indicates that the model has an exact solution, S
indicates the local asymptotic stability of the steady states for the Malthus and logistic mod-
els, and of the disease-free equilibrium for the infection models. These results are shown
later in this section. In Section 3, the simulations show that all methods that incorporate
dependence on the past can produce similar results, except for the fractional derivative
equations models, where this holds true only for specific values of the fractional order.

ODE:E,S
. DDE:E,S

FRAC:E,S

EXP:S

Linear
1 state
Malthus

ODE:E,S
DDE:S

-+ FRAC:S
EXP:S

ODE:S

Non-linear DDE:S
3 states NSE—— * FRAC:S
SIRS EXP:S

ODE:S

DDE:S
—————* FRAC:S

EXP:S

ODE:S

DDE:S
———————81FRAGIS
EXP:S

Non-linear
4 states
complex interactions
Virus within host propagation

Figure 1. Flow diagram for the sequence of models used, from simplest to most complex. ODE is
the ordinary differential equations model, DDE is the delay differential equations model, EXP is
the model with immature or exposed populations, and FRAC is the fractional differential equations
model. E indicates that the model has an exact solution, S indicates the local asymptotic stability
of the steady states for the Malthus and logistic models, and of the disease-free equilibrium for the
infection models.
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2.1. Population Growth Models

Many mathematical population models can be derived by starting with a discrete-time
population model [37,38]. All these models state that the current population is equal to the
population at the previous time plus its change during the time step. For example, for a
model considering only birth and death processes, the population at time t + At can be
given as the population at time ¢ plus the new births minus the new deaths. The discrete-
time model is

N(t+ At) = N(t) + AtbN(t) — AtuN(t),

where N(t) is the population at time ¢, b > 0 is the birth rate, and y > 0 is the death rate.
By taking the limit as At tends to 0, we obtain the simplest continuous-time population
model known as the Malthus model

= (b — N (). <1>

For many populations, there is a delay T > 0 due to the maturation time in the birth process.
But the number of deaths depends only on the current population. By adding a delay to
the discrete-time model, we obtain

N(t+ At) = N(t) + AtbN(t — kAt) — AtuN(t),

where the delay is T = kAt, with k being a positive integer. Again, taking the limit as At
tends to 0 and keeping kAt constant, we obtain the delayed continuous-time model

I~ IN(E— 1) — N () )

that takes into consideration the maturation time. The Malthus model and the delayed
Malthus model have only one equilibrium point, N(#) = 0. One issue with using the DDE
model is that it requires initial values on the history interval [ty — T, f], where t; is the
initial time.

Instead of having a single value, the maturation time may take values in an interval
[kiAt, kat}, where 0 < k; < kf. The model is

k
N(t+ At) = N(t) + Atb Zf G(t — kAt)N(t — kAt) — AtuN(t), 3)
k=k;

where G(t — kAt) is a weighting function with an average of one.
By taking the limit as At tends to 0 and keeping the terms kAt constant, k = k;, ...,k r
one obtains the distributed delay equation

T [ Gl s)oN( —s)ds — ().

The function G is taken to have compact support and an average of 1. Usually, it has a
very small support. For a discrete delay, it is taken as a Dirac delta function. The birth
function bN can be replaced with another birth function or with a function F representing
other processes happening in the past. Also, the death term yN can be substituted with a
function H representing all the processes happening at the present time. A more general
integro-differential equation for the growth of one population can be written as

dd%] :/;G(t—S)F(N(t—S))dS—H(N(t))- @

A discrete-time model that considers an immature population is
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N(t+ At) = N(t) + AtoY (t) — AtuN(t)
Y(t+ At) = Y(t) + DN(t) — AtuY () — AtoY(t),

where Y (f) is the immature or young population, all new births are immature,and o = 1/7
is the rate at which the immature population matures. Taking the limit as Af tends to 0,
we obtain the ODE model that consists of a system of equations for the two age groups,
mature, N, and immature, Y [27,28],

il—N:aY—yN
o 5)

A modification of Malthus’s continuous-time model using fractional derivatives is intro-
duced later in this subsection.

A second population growth model that adds intra-species competition for resources
is the logistic growth model given by

iN N ()
T rN(t)(1 - T)’ (6)

where N(t) is the population, r = b — y is the growth rate, and K is the carrying capacity.
The maturation time delay can again be introduced into the birth term:

2
Cilijzbz\r(t—r)—rM

— uN(b). )
The competition and death terms depend on the current time f. One disadvantage of delay
differential equations is that they require initial conditions given on the interval [ty — T, fo],
where t is the initial time. This interval is usually called the history interval.

Following the approach used in the Malthus model, an alternative way of adding
dependence on the past is to introduce an immature population

dN

e 2 ®
— =bN —rY*/K—-0Y —pnY,

dt

where r = b — y and ¢ is 1 over the maturation time. We assume that there is no competition
between the adult and the immature populations, as is the case for insects, where the larvae
feed on different food than the adults. But there are several other ways of introducing the
immature population.

Before writing the model using FDEs, we introduce some definitions. The Caputo
fractional derivative, which is now the most commonly used fractional operator in mathe-
matical biology models, is obtained by modifying the definition of the Riemann-Liouville
fractional derivative to regularize the initial conditions, so they are stated only in terms of
ordinary derivatives [9,10]. In our definitions of Riemann-Liouville and Caputo fractional
derivatives, we consider that the initial time is + = 0. The Riemann-Liouville fractional
derivative is

Ry _ _ \—a—1+m _
oDfy(t) = T(m — ) di" /0 (t—1) y(tydt, m—1<a<m,

and the Caputo fractional derivative is

Cra _ _ \—a—1+m _
oDiy(t) = Ton—a) /0 (t—1) dTmy(T)dT, m—1<a<m, )
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where « is the order of the derivative. These two definitions are not equivalent to each
other. Their difference is expressed by

m—1 v—u
Crn _ Rpa - « (v) « :ti
FDiv() = EDfv(6) — L 080 20 = g

The Caputo operator g D¢ has the advantage for differential equations with initial values in
that these initial values are given in terms of ordinary derivatives. The initial values for
Caputo differential equations are given as

EDRy(0) = by, v=1,2,...m,

withm —1 < & < m. In our examples, m = 1. From the definition of the Caputo derivative,
§Dgy(t), it can be seen that it is a non-local operator over the interval (0,¢) and that it does
not depend on values for t < 0. From the kernel of the integral, it is clear that it is weighted
toward the values of y(t) at time . The replacement of the integer-order derivative with a
fractional-order one in population models is usually justified by stating that the population
has memory, that is, it depends on the past. But it is not stated how it takes into account
the actual dependence on the past and whether it is due to maturation or infection times,
or to other processes.

Another definition of the fractional derivative D} y(t), the Griinwald-Letnikov def-
inition, is based on taking finite differences on equidistant time steps in [0, {]. Choose
the grid

O=t<h <.<t=t41= (n—l—l)At, the1 —th = At

and use the usual notation of finite differences,

" Aty( ) (]/( 7l+1) y( 1/))
At ttX } : (I/ 171+1 7
A v=1

i =0 (5)

Then, the Grinwald-Letnikov definition is [9,19]

where

() = Jim AR (0)
Take the limit « — 1 to obtain the explicit or implicit Euler method. Compared with
linear multistep methods for the approximation of the fractional derivative, the sum of
divided differences becomes longer and longer [9,19], so it is not usually used in practice.
But it is useful for comparing an approximation of a fractional differential equation to
that of an ODE. We apply the Griinwald-Letnikov definition to the following fractional
differential equation

GDEN() = f(N(t)), N(0) =Np (0 <o <1),

and let N(t) be the exact solution in the interval [0, T]. If N; denotes the approximation
of the true solution N (#;), then the explicit or implicit Griinwald-Letnikov method on a
uniform grid is given by

n+1
Nug1— Y S Nuy1—y — 75, No = At*f(Ny) or At*f(Nyyq).

v=1
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v _ (n+1)7"

Here, 1, | = T—ay’

with I' the Gamma function. Taking n = 0, the equation for the first
step is

Ny — C%N() — T%NO = Ai’af(N()) or Ataf(Nl).

This equation does not agree with the first step of any standard finite approximation of
Equation (3). The Caputo derivative incorporates past values of the solution starting at
the initial time t = 0, but it also has terms that do not come from a standard discrete-
time conservation equation. The population Malthus growth model in terms of Caputo
fractional derivatives is

GDEN(t) = (b — p)N(t). (10)

2.2. SIRS Models

A model commonly used for the propagation of many different diseases in a popu-
lation is the SIRS model with no demographics [37]. It consists of three compartments:
susceptibles (S(t)), infectives or infected (I(t)), and recovered (R(t)). A susceptible turns
into an infective with a given probability after contact with an infective. An infective
recovers with a rate . A recovered loses immunity at a rate v and converts into a suscepti-
ble. The total population is assumed constant, S(t) + I(t) + R(t) = N, and the disease is
assumed to be short enough so that births and deaths need not be considered. The infec-
tion coefficient is denoted by B/ N. All parameters are positive. The system of ordinary
differential equations (ODEs) describing the model is

s B

al B

Y 11
;T NS 0% (11)
dR

SY ) ° 3

ar Y

Since the total population is constant, one equation can be eliminated using R(t) = N —
S(t) — I(t). The new system of equations is

is B
il B

This continuous-time model can also be derived from a discrete-time model [39,40].
There are several different methods of introducing delays in the infection into the
model. The first one, which we call SIRS Model 1 [41-43], is given by

9 P01t — 1)+ (N —5(t) — I(1))
it~ N
o (12)

5= %5(1& =TIt —1) —7I(),

where the hypothesis is that an infective has contact with a susceptible and it takes time
7 for this susceptible to turn infective. Until that time, it is counted as a susceptible. The
second model is SIRS Model 2 [44], which is described by

B = Lstie - vy st - 1) W
o= Eswute—o ),

where the assumption is that after contact between a susceptible and an infective, time 7 has
to pass before the susceptible turns into an infective and is able to infect another susceptible.
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So, there is a new infective after contact between the susceptible and an individual infected
a time ago equal to the delay.
The third model is SIRS Model 3, which is described by

= B s +vv —s(e) - 101)
il (14)
2 = ‘BS(t—T) I(t— 1) — yI(8),

where after contact with an infective, the susceptible leaves the susceptible population but
takes time T to be included in the infective population. It conserves the total population,
and the infection contact is between individuals at the same time. These three models can
all be derived from discrete-time models.

As shown in [45], temporary immunity can be included in the SIRS model. The authors
used a distributed delay, but by introducing the delay after exposure 11, the delay due to
the minimum duration of the disease 1, and the delay due to the minimum time with
immunity 73, we obtain the model

B B st )it —m) + vR(t— )
il B

= St —7) — It - )
f;i: — yI(t— ) — VR(t — 13).

These are the equations for SIRS Model 1, but the equations for SIRS Models 2 and 3
are similar.

Models with delays introduced in different forms may have the same equilibrium
solutions but the actual time-dependent solutions will be different. There is also the
question of the influence of the initial conditions given in the history interval. For an
epidemic, they can always be given as the equilibrium solutions with no disease. That is,
the natural assumption that the epidemic starts at t = 0 can be used.

The SIRS fractional model is

SDES(t) = —%SIHR
CDEI(t) = %51 — gl (15)
SD¥R(t) =4I — vR.

The same fractional order, &, was used for all three fractional derivatives. This is not
necessary but is usually done for fractional epidemic models [13,14,46]. Two examples
of papers using different orders are [22,47]. These fractional derivative models include
dependence on all population values between the initial and the current times, but, again
from looking at finite difference approximations, they do not arise from standard discrete-
time models. But simulations may produce good agreement with real data due to the extra
parameters, the fractional derivative orders.

A model that takes into account dependence on the past caused by the delay in
transmission by including an exposed population, E(t), is

as B
— I R
i S +v
tliiE ﬁSI—(TE
g (16)
ﬂ =0E — I
dat v
dR
T yI —vR.
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The additional parameter is ¢ = 1/7. Models of this form are usually called SEIRS models,
and the dependence on the past comes from the average time an individual spends in the
exposed compartment.

2.3. Plant Virus with Vector Transmission Models

Humans, animals, and plants can all be affected by vector-transmitted viruses. The
processes involved are the same. For simplicity, we consider a model for cultivated plants,
for which it is reasonable to assume a constant plant population since farmers replace dead
plants. Two examples of virus-causing diseases in plants are the cassava virus [48] and the
cacao swollen shoot virus [49]. Again, we introduce the delay in different ways to see the
differences in the solutions. We consider a simple model with two populations of plants:
susceptible (healthy), S(t), and infective (already infected), I(t). Usually, plants do not
recover so we do not consider a recovered class. There are also two populations of vectors:
susceptible, X(t), and infective, Y (t). Vectors are only carriers and do not get the disease so
they do not recover. A susceptible plant becomes infected when an infected vector feeds on
it, and a susceptible vector becomes infected by feeding on an infected plant. This model is
a simplified version of the models presented, for example, in [43,50].

The assumptions of the model are as follows: all new plants and vectors are susceptible;
the total population of plants is a constant K; the infection terms between vectors and plants,
and vice versa, are of mass-action type; the viruses only kill plants; and neither plants nor
vectors recover from the disease.

The system of ODEs for the model is

ds

= = H(K—=9) +dl - pYS

dl

Ix (17)
= A BiIX - mX

% :,BllX—mY.

The parameters of the model are taken from [43,50] and are all positive: K is the total
number of plants, § is the infection rate of plants due to infective vectors feeding on the
plant and infecting it, 1 is the infection rate of vectors due to feeding on an infected plant
and becoming infected, y is the natural death rate of plants, d is the additional death rate
of plants due to the disease, m is the natural death rate of vectors, and A is the replenishing
rate of vectors (due to birth and /or migration).

In this virus transmission via a vector model, there are two delays. The first one is
the time it takes the virus to spread in the plant after infected contact. The second one is
the time it takes the virus to spread in the vector after becoming infected through feeding.
Since the virus usually stays around the feeding organs of the vector and does not replicate
inside it, this second delay is much smaller than the first. For simplicity, we consider only
the first delay.

Following the approach used in the SIRS model, we introduce the delay in the trans-
mission in two different ways. The first one uses the assumption that after contact with
an infective, a susceptible takes the delay time to become infective itself [42,43]. That is, a
newly exposed susceptible remains a susceptible until a time equal to the delay elapses
and only then does it become an infective. This is known as Model Al:
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95— WK = S(0) +d1(t) ~ pY(t — D)5 (1)

% = BY(t=T)S(t—T) — (d+mI(t)

& (18)
= A= B(DX(1) — mX(b)

dy

= = BUBX() —mY ().

The second model with infection delay uses the assumption that after a contagion,
the susceptible immediately stops being susceptible but it takes the delay time to become
infective. It takes into account the probability of the newly infected plant dying before
becoming infective using the term exp(—pu7), which is the average survival percentage in
the time period 7. This is known as Model A2:

%ﬁ =u(K—S(t)) +dI(t) — BY(t)S(t)

A = exp(—pm)BY(t ISt — 1) — (d + )11

dx v
= A= BUBX () —mX(h)

ﬂ% — BI(1)X(t) — mY(t).

Delay differential equations, while more realistic, have the drawback that it is neces-
sary to specify initial conditions over an interval instead of just at a point, as with ordinary
differential equations. These initial conditions may be unknown, and, if so, are usually
assumed to be constant. What is more, they are usually assumed to represent disease-free
values. A second drawback is that the analysis is much harder due to the infinite number
of eigenvalues [1,51].

A common alternative is to use fractional derivatives, which have their own advan-
tages and difficulties, as already mentioned for the population growth models and the SIRS
models. The DFE model is

SDES(H) = u(K — (1)) +dI(t) — BY(DS(1)

SDYI(E) = BY()S(1) — (d + p)I(t) o0
SDEX(H) = A — BiI(HX(E) — mX(t)

SDFY(f) = BI(E)X() — mY (¢).

A third alternative for accounting for dependence on the past is to introduce another
compartment, the exposed population (E). After contact with an infective, a susceptible is
converted into an exposed or latent, one that cannot yet infect. The exposed turns into an
infective at a rate of € = 1/71. The model is

0 — WK S(0) +d1(t) — BY(S(E) + iE

A5 = BY(OS(t) — pE — ek

A = b~ @+ () 2D
’%{ = A= BI(E)X(t) — mX(t)

dy

= = BUOX () — —mY(8).
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Epidemic models with an exposed class are very common (for plant virus propagation, see,
for example, [30,52]). The advantages of using models with exposed populations are that
they are based on ODEs, so they only require the initial condition at the initial time, and,
as with all epidemic models based on ODEs, the local asymptotic stability at the beginning
of the epidemic can be determined using the next-generation matrix method [53,54]. But,
from a biological point of view, there is the complication that an individual only stays in
the exposed state for a time equal to the delay, whereas some individuals may stay in this
state for a much longer time.

2.4. Within-Host Virus Infection Models

A basic model of within-host virus infection considers three populations: susceptible
cells, infected cells, and virus particles (virions). Susceptible cells are recruited and die
naturally, and they can become infected through contact with a virus particle. Cells infected
with a virus burst and release a certain number of virions. These free virions can infect
healthy cells or die. More realistic models also include the elimination of infected cells
and virions by the effector cells of the immune system, as well as cell-to-cell transmission.
The equations for such models are [55-58]

dx
It = A — pxx — Bxv — ﬁxyxy
dy
T Bxv + Bxyxy — Beyye — myy
(22)
do
r = Buyy — pxv — Beyve — pyv
de
T =s+ay— ,Byeye — Boeve — pee.

Here, x,y, v, and e are the concentrations of susceptible cells, infected cells, virions, and ef-
fector cells, respectively. A is the recruitment rate of new susceptible cells, i, is their
death rate, § is the infection rate, i, is the killing rate of infected cells by the virus, B
is the number of virions produced per infected cell, and y, is the death rate of virions.
Susceptible cells can be infected through direct contact with an infected cell at a rate fyy;
effector cells eliminate infected cells at a rate §,y; free virus particles are introduced into
susceptible cells at a rate 8; and effector cells are recruited at a constant rate s and are also
recruited depending on the number of infected cells y at a rate «1. In addition, as effector
cells eliminate infected cells and virus particles, they are also eliminated from the system
with rates By and By, respectively. Finally, effector cells die naturally at a rate p,. All
parameters are non-negative.

We add two delays to the model (22), Ty, which is the time it takes the virus to replicate
after invading a cell, and 1, which is the time it takes the immune system to recruit an
effector cell after detecting an infected cell. The delay model is

dx

T = A pax(t) = px(t =)ot — ) = Puyx(t = 7)y(t — 1)

Y _ et — )0t —11) + Payx(t — T)y(t —11) — Beyy(De(t) — myy(2)

; o
T = By(t) — pro — Bewo(t)e(t) — oot

de

T +ary(t — ) — Byey(t)e(t) — Boev(t)e(t) — pee(t).
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The fractional derivative system is

§DIx() = A = pex(t) = Bx(1)o(t) — Buyx(D)y(1)
§DRY(E) = Br(1)o(t) + Bayx(y(1) — By (B)e(t) — iy () on
gD‘t"v(t) = Buyy(t) — Bxv — Beov(t)e(t) — pov(t)
§DRe(t) = s +ary(e) — Buey(t)e(t) — Buco(t)e(t) — pe(t)
And the model with an exposed cell population z is
T — A mux(t) — pr(t)o(t) — Buyr(0)y(0)
%2 = px(t)o(t) + Bryx(y() — paz(t) — o=(1)
Y — 02(t) ~ By (0)e(t) ~ (1) 25)
= Buyy (1) — r(1)o(t) — frowlt)e(t) — u(t)
de

a5t a1y (t) — Byey(t)e(t) — Pocv(t)e(t) — pee(t),
where ¢ = 1/1 is the rate at which exposed cells become infective cells.

We used 5 different models for population growth and infection propagation, each
with its own set of hypotheses. Dependence on past values due to processes taking time
was added to all of them using three different methods. For all three, their solutions
approach the steady states at a slower rate than the one for the corresponding ODE model.
While the fractional differential equations models incorporate dependence on the past in a
different way, their simulations are similar if a value of « is chosen to make this happen.
This value of &« depends on the particular model and the value of the delay.

3. Results

This section presents the results for the models introduced in Section 2, including the
numerical simulations. We show that the solutions using the different delay differential
models are similar to each other and to the models with immature or exposed populations.
We also show that even though the models given by FDEs do not have a dependence on
the past based on common modeling assumptions, the additional parameters given by the
order of the fractional derivatives enable the solutions to be similar to those obtained by
DDE:s or by introducing additional delaying populations.

3.1. Population Growth Models

We start with the Malthus ODE model (1). It is used to present the results in a simple
form since it consists of only one population and one equation, and it is linear. The solution
is N(t) = N(0)exp((b — p)t). It has no equilibrium points, but N(¢t) = 0 if N(0) = 0,
and N(t) is constant if b = p. The solution tends to 0 for b — u < 0 and to infinity for
b — u > 0. The delayed Malthus model (2) has solutions of the form N(t) = exp(At), with A
a solution of the characteristic equation A = bexp(—AT) — p. This transcendental equation
has no exact solutions, but A > 0if 1 > exp(—A71) > 1/b. So, for b > p, the solution also
tends to infinity as t tends to infinity and to 0 otherwise. Some delay differential equations
can be solved analytically using the method of steps, as described in [1,59]. For example,
for (2), taking x(t) = xq constant for t € [—7,0] gives x(t) = —b32 + xo(1 + %) exp(—mt)
for t € [0, 7], and so on. The solutions become complicated very fast. For the fractional

derivative model (10), an exact solution can also be calculated using fractional tools such
as Mathematica [60]. The solution is given by N(t) = E,(rt*), where E,(z) = Y12 Wil)
is the Mittag—Leffler function, I' is the Gamma function, and » = b — y is the growth rate.

Exact solutions of fractional differential equations, except for linear problems, are very
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few. In this example, from the definition of the Caputo derivative (9), if y(t) is of one sign,
§D#y(t) has the same sign. So, if b — u > 0, the solution of the fractional equation increases
as t tends to infinity.

The Malthus model with an immature population is given in (5). The exact solution is
a long formula, but the eigenvalues are given by

—u—0ct\/o(db+o) (26)
2 7

6’1}1’2 =

which implies that the solution will tend to infinity as ¢ tends to infinity for c(4b + o) >
(2u + 0)2. It can also be seen that by adding the two equations, the equation for the total
population is the same as the equation for the ODE Malthus model (1).

Numerical solutions were calculated for the four Malthus models. The ODEs and
DDEs were solved using the julia package DifferentialEqns.jl [61,62], and the FDEs were
solved using the package FdeSolver [63], which uses methods reviewed, for example,
in [21]. The same software was used for all the other models. Figure 2 shows the simulation
of the different Malthus models ((1), (2), (5), and (10)) for several values of the order a. The
parameter values used are b = 0.16 (1/day), u = 0.01 (1/day), T = 14 (day), N(0) = 0.5,
and ¢ = 1/7 (1/day), with Y[0] = O for (5). The values are not chosen for any specific
population. The delay model and the model with an immature population have solutions
that grow slower than the solution for the non-delay model. As can be seen, by changing
the value of , the fractional solution looks approximately like the delayed solution. As «
decreases from 1, the solutions are more delayed. But there is no theoretical way to choose
the « without comparing it to either empirical data or other calculated solutions. The
fractional model involves memory (dependence on the past), but the memory does not
come from modeling a population growth term in a common way (see (4)). So, the good
agreement is due to the extra parameter in the FDE, «.

Malthus Fractional Malthus

—— with delay
Without delay

Young

Bath

‘ ) S S -

0 2 4 6 8 10 0.0 25 5.0 75 100
t Time (t)

() (b)

Figure 2. Malthus models. (a) ODE, DDE, and immature population models. The legend “Both”
refers to the sum of the mature and immature populations for model (5). (b) Fractional models for

several values of «.

Next, we studied the logistic model, which consists of one equation but is now non-
linear. The ODE logistic model (6) adds intra-species competition to the Malthus model. It
has two steady solutions: N* = K, which is stable, and N* = 0, which is unstable, as can be
seen by checking the sign of the derivative ‘%]. A delay can be added to the death term (7).
It has the same steady states and stability as the ODE model. A fractional derivative model
obtained by replacing the time derivative with a fractional Caputo derivative model also
has the same steady states. It also has the same stability, as can be checked by looking
at the sign on the right-hand side. The steady solutions and their stability conditions for
the two-population logistic models (8) have long expressions. The numerical simulations
show similar behavior. The parameters used are b = 0.16 (1/day), r = 0.15 (1/day),
i = 0.01 (1/day), K = 1 (individual), T = 14 (day), N(0) = 0.5, and ¢ = 1/7 (1/day),
with Y(0) = 0. The graphs are shown in Figure 3. Again, it can be seen that as « decreases
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from 1, the FDE solution is more delayed and can be made similar to the delayed solution.
The « that gives the best agreement with the delay model depends on the value of the
delay. For this example, alpha is about 0.8. The model given by (6) is more realistic than
the one given by (1) since the non-linear competition term keeps the solution bounded.
Again, the fractional model produces similar solutions to the delay model provided that «
is adequately chosen.

Logistic Fractional logistic

—— With delay
Without delay |__ =
Adults = >
Young
Both 07

(a) (b)

Figure 3. Logistic models. (a) ODE, DDE, and immature population models. The legend “Both”
refers to the sum of the mature and the young or immature populations for model (8). (b) Fractional
models for several values of «.

3.2. SIRS Models

The SIRS model is an epidemic model considering three populations: S(t), I(t), and
R(t), satisfying three non-linear equations. The ODE model (11) has two equilibrium
points: the disease-free equilibrium (DFE), S* = N,I* = 0,R* = 0, with N the to-
tal constant population, and the endemic one, S* = Nv/v,I* = (N —S*)v/(y +v),
R* = oI* /v [38,64]. The local asymptotic stability of the DFE can be determined by finding
the basic reproduction number Rp, which is usually calculated using the next-generation
matrix method [53,54]. For Ry = B/ < 1, the DFE equilibrium is locally asymptotically
stable. The three delay models, Equations (12)—(14), have the same equilibrium points
with the same stability, as determined by linearizing about the DFE and analyzing the
characteristic equation. The three models make biological sense. Their main difference
is when the newly infected stops being counted as susceptible. For some epidemics, the
first model may fit the data better than the others, but this may be due to factors not
included in the models. For the FDE model, the equilibrium points are the same as for the
ODE model. The stability can be analyzed by solving the linearized equation about the
DEFE, but the expressions for the solutions are not easy to analyze [11,65]. For the SEIRS
model (16), the DFE is the same, but the endemic one is different due to the extra compart-
ment, E(t). The DFE is also locally asymptotically stable for Ry = B/ < 1, also calculated
using the next-generation matrix method. Figures 4 and 5 show the simulations for SIRS
models (11)—(14) and (16), as well as (15), using various values of «. All the solutions for
the integer-order models tend to the same endemic equilibrium point, but the delay and ex-
posed models take more time. The solutions of the fractional models also tend to the same
equilibrium. Again, for the fractional model, it can be seen that decreasing & slows the solu-
tion and that there is a value of « that gives a good fit with the delay model solutions, but the
fit is not good for small time values. The best value for « is between 0.7 and 0.8. The param-
eter values used are N = 100 (individual), = 1 (1/day), v = 0.5 (1/day), v = 0.4 (1/day),
T = 5 (day), and 0 = 1/7 (1/day). These parameters are not based on an actual infection.
The initial conditions are S(0) = 99, 1(0) = 1, which were also used as the history for the
delay models, and E(0) = 0 is additionally used for the SEIRS model.
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Figure 4. SIRS models, susceptibles. (a) ODE, DDE, and SEIRS models. (b) Fractional models for
several values of «.
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Figure 5. SIRS models, infectives. (a) ODE, DDE, and SEIRS models. (b) Fractional models for several
values of a.

3.3. Plant Virus with Vector Transmission Models

The plant virus model introduces the transmission through a vector instead of through
direct contact. Now, the infection of the plant depends on the past since it takes time for
the virus to spread inside the plant. But the infection of the vector does not. It is a more
complicated model, and the objective is to see if the fractional models can still approximate
the results of a DDE model by varying the value of . Two different ways of introducing the
delay were presented, (18) and (19). Only model (18) conserves the total plant population.
It can be argued that the way of introducing the delay in (19) is acceptable for a model
with a total population that is not constant, but it is clearly not a good choice for a constant
population model. This can also be seen in Figures 6-9. The plots on the left of the figures
correspond to the simulations using the models given by (17)—(19) and (21). The plots on
the right correspond to the simulation using (20) for different values of a. The parameters
used in the simulations were taken from [43,50]: K = 100 (plant), § = 0.01 (1/(vector
day)), 1 = 0.01 (1/(plant day)), » = 0.1 (1/day), d = 0.1 (1/day), m = 0.2 (1/day),
and A = 10 (vector/day). These values are for illustration purposes only. All the models,
including the fractional ones, have solutions that tend to the same endemic equilibrium,
except for the model given by (19), which does not conserve the total plant population.
For the FDE models, as expected, the solutions change slower than for the ODE model,
and as « decreases from 1, they keep slowing. Assuming that the only dependence on the
past is due to the delay in the plant infection, the FDE models can produce similar time
trajectories. The value of a that gives the best agreement with the solutions from the delay
model is around 0.9.
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Figure 6. Plant vector virus models, susceptible plants. (a) ODE, DDE, and exposed population

models. (b) Fractional models for several values of a.
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Figure 9. Plant vector virus models, infected vectors. (a) ODE, DDE, and exposed population models.

(b) Fractional models for several values of «.
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3.4. Within-Host Virus Propagation Models

Finally, we consider a more complicated model in which the populations can inter-
act in several ways, and there are two terms of the equations for the susceptible and
infected cells that have a delay. There is also a second delay. The values of the parame-
ters used are A =5 x 10° (cells/mL), px = 0.003 (1/day), B =4 x 1079 (mL/(cells day)),
py =0.043 (1/day), py = 0.7 (1/day), B =5.58, Bxy = B/3 (mL/(cells day)), ug = 0.5 (1/day),
w1 =22 x 1077 (1/day), Bey = 0.6 x 1073 (mL/(cells day)), Bye = Bey (mL/(cells day)),
Bey =4 % 10710 (mL/(cells day)), Boe = Bro (mL/(cells day)), s = 30 (cells/(mL day)),
71 =1 (day), and 1> = 24 (day). These parameters are based on those in [55,56] for liver infec-
tion by the hepatitis B virus. The initial conditions are x(0) = A/, y(0) = 0,0(0) = 0.33,
and E(0) = s/ug. Figures 10-13 show the simulations for the above-mentioned values of
the parameters. The plots on the left of the figures correspond to the simulations using
(22), (23), and (25). For the values of the parameters given above, the solutions tend to a
chronic equilibrium state. The DFE is asymptotically unstable for the integer-order models,
as was also shown in [66]. The plots on the right correspond to the simulations using (24)
for different values of the order of the derivative «. As expected, for the number of infected
cells, for the fractional model, the rate of increase of the solutions increases as « increases
toward 1. The optimal value of a is between 0.9 and 1. Since the solutions increased very
slowly, the plots were truncated to clearly show the differences for a short time. Another
simulation was conducted with By, = 0, resulting in no transmission from cell to cell.
In this case, the DFE is asymptotically stable, as illustrated in Figure 14.
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Figure 10. Virus within-host models, susceptible cells. (a) ODE, DDE, and exposed population
models. (b) Fractional models for several values of a.
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Figure 11. Virus within-host models, infected cells. (a) ODE, DDE, and exposed population models.

(b) Fractional models for several values of «.
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(b) Fractional models for several values of a.
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Figure 13. Virus within-host models, effector cells. (a) ODE, DDE, and exposed population models.
(b) Fractional models for several values of a.
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Figure 14. Virus within-host models, infected cells, for B, = 0. (a) ODE, DDE, and exposed
population models. (b) Fractional models for several values of «.

4. Discussion

Many populations depend on their values in the past. The number of births depends
on the population the maturation time ago. The number of newly infected depends on
the number of contacts between an infected and a susceptible the infection time ago.
Also, the immune system takes a certain time to react and start fighting an infection.
Mathematical models for processes involving values in the past should incorporate this
dependence and, therefore, produce solutions that are more realistic. Mathematical models
are simplifications of reality. This can be due to keeping the model tractable or to the lack
of information and data. ODE-based models assume that the population is homogeneously
distributed and so avoid having spatial dependence. Usually, infection rates are assumed
to be constant but they can vary with time, temperature, and the individual. There may
be saturation effects not modeled by mass-action kinetics. Recovered individuals turning
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into susceptibles may retain some immunity and may infect others. Processes that take
time should be modeled taking into account that time. As shown in Section 2, there are
different ways of introducing delays into an ODE model, but they need to be introduced
in a consistent manner. For example, model (19) does not conserve the total population
and, therefore, should not be used. The maturation time is not a single time but has some
variation. The same is true for the infection time. But usually, these variations are small, and
using a single value is a good approximation. But if they are not, then a distributed delay
model will be better. Also, there is the effect of population values on the history interval,
[to — T, to], where ty is the initial time. But for epidemic or infection models, the values
of the populations in those intervals can be assumed to correspond to the DFE, which is
a reasonable assumption. There are many papers dealing with comparisons between a
variety of epidemic models with delays and real data for diseases like dengue or COVID-19.
A few examples can be found in [67-70]. Most show that the fit is good but do not compare
their results with those of other methods. An exception is [70], where the results from a
DDE model were compared with those from an ODE model.

A second way to introduce dependence on the past is to replace the time derivative
with a fractional one. From the definition, for example, of the Caputo derivative at time
t, it is a weighted average of the time derivatives at times from 0 to the current time ¢.
As shown in Section 2, FDEs do not come from discrete-time conservation models by taking
the limit as the time increment goes to zero. In models where the dependence on past times
comes from the delay in a given process, the FDEs do not have a form similar to constant or
distributed delay models. Furthermore, the effect of past times starts with the initial time
of modeling, as opposed to models formulated using DDEs, where the influence extends
over times t € [ty — T, ty], with T representing the delay. FDEs introduce memory, but
there lacks a justification for the specific form of this memory. For epidemic models, it is
true that susceptibles may remember previous infections, potentially leading to a different
infection process. But this does not justify the form of the memory in the FDE. It is also
true that many epidemic models based on FDE:s fit data better than models based on ODEs,
but this may be due to the additional parameter «. If there are susceptibles who previously
had the infection and thus may react differently to a new infection due to their memory of
the previous infection, an alternative is to add a new susceptible compartment. This can
also be done for infectives and those who have recovered from previous infections. The
main arguments for using FDEs in epidemic models are that they include memory and that
they fit data better than models based on ODEs. This is true, but there is no justification
that the memory that the FDEs provide has anything to do with any biological, physical,
or chemical process with dependence on the past. Also, the value of the fractional order
(or orders) is chosen to better fit the data. Mechanistic models should give a modeling
reason or hypothesis on how to choose it. Statistical models, like linear regression, will
find the values of the involved parameters to better fit a data set. But mechanistic models
should do more than provide computational data that fit experimental data. Recently, there
has been an awareness that fractional differential equations should also include delays to
better model processes that have delays. This allows the fractional derivative to provide an
additional memory effect. Some references supporting this notion are [71-73].

A third common way to introduce that processes take time, thus introducing depen-
dence on the past, is to add new populations, immature populations for birth processes,
or exposed populations or cells to epidemic or infection models. This approach has the
advantage of being based on ODEs, and, for example, the next-generation matrix method
can be used to determine if there will be an epidemic. Also, it does not require initial
values for an interval prior to the initial value of t. But, just as a Malthus death model
‘%] = —uN with ¢ > 0 can have individuals living for very long times, some exposed
individuals may stay in the compartment for a long time. Of course, this can happen with
a very small probability.

All the example models used have a dependence on past values based on the assump-
tion that the dependence is due to the time it takes processes like infection or maturation
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to happen. Delay models, as well as exposed or immature models, explicitly include this
dependence. Fractional differential equation models have a dependence on past values, but
this dependence has a different form that is independent of the actual value of the delay or
delays. But fractional differential equation models offer the flexibility of more parameters,
specifically the fractional orders of the derivatives. By choosing these orders adequately,
these models can produce similar results to models that explicitly include the delays.

In conclusion, the terms added to an ODE model to take into account dependence on
past values need justification. The justification should be more than just saying there is
memory or achieving a better fit. The processes in mechanistic mathematical models need
to be based on realistic assumptions. For processes depending on past values due to a delay,
DDE:s are good choices since there is flexibility in choosing the form of the delay, whether
constant or distributed. But models based on adding more populations and still relying on
ODEs are simpler to analyze. When using fractional derivatives, modeling assumptions
should also be clearly stated.

Future work will include models with stochastic delays, models with partial immunity,
and comparisons of the predicted results with real data.
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1. Introduction

Simpson’s quadrature is the name that is generally given to a numerical approximation
of definite integrals that is exact for polynomials up to the third degree:

[ o010 ¢ (90 +ap(3) +v0). 1)

It is well known that this rule was found by Bonaventura Cavalieri (1598-1647),
known to James Gregory (1638-1675) [1], and even used by Johannes Kepler (1571-1630) to
approximate the volume of barrels [2]. However, Thomas Simpson (1710-1761) is usually
credited for this rule. As such, Formula (1) is also widely known as Simpson’s 1/3 rule.
It corresponds to a special case of Newton—Cotes’s formula [1] and coincides with the
classical fourth-order Runge-Kutta method [1,3].

Generally, numerical methods involving Simpson’s quadrature estimate a definite
integral by using quadratic polynomials to approximate the integrand on a sequence
of intervals. This general idea is at the foundation of numerous methods that can be
applied to solve engineering problems such as the low-thrust orbit transfer problem [4]
or the gait optimization of a bipedal walking robot [5]. Recently, much attention has been
brought to fractional calculus, for which solvers based on Simpson’s quadrature (adapted
to the fractional form) have been developed [6]. Some applications involve solving initial-
value problems of fractional differential systems [7] or the solution of fractional equations
affected by noisy signals [8]. Another recent application of Simpson’s quadrature involves
the solution of partial integro-differential equations [9].
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Our contribution is aimed at solving differential equations characterizing the motions
of mechanical systems. It is well known that the motions of a mechanical system are
the extremals of the variational principle of least action [10]. This principle is one of the
most general laws of theoretical physics and is foundational for characterizing a system’s
evolution in the form of differential equations. It is valid across disciplines such as classical
and quantum mechanics, cosmology, electromagnetism, optics, and relativity [10-14]. As
such, this variational principle is closely involved in the development of the finite-element
method [15], which is used for the space and time integration of differential equations [16].

Numerical schemes for dynamical systems issued from the principle of least action
are typically referred to as variational [17-20]. The general idea resides in performing
a discretization at the least action principle level. As a result, the evolution equations
deriving from this discretized principle characterize the system evolution, but are also
a numerical scheme. It is well known that such numerical methods are endowed with
interesting characteristics; one characteristic is the property of being symplectic [18-21].
One remarkable example of such methods is Newmark’s integrator [17,19], which is very
popular for solving problems in the dynamics of structures [22,23] and has recently been
geometrized to solve the motion equations of sliding rods [24] and soft robots [25].

A symplectic scheme based on Simpson’s rule has been proposed by the authors
in [26], for the linear and scalar case of the harmonic oscillator. The scheme uses a quadratic
finite-element interpolation. The method was adapted to the monodimensional non-linear
pendulum system in [27]. In this work, Simpson’s symplectic scheme is further studied as
an alternative to Newmark’s method. It is generalized to the case of multiple-degrees of
freedom systems characterized by quadratic Lagrangians. The obtained results confirm
the convergence rate previously observed in [26]. The new stability condition on the step
size is revealed to be similar to the one previously obtained in [26]. A simplecticity analysis
that applies to the multi-degree of freedom case, along with the expression of a related
conserved quadratic form, is provided in this contribution.

We begin our study by detailing Newmark’s classical scheme, deriving it from varia-
tional principles in Section 2. Then, Simpson’s alternative scheme is detailed and derived
from variational principles in Section 3. Section 4 analyzes the symplectic property of
Simpson’s scheme. A proof that applies to both Newmark’s and Simpson’s schemes is
provided. To compare both methods in a case study, a two-degree of freedom system is
presented. Therefore, the exact solution to the linearized double pendulum is provided
in Section 5. This exact solution serves for benchmarking purposes in our comparisons.
Section 6 presents and comments on the obtained numerical results. Simpson’s scheme’s
convergence is revealed to be of the fourth order. The manuscript ends with a brief discus-
sion and concluding remarks in Section 7.

2. Newmark’s Scheme
2.1. Discrete Action

Let us derive the classical, symplectic variational integrator based on Newmark’s
scheme [17,19,22,23]. The continuous action is defined as

S = /()T£<dccllgt),q(t)>dt @)

where L is the system Lagrangian. We focus on dynamical systems for which the La-
grangian can be expressed quadratically as

1.1
L=54"Mq-5q'Kq, 3)

where M and K are symmetric, positive-definite n-dimensional matrices with constant
coefficients; q € R".
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We can discretize Equation (2) by splitting the simulation interval [0, T] into N ele-
ments using a time step # = T/N. An approximation g; of q(t;) is calculated at each instance
t; = jh. The following action S; represents the discrete version of Equation (2):

N-1
Sa= Y. La(qj,qj+1), 4)
=1

where L;(qy, q;) is the discrete form of the Lagrangian (3). Subscripts ¢ and r stand for “left”
and “right” values, respectively. Let us consider a centered finite-difference approximation:

@qu_%
d — h 7

and a midpoint quadrature:

/Oh o(q(t))dt ~ h(,,(qe;rqr)

The discrete Lagrangian becomes

La(qe, qr) = g [(qr;%)TM(q’;qf)] _g

2.2. Discrete Euler—Lagrange Equations

atar) o fata
2 2

The discrete action (4) being a sum, only two terms contain the variables q;:

Sa =+ La(aj-1,9;) + La(aj,qj+1) + - -

So, when the discrete action is stationary (6S; = 0 for arbitrary variations dq; of the
states q;), only two terms remain. Necessarily,

OLa oy OLa o\ _
T%(q]—lfq]) + dqy (q]rq]—H) =0. )

The generalized momenta p; € R" are defined, on the right, as

L,

= T%(qéfqr)' (6)

pj

Therefore, the first term of Equation (5) is identified as p;, so applying Equation (6) in
Equation (5) leads to

dLy qj+1 —9qj h (49 tdj+1
Pj__é)clg(qj’qj+1)_M(h +§K ) @)

Then, pj,1 is constructed following Equation (6):

_ qj+1 — q; h (4t 4j+1
per = (V) - D (B, ®
Using Equations (7) and (8), it can be established that
Pi+1—Pi (9T, PitPi+1_  (9+1— 9
h N K< 2 ’ 2 =M h ' ©)
Equations (9) are consistent with %’ = —Kqandp = Mi—?, respectively.
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2.3. Newmark’s Scheme

System (9) can then be arranged in linear form as
Anfljt1 = Burj, (10)

where 7 € R¥", 7 = (p,q)T and

I —X —1I —X
A=) Ba= [ ) xe=2M; etk
I, Y, L, -Y, h 2

I, is the n-dimensional identity matrix.
Newmark’s symplectic scheme is obtained by matrix inversion of Equation (10). We
can establish that
Njs1=Lutgj;,  ©u=A,'B, (12)

where matrices A and B are defined in Equation (11) above. It has been observed that this partic-
ular variant of Newmark’s method is unconditionally stable and second-order convergent [19].

3. Simpson’s Scheme

Newmark’s scheme, presented in Section 2, uses a midpoint quadrature for the numer-
ical integration of a regular function. This quadrature is exact only for polynomials up to
the first degree. A better precision is obtained with Simpson’s quadrature (1), which is exact
for polynomials up to the third degree. Notice how Formula (1) introduces a midpoint. This
midpoint will be regarded as an additional degree of freedom in our proposed integrator.

Let us now derive a symplectic scheme based on this integration rule. As with
Newmark’s scheme, the continuous action is defined by Equation (2) and the Lagrangian
has the structure of Equation (3).

3.1. Quadratic Finite-Element Interpolation

An internal interpolation can be performed at each time step, for t € [0,h], using
quadratic finite elements [16,28]. We use the following compact basis functions for 0 < 6 < 1:

¢o(6) = (1—=0)(1—26), ¢1/,(6) =46(1—0), ¢1(6) = 6(26 —1). (13)

At t = hf, the states q(t) € P, are approximated with the above basis functions as
q(t) = qepo(0) + qme1/,(0) + qrp1(6). (14)

Note that q(0) = q¢, q (%) = qm and q(h) = q; here, subscript m stands for “middle”.
This means that the finite-elements (13) are well adapted to the internal degree of
freedom at /2. Then, by time differentiation,

dq _ 1/ dgo dgn doy
(q‘f a6 Imgp TG

dt &

= %(%(49 —3) +4qm(1 —20) + q,(40 — 1))

=gi(1-0)+gb

where derivatives gy, gr € R" are given by Gear’s scheme [29]. Gear’s scheme is used as
the differentiation approximation for q(t) € P, as
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d 1
g = $1(0) = (~3a+4qn —qy),
_dq/h\ _gtg _a—q 15
gm_dt<2>_ 2 n (1)
d 1
g = a(h) = (q —4qn +3q,),

where g, € R". The above confirms that a first-order centered finite difference is recovered
by g, which is the derivative at the middle of the discretization interval.

The interpolation is used within an interval of length / by splitting the range [0, T] into
N pieces, giving a fixed step size of h = T/N. At each discrete time instance ¢; = jh, we have

q; =~ q(t),
Qj+1/2 = ‘I(tj + %)
Taking Equation (14), q(t) is a quadratic polynomial vector function within the interval
[i’]’, fj+1] with
t=1tj+0h, q=qj, qm=9qj11 9 = qj+1-

3.2. Discrete Lagrangian

Let us recall that the continuous action is defined by Equation (2) and that the La-
grangian is defined by Equation (3). In the present case, the discrete action sum X; for a
motion f — q(f) between the initial time and a given final time T > 0 is discretized with N

regular intervals as
N-1

Li= ) L (Clj/ qj+1/20 qj+1), (16)
j=1

where Ly, (q¢, qm, qr) is the discrete form

h
Ly(qe, qm, qr) =~ /0 Ldt,

of the Lagrangian (3). Using Simpson’s rule (1), the polynomial approximation (14) of the
states, and derivatives (15), the discrete Lagrangian of a linear system is expressed as

hi1 2 1
Li(ae, qm ar) =5 {6g§Mgg + gg,ZlMgm - 6ngMgr}
i1 2 1
-3 [6q?qu + 3K + 6q,Tqu} :

3.3. Discrete Euler—Lagrange Equations

Recall that Simpson’s rule introduces an internal degree of freedom in the middle of
the interpolation interval. The discrete action (16) is a sum where only two terms contain
the variables q; and qj 1/

Yg=-+1Ly (Cijl/ qj-1/2 q/') + Ly (q]‘/ Qj+1/2 q]'+1) +--

Maupertuis’s stationary action principle [10] implies that 6X; = 0 for an arbitrary vari-
ation of the internal degree of freedom dq;1, € [t tj;1]. Considering Gear’s scheme (15),
we have

) i i i
g}f — é, 9gm =0, 08 = —é, Vi =k, 0 otherwise,
oqy, b ogly s, h

where ¢’ is the i-th component of g and g is the k-th component of q.
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When 6%; =0, a o (q], qj+1/2s q]+1) = 0 by necessity. This conforms to the discrete
Euler-Lagrange equations at the middle of the interpolation interval:

4 4 4
3 M8j — 5, Mgj1 — 5Kqjp1, = 0. (17)

However, g; — g;1 = % (—4(1]' +8qj11 — 4qj+1), so Equation (17) becomes

m(s T2 T kg, = a

This last equation is consistent with maa dt2 3 +Kq=0.
Additionally, for an arbitrary variation dq;, the Euler-Lagrange equations are given
by the necessary condition that

Ly

aq (q]rq]+1/21 q]+1> =0. (19)

( qj-1,9j— l/zrq]) aq

The generalized momenta p;j are defined, on the right, as

oLy

FPe * (¢, qm, ar)- (20)

pj =

Therefore, the first term of Equation (19) is identified as p i and it can established that

oLy
Pj = aq (q]rq]+l/2/ CI]Jrl)
h 3 4 1 h

1 h
=~ (14q] 16qj+1/z+2qj+1)+51<qu

because —3g; — 481, + 8j+1 = % (14q]~ — 16911, + 2qj+1>. Equation (18) is then multi-
plied by //3, and the result is added to Equation (21). This eliminates q; 1/, from the first
term of the right-hand side:

qj+1—49; h
P = M<]h]> - 6K<—2‘1j+1/2 - qj)- (22)

Then, pj1 is calculated according to Equation (20)

oL,

9qr
h 1 4 3 h
= 5 [—%Mg] + %ng+l/2 + 3hMg]+1:| - quj—H (23)

Pj+1 = (‘I]r qdj+1/2/ q]+1)
1 h
= (2‘1] 16911/, + 14qj+1) - gK‘IjH
because —g; +4g;.1/, +38j+1 = %<2qj — 16911, + 14q]-+1). Equation (18) is then multi-

plied by —#/3, and the result is added to Equation (23). This eliminates q; 1/, from the first
term of the right-hand side:

qj+1 — 9; h
Pj+1 = M(jh/> - 6K<2q]'+1/z + Clj+1)~ (24)
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Using Equations (22) and (24), we can establish that

Pj+1 —Pj 1 2 1
T —K(6q]‘ T 39+ T g9jt
) (25)
PitPivt _ (yp F (A9
2 N 12 h '
Equations (25) are consistent with C(lj—}; = —Kqand p = M(ZT?' respectively. Note that
the term %K in the second equation above vanishes as 1 — 0.
3.4. First Variant of Simpson’s Scheme
The system composed of Equations (18) and (25) can be rearranged as
1 1
Lqj1 — 79+1 = 59
2 h 2 h
Pj+1— (hM - 6K) 9j+1 = —Pj — (hM - 6K) q;j (26)
2h h h
?Kq]#l/z +Pj+1t quj—H =Pj— gKCIj
where
L= (1~ "Emk
= (-3 )
System (26) can then be arranged in linear form:
A, (q]‘ﬁ/z) — Bo7jj41, 27)
i1
where 7 € R*, 5 = (p,q)7;
L 0 -1 0 1L,
— h . — h
A=l o L —(jmM-iK)|; B=|-L —(fmM-IiK)|. (28)
2/ h h
ZK I, ¢K L —sK
The first variant of Simpson’s scheme is obtained by matrix inversion of Equation (27).
We can establish that
Nj+1

where matrices A, and B, are defined in Equation (28) above.

3.5. Second Variant of Simpson’s Scheme

Simpson’s scheme’s internal degree of freedom can be eliminated using the first
equation of System (26):

1
i = 5L 7N (1 + q).

This equation approximates the middle point when i — 0, because then L — I,,.
Substituting this value into the third equation of System (26) leads to

h _ 1 h _ 1

and the second equation of System (26) remains unchanged. Therefore, the internal degree
of freedom is successfully eliminated so that, now,
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Astj1 = Bstjj (30)

where 7 € R¥; 5 = (p,q)7;

I, —Xs I, —X 2 h h 1
Ay = : Bs = S Xs="M--K;Y.=- (KL '+ ZK]. (31
’ <]1n Y. ) ’ <]In —YS> e 3( "2 ) ey

S

The second variant of Simpson’s symplectic scheme is obtained by matrix inversion of
Equation (30). We can establish that

i1 = Ps1j, P = A;'Bs, (32)

where matrices A; and Bs are defined in Equation (31) above. Note that schemes (29) and (32)
are equivalent. However, this second variant eliminates the internal degree of freedom in the
middle of the interval.

The symplecticity of Simpson’s scheme (32) has not yet been proven. However, one
can appreciate the similarity with Newmark’s scheme by comparing Equation (11) and
Equation (31). The symplectic property of both schemes is analyzed in Section 4.

4. Symplecticity of Newmark’s and Simpson’s Schemes

The symplectic property of both Newmark’s scheme (12) and Simpson’s scheme (32)
is now analyzed.

4.1. Symplectic Property
A symplecticity proof is obtained by verifying that

T T (0 I
oe-5  1-(] ). 3)

@ corresponds to the scheme transformation matrix and characterizes a discrete time
evolution of the system. J is sometimes referred to as the canonical matrix for Hamiltonian
systems [30] and has the property that J~! = JT = —J. When Equation (33) holds, it means
that ® is an area-preserving transformation and that the scheme (12) is symplectic (see,
e.g., [18-20,31] for more details on this demonstration).

Proposition 1. An implicit scheme of the type

ns1=A"By;; = (pq,

I, —X ~I, —-X
A= , B= , (34)
I, Y I, -Y

are square, partitioned, invertible matrices and blocks X and Y are symmetric and positive-definite.

is symplectic if

Proof of Proposition 1. Let us first make explicit the transformation A~ Since A is square
and partitioned, its inversion is performed using auxiliary variables &« and B. Let us

establish that
p\  (P—Xa\ (uc)
A(‘l) ; <p+Yq> \B )

Subtracting both equations above gives

q=Z1'B-a); Z=X+Y. (36)
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Since Z is the sum of two symmetric, positive-definite matrices, it is invertible.
Equation (36) is then substituted into the first equation of System (35):

p= (]In - Xz*)tx + X2z 1B. (37)

Matrix A from Equation (34) is inverted in Equations (36) and (37) as:

. I, - Xz"! xz-1
Al = g S )

Then, it suffices to verify Equation (33) with & = A~!B. Thus,

_ZfT _(]In _ ZTXT)>A_1B
Z*T _ZfoT

+f O 71 71 z-1
=B B= B
-z 0 —yz1 xz-1

B (-z—1+z—1 ~Z7HX+Y) )

o'Jo =BTATJA'B = BT<

(Y+X)Z7' vZ7'X-XZ 1y

0 —Hn 0 _Hn
= 71 71 = = J,
L, (X7'zy 1) —(y-lzx1) L, 0

because X = XT, Y =YT,s0z" ' =27z"T. O
4.2. Symplectic Property of Newmark’s Scheme
Proposition 2. Newmark’s scheme (12) is symplectic.

Proof of Proposition 2. In Newmark’s scheme’s formulation (12), matrices A, and B;, from
Equation (11) are of the form of Equation (34), because X, and Y;, (11) are symmetric and
positive-definite. By Proposition 1, Newmark’s scheme is symplectic. O

This confirms the classical result (e.g., [19]) on Newmark’s scheme’s symplecticity.

4.3. Symplectic Property of Simpson’s Scheme

To prove that Simpson’s scheme is symplectic, we first need to prove that As; and B;
have the structure of Equation (34). For this, blocks X; and Y are required to be symmetric
and positive-definite.

Proposition 3. Matrix Y (31) is symmetric.

Proof of Proposition 3. Since M and K are symmetric, Y; is symmetric if and only if its
first term:
W =KL

is symmetric as well. W is symmetric if W1 is symmetric. As

h2 h2
Wl=(I,—-=MI K|K'=Kk1-—M7"
8 8
is symmetric, Y is also symmetric. [

For Y; to be positive-definite, the part KL ! must be positive-definite. Since KL ! is
symmetric by Proposition 3, a condition on the step size & is required.
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Let us introduce the smallest and largest eigenvalues of matrices M and K:
2
m
lo ||2 39)
kol

0 < ullgl* < ¢™™¢
0 <xl¢l* < ¢"Ko

NN

where () are the smallest and (m,k) are the largest eigenvalues of matrices M and
K, respectively; ¢ # 0 is an eigenvector. Taking M'/?¢ = ¢ and then K¢ = 1,

Equation (38) becomes . .
9P < v My < iyl
Llvl? < TRy < oI,
and so, )
T (LK_1)1P > (]1( - 2;) lp]>. (39)

The above expression is positive for
ko>

This inequality is a sufficient stability condition for Simpson’s scheme. Let us remark
that k/, corresponds to the maximum eigenvalue of the dynamical matrix inverse M~ 'K and
is associated with the maximum characteristic eigenfrequency of the system (see [22]) by

k 2

— = Wmax -

The stability condition (40) can also be stated as
0 < Wmaxh < 2\/5.

This condition is similar to the stability condition characterizing the mono-dimensional

case for Simpson’s scheme [26].

Proposition 4. Matrix Ys from Equation (31) is positive-definite if 0 < ahz <8.

Proof of Proposition 4. When the condition (40) is met, Equation (39) becomes
7 (LK*l)lp >0, Vi #£0,

and LK~ is positive-definite. Therefore, KL~! is also positive-definite, and recalling
Proposition 3, it is symmetric. Consequently,
PIYsp >0, Vo #0,

and Y; is positive-definite. [J
Now, only the positive-definiteness of block Xs from Equation (31) remains to

be proven.

Proposition 5. Matrix X, from Equation (31) is positive-definite if 0 < —h* < 8.
u
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Proof of Proposition 5. From inequality (38),
h? h?
Mo — " oTko> (u— & 2
o Mg - T50"Ke > (1= 15K ) ol
and substituting the condition (40) for the first term of the right-hand side of the above inequality,

"(M="K) o> ElolE >0, Vo0
Therefore, matrix X; is positive-definite. [
Proposition 6. Simpson’s scheme (32) is symplectic.

Proof of Proposition 6. For the second variant of Simpson’s scheme (32), matrices As and B;
from Equation (31) are of the form of Equation (34), because X; is symmetric and positive-definite
by Proposition 5 and Y; is symmetric and positive-definite by Propositions 3 and 4. O

These results prove that the proposed Simpson’s scheme is symplectic.

4.4. Conservation of a Discrete Quadratic Form

Symplectic integrators usually do not preserve the energy quantity. This has been
summarized in [32] and outlined in [19]. The goal is to verify that Simpson’s scheme
preserves some quadratic form. It is required that some quadratic function ¢(p, q) verifies

¢(pj+1,9j+1) = ¢(pj, q)),

where (p;;1,9;11) and (pj, q;) satisfy the dynamics of Simpson’s scheme, Equations (31) and (32).
Proposition 7. Given an implicit scheme of the type

ns1=A"'By;  n=(pq’, (41)

Y I, fx’ . ~1, fx’
I, Y I, -Y

are square, partitioned, invertible matrices and blocks X and Y are symmetric and positive-definite,
there exists a quadratic form:

where

¢(p.q) = %pTCp + %qTCq, (42)

which is conserved if
E=(X+Y),  =xT'+y HL

Proof of Proposition 7. Let us expand Equation (41):
Pj+1— Xqj11 = —pj — Xqj,
pj+1+Xqj41 = pj — Yq;.

The above can also be written as

pj+1+ P = X(qj+1 — q))
Pj+1—Pj = ~Y(qj11 +q))-

Therefore, by multiplying ¢ by the first equation above on the left and by the second
equation above on the right,
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(pjc1+p;) E(pjr1 — pi) = (X(aj+1 — ) &(=Y) (qj41 + qj) @)
= — (@11 — q)) " XY (qj01 + qp).

Since
(XeY) =y {(X+V)X =Xy ="

is symmetric and positive-definite, it is deduced that { = XY is symmetric and positive-
definite. Following from Equation (43),

Pjr1 ¢pjs1 +9j+1 Cqj01 = P Epj + 95 La,

and the property is proven since ¢(p;(1,9j+1) = ¢(pj, q;)- O

By Proposition 7 and Condition (40), Simpson’s scheme is conditionally stable.

5. Linear Double Pendulum Model and Exact Solution

This section presents a case study for subsequent numerical experiments.

5.1. Lagrangian

Let us model the system depicted by Figure 1. It is a two-degree-of-freedom dynamical
system composed of two masses (7, m;) linked together by two massless thin rigid rods
of respective fixed lengths (I1,1). Each joint articulates the system with one rotational
degree of freedom. The masses’ coordinates are given by

(x1,y1) = (Iysingy, —1 cosqq)
(x2,¥2) = (Iysingy + I singy, —I3 cos g1 — [ cos qz),

and their velocities are obtained by time differentiation considering that q; = g;(t). The
system kinetic energy is then given by

T = %ml (X'lz + y‘12> + %mz (3522 + }/22>,

where an overdot indicates time differentiation. Potential energy is calculated as
V = —mygly cos g1 — mpg(lh cosqq + I cosqy),

and finally, the system Lagrangian £ = T — V can be explicated as

1 . 1 . ..
L= 5(’”1 +mp) 2 + §m2122Q22 + malilag14 cos(q1 — g2) (44)

+ (my + mp)gly cos q1 + mpgly cos ;.

Small oscillations take place when g;(t) are small and around the stable equilibrium.
This equilibrium corresponds to the system’s resting position when it is aligned with the
vertical axis pointing downwards. Such motions can be described by linear equations.
In this situation, the Lagrangian (44) takes a simpler form provided that the following
approximations take place:

2
cosqp ~1— %;
2
cosqp ~1— %; (45)
)2
cos(q1 —q2) = 1— (@ — )7 2‘12) .
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Figure 1. Double pendulum system subject to the gravity action. The system is composed of two
masses (mq, my) linked together by two massless thin rigid rods of respective fixed lengths (11, 15).
Each joint articulates the system with one rotational degree of freedom. Masses are located by the
generalized coordinates q = (g1, 42)-

Using Equation (45), the linear form L of Lagrangian (44) becomes
1 . 1 ) o
Ly = 5 (my +m2)h <11q12 +2¢— 8412> + 5l (126722 +2hq1q2 +28 - ngz)f (46)

where the second term of the cos(g; — g2) approximation in Equation (45) vanishes when
multiplying the product 4;4>. Generalized momenta are defined as

oL
Pi= og;

According to the Lagrangian (46), we have

p1 = (my +mo)l gy + mali g,
p2 = malo(ligy + 1g2).

Motion equations are then obtained by applying Euler-Lagrange equations % aa% -
JL
qu =
(m1 + mz)llzéil + 17121112@2 + (1’}11 + ﬂ12)gllq1 =0, 47)
mali Loy + maly®G + moglagy = 0.
5.2. Exact Solution
Equation (47) can also be established as a linear system of the form
M4+ Kq =0. (48)

where

M= (("ﬁ +ma)ly? m21112>’, q= <q1>; K — <(m1 +m)glh 0 >

malyly maly? 72 0 magly
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The general solution of Equation (48) is of the form

)

where x; and x; are eigenvectors and w denotes the oscillation frequency. Two characteristic
frequencies (w1, wy) are determined by the solution of the auxiliary equation det(K —
w?M) = 0:

(my + mg)gz — (m + mp)g(l + lz)wz + mllllzw4 =0.

Let us focus on the case where
=10 =1

In this particular case, the oscillation frequencies are given by

a)Lz:a)o\/<1+ﬂri\/‘ur(1+ﬂy)), (49)

with a mass ratio y, = m2/m; and frequency wp = /8/1.
Eigenvectors x; and x; are then obtained by solving (K — w;?M)x; = 0 fori = 1 and
i=2:
(T+p)g-w?)  —wipl }
myl ; = 0.
' { —wipl (g — wPpel) |

Solving the above system gives

1 1
bl
Hr Hr

Finally, using Equation (50), the general solution of Equation (48) (or Equation (47))
can be established as

q(t) = c1x1 cos(w1t + ¢@1) + caxp cos(wyt + ¢2), (51)

where constants (c1, ¢2, 1, ¢2) are given by the chosen initial conditions on the positions
and velocities.

6. Simulation Results

We will now assess the precision and convergence of our proposed integrator, pre-
viously described in Section 3. It will be compared with Newmark’s symplectic scheme,
described in Section 2. Some results obtained with Runge—Kutta’s explicit fourth-order
integrator, described in [3] and labeled as “RK4” throughout the rest of the document, are
also given. Note that a thorough comparison with this classical integrator is beyond the
scope of our contribution. The results are provided for reference since RK4 is among the
most popular methods available. For benchmarking purposes, we applied these methods
to the solution of the linear double pendulum (depicted by Figure 1), which has an exact
solution described in the previous Section 5.

The results presented in this section are for a simulated motion of this linearized
double pendulum. The computations were carried out using Wolfram’s Mathematica
software (version 12.3) [33]. The figure plots were then created using exported data with
the pgfplots package from IXTEX. Table 1 specifies the constants and initial conditions used
for all of our simulations. Using these values and following Equation (51) with null initial
phases (@1, ¢2), the exact solution that serves as the main reference in our comparisons is
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q1(t) (rad)

B o Be Sa

I~ E!

— cos(wq t) + cos(wy f)
T
qex(t) = E \ﬁ ’

cos(wq t) + cos(wy t)

where w; and w; are given by Equation (49).

Table 1. Constants and initial conditions used for numerical simulations.

Constants Initial Conditions
=1 q(0) = (0,7/6)T rad
wy =2ms~! p(0) = (0,0)T kgm?s~!

Frequency wy is used to show the results in terms of an oscillation period f such that

-1
f=—.
wo
Therefore, both the total simulation duration T and step size & are given in terms of f.
It is to be noted that the presented results from Simpson’s scheme were obtained using the
second variant (see Section 3.5), hence the absence of the middle value at each interpolation
interval. However, both variants provided lead to the same result at each node.

6.1. Configuration Parameters and Generalized Momenta

We begin by comparing the configuration parameter solutions q obtained with the
proposed Simpson’s rule-based variational integrator, against those given by Newmark’s
method. The proposed integrator uses quadratic finite elements for interpolation and
Simpson’s rule (see Section 3). It is expected to be more precise than Newmark’s method,
which uses a centered finite difference and the midpoint integration rule (see Section 2).
Figure 2 shows the configuration parameters provided by each method, compared against
the exact solution, during one period f. Simpson’s integrator is already more precise than
Newmark’s scheme. Runge—Kutta’s solution is also close to the exact one, but not as much
as Simpson’s solution.

7 :
| | 6 Exact
—~ RK4
| % | —— Newmark
=) —— Simpson
=k
= 0
Exact 7 :Q'
— RK4 o
| —— Newmark . 12
—e— Simpson
| | — % |
0

0

W=
NI
NI
—_
N[N

| |
1 1
4 2

F

Figure 2. Configuration parameters’, q, evolution for the linear double pendulum. Initial conditions
are specified in Table 1. The step size is fixed as h = 0.1f. Simpson’s integrator tracks the exact
solution with more precision than Newmark’s method and Runge-Kutta’s integrator.
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Figures 2 and 3 show that Simpson’s integrator is more precise than both Newmark’s
and Runge-Kutta’s integrators on a short simulation (T = 1f). However, Simpson’s
solutions correctly follow the exact ones for longer simulations on both the configuration
parameters and generalized momenta, as shown by Figure 4.

Newmark’s integrator precision can be increased by refining the step size. With
h = 0.01¢, the solutions improve, but still deviate from the exact solution after a couple of
periods. Simpson’s solutions correctly follow the exact solution for longer simulations.

T I I I I I
’ Exact —+—RK4 ——Newmark ——Simpson

\

’ ";‘«\

|
5 6 9 10
3

’ Exact —~RK4 ——Newmark ——Simpson

1 U1}
o)}
N
o)
O
—
o

Figure 3. Configuration parameters’, q, evolution for the linear double pendulum during ten periods.
Initial conditions are specified in Table 1. The step size is fixed as h = 0.1f. Simpson’s solutions
correctly follow the exact solution for longer simulations.

6.2. Phase Portraits

With a step size of h = 0.1, Newmark’s solutions’ deviations are particularly visible
when tracing the motion phase portrait. Figure 5 shows the exact phase portraits topped
by both Newmark’s and Simpson’s solutions. Notice how Simpson’s phase portrait clearly
follows the exact one throughout the motion. The total simulation time was limited to
T = 3 for visualization purposes.
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Figure 4. Generalized momenta’s, p, evolution for the linear double pendulum during ten periods.
Initial conditions are specified in Table 1. The step size is fixed as i = 0.1f. Simpson’s solutions
correctly follow the exact solution for longer simulations.
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Figure 5. Phase portraits’ evolution for the linear double pendulum. Initial conditions are specified

in Table 1. The step size is fixed as h = 0.1, and three periods are shown (T = 3f). Simpson’s phase

portrait clearly follows the exact one.

6.3. Energy Conservation

The following function gives the system energy:

1oy 1
H(p,q) = 5p"M 'p+ 5q'Kq.
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H(p, q) relative error

It has been previously observed (e.g., [19]) that Newmark’s integrator exactly preserves
the system energy. This is not the case for our proposed integrator based on Simpson’s
rule and is characteristic of most symplectic methods [19,32]. In the case of Simpson’s
scheme, the second equation of System (25) introduces the small and vanishing quantity
— %K (W) into the discrete momentum equation. Consequently, one could assume

that the exact system energy may not be conserved, but a good energy behavior can be
expected, as outlined in [32].

Figure 6 shows that Simpson’s solutions lead to a non-conserved energy H(p, q).
Nevertheless, the maximum relative error with respect to the initial value is extremely
small even for i = 0.1, as the evaluated values are in the order of 107>, Notice that the
energy error from Simpson’s solutions does not grow with time. Instead, it oscillates in a
bounded fashion. Note that the error drops by four orders of magnitude when dividing
the step size by ten (see Figure 6).

Figure 6. As expected, the classical RK4 integrator does not preserve the system energy. Relative error
grows with simulation length. Newmark’s integrator exactly preserves the system energy. Simpson’s
integrator does not, but the relative error is extremely small. Notice that such an error does not grow
with time, but remains bounded. The relative error drops by four orders of magnitude when dividing
the step size by ten, showcasing the quality of the proposed integrator and its good energy behavior.

Proposition 7 shows that Simpson’s scheme preserves a quadratic form given by the
function ¢(p, q) of Equation (42). Matrices ¢ and (s (where subscript s stands for Simpson)
are according to Proposition 7 as

1 [2 hoo 17!
Es=(Xs+Ys)" = |-M+ =KL ;
TR
g—(x*uﬁhﬂfa— %M—ﬁK_4+§F@4+1K_17
ST : | \n 6 h 2

Figure 7 plots the absolute error on function ¢(p, q) of Equation (42), by Simpson’s

scheme. The absolute error with respect to the initial value is minimal, in the order of 1015,

and may come from accumulated rounding errors. Note that this absolute error magnitude
changes very little when refining the step size.
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Figure 7. Simpson’s scheme preserves the quadratic form ¢(p, q) of Equation (42). The absolute

errors are minimal and may come from accumulated rounding errors.

6.4. Convergence

The error e(t) = q(t) — qex(t), and its convergence rate is measured following the
prescriptions found in [16]. The schemes’ precision was evaluated using an ¢* error
norm |le|jec = ||q — gex|lc = SUP, |qn — Qex, |- Several simulations were performed for
decreasing values of h between h = 0.1f and & = 0.001¢. The ||e||co norm was calculated
for each case. These errors are plotted in Figure 8, on the logarithmic scale.

Convergence rates are expressed as the power of the step size. These rates correspond
to the slope of the error logarithm, as a function of the logarithm of & (see Figure 8).
These trials confirmed previous analyses on Newmark’s method [17,19]: it is second-order
convergent. Unsurprisingly, Runge-Kutta’s integrator is fourth-order convergent. The
results also confirm the analysis performed in [26] on the convergence rate of Simpson’s
scheme: it is fourth-order convergent. This rate is two degrees higher than the order of the
chosen quadratic interpolation. This is known as superconvergence and is closely related
to the mesh uniformity [16].

O T T T T T T T T T T
5] i
—10 | |
i
£ 15 .
v p (RK4): 4.01In(l) + 4.95
+q (RK4): 3.971In(h) 4 6.14
20 * p (Newmark): 1.97In(h) +3.52 | |
* q (Newmark): 1.95In(h) + 2.00
@ p (Simpson): 3.98In(h) + 3.00
=25 ®q (Simpson): 3.991n(h) +1.86 | |
| | | | | | | |

| |
-7 -65 -6 55 -5 45 -4 35 -3 25
In(h)

Figure 8. Integrators’ convergence. The ||| norm was calculated for several simulations. Each
simulation used a fixed step size, which was decreased from & = 0.1f to 1 = 0.001 . The convergence
order corresponds to the slope of the error norm logarithm regression line. Runge—Kutta’s classical
integrator convergence is in 1%, as expected (fourth-order). Newmark’s integrator convergence is in
the order of h? (second-order). Simpson’s integrator convergence is in the order of h* (fourth-order).
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An important question is if convergence rates hold with growing simulation lengths T.

Table 2 shows the convergence order evolution of Newmark’s and Simpson’s schemes
with a growing simulation length, using a step size of 1 = 0.1f. It can be observed

that Newmark’s scheme’s convergence order decays to zero for a 1000-period simulation.

RK4’s convergence rate also degrades as the simulation duration increases, although not
as much as Newmark’s method. Simpson’s scheme preserves its convergence order for
higher simulation periods. Error norms ||¢|| are shown explicitly. Simpson’s scheme
loses precision according to one order of magnitude, each time the simulation length is
multiplied by ten. Table 2 exposes a normal numerical behavior of the analyzed schemes
since errors accumulate over long simulations.

Table 2. Convergence order with respect to simulation length for motion simulations performed for
a linearized double pendulum (see Figure 1). The initial conditions are specified in Table 1. Error
norms |¢||« for momenta p and states q increase with simulation length T. Newmark’s scheme’s
convergence decays to zero as T increases. RK4’s convergence rate also decays with an increasing
simulation length. Simpson’s scheme preserves its convergence rate for higher simulation durations.

||e]]oo Exrror Norm Values

Simulation Convergence
Length T Number of Meshes 10 20 40 Order

Newmark P 0.0751 0.0230 0.006 06 1.81
RK4 P 0.0139 0.000800 0.0000540 4.01
17 Simpson P 0.000 640 0.0000416 0.000 002 57 3.98
Newmark q 0.342 0.0961 0.0251 1.88
RK4 q 0.0483 0.00340 0.000200 3.91
Simpson q 0.00201 0.000 141 0.00000876 3.92

Number of meshes 100 200 400
Newmark P 0.273 0.206 0.782 0.90
RK4 P 0.0822 0.00990 0.0137 1.29
10¢ Simpson P 0.007 20 0.000433 0.000026 8 4.03
Newmark q 0.694 0.657 0.244 0.75
RK4 q 0.284 0.0329 0.0157 2.09
Simpson q 0.0235 0.00141 0.000090 6 4.01

Number of meshes 1000 2000 4000
Newmark P 0.521 0.492 0.223 0.61
RK4 P 0.108 0.0786 0.006 40 2.03
100 f Simpson P 0.0705 0.004 39 0.000272 4.01
Newmark q 1.02 0.964 0.665 0.31
RK4 q 0.328 0.2650 0.0216 1.96
Simpson q 0.237 0.0147 0.000914 4.01

Number of meshes 10,000 20,000 40,000

Newmark P 0.545 0.551 0.548 0.00
RK4 P 0.326 0.119 0.0595 1.23
1000 £ Simpson P 0.190 0.0438 0.002 74 3.06
Newmark q 1.02 1.03 1.03 0.01
RK4 q 0.581 0.397 0.200 0.77
Simpson q 0.638 0.147 0.00922 3.06

7. Concluding Remarks and Perspectives

In this contribution, Newmark’s method has been recalled. It is a widely used integra-
tor in certain fields of the engineering sciences, and it is symplectic. This method has been
used for benchmarking purposes in our work, where an alternative variational integrator
based on Simpson’s integration rule has been proposed.
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Simpson’s numerical scheme presented applies to the case of multiple-degrees of free-
dom systems with quadratic Lagrangians. It has been formulated linearly with partitioned
matrices. The method proves to be symplectic, as demonstrated with a proof that applies
to both Newmark’s and Simpson’s scheme. A sufficient stability condition on the step size
was given, and it was also proven that the proposed method preserves a certain quadratic
form at each time step. Simpson’s scheme is, therefore, conditionally stable.

Numerical trials on a linearized double pendulum have confirmed that the method is fourth-
order accurate on both the states and generalized momenta. Numerical evaluations revealed
that this convergence order is preserved for long simulations. The proposed method succeeds in
predicting the evolution of dynamical systems characterized by quadratic Lagrangians.

An important extension of this work is the treatment of non-linear multi-degrees of
freedom systems. In such a configuration, the middle value of the internal interpolation
cannot be eliminated. This generalization should enable more applications of the proposed
method, relating to Hamiltonian systems. Therefore, this is a natural objective for future
developments and is currently under study. An important question relates to noise presence
in matrices M and K. How would this affect the symplectic integrator? This question is
relevant in the context of non-linear dynamical systems. It shall be the object of future
developments as well.

A particular subject of interest relating to differential equations is the role of discrete
symmetries. The analysis of discrete symmetries has many applications for finding solu-
tions to differential equations. They can simplify a numerical scheme, as advocated in [34].
A description of finding discrete symmetries of differential equations has been given in [35].
A discrete symmetry analysis could lead to an improved symplectic integrator and is a
future direction for our work.

An improved nonlinear Simpson’s variational integrator could find its application in
simulating complex non-linear mechanisms. Some application examples could involve a
system of synchronized pendulums [36]; the discrete optimal control of robotic systems [37];
the modal analysis of dynamical systems [38]; the motion analysis of multibody systems
evolving in fluid environments [39]; or the motion prediction of sliding rods [24] and soft
robots [25].
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Abstract: This paper investigates an autonomous discrete-time glycolytic oscillator model with a
unique positive equilibrium point which exhibits chaos in the sense of Li-Yorke in a certain region of
the parameters. We use Marotto’s theorem to prove the existence of chaos by finding a snap-back
repeller. The illustration of the results is presented by using numerical simulations.
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1. Introduction and Preliminaries

A first rigorous criterion for chaos in one-dimensional discrete dynamical systems,
named period three implies chaos, was established by Li and Yorke in their seminal paper [1].
The definition of chaos given in that paper was the first rigorous description of chaos. A
number of authors made attempts to extend this definition to multi-dimensional difference
equations. One of the most used extensions of the definition of chaos to multi-dimensional
cases was given by F. R. Marotto in [2-4], who observed that the crucial properties of chaos
are the following: the existence of an infinite number of periodic solutions of various mini-
mal periods; the existence of an uncountably infinite set of points which exhibit random
behavior; and the presence of a high sensitivity to initial conditions. Marotto extended
Li-Yorke’s notion of chaos from one-dimensional to multi-dimensional by introducing the
notion of a snap-back repeller in their famous theorem in 1978 [2]. Also, see [5]. How-
ever, the original result in [2] has an error, which was noticed by several mathematicians,
including P. Kloeden and Li [6,7]. The error was corrected by F. Marotto in [8], where he
redefined a snap-back repeller in 2005 [8]. In this paper’s preliminary, we will give the
corrected version of the definition for a snap-back repeller and then present Marotto’s
corrected theorem [3,8].

Here is Marotto’s definition for “snap-back repeller” and then their theorem from [2,8].

Definition 1 ([4]). Let ® € C! in a neighborhood of a fixed point W of ®. We say that W is a

snap-back repeller if the following conditions are met:

(i) All the eigenvalues of det Jo (W) have a modulus greater than one (W is a repeller);

(ii) There exists a finite sequence wo, W1, . .., Wy such that wy 1 = ®(wy), wpr = W, and wy #
W, which belongs to a repelling neighborhood of W, and | det Jo (wy)| # 0for 0 <k < M — 1.

Remark 1. It is clear that Definition 1 still implies that the sequence {wy}M __, where wi 1 =
O(wy) for all k < M, satisfies wyy = W and wy — W as k — —oo, making this set of points a
homoclinic orbit. Furthermore, since all wy for k < 0 lie within the local unstable manifold of the
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map ® at the fixed point W, where ® is 1 — 1, and since det Jo (wy) # 0 for 1 < k < M, then
this homoclinic orbit is transversal in the sense that ® is 1 — 1 in a neighborhood of each wy for all
k < M. See [4].

Theorem 1 ([2]). If a map ® possesses a snap-back repeller, then ® is chaotic in the sense of
Li-Yorke. That is, the following exist:
1. A positive integer N, such that ® has a point of period p, for each integer p > N;
2. A “scrambled set” of ®, i.e., an uncountable set W containing no periodic points of ®, such that
(@) ®W)CW;
(b) limsup||®"(u) —P"(v)| > 0forallu,v e W, withu # v;

n—o0

(c) limsupl||®"(u) — ®"(v)| > 0forall u € W, with u # v and periodic point v of ;
n—o0
3. An uncountable subset Wy of W such that lirgianCI)” (u) — @"(v)[| =0, for every u,v € W.
n—,oo

In this paper, we investigate the existence of Li—Yorke chaos for the following system
of difference equations:

Xp1 = Xp + h(a — Bxy — xuy3) } )
Yns1 = Yn + h(Bxn + xuy2 —yn) J’

where the parameters « and B are positive; 0 < I < 1 is the step size of the numerical
method in the process of transferring a continuous model into a discrete counterpart.
System (1) was obtained by the explicit Euler finite discretization of the following system
of differential equations [9]:

x’:oc—ﬁx—xyz} %)

y =Bx+xy’—y [’ (
which was used as the model for glycolysis decomposition in [9]. In this model, glucose
decomposes in the presence of various enzymes, including ten steps in which five are
termed the preparatory phase, while the remaining five steps are called the pay-off phase.

In [9], the authors, using a non-standard finite discretization, obtained a different
discrete analogon of the glycolytic oscillator model (2). They investigated the Neimark—
Sacker bifurcation and hybrid control in their discrete model, but the local dynamics were
not studied in detail. The reason is probably that the local dynamics were quite complicated
and involved. See [10-12] for related results.

System (1) is a cubic polynomial system, which is well known to exhibit chaotic
behavior. The global dynamics of such a system can be quite complicated, as we have
shown in a series of papers [13,14]. An interesting problem is whether the local stability
of System (1) implies the global stability of such a system and, in general, if System (1)
is structurally stable. As we showed in [13,14] proving global stability requires different
techniques and it might be more difficult to prove than a complicated, chaotic behavior.
The case when the equilibrium of System (1) is a saddle point probably requires finding
the stable and unstable manifolds or sets and using them to obtain the dynamics of that
system (see [13]).

In this paper, we present the complete local dynamics of model (1) in Section 2. The
local stability dynamics indicate the regions where Li-Yorke chaos is possible. Then, we
prove the existence of Li—Yorke chaos in such a region by finding the snap-back repeller
using a similar technique to that in [15]. One should mention that Li—Yorke chaos is
common for many polynomial and rational systems of difference equations (see [16-18]),
with the simplest and oldest being Hénon’s map and system (see [4]). The techniques of
rigorous proofs of chaos in dimensions higher than one are often based on Theorem 1. The
other less rigorous techniques are based on calculations of Lyapunov exponents and the
fractal dimension. See [19-22] for many examples of chaotic two-dimensional systems.
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2. Local Stability Analysis

System (1) has a unique (positive) equilibrium point z = ( IX) . The investigation

o
B+aZ’
of the nature of the local stability of equilibrium point z is based on the well-known result
of Theorem 2.12 in [19] or in [20-22].

The map T corresponding to System (1) is of the form
T(x) - (x + (e — px — xy2)>
v/ \y+hpx+xy?—y))’
and the Jacobian matrix of the map T is of the form

—hy? —hB+1 —2hxy ) 3)

Jr(x,y) = ( h(y* +B) 2hxy —h+1
from which we obtain
trir(x,y) = —hy* +2hxy —hf —h +2,

and
det Jr(x,y) = —h(1 — h)y* + 2hxy + (1 — h)(1 — hp).

The corresponding characteristic equation has the form
P(A) = A2+ (hy? = 2hxy + hB+h = 2) A k(1 = h)y? +2hxy + (1 = h) (1 = hp) = 0, (4)
which in the equilibrium z = (ﬁ, zx) becomes

hp?+B(2ha®+h—2) —a? (h—ha’+2)
a?+p

—hp*(1—h)—(1—h) (2ha®—1) p+a? (ha? (h—1)+h+1)

(P(/\) =A%+ a2+B

A =0.

Since ¢(1) = h?(a* + B) > 0, by applying Theorem 2.12 in [19], we obtain the following
result about the local dynamics of equilibrium point z:
Let 0 < h < 1 be fixed. Then,

—202(1 — . " —
§0) =1 = = poln) = AN ATV LEAT

qo(—l):0<:>ﬁzﬁ1(04):]11(1—0czh+\/4“2h;__‘—2_h),

where Bo(x) and B_1(«) are continuous functions such that Bg(a) > 0 for 0 < a <

ap = \/gand B_i(a) > 0for0 < a < ap = %2(}5;;?11

abscissas of the intersection points of curves f = Bg(«) and p = S_1(«) with the Oa-axis,
respectively, and f; = 0and = % are the abscissas of the intersection points of curves
B = Bo(a) and B = B_1 () with the Op-axis, in the (a, f)-plane. Let Cy and C_ be the
graphs of the functions = Bo(a) and B = B_1(«) in the positive quadrant, respectively
(excluding the points on the axes). It is easy to see that CoNC_1 = @D if a1 < ay (ie.,

0<h< z(ﬁ—l)) and CoNC_y = {T}ifa; > a (i.e.,z(ﬁ—1) < h < 1), where

— h24-4h—
I = (ar, fr) = (ﬁ(hzz n 2 + 4))

and

Note that a1 and a, are the
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Now, assume that ¢(0) = 1, « < a1, and g = Bo(a). Then, we have that det]1(z) = 1
and

hE+ p(2he® +h—2) —a?(h—he? +2)\*
a?+ B a

(tr]7(Z))? — 4det]1(Z) = (

12(4a2(1— 1) +1—K) (4h2a2(1 —h)+ @2 —h)?*1- K))
_ <0,
(1—h)*(1-K)?

where K = /1 + 8a2(1 — I). Namely,
2 2 2 2 4 2
42(1—h)+1—K >0 < (4zx (1—h)+1) >1+480%(1— h) = 16a*(h—1)2 >0,
which is true for every i € (0,1). On the other hand,
402621 — h) + (2 — h)%(1 — K) < 0 <= 16a2(1 — h)z(h41x2 22— h)z) <0. (5
Fora < ayand h < 2(\/§ — 1), inequality (5) is true because

ha? —2(2 — h)* < Kt <1ih> —2(2—h)

2 _ 2 _
2 _ (1 2h+12)(IZl + 4h 4)S '

Also, for Z(ﬁ — 1) < h<1landa < ar, (5) is true because

ha® —2(h —2)* < Kt (W) —2(h—2)*=0.

By using Theorem 2.12 in [19], we see that ¢(0) = 1 and (tr]r(Z)))? — 4det]r(z)) < 0 if

B = Bo(x) and
0<h gz(ﬁ—l),a <
or
2(\@—1) <h<1, a<ar,
which means that A1 and A, are conjugate complex, and [A1| = [Ay| = 1.

We will now prove that

tr]r(z) # 0 and tr]r(z) # 2,
when ¢(—1) = 0.
First, note that tr]; = 2 ifZ(ﬁ — 1) <h <1,a = ar,and B = Br, where
¢(M)|r = (A+1)%
Also, if p(—1) =0, then B = B_1(«a). It implies that

hp* + B(2ha® +h —2) — a®(h — ha* + 2)
a2+ p

o [t 2—h —2h2a? +h —2 “0
2—-h 2—h '

trjr(z) = 0 <= =0

which is impossible.
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By Theorem 2.12 in [19], it means that A; = —1 and |Ap| # 1if B = B_1(a) and

0<h<2(\/§—1),0<1x<1xz
2(\/5—1) <h< 1(?r1x€ (0,a2), & # ar.

Also, note that it can be easily verified that ¢(0) > 1 is valid at all points below the curve
Co, and ¢(0) < 1is valid at all points above that curve. Likewise, in all points below the
curve C_1, ¢(—1) > 0is valid, and in all points above that curve, ¢(—1) < 0 is valid.
See Figures 1-3.

S
—
>N

aq 4]

0 1 2 3 4

Figure 1. Parametric spaces of local dynamics in the (a,B)-plane for h = 0.5 < 2(v/2 —1),
Co={(&p):¢(0) =1}, C1={(ap): ¢(-1) = 0}.
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Figure 2. Parametric spaces of local dynamics in the (w,B)-plane for h = 2(v2 — 1),
Co={(a,p): ¢(0) =1}, C1 = {(& p) : (1) = 0}
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Figure 3. Parametric spaces of local dynamics in the (a,B)-plane for h = 0.9 > 2(v/2 — 1),
Co={(a,p):¢(0) =1}, Ca ={(ap): ¢(=1) =0}

Denoting
L1={(a,): 0<a<ay, Bo(a) <B < P_1(x)},
Lo={(0,): a1 <a<ap, 0<B<PB_1(a)},
Ls={(a,): 0<a<ar, Bola) < B < P_1(a)},
Ri={(a,p): 0<a<uwa, 0<B<PBola)},
Ro={(a,p): 0<a<ar, 0<p<Pola)},
Ra={(a,p): ar <a<ay 0<p<pB_1(a)},
S1={(a,p): 0<a<ay p>p_1(a)},
Sy ={(a,p): a>ay >0},

we have thus completed the proofs of the following two lemmas.

Lemmal. Ifh € (O 2( )) Xy = \/7, and ay = 4/ 2h+hzh, then the unique equilib-

rium point z = ( ﬁﬁf’ ) of System (1) is as follows:

1. Locally asymptotically stable if

0<h<2(\/§—1) and (a,B) € L1 U Ly

or

h :2(\/5—1) and (a,B) € Lq;

2. Avepellerif (a, ) € Rq;

A saddle point if (x, ) € S1 U Sy,

4. A non-hyperbolic with
(a) Ay and Ay being conjugated complex, and |A1]| = [Az| = 1ifa € (0,a1) and p = Bo(a);
(b)) A =—land |Ay| #1ifa € (0,a2) and p = p_1(a).

Lemma 2. If h € (2<\/§—1),1), ny = \/g, ay = 4/ zhijh' = ‘[(2 h) ,and Br =

2(h2+4h—4)
h4

1. Locally asymptotically stable if (a, ) € L3;

2. Avepellerif (x, B) € RoU R3;

Sl

, then the equilibrium point z = (m—"‘az, zx) of System (1) is as follows:
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3. Asaddle point if (x, B) € S U Sy,
4. A non-hyperbolic with
(a) Ay and Ay being conjugated complex, and |A1| = |Ay| = Lifa € (0,ar) and B = Bo(a);
(b) A =—land |Ay| #1ifa € (0,a2), & # ar, and p = _1();
(c) The characteristic polynomial of the form @(A) = (A +1)* at the point T (ar, Br) =
(ﬁ(zzh) 2(h?+4h—4)
iz

7 ), so the eigenvalues are A1y = —1.

See Figure 3.

3. Li-Yorke Chaos for h = 1—70 < 2(\/5 — 1)

In order to prove the existence of Li-Yorke chaos, we will consider the corresponding
eigenvalues with a modulus greater than one for h < 2 (ﬁ — 1) and the set

Ry = {(a,B):0 < a<ay, 0<B < Bow)} = {(oc,,B):zx € (oﬁ) Be (o,/sh)},

and

—202(1—h) — 1+ /8a2(1—h) + 1

We prove that the positive equilibrium point z = ( zx) of System (1) is a snap-back

o
repeller. The next step is to determine a neighborhood Uz of Z = (X, ) in which the norms
of eigenvalues exceed one for all (x,y) € Uz. It means that we need to solve the following
system of inequalities, ¢(1,x,y,8,h) > 0, ¢(—1,x,y,B,h) > 0, and ¢(0,x,y,B8,h) > 1,
where

(A, x,y, B, 1) = A%+ (hy2 —2hxy+h/3+h—2)A—h(1 — h)y* +2hxy + (1 — h) (1 — hp)

is the characteristic polynomial of (3), i.e., we will solve the following system of inequalities:

o(L,x,y,B,h) =1 (y>+p) >0,
o(=1,x,y,B,h) = —y*h(2 — h) +dhxy + (2 — h)(2—hB) > 0, }
9(0,x,y,B,h) =1 =h[—(1—h)y* +2xy + (hp— p—1)] > 0.

@)

The first inequality in (7) is always satisfied. Curves C; and C,, where

Cr={(x,y):9(—=1,x,y,8,h) =0} and C; = {(x,y) : ¢(0,x,y,8,h) —1 =0}

are hyperbolas that intersect in the first quadrant at the point

b (h—2)*  J4—h2B
C\2n/A—m2g°  h

for g < ];iz. The assumptions 0 < i < 2(\@— 1) and 0 < & < —— imply that B, < %.

| Vi-h
Namely,
—20%(1—h) —1++/8a2(1—h) +1 _4
2(1—h) h2

is equivalent to

4(h—1) [h4(h — 1)t + 12 (h? + 8h — 8)a? — 4(h — 2)2}

. >0
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which is satisfied if

(= 1)at + 12 (12 4+ 81— 8)a® — 4(1 —2)° < 0. ®)

Since 0 < h < 2 (\/Q - 1), it follows that h? + 8h — 8 < 0, so inequality (8) is true.
Notice that

V(1-h)+1—-h)p+1

?(Ofx,]/rﬁrh)—lz():x: Zy

and
(2= h) (I + hp —2)

(=1L x,y,Bh) =0=—x= 4Ty ,

so a neighborhood Uz of Z = (X, ), in which the norms of eigenvalues exceed one for all
(x,y) € Uy, is determined with Uz = (Uz); U (Uz),, where

(Uz), = {(x,w e (PUERLOZIEEL ) e <om) } ©)

Y h

and
_ 2 _ _
(Uz)z = {(x,y) X € <<2 h)(hzh; hp 2) ,—i—oo), AS [w,—i—oo) } (10)

forh < Z(ﬁf 1).
In this way, we obtained the following result.

Lemma 3. Let 0 < h < Z(ﬁ—1>,O <a< ﬁ, and 0 < B < By, where By, is given by

(6). Then, Uz = (Uz); U (Uz),, where (Uz), , is defined by (9) and (10) is a repelling area of the
equilibrium point Z .

To continue investigating the conditions under which the equilibrium point z will be
a snap-back repeller, we will take a fixed value of the parameter /, for example, h = %.

: _ 7 1 _ /10 ~ _l\/iz_
Now, if h = 7, then & < ﬂ_./3 ~ 18257 and p < p; = }/5(127 +5)

— 3. A repelling area of the equilibrium point z is Uz = (Uz); U (Uz),, where

(t), - {w) e (B L) e (0, M) }

w2

20y 7
142 +918 — 2 /400 — 49
(Uz), = {(x,y) tx € (9 / +2?30§ 60,+oo), ye l7ﬁ,+oo> }

To prove that the equilibrium point Z = (¥, V) is a snap-back repeller for M = 2, we need
to find points zg = (xo, o) € Uz and z; = (x1,y1) ¢ Uz such that

21 = T(z0), 20 = T(z1) = T*(20) = Z and det J7(z) # 0.

By calculating the inverse iterations of the fixed point z twice, we are looking for the point
zg = (x0,Y0), X0 > 0, Y9 > 0, as the solution of the following system:

x+ 45 (a—px—xy?) = x }

. , (11)
y+ 4 (Bx+xy* —y) =mn
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for z; = (x1,1) which is the solution of the system

hp(a—prxy?) = o }

+%(ﬁX+xy2*y)=«x

(12)

The solutions of System (12) are
(z1)y = ((x1) 1, (1) 1),
where

(1) _ —5a+1Q  10a+3a(a?+ B) v1) 5 F 30
V£ =0+ 8) " 102+p)  VET 32+ p)

and
=/7Q1 >0, Qi = —3a*(218 — 100) + a2 (390[5 — 12687 + 175) — 9p%(7B — 10).

By using < IB%, it is easy to see that Q1 > 0.
Now, we prove that det J((z;), ) # 0 considering that

Q(-Q—7a(3(«*+p) —5))
1050(a2 + B)*

(
(
(
(

det]((zl)+) = ’
Q(-Q+7a(3(a> +p) —5))

det]((z1)_) = 1050(a2 + B)*

Suppose that det [ ((z1) ) = 0. Then,

det]((z1).) =0 <= Q= q:7a(3(a2+/3) f5).

If «(3(a® + B) — 5) = 0, we have a contradiction with Q > 0, such that det J((z1),) # 0.
However, if a(3(a? + B) — 5) > 0, since Q > 0, we have that

Q=7a (3 (042 + [3) - 5) — 2182+ [3(42a2 - 30) + a2 (2108 - 170) —0,

which for a? < 13—0 has only one positive solution

_ — (2122 — 15) + /15(196a2 + 15)
Pe= 21 ‘

This implies that f+ ¢ (0, B z ), which is a contradiction. Therefore, it is true that

det]((z1),) #0ifa(3(a®>+B) —5) > 0.
Similarly, we conclude that det ] ((z1), ) # 0if #(3(a® + B) —5) < 0.
Now, note the following fact: for § < 8 7, we have

Q# F7a (3 (ocz + /3) — 5). (13)

In the next step, we will solve System (11) for z; = (x1,y1) = ((x1)_, (y1)_). From the
second equation in System (11), we obtain

=By +10(y1)_  10Q +350a — 63y (B + a?)
7Bty TP+ B+ B)
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500+ 40

This implies —3y + 10(y1)_ > 0 <=y < D(y;)_,ie, y < SZTp)

in the first equation of System (11), we obtain

3y +10(y1) 7<a_[3<_3y+10(%)—> _ <‘3y+10(y1)—>y2> ~(x)_ =0.

. After substituting x

7By 10 7B+ ) 7B+ )
Let
—3y + 10 B 7 —3y + 10 B
) = = 1o+~ (T ) 6~

21° ~ 7(10(x1) _+10(1) = 7w)y? + 378 — 10)y + 100(31) _ ~ 7B(10(x)_+10(r)_ —7)

P = 70062 + )

(14)
By using the facts

_ —5a—3Q  10a+3a(a®+ B) _ 5a+1Q
(1) = 10(a2 +7ﬁ) T 0w g W)= 3@(27+7ﬁ)

and ¥ = a, we obtain

(100 —49(a + B)) (Q — 7a (322 4+ 3B — 5))
1470(a2 + B)*

H(B,y) =0 =0. (15)

Considering (13), Equation (15) is satisfied if 49 (a2 + B) = 100, or, equivalently,

ﬁ_100—491x2
I CH

It implies that 100 — 4902 > 0,ie., a < % ~ 1.428 6. On the other hand,

100 —492* 1 5 2 5
B<py = o < 3\/50224+5) —a2 =2
which implies & > /329 ~ 1.2826. If x € <\/328(1), 170>, we denote
100 — 4942

B 49

Now, from (14) we obtain

9H(B,y) _ 21(B+v?)* +30(y* — B) — 200y (1)

dy 70(y2 + B)°

5a+10Q

By using the fact that (y1)_ = 324 B)

and i = &, we have that

OH(B,a)  7(63B%+9(21a? —10) % + a? (63a* + 90a? + 1894 — 1000) ) — 200aQ
9y 1470(a2 + B)° '

Let us show that %ﬁ;,ﬁ) # 0. Otherwise, if %ﬁ;@ = (0, then

2700 — 10 63302 = 96 0400 Q>.
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Since & € < %, 10) , the left side of the past equality is negative, which is impossible. It

means that 2 /5 o ;é 0 holds.
Therefore, under certain conditions on the parameters, we have that

1 pe= 710013% € (0, z5yy) forw € (\/ﬁf 170);
2° H(B,,7) = 0;

3° H(B,y) is continuous for B < By and y <
g0 OH( /3* 20,

500+30Q
9(a?+p) ’

By the Implicit Function Theorem, there exists a unique function y = yo(B) and 6 > 0
such that

®)  yo(ps) =7
(i) H(B,yo(p)) = Ofor p & (Bs —J,px +9).
(ili) y = yo(P) is continuousin p € (Bx — 9, B« + ).

Figure 4 shows the area of the parameters for which the equilibrium point is a repeller

and the set B = {(a,ﬁ) S (\/%Zg?, 10) B = B« } C Rq in the (&, B)-plane.

08l T T T ]

06 il

0.4r b

0.2 R B h

a
0.0 [ L L L ]

I
0.0 0.5 1.0 15 2.0

Figure 4. The area of the parameters for which the equilibrium point is a repeller and the set B (red)
is shown (in the (&, B)-plane for h = 0.7).

10Q+350a—63y o>+ 50
Let M =2 and zp = (x0, o) = ( (2147(ﬂiy%)(y£2(iﬁ)ﬁ),yo> for yp < (D;Jrﬁ)Q. Then, z

belongs to Uz for a small enough  — .. Assume that € > 0 is arbitrary and let

x* = max{X+e¢€,x0+€}.
Finally, let

Uy = (Up)" U (Up)",

where

(Uy)* = {(x,y):xe <3]/2+3ﬁ+10,x*>’ ye ( * M) },

20y Ny
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and

2 _ _
(L) = {(x,y):xe (913/ +91B 260/x*)/ ) [,/400 98 )}

- 280y 7

Also, y] and y; are the second coordinates of the intersection points of the line given by the
equation x = x* with the curves C; and C;, respectively.

Theorem 2. Assume that h = %, s <‘ / %(5)(1), 170> and By = W. Then, there exists

near By such thatz = (X,y) = (DCZ“—H;, oc) is a snap-back repeller of System (1) and, consequently,
System (1) is chaotic in the sense of Li—Yorke.

4. Numerical Simulations

In many articles, the appearance of chaos is established by the existence of positive
Lyapunov coefficients (e.g., [15]). Although we proved the existence of chaos in the
previous section using the Marotto method, we will make several corresponding numerical
simulations by calculating the Lyapunov coefficients. Most of the experimentalists in
dynamical systems theory take the existence of positive Lyapunov coefficients as enough
evidence for the existence of chaos (see [23-26]). In that case, different software packages,
such as Dynamica in [19] or Chaos in [25,26], are used to justify the use of the word chaos.
Also, see the references in [23].

Ifa = % = 1.4, then

_100-49(2)% 99

B, o = S5z ~ 0.080816.

Let us choose g = % close to B, = %. Now, Uz = (Uz); U (Uz),, where

B _ 75y% + 256 V9902
v (o) (02

and

N ' 2275y% — 6318 V9902
= { o) x < (TG o)y | )

See Figure 5a.
The solutions of System (12) are the equilibrium point and

(z1)+ = ((¥1)x (y1)2),

where

(1), y1)y) = | 222 L V724003649 175 _ +/7/24003649

The solution of System (11) for (x1,y1) = ((x1)_, (y1)_) which belongs to Uz is
(x0,10) = (2.2013061560494975/, 1.400206800960196/) .

Therefore,

zo = (x0,y0) = (2.2013061560494975°,1.400206800960196")

_ _ _ (973 _ V7V24003649 175 | +/7v/24003649
z1 = (x1,y1) = T(x0,50) = (ﬁ — IIZANBEE 128 4 T/ ) (16)

z = (x,y) = T(x1,y1) = T*(xo,10) = (£, ).
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The Jacobian matrix of T at the point Z = (%,¥) has an eigenvalue A+ = 0.60855 F 0.91998i
with [A4+| = 1.103, at point (xp, yo) has eigenvalues A; = 2.5357 and A, = 1.6511, and at
point (x1,y1) has eigenvalues Ay = —7.7491 and A, = 0.28397.

For € = 0.5, we have that

x* = max{X+¢€,x9+ €} ~ 2.7013.

Next, y] =~ 0.19158 and y; ~ 8.6334 are the second coordinates of the intersection points of
the line given by the equation x = 2.7013 with the curves C; and Cj, respectively. Then,

U; = Uy Uy,
where
75y* + 256 /9902
I = : —_— 2. 191
uj {(x,y) x € ( 500y ,270l3>, AS <0 9158, 35 )},
and
2275y% — 6318 /9902
;= : —_— 2. , ——,8.6334 | ;.
U, {(x,y) x € ( 7000y 2 7013) AS [ 35 > }
See Figure 5b.
8 gl
6 6
Cy
7 4+ (UZ)* -
| o (Un)*
C2
(U . . . . . . . (U . . . . . . .
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
(a) (b)

Figure 5. Repelling area Uy (a) and neighborhood LI} (b) of the snap-back repeller z (for « = 1.4,
B =0.08,and h = 0.7).

Figure 6 represents the phase portrait with 30 iterations with repelling area Uz and
neighborhood U} of the snap-back repeller z. Furthermore, Figure 6 shows the points
in (16).

Now, assume that a = 0.6 ¢ ( 323‘3,170) and = 0.001 < B = 0.24881. Then,

there exists M > 2 such that TM(zj) = z. In that case, if M = 17, the region U is a circle.
Figure 7 represents a phase portrait with 30 iterations and the snap-back repeller z.
Here,

Z] = T(Zo),Zz = T2(Z0),.. .,Z18 = T17(Zo) =1Z,
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where
zo = (1.7658,0.52217), z1 = (1.84754,0.494912),  z; = (1.94947,0.46654),
= (2.07108,0.438351), z4 = (2.21106,0.411529),  z5 = (2.36739,0.387125),
z6 = (2.53738,0.366149), zy = (2.71748,0.349742),  zg = (2.9029,0.339506),
z9 = (3.08665,0.338104), z19 = (3.25749,0.350585),  z11 = (3.39495,0.387721),

21> = (345532,0.475941),  z13 = (3.32502,0.693091), z14 = (2.62461,1.32833),
215 = (—0.198952,3.64206), z16 = (2.0685, —0.754833), Z = (1.66205,0.6).

107 ! ! . ! -
1 /
1
1
1
gl
6 C1 .
X=X’
4t 24
ol
zg
z
C2
07\ L L L L
0 1 2 3 4

Figure 6. The snap-back repeller for « = 1.4, = 0.08, and h = 0.7.
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Figure 7. The snap-back repeller for « = 0.6, = 0.001, and = 0.7.

If we suppose that « = 0.6 and g = 0.12 < ‘B% = 0.24881, then Figure 8a shows a
snap-back repeller with

— (1.4605157298915394’, 1.424776880514991'),
(—0.31754936043512777',2.6254981544811646' ),
(1.6613856774674765', —0.7712855915582548')
(1.25,0.6).

z
z=
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(a) (b)
Figure 8. The snap-back repeller for « = 0.6, = 0.12,and h = 0.7.

The graph represents a phase portrait with 70 iterations. Figure 8b represents a phase
portrait with 11170 iterations (we obtained a chaotic attractor due to the accumulation
of rounding errors). In Figures 9a and 10a, the bifurcation diagrams are generated by
code Bif2D from [23], and in Figures 9b and 10b corresponding Lyapunov coefficients are
generated by the code in [24].

(x> ynl
3
0.20F

0.15F

0.10p

o

—0.051

=0.10

(b)

Figure 9. (a) Bifurcation diagram for « = 0.60, § € (0.10,0.30), h = 0.7, Z = (1.25,0.6), and initial
point zg = (1.4605157298915394, 1.424776880514991); (b) corresponding Lyapunov coefficients.

(Xn> yn}
37

0.02

| PR , .
OF Ya’zﬁ D\oso
(b)

—=0.041

Figure 10. (a) Bifurcation diagram for « = 0.60, p € (0.10,0.30), h = 0.7,z = (1.25,0.6), and initial
point zg = (1.40,0.65); (b) corresponding Lyapunov coefficients.

5. Conclusions

We consider a chaotic dynamic of System (1), which is the Euler discretization of
System (2), which was used as the model for glycolysis decomposition in [9]. System
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(1) has a unique positive equilibrium, which locally can have any character depending
on the parameter region. That is, this unique equiibrium solution can be either locally
symptotically stable or repeller, saddle point, or non-hyperbolic. The global dynamics
of such a system can be quite complicated and could include the existence of an infinite
number of period-two solutions or equilibrium solutions, as we have shown in a series
of papers [13]. In this paper, we focus on the case when this equilibrium is a repeller and
prove that in this case there exists a region of parameters where System (1) exhibits chaos.
The quite challenging problem is whether the local stability of System (1) implies the global
stability of such a system and, in general, if System (1) is structurally stable. At this time,
we are leaving these problems for future research.
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Abstract: Controlling infectious diseases has become an increasingly complex issue, and vaccination
has become a common preventive measure to reduce infection rates. It has been thought that
vaccination protects the population. However, there is no fully effective vaccine. This is based on
the fact that it has long been assumed that the immune system produces corresponding antibodies
after vaccination, but usually does not achieve the level of complete protection for undergoing
environmental fluctuations. In this paper, we investigate a stochastic SIS epidemic model with
incomplete inoculation, which is perturbed by the Ornstein-Uhlenbeck process and Brownian motion.
We determine the existence of a unique global solution for the stochastic SIS epidemic model and
derive control conditions for the extinction. By constructing two suitable Lyapunov functions and
using the ergodicity of the Ornstein—Uhlenbeck process, we establish sufficient conditions for the
existence of stationary distribution, which means the disease will prevail. Furthermore, we obtain
the exact expression of the probability density function near the pseudo-equilibrium point of the
stochastic model while addressing the four-dimensional Fokker—Planck equation under the same
conditions. Finally, we conduct several numerical simulations to validate the theoretical results.

Keywords: Ornstein—Uhlenbeck process; Brownian motion; stationary distribution; probability
density function

MSC: 60H10; 34D05

1. Introduction

It is widely acknowledged that mathematical models describing the dynamic behav-
iors of infectious diseases have played a crucial role in understanding various diseases
and their transmission mechanisms [1-6]. As early as 1927, Kermack and McKendrick
put forward the classic susceptibility—infection-susceptibility model and established the
corresponding threshold theory [1]. Since then, various ordinary differential equations have
been extended to analyze and control the spread of infectious diseases [3,7-9]. Controlling
infectious diseases has become an increasingly complex issue, and vaccination has become a
common preventive measure to reduce infection rates [10-12]. Routine vaccinations against
diseases such as measles, smallpox, and tuberculosis are now available in all countries.
So, over the past few decades, some basic epidemic models with vaccination strategies
have been studied. Safan and Rihan [13] considered the following SIS epidemic model with
incomplete protection from the vaccine as follows:

S(t) = (1= p)A+al(t) = (u+@)S(t) — BS(HI(t)
I(t) = BS(OI(t) + (1 =) BV(D)I(t) — (p+a+)I(t), ey
V(t) = pA+S(t) — uV(t) — (1 —e)BV(H)I(t)
where 5(t) denotes the number of members who are susceptible to an infection, I(t) denotes
the number of infected individuals, and V (¢) is the number of members who are immune

Axioms 2024, 13, 353. https:/ /doi.org/10.3390/axioms13060353 98 https://www.mdpi.com/journal /axioms
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to an infection as the result of vaccination. The definitions of the basic assumptions are as
in Table 1.

Table 1. The definitions of the parameters.

Parameter Definition

an input of new members into the population

a fraction of vaccinated newborns

the natural mortality rate

transmission coefficient between compartments S(t) and I(#)
the proportional coefficient of vaccination for the susceptible
recovery rate of I(#)

the disease-related death rate

the rate of protection of the vaccine against infected individuals

S e ReTTET M

From the definitions, we can find that e = 1 indicates that the vaccine is completely
effective in preventing infection, whereas ¢ = 0 means that the vaccine is completely invalid.

Note that the basic regeneration number Ry = B [(1_(51&‘;3((1};25% £9)l js the threshold

for determining the prevalence of the disease. When Ry < 1, the system has only disease-

free equilibrium point Ey = (S, 0, Vp) = (%, 0, %), and it is globally asymptotically
stable in invariant set I' , which means that the disease will be extinct. When Ry > 1,
Ey is unstable, and there is a globally asymptotically stable endemic equilibrium point
E. = (S, L, Vi), which means that the disease will persist.

Due to the unstable changes in effective contact factors during epidemic diseases,
the most common method to consider is introducing white noise. For a more detailed
explanation, readers can refer to [14-17]. Moreover, simulating random perturbations
from multiple perspectives is another important way. References [18-22] extensively
research Ornstein-Uhlenbeck processes driven by Brownian motion or fractional Brownian
motion. The Ornstein—-Uhlenbeck process, with modifications, can stochastically model
interest rates, currency exchange rates, and commodity prices. According to the work
in [19], the stochastic mean-reverting process incorporates the effects of environmental
fluctuations into the parameters, which is a biologically meaningful method. Yang, Zhang,
and Jiang [20] analyzed the persistence and extinction of a stochastic food chain system
by incorporating the Ornstein—Uhlenbeck process. However, there is little information
available in the literature concerning the SIS epidemic model with the Ornstein—-Uhlenbeck
process. Hence, in this paper, we consider the parameter  an Ornstein—Uhlenbeck process
affected by randomly varying environments. The Ornstein-Uhlenbeck process in system (1)
is as follows:

B(t) = 0(B— B(t)) +oB(t),
where B is the time-mean value of B(t), 6 is the speed of reversion, ¢ is the intensity of

volatility, and B(t) is standard Brownian motion.
Integrating both sides of the above equation, we can obtain

B(t) =B+ (po—F)e ™ +0 [ e *a(s),

where By = B(0).
Then, we can obtain the expectation and variance in (t),

2
EIB()] = B+ (Bo — B~ Varlp(t)] = 25 (1 - ).

Motivated by the above works, in this paper, we propose the following stochastic SIS
epidemic model with the Ornstein-Uhlenbeck process:
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S(t) = (1= p)A+al(t) — (u+ @)S(t) — BS(t)I(t) — m(t)S(t)I(t)
I(t) =BS(HI(t)+ (1 —e)BV()I(t) — (p+a+e)I(t) +m(t)S(H)I(t) + (1 —e)m(t)V(£)I(t)
)

V() = pA+@S(t) —uV(t) = (1 —e)BV(H)I(t) — (1 —e)m()V (£)I(t
1i1(t) = —0m(t) + oB(t)

where m(t) = B(t) — B.

The rest of this paper is arranged as follows. Section 2 presents the existence and
uniqueness analysis for system (2), as well as the asymptotic properties of the solution. In
Section 3, we discuss the conditions for predator extinction in system (2). Furthermore,
we aim to obtain the exact expression for the density function for a linearized system
corresponding to stochastic system (2) around the original point in Section 4. Finally, in
Section 5, we conduct several numerical simulations to validate the theoretical results.

, @

2. Existence and Uniqueness of Global Positive Solution

Throughout this paper, let (Q), .Z, { % }+>0, P) be a complete probability space with a
filtration {.%; } ;>0 satisfying the usual conditions (i.e., it is right-continuous and .%; contains
all P-null sets). Define R4 ={x € R?:x; > 0 forall 1 <i <d}, Ri ={xeR":x; >0
forall 1 <i < d}. More basic, detailed knowledge of stochastic systems, readers can refer
to Mao [23].

To study the long-term dynamics of a stochastic population system, the existence and
uniqueness of the global solution to the model should be considered first. In this section,
we give the following conclusion, which is a fundamental condition for the follow-up
behavior study of stochastic systems.

Theorem 1. For any initial conditions (S(0),

1(0), V(0),m(0)) € R%. x R, when t > 0, system
(2) has a unique global positive solution (S(t), I ,m(t)

(t),V(t),m(t)) € R% x R.

Proof. Since the coefficients of system (2) are locally Lipsitz-continuous, there exists a unique
local solution (S(t), I(t), V(t)) ont € (0, 7). For any initial value (S(0), 1(0), V(0)) € R3, 1o
is an explosion moment. To prove that the local solution is global, we need only prove that
Tp = oo a.s. Let us make ng sufficiently large that every element of (S(0),1(0), V(0), m(0))
is in the interval [nlo, no} , and for every integer n > n, we define the stop time

T = inf{O <t <1 | min{S(t),I(t), V(t)} < % or max{S(t), I(t), V(£)} > n}.

In this paper, we assume that inf{@} = co. Obviously, 7, increases with n — co.
If Too = limy; 00 Ty, Too < Tp a.8. If To = o0 a.s. is true, then 1y = oo a.s., which means for all
t>0,(S(t),I(t),V(t)) € R} as. is true.

If 19 < oo a.s. is true, then there exist two constants, T > 0 and ¢ € (0,1), such that
P{Te < T} > e. So, there is an integer 1y > ny, for all n > n,, that satisfies

P{t, <T}>e 3)

We construct the Lyapunov function Wy : R%. x R — R, as follows:

2
WO(S,I,V,m):S—1—lnS+V—1—1nV+V—1—an+m7. @)

According to the property jt —1 —Inp > 0 when y > 0, we can obtain that Wy (S, I, V, m)

is a non-negative C2-function.
When we apply Ito’s formula, we have

dWo(S, I, V,m) = £Wy(S, 1, V,m)dt + omdt, 5)
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where
1 _
EWo(S, LV, m) =(1 = 2)[(1 = p)u+al — (4 +¢)S — pSI — mS]

(- %)[BSH (1= e BVI+mSI+ (1 —e)ymVI— (+a +¢)]]

b1 %)[w + ¢S —puV — (1—e)pVI—(1—e)mVI]
(6)
— om® + %2

2
§4y+¢+a+£+(2—e)ﬁ7+%+(4—26)K|m|—0m2
2 (2-e%K
§4y+qo+zx+e+(2—e)ﬁ1<+7+7( 9) =K,

and K is a constant. We can obtain dWy(S, I, V,m) = Kdt + omdB(¢).
Integrating from 0 to 7, A T and taking the expectation, we have

EWo(S(tu AT), (ta AT), V(Tu AT),m(tyu AT))
< KE(ty A T) + Wo(S(0), I(0), V(0), m(0)) @)
Let ), = {1, < T}, forn > ny. By (3), P(Q2,) > €. Notice that for any w € ), atleast

oneof S(ty AT),I(ta AT), V(1 A T) is equal to % or n. Therefore, Wy (S(t, AT), I(t, AT),
V(tu AT)) are not less thann — 1 —Inn or + — 1 +1Inn. So,

KT + Wo(5(0),1(0), V(0), m(0)) = Elln, (w)Wo(S(Tn, @), (T, @), V(Ta, @), m(Tn, )]

>edn—1—Inn 1—1+lnn ,
S

where I, () is the indicative function of (),,. n — oo leads to the contradiction
oo = KT + W (5(0),1(0), V(0),m(0)) < co.

Therefore, T, a.s. This means that the SDE system (2) exists a unique global positive
solution. [

3. Extinction of Stochastic System (2)

The states of symbiosis and extinction due to various disturbances in the environment
are the major research topics in the SIS epidemic model. In this section, we give the results
of extinction among predators in SIS epidemic system (2). Before giving the main result,
we first present the following Lemma [20]:

Lemma 1. There exists a bounded domain D C Qy with a reqular boundary 0D such that
(A1): there is a positive number & such that szzlaij(x)cjié‘j > 5|C|2, xeD,eRy
(A2): there exists a non-negative C>~function V such that £V > —1 for any x € Q4\D.
Then, the Markov process X (t) has a unique ergodic stationary distribution 7t(-), and

T—o0

p{ Jim %/OTf(X(t))dt: /Qdf(x)rc(dx) _ 1} ©)

holds for all x € O, where f(-) is an integrable function with respect to the measure 7t.
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Theorem 2. Assuming Ry = Ry — ZHt@=ce=00 - ypoy the solution (S(t), I(t), V(t),

V20(p+a+e)
m(t)) of system (2) has a stationary distribution 7t(-) with the initial value (S(0),1(0),V(0),
m(0)) € T.

Proof. Obviously, system (2) does not satisfy assumption (A1) of Lemma 1. Hence, er-
godicity and uniqueness cannot be obtained. However, to prove Theorem 2, we need to
verify assumption (A2) of Lemma 1. We expect to construct a neighborhood D¢, and a
non-negative C2-function Wi (S, I, V,m) such that £W; < —1 forany (S, I, V,m) € I'\Dg,.
We consider an appropriate Lyapunov function form,

2
W(S,I1,V,m) = M(—Inl —c1S —c,V + gmz) —InS—1InV + m7 —In(1-S—-1-V) (10)

where b, ¢1, c3, and M are all undetermined positive constants.
We can simply define that

b
Vi = —Inl — 1S — ¢V + —m?,

2
Vz = flnS,
V3 = —lTlV,
2
m
Vi=—,
T2

Applying Ito’s formula to V; and scaling it, we have
£Vi=—BS—(1—e)V—mS—(1—eymV+u+a+e
—al(l—pp+al—(u+¢)S—BSI—msI]
—colpp+ @S —uV — (1 —e)BVI— (1 —e)mVI] — bom?> + gaz (11)
<lei(p+9)—crp—BIS+ [cop = (1=)B]V —cr(1 = p)u —copp + p+a+e

b ~ _
+ (24 cp +ca — cpe —e)|m| — bOm® + E(Tz—i- [c1(B—a) +ca(1—e)B]L.

Letci(u+ @) — c2¢ — B = 0. We have

Blu+(1—e)g] -
u(p+ @)
(1-e)B

0 =—"="2>0.
I3

Cc1 =

2
By (2+c1 + ¢ — cpe — €)|m| — bOm? < W, then

2 —ce—e)> b _ ]
£V < —(utate)(Ry—1)+ CFATR N a3 a) (1 - 0B (12)
Taking b = 2“1;%/229‘:267“, we can obtain

(2+c +E026—e>” +[e1(B—a) +ca(1 — )]

=—(p+a+e)(Ri—1)+ [c1(B—a) +c2(1—e)B]L,

Vi< —(p+a+e)(Ro—1)+ (13)

(2+c1+cp—cpe—e)o

where R; = Ry — o)
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Applying Ito’s formula to V5, V3, V4, and V5 and scaling them, we have

=1 —SP)V
(1—p)p

S—T+y+q)+BI+|m\.

I —
—%+y+(p+/31+ml
(14)

S _
vy =P P (1Bl + (1 —e)mI
VoV (15)

< EE g pd (- eBl+ (- e)lml
0.2
£Vy = —n® + (16)
el
V=TG5 v) (17)

Moreover, notice that W(S, I,V,m) is a continuous function, which satisfies that

lim infW(S,I,V,m) = +oo. (18)
S+I1+V—1

Hence, there is a minimum W ,,;,, of W(S, I, V,m).
We define a non-negative C? function Wy (S, I,V,m) : R%r X R — Rby

W](S,I,V,m) :W(S,I,V,m) _Wmin- (19)
Combining (13)-(17), it can be shown that

(2—e)? o2

W) < —M(Ry —1)(p+a+e)+3u+¢+ + =
46 2 20)
par- AP _pr el
S V 1-(S+I1+V)
where A = Mlcg_, +c2(1 —e)Bl + (2—e)B.
Wese’c—M(Rl—1)(pt+oc+:»:)+3;¢+<p—|—%Jr‘772 = —2. Then,
M_2+3y+(p+(24_;)2+‘772 a2
(R =) (p+ate)
In this way, we obtain
£W1§_2+/\1_M_Q_S—I (22)

S V o 1-(S+I1+V)

Next, the corresponding compact subset is constructed as follows:
D, = {(S,I,V,m) ER3xR|S>el>eV>eS+I+V < —e2}, (23)

where € is a sufficiently small positive constant.
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For convenience, we consider four subsets of R3 x R \ D¢ as follows:

S,I,V,m) € R xR|S <e
=1 }

(
D.=14(S,I,V,m) e R3 xR|[ <ey,
2,6 —

D5 = {(S,1L,V,m) € RL x RV <},
Diez{( )eRixR|5+I+V>1fez,I>e}.
In the following study, we will show that £W; < —1, forany (S,I,V,m) € Df, =
1,2,3,4).

Case1.If (S,I,V,m) € 1 .- by (22), it can be derived that

£W1<—2—(1_%)y+/\<—1. (24)

Case2.If (S,1,V,m) € 2 - by (22), it can be derived that
W) < =2+ e < -1 (25)

Case3.If (S,1,V,m) € ]D)3 - by (22), it can be derived that
£w1<—2—%+)\<—1. (26)

Case4.If (S,1,V,m) € 4 .- by (22), it can be derived that
£W1<—2—£+)L<—1. 27)

It is worth noting that Ri x R\De = U?Zl Df,e' Therefore, for any (S,I,V,m) €
Ri X R\ D, it can be obtained equivalently that £W; < —1. OO

The states of symbiosis and extinction due to various disturbances are the two most
researched topics in the epidemic model. Furthermore, we give the extinction of SIS
epidemic system (2).

Theorem 3. For any initial value (S(0), 1(0), V(0), m(0)) € T, if Ry = R+ Zrotez=cae=c)a 4

V70 (u+ate)
yﬂxﬂg < 1, the solution (S(t),I(t), V(t), m(t)) of system (2) satisfies
InI(t)
tlgglosup < (p+a+e)(Rp—1)<0  as. (28)

This implies that the epidemic of system (2) will become extinct with probability 1.
Proof. Applying Ito’s formula to In I(t), we obtain
dInI+c1S+cV) <[(p+a+¢€)(Rp—1)+cra+ (2+c1 +c2 —cpe —e)|ml]dt  (29)

Integrating the above formula from 0 to t on both sides, then

InI(t) +c1S(f) + oV (t) < /Ot[(y +a+¢e)(Rop—1)+c1a+ (241 + ¢ — cpe — e)|m|]dr+
In1(0) +¢1S(0) + 2V (0),

Dividing by t on both sides of this inequality and taking the limit as ¢ — co, we obtain
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InI(t) +c1S(t) + eV (#) [3(2+4c1+ 2 — coe — e) |m]dr

. _ B .
thﬁn;o ; < (p+a+¢)(Ro 1)+cla+t1LTo ;
and
. InI(t) Foo
lim == < (}4+0¢+£)(R0—1)+cltx+/ (24 01 + 2 — cae — &) |m|re(m)dm

(24+c1+cp—ce—e)o (32)
V7t

— (n+a+e)(Ro—1) +cra+
=(pu+a+e)(Ry—1)<0.
Consequently, it indicates that lim;_,, I(t) = 0 a.s. The disease will die out. [

4. Probability Density Function of Stochastic System (2)

According to Theorem 2, it is obtained that the global solution (S(t), I(t), V(t),m(t))
of system (2) follows a stationary distribution 77(-). This section is devoted to deriving an
explicit expression for the probability density function of the distribution 77(-) when Ry > 1.
In fact, this result will provide a wide range of possibilities for the further development
of epidemiological dynamics. Before this, necessary transformations (equilibrium offset
transformation) for system (2) should be mentioned.

Theorem 4. If Ry > 1, a quasi-stable equilibrium point E* = (S*,I*,V*,0) is defined to satisfy
the following system of equations:

(I=pu+al’ = (p+¢)S"—pS'I" =0
BS* I+ (1—e)BV'I* — (u+a+e)l* =0, (33)
pu+ @St — V' — (1—e)pV I" =0

When Ry > 1, Equation (33) has a unique positive solution, and S* € (%,SO), where

0_ (I-pu
S0 = LB,

Proof. We assume that fS° > a, Ry > 1. Then,

(h+¢)(S°=8) + (a—BS°) [ =0
{eﬁ5+(1e)/3(y+zx+e):(1e)ﬁ(1+;)l' 34
By Equation (34), we have
eB(S — ) + (u+a+e)(Rg—1) = (1—e)B(1+ i)l. (35)
Substituting Equation (35) with Equation (33), we have
F(S)= (u+9)(*—8) +(a—ps) | —— (s—s) ¢ —FF2+e i _1)| =0,
(8)=(1+9)(s*=5) + (& ﬁ)Lle)(HS)( ) (16)5(1+€)(0 )
F(so)—(a—ﬁso)( HEOTE  (Ry—1)<0
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Then, by F”(S) = (1)2(61ﬁ+) < 0, we know that Equation (30) has a unique solution.
e
* a g0y p* (H‘*‘(P)(S*—SO)
Thus, S* € (B'S ), 1 e O

To facilitate the study of the problem, we can make the following transformations. Let
Xx1=m,xp=85S—-5,x3=1—1",x4=N—N*, where N=S+1+ V.

Denote
X(t) = 2(t), x3(t), x3(t)T,
0 0
—ay —axp —dax3 0
ﬂ31 1132 —azz  azy |’

—a43 —044

—-oc 0 0 O

0O 0 -0 0
H = o 0 o0 o[

0O 0 0 O

where ay = S*I* > 0,40 = p+ ¢+ (B)I* > 0,403 = BS* —a > 0, a3; = “g“z* >0,

azp = eBl* > 0,a33 = azg = (1 —e)BI* > 0,a43 = € > 0, agy = p > 0. Therefore, the
linearized form of system (2) at the quasi-stable equilibrium point is

dX(t) = AX(t)dt + HdB(t). (38)

The probability density function of the solution of Equation (38) satisfies the Fokker—
Planck equation and is in the form of Gaussian distribution

O(X) = Coe~2X MoX, (39)

Here, Cy is the normalized constant and My a real symmetric matrix, which satisfies
the algebraic equation
MyH?>My + ATMy + MyA = 0. (40)

If M is an invertible matrix, Equation (40) can be equivalent to

H?>+ Ax+3AT =0, (41)

-0 0
“‘—(z A)'

AL — A| = A3+ p1A%2 + poA + p3,

where ¥ = M 1
Denote

where py = a + a3z + aa4, p2 = 0033 + A2044 + A33044 + 23032 + A34043, P3 = (22033044 +
A22034043 + A2332044. By p1 > 0, p2 > 0, p1p2 — p3 > 0, it can be concluded that A is
positive definite and the quasi-stable equilibrium is locally asymptotically stable.

Here, we provide an important Lemma [16]:

—b;; O 0 0
by by —byz 0

0 bz b3z by
through at most two steps and B will be similar to a standard matrix.

Lemma 2. For any matrix where B = and b3y # 0, B can move
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1 0 0 0
2
Step 1. Find a matrix G, = 0 bsobys  bus(bss +bas) by + basbss such that
0 0 bys byy
0 0 0 0
—b11 0 0 0
_ by1bapbys  — — —
B — G1BG; 1_ | b21 82 43 1‘11 gz 673
0 0 1 0
boaibabis —q1 —q2 —43
) ) 0 1 0 0
Step 2. Find a matrix G = 0 0 1 0 such that
0 0 0 1
—(0+q) —(0q1+q2) —(6q2+4q3) —bqs
" =1 1 0 0 0
Bi=&bBG, " = 0 1 0 0
0 0 1 0

is a canonical matrix.
Theorem 5. For any initial value (m(0),S(0),1(0),N(0)) € R x R% and N(0) < 1,if Ry > 1,
then the stationary distribution 7t(-) around (0, S, I, Ny) follows a unique normal probability
density function ®(m, S, I, N), which is given by

®(m,S,I,N) = (21) 2 |£| 2e 2 (MSINZ mSIN)T (42)

where ¥ is a positive definite matrix, and the special form of X is given as follows:

% = (Jafsl2J1) " Zal(Ualsl21) 1" (43)
with
1 0 0 0
0 1 0 0
=10 = 1 o}
a1
0 01
1 0 0 0
0 1 0 0
R=1loo0o 1 of
/
00 —% 1
37
1 0 0 0
5= 0 ahay; ays(as; +ayy) (a4y)* + asal
0 0 ajy ay, ’
0 0 0 1
! 1
—a21d3py3  —P1 —P2 —P3
o= 0 1 0 0
4 0 0 1 0 |’
0 0 0 1
AnAy — ApAi 0 Aqz 0
0'2 0 —A13 0 A11
24:7 7
1’] A13 0 _All 0
0 An 0 A1z — A1 A1,
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2
!l axas ./ __ a33a31 3431 apdsy ) __ _ 43431 o/ __ (43431
and ay, = —ay + 25, 4y, = azp + LI+ P s 3y = —a33 — 27, a, = S,
/ ! / /1 \2 /
"o 34449 I/ 0334y 4404y a34(”42) /A 344y _
a3z = —dz3 + a3 = T3 T gy, s (@2~ Maa = Taa — =0 An =6+

—p1, A1g = Op1 + p2, A1z = Opa + p3, and Ay = Ops, 7 = 2(A3, A1y — A11A1p Az + AZ,).

Proof. Let ys = X4, Y3 = bazx3 + baaxy, and ypo = y} = dys = bazdxs + baadxs = bypbazxy +
(b33bas + basbag)x3 + (b3gbys + biy) x4

Denote
1 0 0 0
G |0 Dabas bz (bsz + bas) b3y + basbus
1 0 0 b43 b44
0 0 0 0
Then, we have dY = G1dX = G;BXdt = G;BG; 'Ydt.
That is,
1 —bn 0 0 0 1
vl | baibzbas g1 —q2 —q3 | | v2
av=a| )= |7 e (44)
Y4 0 o 1 0 Y4

Letzy = V4,23 = yi; = Zf; =VY3,22 = yé = 2/3 = Y2, and z; = y’z = 2/2 = b21b32b43y1 -
q1Yy2 — q2Yy3 — q3Ya4.

Denote
byibsbys —q1 —q2 —q3
C 0 1 0 0
2= 0 0 1 0 |
0 0 0 1
Then, we have dZ = G,dY = G,B'Ydt = G,B'G, ' Zdt.
That is,
z1 —(0+q1) —(091+q2) —(0q2+4q3) —0q3\ (=21
_ 22 _ 1 0 0 0 Zn
dz =d = 0 1 0 0 o dt. (45)
Z4 0 0 1 0 Z4

Now, let us solve the density function of Equation (38). Firstly, let A; = [ AJ; 1 where

1 0 0 0
0 1 0 0
i=lo —= 1 of
a1
0 0 0 1
Then,
—0 0 0 0
/
Ay — —Aan1 1122 —an3 0
1— 0 / / ’
Az  d3zz 34
]
O a42 _ﬂ43 —ﬂ44
2
r_ a3az ./ _ 433031 9233 apaz 0 __ 23431
where 022 = as» + iy ﬂ32 - a32+ an + a2 ay 7 733 T as3 ax 7

21
/o 43031
and ay, = o
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Secondly, let Ay = [,A1], 1 where

1 0 0 0
01 0 0
=100 1 ol
[l,
0 0 2 1
a
32
Then,
—0 0 0 0
/
A, — —ap1 Oyy —a23 0
2 — 0 a. a a
32 3?/ 3‘/1/
0 0 —ap —ay
/ ! ! / /! 2 !
"o a3aldyy oy _ Ogfyy  O4404 34(a}y) no_ _ _ O34y
where a3; = —az; + ay M3 = T3 T oy a3 (afp)? 7 M4 = T T T

Thirdly, by Lemma 2, let A3 = [3A2]5 1 where

1 0 0 0
Iy = 0 apaly ajs(af; +ayy) (afy)* +azals

’ 0 0 ajy ay,

0 0 0 1
Then,

—0 0 0 0

_ | —aapa; —p1 —p2 —ps
As = 0 1 0 0
0 0 1 0

Finally, by Lemma 2, let Ay = J4A3], 1 where

—anandy; —p1 —p2 —Pp3
- 0 1 0 0
Ja= 0 0 1 o |’
0 0 0 1
Then,
—(@+p1) —(Op1+p2) —(Op2+p3) —Op3
Ay = 1 0 0 0
0 1 0 0
0 0 1 0

Let A11 = 0+ —p1, A1 = 0p1 + p2, A13 = 0pa + p3, and A1y = Op3. By Equation (41),
we can solve that

, A11Ay — ApAz 0 A3 0
o 0 —A13 0 All
Yyp=— 46
4 17 A13 0 —A11 0 ( )
0 An 0  Apz—AnAp,

where 7 = 2(A% Ay — A11A1p A3 + A%a). Obviously, matrix ¥ is positive definite. Then,
= = (sl 1) "ZalUals2J1) 71 O
5. Examples and Numerical Simulations

In this section, we will introduce some examples and numerical simulations to demon-
strate the above theoretical results. By means of the higher-order method developed by
Milstein, the corresponding discretization equation of system (2) is obtained in the form
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S(k+1) =S(k) + At[(1 — p)p -+ al(k) — (4 + p)S(k) — BS()I(K) — m(K)S(K)L(K)]
I(k+1) =I(K) + ABS(K)L(K) + (1~ )BV(K)L(K) — ( +a + ) L(k) + m(K)S(R)I (k)
(1 - m(k)V(R)I(F)] )
V(k+1) =V(k) + Atlpp + pS(K) — uV (k) — (1 - )BV(R)I(K) — (1 - e)m(k)V (k) L(F)]

At(EE —1)

where At is the time increment, and ¢ is the Gaussian random variables which follow the
distribution N(0,1),k=1,2,3....

am()

m(k +1) =m(k) — AtOm (k) + om(k)VAtE +

Example 1. In order to check the existence of a stationary distribution, we choose the values of the
system parameters as follows: (p, u,a, ¢, B,e,¢,0) = (0.4,0.2,0.1,0.1,0.8,0.8,0.05,0.5), and the
environmental noise intensities ¢ = 0.01. Then, Ry = 1.07 > 1, where Ry is defined in Theorem 2.
Therefore the conditions of Theorem 2 hold, and there is a stationary distribution 7t(-) of system (2)

in left hand column in Figure 1.

1
Stochastic system _5 6000
— Deterministic system b=}
% 0.5 Y 3 4000
“yy " E
V .« 2000
(&
0 0°f
0 200 400 600 800 1000 0.25 0.3 0.35 0.4
Time
1 6000
Stochastic system _5
Deterministic system 5 4000
=05 -E
\ | @ 2000
\ I o
0 L L 0
0 200 400 600 800 1000 0 0.1 0.2 0.3
Time
1
= 10000
£
> PRV 3
$05 AN UYLV VAT R R
Stochastic system 3
Deterministic system a
0 0
0 200 400 600 800 1000 0.2 0.3 0.4 0.5 0.6

Time

Figure 1. The left-hand column shows the simulation of compartments S(t), V(t), and I(t)
in deterministic system (1) and stochastic system (2) with parameters (p,u,a, ¢, B,¢e,¢,0) =
(0.4,0.2,0.1,0.1,0.8,0.8,0.05,0.5). The right-hand column shows the distribution of stochastic system
(2). When R; > 1, the disease will persist for a long time.

Example 2. In order to check the existence of a stationary distribution, we choose the values of the
system parameters as follows: (p, u,a, ¢, B,e,¢,0) = (0.4,0.2,0.1,0.1,0.1,0.8,0.05,0.5), and the
environmental noise intensities ¢ = 0.01, in right hand column in Figure 1. Then, Ry = 0.4 < 1,
where Ry is defined in Theorem 3, in left hand column in Figure 2. Therefore, the conditions of
Theorem 3 hold, and the disease will be extinct in a long time, in right hand column in Figure 2.
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4
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Time
1 x10*
Stochastic system _5
= st ER
Sos5 Deterministic system 'E
@
\; (]
0 (0
0 10 20 30 40 50 0 0.05 01 015 02 025
Time
X 104
08 5
- 0.6 E 5
= g; Stochastic system =
' Deterministic system a
0 0
10 20 30 40 50 0.2 0.3 0.4 0.5 0.6

Time

Figure 2. The left-hand column shows the simulation of compartments S(t), V(t), and I(t)
in deterministic system (1) and stochastic system (2) with parameters (p,u,a, ¢, B,¢e,6,0) =
(0.4,0.2,0.1,0.1,0.1,0.8,0.05,0.5). The right-hand column shows the distribution of stochastic
system (2). When R, < 1, the disease will be extinct in a long time.

6. Discussion and Conclusions

In this paper, we investigate the dynamic behavior of a stochastic SIS model with
imperfect vaccination, where the population is demographically static and growing with
an infection-induced mortality rate. We introduce the Ornstein—Uhlenbeck process to simu-
late random disturbances in the environment and obtain a more biologically meaningful
stochastic SIS epidemic model. To the best of our knowledge, few papers currently study
SIS epidemic models with Ornstein—Uhlenbeck processes.

In this paper, we investigate the dynamic effects of the Ornstein-Uhlenbeck pro-
cess on SIS epidemic models under standard incidence. We construct several different
and suitable Lyapunov functions to prove our conclusions. We obtain the existence and
uniqueness of the global solution to the SIS epidemic model (2). Furthermore, we establish
sharp sufficient criteria for the existence of stationary distribution and reveal the effects of
the Ornstein—Uhlenbeck process on the existence of stationary distribution. Specifically,
if Ry > 1 and the parameters § of the Ornstein-Uhlenbeck process meet certain conditions,
then system (2) exists with a stable distribution. Otherwise, if R, < 1, the epidemic of
system (2) will become extinct with probability 1. The innovation of this paper is that we
obtain a mathematical analysis result of the density function of four-dimensional stochastic
model (2), which is quite challenging. Numerically, we simulate the effects of the intensities
of white noise on the stationary distribution and show that the degree of volatility will
increase. Additionally, it is worth noting that the same methods are used in the survival
analysis of the high-dimensional SIS epidemic model in our following research.

The numerical simulation example reveals that there exist periodic regimes in the
deterministic system and metastable periodic regimes in the corresponding stochastic
system, which is the subject of our future research. External interference will affect the
balance of the SIS epidemic model. Therefore, it will be of extraordinary significance to
minimize human interference and damage to the environment and organisms.
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1. Introduction

Singular systems have become an extended form of the traditional state-space systems,
where, besides the dynamic behaviors, they can further integrate algebraic constraints into
the systems. They are more ingeniously applicable in miscellaneous systems, e.g., eco-
nomic model systems [1,2], circuit systems [3], chemical response processes [4], and power
systems [5]. However, the stability analysis and controller design issues of singular systems
are more intricate than traditional ones [6-8]. Since they usually embrace rank insufficient
derivative term matrices (or difference term matrices, for discrete system cases) in the mod-
els, besides the stability verification, we must ensure the regularity and impulse immunity
(or causality, for discrete system cases) simultaneously. Furthermore, the practical system
models need to accommodate parameter uncertainties of circumstance variation, compo-
nent aging, measuring inaccuracy, and so on. Thus, the robust admissible analysis and /or
robust control for singular systems were deeply investigated in the past (see, e.g., [9-15]
and the references therein). For practical implementation, digital signals are indispensable
in real-time control or monitoring systems. Using signal transformation, discrete difference
models with highly accurate forms could be attained [16]. Thus, many works have been
inspired to cope with discrete singular systems subjected to various uncertainties (see,
e.g., [17-19] and the references therein).

Moreover, when implementing a control system, stability is the minimum requirement
of the system’s behavior. The system’s performance is directly dominated by the pole
locations in the complex plane of a state-space system’s model [20-24]. Subsequently, the
D-admissible analysis and controller design issues for discrete singular systems have also
been discussed recently ([25-29] and the references therein). By examining past results,
they considered the difference term matrix of the discrete singular systems that needed to
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be fixed. Then, they could attain some explicit admissible analysis and controller design
criteria. However, for system modeling from a practical system, the parameter variations
usually have individually varying durations and can be meaningfully embraced by both
the derivative term (or difference term for discrete system cases) and system matrices with
structural uncertainties [15,30-34]. For discrete singular systems, the robust D-admissibility
issues with perturbation in both the difference term and the system’s matrices have been
previously investigated [33]. However, the proposed conditions involved a large number
of LMI constraints, which not only cause computing exertion but also may introduce
conservatism for the proposed criteria. In the work [35], the D-admissibility and controller
design issues were discussed for uncertain discrete singular systems with state delay.
However, the results are based on the augmented system’s approach, which makes it
challenging to tackle the uncertainties that exist in the difference term matrix. Concluding
the aforementioned exploration, it seems that relatively few results deal with the state
feedback control with D-admissible assurance for uncertain discrete singular systems
subjected to parametric perturbation in both the difference term and system matrices,
which inspired us to undertake this topic.

This study is devoted to the state feedback control with D-admissible assurance for
discrete singular systems subjected to uncertainties in both the difference term and system
matrices. Using matrix algebra and LMI techniques [36,37], we first present a distinct
D-admissibility criterion of the considered systems. The new form not only has less LMI
constraints but also involves some slack metrics, which may be beneficial for reducing the
conservatism of analysis criteria. By hiring the state feedback control, the controller design
issues associated with prescribed pole locations for the closed-loop singular system are
further treated. All of the presented conditions can be expressed in terms of the strict LMI
constraints, which can be easily evaluated by current LMI solvers [37] for the admissible
analysis or by systematically conducting state feedback control. Ultimately, two examples
illustrate the feasibility and applicability of the derived results. By comparing with the
previous results, the contributions of our work are summarized in the following points:

1. To the best of our knowledge, few works focus on the state feedback control with
D-admissible assurance for uncertain discrete singular systems subjected to parameter
uncertainties in both the difference term and system matrices. This work is mainly
devoted to the state feedback control with D-admissible issues for the considered
systems.

2. For all of the design criteria that can be derived in terms of the strict LMIs, a state feed-
back controller with prescribed performance requirements can be readily conducted
via current LMI tools.

The remaining information is outlined as follows. Section 2 introduces preliminary
results and definitions for discrete singular systems. The D-admissibility and the state
feedback control are mainly addressed in Section 3. Two numerical examples are involved
to illustrate the feasibility and effectiveness of the proposed results in Section 4. Finally, we
make some concluding remarks on this study in Section 5.

2. Preliminaries on Discrete Singular Systems

Consider an uncertain discrete singular model described by
Ex(k+1) = (A+AA)x(k) + (B+ AB)u(k), k > 0, (1)

where x(-) € R" and u(-) € R” are the state vector and the control input, respectively. The
uncertain difference term matrix E with rank(E) = m < n can be denoted by a polytopic
form as

o qE qE
QEE{E:E—ZeiEi,ei>0,Zei—l}/ &)
i=1

i=1
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where g is the total number of the matrices’ vertices, E;. The nominal system matrices A
and B have compatible dimensions and the uncertainties terms AA and AB are assumed to
be norm-bounded with constant matrices M, N4, N, and matrix A, ATA <, satisfying

[AA AB] = MA[N4 Npg). ®)

Remark 1. The considered descriptor system in (1) involves both the uncertainties in (2) and (3)
with distinct forms. They can be reasonably analyzed due to their inherited characteristics, including
uncertain parameters that exist in the difference term and system matrices [34].

Lemma 1 [38]. Denote a matrix Q = QF, with compatible matrices M and N, such that
Q+ MAN +NTATM" <0
where A satisfies AAT < I, if and only if there exists a positive number w satisfying

Q+aMMT +a INTN < 0.

To cope with the control issues of the discrete singular system (1), some definitions for
the nominal form, Ex(k + 1) = Ax(k), are given as follows.

Definition 1 [8,33,35].

1. The matrix pair (E, A) is asserted to be reqular if det(zE — A) # 0.

2. The matrix pair (E, A) is asserted to be causal if det(zE — A) # 0 and deg[det(zE — A)] =
rank(E).

3. Let the characteristic polynomial of the nominal system Ex(k +1) = Ax(k) be F(z) =
det(zE — A). The nominal system is asserted to be D-admissible, if it is regqular, causal,
and all of the finite solutions of F(z) = 0 satisfyz € D(a, r) = {z: |z —a| < r}, where
la| +r < 1. And, the nominal system is asserted to be admissible, if it is reqular, causal, and
all of the finite solutions of F(z) = 0 satisfy z € D(0, 1).

Some previous results are introduced below.

Lemma 2 [10]. The nominal system, Ex(k + 1) = Ax(k), is admissible if and only if there exist
two matrices, P > 0 and Q, satisfying

ATPA —ETPE+QSTA+ ATsQT <0 (4)
where S € R (1=m) with ETS = 0 and rank(S) = n — m.

Lemma 3 [33]. The nominal system, Ex(k + 1) = Ax(k), is D-admissible if and only if there exist
two matrices, P > 0 and Q, satisfying

—ETPE+QSTA+ ATsQT <0 (5)

(A—aE)TP(A—aE)
r r

where S € R™ (=) with ETS = 0 and rank(S) =n — m.
Deducing from the equivalent admissibility issues of the symmetric form of (E, A) [39],

we can replace (E, A) in Equation (5) by the transpose pair (ET, AT) and obtain a symmet-
ric manner as follows.
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Corollary 1. The nominal system, Ex(k + 1) = Ax(k), is D-admissible if and only if there exist
two matrices, P > 0 and Q, satisfying

(A —aE)P(A—aE)T
r r

— EPET + QSTAT + ASQT <0 (6)

where S € R™(1=m) with ES = 0 and rank(S) = n — m.

For the controller design issue, we present a distinct form by replacing the matrix S by
PS with the nonsingular matrix P.

Corollary 2. The nominal system, Ex(k + 1) = Ax(k), is D-admissible if and only if there exist
two matrices, P > 0 and Q, satisfying

(A—aE) (A aE)"

— EPET + QS"PAT + APSQT < 0 7)
where S € R™ (=) with EPS = 0 and rank(S) = n — m.

3. D-Admissibility and State Feedback Control

A refined robust admissible analysis criterion for the uncertain discrete singular
system (1) with (2) and (3) is derived as follows.

Theorem 1. The system (1) subjected to the uncertainties (2) and (3) with free input is D-admissible,
if there exist a set of matrices P> 0, Q;,i =1, 2, ..., qg, and scalars a;j >0, Vi < j, satisfying

ASQ;" + Q;STAT — E;,PET + ayMMT (A —aE;))P Q;STN}
P(A —aE)" —r2p PN} | <0, Vi,  (8)
NASQZT NAP —D(Z'il

AS(Qi+ Q)"+ (Qi+Q))STAT — E,PE] — E;PE] + ajyMM"  (2A —aE; —aE)P  (Qi+ Q;)STN]
P(2A — aE; — aEj)" —2/2p 2PN} | <0,

NaS(Qi+ Q)" 2N4P — a1
Vi < j,

where S € R™(1=m) it E;S =0, Vi, and rank(S) =n — m.

Proof. Based on Corollary 1 associated with the Schur complement [36], Equation (6) can
be equivalent to
ASQT + QSTAT — EPET (A —aE)P

0.
P(A —aE)T —2p | °

Assume that matrices P>0and Q;,i =1, 2, ..., g, and scalars ajj >0, Vi < j satisfy

the inequalities (8) and (9). Based on Corollary 1 with the above equation for the system (1)
with uncertainties (2) and (3), and letting Q = ) ¢;Q;, we can verify the D-admissibility by
i
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(A+AA)SQT + QST(A+AA)T —EPET (A + AA —aE)P

P(A+AA—aE)" _2p
T T
(A + AA)S (Zein‘) + (ZeiQi) ST(A + AA)T - (ZeiEz) P(Z el-Ei> (A +AA—a (ZeiEl-) ) P
— 1 1 1 1 1
- T
P (A +AA—a (2 eiEl->> —12P
i
_yp2| (At AA)SQ;T + QiST(A+AA)" — E;PE] (A +AA —aE;)P
7| P(A+AA—aE)" _2p
T T
Ly e | ATAASQi+ Q)+ (Qi Q))ST(A+AA)" — EPET — E;PE]  (2A+2AA — aE; — ak;)P
5| PQA+2MA —aE; —aE;)" _2:2p
<0.

Substituting AA = MAN,4 into the first terms of the above leads to

A+AA)SQT + QiST(A+AA)T —E;PET (A + AA —aE;)P
1

P(A+AA—aE)" —12p
| ASQ;" +Q;STAT — E;PE] (A —aE)P AASQ;T + Q:STAAT AAP
| P(A—aE)T —12p PAAT 0
ASQ;T + Q;STAT — E;PET (A —aE;)P M T Q;STNT } T
= A[ NsSQT NuP A AT MT 0
P(A —aE;)" —12p o |ALNaSQE NaP ]+ | pyr [ ]
, Vi
And according to Lemma 1, the above can be equivalent to
ASQ;T + Q;STAT — E;PET (A —aE;)P [ M T [ QiSTNE T
= [ P(A - aF;)T Cap | @il g [[ME0 ]+ pNT [ NaSQ! NuP |
, Vi
Thus, by the Schur complement, they lead to
ASQ;" + QiSTAT — E;PE] + ayMMT (A —aE;))P Q;STN}
= P(A —aE)T 2P PN} |, ¥,
NASQlT NAP —D{l‘l'I
which are identical to (8).
Similarly, the second terms can be deduced to be
AS(Qi+ Q) + (Qi+ Q))STAT — E:PE — E;PE] +ayMMT (24 —aE; —aEj)P  (Qi+Q))STN}
= P(2A — aE; —aE;)" —2¢2P 2PNT
N4S(Qi+ Q)" 2N4P —ayl
, Vi<,

which are identical to (9). Thus, if (8) and (9) are satisfied, we can conclude that the
considered system is D-admissible according to Corollary 1. [J

By Theorem 1, we can simply verify the system with admissibility by letting a = 0
and r = 1, i.e., the D-admissibility with the unit circle D(0, 1), as follows.
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Corollary 3. The system (1) subjected to the uncertainties (2) and (3) with free input is admissible,
if there exist matrices P> 0and Q;,i =1, 2, ..., qg, and scalars i >0, Vi < j, satisfying

ASQT + Q;STAT — E,;PET +a;MMT AP Q;STN}
PAT -P PN} | <0,V (10)
NASQZT NAP —ocl-il

AS(Q; + Q]-)T +(Qi+Qj)sTAT — El-PEjT — E;PE] +a;;MMT 2AP  (Q;+ Q;)STN}
2PAT —2P 2PN} <0,Vi<j, (11
NaS(Qi+ Q)" 2N, P — a1

where S € R (1=1m) it E;S =0, Vi, and rank(S) =n — m.

Remark 2. Comparing with the previous result [33], the LMIs’ constraint number is g4 X (qg +
C%E). Nevertheless, in Theorem 1, the new approach can achieve a compact set of LMIs

with (qg + CgE) and involves multiple slack matrices Q;, i =1, 2, ..., gg. They both may
be useful to lessen conservatism of admissible analysis.

Subsequently, by introducing the state feedback control, i.e., the considered system
with u(k) = Kx(k) in (1), the control design conditions are further presented.

Theorem 2. The system (1) with u(k) = Kx(k) subjected to the uncertainties (2) and (3) is
D-admissible, if there exist matrices P> 0and Q;,i =1, 2, ..., qg, X, and scalars ajj >0, Vi <j,

satisfying
P, (A —aE;)P+BX Q;(NsPS+ NpXs)"
P(A —aE;)" + XTBT —12P PNT+X"NF | <0, Vi,  (12)
(N4PS + NpXS)QF NP + NpX —ai]
@, (2A — aE; — aE;)P +2BX  (Q; + Qj)(NAPS + NyXS)"
P(2A — aE; — aE;)" +2XTBT —212p 2PNT +2XTNT <0,Vi<j, (13)
(NAPS + NpXS)(Q; + Q)" 2N4P + 2N X —aj1
where

@, = APSQ;T + Q;STPAT + BXSQ;T + Q;STX"BT — E;PE! + a;MM"

@y = APS(Qi+ Q)" + (Qi + Q))S"PAT + BXS(Qi + Q)" + (Q; + Q))S"X"BT — E;PE] — E;PE] + ajyMM"

where the matrix S € R"™(n=m) with E;PS =0, Vi, and rank(S) = n — m. Then, a state feedback
gain with a prescribed pole disk D(a, r) C D(0, 1) with the center at a and the radius r can be
determined by K = XP~ 1.

Proof. Deducing from Corollary 2 associated with the Schur complement, Equation (7) can
be equivalent to

APSQT + QSTPAT — EPET (A —aE)P
P(A—aE)" —12p

Assume that matrices P >0and Q;, i =1, 2, ..., qg, X, and scalars a;j >0, Vi <j
satisfy the inequalities (12) and (13). Based on Corollary 2 associated with the above for
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the resulting uncertain closed-loop singular system (1) with u(t) = Kx(t), and letting
Ac = A+ AA+ BK+ ABK, Q =Y ¢;Q;, we can verify the D-admissibility of (1) by
i

AcPSQT + QSTPAL — EPET  (Ac —aE)P
P(Ac — aE)T —7r2P

T T
ACPS (ZE,’QZ') + <Z€,’Qi) STPAVE — (ZeiEi>P<ZeiEi) (AVC — a(xeiE,»))P

T
P (gc —a (Z e,-E,)) *T’ZP

AcPSQ;T + Q;STPAL — E;PET  (Ac —aE;)P ]

2
; : P(AC — LZEZ')T *sz
iy AcPS(Q; + Qj)T +(Qi+ Q))STPAL - EZ-PEjT —E;PE] (2Ac —aE; —aE;)P
e;e; ~
i<i | PQ2Ac —aE; —aE;)" —212p
<0.

Denote X = KP. Substituting Ac = A + AA + BK + ABK and [AA AB] =
MA [NA NB] into the first terms of the above leads to

AcPSQ;T + gisTPA(T: — E,;PE] (Ac —aE)P
P(Ac — aE;) —r2p
[ APSQ.T + Q;STAT + BKP + PKTBT — E;PE] (A —aE;)P+ BKP
P(A —aE;)" + PKTBT —12p
N [_AAPSQI«T + Q;STPAAT 4+ ABKPSQ;" 4+ Q;STPKTABT AAP + ABKP }
PAAT + PKTABT 0
[ APSQ;T + QiSTAT + BX + XTBT — E,PET (A —aE;)P + BX

P(A —aE;))T + XTBT —12p
M STPNT + Q;STXTNT
+{ 0 ]A[ N4PSQF + NpXSQI' NP+ NpX | + [ gzz\rgju)?TJzerTQl B ]AT[ MT 0 |
Vi

And, from Lemma 1, the above are equivalent to

APSQ;" + Q;STAT + BX + XTBT — E,;PE] (A —aE;)P + BX
P(A —aE;)" + XTBT —12P

M _1[ QiSTPN] 4+ Q;STXTNE
0 }[ MT 0 ] +a;? g;\ngr}?TN;Tg’ B }[ NaPSQ] + NpXSQ] NuP+ NpX |
, Vi.

i [

Thus, by the Schur complement, they lead to

@, (A —aE;))P +BX Qi(NoPS+ NpXS)"
= | P(A—aE;)"T + XTBT —r2P PNT+ XTN] |, Vi,
(N4PS + NpXS)QF NP + NpX —a;l

which are identical to (12).
Similarly, following the same line, the second terms can lead to

@, (2A —aE; —aE;)P+2BX (Q; + Q;)(NaPS+ NpXS)"
= | P(2A —aE; —aE;)" +2X7BT —2r2p 2PN} +2XTN]

(NAPS + NpXS)(Qi + Q)" 2N P + 2NpX —a;l
Vi<,
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which are identical to (13). Thus, if (12) and (13) are satisfied, the considered system with
u(k) = Kx(k) is ensured to be D-admissible according to Corollary 2. [

Based on Theorem 2, we can simplify to conduct a state feedback control for the
system (1) with admissible assurance by letting a = 0 and r = 1 in the following.

Corollary 4. The system (1) with u(k) = Kx(k) subjected to the uncertainties (2) and (3) is
admissible, if there exist matrices P> 0and Q;,i =1, 2, ..., qg, X, and scalars ajj >0, Vi <j,

satisfying

D, AP+BX  Q;j(NAPS+ Npxs)"
PAT + XTBT -P PN+ XTN] <0, Vi, (14)
(NAPS + NpXS)QI'  NuP+ NpX —a;;l
D, 2AP+2BX  (Q;+ Q;)(NaPS+ NpXS)"
2PAT +2XTBT —2P 2PN% 4+ 2XTN] <0,Vi<j, (15)
(NAPS + NpXS)(Qi + Q)" 2N4P +2NpX —al
where

@, = APSQ;T + Q;STPAT + BXSQ;T + Q;STX"BT — E;PE! + a;yMM"

@, = APS(Qi+ Q)" + (Qi + Q))S"PAT + BXS(Qi + Q) + (Qi + Q))S"X" BT — E;PE] — E;PE] + ajyMM"

where the matrix S € R"™(n=m) with E;PS =0, Vi, and rank(S) = n — m. Then, a state feedback
gain with admissible assurance can be determined by K = XP~1.

From the proposed design criteria in Theorem 2 and Corollary 4, we summarize the
design steps as follows.
Design procedure:
Step 1: Based on the descriptor system (1) with (2) and (3), denote a set of Ei by (2), and M,
Ny, and Np by (3).
Step 2: Denote a matrix S which is of full-column rank and satisfies E;PS = 0, Vi.
Step 3: Initially denote Q; with a compatible dimension.
Step 4: Construct, respectively, LMI constraint sets by (12) and (13) with D-admissible
assurance or (14) and (15) with admissible assurance.
Step 5: Evaluate the constructed LMIs from the LMI tool [37] for existing solutions P > 0, X
and scalars a;; > 0.
Step 6: If the LMIs are feasible, a satisfying control gain can be evaluated by K = XP~};
otherwise, no satisfying control gain can be obtained. End the design procedure.

4. IMlustrative Examples

Two numerical examples are introduced to verify the effectiveness and applicability
as follows.

Example 1. A discrete singular system subjected to parametric perturbation is represented as

2 14w O 05 04 06 0 0 0
0 14w, 0| |x(k+1)=[]02 —05 0 |+ws| 0 0 0 |]|x(K),

0 0 0 04 —-02 04 047 0 036
where |wy| < 0.52, |wy| <0.19, and |w3| < 1.
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Since the considered singular system involves the uncertain difference term matrix E,
some existing works [17,18,39] with a constant E are not applicable. Moreover, based on
the previous work in [33], we first denote the matrices’ vertices for the difference term and

system’s matrices as
2 152 0 2 048 0
E;=1{0 119 0|, E,= 1|0 119 0Of,
0 0 0

0 0 0
2 152 0 2 048 0
E3= |0 081 0|, E4= |0 081 0Of,
0 0 O 0 0 O
with gr = 4 and
05 04 06 0.5 04 06
Ay=02 —-05 0|, A=| 02 -05 0 [,
087 —0.2 0.76 —-0.07 —02 0.04

with g4 = 2. According to Theorem 3.1 in [33], we can form g4 x (g + C%E) =20 LMIs
for analyzing the admissibility of the considered system. However, when we evaluated
them using the LMI solver [37], it showed infeasibility and we could not conclude the
admissibility for this system. Furthermore, when evaluating the regarding system from the
proposed approach in [19], the LMI solver also showed infeasibility.

However, in this work, the uncertain term of a system matrix can be alternatively
described as AA = MAN4 with M = [0 0 1]T and N, = [047 0 0.36]. Based on

Corollary 3 with a denoted matrix S = [0 0 1}T, EiS = E»S = 0, the admissible
analyzing conditions for this system can be formed by the LMI constraints with the number

(g + CL%E) = 10 from (10) and (11). By evaluating the LMI, we can obtain satisfying feasible
solutions such as

154.8676  —1.0631 —125.8808 111.1610
P= [ —1.0631  20.7002 —0.1751 ] x1072>0,0; = | —2.9668 ] x 1072,
—125.8808 —0.1751 145.8124 —60.6450
106.5411 83.2633 110.5696
Qy=| —85998 | x1072,Q;3=| —7.8827 | x1072,Qs=| —9.5869 | x 1072,
—62.0371 —45.4755 —64.3897
ming;; = azz = 0.2 > 0.
1<j

According to Corollary 3, we thus conclude that the regarded system with uncertainties
is robustly admissible.

For verification, we denote the initial condition x(0) = [20 —10 —25] and the un-
certainties terms as wy = 0.52sink7t, wy = 0.19 cos 2k7, and w3 = sin4k7m. The regarded
system, subjected to the given uncertainties, is then simulated. By observing Figure 1, it is
evident that the state behaviors x (k) have convergent trajectories with all the allowable uncer-
tainties.

}T

Example 2. A third-order singular system with parametric perturbation is described by

1 0 0 1 08 -1 0 00 1 0
1+w; 2 O|x(k+1)=1||-12 15 2 | 4wy|0 1 1| |x(k)+ | (1| +ws|1| Ju(k),
0 0 0 06 04 1 0 00 0 0

where the perturbed uncertainties are assumed to fulfill |wq| < 1,0 < wy < 0.6,and 0 < w3 < 1.
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The vertices of matrices E in (2) for the considered system can be denoted as

The uncertain system matrices can be described by [AA AB] = MA[N4 Ng] with

M=1[0 1 0] T, N, = [0 0.6 0.6], and N, = 1. By primary evaluation, the nominal
unforced system is originally unstable, i.e., the poles of the system with free input are
not within D(0, 1). When letting x(0) = [-3 7 —1]T, the system with free input is
firstly simulated, and the state behaviors are drawn in Figure 2. By observation, the state
responses of the system with free input are divergent. Thus, we need to conduct a proper
control law for compensation. However, the previous work [19] cannot be applied to design
a practicable controller with respect to D-admissible assurance.

20 - -
—< —x1
15 (L’” —% —x2 H

QF —S —x3

10 -

States

5 10 15 20
k

-250 \ ! \
0

Figure 1. State responses of the considered system in Example 1.

By the design criteria of Theorem 2, we can conduct a state feedback controller with
D-admissible assurance of a prescribed pole disk D(0.2, 0.6). Thus, based on Equations
(12) and (13), we correspondingly formulate three LMI constraints and denote

0 1
S=10|,01=Q,=-10x |1|, P= 5! 0,
. . 0 P
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with P; € R?*2, P; € R'*! satisfying E;PS = 0, Vi. Using the LMI solver for evaluation, a
set of feasible solutions can be attained by

3.3813 —15.1082 0
P=| —15.1082 109.5238 0 x 10* > 0,
0 0 2.0432

X =[67012 —48.1456 3.4029 | x 10%,
aq7 = 1.3965 x 100,
aqp = 2.5093 x 10°,
apy = 1.4135 x 10°.

Thus, a satisfying state feedback gain with the pole region D(0.2, 0.6) can be deter-
mined by
K=XP ' =[46076 —43.3235 166.5498] x 10~2.

When given the same initial condition x(0) = [-3 7 —1] T the compensated system
with the state feedback controller is simulated once again. Furthermore, the state behaviors
x(k) and the control input u(k) are depicted in Figures 3 and 4, respectively. From Figure 3,
all the state responses have well-convergent trajectories. Thus, the considered system with
the state feedback gain is ensured to be D-admissible, where the closed-loop system can
meet the prescribed performance requirement with the pole region D (0.2, 0.6).

Remark 3. Using the proposed design scheme in Theorem 2 and Corollary 4, we can conduct a
conventional state feedback controller with D-admissible assurance or admissible assurance for the
considered discrete singular system subjected to the uncertainties, which has the advantages of easy
implementation and low cost. The given numerical examples have illustrated the feasibility and
superiority of the developed methods. For nonlinear systems, we can perform the linearization by
the given operating point and then can approximate to a linear form with uncertainties around
the operating point. However, in the case of multiple operating points, we can incorporate the
proposed results with existing intelligent control methods, such as fuzzy control systems [40,41],

for further study.
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Figure 2. State responses of the open-loop system.
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Figure 3. State responses with D-admissible assurance of the closed-loop system.

0 —5 ~ ~ o—= ~ ~ o—&

Figure 4. Control input trajectory.

5. Conclusions

In this work, we have dealt with state feedback control with D-admissible assurance
for discrete singular systems subjected to the uncertain difference term and system matrices.
Firstly, based on LMI techniques and matrix algebra manipulation, a refined D-admissible
analysis criterion could be presented. The extended result has compact LMI constraints
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and involves multiple slack matrices, which help to lessen the conservatism for admissible
analysis. By introducing the state feedback control, we then focused on state feedback
control with D-admissible assurance for the closed-loop system. Since the proposed
design criteria can be formulated in terms of the strict LMIs, they are readily evaluated
by current LMI tools to construct a state feedback controller with the prescribed system’s
performance. Finally, two illustrative examples demonstrate the feasibility and applicability
of the derived results. In the future, we will incorporate the proposed design scheme with
existing intelligent control to cope with real physical systems, nonlinear systems, and/or
time-delay systems.
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Abstract: This study addresses the fuzzy parameters (coefficient) determination for the
logistic population growth model, proposing a novel methodology based on fuzzy logic
concepts. Population dynamics are often modeled using differential equations whose
parameters represent critical ecological information, where the parameters determination is
a problem itself. Unlike those approaches, the proposed methodology leverages ecosystem
variables as inputs to a fuzzy inference system, which then generates fuzzy coefficients
that better capture the inherent uncertainties in population dynamics. The approach was
tested on a case study involving marine fish populations, where the fuzzy coefficients for
growth rate and carrying capacity were calculated and integrated into the logistic model.
The results illustrate that the fuzzy model with the proposed coefficients provide a robust
framework for modeling population growth, preserving the increasing trajectory of the
population under different scenarios. This method allows for the incorporation of expert
knowledge and linguistic variables into the model, offering a more flexible and accurate
representation of real-world ecosystems. The study concludes that this methodology
significantly enhances the model’s applicability and predictive power, particularly in
situations where precise data are not available.

Keywords: fuzzy differential equations; verhulst model; fuzzy coefficients; population
dynamics; expert knowledge

MSC: 34A07; 62F86; 62]12; 28E10; 41A25

1. Introduction

Mathematical modeling plays a crucial role in understanding various natural phenomena.
One of the well-established areas within mathematical modeling is population growth dynamics,
where models help to predict and analyze the behavior of populations over time [1]. Among
the most notable models in this field is the Verhulst logistic model, which describes population
growth by considering both exponential growth and the limitations imposed by environmental
factors. The Verhulst equation has been widely applied to real-world problems, providing valu-
able insights into ecological systems and population dynamics [2,3]. This model is particularly
useful when studying populations constrained by resources, as it introduces the concept of
carrying capacity, which is the maximum population size that an environment can sustain [4-6].
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The main tool to model these kind of phenomena are the differential equations (DEs).
Nevertheless, in many practical scenarios, the parameters that define these differential
equations, such as growth rate and carrying capacity, are not precisely known due to data
variability or measurement uncertainties. To address this issue, fuzzy differential equations
(FDEs) have been introduced, offering a robust mathematical framework for handling
uncertainty in initial conditions and model parameters. The FDEs have been successfully
applied to various fields, extending classical differential equations into the fuzzy domain,
where uncertainties are represented by fuzzy numbers [7-9].

An extension of the Verhulst logistic model into the fuzzy domain, known as the fuzzy
Verhulst model, allows for more realistic representations of populations where parameters,
like growth rate and carrying capacity, are not fixed but vary within certain bounds [10].
This approach captures the inherent uncertainties in ecological systems, where factors such
as resource availability or environmental conditions fluctuate over time [11]. The fuzzy
Verhulst model thus provides a more flexible tool for population modeling especially when
precise data are unavailable.

Parameter estimation in both classical and FDEs is a critical task, as the accuracy of
the model heavily depends on the proper determination of these coefficients [12-15]. In
the classical framework, statistical or numerical methods are often employed to estimate
parameters based on historical data [16]. However, when dealing with fuzzy models,
parameter estimation becomes more complex due to the uncertainty in both the data and
the model structure itself. Several approaches, including fuzzy regression techniques, have
been developed to estimate parameters in FDEs, such as the fuzzy least absolute regression
model, which incorporates probabilistic linguistic term sets for handling fat-tailed or outlier-
prone data [17], and the Intuitionistic Fuzzy Logistic Regression model, which deals with
imprecise parameters due to vagueness and hesitation in datasets [18]. In [19], the authors
introduce a fuzzy autoregression model to predict wind speed and direction. The model
uses fuzzy numbers for regression coefficients, which effectively manage the inherent
variability and uncertainty in wind patterns. These accurate predictions can enhance power
system reliability by optimizing wind power integration into the grid.

As seen, most of the solution techniques for DEs in the domain of real numbers can be
adapted and used in the study of the FDE. The calculation of coefficients for DE models can
be divided into two main classes: (1) techniques using historical data and (2) techniques
without using data. Numerical-statistical methods or evolutionary methods belong to the
first class, and coefficients proposed by the expert are representative of the second.

As part of the fuzzy mathematics and systems theory, let us consider the concept of a
fuzzy inference system (FIS), first introduced by Zadeh [20,21], that allows dealing with
situations where the information is vague or imprecise and allows considering experts’
knowledge for the design of causal experts systems. A lot of theory has been developed
around this type of system, as well as a large number of applications, some of which are
related to control [22-33], forescasting [34-38], and classification [39-43], to name a few.
These characteristics of the FIS are used to design the coefficients for the FDEs.

The motivation for this research stems from the need to develop an alternative method
for estimating the coefficients of the fuzzy Verhulst model, specifically considering fuzzy
coefficients, without relying on traditional datasets. The proposed approach leverages
an FIS closely related to the phenomenon under study. By utilizing linguistic variables
within the FIS and performing arithmetic operations, the model’s coefficients are calculated
based entirely on expert knowledge. This methodology provides a robust alternative
to numerical or statistical methods, which typically require large volumes of data and
extensive processing time. Instead, it offers a practical solution that effectively models
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complex systems governed by well-defined rules, integrating fuzzy coefficients without
requiring extensive data processing.

Therefore, the problem statement is centered on the estimation of fuzzy coefficients
in the Verhulst model, which traditionally relies on large datasets and statistical methods.
However, in scenarios where data are limited or unavailable, these traditional methods
become impractical. Additionally, adapting fuzzy techniques to handle fuzzy coefficients
without relying on data remains a significant challenge. This study addresses this issue by
developing an approach based on an FIS that leverages expert knowledge to calculate the
model’s coefficients, thereby eliminating the need for historical data.

The remainder of this paper is organized as follows: Section 2 is about the prelimi-
naries; in Section 3, the materials and methods for the determination of fuzzy coefficients
are presented; in Section 4, the results are shown; Section 5 presents the discussion; and in
Section 6, the conclusions are stated.

2. Preliminaries

In this section, the main preliminaries are presented for the development of the rest of
the article.

2.1. Necessary Knowledge About Fuzzy Inference Systems

Consider the following definitions:

Definition 1 ([20]). A fuzzy set A is a tuple of two elements defined as A = {(x, pa(x))|x € R,
1a(x) € [0,1]}, where pa(x) is the membership function of the fuzzy set A.

So, the membership function is defined as

Definition 2 ([20]). Given X any set. The membership function u 4 of a non-empty fuzzy set A
is a function p4 : X — [0,1]. The function u 4 is interpreted as the degree of membership of each
element x to the fuzzy set A for each x € X.

The a — cut operation is very useful because it allows writing some fuzzy sets in
intervals, and in this way, it is easier to execute arithmetic operations [44]. The a — cut
operation of a fuzzy set A denoted by [A]* is defined as

Definition 3 ([20]). Let jt : R — [0, 1], the membership function of a fuzzy set over R, the « — cut
or o — level is defined as the set [A]* = {x € R: pa(x) > a} foreach0 < a < 1.

In the context of fuzzy systems, the inaccurate or uncertain information can be repre-
sented as a linguistic variable (LV). An LV is characterized by a tuple (N, T, M, U), in which
N is the name of the variable; T is the set of linguistic labels (each label is represented by
a fuzzy set); M is the set of semantic rules that assign each label its meaning; and U is a
universe of discourse (finite or infinite set).

Linguistic variables are important concepts in fuzzy logic, these variables are part of
the FIS, and the FIS is a well-studied and applied form of knowledge representation.

The LVs are constituted by linguistic labels that allow the association of linguistic
meaning to subintervals in the domain of each variable. A variable can have one or more
linguistic labels; mathematically, these are represented through membership functions and
consequently by fuzzy sets.

An FIS in general is a multivalued function where the inputs correspond to outputs
and the function that makes this relationship is based on rules [45].
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Specifically, the FIS has an inference engine that is responsible for performing the
operations that relate to the inputs and outputs. Within this inference machine, there are
three main modules (see Figure 1).

X=p» Fuzzification = Inference = Defuzzificatio y

Figure 1. Structure of an FIS.

Fuzzification is the process of converting crisp, precise inputs into degrees of member-
ship for fuzzy sets. The goal here is to map input values into fuzzy sets, where each fuzzy
set represents a linguistic variable, for example, low, medium or high.

The inference engine processes the fuzzified inputs and applies fuzzy logic rules to
produce fuzzy outputs. These rules are typically in the form of IF-THEN statements and
operate on the fuzzified input data.

Defuzzification is the process of converting the fuzzy output obtained from the infer-
ence module into a crisp, actionable value. This step translates fuzzy conclusions into a
real-world decision or action so that the output of this module is the output of the FIS itself.

There are several types of FIS, the more known are Takagi-Sugeno [46], Tsukamoto [47]
and Mamdani [48]. A Mamdani-type fuzzy inference system (MFIS) is represented as a
4-tuple M = (I, R, O, f) where the following apply:

e |is the set of linguistic variables of the inputs;
® R set of rules that relate the inputs to outputs;
® O set of linguistic variables of the outputs;

e fisa defuzzification method.

The relationship between the input and output linguistic variables is made through
IF-THEN rules. These rules have the following form:

R,’ . IF X1 is MperZ is Mpz,. . is Mpk/ THEN n is Nll/ 2 is le,. s Ym is Nlj/ (1)

where Ry, Ry, ..., R; € R represents the rules; x1, x2, ..., x, € I are the linguistic variables
of the inputs; Mp1, Mpa, - - -, Mpk are the labels of the input variables; y1,v2,...,ym € O are
the output variables and Njj, N, ..., Nj; are their respective linguistic labels [49].

There are various defuzzification methods. The most used are the center of area,
bisector of area, last of maximum, first of maximum, middle of maximum and weighted
average [50].

2.2. Foundations on Fuzzy Differential Equations

In this section, definitions to generalize the concept of derivatives and elements to
solve FDEs are presented. The definition of a fuzzy number is presented to move toward
the derivative definition.

Definition 4 ([51]). Let u be the membership function of a fuzzy set. It is said that y is a fuzzy
number if y : R — [0, 1] and satisfies the following conditions:

(i) p is normal; i.e., there exists al least one x* € R such that y(x*) = 1;
(i) [p]* is closed Vo € (0,1]; and
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(i) [p]° is bounded.

One way to obtain better representations and be able to operate fuzzy numbers
arithmetically is through interval algebra. Therefore, a fuzzy number can be represented as
an interval in the following way:

Definition 5 ([52]). Given yi(x) with x € R as the membership function of a fuzzy number, then
there exist continuous functions py («) and pg () called, respectively, the left membership function
and right membership function, such that

u(x) = [pr(a), pr(a)], Vo € [0,1] 2)
with pp (a) < pg(a).

For arithmetic intervals, it is possible to define the basic operations, where subindexes
L and R represent the extreme left and right of the interval, respectively.

Definition 6 ([44,53]). Given [Sy, Sg| and [Ty, Tr] arithmetic intervals, A € R (a scalar number),
the following operations are defined:

(i)  Addition:

[Sr,Sr] + [TL, Tr] = [SL + T, Sk + Tr]-
(ii)  Subtraction:

[St,Sr] = [T1, Tr) = [St — T1, Sk — TR
(iii)  Reciprocal:

if0 ¢ [SL, SR] then [SL, SR]_l = [1/SL,1/SR],‘

if0 € [S, Sg| then [Sy, Sg] ™! is undefined.
(iv) Multiplication:

[St, SR] - [T, Tr] = [Ur, UR],

where:

Uy = min{Sy - Tr, Sy - Tg, S - T1, Sk - Tr},

UR = max{SL . TL, SL . TR, SR . TL, SR . TR}.
(v)  Division:

(S, Sr]/[T1, Tr] = [St, Sr] - [T1, Tr] %
(vi) Multiplication by a scalar:

A[SL, Sr] = [ASL, ASR].

The definition of differentiability in the fuzzy sense was first introduced by [54] as

Definition 7 ([54]). Let u,v € Fg (fuzzy number on reals). If there exists w € F such that
u = v @ w, then w is called the H-difference of u and v, and it is denoted by u © v.

Observe that © means the H-difference in this context, and @ is the opposite of this.
Fuzzy differentiability is based in terms of limits, similar to classical derivative, and it is
defined as

Definition 8 ([54]). Let F: T — Frand tg € T C R. The function F is said to be differentiable
on tg if
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(I)  There exists an element F(tg) € Fg such that for all h > 0 sufficiently close to zero, there
exist F(ty+h) © F(ty), F(to) © F(to — h) and limits

lim F(to+h) © F(to) _ lim F(ty) © F(to —h)
h—0+ h h—0+ h

are equal to F(ty), or
(I)  There exists an element F(ty) € Fg such that for all h < 0 sufficiently close to zero, there
exist F(tg+h) © F(ty), F(to) © F(to — h) and limits

lim F(to+h) © F(to) _ lim F(ty) © F(to —h)
h—0- h h—0~ h

are equal to F(tp).

It should be noted that if F is differentiable in the first form (I), then it is not
differentiable in the second form (II), and vice versa, which is summarized in the
following theorem:

Theorem 1 ([51]). Let F: T — Fp, and [F(t)]* = [F}(t), F§(t)], for each « € [0,1]. Then
(i) If F is differentiable from Form-I, then F['(t) and Fg(t) are differentiable functions and

[F(®)]* = [(FL(1), (Fr(D))], ®)
or
(i) If F is differentiable from Form-II then F}'(t) y F(t) are differentiable functions and

[F(B)]" = [(FR(1)), (FL(£))] )

where L and R are subindexes that represent the left and right extremes in interval algebra,
respectively. The superindex w represents the function expressed in the a-cut.

The previous theorem constitutes a tool that allows writing the FDE in terms of
standard equations in real numbers using the interval arithmetic. The way for doing this is
through the equality of intervals, which can be seen in

Definition 9 ([45]). Two intervals [Sy, Sg| and [Ty, Tr] are said to be equal if and only if S; = Ty,
and SR = TR'

Another definition that is important to resolve the FDE is the initial
value problem:

Definition 10 ([55]). Let us consider the first-order linear fuzzy differential equation % = f(%),
where f(%) is a fuzzy function of X, and ¥ is the H-derivative of %; if an initial value ¥(0) = % is
given, then this is a fuzzy initial value problem (FIVP).

2.3. Verhulst Logistic Model Expressed as Fuzzy Differential Equation

We assume the basic law of growth expressed as the form ¥ = xf(x), where x € R and
f(x) is some function [56,57]. If this function is sufficiently smooth, it can be represented
with an approximation of f(x) through the expansion of the Taylor series around x = 0:

f(x)zf(O)+f/1(!0)x+f/;(!o)x2+...+fnTQx”, 5)

0
!

132



Axioms 2025, 14, 36

where n € N [58-60]. Note that if in the Taylor series, only the constant term is kept, then
from x = xf(x) = x(f(0)) = rx is obtained exactly the equation X = rx, where r = f(0),
and it is known as the growth rate. This equation means that the population growth is
proportional to the r coefficient; this is named the Malthus equation [61-63]. If two terms
of the Taylor series expasion are kept, then the equation x = xf(x) = x(f(0) + f'(0)x) =
rx (1 — %) is obtained, which is the logistic equation, where f(0) and f’(0) are connected
to r and C, respectively, and the parameter C is the carrying capacity.

With this aim in mind, the classic Verhulst logistic model within the real domain has
been discussed. But there are several ways to represent this model or any other as an FDE.
In this work, all the coefficients of the model are considered as fuzzy numbers such that

fz?i(i—é), ©)

where #,7,C € Fg and the fuzzy numbers are represented with a tilde above.

the model can be seen as

On the other hand, when Theorem 1 is applied, it can be represented (6) with interval
algebra as

[Xp, XR] = [rr, 7R][xL, XR] ([111] - [[éii Jg;]]) (7)

The subindex L and R represent the extremes of the left and right intervals, respectively [64].

3. Determination of Fuzzy Coefficients

For solving the problem stated, the following methodology is defined.

Let an FIS describe population dynamics, then the FIS makes up the input for the
methodology. For this, the FIS can be taken from one previously built. Then, using the
linguistic variables of the inputs, it is necessary to propose the modeling functions to
calculate the coefficients 7 and C in (6). So, this section will also show the structure for the
modeling functions. The diagram in Figure 2 represents the methodology to build 7 and C
coefficients. For better understanding, the diagram was divided into stages.

FIS
Input

Step 1 . o .
Selection of linguistic variables

[
|

Step 2 s L )
Classification of linguistic variables
[ . |
Step 3 Propose modeling Propose modeling
function for 7 function for C
I I
Step 4 Evaluate Evaluate function
function for 7 for C
|

Outputs

Figure 2. Methodology through modeling functions.
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In the input stage, it is necessary to have an FIS related to the model whose coefficients
will be calculated. Therefore, the FIS must be made up of linguistic variables corresponding
to the case study.

Considering the input, as step 1, it is established that the selection process consists of
the following. From the linguistic variables in the FIS, the expert has to choose which of
these variables are relevant for the construction of the coefficients. The relevance criterion
can be based on modeling in real numbers or on the expert knowledge. The selected
variables will be denoted as set E.

Step 2 consists of classifying the variables from step 1 into two subsets according
to the expert knowledge about which variables could be important in the design of a
specific coefficient. Therefore, each subset contains the linguistic variables to design each
coefficient. These subsets will be denoted as E;, where Ecy, ) is the subset of linguistic
variables corresponding to each coefficient as a result of this step.

In step 3, the modeling functions are designed by the expert from the sets obtained in
step 2. For this, a structure of modeling functions for calculating 7 and C is proposed as

F= fr(E) (8)

and
C= fc(Ec), )

where f, and f are fuzzy functions that the expert must propose depending on the nature
of the problem under study. These functions receive E; as a parameter, where E; is the set
of linguistic variables determined in step 2 of the methodology.

As step 4, the modeling functions are evaluated with E; from the previous step.

Finally, numerical values for the coefficients are obtained in the output stage. The
methodology presented for determining fuzzy coefficients offers significant advantages,
particularly in handling the inherent uncertainties of ecological data. Traditional methods
often rely on precise data, which can be difficult to obtain or may not accurately reflect
the variability found in real-world scenarios. In contrast, our approach leverages expert
knowledge through an FIS, enabling the integration of linguistic variables directly related
to the phenomenon under study. This not only enhances the flexibility and robustness of
the logistic growth model but also introduces a novel way of addressing data imprecision
in population dynamics. By proposing fuzzy coefficients, it provides a framework that
better captures the complexities and uncertainties of real ecosystems, thus improving the
model’s applicability and predictive power in diverse environmental contexts.

An example will be presented in the next section.

4. Experimental Results

This case study will show how to determine the fuzzy coefficients for the logistic model
using the methodology above described. For this, it will be using an FIS, and the model to cal-
culate its coefficients is (6). This FIS is taken from [65], and it estimates the intrinsic extinction
vulnerabilities of marine fishes to fishing. The FIS’s linguistic variables are used to design the
functions f, and f, and therefore calculate the coefficients 7 and C, respectively. Finally, the
coefficients will be incorporated into (6), and this will be solved using an initial condition.

4.1. FIS That Estimates Vulnerabilities of Marine Fishes

In their study, the authors of [65] aimed to address the timely identification of vul-
nerable species for conservation efforts, despite incomplete information on most species
that makes it challenging to establish an index of extinction vulnerability. To overcome
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this challenge, the authors developed a fuzzy inference system that assesses the intrinsic
vulnerability of marine fishes. This system considers the fish’s life history and ecological
traits, which contribute to their susceptibility to fishing. The maximum rate of population
growth and strength of density dependence are important factors in assessing intrinsic
vulnerability. Using life history and ecological characteristics as “rules-of-thumb”, the
authors identified certain relationships commons for all species, and using that knowledge,
the fuzzy system was developed.

The FIS developed in [65] is of the Mamdani type. This has eight inputs and one
output, which are presented in Figures 3-11, where Figures 3-10 corresponds to the input
variables and Figure 11 corresponds to the output variable. The defuzzification method
used is the weighted average [66]. The rules are shown in Table 1, and they are grouped
according to the linguistic variable in the antecedent.

To construct the main linguistic variables that form the FIS, the article used as a refer-
ence is based on the biological and ecological characteristics of marine species, which are
crucial for determining their intrinsic vulnerability to fishing. These characteristics include
the maximum population growth rate, longevity, age at sexual maturity, and fecundity,
among other parameters. These variables are combined using fuzzy set theory, which
allows for the management of the inherent uncertainty in biological and ecological knowl-
edge, as well as the challenges in strictly classifying species parameters. Fuzzy membership
functions are employed to assign degrees of membership to different categories, such as
low, medium or high, among others.

This figure illustrates the fuzzy membership functions for categorizing fish age at first
maturity into four levels: Low (Lw), Medium (M), High (H), and Very High (VH). The
X-axis represents the age at first maturity in years, while the Y-axis shows the membership
degree from O to 1. Each color line corresponds to a category, demonstrating the gradual
transitions and overlaps typical of fuzzy logic, which enables more nuanced classifications
compared to binary categorization.

Lw M H VH

\ \

Degree of membership

o o o o
[aS] £ (#)] o

--/
_—

_—

/
/

0 1 2 3 4 5 6 7 8 9
AgeFirstMaturity

Figure 3. Fuzzy membership functions for fish age at first maturity (T},).
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Depicted here are the fuzzy membership functions categorizing fish fecundity into
three levels: Very Low (VLw), Low (Lw), and Not Low (NLw). On the X-axis, fecundity is
quantified by the number of eggs, and the Y-axis represents the membership degree from 0
to 1. Each color represents a specific fecundity level, showcasing the utility of fuzzy logic
for managing overlapping categories.

T
Viw Lw NLw

08f | I / \ |
04t / ‘\\ |
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Fecundity

Figure 4. Fuzzy membership functions for fish fecundity (F).

[lustrating the classification of fish geographic ranges, the graph uses fuzzy member-
ship functions to sort ranges into Very Restricted (VR), Restricted (R), and Not Restricted
(NR). The X-axis displays geographic range values in square kilometers, while the Y-axis
assesses the membership degree, ranging from 0 to 1.

VR R NR
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Figure 5. Fuzzy membership functions for geographic range of fish species (R).
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The graph delineates fuzzy membership functions that categorize the maximum length
of fish into Small (S), Medium (M), Large (L), and Very Large (VL). The X-axis measures the
maximum length in centimeters, and the Y-axis plots the membership degree from 0 to 1.
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Figure 6. Fuzzy membership functions for maximum length of fish (L;;ax).

This graph categorizes the maximum age of fish using fuzzy membership functions
across four classifications: Low (Lw), Medium (M), High (H), and Very High (VH). The X-
axis presents the maximum age in years, and the Y-axis indicates the degree of membership,
which is scaled from 0 to 1.

T T T T
VH
1

0.8 1
o
-y
@
<]
206 ]
£
Q
£
s)
© 0.4 1
o
D
(]

0.2 1

0
0 10 20 30 40 50 60

MaximumAge

Figure 7. Fuzzy membership functions for maximum age of fish (Tj;ax).
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Portrayed in this graph are the fuzzy membership functions that segment natural
mortality rates in fish into four categories: Very Low (VLw), Low (Lw), Medium (M), and
High (H). The X-axis details the natural mortality rates per year, and the Y-axis reflects the
membership degree from 0 to 1.
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Figure 8. Fuzzy membership functions for natural mortality rates in fish (M).

This graph elucidates the fuzzy membership functions applied to evaluate the spatial
behavior strength of fish, which are segmented into four categories: Low (Lw), Medium
(M), High (H), and Very High (VH). The X-axis represents the spatial behavior strength

score, scaling from 0 to 100, while the Y-axis depicts the degree of membership, ranging
from O to 1.
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Figure 9. Fuzzy membership functions for spatial behavior strength in fish (B).
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This chart illustrates the fuzzy membership functions used to categorize the von
Bertalanffy growth factor (VBGFK) of fish, defining four levels: Very Low (VLw), Low (Lw),

Medium (M), and High (H). The X-axis measures VBGFk values, while the Y-axis quantifies
membership degrees from 0 to 1.
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Figure 10. Fuzzy membership functions for the natural growth (K).
This graph presents the fuzzy membership functions that classify the intrinsic vul-

nerability of fish into four categories: Low, Moderate, High, and Very High. The X-axis

depicts the intrinsic vulnerability score, ranging from 0 to 100, while the Y-axis represents
the degree of membership from 0 to 1, as usual.
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Figure 11. Fuzzy membership functions for intrinsic vulnerability (V).
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Table 1. Heuristic rules defined in the fuzzy system to assign relative vulnerabilities to fishes.

Rule Conditions Consequences
1 IF Maximum length is very large THEN  Vulnerability is very high
2 IF Maximum length is large THEN  Vulnerability is high
3 IF Maximum length is medium THEN  Vulnerability is moderate
4 IF Maximum length is small THEN  Vulnerability is low
5 IF  Age at first maturity is very high THEN  Vulnerability is very high
6 IF  Age at first maturity is high THEN  Vulnerability is high
7 IF  Age at first maturity is medium THEN  Vulnerability is moderate
8 IF  Age at first maturity is low THEN  Vulnerability is low
9 IF Maximum age is very high THEN  Vulnerability is very high
10 IF Maximum age is high THEN  Vulnerability is high
11 IF Maximum age is medium THEN  Vulnerability is moderate
12 IF  Maximum age is low THEN  Vulnerability is low
IF  VBGEF K is very low OR
13 IF  Natural mortality is very low THEN  Vulnerability is very high
IF  VBGF K is low OR
14 IF  Natural mortality is low THEN  Vulnerability is high
IF  VBGF K is medium OR
15 IF  Natural mortality is medium THEN  Vulnerability is medium
IF  VBGF Kis high OR
16 IF  Natural mortality is high THEN  Vulnerability is low
17 IF  Geographic range is restricted THEN  Vulnerability is high
18 IF  Geographic range is very restricted THEN  Vulnerability is very high
19 IF  Fecundity is low THEN  Vulnerability is high
20 IF  Fecundity is very low THEN  Vulnerability is very high
21 IF  Spatial behaviour strength is low THEN  Vulnerability is low
22 IF  Spatial behaviour strength is moderate THEN  Vulnerability is moderate
23 IF  Spatial behaviour strength is high THEN  Vulnerability is high
24 IF  Spatial behaviour strength is very high THEN  Vulnerability is very high
25 IF  Spatial behaviour is related to feeding aggregation THEN  Vulnerability resulted from spatial behaviour decreases
26 IF  Spatial behaviour is related to spawning aggregation THEN  Vulnerability resulted from spatial behaviour increases

4.2. Proposal of Coefficients ¥ and C

The FIS presented in Section 4.1 will be the input for the methodology described in
Section 3.

In step 1, the set of linguistic variables considered important to calculate the coefficients
of the model under study is selected. The linguistic variables in

E - {Lmaxr TT)’I/ K/ M/ TmﬂJCr R/ F}/ (10)

where L;;;x means maximum length (for a fish); T}, is the age at first maturity, K is the VBGF

parameter (growth of fish [67]), M is the natural mortality rate, Ty, is the maximum age,

R is the geographic range and F is the fecundity; all of them are features of a certain fish

population, and these can be used in the calculation of the coefficients for the growth model.
Then, in step 2, the variables from the set E are classified as

E, = {Tm/ K, M, Thax, F} (11)

and
Ec - {LmaX/ R}' (12)

Note that in (11), the age at first maturity (T},), natural growth (K), the natural mortality
rate (M), the maximum age (Tyuqx), and fecundity (F) are variables that directly influence r,
which is similar to biological modeling rules on real numbers. In (12), variables such as
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Ly means the maximum length of a fish’s body and R represents the geographic range;
these are linked to the coefficient C.

Step 3 consists of designing the modeling functions (8) and (9); therefore, f, is proposed
as the addition of natural growth, fecundity and the reciprocal of age at first maturity
because those variables contribute to population growth; and the natural mortality rate
and the reciprocal of maximum age are subtracted because they negatively influence the
growth. The reciprocal expression for Ty, and Ty is due to unit measure; observe, the
before variables are in year and the others are in year—!. From this logic,

1 - 1

~:~E :K ﬁ T_M_,«i 13
UL P ~

is designed.
Similarly to the real model, C represents the carrying capacity in the ecosystem. Then,

R

L
(108600

C=fe(E) = (14)

is explained as follows. The denominator expresses the square space required for a fish,
where the constant 100,000 is a conversion factor between units of measurement. The idea
is to know how many fishes can live in a certain region, and for this, it is necessary to
divide R between the space required for each fish. In this way, the ecosystem capacity
is calculated.

As step 4 of the methodology, to evaluate (13) and (14) and obtain the outputs, a
combination of linguistic labels is taken for the linguistic variables selected in (10). Table 2
presents the linguistic label together with the respective linguistic variable, and also the
numeric value in interval form is shown. This combination of linguistic labels is chosen
because it yields a low vulnerability value when it is evaluated in the FIS.

It is important to mention that each linguistic label is a fuzzy number, and these
are used to obtain 7 and C. When (13) and (14) are evaluated, then [50.25 300.60] and
[1.63 326,530,612.24] are obtained, respectively, for # and C expressed as intervals.

Table 2. Linguistic labels for evaluate (13) and (14).

Linguistic Variables Linguistic Labels Values
Lyax (Maximum length) S (Small) [050]

T (Age at first maturity) Lw (Low) [03]

K (von Bertalanffy growth parameter)  H (High) [0.51.4]

M (Natural mortality rate) H (High) [0.38 0.8]
Tinax (Maximum age) Lw (Low) [05]

R (Geographic range) NR (Not Restricted) [4000 8000]
F (Fecundity) NLw (Not Low) [50 300]

4.3. Solutions for the Fuzzy Verhulst Logistic Model

To solve (7), it is necessary to consider an FIVP. Consider that the initial condition is
[9,000,000 9,100,000], where X represents the number of fishes at a given time. Figure 12
shows the trajectories of the Form-I and Form-II solutions, X, and Xg represent the ex-
tremes of the arithmetic interval corresponding to the solutions, and the green area is the
uncertainty or membership value in the solutions.

All the calculations and solutions of the equation were programmed in a MatLab®
script (R2019a). Matlab’s ode45 numerical method is used to solve the model expressed as
an FIVP.
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The experimental results demonstrate the effectiveness of the proposed fuzzy coeffi-
cients in the logistic population growth model. The fuzzy model maintained stable and
accurate growth trajectories, even under varying scenarios, highlighting its robustness in
handling data uncertainties. Unlike traditional methods, this approach integrates expert
knowledge without requiring extensive historical data, making it particularly useful in
fields with limited or imprecise data. This shows that incorporating fuzzy logic enhances
the model’s applicability and predictive power in complex environments.
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Figure 12. Form-I solution (left) and Form-II solution (right) for (7).

5. Discussion

We used linguistic variables to evaluate the modeling functions. If, for example,
the kernels are taken as representatives to evaluate numerically the FIS presented in
Section 4.1, then we only need the value for the input corresponding to spatial behavior
strength, because it was not used in the methodology. Even so, evaluating the FIS for the
mentioned values and with all values on spatial behavior strength, the result of the intrinsic
vulnerability index is in the range between 15.29 and 47.61; this means that the result is a
low intrinsic vulnerability index. On the other hand, it can be appreciated that the solution
curves for the model are increasing; here, an inversely proportional relationship can be
established, given that when there is a low vulnerability, a population increase occurs.

6. Conclusions

In this work, a methodology for the construction of coefficients of Verhulst models
expressed in differential equations was presented. The methodology was tested to calculate
the fuzzy coefficients that represents the growth rate and the carrying capacity in the
Verhulst model. The resolution of the Verhulst model that used the calculated coefficients
and initial condition both defined as fuzzy numbers yielded a family of solutions that
preserve the trajectories of increasing for the Form-I and Form-II solutions. It can be seen
that there is an inverse relationship between the solutions and vulnerability with low
vulnerability corresponding to a high growth.

The results obtained show that the proposed methodology to build coefficients,
based on expert knowledge represented through fuzzy systems, could help to incorporate
smoothly and easily the uncertainties and inaccuracies present in the parameters of the
Verhulst model because the methodology is based on linguistic variables proposed by an
expert that it is related to the nature of the model.
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In comparison to existing models and methods for determining fuzzy coefficients,
such as fuzzy regression techniques or evolutionary algorithms, the method applied in
this study leverages a pre-existing FIS to calculate coefficients without relying extensively
on large datasets. Traditional methods, such as statistical or evolutionary approaches,
often require significant amounts of historical data, which can be limiting in ecological
applications. In contrast, this study integrates the FIS from previous research, allowing
for a flexible and adaptable calculation of fuzzy coefficients based on expert knowledge.
While traditional methods are effective in certain contexts, the use of a pre-established FIS
provides an efficient alternative for handling uncertainty and vagueness, particularly when
precise data are not available.

This study offers valuable insights into the modeling of population dynamics using
fuzzy logic, particularly in scenarios where precise data are unavailable or uncertainty is
inherent. The methodology introduced for determining fuzzy coefficients in the logistic
population growth model can be extended to a wide range of biomathematical applications,
such as modeling species interactions, epidemiological models, and ecological sustainability
assessments. By incorporating expert knowledge through FIS, this approach enhances the
flexibility and realism of traditional population models, making it particularly useful in
fields like conservation biology, ecological forecasting, and resource management, where
accurate predictions are critical but data are often incomplete or imprecise.

Future work could explore the application of this methodology to other mathematical
models in population dynamics, such as predator—prey models, age-structured popula-
tion models, or spatial models that consider habitat fragmentation. Expanding beyond
population dynamics, this approach could also be applied to fields like automatic control
systems, where uncertainty plays a significant role in system behavior. By incorporating
fuzzy logic into control theory models, such as in the regulation of biological processes or
environmental systems, the robustness and adaptability of control mechanisms could be
improved. Additionally, integrating this methodology with real-world case studies from
both ecological and engineering fields could further validate its effectiveness and extend
its utility across diverse scientific and industrial applications.
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Abbreviations

The following abbreviations are used in this manuscript:
Lw  Low

M Medium

H High

VH  Very High
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NLw  Not Low
VR Very Restricted

R Restricted
NR Not Restricted
S Small

VL Very Large
VLw  Very Low
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Abstract: In this paper, a fractional-order eco-epidemiological model with two disease
strains in the predator population incorporating harvesting is formulated and analyzed.
The model assumes that the population is divided into a prey population, a susceptible
predator population, a predator population infected by the first disease, and a predator pop-
ulation infected by the second disease. A mathematical analysis and numerical simulations
are performed to explain the dynamics and properties of the proposed fractional-order
eco-epidemiological model. The positivity, boundedness, existence, and uniqueness of the
solutions are examined. The basic reproduction number and some sufficient conditions for
the existence of four equilibrium points are obtained. In addition, some sufficient conditions
are proposed to ensure the local and global asymptotic stability of the equilibrium points.
Theoretical results are illustrated through numerical simulations, which also highlight the
effect of the fractional order.
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1. Introduction

The relationship between predators and their prey is a fundamental topic in math-
ematical ecology due to its widespread occurrence and ecological significance [1]. The
interactions between prey and predators were studied for the first time by the famous
mathematicians Lotka and Volterra [2]. After that, many predator-prey models have been
established and studied by mathematicians and ecologists, for example [3-7].

Investigating the spread of infections within populations is a crucial area of math-
ematical biology, offering insights into predicting the impacts of such infections [8-10].
An eco-epidemiological model studies the dynamics of predator—prey interactions in the
context of infectious diseases, which may affect either the prey population only [11,12],
the predator population only [13-15], or both simultaneously [16,17].

Fractional-order differential equations are a generalized form of classical ordinary
differential equations, extending their order to non-integer values [18]. Fractional-order
models offer advantages over integer-order models, including memory effects and hered-
itary dynamics, which better capture complex system behaviors [19]. Models based on
fractional-order differential equations may offer a more accurate representation of complex
systems and elucidate the interactions between prey and predator species, particularly in

Axioms 2025, 14, 53 https://doi.org/10.3390/axioms14010053
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the context of infectious diseases affecting the predator population [20]. Fractional-order
derivatives have found widespread application across various scientific and engineering
disciplines [21]. For a more comprehensive understanding of fractional-order differential
equations, one can refer to [22-28] and the references contained therein. These references
explore the application of the fractional order in ecological, epidemiological, and biological—-
economic models, emphasizing the analysis of stability, bifurcation, and memory effects to
understand complex dynamic systems.

In this paper, a fractional-order eco-epidemiological model incorporating two disease
strains within the predator population and the effects of harvesting is proposed and studied.
The population is assumed to consist of prey, susceptible predators, predators infected by
the first disease, and predators infected by the second disease. For instance, the black-footed
ferret relies exclusively on Prairie dogs as its primary food source. This black-footed ferret
population can be infected by the Sylvatic plague and the Canine distemper virus [29]. The
positivity, boundedness, existence, and uniqueness of the solutions for the fractional-order
model are examined. Additionally, the basic reproduction number is derived, along with
sufficient conditions for the existence of four equilibrium points. The main contribution of
this paper is establishing sufficient conditions to guarantee the local and global asymptotic
stability of the equilibrium points in the proposed model. The theoretical findings are
further illustrated through numerical simulations.

The structure of this paper is as follows. In the next section, the model formulation,
positivity, boundedness, existence, and uniqueness are proposed. In Sections 3, the equilib-
rium points, basic reproduction number, local stability, and global stability of the proposed
fractional-order model are investigated. Section 4 presents numerical simulations to illus-
trate the theoretical results obtained. Finally, the conclusions are provided in Section 5.

2. Model Formulation

Following [30], the eco-epidemiological model incorporating two disease strains
affecting the predator population can be described as follows.

R x N B
yri r<1 — k)x—uxy, x(0) = xo,

i éaxy — f\yz - /%yw + 9z + ¢w —1iry, y(0) = yo,
t 1

% = Ayz — 4z —dz + 0w, z(0) = z,
‘%} = Byw — ¢w — vw — bw, w(0) = wy.

The model (1) categorizes the populations into four classes: the prey population x(t),
the susceptible predator population y(t), the predator population infected with the first
disease z(t), and the predator population infected with the second disease w(t). It is
assumed that disease transmission occurs within the predator populations, while the
susceptible predators feed on the prey. All parameters in model (1) are non-negative for
t > 0 and are detailed in Table 1.

This paper seeks to investigate the dynamic properties of a generalization of the eco-
epidemiological model described in (1) through the introduction of the Caputo fractional
derivative of order g (°D7) and prey harvesting (H) as follows.
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‘Dix(t) = ?(1 - z)x —axy — Hx, x(0) = xo,

Diy(t) = éaxy — Ayz — Byw + 9z + gw — iy, y(0) = yo, )
‘DIz(t) = Ayz — 9z — dz + 0w, z(0) = zo,

‘Diw(t) = fyw — w — tw — fw, w(0) = wy,

Table 1. Parameter descriptions.

Symbol Description

Intrinsic growth rate of prey

Prey carrying capacity

Predation rate of susceptible predator

Prey harvesting

susceptible predator conversion efficiency
Transmission coefficient of the first disease in predator
Transmission coefficient of the second disease in predator
Natural mortality rate of susceptible predator

First disease recovery rate

Second disease recovery rate

Natural plus first disease mortality rate

Natural plus second disease mortality rate

Mutation factor of diseases.

DD AUV DTS TH D A

For g € (0,1), the Caputo fractional derivative ‘D7 is employed [18]. In model (2),
the right-hand-side terms have a dimension of (time)~!, while the left-hand-side terms
have a dimension of (time) 9. To ensure dimensional consistency, model (2) is reformulated
as follows:

“Dix(t) = (1 - Z)x —a7xy — Hix, x(0) = xo,

‘DIy(t) = eaTxy — AMyz — Blyw + 47z + ¢Tw — iy, y(0) = yo, ®)
‘Diz(t) = AMyz — 49z — d1z + 87w, z(0) = 2o,
‘Diw(t) = Blyw — ¢Tw — 17w — 87w, w(0) = wy.

For simplicity, model (3) is redefined using new parameter representations [31]:

~

M=rk=ka'=a H =H é=e A =AB =8 49"=7, §"=¢, 0 =m, d=d,

Then, the model (3) can be reformulated as follows:

‘Dix(t) = r(l - %)x —axy — Hx, x(0) = xo,

‘DTy(t) = eaxy — Ayz — Byw + vz + gw — my, y(0) = yo, @)
‘Diz(t) = Ayz — yz —dz + 0w, z(0) = zo,

‘Diw(t) = Byw — pw —vw — 0w, w(0) = wy,

It is to be noted that the integer-order model (1) given in [30] cannot be sustained at a
stable coexistence equilibrium level. However, the fractional-order model (4) proposed
in this paper can be sustained at the stable coexistence equilibrium level. To the best of
our knowledge, no prior studies have explored the dynamics of a fractional-order eco-
epidemiological model with two disease strains in the predator population that incorporates
harvesting (4).

149



Axioms 2025, 14, 53

2.1. Positivity and Boundedness
This subsection investigates the positivity and boundedness of the solutions for the
fractional-order eco-epidemiological model (4). The positivity of the solution of model (4)
with positive initial conditions is now investigated. Following model (4), one has
‘DIx(t)|x=0 =0,
‘DIy(t)|y=0 =1z + 9w >0,
‘Dz(t)|,—0 = 6w >0,
‘DTw(t)|p=0 = 0.
Furthermore, the model satisfies the Lipschitz condition, as established in Theorem 2.
Based on the positivity property, Theorem 5 and Theorem 6 of [32], the solutions of the

fractional-order model (4) remain non-negative for ¢t > 0.
The boundedness of the solutions for model (4) is established in the following theorem:

Theorem 1. All the solutions of model (4) starting in R% are uniformly bounded.
Proof. Let ¢(t) = x(t) + y(t) +z(t) + w(t); then,
‘DIp(t) = “Dx(t) + °DIy(t) + ‘Dz(t) + “DTw(t)
:r(l— %)x—i—(e—l)axy—Hx—my—dz—vw
gr(l—f)x—Hx—my—dz—vw

k

rx?
< —T+rx—a(x+y+z+w),

where ¢ = min{H, m, d, v}; thus,

rxz
‘Digp(t) +o¢(t) < — Tt
2 rk
< —%(x— %) + m
rk
< —.
~ 4

By using the Lemma 9 in [33], then,

0.< p(t) < P(O)Eg(~0t7) + THE 1 (~ot9),

Here, E; denotes the Mittag-Leffler function. Using Lemma 5 and Corollary 6 from [33], it
is derived that '
0§<p(t)§i—a, ast — oo.

As a result, all solutions of model (4) with initial conditions in Ri are uniformly bounded
within the region S, where

Sz{(x,y,z,w)eRi: ¢(t)§;li+e,e>0}. ®)
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2.2. Existence and Uniqueness

The existence and uniqueness of solutions for the fractional-order model (4) within
the region M x (0, T|, where where

M = {(x,y,z,w) € R* : max(|x|, |yl |z], [w|) < h},
are investigated as follows:

Theorem 2. For each Xy = (xo,Yo,z0,wo) € M, there exists a unique solution X(t) € M of
model (4) with the initial condition Xy, which is defined for all t > 0.

Proof. Consider a mapping L(X) = (L1(X), Lp(X), L3(X), Ls(X)), where

x
Li(X) = r(l - E)x —axy — Hx,

Ly(X) = eaxy — Ayz — Byw + vz + gw — my, ©)
L3(X) = Ayz — nz + 6w,

Ly(X) = pyw — Sw,

For any X, X € M, it follows from (6) that

[IL(X) = LX) =|L1(X) = Li(X)| + [L2(X) = La(X)| + [La3(X) = La(X)| + [La(X) — Lo (X))

X X\ _ __ _
r(l—E)x—axy—Hx—r(l—E)x-ﬁ-uxy-i-HX

+ |eaxy — Ayz — Byw + vz + gw — my — eaxy + Ayz + Byw — vz — @ + my|

+ [Ayz — nz + 0w — Ayz + 1z — 0w| + | Byw — w — By + C|
<rlx — x|+ ]x — ®|[x + %] 4+ a(l +e)|xy — &y + Ty — 7|

+ Hlx — %| + 2\ lyz — jz + jz — iz

+ 2Blyw — jw + jw — Fo| + 7|z — z| + ¢|w — @|

+mly — 7| +nlz—z| + 0|lw — @| + &lw — D
<r|x — x| +%|x—x| +a(l+e)h|x — x|

+a(l+e)hly —g| + H|x — x| + 2Ahly — 7| + 2Ah|z — Z|

+2Bhly — §| + 2Bh|w — @] + 7|z — z| + @|w — |

- mly — g1+ nlz — 2| + 0w — @] + & — @
S(r+%+a(l+e)h+H>|x—f\

+ (a(1+e)h +2Ah +2Bh + m)|y — 7|

+ A+ +1)|z — 2|
+ (2Bh+ ¢+ 0+ &)|w — o

<u||x - X|,
where
U:max{r—l—%-ka(l—&-e)h—&-H, a(l+e)h+2Ah +2Bh +m, 2Ah + v + 1, 2ﬁh+(p+9+§}.

Thus, L(X) satisfies the Lipschitz condition, proving the existence and uniqueness of solutions for
model (4) under the given initial conditions. [
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3. Model Analysis

This section investigates the equilibrium points, basic reproduction number, local
stability, and global stability of the fractional-order eco-epidemiological model (4).

3.1. Equilibrium Points

This subsection and the next will utilize the basic reproduction number (Rj) of
model (4) to determine the existence and stability of its equilibrium points. The basic
reproduction number () can be obtained by using the next-generation method [34]. One
can rewrite the fractional-order model (4) as follows

‘Diw(t) = Byw — ¢w,

‘Diz(t) = Ayz — nz + bw,

‘Dy(t) = eaxy — Ayz — Byw + vz + pw — my, @
‘Dix(t) = r(l - %)x —axy — Hx,

where { = ¢ +v+0 and 7 = v+ d. The model (7) can subsequently be expressed

as follows:
DIX(t) = f(X) —v(X),

where
fi B yw 01 G w
f2 Ayz o nz—0w

X - == ’ X = =
=17 cary |© "X = o Ayz + Byw — vz — gw + my

fa 0 vy —r(1—%)x+axy+ Hx

The matrices F(X) and V(X) are defined as

ofi 9fi 9fi 9fi v Ju; vy Oy
Jw dz Jdy  Ox Jw 0z dy  ox
) ) 9 ) 9 ) ) )
FX)=| 35 on ob of |+ V)= G o0y 905 o0
Jw dz Jdy  Ox ow 9dz dy  Ox
ofs Ofs Ofs Ofy vy Jduy  Jug  Juy
Jw 9z dy  ox ow dz dy  Ox
Thus,
By 0 pw O
F(X) = 0 Ay Az O ’
0 0 aex aey
0o 0 o0 0
¢ 0 0 0
V(X) = —0 n 0 0
By—¢ Ay—7q Pw+Az+m 0
0 0 ax r(¥—1)+ay+H
To obtain the eigenvalues of F - V-1 at equilibrium point E; (k(’;H) ,0,0, O) , the equation

F~V‘1—y1’:0,

can be solved. Based on Theorem 2 in [34], the basic reproduction number of Model 2 is
given as Ry = w Additionally, the threshold parameters will be utilized to establish

the conditions for the existence and stability of the equilibrium points of model (4):
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B(ae(r — H)k — rm)
ea’kl

Ry = /\(ae(r—H)k—rm), Ry = Bn

T = eaZkn A

It is to be noted that the basic reproduction number (i) and the threshold parameters (R,
and Ry;) depend on the prey harvesting (H). This means that the prey harvesting (H) has
a crucial effect on the existence and stability conditions of equilibrium points of model (4).

The fractional-order eco-epidemiological model (4) has four equilibrium points:
1. Ep=(0,0,0,0), which always exists.
2. E = (é(r - H),o,o,o),which exists if r > H.
3. E; = (x2,12,0,0) where

ae(r— H)k—rm  rm

m
2= e 2= ea?k - ea2k(%0 -1

Therefore, E, exists if iy > 1.
4. E3 = (x3,y3,23,0) where

k(r—H)_ﬂk_x ank

3= 7 rA 1= ¥

Then, Ej3 exists if x1 > % and ¥ty > 1.

5. E4 = (x4,Y4,24, wy) where
K(B(r — H) — ad)

x4:—1y4:%/z4:

ea’kZ?(Ry — 1) ea’kA&?
rB e =

C1 TR BGy

(B —1) (R - 1),

where C; = rB(AG(0+ ¢ — &) + B(Cy — v0 — n¢)). Therefore Ey4 exists if f > rf%,
%2 >1,§R3 >1land C; > 0.
3.2. Local Stability Analysis

In the following, the asymptotic stability of equilibrium points of model (4) is studied.
The Jacobian matrix (J(x,y,z,w)) of model (4) is as follows:

r—z%—ay—H —ax 0 0
ae aex — Az — Bw —m —A —

JGy,z,w) = 0 )\zﬁ Ky—Z (Peﬁy - ®
0 pw 0 By—¢

The stability analysis of the equilibrium point Ey is not considered, as this state signifies
the extinction of all populations. The Ey is unstable.

Lemma 1. If Ry < 1, then E; is locally asymptotically stable.

Proof. The J(E7) is

J(E1) = : )

The eigenvalues of J(Eq) are y1 = H—r, pp = (Ro — 1)m, us = —¢ and pqy = —7. Thus
larg(u134)| = m > L5 If Ry < 1, then |arg(up)| = m > L forallg € (0,1). As
demonstrated in [35,36], the proof is thus complete. [
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Lemma 2. Ify; < min{ %, %}, then Ej is locally asymptotically stable.

Proof. The J(E) is

—52 —ax 0 0
aey 0  y—Ay2 ¢ —PBy
Ey) = . 10
J(E2) 0 0 Aya—1 0 (10)
0 0 0 By, —¢

The eigenvalues of J(Ey) are y1 = By2 — &, 2 = Aya — 17, and 3 4 are the solutions of:
,uz + %y + ea2x2y2 =0, (11)

since % > 0and ea2x2y2 > 0, the eigenvalues of Equation (11), exhibit negative real parts.
Ify, < min{%, %}, then |arg(p12)| = > % forallg € (0,1). As demonstrated in [35,36],
the proof is thus complete. [

Lemma3. If } <y3 < %, then Ej is locally asymptotically stable.

Proof. The J(E3) is

-2 —ax3 0 0
aeys =2 y—Ays ¢—Bys
J(E3) =
0 )\23 0 0
0 0 0 Bys — ¢

The eigenvalues of J(E3) are 1 = Bys — ¢, while the other three eigenvalues ji5 3 4 are the
solutions of

1%+ Bip® + By + B3 = 0, (12)
where
B, = T | %
k Y3
rvz
By = <Ij3 + 602]/3) x3 + A(Ays —7)z3,
Y3

By = 1 (rA(Ays — 7)x323).

It is obvious that By > 0,B, > 0, B3 > 0 and By B, > Bz as long as Ay3 > 7. By applying the
Routh-Hurwitz criterion, it is established that all solutions of Equation (12) have negative
real parts. Consequently, the equilibrium point Ej is locally asymptotically stable when
I<ys<§ O

The stability of the equilibrium point E; is now investigated. The J(Ey4) is

— —axy 0 0

JE) = | "~ e —923/4 ¢—PYa
0 )\Z4 — 744 0
0 Buws 0 0

The eigenvalues of J(Ey4) are the solutions of

pt+ Ajp® + Ay + Aspu+ Ay =0, (13)
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where

rxgy Cp  Ouwy

A = + —=+ ,
k Ya Z4
O(kCa + rxgys)wy | rCox
A, =2 2ky4z:y4) =+ k;44 + ea’xyyy — ACsz4 — BCyoy,
sy — " (r0Cywgxs + y4(k9w4(ea2x4y4 — BCywy) — Bwy(kOCs + rCyxy)zy — rAC3x4zi)),
_ 7B(Caz4 + Caty) xqwy

Ag =
4 kza p

G =vz4+ @wy, C3 =7 —Ays, C4 = ¢ — Bya.

The conditions for stability at E4 can be derived using the proposition outlined in [37].

3.3. Global Stability Analysis

The global asymptotic stability of all four equilibrium points of the fractional-order
model (4) is investigated as follows.

Theorem 3. The equilibrium point Eq is globally asymptotically stable if <1

ak(r—H)
rm

Proof. A suitable positive definite Lyapunov function is considered as follows:
x
V=x—x —x11n<x> +y+z+w.
1

By calculating the g-order derivative of V throughout the solution of (4) and applying
Lemma 3.1 in [38],

CDqVS(x—xl)(r—%—ay—H)—i—eaxy—my—dz—vw

rxy rx
<(x — et _ 4y —
<(x xl)( p p ay)—l—eaxy my —dz —vw
<—H(x—x1)?+ale—1)xy + (ax; — m)y — dz — vw.
Thus, D7V < 0if 271 < 1 which is equivalent to ak(:n;H) < 1. By applying Lemma 4.6
in [39], the equilibrium point E; is proven to be globally asymptotically stable. [

Theorem 4. The equilibrium point E is globally asymptotically stable if rAk < 4oy.

Proof. A suitable positive definite Lyapunov function is considered as follows:

V—C5(x—x2—len(x>> +y—y2—yzln(y> +z4+w.
X2 Y2

By calculating the g-order derivative of V throughout the solution of (4) and applying
Lemma 3.1 in [38].
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DIV <Cs(x — x3) (r _ ay — H)

k
- Az y—y _
+ (¥ —y2)(aex — Az —m) + ; (72 = Byw + gw)
+Ayz —yz —dz + 0w+ Byw — pw —vw — O w
Cs

< - (x—x)? —aCs(x — x2)(y — 12)

+ae(x—x2)(y—y2)+y2<)\— ;>z
+< <pyyz + By — )wdz

<-TEx—x)+ale—Cs)(x —x2)(y — y2)

Suppose C5 = e. Thus, D7 < 0 when A < o ~ which is equivalent to rAk < 40y. Hence,
the proof is established. [

Theorem 5. The equilibrium point Eg is globally asymptotically stable if aexs < Azz + m,
A< L —|— ﬁyg < v, and mys + yz3 + dzz < aexsys.

Ymax

Proof. A suitable positive definite Lyapunov function is considered as follows:

V:e(xx3x31n<x>> +y—y3—y3ln<y> —l—z—23—23ln< )—l—w
X3 Y3 Z3

By calculating the g-order derivative of V throughout the solution of (4) and applying
Lemma 3.1 in [38],

D1V ge(x—x;;)(r—r;—ay—H)—f—( ?)(aexy Ayz — Byw + yz + w — my)
(1—?)(Ayz—'yz—dz+9w)+,3yw pw —vw — 0w
g—%(x—x3) +(aex3—/\23—m)y+d(23—z)

+

N

Ays — 733)2 + (Bys — v)w + (mys + yz3 — aexzy3)
< —%(x — x3)% + (aex3 — Azz — m)y

+ (Ay3 — ylyﬁ - d)z + (Bys — v)w + (mys + yz3 + dzz — aexzys).

Thus, ‘D7 < 0 when aexz < Azz +m, A < - + %, Bys < v, and mys + yz3 + dzz <

Ymax

aexzys. Consequently, the theorem is proven. [J

Theorem 6. The equilibrium point Ey is globally asymptotically stable if aexy < Azq + Bws +m,
A< ,By P ezjx + v, and myy + yz4 + Cwy + dzy < aexyyy.

Ymax

]/ ‘max

Proof. A suitable positive definite Lyapunov function is considered as follows:

X Y z w
V=elx—x4—x4In — +vy—vyy— ln<>+z—z —z ln<>+w—w —w ln().
( 4 4 <x4)> Y—VYas—Vls Vs 4 — Z4 72 4 4 P~
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By calculating the g-order derivative of V throughout the solution of (4) and applying
Lemma 3.1 in [38],

DIV ge(x—x4)(r— % —ay—H) + (1 - ]gl)(aexy—)\yz—/Syw+'yz+qow—my)

) (Ayz — 7z — dz 4 00) + (w— wy) (By — 9 —v = 6)

(13
<= v — ) o+ (aexs — Azg = Prog — m)y
VY4 Pys _ 924
+ A —)z—i—( —V—_)w
<y4 y s y ooz
+ (Mmys + yza + Gws — aexgys) +d(z4 — 2)
<= Fv— ) o+ (aexy — Azg — prog — m)y
0
Ymax Ymax Zmax

+ (myg + yz4 + Cwy + dzy — aexyyy).

Thus, D7V (x,y,z) < 0, when aexy < Azyq + Bwy +m, A < yn,'\yax + ﬁ, Byy < % + Zn% +v

and myy + yz4 + Cwy + dzy < aexgys. By applying Lemma 4.6 in [39], the equilibrium
point E4 is proven to be globally asymptotically stable. [

4. Numerical Simulations

This section presents numerical simulations performed using the numerical method
described in [40,41]. The numerical simulations are conducted to illustrate the theoretical
findings regarding the fractional order () and stability of model (4). The parameter values
used in the simulations are detailed in Table 2, and most of them are given in [30].

Table 2. Parameter values for model (4).

Case r m e a k 0% @ B A d v H 0 Figures
1 1 05 007 0.02 100 0.9 0.3 0.2 04 025 04 001 001 Figurel
2 1 0.5 0.7 0.5 1000 025 047 06 048 039 033 035 0.1 Figure?2
3 1 0.05 07 0.2 5000 09 0.3 0.2 04 025 04 001 001 Figure3
4 1 0.05 06 05 1000 025 03 06 048 039 033 0.1 0.1 Figure4

In case 1 of Table 2, the fractional-order model (4) shows the equilibrium point
E1 = (99,0,0,0), where all populations are healthy, and no infections exist. In this case,
o = 0.2772 < 1, which indicates that E; is locally asymptotically stable. This coincides
with Lemma 1 and is indicated in Figure 1. Figure 1 demonstrates that the populations
remain stable across various values of the fractional order (), with the solutions reaching
the equilibrium point E; = (99,0,0,0).

In case 2 of Table 2, the fractional-order model (4) shows the equilibrium point
E; = (1.428,1.297,0,0). In this case, y, = 1.29714 < min % = 1.5,% = 1.3}, which means
that E; is locally asymptotically stable. This coincides with the result of Lemma 2 and is
shown in Figure 2. It can be observed from Figure 2 that the oscillation of fractional-order
model (4) decreases with decreasing the value of the fractional order (g). Figure 2 illustrates
that the populations maintain stability for various values of the fractional order (g € (0,1)),
with the solutions reaching the equilibrium point E, = (1.428,1.297,0,0).
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Figure 1. The local asymptotic stability of E; for various values of the fractional order (7).
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Figure 2. The local asymptotic stability of E; for various values of the fractional order (7).

In case 3 of Table 2, the fractional-order model (4) shows the equilibrium point
E; = (2075,2.875,3340.175,0). In this case, T = 2.25 < y3 = 2.875 < % = 3.55, which
indicates that E3 is locally asymptotically stable. This coincides with the result of Lemma 3
and is indicated in Figure 3. In order to verify the Routh-Hurwitz criteria of Lemma 3, one
has B; = 1046.04 > 0, B, = 934.987 > 0, B3 = 138.617 > 0 and BB, — B3 = 977891 > 0.
Therefore, the fractional-order model (4) exhibits local asymptotic stability around Es,
as demonstrated in Figure 3. Figure 3 shows that the populations remain stable for different
values of fractional order (g € (0,1)), with the solutions reaching the equilibrium point

E; = (2075,2.875,3340.175,0).

In case 4 of Table 2 the fractional-order model (4) shows the coexistence equilibrium
point E; = (291.667,1.217,185.104, 103.658), where all the populations in the ecosystem
coexist: the prey (x), susceptible predator (y), predator infected by the first disease (z),
and predator infected by the second disease (w) reach constant levels over time. In this
case, the Ej is locally asymptotically stable as shown in Figure 4. This means that the
two infectious diseases will persist in the predator population. Figure 4 indicates that the

158



Axioms 2025, 14, 53

populations remain stable for different values of fractional order (g € (0,1)), with the
solutions reaching the equilibrium point E; = (291.667,1.217,185.104,103.658). It is to
be noted that the integer-order model (1) given in [30] cannot be sustained at a stable
coexistence equilibrium level. However, the newly proposed fractional-order model (4)
can be sustained at the stable coexistence equilibrium level as illustrated in Figure 4 and

coincides with Theorem 6. Therefore, the fractional order has a stabilization effect.
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Figure 3. The local asymptotic stability of E3 for various values of the fractional order (7).
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Figure 4. The local asymptotic stability of E4 for various values of the fractional order (g).

Figure 5 shows the 3D plot of the basic reproduction number Ry when the predation
rate of susceptible predator (2) and prey harvesting (H) varies. It is observed that as the
predation rate of susceptible predator (a) increases, iy will increase and cross the threshold
R = 1, thus leading to the outbreak of the diseases. Moreover, when the prey harvesting
(H) increases, Ry will increase. Therefore, one can control the reproduction Ry by reducing

the predation rate of susceptible predator (a) and prey harvesting (H).
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Figure 5. The 3D plot of the basic reproduction number %y when the predation rate of susceptible
predator (a) and prey harvesting (H) varies.

5. Conclusions

This paper proposed and analyzed a fractional-order eco-epidemiological model in-
corporating two disease strains in the predator population and harvesting. The model
categorizes the populations into four groups: prey (x), susceptible predators (), preda-
tors infected by the first disease (z), and predators infected by the second disease (w).
The proposed model (4) has been analyzed to investigate its dynamical behavior. The
model’s dynamics, including positivity, boundedness, and the existence and uniqueness of
solutions, have been studied. The proposed eco-epidemiological model exhibits four non-
negative equilibrium points, and the threshold parameters have been utilized to determine
equilibrium existence and stability conditions. Furthermore, sufficient conditions for the
locally asymptotic stability of the four equilibrium points have been derived. The global
properties of the equilibrium points Ej, E;, E3 and E4 have been investigated by construct-
ing suitable Lyapunov functions. Numerical simulations have been performed to illustrate
the theoretical findings, demonstrating the influence of the fractional order (g) on the
stability of the equilibrium points. It has been shown that the populations remain stable
for different values of fractional order (g € (0,1)), though the solutions reach the obtained
equilibrium points. It has been observed that the integer-order model (1) given in [30]
cannot be sustained at a stable coexistence equilibrium level. However, it has been shown
that the fractional-order model (4) can be sustained at the stable coexistence equilibrium
level. Therefore, the fractional order has a stabilization effect. Future research will explore
the inclusion of time delays in the system and analyze their potential effect.
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Abstract: The paper deals with the stability of a degenerate/singular beam equation in
non-divergence form. In particular, we assume that the degeneracy and the singularity
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occurs and dissipative conditions at the other endpoint. Using the energy method, we
provide some conditions to obtain the stability for the considered problem.
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1. Introduction

This paper is devoted to studying the stability of a beam-type degenerate equation
with a small singular perturbation through a linear boundary feedback. To be more precise,
we consider the following problem:

Yt (b, %) + ayaes (b %) — %y(t,x) —0, (£x) € (0,400) x (0,1),

y(t,0) =0, y«(£,0) =0, t>0,

By(t,1) — yxax(t, 1) +y:(t,1) =0, t>0, (1)
Yt 1) +yxx (1) +yic(t,1) =0,  £>0,

y(0,x) = yo(x), y:(0,x) = y1(x), x € (0,1),

where B and 1y are non-negative constants and the function a is such that 2(0) = 0 and
a(x) > 0 for all x € (0,1]. In particular, for the function a, we consider two types of
degeneracy according to the following definitions:

Definition 1. The function g: [0,1] — R is weakly degenerate, (WD) for short, at 0 if
¢ € CY0,1] N C*(0,1] is such that g(0) = 0,¢ > 0on (0,1], and if

x|g' (%)
su = K,, (2)
ooy 8@ $

then Ko € (0,1).

Definition 2. The function g: [0,1] — R is strongly degenerate, (SD) for short, at 0if g € C'[0,1]
is such that g(0) = 0,g > 0on (0,1] and in (2) we have K, € [1,2).
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Roughly speaking, when g(x) ~ xX, itis (WD) if K € (0,1) and (SD)if K € [1,2).
Problems similar to (1) are considered in several papers (see, for example, [1-7]). In
particular, in [3,5], the following Euler-Bernoulli beam equation is considered:

my(t,x) + Elyxxxx(t,x) =0, x€(0,1), t >0, ©)
with clamped conditions at the left end

y(t,0) =0, y«(t,0) =0, 4)

and with dissipative conditions at the right end
—Elyaxx(t,1) + paye(t,1) =0, w1 20, )
Elyxx(t,1) + poyex(t,1) =0,  p2 > 0.

Here, y is the vertical displacement, y; is the velocity, v, is the rotation, y; is the angular
velocity, m is the mass density per unit length, EI is the flexural rigidity coefficient, —Elyyy
is the bending moment, and —EIyyyy is the shear. In particular, the boundary conditions (5)
mean that the shear is proportional to the velocity and the bending moment is negatively
proportional to the angular moment. Observe that if we consider § = v = 0in (1), then
we have boundary conditions analogous to those in (5). Thus, the dissipative conditions
at 1 are not surprising. We remark that the conditions 5,y > 0 are necessary to study the
well-posedness of the problem and to prove equivalence among all the norms introduced
in this paper and that are crucial to obtain the stability result.

The qualitative behavior of (3)—(5) is studied in [4], where it is proved that if ;4% > 0and
2 > 0, the energy E(t) of the vibration of the beam decays exponentially in a uniform way

E(t) < ke "E(0) (6)

for some k, u > 0.

Observe that in all the references above, the equation is non-degenerate; however,
there are some papers where the equation is degenerate in the sense that a degenerate
damping appears in the equation of (3) (see, for example, [8-10]). The first paper where the
equation is degenerate in the sense that the fourth-order operator degenerates in a point as
in (1) is [11]. However, to the best of our knowledge, [12] is the first paper where the stability
for (1) with A = 0 is considered. On the other hand, for a degenerate wave-equation, we
refer to [13] (see also the arxiv version of 2015) for a problem in divergence form and to [14]
for a problem in non-divergence form.

A position-dependent restoring force is introduced using the modified Euler-Bernoulli
equation that includes a coefficient-dependent drift term. High stiffness, concentrated
forces, or material discontinuities can be modeled by the term d()‘—x)y, which produces a
single behavior at x = 0, suggesting a highly localized effect. Additionally, it denotes
pre-stress or non-homogeneous stiffness, which applies to beams on uneven elastic founda-
tions. Furthermore, if d(x) is a distance function, the term affects tension in pre-stressed
structures by acting like an inverse square law, similar to electrostatic or gravitational po-
tentials. Additionally, the equation resembles singular potential quantum wave equations,
which cause localized resonance effects in structural dynamics. All things considered,
this formulation captures strong localized effects, pre-stress changes, and non-uniform
limitations that are pertinent to practical physics and engineering (see [15]).

As far as we know, for beam-type equations simultaneously admitting degeneracy
and singularity, only controllability problems have been faced (see the recent paper [16]),
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while nothing has been undertaken for stability. For this reason, in this paper, we focus on
such a problem, proving that (1) permits boundary stabilization, provided that the singular
term has a small coefficient (see Theorem 2 below). Hence, we may regard this result as
a natural continuation of [12] and a perturbation of the related one in [16]. Clearly, the
presence of the singular term % introduces several difficulties with respect to [12], which
let us treat only the case of a function d with weak degeneracy, according to the definition
above. For a stability result for a degenerate/singular wave equation, we refer to [17].

Strategy method. In order to prove (6) for (1), we use a multiplier method. In particular,
after defining the energy associated with the problem, we prove an estimate on it using a
multiplier method (see Proposition 6). Obviously, the presence of a degenerate fourth-order
operator brings more difficulties with respect to the ones for the second-order case. These
difficulties are related to some new terms that we have to face; for example, we have to
estimate from above fST y2(t 1)dt + |, ST y2(t,1)dt for every 0 < s < T using the energy
associated with the original problem. This is carried out in Proposition 7 thanks to a suitable
fourth-order variational problem (see Proposition 3). Thanks to the estimates proved in
Propositions 6 and 7 and using a result given in [18], we prove the main result of the paper,
i.e. Theorem 2.

This paper is organized as follows: In Section 2, we give the functional setting and
some preliminary results that we will use in the rest of the paper, together with the existence
of solutions. In Section 3, we introduce the energy associated with a solution for the problem
and we show that it decays exponentially as time diverges. In particular, we prove that
if A is small and 4, d are not too degenerate (in the sense of Definitions 1 or 2), the energy
satisfies (6), as in [4] for the non-degenerate and non-singular case. The last section is
devoted to the conclusions and to some open problems.

2. Preliminary Results and Well-Posedness

In this section, we introduce the functional setting needed to treat (1). However, here,
our assumptions are more general than those required to obtain the stability result in the
next section.

We start by assuming a very modest requirement.

Hypothesis 1. The functions a,d € C°[0,1] are such that
1. a(0)=4d(0) =0,a,d >00n(0,1],
2. thereare K,, Ky € (0,2) such that the functions

xKa
x> @)
a(x)
and
xKa g
X — 100 0 8)
are non-decreasing in a right neighborhood of x = 0.
It is clear that, if Hypothesis 1 holds, then
v
m =0, ©)
x—0 a(x)
for all v > K,, and
X7
lim —— =0 10
w0 dx) (19
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forall v > K;.

Let us state that if a is (WD) or (SD), then (2) implies that (7) holds on the whole
domain (0, 1] analogously for d.

In order to treat (1), let us introduce the following Hilbert spaces with the related inner
products and norms given by the following:

£3(0,1) = {u € L2(0,1)) lull, < oo},

1 1 142
::/ wo=dx, |ulj3 :/ u—dx,
0 a a 0 a

(u,0)

Q=

forallu,v € L2(0,1);

a

Hi(0,1):=13(0,1) N H(0,1),i = 1,2,

(u,0);1 = 1+Z/ u® (x)o®) (x)dx
and

lulfy o) = I ||2+2H ®

L201

Yuove Hll (0,1),i = 1,2. In addition to the previous ones, we introduce the following

important Hilbert spaces:

H;O(O,l) = {u € Hé(o,l) cu(0) = 0} and

H?O(O,l) = {u € H;O(O,l) NH2(0,1) : u/(0) = o},

with the previous inner products (-, -), 1 and norms || - || Hi, (01)7 i =1,2. Now, consider the

scalar product
1. .
(1,0)i 0 ::/ u (x)o") (x)dx
0

forallu,v € Hll (0,1), which induces the norm

a

Il = lu@lzgay, ¥ € H (0,1),

i = 1,2. Observe that, if a is continuous, 2(0) = 0 and (7) is satisfied, then the norms
Il - ||H,~1 (1) I liand || - [[1,c are equivalent in H} »(0,1). Here,

)7 = IIMH2 + 4Dy, Vue H;O(O,l),

i =1,2 (see, e.g., [11]). Clearly, if i = 1, the previous equivalence is obviously satisfied.
Indeed, || - || HL (01) and || - ||; coincide and, for ([19], Proposition 2.6), one proves that there

/ LA c/ W')2dx, (11)

is C > 0 such fcha’c

forallu € H! O(0,1). Let

Cyp be the best constant of (11). (12)
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Now, assume i = 2 and fix u € H3 0(O, 1). Proceeding as for i = 1 and applying the
classical Hardy’s inequality to z := u’ (observing that z € H} 0(O, 1)), we have

1
[wpar < [P v <a [ =4 [ e = 4l
| ,

Hence, || - || H2 (0,1) and || - ||, are equivalent in H% ,(0,1) (actually, they are equivalent in

/!

H2(0,1), see, e.g., [11]). Moreover, by the previous inequality,

1,2 1
(/ %;dxf;ch/“uuydxfg4chHm@o (13)
0 0 '
and the thesis follows. In particular, [|u[f < (Cpp +1)|[u||7, forall u € H (O, 1) and

]l < (4Chp +1)[[ul3, (14)

forall u € H? (0 1) (see ([12], Proposition 2.1)).

Asin ([16], Proposition 2.3), one can prove the next result

Proposition 1. Assume Hypothesis 1 and take K, Ky such that K, + Ky < 2. Ifu € H% 0(0, 1),

then for —— \/71 € L2(0,1), there is a positive constant C > 0 such that
a
1 2(x) 1
————dx < "(x))?dx. 1
L atodng <€ ) 0 ()P (15)
Let
Crp be the best constant of (15). (16)

As in ([20], Chapter V), we assume the next hypothesis:

Hypothesis 2. The constant A € R is such that A # 0 and

PP (17)

HP

Observe that the case A = 0 is already considered in [12]. Thus, it is not restrictive to
assume A # 0.

Moreover, if A € (O, #) , we can take € € (0,1) such that

Cup

PRl (18)
Cup

Hence, as a consequence of Proposition 1, one has the next estimate (see ([16], Proposition 2.4)).

Proposition 2. Assume Hypothesis 1 and A € ( ) Ifue H2 (0,1), then

1 " ! uz(x) ! "
/0 (u (x))de_A/O deze/o (u (x))de.
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Under Hypotheses 1 and 2, one can consider in H? O(O, 1) also the product

Lo
(u,v)p 1= (U,0)20 — /\/0 de

1,2

2 u
—A —dx.
2,0 /Oﬂd X

By Propositions 1 and 2, one can prove the following equivalence:

which induces the norm
2

u

~ = u

Corollary 1. Assume Hypotheses 1 and 2 and K, + K4 < 2. Then, the norms || - ||Hz 1) |1 112
I ll2,0, and || -

are equivalent in H (0,1).

In order to study the well-posedness of (1), we introduce the operator A: D(A) C
L3(0,1) — L3(0,1) by Au := au””,forallu € D(A) := {u € H§,0(0,1) cau € 13 (0,1)},

where the next Gauss—Green formula holds
1 1
/ u""vdx = u" (1)o(1) —u"(1)d'(1) + / u"v" dx (19)
0 JO

for all (u,v) € D(A) x H?

1 0(O, 1) (see [12]). Moreover, consider

Apu = Au — éu, YueD(Ay),

d

where
D(A,) = {u € H},(0,1) | Ayu € LZl(O,l)}. (20)

Observe that if u € H2 (0 1) and K, 42K, < 2, one proves that 4 € L2 (0,1); hence,

u € D(A,) if and only if u € D(A),ie., D(A)) = D(A) (for more detalls, we refer to [16]).
For this reason, in the following, we assume the next assumption:

Hypothesis 3. Assume Hypothesis 1 and K, +2K; < 2.

Under this assumption, it is clear that d cannot be (SD). On the other hand, a can be
(SD), but in this case, K; has to be very small.

Finally, to prove the well-posedness of (1), we need to introduce the last Hilbert space
Ho = H? O(0, 1) x L%(0,1), with inner product and norm given by

+ Bu(1)ii(1) + ' (1)’ (1)

—~
—~
&
Q
?/
—
=
D
S—
Nt
hs
(=]
Il
—~
Ra
=i
~
»
o
+
—
S
<
~
[

and
1,0 By o= By + ol + (1) + 70 (1)

for every (u,v), (4,7) € Ho, where B,y > 0, and the matrix operator A : D(A) C Ho —

Ho given by
0 Id
am (AA 0)
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with domain
IXA%:{WJ)GDM)xHiJQD:&&U—M%D+vO):Q
yu'(1) +u"(1) +9'(1) = 0}.

Thanks to (19), one can prove the next theorem that contains the main properties of the
operator (A, D(.A)). Since the proof is similar to the one of [21] or [22], we omit it.

Theorem 1. Assume a (WD) or (SD). Then, the operator (A, D(.A)) is non-positive with a dense
domain and generates a contraction semigroup (S(t))s>o.

Thanks to the previous theorem, one has the next result, which can be proved as in
([16], Theorem 2.7).

Theorem 2. Hypotheses 2 and 3 hold. If (yo,y1) € H2 0(0,1) % L3 (0,1), then there is a unique

mild solution
y e C'([0,+00);13(0,1)) NC([0, +00); H? (0,1))

of (1), which depends continuously on the initial data. In addition, if (yo,y1) € D (A1), then the
solution y is classical in the sense that

y € C2([0,+0); L3 (0,1)) N C* ([0, +0); H2 (0,1)) N C([0, +00); D(A))
and the equation of (1) holds for all t > 0.

Remark 1. Due to the reversibility in time of the equation, solutions exist with the same reqularity
for t < 0. We will use this fact in the proof of the controllability result by considering a backward
problem whose final time data will be transformed in initial data: this is the reason for the notation
of the initial data in problem (1).

The last important result of this section is given by the next proposition. Let us
start with

Hypothesis 4. Assume a (WD) or (SD), d (WD) with K, +2K; <2, A #Qwith A < Cll-IP and
By =0

Proposition 3. Assume Hypothesis 4 and define

IR = [ =2 [ D p20) (2 (1)

forall z € H3 0(0,1). Then, the norms ||| - ||| and || - ||5,0 are equivalent in H3 0(0,1). Moreouver,

for every p, yae R, the variational problem

1 1y
| 29— [ 28 z(1)g(1) + 42 (19 (1) = pp(1) + 19/ (1), ¥ g € HE 1(0,1),

admits a unique solution z € H3 0(0, 1), which satisfies the estimates

AC
2l < CfP(Hﬂ-+|#D2, and |||z]|* < (lol + [u])?, (21)
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where

1, A<O,
Ce :=
e, A>0.

A/\Z =0,
pz(1) =2 (1) = p,
12(1) +2"(1) =

In addition, z € D(A) and solves

Proof. As a first step, observe that for all z € Hi 0(0, 1), one has

nl=| [ dt\ < 112" l201 = Izl

x):‘/oxz’ ‘

and

for all x € [0,1]. Thus, ||| - ||| and || - ||, are equivalent. Indeed, for all z € H? 0

A < 0, one proves immediately that

Izl13 0 = 112" 1720,1) < Izl

1
IfA e ( , = >, by Proposition 2, one has
Chp

1 " ! Zz(x) ! "
/0 (Z (x))de_A/O deZe/o (Z (x))de.

forallz € H? 0(O, 1), and so

1
Izl13.0 < IllzlIP,

forallz € H? 0(O, 1). In conclusion, we have

1
213, < &Il

Now, we prove that there is C > 0 such that

1Iz]1* < CllzI3

forallz € H? 0(0,1). Clearly, (25) and (24) imply Bz*(1) < B||zl3, and (2 (1)) < 7[|z]3

drdt\ <2 N20m = Izl

(22)

(23)

(24)

(25)

(0,1), if

(26)

(27)

(28)

(29)

respectively; hence, if A > 0, one proves immediately that |||z|||> < (1+ B+ 7) ||z||%O ; if

A <0, by (15), then
1211 < (1= ACup + B+ 7)|12]13,-

In any case, the claim holds.

Now, consider the bilinear and symmetric form A : H3 O(O, 1) x H? O(O, 1)

a’

such that

1 1
Az, @) ::/0 z”(p”dx—)\/o %dx%—ﬁz(l)go(l)+fyz’(1)go’(1).
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Asin [22] or in [17], one can easily prove that A is coercive and continuous. Now, consider
the linear functional

L(g) = po(1) + pe'(1),
with ¢ € H%,O(O,l) and o, € R. Clearly, £ is continuous and linear. Thus, by the

Lax-Milgram Theorem, there is a unique solution z € H% 0 (0,1) of

Az, ) = L(9) (30)

forall ¢ € H3 ,(0,1). In particular,

1 1,2
P = AGz) = [ ax =2 [ S+ 22(1) + (' (1) = pz(1) + 42/ (1) G

Concerning the other estimates, by (24)~(26) and (31), we have |||z|||?> = pz(1) + uz'(1) <
(o= 1pDIlIz[]; thus,
Izl < ol + [ul- (32)

Moreover, by the equivalence of the norms in H3 0 (0,1), Proposition 2, and (13), one has

152 C
2P = 20— 4 [ Zav+ 620 +2E W) 2 CelzlBo > 7513,

where Ce is as in (22). Thus, by (32), [|z[|2 < 4CHP l|z]]]2 < 4CHP (lo| + )2
Now, we will prove that z belonﬂgs to D( ) and solves (23). To this end, con-

sider (30) again; clearly, it holds for every ¢ € C*(0,1), so that fol 2@ dx — A f01 Hdx =

0forall ¢ € C(0,1). Thus, 2" = AZfa.e. in (0,1) (see, e.g., ([23], Lemma 1.2.1)) and so
az"’ — A2 = 0a.e. in (0,1), in particular Ayz = 0 € L3 (0,1); this implies that z € D(A).

Now, coming back to (30) and using (19) and the fact that A 1z = 0, we have

/ ¢l'dx - / Lax+pz(1)9(1) +12' (V)¢ (1) = pg(1) + 19’ (1)

— —Z"(De(1) + (z"¢") (1) + Bz(1)9(1) + 7(Z'¢") (1) = po(1) + e’ (1)
for all ¢ € H%O(O,l). Thus, —z"(1) + Bz(1) = p and 4Z/(1) +z"(1) = u, that is, z
solves (23). ufl

3. Energy Estimates and Exponential Stability

In this section, we prove the main result of this paper. In particular, proving some
estimates of the energy associated with (1), we obtain the exponential stability.
To begin with, we give the next definition:

Definition 3. For a mild solution y of (1), we define its energy as the continuous function

2
E,(t): 2/ ( ta —i—yxx(t x)——dy (t, x))dx+§y (t,1) + %yi(t,l), vVit=>0. (33)

Recalling that §, ¥ > 0, one proves that if y is a mild solution and if 3,y # 0, then

SE() and (1) < ZE, (1)

2
y (tfl)Sﬁ
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on the other hand, thanks to Equations (24)—(26), forall 5 > 0 and v > 0,

R0 < ZE®) and 701 < 2R,

where Cg is as in (22). Thus, we have

y*(t,1) < CgEy(t) and yi(t1) < CyEy(t), (34)
11 11
2min< —, — », 0, 2 min 0,
where Cg := {Ce ,3} P and C, := {Ce 'Y} T
(%/ p=0 (%/ v=0.
Observe that if B > 1, being % < land C% > 1 (recall that e € (0,1)), min{cie, %} = %

Analogously for 7.

Asin ([21], Thoerem 3.1), it is possible to prove that the energy is a non-increasing function.

Theorem 1. Assume Hypothesis 4 and let y be a classical solution of (1). Then, the energy is
non-increasing. In particular,

= WD) —yR(D), Y20,

Actually, one can prove that the previous monotonicity result also holds under weaker
assumptions on the functions 4 and 4.

Proposition 4. Assume Hypothesis 4. For the fixed T > 0, if y is a classical solution of (1), then

_ t ! 1T, J/? xa'
0—2/ Y= yx dx_a(l)/s yt(t,l)dt—i-/QS; ; )d xdt

A T, ) T
- mfo y (t,l)dt+3/Qs yxxdxdt+2/3/s ye(t, )y(t 1)dt -

T T T
+2 [yt Dyl Dt +2y [ R DdE 2 [ st Dyl et

xd’ ]/2
/yxxtldt—i-)\/ <1——d>addxdt,

forevery 0 < s < T. Here, Qs := (s, T) x (0,1).

Proof. Since some computations are similar to the ones of ([21], Proposition 4.7), we sketch
them. Fix s € (0,T). Multiplying the equation in (1) by % and integrating over Qs,
we have

0= / Yo 2 dx dt + / Y poex 2 dx dt — A / Y% gt (36)
QS a Qs a Qs le

As in [21], one proves that

/ytt%dde/ ayxxxx%dxdt
QS a Qs a

7% bl LT Loyt x
_/O |:yt 1 ]t:de_zg(l)/s yt(t,l)dt—f—i/Qs;(l_T)dxdt

3 T T
+3 /Q y?cxdxdt—l—ﬁ/ yx(t,l)y(t,l)dt+/ ya(t, Dyt 1)dt

T T 1 /T
+7/ yi(t,l)dt+/ yx(t,l)ytx(t,l)dt—E/ yix(t,l)dt.
S S S
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Hence, it remains to compute —A |, 0. W dxdt. As in [17], one proves

T 27%= _ / /
—/\/ xW”‘d TR, {xy] dr+ (”d x(a'd + ad >)y2dxdt
Q.

2 ad |, 2 (ad)?
ATl A xa'  xd'\y
-2 [ud] e Qs(l—a—d>addxdt.

By ([17], Lemma 1) . .
p x %=1 A / 2
/\/o []/ ad}xzo_ ayd(1) Jo Y (8 1)dt
and the thesis follows. [

As a consequence of the previous equality, we have the next relation:

Proposition 5. Assume Hypothesis 4 and fix T > 0. If y is a classical solution of (1), then for
every 0 < s < T, we have

/yj(z 1—ﬂ)dxdt+/ 2, 3——)dxdt

xa' xd 2\ 2 B
+A (1 -2 2> L dxat = (BT,

(37)

where

1 tT tT
=5 LT o]
T
7”/ ytlyttldt—i—’y(K——Z)/ yi(t,l)dt
S

’ (KT‘Z)/ yx(tfl)ytx(t,l)dw/s y%;(tl')l)dt—Z,B/STyx(t,l)y(t,l)dt

_Z/STyx(t,l)yt(t,l)dt+/5Ty§x(t,1)dt+a(l)/\d(l)/STyZ(t,l)dt.

Proof. Lety be a classical solution of (1) and fix s € (0, T). Multiplying the equation in (1)

y

by e integrating by parts over Qs, and using (19), we obtain

0_/1{yty} / yfdxdt+/ Yyxxx)(t, 1)dt

_/ (yxyxx)(t,l)dt+/ yixdxdt—)t y dxdt
S Qs Qs @

(38)

Obviously, all the previous integrals make sense, and by multiplying (38) by %, one has

Ka

vt 2
0= Qs(_7+yx" dxdt—i——/ wl dx

K, (T K (39)
+5 y(t,1)yxxx(t,1)dt—7”/s (b, 1)y (£, 1)t

By summing (35) and (39) and using the boundary conditions at 1, we obtain the thesis. [

An immediate consequence of (37) is the next result. However, to prove it, we assume
an additional hypothesis on functions a and d.
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Hypothesis 5. Assume a (WD) or (SD), d (WD) with K,
By =0

Observe that this hypothesis is more restrictive than Hypothesis 4; indeed, in
Hypothesis 5, we exclude the case K, + 2K; = 2. In fact, as we can see already from
the next result, the condition K, + 2K; < 2 is important for the technique used in the fol-
lowing proposition:

Proposition 6. Assume Hypothesis 5, fix T > 0 and let y be a classical solution of (1). Then, for
every 0 < s < T and forall ey € (0,2 — K, — 2K), one proves

€ yi LY - Gy, K
> Qs( + 12, Ad>dxdt <4I9+Q+ (2 2>>Ey(s)

K
+<”

if A >0, and

2
g [ (Vi Va - Cy(, K
> Qs< + Y2 — ad)dxdt_ <4z9+g+ (2 5 Ey(s)

+<Ka+ﬁ+ﬁ<ﬁ>/Ty%nnw+wﬁ+1+2¢3/¢yﬁtﬂﬂ

'gﬁ aﬂ;ﬁ))LTfUJWﬁ+m+1+2%XAZé“1ME

~ T
—4/\CHp<1+iKa+Kd>/ E, (),
S

ifA <0.

Here, § := max{e(a(l) +KuCHP>/1+ ;} and ¢ 1= max{2,4u +1+ 7(1) }

Proof. By assumption, we can take g9 € (0,2 — K, — 2Kj); thus,

xa' K, ¢

1=+ 50>,
Jr2 2
Ku €
3— 252 40
> > (40)
o _xd K&

Now, we distinguish between the cases A > 0and A < 0.

Case A > 0.
In this case, the distributed terms in (37) can be estimated from below in the follow-
ing way:
U _ / K, _x Ky
/5 (2+4 D)axdr+ [ y2.(3 )m¢pmxg<1 = -+ 2t ) Eaar

| (41)
:>?Q(y“+wx+Ay>dmﬁ>/ (%~+wx—Ay>dxﬂ

Now, we estimate the boundary terms in (37) from above. First of all, consider the
ESEPNS I
a(x) — a(1)’

together with the classical Hardy inequality (12) and proceeding as in ([12], Proposition 3.3),

1
integral / ( Zyt Yt Koy g t) (t,x)dx forall T € [s, T|. Using the fact that
0

one proves
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1
/0 < yt*}/x-i‘ 2“ yyt)('r,x)dx <

K, 1]/2 oy
/yxxrx)dx—i- 1+ — 2 /()j(r,x)dx%—KaCHp/O Yo (T, X)dx.

Hence, by Proposition 2,

1
/()( 2]/t*]/x+ Z“Wt>(r,x)dx
4 Ky yt
<
< < {a +KHCHP>/ e Tx)dx+<1+ 4>/ H(T x)dx

)
4 2

<! 1 < 0 aCHp) </ Y2 (T, x dx—/\/ (T, x)dx> (1 + I}) /01 %(T,x)dx

1 4 K,
< — —= + + — pEy(T
2max{€<a(1) KaCHP)/l 4 } y( ),

for all T € [s, T]. Hence, since the energy is non-increasing,

1 K, Yy 1 4 K,
IS < - — -
/O |: 2]/,5 yx+ 1 :|t sdx 4 max 6’([1(1) +KﬂCHP>,].+ Ey(S).

Now, based on (34) and the fact that K, < 2, we have

f)/(I; _2> /:yi(t,1)dt+ (IZ —2> /:yx(tfl)ytx(tfl)df
= (I;a _2> % /zT(yx(t, 1)2)tdt = (I;a - 2) ;(]/;%(Tll) —yi(s,l))

< (Z—I;a);yi(sr ) < (2—2> ?Ey( )-

Obviously,

K, (T
5 y(tl)yttldt<—/ tldt—l——/yttl
S

=B [ 2y (6, Dy (t, V)t < B [T 20y(t, Dy (t,1)|de < B [T 21 V)dt+ B [T 28, 1)d

and

T T T T
—/ Zyx(t,l)yt(t,l)dtg/ 2|yx(t,1)yt(t,1)|dt§/ yi(t,1)dt+/ 2 (t1)dt

Furthermore, recalling that vy, (t,1) + yxx(t,1) + yex(t,1) =0,

T T T
[ vina <2y [CR a2 [

Hence, by (37), (41)—(47) and Theorem 1, we have
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2 2
e [ (V2 ¥ grar < 104 K,
> Q5<ﬂ + Yy Aad>dxdt_4max{e<a(1)—I—KaCHp 14— 1 Ey(s)

+ (2— 2) C;Ey( )+ (IZ +1+ (11>> /sTy%(t,l)dtJr2/5Ty%x(t,1)dt
+ <K“ +;3+K§[3 a(1)):1(1)> /sTy2(t,1)dt+(/3+1+272)/5Ty§(t,1)dt
§4max{i(a(41>—l—KaCHP> 148 }Ey( )+ (2—2> SE(9)
+max{2,11”+1+a(11)}/sT—‘iEy(t)dt

K, Ka,B A T T
+< B+ +a(1)d(1)>-/s VDA (1427 [ D

S

§4max{i(a(41) +KuCHp> 1+IZ‘Z}Ey( s)+ (2_2> C’YEy( )
+max{2,§a+1+a(11)}liy(s)

K
+<”

Hence,

2
& [ (yi IV - _ K\ &
5 QS( +y2 - ad)dxdt_<419+g+<2 2) 55 | Ey(s)

. (K vy a(lfd(l)) [ e i 122 [

JS

Kzﬁ a(l)/ti(l)>/STyz(t,l)dt—i-([3+1+272)/Ty§(t,1)dt.

S

and the thesis follows.
Case A < 0. In this case, based on the definition of energy and (15), one proves

/ v L axar < Cup / V2, (8, x)dxdt < 2Cup / E,(t)dt;

hence,
A / Y dxdt < —20Cppp / E,()dt. (48)

Moreover, by (37) and (40), one has

. . 2
e [ (Vi Y v} ! Kq
2 ( w2 AL )dxdt< - ( 241 )dxdt+/ Vi (3 3 )dxat

Qs
xa' xd 2\ Y2
_ _x x| L\ Y 49
/\Qs<1 p d+2> ddxdt (49)
xa'  xd K\ y?
— (B.T) —2/\/Qs (1 2T 2) L axat,

where (B.T.) is the boundary terms in (37). Now, by (48),

xa'  xd Ka)

T
yddxdt< 4ACHP<1+2K,Z+K,1+M>/ E,(b)dt.
S
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Proceeding as for the case A > 0 and using the fact that fl(lf\w < 0, one can estimate the
boundary terms in the following way:

(B.T.) < 4max{i <a(41) + KuCHP),l + IZI}Ey(S)

K, 1 K, \C
- {max{2,4+1+a(l>} + (2 2>£}Ey(s)

+ (K" + B+ Km) /Tyz(t,l)dtJr(ﬁ+1+272)/Ty§(t/1)df

EO yt _y < £ v
(L= (oo 2)2>

Hence,

T
+<K“+ﬁ+K”ﬁ>/ LA+ (B+14277) |yt 1)d

T
— 4AChp (1 + %Ku + Kd) / E,(t)dt
S
and the thesis follows. [
T
In the next proposition, we will find an estimate from above for / y2(t,1)dt +

S

T
/ y2(t,1)dt. To this end, set

s

C/g =
, B =0, for all considered A,

O

- {}3, B # 0, for all considered A,

L 4 0, for all considered A,

ny = v
C%' v =0, for all considered A,
and
- (50)
Cg+Cy

Proposition 7. Assume Hypothesis 5 and fix T > 0. If y is a classical solution of (1), then for
every 0 < s < T and for every 6 € (0,v), we have

T T s T
/yz(t,l)dH—/ yi(t,l)dtg—/ E,(t)dt
s s Cs Js

1[2 4Chyp | 1
+C5[C(1+chp(cﬁ+c)) 5<C€+2)]Ey(s),

where
Cs:=1-06(Cs+C,).

Proof. Setp = y(t,1), u = yx(t,1), where t € [s,T], and letz = z(¢,-) € H2 (0,1) be the

unique solution of

1 1
[ g =2 [ 2+ pa(t,1)9(1) + 92 (119 (1) = po(1) + 1o/ (1),

forall ¢ € H? »(0,1). By Proposition 3, z(t, -) € D(A,) for all £ and solves
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AAZ = O,
‘BZ(t, 1) - Zxxx(t, 1) =p, (51)
Yz (5 1) + zxx (£5,1) = p.

By (21), we also have

8C
12152 1) < “2 - (P(ED) +ya(L 1) and lIz(0)IF <202 1) +43(E1)), ()

where C, is defined in (22). Moreover, if  # 0 and v # 0, then by Proposition 2 if A > 0,

one proves

1

22(t,1) < Zlll2ll? < Z (A1) + 3 (1))

=N

and 1 5
Z(t1) < ;lIIZIII2 < ;(yz(frl) +yi(t1)).

On the other hand, if § = 0 and ¢ = 0, then by (24), (25) and (29), it results in
2(t,1),22(t,1) < |23, < LIIEIP < (ol + [1)? < 2(2(51) +2(5,1)). In every
case, for all considered A, we have

22(1,1) < 2Cp(y*(1,1) + 43 (t,1)), (53)

and
25 (4,1) <2C, (y*(£1) + yz(£,1)). (54)

Finally, observe that for all considered A and all t > 0, we have
1 /171, 5 1
E/ —yi(t,x) + Yy (t,x) |dx < —Ey(t). (55)
0 \4a €
Indeed, consider, first of all, A < 0, then
1 /71, 5
5 | (VR0 + (b x) )dx < Ey(0)

me(o,}
C

) and € € (0,1) is as in (18), we obtain (27), which implies that
HP

2E,(t) > € /01 y2.(t x)dx + ./0'1 yi((i’;)dx + BY2(t, 1) + yyA(t,1)

o </o1 arlt )+ /01 yi((t;;c : dx) +BY3 (1) + 1R (4 1);

in particular,
1/1/1, 5 1
3 | (VR + e ) )dx < ZEy(0),

forall t > 0. .
Now, multiplying the equation in (1) by - and integrating over Q,, we have

0= /QS yttgdxdt—k/Qs zyxxxxdxdt—)\/Qs L zaxar
:/ 2] dx—/ —dxdt+/ z(t,l)yxxx(t,l)dt—/ 22 (t, Vyxx(t, 1)t (56)
0 alt=s Qs 4 s s

—i—/ zxxyxxdxdt—)t/ lzdxdt.
Qs Q. ad
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Hence, (56) reads

/1[% } / Y2t g ar — /\/ L zdxdt

T
_ _/ z(t,l)yxxx(t,l)dt+/ zx(t,l)yxx(t,l)dt—/Q Zexyred dt.
S S o

S

(57)

On the other hand, multiplying the equation in (51) by % and integrating over Qs, we

have Zyxxxy dx dt = 0. By (19), we obtain ZaxYyxdx dt = — szxx t, Dy(t,1)dt +
Q. Zxxerl y 0. 2y : y

fsT Yx(t,1)zxx(t,1)dt. Substituting in (57), using the fact that zy,.(t,1) = Bz(t,1) — p,
zex(t,1) = —yzx(t,1) + 1, p = y(t,1), u = yx(t,1) and proceeding as in [12], we have

1 t=T
/ wie] ax— [ Pavar-a [ Lzdxar
0 " alt=s Q a Q, ad

= —/STZ(t,l)yxxx(t,l)dt+/STZx(t,l)yxx(t,l)dt—f—/STy(t,1)[[3Z(t,1) ~oldt
[ 1) + g
= /STZ(tfl)[ﬁy(t,l) — Yaxx (£, 1)]dt
- ./STZ"(’*’U[%XW) +ya(t,1)]dt — /sTyz(t,l)dt - (/sTy,zc(t,l)dt
Then,

/Tyz(t,l)dt+/Ty§(t,1>dt: —/T(ytz)(t,l)dt—/T(zxytx)(t,l)dt

(58)
—/ yt dx+/ Ytz tdxdt—k)\/ —zdxdt

Thus, in order to estimate f y2(t,1)dt + f 2(t,1)dt, we have to consider the four terms
in the previous equality.
So, by (21), (34), and Theorem 1, we have, forall T € [s, T],

1 1,2
Yiz yt T,X) 1/ z%(T, x)
Z < —

/o‘a (T,x)‘dx x+2 0 a(x) dx

}/t 7,X) 2CHP 2 2
<5 / o CAGRRSACRY)

ZCHp

< C—eEy(T) + —

1
<(1+ 2CHP(C,3 + CV))C—Ey(s).
€

(Cﬁ + C’r) E/( 7)

By Theorem 1, we have

\/ W dx‘<2 14+ 2Cup(Cp+ Cy)) o Ey s). (59)

Ce

Moreover, for any 6 > 0, we have

T
/ |(yz) (t,1)|dt < = ! yf(t,l)dt—i—é/ Z2(t,1)dt
26 2 Js

T (60)
= 25/ Vf(tfl)d“”scﬁ/ (v +y3) (¢ 1)at,
$ S
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by (53). In a similar way, using (54), it is possible to find the next estimate
T 1 /T . T
[ a0l < oo [ R 0de+ 6, [ 2+ 2 D (61)
S S S
Therefore, by summing (60) and (61) and applying Theorem 1, we obtain

T T
[ e nlde+ [ 1) 1)
T
S25/ dt Ey( dt+5<cﬁ+cy>/s (v* +y3) (£, 1)dt )

ETES) + 5(@ + CW> /ST(y2 +y2)(t,1)dt.

IN

Finally, we estimate the integral / ’dx dt. To this end, consider again the problem

(23) and differentiate with respect to . Thus,

a(Zt)xxxx - /\% =0,
Bze(t,1) = (zt)xxx(t,1) = yi(£,1),

7202 (8 1) + (20)xx (1) = (y)e(£,1).

Clearly, z; satisfies (52), in particular
2 8Cpp
[[z¢(t) HLzl(O,l)S Te(y%(ff 1) +yi(t 1))

and
2D < 2(ye (Pt D]+ y7 (8, 1)).

Thus, by (55) and the previous estiamte, for 6 > 0, we find

2 2
@‘dxdtg é/ y—tdxdt+l/ ZE gy dt
s oa 2 Jo, a 26 Jo, a

T 4C T
<6 [ By S [ R + v (1))

o HP _u
_5/ Ey(t)dt + 2 / S E,(1)dt

< .
5/ Ey()dt + 5B (s)
Coming back to (58) and using (59), (62), and (63), we find

/f(yzwim 1)dt<2(g€ 2CHP(C5+C7)> ()+Ey2(;)

T
+5<Cﬁ+éy>/ (y* +y2)(t,1)dt

4Chp

+5/ Ey(t)dt + 52 Ey (9)

Hence, for every ¢ € (0,v),

& [ e+ <2( L+ 2240 )t

T 4Chp 1
w0 [ E ()dt+5< c +2>Ey(s),
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and the thesis follows. [

As a consequence of Propositions 6 and 7, we can formulate the main result of the
paper, whose proof is based on ([18], Theorem 8.1).

Set
112 4Chp | 1
= 1+2
G C5 {Ce( + CHp(C5+C7))+5< C. —0—2>},
Cy
-]
Ka Ka A
(2*8+4+,3+€og+a(1)d(1)>, A >0,
C3 =
(Kﬂ+ﬁ+ 5+s0§> A <0,
and y
_ 2 A
= (B+1+27% +207)-
. ) . e
Theorem 2. Assume Hypothesis 5, fix T > 0and if A < 0, then A € (W,O). Let
y be a mild solution for (1). Then, for all t > 0 and for all 6 € (0, min{v, u})
E,(t) < E,(0)e! =, (64)
where
goC
max{0C§C4}’ A >0,
Hi= e0+4ACHp (143 Ko +Ky) 1 <0
maX{C3,C4}+(€0+4)LCHp(1+2Kﬂ+Kd))(Cﬁ+C'7),
and cs(C {C5,C4}C1)
§ “+max ,
M= bsoCz,;—(Smax{3C3,4C4}l ’ A >0,
- Cs(Cotmax{Cs,C4}Cy) A<0
Cs(0+4ACHp (143 Ka+Ky) ) —0max{Cs,C4}’ )

Here, v is defined as in (50).

Proof. As a first step, consider y a classical solution of (1) and A > 0. Take § &<

0, min< v, & . Then, based on the definition of E, and Propositions 6 and 7,
max{Cs, C4}

we have

T €0 yi(t,x) Ao
so/s y(t)dt = > Qg( a(x) + Y (B x) — s (t,x) |dxdt

+eoﬁ/ tldt+eof/ yxtl

< GEy(s) +Cs / y2 (£, 1)dt + Cy / V2( 1)t
T

< CzEy(S) +max{C3, C4} (/ yz(t,l) +y§(t,1))dt
S

s (T
< GEy(s) + max{Cs, C4}C—§ / Ey(t)dt + max{Cz, C4}CiEy(s).
s
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This implies lso — max{Cs, C4}é55] f E,(t)dt < (Cp 4+ max{Cs, C4}C1)E,(s). Hence,

we can apply ([18], Theorem 8.1) with M := Ci E)%H;ra{x%cg‘g ? and (64) holds.

Now, consider A < 0. By Propositions 6 and 7, we have

T _ %0 yi(t,x) | 5 A o
so/s E,(t)dt = > ( () + Y (B x) — Py (t,x) |dxdt

+80ﬁ/ tldt-i-So*/ yxtl
< CzEy(s)+max{C3,C4}(/ 2(t,1) dt+/ A(t, 1)dt>
S
. 3 T
—4ACHp(1+2Ku+Kd>/ E,(F)dt
JS
) T
< (Cy + max{Cs, C4 }C1)Ey (5) —b—max{C3,C4}C—/ Ey(t)dt
b Js
~ 3 T
—4ACHP(1+2K,1+K,1>/ E,(t)dt.
S
Hence,

(eo +4ACpp (1 + gKg + Kd) — max{Cs, c4}c‘55> /S'T E,(t)dt
< (G + max{Cs, C4}Cq)Ey(s).
Recalling that Cs :=1—¢ (Cﬁ + C,), where ¢ < i, one proves that
eg +4AChp (1 + %Ka + Kd> — max{Cs, C4}Ci >0

Cs(Crtmax{C3,C4}Cy)
Cs(e0-+4ACHp (143 Ka+Ky))—d max{C3,Cy}’

Hence, again by ([18], Theorem 8.1) with M :=
(64) holds.

If y is the mild solution for the problem, we can proceed as in [22], obtaining the the-
sis. [J

4. Conclusions and a Open Problems

In this paper, we study the exponential stability of the energy related to (1). In
particular, in Theorem 2, we show that

If A is small and a, d are not too degenerate, then
the energy of the solution to (1) converges exponentially to 0 as time diverges.

This result leads to some open problems. The first one is to prove the stability if
K, +2K; > 2. As we have seen, the condition K, + 2K; < 2 is crucial in Proposition 6
and the condition K, + 2K,; < 2 is important for finding that the two domains D(A) and
D(A,) coincide. On the other hand, K, + K; < 2 is crucial to obtain the estimate given in
Proposition 1.

Another important open problem is to prove the stability of (1), when A <
—e;
4Chp(1+3Ke+Ky)
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