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Abstract. In December 2019, the SARS-CoV-2 (COVID-19) virus was identified and quickly
spread worldwide, causing a major global health crisis. To investigate its transmission dynam-
ics, we developed a ten-compartment mathematical model, named CoVCom10, which includes key
stages such as asymptomatic (F'), pre-symptomatic (F), and vaccinated (V') individuals. The basic
reproduction number (Rp) has been calculated to evaluate how easily the virus can spread. We
analyzed the local and global stability of the disease-free equilibrium and prove that the disease
under control after vaccination when Ry < 1. A sensitivity analysis was conducted to assess the
impact of key parameters, including the vaccination rate from susceptible individuals (8), trans-
mission from susceptible to pre-symptomatic individuals (¢), and the rate of vaccination from
pre-symptomatic individuals (). To evaluate intervention strategies, we extended the model by
incorporating time-dependent control variables representing vaccination (a;), hospitalization (az),
and isolation of asymptomatic individuals (a3). The Pontryagin Maximum Principle was applied
to identify optimal control strategies. Numerical simulations reveal that these interventions signif-
icantly reduce virus transmission, particularly as the fractional-order parameter (¢) approaches 1
which aligns with observed real-world disease dynamics. The study emphasizes the effectiveness
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1. Introduction

In the middle of the 1960s, human coronaviruses were first discovered. The well-known
coronaviruses that may infect individuals include SARS-CoV (severe acute respiratory
syndrome), MERS-CoV (Middle East Respiratory Syndrome), and SARS-CoV-2 (the new
coronavirus that causes coronavirus disease 2019, or COVID-19), which is the subject
of this research. Corona, virus, and disease are represented, respectively, by the letters
CO, VI, and D in COVID-19. In December 2019, a novel virus was discovered during
an outbreak in Wuhan, China [1-4] shown in Figure 1. There were attempts to control
it, but they did not succeed, allowing the virus to spread to other regions of China and,
subsequently the propagation of the world. According to a survey of individuals who
passed away, the majority of them were elderly or had serious diseases like parkinson’s,
lung, diabetes, chronic heart, or kidney disease. Flu and other viruses that can propagate
contact with the mouth and touch with the nose can spread quickly. Coronaviruses are
very dangerous and spread readily from person to person [5].

Figure 1: SARS-CoV-2 Structure

Many mathematicians are constantly working to construct new, more effective models that
may be used for modeling to evaluate the relationship between death and infection, fluid
dynamic and predict how it will spread in the future [6-9]. Fractional calculus plays a vital
role in biological modeling, offering a more accurate and flexible framework for captur-
ing the memory and hereditary characteristics inherent in biological systems. Numerous
researchers have developed mathematical models using fractional calculus to enhance the
precision of numerical simulations and better reflect real-world disease dynamics [10]. In
a short period, various types of research on COVID-19 model, pandemic have been con-
ducted in the literature. Diagne et al., (2021) [11] studied formulation of COVID-19
model with vaccination. In their model, Various epidemiological stages were created for
the entire population N based on each person’s health at any given moment t. They
was shown how to regulate the model to minimize the spread of COVID-19 by employing
Pontryagin’s maximal principle. Acheampong et al., (2022) [12] developed a model where
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Pre-Symptomatic and infectious epidemiological classes generate infectious disease mod-
els, leaving them as abstract ideas. Because of the prevalence of asymptomatic carriers, it
was difficult to identify those who have been Pre-Symptomatic (represented by E) to or
infected (represented by I) with SARS-CoV-2. They had produced two epidemiological
classes: (1) a known group of Pre-Symptomatic individuals thought to be SARS-CoV-2
(represented by @), and (2) those whose SARS-CoV-2 status has been clinically verified
(represented by P). Those who have been recognized as vulnerable were marked with the
letter Q as they were required to quarantine under Ghana’s COVID-19 principles. The
same was applied to confirm positive (P) where clinical tests have shown that they had
SARS-CoV-2. They named their model CoVCom-9. Butt et al. (2023) [13] developed a
nonlinear SEIQHR fractional model for COVID-19 using the Atangana—Baleanu (ABC)
derivative to capture the complex dynamics of disease transmission. They analyzed equi-
librium points, performed sensitivity and bifurcation analyses, and applied an optimal con-
trol framework with the Toufik—Atangana numerical method to assess control strategies.
Zanib et al., (2024) [14] developed a modified compartmental COVID-19 model incorpo-
rating vaccination strategies using conformable fractional derivatives to capture complex
transmission dynamics. The basic reproduction number Ry, its sensitivity indices, and the
model’s stability were analyzed, with a finite difference method providing accurate numer-
ical solutions and highlighting the role of vaccination in disease control. Butt et al., (2024)
[15] developed a nonlinear fractional bi-susceptible S1.S2V; Vol HR model using the Atan-
gana—Baleanu Caputo derivative to investigate the dynamics and control of COVID-19.
They analyzed the model’s stability, validated results using the Toufik—Atangana numer-
ical method, and demonstrated the effectiveness of optimized control strategies through
simulations. Abboubakar and Racke (2025) [16] developed a COVID-19 model using inte-
ger and Caputo fractional-order derivatives, incorporating vaccination, confinement, and
treatment with limited resources. Using German data, it was shown that the fractional
model provided more accurate long-term forecasts, with a reproduction number around
1.90, indicating endemic persistence. Kumar et al., (2025)[17] developed an age-structured
SEIR model to analyze the spread of COVID-19 and estimate key parameters such as the
basic reproduction number Ry and case fatality ratio (CFR). The model, validated using
epidemiological data and uncertainty analysis, provided insights for public health inter-
ventions and was suggested to be extended using agent-based modeling. While reviewing
the literature, we observed that many existing COVID-19 models skip critical compo-
nents, particularly the inclusion of a vaccinated compartment. This limitation reduces
their capacity to realistically capture disease dynamics in the post-vaccine era. To ad-
dress this gap, we developed a comprehensive model that consist for all possible stages of
COVID-19 progression. Specifically, we propose a ten-compartment mathematical model,
termed CoVCom10, which incorporates key categories such as asymptomatic (F'), pre-
symptomatic (F), and vaccinated (V') individuals. CoVCom10 builds upon the previous
CoVCom9 framework by incorporating the vaccination compartment, enabling a more
accurate simulation of immunization effects on SARS-CoV-2 transmission. The addition
of asymptomatic and pre-symptomatic compartments is essential for capturing hidden
transmission routes and reflecting the full spectrum of COVID-19 progression. These
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improvements enhance the epidemiological relevance of the model and support the evalua-
tion of various intervention strategies. To further improve the model’s realism, we employ
the conformable fractional derivative, which accounts for memory and hereditary effects.
This approach enables the model to incorporate the influence of past states on current
dynamics, thereby capturing complex behaviors such as delayed responses and long-term
persistence of infections. The conformable fractional framework preserves key properties
of classical calculus while offering improved computational tractability compared to other
fractional definitions. Notably, it reduces to the classical model when the fractional or-
der approaches one, ensuring consistency with traditional differential models. To validate
the model’s applicability, we compared its simulation results with real-world COVID-19
data [18]. This comparison confirms the model’s capability to realistically represent the
pandemic’s progression and evaluate the effectiveness of various public health measures.
Despite the computational challenges associated with solving fractional differential equa-
tions, the proposed model offers a valuable and flexible framework for analyzing the roles
of vaccination, asymptomatic carriers, and control strategies in managing COVID-19 out-
breaks.
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2. Model Description and Formulation

Table 1: List of Symbols, Parameters, and Abbreviations

State Variables

S(t) Number of susceptible individuals at time ¢
E(t) Number of pre-symptomatic individuals at time ¢
U(t) Number of infected individuals at time ¢
Q(t) Number of quarantined individuals at time ¢
P(t) Number of confirmed positive individuals at time ¢
H(t) Number of hospitalized individuals in ordinary wards at time ¢
C(t) Number of individuals in intensive care unit at time ¢
F(t) Number of asymptomatic individuals at time ¢
V(t) Number of vaccinated individuals at time ¢
R(t) Number of recovered individuals at time ¢

Model Parameters
1) Transmission rate from S to E
A1 Transition rate from E to U
Ao Transition rate from F to @
~y Transition rate from E to V
ay Recovery rate of U
a9 Transition rate from U to P
b1 Transition rate from @ to S
b Transition rate from @ to V'
bs Transition rate from @ to P
01 Transition rate from P to H
02 Transition rate from P to C
©3 Transition rate from P to F
my Recovery rate from H
mo Transition rate from H to C'
ms Transition rate from H to F
o1 Self-isolation rate of F
09 Transition rate from F' to H
i Recovery rate from C' to H
I5} Vaccination rate of S
A Recruitment /birth rate into S
n Natural death rate
di—dy Disease-induced death rates in £, U, @, P, H, C, and F
T Loss of immunity rate from R to S

Abbreviations

DFEP Disease-Free Equilibrium Point
SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2
COVID-19 Coronavirus Disease 2019
CoVCom10 Coronavirus Compartment Model with 10 compartments
CFD Conformable Fractional Derivative
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The total population N(¢) is stratified into ten distinct epidemiological compartments
to comprehensively capture the transmission dynamics of COVID-19, as illustrated in the
flowchart in Figure 2. The transitions between these compartments occur in continuous
time and are governed by a system of nonlinear ordinary differential equations.

=

@)

Figure 2: Schematic diagram of the CoVCom10 compartmental model.

The governing system for the model is system of differential equations shown below:

ds
T =AM TR 0Q — (OE + B+ ) S,

dE
dt
U
dt

d
7?2A2EQ_<bl+b2+b3+u+d3)Q,

dP
E=a2U+b1Q—(<P1+<P2+<P3+N+d4)P,
(2.1)

dH
E:¢1P+n0+agF—(m1+m2+m3+u+d5)H>
dc

dF
E:@3P+m3H_(Ul+U2+:U’+d7)F7

dv

E:BS+53Q—(7E+M)V,

dR
E201F+Q1U+m1H—(T+u)R.

=¢ES+yVE - (MU +XQ+pu+d)E,

ZAlEU—(Oq—I—OéQ—i-,U,—i-dQ)U,
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Therefore,
N(t) =S5(t) + E(t) + U(t) +Q(t) + P(t) + H(t) + C(t) + F(t) + V(t) + R(t).

Each compartment, along with its associated abbreviation and biological interpretation,
is detailed in Table 1, which also includes a complete list of model parameters and their
descriptions.

Fractional-Order Model Formulation

Khalil et al. [19] introduced the conformable fractional derivative (CFD), a mathemati-
cal operator that generalizes classical calculus while maintaining key differential properties.
The CFD of order ¢ € (0,1] is defined as:

M(t+et'™¢) — M(t
DEM(t) = tim ML) = M) (2.2)

e—0 €

which simplifies to the classical derivative when ( = 1. This operator satisfies the compo-

sition rule:
1-¢ dM
={"5—.

dt

To capture memory effects in COVID-19 transmission, we reformulate the CoVCom10
model (2.1) using the CFD framework [19]:

DS M (t) (2.3)

DSS =A+7TR+bQ — (¢E + B+ p)S,

DSE = ¢ES +1VE — (MU 4 A\Q + pu+ d1)E,
DU = MEU — (o + ag + i+ da)U,

DEQ = MEQ — (by + by + bz + 1+ d3)Q,

DSP = ayU + b1Q — (91 + 2 + @3 + 1+ dy) P,

DSH = 1P +nC + 0oF — (my + mg + ms + p + ds) H,
DSC = @oP +moH — (n+ p+ dg)C,

D{F = o3P + msH — (01 + 03 + pi+ dy) F,

D§V = BS +b3Q — (YE + p)V,

DfR=01F +oyU +miH — (1 + p)R.

(2.4)

The system is solved under non-negative initial conditions:

n
@)
=

B(0)= Ey >0, U(0)=Uo
P(0) =Py >0, H(0)= Hy

)

(2.5)

Qo
\_/S\_/V

ot o <
\VAR\VARI\VARAY

o

(0) =5
0)=@Q
0) =
0) =R

o o o

=
o
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Mathematical Analysis
The biologically feasible region for the fractional-order model (2.4) is defined as:

D {(S(t), E(t),U(t),Q(t), P(t), H(t), C(t), F(t), V(t), R(t)) € RY ;
(2.6)
5+E+U+Q+P+H+C+F+V+R§2}

where D forms a positive invariant set that captures all epidemiologically meaningful states
of the system. The mathematical analysis of the model demonstrate the the feasible region
D in terms of bounded and non-negative, stability results, and epidemiological thresholds.
Solutions of equations (2.4) with initial conditions (2.5) keep in D discuss in the below
theorem.

Theorem 1. (Positive Invariance of Feasible Region) For the fractional-order sys-
tem (2.4) with non-negative initial conditions (2.5), the closed set D defined in (2.6) forms
a positively invariant region under conformable fractional dynamics when all parameters

S(J’tisfy {¢7/87M’ e } € R-‘r‘

Proof. Let N(t) = Z}Ql X(t) represent the total population, where X; denotes each
compartment. Applying the conformable fractional derivative operator:

7
DyN(t) = A — uN(t) = Y di Xi(2). (2.7)
i=1
Using the conformable derivative property Df N = tl_c%, we rewrite:
dN !
s = A= uN =) diXi(t). 2.8
i SLEDBLE0 (28)
o
>0
This establishes the inequality:
dN
= < t~H(A — pN). (2.9)

Solving this fractional differential inequality through separation of variables:

N(t) dN t
< [ ¢ Ydr, 2.10
A@)A—Mi A (2.10)

taking integrated factor and after simplify:
o G oo ()
N@t) <= — (= =N() )exp [ =5t ). 2.11
(t) L\ (0) c (2.11)

For N(0) < %, the exponential term ensures N(¢) < % ¥t > 0. Thus, all solutions remain
bounded within D, making it positively invariant under the fractional-order dynamics.
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Positivity and Boundedness of Solutions

Theorem 2. For the fractional-order system (2.4) with non-negative initial conditions
(2.5) and non-negative parameters, the following holds:

o All solutions {S(t), E(t),U(t),Q(t), P(t), H(t),C(t), F(t),V(t), R(t)} remain non-
negative for all t > 0.

e The total population satisfies limsup N(t) <

A
t—o00 #

Proof. Positivity
Consider the conformable fractional derivative formulation DEX = t17¢X’. For each
compartment X € {S,E,U,Q,P,H,C,F,V,R}:

Lemma 1. Let D! X > —¢X with 1 > 0 and X (0) > 0. Then X(t) > 0 V¢ > 0.
For the susceptible population:
D{S=A+TR+b:Q — (F + B+ 1)S > —(¢E + B + n)S, (2.12)

Applying the comparison principle for fractional differential equations:
1
S(t) > S(0) exp <—C(¢E + B8+ ,u)t<> > 0. (2.13)
Similar analysis for other compartments yields:

DSE > —(MU + \Q + o+ dy) B,
DU > —(aq + ag + p+ da)U, (2.14)

By sequential application of the comparison lemma, all compartments maintain non-
negativity.

Boundedness

From Theorem 1 (Positive Invariance of Feasible Region), the total population dynamics
satisfy:

7
D{N=A—pN-> " diX; <A—pN. (2.15)
i=1
Solving the fractional inequality:
A A 1
Nt <=—(==-N(0 exp<—t<). 2.16
0=~ (5 - NO) ) exo (- (2.16)
As t — oo, the exponential term vanishes, yielding:

limsup N(¢) <

t—o00

==

(2.17)
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2.1. Disease-free Equilibrium Point

The disease-free equilibrium point (DFE) [20] of the model is determined by setting
all compartments associated with infection to zero, reflecting the absence of disease in the
population. Specifically, we set

E=U=Q=P=H=C=F=R=0.

At equilibrium, the rates of change for the susceptible (S) and vaccinated (V') compart-
ments are given by the following steady-state equations:

dS
7:A— ==
dVv

Solving these equations yields the equilibrium values:

_ A . AB
BRI s 219

Therefore, the disease-free equilibrium point is

*

A A
E0:(SaEaU7Q7P7HaC>F7V>R): ( 0701010707070775 0) .

B+ (8 +pp’
3. Basic Reproduction Number

To analyze the transmission potential of the CoVCom10 model (2.4), we employ the
next-generation matrix approach developed by Van den Driessche and Watmough [21].
This method involves decomposing the system into two main components: the transmis-
sion matrix, which describes the generation of new infections, and the transition matrix,
which captures the movement of individuals between different epidemiological states.

The transmission matrix A(z*) and the transition matrix B(z*) are constructed as follows:
[ YVE+¢ES |
MEU
XM EQ
A(z™) = 0 , (3.19)

0
0
0
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—1LFE
—1L,U
—1Q
B(z*) = asU +b1Q — I, P ) (3.20)
nC+ooF —1IsH 4+ o1 P
—1IgC + moH + o P

—II7F +msH + 3P

The next-generation matrix AB~! evaluated at the disease-free equilibrium yields,

[ 1 (eA | BAy
’ (ﬁ+u+(ﬂ+ﬂ)u) 000000

0

(3.21)

2
&=
L

I
o O o o o o
o o o o o o
o o O o o o
o O o o o o
o o o o O
o O o o o O
o O o o o o

Here, the composite parameters II; are defined to combine various transition rates:

IT; = MU + XoQ + p+ dy,

Iy = a1 + az + p + do,

I3 = by + by + bz + pu + ds,

[Ty = 1 4+ Y2 + w3 + 1 + da, (3.22)
s =m1 +mo +ms + p+ds,

g =n+ p + d,

II7 = o1 + o2 + p + d.

By evaluating the Jacobians of A(z*) and B(z*) at the disease-free equilibrium (DFE) and
computing the spectral radius of AB~!, we obtain the basic reproduction number:

Ro— AB+pd)
p(B+p) (p+di)

(3.23)

3.1. Sensitivity Analysis

Sensitivity analysis quantifies how variations in model parameters affect the basic
reproduction number Ry [22]. The normalized sensitivity index, defined as TEo represents



N. Abbas, W. Shatanawi, S. A. Zanib / Eur. J. Pure Appl. Math, 18 (3) (2025), 6347 12 of 34

the relative change in Ry resulting from a relative change in a parameter £, mathematically
given by:
ORy €&
Th — 290 o 5 3.24

Applying this definition to model reproduction number:

Ry~ A B+pd)
w(B+p) (p+dp)’

we compute sensitivity indices for key parameters:

(3.25)

e Sensitivity with respect to 5:

xRo_ VB B
FooyB+pg B+u

An increase in # will increase Ry, indicating a higher transmission potential.

(3.26)

e Sensitivity with respect to ~:

YR — B 2
T o yB+pud (3:27)

A higher v elevates Ry, highlighting increased transmission from asymptomatic or
pre-symptomatic individuals.

e Sensitivity with respect to ¢:

Yhe _ MO
o AB+ud

An increase in exposure rate ¢ raises Ry, demonstrating greater susceptibility within
the population.

(3.28)

e Sensitivity with respect to u:

vRo _ N e
ooy Btue Btp ptda

Increasing the natural death rate p generally reduces Ry, as fewer individuals remain
susceptible to infection.

(3.29)

e Sensitivity with respect to d;:

Ry _ __d1
= p+dy

(3.30)

Increasing disease-induced death rate di lowers Ry, due to a reduction in the number
of infectious contacts.
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e Sensitivity with respect to A:
R,
TAO =1. (3.31)

An increase in A which is birth rate will increase Ry, indicating a higher transmission
potential.

This sensitivity analysis identifies critical parameters influencing disease dynamics, guiding
effective strategies for controlling the epidemic shown in Figure 3.

1.004

0.751

0.50

0.25+

0.00+

Sensitivity Indices

—0.501

—0.75+

—1.00+

Sensitive Parameters

Figure 3: Sensitivity analysis

3.2. Stability Analysis
Local Stability of Disease-Free Equilibrium Point

To assess the behavior of the CoVCom10 model (2.4) near the disease-free equilibrium,
it is essential to analyze its local stability. This analysis determines whether small distur-
bances from the disease-free state will decay or grow, which is crucial for understanding
epidemic control strategies. The following theorem and proof outline the conditions under
which the disease-free equilibrium point (DFEP) is locally asymptotically stable.

Theorem 3. The disease-free equilibrium point Ey of the CoVCom10 model (2.4) is locally
asymptotically stable if the basic reproduction number Ry < 1 and unstable if Ry > 1 [23].

Proof. To establish the local stability of the DFEP, we compute the Jacobian matrix
of the system at Ey. The Jacobian matrix Jy is given by:
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_ oA 0 by

—B—n Bt o 0 0 0 0 T

yBA oA I, 0 0 0 0 0 0 0 0

0 G T Brn

0 0 1, 0 0 0 0 0 0 0

0 0 0 —I3 0 0 0 0 0 0

g 0 0 as by —Iy 0 0 0 0 0

0 0 0 0 0 o -Ms n o3 O 0

0 0 0 0 ¢ mg -Ig 0 0O 0

0 0 0 0 @3 mg 0 -—I; 0 0

__BA _

i 0 0 aq 0 0 mq 0 o1 0 —7-— q
(3.32)

The characteristic equation of .Jy is obtained from det(Jy— All) = 0, where I is the identity
matrix. The coefficients of the characteristic polynomial are:

c1 = 1,
= TI5 + g + II7,

T ieT e (3.33)

cg = (s + 1I7)Ilg — nma — mzoa + 5117,

cg = (Tl51l7 — mzo2)Ilg — nllzma.

The characteristic polynomial can be written as:
1
CED) [(B+ p+ D) (ApB + Ap? — ABy — Aug + Bully + p*Il;)
x (Tly 4+ A) Ty + AP (T + A) (p+ A) (7 + 1 + A)? (3.34)
X(B 4+ A) (1A% + o A% + c3A +¢4)] =0
The first seven roots of the characteristic equation are:
Al = _(B + /’L)a
1
Ao =(Ro—1 () ,
( ) 1(B + 1)

A3 = _H47
Ay = i (3.35)
A5 = _(T + /’L))
Ag = —II3,
A7 =—(7+p).

All explicit eigenvalues have negative real parts when Ry < 1. For the cubic polynomial
c1 A3 + caA? 4 c3A + ¢4 = 0, the Routh-Hurwitz stability conditions are:

c1 >0, c2>0, cieocs> cg + 0%04. (3.36)
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These conditions are satisfied when Ry < 1, as confirmed by the structure of the composite
parameters II;. Therefore, all eigenvalues of the Jacobian matrix Jy have negative real
parts if and only if Ry < 1, ensuring local asymptotic stability of the DFEP. Conversely,
if Rp > 1, the DFEP becomes unstable, indicating the potential for an epidemic outbreak.

Global Stability of Disease-Free Equilibrium Point

Lemma 2. (Castillo-Chavez Method [24]) The DFEP Ey = (X%, 0) of system (2.4) is
globally asymptotically stable if:

(Z1) For % = F(X,0), X is globally asymptotically stable
(Z2) H(X,Y) = PY — H(X,Y) satisfies H(X,Y) > 0 in Q, where:

— 1. P = DyH(X%,0) is Metzler (non-negative off-diagonal elements)
— 2. Q is the biologically feasible region

Theorem 4. The CoVCom10 model (2.4) is globally asymptotically stable at DFEP Ej
when Ry < 1, satisfying both Castillo-Chavez conditions [24].

Proof. Firstly, to satisfy condition (Z1), the model (2.4) are rewrite by setting, Ty =
(S,V) and, Gy = (FE,U,Q,P,H,C,F,R). Then, disease-free equilibrium point is given

by the fixed point,
A BA
E:X070:( ) )7
o= K0 =G G

the system 22 = F(Ty,0) becomes,

dt
ds*
7 = A-(B+u)5
dV* (3.37)
=p5S— V.
el L)
By solving Eq. (3.37), the equation has a unique equilibrium point,
A BA >
S* V) = < ) ) 3.38
( =5 w8+ p) (338)

hence X is globally asymptotically stable. So we can say the condition (Z1) is fulfilled.

Now, to satisfy the second condition (Z2), H(Ty,Gy) = PuGny — H(Ty,Gp), and
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H(Ty,Gg) > 0, For that, system of equations (2.4). We have,

E¢S+~yVE - MU+ XQ+ pu+dy)E
MEU — (1 +ag + p+do) U
MEQ — (b1 +by+bs+p+d3)Q
a2U +b1Q — (p1 + w2 + 03+ p+dy) P
nC+ ooF + 1P — (mi+mo+ms+p+ds) H
moH + @aP — (n+ p+dg) C
wsF+msH — (01 + 09+ pu+dy) F
oF+miH+aU—(t1+p)R

H(Ty,Gp) = : (3.39)

(B(S* = S) +4(VF = V) = MU = 2Q)E ]
MEU
N EQ

R 0
H(Ty,Gy) =PuGn — H(Tu,GH) =

0
0
0
0

i (3.40)
this shows that, H(Ty,Gg) > 0, where Gy represent an M matrix, it contains a non-
negative off-diagonal element. Therefore, Both conditions (Z1) and (Z2) are satisfied
when Ry < 1, proving global asymptotic stability of DFEP Ey by Lemma 2.

3.3. Existence and Uniqueness of Solution

The mathematical results presented in this section that model (2.4) and (2.5) (CoV-
Com10) have a unique solution under certain reasonable assumptions. From an epidemio-
logical viewpoint, the existence of solutions implies that the model reliably predicts disease
dynamics, confirming that realistic initial conditions and parameters will always yield a
meaningful trajectory of the disease. Uniqueness assures that the models predictions are
consistent and reproducible, crucial for decision-making in public health. The CoVCom10
model’s solutions, which are provided in system of equation (2.4) and (2.5) are described
in this section by their qualitative qualities. The following Volterra-type integral equation
results from first taking the both sides integral, where ff is the integration function having
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the order ¢ with respect to t Now by using the definition of Khalilzadeh [19, 20], we get,

~+

5= 50) = [ A+ TR()+ 0Q(e) = GE()+ B+ 1) S(0)] do.
E(t) - E(0) = /O P L E(p)S(p) + 7V (p)E(p) — (MU(p) + X2Q(p) + p+ d1) E(p)] dp,
U(t)—U(0) = /O P THIME(P)U(p) — (1 + g + p+ d2) U(p)] dp,
Q(t) —Q(0) = /O pS T B (p)Q(p) — (br + by + bs + pu + d3) Q(p)] dp,
P(t) — P(0) = /O P~ el (p) +01Q(p) — (p1 + w2 + 3 + p+ dy) P(p)] dp,
H(t)— H(0) = /O P o1 P(p) + 1 C(p) + 02F (p) — (my +my +ms + p+ ds) H(p)] dp,
€)= C(0) = [ 5" [eaP(p) + mal(p) = (1 + 11+ do) CLp)] d,
F(t) - F(0) = /0 o s Pp) +msH(p) — (o1 + 02 + i + d=) Flp)] dp,
V(t) - V(0) = /0 pHBS(p) + b3Q(p) — (v E(p) + 1) V(p)] dp,
t
R(t) — R(0) = /O p o1 F(p) + anl(p) + miH(p) — (7 + 1) R(p)] dp,
(3.41)

define the kernels in following,

Dy(t,S8) = A+ TR(t) + b2Q(t) — (9E(t) + B + p) S(t),

®y(t, E) = ¢ E()S(t) + y V() E() — (MU(t) + AQ(t) + p+ di) E(t),

(I)g(t, U) = AlE(t)U(t) — (041 + oo+ p+ dg) U(t),

Dy(t, Q) = M E)Q(t) — (b1 + ba + b3 + p + d3) Q(2),

O5(t, P) = U (t) + 01Q(t) — (01 + w2 + w3 + p + da) P(2), (3.42)

o(t, H) = 01 P(t) + nC(t) + 02 F(t) — (m1 +ma +ms + p +ds) H(t), '

O7(t,C) = o P(t) + moH(t) — (n+ p+ dg) C(t),

(I)g(t,F) 2903P(7f)—|—m3H(t) (O'1+02+[L+d7)F(t),

Dy(t,V) = BS(t) + b3Q(t) — (YE(t) + p) V (1),

(I)l[)(t, R) o F(t) + alU(t) + mlH(t) — (’7’ + ,lL) R(t)., m

Theorem 5. (Lipschitz Continuity and Contraction Mapping of Kernel Operators) Let
P, Rt XX = X (i=1,...,10) be kernel operators defined on a Banach space X with
norm || - ||. Assume:
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e Population compartments are bounded: || S [|[< 7y, || E||[< 72, | U ||< 3, || Q ||< 74,
P l<rs, | Hl<7e, | Cll<rr, [ El<rs, [V <7o, | RII< 710

o Lipschitz coefficients satisfy:

s]=¢ro+ B+ u

sy = ¢r1 +yrg + Iy

s5 = Mg + Iy

sy = Aorg + 113

sy =114, sg =115, s3 =1, sg=1I7
89 =re+

Slo=T+u

o Parameter constraint:
0<s; <1 Vie{l,...,10}

Then each ®; satisfies the Lipschitz condition and constitutes a contraction mapping.

Proof. We demonstrate the result for ®;; analogous arguments apply to ®o, ..., ®p.
Let S1,59 € X be arbitrary functions. Then:

| @1(t,S1) — @1(t, S2) || =[| [A+7R() +b2Q(t) — (SE(t) + B + 1)1 (t)]

— [A+7R(t) + b2Q(t) — (PE(t) + B + 11)Sa(1)] ||
= —=(¢E®) + B+ p)(S1(t) — S2(t)) ||
<(@|E|+8+p)]S1t—5S2]| (by triangle inequality)
<spllS1—52

(3.43)
where s} = ¢ra + 8 + p by the boundedness assumption || E [|< r3. The contraction
property follows from 0 < s7 < 1. Similar calculations for ®, ..., ®1¢ yield corresponding
Lipschitz constants s3, . . ., s], with contraction properties under the stated parameter con-
straints. Therefore, all kernel operators satisfy both Lipschitz continuity and contraction
mapping requirements.

By considering the kernels ®;, i =1,2,3,...,10. Now the system of equation have (3.41)
then, Recursive formula can be proceed in the following,

oL, = 5() - 50) = [ oL (@15, Sor) — i Sus)) dpy (3.44)

triangle inequality law will be apply on Eq. (3.44),

t
I OLy [|=[] Su(t) = Su-a(t) [I< 81‘/0 P (Sumt = Su-2)) |l dp, (3.45)
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by applying Lipschitz conditions (5),

t
HUh\SﬁAHUthw, (3.46)

it can write,
Su(t) = ULy(t). (3.47)
=1

Similarly for others. Thus the following theorem may be derived from these findings.

Theorem 6. (Existence of CoVCom10 Model Solutions) Let X = C([0, tmaz], RT) be the
Banach space of continuous functions with norm || - ||. The CoVCom10 model admits a
unique solution (S, E,U,Q,P,H,C,F,V,R) € X0 if:

e Lipschitz constants s; from Theorem 1 satisfy:
Sitmaz < 1. Vi€ {1,...,10}
where t,q: > 0 is the maximal existence time
e Initial conditions (S, ..., Ro) are bounded in X

Proof. Using the Picard iteration scheme for the integral equations, define successive
approximations:

&Hm:%ﬁﬁam&wwn

with analogous definitions for other compartments. From Theorem 1’s Lipschitz condi-
tions:
101y [| <[l So | (sTtmax)”,
<|| So || -(s7tmax)’- (by induction hypothesis)
For residual terms 31,(t) := S(t) — S, (t):

(3.48)

t
rmuwngén¢mm&—@mm&lnwm

t
<si [ 1SSl dn
0
< (STtmax)’ || So || - (via recursive estimation)
Under condition s}tmax < 1, we get:
Tim [ 3,() 1< lim (sftm)” || o = 0.

Similar convergence holds for other compartments by identical reasoning. By Banach
fixed-point theorem, this establishes existence and uniqueness of solutions in X'19.
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Theorem 7. (Uniqueness of Solutions for Fractional CoVCom10 Model) Let ¢ € (0, 1] be
the fractional order and t € [0,T] with T < min{1/s}}19,. If the kernels ®; satisfy:

o Lipschitz continuity: 3s7 > 0 such that

| @i(t,x) = @ilt,y) < sf |z —y . Yo,y e LN([0,T))

o Time-domain constraint:
1—sit">0. Vie{l,...,10}, t €0,T]
then the fractional CoVCom10 system admits a unique solution (S, E,U,Q, P,H,C,F,V,R) €
(Clo,T])™.

Proof. Assume two distinct solutions X = (S,..., R) and X* = (5*,..., R*) exist. For
the S-compartment:

I1S(t) = S*() | S/ P @ilp, S) — Pilp, S*) || dp,
0 (3.49)

¢
<o / KL S(p) — S*(p) || dp.  (by Lipschitz condition)
0
Applying the generalized Gronwall inequality for fractional integrals:

1S(t) = S*(&) Il So — S5 Il B¢(siT(¢)t°),

where E¢ is the Mittag-Leffler function. Given identical initial conditions So = S; and
T < (s%)~/<, the growth estimate implies:

| S(t) —S*(t) |[<0-Ee(---)=0. Vtel0,T]

Thus S(t) = S*(t). Repeating this steps for E(t), ..., R(t) using their respective Lipschitz
constants s, ..., s], completes the proof.

3.4. Optimal Control

To stop COVID-19 from spreading, the effects will be examined by using medicinal
treatments. To do this, a set of time-dependent control variables, a1, as, and a3 have been
introduced,

e The implementation of continuous vaccination is represented by a1,
e The social distancing and lockdown measures is represented by as,

e Testing and quarantine strategy is represented by as.
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The COVID-19 model with proposed optimal control a1, a2, and as are part of the following
nonautonomous system of nonlinear ordinary differential equations.

S,:AjL’TR‘FbQQ*(quJrale/L)S, (350)

E =¢ES+~VE - (MU +MQ+u+d)E, (3.51)
U' = MEU — (01 + ag 4+ pu+do) U, (3.52)

Q = XNEQ — (b + by + b3+ pu+d3) Q, (3.53)

P'= U +b1Q — (o1 + p2 4 w3+ 11+ da) P, (3.54)
H' =@ P+nC +03F — (ag +ma +ms + p+ds) H, (3.55)
C' = paP +maoH — (n+ p+dg) C, (3.56)

F' = @3P +msH — (a3 + o3 + pu+ d7) F, (3.57)
ViZ2a1S+03Q -~ (vE+p+a)V, (3.58)

R =a3F + a1U + asH — (1 + p) R. (3.59)

The discussion of optimal control in the model is done to order to determine the optimum
values of a1,a2, and a3 that minimise the objective function J(ai(t), az(t),as(t)) affected
by the differential equations (3.50-3.59). The provided objective function is,

T
J(al,ag,ag) = min / [XlE—l-X2U+X3Q+X4P+X5F+X6C+X7H
0

a1,a2,a3

(3.60)
+Y7 (a1 (£))? 4 Ya (az (£))? + Y3 (a3 (¢))?]dt.

Where T is final time, X1, X9, X3, X4, X5, Xg, and X7 are the weight cost of Pre-Symptomatic,
Infected, Quarantine, Confirm-positive, Asymptomatic, Hospitalized at intensive care unit
and Hospitalized at ordinary ward individuals respectively. Where Y7,Ys and Y3 are
weight costs for each control measurable individuals. In this paper, the weight cost of
the optimal control as applied by [25, 26] is measured using a quadratic function that
tulfills the optimality criteria. The objective is to identify the optimal control (aj, a3, a3).
J(aj,a%,a3) = min(ai, az,az). Where, (a1,a2,a3) € U, a;(t) is measurable lebesgue on
0,7],0 < a;(t) <1, i =1,2,3.

Hamiltonian and Optimality Equation

Pontryangin’s Maximum Principle [27] is used to determine the requirements that an
optimal control must satisfy. Equations (3.50) and (3.60) are transformed into a problem
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of minimising the point-wise Hamiltonian (H) with respect to ai(t), az(t), and as(t) as a
result of his principle.
H=X1E + XoU + X3Q 4+ X4P + XsH + X¢C + X7F 4+ Yi (a1 (1)) + Yz (az (1))
+ Vs (as (8)? + E1[A+ TR+ b2Q — (E + a1 + 1) 8] + &[0 ES + 1 VE — (MU
+XQ + p+ d1)E] + &[MEU — (1 + ag 4+ pp+ do) Ul + &AM EQ — (by + ba + bs
+ p+d3)Q] + &l +01Q — (01 + 2 + 03+ p+da) Pl + &e[p1 P+ C + 02 F (3.61)
— (a2 +ma +ms + p+ds) H] + &rlp2 P+ maH — (n+ p + dg) C + 5|3 P + msH
—(as+oa+p+dr) Fl+8&[a1 S+03Q — (YE+ p+a) V] + &olasF + arU + asH
— (7 +p) R,
where (§;), i = 1,2,....,10 are adjoint variables associate with S, F,U,Q, P, H,C,F,V
and, R.

Theorem 8. For the optimal control (a3, a3, a}) and corresponding state solution (S, E,U,Q, P,H,C,F,V,R)
that minimize J over U of the corresponding system of equation (2.4) having the adjoint
variable &1, ..., &19 such that,

Sl (6~ @)OE + (61~ fo)an — ay, (3.62)
2 (6~ €65+ (6~ L7V + (&~ @MU — (&~ DM@+ Bl di) — X, (3.63)
O (- GNE (G - G0 + (G~ Bl + b )~ Ko, (364)
O (@~ CME (€ &)+ (€ )b+ (G Gl + Ealp ) — X, (369)
X e+ (6 -G+ (&~ Gy T Gt d) X, (366)
%0 (6 — €z + (G — €+ (6 — E)ma + Gl + )~ X, (3.67)
& = (&~ En+ Erlp+ do) — X, (3.68)
95 = (6~ Ea0)as + (6 — E)on + &l + di) — X, (3:69)
% — (60— B + 60— &0, (3.10)
djio—gm (u+7)—&r. (3.71)
&(T) =0, for i = 1,2,3....10 having conditions,
(6~ )5 (&~ &)

a; = maz{0, min(1, oY, ———=—)}, a5 = max{0, min(1, 5. )}
2

(&8 — &10)F (3.72)

a3 = max{0, min(1, 2Y, )}
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Proof. Using Pontryagin’s maximal principle [28], adjoint system is written as a result
of our differentiation of the Hamiltonian with repect to the various states S, F,U,Q, P, H,C, F,V
and R.

d¢,  dH d&  dH d&  dH dg  dH dfs  dH

dt — dS’ dt ~ dE’ dt  dl’ dt  dQ’ dt  dP’
dég  dH d&  dH d&  dH dfy  dH d&e  dH

(3.73)

dt — dH dt  dC’ dt  dF dt  dV’ dt  dR’
With conditions, &;(7T) =0, for i = 1,2, 3....10.
The optimal controls (aj, a3, a3) are characterized by adopting the strategy used by Pon-

tryagin et al., [27], based on the following conditions, %7 for i=1,2,3....10. for a7, the
result are,

(61-8)S . (&6 —&o0)H

* *
Q1 = ——,. Qg = ——————, Q@ =
1 2y, 2 2y, 8

(€8 — &10)F

3.74
T (374)

By including the described control set, initial, and transversal conditions, the optimal
control system is generated from the adjoint variable system and the optimal control
system.

4. Numerical Results and Discussion

Figure 4 presents a comparison between the model-predicted number of infected in-
dividuals (U) and the smoothed daily new COVID-19 cases per 100,000 people reported
in the United States from January 2022 onward. The model output is shown in red,
while the real-world data is plotted in green. The results demonstrate the alignment of
model dynamics with observed trends in case data, highlighting the utility of the proposed
compartmental framework for capturing the progression of COVID-19 infections
A numerical simulation of the non-linear integer-order system (2.4) has been performed
using the classical fourth-order Runge-Kutta (RK4) method. The initial conditions for all
compartments are given by:

S(0) = 500, E(0) = 20,U(0) = 10,Q(0) =8, P(0) =6,H(0) =4, F(0) =2,C(0) =1,V (0) =0, R(0) = 0.

The system of ordinary differential equations governing the CoVCom10 model was solved

using the fourth-order Runge-Kutta (RK4) method, which provides improved accuracy
over basic Euler methods through its multi-stage slope calculations. For a general ODE
system:

dy
— =1f(¢ tg) =
dt ( 7y)7 y( 0) Yo

where y =[S, E,U,Q, P,H, F,C,V, R]", the RK4 method computes each time step as:

kl == f(tm Yn)
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COVID-19 Model vs Real Cases (USA)

e Model Infected (U)
—— Real Cases (per 100k)

I}
8

Real Cases (per 100k)

100

Model: Infected
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19’77\ 1911/\ 13113 1@”"0 ,@13'“ ,@13'“ ,@13'“ ,@13'“ 1“13'“

Date

> U ) o © 1 ® o
,L@TQ .Lef"“ .Lef"“ ,Leﬂ'“ '@ﬁk ,Lgﬁ'“ ,Lgﬂk 1_011‘° _LQ'L”L‘°

Figure 4: Comparison of model-predicted infected population (U) with real-world COVID-19 cases
per 100,000 people in the United States. The model output is shown in red, and the real-world data

is plotted in green.

h h
k2 =f <tn + ¥+ k1>

2 2
h h
ks=ft,+ =,y + =k
3 <+2}’+22>

kqy =f (tp, + h,yn + hks3)
with the state update given by:

h
Yntl =Yn + g(kl + 2ky + 2ks3 + ky)

where h represents the step size controlling temporal resolution. The method’s fourth-
order accuracy makes it particularly suitable for capturing non-linear epidemiological dy-
namics while maintaining numerical stability.
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Figure 5: Time series behavior of COVID-19 model using RK4 method

The Figure 5 highlight the dynamic evolution of the different compartments in the CoV-
Com10 model. The susceptible population increases over time, possibly due to natural
recruitment or effective preventive measures reducing disease transmission. The exposed
and pre-symptomatic populations decrease, indicating early identification and isolation of
cases, which helps prevent further spread. The infected and clinically positive individuals
show a gradual decline, suggesting that the disease is being controlled through diagnosis,
treatment, and isolation. The quarantined population initially rises and then falls, reflect-
ing efficient identification and management of at-risk individuals. A continuous decrease in
hospitalized and ICU cases demonstrates effective healthcare response, while the asymp-
tomatic population also declines, possibly due to detection and reclassification into other
compartments. The vaccinated population shows a consistent increase, playing a critical
role in protecting susceptible individuals and limiting transmission. The recovered popu-
lation increases initially and then stabilizes, indicating successful treatment and acquired
immunity among the affected individuals. Overall, these results emphasize the impor-
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tance of timely public health interventions—such as vaccination, quarantine, treatment,
and healthcare support—in curbing the spread of infection and improving population-level
health outcomes.
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Figure 6: Comparison of model dynamics under small- and large-scale population settings.

To evaluate the robustness and reliability of the proposed CoVCom10 model, we con-
ducted simulations using two distinct sets of initial population values. In the small-scale
scenario, the initial conditions were: S(0) = 500, E(0) = 20,U(0) = 10,Q(0) = 8, P(0) =
6,H(0) =4,F(0)=2,C(0) =1,V (0) = 0,R(0) = 0. In contrast, the large-scale scenario
used proportionally higher values: S(0) = 1000, E£(0) = 80, U(0) = 60,Q(0) = 50, P(0) =
30,H(0) = 20, F(0) = 10,C(0) = 10,V (0) = 0,R(0) = 0. The comparative outcomes,
illustrated in Figure 6, demonstrate that the qualitative behavior of all compartments is
consistent across both population scales. While the absolute values increase in line with
population size, the temporal progression, peak values, and recovery dynamics remain
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largely unchanged. This consistency confirms that the model robustly captures the intrin-
sic transmission dynamics and is not overly sensitive to variations in initial population
sizes.

— 9=50e-05 — B=10
Effect of Varying ¢ ¢ = 1.0e-04 Effect of Varying B B=20

— B=40

—— Y =5.0e-05 — 1=30
Effect of Varying y v = 1.0e-04 Effect of Varying T =50

Figure 7: Radar plots showing the impact of varying ¢, B, v, and T on peak exposed, final recovered,
and time to peak exposure.

Figure 7 presents radar plots illustrating the impact of four parameters ¢, 3, v, and 7
on key epidemic outcomes. Each subplot compares peak exposed (FE), final recovered
(R), and time to peak E across three values of the selected parameter. Higher ¢ and 7
intensify the outbreak by increasing peak E and reducing final R. Conversely, increasing
8 and « improves recovery and reduces the epidemic size. Time to peak remains relatively
stable under most changes. These results emphasize the role of transmission control and
immunity in outbreak management.

4.1. Impact of Optimal Control Strategies on Epidemic Disease Dynamics

This section presents a detailed analysis of the impact of various optimal control strate-
gies on COVID-19 transmission dynamics using the CoVCom10 model. We systematically
evaluate the effectiveness of different combinations of interventions, such as vaccination,
hospitalization, and management of asymptomatic cases—by applying Pontryagin’s Max-
imum Principle to determine the optimal allocation and timing of these controls. Figure 8
illustrates the temporal evolution of all compartments under scenarios with and without
optimal interventions. The simulation results clearly demonstrate that the coordinated im-
plementation of vaccination, enhanced hospitalization capacity, and targeted management
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of asymptomatic individuals leads to a substantial reduction in the number of infections
and severe cases over time. Notably, the model quantifies the optimal intensity and timing
for each control measure, providing actionable guidance for public health authorities to
maximize resource efficiency and intervention impact. These findings underscore the criti-
cal importance of integrated and sustained public health strategies. By combining multiple
interventions, the spread of SARS-CoV-2 can be curbed more effectively and sustainably
than by relying on any single measure alone. The numerical results offer practical insights
for policymakers, highlighting the value of adaptive, data-driven approaches to epidemic
control.
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Figure 8: Temporal dynamics of COVID-19 compartments with and without optimal control inter-
ventions.

4.2. Convergence Analysis of Conformable Fractional Derivative Model

The structural convergence of the conformable fractional system (2.4) was rigorously
analyzed through numerical simulations and quantitative error metrics. As demonstrated
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in Figure 9, solution trajectories exhibit continuous dependence on the fractional order
parameter ¢, asymptotically approaching the classical integer-order model (2.1) as ¢ — 1.
The convergence was quantified using the L?-norm difference:

10 tf
lye® = 1@l = | > / (yea(t) — yr.a(t))2dt
i=1 "t

where y.(t) = [S¢, E., ..., R]T and yi(t) represent the fractional and integer-order so-
lutions respectively. Numerical solutions were computed using an implicit Runge-Kutta
method with adaptive step size control h € [0.01,0.1] to maintain relative error tolerance
below 1072,
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Figure 9: Dynamic convergence of conformable fractional model solutions to classical solutions as
¢ — 1. Shading represents solution variance across s € [0.1,0.9].
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The conformable fractional derivative introduces time-dependent memory effects into
epidemiological modeling, capturing how historical transmission dynamics, immune re-
sponses, and behavioral adaptations continuously influence disease spread. Unlike classical
integer-order models that assume instantaneous state transitions, the conformable oper-

d
ator Djy = =Y incorporates a temporal scaling factor ', modulating transmission

rates through the fractional order ¢. For ¢ < 1, slower infection progression emerges, mim-
icking real-world delays in interventions such as lockdowns or vaccine rollouts. This formu-
lation avoids non-physical infinite memory artifacts while preserving short-term memory
effects, such as waning immunity. By varying ¢ € (0, 1], the model spans rapid containment
(¢ — 1) to prolonged transmission (¢ < 1), reflecting heterogeneous public health scenar-
ios. This approach bridges idealized compartmental frameworks with empirical outbreak
patterns, where cumulative interactions dictate epidemic trajectories.

Table 2: Quantitative convergence analysis of fractional-order solutions

¢ L?-Norm Difference Normalized L2-Norm

0.1 14986.57 1.0000
0.3 14317.17 0.9553
0.5 12602.19 0.8409
0.7 9295.42 0.6202
0.9 3712.78 0.2477
1.0 0.00 0.0000

Table 3: Parameters used for the CoVCom10 Model

Parameters Value Source Parameters Value Source

A 50 [12] A 0.008 [12]

w 0.009 [12] A2 0.0011  estimated
vy 0.08 estimated o 0.01004  estimated
b1 0.002 [12] Qo 0.0083  estimated
by 0.0013  estimated b3 0.00379  estimated
1 0.001971 [12] mi 0.008619 estimated
V2 0.0018  estimated mo 0.0012  estimated
©3 0.004711 [12] ms 0.0003  estimated
o1 0.0018  estimated i 0.0009  estimated
o9 0.0021  estimated B8 0.5 estimated
8 0.5 [11] T 0.05 [11]

o) 0.02 estimated dy 0.26 [11]

ds 0.25 estimated ds 0.22 estimated
ds 0.24 estimated dg 0.21 estimated

dy 0.23 estimated dr7 0.20 estimated
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5. Conclusion

This study investigated the impact of vaccination on virus transmission and proposed
effective control strategies using a ten-compartment mathematical model named CoV-
Coml10, formulated as a system of nonlinear differential equations. The model explicitly
includes vaccination, asymptomatic, and pre-symptomatic carriers to better capture the
real-world transmission dynamics. Our results highlight the critical role of vaccination
in mitigating SARS-CoV-2 spread. The model alters the classical susceptible population
expression from Sy = % (as seen in SEIR models) to Sy = %W in CoVComl10, reflecting
immunization’s role in reducing susceptibility. The basic reproduction number Ry was
computed to quantify disease potential. Stability analysis confirms that the disease-free
equilibrium is locally and globally asymptotically stable when Ry < 1, and the endemic
equilibrium is stable when Ry > 1. Time-dependent control variables for vaccination (a;),
hospitalization (a2), and asymptomatic isolation (ag) were introduced via the Pontryagin
Maximum Principle. Simulations demonstrated that optimizing these controls signifi-
cantly reduces transmission. Model parameters such as ¢, 5, and ~ reflect real-world
biological mechanisms of infection, recovery, and exposure. The success of these strategies
depends on coordinated policy implementation and community behavior. Moreover, the
modularity of CoVCom10 makes it adaptable to other infectious diseases like influenza or
monkeypox, or emerging SARS-CoV-2 variants. Adjusting compartments and parameters
allows the model to simulate various epidemiological scenarios. The use of the conformable
fractional derivative enhances the model’s ability to capture memory effects and persis-
tent behavior. We recommend that vaccination campaigns be complemented by personal
preventive practices such as mask-wearing, hand hygiene, and social distancing. These
combined interventions are essential for managing current and future infectious disease
outbreaks. As a limitation of the model, despite its validation against real epidemiologi-
cal data, it assumes homogeneous mixing and does not account for spatial heterogeneity
or stochastic variations. Additionally, due to limited data availability, some parameters
were estimated, which may affect the model’s precision. Future work could enhance this
model by incorporating stochastic processes, spatial heterogeneity, with co-infection or
network-based transmission to provide more realistic and robust policy guidance.
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