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Abstract

COVID-19 has highlighted the critical role of population mobility and regional interactions in shaping the
dynamics of infectious diseases.This study proposes a nonlinear model depicting the dynamics of the coron-
avirus, specifically accounting for behavioral heterogeneity between resident and visitor populations. Ry, (the
basic reproduction number) is determined as it is the main determining parameter to analyze the dynamics
of the disease. Stability analysis reveals that the disease-free- equilibrium is globally asymptotically-stable
when Ry < 1. For Ry > 1, the global asymptotic stability of the endemic- equilibrium is established using
a Lyapunov function. Furthermore, sensitivity analysis is performed to find the key parameters driving
the progression of the pandemic. Numerical simulations are presented with available parametric values to
validate the theoretical findings, providing insights into the interpretations that can be drawn about the
dynamics of the disease.
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1. Introduction

The field of mathematical modeling has been recognized as an effective decision-making tool for analyzing
the dynamics of spread and progression of infectious diseases and thereby guiding control mechanisms for the
spread [16], [12]. Different models have been proposed based on the nature of the disease and the analytical
and computational study of these models can contribute significantly towards control of the disease and
prevention of its subsequent outbreaks [10} 3]. Since infectious diseases differ significantly in their biological
and epidemiological characteristics, it is essential that mathematical models are formulated in a manner
that adequately captures the underlying transmission mechanisms and population behavior [4, [19].

The COVID-19 pandemic, came into being in the last lap of the year 2019 and very rapidly turned into a
global threat to public health. Following its initial detection in Wuhan, China [26], the disease spread across
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continents within a couple of months which forced the global health organization; the WHO to announce
this infection as a pandemic in March 2020.

The early phase of the pandemic was characterized by rapid transmission, limited clinical understanding,
and the absence of pharmaceutical interventions [I3]. As the outbreak progressed, extensive epidemiological
data became available, allowing researchers to retrospectively analyze transmission patterns, intervention
strategies, and population-level responses [27].

Clinical observations revealed substantial heterogeneity in disease outcomes. Although a large proportion of
infected individuals experienced mild to moderate symptoms, severe complications such as acute respiratory
distress syndrome were observed, particularly among elderly individuals and those with comorbidities. Over
time, improvements in clinical management, widespread adoption of interventions such as isolation, use of
protective facial masks, social distancing, and the launch of vaccination programs significantly reduced dis-
ease severity and mortality rates [23, [30]. These developments underscore the importance of incorporating
evolving public health measures and population mobility into mathematical models of disease transmission
5.

The scale of spread of this pandemic stimulated a dire need for an extensive and deep research across var-
ious disciplines, with mathematical modeling emerging as a central tool for analyzing disease spread and
assessing control strategies [6]. Numerous compartmental and data-driven models were proposed to study
different aspects of the pandemic. Discrete-time and continuous-time models were developed to predict
infection trajectories under quarantine and lockdown measures [I8], while deterministic models calibrated
with real-time data were used to estimate key epidemiological parameters.

Models involving fractional ordered derivatives [24] have been proposed and studied to catch hold of the
dynamics of the pandemic through numerical and analytical approaches [I]. Other studies incorporated het-
erogeneous transmission mechanisms, including the role of super-spreader individuals, and explored hybrid
approaches combining classical compartmental modeling with machine learning techniques for short-term
forecasting.

Certainly, the technique of mathematical modeling has proved instrumental in analyzing the trajectories of
infectious diseases like COVID-19. However in majority of the models considered in the existing literature,
the infected population is assumed as a homogeneous group or it focuses primarily on closed systems. Cur-
rent models frequently overlook the behavioral and epidemiological differences between local residents and
incoming travelers, as well as the potential for transmission within treatment or quarantine settings. Despite
the use of advanced techniques such as fractional derivatives to capture memory effects, there remains a crit-
ical gap in modeling scenarios where disease importation by visitors significantly alters regional transmission
dynamics. Specifically, most SEIR-type models do not explicitly distinguish between resident-driven and
visitor-driven infection or account for ”hospital-acquired” or ”quarantine-based” transmission from those
already under treatment.

This study addresses these deficiencies by proposing a novel, modified SEIR framework [14] that incorpo-
rates heterogeneous infectious compartments explicitly separating resident (1) and visitor (I,,) infection
pathways to reflect behavioral heterogeneity and varying isolation protocols. The model also considers the
infectiousness of individuals under treatment or quarantine (7) to model real-world risks of healthcare-
associated clusters. To sum up, the proposed model accounts for a combination of population mobility and
multi-stage treatment rates in a unified system to provide a more realistic description of post-lockdown
regional dynamics. This formulation enables a clearer representation of disease importation and local trans-
mission following the incubation period, thereby providing a more realistic description of regional disease
dynamics. Such an approach is especially relevant for understanding post-lockdown mobility, inter-regional
travel, and their long-term implications for epidemic control. The present work is compiled as follows: Sec-
tion 1 is introductory, after which the next section, Section 2 talks about the formulation and background
of the proposed mathematical model. Section 3 consists of a discussion on the well-posedness of the model.
Sections 4 and 5 deal with the local- and global-type stability criteria for the disease-free and endemic-
equilibria. Numerical simulations are presented in Section 6 and the sensitivity analysis in Section 7, to
present the illustrations that validate the analytical findings. Finally, Section 8 concludes the works with a
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brief discussion and remarks.

The model considered in this study is developed by the authors as a modified SEIR-type framework. While
it is motivated by classical compartmental models available in the literature, yet it is a novel formulation
where aspects of population mobility and treatment-based transmission is incorporated in a unified manner.

2. Mathematical Model: Background and Formulation

This section focuses on the mathematical formulation of a model to analyze the progression of COVID-19
infection within any particular region.

For this, we have divided the human population into six different heads. S(t) : susceptible, is the part of
the population that is prone to acquire infection from the infective that is currently residing in that region;
E(t) is the exposed class of individuals who have caught the infection and are in their incubation period,
but cannot spread the disease. The infectious population is divided into two categories, one is I.(t);the
class of infected human population already residing inside that region, and the other class is I,.(t) from
which are the infected humans whose travel history was traced back to prove that they have traveled outside
the region and arrived as infected; T'(t) is a combined class of individuals who where either hospitalized or
quarantined and they are under treatment; lastly, is the class of the recovered individuals denoted by R(t).
Therefore the total human population N(t) at any time 't’, is given by the sum of all population categories,
(ie., N(t) = S(t) + E(t) + L.(t) + L (t) + T(t) + R(t)).

Throughout the paper, it is assumed that the exposed class (E) consists of individuals who have invaded
by the virus but as the virus incubates at this stage, so the exposed individual is not a carrier untill he
progresses to the infectious class.The susceptible population S acquires infection through three distinct
pathways (Resident, Visitor, and under treatment class) represented by the weighted transmission rates
b1, P2, and B3. To maintain the focus on the initial and peak dynamics of the regional spread, it is assumed
that recovered population have become immune to the disease at least for a particular time period; hence
they would not be considered as susceptible during that period.
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Figure 1: Flow diagram of disease progression.

Fig. |1} is the diagramatic representation showing the interaction between different categories of the pop-
ulation considered in the model. In this model, the infection to susceptible category is considered to be
transmitted from the population categories, I, (resident), I, (visitor) and T with rates S, 82, and f33
respectively, therefore the rate shown on the arrow between S and E is shown by f3; in general, where
i = 1,2,3. The distinction between I, (resident) and I,. (visitor) is not merely based on origin but also
accounts for behavioral heterogeneity. Visitors often exhibit different contact frequencies and have varying
levels of access to local isolation protocols compared to established residents.

Furthermore, the infectiousness of the treated class T' with parameter 3 is included to account for hospital-
acquired transmission, which has been identified as a critical factor in the regional amplification of COVID-19
clusters through healthcare [18, 21]. In addition, it is known that individuals who were quarantined in home
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or in the hospital have been reported to spread the disease to others in close proximity to them.

Symbol | Description
Ln Natality rate
Lhm Mortality rate
b1, B2, B3 | Rates of disease transmission to the susceptible class S from populations I,., I, and T to the
Y1, Y2 Disease progression rate from E to I, and I,, respectively.
ki, ko Treatment rate for I, and I,, sections of population.
Q Recovery rate of human population under treatment.

Table 1: List of parameteric rates of the model along with their description.

After a while, the susceptible individuals who had caught the infection and are carrying it asymptomat-
ically finally move to the compartment £. When their symptoms are prominent, they will be considered
progressing to compartments I, and I, with the corresponding rate 7 if they had been in the exposed
stage within the region and -, if exposed outside the region respective;y.
After the diagnosis of the infected individual and tracing its travel history, the population will be classified
into I, or I,,,, which then undergoes treatment T with transmission rates k; or ko respectively. Finally, o is
taken as the rate of individuals who move towards recovery R.

Compiling the above discussion, the model is now mathematically formulated by the system of following

ODE’s:

= 2P =]
% = ;(P) — a1 E,

Ciiltr =mE — axl,,

dcfl;?" — 1 E — azl,,,

Cfg = kil + kolor — ayT,
%3 — T — umR. )

where, P = B11, + Bolyr + 85T,
ar =51 + 72 + m,

as = k1 + fim,

az = kg +

a4 = Q@+ fim,

The model introduced through the above discussion is a modification of standard SEIR-type models, for-

(2.1)
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mulated to capture heterogeneity in infection sources through separate infectious classes and to account for
transmission from individuals under treatment.

3. Well-posedness.

3.1. Positivity

This section deals with the analysis of the elementary properties of solutions associated with model (1).
The variables of the model are shown to be non-negative, thereby establishing the epidemiological validity
of the model in discussion [2].
Lemma 1: The solution Y (t) = (S, E, I, I,., T, R), is non-negative whenever t > 0 where the annexed
underlying condition is Y (0) > 0.
Proof: Let t; = supremum of the set {t : Y/(¢) > 0} > 0. Then, for the following equation from (1),

dS S -
2 = i = 2 (P) — S,
o = P 7 (P) — pmS
solution is given by:
d [ v pg) o pg)
— < S(t —=df mt| ¢ = ptin —=df t
(S | [ g0+ ] | =mesw | [ 55500+

which implies

S(t1) exp [ Otl ]];((Z))de + ,umtl} ~5(0) = /0 " esp [ /0 ' JJ\D]((Z))dG + ,umu] du.

Furthermore,

S(t1) = 5(0) exp [_ Otl PO) 49, umtl]

_ N(Q) _
-l-exp[(— 0“ mdw ,umtlﬂ % /0 ! Mnexp[ 0“ %dm umu] du > 0.

Likewise, positivity of all the other variables of system (1) can be established and hence Y'(¢) > 0 for all
t>0.

3.2. Invariance
The closed set: I
v ={(S,E,I,I,,,T,R) € RS : N(t) < /Tn}
m
(where N (t) is the sum of the six compartments sted above) is positively-invariant ensuring that any non-
negative solution from the region v, satisfying the annexed conditions will retain its sign for each ¢ > 0 [22].
Lemma 2: The feasible region v in Rﬁ is positively-invariant along with the annexed initial conditions as

non-negative. In addition, sup N(t) — Hnoast = 0.
w

m

Proof: Adding the equations of system (1), we get

dN _ _ _
Integrating the inequality s < i — N, gives N (t) < N(0) exp|—pumt] + Hn (1 — exp[—pimt]) , whenever
Hm
t > 0. Additionally, lim N(t) = Fn Hence 0 < lim sup N(t) < Hn Hence, for the model in discussion,
t—o0 m t—o0 o,
all solutions in Rﬁ will be always contained in ¢, implying that 1 a positively-invariant set.
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3.3. Uniqueness

Lemma 3: For any initial data Y (0) starting in the feasible region v, a unique solution Y (¢) exists
for the considered model (1), for each ¢t > 0. Furthermore, this solution remains in ¢ and is continuously
dependent on the initial data, Y(0).

Proof. Let % = f(Y)whereY = (S, E, I, I, T, R) € 1. Since the components of the vector field f(Y")
are continuously differentiable, it follows that f is locally Lipschitz continuous on the domain . The Picard-
Lindelof theorem [29] ensures the existence of the unique solution Y (¢) that satisfies the initial condition
Y (0) € 9. As already seen, v is positively-invariant and the solutions are bounded (N (t) < pn/pm), the
local solution is extendable for all ¢ > 0. The Lipschitz continuity further ensures that the solution operator
®,(Yy) = Y (t) is continuous implying that the model is well-posed.

4. Disease-Free-Equilibrium (D-F-E)
This section discusses the local- and global- type stability for the uniquely existing D-F-E.

4.1. Existence of D-F-E

Disease-Free-Equilibrium (D-F-E) is referred to the point of the feasible region where population in
consideration is completely free from infection. Let Ey = (S*, E*, I, I}, T*, R*) denote the the D-F-E for
model (1). As S and R are the only disease- free compartments, therefore Ey = (S*,0,0,0,0, R*).
Assigning value zero to all the variables of (1) other than S and R and solving for the two by equating their

derivative values to zero, the D-F-E point is obtained as

Ey = (“”,0,0,0,0,0).

m

4.2. Reproduction Number

Let Ry denote the reproduction number for model (1), which in simply words is understood as the esti-
mated number of individuals acquiring infection in an entirely disease-free population by introduction of a
single infective carrier.

Ry, mathematically is the most positive eigen value of an associated matrix G which is obtained by multi-
plying the matrices as F x V!, with F = % and V = 85((5())) for 1 <i4,j <4.

For each i here, F;(z) denotes the rate at Whinl the new and frejsh infection appears in each of the compart-
ments and, V;(x) takes into account, the final transmission of disease in the corresponding segments. The
next-generation-matrix is denoted by G which is evaluated by matrix multiplication of F and V1.

Now decomposing the RHS of equations in (1) for compartments with infection, namely E, I,., I, and T in
the above said manner, Ry can be calculated.

_ 0 _ —nL +azly
Clearly, F = 0 and V = B+ agly
0 —k11, — kolor + asT

For z; = (E,I,,1I,,T), computing the matrices F' and V that are simply the Jacobians of the vectors
F and V, we get,

0 B P2 B3 aj 0 0 0

_OF(Es) |0 0 0 0 _OWV(Ey) |- a2 0 0
F="s, 1o o0 o o™V =9 | 0 a o0
00 0 0 0 ki —ky a4
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Taking the largest eigen value of next- generation-matrix G as reproduction number, we have

B1(11azas) + B2(y2a2a4) + B3(m1azks + y2a2k2)
ajazasaq

Ry =

wherein as defined earlier in Section 2, a1 = v1 + Y2 + tm, a2 = k1 + tim,a3 = ko + pbm, and aqg = o + .

4.8. D-F-E: Local-Stability

The following section establishes the local-stability of the above mentioned D-F-E point ([9]).
Theorem 1: The Disease-Free-Equilibrium point (Ep) is la.st (locally-asymptotically-stable) whenever
Ry <1 and is unstable if Ry > 1.

Proof: The variational matrix J(Ep) for the model is evaluated as the Jacobian of the system (1), given by

[~y 0 —=B1 —B2 —f3 i
—a1 B B2 B3
7 —az O 0
Y2 0 —az3 O
0 kq ko —ag

| 0 0 0 a =iy

O O O OO

SO O o OoO%T

Here, the trace of J(Ey) is negative and determinant of this matrix [I1], is given as follows:

|J(Ep)| = a1asazasu?, — azBsyikiuz, — azBsyekoul, — azasBiyiuz, — azasPayous,

or
det(J(Ep)) = (a1agazas — azPfsyiks — aaf3yeks — azasfryr — azasfaye)u’,

Using the expression for Ry, derived above; clearly for Ry < 1, we have:

azfB3y1k1 + azB3y2ks + azasfiy1 + azasBoye < ajazazay

Therefore,
arazazay — azf3yikr — azB3y2ks — azasBiyr — azasfay2 > 0

or det(J(FEy)) > 0. Hence, the D-E-F Ej is locally-asymptotically-stable whenever Ry < 1.

4.4. Global-Stability
Next, the global-stability of D-F-E is examined for the proposed model. Rewriting model (1) as:

(4.1)

QL QU
&‘ N|S:‘ NI

where (X, Z) € R2 xRY, with X = {S,R} € and Z = {E, I, I, T}. Let E} = ()_(*,O) represent the D-F-E

of system (2), with X* = ('un, 0). To ensure the g.a.stability, the conditions (H1) and (H2) given below
Hm
need to hold essentially [7]:

aX - -
(H1) X* must be g.a.st for pra F(X,0), and
0G(X*,7) _

(H2) For the matrix, A = 57 , with all off-diagonal entries as non-negative, G (X,Z) > 0 whenever



R. Kaur, Prabhanshi, I. Jhamb, Journal of Prime Research in Mathematics, 22(2) (2026), 18-32 25

(X, Z) € 1, the equation G(X,Z) = —G(X, Z) + AZ must hold.

Theorem 2: The equilibrium point Ef = (X*,0) is g.a.st if Ry < 1.
Proof: As already proved in Theorem 1 that for Ry < 1, Ey is La.st. Solving the system

dX (Y Hn — Mmg
& F(X,0) =
o = o) = [ ),
we get S = [1 — exp|—pmt]]. Ast — 00, S = Hn and R = 0. This implies that the point, X* is a g.a.st
m Hm

dX - o
equilibrium of v F(X,0) and hence (H1) is satisfied. Now,
S5 + Bolor + B3T) — ar E
1E — asl,
:YQE 70/3[07‘ B
kil + kolor — asT

For (H2), consider G(X,Z) = —G(X,Z) + AZ, where

o —ar B P2 B3]
A 0G(X*,0) |y —ax O 0
- 82 N Y2 0 —as 0

0 kl ]{72 —a4_

[ B+ B L + Bily + Balor + BT
AZ = _’yQE —_(Ig]or B
kil + koly — agT

As G(X,2)=-G(X,Z) + 8G(6XZ .0) Z, therefore
(1= %) (BiTr + Bolor + 5T)
G(X,Z)= 0
(X, 2) 0
0

S _
As, 1 — i > 0 therefore (H2) holds. Hence the global-asymptotic-stability of Ej = (X *,0) is proved,
provided Ry < 1.

5. Endemic-Equilibrium (E-E)

The following section analyses the E-E point; its existence and its stability criterion.

5.1. Existence
The existence of a unique E-E-point, E¥ = (S**, E**, I'* I T** R**) for model (1) is ensured, provided
Ry > 1. To evaluate E} [25], define
K= e = o o (B + Bl + +B5T™)
Expressing S** in terms of k* and solving the simultaneous system (1) in terms of S**, while equating RHS
of each equation to zero,and substituting the value of in each of the subsequent equations, the following E-E
point can be obtained:
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S** — Hn
Hom 4 K*
pn K"
a1 (pm + £*)
Fre _ _ VHnK"
" arag(pm + K)
Yoln K
araz(pm + £*)
T — pnk* (krazyr + kaazvyz)
a1a2a3a4(fm + K*)
_ pnk*a(kiazyr + koazye)
ajagasas(fm + K*)

E** —

THk __
Ior -

R**

Substituting E in the expression for «*, shows that the following two equations are satisfied by the E-E
point of (1):

Xr* =Y =0 with, Xr* = asasaqs + y1a304 + V20204 + (1 + Ot)(kgaz’}/g + k1a371)

and Y = ajagaszaq(Ro — 1).

As all the constants in the above linear equation are positive, we get Xx* > 0. Further, Y > 0 if and only
if Ry > 1. Hence, it can be concluded that the model (1) has a unique E-E point if Ry > 1.

5.2. Local-Stability

Theorem 3: The Endemic-Equilibrium-Point E} of model (1) is lLa.st if Ry > 1.
Proof: The Jacobian matrix at £}, denoted by Jg: for model (1) is given by

(01 — pim ) O3 04 05 Oy ]
—91 —02 — aq —«93 —94 —95 —92
Jpe = 0 YL —ag 0 0 0
0 VI, 0 —az3 O 0
0 0 k‘l k?g —Qy 0
| 0 0 0 0 o —fm ]
where 6 — n*_S** L Oy — /i*_S**7 6y = KJ*_S** B S":*ﬁ17 0, — /1*_S** B S":*527 = /1*_S** B Si*ﬂg.

Clearly,the trace of the matrix Jgs is —k* — a1 — az — a3 — ag — 2, < 0 and its determinant 28, [
is given by:
2 *
K
det(Jgx) = Mn*[alaza:aM(Ro — 1) + X1 + Xopm)]
Hm + K
where X1 = a(askivy1 + agkay2) and Xo = asasas + y1a3(aq + k1)
It can be observed that det(Jg:) > 0 if Ry > 1. Hence, the E-E point (E7) is La.st provided Ry > 1.

5.8. Global-Stability

Next, the global-asymptotic-stability of the E-E-point (E}), is analyzed by considering a suitable Lya-
punov function [17].
Theorem 4 For Ry > 1, the endemic- equilibrium-point, (EY) of the system is globally-asymptotically-stable
i the invariant region 1.

Proof. Consider the Lyapunov function L : ¢ — R as follows:

L= [(§= 52+ (E—E"P+ (I - [V + (I — 1)’ + (T = T") + (R - R**)’]

DO | =
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Infective within region [i) with different inital population Infectives from outside region {i,) with different inital population

150 150

100 100

Total Infected Human Population
Total Infected Human Population

Under Treatment ﬁ: with different inital population

Total Human Population under Treatment

Figure 2: Trajectory plots of various compartments when Rg > 1, with different sets of initial conditions
using the parametric values given in Table @

Clearly, L is a positive definite function that vanishes only at the equilibrium point (E£7). Time derivative
of L along the trajectories of the system yields:

L=(8-8"8+ (E—E"E+ I, — IV, + (Ly — Il + (T — T*)T + (R — R™)R

Substituting the expressions for S, E, ..., R from the system equations and linearizing around (EY) using
the Jacobian matrix A, we obtain: .

L= (z— (E))" Az — (E2)
where z = (S, E, I, I,,,T,R)" and matrix A is the Jacobian of system (1) evaluated at the endemic-
equilibrium (E}). Since the real parts of eigenvalues of the matrix A are negative when Ry > 1, therefore
the quadratic form (z — (E}))T A(z — (E})) is negative semi-definite.

Furthermore, the set {z € ¢ : L = 0} contains only the singleton (E*). Since the solutions are bounded
within the region %, it follows from the LaSalle’s Invariance Principle and the application of Barbalat’s
Lemma that every solution starting in 1 converges to (EZ) as ¢ — oo. Thus, the endemic equilibrium
is globally-asymptotically-stable. Further, the time derivative dL/dt remains negative definite within a
neighborhood of the equilibrium, ensuring that the system’s ’energy’ dissipates as it converges to the steady
state. O

6. Numerical Simulation

The graphical visualizations presented in this section will ensure the validation of the analytical results
discussed in the above sections.Table [2| lists the parametric values that will be used throughout the simula-
tion process.

Figure [3| shows the trajectory of different types of population compartments when Ry > 1, (in particular
when Ry = 4.57105). From the graphs, it is evident that the infected population or patients undergoing some
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Parameters | Value Source
B 0.455 20]
B 0.13 [20]
Bs 0.3506 20]
Y1 0.1 Assumed
Yo 0.02857 | Assumed
k1 0.623 | Assumed
ko 0.178 | Assumed
Q 0.1358 | Assumed
[in 0.01936 |  [1A]
Lim 0.00718 | [15]

Table 2: Values of Parameters for Simulation

treatment will eventually move towards recovery. However, as per the assumptions of our model, eventually
the recovered population becomes immune to the infection; therefore its graph (unlike other graphs) is well
above the r—axis, maintaining a non-zero value for the entire time period in consideration. This goes in
accordance with the underlying assumption that recovered population have become immune to the disease
at least for a particular time period; hence they would not be considered as susceptible during that period.
From Figure [2| we can infer that the number of infectives or patients undergoing treatment in a region,
small or large, will surely recover in an estimated period of time with a prescribed rate, which goes well
with the actual real-life scenario witnessed by the human population.

Infective Classes (1r and Jgr ) Infective Classes (I, and iy )

I

gl

a3
Total Infected Human Fopulation

Total Infected Human Population

Figure 4: Trajectory plots of I, and I, for Ry > 1 with different initial populations using parametric values
given in Table [4

In an attempt to trace the origin of the spread of this disease, graphs with different underlying situations

have been plotted (see Figure. In Figure (a), the situation considered is that I, is taken to be zero, that
is, if the cause of the outbreak of disease in the concerned region is presumed to be infectious individuals
residing in the same region for 15 days or more. In contrast, in Figure (b), the situation considered was
the other category of infected individuals, where it was assumed that the outbreak of infection is due to
infectives who have recently joined the concerned region from a place outside its geographical boundary in
the last two weeks.
Interestingly, in both situations, over a period of time, the curve representing the infected resident population
surpasses the trajectory curve of visitor class of infected population. From these two graphs, it can be clearly
concluded that I, or I, whatever the reason for the outbreak of infection in a region; once the infection hits
the region, the spread would eventually become more prevalent at the local level. Additionally, as shown in
Fig. [3l in due course of time, the infected population recovers if it is hospitalized or quarantine mode.
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Infectives in a Region ], Infectives from outside a region fTa-:
125108 T —— — 1108 ;

1.0.10%f sooooo L
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Figure 3: Trajectory plots of various compartments when Ry > 1, using the parametric values given in Table

!

The simultaneous system (1) was symbolically solved using Wolfram Mathematica. The simulations were
carried out using the values of parameters as listed in Table |2 along with appropriate initial conditions for
each compartment. The numerical solutions were obtained using standard built-in solvers, and the resulting
trajectories were used to illustrate the dynamical behavior of the model.

7. Sensitivity Analysis

This section focuses on the determination of the relative effect of involved parameters on Ry. For any
parameter p,the normalized forward sensitivity index of Ry is given by:

_ORy p

P79 Ry

The results in Table 3 show that Ry is highly sensitive to 83 and «a, which exhibit the largest positive
and negative sensitivity indices, respectively.

This highlights that transmission from treated individuals significantly drives the spread of infection,
while increasing recovery rates plays a crucial role in mitigating disease transmission.

Parameter b1 B2 B3 " V2 k1 ko o' o

Sensitivity Sign +ve +ve +ve +ve +ve -ve -ve -ve -ve

Sensitivity Value | 0.1796 | 0.0499 | 0.7705 | 0.0460 | 0.0069 | 0.1707 | 0.0415 | 0.7318 | 0.1089

Table 3: Numerical values of sensitivity indices of Ry with respect to different parameters

Figure [5] is a visualization of the sensitivity indices of Ry with respect to the parameters involved. The
positive value for the sensitivity indices corresponding to the transmission parameters 1, B2, indicates that
with an increase in these parameters, Ry increases, thus enhancing disease transmission.
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Sensitivity Analysis of RO
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Figure 5: Sensitivity indices of Ry with respect to different parameters of the model

Among these, B3 exhibits the highest positive sensitivity, suggesting that transmission from the popula-
tion under treatment contributes mainly to the spread of infection. This highlights the importance of strict
infection control measures in healthcare and quarantine settings.

On the other hand, the recovery rate a and other removal-related parameters such as ki, ko, and p,,
show negative sensitivity indices. This indicates that increasing these parameters reduces Ry, thereby
contributing to disease control. In particular, the recovery rate a demonstrates a strong negative influence,
emphasizing the importance of effective treatment measures to mitigate the progression of the disease. To
further investigate the impact of the most sensitive parameters, Figure [6] shows the variation of Ry with
respect to B3, 81, and «, with all other parameters kept fixed at their baseline values.

Variation of RO with Top Sensitive Parameters
RO
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— a
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0.1 02 03 0.4 0.5

Figure 6: Variation of Ry corresponding to the most sensitive parameters

It is observed that Ry increases monotonically with increasing g3 and (1, confirming that higher trans-
mission rates significantly enhance disease spread. In particular, the effect of 83 is more pronounced, which
is consistent with its higher sensitivity index.

Contrastingly, Ry decreases sharply with increasing recovery rate «. This indicates that improving
recovery through effective treatment can substantially reduce disease transmission. The steep decline of
Ry for smaller values of a suggests that obvious interpretation that low recovery rates would lead to rapid
escalation of the infection.



R. Kaur, Prabhanshi, I. Jhamb, Journal of Prime Research in Mathematics, 22(2) (2026), 18-32 31

These results validate the sensitivity analysis and demonstrate that controlling transmission rates and
improving recovery are critical strategies for reducing the spread of COVID-19.
8. Conclusion

This study introduces a novel model employing an autonomous nonlinear system of ordinary differential
equations in six time dependent variables to elucidate the progression of the virus causing infection for
COVID-19. The model’s analysis is centered on Ry, the reproduction number, a guiding parameter most
commonly used to understand the dynamics of any infection. Stability analysis reveals that the D-F-E is
both l.a.st as well as g.a.st when Ry < 1. Also, for Ry > 1, the E-E is likewise stable. Numerical simulations
underscore the model’s ability to depict disease dynamics accurately.

The sensitivity analysis indicates that Ry is most influenced by the transmission parameter B3 and the
recovery rate «, with sensitivity indices 0.7705 and -0.7318 respectively. This indicates that transmission
from the population under treatment, particularly the hospitalised infectives significantly accelerate disease
spread. In contrast, obviously the higher recovery rates directly lead to reduction in infection levels.
Furthermore, the distinction between local and imported infections highlights the significant role of pop-
ulation mobility in regional disease dynamics, emphasizing the importance of monitoring and regulating
movement across regions to prevent further outbreaks.

A significant insight from our research is the verification that once the virus enters a region, local trans-
mission rates heavily influence its spread, complicating containment efforts, and leading to epidemic and
pandemic conditions. Maintaining social distance, wearing masks and conducting widespread testing within
the region need to be employed and executed more specifically. In addition, screening individuals entering
the area can serve as a critical control measure.

Formulating an optimal control problem for this model and its mathematical analysis can be an interesting
dimension to explore in further research.
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