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In this study, an autonomous type deterministic nonlinear mathematical model that explains the transmission dynamics of
COVID-19 is proposed and analyzed by considering awareness campaign between humans and infectives of COVID-19
asymptomatic human immigrants. Unlike some of other previous model studies about this disease, we have taken into
account the impact of awareness ¢ between humans and infectives of COVID-19 asymptomatic human immigrants on
COVID-19 transmission. The existence and uniqueness of model solutions are proved using the fundamental existence and
uniqueness theorem. We also showed positivity and the invariant region of the model system with initial conditions in a
certain meaningful set. The model exhibits two equilibria: disease (COVID-19) free and COVID-19 persistent equilibrium
points and also the basic reproduction number, R, which is derived via the help of next generation approach. Our
analytical analysis showed that disease-free equilibrium point is obtained only in the absence of asymptomatic COVID-19
human immigrants and disease (COVID-19) in the population. Moreover, local stability of disease-free equilibrium point is
verified via the help of Jacobian and Hurwitz criteria, and the global stability is verified using Castillo-Chavez and Song
approach. The disease-free equilibrium point is both locally and globally asymptotically stable whenever R, <1, so that
disease dies out in the population. If R, > 1, then disease-free equilibrium point is unstable while the endemic equilibrium
point exists and stable, which implies the disease persist and reinvasion will occur within a population. Furthermore,
sensitivity analysis of the basic reproduction number, R, with respect to model parameters, is computed to identify the
most influential parameters in transmission as well as in the control of COVID-19. Finally, some numerical simulations
are illustrated to verify the theoretical results of the model.

1. Introduction

Coronaviruses are a large family of viruses that may cause
illness in animals and humans. In humans, several corona-
viruses are known to cause respiratory infections ranging
from the common cold to more severe diseases such as
Middle East respiratory syndrome (MERS) and severe

acute respiratory syndrome (SARS). The most recently dis-
covered human coronavirus disease which is caused by a
novel coronavirus severe acute respiratory syndrome 2
(SARS-CoV-2) is coronavirus disease 2019 (COVID-19)
[1, 2]. This disease was first identified in December 2019
in Wuhan, China, with common manifestation appears
to be pneumonia [3-5]. One of the things which makes
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this new virus so dangerous is that it spreads very quickly
between peoples. COVID-19 is transmitted from human to
human via direct contact with contaminated surfaces and
through respiratory droplets’ inhalation from infected individ-
uals [4, 6, 7]. The most common symptoms of COVID-19
include the following: fever, dry cough, shortness of breath,
and fatigue [3, 8]. Other fewer symptoms may include the fol-
lowing: sore throat, headache, chills, congestion, nausea, and
diarrhea. The incubation period (time from exposure to the
development of symptoms) of COVID-19 is somewhere
between 2 and 14 days, on average around five days after expo-
sure to the virus [9, 10].

The World Health Organization (WHO) declared the
outbreak as a Public Health Emergency of International
Concern on January 2020 and a pandemic on 11 March
2020 [11]. In China mainland until March 8, 2020, a total
of 80,868 confirmed cases and 3,101 deaths were recorded
due to COVID-19 [3]. The outbreak of COVID-19 has
spread to 222 countries and territories, inflicted more than
116.17 million confirmed cases, and claimed more than
2.58 million lives, as reported on March 7th, 2021 [12].
Globally, over 3.1 million new cases and just over 54,000
new deaths were reported during the week of 27 September
to 3 October 2021 and more than 197 million new cases,
and among these, more than 4 million individuals have died
up to the end of July 2021 [13, 14].

Mathematical model is a mathematical equation that
describes changes in the system with time, and it is useful
to accurately predict the evolution of infectious disease
(COVID-19), and this in turn helps to give an insight
for health workers and government to deal on the most
influential parameters in COVID-19 transmission [15].
Since COVID-19 outbreak, different scholars studied the
transmission dynamics of the disease (COVID-19) by con-
sidering different scenarios [1, 2, 5, 9-11, 14-21] to curb
its spread with the help of epidemiological mathematical
model. However, all the above studies failed to consider
the impact of awareness campaign and influx of COVID-
19 asymptomatic human immigrants in the control of
COVID-19 transmission. In this study, we inspire to mod-
ify the model [16] to fulfill the entire gap. Our proposed
model is different from others, and it is that the class of
susceptible human population is subdivided into two: indi-
viduals who have awareness about COVID-19 and apply
all the recommended mitigation of COVID-19 to save
themselves and others are classified as aware susceptible
human population class, denoted by A, and individuals
who have no awareness about COVID-19 or even they have
awareness but they do not give an emphasis for the severity
of COVID-19 are classified as unaware susceptible human
population class, denoted by U,. The rate of COVID-19
asymptomatic human immigrants is also included. The
remaining part of this study is structured as follows: in Sec-
tion 2, we developed our mathematical model for the trans-
mission of COVID-19 dynamics. In Section 3, the analytical
analysis of the model established. In Section 4, numerical
simulations of the model are illustrated. The conclusion
and concluding remark with suggestions are provided in
Sections 5 and 6.
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2. Model Formulation

In this section, the total number of human population at
a given time t is denoted by N,(t) and it is catagorized
into six subclasses named as susceptible human popula-
tion class (S;,), aware susceptible human population class
(A},), unaware susceptible human population class (U),),
exposed human population class (E,), infectious human
population class (I,), and recovered human population
class (R;,). The class of aware susceptible human will
increase depending on the movement of susceptible
human population and recovered human population class
due to awareness created. Unaware susceptible human
population class increases due to the movement of sus-
ceptible human population class and decreases due to
contact with infectives of COVID-19 humans and prog-
ress into exposed and infectious human population class.
In the formulation of our model, the following additional
assumptions are important:

(1) It is assumed that all recruited humans either by
birth or immigration into susceptible human class
are not carriers of COVID-19

(2) We consider only immigrants of COVID-19 asymp-
tomatic human in our model with a rate of 7,

(3) It is assumed that the influx rate #, of COVID-19
asmptomatic human immigrants is not constant

(4) It is assumed that the class of unaware susceptible
human populations becomes infective if they contact
with exposed or infectious individuals at the rate f3
with probability of a, and «;, respectively

(5) It is assumed that the rate of asymptomatic human
immigrants 7, is less than the progression rate of
exposed human into infectious or recovered human
class 8,

(6) It is assumed that a proportion of 6 of susceptible
population properly apply COVID-19 mitigation
measures and hence progress into aware susceptible
human class and the remaining proportion (1-0)
move to unaware susceptible human class by the rate

of ¢,

(7) It is assumed that recovered human populations
develop permanent immunity due to their improved
immunity or successful hospitalized treatment, and
they join the aware susceptible human population
class at the rate of w),

(8) It is assumed that all parameters involved in the
model are nonnegative. With regard to the above
considerations, the compartmental flow diagram is
shown below in Figure 1

Based on assumptions and the flow diagram of COVID-19
dynamics (Figure 1), Table 1 the model is governed by the fol-
lowing system of autonomous type nonlinear ordinary differ-
ential equations:
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F1GURrE 1: Flow diagram of COVID-19 model.

TaBLE 1: Model parameters with their description.

Parameter Description of parameter
Ay The recruitment rate of susceptible human population
B The contact rate of unaware susceptible humans with exposed and infectious humans
0 The proportion rate that susceptible humans join unaware susceptible humans
[0 The progression rate of susceptible into aware and unaware susceptible humans
a, The probability that unaware susceptible humans will contact with infectious humans
o The probability that unaware susceptible humans will contact with exposed humans
Sy The progression rate of exposed humans into infectious and recovered human class
Y The recovery rate of infectious humans into recovered human class
wy, The progression rate of recovered humans into aware susceptible human class
ay, The natural death rate of all human population classes
Pn The disease induced death rate of infectious humans
T The proportion rate of exposed humans to be infectious
un The rate of asymptomatic human immigrants
% == (@t S TABLE 2: Parameter values and its sensitivity indices.
% = (1=0)$5, — aydy + w,Ry, Parameter Values Sensitivity indices Source
% =0¢,S, — B(ayEy + ay 1)Uy, — o, Uy, P 0.0143 *l [16]
=, (1) A, 13.5 +1 [16]
= PloaEy + oL, Uy = (@, + 8, =~ 1)) Ep 0 0.5 +1 Assumed
% C8,E,— (@ + oy + 1) a, 0.02 +0.998 [16]
iR, oy, 0.01 +0.615 Assumed
= A= D0E, + iy — (o + @y)Ry o 0.0001 +0.0018 [16]
un 0.0001 +0.0016 Assumed
with initial conditions: Syg) >0, Ay 20, Uy Eyo 20, 07 +0.0015 [16]
L) 20, Ry 20,and 0<0<1,0<7< 1. Vh 0.15 -5.11 [16]
Oy 0.07 -11.64 [16]

3. Model Analysis

The validity and the authenticity of any mathematical model
depend on the existence and uniqueness of its solutions. In
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FIGURE 2: Change of human populations at disease free and endemic equilibrium points.

this section, the basic properties of the model system of
equations (1) include the following: the existence and
uniqueness of solutions, positivity of solutions, invariant
region, and basic reproduction number, and equilibria with
their stability analysis are focused.

Lemma 1 (Existence and Uniqueness of Solutions). If the
initial data be (S,(0) > 0,A,(0)=0,U,(0)20,E,(0)=0,1I,
(0) >0,R,(0) = 0)to the system equation (1), then there
exists a unique solution in C(R*,R%), Vt>0.
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F1GURE 5: The impact of §;, and y, on basic reproduction number R,,.

the form of x = f(x), where

Each of the right hand side components of f (x) in sys-
tem [2] is continuously differentiable almost everywhere in
C(R*,RS), which implies f is locally Lipchitz (f €c!).

Ay = (o, + ¢)Sy
(1-0)¢,S), — a, A, + @R,
06,5, — B(yEy, + o 1}) Uy, — a, Uy,
B(aEy + ay 1)Uy, = (&, +6), =11, ) Ey
T8,y — (@ + Py + yi )y
(1=7)8,Ey + 1) = (o, + @y, )R,

@

Hence, by the fundamental existence and uniqueness theo-
rem [22], the model system of equation (1) exhibits a unique
solution locally in R® for all time ¢ > 0. Since the model sys-
tem of equations [1] monitors human population, it is nec-
essary to show that all its solutions must be nonnegative
for future time t. This will be established by the following
theorem. O

Theorem 2 (Positivity of Model Solutions). If the initial
condition be X =1{S,(0)>0,A,(0)=0,U,(0)=0,E,(0) =0,
I,(0) > 0,R,(0) > 0}, then the solution set {S,(t),A,(t),
U,(t), E,(t), I,,(t), R, (£)} of model (1) is positively invari-
ant for all time t > 0.

Proof. From the model system of equation (1), consider the
first equation:
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ds,idt= A, — (e, + ¢ 1,)Sy; then, by integrating factor
method, the solution becomes the following:

Su(t) = Aplay, + §y + (S,(0) = Aylay, + )W > 0. (3)

Hence, S;,(t) > 0 for all time ¢ > 0. From model system of
equation (1), consider the third equation:

du,/dt=9 ¢,S, - B(,E, + o1,)U, - a,U,. Assume
that for the first time ¢, U,,(t,) =0, dU,/dt < 0, and it is true
that (S,,(¢), A, (¢), E,(¢), I,,(¢), R, (t)) > 0 for t € (0, ¢, ). Based
on our assumption, dU,/dt=0¢,S,, and then, integrate
both sides and substitute the solution of S,(¢) obtained from
the above, and we get that U, (¢,) = 0¢,, (A, /o, + ¢, + (S,(0)
— Ayl +¢,)e @ 9)4) >0 which contradicts with our
assumption. Hence, Uj,(¢) >0, V¢ > 0.

Similarly, it can be shown analogously that (A, (t), E,(t),
I,(8), Ry(t)) 20, Vt > 0.

Hence, all solutions of model system [1] are positive for
all future time ¢ > 0. |

Theorem 3 (Invariant Region). There exists a domain X in
which the solution set (S;,(t), A, (), U, (¢), E,(¢), [, (t), R,,(t))
of model equation (1) is positively invariant.

Proof. The total human population size can be determined
by Ny(t) =S, (t) + Ay(t) + Uy (1) + Ey(t) + I, (£)+R, (1)
Then, the time derivative of N, (¢) along the solutions of
model system (1) gives the following:

dN
d—th = Ay, = 0Ny (t) = pyI; (1) + 1, Ey (1) (4)

In the absence of disease (COVID-19) in the population
and COVID-19 asymptomatic human immigrants,

% <Ay — o Ny () = Ny(t) = 2—: + (Nh(o) _ 2_:) oot
()
where
N, (0) =S,(0) + Ay (0) + Uy, (0) + E;,(0) + I,,(0) + Ry (0).
(6)

Thus, if N;,(0) < A, /ey, then N, (t) < Ay /ey, as t — 0.

Therefore, X={(S,(t), A,(t), Uy(t), E;(t), (), R,(¢))
€R® : N, (0) <Ny (t) < Aylay} is the feasible solution of
model equation (1) which implies the total number of
human population is positively invariant; hence, each solu-
tion in the system of model equation (1) is positively invari-
ant. Therefore, the model is biologically meaningful and
mathematically well-posed in the region X. O

3.1. COVID-19-Free Equilibrium Point of the Model. The dis-
ease (COVID-19)-free equilibrium point E, of model system
(1) is calculated by equating all the right hand side equations
to zero and putting E;, ;) = I;,(,) = 0; then, we obtained

Eo= (S, Ap, Uy, Ep, I, R))
_ ( Ay (-0 00y 0) (7)
o+ oy, + ) oy tey)

In epidemiological point of view, the implication of E; in
the absence of infective populations and immigrants of
COVID-19 asymptomatic humans only, susceptible, aware
susceptible, and unaware susceptible class of human popula-
tions will live in the community.



3.2. Basic Reproduction Number of the Model. In this subsec-
tion, we will find the basic reproduction number, denoted by
R, for the considered model (1) using next generation
approach [23]. From model system (1), matrix that consists
the rate of new infections &;(x) and the rate of transfer 7,

(x) is
o B, + o 1,)U
5y | BB+ @)U |
0
(8)
[ (ay + 0y =11, ) Ey ]
Vi(x)= >
—T0,Ey + (0 + Py + V)
respectively.

The Jacobian matrix of &;(x) and 7/;(x) at the disease-
free equilibrium point E, is given by F and V, respectively,
as follows:
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Finally, FV™" = [ (A;,p0¢, (o (a + ¢;,) + 1 76),) /00, 4, 14, )
(o, + 8y =1y, ) (o, + py +v,,)) A POGy [0y (e + ) (@ +
+7,,)00].

The two eigenvalues of FV ! are as follows:

A, =0,

L= A PO (0 (o, + ¢3) + 2, T6;,) .
? ap (o, + @y,) (g, + 8y —mp,) (o + py + )

(11)

It follows that

23,B0¢), (o (e, + ¢) + 2,70y .
(o, + @y,) (o, + 8y = 1y,) (), + Py +¥p)
(12)
Here, 1/(a, +0, —1#,) refers the average duration of

human population in exposed state to become infectious or
recovered, and 1/(a, + p;, +y,,) is the average duration of

Ry=max {A,4,} =

Ba, Uy, Pa, U, v o, + 6, =1, 0 the infectious period of human populations until they die
0 o I 3, &+ Pyt T, ’ Or recover.
(9) 3.3 Stability Behavior of the COVID-19-Free Equilibrium
Point. The following theorems discuss the local and global
and then. the inverse of V is given b stability analysis of disease-free equilibrium point of model
’ & Y system (1).
o 0 Theorem 4. The disease-free equilibrium point E, of model
vlo @, + 0, =1, system (1) is locally asymptotically stable if R, < 1 and unsta-
- 16, 1 ble if R, > 1.
(@, + 0, = 1) (% + P+ V) Gt P+, Proof. The Jacobian matrix of system (1) at the disease-free
(10) equilibrium E, is given by
[—(ay+¢,) O 0 0 0 0
(1 - 6)¢h -0y, 0 0 0 wy,
09, 0 -a _ Bay 04, A _ 0B ¢, Ay 0
CACTREY) CACTRE )

J(Eo) = ’ (13)

0 0 ﬁ(x20¢hAh _ ((X +6, — n ) ﬁa16¢hAh 0

CACTRE ) neh CACTRE )
0 0 0 70, —(o, +py +7y) 0
Y 0 0 (1-1)5, VY —( + @) |
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and the characteristic polynomial of J(E,) is expressed
by the following:

P(A) = (A+ (o, + ¢,)) (A + 2> (A+ (e, + @, ) [AGA* + A A + Ay =0.
(14)

The four eigenvalues of J(E,) are as follows:
AM==(a,+¢,) <0, A, =A;=-a, <0, and A, = —(a, +

wy,) < 0, and the remaining eigenvalues are determined from
k(L) = AgA* + A A + A, =0, where

Ay=1>0,

B ~ ﬁa26¢hAh
Ay = (o, +p, 1) (1 &, (@, + 6) (@, + +Vh)>

+ (a + 0, —1)s

Ay = (ay + py + ) (@, + 8y —11)
) (1 _ A1, (o (o) + §)) + 4, 78),) )
ay (o, + @p,) (o, + 0y —1,) (@ + py + 7))
= (o + py +¥3,) (@, + 8y =1, ) (1 = Ry).-

(15)

From AyA* + A, A + A, = 0, we recall Routh-Hurwitz cri-
teria [24, 25] and characteristic equation AjA* + A, A+ A,
=0 has strictly negative real root if and only if A; >0, A,
>0, A, >0, and A, A, >0. It is obvious that A, and A, are
positive, and A, is positive provided that 1 - R, >0, which
leads to R, < 1. Therefore, the disease-free equilibrium point
E, is locally asymptotically stable if R < 11, and COVID-19
cannot invade the population. For R, > 1, we see that A, <0.
This shows as there is one eigenvalue with positive real part,
and hence, the disease-free equilibrium is unstable and the
invasion of COVID-19 is always possible. |

Theorem 5. The COVID-19-free equilibrium point E, of
model system of equation (1) is globally asymptotically stable
if Ry < 1 and vice versa.

Proof. To prove this, we follow Castillo-Chavez et al. theo-
rem [26].
Let us rewrite model system (1)

dx
@ F&2), (16)

dzidt = G(X, Z),

with G(X,0) =0, where X =(S,(t), A;,(t), Uy(t), Ry(1))
€ R* represents nondisease state variables and X = (E,,(t),
I,(t)) € R? represents disease state variables in model (1).

To be E, globally asymptotically stable for model system
(1), the following two scenarios must satisfied:

(H,) For dX/dt=F(X,0), X* is globally asymptotically
stable, where F(X*,0) =0.

Clearly one can see that at disease-free equilibrium point
E, of model system (1),

Lim (S, (t), Ay (1), Up(t), Ry (1))

=< A (-0, 04,4, 0)_ (17)
a, ¢y, oo+ )" oy (ay +¢y)

Hence,  (S,,(t), Ay (t), Uy(1), Ry(£)) — (Ap/ag, + ¢, (1
- 6)¢hAh/(xh((xh + ¢h)’ 9¢hAh/(xh((xh + (ph)’ 0) Wthh lmphes
the global convergence of model system (1) in 2.

(H,))G(X,Z)=AZ~-G(X,Z),G(X,Z) 20 for (X, Z) € %,
where A =0Z(E,)/0(E,,I,), Z=(E,I,)", and G(X,Z)=
(E,.1,)". Thus,

Pa,0¢, A, Ba,0¢, A,

—= 7 — (e, + 6, - —

A= | o, +¢y) (% + O = 1) (o + ¢p,)
6, —(, +pp+v)

(18)

From G(X, Z) = AZ — G(X, Z), we have that G(X, Z) = A
Z - G(X, Z), and after simplification, we get that

BOG, Ay (0 Ep + oy 1) 3
G(X,Z)= (0, + ) BlayEy + o1 13) Uy

(19)

Clearly A is an M-matrix (off diagonal elements of A are
nonnegative inside X) and G(X,Z)>0 because U,(t)=0
Sl Ay + dy + (S,(0) = Aplay, + ¢y e @0t ] < B, A, ey,
(v, + ¢,) as t —> oo.

Therefore, the disease-free equilibrium point Eis glob-
ally asymptotically stable for model equation (1) when
R, <1, and the epidemiological implication of this result
is that in the long run, the disease (COVID-19) will die out
in the population if the awareness is highly created in the
population and in the absence of COVID-19 asymptomatic
human immigrants regardless of infective populations within
the community. O

3.4. Existence and Local Stability of COVID-19 Persistent
Steady State. Let E* = (S; Ay, Uy, E;, Iy, R;) be COVID-19
persistent equilibrium point of model equation (1) in which
all state variables are to be positive, and hence, the disease
(COVID-19) persists in the population. The components
of E* are obtained by making the right hand sides of model
equation (1) to be zeros, and after some mathematical
manipulation we get the following:
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s = D
"+ o
Ul = (o, + 8y, —m,) B
o, (Ry—1)

e (@t putyy) Ro—1)
" a8, + Bay (o, + pp +v,)
. _ 78,E;,
"ty

(V70 + (o + Py +¥,) (1 = T)84) Ej

R =
" (@, + @) (@ + Py + Vi)
A= (70 + (@ + Py + ¥p ) (9 + @) (1= 0)py Ay + 7,76, + (1 - T)wy 5, ) ME}
" o, (0, + wp ) (o, + py +7y,) (o, + By) '
(20)
where
M = (a, + py + ) (@, + Xy,). (21)
[—k, 0 0
k, -a 0
ky 0 —(keEj + k), + o)
J(E") =
0 0 k¢E;, + kI,
0 0 0
| 0 0 0
where

ky = (o, + ¢p)s ky = (1=0)§),, ky =0, ky = o, 8, ks
= ¢, + 8y, kg = Py, ky = 0y, kg = o + py, + V)5 ko
=(1-1)8), kyg = o + wy, A = kyky + kghs.

(23)

—(keks Ej, + aykg + kyk; E})
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As we observe, S} is positive and from the value of E}, it
is obvious that all the values of (A}, U}, I}, R;) are positive
for Ry > 1.

Corollary 6. The COVID-19 persistent equilibrium point E*
of model system (1) exists only when R,> 1.

Theorem 7. The COVID-19 persistent steady state E* =(S],
AR ULE; IR of model (1) is locally asymptotically stable
if and only if R, > 1.

Proof. The linearized matrix of the model system (1) at the
endemic steady state E* is given by

0 0 0
0 0 wy,
—ksU}, -k, U}, 0 ’ (22)
keUp = (g, + 6, —my)  kyUy 0
k, —kg 0
k Yh kyo |

The three eigenvalues of J(E*) are A, = -k, = —(a;, + ¢,)
<0,A,=-a;, <0,A;=—k;g=—(a, +¢,) <0, and the
remaining eigenvalues are determined from the submatrix
given by

—k(ks —mp)Ey - —ka(ks —n,,)Ej

kg

(ksks Ej, + kyk; E} )
kg
0

J4(E") =

ap(Ry—1) ap(Ry—1)
ks(ks —my)E;  ky(ks —m,)Ep (24)
ap(Ry—1) ap(Ry—1)

k, ks
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From COVID-19 persistent equilibrium point E*, fur-
ther substitution of the value of k and A, we get that

ks (ks —m,)Ej,
Kok + koks

E = kg (Ro — 1) _ kg (Ry — 1)
B kk + kg A
kg(ks —n,)E;, . KkE;

_ ky( sA’7h) handlh: I7{h

U =

8. (25)

Now without calculating the eigenvalues of J,(E*), we
can simply look the signs of its eigenvalues by using trace
determinant rule as follows: trace( J,(E*)) = —[a,RoA + k,
k, (ks —n,) + kgA]/A < 0. Therefore, trace( J,(E*)) <0. Fur-
thermore, det (J,E*) = kskga, [(ks — 1, )Ry — (R, — 1)]/A +
ay, (ks —n,,)[kyRy + kgkgRy + kyk;]/A > 0, which can be veri-
fied by substitute trace( J,(E*)) inequality into det ( J,(E¥)
). Thus, the above scenarios, ie., A, = -k, =—(a;, + ¢;,) <0,
Ay =—-a, <0, Ay =—k;y=—(a, +¢,) <0, and trace( J,(E"))
<0 and det (J,(E*)) >0, lead to the COVID-19 persistent
steady state E* of model system (1) which is locally asymp-
totically stable whenever R, > 1. Hence, it is the required
result. O

3.5. Sensitivity Analysis of the Basic Reproduction Number.
Sensitivity analysis helps to identify the most influential
parameters on the basic reproduction number so efforts to
control the problem are directed to these parameters. Math-
ematically, we compute the sensitivity analysis of our model
system of equations based on the classical definition [14, 15]
defined as the normalized forward sensitivity index of a var-
iable R), which depends differentiably on a parameter p,

given by AR = p/R, x OR,/0p.

For example, Aﬁ‘) =1, means increasing (or decreasing)
the contact rate f3of unaware susceptible with exposed and
infectious individuals by 10%, will result to increase (or
decrease) the value of R, by 10%, whereas Ag‘q’ =-5.11,
means increasing (or decreasing) the recovery rate of infec-
tious humans, will result to decrease (or increase) the value

of Ry by 51.1%. The remaining sensitivity analysis of our
model can be obtained as follows:

o, 70
AP =1>0,A%= L >0, A%
b0, +ay(ay + p, tyy)
_ (X1T8h S0
o 70, + oy (0 + pp, + V)
R, “h R, R
:7>0,A =1>0,A0
S (ot ¢y) ? az
_ % (%, + P + Vi) 5 0. AR = " S0
o 78y, + ay (o, + pp, + ) e ay + 6, -y
Ao ., B PPN
h

P, + ay (o, oyt L) (Pt Ys)
6,1y 1
= - <0.
T8, +ay(ay +p,ty,) @ t+O, -y,

(26)
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The sensitivity analysis indices evaluated at the baseline
model parameters values are resembled from Table 2. The
sensitivity indices are arranged in descending order as
follows.

3.5.1. Interpretation of Sensitivity Indices. From Table 2,
parameters that have positive indices have a negative impact
in the control of COVID-19 transmission if their values are
increasing. On the other hand, parameters which have neg-
ative indices have a positive impact to minimize the burden
of the disease (COVID-19) transmission in the society.
Thus, the most sensitive parameters for the transmission of
disease (COVID-19) are Band 6, and the most sensitive
parameter for the control of the disease (COVID-19) is §,
followed by y,,.

4. Numerical Results and Discussion

4.1. Graphs for General Population Dynamics. In this section,
to verify the theoretical results of the model, numerical sim-
ulations are carried out by using MATLAB ode45 solver
with the following initial conditions:

Spo = 120,000 , A,y = 30,000, Uy, = 50,000, E; = 25,000,
I;o =35,000, R, =20,000. It is important to note that
parameter values and initial number of populations are
taken for illustrative purpose.

Figure 2(a)reflects that when the value of A, =7.99, 0 =
0.47, a; =0.19, @, =0.1399, a, =0.22, ¢, =0.59, w, =0.1,
T=0.09, f=0.389, 8,=0.6, p,=0.99, y,=0.1, and 7,
=0.0898, then R, =0.9785< 1. It is shown that all trajecto-
ries of the solutions of the model system (1) converge towards
disease-free equilibrium point components, or noninfective
class of human population tends to nonzero components,
and the infective class of human population tends to zero
component. In this case, the basic reproduction number is less
than unity (R, =0.9785 < 1) which confirms with our local
stability analysis of disease (COVID-19)-free equilibrium
point for model system (1) whenever R, < 1 stated from The-
orem 4.

Figure 2(b)reflects that when parameter values changed as
A,=124, =099, @, =0.2, a,=0.14, a;,=0.0701, ¢, =
0.79, w,=0.1, 7=0.79, =0.39, §,=0.5, p,=0.75 7y,
=0.0391,and 7, =0.0899, then R = 21.2443 > 1. Itis shown
that all trajectories of solutions of model system (1) converge
towards the endemic (COVID-19 persistent) equilibrium
point components of model (1), or all distinct classes of
human populations coexist. In this case, the basic reproduc-
tion number is greater than unity (R, =21.2443 > 1) which
supports our analytical result about local stability of endemic
equilibrium point E* for model system (1) whenever R, > 1
stated from Theorem 7.

4.2. Graphs on Newly Included Parameters in the Model. As
we observe from Figure 3(a), when the values of w;, and y,
increase and the values of 0 decreases while other parameter
values remain constant, then the value of the secondary infec-
tion, R, decreases and this leads to increase the number of
aware susceptible human population. If we implement effec-
tive awareness creation mechanisms between individuals, then
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the transmission rate and the spread of (COVID-19) will be
eliminated. As we observe from Figure 3(b), when the values
of 77;,, 0, and f3 increase, then the values of secondary infection,
Ry, increases. If we implement effective mechanisms to create
awareness between humans to avoid contacts and reduce the
immigration rate of COVID-19 asymptomatic humans, then
the number of exposed human population will be reduced
and also the transmission of COVID-19 pandemic will be
reduced.

4.3. Graphs for Sensitive Analysis of the Model. The authors
can find some significant results which have shown in
Figures 4(a) and 4(b), and one can observe that the large
value of 0 or 7, can lead to the large value of secondary
infection R,. This implies that high proportion rate from
susceptible human into unaware susceptible human or high
rate of COVID-19 asymptomatic human immigrants can
increase the opportunity of COVID-19 outbreak. Generally,
from Figure 4, we found that R, is more sensitive to the pro-
portion rate (0) of susceptible humans into unaware suscep-
tible human than the rate of COVID-19 asymptomatic
human immigrant (#;,). This supports the idea that 0 is the
most sensitive parameter in the transmission of COVID-
19. Therefore, decreasing the proportion rate of humans into
unaware human class by creating unlimited awareness
between individuals helps to reduce COVID-19 outbreak.
From Figures 5(a) and 5(b), we can see that the large value
of §), or y; can lead to the small value of secondary infection,
R,. This is to say that the high progression rate from exposed
into infectious or recovered class and the recovery rate from
infectious human class into recovered human class can
decrease the opportunity of COVID-19 outbreak. Generally,
from Figure 5, we found that R, is less sensitive to the pro-
gression rate (8;,) of exposed humans into infectious and
recovered human class than the recovery rate y, of individ-
uals from their infection. This supports the idea of sensitivity
analysis result that §;, is the most sensitive parameter in the
control of COVID-19 transmission than y,.

In Figure 6(a), it can be seen that large value of §,, or y,
and small value of #,, in the presence of 3 can lead to small
value of R,,. That is to say, if we increase the progression rate
of exposed into infectious by diagnosis to be quarantined or
recovered human class by treatment and the rate of COVID-
19 asymptomatic humans into exposed human class by pre-
diagnosis in the presence of human to human contact, the
transmission of COVID-19 pandemic will decrease in the
population. From Figure 6(b), it can be seen that large value
of 0 or 1, or T can lead to the large value of R. If we reduce
the proportion rate from susceptible human class into
unaware susceptible human class by creating awareness
and the rate of infective COVID-19 asymptomatic human
immigrants by effective prediagnosis, then the disease
(COVID-19) outbreak will end.

5. Conclusion

In this study, a nonlinear deterministic mathematical model
of COVID-19 pandemic is developed and analyzed to inves-
tigate the impact of awareness and COVID-19 asymptom-
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atic human immigrants in the transmission of COVID-19.
We first obtained the domain where the model gives epide-
miologically meaningful and mathematically well-posed by
the fundamental existence and uniqueness theorem. Both
positivity and invariant region of the model solutions are
shown analytically. The basic reproduction number, R, is
computed using next generation matrix approach. The ana-
lytical analysis showed that the disease (COVID-19) free and
endemic (COVID-19 persistent) equilibrium points of the
model exist under certain conditions. We analyzed both
the local and global stability of disease-free equilibrium
point based on R,. The disease-free equilibrium point of
the model is locally as well as globally asymptotically stable
whenever R, < 1 and unstable whenever R, > 1. From epide-
miological point of view, the disease (COVID-19) will die
out in the population whenever <1 and persists in the pop-
ulation whenever R, > 1. Positive endemic equilibrium point
of the model exists, and it is locally asymptotically stable
whenever R, > 1, so that the reinvasion of COVID-19 may
possible in the population.

We performed sensitivity analysis of the basic reproduc-
tion number with respect to model parameters to identify
which parameters have a strong influence on COVID-19
transmission dynamical system. Both analytical analysis
and numerical simulation results of the model ensured that
the most sensitive parameters for the transmission of
COVID-19 are 0 in which susceptible individuals will join
unaware human class and contact rate (f3) of those unaware
susceptible humans with exposed and infectious human
population, while the most sensitive parameter to control
COVID-19 transmission is the progression rate §,, followed
by the recovery rate y,,.

6. Concluding Remarks and Suggestions

It is necessary to achieve a better understanding on the
COVID-19 pandemic, taking into account awareness cam-
paign between humans and control of COVID-19 asymp-
tomatic human immigrants in order to reduce the number
of infections and mortality rates. The model developed in
the present manuscript has the advantage of describing the
best way of controlling the COVID-19 outbreak. As we dem-
onstrated in the theoretical analysis and numerical results,
reducing the values of 0 (the proportion rate of susceptible
into unaware human class) and #, (the rate of COVID-19
asymptomatic human immigrants) helps to reduce exposed
and infectious individuals. These help to control COVID-
19 outbreak. Therefore, in order to control COVID-19 out-
break, policy makers or health workers must give great
emphasis on how to further create awareness between
humans and effective mechanisms to reduce infective
COVID-19 asymptomatic human immigrants.

Data Availability

The data supporting this model are from the previous pub-
lished articles and cited on a relevant places.
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