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Abstract

In this paper, a nonlinear mathematical model of COVID-19 was formulated. We proposed a SEIQR model using a
system of ordinary differential equations. COVID-19 free equilibrium and endemic equilibrium points of the model
are obtained. A basic reproduction number of the model is investigated by the next-generation matrix. The stability
analysis of the model equilibrium points was investigated using basic reproduction numbers. The results show that
the disease-free equilibrium of the COVID-19 model is stable if the basic reproduction number is less than unity and
unstable if the basic reproduction number is greater than unity. Sensitivity analysis was rigorously analyzed. Finally,
numerical simulations are presented to illustrate the results.
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1. Introduction

Coronaviruses are a massive own circle of relatives of viruses which could purpose
contamination in human beings that acknowledged to purpose respiration infections ranging
from the now not unusual place bloodless to extra excessive illnesses together with Middle
East Respiratory Syndrome (MERS) and Severe Acute Respiratory Syndrome (SARS).A novel
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coronavirus, formerly precise 2019-nCoV, turned into recognized because the purpose of a
cluster of Pneumonia instances in Wuhan, a town with inside the Hubei Province of China, on
the cease of 2019.1t eventually unfold at some stage in China and elsewhere, turning into a
international fitness emergency. In February 2020, the World Health Otrganization (WHO)
distinct the ailment COVID-19, which stands for coronavirus ailment 2019 a international
pandemic [13].

According to the WHO report (WHO, 2020), all over the world, as of December 29th, 2020,
there have been 79,931,215 confirmed cases of COVID-19, including 1,765,265 deaths,
reported to WHO [14]. Investigations are still ongoing to assess the source of the disease, the
mode or modes of transmission and the extent of infection. Currently, available evidence of the
emerging Corona virus and past experiences with other Corona viruses (Middle East
Respiratory Syndrome (MERS) and SARS virus) and other respiratory symptoms viruses (such
as bird flu) indicate the possibility of the new virus transmission from an animal source
[6,7,2,1].

The main transmission routes of the coronavirus are through coughing, sneezing, contacting
infected people, or touching items or surfaces that are contaminated with fecal traces [4]. In
order to combat this pandemic, different preventive measures are recommended, such as
avoiding close contact with sick people, avoiding touching the eyes, nose, and mouth with
unwashed hands, washing hands often with soap and water for at least 20 seconds, using an
alcohol-based hand sanitizer containing at least 60% alcohol when soap and water are not
available.

Developing a mathematical model for the coronavirus (COVID-19) is of great importance as
it helps to explain the extent of the disease taking into consideration that it is an invisible and
infectious virus. Based on this mathematical model, we can judge whether approved measures
such as quarantine are sufficient to limit the spread of the virus.

Many studies and research of mathematical models can be used to analyze the spread of
Corona Virus [12, 3, 8, 5, 7, 10]. In [§], the SEIR version concerning the susceptible, the
exposed, the infected, and the recovered people become considered. Results after simulating
diverse eventualities imply that dismissing social distancing and hygiene measures could have
devastating consequences for the human population. In [12], a mathematical model was
developed to integrate asymptomatic people and the isolation of infected persons, the
quarantine of contacting people, and the home containment of all population, strategies. It is
established by theoretical investigation and illustrated by simulations that the level of
containment is very important to prevent the disease from spreading in the absence of a
vaccine. In [10], the SEIRU version concerning the susceptible, the exposed, the infected, the
quarantined, and the recovered people changed into consideration. It turned into expected that
there's a hazard of a decline in secondary infections while all precautionary measures atre
determined globally.

We will propose a mathematical model that defines and describes the spread of the new
Coronavirus (COVID-19). During the development of epidemiology modeling in the



population; compartmental models played a central role. Majority of cases of (the COVID-19)
virus spread from human-to-human connection. In this work we by adopting the basic SEIR
(Susceptible-Exposed-Infected-Recovered) model and we extend it into SEIQR where the
quarantined Q class is added.

2. Model Description and Analysis

We propose a continuous model SEIQR to describe the interaction within a population where
the disease COVID-19 exists. We consider the cases of (the COVID-19) virus spread from a
human-to-human connection. The model subdivides the entire human population period at
time t denoted as N(t) into susceptible S(t), exposed E(t), Infected people with symptoms
and carriers of the virus I(t), Quarantined Infected (Hospitalized cases) Q(t) and the
recovered as R(t). The total number of the human population at time t is given by N (t) =
St)+E(@)+1(t)+ Q(t) + R(t). Individuals are recruited at 1 is the new birth
rate in the susceptible human population, [f; tepresents the transmission coefficient from
susceptible individuals to exposure due to the movement and contact that occur among them,
B> represents the transmission coefficient from susceptible individuals infected individuals with
symptoms and carriers of the vitus due to the movement and contact that occur among them,
U represents the natural death rate in all compartments, 0 represents the progression rate from
E to cither I or R. The exposed individuals become infectious and join the infected
compartment at §0 and the remaining proportion of these exposed individuals develop natural
immunity and recovered from the disease at (1 — §)o and w is the transmission coefficient of
the infected people with symptoms and carriers of the virus to the quarantined infected
(hospitalized cases) y is the transmission coefficient of the quarantined infected (hospitalized
cases) to the recovered cases. The recovered individuals become again susceptible to the
discase at a rate of 0, a; and @, respectively representing the death rate of the infected
population and the death rate of the quarantined infected (hospitalized cases) population due
to Covid-19 infection. Based on the above state variables and model assumptions we consider
the following system of five non-linear differential equations:

ds ¢ _ BiSE+B,SI

dt=n+9R—y N 1
dE _ BiSE+B,SI

i (u+o)E 2
di

E=50E—(y+a1+w)1 3
L= wl -t a+1)Q 4
dR

E=(1—5)0E+yQ—(y+9)R 5
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With the initial condition S(0) > 0, E(0) > 0,1(0) = 0,Q(0) = 0 and R(0) = 0.

2.1.  Basic Properties of the Model

2.1.1. Invariant Region
In this subsection, we determine a region in which the solution of model (1-5) is bounded. For
this model the total population is N(t) =S(t) + E(t) +1(t) + Q(t) + R(t). Then,

differentiating N (t) with respect to time we obtain:

dN _dS dE dI dQ  dR

et T a T T Tl —@Q =N

If there is no death due to the disease, we get

av _
ac T H

After evaluating, we obtain

N@) < (N(O) _ %) o—ht +%

Ast = 00, we obtain = {(S,E,I,Q,R) ERS:0<N sg}

Therefore, the model equation is wellposed epidemiologically and mathematically. Hence, it is

sufficient to study the dynamics of the basic model in the region ().

2.1.2. Positivity of Solutions
Theorem 1: If S(0) > 0,E(0) = 0,1(0) = 0,Q(0) = 0,R(0) = 0 are positive in the feasible
set Q, then the solution set (S(t), E(t),1(t), Q(t), R(t)) of system (1-5) is positive for all t >
0.

Proof: From the first equation of the system

das P1SE + B,S1
P m+ 60R —uS N

ds BLE + (21

— - Te s = R
T + (u + N )S T+ 6

This equation is a first order linear ordinary differential equation. Whose integrating factor

IF = k(iP5 ar



Now multiplying the differential equation by its integrating factor, we obtain:

o+ ar % 4 eho(wPR (u+ W) e lo(t 55T 4 oy

d (5 ef(f(”’fﬁlE;ﬂzl)dT) = efot(“ﬂlmz) “(r + 6R)dt

Integtate both sides in the interval [0, t]

t t
BE+BI t E+B
jd N = fefo urbs 2)dr(n+¢9R)dT
0 0

t
B1E+Bol

S(t)efot(lHT)dT - S(0) = f efot(ww) (n + 6R) dt

0

t
B1E+B,]

s(e) = =55 50y + f HTE) ey orY ar| > 0

0

Similarly, it can be shown that E(t) > 0,1(t) > 0,Q(t) > 0and R(t) > 0. Thus, the
solutions  S(t),E(t),I(t),Q(t),R(t) of system (1-5) remain positive for allt > 0.
If S(),E(t),1(t),Q(t) and R(t) ate non-negative, then N(t) = S(t) + E(t) + I(t) +
Q(t) + R(t) > 0.

2.1.3. Equilibrium Points of the Model

The equilibrium points of the model system are obtained by setting the right hand side of the
differential equations equal to zero and solving each to get a constant solution. Epidemiological
models usually have two equilibrium points, namely disease free equilibrium point and endemic
equilibrium point.

2.1.4. Disease Free Equilibrium Point (DFEP)

dE dI

The disease free equilibrium of the model, (1) to (5), is obtained by making (Zt Primir

ag _ ar
dat — dt
disease in the population, i.e. E =1 = Q = 0.Therefore, the disease free equilibrium point is

= 0. Further at the disease free equilibrium point there is no infectious person of the

given by:
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X, = (5,0,0,0,0).

The point Xyis non-negative equilibrium, which exists without any condition. This equilibrium
implies that in the absence of any infection, the total population size remains at its equilibrium

T
value — .
u

2.1.5. Endemic Equilibrium Point (EEP)

The endemic equilibrium point of the model, (1) to (5), is obtained by making % = % = % =

40 _ 4R _ 0 . From the model we have;
dt dt

as _ o BiSE+B,SI _

Ll + 60R — uS — = 0 6

dE _ B1SE+B,SI _

T N (u+0)E=0 7

dl

Z—f=wl—(,u+a2+y)Q=0 9

dR

E=(1—6)0E+yQ—(u+9)R=O 10
From equation (8), 80E — (u + a; + w)I = 0 we get:

F= (u+a+w)l 11
éo
From equation (9), wl — (u + a5 +¥)Q = 0 we get:
wl

Q= ptay+y 12

From equation (10),(1 — §)0E + yQ — (u + )R = 0 we get:
R = (1—6)crE+yQ‘
u+6
L. (u+a+w)l wl . . (1-6)cE+yQ
Substituting the value of E = ~———= and Q = into the equationR = ————
6o ptaz+y u+6
implies;
_ [-8)(u+a;+w) Yw
k= [ 8(u+6) (u+az+7)(u+9)] . b



B1SE+[,S1
b

From equation (7) - (U +0)E =0 we get:

N
__ (u+0)EN
B1E+B21’
Substituting the value of E = UH.O;—:LO)I into the equation § = % implies;
_ (uto)(utai+w)N 14
" Bi(ptas+w)+8opy’
From equation (6),r + 6R — uS — BaSEXBaST — ) we get:

N

Substituting the value of E, R and S into the equationw + R — uS — % = 0 implies
n+9[(1—5)(u+a1+w) Yo ]1_#(u+a)(u+a1+w)N
o(u+6) utay+y)(u+6) fr(u+ ay + w) + dap;
(u+o)(u+a,+w)N (u+a+w)l (u+o)(u+a+w)N
_ ‘81 (Bl(u+a1+w)+6aﬁz) ( oo ) t BZ (ﬁl(u+a1+w)+60ﬁ2)l -0
N
N [(1—6)9(u+a1+w) Oyw ]I ulu+o)(u+ a; + w)N
n —

o(u+6) (utay+y)(u+6) prlu+ a; + ) + 60p;

w+o)u+a+w)N\[((p+a; +w)

—h <31(M+a1 +a))+50,82>< So )I

g <(u+0)(u+a1+w)N>1_O
2\Bi(u+as +w) +80B,)

[(1 - 8)0(u+ a; + w) Oyw ;
6(u+06) W+ a;+y)+6)
_ﬁ1(li +a;+w)p+o)(u+a;+w)N _ B(p+o)(u+a;+ w)NI
8o (B (p + @y + w) + 6af;) Bi(p + ay + w) + 6ap,

_u(#+0)(u+a1+w)N_n
© Biu+ ag + w) + Sap,

[(1 -8H0(u+a; +w)(u+a, +y) + 66)/(»]1
S(u+0)(u+a;+vy)
Bt a+o)uto)uta +w)N+8af(u+o)u+a; + G))NI

6a(B1(u+ ay + w) + 60f;)
_pup+o)uta +w)N

© Bup+ ay + w) + 80P, -

V4
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(1 =80+ a; +w)(u+az +y) +80ywlo(By(u + ar + w) + 60p,) -]

Prlu+ oy + 0)+ o)+ a; + w)N
1 +60';2(,U+O')(M+a1+al))1v ](M+9)(H+a2+y)

do(Bi(u+ta;+w)+8af)(u+6)(u+a,+vy)

_u(u+0)(u+a1+w)N_n
~ Bi(u+ ay + w) + 80P,

[ = Alp(pto)(utas+w)N—m(B, (u+a1+w)+80p5)] 15
[B1(pt+as+w)+60B,][K—M(u+6)(u+az+y)]

Where A = (B (u+ a; + w) + 6aB)(u+ 0)(u+ a, +y),

K=[1-8)0u+a;+w)u+a,+y)+0ywlo(B(u+ a; + w) + 6af,) and
M=pB(u+a;+w)u+o)u+a; + w)N +daf,(u+ o)+ a; + w)N.

Therefore, the Endemic Equilibrium Point (EEP) denoted by X *of the model in Equation (1)
to (5) is given by:
X" =(S"E"I",Q"R")

v« _ (uto)(uta;+w)N v _ (pta+o)l”
Where 57 = B1(ptatw)+80p, BT = 5o

So(By(u+a; +w)+8ap)(u+0)(u+a, +vy)
[uu +o)(u+ a; + w)N — (B (u+ ay + w) + §0f3,)]

I* =
[B1(n+ a1 + w) + 80f,][K —Mu+0)(u+a; +v)]
« _ oI « _ [A=8)o(putai+w) Yo %
O =y IR = [ 50 (u+6) (u+az+y)(u+9)] !
K=[1-6)0(u+a;+w)(u+a,+y)+80ywle(By(u+ a; + w) + 6apB5) and

M=B(u+a; +w)(u+ao)(u+a; + w)N +daf,(u+0)(u+ a, + w)N

2.1.6. The Basic Reproduction Number

The basic reproduction number, usually denoted as Rgdefines the average number of
secondary infections caused by an individual in an entirely susceptible population. The value
of Rywill indicate whether the epidemic could occur or not. If Ry < 1, then the disease will
decrease and eventually die out. If Ry = 1, each existing infection causes one new infection.
The disease will stay alive and stable, but there will not be an outbreak or an epidemic. If Ry >
1, each existing infection causes more than one new infection. The disease will spread between
people, and there may be an outbreak or epidemic. To find reproduction number, we will use



the method of next generation matrix [11] and is defined as the spectral radius (or dominant

cigenvalue) of the model. The first step is rewriting the model equations, starting with newly
infective classes:

dE _ B,SE + B,SI
E = N - (,ll + O')E

dl
%=50E—(u+a1+w)l

dQ
=0l —(+ @ +7)Q

Setting X = (E, 1,Q,R, S)T , then system (1) can be written as

d

X j—
== )~y

Here the new infection matrix f(x)and the transition matrix v(x)are defined by

B1SE+B,SI (U + 0)E
fx) = 1(\)’ and v(x) =| (u + a; + w)I — 66E
0 (m+a; +y)Q — wl

Then by the principle of next-generation matrix, the Jacobian matrices at DFE is given by

Br B2 O pto 0 0
F=({0 0 0 and V=|-60c u+a+ow 0 then;
0 0 O 0 —w pta;+y
1
0 0
ut+o
(Yo 1
V—1: _— O
pu+o)(u+a, +w) U+a+w
oow W 1

uUt+to)p+ta+tw)u+a+y) (W+a+w)uta+y) utaz+y

p1(n+ a; + w) + 60 B
o] GrOEtmte) Gtatw)
0 0 0
0 0 0

Therefore, FV ~lis the next generation matrix of the SEIQR model. The dominant eigenvalue
of FV " Yrepresents Ry = p(FV 1), which is
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— B1(u+as+w)+p60 16
07 (uto)(u+as+w)

3. Stability Analysis of Diseases-Free Equilibrium

Theorem 2: The disease free equilibrium point Xgof the dynamical system (1) - (5) is locally
asymptotically stable if Ry < 1 and unstable if Ry > 1.

Proof: The Jacobian matrix at any equilibrium point X = (S, E, I, Q, R)is given by

[—B1E — B>l —BiS )
N # N N 0 0
E+pB,] PiS S 0 0
0 Yy —~(uta+w)y~wta+y) o
0 0 W Y —(u+6)
0 (1-6)a 0 _

The Jacobian matrix at the disease-free equilibrium point Xy = (g, 0,0,0,0) 1s given by

—u _ﬂl _ﬂz 0 0
0B —(u+to) B 0 0
JXo) =10 ba —(u+ a; + o) 0 0
0 0 w —(ut+az+y) o
0 (1-6)o 0 Y —(u+0)

The characteristic equation of this matrix is given bydet(J(Xy) — Als) = 0, where I5is a
square identity matrix of order 5 and A is eigenvalues of the Jacobian matrix. Therefore, the
characteristic  equation is  (u+ A1) 1/14 +Gut+ta;+twt+o+0+a,+y—p I+
[Cu+a+w+o—B)Cu+0+a,+y) + (u+a, +Y)(u+6)—[(B1 —
(H+0)(u+ay+ @)+ Bobo| +oy|2+ [+ ay + )+ 0)2u+a; +w+ 0 —

B = Qu+6+a +N[(Br—w+0)u+a+w)+ 80 +oy(u+as+w+u+
o =B —oy[(B = (u+ )+ a1 + @) + Bo80] = (u+ az + V) + O] (b1 —

M+ 0))(u+a, + w) + B60]| =0.

The Jacobian evaluated at the DFE has five eigenvalues, one of which is A; = —pu which is

negative.
The remaining four are eigenvalues of the roots of the equation given by:
a4/14 + a313 + a2/12 + a1/1 + Ag = 0

Whete



a, =1 as=4u+a,+tw+to+60+a,+y—p0;

a;=[Qut+a+w+o—-B)Cu+0+a,+y)+Wu+ay+y)(+0)
—[(By — (w+0)(u + ay + w) + B8] + oy),
g =[u+ta+E+0)Qu+ta +w+o—p)
—Qu+0+a+N[(Br— w+0)u+a+w)+ B60]
+oyQRu+ta;+w+o— ﬁl)],

ap = —oy[(By — (w+0))(u + a; + w) + B,80]
—(u+a+V)u+)[(B— w+0)(+ a +w) + P60

By Routh-Hurwitz criteria the DFE equilibrium X is local asymptotically stable if
aO > 0, a, > 0, a; > 0, a3 > 0, a3a2 — aq >0 and a3a2a1 y— a12 - a0a32 > 0.
4. Stability Analysis of Endemic Equilibrium Point

Theorem 3: The endemic equilibrium point X*of the dynamical system (1) - (5) is locally
asymptotically stable if Ry > 1 and unstable if Ry < 1.

Proof: The Jacobian matrix at the endemic equilibrium point X* = (S*,E*, I, Q", R*)is given
by

kl k2 k3 0 9
k4 k5 k6 0 O
JX)=|0 60 —(u+a,+w) 0 0
0o O w —(uta+y) o
0(1=268)a 0 14 —(n+6)
hy = LBl gy =PSB SBERRL g PSS (44 6) and
k6 =ﬂ2TS*

The characteristic equation of this matrix is given by det(J(X*) — Als) = 0 , where I5is a
square identity matrix of order 5 and A is eigenvalues of the Jacobian matrix. Therefore, the

characteristic equation is;
5 4 3 2 _
asA®> + aA* + azA® + aA° +ad+ay =0

Whete
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a5:1
a,=3pu+a;+a, +y+0+w—ks—k;

a;=Quta,+y+0)(ut+a;+w—ks)+Ww+a,+y)(u+6)+kik,
—[(u+ay + ks +kgdo]l—oy —kiBu+a;+a, +y+60 +w—ksg)

a;=@+a+y)(p+0)(u+a; +w—ks)
+ky[(u+ a; + w+ ks60)k, + (u+ )k, + 0(1 — 6)o
+W+a, +P)k] — Quta, +y+60)[(u+ a; + wks + kgbo]
—oy(u+a; +w—ks)
—k[Qutay+y+)utatw—kg)+Wu+a,+y)(n+6)
—[(u+ ay + w)ks + kgda] — 5y]

a; =k J(u+)(u+a; +w+ksd0)k, +0(1 —6)o(pu+ a; + w)
—Ykyol + (U + a; + w)ykso + kg2
—k[ut+a+)@p+0)@E+a + o —ks)
—Qu+ta,+y+0)[(u+a; + wks + kgdo]l —oy(u+ ay + w —ks)]
—(p+a+y)+0)[(p+a + wks + keda]

ao =ki(u+az +V)(+ 0+ ar + wlks + ko] — (u + ay + w)yksk,o
+ vkike60? — kyyk,o(u + ay + ) — kyydo (ko — Ow)
+hka(ut+ay+Y) [+ 0)(u+ ay +w+ kzb0)k,
+60(1—-06)o(u+a; +w)]

By Routh-Hutwitz critetia the endemic equilibriumX *is locally asymptotically stable if

2
aza,—a; ai1a5—0agay a1a,—ay  (apazas—aoeaz)(azas—az)

a, >0,
0.

>0,a2_ >0I

2 2
ay aza,—a; ay a4(aza3a4—a;—-a1a3+0ap0,)

>0 and ag >



5. Parameter Estimation for Numerical Simulation

TO perform numerical simulation, we collect the following parameter values obtained from
different sources.

Table 1. Parameter Estimation.

Parameter symbol Value Source
N 2000 Assumed
T 100 [6]

By 0.045 Assumed
B, 0.04 Assumed
L 0.016 3]
6 0.15 3]
[ 0.07 [3]
) 0.7 [3]
w 0.024 [6]
aq 0.001 [6]
a, 0.004 [6]
y 0.015 [6]

Therefore basic reproduction number(Rg) of the model is equal to

_ Bt a; +w)+ Brbo

= =1.07912
7 (wto)(utat+w)

6. Numerical Analysis

The numerical analysis is obtained from the graphs of basic reproduction number with respect
to the parameters obtained and given in the above Tablel.

Let Us Take Our Control Parameter to be 81
The basic control parameters that can decrease the spread of the disease is f;which is the
transmission coefficient from susceptible individuals to expose individuals due to the

movement and contact that occur among them. The graphical representation of the control

patameter 31 VS the basic reproduction number Ry is given below;

https://doi.org/10.22105/jarie.2023.385542.1531




R, |

{Ru =11.62798, + 0.55587

(0.03820,1)

Jr'al ' ' y By

Fig.1 This figure shows the impact of the control parameter ;1 on the basic reproduction number Ry.

To control the spread of the COVID-19, the numerical value of the control parameter 51
never greater than 0.03820.

Let Us Take Our Control Parameter to be f35

The basic control parameters that can decrease the spread of the disease is fywhich is the
transmission coefficient from susceptible individuals to infected individuals with symptoms
and carriers of the virus due to the movement and contact that occur among them. The

graphical representation of the control parameter s the basic reproduction number Ry is
given below;

+ | Ry =13.896775, +0.52326

/

f

| (0.0343,1)

|V Ry =1

|'

Fig.2. This figure shows the impact of the control parameter 8, on the basic reproduction number R,.

To control the spread of the COVID-19, the numerical value of the control parameter 5,
never greater than 0.0343.

Let Us Take Our Control Parameter to be o



The basic control parameters that can decrease the spread of the disease is o which is the

progression rate from E to either I or R. The graphical representation of the control parameter
0 Vs the basic reproduction number Ry is given below;

Ry
I
II
II RD p—t 1
R _ 0.028s + 0.0018
©™ pD.0415 + 0.0007
10,0845 )

Fig.3. This figure shows the impact of the control patameter ¢ on the basic reproduction number R.

To control the spread of the COVID-19, the numerical value of the control parameter @
never less than 0.0846.

Let Us Take Our Control Parameter to be w

The basic control parameters that can decrease the spread of the disease is w which is the
transmission coefficient of the infected people with symptoms and carriers of the virus to the

quarantined infected (hospitalized cases). The graphical representation of the control parameter
w Vs the basic reproduction number R is given below;

Hy

(0.03024,1)

Ry =1
N

4
I

0.045w + 0.0027

® " 0.086w + 0.00146
(]
Fig. 4. This figure shows the impact of the control parameter @ on the basic reproduction number Ry.

To control the spread of the COVID-19, the numerical value of the control parameter @
never less than 0.03024.
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Let Us Take Our Control Parameter to be a4
The basic control parameters that can decrease the spread of the disease is @y which is the

death rate of Infected population due to Covid-19 infection. The graphical representation of
the control parameter @y VS the basic reproduction number Ry is given below;

LRy

(0.0078,1)

0.045ax, + 0.00376

R, =
0.086a, + 0.00344
f ' y FETy

Fig. 5. This figure shows the impact of the control parameter @4 on the basic reproduction number R.

To control the spread of the COVID-19, the numerical value of the control parameter @y
never less than 0.0078.

Let Us Take Our Control Parameter to be
The basic control parameters that can decrease the spread of the disease is g which is the

natural death rate. The graphical representation of the control parameter H US the basic

reproduction number Ry is given below;
RD

4 n _ _ 0.045x+ 0.00309
](c’ T (¢ + 0.007) (e + 0.025)

N

0.06088

Fig. 6. This figure shows the impact of the control parameter i on the basic reproduction number Ry.

If the natural death rate p between 0 and 0.06088, then the reproduction number is decreases,
with Ry > land this tells us the disease still persists. If the natural death rate is greater than



0.06088, then the reproduction number is decreases, with Ry < 1 and this tell us the disease
dies out.

7. Sensitivity analysis

In determining how best to reduce human mortality and morbidity due to covid-19, it is
necessary to know the relative importance of the different factors responsible for its
transmission. Sensitivity analysis is commonly used to determine the robustness of model
predictions to parameter values, that is, to help us know the parameters that have a high impact
on the reproduction numberRy (because there are usually errors in data collection and
presumed parameter values).For sensitivity analysis we use the normalized sensitivity index

[9]. The normalized forward sensitivity indices of Ry that depends differentiable on a parameter

. R m OR . T
m, is defined by H,;) = R—a—nf, we take m = B4, B,,0, a1, w and p.The sensitivity indices of
0

Rgwith respect to m is given as:

Ry _ B+ ay + w)
Ai Bi(u+ a; + w) + P60

Ro _ B260
bo — By(u+ a; + w) + P60

Ry _ —Pro(u+a; + ) + 08 + o) — B,60°

e = T DB+ a1 + ) + Br00]

Ro —a;1 60

Hay = G o + OB+ ar + @) + 200]

Ry _ —wpy80
C T (utag t+ 0[P+ ag + w) + 0]

Ry _ Bir(u+ o)+ a; + w) —plfr(p+ a; + w) + B260]2pu + a; + w + 0)
. m+o)(u+a+w)[p(p+ar + w) + Br60]
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After some simplifications and numerical calculation, we get values of sensitivity index for the important
parameters mentioned by the table below:

Table 1: Numerical values of sensitivity indices of R

Parameter symbol Sensitivity Index
Ba 0.5151
By 0.4849
u -0.3871
w -0.3015
o -0.2345
a, -0.0013

The parameters given in Table 2 are ordered from most sensitive to the least sensitive. The parameter
values f; = 0.045,8, = 0.04,u4 = 0.016,5 = 0.7,0 = 0.07,,a; = 0.001 and w = 0.024 are used to

determine the sensitivity indices.

From the sensitivity indices of Rgabove, generally it shows that when the parameter values f; and [pincrease
while the other parameters remain constant the value of Ry increase implying that they increase the endemicity

of the disease as they have positive indices. When the parameters w, U, @1, and 0 increase the other parameters
remain constant the value of R, decrease implying that they decrease the endemicity of the disease as they have

negative indices.

The most sensitive parameter are [f5(the transmission coefficient from susceptible individuals to infected
individuals with symptoms and carriers of the virus due to the movement and contact that occur among
them)and f;(the transmission coefficient from susceptible individuals to exposed individuals with symptoms
and carriers of the virus due to the movement and contact that occur among them) and the least sensitive

parameter is the death rate of the infected population due to Covid-19 infection @ .
8. Conclusions

In this study, a deterministic model for the dynamics of COVID-19 is presented and analyzed. The diseases free
equilibrium and endemic equilibrium were obtained and their stabilities investigated. The basic reproduction
number (R() was computed using the next generation matrix method. The model showed that the diseases free
equilibrium is unstable when Ry > 1 that means that the disease will be persist. We also studied the sensitivity

analysis of model parameters to know the parameters that have a high impact on the reproduction number Ry.

From the above numerical simulation we would like to recommend the following to control the spread of
COVID-19:To control the spread of the COVID-19 we investigate five most influential control
parameters to make the basic reproduction number Ry to be less than one. The numerical value of the
control parameter f1(the transmission coefficient from susceptible individuals to expose individuals due to the
movement and contact that occur among them) never exceed 0.0382, the numerical value of the control
parameter f3,(the transmission coefficient from susceptible individuals to infected individuals with symptoms
and carriers of the virus due to the movement and contact that occur among them) never exceed 0.0343, the
numerical value of the control parameter o (the progression rate from E to either [ or R) never less than
0.0846, the numerical value of the control parameter w (the transmission coefficient of the infected people with
symptoms and carriers of the virus to the quarantined infected ) never less than 0.3024, the numerical value of
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the control parametera( the death rate of Infected population due to Covid-19 infection) never less
than 0.0078.
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