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the greatest impact on changes in Ro.

1. Introduction

The rapidly spreading pandemic known as Coronavirus Dis-
ease 2019 or Covid-19 is caused by SARS-CoV-2 [1]. In December
2019, Covid-19 was first detected in Wuhan, China |2, 3]. Covid-
19 is a disease that can only be passed from one person to an-
other through direct contact, surfaces, or respiratory droplets
inhaled by an infected person, regardless of whether they ex-
hibit clinical symptoms [4]. It should be noted that individuals
may reinfect Covid-19 even after being declared recovered from
Covid-19. Reinfection is when the body is again infected with
the same virus or pathogen or a different pathogen [5]. Most
reinfected persons are asymptomatic or have mild to moderate
respiratory symptoms [6]. In a public hospital in Wuhan, China,
around 2.4% of recovered people tested positive for Covid-19 and
showed no symptoms of infection (asymptomatic) [7]. Therefore,
Covid-19 is an epidemic that must stop its spread immediately.
There are two approaches to Covid-19 prevention: medical treat-
ment and not receiving any medical treatment. Vaccination is the
only medical method to prevent Covid-19 infection, but vaccines
are still ineffective. This demonstrates that despite the availabil-
ity of numerous vaccines, Covid-19 has yet to be contained. As
a result, non-medical strategies like lockdowns, social distanc-
ing, wearing masks in public places, contact tracing, isolation,
and quarantine must be implemented [8, 9]. To prevent the dis-
ease, infected individuals can be separated from the general pop-
ulation through isolation, and quarantine [10]. In most cases,
people who appear healthy but may be infected are placed in
quarantine; individuals infected with Covid-19 are placed in iso-
lation [11]. Several nations have implemented a lockdown pol-
icy to control the Covid-19 outbreak. Wuhan'’s local government
initiated this lockdown implementation strategy on January 23,
2020, and other cities in the Hubei province quickly adopted it
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ABSTRACT. SARS-CoV-2 brings on the pandemic known as Coronavirus Disease 2019 (Covid-19). The Covid-19
spread model developed by Bugalia et al.(2020) has been modified in this study by incorporating reinfection and covid-
19-related death during medical isolation. There are two equilibrium points in this model: the point of equilibrium
without disease and the point of equilibrium with the disease. In addition, the equilibrium point’s stability and the
basic reproduction number (Ro) will be discussed. A sensitivity analysis based on Covid-19 data from India was carried
out to identify sensitive parameters. Lockdown’s effectiveness is one of the sensitivity analysis parameters that have
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[12]. It has been reported that the number of daily cases of Covid-
19 in China has decreased significantly since the lockdown policy
was implemented. [13]. The death rate was lower in Germany,
New Zealand, Canada, Norway, and other early-pandemic coun-
tries [14]. According to reports, a lockdown policy can downsize
the number of confirmed cases and deaths in the United States
by more than 60% [15]. Instead of using lockdowns to combat
the spread of Covid-19, the Indonesian government implements
Large-Scale Social Restrictions (PSBB) in stages per a law passed
on March 31, 2020. This intervention establishes that the rele-
vant ministries must approve the regional government’s PSBB re-
quests [16, 17]. This policy is unique worldwide because it is not
the central government that makes decisions, but it is up to the
regions to apply for PSBB. Another policy implemented after the
PSBB was the "Implementation of Restrictions on Community Ac-
tivities” (PPKM) which has been in effect since early 2021. These
two policies show that the transmission of Covid-19 in Indonesia
can be handled. Based on the research that Bugalia et al. [10]
have done, this research will change the model of how Covid-19
spreads. It will assume that people who have been cured can get
Covid-19 again. The modified model will then undergo an equi-
librium point analysis and numerical simulation to examine the
behavior and dynamics of the spread of Covid-19 in the presence
of various strategies, such as a lockdown.

2. Methods

In this study, a modification of the Covid-19 distribution
model will be carried out, which refers to the main model stud-
ied by Bugalia et al. [10], i.e., SQ1AQ2IM R model, which the
population is divided into seven compartments: Susceptible in-
dividuals (S), compartment of quarantined susceptible individ-
uals (Q1), compartment of asymptomatic individuals (A), com-
partment of self-quarantined individuals who are categorized as
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Figure 1. Schematic Diagram of the Model System

asymptomatic individuals (Q)2), compartment of symptomatic in-
dividuals (I), compartment of medically isolated individuals (M),
and compartment of recovered individuals (R). The assumptions
that apply in this modified model are as follows.

1. Due to the lockdown policy, a certain proportion of newly
recruited individuals were quarantined. Also, some suscep-
tible individuals were being quarantined (those in compart-
ment (Q1). Where 1 — o describes lockdown effectiveness
[10].

2. After contact with infected individuals, individuals can get the
virus again because they don’t get complete immunity or their
immunity wears out after a particular time. at a rate of o [18—
20].

3. Infected individuals in medical care could die at a rate d [5,
21].

Schematically, the pattern of the modification model for the
Covid-19 transmission is depicted in the compartment diagram
in Figure 1. The model is given in the following system of equa-
tions.

ds

25 = U =p)A=BS(A+T) —pS —kS+(Q1+aR,
dQ
e =pA —oBQ1(A+ 1)+ kS — (1 +()Qu,

dA

a =BS(A+1)+0BQ1A+I) — (q1 + g2 + A,
d
% = @A — (g3 +qa + p)Q2, (1)
dl

T =@3Q2+ @A —(0+~v+u)l,

dM

o = -+ d+pM,

dR

a = Q2+ M — (a + p)R,

with nonnegative initial conditions S(0) > 0, @1(0) > 0, A(0) >
0, Q2(0) > 0, 1(0) > 0, M(0) > 0, R(0) > 0, and N(0) > 0.
It is assumed that all the parameters are nonnegative. Table 1
displays the biological interpretations of the system’s parameters

(1).
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3. Results and Discussion
3.1.  Non-Negativity and Boundedness of the Solution for the Model
(1)

Since the model (1) represents the different human

populations, all the variables are non-negative for all ¢ >
0.

Theorem 1. Solutions of the model (1) with positive initial data
will remain positive for all time t > 0 and the biologically feasible
region Q0 = (S,Q1,A,Q2, I, M,R)ERT : 0 < S+ Q1+ A+
Q:+I1+M+RL % is positively invariant fo the system (1).

Proof. Consider total population N (t) = S(t) + Q1(t) + A(t) +
Q2(t) + I(t) + M(t) + R(¢) are positive. Adding all the equa-
tions of the model (1), the total population satisfies the following
equations.

¥ = A —puN —dM — 61 =
A—(p+d+8N < <A—puN

Using the initial conditions and integrating the aforementioned
inequality, we now obtain

ﬁ + (N(O) — /,L+/$+6)6_('u+d+5) < N(t) <
A4 (N(0) - &)

considering t — oo or N (t) approaches % asymptotically

A A
ars SN <4

Thus, the region €2 is positively-invariant so that no solution path
moves beyond the boundary of (2. O

3.2. Equilibrium Point

The videlicet disease-free equilibrium point (DFE) and the
endemic equilibrium point (EEP) are the two equilibriums that are
reached by the system of equation eq. (1). The following is how
the disease-free equilibrium point is found.

El(SaQ17A7Q27I7M7R)
:(S(] (1)A(] g IO M() RO)
_ACHpA—p) AMk+ptp
p(k+C¢+p) " plk+C¢+p)

,0,0,0,0,0),
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Table 1. Parameters with Biological Interpretations

Parameter Biological interpretation Unit
A The new recruitment of susceptible individuals individual X times™ 1
P Proportion of individuals those are in quarantine due to lockdown
B8 The transmission rate of infected individuals (individual x times) ™!
- Scaling factor that describes the percentage of lockdown effectiveness, where
1 — o describes lockdown effectiveness
m The natural death rate times ™1
k The rate of transmission by which susceptible individuals move into times—1
quarantine class
The rate of transmission of quarantine (Q1) individuals to the susceptible . _1
¢ times
compartment (.S)
Q1 Rate of asymptomatic individuals to self- quarantine times ™1
q2 The rate of asymptomatic individuals showing symptoms times—1
q3 The rate by which the infected individuals come from self- quarantine class times ™1
qa Self-quarantine individual recovery rate times ™1
0 Rate of individual death due to Covid-19 without medical isolation times ™1
d Rate of individual death due to Covid-19 when the individual is in medical . 1
. . times
isolation
o' Medically isolated rates of symptomatically infected individuals times ™1
n The rate of infection recovery following medical isolation times ™1
« Reinfection rate of recovered individuals times ™1
while the endemic equilibrium point is the point obtained when Ga+qtp 0 0 0
a disease in a population has not completely disappeared as fol- V= —q1 g3 +qst+p 0 0
lows. —q2 —q3 O+v+p 0
0 0 -y n+d+p

E2(S>Q17A7Q27]7M7 R) = (S*7Q’{aA*7Q§aI*aM*aR*)
where

Ra+ Qi¢+ A(l —p)

S* = ,
E+ (A*+I%)6+p
ot kS* + pA
VT4 p+ (A +17)Bo’
o BI*(S* +0Q7)
Q@+ g2+ p—B(S*+0Q7)
. A*q
Qy=——"—,
Q3+ qa+ 1
I*:A*q2+QSQ3
Y+O+p
Y R e
d+n+p
e Qaaat My
a+

3.3.  Basic Reproduction number

A basic reproduction number is a number that indicates the
number of susceptible individuals who can suffer from a disease
caused by one infected individual. The next-generation matrix
can be used to determine the basic reproduction number.

Ro = p(val),
where p is the dominant eigen value [22].

oQ}) 0 B(S°+0QY)
0 0
0 0
0 0

o O OO

| Jambura J. Biomath

The fundamental reproduction number, or (Rg), is then derived
as follows.

Ry — BA0143+(g3+qa+1) (g 4y +6+10)) (CHu(l—p)+(pptk)o)
0 w(qi+q2+p) (g3 +qa+p) (v+0+p) (k+{+p)

4. Stability Analysis
DFE Stability Analysis

Theorem 2. If R is less than 1, DFE (E) is locally asymptotically
stable, while Ry is greater than 1.

Proof. The following formula can be used to demonstrate that
the eigenvalues of the corresponding Jacobi matrix (/) only have
a non-positive real part, demonstrating the local stability of DFE.

] = M| =0

where A is eigenvalue of J [23].

Jir — AL gi2 J13 0 J15 0 i1t
J21 Jo2 — M ) 1273M g q_zé g g
0 0 J33j43 Gaa — M I 0 0 =0
0 o 753 54 55 — A 0 0
0 0 0 0 Jes jeg — M 0
0 0 0 J74 0 i76 Jrr — A
where
Jun=—k—p, Ji2 =¢,
j13 = — BS°, j15 = — BS°,
j17 = Q, j21 = ka
jea = — (C+p), jaz = — BoQY,
jos = — Bo@Qy, Jas= —q — gz — p+ (S + 0QY),
jas = B(S* +0QY),  jas =,
Jaa = —¢q3—qa—p, Js3 = qa,
Jsa = q3, Jss = — (Y +6+p),

Volume 4 | Issue 1 | June 2023



— Mathematical model of Dynamics of Covid-19 Transmission... 18

Joo = — (d+n+p),
Jre =1,

Jes =1,
Jra = qa,
Jrr= —(a+p),
obtained seven eigenvalues, four negative eigenvalues: \; =
—k—C—p, Ao = —p4, \3 = —a—p, and \y = —d —n — u, while
the other three eigenvalues are obtained by solving the following

equation.
A+ CiN%+ CoN+C5 =0,

where

Cir=q+q@+g+q+2u
+(y4 64 p) (1 —Ro (qlqg(q1+qz+u)(q3+q4+u) )

+(g3+qa+p)(g2+7+0+1))
Co=(gs+as+m(y+0d+p)

1 _ R, (@ataztu)(gatas+aa+y+5+2p)
07 (g1as+ (a3 +aa+p)(az+v+o+p))

+(qu+ g+ p)(ge + g3+ qu+ v+ 6+ 2u)
Cs=(qg1+q+p)(gs+qs+p)(v+ 5+ p)(1—Ro).

The Routh-Hurwitz stability criterion, as in [24], is also re-
quired because the analysis for determining the model’s stabil-
ity in this study is extremely complex if only eigenvalues are
used. The Routh-Hurwitz stability criterion, C7, Cs, and C5 are
positeve, and C1C5 > C3 when Ry < 1, were found to be sat-
isfied by F;. The eigenvalues of the matrix J have real negative
parts with the conditions Ry < 1 because each parameter is pos-
itive and meets the Routh-Hurwitz criteria. Therefore, E; will be
unstable if Ry > 1 and local asymptotically stable if Rg < 1. [

EEP Stability Analysis

Theorem 3. if Ry > 1, then EEP (E») is locally asymptotically
stable.

Proof. Using the theorem in [25], endemic equilibrium point sta-
bility analysis was carried out. Choose f3 as the bifurcation pa-
rameter, then setting Ry = 1 gives

B=p

p(q14q2+p) (g3+qa+p) (v +6+p) (E+¢+p)
(A(g1a3+(azt+qa+p) (g2 +7+5+1)) ((+(C+r(1—p))+puo)+ko)

Equilibrium point FE; has one zero eigenvalue at

Ro = 1. The zero eigenvalue has a left eigenvec-
tors  (wy,ws, ws, Wy, ws, we,wy) and right eigenvectors
(v1, v2, v3, V4, V5, Vg, v7) as follows.
wy = —aaopCtm(ktctn) o aynul(CHp)(ktCHu)
L= @2+ )2 (gstaatm) (atp) w2 (k+{+m)2 (atm)(dnt+p)
_ BACHW) (CHp(L—p))+C(k+pp)o) (1+ws)
12 (k+C+p)? ’
wo — Fpulktetrm)ws —FoA(k+pp)(1+ws)
2 ARSI (SN ’
w3:1,
— q1
Wa = q3+qatp’
ws = Bratmaetaa
57 (y+d+mu)(gstaatn)’
we = (@3 taatn)az+a3q1)

6 = (yF5+u) (s taatu)(dtntpu)’

| Jambura J. Biomath

— w3(q193yn+92y1(g3+qa+p)+dq1ga (y++1)+q1 s (v+0+1) (n+))

wr (gs+qa+p)(atp)(v+o+p)(d+n+p) ’
+
U1 = aau,
_ (ktp)(atp)
V2 = ko )
va = BACHEA=p))vato(ktpu)ve) tu(k+E+um) (VHE+1)vs —yve)
3 Bo (C+u(1—p)+ppo+ka) ’
__ g3v5+qavy
V4 = q3+qatp ?
V5 = 1,
_ _nuz
Y6 = Tnri
V7 = 1.

The second-order partial derivative of the function g, evaluated
at E1, can then be determined by selecting the function g, z; =
S,z2 = Q1,73 = A,x4 = Q2,75 = I,76 = M,27 = R. So
that a and b are obtained as follows.

a = 2ﬁ(w3 + w5)(w1(v3 — ”Ul)
+wa0(vz — v2)),

A _
b= 2(ws + ws) (Mt iE) (03 — v1)

A(k o
+ (G5 (05 = v2)).

Since the coefficient b is positive and a > 0, if

(o) = BA(C+p) (C+u(1—p))+{(k+pp)o) (d+n+p)
(atp) N (C+p) (b+C+p)

(ap) o BACHR) (C+1(1—p))+C(k+pu)o) (d+n+p)
(atp) 4194 (C+p) (k4-C+p) ’

, and

(2)

so the following conclusions are established.

Theorem 4. The system of equation (1) undergoes backward
branching at Ry = 1 because of inequality (2) being fulfilled.

It should be noted that for cases where individuals who have re-
covered do not experience reinfection (o = 0), then w; < 0 and
wq < 0. So, the coefficient a becomes

a = 2B(ws + ws) (w1 (v3 — v1) + wao(vs —v2)) < 0.

In other words, this study demonstrates that reinfection is the
cause of the backward bifurcation of the equations (1) system
because if a=0, the system will not undergo a backward bifurca-
tion. A transcritical bifurcation occurs at Ry = 1 whenevera =0
because a < 0 and b > 0 at 8 = B*. If R is greater than 1, then
EEP at o = 0 is locally asymptotically stable. O

5. Sensitivity Analysis

This sensitivity analysis aims to ascertain how each param-
eter affects Ry. It should be noted that this parameter has the
greatest impact when the sensitivity index value is higher. The
relationship between these parameters and the analyzed vari-
ables, specifically the basic reproduction number, is shown by
positive and negative signs. The analysis occurs when the con-
dition Ry > 1 indicates that Covid-19 has spread. A parameter
sensitivity analysis should be conducted to determine the steps
to stop the spread of Covid-19.

This research is a deterministic analysis of local stability, so
the sensitivity analysis is carried out by local analysis. However,

Volume 4 | Issue 1 | June 2023
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Table 2. Estimated Parameters

Parameter Value Reference Parameter Value Reference
A 1/(365 x 65)  Bugalia et al. (2020)[10] q2 1/7 Bugalia et al. (2020)[10]
p 0.5 Bugalia et al. (2020)[10] q3 0.2108 Bugalia et al. (2020)[10]
B 0.3004 Bugalia et al. (2020)[10] qa 0.08 Bugalia et al. (2020)[10]
o 0.5 Bugalia et al. (2020)[10] é 0.05 Bugalia et al. (2020)[10]
m 1/(365 x 65)  Bugalia et al. (2020)[10] d 0.00145 Rai et al. (2020)[21]
k 0.5 Bugalia et al. (2020)[10] ¥ 0.11 Bugalia et al. (2020)[10]
¢ 1/14 Bugalia et al. (2020)[10] n 0.0917 Bugalia et al. (2020)[10]
q1 0.2 Bugalia et al. (2020)[10] « 0.05 Rai et al. (2020)[21]
Table 3. Sensitivity Index of each Parameter
Parameter Sensitivity Index Value Parameter Sensitivity Index Value
A 1 p 0
B 1 o 0.78
o -1.00031 k -0.0972
¢ 0.0972 Q1 -0.2595
o -0.0976 a 0.089
q4 -0.089 6 -0.2008
d 0 y -0.442
n 0 « 0
0=0.25 0=0.25
c — S(t) — Q1(t) — Al) — Q2(t) — I(t) — M(t) — R()
8 ‘ ‘ © 4.x10
& B
3 0.8 c
Q -6
8 % 3.x10
g 0.6 8
£ S 2.x10°°
=} Qo
T o
% 0.4 a
c ® 1.x1078
2 S
502 o
§ S
a 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Time Time
(a) (b)
Figure 2. The relationship of o = 0.25 to Ro
the global analysis, including Latin Hypercube Sampling (LHS) YRo — (OR0) « 2 _p
and Partial Rank Correlation Coefficient (PRCC), were beyond the “ Oa Ro

scope of this study.
The sensitivity index is calculated using partial derivatives,

as shown below:
ORo ¢
—_— >< 77

ol Ro
where the changing value of parameter ¢ affects the basic repro-
duction number R [26]. Table 2 shows the estimated parameter
values for Covid-19 cases in India. As an example, the sensitivity
index of Ry towards parameter o, v and « is

Ro _
T, =

(0R) . o

Oo fRO
((k+pp)o) _
(C+utpu(—1+o)+ko) —
(8:}20) % l
on Ro

- _ v(q193+492(gs+qa+p))
(v F3+1)(qras+(as+qa+p) (g2 +7+o+1))

—0.442,

Ro _
T30 =

0.78,

Ro _
TR —

| Jambura J. Biomath

Table 3 is the result of the sensitivity value at Ry. According
to Table 3, the parameters A, 3, o and i have a significant impact
on Ry. The fact that the sensitivity index displays a positive sign
indicates that an increase in the parameter will increase Ry. On
the other hand, a negative sign on the sensitivity index indicates
that an increase in the parameter will decrease Ry. For instance,
the sensitivity index of v is = -0.442, indicating that increasing
the parameter value by 10% will decrease the Ry by 4.42%, and
vice versa. similar explanation for TZ° = 0.78 indicates that
increasing the parameter value by 10% will increase the R value
by 7.8%, and vice versa.

According to the sensitivity analysis, one of the parame-
ters most sensitive to changes in the basic reproduction number
is the scaling factor that describes lockdown effectiveness. The
Covid-19 transmission rate will decrease as the lockdown’s effec-
tiveness increases, lowering the value of the basic reproduction
number. As a result, the lockdown can be more effective at stop-
ping the spread of Covid-19.

Volume 4 | Issue 1 | June 2023
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Figure 3. The relationship of o to Ro

o=1 o=1
< — S(t) — Q1(t) — — — _
2 - ‘ ‘ K
5 ] 0.30
§_0.8 é 0.25
o =
< 0.6 § 0.20
E 2 0.15
I 04 g
5 P 0.10
c £
c 0.2 o .
g §. 0.05
g 00 U = 0.00 =
a 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

Time Time
(a) (b)

Figure 4. The relationship of o to Ro

6. Numerical Simulation

Numerical simulations are expected to provide an overview
of the influence of the spread of Covid-19. The calculation pro-
cess is carried out using Mathematica 11.2 with a long observa-
tion of up to 750 days. The proportion of the initial population
taken is as follows.

5(0) = 0.496, Q1(0) = 0.5,

A(0) = 0.0000023, Q2(0) = 0.00000058,
1(0) = 0.00000043, M(0) = 0.00000059,
R(0) = 0.00000041

A simulation involving varying the lockdown'’s effectiveness will

be carried out to determine how the spread of Covid-19 is af-

fected by lockdown effectiveness (1 — o).

1. 0 =0.25

In this case, it describes the condition when the effective-
ness of the lockdown was 75%. In this case Ry=0.843 with
the equilibrium point E;(0.125,0.875,0, 0,0, 0, 0), it is ob-
tained that the behavior at this equilibrium point is asymp-
totically stable. Figure 2 shows the time series of impact of
o = 0.25 on the value of Ry. It demonstrates that at t=300,
at a value of =0.25, the number of infected individuals will
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begin to stabilize. This demonstrates that a lockdown with
a 75 percent success rate can stop the spread of Covid-19
and prevent reinfection.

.0=0.5

In this case, it describes the condition when the effective-
ness of the lockdown was 50%. In this case, there are two
equilibrium points, namely F;(0.125,0.875,0,0,0,0,0)
which is unstable and

E5(0.091,0.634,0.000124, 0.000085,
0.000223, 0.00026, 0.00062),

is asymptotically stable, with Ry=1.379. Figure 3 shows the
time series of the impact of ¢ = 0.5 on the value of Ry which
demonstrates that if sigma= 0.5, the susceptible individual
(S) will be lower, and the infection rate will initially increase
before significantly decreasing, but the population will still
contain Covid-19-infected individuals. This indicates that a
50% effective lockdown can prevent reinfection; however, to
control the spread of Covid-19, the lockdown’s effectiveness
must be increased.

.o=1

This case describes the conditions when the lockdown was
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not implemented. In this case, there are two equilibrium
points, namely F;(0.125,0.875,0,0, 0, 0,0) which is unsta-
ble and

E5(0.051,0.357,0.000267,0.000184,
0.00048,0.00057,0.00133),

is asymptotically stable, with Ry=2.4515. Figure 4 shows
the time series of the impact of ¢ = 1 on the value of Ry
which describes that despite no lockdown, the infection rate
will decrease due to self-quarantine and medical isolation.
But at the time point t = 100, infected individuals will in-
crease again, then decrease significantly and start to stabi-
lize at t = 600. This increase is due to reinfection, so it is
necessary to implement a lockdown.

7. Conclusion

The SQ1AQ2IM RS model is used to modify the Covid-
19 transmission model in this study. This model considers the
individual’s reinfection and death while receiving medical atten-
tion. In this modified model, there are two equilibrium points: a
disease-free equilibrium point (DFE), which is locally asymptoti-
cally stable in conditions Ry < 1, and a disease-endemic equilib-
rium point (EEP), which is locally asymptotically stable in condi-
tions Ry > 1. The sensitivity analysis parameter that significantly
impacts changes in R is the rate of disease transmission, the rate
at which new people are recruited, the efficiency of lockdowns,
and the rate of natural deaths.
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