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ABSTRACT

The importance of the saturation term in an SEIR (Susceptible, Exposed, Infected, and Recovered)
epidemic model was examined in this article. To estimate the basic reproduction number (Ry), examine
the stabilities and run numerical simulations on the model, the next generation matrix, the Lyapunov
function and Runge-Kutta techniques were used. The numerical simulation results reveal that, the
saturation term has a significant influence in the model’s susceptible and infected compartments.
However, as demonstrated by the simulation results, saturation term has a Qreater influence on
vulnerable people than on infected people. As a result, greater sensitization programs through
seminars, media, and awareness will be more beneficial to the vulnerable class than the afflicted class
during disease eradication.
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1. Introduction

Epidemiology problems are usually formulated with mathematical models. These
models are often applied to track the transmission dynamics of various diseases.
Research on a mathematical model for the effective management of HIV infection was
carried out in [1]. A paper on the numerical simulation of the SEIRS epidemic model
with a saturated incidence rate considering the saturation term for susceptible
individuals was presented in [2]. In their research, the disease-free and endemic
equilibrium points are established. The basic reproduction number was derived using
the next generation matrix. ~The local stability and global stability of both the
disease-free and endemic equilibriums were also obtained using the next generation
matrix. A conceptual investigation of the disease transmission coefficient was equally
conducted in [3]. In their research, the Laplace Adomian decomposition method was
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applied to carry out the numerical simulation of a SEIR epidemic model. Their research
proved that the technique applied is an efficient one and the disease-free equilibrium is
a vital parameter to be considered during disease eradication. Similarly, the effect of the
disease transmission coefficient on a disease-induced death SEIR epidemic model was
conducted using the homotopy perturbation method in [4]. Their result showed that the
homotopy perturbation method is an effective and productive method that distances
itself, employ challenging computational work than other numeral methods.

The saturation term plays an important role in the spread of infectious diseases.
Numerous researchers have worked on the impact of saturation terms in the eradication
of diseases. For example, the analysis of saturation terms in mathematical models for
malaria transmission was studied in [5]. They concluded in their research that
increasing the saturation term by reducing the infection rate between humans and
vectors through proper sensitization by health workers and using active anti-malaria
drugs can reduce the prevalence of malaria. The law of mass action and saturation term
in a SIR model with application to coronavirus modelling were studied in [6]. They
concluded in their research that the saturation term is sufficient to capture the disease
dynamics for many jurisdictions, including the overall world-wide disease curve
progression. A Mathematical Model and Analysis of an SVEIR Model for Streptococcus
Pneumonia with Saturated Incidence Force of Infection was studied in [7]. Their study
indicated that improving the efficiency and enlarging the capacity of treatment are
efficient ways to control the spread of disease. A mathematical analysis of the diarrhea
model with a saturated incidence rate was studied in [8]. In their research, they
presented a compartmental mathematical model of (SITR) to investigate the effect of
saturation treatment on the dynamical spread of diarrhea in the community. Their study
revealed that if drugs were made available to consumers at a saturation treatment rate
of 99% at a very low cost on time, there would be a reduction in the dynamic spread of
diarrhea in a community. A simple epidemiological model for typhoid with a saturated
incidence rate and treatment effect was presented in [9]. They analyzed the impact of
the saturation term on the incidence rate. Their research revealed that typhoid fever
could be eradicated if control strategies associated with saturation parameters are
increased. A biological mathematical model of vector-host disease with saturated
treatment function and optimal control strategies was presented in [10]. In their
research, they explored the dynamics of vector-host disease with a saturated treatment
function. Their study showed that the best possible strategy that can minimize the
number of infected humans is the application of their speculated control methods
simultaneously. Advancing the research work in [10], an optimal control analysis of a
vector-host model with saturated treatment was studied in [11]. Their research
suggested different control intervention strategies useful during disease eradication.

Often, researchers usually model and analyze the effect of saturation term on incidence
rate. For example, a research on the nonstandard numerical discretization of the SIR
epidemic model with saturated incidence rate and vaccination was conducted in [12]. In
their research, they proposed and analyzed an alternative nonstandard finite difference
scheme by applying nonlocal approximation. It was verified that the proposed model is
dynamically consistent with the corresponding continuous model. In advancing
research on curbing the spread of infectious diseases, a paper on the mathematical
modelling and analysis of an epidemic model with nonlinear incidence and general
recovery functions was carried out in [13]. In addition, authors in [14] investigated the
optimal control of a delayed SIRC epidemic model with a saturated incidence rate. The
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analysis and optimal control of a multi-strain SEIR epidemic model with saturated
incidence rate and treatment was carried out in [15]. The results of their research
showed that with waning immunity in the absence of mitigating measures, each viral
strain will reach an equilibrium after the peak of infections. In a paper presented in [16],
the complex dynamics of a SEIR epidemic model with saturated incidence rate and
treatment were studied. They analyzed the dynamics of the model through stability and
bifurcation. The global stability of their endemic equilibrium was obtained using the
geometric approach and the optimal control problem was designed. The dynamical
analysis of a modified epidemic model with a saturated incidence rate and incomplete
treatment was conducted in [17]. In their paper, a modified epidemic model with
saturated incidence and incomplete treatment were addressed. The existence of all
equilibrium points and stability analysis of the model were analyzed and different
numerical methods were applied to the presented mathematical model to justify the
conducted analysis. A mathematical model for Covid-19 disease transmission dynamics
with the impact of saturated treatment, modeling, analysis and simulation were
investigated in [18]. It was concluded in their research that decreasing the transmission
rate for infectious alone is not sufficient to eradicate the disease because of the presence
of backward bifurcation. They recommended that adherence to COVID-19 protocols can
be helpful in mitigating the spread and demise of coronavirus. In [5],the impact of
saturation term on malaria transmission was investigated. The basic reproduction
number of the modified models was obtained using a next generation matrix. The
stability of both the disease-free and endemic equilibriums were established. The results
obtained via numerical simulation reveal that for proper treatment and eradication of
malaria, the saturation term and other factors cannot be overemphasized. Authors in
[19] conducted a mathematical analysis of COVID-19 using a SIR model with a convex
incidence rate. Research on ways of reducing the incidence rate of diseases is still
progressing. The dynamical behaviors of a modified SIR model with nonlinear
incidence and recovery rates were presented in [20]. Their findings showed that
successful treatment of patients at home can lead to minimizing the prevalence of the
disease. A home-treatment algorithm based on anti-inflammatory drugs to prevent
hospitalization of patients with early COVID-19 was studied in [21]. A mathematical
model of COVID-19 spread with self-isolation at home and hospitalized compartments
were presented in [22]. The impact of media-induced fear on a mathematical model of
COVID-19 with a non-linear incidence rate was presented in [23].

The influence of saturation terms on either the infected or susceptible populations has
been studied in all of these articles. In this research, we examined the influence of the
saturation term on both the susceptible and infected classes in an SEIR mathematical
model to determine where there is higher importance. We considered two cases namely
First Case where we have ;S and Second Case where we have x> which changes the
incidence rate to saturated incidence rate. IL.e.

BSI BSI
T+ s ™ Tl

2. Model
2.1. Model Formulation

In this paper, a four-compartment model was adopted and modified by incorporating
saturated incidence rate to study its effect on the model.
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2.1.1. Existing Model
Existing model by Al-Sheikh [24]:

ds
o= A—pBSI—yS,
dE
E-,BSI—(;{—FE)E,

I 1)
Est—(y—i—r—i—d)I—cI,

dR
E_rl—yR—l—cl.

2.1.2. Proposed Model

This involves the application of the saturated incidence rate to study the effects of the
saturation term on the infected and susceptible classes. Proposed model following the
schematic diagram in Figure 1.

BSI

Figure 1. Schematic diagram of the proposed model

with the proposed model in equation (2):

as BSI

E_A 1+ a1S + aol M,

dE_ BSI

E—1+“15+a21_(ﬂ+8)E1 (2)
Zist—(y—i—r—i—d—i—c)I,

dR

i (r+c¢)I — uR.

2.2. Model Description

The classes of the model are S, E, I, and R, represent the susceptible, exposed, infected
and recovered classes respectively. We assume that the initial populations of each group
in the model are S(0) = so, E(0) = ey, I(0) = ip, R(0) = ry, where a1 & ay represent
the saturation terms. p represents the disease transmission coefficient, y is the mortality
rate, r is the recovery rate, ¢ is rate of losing immunity, d is disease induced death , ¢ is
the treatment rate and A is birth rate. A complete description of the parameters is given
in Table 1. Since variable R does not appear in the first three equations, it is enough to
analyze the following reduced system as shown in the equation (3).
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Table 1. Table of parameters and their numerical values

Parameters Description Values References
50 Initial susceptible population 25 Assumed
eo Initial exposed population 18 Assumed
io Initial infected population 12 Assumed
1o Initial recovered population 7 Assumed
A Birth rate 48 Assumed
c Treatment rate 0.08 Assumed
B Disease transmission coefficient 0.3 Assumed
€ Rate of losing immunity 0.25 [25]

U Mortality rate 0.5 Assumed

d Disease induced death 0.1 [25]

r Treatment rate 0.15 [25]
w1, &y Saturation term 0<a,<1 n=1,2 Calibrated

3. Results and Discussions

In this section, we present the analytical and numerical results including their biological
interpretations. We first identify the existence and uniqueness of solution, investigate
the biological equilibria, the basic reproduction number, stability and sensitivity
analysis and ended by computing the numerical solutions to show the dynamical
behaviors numerically. We present this analysis in 2 different model cases.

3.1. First Case

The model is inclusive of saturation term of the susceptible individual through a
saturated incidence rate with a polynomial incorporation ﬁ Thus, as ap = 0 from
equation (2) we have;

s BSI

G A T Tras MY

dE  BSI

dE _ N 3
i 1rms HTOE @)
dl

T =eE—(p+r+d+c)l,
3.1.1. Existence and Uniqueness of Solution

Here, we apply a Lipchitz criterion to examine the existence and uniqueness of the model
solution.

Thus, from equation (3), let:

_a4_ BST o BST Ba— F B, — _
Bi=A Tras yS,B2—1+MS (u+e)E;Bs=¢E—(u+r+d+c)l ;By=(r+c)I—puR.

The following partial derivatives are obtained:

JJoM | Jambura J. Math. 5 Volume 5 | Issue 1 | February 2023



On the Effects of Saturation Terms on A SEIR Epidemic Model...

For By = A — {50 — s,

%L?:|—a_:0’is)2—y <m,%%:|0|<w,%?:‘&‘ ,%:|0|<oo.
For By = 5% — (u-+0)
P - (H‘”S) 22 = et o)) < oo | 22| = ' (H’”’S) <oo, |22 — 0] < o0
ForBs =¢E— (u+r+d+c)l,
el =10l < o0, [ 32| = el < o0, |22 = |~ (7 +d 4 0)] < oo, | 22| = 0] < oo
For By = (r+c¢)I —uR,
1] =10] < o0, | 22| = 0] < o0, | 28| = |(r + )] < o0, | S22 | = | p| < o

The partial derivatives exist, continuous and are bounded, therefore the system of
equation (3) exist and has a unique solution in f*.

3.1.2. Biological Equilibria

1. Disease-free equilibrium
At the disease free-equilibrium, I = 0. let:

B 551 _ _
1+ 0(15 ]/lS =0
BSI B B (4)
1+IX1S (]l—|—£)E—O,

—(p+r+d+c)I=0,

From equation (4),

_ BSI B
1+ 0(15 HS =0
A—0=uS, (5)
_4
‘I/l 4
Therefore, DFE;
A

S*,E*,I*) = |—,0,0] . 6
( ) [V ] ©)
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2. Endemic Equilibrium

At the endemic equilibrium, I # 0. The endemic equilibrium points are:

(S, E, I) — (S**/ E**’ I**) ,
Hence, solving

g __(m+e ()
B — a1 (i +9) (A)

pre — (A)[Aef — Ay (p+e) (A) —pe (p+e) (A)] [(1 +2) (A)]
e2p—wme(p+e) (A
e APt e) (A) — Aar (4 +e) (/\2

)2 —pe (1 +e) (A)
eB—ar(p+e)(A)

with

A=u+r+d+c

3.1.3. The Basic Reproduction Number

There are two diseases state but only one way to create new infections. Hence, Exposed

and Infected compartment of the model are concerned with from equation (3):

dE BSI
%:sE—(y+r+d+c)I.

We obtained the characteristics equation of matrix G, as: |G — AI| = 0. Hence,

BAe 1 BA
(u+oaq A) (p+e) (p+r+d+c) (htaA)(ptr+d+c) | = (9)
0 0—A
BAe >
—A)(=A) =0
<(y+oc1A)(;4+8)(y+r+d+c) (=4)
3 BAe

VvV A=0.
(H+oA)(u+e) (p+r+d+c)

Therefore, the dominant eigenvalue is the required basic reproduction number Ry.
Hence,

_ pAe
RO_(pt-l-oqA)(y-l—e)(y-l—r-l-d-l-c)' (10)
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3.1.4. Effect of a1 on the Basic Reproduction Number

To analyze the impact of a1 on the basic reproduction number Ry, we evaluate equation
(10) using the baseline parameters presented in Table 1, obtain:

5.783132530

0= 705 r48a;

Thus, as 0 < a7 < 1, we have shown the effect of &1 on R in Table 2.

Table 2. Table showing the effect of a; on Ry

ny  Effecton Ry
0.00 11.56626506
0.30 0.388129700
0.60 0.197376537
0.90 0.132337129

From Table 2, it could be observed that the basic reproduction number decreases
drastically as a; progresses from 0 to 0.90. Hence, we can deduce that the disease will
eventually dies out when «; is at peak because Ry < 1.

3.1.5. Stability Analysis

1. Local Stability of the Disease Free-Equilibrium
The system of equation (3) was linearized by setting

S—S =x, E=E, I=1, S=x+85;.

From this setting, we obtained

d .

= A=BI(x+S) (1+mS) —p(x+5),

dE .

=Pl +S) (1+mS) ' — (u+e)E, (11)
%st—(y—i—r—i—d—i—c)I.

The resulting Jacobian matrix is

X —u 0 —BS1 x
E |= 0 —(u+e) 0 E | + Nonlinear Term.
i 0 € —(p+r+d+c) I

(12)
At DFE, S = % therefore by substituting 51 = % yields
(H=M =+ = 1) (= (ptr+d+) -1 =0 = =0
(p=A) (= (ut+e)=A) (= (p+r+d+c)—2)=0
therefore,
A=—pu VA=—(u+e) VA=—(u+r+d+o). (14)
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Since Rg < 1, all the eigenvalue are all negatives, hence the disease
free-equilibrium is locally asymptotically stable.

2. Local Stability of the Endemic Equilibrium

Let;
—BI*—2BS*I* —BS*
(1+a,5%)* H 0 T+a; 5*
= 2 _ 1
J R (h+e) 0 (15)
0 € —(p+r+d+c)

from equation (3). Analyzing the Jacobian matrix using the equilibrium points. The
characteristics equation of J is || — AI| = 0. The resulting characteristics polynomial
is

{/'lo)\3 + ﬂ])\Z + Elz/\ + a3 = 0,
where,

ﬂ():l

ap =2u+e+r+d+c
_ BI'42apS*I"p BI* +2u1BS* I*e

+ 2p% + 2pue + pr + pd + pc + er +ed + ec

(14a,5%) (14a;15%) ,
— (BrH2BSTI" B2S*I*e
1 = (B2SL o p) (o) (n+r+d+0) + LEEE

Using the Routh-Hurwitz criterion, it can be seen that all the eigenvalues of the
characteristics equation above have negative real part. Since aja;—az > 0,
therefore the endemic equilibrium is locally asymptotically stable.

3. Global Stability of Disease-Free Equilibrium

Consider;
dE BSI
@ T+ms  WHOE 6
aI =¢E—(p+r+d+c)l
dt
where

BAe

Ro= (p+a1A) (p+e)(u+r+d+c)

Let E = I and I = I. Constructing a Lyapunov function:
V(t,S,E, I) = C1I; + CaI, where Cy, C; are constants,
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”9; =Clf + Gl

=G (s~ on) 4 Caleh— (urd o))
< (Coe—Ci(u+e)) L+ <C21 +5“115 —Ca(u —l—r+d+c)> I
< (Coe—Ci(p+e) L + <C2y—|—alA —Cz(y+r+d+c)> L

BA
< Crel; — C I C
< Coehy 1(p+e)h + 2;4+oc1A

L—-C(p+r+d+c)h
BA
(p+aA)(p+r+d+c)
BAe
: <<u+r+d+c><n+e)<y+a1A) _1> h

( BA (p+r+d+c) )

LetCy = and C; =

1
(n+e)

NGt d it GramA)prr+d+rote
Vi<(u+r+d+c)(u+e)[Ry—1]1

It is imperative to note that V! = 0 only when E = 0 as Sy = % when t — co. Based
on LaSalle’s Invariance principle. Hence, it is globally asymptotically stable
whenever Ry < 1.

. Global Stability of the Endemic Equilibrium
For the global stability, Lyapunov function was constructed:

L(EI)=¢E+ (p+e)l

. B psr B

L(E 1) =¢ TS ME —€¢E| + (p+e)[eE— (p+r+d+o)] (17)
_ gBSI
= Tras W trtdto)l

Substituting S = 3, we obtained:

L(E 1) = Mgf’i‘l; —(u+e)(p+r+d+c)l
(18)
_ Ro
— (u+e) (utr+d+o) [(HAM) —1] I

now, if I = 0 and Ry < 1 ensures that L = 0. If Ry < 1, the DFE is globally
asymptotically stable and the disease may dies out.
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3.1.6. Sensitivity Analysis

Sensitivity analysis is a financial model that determines how target variables are affected
based on changes in other variables known as input variables. This model is also
referred to as what if or simulation analysis. It is a way of predicting the outcome of a
decision given a certain range of variables. In order to measure the impact of the model
parameters, we utilized the sensitivity index analysis using normalized sensitivity
index.

The sensitivity index with respect to the model parameter are obtained using

=30 19
since
Ry = epA .
(p+e)(u+Aar)(p+r+d+c)
Therefore,

Mo A _ ¥

0A Ry pu+mA
oRy ¢ U

2 "R p+e
Ry 1 _ 12

o Ry e(pu+e)
IRo o1 pm

oy Ry (p+e)e
Mo 1 _ r

or Ry (u+r+d+c)
R d_

od " Ry (u+r+d+c)
Ry e _ ¢

oc Ry (p+r+d+c)
oRy B

wa—Ozl.

By the parameter values in Table 1, we obtained the Sensitivity Index values for each
parameter in Table 3.

We observed that the sensitivity index of a; in the mathematical model is highly
significant. = Thus it is a parameter which impact cannot be ignored in disease
eradication.
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Table 3. Sensitivity index of each parameter evaluated with their base values

Parameter ~Sensitivity Index (Rp)

A 0.02262
e 1.33333
B 1

r -0.18722
d -0.12048
c -0.09639
a0 1.20000

3.1.7. Numerical Simulation

This section shows several numerical simulation results for first case, which refers to the
model equation (3). The results of the simulation are shown in Figure 2, Figure 3, and
Figure 4.

=
|
7

Suscepfible
B
I i
=

30
20
|
N
I T T T T T 1
1] 5 10 15 20
Time ( months)
|~ =0 == 0=ll3 == 0= 0.6 == 0= 1.
Figure 2. Effect of Saturation term on susceptible class with A = 48, u =

05, B=03,e=025c=0.08d=01r=0.15

3.2. Second Case

The model involves saturation term for the infected individual to study its significant
effect on the model. Hence the incident rate becomes %{M and as a1 = 0 from equation
(2). Such that;
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130+

160

\
\
I
1

T L L
0 5 10 15 20
Time (months)

|~ =0 = o=l =" o= 0.6 =" 0= 0.9

Figure 3. Effect of Saturation term on exposed class with A = 48, u = 0.5, B =
03,6=025¢=008,d=01,r=0.15

12

10+

Mafected
(=)
MR

T T T T T T T T T T T T T T T T E|
0 5 10 15 20
Time (months)

|~ a=0=——-oel3=—"0F 06 =" a=09

Figure 4. Effect of Saturation term on infected class with A = 48, y = 0.5, B =
03,6=025¢=008,d=01,r=0.15
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as_,  psL
ar 14 apl ’

dE BSI

aL _ _ 20
G 1w HTOE 20)
ar_ —(p+r+d+c)l

T # '

3.2.1. Existence and Uniqueness of Solution

Similar to first case, we apply the Lipchitz criterion to verify the existence and uniqueness
of the model. Hence, let:

Thus, from equation (20), let:

BSI
1+(x25

BST

B
! 1+ayl

= —ul; By = —(u+¢€)E; B3 = €¢E—

7

The following partial derivatives are obtained:

For Ble—lfS“iI—yS,
)N 1B | 2B |@Bi] _|_pS Bi|
& _| e | <] 5 =< 5 = [ <o R -0 <
For B, = 1Jﬁr5a121 (n+e)E
9B, BI 9B, |82 BS 9B,
—_— | = , + ¢ X, |55 | = 0 < oo.
0S (1+uc21)2 oE =(u+e) ol ' (1+0¢21)2 oR 0]
ForBs =¢E— (u+r+d+c)l,
0B3 8B3 B B 0B3|
ol =0l < o0 |22 | = lel < oo | D2 = |- (b r+d+0) < o0 | 22| = 0] < oo
For By = (r+c¢) I — uR,
0By
D) = 0] < o0, | 22| = 0] < oo, | 5| =10+ )] < o0, | T2 = |- < o,

The partial derivatives exist, continuous and are bounded, therefore the system of
equation (20) exist and has a unique solution in R*.

3.2.2. Biological Equilibria

1. Disease-free equilibrium
At the disease free-equilibrium (DFE), I = 0. If we let:
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BST

T Tl MY
A—-0=uS, (21)
s_A
H
Therefore, from equation (21), we obtained DFE
(S*,E*, I") = [A,O,O] . (22)
H
2. Endemic Equilibrium
Similarly, we compute the endemic equilibria for case 2:
(S,EI)= (S E™,I), (23)
Hence, solving
g A _Ap—p(pte)(ptrtd+o)
M pe (B + paz)
E*f — (}l+7+d+6) (A‘C’:B_V)
e(B+ paz)
o Ap—p(p+e)(p+r+d+c)
I'™ = .
(p+e) (u+r+d+c)(B+pun)
3.2.3. The Basic Reproduction Number
Here, we equally compute the basic reproduction number for case 2. Such that:
dE BSI
= _ E
i Tral WTOE 24)
I
flt =¢eE—(u+r+d+c)l
We obtained the characteristics equation of matrix G, as: |G — AI| = 0. Hence,
B -7 N W - S
#(pte) (ptr+d+c) u(ptr+d+c) | = (25)
0 0—-A

BAe _ =

(sratesrrarg )M =0

A= BAe
u(p+e)(u+r+d+c)

vV A=0.
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Therefore, the dominant eigenvalue is the required basic reproduction number Ry.
Hence,

B BAe
RO_y(y—i—e)(u—i—r—i—d—i—c)' (26)

3.2.4. Effect of ap on the Basic Reproduction Number

As observed in (26) the basic reproduction number does not contain parameter «,. This
shows that the saturation term on infected individuals have no significant effect in
weighing down the basic reproduction number.

3.2.5. Stability Analysis

1. Local Stability of the Disease Free-Equilibrium
The system of equation (20) was linearized by setting

S—51=x, E=E I=1I, S=x+65;.

From this setting, we obtained

d _

£:A_51(x+51)(1+a21) "~ u(x+51),

dE _

o =PLx+8) (1t al) " = (u+e)E, (27)
ZizeE—(y—i—r—i—d—i—c)I.

The resulting Jacobian matrix is

X —U 0 _1851 X
E |= 0 —(u+e 0 E | + Nonlinear Term.
i 0 € —(p+r+d+c) I

(28)
At DFE, S = % therefore by substituting 51 = % yields
(H=M [+ =) (~(u+r+d+) =) =0 =B =0 o
(=) (=(nte) = A) (= (p+r+dtc)—2)=0
therefore,
A=—pu VA=—(u+e) VA=—(u+r+d+o). (30)

Since all the eigen value are negative, therefore Ry < 1, and the disease
free-equilibrium is locally asymptotically stable.
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2. Local Stability of the Endemic Equilibrium

Let;
—BS* —BS* (1+aa*)+S* I"a
Tur K0 (ETWo
= s
J e —(H+e) 0 1)
0 € —(u+r+d+c)
To obtain the local stability of the endemic equilibrium, we set|] — AI| = 0 such
that;
agA + A2 + apA a3 =0,
where,
apg = 1
a=2u+e+r+d+c

a2:a2:%+1ﬁ:ﬁ +2u% 4+ 2ue + pr + ud + yc +er +ed + ec

I D QO T
B (Hﬂww) (nte)(utr+dto)+ o,

Using the Routh-Hurwitz criterion, it can be seen that all the eigenvalues of the
characteristics equation above have negative real part. Since aja, —az > 0, then
the endemic equilibrium is locally asymptotically stable.

3. Global stability of Disease-Free equilibrium
To analyze the global stability of the model, we construct a Lyapunov function
L(E,I)=¢E + (p+e)l:

, SI
L(E,I)=¢ 1_‘7_“21—;1E—£E +(p+e)[eE—(p+r+d+c)l
(32)
eBSI
— o
Substituting S = %, we obtained
. eBAI
(33)

Ro

1+ aal)) ‘1} !

Now, if I = 0 and Ry < 1, this ensures that L = 0. If Ry < 1, the DFE is globally
asymptotically stable and the existence of disease will be wiped.

I(;i—i-e)(y—i—r—i—d—i—c)[

4. Local stability of the Endemic Equilibrium
Consider the following system of equations;
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s BSI

it A T Trms M

dE  BSI

dE _ _ 34
- 1rms HHOE (34
dl

Est—(y—i—r—i—d—i—c)I.

Linearizing by applying the substitution S = x +5*, E=y+E*and I = z+ I* into
above equations we have;

fl’tc =A-B(x+S)(z+I*) —[1+ar(z+ 1)) —u(x+5%),
‘;llf =B(x+S)(z+I") — [1+a(z+ )] — (u+e)(y+E), (35
=yt E) — (b rtd o)zt 1),
So,
il); = —Bxz(1+ zxzz)’l — ux + higherorder + non — linear terms,
Zf = —Bxz(1+ axz) "' — y(p + ¢) + higheroder 4 non — linear terms, (36)

dl
e z(p +r+d + c) + higherorder + non — linear terms.

The Jacobian Matrix and Characteristic equations are resolved for, |Jg- — AI| =0,

_1fuztz_‘u 0 17‘?;@
— Z X
Je = T+asz —(n+e) T+a,
0 € —(u+r+d+c)
Where |Jp+ — AI| =0
- <1ftizz —}—]J) -A 0 1&9;2
1-1,-302422 —(]/l + 8) —A 1-1?-};2 =0
0 € —(p+r+d+c)—A

The eigen values becomes;

[_ <1fztxzz+”) _A] [~(u+e) =AMl [=(p+r+d+c)—A] =0

Let,

_ Bz - -
A= <1+0¢22+I’l /B— (I/l—l-ﬁ),andc_ (V+r+d+c)
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then,
(A=A)(B—-A)(C—=A)=0

A~ (A+B+C)A*+ [(AB+C(A+B)J]A— ABC =0

Assume
amp=(A+B+C),a,=[(AB+C(A+B)], a3 = ABC

The characteristic equation becomes
A A+ A —a3=0

The eigen values of the characteristic equation have negative real parts, hence the
endemic equilibrium is Locally Asymptotically Stable.

5. Global Stability of the Endemic Equilibrium

Consider;
dE _ BSI
& T HTOE 37
dl
— =¢E—(u+r+d+c)l
dt
where A
Ry = pace

p(p+e)(p+r+d+c)

Let E = I; and I = I;. Using Lyapunov algorithm:
V(t,S,E, 1) = C1 11 + C2Ip, where Cq, C; are constant terms,

av
I
v _ . < BSL

dar 1+ arlp

< (Czs— C1(‘1/l+€)) I + (Cz(lﬁ—i—siz) — Cz(]l—F?’—i—d—FC)) 0

- (P‘+5>11> +C(elh— (p+r+d+c)h)

< (Cre—Ci(p+e) I+ <c2ﬁA - Cz(y+r+d+c)> L

1(1+ ay)
< Crelh — Ci(p+e)I —i—C&I —Co(p+r+d+c)l
> Goélg 1M 1 2y(1+a2)2 2\ U 2
1 BA
et (]1+8)an 2 u(l+ax)(p+r+d+c)

= ((}t+r+d+f)1?;+s)(1+ocz) _1> h
BA (p+r+d+c)
<V( >

l+am)(pt+e) p(l+a)(pt+r+d+c)(ute)
Vi<u(p+r+d+c)(1+ay)[R,—1]1L

JJoM | Jambura J. Math. 19 Volume 5 | Issue 1 | February 2023



On the Effects of Saturation Terms on A SEIR Epidemic Model...

Then V! = 0 only when E =

0 in the model of equation (20) (second case) such

that S, = % att — oo. Based on LaSalle’s Invariance principle. Hence, it is globally
asymptotically stable whenever R, < 1.

3.2.6. Sensitivity Analysis

Similar to first case, we compute the sensitivity index for second case. Such that,

aRo A
ﬂXRT):l
Ry & _
de. Ry p+e
A i
au Ry (u+e) (p+r+d+c)
aRo 1%
a0‘2><R—0:O
aROXL:_ r
ar Ry (u+r+d+c)
R 4 d
od " Ry (p+r+d+c)
aROXi_ c
oc Ry (p+r+d+c)
dRy B
ng—ozl

By the parameter values in Table 1, we obtained the Sensitivity Index values for each

parameter in Table 4.

Table 4. Sensitivity index of each parameter

Parameter Sensitivity Index (Ry)

A

A R_ARIT™®R ™

1
0.99999
0.99999
0.59999

-0.05556

-0.11111

-0.55555
0

In this case the sensitivity of a, in the model is 0. Thus in this case, its effect is negligible

in eradicating the disease.

3.2.7. Numerical Simulation

This section shows several numerical simulation results for second case, which refers to
the model equation (20). The results of the simulation are shown in Figure 5, Figure 6,

and Figure 7.
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Figure 5. Effect of Saturation term on susceptible class with A = 48, u =

05, =03,e=025c=008,d=01,r=0.15
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Figure 6. Effect of Saturation term on exposed class with A = 48, y = 0.5, B =
03,¢=025¢c=0084d=01r=0.15

3.3. Discussion

The simulation result presented in Figure 2-7 reveals the effect of saturation term on the
present population of the model compartments in first and second case respectively. In
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Figure 7. Effect of Saturation term on infected class with A = 48, u = 0.5, B =
03,e=025c=008d=01r=0.15

Figure 2, the role of saturation term as examined on the susceptible population revealed
that the class population drastically increases to maximum as the saturation term
increases from to . This shows that increasing the awareness level of people to factors
capable of getting rid of diseases will stop them from moving from the susceptible class
to the exposed or infected class. Figure 3 shows that saturation parameter also has effect
on the exposed class. We observed that the exposed population was at its peak when the
saturation level was 0. This interprets that if there is no strategy to curtail the spread of
diseases, several people will get exposed. Figure 4 indicates that saturation term have
little or no effect on the infected class i.e. the main factors associated to saturation term
such as media induced fear, enlightenment and general knowledge of people against
diseases have better role on the susceptible population than the already infected group.
Figure 5 to 7 similarly revealed that saturation term is a parameter which cannot be
ignored in disease eradication.

4. Conclusion

Saturation term play a vital role on susceptible and infected individuals. In our results,
saturation term is more active on susceptible than infected individuals. Therefore, more
sensitization program through seminar and media will be more useful to susceptible class
than infected class during the eradication of diseases.
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