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Abstract: A delayed SEIR epidemic model with self-protection is considered. The local asymptotic stability of the disease free
equilibrium is ensured for Rg < 1 and it is unstable otherwise. Whereas, for Rg > 1, the proposed model has the unique endemic
equilibrium point. For delay values, the local asymptotic stability of the unique endemic equilibrium is established under some
parametric constraints. Further, the occurrence of Hopf bifurcation is also observed when the delay crosses some parameter threshold.

The analytical findings are supported by the numerical observations.
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1. Introduction

Researchers [1, 2, 3, 4, 5, 6] have designed different
epidemiological models such as Sl, SIS, SIR, SIER, SIERS
etc. Kermack and McKendrick [7] formulated a SIR in 1927,
to study the outbreak of the Great Plague in London during
1965-1966, and the outbreak of plague in Mumbai in 1906.
The dynamic behavior of the SIR epidemic model is
investigated by scholars [8, 9, 10, 11, 12]. The author [13]
studied a vaccine induced epidemic SIRS model with natural
immunities. They obtained that the system undergoes a
backward bifurcation at a certain level of immunization. The
SEIR model contains one more compartment additionally to
SIR model called exposed compartment (E). These are the
people who are infected but the symptoms of the disease are
not yet visible. They cannot either communicate the disease
and are in latent period. SEIR models can represent many
human infectious diseases such as measles, pox, flu and
dengue.

Recently, Diaz et al. [14] studied the modified SEIR model
for the Ebola disease in Western Africa. They proposed
several metrics to figure out the countries which are in most
noteworthy need of extra resources to combat the
contamination of infection spread. Sun et al. [15] studied the
transmission and control dynamics of cholera disease.
Mishra et al. [16] discussed the dynamics of bacteriophage
infection in cholera disease in the region around a water
body. Li [17] discussed the spread of hemorrhagic fever and
showed that in China it exhibits monthly periodic outbreak.

For any community, the source of treatment for a disease is
sometimes limited, so the constant removal rate which is
discussed by Wang and Ruan [18] and further improved by
Zhou and Fan [19] as a Holling type 1l treatment. Dubey et
al.[20] studied the SEIR model with two different types of
treatment rates. They observed that the existence and
stability of equilibria depend on both the basic reproduction
number as well as treatment rate. Further, Dubey et al. [21]
introduced a model using Crowley-Martin and Holling type
Il responses to describe the epidemiological situation.
Moreover, various epidemiological models have been studied
using different treatment rates [22, 23, 24, 25].

In this manuscript, we consider an SEIR model with
Crowley—Martin incidence rate and Holling type Il and IlI
treatment rates depending upon competency of the
community. For any outbreak of epidemic disease, the
treatment capacity of Holling type 11 is initially very slow
and after that stage it develops gradually with change of
accessibility of treatment assets such as effective medicines
and hospital’s conditions.

2. The Mathematical Model

Human infectious diseases namely measles, pox, flu and
dengue as an important role are formed by the SEIR model.
The mathematical structure of the generic SEIR epi-
demiological model is constructed. The incidence rate as
Crowley-Martin (CM) type and treatment rate of infection
via Holling type Il is considered. The Crowley and Martin
[26] functional functional responses are both prey and
predator abundance because of predator interference. It is
assumed that predator-feeding rate decreases by higher
predator density even when prey density is high. Therefore,
the effect of predator interference on the feeding rate remains
important all the time whether an individual predator is
handling or searching for a prey at a given instant of time.
Recently, many researchers have studied the virus dynamics
for models with Crowley-Martin infection rate (see [27, 28]).

consider
aSI

A+BS)(1+yD))’
the case of varicella (chickenpox) dynamic. Here a, B and y
are positive parameters that describe the effects of contact
rate, social awareness rate among susceptibles and
magnitude of interference among infective population,
respectively.

In this article,
incidence rate

a nonlinear Crowley-Martin
which can be used to interpret

In order to construct the model, our assumptions are stated
as follows:

e The entire population N is divided into four groups as:
S-susceptible, E-exposed, I-Infective and R-recovered
population. So, N=S+E + 1 +R.

e FEach population of SEIR well mixed and interact
homogeneously with each other [29, 30].
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e The susceptible population is recruited at any time t at
the constant rate A of new born and decreases due to
natural death rated.

e Disease is transmitted from infected to susceptible

population by Crowley-Martin incidence rate
aS!

A+S)(A+y1)) (13)

The individuals from class S move to class E and only after
latency period it becomes infective and move to class | and
M is the time delay due to latent period of the disease.

e The infected population is recovered by saturated
treatment function % where u is the treatment control
and a and ¢ are positive quantities, respectively [31].

e mis information induced self-protection from susceptible
to removed class.

e The recovery is not permanent and m;R become
susceptible.

e d; is the disease related extra mortality rate of infective
class.

Considering the above basic assumptions we have the
following mathematical model:
ds aSl

dt ATpatyn S —mS+mk,
dE _ | asI S E (o
dat T A+ B +yD) HE (£ =),
A E—D—(d+d) -
ac M t ! (14 ul)
dR__ad s (d+mpR
dac _ (L+oun " (d+m)

o))
With
$(0)>0,E(©0)>01(0)>0,R(@O)>0 (2

3. Qualitative analysis of the system
3.1 Boundedness of the System

Theorem 1: All the solutions of the system (1) are bounded.
Proof: Consider the function U (t) = S(t) + E(t) + I(t) + R(t).

Now using the equations (1), we have
dU ds dE dl dR

ar dc Tar Tar T ar
=A—dS—dE—(d+d)—dR

If we take n =min {d, d + d1}, then for each > 0 the above
inequality becomes

dU+ U< A
dt nv =

Now by the theory of differential inequality [32] we have,
=t

0<U®) <=(1—e ™)+ U@e ™

As t — oo, then 0<U(t) < ;—1. Hence U (t) is a bounded
quantity.

Thus all the solutions of the system (1) are bounded.
3.2 Basic reproduction number

We observe that the system (1) has a disease free equilibrium
(DFE) E4( S1, 0, 0, Ry), where

A(d+m) R

S = ]
1 d+m)d+my) —mmy
A

- d+m)(d+my) —mmy
and it is exist if (d + m)(d + m;) > m;m.

Introducing the basic reproduction number by R, and is
defined as the number secondary infected individuals
caused by a single infected individuals during the whole
time of period. To find the expression for Ry, using the
technique which is introduced by Driessche and Watmough
[33].

The system (1) can be written as
L= F(X) - GX),
where X = (S, E, I, R)", F(X) = [aSI 0],

Gm:kumww+dg+£;—m]
F, = Jacobian of F at (DFE)=
[o o, ﬂ
1+ 8BS,

G -1 | 1 i 1
1 | d+p (d+p)(d+d +au) d+d +au
And

-1 afs, " as, 1
F161 - 1+p5, (d+p)(d+d +au) 1+f5, d+d +au 00

Again, the spectral R, of the matrix F;G;! is the basic
reproduction number of the model

. _ -1\ apd
i.e., Rn - I:"(F‘lﬂl ] - (mtd+mB)((d+p)(d+d,+au)

3.2 Equilibria and their stability analysis

The system (1) has a disease free equilibrium (DFE) E,( S;,
0, 0, Ry ), which is already discussed.

The system (1) has another one positive interior equilibrium
point E*( S*, E*, I*, R*), where
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S o (d+u}|fl+'|,ri'}{ (d+a))(1 +.5uf']+au}

ap(1+8ul’)-B(d+ p)f1+y;'}{[d+dl][1 +5uf']+au] !

f_ 1 aul . 1 * aul
E = "(d +d + .lmf.),_ﬂ =T (mS + =)

And I* is the positive root of the equation

3 3 2
Mnx +M1x -I—sz -|-M3x +M4_ 0
and the coefficient are given by

o, 2,2 22
M, =k, k, k,5u By

2 2

M, = k2k3k4{ﬁyauk2k3 + Bl 87U’ +
Bkz(kz + au)'y' — auﬁzuz — Auﬂyﬁzuzl

2, 2
— ch k3 aufydbu — u(klk4 — mmI]

2 2 2
kzkgyﬁ u — mlmﬁﬁykzkgu .
2 2 22 2 2
M, =— k An{Bylk 8w’ — aus’u” + kyje,5°u” + Bk, + au)ysul
~ n(k k, - mml]’kzkx?ﬁu +hfysu +k (k, + au)Bﬁu}f} — k k ke {20p8u
— k k Bdu — Bkz(k3 + au)r - Bkz[k3 + au)au]- k
3

Ekz(k3 + au)} N u(klkal- o kz{{z'ﬂ[a“ N B#z_(kz + m‘_[]]’
M4 = k4u[au - Bkz(kz + au]] - mukz(k1k4 - mmJ(kE + r:m),
whereklz d + m, kz =d + , ‘[‘3: d + dl,k4 =d+ m.

M, = k Apf2apdu — k k. Bsu — Bk, (k, + au)y — Bk,(k, + au)du}— k.k,au{ap —

Theorem 2. The disease-free equilibrium E1 of model (2) is
1) Absolutely stable if Rg < 1,

2) Linearly neutrally stable if Rgp =1, and

3) Unstableif Rg >1.

Proof: The variational matrix of the system (1) around the disease-free equilibrium point E1 is

nSI —ir -u.'u'l
1+ps, My 0 —(d+pe ) 1+,

v[£1}=[_ (d + m)0— 00mpe "0 — (d +d +au)au 0 — (d +m) ]

Eigen values of the variational matrix are A; = - Y, A; = - (d + m + my) and the roots of the equation

f+(2d+dl+au)l+{d+dl+au]+

e_h{pl—{d. + d auw)(d+p) (R - d:"]: 0,(3)

It is clear that if Ry < 1, the roots of the above equation have negative real parts. So the disease free equilibrium E; is locally
asymptotically stable when t = 0.

Case Il: when T> 0, let A = i® be the roots of the equation (4), then
—w' +iw2d+d + au) + d(2d +d, + au)

d+pu

+ e"‘”{mm —(d+d +a)d + PR, - 5 ]]: 0 (5)

Separating real and imaginary parts, we get
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d(d +d, + au) — @ = posin sin @t — (d +d, + au]l[ri - u)(Rﬂ — —"—)cosmr,

d+p

m(Zd. + dl + au) = W COSCcos wT + (d + r:il + au)(d + u]( 0 diu]sinmr

Squaring and adding the above two equations, we have
4 2
w +le +02:{], (6)

2

Where le(d+dl+ n+ au](d— n+a)+d,
2 2 ,
Q,=(d+d +au)'(d+ u)(l _R ]::» 0,ifR <1
2 1 0 0

It is clear that o 2 is negative when Ry< 1. Which implies that the equation (3) has no purely imaginary root for T > 0. Thus by
Definition (3) and lemma 3.5(i) [34], the disease free equilibrium E; is absolutely stable for > 0.

3.3 Stability analysis of the positive interior equilibrium

The variational matrix of the system (1) at E* (S*, E*, I*, R*) is

V= [mll 0 le ml-i- le m22 m23 0 nm-ﬂ mEZ{] m33 m43 umﬂ
o oS
m,, =— d+m+—},m =, m,,=m;
1 { (1488") (1+v1) 13 (14ps)(14v) P 1
I —AT oS
m21 = -uz mzz (d + pe ) m23 = . N
[1+|35) [1+w) (1+ﬁs)(1+w)
_ =t _ aul’ .
Mg = M€+ Mgy = _{d * dl * {1+15ur']2 }J
;
m,=mm,= — m,, == (d + m)
(1+au1)

The eigen values of V* at E* are the roots of the equation
4 3 3 =it 3 3
AN +A + AN AR +A +e (331 +BA +BA +BD)— 0 (7
Where

A3 =— {mll —d + m33+m44),
A,=mm, —dm, + (mll T m44)( d +m ) 14"y
A, = deB(mll + m44) —m,m (_ d +m )+m14m’41( 33)
Ay =-— dm 11 My Mgy + dm m, m.,
B,=—w B,=—p(m +m+m, +m,;
B, = pm, (m T m33)+ wm,,m,, — Wm, M, == Hm,;m,,
B,=— pm,m,m - pm“mnm + pm, mﬂm “ml-tmmm + pm”mum + pmumum

44
Case-I: When 1 = 0, equation (7) becomes

4 3 3

A +A131 +A121 +A111+Am:ﬂ,

Where A13 = A3 + Bz’ “112 = Hz + Bz‘ A“ = Al + Bl, Am = Aﬂ + Bﬂ.
Obviously, A13 =— {mll + m, + m33+m44}. Let Detl = AB > 0.
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Thus, by the Routh—Hurwithz theorem, if the condition (H1) Equations (8)—(10) holds, then the positive equilibrium E* (S*,
E*, I*, R*) of system (1) without time delay is locally asymptotically stable.
Det2:|A“1A“AH|} 0, (8)
Det, = |A11 104 A A _0A A | >0, (9)
Det3:|A111D DAHAHAHI 0o Amﬂ Aul] Auﬂw =0, (10)
Case-1I: When 140,

Let 1 = iw be the roots of the equation (7), then
W= Ajiw? — AW + iAW+ Ay + e (—iBw’ — Byw +iBiw + By) =0, (11)

Separating real and imaginary parts, we get

(B1w — B3w®) sin sin ot + (Bg — B2w?) cosot = o’ — A2w® + Ag (12)
(B2w? — BQ) sin sin @t + (B1w — B3w®) cosot = -A30° — Alw (13)
Squaring and adding the above two equations we have

Q@ +Q10°+ Qo' +Q30* +Q, =0,  (14)

Where

where Ql = A; — (B’c

2 2 2
_ 2;12], Q,=A"+ 2B, +2BB, - (E2 + 2,41;13),

2 2 2 2 2
=B 2B B A —24 A =A —B .
Q3 1 T 02 + 1 02’ 04 0 0
Let w? = v, we have,
VA 4+ Qu V3 + Qv +Qs v+ Q4= 0, (15)
Thus, in order to obtain the main result in this paper, we Where

make the following assumptions. f-l[ul)z v Q1v3+ Q2v2+ [}3u+ Q4=Dand m21= v,

H,; Equation (14) has at least one positive root. Then there

exists a positive root of (15) v, such that equation (7) has a  Thus if the conditions
pair of purely imaginary roots +iw; = * +/v;. Then from : dn |
equations (12) and (13), we can obtain the corresponding sz ’ f 1(U1)i0 then RE( r_l'r] #0
critical value of the delay for w,

1

. po +po +p o +p, According to the Hopf bifurcation theorem in [35], we have
T 1= o arccos 3 7 the following for the system (1),
! q,w, +q,w, +q,w, +q,
Where Theorem3: If the conditions H21 — H22 holds, then
p1 = A3B3 — By, p; 1) the positive equilibrium of (1) is asymptotically stable
= By + A;B; + AgBy — A3B; — A1B;, forz € [0, 71],
) 2) System (1) undergoes a Hopf bifurcation at the positive
p3s = A1By — A3Bo — AoB; ,ps = AoBo, 41 = B3, q2 equilibrium E* when 7=z,
= Bzz - 23331,

4. Numerical Simulations
q3 = B} — 2ByB,,Q, = A§ — B

Substituting the value of A (z) in (3) and differentiating w.r.t. Table 1: A set of parameter values
T we have Parameter Default Value
. . A 1
(ﬂ}_l__ 434N H2A Q44 . IBAHZEAVE, o " 012
dt J.[l'+A 4 3704 1ad ] B 4B B g, N B 0.1
AN HAAA,) BARBAHE S, y 0.2
Which leads to . — 0.07
R . - — fyvy) m 0.02
E(ﬂh) — 72 7’ a 0.09
|:B]ml—33m| ]] +|[E-:_Eam: } M 0.025
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u 1

d 0.011
d; 0.1

) 0.01

In this part, numerically supported the theoretical analysis
for the set hypothetical parameters values in table

1. For the set of parameters, from the system (1) we get, RQ
= 2.76, endemic equilibrium point E* = (16.6570, 15.8870,
29.9727, 19.3451). By direct computation, we Have Detl >
0, Det2 > 0, Det3 > 0, Det4 > 0. Clearly, the conditions H1

holds. So E* is asymptotically stable (see in Figure 1). If u =
2.5 and other parameter fixed, then from the system (1) we
get Rp = 0.9196 and disease free equilibrium point E1 =
(72.9096, 0, 0, 18.0018) is asymptotically stable (see in
Figure 2).

For = > 0, using Matlab software, show that the conditions
H2 and H3 hold. Then, we get

o = 0.0886, r > 15.2919. From the theorem 1, we can
deduce that E* is asymptotically stable when

7 € [0, 15.2919) and a Hopf bifurcation occurs at the critical
values 7 > 15.2919 (describe in Figure4).

=
= ]
E‘“ ] . . . . .
g L 1i] 20 i BO BED 100 120 140 180 180 200
= time
T T T T T T T T T
-E o | —
2 = : : . : : : . : :
|ﬂ BD 20 i BO B 100 120 140 180 180 200
time
T T
T 35
T s
! i i i i i i i
£ Z5p 20 40 BO BO 100 120 140 160 180 200
time
E T T
£ 1|
&
E 5 i i i i i i
- ] 20 40 BO BO 100 120 140 160 180 200
o time

Figure 1: The equilibrium point E* is locally asymptotically stable for the set of parameter in the Table 1.

2 a0 T T T :
s - _ﬂ_.___,._.-———_—
E‘ E = i i i i i i i i i
E ] 20 i BO B 100 120 140 160 180 200
¥ - time
- 10 T T
@ sf -
a D i _l__l_ "
E o 20 i BO BO 100 120 140 180 180 200
time
B4 - ' -
T.f
'= z i ' T z i
=0
=0 20 i BO BD 100 120 140 180 180 200
-E time
E 10 T T
& 5[
g g I i g L 5 P ¥ i i
E o 20 i BO B 10a 120 140 180 180 200
time

Figure 2: The figures depicts that the disease free equilibrium point E1 is stable for o = 0.039, u = 2.5 and other set of
parameter fixed in Table 1.

Solution without delay

-

i

5 ELR

0 2 400 &30 BDD

1000 1200 1400 160D 1800 2000
Time

Figure 3 (a)
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Solution with delay
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Figure 3 (b)
Figure 3: The figure 3(a) show that E* is locally asymptotically stable for the set of parameter in the Table 1 and 7 = 0; the
figure 3(b) show that all species are oscillatory behavior for the set of parameter in the Table 1 and 7 = 22.

=
=
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=2 Iy
ﬁ -] - -
o —
:_ ]
w 20 1 4 f T 78 2q
tau
§ s
a 10 — =
- ——
w
20 1 4 i A 4]
tau
E 4 e
B
¥ 5 —
E )
= 2
&l | ¥ A I+
- tau
&
= 10
& —
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@ 6
[+ 4 20 q 4 25 T A 9
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Figure 4: The bifurcation diagram of all the populations with tau (t) as the bifurcation parameter.

5. Conclusion

This paper is concerned with a delayed SEIR epidemic
model with saturated incidence and saturated treatment
function. The effect of the delays on the model is
investigated and the main results are given in terms of local
stability and local Hopf bifurcation. It has been shown that
the model is stable when the value of the bifurcation
parameter is below the critical value, which means that the
disease can be controlled easily. However, when the value of
the bifurcation parameter is above the critical value, a Hopf
bifurcation will occur. In this condition, the disease is out of
control. Accordingly, we should shorten the delay in the
model as much as possible so that we can predict and control
the disease propagation. Finally, some numerical simulations
are carried out to support our theoretical results.
References

[1] Hyman, J.M., Li, J.: Modeling the effectiveness of
isolation strategies in preventing STD epidemics.
SIAM J. Appl. Math. 58(3), 912-925 (1998)

Hu, Z., Liu, S., Wang, H.: Backward bifurcation of an
epidemic model with standard incidence rate and
treatment rate. Nonlinear Anal. Real World Appl. 9(5),
2302-2312 (2008)

Xu, R., Ma, Z.: Global stability of a delayed SEIRS
epidemic model with saturation incidence rate.
Nonlinear Dyn. 61(1- 2), 229-239(2010)

Zhonghua, Z., Yaohong, S.: Qualitative analysis of a

[2]

(3]

[4]

[5]

[6]

[7]

8]

(9]

[10]

[11]

SIR epidemic model with saturated treatment rate. J.
Appl. Math. Comput. 34(1-2), 177-194 (2010)

Zhou, X., Cui, J.: Analysis of stability and bifurcation
for an SEIV epidemic model with vaccination and
nonlinear incidence rate. Nonlinear Dyn. 63(4), 639—
653 (2011)

Biswas, S., Sasmal, S.K., Samanta, S., Saifuddin, M.,
Pal, N., Chattopadhyay, J.: Optimal harvesting and
complex dynamics in a delayed eco-epidemiological
model with weak Allee effects. Nonlinear Dyn. 87(3),
1553-1573(2017)

Kermack, W.O., McKendrick, A.G.: A contribution to
the mathematical theory of epidemics. Proc. R. Soc.
Lond. A 115(772), 700-721(1927)

Ackleh, AS., Allen, L.J.: Competitive exclusion and
coexistence for pathogens in an epidemic model with
variable population size. J. Math. Biol. 47(2), 153-168
(2003)

Earn, D.J., Rohani, P., Bolker, B.M., Grenfell, B.T.: A
simple model for complex dynamical transitions in
epidemics. Science 287(5453), 667-670 (2000)
Koprivica, V., Stone, D.L., Park, J.K., Callahan, M.,
Frisch, A., Cohen, 1.J., Tayebi, N., Sidransky, E.:
Analysis and classification of 304 mutant alleles in
patients with type 1 and type 3 Gaucher disease. Am.
J. Human Genet. 66(6), 1777-1786 (2000)

McCluskey, C.C.: Global stability for an SIR
epidemic model with delay and nonlinear incidence.
Nonlinear Anal. Real World Appl. 11(4), 3106-3109
(2010)

Volume 12 Issue 5, May 2023

WWW.ijsr.net
Licensed Under Creative Commons Attribution CC BY

Paper ID: SR23527065747

DOI: 10.21275/SR23527065747

2592



International Journal of Science and Research (1JSR)

ISSN: 2319-7064

SJIF (2022): 7.942

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Shulgin, B., Stone, L., Agur, Z.: Pulse vaccination
strategy in the SIR epidemic model. Bull. Math. Biol.
60(6), 1123—1148(1998)

Elbasha, E., Podder, C., Gumel, A.: Analyzing the
dynamics of an SIRS vaccination model with waning
natural and vaccine-induced immunity. Nonlinear
Anal. Real World Appl. 12(5), 2692—-2705 (2011)
Diaz, P., Constantine, P., Kalmbach, K., Jones, E.,
Pankavich, S.: A modified SEIR model for the spread
of Ebola in Western Africa and metrics for resource
allocation. Appl. Math. Comput. 324, 141-155 (2018)
Sun, G.Q., Xie, J.H., Huang, S.H., Jin, Z., Li, M.T,,
Liu, L.. Transmission dynamics of cholera:
mathematical modeling and control strategies.
Commun. Nonlinear Sci. Numer. Simul. 45, 235-244
(2017)

Misra, A., Gupta, A., Venturino, E.: Cholera dynamics
with Bacteriophage infection: a mathematical study.
Chaos Soli- tons Fractals 91, 610-621 (2016)

Li, L.: Monthly periodic outbreak of hemorrhagic
fever with renal syndrome in China. J. Biol. Syst.
24(04), 519-533(2016)

Wang, W., Ruan, S.: Bifurcations in an epidemic
model with constant removal rate of the infectives. J.
Math. Anal. Appl. 291(2), 775-793 (2004)

Zhou, L., Fan, M.: Dynamics of an SIR epidemic
model with limited medical resources revisited.
Nonlinear Anal. Real World Appl. 13(1), 312-324
(2012)

Dubey, B., Patra, A., Srivastava, P., Dubey, U.S.:
Modeling and analysis of an SEIR model with
different types of non- linear treatment rates. J. Biol.
Syst. 21(03), 1350023 (2013)

Dubey, P., Dubey, B., Dubey, U.S.: An SIR model with
non- linear incidence rate and Holling type IlI
treatment rate. Appl. Anal. Biol. Phys. Sci. 186, 63-81
(2016)

Zhou, T., Zhang, W., Lu, Q.: Bifurcation analysis of
an SIS epidemic model with saturated incidence rate
and saturated treatment function. Appl. Math. Comput.
226, 288- 305 (2014)

Upadhyay, R.K., Kumari, S., Misra, A.: Modeling the
virus dynamics in computer network with SVEIR
model and non- linear incident rate. J. Appl. Math.
Comput. 54(1-2), 485-509 (2017)

Yuan, Z., Ma, Z., Tang, X.: Global stability of a
delayed HIV infection model with nonlinear
incidence rate. Nonlinear Dyn. 68(1-2), 207-214
(2012)

Shu, H., Fan, D., Wei, J.: Global stability of multi-
group SEIR epidemic models with distributeddelays
and nonlinear transmission. Nonlinear Anal. Real
World Appl. 13(4), 1581-1592 (2012)

Crowley, P.H., Martin, E.K.: Functional responses and
interference within and between year classes of a
dragonfly population. J. North Am. Benthol. Soc. 8(3),
211-221(1989).

Xu, S.: Global stability of the virus dynamics model
with Crowley—Martin functional response. Electron. J.
Qual. Theory Differ. Equ. 2012(9), 1-10 (2012)

Zhou, X., Cui, J.: Global stability of the viral
dynamics with Crowley—Martin functional response.
Bull. Korean Math. Soc. 48(3), 555-574 (2011)

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Lekone, P.E., Finkensta“dt, B.F.: Statistical inference
in a stochastic epidemic SEIR model with control
intervention: Ebola as a case study. Biometrics 62(4),
1170-1177 (2006)

Xu, R.: Global dynamics of an SEIRI epidemiological
model with time delay. Appl. Math. Comput. 232,
436-444(2014)

Jana, S., Nandi, S.K., Kar, T.: Complex dynamics of
an SIR epidemic model with saturated incidence rate
and treatment. Acta Biotheor. 64(1), 65-84 (2016)
Birkhoff, G., Rota, G. C. Ordinary Differential
equations. It Ginn Boston, (1982).

Castillo-Chavez, C., Song, B.: Dynamical models of
tuberculosis and their applications. Math. Biosci. Eng.
1(2), 361 404 (2004)

Tipsri, S., Chinviriyasit, W.: The effect of time delay
on the dynamics of an SEIR model with nonlinear
incidence,Chaos Solitons Fractals 75, pp. 153-172,
(2015).

Y.Y. Zhang and JW. Jia, Hopf bifurcation of an
epidemic model with a nonlinear birth in population
and vertical transmission, Appl. Math. Comput. 230
(2014), pp. 164-173.

Paper ID: SR23527065747

Volume 12 Issue 5, May 2023

WWW.ijsr.net
Licensed Under Creative Commons Attribution CC BY

DOI: 10.21275/SR23527065747

2593





