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1. Introduction

The spread of infectious diseases is still one of the funda-
mental problems in population ecology. Through mathematical
modeling, the rate of change of the population which is divided
into several interacting compartments is given by the epidemic
model. Most of these model are define in a system of differential
equations, for example [1-3]. One of the simple compartment
model is the SIS model which is divided into two compartments:
the susceptible compartment (5) and the infected compartment
(I). In an SIS model, it is assumed that the individual who recov-
ered from infected compartment has no immune to the disease,
and will again transfer to susceptible compartment.

In this work, we assume that the population growth rate
following the logistic population model given by Verhulst (1838)

as follows. P P
Pl 1— —
g rP ( K) , (1)

where P is the population density, r is the intrinsic growth rate,
and K is the carrying capacity of population. Next, we also as-
sume there is a transmission of disease in this population follow-
ing the SIS model. Therefore, model (1) becomes

% =rS (1— S;I> — BSI +wl,
dl
dt

where S and I denote the numbers of susceptible and infected,

respectively, 3 is the transmission rate of disease, ¢ is the death
rate from the disease, and w is the natural recovery rate.
One of the popular environmental components namely the

Allee effect has gain much researchers attention, see 4, 5], for ex-

ample. The Allee effect refers to a decrease in population growth

(2)
= BST — (6 +w)I,
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ABSTRACT. This article investigates the dynamical properties of a discrete time SIS-Epidemic model incorporating
logistic growth rate and Allee effect. The forward Euler discretization method is employed to obtain the discrete-time
model. All possible fixed points are identified including their local dynamics. Some numerical simulations by varying
the step size parameter are explored to show the analytical findings, the existence of Neimark-Sacker bifurcation, and
the occurrence of period-10 and 20 orbits.
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rate when the population density is low [6]. Some mechanisms
potentially create Allee effect in population, such as environmen-
tal conditioning, antipredator strategies, breeding behavior, or
mate finding problem. There is two type of the Allee effect terms
which usually use to describe this phenomenon, i.e. multiplica-
tive Allee effect [7, 8] and additive Allee effect [9, 10]. If we as-
sume there is Allee effect in the susceptible compartment then
we obtain the following system.

ds S+1

dl
dt

(3)
— BST — (6 +w)I,

where m is the Allee threshold and all parameters are positive.

Currently, some studies about the biological system are us-
ing the discrete time model (see for example [11-15]). The main
reason is related to the statistical data of the population which
is collected in discrete time. Existing research exhibits that the
dynamics of the discrete time models are more complex rather
than their continous time models [16, 17].

By following the similar way in [18], we apply the forward
Euler scheme for the discretization eq. (3) and we obtain the
discrete-time SIS model as follows.

Spit = Sn +h Krs,, (1 _ S"#l) (S — m)>

=88, 1, +wl,],
Inv1 =1, +h[BSnI, — (6 +w)l,].

(4)

where h is the step size, S(0) > 0 and I(0) > 0.

The outline of this work is the following. Section 2 presents
the existence and local stability analysis of the fixed point of
eq. (4). In Section 3, some numerical results are performed not
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only to confirm the analytical results but also to investigate the
dynamics of the model numerically such as the Neimark-Sacker
bifurcation. Finally, some conslusions are given in Section 4.

2. Fixed Point and Their Local Stability

In this section, we derive the fixed points of eq. (4) in the
closed first quadrant Ri of the (S, I) plane and analyze the sta-
bility behavior around its fixed points.

First, we identify the fixed points by solving the following
equations:

S:S—i-h[TS(l—S;I)(S—m)—BSI—i—wI )
I=IT+h[BSI—(6+w)|

In this way, we get three types of fixed points as follows.
* The origin point Ey = (0, 0) always exists.
* The disease free point Ey = (K,0) or B2 = (m,0) always
exists.
* The endemic point E* = (S*, I*) where

P Otw
¥
e mrST(Bm — (6 +w)(BK — (6 +w))
mr(d +w)(fm — (0 +w)) — B2mK (2w + J)

Furthermore, using the next generation matrix the system (4) has
the following basic reproduction numbers.

Rgl:Lm , or

6+ w (6)
RK — BK
O T tw

Applying the basic reproduction numbers, E* = (S*, I'*) can be
reformulate as

N K m
S = ﬂo’r?gl,
o mrS*(RE —1)(RE 1)
 mr(Rp —1) — RPRE (2w + 6)°

Next, we give the existence condition of the endemic point E*
in the following lemma.

Lemma 1. (1) If the basic reproduction numbers satisfy Ry' <
Land RE < 1, then the system (4) has no endemic point.
(2) If the basic reproduction numbers satisfy
(i) R <1land RE > 1, 0r
(i) Rg* > 1and
(@ 1< RE < T or,
) T < RE <1,
then the system (4) has an endemic points.

Now, we study the stability of the fixed points of system (4) by
employing Lemma 4.1 in [14].

| Jambura J. Biomath

Theorem 1. The origin point Fy =
(i) Asinkif h < 2mm{W7 6+w}

(ii) A source if h > 2 max { 1 }

mr’ d+w

(111)Asaddlezf—<h<5+—wor—<h<—

d+w mr’

(iv) A non-hyperbolic if h = % orh = T'

w

(0,0) is

Proof. By evaluating the Jacobian matrix of system (4) at Ey =
(0,0), we acquire

1—hmr hw
The Jacobian matrix (7) gives two eigenvalues as follows.
A =1—hmr,
(8)
Ao =1—h(0+w).
Ifh < 2 then |\;| < 1,ifh > 2 then [\;| > 1,if h = 2 then
Al =1,ifh < M% then [A\s] < 1,if h > 5iw [A2] > 1,

and if h = M% then |A2] = 1. By applying Lemma 4.1 in [14],

the results of (i) — (év) can be proven.
O

Theorem 2. Let K > m and RE < 1. The disease free point
E1 is
9 9 9 9 1 1
(i) Asink if h < 2min{ s, T RRy Gy b
(i) A source if h > 2 max{ T(Kl_m) S

T (1-R{) (0+w) ];

es . 2

(iii) A sad;lle f sm=y < h < ' ers)
R <M <mE m) )

(iv) A non-hyperbolic if h = m orh = TR o7a)"

Proof. We first compute the Jacobian matrix of system (4) at fixed
point F; as follows.

—h[r(K —m) —w + RE(6 + w)]

J(E) = 1 - h(1— RE)( +w) ’

1—hr(K —m)
[ J o

which gives eigenvalues Ay = 1 — hr(K — m) and Ay = 1 —
h(1—RE)(6+w). According to Lemma 4.1 in [14] the statement
(1) — (iv) in Theorem 2 can be achieved. O

Theorem 3. Let K < m and R{* < 1. The disease free point
E2 is

(i) Asinkifh <2 min{mT(fn( T (1—R6"1)(6+w) 3

(ii) Asourceif h > 2 max{

ceEmei
mr(m—K)’ (1-RJ*)(0+w) I’
2

(i) A sad;ﬂe if — 7K) I<( h < A—Rp)(6+w) O
TRGTa) < ' < Fr(m=R)’

. 2K _ 2

(iv) A non-hyperbolic if h = O =Ty OF h = =R )0Fa)

Proof. For Ey = (m, 0), we obtain the Jacobian matrix as follows.

hlw — R (6 + w)]

—hmr (2 -1
J(E2) = O(K ) 1—h[(1-RM@G+w)] |’ 1o
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Figure 1. The Neimark-Sacker bifurcation diagram of system (4) corresponding to the bifurcation parameter h and other parameters are

given in (14)

From the Jacobian matrix in 10, we obtain two eigen values which
is A1 =1—hmr (% —1)and Ay = 1 — A[(1 — RF")(6 + w)].
Since K < m and R, 1 we have h < —2K h> —2K

mr(m—K)’ mr(m—K)

and h = — 2K when [\i] < 1,[\| > land [\i] = 1,

respectively. Furthermore, we have h < (1—Rm72)(6+w)’h >
0

Wﬂ% and h = (1*36"2% When |)\2| < 1,|)\2‘ > 1
and |\2| = 1, respectively. Thus, again by utilizing Lemma 4.1 in

[14], we have the complete dynamics given by Theorem 3. O

Theorem 4. Suppose that

Q= %«Rz{l— 1)(RE —2) + (1 - RY))
o (3-5)
A =02 — 481" (M—F(S)
O\ "RyRE

e —t =t p = A
1_Q+\/Za Q_Q—\/K, 3_QQ_A

Let R{* > 1. The endemic point E* is
e Asinkif A>0and 0 < h < hy,or A<0and0 < h <
hs.
* Asourceif A > 0and h > hy, or A < 0and h > hs.
e Asaddleif A > 0and hy < h < hao.
* A non-hyperbolic if A > O and h = hy or hy, or A < 0
and h = hs.

| Jambura J. Biomath

Proof. By computing the Jacobian matrix around E* = (5%, I'*),
we achieve

_ _p | r(RT 1) ]
JEy = | 17 h[Rong Ol
hBI* 1
which gives a quadratic polynomial characteristic

A2 —Tr(J(E*))XA + Det(J(E*)) = 0, where

Tr(J(E*)) =2 — hQ

mo_ 12
Det(J(E*)) =1 —hQ + h*pI* <’W’K) + 5) (12
R Ry
Therefore, we obtain two eigen values as follows:
AMp=1- ? + —h\gz (13)

By utilizing Lemma 4.1 in [14], the Theorem 4 is completely
proven. O

From the analytical results in Theorem 1 to 4, it is clear that
the step size (h) has greatly influences the stability of each fixed
point.

3. Numerical Simulation

In this part, some numerical simulations of the system (4)
are illustrated. For the sake of simulation needs, we use hypo-
thetical parameter values because of the absence of field data.

Volume 3 | Issue 2 | December 2022
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Figure 2. The phase portraits of system (4

We set some parameter values as follows,

B=02,w=0.1,§=0.1,=0.6,m=0.3, and K =4. (14)
According to Lemma 1, system (4) has an endemic point E* =
(1,1.536) since it is satisfies RJ* = 0.3 < 1 and R =4 > 1.
Furthermore, from Theorem 4 we also have a switching condition
from sink to source behavior. The endemic point E* = (1, 1.536)
has a discriminant value, A = —0.2505 < 0.Therefore, it has a
pair of complex conjugate eigen values, i.e. A\; o2 = 1—0.0196h+
0.2502h1. For this reason, we will show numerically the exis-
tence of Neimark-Sacker bifurcation around the endemic point
which corresponds to the step size (h) parameter.

By varying the step-size (h) inrange 0.4 < h < 2.7 and us-
ing parameter in (14) with initial conditions (So, Ip) = (1,1.4),
we portray the occurence of Neimark-Sacker bifurcation around
the endemic point E* = (1,1.536) in Figure 1. From Figure 1,
we see that £* is stable when h < hx =~ 0.62, and then loses its
stability with the emergence of an invariant closed curve when
h > hx =~ 0.62. For better visualization of this pehenomenon,
we choose six different values of h(h = 0.5,0.7,1,1.5,2.5,2.6)
and illustrate the phase portrait diagram in Figure 2. Moreover,
the radius of the invariant closed curve becomes larger as the
value of h increases as we can see in Figure 2(b—d). We also show
the appearence of periodic-10 and 20 orbits in Figure 2(e—f), re-
spectively.

~
~

4. Conclusion

A new discrete time SIS-epidemic model obtained by Eu-
ler method has been studied in this article. From the analyti-
cal results, it has found that the model has three types of fixed
points along with their respective local stability conditions. Each
of fixed points could be a sink, source, saddle, or non-hyperbolic

| Jambura J. Biomath

) for various h corresponding to Figure 1

point depend on the step size of discretization. We also show nu-
merically the emergence of Neimark-Sacker bifurcation, period-
10 and 20 orbits driven by the step size (h) parameter.

Acknowledgments. The authors intended to express our gratitude and
appreciation to the editors, reviewers, and all those who have supported
us in improving this article.

Funding. This research was funded by LPPM-UNG via PNBP-Universitas
Negeri Gorontalo according to DIPA- UNG No. 023.17.2.677521/2021,
under contract No. B/176/UN47.DI/PT.01.03/2022.

The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Conflict of interest.

Data availability statement. Not applicable.

References

[1] D.Aldila, N. Nuraini, and E. Soewono, “Optimal control problem in prevent-
ing of swine flu disease transmission,” Applied Mathematical Sciences, vol. 8,
no. 69-72, pp. 3501-3512, 2014. DOI: 10.12988/ams.2014.44275

K. M. Kabir, K. Kuga, and J. Tanimoto, “Analysis of SIR epidemic model with
information spreading of awareness,” Chaos, Solitons and Fractals, vol. 119,
pp. 118-125, 2019. DOI: 10.1016/j.chaos.2018.12.017

Windarto, M. A. Khan, and Fatmawati, “Parameter estimation and fractional
derivatives of dengue transmission model,” AIMS Mathematics, vol. 5, no. 3,
pp. 2758-2779, 2020. DOI: 10.3934/math.2020178

S. Pal, S. K. Sasmal, and N. Pal, “Chaos control in a discrete-time predator-
prey model with weak Allee effect,” International Journal of Biomathematics,
vol. 11, no. 7, pp. 1-26, 2018. DOI: 10.1142/S1793524518500894

Y. Chen and M. Li, “Mathematical Model of Allee Effect on Animal Single
Population Dynamics and Behavior of Solutions,” Revista Cientifica-Facultad
De Ciencias Veterinarias, vol. 29, no. 4, pp. 955-962, 2019.

L. Berec, V. Bernhauerovd, and B. Boldin, “Evolution of mate-finding Allee
effect in prey,” Journal of Theoretical Biology, vol. 441, pp. 9-18, 2018. DOI:
10.1016/).jtbi.2017.12.024

[2

3

(4

(5

[6

Volume 3 | Issue 2 | December 2022


https://doi.org/10.12988/ams.2014.44275
https://doi.org/10.12988/ams.2014.44275
https://doi.org/10.12988/ams.2014.44275
https://doi.org/10.1016/j.chaos.2018.12.017
https://doi.org/10.1016/j.chaos.2018.12.017
https://doi.org/10.1016/j.chaos.2018.12.017
https://doi.org/10.3934/math.2020178
https://doi.org/10.3934/math.2020178
https://doi.org/10.3934/math.2020178
https://doi.org/10.1142/S1793524518500894
https://doi.org/10.1142/S1793524518500894
https://doi.org/10.1142/S1793524518500894
https://link.gale.com/apps/doc/A624612449/IFME?u=googlescholar&sid=googleScholar&xid=89528179
https://link.gale.com/apps/doc/A624612449/IFME?u=googlescholar&sid=googleScholar&xid=89528179
https://link.gale.com/apps/doc/A624612449/IFME?u=googlescholar&sid=googleScholar&xid=89528179
https://doi.org/10.1016/j.jtbi.2017.12.024
https://doi.org/10.1016/j.jtbi.2017.12.024
https://doi.org/10.1016/j.jtbi.2017.12.024

A. T. R Sidik, H. S. Panigoro, R. Resmawan, and E. Rahmi — The existence of Neimark-Sacker bifurcation on a discrete-time...

62

7]

(8

9

(10]

(11]

(12]

X. Lin, H. Liu, X. Han, and Y. Wei, “Stability and Hopf bifurcation of an SIR epi-
demic model with density-dependent transmission and Allee effect,” Mathe-
matical Biosciences and Engineering, vol. 20, no. 2, pp. 2750-2775, 2022. DOI:
10.3934/mbe.2023129

H. S. Panigoro, E. Rahmi, A. Suryanto, and I. Darti, “A fractional order
predator—prey model with strong allee effect and Michaelis—Menten type of
predator harvesting,” AIP Conference Proceedings, vol. 2498, no. 1, p. 20018,
2022. DOI: 10.1063/5.0082684

E.Rahmi, I. Darti, A. Suryanto, Trisilowati, and H. S. Panigoro, “Stability Anal-
ysis of a Fractional-Order Leslie-Gower Model with Allee Effect in Predator,”
Journal of Physics: Conference Series, vol. 1821, no. 1, p. 012051, 2021. DOI:
10.1088/1742-6596/1821/1/012051

N. Hasan and A. Suryanto, “Dynamics of a fractional-order eco-epidemic
model with Allee effect and refuge on prey,” Communications in Mathe-
matical Biology and Neuroscience, vol. 2022, p. Article ID 117, 2022. DOI:
10.28919/cmbn/7742

Z.Hu, Z. Teng, and L. Zhang, “Stability and bifurcation analysis in a discrete
SIR epidemic model,” Mathematics and Computers in Simulation, vol. 97, pp.
80-93, 2014. DOI: 10.1016/j.matcom.2013.08.008

W.J. Du, J. G. Zhang, S. Qin, and J. N. Yu, “Bifurcation analysis in a discrete sir
epidemic model with the saturated contact rate and vertical transmission,”
Journal of Nonlinear Science and Applications, vol. 9, no. 7, pp. 4976-4989,
2016. DOI: 10.22436/jnsa.009.07.02

[13]

[14]

[15]

[16]

(7]

(18]

Q. Cui, Z. Qiu, W. Liu, and Z. Hu, “Complex dynamics of an SIR epidemic
model with nonlinear saturate incidence and recovery rate,” Entropy, vol. 19,
no. 7, pp. 1-16, 2017. DOI: 10.3390/e19070305

M. A. Abdelaziz, A. 1. Ismail, E A. Abdullah, and M. H. Mohd, “Bifurcations
and chaos in a discrete SI epidemic model with fractional order,” Advances in
Difference Equations, vol. 2018, no. 1, p. 44, 2018. DOI: 10.1186/513662-018-
1481-6

P. K. Santra, H. S. Panigoro, and G. S. Mahapatra, “Complexity of a Discrete-
Time Predator-Prey Model Involving Prey Refuge Proportional to Preda-
tor,” Jambura Journal of Mathematics, vol. 4, no. 1, pp. 50-63, 2022. DOI:
10.34312/jjom.v4i1.11918

H. S. Panigoro and E. Rahmi, “The Dynamics of a Discrete Fractional-Order
Logistic Growth Model with Infectious Disease,” Contemporary Mathemat-
ics and Applications, vol. 3, no. 1, pp. 1-18, 2021. DOI: 10.20473/con-
matha.v3i1.26938

H. S. Panigoro, E. Rahmi, N. Achmad, S. L. Mahmud, R. Resmawan, and A. R.
Nuha, “A discrete-time fractional-order Rosenzweig-Macarthur predator-
prey model involving prey refuge,” Communications in Mathematical Biology
and Neuroscience, vol. 2021, p. Article ID 77,2021. DOI: 10.28919/cmbn/6586
R. Mokodompit, N. Nurwan, and E. Rahmi, “Bifurkasi Periode Ganda dan
Neimark-Sacker pada Model Diskret Leslie-Gower dengan Fungsi Respon
Ratio-Dependent,” Limits: Journal of Mathematics and Its Applications, vol. 17,
no. 1, p. 19, 2020. DOI: 10.12962/limits.v17i1.6809

1JBM | Jambura J. Biomath

Volume 3 | Issue 2 | December 2022


https://doi.org/10.3934/mbe.2023129
https://doi.org/10.3934/mbe.2023129
https://doi.org/10.3934/mbe.2023129
https://doi.org/10.3934/mbe.2023129
https://doi.org/10.1063/5.0082684
https://doi.org/10.1063/5.0082684
https://doi.org/10.1063/5.0082684
https://doi.org/10.1063/5.0082684
https://doi.org/10.1088/1742-6596/1821/1/012051
https://doi.org/10.1088/1742-6596/1821/1/012051
https://doi.org/10.1088/1742-6596/1821/1/012051
https://doi.org/10.1088/1742-6596/1821/1/012051
https://doi.org/10.28919/cmbn/7742
https://doi.org/10.28919/cmbn/7742
https://doi.org/10.28919/cmbn/7742
https://doi.org/10.28919/cmbn/7742
https://doi.org/10.1016/j.matcom.2013.08.008
https://doi.org/10.1016/j.matcom.2013.08.008
https://doi.org/10.1016/j.matcom.2013.08.008
https://doi.org/10.22436/jnsa.009.07.02
https://doi.org/10.22436/jnsa.009.07.02
https://doi.org/10.22436/jnsa.009.07.02
https://doi.org/10.22436/jnsa.009.07.02
https://doi.org/10.3390/e19070305
https://doi.org/10.3390/e19070305
https://doi.org/10.3390/e19070305
http://dx.doi.org/10.1186/s13662-018-1481-6
http://dx.doi.org/10.1186/s13662-018-1481-6
http://dx.doi.org/10.1186/s13662-018-1481-6
http://dx.doi.org/10.1186/s13662-018-1481-6
https://doi.org/10.34312/jjom.v4i1.11918
https://doi.org/10.34312/jjom.v4i1.11918
https://doi.org/10.34312/jjom.v4i1.11918
https://doi.org/10.34312/jjom.v4i1.11918
https://doi.org/10.20473/conmatha.v3i1.26938
https://doi.org/10.20473/conmatha.v3i1.26938
https://doi.org/10.20473/conmatha.v3i1.26938
https://doi.org/10.20473/conmatha.v3i1.26938
https://doi.org/10.28919/cmbn/6586
https://doi.org/10.28919/cmbn/6586
https://doi.org/10.28919/cmbn/6586
https://doi.org/10.28919/cmbn/6586
https://doi.org/10.12962/limits.v17i1.6809
https://doi.org/10.12962/limits.v17i1.6809
https://doi.org/10.12962/limits.v17i1.6809
https://doi.org/10.12962/limits.v17i1.6809

	Introduction
	Fixed Point and Their Local Stability
	Numerical Simulation
	Conclusion

