Available online at http://scik.org

J. Math. Comput. Sci. 11 (2021), No. 1, 1039-1052
https://doi.org/10.28919/jmcs/5296

ISSN: 1927-5307

AN APPLICATION OF NONSTANDARD FINITE-DIFFERENCE SCHEME FOR
SOLVING AUTONOMOUS AND NON-AUTONOMOUS MATHEMATICAL MODEL
FOR WOLBACHIA-CARRYING MOSQUITO POPULATION DYNAMICS

MEKSIANIS Z. NDII!*, ASEP K. SUPRIATNA?

I Department of Mathematics, University of Nusa Cendana, Kupang-NTT, Indonesia.

2Department of Mathematics, Faculty of Mathematics and Natural Sciences, Padjadjaran University, Indonesia

Copyright © 2021 the author(s). This is an open access article distributed under the Creative Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. The use of Wolbachia bacterium has been proposed as an alternative strategy against Dengue, Zika and
Chikungunya. This requires that Wolbachia-carrying mosquitoes should persist in the population. A number of
mathematical models has been developed and analysed to understand Wolbachia-carrying mosquito population dy-
namics. However, their analytical solutions are not easily derived and therefore, a numerical approach is required.
In this paper, we develop a nonstandard finite difference scheme (NSFDS) for autonomous and non-autonomous
mathematical models of Wolbachia-carrying mosquito population. The dynamical properties of discrete systems
are then analysed. We also perform numerical simulations of the scheme and compare to other traditional methods.
We found that the discrete system preserves properties of the continuous models such as equilibrium points and
stability.
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1. INTRODUCTION

The use of Wolbachia bacterium has been proposed as a promising strategy against Dengue,
Chikungunya, and West-Nile virus. There are two mechanism by which Wolbachia can reduce
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the transmission of vector-borne diseases. First, the Wolbachia can reduce the mosquito lifespan
up to 50% depending in the Wolbachia strain [1], which minimises the chance for mosquitoes
to transmit virus. Second, Wolbachia can reduce the level of virus in the mosquitos [2]. Wol-
bachia causes an effect known as Cytoplasmic Incompatibility (CI). That is, Wolbachia-carrying
female mosquitoes can reproduce successfully when mating with both non-Wolbachia and Wol-
bachia carrying male mosquitoes. On the other hand, non-Wolbachia female mosquitoes can
only reproduce successfully when mating with non-Wolbachia male mosquitoes [2]. This gives
a reproductive advantage for Wolbachia-carrying female mosquitoes. Furthermore, CI affects
the population dynamics of mosquitoes.

Mathematical model is commonly formulated and analysed to understand complex phenom-
ena including population dynamics [3, 4, 5, 6,7, 8,9, 10]. The models are generally in the form
of system of nonlinear differential equations, which consist of autonomous or non-autonomous
models. Furthermore, analytical solutions of the models are not easily determined and there-
fore, a numerical approach is generally used [11]. To date, a number of mathematical models
has been developed to understand the mosquito population dynamics in the presence of Wol-
bachia-carrying mosquitoes [4, 12, 3]. The model are autonomous and non-autonomous with
seasonal forcing on adult mosquito death rate [4]. Analytical solutions of the models are not
easily determined and therefore numerical solutions are presented. Although, NSFDS has been
formulated for other problems [13, 14, 11, 15, 16, 17, 18, 19, 20, 21, 22, 23], to the best of our
knowledge, there is a little work on the construction of NSFDS for model of Wolbachia-carrying
mosquito population dynamics. The aim of this paper is to construct a NSFDS for autonomous
and nonautonomous mathematical model of Wolbachia-carrying mosquito population and anal-
yse the scheme properties.

The remainder of the paper is organised as follows. Section 2 overviews mathematical model
for Wolbachia-carrying mosquito population dynamics. Section 3 presents the construction of
numerical scheme for autonomous and nonautonomous models and their numerical simulations.

Finally, the conclusion is presented.
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2. MATHEMATICAL MODEL

In this section, we present a mathematical model for Wolbachia-carrying mosquito popu-
lation dynamics. The model has been proposed by Ndii et al. [4]. The mosquito population
consists of non Wolbachia and Wolbachia-carrying mosquitoes. The mosquito population is
divided into Aquatic (Ay and Ay ), Male (My and My ) and female (Fy and Fy) mosquitoes.
The subscripts N and W are to differentiate between non-Wolbachia and Wolbachia-carrying
mosquitoes respectively.

The Wolbachia-carrying female mosquitoes reproduce when they mate with non-Wolbachia
and Wolbachia-carrying male mosquitoes and their growth is limited by carrying capacity, K,

that is

ey

Fw(MN —|—Mw) (1 B AN —I—Aw)
Fy + My + My + Fy K ’

Non-Wolbachia female mosquitoes can only reproduce when they mate with non-Wolbachia

males. This is governed by

2)

FyMy (1 B AN —|—Aw>
Fy +Mpy + My + Fy K .

Equations (1) and (2) capture the effect of Cytoplasmic Incompatibility (CI). Furthermore, the
maternal transmission of Wolbachia-carrying mosquitoes is not perfect [2] and hence there is a
proportion of Wolbachia-carrying aquatic mosquitoes (1 — &) that mature to be non-Wolbachia
mosquitoes. A proportion of & mature to be Wolbachia-carrying adult mosquitoes. When
aquatic mosquitoes mature, a proportion of € is male and the rest (1 — €) is female. The model

is governed by the following system of differential equations.

dAN My Ey (AN —|—Aw)
= -] — AN — WA
dt PN P ( K MNAAN — YINAN,

dMm,
dFy

= (1—ey) WAN — unFy + (1 — evw) (1 — ow ) YwAw,
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dAw Fw (MW +MN) (AN +Aw)
=W 1— 28 aAw — WA
dr Pw P X UwaAw — WAwW,
dm
@) d—tw = &w ow YwAw — Uw My ,
dFy
d_tW = (1 —&w) awWwAw — tw F.

where P = Fy + My + My + Fy. We nondimensionalise the model by setting the ratio of male
and female mosquitoes to be the same, € = 1/2 and K = 1, the model is reduced to

dAy F?
dt Z(FN -l-Fw)

dFy _ WAN n (1—o)wAw

(1—(An+Aw)) — (nva + W)AN,

— unF;
) e 2 2 o
dA F
d—tW — pWTW (1= (AN +Aw)) — (Hwa + 1w )Aw,
dFwy AYwAw
— — Fw.
7 7 HUw I'w

In this paper, a NSFDS is constructed for nondimensionalised model (Equation (4)).
Model (4) has four equilibriums, which are mosquito-free equilibrium, only non-Wolbachia

mosquito surviving equilibrium, only and non-Wolbachia and two coexistence equilibriums.
E; =(0,0,0,0) E,=(AN*,Fy,0,0) and Es34=(AY,Fy, AW Fy)

where

4 Ax
Mv(va + W) g Fp = PNAN
PNV 2y
The expression for E3 4 is not analytically tractable and hence is explored numerically as given

AN*=1-—

in Ndii et al. [4]. Furthermore, only one of them is locally stable.

As the mosquito lifespan is seasonal-dependent, a seasonal forcing is applied to the adult
mosquito death rate. Furthermore, a sensitivity analysis showed that adult mosquito death rate
is also the influential parameter [4]. The seasonal forcing of the mosquito adult death rate is the

following
pn (1) = pvo (1+mcos(2m(r+y))  and (1) = riy(7)
Uno is the baseline adult death rate, 1 is the degree of seasonality, y is the phase and 7 is time,

and r is the ratio of death rate of Wolbachia-carrying adult mosquitoes to non-Wolbachia adult

mosquitoes.
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TABLE 1. Parameters, description, values and sources of Model 4.

Symbol Description Value  Unit Source

PN Non-Wolbachia reproductive 125 day~! [4]
rate
una  Non-Wolbachia aquatic death 1/7.78 day‘1 [24]
rate
W Non-Wolbachia maturation 1/6.67 day‘1 [25]
rate
Un Non-Wolbachia adult death 1/14 day~! [24]
rate
uwa  Wolbachia aquatic death rate  1/7.78 day~! [2,26]
Uw Wolbachia adult death rate 1/7 day_1 [2, 26]
pw Wolbachia reproductive rate ~ 1.25py day~! [4]
Wolbachia maturation rate 1/6.67 day_1 [25]
a The proportion of Wolbachia- 0.9 N/A  [2,26]
infected offspring from a

Wolbachia-infected mother

3. SCHEME CONSTRUCTION

This section deals with numerical construction of the proposed scheme. A nonstandard nu-

merical scheme is based on the two fundamental rules[27, 28, 29], which are

(1) Nonlocal approximation is used; for example

x2 - xnxn—H

B 20 — ()2
(2) Discretisation of derivatives is not traditional and use the nonnegative function ¢ (h) =
h+O(h?)
Let us define the derivatives as follows

) df(t):f(t+h)—f(t)+0(¢(h)) s B oo

dt o(h)
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where ¢ (h) is real-valued function on R called denominator function that satisfies the following
properties [30]

(1) ¢(h) =h+O(h?),

(2) 0< ¢(h) < 1forall h>0.

The above definition is consistent with the traditional derivatives. There is no general rule for

determining ¢ (1) but we can find ideas in [30].

3.1. Scheme construction for autonomous model. Let define (Ay)", (Fy)", (Aw)", (Fw)"
the approximation of Ay (nh), Fy(nh), Aw (nh), and Fy (nh) respectively where n =0, 1,2,3,4, ...

and /& > 0O the step size of the scheme. The approximation scheme for the Model (4) is given as

follows,
AR — AR R
NN g TNIN (AT ALY — (g )AL
Frtl _pn 1—
IV I g Uy
¢ (h) 2 2
© A — AT R
W W PV (A4 A)) — (- pwa) AL
¢3(h) 2

F}’l+1_F}’l o
14 Wo_ WA"W—HWFV@H-

Pa(h) 2

Rearrange the Equation (6) to obtain

2(Ff -+ Fy )AL + 01 (h) [pn T F (1— (Al +A)]

n+1 __
A= 2EL T FR) (1 01 () (s + ) ’
it _ 2B 0a() AR (1~ o)ty
% N 2(1+ ¢ (h)uw) ’
it 24+ 0s(Wpw Fy (1 (A +AR))
W 201+ 03() (pw T tiwa)
el 2Fy +¢4(h)a7WAnW
W= T e

We choose the denominator function as

where i = 1,2,3,4 and (M, My, M3,My4) = (Y + Una, UN, W + Hwa, Uw )-
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3.2. Scheme analysis. This section presents the equilibrium points of the scheme and the
stability of the model. We determine the equilibrium points that satisfy the conditions of A;‘v“ =

n n+l _ pn psn+l _ sn n+1 _ rn

2(Fy + Fyy )AN + @1 (h) [y EyFy (1 — (A} + Ay )]

AT R (et )
i 2+ 0200 [+ (1 — )]
® 2(1+ ¢o(h)un)
o 2+ o) pw g (1~ (A +A})
W =500 ga(h) (pw )

n _ 2Fy + ¢a(h)oyivAyy
Y 2(1 4 gu(h) )

If Wolbachia-carrying mosquitoes do not persist in the population, then the equilibrium points

is

PNYN "2 Un PN

4 1 4
Ey— <1 AN (W + Ha) (Y_N B (YN+HNA)> 70,0)
The equilibrium E; corresponds exactly to that of Model (4).
The other equilibrium points (E3 and E4) can be found numerically since the mathematical
expressions are not analytically tractable.
To determine the stability, we construct a Jacobian matrix and find the eigenvalues. For

discrete model, the equilibrium points are stable if the root of characteristic polynomial is less

than unity.

Theorem 1. Let x = (Ay, Fn,Aw,Fy) and £ = (AAN,FN,AAW,FW) be an equilibrium point of the

difference equation
9) X =F L e =0,1,2,..

where the function F is a continuously differentiable function defined on some open neighbor-
hood of an equilibrium point X. If all the roots of the characteristic polynomial have absolute
value less then one, then the equilibrium point X is locally asymptotically stable. If at least one
root of the characteristic polynomial has absolute value greater than one, then the equilibrium

point X is unstable.
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Constructing the Jacobian matrix J(%), which is

Ji Ji2 J13 Ji4
__ MW o1 _em)(I-a)w 0
2(1+¢2 (h)un) (14+¢2 (1) un) 2(1+¢2 () )
¢3(h)pw Fw 0 | — ——9s(h)pwFy+2 _ 93(h)pw(1—(AN+Aw))
2(1+¢3(h) (Yw+Hwa)) 2(1+¢3 (h) (w+Hwa)) 2(1+¢3 (h) (Yw+Hwa))
0 0 __ahayw 12
L 2(14+¢4(h)uw ) 2(1+¢4(h)pw)
where
P (h)Ex"pn +2(Fy + Fiv)
2((Fy + Fw)(1+ ¢1 (h) (uva +mw)))’
Ji2 = =Dy + D>,
Jis = o1 (h)pwF”
2((Fy + Fw)(1+ ¢1(h) (uva +w)))’
Ji4 = —D3+ Dy,
with

24N + 21 (h)pnEn(1 — Ay — Aw)
2((Fy+Fw)(1+61(h) (uva + W)

((2(Fy + Fw))An + 01 (W) pnFa’ (1 — Ay — Aw))

1:

D (B B s oAt 1))
Dy = A

T (B Fo) 1+ 00 (1) (bwa+ w)))

py . LU+ Fiy)) A + 01 ()i (1 = Ay — Ay))

2((Fy + Fw)2(1+ @1 (h) (una + )
The eigenvalues of the model is found numerically by solving |/ — AI|. The results are given in

Table 2.

TABLE 2. Eigenvalues for E2 and E3 for discrete model with different values

of h. The parameter values for E2 is given in Table 2

h (A1,42,23,A4) for E» (A1, 42,23, A4) for E3
0.1 (0.06702,0.00388,0.03487, —0.00068) (0.0686,0.0290,0.0036,0.0051)
0.01  (0.00686,0.00039,0.00356,—0.000069) (0.00703,0.00297,0.00036,0.00051)
0.001 (0.00068,0.00003,0.00035,—0.0000069) (0.00070,0.00029,0.00003,0.00005)
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We show the results that the absolute of the eigenvalues is always less than unity and therefore
the equilibrium points are locally stable. Note that the obtained equations should be computed
in sequence but it starts from FA’}“, A;lv“, A"}VH, F‘ZI,H since the outcome of the F]\”,Jrl is needed
for the calculation of A?\]H , which is then used to calculate A”WJrl and then Fv’{,ﬂ. The numerical

simulations are given in Section 3.3

3.3. Numerical simulations. To illustrate the results, we perform numerical simulations of
the scheme and compare to the Euler method. The parameter values are given in Table 1 and

the numerical simulations are given in Figures 1 and 2

0.8

NSFDS
0.4
0.6 . Euler

0.3
< 04 |_|_Z
0.2

NSFDS
0.2 0.1 Euler
0 0
0 50 100 50 100
Time Time
0.8
NSFDS 0.4 NSFDS
0.6 Euler Euler
0.3
<§ 0.4
027
0.2 0.1
0 0
0 50 100 50 100
Time Time

FIGURE 1. Numerical simulations of NSFDS and the Euler method for the non-

Wolbachia only equilibrium (E3) with 4 = 0.01 .

Figure 1 shows the numerical simulations for the model for non-Wolbachia only steady state.
It shows that the numerical simulations using NSFDS and the Euler method are in good agree-
ment.

Figure 2 shows the numerical simulations of the model for the coexistence equilibrium. It
shows that NSFDS and the Euler method gives the similar results. We also simulate for a very

large time and found that the solutions remain positive.
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0.8 0.3
NSFDS NSFDS
06 Euler 0.2 Euler
<Z 0.4
0.1
0.2
0 0
50 100 50 100
Time Time
0.8 0.5 |
NSFDS NSFDS
. Euler Euler
0.6 0.4
=
<
0.4 0.3
0.2 0.2
50 100 50 100
Time Time

FIGURE 2. Numerical simulations of the NSFDS and the Euler method for co-

existence equilibrium (E3) with 2 = 0.01.

3.4. Scheme construction for non-autonomous model. The numerical scheme for nonau-
tonomous model is the same as that of the autonomous model except for the adult mosquito

death rate. The adult mosquito death rate is governed by

n+1

n+1
- r»uN )

(10) Uyt = pno (14 ncos(2m((nh) + ) and  piy

where r is the ratio of death rate of Wolbachia-carrying adult mosquitoes to that of non-Wolbachia

adult mosquitoes. The numerical scheme for the nonautonomous model is the following.

An—H _An FnFn_H
W - N% (1= (A% +A%)) — (W + tva) A
N T Iw
By —Fy W 1—
%T 2AK’+< ) oy — Uy,
An—H _An pWF
(11)
Fyt' —Fy _aw

'uWFn+1

¢4 (h) 2
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Rearranging Equation (11) gives AZ'{,H , FN"+1 , A”W+1, FV’[’,H , where their expressions are the same
as Equation (7) except for uy and uy. The uy and puy are replaced by Equations 10. This gives
the periodic solutions of the model. The simulations of the model is given in Section 3.5. The
calculation of the obtained equations begins by calculating the parameter ,ul’\‘,“. The following

steps are the same as in autonomous model.

3.5. Numerical Simulations. In this section, we present numerical simulations of NSFDS
for the nonautonomous model and compare the results to that of the Euler method and matlab

ode45 routine. The simulation is given in Figure 3.

0.502 T T T T T T T T T

0.5

0.498

> 0.496

0.494

0.492

049 1 1 1 1 1 1 1 1 1
800 800.5 801 8015 802 8025 803 803.5 804 8045 805

Time
FIGURE 3. Numerical simulations of nonstandard finite difference method and
Euler method with 4 = 0.01 for Wolbachia-carrying mosquito population. For

the sake of clarity, we only plot from day 800 to 805.

Figure 3 shows that the numerical simulations for the Wolbachia-carrying mosquito popula-
tion using NSFDS, the Euler method and the ode45 routine are in a good agreement. We also
conducted numerical simulations for a very large time to examine the positivity of the periodic

solutions. We found that the solutions remain positive all the time.
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4. CONCLUSIONS

We formulated a nonstandard finite difference schemes for autonomous and non-autonomous
model of Wolbachia-carrying mosquito population. A seasonal forcing is added in adult mosquito
death rate as this is influential parameter of the model. We found that the scheme is locally sta-
ble and the numerical simulations are in good agreement with Euler method and Matlab ode45
routine. For large time window, the numerical simulations show that the solutions remain pos-
itive as long as ¢;(h) < 1. However, the convergence of the scheme depends on the step size
h. Furthermore, one may be interested to use other denominator functions such as hyperbolic

tangent function. This may improve the accuracy of the scheme.
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