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ABSTRACT. In this paper we consider a compartmental model describing the
transmission of Zika virus to humans and mosquito populations and an ex-
tended model including a second reservoir host of a non-human primate (mon-
key). This model is later generalized by a fractional time derivative.

To properly simulate the spread of the disease we design for each model
a nonstandard finite difference (NSFD) scheme that is able to guarantee the
positivity of the solution and exhibits the correct asymptotic behaviour of the
solution.

Numerical simulations of the models illustrate these advantages, e.g. the
positivity preservation, compared to using standard solver like the Runge-
Kutta Fehlberg method ode45.

1. Introduction

The Zika virus (ZIKV) is an emerging arbovirus that is transmitted by several
so-called vectors, the most important being the Aedes aegypti mosquito. Vectors
are living organisms that can transmit infectious pathogens between humans, or
from animals to humans. ZIKV was first isolated from a macaca monkey in the
Zika forest in Uganda in 1947, giving the virus its name, cf. [32, 33].

The first major ZIKV epidemic began 2007 on the Yap archipelago in the
Federated States of Micronesia, where a high number of cases were recorded in
about 75% of the population within a few months [36, 48]. Later, a worldwide
epidemic occurred in French Polynesia (2013-2014) with approximately 28,000 cases
(about 11%) of the total population [63]. In 2015, ZIKV was reported in Brazil via
viremic travelers or infected mosquitoes [106], it also began to spread in Mexico
[41]. Messina [72] showed that up to 2.17 billion people live in "risk areas” (tropical
and subtropical regions).

The ZIKV infection is associated with mild symptoms: Fever, headache, rash,
myalgia, and conjunctivitis, similar to other arboviruses (dengue or chikungunya)
[62] and no deaths have been reported to date. Nevertheless, ZIKV has emerged
as a major cause of the development of the Guillain-Barré syndrome [14]. Also,
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there is still uncertainty about the outcome of co-infections with other arboviruses
such as Dengue fever. Furthermore, there is no available treatment for ZIKV in-
fection. Patient care is based on symptomatic treatment with a combination of
acetaminophen and antihistamine medications [48].

Several mathematical models have been developed to address different cate-
gories in epidemiology, such as prediction of disease outbreaks and evaluation of
control strategies [23, 45, 64, 103]. The first mathematical epidemic model dates
back to Kermack and McKendrick (1927), who were concerned with mass events in
the susceptible, infected, and remote (SIR) disease transmission cycle [54]. Manore
and Hyman [66] proposed a mathematical model for ZIKV representing disease
transition and population dynamics Gao [40] developed a model of ZIKV transmis-
sion through bites of Aedes mosquitoes and also through sexual contact. Lee and
Pietz [61] developed a mathematical model for Zika virus using logistic growth in
human populations. Nishiura et al. [81] proposed a mathematical Zika model that
exhibits the same dynamics as Dengue fever.

In this work we derive a new nonstandard finite difference scheme (NSFD)
for a recent SEIR (susceptible-exposed-infectious-recovered) model [64] that de-
scribes the spread of the Zika virus using a human-mosquito compartmental model
and a human-mosquito-monkey compartmental model. Despite the fact that this
NSFD scheme has a nonlinear denominator function, this schemes has a couple
of favourable properties: it is explicit and due to its construction it reproduces
important properties of the solution, like the number and location of fixed-points,
the positivity and certain conservation laws. The goal of this work is to briefly
demonstrate, in detail, how the NSFD methodology is to be applied to a system of
coupled ODEs, where the discretizations are dynamical consistent with the critical
properties of the continuous differential equations.

The paper is organized as follows. In Section 2, we formulate the ZIKV trans-
mission models. Section 3 includes the stability analysis of the two considered
models. In Section 4 we design the nonstandard finite difference method for the
two proposed models and show how it can be extended to time-fractional variants
of the models using the L1 method. In Section 5 we propose a NSFD scheme for a
time-fractional version of our models. The numerical results of our novel schemes
are shown in Section 6. Finally, Section 7 presents the conclusions and some out-
look.

2. The ZIKV transmission models

In this section, we will briefly describe the two considered mathematical com-
partmental models [64] to describe the ZIKV transmission.

In areas without nonhuman primates, such as Yap State and French Polynesia,
ZIKV is likely maintained in a human-mosquito-human cycle, suggesting that the
virus has adapted to humans as reservoir hosts [59]. This settimng will lead us the
first model, formulated in a SEIR-SEI framework.

Boorman and Porterfield [22] showed in a laboratory setting that Monkeys can
become infected with ZIKV. However, there is no evidence that ZIKV is transmitted
to humans through contact with animals. On the other hand, the presence of
specific antiviral antibodies in various nonhuman primates, suggesting that other
reservoirs may play a role in the ZIKV transmission cycle, cf. [31]. For this reason
we also consider a second extended model.
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2.1. The Parameters. The human population is divided into four classes
(so-called ’compartments’): susceptible, exposed (latently infected), infected, and
recovered (individuals who have acquired immunity). We denote the number in
each compartment by Sy, Ey, Iy, and Ry. Accordingly, we divide the vector pop-
ulation (adult female mosquitoes) into three compartments: susceptible, exposed,
and infected, with the analogous notation S,, F, and I,. Next, we define the total
number of populations as

(21) Nh:Sh+Eh+Ih,+Rh; Ny =S, + E, + 1.

Doing so, we can consider the variables normalized to the total population

Sh Eh Ih Rh
S,=2t E,=l 1,=-1 =
"N PN TN, T TN
(2:2) S E I
Sy =—, E, =22, I,=-2.
N, N,” "7 N,

Let us introduce a couple of parameters, cf. [64].

B is the average number of bites per mosquito per day.
Bun is the probability rate that a bite from an infectious vector will infect a
human, the product B, is the number of disease-transmitting bites per
infectious mosquito per day, and the product Bf,,I,(t) is the number
of disease-transmitting bites per day in the entire mosquito population
at time ¢ (measured in days). However, multiplying BfS,1,(t) by the
proportion of susceptible people at time t represents the number of disease-
transmitting bites per day by infectious mosquitoes on susceptible people
at time ¢ (the daily rate at which susceptible people are exposed).

e The parameter uj is the proportion of the human population that dies
each day (Chuman mortality rate’).

e v, is the daily rate at which exposed people become infected ("human
infection rate’).

e 7, denotes the daily rate at which infected people become immune. ("hu-
man immunity rate’).

e The parameter 3, is the probability that the bite of an infectious human
will infect a mosquito; B, is the number of disease-transmitting bites
per mosquito per day. Thus, the product Bf},,S,(¢) is the number of bites
per day that result in disease being transmitted by susceptible mosquitoes
at time t. Multiplying Bfp,S,(t) by the proportion of infectious people
at time t the complete rate of disease-transmitting bites at time ¢ (the
daily rate at which susceptible mosquitoes become infected).

e The parameter p, is the proportion of the mosquito population that dies
each day (‘mosquito mortality rate’).

e v, denotes the daily rate at which exposed mosquitoes become infected

(’mosquito infection rate’).

Finally, we include a constant system inflow, the birth rates Ap, A, (e.g. birth of
new individuals that can get infected, and the natural mortality rates pp, fy.

2.2. The human-mosquito model. Now we are ready to formulate the first
model. The system of ordinary differential equations (ODEs) has the following
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form
dsc’ft(t) — Ay - (B,@vh% L, (t) + 1n ) Su(t),
dEd;;(t) — BB, xv L,(t) Su(t) — (vn + pun)En(2),
dlgt(t) = v Ep(t) — (g + pn)In(2),

(2.3) dfz};(t) = mnLu(t) — pnRa(t),
dSC;t(t) = Ay — (BBpo In(t) + 110) Su(2),
Bl B, 1 (0)S,0) ~ (v + 1) Bull),
dlglft) — LB (t) — oL, ().

The dynamical system described by equation (2.3) is depicted in Figure 1. We note
that by a convention in epidemiology models all parameters in (2.3) are assumed

to be positive.

Hn HUn Hn Hn
Yo ¢ ¢
vh 37 w9 h 9 n
Ay Sp T Ep ——» Ry
IV <+—— EV < A SV <+—
Uy BBhyInSy, Ay

v v

Uy Uy

FIGURE 1. A schematic representation of the model (2.3)

Summing up the equations in (2.3) gives immediately

dNy, (¢
n() = Ap — pn Ny(t),

(2.4) dl\?t(t)
> :Av— 1)N1)t-
" fo Ny (t)

Since the Zika virus transmission has a faster dynamic than the human birthrate
and the human natural mortality, N (t) can be regarded as a conserved quantity of
the above ODE system, if we set Ay, = pup = 0. This is not the case for the vector
(mosquito) which has a comparable dynamic.
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2.3. The human-mosquito-monkey model. Accordingly, we define the to-
tal monkey population as

(2.5) N () = Spn(t) + Enn(t) + L (t) + Rin(2),
and introduce the normalized variables

Sm E'!VL Im Rm
( 6) S’m Nm ) m Nm ) m Nm b R’rn Nm

Next, we introduce similar parameters for the monkey population, cf. [64]:
® [ym is the probability rate that a bite from an infectious mosquito will
infect a monkey.
e The parameter ., is the proportion of the monkey population that dies
each day.
® v, is the daily rate at which exposed monkeys become infected.
e 7, the daily rate at which infected monkeys become immune.
The corresponding system of ODEs for the temporal evolution of the (normal-
ized) human, vector and monkey population has the following form

S, (t Ny
) = A= (BSun > Tol0) + ) S0,

dE(t) _ Bﬁvh% L,(t)Sn(t) — (vn + un)En(t),

dt

dIgt(t) = vpEn(t) = (1 + pn)In (1),

dfzf;@) = () — R (1),

dS(;t(t) = Ay — (BBho In(t) + BBmo Ln(t) + 110) Su(t),

e P g 1) Su(0) + Bl T Sult) — (v + ) Bul0),

<ﬁﬁ:%&@—mmm

dSént(t) - ( BB, ]‘7\7\7; L,(t) + um) S (),
dEg;(t) — BB, J]\\& L,(t) St (t) = (i + pn) Enn(t),

dlg't(t) — VB () = (o + n) I (1),
ng; ©) ) T (8) — R (8).

The dynamical system described by equations (2.7) is depicted in Figure 2.
Again, summing up the equations in (2.7) yields for the total populations

dNy,(t)

= A, — N

T n — tn Np(t),
AN, (t)

28 :Av_ vatv

(2. - N (1)
ANwt) _ N ().

dt
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Hn Hn Hn Hn
. : ?
A vh 3y vh 9 n
Ly Sp —Afv’l—> E, *» I, —» Ry
I, « ' Ey < LJ Sv <«
Oy (BBnoln + BBmylm)Sy Ay
v v * v
Hy Hy ! Ky
ot . ey ot
Aml Sm —” Em —> lm —> Rm
Bﬁvmﬁlvsm " T

FIGURE 2. A schematic representation of the model (2.7).

and analogously, Ny(¢t) and N,,(t) can be regarded as a conserved quantity of the
above ODE system, if we set A, = up, = 0 and A,,, = pp, = 0.

3. Stability Analysis

In this section we will briefly review the results from [64] and add new findings
that are used later in the numerical part. First, we investigate the existence and
stability of the equilibrium points of system (2.3), i.e. the steady state points.

Using the following relationships for the normalized populations (2.2),

(3.1) Ry(t) =1 Sp(t) — En(t) —In(t),  Su(t) =1—Ey(t) — L(1),

and setting Aj, = py, (since the human dynamics is much slower than the one of the
mosquitos), we obtain from system (2.3) an equivalent reduced system with only 5
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components
(3.2)
dSy (¢
20— inSu(1) ~ pBA L (1) Su(1)
dE;, (¢
) (ot ) Bul0) + BB L (1) Su),
dl, (¢
gt( ) - vhBa(t) — (gn + pn) In(t),
dE, (1)
- BBno In(t) — (Vo + o) Eo(t) — BB In(t) Ey(t) — BBny In(t)Ly(t),
I, (¢)
=1, By (1) — poly(t ’
=D B(r) - ()
where we have used the abbreviation (and assumption)
(3.3) _ M > 1
. p= N, .
The system (3.2) has the Jacobi matrix J = J(Sy, Ep, I, E,, L) given by
—Hh — pBBurI, 0 0 0 —pBBunSh
pBﬁthv _(Vh + ﬂh) 0 0 pBﬁvhSh
0 Vh —(nn + 1in) 0 0
0 0 Bﬁhv<1 - E’U - Iv) _(V'u + ,U/v) - Bﬁthh _Bﬁhvlh
0 0 0 Uy — My

3.1. Equilibrium Points. In [64] the basic reproduction number Ry of the
reduced system (3.2) was determined as

_ VvVhpBgﬁhvﬁvh
Nv(’/v + Hv)(nh + ,uh)(l/h + ,Ufh)

Further, it was shown that the system (3.2) has always the disease free equilibrium
(DFE)

(3.4) Ry

( Z7E27127E* I*) = (1703();070)7

v v

which is the unique equilibrium point in the case Ry < 1.
For Ry > 1 the system (3.2) has a second stationary point, the endemic equi-
librium (EE), given by, cf. [64]

vaBth + /’Lh(Vv + I‘LU)RO

S = (vopBBun + pn(vo + o)) Ro’
B — Vo hPBBun Ry —1
Vh + [h (vaB/th + pn(vo + Nv))RO ’
(35) IZ* _ ,u'thVhpBﬂvh Ry—1 ’
(M + b)) W+ pn) (vopBBun + pn (Ve + 1)) Ro

wk popn(Ro — 1)
U (vopBBon + (Ve + o)) Ro’

' — Vv,uh(RO - 1)

" (vopBBun + (Ve + p))Ro
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Evaluating the Jacobian matrix J of the system (3.2) at the DFE, one obtains

—Hh 0 0 0 —pBBun
0 —(vn+pn) 0 0 pBBun
J(DFE) = | 0 R R 0
0 0 Bﬁhv _(V'U + Mv) 0
0 0 0 Vy — by

In [64] it was shown that all eigenvalues of this matrix have negative real parts, i.e.
the DFE of the reduced system (3.2) is locally asymptotically stable.

Similarly, the Jacobian matrix can be evaluated at the EE and one can prove
that for Ry > 1, the EE of the system (3.2) is locally asymptotically stable, cf. [64].

4. The Nonstandard Finite Difference Method

In this section we explain the technique of nonstandard finite difference schemes
(NSFDs). A NSFD scheme is constructed to satisfy the positivity condition and
the conservation laws. Consequently, the solutions are bounded, i.e. stable. Also,
only the fixed-points of the ODE systems (2.3), (2.7) appear in the NSFD scheme.
The specific full details are not given; we refer to the book of Mickens [73] for the
discretization strategy.

4.1. Nonstandard Finite Difference Schemes. NSFD methods for the
numerical integration of differential equations had their origin in a paper by Mickens
published in 1989 [73]. In this section, an NSFD scheme is constructed to satisfy
the essential positivity condition and the conservation law for Ay, = up =0, A, =
iy = 0 and A, = p,, = 0 which leads as a byproduct to the stability of the scheme.
We will also check that the equilibrium points of the ODE model also appear in
the proposed NSFD scheme.

Let us recall that schemes such as those based on Runge-Kutta methods can
yield wrong negative solutions (see [71, 42]) can produce ’false’ or ’spurious’ fixed-
points, which are not fixed points of the original ODE system, cf. [74].

Finally, we will determine in Section 4.4 the so-called denominator function
¢(h), such that we obtain the correct long-time behaviour. We refer to [16, 100],
where we established an NSFD scheme for a similar compartment model as here.

We remind the reader that a numerical scheme for a system of first-order dif-
ferential equations is called NSFD scheme if at least one of the following conditions
[73] is satisfied:

e The orders of the discrete derivatives should be equal to the orders of the
corresponding derivatives appearing in the differential equations.

e Discrete representations for derivatives must, in general, have nontrivial
denominator functions. Here, the first-order derivatives in the system
are approximated by the generalized forward difference method (forward

Euler method) dst" ~ W where u & u(ty) and ¢ = ¢(h) > 0 is the

e
so-called denominator function such that ¢(h) = h + O(h?), with h the
step size. This function ¢(h) is chosen so that the discrete solution has
the same asymptotic behaviour as the analytical solution.

e The nonlinear terms are approximated by non-local discrete representa-
tions, for instance by a suitable function of several points of a mesh, like
u?(t,) = umu"t or u(t,) ~ (u)2untr.
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e Special conditions that hold for either the ODE and/or its solutions should
also apply to the difference equation model and/or its solution, e.g. pos-
itivity of the solution, convexity of the solution (in finance), equilibrium
points of the ODE system, including their local asymptotic stability prop-
erties.

In NSFD schemes, derivatives must be modeled by discrete analogues that take
the form, cf. [73]

du(t)  u"tt —(h)u®

(4.1) % ) ,

where ¢, = n h, u™ is the approximation of u(t,, ), and ¥(h) = 1+O(h). The purpose
of this more general time discretization (4.1) in NSFD schemes, is to properly model
the asymptotic long-time behaviour of the solution.

4.2. NSFD scheme for the human-mosquito model. Next, we propose
the following NSFD discretization for solving the ODE system (2.3)

Sptt — sy N,
“h “h _ A 7(3 R L )Sn—H

o(h) h 6vhNh v TR SR,
E;t! —En N,

h h — B JIn Sn+1 _ En+1

‘b(h) thNh v D (Vh“l‘ﬂh) ho

| AR

o(h)

+1
R;"™ —R}
¢(h)
S+l — s
¢(h)
E'tl —E?
¢(h)
In+1 . 1
‘ ¢(h> v o= VvEZJrl _MUI:;LJrlv
with a denominator function ¢(h) to be determined later, given by (4.12).

Let us briefly comment on the discretizations of the nonlinear (here: quadratic)
terms. For example, in the first line (4.2) we have discretized the nonlinear contact
term By, 1, ()Sh(t) in (2.3) by By I2S; ! rather than, say, ISP or In+1S)T!. The
rule is that exactly one factor of the variable appearing in the time derivative (here
Sp) must be taken at the new time level n + 1. This is needed to obtain a posi-
tivity preserving scheme, see (4.3). In order not to destroy the explicit sequential
evaluation, all other variables are taken from the previous time level, unless they
are already known from a previous step, like I ZLLHSZ}“ in the fifth line. If possible,
discrete conservation properties (here: total population of humans, vectors) must
also be taken into account.

Observe that although the initial scheme (4.2) can be considered implicit, the
variables at the (n + 1)-th discrete-time level can be explicitly calculated in terms
of the previously known variable values as given in the sequence of the equations
above, i.e. we can rewrite it as an explicit form

=Bt — (g + pn) I,
=l — Ry
= A’U - (Bﬁh'u IZ+1 + ,Uv) SZJrla

= Bﬁhv IZ+1 SE+1 - (VU + lf/v) E:;L+17
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Sp + ¢(h) An

St = N ’
1+ ¢(h) (BBon = It + pn)
1 = Bk + 00 B w ST
L+ ¢(h) (vn + pn)
e I7 + ¢(h) v, Ep
L+ ¢(h) (nn + pa)’
ni1 _ Ry +o(h) 77;,/12"‘1
“3) R = T o)
gl — Sy +o(h) Ay
Y 1+ ¢(h) (BBro I + 1)
Ertl E! + ¢(h) BB, I "' SpH!
Y 1+ ¢(h) (Vv + Nv) ’
e — I + ¢(h) v, Byt
! L+ ¢(h) po

The calculation must be done in exactly this order. All parameters appearing in
these type of epidemic models are always non-negative. This is the convention used
in fields related to the spread of diseases. From the explicit representation (4.2)
it is easy to deduce that this scheme preserves the positivity, given some natural
conditions on the parameters.

4.3. NSFD scheme for the human-mosquito-monkey model. Corre-
spondingly, the NSFD discretization for solving the ODE system (2.7) reads

Syt —sn N,
- i~ = A A (B 1)1,71” + ) Sn+17
) h Bot N, v tn ) Sy
E;t - ER N,
—_ B 5 C In S’nJrl _ En+1
¢(h) 5 hNh v Ph (Vh + /J’h) h
I’Z+1 — IZ +1 1
" =1, B} — (nn 4 It )
d)(h) h ( ) h
RZ+1 B RZ n+1 n4+1
— 0 =mI, —mR",
o(h) " "
Sn+1 —§n
= Av - Bﬁhv In+1 + Bﬂmv I:Ln_‘—l + My SZ+17
En+1 — E»
(4.4) W = BBp, T ST 4 BB, TP ST — (1, + ) BN,
In+1 . 1
v v VUE;r)hLl o MUI;r)LJrl
o(h)
Sr+l _gn N,
M:Am_(B SEACE CRSBM P
) Bom = T+ i ) ST,
E’t! —En, N,

= BBym——= TS (y 4 ) ET

¢(h) Nm
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In+1 —In 1 L
S = B = (e T
Rn+1 —_R» 1
S L — R
o(h)
o St + ¢(h) An

1+ ¢(h) (BBon 12 + )|
En+1 _ Ez + ¢(h‘) BIBUh %:: IZ SZ+1
4 L+ o(h) (vn + pn)

17 + ¢(h) v Ep !

Iz+1 _ ,
L+ ¢(h) (nn + pn)
R+ = R} + ¢(h) n I3
L+ ¢(h) pn
Sntl = Sy + é(h) A,
’ 1+ ¢(h) (BBro I + BBy It + 1)
(4.5) gt _ By 6(0) (BB I + BBy, LM )STH
! L+ ¢(h) (Vo + pw) '
Wt o(h) v, Ept!
! L+o(h) o
gntl _ Sh + o(h) A,
" 14 6(h) (BBum g T A+ i)
S Ep, + ¢(h) BBum 4= Tp ! SiH
" L+ ¢(h) (Vm + pm) ’
- Im ¢(h) vimEp!
" 1+¢(h) (nm "’.UM),
R = R}, +¢(h) nmI%“'

L+ ¢(h) pim

4.4. The denominator function. Finally, it only remains to correctly de-
termine the denominator function ¢(h). To do so, we reconsider the combined total
population N = Nj, + N,, of the ODE system (2.3) (or N = Ny, + N, + N,,) for sys-
tem (2.7)), now without neglecting the birthrates and the natural mortality. Here,
we introduce accordingly the combined values A = Ay, + Ay, i = pp + ey for system
(2.3) and A = Ap + Ay + Ay 18 = g + oy + i for the extended system (2.7).

Adding the equations of (2.3) or (2.7), we easily obtain the following differential
equation describing the dynamics of the combined total population N

(4.6) d]ift) —A—uN(@).
It is solved by

A AN AN (ont
(4.7) N(t) = o (N(o) — ;) eit = N(0) + (N(o) u) ( 1),

with N(0) = Np(0) + N,(0) + Ny, (0). From (4.7) we immediately deduce that
we have in the long term lim;_, o, N(t) = A/u. Let us briefly note that this link
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between the transient dynamics and their 'natural’ limiting systems can be used to
reduce the dimension of this model, cf. [27].
Next, adding the equations in the discrete NSFD model (4.2) yields

(4.8) W =A—p N
i.e.
N™ + ¢(h)A AN o(h)p
N —N"_ (N
(4.9) L+ ¢(h)p ( u)1+¢(h)u

., LA 1
=N +(N _E)(W_l)

The denominator function can be derived by comparing Equation (4.8) with the
discrete version of Equation (4.7), that is

(4.10) Nt = N™ 4 (N” - %) (e7mh —1), h=At,

such that the (positive) denominator function is defined by

1

4.11 —— =
(4.11) Lo
i.e.
ph_ 1 14 ph+Lip?h2+... -1 2
(4.12) é(h) = — - +h +2“u i :h+%+...:h+0(h2).

Note that the conservation property requires all the denominator functions ¢(h)
for the compartments to be the same. Otherwise, it would be impossible to obtain
a discrete analogue like (4.8) which is also needed for stability reasons.

REMARK 4.1. An even more accurate way to compute the denominator function
would take into account the transition rate Y; at which the i** compartment is
entered by individuals for all model compartments K;, i = 1,2,... (e.g. Bun, Vh,
Mhs Vu,...), cf. [87]. In this case the parameter u occurring in the denominator
function in Equation (4.12) would be replaced by a parameter 1/T7%*. T* could be
determined as the minimum of the inverse transition parameters:

= min {5}

5. A NSFD scheme for a time-fractional model

The fractional-order dynamics of the transmission of the Zika virus to human
and vector populations is given, as a generalization of model (2.3), by the following
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system
C DO (1) = AD — (B“ﬁvh%lv(t) 1) S,
CDEA(1) = B Bun y LS (1) — (4 + 1) B(0),
51) DT, (t) = v Ealt ) — (n + ) In(t),
' DRy, (t) = O‘Ih( ) — uE R (1),
DS, (t) = AY — (B*BruIn(t) + ps)Su(t),
“DOE,(t) = B@ﬁhvm )Su(t) = (v + pg ) Ey (),

CDalv( t) =vyE,(t) — po (1),
with the initial conditions

S1(0); Er(0), 11(0), R (0), 8,(0), Eu(0), L,(0) 2 0,
where ¢ DX (t) denotes the Caputo derivative and it is defined as:

1 "dX(r)
CDaX _ / B u .
®) rl—-a) ), dr (t—7)"%r, t>0and0<a<
Adding the equations of the system (5.1) yields
(5.2) CDaN(t) = A% — ON(),

where A® = Af + AS and p® = uff + pus.

In the model (5.1) given above, we modified the right-hand sides parameters pu,
B, vy, ny, ug and v$ using the procedure described in Diethelm [35] in order to
adjust the dimensions because the dimension of the left-hand sides of the equations
is (time)~®. Note that in the limiting case @ — 1, the system (5.1) reduces to the
classical system given in (2.3).

Let to=0<t; < - <ty =T, t, =nT/N, where N € N. Next, we present
a numerical approximation of the Caputo derivative using the NSFD method. We

have
1 "Lt dX(r)
C Nna _ o —a
D X(t)|t=tn+1 TTl-a) ;}/tj i (tng1 —7) " %dr

dX(T)

We discretize the term == on [t;,t;41] as
dX(r) X1 xi
o em

where X7 = X (t;) and ¢(h) from (4.12).

n . X]+1 X
Z

DX (t) R
— (h)

‘f tnt1 ~

where
Al = (1 =)' = (s = tj51)' 7).
Each equation in (5.1) can be written as

“DX(t) = F(X(t)),
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at the point ¢t = t,,41, we have

n

1 X o xi ntly B

Now, we apply the scheme (5.3) to the system (2.3), we obtain

N —1.

geeey

Jj=0

PTOS] = 3500 M (SLT = 83) + T2 = a)o(h)ug

SZ-H _ ~ ’
(172 + 12 = cpotm (B0 32T + ) )
I o > = e 2 M i 0)6(h) BB (1S,
S (P1=e +T(2 = a)p(h) (Vg + 1)) ’
[ himeTn — SO AL (I - 1) + T (2 — a)g(h)vpER T
(W= +T(2 = a)p(h) (1 + 1)) ’
(5.4)
gy = 1R X0 A (R - RY) o+ 9E(2 - )T
(P12 + o(W)T(2 — o)) ’
gt _ MO8~ 30000 AL (SIT —S1) + T2 — aup
0 (hi=e + ¢(MT(2 — ) (BBroIj ™ + 1))
et MUBL = 3000 AL (B —BY) + ¢(WD(2 - ) BB LTS3
’ (h1=2 4+ ¢(h)T(2 — ) (vg + 1)) ’
e PO = X0 AL — ) + 6(WT(2 — a)ry By
! (h1=2 + ¢(WT (2 — a)ug) ’
and
(55) N hieN® — S0 AT, (NIFL — NY) + o (B)D(2 — a)Aa.

(R1= 4+ ¢o(R)T(2 — a) ™)
Setting n = 0, the equation 5.5 gives
h1—aNY da(R)T(2 — a) A
TR GulITE )i R pu (T2 — e
The exact solution of the equation (5.2) is derived by using the Laplace trans-
form technique introduced by Podlubny [86]

(5.7 N(t) = N(O)Ea (~ (1)) + A B i (—(128)7)
where Eq 41 is the Mittag-Lefller function

(5.6) N!

E.5(t) = — (a>0,5>0).
The denominator function ¢, (h) can be derived by comparing the exact version
(5.7) with the discrete version (5.6), that is

. n=e (1= Ba(~(uh)"))
Pl = T —
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It is not difficult to show that ¢, (k) reduces to the classical ¢(h) in (4.12) when
a=1

6. Numerical Results

In this section, we present the numerical solution of the systems (2.3) and (2.7)
using the NSFD schema. Then, we compare it with the solution computed by the
ode45 solver of Matlab.

6.1. The human-mosquito Model. We denote by Y the matrix of order
N x 7 that contains the approximated solution determined by the ode45 solver
which is given by
Su(t1)  En(t1) In(t1) Ra(t1) So(t) Eo(t1) IL(t)
Sh(ﬁg) Eh(tg) Ih(tg) Rh(tg) Sv(tg) Ev(tg) I

. . . . . . . 9

Sh(tn) Ep(ty) In(tn) Rp(tny) So(tn) Eu(tn) IL,(tn)
where N is the number of discretization points in time ¢ € [0,7] and ¢; = (i — 1) x
g fori=1,2,...,N.
The parameters used to simulate the model are listed in the Table 1. The initial
conditions are always set to

SK(0)=0.9, E,(0)=0, I,(0)=0.1, R,(0)=0,
S,(0) =0.83, E,(0)=0, I,(0)=0.12.

TABLE 1. Fixed and operational parameters for disease-free and
disease-endemic equilibrium.

Ey E,
L 3.8587¢ — 04 | 3.8587¢ — 04
B 0.155 0.1932

Bhw 0.1254 0.773

Bon 0.1149 0.7913

Vh 0.0833 0.0833

Mh 0.2 0.2

Lo 0.0333 0.0333

Vo 0.1 0.1

Ny, le+6 le+6

N, 10 x Ny, 10 x Ny,

T (days) | 30 x 365 5 x 365

The following Figures 3-8 represent the three dimensional curves of the hu-
man and the vector populations, respectively. They show that the NSFD method
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remains stable and approaches the disease-free equilibrium (DFE) or endemic equi-
librium (EE) points.

0.1 The human population
0.08

0.06

Ih

FIGURE 3. The convergence of the discrete system (4.3) to the
DFE

The Figures 9 and 10 show that the approximate solutions obtained by the
NSFD method and ode45 method are very closed to each other. However, the
solution Y obtained by the ode45 solver becomes negative for some values of ¢.
This does not figure clearly in the curves because the smallest negative value of Y
is —1.19e — 6.

The Table 2 presents the percentage of negative values in the matrix Y simu-
lating the human-mosquito model (2.3) with the ode45 solver using the parameters
for the disease-free point in the Table 1. The results given in Table 2 show that the
NSFD preserves the positivity for all step sizes in [0, 7] which is a desirable mod-
eling property. On the other side, the ode45 method yields solutions that becomes
negative for some value of ¢.

6.2. The human-mosquito-monkey model. Now we simulate the system
for the data given in Tables 2 and 2. The initial conditions are always set to

Sm(0) =038, E,(0)=0, I,(0)=08, R, (0)=0.

Figures 11-20 show that the numerical solution approximates very well the solu-
tion of the continuous system by preserving positivity and converging towards the
equilibrium points DFE or EE. Table 4 gives the percentage of negative values for
the NSFD method and the ode45 solver. It can easily be seen that NSFD preserves
the positivity of the continuous system where the ode45 solver failed in some cases.
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0.8
The human population
0.6

Rh

0.4

FIGURE 4. The convergence of the discrete system (4.3) to the
DFE

TABLE 2. Percentage of negative paths for the NSFD method and
the standard ode45 solver .

N=60 N=100 | N=400 | N=1200 | N=2000 | N=3000 | N=5000
NSFD |0 0 0 0 0 0 0
oded5 | 26.67% 26.71% | 27% 27.07% | 27.05% | 27.06% | 27.07%
min(Y) | -1.14e-06 | -1.09¢-6 | -1.1e-6 | -1.19e-6 | -1.14 -1.17e-6 | -1.19e-6

6.3. The time-fractional model. In this section, we provide some numerical
simulations of the discrete model (5.4) with different values of fractional order a.. To
proceed with the simulation, we use the parameter values in Table 1 and the initial
conditions in (6.1). The numerical simulation results for the NSFD fractional order
obtained for different values of « are displayed in Figures. 21-26. These figures
show two different scenarios:

Case 1 DFE. : The dynamical behavior of system for different values of «
is shown in Figures 21-23 for R§ < 1 which implies that it converges to
the DFE. It is noticeable that due to the memory property of the Caputo
fractional derivatives, the evolution of the system becomes slower each
time the « decreases. Therefore, the system decays to the equilibrium
like t~<, as previously established in [69].
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0.12

The vector population
0.1

0.08

Iv

0.06

0.04

0.02

0 08 Sv

FIGURE 5. The convergence of the discrete system (4.3) to the
DFE

TABLE 3. Fixed and operational parameters for disease-free and
disease-endemic equilibria (Monkey population).

E() El
[ 3.87c — 2 | 3.87¢ — 2
Bumo 0.1254 | 0.773
Bom 0.1149 | 0.7913
Vim 0.035 0.035
Tm 0.3 0.2
N, 3.3¢5 3.3¢5
T (days) | 365 x 30 | 365 x 2

Case 2 EE.: For Rj > 1, Figures 24-26 show the impact of changing the
Caputo fractional order o on Zika dynamics. The observed behavior from
these figures demonstrates that the EE is shifted towards E,,, Fa,, Eqs
and E,, when « is decreasing which confirms the validity of stability
analysis represented in Appendix.

The numerical results above show the memory effect for the fractional dynam-
ical system which does not occur in the ordinary differential system as already



A NSFD SCHEME FOR A MODEL OF ZIKA VIRUS TRANSMISSION 19

0.2

The human population

0.15

FIGURE 6. The convergence of the discrete system (4.3) to the EE

TABLE 4. Percentage of negative paths for the NSFD method and
ode45 solver.

N=60 N=100 | N=400 | N=1200 | N=2000 | N=3000 | N=5000
NSFD |0 0 0 0 0 0 0

ode4b | 27.73% | 27.73% | 28.43% | 28.22% | 28.42% | 28.36% | 28.4%
min(Y) | -1.02e-6 | -1.12e-6 | -1.12e-6 | -1.2e-6 | -1.12e-6 | -1.18e-6 | -1.18e-6

proved by [7, 8]. And show also that the new approach is very effective, preserves
the positivity of the system, applies simpler and can be used as an alternate method
for solving fractional differential problems.
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0.8 The human population

FIGURE 7. The convergence of the discrete system (4.3) to the EE

The vector population
0.25

0.2
= 0.15

0.1

YO

FIGURE 8. The convergence of the discrete system (4.3) to the EE
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0.2

0.1

0.05|

-0.05

NSDF

ode45

0

5000

10000

15000

————1h

NSDF

ode45

0

5000

10000

15000

21

0.15
0.1 EN\sor
T Ehode45
0.05
ol
-0.05 : :
0 5000 10000 15000
t
0.8
06 A\ RhNSDF
- Rhode45
0.4
0.2
0 "
0 5000 10000 15000

FIGURE 9. The NSFD and ode45 method numerical simulations
of human sub-populations Sy, (t), Epn(t), In(t) and Rp(t) for model
(2.3).
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1.05

0.95

097

0.85

0.15

0.1

0.05

-0.05

4 %1073
3 EVyspr
S ===~ BV ets
VNsDF 2
- S‘Vode45
1
' ' 0
5000 10000 0 5000 10000 15000
t 1
VysoF | |
- Ivode45
2000 4000 6000 8000 10000 12000

t

F1curE 10. The NSFD and ode45 method numerical simulations
of vector sub-populations S, (t), E,(t) and I, (t) for model (2.3).
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The human population

0.1

0.08

0.06

Ih

0.04

0.02

0 -l
0.15

FIGURE 11. The convergence of the discrete system (4.5) to the
DFE

The human population

FIGURE 12. The convergence of the discrete system (4.5) to the
DFE

23
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The vector population

FIGURE 13. The convergence of the discrete system (4.5) to the
DFE

The monkey population

FIGURE 14. The convergence of the discrete system (4.5) to the
DFE
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The monkey population

0.2

FIGURE 15. The convergence of the discrete system (4.5) to the
DFE

0.2

The human population
0.15 pop

FIGURE 16. The convergence of the discrete system (4.5) to the
EE
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0.8 The human population

0.6

E1

Rh

FIGURE 17. The convergence of the discrete system (4.5) to the
EE

03 The vector population

0.25

v

0.2

E1

FIGURE 18. The convergence of the discrete system (4.5) to the
EE
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0.2 The monkey population
YO0

0.15

Im

0.1

FIGURE 19. The convergence of the discrete system (4.5) to the
EE

The monkey population
0.5

0.4

FIGURE 20. The convergence of the discrete system (4.5) to the
EE
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0.1

The human population

0.06 Yo

Ih

0.04

0.02

0.1

0.05

0 \
Eh 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Sh

FIGURE 21. The convergence of the discrete fractional system
(5.4) to the DFE.

0.7
0.6 The human population
0.5 -

0.4

Rh

0.3

0 0.3 0.4 05 06 0.7

Eh sh

FIGURE 22. The convergence of the discrete fractional system
(5.4) to the DFE.
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0.1

The vector population

EO

0.88 0.9 0.92 0.94 0.96
Sv

FIGURE 23. The convergence of the discrete fractional system
(5.4) to the DFE.

The human population

0.15

0.1

Ih

0.05 -

FIGURE 24. The convergence of the discrete fractional system
(5.4) to the EE.
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The human population

0.2
0.7 0.8 0.9
0.1 0.2 0.3 0.4 0.5 0.6
Eh 00 &

FIGURE 25. The convergence of the discrete fractional system
(5.4) to the EE.

The vector population

v

F1cURE 26. The convergence of the discrete fractional system
(5.4) to the EE.



A NSFD SCHEME FOR A MODEL OF ZIKA VIRUS TRANSMISSION 31

7. Conclusion and Outlook

In this work we have presented a novel nonstandard finite difference (NSFD)
method for calculating numerical solutions to a SEIR model for the spread of the
Zika virus. In the absence of the exact solution and in order to prove the efficiency
of the method, the approximate solution is compared with the ode45 solver solu-
tion. The numerical simulations show that the discrete system converges to the
same equilibrium points as that of the continuous system. They also prove that
the positivity is preserved. Finally, it should be clear that the use of the NSFD
methodology can be applied to all epidemic models of the spread of diseases.

It is worth recalling that we have used Caputo-type fractional derivatives to
describe the temporal dynamics of epidemiological models. The most important
reason for using a system of ODEs/PDEs of time-fractional order equations is to
account for memory effects. These types of effects exist e.g. in many realistic
systems like in endemic models to describe the waning effects of the vaccination or
a biphasic decline behavior of infections or diseases.

These fractional order approaches were used in COVID-19 transmission mod-
els by using fractional order Caputo derivative [90], the analysis of semi-analytical
solutions of a hepatitis B epidemic model using the Caputo-Fabrizio operator [5],
the study of stability and Lyapunov functions for HIV/AIDS epidemic models with
the Atangana-Baleanu-Caputo derivative [97], the mathematical modeling of the
measles epidemic with optimized fractional order under the classical Caputo differ-
ential operator [88].

Appendix

7.1. The human-mosquito-monkey model. The system (2.7) has two equi-
librium points, the disease-free equilibrium Ey = (1,0,0,0,1,0,0,1,0,0,0) " and the
endemic equilibrium E{* = (S;*, E;*, I;*, S I*, Si* E** I'*)7, where

S** — /’['hNh
" BB NI, + Ny’
E — /LhBﬁvhN'uI:*
h (Vn + pn)(BBun NoIs* + up Np,)’
e WEL
4 (nh + ,Udh) 7
(71) Sz* — Vy — (VU + Nv)Iv ,
Vo
gr* — Pm N
" BBum NI + pan Ny’
E** _ u’mBﬁvaUI:;*
" (Um + i) (BBom No Iy + iy Nin )
1Z
I::: = = E:;k’
(Nm + tim)

I* is implicitly given as the zero of the following rational fraction expression

Vh,uhBBhvBﬂvth (Vv - (Vv + ,uv)Iv)
(n + pn) (Wn + ) (BBon Noly + p1nNi)

P(Iv) =
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VmNmBﬂmvBﬂvav (Vv - (Vv + NU)IU)
(nm + Um)(’jm =+ ,Ufm)(BvaNvIv + i N,
which is determined numerically. The basic reproduction number of (2.7) is

Ry = +/Rop,1 + Ro2,

) - :u'v(Vv + ,U/v)7

where
R V’[)VmBﬁ'UmB/BmUN'U
0,1 = )
to (fo + Vo) (m + Vi) (B + 1) Nim,
and
R Bvy vy BBuh BroNoy
0,2

(o + vo) (i + va) (4 0n) N
7.2. The time-fractional model. The basic reproduction number R§ of the
system (5.1) is given by
Rg _ V}O;VgéBa/thBaﬁthv ]
p (Wi i) O+ p) (i + v ) N
THEOREM 7.1 (Equilibrium points, [64]). Let us consider the definition domain
Q={(Sh,En, I, E,, L) €R} : 0 <8, + B4+, <1, 0<S, +1, <1}

The system (5.1) has the disease-free equilibrium Eq = (1,0,0,1,0) independent of
the values of the parameters, whereas, only if R§ > 1 there exist a unique endemic
equilibrium By = (S7*, Ef*, I*, S¥* I5*) with

QN a a
SZ* _ :u’h h — , E;;* — (nh —’;Mh)]:;kl*’
BaﬁvthI:;* +,UhNh vn
S** _ ,Uﬁ ok 1/3 BaﬁthZ*

R ,
(BBl + 1) (g +v) (BBroln + 1)
in the interior of ) where
p iy (g +ve) (R§)? — 1)
BBy (g B Bonp + pf (u§ + )
The proof of the theorem requires the following lemma :

LEMMA 7.2. If X0 X1, ..., X" >0 then

k%
Ih —_

n—1
RlTex™ =3 AL (X - XT) > 0.
j=0

ProOOF. For n € N*, we have

n—1 n—1
RIOXT =N AL (X -XT) = (RO AL ) XTHAS X0 (AL, —AS ) XY,
§=0 j=1
and
T — A= (22"l > 0.
Thus )
RIeX =3 CAL L (XIT - XT) >0
§=0
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THEOREM 7.3 (Positivity of solution). Let the initial data S9, EY, 19, R, SY,

EY and I9 > 0, then all the components Sy, Eptt Tt Ryt Sntl Ertl gnd
1"t > 0 in the system (5.4) are satisfied for all n € N.

PRrROOF. We have for n =0

1—-aQ0 _ «
S%z _ h Sh + (2 — a)pa(h)pj >0,

<h1—°‘ + (2 — @)pa(h) (Baﬁvh%lg n Mﬁ)) >

Ny
R'TEY + (2 — a)qba(h)Bo‘th—IgS}L

(h'=> +T(2 — a)ga(h) (v +uh>)
I R1=CT9 + T(2 — )¢ (R
(hl @ JFF( *a)ﬂsa(h (77h +l‘h))
L RTORY 4 9o (R)T(2 — a)npd;,
Fn = (R~ + ¢ (R)T(2 — a)us}) =0
gl _ h1=o89 + ¢a (WT(2 — o) g
T (T Ga (D2 = @) (B BuT) + 1)
hi- O‘EO + ¢a(h)F(2 — a)Baﬁthls
P (e £ g (TR - ) (g + )
_ ROI) 4 9o (R)T(2 — a)voE]
U7 (Bt 9a (D2 - a)pd)

>0,

v

0,

—~

> 0.

We suppose that for 1,2,...,n, S}, E}, I, R}, Sy, E} and I} > 0. The hypothesis
of induction and Lemma 7.2 allow for n + 1, i.e.

(1]

n+1 n+1 n+1 n+1 n+1 n+1 n+1
Sy EyT, I Ry, Sy, BT oand I > 0.
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