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Abstract

In this study, we formulated and analyzed a fractional-order model for malaria disease
transmission using Atangana-Beleanu-Caputo in sense to study the effects of heterogeneity vector
biting exposure on the human population. To capture effects the heterogeneity vector biting
exposure, we sub-divided the human population into two sub-groups namely; the population in
high and low risk areas. In the model analysis, we computed the basic reproduction number
Ry and qualitatively used to assess the existence and extinction of disease in the population.
Additionally, we used the fixed point theorem to prove the existence and uniqueness of solutions.
Numerical schemes for both Euler and Adam-Bathforth-Moulton are present in details and
used in model simulations. Furthermore, we performed the numerical simulation to support the
analytical results in this study. From numerical simulations, we estimated the values of model
parameters using least square fitting method for the real data of malaria reported in Zimbabwe.
The sensitivity analysis of the model parameters was done to determine the correlation between
model parameters and Ro. Finally, we used the Euler and Adam-Bashforth-Moulton scheme to
simulate the model system using estimated parameters. Overall, we noted that fractional-order
derivatives have more influence on the dynamics of malaria disease in the population.
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1 Introduction

Malaria is a protozoan disease caused by parasites of the genus Plasmodium like P. falciparum, P.
malariae, P. ovale, and P. vivax [1]. Humans acquire the disease through bites of infected female
Anopheles mosquitoes and the life cycle of the parasites depends on sexual and asexual phases
in mosquitoes and humans respectively [2]. The latest reports released in December 2019 show
that close to 230 million malaria cases occurred globally in 2018 alone [2]. Malaria deaths were
approximated at 400000 in the same year. Out of the several Plasmodium parasites, P. falciparum
is the most common cause of malaria in Africa and Asia where it is responsible for 80 and 90%
of all cases and deaths respectively [3]. The disease is predominant in African countries where it
constitutes a huge socioeconomic threat with an estimated annual economic burden of USD 8 billion
[4, 5].

Over the years, much scientific research has been undertaken to understand the parasite-vector-
host interactions and biology [50]. Nevertheless, the complexities in the parasite’s life cycle,
coupled with the highly complex social and environmental interactions, and movement of people
between endemic and non-endemic areas continue to promote morbidity and mortality from malaria.
Although combined global efforts are underway to develop a malaria vaccine [7], [8], [9], [10], there
is currently no perfect vaccine against the disease. As such, concerted attempts are still being made
to understand malaria disease dynamics and effective control measures.

Mathematical models have been used for more than a century to provide a clear framework for
the transmission dynamics of malaria in human populations. The spread of malaria disease in
human and mosquito populations has been described mathematically using compartmental models
governed by ordinary differential equations (for example, [11], [12], [13]). A number of studies have
used the optimal control theory in malaria models. Blayneh et al., [54] developed an optimal control
model to study the effects of time-dependent malaria treatment and prevention efforts. Okosun &
Makinde [3] also studied a co-infection model of malaria with optimal control. Agusto et al., [15]
applied the optimal control theory to study optimal strategies for controlling malaria transmission
using treatment, insecticide-treated bed nets and insecticide sprays as control variables, while Gosha
et al., [16] proposed a mathematical model to explore the biological control of malaria. In [17] used
the optimal control theory to investigate the effects of treatment, larvacide and vaccine in the
dynamics of malaria disease transmission. Their results demonstrate that effective and optimal use
of preventive measures in the population without use of larvacide the disease can not be eliminated
in the population. Authors in [18] assessed the effects of vector reduction, person protection and
blood screening strategies in the control of malaria disease in the population. Their results showed
the aforementioned controls have the potential to minimize the spread of disease in the population.
Additionally, their results also demonstrated that model with standard incidence exhibits back
bifurcation and this has an implication in disease eradication in the population. In [19] formulated
and analyzed a malaria model with control strategies that interplay between human and mosquito
populations. The authors assessed the effects of insecticide-treated bed nets, anti-malaria drugs
and social boosting measures in minimizing the spread of the disease in population. Their results
revealed that combination of insecticide-treated bed nets and vector control is the most efficient
innervation, while the combination of anti-malaria drugs and social boosting measure is the more
cost-effective in elimination of the disease in the population. Optimal bed-net and vaccination
control efforts in populations with varying levels of naturally acquired immunity were studied by
Prosper et al., [20]. Recently, Otieno et al., [21] investigated the malaria transmission dynamics
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in Kenya by including time-dependent control measures such as indoor residual spray, treatment,
intermittent preventive treatment of malaria in pregnancy, and insecticide treated bed nets. It
is clear that several efforts have been made to model malaria transmission dynamics and control.
However, the disease still persists in many countries where it is endemic and great source of public
health concern. Cognizant of this, it is necessary to continue developing mathematical models of
Malaria disease.

Fractional calculus have been classified as generalization of classical calculus and has been utilized as
a tool for modeling and investigating the dynamics of real world problems [22]. The most common
definitions of fractional calculus are Caputo-fractional and Riemann Liouville operators which are
defined by power decay and derivatives as a kernels [23], [24],[58]. These operators have led the
existence of Atangana-Baleanu and Caputo-Fabrizio which are not operating under the power-
distribution and have non-singular Kernels [52], [15]. The Atangana-Beleanu in Caputo sense is
superior and the best option for modeling real world problems including infectious disease compared
to Caputo-fibrizio. Additionally, Caputo-Fibrizio which is hinge on power law is not able to capture
complex systems while Atangana-Beleanu in Caputo sense, has the properties that kernel is non-
singular and non-local which can describe well the behavior of an epidemic models [27]. Fractional
calculus have been extensively used for modeling real world problems such as heat conduction,
control theory, chaotic theory and biological processes [28],[15]. Fractional order calculus are
popular field that describe the application of non-integer order derivative in disease dynamics [29].
From literature, it is believed that modeling of physical and real problems using non-integer order
derivative is more precise compared to integer-order derivatives [30],[58]. The main advantages of
using fractional order derivative in disease dynamics is that, they can properly capture the memory
effects and hereditary properties of species that exist in biological systems [31],[32],[54],[15],[58].
Additional, it is believed that cell membrane of living organisms containing some fractional-order
electrical conductance which are classified in the groups of non-integer order models. However,
many researchers such engineers, mathematicians, epidemiologist and other scientists are still behind
with this knowledge of application of fractional order derivatives in modeling real world problems.
Therefore, application of fractional order derivatives is still poorly understood in most of researchers
[33], [34], [35],[58]. This paper add knowledge and encourage scientists on using application of
Atangana-Baleanu-Caputo operator in modeling real world problems.

Mathematical models of infectious disease using fractional order via Atangana-Beleanu derivative
have been formulated and analyzed in order to explore the dynamics of disease in the population
and references cited therein (see, [28], [36], [37], [38]). Khan et al., [28] formulated and studied a
new fractional order model for tuberculosis with relapse via Atangana-Beleanu derivative. From
the model analysis they proved the existence and uniqueness of model solution using point fixed
theorem. In [36], formulated and studied a fractional order model for Hepatitis B virus using
Atangana-beleanu in cuputo sense.

Motivated by the previous study on fractional order models via Atangana-Beleanu derivative, the
present study was designed to develop a fractional order model using Atangana-Beleanu Cuputo
(ABQ) in sense to study malaria transmission dynamics with heterogeneity. The main advantage of
using ABC operator fractional order derivative with respect to another function is that, it has a non-
local and non-singular kernel [39],[40],[33],[41]. This provide suitable classification differentiation
operator and suitable function in modeling real world-problems such as infectious diseases [52]. The
organization of the paper is as follows: section 2 discusses the model formulation and analytical
results. The numerical simulation of the model is presented in section 3, while the concluding
remarks are in Section 4.
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2 Model Formulation and Analytical Results

2.1

Mathematical model

In this paper, we formulated and studied a new fractional-order model which is an extension of
the classical model studied in [42]. The model take into account the interplay between vector
(mosquitoes) and human populations governed by the following assumptions:

(i)

(iii)

(iv)

The vector population is sub-divided into three compartments: susceptible S, (t), exposed
E,(t) and infected I, (¢). Thus, the total population of vector is denoted by N, (¢) and defined
by: Ny(t) = Su(t)+ Eu(t)+1,(t). We denote the subscript v and h throughout the document
to represent the parameters and variables for vectors and humans respectively.

The total human population is denoted by Nj(t) and is sub-divided into two sub-groups
according the exposure to heterogeneous vector biting, we denote Npi(t) and Npa(t) to
represent the total human population in high and low risk areas respectively, thus, Nx(t) =
Npi(t) + Np2(t). The human population in both low and high risk areas is sub-divided
into five non-intersecting compartments: susceptible Sh;(t), exposed Ej;(t), infected with
symptomatic disease (severe and clinical cases) I5;(t), infected with asymptomatic disease
Api(t) and temporary immune individuals Rp;(t) for ¢ = 1,2. With these divisions, the
total human populations in both low and high risk areas at time ¢ are given as, Np1(t) =
Sh1(t) + Eni(t) +In1 (t) + An1(t) + Rr1(t), Nu2(t) = Sha(t) + Ena(t) + In2(t) + An2(t) + Raa(t).

The average life span of humans in malaria endemic regions is 1/uf;, where uf; is the natural
mortality rate of humans for ¢ = 1; 2. Similarly, the average life span of mosquitoes is 1/ug,
where py is the natural mortality rate of mosquitoes. The recruitment rates of susceptible
human and mosquito populations are denoted by Aj; for ¢ = 1;2, Ay, respectively. Human
recruitment consists of new births and immigration. The susceptible human population
increases due to natural recovery and treatment of symptomatically infected individuals at
the rate 0y;vs; for @ = 1;2. Temporary immune individuals move to the susceptible class
after losing their immunity at the rate ~;;, hence % for ¢ = 1;2 is the average duration of
immunity. -

The exposed human and vector populations grow as a result of new infections and decline
due to natural mortality and move to the infected classes at the rate vg; for ¢ = 1;2. For
humans and ~; for vectors. It is assumed that a proportion of the exposed human class
(p5v5:(0 < p¥ < 1)) is developing a symptomatic disease, while the rest ((1 — p§)~5;) is still
asymptomatic. The infected human population with symptomatic disease (severe and clinical
cases) Ipi(t) decreases as a result of natural death and is further reduced by disease-related
mortality at a rate &5;. By clinical treatment or natural recovery, a proportion of the infected
population 05;75; returns to the susceptible state while the rest moves to the asymptomatic
state at the rate (1 — pf;)vh;. Those in the asymptomatic state may additionally develop
disease through superinfection at rate p;Aj; (¢).

In this framework, we assume that the transmission of infection in humans occurs solely
when susceptible individuals are bitten by an infectious vector and the disease transmission
rate is modeled by the equation (2.1):

a _ /Bi? v(t) a
hi(t) = m7)‘v =

By (Ini(t) + 0iAni(t))
Nri(t)

The parameter §; is the effective contact rate of humans, and is defined as the product of the
average number of mosquito bites received by humans and the probability of transmission from an
infectious human to a susceptible mosquito. Similarly, 85 is the effective contact rate of vectors
which is defined as the product of the biting rate of mosquitoes and the probability of transmission
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per bite from an infectious mosquito to a susceptible human. Susceptible individuals who are rich
assumed to have reduced chances of infection modelled by (1 — €f) with 0 < eff < 1. A reduction
in susceptibility is attributed to the fact that because some can afford mosquito nets and repellents
because they are rich. We denote the rate of individual progression to high and low risk area by
prq and ppoy respectively

Definition 1. (see [43]), given the function y € }CI(O,T),T > 0 and a € (0,1], the fractional
operator:

ABCDs y(t) = %fg E. (ﬁ(t - 7) y (T)d7 is called ABC-fractional operator where
M () denotes the normalization and satisfies M(0) = M(1) = 1 and E,(.) denotes the Mittag-
Leffler function of the form: Eq(v) = Y F(#k_,_l)
k=0
Definition 2. (see [43]) the fractional operator;
@ —a 1Y t —a
ABC e »(t) = %z(t) + )@ Jot— 2 (t)dr,t > 0

is called the integral operator of sense ABC-fractional derivatives.
Based on the above assumptions and definitions, the proposed model in the sense of ABC-fractional
derivatives, for i,j = 1,2 is given as follows:

e @ aS 1 t —I'u t e e et
epgsu(t) = A= PO 5 (0) = b S) + 9800

+yuiRni (t) + 05 vhidni (t)>

o 2 Shi (), (T a a
ABC DS Bri(t) = %()t)() — thiEni(t) — v Eni(t),

« a_ o« ? aA 7 t Iv t «@ @ (e
DR Ii(t) = phyeiEnilt) + %,((t))() — (ki + Ohi + i) Ini(t),

@ e a za aA ) t I’U t @ @ a
DA = (1= pREB) — B 1 g ate) — 28t
ABC _;’l’(;:lAhz (t)a

DG Rui(t) = ~YasAni(t) — (ph: + vui) Rri().
ABC o e BES() Tni(t) + 09 Ani) (1= €r)BaSu(t) (Ing(t) + 05 Any)
DyS,(t) = Ay — -
Np1 N
—,uﬁSU(t),
o . X A Su(t) (Iny(t S Ang
ABCDgEv(t) _ ,BvS’U(t) (Ihz(t)"’gl Ahz) +ﬁ ( )( h]()+0] h]) _(/,Lg“r’y?)Ev(t),
ABC Nhi Nhj
DoLu(t) = 7w Buo(t) — pnlo(t).

(2.1)
and Sp, (0) = Shiioyr  Ehi 0)= Ehioys I, (0) = I o) Ap; (0) = Angigys  Bny (0) = Rhi oy
S,(0) = Suy,  Eu(0) = Eyy, 1,(0) = I,,. Where 0 < o < 1 and *P“D§ is Atangana-Beleanu in
Caputo sense of order a.

2.2 Model analysis

2.2.1 Non-negativity and boundness of model solutions

Theorem 1. For the model system (2.1), there exists a unique solution in (0,00), however, the
solution is always positive for all values of t > 0 and remains in R3..

Proof. From the model system (2.1), for 4,5 = 1,2 we first show that:

R3 ={(Nni, No)€ R3 : Np; > 0, N, > 0} is a positive invariant. Now we have to demonstrate that
each hyper-plane bounding the positive orthant and the vector field points to R3.. Let us consider
the following cases:
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Case 1: Let us assume that there exists a t. > to such that Np;(t.) = 0, and Ny;(t) < 0 for
t € (t«,t1), where t1 is sufficiently close to t., if Np;(¢t+) = 0, then we have that:

ABC DO Npi(ts) = Ay — pi Nii + i Shj + PiiSni > 0. This implies that § D Nyi(t) > 0 for all
t € [te, t1].

Case 2: Let us assume that there exists a t. > to such that N, (t«) = 0, and N, (t) < 0 for ¢ € (t«,t1),
where t; is sufficiently close to t., if N, (¢«) = 0, then we have that:

ABODEN, (t.) = A2 — p& N, > 0. This implies that “P€D§ N, (t) > 0 for all t € [t., t1].

The above discussion show that the three hyper-plane bounding the orthants, that is the vector
field points to R%. This show that all the solutions of the model system (2.1) remain positive for
all t > 0. O

Theorem 2. Let ®(t) = (Npi(t), Nu(t)) be the unique solution of the model system (2.1) for all
t > 0, then the solution ®(t) is bounded above, that is, ®(t) € Q where Q is the feasible region

defined as:
o={ (St <=

which is interior denoted by int(2) and given by:

int() = { (%’;Eg) eR2

Proof. Here we prove that the solutions of model system (2.1) are bounded for all t > 0. Biologically,
the least possible value of each state of the model system (2.1)is zero. Next, we determine the upper-
bound of the states. Based on this discussion, it easy to show that the following conditions hold for
biological relevance of species. 0 < Np;(t) < Chi, and 0 < N, (t) < Cy. From these conditions, we
have:

0 < Ni(t) < Chi,
0< Nv(t) <C,

0 < Nui(t) < Cha,
0< Nv(t) < Cy

ABC DY Ny < Ajs — uipi Nii (t)

Using the Laplace transformation conditions, we have:

@

S L[Nni(t)] — S~ Nui(0) < Agi — phi L[Nni(t)]

Collecting the likely terms, we have:

571 Su71
LINws (8)] < A%y —=—— 4 Nwi(0 _
[Nni(8)] < hige T h()S‘*wLu‘ﬁi
Sa—(1+a) Sa—l
ALY N0
hlsa"‘/‘% h()sa‘f'ﬂfh

Using the inverse Laplace transform, we have:

B Sa—(1+a) . Sa—l
Nui(t) < LT'WASE——— 8 — N (0) L7 ———
mlf) < { h5a+l$%i} w(0) {SO‘"‘M%}

< Ajit® Eao11 (= phi)t™ + Nui(0) Ear (—phi )t

< 0t Bayat1 (= i)t + Nui(0) Ba1 (— ki )t

hi

Aa' @ e @ @ @
< Mar{ 2 Ny (0)} (1 Boon(it® + Ben (e
hi
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C
=T O

Where Cj; = Max{ %, Nni(0) } Therefore, Nj;(t) is bounded above. From the vector population,
hi
we have:
ABcDng <Ay — ,UJSNU(t)

Using the Laplace transformation conditions, we have:

S LIN(0)] — 527 Nu(0) < LN e

Collecting the likely terms we have

S—l Sa—l
LIN,(t)] < A ——— + N, (0) ———.
V(1)) < A% g No(0) g

Sa—(1+a) Sa—l
=A———— + Ny(0) o——
s T
Using the inverse Laplace transform, we have:

_ Sa—(l+a) _ Sa—l
No@) <L A2 LV NOL T2
®) < { h5“+u%} © {Saw%}

S AgtaEa,oH-l(_/J«g)ta + Nv (O)Ea,l(_us)t&

<A

< e " Eo a1 (=0 )t 4 No(0) Eo,1 (—po )t*

@

A «@ « « « «
SMax{u%7Nu(0)}(t Eo,at1(—p )t + Eaa(—py)t )

v

c
:Tl):cv

Where C, = M aoc{(:—g, NU(O)}. Therefore, N,(t) is bounded above and this complete the proof.
O

2.3 The basic reproduction number and existence of equilibria

In this section, we compute the threshold quantity Ro which determines the power of disease to

spread in the population. The model system (2.1) always has a disease-free equilibrium &° given
by:

80: <S217E}0117If0117A217S227E2271227A227S37E'I(JJ7IS> = (Sf01170707075227070707537070>'
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Where by:

0
Sh1

0
Sha

SO

el DPhal\fz (UIO:I + P%) + Ph1PhalAR1
piy +pin (g + o) (s + 050 (5 + DR2) — PRaPRa)

_ ARy (uiy + Py + piaATL) (2.2)
ties (ks +051) + PR (152 + PRa) — PRaPRs

_ A
By

Following the next generation matrix approach as used in [?], [51], the non-negative matrix F that
denotes the generation of new infection and the non-singular matrix V that denotes the disease
transfer among compartments evaluated at €° are defined as follows:

0 o0 0 0 0 0 0 iy
0 0 0 0 0 0 0 0
0 o0 0 0 0 0 0 0
0 0 0 0 0 0 0 (1—e)pe
F=]lo o 0 0 0 0 0 0 (2.3)
0 0 0 0 0 0 0 0
0 0 @ 0 <% a g0
0 Bg}oiu B;;iv 0’? 0 (1*E§£fvsv <1*€g?fv Sy aé’ 0 0
0 0 0 0 0 0 0
Bi e 0 0 0 0 0 0 0
—apve Hh1 + Okt + Vit 0 0 0 0 0 0
—(I—ap)yd  —(1 =0 i+ 0 0 0 0 0
0 0 0 Hho + 72 0 0 0 0
V= 0 0 0 —arvS ni 0 0 0 (2.4)
0 0 0 —(1 — oz‘i)vgg na ns 0 0
0 0 0 0 0 0 n4 O
0 0 0 0 0 0 —& ue

with n1 = iy + 05 + Yha,  n2 = —(1 = 052)vR2, M3 = Va2 + pihas  na = py + -
Therefore, from (2.3) and (2.4) it can easily be verified that the basic reproduction number of
system (2.1) is given as:

with:

Ro = VM1 Ms + M3z My,

Bre
M= G
o BiStaing | Bestat
Shy(kpy + ) (5 + 05 +974) S 7
(1 —€n)Brro
TR
M, = (1 — en) 37 Suaives (L= ef)BsSvos
522(11%2 +78) (e + 05 + Vi) 522 '
Ay = (h1 + 0k + ) (X — ap)yar + apver (1 — 0p)vin and
(iy + 05y + i) gy + 98 (i +8)
Ay = (Kha + 0o + o) (1 — @i )vés + aiives (1 — 055) vhs

(5o + 05y +7) (ke +78) (15 +752)
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The basic reproduction number R¢ is defined as the expected number of secondary cases (vector
or host) produced in a completely susceptible population, by one infectious individual (vector or
host respectively) during its lifetime as infectious. The square root here is due to the fact that the
generation of secondary cases in vector-borne diseases require two transmission process.

2.4 Existence and uniqueness of solution

In this section, we study the existence and uniqueness of solution of the model system (2.1) using the
techniques of fixed point theorem. First, we denote the Banach space of all continuous real-valued
function equipped with the norm by B = ([0, T], R), defined as:

[Shis Enis Inis Rhiy Aniy Svy Ev, Lo|| = |[Sil| 4+ [|Ens|| + [[Inal| + [|Baill + [ Anal| + [1So|] + [[Eo|| + [|Lo]],

where:

[Shi (DI = supsepo, ) [Shi()], (| Eri(O)]] = supsepo,ry [Eri ()], [ Tni(D)]| = supsepo, 1y [ni (1],
[[Rni(D)]] = supyepo,ry 1Bri (O], [[Ani(0)|] = supseo,ry [Ani (D], [1Su(@)]| = sup,epo,r [Su @], [[Eo(®)]] =
sup;ejo,7) [Bo ()], [[To()]] = sup;ejo 7y [0 (t)]-

In what follows, we utilize the fractional integral operator 42 I§, on both sides of the system (2.1),
for i, = 1,2 we get:

Shi(t) — Shi(O)

@ @ aS 7 t -I'u t o o e}
ABIO+{Ahi _ ARSuOL() _ 1hiShi(t) — PhiSni(t) + PhjShsi(t)

Npi(t)
+731Rhi(t) + O}Dfﬂgilhi(t) 5
Epi(t) — Eri(0) = ABISZF %f&?(ﬂ — uhiEri(t) — ’Y;Ehi(t)}
Ini(t) — Ini(0) = ABI& onvei Eni(t) + %ﬁ?lu(t) — (fhi + Opi + ’Yfﬁ)lhi(t)}y
)= (@) = A1 {1 () - ZEZOED gy
—YaiAni(t) — pii Ani(t) ¢,
Riualt) — Ru(0) = API5, {ws:iAM(t) - ﬁi)Rm(t)},
(2.5)
_ ABja o BoSu(t) (Ini(t) + 07 Ani) (1 — €n)Ba Su(t) (In; (t) + 05 Any)
So(t) — Su(0) = APIg NS — e _ 2 ; ,
usS, (t)},
Bot) - Bu(0) = APIg, { B5S, (1) (I%(t) +of An) (L= ) BISu(t) (ns (1) + 05 Ary)
hi Nhj
st vﬁ‘)Ev(t)},
LO-10) = {0 - Lo}
(2.6)

90



Helikumi and Lolika; ARJOM, 18(9): 82-110, 2022; Article no. ARJOM.88271

Which implies that, for k = 1,2, 3...13 we have:

Shi(t)
BEpi(t)
Ini(t)
Rpi(t)
Api(t)
Sy (t)
By ()
Iy (t)
Where:

Fie(t, Spi(t))

Fi (t, Ep; (1))

Fi (t, Ihi)(t))

Fi(t, Rp;(t))
Fr(t, Apq(t))

Fi(t, Su (1))

Fip(t, Ey (%))

Fr(t, Iy (t))

The kernels N; with 0 < Qr < 1,i =1,2,

S0 + ((M( %(F (0 S0 + s T ; / Fi(t, Sns()dr,
Ehi(0>+(1]w_((;)) (Fr(t, Epqi(t)) + Ag(w@ Fy (¢, Ep;(t))dT,
s U T O
A::<0)+ (e )) <F:(t,A::<t))+ SR :<t:A:<t))dTi
o+ & L )uwt Su(®) + — - F(a/) Fr(t, 8y (0)dr,
A, V(@) Tla)

B0+ (e B+ s )t Eutear
1,(0) + (L(Q)) (Pt 1 (0) + s s [ Pt To(e)ar

gy - PREOI 50 ) = pRuSn(®) + 50y ()
SRR TG e

Ny (D) = bhi Eri(t) — 7gi Bni(t),
PR Epy(t) + 7’)?&%14}”((;)1”(”
VaiAni(t) — (1y; +’Yu&) ni(t),
(= o By — IR Am D10

= (b + 85 + YR IR (1),

+ (1= 0)7h: Thi(8) — 7g: Ani ()

R 1 (1)
*HhiAh'i(t)’
o BESu() (Tni() + of Api) (L= en)BTSu(t) (1n (&) + o5 Anj )
v Npi Npj
—pg Sy (t),
BESu(®) (Ini(0) + oF Ans) | (1= en)BTSo(®) (Thj (&) + o5 Anj)
Np; Npj

=y +75) Ev (t),
'YgEv(t) - Hslv(t)~

2.7

(2.8)

...13, satisfy the Lipschitz condition in equation (2.8) if

and only if Spi(t), Eni(t), Ini(t), Rri(t), Ani(t), Su(t), By (t), and I,(t), with ¢ = 1,2 have an upper
bound. In-general, suppose Spi(t) and Sy;(t) are two functions, we have:

[1Ft, Spi(t) — Fi(t, Sp, NI = [IAR;

BYSy (1) Iy (t
_ BRSnO @) B3 Shi(t) = PhiShi(t) + Py Shj(t)

M0 B8 S5 (DTu(t)
o R (8) + 057 T (1) — (A;:i — BaSniTu(t)
Npi(t)

— PR ST (t) + PR ST, (8) A% R () + 9;m;:izhi<t>) I,

— 1R Shi(t)

By I *
(h—’“ 1 + 255 ) 1S = il
<5h supteo, 7] Thi(t)

SUPie(o,T] N}”(t)
= QkllShi — Sp;ll-

<

o +p2i>|\5m — il

Where Qr = Bi suptefo,7) Ini(t) + uf + ph;. Thus:

sup;e(o,7] Nni(t)

[|Fict, Shi(t) — Fi(t, Shi ()| < Qrl[Shi — Shll

Using the same techniques as in (2.9), we get:

[[Fyt, Bni(t) — Fi(t, B (O] < QullEni — Exill,
[Fxt, Ini(t) — Fi(t, ()] < Qullni — Ingll,
[[Fit, Rpi(t) — Fiu(t, Rpi (D))l < Qul[Rri — Rpll,
[[F3t, Ani(t) — Fi(t, AR Ol < QrllAni — Ajill,
[[Fxt, Su(t) — Fi(t, Sy )| < Qxl|Sy — Syl
[[Fit, Eu(t) — Fi(t, E5 (D))l < Qkl|Ew — EJl,
|[Fict, I (t) — Fi(t, I (t))]] < Qwlll, — L.

(2.9)

(2.10)

(2.11)
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Whereby Q;(i = . 12) is the Lipschitz constant for the function F;(.) for ¢ = 1,2,..12. Indeed,
equation (2.7) in recursive form as follows:

= i G-« et T ;i T T
Snilh) = Sni(0)+ (M(a))FW Sninaa ) + o s [T = T R S (),
= : ! ; i et T, : 7))dT,
Epi(t) = Epi(0)+ (M(a) Fi(t, Epin—1(t)) + M(a) F(a) / (t—1) Fi (7, Epin—1(7))d
i = @ — et T, T
Ini(t) = Ips(0)+ (l( >)Fk(t Inin—1(t)) + —— M) @) / (t—7) F (7, Inin—1(7))dr, (2.12)
= i i s _— ) - T a—1 T i T T
Api(t) = Api(0) + M (@) Fr(t, Apin—1(t)) + M(a) T(a) /O (t ) Fp (1, Apin—1(7))dr,
Rni@ = Rna©) + S B 0) + o [ 0 R R ()ar,
M (o) o M(a) T'(ax) Jo
5o = S0+ S5, 0+ / (t = D) B, Sy 1 (7))dr
v » (M(a)) von— M(a) F(a) s Svn— )
1 @ a—1
Ey,(t = Eu(0)+ Fr(t, Ey n—1(t -7 Fp (1, By n—1(7))dT, 2.13
(t) (0) (IM(O‘; & ( 1(8)) + M (o) F(a) A ( ) % ( 1(7)) ( )
I (t = I,(0) + Fpe(t, Ly, n—1(t)) + t =) F(r, Iy e (7)) dT
® O+ s L)+ s s [ = 1(7)

Suppose ¥y, k = 1,2,..13 be the difference between successive components in (2.12) and (2.13).
We have the following:

Uy = Shin(t) — Shin—1( 1(2‘) (Fk (t, Shin—1(t)) — Fi(t, Shin—2(t )))
+a ey o - )a (7, Shiyn—1(7)) = Fi(T, Shin—2(7)))dr,
U = Enin(t) = Brin-1(t) = 3755 (Fr(t, Enin—1 () — Fu(t, Ehm 2 (1))
+ 31ty 'y Jo (6 = 1) (a7, Eniin—1(7)) = Fr(7, Bnisn2(7)))dr,
U = Inin(t) = Inin-1(t) = 1@ (Fiu(t, Inisn—1(t)) — Fi(t, Inin—2(1)))
57ty w0 Jo (8= )7 (Fu(7, i1 (7)) = Fi(7, Tnion—2 (7)) dr,
W= Anin(t) = Anin1(t) = 37705 (Fe(t, Anin1(8) = Fr(t, Ahm 2 (1))
+WWIO — 1) (Fi (7, Anijn—1(7)) = Fi(7, Anin—2(7)))dr, (2.14)
Uh = Ruin(t) = R 1(t) = 37025 (Fi(t, Ruin1(t)) — Fi(t, Rhm 2(1))) :
+M(a)mf0 —-7)* 1( Fo (7, Rhi,n—1(7)) — Fio(T, Rhi,n—2( ))dT,
Un = Sen(t) = Sen—1(t) = 505 (Fe(t, Svon-1(t)) = Fi(t, Su,n-2(1)))
+ﬁﬁfg ) - (Fk( vin—1(T)) = Fr(7, Sv,n—2(7)))dr,
vno= Evn(t)—Evnl = argag (7 tEvnl(t)) FktEMg(t))
+ 312y (@) ot Y (Fr(, Byn-1(7)) — Fi(7, By n—2(7)))dr,
L N 1() ity (Pt Lo (9) = Fi(t Lo 2( ))
+3(a) T fJ(t—T)“ OB s (7)) = Bl Lo a(7))

Considering that Snin(t) = 33 UE(),  Enin(t) = 32 WE(E), Tnim(t) = 32 UE(),  Apin(t) =

r=1 r=1

WD, Rua(t) = SSUEE), Som(t) = SSUE®R), Bun(t) = S W), and Lon(t) =

Z\P()

Takmg the norm on both sides of the equation and using equations (2.14) and (2.10), we have:

A = 2 QullQE—a ()] + 5y 12y it — )2 @b— (7)]dor, (2.15)

:IIM:

In what follows, we state and prove the following theorem based on the results in (2.15).

Theorem 3. The model system (2.1) has a unique solution for t € [0,T] if the condition below
satisfies.
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1—

«

(e

Since the function Sp;(t), Eni(t

)

)7

Qr +

1 Qk @
M(a) T(a) -

and satisfy the Lipschitz condition, and using (2.16), we have:

llQn ()l
llQn ()l
lln @i
llQn )l
Q% ()]
llQn (@)l
llQn (@)l
llQn (@)l

Therefore, the sequence in (2.17) exist, and ||QF|| = 0 asn — o0, k = 1,2, ...

<

ININ N IA

IN

<

<

), k=1,2,..13

Ini(t), Ani(t), Rni(t), Su(t),
[|Shi,n (0)]] (1\1/17(@ Qk + M%a) FCZ)S) ) ’
[[Eni,n (0)]] <1\1/1_<3) Qr + 31a) F?S)Ta) '
[|Z1i,n (0)]] (i[(ff)Qk + @ F?§>Ta>n7
[ Ani.n(0)]] M(a)Qk + M(a) (o G Ta)n’
| Riion (0)]] {3705 @ + mu’“)T”‘)na
180 (O)]] (Al;(s) @+ M%a> e T“) :

the triangular inequality in (2.17), for any s we have:

n+s qn+1
HShi,n+5 - Shi,n” S E+1 q}: = 1
r=n
n+s n+1
[Ehimts = Eninll < 30 qp=-*
=n+1
rnis , qn+1
thi,n+s - ]hi,n” S Z+1 qr = k 1
r=n
n+s . n+1
[Anints — Aninll < 30 g7 =*
=n+1
Tnis ” qn+1
HRhi,n+5 - Rhi,nH S E+1 qo = k 1
r=n
n+s q'n.+1
HSv,n+s - SU,nH S Z q’{l = -k
=n+1
Tnis qn+1
[|Ev,nts — Eb, < X =t
—n+1
TTLZ—S qn+1
[ Lv,n+s — Lo, < > qiz=*
r=n-+1

Where g, k=1,2, ...
Ani(t), Rni(t), Su(t),

i)
)

_gp et

—qp )

n+s+1

17%

13 are the terms inside the brackets in (2.17). Thus, Sk (t),

(2.16)

E,(t) and I, (t) are bounded

(2.17)

13. In addition, using

(2.18)

Eni(t), Ini(t),

E,(t) and I,(t), i = 1,2 are the Cauchy sequences in B. Therefore, one

can note that as n — oo in (2.13), the limit of these sequences is the unique solution of the model
system (2.1). This completes the proofs of unique solution of the system (2.1).

2.5 FEuler approximation scheme of model (2.1) using Atangana-
Baleanu-Caputo derivative sense

Here, we discuss the an efficient of numerical scheme called Euler fractional approximation method
for proposed model (2.1) in the sense of Atangana-Baleanu-Caputo fractional derivatives as used in
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[58]. The proposed model differential equation equations can be presented in the following form:

ABCDa (t) G (t, Sm)
ABCDO E;”(t) G2(t, Eni)
ABCDO [hz(t) Gs(t, Ihz)
ABCDO Api(t) = Ga(tShs)
ABC D& Ry (t) = Gs(t, Rm)
EDESu(t) = Ga(t, Sv)
ngDO (1) = G, )
DgI,(t) = Gs(tly)

(2.19)

In what follows, we represent equation (2.19) for G1(¢, Sh:) which satisfies the Lipschitz condition
and the Sp;(0) is the initial conditions. Now applying the non-integer operator to equation (2.19)
we have that:

Spi(t) = Spi(0) +22C IS G (t, Si) (2.20)

Where ABCI& represent the fractional integer operator with respect to the ABC fractional derivatives.
For the proposed numerical method, we consider an interval length [0, d] with time step size h = %
where N € N. Let Sp;, be the numerical approximation of Sy;(t) at t = tr, where ¢, = 0 + kh and

k=0,123;...N. Applying Euler method in (2.20), we have the following ABC operator formula:

1—« h®

Shik+1 (t) = Shi(O) + WGl(ShiM—l) + WF(O‘)

k
> 2k41.5G1(Shiy), k=0, 1, 2,.N — 1
p=0
(2.21)
Where 241, = (k+1—p)* —(k—p)¥,p =0, 1,..., k. The stability analysis of the proposed model
is given by the following theorem:

Theorem 4. The numerical approzimation scheme (2.21) is conditionally stable

Proof. Let S‘hio and SMP be approximations of Shi, and Ski,, p =0, ..., k+ 1. From equation (2.21)
we have:

Shigir T ghikﬂ = Ship + S'hzo + M(Q)G1(Shzk+1 + Smkﬂ) + M(a)F(a) Zp 0 2k+1,pG1(Shi, + Sth)

(2.22)
Using equation (2.21) in (2.22), we get:
|Shik+1| = |Shlo + 1\1/17(3) [Gl(Sth+1 + Sh1k+1) G1 (Shik+1 )]"’ (2 23)
]V[(a)F(a+1) Zp 0 2k+1,p[G1(Shij, + Sth) G1(Shi,)]l
Applying the Lipschitz condition and triangular inequality, one get the following:
& 1—a)Vi | & ah® k &
|Shik+1| <eo+ ( A{(;) 1 |Shik+1| + m szo Zk+17P|Ship| (2'24)
Where ey = maxo<<n{|Shio| + %\Smo |} Equation (2.24) can be further simplified and we
get the following;:
[Shipsi| S ViVi e + 4}\;(’;;1;/101) Zp 0 Zk+1,p|Shiy | (2.25)
Where Vi, = % Finally we have that |Shik+1| < CVi, €0 and this complete the proof.

O
3 Numerical Simulations

In this section, we use the MATLAB programming language to perform the numerical simulation
of the model system (2.1) to gain insight into the behavior of the solution for fractional-order
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derivatives. We utilized the fractional Adam-Bashforth-Moulton scheme to simulate the model
(2.1) as illustrated below;

Consider the nonlinear differential equation:

yDER(t) = f(t,®(t),0<t<T (3.1)
With the initial conditions:

PP(t)=®8, p=0,1,2,...[q] -1 (3.2)

Now, with operating by the fractional integral operator on the equation (3.1), we can obtain on the
solution Phi(t) by solving the following equation:

Jal—1 p +
(1) = Z:O %tuﬁfo (t — ) f(r, (7)) dr (3.3)

Diethelm [45] used the predictor-corrector scheme based on the Adam-Bashforth-Moulton algorithm
to solve the equation 3.1. setting h = %, t, = nhand n = 0,1,2,.... N € Z. Therefore we can
discretion the equation (3.1) as follows:

lel =1 =p o n @
h h
B (tne1) = —0y4p - mon tm, @) + =————— f(tns1, Do 3.4
n(tnt1) ;} o n+1+1~(a+2)mzzzoa 1 f( )+F(a+2)f( +1, P 01) (3.4)
where Where by t,, = mh with some fixed h and:
n®t — (n —a)(n +a)?, m =0,
Am,n+1 = (n —-—m + 2)a+1 + (n — m)a'H — 2(n —m + 1)a+17 1 S m S n,
1 if m=n+1.
and the predicted value :
R 1 &
o= St + Ty 2 bt (b, @n(tn) (3.5)
p=0 : m=0
With
he a a
bmnt1 = o (n+1-—m)*—=(n—m) (3.6)
The error estimate is
_ _ p
Ogljéqu)(tm) Pu(tm)| = O(R?) (3.7)

with £ € N and p = min(2,n + «)

3.1 Application of Adam-Bashforth-Moulton Scheme to the proposed
model

In this section, we utilize the Adam-Bashforth-Moulton method to numerically solve the nonlinear
fractional-order model (2.1). In the view to the generalized Adam-Bashforth-Moulton scheme, the
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proposed model (2.1) has the following form:

Shi(tn41)

Epi(tnt1)

Ini(tn+1)

Api(tnt1)

Rhi(tnt1) =

Sy (tn+1 ) =

E'u (tn+1) =

I’U(tn+1) -

Ry + F( + 2)me( nt 1, Shi (b)), B (b)), I (bngn ), AR (Enga),
Rhi(tm) ( ) E, (tm) (tm))
F( ) Z am n+1fR;”( m7Sh1( 'm)7Ehi(tm)alhi(t’m)’Ahi(tm)v

«@
0

Shi + Fsp; (tnt1s S (tn1)s BY (bngp1)s I (bngp1)s Ap (b g1),

h
T'(a+2)
RY (tn41), Sp(tn+1) EP(tnt1), I8 (tnt1))

a

Tt 2 Z am.nt178,,; (bms Shi(tm), Eng(tm), Ing (tm), Api (tm),
Rpi(tm), Sy <tm> By (tm), Iv(tm)),

0
Ep; + me}u( nt1: 80 (tng1), EY (bng1)s 10 (tng1)s AL (tng1)s
Rpi(tm), Sv(tm), By (tm), Iv(tm)),

R n
+mmz::0am.n+lehi (tm7 Shi(tm)s Epi(tm), Ini(tm), Ani(tm),
Rhi(t7n)1 Sa'u(tnL)a Ey (tm,)7 I’U(tWL)) )

0
Iy, + mhm (tna1, Sy (tna1)s BY (tng1), IE  (tng1), AL (bny1),
Rhi(tnL):S'u(tnL) Ey (tm) I’U(tTVL))

o

Mat2) 2 Z am g1 f1p,; (Ems Shi(tm), Bpi(bm), Tni(bm), Api (),
Rp;i(tm), Sy (tm) Ey(tm), Iy (tm)),

AD,+ mfAhi (tnt1,Sh; (tng1), EY (bng1)s IE, (bng1)s AD  (Eng1),
Rpi(tm), Sv(tm), Bo(tm), Iuv(tm)),

hLY n
+m mz=0am,n+1fAhi (tms Shi(tm), Bni(tm); Ini(tm), Api(tm),
th‘,(tm)1Sv(tm),Ev(tm)71v(tm))~

Rpi(tm), S ( )Ev(tm),lv(tm)),

SO+ I'(a+2) wr oy S8, (tntt, ST (tnr1), Y (tns1), I (tngn), AR (fnn),
Rni(tm), So(tm), Ev(tm), Lo (tm)),
+ﬁ Z am n-Hva (tm:Shz(tm) E}”(tm) I’”(tm) Ah’(tm)

Rt m)S( ) Ey(tm), I (tm)),

EO

F(a+2)

Rui(t m) s,,(tm),Eu(tm),Iv(tm)),

+

F(a + 2)

ha(tm)7sv(tm) ( ) ( ))

IO

F(a +2)

ha(tm),sv(t’m) ( ) ( ))

+

IMNa+2

h n

Rpi(tm), S,,(tm), Ey(tm), Lo(tm))-

fSU (tn+1, Sﬁl (tn+1)7 Eﬁz (tn+1)7 Iﬁi(t”H—l)v Azi(t"+1)7
Z am n+1fE1,( myShZ( ) Ehi(tm)ylhi(tm):Ahi(tm)a
flv( n+1, ( n+1) (tn+1)’I}?;i(t"Jrl)?AZi(t”Jrl)’

) Z am n+1fI1,( my Shi(tm ), Eri(tm), Ini(tm ), Ani(tm),

(3.8)
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Where
Sﬁi(tn-ﬁ-l) = Shz + e Z bm n+1fS;” (tmyshz(tm) Ehl(tm) Ihz(tm) Ahz(tm) ha(tm)
S. (tm> "Etm> L(tm)),
Efi(tar1) = Epi+ Z b nt1fEy; (b, Shi(tm ), Eni(tm), Ini(tm), Ani(tm), Rui(tm)
Sv(tm) E, (tm) L(tm)),
ISi(tTH'l) = If?z + E Z bm,n+lf1hi (tm7 Shi(tm)y Ehi(tm)7lhi(tm)a Ahi(tm)y ha(tm)
Sv(tm),E:l(im)Jv(tm)%
A(tn) = At o Z bim,nt1.f A (bmy Shi(tm ), Eni(tm), Ini(tm), Ani(tm), Rui(tm)
So(tm), Ev (tm) L(tm)),
Ry (tn41) = Ry + % Z bm,n+1 Ry (bms Shi(tm)s Eni(tm); Ini(tm), Ani(tm), Rai(tm)
Sv(tm)va?t_’m)?[U(tm))a
Sg(tn+1) = SO + - Z bm n+1f5 ( m,Shz( m)vEhi(tm)vjhi(tm)vAhi(tm)7Rhi(tm)
( ) (n m)s Lo(tm)), (3.9)
Elz;)(tn+1) = F Z bm 'n+lev tm7Shz(tm) Ehi(t'm)7[hi(tm)yAhi(tm)thi(tm)
Sultm). Bu(tm), To(tm)),
Btnrs) = I+ 3 bt (s S Bt (6 Ans (), Bn)
Sultim), (b, Lo(bm).
In what follows we have:
ABCDESHi(t) = fsp, (tm, Shitm), Bni(tm), Ini(tm), Ani(tm), Rni(tm), Su(tm), Eo(tm), Lo (tm))
ABCDEERi(t) = fry, (tms Shitm), Bni(tm), Ini(tm), Ani(tm), Bhi(tm), So(tm), Ev(tm), Lo(tm))
APCDE i) = frn (tms Shitm), Eni(tm ), Ini(tm), Ani(tm), Rni(tm), So(tm ), B (tm), T (tm))
ABCDSARi(t) = fap, (tm, Snitm), Eni(tm), Ini(tm), Ani(tm), Rni(tm), Su(tm), o (tm), Lo (tm))
ABCDERui(t) = fry, (tm, Snitm), Bni(tm), Ini(tm), Ani(tm), Rni(tm), So(tm), Eo(tm), Lo (tm)),
ABEDSS(t) = fsy(tmy Shi(tm)s Eni(tm), Ini(tm),s Ani(tm), Rui(tm)s So(tm), Bo(tm), Lo(tm))
ABCDOE, () = fr,(tm, Shi(tm)s Eni(tm)s Ini(tm), Ani(tm ), Rii(tm), So(tm ), By (tm), Lo(tm))  §3.10)
ABCDEIL(t) = fr,(tm, Shi(tm), Bni(tm), Ini(tm), Ani(tm), Bhi(tm), So(tm), Bv(tm), Lo(tm)).

Additionally, the quantities

Ssni (tngr, Sy (tngr), By (tnr), I3y (b)), Api (tnga), By (Engn), S5 (Enga), B3 (tnga), LD (Ens1),

fEn: (Ent1, SE (Ent), Ehz(tn+1)71}€z( 1), A (tng1), By (tnta), S5 (Entr), BY (tnga), I8 (Eng1)),

Fua ( n+175hl(tn+1),E 5t n+1)7ff{ (tn1), Api (1), Ry (1), SO (Ens), BE (Ensa), 12 (En40)),

fAhz( n+1, hz( n+1 ( n+1) ( n+l) A ( 1) Rz (tn+1),55(tn+1)7E5( n+1)715(tn+1))7 (311)
Tap: (tnsa, m(tn ) E 1(tn+1) Z(tnﬂ) AP Z( +1), Bpy(tn41), ST (tnr1), BE (tn41), I8 (tn1),
va((n+1, P (tng1), BV (tng1), 17, (bny1), AY (tns1), R, (n+1)7Sg(tnﬂ),Eg(tnﬂ),ff((tnﬂ)))),

fe, (tny1, S (n+1)7E (n+1) I (n+1 ,A ( ) R (n+1)7Sﬁ(tn+1),E§(tn+1),15 tnt1)),
flv(tn+175m(tn+1) E} (tn+1) Iy (tn+1) Al (n+1) R} (tnt1), ST (tnt1), EY (tn41), ID (tn+1)
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3.2 Sensitivity analysis of the reproduction number

The results from model system (2.1) have shown that the basic reproduction number is an important
threshold parameter for persistence and extinction of cholera disease in the population. Most of the
parameters in this study have been drawn from the literature as presented in Table 1 and some are
estimated. Therefore, it important to perform the sensitivity analysis to demonstrate the influence
of each parameter in the magnitude of basic reproduction number Rg.

Definition 3. (See, [15]) The normalized sensitivity index of Ro which depends on differentiably
of parameter, ¢ is defined as follows:

O0Ro ¢
pRo = 220w > 3.12
The implication of the sensitivity analysis is that the model parameters whose sensitivity index
is positive increase the magnitude of Ry whenever they are increased and those with a negative
index decrease the Ry whenever they are increased. In what follows that, using (3.12), the value of
normalized sensitivity index for each parameter used in the model (2.1) is summarized in Table 2.

Table 1. Description of parameters used in the model system (2.1)

Symbol Description Value Units

Ay New recruitment of human population 0.033 Day ! [42]
Ay New recruitment of vector population 1000 Day ! [42]
Phi proportion of human movement from high to low risk areas 0.00002 Day71

Pho proportion of human movement from low to high risk areas 0.00001 Day71

Bh Human population birth/natural death rate 0.0056 Day ! [?]
Loy Vector population birth/ mortality rate of 0.033 Day ! [?]
Yu Rate at which temporary immune humans lose immunity Yu = 0.03 Day71 [46]
dp, Disease mortality rate for humans 0.00009 Day ! [?]
Yo Rate at which exposed mosquito become infectious 0.091 Day71 [?]
Ye Rate at which exposed individuals become infectious 0.1 Day71 [?]
€p Reduction factor of disease infection in low risk areas fitted

Kp Incubation rate of human population 1—10 Day ! [?]
Kp Incubation rate of animal population ﬁ Day ! [?]
Kp Incubation rate of vector population % Day ! [?]
Ya Animal recovery rate 120 Day ! [?]
Ph Progression rate individuals from asymptotic to infection class 0.03 Day71 [?]
0y Treatment rate of infected humans fitted

Bh Infection rate for mosquito-to-susceptible human population 0.092 Day71 [?]
By Infection rate for human-to-susceptible mosquito population 0.03 Day71 [?]
ap Progression rate of individuals from exposed to infected class fitted

Table 2. Sensitivity analysis of parameters for the model system (2.1)

Parameter Ap A Hp 23 Bh By Ph Yh

v v
Index -0.5 +0.5 F0.0023  -0.3926  +0.5348  +0.4652  +0.4652  —0.0228
Parameter O Yu Ya Yo ap Ph1 €n
Index -0.0035  +0.0968  -0.0592  +0.3919  +0.0263  -0.0083 -0.3297

From the results in Fig. 1, it was noted that model parameters A,, 81, Bv, 0, Vu, Yo and ap
have the positive influence on the Ry, that is, whenever they are increased, the magnitude of Rg
increases. For instance, an increase in 8, by 30% will lead to an increase in the magnitude of the
Ro by 53.48%. Model parameters with negative index values have a negative influence on Ry, for

example, an increase in vector mortality rate by u, by 33% will lead to a decrease on magnitude of
320 by 39.26%.
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Fig. 1. Sensitivity analysis of the model system (2.1)
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Fig. 2. Effects of varying (a) disease transmission rate from infected mosquitoes to
susceptible humans modeled by parameter 8, on Ry (b) disease transmission rate
from infected humans to susceptible mosquitoes modeled by parameter 3, on Rg

Numerical results in Fig. 2. (a) shows the disease transmission rate from infected mosquitoes to
susceptible humans modeled by parameter 8, on Ro. From the results we note that increase on the
disease transmission rate from infected mosquito to susceptible human increases the size of Ry. In
particular, whenever the transmission rate of disease from mosquitoes to humans in the population
is greater than 10% the disease persists in the community. Fig. 2 (b) demonstrates the effect
of disease transmission rate from infected humans to susceptible mosquitoes. Overall we observe
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that whenever the transmission rate of disease from humans to mosquitoes is greater than 25% the
disease can not be eliminated in the population. Simulations in Fig. 3 (a) depicts the effects of

15 ‘ ‘ ; ; 1.2
1
1
0.8f
Q:D D:D
0.6f
05
0.4t
I I I I 02 | | L
0o 0.2 04 06 08 1 0 02 04 06 0.8
A Py

V (a) (b)

Fig. 3. Effects of varying (a) new recruitment of susceptible mosquitoes 3, on R (b)
progression rate of asymptotically humans to infectious class p, on Ry

varying new recruitment on susceptible mosquitoes 8, on Ro. The results shows that increase in
the new recruitment of susceptible mosquitoes increase the magnitude of Ry. In particular, we can
note that whenever A, is greater than 50% the disease persists in the community. Fig. 2 (b) shows
the effect of progression rate of asymptotically humans to infectious class. Overall we can note that
whenever the pj, is greater than 60% the disease remain endemic in the community. Numerical
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Fig. 4. Effects of varying (a) reduction factor of disease transmission in low risk area
en on R (b) new recruitment of susceptible humans in the population A; on Ry

illustrations in Fig. 4 (a) shows the effect of varying reduction factor on the disease transmission
in low risk area (modeled by the parameter €5) on Ro. From the results we note that increase on
the reduction factor decreases the size of Ry. In particular, whenever ¢, is greater than 50% the
disease dies out in the population. Fig. 2. (b) shows the effect of varying the new recruitment of
susceptible humans (modeled by the parameter ;) on Ro. Overall we can note that whenever the
Ay, is greater than 20% the disease does not persist in the population. Fig. 5 shows the contour plot
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Fig. 5. Contour plot of the basic reproduction number Ry as the function of
treatment rate on infected individuals (modeled by parameter 6,) and progression
rate of exposed humans to infectious class (modeled by parameter a;)

of basic reproduction number Ry as the function of treatment of infected individuals (modeled by
parameter 05) and progression rate of exposed humans to infectious class (modeled by parameter
ap). Overall we can note that regardless of the treatment rate, increase on progression rate of
exposed humans to infectious class by more than 50% in the population the malaria disease persists
in the community.

3.3 Parameter estimations using weekly reports of malaria cases in
Zimbabwe

In this section, we use the real data of Malaria cases reported in Zimbabwe to numerically solve
the model system (2.1) and estimate the parameters (en,0r,ap) that minimize the deviation of
real data from prediction of model system (2.1). Fitting the model using real data and parameter
estimation in the fractional order models is an integral part in the disease modeling. Therefore, in
this study we use both the least squares and Nelder mead algorithm methods [7] to fit and estimate
the parameters (en, O, an) of the proposed model (2.1). The real data used in this study are weekly
reported cases in Zimbabwe as presented in Table 3, and the commutative new infections predicted
by the model (2.1) is obtained using the equation (3.13):

iDIC(t) = Bhsjf\z]it()tgv (t) (3.13)

We use the following function to compute the best fitting:
F R?ﬁhﬂh,ah) = Reey.01.0n) (3.14)

where €y, 0y, ap are variables such that:

(1) For a given (en,0n,an), solve numerically the model differential equations (2.1) to obtain a
solution Y;(t) = (Shi, Eni, Ihi, Ani, Rhiy Sv, Ev, I, which is an approximation of the reported
Malaria cases Y (t).

(2) Set to = 1 (the fitting process starts in week 1) and for t = 2,3, ..., 52, corresponding to weeks
in where data are available, evaluate the computed numerical solution for I,(t); that is.,
I,(1), In(2), In(3),....., In(52).

(3) Compute the root mean square (RMSE) of the difference between I, (1), I, (2), ...., In(52) and
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observed cases. This function F returns the root-mean-square error (RMSE) where

52

1

RMSE = | > (In(k) ~ Lu(k))?,

k=1

(3.15)

(4) Determine a global minimum for the RMSE using Nelder-Mead algorithm. The function F
takes values in R® and returns a positive real number. Using the formula (3.15), we computed
the RM SFE and was found to be 2.6571. This shows that the proposed model has deviations
from observed real data. On performing the fitting process we assumed the following initial
conditions Sp1(0) = 100, Ep1(0) = 90, I51(0) = 60, Rp1(0) = 20, Ax1(0) = 20, Sr2(0) = 800,
En2(0) = 100, In2(0) = 100, Rn2(0) = 90, Ax2(0) = 10, S,(0) = 115, E,(0) = 50 and
I,(0) = 36 and the model parameters are in Table 1.

Table 3. Commutative detected of malaria cases for 52 weeks in 2014 reported in

Zimbabwe

week 1 2 3 4 5 6 7 8 9 10 11 12
Cases 1381 1939 2567 2672 1114 2516 2714 2529 1767 1677 2157 2102
‘Week 13 14 15 16 17 18 19 20 21 22 23 24
Cases 1782 2466 3194 1801 2396 2592 3184 2139 2576 2936 2091 3365
Week 25 26 27 27 28 29 30 31 32 33 34 35
Cases 3957 3737 4820 3622 3742 3027 2938 4750 4238 4508 5204 4302
Week 36 37 38 39 41 42 43 44 45 46 47 48
Cases 3945 3723 4938 4008 4068 5130 4670 4640 3914 4051 668 2228
Week 49 50 51 52
Cases 2638 2603 2409 2409

w10

Commulative detected cases

18

16

14

12

10

2 Real data

Model fit to the real data at o=0514

20 30 40
Time (Weekly reports)

Fig. 6. Estimation of the fractional-order model with o = 0.514 with RMSE=2.6557

with Ro = 3.6899

60

Fig. 6. shows commutative detected cases of malaria as reported in Zimbabwe. We used the 52
weekly reports of malaria cases to fit in the model system (2.1). From the results we can note for
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the first 30 weeks estimates from fractional-order model deviates from the reported cases of real
data and thereafter estimates significantly better forecasts of the disease for the 35 to 52 weeks.
Overall we conclude that in a long range interaction of vectors and hosts fractional order model
present better forecasts of dynamics of malaria disease in the population.
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Fig. 7. Graphical representation of residuals against time for malaria cases in
Zimbabwe for the model system (2.1)

Fig. 7. shows the graphical representation of residuals of the model system (2.1) for 52 weekly
reports of malaria cases reported in Zimbabwe. Overall we can conclude that the residuals did not
follow any particular path (exhibited random pattern) which shows that the fractional-order model
(2.1) present better forecasts to the reported real data of malaria cases in Zimbabwe. This result is
more reliable and realistic which is inline to that in [48] published.

3.4 Simulation of the model to support the analytical results

In this section, we simulated the model (2.1) at o € (0, 1] to support the analytical results. We
first simulate the model at Ry < 1, followed by simulation at Ry > 1 to show the behavior of
dynamical solution in a long-range of interaction between humans and mosquitoes. = Numerical
simulation in Fig. 8. shows the convergence of model solutions to the disease-free equilibrium with
different derivative orders. The solution were obtained upon setting 6, = 0.4, o, = 0.05, €, =
0.4, Ap1 = Ap2 = 0.00001, p = 0.005, A, = 0.001. giving Ro = 0.0013. Overall, we can note
that as the order of derivative approaches unit the time taken by the solution to converge to the
disease-free equilibrium increases.

Numerical simulation in Fig. 9 shows the dynamical solutions of infected humans and mosquitoes for
Ro = 3.6899. Overall we can observe that in a long range interaction of humans and mosquitoes,
the solution profiles are associated with periodic oscillations. The implication of results is that
inclusion of asymptotic individuals in the population destabilize the solution of model system leads
to periodic outbreaks of malaria disease in the population. Additionally, we can note that whenever
the derivative order « is reduced from 1, the memory effect of the system increases, as a result the
number of infected mosquitoes and humans increase over time.
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Fig. 8. Dynamical solutions of model system (2.1) with different order derivatives
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Fig. 9. Dynamical solutions of model system (2.1) with different order derivatives.
The solutions were obtained upon setting
0n, =04, o, =0.05 €, =04, Ap1 =Ap2=0.00001, p=0.005 and A, =0.001 giving
Ro = 3.6899.
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4 Conclusions

In this study we proposed and analyzed a new fractional-order derivative model of malaria disease
transmission using Atangana-Baleanu in Caputo sense. In the model analysis we computed the basic
reproduction number Ry and showed that whenever Ry < 1 the disease dies out in the population
and persists whenever Ry > 1. We proved the existence and give the criteria for uniqueness of the
model solution using Lipschitz condition and Banach fixed point theorem. In numerical simulations,
We used the nonlinear least square method to perform the parameters estimation and fit the model
with real data of malaria disease reported in Zimbabwe. The results showed that the model fits
well with reported malaria cases and more relevant to those published inline[56]. We performed
the sensitivity analysis of the model parameters to determine the correlation between the model
parameters and Ro. Overall, we noted that parameters A, B, Buv, 0, Yu, Yo and ap have a strongly
correlation to the threshold quantity Ro. Finally, we used the Adam-Bashforth-Moulton scheme to
simulate the model. Overall, we noted that whenever the derivative order « is approaches 1, the
memory effects of infected vectors and humans increase as a results that the number of oscillations
increases overtime. The findings in this study is more useful in health authorities specifically in
developing countries where malaria disease is still endemic in most areas. In future, this model
can be extended and include the human and vector migrations and assess their effects on spread of
malaria disease in the population.
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