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Global dynamics of fractional-order model for

malaria disease transmission

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.

Keywords: Malaria, Heterogeinity, Fractional-order model, model validation
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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. vivaz [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 [21]. 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 [47, 7, 48, 49], 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, [8, 50, 9]). A number of studies have used the optimal
control theory in malaria models. Blayneh et al., [51] 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., [52] 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., [10] proposed a mathematical model
to explore the biological control of malaria. In [54] 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 [35] 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
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incidence exhibits back bifurcation and this has an implication in disease eradication in the population.
In [36] 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., [11].
Recently, Otieno et al., [12] investigated the malaria transmission dynamics 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 [14]. The most common
definitions of fractional calculus are Caputo-fractional and Riemann Liouville operators which are de-
fined by power decay and derivatives as a kernels [15, 16, 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 [41, 52]. The Atangana-Beleanu in Caputo sense is superior and the best
option for modeling real world problems including infectious disease compared to Caputo-fibrizio. Ad-
ditionally, 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 [19]. Fractional calculus have been extensively
used for modeling real world problems such as heat conduction, control theory, chaotic theory and
biological processes [20, 52]. Fractional order calculus are popular field that describe the application of
non-integer order derivative in disease dynamics [32]. 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 [33, 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 [29, 30, 51, 52, 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
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real world problems. Therefore, application of fractional order derivatives is still poorly understood
in most of researchers [39, 42, 34, 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 ref-
erences cited therein (see, [20, 22, 23, 24]). Khan et al., [20] 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 [22], for-
mulated 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 (ABC) 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 [37, 38, 39, 40]. This provide suitable classification differentiation operator and suitable function
in modeling real world-problems such as infectious diseases [41]. 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.

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 [57]. The model take into account the interplay between vector (mosquitoes)

and human populations governed by the following assumptions:

(i) 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,(t) and defined by:
Ny(t) = Su(t) + Ey(t) + I,(t). We denote the subscript v and h throughout the document to

represent the parameters and variables for vectors and humans respectively.

(ii) The total human population is denoted by Np(t) and is sub-divided into two sub-groups accord-
ing the exposure to heterogeneous vector biting, we denote Np1(t) and Npa(t) to represent the
total human population in high and low risk areas respectively, thus, Ny (t) = Np1(t) + Npa(t).

The human population in both low and high risk areas is sub-divided into five non-intersecting
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(iii)

compartments: susceptible Sp;(t), exposed Ep;(t), infected with symptomatic disease (severe and
clinical cases) Ij;(t), infected with asymptomatic disease Ap;(t) and temporary immune individ-
uals Rp;(t) for i = 1,2. With these divisions, the total human populations in both low and
high risk areas at time t are given as, Npi(t) = Spi(t) + Eni(t) + Ini(t) + An1(t) + Rni(t),
Nia(t) = Sna(t) + Ena(t) + Ina(t) + Apa(t) + Rual(t).

The average life span of humans in malaria endemic regions is 1/uf,, where pf; is the natural
mortality rate of humans for ¢ = 1;2. Similarly, the average life span of mosquitoes is 1/u<,

where p§ is the natural mortality rate of mosquitoes. The recruitment rates of susceptible human

[e%
v

and mosquito populations are denoted by Ay, for i = 1;2, A, 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 07 ,vy; for

i = 1;2. Temporary immune individuals move to the susceptible class after losing their immunity

1
at the rate v;;, hence — for i = 1;2 is the average duration of immunity.
ut

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 ¢ for ¢ = 1;2. For humans and
~v& for vectors. It is assumed that a proportion of the exposed human class (p$v%(0 < p < 1))
is developing a symptomatic disease, while the rest ((1 — p®)yS) is still asymptomatic. The
infected human population with symptomatic disease (severe and clinical cases) Ip;(t) decreases
as a result of natural death and is further reduced by disease-related mortality at a rate ¢;;. By
clinical treatment or natural recovery, a proportion of the infected population 65~} returns to
the susceptible state while the rest moves to the asymptomatic state at the rate (1 — p§;)v5;.

Those in the asymptomatic state may additionally develop disease through superinfection at rate

PiAGi(t).

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 (1):

_ BiL,()

B = B2 Uni(®) + 01 Ani(t))

Npi(t)

[
7)‘1)_

The parameter 3; 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, & is the effective contact rate of vectors
which is defined as the product of the biting rate of mosquitoes and the probability of transmission

per bite from an infectious mosquito to a susceptible human. Susceptible individuals who are rich
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assumed to have reduced chances of infection modelled by (1 —¢€?) with 0 < e} < 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

p5, and pf, respectively

Definition 1. (see [25]), given the functiony € H (0,T),T > 0 and o € (0, 1], the fractional operator:

ABCDE y(t) =

1\14_((;) fot E, (1__0("1(15 - T)a)y/ (T)dr is called ABC-fractional operator where M ()

denotes the normalization and satisfies M(0) = M (1) = 1 and E,(.) denotes the Mittag-Leffler function

> K
of the form: Ba(v) = 32 iy

Definition 2. (see [25]) the fractional operator;

« —« o t —a
ABOTe 2(t) = Al/[(a)z(t) + o Jo(t =) 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 7,j = 1,2 is given as follows:

Qi (), (t o N o
ABCDe () = Ap— SO o g4~ Shalt) + 55 Sy ()
Nhi(t)
i Bni(t) + 0575 Ini (1),
oG (O, 1) .
ADs () = PO B0 - s B,
e (e e ?BQA g 3 IU 4 [e% @ @
ABODGha(t) = pEn(e) + O o),
e o @ ?BO‘A % t IU 3 [e% fe «
ABCDRAN) = (1= (o) — P (1 ) i)
— 1t Ani (),
APCDERui(t) = 78 Ani(t) — (it + 7o) Rui (t).
ipCpas ) — Aa BS0 Unlt) o Aw) (1= 6)BIS0 (y(0) + o5 Ary)
Np1 Ny,
_N’g v(t)a (1)
a Ini a A ) BES(t) (Ing(1) + 0% A,
ABCDgEU(t) _ 61; Sv(t)( hz(t) + o; hz) + B ( )( h]( ) 9 h]) _ (Mﬂ +’73)Ev(t)7
Np; N
APEDEL(t) = g Eo(t) — pi(t).
and Shi(o) = Sh(i,U)’ Eh, (0) = Eh(i,O)’ I, (0) = Ih(i,O)’ An, (0) = Ah(i,o)’ Rp, (0) = Rh(i,o)’
Sy(0) = Sy, Ey(0) = E,,, I,(0) = I,,. Where 0 < a < 1 and ABCDS‘ is Atangana-Beleanu in

Caputo sense of order a.
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2.2 Model analysis
2.2.1 Non-negativity and boundness of model solutions

Theorem 2.1. For the model system (1), there exists a unique solution in (0,00), however, the solution

. iy L g
is always positive for all values of t > 0 and remains in R7 .

Proof. From the model system (1), for 4,j = 1,2 we first show that:
Ri ={(Nps, Ny)€ 7'\’,2+ : 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 Ri. Let us consider the

following cases:

Case 1: Let us assume that there exists a ¢, > to such that Np;(t.) = 0, and Np;(t) <0 for ¢t € (t.,t1),
where ¢ is sufficiently close to t., if Np;(t.) =0, then we have that:

ABC DY Ny (L) = AGi — 115 Nui+D0, 1 Shj +PhiSni > 0. This implies that g Dy* Np;(t) > 0 for all t € [t., ]
Case 2: Let us assume that there exists a t,. > to such that N, (t,.) = 0, and N, (t) < 0 for t € (t.,t1),
where t; is sufficiently close to t,, if N,(t.) = 0, then we have that:

ABCDON,(t,) = AY — u®N,, > 0. This implies that 2ZCDIN,(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 Ri This show that all the solutions of the model system (1) remain positive for all ¢ > 0. O

Theorem 2.2. Let ®(t) = (Np;(t), Ny(t)) be the unique solution of the model system (1) for all t >0,

then the solution ®(t) is bounded above, that is, ®(t) € Q where Q is the feasible region defined as:

0 Npi(t) R 0 < Npi(t) < Chy,s

Jr
Ny (t) 0 < Ny(t)<C,

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

. Nhi(t)
int(Q) = eR%
Ny (t) 0 < Ny(t) < C,

0 < Npi(t) < Chy,s

Proof. Here we prove that the solutions of model system (1) are bounded for all ¢ > 0. Biologically, the
least possible value of each state of the model system (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) < Ch;, and 0 < N, (t) < C,. From these conditions, we have:
ABC DO Ny < Ay — pifhi Nai(t)
Using the Laplace transformation conditions, we have:

[e3

SYL[Npi(t)] = S Nyi(0) < % — Wi L[Nni ()]



108 Collecting the likely terms, we have:

S—l Sa—l
& 4 Npi(0) .

hi

199 L[Nhi (t)] <
200

Ao Sa—(1+a) N (0) ga—1
= Qo o, + Nhi Qa L o
S+ S+ iy

201

22 Using the inverse Laplace transform, we have:

a—(14+a) a—1
203 Nhi(t) < Ll{ S} — Nhl(O)Ll{S}

hi Sa"‘ﬂ'%i Sa"‘“%i

204
205 < A%itaEa,9+1(_ﬂgi)ta + Nhi(O)anl(_Ngi)ta
206

Agi o o \po [T
207 <t Ea,a+1(_ﬂhi)t +Nhi(0)E071(_Mhi)t

M
208

A%
200 < Max{l;fv Nhi(o)} (taEa,aH(_N%i)ta + Ea,l(_ﬂgi)ta>

hi
210
C
= —— =Ch;.

211 P(l) h

22 Where Cp; = Max{ﬁgi,Nm(O)}. Therefore, Ny;(t) is bounded above. From the vector population,
hi

213 we have:
ABCDEN, < AY — uN,(t)

a5 Using the Laplace transformation conditions, we have:

1 — p@)AX
S®LIN,(t)] — S* LN, (0) < % — U L[N, ()]
a7 Collecting the likely terms we have
S—l Sa—l
LIN,(t)] <Al ——— 4+ N,(0) ——.

s N < A e+ N0 g
219

Sa—(l—i—a) Sa—l
220 =A—— +Nv(0)7

S+ gy S+ pg
21 Using the inverse Laplace transform, we have:

Saf(lJra) Sga—1
N,(t) < LA —— b — N, (0) L7}

- ) = { hS‘“ru%} ® {S“ﬂtﬁ}
223
224 < AStQEa,a—H(_ﬂg)ta + NU(O)EQ,I(_Mg)ta
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Where C, = M ax{

A()é

< itaEa,aJ’,l(_Mg)tQ + NU(O)EaJ(—/Lg)ta

- [e3
l’L'l)

«

A
< M””{u Nv<o>} (t“Ea,a+l<—u3>t“ ; Ea,l(—mt“)

(ﬁg , N, (O)} Therefore, N, (t) is bounded above and this complete the proof. [

v

C

ra) Co-

2.3 The basic reproduction number and existence of equilibria

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

in the population. The model system (1) always has a disease-free equilibrium £° given by:

&v. (Sgl,E,?l,lgl,Agl,SgQ,E?LQ,IQQ,A?LQ,SS,ES,I;)) = <S,31,0,0,o, 522,0,0,0,53,0,()).

Where by:

0
Sh1

0
Sv

AR Do g (15 +3y) + DoAY

i +oiy (s o) (5 + 0i) (05 + PRy) — Diapi)

Ajs (Mgl + Pp1 + Pha Agl)

1152 (15 + D) + Do (152 + D) — DipRy

(03
AU

G

Following the next generation matrix approach as used in [53, ?], 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 £9 are defined as follows:

o O o o o o o

o

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

B BaSlse  Goisl (oqaisie
0 0 0 0 0

o o o o o o o

Bi
0
0

(1 —=€p)By

o o o
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2

S
©

1R+ 78 0 0 0 00 00

ol E A0 O 0 00 0 0

—(I—ap)yy  —Q =0 s+ 0 0 0 0 0

. 0 0 0 Ko + Ve 0o 0 0 0 n

0 —a5Yey ni 0 0 0

0 0 0 —(1—-af)vy ng ng 0 0

0 0 0 0 0 0 Ny 0

0 0 0 0 0 0 —vy ue

with ny = pjy + 055 + Ve, m2=—(1—05)vh0, n3 =7 + pho,  na = py +7-

Therefore, from (3) and (4) it can easily be verified that the basic reproduction number of system (1)

is given as:
Ro = My Mz + M3zMy,
with:
M, = aﬂgmz o
(1 + 7 )1
s gi Sttt | estat
521@%1 + e (i1 + 051 +0) 521 ’
M3 = (1 ; ez)g}?,yga
(g + 70 )y
_ (1—en)Bp Spany (1 —ep)BaSyos
M4 - Q0 a « a « a 0 ‘A27
Sha by + %) 1y + 05 + Vi) Sha
Ay = (1py + 051 ) — )y + apye (1 - 9%)’7}?1’ and

(i + 050 + 9510 (g + e (G +781)
Ay = (N%z + 05 + ’7/?2)(1 - O‘%)V& + 0‘%’732(1 - 9%2)71?2_
(/~‘22 + 075 + o) (e +7&) (1hs +752)

The basic reproduction number Ry 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 (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 Eni Ihis Bhis Aniy Sv, By Lol | = [[Shal | + [[Enill + [ Inall + [ Bhill + [[Anill + [1Su]] + [[Eo|| + [ o],

10
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where:

[1Sni(t)]] = supse(o, 77 [Sni (1)1,

|| Rni(8)]] = sup,epo, 7y [ Rni(t)],

Eni (0] = supsejo,ry [ Eni(0)],  [Hni()] = suprego,ry Hnilt)],
AR ()] = supseo,ry [Ani(B)], - |1SuOI = suprejo,ry [Su(®)], 1B @) =

supseo,r) [Eo ()], L] = supiefo,ry [0 (2)]-

In what follows, we utilize the fractional integral operator 45 I, on both sides of the system (1), for

i, = 1,2 we get:

Shi(t) — Shi(0)

Eyi(t) — Eni(0)
Iji(t) — I5i(0)

Aps (t) — Ap; (0)

AB ¢ ¢
15y {Agi TN 15iShi(t) — PRiShi(t) + Pl Sk (t)
+ym Rui(t) + 05 vnidni(t) ¢,

AP,

BirSu (DL (1)
Enom ol e Ens(t) — 4% Ena(t) b,
Nhi(t) ;thh (( ))I (,};EZ h ( )
@ oo pza h hi t v t @ « @
AP I8 S prve Bni(t) + hNh-(t) — (ks + 0p; + ’Yhi)lhi(t)}a
«@ (e APeY p? aAhi L IU t [eAPeY
ABIS S (1= pp S Ena(t) — hNh<((t)) Q0 + (1= 05)vhilni(t)

e An(t) — g An <t>}7

ABI&{w;Am (1) = (g + %) R <t>},

By Sni(t) 1, (t)

o, {g - B Ut 02 ) 0= ) ) 054
0+ v

Nhs N

55,0},
AB [a {ﬁﬁ“Sv(t) (Ini(t) + 08 Ap) (1= €n)BgSy(t) (In;(t) + 0§ Anj)
0+ +

Nps N

—(pg +75)Eu(t) ¢,

ABI&{ﬁEv(t) — u;*fv(t)}-

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

Shi(t) =
Enit) =
hit) =
Rui(t) =

An(t) =

St o) + s [ Bt Su(0)er
Eh2(0)+((111\{_(2§) (Fi(t, Bna(t)) + z\go([an;(la) 4 Fio(t, Epi())dr,
e TG
<J1W_(a°3) (Fk(t7 Am-(t)) + S Fk(t’ Ahl-(t))d77
T OO i, O
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Where Qp =

Where:

Fr(t, Shi(t))

Fy(t, Eni(t))

Fi.(t, 1hi)(t))

Fy(t, Rpi(t))

F(t, Ani(t))

F(t, Su(1))

Fi(t, Ey(t))

Fi(t, I,(t))

By Shi(t) L, (t)
Npi(t)

Vi Leni (t) + 057 Ini (1),
BrSni(t)Iu(t) MﬁiEm‘(t) _ 'Y;'Ehi(t)a

Npi(t)
P5 By Ani () 1o (t)
Npi(t)

YaiAni(t) — (s + vei) Bri(t),

Ap; — — Wy Shi(t) — PhiShi(t) + Ph;Sh;(t)

Pives Eni(t) + — (Mhi + Ok + i) Ini(t),

g aA i IU @ @ fe%
(1= pp)ves Bni(t) — W + (1= 05) VR Ini(t) — va; Ani(t)
_NgiAhi(t)v
A By Su(t) (Ini(t) + of Api) (1= €n)BeSu(t) (Inj(t) + o5 Any)
! Nhi Ny
_Ng U(t)7

B3 Su(t) (ni(t) + 0 Ani) (1= €n)B3Sy(t) (In;(t) + 0 Any)
Npi Ny,

— (g +73) Ey(t),
Vo By () — g 1o (t).

The kernels N; with 0 < Qx < 1,7 = 1,2,...13, satisfy the Lipschitz condition in equation (8) if and

only if Sp;i(t), Eni(t), Ini(t), Rri(t), Api(t), Su(t), By (t), and I,(t), with ¢ = 1,2 have an upper bound.

In-general, suppose Sp;(t) and S}

[|FWt, Sni(t) — Fr(t, Sp (O] = [[AR;

Br sup.cio,r) Ini(t)
SUP¢e(o,T] Nhi(t)

5:(t) are two functions, we have:

/B}?Shb(t)lv(t) « o] o
TN 153Shi(t) — PhriShi(t) + phjSh;(t)
B Shi () 1o (t)
& Ryi(t) + 0278 Ina () — ( Ag, — Zh2nilD 2wl
FYuidth ( )+ hiThith ( ) ( hi Nhi(t)
—P5iShi () + phySh; () + vas Rui(t) + O5ivii Ina(t) )11,
nl i « (% *
= %Th + up +phi> [Shi — Siall,
B suPteio, 1) Lni(t) a o *
< ;upte[;[;[p)]q;lfhi(t) + Hy +phi) HShi - Shi||7
= Qrl[Shi — Siy;ll-
+ py + py;. Thus:
[[Fit, Sni(t) — Fio(t, Sii(O)I] < Qil|Shi — Shll

12
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288

289

290

291

292

294

295

Using the same techniques as in (9), we get:

[Fwt, Eni(t) — Fio(t, Ep (O] < QrllEni — B,

[ Fit, Ini(t) = Fe@, IO < Qul[Tni — I3,

[Fwt, Ri(t) — Fio(t, Ry, ()l < Qul|Rs — Byl

[Fit, Ani(t) — Fi(t, AL (Ol < QrllAni — ARl (11)
[Ft, So(t) — Fi(t, S5O < QillSy = S3II,

|Fut, Bo(t) — Fi(t, E5 ()| < QullEw — Bl

1wt I, (t) — Fi(t, L)) < Qulll — I3]]-

Whereby Q;(i = 1,2,...12) is the Lipschitz constant for the function F;(.) for ¢ = 1,2,..12. Indeed,

equation (7) in recursive form as follows:

Snilt) = Sns(0) + (Jl\/[_(ac;)Fk(t,Shm_l(t))—k i) T /0 (t = 1) (7, Spomr (7)),

Bn(t) = En(0)+ (ifzao;)Fk(t,Ehi,n_l(t))+Mo(éa F(a)/o (t = 1) Fy(, Bppr (7))dr,

Ini(t) = hi(0)+ka(t’fhi,n—1(t))+ M(?a (104/;(75 )* T (T, Tnin—1 (T))dr,

An(t) = An(0)+ (Jl\/[_(:;)Fk(t,A;ml_l(t))+ Maa)ﬁ /O t(t—T)a Lo, Appr (7))dr

Rus(t) — Rhi(0)+%‘(a‘;)Fk(t,Rhm_l(t))+ Mi‘a)ﬁ /0 (= 1) F (7, B (),
(12)

Su(t) = sv(0)+(L(aog)Fk(t,sv,n_l(t)H M?a)ﬁ /0 t(tff)alek(T,sm_l(T))dT,

E,(t) = qu(0)+(1 (Of;) w(t, By 1())+M(Za)ﬁ Ot(tT)ale(T,Em_l(T))dT, (13)

L) = I1,(00)+ (M( O;)Fk(t Ly (t)) + M(za)r(la)/ot(tT)ale(T,Ivyn_l(T))dT.

Suppose ¥y, k=1,2,..

13 be the difference between successive components in (12) and (13). We have

13



296

297

298

299

300

301

302

303

304

305

306

the following;:

vro= Shm(t)—Shi,n_l(t) = 2rray (Fi(ts Shin—1(t)) — Fi(t, Shin—2(t)))
+ﬁﬁf5(t T (Fk (7, Shin—1(7)) = Fi(7, Shin—2(7)))dr,

U = Epin(t) — Enin- 1(t) = 1\1/[( %5 (Fi(t, Bhiyn-1(t)) = Fi(t, Bpin-2(t)))
+ 3ty T ING “HFR(T, Enin—1(7)) — Fi(7, Enin—2(7)))dr,

Uy = Thin(t) = Inin-1(t) = 3785 (Fe(t, Inin-1(t)) = Fi(t, Inin—2(t)))
+ﬁﬁfot 7)0‘ Y(Fx (T, Tnin—1) (7)) = F (7, Inin—2(7))) dr,

Ur = Apin(t) = Anin—1(8) = 375 (Fr(t, Anin—1(t)) — Fr(t, Apin—2(t)))
+ﬁa)ﬁa)fo — 1) H(Fi (7, Apin—1 (7)) = Fi(7, Anisn—a(7)) ) dr,
Uy = Rpin(t) = Brin—1(t) = 37055 (Fe(t, Rhin—1(t)) — Fi(t, Rpin—2(t)))
+M(a)Fa) fo — 7)Y (Fr(7, Rhin—1(7)) — Fi(7, Ruin—2(7)))dr,

(14)

Wi = Sun(t) = Suna(t) = 3785 (Fe(t, Son1(8) = Fi(t, Son2(1))
+%mfo(t )*H(Fi (7, Su,n—1(7)) — Fi(T, Sun—2(7)))dr,
Uy = Eun(t) = Bopn—1(t) = 3705 (Fu(t, Bon—1(1) — Fi(t, By n2(t)))
+ 15y 77 Jo (8 = T (Fk (7, By (7)) = Fi(7, By oa(7)))dr
Ur = I, (t) = Lype 1():M(Q)(Fk(tlvn 1)) = Fi(t, Ly n—2(t)))
+ 3y e [t = 7)Y (Fi (7, Lyn1(7)) — Fi(7, Ly n—2(7)))dr.

Considering that Sp; ,(t) = > Wk(t), Epin(t) = > Uk(t), Inin(t) = > Wk(t), Apin(t) =
r=1 r=1

SOUEE), Rpin(t) = 30 WEE),  Sun(t) = 3 WEE),  Bua(t) = 30 UH(E), and L (t) = 30 WA(E).
r=1 r=1 r=1 r=1

Taking the norm on both sides of the equation and using equations (14) and (10), we have:

el =

1Q5_ ()| + 37y 125 Ji (¢ = )M IQE_, (7). (15)
In what follows, we state and prove the following theorem based on the results in (15).

Theorem 2.3. The model system (1) has a unique solution fort € [0, T] if the condition below satisfies.

l—«a 1 Qk
(M(a)Q’f * M(@) T(a

Since the function Spi(t), Eni(t), Ini(t), Api(t), Rni(t), Su(t), E,(t) and I,(t) are bounded

)T“), k=1,2,..13 (16)

and satisfy the Lipschitz condition, and using (16), we have:

14



307

308

309

310

311

312

313

314

315

316

317

318

Q5O < 1Snn O 47501 + sty 7 )
QAN < IO Ay Qr + ety 7))
Q5O < sl (50 + ke 577
Q5O < 4w O 500+ sy i)
7
Q5O < 1Run O 350+ sy )
Q5O < 15,001 F250s + sy 577
QO < 1O (S50 + ey 7))
Ikl < |Iv,n<o>|(Ma>Qk+M(a>r<a ).

Therefore, the sequence in (17) exist, and ||QX|| — 0 as n — oo, k = 1,2,...13. In addition, using the

triangular inequality in (17), for any s we have:

n+s gt _gntetl
|‘Shi,n+s - Shi,n” < Z q;: = 11_7;]‘.7
r=n+1
n+s qn+1_qn+s+1
HEhi,n-i-s - Ehi,n” < Z qz = %7
r=n+1
Tnints — Ins o KR ategtt
hinss — ninll < X qn= Tk
r=n+1
A _ A < T gttt
H hi,n+s hz,n” > Z q7 = T—qn )
r=n+1 ) (18)
n+s gt gntet
l|[Rhint+s — Ruinll < > o4 = %7
r=n+1
7 n+s _— q£,+1 gntetl
HSv,n-&-s Sv,n” < Z q11 - 1— )
r=n+1 k
E B E < n+s - q:+1 q:+b+1
H v,n+s v,n” = Z q; = 1—qr ?
r=n+1
Mo = onll < 5 gy = 770
v,n+s , = 413 1—qpx
r=n-+1

Where ¢i, k= 1,2,...13 are the terms inside the brackets in (17). Thus, Spi(t), FEri(t), In:(t),
Api(t), Rpi(t), Su(t), E,(t)and I,(t), i =1,2 are the Cauchy sequences in B. Therefore, one can
note that as n — oo in (13), the limit of these sequences is the unique solution of the model system (1).

This completes the proofs of unique solution of the system (1).

2.5 Euler approximation scheme of model (1) using Atangana-Baleanu-

Caputo derivative sense

Here, we discuss the an efficient of numerical scheme called Euler fractional approximation method for

proposed model (1) in the sense of Atangana-Baleanu-Caputo fractional derivatives as used in [58]. The

15
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323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

proposed model differential equation equations can be presented in the following form:

ABC D& Syi(t) = Gi(t, Shs)
ABC DBy (t) = Ga(t, Eny)
ABC Do (t) = Gs(t, Ing)
ABEDS Api(t) = Ga(tShi)
ABC DO Rpi(t) = Gs(t, Ryg)
ABEDGS, (1) = Go(t, Sy)
ABC DO R, (t) = G4 (t, E,)

ABC paT,(t) = Gs(tl,)

In what follows, we represent equation (19) for G1(t, Sp;) which satisfies the Lipschitz condition and
the Sp;(0) is the initial conditions. Now applying the non-integer operator to equation (19) we have

that:
Shi(t) = Spi(0) +4BC 198G (t, Shi) (20)

Where 45 CI@‘ 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 Sp;(t) at t = t, where t;, = 0+ kh and

k=0,123;...N. Applying Euler method in (20), we have the following ABC operator formula:

k

> #15G1(Shiy), k=0,1,2,.N -1 (21)
p=0

ha

Shigss (t) = Spi(0) + Lo G1(Shipya) + M(a)T(a)

M(a)

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 2.4. The numerical approzimation scheme (21) is conditionally stable

Proof. Let Shio and Ship be approximations of Sh;, and Syi,, p =0, ...,k + 1. From equation (21) we

have:

Shixss + Shixys = Shio + Shio + ﬁGl(ShiHl + Shipey) + W}(a) Zﬁzo 241,0G1(Shi, + Shi,)

(22)
Using equation (21) in (22), we get:
|ghik+1‘ = |Shio + ﬁ[Gl(Shiwfl + ghik+1) - Gl(Shik+1)]+ (23)
ah® k &
M(a)ill‘z(a-q—l) > p=0 2k+1,p[G1(Shi, + Shi,) — G1(Shi, )|
Applying the Lipschitz condition and triangular inequality, one get the following:
& 1—a)Vi | & ah® k G
|Shik+1| Se+ (M(a)c) - ‘Shik-%—l' + M(a;LI‘(‘glJrl) Zp:() Zk+17p‘Ship| (24)
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350

351

352

353

354

355

356

357
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359

360

ah® Vlzk 0

m|shm|} Equation (24) can be further simplified and we get

Where ¢y = maXOSkSN{‘ShiO| +
the following;:
N oh .
[Shiri1| < ViVi €0 + ﬁ Y or—o 2h+1.plhi, | (25)

Where Vi, = % Finally we have that |Sh;k+1| < CVy€p and this complete the proof. [

3 Numerical simulations

In this section, we use the MATLAB programming language to perform the numerical simulation of the
model system (1) to gain insight into the behavior of the solution for fractional-order derivatives. We
utilized the fractional Adam-Bashforth-Moulton scheme to simulate the model (1) as illustrated below;

Consider the nonlinear differential equation:

pDi®(t) = f(t,®(1),0<t<T (26)
With the initial conditions:

PP(t) =5, p=0,1,2,..[¢] - 1 (27)

Now, with operating by the fractional integral operator on the equation (26), we can obtain on the
solution Phi(t) by solving the following equation:
o] -1

o (t) — ;J if p+ﬁ /0 (t = 1) (o, B(r))dr (28)

Diethelm [56] used the predictor-corrector scheme based on the Adam-Bashforth-Moulton algorithm to
solve the equation 26. setting h = %, t, =nhand n =0,1,2,..., N € Z+. Therefore we can discretion

the equation (26) as follows:

[a] =1 n
174 h* he
Dy, (tyr) = Ot it f (tm, ®m) + =———— f(tps1, Y 29
n(tns1) XZJ o 1 T gy 2 et (s O 4 gy e ) (29)
where Where by t,, = mh with some fixed h and:
ntl — (n —a)(n + a)?, m =0,
Amn+1 = (n—m+2)*t + (n —m)**t —2(n —m + 1)*+L, 1<m<n,
1 if m=n+1.
and the predicted value :
lo] -1 PP n
(I’;f 41 = Z pO tn+1 + Z bm n-‘rlf m» (I)h( m)) (30)
p=0 m:O
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362

363

364

365

366

367

368

369

370

With

h(Jt
b+l = o ((n +1-m)*—=(n-— m)“) (31)
The error estimate is
_ p
s [@(t) = P (tn)] = O() (32)

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 (1). In the view to the generalized Adam-Bashforth-Moulton scheme, the pro-

posed model (1) has the following form:

h()é
Shi(tnt1) = Spi+ mfsm (tnt1, Shi(tngn)s BY(tns1), I (tngn), Ap (tny1),
wa(thrl) Sp(thrl) Ep(tn+1) Ip(thrl))

+F Oé+2 Z (079%% n+1fS;”( M7Shl( m)thi(tm)7Ihi(tm)yAhi(tm)a

Rhi( m)7Sv(tm)aEv(tm)7Iv(tm))7
h(l
Epi(tns1) = Ep;+ mehi (tns1, S5 (tng1), B7y (tng1) 17 (bngr), A (Eng),
Rpi(tm), Sv(tm),Ev(tm)Jv(tm)),

m,n ms 1m7Eitm7Iitm7Aitma
+Fa+2mzoa 158 (tms Shi(tm ), Eni(tm) Tni(tm ) Ani (tm)

Rhi( n) 51 (tm)aEv(tm) Iv(tm))v
Ini(tng1) = I}?H‘P( )flhl(n+17 (tng1)s Bpy(tng1), Iy (tng1), Ay (tng),
Rhi( m) Sv(tm)va(tm)vjv(tm))7

+F(Oz + 2 Z Am n+1flh,( maShz( m)aEhi<tm)aIhi(tm)aAhi(tm)7

Rhi( m)7 Sv(tm)a E, (tm)7 Iv(tm))a
he
Ahi (tn—i-l) = A(})” + mfAhi (tn-l-la ng (tn-l-l)a Egi (tn-‘rl)a I}I;Z‘ (tn-i-l)a A]}Qn (tn+1)7
Rhi( m) Sv(tm>7Ev(tm)7Iv(tm))7

+F Oé+ 2 Z Am n+1fAh,( maShz( m)aEhi(tm)aIhi(tm)aAhi(tm)a

Rhi( m,)y Sv(tm)a Ev(tm,)y Iv(tm)) .

18



371

372

373

374

Rpi(tnt1)

Sv (thrl)

Ev (tn+1)

I, (tn+1)

Where

S}Z;i(tn+1)

Eﬁi(tn-&-l)

I}Z(thrl)

Aii (tn+1)

hOt

Rp; + o1 2) " (tnt1s Shs (b)), By (tnn), Iy (tngn), AR (),
Ryi(t m> sv(tm),Ev(thv(tm)),

12 a+2 Z 1S R (b Shi(tm), Bni (b)), Ini (tm), Ani (tm),
Bipi(tm), Sv(tm)yEu(tm)Jv(tm))a

Sy + Tar /™ (tnt1: S (tns1), By (), Iy (), A7 (Ensn),
Ryt )Su(tm),Ev(tm),I,U(tm)),

+F(a+2 Z 1S5, (tms Shi(tm), Bni(tm); Ini(tm), Ani(tm),
Rii(tm), s,,(tm),Ev(tm)Jv(tm)),

By + et/ (tns1, Shi(tns1), Bhi(tnra), Iy (tnsn), Af (tnsr),

Rhi( m) Sv(tm)aEv(tm) I’L (tm))a

+F(a 9 Z Amn+1SE, (tms Shi(tm)s Eni(tm)s Tni (b)), Ani(tm),
Rpi(tm), Sv<tm),Eu<tm>Jv<tm>)-
10 + F(Oil+ %) J1, (15 SEi(tnga)s By (bng1)s Iy (B ), AR (En),
Baitm), So(tm), Bult), Io(tm)).
+1“ @ i % Z a1 1, (b Shi(tm ) s Eni(tm)s Tni (tm) s Ani (tm),

Rhi( m)7 Sv(tm)a E’u (tm>7 Iv<tm)) .

1 n
521 + ﬂ Z bm,nJrlfSh,q; (tm; Shi(tm); Ehi(tm); Ihi(tm)a Ahi(tm)7 ha(tm)

m=0

So(tm)s Eo(tm), Lo (tm)),

1 n
Egi + E Z b'rn,n—i-le’;Li (tm7 Shi (tm); Ehi(tm)y Ihi (tm)a Ahi (tm)a Rhi (tm)
m=0

Sv(tm)a Ev(tm)’ Iv(tm))’
1 n
I+ Ta mZ:Obm,anIM (tm, Shi(tm), Eni(tm), Ini(tm), Ani(tm), Rhi(tm)

Sv(tm),Ev(tm)Jv(tm)),

n

A%l Z mn—}-lfA;” MaShZ( m)7Ehi(tm)7Ihi(tm);Ahi(tm)aRhi(tm)

m=

SU(tm) ( 7”) IU(tm))?
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376

377

378

379

380

381

382

383

384

385

RZZ' (tn+1)

Sg(tn+1)

qu;) (tn+1)

Ig(tn-'rl)

1 n
R?n + F Z bm,n+1fRM (tma Shi(tﬂL)v Ehi(tm)a Ihi(tm)7 Ahi(tm)7 Rhi(tm)
a m=0
Sy(tm), Ev(tm), Ly(tm)),
SO+ i i bm n+1fS (tm Shi(tm) Ehi(tm) Ihi(tm) Ahi(tm) Rhi(tm)
v Fa — ) v ) ) ) b b
Sy(tm), Ey(tm), Ly (tm)),

1 n
E? + Ta Z b 1B, (Ems Shi(tm)s Eni(tm), Ini(tm), Ani(tm)s Rai(tm)

m=0
So(tm); Ev(tm), Lo (tm)),
I) + FLZ binnt1S1, (b Shi(tm) s Eni (t), Tni (tn) s Api (tm ), B ()
So(tm), Bo(tm); Lo (tm)).-

In what follows we have:

ABC DG Shi(t)
ABC pa g, (1)
ABC pap, (p)
ABC Do g, (1)
ABCpap. (1)

ABC DG )
ABC DG E (1)
ABC DRI, (1

fsni (b Shi(tm), Eni(tm), Ini(tm), Ani(tm), Ri(tm
FEn: (b Shi(tm), Eni(tm)s Tni(tm)s Ani(tm), Rni(
J10: (b, Shi(tm), Eni(tm), Tni(tm ), Ani(tm), Rai(
S (tmy Shi(tm), Eni(tm), Tni(tm), Ani(
SRii (tmy Shi(tm), Eni(tm), Tni(tm), Ani(

), Su(tm), Eo(tm), Lo(tm))
tm)s So(tm), Eo(tm), I (tm))
tm)s Su(tm)s Ev(tm), Lo(tm))
tm), Bhi(tm), Su(tm), By (tm), Lo(tm))
tn)s Rii(t)s St ), Bu(tm), To(tm)),
fs, (b, Shi(tm), Eni(
[, (tm, Shi(tm
fr, (tms Shi(tm), Eni(

tm), Ihi(tm)7 Ahi(tm)a Rhi(tm), Sv(tm)v Ev(tm), I, (tm))
)7 Ehi(tﬂL)v Ihi(tm)7 Ahi(tm); Rhi(tm)7 Sv (tm)v Ev(tm)a Iv (tm))
tm); Ihi(tm)a Ahi(tm)7 Rhi(tm)7 Sv(tm)a Ev (tm)7 Iv(tm))'

Additionally, the quantities

Fsni(tns1, Shi(tnr1), By (), Iy (1), ARy (Eng), By (Bnr), S (tn), EE (1), I8 (tns1),
fBn (b1, Sy (1), By (bn1), 13 (1), Apy (bnt), B (Bne1)s SY(Bngr), BB (tngn), I8 (Enr1)),
fin (g1, Sy (Bns1), By (b1, Iy (1), Apy (bnr), B (Bnger)s SE(Bnn)s BB (Bngn), 18 (Bn41)),
Fan: (a1, Spy(tns1), By (bngr), Iy (Bng1), Apy (Bngr), By (Bne1)s SH(Bng1)s BB (Bngn), I8 (Er41)),
Frp (a1, Spy(tns1), Bl (tng1), Iy (Fng1), Apy (bngr), By (Bn1)s SH(Bng1)s B (Bngr), I8 (1)),
fs, (tng1, Shi(tna1)s By (tnga)s I (tng1), Ay (tnr)s Ry (tng1)s SE(tn1)s BR (tng1), I8 (tng1)),
[, (tngr, Shi(tni), By (tns1), I (tngr), Apy (tnn), By (bnga), S8 (Enr1), B (bns1), 15 (En41),
fr, (tns1, Sk (tng1)s By (b)), Iy (Bns1) s Ay (Bni1) s Ry (Bns1), SE (Bn1), BB (Bn1), I ($n41))-

3.2 Sensitivity analysis of the reproduction number

(35)

(36)

The results from model system (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

20



386

387

388

389

390

391

392

393

394

395

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 Ry.

Definition 3. (See, [52]) The normalized sensitivity index of Rg which depends on differentiably of

parameter, ¢ is defined as follows:

IRy _ ¢
a—( X Ro (37)

Ro _

Q0 =

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 (37), the value of normalized

sensitivity index for each parameter used in the model (1) is summarized in table (2):

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

Symbol  Description Value Units

Ay, New recruitment of human population 0.033 Day™*' [57]
An New recruitment of vector population 1000 Day™*' [57]
Ph1 proportion of human movement from high to low risk areas 0.00002 Day~*

Dh2 proportion of human movement from low to high risk areas 0.00001 Day !

Lh Human population birth/natural death rate 0.0056 Day™! [27]
e Vector population birth/ mortality rate of 0.033 Day™*' [27]
Yu Rate at which temporary immune humans lose immunity Yo =0.03 Day™' [27]
dp, Disease mortality rate for humans 0.00009 Day~! [26]
Yo Rate at which exposed mosquito become infectious 0.091 Day™' [27]
Ve Rate at which exposed individuals become infectious 0.1 Day™! [27]
€n Reduction factor of disease infection in low risk areas fitted

Kn Incubation rate of human population = Day~! [27]
Kh Incubation rate of animal population = Day™! [27]
Kh Incubation rate of vector population 2—15 Day™*' [27]
Ya Animal recovery rate =5 Day™*' [27]
Ph Progression rate individuals from asymptotic to infection class 0.03 Day™' [27]
05, Treatment rate of infected humans fitted

B Infection rate for mosquito-to-susceptible human population 0.092 Day™*' [27]
By Infection rate for human-to-susceptible mosquito population 0.03 Day™' [27]
ap Progression rate of individuals from exposed to infected class fitted
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Table 2: Sensitivity analysis of parameters for the model system (1)

Parameter Ay, A, Bh Mo Bn Bo Ph Yh
Index -0.5 +0.5 +0.0023 -0.3926  +0.5348 +0.4652 +40.4652 —0.0228
Parameter 0y, Yu Ya Yo ap, Phi1 €h
Index -0.0035 +40.0968 -0.0592 40.3919 +0.0263 -0.0083  -0.3297

From the results in Fig. 1, it was noted that model parameters A,, B, Bv, 0, Yu, Yo and «p have
the positive influence on the Ry, that is, whenever they are increased, the magnitude of R increases.
For instance, an increase in 85 by 30% will lead to an increase in the magnitude of the Ry 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 Rg by 39.26%.

06

0.4

02

42
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08 | | | | | | | |
a

Figure 1: Sensitivity analysis of the model system (1)
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Figure 2: Effects of varying (a) disease transmission rate from infected mosquitoes to susceptible humans
modeled by parameter §;, on Rg (b) disease transmission rate from infected humans to susceptible

mosquitoes modeled by parameter 3, on Ry

Numerical results in Fig. 2 (a) shows the disease transmission rate from infected mosquitoes to suscep-
tible humans modeled by parameter 8y on Rg. From the results we note that increase on the disease
transmission rate from infected mosquito to susceptible human increases the size of Rq. 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. Figure 2 (b) demonstrates the effect of disease transmission
rate from infected humans to susceptible mosquitoes. Overall we observe that whenever the transmis-
sion rate of disease from humans to mosquitoes is greater than 25% the disease can not be eliminated

in the population.

08
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04

oo (a) (b)

Figure 3: Effects of varying (a) new recruitment of susceptible mosquitoes 8, on Rq (b) progression

rate of asymptotically humans to infectious class p;, on R

Simulations in Fig. 3 (a) depicts the effects of varying new recruitment on susceptible mosquitoes 3,
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on Ry. The results shows that increase in the new recruitment of susceptible mosquitoes increase the
magnitude of Rg. In particular, we can note that whenever A, is greater than 50% the disease persists in
the community. Figure 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.

f 2

0 0.‘2 04 0?6 0.‘6 1 00 02 0,‘4 | 0,‘6 08
B

W (a) (b)
Figure 4: Effects of varying (a) reduction factor of disease transmission in low risk area e, on R (b)

new recruitment of susceptible humans in the population Ap on Rg

Numerical illustrations in Fig. 4 (a) shows the effect of varying reduction factor on the disease trans-
mission in low risk area (modeled by the parameter €5,) on Rg. From the results we note that increase
on the reduction factor decreases the size of Ro. In particular, whenever ¢, is greater than 50% the
disease dies out in the population. Figure 2 (b) shows the effect of varying the new recruitment of
susceptible humans (modeled by the parameter 8;) on Ry. Overall we can note that whenever the Ay,

is greater than 20% the disease does not persist in the population.
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Figure 5: Contour plot of the basic reproduction number R, 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 ay,)
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Figure (5) shows the contour plot of basic reproduction number Ry as the function of treatment of
infected individuals (modeled by parameter ) and progression rate of exposed humans to infectious
class (modeled by parameter ay,). 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 Zim-

babwe

In this section, we use the real data of Malaria cases reported in Zimbabwe to numerically solve the
model system (1) and estimate the parameters (ep, 6y, ;) that minimize the deviation of real data
from prediction of model system (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 [47] to fit and estimate the parameters
(€n,Op, ap) of the proposed model (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 (1) is

obtained using the equation (38):

BrSh(t)1,(1)
pDIC() = = s 38
[ ( ) N (1) ( )
We use the following function to compute the best fitting:
F: Ri()’eh,-ﬂh,och) = Re,0n,0n) (39)

where €y, 05, oy, are variables such that:

(1) For a given (ep, 0p, aup,), solve numerically the model differential equations (1) to obtain a solution
f’z(t) = (S;Li, E}m I;m AAM, RAM, gv, EU, I, which is an approximation of the reported Malaria cases

Y (t).

(2) Set tg = 1 (the fitting process starts in week 1) and for ¢ = 2,3, ...,52, corresponding to weeks

in where data are available, evaluate the computed numerical solution for Ij(t); that is., fh(l),

(3) Compute the root mean square (RMSE) of the difference between Iy, (1), I4(2), ..., Ir(52) and

observed cases. This function F returns the root-mean-square error (RMSE) where

RMSE =, | = 3" (u(k) — ()2, (10)
k=1
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(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 (40), we computed the RM SE

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,

En1(0) =90, I1(0) = 60, Rp1(0) = 20, Ap1(0) = 20, Spa(0) = 800, Er2(0) = 100, I52(0) = 100,

Rp2(0) = 90, Apa(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

Commulative detected cases

2 Real data

Model fit to the real data at c=0.514

20

Time (Weekly reports)

a0

40

B0

Figure 6: Estimation of the fractional-order model with a = 0.514 with RMSE=2.6557 with Ry = 3.6899

Figure (6) shows commutative detected cases of malaria as reported in Zimbabwe. We used the 52
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weekly reports of malaria cases to fit in the model system (1). From the results we can note for 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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Figure 7: Graphical representation of residuals against time for malaria cases in Zimbabwe for the

model system (1)

Figure (7) shows the graphical representation of residuals of the model system (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 (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 [28] published.

3.4 Simulation of the model to support the analytical results

In this section, we simulated the model (1) at a € (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.
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Figure 8: Dynamical solutions of model system (1) with different order derivatives.

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 = Apz =0.00001, p=0.005, A, =0.001. giving Ry = 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.
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Figure 9: Dynamical solutions of model system (1) with different order derivatives. The solutions were
obtained upon setting 0, = 0.4, o, = 0.05, €, = 0.4, Ap; = Apo = 0.00001, p = 0.005, and
A, = 0.001 giving Rg = 3.6899.

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.

4 Conclusion remarks

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 Rg > 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[44]. We performed the sensitivity analysis
of the model parameters to determine the correlation between the model parameters and Rg. Overall,
we noted that parameters Ay, B, Bv, 0, Yu, Yo and «j have a strongly correlation to the threshold

quantity Rg. Finally, we used the Adam-Bashforth-Moulton scheme to simulate the model. Overall, we
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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.

Availability of Data
All data have been included in the manuscript.
Competing Interest
The authors declare that they have no conflicts of interest.
Funding
The authors are grateful to their respective institutions for their support.
Authors’ Contributions
All authors have equal contributions and they read and approved the final version of the manuscript.
Acknowledgment
We would like to thank the anonymous referees and the editors for their invaluable time used to handle

the manuscript.

References

[1] Talapko, J and Skrlec, T and Alebi¢, T and Jukié, M and Véev, A, "Malaria: the past and the

present.Microorganisms”, Vol. 7, no. 6, pp. 197, 2019

[2] Oke, Segun I and Ojo, Michael M and Adeniyi, Michael O and Matadi, Maba B, ?Mathematical

modeling of malaria disease with control strategy”, Commun. Math. Biol. Neurosci, 2020

[3] Okosun, KO and Makinde, Oluwole Daniel, ” A co-infection model of malaria and cholera diseases

with optimal control”, Mathematical Biosciences, Vol. 258, pp. 19-32, 2014

[4] Forouzannia, Farinaz and Gumel, Abba B, ”Mathematical analysis of an age-structured model for

malaria transmission dynamics”, Mathematical Biosciences, Vol. 247, pp. 80-94, 2014

[5] Gimba, Bello and Bala, Saminu Iliyasu, ”Modeling the impact of bed-net use and treatment on

malaria transmission dynamics”, International scholarly research notices, 2017

31



523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

[6]

[10]

[11]

Helikumi, Mlyashimbi and Kgosimore, Moatlhodi and Kuznetsov, Dmitry and Mushayabasa,
Steady, ”A fractional-order Trypanosoma brucei rhodesiense model with vector saturation and

temperature dependent parameters”, Advances in Difference Equations, no. 1, pp. 1-23, 2020

Coelho, Camila Henriques and Doritchamou, Justin Yai Alamou and Zaidi, Irfan and Duffy, Patrick
E, ” Advances in malaria vaccine development: report from the 2017 malaria vaccine symposium”,

Nature Publishing Group, 2017

Agarwal, Manju and Bhadauria, Archana S, ”A stage structured model of malaria transmission
and efficacy of mosquito larvicides in its control”, International Journal of Modeling, Simulation,

and Scientific Computing, Vol. 5, no. 4, pp. 1450023, 2014

Bichara, Derdei and Castillo-Chavez, Carlos, ” Vector-borne diseases models with residence times-a

lagrangian perspective”, Mathematical Biosciences, Vol. 281, pp. 128-138, 2016

Ghosh, Mini and Lashari, Abid Ali and Li, Xue-Zhi, ” Biological control of malaria: A mathematical

model”, Applied Mathematics and Computation, Vol. 219, no. 15, pp. 7923-7939, 2013

Prosper, Olivia and Ruktanonchai, Nick and Martcheva, Maia, ”Optimal vaccination and bednet
maintenance for the control of malaria in a region with naturally acquired immunity”, Journal of

theoretical biology, Vol. 353, pp. 142-156, 2014

Otieno, Gabriel and Koske, Joseph K and Mutiso, John M, ” Transmission dynamics and optimal

control of malaria in Kenya”, Discrete Dynamics in Nature and Society, 2016

Diethelm, Kai, ” The analysis of fractional differential equations: An application-oriented exposition

using differential operators of Caputo type”, Springer Science & Business Media, 2020

Yavuz, Mehmet and Bonyah, Ebenezer, ”New approaches to the fractional dynamics of schistoso-
miasis disease model”, Physica A: Statistical Mechanics and its Applications, Vol. 525, pp. 373-393,
2019

Alkahtani, Badr Saad T, ” Atangana-Batogna numerical scheme applied on a linear and non-linear

fractional differential equation”, The Furopean Physical Journal Plus, Vol. 133, pp. 1-10, 2018

Atangana, Abdon and Owolabi, Kolade M, ”New numerical approach for fractional differential

equations”, Mathematical Modelling of Natural Phenomena, Vol. 13, no. 1, pp. 3, 2018

Toufik, Mekkaoui and Atangana, Abdon, ”New numerical approximation of fractional derivative
with non-local and non-singular kernel: application to chaotic models”, The Furopean Physical

Journal Plus, Vol. 132, no. 10, pp. 1-16, 2017

32



553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

18]

[19]

[20]

[21]

[22]

Pinto, Carla MA and Machado, JA Tenreiro, ”Fractional model for malaria transmission under

control strategie”, Computers € Mathematics with Applications, Vol. 66, no. 5, pp. 908-916, 2013

Akyildiz, F Talay and Alshammari, Fehaid Salem, ” Complex mathematical SIR model for spreading
of COVID-19 virus with Mittag-Leffler kernel”, Advances in Difference Equations, no. 1, pp. 1-17,
2021

Khan, Muhammad Altaf and Ullah, Saif and Farooq, Muhammad, ” A new fractional model for
tuberculosis with relapse via Atangana-Baleanu derivative”, Chaos, Solitons € Fractals, Vol. 116,

pp. 116-227, 2018

Helikumi, Mlyashimbi and Kgosimore, Moatlhodi and Kuznetsov, Dmitry and Mushayabasa,
Steady, ”"Dynamical and optimal control analysis of a seasonal Trypanosoma brucei rhodesiense

model”, Mathematical Biosciences and Engineering, Vol. 17, no. 3, pp. 2530-2556, 2020

Shah, Syed Azhar Ali and Khan, Muhammad Altaf and Farooq, Muhammad and Ullah, Saif
and Alzahrani, Ebraheem O, ”A fractional order model for Hepatitis B virus with treatment via
Atangana-Baleanu derivative”, Physica A: Statistical Mechanics and its Applications, Vol. 538, pp.
122636, 2020

Guo, Youming and Li, Tingting, "Modeling and dynamic analysis of novel coronavirus pneumonia

(COVID-19) in China”, Journal of Applied Mathematics and Computing, pp. 1-26, 2021

Bonyah, EBENEZER, ”Fractional optimal control for a corruption model”, J. Prime Res. Math.,
Vol. 16, pp. 11-29, 2020

Ahmed, Idris and Modu, Goni Umar and Yusuf, Abdullahi and Kumam, Poom and Yusuf, Ibrahim,
” A mathematical model of Coronavirus Disease (COVID-19) containing asymptomatic and symp-

tomatic classes”, Results in Physics, Vol. 21, pp. 103776, 2021

Ndondo A. M., Munganga J.M.W., Mwambakana J.N., Saad-Roy M.C., Van den Driessche P.,
Walo. O.R, ”Analysis of a model of gambiense sleeping sickness in human and cattle”, Journal of

Biological Dynamics, Vol. 10, no. 1, pp. 347-365, 2016

Cai, Liming and Li, Xuezhi and Tuncer, Necibe and Martcheva, Maia and Lashari, Abid Alj,
”Optimal control of a malaria model with asymptomatic class and superinfection”, Mathematical

biosciences, Vol. 288, pp. 94-108, 2017

Helikumi, Mlyashimbi and Eustace, Gideon and Mushayabasa, Steady, ” Dynamics of a Fractional-
Order Chikungunya Model with Asymptomatic Infectious Class”, Computational and Mathematical
Methods in Medicine, 2022

33



584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

[29]

[32]

Abu Arqub, Omar and Singh, Jagdev and Alhodaly, Mohammed, ” Adaptation of kernel functions-
based approach with Atangana-Baleanu-Caputo distributed order derivative for solutions of fuzzy
fractional Volterra and Fredholm integrodifferential equations”, Mathematical Methods in the Ap-

plied Sciences, 2021

Shikrani, Rabia and Hashmi, MS and Khan, Nargis and Ghaffar, Abdul and Nisar, Kottakkaran
Sooppy and Singh, Jagdev and Kumar, Devendra, ”An efficient numerical approach for space
fractional partial differential equations”, Alexandria Engineering Journal, Vol. 59, no. 5, pp. 2911-

2919, 2020

Singh, Jagdev and Kumar, Devendra and Baleanu, Dumitru, "New aspects of fractional Bloch
model associated with composite fractional derivative”, Mathematical Modelling of Natural Phe-

nomena, Vol. 6, 2021

Ali, Aatif and Islam, Saeed and Khan, M Riaz and Rasheed, Saim and Allehiany, FM and Baili,
Jamel and Khan, Muhammad Altaf and Ahmad, Hijaz, ” Dynamics of a fractional order Zika virus

model with mutant”, Alexandria Engineering Journal, Vol. 61, pp. 4821-4836, 2022

Simelane, SM and Dlamini, PG, ”A fractional order differential equation model for hepatitis B

virus with saturated incidence”, Results in Physics, Vol. 24, pp. 104114, 2021

Helikumi, Mlyashimbi and Eustace, Gideon and Mushayabasa, Steady, ” Dynamics of a Fractional-
Order Chikungunya Model with Asymptomatic Infectious Class”, Computational and Mathematical
Methods in Medicine, 2022

Lashari, A Ali and Hattaf, Khalid and Zaman, Gul and Li, Xue-Zhi, "Backward bifurcation and
optimal control of a vector borne disease”, Applied Mathematics & Information Sciences, Vol. 7,

no. 1, pp. 301-309, 2013

Olaniyi, S and Mukamuri, M and Okosun, KO and Adepoju, OA, ”"Mathematical analysis of
a social hierarchy-structured model for malaria transmission dynamics”, Results in Physics, pp.

104991, 2022

Almalahi, Mohammed A and Ibrahim, Amani B and Almutairi, Alanoud and Bazighifan, Omar
and Aljaaidi, Tariq A and Awrejcewicz, Jan, ”A Qualitative Study on Second-Order Nonlinear
Fractional Differential Evolution Equations with Generalized ABC Operator”, Symmetry, Vol. 14,
no. 2, pp. 207, 2022

34



613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

[38]

[39]

[40]

[44]

[45]

Almalahi, Mohammed A and Panchal, Satish K and Shatanawi, Wasfi and Abdo, Mohammed
S and Shah, Kamal and Abodayeh, Kamaleldin, ” Analytical study of transmission dynamics of

2019-nCoV pandemic via fractal fractional operator”, Results in Physics, Vol. 24, pp. 104045, 2021

Owolabi, Kolade M and Atangana, Abdon, ”On the formulation of Adams-Bashforth scheme with
Atangana-Baleanu-Caputo fractional derivative to model chaotic problems”, Chaos: An Interdis-

ciplinary Journal of Nonlinear Science, Vol. 29, no. 2, pp. 023111, 2019

Butt, AIK and Ahmad, W and Rafiq, M and Baleanu, D, ” Numerical analysis of Atangana-Baleanu
fractional model to understand the propagation of a novel corona virus pandemic”, Alexandria

Engineering Journal, Vol. 61, no. 9, pp. 7007-7027, 2022

Toufik, Mekkaoui and Atangana, Abdon, ”New numerical approximation of fractional derivative
with non-local and non-singular kernel: application to chaotic models”, The Furopean Physical

Journal Plus, Vol. 132, no. 10, pp. 1-16, 2017

Naik, Parvaiz Ahmad and Owolabi, Kolade M and Zu, Jian and Naik, Mehraj-Ud-Din, ”Modeling
the transmission dynamics of COVID-19 pandemic in caputo type fractional derivative”, Journal

of Multiscale Modelling, Vol. 12, no. 3, pp. 2150006-107, 2021

Purwati, Utami Dyah and Nainggolan, Jonner and others, "Parameter estimation and sensitivity
analysis of malaria model”, Journal of Physics: Conference Series, Vol. 1490, no. 1, pp. 012039,
2020

Mukhtar, Abdulaziz Yagoub Abdelrahman, ”Mathematical modeling of the transmission dynamics

of malaria in South Sudan”, University of the Western Cape, 2019

Shaw, W Robert and Holmdahl, Inga E and Itoe, Maurice A and Werling, Kristine and Marquette,
Meghan and Paton, Douglas G and Singh, Naresh and Buckee, Caroline O and Childs, Lauren M
and Catteruccia, Flaminia, ” Current estimates of malaria basic reproduction number underestimate
parasite transmission efficiency due to multiple blood feeding”, Cold Spring Harbor Laboratory, pp.

2020-03, 2020

Abboubakar, Hamadjam and Kumar, Pushpendra and Rangaig, Norodin A and Kumar, Sachin,
"International Journal of Modeling, Simulation, and Scientific Computing”, International Journal

of Modeling, Simulation, and Scientific Computing, Vol. 12, no. 02, pp. 2150013, 2021

Liao, Xiaozhong and Lin, Da and Dong, Lei and Ran, Manjie and Yu, Donghui, ” Analog Implemen-
tation Of Fractional-Order Electric Elements Using Caputod€ “Fabrizio And Atanganaa€ “Baleanu
Definitions”, FRACTALS (fractals, Vol. 29, no. 07, pp. 1-14, 2021

35



644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

[48]

[49]

[50]

[51]

[52]

Okyere, Eric and Oduro, Francis Tabi and Amponsah, Samuel Kwame and Dontwi, IK, ” Fractional

order optimal control model for malaria infection”, arXiw preprint arXiv:1607.01612, 2016

Sweilam, NH and AL-Mekhlafi, SM and Albalawi, AO, ” Optimal control for a fractional order
malaria transmission dynamics mathematical model”, Alexandria Engineering Journal, Vol. 59,

no. 3, pp. 1677-1692, 2020

Atangana, Abdon and Qureshi, Sania, "Mathematical modeling of an autonomous nonlinear dy-
namical system for malaria transmission using Caputo derivative”, Fractional order analysis: The-

ory, methods and applications, pp. 225-252, 2020

Singh, Ram and Abdeljawad, Thabet and Okyere, Eric and Guran, Liliana, ”Modeling, analysis and
numerical solution to malaria fractional model with temporary immunity and relapse”, Advances

in Difference Equations, Vol. 2021, no. 1, pp. 1-27, 2021

Boukhouima, Adnane and Hattaf, Khalid and Lotfi, El Mehdi and Mahrouf, Marouane and Tor-
res, Delfim FM and Yousfi, Noura, ”Lyapunov functions for fractional-order systems in biology:

Methods and applications”, Chaos, Solitons € Fractals, Vol. 140, pp. 110224, 2020

Sinan, Muhammad and Ahmad, Hijaz and Ahmad, Zubair and Baili, Jamel and Murtaza, Saqib
and Aiyashi, MA and Botmart, Thongchai, ”Fractional mathematical modeling of malaria disease

with treatment & insecticides”, Results in Physics, Vol. 34, pp.105220, 2022

Kumar, Devendra and Singh, Jagdev and Al Qurashi, Maysaa and Baleanu, Dumitru, ”A new
fractional SIRS-SI malaria disease model with application of vaccines, antimalarial drugs, and

spraying”, Advances in Difference Equations, Vol. 2019, no.1, pp. 1-19, 2019

Pan, Feng and Cui, Xinshu and Xue, Dingyu and Lu, Zheng, ”Stability analysis of a fractional-
order vector-bias model on malaria transmission”, 2019 Chinese Control And Decision Conference

(CCDC), pp. 6363-6367, 2019

Sardar, Tridip and Saha, Bapi, ”Mathematical analysis of a power-law form time dependent vector-

borne disease transmission model”, Mathematical biosciences, Vol. 288, pp. 109-213, 2017

Cai, Liming and Li, Xuezhi and Tuncer, Necibe and Martcheva, Maia and Lashari, Abid Alj,
”Optimal control of a malaria model with asymptomatic class and superinfection”, Mathematical

biosciences, Vol. 288, pp. 94-108, 2017

Abboubakar, Hamadjam and Kumar, Pushpendra and Rangaig, Norodin A and Kumar, Sachin, ” A
malaria model with Caputo—Fabrizio and Atangana—Baleanu derivatives”, International Journal

of Modeling, Simulation, and Scientific Computing, Vol. 12, no. 02, pp. 2150013, 2021

36



	Introduction
	Model formulation and Analytical results
	Mathematical model
	Model analysis
	Non-negativity and boundness of model solutions

	The basic reproduction number and existence of equilibria
	Existence and uniqueness of solution
	Euler approximation scheme of model (1) using Atangana-Baleanu-Caputo derivative sense

	Numerical simulations
	Application of Adam-Bashforth-Moulton Scheme to the proposed model
	Sensitivity analysis of the reproduction number
	Parameter estimations using weekly reports of malaria cases in Zimbabwe
	Simulation of the model to support the analytical results

	Conclusion remarks

