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Abstract

In this work, a model for the coinfection of malaria and zika virus disease is studied. The model incorporates various control measures against
the spread of malaria and zika virus disease such as vaccination, treatment and biological control of mosquitoes using sterile insect technique.
The existence and uniqueness of solutions to the model were first shown. Thereafter, the model is shown to be well-posed epidemiologically by
showing that all solutions to the system are positive and bounded. Then, the solution of the model is obtained using the homotopy perturbation
method which is a semi-analytical method. The solutions obtained are shown to be comparable with those obtained from Runge-Kutta method of
order 4. Furthermore, the performance of the controls in comparison to each other when applied seperately and when combined were shown. The
results showed that combining the three controls performed better than the rest. Hence, efforts should be made to incorporate controls that affect
both humans and the vectors for effective control of malaria, zika virus disease and their coinfection.
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1. Introduction These numerical methods have been developed to handle prob-
lems such as differential equations, partial differential equa-
tions, boundary value problems, integral equations, nonlinear
equations, etc. Some of the numerical methods include Ado-
mian Decomposition Method (ADM), Homotopy Pertubation
Method (HPM), Homotopy Analysis Method (HAM), Variation
Iteration Method (VIM), Taylor series method, etc. [4-6].

Ref. [7] used homotopy perturbation method, adomian de-
composition method and homotopy analysis method to solve
the Generalized Zakharov Equations and compare the results
obtained from each solution showing their similarities and dif-
fereneces. Ref. [8] compared the suitability of Adomian
decomposition method and homotopy perturbation method in

The study of nonlinear differential problems has been of
great importance in all areas of physical sciences and engi-
neering [1]. Obtaining solutions to these nonlinear problems
is important computationally but complicated and tedious us-
ing analytical or numerical approaches [2]. Several methods
have been developed to find the exact, approximate, and nu-
merical solution of nonlinear differential problems [3]. Many
problems of applied sciences in real life rely mostly on numeri-
cal methods to obtain an approximate solution of the problems.
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solving some nonlinear differential equations. Their work
showed that both performed very well and in the problems con-
sidered, the results obtained were similar. Ref. [9] combined
homotopy perturbation method and Laplace transformation to
solve some linear and nonlinear singular initial value problems
of Lane-Emden type equations. They used several examples to
show the accuracy of the methods. Ref. [10] employed homo-
topy perturbation method to find the approximate solutions of
a Dengue fever model and also compared the results with the
numerical simulation results obtained. Some of the works re-
viewed in literatures showed that the choice of an approximate
method to use depends on the nature of the nonlinear problem
involved. Therefore, we will adopt the HPM to solve the model
given in Ref. [11] because of its advantage over some of the
other traditional methods. Also, it will be more friendly to
handle the complex nature of the model being analyzed in this
work.

2. Mathematical model

The mathematical model for the coinfection has twenty-
two (22) compartments consisting of the human and mosquito
populations. The human population has sixteen (16) compart-
ments which are Susceptible humans S, Vaccinated humans
for malaria S,, Unvaccinated humans for malaria S,,, Ex-
posed humans to malaria Ej,, Exposed humans to zika Ej,,
coinfected humans with both diseases E,,,, Infectious humans
with malaria Ij,, symptomatic infectious humans with zika
Ij.s, asymptomatic infectious humans with zika I;,.4, coinfec-
tious humans with both diseases I,,;, Infectious humans under-
going treatment for malaria 7,7, Infectious humans undergoing
treatment for zika I;,,r, coinfectious humans undergoing treat-
ment for both diseases I,,,;7, Infectious humans not undergoing
treatment for malaria [y, coinfectious humans not undergo-
ing treatment for both disease I,y and Recovered humans Rj,.
While the mosquito population has six (6) compartments which
are Susceptible Anopheles mosquitoes S ,,,, Exposed Anophe-
les mosquitoes E,,,, Infectious Anopheles Mosquitoes 1,,,,,, Sus-
ceptible Aedes mosquitoes S ;,, Exposed Aedes mosquitoes E,
and Infectious Aedes mosquitoes I,. The transmission dynam-
ics of the system as well as the assumptions leading to the
model formulation has been explained in details by Ref. [11].
Also, the description of parameters, review of related and sig-
nificant literatures which serves as foundations for proposing
the model, basic quantitative and qualitative analyses were also
sufficiently provided in Ref. [11]. Hence, the focus in this work
is to obtain a semi-analytical solution of the system and per-
form further simulations to gain more insight into the dynamics
of the control measures proposed. Thus, the model for the sys-
tem according to Ref. [11] is given to be;

ds

d_th = Ay +0R, — (p1 + p2 + TS

das

d_: =p1Sh - alﬁllmvslm - a’2771]zvshu - Tlshu
s,

dr = pZSh - alﬁZ‘plmvshv - CVZTIIIzvShv - TIShv
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Figure 1. Susceptible humans.
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Figure 2. Unvaccinated humans.

E.,

d; = ao(Malizs + M31uza + Nadpzr + N5 hunz + Nelpmer + 17 humz0)S o
-+ u)E,

dl.

d_;v = VZEzv - /lezv,

where S,(0) = §9,5,,0) = S%M,Shv(O) = ng,Ehm(O)
Egm, E;,(0) = Egstmz(O) = E?nZ’Ihm(O) = I;?m’lmz(o)
Lo It (0) = 1) o Ly (0) = 19 T 0) = 1) ¢, T4 (0)
L) I (0) = 1), Ler(0) = 10 Ley(0) = 19, Ry(0)
R2, va(o) = S?nv’ Emv(o) = E?nv’ Imv(o) = Iy?;v? SZV(O) = S?V’
E,(0) = EY, and I,(0) = I°, are the initial conditions of the
system with the total human and mosquito populations given

by

Ny=Sp+Sm+Sw+Eu+En+E,,+ 1L+ Ly + Ly
+ Ligs + Inoa + Ligr + Lz + Lyer + Luzu + Ry,
Ny =S + Epy + 1y,
Ny=S,+E,+1,.

3. Existence and uniqueness of solutions

To show the existence and uniqueness of the solutions to our
models, we employ the Banach fixed point theorem which is a
special kind of the Lipschitz continuity. Hence, we first state
both conceepts before adopting them.

Theorem 3.1 Banach fixed point theorem. Let Q be a complete
metric space and let f : Q — Q be a contraction, that is, 3
c € (0, 1) such that for all z;,z, € Q, then

d(f(z1), f(z2)) < cd(z1,22). @

Then, f has a unique fixed point in Q. That is, there exists a
unique z* € Q such that

f@)=2" 3)
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Figure 3. Vaccinated humans.
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Figure 4. Infectious humans with malaria.
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Figure 5. Symptomatic humans with zika.
Lemma 3.1 Lipschitz Continuity. A function f(t, z) is said to be

Lipschitz continuous in z if there exist a constant K > 0 such
that

lf(t,z1) = f(t, 22)I< Klz1 = 2al. “
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Figure 6. Asymptomatic humans with zika.
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Figure 7. Coinfectious humans.
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Figure 8. Recovered humans.

Here, K is called a Lipschitz constant and f is said to be K-
Lipschitz Vz;,2, € Q.

One of the properties of Lipschitz functions is that every
Lipschitz function is absolutely continuous and therefore is dif-
ferentiable almost everywhere. Also, a function that is differen-
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Figure 9. Infectious Anopheles mosquitoes.
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Figure 10. Infectious Aedes mosquitoes.

tiable everywhere is Lipschitz continuous if the first derivative
is bounded. The existence and uniqueness can be established
by either showing that each differential equations in the system
is Lipschitz continuous and that the Lipschitz constant satisfy
the Banach conditions for existence and uniqueness. In some
works, existence and uniqueness was established by showing
that the differential equations are continuously differentiable
everywhere in R [12].
The co-infection model, (1) can be expressed as

Z(n = fZ@), Z(t) = Zo, &)

Wherﬁ Z(t) = (Sh’ Shu& Shv’ Ehm& EhZ? Ehmz, Ihm& IhmT’ Ith& IhZS 5
Iths IhzT, Ihmz» Ihsz, Ihsz’ Rh, va’ Emv, Imw Szv’ Ezv’ Izv)

Let ||.|| be the maximum norm in Q € R?? taking to be the
banach domain for continuous functions where

IZ@l= Y 12l

Let ISill< ki, ISnllS ko, ISl k3, IEmmllS ks, [|ER|I<
ks, | Epnzll< ke pnll< k7, Wt IS ks WimullS ko, U pzs 1<
k10, nzall< kit Wner IS ki, Wil ki3, Hnmzr IS kias Hpmzu 1<
kis, IRWIS ki, ISl ki, IEwlIS ks, Iwll< k1o, 1S o0lI<
koo, IELNIS kot IS koo [IMsiTl|S ko3, 1Zsi7lI< k24 and O <
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m; < 1for(i=1,2,3,...,22).
From equation (1) and as was demonstrated in Ref. [13], we
will have that for any Sj; and S, € Q, then

1f @ Sh) = f&Sll= (AR + OR;, — (o1 + p2 + 71)S 1) — (A + OR,,
=1 +p2 + DS II= (o1 + o2 + TS w1 = Sl
< (o1 + o2 + OIS w1 = Si2ll€ my IS w1 = S pall-

The Lipschitz continuity in S, is established with m; as the

Lipschitz constant. Similarly, we can establish the Lipschitz
continuity in some of the other state variables as follows;

LS ) = f@& S m)ll= 116018 1 = (@181 Ly + a2 Ly + T1)S )
= (1S n = (@ B1lny + @21 lyy + TS )l
= (@181l + €amily + TS it = S )l
< (@il ll+axni i+ T OIS i — Snell
< (a1Bikio + @anikyn + TOIS put = S mell< m2llS hat = S el

1@ S m1) = f& S mll= 1p2S 1w — (@12 Pl + @ani Ly + T1)S 1)
= (28 1 = (@12 @ly + a2 Ly + TS )l
= @1 Ba®@l + a2mi Ly + TS i1 — Sl
< (@B @ ll+eam I ll+T OIS w1 = S mall
< (@1BaPkig + aanikay + TOIS 1 — Small< m3lIS i1 — Swall,

Lf s Enmt) — £t Ena)lI= (@181 DnyS i + @1 B2 @l Sy + 1 Dy
+ $aly — 2Ly Epnt — (61 + T1)Epm1) — (@181 LnyS
+ 182 QLS iy + G1hmy + P2limzy — @21 Ly Epa
= 01 + TDEm)II= aam Ly + 61 + T)(Enmt = Enma) |
< (@amilllll+61 + TONE — Epncll

< (aaniky + 61 + TONEwm1 — Ewnmll< mallEfnt — Epmolls

IF (5 Enzt) — £, Ex2)ll= I @2m Ly(S e + Siw) — 1B1 Ly Enz
= (Ot + x2)02 + T ER1) — (@2 Ly (S + S i)
— a1 lmwEn2 — (X1 + x2)02 + T Er)lI= @1 S1lm
+ (x1 +x2)02 + T)(Enat — En)lI< (@1fikio
+ (x1 +x2)02 + TOIE: — Epll< msl|Enzy — Enzall,

L Enmz) — f@ Enm2)lI= (@181 Ly Eny + @2y Ly Epm
= (03 + T1)Ema) — (@11 L Enz + @21 Ly Epn
= (03 + T)Em2)lI= 103 + T1)(Epmzt — Epm2)Ml
< (63 + TOIEmmz — Ennall< mellEp — Epall.

Following the same procedure, other Lipschitz conditions can
be established as

I, Tm1) = FE D)l < M|y — T2l
L Thmr1) = @ Dumr2)Il < gl Dy — T2l
F (s Lumun) = S Do)l < Moyt = Tnmu2 |

1F (s Tnzs 1) = F( Dzs )l < maolllizs 1 = nssoalls

@, Inear) = F(E DneaDll < g llnzar = Dizanll
W@, Iner1) = @ D)l < mualllery — Tnerall
L Thmz1) = @ D)l < M3l Tzt — Tnme2)|
W, Tmzr1) = f( Dnmer2)Il < Mgy — T2l
(s Dmz1) = S D)l < mislpmun = D2l
1F (2 Rin) — (2, Ru)ll < miglIRp1 — Rinl
1F @S mvt) = f& S m2dll < mpgllS 1 — S mall
L Enmt) = [ En)ll < mugllEpvt — Emall
F @, Luvr) = S L)l < miolllr = L2l
L@ S 1) = f& S 22l < moollS 1 = S 2l
If @ Ean) = [ Exll < magllEq — Eqoll
f(E L) = @ L)l < maallTyy — Lol

where my = p1 + py + 71, my = a1f1kio + aanikan + 11,
m3 = a182®@kig + aznikoy + 71, My = aomikan + 01 + 71,
ms = a1Bikio + (Y1 + x2)02 + 71, Mg =03+ 714,
M7=C¥27]1k19+T1+T2+61+€2, mg =7y +71 + 712,
myg = ¢1 + 711+ 712, My =afikio + 71+ 73+ ¥ +wi,
mip = a1fikio + T1 + T3 + w3, M2 =T1 + T3 + wa,

miz =T1+T4+01+02, Mg =Y2+T1+T4, M5 = P2 +T1+7T2,
mig =71+ 0, mig=vi+y, Moy =y, My =V2+U;

my7 = ay(Bskq +Baks + Bsko + Beki3 +Brk1a +Bgkis) + kikaz + i,
mayo = a2(2kio+m3k11 +naki2+nski3 +nekia +17k1s) +Kokog +

my, = p, are the Lipschitz constants.

Thus, the Lipschitz continuity in the state variables have been
established with the m;.s, i = 1,2,3,...,22 as the Lipschitz
constants.

To establish that Banach fixed point theorem is satisfied, we
need to show that the ms, i = 1,2,3,...,22 satisfy 0 < m; < 1.
my, me, mg, My, M1z, M13, M4, Mis, Mig, Mig, M9, Moy, and moy <
1 since the terms appearing there represents fractional outflow
from each compartment which must be less than one. The other
m;s contain some k s which are the bounds of the infectious
classes. To see the nature of these ks, we show that these
infectious classes are bounded. For example,

di di
g = Bl =

Integrating the resulting differential equation by use of integrat-
ing factor method gives the result

+ ply =k,

L,(t) = [vz f(Ezve”Zt)dt +c|e™H, 6)

Since E,, is a function of time, ¢ and the solution usually in-
volves exponential terms, the result of (6) will always contain
an exponential term. Hence, as t — oo, [, — 0. Hence,
I]|< ka2 = O as £ — oo.

Similarly,

Imv(t) = [Vl f(Emveymt)dt +c e_Hmt, (7)

and 7,,, — 0 ast — co. All the infectious classes tend to zero
as t — oo. This shows that each of the infectious classes are
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Figure 11. Infectious humans with malaria.
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Figure 12. Symptomatic infectious humans with zika.

bounded likewise as 7,,, and I,,. Hence, we can represent them
as |[lpull< k7 = 0, [yt lI< ks = O, [pmull< ko = 0, s 11< k1o =
0, [nall< ki1 = 0, Uperll< k12 = 0, MpmelI< kiz = O, [ Lpmzr|1<
kia = 0, lmevll< kis = 0, [l ll< kig = O, [l lI< ka2 = 0.
Substituting these values into the m; s gives

m2=‘1'1<1, I’}’Z3=T1<1, In4=(51+‘1‘1<1, m5=(/\/1+
)(2)62+T1 < 1, m; = T1+1t+€+6 < 1, mio = T1+T3+lﬁ+w1 <
l,m” =T +7T3+w3 < 1, my7 = Wy < 1, mpy = U; < 1.
Hence, all the m;s have satisfied the condition that 0 < m; < 1
and by Banach fixed point theorem, the solutions to the system
(1) exist and is unique.

3.1. Positivity of solutions and invariant region

Theorem 3.2. Let the initial data set for the model be
0 ¢0 @0 0O FO F0O 70 70 70 0 0
Sh’Shu’Shv’Ehm’Ehz’EmZ’Ihm’ImZ’IhmT’I;t)mU’Ith’Ing’IhzT’IguT’
ISMU,RQ,SO ES. 19, S%, E% which are all nonnegative at

my? my?® “my? v?
t = 0. Then, the solution S,(¢),S 1, (%), S 1 (2), Epn(t), Enz(2),
Evz (@), Lnm(0)s Lz (), Ly (), Lnvy (0) Tnzs (0), Dz (@), Iz (2), Doz (),
Lnzvr (), Ry (@), S yuy(0), Eypy (1), Iy (), S 20(0), oo (1), Ly(¢)  of  the
system (1) given initial conditions, will remain positive for all
t>0.

3500

0 _
*‘rzk-zﬁ
0 _

I 2a=40

o _
= =70

w
=1
=}
=]

a
1
=
=

2000

-
o
=}
=]

1000

Asymptomatic infectious humans with Zika
o
2

Time

Figure 13. Asymptomatic infectious humans with zika.
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Proof. From (1), we have the following

ds
d_th > —(p1 +p2 + 7S

AP
dt

v

_(a/lﬁllmv + (IZUIIZV + T )Shu-
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ds py

7 2 (alﬂl(plml + 027]11" + T])S]” (8)

dl,,
— > —u.l,.
dr Helzy

Integrating the system (8) gives
Su(t) = 8% [ttt 5 o
S (@) = S? e—f(mﬁllmv+02'illzv+71)tlt >0
> S )

Swm(®) = S;’)Ve— [(e1Br @l +azn L+t )dt >0,

L) > 1%t 5 0,

Thus, the solution to the system remains positive Yz > 0.
Furthermore, the total human and mosquito populations sat-
isfy the differential equations

dN
d—[h = Ap — 71Ny = T2o(lpm + Dt + Timv)
- TS(Ith + Ith + IhzT) - T4(Imz + Isz + Isz)
< Ah - TlNh.
dN,,,
- Amt mEmy - 9
ar Hund, ©))
dN,
— = A'w Vs
dr Ml

respectively. Integrating (9) and solving as t — oo gives;
A Ay
0< Ny, < =2 0<N,, < and 0 < N, <
T

tively. Hence, alll the solutions onf1 the system are poéitive and
bounded in the region Q = Q; X Q, X Q3 and proves that the
region, Q is positively invariant with respect to the flow gen-
erated by (9). Thus, the coinfection model (1) is biologically
well-posed and defined since all the state variables remain non-
negative for all # > 0 [14]. The basic mathematical analysis of
the system (1) such as obtaining the coinfection-free equilib-
rium, coinfection reproduction number, stability and sensitivity
analyses have been fully discussed in the previous work, see

[11].

4. Homotopy perturbation method

The homotopy perturbation method (HPM) was introduced
by Jihuan HE in 1998 according to Ref. [15]. HPM is a com-
bination of the traditional perturbation method and homotopy
and is based on finding the approximate solution of a nonlin-
ear differential equation as an infinite series in the independent
variable, say . The method has been widely used in mathe-
matical modelling of infectious diseases in finding approximate
solutions to the associated models [15-17]. In applying HPM,
consider s nonlinear differential equation of the form;

AW - f() = 0,1 € Q, (10)

with boundary conditions

where A is the general nonlinear differential operator, B is the
boundary operator, f(¢) is a known analytical function and € is
the domain. The differential operator can be split into two part;
the linear part, L and the nonlinear part, N such that Equation
(10) can be rewritten as

L(u) + N(uw) — f(t) = 0,1 € Q. (11)

A homotopy, v(¢, p) : Q x [0, 1] — R constructed by homotopy
technique satisfies

H(v,p) = (1 = p)IL(v) - f]= 12)

where p € [0, 1] is the embedding parameter and uy is an initial
approximate solution satisfying the boundary conditions. The
homotopy equation can be rewritten as

P)L(uo) + p[N(v) — f(D)] = 0. 13)

From (13), we have that using the boundary points of p € [0, 1],
then

L(up)] + p[A(v) -

H,p)=Lv)—-(1 -

H(v,0) = L(u) - L(uo) =
Hv,1) = A(v) - f (D).

The solution to (13) can be represented as a Maclaurin’s series
in p as

v=vy+ pv) + pzvz + p3V3 + .., (14)

such that as p — 1, we get the approximate analytical solu-
tion to the system (1). The traditional homotopy perturbation
method will be used to obtain the approximate solutions of the
co-infection model.

To obtain the approximate solution for our co-infection
model by HPM, we make use of two-term approximation for
each class and write the solution to (1) in the form:;

Su(t) = 52 + pS,ll + sti, Sm(t) = lm + pShu + pzsiu’
Siw(t)=Sp +pS) +p*St, Ewm® = E) + pE, + p*E}
En(t) = Ey. + pE), + P’E}.. Epy:(1) =

>
Ep.. + PE,,. + P’Ep,..

L@ = 1)+ pl} + P2 Lyp(t) =10 .+ pl} o+ p*I2
Ly () = 1),y + Ly + Pl Iies () = I + plhs + p*Lig,

T (1) = Ih.A + Pll AT D Ih.A’ Lyer (1) = hJ + PIILT + leizr’

T (1) = [hmz + pl]im@ +p Ihm@ Ty (1) = Ihsz + plhsz + leﬁmzr’
L (t) = 1 i + Pl + DL Ri(t) = R + pR), + p°R},
E,(1) = E),
L(t) = I, + pl, + P*L,, So(t) = SO, + S, + pS

E. (1) = E + pEL, + p’ES2, L, = I°, + pI., + p*I2,.

+pEl +p2EI%1V’

mt(t) - S&» + pva +p2S12m’

and construct the homotopy for the system (1) as follows

ds h
dr
ds hu
dr
Ay

dt
dEhm

dt

= p(An +O0R, — (o1 +p2 +71)S 1)
= p(o1Sy — (@Bl + aoamly + 71)S W)

= P(sth - (alﬁZIqu) + 02771]21’ + Tl)Shv)

= p(alﬁllmvshu + alﬁZImv(DShv + ¢11th + ¢21 U



dEhz
dr
dEhmz
Cdr
dlyn

dt
dIhmT
Cdr
dlmy
Cdr
dlth
dt
dIth
dt
dljr
dt
dlpm;
Cdr

dIhsz
dt
dIhsz
dt
dt
das
Cdr

dE,,
dt

dl,,
dr
ds.,
dr

dEzv
dt

dr,
dt
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= aani Ly Epy — (61 + T1)Enm)

= plaam Ly (S + Sw) — a1l En; — (1 + x2)02 + T1)En;)
= pla1ilwEn; + aam Ly Epn — (63 + T1) Epne)

= p(61Ewn — a2yl — (71 + 72 + € + €) 1)

= p(&lm — (Y1 + 71 + T2) )

= pl&@lim = ($1 + 71 + T2)my)

= pOox1Ep — 1Bilywlizs — (11 + T3 + ¢ + w1)ljs)
= p62x2En — arBilywliza — (11 + T3 + W3)ljza)

= pWlys — (11 + T3 + W) per) (15)
= pla1Bilm(izs + Iiea) + @2 Lyl + 63 Epe

— (1 + 14+ 01 +02) ).

= p(O ;= (71 + T4 + Y2) nzr)

= p(o2 e = (71 + Ta + G2 jnevr)

= pYidimr + YVolmer + Oiligs + Walier + W3lea — (71 + ORy,)
= PNy — 1 B3y + Balmr + Bslmu + Bolnmz + Brlumer

+ Bslmev) — (KiMsir + n)S my)

= p(a1Bslym + Badpmr + Bslimu + Bolnmz + Brlnmer
+ BSIhsz)va - (Vl + ﬂm)Emv)

=pWiE,, — ,umlmv)

= p(Ayy — x(alizs + 30hza + Nadier + 05Dz + N6 Ly
+ 07 lmzv) — (K2 Zsir + p)S o)

= p(/lzszv - (V2 + ,uZ)Ezv)

= p(VZEzv - /'lzlzv),

where the coefficients p, p! and p? are to be determined. If
we substitute the two terms approximate solutions of (1) into
(15), neglecting terms that will yield powers more than order
2, since we are using two-term approximation, we will have
the fOllOWil’lg by taking a=p+p2+71,B =06 +71.,B =
TI+T+€ +6,B; = Y1+ T +71,By = ¢1 + 7T+ 1,Bs =

03+ 7

sBe =711 +60,B7 = v+, Dy = (x1 +x2)02 + 71, D0 =

TI+03+Y+w,D3=11+73+w3, Dy =71+ 73+ wr,Ds =
T1+T4+0 1402, Dg = T1+T4+Yy2, D7 = T1+7T4+¢2, Dg = votuy;

Ay
dt
ds?®

hu

dt

ds)  ,ds?
p— b+ PPt = p(A + OR) — @S + PYOR, - @S )
ds) ds;
dtlm 2 d;“l — p(png — a’lﬁllgleZu - (1/2771]?1/5214

0 2 1 0 1 1 0
- TlShu) +p (plSh - Qlﬁllmvshu - a'lﬁllmvshu

- CYQT]|ISVS,1W - aznllzlvslgu - TlSilm)

as?
dt

as! . ds?,
+ P dlm + pZ dlh = p(plsg - a’lﬁZCDIr?wsgv - 02771[?v52v

- T]Sﬁv) + pz(plslll - a'l,BchI,(,)wS},V - a’lﬁZ(I)IrlnvSO

hu

- 027711?\;Sf1w - aznllzlvsgv - Tlsllw)

dE° dE! dE?
hm hm 2 hm 0 ¢0 0 ¢O0 0
+ + = IS, +a B0 S, +d¢l
dl P dt P dl p(alﬂl mv* hu lﬁZ mv* hy ¢1 hmU
+ ¢212sz - o"znllng;:)m - BlEgm) + pz(alﬁllr(:zvsilm
+ alﬁllriwsgu + (l'[ﬁz(l)lgws}w + a1ﬁ2q)]75w52v + ¢11Pth
+ ¢2Ilisz - QZUIIS"E}]W - azr]'IzlvEgm - B|E1!zm)
dE®  dE!  dE
Z 2 hz 0 ¢0 0 ¢0 0
dt +p dtZ +p dr = p(a'znllzvslm + &27]112‘,5 h (a'lﬁllmv

+D)E)) + pPaam IS, + am LS ), + aam 10,5,

+aom Il SS — B IS EL — a1} EY. — DI EL).
dE} ~ dE} . dE} .
S P PP = pnfil, By + e I E,
- BSEgmz) + p2(01B112117E}11 + alﬁII/LvEgz + aznllngillm
+ aznllzlvEgm - BsEhlmz)
dr dI! dr?
ﬁ + p% pzf = p(élEgm - (QZUllgv + BZ)II('z)m)
+ Y61y, — aom I, — comIL I, = Baly,,)
dlon dI! d12n
g p— PP = plad), = Baly) + Py, = Bljy)
dr° dl! dar
Z‘w ZU v ;;;U = p€ly, = Balj) + P*(1lyy, = Baljy)
dr dr. dr?
g P g = PO~ Dalls B I)
+ P2(52X1E;1,Z 2 alﬁll,onvl}],zs - alﬁ|lllnvlgzs)
dr) , dl,_, ar’,
T p— B4 P = POy = Dl = il )
+ P (6ox2Ey, — Dslyy — il dyy — ar il 1))
dr° dl! dr?
hzT hzT hzT
4 p S P = plly = Dull) 4 Ul - Dill)
dr dl' dar .
a P P = P+ il
+ 0277113,]2,,1 + 63E2mz - D5]2my) + pz(alﬁlll?w[/izs + alﬁlll{ﬂvlng
+a il + el I+ Bl 0, + il I,
+683E,,, — Dsl;,. )
dr dl! dar
hmzT hmzT 2 hmzT 0 0
+ = p(oI; . — Dgl
dt dt p dt p( Hhmz 6 hsz)
+ pz(o—lllimz - D6I/1sz)
10 dr! dr?
hmzU hmzU 2 T hmzU 0 0
+ + = a I - D I
dt V4 dt p dt [J( 24 hmz T4 hmzU
+ PZ(U'ZI;{mz - D7I/1sz)
dR? dR! dR?
h h 2 &Yy, 0 0 0
a + P +p - POy + Voliyr + 01l + “’2[2:7
+ w3[22A - BﬁR(}:) + pz(’yllf:mT + ’yzlftsz + wllf:zS + wzlézT
+wsl,, — BeR))
dS gﬂ’ dS rlnv 2 dS }E'w 0 0 0 0
dt dt +p dt = p(Amv - d1ﬁ3lhmsmv - alﬁ4lhmTSn1v

0 0 0 0 0 0 0 0
- a1ﬁ51thva - alﬁﬁlhmzsmv - alﬂ7lhszva - alﬂslhszva

= (i Msr + un)S0,) — p*(@iBsly, S b, + aisl;, S o,
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0 1 1 0 0 1 1 0
+ alﬁ41hmTva + alﬁ“lhmTva + 0'11851thva + a1ﬁ5lthva
0 1 1 0 0 1 1 0
+ alﬁﬁlhmzsmv + alﬁﬁlhmzsmv + a,lﬁ7lhszva + alﬂ7lhszva
0 1 1 0 1
+ @1BsyS v + W Bs LS oy — KiMsiT + [0)S 1)

dE?nv dErlnv 2 dE}?m 0 ¢0 0 0
dt +p dt +p dt = p(a'llB31thmv + alﬁ41hmTva

+aiBs, S + 1Beln,S oy + 1Bl S
+aiBslp S e, — BiED) + pP (@il S + aiBsl), S0
+a Bl St vl S0 +anBsI), S)

+ 1B LSy + @16 1S py + 1B L3S

+ a1l S n + 1Bl S + 1B, S

+ a1BslS oy — B1E,,)

my

dr,,  di,,  ,dI, 0 0y 4 pP(nE! !
o TP tP g = POEn = tnly) + M Ey, = il
0 1 2
% + de;V + pz% = p(Ayy = ol S2, = oLy, SY,
= @l S?, = @y, S2, = sl S2, = ey, S2,
= (KaZsir + 1)S0) = PPl St + aamal) 89,
+ @l S L + @Ml S, + @iy S + @l S?,
+ @251y S 8, + @50, S 1y + @l DrS Ly + @26l ST,
+ @21 LS by + @2 Ly S 2, = aZsir + p)S )
0 1 2
+ @oBallp ST + anshy, SO, + @l 2 + @il S,

— DsEY) + p*(aam ) S ), + aompl) SO, + aomsI) S L
Sh

1
USzv

1 0 0 1 1 0 0
+ azTBIhZASZV + azn4lhzTSzl’ + a2n4lhzTSZL' + a2n5lhmz

1 0 1 1 0
+ aanIhsz v + aznﬁlgszSzv + 02776IhszSzv + (1277710

hmz
+ aln7lliszS(z)v - DSEzl,v)
dr dI! dr?

2v zv+2l: VEO—
a TPt POE, — 1

By comparing coefficients on the right-hand side (RHS) and
left-hand side (LHS), we have that for p°

10) + PPOLEL, - e Ib).

ds’) ds?) ds;) dE) dE)).
—h -, oy, v =, m_ (), : =,
dt dt dt dt dt
dEl(l)mz — 0 dlgm — 0 dlng — 0 dI;:mU — 0 dI](l)ZS — 0
dt Toodt Todt Todt Todt ’
dll(z)zA — 0 dl;:)zT — 0 dll(z)mz — dI;z)sz — dlgsz —
dt Toodt Todt T dt Todt ’
dR) dso. dE° dr das’,
RN 0’ my — , my — X my — , Z — O,
dt dt dt dt dt
dEy Al
e~ dr

Solving the resulting equations for p® by direct integration
gives

Sn0) =S5, Su(0) =S, Sw0) =S, Ewm(0) = E},

Ehz(O) = Egz, Ehmz(o) = Egmz, Ihm(o) = Ii?m = IhmT(O) = Ii(l)mT’

It (0) = I Dies 0) = I, Toa(0) = I, L (0) = I,

Line(0) = I,y D 0) = 19y oy Ly (0) = 15,10 Riu(0) = R),
Sm(0) =80, En(0) =EL, L,(0)=1°,5.,0) =S5,
E,(0)=EY, 1,0)=10.

For p', we have

dS,ll 0 0
— = M OR) - S,
dS llll
d; =Sy = aBil,Sh, — miySy, = TiSp,
ds),
dlh = p2S2 - a’lBZCI)Ir(zlvsgv - QZTIII?VSBV - T]S2V,
dEI!tm 0 0 0 0 0 0
dt = a’lﬁllmvshu + alﬁZ(DImvShv + ¢llth + ¢21h’"ZU’
- (l’zT]]I?vEgm - BlEgm’
dE}.
a oISy, + e ISy, — i, Ey. — DiEj.,
dE,
d}ll‘m~ = Cl’lﬂlly(r)wEgz + Q2U112’E1(1)m - BSE](1)n1z’
I dl;
_d’;m = 81Ey, — (@m Iy, + B, "i"t"T = el = Bsljr.
dr, dls
:}[U = EZIi?m - B4Ii(1)mT’ d_; = 62X1E2z - DZII?zS - allﬁllgwlgzs’
dl, , ey
Tar 52x2E), = Dslyy = arBily Iy, dtZ = ¥l = Dali.
dI}lmZ 00 00 1070 0
dt =af vath +a1B vahz_A +am zvlhm + 63Ehm2’
- DSIgmz
d]l dll
hmzT 0 hmzU n
d: =0y, = D6]2sz’ :i’; = 0-2127717 = Dl
dR,l, 0 0 0 0 0 0
E - ylllzmT + yZIlzsz + (l)lIth + wzlhzT + w3lth - (TI + H)Rh,
s}, 0 <0 0 g0 p
dt = Amv - a1ﬁ3lthmL' - alﬁ4lhmTva - Q]BSIgmUSm‘/’
+ a]ﬂﬁll(l)mzsi)nv + alﬁ7lgszS9ﬂV + aI’BSIE’"ZUSBW
— (kMg + ﬂm)SSw’
dE,,
dt = alﬁ3ll?mS9nv + alﬁ412mTSglv + Qlﬂ5l/(1)mUS?m”
+ a'lﬁ61i(z)mzs?nv + alﬁ7ll?szS21V + Q]ﬁgl/?mzysgmr —Ont /Jm)E?nv’
dl
f = V1E9,w _ﬂmlgﬂ”
ds!, 0 G0 0 g0 S
dr Ao = @l S oy = @3l S o, = @2Malyr S
— anl]s [fz)sz ?v - aZnﬁlgszng - 0’27]7[2,,,211821'
- (KzZSlT + IJZ)S?V’
dE!,
d_; = @l S, + @l Sh, + @Bali g S,
+ a2n512mzsgv + a2n612szS?v + 0277712szS?v - (V2 + ﬂZ)E?V’
dr,
d;L = VZE?V _#Z[g”
For p?, we have
ds?
— = 0R — S,
as?, . 0 ¢l I g0 ;
dt = plSh - alﬁllmvshu - alﬁllmvshu - (Zz)]]I?vShu
- a2nllzle2u - TIS’]'”’
ds?

d;lv = pZS]ll - a’lﬁZQ)Ir?wS}w - a’lﬂz(blrlnvsgu - @

mis,,



dE2.
dt

dE2
dr

dE?

hmz

dt
dl,fm
dr
dI,fmT
Tdar
dI}
dt
dr3,,
dt
dliy
Tar
dar; .

dt

ALy
Tdr
dR?
dr

ds ,%w

Tdr

dE?

my

dt

dr?

Tmy

dr
ds?
dt

dE?
dt

dr?

v

dt

<= 61/27]1[ S/m + 02771] Shu +a/2771
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1 ¢0 1
- a'znllzvslw - TlShv’

- alﬁl Iz?zvshu + alﬁl mvShu + alﬁzq)lgwsllw + alﬁzq)lrlnvs(})w

D\E!

1 1
+ ¢11th + ¢21hsz - a2n110Ehm ‘1’2771[ Ehm hm>

1 1¢0
Slw + aznllz\'shv
- B,

1 1
mthz - a,lﬁllmvE}u - DlEhz’

my my

= api(0E). + IL,Ep) + coni(IOE,, + ILE) ) — BsE,

mz>

= 61E111m - er]llglele - (127]1[ Ihm lelim’
.
- ElIhm B3Il'lm1T’ :hU = ezIPle - B4I/1mT’

- 62X1Ellu DZII']tzS - alﬁllr(r)ulh alﬁl my /uS’

= 62X2Elllz - D3I/lle - alﬁllgnvlille - alﬁllr{wISM’

= ‘M/ﬁzs - D4IhlzT’

= (I/]ﬁ IlOthzS +a/1181 nu S +a/118|110m hzA + Cl]ﬁ] mvlgﬁ

1
+ alﬁllr?thzA + a’lﬁllmvll(l)zA + 63Ehmz - DSIhmz’
12
1 1 hmzU 1 1
- o—llhmz - D(’Ihsz’ dr - 0-21/1»12 - D7Ihsz’
_ 1 1 1 1 1 1
= Yidyr + Volpy + O1ls + 2l + w3l 4 — BsRy,,
= — IO S 1
a’lﬁ3 hm my alﬁ3 hm my Q1ﬁ4 hmT* my
1 0 0 1 1 0
- allB4IhmTva - Qlﬂ5IthSmt —a1fs thva
1 1
- a/]ﬂ611(1)mzsmv - alﬁﬁlhmz a/lﬂ712m"TSrm

1 0 0 1
- 01:87111szva - alﬁglhszva

— (ki Mspr + p)S ),

alﬁS hmz Uva

1 @0 0 1 1 0
- alﬂ312m my + alﬁ?’lhmsmv + alﬁ“lhmTva + a1ﬁ4lhmTva

+ allﬁ5 thSml + alﬁ5 thSmt + alﬁﬁlgm Sm\ + alﬁﬁ hm
1
+ Q’]ﬁ7 hmz TSm1 + (Z]ﬁ7 hm"Tva + a]ﬁg hmz USlm

+ a’l:BS hm@U mv (Vl +:um)Emv

=viE — .

0 1 1 0 0 1 1 0
= aanlthS:v + aznzl/zzsszv + a27731thSzv + a2n3IthSzv

1 0
+ aznslhsz

v

+ 61/27]41,?ZTSZI‘, + (127741}1Z7~S?va’277510 S

hmz* zv
0 1 1 1
+ aznﬁlhszSzv + G(zl](,]h TS + azrhlhszszv + 052177117

— (k2Zsir + 1)S ),

mz v mz

v 0 1 1 0 1 0
= (l'z?]zlhzsszv + G"anlhzsszv + a3 IMAS + azn3lthSzv

+ aZTMIOvTSlv + (Xzf]41,1 TS?‘ + (1’27]511,"" S y T (}’27]51 S

hmz

+ 61/27761/

hmz TSU/ + CZzT]6I]

h

~ (2 +)EL,

mz TS +a’2777[hm US

+ a27]71hm U 41

= VzEzlv - ,uzlév.

0
USzv
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Making use of the parameter values in Table 1, and the as-
sumed initial conditions S, = 500, S, = 320,S,, = 19, E, =
48, Ep; = 30, Epz = 20, Ly = 35, Iymy = 8, Iy = 21, Izs =
20, Inza = 40, Ly = 15, Iz = 15, ey = 35 lyner = 9, Ry,
20, Sy = 500, E,y = 60, Ly, = 50,5, = 500,E,, = 25,1, =
10, solving the various systems of ordinary differential equa-
tions generated for p, p'andp? to obtain the values of the state
variables, the solutions to the system (1) by HPM allowing
p = 1 now becomes

Su(t) =S+ pS; + p*S7 = 500 — 414.728¢ + 192.97394
Sw(® =8, +pS,), + p*Si, =320 + 107.0992¢ — 143.73061>
St =S +pS; + p*S% =19 + 139.9203¢ — 58.94047
Epn(t) = E,?m + pE, + p*E, =48 + 214.9582¢ + 34.6583¢

Ew(t) = E)_ + pE,_+ p°E;_ =30 —23.5836¢t + 10.1205¢*
Epn:(0) = ,m + pE,,. + p°E,. =20 + 18.7764t + 8.92261*
L@ = 1D+ pIl + p*I = 35—28.5971¢t + 22.41527

L (®) = I o+ pli o+ pPI2 - = 21 + 16.4424¢ — 10.92347
Ly @) = 1) + Pl + Pl = 8 +9.80711 — 507187
Lis(D) = 1) + plg + p*Irg =20 — 32.3023¢ + 26.1163#>
Lioa(t) = I, + pl, + P11, = 40 — 29.6086¢ + 10.00201*
Lir(t) = 1) + plip + PPy = 15 + 14.4944¢ — 14.93917
T (1) = 1,?,” +plh, + p*L, =15 +27.3212t - 31.3151¢
Liner () = Iy, g+ plir + P 1,3,” r =8 +9.7948¢ + 9.2887¢
Lines(t) = 1)+ Pl + PP Iy = 3 +2.3979¢ + 2.33827
Ry(D) = Rg + pR} + p*R} = 20 + 16.0347t — 0.3653¢
Sumt) =82 +pSl +p*S% =500-62,494.68¢ + 3,911,918.1677
E,n(1) = EO +pE! + pPE% = 60 + 57.324t — 4,267.7745¢
L) = Im‘, +pI! + p*IA, =50 + 3.32¢ + 27739+

S.()=82 +pSL + p252 =500 — 62,711.37 + 3,938,997.241¢
Ed(z)_EO +pE,l +p 2 =25+279.61t — 314.2182¢
L,(1) = pl. + = 10 + 1.9447 + 13.92657.

5. Numerical simulation

5.1. Comparison of HPM and RK — 4 for the co-infection model

In this section, the numerical simulation of the semi-
analytical solutions by HPM is presented and discussed. The
results are shown in Figures 1 -10.

In Figures 1 and 2, we could see that the solutions obtained
from homotopy perturbation method is similar to that obtained
from Runge-Kutta method of order 4. We could see that both
trajectories started and progressed alike but slightly seperated
at a point.

The same scenario is seen in Figures 3 and 4 which com-
pared the solutions of the vaccinated and infectious humans
with malaria obtained by HPM to the ones obtained by RK-
4. In Figures 5 and 7, the symptomatic humans with zika and
coinfectious humans with both diseases did not appear much
similar as the trajectories differ after few steps. However, the
trajectories for the asymptomatic humans with zika and recov-
ered humans obtained by HPM appeared much similar to the
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Table 1. Parameters, values and sources.

Parameters Values Sources  Parameters Values Sources
Ay 50 Assumed B3 0.0044 [19, 20]
Ay 100 Assumed Ba 0.0022 Assumed
A 100 Assumed Bs 0.0044 [19, 20]
) 0.0125 [11] Be 0.0022 Assumed
0 0.0146 [18] B7 0.0044 Assumed
o1 0.65 [11] Bs 0.0022 Assumed
02 0.28 [11] w1 0.1429 [21]
Y1 0.25 [18] w) 0.1667 [22]

0% 0.111 [11] w3 0.118 [23]
T3 0.0003 [11] X1 0.31 Assumed
Ty 0.0006454 [11] X2 0.62 Assumed
b1 0.13 Assumed ay 0.4 [18]
@ 0.1 Assumed Bi 0.034 [24]
[0y 0.1 Assumed T 0.00004 [17]

B2 0.013 [25] T, 0.00032338 [25]

m 0.0009 [22] m 0.07 [22]

7 0.07 [22] M4 0.05 Assumed
s 0.03 Assuned N6 0.02 Assumed
7 0.03 Assumed W 0.85 [15]

€ 0.62 [11] & 0.31 Assumed
o1 0.72 [11] o) 0.18 [11]
K1 0.25 [11] K 0.25 [11]
Vi 0.1 [11, 18] o1 0.0833 [11]
V) 0.1 [12] 1)) 0.125 [15]
Mg r 500 Assumed 03 0.0833 [11]
Zsr 500 Assumed Hom 0.0556 [22]

U, 0.0556 [22]

solutions obtained by RK—4 as shown in Figures 6 and 8 re-
spectively.

Figures 9 and 10 show the trajectories of the solutions by
HPM against RK—4. We coulc see that though the direction is
the same but they are not close. A further study will require ob-
taining solutions by other semi-analytic methods and compar-
ing with these ones to ascertain which method is most suitable
for the system studied. The performance of the HPM may not
entirely conform to the RK-4 since only two term approxima-
tions were used.

5.2. Convergence and stability of solutions

The behaviour of the solutions obtained from homotopy
perturbation method is further investigated by comparing the
solutions with that obtained from Runge-Kutta method of or-
der 4. The HPM is a semi-analytical method while RK-4 is a
purely numerical method. Hence, it is a good reference function
to help investigate the convergence and stability of the solutios
by HPM since the exact solutions cannot be obtained. First, we
observe that the solutions by HPM for each state variable is ei-
ther monotonically increasing or decreasing just as the ones ob-
tained by RK-4 shown in Table 2. This shows that the solutions
are either increasing or decreasing to a point. The convergence
of the solutions by RK-4 will suggest the convergence of the
solutions by HPM since both are following similar numerical
pattern.

11

To check the stability of the solutions obtained, we simply
see if there is a perturbation effect on the solutions by varying
the initial guess. If the solutions converges to the same point
irrespective of the initial guess, then the solution is considered
to be stable. The effect of changes in the initial values of some
state variables are shown in Figures 11-15. The Figures showed
that irrespective of the initial values of the state variables, the
solutions obtained by Homotopy perturbation method will con-
verge to the same point with time. This shows that the solutions
are not affected by changes in the starting point of the solutions
hence, suggesting that the solutions are stable and converge.

5.3. Effects of the Controls in the System

In this section, we investigate the effects of the various con-
trols employed in the system on the populations studied. The
effects of the individual controls as well as when they are com-
bined are analyzed. The simulation is shown in Figures 16-57.

5.3.1. Effects of treatment only

The effect of employing treatment only is shown in Figures
16-21. In these Figures, the populations of the infectious hu-
mans with malaria only (Figure 16), symptomatic humans with
zika virus disease (Figure 17) and coinfectious humans with
both diseases (Figure 18) all reduced with treatment as com-
pared to when there was no treatment.
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Table 2. Comparison of Solutions for r = 0,0.1,0.2,0.3,0.4,0.5.

Sh Slm Shv Ehm Ehz Ehmz Ihm IhmT Ith Ith Ith
HPM 500.00 320.00 19.0000  48.0000  30.0000 20.0000 35.0000 21.0000  8.0000  20.0000 40.0000
RK-4 500.00 320.00 19.0000  48.0000  30.0000 20.0000 35.0000 21.0000  8.0000  20.0000 40.0000
HPM  460.4569 329.2726 324026  69.8424  27.7428 21.9669 323644 225350 89300 17.0309 37.1392
RK-4 460.3985 329.0055 324261 69.8106 27.7284 21.7991 32.3572 22.5404  8.9325 17.0176  37.1374
HPM 4247734 335.6706 44.6264 92.3780 25.6881 24.1122 30.1772 23.8515 9.7585 14.5842 34.4784
RK-4 4243162 3349033 447878  92.1023  25.6225 23.4482 30.1249 23.8937 9.7779 144813 34.4640
HPM 3929493 339.1940 55.6715 115.6067 23.8357 26.4359 28.4382 249496 10.4857 12.6598 32.0176
RK-4 3914405 338.1106 56.1796 114.6721 23.6714 249575 28.2696 25.0886 10.5495 12.3248 31.9691
HPM  364.9846 339.8428 65.5377 139.5286 22.1858 289381 27.1476 25.8292 11.1114 11.2577 29.7569
RK-4 361.4868 339.0015 66.6875 137.3428 21.8647 263366 26.7593 26.1511 11.2594 10.4917 29.6422
HPM  340.8794 337.6170 74.2251 164.1437 20.7383 31.6189 26.3053 26.4903 11.6356 10.3779 27.6962
RK-4  334.1955 3379108 76.3899 159.9602 20.1926 27.5944 25.5634 27.1047 119185 89336 27.4734
IhzT Ihmz Ihm:T Ihsz Rh va Emv Imv S:v Ezv Izv
HPM  15.0000 15.0000  8.0000  3.0000 20.0000 500.00 60.0000 50.0000 500.00 25.0000  10.0000
RK-4 15.0000 15.0000  8.0000  3.0000 20.0000 500.00 60.0000 50.0000 500.00 25.0000  10.0000
HPM 16.3000 17.4190 10.0723 3.2632 21.5998 33369.7137 23.0547 50.3597 33618.8424 49.8188  10.3337
RK-4 16.3080 17.5947  9.0817  3.2627 21.5890 0.8006 59.5792 50.3210 0.7979 26.8634 10.2125
HPM 17.3013 19.2116 10.3305 3.5731 23.1923 14447.78 -99.2461  50.7750 14551.76 68.3532  10.9458
RK-4 173622 19.6407 10.3170 3.5643 23.1724 0.7988 58.6626 50.6315 0.7963 26.4905 10.4219
HPM  18.0038 20.3780 11.7744 3.9298 24.7775 33382.42 -306.9025  51.2457 33619.64 80.6034  11.8366
RK-4 182017 21.2185 11.6679 3.8951 24.7514 0.7986 57.7673 50.9313 0.7962 26.1218  10.6265
HPM 18.4075 20.9181 13.4041 4.3333 26.3554 60140.90 -599.9143  51.7718 60565.50 86.5691  13.0058
RK-4 18.8595 22.3974 13.1020 4.2473 26.3273 0.7987 56.8861 51.2206 0.7964 25.7573  10.8262
HPM  18.5124 20.8318 15.2196 4.7835 27.9260 94723.22 -978.2816  52.3534 95389.37 86.2505 14.4536
RK-4 193639 23.2380 14.5921 4.6138 27.9013 0.7991 56.0187 51.4995 0.7971 25.3969 11.0213
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Figure 16. Infectious humans with malaria.

This shows that employing treatment of infectious persons
is critical in the control of infectious diseases. As the infec-
tious classes are treated, the population of recovered humans
increases as shown in Figure 19. The increase is because
treatment increases the rate of recovery and reduces the time
spent in the infectious class. In Figures 20 and 21, we also
saw that treatment helped to reduce the number of infectious
mosquitoes. As more people are treated, the rate of recovery
increases thereby reducing the population of infectious humans
that can infect the mosquitoes. In this case, the infectious hu-
man population was mostly affected by the measure than the in-

12

Figure 17. Symptomatic humans with zika.

fectious mosquito population because the measure was directly
applied to human population.

5.3.2. Effects of vaccination only

The effect of vaccination is shown in Figures 22-27. In
these Figures, vaccination was seen to reduce the population of
susceptible humans as shown in Figure 22.

This is because vaccination protects more humans from
malaria thus reducing the susceptible population of humans.
The population of humans infectious with malaria and coinfec-
tious humans also reduced as more people are protected from
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Figure 18. Coinfectious humans. Figure 21. Infectious Aedes mosquitoes.
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1200 250
- =T = =without control
P —_—— - me= == yith vaccination | «
« 1000 < - = m=yithout treatment
o 7z = =uyith treatment = 200 - 1
= (d o ~
o // g ”
2 8OO -
g 4y £ - -
" ERE - -
£ ,I 0 -~ -
] c -
£ 600 o -
g Y/ E o, -
c 2 _— -
< ,, < 100 --—
3 400 3 - -
£ ¥ 5 I - -
5 £
£ ! = atf
200
’ ¢
g
0 0
0 10 2 30 4 50 60 70O 80 90 100 0 10 20 3 40 50 60 70 80 90 100
Time Time

Figure 20. Infectious Anopheles mosquitoes.

malaria by vaccination seen in Figures 23 and 25. However, this
measure did not affect the infectious humans with zika virus
disease (Figure 24) as the control measure is not targeted at

them.
Also,

the population of the

infectious

with zika.
Anopheles

13

Figure 23. Infectious humans with malaria.

mosquitoes were affected slightly as seen in Figure 26
while that of infectious Aedes mosquitoes (Figure 27) were not
affected just like that of the symptomatic infectious humans
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Figure 25. Coinfectious humans.
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Figure 26. Infectious Anopheles mosquitoes.

5.3.3. Effects of SIT only

The effects of employing only sterile insect technique are
shown in Figures 28-33. In these Figures, all the infectious
classes were reduced under the application of SIT. Also, the
susceptible mosquito populations were reduced. The applica-
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Figure 27. Infectious Aedes mosquitoes.
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Figure 28. Susceptible Anopheles mosquitoes.
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Figure 29. Susceptible Aedes mosquitoes.

100

tion of SIT causes the female mosquitoes in the wild to lay
eggs that do not hatch thus reducing the number of suscepti-
ble mosquitoes with time.
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Figure 30. Infectious humans with malaria.

900 T T T T T T T T T
800
700
[5]
< 600
E
3
< 500
(5]
>3
2
B 400
&
=
8 300 ,
200 /
100 /
”
‘ —
R ol
o 10 20 30 40 50 80 70 80 90 100
Time
Figure 31. Coinfectious humans.
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Figure 32. Infectious Anopheles mosquitoes.

5.3.4. Effects of treatment and vaccination only

The effects of treatment and vaccination in the system are
shown in Figures 34-39. In these Figures, vaccination and
treatment were seen to reduce the population of susceptible hu-
mans as shown in Figure 34.
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Figure 33. Infectious Aedes mosquitoes.
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Figure 34. Susceptible humans.
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Figure 35. Infectious humans with malaria.

Also, the infectious and coinfectious human populations
were reduced significantly but the mosquito population reduced
slightly. The slight reduction in the mosquito population was
because the control measures employed here were not directly
on the mosquito population hence does not affect the population
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Figure 37. Coinfectious humans.
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Figure 38. Infectious Anopheles mosquitoes.

of the susceptible mosquitoes.

5.3.5. Effects of treatment and SIT only
The effects of treatment and SIT are shown in Figures 40—
45. Employing treatment and sterile insect technique as a con-
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Figure 39. Infectious Aedes mosquitoes.
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Figure 40. Susceptible humans.

trol measure reduce both the infectious and coinfectious pop-
ulation significantly as well as the susceptible mosquito popu-
lations. The reduction of the susceptible mosquitoes causes a
consequential reduction in the infectious mosquito population
thus reducing the infectious human population as the number of
mosquitoes that can infect humans are reduced. This strategy
produced a better result than applying any of the controls indi-
vidually showing that the diseases are best fought by applying
measures that affects both the human and mosquito populations
simultaneously.

5.3.6. Effects of vaccination and SIT only

The effects of vaccination and SIT are shown in Figures 46—
51. In these Figures, vaccination and SIT were seen to reduce
the population of susceptible humans as shown in Figure 46. It
also reduced the populations of the infectious and coinfectious
humans greatly as seen in other cases. The population of the
infectious mosquitoes were also reduced in this case showing
that SIT and vaccination offers significant option in reducing
the infectious human populations.
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Figure 41. Infectious humans with malaria.
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Figure 42. Symptomatic humans with zika.
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Figure 43. Coinfectious humans.

5.3.7. Effects of treatment, SIT and vaccination only

Figures 52—57 show the effect of employing the three con-
trols which are treatment, vaccination and use of SIT to control
the vectors. The simulation also showed that the combination of
these three control measures performed relatively better when

17

1200
— - - =
- -
o 1000 -~ w== =yithout control 1
@ e == ywith treatment and SIT
2 e
% 800 /
g 7
3 /
[}
< 600 i
g 7
<<
= 400 / 1
[=]
5 /
= /
200 1
1
= = . T
o
o 10 20 30 40 50 60 70 B0 50 100
Time

Figure 44. Infectious Anopheles mosquitoes.
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Figure 45. Infectious Aedes mosquitoes.
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Figure 46. Susceptible humans.

compared to using only one or two control measures.

In this case, combining the three controls ensured that the
three different populations had a measure employed to help re-
duce the spread of the diseases. This will ensure rapid and
efficient control of the diseases. Hence, we suggest that the
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Figure 47. Infectious humans with malaria.
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Figure 48. Symptomatic humans with zika.
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Figure 49. Coinfectious humans.

three controls should be incorporated simultaneously in the
fight against malaria and zika virus disease.

The analyses performed in this work has shown the impor-
tance of vaccination against infectious diseases such as malaria.
It was shown that in the presence of vaccination in all cases
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Figure 50. Infectious Anopheles mosquitoes.
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Figure 51. Infectious Aedes mosquitoes.
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Figure 52. Susceptible humans.

where it was employed in the simulation, the population of in-
fectious and coinfectious humans reduced drastically. The re-
duction is because the number of humans susceptible to the dis-
ease was reduced significantly by vaccination. This underlines
the importance of vaccination and the need for health practition-
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Figure 53. Infectious humans with malaria.

== =without contral
ww=yith SIT, treatment and vaccination

Symptomatic humans with zika

30 40 50

Time

80 70 BO 80 100

Figure 54. Symptomatic humans with zika.
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Figure 55. Coinfectious humans.

ers to keep encouraging people to embrace vaccination. Efforts
should be made to ensure that every barrier against vaccination
such as religious and ethnic sentiments as well as some con-
spiracy theories are overcome. Also, people should be educated
that refusing to be vaccinated does not only put them at risk but
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Figure 57. Infectious Aedes mosquitoes.

those around them thereby causing a global health burden. The
importance of treatment was equally shown in this work. Treat-
ment of infectious humans helped significantly to improve the
rate of recovery and reduce the time infectious humans spent
being sick. This ensures that there are few infectious humans
who can infect the mosquitoes and renew the cycle of the spread
of the diseases. Thus refusing to be treated when sick is not an
option that should be entertained. Moreover, as proposed in
Ref. [11], using sterile insect technique as a control measure
against the continuous growth of mosquitoes was shown to be
highly successful. The focus of the simulation done in Ref. [11]
was to obtain what proportion of SIT mosquitoes that should be
interacting with a given number of female mosquitoes in the
wild for effective control. Here, the focus is to know how the
various controls performed relative to one another and show
the importance of incorporating them together rather than using
each seperately.

6. Conclusion

In this paper, we looked at the coinfection model proposed
in Ref. [11] and provided more insight into the study. The
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model incorporated vaccination and treatment as control mea-
sures against the spread of malaria, zika virus disease and their
coinfection. It also proposes using sterile insect technique to
control the population of the mosquitoes. The existence and
uniqueness of solutions to the system were first established.
Thereafter, the system was shown to be well-posed epidemio-
logically by showing that the solutions to the system are always
positive and bounded. Then, the approximate solutions to the
system were obtained using homotopy perturbation technique
which is a semi-analytical method. Furthermore, numerical
simulations were performed to show the effects of the various
controlled adopted in the work. The performance of each con-
trol when adopted singly and when combined were all shown.
The result showed that combining the three controls performed
better than when they are adopted individually or combined one
with each other. This shows that if malaria and zika virus will
be effectively controlled, then efforts should not only be fo-
cused on humans nor mosquitoes seperately but simultaneously
on both humans and mosquitoes. In future studies, the optimal
control of the system and associated cost effectiveness analysis
can be researched. Also, investigation into the dynamics of the
enddemic equilibrium and bifurcation analysis can also be car-
ried out. The performance of different incidence functions can
also be employed and compared to the results obtained here.
Furthermore, different controls such as physical and chemical
procedures can also be incorporated into the system to see if
better results will be obtained.
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