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Abstract: Buruli is a neglected tropical disease that can now be found in many countries including
developed countries like Australia. It is a skin disorder that usually occurs in the arms and legs. The
disease has been identified in a number of mammals, particularly possum. Adequate eradication and
control programs are needed to minimize infection and its spread to less developed countries before it
becomes an epidemic. In this work, a SIR type possum epidemic model is proposed. The properties
of the model are thoroughly studied and obtained its stability results. We determine the stability of the
model at its fixed points and show that the model is locally and globally asymptomatically stable. The
stability of the disease-free case is shown for Ry < 1 and the endemic case is examined for R, >1. We
further extend the model using the control variables and obtain an optimal control system and using the
optimal control theory to characterize the necessary condition for controlling the spread of Buruli ulcer
(BU). The model results are plotted to determine the best strategies for disease elimination. Numerical
simulation has shown that the useful strategy consists in implementing all suggested controls.
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1. Introduction

Mycobacterium ulcerans (MU) infection is considered to be the most common condition in human
society that causes both disability and deformity. This mycobacterium ulcerans (MU) is one of several
mycobacteria classified as potentially pathogenic to animals and humans [2, 20]. It is most often
observed in tropical wetlands, and especially in the West and Central African region, see for more
information [3,27]. Due to the environmental variations, presently Buruli ulcer (UB) worldwide is
considered to be the reason of morbidity. Infected cases are present in many countries around the
world and frequently in tropical areas mention [4, 18]. Furthermore, in non-tropical areas, such as
China and Australia, infected cases have been identified [20].

Several studies have investigated the potential for Mycobacterium ulcerans (MU) infection in
wildlife. The authors in [19] studied inoculation of MU in brushtail opossums and found that an
unoinoculated opossum in the same room in a separate cage had been infected. Among Australian
koalas, there was a natural infection with ringed-tailed opossums and an alpaca [27]. The lesions
identified clinically were found the same as in humans. It is shown in [27] that in January 1998, an
adult ringed tail opossum (Pseudocheirusperegrinus) in east Cowes is a clinically identified lesion that
is consistent with Mycobacterium ulcerans infection. However, no other studies have been shown for
this infected animal about its PCR or culture to be diagnosed. Similarly, in May 1998, an additional
case of ring-tailed possum was reported at East Cowes with ulcers on the nose and posterior. In
both cases, PCR 1S2404 confirmed that Mycobacterium ulcerans infection occurred east of Cowes in
January 2000 [27]. Some recent discoveries suggest that aquatic insects, some of which are responsible
for transmission of infection to the populations of anaemia as well as humans, see more for further
details [26]. Koalas or possum which are considered to be small mammals eat the M. ulcerans through
environment using aerosols and then transferring the M. ulcerans, see for details [1,27]. The possum
individuals can be infected through the insect vectors which are infected or the mosquitoes that siting
on mammals and transmit the infection further. A vector that attacks small infected mammals can get
infected. Infected mammals increase infection and ultimately spread Mycobacterium ulcerans into the
environment. This cycle is under way for the spread of the disease among mammals and vector and
vice versa.

The mathematics regarding the modeling of infectious diseases is thought to be the fruitful for
disease understanding mechanism and to provide useful control mechanism for the eliminations of
many infectious diseases. Through the effective controls modeling one can be able to understand
efficiently the disease preventive mechanism. The models with controls have gotten attentions from
scientists and researchers around the world, see [4]. For example a mathematical model suggested
in [4] is used to study BU model with optimal controls with the main aims to minimizing the infections
in the infective compartments vectors and humans. The Ebola virus which produced a lot of infections
and death cases has been formulated mathematically in [2] where the authors put appropriate controls
for the minimizations of disease infections. In another study suggested in [15], where an effort have
been made to use control modeling by addressing effectively the dynamics of an Ebola disease model.
The authors considered the controls combinations and provided useful strategies for the minimization
of infection.

Optimal control is considered to be the best tools in order to study the dynamics of infectious
diseases and its possible control. In epidemiological models, this theory have been used widely and
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restrainable results have been obtained about the current disease progress and its controls. A few
recent papers using optimal control theory for outbreak models, can be seen [9—13]. For example,
the authors in [9] investigated the dynamics of the novel coronavirus using actual Pakistani data using
optimal control theory. Modeling the Zika dynamics through optimal control theory using actual data
was examined in [10]. The development of a new mathematical model for the dynamics of pine wilt
disease using optimal control theory has been discussed in [11]. The application of optimal control
analysis for vaccinated TB individuals is provided in [12]. A hepatitis B model including isolation,
immunization, treatment and optimal control analysis is examined in [13]. Moreover, in [8], the authors
constructed a mathematical model with optimal time-dependent controls to study malaria dynamics.
They suggest immunization and treatment strategies for potential malaria elimination in society. The
authors of [6] used the theory of optimal time-dependent control and suggested the control straggles
for the spread of malaria among infective immigrants. A dynamical model to assess the Zika infection
has been formulated and discussed through optimal control analysis in [7]. Furthermore, the authors
of [5] examined a mathematical model to study malaria disease with detailed control strategies.
According to the authors knowledge, no study has yet been mathematically designed to understand
BU’s mathematical modeling of possum and explore its dynamics. This work is categorized by section
is as follows: The work is organized as follows: In section 2 we provide a detailed formulation of
mathematical modeling for the given problem. A brief analysis of the equilibrium points of the model
and its stability both locally and globally are shown in Section 3. The theory of optimal control and its
application to the proposed model using Pontraygin’s Maximum Principle for characterizing optimal
control is presented in Section 4. Section 5 looks at the numerical simulation of an optimum control
problem. Sections 6 and 7 summarize the ecological impacts and key findings of the study, respectively.

2. Mathematical model formulation
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Figure 1. Transmission diagram.

We provide here the brief descriptions of model formulation by denoting the population of possum
by N,,(?), and further splitting into two compartments, namely, the healthy or the susceptible individuals
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which are possibly to attract the infections, by S ,,(¢), and those who are infectious with Mycobacterium
ulcerans is given by 1,,(¢). Thus,

Nu(t) = S,(2) + L, (2).

We denote the vector (mosquitoes) population by N, (¢) at time ¢ is partitioned into susceptible and
infected mosquitoes shown respectively by S,(¢) and 7,(¢). So that,

Nv(t) =8, + Iv(t)-

The density of the Mycobacterium ulcerans in the environment is shown by E. The parameter A,,
defines the birth rate of the healthy possum that attract the Buruli ulcer infections by contacting the
infectious mosquitoes by the rate ,,, while 3,, defines to be the transmission probability of contact
through the infected mosquitoes. The death of the possum individuals that die naturally is given by
. Through the contact rate given by S, .1, the infection goes to the infected class of the possum.
Also, it is reasonable to highlight and also we mentioned it in our modeling that possum infected
individuals through the rate «@,, getting infection. The parameter «,, defines to be the transmission
probability of contact through Mycobacterium ulcerans from the environment and is given by the route
@S nE. The death due to infection of the possum infected individuals is given by 9,,. The birth of the
susceptible mosquitoes population is shown by A, while the individuals in the vector class die naturally
and is shown by y,. The transmission route given by S,5,1,, that generate the infection through the
contact among susceptible vector and infected humans, where 3, is defines to be the probability of
the mosquitoes to be infected possum by contacting an infectious possum. The removal of infected
possum from the environment is given by ay while ug denotes the decay of Mycobacterium ulcerans
from the environment. It is assumed that all news born are to be susceptible. The above discussion
is presented in the diagram of Figure 1 while its transmission process through mathematical model is
given in the following equations:

% - Am _’BmSmI" - a,mESm - :umSma

‘%’ = BuSul, + €nES ;= (t + 6,) 1,

as, _
ar Av _ﬁvSva _,quw (21)

% = BvS vlm - :uvIv’

dE _
o = aply, — ugkE,

subject to non-negative initial conditions
Sm0)=Smo 20, [i(0) = Lo 20, §,(0) =S, 20, I,(0) = 1,0 2 0, E(0) = Eo > 0. (2.2)
3. Mathematical analysis of the model

This section investigate some related properties of the model (2.1) which will be discussed in this
section. This include the positivity of the system, equilibrium points and its stability.
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3.1. Solution positivity

The following result regarding the nonnegativity of the model (2.1) is presented.

Theorem 1. Let for the model (2.1) the initial conditions to be S,,(0) > 0, 1,,(0) > 0, §,(0) > 0,
1,(0) > 0 and E(0) > 0. Then there exists (S ,,(t), L,(®), S ,(¢), I,(t), E(?)) : (0,00) —> (0, o) that solve
the system (2.1).

Proof. Consider
t* = sup{t>0,S,,>0,1,>0,8,>0,1,>0,E >0} € [0,1]. 3.1

So, t* > 0, we have the result below for the system (2.1) by considering its first equation,

das,,
o = Ap— A+ u,)S,, where A= B,l, +a,E).
So, we have
d t t
d—t[Sm(t) exp{,umt + f(; /l(s)ds}] =A, exp[umt + f(; /l(s)ds].
So,

S () exp[,umt* + fﬁ /l(s)ds] - S00) = ft* A, exp[ymt* + fﬁ /l(v)dv]dt*,
0 0 0
giving
S = Sm(O)exp[ - (,umt* + fo /l(s)ds)] + exp[ - (umt* - ﬁ /l(s)ds)]

x[ j: A exp[,umt* + \f; /l(v)dv]dt*] > 0.

The following is obtained suing second equation of model (2.1),

L%" = AS — (Wm + )y = = + 6) s
which implies
L(t") = Lygye " > 0.
The similar process can be used to show that S ,(t) > 0, 1,(¢) > 0 and E(¢) > 0. O

3.2. Invariant region

Adding the first two equations of system (2.1), we get

dN,,

- = Am_ mNm_(SmIm
dt K
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1.e.,

dN,,
— +u,N,, < A,,.
dt H

Using the theory in [21], we have

Aﬂ'l — _
0% NS 1) < 7201 =) 4 Ny(S,0) + 1O

m

Taking, t — oo, we obtain 0 < N,, <
The dynamics of the total mosqulto populatlon is

dN,
= = A, —u,N,. 3.2
7 I (3.2)
The solution of (3.2) when ¢ approaches oo is
A,
N, = —.
Hy

So, the region that is feasible biologically for the system (2.1) is presented by
5 Am AV *
=S L S0 L E) R0 SS, 41, S 0SS+ LS 0S ESE'),

where the fundamental results are hold in this region. To present the results for the positive invariance
of ®, we have

dE
— =agl, —ugE < ap — ugk,
dt
and £ < E*, where E* = Z—E So, it is worthy to determine the results of system in ®, where

epidemiologically and mathematically the model is well posed.

3.3. Equilibria and basic reproduction number

Before establishing results for the computations of basic reproduction number, first, we need to
obtain the infection free equilibrium by denoting it E, for system (2.1) and can be get through the
following way:

Eo = (S9.15,80. 1), E°) = (%,O,%,0,0).

We follow the method and notation considered in [22] to have the expressions for R,. The sentential
matrices that needs during computations can be arranged as follows:

0 Bup anye On+itm) 0 0O
F=|Bz 0 0 |, V= 0 w0 |,
0 0 0 —apy 0 ug
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Inverse of V

1 AEUAm ﬁmAm A
1 Elm(Om+Hm) ) E
1 e (1) 0 1 HEHmOm+m) — Hmfy  HEHm
V' = 0 #—‘ 0 , FV7' = BA, 0
Q—E 0 L (6I11 +/Jl11 )}'[ v
HEOm+tm) HE 0 0 0

The spectral radius of the above is to be the required basic reproduction number for our proposed model
(2.1) after some computations given by:

Am(a'Ea'm,u\zz + ,uEﬁm:BvAv)
Ro = : .
MEMm; (O + M)

3.4. Local stability
The local stability for the given system (2.1) has been established in the following theorem.
Theorem 2. The model (2.1) is locally asymptotically stable, if Ry < 1 at the disease free case E|.

Proof. At E, we have the following Jacobian system:

_/J 0 O _ﬁm_Am _(lmAm
" Buihy 'y
L
0 aE 0 0 —HE

The respective characteristics equation of J(E) is given by
A+ ) + ) + a1 A% + ad + a3] = 0, (3.3)

where

a, = Mg + 6111 +,le +,uva
Am (a' Oy + Py, vAv)
a = (U + W) Om + tm) + HEH, — £ty + P ;
by
Am (Q'Ea’m/l\% + /lEﬁm,BvAv)
as = ey Om+ ) |1 -

,uE,umng (5m + ﬂm)

HEMy (6m + :um) (1 - R(z))

We have for Eq (3.3) the roots which are —u,, < 0, —u, < 0, while the remaining are easy to obtained
by satisfying the Routh-Hurtwiz criteria (a; > O for j = 1, ...,3 and further a;a, > az). Thus, the model
(2.1) when Ry < 1 at the infection free equilibrium is locally asymptotically stable. O
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3.5. Endemic equilibria

To have the expressions for the model (2.1) at the endemic case, we denote its endemic equilibrium
by
E\=(S;.L.S7 I E™)

and is given by

S sk AV sk I;:l* VAV EE (YEI;;*
! My + Bl CY iy (i +:8v1;:1*)’ HE ,
S o MEMy (5m + ﬂm) (1:1* v+ ﬂv)

" AQEA My (1;1* y T /Jv) + ,uEﬁmﬁvAv '
We use the above result into first equation of the model (2.1), and obtain
f,) = al’ +bl, +c =0, (3.4)

where,

a = a’Eamﬁvﬂv (6m + ,le) s
b = ,uEﬁv (5m + ,um) (ﬁmAv + ,um:uv) - aEamAmﬂv,uv,

Am (aEa'm,u% + ,uEﬁmﬁvAv)
:uE/Jm/J% (6m + ,um) )

¢ = pppnt) O + ) (1 -

= ,UE,um,u?; (6m + ,um) (1 - RO)

The coeflicient a in (3.4) is positive while the positivity of the coefficient ¢ depends when R, < 1
otherwise negative. So, the sign of b and ¢ can determine the positive solution of (3.4). For the case
when R, > 1, two solutions can be obtained for (3.4), that are positive and negative. For the case when
considering ¢ = 0 if and only if Ry = 1, then a solution of the form exists I, = —b/a, when b < 0. It
can be concluded that the equilibria depends on the changing value of Ry, that shows the existing of an
interval for R, with two equilibria,

. —b—Vb*-4dac . —b+ Vb*—4dac
I, = " and I, = 2a .

We have no solution for the Eq (3.4) in such a case when ¢ > 0 and either b > 0 or b* < 4ac.

3.6. Stability of the endemic equilibrium
Theorem 3. The possum model (2.1) at E; is locally asymptotically stable if Ry > 1.

Proof. At E,, the following Jacobian matrix is presented,

-0 0 0 -0s -0
0 -0 0 0Os O
JEH)=| 0 -0 =04 O 0 (3.5)
o O LB - 0
0 ag 0 0 —HUE
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where Ql = I\T* m T a’mE** + tims Q2 = I\T* m T E**a’m, Q3 = (6m +/Jm)a Q4 :ﬁvl** + Wy,
Os =BuS,’s Qs =anS,, O1=BS".
The characteristics equation of J(E;) is

P+ + kol + k2 + kol +ks =0,

where
ki HE + iy + Q1+ O3 + O,
ka Oupg + py (e + Qa) + O3 (e + Qu + 1) + Q1 (up + O3 + Oa + 1) — (@507 + Qs p),
ks Q> (Qsag + Q507) — ue(QsQ7 — Q304) + py (=Qoap + (O3 + Q) He + O304)
+01 (=Q6r + Qup + pty (U + Q4) + Q3 (ug + Qu + ) — Q507) + Qs 071, B,
—04(Qsag + O507),
ks Os Qe (1, By — Q4) + Q2 (05 Q7 (e — I,/Bv) + Qa (O + Os07) + Qoriay)
+01 (0507 (1, By — i) + Qs (Q3pte — Qo) + phy (e + O3) — Q507))
+u(Qs + Q1) (O3 — Qo)
ks Qup((Q206ak + (Qspr — Qsap) Q1) — (Q1 — Q2) Qs Qe (Qs — 1, By) (3.6)

ki>0fori=1,2,..5 where

Lo kk 1 0
H, = k, sz(kl r ), Hy=| ks k k |,
3 ks ki ki
W10 o k1 0 0 0
e e 1o ky k» k, 1 0
H, = 3™ L Hs=| ks ks ks ko ki |. (3.7)
ks ks ks Ky 0 0 ks ki k
0 0 ks Ky >t

0 0 0 0 ks

In order to have k; > 0 for i = 1,2,...5, an algebraic computation software can be used to satisfies
these conditions. If all these conditions are fulfilled, then it in ensured that the system (2.1) is locally

asymptotically stable at the endemic state. O

3.7. Global stability of DFE

In this subsection, we investigates the global asymptotical stability of the system (2.1) at DFE E,.

Stating the result given below:

Theorem 4. The possum model (2.1) is globally asymptotically stable at Ey when Ry < 1.

AIMS Mathematics
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Proof. Let define the Lyapunov function given by

m SO v SO
Lt) = b f (1- —m)dZ + b1, + b3f (1- —V)dZ + byl, + bsE.
9, Z 59 Z

The time derivative of £(t) and further use of model (2.1) gives,

A SO
gl = 1(1—S—)S' + byl +b3(1—S—)S + byl + bsE'.

m
m

where b;, fori = 1,2,...5 are constants.

SO
8’(t) = bl(l - S_m)[Am _ﬁmSmIv - amESm - ,umSm] + bQ[BmSmIv + a’mESm - (ﬂm + 6m)1m]

SO
+b3(1 - S_v)[Av _ﬁvSva _/lev] + b4[BvSva _ﬂvlv] + bS[a'EIm _/'tEE]'

: An A
Using S, = 7 and S} = 7>, we get

Sm _SO 2 Sv _SO 2
Ql(t) = _#mbl(S—m)_,uvb3(S—V)+(b2_b1)[ﬁmsmlv+amESm]

Am
+(b4 - b3)ﬁvS vlm + (blﬁm,u_ - b4ﬂv)1v

m

Am AV
+(byayy— — bsup)E + (bsag + b3,8v’u_ — by(tm + 01,

m v

Ampty @

Choosing the constants by = by, = u,, b3 = by = ,Bm’;—z and b5 = and further simplification, the

following is achieved,
(Sm - S9n)2 ﬁmAm (Sv - S\(;))Z
S, T, S,

B,(t) = —Hmly - ﬂv(/lm + 5m)(1 - RO)Im

Thus, 2'(t) is negative when R, < 1 and it can be equal to zero if S, = §%,§, = S% 1, = I, =
E = 0. Thus, for the @, the largest sect is E. Finally, it can be stated that the model (2.1) is globally
asymptotically stable at the disease free case whenever Ry < 1. O

3.8. Global stability endemic case
We study the global stability of the endemic case for the model (2.1) by using the following result:

Theorem S. The possum system (2.1) at the endemic case E; is stable globally asymptotically when
Ry > 1.

Proof. We define the Lapunove function given by:

S m S;kn* - I:n* **I** S
L(t) = (1- )dx + (1-—)dx+ (1 -
S;’n* X I:;l* X **I**
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mS * [x 1, I mE*S** E E
WS b (g Dy e S f (1-)dx.
I“m Jgo X

ﬁv v m L X 995
Differentiation and further using of model (2.1) leads to the following,

; Si\ar w Ny BoSuli o SN BuS L Sy
L = (1—§)Sm+(1—l—)1m+ BSaT (1- SV)SVJFﬁVS—j*I;j(l —I—V)IV
JE'

anE”S E™
+ ( — F

CYEI;*

After some calculations, we get

(1 - i—;’f)s% = ( E_Z)[A ﬁmS Iv amESm_,umSm]
= (1- i—’")[ﬁS T U ES T A S = B mdy — OnES yy — S ]
w1 Sm S mly - Sw ES,
= IBmSmIv (1_Sm)(1_S:<n* 3*)+a’mE S, (I_E)( E*S,’;f)
g S,
+HinS 1 (1 - g)(l - S—;;)
< BuSuly (1 - E)(l - S )+amE Sm(l B E)(l B E**S;f)
_ ﬁmS;,*I:*(l _ ﬁ _ SS*TII:* + %) + amE**Sm(l - S—" - EE*ii* £) .(3.8)
(1 _ II_’?)Im = ( —)[ﬂmSmIv + AnES ;= (W + 6,) 1]
Ly Sal, I L'\, ES, L,
= BuSyLr(1- E)(S—I - 5) +anE”S,(1- I_)(m - a)
. L, S, S.lLI
= BuSt(1- Ly " Sxlr Sy,
N (I L AL ) 39)

)[ﬁvS LA ST = BuS i — S|

y S I ﬁmSmIv Si* SV
Sv (1 - S:*I;;l*) ﬁv /Jv( Sv )(1 - S;k*)
- SV Sl
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BaS I
BuS Ly By

and

CYEI**

m

It follows from (3.8-3.12)

_ g
L = BuSyr(1- <

+BuS I (1 - II—’”
| g

+BuS (1 - -
+a, E”S (1 - EE
= BuSuI(4- i,—’” -
g

+anE"S;(3 - -

(1~

Kk S\’;* Svlm Im
= BuSyL(1- 5 Sl Z) (3.10)
I RS, I
I_V)I ﬁv **I**( _I_V)[ﬁvs In :uvlv]
= ﬁ’" Pl (s I—**)[ﬁvSI ~B.SY I:;*Iﬁ]
A YA I
= BuSET (1—1—)(5**1** 1_)
g e e L Sl LSl
= BuSIT (1_F+S:*1;*_IVS:*1;*)‘ (3.11)
I e (R
_ a/EIS(l *)[aEI %E]
= a,E"S;(1- )(1 E)
(. I__Igfn) (3.12)
Sul, I, venfs S ES, E
gt E)+amE Sw(1- S Eese Y E)
Sul,  SuLI; verfy Dn  ES,  ES.I:
Splr Sy, )+ anE”S (I_F E"S;y _E**S;;;Im)
S, 1, gope(y Do Suln LSl
S:V*I* 1**) PrS 'l (1_F Sl _Iij*I;;:)
L 1, E)
Iy EIy
S* SuLIy IS\,
S, S©II, IVSj*I;’;;‘)
L.E" IES,
EL; _ImE**S;’;;“)SO'

Thus, the largest invariant subset, L'(#) = 0 is E,. The result in [14], confirms the equilibrium E; is
globally asymptotically stable for Ry > 1.

4. Optimal control analysis

O

Modeling of infectious diseases and its control analysis is considered useful tool in disease
epidemiology, where some recent publications use this control analysis for their proposed work

AIMS Mathematics
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[23-25]. Considering the optimal control theory and its applications to model (2.1) by incorporating
the controls variables and using the Pontryagin’s Maximum Principle to obtain the required optimal
controls results. We endeavor to ensure minimizing the individuals infected through mycobacterium
ulcerans and the related measure of cost and the uses of the prevention mechanisms, insecticide
controls and the related possible treatment of the infected possum individuals. The term given by
(1 — uy), is used in order to keep the infection possibly minimum by reducing the interactions among
the susceptible possum, MU in the environment or the infected vector, where u; is defined to the control
preventive mechanism effort, a useful and intensive necessary education/informatios for officers of the
wildlife. The control variable u, denotes the possible effort that can be brought by making spraying
on the population of vectors and its reservoirs to decrease better the minimizations or reduction of the
infectious vector population. While uj is the treatment control effort in order to minimize the infected
possum by reducing the discard rate and death of the infection of the possum infected individuals.
Keeping the above discussions in mind the following optimal control system is given:

% = Am — (1 — ul)(ﬁmlv + Q’mE)Sm _,umSma

= (= uDBaly + NS = (it + 550)

d[v = Av - (1 - ul)ﬁvSvlm - uZﬂvSva (41)
L= (1= u)B,S vl — gt Iy,

dE _
a usapl, — uugpkE,

with the non-negative initial conditions.

In model (4.1), we taking into account the three controls variables that are time dependent, and
given by u(t) = (u;) € U with i = 1, ..., 3 which have been discussed and defined above. These controls
variables shown by u(t) = (uy, uy,u3) € U are associated with the state variables S ,,, [,,, S, I, and E.
It is bounded and measure with the set given by

U = {(uy, up, u3)|u; is Lebsegue measurable on [0,1], 0 <u;(t) <1, te€[0,T], i=1,2,3}. (4.2)

Now, let define the objective functional for the optimal control problem above, given by

If
iy, ) = f (Wllm W, 4 WAE + St + 2 + %ug)dt, 4.3)
0

associated to the model (4.1). The constants in (4.3), W;, W,, W3, a;, a, and a3 respectively denote
the balancing and weight constants. The first weight constant given by a; is related possum infected
individuals, a, related with the infected vectors while a5 is used for the MU in the environment. Further,
the given constants W, W,, W3 and ay, a,, a; describe the cost related to the interventions in the given
interval [0, T']. To have an optimal control problem, u}, u5, u; such that

J(uy, uy, u3) = n}Li(n J(uy, us, u3). 4.4)

where the set U is defined in (4.2). The Hamiltonian equation for the control system is defined through
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the equation given below:

H=WI,+WI,+WE + alu% + azu% + a3u§
+As, 1A — (1 = u)Bnly + ¥nE)S i — S m}
+4;, {(1 = u)Buly + @nE)S = (Um + U301}
+As, ANy = (1 = uD)ByS Iy — uopt, S}

+/11V {(1 - ul)ﬁvsvlm - uZﬂvlv}

+Ap {usagl, — uyupE}

(4.5)

where Ag, , 4;,, As,, A;, and Ag are the adjoint variables.

4.1. Existence of the control problem

This section determine the existence of the control problem (4.1) by using the approach given
in [16]. The system (4.1) is clearly bounded above, which make enable us to follow the results given
in [16] for our considered system (4.1) with the suggested assumptions to be fulfilled.

G : Both the state and controls variables are non empty.

G, : The given set U is closed and convex.

G; : The equations in (4.1) where its right side is continuous and bounded and can be shown in form
in u given by with coefficients hinging on time and state.

G4 : The existence of constants iy,i; > 0 and n > 1 in such a manner that the term inside the objective
functional J is convex and holds the following,

- 2 p 21
I(z,u,t) > i (lug|” + |ug]™ + |us|*)2 — i,

For the fulfillment of the conditions above the results in [28] will be used to show the existence of the
model (4.1). The first condition is satisfied with the fulfillment of the state and controls variables which
is nonempty and bounded. The second conditions about the boundedness and the convex property are
fulfilled as the system does. The conditions is valid due to the characterization of the system in bilinear
in control variables. For the condition four the following is shown,

1 ) n,
W]Im + WZIv + W';E + E(d]l/t% + Clzlxt% + Cl';bt%) > l](ll/t]l2 + |I/t2|2 + |I/t3|2)2 — 1.

where W, W,, W5, a;, a1, a3, i1, 1> > 0 and n > 1. Therefore, we have the result below:

Theorem 6. For the objective functional (4.3) with the control set (4.2) and the optimality system (4.1)
there exists an optimal control u* = (uj, uy, u3) such that J(uy, uy, uy) = ming; J(uy, uy, u3).

To get the solution of the optimal control system (4.1), it is require to determine the Lagrangian and
Hamiltonian for (4.1). The Lagrangian / can be defined in the following way for the control model
4.1):

1
I, 1, E, uy, tz, u3) = Wi, + Wol, + W3E + 5(alu% + ayu; + aju3) (4.6)

For obtaining the marginal value of the Lagrangian I, writing the Hamiltonian H, by choosing ¥ =
(Sm’ Im, SW Iv’ E)7 U = (I/ll, U, M3) and A = (/lS 5 /11m5 /lSVa /llva ﬁE)’ to get:

m
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H=WI,+WI,+WE + alu% + azu% + a3u§
+As, {Am — (L = u)Buly, + @ E)S = S m}
+A;, {(1 = u)Buly + @nE)S = (Um + U301}
+/1SV {Av - (1 - Ml)BvSva - MZIUVSV}

+/llv {(1 - ul)ﬁvsvlm - uZ/lev}

+Ap {usagl, — uupE}

4.7)

where H=(Y, U, 1)

4.2. Optimal control solution

Using the Pontryagins Maximum principles we present the optimal control solutions [17]. Using
this principal to reformulate (4.1-4.3) into a problem of minimizing pointwise a Hamiltonian H with
regard to uy, u and us.

Theorem 7. Given optimal controls uy, u3, u and solutions S ., I, S v, I, E of the optimality (4.3 -4.1)
that minimize J (uy, up, uz) over U. Then adjoint variables As, , A;,, As,, A;,, Ag are exists and satisfying,

—-dA; OH
—_— = — 4.8
dt 0; (4.8)
where i is S, Iy, S, I,, E and with transversality conditions
/lsm (ff) = /l]m (lf) = /Lgv (ff) = /l]v (lf) = Ag (ff) =0 4.9)
S Bul, + anEYA; — As )+ B,S L, (A, — Ag,

uy = min{l,max(O, & anE)A, 5,) + B “, S‘))}, 4.10)

a

. WSoAd A EA

u;:min{l,max(o,“s s T pelvAy FHE E)} @.11)

ap

EAg + 6,1,4,,

i, = min {1, max (0, ekl )} 4.12)

as

Proof. Corollary 4.1 of [16] leads to guarantee the existence of an optimal control. The convexity and
other properties related to the control system and the solution of the control are fulfilled. Therefore,
the differential equations associated to the adjoint variables are achieved through differentiating the
Hamiltonian equation together with the optimal control. The adjoint equations obtained and then
rearranged is as follows:

— D = s, + (1= ) (As,, = 41,)Bul, + @nE),
= Wy G+ 8, + (L= 1B (s, = Ay) = wsi A,
— 82 = oA, + (1= u)Bulu(As, = A1), (4.13)
_djf = =Wo+ (1 —u)BuS (s, — A1,) + usp, 4y,
~Gt = ~Ws + upppdp + @S n(1 = u)(s,, — Ay,):
The solution of u; for i = 1,2, 3 subjected to the given conditions, the required results are obtained in
(24)-(26). O
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5. Numerical simulation

For us to depict the results of the numerical solution of the proposed model with and without control,
the following parameter values given in Table 1 are used which are defined briefly. We consider the
time unit for the entire numerical results in per day. For illustrations perspective, some parameter
values are assumed for this exercise.

Table 1. Descriptions of parameters and its values.

Parameter Description value Ref

A Birth rate of possum 2 day™! Assumed
A, Birth rate of vector 5 day™! Assumed
B Contact rate among S, and I, 0.2 day™! Assumed
By Contact rate among S, and 7, 0.09 Assumed
i Natural death rate for possum 1/(365%60) day™'  [2]

Wy Natural death rate in mosquito 1/14 [2]

Om Disease mortality rate for mosquitos 1/14 day™ [1]

UE Natural death rate of MU in E 1/14 day™ (1]

ag Rate of shedding of infected individual in E 1/14 day™ [3]

fo’ Probability of possum getting infection due to E  0.01 day™! [3]

5.1. Prevention (u,) and (uy) of Buruli ulcer

The two prevention controls u; and u, (proper educations to wildlife officers and spraying of
insecticide on mosquitos) is employed for the optimization of the objective functional J in the absence
of control u; = 0 and the desired results are obtained graphically in Figure 2. With this strategy, the
result shown in Figure 2(a-d) for the infected compartments together with controls variables are useful
for the infection minimization. Figure 2(a) determine the BU infected possums /,, compared to the non-
controlled system is decreasing significantly. The combination of controls u; and u, is very effective
strategy that can minimize the BU infection effectively. It is obvious in Figure 2(b) that there is a
vast and a clear difference between the case with control and without control. The proper educations
to the wildlife officers regarding the infections mechanism and its preventions, and using the quality
insecticide spray can best reduce the population of infected vector /,. In Figure 2(c) there is a little
variations among the two system of control and without control. The proper and effective education to
the officers of the wildlife and proper straying of insecticides mechanism enhance the reduction of the
concentrations of MU in the environment E. The control profile in Figure 2(d) indicates one requires
25% efforts control u; for almost 110 days before getting to 120 days while one needs control u, effort
of 90 days at 100 % maximum before reducing to 26% and kept constant for the rest of the 120 days.

5.2. Prevention (u,) and treatment (u3) of Buruli ulcer

This set of controls that is the prevention (#;) and treatment (u3) of Buruli ulcer are used and
obtained the desired results graphically while u; is set to be zero. The controls in the form of prevention
and treatment u;, us ( insecticide spraying and the treatment of possum infected individuals) are
considered and the numerical experiment is performed and desired results are depicted in Figure 3.
Figure 3(a) shows that the number of infected possums 7, is considerably less as compared to the
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system with no control. This combination of controls is effective because in developed countries like
Australia where there is a better veterinary practitioners compare to the less developed countries. In
Figure 3(b) there is a clearly evidence that the infected number of water bugs is quit substantially
different from the case with controlled and without controlled. It can be inferred from Figure 3(b)
that the present set of controls show good behavior for the minimization of infection in the infected
compartment such as the water bugs /,. Figure 3(c) describes the MU in the environment, and a
decrease is observed in the minimization of MU in the environment E after day 80 fully. It shows that
the two combined mechanism is good to reduce the concentration of MU in the environment. In Figure
3(d) the control profile u; indicates that one requires about 26% effort and maintained constantly for
110 days before getting to 120 days. The control profile u; in Figure 3(d) is at 100% effort for 90 days
period before it reduce to 25% effort which is maintained the for the entire 120 days while the control
U, 1s set to zero.
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Figure 3. Simulation for the case u; = u3 # 0 and u, = 0.

5.3. Prevention (u,) and treatment (u3) of Buruli ulcer

In the present set of combinations of controls, the prevention and treatment control u,, u3 ( intensive
education for wildlife officers and treating infected possums) are used and the simulated results of the
model with and without controls systems are obtained in Figure 4 in the absense of u; control. In
Figure 4(a), it is obvious that the infected possums with BU 7,, is significantly different from activation
of control and without control which can be seen as effective control strategy. Figure 4(b) describes
that a highly substantial difference among the two systems. It can be seen in 4(b) that the combination
of such controls capable of reducing the infected water bugs that eventually bit the possum to bring
about the BU. Figure 4(c) indicates that there is a different between the activation of control and
without control in the concentration of MU in the environment E. Thus, this strategy minimizes the
concentration level of MU in the environment E. Figure 4(d) shows the control profile u; which is
maintained at 100% effort for 90 days then reduce to 24% which is maintained for the rest of the 120
days while control u;, is also kept at 26% effort for 70 days before gradually reducing till the 120 days
and control u; is set to zero.

AIMS Mathematics Volume 6, Issue 9, 98599881



9877

_E ' 3
— B up=u,=uy=0 0.9 —u;=u,=u;=0
2 - ==u =0,u,# 0,u,#0 — - ==u =0,u,# O,u,#0
ﬁ 08t \‘ 1 2 3 i w 0.8 1 2 3 i
= AN :/
= \\ 5 0.7
e)
2 o6 * % 06
() A =
£ \ Sost
Y
L
E o4t S o 04F
2] N <
[%2] ~ =]
g hCN = 03r
) L AN J Dotk
g 0.2 ~o . s 0.2 \‘
S Sso - Q
=T e R 0.1r ~—-
R ‘ ‘ ‘ ‘ ‘ Rt T n—a
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (days) Time (days)
(@) (b)
35 ™
-~ u =u,=u,=0 0.7 u=0
1

Z 3r ===u=0,u,# 0,u#0 4
S 0.6 e U, # 0
= — U, =0
= 25¢ 1 3
§ 2 0.5

] 9
B 2 T 04}
. 2
€ 1ap 5031
% 1 O
3 1 " 02k
g o5l
] \ 0.1
= '

~ L. L . - - O A . . . .
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (days) Time (days)
() (@)

Figure 4. Simulation for the case u; = u3 # 0 and u; = 0.

5.4. Prevention (uy),(uy) and treatment (u3) of Buruli ulcer

The entire controls which are u;, u,,u; ( intensive education for wildlife officers, spraying of
insecticides and treating infected possums) are used and the simulated results of the system are obtained
graphically in Figure 5. Figure 5(a) shows that there is significantly different between the application of
the three controls and the case of without control. This appears to infer that the combination of all the
three controls at the same time minimize the number of infected possum with BU. A similar situation
is depicted in Figure 5(b) and therefore, keeping and practicing of this mechanism is a potential tool
of reducing the number of infected water bugs 7,. The result shown in 5(c) describes that the infection
may decrease little but meaningful after day 80 to 120. This shows that putting all the controls active
and employing each strategy appropriately can best reduce the level of concentration of MU in the
environment E. The control profile in 5(d) shows that one needs to maintain the control u; at 25% for
the period of 113 days before reducing in effort the rest of 120 days. The control u, requires same
effort as in control u; but sharply reduces after 72 days for the rest of the days. In 5(d), the control u;
is maintained at 100% for the maximum of 84 days and then reducing to 25% and has be maintained
till 120 days.
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Figure 5. Numerical experiment when u; = u, = u3 # 0.

6. Ecological implications environmental studies

Australia confirmed the ingestion of the M. ulcerans due to insect vector or through the environment.
It is considered to be the reason for shedding the virus into the environment. With the implementation
of the controls strategies properly, the rate of possums M. ulcerans infection can be brought to a
minimum level which is to be the useful ecological implications. The literature [30-32] suggest that
the Buruli ulcer is identified and has been associated with the aquatic environment. In some other
studies [29], it has been mentioned that the infection can be identified in terrestrial mammals. The use
of prevention that can reduce better the infection of M. ulcerans in possums, can be more effective,
and possibly it will help by reducing the M. ulcerans recycle in the soil which possibly to back in
the populations of mammals. The use of insecticide spraying can also an effective control for the
reduction of infection. It will reduce the infections in the reservoirs as well as the vectors populations.
That vectors reservoirs that are sprayed can reduced M.ulcerans, and hence the bite to the possums will
not lead to an infection. The proper controls strategies can also give a proper preventive mechanism
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and at the same time, the right medications in order to treat the infected possums which are identified
can better reduce the disease spread in the species. Since the preventive mechanism as shown by the
control u; includes the proper training of the wildlife department and its workers that can improve
the quality of handling the infected possum with M.ulcerans. Although, the implementation of all
the control strategies at the same time can reduce possibly better the infection minimization. If these
discussions are kept in mind well and applied properly then the ecosystem that enhances the survival
of these bacteria will be broken and eventually will be reduced.

7. Conclusions

We studied a possum mammal deterministic mathematical model and carried out the detailed
mathematical results. We obtained the fundamental results of the model and examined its results using
the threshold quantity R, which usually driven the spread of the disease is determined. The fixed points
are obtained and its stability results are explored. We found that the model possess two equilibrium
points. Each of the fixed is used to present its stability for the case when the threshold less or greater
than unity. The analysis of the equilibrium points for the infection free and endemic case are discussed
and obtained the results that the model is globally asymptotically stable. We considered time dependent
controls and formulated an optimal control system. The necessary results for the optimality system are
carried out in details. We proved that control model exists. We presented in deep the simulation of the
model and presented the numerical results considering different set of controls combination. Each set
of control is used and the desired results are obtained and discussed graphically. Finally, we utilized all
the effective controls at the same time and the results are obtained by which we found that the infection
can be eliminated best by considering all the controls active such as the intensive wildlife officer’s
education, praying of insecticide and treatment of infected possum. The numerical solution showed
that optimizing all the three controls is the best strategy to curtail the spread of BU among possum. In
addition, given any one of the two preventive control and treatment is also an effective way particularly
for the minimizing the spread of BU in possum mammal and infection of MU in water bugs.
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