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Abstract

In the 1980s, coffee production in Kenya peaked at an average of 1.7 million bags annually. Since then,
this production has declined to the current output of below 0.9 million bags annually. Coffee berry disease
(CBD) and Coffee leaf rust (CLR) are some of the causes of this decline. This is due to insufficient knowledge
of optimal control strategies for CBD and CLR co-infection. In this research, we derive a system of ODEs from
the mathematical model for co-infection of CBD and CLR with control strategies to perform optimal control
analysis. An optimal control problem is formulated and solved using Pontryagin’s maximum principle. The
outcomes of the model’s numerical simulations indicate that combining all interventions is the best strategy
for slowing the spread of the CBD-CLR co-infection.

Keywords: Coffee Berry Disease, Coffee Leaf Rust, Optimal control, Numerical Simulation.
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1. Introduction

Coffee is one of the major cash crops in Kenya. According to the Coffee Research In-
stitute of Kenya, coffee is grown in large and small-scale farms, whereby 70% of coffee
production is from small-scale farms. The regions where coffee is grown in Kenya are Mt.
Kenya, Rift Valley, Nyanza, and Western. These comprise 32 counties out of a total of 47
counties in Kenya [1].

In the 1980s, coffee production in Kenya peaked at an average of 1.7 million bags annually
[2]. Since then, this production has declined to the current production of below 0.9 mil-
lion bags annually due to several factors like diseases and insect pest attacks, nutritional
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deficiencies, and management [1]. For instance, Coffee Berry Disease (CBD) and Coffee
Leaf Rust (CLR) are some of the diseases that have contributed to the decline of coffee
production in Kenya.

Coffee Berry Disease is caused by the fungus Colletotrichum kahawae. The first docu-
mentation of CBD dates back to 1922 in western Kenya. The disease led to the severe
destruction of coffee plantations in the region [3].

Coffee leaf rust (CLR), caused by the fungus Hemileia vastatrix, is one of the most common
diseases affecting coffee worldwide. It is Kenya’s second most serious after CBD [4]. CLR
was first discovered in Kenya in 1912 [5]. According to [6], CBD can cause up to 70-80 %
of losses and CLR may lead to loss of berries up to 70% and foliage up to 50%.

Mathematical models have been used to study human, animal, and plant disease dynam-
ics, see [7, 8, 9]. A few models have been proposed for studying CBD. For instance, a
mathematical model to study the dynamics of CBD by [10]. However, several CLR models
have been considered in recent years. Some of these models investigate the factors that
affect CLR intensity in several plots in Honduras [11], and the connection between the
local and regional dynamics of the CLR model [12].

Vandermeer et al.[13] used an SI epidemiological model of the host to represent the CLR
dynamics on a coffee farm in Chiapas. Djuikem et al. [14] constructed and analyzed a
PDE model to describe CLR transmission in a coffee farm during wet and dry seasons and
its behavior over time. Djuikem et al. [15] proposed a model of the coffee leaf rust (CLR)
with optimal control.

The co-infection concept has been captured in several mathematical models of infectious
diseases; see, for example, HIV-Tuberculosis co-infection ([16], [17]), malaria and cholera
[18], pneumonia and typhoid [19]. Co-infection phenomena, like human diseases, are ex-
pected to alter the course of infection in co-infected plants [20]. However, co-infection in
plants such as coffee is a topic that hasn’t gotten much attention. Thus, this research seeks
to study the optimal control of the co-infection of CBD and CLR.

2. Model Formulation

This study builds upon the model presented in the study [10], which discussed the
dynamics of CBD. To investigate the dynamics of CBD-CLR co-infection, we divided the
coffee plants in the plantation into eight classes at any time t, namely, the suscepti-
ble coffee plants S(t), coffee plants exposed to Colletotrichum kahawae Ey(t), plants ex-
posed to Hemileia vastatrix E,(t), co-exposed coffee plants Ey,,(t), the CBD infected cof-
fee plants I (t), the CLR infected coffee plants I, (t), the co-infected coffee plants Iy, (t)
and recovered coffee plants R(t) such that the total number of coffee plants is given
by N(t) = S(t) + Ex(t) + Ix(t) + Ev(t) + I,(t) + Exy(t) + Ixy(t) + R(t). The number of Col-
letotrichum kahawae and Hemileia vastatrix pathogens in the plantation at any time t is
Py (t) and P, (t) respectively. The model is schematically described in the Figure 1
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Figure 1: Flow chart of epidemic coffee plants

1

From Figure 1 we derive the following equations:

ds
a = A— (1 _ul)a)kPkS - (1 _uZ)@vPvS - u5>
dE
ditk = (1—up)@PrS+ (1 —E&)(wy +ug)Exy — (o +uz)Exe — (1 —u2)@y Py + 1 +1) Exe,
dE
dtv = (1 - uZ)(DvPvS + (1 - E»k)(wk + uB)Ekv - (va + LL4)Ev - ((1 - U'1)60kpk + IJ-+T]V)EV)
dE
d]tq) = (1 - uZ)(l - qv)a)vPka + (1 - ul)(l - qk)a)kPkEv - (wk + uS)Ekv - (wv + u4)Ekv
_(“kv + uS)Ekv - (le + nkv)Ekw
dl
(T: = Mk + & (wy +ug) By + (10 +ug) Iy — (1 —up)@y Pyl — (P +uz) e — (1 + 81 I,y
dl
(TtV = MvEy + & (Wi +u3) By + (T + uz) iy, — (1 —w) @ P Ly — (pv + ug)ly — (1 +8y)1y,
dl
d];v = (1 —-w)qv@yPyEx + (1 —u1)qe@kPEy + (1 —uwp)@y Prcly + (1 —u2)@y Py I + iy By
_(nk + uS)Ikv - (7‘[\, + LL4)Ikv - (pkv + u5)Ikv - (PL"' 6k + 6V)Ikva
dPy

Tl Y1Ex + Vol +v3Eky + Valky — (81 + ug)P,
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dP

dtv = TEy +T2ly + 3By + Taliy — (62 +u7)Py,

dR

Fri (o +uz)Ex + (0t + ug)Ey + (0tiy +us5)Exy + (Px + us) i + (py + ug) Ly, + (Pry +us) Iy,

_}‘LRa

Where A is the recruitment rate of susceptible coffee trees through continuous planting,
u is the natural death rate of coffee trees, @y is the rate at which coffee trees are exposed
to the coffee berry disease through contact with Colletotrichum kahawae, @, is the rate at
which coffee trees are exposed to coffee leaf rust through contact with Hemileia vastatrix,
0<qr<1,0<qgy<1,0< & <1land 0 < &, < 1 are constants of proportion, 1y
is the rate at which coffee trees in Ey progress to Iy, xy is the rate at which coffee trees
in Ey recover, 1, is the rate at which coffee trees in E,, progress to I, «, is the rate at
which coffee trees in E,, recover, 1y, is the rate at which coffee trees in Ey, progress to
Iiv, &y is the rate at which coffee trees in Ey, recover from both CBD and CLR, w,, is
CLR recovery rate of coffee trees in Ey,, wy is CBD recovery rate of coffee trees in Ey,,
py is the rate at which coffee trees in I, recover, p, is the rate at which coffee trees in
I, recover, py, is the rate at which coffee trees in Iy, recover from both CBD and CLR,
7, is CLR recovery rate of coffee trees in Iy, 7ty is CBD recovery rate of coffee trees in
Ixv, Ok is CBD-induced death rate, 6, is CLR-induced death rate , y1, v2, v3 and y4 are
the rates at which coffee trees in Ey(t), I)(t), Ex,(t) and Iy, (t) contribute to the increase
of Py pathogens in the environment respectively, t1, T2, T3 and T, are the rates at which
coffee trees in E, (t), I, (t), Ex,(t) and Iy, (t) contribute to the increase of P, pathogens in
the environment respectively, and 8, and &, are the decay rates of the pathogens in Py and
P, classes respectively. Also, (ui(t), i =1,2,---,7) are time-dependent control measures
that reduce the rate of CBD and CLR infection, and they are defined as:

(i) u;— prevention of CBD infection by use of cultural measures (pruning and weeding)
and planting resistant coffee varieties such as K7 (k gene), Hibrido de Timor (Ck-1
or T gene) and Rume Sudan (R and K genes)

2.1)

(ii) up— prevention of CLR infection by spraying copper oxychloride, using resistant/tolerant

plant cultivars from suggested nurseries, and cultural measures including appropri-
ate pruning and weeding.

(iii) us— Treatment of CBD-infected coffee plants by applying copper-based fungicides
such as Nordox 75% EC

(iv) uy— Treatment of CLR-infected coffee plants by spraying For the management of
coffee leaf rust, a tank mixture of copper (5 kg of 50% weightable powder copper
oxychloride) and a half-rate organic fungicide (for example, 2 kg of 75% weightable
powder chlorothalonil) is also effective.

(v) us— Treatment of CBD-CLR Co-infected coffee plants by spraying Tebuconazole

(vi) ug— Elimination of Colletotrichum kahawae pathogens by using bio-control agents
such as Pseudomonas spinosa ECk-17, B. mycoides ECk-06 and Bacillus megaterium
ECk-05
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(vii) uy Elimination of Hemileia vastatrix pathogens by use of suspensions of Bacillus
species as a biocontrol

3. Basic Properties of the model

We discuss the Positivity and Boundedness of the solutions of the model.

3.1. Positivity of the solutions of the model

Lemma 3.1. Let So > 0, Exo > 0,Ev0 = 0, Exyo = 0,10 = 0, Iyg 2 0, Ixvo = 0, Pyo = 0,
Pyvo = 0, and Ry > 0 be the initial conditions of the system (2.1) then the solutions S, Ey,E,,
Exv, Ik, Iy, Ikv, Pk, Py, and R are non-negative ¥V t > 0.

Proof. Considering the system (2.1), the maximum endemic period, T, is determined by
T =sup{t >0 S(t) > 0, Ex(t) = 0, Ey(T) = 0, Exo(1) = 0, Lk(1) = 0, Ly(T) = 0, Ity >
0, Px(t) 20, Py 20, R(1) = 0 vVt € [0, t]}

Taking So > 0, Exg > 0, Eyo > 0, Exvo = 0,Ixo = 0, Iyg = 0, Ijyo = 0, Prg > 0, Pyg > 0,
and Ry > 0, let us express the first equation of the system (2.1) as

%i +((1 —w)@kPr + (1 —up)@, Py + 1)S = A. G.1)

Multiplying both sides of equation (3.1) by the integrating factor, we obtain

T

& [swew [[—wepc 1 -wap, +weas
0

- (3.2)
= Aexp J((l —w)@KPr + (1 —up)@, Py + w)(s)ds
0

Equation (3.2)’s both sides are integrated from O to T to produce the following result.

)
S(T) = exp | — J((l—uowkpwa—uz)wvmu)(s)ds .
0

- . (3.3)
So+ JAexp J((l — 1)@k Py + (1 —up)@, Py + w)(t)dt| dT
0 0
Thus S(t) >0Vt >0.
From the second equation of the system (2.1), we have
dEy
— > — (o +uz+ (1 —wp)@ Py + L +Ni)Ex. (3.4)

dt
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Solving equation (3.4) yields

-
Ex >Ewoexp ¢ — |[(oc +uz + pu+mi) T+ J(l —Up)@,Py(s)ds > 0. (3.5)
0

Using the same methodology to prove the next eight equations, we arrive at
E\)(t) 2 0) Ekv(t) 2 O;Ik(t) 2 0: Iv(t) 2 OJ Ik\)(t) 2 0, Pk(t) 2 0, Pv(t) 2 O R(t) 2 O-
As a result, every solution of the system (2.1) is positive ¥ t > 0. O

3.2. Boundedness of the solutions of the model

This section demonstrates that every feasible solution is uniformly bounded in a proper
subset 2.

Lemma 3.2. Let the initial conditions of system (2.1) be non-negative in R,

I ={(5, Bxs Bvy Eiyy T Iy Ty R) € RE:N@® < 21,
Do = {Pe € RL:Py(t) < 20200 and gp, = {Py € RL: Py(t) < Azl |
then the set 9 = In U Zp, U Zp, C RS x RL x R! is positively invariant.

Proof. In this lemma, we are required to show that Zn, %p, and Zp, are positively
invariant. To begin, we add the system (2.1)’s first seven equations together with its final
equation to arrive at

N
% =A— },LN — (6k1k + 6VIV + 6kav + ékav)- (36)
In the absence of the CBD and CLR, we have
dN
— < A—uN. 3.
m H (3.7)

Solving equation (3.7) for N, we arrive

N(t) < A+{N0—A}e”t. (3.8)
H H

Hence A
N(t) < — as t — oo.
v

Therefore the feasible region for the coffee plant population in the system (2.1) is defined
by

A
@N = {(Sa Ek) EV) Ek\n Ika IV) Ikv» R) € IR?— : N(t) < H} .

In view of the eighth equation of system (2.1), the equation for Colletotrichum kahawae
pathogens,

G = Vi + Vol + v3Eky +valiy — 81Px,
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We rewrite it as

dPr _ Avi+y2+v3+v4)
dt = i
Solving equation (3.9), we get

&1 P. (3.9

Py (1) <

A A
(yi+y2+ys+ys (PkO _Avi+y2+ys +Y4)> o1t (3.10)

o1 1o
Hence A
+Vo +vy3 +
PL(t) < (Yi+Y2+7Y3+7Va)
1oy

Therefore, the feasible region for Colletotrichum kahawae pathogens is given by

as t — oo.

Ayr1+v2+v3+
@sz{Pk S IR_li_ZPk(t)g (r+v2+ys Y4)}_

o1

From the ninth equation of system (2.1), the equation for Hemileia vastatrix pathogens,

dpP
dtv =T1E, + Toly, + T3Eky + Talyy — 02Py,
we have

dp,, . At+T+T3+T)
dt 1
Upon solving equation (3.11) for P, (t), we obtain

52Py. (3.11)

Pv(t) < A(T1 +Tr+T3+ T4) + <PV0 _ A(T1 +Tr+ T3+ T4)> e_ézt. (3.12)
1oy ud2
Therefore A
Pv(t) < (T1 +T2+T3+T4) as t — oo
Hd2

Hence the feasible region for Hemileia vastatrix pathogens is given by

A
%vz{Pv e RL:Py(b) < (“”2”3”4)}.

Hd2

As a result, the feasible region defined by the set 7 = ¥y U Zp, U Zp, C R x Rl x Rl is
positively invariant. O

Since all the system (2.1)’s solutions with non-negative initial conditions are non-negative
vV t > 0and ¥ is positively invariant, which implies that every feasible solution is uniformly
bounded in a proper subset 2, it follows that the system is appropriate for the study of
the optimal control analysis of CBD-CLR co-infection.
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4. Optimal control problem

The model’s objective is to minimize the number of infections and control costs asso-
ciated with each control. The objective function to be minimized is formulated as follows:

]
J=  min J[blEka) £ D2E, (1) + D3Epey (1) + bali (1) + bsTy(b)

U1, U2, U3, U4, U5, Ug, U7
0
4.1)

7
1
+ Dol (t) + brPi(t) + bsPu(t) + 5 ) vinFldt

i=1

Subject to the differential equations in the system (2.1). T is the intervention period. The
coefficients by, by, bs, by, bs, be, by, and bg are the costs associated with minimizing plants
exposed to Colletotrichum kahawae (the infected coffee plants which have not showed
symptoms) Ey(t), plants exposed to Hemileia vastatrix E, (t), co-exposed plants Ey,,, the
CBD infected coffee plants I (t), the CLR infected coffee plants I, (t), the co-infected plants
Iy (t), Colletotrichum kahawae pathogens Py (t) and Hemileia vastatrix pathogens P,,(t),
respectively. On the other hand, the parameters vy, v, v3, vy, Vs, v¢ and vy are the costs
weights associated with the controls uy, up, us, ug, us, ug, uy respectively. Our goal is
optimal controls (uj, u3, uj, uz, us, ug,us) such that

J(uy, uz,uz, uy, us, ug, uz) = min {J(ug, uz, Uz, Us, Us, Ug, Uy)ly, Uz, Uz, Ug, Us, Us, Uy € U},

where the control set U = {(u;(t), up(t), us(t), ug(t), us(t), ug(t),uz(t)) |0 < w3y <1, i =
1,2,---,7; t €][0,T]}is Lebesgue measurable.

5. The Hamiltonian and Optimality System

We use Pontryagin’s Maximum Principle [21] to define the Hamiltonian () as:

H =b1Ex(t) + baEy (1) + baEiy (1) + balic(t) + bsIy(t) + beli, (t) + 7P (t)

1 1 1 1 1 1 1
+ bgPy,(t) + Evlu% + Evzu% + §V3U§ + §v4uﬁ + Ewu% + Evéu% + Ewu%

ds dE S
M| — +My—X + M
TV TV TV

E I I I ’
d kv +M5&+M6&+M7d kv

dE,
M
VT at at at

dt

dPy dpP, dR

Mg—+ M Myg—

TV TR TV YO

Where M1, My, M3z, My, Ms, Mg, My, Mg, Mg and M, are adjoint or co-state

variables corresponding to the state variables S, Ey, E,, Exy, Ik, I, Ixy, Px, Py and R,
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respectively. Using system (2.1), we can rewrite equation (5.1) as
H =b1Ei(t) + b2Ey (1) + baEiy (1) + balic(t) + bsLu(t) + beLicy (t) + b7Pi(t) + bgPy (1)

I o2 1 o 1 5 1 5 1 o, 1 > 1
+ ZVviug + VU5 + SV3u3 + Vg + SVsUs + —Velp + S V7w
S VIU ¥ 5VaUp + 5V3ls + ZVatly + SV5U5 + 5 Vel + 5 V7U7

+ M{A— (1 —u)@PxS — (1 —uwp)@,P,S — uS}

+ Ma{(1 —w)@KPiS + (1 — & )(wy +ua)Bry — (ot +us) B — (1 —up) @+ Py + p+ M) Exc}
+ Ms{(1 —u)@yPyS + (1 — &x)(wi + ug)Eiy — (v +ua) By — (1 —wp) @k Pic + L+ 1) By}
+ Ma{(1 —u2)(1 — qv)@vPyEx + (1 —up)(1 — qi) @k PrEy — (Wi + us)Eiy — (wy + ua) By
— (0w + u5) By — (H+ M) Excv )

+ Ms{niEk + & (wy + wa)Exy + (Tty + ) iy — (1 — uz) @ Pyl — (px + ua) e — (e + 81) I}
+Me{nvEy + (Wi +us)Exy + (T + us) Iy — (T —wp) @i P ly — (pv + ug)ly — (4 80) 1}
+M7{(1 —u2)gv @y PyEx + (1 —w1) g @k PrEy + (1 —w) @k Py + (1 —w2) @y Pyl + Ny Exy
— (1 + ua) Iy — (70 + ug) Ty — (Prw + Us) Iy — (L + 8k + 8v) Iy }

+Ms{v1Ek + 2l + v3Exy + valiw — (81 + u6)Pi}

+ Mo{taw Ey, + 121y, + T3Eky + Talky — (02 + uy)Py )

+Myp{(o +uz)Ex + (o + Ua)Ey + (otiy + Us)Exy + (Prc +us) Ik + (o + ug)Ly

+ (Prv +us)liy, — uR} (5.2)

Theorem 5.1. There exist an optimal control set {u}, uy, u3, uy, us, ug, uy} that mini-
mizes J over U defined by the equations

u] =max{0, min{l,t,}},
u; =max {0, min {1, tip}},
uj =max{0, min{1, uz}},
uy =max {0, min {1, tig}},
ui =max{0, min{1, s}},
ug =max {0, min {1, tie}},

u; =max{0, min{1, ty}},
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where

@k Pr(—=SM1 +SMp — EyM3 + (1 — qr)EvMy — I, Mg + qEy M7 + 1, M7)
)

Vi
(D\,PV(—SMl + SM3 — EkMz + (1 — qV)EkM4 — IkM5 + qVEkM7 + IkM7)
Vo ’
ExMy — (1 — &) Exy M3 + By My + kM5 — ExEry Mg — Iy Mg + Ty My — ExMyg — IkMyg
V3
EvM3 — (1 — &) Exy Mo + By My — E By Ms + [, Mg — Iy, M5 + Iy Mz — Ey, Mg — [, Mg
V4 ’
ExvMy — ExyMyg + Ty M7 — Ty My
V5
P Mg
Vg ’
PVM9
%4 ’

and the adjoint variables M1, My, - --, Myq satisfying:

dM,

dt
dM;

dt

dM3
dt

dMy

dt

dMs
dt

dMg
dt

dMy
dt

dMg
dt

dMy
dt

= (I—-u)orPiMi+ (1 —uw)®,PyM1 +uM — (1 —ug)@PiM2 — (1 — up)@., P, M3,

= —by+ (o + uz)Ma + (1 —uz)@y Py + p+mi)Ma — (1 —u)(1 — qy)@vPyMy — MM
—(1 —u2)qv@yPyM7 —y1Msg — (k + u3)My,

= —ba+(oty +ug )Mz + ((1 —ug) @k Py + p+my)Ms — (1 —ug)(1 — gr)@kPiMy — 1y Mg
—(1 —uy)qr@PkM7 — 11Mg — (0t + )My,

= —bz—(1—&)(wy +ul))Mp — (1 — Ex)(wic +uz)Ms + (Wi + uz)My + (wy + ug)My
+(oty +Us)Ma + (1 + Miy) My — &y (v + ug)Ms — Ex(wi + uz)Me — My M7 — Y3Ms
—T3Mg — (otky +u5)Mg,

= —bs+ (1 —u2)@vPyMs + (pr + usz)Ms + (1 + 81)Ms5 — (1 — up)@ Py M7 — vaMg
—(px +u3)Myo,

= —bs+(1—w)@DKPrMsg + (py + Uy Mg + (1L + 8y)Mg — (1 —u) @ PrM7 — T2Mo
—(pv +14)My,

= —be — (1v + ug)Ms — (¢ + uz)Me + (1 + U3)M7 + (70, + Ug)M7 + (Picy + Us)M7
+(+ 8 + 6y)M7 —vaMg — TaMo — (piy + Us)Myg,

= b+ (1 —u)@eSMy — (1 — 1)@k SMy + (1 — 1)@ EyMs
—(1—=u)(1 - qr)orEyMy + (1 —up) @ [LMg — (1 —uy)qr @By M7
—(1—w)@ryM7 + (81 +ug)Ms,

= b+ (1 —u)@ySMy + (1 — w2)@yEx My — (1 — 1)@y SMs3
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—(1—w)(1 - qv)@vExcMy + (1—-w)o, M5 —(1— U—2)qv®kaM7
—(1 —up)@,[iM7 + (82 + uz)Mo,
dMyg
dt

= puMyp.
(5.3)

Proof. By the Pontryagin’s maximum principle [21] and the Hamiltonian function (5.2),
the adjoint system is computed by

dMy _ 33 dM, _ 33 dM; _ 3% dMy _ 3% dMs _ 3K
at - 0S’ dt - dE. dt — dEy at = dE. dt - oy
dMs _ 93 dMy _ 9%  dMs _ 3% dMe _ a3  dMy _ _ 9a%C
at = oL, dt = dln’ dt — 9Py dt — opy at - oR
These yield the following the adjoint system.
dM
Tl = (1—w)@kPM;+ (1 —u)@yPyMy + uM; — (1 — )@k PikMa — (1 — up) @y PyMs,
dM
th = —by+ (o +uz)Mao + ((1 —uz)@y Py + p+ 1 )Mz — (1 —w2)(1 — qv)@ PyMyg — M5
—(1 —u2)qv@vPyM7 —y1 Mg — (otic + uz)Myp,
dM
TS = —ba+(ay + UMz + (1 —ug)@kPr + 1 +1y)Ms — (1 —w)(1 — qr) @k PikMy — 1y Ms
—(1 —w1)qr@KPxM7 — 11Mg — (&, + ug)Myp,
dM
?4 = —bz3—(1—=&)(wy +ugy)Mo — (1 — Ex)(wi +uz)Mz + (Wi + uz)My + (wy, +ug) My
(X +us)My + (L +11y)My — &y (W + ug) M5 — Ex(wi + u3)Me — My M7 — Y3 Mg
—13Mg — (atxy, +us) My,
daM
TS = —bs+(1—u)@,PyMs + (px + uz)Ms + (L + 81 )Ms — (1 — up)@\ Py M7 —y2Mg
—(pK +uz)Myp,
aM
?6 = —bs+(1—up)@PrMsg + (pv +ug)Mg + (L + 0y)Mg — (1 —u) @k PiM7 — T2Mog
—(pv +ug)My,
dMy
el —be — (1, + ug)Ms — (T +u3)Meg + (11 + uz)M7 + (710, + ug) M7 + (P + Us)M7
+(1+ Ok + 0y)My — vY4Mg — T4Mg — (Piy + Us) My,
aM
TS = —by+ (1 —u1)(DkSM1 — (1 — u1)®kSM2 + (1 —u1)CDkEvM3
—(1—=uw)(1 = qr)@cEvMy + (1 —u)@r[L,Mg — (1 —wq)qr@xEyM7
—(1 —w)@rL,M7 + (81 + ug)Msg,
dM
Tj = —bg+(1—w)®vSMy + (1 —u)@vExMa — (1 — up) @y SM3
—(1—u)(1—qy)@D ExMy+ (1 —w)@, kM5 — (1 —up)qy @ ExMy
—(1—w)@,IxM7 + (82 + uz)Mo,
dMyg
= Miyo.
dt Wiviio

5.4



G

au1

0H

E)uz

0XH

au3

G

au4

0H

~— =— ExuyMy + ExyMyo — IkyMy7 + Iy, Mg + vsus,

au5
0H

~— =— PxMg +veus,

au6
0H

—_— = PVMg +vyuy.

au7

=@kPkSM1 — @kPkSMZ + @kPkEVMg — (1 — qk)a)kPkE\,M4 + COkPkIVM6
— qk@kPkEv M7 — G)kPkIVM7 +viuy,
=(DVPVSM1 — G)\,PVSM:J, + (DvPkaMz — (1 — qv)(DVPkaM4 + (DVPVIkM5

— qva)VPkaMy — @VPVIkM7 +Voluy,

+ I, My +vauy,
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Finding the partial derivatives of the Hamiltonian function (5.2) with respect to each
control variable yields the optimality equations.

ExMo + (1 — &) Exy M3 — Exy My — kM5 + Ex By Mg + Ty Mg — Iy My + ExMyg

+ [kMyo +v3us, (5.5)

EvM3 + (1 —&))Exy Mo — Exy My + &, Eyy M5 — I, Mg + IiyMs — Iy, M7 + E, My

To obtain optimal controls u} (i =1, 2,---,7), we replace u; in the system (5.5) with T;
and equate the right-hand side of the equations of the resulting system to zero then solve
for 1;. Thus, we get

_@kPr(=SM; + SM; —E,M3 + (1 — qi)EvMy — LM + qEvM7 + [LMy)
- M

5

V1
_®vPy(=SMj + SM;3 — BExMa + (1 — qy)BEkMy — kM5 + ¢y Bk M7 + [kMy)
V2
s _ExM, — (1 = &Ex)ExyM3 + ExyMy + IiMs — Ex By Mg — Iy Mg + Iy My — Ex Mg — Ik Mg
V3 )
a _EBEMs — (1 —&)EwMo + By My — £ ExyMs + [, Mg — IiyM5 + Iy M7 — E, My — I, My
4 Vs )
_ BExyMy— ExyMyo + Ly M7 — Iy My
Us = Vs )
_ PkMg
Ug = )
Vo6
— PvM9
Uy = .
A%

Using the standard control arguments that involve the bounds of the controls, we come to
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the following conclusion:
0 if @ <0,
uf =4 Ui if 0 < < 1, (5.6)
1 if oy >1,
In compact notation, the system (5.6) can be written as
uf = max {0, min{1,7}}, ui =max{0, min{1,s}},
uy = max {0, min {1, z}}, ug =max{0,min{1,s}}, (5.7)
uj = max {0, min{1,tz}}, u; =max{0, min{1,z}}. '
uy = max {0, min{1, tis}},
O

6. Numerical Simulation

Analytical solutions to the optimality system may not always be feasible; in these cases,
numerical approaches are employed to approximate the solutions and illustrate the results.
The optimality system, which consists of the state system (2.1), adjoint system (5.4),
control characterization (5.7), and corresponding initial conditions, is solved iteratively to
produce the numerical simulation results shown in this section. The fourth-order Runge-
Kutta algorithm is used to solve the state and adjoint equations using the parameter values

in Table (1).

Table 1: Parameter values

Parameter Value Source Parameter Value Source

A 0.00133 [22] v 0.05 Assumed
D 0.0007954551 | Assumed MNkv 0.01 Assumed
@®y 0.000209819 | Assumed Px 0.005 Assumed

o 0.00056 [22] Pv 0.0433 Assumed
Sk 0.0001 Assumed Prv 0.0052 Assumed
oy 0.01 Assumed [oon 0.001 Assumed
o1 0.0900982 Assumed Oy 0.001 Assumed
oy 0.19009821 | Assumed Kk 0.013 Assumed
qk 0.3 Assumed Y1 0.0587365 | Assumed
qv 0.3 Assumed Y2 0.0487364 | Assumed
Ex 0.00911 Assumed Y3 0.0091 Assumed
&y 0.009 Assumed Y4 0.00921 | Assumed
Wi 0.09 Assumed T 0.1 Assumed
W, 0.08 Assumed T 0.1 Assumed
Tl 0.004 Assumed T3 0.191 Assumed
T, 0.0039 Assumed Ty 0.12 Assumed
M 0.01 Assumed
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The optimal strategy for considerably reducing the spread of the CBD-CLR co-infection is
investigated among the following control strategies:

(i) Control with prevention of CBD and CLR infections (u;, uy)
(i) Control with Treatment of CBD, CLR and CBD-CLR co-infection (us, 14, us)

(iii) Control with elimination of Colletotrichum kahawae and Hemileia vastatrix pathogens
(u6) U.7)

(iv) Control with prevention of CBD and CLR infections and Treatment of CBD, CLR and
CBD-CLR co-infection (u7, up, us, ug, Us)

(v) Control with prevention of CBD and CLR infections and elimination of Colletotrichum
kahawae and Hemileia vastatrix pathogens (uq, uz, ug, Uy)

(vi) Control with Treatment of CBD, CLR and CBD-CLR co-infection and elimination of
Colletotrichum kahawae and Hemileia vastatrix pathogens (us, w4, Us, Ug, 1U7)

(vii) Using all interventions (uy, uy, us, ug, Us, Ug, Uy)

For the simulation of the model with optimal control, we made the following assumptions:
b1 =5,b2=4,b3=9,b4=6,b5=6,b6=11,b7=6,b8=5,vl =100,V2=100,V3=100,
vs = 100, vs =, v¢ = 100 and v; = 100. In addition, we utilized the initial: Sy = 10000,
Exo = 500, Evg = 101, Exyo = 2002, Iy = 100, Lo = 10, Ixyo = 12, Pxo = 1600, Pyo = 1601,
and Ry =10

6.1. Numerical Simulation Results and Discussion
6.1.1. Strategy 1: Control with prevention of CBD and CLR infections (uy, uy)

In this strategy, the objective function J is optimized using both prevention of CBD in-
fection u; and prevention of CLR infection u; while other interventions (us, w4, us, ug, uy)
are set to zero. In Figure 2(a), it is seen that prevention has a significant impact on con-
trolling the emergence of new infection cases of CBD and CLR infections since the solution
curve of the susceptible coffee plants S(t) without control converges to the lower bound at
a higher rate than that with controls. From Figures 2(d), 2(g), 2(h) and 2(i) we observed
a positive effect of prevention since the solution curves of the co-exposed coffee plants
Exv(t), the co-infected coffee plants Iy, (t), Colletotrichum kahawae pathogens Py (t) and
Hemileia vastatrix pathogens P,,(t) without control continue rising and those with controls
converge to the lower bound. This implies that prevention alone is effective in reducing
co-infected coffee plants Iy, (t), Colletotrichum kahawae pathogens Py (t) and Hemileia vas-
tatrix pathogens P, (t) as result of reduced new infection cases which in turn lead reduced
shedding of pathogens. The effect of this strategy is observed in Figures 2(b) and 2(c),
where the solution curves with control rise steadily to certain levels which are lower than
the peaks of the solution curves without control and start falling to the lower bound. We
also noticed a steady increase in the number of infection cases of CBD-infected coffee
plants Iy (t), the CLR-infected coffee plants I, (t) in Figure 2(e) and Figure 2(f) respec-
tively, implying that this strategy is not effective in controlling infected coffee plants in
I (t) and L, (t) compartments. This can be related to the lack of control measures, such as
treatment in these compartments.
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Figure 2: Graphs showing the effect of prevention of CBD and CLR infections (u, uy) on
CBD and CLR co-infection model
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6.1.2. Strategy 2: Control with treatment of CBD, CLR and CBD-CLR co-infection (us, ug, Us)

In this strategy, the objective function J is optimized using both treatment of CBD
infection uz, CLR infection uy and CBD-CLR co-infection us while other interventions
(u1, up, ug, uy) are set to zero. In Figure 3(a), we observed the solution curves of the
susceptible coffee plants S(t) without controls and that of the susceptible coffee plants
S(t) with controls; they almost converge to zero at the same rate whereby the S(t) with
controls is slightly above that of S(t) without controls. This implies that this strategy is
inefficient in reducing new CBD and CLR infection cases. From Figures 3(d) and 3(i), we
observed a continuous decrease in numbers in the solution curves with controls. This may
be connected to the effectiveness of the strategy. In Figures 3(b), 3(c), 3(e), 3(f), 3(g)
and 3(h), we noticed a slight rise of solution curves with controls to a level below that of
curves without controls and followed by a steady decrease hence converging to zero. This
suggests that strategy 2 effectively controls the cases at the end of the given period but
not at the beginning in six compartments.

6.1.3. Strategy 3: Control with elimination of Colletotrichum kahawae and Hemileia vasta-
trix pathogens (ug, uy)

In this strategy, the objective function J is optimized by using the elimination of Col-
letotrichum kahawae pathogens ug and Hemileia vastatrix pathogens u;. At the same time,
other interventions are set to zero. The impact of eliminating pathogens is noticed in
Figure 4(a) since the rate at which the solution curve with controls converges to zero is
lower than that of the curve without control. Hence, this strategy can be used to reduce
cases. Figures 4(d), 4(h) and 4(i) demonstrate that this strategy is effective in reducing
the co-exposed coffee plants, Colletotrichum kahawae pathogens and Hemileia vastatrix
pathogens respectively. Figures 4(b), 4(c) and 4(g) have shown that this strategy cannot
contain the infections at the onset of the disease since the curves rise first and then fall.
Also, from Figures 4(e) and 4(f), we observed that this strategy is completely not effective
in reducing the CBD-infected coffee plants Iy (t) and the CLR-infected coffee plants I, (t)
since their solution curves continue rising.

6.1.4. Strategy 4: Control with prevention of CBD and CLR infections and Treatment of CBD,
CLR and CBD-CLR co-infection (u1, up, Uz, U4, Us)

Prevention of CBD and CLR infections and Treatment of CBD, CLR, and CBD-CLR co-
infection (uy, up, usz, w4, us) are used to optimize the objective function J while ug and
uy are set equal to zero. In Figures 5(a), we observed that this strategy has a positive
impact on controlling the emergence of new infection cases of CBD and CLR infections
since the solution curve of the susceptible coffee plants S(t) with control converges to
zero at a lower rate. We observed positive results in Figures 5(d), 5(g), 5(h) and 5(i)
since the solution curves with controls steadily converge to zero. From Figures 5(b), 5(c),
5(e) and 5(f), we observed a slight increase of cases for the solution curves with controls
at the beginning of a given infection period followed by a decrease which converges to
zero. This suggests that this strategy effectively controls infection cases since the cases
increase slightly and eventually converge to zero.
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6.1.5. Strategy 5: Control with prevention of CBD and CLR infections and elimination of
Colletotrichum kahawae and Hemileia vastatrix pathogens (uy, up, ug, Uy)

Prevention of CBD and CLR infections and elimination of Colletotrichum kahawae and
Hemileia vastatrix pathogens (u;, uy, ug, uy) are used to optimize the objective function
d while (uz, w4, us) are set to zero. We observed positive results in Figure 6(a) since this
strategy significantly reduced the number of new infection cases. We also observed posi-
tive results in Figures 6(d), 6(g), 6(h) and 6(i) since this strategy is effective in reducing
the numbers of the co-exposed coffee plants Ey, (t), the co-infected coffee plants Iy, (t),
Colletotrichum kahawae pathogens Py (t) and Hemileia vastatrix pathogens P, (t) respec-
tively. In Figures 6(b), 6(c), 6(e) and 6(f), we noticed an increase of cases for the solution
curves with controls at the beginning of a given period followed by a decrease.

6.1.6. Strategy 6: Control with the treatment of CBD, CLR and CBD-CLR co-infection and
elimination of Colletotrichum kahawae and Hemileia vastatrix pathogens
(U3, ug, us, ug, uz)

In this strategy, treatment of CBD, CLR and CBD-CLR co-infection and elimination of
Colletotrichum kahawae and Hemileia vastatrix pathogens (uz, ug, Us, Ug, Uy) are used
to optimize the objective function J while (uq, u, are set to zero. From Figure 7(a), we
noticed that this strategy is moderately able to reduce the number of new infection cases
since the solution curve of S(t) with controls is slightly above that of S(t) without con-
trols. This is connected to treating CBD, CLR, and CBD-CLR co-infection and eliminating
pathogens. We noted positive results in Figures 7(d), 7(g), 7(h) and 7(i) since the solu-
tion curves with controls steadily converge to zero. In Figures 7(b), 7(c), 7(e) and 7(f),
we observed that the solution curves with controls rise to certain levels then fall as they
converge to zero. This suggests that this strategy is not effective in controlling the cases
at the beginning of a given infection period.

6.1.7. Strategy 7: Using all interventions (1, Uy, us, Uy, Us, Ug, U7)

The objective function J is optimized using all control mechanisms (w7, uy, us, w4, us,
ug, Uy) in this strategy. We observed that Figures 8(a), 8(b), 8(c), 8(d), 8(e), 8(f), 8(g)
are similar to the corresponding figures in Figure 5. This suggests that the effectiveness
of strategies 4 and 7 is almost the same. The only difference is that Figures 8(h) and
8(i) are not similar to the corresponding figures in Figure 5. This is because the solution
curves with controls in Figures 8(h) and 8(i), converge to zero at a higher rate than those
of Figures 5(h) and 5(i). This suggests that strategy 7 is more effective in reducing the
pathogens than strategy 4.
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Figure 7: Graphs showing the effect of treatment of CBD, CLR and CBD-CLR co-
infection and elimination of Colletotrichum kahawae and Hemileia vastatrix pathogens
(us, ug, us, ug, uy) on CBD and CLR co-infection model
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7. Conclusion

This paper develops a mathematical model for the co-infection of CBD and CLR with
the prevention of CBD infection, prevention of CLR infection, the treatment of CBD-
infected coffee plants, the treatment of CLR-infected coffee plants, the treatment of CBD-
CLR Co-infected coffee plants, elimination of Colletotrichum kahawae pathogens and elim-
ination of Hemileia vastatrix pathogens. The model’s qualitative examination reveals that
its solution is bounded and positive. The optimal control problem is formulated using Pon-
tryagin’s maximum principle, and the conditions for optimal disease control are analyzed.
The optimality system is created, and existence requirements for optimal control are iden-
tified. The elimination of CBD-CLR co-infection is recommended using seven strategies,
with each strategy’s effectiveness being examined. The recommended strategies are nu-
merically examined, and the outcomes are graphically presented. The outcomes indicate
that combining all interventions is the best strategy for slowing the spread of the CBD-CLR
co-infection.
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