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Abstract: In this paper, a mathematical model has been formulated for the transmission dynamics
of citrus Huanglongbing considering latent period as the time delay factor. Existence of the equilibria
and their stability have been studied on the basis of basic reproduction number in two cases 7 = 0 and
7 > 0. The results show that stability changes occur through Hopf bifurcation in the delayed system.
Optimal control theory is then applied to investigate the optimal strategy for curtailing the spread of the
disease using three time-dependent control variables determined from sensitivity analysis. By using
Pontryagin’s Maximum Principle, we obtain the optimal integrated strategy and prove the uniqueness
of optimal control solution. Analytical and numerical findings suggest that it is feasible to implement
control techniques while minimizing the cost of implementation of optimal control strategies.
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1. Introduction

Citrus Huanglongbing (HLB), currently the most economically destructive disease of citrus world-
wide, is caused by phloem-restricted bacteria of the Candidatus Liberibacter group with symptoms
including stunted growth and poor flowering of citrus trees as well as blotchy mottling and yellowing
of their leaves [1-3]. It was first reported from southern China in 1919, with a history of more than a
century in China [1]. Now it is distributed in nearly 50 countries and regions in Asia, Africa, North
and South America, Europe, etc., and its occurrence scope is still expanding at present, which makes
it true that over 80% of the planted area can not escape from being infected [4-6]. The infected trees
are usually destroyed or become unproductive in 2 to 5 years [1,7]. To date, there is no good source
of genetic resistance to HLB in the genus citrus, and the disease can not be cured once the trees are
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infected [8]. Therefore, HLB still pose a significant threat to the development of the citrus industry.

Experimental studies have shown that early stages of HLB, the bacteria can remain undetectable
in the trees after initial infection. It might take a 2 to 6 months latent period for the tree to become
infectious before new psyllid generations can become infected [9]. HLB latency is highly variable
and apparently greatly affected by tree age, horticultural health, and other factors. In order to be
more precise description of HLB transmission in a citrus orchard, it is reasonable to incorporate time
latency into the delayed system. Delay differential equations (DDEs) are one of the most powerful
mathematical tools for studying the effect of delay in the dynamics of the disease [10-15]. For instance,
Al Basir et al. [12] derived a mathematical model for the transmission dynamics of vector-borne plant
disease considering incubation period as the time delay factor. Fan et al. [14] formulated a delay
differential equation model for the transmission of West Nile virus between vector mosquitoes and
avian hosts that incorporates maturation delay for mosquitoes. They found that a combination of the
maturation delay and the vertical transmission of the virus in mosquitoes has substantial influence
on the abundance and number of infection peaks of the infectious mosquitoes. Vilamiu et al. [15]
presented a delayed HLB model and assess the influence of a long incubation period of HLB in the
plant. Motivated by the preceding discussion, our first aim of this paper is to formulate a mathematical
model that is able to describe the dynamics of citrus HLB in citrus orchards, considering latent period
as the time delay factor, and then to analyze the dynamic properties of the model.

Disease management is complicated, because incubation periods are long and diagnosis is difficult.
For the devastating citrus disease, the current state of preventive strategy involves insecticide spray-
ing to reduce the abundance of psyllid vector population, removal of infected trees to reduce inoculum
sources and nutrient solution injection to reduce the infection of the bacteria. There is an urgent need to
find a sustainable and economical solution to the HLB menace through psyllid control by insecticides,
removal of infected trees and nutrient solution injection. In recent years, using the Pontryagin’s Maxi-
mum Principle to determine optimal control strategies for various diseases has flourished, see [16-22]
and the references therein. For instance, the work by Lee et al. [18] introduced a dynamic model of
pine nematode disease, in which nutrient injection, tree cutting, insecticide spraying and inhibition of
mating of wood louse were used as control variables. In 2016, Pei et al. [22] established a delayed
SIS model of infectious diseases with stage structure and introduced three treatment strategies into the
model to study the existence and uniqueness of optimal control solution. But for the optimal control
research of citrus HLB, there is few literatures (see [19,20]). In [19] and [20], although the authors
considered different interventions for disease control, they did not take into account the time latency,
which may lead to inappropriate policy making for preventing disease. Therefore, the second aim of
this paper is to explore an optimal integrated strategy for a delayed HLB model considering the disease
latency.

The remaining of this paper is organized as follows. A model formulation is presented and the basic
dynamics behavior of the model is analyzed in Section 2. Then sensitivity analysis is performed in
Section 3. In Section 4, by using the results of the sensitivity analysis, an optimal control problem
is developed, the optimal strategy is obtained and the uniqueness of the optimal control solution is
proved. Numerical results with detailed discussions are presented in Section 5. Finally, this paper ends
with a brief conclusion and the potential outlook for future work in Section 6.
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2. HLB model with latent period

2.1. Model formulation

In this subsection, we will improve a HLB model taking the disease latency into account. Suppose
that the citrus trees population totalling N, consists of two categories that include the susceptible S,
and the infectious /,. Additionally, the psyllids population, denoted by N,, is divided into two classes,
namely, susceptible S, and infectious /,.

In order to better understand our model, the assumptions we made according to the transmission
mechanism of HLB should be mentioned first of all:

(A1): A susceptible citrus tree is assumed to become infected from contact with an infected psyllid
with a probability of successful infection S, a susceptible psyllid becomes infected from contact with
an infected tree, which happens at a probability a.

(A2): All newly planted citrus trees are susceptible, moreover, new replanting has taken place at
rate r with a proportion, K — N, of the orchard, where K represents the maximum capacity of citrus
trees in the orchard.

(A3): All newborn psyllids are susceptible, A is used to denote the constant recruitment rate of
psyllid population.

(A4): There is a 2 to 6 months latent period for susceptible citrus tree to have the capacity of
contagiousness.

Thus, a mathematical model considering latent period denoted by 7 as the time delay factor can be
formulated as follows:

deht(t) = r(K = Ny(0)) = BS u(OL,(t) — upS 1(0),

dlcilz(t) _ ﬁSh(t)Iv(t) _ /lhlh(t) — ’)/Ih(t),

r t(t) 2.1
D N e S O~ 7) S 0,

DD — s it = 1) = o),

where u;, and pu, are the natural mortality of citrus population and psyllid population, respectively. y
is the the disease-induced death rate of the infected trees. All parameters of model (2.1) are positive
constants.

Let C denote the Banach space of continuous functions ¢ : [-7,0] — R* equipped with the sup-
norm

g1l = sup {[$1(O)], ¢2(6)], [d3(O), [p4(O)]},

—-7<6<0

here ¢ = (P1, d2, P3,04) € C([—7,0],R). Therefore, the initial condition for model (2.1) is taken as
below:

Sn(0) = ¢1(0), 1(0) = ¢2(0), S.(0) = ¢3(0), 1,(0) = ¢4(0)
with
$:(0) >0, 6 €[-1,0], ¢;(0)>0,i=1, 2, 3, 4.
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Note that the citrus tree population Ny (¢) = S,(¢) + I,,(t) and psyllid population N,(¢) = S ,(¢) + 1,(¢)
satisfies

Nu() = 1K = (r + )Ni(®) = y1i(8) < 7K = (7 + pi)Ni(®), No(t) = A = i, N, (),

respectively, which implies that

K A
limsup Ny(f) = ———,  lim N,(1) = —.
r+p

1—>+o00 po ot My

Define

Q= {(Sh(t), I(0), S,(1), I(1)) € R} 0 < Su(0) + I(1t) < p :Ijl , 08,0+ 1@ < A}
h

14

Obviously, Q is a positively invariant set for system (2.1).

2.2. The basic reproductive number

As we all know, the basic reproductive number Ry is often considered as the threshold quantity that
determines the dynamic behavior of the model. Following, we will calculate the basic reproductive
number R, of system (2.1) following the idea of [23].

Suppose I;(r) = 0, I,(r) = 0, we can easily obtain the disease-free equilibrium, given by E, =
(Sh 0, S7, 0), where Sj = ;2= 7 = .

Next, linearizing system (2.1) at the disease-free equilibrium E, (here we only write down the

equations of the diseased classes for simplification), this leads to

Li(t) = BSHL(t) — (i, + Y)L(2),
1,(1) = ae™"S ) 1(t = 1) — L, (D).

If we set I, 1,0 be the numbers of each diseased class at time ¢ = 0, and 1,,(¢), 1,(¢) be the remaining
populations of each class at time ¢, respectively, then we have

1(1) = Ipe 7",
L) = IvOe_#Vt'

Thus, the total numbers of newly infected in each diseased class can be expressed as

0

vO,

I, = f BSYL(t)dt = f ,BSOIVoe_”‘tdt—B Sh

My
- °° o ae S0
I, = f ae TS (V)Ih(t - 7)dt = f ae TS 8Ih0e_(”h+7)(t_7)dt = —T1.
T T HMh + Y
It then follows 0
- 0 B Sh
h iy Iio
I, | aemts 0 0 Io |
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Denote .
0 PS,
M= gemrs 0 H
— 0
HMp + Y

We can see that M is the next infection operator, and the basic reproductive number, denoted by Ry,
can be described by the spectral radius of the matrix M. Therefore, R, for system (2.1) is given by

Ry = Vth X Ry,

where

S0 e S0
:'8 ' and R, = —

th .
My Hn+7Y

2.3. Stability of equilibria and Hopf bifurcation

Qualitative analysis, including existence and stability are important topics in epidemic dynamics,
we shall provide the stability analysis of equilibria for system (2.1) and look for the possibility of Hopf

99

bifurcation by taking time delay 7 as a bifurcation parameter in this subsection.
When 7 > 0, set the right-hand side of system (2.1) to zero, namely

PK=S:—T)=BS:I — St =0,
BS, I — (un + I, =0,

A—ae ™SI —usS, =0,

ae ™S I — I = 0.

(2.2)

So we have E* = (S;, I,, S, I}), where

S*_ﬂNM+7)
h o 1 Cx’
afe TS
* A B ﬂVS:
[=—roy
Cye_/lhTS:
g+ = M +y + 1)+l + 1) +y)
! rKafe ® + Bu,(uy +y +r)
£ A £
r=2_g
v

Obviously #A — 87 > 0 when Ry > 1, which leads to the existence of the unique endemic equilibrium.

We have the following results on the stability of equilibria £y, and E* by using the method in [24]
when 7 = 0.

Theorem 2.1. When 7 = 0, the disease-free equilibrium E, of (2.1) is globally asymptotically
stable if Ry < 1 and unstable if Ry > 1.

Theorem 2.2. When 7 = 0, the endemic equilibrium E* of (2.1) is locally asymptotically stable if
Ry > 1.
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Now we turn to discussing the stability of the endemic equilibrium E* when Ry > 1 in case of 7 > 0.
In addition, we derive the stability conditions for E* as well as the conditions for Hopf bifurcation.
Linearizing system (2.1) at E*, we get the following system

X =AX(®) + BX(t — 1),

where X = (Sy, I, S,, 1,)T, A and B are 4 X 4 matrices, given by

rpl—p - 0 ~BS;
BI; -y 0 BS)
A= 0 0 —ae Pl —pu, 0 ’
0 0 ae 'l —LL
0 0 00
0 0 00
B=10 —qemss 0 0
0 ae*§; 0 0

In view of |1 — A — Be™*| = 0, we have

A+r+ L+ r 0 BS;
—pI; A+u, +vy 0 -BS,
0 ae” TS A+ e+, 0 =0.
0 —qe TG —ae™ I, A+,
It follows that
A+ 0123 + by A% + b3d + by — e (cpd® + 1) = 0, (2.3)

where
by = r+vy+2un+up)+pI + eI,
by = (r+y)(un + 2u) + ry + (un + i) + 2unpty + BL(r +y + py + 241,)
+ae L (r+y 4+ 2u, + wy) + Bae L,
by = 2u,(r + )y + ) + 2y + 1 +y) + B (2r + 2y + 24, + )
+ae™ L[+ )y + pn) + o (r +y + 2u)] + Bae LI +y + iy + 1),
1a(r + un) (Y + ) + B (r +y + pp) + e ™I (r + p)(y + )
+ Bae™ L +y + ),
co = Pae™'S .S,

c1 = PBae ™SS (r+ up).

by
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To show Hopf bifurcation, we must have a pair of purely imaginary roots of characteristic Eq (2.3).
Suppose iw (w > 0) is a purely imaginary root associated with Eq (2.3), thus
w* — i1’ — by* + ibsw + by

= — Cow? COS WT + iC1W COS WT + icyw” Sin WT + ¢jw sin WT.

Separating real and imaginary parts, we have following equations
w* = by + by = —Ccow? cOS WT + ¢;w sin wWT, 2.4)

—b1w* + b3 = ¢1w COS WT + Cow” sin wT. (2.5

Squaring and adding (2.4) and (2.5) we obtain
W® + (b = 2b2)w® + (b5 + 2by — 2b1b3 — c))w"* + (b3 — 2byby — cD)w? + b = 0. (2.6)
Let z = w?, then Eq (2.6) yields
f@ =+ q2 + @ + @2+ 94 =0, 2.7)
where the coeflicients are given by
g1 = b} —2by, qy = b5 +2by —2b1by —¢§, q3 = b3 —2byby — 7, q4 = bj.

Now, if the following conditions g; > 0, g, > 0, g3 > 0, g4 > 0 are satisfied, then there will be
no positive roots of Eq (2.7), which implies there is no any purely imaginary roots of characteristic
Eq (2.3). In the case for 7 > 0 all characteristic roots of Eq (2.3) have negative real part by Rouchet
theorem [25]. Hence, the following result is claimed.

Theorem 2.3. If the conditions Ry > 1, ¢g; >0, g» > 0, g3 > 0 and ¢4 > O are satisfied, then the

endemic equilibrium E* of system (2.1) is local asymptotically stable for all 7 > 0.

However, if the coefficients of Eq (2.7) satisfy ¢; > 0, ¢, > 0, g3 > 0, g4 < 0O, then Eq (2.7) has at
least one positive real root. It means that Eq (2.6) has at least one positive real root for z = w?’.
Let wy be a positive real root of Eq (2.6). Then there is a purely imaginary root iw, of Eq (2.3).

From Egs (2.4) and (2.5) we obtain the values of cos wr as

—cow*(W* = byw?® + by) + crw(bsw — byw?)
COs WT = 5 > : (2.8)
cow* + ciw?

Furthermore, substituting w = wy into (2.8), then delay factor 7 can be presented

1 —CowA (W} — byw? + by) + crwo(bywy — byw? 2%
Tk:—arccos( 0wy(wy — by o2 44) : 12 o(b3wy — by 0))+ JT’ k=0.1.2.. ... 2.9
Wy COCL)O+C1(UO [

Hence (wy, 7¢) is the solution of Eq (2.3), that is to say, there exists a pair of purely imaginary roots
A = xiw, for Eq (2.3) when 7 = 7.
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Note that 7 = 7, is the minimum value of T when the purely imaginary root 4 = +iw, of Eq (2.3)
occurs. Based on above discussion, we state following lemmas which will be essential to our claims.

Lemma 2.1. Eq (2.3) has a pair of purely imaginary roots 4 = +iwy if ¢ > 0, g, > 0, g3 > 0,
qs <0, 7 = 10.

Set the characteristic value of Eq (2.3) to be A(1) = a(1) + iw(7) satifying the condition of a(7;) =
and w(1y) = wy, the transversality condition is verified below.

Lemma 2.2. If the condition f’ (wO) = 4w0 + 3q1w0 + 2qzw0 + g3 # 0 holds, then dR”(T) =z, # O.
Proof. Differentiating both sides of Eq (2.3) with respect to 7, we have
dAa
(42° + 3b1 A% + 2byAd + b3)—
dr
—At 2 At da -At 2
=|-re " (coA® + 1) + € (2cod + 1) - = Al + ).
T
Obviously,
(d/l)_l _4-/13 + 31?1/l2 +2byA + b3 + Te_/lT(C()/l2 + 1) — 6_/17(2C0/1 +c1)
dr] —Ae=(cpA? + ¢, A)
43 + 3]91/12 + 2b2/1 + b3 2cod + €1 T
= + - = (2.10)
—Ae 1 (cpA? + 1 A) AlcpA2 + 1) A
_ 48 + 3b1/12 + 2byA + b3 + 2cpd + 1 _ z
A+ DB+ D2 + b3+ by) Aco2 + i) A
It follows from A(1;) = iwy and (2.10) that
e
@) 1.
| dr T=Tk
R [ 43 + 31?1/12 + 2byA + b3 R 2C0/1 +
=Re e|l————
»-/1(/14 + bl/l3 + bz/lz + b3/1 + b4) =74 /1(C0/l2 + Cl/l) =14
R —4l(1)(3) — 3b1(1)% + 2b2ia)0 + b3 2C0ia)0 + Cq
=Re
| Ziwo(@? — byiw; — byw? + by + by) iwo(—Cow? + c1itwp) 21D
Wi |40 + 3(b? = 2b2)w — 2(2b1bs — 2bs — bHwWE + b3 = 2bobs|  —2u - 2830
- (b3w? — biwd)? + (W) — brw} + bywy)? (C10})? + (cow))?
:4w8 +3(b1 - 2b2)a)0 —2(2b1b3s — 2by — b%)a)g + b% —2b,b, . —ct = 2ciw;
(bswy — b1w))? + (wy — brw} + by)? (c1wo)? + (cowl)?
After substituting A = iw, into Eq (2.3) we can see that
- bllwo bzwo + bsiwy + by — (— cowo + criwg)e T = 0. (2.12)

Considering |e 7| = 1 for e7 7 = cos wyT — i sin w1, we derive from (2.12) that
lwE — brw? + by — (bW — b3wy)i| = | — cow? j
wy — bywyy + by — (brwy — bywo)i| = | — cowyy + crwyll.
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Consequently,
(wg — by + by)* + (bywy — b3wy)* = (cowy)* + (crwp)*. (2.13)

Finally, from (2.11) and (2.13) we get

()

l _ 4608 + S(b% — 2b2)a)3 + Z(bg + 2b4 — 2b1b3 — cé)w% + b% - 2b2b4 - C%
=Ty

(6’060(2))2 + (c1wp)?

B 4h + 3q 1wy + 223 + g3

(Cowé)2 + (c1wo)?
f(@p)

(cowy)? + (crwp)?

# 0.

This completes the proof. O

Therefore, based on Hopf bifurcation theory and the above discussions we have the following the-
orem.

Theorem 2.4. If the conditions g; > 0, ¢, >0, g3 =0, g4 <0, f’(w(z)) # 0 and Ry > 1 hold, then
the endemic equilibrium E* of system (2.1) is asymptotically stable for T < 7y; the endemic equilibrium
E* of system (2.1) is unstable for 7 > 7; Hopf bifurcation occurs at E* fort =1, (k=0,1,2,---).

3. Sensitivity analysis

Uncertainty analyses and sensitivity analyses are necessary to explore the behavior of many com-
plex models, because the structural complexity of the models are coupled with a high degree of un-
certainty in estimating the values of many of the input parameter [26]. In this section, we employed
a global sensitivity analysis to assess the impact of uncertainty and the sensitivity of the outcomes
of the numerical simulations to variations in each parameter of model (2.1) using Latin Hypercube
Sampling (LHS) and partial rank correlation coefficient (PRCC). LHS is a stratified sampling without
replacement technique which allows for an efficient analysis of parameter variations across simultane-
ous uncertainty ranges in each parameter [26-29]. Further, PRCC is used to measure the strength of
the relationship between the model outcome and the parameters, state the degree of the effect that each
parameter has on the outcome [26—29]. Therefore, by sensitivity analyses we can assess the parameters
with the most significant impact on the outcome of the numerical simulations of the model.

Initial disease transmission is directly related to the reproductive number R, it is a combination of
parameters related to both the trees and the psyllids. Therefore, in determining the control measure
which is the most effective in controlling HLB transmission, we use R, as the response function.
Firstly, we calculate the sensitivity indices of R, to the parameters in the model. These indices tell us
how crucial each parameter is to disease transmission and prevalence. All numerical parameter values
of model (2.1) are presented in Table 1.

Definition 3.1. [30] The normalized forward sensitivity index of a variable, u, that depends dif-
ferentially on a parameter, p, is defined as:

_Ou _p

Uiz — X —. 3.1
Y= %, (3.1)
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Table 1. Parameters in the model (2.1) for transmission dynamics of citrus Huanglongbing.

Parameter Estimated value Unit Reference
r 0.5 - Assume
K 2000 - [31]

1% 3.26 x 107 month™! [32]

B 4.07 x 107> month™! [32]

Y 0.05 month™! [1]

A 27710 month™! [32]

M 0.0033 month™! [33]

Uy 0.5 month™! [32]

T 6 month [34]

Then we derive an analytical expression for the sensitivity of Ry,

Uz%xp

0 3.2
ixk (3.2)

P

to each of the nine different parameters described in Table 2. For example, the sensitivity index of R,
with respect to S,

oR, S8
R 0
! = —x—=0.5, 3.3

does not depend on any parameter values.

It follows from Table 2 that the most sensitive parameter is the natural death rate of citrus psyllid, u,.
Other important parameters include infection rate from infected citrus trees to susceptible citrus psyllid,
@, the infection rate from infected citrus psyllid to susceptible citrus trees, 8, and the disease-induced
mortality of the infected trees, y. Since yg" = 0.5, decreasing (or increasing) 8 by 10% increases (or
decreases) Ry by 5%. Similarly, as yf" = —0.4417, increasing (or decreasing) y by 10% decreases (or
increases) Ry by 4.417%.

Next, we use sensitivity analysis to discover parameters that have a high impact on the basic repro-
ductive number R, and should be targeted by intervention strategies. Figure 1 presents our sensitivity
analysis on Rj, which involved computing the PRCC of R, using the LHS method. We see from Fig-
ure 1 that the natural mortality of psyllid population y, has the most effect on R, of all the constant
parameters. This occurs because the parameter is involved in both directions of transmission: from a
tree to a psyllid and vice versa. In addition, we can see that the parameters «, 8, A, r and K have the
positive impact on R,. For example, a decrease in S decreases R, whereas other parameters (i.e., iy,
Wy, v, T) are negatively correlated with Ry.

Identification of these key parameters is important to the formulation of effective control strategies
necessary for reducing the prevalence of the disease in the grove. In particular, the results of this
sensitivity analysis suggest that a strategy that reduces the parameters with positive impact on R, will
adequately reduce the spread of HLB in the grove. Furthermore, a strategy that increases the parameters
with negative impact on R, will be effective in curtailing the spread of HLB in the grove.

Mathematical Biosciences and Engineering Volume 18, Issue 4, 4162-4192.
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Table 2. Sensitivity index of Ry.

Parameter Description Sensitivity index
a Infection rate from infected citrus trees to susceptible 0.5
citrus psyllid
B Infection rate from infected citrus psyllid to suscepti- 0.5
ble citrus trees
K Maximum citrus population size 0.5
A Constant recruitment rate of psyllid population 0.5
r The replanted rate of citrus trees 0.0033
My Natural death rate of citrus psyllid -1
Hp Natural death rate of citrus trees -0.0715
y Disease-induced mortality of the infected trees -0.4417
T Latent period -0.0099

Partial rank correlation coefficients of R0

0.8r

0.6

Figure 1. Sensitivity analysis of the basic reproduction number R.

Therefore, it follows from sensitivity analysis that the disease in the grove can be effectively reduced

using control strategies:

e Nutrient solution injecting u(?) (i.e., decrease the value of the parameter f3);
e Infected trees removal u,(¢) (i.e., increase the value of the parameter y);
e Insecticides spraying us(t) (i.e., increase the value of the parameter u,).

4. Optimal control problem

The results of the sensitivity analysis suggest that control strategies that reduce infection rate (),
increase disease-induced mortality of the infected trees (y) and psyllid natural death rate (u,) will be

Mathematical Biosciences and Engineering

Volume 18, Issue 4, 4162-4192.



4173

effective in curtailing the spread of HLB in the grove. However, large quantities use of insecticides and
removal of infected trees in large numbers have been associated with the increased cost, which is an
important problem in sustainable control of HLB. For this, there is an urgent need to find an optimal
control strategy in terms of possible combination of strategies to prevent the spread of citrus HLB
while minimizing the implementation cost. In this section, we suggest the following delayed control
system with three-time-dependent control variables u(¢), u,(¢), and u3(7):

dS;t(t) = (K = Ny(®)) = B(1 = c11())S (D1, (2) — pnS 1 (1),
dlc;;ft) = B(1 = crui(D)S W(OL(1) — an(t) — YIu(E) — ©2ux(DIN(0), .
dev;(t) = A= ae™7S (DIt = 7) = S (1) = s3u3(1)S (D), @D
? = eSS (OI(t — T) — i, 1,(t) — G3u3(D,(1),
with the initial conditions
Su(0) = Shos 1) = Lo, So(1) = Swo, I,(6) = Lo, ui(t) = g, for—7 <1 <0, (4.2)

where ¢, ¢» and ¢3 denote the maximum injecting rate of nutrient solution, removing rate and killing
rate, respectively, and the control functions u(f) = (u;(¢), u»(t), u3(¢)) belong to the control set U defined
by

U = {(uy,uz,us3) : u; is Lebsegue measurable, 0 < u;(r) <1, t € [0,T], i =1, 2, 3}. 4.3)

Here T is the control period.
For the optimal control problem of system (4.1), we now consider the following objective functional

T B B B
J(uy, ty, u3) = f (Allh(t) + AL (1) + ?lu%(t) + ?Zug(t) n ?Su%(t))dt. (4.4)
0

Generally, cost function for each control is assumed to be quadratic. The parameters A, A, and By,
B,, Bj represent the desired weights on the benefit and cost. The objective functional J formulates
the optimization problem of identifying the most effective strategies, which involves the minimization
of the number of the infected citrus trees and psyllids and total implementation cost over a finite time
interval [0, T']. The goal of the optimal control problem is to seek an optimal control (u}, u3, u3) such
that

J(uy, u5,u3) = ml}n J(uy, uy, u3),

where the control set U is defined in (4.3) and subject to control system (4.1) with initial conditions
4.2).

In what follows, we use Pontryagin’s Maximum Principle [35] to solve this optimal control problem
with time delay.
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4.1. Existence of optimal control

Note that non-negative bounded solutions to the state system exists for the bounded Lebesgue mea-
surable controls and non-negative initial conditions. We assume not only the control variables u;(?),
u(t) and u;(¢) satisfy constraints (4.3) but also S,(0), I,(0), S ,(0), 1,(6) are non-negative continuous
functions for 8 € [—7, 0] and

Sn(0) =S8 >0, I,(0) =1, S,(0)=S,>0, 1) = L.

Then system (4.1) can be rewritten in matrix form as follows:

V(t) = AV(t) + F(V(1), V(1) + C(u, V(1)), 4.5)
where
Su()
. jl1(t)
O\ s.0 |
1,(0)

rK = BS(01,(1)
BS n(O1,(2)
AN —ae™TS (OH];(t - 1)
ae TS (O (t—71)

FV(0), V(1) = (4.6)

Bsui (0)S 1 ()1,()
—Bs1u1 (DS y(O1,(1) — S2ua (D) 14(7)
—G3u3(1)S (1) ’
—G3uz(D1,(1)

Clu, V(1) =

and V(1) = V(¢ — 7). It is easy to see that system (4.1) is a nonlinear system with bounded coeflicients.
Denote

G(V(0), V(1)) = AV(1) + F(V(1), V2(1)), 4.7)
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and
[Vi(®) = Vol = S pi(0) = S 2@ + 11 (1) — Lo(0)]
+ 181 = S 2] + [1L,1(2) — L (@),
(VD) = (V)OO = (Sh)e(8) = (S m2) (D + [(Tn1)-(1) = (Tn2)-(0)]
+ |(Svl)‘r(t) - (S VZ)T(I)l + |(Ivl)T(t) - (IVZ)T(I)L
here,

(Sni)c(t) = Spi(t = 1), (Upi)o (1) = Li(t — 1),
(Svi)‘r(l) = Svi(t - T), (Ivi)‘r(t) = Ivi(t - T), i = 1, 2.

It then follows from (4.6) that there exist positive constants L; and L, such that

IF(Vi(@), (VD)(0) = F(V2(1), (V2) (D)
< LiVi(@0) = Va0l + Lo|(V1)-(1) = (V) (D)l

where L; and L, are independent of state variables S ,(t), I,(¢), S, (¢) and 1,(t).
Consequently, we obtain

IG(V1, Vi) = G(Va, Vo)l < L(IVi(0) = Vo) + [(V1)(1) = (Va) (D)),

where L = max {L,, L,,||A||} < oo, which shows that G is uniformly Lipschitz continuous, hence by

definition of U with the restriction on S ,(¢), I;(?), S ,(¢), I,(t) > 0, we can see that the solution of system

(4.1) exists following the Theorem 4.1 and its corresponding corollary by Fleming and Rishel [36].
Theorem 4.1. There exists an optimal control (u}, u5, u3) € U such that

J(uj, uy, u3) = ml}n J(uy, uy, u3),

subject to the control system (4.1) with the initial conditions (4.2).

Proof. The existence of an optimal control problem can be verified by using the result in [36]. It

is obvious to see that both the control variables and the state variables are non-negative values, which

satisfies the necessary convexity of the objective functional. Note that the set of all the control variables

(u1(2), ux(t), u3(t)) € U is convex and closed by definition. The optimal system is bounded which

determines the compactness needed for the existence of the optimal control. Also, the integrand in the
Bi 2

functional (4.4), i.e., A1 I, + A,1, + Sup+ Bz u? 5+ %ug, 1s convex on the control set U. Besides, we can

see that, there exists constants 1, 17, > 0 and p > 1 such that
Al(1) + Ax 1, (1) il i (1) 2 (1) + ug(t) 2 1 ([ + ol + sy = o,

which completes the existence of an optimal control.
]
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4.2. Characterization of optimal control

Based on the well-known technique Pontryagin’s Maximum Principle, we manage to obtain the
optimal solution of the control system (4.1). For convenience, we set:
X(t) = (Sh(t)a Ih(t)’ Sv(t), Iv(t))a XT(I) = (S h‘r(t)a Ih‘r(t)a SVT(I)’ IVT(t))7
Sh‘r(l) = Sh(t - T), Ih‘r(t) =I(t— T), Svr(t) = Sv(t - T)’ Ivr(t) = Iv(t - T)’
u= (ul(t)’ MZ(t)9 l/l3(t)), /l(t) = (/ll(t)’ /12(t)a /13(t)9 /14(t))
To determine the precise formulation of our optimal control, we consider the optimal control prob-

lem (4.1)—(4.4) to find the Lagrangian function as well as Hamiltonian function. The Lagrangian
function L is given by

L(X,u) = A1 1;(?) + AL L,(2) + ui () + u5(t) + Uz (1),

and the Hamiltonian function H is

HOX, X1, ) =ATy(0) + AsL(5) + 252 + 22200 + 222
+ 4(0)(r(K - Nh(r)) -pB(1 - clul(t))Sh(r)Iv(t) — wpS 1))
+ LB = s O)S K OLE) — iy = YW — uOI(0)) 3B

+ B(O(A — ae™™7S (O, (t = T) — 1,8 (1) — S3u3(1)S (1))
+ () (e ™S (O,(t — T) — w,1,(1) — S3u3(D)1,(2)),

where A(f), A,(t), A3(¢) and A4(¢) are the adjoint variables.
For simplicity, we introduce a indicative function

1 f 0<¢t<T~-rm,

_Tl‘: 49
Xior—® {0 it T—7r<t<T. 9

Notice that a necessary condition for optimality problems can be found in [35]. If we consider X(¢) and
X.(t) defined above, then there exists a continuous function A(¢) on [0, T'] satisfying equations given
below, namely, the state equations

X(t) = Hy(X, X7, u, (1), (4.10)
the optimal condition
0=H,(X, X, u, )(), (4.11)
and the adjoint equation
—A(t) = Hx(X, Xy, tt, )(0) + x10.7-(O)Hyx, (X, Xe, tt, D@ + 7), 4.12)

where H,, H,, Hx and Hy, denote the derivatives of the Hamiltonian H with respect to 4, u, X and X-,
respectively. Now, applying the necessary condition to Hamiltonian H in (4.8) with X = X*, following
result hence obtain.
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Theorem 4.2. Let X* = (S, I}, S, I}) be an optimal state solution associated with the optimal

v Ty

control variable u* = (u], u;, u3) for the optimal control problem (4.1)—(4.4). Then there exist four
adjoint variables 4;(¢), (i = 1, 2, 3, 4) satisfying the adjoint equations as follows

(1) = = (D)= r =B — qrur(D)L,(1) — pn) — (DB(1 = 1u())1,(D),
L) == A+ 4(Or = L@O(— w -y — sua(2))
= X107 O[A( + T)(— @e™7S (t + 7)) + At + T)ae 7S (t + 7)),

) . Cr (4.13)
A3(t) = = B(O( = ae™ Iyt — 1) — py — g3u3(t)) — A(Hae™ 1yt — 1),
() = = Ay = L1(D)( = B(1 = 11 (1))S (1)) — (DB(L = §1u1(1))S (1)
= (= py = s3u3(1)),
with transversality conditions
(=0, i=1,2, 3, 4. (4.14)
Moreover, the optimal controls ], u; and « are characterized in the following
) { : {(mz(t) — 11 (1)BS W(1,(2) } }
¥} = max{ min 11,00,
B,
(DI (t
u, = max{min{M,l}, 0}, (4.15)
2
. . ($3(A3(0)S (1) + A(),(1))
1y = max{ min B , 14,00,
3

Proof. The proof follows from Pontryagin’s Maximum Principle. By using the adjoint equation (4.12)
and differentiating the Hamiltonian (4.8) with respect to X(¢) = X*(¢) and X.(¢) = X;(¢), we obtain

=(t) = Hs:(0) + xj0r-(OHs: (1) | (1 + 1),
~ (1) = Hp: () + xor-a(OH (1) | (£ +7),
—A3(t) = Hy: (1) + xj0.7-n(DHs:, (1) | (1 + 1),
—A4(t) = Hp: (1) + xj07-n(OHp, (@) | (£ + 7).

(4.16)

Then substituting the corresponding derivatives Hx(z) and Hy () (here X = §,,1,,S;,1I}) into (4.16),

vy

we can obtain the adjoint equations (4.13). Further, from the optimal conditions (4.11), we have

OH
- Biuy + 41 (0Bs1S w(D1,(1) = 12(0Bs2S n(D1,(1) = 0,
OH
o = By, — ()62 1y(1) = 0,

12%)
OH
P Bsuz — A3(0638 (1) — 44(D)s31,(1) = 0,
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which indicates

_ (S22(8) = 11 (1))BS (DL, (1)

U
B,

_ (D)

Uy = T,
B,

(A0S () + LDL(D)

us = .
B;

Taking into account the property of control set in (4.3), we obtain

0 i (§2A2(1) — gl/z(t))ﬁsh(t)lv(t) <o,
1
W) = ($242(0) - §1/E(t))ﬁ5h(t)lv(t) £ 0< (s2(1) - 5121(1)),35/1(0%(0 <1,
1 1
| " (62(1) — 11 ())BS 1 (O],(1) 1,
B,
0 if M < 0’
B,
i(6) = S22 () 1(1) £ 0< $2A2(0) (1) <1,
32 BZ
1 if $2(01(1) > 1,
B,
0 . s3(A40OS V(tj)g + 4(D1,(1)) <0,
3
i(t) = S(LOSO + LOLWO) ) SABOSO + WOLO)
B3 B3
| i SOS.0+ LOLO)
Bj
This can be rewritten in compact notations:
u' = max { min {(S‘z/b(f) - glg(r))ﬁs WO 1}’ o},
1
) . [ S2(0)14(1)
= ——, 1,0y,
U, = max { min { X } }
. $3(A3(DS (1) + A(DL,(1))
= ,14,07¢.
u; = max { min { B, } }
This completes our proof. O

Formulae represented in (4.15) are the characterization of the optimal controls. In addition, the
second derivative of the Lagrangian L with respect to uj(z), u;(#) and u;(?) is positive, which shows
that the optimal problem is minimum at controls u}(?), u;(#) and u5(?). Further, the optimality system,
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which consists of the adjoint equations (4.13) and the state equations (4.1), the transversality conditions

(4.14) with the explicit representations (4.15) for the controls is given below.

$4(0) =r(K — Ny(0)) - 3(1 o max { min {(§2/12(l) - glﬂ; 1(t))BS h(r)lv(t)’ 1}, 0})
X S p(O1,(1) — S 1(0),

1(1) =,3(1 — ¢1 max { min { (s222(0) - 5"1’;11(0),35 h(t)lv(t)’ |

— yI,(t) — ¢, max { min {%tzlh(t), l}, O}Ih(t),

Sv(t) =A —ae™'S v(t)lh(t - T) - IJVS v(t)
$3(A3(1)S (1) + A(D](1)) |
B, :

Lol Jsuon® - mhio

— ¢3 max { min { } O}S WD),

jv(t) =ae ""'S v(t)lh(t - T) - :uvlv(t)

§3(A3(0S (1) + L(D1,(1))
Bs

1h o},

(S22() = 1 1(1))BS 1 (DL,(2)
5 , 1}, 0})1v<t>
(6222(8) — 61 41(D)BS n()1,(2)

B] 9 1}’ 0})Il’(t)’

— ¢z max { min{

() = - /ll(t)( -r —,8(1 -G max{min{

- ,uh) - /lz(t),B(l — ¢1 max { min{
S‘z/lz(l‘)lh(f)’ 1}’ O})

L) =—A + 4L ()r - /lz(t)( — Hp — Y — S max { rnin{ 5

_X[O,T‘r](t)[/13(t +7)(—ae™™7S ,(t+ 1)) + At + T)ae 7S (¢ + T)],

) = - Asm( e Pt — 1) -
6313080 + A(DL(D)

— ¢3max { min{ 1}, 0}) — L(Oae™ L (t — 1),

B;
) = — Ay — i t)( _ 3(1 ¢ max { min {(mz(t) - glgl(t))ﬂSh(t)Iv(t)’ 1}’ o})
« S t)) o t)ﬁ(l o max {min {(mz(t) - gldgl(t))ﬁSh(t)lv(t), 1}, 0})Sh o

$3(A3(DS (1) + WO, ©)) , 1}, 0})

- /14(t)( — U, — §3 max { min{
B;

with initial conditions (4.2) and transversality conditions (4.14).

4.3. Uniqueness of the optimality system

4.17)

The optimal control depends on adjoint variables and state variables, thus the uniqueness of the
optimal control derives from the uniqueness of the optimality system. In this subsection, we attempt
to prove that the optimal system has a unique solution. Note that S ,(t), 1,(t), S ,(t), I,(¢) are bounded,
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then the adjoint equation (4.13) has a bounded right-hand side which is dependent on the final time

T. Therefore, there exists a positive constant M, which is dependent on the coefficients of the state

equation and the uniform bound for S ,,(¢), I,,(t), S ,(¢) and I,(¢) such that | A; |[< MT on [0, T].
Theorem 4.3. For T sufficiently small, the solution to the optimality system (4.17) is unique.

Proof. Suppose that (S, I, S, 1,) and (S_h, 1,,S,, I_v) are two distinct solutions to the optimality system
(4.17). Let my > 0 be chosen such that
Sp=€"h, I,=e"q, S,=€"f, I, =",

4.18
A=e™w, =e™vy, A3=e ™, Ay =e ™k, ( )

Sy=¢e"h, I,=€"q, S,=€"f, I,=¢e"l,
A=e™w, L=y, =) A=k

It follows from (4.15), (4.18) and (4.19) that

(4.19)

QU" } } (4.20)

Q“q } } 421)

Denote
T
Q:f h=h+@q-*+(f - +U-D+ -0+ =9+ - ))* + (k= k)idt.
0

To prove our main result, we firstly show the following two claims are valid.
Claim I. There exist positive constants C, and D, such that

T
%[(X(O) - %(0)*] + a, f (x—2%dr < C.Q+ D™ Q
0

holds, where x = w, v, j, k,and a,, = mg +r + pp, a, = my + p, +7y, a; = my + [, A = Mo + .
Without loss of generality, we take x = v to analyze. Other cases can be discussed similarly.
Substituting (4.18)—(4.21) into the sixth equation of system (4.17), we have

—mov+V = =A™ +rw+ (uy +y)v + gzvmax{mln{%q 1},0}

2
+ Xpor-a0e™ H a f(t +7)j(t + ) = xpor-aOe™ T a f(t + DKt + T),
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and
- = mot ~ - - . (S2Vq
—mov + V' = — A1 + ro+ (uy + y)v + gzvmax{mm{B—, 1}, 0}
2

+ Xto7-(D™ T f(t + 1) j(t + T) = X0 - (D™ M @ f(t + T + 7).
Subtracting the above two equations, we have

(mo + pp +y)(v — V) = (V' = 7)

= r(w-w)+ g‘z\?max{min{%, 1},0} - gzvmax{min{%‘;q, 1},0} 422)

+ x0.1-aOE™ T a(f(t + 1) j(t + 1) — f(t + 1) j(t + 7))
+ x107-0(OE™ T a(f(t + Dk(r + T) = f(t + Dk(t + 7).

Multiplying (4.22) by v — v and then integrating from O to 7', we can derive the following equality by
transversality conditions (4.14).

T T T
f (mo+p+y)(v—v)>dt — f V' =) v=9)dt = (mo+pp+7y) f (v—\'/)zdt+%[(V(O)—\?(O))Q]. (4.23)
0 0 0

From (4.22) and (4.23), we get
1 T
5[(\/(0) — 9(0)] + (mo + puy +7) f (v —v)’dt
0

T T N
= f r(w— w)(v—v)dt+ f gz(\'/ max { min {ﬂ, 1},0}
0 0 B

2

- vmax [min (24, 1}, 0})(v W)t 4.24)

2

T
+ f Xior-a®e™ T a(f(t +1)j(t + 1) — f(t + 1) j(t + 1)) (v — V)dt
0

T
+ f Xior—aDe™ T a(f(t + Dk(t +7) — f(t + Dk(t + 7))(v — P)dk.
0

Note that ™7 < ¢™T () < Xo.r-@) <1for0 <t <T,(4.24) yields
1 T
100 = 5O+ ) [ 9
0

T T P
< f r— w)v—v)dt+ f gz(\'/ max { min {Qﬂ, 1},0}
0 0 B

2

— vmax { min {%, 1}, 0})(v —V)dt

2

(4.25)
T
cae [ dora @+ 0+ 1) = e+ 0+ D)=

T
+ aemoT f X10.7—7] (t)(f(t + T)k(l + T) - f(t + T)]_C(t + T))(V - \_})dt
0

= + L + ae™' I; + ae™" I,
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where

T
I = f r(w — w)(v — v)dt,
0

T —_—
L= f gz(\_zmax{min {w, 1},0} — vmax { min{w, 1}, 0})(v — V)dt,
0 B, B,

T
I = fo xior-a O +7)j(t + 1) = f(t+1)j(t + D))V = D),

T
Iy = f Xior-aO(f(t + Dkt + 1) — f(t + Dk(t + 7))(v — D)dt.
0

In the following, we will calculate formulae /;-, and enlarge them into the form of sum of squares
by using the inequality ab < (a® + b*)/2. It is obvious to show that

T T
I = f H@ - w)(v - P)dt < r f (- @) + (v —7)dr. (4.26)
0 0

Besides, we can see that there exists a positive constant M, such that

T —
L :f g‘z(\?max{min{gvaI, 1},0} - vmax{min{w’ 1},0})(v Dt
0 B, 5,

T —_—
:f gz(\?(max{min{w,l},O}—max{min{w,l},O})
0 B, B,

+ max { min {%, 1},0)(5 — v))(v Dyt
T 2 (4.27)
< 225G — —5l)v=9)d
fo 5‘2( B [vg —vgl + |v VI)(V v)dt

2

T > _
sf R e B ot
0 BZ Bz

T
<M f (q- 97+ (v - 7.
0

Next we will specifically analyze formula 5. In view of f(t + 7)j(t + 7) — f(t + 7)j(t + T) =
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fE+Djt+1)— fE+1)jt +1)+ ft +1)jt + ) — f(t + 7)j(t + T), we have

T
L= j(; Xior-aO(ft+1)jt + 1) — f(t +71)jt + 7)) (v — V)dt
T

= fo Xo.r-aO(fE +1)j(t + 1) = fr + 1) j(t +7) + f(t + 1) jt + 7)
—f&+1)jt+71)(v—v)dt
T
= j(; Xio.1-aO[v = V) f(t+7)(j(t + 1) — j(t + 7))
+ (=)t +1)(ft+71)— f(t+1))]dr.

T
<M, L Xo.7-r/(D© = Dt + 1) — j(t + 7))dt

T
+ M3 ﬁ X[()’T_T](l)(v - \_/')(f_(t + T) - f(f + T))dl’,

where M,, M3 are the upper bounds for f(¢ + 7) and j(t + 7), respectively.
Further, by using the inequality ab < (a® + b*)/2, we have

T
fo X0.7-a (O =Mt + 1) — j(t +7))dt
T T
< f (v —v)*dt + f Xm0 +71) = jt + 7))’dt,
0 0
T T-1
= f (v — v)2dt + f Gt +71) — j(t +7))°dt
0T 0T
= f (v—9)dt + f (o - j)’dt
OT TT
< f (v — v)’dt + f (j(t) = j(0))dt.
0 0
By similar above discussion, we can yield

T T T
[ xoraw =0 - s o< [Co-vidre [ -
0 0 0

It follows from (4.28), (4.29) and (4.30) that
T T
I < szo (v=9)>+(—)ldt+ Mgfo v =97+ (f - fdr.
Similarly, we can obtain that there exist positive constants M, and M5 such that
T
1= [ dur-a O+ DR+ 1) = Fo+ 0+ ) =

T T
SM4f(v—\7)2+(k—l_<)2dt+M5f(v—\7)2+(f—f)2dt.
0 0

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)
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From (4.26), (4.27), (4.31) and (4.32), we can conclude
1 T
5[(\/(0) = 90))*] + (mo + p +y) f (v —v)di
0

T T
rf(w—a)2+<v—v>2dr+M1f<q—q>2+<v—v>2dr
0 0

IA

T
+ max( M, M )ae™ fo (= PP+ =0+ = P

T
+ max{M,, M5}cxe’”°T( f (f= P+ =)+ (k- l_c)zdt)
0

IA

T
Cv[ f (-9 +(w-0)P+ (- v)zdt]
0

T
# D[ [ P2 = - P - R
0
CvQ + DvemoTQ-

IA

Claim II. There exist positive constants C, and D, such that

1 T
SO =3 ] +a, fo (¢ =3Vdi < C,Q+ D™ 0.

wherey = h, q, f, l,and a, = mg + 1+ pp, ag = mo + py +y, ay = mo + [y, a; = mo + [,
The proof of Claim II is similar to Claim I, we omit it.
By Claim I and Claim II, we can see that

%[h(T) ~ (D) + %[q(T) — gD + %[f(T) — f(DP + %[l(T) -
+ %[w«)) - a0)]" + %[v(m - 9(0)]* + %[j(m — JO)P + %[km) - kO
+ g+ 7+ 1) fo (= B+ (mo + 1, +9) fo g 37t + (mo+ 1) fo P
+ (mo + 11y) fOT(l — D2dt + (mo + 1 + ) fOT(w — @)2dt + (my + pp, +y) fOT(v — P)%dt

T T
+ (mo + ) f (j = Jdt + (mg + ) f (k - k)*dr
0 0

T T T T
< C[f (h—ﬁ)def (q—q)def (f—f)zdt+f (L - IVt

OT OT OT OT
+f (w—d))zdt+f (v—\'/)zdt+f (j—])zdt+f (k—l_c)zdt]

0 0 0 0

T T T T
+Dem°T[ f (h — h)*dt + f (g —g)*dt + f (f = f)dt + f (I - Ddt
0 0 0 0

T T T T
+f (w—&))zdt+f (v—f/)zdt+f (j—j)2dz+f (k—l_<)2dt],
0 0 0 0

= (C + De™)Q
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which implies that
(my—C — De™")Q < 0, (4.33)

where C and D depend on all coeflicients and bounds on all solution variables.
It is easy to see that there exist my > 0 and T > 0 sufficiently small such that my — C — De™T > 0
holds true, that is,

In 2=€
T < —2
my
For the choice of m,, we have T < In m‘gc. Therefore, the solution to the optimality system (4.17) is
unique provided that 7" sufficiently small. This completes the proof. O

5. Numerical simulation

The optimality system (4.17), consisting of the state and the adjoint equations, is solved numerically
by using the forward-backward sweep numerical method [37] in the software Matlab. The process
begins with an initial estimate for the control pair (uy, us, uz) = (uy9, U9, Uzo) over the interval [—7, T].
Then, the initial conditions in (4.2) are used to solve the state system forward in time on interval [0, T].
The results obtained for the state variables are plugged into the adjoint equations (4.13). These adjoint
equations are then solved backward in time on intervals [T — 7, T] and [0, T — 7], respectively, using the
transversality conditions (4.14) and the approximated solution of the state system. Both the state and
adjoint values are then used to update the control, and the process is repeated until the current state,
adjoint, and controls values converge sufficiently [38].

Hence, to illustrate the optimal control strategy, different control intervention schemes are com-
pared. The parameter values tabulated in Table 1 and the estimated values of weight constants in the
objective functional, are used in the numerical simulations. Based on the actual application, we do
not consider single control strategies but focus on evaluating the population-level effectiveness of the
following coupled and threefold control combination strategies on the transmission of HLB :

e Strategy /: Combined nutrient solution and infected trees removal strategy (i.e., u; > 0, uy > 0,
usz = 0)

e Strategy //: Combined nutrient solution and insecticide strategy (i.e., u; > 0, u3 > 0, u, = 0).

e Strategy ///: Combined infected trees removal and insecticide strategy (i.e., u > 0, uz3 > 0,
uy = 0)

e Strategy /V: Combined nutrient solution, infected trees removal and insecticide strategy (i.e.,
u;p = 0,u, >0, u; >0).

The system (4.1) is now simulated to assess the impact of different control strategies on HLB trans-
mission between citrus tree population and psyllid population. For the aforementioned strategies, the
optimal solutions for system (4.1) are solved over a time period of 60 months (i.e., T = 60 months)
and the initial conditions are taken as follows: S,(0) = 1650, 1,(0) = 50, S ,(0) = 250 and 7,(0) = 5.
In the simulations, the maximum injecting rate, removing rate and killing rate are taken to be ¢; = 0.3,
¢» = 0.6 and ¢3 = 0.8. For the weight factors we choose A; = 1000, A, = 1, B; = 200, B, = 1000
and B; = 100. It should be pointed out that the weights in the simulations here are only of theoretical
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sense to illustrate the control strategies proposed in this section. The basic reproductive number in the
absence of intervention is given as Ry = 2.2505. This indicates that if not controlled, HLB will spread
rapidly and be epidemic in the grove.

The results of the optimal control simulations of the HLB model (4.1) are presented in Figures 2, 3, 4
and 5. Firstly, we observe from Figure 2 that the infected citrus trees I, and infected psyllids 7, increase
rapidly without control, while with control, they decrease continuously and tend to be zero eventually.
In other words, HLB will die out based on the time-varying optimal control strategy whereas it would
break out without control.

Secondly, we find that the numbers of susceptible citrus trees S ,, infected citrus trees I, susceptible
psyllids S, and infected psyllids 7, under different control strategies are different (see Figure 3). We
can see from Figure 3 that the control Strategies /// and /V have a very desirable effect upon the
population of the citrus trees and the citrus psyllids. To be specific, it is clear that the number of
infected individuals reduces significantly in presence of the controls u;, u, and u3, or u, and u3. This
indicates that nutrient solution has little impact on the prevention of HLB.

(€Y (b)
2500 F : : : : ! 5 600 , , , : :
no control no control
ul,u2,u3 500 ulu2u3 |7
2000
r 400 | 1
= 1500 [ 1 -
;’; =300
1000 -
200
500 - 1 100
. ‘ ‘ ‘ ‘ ‘ -
0 10 20 30 40 50 60 0 10 20 30 40 50 60
t(month) t(month)
(©) 4
x10
(d) 800

no control no control
ul,u2.u3 |7 ul,u2,u3

600

/ £ 400t

200

5,0
o r N 6 s o e

t(month) t(month)
Figure 2. The number of (a) susceptible trees S (), (b) infected trees I,(t), (c) susceptible
psyllids S ,,(¢), and (d) infected psyllids 7,,(¢) with and without control.

Moreover, after computing total optimal cost and the total infection averted under different strategies
(the values are listed in Table 3), we can conclude that the total infection averted is the largest and the
total cost is the lowest when implementing Strategy /V. Therefore, for our HLB model, minimizing
the total cases of the disease with minimum total cost can be achieved by optimal control strategy /V.
We may conclude that Strategy /V is the optimal strategy among the four strategies and it appears to
offer a promising measure for HLB control. Additionally, we can see that the total cost of implementing
Strategy /V is dramatically less than that of implementing Strategy / or /1, and the total infection
averted of implementing Strategy /V is more than that of implementing Strategy / or //. This implies
application of insecticides and removal of infected trees play an important role in managing HLB
transmission.
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Table 3. The total infection averted and total cost under different strategies.

Strategies Total infection averted Total cost

No control 0 1.4066 x 10°
Strategy 1 521.5 6.4369 x 10*
Strategy 11 503.9 1.8934 x 10°
Strategy 111 523.5 1.8843 x 10*
Strategy IV 523.5 1.8623 x 10*

The corresponding time-dependent controls u,(f), u,(¢) and u3(¢) are depicted in Figure 4. We can
see that the optimal control variable u,; starts at 0.15, which then increases to 0.96 rapidly in the first
6 months before gradually decreasing to the lower bound 0 at the end of the simulation period. While
the optimal control variable u, starts at the upper bound 1 for over 10 months and slowly decreases to
the lower bound 0 at the end of the simulation period. The optimal control variable u3 is similar to u,,
it starts at the upper bound 1 for over 20 months and slowly decreases to the lower bound 0 at the end
of the simulation period. These results suggest that, in order to economically and effectively control
the spread of HLB, nutrient solution control should be only implemented in the start for a short time,
while the infected trees removal control and the insecticide control are maintain at high levels for a
long time.

@ (b)

2500 50
—u3=0 —u3=0
u2=0 u2=0
40 1
2000 —1=0 —ul=0
/ —u1,u2,u3 —u1,u2,u3
~ 1500 - 4 30 7
o =
1000 © 1 20
500 - i 100
0 L L L L L 0 L L B
0 10 20 30 40 50 60 0 10 20 30 40 50 60
t(month) t(month)
© C)
6 200

—3=0) ™ —3=()
5r u2=0 u2=0
—ul=0 150 - —u1=0

4+ ——ul,u2,u3
o3 ] =100

. . . . . . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
t(month) t(month)

=—ul,u2,u3

Figure 3. The number of (a) susceptible trees S (), (b) infected trees I,(f), (c) susceptible
psyllids S,(#), and (d) infected psyllids 1,(f) under four control strategies, i.e. (i) uy, u,
(u3 = 0); ()uy, uz (uy = 0); (iii) up, uz (u; = 0); (iv) uy, up and us.

Finally, we present Figure 5 to investigate the effect of delay. Apparently, the longer time delay
results in the higher total cost for the stationary terminal time. And we can also see from Figure 5 that
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there is an increase in the number of infected trees /, and infected psyllids 7, with the increase of time
delay 7. Thus, the longer latent delay leads to HLB control be more complicated, which coincides with
the reality. This also implies that ignoring time delay would underestimate the transmission risk of
HLB.

1 o T T T T 1 3 T T T T 1
@ 09 1 () 09+ 1 © 091
0.8 , R 08 R 0.8
0.7F R 07F R 0.7F
0.6 I 1 06 1 0.6
.05 S o0sf S 0s)
0.4 H 1 0.4 1 041
0.3 R 03F R 031
02 J 02} 4 02}
01 — oul R 01l
o . 'T'uu-u‘-.u--- 0 I I I I I K 0 I I I I I
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
t(month) t(month) t(month)

Figure 4. Optimal control strategies with three interventions, (a) the efforts of injecting
nutrient solution, (b) the efforts of removing the infected trees, (c) the efforts of spraying

insecticide.
4
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Figure 5. The total cost and the number of infected evolve as the time delay 7 increases for
a fixed terminal time T = 60 months.
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6. Conclusions

In this paper, we present a new deterministic delayed vector-borne plant model considering disease
latency to analyze the spread of HLB, which healthy, infected individuals in the citrus trees and healthy,
infected individuals vector populations are taken into consideration. We derive the basic reproductive
number R, and analyze dynamics behavior such as the existence of the equilibria and their stability on
the basis of basic reproductive number in two cases 7 = 0 and 7 > 0. It shows that the disease-free
equilibrium E, of model (2.1) is globally asymptotically stable if Ry < 1 and unstable if Ry > 1, and
the endemic equilibrium E* is locally asymptotically stable if Ry > 1 in the case of 7 = 0; whereas
stability changes occur through Hopf bifurcation in our delayed system provided that 7 > 0.

Optimal control theory is then applied to investigate the optimal strategy for HLB transmission using
three time dependent control variables determined from sensitivity analysis. To the best of our knowl-
edge, no HLB modeling studies have formulated models that incorporate time delay and integrated
control. The novel model developed in the current study to explore an optimal integrated strategy for
a delayed HLLB model considering the disease latency. By using Pontryagin’s Maximum Principle, we
obtain the exact optimal control formula and prove the uniqueness of optimal control solution. Numer-
ical simulations illustrate the effectiveness of the proposed control problem. The following results are
observed from our numerical simulations: (i) effective management of psyllid population will be help-
ful to curtail the spread of citrus HLB; (ii) the application of three time-dependent controls u;(¢), u,(t)
and u3(¢) obtained from the sensitivity analysis appears to offer a promising measure for HLB control;
(i11) threefold control strategy is superior to the coupled control strategies in reducing the spread of
HLB; (iv) ignoring time delay would underestimate the transmission risk of HLB.

As we all know, application of insecticides is the most widely followed option for reducing citrus
psyllid population at present. However, some existing literature indicates that the over-reliance on
insecticides, their injudicious use and intense selection pressure has resulted in the development of
varying levels of resistance in the citrus psyllid population [39,40]. Therefore, there is an urgent need
to assess the impact of intensity of insecticides resistance on the transmission dynamics of HLB and
explore resistance management strategy that maintains the effective use of all classes of insecticides
for citrus psyllids control. We leave this interesting but challenging problem for future investigation.

Additionally, in [41], the authors illustrate that the seasonal population dynamics of citrus psyllid
could be described by trimodal curve. This means the growth rate of psyllid population is strongly
impacted by environmental conditions, especially temperature. Therefore, some important features,
including the role of temperature-dependent infection rates as well as recruitment of psyllids should be
considered in our future work.
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