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Abstract: We present an age- and stage-structured population model to study some
methods of control of one of the most important grapevine pests, the European grapevine
moth. We consider control by insecticides that reduce either the proportion of surviving
eggs, larvae or both, as well as chemicals that cause mating disruption, thereby reducing
the number of eggs laid. We formulate optimal control problems with cost functionals
related to real-life costs in the wine industry, and we prove that these problems admit a
unique solution. We also provide some numerical examples from simulation.
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1. Introduction.

Crop industries are frequently confronted with pest populations that cause great
damage and losses. Many such pests are insects as, for example, the boll weevil
(Anthonomus grandis) in the cotton crop'?®, the European grapevine moth (Lobesia
botrana) in the wine industry®18 or the apple leaf midge (Dasineura mali) in apple
crops®. The methods used to control these pest populations are mainly application

19 and

of insecticides (e.g. Bt, growth regulator), mating disruption to a lesser degree
other modern methods currently in the testing process, such as biological control?°

or development of transgenic plant mutants resistant to the particular insect!?.

For many decades Lobesia botrana, the European grapevine moth (EGVM), has
been a major concern in vineyards in Europe, North Africa, Asia and —very
recently— also California®. In this paper, we model the first two control meth-
ods of this pest population with the goal of finding strategies that optimize the
reduction of pest population size and amount of chemicals used.

*Corresponding author.
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Our model is built from the multistage physiologically structured population model
presented in 216, for any insect pest whose biological cycle consists of four main
stages—egg, larva, female and male. The males are not considered here because the
additional equation describing their population dynamics can be neglected in the
mathematical analysis given in that paper without any loss of generality. Let u¢, u!,
and u/ be, respectively, the age densities at time t of the egg, larva and adult female
moth populations. The dynamics of these populations in their free environment are
modeled as in 26 by the following so-called size-structured model in which the

structure variable a may represent size or another physiologically relevant variable:

G (t,a) + £ [9°(B(t), a)us(t, a)] = —B(E(t), a)u’(t, a)
—me(E(t),a)uc(t,a), (t,a) € Qe
B (t,a) + £ (¢ (B(), a)u!(t,a)] = =B (E(1), a)u' (¢, a)
(PYLE(t),a)ul(t,a), (t,a)eQ,
8“ ~(t,a) + 3% [(gf(E(t),a)uf(t,a)] = —mf(E(t),a)uf (t,a), (t,a) e Qf,
(1.1)

where Q% = [0,T] x [0, L*], for k = e,l, f, the boundary conditions, for ¢ € [0, T],
are given by

—ml

g9°(E(t), 0)us( fo "85 Pf ,B(t),a)u! (t,a)da,
g'(E(t), 0)u'( fo 56 (1), a)u®(t, a)da (1.2)
g’ (E(t),0)u’ fo (t), a)u!(t, a)da

and the initial conditions are
ub(0,a) = ub(a), ac0,L*], k=el,f. (1.3)

The total population for the k-stage is defined by

Lk
k = ’U/k ajaa
PH(1) = / (t,a)da,

where L* is the maximum age for the stage, and k takes the value e for egg, [ for
larva and f for female. The variable E corresponds to the time-dependent vector
(T, H, R) modeling the changing climatic (Temperature and Humidity) and environ-
mental (food Resource) conditions. The motivations leading to this mathematical
framework of this population dynamics model and the explanation about the de-
pendency of the variables m! and 37 on the total population P!, P/ are given in
the paper 2. We just recall here to help the understanding of the next section that
equations of system (1.2) describe all the key steps of the insect’s biological cycle.
In particular, the first equation models the birth dynamics, the second models the
hatching dynamics and the third equation is a proxy for the adult flight dynamics.
For k = e,l, f, the initial functions ulg are assumed non-negative and integrable,
the growth functions g* —bounded in the age variable (with additional conditions
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specified in the appendix), and the k-stage mortality functions m*

and locally bounded, satisfying the conditions

—non-negative

t
lim mP(B(t), X*(s;t,a))ds = 0o, a > X*(t),
a— Lk 0
¢
lim mF(B(t), X*(s;t,a))ds = 0o, a < XF(t),
a— Lk Zk(05t,a)
for t € [0,7] and k = e, f, and the conditions

t
lim m! (P!, E(t), X'(s;t,a))ds = co, a> X'(t),
a—L! 0
t
lim m!(P', E(t), X' (s;t,a))ds = 00, a < X'(t),
a— Lt Z1(0t,a)
in order to ensure that all individuals from the first two life stages transition into
the next stage by the maximal age for their stage and that all female adult moths
die by the maximal age for the species.
The functions X* and Z* (for k = e, [, f) parametrize , respectively with time ¢
and age a as parameters, the characteristic curves of (1.1) defined by

(X*)'(s) = 9" (E(s), X*(s)), (Z%)'(s) = g*(E(Z*(s)), 9),
X*(t) = a, Zk(a) =1,

and they are assumed to be Lipschitz continuous in the first variable, with Lipschitz
constant my. The function 3° models the transition between the egg and larval
stages, whereas the function ' models the transition between the larval and the
adult female moth stages. The function 8/ represents the age-specific fertility. These
last three functions are non-negative and bounded, and they satisfy

0< g* < BYE),a), 8 (PT,E(t),a) < B*, k=e,l

Moreover, the fertility function is assumed Lipschitz continuous in the first variable,
P7 . with Lipschitz constant Sx.

In the next section we motivate and describe the control problems we shall analyze in
this paper. In Section 3, the existence of a solution for the resulting optimal control
problem is proved whereas in Section 4 the uniqueness of the optimal control pair
is obtained through the use of Ekeland’s principle®7. Section 5 is devoted to the
numerical characterization of the optimal control through simulations. Finally, in
Section 6, we summarize our results and draw some conclusions.

2. New models for control.

We begin by describing how the two types of control we consider in this paper can
be built into the general model (1.1)-(1.3). Then, we describe the cost function we
consider and we give a rationale for the form of its functional dependence on the



February 16, 2015 10:27

4 Picart, Milner
control(s) and densities.

Insecticides cause a direct decline in egg and larval populations by targeting either
population or both. For example, egg pesticides (ovicides) are sprayed just before
the onset of the egg laying dynamics in order to kill a maximal number of eggs,
thus guiding our model to include a modification of (1.2) as follows. We let v1 be an
indicator of the egg pesticide application at time ¢ and age a, and we let a; € [0, 1]
represent its efficiency. More specifically, o is the percentage of eggs killed by the
ovicide per unit time, assumed to be the same for eggs of all ages. As for the
control, vy, we shall restrict it to take values in [0, 1], with 0 indicating it should not
be applied at the particular time and values in (0, 1] should be interpreted as the
dilution to use for optimal cost, which we shall assume results in a linear decrease of
its efficiency. In the linear case—when there is no density dependence in the fertility
function— our simulations seem to indicate that the optimal control actually takes
only the values 0 and 1, thus working just as a switch that turns on and off the
application of pesticide.

The pest population dynamics under the effect of egg pesticide control is modeled
by (1.1)-(1.3), except that the boundary condition for the egg density is now given
by

G (E(t), 0)u (£, 0) = /0 [ - aron(t,a)) 8 (P!, E@), a)! (fa)da.  (2.1)

The number of eggs surviving the control is now computed from the number of
eggs laid without the use of control by subtracting the number of eggs killed by the
egg-pesticide.

Larval pesticides are applied during the “black head” stage of egg development. We
let vo be the indicator of larval pesticide application at time ¢ and age a, and we let
ag € [0,1] represent its efficiency. The pest population dynamics under the effect of
larval pesticide control is modeled by (1.1)-(1.3) with the equation describing the
egg population dynamics modified to
aue a € e € €
E(tv a) + % [g (E(t), a)u (t,a)} =-p (E(t), a)u (tva>

— [m®(E(t),a) + agva(t,a)]u(t,a), (t,a) € Q°.

(2.2)

The mating disruption consists of disturbing mating by diffusing the female sex
pheromone from dispensers thereby reducing the mating rate and, consequently,
the number of eggs laid; see!” for a more complete description of the mechanism.
The pheromone dispensers must be applied before the beginning of mating, typ-
ically during the egg laying dynamics. Therefore, this method of control can be
modeled in exactly the same way as control by ovicide, and that is the approach we
shall take in this paper.
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In summary, the population dynamics under these pest population control methods
is described by
G (t,a) + £ [9°(E(1), a)us(t, )] = = [B°(E(t),a) + m®(E(t), a)] u*(t, a)
—aaua(t, a)us(t,a), (t,a) € Q°,
aa—“tl(t,a) + % [gl(E(t), a)ul(t, a)} = —BYUE(t),a)ul(t,a) — m' (P!, E(t),a)ul(t,a),
(t,a) € Q,
ol (t, )+ e [gf(E(t) a)u! (t,a)] = —m/(E(t),a)u’ (t,a), (t,a) € O,
( (t), fo [1 - alvl(ha)]ﬂf(Pf, E(t),a)u (t,a)da, t€[0,T],
g (E(t), fo 66 (t),a)ué(t,a)da, tel0,T],
gf(E(t) uf t,0) fo (t),a)ul(t,a)da, tc0,T],
u®(0,a) = uk(a), ac [O,Lk], k=el,f.

vv

(2.3)

We remark that for both pesticides we have assumed here that the control product
targets a specific population that is function of the real time of the product appli-
cation: ovicide only affects the newly laid eggs and not the aged eggs, larvicide kills
at the egg stage and not at the larval. If we assume rather that the applied product
kills any eggs or any larvae, whatever their developmental stage, then system (2.3)
should be modified by adding the following 3 terms:

i) —aqvi(t,a)uc(t,a) in the equation related to the egg population dynamics to
model the eggs killed by the ovicide,

i) —agua(t,a)ul(t,a) in the equation related to the larval population dynamics to
model the larvae killed by the larvicide,

iii) and the boundary equation of the larval stage is written by

l l _ L _ e e
g (E(t),0)u'(¢,0) —/ [1 a2vg(t,a)]ﬁ (E(t), a)u’(t,a)da,

0

to model the number of new larvae (i.e. newly hatched eggs) killed as a consequence
of the larvicide application.

The vector function v = (v1, v2) represents the controls, which take values in the set
[0, 1] thus maintaining the positivity of the density functions in (2.3). The mathe-
matical analysis of this system is quite similar to this one developed in 2, leading
to the existence and uniqueness of solutions u*, for k = e,l, f, of (2.3) and to the
following a priori estimates that we shall state without proof: for k = e[, f and
te0,T7],

[t | o0y < BFTP(0)P’ T = C(85,T)P(0),

where P(0) is the sum of all initial populations.
Next we establish another technical result, namely the Lipschitz-dependence of the
densities on the controls. More precisely, we have the following result.
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Theorem 1. Let v = (v1,v2) and © = (1, 02) represent two controls. Then, there
exist positive constants D*, k = e, l, f, such that

k k k .
[l (8, ) = ug(t, )L ary < DF [lv = ol Lo,

for any t € [0,T], where u¥ and uk are, respectively, the solutions of (2.3) with the
controls v and v.

Proof: See the Appendix. |

Let now u represent the financial cost of larval damage per larva per unit time, and
let 7, /LY and ny/L¢ represent, respectively, the cost per unit time of carrying out
an application of ovicide (and/or mating disruption pheromones) and of larvicide.
We are then naturally led to study the following optimal control problem:

[P]: Find min . J (v1,v2),

(Ul,Uz)E

where

T (v1,v2) = [u/ ul(t,a)dadt—k% (v1)2(t,a)dadt+% (02)2(t,a)dadt},
Ol Qf Qe

and u! is the solution of (2.3) and, K is the convex compact set given by
K={ve LOO(Qf x Q°): vy : Qf = 0,1], vy : Q¢ — [0, 1]} (2.4)

Note that the integrals forming the cost functional represent, respectively, the total
financial cost of grape losses due to the infestation, and the total cost of the appli-
cations of ovicides (and/or mating disruption hormones), and of larvicides. Since
one does not know the relation between the cost of an intervention and the amount
of product used the quadratic form on the control functions may be appropriate.
In general the control application is equidistributed among eggs/larvae/insects of
all ages so that v; and vy are age-independent. In such case we can simplify the
form of the functional to

J(v1,v2) = [,u/m ul(t, a) dadt—&—nl/o (v1)%(t) dt+n2/0 (v2)%(t) dt] .

We can find in the literature several results about optimal control for problems
governed by parabolic equations''>2!, by integro-difference equations'' and, just
like here, by hyperbolic equations®%%10, In all these articles, however, the cost
functional is expressed as a nonlinear (quadratic) function of the control(s) and the
density, whereas this dependency is linear in our problem [P]. Barbu and Iannelli3
determined the optimal control to reduce the growth of a population. They modified
the Gurtin-Mac Camy model to include control functions as factors of the vital rates.
t919 and Busoni and Matuccia* studied the optimal proportion
of harvested individuals in two populations. The controls were defined in this case

Fister and Lenhar

for the age-structured population equations as a functions that could be age- and
time-dependent.
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3. Existence of a solution.

In this section we establish the existence of a solution for problem [P]. This is quite
straightforward in contrast with the proof of uniqueness that we leave for the next
section as it requires considerably more work.

Theorem 2. The optimal control problem [P] admits a solution (vi,vs).

Proof: Let d = ( mi§1 Kj(vl,vg) and let {v?,v?}neN be a minimizing sequence
v1,V2)€
such that
1
d< Jwlvg) <d+ —. (3.1)
n

Since the sequence {v{l, vg} nen belongs to the space K, there exists a convergent
subsequence {v}*,vy* ey i L2(QF) x L2(02°); let (vi,v3) be its limit. Consider

now the sequence of density functions {[u¢]"* defined by (2.3), given along the

Fren
characteristic curves by

[ug]nk (Xe(o t a)) — fot [Re]™k (s,Xe(s;t,a))ds’ a> Xe(t),
[ue]nk (t7 CL) = [u®]"k (Z°(0;t,a), O) f;e(ow a)[h"’]"k (5,X°(s5t,a))ds < Xe
9 (E(Z%(0:£,a)),0) © - »a< X,

where

{[he]”k (t,a) = BE(E(t),a) + mc(E(t),a) + agvy® (t,a) + du[g°]™ (E(t), a),
[g¢]™ (E(¢),0)[uc]™ (¢,0) = fOL [1 — aquy*(t, a)]ﬁf([Pf]"k,E(t),a) [uf]"*(t, a) da.

These relations show explicitly the dependence of the densities on the sequence
{vl ,v2 kEN" Similarly, we can see the dependence of the density functions
{[u! }keN and {[u’] ”’“}k y defined by (2.3) on {vf*,vy* ke From the hy-
pothesis made in Section 2 we can eablly prove (as described in %) that the se-

quence of functlons [P ( fo 1™ (t,a)da, k € N, converges strongly to

fo *(t,a) da, with [u']* solution of (2.3) with (v}, v}), since the se-
quence is bounded in H'. Finally, we see that lim J (v}, v}) = J (v}, v3) and, from
n—oo

the first inequality of (3.1), it follows that (v}, v3) is a solution of [P]. O

4. Uniqueness of the solution.

The method we shall use to establish uniqueness is based on that of Barbu and
TIannelli’s paper®. We carry out the same procedure they used and utilize their no-
tation.
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We shall need the following dual problem associated to (2.3),

—5p°(t,a) — g (E(t), a) 55p°(t, a) + [B°(E(t), a) + m®(E(t), a)] p°(t, a)
+agua(t,a)pt(t,a) — p(t,0)B¢(E(t),a) =0, (t,a) € Q°,

— &' (t,a) — g'(E(t),a) &=p' (t,a) + p'(t,a) [ (E(t), a) + m! (P!, E(t), a)

+0,m! (P!, E(t), a)u(t,a)] — p/(t,0)8"(E(t),a) + p =10, (t,a) € Q,

—%pf(t,a) — g/ (B(t), a)%pf(ta) +mf(E(t),a)p’ (t,a) = [1 — aqu (¢, a)]pe(t,O)
X [ﬂf(Pf7 E(t),a) + 0,8/ (Pf,E(t),a)u’ (t, a)] . (t,a) € Qf,

pH(T,a) =0, a€l0,LF], k=e,lf,

pE(t, LF) =0, te[0,T]), k=el,f.

(4.1)

Using the method of characteristics, we can produce an explicit solution for this
system that satisfies the Lipschitz conditions given in theorem 3 below that will be
useful later.

Theorem 3. The system (4.1) admits a unique solution and, for t € [0,T], it

satisfies
P5(0) =5 (-, 0)oo < G v = 0| Lev, (4.2)
[p% — Psllz2ae) < H [lv — 3], (4.3)
where G and H are positive constants, pS and pS are solutions of (4.1) correspond-
ing, respectively, to the controls v and U, and | - | denotes the L“([O,T})—norm.
Proof: See the Appendix. O

The dual problem associated with [P] is given by (4.1) and its optimality conditions
are given in the following lemma.

Lemma 1. The optimality conditions for problem [P] are
2771U1(" a/) + alpe<'70)ﬂf(Pfa Yy a)uf('7 a/) = 07 ac [05 Lf]a
2ngua (-, a) + agul(-,a)p®(,a) =0, a€l0,L°],

identically in [0,T] where v = (vi,vq) is the optimal control, (ul,u®) satisfy (2.3)
for the optimal v, and p® is the solution of (4.1) satisfying the condition

where Pf;m > 0 is the minimum of the adult female population size for t € [0,T].

Proof: Follows directly from computing the derivatives of the cost functional with
respect to the controls.
O
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We then prove the uniqueness of solutions to problem [P]. Following Barbu and
Tannelli® we define the function

'(v), €K,
o) =7 !
400, otherwise,
so that, for € > 0, there exists v, = (v},v2) € K satisfying
< i .
B(,) < inf B() + . (4.4
2
< ; — v} . :
B < inf <<I><v> VeI |) (45)

Computing the derivatives with respect to the vector v of the Lagrangian of the
cost functional defined by the expression in parentheses in (4.5) we get the following
relations,

/gf[2n1v§(t,a)~+—alzf(t,O)Bf(ljf,l?(t),a)uf(t,a)]hl(t,a)chzdt

+ﬁ/)MQMMﬁ2Q
Qf

/ [2n202(t, @) + asu®(t, a)p®(t, a)| ho(t,a) dadt + e | ha(t,a)dadt > 0,

. Qe

for all h = (hy,ha) € T, (K), where the set T, (K) represents the tangent cone
to K at v.. The two expressions in the square brackets are the components of a
vector in L'(Q/ x Q°¢) and then, as a consequence of proposition 5.3 of Barbu and
Tannelli®, we have the existence of a function 6. = (62,62) € L>(Qf x Q°), 16| < 1
for ¢ = 1,2, such that the functions

Fmv()+mp@mwmfﬂ))w@@+¢e (t,a) € O,
2nov2(t,a) + aou(t,a)p®(t,a) + /€02, (t,a) € QF,

are the components of a vector in N,_(K), the normal cone of K at v.. We can
deduce from the above that the solution v is given by

ol(t,a) = £ (—gp"(1,0)87 (P, B (1), a)u! (t,a) — 3261(t,0)) . (t,a) € D,
vA(t,a) = £ (= g2 uc(t a)pe(ta)ds — $02(t,0)) () € Q°,
where the mapping L is given by
f(t,a), g<[f(t.a)<g,
(Lf)(ta)=qg, ft,a) <y,
g, f(t,a) >g.

We can now prove the following uniqueness result.
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Theorem 4. Let us define the following positive conditions,

=B [[L=G + B |p° (-, 0)loc DT + Bic (-, 0) oot [| L D7,
72 = p°llLee D + (LT)?|Juc|| 1 H,

where D and D¢ are positive constants given in Theorem 1 whereas G and H are
those given in Theorem 3. If, 0 < %, 2"% < 1, then problem [P] has a unique
solution v = (v1,v2) € K.

The above conditions (71,72) guaranteeing the uniqueness are dependent on the
density functions u® and u/ that are solutions of the system (2.3) and linked with
the dual variables p® and, independent on the control functions (v1,vs). Since all
terms of these conditions are positive then we can simplify them as follow

Bluf||p~G < 2m, and (LT)Y?||uf|| 1 G < 2m2,

because H = G (see Annex) and deduce this condition on the maximal value on
the female density functions,

m (LT)Y?

e max’

lu [l <

that requires to be lesser than the maximal number of female P/ times a positive
constant.

Proof: Let £ be the Banach space (L*(Qf x Q¢)), and consider the mapping
(Fo)(t) : € — & given by

(Fro)(ta) = £ (= 5ps (108 (P, E(0), a)uf (0))

Q2 e € (4.6)
(Fov)(t.a) = £ (= g2us(ta)ps(t,0))
where (pg, ug,ug) and (p¢,u,ul) are solutions of (4.1) and (2.3) with the controls

v and v, respectively. First, we prove that the mapping Fv is a contraction. Let
v = (v1,v2) and ¥ = (01, 02) be two controls; then, from (4.6) we deduce that

Fio(t.) = Fii(t.a)] < 5 95(0,0) = p5(40)| |8 (P B(@), ) (1, 0)
+ Tih\pm, 0)| |87 (P], E(t),0) = 8 (PL, E(t),a)| ] ¢, )
Bf
+ ol (600 [ul 1. 0) — ud ()]

-~ 1 € e €
Faot a) = 2ot a)] < o - |5 (b 5) — uy (&, 8)| pu (8 9)]

1 e e e
+ 9 uf)(t75) |pﬁ(t73)_pv(t7s)|'
2
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Using theorems 1 and 3, the above inequalities become
5 LTI, 5 e 7
[Fro(t, a) — Fro(t, a)| < o B ugllLeG + B7[p5(., 0)| D

81115 (s Oloc [ 1= DY | 115 = |z,
-~ 1 (& e e -~
| Fav(t, a) = F20(t, a)] < o, {Hpv”LxD + (LT)l/QH%HL*H} 10— v,
2
where the estimate of the L2-norm of the dual variable p® is given in the Appendix.

Let us denote by v; and s, respectively, the terms inside the square brackets of the
first and second inequalities above, so that those inequalities are now rewritten as

I mo |5 —
{vwmw Fiolt ol < g o= vl an
| Fav(t,a) — Fai(t,a)] < ﬁ |6 — vl pee.
Since we have
Y172
< —,— <1, 4.8
o 2 (4.8)

the mapping F is a contraction admitting a unique fixed point, say v*. Next, we
prove that the solution of [P’] is unique, and it is v*. Indeed, for i = 1,2, we have

. . €. .
o7 = oflle~ < |7i(67) - Fd] + LI,

which implies, using (4.7), that for i = 1,2,

%‘}1 Ve

0| < |1 — -—.
||UZ UEHL — |: 2771 2,’7L

Finally, we conclude that 1in(1J ve = v* and, by inequality (4.4), v* is the unique
€E—>

minimizer of [P’] and, therefore, also the unique minimizer of [P].

O

5. Numerical characterization of the controls.

We present next the results from a numerical simulation and the corresponding
optimal controls for the resulting problem [P].

We combine a Quasi-Newton (QN) method to compute the optimal solutions of
problem [P] with a Finite Difference procedure to approximate the egg, larval and
adult density functions of system (2.3). One can prove the convergence of this
method in the same way as in'®. We consider the analogous discrete adjoint problem,



February 16, 2015 10:27

12 Picart, Milner

that is (using the same notation given in 9)
Aemo—l o At Niptavig © 4 A&no P~ )
‘0 Aa 1+Alt(f86+me)?oojll+At("2U;,%:i1 o 1+At([3€+me)"°+1+Ata2v;,0i:;1
)\l,noﬂ.e,no
4 At — 0
1+AL(BHmb O
L, L, 1 1, 1
Abmo—l At NigPivey’ yime 0-84vig™) "o glomo
Aa 1+At(ﬁl+ml)j00:11 0 14AL(Bi+m no+1 1+Atm{,n0+1,
Amo—1 o HM + Afmo (-3¢ 1fono) + At AT (- al(vl)no),@f ;"o
Aa 1+Atm {0101+1 10 1+Atm f ng+1 1+At([3ﬁ+mc)n0+1+Atoz2(v2) 0F1>

for 1 <ig < N, and 1 < ng < Ny.

The parameters of the model are chosen so that the growth of the population is
chronological and constant in time as observed under laboratory conditions 6:18

(120 eggs per female on average, no mortality and no competition for food) that is
g"(E(t),a) =1, m"(E(t),a)=0, fork=e,lf,

making the model age-structured; we use truncated normal distributions for the
fertility and stage-transition functions given by

B(t,a) = dre™ 55" = B(t,a),  B(PTB(t),a) = dye” (5",

with d; = 16.12, dy = 19.34, and L° = LY = L! = 10. In order to be able to present
in a single graph the population dynamics of all classes we assume the fertility rate
to be one tenth of its actual value, i.e. 12 eggs by female. The only growth variations
considered in these examples are inside cohorts as measured and showed in 1618

We computed numerically the optimal control for a population initialized by a
cohort of one hundred females with truncated-normal age distribution, that is

u (0,0) = dse™(525)° | dy = 225.67.

The temporal dynamics of these females is represented in Figure 1 by the dotted
line, that of their eggs by the solid line, and that of the eggs that become larvae
after few days by the dash-dotted line. The total number of larvae during the whole
experiment is 1200 individuals.

The financial cost of larval damages per larva per unit of time is assumed to equal
one unit, i.e. ¢ = 1, and the the multiplier for the application of ovicide and larvicide
is also set equal to unity, i.e. 71 = n2 = 1. For simplicity we take the cost of an
ovicide application to be the same as the cost of a mating disruption use, though this
is not true in reality. The issue here is not to discuss the actual cost or performance
of the pest control methods but rather to show to numerically realize the solution
of the optimal control problem [P].
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Experiment 1
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Figure 1. Population dynamics of females (dotted line), eggs (solid line) and larvae (dashed-dotted
line) without any control applied. The popluation is initialized with 100 females.

cost or performance of the pest control methods but rather to show to numerically
realize the solution of the optimal control problem [P].

We focus on just the first generation of the simulated population dynamics and
determine through the optimal control problem [P] presented in Section 2 the best
way to use the whole array of chemical products described to minimize the economic
damage caused by this insect population. The age- and time-discretization steps are
chosen equal to 0.1 and the QN algorithm is initialized with the step-functions rep-
resented by the dashed-dotted curves of figure 2.

The optimal solution computed for problem [P] is given in Figure 2. According
to it, the optimal strategy to control a population with dynamics as in Figure 1
is to continuously spray ovicides during the egg laying dynamics (or to combine
an egg pesticide application with a use of pheromone dispensers provided that the
efficiency of the combination of these chemical products is maximal). In addition to
that a larvicide application seems to be required to totally eliminate the insects but,

actually, when looking at the integral of this solution vy (cf. Table 1) the amount
of product is almost null.

Table 1 below shows the contributions to the three components of the cost function
for the optimal solution (v1,v2) of problem [P].

6. Concluding remarks.

In this paper we described and analyzed a mathematical model that may realisti-
cally guide the “best” choice of control strategies for one of the most ravaging pests
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vl N v2

e @ays) S Time (Days)

Figure 2. Optimal Control (v1,v2 in solid curves) for the population of Figure 1, determined from
problem [P]. The horizontal axis represents the time. The dash-dotted curves are the QN initial
functions.

component ;LfOT P(lvlm)(t)dt %IOT(Ul(t)>2dt %foT(W(t))th 7

value 0.139 0.2534 0.00271 0.39511

Table 1. Values of the three integrals that form the cost functional J at the optimum (v1,v2) of
the control problem [P] presented in Section 2, and the minimum value of the functional J.

that damages the grapes and decreases production in European and American vine-
yards, specifically that caused by the European grapevine moth (Lobesia botrana).

Our model for control of the pest is based on the Lobesia botrana Model published
in 2. We considered a reduced version of it with modifications to both one of the
differential equations and to the boundary condition for the egg density in order
to account, respectively, for the application of larval pesticides and that of ovicides
and/or pheromones that disrupt and reduce mating and thus reduce egg production
too. These three techniques are, in fact, the most widely used in many vineyards in
Europe, see 1719 for example. We constructed a cost function that is amenable to
matching with real-life financial costs by allowing linear dependence on the density
of the pest and nonlinear dependence on the control. This is in sharp contrast with
the majority of models for optimal control where the dependence of the cost on the
relevant density and on the control is quadratic so that classical techniques based
on a Lagrangian and a dual problem can be applied to show existence of an optimal
control. This is one of the novel features in our results, and one that is very desirable
when trying to apply a mathematical model to a real-life situation.
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tration of the optimal control pair that consists of continous functions for a given
population dynamics.

These results provide a solid ground on which vineyard managers can base a treat-
ment protocol for this pest that will minimize financial losses. Even though our
model includes the possible use of mating disruption as a control measure, diffi-
culties arise when considering its efficiency. On the other hand, while the use of
pesticides has a clear direct financial cost given by the purchase and application
costs for the chemical, it also has another cost, more subtle and harder to model
and evaluate, that we could refer to as “environmental cost” due to the poisoning
of the soil. We shall address these and other issues related to the modeling of the
coefficients in the control terms and in the cost function in a forthcoming paper.
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7. Appendix.

For the proofs presented in the following we make some additional hypotheses. The
growth functions g*, for k = e, [, f, are non-negative and bounded away from zero
at the initial age 0,

0< gk < gk(E(t),O) <g’, k=elf.

The birth function Bf(Pf,t,a) is differentiable in the first variable P/ and its
derivative is Lipschitz continuous with constant Sx such that

< Brcllud —ufller,
s
where PJ(t) = fOL uf (t,a)da and u satisfies (2.3) with the control v.

The larval mortality function m!(P', E(t), a) is differentiable in the first variable P!
and its derivative is Lipschitz continuous with constant myg such that

|ml(P£7E(t),a) - ml(PéaE(t)’a” + |8xml(P1lnE(t>7a) - awml(PévE(t)’a)‘

< mic g, — g e,

1
where Pl(t) = fOL ul (t,a)da and u!, satisfies (2.3) with the control v.

7.1. Continuity of the state variables with respect to the controls.

Proof of theorem 1: Let us introduce the following change of variables,

ﬁif(t,a):e_)‘tuf(t,a), (t7a) er’ k=elf,
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where u¥ satisfies (2.3) and the new variables ¥ satisfy the following system,

g (t,a) + £ [9°(B(), a)is (t,a)] + i (¢, a) + (B°(B(t), a) +m*(E(t), a)) a5 (t, a)
+agua(t, a)ul(t,a) =0,
2al(t,a) + 2 [gY(E®1),a)dl(t,a)] + Nl (t,a) + BYE(t), )il (t,a)
+m!(P!, E(t),a)dl (t,a) = 0,
t,a) + 2 [gfuf(t,a)] + Naf(t,a) + m (E(t),a)if(t,a) =0,
a))B! (P1, B(t), a)a](t, a)da,
(t,a)da,
(t,a)da,

g )
g (E(t),0)d,(t,0) = fo 56 70)?1
g (E(t),0)af(t,0 :fo ,a)t
(0,a) = e Muk(a), k=ce, l, f.

e
v
l
Uy

(7.1)

Now, let v and ¥ be two controls and let 4% and ﬁg, respectively, be the correspond-
ing solutions of (7.1), for k = e,l, f. The corresponding differences between these

solutions, denoted @*, satisfy the system (7.2) below,

Fuc(t,a) + 5, [9°(B(t), a)ac(t, )]+Mle(t a) (B°(E(), )+me(E(t),a))
(

t
a'(t,a) + 2 [9'(E(t), a)d(t,a)] + Ad! (t,a) + (5Z(E(t),a) +ml)al(t, a)
+(miy = my)ug

Lal(t,a) + 2 [gf(E(t) a)a! (t,a)] + Xa/ (t,a) + mf (E(t),a)d! (t,a) = 0,
g (E(t), ) fo (1 — a1y (t a))ﬁfuf(t a)da

- fo a1 (Ul - Ul)(t’?)ﬁgug(tva da + fo 1 - alvl(taa))(ﬁg - Bg)ag(t’ a)da,
o' (B(0),0)i")(t,0) = [ ﬁe ,a)ii“(t, a)da,

( ﬁf( ; fo ,a)il(t, a)da,
&k(O,a) 0, = e,l,f7

Bt

(7.2)

where m!, = m!(P!, E(t),a) and 8] = B (Pf, E(t),a). We multiply the first, second
and third equations of (7.2), respectively, by 4¢, 4! and @7, then we integrate them
on the corresponding domain QF to get the following system,

)‘er 2(t,a) da dt — —fo (E(t),0 (ae(t’o)f dt

< oo [02(t, a) — va(t, )] 6% (¢, a)ac(t, a) da dt
A foi (@)2(t,a) dadt — L [T g/ (E(t),0) (a!(¢,0))° dt

< fop(mh, —mb)ak (¢, )il (t, a) da dt
Ao (@12 (t,a) dadt = § [ ¢! (E(1),0) (4 (t,0)" dt < 0
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These can be modified by applying Young’s inequality to the integrals of the first
and second equations on the right side to obtain system (7.3).

N Jor (02t a)dadt < § i 9" (B(0),0) ((1,0))° dt + SV o (i)2(t, a)da dt
JrZ er |02(t,a) — va(t, a)|*dadt

A Jou (@)2(t, a)dadt < % gl(E(t),O)( i, )) dt +mg L'|h] 2 [o (21)2(t, a)da dt

A for (@2t a)dadt < L [T g7 (E(t),0) (a/ (t,0))* dt.
(7.3)

Next we use the boundary conditions given in (7.2) for the densities 4*(t,0) (k =
I, f) to evaluate the first integrals on the right hand sides of the three inequalities
above to obtain

LY ge(B(t),0) (a¢(t,0))dt = L [ FEOD [foLf(l — o1 (t, ) Bial (t,a)da
o [y (51— )t a)Bfad (1 a)da+ ) (1 — eyt () (8] — Bk (¢ a)da] dt,
(,0))7 dt = % Iy sy o Bet ayace, a)da] dt,

Ly o7 (B@®),0) (@f (1,0) dt = § [ Lo [fo Lt a)dardt.

Developing the squares in the above expressions, and applying Young’s and Cauchy-
Swartz’s inequalities, we see that

e I -
3 ), 9 EO0 @07 < o [T [1815 428 8L 0l

L'
+(Br )Ll ()22 + 2| B2 + €3LfﬁKHa£(t)”Ll} / (@f)?(t,a) da dt
_ 0
(B2 rae B ~ 2
+27ge||uv(t)||L2 { + o + 1} /Qf [vl(t,a) — vl(t,a)] da dt,
16°113 -
2g!

T
3 | ME®.0) (@60) < | (@) t.0) dact,
O e

1181172
T2g7

- ! f of 2 aH2(t,a) da dt.
2/0 o (E(t),0) (a7 (1,0))* dt < /Q,< V2(t, a) da dt
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We now substitute the estimates (7.4) into (7.3) to obtain the following inequalities:

~ell2
(A_el”“vm)/ (ae)Q(t,a)dadt§£ (@)%(t,a) dadt

2 9¢ Jar
1
+ |91 (t, @) — vi(t, a)|* dadt + 7/ |2 (t,a) — vg(t,a)|2 dadt
2ge Qf 2¢1 Jar
1841172

(A= my Lal || 2) /Qz(ﬁl)Q(t’a) dadt < i /e(ﬁe)Q(t’a) da dt

29

12
A @2t dadr < 12 ”f“ / (@)2(t, @) dadt,
Qf 2g Ql
(7.5)
where
A= [Hﬁflliz + 287 B L [[ad ()| v + (B )* LY (| ()72 + 2|87 (172
es L Bicl|af (1)1 | >0,
and,
_anzial . | Lo Bk
B=@")*a, ()72 | —+—+1] >0. (7.6)
€2 €3
If we now set
2(A—1
61:%, 62:17 63:17
a5 7
and assume X\ > mb L/||al| 12 and it also satisfies the condition
A 1|12 el|2
AN —myLY|d || p2) > ANB L= 152 >0, (7.7)

89°97g'

then, from (7.5) we derive the following inequality:

/ (4%)2(t,a) dadt <

B c!
|01 (t,a) — vi(t,a)|* dadt +
2ge Qf €1

/ |09 (t, a) — vo(t,a)|* da dt,
Qf

where

o-(1-4 18172 184117 1 s
2)\g€ QQf le ()‘*mKLl”ﬁi,”Lﬂ y .

and it then follows that the L2-norm of the density @° can be bounded as follows:

o 27 1/2
B 2+ M 15 — || poe
2g¢ 4A-1) ’

4| L2 ey < C7Y/2
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Finally, we conclude the proof of theorem 1 for k = e using the constants

B o\1/2
D¢ =LT ,
2Cg°

LT |lag]| 2 [ R
) )

D§ =
2 2 CA—1

where the constants B and C' are defined, respectively, in (7.6) and (7.8), and A
satisfies the condition (7.7).

Similarly, in order to derive the two other inequalities of theorem 1 (for k& = e, 1)
we use the inequalities (7.5) with the above definition of ¢;, i = 1,2,3, to finally
conclude that the corresponding constants D' and D7 are given by

A= L ) ()
g )\ mKLlHu ||L2 ’
i LA R K ) ( ¢! )]/
) A — mKLlHu ||L2 ’
e —1 1/2
pf = LT8¢ 218" 2 K B ) < ﬂ ’
2 29" A— mKLl |64 || 22

Q
R K > ( (A0)-1 )}/
g’ N mLal )|

and A satisfies the condition (7.7).

D =

7.2. Continuity of the dual variables with respect to the controls.

Before giving the proof of theorem 3 we shall estimate the L?-norm of the dual
variable p°.

Let us introduce the following change of variables,

Pit,a) =eMpli(t,a) k=elf,

where p¥ satisfies (4.1) with the control v = (v1,vs), and pF satisfies system (7.9)
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below.

—5i05(t,a) — g°(E(t), a) g55(t, a) + A5 (t,a) + [B9(E(t), a) +m*(E(t),a)|p5(t, a) =
+agua(t, a)py(t, a) + i, (¢, 0)5°(E(t), a),
— 504, (t,a) — g1 (E(t),a) &1, (¢, a) + Ap, (t,a) + [B'(E(t),a) + m' (P}, E(t), a)
+0,m! (P, E(t), a)ul,(t, a)] B, (t,a) = pf(t,0)8'(E(t),a) — pe,
—5ipl(t,a) — g7 (E(t),a) &l (t, a) + bl (t,a) +m? (E(t),a)p](t,a) =
[1 —arvi(t, )] p5(t,0) [ BI(PL,E(t),a) + BF(PL, E(t),a) ul(t,a)| ,
PE(T,a) =0, k=e,lf,
f)ﬁ(t,Lk) =0, k=e¢l,f,

(7.9)

where PF(t fo k(t,a)da, k =1, f, and uF is glven by (2 3). We next multiply
the first three equatlons of (7.9), respectively by p¢, p, and p/, and then we integrate
the resulting equations on the corresponding sets Q% (k = e, [, f) to see that

T
3 | @0 [ @Readuds [ 05 B0, 00 dod,

e

L[y e 018 "
2/0T(pv) 0 dt+ A [ (P dade < | 5E0BEE. )ik ¢0) dad,
3 | 000 [ o< [ o] el 50,0
0 Qf
1B (PF,E(t), ) ul(t, a)} i (¢, a) dadt.
(7.10)

Qf

We apply now Young’s and Cauchy Schwartz’s inequalities to the right-hand sides
of the above inequalities to obtain the bounds

[ eosEo. @)t a) dadr < DI N2 [ 60 0) dac
e 2 TQe
+i / (#)2(t,0) dt,
112
[ #teos (B(t), a)pb (t, a)dadt < NNz [ @ dot
Ql 2 91
+ L a0
263

[ 0[BT B0, + 5 (P B ).0) 1.0

es|| 8712, €6ﬁp||u ®))2, .
( 2 >/Qf(pv) (f,a)dadt

Ly ) T(ﬁi)%@)dt.

p/ (t,a) da dt

IA

+ 265 266
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Next, by setting
A—1 2\ 2(A=1) 2

s, €3 = €5 = ——r5—, €6 = T 5
13Nz 18412 1B711Z. [ZAQlPS

system (7.10) becomes

€1 =

T T
3| @reods [ @readn< o [Ereoar

2 €1 Jo
1

T 1\2 I (B2(
v B
5 Greoas = e

5/ <ﬁ£>2<t,0>dt<<2; fP)/ (55)%(2,0)d.

that leads immediately to the single inequality

~e\2 1 1 ﬁIJ; T ~e\2
/C(pv) (t,a) dadt < Seies <65 + 56)/0 (p5)“(¢,0) dt.

If A > 1 and X satisfies the condition

AN = 1)% > (B2 181 187112,

then, using Lemma 1, we see that the L?-norm of dual variable p¢ is bounded as

follows,
~e 2m
155 ()|l 2y < ﬁfT < o0,
where P! = min{P/(t)} for all time. O
t>0

Proof of (4.2) in theorem 3:

Let v and 9 be two controls and, p¥ and p% (k = e, f) the corresponding solutions
of (7.9). We now denote by p* the difference between p* and pg, and these functions
satisfy the following system

—50°(t,a) = g°(B(t), a) 5o (t,a) + Ap°(t,a) + (B°(B(t), a) +m*(E(t), a) + az(t,a))p* (t,a) =
Pt 0)8°(E(t), a) — az(va(t, a) — Ba(t, @) (t, @),
— 50 (t,a) — g'(E(t),a) &5 (t,a) + AP (¢, a) + (BYE(t), a) + m§(E(t), a) + dymbul(t, a)) p'(t, a)
+(ml, — mG)pl,(t, a) + (Demiyuy, — dembul )P, (¢, a) = P/ (t,0)5'(a),
— 50! (t,a) = g7 (B(t), a) 550! (t,a) + ApF (8, a) +mI (B(t),a)p! (t,a) = (1 — aru (¢, a))p° (¢, 0)
X {55 + azﬂgulo} — a1 (vi(t,a) = 01(t,a)) [B] + 0:8]ul,] P (t,0)
+(1— aatn (t,@)p5(1,0) [B] — B + b 5] - ubo,BL]
PF(T,a) =0, k=e,l,f,
LM =0, k=elf,
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where PF(t fo k(t,a)da (k =1, f) and uF is glven by (2.3). We multiply now
the first three equatlons above, respectively by p¢, p! and pf and we integrate the
resulting equations on the corresponding domain Q¥ to get

T
3| PO [ R < [ |00 0.0 (o) dad

+/e [[22(t) = v2(8)] P (¢, @)p° (¢, @) dadt,
;/OT( ', O)dtJF)‘/Q( )2(t,a)dadt <

|[m —mb +ula,ml —ukd,ml )}ﬁi(t,a)ﬁl(t,aﬂdadt,

T
%/O (ﬁf)z(t,O)dtJr/\/m(ﬁf)z(t,a)dadtg/

Qf
1 (0) = w100 55(0.0) [3 + uf 0,5/ (0.0)| dad

P (t,0)8'(E(t), a)p'(t, a) da dt|

P°(4,0) 8] + ul0.6]] 5’ (t,a)‘ da dt

“
Qf

p(t,0) [B] = 8L+ ulo.8]w — wl0.8]) 5 (t,0)| dadt.
(7.11)

Applying Young’s and Cauchy Schwartz’s inequalities to the integrals on the right-
hand sides of these inequalities we are led to the following relations,

186005 (Ble). ) ¢, dade < G503 / (5°)%(t, a) dadt
e 1 T e
[ 15alt0) = vt o)) 1. 1) it < fn e [ 6P a) dads
Qe Qe
1
+— [D2(t, a) — valt, a)]2 da dt,
262 Qe
(7.12)
for the first inequality in (7.11);
5 (608 (E(). @) (t.0)| dadt < S Wnp/< 2 (t.0) da
Ql 1
T
+% (p')%(t,0) dt, l
D 2
[, — -+ o, — b, mb)] ¢, a)5 (1. 0)| dat < "y
Ql 4
m € .
S [ 0 0)da,

(7.13)
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A 5 Lie A
5°(0,0) 31+ uf0,51] 5/ (t.0)| dadt < Brcludl 52 [ (9 (t.a) dad
Q

for the second inequality in (7.11);
f T
+BKHU’UHL1 / (ﬁ€)2(t,0) dt,
0

s
265

/szf |[B1(t @) — vr(t,@)] P5(1, 0) [B] + 1,028 ] B (¢ )| dadt < [p(., 0)|ocBicuf |22

2 Lf€6
I8

x/m (l[ﬁl(t,a)—vl(t,a)] +— (ﬁf)2(t,a)) da dt,

266
P (t,0) [ = 8] + ul0.8lx — ul0.B]] ' (t.0)| dadt < p(,0)|ocBic

D)2 Lf
x((’|w—waﬁ— ”/(ﬁfwwmmﬁ,
267 2 Qf
(7.14)

for the last one. Next, we choose €; and € in the inequalities (7.12) as

2\ — 1) 2

= — €9 = —
IR P 1

and then the first relation of (7.11) becomes

€1

T T
%/0 (5°)2(,0) dt < QL/O (B2, 0) dt+2i/e[02(t,a)—@2(t,a)]2dadt.

€1 €2
(7.15)
Similarly, we choose €3 and €4 in the inequalities (7.13) as
20\ —1) 2
€3 = 7 —5>, €4 =——5,
COIBE  mlldhg
and the second relation of (7.11) becomes
1 (T 1 /7
*/ ()2(t,0)dt < o— [ (3))2(t,0)dt + (D)2 o — 53 (7.16)
2 0 263 0 €4

Finally, we choose €5, €5 and €7 in the inequalities of (7.14) as

2(\—2) 2 2
5 €6 = ) €T = T T o o
LI Bre|ud 124192 (-, 0) oo LI B |pS (- 0)|oo

€y = ———————F —
Br LI 3

and the third relation of (7.11) becomes

T e f L
1/ (ﬁf)2(t,0) dt < BK|pv(~7O)|ooH'UmHL / [ﬁl(t,a) —’Ul(t,a)}Qdadt
2 0 2¢g Qf

! T €

7 5 0)|so -

+ %/ (ﬁe)2(t70) dt + W(Df)2 HU — 'U||2L°°' (717)
€5 0 265
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We substitute this last bound (7.17) in the inequality (7.16) to get

LT L [ Brelpg (-5 0)oo|luf || 1 . 2
7/0 (#)*(t,0) dt < { /m [vl(t,a)fvl(t,a)] dadt

2 €3 266

f T e(..0 .
2l % ey oy 4 SOl gz o
€5 0 €5

mg

+ DY o = )3

and now substitute this inequality into (7.15) to see that

f e
(1 ) m«nmm) /T(ﬁe)z(w) ge L [6K|pv<.,o>|oc||u5np
0

2 2616365 - €1€3 266

5K|pv('70)‘00 (Df)2 H,D _ U||2Loo
265

x / [01(t,a) — vy (¢, a)}2 da dt +
Qf
1
(DY |lv =8l + 5— [ [Ba(t,a) —Uz(t,a)]Qdadt.
€1€4 2¢9 Jqe

If we take A such that
8(A = 2)(A = 1)% > (8172118172 Bk L7 [[ul | o2,
then inequality (7.18) can be rewritten as

T
. 1 [Brlpi(.,0)|sollud] 1
e\2 v v
£0)dt < —
[ oreoas | -

S

Brelps (-5 0)loo
265

x /m [01(t, a) — vy (t,0)]” dadt + (D7)? |15 — v||2Lm} (7.18)

MK ~iy2 <112 1 ~ 2
K (D — )2+ — t,a) — va(t, )]’ dadt.
+ D o= e+ 5 [ [a(t0) —vat0)) do

We now let

e Iy e 1/2
G, = |:BK|pv('7O)|OO|uv”L + BK|pv('7O)|OO(Df)2 + W(Dll)2:| ’

2e1€3€6 2€1€3€5 ! €1€4
Brlps (Ol sy, 7z, 1]
Gy = |——*—"——=(D —(D — 7.19
o = | POl pfye 4 20 ppe s | (7.19)
and then (7.18) leads to the first inequality of theorem 3, that is
|p1e)(t7 0) - pg(ta 0)| < ‘ﬁe(t70>| <G- ||’U - @”Lw?
for all ¢, with G = max{G1,Ga}. O

Proof of (4.3) of theorem (3):
We consider systems (7.11), (7.12), (7.13) and (7.14), and we choose the constants
€;, for i =1,...,7 as in the previous proof except that €; is given now by

2(A—2)

€1 = 7o
154117
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The same argument just used for the first estimate in theorem 3 now leads to the
second estimate in the theorem, with H = G defined in (7.19). O





