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Abstract. This paper considers the optimal harvesting problem for a size-structured model of
unidirectional consumer—resource mutualisms in which the consumer species has both positive
and negative effects on the resource species, while the resource has only a positive effect on the
consumer. First, we show the existence of a unique nonnegative solution of the system and give
the continuous dependence of solutions on the control variable. Next, the adjoint system is derived,
which is necessary for optimality and the existence of a unique optimal policy. Then necessary
conditions for optimality are established via the normal cone and adjoint system. Moreover, the
existence of a unique optimal strategy is proved via Ekeland’s variational principle and fixed-point
reasoning in convex analysis. Finally, we use numerical simulations to verify the main results and
find other dynamic properties of the system.

Keywords: consumer-resource interaction, size structure, optimal harvesting, Ekeland’s variational
principle.
1 Introduction

Ecological researches show that the outcomes resulting from interactions between species
can vary with context-dependent factors (see [6]). The outcome of the interaction is that
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the density of each species may end up above, equal to, or below its carrying capacity in
isolation from the other species (see [29]). Thus, the interaction outcomes of a two species
system are classified into positive (+), neutral (0) or negative (—) effects (see [11]).
Wang and Wu [30] pointed that the interaction outcomes between two species are not
fixed but vary with biotic and/or abiotic factors. Moreover, Wang and DeAngelis [29] di-
vided the outcomes between two species into six forms: mutualism (+ ), commensalism
(4 0), predation/parasitism (+ —), amensalism (— 0), competition (— —) and neutralism
(00).

Holland and DeAngelis [11] established the consumer—resource theory by using dif-
ferential equations, which provides a way to deal quantitatively with the problem. The
consumer—resource system is a system that discusses the process of energy or nutrient
transfer between a consumer organism and a resource in which a resource is defined as
a biotic or abiotic factor, which could increase the consumers’ growth, while a consumer
will utilize the supply of resource and then reduces its growth rate (see [26]). The one-
way and two-way flow of energy or matter between species makes that the consumer—
resource system can be divided into unidirectional and bidirectional system (see [29]).
In nature, there are many bidirectional consumer—resource interactions (such as lichens
and plant mycorrhizal fungi) and unidirectional consumer—resource interactions (such as
insect pollinator and host plant).

The traditional consumer-resource interaction is simulated by the (+ —) type rela-
tionship in which the consumer obtains some material benefits at the cost of the resource,
such as the classic predator—prey models or parasite-host models. The unidirectional
consumer—resource mutualisms are consistent with the traditional consumer—resource in-
teraction (see [10,27,28]). Wang and DeAngelis [29] considered the following unidirec-
tional consumer—resource system:

djilt“) = Ny (t) {rl + m — BilNa(t) — lel(t)} )
(1
d]\é?t(t) = No(t) |:7“2 + m - dzNz(t)} :

Here N;(t) and Na(t), respectively, represent the densities of the resource species and
the consumer species at time t.

However, populations consist of individuals with many structural differences, such as
age, size, location, status, movement, etc. According to these structural characteristics,
structured population models distinguish individuals from one another to determine the
birth, growth and death rates, interaction with each other and with environment, etc. (see
[22]). In the last century, structured population models have played a significant role in the
mathematical analysis and control of populations in biology and demography. Especially,
age-structured first-order partial differential equations (PDEs) provide a main tool for
modeling population systems and are recently employed in economics (see [2, 14, 20,
21,23,24,31]). In [20], the authors investigated the oscillation theory of the following
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unidirectional consumer—-resource model with age-structure in the consumer:

AN, (t A(t
dlt( ) _ Ni(t)|r — di Ny (t) + m — BiA®)|,
3N2(t,a) aNZ(tva) _
% T . —d2Nz2(t,a), a>0, 2)
_ anNi()A()
M0 = NG

Ni(0) = N1g =0, N(0,-) = Nao(-) € L} ((0,+00), R),

where N1 (t) is the density of the resource spe(nes at time t and Ny(t, a) is the density of
the consumer species at time ¢ with age a. A(¢ fo a)Na(t, a) da is the number
of matured (reproducing) consumers with the age dependent maturation function §(a).
r and d; are the intrinsic growth rate and logistic type limitation of resource species,
respectively. ds is the death rate of the consumer species. a1aN71(t)A(t)/(v2 + A(t))
describes the positive effect on the growth of the resource species due to mutualistic
interactions with the consumer species, where a2 denotes the saturation level of the
functional response of the consumer species, and - denotes the half-saturation density of
resource species. 1Ny (t)A(t) represents the consumption level of resource species by
the matured consumer. awo1 N1 (t)A(t)/(y1 + N1(t)) in the boundary condition denotes
the new born individual of the consumer species N depending on resource supplied
by N1, where a; is the interaction strength, and ; is the half-saturation constant.

Note that age is only a special kind of size and size of an individual has a strong
influence upon dynamical processes like its feeding, growth and reproduction, which in
turn affect the dynamics of the population as a whole [5]. Here sizes can be mass, length,
diameter, surface area, volume, maturity, and so on. For some animals, the amount of
food obtained by individuals is proportional to their surface area, and the cost of the
metabolism is proportional to their volume (see [25]). As a result, modeling population
dynamics, it is natural to assume that the vital rates, such as fertility, mortality, and growth
rates of individuals, depend on their body size and time (see [3,7-9, 15,17-19,32,33]).

To the best of our knowledge, so far there is no investigation on the optimal control
of size-structured population models of consumer—resource mutualisms. The purpose of
this paper is to make some contribution in this direction. To build the model, we assume
that N7 (¢) is the density of the resource at time ¢ and No(x, t) represents the density of
the consumer at time ¢ with size z. Let Q = [0,1) x [0,T]. Here [ € (0,400) is the
maximum size of any individual in the consumer species, and 7' € (0,+0c0) is a given
time. Similar to [20], let

l

/g )Na(z, ¢) da 3)

0

be the number of matured consumers with the size-dependent maturation function 3(z).
In a similar way as to develop (2), we propose the following unidirectional consumer—

Nonlinear Anal. Model. Control, 27(2):385-411, 2022


https://doi.org/10.15388/namc.2022.27.26314

388 R. Liu, G. Liu

resource mutualisms system with size structure in the consumer to study the optimal
harvest problem

d]\(/;t(t) = Ny(t) |r —di N1 (t) + m = B A(t) —wu(t)|, tel0,T],
ONg(x,t) OV (w,t)Na(z,t))
ot —+ O = —dQNQ(I,t) — UQ(I7t)N2(I,t)7
(t,z) € Q, @
V.M. = 2020 e o,
Ni(0) = Nig =0, Na(-,0) = Nao(-) € L3 ((0,1), Ry).

All meanings of the parameters are exact to or similar as those for system (2) except the
following. Here V' (z,t) is the growth rate of individual’s size, that is, dz:/dt = V (z, t).
The control variables u; (¢) and us(x, t) are the harvesting efforts for the resource species
and the consumer species, respectively, which belong to

U = {(ur,uz) € L*([0,T]) x L=(Q) | 0 < u1(t) < Hyae. t €[0,7],
0 < ug(z,t) < Hyae. (z,1) € Q}.
Here H; and H are positive constants. Let (N7 (t), No(z,t)) be solution of (4) corre-

sponding to (u1,u2) € U. As done in [16], in this paper, we discuss the optimization
problem as follows:

max J(up,us), 5
(ul,u2§(eu ( 1 2) (%)

where

T T 1
T, ) = O/ w1 (ur ()N (1) dt + O/ 0/ ws (2, )un (@, 8) Na (. £) dz dt
T
1

T 1
_5/01[ //CQUQJ}t d:cdt
0

0 0

l\D\»—l

Here w(t) and wa(x,t) are, respectively, the economic values of the individual of the
resource and the consumer at time ¢; ¢; > 0 (¢ = 1,2) is the weight factor of the costs
for implementing the controls. Thus, the optimization problem represents the total net
economic benefit yielded from harvesting the resource and the consumer during a time
of T

Denote R} =[0, 00), L} =L'(0,1; Ry) and LS°=L>(0,; R ). We make the follow-
ing assumptions throughout this paper.

(A1) V :[0,1) x [0,T] — R, is a bounded continuous function; V is of C*-class
with respect to z € [0,1) for each ¢ € [0,T]; lim,q; V(z,t) = O uniformly
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for t € [0,T]. Further, there is a Lipschitz constant Ly such that |V (x1,t) —
V(x2,t)| < Ly|x1 — 22| forall xy, 25 € [0,1) and ¢ € [0, T].

(A2) B € LY with ||B]lsc < B, and 3 is a positive constant. Moreover, for any
(x,t) € [0,1) x [0,T], we assume that V(z,t) > —da.

(A3) Ny € L', and there is a positive constant N5 such that fol Nag(z) dz < No.

2  Well-posedness of the state system

This section is devoted to the well-posedness of system (4). As in [16], we first introduce
the definition of characteristic curve.

Definition 1. (See [16, Def. 1].) The unique solution x = ¢(t;tg, o) of the initial-
valued problem #(t) = V(z,t) with z(ty) = xo is said to be a characteristic curve. Let
z(t) = ¢(t; 0, 0) be the characteristic curve through (0, 0) in z, ¢-plane.

For any point (z,t) in the first quadrant of x,¢-plane such that x < z(¢), that is,
o(t;t,x) < z(t), define initial time 7=7(x, t). It is clear that ©(¢; 7,0) = z if and only
if o(7;t,2) = 0. Obviously, 7 = »~1(0;¢,z). Using characteristic curve technique as
in [1], the solution of system (4) can be defined as follows.

Definition 2. A pair of functions (N1(t), Na(z,t)) is said to be a solution of system (4)
if it satisfies

t

N;(t) = Nigexp { / {r —d1Ni(s) + m — B1A(s) — ul(s)} ds}, (6)
0

No(a,8) = W + f: Gy (s,Na(+,8))(p(s;t,x))ds, < 2z(t), -
Noo(p(0;t,x)) + f(f Gy (s, Nao(-,8)(e(s;t,x))ds, = > 2(t),

where A(s fo x)Na(z, s) dx, Fn, and Gy are given by

o1 Ny (1 fo z)p(x
71+ Ni(t) 7
Gy (t, ¢)(x) = —d2d(x) — Va(w,t)d(x) — ua(z, ) ¢(2)

fort € [0,7) and ¢ € L.

FNl(t7¢) =

To discuss the well-posedness of (4), let X = L>(0,T) x L>(0,T;L'(0,)) and
define a new norm in X by

l
|(N1, N)||, = esssup{e)‘t [’Nl(t)| + / |Na(z, )] dx] }
te(0,T) o
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for some A > 0. Obviously, ||-||. is equivalent to the usual norm on X. Thus, X is
a Banach space with the norm ||| . Further, denote

M = InaX{N10 exp{(r + Oqg)T}, NQO [1 + eXp{(LV + 021B)T}] }

and define the space

X = {(Nl,Nz) eX ‘ 0< Ni(t) < Mae.te(0,T), Na(x,t) >0

l

and /Ng(x,t) dz < M ae. (z,t) € Q}.

0

It is clear that X' is a nonempty closed subset in X. Define A : X — X by
A(N1, N3) = (A1(N1, N2), A2(N1, Na)),

where A; (N7, Na) and Ao (N7, Na) are defined by the right-hand sides of (6) and (7),
respectively. Clearly, if (IV1(t), Na(x,t)) is a fixed point of A, then it must be a solution
of (4) and vice versa.

Next, we show that A is a contraction mapping on X. To do this, we first introduce
the following lemmas.

Lemma 1. (See [13, Lemma 3.3].) For any t € [0,T), let 7,(z) = 7(x,t). Then 1 :
[0, 2(t)] — [0, 1] is continuous, decreasing and onto, and hence T, has the inverse 7, *(-),
which is continuous from [0, t] onto [0, z(t)].

Lemma 2. (See [13, Lemma 3.4].) Let x = ¢(t;7,n). Then x is differentiable with
respect to T, and

t

d
£ =-V(n,7) eXp(/Vz(tp(o;n n),0) da); (8)

and z is differentiable with respect to 1), and

t

dx
i exp( / Val(p(o:7,m),0) dcr). ©)

T

Theorem 1. Assume that (A1)-(A3) hold. Then, for any (uy,us) € U, system (4) has
a unique solution (N1, N3) € X.

Proof. First, we show that the mapping A maps X into X. For any (N1, N2) € X,
let b(t) = V(0,1)N2(0,t). It is clear that b(t) = a1 N1(t)A(t)/(71 + N1(t)) =
Fy, (t, Na(+,t)). From (A2) it follows that Gy (s, Na(+, s)) < 0. Thus, for 0<t<2z71(l),
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we have

0521N1 (t)A(t)

blr) = v+ Ni(t)

l
< a1 A(t) = an /B(x)NQ(Ivt) dx
0

0 l
/ (T, Nz Fy, (1, N2(+,7)) dz + a1 3 / Nao(¢(0;t,2)) d
0

z(t)
2(t)

< @91 BNag + 218 / T = g1 8Nag + a1 81 (10)
0

b
V. °

Lets = 7 = ¢~ 1(0;t,2). By Definition 1 s = ¢t when 2 = 0, while s = 0 when z = z(t).
Moreover, from s = o~ 1(0;t, ) it follows that z = ¢(¢;s,0). Then from Lemma 2,
dz/ds = =V (0,7) exp(f: Va(¢(o;8,0),0)do). Thus, we have

0 t t

I= /b(s)exp(/vm (¢(035,0),0) da> ds < /eLv@*S)b(s) ds. (11)

s 0

This, together with (10), yields e “vb(t) < o1 B8Ny + az1ff fot e Lvsp(s)ds. From
Gronwall’s inequality it follows that

b(t) < az1BNag exp{(aa1f + Ly )t}. (12)

For z71(I) < t < T, inequality (12) still holds, and the proof is more simple.
For any (N1, N2) € X, we consider A(Ny, Na) = (A1(N1, Na), A2(N1, Na)).
From (6) it is easy to see that

|A1(N1, N2)|(t) < NlO exp{(r + ()élg)T}.
Further, from (7), (11) and (12), for 0 < ¢ < z~(I), we can see that

l

F N
/’AQ Nl,NQ CCt / NlT 2 d -l-/NQ() Otl‘))d

0 z(t)

< Nog + /eLV(t_s)b(s) ds
0

t

< Nog + OézlﬁNzoeLvt/eamBS ds
0

< Noo[1 + exp{(Lv + a21 )T}].
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For z71(I) < t < T, the above inequality still holds, and the proof is more simple. Thus,
A maps X into itself.

Next, we discuss the compressibility of A. For any (N1, N2) and (N7, N}) € X,
from (6) it follows that

| A1 (N1, Na) — Ai (N7, N3 (1)

t
= Njg|e(rta2)t eXp{/ d1N1 LA(S) —ayg — B1A(s) — ul(s)} ds}
0

’72 + A(s)

t
_wwmmwm{zfdmmg+;ﬁfﬁg—am—mA%ﬂ—m@ﬂM}

< NygelrFor)T

t

l
x/[dﬂNl(s)N{(s)Pr(+B1>0/6 x)| Ny — Nj|(, s)dx]d

0
l

<M1/ [‘Nl(s)—N{(s)‘—l—/‘Ng(a:,s)—Né(x,s)’dx] ds, (13)

0 0
where M = Nygel"+*12)T max {dy, (12/72 + B1)B}. For 0 < t < 271(l), we have

l

/\Ag(Nl,NQ) — Ao (N{, Nj)|(z,t) da

0
z(t)
1B N ) — Py NG D)
h V(0,7)
0
z(t)
/ /’GV s, Na(+,9)) (@(s;t,x)) — Gy (s, Ny(-,9)) (p(s:t,x)) | ds da
+ / / |G (s, Na(+,9)) (¢(s;t,2)) — Gy (s, N3(-, 8)) (p(s; t,2))| ds da
z(t) 0
=1L+ 1+ Is. (14)
For I, let s = 7 = ¢~ 1(0;¢,x). By Definition 1 s = ¢ when z = 0, while s = 0 when

x = 2(t). From s = go ~1(0;t, x) it follows that x = (t; s,0). Then from Lemma 2 it

https://www.journals.vu.lt/nonlinear-analysis
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t
follows that dz/ds = =V (0,7) exp( [, Vi(¢(0;5,0),0)do). Thus,

I, < eLVT/|FN1 (T,NQ(-,S)) Fy: (T N (-, )’ds

Further, we can obtain

t
Il < eLvT/
0

por [ anmIN($)As) = M)A s)]
SR e e s i et

a1 N1(s)A(s) a1 Ni(s)A'(s)

ds
71 + Ni(s) 71+ Ni(s)

t

geLvT/ [a21|A(s)A’(s)| 0;211 5)|Ni(s) N{(s)\] ds
0

<eLvTa215[//|N2—N2|(x s)dxds—i——/\Nl Ni|(s)ds 1 (15)

0 0
For I5 + I3, as in [12], using Fubini’s theorem and Lemma 1, we have
t z(t)
I+ 13= / / |GV (s, Ny (s s)) (ap(s; t,m)) - Gy (s, Nj(-, s)) ((p(s;t,w)) | dx ds

0 Ttil(s)

// |Gv (s, N1(+,9)) (@(s;t,2)) — Gy (s, N3(-, 8)) (p(s; t, )| da ds.

0 2(t)

From Lemma 1 it follows that if z = 7, *(s), then s = 7,(x) = 7(,t). Further, let
n = ¢(s;t,z). By Definition 1 7 = o(7;t,2) = 0 when z = 7, '(s) (i.e. s = 7(x,1)),
while n = ¢(s;t,l) < [ when z = [. Moreover, it follows from n = ¢(s;t,z) that

x = @(t;s,m). Thus, from Lemma 2 we have dz = exp(fst Va(p(oys,m),0)do)dn.
Thus, we have

¢l
I+ I3 <eL"T//|—(d2+VI(77,s)+uQ(n,s))(N2(n, s) — Nj(n,s))| dnds
00

t 1
<eLvT(d2+Lv+H2>//|N2 1,5) — No(n,s)| dnds. (16)
00
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Hence, from (14)-(16) we obtain

l
/ [As(N1, No) — As(N], Np)|(, 1) da
0
t 1
<eLVT(a216+d2+LV+H2)//|N2($,S)—Né(x,s)|d$d$
0 0

_
M
JreL"T% / |N1(s) — Ni(s)|ds
0

t

l
<Mz/ [|N1(s)N{(s>|+/|N2(:v,s)—N§<x,s)|dx1 ds, (17)
0

0

where My = e/vT max{ag 3 + do + Ly + Hy, a1 BM /1 }. For 27 1(1) < t < T, the
above inequality still holds, and the proof is more simple.
It follows from (13) and (17) that

ANy, N2) — A(NT, N3 )|,
= || (A1(N1, N2) = A1 (N], N3), A (N, Na) — Ax(N{, N3)) [,

¢ 1
< Mz esssup{ e M / |Ny — Nj|(s) + / [Ny — Nj|(x,s)dz | ds
te(0,7) 0 0

M.
<@ = NN, = V)|

Choose A such that A > M3 = M;+ M>. Thus, A is a contraction mapping on the Banach
space (X, ||-||«). Hence, A owns a unique fixed point, which is the solution of (4). O

To conclude this section, we will discuss the continuous dependence of solutions on
the control variable. Let L$® = L°°(0,T; L*(0,1)).

Theorem 2. For any (u1,us), (uy,ub) € U, let (N1, N3) and (N1, N3) be solutions
of (4) corresponding to (u1,us) and (u},ub), respectively. If T is small enough, then
there are positive constants K1 and Ko such that
[N1 = Nillzoo,r) + | N2 = Nl g
< K0T [[lur = uillpoe o,y + [lue — ub|nse]
and
N1 = Nillzro.r) + N2 = N3l Lr )
< KT [|los — o]l nrgo,ry + llan — e ||y

https://www.journals.vu.lt/nonlinear-analysis
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Proof. We only prove the first estimate as the proof for the second one is similar. From (6)
it follows that

|Ny(t) — N1 (1)

v ™ [ [ o) o . 01272 g BEINa(, ) = Ny, )]
< Ny 0/ |fl1’N1( ) — Ni( )’ (72 + A(5)) (72 + A'(3))

+ 6 /B(m)|N2(x,s) — Né(x,s)} dz + ’ul(s) — u’l(s)]] ds

< Nyge(rtea)T

t

X/Pmemmwfmﬂﬂ/ﬁ|m—MWQMF

0

+ Nloe(f’+a12)T/ |u1(s) _ u/1(8)| ds

Mgl/wl — Nj(s |ds+0//|N2—N2(x ,s)dzds
+/\U1(S)—u'1(8)\d8],

where M3 = max{Mj, Nipe("t®12)T} Further, from (7) we have

/ |Na(z,t) — Nj(z,t)| da

z(t)
|En, (1, Na (-, 7)) — Fivy (7, N3 (-, 7))
s 0/ Vv (0,7) de
z(t) ¢t
//|GV 5, Na(+,8)) (p(s;t,2)) — Gv (s, N3(-, 8)) (¢(s;t,2)) | ds dw
//’Gv 5,Na(+,8)) (e(s;t,2)) — Gv (s, N3 (-, 5)) (@(s;t,x))’dsdx
z(t) O
=J1+ 2+ Js.
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By a similar discussion as that in I; (changing variable s = ¢ ~1(0; ¢, z)) we have

Ji < eL‘/T/|FN1 (7, Na(-,5)) — Fny (7. Na(-, ) | ds

<€¢V7Lj(m17ﬂﬁh ) Jy B@)Na(w,5) da — Ni(s) [y Bx)N3(w, ) da|

J G+ M) (1 + V()

LyT
<e"Tag B

l
[/wz—zvzm s)dx+f/N2 2,5)dz | Ny — Ni|(s >] ds
0

B 3M
<eTay B [Ny — Ny|(z, s) dz ds + eL"T% / [N = Np[(s) ds.

o o\”
S — _

By a similar discussion as that in I + I3 (changing variable n = (s; ¢, z)) we also have

Jo + Jy < etvT |Gv (s, Na(+,8)) (n) — Gv (s, Nj(-, 5)) (n)| dnds

|~ (da + Vi(n,8)) (Na(n, 8) — Nj(n, 5))| dnds

o S O~
— S O~ _

+etvT |ua(n, s)Na(n, s) — uy(n, s)N3(n, s)| dnds

0

geL"T(ngerJer)//|N2(77,5)—N2’(77,5)|d77d5

t 1
LTy / / [ua(n, s) — ub(n, )| dn ds.

Hence, we can obtain

1
‘ﬂmmﬁ—mmm@
0

B " t 1
M
< eLvT%/Wl(s)_N{(sHds+eLvTM//|u2(x78)—U/2($78)’dxds
1
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l

T (g Bdy + Ly + Hy) /1/|A@ ~ N3, )] de ds
0 0

t
M4[/|N1 — N{(s |ds+//\N27N2 (z,s)dzds
0
+/|u1 s) —ui(s |d5],

0

where My = max{Ms, M}. The result follows immediately from above analysis. O

3 The adjoint system

In this section, we will derive adjoint system of (4). Here and below we denote by T, («)
and Ny () the tangent cone and normal cone of I at «, respectively.

Lemma 3. (See [4, Prop. 5.3].) Suppose that 9(x,t) € L™(Q) satisfies

St~

!
/ [O(z, t)v(z,t) + plo(z,t)|] dzdt > 0 forany v € Ty(w).
0

Then there is 6 € L>(Q) such that ||0||oc < 1 and pf — 9 € Ny («).

Lemma 4. Ler (N1, No) be solution of (4) corresponding to (u1,us) € U. For each
(v1,v2) € Ty (ur,u2) such that (uy + vy, us + €vy) € U for sufficiently small € > 0,

we have
1

e
as e — 0, where (N§, N§) is the solution of (4) corresponding to (uy + vy, ug + €vs),
and (z1, z2) is the solution of the following system:

1
NZE —NQ] — 29

[Nf—Nﬂ—)Zl, g[

dz(;t(t) _ Z1(t) |:T o 2d1N1( ) 4 Omj:((tt)) — BIA(t) - U1(t):|
+M@L?fﬂgmmwﬂmﬂ

0z 5‘[V(:E,t)22} _

W‘FTf [d ( )] (I,t)*’l}g(x,t)NQ(l',t% (18)

A(t)

V(0,1)22(0, 1) = o

Jr
as N1(t)B(t)  aamzi(t
)

)
7+ Ni(t (’71+N1(

z1(0) =0, 2(,0)=0, B(t) = /ﬁ(x)zy(m,t) dz
0
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Proof. The existence and uniqueness of the solution to (18) can be established in a similar
way as in Theorem 1. By [1, Lemma 3.1.3], lim._,o[N] — N;]/e and lim._,o[N5 — N3] /e
make sense. Note that (N, N5) and (N7, Na) are solutions of system (4) corresponding
to (u1 + ev1, ug + eva) and (uq, uz), respectively. For simplicity, we denote A°(t) =
fo x)N5 (z,t) dz. It follows from Theorem 2 that

- [As(t) —A(t)]

3

l
/5 YiNg (1) - Ng(xt)dx—>/6 Voo (2, 1) da = B(L)

as e — 0. Thus, ([Nf — N1]/e, [Nf — N1]/e) must be solution of
d[Z(NVf — N1)]
dt
- é[er(t) —rN.(t)] - é[dl (N§ (1) — dy (N1 )]

1[apaNE(@)AS(t)  aaNi(t)A(t)
g Y2 +A5(t) - Y2 +A(t) [61]\71( ) ( ) ﬁlNl( )A( )]

OV (1) ~ Na(6))] v (V5 1)

OL(Ns — Na)l | DIVE(NS — Na)
ot oz
,é(dg +ug) [N5 (2, 1) — No(x,1)] — val, ) NS (2, ),

19)

1 Oéglng(t)AE@) _ aglNl(t)A(t)
el m+N§() 7+ N(t) |

V(O,t)% [N5(0,) — N2(0,t)] =

LINF () = Mu©@)] =0, T[NZ(-0) — Na(-,0)] =0.

(L)
™

It follows from Theorem 2 that
é[er(t) — N1 (t)] = rz1(t), é[ul(t) (N§(t) — N1()] = wr(t) =1 (t),

é[dl (Nf(t))2 —di(N1(1))?] = di [Nf + N % [NT(t) — Ni(t)] — 2d1 Ny (t)z1(t),
} alng(t)AE(t) OélgNl(t)A(t) 012’}/2N1(t>3(t) 0112’}/221(t)A(t)

Wz + A= (t) Yo + A(t) (72 + A(1))? Yo+ A(t)
[ﬂlNl( JA®(t) — B1N1(t)A(t)] — BiN1(t)B(t) + BrA(t)z1 (1),

- [dZNS(mat) — daNa(z,1)] = dazo(a, t),
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é[ug(amt) (N5 (z,t) — Na(2,t))] = ua(z, t)z2(z, 1),

1[aaNF (A1) a21N1<t>A<t>] oni(t) fy B(t) | ammzm(DAQ)
el m+Ni@) 71+ Ni(t) "+ Ni(t) (71 + N1(1))?

as ¢ — 0. Taking € — 0 in (19) and using the above results yield system (18). O

The adjoint system corresponding to control (u;, us) and state (N1, Na) is

) — (o) = 2ani(0) + S 5 A) ()
_aanmp(0.)ARM) |
(71 + N1 (1))2 + w1 (t)u(t),
O I a21m2(0,1) Ny x
+ BuB(x) Ny () (t) — am(ﬁ(?AN(lt()t))gl(t)
+ wo(x, t)us(z,t),

m(T) =0,  nz,T)=n(l,t) =0.

Methods similar to Theorem 1 can be used to prove the existence of the solution to
system (20). Moreover, for (20), by similar discussion as in Theorem 2 one has the
following result.

Theorem 3. For each (ui,u2) € U, the adjoint system (20) has a unique bounded
solution (m1,m2) € L°°(0,T) x L*°(Q). Moreover, for T sufficiently small, there is
a positive constant K3 such that

e — 71l Loe 0,1y + [1m2 = M2l oo (@)
< K3T [|luy — ul|| Lo,y + [luz — uh|| Lo (0,m)]
where (11, m2) and (1}, %) are the solutions of system (20) corresponding to (u1, uz) and

(ul, uy) € U, respectively.

4 Optimality conditions

In this section, we will give first-order necessary conditions of optimality in the form of
an Euler—Lagrange system.

Theorem 4. Let (u},ul) be an optimal harvest policy for the optimization problem (5),
let and (N, N3) be the corresponding optimal state of system (4). Then

al(t) = F w ’ as(x,t) = Fo [(w2+772c)2N5]($7t) L@
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where the truncated mappings F; are given by

0, S§<0,
Fi(S)=48, 0<S<H;, i=12, (22)
Hi7 S > Hi7

where (11 (t),n2(x, t)) is the solution of the following system:

W — (0|~ 201N 0+ e — A0 - ui0)
8(;7; + V(z, )%7;2 = [do + uj(x, )] ma(a,t) — 0‘21’727(10;5)]];71((;)) (2) o
+ BB@NG (s (o) - 22O
+ (e, (2,0, |
() =0, me D) =ml.)=0. AW = [5)Nj(.0)d
:

Proof. For any (vi,vs) € Ty(uf,u}), one has (u§,u§) = (uf + evi, uj +eve) € U
for sufficiently small € > 0. Let (Nf, N5) be the solution of system (4) corresponding
to (u5, u5). From the optimality of (u}, u3) it follows that J(u§, u§) < J(uj, ub). Thus,
from Lemma 4 it follows that

ot €
T

T
:/wl(t)uf(t)zl dt+/ wi (LN (t) — erui ()] (t) dt
0

!
+ /wg (z,t)us(z, t)zo(x,t)dzdt
0

!
/ wa(z, )Ny (z,t) — coub(z, t)]va(, t) dz dt. (24)
0

+

Ot~ o\ﬂ

Here (z1(t), z2(x,t)) is the solution of (18) with (u1,us2) and (N7, N3) replaced by
(uf, ud) and (N, N3), respectively. Next, we show that

T

T 1 T 1
/wlu 21 dt—i—//wquzQ |dzdt = /levl dt+//772N21)2 |dzdt. (25)
0 0 0 0

0 0

https://www.journals.vu.lt/nonlinear-analysis


https://www.journals.vu.lt/nonlinear-analysis

Optimal harvesting in a unidirectional consumer—resource mutualisms system 401
In fact, multiplying the first equation in (23) by 2 (¢) and integrating on [0, T'|, we obtain

T T
d At
/m%dt /7]1(t)21(t) [7“ = 2d Ny (t) + m = BrAT(t) —ui(t)| dt
0 0

T T
+ / nQ(o,t)OW dt — / wi (D) (£) 2 (¢) dt. (26)
0 0

Multiplying the second equation in (23) by z5(z, t) and integrating on @), we obtain

T 1 P

%)
[ [l S o
0 0

l T
/n2 2,8)[dy + uh(z, )] 22 (1) dxdt—ﬁl/ (N (OB dt
0 0

T
—/
’ B(t) [ (H)A*(1)

. Q1272 217121
+!m@%@%m%ﬁwp&_!mmﬁ(%+mwﬁdt
-/
0

1
/OJQ (z,t)us(z, t)ze(x,t) da dt. 27
0

It follows from (26) and (27) that

T 1
Oz 22)
nl—dt—i- 772[ }dxdt
A*(t r
:O/mzl {r — 2, N (t) + m_ﬁlm(ﬂ _ u;] dt — ﬁlo/[nleB} (t) dt

. T
v 01272DB(t)
!mxtm+%mm@wwwﬁ+! OO A ¢

St~ O\’ﬂ

T 1
w1 (t)uy //wg x, t)us(xz,t)zo(x, t) da dt. (28)
00

Similarly, multiplying the first equation of (18) by 7 (¢) and multiplying the second equa-
tion of (18) by n2(x, t), with (u1,u2) and (N1, N3) replaced by (uj, u}) and (N, NJ)
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in (18), respectively, we also have

l
(1z1dt+//n2[522 9 )} dx dt

0 0

T

:/maP—Mﬂuﬂ+2iﬁ$?—mﬁ@%mﬂ&—&/mM%WMt
0

(=)

. T
v py_Q1272B(t)
0/772 2, 1) [dz +uj(x,1)] 22 (2, t) da dt + 0/771(t)N1 “ (v2 + A*(1))? &

T 1

(DN (E)oy (£) dt //mxt%@wm@nmm (29)

0 0

St~ O\H

By (28) and (29) we obtain that equality (26) is true. Substituting (26) into (24), for each
(v1,v2) € Ty(uf,ul), we have

T
/{ t) + m( )]N1 —cuj(t }m
0

T 1
+//{ wo(x,t) + na(x, t)]NQ(x t) — cous(z,t) }vgxt ) dzx dt.
0 0

Hence, we have ([(w1 4+ 71) N7 — c1ui](t), [(we + n2) N5 — coud](z,t)) € Ny (uf, ub).
This implies the conclusion of this theorem. O

5 Existence of a unique optimal harvesting

The purpose of this section is to show that the optimization problem (5) has a unique
solution by means of Ekeland’s variational principle. First, we embed the functional J (-, -)
in the space L' (0,T) x L'(Q) by defining

J(U]_,’UQ), (uhu?) Euv

I (ur,uz) = {_oo, (u1,u2) ¢ U.

Lemma 5. The functional J(uy,us) is upper semicontinuous with respect to (uy,us) in
LY0,T) x LM(Q).

Proof. Assume that (u},uy) — (u1,us) as n — —+oo. From Riesz theorem there is
a subsequence of {(uf, u})} still denoted by {(u}, u%)} such that

(u’f(t))2 — (ul(t))2 a.s. in [0, 77, (ug(xﬂt))2 — (uQ(m,t))2 a.s.in Q
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as n — oo. Then, using the Lebesgue’s dominated convergence theorem, we have

(ur (1)) dt,

St — s TT—

l
/ (uz(x, t))2 dx dt.
0

T 1
lim // uzxt *drdt =
n—-+o0o
0 0

Let (N1, Nay,) and (N7, N3) be the solutions of system (4) corresponding to (uf, u})
and (u1, uz), respectively. From Theorem 2 it follows that

T T
/wl (t)u”(t)Nln (t) dt — /wl (t)ul(t)Nl (t) dt
T 0 T
/M NM)Wﬁﬂ—wﬁﬂd+/wNMﬂwNM@—Nﬂma
0 0

< M||W1||L°°(0,T)H“711 - ulHLl(O,T)
+ ||W1||L°°(0,T)H1K2T[H”? - ulHLl(o,T) + H“g - “2HL1(Q)]'

Thus, we obtain
T

Jim M@W@NMUM:/M@M@M@&.
0

n—-+oo
0

Similarly, we also have

lim //wg (z,t)uy (z,t) Noy (z, t) de dt =

n—-+oo

St~

1
/wz (z,t)ua(x, t)No(z, t) dx dt.
0

From Fatou’s lemma it follows that limsup,, ., ., J(up,uy) < J(ui,usz). This means
that .J (w1, u2) is upper semicontinuous. O

Theorem 5. If T (cf1 +cy 1) is small enough, there is a unique optimal harvesting policy
(ui,ud) € U, which is in feedback form and determined by (21)-(22).

Proof. Define the mapping B : U — L*°(0,T) x L*>(Q) by

B ) = (7 [N g [lea e

where (N1, No) and (11, 112) are, respectively, the solutions of (4) and (20) corresponding
to (u1,u2) € U. Now, we show B owns a unique fixed point, which maximizes .J.
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From Lemma 5 and Ekeland’s variational principle it follows that for each ¢ > 0,
there exists (u§, u5) € U such that

J(ui,u5) = sup  J(uy,ug) —e, (30)
(ul,ug)eu

j(uf,ué)} sup jg(Ul,UQ), 3D
(ul,ug)eu

where
js(u17u2) = j(u17u2) - \EHui - ul“Ll(O,T) - \EHUZ - u2HL1(Q)'

It is clear that perturbed functional .J (u;,uy) attains its supremum at (u5,u5). In the
same manner as that in the proof of Theorem 4, we obtain

[wi(t) + i (WINT() \/Eﬁl(t)}

1 C1

wi (t) = ]-"1[

T A ]

C2 C2
where (N, N5) and (5, 75) are solutions of (4) and (20) corresponding to (u§,u§),
01 € L*>(0,T) with [01(¢)| < 1 ae. in (0,7, and 5 € L>(Q) with |02(z,t)] < 1 ae.
in Q.
Step 1. We show that the mapping B has only one fixed point.
(i) For any (u1,uz2) € U, from (22) it follows that (0,0) < B(uy,u2) < (Hy, Ha).
Thus, B maps U into itself.

(ii) From Theorems 2 and 3 we know that (N7, N3) and ()1, 72) are continuous about
the control variable (u1, uz). Thus, for any (u1, u2), (u}, ub) € U, we have

w1+ N- wi+1 )N/
1B(us, u2) — Bl uh)|| < H( 1 Cnl) L (@)
! ‘@ L>(0,T)
Jr‘ (wotnm2)Na2  (wa+n5) Ny
- C2 1=(Q)

< K4T(cf1 + cgl)
X [llur = uillzoe o, + lluz = uh|l ()],

where K, > 0 is a constant. Obviously, B is a contraction if T'(c;* + ¢; ')
is small enough. Thus, B has a unique fixed point (@1, %2) € U. In addition,
Theorem 4 shows that if the optimal policy exists, it must be the fixed point of 5.
Thus, the uniqueness holds.

Step 2. 'We show that (@1, U2) is the optimal policy. That is, (u§, u5) — (41, U2) as
e—0t.
Note that

@, @2) = (uf, )|, =l = will ooy + 12 = 3| e g
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and

18605, 5) — (0, ). < VIOl miomy + 5 VENO2 D =i
<Veler 46t

Hence, we have

lc
1By, uz) = Blui, up)|, + [|B(ui, ud) — (ui,ud)
KT (c; " + ey ') ||(ar, i) — (uf,u) ||+ Ve(er' +e3t).

If T(c; ' + ¢y ') is sufficiently small such that K, T'(c; ! + ¢, ') < 1, then

o Veler + 3 h)
H(ul,uz) (u17u2)||oo < 1_K4T(c;1+051).

Thus, (u§,u$) — (41, ug) as € — 01, From Lemma 5 it follows that

J(uy,u2) =  sup j(ul,UQ).
(u1,u2)eU

This means that (@1, 42) € U is the optimal policy. O

6 Numerical tests

In this section, we provide some examples to illustrate the effectiveness of the obtained
results. Note that our problem is highly nonlinear, and one cannot expect an explicit
optimal controller. In the following examples, we do not consider the interaction between
resource and consumer species and do not consider the costs of controls. We take r = 2,
d1 = 08, d2 = 0]., Y1 = V2 = 51 = 0, 12 = g1 = 08, 5(1’) = 10$2(1 + l’),
V(izg,t) =1—-2,1=1T =1, w(t) = 0.35(1 + sin(4nt)), wa(x,t) = 1/120 x
(5mx + sin(87t) + 1).

Example 1. Take Hy = 0.5, Hy = 2, N1g = 1.5 and Nog(x) = 2(1 + x)2(1 — z)? (see
Figs. 1-3).

Example 2. Take H; = 0.5, Hy = 2, N1g = 4 and Nog(z) = 8(1 + z)?(1 — z)? (see
Fig. 4).

Example 3. Take H; = Hy(t) = 0.5 + 0.2sin(4nt), Hy = Ha(z,t) = 2 + 0.2z +
0.3sin(87t), Nigp = 1.5 and Nog(z) = 2(1 + 2)?(1 — z)? (see Figs. 5-7).

From the numerical simulations given in Figs. 1 and 4 we can see that the optimal
harvesting strategies for both the resource species and the consumer species basically have
a bang-bang structure. Further, by comparing Fig. 1 and Fig. 4 it can be seen that given
other parameters, the optimal harvesting strategy for the resource species has nothing
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Figure 1. Optimal harvesting efforts ] (¢) in Example 1 (left) and w3 (z, t) in Example 1 (right).
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https://www.journals.vu.lt/nonlinear-analysis


https://www.journals.vu.lt/nonlinear-analysis

Optimal harvesting in a unidirectional consumer—resource mutualisms system 407

0.5
o 04 z 2
P %:’(\I
z o 15
£ 03 Z
3 g 1
g g
= =
= 02 = 05
£ E
2 5 0
© o1 SIS
1
0 0.3 0.5
0 02 04 06 08 1 Body Size x 00 Time ¢

Time t

Figure 4. Optimal harvesting efforts ] (¢) in Example 2 (left) and w3 (, t) in Example 2 (right).

0.7
0.6 =
e 2
5705 5
2 2
‘% 0.4 §
5 g
< 03 =
g0 s
0.1
0 0.5
0 0.2 0.4 0.6 0.8 1 Body Size x 00 Time t
Time t

Figure 5. Optimal harvesting efforts ] (¢) in Example 3 (left) and w3 (, t) in Example 3 (right).

Nz(x,t) without harvesting
Nz(x,t) with harvesting

0.5

Body Size x 0 0 Time t

Body Size x 00 Time t

Figure 6. Population density N2 (x, t) in Example 3 with uz = 0 (left); with ug = w3 (right).

Nonlinear Anal. Model. Control, 27(2):385-411, 2022


https://doi.org/10.15388/namc.2022.27.26314

408 R. Liu, G. Liu

24 1.55

= without harvesting = without harvesting
23 = = = with harvesting L5 = = = with harvesting
1.45
= 22
v
— 1.4
Z 21 g
=
8 S 135
= 2 ’ 3
< ’ o,
= o 13
’ ~
=19 ’ =)
a ’, s 125
18 (AR PR °
S ’ =
= ‘ '
17 ‘ 115
’ .
’
1.6 ’ 1.1 - AT S
== D
-
1.5 1.05
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time t Time t

Figure 7. Trend of the total population in the case of harvest and no harvest in Example 3. Resource population
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to do with its initial value, and the optimal harvesting strategy for the consumer species
has nothing to do with its initial size distribution. Thus, it leads to the conclusion that
the bang-bang structure of optimal policies is much more common in optimal population
management. In this paper, we assume that the maximum harvesting efforts for the re-
source species and the consumer species are, respectively, positive constants. However,
from the numerical simulations in Example 3 it can be seen that if the maximum har-
vesting effort for the resource species is a bounded function with respect to time ¢, and
the maximum harvest effort for the consumer species is a bounded function with respect
to time ¢ and individual size z, the optimal harvesting strategies for both the resource
species and the consumer species basically have a bang-bang structure. From the right
part of Figs. 1, 4 and 5 it can be seen that for consumer species, harvesting individuals
with larger sizes is conducive to obtaining more economic benefits. This has obvious
biological significance because we assume that individuals with larger size have greater
economic value.

7 Conclusion

This paper is concerned with the harvesting problem for a size-structured model of unidi-
rectional consumer—resource mutualisms in which the consumer species has both positive
and negative effects on the resource species, while the resource has only a positive ef-
fect on the consumer. In the previous sections, we have established the well-posedness
of the system by constructing a suitable solution space and equivalent norm. Then the
continuous dependence of solutions on the control variable and the adjoint system of the
state system are investigated. More important result is the existence of a unique optimal
harvesting policy, which provides a theoretical basis for practical application. As for the
structure of the optimal policy, in Theorem 4, we have presented a feedback strategy.

Let us make some comments on the difference of our results and methods with those
of closely related works. For the optimal control problems of size-structured population
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models, the authors in [15,17,18] proved that the optimization problems admit at least one
solution but paid no attention to the uniqueness. In addition, the structure of the optimal
strategy did not considered in [15].

In our paper, we show that there is a unique optimal harvesting policy, and the struc-
ture of the optimal policy is given in the form of feedback. As far as we know, most
of optimal control problems for population systems are naturally formed in an infinite
time horizon. However, in this paper, we consider the optimal harvest problem with a
fixed horizon [0, T], where T < oco. To our knowledge, even for the population model
of ordinary differential equations, the infinite-horizon optimal control problems are still
challenging. For example, it is difficult to establish a suitable transversality condition so
that one can choose the correct solution of adjoint system for which Pontryagin maximum
principle is applicable. For more details of the infinite-horizon optimal control (including
age-structured systems and size-structured systems), please refer to [24]. We leave these
for our future work. Moreover, as done in [20], we can investigate the existence and
stability of positive equilibrium and the existence of nontrivial periodic solution of the
system.
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