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1 - Introduction

This paper is concerned with a non-cooperative dilerkntial game modelling the harvesting
of marine resources. The general setting of the problem will be discussed for an N-dimensional
domain. The main results, however, will be proved in the one-dimensional case.

Consider a bounded domain Q RN with smooth boundary. In practice, Q [CR? will
describe the region occupied by a lake, or a sea. Denote by ¢ = ¢(t, X) the density of fish at time t
at the point x QL In absence of fishing activity, assume that the fish population evolves according
to the parabolic equations with source term

Pt = D¢ +9(X, 9) x [, (1.1)
with Neumann boundary conditions
[p-In=0 x [aD. (1.2)
A natural choice for g is ] ]
gx,9) =a h(x)—¢ 9. (1.3)

Here the constant a > 0 is a growth rate, while h(x) denotes the maximum fish population that
can be supported by the habitat at x. Let uj = u;j(t, X) be the intensity of harvesting conducted by
the i-th fishing company, at time t at the location x Q. In the presence of this fishing activity,
the fish population evolves according to
™ 1
G =00 +9(X,0)—  oui(t,x). (1.4)

i=1



Throughout this paper, we consider steady state solutions. These satisfy the elliptic equation

| L—
Ap+9(x0) = @ui(x), (1.5)

i=1

together with the Neumann boundary conditions (1.2). The strategies u;(x) are now assumed to
be independent of time.

We are interested in optimal fishing strategies for the various companies. At a steady fishing
rate, the i-th company will sustain a cost

1
ci(X) ui(x) dx. (1.6)
Q

It is reasonable to assume that di[erknt companies will incur in di[erent costs c; for fishing at a
given location x. This is because their home bases may be located at coastal cities with di[erknt
distances from x. In addition, there may be restrictions to the fishing activities of companies of
various countries. For example, if there is an international treaty that does not allow the k-th
company to harvest fish in a subregion Q° [CQl this will be modelled by setting cy(X) = oo for
x [OP. If a subregion Qg is set aside as a marine park where no fishing is permitted, then c;(x) = oo
forall x CQh, i=1,...,m.
The profit for the i-th company will be proportional to the total fish caught:
L1

pi= P -o()ui(x)dx. @7
o

Here P denotes the unit price of fish on the market. By a variable rescaling, it is not restrictive to
take P = 1. The total payo [Tor the i-th company is therefore
DEI 1]
Ji= o) —ci(X) ui(x)dx. (1.8)
Q

The function u; = u;(x) describes the strategy of the i-th company. It is reasonable to assume
that it satisfies the constraints
1
ui(x) =0, ui(X)dx < M; . (1.9
0

Here M; denotes the maximum amount of fishing within the capabilities of the i-th company. In
practice, this may depend on the number of fishermen and on the size of fishing boats available.

Remark 1. The cost functionals given at (1.6) are linear w.r.t. u;. More general, nonlinear cost
functionals could take the form (| 1

Wi ci)ui(x)dx (1.10)
Q

where W; is a convex function, with W;(0) = 0, W%(0) > 0. This accounts for the fact that, as
the total amount of harvesting increases, the cost increases super-linearly. On the other hand, a
nonlinear cost functional of the form

1

G = Yux)dx, (1.11)
Q
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with %s) -~ oo as's — oo, is not realistic. For example, assume Q [CR? and choose any point
X [l Consider the two strategies

1 2 . —
ux)= — - U (x) = 1/(mre) if [ x—=—X<r,
(x) meas (Q) () 0 otherwise.

Notice that [ |
u)dx = uP)dx =1.
Q Q

For the functional (1.10), fishing over the entire domain or on a small part of it yields the same
cost. However, for the cost functional G, as we reduce the fishing area more and more, the cost
tends to infinity. Indeed ]

lim UM (x))dx = oo.

rt 0 Q
This feature is not supported by practical experience.

Remark 2. We also observe that integral constraints such as (1.9) are meaningful, while pointwise
constraints of the form a
%i(x) =M (1.12)

are not. Indeed, (1.12) models the presence of a “park-meter”, so that a fishing boat is allowed to
stay in one place up to a maximum of time, then it must move elsewhere.

The above remarks indicate that in a realistic model, the cost of harvesting grows at most
linearly w.r.t. the pointwise intensity u(x). This has important implications for the corresponding
optimization problem. Indeed, the existence of optimal strategies can now be obtained not in
L1(Q) but in the in the space M. (Q) of non-negative Radon measures supported on the closure
of the domain Q.

This fact is actually consistent with practical experience. If an open subset Q° is set
aside as a marine reserve, the most profitable place to catch fish is right along the boundary of
the reserve, i.e. on Q n 0Q% In an optimal strategy, a positive amount of harvesting thus takes
place on a set of measure zero. This strategy is described by a measure L, singular w.r.t. Lebesgue
measure on Q. We stress that the study of optimal strategies within a space of Radon measures is
a major dilerence between the present paper and earlier literature on the subject [CGM, DMS1,
DMS2, LM, LW, N].

The remainder of the paper is organized as follows. In Section 2 we review the definition of
Nash equilibrium solution of the di[erkntial game.

All subsequent analysis deals with the case of one space dimension. Results are expected to be
qualitatively similar in more space dimensions. However, there are two features of one-dimensional
problems which play a key role in our proofs. Namely:

(i) The Green kernels of second order operators are Lipschitz continuous.

(if) Given a two-point boundary value problem on the interval [0, R] with a source invojving @
positive measure 4, as in [BR] one can introduce a new variable s such that s(x) = x+ u [0,X] .

Rewriting the dilerential equation in terms of s as independent variable, the singularities are

removed and classical O.D.E. theory applies.

For given measures [, in Section 3 we study the existence and uniqueness of strictly positive
solutions to the boundary-value problem (1.5)-(1.2). The existence and the uniqueness of measure-
valued solutions to the optimal control problems for the various players are studied in Sections
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4 and 5, respectively. Our uniqueness result is obtained by proving the strict concavity of the
payo [fiinctional (1.8), as long as the measures W remain small. Finally, in Section 6 we prove the
existence of a Nash equilibrium solution to the di[erkntial game. This is obtained as a fixed point
of a continuous transformation, in a space of measures.

2 - Nash equilibrium solutions

From now on, we consider fishing strategies described by positive Radon measures pj [
M. (Q). The fish population will reach an equilibrium state ¢ = @(x), determined by the el-
liptic problem with measure-valued sources

™1
Ap+g(X, @) =9 i, (2.1)
i=1
and Neumann boundary conditions
[pg-In=0 X [dD. 2.2)
For the analysis of elliptic equations with measure-valued source terms we refer to [Bo, BG1, BG2,
BGO].
Each company seeks a strategy {; in order to maximize its payo[ 1
1 —1
Jij = B (pd[.l.(X) —-Y; Cj d[.l. s (23)
Q Q
subject to the constraints ]
M =0, Hi Q) =M;. (2.4)

Definition 1. We say that the (1 + m)-tuple (@, H,,...,Hy) is @ Nash equilibrium solution
of the non-cooperative dilerfential game (2.1)-(2.3) if the function ¢ provides a solution to
the elliptic boundary value problem (2.1)-(2.2) and, for each i = 1,...,m, the measure p = p;
achieves the maximum payo [fér the optimal control problem

1 L 1
maximize: Ji(n) =  @du(x) —W¥; cidp (2.5)
Q Q
subject to 1
Ap(X) +9(X, Q) — - H;(X) = ou, (2.6)
j&i

with boundary conditions (2.2), and with the constraints

p=0, H(Q) < M;. 2.7

3 - Positive solutions of the boundary value problem
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From now on we specialize to the case of one space dimension, so that our domain is a
bounded interval: Q =1]0, R[. In this section we study the uniqueness of non-negative solutions to
the boundary value problem

¢+ g(X,9) —9-u=0, 9%0) = ¢(R) =0, (3.1)

where primes denote derivatives w.r.t. the space variable x, while p IZISVI(§_2) is a positive Radon
measure supported on the closed interval Q = [0, R]. On the function g we impose the following
assumptions:

(A1) One has g(x,9) = f(x, @) ¢, where the function f = (X, @) is continuous w.r.t. both variables
and twice continuously di Cerentiable w.r.t. . Moreover, for some continuous function h = h(x)
one has

O O
f(x,00>0, fo(x,0)<0, Fxh(x) =0 forall x CJO,R], ¢=0.

Here and in the sequel, by f,, o, We denote respectively the first and the second partial derivative
of ¥ w.r.t. .

Since in the equation (3.1) i can be a measure, a precise concept of solution should first be
given.

Definition 2. By a solution of (3.1) we mean a Lipschitz continuous map x B @(x) such that

(i) The map x B ¢%x) has bounded variation and satisfies

e Ol o C1 .
Jim 9°() = e(0) p {0} , Jme7 ) = —e(R)p {R} . (3.2)

- : I
(ii) For every test function n [C} ]J0,R[ one has

LA 1 LA
—¢M°+g(x,@)n dx—  @ndp = 0. (3.3)

0 0

We notice that ¢ = 0 is always a solution. The next two lemmas are concerned with the
existence and uniqueness of strictly positive solutions. In the case where i has a positive density
w.r.t. Lebesgue measure, these results are entirely standard. However, the case where L contains
point masses must be handled with some care.

Lemma 1. Let the assumptions (Al) hold.

(i) Let @ be a non-negative solution to (3.1) with @(y) > 0 for some y []0, R]. Then there exists
0 > 0 such that
oxX) =9 for all x ], R]. (3.4)

(ii) The problem (3.1) can have at most one nontrivial positive solution.
Proof. 1. Consider the set

= 0 _ I
D= xOUR[; ¢(x) exists, un{x} =0 . (3.5)
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Observe that ] ]
meas [0,R]\D =0.

Construct a standard mollifier ¢ : R B [0, 1], with

[
¢ [T, d(x)dx =1, d(x) =0 if [x|=1,
1

and set ¢<(X) = € d(s x). Given a couple of points x1,x, [D, consider the test functions
Ne = Xixa,xo] Lle, SO that 3
Ne(X) = de(x—y)dy.
X1
Insertingthegetest-functions in (3.3) and letting € - 0, for every couple of points x;, X, such that
B {x1} =pn {X2} =0 we obtain
L, L,
0Ux2) —9(x) = gdu—  f(x,9)pdx. (3.6)

X1 X1

In particular, for every point x []J0l R[, we have

0 0 .
P (X+) =0 (x—) =p {X} @(x). 3.7

2. Assume @(Xx) = 0, for some X [0, R]. Recalling that @ is non-negative, we claim that

¢%x) =0 (3:8)

as well. Indeed, if X =0 or X = R, the boundary conditions (3.2) yield ¢%0+) = 0 or ¢%R—) =0,
respectively. On the other hand, if 0 < x <R, as x - X by (3.7) the left and right limits of @%(x)
coincide. Therefore @°(x) exists. If this derivative were & 0, the function ¢ would take values with
opposite signs in a neighborhood of X, against the non-negativity assumption. Hence (3.8) must
hold.

3. For notational convenience, define ¢(x) = ¢%x). Introduce the variable
_ (I R
S=X—X+u X X . (3.9

The map x B s(X) is strictly increasing. It admits a non-decreasing inverse s B X(s) which is
continuous with Lipschitz constant one. Namely,

8(s) = %x(s) 10, 1] (3.10)

for almost every s. Observe that (3.9)-(3.10) formally yield ds = dx + dyu = 6ds + (1 —8)ds. To
take care of points where p has a point mass, and @° thus has a jump, we set

] 1 = 1
s*(s) =max o; x(a)=x(s) , s (s)=min o; x(a)=x(s) ,
and define
N . s— o t—-s Ul
9(S) =9 X(5) WO = 2 O XO) + g X)),
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We observe that these maps provide a solution to the system of O.D.E’s

%w(s) =0(s) - W(s),

e - - - - (3.11)
ELIJ(S) = 1-06(s) -9(s) —0(s) T x(s),0(s) @(s),

with initial data
0(0) =y(0) =0. (3.12)

The right hand side of (3.11) is bounded, Lipschitz continuous w.r.t. @,, and measurable
w.r.t. s. Therefore the only solution with initial data (3.12) is @(s) = Y(s) = 0 for every s.

4. Reverting to the original variables, in the previous step we have shown that, if ¢(x) = 0 for
some X [0, R], then @(x) = 0.

Equivalently, if ¢(y) = 0 for some y, then @(x) = 0 for all x [Jd, R]. Since the interval [0, R]
is compact, this proves part (i) of the lemma.

5. To prove the claim (ii) concerning uniqueness, let @1, @> be any two strictly positive solutions.
Assume that @1(y) < @2(y) for some y [0, R]. Define

. 92(X)
A = max > 1 3.13
x2[0,R] @1(X) (3.13)
We then have
AP (X) = 92(X) for all x [0, R] (3.19)
while
AQ1(X) = @2(X) (3.15)
for at least one point X [0, R]. Define ¢ = A@; — @,. This implies
¢(x) =0, ¢(x) =0 forall x C[O,R]. (3.16)
Moreover, ]
0. O Ol _Ho O O n=N
O7+TF X, 010) O—pd= T X,02(X) —F X,01(X) @2(X). (3.17)

Notice that, in a neighborhood of X, the right hand side of (3.17) is strictly negative because T is
strictly decreasing w.r.t. ¢. Using the auxiliary variable s as in (3.9), and setting § = ¢°= d¢/dx,
we can represent ¢ as the solution to the Cauchy problem

%MS) = 9(5) lJJ(S)

LIJ(S) - 8(s) ¢(S) 8(s)-f X(S) 01 ¢+9(S)K(S)

(3.18)

Here I 0 O i=t
K(s) = T x(s),92(x(s)) —F x(s),91(x(s)) @2(x(s)) < O

as X(s) ranges in a neighborhood of the point X.



6. Two cases should be considered. If 0 < X < R, since ¢ = 0 we have
AY(X—) — 3(X—) = 0 = AQL(X+) — @3(X+). (3.19)
From the identities
o o 1. O Cl O 0/ 0=
P2(X+) —2(x=) = L {X} - 02(X) = P X} -AQ(X) = AQ1(X+) — Ap1(X—),

it follows that the left and the right hand sides of (3.19) are equal, hence they both vanish. By the
parametrization (3.9), at s = 0 we have

$(0) = Ag1(X) — 92(x) =0, W(0) = ApI(X) — 93(X) = 0. (3.20)

Since K(s) < 0 for s [J0] sp], with sg = 0 small, from the equations (3.18) and the initial conditions
(3.20) it follows that ¢(s) < 0 for s > 0 su Lciehtly small. This yields a contradiction with (3.16).

7. Finally, we consider the case where x = 0. According to the boundary conditions (3.2), the
identity @2(0) = A@1(0) implies ©3(0+) = A@?(0+). Therefore, for s = 0 the equations (3.18)
should again be solved with the boundary conditions (3.20). As before, we conclude that ¢(s) <0
for s > 0 small, reaching a contradiction. The case where X = R is entirely analogous.

In the following, by a subsolution of the problem (3.1) we mean a Lipschitz continuous
function @ which satisfies the following two conditions.

(i) The map x B ¢%x) has bounded variation and satisfies

. 0 [ . 0 [
Jim 9°0) = e(0) p {0} Jme7 ) = —e(R)p {R} . (3.21)
. : . 1 _ 0l
(ii) For every non-negative test function n [CC} J0, R[ one has
LA 1 L[4
— oM+ F(x, @) pn dx— endu = 0. (3.22)
0 0

Repeating the previous analysis at (3.5)-(3.7), we see that ¢ is a subsolution if ang-only—f
tqﬁboqﬂ{ﬁary condition (3.21) holds and moreover, for every X;,X, CJOI R[ such that p {x;} =
H {x2} =0, we have

3, 3,
PU(x%2) —9%x1) =  edu—  f(x,@)@dx. (3.23)

X1 X1

Supersolutions can be defined in an entirely similar way, reversing the inequalities in (3.21)-(3.22).

The next result provides a necessary and su [cieht condition for the existence of a strictly
positive solution. Since it is an obvious extension of the corresponding result valid when [ is
absolutely continuous, we only sketch the main arguments of the proof.

Lemma 2. Let the assumptions (Al) hold. Then the following are equivalent:
(i) The linear eigenvalue problem
0%+ F(x,000 — U = Ag, ¢%0) = pAR) =0 (3.24)
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has a strictly positive solution, for some A > 0.
(ii) The nonlinear problem (3.1) has a strictly positive solution.
Proof. 1. Assume that (i) holds. Observe that the constant function

+ — -
" (X) = hmax xg}ci)i,)ée] h(x),

is a supersolution of (3.1). Indeed f(X, hmax) =< 0 for all x [Jd, R]. On the other hand, let @) be a
positive eigenfunction, corresponding to an eigenvalue A > 0. Then, for all € > 0 su [ciehtly small,
by the continuity of ¥ we have

0. « (| S ]
€PN+ T X, €QA(X) €Pr — QA = €@+ T X,0)— A €pp —eppr =0.

Hence the function @ (X) = €@x(X) is a strictly positive subsolution of (3.1). By possibly reducing
the size of € we can assume that @ (X) < hmax = ®*(X). Having constructed an upper and a
lower solution, we conclude that there exists a solution @ of (3.1) such that ¢ (X) < @(x) < @™ (X)
for all x []J0,R]. Following a well established technique, this solution ¢ can be defined as the
supremum of all subsolutions < ¢@™.

2. Viceversa, assume that (3.1) admits a strictly positive solution @. In analogy with (3.9), define
the new space variable O O
s=Xx+u [0,X] . (3.25)

and set 8(s) = dx(s)/ds []Q,1].
We need to show that there exists A > 0 and a solution to the system

%@A(S) =0(s) - Ya(s),
L — O (3.26)

== N
B = 170(65) - ea(8) =08(s)- T X(5), 0 =A @A),
with @, > 0 and with boundary conditions

om0 =1, WA(0) = Wa(S) = 0. (3.27)
L . , :
Here S =R+ [0,R] . Introducing the quotient function
. Ua(s)
OA(s) = 227 3.28
A = (3.28)
from (3.26)-(3.27) we find that ®, must satisfy

d 1 1 Cl ] )
gm;\(s) = 1-6(s) —0(s) F(x(s),0) —A —0(s) P5(s), fora.e. s [J0,S], (3.29)

DA(0) =0, (3.30)

together with the terminal condition ®,(S) = 0. For each A = 0, consider the solution ®, of the
Cauchy problem (3.29)-(3.30). As A increases, we clearly have

lim - @x(S) = +eo.
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On the other hand, when A = 0 we have ®y(S) < 0. Indeed, by assumption there exists a solution
(o, ) of (3.11) with

P(O) =y(s) =0, @(s) >0 foralls []Q,S].

Hence the function
O(s) = W(s)/o(s)

is well defined and satisfies

d 1 (| 1 1 )
ECD(S) = 1-06(s) —8(s)T x(s), o(s) —8(s) (s), forae. s [J0,S], (3.31)

®(0) = @®(S) =0. (3.32)

(| O Cl
Recalling that T x(s), @(s) < T x(s), 0 for every s []0, S], by a standard comparison argument
for first order O.D.E’s we conclude that

Dp(S) < D(S) for all s [0, S].

Moreover, at the terminal point we have the strict inequality ®(S) < ®(S).

Since the value ®©,(S) depends continuously on A, there exists a particular value A > 0 for
which @, (S) = 0. Returning to the original variables, this yields the desired solution to the linear
boundary value problem (3.24). L]

By the previous analysis, the nonlinear boundary value problem (3.1) has a strictly positive
solution if and only if for A = 0 the solution Wy of the Cauchy problem (3.29)-(3.30) satisfies
Wo(S) < 0. This yields

Corollary. A su[fidient condition for the problem (3.1) to have a strictly positive solution is that

o o R
UOR] <  F(x,0)dx. (3.33)
0

Indeed, according to the proof of Lemma 2, a strictly positive solution exists if and only if the
solution ®q of the Cauchy problem

d ] - O O ,
ZP(S) = T-8(5) —8(S)T X(5), 0 — 8(5) P5(s), ®o(0) =0, (3.34)

satisfies ®o(S) < 0. Integrating (3.34) one obtains

Ld O U4

O O o o R
®p(S) = 1—0(s) ds— B(s)f x(s),0 ds = p [0O,R] —
0 0

0

O O
f x,0 dx.

This establishes (3.33).

4 - The optimal control problem
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In this section we analyze the optimal control problem for one fishing company. This is
formulated as an optimization problem within a space of non-negative Radon measures, for an
elliptic P.D.E. with Neumann boundary data. In one space dimension it takes the form

| o= ]

maximize: J() = o) du(x) — ¥ c(X) dp(x) (4.2)
0 0
subject to
V) +FX,9e—0-v=0-U. x LR, (4.2)
0%0) = ¢(R) = 0. (4.3)

Here the measure p describes the fishing intensjty for the particular company under considera-
tion. This will be an element of the space M [0, R] of Radon measures supported on the compact
interval [0, R]. The measure L must be suitably chosen, in order to maximize the profit J(i). On
the other hand, v is a given Radon measure, accounting for the combined intensity of fishing of all
other companies. This situation is relevant in the study of di[erkntial games. Of course, if only
one fishing company is active, we would simply take v = 0.

On the cost functional J we make the following assumptions:

(A2) The cost function ¢ : [0,R] B [cg, o] is bounded from below by some constant ¢y > 0,
and lower semicontinuous. The function W is non-decreasing, convex, lower semicontinuous, and
satisfies

W(0) =0, woo) =1. (4.4)

Finally, v is a non-negative Radon measure on [0, R].

Notice that the case c¢(x) = +oo for every x in an open subset Q° [Qlis allowed. Similarly,
there may exist a value so > 0 such that W(s) = +oo for all s > sg. Some preliminary observations
are listed below.

Remark 3. For every non-negative measures ,v = 0, the solution of (4.2)-(4.3) satisfies

O=so9o(X) = Xg}g)ée] h(x), (4.5)

where h is the function introduced in the assumption (Al).

Remark 4. Using the fact that the pointwise maximum of two solutions is a subsolution, we obtain
the uniqueness of the maximal solution. Throughout the following, for a given control measure (,
we shall always refer to this maximal solution. According to Lemma 1, this maximal solution is
either identically zero, or uniformly positive on the entire domain [0, R].

Remark 5. Given two measures L, fI, we write i [plif
H(A) = u(A)
for every open set A. In this case, the corresponding maximal solutions of (4.2)-(4.3) satisfy
009 = 9(x) x CIO,R]. (4.6)
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Indeed, the function (E is then a supersolution of (4.2)-(4.3).

Remark 6. Let @g be the equilibrium population of the fish if our specific company does no
harvesting at all, so that

P51 + F (X, 9o)po — 9o - vV =0 x [0, (4.7)
Then the optimal control strategy is p = 0 if and only if

@o(X) = c(X) for all x JQ,R]. (4.8)

Remark 7. In the spatially homogeneous case: ¢(x) =c, dv =vdx, f(x,9) = (ﬁ — @), we expect
to find a optimal solution p having constant density u w.r.t. Lebesgue measure, so that du = udx.
In this case, the solution of (4.2)-(4.3) is explicitly computed:

9=h-v-—u, (4.9)

or else @ = 0 if the right hand side of (4.9) is negative. The optimal value of u is found by
maximizing the scalar function

- _ _ L1 [
Ju=R(th-v—-u)—¥ Rcu .

The main result of this section is the existence of an optimal strategy i , within the space of
Radon measures. As we show in a subsequent section, this more general formulation cannot be
avoided. Indeed, when the cost function c(-) is discontinuous, the optimization problem may have
no classical solution. The optimal strategy y—js typically a measure which contains point masses,
and does not admit a density u I [0,R] w.r.t. Lebesgue measure.

Theorem 1. Let the assumptions (A})-(A2) hold. Then the maximization problem (4.1)-(4.3)
admits an optimal solution p [CM,. [0,R] within the family of non-negative Radon measures on
[0,R].

[
Proof. 1. Let (Mn)n 1 be a maximizing sequence, so that u, CM4 [0,R] for alln=1 and

Iilm J(Mn) =sup I (). (4.10)
n! W

Call ¢, the corresponding maximal solution of (4.2)-(4.3). Notice that it is not restrictive to
assume that the support of Y, is contained in the set

Qn= X LRI 9a(0=co -
Indeed, in the opposite case we can define a new measure i, [} by setting
Fn(A) = Hn(A n Qn)
As in Remark 5, the corresponding solutions satisfy (En = @n, and hence J({in) = I (Un)-

12



2. From the equations (4.2)-(4.3) it now follows that

O O S A A

Cotn [O,R] = On dpn < (X, 0n) Pndx < T(X,0) hmax dx.. (4.11)
0 0 0

This proves that the sequence L, is uniformly bounded.

3. By compactnesg-yve camnow select a subsequence, still called (pn), which converges weakly to a
measure 4 M. [0, R] . Since the functions ¢ are uniformly Lipschitz continuous and bounded
on [0, R], we have the uniform convergence ¢, — @ , where @ provides a solution to (4.2)-(4.3)
with p = p . We now have

lim On dpn = ¢ du . (4.12)
n!l 0 0
Moreover, the lower semicontinuity of the functions ¢ and ¥ implies

A A

cdu < liminf cdun,
0 n!l 0

l% 1 lﬁ 1
Y cdy  =liminfy cdun . (4.13)
0 n!l 0

Together, (4.12)-(4.13) yield
Jim J(a) = I ).

Hence the strategy p is optimal. L]

5 - Uniqueness of optimal solutions

This section is concerned with the uniqueness of optimal solutions. We will show that, within
a class of measures with small total mass, the optimal strategy is unique. This will follow from the
strict concavity of the payo [Cflinctional J. Throughout the following, we denote by

=) 1
(L = sup . ddp; [plled=<1 (5.1)

[ I
the total mass of a measure . Notice that, if pli_s] noq:qegative, one simply has [l = p [0,R] .
Given two distinct positive measures 4, 1 M4 [0, R] , define

. Pp—p
0= —
(- pcd

Of course, ¢ is a Radon measure, not necessarily positive, with unit norm.
For [ 0 small, let ~be the corresponding solution of boundary value problem (4.2)-(4.3),
with p replaced by p™% p + [@ We seek conditions which ensure that the scalar map

[0 J(u+ @) (5.2)

13



is strictly concave. It is clear that the map

LA LA LA
it cdu=  cdp+ O cdo
0 0 0

is a [nel Since we are assuming that the function s B W(s) is convex, the same is true of the map
% 1
mJ W=v cdu™ .
0

It thus su [Cced to study the concavity of the map

4
m J*wh=  ¢'du” (5.3)

0

for 2= 0 small. In the following analysis, we assume

LIl <1, (5.4)
so that the corresponding solution of (4.2)-(4.3) will be close to the solution g of
W%+ F(x, Wo) Yo =0, W3(0) = Yg(R) =0 (5.5)

where no fishing occurs.
We begin with a formal analysis. Assume that at (3= 0, the map 13 ¢@~admits an asymptotic

expansion
0 = @o + [@h + Bip, +0o(1F). (5.6)
Observe that each function ¢™$atisfies
(@°+ F(x, 0V = (v + u+ [9), (5.7)

with Neumann boundary conditions (4.3). Inserting (5.6) in (5.7) and expanding in powers of [
we see that the functions @g, @1, ¢, : [0,R] B R should provide solutions to the boundary value
problems

L1

= 0L+ F(X, 9o)o = Po(v + ),

02+ T (X, 90)@o®1 + F(X, 0)p1 = @1(v + 1) + @00, (5.8)

1
%54 5 Too (. 00)PoPZ + T (X, P0) (PoP2 + 02) + F(X, Po)P2 = @2 (v + 1) + 910,

with Neumann boundary conditions
93(0) = 97(0) = 93(0) = 0, 93(R) = 91(R) = 93(R) = 0. (5.9)

Computing the second derivative at [ & 0, we find

12, o 1d R
sae’ W)= 557 0w
1 d?
= 54dE , (90 + [@h + Pipy) d(u + [q) (5.10)
Cd |
=  @ido+  @pdu.
0 0

14



We need to study the sign of the right hand side of (5.10), and check if it is strictly negative. From
the first two equations in (5.8) it follows

(POO
V= 2+ f(x,00), (5.11)
(o
_ 9%° %5’
0="1=+Tf,(Xx, — 01— . 5.12
% o (X, ®0)P1 — @1 9 (5.12)
Integrating by parts and using the boundary conditions (5.9), we obtain
4 A L oo
01 do = 7Ly + Fo(x, 90)9? — 9270 dx
0 0 0o ]
= 0] = +T(x0)0f+ 5 @) dx (5.13)
0 ®o )
4 1 0 1 (02)? 11
= @D+ 3% %01+ Fox,00) 2700 2 dx.
0 ®o ) ®o

Since we always assume (5.4), in (5.8)-(5.9) we expect @o = Yo, where g is the solution of
(5.5). On the other hand, the function ¢, can be essentially arbitrary. - orggr to control the
sign of the right hand side of (5.13), on the Hilbert-Sobolev space H! [0,R] , we consider the
homogeneous quadratic functional

L4 ] 0 0)2 —
Q(v) = 1wz - 3L“—2 v + ?”’03’ —fp(x, W) V2 dx (5.14)
o Yo W5 0
By an elementary inequality we see that, if there exists 6o > 0 such that
]
f(xw)+}M‘<—6 <0 for all x 0, R] (5.15)
AT o |
then the functional Q is strictly positive defined. Namely,
Q(v) = 25, VIH (5.16)

for some constant 8, > 0 and all v CH?*. For v, 4 = 0 one has @g = 5. Therefore the right hand
side of (5.13) will still be strictly negative definite. Concerning the second integral on the right
hand side of (5.10), we expect that it can be rendered arbitrarily small by choosing the measure p
small enough. These preliminary computations motivate the following

Theorem 2. Let the assumptions (Al)-(A2) hold. Moreover, assume that (5.15) holds, so that
the quadratic functional Q in (5.14) is strictly positive defined. Then there exists a constant 8-> 0
such that, for any given measure v [\, the optimization problem (4.1)-(4.3) can have at most
one solution within the set of measures u M. [0, R] which satisfy the additional condition

mMENMES (5.17)
In particular, if v =0 and
WY(ced
(5°D§ > Nmax , (5.18)
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then the optimization problem has exactly one solution pu WM. .

Proof. Assume that there exist two distinct optimal solutions pi, 42. To obtain a contradiction,
we will show that the map

. -
[0 J 0+ (1— Diy (5.19)

is strictly concave. This will be achieved in several steps.

1. Fix any 110, 1] and define
. . o~
= + (1 — , o=—-*=_"-
H Iﬂz ( mll II& — |—_-—I
We consider the map B J(u + so) and check that, at s =0,
2

d
@J(u+so)<0.

Indeed, let @g, @1, > be the solutions of (5.8)-(5.9). Notice that, for [vH u sl Cciehtly small, these
functions are uniquely defined. Call ¢° the solution of (4.2)-(4.3) corresponding to the measure

M+ sa. We then have
Im = % Qo —S@P1 —S (Pz%l_o

Hence

d2 Q q
— J(U + s0) = ¢, do + Qo du . (5.20)
ds? s=0 0 0

2. We now rewrite the third equation in (5.8) as
| 1 I?I L1
0%+ Fo(X, 90)Po + F(X,90) =V — |l @2 = 10 — §f<p<p(x- 00)Po + Fo(X, 90) 3 (5.21)

This is a linear, non-homogeneous equation for @,. Recalling (5.12), its solution can be written in
the form

LA %o (p00|:| |:| L]
P2(X) = . K(x,y) - (p—z+f<p(y.<po)<pl—<p o O qup(y ©0)@o + Fp(y, ®0) @3 dy.
0
(5.22)

Here K(X,y) is a Green kernel and all terms inside the square brackets are evaluated at the point
y. Integrating by parts we obtain

LA L] 0 . ]
P2(X) = . K(X,y) - °°(pz cp8°$1 zfmcp(yv(PO)(PO @7 dy
0
LA LA 0 |:|
= - Ky 2 K <P1<Po 92 dy + <Pl . K2<p1<pl Zchlcpo o0 dy
0 ﬁo ®o (Po 0 (Po (Po (Po
1
p 5K Too(y. 90)@o psdy.
(5.23)
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We now observe that @q is uniformly bounded and Lipschitz continuous, and bounded away from
zero. Similarly, the kernel K is uniformly bounded and Lipschitz continuous w.r.t. both variables
X,y. From (5.21) we thus derive an estimate of the form

L# ] []
[} [ed < C; (0)* + o3 dx. (5.24)
0

for some constant C,.

3. Since the quadratic form Q in (5.14) by assumption is strictly positive definite, by continuity
we can assume that, for all [uI= 25%'the corresponding quadratic form is also strictly positive
definite, namely

LA L] 0 0}2 — L/

QVFH(v) = i(VC)2 — 3(';2 v + Izq(p%) —fo(X,@0) V¥ dx =g %0)2 +v? EoI]x
o @o ®o o 0
(5.25)
for some constant €5 > 0. Here @p is the solution of the first equation in (5.8). Of course, as
v+l - 0, we have @9 — Y.
Going back to the expression (5.10) for the second derivative, we obtain the estimate

d2 E q q
— J(U + s0) = ¢, do +

P2du = —QVM(@p) + @%] VI
(5.26)

] o, L0
= —g+Cull (p7)° + o7 dx.
0

If (U< €0/ Cy, then either @; = 0, or the left hand side in (5.26) is strictly negative. We conclude
that, at (3 T, kither the first derivative dJ (u5Y/dWanishes, or else the second derivative is strictly
negative.

Since TI]d, 1] was arbitrary, this shows that there can be at most one optimal solution within
the set of measures p such that vH p[= -

4. To prove the last statement, assume that v = 0 and (5.16) holds. In this case, we claim that
any optimal solution p satisfies [ =t 5™’

Indeed, if (U= 85 observing that @(x) < hmax and c(x) = ¢, for all x []Q, R], and using the
convexity of the function ¥, we compute

4 o= ]

mE- -
0000 —Y OO M = N (TS W G (TR hynse [T 3 W o3~ _?E
0

<0. (5.27)

By (5.27) the measure pu achieves a negative payo [and is not optimal, being worse than the zero
measure which achieves a null payo [] L]

6 - Solutions to the di[Cerential game

Aim of this section is to establish the existence of measure-valued, Nash equilibrium solutions
to a di [erkntial game with m players. Denoting by W, the intensity of fishing by the i-th company,
the density of fish population will satisfy

 L—
0%+ F(X,0)p=¢- R ¢%0) = 9(R) = 0. (6.1)

i=1
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We always assume that the function f satisfies the assumptions (Al). The goal of the i-th player
is to maximize his payo ]
4 Iﬁ 1

Ji=  e(x)dpidx—W i) dui(x) - (6.2)
0 0

among all non-negative measures ; M. on the closed interval [0, R], subject to the constraint
[ I
M= Wi [O,R] <8 (6.3)

Notice that by (6.3) we impose an upper bound on the total amount of fishing activity carried out
by the i-th company. In practice, this limitation is due to the finite number of boats, fishermen,
and working hours.

Definition 3. By a Nash equilibrium solution we mean an m-tuple of non-negative Radon
rpeasyres g = (M1, ..., Hm) such that, for each i = 1,...,m the following holds. Setting v =
jei Mis the measure o = ; provides a solution to the optimization problem

4 o= ]

maximize: Ji(o) = @do — ¥; cixX)do (6.4)
0 0

subject to the bound (6.3) and with
P"D) +F(x, 9)9—9-v=9-0, ¢%0) = ¢(R) = 0. (6.5)
On the cost functionals J; we make the following assumptions:

(A2); The cost function ¢; : [0,R] B [cg, oo] is lower semicontinuous and strictly positive. More-
over, the function W; is convex, lower semicontinuous, and satisfies

wi(0)=0 Wwo0) =1. (6.6)

Theorem 3. Let the assumptions (Al) hold, together with (A2);, for every i =1,...,m. More-
over, assume that the solution o of (5.5) satisfies (5.15). Then there exists 8 > 0 such that,
if
di <9, (6.7)
i=1

then the di Cerkntial game (6.1)—(6.3) admits a Nash equilibrium solution.

Proof. 1. By the analysis in Section 4, for a given measure v, the optimization problem (6.3)-
(6.5) for the i-th player has at least one solution. The presence of the additional constraint (6.3)
actually simplifies the proof, because the upper bound on [] [i$ now explicitly assumed. If

[ V= [ e g
j&I j=1

is su Lciehtly small, by Theorem 2 this optimal solution 1; is unique. We can thus write p; = T;i(v),
for a suitable transformation T; in the space of positive Radon measures.
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2. Consider the compact set K consisting of m-tuples of non-negative measures i = (Ud1,..., dm)
such that
[ C=E i i=1,...,m.

Define the transformation T : K 3 K by setting
L1 1]
T = T1(v1), ..., Tm(Vvm) .

Here Ti(viMe measure providing the unigue optimal solution to the problem (6.3)-(6.5), with
V=Vi = eilj-

By the previous analysis, the map T is a well defined transformation of K into itself. We
claim that T is continuous w.r.t. the weak convergence of measures. Indeed, consider a sequence

of m-tuples of Radon measures (M1,n, --- , Hm.n)n 1, and assume the weak convergence Wi n [l
asn - oo, foreach i =1,...,m. Of course, this implies the weak convergence
1 1
Vin = MHjn [Cwl= . (6.8)
jei j&i

Foreach n = 1, let g; , = Tj(vi,n) be the unique measure that optimizes the corresponding problem
(6.3)-(6.5), with v = v; ,. Moreover, let o; be the measure which provides the optimal solution of
(6.3)-(6.5) when v = v;. We claim that the weak convergence g; , [_ag;holds.

By a compactness argument, by possibly taking a subsequence we can assume that o; , [—a;1
for some Radon measure o; 1 with [@]; [=9;. To prove our claim, it su [ced to show that oj 1
provides an optimal solution to the problem of (6.3)-(6.5) when v = v;. Indeed, the unigueness
result proved in Section 5 will then imply o; = 0j 1 .

By the Ascoli-Arzela theorem, we can assume the convergence ¢, — @1 of the corresponding
solutions of (6.5), uniformly on [0, R]. Observe that @, provides the solution of (6.5), with v = v;
and 0 = 0j1 . In particular,

A A
lim Pn dojn = @1 doj1 . (6.8)
n!l 0 0

Using the assumptions of lower semicontinuity, we obtain
lﬁ 1 % 1
Y ci(x)doix <= Iinrlqinf W ci(x)doin . (6.9)
0 : 0

Now let (Bn be the solution of (6.5) with v = v; , and 0 = g;. Observe that (Bn - @1 uniformly
on [0, R]. Moreover, when v = v; , the measure o; 5 performs better than o;. Therefore

CA a= — = = —

¢, doj; —V¥ Ci(x)doj 1 = limsup Qndojn—W¥ ci(X)daoi n
0 0 ni1 0 0
a="3 o= L a= —
= |lim On do; — W Ci(X)dO'i = 01 do; — W Ci(X)dO'i
n'1 0 0 0 0

The above inequalities show that the strategy o;j 1 achieves a payo [dt least as good as oj.
Hence it is optimal. By uniqueness, we conclude that o; ; = oj, as claimed. This establishes the
continuity of the transformation T, w.r.t. the topology of weak convergence of measures.

3. We now observe that T is a continuous map from the compact, convex set K into itself. By
Schauder’s fixed point theorem, it admits at least one fixed point p = (Y, ..., Hy,)- By definition,
this provides the required Nash equilibrium solution to the di [erential game. (]
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7 - Concluding remarks

In this paper, we observed that a natural formulation of the optimal harvesting problem
involves cost functionals with sub-linear growth. As a consequence, the optimal strategies can be
measure-valued. We expect that this optimal measure p will indeed be singular w.r.t. Lebesgue
measure when the cost function ¢ = c(x) is discontinuous. Results in this direction should be
obtained by deriving necessary conditions for optimality.

Another issue that deserves further investigation is the range of validity of the uniqueness
result. Here we established uniqueness of optimal strategies within a class of measures with small
total mass. This result seems far from optimal. For applications, it would be useful to also cover the
case of large-size control measures |1 . From our analysis, uniqueness appears to be related to the
smallness of the gradient LCq-df the solution. This might yield other forms of the uniqueness result.
It would also be interesting to study the case of loss of uniqueness, looking for counterexamples in
the case where [@has large oscillations.
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