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NECESSARY OPTIMALITY CONDITIONS
FOR PREDATOR-PREY SYSTEM
WITH A HUNTER POPULATION

Narcisa C. Apreutesei

Abstract. An optimal control problem is studied for a predator-prey reaction-diffusion
system. A hunter population is introduced in the ecosystem and it is interpreted as a control
variable. One finds necessary optimality conditions in order that, in the end of a given time
interval, the total density of the two populations is maximal.
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1. INTRODUCTION

We are concerned with an optimal control problem for the predator-prey system of
partial differential equations

0

% = m Ay +y1 (a1 — biye) ,

5 a.e. on Q = (0,T) x 9,
Y2

n = o Ays + Y2 (—az + bay1)

with no-flux boundary conditions

Oy Oy _
E_E—Oa.e. on X = (0,7) x 09

and some initial conditions
v1(0,2) =9) (), w2(0,2) =y3(z) ae onQ.

This boundary value problem describes the dynamics of an ecosystem composed by a
prey and a predator population, whose densities at time ¢ and position z are y; (¢, )
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and ys (¢, ), respectively. The diffusion coefficients «;, asq, together with the pa-
rameters ai, as, by, by are supposed to be positive. The habitat is modelled by an
open bounded set Q@ C RN, N < 3 with the boundary 99 smooth enough. The
terms Oy /Ov, Oy2/O0v represent the outward normal derivatives of y; and ys on the
boundary of the domain.

Now one introduces a hunter population in the ecosystem. Suppose that it acts
only on the predator population and that the number of the hunted individuals is
proportional to the existing individuals in the predator population. The proportion-
ality factor at the moment ¢ € [0, 7] is denoted by u (¢) and is regarded as a control
function. It is assumed to be homogeneous in the space variable. The dynamics of
the new ecosystem is modeled by the boundary value problem

0
it T a1Ay +y1 (a1 — biy2) ,
ot
a.e. on Q, (1.1)
0ya
i azAys +y2 (—az + bayr —u),
8y1 - 8];2 _
% = 81/ = O a.e. on E, (12)
U1 (va) :y? (.73), Y2 (0,1‘) :yg (m) a.e. on €. (13)

Assume that u belongs to the set of controls
U={u:[0,T] =R, 0<u(t) <1, Vte[0,T]}.

Our goal is to determine the control u € U such that the mean (on ) density of the
two populations in the habitat becomes maximal at the end of the time interval [0, 7.
Therefore, the optimal control problem can be formulated as

Min{ - / (y1 +y2) (T, x) d:v}, u €U, (y1,y2) solution of (1.1)—(1.3). (1.4)
Q

Let

¥ (ne,) =~ [ (o + ) (To0)da (15)
Q
be the functional to be minimized. We work under the following hypotheses on the
initial condition y° = (¢¢,49):
0,0 2 Oy? _ Oy 0 0
(H1) o9, y9 € H* (Q), o 0 a.e. on 99, y{ >0, y3 > 0 on €.

To study the existence of a strong solution to problem (1.1)—(1.3), let A be the
operator A : D (A) C L2 (Q)® — L2 (Q)? given by A (y1,y2) = (01 Ayr, asAyy), with
the domain

D () = {y = (o) € 12 (2, 24 = 02

- :E:Oa.e. onaﬁ}

and let f be the nonlinear term from system (1.1), i.e.

fty) = (fi(t,y), f2(t,y) = (yi(ar — biyz), y2(—az + bayr — u)).
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Then problem (1.1)—(1.3) can be written under the form

{y' (t,x) = Ay (t,2) + f (t,y (t,z)), ae. te[0,T], L6)

y(0,2) =9° (x) = (39 (z), 49 (), ae ze

Using this equivalent form for problem (1.1)—(1.3), we can easily prove an existence
result like in [7].

Theorem 1.1. If oy, s, ai, az, by, bo > 0, u € U, and y° = (y?,yg) satisfies
hypothesis (H1), then problem (1.1)—(1.3) has a unique strong solution y = (y1,y2) €
w2 (0,T; L2 (Q)Q), which is positive and bounded on Q. In addition, y1, ya €
L2 (0,T; H? () N L= (0,T; H () and

yi
ot

+llyi @) a1 ) + il 20,0522 00)) + 1¥illL= @) < C, (1.7)
L%(Q)

where C' is a positive constant independent of u.

The case without diffusion, together with some numerical results, can be found in
[3]. In [7] the author studies a similar problem, but with a different control function.
A minimization problem for a predator-prey system of ODEs with logistic growth rate
of the prey and general functional response was treated in [2]. In [1], a global behavior
is established for an age-dependent population model with a logistic term. In [5] the
authors study the global dynamics for a predator-prey model with stage structure for
a predator, while in [6] an impulsively controlled predator-pest model with disease in
the pest was investigated. For different models from population dynamics the reader
may refer to [8]. Some basic notions and results on optimal control theory and on
distributed control systems can be found in the monograph [4].

Section 2 of the present paper is devoted to the existence of an optimal solution
(y*,u*), where y* = (y7,vy3). In the third section we find some necessary optimal-
ity conditions for our optimal control problem. We end with some discussions and
conclusions.

2. THE EXISTENCE OF THE OPTIMAL SOLUTION

We prove now the existence of the optimal control and of the corresponding state.

Theorem 2.1. Under the above hypotheses, problem (1.1)—(1.4) admits at least one
optimal control u*.

Proof. Let W (y;,y2,u) be the cost functional defined by (1.5) and d =
inf {¥ (y1,y2,u)}, subject to (1.1)-(1.3) and u € U. Since u € L* (0,T), y1,y2 €
L> (Q) (see Theorem 1.1), it follows that d is finite. Therefore, there exists a se-
quence (Yin, Yan, Uy ) of solutions to problem (1.1)—(1.3) with w, € U instead of u,
such that

1
d < W (Yin,Yon, tn) <d+ —, Vo > L. (2.1)
n
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S0 (Y1n, Yon, Un) verifies the boundary value problem

a n
gi = a1AY1n + Y1n (a1 — b1y2n),
P a.e. (t,x) € Q, (2.2)
Yon
ot @2 AY2pn + Yo (—a2 + bayin — up),
ayln _ 81/271 _
i 0, ae. (t,z) €, (2.3)
Yin (0,2) =y (2), yon (0,2) =49 (), ae. 2 € Q. (2.4)
Theorem 1.1 implies that
%] < @ i < € Momllroziay <€ (29
L2(Q)

for all n > 1,¢t € [0,7] and ¢ = 1,2. Since (y;) is bounded in C’([O,T] L2 (Q)),
(0Yin /Ot) is bounded in L? (Q), and (y;y, (t)) is compact in L? (2), for each t € [0,T]
(because H'! () is compactly imbedded in L? (£2)), by the Ascoli-Arzela Theorem it
follows that (y;,,) is compact in C ([0,77]; L? (€2)). Thus, at least on a subsequence
denoted again (y;y,), the following convergence holds:

Yin — y; in L? (Q) uniformly with respect to ¢, i = 1,2.

In view of the boundedness of y;n, Oyin/0t in L? (), by system (1.1) we find that
(Ayin) is also bounded in L? (Q), so it is weakly convergent on a subsequence. But
for every distribution T,

/TAymdtdx = /ymATdtdx — /y;‘ATdtdar = /TAy;‘dtda:.
Q Q Q Q

This implies that Ay, — Ay} weakly in L?(Q). On the other hand, inequalities
(2.5) infer that
ayin N ayz*
ot ot

Yin — y;k Weakly star in L™ (O,T, Hl (Q)) ,

weakly in L? (Q),

Yin — y; weakly in L* (0,T; H* (Q)) .

We also have y1,%2, — y7ys in L? (Q). On a subsequence denoted again wu,,, we have
u, — u* weakly in L (0,7). Since U is closed and convex, it is also weakly closed,

hence u* € U. Then we can easily see that u,y2, — u*y3 in L? (Q).
Passing to the limit as n — oo in (2.1)—(2.4), we deduce that (y7,ys,u*) verifies
problem (1.1)—(1.3) and minimizes the cost functional (1.4). The proof is complete.
O
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3. NECESSARY OPTIMALITY CONDITIONS

In this section we deduce the optimality system. Let (y*,u*) be an optimal pair,
where y* = (y7,ys). Consider the adjoint system defined by

{ﬂ@+A%®ﬁ@ﬂMUJGW$L
p(T) = V¥ (y* (T),u* (T)),

where p = (p1,p2) is the adjoint variable, A* is the adjoint of operator A, and Iy 1s
the adjoint of the Jacobian matrix f,. In detail, this can be written under the form

0
% = —a1Ap1 — a1p1 + y5 (bipr — bap2),
op a.e. on @, (3.1)
67; = —asAps + (a2 + ) p2 + yi (bip1 — bap2),
opm Ip2
IPL_ 92 _ a6 onS 2
5 5 0 a.e. on X, (3.2)
p1(T,z) =ps (T,z) =1 a.e. on Q. (3.3)

Like in Theorem 1.1, we can easily prove the existence of the solution to this problem.
More precisely, we have

Lemma 3.1. If o;, a;, by > 0 (i = 1,2), then the adjoint system (3.1)—(3.3) has
a unique strong solution p = (p1,p2) € WH™ (O,T;L2 (9)2), such that p1, ps €
L>(Q), p1, p2 € L* (0, T; H* (Q)) NL* (0,T; H' (2)).

Let y* = (y7,y3) and y° = (y§,y5) be the solutions of problem (1.1)—(1.3) corre-
sponding to the optimal control u* and to the control u® = u* 4 eug, respectively,
where € > 0 and uy € L* (0,T') are chosen such that 0 < u* +eug <1 a.e. on [0,T].

Subtracting the system corresponding to (y*,u*) from that corresponding to (y=, u®)
and denoting 25 = (y§ — yJ) /e, i = 1,2, we arrive at

021
81&1 = a1Azf + (a1 — b1y5) 27 — b1y 25,
Py a.e. on @, (3.4)
2
2 = aph25 o+ (—aa + by — %) 25+ bayset — o,
0zf  0z5
oy 0 ae. on X, (3.5)
21 (0,2) = 25 (0,2) = 0 a.e. on . (3.6)

Lemma 3.2. There exist the limits z; = lir% 25 in L*(Q), i = 1,2 and they satisfy
E—
the boundary value problem
9=

ot
822

ot

= Az + (a1 — biys) 21 — biyi 2o,
a.e. on Q, (3.7)
= agAzo + (—ag + by} — u*) 22 + bays21 — Y5uo,
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821 o 82’2 o
o o 0 a.e. on 3, (3.8)
21 (0,2) = 29 (0,2) =0 a.e. on Q. (3.9)

Proof. Denoting by Z° = (25, 25),

—b1y5 b1y 0
ME = a 192 1 , N = ,
( bay5 —ag + bayy —uf —Y5uo

problem (3.4)—(3.6) can be written in the form

aZE € Er7e
o =A(Z°)+ M*Z*+ N, a.e. on (0,T), (3.10)
Z¢ (0) = 0.

If {S(t), t >0} is the Cy-semigroup generated by A, the solution of (3.10) can be
expressed as

75 (1) = S(t)O+/S(t — ) (MZ° + N) (s) ds.
0

Since S (t) 0 = 0 and the elements of matrix M*¢ are bounded in L>° (Q) uniformly with
respect to € (see (1.7)), by Gronwall’s inequality one obtains that Z¢ (t) is bounded in
L?(Q) uniformly with respect to e. Thus ||yf — y||12(q) = €ll25 || L2(@) — 0 as e — 0,
ie. yf =yl (ase —0)in L2 (Q), i =1,2.

By (3.4)—(3.6) and (3.7)—(3.9) we deduce that (2§ — 21, 25 — 22) verifies the bound-
ary value problem

(2§ — z

% = a1 A2 — 21) + (25 — z1) (a1 — biys) —bryi (25 — z2) —b121(y5 — ¥3),
0(z5 — z

% = anA(25 — 22) + (25 — 21)(bays — uf) + (—ag + boyf) (25 — 22) —

— baz1 (Y5 — y3) — cuoz1, ae. on Q,
0 (25 — z1) _ 0 (25 — 22)

Ov v
(2 —21) (0,2) = (25 — 22) (0,z) = 0 a.e. on €.

=0 a.e. on X,

The solution of this problem can be expressed with the aid of the semigroup
{S(t), t > 0} generated by A:

¢
2f -z _ _ ar — biys —biyy 2§ — 2
(25 —22) _/S(t 2 ( bays — u®  —aa + bayy ) ( 25 — 22 ) (s)ds+
0
t

+/S(t_ 9 ( —b121 (y5 — y3) > () ds.

—baz1 (Y5 — Y3) — €up2z1
0
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Applying Gronwall’s inequality and using the convergence y5 — y5 — 0 as € — 0 in
L?(Q), together with the boundedness of all the terms under the first integral, it
follows that 25 — 21, 25 — 29 in L?(Q), as € — 0. The lemma is proved. O

We come back to the optimal control problem and establish the necessary opti-
mality conditions.

Theorem 3.3. If u* € U is an optimal control and y* = (yi,ys) is the optimal state
for problem (1.4) subject to (1.1)~(1.3), then

0. ifw()= [ipads>0,
u(t) = ¢ (3.11)
1, ifw(t)= /yé‘pgda: <0,
Q
where p = (p1,p2) satisfy the adjoint system (3.1)—(3.3).

Proof. Since (y*,u*) is an optimal pair, we have ¥ (yf, y5,v*) < ¥ (y5,y5,u®), Ve > 0
such that 0 < w® (¢t) < 1. Dividing by € > 0 and passing to the limit as e — 0 in
L' (), one arrives at
/(21 + 29) (T, z) dz < 0. (3.12)
Q
Now one multiplies the equations from (3.7) by p; and pa, respectively, and the
equations from (3.1) by z; and zs, respectively and sum them up. One gets

0z 0 0z 0
(platl + lel> + (pgaf + 22102> = a1 (pAz — z214p1) +

ot ot )
+ o (p2Azg — 22 Aps) — ugYsp2.

Integrating over @ and using Green’s formula, with the aid of (3.2), (3.3), (3.8), (3.9)
and (3.12), we derive that

T
//onﬁdetdI = */ (21 + 22) (T, x) dz > 0.
0 Q Q

Taking ug € U of the form ug = u — u* with v € U, this inequality becomes
T
/(u* —u) (t)w(t)dt <0, Yu € U, where w () = /yﬁpgdx.
0 Q
This implies that
{0}, if0<wu*(t) <1,
w(t)e SRy, ifu*(t)=1,
R_, ifu*(t)=0.
Consequently, the optimal control u* has the form (3.11). This completes the proof.
O
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Remark 3.4. There is a neighbourhood (7,77 of the final time ¢ = T such that
u* (t) =0 on (r,7T].

4. CONCLUSIONS AND DISCUSSIONS

In this paper we studied an optimal control problem related to a PDE system of
predator-prey type, where the control function is interpreted as the action of a hunter
population. We found necessary optimality conditions in order that the total in space
density of the populations becomes maximal at the end of a given time interval. When
the optimal control u* = 0, there is no action of the hunter population in the habitat
and the system coincides with the initial (uncontrolled) one. If u* = 1, then the
hunter population acts at its maximum capacity.

We intend to study in a future work a similar control problem for a system of three
reaction-diffusion equations which models the dynamics of an ecosystem composed by
a herbivorous population, a carnivorous one and a plant.
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