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Abstract

In this paper we consider an optimal control problem governed by a system of nonlinear
hyperbolic partial differential equations with deviating argument, Darboux-type boundary
conditions and terminal state inequality constraints. The control variables are assumed to be
measurable and the state variables are assumed to belong to a Sobolev space. We derive an
integral representation of the increments of the functionals involved, and using separation
theorems of functional analysis, obtain necessary conditions for optimality in the form of a
Pontryagin maximum principle. The approach presented here applies equally well to other
nonlinear constrained distributed parameters with deviating argument.

1. Introduction

The optimal control of dynamic systems governed by partial differential equations
has been studied extensively in the literature (see [1], [2], (4], [7], [10], [17-19]).
However, in many applications such as transport processes, economic systems, pop-
ulation models, etc., the behavior of the state may depend upon its past history. Such
processes are usually represented by difference-differential equations. In addition, the
majority of thermal processes, and processes in which the signal is transmitted through
long electrical hydraulic lines, exhibit delays distributed along the entire length of the
spatial coordinate. Processes of this type are often described by partial differential
equations with delays. For specific examples of such systems with delays as well
as a rather complete list of references on the development of the theory of optimal
control of systems with time delays, we refer the reader to [3]. Other mathematical
models associated with the control of distributed parameter systems with simple time
delays, appearing in the state equations or boundary conditions have been studied in
the literature (see [5], [9], {10], [12], [14], [16]). We remark that the works reported
in these references exclude any type of constraints on the state variables.
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One of the first steps toward solving optimal control problems with a general de-
viating argument is to obtain necessary conditions for optimality. Such conditions
provide a source of numerical methods for computing the optimal control. In this
paper we present an approach to (first order) necessary conditions for optimality in
systems described by nonlinear partial differential equations with deviating argument,
including terminal state inequality constraints. We explain our approach using Dar-
boux hyperbolic partial differential equations, and obtain new results which in fact
generalize the results of [5], [10],[11].

The paper is organized as follows. In Section 2, we formulate the optimal control
problem and discuss the existence and uniqueness of the solution for the governing
state equations. In Section 3, the adjoint equations are introduced and the existence
of their solutions is established. In Section 4 we derive the increment formula for
the functionals and give bounds for the remainders. Section 5 includes our necessary
conditions. In Section 6, we consider more general objective functions and generalize
the results of Section 5. Finally, in Section 7, we derive, under further regularity
assumptions, a simplified version of results in Section 5.

2. Problem formulation

In this section we first describe the system and basic assumptions, and then formu-
late the optimal control problem. In the rectangle

G:={(x,)eR|xo<x<X,tg<t<T},
we consider the system

zu(x,t) = f(x,1,2(x, 1), 2(x, 0 (1)), 2 (x, 1), 2. (x, 0 (1)),
z(x,t), z(x,0(t)), u(x,t)), forae. (x,1) e G 2.1

z2(x, ) = ¢(x, 1),  (x,1) € [x0, X] x [0(t0), T]
z(xo, 1) = ¥ (), t € [to, T1, (22)

where z(x, t) = (z1(x, t), ..., z,(x, 1)) is the state, u(x, t) = (u;(x,t), ..., un(x,t))
is the control and o(¢) is an absolutely continuous function satisfying o (¢) < ¢,
do (t)/dt > 0. The inverse of o (¢) is denoted by y (¢).

Let U be a compact, convex set in R”. A measurable function ¥ : G — R”
is called an admissible control if u € U a.e. on G. We denote by Q2 the class of
admissible controls. For each u € , a function z := z(«) in W,: (G), p €[l,00],
is said to be a solution of (2.1)-(2.2) if it satisfies (2.1) a.e. on G and the boundary
conditions (2.2) everywhere in the corresponding domain of definition. We require
the following assumptions regarding the existence and uniqueness of the solution of
(2.1)-(2.2).
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(A)) The functions ¢(x, t) and ¥ (¢) are absolutely continuous on their respective
domains with ¢,, ¢, and ¥, belonging to L, for some p € [1, oo]. Furthermore,
@ (xo0, t0) = Y (o).

(A;) The n-vector function f(x,t, z,,&1, 22, &, 23, &3, u) defined on G x R® x U
is measurable on G for fixed (z,, &), 22, £2, 23, &3), and is continuous on U for
fixed (x,t, 2z, &1, 22, 2, 23, &3).  Furthermore, for each u € €, the function
s(x,t) = f(x,¢0,0,0,0,0,0, u(x,t)) belongs to L,(G,R") with p as in
(Ay).

(A;) Thecomponents f; of f = (fy, ..., f,)are continuously differentiable functions
of (z1, &1, 22, &2, 23, &3) for fixed (x, ¢, u).

(A;) There is a function K, (x, ¢, u), with K,(x, ¢, u(x, t)) € L(G) foru € €2, such
thatfori =1,...,n;j=1,2,3,

dfi

—x,t,Z,u) o
3zj

B_é'j(x’ t,Z,u)
where Z(x,t) := (z(x,t), z(x, 0 (1)), 2, (x, 1), z, (x, a (1)), z, (x, t), z,(x, O (2)).

Let u € Q be given. To prove the existence of a unique solution z := z(u) to
(2.1)-(2.2), we first note that over the subrectangle [x, X1 x [#o, ¥ (f5)], the functions
z(x,0(t)), z.(x,0()), and z(x,o(t)) are known in terms of the boundary data
¢(x,t). Thus we can (as in [1], [11]) prove the existence of a unique solution to
(2.1)-(2.2) over [xg, X1 X [to, ¥ (#0)]. Next, using z(x, y (%)) as a boundary data, we
apply the same argument to extend the solution further to [xq, X1 % [y (%), y (¥ (L)1,
and so on until the whole rectangle is covered. Thus for a given u € 2, the system
(2.1)-(2.2) has a unique solution z(x, t) := z(u)(x, t). Furthermore, the estimates of
Theorems (3.1)-(3.2) of [11] still hold in our case, as can be easily seen. See also [1],
Section 4.3.

Now let the performance of the control process be estimated at x = X, ¢t = T by
the functionals

5 Kl(x1 t, u),

*

Je(u) = g.(z2(X, 7)), k=0,1,...,r. 2.3)
We are concerned with the following optimal control problem.

Find & € 2 and the corresponding Z := z(it), from (2.1)-(2.2), such that

R P
Je(@) <0,fork=1,2,...,r,and Jy(a) < Jo(u) forall u € Q. ®
We will refer to such a u as an optimal control.
We require the following assumption regarding the values g;.
(As) The functions g; : R" - R,k = 0,1, ..., r are twice continuously differenti-

able.
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3. The adjoint equations

Define

H(k)(xat5zv C’ Zxa tx’zl’ Chu’)"(k)9 l"l’(k), p(k)’ q(k)) =
A'(k) © Zg + /“L(k) *Z + (p(k) +q(k)) : f(xa tz, ;y Zxs §x7 Zyy ;l’ u)'

NOTATION. Let 4 € Q and Z := z(4) be an admissible pair for problem (P). In
what follows, for simplicity of notation, we denote by H® (x, 1), the value of H® at
(x, ¢, 2(x, 1), 2(x,0(t)), Z:(x, 1), 2.(x,0(t)), Z(x,1), 2.(x,0@)), d(x,t), A®(x,
0, u®x, 1), pP(x,1), G®(x,1)). Similarly, H® (x, y (1)) denotes the value of H®
at (x, y (), z(x, y (1)), z(x, 1), z:(x, y (1)), z:(x, 1), 2, (x, y (1)), z:(x, 1), ld(x, y (1)),
A9, y (), AP, y(@)), §®(x, y(t)). Also note that A® (x, t) := A® (@) (x, 1),
etc. We now define the adjoint equations (or the linear conjugate problem) by the
following system of linear partial differential equations and boundary conditions.

AO L a® = AP, ) —yOAP x,v(@), (x, 1) € [x0, X] X [tg, 0(T)] )

A0+ p® = AP (x, 1), (x, 1) € [x, X] x [0(T), T] GD
PP = AP, 1) —yOAP 0,y (), (1) € [xo, X1 x [1g, 6(T)] ;
PP =—A®(x, 1), (x, 1) € [x0, X1 x [0(T), T]
i® = —HP(x, 1) —yOHP (x, v (1),  (x,1) € [x0, X] x [tg, ()] 33
i® = —A®(x, 1), (x,1) € [xo, X1 % [0(T), T]
A0, =a®Px,T)=0, t € [ty, T, x € [x0, X] (3.4)
pPX, ) =q®(x, T) = g (3(X, T))/2, telto, Tl x € [xo, X).  (3.5)

We have the following result.

THEOREM 3.1. Let i € Q and let i be the corresponding solution of (2.1)-(2.2).
Then there exist solutions A®, i®, p®, G® in [Loo(G)]* with A®, p® absolutely

continuous with respect to x, and i®, g® absolutely continuous with respect to t,
satisfying (3.1)-(3.5).

PROOF. We first consider the system in the subrectangle [xq, X] X [6(T), T]:
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3k ~ (k 7k
2D+ a0 = —HOx, 1),
A _ _[®

- _Hzx (x’ t)a

X

Ak _ 7 (k)
O = _A®(x, 1),

AOX, ) =4a®x, T) =0,
PP, 1) =4%x, T) = 38 (6(X, T)).

499

3.6)

3.7

This system is equivalent to a system of two-dimensional Volterra integral equa-
tions. To see this, let 0¥ (x, t) := p®(x, t) + ¢®(x, t) and formally integrate (3.6)

as follows.
AP, 1) = / 1®(a, 1) da,
X

w0 == [ 0w+ fix p0% e )] dB,
T

PP (x, 1) = lg, G(X, T)) +f/ [Aik)(a, B)+ +f(@ B) ¥, ﬁ)] dadp
X T

- / f@. 0 6%, 1) da,
X

a0, 1) = Lgu G(X, T)) f f "A®(a, B) dadp — / .6, B 0% (x, B d.
T X T

Thus 8% satisfies the integral equation /6 = 6, where

X T
I0)(x, 1) := g (2(X, T))+/ f (@, B 6(a, p) dedp

T R T X R T
+ f £ B o, By dB + / £ (@, 0" 0@, 1) da.

The integral equation /8 = 6 can be shown to have a unique solution8 € [L,.(G)]"
(see [1]). Having 8%, we can find from (3.6) u®, p® and ¢® in terms of A’ and 6%
for (x, 1) € [xo, X] x [(T), T}. Note therefore that H (x, y (t)) H® (x, y (¢)), and
I-AI;(,") (x, y (£)), are known over the subrectangle [xp, X] X [0 (o (T)), o(T)]. Thus by
repeating the above argument the solution is extended to [xo, X] X [0 (o(T)), o (T)],
and so on until the whole rectangle is covered. This completes the proof of the

theorem.

REMARK 3.1. Note that since §® := p® 4 §® is uniquely determined as the fixed

point of /, for different choices of A® we will get the same p® + G®.
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4. The increment formula

In this section we derive integral representations for the increments J,(u) —
Jiy(@), k =0,1,...,r, where u, 2 € Q. The corresponding states are denoted

by 7 := z(&) and z := z(u). To simplify the exposition, we use the notation

. g,
8= a—g(z(x, Ty,
zZ

A

Az :=z—-12,
f&x, 0= fx, t,3(x, 1), 5(x, 0(D)), ..., 4(x, 1)),
Auif(x, 1) = F(x, 8, 3(x,0),5(x,0(), ..., 5(x, 0@), ulx, 1)) — f(x,1).

Similar notation will be used when we write A, ; H® (x, t). We have

Je(W) — Je(i) = &, - Az(X, T) + o(lzID)
= 38k - A2Z(X, T) + 38 - Az(X, T) + o(llz))

X
= / L8 - Az, T)dx + [ Lo - Az(X, 1) dt + o(z).
X0

Using the boundary conditions (3.4)-(3.5) along with integration by parts, we continue
as follows.

X
Jow) — Ji@) = [ 9O, T) - Azi(x, T) dx

Xo

T
+/ p(k)(X, t) - Az, (X, t)dt +o(||Az]])
f
_ f/ (qt(k) . Az, +p(k) ; Azx,) dxdt
G
+ _/ f (p® - Az, + p® - Az,) dxdt
G

= // (q,(") Az, + p(") . Azx,) dxdt
G

+f/(p,‘j‘>+q"‘>)~Azx,dxdz+o(||Az||). 4.1)
G

Substitution from (3.2)-(3.3) into the first integral on the right-hand side of (4.1) yields
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7
// (¢® - Azc + p® - 2,) dxdt
G

X o(T) . A
N _/ [ [Hz(xk)("’ N +yOH (x, y(t))] Az (x, 1) dxdt
0 L}

Xy

X T
- / HP (x,0)Az,(x, 1) dxdt
X0

a(T)

X o(T) R R
- [ [ A6 + 0RO Gy ) Antrn dar
X0 I

0

X T
—~ f A®(x, 1) Az, (x, 1) dxdt
Xo

o(T)

= —// [Iflz(xk)(x,t)Azx(x, 1)+ ﬁz(,k)(x’ t)Az,(x,t)] dxdt
x Gam ) )
_/ / [J’/(t)Hé’O(x,y(t))Azx(x, t)+)}(’)H;(,k)(x,V(t))Az,(x,t)]dxdz,

On making the change of variable T = y (¢), t = o (7), the second integral in the last
expression becomes

X T
f / [I:I;(f)(x, Az (x,0(1)) + flg(,k)(X, T)Az (x, a(r))] dxdt.
xo v y(t)

Noting that Az(x,t) = 0 for (x, 1) € [xy, X] x [0(t), ], and hence Az, (x,t) =
Az, (x,t) = 0for (x,t) € [xy, X] X [0(tp), tp], we see that Az, (x,0(T)) = Az(x,
o (7)) = 0for t € [ty, v (t)]. Thus we conclude that

/ /G [q,(") - Az, + p,({") . Az,] dxdt =
- //G [ﬁ;f>(x, 1) - Az.(x, 1) + HP (x, ) Az, (x, 0 (1))
+ AL, 0 - B, ) + AP, 1) - Az, 0(0)] dxdr.
To simplify the second integral in (4.1), we write

Az, = f(x,t,z(x,t), ..., u(x, 1)) — f(x,t,2(x,t),...,04(x,1))
=Aafx )+ fx,t,z(x,t),...,z(x,0()), ulx, 1))
— flx,t,2(x,0), ..., Z2(x,00), u(x, t)).

If we apply the mean-value theorem, the last relation yields

Az = Duaf(x,8) + fi(x,t, Z(x, 1), u(x,1))AZ,
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Where Z(xv t) = (Z(x, t)’ Z(x, O'(t)), zx(xa U(t))7 Z,(X, t)v zt(-x9 G(t))) a'ndZ = Z +
6(x, t)(Z — Z) for some function f(x,t), 0 < 8 < 1. Thus the second integral in
(4.1) takes the form

[ [+ 480, -
G

// (p(k) +qk) AL af(x, t)dxde -f-/f (p("‘) +q(k))T f2(x,)AZ dxdt
G G

+/f (p(")+q("))T [fz(x,t, Z(x,t),u(x,t))—fz(x,t)] AZ dxdt.
G 4.3)

Substitution of (4.2)-(4.3) into (4.1) yields, for k =0, 1,...,r,
Je(u) — Ji (@) =

//Au_,;H(")(x,t)dxdt
G

T .
+ // I:)»(") Az +u® Az + (p(") + q(k)) fz(")Az] dxdt
G

+/[ (p(")+q("))T [ﬁ(x,t,Z(x, t),u(x,t))—fz(x,t)]Adedt
G
+ o(]lAz]).

Note from (3.1)-(3.4) and (2.2) that the second integral in the above expression
vanishes. We have finally arrived at the integral representation

Je(u) — Jo(@) = f f AuaH®(x, 1) dxdt + g, (4.4)
G
where
T - ~
i = / / (r® +4%) [fz(x,t,Z(x,z),u(x,r))—fz(x,t)]Adedt+o(||Ax||)
G

is the remainder term, to be estimated below. To estimate 7, we require the following
assumptions.

(As) There exists a nonnegative real-valued function M (x, ¢, u) defined on G x U
with M (x,t,u(x,t)) € L4(G) for u € ; and for p € [1, 00), there exists a
constant K, > 0 such that

3 pl4
|f Oty 21,80, 22, 8, 73, &, )] < M(x, 1, 0) + Ko [Zlm + l&-l]
i=1

for all (xv t, zy, ;13 2z, CZy Z3, ;3,"4) € G X [RG" x U.
If p = oo, then we require |f| < M(x, ¢, u) + Kz(z;, 2] + |;,-|).
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(A;) The partial derivatives f,, f;, i = 1,2, 3, satisfy a Lipschitz condition with
respect to (zy, &1, 22, &2, 23, §3).

Now let (xg, t,) be an interior point of G at a distance § > 0 from 3G. For
0 < & < §, denote by G; the square

Gs:={(x,)eG|lxo<x<x+8,tp <t <to+ 6}
For & € Q and v an arbitrary element of U, define the (admissible) control variation

ﬁ(-xat)a (xat) EG\GSy
= 4.5
ualx, 1) v, (x,1) € Gj. 4)

We have the following.

LEMMA 4.1. Suppose that assumptions (A,)-(A;) hold. Then there exists a constant
K independent of i, v and such that the remainder term n;,, 0 < k < r, in (44)
satisfies the estimate

Iniel < K38°B(it, v, 8), (4.6)

where

1/2
B(u, v, 8) = // |Ay,.af (e, ) dxdt + (// | A f (G, 0 dxdt)
G . G
+ ( f / s f O, DI dxd:)
G

and B(ii,v,8) — 0as§ — 0.

PROOF. The estimate (4.6) follows from the same line of analysis asin [1] or [11]. We
omit the details. Since, by (As), |A,,.a f (x, 1) € L4y(G) and G is bounded, it follows
that B(iz, v,8) — Qasé — O.

From (4.4) and Lemma 4.1, we have therefore obtained the following integral
representation for the increment of J.

THEOREM 4.1. Suppose that assumptions (A,)-(Ae¢) hold. Then with u ‘= u; defined
asin(4.5),

Jelus) — Je(@) = / f A HO, 1) dxdt + s, @7)
G

where 1, satisfies (4.6).
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5. Necessary conditions
In this section we state and prove necessary conditions for optimality for problem
(P), in the form of a Pontryagin maximum principle. We begin by rewriting (4.7) as

Ji(us) — (@) = 824, : H® (xo, 1) + 0(8%), 3.1
k=0,1,...,r; forae. (xg,%) € IntG.

This of course follows by standard arguments involving the Lebesgue differentiation
theorem (see [1] or [15]). Here A, ; H® (x, #p) denotes the difference

H(k)(-x()v 1o, Z(X(), t0)9 v, )‘(k)(-xO’ t())’ /-L(k)(-xOs t0)9 p(k)(xo, tO), q(k)(XO, tO))

- H(k)(x01 to, 2(x01 t0)1 ﬁ(x()’ tO)v A'(k)(-xOs t0)9 I’L(k)(xﬂy t0)9 p(k)(x07 tO)’ q(k)(x()’ to))'

Next let (x,t) € G, where G denotes the intersection of the interior of G and the
Lebesgue point of A, ; := H®, and define

a(x,t;v,0) = A H®(x,1), 0<k=<r

a(x,t;v,4) = (a(x, t;v, 1), ...,a.(x,t;v,4)),
A= {a(x,t;v,ﬁ)elR”’lveU,ﬁeQ,(x,t)eé}, (5.2)
B:={b=(bo,b1,....b) e R"*" | b <Ofork e I}. (5.3)

THEOREM 5.1. Let it € Q2 be an optimal control for problem (P), and suppose that
assumptions (Ay)-(A7) are satisfied. Then the set B and the convex hull CH(A) of the
set A have no common points, that is, B NCH(A) = 0.

PROOF. Suppose, on the contrary, that there is an element ¢ € R'*" such that ¢ €
B N CH(A). Then by the definition of the convex hull, there are points (x;,t;) € G
andv; e U,and 6;,i = 1, ..., £, such that

[4 [4
c=Y Ga(x, v, @), 6>0 ) 6=1 (5.4)
i=l i=l1
Moreover, since ¢ € B, its components c; satisfy

[4
Cj = Zeiaj(xh ti; Yy, ’2) < 0 forj € I' (5.5)

i=l

Below, using the set of parameters {x;, &;; v;, 6;}, 1 < i < ¢, we construct a special
variation u; of the optimal control # which is admissible, satisfies Ji(u;) < 0 for
k=1,...,r,and Jo(us) < Jo(&). This contradiction proves the theorem.
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If (x,, t,) is an isolated point of the set {x;, t;}, 1 <i < £, thatis, if (x,, £,) # (x;, &;)
for p;, weset G :={(x,1) € G | x, <x < x, +86,,1, <t <t, +8}. If

(xplytp1)="'=(-xpvvtpv)y 15P1<"'<Pu§ey

thenform =1,..., v set

m—

1 m
G = {(x,t) €G|x,+8) 0, <x<x, +829,., t, <t <t +8}.
i=1 i=1

We note that in either case, the measure (area) of Gf;" ) is 829,,. We choose § > 0
sufficiently small so that the rectangles G\ are pairwise disjoint. For each i =
1,..., ¢, we now set

i(x,t), for(x,t) € G\G;
v, for (x,t) € G,

ugi)(x, t) = {

and define the convex combination us;(x,t) := Zf=1 Oiugi)(x, 1), (x,t) € G. By
the convexity of the set U, u;(x, t) € 2. Now a modification of the proof of Lemma
4.3.2 of [1] shows that the estimate (4.6) still holds for the control variation given
above and we have as in (5.1),

¢
Je(ug) — () = ZOjak(xj, L vj, )82 +00Y k=0,1,...,r. (5.6)
j=1

From the definition of the set I and (5.5), it now follows that for small enough &,

Jo(us) < () <0, k=1,...,r,
Jo(us) < Jo(a).

This contradicts the optimality of # and the proof is complete.

REMARK 5.1. The basic idea of the above proof is well-known (see (8], [13]).

Next we state our necessary condition in the form of a pointwise maximum principle.
In the following theorem / denotes the set of inactive constraint indices defined above.

THEOREM 5.2. Let i € 2 be an optimal control for problem (P), and suppose
that assumptions (A )-(A;) are satisfied. Then there exist a nonzero vector x =
(X0» X1s - - +» Xr) € R with

x>0 forkel, xx=0 forke{0,1,...,r|\I,
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and a set of multipliers (A, i, p, q) in Loo(G, R*) such that the maximum principle
ﬁ(x, 1) < ﬁ(x, t;v) forallveUandforae. (x,t) €G 6.7
holds, where

H(x,t,2,8, 2,82, Sou, Ay, p,q) =
)\,Zx + /Lz((p +(])f(x, t’ 21 ;7 Z,\" CX’ Z,, é‘l’ u)

and
A + i = —Ifz(x, 0 —yOHC,y(1), (1) € [xo, X1 x [to, 0(T)] 59
A+, =—H,(x, 1), x,t) € lxg, X] x [0(T), T]
Py = -1-:12,(x, D —yOH,(x, y@®), &, 1) € [x, X]x [to, 5()] (5.9)
pr=—H, (x,1), (x.1) € [x0, X] x [0(T), T]
g = —{Iz,(x, 0 —yOH,(x,y®), (1) € [xo, X] x [to, 0(1)] 5.10)
g =—H.,(x,1), (x,1) € [x0, X1 x [0(T), T]

X, 1) =0, t ety Tl ax, T) =0, x € [x0, X] (5.11)

4 d
pX,1)=5 Zxk—gﬁ(z(x T), 1€l T] (5.12)

Zxk—(z(X T)), x € [xo, X]. (5.13)

PROOF. Since the convex sets B and the convex hull CH(A) have empty inter-
sections, by the standard separation theorems, there exists a nonzero vector y =
(X0s X1s -+ -» Xr) € R such that

x-b=<0 forallbe B; x-a=0 foralla € A. (5.14)
By the definition of the set B, the first inequality in (5.14) yields

x>0 forkel, =0 forke{0,1,...,r\I.

According to the definition of the set A, the second inequality in (5.14) yields

D xeBuiHi(xo, 1) 20 forallv € U, ae. (xo,%) € G. (5.15)

k=1
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Define

M0 =) xd® @0, plx =) xan®x,0),
k=0

k=0

px, )= xap®@, 0, g0 =Y xq®x 1),
k=0 k=0

H:=) xH®,
k=0

where H®’s are as in Section 3. We see that relations (5.8)-(5.13) follow from (3.1)-
(3.6). The minimum condition (5.7) follows immediately from (5.15) and the facts
that A is continuous on U and that almost all (x, t) € G are regular points of H. This
completes the proof.

6. More general objective functions

Suppose that the cost functionals J, are given by

Jo@) == g (z(X, T)) +// Fo(x,t,z(x,t), z,(x,t), z,(x, 1), u(x, t)) dxdt
G

X T
+f Pe(x, z(x, T))dx—i—f Qc(t, z(X, 1)) dt. 6.1)

In this case we replace assumption (A4) by the following.

(A}) The functions g, : R" — R are twice continuously differentiable. The func-
tions Fi(x,t, 21, 22,23, 4) : G x R¥ x U — R are measurable on G for fixed
(z1, 22, 23, u), continuous on U for fixed (x, t, z, z;, z3), and twice continuously
differentiable on R*" for fixed (x, ¢, u). The functions P(x, z) : [xg, X] X R" —
R are measurable on [xy, X] for fixed z and twice continuously differentiable on
R” for fixed x. The functions Q(¢, z) : [t, T] x R" — R are measurable on
[to, T] for fixed z and twice continuously differentiable on R" for fixed ¢. Fur-
thermore, there is a function K’'(x, ¢, u) with K'(x,t, u(x, t)) € L.(G), such
thatfori =1,...,n;j=1,2,3,

|F2j(x9 t! Z’ Zx: zly u)l 5 K/(x’ t’ u(x’ t))'
In this case, the Hamiltonian function H® is modified to

H®x,t,Z,u, A, 1, p,q) :=
Az 4+ uB2 + (p® +¢%®) f(x, 1, Z,u) + Fe(x, t, 2, 2, 2., u), (6.2)
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where, as before, Z := (z, &, 2, &x, 21, &1)-
By minor modifications of developments in Sections 3-5, we obtain the following
result, the details of proof of which are omitted.

THEOREM 6.1. Let i € Q2 be an optimal control for problem (P) with J; defined as in
(6.1). Suppose that assumptions (A,)-(A3), (A}), and (Ae)-(A7) are satisfied. Then
there exist a nonzero vector x = (X0, X1, .- -, Xr) € R with

x>0 forkel, xx=0 forke{0,1,...,r\,
and a set of multipliers (A, ji, p, §) € Loo(G, R*") such that the maximum principle
ﬁ(x, 1) < I:I(x,t; v), forallveUl, ae (x,t)eG

holds, where H is defined as in (6.2) and A, i, p, q satisfy (5.8)-(5.11), along with
the boundary conditions

pX, 1) = Zxk [——(z(x T))] +—%(z(x ), €l T]

r

1 P
i T =) x [5%@0{, T)) + (@, T))] , X € [xo, X].

k=0

7. A special case

Under further regularity assumptions we derive a simplified version of Theorem 5.2

in this section. We require the following assumptions.

(Ag) For a given optimal pair (&, Z) and the corresponding multipliers A, u, p, and g,
the (generalized) partial derivatives

af 3 & f; af,
—Z(P;+q; ( + az;,jx) 5;(121'4"4;)(3] +v 3;.11)

existfori =1,2,...,n.
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Under (Ag), the adjoint equations (5.9)-(5.10) can be differentiated as follows.

P =i~ [(fulx. 0 +7Of Gy ) B+ D]
(x,1) € [¥0, X] x [tg, 0 (T)]

B == = [, DB + D] (. 1) € [xo, X] x [0(T), T]

Gu = b~ [(fe 0 + 7O fulev@)) G+ D] |
(6, ) € [xo, X1 X [t0, (D]

(x,t) € [x9, X] x [0(T), T].

P = —he = [fulr. 0 + )]

‘ bl
Setting 6 := p + g, and JZ := 0 - f, we derive from the above equations and (5.8)
that

0 = FEx, 1) + 7 H(x,y 0) — (H, e, 1) + VO, (x, (1))
— (A, .0+ 7O, v @) | (x, ) € bxo, X1 x [t0, 7 (T)]

0. = H0x,0) = (#,0) —(#x0) . @0 el XIx[0(T). T

’
t

Regarding the boundary conditions for 6, we have from (5.11)-(5.13) that

ex(xv T) = ﬁx(x’ T) + éx(xa T) = ﬁx(x, T)
=—px,T) = fo(x, TO(x, T) = —f,,(x, TO(x, T),  x € [x, X]
= - (x, T).

Similarly

8,(X,0) = = (£ (X, + YO £, (X, yt)) (5 + )
=—H,(X,0) =y OH, (X, y(©), 1 €lw,o(T)],
and
0.(X,1) = —f,(X,00(X, 1) = —FH.(X,1) tela(T), Tl

Finaily,
- A8k
60X, T) =) xipr G(X, T).
=0 z

Summarizing the above developments, we have the following results.
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THEOREM 7.1. Let ii € Q2 be an optimal control for problem (P). Suppose that assump-
tions (A,)-(Ag) are satisfied. Thenthere exist a nonzero vector x = (Xo, X1» -+ -» Xr) €
R with

xx=0 forkel, x=0 forfe{01,....,r\I

and a unique 6 e Lo (G, R") such that

A, t, Z(x, 1), 6(x, 1),0(x, D)) < H#(x, 1, Z2(x, 1), v,0(x, 1))
forallve Uandae. (x,1) € G,

where
H(x,t,Z,u,0):=0-f(x,t,Z,u),
b = FE D) + 7V Oy 0) = (060 + 7 OH, (5, v ()
—(#.e0 +7OHxy )
b, = Hx.0 = (H#.6.0) — (H#.x.)

(x, t) € [-x()’ X] X [10’ U(T)]

(x,1) € [x0, X] x [0(T), T]

s
t

0.(x, T) = —H,(x, T), x € [x, X1
6,(X, 1) = - (X, 1) — vy O)H(X, y (1)), t € [, 0(T)]
0,(X, 1) = —H.(X, 1), t € [o(T), T]
A .

6(X,T) = ;xk (X, T)).

REMARK 7.1. A very special case of problem (P) is considered in [9] and a result
similar to Theorem 7.1 is established. Specifically, in [9], f is a scalar function,
controls are assumed piecewise continuous, there are no terminal state constraints,
g(z) = z, and a simple delay problem is considered.

Conclusion

In this paper we have presented an approach to (first order) necessary conditions,
in the form of a Pontryagin maximum principle, for constrained controlled processes
with distributed parameters and deviating argument. The approach presented here
applies equally well to other nonlinear constrained distributed parameter systems with
deviating argument.
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