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ON SOLUTION SETS OF NONCONVEX DARBOUX PROBLEMS
AND APPLICATIONS TO OPTIMAL CONTROL WITH ENDPOINT
CONSTRAINTS
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Abstract

We prove a continuous version of a relaxation theorem for the nonconvex Darboux problem
X € F(t,1,x,x,x;). This result allows us to use Warga’s open mapping theorem for
deriving necessary conditions in the form of a maximum principle for optimization problems
with endpoint constraints. Neither constraint qualification nor regularity assumption is
supposed.

1. Introduction

Consider the optimization problem
fox(T, 7)) — min, 0y

over the solutions of the hyperbolic differential incluston (or in other words, Darboux
problem)

X (t, ) € F(t, 1, Z(x)(t, 7)), (t,1)eN:=[0,T] x [0, 7], )
with boundary conditions

x(t’ 0) = ‘Pl(t), te [09 T]1

x(0, 1) = ¢(7), T € [0, 7], 3)

and endpoint constraint

H((T, 7)) =0. 4
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Here fy: R" - R, F:TI x R" x R" x R* — 28", Z(x)(t, 1) := (x(t, T), x,(¢, T),
x.(¢t, 7)) and f, : R* —> R™L.

Note that a constraint of the form x (T, &) € C, where C is a closed set, is a special
case of (4). In fact, by setting f,(x(T, 7)) = dist(x(T, ), C)) thenx(T, T) € C
is made equivalent to fi(x(T, 7)) = 0, that is, (4) holds.

Optimal control problems for inclusion (2) have been extensively studied in the
literature (see, for example, [1, 6, 12, 13, 24, 25, 29, 30, 32, 35-39, 46, 52, 54]) but
so far only without the endpoint constraint. Most authors consider the case where
F has a parameterized form, so that inclusion (2) becomes a controlled hyperbolic
differential equation of the form

X, ) =00, 1, Z(x)(¢, T), V), veV, &)

where v is the control function.

When (5) is linear, that is, the function ¢ is linear in respect to Z(x)(¢, t) and u,
for this class of problems, necessary optimality conditions (in the form of a maximum
principle) as well as computational algorithms have been discussed in [13, 23, 29,
37, 39, 40, 46, 52, 54]. In this case it is not difficult to show that the solution set of
the controlled system (5) is a compact set and consequently, an optimal solution of
problem (1), (3), (5) always exists.

When (5) is nonlinear, the first natural question that arises is whether there exists
an optimal solution, and that has been studied in [4, 30, 35, 36]. These authors show
conditions for function ¢ such that the solution set of (5) is compact, and the existence
of an optimal solution follows immediately from this fact.

Necessary optimality conditions have also been developed in [6, 11, 12,23, 26, 38]
mainly under the assumption that the objective function fj, is linear and that the map
¢ is twice continuously differentiable. Then the adjoint equations in the maximum
principle involve the derivatives of second order of the map ¢. When the function
Jo is nonlinear, these authors assume that it is twice continuously differentiable also,
since then (1), (3), (5) can be reduced to an optimization problem with a linear
objective function [6, 11, 12, 38]. Indeed, by introducing the additional variable
z(t, 1) = fo(x(t, 7)), then z,. (¢, 7) = ﬁ,(Z(x)(t, 7)) for some function fo and (1) is
equivalent to z(T', ) — minimum.

A necessary optimality condition involving only derivatives of first order of the
map ¢ for the optimal control problem (1), (3), (5) has been derived by Suryanrayana
[38]. In that paper, (5) is reduced to an equivalent one of Dieudonne-Rashevsky form
[6] which is a partial differential equation of first order. Clearly this reduction is
possible only under the assumptions that the function ¢ is continuous with respect
to all variables and that the derivatives af (¢, T, x', x2, x3)/dx’, i = 1,2, 3 satisfy
Lipschitzian conditions with respect to (x!, x2, x*). Then a Pontryagin-type maximum
principle is obtained in [38], while the adjoint equation is more general than those of
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Cesari [6] and Egorov [11, 12] because it does not involve the derivatives of second
order of the map ¢.

In a previous paper [43], we have derived a Pontryagin-type maximum principle
for (1)-(3) in the case when F has convex values. When (2) has the parameterized
form (5), it has been shown in [43] that this convexity assumption can be removed
and we obtain maximum conditions under much weaker assumptions than those of
Suryanryana. Namely, in (1)—(3), we assumed that the function ¢ is only measurable
in (¢, t), differentiable (not necessary continuously differentiable) in (x!, x2, x3),
continuous in v and that the objective function f; is only differentiable. Of course,
one can show that under Suryanryana’s smoothness assumptions, our adjoint equations
and Suryanaryana’s equations are identical [43].

The optimization problem (1)—<3), where F does not depend on (¢, 7), has also
been studied by Mahmudov in [24]. Using the discrete approach of Pchenichnyi
[28], this author obtains a Egorov-type necessary condition under the assumption that
F has convex values. As in [28] for differential inclusion problems, the convexity
assumption is crucial for the convergence of approximated solutions to an optimal one.
Moreover, the objective function is also assumed to have a convex approximation in
sense of [28] at an optimal solution. It is well known from nonsmooth analysis [8]
that Lipschitz nonsmooth functions may not satisfy that assumption.

From general optimal control theory, it is well known that optimization problems
with an endpoint constraint like (4) are much harder than those without it. As in
nonlinear mathematical programming, many results are often obtained under some
kind of constraint qualification (CQ) or regularity assumptions (RA). For example, in
optimization problems defined by ordinary differential equations, one has to assume
Clarke’s calmness condition [8] on the endpoint constraint or Frankowska’s surjectiv-
ity condition involving a linearized inclusion [14]. These conditions ensure that a
reference solution is not isolated, that is, in every neighborhood there is at least one
solution of the equation that also satisfies the end constraint. Obviously, because of
the very complicated structure of the solution set in an optimal control problem, it is
not clear how to check CQ or RA. An approach to these problems without CQ and
RA was proposed by Warga in [48, 49] and developed by him [50, 51] and other
authors [21, 18, 22, 44, 45, 56]. In this spirit, in [44] we also investigated (1)«4)
when F has convex values and the functions fy, f) are continuously differentiable.
First, by using a special open-mapping theorem for smooth functions and a continuous
approximation technique for convex hyperbolic inclusion [42], we derived a sufficient
condition for a given solution x (¢, 7) to satisfy

f(T, ) eintf(R(T, 9)), [ :=(fo, f), (6)

where Rp(T, &) is the reachable set at point (T, ) of inclusion (2). This condition
is0 € intVf(x(T, 7))RL(T, T), where RE(T, 7) is the reachable set of a linearized
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inclusion of inclusion (2) at (T, 7). Hence, if X(¢, ) is an optimal solution of (1)—(4),
then f(x(T, 7)) € 3f (Re(T, 7)), which implies 0 ¢ intV £ (x(T, 7))RX(T, 7).
Futhermore, applying a separation theorem (see, for example, [31, consequence
11.7.3]) yields the existence of & € R™, ||8|| = 1 such that

Vfx(T, 7)) € RHT, I)*. a

Since F has convex values, with a suitably chosen linearized inclusion [43], every
vector of cone RE(T, )* corresponds to a solution of adjoint inclusions satisfying
the maximum condition. A Pontryagin-type maximum principle for (2), (3), (4) was
obtained in [44] as a consequence of (7).

As in problems with ordinary differential equations [49, 22, 45], in order to be able
to apply an open-mapping theorem to derive sufficient conditions for (6), one has to use
a continuous approximation of solutions of inclusion (2) by solutions of a linearized
inclusion. If F has convex values as in [44, 42] the continuous approximation is
obtained automatically from a successive approximation process [42, Remark 3.1 and
Theorem 4.1]. Moreover, as mentioned above, the convexity of the values of F is also
crucial to ensure the existence of a linearized inclusion such that every vector of the
positive polar of its reachable set corresponds to a solution satisfying the maximum
condition.

As it is obvious from the former results, the following important questions related
to (1)—(4) are unanswered so far.

1. What is a maximum principle for (1)—(3) (or (1), (3), (5)) with end constraint
(4) when f; and f, are nonsmooth functions?

2. Is the convexity assumption for the values of the map F really needed for
deriving a maximum principle for (1)—(4)?

The purpose in the present paper is to answer the two questions above, that is, we
investigate (1)—(4), assuming only that F has compact (not necesssary convex) values,
while f,, fi are Lipschitzian (not necessary continuously differentiable) functions.
Here it worth noting that because of the nonconvexity of its values, the map F may
be nonparameterized and so it cannot be reduced to Dieudone-Rashevski form as in
[6, 38]. Hence, even without the endconstraint (4), problem (1)—(3) also becomes
much more complicated than those of [6, 38]. Since F has compact values only,
for obtaining a maximum principle for problem (1), (2), (4), we shall develop a
continuous approximation technique of solutions of inclusion (2) by solutions of a
linearized inclusion of the convexified inclusion

X (t, T) €cOF(t, 1, Z(x)(t, 1)), (t,7) eIl )]

The basic result we will obtain is a Pontryagin-type maximum principle for the problem
(1), (2), (4) with nonconvex-valued map F and nonsmooth (Lipschitzian) objective
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function fy, nonsmooth (Lipschitzian) endpoint constraint function fi, without CQ
and RA. Actually, we will even derive the maximum principle for (1), (2), (4) with
nonfixed boundary conditions of the form

xt,0) e Fit,x(,0), trtell :=[0,T],
x:{0,7) € Fo(r,x(0, 7)), tell,:=[0,7], x(0,0) € F, 9

where F, : [T, x R" - 2% F, : T, x R" - 2", F, C R".

Applying this basic result to (5), we first derive a maximum principle for (1), (5),
(4) with nonsmooth data and without any convexity or linearity assumptions.

Our continuous approximation technique of solutions of inclusion (2) by solutions
of a linearized inclusion of inclusion (8) is based on a continuous version of a relax-
ation theorem for inclusion (2) to be proved in the paper. Using this theorem and
also Warga’s open-mapping principle [48], we shall be able to derive that (6) holds
if 0 € intAR4(T, ) VA € 3, f(x(T, T)), where 8, f(x(T, T)) denotes Clarke’s
generalized Jacobian of f at x(T, 7)) and R,(T, ) is the reachable set of a linear-
ized inclusion of inclusion (8). So if x(¢, ) is an optimal solution of (1), (9), (4)
then O ¢ intAR4(T, ) for some A € 9, f(X(T, Z)), which yields the existence of
@ € R™,||8|| = 1 such that A*0 € R,(T, &)*. Butin inclusion (8), coF already has
convex values and so as in [43], a maximum principle for (1)—(4) follows by choosing
a suitable linearized inclusion of inclusion (8) such that every vector of R4(T, )*
corresponds to a solution of adjoint inclusions satisfying the maximum condition.

Aside from serving to derive a maximum principle for (1)—(4), the relaxation
theorem has an independent interest. Futhermore, it plays an important role in the
study of optimization problems involving (5) with relaxed controls, which will be
considered in a subsequent paper (see for example [39] for the definition of relaxed
controls of (5)). We mention also that even in its simplest form, our relaxation theorem
is a nontrivial extension of the Filippov-Wazewski relaxation theorem for differential
inclusions. Indeed, for differential inclusions, it is known (see for example [2, 17, 19])
that the Filippov-Wazewski relaxation theorem follows from a Filippov theorem and a
Lyapunov theorem for Auman integrals. For inclusion (2) we proved also a Filippov-
type theorem [44] and when the map F of inclusion (2) does not depend on partial
derivatives x,(f, T), x.(¢, ), the relaxation theorem for inclusion (2) can also be
proved simply by using Lyapunov theorem [41]. However, when F depends on
partial derivatives x, (¢, T), x. (¢, T), it is not clear how we could derive the relaxation
theorem because, as will be seen later, in that case the traditional Lyapunov theorem
is no longer suitable. In order to obtain a relaxation theorem for inclusion (2) for the
latter case, we shall prove a stronger version of the Lyapunov theorem for Auman
integrals in the plane (Theorem 3.1).

The organization of the paper is as follows. Section 2 is the problem statement. In
Section 3 we prove a Lyapunov theorem for integrals in the plane and some auxiliary
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results. These results are used for the proof of a relaxation theorem stated in Section
4. Section 5 is devoted to the maximum principle for (1), (2), (4), (9) and (1), (4), (5).
Finally, in the Appendix, we prove a continuous version of a Filippov-type theorem
for inclusion (2).

2. Problem statement

In what follows we shall derive a necessary condition for an optimal solution of
(D), (2), 4), (9) in a form of the maximum principle. The following assumptions are
made.

A.l. The map F is £ Q) %(R*")-measurable with compact values and there is a
constant M such that

haus(0,, F(t,7,x',x*,x*)) <Mforae.(t,7) € I, foreveryx', x>, x’ € R".

A.2. Forevery t, v the map F(t, 7, -, -, -) is Lipschitzian with Lipschitz constant
k > 0, that s,

haus(F(t,t,u', p',q"), F(t,7, 4%, p*, ¢%)
<k(fu' —u?|+|p' =P+ |q' = 4*(). Vr.vu'ipq' G =12).

A.J3. The function f := (fy, f1) is Lipschitzian with Lipschitz constant k. By
9, f (X (T, 9)) denote its Clarke’s generalized Jacobian at (T, 7).

Ad. For every u € R" the maps F(:, u), Fo(:, u) are measurable with compact
values and there are functions 7, 7, integrable on I, and IT, such that

Fi(t,0) c m()S, vt € 1, F>(7,0) C n2(7) S, VT e Il,.

AS. Forevery (¢, T) € I1, the maps F\ (1, -), F>(t, -) are Lipschitzian with Lipschitz
constant k.

Throughout the paper, by a solution to the inclusion (2), (9) we mean an absolutely
continuous function u(¢, r) on IT with an integrable derivative u,, (¢, t) satisfying
inclusion (2) almost everywhere (a.e.) on I1 and satisfying the boundary conditions
(9) a.e. on I, and I1,.

We refer the reader to [33] for the definition and the main properties of abso-
lutely continuous functions of two variables. In particular, a function u is absolutely
continuous on [T if and only if it can be expressed in the form ‘

u(t, r)=/0/0 fd, f)dfdz’+/ g(:‘)dt‘+/ h()dT + u(0,0) VY, 1) €I,
0 0
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with f(-,-) € L'(TT), g() € L'(I1y), A(-) € L'(I1;). Hence the space Q of
absolutely continuous functions 4 : I1 — R" becomes a Banach space when endowed
with the norm

T
(. o = lu(O, 0)|I+/ llue, (2, 0) || dt
0

T T g
+f|mmwmw+/‘/|Mﬂxmwm.
0 0 0

In the sequel, CompR" (ConvR" respectively) will denote the collection of all
nonempty compact (convex and compact, respectively) subsets of R" equipped with
the Hausdorff metric haus(-, -), K* the positive polar of a set K in Banach space X,
that is,

*=lheX*: (h,a) =0 VaeK},

and L'(5 R")(L°°(5 R*), respectively) the space of integrable (measurable and
essentially bounded [55, page 34], respectively) funcnons from D to R*. When for
the sake of simplicity we take k = n, we write L' (D) instead of L' (D R™). For any
set-valued map G, coG denotes the map u — coG(u) (closed convex hull of G (u)).
Also the following notation will be used:

W, and W,: Banach spaces of absolutely continuous functions & : I1; — R"*, &
IT, — R" endowed with the norms

i12(1)

d .
—u(t) a7

|mm=mm+] »

m,

uﬂ%=ﬂm+f

M,

Z@)(t, t) = (ul, v), u,(t, 1), u: (1, 7)) Yu € Q;

mes(D): Lebesgue measure of subset D of R? (or R', depending upon the context);

Dy={r:(,1)e D}, D, ={t:(t,7v) € D} forevery D C Il. Obviously,
M, =M, M, =11, ¥({, 1) € IT;

0,: the null element of R” and S,(D; a) = {x,dist(x, D) < a} for D C R". If
there is no confusion we also write 0 instead of O, and S, instead of S,(O0,; 1);

xp(+) : characteristic function of D;

m+1
é’m_.: yz(yl’yz""’ym+1):)/i _>-.0’ i=1v23"')m+11 ZYKSI];

A* : the adjoint map of a closed convex process A defined by
p € A*q & (—p,q) € (graph A)*.

Recall that a closed convex process A is a set-valued map, whose graph is a closed
convex cone.
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3. A Lyapunov theorem and auxiliary results

In this section we state preliminary results that are needed in the proof of the
relaxation theorem of the next section.
The following Lemma 3.1 can be proved simply as Lemma 2 [11].

LEMMA 3.1. Let _# be a positive integer, K be a compact set of a metric space and
T;(x), j=12,..., #, x € K be measurable subsets of Il satisfying

T,0)NT,(x) =BVYji # jo, UL T(x) =1

0 = lim mes(T;(x)AT;(x")) = lim mes(T;(x),, AT;(x"),) (10)
= lim mes(T; (), AT;j(x).) Vj=1,2,..., 2.

Letv;(-,-) e L'(TN), j=1,2,..., #, and let g be defined by

Z
g, T) =) Xrw(t, Dy, T).

j=1
Then g is a continuous map from K into L'(I1).

Let D be arectangle in I1 and let o = {I', I?, ..., I} be a given finite covering
of D consisting of rectangles I', i = 1,2,..., N, satisfying UVN=II" = D and
I N I = @ for every v, # v,. Denote by #(D, o, R¥) the set of measurable
functions taking constant values of R ineach I" € 0.

Let {¢; (x) i=12,....4 } be a family of continuous functions from K to R,
satisfying Z, LX) = 1 and fi,i=1,2,..., 4, be functions of #(I1, o, R*).
Define a function f : K — L'(I1, R*) by settmg f(x) = Z,{l oi(x)fiVx € K.

LEMMA 3.2 For every continuous partition of unity {p; (x)} _, in the compact set
K there exist sets T;(x) C I, j = 1,2,..., ¢, satisfying (10) and such that the
Jfollowing relations holdfor every j =1, 2, o F.andx € K.

f@@, v)drdt = p,-(x)/ fix)@, t)drdr, (11)

Tj(x) n
foe, vdr=pjx) | fio@, vdr  veell,, 12)

T 1151
f)@, vdt=pix) | fi(x)@, t)dt  Vrell,. (13)

T (e m,
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D, t L.ty D,

FIGURE 1. The set I := D; D, D3 D, is divided into subsets /;(x), [r(x), ..., I g (x).

PROOF. The proof consists of two steps.

Step 1. Let I = D;D,D;D, be a arbitrary rectangle from I1. Divide segment
D\ D, (D4D;, respectively) by points to, £y, ..., ¢ g (45, 1], - - ., t(’}, respectively) satis-
fyingfo = Dy (t = Da), t g = Dy ({5 = Ds), l;—t1| = p; ()| Dy Dyl (8] ~1_,| =
pi(X)DsDs), j=1,2,..., Z (see Figure 1).

We also divide segment D, D, (D;D,, respectively) by points 7o, i, .. ., T g (74, T,

. r;,, respectively) satisfying tp = Dy (tg = D3), 76 = D) (tf} = D), It; —
Tjo1| = pj(x)| DsD;| (|Tj' - f,-'_|| = p;j(x)| D3 Ds)).
Set

I (x) = tot, 7,7y U 1ot 1 T0,
’ 4 / /
1 g(x)= loalpT T4 Ut/_ltfr/t;_l,
where by #1117/, T/ (1],,Tj417;, respectively) we denote the trapezium with vertices

L, s, TJ-'+1, rj’(t]f, tlf+1, Tj41, Tj, Tespectively), j =0,1,2,..., # — L.
It is easy to prove that forevery j = 1,2,..., #,(, 1) €I,

mes(l;) = pj(x)mes(l), mes(l,) = pj(x)mes(l,), mes(l;;) = p;j(x)mes(l;).

We shall prove that lim,mes(lj(x)Alj(x’)) =0,j=12,..., Z. Indeed, for every
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¢ < # wehave

4

> (pitx) — pix))

j=1

lim mes ((Uj‘.=I Lx) A (Ui L(xh)) = th mes(I) =0,

x

SO

lim mes (()AL(x)) = lim mes ( (Vo b\ UL L) A
(Ve O\ YD L))

< lim mes ((Uf,=lljr (x)) A (Uf,=11j, (x’)))
+ lim mes ((u;',;‘1 I (x)) A (u;’,;‘, 1,-,(x')))
=0.
Analogously, forevery (r,t) eI, j=1,2,..., 2,
lim mes (I;(x), ALi(x),) =0, lim mes (I;(x). ALi(x");;) = 0.

Step2. Let o = {I',1%,...,I"} be a covering of Il consisting of rectangles
H, j=1,2,...,Nsuhthat fi(t,7) = f*V@t,0) e I’, i =1,2,..., 4, v=
1,2, ..., N. Then from the definition of f we have also f(x)(¢, T) = f”(x) = const
for (t,7) € I". Forevery I*, x € K, as shown in Step 1, we can construct /(x)
satisfying

mes(I/(x)) = p;(x)mes(I*),
mes(I/(x),) = pj(x)mes(l)),
mes(l; (x);1) = pj(x)mes(l},).
Set T;(x) = U)_, I/ (x). Then forevery j = 1,2,..., Z, (t,7) € I,
mes(Tj(x)) = pj(x)mes(I1),
mes(T;(x),) = pj(x)mes(Il,), (14)
mes(T;(x):) = p;(x)mes(I1,),

and

v=1"j
< lim mes (U)_, (I' ()AL (x)))

x'—x

}1_r2 mes (T;(x)AT;(x")) = }1_12 mes ((U)_, I’ (x)) A (UC’=le"(x')))

N
< lim Zmes (Ij“(x)Alj"(x’))
X=X =1

=0.
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Analogously,

Lim mes (T;(x), AT;(x'),) = lim mes (T; (x);: AT (")) = 0
Thus the sets /; (x) satisfy (10).

Furthermore,

fo)drde = Ego, w [ flevydede

70 Ti()

l (x)

N N N N N 5
=Y ok Z Fle,vydrdr = 0i(0) ) mes(l? () f*
i=1 i=1 v=1
N
= p;(x) ZmeS(l”) Z(p,-(x)f‘” = p;(x) ) _mes(I") f*(x)
v=] i=1 v=1

=pj(x)/ f(t,r)drdt,
n

and analogously, for (¢, ) € I1,

fodr =pixy | Ffx)dr,
M,

T/‘(X)ll

fyde =p;x) | f(x)de.
m

T;(x)ye

This completes the proof of Lemma 3.2.

The following modification of a Lyapunov theorem for integrals in the plane plays
a key role for the proof of the relaxation Theorem.

THEOREM 3.1 Let G : I1 — CompR" be a measurable map satisfying the condition
haus(0,,G(t, 1)) <M < 4+ocoforae. (t,7) € Il
Then for every € > 0 and for every measurable function v : I1 — R" satisfying

v(t, 1) € coG(t, T) for almost all (¢, 1) € 1,
there exists a measurable functionv : I1 — R” satisfying

v(t, ) € G(@t,t) foralmost all (¢, t) € I,

/ / v, T) — u(f, 1.')) drdt

f @, T) —v@t, 1)) dT
0

/ (3, 7) — v, 7)) di
0

and such that

(l r)eﬂ

-+ max { ess sup
tell, el

|
|

+ max i ess sup
el rell;
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PROOF. Divide I, (I1,, respectively) into N equal subintervals by the points ¢; (7,
respectively), i = 0,1,2,...,N, to =1 =0, ty = T,y = & . The natural
number N will be chosen later.

Let h = max{T/N,Z/N}and T1;, = {(t,7) : t; <t < ;41,7 < T < Tgq1},

i,£=0,1,2,..., N—1. FromLusin’s Theorem there exist functions €, (%), €, (h), €3(h)
and an at most countable system of rectangles {IT,} C IT satisfying
lim max {¢, (h), &;(h), &; (W)} = O,
intIT,, NintI1,, =@ Y # na2,
mes (U,T1,) > mes(IT) — h, (15)
mes ((M\U,M,), N T1;) < (k) for almost all ¢ € T, (16)

mes ((H \ U,,I'I,,) .n I'Il) < €3(h) for almost all T € I1,, 17

[
and such that for u = (i, £, ), I, =1, NI, and

v, = mes(I'I,L)‘I/ o(t, ) ddt, (t, 1y eI,
nl-l

vL(t) = mes(I1,,)™" o(t, 7) dT, (t,t) e M, (18)

My

vi(r) = mes(Hm,)"/ v(t, t) dt, (t,7) eI,

nulr

the following relations hold, whenever (¢, 7), (¢, t’) € I, with mes(I1,) # 0.

haus(G(, 1), G({', 1)) < €, (h), (19)
lv. —vi@®| < eh),  [v. — Vi@ < e2(h). (20)

By Caratheodory’s Theorem, for every (¢,7) € [II, there exist a;(t,7) = O,

Yt (e, 7) = 1and u;(r, T) € G(t, 7) such that

n+1

Y et Tut, 1) — 9, T)
j=1

<h.

By virtue of (19), this implies that for (¢, 7,) € I, there exists i; (¢, 1) € G(t,, t.)
satisfying
n+1

D i, D, T) — B, T < B+ eh),
j=1

that is, v(t, t) € S,(coG(t,, 1,); h + €, (h)). By [7, page 288] this yields
Vi € Sp (c0G (1, T); b + €(R)) .
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Therefore, again by applying Caratheodory’s Theorem, we can finda,,; > 0, Z":l' oy

]
= land u,; € G(t,, t,) satisfying

n+1

vu— eyt | < €(h) +2h. (1)

j=1

Taking account of (20), we obtain also

n+l1

L(t) = D oy < €(h) + (k) +2h Vi €Ty, (22)
j=1

n+1

V2(T) = D ety | S€(h) +e(h) +2h Vo ey, (23)
j=1

fo
fi

fa
fa

fi
fa

f n+l f nit-l

L l L ... t, Insi

FIGURE 2. The set [T, := fotny1t,, 4 is divided into subsets I1,;, j = 1,2,...,n + 1 with 7,4, =

iy ot
. SR VRN /i ol W ) = NNt =5 R i =5 IS =t hT'T

o, Toyy =lasts Tg = lyyys To = lps 1= fy=lo Tasl—T0 T =T = Q) n“'-’ - '/_lt/rjrj‘l U

T

tj-]'jtjrj—l-

By the method used in Step 1 of the proof of Lemma 3.2 (see Figure 2), for every
IT,, we can find a covering {I1,;, j = 1,2,...,n 4 1} and function u, (¢, 7) taking
the constant value u,; on every I1,; such that for every (¢, ) € I1,,,

n+1

Z“ui“uj = mes (1,)"”" / u,(t, v)drde (24)
j=1 My
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= mes (I'Iu,,)_'f u,(t,r)de

r’ull

= mes (nu.,)“f u,(t, t)dt.

My

Define the measurable function uy (¢, T) by setting

u,(t,r)y for(t,v)ell,

””("’)z{ u(t, 7y  for (1,7) ¢ U,Il,, whereu(r, 7) € G(t, 7).

Set Av(t, t) = v(¢, T)—uy(t, t). From (22), (16), (18), (25),for£ =1,2,...,N

IT,, we have

Tt
/ Av(t, 1) dr
0

52M€3(h)+2/ @, ) — uy(t, ) dt
" n

ult

=2Mes(h) + ) / (8¢, 7) — u, (2, v)) dt
" My,

n+1

=2Mes(h) + Z mes (T,.) v, (£) — mes (1) Za“f”“f
“ Jj=1

< &(h) :=2Me;(h) + T (e1(h) + e2(h) + 2h).

367

(25)

(26)

L €

Consequently
max [ess sup / Av(t, T)dT ] < e€4(h) +2hM v, 1) e, 27
tellz el || Jo
and analogously, from (23), (17), (26),
t
max [ess sup / AV, T)dt ] < es(h) +2hM (28)
tell rell, 0
for es(h) :=2Me;(h) + T (e, (k) + €;,(h) + 2h), and from (21), (24), (15),
max / / Ay(t, T)dT di|| < max / / Av(t, t)drdt)| +2h(T + )M
(¢,7)ell 0 0 it 0 0
<e€s(h) +2h(T + )M (29)

for €g(h) := 2Mh + T T (¢, (h) + 2h).

Now, by choosing the measurable function v,(t, ) € G(¢, T) for almost every

(¢, ) € I such that

v(t, T) = un(t, 1) for (¢, ) ¢ U,I1,,
Jun(t, ©) — vale, T)|| = dist(un(r, 7), G@t, 7)) for (¢, T) € U,T1,,
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we easily obtain that whenever (¢, 7) € U,I1,,,
"uN(ts T) - vh(tf r)" =< haus (G(t;u t/l.)a G(t’ l‘l‘)) = Gl(h)!

and consequently, for every (¢, t) € I1,

/ (n(t, £ — v(t, B)) dE|| < ver(h),
0

f (un(@ ©) — 04, 1)) di|| < tey(h),
0

/ ft (uN(t_, T) — v (, f)) dtdt| < tre (h).
o Jo

On the basis of these relations and (27)—(29), we can take a function € (h) satisfying
}’irr(l) €(h) = 0 and such that

max
(r,7)ell

/' / (5, 7) — w(i, ) didf
0 4]

f @, 7) — va(t, 7)) di
0

-+ max { ess sup
tell, tell,

|

} < é(h).

/ (0@, ) — val?, 7)) dr
0

+ max {ess sup

tell, tell,

Now the statement of the theorem follows by choosing N so large that €(h) < € and
v(¢, T) = v(¢, ) . This completes the proof of Theorem 3.1.

4. A relaxation theorem for hyperbolic inclusions

Denote by .& the o-algebra of the Lebesgue measurable subsets of I, and #(I")
the family of all Borel subsets of a separable Banach space I'. Recall that a map
F,JT1 x T — 2% is called . Q) £(I")-measurable if for any closed subset C of R"
onechasthat {(t,7,z) e I x T : F(t,1,2)NC # 0B} e LR BT).

First, we assume that G : IT x R" x R" x R" x I' - CompR" and consider the
hyperbolic inclusion depending on a parameter

u(t, 7)€ G, T, Z(w)(t, 1), ¥) (30)
with the boundary condition
u(t,0)=u,7t)=0, (r,7) eIl 31

Suppose that the map G satisfies the following conditions.
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B.l. Gis 2@ PB(R* x I')-measurable.

B.2. Forevery (t,7) € I1,y € T the map G(¢, 1, -, -, -, y) is Lipschitzian with
Lipschitz constant k.

B.3. There exists a continuous map § : I' — L'(I1, R) such that haus(0,, G(t, t,
0,, 0,,0,,y)) <é(y)t,t)ae.inIl

B.4. Forevery (¢, 7) € I, (x', x2, x*) € R* the map G(¢, 7, x', x2, x3, -) is con-
tinuous.

Now, let y — y(-, ) be a given continuous map from I' into Q satisfying

v, 0,y)=y0,t,y) =0Vt 1,7.

Let
Zy(yN@, ) =y, 1, v), %, T, ), y(t, T, ¥))
and
B, t,y) =dist(y, (¢, T, ¥), G, T, ZY(¥)(, T), ¥)). (32)

For the proof of the main result in this section, we need the following theorem,
whose proof will be given in the appendix.

THEOREM 4.1 For every € > 0, there exists a functionu : 11 xI' — R" such that

(@) for every y € T the function (t,t) — u(t,t,y) is a solution of inclusion
(30), (31);

(b) themapy — u(, -, y) is continuous from I into Q;

(c) foreveryy €T, (t,7) e I,

t T
/ / |, 7, ¥) = yie(t, T, ¥) | dTdE
1] 0

5/ /12(k+l)exp(kg(f,f,t,r))tlfo(y)(t-,f)dfdt'+e, (33)
o Jo
where

Yo(¥)(t, T) = dist(y.(t, T, ¥), F(t, T, Zy(¥))(t, 1), ¥),
g, T, 6, 1) =6(t—DE -+ -0+ —-1). (34)

With the choicesI" = Q and y(¢, T, u) = u(t, T)—u(t,0)—u(0, T)+u(0,0)V(, 1) €
M u(,)e Qand G(t, 1, x", x%, x>, u) = F(t, 7, x', x%, x*) Yu € Q, Theorem 4.1
yields

COROLLARY 4.1. For every € > 0 there exists a continuous map r from Q to the
solution set Z(F) of inclusion (2), (31) such that

/"u,,(t,r)—r(u),,(t,t)" drdt <at(u)+e  Vu(,)eQ,
n
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where

a=2k+1exp@6(TT +T+ T)), (35)
E(u) = a/ [dist(ui(t, ), G, T, Z)(t, T)) + k| u(t, 0) + u(0, ) — u(0, 0)|
n
+lue (e, Ol + uc (0, 1)|] drde + |u(t, 0) + u(0, T) — u(0,0)|.

Now, we return to inclusion (2), (31) and its convexified inclusion (8), (31). Let Z(F)
and Z(co F) denote the solution sets of inclusions (2), (31) and (8), (31), respectively.

The main result in this section is the following relaxation theorem for inclusion (2),
3.

THEOREM 4.2. Let there be given a compact subset K C %(coF) C Q. Then for
every € > 0 there exists a continuous map r. : K — 8(F) such that ||\r.(x)(t, T) —
xt, )l <evVxek, (t,7) €Il

PROOF. Define
o :=min{¢/4a(10T T + 1T + 19T T), €/32}, (36)

with a defined from (35) and
§=0/M. (37

Divide I1, (I1,) into .4 equal subintervals by the points #; (7;, respectively) i =

0,1,2,..., /. to=17%=0,1ty=T, ty = T suchthat (t; — ) < §/T and
(t1 — 1) < 8/ 7, thatis,

mes{[0, 1] x [t;i-y, w}} <68, mes{ltioy, ] x [0, 7]} <&
Vi, toyell, i=12,....,4. (38)

Let {U,;.42(x7)} }'-’:1 be a finite covering of K consisting of balls U, 42(x/) of radius
o/ A% around x/ € K and let {p(x)} 1{1 be its corresponding continuous partition of
unity.

By Theorem 3.1 we can choose v; (¢, T) € F(t, T, Z(x))(t, 1)) satisfying

" / / ) (xl@, ) — v, 7)) drdt

t
+ess  sup f (xL@, 1) —w(t, 7)) dt
T€[Te-1,Tc] tio1
+ess sup / (@, vy —vi@t,v)) drj <o/ AN 2. (39)
t€lti1.41] Te1
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Take a finite covering {/*}"_, of I1 consisting of rectangles /* and function 7; € L'(IT)
taking constant values in each /* such that

v = Bl S o/A?F, j=1,2,..., F. (40)

Write 1% := 1" N ([t;_1, ;] X [Te-y, TeD).

From Lemmas 3.2 and 3.1, for the continuous partition of unity { P(X)},{] and

for every 1" there are sets /"¢ C I, j =1,2,..., #, satisfying the following
conditions.

1. mes(lj“i‘(x)) = pj(x)mes(I*'*).
2. For Tj*(x) := U I (x),

& Te
f v;(t, T)dtdt = pj(x)/ / v;(t, ) dtdt, 41)
T,-“(X) tio1 STy
.7
/ 6j(t, T)d'l' =pj(X)/ ﬁj(t,f)dl' Vt € [ti_l,t,'], (42)
T () Te
G
f v;i(t, )dt = p,-(x)/ v;(t, T)dt VT € [70-y, Te). “43)
T,-"(*’)u tioy

3. For Tj(x) := UZ, UL, T/*(x), the map g : K — L'(IT) defined by
g, 1) = Z;’:l Xt {t, T)v;(t, T) Vx € K, (1, ) € Il is continuous.
Consider the map y : K — Q such that

yx)(t, 1) = /, /rg(x)(t_, t)dtdr Vxe K, (t,7) € Il.
o Jo

From (3941)fori =1,2,..., 4, €=1,2,..., 4,

1 Te pd 1; T¢
/ / gx)(t, t)drde = Zf f X100, T)v; (¢, T) dTd!t
tict VT j=1 ticy VT

S
=Z[ v;(t, T) ddt
=1 YT

yi
C Z/ ¥(t, V) dvdt + o/ NS,
j=1 /T
; 1] Te
= Zp;(x)f / v;(t, T)drdt + o/ NS,

j=1 -

e 4 pr
= ZP;’(X)/ / (17,-(t, ) — (¢, ‘L')) drdt
j=1 iy ¥ Ty
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] 14 T
+ij(x)f / (v, ) = x[.(¢, ) drdt

j=1

+ij(x)f f x} (t,T)drdt + 0/ NS,

C ij(x)f / x/(t, 1) dtdt + 30/ NS,
j=l1 lic) VT

Since
Pi) #0= ||lx —x'||, <0/ A7?, (44)

we have

“/ /n (g(x)(t, T) — X (¢, r)) dtdt

; i Tt
= ij(x)/ / (x,j,(t,'f) — X (t, t)) drdt|| + 30/ AN
j=1 fiy ST
<do/ N 45)

Analogously, from (39), (42), (43),fort € (t;_,, ), T € (1,-1, T2),

T j
f (60, ) — X (e, D)) d | < Z /  (y D -5 D) dr
Ty . T‘Z(X)"

-1

+ Zp,(x) (v (t, 1) —v(t, 1)) dr
j= Ty

+ Z (x)/ (v;t, T) — x/.(¢, 7)) dt

\

+ Zp,(x)/ (x.(t. 1) — x:c (2, 7)) dt

<o/ A+ m(), (46)

“/ (8, ) — x,:(t, D)) dt ) < 0/ N + (D), @n

where, in view of (40), (39) and (44),

f' m@)dt <30/ N2, f (1) dt < 30/ N 48)
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From (45), (37), (38), for (¢, t) € (t;i_y, t;] x (T,_1, T¢], we conclude

it G e
ZZ/ / (8, ) — x,c (¢, 7)) drdt

i'=1 =1

/" /t(g(x)(t, T) — x:(t, 7)) dTdt
0 T

/ fl(g(x)(tv f)—xt't(t-, T)) dtdt_
i JO

< (@do/ N DN+ 40 = 80. (49)
Analogously, from and (46),(47),

lyx) @, o) —x@, v <

+

+

£

Y (@@t — xute, ) dx

=1 Y Tr-i

ly @, v — x| <

+ f (), T) — x:(¢, T)) dT
<o/N +n@)
|y, 1) = xe (6, D] < /N +72(7) < 0 + 7o), 51)

where, in view of (48), (37), (38),

[ i®dri= [ m@dr+ [ [ a5 - 5. D) atdi <50
0 0 0 T

Vi eI, (52)
/ () d7 :=/ m(7)dt +/ / lg)E, T) = xi:(F, T))|| didi < So
0 0 4 JO

VT € IN,. (53)

Now, for every fixed x € K, (¢, 7) € I, there exists j € {1,2,..., #} such that
(¢, 7) € T;(x) and mes(T;(x)) > 0. Thus [|x/ — x|lg < /4 and furthermore, from
49), (50), (51),

dist(g(x)(¢, 7), F(t, T, ZOG(x))(, 1))
<dist (v;(t, 7), F(t, T, Z(x))(t, 7))
+k(|Zzex = x| + | Z2Gx = yx) @, D)
< k(100 + () + 72(v)) + & | Z(x — X))@, 7)) - (54)

But it is easily seen that, whenever ||x/ — x|lp <0/ A? < 0,

f |z — x/)@t, v)|| dvdt < (TT +2T +29)0.
n
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Hence, together with (52--54), this implies

‘/l;dist(g(x)(t, ), F(t, T, Z(y(x))(¢, t))) drdt < ko(10T T +7T +79).
Consequently, by Corollary 4.1 there exists a continuous map r : @ — Z(F) such
that

[x(t, ©) = r@)(t, v)| <0a(10TT + 7T +1I)TT +¢€/2 Vx € y(K). (55)

Define r. : K — ZZ(F) by setting r.(x) = r(y(x)). From (55), (49), (36)) we obtain
for every (t,7) € [1 and x € K,
[re@) (. v) — x(¢, )| < re)@E, ) =y, O + |y, ©) — x@, 7))

<€,

completing the proof of Theorem 4.1.

Before closing this section, let us state the following consequence of Theorem 4.2
and Corollary 4.1.

COROLLARY 4.2. For every € > 0 and for every compact subset K of the solution set
T R(coF) of inclusion (8), (9), there exists a continuous map r. from K to the solution
set T R(F) of inclusion (2), (9) such that ||r.(x)(t, 1) —x(, 1) <eVx e K, (t,7) €
I1.

5. Controllability and extremality for nonconvex Darboux problems

We begin this section with the following definition on controllability and extremal-
ity in inclusion (2), (9).

DEFINITION 5.1. The inclusion (2), (9) is called f-locally controllable around the
solution ¥ (¢, t) at point (T, ) if (6) holds. When (6) does not hold then the solution
x(t, T) is called an f-extremal solution of inclusion (2), (9).

Obviously every optimal solution of problem (1), (2), (4), (9) is also a f-extremal
solution of inclusion (2), (9). So necessary conditions for f-extremal solutions are
also necessary conditions for optimal solutions.

Let us recall some definitions from [3, 27].

DEFINITION 5.2. Let X be a Banach space and K C X. The intermediate tangent
coneto K ata € K is the cone

I(K;a) = {ve X :VYh; - 0+, 3v; > vsuchthata + h;v; € K}.
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DEFINITION 5.3. Let G : R™ — CompR" be a set-valued map which is locally
Lipschitzian at @ € DomG and let b € G(a). The derivative of G at (a, b) is the
set-valued map dG(a, b) : R™ — 2% such that

v € dG(a, b)(u) & (4, v) € I(graphG; (a, b)),

or equivalently

hu) — b
v € dG(a, b)(u) ¢ lim dist (v, %’_1“_”)__) _o.

h
We refer to 3] for general properties of /(K ; @) and dG(a, b).

DEFINITION 5.4. Let K C R" anda € K. A closed convex cone .# is said to be a
-regular tangent cone to K at a if there exist continuous functions g, : #£ N S, —
R” Vh > 0 satisfying

lim max [gx(v)ll/h =0

h—>0+ vedNS,
anda+hv+q,(v) e KVh>0,ve #ZNS,.

This cone is not uniquely defined and when K is convex then the cone I (K; a) is
also a regular tangent cone to K at a [27].

Now, let {A(z, 1), (1, t) € T} ({A,(#),t € T}, {A:(T), T € I1,}, respectively)
be a family of closed convex processes from R* x R" x R" (R", R", respectively) to
R" satisfying the following assumptions.

C.A. For all (u,p,q) € R" x R" x R" (u € R", u € R", respectively) the
map (¢,t) - A, ), p,q) ¢ > A(t)u, T — Ay(T)u, respectively) is
measurable on IT (I1,, I1,, respectively).

C.2. Forall (¢r,7) € I1 (¢t € IT;, T € I, respectively) the map (u, p,q) —
A, 1Y, p,q) (u > A(Hu, u — A;(v)u, respectively) is Lipschitzian
with Lipschitz constant k; > 0.

C.3. graphA(t,v) C graphdcoF(t,1,Z(x)(t,7),%,.(¢,7))) for almost all (¢, ) €1,
graphA,(¢) C graphd F(¢t, x(¢, 0), x,(¢, 0)) for amost all ¢ € IT,,
graphA,(t) C graphd F,(t, X(0, 1), X.(0, 7)) for almost all 7 € I1,,
where dcoF (t, 1, Z(X)(t, 1), X, (t, T)) dF(,x(t,0), x,(¢, 0)), dF(z, x(0,
1), X, (0, 7)), respectively) is the derivativeof coF (¢, 7, -, -, Y(F1 (¢, ), Fa(z, -),
respectively) at (Z(x)(¢, t),X,. (¢, T))€ graphcoF (¢, T, -, -, J((X(t,0), x,(¢,0))
€ graphF (¢, -), (x(0, 1), x,(0, 7)) € graphF,(t, -), respectively).

Let .# be a regular tangent cone to Fj at x(0, 0). To the inclusion (2), (9) let us
associate the inclusion

w,. (@, 1) € A(t, 1) (Z(w)(, 1)), (t,7) € 11, (56)
w,(,0 € AiOQw(,0, rell,
w,(0,7) € A,(x)w(0,t), tell,, w0 e.#. (57)
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Let Z(A) denote the solution set of the inclusion (56), (57) and as before T R(F) and
T R(coF) the solution sets of inclusions (2), (9) and (8), (9) respectively. It is obvious
that Z(A) is a convex cone in Q, and moreover

LEMMA 5.1 [42, Theorem 3.1]. Let there be given functions w' € Z(A), i =
1,2,..., €+ 1 and let functions w(y) € #(A) be defined by w(y) = Yii| yw'
for v € &%. Then for every § > 0 one can find a €¢ > 0 such that there exist
Xe, (s +, ) € T R(coF) satisfying

X, (t, T, y) =X, 1) + w(y)(t, T) + 0ole, ¥, 8, T), (t,t)ell,

max [lo(&g, ¥, -, - € <94,
e llo(eo, ¥ Mg /€0

and the map y — o(€, ¥, -, ) from &% into Q is continuous.

The following result of Warga on an open mapping theorem plays an important
role in deriving our main results.

LEMMA 5.2 [48, Theorem 2.3]. Let 8 < 1, g(-) be a map from R" to R™ which is C!
in a neighborhood of zero containing 8S,. Assume that for some B > 0 and every
6 € 86"

BS., C Vg(8)&".

Then for every continuous map y : 8&" — R™ such that

sup ||g(0) — ¥ ()l < 3B/32,

fes&r

we have

¥(0,) + (88/16)S, C Y(8&™).

Now we can state the first result of this section.

THEOREM 5.1. Inclusion (2}, (9) is f-locally controllable around x(t, t) at point
(T, ) if for every A € 3, f(Xx(T, T)) inclusion (56), (57) is A-locally controllable
around the null solution at the point (T, ), that is, if

On € intA(RA(T, 7)) VYA €3 f(X(T, T)), (58)
where R (T, ) is the reachable set of the inclusions (56), (57) at the point (T, ).

PROOF. The proof proceeds in two steps.

Step 1. First we notice that since A(R,(T, 7)) is a convex cone, the relation (58)
implies R™ = A(RA(T, T)) Vi € 3, f(X(T, Z)). Hence we can show that for every
B > Othereexistn; and u; € Ro(T, ), j=1,2,...,ny, suchthat

BS» CA(u(E™)) VYA ed f(xX(T, T)), (59
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whereu(g"l) = [u(y) = Zylu.l Y= (yly V2,45 )’m) € gnl]-
j=1
Indeed, let b; € R™, j = 1,2,...,m + 1 be such that 28S,, C b(&™*"), where

m+1

b(y) = Zyjbj, Y = (V1 V2o oo s Yms1) € E™'. Clearly there exists € > 0

I_
such that BS, C b'(&™*'), whenever ||b; — il <€ j =1,2,...,m+ 1 and

m+1

by) =Y yb,.
j=1

For every A € 3, f(x(T, Z)) there exist u{ € Ra(T, ) satisfying )»(u,{) =
b;, j=12,...,m+1. Sete;, =€/ jmax luj)l and A (1) = (X € 8, f(x(T,
Jj=Ls,....m

T)) : |AM —A|l < €}. Obviously {A#(A), 2 € 3, f(xX(T, T))} is a covering of
9,n(z(T)), and because the latest is a compact set there exists a finite subcovering
A, i=1,2,..., ¢}

For every A € 9, f(x(T 7)), there exists i such that A € A4"(A;) and so ||A(uA ) —
M@ < A=Al Il < e, llul, || < €. Hence BS, C Alud, (&™) withu] (v) :=

m+1

Zyju{‘_. If we set n, = €(m + 1) and u; = uil,j =1,2,....,m+ Lupny =
=1

ul,j=12,...,m+1,....,u, =ult, the desired relation (59) follows.

Now from the separation theorem, it is easily seen that there exist ﬂ >0,p>0
such that for every A € R"*™ satisfying dist(x, 3, f (x (T, J))) < p we have

BS, C Au(E™)). (60)

Let w;(t, 1), j = 1,2, ..., n be solutions of inclusion (56), (57) such that w;(7, )
=u;,j=12,...,n

Set w(r,7,¥) = XL, yw;j(t,T) Yy € R™. Obviously w(t,t,y) is also a
solution of inclusion (56), (57) for every y € &™.

For every e > ( define

d, = sup {dist(Vf (x), & fF (T, T))): [|x — (T, T)|| <e, x € R", Vf (x) exists} .

By the upper semicontinuity of Clarke’s generalized Jacobian we have lim,_, ¢, d, = 0.
In view of Lemma 5.1 and the last written relation we can choose ¢y, €p, so small that
de, < P,

leow(T, 7,y <e/2  Vy € &™. (61)

and there are solutions X (¢, 7, y) of inclusion (8), (9) such thatthe map y — x(-, -, )
is continuous and satisfies

Iy(T, Z,v) —X(T, 7, v)| <e«B/128k  Vy e &, (62)
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where
y(, 1,y) =%, 1)+ ut, 1, ¥).

From Corollary 4.2 there exists x(¢, T, ), ¥ € & such that the map y — x(-, -, )
is continuous from & to T R(F) and satisfies

|x(T, Z,v) =T, 7,y)| <eB/128k  Vy e s™.
Combining this with (62) yields
Iy(T, Z,v) = x(T, Z,y)| <eB/64k ¥y eé™. (63)

Step 2. Choose a mollifier x(-) : R* — [0, 1], that is, a function x (-) of the class
C® with support in S, satisfying [, x (x)dx = 1. For every x € R" define

fox)=| flx—vy)x(y)dy,
R

where )
v = min{ey/2, €, B8/64k}. 64)
The function fj is of the class C* and satisfies
| f(x) = fo) < kv, (65)
Vfolx) = f VFx — vy)x () dy.
Rn
Hence

Vfo(x) € clco{Vf(z) : |z — x|l < v, Vf(z) exists}.
Define also ¢ (y) = fo(X(T, T) + eow(T, 7, v)). Then for every u € & one has
Vo)u = Vi(x(T, 7) + eow(T, Ty))eow(T, T, w).
Because for every y € ™,
Vfo(j(Ta 9) + Gow(T, y’ y))
ed Vi@ : |z = (X(T, Z)+ euw(T, 7,7))| < eo/2, Vf(2) exists} ,
it follows that
dist(Vfo(X(T, T) + eow(T, T, ¥)), 8 f (X(T, T)))
< sup{dist(Vf(2), &, f(R(T, 7)) : |z — (T, T)|
< |z = (T, D)+ eu(T, 7, V)| + |ew(T, Z.,v)|

< ey, Vf(2)exists}

<d., < p.
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On combining this with (60) we have eoﬁS,,, C Vo(y)E™ Vy € &™. Define the
function ¥ by setting
Yy)=f&(T, T,y)Vy e &m.

This function is continuous as the composition of the continuous functions f(-) and
x(T, 7, -). Moreover, by virture of (63), (64), and (66) for every y € & we have
lv@) =N = | F&T, T, v) = (T, 7, v))|
< | fx(T, Z.v) - fOT, T, )|
+ FO(T, T, v) — T, T, )]
<k|x(T, 7,y) = y(T, 7, y)| + kv < €B/64 + € /64
= €B/32.

Therefore by Lemma 5.2,
fX(T, T, 0,)) + (€B/16)S, C Y (&™)
={f&x(T. Z,y)):y € "} C f(R(T, T)).

Since by (63), || f (X(T, )) — f(x(T, T, O, NI < 605/64, from the above relation
we also have f(x(T, 9)) € intf(Rr(T, 9)), completing the proof of Theorem 5.1.

REMARK 5.1. The analogous result to Theorem 5.1 when F has convex values and
f = Id or f is continuously differentiable, was given in [42, 44].

Before going on to the main result let us state the following lemma, which is a

direct consequence of Theorem 4, Proposition 2 and Lemma 2 in [43).

LEMMA 5.3. For b € Rs(T, I)* there exist functions p' € Q, i = 1,2,3 and
absolutely continuous functions ', §*> on T1, and T, respectively satisfying the
following inclusions.

(P (t.v), L (2, 7), B, (1, ¥)) € A*(t, T)(P' (¢, T) — P2(t, T) — p(t, T))ae. on 1,
§ (1) e AL D(—3" () — P2, 0) + p'(t, 0)) ae. on Ty,
§' (1) € A (=) - 50, 7) + p'(0, 7)) ae. on T, (66)
with boundary conditions
(T, t)=p'¢t,T)=b V(,1)ell,
P, T)=p(T,1)=0, i=2,3 VY@, 1)ell,
p'0,0)+3'(0) e -,
p'(0,0)+3*(0) e —#*. 67
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We are now in a position to prove the main result of this section.

THEOREM 5.2. If x(¢, T) is an f-extremal solution then there exist @ € R™, ||0] =1
and functions p'€Q, i = 1,2,3, §', q*satisfying (66), (67) with bed, f (x(T, 7))*0
and such that the following maximum condition holds.

(P(t, 1), %o (1, T)) = max{(p(t,7), ) : ® € F(t, 7, Z(Z)(t, 7))} ae. on 1, (68)
for p@t, ) := =p'(@t, T) + pA(t, 1) + pA(¢, 7).

PROOF. Let {;f (¢, T), (¢, v) € I} be a family of convex processes defined by

A, 0, p. @) = AW, D) (u, p,q) + I(coF (1,7, ZE)(t, 1)); X t, 7). (69)

By [43, Proposition 3], {X(t, T), (t, T) € II} possess the analogous conditions to
{A(, 1), (¢, T) € IT} (see conditions D.1-D.3) and moreover

A(t, T, p,q) C A, 1), p, @) Y, p,q) € R, (t,7) €I,
A*(t, T)u ={ A*t,Du ifu e (Ft, 7, ZE)(E, 1) = X, T)*

] otherwise. (70)

Now consider the inclusion (56), (57) with A(z, t) replaced by A (¢, t) and denote
by Rz(T, &) its reachable set at the point (T, J). From Theorem 5.1 there exists
A€ 0. f(X(T,T)) suchthat 0 ¢ intARz(T, ) and from the well-known separation
theorem (see for example [31, consequence 11.7.3]) this implies the existence of
6 € R™,[|6] = 1 satisfying (0, Av) = 0 Vv € Rz(T, 9), or, equivalently, A*8 ¢
Rz (T, 9)*.

Now from Lemma 5.3 and (70) we obtain (66), (67). The maximum condition (68)
follows from (70), (66). The proof of Theorem 5.2 is complete.

On applying the result of Theorem 5.2, we can obtain the maximum condition for
problem (1), (3), (4), (5).

Assume that the function ¢ : [T x R”* x R" x R" x V — R", where V is a compact
metric space, satisfies the following conditions.

D.1. The function ¢ is measurable in (¢, t), Lipschitzian in (x!, x2, x*) with
Lipschitz constant and continuous in v.

D.2. There exists a constant M such that ||¢ (¢, T, x', x2, x3, v)|| < M Vt, 7, x!, X2,
3

x>,
D.3. For a given solution x (¢, 7) and its corresponding control v(¢, t), the function
f@,t,-, -, -, vt 1)) is differentiable at Z(x)(¢, 7).
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Under condition E.1, for F defined by
F,t,x',x*, %) =¢@,7,x', 2% X%, V), (1)

from Filippov-Castaing Theorem [47, Theorem 1.7.10, page 153], the solution sets of
the inclusion (2), (3) and the system (5) do coincide.
Set

Ci(x, y) = 3p(Z(X)(x, y), v(x, y))/3x",
Ca(x, y) = 3P(Z(X)(x, ), v(x, ¥)) /07,
C3(x, y) = 3¢ (Z(%)(x, y), v(x, ¥)) /3,
A(x, y) = (Ci(x, y), Ca(x, y), Ci(x, y)). (72)

Then ||C; (¢, T)|| < k, i = 1,2,3. Hence A(x, y) satisfies conditions D.1-D.3 and
inclusion (66) becomes an equation.
Define

pt, p) == —p'(t, V) + p2(t, V) + p2(t, T),

where p'(z, t), p*(t, T), p>(¢, 1) are solutions of (66), (67).
It is easily seen that p(¢, 7) satisfies the integral equation of Volterra type [34]

T T
ﬁ(t,r)=—b—f f Ci({, T)p(f, T)didt

g T
—/ C;(t,f)ﬁ(t,f)df—/ Gy, 1)p@, 1) dr. (73)

t

So as a consequence of Theorem 5.2 we have the following.

COROLLARY 5.1. If X(t, T) is an optimal solution of (1), (3), (4), (5), then there exist
0 € R™, 16|l = 1 and a solution p(t, t) of (73) with b € 0. f (x(T, T))*0 such that
the following maximum condition holds for a.e. (t, 1) € IT:

(p(t, 7). ¢(t, T, Z(Z)(, T), (2, T))
=max{{p(t, 1), p(t, T, Z(Z)(¢, D), T), ) : ¥ € V}. (74)

Note that an analogous result to Corollary 5.1 has been proved by Suryanaryana in
[38] for (1), (3), (5) (without endpoint constrain (4)) under the stronger assumptions
that the function ¢ is continuous with respect to all variables, for every (¢, t) the
functions (x', x?,x*) — af(s, 7, x", x2, x*)/3x', i = 1,2,3 satisfy Lipschitzian
condition, and that the objective function f; is either linear or twice contiunuously
differentiable.

Actually we can also prove the following result.
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THEOREM 5.3. Suppose that the function f is continuously differentiable at x(T, )
and that 4, is some regular tangent cone to F3; C CompR" at x(T, J) € F;. If
FQ&X(T, T)) €df (Re(T, T)NF3), then there exist b' € —.4,", b € R", ||(b*, b?)| =
1, functions p' € Q,i = 1,2, 3, and absolutely continuous functions §*, G* on T,
and T, respectively, satisfying (66)-(68) for b = b' + V f(X(T, T))*b>.

PROOF. Define

Fo=FxF, d=@.\u)ek" j=@@ pHeR” §=(' q¢")ecR™,
My = M X M,

Ft,v,4,5,§) ={(,0,ve Ft,r,u',p',q")} Vi, p§, ¢ 1) ell,

Fi¢ i)={(0),veF@u)) Vi, e,

FEy(r, @) = {(v,0),v € F(z,u")} Vi, t €T, (75)

It is obvious that the maps F(F, B, respectively) possess analogous conditions to
F (F,, F,, respectively). Consider the inclusion

%0, 1) € F(t, T, ZFE), 1), (6, 7) eTl,
%(t,0) € Fi(¢, %(,0)), %.(0, t) € Fy(r, ¥(0, 7)),
70, 0) € . (76)

Clearly the function y(¢, t) := (X(¢, ), X(T, I )) is a solution of this mcluswn
Deﬁne also the families of convex processes {A(t T), (¢, 1) € IT}, {Al(t) t € I},
{Az(r), T € I1,} as follows.

A, )@, p,§) = (AC, D)@', p'g").0) Y@, p,§), (.1)ell,
Ai = (A@u',0) Vi, tell,
A ()i = (A(T)u',0) Vi, tell,
where A (¢, 7) is defined by (69).
With the inclusion (76) let us associate the inclusion
B € A@, DNZ@)(, T), (1) el
@(1,0) € AiOBE,0, tell, ©(0,1)€ A (1)BO, 1), tell,
(0, 0) € . (77)
Denote by Z(F) and Z(A) the solution sets of the inclusions (76), (77) respectively

and by Rz(t, ), R;(t, t) their reachable sets at the point (¢, 7).
Define a linear operator A : R* — R"*™ by setting

A@',u?) = (u' — u?, VLE(T, D).
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From Theorem 5.1 we claim that
On ¢ intARz(T, 7). (78)

Indeed, if O,, € intKR;(T, ), thenby Theorem 5.1, (O,,, f(x(T, T)))€ int{(x' (T,
) —xXT, ), fGN(T, ) : %(,) = (', ), x%(,7) € .%’(F)}. Therefore
there exists ¢ > 0 such that f(x(T, 7)) + 68§, C {f&(T,T)) : x(-,") =
(x'(, ), ¥2(, ) € B(F), x(T, T) = xX(T, F) = 0} = f(Re(T, T) N F3), con-
flicting with f(X(T, 9)) € 3f (Re(T, T) N F3).

Because AR;(T, ) isaconein R™™, again using [31, consequence 11.7.3], from
(78) there exist b' € R", b* € R™, ||(b!, b*)|| = 1 satisfying

A*(B', b)) = (b' + A*b%, —b") € R3(T, I)*. (79)
It is easily seen that
A, 0@, 5, §) = [(v,0) € R* : v e A*¢t, 1), p', ¢Y)),

Arii = {(v,0) € R : ve AT},
A = [(v,0) € R* : v e AL(nu').

So (79) yields b' + Vf(x(T, I))*b* € Rx(T,T), —b' € A" . Theorem 5.3
follows from Lemma 5.3 and (70).

We close the paper by considering the following time optimal problem for the
inclusion (2), (9):
x(f,7) € F3, * + 7% — inf, (80)

where F; € CompR”", x(t, t) is a solution of the inclusion (2), (9).

THEOREM 5.4. If x(t, t) is an optimal solution and (T, ) the corresponding optimal
time of the problem (80), then for every regular tangent cone #, of F; at x(T, T)
there exist functions p' € Q, i = 1,2, 3 and absolutely continuous functions q', G*
on I, and 11, respectively satisfying (66), (67) with some b € —.#'.

PROOF. As in the proof of Theorem 5.3, for Aii = u' — u? Vit € R*", the optimality
of x(¢, t) and T, Z implies that

On ¢ ARF(t,T)V(t, 1) € (T, D). 81)

We then see that
O, ¢ int ARy (T, 9). (82)

Indeed, assume the contrary, that O,, € intAR3(T, ). Then applying a separation
theorem yields the existence of €, > O such that 0,, € ARz (T — ¢,  — €) whenever
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0 < € < €. Hence by Theorem 5.1, O,, € intARz(T — €, & — €) which contradicts
(81) and so gives (82).

Because AR (T, ) is a cone in R", from (82) and the separation theorem [31,
consequence 11.7.3], there existsa b € R”, ||b|| = 1 satisfying

b,v) >0 Vi € AR (T, ),

or, equivalently,
A*b = (b, —b) € R(T, I)*, (83)

which gives b € R(T, ), —b € .#,". Theorem 5.3 now follows from Lemma 5.3
and (70). The proof is complete.

REMARK 5.2. When F;(t,u) € ConvR", Fy(t,u) € ConvR"Yu € R",(t,t) € I1
then we can easily prove (see [43, Remark 1)) that in the statements of Theorems
5.2-5.3, the functions x(z, 0), x (0, t) also satisfy the maximum conditions

(%,(,0), g (1)) = max{(v', ¢; (1)) : v' € Fi(t,X(t,0))} ae. onII,,
(%:0, 7), g2(7)) = max{(v%, q2(1)) : v € Fa(r, %(0, 7))} ace. on Iy,

where ,(2) := §'(t) + p7(t,0) — §'(1, 0), ¢2(7) := §*(x) + 53 (0, ) — ' (0, 7).

6. Appendix

We now shall prove Theorem 4.1 by using a method developed in [42] and results
of [5] on the existence of continuous selections of set-valued maps.
As before, let I be a separable Banach space. Recall the following definition.

DEFINITION 6.1. Let X be a Banach space. A set-valued map @ : ' — 2% is said
to be lower semicontinuous (1.s.c.) at y, € T if for every open set Q@ C X satisfying
QN O(yy) # O there exists a neighborhood U () of (35) such that Q N d(y) #
@vy € U(n).

A set-valued map @ is called lower semicontiuous (L.s.c.) if it is L.s.c. at every
werl.

PROPOSITION 6.1 ([5, Propositions 2.1,2.2]). Suppose that amap F, : 1 x ' —
CompR” is £ Q) B(I')-measurable, l.s.c. with respect to y € I' and there is a
continuous map o : I’ — L(I1, R) such that dist(O,, F,(t,t,y)) < o(y)(t, 1) ae.
in IT.
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Suppose that there are continuous maps ¢ : I' — L!(IT), ¢ : I' — L'(IT) such
that for every y € T the set

H(y)=cl{ve L'(I1) : v(t,7) € F(1,7,¥) ae. inTl,
v, ©) — (), D) < ¥ (). T) ae. in T}

is nonempty.
Then the map H : ' — 2% ™ admits a continuous selection.

LEMMA 6.1. The function y — B(-, -, y) defined from (32) is continuous from I into
LY(1).

PROOF. For every fixed y, € I it suffices to show that the function y — B(-, -, ) is
continuous at yg.
For every y € I', one has

/n|ﬁ(”f’ vo) — B(t, T, y)| drdi
5/n")’rr(”f’ ¥0) = Yue(t, T, ¥) || drdt
+ fn haus(G (1,7, Zy(yo))(t, 1), o), G(t, T, Z(y(¥))(1, 7), ¥))
< /n (Iye e, 2. 90) = 3t 7. | + [ ZG 0N T = Zy) @, D) drde

+f haus(G(t, 7, ZO (1)), 7). ), G(t, T, Z(y (1)) (¢, T), ¥ ) ddt.
n

Because in Q the function y(-, -, ) is continuous at y,, for every /2 > 0 one can
find €, > O such that

/ (ly=@. T, v0) = Y& T V| + | ZG o)), T) = ZO))(E, T)||) drdt < n/2
n

whenever ||y —wo|| < €,/2. Clearly, for 8, (¢, t, ¥) := haus(G(t, T, Z(y(y)) (¢, ), vo),
G, t, Z(y(yo)) (¢, 1), v), the function 8,(t, 7, -) is continuous in y for a.e. (¢,7) €
I1. Since the map y — 8(y)(-, -) is continuous from I' into L'(IT) and B,(¢, 7, y) <
2k || Z(y (o)), D+8() (2, T)+8(¥)(2, T), there exists a function (-, -) € L'(I1, R)
such that B,(¢, 7, y) < B(t, 7) for a.e. (¢, 7) € I1 whenever y — y,. Hence, by
the Lebesgue dominated theorem, in Q for 8, := fn Bi(t, T, y)dtd: the function
y — Bu(y) is continuous at y,. Therefore, there exists €, > 0 such that 8,(y) =
fn Bit, T, y)drdt < n/2 whenever ||y — wll < €. So for every n > 0, there
exists € = min{e,, ;} such that [, |B(1, T, o) — B(t, T, ¥)|dTdt < nV|ly —pll <€,
proving the continuity of function y — B(-, -, ) at ¥ and thereby Lemma 6.1.
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The following lemma can be proved easily.

LEMMA 6.2. Let Go(t,T,y) := G@t, 1, Z(y(yN(t, 1), y). Thenforae. (t,7) € T
the map Go(t, T, -) is lower semicontinuous (l.s.c.).

PROOF. Fix y, € T. It suffices to show that if a consequence y; — yp and 4; (¢, 7) :=
haus(G(t, T, Z(y(1)) (@, ), 1), G(t, T, Z(y(¥:))(¢, T), ¥i)), then

lim h;(¢,7) =0 for a.e. (¢, t) € I. (84)
=00
For this, we note first that for a.e. (¢, t) € I,

lim haus(G(@t, T, Z(y())(t, T), v0), G(t, T, Z(y (1)) (¢, T), %)) = 0.

el

On the other hand, since the map y — y(-, y) is continuous, it is easy to see that

lim f 1ZG G, ©) — ZG))@, ©)| didi = 0,
=00 n

showing ‘lir?o H1ZOOGe)E, t) — Z(y(¥:)) (@, t)|| = 0 for a.e. (¢, T) € I1. Hence (84)
follows from the fact that
Lim h;(¢, 7) < lim k| Z(y (), T) = ZO )@, D))
+‘1ir2’ haus(G(t, T, Z(}’(VO))(E T), yO)» G(Z(}’()’o))(h T), V:),

completing the proof of Lemma 6.2.

PROOF OF THEOREM 4.1. We shall construct the function u by using a successive ap-
proximation process. By applying Proposition 6.1 at every step of the approximation,
the proof is analogous to that of Theorem 2.1 in [42].

Indeed, set

uo(Y)t, ) =y, 1, ¥), poy)t, )=y, 1,¥), q)t t)=y(,71,%),
Go(t, T,y) =G, 1, ZO (), 1), ¥), a=¢/Q2TTa), i=012,...,

where a is defined by (35).

From Lemma 6.2, Gy(¢, 7, -) is L.s.c. fora.e. (¢, T) € I1 and from Lemma 6.1, ¥,
is a continuous map from I' into L'(IT).

For the map y — Gy(y) given by

Go(y) ={ve L' : v(t,7) € Go(t,T,¥) ae. inMl}, y €T,
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by Proposition 6.2 there is a continuous selection vy of Gy satisfying

[vo)(, T) = yee (8. T, V)| < Yo(¥)(t, T) + ao.

Sequences of successive approximations u;, p;, q;, v; are defined by setting, for every
i>1,

(), ) = f f v (¥)G, 7) didF,
0 0
pi (¥)(¢, T)=/(; vi(Y)(¢, T)dT,

GO T, y) = / v ()@, ) dF,
0

Gi(t7 T, }’) = G(tv T, ui()’)(t, t)’ Px(y)(t9 T), ql(y)(tv T)),
Gi(y)={velL'd):v( 1) e Gt 1,¥)},
()@, ©) = dist(viL (V)@ 1), Git, T, ¥)),

and v;(y) is a continuous selection of G; (y) satisfying
o). ©) = v ()@, D < ()@, 1) + s

From Lemma 6.2, G;(t, 1, ) is l.s.c.. From Lemma 6.1 the map y — ¥;(y) is
continuous. Hence the existence of v;(y) follows from Proposition 6.2.
Note that

wi(y)(tv ‘t) S hauS(G,‘_|(t, T, }’), Gi(tv T, )’))
<k(Jlu: ), v) — i@, D + | i), T) = im0, T
+ ). v) — g (), D).

The latter implies

o)), ©) — vieaHE O < k(s @ ) — s (@, D)
+ ). ) = P D),
+ )@ ) — g () D)) +ai (85)

Obviously,
Jtr ) 1) = )0 D) < f / |0 )G ©) = vis G, 7| ddi, (86)
0 (1]
[P D) ~ B D) < f o) B = urc, D] d7, 8T
0

lgi+1 . D) — @: (), || < f v, T) = visa (FO) || . (88)
0
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Set
d ' i 2 i—j -’ _’ 1 - -
e =2 [ [k'-' > E D ) D) + a)

i—j lt t -
e zzg ; _(J T, 1)'1') l+...+ai_,j| dtdt,

— i—1
(1) =z (y)(t, T) +/ [k""(rTzl))—,(ilfo(y)(t, T) + ap)
0
i (T — 7)i-2 _
+k _—(l _2)|) +"'+a,'..1] dl',
3 . 1 ' i-1 (t - t)' B -
6D =L e+ [k W(wo(y)(z, ) +a0)
0
I ) _
+k (l—_z)—-al +---+a;_ 1] dt.

Repeating for every y the calculations provided in [42, Theorem 2.1, (2.9)~3.12)],
from (85)—(88), for g defined from (34) and i > 2, we deduce

”ui(}’)(t’ t) - ui—l(y)(t7 T)” =< Zil_l ()’)(t, T)’ (89)

i), T) — P (@, D < 22,0, T), (90)

la: ). ©) — i )¢, )| < 22,3, 7)), (91)
3

o )@ D) = v D) k)2, ) +ai. 92)

j=1

Furthermore, the sequence {u;(y)}, uniformly converges on IT to some function
u(-, -, y) the sequences {p;(¥)}2, (4:(¥)}2, converge to some functions p(, -, ¥),
q(-, -, y) respectively, for almost all ¢, T respectively. Also the sequence {v;(y)}2, is
a Cauchy sequence in L'(IT) and hence converges to some function v(y) € L'(IT)
almost everywhere on 1. From Lebesgues’ dominated convergence theorem, one
has u(t, 7, y) = [y Jy v(¥) @, ) didi, p(t, T, y) = [; v(y)(t, ) dT, qt, 7, ¥) =
fo' v(y)(t, ) dt. Moreover, it is easily seen that for a.e. (¢, 7) € I,

v(y)(t, 1) € F(t, T, u(t, 7,), p()(t, 1), q(¥)(t, T)).

Therefore u(t, 7, y) is a solution of inclusion (30), (31). Moreover the map y —
u(-, -, y) is continuous in Q because every successive approximation u; is continuous

in Q.
On the other hand,

| [ 1v6 8 = yete. 2. ol atai < 32t
0 0 i=1
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t T
< f / 2(k + 1) exp(kg(t, T,t, T))
0 JO
_ o0
x | Yo()E, D) + ) _a; | didi.
i=0

Finally the desired estimate (33) follows by noting that for every (¢, t) € I,
r T =]
/ f 2(k + 1y exp(k(g, T,1,7)) Y _a; | didf
0 JO i=0

5/ 2(k + Dexp(kg(, T,t, r))E a; | dtdt
M i=0
=e.

The proof of Theorem 4.1 is complete.
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