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Abstract. We consider a nonsmooth multiobjective optimal control problem related to a general
preference. Both differential inclusion and endpoint constraints are involved. Necessary conditions
and Hamiltonian necessary conditions expressed in terms of the limiting Fréchet subdifferential are
developed. Examples of useful preferences are given.
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1. Introduction. This paper is mainly concerned with the following multiob-
jective dynamic optimization problem with the dynamic governed by a differential
inclusion:

(P) min f(z(a), z(b)),
(z(a),2(b)) € 5,
z(t) € F(t,x(t)) a.e. t€]la,b,

where f: R™ x R" — R™ is a mapping, S C R” x R" is a closed nonempty set, and
F: [a,b] x R™ — R" is a closed-valued multivalued mapping which is measurable in
t € la,b.

These problems naturally arise, for example, in economics (economic growth mod-
els) (see [16] and references therein), in chemical engineering (polymerization pro-
cesses) (see [3], [4], and references therein), and in multiobjective control design (see
[45], [9], and references therein). Problems considered in this paper use preferences
determined by cones (Pareto and weak Pareto optimum), use preferences determined
by utility function, or use the concept of Nash equilibrium.

Our aim in this paper is to use a general preference including the previous ones
in order to state necessary and Hamiltonian necessary conditions for multiobjective
optimal control problems (P).

The concept of preference appeared in the value theory in economics. Many
authors in the early studies often defined the preference by a utility function, i.e.,
given a preference whether it is always possible to find a utility function that can
determine the preference.

In [17] the author proved that a preference < can be determined by a continuous
utility function if and only if for any x the sets

(1) {y:x <y} and {y:y <=z} are closed.

This theorem is not general and besides this it is an existence theorem (i.e., does pro-
vide methods for determing a utility function), and there are some useful preferences
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that do not satisfy (1) (like the preference determined by lexicographical order). There
are different approaches and various results on necessary conditions for (P). Several re-
searches have been devoted to the weak Pareto solution and its generalization (see [5],
[11], [15], [32], [42], [46], [47], and references therein). Other research gets refinements
of necessary optimality conditions for real-valued objective optimal control problems
(see [23], [29], [30], [31], [44], [43], and [26]) or Hamiltonian necessary conditions (see
[37], [19], [20], [13], [35], [36], [39], [48], and [49]).

These results are expressed in terms of various generalized derivatives including
Clarke’s generalized subgradient [11], a limiting subgradient which is also known under
other names: limiting subgradient set in [12], approximate subdifferential in Ioffe
[22], subdifferential in Mordukhovich [36], and subgradient set in the general sense
in Rockafellar [40]. Most of these results are obtained for Lipschitz, integrably sub-
Lipschitz, bounded, or unbounded differential inclusions.

In [23], Ioffe used results of [40] and [24] to obtain general necessary optimality
conditions and Hamiltonian optimality conditions for single-objective optimal control
problems.

In [49], Zhu used recent progress in nonsmooth analysis, in particular calculus
for smooth subdifferentials of lower semicontinuous (1.s.c.) functions (see [6], [7], [14],
[24]), the methods for proving the extremal principle (see [27], [28], [33], [38]), and
techniques in handling the Hamiltonian for a differential inclusion, to prove Hamilto-
nian necessary conditions that extend the classical Hamiltonian necessary conditions
for optimal control problems that had previously been derived for uniformly Lipschitz,
bounded, and convex-valued differential inclusions related to a general preference. The
obtained conditions are expressed in terms of Clarke’s generalized gradient which is
larger than the limiting Fréchet subdifferential. The regularity conditions (A3) im-
posed in [49], which use the usual limiting normal cone, are too strong to include the
preference defined by a utility function (see Example 3).

In this paper we propose a different approach. We introduce a definition of reg-
ularity modified from that introduced in [49]. To solve the problem of regularity of
preference determined by a utility function, we define a larger limiting normal cone to
replace the usual one in [49]. Under our regularity condition of the general preference
and a sub-Lipschitz property of multivalued mappings, introduced by Loewen and
Rockafellar in [29], we obtain Euler-Lagrange necessary optimality conditions for mul-
tiobjective optimal control problems with nonconvex differential inclusion constraints
in terms of the limiting Fréchet subdifferential. Necessary optimality conditions for
the weak Pareto solution and its generalization can be derived and refined by using
our necessary conditions.

Our main result extends the necessary optimality condition of Ioffe (see Theorem
1 in [23]) from a single objective optimal control of differential inclusion problem to a
multiobjective one. This is also an extension of the Hamiltonian necessary optimality
conditions for convex differential inclusions obtained in [49].

The paper is organized as follows. Section 2 contains the key definitions, nor-
mals, subgradients, and coderivatives used in what follows. In section 3 we state our
main result and establish necessary optimality conditions for multiobjective control
problems with some examples and discussions. Then we derive necessary conditions
for these examples of preferences. In section 4 we give a technical proof of the main
result.

2. Background. Now we state basic tools of generalized differentiation that are
more appropriate for our main purpose. Details may be found in [33].
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Let C be a closed subset of R™ containing some point ¢. The e-normal cone to C
at c is the set

N.(C,¢) := {C eR” : lirninfM > —5}.

zeC—c |z — ]
The normal cone to C' at c is the set

N(C;¢) == limsupN.(C, ¢).
zeC—c
e—0Tt

Now let f : R” — RU{oo} be an Ls.c. function, and let ¢ € R™ such that f(c) < oo.
The limiting Fréchet subdifferential of f at ¢ is the set

Of(c) ={C e R™ : ((,—1) € N(epi f; (¢, f(c))},

where epi f denotes the epigraph of f. We have the following analytic characterization

of df(c):
9f(c) = limsup 0. f(z),

F@—F(e)

e—0

where

O-f(x) = {x* e X" li}Ln_iglf fw+h) _||J;L(|T) — @ h) > —a} .

The singular subdifferential of f at c is the set
9= f(c) ={CeR™ : (¢,0) € N(epi f;(c, f(c)))}-
Next we consider a multivalued mapping F' from R™ to R™ of the closed graph
GrF = {(z,y) : y € F(x)}.
The multivalued mapping D*F(z,y) : R™ — R" defined by
D*F(a,y)(y") = {2* € R": (2%, —y") € N(GrF; (2,))}

is called the coderivative of F' at the point (z,y) € GrF.

The domain over which our study occurs is typically one of the functions
Whi(la,b],R") (abbreviated W11) consisting of all absolutely continuous functions
x: [a,b] — R™ for which |#| is integrable on [a,b] (& denotes the derivative (a.e.) of
x). An arcis a function in WHl. The space W1 is endowed with the norm

b
el = [z(a)| + / i (8)| .

where | - | denotes the Euclidean norm of R™. Here B stands for the closed unit ball
in R™ and

B(z,r)={x € whl. |z —z|| < r}.

The distance function on W11, R™ or R® x R™ will be denoted by d(-, -). The
convex hull and the closed convex hull are denoted by co and co, respectively.
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The following lemma is needed.
LEMMA 2.1. Let G be pseudo-Lipschitzian [1], [41] around (zo,yo) € GrG with
modulus K ; i.e., there exists v > 0 such that for all x,u € Tog + rB

G(z)N (yo +rB) C G(u) + K|z — u|B.
Then for all y* € R"™, with D*G(xo,y0)(y*) # 0, one has
sup {[z*] 1 2" € D*G(zo,y0)(y")} < Kly*|.

If in addition G is closed-valued, then for all (x,y) € (xo + {5B) X (yo + 5B), with
(z,y) ¢ GrG, and all (z*,y*) € 9d(-; G(-))(z,y) we have

ly*| =1 and |z*]| < K|y*|.

Proof. Tt suffices to establish the second part; the first one follows from the
definition of limiting Fréchet subdifferential. Let (z,y) € (zo + 15B) X (yo + 5B),
with (z,y) ¢ GrG, and let (z*,y*) € 0d(;G(:))(z,y). Then there are sequences
T — T, Y — Y, T — =5, yp — y*, e, — 07, and 7, — 07 such that

d(v; G(u)) = dlyr; G(ax)) = (@, u = 2k) = (Y, v = yr) + enllu —zx| + o — k[l = 0

for all uw € z; + rxB and v € yx + rgB. For each integer k, there exists vy € G(xy)
such that

d(yr; G(zk)) = yr — vil.
So
Iy — v =y — vkl = (xh,u — z) — (Y, v — yn) +exllu — x| + v —y|] >0

for all u € g + rpB, v € yr + 1B, and ¥y’ € G(u).
Consider the function g defined by

g9(u,y',v) = Iy — ol = (2}, u = zx) — (Y, v — yk) +exllu — zef + [v = yel].
Then [34]
(0,0,0) € 9g(xk, vk, yk) + N(GrG; (zx, vi)) x {0}.
As for k large enough yi # vg, then
0g(xg, vg, yk) C {(0,0*, —0*): [v*| = 1} + (=2}, 0, —y;) + exB x {0} x B,
and hence we obtain (uj,v}) € N(GrG; (x,vx)), with |vf| = 1, such that
a7 —u] < = and Jyf— ]| < 2k

Now since d(yi; G(zx))) = |yx — vi|, we get for k sufficiently large
r
lyx — vg| < 3

and hence

5r
w0 — k| + |yo — vr| < 5
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Thus for all u,u" € zx + §B
G(u)N (vk + %IB%) C G(u') + K|u —/|B.
So the first part of the lemma ensures that
g < Klogl,

and since u} — z* and v} — y* we get |2*| < K|y*|, and the proof is complete.
LEMMA 2.2. Let G: V — R™ be a multivalued mapping, where V is a nonempty
set in R™. Suppose that
(i) GrG is closed and
(ii) there exists a compact set K in R™ such that

Glxz)cK VxeV.

Then G is upper semicontinuous (u.s.c.) on V; that is, for allu € V and all e > 0
there exists a neighborhood U of w in V' such that

G(z) C G(u)+eB Vzel.

With the help of the last lemma, we can prove the following one.
LEMMA 2.3. Suppose that the mapping f: (xo,yo) + 7B — R is Lipschitzian with
constant K. Define the multivalued mapping T': (xo,yo) + B x R® x R +— R™ by

[(x,y,p,5) = co{q: (¢,p) € Of (x,y) + sB}.

Then for all A €]0,1[, all (x,y, s) € (zo, Yo, 0)+ArB, and allp € R™, withT'(z,y,p, s) #
0, T is w.s.c. at (z,y,p,s) in the sense of Lemma 2.2.

Proof. Note that (ii) of Lemma 2.2 is satisfied. It is not difficult to show that I'
is of closed graph and to apply Lemma 2.2.

LEMMA 2.4 (see [11]). Lete > 0 and I': [a,b] Xx R” Xx R” x R" x R +— R™ be a
multivalued mapping such that for almost allt € [a,b], T'(t,) has nonempty, compact,
and convex values around (z(t), 2(t),p, s), with s € [0,¢] and (¢, z(¢), 2(t),p, s) # 0.
For sequences (zx) and (px) in WHL, (¢r) in L'([a,b],]0, +o0[), (ax) and (sg) in Ry
with z — z in WHi, ¢p — ¢ in L'([a,b],]0,+00|) for some integrable function ¢,
ar — 0, and s — 0 we suppose the following:

(i) For every (z,y,p, s) in the interior of the set

{9, 8') s t€ab], 2" € 2(t) + B, y' € £(t) + €B,
s’ €(0,e], D(t, 2",y p, ) # 0}

the multivalued mapping t' — T'(t',x,y,p, s) is measurable.

(ii) For all k, |px(t)| < ¢i(t) for almost all t € [a,b].

(iil) For all k, pi(t) € T'(t, z(t), 21 (t), P (1), k) + apB a.e. t € [a,b].

(iv) For almost all t € [a,b] for every p € R™ with I'(t, 2(t), 2(t),p,0) # 0, the
multivalued mapping (z',y',p',s") — T(t, 2’ ¢, p',s") is u.s.c. at (2(t),2(¢),p,0).

(v) The sequence (pr(a)) is bounded.

(vi) There exists an integrable function 1 such that

lyl < (t) a.e.

sup max
{(p’,s"):5"€[0,e], T(t,2(t),2(t),p’,s")£0} YEL (£,2(8),2(t),p’ ,s")
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Then there is a subsequence of (px) which converges uniformly to an arc p satisfying
p(t) € T'(t, 2(t), 2(t),p(t),0) a.e. t € [a,b].

We conclude this section by recalling necessary optimality conditions for the fol-
lowing generalized problem of Bolza:

b
(Ps) min {é(ﬂf(a),w(b))Jr/ L(t,x(t),df(t))dt},

where the functions L : [a,b] x R® x R” — R U {400} and £: R" x R" — R U {+occ}
are such that for each t € [a, b], the functions L(t,-,) and £ are l.s.c. on R™ x R".

The function L is epi-Lipschitz [10] at an arc z if there exist an integrable function
k : [a,b] — R and a positive ¢ satisfying the following conditions: for almost all
t € [a,b], given two points z; and 2z within € of z(t) and u; € R™ such that L(¢, z1,u1)
is finite, there exist a point ug € R™ and ¢ > 0 such that L(t, 22, us) is finite and

\ul — 'U/Q‘ + |L(t, zl,ul) — L(t,ZQ,UQ) — 6| S k(t)|2’1 — 22‘.
This is equivalent to saying that the multivalued mapping
E(t,s) = {(u,r) e R" x R: L(t,s,u) <r}

is Lipschitzian in s on z(t) + B with constant k(t) (i.e., for all s,s" € z(t) + B we
have E(t,s") C E(t,s) + k(t) | s — s | B).

L is said to be epimeasurable (in ¢) [10] if for each s € R™ the multivalued mapping
E(t, s) is Lebesgue measurable in t.

The notation OL will denote the limiting Fréchet subdifferential of the function
L(t,-,-).

Now we may state a variant of the necessary conditions for the generalized Bolza
problem established in Jourani [26].

THEOREM 2.1. Let z solve locally the generalized problem of Bolza (Pg) (in
Wht). Suppose that L(t,z,u) is epimeasurable in t, and L(t,-,-) is epi-Lipschitzian
at z, and £ is locally Lipschitzian around (z(a),z(b)). Then there exists an arc p such
that one has

p(t) € co{g: (g,p(t)) € L(t, 2(1), 2())}  a.e. t € a,b],
(p(a), —p(b)) € 9L(2(a), 2(b)),

(p(t), £(8)) — L(t, 2(1), 2(t)) = max{(p(t),v) — L(t,2(t),v) : v € R},

3. The main result.

DEFINITION 3.1. F is said to be sub-Lipschitzian in the sense of Loewen and
Rockafellar [29] at z if there exist 3 > 0, € > 0, and a summable function k : [a,b] — R
such that for almost all t € la,b], for all N > 0, for all z,2’ € z(t) + B, and
y € 2(t) + NB one has

d(y, F(t,z)) — d(y, F(t,2")) < (k(t) + BN)|z — 2'|.
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Let < be a (nonreflexive) preference for vectors in R™. We consider the following
multiobjective optimization problem:

(P) min f(z(a), (b)),
(z(a), (b)) € 5,
(t) € F(t,xz(t)) ae. t€]la,b,

where f: R™ x R™ — R™ is a mapping, S C R™ x R" is a closed nonempty set, and
F: [a,b] x R™ — R™ is a closed-valued multivalued mapping which is measurable in
t € [a,b].

We say that an arc x € W1 is a feasible trajectory for problem (P) if x satisfies
(x(a),z(b)) € S and #(t) € F(t,z(t)) a.e. t € [a,b].

z is a solution to (P), provided that it is feasible and there does not exist any
feasible trajectory x of (P) such that f(xz(a),z(b)) < f(z2(a),z(b)). For all r € R™,
we denote

Lr):={seR™:s=<r}

We will need the following regularity assumptions on the preference modified from
[49].

DEFINITION 3.2. We say that a preference < is regular at r € R™, provided that

(A7) for any s € R™, s € clL(s);

(A3) for anyr < s, t € clL(r) implies that t < s.

Remark 3.1. The preference determined by the lexicographical order < is defined
by r < s if there exists an integer ¢ € {0,1,... ;m—1} such that r;, = s;, i=1,... ,q,
and ry41 < S4+1. This preference is not regular. Indeed we consider in R? the vectors
r=(1,1,3), s=(1,1,5), and ¢ = (1,1,6). We have r < s and t € clL(r), but s < t;
then (As) does not hold so that < is not regular at r.

Note that a preference determined by the lexicographical order does not corre-
spond to any real utility function [16].

Remark 3.2. Our definition of regularity is different from that given by Zhu in
[49], where the following third condition is in force: for any sequences ry, 0 — r in
Rm

lim sup N (clL(ry); 0x) C N(clL(r);r).
k—+oco

But with this condition, preferences defined by a utility function (e.g., u) are not
regular at any r € R™ even if

lim d(0, Ou(s)) > 0.

s—r

For more details, see Example 3.
We consider the following enlargement cone of the limiting Fréchet normal cone:

N(clL(z),x) = limsup N (clL(y); z).

’
Y, r —I

Before stating our main result we recall that the Hamiltonian associated with F
is defined by

H(t,z,y) = sup (y,v).
veF (t,x)
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THEOREM 3.1. Let z be a local solution to the multiobjective optimal control prob-
lem (P). Suppose that F is sub-Lipschitzian at z and that the preference < is reqular at
f(z(a), 2(b)). Then there existp € W1, A >0, andw € N(cIL(f(2(a), 2(b))), f(2(a),
z(b))), with |w| =1 such that (A, p) # 0 and

(2) p(t) € coD*F(t, 2(t), 2(t))(—p(¥)) a.e. t € [a,b];
(3) (p(a), —p(b)) € AO((w, f(-,))(2(a), 2(b)) + N(S; (2(a), 2(b)));

(4) (p(t),2(t)) = H(t, 2(t),p(t)) a.e. t € [a,b].

If in addition F is convez-valued, then (2) may be replaced by the following one:

(5) p(t) € co {q: (—q,2(t)) € OH(t, (2(t),p(t)))} a.e.t € [a,b].

The aim of Theorem 3.1 is to extend the necessary optimality conditions of Ioffe
(Theorem 1 in [23]) from a single objective optimal control of differential inclusion
problem to a multiobjective one. By using the large class of sub-Lipschitz differential
inclusion, Theorem 3.1 also extends the Hamiltonian necessary optimality conditions
for convex-valued differential inclusions obtained in [49].

In the remainder of this section we now examine a few examples. The proof of
Theorem 3.1 is postponed to the next section.

Ezample 1 (a generalized Pareto optimal). Let K be a pointed convex cone
(KN (=K) = {0}). We define the preference < by r < s if and only if r — s €
K and r # s. A multiobjective optimal control problem with this preference is
called a generalized Pareto optimal control problem. Notice that if K = R™ (resp.,
K = intR™, where R™ = {(z1,%2,... ,%m) € R™ : z; < Oforalli=1,...,m})
we get Pareto (resp., weak Pareto) optimal control problems. This preference is
regular at any 7 € R™. Moreover, for any r € R™ we have N(cl£(r),r) = K° with
K°={seR™: (s,q) <0 forall g€ K}.

COROLLARY 3.1. Let z be a local solution to the generalized Pareto multiobjective
optimal control problem (P). Then there exist p € Wh1, X > 0, and w € K° with
| w |=1 such that (A\,p) # 0 and

(6) p(t) € coD*F(t, 2(t), 2(t))(—p(¥)) a.e. t € [a,b];
(7) (p(a), —p(b)) € AO((w, f(-,)))(2(a), 2(b)) + N(S; (2(a), 2(b)));
(8) (p(t),2(t)) = H(t,2(t),p(t)) a.e. t € [a,bl.

Ezample 2 (a preference determined by a utility function). Let u be a continuous
function; we define the preference < determined by utility function u by r < s if and
only if u(r) < u(s).

LEMMA 3.1. Let u be a continuous utility function determining the preference <.
Suppose that

9) lim inf d(0, du(s)) > 0.

s—r



MULTIOBJECTIVE DYNAMIC OPTIMIZATION 2051

Then the preference < is reqular at r and

N(clL(r),r) = limsup N (cl£(+');7") = 8u(r) U ( U a@u(r)).

’
=T a>0

Proof. The proof of Lemma 3.1 is similar to that given in [49]. From (9), £(r) is
nonempty, and from the continuity of u it follows that < satisfies (A1) and (Az) in
Definition 3.2, and thus < is regular. Now for 7 sufficiently close to r, clﬁ(r') ={se
R™ : u(s) —u(r') < 0}. Then

d.u(r') C No(clL(r),r).

By passing to the limits we have

9%u(r) U ( U aau(r)) C limsup N (cl£(r);7') € N(clL(r), 7).

a>0 e

Con\//ersely, let ¢ € N(clL(r),r) such /that ¢ # 0. Then there are sequences (x — (,
T, 17, — 7 such that (i € N(clL(rg); 7). By the definition of limiting Fréchet normal
cone, we may assume that ¢x € N, (clL(rg), ). We must have u(ry) = u(ry,).
Indeed, N, (cl£(ry),7,) = {0} when u(r}) < u(ry) and is empty when u(r,) > u(ry).
Then N, (cl£(ry),r,.) = Ne, (clL(ry.),r1). From N. (clL(ry.),71) = Nep({s : u(s) —
u(ry) < 0},7k) and [8], there exist ay > 0 and ), € I, u(r) such that | axfr — (i |< %
so that

khm akek = <

We claim that (ay) is bounded. Indeed, suppose the contrary. Then (ay) has a subse-
quence going to infinity. But in this case ()) must have a subsequence converging to
zero, and this contradicts (9). So (ag) is bounded, and we can assume that ar — a.
If a # 0, then ¢ € adu(r). If a = 0, then ¢ € 9°°u(r), and the proof is complete.
From Lemma 3.1 and Theorem 3.1 we have the following corollary.
COROLLARY 3.2. Let < be a preference determined by a utility function u and z
be a local solution to the multiobjective optimal control problem (P). Suppose that

liminf  d(0,du(s)) > 0.
s—f(z(a),z(b)) ( (®)

Then there exist p € Wh1, A >0, and

w € °u(f(2(a), 2(0))) U(U aau<f<z<a>,z<b>>>)

a>0

with | w |=1 such that (A\,p) #0, and

(10) p(t) € coD*F(t, 2(t), 2(t))(—p(¢)) a.e. t € [a,b];
(11) (p(a), =p(b)) € A0((w, f(:,)))(2(a), 2(b)) + N(S; (2(a), 2(b)));

(12) (p(t), 2(t)) = H(t, 2(t),p(t)) a.e. t € [a,b].
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In [49], the author showed that, for a preference < defined by a continuous utility
function u, N (clL(r);r) = 8u(r) U(U,=o adu(r)), provided that lim,_., d(0, du(s)) >
0. This could give him the regularity and the explicit shape of N(cl£(r);r). But there
is a gap in the proof. The following example shows that Zhu’s regularity does not
hold.

Ezample 3. Consider the function % : R? — R defined by

w(z,y) =z =Tyl
Then u is Lipschitz continuous and satisfies du(0,0) = [—1,1] x {—1,1}, so that
(0,0) ¢ 0u(0,0), 0>°u(0,0) = {(0,0)}, and
N(cl£(0,0);(0,0)) = {(z,y) € R? : |y| = |z[}.
Then it is clear that
N(cl£(0,0); (0,0)) # 0>u(0,0)| ] ( | adu(o, 0)) .
a>0
4. Proof of Theorem 3.1. Since F' is sub-Lipschitzian at z there exist 3 > 0,
e > 0, and a summable function k : [a,b] — R such that for almost all ¢ € [a, b], for
all N > 0, for all z,2" € z(t) + B, and y € 2(¢t) + NB one has
Ay, F(t,)) — d(y, F(t,2")) < (k(t) + BN)|z — ']
Let G be the solution set of the system
(13) &(t) € F(t,z(t)) a.e., (x(a),z(b)) € S.

Let ¢ be as above. We say that the system (13) is seminormal [25] at z if there
exist @ > 0 and r > 0 such that for all z € B(z,r)

b
(14)  d(z,GNB(ze)) < a{d((m(a),x(b));S) +/ d(g‘;(t);F(m(t)))dt}.

Set G. = GN B(z,¢).

We divide the proof into two parts and each part is divided into two steps.

Part 1 (when system (13) is not seminormal at z). The proof of this part is similar
to that given in [23].

Step 1 (application of Ekeland’s variational principle [18] and Theorem 2.1). Con-
sider the function h defined by

h(z) :d((x(a),x(b));S)Jr/ d(i(t); F(t, x(t)))dt.

Since F' is sub-Lipschitzian at z, then h is L.s.c. on the set B(z,¢) and G is closed
(see the appendix). If system (13) is not seminormal at z, then there is a sequence
x — z in W1 such that for k large enough

d(xk,GE) > kh(xk)
Set e, = \/h(xk) > 0, A, = min(ey, ke7), and s = % Then ¢, — 07 and s, — 0.
Therefore one has

h(zg) < Iegl(fz’g) h(z) +e3.
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By Ekeland variational principle we get zi, € B(z, ) satisfying

(15) llzx — zxll < Ak,

(16) h(zk) < h(z) + sl — zk]] Vo € B(z,¢).

Observe that for k sufficiently large || zx — 2 [|< §. By the closedness of G. and
relation (15) 2z ¢ G, and by (16) 2 is a local solution to the following Bolza problem:

b
min {Kk(x(a),x(b)) +/ Lk(t,x(t),:'c(t))dt},

where
U (u,v) = d((u,v); §) + sg|u — 2x(a)]
and

_ [ dy; F(t2) + sely — 2(t)| if (z,y) € A(Y),
Li(t,z,y) = { +00 otherwise,

where A(t) = (2(t) + eB) x (2(t) + (N + |2(¢) — 2x(¢)|)B) and N > 0 is an arbitrary
integer.

Since L (t, -, -) is Ls.c, epi-Lipschitzian at zx (see the appendix) and epimeasurable
in ¢ and since £, is locally Lipschitzian around (zx(a), zx(b)), then Theorem 2.1 yields
the existence of an arc pj, in W1 satisfying

(17) Pe(t) € colq:  (q,pr(t)) € OLi(t, 21 (t), 2k (1))} a.e. t€ [a,b]
(18) (p(a), —pi (b)) € Oly(2k(a), zx(b)),

(19)  (pe(t), 26(t)) — Li(t, 2k (2), 21(t)) = max{(pu(t), v) — Li(t, z(?), v)}-

From (17), (18), and (19) we have

(20) (Pr(a), —pr (b)) € Dd((21(a), 2(0)); §) + siB x {0},

(21)  pi(t) € co {q: (g px(t)) € 0d(; F(t,-))(2x (), 2 (1)) + {0} x sxB} a.e.,

(Pr(t), 26 (t)) — d(2(2); (¢, 21 (1))

= t),v) — d(v; F(t, zx(t))) — — it e
e ({pr(8).0) — A0 F(t24(1))) — selo — 5 (2)]) e

Step 2 (application of Lemmas 2.1-2.4). By (20) there exists (; € 9d((zx(a),
zi()); S) such that

(22) (px(a), —pr(b)) — Gk € sxB x {0}.
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Since z, ¢ G, we have either

(23) ICk| = 1if (21.(a), zx(b)) & S

or (because of Lemma 2.1 and (21)) on a set of positive measure on which 2y (t) ¢
F(t, z;(t)) we have

(24) 1,Sk < |pk(t)| < 1+Sk.
It follows from (22)—(24) that

1
(25) — — s < max |pi(t)] <1+ sg.

\/i t€la,b]

Now let ' : [a,b] x R™ x R™ x R™ x Ry — R"™ be the multivalued mapping defined by

T(t,x,y,w,s) = co {q: (q,w) € Ad(-; F(t,-))(z,y) + {0} x sB}.

Then
(26) (pr(a), —pr(b)) — Cr € kB x {0},
(27) Pr(t) € I'(t, 21(t), 2(t), pr(t), sk)  a.e.,

(28)  (pr(t), 2 (1)) — d(2(2); F'(2, 2 (1))

= t),v) — d(v; F(t, z(t))) — — gt e
e (8).0) (s (20 (8) — sefo - 58]} ae

Extracting a subsequence if necessary we may suppose that (x — ¢ for some ( in
dd((z(a), z(b)); S) with

|| = 1if (zx(a), z,(b)) ¢ S for infinite number of k.

On the other hand, by Lemma 2.2, the multivalued mapping I'(¢,-) is u.s.c. with
compact convex values and by the definition of the limiting Fréchet subdifferential
and the sub-Lipschitz condition we have (via Lemma 2.1 and (21)) for all k

Pe()] <1+ k(t) + 81+ [2(1) — 2 (1)]) ae.

Note that I'(t, z,y, w, s) is measurable in ¢ (see the appendix). By Lemma 2.4 there
exists a subsequence of (py) converging uniformly to an arc p satisfying

(29) p(t) € T'(t, 2(t), 2(t), p(t),0) a.e.,

and hence we obtain, by passing to the limit in (26) and (28),
(30) (p(a), =p(b)) € 9d((2(a), 2(b)); 5),

(31) {p(t),2(t)) = max (p(t),v) a.e.

vEF (t,z(t))N(2(t)+ NB)

Now because of (25) the pair (¢, p) must be nonzero. In fact we have

(32) — < max [p(t)] < 1.
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As p depends on N, we obtain a sequence (py) satisfying (29)—(32) and
lpn ()| <1+ k() + 3 ae.

Again Lemma 2.4 produces a subsequence of (py) converging uniformly to some p
which satisfies the following:

p(t) € Tt 2(1), 2(1),p(t),0)  ae.,
(p(a), =p(b)) € 0d((z(a), 2(b)); 5),

(p(t).2(0) = _max (o). 0)

L < max o) <1
E— max .
2 7 t€lal] P -

Finally we have

p(t) € coD*F(t,2(¢), 2(t))(—p(t)) a.e. t € [a,b],
(p(a), —p(b)) € N(S; (2(a), (b)),

{p(1), (1)) = H(t, 2(t), p(t)) a.e. t € a,b].

Part 2 (when system (13) is seminormal).

Step 1 (application of Ekeland’s variational principle). Let k be a positive integer,
choose 6, < f(z(a), z(b)) such that [6; — f(z(a), 2(b))| < 7=, and define © := clL(6y).
Define the function

h(z, ) :{ f(x(a),2(b) — 6] if z € B(zs1),

400 otherwise,

where s; is such that f is Lipschitzian on (z(a), z(b)) + s1B with constant k;. From
(A1) we have (z,0;) € G. x O, and hence

1
h(z,0;) < inf h(z,0) + —.
(2,0) < (z,e)lench@ (z,6) + k2
Note that G, and © are closed in W' and R™, respectively, and that k is Ls.c.

on G x . Then by Ekeland variational principle there exists (zx,vx) € G. X © such
that

1
(33) Iz = 2l + e = Ol <
and
1
(34) h(zk,vk) < h(z,0) + z Iz — z|| + |v& — 0] V(z,0) € Ge x ©.

From (34) one gets

1
(35) h(zk,vk) < h(z,v) + Esz —z||Vx € G.
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and

1
(36) h(zk, vi) < h(zk,0) + E|’7k —0|v0 €©.

Since z is an optimal local solution to problem (P), then, by (As) and the choice of 6,

one has v, # f(zx(a), zk(b)). Set wy = %. Extracting a subsequence

we may assume that (wy) converges to some w, with |w| = 1 so that by (36) one has

w € limsup N (cl£(0k); Vx)
k——+o00

and then

w € N(CL(f(2(a), 2(5))), F(2(a), 2(5))).

Now from (35) and the seminormality of (13) there exist @ > 0 and min(sy,r,¢) >
s > 0 (both not depending on k) such that

1
h(zi, i) < h(z,v) + %sz — x|

+ alks +1)

d((x(a),x(b));5)+/ d(i‘(t),F(t,x(t))dt]

for all x € B(z,s), where r and « are as in (14).
Define the functions

£a(u,) = |F(,0) = ] + -l = (@) + alky + d(w,0);5)

and

_ [ alky +1)d(y; F(t.2) + gly — 2(t)] - if (z,y) € At),
Lyt y) = { +o0 otherwise,

where A(t) = (2(¢) + sB) x (2(t) + (N + |2(t) — 2x(¢)|)B) so that zi is a local solution
to the Bolza problem

min {Kk(x(a),x(b)) +/ Lk(t,x(t),jc(t))dt}.

Step 2 (application of Theorem 2.1 and Lemmas 2.1-2.4). It is easy to check that
¢y is Ls.c and locally Lipschitzian around (zx(a), zk(b)), Li(t,-,-) is Ls.c, and Ly is
epimeasurable in ¢ and epi-Lipschitzian at z (see the appendix). Then by Theorem
2.1 there exists an arc p;, in Wh! satisfying

(37) pr(t) €co{q: (q,pi(t)) € OLg(t, z(t), 21 (t))} a.e.t € [a,b],
(38) (pr(a), —pr(b)) € Olk(2k(a), 2k (b)),

(39)  (pu(t), 2k (t)) — Li(t, 2k (2), 21(1)) = max{(pu(t), v) — Li(t, z(t), v)}-
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Consider the multivalued mapping defined by
I'(t,z,y,w,s) = co {q: (q,w) € a(ky +1)0d(-; F(t,-))(x,y) + {0} x sB} .
From (37)—(39) we have

(40)  (pr(a), —pr()) € O(|f () — vk|)(zx(a), 2k (D))
+ N(S;(zx(a), zi (D)) + %IB% x {0},

(41) pr(t) €T (tvzk(t),ék(t),pk(t), ;) a.e.,

(42)  (px(1), 2(1)) — a(ky + 1)d(2(1); F'(t, 21(1)))
= {(pr(t), v) — alky + 1)d(v; F(t, 2, (1)) — sklo — 2k ()]} a.e.

max
vEZL () +(N+|2(t)—2k (t)|)B
By Lemma 2.2, the multivalued mapping I'(¢, -) is u.s.c. with compact convex val-

ues, and by the definition of the limiting Fréchet subdifferential and the sub-Lipschitz
condition we have (via Lemma 2.1 and (41)) for all &k

Pe()] < alky + 1)1+ k() + B(1 + [2(t) — 2(0)])  ae.

By Lemma 2.4 there exists a subsequence of (pj) converging uniformly to an arc p
satisfying

(43) p(t) € T(¢t, z(t), 2(t), p(t),0) a.e.
Note that
() = ) (zk(a), z(0)) C O({wr, f(+,)))(zk(a), 2k (D)),

and hence, by passing to the limit in (40) and (42) and using the same argument as
in Part 1, Step 2, we have

(p(a), =p(b)) € O({w; f(-,-)))(2(a), 2(b)) + N(5; (2(a), 2(b))),

(p(t), 2(t)) = H(t, 2(t), p(t)) a.e.

Now if we assume that F' is convex-valued, then, by (29) and/or (43) and Rock-
afeller result [40], we obtain

P(t) € cofq: (—q.5(t) € DH(t,2(0),p())} ae. te[ab],

which completes the proof.
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5. Appendix.
o h(z) =d((z(a),z(b));S) + f: d(z(t); F'(t,x(t)))dt is Ls.c. on B(z,¢).
Since F' is sub-Lipschitzian at z, then there exist 8 > 0, ¢ > 0, and a
summable function k : [a,b] — R such that for almost all ¢ € [a,b], for
all N > 0, for all z,2’' € 2(t) + B, and y € 2(t) + NB one has

d(y, F(t,z)) — d(y, F(t,z")) < (k(t) + BN)|z — 2'].
E/
1+ [P k(1) dt+p(e+b—a)’
Let 2’ € B(z,¢) such that || x — 2’ ||< é, and set N =| 2/(t) — 2(t) | +1. We
have

Let x € B(z,¢) and €’ > 0, and set 6 <

b b
/ d(i(t), F(t,x(t))) di — / A/ (1), F(t,2/ (1)) dt <] &(t) — 5'(t) |
b b
+/ d(aﬁ’(t),F(t,x(t)))dt—/ d(z'(t), F(t,2'(t))) dt
b
< 5+/ (k(t)+ BN) | z(t) —2'(t) | dt

b
§6+6</ k(t)dt+6(s+b—a)) <¢.

Thus h is L.s.c on B(z,¢).
o (5. is closed.
Let (z,) be a subsequence in G. such that z,, — x in WL, Since S is
closed (z(a),z(b)) € S. Set N" =| &(t) — 2(t) | +1; since F' is sub-Lipschitzian
at z we have
d(@(t), F(t,z(t))) < (k(t) + BN) | z(t) — za(t) [ +d(2(1), F'(t, 2n(t)))

so that

b b
[ dteo. Feoo) e <o - | [ (k(0)+ 5N)ae
a X a
+ [, Peso)a

a

b
<lo—a | (ﬁllw—2|+ﬁ(b—a)+/ k(t)dt)

Flle—z .

Then d(&(t), F(t,2(t))) = 0 a.e., and since F' is closed-valued z € G..
e L;(t,-, ) is epi-Lipschitzian at z.
We have
_f alky + 0)d(y F(t ) + Hy — 4] i (2,5) € A,
Li(t, o, y) = { +00 otherwise,
where A(t) = (2(t) + sB) x (2(t) + (N + [2(t) — 2 (t)])B).
For k large enough we can suppose that | zx(t) — z(t) [< §. Let x1,22 €
B(zx(t), 5) and y € R™ such that Ly(t,21,y) is finite. Then

| 21— 2(t) [< s and |y — 2(¢) |[< N+ |2(t) — 2(1)].
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Since | xo — 2(t) |< s, Lg(t,z2,y) is finite, and using the fact that F' is
sub-Lipschitzian at z we get

Li(t, 22, y) — Li(t, 21, y) = alky + D[d(y; F(t,22)) — d(y; F(t,71))]

< a(ky + 1) (k) + BN + [2(t) = 2(@)]) | 21 — 22 [ -

Then Ly(t,-,-) is epi-Lipschitzian at z.

I'(t,z,y,w, s) is measurable in .

The measurability of the multivalued mapping I'(¢, x, y, w, s) in ¢ follows from
the two following lemmas.

LEMMA 5.1. Let G : [a,b] — R™ be a measurable multivalued mapping, and
let K be a compact set in R™. Then the multivalued mapping G(-)+ K is also
measurable.

Proof. Tt suffices to see that for any set A in R™ we have

(G()+ K)~H(A) =G (A~ K),

where G=1(A) = {t : G(t)N A # 0}.
LEMMA 5.2. Let f : [a,b] Xx R™ x R™ — R be a l.s.c. function in (x,y) and
measurable in (t,z,y). Consider the multivalued mapping

R(t,z,y,p) = {q : (¢,—p) € Of(t,x,y) + {0} x sB}.

Then R and ¢o R are measurable in t.

Proof. Tt follows from Lemma 2 in [21] that the graph of the multivalued
mapping t — Jf(t, z,y) is measurable. As this multivalued mapping is closed-
valued, Theorem 8.1.4 in [2] implies that it is measurable in ¢. Now Lemma
5.1 asserts that the multivalued mapping

t — 8f(t,a,y) + {0} x sB

is measurable in ¢. The measurability of ¢ — R(¢,x,y,p) follows from the
formula

(Of (s @,y) + {0} x sB) " (A x {~p}) = R7'(-,z,,p)(A).

The measurability of coR follows from Theorem 8.2.2 in [2].
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