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VARIATIONAL ANALYSIS OF EVOLUTION INCLUSIONS!

B. S. MORDUKHOVICH 2

Abstract. The paper is devoted to optimization problems of the Bolza and Mayer types for evolution
systems governed by nonconvex Lipschitzian differential inclusions in Banach spaces under endpoint con-
straints described by finitely many equalities and inequalities with generally nonsmooth functions. We
develop a variational analysis of such problems mainly based on their discrete approximations and the usage
of advanced tools of generalized differentiation satisfying comprehensive calculus rules in the framework of
Asplund (and hence any reflexive Banach) spaces. In this way we establish extended results on stability of
discrete approximations (with the strong W!2-convergence of optimal solutions under consistent perturba-
_ tions of endpoint constraints) and derive necessary optimality conditions for nonconvex discrete-time and

- continuous-time systems in the refined Euler-Lagrange and Weierstrass-Pontryagin forms accompanied by
the appropriate transversality inclusions. In contrast to the case of geometric endpoint constraints in infinite
dimensions, the necessary optimality conditions obtained in this paper do not impose any nonempty interior-
ity/finite codimension/normal compactness assumptions. The approach and results developed in the paper
make a bridge between optimal control/dynamic optimization and constrained mathernatical programming
problems in infinite-dimensional spaces.

Key words. variational analysis, dynamic optimization and optimal control, evolution and differential inclu-
sions, Banach and Asplund spaces, discrete/finite-difference approximations, nondlfferentlable programming,
generalized dlfferentmtlon, necessary optimality conditions

AMS subject classification. 49J53, 49J52, '49J24, 49M25, 30C30

1 Introduction

" This paper concerns the study of dynamic optimization problems governed by constrained evolution
systems in infinite-dimensional spaces. We pay the main attention to variational analysis of the
following generalized Bolza problem (P) for differential inclusions in Banach spaces with endpoint
constraints described by finitely many equalities and inequalities. -

Let X be a Banach state space with the initial state o € X, and let T := [a,b] C R be a fixed
time interval. Given a set-valued mapping F': X X T =3 X and real-valued functions <p, X—Ras
1=0,...,m+r and 9: XxXxT—-»]R consider the problem:

(1.1) minimize J[z] := po(z(b)) + / 19(a:(t),:i:(t),t)' dt

. S . . a . )
subject to dynamic constraints governed by the evolution/differential inclusion
(1.2) i(t) € F(z(t),t) ae. t€a,b] with x(a) ==
with functiondl endpoint constraz’nté of the inequality and equality types given by
(1.3) O aia®) €0, i=1,...,m,

(1.4) pi(a®) =0, i=m+1,...,mtr.

Note that &(t) stands in (1.1) for the time derivative of z(t) and that “a.e.” (almost everywhere)
signifies as usual that the inclusion holds up to the Lebesgue measure zero on IR. The initial state zo -
and the time interval T' are fixed in problem (P) for simplicity; the methods developed in this paper

1Research was partially supported by the USA National Science Foundation under grant DMS-0304989 and by the
Austrahan Research Council under grant DP-0451168.
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allow us to mclude z(a) and [a,d] in the optlmlzatlon process and to derive necessary optimality
conditions for these variable data.
Dynamic optimization problems for differential inclusions w1th the ﬁmte-dzmenszonal state space
"X = IR™ have been intensively studied over the years, especially during the last decade, mainly from
_ the viewpoint of deriving necessary optimality conditions; see [3, 8, 12, 14, 17, 19] for various results,
methods, and more references. Dynamic optimization problems governed by infinite-dimensional
evolution equations have also been much investigated, motivating mainly by applications to optimal
control of partial differential equations; see, e.g., the books [7, 10] and the references therein. To the
best of our knowledge, deriving necessary optimality conditions in dynamic optimization problems
for evolution systems governed by differential inclusions in infinite-dimensional spaces has not drawn
attention in the literature till the very recent time.

In the book [14], the author developed the method of discrete approzzmatzons to study optimal
control problems of minimizing the Bolza functional (1.1) over appropriate solutions to evolution
systems governed by infinite-dimensional differential mclusmns of type (1. 2) with endpomt constrains
given in the geometric form

(L5) ‘ o a:(b)chX

via closed subsets of Banach spaces satisfying certain requirements. The major assumption on
made in {14] is the so-called sequential normal compactness (SNC) property of  at the optimal
endpoint #(b) € Q; see [13] for a comprehensive theory for this and related properties, which play
a significant role in infinite-dimensional variational analysis and its applications. Loosely speaking,
the SNC property means that  should be “sufficiently fat” around the reference point; e.g., it
never holds for singletons unless X is finite-dimensional, where the SNC property. is satisfied for
every nonempty set. For convez sets in infinite-dimensional spaces, the SNC property automat-
ically holds when intQ # @. Furthermore, it happens to be closely related {14] to the so-called
" “finite-codimension” property of convex sets, which is known to be essential for the fulfillment of
an appropriate counterpart of the Pontryagin maximum principle for infinite-dimensional systems
of optimal control; see the books by Fattorini [7] and by Li and Yong [10] for the corresponding
results, discussions, counterexamples, and more references.

In this paper we show that the dynamic optimization problem (P) formulated above, with the
Junctional endpoint constraints (1.3) and (1.4) given by finitely many Lipschitz continuous functions -
on a broad class of Banach spaces (that particularly includes every reflexive space), admits neces-
sary optimality conditions in the extended Euler-Lagrange form accompanied by the corresponding
Weierstrass-Pontryagin/maximum and transversality relations with no SNC and similar assump-
tions imposed on the underlying endpoint constraint set. Moreover, the case of endpoint constraints .
(1.3) and (1.4) under consideration allows us to partly avoid some other rather restrictive assump-
tions (like “strong coderivative normality,” which may not hold in infinite-dimensional spaces; see
Sections 6, 7 for more details) imposed in [14] in the general case of geometric constraints (1.5).
Our approach is based, in addition to [14], on certain delicate properties of appropriate subdifferen-
tials of locally Lipschitzian functions on infinite-dimensional spaces, as well as on dual/coderivative
characterizations of Lipschitzian and metric regularity properties of set-valued mappings.

" The rest of the paper is organized as follows. In Section 2 we formulate the standing assumptions
on the initial data of (P), make more precise the solution concept for the evolution inclusion(1.1) and
the types of local minimizers to (P) under consideration, and also discuss the relaxation procedure
used for some results and proofs in the paper. The main attention in this paper is paid to the so-
called intermediate local minimizers, which occupy (strictly) an intermediate position between the
classical weak and strong minima, being nevertheless closer to strong mmlmlzers from the vxewpomt
of necessary optimality conditions for differential inclusions.

In Section 3 we construct a sequence of the well-posed discrete approzimations (Py) to the original
Bolza problem (P), which take into account specific features of the functional endpoint constraints
(1.3) and (1.4) involving consistent perturbations of these constraints in the discrete approximation
procedure. Then we present a major result on the strong stability of discrete approximations that
justifies the W2-norm convergence of optimal solutions for {Py) to the fixed local minimizer for
the original problem (P).



Section 4 contains an overview of the basic tools of generalized differentiation needed to perform
the subsequent variational analysis of the discrete-time and continuous-time evolution systems under
consideration in infinite-dimensional spaces. Most of the material in this section is taken from the

- author’s book [13], where the reader can find more results and commentaries in this direction and
related topics.
Section 5 is devoted to deriving necessary optimality conditions for the constramed discrete-
time problems arising from the discrete approximation procedure whose well-posedness and stability
are justified in Section 3. These problems are reduced to (non-dynamic) constrained problems of
mathematical programming in infinite dimensions, which happen to be intrinsically nonsmooth and
involve finitely many functional and geometric constraints generated by those in (1.2)-(1.4) via the
discrete approximation procedure. Variational analysis of such problems requires applications of the
full power of the generalized differential calculus in infinite-dimensional spaces developed in [13].
_ In Section 6 we derive necessary optimality conditions of the extended Fuler-Lagrange type for
relazed intermediate minimizers to the original Bolza problem (P) by passing to the limit from
those obtained for discrete-time problems in Section 5. It worth emphasizing that the realization of
the limiting procedure requires not only the strong convergence of optimal trajectories to discrete
approximation problems established in Section 3 but also justifying an appropriate convergence of
-adjoint trajectories in necessary optimality conditions for the sequence of discrete-time inclusions.
The latter becomes passible due to specific properties of the basic generalized differential construc-
tions reviewed in Section 4, which include complete dual characterizations of Lipschitzian and metric
regularity properties of set-valued mappings.
The concluding Section 7 concerns necessary optlmahty conditions for arbitrary (non—relaxed)
intermediate minimizers to problem (P), considering for simplicity the Mayer form (Pys) with no
integral term in (1.1), that are established in terms of the extended Euler-Lagrange inclusion ac-
_ companied by the Weierstrass-Pontryagin/mezimum and transversality relations without imposing

_-any SNC assumptions on the target/endpoint constraint set described by (1.3) and (1.4). The ap-
proach is based on an additional approximation procedure that allows us to reduce (Pys) to an
unconstrained (while nonsmooth and nonconvex) Bolza problem of the type treated in Section 6, for
which eny intermediate local minimizer happens to be a relaxed one. The passage to the limit from
the latter approximation is largely similar to that developed in Section 6, not requiring however any
relaxation requirement due to the usage of Ekeland’s variational principle. :

Our notation is basically standard; cf. [13, 14]. Unless otherwise stated, all the spaces consxdered
are Banach with the norm || - || and the canonical dual pairing (-,-) between the space in question,
say X, and its topological dual X* whose weak* topology is denoted by w*. We use the symbols /B
and B* to signify the closed unit balls of the space under consideration and its dual, respectively.
Given a set-valued mappmg F: X = X*, its sequential Paznleve-Kuratowskz upper/outer limitat T
is defined by

i — w* -
3 sequences = — Z, zj — z* with

ol € F(xzy) as ke N = {1,2,...}}.

Limsup F(z) := {:v* € X"

(1.6)

2 The Generalized Bolza Problem for Evoluti'on Inclusions

- Just for brevity and simplicity, we consider in this paper the Bolza problem (P) with autonomous
(time-independent) data, i.e., when ¥ = v(z,v) in (1.1) and F = F(z) in (1.2). The case of non-
autonomous systems can be studied similarly to 14, Chapter 6} devoted to problems with geometric
constraints of type (1.5). Let us start with the precise definition of solutlons (trajectories, arcs) to
the differential inclusion (1.2) following the book by Deimling [6].

Definition 2.1 (solutions to differential inclusions in infinite-dimensional spaces). By a
SOLUTION to inclusion (1.2) we understand a mapping z: T — X, which is Fréchet differentiable



for a.e. t € T satisfying (1.2) and the NEWTON-LEIBNIZ FORMULA

t
z(t) = zo +/ i(s)ds forall teT,

_where the integral in taken in the BOCHNER SENSE.

It is well known that for X = IR, z(t) is a.e. differentiable on T' and satisfies the Newton-Leibniz
formula if and only if it is absolutely continuous on T in the standard sense. However, for infinite-
dimensional spaces X even the Lipschitz continuity may not imply the a.e. differentiability. On the
other hand, there is a complete characterization of Banach spaces X, where the absolute continuity

of every x: T — X is equivalent to its a.e. differentiability and the fulfillment of the Newton-Leibniz
- formula: this is the class of spaces having the so-called Radon-Nikodym property (RNP), which is

well investigated in the geometric theory of Banach spaces [4]. Observe, in particular, that every
" reflezive space enjoys the RNP.

Recall further that a Banach space X is Asplund if any of its separable subSpaces hasa separable
dual This is 2 major subclass of Banach spaces that particularly includes every space with a Fréchet
differentiablé renorm off the origin (i.e., every reflerive space), every space with a separable dual,
etc.; see [4] for more details, characterizations, and references. There is a deep relationship between
spaces having the RNP and Asplund spaces, which is used in what follows: given a Banach space
X, the dual space X* has the RNP if and only if X is Asplund.

Tt has been well recognized that differential inclusions (1.2), which are certainly of their own in-
terest, provide a useful generalization of conirol systems governed by differential /evolution equations
with control parameters: .

(2.1) . &= f(z,u), uel,

where the control sets U(-) may also depend on time and state variables via F(a: t) fz,U(z,1),1).
In some cases, especially when the sets F(-) are convex, the differential inclusions (1.2) admit
parametric representations of type (2.1), but in general they cannot be reduced to parametric control
systems and should be studied for their own sake. Note also that the ODE form (2.1) in Banach
spaces is strongly related to various control problems for evolution: partial differential equations of
parabolic and hyperbolic types, where solutions may be understood in some other appropnate senses,
see, e.g., the books {7, 10, 14] for more discussions.

In what follows, we pay the main attention to the study of intermediate local minimizers for
problem (P) introduced by the author in {12]. Recall that a feasible arc to (P) is a solution to
the differential inclusion (1.2), in the sense of Definition 2.1, for which J{z] < oo in (1.1) and the
endpoint constramts (1.3) and (1.4) are satisfied.

Definition 2.2 (intermediate local minimizers). A feasible arc Z(:) is an INTERMEDIATE LO-
CAL MINIMIZER (¢.l.m.) of rank p € (1,00) for (P) if there are numbers € > 0 and a > 0 such that
J[Z] £ J[z] for any feasible arcs to (P) satisfying the relationships

(2.2) llz(t) = Z(@)|| <e forall t€[a,b] and

| b
2.3) o / 4(t) - 3(E)|P dt < e.

In fact, relationships (2.2) and (2.3) mean that we consider a neighborhood of Z(+) in the Sobolev
space W1 ([g, b]; X) with the norm

b
Il 1= g @) + ( / e at) ",

where the norm on the right-hand side is taken in the space X. If there is only the requirement (2.2)
in Definition 2.2, i.e., @ = 0 in (2.3), then we get the classical strong local minimum corresponding

4



to a neighborhood of Z(-) in the norm topology of C([a, bj; X). If instead of (2.3) one puts the more
restrictive requirement ' ' ' : : o

llEt) — :fc(t)ll <€ae t€e [a; b),

then we have the classical weak local minimum in the framework of Definition 2.2. Thus the in-
" troduced notion of i.l.m. takes, for any p € [1,00), an intermediate position between the classical
concepts of strong (@ = 0) and weak (p = oo) local minima, being indeed different from both classical
notions; see various examples in [20, 14]. Clearly all the necessary conditions for i.1.m. automatlcally
hold for strong (and hence for global) minimizers.
Considering the autonomous Bolza problem (P) in this paper, we impose the following standmg
assumptions on its mltlal data along a given intermediate local minimizer Z(- )

(H1) There are a open set U C X and a number €5 > 0 such that Z(t) € U for allt e (@, b], the
- sets F(z) are nonempty and compact for all z € U and satisfy the inclusion

(2.4) F(z) C F(u) + £p||z — u||B whenever z,u € U,

which implies the uniform boundedness of the sets F(z) on U, i.e., the exxstence of some constant
v > 0 such that

F(z) C B forall zeU.

(H2) The integrand 9 is Lipschitzian continuous on U x (vIB).

(F3) The endpoint functions ¢;, i =0, ...,m + r, are locally Lipschitzian around F(b) with the
common Lipschitz constant £.> 0. ’

Observe that (2.4) is equivalent to say that the set-valued mapping F is locally Lipséhitzian
around Z(-)} with respect to the classical Hausdorff metric on the space of nonempty and compact
_ subsets of X.

In what follows, along with the original problem (P), we consider its “relaxed” counterpart
significantly used in some results and proofs of the paper. Roughly speaking, the relaxed problem is
obtained from (P) by a convezification procedure with respect to the velocity variable. It follows the
. route of Bogolyubov and Young in the classical calculus of variations and of Gamkrelidze and Warga
in optimal control; see the book [14] and the references therein for more details and commentaries.

To construct an appropriate relaxation of the Bolza problem (P) under consideration, we first
consider the extended-real-valued function :

‘ Ir(z,v) := 9(z,v) + 6 (v; F(z)),
where §(+; ) is the indicator function of the set Q equal to 0 on  and to o0 out of it. Denote by
| Be(@,v) = (9r)"(@9), (zv) € X x X,

the biconjugaté/bypolar function to 9 r(z, ), i.e., the greatest proper, convex, and lower semicontin-
uous (1.s.c.) function with respect to v, which is majorized by 9. Then the relazed problem (R) to
(P), or the relazxation of (P), is defined as follows:

(2.5) - minimize Jla] = p(z(b)) + / 19F :c(t),m(t))

over a.e. differentiable arcs z: [a,b] — X that are Bochner mtegrable on |a, b] together with
9r (z(t), £(t)), satisfy the Newton-Leibniz formula and the endpoint constraints (1.3), (1.4). '

Note that the feasibility requirement f[a:] < 00 in (2.5) is fulfilled only if z(-) is a solution (in
the sense of Definition 2.1) to the conve:mﬁed dzﬁerentzal inclusion

(2.6) () € cleo F(x(t), &(t)) ae. t€ [a, b] with a:(a) = g,



where “clco” stands for the convex closure of a set in X. Thus the relaxed problem (R) can be
considered under explicit dynamic constraints given by the convexified differential inclusion {2.6).
Any trajectory for (2.6) is called a relazed tra]ectory for (1.2), in contrast to the ordinary (or original) -
trajectories for the latter inclusion.

There are deep relationships between relaxed and ordinary trajectories for dlfferentlal inclusions,
which reflect the fundamental hidden converity inherent in continuous-time (nonatomic measure) .
dynamic systems defined by differential and integral operators. In particular, any relazed trajec-
tory of (1.2) under assumption (H1) can be uniformly approzimated (in the C([e,b]; X)-norm) by a
sequence of ordinary trajectories; see, e.g., [6, 18). We need the following version {5} of this approx-
imation/density property involving not only differential inclusions but also minimizing functionals.

Lemma 2.3 (approximation property for the relaxed Bolza problem). Let z(-) be a relazed
trajectory for the differential inclusion (1.2) with a separable state space X, where F' and ¥ satisfy
assumptions (H1) and (H2), respectively. Then there is sequence of the ordinary trajectories xx(-)
Jor (1.2) such that zx(-) — z(:) in C([a,b]; X) as k — oo and :

) ' b
lim inf /a H(zk(t), 2(t)) dt < /a Ip((t), £(t)) dt

" Note that Theorem 2.3 does not assert that the approximating trajectories z(-) satisfy the
endpoint constraints (1.3) and (1.4). Indeed, there are examples showing that the latter may not be_
possible and, moreover, the property of relazation stability

(2.7 ' ‘ inf(P) = inf(R)

is violated; in (2 7) the infima of the cost functlonals (1 1) and (2. 5) are taken over all the feasible
- arcs in (P) and (R), respectively.

An obvious sufficient condition for the relaxation stability is the convezity of the sets F(zx,t) and
of the integrand 9 in v.- However, the relaxation stability goes far beyond the standard convexity due
to the hidden convexity property of continuous-time differential systems. In particular; Theorem 2.3
ensures the relaxation stability of nonconvex problems (P) with no constraints on the endpoint
z(b). There are various efficient conditions for the relaxation stability of nonconvex problems with
endpoint and other constraint; see [14, Subsection 6.1.2] with the commentaries therein for more
details, discussions, and references.

A local version of the relaxation stability property (2.7) regardmg intermediate minimizers for
the Bolza problem (P) is postulat;ed as follows.

Definition 2.4 (relaxed mtermedlate local minimizers). A feasible arc () to the Bolza
problem (P) is a RELAXED INTERMEDIATE LOCAL MINIMIZER (r.i.l.m.) of rank p-€ {1,00) for (P)
if it is an intermediate local minimizer of this rank for the relazed problem (R) promdmg the same
value of the cost functionals: J{z} = Jla).

1t is not hard to observe that, under the standing assumptions formulated above, the notions of
intermediate local minima and relaxed intermediate local minima do not actually depend on rank
'p, i.e., they either hold or violate for all p € {1, co0) simultaneously. In what follows we always take
(unless otherwise stated in Section 7) p =2 and & = 1 in (2.3) for simplicity.

The principal method of our study in this paper involves discrete approzimations of the origi-
nal Bolza problem (P) for constrained continuous-time evolution inclusions by a family of dynamic
optimization problems of the Bolza type governed by discrete-time inclusions with endpoint con-
straints. We show that this method generally leads to necessary optimality conditions for relazed
intermediate local minimizers of (P). Then an additional approximation procedure allows us to
establish necessary optimality conditions for arbitrary (non-relaxed) intermediate local minimizers
by reducing them to problems, which are automatically stable w1th respect to relaxation.



3 Stability of Discrete Approximations
In this section we present basic constructions of the method of discrete approximations in the theory
of necessary optimality conditions for differential inclusions following the scheme of [12, 14] developed
for the case of geometric constraints, with certain modifications required for the functional endpomt
constraints (1.3) and (1.4) under consideration in infinite-dimensional spaces.

Since we use discrete approximations mostly from a “theoretical” viewpoint (as a vehicle to
derive necessary optimality conditions), we use in what follows just the simplest finite-difference
replacement of the derivative by the uniform Euler scheme:

#(2) éw—(ﬁ'-’%_i”(i), h— 0.

To formalize this process, we take any natural number N € IN and consider the discrete grid/mesh
on T defined by

Ty = {a,a+hN,...,b—h‘N,b}, hy := (b—a)/N,

with the stepsize of discretization hl\} and the mesh points t; := a + jhy as j = 0,..., N, where
to = a and ty = b. Then the differential inclusion (1.2) is replaced by a sequence of its finite-
difference/discrete approximations

(8.1) zNn(tj41) € zN(t;) + hNF(a:N(t,)) j= ‘ WN =1, z(t) = zo.

Given a discrete trajectory zn(t;) satisfying (3.1), we consider its piecewise linear eztension
zn(t) to the continuous-time interval T = [a, b], i.e., the Euler broken lines. We also define the
piecewise constant extension to T of the corresponding discrete velocity by

tir1) ~ zn(t; .
un(t) = za J+1i);N wN'( J), t€ [tjtj41), §=0,...,N-1.

It follows from the very definition of the Bochner integral that

t
zn(t) = o +/ un(s)ds for teT.
a

The next result, which plays a significant role in the method of discrete approximations, establish
the strong Wb 2-norm approzimation of any trajectory for the differential inclusion (1.2) by extended
trajectories of the sequence of discrete inclusions (3.1) under the general assumptions made in (H1).
Note that the norm convergence in W%([a, b]; X) implies the uniform convergence of the trajectories-
on {a, b] and the pointwise, for a.e. t € [a, b], convergence of (some subsequence of) their derivatives. .
The latter is crucial for the, purposes of this paper, especially in the case of nonconver-valued
differential inclusions. The proof of this result in given in [14, Theorem 6.4], which is an infinite-
dimensional counterpart of the one in [12, Theorem 3.1].

Lemma 3.1 (strong W2-approximation by discrete trajectories). Let Z(-) be an arbitrary
solution to the differential inclusion (1.2) under the assumptions in (H1), where X is a general
Banach space. Then there is a sequence of solutions Zn(t;) to the discrete inclusions {3.1) such that
their extensions En(t), @ <t < b, converge to Z(t) strongly in the space W 2([a, b]; X) as N — co.

Observe that the proof of the above result given in [12, 14] is constructive and provides efficient
estimates of the convergence rate being of certain independent interest for numerical analysis.

Now fix an intermediate local minimizer Z(-) for the Bolza problem (P) and construct a se-
quence of discrete approximation problems (Py), N € IN, admitting optimal solutlons Zn(-) whose
extensions converge to Z(-) in the norm topology of W' 2([a b); X) as N — oo.

To proceed, we take a sequence of the discrete trajectories Zy(+) approximating by Lemma 3.1
the given local mmxmxzer Z(-) to (P) and denote

(3.2) _ N = Je{l, ’N} [|Zn(t;) — &(t;)|| — 0 as ‘N = 0.



In [14, Subsection 6.1.1], the reader can find more information on computing and estimating 7,
which is not needed in what follows: it is sufficient to know that ny — 0 as N — oo. ,

Having ¢ > 0 from relations (2.2) and (2.3) for the intermediate minimizer Z(-) with p = 2 and
o = 1, we always suppose that

a;(t) +e/2€ U for all t € [a, b],

where U is a nexghborhood of Z(+) from (Hl) Let £ > 0 be the common Lipschitz constant of ¢;,
i=1,...,m+r, from (H3). Construct problems (Py), N € IN, as follows minimize

Infen]: = o(an(tn)) +hn Z ﬂ(mN(tJ), TN (ta+1)N wN(tJ))
3.3 . =0
( ) » +1§‘/\h+1 | :L'N(t_1+1) :DN(tJ -fl.':(t)||2 it
. §=0 .

hyn
over discrete trajectories xy = zn(-) = (a:o,a:N(tl), ,:z:N(tN)) for the difference inclusions (3.1)
subject to the constraints

(3'4) Qai(a"N(tN)) Sty for i=1,...,m,

(3.5) —tnn < pi(zn(tn)) Sy for i=m+1,...,m+r,
(36) low(t) ~ 3¢ < 5 for j=1,...,N, and

: EANTE V(Y zn(t €
1) A = ’*" sl aes 5

_ Cons1dermg in the sequel (without mentioning any more) piecewise linear extension of a:N( ) to
- the whole interval [a, b], we observe the relatxonshlps :

zn(t) = 3o +/ in(s)ds forallt € [a, b] and ‘
(3.8) a

:i‘N(t) = i‘N(tj) € F(zN(t,-)), te [.tj’tj"'l)’ j=0,...,N - 1.

In the next theorem, we establish that the given relazed intermediate local minimizer {r.il.m.)

E(-) to (P) can be approximated by optimal solutions to (Py) strongly in W42 ([a, b]; X); the latter

implies the a.e. pointwise convergence of the derivatives significant for the main results of the paper.

To justify such an approximation, we need to impose the Asplund structure on both the state space X

~and its dual X*, which is particularly the case when X is reflexive. Note also there are nonreflexive
(even separable) spaces for which both X and X* are Asplund; see, e.g., [4]. ‘

Theorem 3.2 (strong convergence of discrete optimal solutions). Let %(-) be an r.i.l.m. for
- the Bolza problem (P) under the standing assumptions (H1)-(H3) in the Banach state space X, and -
let (Px), N € IN, be a sequence of discrete approzimation problems built above “The following hold:
(i) Each (Py) admits an optimal solution.
(ii) If in addition both X and X* are Asplund, then any sequence {:z:N( 1} of optimal solutions
to (Pn) converges to #(-) strongly in W'2([a,b]; X).

Proof. To justify assertion (l), we first observe that the set of feasible solutions to each problem (Pn)
is nonempty for all N € IN sufficiently large. Indeed, pick the discrete trajectory Zn{(-) approximating



the given local minimizer Z(-) by Lemma 3.1 and show that it satisfies all the constraints '(3.4)—(3.7)
for large N. By assumption (H3) we have

|es(@n(tn) — vi(E0)] < LIBEN) - ) S by forall é=1,...,m+7

due to (3.2). This implies the fulfillment of the endpoint constraints (3.4) and (3.5) for Ty (), since
those in (1.3) and (1.4) hold for Z(:). The fulfillment of (3.6) for Zn(:) follows directly from the
construction of gy — 0 in (3 2). Further, it is easy to check that

Nl i . . . ;
Z ‘/:‘ . le(tJ+1})lN ﬂ?N(tJ) - ff}(t)" dt = / ||5N(t) —ﬁ(t)"2 dt =: an
j=0 Yl @ '

for the piecewise linear extension of Zy(-) to {a,b]. By the W2-approximation in Lemma 3.1 we
have that ay — 0 as N — oo, which justifies the fulfillment of (3.7) for large N. The existence of
" optimal solutions to (Py) follows now from the classical Weierstrass theorem due to the compactness
and continuity assumptions made in (H1)-(H3).

Let us now prove the convergence assertion (i) under the additional assumptlons on the state
space. Check first the value convergence

(3.9) ' In[EZN] - J[E] a8 N-o o

along a subsequence of N — oo. Considering the expressmn for Jn[Zn] in (3.3) and usmg assump-
~ tions (H2) and (H3), we observe that (3 9) follows from

hy 2_: 19(EEN(t-), :l:N(ty+1) :cN(tJ Z/ 19(a:N(tJ),a:N(t))

3=0 j=0

=/b H(En(t), Zn(t)) dt+0(hN)—->/ 19(w(t),a:(t)) dt as N—-»oo,

which hold by 'Lemma 3.1 ensuring the a.e. convergence Zy(t) — i:(t) along a subsequence and by
the Lebesgue dominated convergence theorem valid for the Bochner. integral.
All the previous arguments did not use either the relaxation property of the intermediate min-
- imizer, or the Asplund property of X and X*. Now we are going to employ these properties to
justify the relationship :

(310) Jm_fow = [ ent) - a0l at] =0

for every sequence of optimal solutions Zy(-) to (Py).

Arguing by contradiction, pick a limiting point 8 > 0 of {8y} in (3.10) and suppose for simplicity
that By — B for all N — oo. To proceed, observe that both spaces X and X* enjoy the RNP.
Indeed, the one for X™ is equivalent to the Asplund property of X, while the Asplund property
of X* ensures the RNP for X due to the latter fact and that of X ¢ X**. Taking into account
(H1) and (3.8), we apply to the sequence {Zn(- )} the Dunford theorem [4, Theorem 1V.1} on the
weak compactness in L'([a, bj; X ), which allows us to find a subsequence of {#x(+)} and a mapping
v(-) € L*([a, b}; X) such that

S @31) Zn(-) = v(-) weakly in L'([a,b;X) as N — oo.

Using (3.8) and the compactness in C([a,]; X) of solution sets for differential inclusions that holds
under the assumptions made in (H1) (see, e.g., {18, Theorem 3.4.2]), we conclude that the sequence
{Zn(-)} contains a subsequence that converges to some % € C([a, b}; X) in the norm topology of the
space C([a,b]; X). Passing to the limit in the first relationship of (3.8), with taking into account



(3.11) and the weak continuity of the Bochner integral as an operator from L1 (la,0); X ) to X, we
arrive at the representation

a

' ¢
Z(t) = 7o +/ v(s)ds for all ¢ € [a,b],

which implies that v(t) = Z(t) for a.e. t € [a,b].

Furthermore, the classical Mazur weak closure theorem ensures that Z(-) is a solution to the
converified differential inclusion’(2.6). By the structure of problems (Py) and by the construction
of Z(-), it is not hard to conclude that Z(-) satisfies the endpoint constraints {1.3) and {1.4) and
that it belongs to the prescribed e-neighborhood of Z(+) in the norm topology of W+ ([a, b; X). By
passing to the limit in the obvious inequality

 JInlzn) < JnlEn] for all large N € IN,

with taking into account (3.9) and the lower semicontiﬁuity of the convezified integrand 3, rlz,*)
from (2.5) in the weak topology of L%([a, b}; X), we get :

76 = eo(a0) + [ 9r(@0),50) de+ 0.5 Il

Since 8 > 0 and J[z] = J]z), the latter gives J[#] < f[a;] which contradicts the choice of Z(-) as a
relaxed intermediate local minimizer for {P). Thus (3.10) holds, and so Zn(-) — Z(-) as N — 00
strongly in W12({a, b); X). This completes the proof of the theorem. : A

The strong convergence result of Theorem 3.2 makes o bridge between the original continuous-
- time dynamic optimization problem (P) and its discrete-time counterparts (Py), which allows us
to derive necessary optimality conditions for (P) by passing to the limit from those for (Py). The
latter ones are intrinsically nonsmooth and require appropriate tools of generalized differentiation
for their variational analysis.

4 Generalized Differentiation

In this section, we define the main constructions of generalized differentiation used in what follows.
Since our major framework in this paper is the class Asplund spaces, we present simplified definitions
and some properties held in this setting. All the material reviewed and employed below is taken
from the author’s book [13], where the reader can find more details and references. ,

We start with generalized normals to closed sets & C X. Given Z € Q, the (basic, hmltmg)
normal cone to ) at T is defined by

(4.1) ’ N(%; Q) := Limsup N(z; ),
: T

where “Limsup” stands for the sequential upper/outer limit (1.6) of the Fréchet normal cone (or
the prenormal cone) to at T G Q given by :

(4.2) o N(z; Q) —{:c eX” hmsup(—-iu—ﬂ SO},

ffu —

where z 2 z signifies that z — :7; with z € ©, and where N(x;Q) := 0 for z ¢ Q.
Given a set-valued mapping F: X =3 Y of closed graph

goh F := {(z,y) € X x Y|y € F(z)},
define its normal coderivative and Fréchet coderivative at (%, §) € gph F by, respectively,

(4.3) D*F(z,9)(y") = {=" € X*| (=, ~y*) € N{(z,§);eph F) },
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@9 D*F(&5)") = {z* € X*| (z*,—v") € N((@7); eph F)}.
If F=f: X =Y is strictly differentiable at Z (in particular, if f € ch), then
D'f@)") = D' r@W*) = {Vi@ y'}, v ey

i.e., both coderivatives (4.3) and (4.4) are positively homogeneous extensions of the classical adjoint -

denvatlve operator to nonsmooth and set-valued mappings.
Finally, consider a function ¢: X — IR locally Lipschitzian around Z; in this paper we do not

use more general functions. Then the (basic, limiting) subdifferential of ¢ at Z is defined by '

(4.5) N dp(Z) = Lim sup (),

- where the sequential outer limit (1.6) of the Fréchet subdifferential mapping dp(-) is given by

(4.6) - Bp(z) = {:z: e x| e —el@) - (&' u—z) zo}.

fle = |

We are not going to review in this section appropriate properties of the generalized differential
constructions (4.1)-(4.6) used in Sections 5-7: these properties ‘will be invoked with the exact
references to [13] in the corresponding places of the proofs in the subsequent sections. Just note
here that our basic/limiting constructions (4.1), (4.3), and (4.5) enjoy full calculus in the framework
- of Asplund.spaces, while the Fréchet-like ones (4.2), (4.4), and (4.6) satisfy certain rules of “fuzzy
calculus.” Both of these calculi are employed in what follows. The reader can find some additional
and related material in the books by Rockafellar and Wets [16], Smirnov [17], and Vinter [19]
(concerning exact/full calculus in finite dimensions) and in the book by Borwein and Zhu [1] on
. fuzzy calculus in infinite dimensions; see also the references therein. '

5 ‘vOptimality Conditions for Discrete Inclusions

.In this section we derive necessary optimality conditions for the sequence of discrete approximation
. problems (Py) defined in (3.1) and (3.3)—(3.7). We only present results in the “fuzzy” form, which
" are more convenient to derive necessary conditions for the original problem (P) by the limiting
procedure in Section 6. “Pointwise” necessary conditions for (Py) and for related discrete-time
problems (not used in this paper) can be found in [14, Subsection 6.1.4}.

Observe first that each discrete optimization problem (Py) can be equlvalently written in a
special form of constrained mathematical programming (MP) problem in infinite-dimensional spaces:

( minimize o(z) subject to
1/)_7'(2) <0, j= L...,s
fz) =0,

z€0;CZ, j=1,...,1,

\

where 1; are real-valued functions on-some Banach space Z, where f: Z — E is a mapping between
Banach spaces, and where ©; C Z. To see this, we let

2= (B1y ey BN, VOy-r o, UN-1) € Z 1= XN, E:= XN, s :_=N+2+m+2f, l:i=N-1
and rewrite (PN)‘as an (M P) problem (5.1) with the following data:
(5.2 9o(2) = polon) + S denu)+ 3 / log = S dt,

Jj=0 Jj=0

11



( ||wj..1 —Z(tj—1)l| —€/2 for j=1,...,N+1,

Jlvs — :z:(t)||2 dt—¢f2 for j=N+2,
(53) () 1= Zé /

<p.-(a:N)—£nN, for j_'=N+2+i, i=1,...,m+r,

\ —vilzn) —lyn, for j=N+2+m+r+i, i=m+1,...,m+r,

{ f(z) = (fo(z),---,fN.q(z)) with

(5.4) | _. |

| fi(2) == %541 — x;— hnvj,  j =0,...,N -1,
5:5) : 9; = {ze'X2N|u,-eF(x,-)} for j=0,...,N—1

in terms of the initial data of problem (Py).

The next theorem establishes necessary optimality conditions for each problem (PN) in the
approzimate/fuzzy form of refined Euler-Lagrange and transversality inclusions expressed in terms
of Fréchet-like normals and subgradients. The proof is based on applying the corresponding fuzey
calculus rules and neighborhood criteria for metric regularity end Lipschitzian behavior of mappings
from {13]. Note that fuzzy calculus rules provide representations of Fréchet subgradients and normals
of sums and intersections at the reference points via those at points that are arbitrarily close to
the reference ones. Just for notational simplicity, we suppose in the formulation and proof of the
. next theorem that these arbitrarily close points reduce to the reference points in question. This
convention does not restrict the generality from the viewpoint of our main goal to derive necessary
optimality conditions in the continuous-time problem (P). Indeed, the possible difference between
the mentioned points obviously disappears in the llmltmg procedure.

Theorem 5. 1 (fuzzy Euler-Lagrange conditions for dlscrete approxnmatmns) Let In() =

{Zn () 5= .y N} be local optimal solutions to problems (Py) as N — co under the assumptions
(H1)-(H3) unth the Asplund state space X. Consider the quantities
J+l o F . T .
© (5.6) Bn; =2 / || N (t’“,)l Zn(ts) _ t)“ dt, j=0,...,N—1.
N

Then there erists a- sequence ] along some N — oo, and there are sequences of Lagrange '
maltipliers \in, © = 0,...,m +r, and adjoint trajectories pn(-) = {pn(t;) € X*| j = 0,. N}
satisfying the following relationships:

—the sign and nontriviality conditions

m+r

(5.7) Xy 20 for all i=0,...,m+m, Z,\.N=1
. . . i=0

- —the complementary slackness conditions
(5.8) AiN [(p,' (EN(tN)) - enN] =0 for i.= 1,...,m

—the extended Euler-Lagrange inclusion in the epprozimate form

pn(t; —pn(ty ONj ~ [ InN{tiy1) - En(t;
( N ( .7+1’)lN (J),pN(tj+1) _‘/\ONhl; Nj) € )fONaﬂ(wN(tj)a (J-leI’)IIN J))

(5.9)

+ﬁ((ﬁn(t,), Zn(tj+1) — En(ts)

e ) hF)+aJB* with byy; € B*, j=0,...,N-1

12



—the epprozimate transversalily inclusion

m+r .
: -pn(tn) € E/\zzva%(-’czv i)+ D Ay [3% Zn(tn)) Ua( i) wN(tN))]
(5.10) i=0 . fz=m+1

+elB*.

Proof. Consider problem (Py) for any ﬁxed N € N in the equwalent (M P) form (5.1) with the
initial data (5.2)-(5.5). Denote
= (En(t1),...,En(tN), In(to); - .. ,ﬁN(tN—l))

and take N so large that the W:2-constraints (3.6) and (3.7) for Zx(-) hold with the strict inequality,
which is possible by Theorem 3.2. Thus the latter constraints can be simply ignored in what follows.

To prove the theorem, it is sufficient to examine the following two mutually exclusive cases, which
completely cover the situation.

Case 1. Assume that the operator constraint mappmg F: X — XV in (5.1) and (5.4) is metrically
regular at Z relative to the set © 1= QN ... N Oy in (5.5) in the sense that there is a constant
u > 0 and a neighborhood U of 2z satisfying the distance estimate

dist(z; S) < p||f(2) = f(2)|| forall z€ ©NU, where S := {z,é 8| f(z) = f(3)}.

Then applying Ioffe’s ezact penalization theorem (see [14, Theorem 5.16]) and taking into account the
specific structures of the inequality constraint functions ¥; in (5.3) for j = N+2+iasi =1,...,m+r,
we conclude that Z is a local optimal solution to the unconstrained penalized problem:

- (5.11) *  minimize max {¢o(2) — Yo(2), m(a_.x)cp,(a:N)}fu(llf(z_)|l+dist(z; 0)),

for all 1 > 0 sufficiently large, where
Kay):= {ie{l,...,m} @i(@n)=tnn}

Ulie{m+1,...,m+ 'r}| either go.(a:N) ny or — @i(EN) = fmv}

Applying the generalized Fermat rule (13, Proposition 1.114] to the local optimal solutxon Z for
(5 11), we arrive at the subdifferential inclusion

(512) 0 d]max{yo() - Yo(2), max <Pz()}+u||f(-)||+u&ist(-;9)](2)-

i€l(@n)
Fix any € > 0 and employ in the fuzzy sum rule for Fréchet subgradients from [13, Theorem 2.33(b)]
in (5.12). It gives (remember out notational conventxon)

0€ 8] max {#o() ~do(2), , mex ¢ )}](z)+u6l|f()Il(z)+u6dlst(z,6)+(e/4)B*

Computing now by [13, Proposition 1.85] the Fréchet subdifferential of the distance function dist(z ;1 9)
and using the simple chain rule for the composition ||f(2)l| = (¢ o f)(z) with ¢(y) := ||yl| and the
smooth mapping f from (5.4), we get

N-1
0 € 8] max {#o() ~ vo(2)y mmax wi()}|(2)+ Y VH()'e + R(50) + (e/0)B"

(- ) j=0
for some e € X* with, by the structure of f in (5.4),

(5.13) Z ViiZ)e; = (—e5rep— €l rENag — EN1 N1, —hNES, ..., ~hNEN_1).
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 To proceed fﬁrther, we use the fuzzy intersection rule from (13, Lemma 3.1] ensurihg that
Nz G)CN(z ©o) + .. .+ Nz On- 1) + (e/4)B*

and also employ the fuzzy rule for Fréchet subgradients of the maximum function (cf. {13, Theo-
rem 3.46] and its proof) giving, by the structure of the index set I{(Zx), the inclusion

B[ max {¥a() - ¥o(2), mex @()}(® < AwBei(zn)

i€l(zn) i=0

m+r .
+ 32 A [Bedten) JB—pi)an)] + (/0)B",

i=m+l

* -where the multipliers A;y, ¢ = 0,...,m + r, satisfy the sign, ndntriviality, and complémentary
slackness conditions in (5.7) and (5. 8)

Applying the afore-mentioned fuzzy sum rule to the cost function (5.2) and taking into account
' the classical relatlonshlp

A - ||*(x) c 2||z||B* for any z € X,

as well as the subdifferentiation formula under the integral sign in (5.2) well known from convex
analysis, we have the inclusion »

| -
Byo(2) C Bpo(En) +hn Y. [619(:1:,,1:,) +(0, 29N,JB*)] + (e/4)IB"
v J=0

where 0x; are defined in (5.6). Finally, choose pn(to) € X* arbitrarily and let
| pnlts) =€y, G=1,...,N,

with €} given in (5.13). Then taking into account the special separated structures of the sets ©;
o in (5.53, we arrive at the Euler-Lagrange and transversality inclusions (5.9) and {5.10) withey =¢
by substituting the corresponding fuzzy relationships derived above into the-generalized Fermat
stationary condltxon (5.12). This completes the proof of the theorem in Case 1.

Case 2. It remains to consider the situation when the mapping f from (5.4) is not metrzcally re_qular
at Z relative to the set intersection © := ©pN...NOn_1. Let us show that this never holds, along

some subsequences ey | 0 and N — o0, under the local Lipschitzian assumption imposed on F.
Indeed, in this case the restriction fo: X2V — XV of f to © defined by

fo(2) __{ f(z)‘ if z€ 9,

otherwise

is obviously not metrically regular around % in the sense of [13, Definition 1. 47] Then the char-
acterization of the latter property from [13, Theorem 4.5} allows us, for any fixed € > 0, to ﬁnd :
z€zZ+eBand e* = (e},...,e4_,) € (X*)N such that

Jle*ll > 1 and 0 € D*fo(z)(e*)

via the Fréchet coderivative (4.4) of fo. Employing now the coderivative sum rule from {13, Theo-
rem 1.62) and the fuzzy intersection rule from [13, Lemma 3.1], we get

N-1 N-1
Oe Z Vii(z)"ej + E N(z,,OJ) +¢elB*

j=0 j=0.
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with some z; € ©; ﬂ(z+eIB) According to our notation agreement, we put z; = z = % for simplicity.
Thus there are z; € N; ©;) satisfying

. -1, -
(5.14) ' - Z zj € Z V(2 es +eB".

j=0 Jj=0

" Taking into account calculation (5.13) due to the form (5.4) of the mapping f and the specific -
structures of the sets ©; in (5.5), we find from (5.14) dual elements

N Aa En(tie1) — En(t;
(afy o) & B (antey), 2= 20 i ), o, N -1,
satisfying the relationships _ ‘
| -wy el +ej€eBr, j=0,...,N~1,

~vj; + hyej € eB*, j=0,...,N—1,

—ely_, €eB*.

Define now the adjoint discrete trajectory pn(t;), s = 0,..., N, as in Case 1. Then the above
relationships ensure that the pair (Zn(), pn(* )) satisfies the Euler-Lagtange mclusmn (5.9) and the
transversahty inclusion (5.10) with , .

Ain=0 forall i=0,...,m+7r
and the following nontriviality condition:
(5.15) o@D + - .. + lon(En)] = 1 for all large Ne W

~ Let us show that condition (5. 15) contradicts (5.9) and (5.10) with A;y = 0 due the locally Lips-
chitzian property of F assumed in the theorem.

To proceed, we observe that the Euler-Lagrange inclusion (5.9) with Aoy = 0 can be equivalently
written as o '
P (E41) — P (ts) ﬁ*F(a‘m(t 3, -"—’N(tj+1) - EN(tj)) (
_ hn hy
- Then the local Lipschitzian property of F' with modulus ¢ yields, by the neighborhood coderivative _
characterization of [13 Theorem 4.7], that

-—pN(tj.H)) +€B*, ji= LN-1.

w3l < erlivjll whenever z} € D*Fj(zj,v5)(v})
and (z;,v;) near (Zn(t;), [En(tj41) — En(t;)]/hn). Thus .
| , llpnEn-1)ll < lpn(En (1 + hvtr) +ehn
and then, as a discrete counterpart of the Gronwall lemma,
(616)  llpw ()l < exp (er(b—a)llpw(tw)] + e(b - ) forall j=0,...,N.
Finally, take a sequence v, | 0 as k — 00 and choose numbers N and g, such that
| Ny o= [1/v4] and ex < v} as ke NN,

where [-] stands for the greatest integer less than or equal to the given real number. By (5.16) and
by the transversality condition (5.10) with A\;x = 0 along the chosen sequences of e = ey, | 0 and
Nj — o0 as k — 0o, we have the estimate

Zum tJ)||<ukexp(er a)) +v(b—a) L0 as ke IV,
i=1

which contradicts (5.15) and completes the proof of the theorem. » A
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6 Extended Euler-Lagrange Conditions for Relaxed Mini- |
mizers

In this section we derive necessary optimality conditions in the refined forms of the extended Euler-
Lagrange and transversality inclusions for relazed intermediate local minimizers of the original prob-
lem (P). The proof is based on the passing to the limit from the necessary optimality conditions
for discrete approximation problems obtained in Section 5 and on the usage of the strong stability of
discrete approximations established in Section 3. A crucial part of the proof involves the justification
of an appropriate convergence of adjoint arcs; the latter becomes possible due to the coderivative
characterization of Lipschitzian set-valued mappings taken from [13].

Theorem 6.1 (extended Euler-Lagrange and transversality inclusions for relaxed inter-
mediate minimizers). - Let Z(-) be a relazed intermediate local minimizer for the Bolza problem
(P) given in (1.1)-(1.4) under the standing assumptions of Section 2, where the spaces X and X*
are Asplund. Then there are nontrivial Lagrange multipliers 0 # (Ao, ... ; Am+r) € R™™1 and an
absolutely continuous mapping p: [a,b] — X* such that the following necessary conditions hold:

—the sign conditions

6.1) Ai20 forall i=0,...,m+r,

—the camblementary slackness condiiz’ons |

(6.2) | Migi(E() =0 for i=1,...,m

—the extended Euler-Lagrange inclusion, for a.e., t € [a,b],

(w2(8)) € 000(2(2),5(1)) + N ((&(2), 8(t))seph F) },

—and the transversality inclusion

- (63) i)(t)eclco{ueX_*

m4r .
(64) b))eZA,aso.(z<b))+ > [a¢,(m<b))ua( v:) @0)))-
i=0 i=m+1

Proof. Given the intermediate local minimizer Z(:) to (P), employ Theorem 3.2 that ensures the -
strong W'2-approximation of Z(-) by a sequence of optimal solutions Zy(:) to problems (Py).
Applying now the necessary optimality condition of Theorem 5.1, we find sequence of multipliers
Ain, i =0,...,m+r, and adjoint trajectories px(-) satlsfymg conditions (5.7)—(5.10). Without loss-
of generality, we can and do suppose that

AN — A as N — o0 for all i=0,...,m+mr

where the limiting multipliers A;, ¢ = 0,...,m + r, are not zero simultaneously and satisfy the sign
condition (6.1). Moreover, we get the complementarity slackness condltlons {6.2) by passing to the
limit in (5.8) with gy — 0 as N — oo.

Let us next justify the possibility of passing to the limit in the approximate Euler-Lagrange
(5.9) and transversality (5.10) inclusions for the discrete-time problems (Py). Having On; defined
in (5.6), consider the correspondmg sequence of functlons On: {a,b] — IR given by

On(t) —ﬂbm for t € [tj,tjs1), 1=0,...,N—1.

It follows from the strong Wl'z-convérgence of Theorem 3.2 that

/ 6w ()| dt <ZoN,<2Z/1+ ||a:N t;+1) En(t;) (t)"dt
j=0 :

j=0

=2 / lin () - #@)l dt — 0,
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which allows us to suppose without loss of generality that
En(t) - #(t) and On(t) =0 ae te[ab] as N — oo,

Furthermore, we derive from the approximate Euler-Lagrange condition (5.9) that there are

2af - In(t; - In(t; L
e?\lpa\leB* and (m?\ljﬂ’;\fj)eaa(wN(tj)’ x{ J+1})LN (J))r ji=0,...,N-1,
such that the discrete-time inclusions

(pN(tj+1) —pn(t;)
hn

- )\on'jvj) + ENe"jvj

~ En(tise1) — Tn(t; ONi,. —
€ D*F(EN(tj), Zn(ti+1) — En( J)) (,\N'u + Aon— e b i — PN (tis1) +ENeN1_)

hy
hold for all j = 0,...,N — 1 and all N € IN. Observe that due to [13, Proposition 1. 85],5 the
sequences {(z’ Nj U N)} are uniformly bounded for all j = .»N =1 by the Lipschitz constant of

9. Since the mapping F is locally Lipschitzian with constant Z r, we get by the coderivative condxtlon
for the L1psch1tz continuity from [13, Theorem 1.43) that

" PN(ty+1) pn(ts)

On;
e — ANTN; +ENneN, " < eF'lr\Nva,- + AN ﬁNlev,' = PN (tj41) +enéy, "

for j =0,...,N — 1. This allows us to conclude that the piecewise extensions py(t), a <t £ b, of
the adjoint discrete arcs py(-) are uniformly bounded on [a, b] with

(65) N @)l < o+ Blon @) ae. telab], .

where the positive numbers o and g are independent of N. Using now the Dunford criterion for the
weak compactness in L* ([a, b]; X*) from [4, Theorem IV.1] (note that both X and X* enjoy the RNP
due to their Asplund property assumed) and arguing similarly to the proof of Theorem 3.2 above,
we find-an absolute continuous mapping p: [e,b] — X* satisfying the Newton-Leibniz formula and
such that p(-) — p(-) as N — oo (with no loss of generality) in the weak topology of L([a, b}; X*).

* Next we conclude from the approximate transversality inclusion (5.10), the sign and nontriviality
conditions in (5.7), and the local Lipschitz continuity of ¢;, ¢ = 0,...,m + r, with the common
constant £ from (H3) that

~NenO)lf < &m +2) +1 for sufficiently large N € IV

" due to the uniform boundedness of Fréchet subgradients of locally Lipschitzian functions by [13,
Proposition 1.85]. Since X is Asplund, this implies the weak* sequential compactness of {pn(b)}
in X*. Thus, passing to the limit in (5.10) as N — oo and using definition (4.5) of the basic
subdifferential, we arrive at the transversality inclusion (6.4).

Considering now the approxlmate Euler-Lagrange inclusion (5. 9), we equwalently rewrite it as

put) € {ue x

(wpn(tiar) — >\0N9N(t)) € z\oNaﬂ(wN(tj),:cN(t))
(6.6)
+N((zN(t,),wN (t));gph F) + eNB*}

for t € [t;,tj41) thh j=0. ~ 1. Obverse, by the weak continuity of the Bochner integral
in the Newton-Leibniz formula and by pn(-) — B(-) weakly in L*[a, b]; X*), that the values py(t)
converge to p(t) weakly in X*. Furthermore, the Mazur weak closure theorem ensures that some
sequence of convez combinations of {pn(-)} converges to p(-) strongly in L ([a,b}; X*) as N — oo,
and hence its subsequence converges to p(t) almost everywhere on [a,b]. Passing finally to the limit
in (6.6) and taking into account the established poiniwise convergence together with (6.5), we arrive
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at the extended Euler-Lagrange inclusion (6.3) and coinplete the proof of the theorem. A

Note that the results obtained in Theorem 6.1 are different from those derived in {14, Subsec-
tion 6.1.5) not only by the absence of any SNC-like assumptions on the target/constraint set but also
by not imposing the “coderivative normality” property on F' needed in {14] in similar settings. Ob-
serve also that the arguments developed above allow us to provide the correspondent improvements .
in the case of Lipschitzian endpoint constraints of the Euler-Lagrange type necessary optimality
conditions derived in [15] for evolution models governed by semilinear inclusions

) ) € Aa(t) + F(o(t).2),

where A is'an unbounded infinitesimal generator of a compact Co-semigroup on X, and where con-
tinuous solutions to (6.7) are understood in the mzld sense.

-7 Euler—Lagrange and Max1mum Condltlons with No Relax-
~ation

The main objective of this section is to derive necessary optimality conditions for intermediate local
minimizers Z(-).of evolution inclusions without any relazation. We show. that it can be done under
certain more restrictive assumptions on the initial data in comparison with those in Theorem 6.1.
For simplicity, we consider here the Mayer version (Ppr) of problem (P) with 9 = 0 in (1.1). In this
" case, the Euler-Lagrange inclusion (6 3) admits the coderivative form

(7.1)  p(t) € cleo D*F(&(), 5()) ( - p(t)) ae. t€ [a,b],

- which easily implies, due to the extremal property for coderivatives of convex-valued mappings given
in [13, Theorem 1.34], the Weierstrass-Pontryagin mazimum condition

@) (e0.80) = max (b(00) se telal]

provided that the sets F(z) are conves near i(t) for a.e. t € [a,b]. Our goal is to justify the above
- Euler-Lagrange and Weierstrass-Pontryagin conditions, together with the other necessary optimality
conditions of Theorem 6.1, for intermediate minimizers of the Mayer problem (Pys) subject to the
Lipschitzian endpoint constraints (1.3) and (1.4), without any convezity or relazation assumptions
and with no SNC-like requirements imposed on the endpoint constraint set. To accomplish this.goal,
we employ a certain approximation technique involving FEkeland’s variational principle combined
with other advanced results of variational analysis and generalized differentiation, which allow us to
reduce the constrained problem under consideration to an unconstrained (and thus stable with respect
to relazation) Bolza problem studied in Section 6. However, this requires additional assumptions on
the initial data of (Pys) imposed in what follows.

Recall that a set-valued mapping F': X =3 Y is strongly coderivatively normal at (Z,7) € gph F
if its normal coderivative (4.3) admits the representation

DF(z,5)y") = {= € X*
(7.3) ‘
with yx € Fzy) and o} € D*Flax, u)8}) as k— oo} = Dy F(&,)"),

3 sequences (zk,px) — (%9), o} % %, and g} —y*

where D}, F(%,%) is called the mized coderivative of F at (Z,7). Observe that the only difference
between the normal and mixed coderivatives of F at (Z,§) is that the mized weak* convergence

of x}, Y, z* and the norm convergence of y; — y* is used for D3,F(%,7) in (7.3), in contrast

to the weak* convergence of both components (3, y}) ER (z*,y*) for D*F(Z,§) in (4.3) via (4.1).
Besides the obvious case of dlm Y < 0, the strong coderivative normality holds in many 1mp0rtant_
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infinite-dimensional settings, and the property is preserved under various compositioné; see (13,
Proposition 4.9] describing major classes of mappings satisfying this property.
A mapping F': X =¥ Y is called sequentially normally compact (SNC) at (Z,7) € gph F if for any

sequences (a:k,yk) (a:,y) and (a;k,y*) enN ((zk,yx); gph F) one has

(2t 35) S 0= Il(m'E,vyE)ll —0 as k—oco.

As discussed in Section 1, this property is a far-going extension of the “finite-codimension” and
other related properties of sets and mappings. It always holds in finite dimensions, while in reflexive
spaces agrees with the“compactly epi-Lipschitzian” property by Borwein and Stréjwas; see {13} for
more details, discussions, and calculus.

Finally, recall that the given norm on a Banach space X is Kadec if the strong and weak conver-
gences agree on the boundary of the unit sphere of X. It is well known that every reﬂexwe space
- admits an equivalent Kadec norm.

Theorem 7.1 (Euler—Lagrange and Weierstrass-Pontryagin conditions for intermediate
local minimizers with no relaxation). Let &(-) be an intermediate local minimizer for the Mayer

problem (Ppg) in (1.1)~(1. 4) under the standing hypotheses (H1) and (H3) on F and ;. Assume in
addition that:

(a) the state space X is separable and reﬂezwe with the Kadec norm on it;

(b) the velocity mapping F is SNC at (w(t), (t)) and strongly coderivatively normal with weakly
closed graph around this point for a.e. t € [a,b).

Then there are nontrivial Lagrange multipliers 0 # (Mg, - .., dm4r) € B™T1 and an absolutely
continuous mapping p: [a,b] — X* satisfying the following relationships:

—the sign and complementarity slackness conditions in (6.1) and (6:2);
 —the Euler-Lagrange inclusion (7.1), where the closure operation is redundant;
—the Weierstrass-Pontryagin mazimum condition (7.2); and

—the transversality inclusion (6.4).
Proof. Denote
. (7'4) (pg((b‘,l/) = max {‘Po(x) - V,O}, (pT(.’E) ‘= max {‘pt(m)$0} for i=1,...,m

and, following the method of metric appro.m'mations (1], consider the parametric cost functional

metr

(7.5) ’ 6,[z) := [( )2 (z(b),v) +Z ) a:(b)) + Z ©?(z(b)) ] as vER

i=1 i=m+1

over trajectories for the evolution inclusion (1.1) with no endpoint constraints. Since Z(-) is an
intermediate local minimizer for (Py) and due to the constructions in (7.4) and (7.5), we have

(7.6) : 6,[z] >0 for any v < b := po(%(b))

provided that z(-) is a trajectory for (1.2) belonging to the prescribed W:!-neighborhood of the
given intermediate local minimizer and such that x(t) € U for all ¢t € [a,b], where the open set
U C X is taken from the requirements in (H1) imposed on Z(:).

Form as in [2] the space X of all the trajectories z(-) for (1.2) satisfying the only constraint
z(t) € clU as t € [a, b] with the metric

b
o] = [ s - e

We can easily check, based on Definition 2.1 of solutions to the original differential inclusion and
on standard properties of the Bochner integral, that the metric space X is compleie and that the
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function 6, [} is (Lipschitz) continuous on X for any v € RR. It follows from the above constructions
that for every € > 0 there is ¥, < ¥ such that ve — v as ¢ | 0 and

0<9€[a:] <s< mf0 [z] +& with 0,; -0,,,

‘Now applying the classical Ekeland variational prz’nciple, find an arc z¢(-) € X satisfying '
(1.7 . dlze, %) < Ve and Oc[z] + Ved(z, ze) > Oc[xe] for all z € X.

. This distance estimate yields that z.(t) € U as t € [a,b] and that z.(-) belongs to the fixed W1:1-
neighborhood of the intermediate local minimizer Z(-) whenever ¢ > 0 is sufﬁclently small. Hence
Oc[ze] > O for such € by (7.6).

" Given positive numbers € and 7 > 0, we form the Bolza functional

: b
Je,,,[:c] 1= Oc[z] + Vedz, ze] + m/.-l + 4 / dist{(x(t), #(t)); gph F) dt

and show, following the proof of Claim in {14, Theorem 6.27), that there is a number 5 > 1 such
that for every € € (0,1/n) the arc z.(-) built above is an intermediate local minimizer for this
functional over all absolutely contmuous mapplngs T: [a, b] - X, not necessarily tra]ectorzes for
(1.1), satisfying the constraints

z(a) = xo and z(t)ye U for t € [a,b],

where the one z(t) € U can be ignored from the viewpoint of necessary optimality conditions, since
the set U is open in X. Taking into account the structures of 6.[-] and df-, -]}, we conclude that z.(-)
~ is an intermediate minimizers for the following unconstrained Bolza problem with Lipschitzian dat_a:

(7.8) minimiée we (z(b)) + / ’ Ve (w(t),:i:(t), t) dt

over absolutely continuous arcs z: [a,b] — X satlsfymg z(a) = o and lying in a W1 1-nelghborhood
of (-), where the functions ¢.: X — R and 6:: X x X x [a, b] — IR are given by

m+r

(7.9) 0el@) = [ P@r + 3 G @+ > w?(w)]
B X g1 - i=m-l
(7.10) Ve (z,v, t). = 04/ 1+ €2 dist (=, v); gph F)b +"\/IE||v — & ()]

To apply the results of Theorem 6.1 to the case of problem (7.8), we first note that every
intermediate local minimizer for the unconstrained problem (7.8) provides a relazed intermediate
local minimum for this problem. It follows from the relazation stability of unconstrained Bolza
problems with finite integrands, which is ensured by an appropriate. infinite-dimensional extension
of the classical Bogolyubov theorem valid under the assumptions made; see Lemma 2.3 above and its

" “intermediate” local counterpart given in {9, Theorem 4] whose proof holds in the infinite-dimensional
setting under consideration. Furthermore, observe that, although Theorem 6.1 is presented for
autonomous problems, its results hold true with no change for the case of summable integrands
as in (7.10); it can be justified similarly to the proof of [14, Theorem 6.22] given for problems
with geometric endpoint constraints. Finally, it follows from the proof of Theorem 6.1 that the
compactness of the velocity sets assumed in (H1) is, in fact, not needed for the unconstrained and
Wll.bounded framework of the Bolza problem (7.8).

Applying the optimality conditions of Theorem 6.1 to problem (7.8) with the initial data {7.9)
and (7.10), for all small ¢ > 0, we find an absolutely continuous adjoint arc p: [a,b] — X* satisfying

(u,pet)) € uadist'((ie(t),aae(t));.gph F)+v&(0,)}

(7.11)  Pelt) € co {u € x*|
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for a.e. te[a,b] with pi=19 1+£F and

E 2 mer 1/2 :
(7.12) —2e(t) € 8] (43 £ us)+2 DO+ Y W] o).
i=1 i=m+1

Note that the last term on the right-hand side of (7.11) appears due to employing the sum rule from
[13, Theorem 2.33(c)] to the integrand (7.10) and using the well-known subdifferential formula for
the norm function. The other difference between (7.10) and (6.3) is that (7.11) does not contain the
closure operation as in (6.3). The norm-closure operation can be omitted in (7.11), since the basic
subdifferential sets for Lipschitzian functions are weak compact in reflexive spaces (which are weakly -
compactly generated) by {13, Theorem 3.59(i)], and hence the right-hand sxde of (7.11) is closed in
the norm topology of the dual space X*.

To deal further with (7.11), fix t € [a,b] and consider the two possible cases for the location of
- (we(t), Z(t)) relative to the graph of the velocity mapping F(-):

(1) (we(t)e(t) €gph F and (i) (we(t)e(t)) ¢ goh F.

In case (i) we use [13, Theorem 1.97] on basic subgradients of the distance function at set points,
which gives the approzimate adjoint inclusion

(w,pe(t)) € N((@e(t), 3e(®))igph F) + vE(0, B*) }.

The out-of-set case (ii) is more involved and requires the Kadec norm structure of X together with
the weak closedness assumption on the graph of F. Then we, by [13, Theorem 1.105], the relationship

Adist((z(t), Ee(t));gph F) C U N((z,v);gph F) .
(@) €T1((e (£),¢ (2)); gPHF)

(113)  pelt) € co {u € X*

via the projection operator II(-; gph F') at the reference point. Taking into account the a.e. pointwise
convergence (T¢(t), &e(t)) — (Z(t), #(t)) as € | 0 that follows from (7.7), we come up to a modified
inclusion (7.13) with the replacement of (z.(t), #(t)) by some sequence (%, V) gehF (3(t), %)) as
" €| 0, while we keep the form (7.13) for simplicity.

Consider next the transversality condition (7.12) with ¢} defined in (7.4). Employing the sum
and chain rules [13, Subsection 3.2.1] for basic subgradients in (7. 12) and taking into account rela-
tionships (7.5) and (7.6) with v, T D as ¢ | 0, we have

m+r
(114)  —pe(d) GEA,saqp.(we(b) Y e [&p,(ze(b Ua( 1) (e b))]
i=0 t=m+1

where the multipliers \;c satisfy the conditions

. m+tr
(1.15) Mie 20 forall i=0,...,m+7, Y M =1 asel0.
i=0

By (7.15), we suppose without loss of generality that A\;; — A; ase 0 fori=0,...,m +r, where
the limiting multipliers A; are not zero simultaneously and satisfy the sign and complementary
slackness conditions in (6.1) and (6.2). Furthermore, it follows from (7.14) and (7.15) that the
family {pe(b)}e>o is uniformly bounded in X* for € sufficiently small. To proceed similarly to the
proof of Theorem 6.1, we observe that the strong coderivative normality assumption on F allows
us, by (7.13), to use the mized coderivative characterization of the Lipschitz property of F' from (13, -
Corollary 4.11] and thus to find an absolutely continuous arc p: [a,b] — X* such that p.(-) — 5(-)
weakly in L!([a,]; X*) and p.(t) — p(t) weakly in X* as ¢ | O for each t € [a,}].

To complete the proof of the Euler-Lagrange and transversality inclusions of the theorem, we pass
to the limit in (7.13) and (7.14) as € | 0 by using the Mazur theorem on the strong convergence of
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" convex combinations for {pe(-)}. To accomplish this limiting procedure and to arrive at the desired
inclusions (7.1) and (6.4), we use the closed-graph property of the basic normal cone in (7.13) and
the basic subdifferential in (7.14). This follows from {13, Theorem 3.60] due to the SNC assumption -
on F and the Lipschitz continuity of ; in the reflexive state space X. Observe that the closedness

. operation in (7.1) is redundant, similarly to (7.13), due to the uniform boundedness of { (Pe(-),p<(-)) }
in X* x X* and the arguments above involving now [13, Theorem 3.59(ii)].

The given proof justifies the extended Euler-Lagrange and transversality conditions in the theo-
rem for arbitrary intermediate local minimizers to problem {Pys) with no relazation. In the general
nonconvex. setting the Euler-Lagrange inclusion (7.1) does not automatically imply the maximum
condition (7.2). To establish the latter condition supplementing the other necessary conditions of
the theorem, we follow the proof of [19, Theorem 7.4.1] given for a Mayer problem of the type (Pas)
involving nonconvex differential inclusions in finite-dimensional spaces; it holds with minor changes
in infinite-dimensions under the assumptions imposed. The proof of the latter theorem is based on
reducing the constrained Mayer problem for nonconvex differential inclusions to an unconstrained
Bolza (finite Lagrangian) problem, which in turn is reduced to a problem of optimal control with
smooth dynamics and nonsmooth endpoint constraints first treated in [11] via the nonconvex normal
cone (4.1) and the corresponding subdifferential (4.5) introduced therein to describe the appropriate
transversality conditions in the maximum principle. _ AN
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