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Necessary conditions involving generalized directional derivatives

for optimal control of nonsmooth retarded Volterra integral

equations in Banach space.

by
Atle Seierstad, University of Oslo.

Abstract. Necessary conditions for the optimal control of solutions
to nonsmooth nonlinear retarded differential equations and Volterra inte-
gral equations in Banach state space are proved. The results also apply to
problems of control of mild solutions to abstract weakly nonlinear evolution
equations. Terminal condition are imposed, and certain linearized controlla-
bility properties are required for the necessary conditions to hold. A special
type of generalized directional derivatives are used in the proof and to ex-

press the necessary conditions.
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1. Introduction

The purpose of this paper is to give necessary conditions for the optimal
control of continuous solutions to nonsmooth nonlinear retarded differential
and integral equations in Banach state space. The theory below is general
enough to include problems involving Volterra retarded equations of the
form

2(t) = zo(t) + [ glt, s,x(— s),u(s))ds, t € [0,T], (1)

the symbol z(— s) denoting dependence on the values z(.) takes on [0, s,
("retarded dependence”). The constraints in the problem are:

(1) G(z(T)) € C,C a closed convex set, (7) u(t) € U. (2)

The continuous functions xg(t) and x(t) take values in a Banach space X,
the measurable controls u(t) take values in some given topological space U.
Furthermore, G is a given function from X into a Banach space Y, C is a
fixed subset in Y, g is a fixed function with values in X, z¢(.) is fixed, and
T is a fixed number > 0.

The criterion to be maximized is

¢(x(T)), ¢ a given function from X into R. (3)

The necessary conditions will be expressed by means of a certain type of
generalized directional (semi-) derivatives. The results in particular ap-
ply to problem where g, (see (1)), has ordinary directional (semi-) deriva-
tives with respect to x(.). The results apply both to problems of control



of ordinary differential equations, and to problems of control of mild solu-
tions to abstract weakly nonlinear evolution equations of the form dx/dt =
Az + h(t,z(t),u(t)), where A is a generator of a strongly continuous semi-
group in a Banach space, (A a closed, linear operator). Such mild solutions
can be expressed by an equation of the form (1), see e.g. Fattorini (1999).
A selection of recent references that are mainly concerned with applica-
tions to partial differential equations are included. For the most part, these
works discuss abstract semilinear (weakly nonlinear) evolution equations,
some of which are functional ones. Nonsmooth problems are treated in
Yong (1990a,1990b). Fattorini (1987) also considers other systems within a
general framework. The present paper is based on certain abstract results
from nonsmooth analysis. These results can be compared to those used in
Fattorini and Frankowska (1991) and Fattorini (1993). The abstract results
used in the present paper require similar, but somewhat more demanding
”linearized” controllability properties, but do not require stability of the set
of variations with respect to perturbations of the optimal control for useful
necessary conditions to be formulated. For references to finite dimensional
results concerned with ordinary retarded equations, see Clarke and Wolenski
(1996) and Neustadt (1976). The latter one also contains results on Volterra
equations. Volterra equations are also treated in Burnap and Kazemi (1999),
Sumin (1989), Mansimov and Mustafaev (1985), Corduneanu (1990).

2. Notation and terminology

A number T' > 0 is given. Let J :=[0,7], let X and Y be real normed
spaces, and let C(J, X) be the space of continuous functions from J into
X, furnished with the sup-norm. Let ¢lA be the norm closure of A, ( A a
subset of V) and let coA be the convex hull of A. Let E be a locally Lips-
chitz continuous function on an open subset U’ of X into Y. A directional
derivative container (abbreviated d.d. container) DE(z)(v) at x9 € U’, in
direction v € X, (v # 0) is a set in Y such that for all ¢ > 0, an r > 0
exists, such that A*E(x)(v,r) := {(E(xo + \v) — E(x0))/A : A € (0,7]} is
contained in DE(z¢)(v)+ B(0,¢). If r can be chosen such that this inclusion
holds for all v in a given set @, the d.d. container is said to be uniform in
v € Q. The set D*E(x0)(v) := Ny>ocl A*E(x0)(v, ) is called the contingent
derivative in direction v, (it has another definition in the non-Lipschitzian
case). The entity AE(xo)(v, A) := (E(zo + Av) — E(z0))/ is called a dif-
ference quotient at xg in direction v. For any set @, if DE(xg)(v) is defined
for all v € @, then DE(x0)(Q) := UyegDE(x0)(v). The d.d. containers



occuring in this paper, except in Section 8, are, for each v, assumed to be
bounded sets, and, as functions of v, (positively) linearly homogeneous (i.e.
DE(zo)(Av) = ADE(x9)(v), A > 0; it is assumed that if DE(xo)(v) is de-
fined for a given v, it is also defined for any vector Av, A > 0). If DE(z)(v)
reduces to a single point, it means that a directional (semi-) derivative ex-
ists in direction v. (See further comments and results on d.d. containers in
Section 8 and in Appendix B.)

A family F' of functions f : J x J x C(J,X) — X, is closed (convex)
under switching, if for each measurable set M C J, and f,f' € F, we
have f(t,s,z(.))1am(s) + f'(t,s,2(.))(1 — 1p(s)) € F, (1p is the indica-
tor function of M). Such families F' are furnished with the pseudometric
o(f,g) = inf{meas(M) : M is a measurable set containing {s : f(t, s, z(.)) #
g(t,s,xz(.)} for all (¢,2(.))}. Throughout this paper, B(f,r) and B(f*,r),
f, [* € F, are o-balls in F.

Vector valued functions are called measurable and integrable in the sense
of Dunford and Schwartz (1967), often called strong or Bochner measura-
bility (integrability) in the literature. A function z(.) : J — X is antidif-
ferentiable if it is absolutely continuous and has a derivative a.e. which is
integrable. A set-valued function A(t) from J into the set of all subsets of
Y is measurable if {t : A(t) N U # @} is measurable for each open set U.

3. The control system

Let X be a real Banach space, zo(.) a given element in C(J,X), G a
function from X into a real Banach space Y, and ¢ a real-valued function
on X. Let F' be a family of functions f(t,s,z(.)) from J x J x C(J, X)
into X, exhibiting retarded dependence on z(.), (precisely defined in (6)
below). This family may be generated by a family of control functions u(.),
see Remark 1 below. The following control problem will be discussed. The
state equation is a Volterra retarded integral equation of the form:

a(t) = zo(t) + [y f(t,s,2(— s))ds,t € [0, T], (4)
where the symbol xz(— s) indicates the retarded dependence.
The maximization problem is

max,() r ¢(x(T)), subject to (4), G(x(T)) € C and f € F, (5)

where z¢(.),»,T,G, F and C, (a closed convex set in Y) are given entities.



A 7system pair” means a pair (z(.), f), such that f € F and z(.) is a contin-
uous function satisfying (4). If x(.) is unique, for a given f, we often write
z(.) = 27(.), (below, conditions will be imposed securing uniqueness for f’s
close to the optimal f*). If the system pair also satisfies G(z(T")) € C, it is
called admissible. The control problem (5) amounts to maximizing ¢(z(7'))
in the class of admissible pairs (z(.), f).

Remark 1. The standard example of a family of functions f of the type
above is F' := {g(t, s, z(— s),u(s)) : u(s) € U for all s, u(.) strongly measur-
able}, where U is a given topological space and g : J X J x C(J, X)xU — X
is a fixed function, separately, continuous in ¢, measurable in s, continuous
in z(.), and continuous in u. (Strong measurability of u(.) is taken to mean
that u(.) is a limit a.e. of a sequence of measurable step functions.) See a
discussion of a similar family arising in the control of ordinary differential
equations in Seierstad (1975). Note that it can be proved that F' becomes
closed under switching and essentially o-closed, because {u(.) : u(t) € U, u(.)
measurable} has both properties. The values of f for ¢t < s are ”irrelevant”
as far as the Volterra equation (4) is concerned, and for families F' generated
by controls u(.), if the f ’s do not satisfy f(t,s,xz) = f(s,s,z),t < s, we
may redefine the f ’s so that this property holds. No further comment on
this particular example will be given, except one in Remark 4. O
It is assumed that

F is essentially closed in the pseudometric o, and each f € F is,
separately, measurable in s, and continuous in ¢ for each z(.) €
C(J,X) and satisfies f(¢,s,2z(.)) = f(t,s,&(.)) if (1) = &(7)

for > s, z(.),2(.) € C(J, X). (6)

The last property in (6), retarded dependence, means that, whatever ¢ is,
f(t,s,2(.)) depends only on ”past values” of x(.), i.e. on the values z(s'),
for s’ < s.

Assume that there exists a system pair (z*(.), f*), such that for all f € F,
there exist positive numbers M, M7, and ¢, s and M independent of f, such
that, for all f and all ¢, s,

SUPy()eB(a* ()0 | f (8, 2(= 8))| < M, and 2(.) — f(t,5,2(= 5))
is Lipschitz continuous of rank < MY in B(z*(.),s), (7)

where B(z*(.),s) is a ball around z*(.) in C(J, X) of radius .



The

existence of (z*(.), f*) and conditions (6)-(7) are assumed through-

out this paper. Frequent use is also made of one or more of the conditions

(8)-(11):

G(z): X =Y and ¢(z) : X — R are Lipschitz continuous
in B(z*(T'),s) with ranks Mg and My, respectively. (8)

F is closed under switching. For any z(.) in C'(J, X) the
function s — f(.,s,2(.)) : J = C(J, X) is measurable. (9)

Let f € F,z(.) € B(z*(.),s), f,x(.) arbitrary. For each s,
z(.) = f(.,s,2(—s)) : B(z*(. ) ¢) = C(J,X) has a closed
d.d. container Dsf(.,s,z(.))(q(.)) at x(.), for each ¢(.) €
C(J, X). Furthermore, q( ) — Dsf(.,s,2(.))(q(.)), for each s,
depends only on past values of ¢(.), (values ¢(s'), s < s).
Given any f, f' € coF, let Q(f, f', f,z(.)) be the set of anti-
differentiable functions y(.) : J — C(J, X) satisfying

(*)  dy(s)ds € [f(.,s.2(= 5)) = /(s ))]
+Ds3f (. 8,2(.))(x y( )) e, y(0)=0

where 2¥(.) is the function s — y(s)(s). For each f and each s,
Dsf(.,s,2(.))(z¥(— s)) is uniform in y(.) in the set Q(f, f, f,z(.)) .
Moreover, q(.) — Dsf(.,s,z(.))(q¢(— s)) is Lipschitz continuous
with rank < M/ on C(J, X) and, as a function of s,
Dsf(.,s,z(.))(qg(— s)) is measurable and essentially separably
valued, (i.e. for some separable set Xy, () ) C C(J, X),

D3f(., 8,1‘(.))(6](—) S)) C Xf@(‘)’q(.) for a.e. S). (10)

For each f € F, f € coF, z(.) € B(z*(.),<), at z(T),
z — G(z) and x — ¢(x) are assumed to have d.d. containers
in all directions v, being uniform in v € Q(T, f, f,z(.)) :=

{y(T)(T) 1 y(.) € QUF, £ f,x())}(for Q(.,.,.), see (10)). (11)

4. Necessary conditions for optimality

To establish necessary conditions for nonsmooth as well as smooth problems
with end targets in a Banach state space, some controllability properties of
the first order variations are needed. (Using generalized directional deriva-
tives, in the approach of this paper, such controllability properties are even



needed in finite dimensions, see Seierstad (1994).) In the present nonsmooth
case, (15) and (19) below represent such conditions.

A set of necessary conditions for the optimality of (z*(.), f*) are provided
in the following two theorems. The conclusion of Theorem 1 is a consequence
of an exact penalization result. In case of ”enough differentiability”, for the
point target C' = {0}, the conclusion reads roughly as follows: There exists
a non-negative constant A such that for ¢*(f) := o(zf(T)) — A|G(zf (T))]
and f5 = fl tits) T (1 = Tyaqq))s ( f arbitrary in F), the inequality
[do*(fs)/dd < 0]5_0 holds, (here a right derivative is taken). The first order
condition in Theorem 1 in certain cases entails a maximum principle, which
is the content of Corollary 1.

By the assumptions on the f ’s in F, it can be shown that there exists a
¢ > 0, (namely the one defined in (14) below), such that the state equation
has a unique system solution 27 (.) with zf(t) € clB(z*(t),s/2), for all f €
cB(f*,() C F, (see (24)(i) below).

For f € coF, f € clB(f*,¢) C F, let

QU ) =Q(f. f. el (), (12)
(for Q(.,.,) see (10)), and let
Q. f. f) {a®)(t) - a() € QF. N} (13)

Define ¢ by the equality
2M (¢ exp(TMS") = ¢/2; for ¢, M, M'", see (7). (14)

Theorem 1. Consider problem (4)-(11). Assume that (z*(.), f*) is an
optimal admissible pair in the problem. Assume that there exists a triple
(uy fo, 1), 0 € (0,1), 0 € (0,¢], 1 € (0,00), with the property that for any
f € dB(f* ) C F, for any v € Y with |v] = 4/, there exists a triple
(f,¢",0) € coF x (C'NcB(G(z*(T)),1)) x (0,00) such that f € coB(f,4),
(B(f, 8) C F), and

sup{|6v — z + 8[¢" = G(z*(T)]| : z € DG (T)(Q(T, [, )}
< (1—p)op'. (15)

Then the following necessary condition holds: For any f € coF, and any
c € C, the inequality 0 > inf Q_ 7 holds, where

Q. 7 ={w—Av|: (w,v) belongs to a triple (w,v, z) satisfying z €

7



Q(T, f, [*), w € Dg(z*(T))(2),v € DG(a*(T))(2) — ¢ + G(z*(T))},(16)

and where
A = 64MyuM exp(M T)p Y max{1/p/,1 + 1/},
fi = min{f, uu'/8}. (17)

O

The condition 0 > inf ) of arises as a necessary conditions for optimality
in a free end problem, where the end condition G(z(T)) € C' is replaced by
a penalization term. This result gives rise to necessary conditions based on
separating linear functionals, in case linear Gateaux derivatives exist, see
Corollary 1 below.

For applications of necessary conditions of the above type to simple ex-
amples of finite dimensional problems involving ordinary differential equa-
tion, see Seierstad (1994). It is shown there that the conditions are sharper
than those arising from a nonsmooth maximum principle of Clarke’s type.

Corollary 1. Let (z*(.), f*) be optimal in problem (4)-(9). Assume that,
for all ¢,s, and f € F, the map z(.) = f(.,s,z(.)) : B(z*(.),s) = C(J, X)
has a bounded linear Gateaux derivative f;(.,s,z(— s)) at all points in
B(z*(.),s), (i.e. directional derivatives exists, and are linear in the ”direc-
tion”). Assume that ¢ and G have bounded linear Gateaux derivatives ¢, ()
and G, (z) in B(z*(T),s). Assume also that z(.) — fX(.,s,2(— $))g(— s)
is continuous in B(z*(.),s), for each ¢(.) € C(J,X), and similarly, that
x = Gy(x)q is continuous in B(x*(T),s) C X for each ¢ € X. Moreover,
assume that

all M/ = M* for some M*> 0, (see (7)). (18)

Finally, assume that for some z* € Y, some ¢ > 0, some i € (0,(], for
all f € cAB(f*, 1),

cAB(2*,¢) C cl{Gy(af (T))g/ (T)(T) — ¢+ G(a*(T)) :
ce CNeB(G(z*(T)),1), f € coF}, (19)

where ¢/ (.) is the unique element making up Q(f, £, f*, 27 () in this case.
Then the following maximum principle holds: For some non-negative num-
ber A\, and some bounded linear functional \* € Y*, (Y* the topological
dual of Y), (A*, Xg) # 0, for any f € coF and ¢ € C,

(Ga(a*(T)g! ™ (T)(T) = ¢+ G(a*(T)), \*) + Aogu (a* (T))g " (T)(T)



In many cases, the condition (20) can be rewritten using co-state (adjoint)
variables.

Remark 2. a. When M/ = M¥ for all f € F, then in condition (15),
the set Q(T, f, f) can be replaced by {q¢(T)(T) : q(.) € Q(f, f, f*,z ()},
provided A and fi are suitably modified, (still functions only of T, M,
M, M gl ).

b. The condition (19) can be weakened as follows: Replace the inclusion in
(19) by clB(z*,¢) C cleo{6 G (2! (T))q! (T)(T) — ¢ + G(a*(T)) :
0>0,feB(fd),ce CNeB(G(z*(T)),1)}.

c. If 2 =01in (19) (or in the condition in b.), then in Corollary 1, (18) and
the continuity of z(.) — (fX(.,s,2(.))q(.) and x — G(x)q" can be deleted.

Remark 3. In the situation of Corollary 1, in the case where z — G(x)
and z(.) — f*(.,s,2(.)) have Frechét derivatives that are continuous in
B(z*(T),s) € X and B(z*(.),s) C C(J,X), respectively, then (19) need
only hold for f = f*. (This comment does not pertain to the weakened con-
dition in Remark 2 b.)

Proofs of the above results are given in Sections 5-11.

Remark 4. In nonsmooth problems, in the setting of Remark 1, to obtain
better tools, it is often needed to use strong variations in u(.) (switching)
in combination with weak ”variations” of the type (1 — Au(t) + Av(t) € U,
A € [0,1], (U for the moment assumed to be a convex set in a normed
space). Theorem 1 utilizes only strong variations. By rewriting the system
using an auxiliary state, (actually \), it is possible to obtain weak variations
as strong ones, (see Seierstad (1994)). Hence, when Theorem 1 is applied to
the rewritten system, in effect also weak variations occur.

5. More general necessary conditions.

Necessary conditions, more general than those in the preceding section, are
presented in Lemma 1 and Theorems 2 and 3 below.



In the results above, ”approximate” controllability properties related to
linearized variations are used. (”Approximate” here means a quite rough
approximation: The v’s in (15) are only roughly approximated by the vari-
ations.) The next lemma utilizes approximate controllability by exact vari-
ations of the system. Then no assumptions concerning existence of d.d.
containers are needed. To indicate the content of the lemma, note that it
is related to the necessary condition that if a point ¢** in C' — G(x*(T)) is
attainable by G(z/(T)) — G(z*(T)), for a perturbation f of f*, then, by
optimality, the corresponding change in ¢, ¢(zf(T)) — ¢(«*(T)), must be
nonpositive. If ¢**, and points nearby, are only known to be roughly attain-
able (see the first inequality in (21) below), the corresponding change in the
criterion cannot be two large, (see the last inequality in (21)). It is here
needed to include perturbations not only of f*, but also of f’s near f*.

Lemma 1. (No d.d. containers, no switching) Let (z*(.), f*) be optimal
in problem (4)-(7), and let ¢ be as defined in (14). Assume that G(x)
and ¢(x) are continuous in B(z*(T),s). Then there exists no quintuple
(K, ™, u, i, 1) € (0,00) x (C —G(x*(T))) x (0,1) x (0,¢] x (0,00) with
the property that, for all f € clB(f*, i) C F, all c € CNelB(G(x*(T), 1),
all o := (v,w) € Y X (—00,0] with [0 — (¢**,0)] = ¢/, all r € (0,1], there
exists a triple (f,¢",8), f € clB(f*,¢) C F, ¢’ € C, and § € (0,7], such that

G(! (T)) = Ga! (1)) = 60— 5(" — )| < (1 — oyl /(1] + i),
J(f; f) < KW? ‘CH - C’ < Kw’v and

¢l (1)) = d(z/ (1)) + 6w = —(1 — p)op/|] /(|| + ). (21)

Proof. Let us first prove (22),(23), and (24) below, which partly con-
tain results only needed later on. If f = Y \f; € coF, (fi € F), let
M7 =37\ M7 (see (7).

Let f, f € coF be given. Assume that there exists an integrable

function (.) such that z(.) — f(.,s,2(.)) has Lipschitz rank

a(s) < M7 in B(z*(.),s). Then, ]a;f(t)~— z! (b)) ~

< exp(J! als)ds) supy ;| [ L (E 5,5 (> )= F(t' 5,55 (> ) }s|
for t € [0,T"], (T" < T), whenever zf (t) and 2/ (t) are solutions that
exist on [0,7”] and belong to B(x*(t),s) for all ¢. (22)

Hence, if f,f € coF, and if ! (t) and x/(t) are solutions that exist on
[0,7"] and belong to B(x*(t),<) for all ¢, then, by (7), for all ¢ € [0,T"]

10



(i) |27 (£) — 27 ()] < exp(fy a(s)ds)2Mo(f. f),
(ii) |of (£) — 2/ (1)] < exp( [y as)ds)T"|| f — 1], (23)
where || f = fI[ = SUp; s u()e (e () [F(t: 5 2()) = f(t, s, 2(.))]. Finally,

(i) For all f, f in elB(f*,0¢) C F, o € (0,2), solutions :Uf(s) and
xf () exist on all [0, 7], belong to clB(x*(s), 05/2), and
[#7(t) = 2! ()] < exp(MI1)2Mo (. f).
(ii) Let f € clB(f*, (), f € coF, with ||f — f|| < ¢/AT exp(M/T).
Then, a solution of (s) exists on all [0,77,
belongs to clB(z7(s),5/4) C clB(x*(s),3¢/4) and
[/ () — 2 ()] < T|If — fllexp(MT2). (24)

To prove (22), define \xf() — 2/ ()]s = sup, \xf(s) —zf(s)|. If xf(s)
and z/(s) belong to B(x*(s),s) for all s, then |2/ (t) — z/(¢)| <

| JoAF (b5, 2l () = f (s, 0T (O)}ds| + | [o{F (85,27 () = F(t s, () }ds| <
| JotF (5,27 () = £(t, 5,27 ()Yds| + [7 als)laf () = 2/ (]uds,

so o () — 2! ()]s <

supy < | fo {F(t,,27 () = F(¥, 5,25 ()}ds| + [y a(s)la! () — 27 ()|ds.

By a version of Gronwall’s inequality, evidently (22) (and then also (23))
holds.

To prove (24)(i), apply a suitable local existence theorem to obtain that, for
any f € cB(f*, (), a solution 7/ (t) of (4) exists in B(z*(t), o5) on some
interval [0,7”]. (In fact, the standard local existence theorems for Volterra
nonretarded equations in finite (even one) dimension in the Lipschitzian case,
see e.g. Pogorzelski (1966), p.191, carry over virtually without change to
the present case.) By (23)(i) and a(.) < M/, it follows that |zf(t) — 27" (¢)]
< exp(Mf*t)QMJ(f,f*), so, in fact zf(t) belongs to clB(x*(t), 05/2), by
(14). A continuation argument yields that the solution 27(.) exists on all
[0,T] and belongs to clB(z*(t), o5/2) for all t. Hence, (24)(i) follows. The
property (24)(ii) has a similar proof.

To finish the proof of Lemma 1, note that for A = clB(f*,{) C F,H(f) =
G(zH(T)), and n(f) = —p(zf(T)), a* = f*, 1" = p, Corollary 5 in Section
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10 below yields the desired conclusion. (The existence of /(.) and the con-
tinuity required in (46) is provided by (24)(i).) O

When (8) and (9) hold, then, no greater generality is gained by allowing

* # 0 in Lemma 1. So in this case, it suffices to note that no quadruple
(K, u, f1, 1) exists, such that (21) holds with ¢** = 0. Note that when (25)
below fails (i.e. no quadruple exists, with the asserted property), then triv-
ially no quintuple with ¢** = 0 exists with the property described in Lemma
1, (it suffices to note that then (21) fails for w = 0). In Lemma 2, (25)
yields an exact penalization result, when combined with slightly stronger
continuity assumptions.

Lemma 2. (Exact penalization. No d.d. containers. No switching)
Let (z*(.), f*) be optimal in problem (4)-(7), and let ¢ be as defined in
(14). Assume that G(z) is continuous - and ¢(z) Lipschitz continuous -
in B(z*(T),s), the Lipschitz rank of ¢ being My. Assume, moreover, that
there exists a quadruple (K’, u, fi, 1) € (0,00) x (0,1) x (0,¢] x (0, 00) with
the property that for all f € clB(f*, i) C F, all v € Y with [v] = ¢/, all

€ (0,1], there exists a triple (f,c",8), f € clB(f*,¢) ¢ F, ¢’ € C, and
5 € (0,], such that

~

IG(ﬂff(T)) Glz HT)) =60 —d(" — )| < (1= p)ou,
o(f.f) < KW, and | — ¢*| < K'y, (25)

where ¢* = G(z*(T')). Then, (f*, ") maximizes

(f,0) = o2 (T)) = 16~ KM M|G(a!(T)) — ¢ exp(8) (26)

for (f,c) in cB(f*, i/2) x (C N elB(c*, 1/2)), where fr = min{f, uu'/2},
K = max{K', 1+ K"}/ /ji}, and B/ := Mo (f, f*) + M/ (T — o(f, f*)).

Proof: For each f in F, there exists a set C'y such that o(f, f*) = meas(Cy)
and Cr D {s: f(t,s,z(.)) # f*(t,s,2(.)} for all t € J,z(.) € C(J,X). De-
fine of () = Mflcf—l-Mf*(l—lcf) and ¢* := G(z*(T)). For A = clB(f*, (),
H(f) = G(/(T)), n(f) = —d(2!(T)),a* = f*,p* = f1, and p" = p, Corol-
lary 7 in Section 10 below yields the conclusion in the lemma. (For a = f,
let W, in the Corollary equal Mg2M exp fo of (s)ds) = My2M exp(B7), see

(23)(1).) O
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In the next result, (8) and (9) are added to the set of properties postu-
lated, in particular, switching closedness is utilized.

Theorem 2. (Exact penalization, no d.d. containers, switching) Let (z*(.), f*)
be optimal in problem (4)-(9) and let ¢ be as defined in (14). Assume that
there exists a triple (1”, i, 1) € (0,1) x (0,¢] x (0,00) such that for all
f e dB(f* i) C F, and for all v € Y with |v| = ¢/, there exists a triple
(f,¢,6),6 > 0,f € coB(f,0),(B(f,0) C F),d" € CnNB(G(x*(T)),1),
such that for all r € (0, min{1,s/8TM exp(TM/)}], a 6 € (0,r] exists, such
that:

(G2 (T)) = G(a! (T) = 850 = 55(¢" — G(a*(T)))] < (1 - u")dou" (27)

where

fO=6f+(1-0)f (28)

Then, for any f € coF, for any ¢ € C, for f° = §
min{fi, gy’ 4}, K = max{1/p/, 1+ 1/{"}, and ¢_ 7(6)

+ (1 - 6)f*7/l// =

¢(2° (7))~ 32K MMyp" " exp(TM!)|G (2! (T))~G(a*(T))—de+0G(x*(T))),
the inequality lim sups\ gl¢,. #(0) — ¢, 7(0)]/6 < 0 holds. O

Note that when § € (0,¢/8MT exp(TM7)], 2/° (t) exists on [0,T] and be-
longs to clB(x*(t),3¢/4), (see (24)(ii) and note that ||f0 — f|| = 6||f — f]| <
02M). A similar remark pertains to xfé(.). A proof of this result is given in
the next section.

6 Reduction to the case of ordinary retarded equations

It is possible to reduce the proofs of Theorems 1 and 2 to the case of ordi-
nary retarded equation. This will now be proved. Let 75 : C(J,C(J, X)) —
X be defined by 7sz(.) = z(s)(s), (2(.) € C(J,C(J, X)), and let 7 :
C(J,C(J,X)) into C(J,X) be defined by w(z(.)) := s = msz(.) = 2(s)(s).
To each f € F, there corresponds a function f(s,z(.)) := f(.,s,72(.)), de-
fined on J x C(J,C(J, X)), with values in C(J, X). Let

F ={ f: f € F}. Consider the ordinary retarded differential equation

13



dz/ds = f(s,2(= s)),2(0) = xo, f(5,2(.) := f(.,s,m2()), (29)

with state space C(J, X), (zo = xo(.)). By retarded dependence in f, f(s, z(.))
depends only on the values z(s'), s’ < s. By definition, a solution z(.) to (29)
is absolutely continuous and has an integrable derivative existing a.e.

Lemma 3. Assume (6),(7),(9). To each solution z(t) € C(J,C(J, X))
of (29) for which z(¢)(t) € B(z*(t),<) for all ¢, there corresponds a solution
of (4) that belongs to B(z*(t),s), and vice versa.

Proof: Let x(t) be a solution of (4) in B(x*(t),s) for some given f, and
define

2y() (T, 1) = wo(t) + [o f(t,s,2(— s))ds, 7,1 € J, (30)

(by (7), the integrand is bounded). Then 2(7) :=t — z,(7,t) satisfies
(29), (2(1) = @o + [y f(.,s,2(— s))ds, the integral exists in C(J, X), by
(9)). On the other hand, let z(7) := ¢t — z(7)(t) be a solution of (29) with
z(t)(t) € B(z*(t),s), for some f. (Note that then the right hand side is
bounded by M). Then, define x(t) :=

T (1) = 2()(1). (31)

Evidently, (z(t), f) then satisfies (4). O
Note that when f, f € B(f*,¢), the corresponding solutions z/(¢) and

zf(t) of (29) exist in clB(zf"(t),5/2), for all ¢ in [0,T] and satisfy

127 (t) — 2 (1)) < exp(MIt)2Mo(f, f), (32)

by arguments analogous to those leading to (24).

From these observations, it follows that necessary conditions for opti-
mality for systems of the type (4)-(9) automatically follow from necessary
conditions for optimality for systems governed by ordinary retarded differ-
ential equations. In this case, the functions f do not depend on t, closed-
ness under switching is defined in the same manner as before, the o-metric
o(f,f) is now o(f, f) := inf{meas(M’) : M’ is measurable and contains
{s: f(s,z(.) # f(s,2(.)} for all z(.) € C(J, X)}. Further properties uti-
lized in this case (specializations of (6), (7), (9)) are the following:.

14



The set F' of functions f is assumed to be essentially o-closed,
and any f = f(s,z(.)) in F is separately measurable in s and
satisfies the retardedness condition: f(s,z(.)) = f(s,Z(.))

if x(7) = &(7) for 7 > s,2(.),%(.) € C(J, X). (33)

F is closed under switching. (34)
Moreover, for some ¢ > 0, some M > 0, for all f in F, for some M7,
for all s,

SUDg()eB(a*()6) | f(8,2(= 8))| < M and z(.) — f(s,z(— s)) is

Lipschitz continuous of rank < M7 in B(z*(.),s) € C(J,X). (35)

Sometimes, we will also need to refer (8), which is repeated here:

G(z): X =Y and ¢(z) : X — R are assumed to be Lipschitz
continuous in B(z*(T),<) with ranks Mg and Mgy, resp. (36)

In this case, (4) reduces to

dz/dt = f(s,z(— s)) a.e.,z(0) = zg € X, (37)

where a solution z(s), by definition, is antidifferentiable.
The optimization problem is again: For the given entities xg, ¢, G, F, and
C' (a closed convex set in Y),

max,() r ¢(x(T)), subject to (37), G(x(T)) € C'and f € F.  (38)

From now on, we shall only give proofs for the problem (37), (38), (these
proofs automatically also provide proofs in case of system (4),(5)).

Evidently, Lemma 1 and Lemma 2 in particular hold for the present type
of systems, and this is formally stated below.

Lemma 4. (Ordinary retarded equation, no d.d. container, no switch-

ing). In Lemma 1 the reference to problem (4)-(7) can be replaced by a
reference to problem (33), (35),(37) (38).
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Lemma 5. (Ordinary retarded equation, no d.d. container, no switch-
ing). In Lemma 2 the reference to problem (4)-(7) can be replaced by a
reference to problem (33),(35),(37) (38).

Lemma 6. (Ordinary retarded equations, no d.d. containers, switching).
Let (z*(.), f*) be optimal in problem (27), (33)-(35),(37), (38) and assume
that G(z) is continuous, and ¢(z) is Lipschitz continuous, in B(z*(T),¢),
the Lipschitz rank of ¢ being My. Then (f*,c¢*),(¢* := G(2*(T))), maxi-
mizes i(f,c) for (f,c) in cB(f*, i/2) x (C NeclB(c*, 1/2)), where i(f,c) :=
6(wF (T))— 32K MMy exp(8)|G(aF (T))—cl, i = min{f, w3 4}, K =
{1/, 1+ 1/ji}, and B = MIa(f, )+ M (T = o(f, f*)).

This lemma and the next one is given a joint proof.

Lemma 7. (Ordinary retarded equation, no d.d. containers, switching)
Theorem 2 holds for (4)-(9) replaced by (33)-(38).

Proof: Let 7# € (0,1]. It is first proved that (27) implies (25) for u
p'/2 and K’ := 1/y/. Assume that (27) holds for (f, v, f,d.6,r,6), r
min{?/5,¢/0}), f = X Aifi € coB(f,0),(fi € B(f,6) C F), and f‘s
5f + (1 — ) f. By continuity of G, there exists an £ > 0, such that |G(x) —
G(ajf (T))| < 664/ 1" /2, when |z — (T (T)| < e. Choose sets C* such that
C* > {s: fi(s,x(.)) # f(s,2(.))} for all continuous z(.) and meas(C?) =
o(fi, f). For a := max{ M7, max; M/i}, the inequality sup, < | fg,{f‘s(s, 21’ (s))—
f(s,wfé(s))}ds\ < eexp(—Ta) can be obtained for a function f € F con-

structed by ”rapid switching” between f and the f;’s with "weights” 1

>.;0A; and 6A;. More precisely, f equals > file, + (1 =32, 1¢,) f, where
meas(C;) = 6T, C; measurable and disjoint, see e.g. Seierstad (1975,
Remark 10.1). Note that fJ Yo Ailgids < 5. By "rapid switching”, the
sets C; can be chosen such that also | [1{>";(1cile, — dAilei)}ds| < 56 —
fJ > 0Ailgids, which yields fJ Yo loileds < 64. Evidently, for all contin-
uous z(.), {s: f(s,z(.)) # f(s,2(.)} C U{C;NC"}, s0 o(f, f) <6 < (.
Existence of x/(.) follows from (24)(i ) By (22) and the above inequality in-
volving a, it follows that \mf (T) — 2/ (T)| < &, s0 ]G(xfé( T))—G(2f(T)) | <
564/ u”/2 The latter inequality and (27) yield (25) for u = u"/2, 6 =466 ¢
(0,7],¢" = =0 +(1—¥de. As K = 1/4/, |¢ — G(a*(T))| < 66K’y and

o(f, f) < 66K'y/. Hence, Lemma 6 is valid.

I I/\ I
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To prove Lemma 7, from Lemma 6 we know that (f*,c*) (¢* := G(z*(T)))
maximizes I(f,c) in clB(f*,1/2) x (C NeclB(c*, ii/2)). Fix any ¢ € C and
f= Y i Aifi € coF, let fs be any switching combination of the f;’s and f*
with weights §); and (1 -85, A;),d € (0,¢], and let i(fs,c) := ¢(a/5(T)) —
Aexp(MT"T)|G (275 (T)) —c|, where A := 32K MM, /u". We can take M/ :=
max{ f*, max;, {M/}}, 85 := MFso(fs, f*) + M7 (T = o(f5, f*)). Let A’ :=
Mg exp(TMP)2MT + |c — ¢*| and let € be an arbitrary positive number.
As meas(Cy,) < 0T, then for ¢’ € (0,(], small enough, the inequality ' :=
|exp(Bfe )—exp(TMT™)| < &/3AN’, is valid for all § € (0,0’], uniformly in
the set Sj of switching combinations fs with the prescribed weights. Further-
more, note that (24)(i) gives, for 6 € (0,6'], that |G(z/(T)) — G(z*(T))| <
Mg exp(TMT)2MOT, so " = |G(zf5(T)) — ¢* — §(c — ¢*)|/6 < A'. Now,
Lemma 6 provides the inequality 0 > [i(fs,dc+ (1 —0)c*) —i(f*,c*)]/0, 0 €
(0, i2/2]. Replacing the term 35 occurring in i(fs,0c+ (1 —0)c*) by TMI”
changes the right hand side by an amount = Ae’e” < Ae’A’ < ¢/3, which
yields /3 > [i(fs,0c+ (1 —9)c*) —i(f*,¢*)] /0 for all switching combinations
f5 in S5,0 € (0,min{d, /z/2}]. Finally, let f° := 6f + (1 — &)f*, and note
that for each & € (0,6”),6" := min{d’, i/2,s/8TM exp(TM'")}], by (22),
(24) (ii), a switching combination f; € Sj exists such that |¢(zf ’ (1)) —
o(zf5(T))|/6 < /3 and ]G(xfé(T))—G(xfé( )|/ < /3N exp(TMI™). The
three inequalities involving /3 yield & > [i(f9,dc+ (1 — 6)c*) — i(f*, ¢*)]/9,
d € (0,0”], and the conclusion of Lemma 7 (Theorem 2) follows.

7. Proof of necessary conditions involving d.d. containers

When assumption (10) holds, then f (see 29) has the d.d. container

Daf(s,2(.))(q(.) = D3f(.,s,mx(.)(mq(.)),q(.) € C(J,C(J, X)). In fact,
the following properties then hold for the functions f in F: Given any
s € J,

at each Z(.) € (zf*()
() = f(s,2()): B(?

container Dy f(s, Z(.))
which is uniform in ¢(.

,6) C C(J,C(J, X)), the map

A (s),s) = C(J, X), has a closed d.d.

q(.)) in all directions ¢(.) € C(J,C(J, X)),

) € QUfF, () for any f* € coF,  (39)
where the set Q(f, f,#(.)) consists of all antidifferentiable functions §(.)
on J with values in C(J, X) that satisfy

dg(s)/ds € f(s,2(.)) = f(5,2(.) + Daf(s,2(.))(d(.)) a-e.
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q(0) = 0. (40)

Furthermore, Dy f(s,4(.))(G(.)) exhibits retarded dependence on §(.), is Lip-
schitz continuous in ¢(.) of rank < MY, and, as function of s, is measur-
able and essentially separably valued. These observations make it pos-
sible to confine again the discussion to the case where the f’s are inde-
pendent of t. Hence, from now on in this section, F' consists of functions
f(s,z(— s)) : J x C(J,X) — X. The following assumption is needed, (a
specialization of (10) to the present case, with (11) added):

Let f € F,z(.) € B(z*(.),s) C C(J,X), f,z(.) arbitrary. The map
z(.) — f(s,2(.)), B(z*(.),s) — X has a closed d.d. container

Dy f(s,z(.))(q(.)) at z(.), for each ¢(.) € C(J, X). Furthermore,

q(.) = Daf(s,2(.))(q(.)), for each s, depends only on past values

of q(.). Let f € coF, f arbitrary, and let Q'(f, f,2(.)) be

the set of antidifferentiable functions ¢(.) : J — X satisfying

dq(s)/ds € f(s,2(= 5)) = f(s,2(= 5)) + D2f(s,2(.))(a(= s)) ae.

For each s, Dy f(s,z(.))(q(— s)) is uniform in ¢(.) in the set

Q'(f, f,z(.)). Moreover, q(.) = Daf(s,z(.))(q(— s)) is Lipschitz

continuous with rank < M/ on C(J, X) and, as a function of s,

Do f(s,z(.))(g(— s)) is measurable and essentially separably valued,

(i-e. for some separable set X, 4) C X, Daf(s,2(.))(q(— s)) C

Xfa(),q0) for ae. s). At x(T),z — G(r) and * — ¢(v) are assumed

to have d.d. containers in all directions v, being uniform in v €

QT f, f.x()) = {a(T) : a(.) € Q'(f, f.x()}. (41)

A joint proof will be given for the following two special cases of Theorem 2
and Theorem 1, respectively.

Lemma 8. (Ordinary retarded equation, d.d. containers, switching) Con-
sider problem (33) - (38), (41). Assume that (z*(.), f*) is an optimal ad-
missible pair. Assume that the following condition holds: There exists a
triple (u, f1, 1"), p € (0,1), 4 € (0,¢], ' € (0,00), with the property that
for any f € clB(f*, 1), for any v € Y with |[v| = 4/, there exists a triple
(f,¢,0) € coF x (C N cB(G(x*(T)),1)) x (0,00) such that f € coB(f,0)
and

sup{[0v — z + 0(¢" — G(2*(T))| : z € DG (! (T))(Q(T, [, f))}
< (1= pop', (42)
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where Q(T, f, f) := Q(T, f, f, =% (), (for Q, see (41)). Then the follow-
ing necessary condition holds: For each f € coF,c € C, the inequality

limsupg (7., 7(6) — I, 7(0)]/6 < 0 holds, where I, (6) :=

¢(a!” (1))~ A’|G (2" (T)) — G(a*(T)) — bc + 6G (z*(T))],
K" = max{1/y/,1 + 1/ min{f, up/'/8}}, A" := 64K" M Myp~t exp(TMS"),
and fO =6f 4 (1 —6)f*

Lemma 9. (Ordinary retarded equation, d.d. containers, switching) Con-
sider problem (33) - (38), (41). Assume that (z*(.), f*) is an optimal
admissible pair and that (42) holds. Then, for any f € coF,c € C, the
inequality 0 > infQ_ 7 holds. (For Q_ 7, see (16).)

Proofs. We anticipate further results by claiming the validity of the fol-
lowing property, (it is proved subsequent to Lemma 10 in Section 9, after
the development of the necessary amount of d.d. container calculus in Sec-
tions 8 and 9):

For any f € clB(f*,(), for any f € coF, for all € > 0, there

exists a 5~f € (0,¢/8TM exp(TMf)], such that for all § € (0, 6/],
67N G (! (T)) = G (1)), o(a"" (T)) = d(a! (T)) € T + B(0,¢).
where ¥ := UyeQ(Tyf’f)DG(a:f(T))(y) x Do (x! (T))(y), (43)

and where f° := §f 4 (1-9)f, (avf‘S (t) exists in clB(x*(t),35/4), by(24)(ii)).

Lemma 8 follows from Lemma 7, with g = p/2 , once (27) is proved:
Choose 8/ so small that (43) holds for ¢ = &p/pu/2. Then, by (42), for
A= {[G( (1)) = G(!(T))]/5 : 5 € (0,67]},

sup{|6v — z + (¢’ — G(z*(T)))| : z € A*} < (1 —p")p/. As (27) then holds,
the conclusion of Lemma 7 holds: For any f € coF, ¢ € C,lim supsnolt, 7(0)—
t.,.7(0)]/6 < 0, which yields the conclusion in Lemma 8. This conclusion says
that for any ¢’ > 0, for all 6 > 0, small enough, [7, 7(6) — I, 7(0)]/d6 < €'/3.
By (43), for f = f*,e =¢'/3,f% = 6f + (1 — &) f*, for any & small enough,
there exist z € Q(T, f, f*),v’ € DG(z*(T))(z) and w € D(z*(T))(z),
such that the inequalities A”[v/ — [G(z!" (T)) — G(z*(T))]/8| < €'/3 and
lw — [p(x!"(T)) — p(a*(T))] /)| < '/3 hold. The three inequalities involv-
ing ¢'/3 yield w — A”|v" — ¢+ G(2*(T'))| < €/, and the conclusion of Lemma
9 follows.
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8. Properties of d.d. containers

If ¢g is a function of n variables z;, the difference quotient of the func-
tion x; — g(x1,...,x,) in direction v; is written A;g(z1, ..., zy)(vi, A), and
Afg(x1, .., xn) (i) == {Aig(x1, ... xpn) (vi, A) : A € (0,7]}. A d.d. container
of x; = g(x1, ..., zp) is written D;g(x1, ..., x,)(v;). The definition of d.d. con-
tainer does not require the corresponding function to be locally Lipschitz
continuous, so the latter property is explicitely mentioned in the results
below when it is needed.

A few calculus rules for d.d. containers will now be presented. Let X, X,
Y,Y, and Z be real normed spaces, andlet E: X - Y,F: X - Y,F: X —
Y,G:Y — Z be given functions.

A). If DF(x)(v) is ad.d. container of F' at z¢ in direction v, then pDF(z)(v)
is a d.d. container of puF at xg in direction wv.

B). Let H = G(F(z)). Let F(x) have a d.d. container DF(zg)(v) at
g, uniform in v € V, V a given set, and let G have a d.d. container
DG(F(z0))(0) at F(x0), uniform in o € V! = DF(z9)(V). Assume also that
G is locally Lipschitz continuous near F'(xg), and that V' is bounded. Then
DG(F(z0))(DF(x0)(v)) is a d.d. container of H at xp, uniform in v € V.

Proof. Observe that AH (zg)(v, \) = AG(F(x0))(v, A), where 0 :=
AF(x0)(v,A), so A*H(xg)(v,7) C
A*G(F(20))(A*F(20)(v,7),7) := UgeA* F(z0) (v,) A" G(F (20)) (0, 7).

Now, G is Lipschitz continuous of rank < Mg > 1 in some ball B(F'(xg),eq).
Let € be any given number in (0,e¢). Then, for some r € (0, 1), A*F(z¢)(v, )
C DF(xo)(v) + B(0,e/2M¢) and A*G(F(x9))(w,r) C DG(F(xg))(w) +
B(0,¢/2) for all v € V,w € V'. Here, r can be chosen so small that
r <eq/2lV'|(= |V'| < eg/2r). It remains to prove that any z €

A*G(F(z0))(A*F(x0)(v,r),r) belongs to DG(F(x¢))(DG(z0)(v))+ B(0,¢).
Now, z € A*G(F(xg))(w',r) for some w' € A*F(xg)(v,r). There ex-
ists a w € DF(z9)(v), such that |w' — w| < ¢/2Mg < eg/2Mg. Now,
lw| < eg/2r and (hence) |w'| < |w' —w| +eq/2r < eq/2Mg + eg/2r <
eq/2r +eq/2 < eg/r,(r < 1). Using the last inclusion and Lipschitz con-
tinuity of w” — A*G(F(x0))(w”,r) of rank Mg in B(F(xg),eq/r) yield
z € A*G(F(zg))(w,r) + B(0, Mge/2M¢) C DG(F(xo))(w) + B(0,e). O

Let F x F be the map = — (F(x), F(x)). Because
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A*(F x F)(z0)(v,7) € A*F(z0)(v, ) x A*F(x0)(v,7), the proof of the fol-
lowing result is immediate:

C). Assume that DF(z0)(v) and DF(z0)(v) are d.d. containers of F' and F
at o , uniform in directions v € V. Then, DF(z)(v) x DF(z0)(v) is a d.d.
container of F' x F, uniform in V.

Because A*(E + F)(xo)(v,r) C A*E(x0)(v,7) + A*F(z0)(v,7), we have:

D). Let DE(xo)(v) and DF(zg)(v) be d.d. containers of E and F at x,
both uniform in v € V. Then DE(x)(v) + DF(z9)(v) is a d.d. container of
E + F at xg, uniform in v € V.

E). Let K(x,%) : X x X — Y, and let © — K(z,%) have a Frechét deriva-
tive K{(z, ) at all points (x, &) in a neighborhood of a given point (zg, Zo),
K{(z,Z) continuous at (zq,Zo). Assume also that & — K(z¢,Z) has a d.d.
container Do K (0, %0)(0), uniform in & € V, V a given subset of X. Then
DK (xg,%o)(v,0) := K{(x0,%0)(v) + D2K (x0,Z0)(0) is a d.d. container of
(z,%) — K(x, %) at (zo, Zo), uniform in B(0,1) x V.

The proof follows easily from the equality [K (xo+Av, Zo+A0) — K (20, To)]/A
= [K(zo+ v, Zo+ A\0) — K (x0, Zo+ AZo) |/ N+ [K (x0, Zo + \0) — K (0, Zo)] /A
and the inequality |[K (zo+ v, Zo+A0)—K (20, Zo+AZ0)] /A=K (20, Zo)(v)] <
Sup.co,x |1 (zo + v, To + AZo) — K7 (w0, Zo)]|v].

F). Let g*(s,z) : I x X — Y, (Y a Banach space, I a bounded interval
C R), be Lipschitz continuous in z € B(zg,7) of rank < k(s), for some
given v > 0 (independent of s), z9 € X, k(s) integrable. Assume that for
each x € B(z0,7),s — ¢*(s,z) is integrable and define f(z) = Jr 9% (s,z)dt.
Assume also that, for each s, x — ¢*(s,z) has a closed d.d. container
Dog*(s,x0)(v) at xg, which is uniform in v € V', where V' is a bounded set.
Assume that |Dag*(s,z0) (V)| < r'(t),x/(t) integrable, and that, for each
v € V,s = Da2g™(s,70)(v) is measurable and essentially separably valued.
Then D f(xo)(v) := [; Dag*(t, o) (v)dt := { [; w(t)dt : w(t) € Dag*(t, x0)(v)
a.e., w(.) integrable } is a d.d. container of f(z) at xo, uniform in v € V.
A proof of this result is given in B. in Appendix.

As an example of a function with d.d. containers, let ) be any mea-
sure space, let g(x,w) : R™ x  — R be Lipschitz continuous in z, uni-

21



formly in w, and measurable in w, with ¢(0,.) € Lao(Q,R), and let f :
Ly (Q,R™) — Ly(Q,R) be defined by f(z(.)) := w — g(z(w),w),z(.) €
Ly(2,R™). Then, for any z(.), z(.) € L2(2,R™), the following set is a d.d.
container: Df(z(.))(2(.) = {c() € La(QR) : d(w) < c(w) < Bw)},
where é&(w) = 1iminf>\\oh()\,w),ﬁ(w) := limsupy\ ph(\,w), and h(\,w) :=
A g (w) + Ae(w), @) — g((w), )]

9. Generalized variational equations

The following result has a proof similar to the proof of the selection result
3.17 in Clarke (1983). In the proof, Kuratowskii’s measurability selection
theorem, is needed, see Aubin and Frankowska (1990) for that theorem. In
this section, X is a Banach space.

Lemma 10. (Selection of "neighbour”) . Let H be an open subset of
C(J,X). Let A(t,q(.)) be a multifunction on J x H, with values being
nonempty closed sets in X, such that A(¢,q(.)) = A(t,¢'(.)) if g(s) = ¢/(s) for
s>t,q(.),qd(.) € H, (retarded dependence). Assume that for each ¢(.) € H,
there exists a separable subset X,y of X such that A(t,q(.)) C X
for a.e. t. Assume also that for each ¢(.) € H, t — A(t,q(.)) is mea-
surable in ¢, and that, for each ¢, ¢(.) — A(t,q(.)) is Lipschitz contin-
uous of rank k(t) in H, k(.), integrable. Let ¢o(.) be a given antidif-
ferentiable function in H, let Ao(.) be an integrable function such that
No(t) > dist(dqo(t)/dt, A(t, C]o())) , let B(qo(.), 6) C H e > 0, and
assume that, for all ¢, £(¢) 2f0 /\0 )ds) exp fo 2k(s)ds) < e. Then
there exists an antldlfferentlable function q( ), with ¢(0) = qo(O) such that
dq(t)/dt € A(t,q(.)) for a.e. t and such that |go(t) — q(t)| < &(¢).

See A. in Appendix for a proof.

Below, d.d. containers with respect to perturbations in the initial state
of solutions to retarded differential equations will be considered. Consider
the equation

dx(s)/ds = g(s,z(— s)) a.e. ,x(0) = v, (44)
with corresponding ”variational inclusion”

dq(s)/ds € Dag(s,z(.))(qg(— s)) a.e. ,q(0) = 0. (45)
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Denote the solution of (44) by z(t,v), and let Q(0,z(.)) C C(J,X) be the
set of antidifferentiable solutions ¢(.) : J — X of (45). For the conditions
on g in the next lemma, if (44) has a solution z(t, vg) for v = vy, it will also
have a solution for v close to vg. A d.d. container of v — x(t,v) at vy is
presented in what follows:

Lemma 11. (Variational inclusion.) Let g(s,y(.)) : J x C(J,X) — X
have retarded dependence on y(.) € C(J, X), and assume that

9(s,y(— s)) is measurable in s for each y(.). Let V be a given bounded
set in X. Assume that (44) has an antidifferentiable solution x(t) := z(t, vo)
on [0,7] for a given element vy in V, (so s — g(s,x(— s, vg)) is integrable
by assumption). Assume that (.) — ¢(s,&(— s)) is Lipschitz continu-
ous in B(xz(.,v0),s) C C(J,X) of rank < k(s), k(s) integrable. Assume,
moreover that, for each s, #(.) — g(s,z(— s,v9) + £(— s)) has a closed
d.d. container Dag(s,z(., v0))(g*(.)) at £(.) = 0 in all directions ¢*(.) €
C(J,X), which is uniform in ¢*(.) € Q(Vp,z(.,v0)), Vo := V — vp. Assume
also that Dag(s,x(.,v0))(¢*(.)) is Lipschitz continuous in ¢*(.) € C(J, X)
of rank < k(s), with retarded dependence on ¢*(.). Assume finally that
s — Dag(s,x(., vo))(¢*(.)) is measurable and essentially separably valued
for each ¢*(.). Then, for some 7' > 0, (44) has a solution z(¢,v) for all
v € B(vg,7'). Moreover, Q(t,0) := {q(t) : ¢(.) € Q(v,z(.,v9))} is a d.d.
container of v — x(t,v) at vy in direction 0, uniformly in v € V.

Proof. Write z(t) = z(t,v9) and Q(0) = Q(0,z(.,v0))(# 0, by Lemma
10). For simplicity, assume vy = 0. By Gronwall’s inequality, a local exis-
tence and continuation argument, a solution z(s,v) exists and belongs to
cB(x(s),5/2), for [v| < ¢/2e =: 4/, where k* := [, k(s)ds. Below, let
A € (0,7'/|V]]. Define z(v,t,\) :=

(2t 30) — 2(0)]/A = [ {1905, 2() + A=(v, - A)) — g5, 2()]/A}ds,
the norm of the integrand being < k(s)|z(v, ., \)|s, where |y(.)|s := sup,<, [y(t)|.
Then, by Gronwall’s inequality, |z(v,t,\)| < |v]e*, so -
102(v,5,\)/0s| < k(s)|V]e® . Note that for any solution ¢(s,d) € Q(d),
0 € V, the inequality |dq(s)/ds| < k(s)|q(.)|s holds. By Gronwall’s inequal-
ity, lq(t)] < [0le"", so |dg(s)/ds| < r(s)|V]e".

Let v be an arbitrary element in V, and let ¢ > 0. Let S := {s,} be a
countable dense set in R, and let &(v,s,\) := inf{|z(v, ., \) —q()|s : ¢(.) €
Q(v)} and a(v, 8,7) := SUPxcsn(0,r] A(V, 8, A) = SuPe(,r) A (v, 8, A), (the last
equality by continuity of A — z(v, s, A\)). Then a(v,0,7) = 0. Choose for each
n, functions ¢, 1= gn v A(.) € Q(v), such that |2(v,., ) —qnls, < &(v, sp, X)+
£/2. By the bounds on 0z(v, s, A)/0s and dg,(s)/ds, for any s, for some n =

23



N, |2(v, , A) — gnls < @(v,s,\) + €, moreover s — &(v, s, \) is measurable,
(in fact continuous). Define (v, s, \) := sup,, dist(a, (s, \), D2g(s, z(.))(gn)),
where a,, (s, A) 1= [g(s, 2(.)+Agn)—9g(s, x(.))]/A. Note that limy\ o v(v, s, A) =
0, by uniformity of the d.d. container in Q(v). As Dag(s,x(.))(gn) is essen-
tially separably valued, s — «y(v, s, A) is measurable. Because |a,(s,\)| <
K()]gal < R(s)[tle™, |Dag(s, 2())(@n)] < k(s)laal < A(s)leler” < (V]
and y(v,s,A) < 2k(s)|V]e" , then, by dominated convergence, for some
r >0, fny(v, s,A\)ds < ¢ when A < r. Below, let A < r. Then, evidently,
[g(s,2() + Az(v, ., X)) = g(s,2()]/A = [9(s,2() + Agn,) — g(s, z()]/Al

< k(s)(a(v,s,7) 4+ ¢€). Now,

[9(s,2(.) + Agn,) — 9(5,2(.))]/A € Dag(s,2(.))(qn,) + clB(0,7(v, s, N)),
SO

0z(v,5,X)/0s = [g(s,z(.) + Az(v, ., A)) — g(s,z(.))] /A

€ Dag(s,z(.)(gn,)+ clB(0,v(v, s, A) + k(s)(a(v, s,7) + €)),
and 0z(v,s,\)/0s €

Dag(s,x(.))(2(v,.,A)) 4+ clB(0,v(v, s, A) + 26(s)(a(v, s,7) + €)),
by Lipschitz continuity of rank (s). By Lemma 10, there exists a ¢x(.)
€ Q(v) such that |z(v,t, A) — g (t)]
< (fot 2{v(v,8,\) + 26(s)((v, s,7) + €) }ds) exp(fg 2k(s)ds <
2K (e + 2k%¢) + [ AK'k(s)a(v, 5,7)ds,
where K/ = 2%, As a(v,t, ) < |2(v, ., \)—aqr(.)|¢, then a(v, t,7) < 2K'e(1+
2K*) + fot 4K'k(s)a(v, s,r)ds,
and by Gronwall’s inequality, a(v,t,r) < eK"” for K" :=
2K'(1 + 2/{*)exp(f0T 4K'k(s)ds). Hence, z(v,t,\) € Q(t,v) + clB(0,eK"),
for X € (0,7].

A slight extension of this argument yields that an r exists, such that
2(v,t,\) € Q(t,v) + clB(0,e K"), uniformly in v € V, when A < r: By con-
tradiction, assume that, for some € > 0, for some %, for all natural numbers
m, there exist A, € (0,1/m] and v, € V, such that z(vy,, t, Am) € Q(t, vm)+
clB(0,eK"). Then, for each m, choose a sequence gnm = ¢nm(.),n =
1,2,..., such that |2(vm, ., A) — ¢gnmls, < &(Vm,sn,A) +€/2. Then, define
V(s,A) = sup,, pdist([g(s,2(.) + Adnm) — g(s,2(.))]/A, D2g(s, () (gm,n))-
For any ¢ > 0, for some r > 0, dominated convergence and uniformity of the
d.d. container in Q(V) yield [, (s, \)ds < e for X < r, which implies that
for any m, z(vm,t,\) € Q(t,vy) + clB(0,eK") for A € (0,7], contradicting
2(Vms ty Am) € Q(t, vp) + el B(0,eK"), for m such that 1/m < r. O

The next lemma gives a variational inclusion for the perturbation of
a parameter v in a differential equation of the form dx/ds = g(s,z(.),v).
By rewriting this system, using an auxiliary state z, governed by dz/ds =
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0, 2(0) = v, the next lemma follows immediately from Lemma 11.

Lemma 12. (Variational inclusion.) Let Z be a Banach space, let V be a
bounded subset of Z, xp € X,v9 € V, and let g(s,z(.),2) : JXC(J, X)X Z —
X be a given function with retarded dependence on z(.). Denote the solu-
tion of the equation dx/ds = g(s,z(.),v) by x(t,v). Assume, for each s, that
(x(.),z) = g(s,z(.), 2) has a d.d. container at (z(.,vp), vo),
Da3g(s,x(.,v0),v0)(g*(.),v*), in all directions (¢*(.),v*). Write X := X x
Z,& = (r,2) € X, ¢°(\) = (¢"(),v"(.)) € C(J, X), §(s,2(.)) = (g(s,2(=
s),2(5)),0) = J x C(J X) — X, and V := {20} x V, and assume that Iz
(with corresponding equation dz/ds = g(s, #(.))),Z(0) = (zo,v) = U € v,
satisfies the conditions in Lemma 11, with X, &, 0y := (o, vo), &(t, ) =

(v (tvv)a )7D2g(37x(t>vo))(q ()) = (DQ,SQ(Sax('v O)aUU))(q*(')7v*(S))’0)v and
V' playing the roles of X,x,vg,x(t,v), Dag(s,z(.,v9))(¢*(.)), and V. Then
Q(t, ) is a d.d. container of v — z(t,v) at vy, in direction @, uniform in
o € V —wg, where Q(t,%) = {q(t) : ¢(.) is an antidifferentiable solution of

dQ/dS € D2,3g(5)$('71}0)aUO)(Q(')vi}) a.ce. 7Q(O) = O} U

A proof of (43), (which was postponed above), can now be given: Let
f, f,and f° be asin (43). Let g(s, z(.),v) :=vf(s, 2(.))+(1—v)f(s,z(.)), Z ==
R, V :=[0,1],v9 = 0. By E. in Section 8,
D2,3g(5,13f(-)70)(v(-),@) (f(s,27(.)) = f(s,27()))o + D2 f (s, 27 () (v ().
By Lemma 12, § — (T (T') has the d.d. container Dszf’ (T)(1) = Q(T, £, f).
Then, by C. and B. in Section 8, (43) follows.

Abstract attainability results, abstract necessary conditions.

Below, on product spaces, maximum norms (=maximum of norms) and
maximum metrics are used. In the sequel, the following entities are used:

a) Y is a normed space, and C' is a nonempty complete
subset of Y. A is a complete pseudometric space with pseudo-
metric p, and a* is a given element in A. The function H(a) :
A — Y is continuous.

b) The function n(a) : A — R is continuous. (46)
Theorem 3. (Attainability) Let the entities in (46) be given, (C will not

be used). Let positive numbers K, ji, /', , o € (0,1), and an element 2*:=
(z*,w*) in Y x R be given. Assume that the following properties hold for
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all a € clB(a*, i) : For all ¥ := (v,w) € Y X (—o0,w*] with |0 — 2*| = 1/, for
all 7 > 0, a pair (a/,0) € A x (0,7] exists, such that,

|H(a') — H(a) — 0v| < (1 — p)ou'|0]/(|27] + 1),
n(a’) —n(a) — dw < (1 — p)op'|o] /(|2 + 1), and
pla’,a) < OK|0. (47)

Then, for all z € clB(H (a*), pup'fi/AK(12*] + 1)), w €

[n(a*)— pp' /4K (|2%|+1), n(a*)], there exists a pair (a, «) € clB(a*, jiy/2) X
[0, iy /2K (|2*| + 1)], such that z + az* = H(a) and w + aw* > n(a), where
v = AK(|27| + p') max{|H (a") — z[,n(a") — w} /' < 1.

Proof. The property (47) also holds for ¢ in the set B* := {A0: A > 0,0 =
(v,w) €Y xR, [0 — 2*| = p/;w < w*}. To see this, let o' := (v/,u') € B*,
7" > 0. Then ?' = A\ for some A > 0,0 = (v,w), |0 — 2*| = p/,w < w*. Define
r:= Ar'. Now, for all a € clB(a*, 1), there exists a pair (a’, ), € (0, r], such
that the inequalities in (47) hold. From these inequalities, for ¢’ := d/\ €
(0,7/A] = (0,7], using 6’0" = 690, it follows that |H(a’) — H(a) — §'0'| <
(1= )& 0" /(12| + '), m(a’) =n(a) = 0'w" < (1= p)&"w/|0'] /(|2%] + '), and
p(a’,a) < §K|0'|. Hence, (47) holds for ¢’ € B*.

Below, write |2*| + 1/ =: k. The following lemma is needed in the proof:

Lemma 13. Let z € clB(H (a*), up'i/AKkK), w € [n(a*)— pp' i/4AK k, n(a*)].
Assume that the pair (a1,A1),a1 € clB(a*, 1/2),\1 € [—/1/2Kk,0] mini-
mizes (a, \) —

max{|H (a)+Az*—z|,n(a)+ Aw* —w}+ (up' /2K k) max{p(a,ar), A=A | Kk}

in elB(a*, it ) x [—fi/ Kk, 0]. Then, max{|H (a1)+A12*—z|,n(a1)+\w*—w}
= max{|H (a1) + \1z* — z|,max{0,n(a1) + \iw* —w}} =0.

Proof of Lemma 13. By contradiction, assume [2] > 0, 2 := (2/,u/) :=
—(H(a1)+ M z* —z,max{0,n(a1) + Miw* —w}). The vector ¥ := 2* 4 /2 /|2
satisfies |0 — 2*| = ¢/, and its second component belongs to (—oo,w*], so
2|0 = |2|2* + /2 belongs to B*. Hence, there exist an o/ € A, and a
d < /(2KK|Z]|),0 € (0,1/4/], such that |H(a') — H(a1) — 0(|2]z* + p'2)]
< (1= 521 + 12)l/m < (1 — w6y 12] and (@) — n(ar) — 6(|3lw* +
W) < (1 — a5+ w2)l/w < (1 — )ou|Z]. Moreover, pla’,a)
< OK|(|2|2* + 1'2)] < [i/2, (use the inequality for §), which implies o’ €
cB(a*, ). Define ' = \; — 0|2] € [-1/Kk,0], (0]2] < i/2Kk). Then
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|H(a')+ Nz*—z|=|—2+4+ H(a1)+ H(d') — H(a1) + Nz

< | =2+ H{ar) + (312" + ) + N2*] + (1 - )i |4

= | —z+ H(ar) + 2" +0p'2'[ + (1 — p)op'|2]

| 8 (=)o [2] < (1= 33 21+ (1= ) 2] = (1— sy 2],
Similarly,

—w+n(d) + Nw* = —w+n(ar) +n(a’) —nlar) + Nw* <

—w+n(ar) + 0(|2|w* + (') + Nw* 4+ (1 — p)op|2| =

—w +n(a1) + Aw* + op'w’ + (1 — p)op'|2] <

—w' +op'w" + (1 — p)op/[2] < (1 — pdp')|2].
Hence,

ma{] — 2 + H(d') + 2|, —w + n(a!) + Xor} < (1 - pép)|2],
so, using X — Ay = §|Z],

max{| — z + H(d") + Nz*|, —w + n(a’) + Nw*}+

(np' /2K k) max{p(a’, ar), [\ — M| Kk}

< (1= )21+ (upt [2Ks) ma{ SR ([21° + 12)], 6121 K ) <

(1 — pop) |2+ pop'|2]/2 < |2] =

1Z] + (up' /2K k) max{p(ai,a1), |\ — M| KK},
a contradiction of the optimality of (a1, A1).

Continued proof of the theorem: Let 2 := (z,w), 2 € clB(H (a*), pp'1/4K k),
w € [n(a*)— pp'i/4AKk,n(a*)], let v be as in the conclusion of the theo-
rem, and let ¢(a, \) := max{|H(a) + A\z* — z|,n(a) + Aw* —w}. Note that
¢(a*,0) := max{|H(a*) — z|,n(a*) — w} < yup'ii/4K k. Let the distance
between (a, A) and (a”,\") be (up'/2K k) max{p(a,a”),|\ — \'|Kk} in the
complete space clB(a*, 1) x[—fi/Kk,0]. By Aubin and Ekeland (1984, The-
orem 1, p. 255), (Ekeland’s variational principle), there exists a (a1, \1) €
clB(a*, 1) x[—fi/ Kk, 0] such that

Ba1, M) < B(a, N) + (e /2K %) max{p(a, ar), |\ — M| K}
for all (a,A) € clB(a*, i) x[—i/Kk,0] and

Blar, M) + (! /2K ) max{p(ar, a), [\ — 0]k} < 6(a*,0)
< ' fry /4K K, which gives p(a1,a*) < jiy/2, M| < fry/2K k.
By Lemma 13, | — z + H(a1) + A\12*| = 0 and —w + n(a1) + Mw* < 0, so
z+ az* = H(ay) and w + aw™* > n(ay), for « = =\ € [0, iry/2K K] and the
proof is finished.

Corollary 2. (Attainability. Theorem 3 with 7(.) deleted) Let the entities
in (46),a) be given, (C is not used). Let positive numbers K, fi, i, i, pu €
(0,1), and an element z* € Y be given. Assume that the following properties
hold for all a € clB(a*, 1) :
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For all v € Y, with |v — z*| = ¢/, for all » > 0, a pair
(a',6) € A x (0,7] exists, such that |H(a') — H(a) — 0v| <
(1= w6 ol (2] + ), and p(e’,a) < 6K o], (48)

Then for all z € clB(H (a*), pp'fi/4K (|z*| + 1)), there exists a pair (a,«) €
cB(a*, firy/2) x [0, ry/2K(|z*| + u')], such that z + az* = H(a), where
v = 4K (|2 + @) H (a") — 2|/ -

Proof: The proof of this result can be obtained by deleting all arguments
pertaining to 7(.) in the proof of Theorem 3, (the function minimized in
such a proof will then be |H(a) + A\z* — z| + [up' /2K k) max{p(a, a1), |\ —
M|Kk}, k= |2*| + 1/). The present result can be seen to follow from The-
orem 3 in a formal manner, and let us indicate this, perhaps not very ex-
citing fact. First, observe that (48) in fact holds for all v € clB(z*, ).
(If v = 0, put @’ = a, if not, for some X € [1,00), |A\v — 2*| = p/, since
v — 2*| < i/, |oov — 2*| = co. Then see the argument in the beginning of
the proof of Theorem 3.) The corollary then follows from Theorem 3, for
w* = 0, by replacing a* by (a*,0) and A by A x R, and defining 7(a, 3)
for (a, ) in this set by n(a, ) := /K and defining H on the product set
by H(a,() := H(a). To show (47) for a € ¢lB(a*, 1), 8 € [—f, ], and for
any 0 := (v,w) as in (47), take the (a/,d) furnished for this v by (48) (just
generalized), and let (a/, 3') play the role of a’ in (47), where 3’ := 3—0K|0|.
(Note that n(a’, 8') — n(a, ) — ow = (—0K|0|)/K — dw < 0.)

Corollary 3. (Exact penalization). Let the entities in (46) be given, (C
is not used). Assume that a* is optimal in the problem: min,7n(a), sub-
ject to a € A H(a) = 0. Assume that for all a € A, for some number
Wa, |n(a") —n(a)| < Wep(d',a) for all @’ € A. Moreover, assume that there
exists a quadruple (K, u, fi,1'), K > 0, € (0,1), & > 0, g/ > 0, such that
for all @ € clB(a*, 1), all v € Y with |v] = ¢/, all » > 0, a pair (d/,0)
€ A x (0,r] exists, such that,

|H(a") — H(a) = 6v| < (1 =)oy,
pld,a) <oK' (49)

Then «* minimizes a — ¢(a) :=n(a) +4 W,K|H(a)|/p
for a in clB(a*, [1/2).

Proof. Assume by contradiction that for some a. € clB(a*, [1/2), ¢(a.) <
¢(a*) = n(a*). By "n-optimality” of a*, H(as) # 0. Now, ¢(as) < ¢(a*)
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implies (the third of the inequalities) W, /2 > W, p(as,a*) >
n(a*) = n(ax) > 4Wo, K|H (a.)| /1 , (50)

so (f/2)p/AK > |H(ay)| and 0 € clB(H(ay), (j1/2)p/4K). Corollary 2
is now applied for a, and [i/2 playing the roles of a* and f[i; as a. €
clB(a*, [1/2), note that, by (49), (48) holds for z* = 0 for all a € ¢lB(ax, fi/2) C
clB(a*, t). Hence, 0 is attainable, i.e. for some a € clB(ax, (f1/2)v/2), H(a) =
0, where v = 4K|H(a.)|/(4/2)p, so plax,a) < (4/2)7/2 < 2K[H(a.)|/p.-
Then, by the last inequality and (50), n(a) = n(a) — n(a.) +n(a.) —n(a*) +
n(a*) < Wo,2K|H (ax)|/u— AW, K|H (ax)|/1 + n(a*) < n(a*), a contradic-
tion of the ”n-optimality” of a*.

Corollary 4 (Attainability) Let the entities of (46) be given. Assume that
there exists a collection (K, c¢*, 2*, w*, u” i, 1), K > 0,c* € C, 2* := (2*,w*)
eY xR, €(0,1),4 > 0,1/ > 0, with the property that for all (a,c) €
cB(a*, i) x (CNelB(c*, 1)), all o := (v,w) € Y x (—o0,w*] with [6—2*| = 4/,
all r € (0,1], a triple (d/,c,d) € A x C x (0, 7] exists, such that,

|H(d') — H(a) - v — (¢ — &) < (L— u")o|ol /(12*] + ),
pld,a) < 5K6],¢/ — ¢| < 9K |é], and
n(a’) = n(a) — 8w < (1 — u")ou' o]/ (12| + 1. (51)

Then, for any 0 € [1 — "1/ /2K (|2*| 4+ 1), 1], for all pairs (z,w),
z € dB(H(a") = 0c*, p"u' /8K (|2 + 1)),
w € [ A/SK (2] + ) +n(a®), n(a)].
there exists a triple (a,c, a) in
cAB(a*, i0]2) x (C N el B(c*, jiA/2)) x [0, i)/2K (15%] + 1),
such that z + az* = H(a) — fc and w + aw™ > n(a), where
A= 8K (|2 + p/) max{|H(a") — 0c" — z|,n(a”) — w}/u"1ji.

Proof: Let p = u”/2. Note that, for any 0 € [1 — p’u//2K(|2*] + 1), 1]
and ¢, c as in (51), |(¢ —¢) = 0(c —¢)| < (1 = 0)dK|D] <

(W' 2K (|12%|+ )oK |0 < p’1/5|0]/2(|2*| + 1’). Hence, replacing ¢ — ¢ by
0(c — ¢) in the first inequality in (51) yields:

|H(d') — H(a) — v —6(c — )] < (1 - p)su[ol/( 5] + ),
pld,a) < 5K |il,|c — ¢ < K]0 , and
n(a’) = n(a) —dw < (1— o8]/ (12| + ). (52)
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Write A* := Ax C and H*(a,c) := H(a)—0c. Let A*, H*, (a*, H(a")), (a,c)
and (d’, ¢’) play the roles of A, H,a*, a, and a’ in the premisses of Theorem 3.
The conclusion of Corollary 4 then follows from the conclusion of Theorem 3.

Corollary 5. (Necessary condition for optimality) Let the entities of (46) be
given, with C' convex. Assume that a* is optimal in the problem: min, 7(a)
subject to a € A, H(a) € C. Then there exists no quintuple (K, ¢**, u”, i, i'),
K >0, e C—H(a*),u €(0,1),4> 0, > 0, with the property that for
all (a,c) € elB(a*, 1) x (CNeB(H(a*), 1)), all o := (v,w) € Y x (—00,0]
with [0 — (¢**,0)| = ¢/, all 7 € (0, 1], a triple (a/,¢”,8) € Ax C x (0, r] exists,
such that

[H(a') = Ha) = v+ " = o)l < (1—u")op'[ol/(|e] + ),
p(d,a) <OK|0],|d" — ¢ < K9], and
n(a’) = nla) = bw < (1= p")op'[0] /(|| + 1). (53)

This corollary says that, for (a, c) near (a*, H(a*)), if H(a)—c can be moved
roughly in all directions by perturbation of a and ¢ chosen from A and C,
then the corresponding changes in 7(.) cannot be "too negative”.

Proof. Condition (53) implies (51), when w* = 0,c¢* := H(a*),z* = ¢™*,d =
d¢” + (1 — 0)c. Then, assume by contradiction that (53) holds. Let s :=
lc**| + 1,0 := 1 — "1/ /2K k. By shrinking p” if necessary, it can be as-
sumed that 6 > 0, with (53) still holding. Let ¢ € (0,u"n' /4K k] be so
small that ec™* € ¢l B(0, 1”1/ i/8K k), and that X := (8K/<;/,u” '[1)e|c*| sat-
isfies \i < p”’p//2. Then, by Corollary 4, for z = ¢* — 0c* + ec™,w =
n(a*) — e|c*|, for some a € [0, \1/2KK] C [O,M”/L’/ZLKF;}, and for some
a € A,c € C, we have that ¢* — 0c* + ec™ + ac™ = 2+ ac™ = H(a) — bc
and n(a*) —e|lc™| = w+ a -0 > n(a). Write ¢™* = &* — ¢*, ¢ € C, and
note that 0 + e +a < 1— p"1//2Kk + "y JAKk + p" 1/ JAKKk < 1. Then,
H(a)=c¢"—0c"+(e+a)c™+0c=(1—0—c—a)c*+0c+ (e +a)d*™ € C,
and n(a*) > n(a), contradicting the optimality of a*.

Corollary 6. (Exact penalization) Let the entities in (46) be given. As-
sume that a* is optimal in the problem: min, n(a), subject to a € A, H(a) €
C. Assume that for all a € A, for some number Wy, |n(a') — n(a)| <
Wyp(a',a) for all a’ € A. Moreover, assume that there exists a quadru-
ple (K, u, i, 1/), K > 0, € (0,1), i > 0,u' > 0, such that for all (a,c) €
cB(a*, i) x (CNecB(H(a%),i)), all v € Y with |u] = ¢/, all » € (0,1], a
triple (a/,,8) € Ax C x (0,r] exists, such that,
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()[H (a’) = H(a) = 6v = (¢ = ¢)]
(i) p(a’,a) < 6K/, and | — ¢)|

(1= pop’,
K. (54)

INIA

Then (a*, H(a*)) minimizes (a,c) — ¢(a,c) in clB(a*, fi/2) %
(CNeclB(H(a*),i/2)), where
¢(a, ¢) == n(a) + AW, K[H(a) - c|/p.

Proof. Let A* := A x C, and H*(a,c) = H(a) — c. Let A*, H*, (a*, H(a")),
(a,c) and (a’,c) play the roles of A, H,a*,a, and @’ in Corollary 3. The
conclusion of Corollary 6 then follows from the conclusion of Corollary 3.

The next corollary shows that a modification of (54) works, in case C' is
convex.

Corollary 7. (Exact penalization) Let the entities in (46) be given with
C convex. Assume that a* is optimal in the problem: min,7n(a), sub-
ject to a € A, H(a) € C. Assume that for all a € A, for some number
Wa, In(a’) —n(a)| < Wyp(d,a) for all ' € A. Assume also that there exists
a quadruple (K', p/, p*, 1), K' > 0, € (0,1), u* > 0,/ > 0, such that for
all a € clB(a*, p*), all v € Y with |v| = ¢/, all » € (0,1], a triple (da’,c”,0)
€ Ax C x (0,r] exists, such that,

(i) [H(a") = H(a) — v —6(c" = H(a"))| < (1 = p")op,
(ii) p(a’,a) < OK'p/, and |’ — H(a*)| < K'y/'. (547)

Then, (a*, H(a*)) minimizes (a,c) = ¢(a,c) in clB(a*, [1/2)x
(CNelB(H(a*),t/2)), where
d(a,c) :=n(a) +8W,K|H(a) — c|/u",
fo:=min{p*, 1”1/ /2}, and K = max{K', 1+ K'u'/ji}.

Proof. Let ¢* := H(a*). It suffices to show that (54’) implies (54) for K
and [i as just defined, with u:=p”/2 and ¢ = 6c” + (1 — §)c, where ¢ is
arbitrary in C' N clB(c*, i1). Note that when ¢* is replaced by ¢ in (547)(i),
then ¢/ has to be added on the right hand side, which yields (54)(i), because
dfr < ou”" 1’ /2. Moreover, the inequalities |¢ — ¢*| < fi, | — ¢*| < K'y/, (see
(547)(ii)) imply |¢" —¢] < K'p/+ o < K < Kp'p//2 < K/, and (54)(ii)
follows.

11. Proofs of Remarks 2 and 3 and Corollary 1

Proof of Remark 2 a. A proof is only given for systems of the type

31



(37). Given any quintuple (f,v, f,¢”,8) such that the version of (15) stated
in Remark 2 a. holds. Let ¢(.) € Q(f,f) and observe that |g(.)] <
0K, where K = 2M exp(TM'"). Choose ji € (0,/i/] such that fy//2 >
20K MS" exp(2TM/S™). Let f € clB(f*,f1). Note that Df*(s,zf(.)) differs
from D f(s,z7(.)) only on Cf, so dq(t)/dt € Df*(t,zf () (q()+
dB(0,1¢, M 0K) + f(t, 2/ () — f(t,27()),(MF = M/"). By Lemma 10,
there exists an antidifferentiable ¢*(.), with

dg*(t)/dt € Df*(t, ﬂff( N () + f(t,27(.)) — f(t,27()) ae. such that
4(T) — ¢*(T)] < 2(f) 6K 1c, M/ dt) exp(2TMT") < u/2 Hence (15)
follows for w= /2.

Proof of Corollary 1.
It is only needed to consider systems of the form (37), (ordinary retarded

equations). In this case, ¢ (s)(t) is actually independent of ¢, we write
a5 4(s) = ¢’/ (s)(s). Define

K7 = cl{Gy(a!(T))qj ;(T) — ¢+ G(a*(T)) :
ce CneB(G(z*(T)),1), f € coF}. (55)

By (19), K7" is a closed convex body. If the origin 0 in Y is not an in-
terior point of K/*, then, for some nonzero continuous linear functional
MK N < (0, M%), With \g = 0, then (20) holds. So let us consider
the nontrivial case where 0 is an interior point of K¥°. Then for some
k> 0,—k2z* € K/, Consider the set B, := co{z,clB(z*,¢)}. Evidently, 0
is an interior point in B, if z = —kz*, and even if the equality z = —ky™* is
only an approximate one. In fact, there exist numbers p > 0 and £ > 0, such
that ¢lB(0,¢) C B, for all z € clB(—kz*,p). Because —rz* € K7, there
exist a f € coF, and a ¢ € (C N eB(G(z*(T),1)) — G(z*(T)), such that
| = k2" = (Ga(a™(T))gf 4 (T) — )| < p/4. For some 3 € (0, fi], small enough,
for f € AB(f*,3).Ga(a"(T))az ;.(T) — Gala! (T))a; ,.(T)| < p/4. by the
continuity assumption on G, in Corollary 1. The two 7inequalities involving
p/4 yield | — kz* — (Gx(mf(T))qﬁf*(T) —¢)| < p/2, for all f € cB(f*,p).
By shrinking £, if necessary, we shall show below that, when f € clB(f*, ),

Ga(af (T))g7 4 (T) — Goa! (T 1. (T)] < p/2. (56)

Assume for the moment that (56) holds. From the two inequalities in-
volving p/2, for z := Gx(:cf(T))qff(T)—c, it follows that z € B(—kz*, p) for
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all f € clB(f*,3), hence, by (19), B, :=co{z,clB(z*,¢)} C co{z, K/} c K/,
(since z € K7/ and K7 is convex). Thus, B(0,¢) C Kf,f € cB(f*,5).
Then, (15) is satisfied for ¢/ = £/2 and p = 1/2 (say), and i replaced by
f3, and the conclusion of Theorem 1 holds. The inequality 0 > inf € 7 =
¢2(x™(1))qf 4 (T) = A|Go(2*(T))qf 4 (T)—c+G(2*(T))| (for all f € coF,c €
(), implies that the open convex body L := {(w,v) € Rx X,w—A|v| > 0} is
disjoint from the convex set D := {(¢,(x* (T))qﬁf* (1), Gw(x*(T))qf:f* (T)—
¢: f €coF,ce C—G(z*(T))}. Thus, L and D can be separated by a nonzero
continuous linear functional, in fact for some (A\g, \*) € R x Y*, (Ao, \*) # 0,
the inequality sup(D, (Ao, A*)) < inf(L, (A9, A*)) holds, which yields A9 > 0
and, generally, the conclusion in Corollary 1.

Let us now prove (56): Define M’ := [gf ;.(.)|. Choose 7’ such that
v exp(M*T) = p/8Mg, choose v € (0, () so small that
2M~yexp(M*T) < p/8Me¢,~" := 2M*M'~ satisfies 7" exp(M*T) < p/8Mg,
Y= 2M M*~y exp(M*T) satisfies "' exp(M*T) < p/8Mg, and such that

Jo 2l (= 1)ag po(= 7) = filr,a*(= 7))ag g (= TldT <o (56)

when f € cB(f*,7), (for each 7, the integrand converges to zero, when
f — f*, by (24)(i), moreover, dominated convergence and the bound M/
on f is also used). Let f be any element in F" and let C be a set of measure

o(f, f*) such that {s: f(s,y(.)) # f*(s,y(.))} € C} for all y(.) in C(J, X).
Note that if o(f, f*) < ~, then
Jollfeltaf (= 7)) = fi(r.af (= ) . (= 7)ldr < 2M* M'meas(Cy) =
IM*M'o(f, f*) <" and |2/ () — /()] < 2M~yexp(TM*), see (18).

Then, by (18), and (24)i), for | € dB(f*,7), |4z ;) — 47 ,.(8)] <

|ft(7>$f(-)) — f(r,2?"()) = f(r.27 () + f*(r, 27" () +

A (= Taz (= 1) — Fo(m e (5 g (= ldr <

M2l () =2l ()| +2Moa(f, )+

JEf (5 1)z (= 1) — F2(rf (= D)ag (= Dldrt

FE Sl (o T)ag g (= 1) — F2(ral™ (5 T)ag . (= 7)ldr <

V" +2My + fy M¥lgz () = qf g (Dlrdr+ 7"+ A
Even |q7 () —af 4 ()]t < f(f M*|qf () = a5 g ()lrdr+ " +2My++"+ 7.
Hence, by Gronwall’s inequality, |7 ;(.) — a7 ;. (e < (v" +2M7y ++" +
v') exp(M*t), and

|97 4(T) — a5 4-(T)| < p/2Mg, for any f such that o(f, f*) <v.  (57)
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Then, (56) follows, for § < ~.

A proof of Remark 3 is obtained by observing that in this case (56) can
be obtained for p = ¢, for any f € coF, ((56’) now holds for any f € coF, for
B € (0,¢] suitably chosen). Assuming that (19) holds for f = f*, then this
version of (56) implies that (19) holds for o = 3, (i.e. all f € cB(f*,3)),
for € replaced by £/2.

To obtain a proof in the case of Remark 2. b., K must be redefined to
equal clco{g_lGx(xf(T))qﬁf(T) — ¢+ G*(T)) : 6 > 0,f € B(f*,9),c €
C N cB(G(x*(T)),1)}. In the nontrivial case where 0 € intK/", for some
finite collection (f;,0;, ¢;, A;), where \; > 0, Yi=1, 6 >0, f; € B(f*,8),
¢ € CNelB(G(zx*(T)),1) — G(x*(T)), the inequality

| —k2* =), )\i[gifl(Gx(;v*(T))qﬁf* (T) — ¢]| < p/4 holds. Again, by the
continuity assumption on G, for 8 small enough,

| — k2" = 30, Xil0; (Ga(@ (T))gj, 4 (T) = cil| < p/2 for all f € dB(f*, ),
and o(f;, f*) 4+ B8 < 6; for all i, (= o(f;, f) < &), for f € clB(f*,[3)). Ev-
idently, for p/2 replaced by d;p/2 and f by fi, (56) holds for small 3, for
each i. Thus, by shrinking (3, for f € clB(f*,3)), the inequality

| —k2* =), )\i[gi_l(Gz(:cf(T))qfi’f(T) — ¢]| < p, can be obtained. Hence,
as before, for f € cIB(f*,3), B(0,6) ¢ Kf. This inclusion yields that for
any v € Y with |[v| = ' :=£/2, for any f € clB(f*, ), for some collection
(ﬁ;giacia)\i)7>\l' > O,Z/\i = 1,51' > O,ﬁ; S B(f, SZ), we have

v —>", /\i[gi_l(Gx(:z:f(T))qfi’f(T) —¢]] < /2. Define 3 = 3, A0, 1 and
C' to be measurable sets such that meas (C?) = o(f;, f) and C* D {s :
fils,x(.)) # f(s,2(.))} for all continuous z(.). There exist disjoint measur-
able sets Cj, (stemming from a rapid switching between the fi’s with weights
/\igi_l/%), such that )

IS M08 (Gl (T))a7, () =] —571Gawf (T))a7 () + 5 Miei| < 4 /4,
where § := %1, f:= 3, 1¢,f; , and [y1c1a: < (Nid; 1 /5)0; = Nifse. As
CjC U;CiNC o (f, f) < 32, Aif s = 1/ = &. Moreover, by the inequalities
involving p//2 and p'/4, |v — 5‘1Gx(:cf(T))qJ;’f(T) + > hici| < 3p//4, so
(15) holds for pu=1/4, ' = &/2.

Remark 5. In the context of Theorem 1, it seems possible to do without the
uniformity requirements in (10) and (11), but only at the expence of a more
complicated controllability requirement. Assume in this remark that the uni-
formity requirements on the d.d. containers Dsf, DG, and D¢ of (10) and
(11) are removed, (with this change, (6) - (11) are postulated). Then, (15)
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has to be replaced by the following condition: For any f € clB(f*, 1), for any
(v,y(.)) € Y x Li(J,C(J, X)),with |(v,y(.))| = &, a quadruple (f, ", 4, z(.))
exists, f € coB(f,d), ¢" € C NecB(G(z*(T)),1),6 > 0,2(.) € clB(0,1) C
Li(J,C(J, X)), such that

max{Supgeve.s(s()) |60 — 3+ 8[¢” — I, sups yewr ). f 100 () = 201}
< (1 - :LL)(S.LL/’

where ¢* := G(z* ( )) V¢f( (1)) == Do(zF (D)( [, 2(.), VEI (2()) ==
DG(z/(T fJ ) ) ={2(.) € L1(J, C’(J,X)) D 2(s) € 2(s)—
Dsf(.,s,z5() fo —(f(, 8,27 () = f(,s,27()) ael.

In thls case, the followmg modification of the necessary condition in The-
orem 1 presumably holds: For some positive constants A’ and A”, for all
c e Cf € coF,z(.) € Li(J,C(J,X)), we have 0 > infﬁf’c,z(_), where

fez() T

{w— AN —c+c| = N2 w e VP (2(),v € VET (2(.),
2(.) € VI (=), )

A proof would consist in applying the abstract theory in Section 10 to the
problem

maXfer()eLl(JCJX P(xo(T) + [, &( )subjectto
G(xo(T) + [, 2(r)dr) € C, () — f( >,iUo )+ Jo &( = 0.

Appendix.

A. Proof of Lemma 10

(Adapted from Clarke (1983).) Assume first that H = C(J,X). Let
Go(t) := dqo(t)/dt and choose a measurable function §;(t) such that ¢;(¢) €
A(t,qo(.)) NelB(go(t),2M0(t)) a.e., (the right hand side is a nonempty mea-
surable set function with closed image sets, all contained in a separable set
independent of ¢ for a.e. t, so Kuratowskii’s selection theorem applies, see
e.g. Aubin and Frankowska (1990)). Note that |Gi(t) — go(t)] < 2Ao(t)
a.e., (implying integrability of §i(¢)). Define ¢i1(t) = ¢o(0) + fg gi1(s)ds
and note that by Lipschitz continuity, for some a; € A(t,q1(.)),|q1(t) —
at| < K(H)]q1() — qo(-)]t, where |gi1(.) = qo(-)+ = sups<;|a1(s) — qo(s)], so
A1(t) := dist(qi(t), At,q1(.))) < k(t)|q1(.) — qo(.)|¢, (implying integrability
of A1(.)). By induction, assume that an integrable function §y(.) is defined
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such that dist(G,(t), A(t, ¢n(.))) =: An(t) is integrable, where ¢, (t) = qo(0)+

t Gn(s)ds. Then, choose a measurable function G,1(¢) such that G,+1(t)
€ A(t, an ()Nl B(Gn(t),2A,(t)) a.e., and note that |Gn4+1(t) —Gn(t)] < 2A,(¢)
a.e.,(implying integrability of G,+1(t)). Define ¢,,+1(¢t) = qo(0 +f0 Gn+1(8)ds,
and note that by Lipschitz continuity, for some a; € A(t, ¢n+1(.)), |Gny1(t) —
el < 5()1gns1() — Gn(ler 50 Ansa(£) = dist(dner (1), At gusa () <
K(t)|gn+1(.) — qn(.)|t, (implying integrability of A\,+1(.)). Hence, gy (.) is de-
fined for all n.

Now, |Gn+1(t) —Gn(t)] < 2Xn(t) < 26(t)|gn(.) —gn-1(.)|s, a.e. Consider for

a moment the iterative solution ay,41(t) = fot 2k(s)ap(s)ds of the equation

= fot 2k(s)a(s)ds, a(0) = 0, with a1 (t) = |q1(.) — qo(.)]¢+- By induction,
it is easily seen that ay,4+1(t) < a1 (T)(2k*(t))"™/n!, where *(t) = fot k(T)dr
By induction, evidently [gus1(.)— gu()le < Ons1(): 50 [dns1 () = Gult)] <
2k(t)an (t) a.e., which gives that §,(t) is an a.e. pointwise - , and L; -
Cauchy sequence. Evidently, lim,, ¢,(¢) = ¢(t) a.e. exists and yields an
integrable function, moreover ¢(t) € A(t, ¢(.)) a.e., (by Lipschitz continuity),
where ¢(t) := qo(0) + fo s)ds = limy ¢, (t) (uniform limit). Note that
lq(t) — qo(t)| = limy, [gn41(t) — go(t)] = limy, | ZO<]<n QJ+1( ) = q;(t)| < B(1),
where 3(t) 1= ) <, an(t), with 5(t) satistying (t) = o (¢ —l—fo 2k(s)B(s)ds.
By Gronwall’s inequality, (as al( ) is nondecreasmg) lg(.) —qo()]: < B(t) <
lq1() = qo() e exp( [y 26(s)ds) < (fy 2Xo(s)ds) exp( [y 2 (s dS)

If H is a subset of C(J, X) with B(qo( ),€) C H, then the applications
of Lipschitz continuity above require that we know that all ¢,(.) belong to
B(qo(.), ) (or at least to H). Now, all ¢,(.) satisfy |g,(t) —qo(t)| < B(t) < e
This ends the proof.

B. Further comments on d.d. containers

For the definition of d.d. containers to apply, there is no need for the
functions to be locally Lipschitz continuous functions (not even continuous),
though local Lipschitz continuity is generally assumed in this paper, (all
sections except Section 8 and the present section B) . In this section, neither
it is assumed that d.d. containers are bounded, and linearly homogeneous.
We shall nevertheless see that it is natural to assume such properties, at
least for locally Lipschitz continuous functions.

Loosely speaking, the smaller the d.d. containers are, the better tools
they are. However, in general, no loss is incurred by working with ¢l D E(z)(v),
rather than DE(z¢)(v). (In this remark, as in Section 8, E: X — Y and X
and Y are normed spaces.) By convention DE(xg)(0) = {0}. Any enlarge-
ment of a d.d. container is a container, and the enlargement is uniform
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in v € V, if the original d.d. container is. For each r > 0, A*E(xz¢)(v,r)
is a d.d. container. Note that, for any d.d. container DFE(zg)(v) that
E might have at o, D*E(x0)(v) := Ny=ocl A*E(xg)(v,r) is a subset of
clDE(xg)(v). If D*E(x9)(v) is a d.d. container, then E is said to have
a set-valued directional derivative, and in that case we write D*E(x)(v)
instead of D*E(x)(v). If clA*E(xg)(v,r) is norm-compact for some r > 0,
then D*E(zp)(v) is automatically a d.d. container, and so a set-valued
directional derivative, which in this ”compact” case is called a directional
multiderivative, as in Seierstad (1997). (It is automatically nonempty.)
The intersection of two d.d. containers of E at xg in direction v, is not
necessarily a d.d. container, (the intersection might even be empty.).

a. If E has a set-valued directional derivative at xg in direction v, then
D*E(x0)(v) is the smallest of all closed d.d. containers.

b. For u > 0, AE(xo)(uv, )/ = AE(xo)(v, uA) and A*E(zg)(pv,r)/1n =
A*E(xo)(v, ur). Thus, if DE(x¢)(v) is a d.d. container of E in direction
v, then uDE(xp)(v) is a d.d. container in direction pv: If DE(xg)(v) +
B(0,e/u) contains A*E(xg)(v, pur), then uDE(xg)(v) + B(0,¢) contains
PA*E(z0)(v, ur) = A*E(zo)(pv, 7).

c. If E has a d.d. container DE(zg)(v) at xzo in a given direction v,
then, by b., automatically, d.d. containers DE(xy)(uv) in directions pv
are obtained for all u € (0,00), by defining DE(zo)(pv) = pDE(z0)(v),
and for any K > 0, they are uniform with respect to p € (0, K]. For the
moment it is assumed that DFE(xg)(v) originally is defined for v belong-
ing to a given sphere, here chosen to be the unit sphere, (i.e. |v] = 1).
Extend the definition of DE(zp)(v) to v’s of norms different from 1, by
DE(zo)(v) := |v|DE(x¢)(v/|v]) . Then DE(zp)(v) is (positively) linearly
homogeneous in v. If DE(xg)(v) is uniform in v € V C {v € X : |v] = 1},
then, for any K, DE(xo)(pv) is uniform in v € V,u € (0, K]. If, at the
outset, d.d. containers are specified for all v € V/, V' a cone, then a natural
”consistency assumption” on the set function DE(zg)(v),v € V', would be
that DE(zp)(v) is linearly homogeneous.

d. If E(z) is Lipschitz continuous in B(zg,~) of rank Mg, then for v €
B(0,7), (01 A < ~/Jo]), |AB(o)(0,\)| < Mplol, |A*E(zo) (v, )| < Mgl
and |clA*E(zo)(v,r)| < Mg|v| for » < v/Jv|, and, for any & > 0, these three
set functions are Lipschitz continuous of rank Mg +¢ in v € V, in any given
bounded set V', for A\,r < ~/|V|(the two first ones have actually rank Mpg).
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e. Let E(x) be Lipschitz continuous in B(xg, ) of rank Mp. Let DE(z)(v)
be a d.d. container of F, uniform in v € V', V' a bounded set. Then, for any
e > 0, for some r € (0,7/|V|], A*E(zo)(v,r) C DE(x¢)(v) + B(0,¢), so for
each y € A*E(x¢)(v, ), there exists ay’ € DE(zo)(v), with |[y—y'| < e. But
then v/ < |y|4+e < Mg|v|+e < Mg|V|+e, so DE(x)(v)NelB(0, Mp|V|+e)
is also a d.d. container for E at xg, uniform in v € V, if DE(z9)(v) is. If
in particular DF(z0)(v) is linearly homogeneous on a cone V, uniform in a
set VCV :=Vn{zeX:|z|=1}, then DE(z0)(v) N cB(0, (Mg +¢)|v|)

is a linear homogeneous d.d. container at xy for all v in V', uniform in
veV"={\: A€ (0,1],q € V}.

Hence, a bound of the form M|v| on d.d. containers of locally Lipschitz
continuous functions is not seldom a natural assumption.

Modification of d.d. containers to obtain Lipschitz continuity is not so sim-
ple, but at least recall that the sets they shall ”approximately” contain,
namely the sets of difference quotients are Lipschitz continuous in the di-
rection if the function itself is locally Lipschitz continuous. Note also the
following property:

f. Let E have Lipschitz rank Mg in B(zo, ) and let E have a set-valued
directional derivative D*E(x)(v) at x for all v € V in a given set V. Then,
for any € > 0, D% E(x¢)(v) is Lipschitz continuous in v € V with rank Mg+e.

Proof. Given v and v/ in V,v # ¢/, and € > 0. Let € D*E(x)(v). There
exists a r € (0,v/ max{|v|, [v'|}] such that A*E(zo)(v',r) C DSE(x0)(v') +
B(0,e|v — v'|). We also have D*E(x¢)(v) C clA*E(xzo)(v, 7). So, for some
A€ (0,r],2" := AE(zo)(v,\) satisfies |2 — 2| < e|v — V'|. Let 2/ =
AE(xo)(v',\), and note that |2 — 2/| < Mglv — ¢'|. By the first inclu-
sion, there exists a * in D*E(x()(v") such that |z* — 2/| < elv —v'|. The
three last inequalities yield |x — z*| < (Mg + 2¢)|v — /|-

Local Lipschitz continuity of E, and nonemptyness of the contingent deriva-
tive D* E(z)(v) does not necessarily imply Lipschitz continuity of D* E(z)(v)
in v.

g. If F has a d.d. container DE(xo)(v) which is a one point set, then

DE(z0)(v) = NpsoclA*E(xo,)(v,7), (i.e. E has a set-valued directional
derivative at xg in direction v), and in fact F has a directional derivative at
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o in direction wv.

Proof: Let DE(xzg)(v) = {y} and let » be > 0. Then, for all ¢ = 1/n,
there exists an 7, in (0,r] such that A*E(zo)(v,m,) C {y} + B(0,1/n),
which implies y € A*E(z0)(v,r,) + B(0,1/n) C A*E(x)(v,7) + B(0,1/n),
for all n. Hence, y € clA*E(x)(v,r) for all 7. On the other hand, {y} =
cDE(x0)(v) D Npsoc A*E(xo) (v, ).

h. If F is continuous in a ball B(zg,\), then for each v, A*E(xzg)(v,)
is a separable set for r < A/|v|. In fact, let S be a countable dense set in
(0,00). Then, A’E(xq)(v,r) := {AE(zg)(v,\) : A € S,;\ < r} is dense in
A*E(x0)(v,r).

i. Let E be continuous in B(zg,7). Let DE(xo)(v) be a closed d.d. con-
tainer of E at z( (existing and) uniform for v € V, V' a given bounded set.
Then for each n, there exists r, € (0,v/|V]) such that A’E(x¢)(v,rn) C
DE(x0)(v) + B(0,1/2n). To each point y in A’E(xzg)(v,r,), there corre-
sponds a point z,, € DE(xg)(v) such that |y—zy | < 1/2n. Thus, for D, :=
Un{zym 1y € AE(x0)(v,7)} C DE(z0)(v), we have that A'E(zo)(v,ry)
C D, + B(0,1/2n). Then, by h., A*E(xo)(v,r,) C D, + B(0,1/n), so D,
(and then also ¢lD,), is a separable d.d. container smaller that DE(z¢)(v),
uniform in v € V.

Hence, it is often natural to assume at the outset that d.d. containers
are separable sets.

j. Let g(s,x) be strongly measurable in s and Lipschitz continuous in x
in clB(zp,A). For each s, assume that at zo , © — g(s,x) has a closed
d.d. container Dsyg(s,zo)(v),v a given vector. Choose functions r,(s)
€ (0,A/|v|] such that Aig(s,zo)(v,rn(s)) C Dag(s,x0)(v) + B(0,1/2n).
Let S be the set of rational numbers in (0,00). To each function y(.) of
the form Asg(s,z)(v,\),A € S, if A < r,(s), there corresponds a point
Zxn(s) € Dag(s,zo)(v) such that |y(s) — zxn(s)] < 1/2n, while if X > rp,,
put 2y »(s) = 0. Thus, Dy(s) := {zxn(s) : y(.) = Aag(.,20)(v,A), A € S,n =
1,2,...} is a countable set, and D,(s) would have been measurable if each s
— 2\ n(5) had been measurable. Assume this measurability for the moment.
Then also, by measurability, one might have assumed these functions to be
separably valued, which would entail the existence of a separable set X, such
that D,(s) C X, for a.e. s. By i., clD,(s) is a d.d. container of x — g(s,x)
at xo in direction v, by continuity of A — Asg(s,z¢)(v, \) and density of S
: For each s, each n, A3g(s,zo)(v,rn(s)) C clDy(s) + B(0,1/n)). Unfortu-
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nately, no selection result exists that can give that the z) ,-functions can be
chosen to be measurable, for the simple reason that the mere postulation
of d.d. containers for each s, does not imply any relation between these
d.d. containers for various s’s.(Perhaps even the r,(.)’s are nonmeasurable.)
Thus, we have to assume that s — Dsg(s,xo)(v) is measurable and essen-
tially separably valued, if we want to ”integrate” Dag(s, xo)(v), i.e. integrate
functions taking values in this set. (We must know that there are measur-
able functions taking values in this set.) Note that the set D" (s,v,1/m) =
{y(s) : y(.) = Agg(s,x0)(v,\) for some A € SN (0,1/m]|},m € {1,2,...},
is a measurable set function of s, so clD"(s,v,1/m) = clAkg(s, z0)(v,1/m)
and Ny, clA%g(s,zo)(v,1/m) are measurable in s, as well as essentially sep-
arably valued. If Dag(s,zo)(v) is not only a d.d. container but even a
set-valued directional derivative, then, by definition, Dsg(s,zo)(v) equals
NmclASg(s, zo)(v,1/m). In this case, Dag(s,xo)(v) is automatically mea-
surable and essentially separably valued.

The assumption that d.d. containers of the type Dag(s,xo)(v)), (com-
pare (10)), are measurable and essentially separably valued should be illu-
minated by the above discussion. The two properties just mentioned are
needed for the measurable selection occuring in the following proof.

Proof of F in Section 8. Let ¢ > 0. Note that A*f(xq)(v,r) =
{[; A\ g% (5,20 + Av) — g*(s,m0)]ds : X € (0,r]}. For each s, each v € V,
n(v,s,r) = sup/\e(oﬂdist()\*l[g*(s, xo + Av) — g*(s,x0)], D2g* (s, z0)(v))
converges to zero with r, moreover, 1 is bounded by £*(s) := k(s)|V|+£'(s),
for r < ~|V|. For fixed v, by dominated convergence, [,n(v,s,r)ds < /2,
for r small enough. By measurable selection, for any function w(v, s, \) :=
[g"(s,20 + Av) — g*(s,20)]/A, A € (0,7], there exists an integrable func-
tion s — w*(v,s) € Dag*(s,x0)(v) a.e., such that |w(v,s,\) — w*(v,s)| <
2n(v, s,7), hence | [;w(v,s,\)ds — [;w*(v,s)ds| < e. This shows that
Df(xo)(v) is a d.d. container of f(z) at xo in direction v. Next, by con-
tradiction, assume that it is not uniform in v € V, i.e. for some ¢ > 0,
for all n, some pair (v,, A\,) € Vx (0,1/n] exists, such that w(vy,s, A\,)
does not satisfy [; w(vp,s, \p)ds € Df(xo)(vp) + B(0,¢). Define n(s,r) =
sup,, N(vn, s,7) < £*(s). By uniformity of Dag*(s,x0)(v) in V and dominated
convergence, fI n(s,r)ds < e/2, if r is small enough, say r < r’. Choose an n
such that 1/n < r’. Evidently, | [; w(v,s,\)ds — [; w*(v, s)ds| < e can then
be obtained for v = v,,, which gives a contradiction.

C. Mathematical programming results
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To illuminate the control theory results, results in mathematical pro-
gramming following from the abstract results of Section 10 are presented.
In the control theory above, we use rapid switching in order to obtain ap-
proximate convexity. Here we shall see what comes out of the ”abstract”
setting when (true) convexity is assumed. In addition to d.d. containers,
also contingent derivatives are used. Throughout this Section C, A is a com-
plete convex set in a normed space /Al, Y is a normed space, C' is a complete
convexsetinY, H: A— Y and n: A — R are continuous, and a* is a given
point in A. By redefinitions of A, A, and H, problems of the type min, n(a),
subject to a € A, H(a) € C, can be reduced to the case where C = {0}.
Though confining the discussion to the latter case would save space, for
easy comparison with results above, below we stick to the general problem.

Below, the contingent derivative of a — (H(a),n(a)) is written
D*(H,n)(a)(v), (a € A,v € A). Consider the following condition: For some
pe0,1),4>0,u>0,c"e€C =) €Y xR K >0,

for all (a,c) € (ANclB(a*, 1)) x (CNeclB(c*, 1)), for all 0 := (v,w) €
Y x (—oo,w*] with |6 — 2*| = 1/, there exist elements
a’ € AneclB(a,K|d]), " € CNeclB(e, K|0]), and (v”,w”) such that

*)  "W") e D*(H,n)(a)(d" —a),
0" —v = (" = o) < (1 = p)u'[o]/(|2"] + 1) and
W' —w < (1= @p|o] /(12" + 1) (58)

This condition implies (51) for p” = [i/2. To show this, note that, since
(", W") € clA*(H,n)(a)(a” — a,r) for all r, if & # 0, there exists a § > 0,
arbitrary small, such that |[(H (a'),n(a")) — (H(a),n(a))]/é — (v",")| <
(/2)p'|0]/(|12*] + 1), where a’ = da” + (1 — §)a. Note that this inequality
trivially holds if o =0 (= a” = a,¢” = ¢). Hence,

(58) implies the existence of arbitrary small § > 0, such that
(H(a") = H(a))/6 —v— (" = o) < (1 — i/2)p'|0]/(|2"| + 1) and
(n(a") = nla))/6 —w < (1 = i/2)u'[0]/(127] + 1) (59)

(For © = 0,(59) trivially holds, put a” = a,c” =¢.)
Below, we need the following fact. If (58) holds, then by slightly de-

creasing fi and p’ if necessary, we can always obtain that (58) holds with
the following assumption added:
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| £ . (59"

Assume that, initially, (58) holds with x' = |2*|. Then choose i’ > 0
and p” € (0,1) slightly smaller than g’ and fi, respectively, such that
(1—p")" > (1—p) . Note that if the element ¢ := (v,w) # 0,w < w*, satis-
fies |[0—2*| = [/, then |oov—Z*| = o0, so for some A > 1,|\0—2*| = /). Using
(58) for v replaced by Ao yields elements a”, ¢’ ,v”, and w” corresponding
to AU, which we write as ay,cy ,vy, and wy instead, such that (58)(*) is
satisfied. Dividing by A in this version of (58)(*) gives that (*) holds for v,
together with a” = (ay—a)/Ata,d’" = (cx—c) /A +c,v" = vy /A" =wy /.
Dividing by A in the inequalities in (58) gives that they are satisfied by v
and these a”,c”,v”,w"”. On the right hand side of the inequalities of course
(1 — @)’ can be replaced by (1 — )i, so (597) follows.

When (59’) holds, then in (58), if we replace )
clB(a, K|v]) and clB(c, K|0|) by clB(a, K) and clB(c, K) (597)

respectively, where K is some positive constant, then, we get a condition (de-
noted (58”)) implying (58), for K = K /¢, ¢ := |/ —|2*||. This follows simply
from the fact that if [ — 2*| = i, then || > €, so clB(a, K) C clB(a, K|9|)
and clB(c, K) C clB(c, K||).

Let the contingent derivative D*(H,n)(a)(v) be Lipschitz continuous in v,
with a rank independent of a, for a € A. Then (58”) is implied by the fol-
lowing condition, for K := K + /. For some put € (0,1), 4/ > 0,1/ > 0,¢* €
C, 2% = (z",w") e Y xR, K >0, for all a € clB(a*, i),

for all ¥ := (v,w) € Y x (—o0,w*| with [0 — 2*| = 1/, there

exist elements a” € ANclB(a*, K), ¢’ € CNelB(c¢*, K), and (2”,0")
€ D*(H,n)(a)(a” — a*), such that [0" —v — (" = ¢*)| <

(1= W01/ (12%] + 1) and & —w < (1 — )yl (2] + 1) .(60)

The number p’ can be taken to be the same as the one occurring in (58”),
except when pt = |2*|. In the latter case, u™ can be decreased slightly
so that inequality obtains, (see arguments connected with (59’)), we as-
sume in what follows that this has already been carried out. Thus, with
w # |2*|, consider a quadruple (a”,c”, (0",&"), (v,w)) for which (60) is
satisfied, Evidently, £ = |u/ — |2*|]| = inf{|0| : |0 — 2*| = @'}. Then for
i € (0,4'], small enough, for a € ANclB(a*, fi),c € C NeclB(c*, i), there
exists an element o’ := (v/,w’) in D*(H,n)(a)(a” —a) such that the inequali-
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ties [0" —0'| < ppE/A(|27|+4'), and | —c* = (" —c)| < ppE/A(|E" [+ 1)
hold. If, in the inequalities in (60), 0", &", a*, and ¢* are replaced by v, w’,
a, and ¢, respectively, then the validity of the inequalities are rescued by
adding ,u+,u’§/2( 2%+ p') on the right hand sides. Moreover, [a” —a*| < K,
la — a*| < ju implies |a” — a| < K + i < K. Similarly, |¢’ — ¢| < K. Thus
(58”) holds, and, hence, (51) is implied by (60).

If the uniform Lipschitz continuity of D*(H,n)(a)(v) does not hold, it is
only possible to prove, (using part of the arguments above), that (58”) is
implied by the following condition: For some u* € (0,1),4' > 0,4/ > 0,c* €
C, 2% = (z",w*) e Y xR, K >0, for all a € clB(a*, i),

for all ¥ := (v,w) € Y x (—oo,w™ | with |§ — 2| = p//, there

exist elements o/ € ANclB(a, K), ¢ € CNelB(c*, K), and (2",0")
€ D*(H,n)(a)(a” — a), such that |0" —v — (" — )| <

(1= w9113 + 1) and &' —w <

(L= ") ol /(127 + 1) (607)

Next, consider the case where w* = 0, z* € C'—¢* in (60’). In this case, (60’)
also holds for g/, ', z*, and R’ replaced by 4'/2, p/'/2, 0, and K" defined
below. To see this, let 0,a”, ", 9",&" satisfy (607), and write v/ = v — 2%,
Zri=c—c*eeC, ¥ =(3 )c+( )c” € C. Note that | —c¢*| = |¢/24 " /2 —
*)2—c*)2| = |(¢ —c*) )2 —c* [24E/2| < K /24|¢/2—c* /2| =: K”. Further-
more, note that [0”/2—v/2—("—c*) /2| = [0 /2—v"[2—2*/2— (" —¢*) /2| =
|0"/2 =0 )2 —=¢/24+ /2 — (" — ") /2)| =

07/2 = v'j2 — (@ — )] < (1= D) (2Nl (57] + 1) < (1= p) (e f2),
and /2 —w/2 < (1 — p")(W'/2)[0]/(|2"] + 1) < (L= )(M /2). Note
that (0”/2,&"/2) € D*(H,n)(a)[@” — a)], where @” := a”/2 + a/2 and that
@" —a| < K/2 < K".

Now, recall that when z* € C — H(a*),w* = 0, (60’) implies (53) in
Corollary 5. The calculations just carried out show the equivalence of the
following two necessary condition (i) and (ii) in (61) for optimality of a*.

(i) There exists no quintuple (u™, @/, ', 2*, K), z* e C— H(a%),

such that (60’) holds for w* =0, ¢* = H(a*).
(ii) There exists no quadruple (ut, i/, 1/, K),
such that (60’) holds for w* = 0,c* = H(a*),z* = 0. (61)

Assume next that a — (H(a),n(a)) has a d.d. container denoted
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D(H,n)(a)(v),a € A,v € A, and consider the following condition: For some
€(0,1),4>0,/ >0,c"€C,2*:=(z",0*) € Y xR, K >0,

=«

for all (a,c) € (ANclB(a*, 1)) x (CNelB(c*, 1)), for all ¢ :=
(v,w) €Y x (—oo,w*)] with |0 — 2*| = 1/, there exist an o’ €
ANclB(a,K|?]) and a ¢” € C NclB(e, K|0]), such that for all
(v",") € D(H,)(a)(a" — a),

0" —v— (" — )| < (1 = @)u'|o]/(|2*] + 1) and

W' —w < (1= @p|o] /(|2 + u). (62)

This condition implies (51) for x” = fi/2. To show this, we need only con-
sider the case © # 0. Note that there exists a 7 > 0 such that for all § € (0, ],
for some (v, ws) € D(H, 7)(a)(a” — a), |[(H(as),n(as)) — (H(a),n(a))]/6 —
(vg,ws)| < (1/2)'|0]/(|2*| + 1), where a5 = da” + (1 — §)a. Combining this
with (62), we evidently get: For all § € (0,7],

|[H(as) — H(a)]/6 —v — (" = )] < (1 = 3/2)p'[6]/(|2"| + '), and
[n(as) —n(a)l/6 —w < (1= a/2)p'0]/(|2*] + 1) (63)

This is more than we need, ((63) says that (51) holds for triples (a’,c”,0)
for all 6 € (0,7]). When we do not have recourse to contingent deriva-
tives, but only to d.d. containers, we cannot simply assume in (62) that
the two inequalities hold for some (v”,w"”) € D(H,n)(a)(a” — a). The set
D(H,n)(a)(a” — a) may contain elements unrelated to any term of the form
[(H(as),n(as)) — (H(a),n(a))]/d, but we need an inequality that holds for
some element of this form.

We can work with a slight modification of (62): For a function E :
X — Y, define a directional derivative trap at xp in direction v to be
a set D'E(xo)(v) with the property that, for all e > 0, for all r > 0,
A*E(x)(v,r) N (D'E(z0)(v) + B(0,¢)) # 0. This property is equivalent
to (clA*E(xzg)(v,r)) N (D*E(z0)(v) + B(0,€)) # 0, so if E has a nonempty
contingent derivative, then it is a d.d. trap. And, of course, a d.d. container
is a d.d. trap. To know that (63) holds, for some 6 € (0,r], (and this is
all we need), it suffices to assume in (62) that D(H,n)(a)(v) is a d.d. trap.
We have not worked with d.d. traps, because their calculus is proor. Let us
nevertheless briefly comment on some properties that do hold:

If in B. in Section 8, V' = {v} for some v, and DF'(z¢)(v) is only a d.d.
trap, then DG(F'(z¢))(DF(x¢)(v)) is a d.d. trap of H(x) = G(F(x)). Much
of the arguments in the proof can be kept. For any r, for some A, € (0, 7], for
w' = AF(zg)(v, ) , we have w’ € DF(z0)(v) + B(0,e/2M¢), so for some
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w E DF(z0)(v), |lw—w'| < e/2Mg. For r small enough, A*G(F(x0))(w,r) C

( (o)) (w )+B(O, £/2), for any w € DF(x¢)(v). By Lipschitz continuity,

*G(F(z0))(w',r) € DG(F(z0))(w) + B(0,¢). In particular,
AG( (z0))(w ,)\T) = AH(z0)(v,\r) € DG(F(x0))(w) + B(0,¢).).

It is also easily shown that D'E(zg)(v) + DF(z0)(v) is a d.d. trap of
E+F at zg, (evidently we have here assumed that the trap D' FE(z¢)(v) and
the container DF (z0)(v) exists), similarly D'F(zq)(v) x DF(z)(v) is a d.d.
trap of F x F.

Note also in connection with Lemma 11, that if h(v) := v — z(.,v),
then any element of the contingent derivative D*h(vg)(v) belongs to clQ(v),
even when the uniformity condition on Dag(s, z(.,v0))(¢*(.)) is dropped.
To prove this let, ¢*(.) € D*h(vg)(v), let Ah(vg)(v, A\n)(.) — ¢*(.), when
An N\ 0, and for any € > 0, choose A, so small that [ |Ah(vg)(v, An)(s) —
q*(s)|k(s)ds < e/4 and fJ’y t)dt < e/4, where v(t) := dist([g(t, z(.,v0) +
Anq* () —g(t, z(.,v0))]/An, D2g(t, z(.,v0))(¢*(.))). Then, by Lipschitz conti-
nuity, the distance between [g(¢, z(., vo)+ A AR(vo) (v, An)(.))—g(t, (., v0))]/ An
and Dag(t, z(.,v0))(Ah(vo) (v, An)) is < v(t)+2k(t) | AR(vo) (v, An) —¢*(t)] =:
7 '(t). By Lemma 10, there exists a ¢(.) € Q(v), such that |Ah(vg) (v, An))(.)—

() < (f;29/(s)ds)exp [;2k(s)ds < eexp [;2k(s)ds.

In the case Where C is nonconvex, if C has a nonempty adjacent cone at
¢, then in (62), we can require that ¢’ — ¢ belongs to such a cone, (then drop-
ping ¢’ € C), with (63) (for some 6 € (0,7] and ¢” replaced by some ¢’ € C
”adjacent” to ¢’), still following even in the trap case. This does not work if
the cone is a contingent one. However, we can work with the following slight
modification of (58) in the case where H and 7 are locally Lipschiz continu-
ous. (It would work also without such a continuity assumption, but then the
reader would perhaps object to the word ”contingent”). Assume in (58) that
we drop (%) and ¢’ € C, and instead assume that the triple (v",w”, ") is a
sort of "contingent” triple defined by the property that liminfs\ ga(0) = 0,
where a(d) := §~dist(C, c + (¢ —¢)) + |v"" — [H(a + 6(a" — a)) — H(a)]/6|
+|w”" = [n(a+ 6(a” — a)) —n(a)]/d]. (Then ¢’ — ¢ belongs to the contingent
cone of C' at c. We need however, the ”simultaneous contingency” implied
by the next to last equality). Then again (51) follows.

For the remaining part of this section we turn back to the case where C
is convex. In (62) , (59’) can be assumed, (the same arguments apply).
Moreover, when the replacements given in (59”) are carried out in (62), it
yields a condition (denoted (62)) stronger than (62) with K = K /¢, (the
same arguments apply).
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Let the d.d. container D(H,n)(a)(v) be Lipschitz continuous in v, with
a rank independent of a € A. Consider the condition: For some ut €
(0,1),f/ > 0,1/ >0,¢* € C,2* .= (z*,0w*) € Y xR, K >0,

for all a € clB( * i) for all 0 = (v,w) € Y x(—o0,w*] with

|0 — 2*| = 1/, there exist an a” € ANclB(a*,K) and a ¢’ €

cn clB( K), such that for all (¢”,0") € D(H,n)(a)(a” — a*),
0" — v — (" = ") < (L= p ") [o]/(|2*] + ')

and w" —w < (L= ph)lol/(|2*] + ) (64)

The condition (64) implies that (62’) holds for some i € (0, i/], for some
K > 0,4 = pt/4, and o/ perhaps slightly decreased. (If |2*| = 1/, a
slight decrease of put and ' is necessary, with (64) still holding. As-
sume it has been carried out, so £ := [|2*| — u/| > 0.) To prove the as-
sertion, choose fi € (0, min{a’, "1/ /4(]2*| 4+ p')}] so small that, for any
a € clB(a*, 1), a" € clB(a*, K), for any (v",w") € D(H,n)(a)(a” — a), there
exists a pa1r (0",&") € D(H,n)(a)(a” —a*) Such that |(2”,0") — (v",W")| <
(W /W) (121 + ). As ¢ € el B(c*, 1) implies [c—c*[ < uFp/&/4(12*| + 1),
then, for all pairs (v ,w"”) € D(H,n)(a)(a” — a), the two inequalities in
(62) hold if the corresponding inequalities hold in (64). Fmally, define
K := K + i/, and note that |/ —¢| < |¢/ —¢*| +|lc—¢*| < K+ i/ =1 K. A
similar calculation yields |a” — a] < K. Thus (62°) holds.

If the uniform Lipschitz continuity of D(H,n)(a)(v) fails to hold, then
a” — a* has to replaced by a” — a in (64), giving rise to a condition we
call (64’), see the parallell discussion leading to (60’). Moreover, two (again
equivalent) necessary conditions are obtained by replacing (60’) by (64’) in
(61).

Assume now that D(H,n)(a)(v) = (DH(a)(v), Dn(a)(v)) is a directional
derivative that exists for all a € A,v € A. To signalize the existence of the
directional derivative, we write D¢ instead of D. Then (62) simplifies to

For all a € ANclB(a*, f1),c € CNelB(c*, 1), for all

= (v,w) €Y X (—oo,w ]Wlth\v—z|—,u,

there exist an a” € AN clB(a, K|9]) and a ¢’ € C NelB(c, K|0)),

such that |[D?H (a)(a" — a) —v — (" —¢)| < (1 — @)’ |0]/(|2*] + i)

and D(a)(a” — a) —w < (1 — @u'[o]/(|2*] + u'). (65)
Next, (64’) simplifies to:

For all a € ANclB(a*, i), for all o := (v,w) €
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Y x (—oo,w*] with |6 — 2*| = p there exist an a” €

ANcB(a,K) and a ¢’ € CNelB(c¢*, K), such that

|D?H(a)(a" —a) —v — (" — )| < (L— )/ [0]/(|2*] + 4

and Din(a)(@” — a) — w < (1— p 2ol (3°] + ). (66)

In the problem: mingec4n(a), subject to H(a) € C, the following neces-
sary condition holds. There exists no quadruple (K s 15 ) with w* =
0, z* = 0, such that (66) holds.

If DYH (a)(v) and D%%(a)(v) are uniformly continuous in v, uniformly in
a in A, (in this case uniform Lipschitz continuity is not required), then in
(66), @’ — a can be replaced by a” — a*.

In the above uniform continuity case, for some v > 0,|D?H(a)(v)| < 1
and |D%(a)(v)| < 1 for all v € B(0,7), all @ € A, hence H(a) and n(a)
are Lipschitz continuous in A, and this is more than we need for another
and more effective necessary condition do hold. We formulate it for less
demanding differentiability requirements, we here use d.d. traps:

Corollary 8. Assume that a — H(a) has a d.d. trap D'H(a)(v), for
alla € A,v € A. Assume also that for all a € A, there exist constants W,
and W such that |n(a’)—n(a)| < W,la'—al, and |H(a')— H(a)| < W% d' —al
for all a’ € A. Furthermore, assume that for each a, Wy, +(1-Na* — War
when A\ 0. Moreover, assume, for some i € (0,1], u* > 0,1’ > 0, that,

for all a € ANelB(a*, pu*), for all v € Y with |v| = ¢/,
there exist an a” € ANclB(a,1) and a ¢’ € CNeclB(H(a*),1),
such that for all v € D'H(a)(a” — a),

o — v — (¢ — H(@)| < (1 - ). (67

Finally, assume that a* is optimal in the problem: min,n(a), subject to
a € A, H(a) € C. Then, for each (a,c) € A x C, for ¢* = H(a*),

lim supy\ o A Hn(a* + Ma — a*)) — n(a*)+
16 KWy« |H(a* + XNa — a*)) — ¢* — Mc—c*)| /i) <0, (68)

where K = max{1/y/,1+ 1/}, i = min{p*, o’ /4}.
Proof. From (67), evidently, for some § arbitrarily small, for a5 = da” + (1 —

d)a, |[H(as) — H(a)]/d —v— (" — ¢*)| < (1 — f1/2)|0] follows, so (547) holds
for "= [1/2, K’ = 1/1/, and Corollary 7 applies.
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Note that by Corollary 7,
AL 1(a* + A — %)) — 0(a%) + 8K Wp1san) [ H (0 + Ma — a*)) — e* —
AMe—c)|/(f/2)] <0, for A so small that A(a—a*) € clB(0, 1/2), \(c—c*) €
clB(0, i1/2). From this inequality, (68) follows, since |H (a* + A(a — a*)) —
= ANe—=c")| < AWa —a*|+ Me—c*| .

In case of Lipschitz continuity of v — D'H(a)(v) uniformly (i.e. same
rank) for all a € A, then the set AN clB(a,1) in (67) can be replaced by
ANeclB(a*, 1), compare the relationship between (66) and (65).

Corollary 9. In the situation of Corollary 8, if a — (H(a),n(a)) has a
d.d. trap denoted D'(H,n)(a*)(v) at a*, for all v € A, then (68) implies
that for each (a,c) € A x C,

inf{w + (16 KWy« /j1)|v — c+ H(a*)| : (v,w) € D*(H,n)(a*)(a—a*)} <0.
In particular, if D(H,7n)(a*)(v) is a directional derivative, written D(H,n),
then

Din(a*)(a — a*) + (16 KWy« /)| D*H (a*)(a — a*) — ¢+ H(a*)| <0

Proof . Denote the limsup in (68) by ¥, and let xq.c(A) := n(a*+A(a—a*))+
16/ LKW |H (a* + Xa—a*)) — c* — M(c—c*)|. Evidently, ¥, . belongs to the
contingent derivative D*x,..(0) (1). By (68), all elements in this contingent
derivative has to be non-positive for all (a,c) € A x C. By general rules for
calculating d.d. traps, D*x,.(0) (1) C cl{w + (16 KWy /f1)|v — c+ H(a*)] :
(v,w) € D(H,n)(a")(a — a*)}.

In the next Corollary, the use of d.d. traps is replaced by the use of
contingent derivatives.

Corollary 10. Corollary 8 holds also if (67) is replaced by: For some
fi € (0,1), " >0, >0,

for all a € AN clB(a*, p*), for all v € Y with |v| = g/, there exist
elements o’ € ANeclB(a,1), " € CNeclB(H(a*),1), and v”

€ D*H(a)(a” — a), such that [v" —v — (" — H(a*))| <

(- (68)

In particular, if (H,n) has a nonempty contingent derivative
D*(H,n)(a*)(a — a*) at a* for all a € A, then

sup{w + (16 KWy« /i)|v — ¢ + H(a*)| : (v,w) € D*(H,n)(a*)(a —a*)}

48



<0 (68”)

for all (a,c) € A x C.
Proof: Again (54°) follow for p”" = i/2, K' =1/’

D. Consequences of the controllability condition
Consider the case where z* = 0,C = {0}. In this case, (67) reduces to:
For some p € (0,1], u* > 0,1’ > 0,

for all a € ANclB(a*, p*) for all v € Y with |v| = ¢/, there exist
an a” € AN eclB(a,1) such that for all v € DH(a)(a” — a),

) W= <A =, (69)

Note that when (69) holds, it also holds for any other p/, if necessary by
adjusting p, (but keeping it in (0,1)). First, let « € (0,1) : Then, by re-
placing a” by a” := ad” + (1 — a)a, from (*) in (69), we get that for all
v" € DH(a)(@" — a), v — av| < (1 — p)ap'. Hence, p/ can be replaced by
ay/. This also holds if « > 1, provided p is replaced by u/a : From (*)
in (69), we get |av — V"] < Jav —v+v =20 < (o — 1) + v =" <
(1= el + (@ — el < (& — el = (1 — p/a)ags.

Let us now assume Lipschitz continuity of v — DH (a)(v), of rank < k,
uniformly in a € A. Write @’ = a,. Define k' := k/(a) := inf{|v"] : v" €
DH(a)(aq —a)}, k" := k' (a) :== sup{|v"| : v"" € DH(a)(aq — a)} < k. Then,
(*) in (69) implies an upper bound on k" : Note that (*) implies |v| > |[v"|—
(1—p)p'ysop >k"— (1 —p)p, or (2—p)p’ > k"(a). The last inequality
is implied by p/ > k. Now, (*) in (69) also implies a lower bound on k' :
lv] < ||+ (1—p)u/, hence p'p < |v"] , so p'iw < k'(a). The property that, for
some £ > 0, < inf{|v"| : v € DH(a)(a"—a)} for all a € ANclB(a*, u*), for
some a” € ANclB(a*, 1) might be called uniform nonsingularity of DH (a)(.).
It is necessary for (69) to hold. If a* is an interior point in A, and DH (a)(.)
is a linear operator (with bound k), and Y is finite dimensional, then this
nonsingularity is sufficient for (69) to hold.

E. Comments on the control system

In the setting of the control problem, a certain type of d.d. containers
naturally arises in the problem, once f, G, and ¢ have d.d. containers with
respect to x(.) and x, respectively.

Postulating nonempty contingent derivatives in the control theory setting
would be to make assumptions of a more ad hoc nature. (We have omitted
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the discussion of this approach.) It is not possible to express the contin-
gent derivative of a composition of two functions in terms of the contingent
derivatives of the two functions. The solution of a differential equation may
be viewed as resulting from the composition of many (in fact an infinite
number) of functions. When using contingent derivatives of § — G(x/%),
and & — (G(x/5),n(27%)), (for the notation, see (28)), the results would be
more general, (the controllability condition less demanding, the necessary
conditions sharper), and would be closely parallel to the sharper results
obtainable when using contingent derivatives in the mathematical program-
ming setting above.

It is possible to generalize the boundedness conditions on the f’s in F':
Assume in the situation of Theorem 1 that the first inequality in (7) fails to
hold. Assume instead that for any f € F, for some M/, |f(t,s,z*(.))| < M7
for all t,s. Then, for all &(.) € B(0,<), |f(t,s,z*(.) + &(.))] < MI +
Mf\fu()] < M+ MJ¢ = M;. Even all functions f € coF, satisfies
[f(t,s,2(.) + ()] < Mg, for all ¢,s, 2(.) € B(0,<), for some M¢. Define
Fo:={f € F:sup,;)epog |f(ts,27() +2(.))] < max[My«,n] for a.e. s}
Then F), is essentially o —closed and closed under switching.) Assume, in the
situation of Theorem 1, that for some 7, and some triple (p, fi, 1), (15) is sat-
isfied for F' replaced by Fj. Define A,, = 64Mynexp(M7 T)pu~t max{1/y', 1+
1/}, for fi see (17). Then, evidently, for A = A,,, for any n > max{Mgp-,n},
the conclusion 0 > inf Q2 of in Theorem 1 holds, for any f € coby,c € C.
Here, A = A, enters the definition of QC’];, see (16), so we write ch = chﬁn.

In fact, 0 > inf chmaX{Mf* M} for any f € coF,c e C.

A generalization to the case where M7 and M/ are integrable functions
of s, rather than constants, is evidently possible.

F. Controllability results

There are actually local controllability results connected to the situation
in Lemma 1. In the following two lemmas, ¢ does not appear and the opti-
mality of (z*(.), f*) is irrelevant:

Lemma 14. (No d.d. containers, no switching) Consider the system
(4),(6),(7) and let ¢ be as defined in (14). Assume that G(x) is continu-
ous in B(z*(T),s) and let ¢* be a given point in C. Assume the existence of
a quintuple (K, 2*, p”, i, ') € (0,00) x Y x (0,1) x (0,¢] x (0,00) with the
property that, for all f € clB(f*, i), all ¢ € C NelB(c*, i), all v € Y with
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A~

lv—2*| =4/, all 7 > 0, there exists a triple (f,c",0), f e dB(f*,¢), " € C,
and 0 € (0,r], such that

|G($f( ) = G (T)) = dv = d(c" — ¢)] < (1 — w")op!|v|/ (2] + '),
o(f,f) <b6K|v|, and |’ — ¢| < K|v|. (70)

Then for all z € cdB(G(z*(T)) — ¢, p"Wia/AK(|z*| + 1)), there exists
a triple (f,a,c), f € cdB(f*, uvy/2) C F,a € [0,av/2K(]z*| + 1)] , ¢ €
CNelB(c*, firy/2), such that z + az* = G(xf(T)) — ¢, where v := 4K (|2*| +
POIG(2™(T)) — ¢ = 2| /"1 < 1.

Proof. Combine Corollary 2 with arguments in the proof of Lemma 1 and
Corollary 4.

Lemma 15. (d.d. containers, switching) Consider the system (4),(6)-(11)
and let ¢ be as defined in (14). Let ¢* be a given point in C. Assume the exis-
tence of a quintuple (K, z*, i, fi, p/') € (0,00) XY x (0,1) x (0, (] x (0, 00) with
the property that, for all f € clB(f*, 1), allc € CNelB(c*, i), all v € Y with
[v — 2*| = pi/, there exists a triple (f,d",0), f € coF, ¢ € CNelB(e, K|vl|),
6 > 0, such that f € coB(f,dK]|v|), and

sup{|ov —z +6(¢" — ¢)| : z € DG (2! (T))(Q(T. f, )} <
(1= pop'[ol /([2*] + ') (71)

Then for all z € clB(G(x*(T)) —c*, p'1/8K (|2*|+ 1)), there exists a triple
(fra,c), f € cdB(f*r1/2) C Fa € 0, ry/2K (12" [ +44)], ¢ € clB(c", i /2),
such that z +az* = G(zf(T)) — ¢, where v := 8K (|2*| + /)| G (2*(T)) — ¢* —
z|/pp e < 1.

Proof: From (71), using the arguments for the implications (42)=(43)=
(27), it follows that, for all 7 € (0, (0,/8TM exp{TM'}], for all § > 0 small
enough,

G(a!(T)) = G@/(T)) = 85v — 65(¢" — G(a*(1)))| <

olv|p' (1 — p/2) /(12" + 1),

where f0 = 6f + (1 = 8)f, f = S A\ifi, fi € F. Next, considering only
§ belonging to (0,(/20K|v|], a switching combination f of f and the fi’s
(with weights (1 — 3" 0); and 0);), can be constructed such that o(f, f) <
00K[v] < ¢/2,(= o(f, f*) <3(/2), and
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(G2 (7)) = G(2d ()| < 86Jol'n/4(|2*| + ),

compare the arguments for the implication (27) = (25) in the proof of
Lemma 7 above. Using the two inequalities involving p' above, then (70)
follows for 6 = § and p”’ = p/4.

G. Time-pointwise necessary conditions, nonretarded case

A time-pointwise version of Theorem 1 can easily be given in the nonre-
tarded case.

Then the following definition is needed: For any integrable function z(t) :
J—=Y, (Ya Banach space) a left regular point 7 € (0,7 of z(.) is a point
for which limg\ o6~ fT 5.7] |2(T) — 2(s)|ds = 0.

In this section G, the f s are functions from J x J x X — X. Moreover,
it is assumed that

for each s, at each x € B(z*(s),s) C X, the map & — f(.,s, &),
B(z*(s),s) = C(J,X) has a closed d.d. container D3f(.,s,x)(q)
for each ¢ € X, and ¢ — D3 f(.,s,x(s))(q) is Lipschitz continuous
with rank < M/ on X. For each z(.) € B(z*(.),s) C C(J, X), each
q(.) € C(J,X),s = Dsf(.,s,2(s))(q(s)) is measurable and
essentially separably valued, (i.e. for some separable set X () 4()
C C(J, X), Dgf(., S, l’(S))(q(S)) - Xf,ac(.),q(.) for a.e. 8). (72)

The following condition will also be needed: For all f € F, for all z(.) €
B(z*(.), ),

for each s, D3 f(., s, 2(s))(¢) is uniform in g in the set Q( fifrz() =
{a(s)(s) : a() € Q(f. f. f.x()} for all f € coF, (for Q. see (10)). (72))

The conditions (72), (72’) are specializations of (10) to the present case. For
any given f € Flet Qs be the set of finite collections A := {(vy, si, fi) Fi=1,....i%,
(vi, 84, fi) € (0,00) x (0, T) x F, > v; < 1, where each s; is a left regular point
of s = fi(.,s,2/(s)) — f(.,8,27(s)) : J = C(J,X), and let Q*(f, A) be the
set of piecewise continuous functions ¢(.) : J — C(J, X) jumping only at
the time points s;, with the left and right limits of ¢(.) at s; satisfying

q(si+) — q(si—) = b (si+) — hi (si—), (73)
where

() = 3o, <o vilfil 8,27 (1)) = £ 50,27 (50))), (74)
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and where, for each i = 0,...,7*, ¢(.) is antidifferentiable on (s;, s;+1) and

satisfies
dq(s)/ds € Dsf(.,s,27(s))(q(s)(s))ds a.e. (75)

and q(0+) =0, (so = 0, 841 =T).

Define Q*(T, f,A) := {q¢(T)(T) : q(.) € Q*(f,A)}. The collections A and
functions ¢(.) are used in the necessary conditions below. The equation (75)
does not immediately generalize to the retarded case, at least if we want
to stick to C'(J, X) as a (sort of) state space, (the "perturbations” ¢(.) are
outside C'(J, X)).

The following version of Theorem 1 holds:

Theorem 4. Consider problem (4)-(9),(11),(72),(72’). Assume that (z*(.), f*)
is an optimal admissible pair in the problem. Assume that there exists a
triple (p”, i, 1), 1" € (0,1), 4 € (0,¢], i’ € (0,00), with the property that
for any f € cB(f*, i), for any v € Y with |v] = i/, there exists a pair
(A, ") € Q¢ x (CNeclB(G(xz*(T)),1) such that

sup{|v — 2 + ¢ = G(2*(T)| : z € DG (2! (T))(Q*(T. f,A)} <
(1= ") (76)

Then the following necessary condition holds: For any A = {v;, s;, fi} € Q-+,
and for any ¢ € C, the inequality 0 > inf Q. 4 holds, where €. 4 :=

{w—A*|v] : (w,v) belongs to a triple (w, v, z) satisfying z € Q*(T, f*, A),
w € Dg(x*(T))(2),v € DG(a™(T)(2) — ¢ + G(«*(T))}, (77)

and where A* := 128 My M exp(M7 T) "' max{1/i', 1+ 1/}, fi :=
min{ /i, p’ 1’ /16}.

To prove Theorem 4 it is necessary to show that (75) implies (15). Two
lemmas are needed:
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Lemma 16. Assume in Lemma 10, that the initial value of ¢(0) is speci-
fied to be different from ¢o(0). Then there exists an antidifferentiable func-
tion ¢(.) with the specified initial value ¢(0) such that dq(t)/dt € A(t,q(.))
a.e., and such that |go(¢) — q(t)] < &*(t), where £*(¢) := 2(|¢(0) — qo(0)| +
fo )\0 Ydp) exp fo 2k(p)dp)), provided &*(t) < € for all .

Proof. For ¢t € [—1,0], define A(t,q(.)) = {0}, k(t) = 0, \o(t) = |¢(0) —
90(0)],90(t) = ¢(0) + (90(0) — ¢(0))(t + 1), and apply Lemma 10 for [0, 7]
replaced by [—1,T].

Lemma 17. Let f € cIB(f*, 1) and A = {v;, s;, fi}i=1,..i+ € Qf be given.
For all € > 0, there exist a §4 > 0 and a f4 € coF, such that for all
d(.) € Q(fA, f), there exists a ¢(.) € Q*(f, A) such that |54¢(T) — ¢(T)| <
dA€.

Proof: Let ¢ > 0. Let s¥, k = 1, ..., k* be the set of distinct time points in
{Si}' Define 0% = Zie{jZSjZSk} Vi, fr = Zie{j:s]-:sk}(vi/@k)fi € col, féA =
f(l - Zk 1[3’9—56’“,319}) + Zk fkl[sk—66k,sk]a h5(p) =

A p, 2l (p) — £ py2f (p))]. For 64 > 0, 64 small enough, f#' belongs
to coF for § € (0,64], (the intervals become disjoint). By left regularity, for
§:= 64 € (0,64] small enough,

|hf (sk4) — ' (sF— fk L hs(s)ds| < e. (78)

Let ¢(.) € Q(f&, f) and observe that (*) in (10) implies that |¢(s)| <
Ji 5o (8hs(p)| + MT1a()|p)dp, s € (s — 60", 51), (hs(s) = 0 and |g(s) = 0
n (0, 5! — 601)). Now, |6hs(s)|ds < 2M, and [5_,., |6hs(s)|ds < 5012M.
By Gronwall’s inequality, |¢(s)| < ([5_su1 [6hs(p)|dp) exp(MTst) <
2M 60" exp(M7s'). Hence, |G(s)/d— f1 sor ha(p)dp| < 2M ot exp(M7st) +
2Mvl =: ~. Define q,_1(s) := G(s)/d — fk L hs(p)dp, s € (sF1sF),
(s = 0,s"*1 = T), and note that, for s < s, |go(s)| < e, if § < g/7y. As-
sume that the ¢ introduced in connection with (78) was chosen so small that
d € (0,e/7]. By (10) and (12) (and linear homogeneity), (d/ds)qx—1(s) €
D3f(.,s,2/(5))(qe_1(s)) on (s*71,s*), Define ¢(.) = 0 on (0,s'). By induc-
tion on k, assume that ¢(.) € Q*(f, A) is defined such that |q(s) —qr—1(s)| <
ek’ exp(M7s) on (s¥' =1, s¥), k' < k. (This inequality holds on (0, s').) Define
q(s*+) = q(s*=) + hI (s*+) — hI (s—). Then, by (78), la(s*+) — qi(s")| =
la(s"+) = q(s") /8] < la(s*=) + 1S (s*+) — 1 (si—) — 4(s*) /0] < la(s"—)+
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Sk ~
-1 hs(p)dp—a(s*) /0] +e = la(s"—) —qr-1(s"—)|+¢ < e+ekexp(M/s*) <
e(k + 1) exp(M7s*).

By Lemma 16, (letting ¢x(.) play the role of go(.)), there exists a ¢(.) €
Q*(f,A) defined on (s*,s**1) with initial value ¢(s*+) as specified above,
such that |g(s) — qu(s)| < e(k + 1) exp(M7s¥) exp{MT(s — s*)} = e(k +
1) exp{M f s}, and the induction is complete. In particular
lg(sF ) = G(s 1) /6] = a(sF ) — G(sF ) 6+ [5 " hs(p)dp| <
e(k* 4+ 1) exp(M7s¥+1) (hs(s) vanishes for s > s*"). O

Lemma 17 implies that for all £ > 0, there exists a § := d4 > 0, such that
6_1Q(Ta fAv f) - Q*(Tv f7 A)+B(07 E/M/)v where M' := maX{MG7 M¢} By

Lipschitz continuity, this implies that both for D/(.) = DG(z/(T))(.) and
DI () = D(2!(1))(.),

DI('Q(T, f4, f)) € DN(Q*(T, f, A)) + B(0¢), (79)

Thus, DG(zf (T))(Q(T, 4, f)) € DG(z/(T))(6Q*(T, f, A)) + B(0, é¢). For

e = p"i’ /2, from this inclusion and (76), (15) follows, for p = u”/2, ' =
fi',6 = 0 := 84. Observe that if T is the map (w,v) — w — Alv|, then,
by (79) and Lipschitz continuity of I' of rank < 1+ A, it follows that (for
f=rf,I*cr*+ B(0, ( + A)e), where

I = Uyes 100145 D (Dé(a* (1)) (w), DG(a*(T))(w)) and
D = Unegr it T (D(a* (7)) (), DG(a(T))(u)

The conclusion in Theorem 4 follows from this inclusion and the arbitrari-
ness of e: inf{I'"* + B(0, (1 + A)e)} =infI"™* — (1 + A)e <infT* <0. O

Instead of the ”uniformities” in (72’) and (11), alternatively, the following
assumptions also yield the conclusion of Theorem 4.

Given any finite collection A= {vl, Siy Wi Ji=1,. € (0,7),

w; € X,v;>0,> v <1, let Q(f A) be the set of plecew1se
continuous functions y(.) : J — C(J, X) jumping only at the s;’s,
y(O) =0, y(51+) B y(si_) = EstSi vjwj — Zsj<si UjWss

y(.) antidifferentiable between the jump points, with

dy(s)/ds € D3f(., 5, 2(3))(y(s)(5))ds ae.

For each collection A, each & € B(0,¢), and each s, it is

assumed that Dsf(.,s,z*(s) + Z)(y) is uniform in y in the set
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{y(s)(s) :y() € Q(f, A)}- (80)

For each f and collection A, at each 2’/ € B(x*(T),¢),
x — G(x) and — ¢(z) are assumed to have d.d. containers
in all directions v, being uniform in

ve {y(TNT) : y() € Q(f, A)} (81)

Placing slightly stronger conditions on the perturbations points s;, (still,
in a sense, for any given f, they will exist a.e., see Seierstad (1997)),
a variant of Theorem 4 is obtainable. Redefine (J; to consist of collec-
tions {(vi, si, fi) Yi=1,...i*, (Vi, Si, fi) € (0,00) x (0,T) x F,> v; < 1, such
that each s; is a left regular point of the indicator function of the set
N; = {s: fi(,,s,27(s)) # f(.,s,2/(s))} and such that s; is a point of
continuity of the function s — fi(.,s,27(.)) — f(.,s,27(.)) restricted to
N;. Also redefine A* to equal 32MyM exp(M /" T)p"~t max{1/i/, 1 + 1/ji},
fi = min{f, i /4}.

Theorem 5. For @y and A* as just redefined, Theorem 4 holds for
(727),(11) replaced by (80),(81).

Proof: The proof of this theorem can - and will - be reduced to the case
of ordinary differential equations, (see above).
A lemma is needed:

Lemma 18. Let g(t,x) : J x X — X be measurable in ¢ for each z € X.

Let (s',2") € (0,T) x X,i = 1,...,k, be given, s’ < s < ... < s* and let ¢

— x(t;st, ..., s%, x, ... 2¥) =: x(t;...) be piecewise continuous with jumps at

the s'’s satisfying

o(st4;.) —o(st—;..) = af (83)

and such that t — w(¢;...) is antidifferentiable on each (s?,s*1), satisfy-
ing

dx(s)/ds = g(s,x(s;...)) a.e., z(0) = o, (83

(so s — g(s,x(s;...)) is integrable, by assumption). Assume also that
for some A\ > 0, for all ¢,z — g(¢,x(t;...) + =) is Lipschitz continuous of
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rank < k4(t) in B(0,\) C X, k4(.) integrable. Moreover, assume that
x — g(t,z(t;...) + x) has a closed d.d. container Dag(t,z(¢;...))(q) at 0 for
all ¢, all ¢ € X, which is Lipschitz continuous in g of rank < k4(t), and that
for each function ¢(.) € C(J, X),t — Dag(t, z(¢;...))(¢(t)) is measurable and
essentially separably valued. Let Q(s, ..., sk 1., vF) be the set of piecewise
continuous functions ¢(.), such that ¢(.) is antidifferentiable on each

(s?, s1) with

dq(s)/ds € Dag(s,x(s;...))(q(s)) a-e.,

q(s'+) —q(s'—) = v' € X, q(0) = 0. (837)
Assume that for a.e. t, Daog(t, x(t;...))(q) is uniform in q € {q(t) : q(.) €
Q(sh, ...,s% v1...,v¥)}. Then, a piecewise continuous solution ¢ —
x(t; st ..., zl, ..., 2¥) (antidifferentiable between the jump points s %) through

k

s
(0,z0) of (83),(83 ) also exists for Jump values z* near x*, i = 1,....k, (i.e.
for ' in (83) replaced by such 2%’s), and for t > s* (z 1 ...,zk) — z(t;

st ..., 8% 21... %) has a d.d. container with respect to the vector (z'..., 2%) €
XFkin dlrectlon (v1 v*), denoted D( )T x(t; st ..., 8%t ,:ck)(v L)
that equals {q(t) : ¢(. ) € Q(sh, ..., s% vl vk)}

Proof: The proof follows by applying Lemma 11 to the following system,
with state space X*+1 :

dxz/dt = g(tv ngi xj(t))1[5i7si+1)v xl(o) = Ziv i =0,...,k, (84)

(s = 0,881 = T, 20 = 2(). Then, for Z —0Zj(t) s 1 (t) =
x(t; sl,t..,sk,zl,.'..,zk) =: z(t), on (st, s7H1) da/dt = dzl/dt = g(t,z(t)),
and z(s'+) —x(s'—) = ngi zj(s7) — Z]Szfl zj(s ) = wi(s') = 2". O

We now turn back to the proof of Theorem 5, by first proving that,

for any f € clB(f*, i), for any A = {(vi, s, fi)} € Qy, for all

e > 0, there exists a 0 € (0,¢/2], such that for any & € (0, 6], there
exists a fas € F, fas € clB(f,0), such that

071 (G(214(T)) = G(a/(T)), p(al44(T)) — ¢(2/ (T)))) € ¥* + B(0,¢),
where W* := Uyc e (15,4 DG(2/ (T)(y) x De(x/ (T))(y) (85)

(For Q*, see (73)-(75)). To prove (85), let (f,v,A,c”) be a quadruple for

which (76) holds, A = {(v,, sis fi) yi=1,...i=. Define wk = 0P (fr(s®, 2T (s%)) —
f(s*, 27 (s%))), (for o%, s* and fj, see the proof of Lemma 17). Note first that,
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by Seierstad (1997), Section 5, for any € > 0, for some §* > 0, there exists a

function fa s € clB(f,8) N F, such that |z(T;s', ..., s*, solw!, ..., §0F wh") —

xfas(T)| /6 < e/2M', M’ = max{Mg, My}, when § € (0,5*]. From the pre-

ceding Lemma, by shrinking §* if necessary, for all § € (0, §*],

[G(2(T; s, ..., 8%, dotw!, ..., 60% wk")) — G(zf (T))] /6 €

DG (x/(T))(Q*(T, f, A)) + B(0,£/2), and

[p(x(T; s, ..., sF, 60 w!, ..., 60F wh")) — ¢(xf(T))]/6) €

Doz (T))(Q*(T, f, A)) + B(0,£/2). Using the last inequality, (85) follows.
Below, we shall apply Lemma 5 (Lemma 2), for p = p” /2, K' =1/, 1/ =

@' Evidently, (25) follows from (76), by letting ¢ = n”i//2 and using (85).
Let us next prove that, for any given A = {v;, s;, fi}i=1,... i+ in Qg+,

for all & > 0, there exists a " > 0, such that f := f4 5 satisfies
[Zf,5c+(lf§)c* - Zf*’c*]/é < 8,, for all 6 € (O, 5//], ce C. (86)

where ¢* = G(z*(T)) and i, := ¢(z/(T))— A*|G(2/(T)) — |, (A* as
defined in connection with Theorem 5.)

To prove (86), let A = {v;,s;, fiti=1,...i+ € Qg be given and define
M = max{M'" max{M7%}}. We can let g4 = Mo(fas, f*) + (T —
o(fas, [F)MP . Let &' > 0and let © ;== Mg2M exp(TM/")+|c—G(z*(T))|
and ® := 324"~ My,M max{1/i’,1 + 1/fi}. Note that 0 < g/as — TM/" =
(M—MT"Yo(fas, f*) < MS. When § € (0,8'],8 := In{1+¢' /MO exp(TM'")},
then exp(3744)—exp(TM/") = exp(TM/")[exp(p4s —TMS")~1] < &' /®O.
Now, for f = fas, Lemma 5 (Lemma 2) provides the inequality 0 >
[*(f,6c+(1—=6)c*) —*(f*, )]/, (0 € (0,1/2]. Furthermore, note that for
§ € (0,¢], (24)(i) gives, for f € clB(f*,6), that |G(«/(T)) — G(z*(T))|/s <
Mg2M exp(TM/'") and hence |G (2! (T)) — G(z*(T)) — Sc+ 0G (x*(T))| /6 <
©. Thus, replacing the term g7 = gf4s in *(f,dc + (1 — 6)c*) by TM/S”
introduces an error smaller than ®© (exp(3/44) —exp(TM/")), hence yields
the weak inequality in (86), (let 6” = min{d’, 1/2}).

The following argument shows that the conclusion of Theorem 5 follows
from (85) and (86). Let A and ¢ be given. By (86), for any ¢ > 0, for §
> 0, small enough, the inequality [t} 5eq(1—5)cx — Lf*,ex]/6 < €/3 holds. By
(85), for § small enough, for some z € Q*(T, f,A),v' € DG(x*(T))(z) and
w € Dp(z*(T))(2), the inequalities A*|v'—[G(x/45(T))~G(x*(T))]/0| < /3
and |w — [p(xf45(T)) — ¢(2*(T))]/6)| < /3 hold. The three inequalities in-
volving €/3 yield w — A*|v) — ¢+ G(z*(T))| < e.
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H. Necessary conditions under simplifying assumptions
Under the Lipschitz continuity assumptions of (7) and (8), the following
condition implies (10) and (11):

r — (¢(x),G(x)) and z(.) = f(¢,s,z(.)) have directional derivatives
in all directions, for all x € B(x*(T),<), respectively, all
z(.) € B(z*(.),9). (87)

When (87) holds, let ¢ ,(.) be the continuous solution of

a(t) = [y f(t,s,2f (= ) = f(t, 8,27 (— 5))ds+
Jo Df(t, 5,25 (— 5))(q(— s))ds,

(we write D? for directional derivatives).
Consider next the condition that for some pair (A, &), A > 0, > 0,

clB(0,¢e) C cl{DdG(a:f(T))(qf’f(T)) — (¢— G(2*(T))) : f € coF,
ce CNdB(G(x*(T)),1)} for all f € cB(f*, ). (88)

Evidently, (88) implies (15), and the inequality 0 > inf 2, 7 in Theorem
1 then yields the conclusion in the following Corollary.

Corollary 11. Let (2*(.), f*) be an optimal pair in problem (4)-(9),(87),

(88). Then, for any f € coF, and for any ¢ € C, for A as in (17),

Dg(a*(T)) (g ;. (T)) — AIDG(a* (7)) a5 1. (T)) — ¢ + G(a*(T))]
<0. (89)

The following corollary evidently follows from Corollary 1 in Section 4.

Corollary 12. Assume that all f in F are independent of ¢ and that
f(s,xz(—= s)) = f(s,x(s)), i.e. there is no history dependence. (Then (4)
is equivalent to an ordinary differential equation in X, in which case solu-
tions x(t) by definition are required to be antidifferentiable.) Assume also
that (4)-(9) hold and that all f € F, for all s, have bounded linear Gateaux
derivatives with respect to = at each point in B(z*(t),s). Assume, further-
more, that ¢ and G have bounded linear Gateaux derivatives in B(z*(T),s),
and that (18) and (19) are satisfied. Assume also that © — f, (¢, 2*(t) +x)q]
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is continuous in B(0,¢) C X, for any ¢, f € F,q € X, and similarly, that
x = Gg(2*(T) + x)[¢'] is continuous in B(0,¢) C X for any ¢’ € X. Then
the following maximum principle holds: For some non-negative number Ag,
some bounded linear functional A* € Y*, (A\*;\g) # 0, for any f € F, for ¢
not in a null set Ny,

(f(t,2* (1)), p(8)) < (f*(t,2*(t)), p(1))- (91)
Here p(t) is a continuous, weak* solution in X*, satisfying
dp(t)/dt = —[f3(t, 2" (1))]"p(t) a.e., (92)
and
p(T) = [¢e(@*(T))]" Ao + [Gu(z™(T))] A7, (C = G(z*(T)),\") <0, (93)

where [ |* means adjoint. (That p(.) is a weak* solution means that (z, p(t))
is absolutely continuous for each & € X, and d(z,p(t))/dt =
(—fz(t,z*(t))z, p(t)) a.e. for all z € X).

I. Comments on the measurability condition in (9)

To see that (9) allows applications to weakly nonlinear evolution equa-
tions, note the following result:

Let Q(t),t > 0 be a strongly continuous semigroup in X, and let h(s)
be a measurable function from J into X. Define Q(t) = I, for t < 0. Let
h*(s) =t —= Q(t—s)h(s) : J — X, s0 h*(.) : J — C(J,X). Then h*(.) is
measurable.

To show this, for any ¢ > 0, first choose a real-valued step function
a(s) such that meas(J:) < e, where J. := {s : |h(s) — h(a(s))| > ¢/2M},
M := sup,c;|Q(t)|. Next, choose § > 0 such that |(Q(c) — I)z| < e/2M
for all o € [0,0], all « in the finite set h(c(J)). Define the piecewise con-
stant function ((s) by ((s) = nd on (nd,(n + 1)§], n = 0,1,2,... .Then
d > s—[(s) > 0. Define 0 := max{0,t — B(s)} — max{0,t — s},t,s € J.
Then o belongs to [0,6], (check the cases t — B(s) > 0,t —s < 0 and
t—pB(s) > 0,t—s > 0). Then, for all ¢, s € J, for all z in the finite set h(a(J)),
Q(t — B(s)) — Q(t — 5)]a] = [[Qmax{0,t — B(s)}) — Qmax{0,t — s})]z| =
(Q(o) — INQ(max{0,t — s})z| < /2. From this it follows that for all
t e J,s € J\Jz,we have |Q(t —s)h(s) —Q(t—5(s))h(a(s))| < |Q(t—s)h(s)—
QUt — $)h(al(s)| + 1Q(t - s)h(als)) — Q(t — B(s))h(a(s))] < £/2+¢/2, and
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the claimed measurability follows.

Assume that a(s,z) is measurable in s € J, and locally Lipschitz contin-
uous in x € X. Assume also that the directional derivative Dla(s,z)(v)
exists for all s, z,v. Then the function b(s,z) : J x X — C(J, X) given by
b(s,z)(t):=:t — Q(t — s)a(s,z) has the directional derivative
Q(. — s)D%a(s,z)(v), and for any continuous z(.), DZa(s, z(s))(v) and
Q(. — s)D%(s,z(s))(v) are measurable in s.

Note that the measurability condition in (9) follows from the following
assumption.

For any z(.) in C(J, X) and any f € F,

f(t,s,x(.)) is continuous in ¢, uniformly in s, i.e. for all t € J,

for all £ > 0, there exists a § > 0, such that if ¢’ € J and |t/ — ] <
g, then |f(t',s,z(.)) — f(t,s,2(.))] < e for all s € J. (94)

Let us prove that for any y(.) € C(J, X),f(.,s,y(.)) : J = C(J, X) is mea-
surable: For any natural number n, by the equicontinuity in (9), (which ac-
tually is uniform in ¢ in the compact set J), there exists a piecewise constant
function 3, (t) : J — J, such that sup, | f(5,(t), s,y(.)) — f(t,s,y(.))| < 1/3n
for all s. Moreover, a step function a,(s) : J — J, exists such that
meas(J\A™) < 1/n, where

A= {5 € J = 5up, | F(Ba(t), an(5),9()) — F(Balt), 5, 5())] < 1/3n}.

Note that sup; | f(8n(t), an(s),y(.)) — f(t,an(s),y(.))| < 1/3n for all s. Us-
ing £(t,an(s), 5()) — £(t,5,5() = £t an(s), 5()) — £ (But), an(s), y()+
F(Bn(t), an(s),y()) = f(Bu(t), 5,4() + f(Bu(t), 5,4()) = f(E,5,9(.)), it fol-
lows that, for all s € A", sup, |f(t an(s),y(.)) — (t s,9(.))] < 1/n. So the
sequence of step functions of s, f(., a,(s),y(.)) converges to f(.,s,y(.)) in
measure in J, in sup-norm in C(J, X), which yields measurability.

J. Examples of d.d. containers

(i) Let g : R™ — R be Lipschitz continuous with Lipschitz rank K, and
let f: C(J,R") — C(J,R) be defined by f(z(.)) :== s — g(z(s)),z(.) €
C(J,R™). Let h(A, s) == [f(xz(s)+Az(s)) — f(x(s))]/A. Define, for any 6 > 0,
Bs(s) := limsupa\,005x(s), where f5(s) := sup{h(\,s') : |s' —s| < d},
and as(s) :=liminfy\\ g5 (s), where asa(s) := inf{h(\,s’) : | — s| < 5}
Let J' be a finite set such that J C J' + B(0,0), and choose a function
¢(s") + J — J', such that | — ¢(s')| < 0 for all §'. Then, for any € > 0,
for some ¢’ > 0, Bsa(s) < Bs(s) + ¢, for A € (0,¢'], all s € J'. Moreover,
for all ' € J, for all A € (0,0'], h(X\,s") < Bsa(P(s") < Bs(o(s)) + €.
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Similarly, for all £ > 0, for some ¢§” > 0, for all s € J, for all A € (0,4"],
h(A,s") > asa(é(s) > as(p(s')) — €. Let a®(s) and 3°(s) be any pair of
continuous functions such that af(s) < as(4(s)) and Bs(¢(s)) < B(s) for
all s, and let Df(z(.))(2(.)) be the set of continuous functions ¢(.) such
that ad(s) < c¢(s) < 3(s). By the above results, Df(z(.))(2(.)) is a d.d.
container.

(ii) If we change the example in (i) by working in L,-space, p € [1,00),
(i.e. z(.),2(.) and all ¢(.) belong to L,(J,R"™), f : L,(J,R") — L,(J,R)),
the inequalities in the definition of Df(x(.))(2(.)) can be sharper: Now,
we can take Df(x(.))(2(.) = {c() € Ly(J,R) : a(s) < c(s) < B(s)},
where @(s) :=liminfy\ ph(A,s) and B(s) :=limsupy\ 0h(A,s). (Note that
A — h(\,s) is continuous, so &(s) and B(s) are measurable.) The set
Df(xz(.))(2(.)) is ad.d. container for the following reason: Note that |h(}, s)]|
< |2(s)|K| and |8(s)| < |z(s)|K . For all s, max{0, h(), s) — B(s)} \, 0 when
A\, 0. Then, by dominated convergence, fJ[max{O,h()\, s) — ,@(s)}]pds N
0,when A \, 0. Hence, for any & > 0, for some & > 0, h(\, s) < B(s) +0x(s),
when X\ € (0,8, [0(.)], < €, where 95(s) := max{0, (), s) — 3(s)}. Sim-
ilarly, for some §” > 0,h(X,s) > a&(s) + 0r(s), when X € (0,4"], for some
nonpositive L,—function 95(.), with [0x(.)|, < &’.

(iii) Let C’ be a compact subset of R™ and let L(z,y) : R™ x C' — R
be continuous in y and Lipschitz continuous in & with rank < K, uniformly
in y. Given any elements & and z in R™, if the family of functions of
Y, {IA)(/\,y)}AE(Oyl], b\, y) := [L(Z + Az,y) — L(&,y)]/A is equicontinuous in
y, then E(z) := L(z,.) : R™ — C(C',R) has a d.d. container in C(J, X),
at Z, given by DiL(%,.)(z), where DiL(z,y) is the contingent derivative
of x — L(x,y). Actually, D} L(Z,.)(2) is a set valued directional derivative
(by the sup-norm compactness, it is actually a directional multiderivative).
For example, if L(x,y) = a(x)c(y), where a(x) is Lipschitz continuous and
¢(y) is continuous, this equicontinuity holds. If a continuous function F(x,y)
: R? — R has a partial derivative F}(z,y) which is continuous in (x,%), then,
provided the above equicontinuity holds, x — F(L(z,.),.) has the directional
multiderivative Fy (L(#,.),.)D; L(Z,.)(2). (Note that A" [F(L(2+\z,y),y)—
F(L(Z,y),y)]
= /\71[[’(@ + )‘Zvy) - L(.ﬁ,y)] fol FI(L('®79) + T[L<i' + )‘Zvy) - L(i'ay)]v y)dT’.
The integrand is bounded, and for each 7, is continuous in y, uniformly in
A.)

Next, let continuous functions #(.) and z(.) in C(C’,R™) be given. If
the family of functions of y, {b(\, y)}re0,1), BN y) := [L(2(y) + Az(y), y) —
L(z(y),y)]/A, is equicontinuous in y, then E(x(.)) := L(z(.),.) : C(C",R™) —
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C(C',R), has ad.d. container in C(J, X), at &(.), given by Dy L(z(.),.)(2(.)).
Actually, DjL(z(.),.)(2(.)) is a directional multiderivative. The example
z(.) — |=(.)] : C([0,1],R) — C(]0,1],R) shows that such an equiconti-
nuity can be difficult to obtain: If #(.) is any continuous function with
both positive and negative values, no directional derivative exists at Z(.) in
C([0,1], X), and more generally, equicontinuity does not hold.

K. Modification of (15)

If 6 in (15) is required to belong to (g,00) rather than to (0,00), for
some given € > 0 then in case of (18), in (15) we can replace Q(T, f, f) by
{q(T)(T) : q(.) € Q(f, f*, f*,z/(.))}. A proof is obtained from the proof of
Remark 2 in Section 11, by choosing /i also such that 4Mfiexp(2TM7") <
iy /4 < oy /4, and noting that dq(t)/dt € Df*(s,z%(.))(q(.))+
cdB(0,1¢, (6K M'™ +2M) + f(t,27(.)) — f*(t,2(.)), Then, (15) follows for
p=fi/4.

L. Nonconvexity of C.
The following variant of Lemma 2 holds even in the case where C is
nonconvex:

Lemma 19. (Exact penalization. No d.d. containers. No switching.)
Let (z*(.), f*) be optimal in problem (4)-(7), and let ¢ be as defined in
(14). Assume that G(zx) is continuous - and ¢(x) Lipschitz continuous - in
B(z*(T),s), the Lipschitz rank of ¢ being My. Assume, moreover, that there
exists a quadruple (K, u, i, 1) € (0,00) x (0,1) x (0,¢] x (0,00) with the
property that for all (f,c) € cdB(f*, ) x (CNB(G(z*(T )) Q)), allv e Y
with [v] = 4/, all r € (0, 1], there exists a triple (f, ¢, ), f € clB(f*,¢) C

¢ € C, and § € (0,r], such that

Gaf (1)) — (ﬂff( )) = bv— (¢ =) < (1= p)o,
o(f, f) <O6Ku', and | —¢| <K . (95)

Let ¢* = G(«*(T)). Then, (f*, ¢*) maximizes

4 (f) = @@l (1) — dp~ ' KM Mydist(G (27 (T)), C) exp(57) (96)
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for f in some ball cIB(f*, i) in F, where 3/ := M/o(f, f*)+
MI(T = o(f, %)) and fi € (0, /2]

Proof: The conclusion in Corollary 6, Section 10, can be stated as fol-
lows: a* minimizes a — n(a) + 4KWou~tdist(H (a), C N clB(H (a*), 1/2))
in clB(a*,1/2). From this observation, the conclusion in the lemma fol-
lows, once the following identifications is made. Let A = c¢lB(f*,(), a =
f.H(a) = Gz (T)), n(f) = —¢(z/(T)),a* = f*, and W, = My2M exp(B/),
see (23)(i). Observe that o(f, f*) < i < ¢ implies |27(T) — 2*(T)| <
fi2M exp(TMY™), so for ji small enough, |G(z/ (T))—c*| < fi/4, when f sat-
isfies o (f, £*) < fi. The next to last inequality yields ji/4 > dist(G(z/(T)), C)
= dist(G(2/(T)),C NclB(c*, 1/2)).

M. Gronwall’s inequality
Let non-negative continuous functions a(t), b(t), c(t) satisty a(t) < b(t)+
fo ds for all ¢ in [0 T). Then, for all ¢,

—l—fo exp(f c(r)dr)ds.
When b( ) is nondecreasmg, the right hand side is <

—l—fo exp(f c(r)dr)ds = b(t) exp fo dr).
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