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Abstract This paper provides a framework for deriving a new set of necessary conditions
for adverse control problems among two players. The distinguish feature of such problems
is that the first player has a priori knowledge on the second player strategy. A subclass of
adverse control problems is the one of minimax control problems, which frequently arise
in robust dynamic optimization. The conditions derived in this manuscript are expressed in
terms of relaxed derivatives: the dual variables and the related functions are limits of com-
putable sequences, obtained by considering a regularized version of the original problem
and applying well known necessary conditions. This topic was initially treated by J. Warga.
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1 Introduction

In this paper, we consider adverse control problems between two players described by
differential equations

t
YO =b+ / s y(5), u(s))ds
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t
F)=b+ / 5. $(5). us). v(s))ds.

In this model, u(.), b, and y(.) are, respectively, the control, the initial state and the state
trajectory of the first player, while v(.), b and ¥(.) are, respectively, the control, the initial
state and the state trajectory of the second player; y(.) = (¥(.), y(.)) is the state trajectory
of the control system and b= (b, b) is its initial condition at time y, which can be varying
on a given set (details will be provided in the following section). Adverse control problems
concern the choice of (u(.), b, 15) that minimizes a given function o (y(u#)(¢1)) and satisfies
constraints expressed in terms of

hi(y(u)(n)) =0, h((u, v)(t)) <0
for every admissible strategy v(.).

Adverse control problems have some formal analogy with differential games, but yield a
priori information to the second player about the first player strategy. The model formulation
that we deal with emphasizes this different feature by decoupling the player one trajectory
y(.) from the player two trajectory y(.), instead of considering a joint differential equation

t
() =b+ / f(s, 9(s), u(s), v(s))ds,

as it is usually taken into account in the differential game framework. A particular case of
adverse control problems are minimax problems, in which

ho(y () (1)) = sup ho(F(u, v)(11))

and the minimization process is carried out following some “worst case” criteria. A deeper
exposition on minimax optimal control is presented in the monograph [1].

Adverse control problems were extensively studied by Warga in his monograph [8], in
which he proposed two extensions of the original problem, aimed to guarantee the existence
of a solution. He denotes such enlarged problems as relaxed and hyperrelaxed, respectively.
The relaxed extension can be properly used to model the case in which the function f is
additively coupled with respect to the control strategies of players one and two respectively,
that is:

f@ 9,u,v)= fi(t,y,u) + 2, 9, v);

another case in which the relaxed extension can be successfully applied is when the second
player does not have perfect means to detect the value u(¢), but can just detect an average
of values of u(.) over short intervals of time. In all the other cases (which means, when f
assumes a general form and when the second player can acquire information on the value
u(t)), the relaxed problem can fail to provide the “right” value of the adverse control prob-
lem: in other words, it can occur that the value of the relaxed extension is lower than the
value of the original problem, even for smooth dynamics (as it is showed in [8] and in the
last section of the paper). This lack of properness motivates the attention for the hyperre-
laxed extension: in this setting, the second player gains more freedom in the choice of the
control strategy, making the hyperrelaxed problem formulation “fair”, in the sense that the
value of the hyperrelaxed extension does not change with respect to the original one. In [8]
and [7], Warga proves the properness of the hyperrelaxed problem and the existence of a
sequence of original controls which approximates the hyperrelaxed problem solution.

@ Springer



Necessary Conditions for Adverse Control Problems 661

In the same monograph, necessary conditions both for relaxed and hyperrelaxed prob-
lems are derived in the case of smooth data. The nonsmooth setting is considered in [11],
where necessary conditions are derived using the notion of Warga derivative container (see
[9], [10]). However, as it is explained in ([11], Section 3), there are some technical diffi-
culties (related to the measurability of the relaxed and hyperrelaxed hamiltonians) which
prevent to obtain a “pointwise” maximum principle strong as much as in the smooth setting.

A different approach to the particular case in which minimax problems are considered is
provided in [6], where the set of “adverse trajectories” is identified with a compact metric
space. Necessary conditions are expressed in terms of a nonsmooth Pontryagin maximum
principle in which the adjoint equation and the transversality condition are modified in order
to gain good compactness properties in the proofs. Main ideas and tools used in the proofs
of [6] can be found in [4] and [5]

The aim of this paper is to provide a new set of necessary conditions for adverse control
problems which have a stronger resemblance with the necessary conditions established in
[8] for the smooth setting. Indeed, the main results, collected in theorems 31 and 32, provide
a form of Pontryagin maximum principle in which the pointwise maximum condition is still
preserved and the adjoint equations have limit representations.

The key idea of the proofs is to define a sequence of perturbed smooth problems for
which well-known necessary conditions apply and the couples solutions/multipliers con-
verge to a couple solution/multiplier of the hyperrelaxed (or relaxed) problem. We do not
make use of variational principles, but we regularize the data by convolution techniques.
We do not provide direct substitute to the non-existing derivative of nonsmooth data, but we
cope with the convolution integrals, using the concept of “relaxed derivative” established in
[12].

We stress that the sequence solutions/multipliers generated in the main proofs could be
computed in many cases of interest and no a priori information on the minimizers of the
adverse control problem is required.

The paper is organized as follows: in Section 2 we describe notations, a precise statement
of the problem, an overview on relaxation and hyperrelaxation schemes and the assumptions
that we refer to through all the paper; furthermore, we provide some tools, lemmas and
convergence results for convolution approximations and relaxed derivatives; in particular in
Section 2.7, we derive necessary conditions in the smooth case for the problem formulation
we will deal with. In Section 3, the main theorems and their proofs can be found, while in
Section 4 an illustrative example is discussed.

2 Preliminaries
2.1 Notation

In this section, we introduce notations and basic concepts which we will use through all the
paper.

Given a compact set K, we denote as C (K) the set of all continuous functions defined on
K. 1t is well known that the set C*(K) (the set of linear and continuous functionals defined
on C(K)) can be identified with the set of finite Radon measures on K, which we denote as
f.r.m.(K). Further we denote as f.r.m.™ (K) the set of finite positive Radon measures and by
r.p.m.(K) the set of Radon probability measures on K. We denote also as B(K) the Borel
o—field on K and for every u € C*(K), we denote as u(K) the norm in total variation
of .
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662 M. Palladino

Given a measure space (X,u,F) and a metric space (Y,d), we denote as
LY(X, 1, Y) := L(X, u,Y)/ ~, where L(X, i, Y) is the set of the p-integrable functions
f : X — Y defined at every point x € X such that f | f(x)|u(dx) < oo and ~ is the
equivalence relation f ~ g iff f = g u-a.e. In the paper, we use the notation L' (X, u) or
L' (i, Y) when there is no disambiguation in the codomain or the domain, respectively.

Given a set A, we denote as co A the convex hull of A and as x4 the indicator function
related to A. Finally, we denote as B the closed unit ball in the euclidean space with suitable
dimension, as Z(K) the power set of K, as M,y the set of matrices with r rows and k
columns and as I the identity matrix of dimension k.

2.2 Original Problem Statement

Consider the adverse control problem

Minimizeyes ho(y(u)(11))

over measurable functions u(.), v(.) such that

u(®)eU@), v@E)eV() a.e.t € [, 1]

(opP) { ()= f(t.y(®),u@®) ae.r €, ] ,
@) = ft. 3@, u@), v(r)) ae.r € rn,n]

y() =b € B, )= beB and hi(y) (1)) =0

h(y(u,v)(t1)) <0 foreachv eV

where f : [to, 1] x R" x U — R”, f: [0, 1] x R x U x V — R™, hy : R" - R,
hi :R" > Rand h : R" x R" — R are given functions, U and V compact metric
spaces and [f7p, 7] C R a given interval. The initial condition b = (b, 15) takes values
on the compact and convex set B := B x B C R" x R™. It turns out that the initial
condition can be regarded as a ch01ce of control parameters for problem (O P) (cfr. [8]).
We denote as y = (v, ¥), as f = (f, f ) and we sometimes emphasize the dependence
on the controls writing y(u)(z), y(u, v)(¢). The mappings U(.) : [t9, ;] — Z?(U) and
V() : [to, 1] — ZP(V) are given Borel measurable multifunctions with compact values
and we denote as I/ (resp. V) the set of all measurable functions u(.) : [#g, 1;] — U such that

u(t) e U(t) ae. t € [1g, 11] (resp. v(.) : [to, 1] — V such that v(¢) € V(¢) a.e. t € [10, 11]).

2.3 Assumptions

In this paper, we assume the following hypotheses on the data: let @ C R", Q C R™ be
open sets, $ = Q x Q. We consider functions

f=(f,f):[t0,t1]XQXUXV—>R"+’", hi:Q—>R,i=0,1,
h:Q—R
such that
H1) f(., v, u, v) is Lebesgue measurable for each (¥, u, v) and f(t, ., ., .) 1s continuous

a.e.t € [tg, 11];
H?2) there exist a constant L 7 and an integrable function yx (.) such that

1f @, 5u,0) = 0,5 w0 < L5 =¥
and
|f @, 3, u,v)| < x()
forevery 3,3 € Q,u € U,v € V,ae.t € [fy, 11];
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Necessary Conditions for Adverse Control Problems 663

H3) there exist positive numbers Ly, Ly, L P> 0 such that
() —hi )] < L ly =y, i=0,1,  [h@) —hG) < L;l$ — §',

forevery y,y' € Qand 3, § € .
2.4 Relaxed and Hyperrelaxed Problems

The adverse control problem (O P) does not always admit a solution, when we restrict the
choice of controls u(.) and v(.) to be elements of I/ and V, respectively. As it is showed in
[8] and [11], there are two ways to guarantee the existence of a solution for adverse control
problems.

The first method concerns the symmetric relaxation of both players. More precisely, we
introduce the set of Borel measurable mappings

S:={0():[to,t1] > rpm.(U) : o(t)(U@®)) =1a.e.t €[tp, 111},

and we symmetrically extend the choice for the second player to the set of Borel measurable
mappings

Sp:={op():[to,t1] > r.p.m.(V): op()(V(@)) =1a.e.t €[ty 11]}.

Then we consider the new relaxed problem (R P), which has the same data of (O P), but
where the dynamic equations are replaced by

t
y(o) (@) :b+de/f(s,y(S),u)a(S)(du)
0]

1

(o xop)(®) =b +/ds f F(5, (), u, )0 (5)(du) x op(s)(dv),
fo
where o x op is the product measure between o € S and op € Sp. The control strategies
for players one and two are now elements of S and Sp, respectively. It is showed in ([8],
Example IX.2.2, pp 453-456) that the problems (O P) and (R P) can have different values
if we do not assume some special hypotheses on the structure of the dynamics.

We now move our attention to the hyperrelaxed extension, which does not modify the
value of the problem, let alone special assumptions on the structure of f. The problem is
modified as follows: the first player can still choose the control strategy in the set of relaxed
controls S while the second player, in order to not modify the cost of the problem, has to
pick controls up from a larger set than S. These controls are mentioned as hyperrelaxed and
lie in the set

P = {m(, ) : [t0, 1]l x U = rpm.(V) : w(t,u)(V(®)) =1, a.e.t € [to,11], Yu € U}.

Roughly speaking, if we consider the set of Borel measurable mappings

Q:={a:[to,t1] > r.pm(UxV) :a(U@) x V) =1, a.e.t €1y, 111},

then S can be considered as the set of the Borel measurable mappings from [#o, #1] to the
set of marginal probabilities on U, while P can be regarded as the set of the mappings from
[#o, t1] to the set of the conditional probabilities on V with respect to the information u € U.
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664 M. Palladino

The hyperrelaxed problem has the same data of (O P), but the choice of controlsiso € S
for the first player and 7 belonging to a modification of P (details will be given later in the
subsection) for the second one. This changes the dynamic equations as follows:

t

Y@ ®) = b + / ds / (5. 9(@)(5), ) (5)(dw),

fo
t

o ®m)(1) =b+ / ds / f(s. 3@ ®7)(5), u, )0 (5)(du) @ 7 (s, u)(dv),
19
where the symbol o ® 7 denotes the unique element in Q such that

t t
/ds/w(s,u,v)cr(s)(du)®n(s,u)(dv) :/ds/o(s)(du)/«p(s,u,v)n(s,u)(dv)
0 fo

for every ¢(., .,.) € Ll(dt, C(U x V)), (for more details, see [8], Lemma X.1.3, pp. 485).
We denote as (H P) the hyperrelaxed version of the problem (O P).

As it is pointed out in ([8], Remark, pp. 489), there appears not useful way to define a
compact metric topology on P such that the function 7 — o ® 7 is continuous for every
o € S. However, we can overcome this difficulty proceeding as follows:

1. Restrict our attention to some fixed denumerable subset S’ C S;
2. Introduce on P the following relation ~: 71 ~ 3 if and only if

oRm(t) =0 Qm(t) a.e.t € [tp, 11], Yo ecoS'.

We denote as P the set of equivalence classes on ’ﬁ;

3. We introduce a compact metric topology on P, which makes continuous the mapping
7+ o ® r forevery o € coS’. By ([8], Lemma X.LI, pp. 482), for every 6 € coS’
there exists a unique nonatomic measure ¢ such that

n
/dt/h(t,u)&(r)(du) = /h(t, W) (d(t, u)) VhelL'(n nlxU,Z7).
]

‘P can be regarded as the set of the E—measurable mappings 7w : [fo,11] x U —
r.p.m.(V) such that 7 (t, u)(V(t)) = 1 ;:—a.e. which elements are also Borel measur-
able on the set ([#p, 1] x U). (for more details, see ([8], Definition X.2.1, pp. 496) and
following discussion).

We now state a lemma that provides a link between the measure ¢ and the elements o € S'.

Lemma 21 Let S, P and ¢ be defined as above. Then lim; 0 @ m; = o ® 7 for every
o € 8 iflim; m; = 7w in P. Furthermore, if E is a { —null set, then xg(t,u) = 00 (t)—a.e.
;aet €[ty 1], foreveryo € S'.

Proof See ([8], Lemma X.2.2, pp. 497). O

Using lemma 21 and the formal construction of the hyperrelaxed control set described
in points (1) — (3), it is easy to check that the definition of hyperrelaxed controls does not
depend on the choice of ¢. Indeed, taking any other o € coS’ and the associated measure
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Necessary Conditions for Adverse Control Problems 665

Z, it turns out that ¢ and ¢ are equivalent and null sets of ¢ are also null sets of ¢ (and vice
versa).

It is proven in ([8], Theorem VLLI, pp. 348) that the functions S > o +— y(o) and
Q30 ®nm — y(o ® ) are continuous. Furthermore, since ([8], Lemma X.3.3, pp. 504),
the function P > 7 +— y(o ® ) is continuous for every o € coS’, and also the function
Sp > 0p > o ® op is continuous for every o € S.

To summarize, the new relaxed and hyperrelaxed adverse control problems can be written
as follows:

Minimizeges ho(y(o)(#1))
over o xop €S x Sp, s.t.

(RP) yo)y=f@, y@®),0@) ae.reln, ]
YO = f@t,9(1),0 xop(t)) ae.t €ty 1] ’
y(to) =be B, yt)=beB and hi(y()(t)) =0
h(y(o x op)(t;)) <0 foreach op € Sp

and

Minimizeges ho(y(o) (1))
over 0 €S, mweP, st

(HP) )Z(t) = ]i(t,):(t),o(l)) ae.r € [to, 11]
yit)=f(t,y(),0Q 71(1)2 ae.r e [t0, 1] ’
yto) =be€ B, Y)=beB and hi(y(o)(t)) =0
h(y(c @ w)(t1)) <0 foreach m € P

where, to the sake of shortness, we have used the notation

f(t, y(0),0(1) 1=/f(t,y(ff)(t),u)a(t)(du),
U

f@, 50,0 @) = / ft, (0 ®m)(t), u, v)o () (du) ® w(u, )(dv)
UxV
and

f@,5@),0 xop@t)) = / [, $(0 x op)(@), u, v)o (du) x op(dv)(@).

UxV
2.5 A Special Choice of S’

Let 6 € S be a given relaxed control. We define a special denumerable set S’ which will
be used at a succeeding stage. By ([8] Condition IV.3.1, pp 280), there exists a denumerable
subset Uy, of U such that the set {u(?)| u € U} is dense in U (¢) a.e. t € [tg, t1]. We stress
that the compactness of U is a sufficient condition by which such a condition is satisfied.
If we denote as I, the set of all the subintervals [a, b] of [, 1] with rational endpoints,
then the set Uy, X Ioo is still denumerable and takes the form {(u/, [a/, b/]) : j € N}. We
denote as §, the Dirac measure at r; we set og := ¢ and, forall j € N,

| iy iftelal,bl]
a;(®) '_{6(0 otherwise ‘

We finally set S’ := {0, 01, 02, . . .}. This special construction for the denumerable set S’
will be helpful in the proofs of theorem 31.
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666 M. Palladino

2.6 Relaxed Derivatives

Consider an open set Q' C R" and a set Q C Q" which has compact closure into 2. We use
the notation  CC ' and we can always suppose that there exists an ¢ > 0 small enough
such that Q@ + ¢B C €.

We construct a C* function as follows: define

exp(ﬁ) ifxeb

o(x) =
0 otherwise
and consider its normalization p(x) = %. It follows that o(.) is C*°, has compact
B
support in B and
/Q(X)dx = /Q(X) =1
R” B

Furthermore we can define a function o/ (x) := j"0(jx) which has compact support in
%IB% and such that [ ¢/ (x)dx = 1 for each j € N. We say that the function ¢(.) is a C*

mollifier and that {o/} is a sequence of mollifiers.

Let ¢ : @ C R" — R be a locally Lipschitz function with constant Ly and take a
point x € 2. We next consider the convolution between the sequence of mollifiers and the
function ¢ (.) defining

¢’ (x) = (¢ x0))(x) == / o' NP (x — y)dy = / 0! (x = Y)p(y)dy.
B x+j7'B
The last equality is well defined for j sufficiently small because x € 2. The sequence
{7 ()} jen i_s called convolution approximation of the function ¢ (.). It turns out that the
functions ¢/ (.) are C* and their partial derivatives 9, ¢” (.) are uniformly continuous on €2.
Furthermore, by the Rademacher theorem, the function d,¢(.) exists a.e. and, for x € €,
we set

0xp! (x) = f 0’ ()3: (x — y)dy.
7B
It n: [to, 1] — Q'is a continuous function, then 8){ ¢ (n(1)) is Lebesgue measurable
and dominated by [3{¢ (n(¢))| < L. It follows that the integral

151
o = / 8l (n(1))dr
fo

is well defined and, by the dominated convergence theorem, there exists ® := lim; /. We
call @ the relaxed derivative of ¢ (.) evaluated along the continuous function 7(.).
We have the following result:

Lemma 22 Suppose that ¢(.) and Q are the same objects defined in Section 2.6 and that
¢’ () are the convolution approximations of ¢(.). Then ¢’ (.) are locally Lipschitz with
constant Ly and, for all x € L,

13x¢! (x)] < Ly, ¢/ (x) — p(x)] < Lg/j-
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Necessary Conditions for Adverse Control Problems 667

Proof See [2]. O

The analysis carried out in this section can be easily extended to any function ¢ : [#g, 7] X
QxU — R"suchthatt — ¢ (¢, x, u) is integrable for every (x, u) € QxU, x — ¢(t, x, u)
is Lipschitz continuous a.e. t € [fg, 1], forevery u € U and u — ¢(¢, x, u) is continuous
a.e.t € [1tg, 1], for every x € Q.

2.7 Preliminary Results: The Smooth Case

We now state results dealing with the case in which all the data of the adverse control
problems (RP) and (H P) are smooth. Such lemmas are very similar to [8], X.3.5, X.3.7,
but they differ in the typology of adverse control problems that we are dealing with. In what
follows, we will invoke the following hypothesis:

H4) f(t, LU, v), l;(.) and h;(.), i = 0,1 are all continuously differentiable, a.e. ¢ €
[to, 1], forallu e U,v € V.

Furthermore, for ¢ € [y, 11], 0 € S and & € P, we will denote as
n
Z(1) =1 + / Z(5)0x f (s, y(0)(s), 5 (s))ds,
1
5l
Z()(t) = Inm + / Z() ()3, f (5,56 ® 1)(s), (6 ® 7)(9))dls,
t
which are well posed since the regularity of the dynamics with respect to the state variable.

Lemma 23 Assume hypotheses H1) - H4). Then, given (5, b, 5) minimizer for problem
(H P), there existlp > 0,11 € R and w € f.r.m. T (P) such that

D O<b+lhl+w®P) =1

if we set
k(1) == (lodxho(y(&)(11)) + 113:h1 (y(@) (1)) Z (D),
k() () = 3:h(3(G ® 7) (1) Z(7)(1),
b, t,u) = max k(m) (@) f(t, $(E @ m)(1), u, v),
veV(t)
and

H(t,u)=k(t)f(tyy(5)(t),u)+/h(ﬂ,t,u)w(dﬂ),

foreachmw € P,u € U(t), a.e. t € [ty, 11], then

ii) /H(t, u)o (t)(du) = mUir(l)H(t, u) a.e.t €[y, 1],
uel(t

iii) b, t,u) = /lg(ﬂ)(f)f(f, Y@ @m)(), u, v)mw(t, u)(dv),
for w-a.a. T € P,ae.t €[ty 1], 6(t)—a.a u €,

vy hGE @n*)(1) = glea%ﬁ(ﬂa ®@m) (1)) =0

@ Springer



668 M. Palladino

for w-a.a. w* € P, and

v) k()b +r(b.b) = min_ k(o) + A(b, ),
(b,b)eB

where X := fIG(zt)(to)a)(dn).

Proof We apply theorem [8], X.2.4 to the data of the problem (H P). From condition [8],
X.2.4 (1), it follows that there exist Iy > 0,1 € R, w € f.r.m.m(P) and an &(.) function
which is L! (w, P) and such that |®(r)| = 1 for w-a.a. 7 € P.In particular, from condition
[8], X.2.4 (3), we obtain that @ = 1 and that

3G @) (1) =0 w—aa 7*eP.
Conditions i) and iv) are then satisfied.
Now applying the result of [8], X.3.2 to the function (¢ ® 7) ﬁ(ﬁ(c ® m)(t1)) and
combining with [8], X.1.4, we get the relation

b, t,u) = / Rh(G (@ @ )W) Z(T)(1) - f2, 5@ ® 7)(1), u, v)7(r, u)(dv),

for w-a.a. w € P,ae.t € [y, t1], 0 (t)—a.a. u € U, which is condition iii).
From [8], X.2.4 (2), arguing as in the proof of [8], X.3.5, Step 3, relations ii) and v)
follow. This completes the proof. O

We now state a similar result for relaxed adverse control problems. We do not perform
the proof since it is based on the same arguments of the proof of lemma 23. We just point out
that instead of applying theorem X.2.4, [8], we invoke theorem IX.1.2, [8], which is specific
for the relaxed extension of problem (O P). It is worth mentioning that the minimization
principle ii) is performed on the set of relaxed controls S and involves an ‘averaged max-
imized’ hamiltonian h(op,t,s), s € S. For givent € [1p,41], 0 € S and 6p € S, the
function Z(.) remains unchanged, while we define

n

Z(op)(t) = Iysm + / Z(op)($)0x f (5, (& x ap)(s), (& x ap)(s))ds.

t

Lemma 24 Assume hypotheses H1) - H4). Then, given (5, b, lj) minimizer for problem
(RP), then there existly > 0, 1; € R and w € f.r.m. T (P) such that

i) O<lo+1hl+w(P) <1

if we set
K@) 1= Uodeho(y(@) (1) + 13 (Y& D) Z (1),
k(op)(t) := d:h(3(0 x ap)(t1))Z(ap)(t)
hlop,t,s) = UI;I‘%)];(OP)(I) ~ffA(l, V(@ x op)(®), u, v)s(du),
and
H(t,s) = k@) f(t, y(0)(@),s) + / hlop,t,s)w(dop), (sed8)
then

ii) fH(t, u)o (t)(du) = mig H(t,s) a.e.te€ltt1],
S
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Necessary Conditions for Adverse Control Problems 669

iii)  blop,1,0(1)) = IG(UP)(I)/J?(ta Y@ x op)(1), 0 (1), v)op(dv),

for w-a.a. op € Sp, a.e. t € [y, 11),

iv)  h(G@E x o)) = max h(3@ x op)(t1)) =0
0ESP
for w-a.a. o} € Sp, and

V) k(to)b+ (b, b) = min k(to)b + (b, b)
(b,b)eB

where A := [ k(op)(to)w(dop).
2.8 Perturbed Problems

Convolution approximations can be used to define a sequence of problems whose limit
approximates the behavior of (O P). If we consider the function f(t,y,u, v), we can
construct its convolution approximation with respect to y as

Fi, 9, uv) = / o/ () f(t,$ —x,u, v)dx.
iT'B
The same procedure can be carried out on the functions

K (y) = / o’ ()hi(y — x)dx, i=0,1,
7B
and
h (§) = / o/ (Wh(H — x)dx.
1B
The next properties is helpful for the pursuance of the discussion:
Lemma 25 Fix
n
o= f x(Ddr, 5= Lf—l-ae"‘, cny = Lp(cy+1) Vi =0,1, ¢;:=Lj(cy+1).
0]
Then, for eacho € S and w € P (or m € Sp), we have:
) wl@):=1§ (@)1 - Jo @M < ¢5/j:
@) 17,30 ®@m)@), (0 @m)(1) = f(1, (0 @1)(1), (0 @ M)(1)| < (c5 + 1)/J;
i) 1B G @)®) = hiy©@) ) <en /i Vi=01;
(iv) WG (oe®mn)®) —h(Fo@m)®)| <c;/j.

foreveryt € [tg, t1].
Proo_f To prove relation (i), we fix 0 € S and # € P (or 7 € Sp) and from the definition
of /(o ® m)(.), ¥(o ® )(.) respectively, it follows

w! (1) =15/ (0c @ 7)(1) — $(o @ 7)(1)|
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< /nff' (5, 3/ (0 @ 1)(5), (0 @ 1) (5)) — f (5,3 (0 @ 7)(s), (0 @ 1) (5))]

+1£(s, 37 (0 @m)(s), (0 @) (5)) — f(s5, (0 ®7)(s5), (0 ® 7) (s)lds. (2.1)

By lemma 22, the first term of the integrand is bounded by j~!L : 7 while, in view of

the Lipschitz continuity of f (t,.,u,v), the second term of the integrand is bounded by
L ;w/ (¢). From the Gronwall inequality, relation (i) follows.

The proof of relations (ll) — (iv) is consequence of relation (i) and of the Lipschitz

continuity of the functions f(t, L u,v), ho(.), hy(.) and h( ). O

It follows from lemma 25 that the sequences {ﬁj (6 ® m)()}jes and
{fj t, % (e @m)(), (6 ® n)(.))} o converge uniformly with respecttooc @ 7 € Q, a.e.
JE

t € lto, 11].

In the following, we define problems that will be helpful in the proofs of theorems 31
and 32. . ~

Suppose that (R P) has a solution (¢, b, b) € S x B x B. Then we consider the problem

of seeking the optimal strategy o/ € S which minimizes the cost h'é (y(o)(#1)) and such that

H{ (y()1©) =0,  H/(§(o xop)11)) <0, Vop e Sp,

where y(0)(.) and $(o x op)(.) are the solutions of the equations

t
Vo)D) =b+ f ds / F(s. y(@)(s). wo (s)(du), 22)

to

t
$o x op)(t) = (b, b) + / ds f FI(5,3(0 x 0p)(), u, V)0 (5)(du) x 6p(s)(dv), (2.3)

and the functions H 1] ), bt (.) are defined as
H] (37 (@) (1)) := h] (7 (0)(11)) — a’|

for some suitable choice of a’ € Ci—.‘B, and as
N Al c
HI (3 (0 x op)(t1)) :=h' (§/ (o x op) (1)) + 7’1

respectively. At the light of the previous discussion, we denote as (RP/) the following
problem

Minimize, e 1) (y(0) (1))

over o xop €S x Sp, s.t.

YO = I, y®),00) ae.t €l n]

O = fl@t. (). 0 xop(t)) aerelionl

) =b, @) =b and H{(y©)(1) =0

H/(y(oc x op)(t1)) <0 foreach op € Sp

(RPY)

If (5, b, I;) is a solution for the problem (R P) stats;d in Section 2.4, it is easy to check
that, using lemma 25, we can choose the parameter @/ in such a manner that & is also an
admissible strategy for the perturbed problem (R P/), for every j sufficiently large. From
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general compactness arguments (see [8], Theorem IX.1.1, pp 445), it follows that there
exists a minimizing control o/ € S that solves the problem (R P/).

The same procedure can be carried out when the second player chooses control strategies
in P. In this case, (2.2) is not modified, while (2.3) becomes

$(o @ m)(1) = (b, 5)+fds/a(s)(du)/ff(s,y(o ® 7)(s), u, V)7 (s, u)(dv). (2.4)

The functions h(]) (y(o)(t1)), Hlj (y(o)(t1)) and I-AI()? (0 ® )(#1)) remain unchanged (we
have just replaced o x op with o ® 7).
We define the problem of finding a control o € S which minimizes hé(y (0)(t1)), such that
y(o)(.) and y(o ® 7)(.) are solutions of (2.2), (2.4) and

H{ (@) @) =0,  H G0 @mn) <0 VreP.
We denote as (H P/) the hyperrelaxed perturbed problem

Minimizeqes i (y(0)(t1))

over 0 €S8, meTP, st

YO = fIty0),0() ae.t€lnn]

yO)y= fl(t, 31,0 @n(t)) ae.t €[t 1] ’
y(to) =b, y(to) = b and H] (y(@)(t1)) =0
H/(y(c @ m)(t1)) <0 foreachw € P

and as v/ (¢)(.) and $/ (¢ ® 7)(.) the solutions of (2.2), (2.4) respectively.
The following remark is helpful in the proof of theorem 31. Suppose we deal with the set
of hyperrelaxed controls P with the particular choice of S’ in Section 2.5 and assume that

(HP/)

(&,b, l;) is a solution for the problem (H P). From the particular choice of &', it follows
that & is also an admissible strategy for (H P/) when we restrict our attention to controls
in coS’ for the first player. Furthermore, since coS’ has the same properties of S (which
means coS’ is convex and sequentially compact), it follows that (H PJ) has also a solution
o/ € coS' for every j (again, see [8], Theorem IX.1.1, pp. 445).

3 Main Theorems

In the statement and the proof of theorem 31, we use the following notation. We denote as
¥/ (0)(.) the unique solution of (2.2) for o € coS” and as y/ (0 ® 7)(.) the unique solution

of (2.4) for 0 € coS’ and 7 € P (we suppose that b = (b, b) is fixed for the perturbed
problem). From the discussion in Section 2.8, it follows that the problem (H P’) has a
solution o/ € coS’ for every j. We define the adjoint backward equations

51
Zi(0) =1, + / Z1()de £ (s, y/ (07)(s), 0/ (5))ds,
t
1
2N ) (t) = Ly + / Z1(7)(5)dx f1 (5, 3 (07 @ m)(s), (67 @ 7)(s))ds.

t
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Since the function x +— f I(t,x,u,v) is C*® for every j, the functions above are
uniquely defined.

In the convergence analysis of theorem 31, we deal with the derivatives of the functions
h{ (.) and hi (.) instead of considering the derivatives of the functions H 1’ (.) and H/ (). Itis
easy to check that this simplification does not affect the statements i) —vii) of the following
theorem.

Theorem 31 Let (5, b, l;) be an optimal solution to the problem (H P). Then there exist a
set of index J C N, limiting multipliers lo > 0, [} € R, limiting initial directions Hy, H| €

R", a w € fr.m. Y (P), a w—integrable function H:P— R""™ and, for each w € P,
continuous functions Z : [to, t1] — Mpuxn, Z() : [to, 1] = Mutm)x (ntm), Such that:

i) Z(t)=lin}Zj(z), Z(n)(t):l_in} Z/()(t) uniformly 7 € [to, 1], w—a.a. 7w € P;
J€ JjE

(o, 1) = im(], 1),  Ho = lim k) (y/ (1),  Hi = lim d:h] (v (1)),
jeJ jeJ jeJ

7:[(77) = hnjl 8xﬁj(§)(af ® m)(t1)), w—a.a. weP;
je

ii) O<lh+|hl+wP) <1
Define:
k(1) := (oHo + LH) Z(t), k(@) () == H(m)Z(0)(1),
h(r, t,u) == max k(m)(t)- f(t, (@ @ 7)), u, v),
veV(r)
Htou) = k() £ (1 y(@) (1), 1) + / b, 1, W (dr),
Then

iii) b, t,u) = /ié(n)o) [, 36 @ m)(@), u, v)T(t, u)(dv),
w—a.a. 7w € P,ae. t € [ty, 1], 6(t)—a.a. u € U.,
5]
iv) /dz/H(t, w) (o —a)(t)(du) >0 Voed8,
fo
V) hGG @T)(H) = ma;;fz(ﬁ(& QmM)(11) =0 w—aa.n*eP.
Te
vi)  k(t)b+ (b, b) = min_k(10)b + A(b, b),
(b,b)eB
where ) = flz(n)(to)a)(dﬂ). Furthermore, since the choice of S’ as in Section 2.5,

condition iv) can be strengthened, obtaining

vii) /H(t, u)o(t)(du) = min H(t,u) a.e.t €[y, t1].
uel(t)

Proof Step 1: We first show that it suffices to prove the theorem in the special case where
B = {b}and B = {b}. Indeed, suppose that B* and B* are two arbitrary convex and compact

neighbourhood of b and b, respectively and that condition vii) of theorem 31 has been
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already proved for a problem formulation of (H P) with fixed initial conditions. Denote as
B* := B* x B*. We now consider a new problem related to (H P)

Minimizeges ho(y(0)(f1))

over 0 €8, mePand b)), b(t) e B aetelty—1,1]s.t
y(@)=b)—b ae.t€ltg—1,10]

y@) = f@t, y(@),0()) ae.r1 €l nl

Y1) =bt)—b ae.r€to—1,1)] ’
¥ = ft. 30,0 ®@n(1) ae.telt.nl

y(to) = b, §(t)=>b and hi(y(0)(t1)) =0

h(y(c ® )(t;)) <0 foreachw € P

(MHP)

It is a straightforward matter to check that if (o, b, l;) is a minimizer for problem (H P),

then ((&, b, l;) b, l;) is a minimizer for problem (M H P). This implies that theorem 31
can be applied. In particular, notice that in the interval [1 — 1y, #o] the dynamic equatlon
derivatives are vanishing and the adjoint equations are Z(t) = Z(ty), V4 (m)() = Z(n)(to)
forall r € [ty — 1, to], for all = € P (notice that the convolution does not change the the
dynamic equations in ¢ € [fp — 1, #1], since they are not state dependent). Thus, applying
condition vii) of theorem 31, we obtain

min_(k(t0) (b — B) + A((b. 5) — (5. 5)) =0
(b,b)eB*

which gives condition vi) of theorem 31 when we pose B* = B.In n particular, it follows

that we can prove the theorem in the special case B = {b} and B = {b}.
Step 2: Consider the sequences of functions

151
20 = I, + / 29 (5)a, £ (s, 3 @7)(s). o7 ())dis
t jeN
and
5]
21 (0) () = Lygm + / 27 () ($)de 7 (s, 37 (07 @ 7)(s5), (67 @ 7)(s))ds
t JjeN

for every m € P. It is easy to check that both sequences are equibounded and equicontinu-
ous. The first property follows because

0 f7 2,y (0@, T < Ly, [0xf7 1,y (07 @) (1), (67 @ )@ < L f

forevery j € N, a.e. t € [19, t1], and therefore
n N
1Z7 (1)] st/|Zf<s)|ds+1, |2/ (r))| < L ; /|Zf<n>(s)|ds+1
fo fp

In view of the previous inequalities, we can use the Gronwall lemma which yields

1ZI ()] < 1+ (01— 1)L, | ZI()()| < 14 (11 — 1)L 170 =: C.
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Therefore both sequences are uniformly bounded. Furthermore, by an easy calculation,
it follows that, for each w € P,

(Z) or=iZ oL 1(2) @ol<1Zmo),

a.e. t € [ty, t1]. These arguments show that we can apply the Ascoli-Arzela theorem and
that there exist J; C N and continuous functions Z(.), Z(7)(.) such that, for each 7 € P,

lim Z/(t) = Z(¢t), lim Z/ ()(t) = Z(7)(2),
jeh Jjeh

uniformly with respect to ¢ € [1o, t}]. '
The perturbed problems (H P/) have C* data and solutions o/ € coS’. Therefore

lemma 23 can be applied for the miqimizer _(Uj, b, lj). In particular, from lemma 23,
condition 7), it follows that there exist /] > 0,/{ € R and @’ € f.r.m."(P) such that,

0<l + 1|+ (P)<1.
By standard compactness arguments, we can find a subset J, C Jy,lp > 0,1; € R and
w € f.r.m.T(P) such that

lim I} = o, lim I/ =1, lim o/ = w weakly — %
. 0 . 1 .
Jjeh jeh Jjeh

and
O<lp+ L] +w(P)<1.

By lemma 25 (i) and using the result of ([8], Theorem VLI.6, pp. 348), there exists
J3 C J, such that

lim y/(o/)(1) = 1im y(o/) (1) = y(&)(t) 3.0
Jjeh3 Jjehz
and, since the continuity of the functions = +— $7 (0 @ m)(.) for every o € coS’,
lim $/(o/ @ m)(t) = lim $(c/ @ 7)(t) = $(G ® 7)(1) (3.2)
j€]3 j€]3

uniformly with respect to 7 € P and t € [r, t1]. (The fact that o/ — & follows from the
optimality of o/. Indeed

lim 1) (y7 (07) (1) = ho(y(5)(11)) < lim b} (y/ (0) (1) = ho(y(0)(11))
JE€J3 jes

for all o € coS’).

From lemma 22, it follows that |axh«(§(y/(ai)(zl))| < Ly, |8xh'{(yj(aj)(t1))| < Ly,
and |8xﬁ(§1-/ (o7 @ m)(1))| < Lj for every w € P. Then, using a similar convergence
analysis, we can suppose that there exist J C J3, Ho, H1 € R” such that

lim dch)(y/ (67) (1)) = Ho,  lim 3ch] (v (09)(11)) = Hu,
jel jeJ

and, using ([8], Lemma X.1.6 pp. 489) for each fixed = € P, there exist a vector 7-1(71) and
a sequence {7/} jc; C P, such that

lim 34/ (37 (07 @ n/)(1)) = H ().
=
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This completes the proof of points i) and ii).

Step 3: We observe that the functions 7:1(.) :P — Rtand Z()(t) : P — R"™™ are
pointwise limits of sequences of continuous functions 77 {Bxﬁj (f)j (07 @m) (1))} jeN and
7 {Z/(7)(t)}. Since the set P is equipped with the Borel B(P)—field, the continuous
functions 7 > {34/ (3/ (67 ® 7)(11))}jen and 7w +> {Z/ () (1)} are w-measurable and
their limit functions H(.) and Z (.)(¢) are also w-measurable (and bounded).

From lemma 23, condition iv), it follows that

h (37 (07 ® n*)(t1)) = max h (307 @ m)(11), o —aan*
me
which is equivalent to

WG @m)(n) <hi (3707 @ 7)) o —aax*, Vo eP.

Since o/ is a positive measure for each j, it follows that

/ [ﬁf(yf(o/ Q@) —hH (! ® 71*))] ol (dn*) <0, vreP. (33)

We recall that, for 0 € coS’ and m € P, the function 0 @ m hf(yf (0 ® m)(t1)) is
continuous for every j, w — hi (37 (67 @ 7m)(11)) is continuous for every j and o — o,
o) — & weakly-*.

Adding and subtracting the term [ A/ ($/ (o7 ® 7*)(11))w(d7*) (which is well-defined
since the continuity of fz()? (o0 ® .)(11))), we can estimate

| / h (3 (o @r*) (1) (w—w’)(dr*)| < sup Ih(G(o@m)(t)|x| | (w—w’)dr*)| — 0,

where the right hand side converges to 0 since w/ — o weakly-*. Then, with the help of
the dominated convergence theorem, we can pass to the limit in (3.3), obtaining

/ [ﬁ(y(& ®n) —h(H@E ®n*))] wdr*) <0, VxeP.
Define the sequences of functions kP x [to, 1] = R* and b/ : P x [tg, 1;] x U — R

such that

K (o)1) := 8,07 (3 (07 @ 1)(11) Z7 () (1)

and
b/ (1, u) := max K/ (m)(0) - f7(t, 7 (07 @ m)(1), u, v).
veV (1)

With the help of lemma 25, it is easy to check that, for every 7 € P, k/ () — 12(.)(71)
in Ll([to, t1], dt). Using again lemma 25, it follows that hj(n, L u) = b, ., u)in L for
everym € P,u € U and b/ (z, t,.) — h(x,¢t,.) uniformly a.e. t € [1g, 1], forevery = € P
and hj (., t,u) = b(., t, u) pointwise, for every u € U, a.e. t € [19, 11].

By lemma 23, condition iii), the function 7 — bl (m, t, u) is w’ —integrable for each j,
u €U, ae.t € [ty, 11] and can be expressed by the relation

b (w1, u) = /léf(n)(r) I, 3 (07 @ ) (0), u, v)m(t, u)(dv),
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for w/ —a.a. w € P and E—a.a (t,u) € [ty, t1] x U, where E is the positive Radon measure
introduced in Section 2.4.
It follows that

f w’ (dm) / (b7 (7, t, u)— / K () (0)- 7 (2, 37 (07 @) (1), u, v)7 (¢, u)(dv)1Z (dt, du) = 0.

Define the function

I () ::/ [hf(n,t,u) —/léf(n)(z) i, 3 (0! @ m)(@), u, v)n(t,u)(dv)] Z(dt, du)

which is w/ —integrable and the function

1(7) ::/[h(n,t,u)—//%(n)(t).f(z,ﬁ((}@n)(t),u, V)7 (t, u)(du)}f(dt,du)
which is the pointwise limit of / I().

With a similar analysis use_d above, we can add and subtract f I (m)w(dr) (still well
defined by the continuity of 7/(.)) and

|/1f(n)<w — w')(dn)| < K| /(w —w!)(dn)| > 0
since 0/ — w weakly-*, where K := 2Lﬁé||X(')||L1‘
Then, with the help of the dominated convergence theorem, it follows that
/a)(dﬂ)/ |:b(71, t,u) — /lg(n)(t) . f(t, V(O Qm)(), u, v)r(t, u)(dv)] ;:(dt, du) = 0.

From the definition of 7 (., ., .), it follows that I/ () > 0 w/ —a.a. & € P, as well as its
limit function I () > 0 w—a.a. v € P. Using lemma 21, we obtain

1
/a)(dﬂ)/dt/ [h(n,t,u) —/lé(n)(r) f@, 3G ®@m)W), u, v)rr(t,u)(dv)]&(t)(du) =0.
o

Since all the measures involved in the integrals are positive definite, it follows that

b, 1, u) = f/é(nxr) @, 356 @m)(), u, v)m(t, u)(dv),

w—a.a.w € P,ae.t € [ty, 11],0(t)—a.a. u € U, which is condition iii).
Step 4: We now derive relation iv) from lemma 23, condition i7). Define the functions

K (1) == (lé ach (v (@) (1)) + 1] 8k (yf(of)(n))) Z (1)
and
Hi(t, u) =k (1) - f-f(t,y-f(af')(t),u)+/hf(n, t, )’ (dr).
From lemma 23, condition ii), it follows that

/Hj(t, W) (o — o)) (du) > 0, a.e. t € [to, 11,
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which can be explicitly written as
f kf<r>~ff'<r,yJ'(of)(z),u)(a—of><r>(du)+f (0~ (0)(du) f b (. 1. u)o! (d) = O,

for every o € coS’, ae. t € [t t1]. We now observe that the function u >
f F)j(rr, t, u)w’ (dm) is continuous for every j € N, a.e. t € [tg, t1]. Furthermore, adding
and subtracting the term f B/ (7, t, u)w(dm), we can prove that u — f b/ (o, t, w)w’ (dm)
converges uniformly to u > fh(n,t,u)a)(dn), ae. t € [, 1] (in turns, we have
used the weakly-* convergence of the sequence {w/} and the continuity of the function
u — h(m, t,u), forevery 1 € P and a.e. t € [tg, t1]). This in particular implies that the
functions u +— f h(m, t,u)w(dr) and u — H (¢, u) are continuous, a.e. t € [fy, t1]. A use
of the dominated convergence theorem and the convergence of 6/ — & weakly-* permits
us to pass to the limit in the relation above, yielding

fk(t) ~f @, y(@)@), u)(o — &) (1)(du) +/(U —5)(t)(du)ff)(7f, 1, ww(dr) =0,

which is exactly the relation
fH(t, u)(o —o)(1)(du) =0

for every o € coS’, a.e. t € [ty, 11]. By integrating with respect to 7 on [fy, £1], we obtain
relation v).

Step 5: In this last step, we derive a pointwise condition for the function H(.,.). We
preliminary observe that the H(.,.) is integrable with respect to ¢ for every u € U and
continuous with respect to u a.e. t € [ty, t1], since the functions (¢, u) — h(r,t, u) and
(t,u) = k@) f(t, y(a)(t), u) satisfy the same property.

We recall that S’ is defined as in Section 2.5. It follows that, for every u(.) € R0, there
exists a null set Z,, C [fg, ¢1] such that

H(t,u()) — f H(t,u)o(t)(du) >0 vt € [ty, 11\ Zy.

Since the set Uy, is denumerable, then Z := U, ¢, Zy is still a null set. The set {u(z) :
u € Ux}is dense in U (¢) a.e. t € [fo, t1] and this implies

/H(t, u)o (t)(du) = inf H(t,u(t)) = min H(t,u).
uelso uel(r)

This completes the proof. O

The result proved for hyperrelaxed controls can be similarly derived also for relaxed
adverse control problems. In this case, we do not need to choose any denumerable subset
S’ of S and the convergence analysis is more straightforward. Now we denote by y/ (¢)(.)
the unique solution of (2.2) for ¢ € S and by y/ (¢ x op)(.) the unique solution of (2.3) for
o € Sand op € Sp. The problem (RP/) has a solution 6/ € S for every j. The function
ZJ(t) is the same of theorem 31, while

5l

2/ (op)(t) = Iyym + f Z/(0p)(5)dx [/ (5, 5 (07 x ap)(s), (07 x op)(s))ds

t
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We deal with the derivatives of the functions h{ (.) and hi (.) instead that considering the

derivatives of Hlj (.) and HI (.). In what follows, we propose the proof in the relaxed case,
pointing out the main differences with the analysis carried out in theorem 31.

Theorem 32 Let (5, b, l;) be an optimal solution to the problem (RP). Then there exist
a set of index J C N, limiting multipliers ly > 0, I} € R, limiting initial directions
Ho, H1 € R, a w € frm.7(Sp), a w—integrable function H . Sp — R"™" and the
continuous functions Z : [to, t1] = Myxn, 2(01)) 2 [to, 1] = M(utm)x (ntm), such that:

i Z@®) =lirrlej(t), Z(op) () = lim ZJ(op)(¢) uniformly 7 € [t9, 1], w—a.a.op € Sp,
J€ J€

(o, 1) = im(), 1),  Ho =lim k) (y/ (1),  Hi = limd,:h] v/ (1)),
jeJ jeJ jeJ
H(op) = limduh! (507 x op)@1)).  w—a.a. op € Sp:
je

ii) 0<lp+Ihl+wSp) <1
Define:

k(t) == (oHo + LH1) Z(1),  k(op)(t) := H(op)Z(op)(1),

h(op,t,s) = Urg%)ém)(t) : f f, 5@ x ap)(t), u, v)s(du),

H(t,s) == k(D) f (1, y(@) (1), 5) + / b(op. 1, )o(dop), (s €S).
Then
i) blop.t.5(t) = / ko)) F (1,56 x op)1), 5 (1), )opE)(dv),
w—a.a.op € Sp, a.e. t € [ty, 1],

iv) / H(t,u)o(t)(du) = mig H(t,s) a.e.t €]t ],
NS

v) h($H @G x op)t) = max h(3@G x op)(t1) =0 o —a.a. oy € Sp.
opeSP

and _
vi) k(t9)b + A(b,b) = min k(t9)b + A (b, b)
(b,b)eB

where A := [ k(op)(to)w(dop).

Proof Steps 1-2: The hypothesis reduction argument showed in theorem 31, Step 1, can be
carried out in identical fashion, obtaining in this way condition vi). Also the compactness
argument showed in 31, Step 2 can be reproduce in the relaxed framework. We just recall
that, if 0/ — o weakly-* in S, then also 67/ x op — o x op weakly-* in Q. Furthermore
the mapping op +— o X op is continuous as well as the function op — 3/ (o x op) for
every j. This remark justifies the use of theorem 31, Step 2 arguments, regarding functions
Z(.) and Z(op)(.). The perturbed problems (R P/) have C* data and solutions o/ € S. It
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follows that theorem lemma 24 can be applied. In particular from lemma 24, condition i), it
follows that there exist lj >0, l € Rand o/ € fr.m. 7 (Sp) such that,
0 <1g +|1{|+w/(8p) <1

and, considering a subsequence of index J, C Ji, we obtain [y > 0,/; € Rand w €
f.r.m.T(Sp) such that

lim 24 = 1y, lim Y =1, lim o/ =@ weakly —
0 1
Jjeh Jj€h Jjeh

and such that
0<lp+|hl+o(Sp) <1

From lemma 25, i) and using the result of ([8], Theorem VILI.6, pp. 348), there exists
J3 C J, such that

lim y/(o/)(t) = lim y(o/)(t) = y(3)(t)
JE€J3 JEJ3
and, since 6/ x op — & X op in Q, we have

lim $/ (07 x op)(t) = lim $(o/ x op)(t) = $(& x op)(1)
Jjens J€J3

uniformly with respect to ¢ € [tg, 1], op € Sp. (Again, the fact that o/ — & follows from
the optimality of o/. Indeed

lim h (7 (@) (1) = ho(y(@) (1)) < lim B (7 (@)(11) = ho(y(0)(11))

forall o € S).
By the same analysis described in theorem 31, there exist J C J3, Ho, H1 € R" such
that

lim 8sh)(y7 (@7)(11)) = Ho,  lim k] (v (o7) (1) = Hi.
jeJ jeJ
and, for each fixed op € Sp, a vector 7:l(ap) such that
lim 8, (57 (07 x op) (1)) = H(op).
JE
Relations i) and i7) are proved. Since the function AP — R'isthe pointwise limit of the
sequence of continuous functions {op > Bxfz()?f (07 x op)(t1))}jes, it follows that FH(.)

is B(Sp)—measurable.
Step 3: From lemma 24, condition iv), we have

h (37 (o7 x op)(t1)) = max W 31! x op)(t1)) o —a.a.o} € Sp.
opeSp
Expressing the relation above in integral form and using the same convergence analysis
showed in theorem 31, Step 3, we obtain
h(3(G x 03)(t1) = max h(5(@ x op)(t1)) ©—a.a.op € Sp.
opeSp
We set

k (op) () == 8ch! (57 (a7 x ap)(11))Z7 (op) (1),
and

b (op,t,s) = m%lé-/(ap)(t)~/f7/'(t,y-/(af' x ap)(t),u,v)s(du), (seS).
ve t

@ Springer



680 M. Palladino

From lemma 24, condition iii), it follows that
b (op, 1,07 (1) = / K (op)t) f1 (2, 57 (07 x ap)(t), 67 (1), v)ap(1)(dv),

for w/—a.a. op € Sp, a.e.t € [to, 11]. Preliminary, we observe that the function (op, t) —
b/ (op,t,o(t)) is @/ x dt—integrable for every o € S. We can write the relation above as

N
/wf(dap)/[hf(op,t,of(t))
fp

_fzzf(gp)(r)ff(t,yf(af x ap)(), 0/ (1), v)op(t)(dv)ldi =0

and, using the same procedure carried out in theorem 31, Step 3, where this time we deal
with the functions

n
I(op) = / b/ (op, 1,07 (1)~ / K (op)(0) f7(t, 37 (07 xap) (1), 07 (1), v)op (1) (dv)]dt
)
and the pointwise limit
1
I(op) = / (h(op,1,5(1) — f k(op)(t) f(1, (& x ap)(1), 5 (1), v)op(t)(dv)ldt,
0]
it follows that

blop.1,6(1)) = /é(ﬁp)(t)f(tyﬁ(é x op)(1), (1), v)op(t)(dv),

w—a.a.op € Sp,ae.t € [fy, t1]. This proves relation iii). We also observe that, in this
case, we do not make use of f in the convergence analysis.

Step 4: We follow the same approach used in theorem 31, Step 4.
Define the functions

K 1) = (10 07 @) e) + Hah] 67 () ) 27 1)
and

Hi(t,s) :=ki(0) - f7(t, y(a)(t),5) + / b/ (op, 1, s)o! (op),

for every s € S, a.e. t € [fg, t1]. (Notice that this time s is a relaxed control). It is easy to
check that the sequence of functions {t — k7 ()} en is continuous and {t — H/(t, 5)}jeN
is integrable for every s € S. From lemma 24, condition i), it follows that

/ HY (1, u)(s — o) (t)(du) = 0,
for every s € S and a.e. t € [f9, t1]. Recalling that ol — & weakly-*, we obtain

/H(t, u)(s —o)()(du) =0

for every s € S, ae.t € [y, 1], from which relation iv) follows. This completes the
proof. O
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Comments:

1. Theorems 31 and 32 appear as a generalisation to the nonsmooth case of lemmas 23 and
24. In particular, in the case in which differentiability hypotheses are invoked (namely,
hypothesis H4)), it turns out that the limits appearing in theorems 31 and 32 converge
to the unique adjoint arcs k(.) and ﬁ(.)(n) of lemmas 23 and 24, respectively. In the
nonsmooth case, we loose such representations and it remains just limiting relations
for the adjoint arcs k(.) and IQ(.)(n) for each m € P. However, for such limits, the
pointwise version of the maximum principle vii) can be still derived in theorem 31.
This condition was achieved in [11] just in the case in which the dynamic constraint
has an additive structure and some further a priori hypotheses on the optimal trajectory
were required.

2. The notion of “relaxed derivative” appears in the adjoint equations Z(.), 7 (.)(.) and the
related functions of the theorems 31, 32. The convergence analysis used to obtain such
functions avoids some measurability issues which come out dealing with derivative
containers (see [11], comments in Section 3 and following discussion). In the present
theorems, the measurability is guaranteed by the limit process.

3. In this paper we have chosen the standard C* mollifier

exp (ﬁ) ifxeb
o(x) =
0 otherwise

The limits appearing in theorems 31 and 32 depend on such a choice. A more
detailed discussion on how to construct nonsmooth subgradients based on convolution
argument can be found in [3]. However, as long as the compactness and the contin-
uous differentiability of the mollified sequences appearing in the proofs of theorems
31 and 32 are preserved, the main results of the paper can be still proved in this new
framework.

4. The use of the function (., .,.) makes a breakthrough with respect to other neces-
sary conditions for nonsmooth problems obtained in the earlier literature. Indeed, it
is sensitive to expect that theoretical and computational methods based on the present
necessary conditions might take advantage of the “maximization” related to func-
tion b(.,.,.) and of the “minimization” related to function H(.,.) (or, to be more
precise, the maximization and minimization process related to the sequence of func-
tions h/(.,.,.) and H/(., ), respectively). This will be matter of studies in following
papers.

4 An Example

Consider the minimax optimal control problem

Minimize, ¢y maxy,ey y(u, v)(1)

over measurable functions u(.), v(.) such that

u) e {—-1,1}, v@) e{-1,1} ae. t e[0,1] .
y(u, v)(@) = |y(u, v)(@)|u(t)v() ae.te[0,1]
y(0) =1
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This problem can be reformulated as

Minimize, ¢y o
over measurable functions u(.), v(.) such that
u) e {—-1,1}, v@) e{-1,1} ae. tel0,1]

(E) § a@) =0, ,
y(u, v)(@) = |y(u, v)(@)|u(t)v() ae. te][0,1]
y(0) =1

yu,v)(1) —a <0 YveV

This is a version of (O P), with the choice of data: [y, ;] = [0,1], U =V = {-1} U
{+1}, BxB = [—a, a] x {1} with a large enough, (f (¢, o, u), f(t, o, y,u,v)) = (0, ]|yluv),
ho(@) = o, h1(a) = 0 and fz(a, y) = y — «a. Notice that this kind of example cannot be
treated in the framework of [8] and [11].

We aim to study the hyperrelaxed version of problem (E), which concerns a problem
with same data, but where the dynamic constraint is expressed by

t
y(o®n><r>=1+/ds/ |y(s)|a(s>(du)fuvn(s,uxdv)
0 U A%

(notice that the role of « is not relevant in the dynamic equation) and the relation
y(u, v)(1) — a < 0 becomes

yo®m)(1)—a <0 VreP.

. From theorem 31, condition i), it follows that there exists a sequence ke (m)(t) —
k(m)(t) converging uniformly w.r.t. ¢ € [0, 1], pointwise w.r.t. ¥ € P, to some function
k() (t). The function §(, ¢, u) has the form

bor.tou) = max kGo)@lyluv = 1ylIkE) )

and does not depend on u. This implies that condition vii) of theorem 31 is satisfied for
every u € {—1, 1}. So we can choose an arbitrary control o () = 4,(;) with, for instance,
u(t) = 1. Plugging such a control into the hyperrelaxed dynamics and looking at the func-
tion y(¢ ® m)(1), we observe that the maximum of theorem 31, condition v) is achieved
when 7 (f, u)(dv) = 8,¢)(dv) and that an optimal solution is given by solving the ordi-
nary differential equation y(6 ® 7)(t) = |y(6 ® 7)(t)|, y(6¢ ® 7)(0) = 1. It follows that
a =y ®@m)(l).

On the other hand, if we consider the relaxed extension of problem (E), we obtain a
problem with the same data, but where the dynamics is now expressed by

t
y(o xop)(t) =1 +/ ds/ ly(s)|uvao(s)(du) x op(s)(dv).
0 UxV

Arguing as before, it follows from theorem 32 that there exists a sequence ke (op)(t)
converging uniformly w.r.t. ¢ € [0, 1], pointwise w.r.t. op € Sp, to IE(UP)(I). Since y(0) =
1, there exists a positive measure set 7’ := [0, ¢) C [0, 1], such that, for every op € Sp and
t € T', y(6 x op)(t) is not vanishing. Now we use the ‘averaged function’ §(., ., .) which
satisfies the equality

blop.t.5) = max k(op)(t)|y(G x GP)(t)I/ uvs(du) =
ve{—1,1} U

= lk(op) ()] /UMS(du)I ly(@ x ap)(1)]
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for s € S and ¢t € T’. Furthermore condition v) of theorem 32 implies that @ is not the
zero measure (otherwise, this would imply that max,, y(¢ x op)(1) < @, a contradiction
with the definition of minimizer for problem (E)). Condition iv) of theorem 32 can be
applied on the set T': if lk(ap)(®)] # 0, then the optimal relaxed control has the form
&) = S(-1(t) + 831)(1)) on the set T'; if |k(op)(r)| = 0, from the definition of
relaxed derivative we find that also in this case the adjoint equation has to be generated by a
chattering control like o (¢). Plugging such a control into the dynamic equation, we observe
that the optimal trajectory satisfies the equation y(¢ x op)(t) =0, y(¢ x op)(0) = 1 on
T’. Then also k(op) is constant on 7”. In particular, this implies that ¢ = 1, the optimal
trajectory is determined by the equations y(¢ X op)(r) = 0, y(0) = l and &« = y(6 X
op)(1) = 1.

This example shows some of the typical difficulties of relaxation of adverse control prob-
lems. First of all, notice that for the same problem, the cost of the relaxed extension is
lower than the cost of the hyperrelaxed extension. Furthermore, the ‘real’ pointwise max-
imum principle vii) of theorem 31 cannot be extended in the general case to theorem 32.
With reference to the relaxed extension of problem (E), it is easy check that the use at the
end of the analysis of condition vii) of theorem 31 would imply a contradiction. This phe-
nomenon confirms the results showed in [11], theorem 2.4, where special assumptions on
the dynamic equations or on the properties of the optimal trajectories were made (cfr. with
[11], Sections 2 and 3).
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