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Existence and Relaxation

for
Finite-Dimensional Optimal Control Problems I
Driven by Maximal Monotone Operators

N. S. Papageorgiou and F. Papalini

Abstract. In this paper we study the optimal control of a class of nonlinear finite-
dimensional optimal control problems driven by a maximal monotone operator which
is not necessarily everywhere defined. So our model problem incorporates systems
monitored by variational inequalities. First we prove an existence theorem using the
reduction method of Berkovitz and Cesari. This requires a convexity hypothesis.
When this convexity condition is not satisfied, we have to pass to an augmented,
convexified problem known as the “relaxed problem”. We present four relaxation
methods. The first uses Young measures, the second uses multi-valued dynamics, the
third is based on Carathéodory’s theorem for convex sets in R and the fourth uses
lower semicontinuity arguments and I'-limits. We show that they are equivalent and
admissible, which roughly speaking means that the corresponding relaxed problem
is in a sense the “closure” of the original one.
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1. Introduction

In this paper we develop the existence and relaxation theory for a large class of
nonlinear finite-dimensional optimal control problems. The dynamic equation
of our system involves a maximal monotone operator which is not necessarily
everywhere defined. This way we incorporate in our framework variational

N. S. Papageorgiou: Nat. Techn. Univ., Dept. Math., Zografou Campus, Athens
15780, Greece; npapg@math.ntua.gr

F. Papalini: Univ. of Ancona, Dept. Math., Via Brecce Bianche, Ancona 60131,
Italy

ISSN 0232-2064 / $ 2.50 (© Heldermann Verlag Berlin



864 N. S. Papageorgiou and F. Papalini

inequalities (problems with unilateral constraints). Also, in the existence part
of our work the control constraint set is state dependent, i.e. there is an a
priori feedback in the system, a situation which is of interest in engineering
problems. Our approach in the existence part is based on the ”reduction”
technique, which was developed by the fundamental works of Berkovitz [2 - 4]
and Cesari [8, 9]. This method reveals the importance of convex structure in
order to guarantee the existence of optimal pairs. If this convex structure is
missing, in order to have an existence theory, we need to pass to an augmented,
convexified problem, which on the one hand is required to remain close to the
original problem and on the other hand must be “convex” enough in order to
have a solution. This delicate balance is achieved by the so-called “relaxed
problem”. Relaxation is the process of embedding the original problem to a
larger one with sufficient convex structure which guarantees the existence of
optimal pairs. There is no unique approach to relaxation. However, a proper
relaxation procedure should meet the following three basic criteria:

(a) Every original state should also be relaxed state.
(b) The set of original states must be dense in the set of relaxed states.

(¢) The relaxed problem has a solution and the values of the original and
relaxed problems must be equal.

The first two requirements refer to the dynamics of the system, while the third
concerns the objective (cost) functional. The condition that the values of the
two problems are equal is often called “relaxability”. If it is not satisfied, then
it can be maintained that we have augmented the original optimal control
problem too much. If the relaxation method meets the above three criteria,
it is said to be admissible. In the second half of this work we present four
different relaxation methods and show that under reasonable conditions on the
data they are admissible. The first method uses Young measures (transition
probabilities) as relaxed controls, the second uses multi-valued dynamics and
it is an outgrowth of the reduction method of the existence theory, the third
is based on Carathéodory’s theorem for the convex sets in RV and the fourth
uses lower semicontinuity arguments and is based on the I'-regularization of
the extended cost functional. This last method uses the notion of I'-limit
which was developed by De Giorgi and can be found in the books of Buttazzo
[7], Dal Maso [11] and Hu and Papageorgiou [17]. A well written introduction
to the subject of relaxation of optimization problems can be found in the book
of Roubicek [24].
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2. Mathematical preliminaries

In this section, for the convenience of the reader, we present the main items
of the mathematical background needed to follow this paper. Our main ref-
erences are the books of Hu and Papageorgiou [17, 18].

Let (£2,%) be a measurable space and X a separable Banach space. We
will use the notations

Py (X) = {A C X : A non-empty, closed (and convex)}

Plyi(e)(X) = {A C X : A non-empty, (weakly-)compact (and convex)}.

A multifunction F':  — P¢(X) is said to be measurable, if for all x € X the
function

w—d(zr,F(w)) = inf |z—
(2, F(w)) yeF(w)H vl

is measurable. Also, F: Q — 2%\ {0} is said to be graph measurable, if
GrF = {(w,2) €Qx X :z€ F(w)} € ¥ x B(X)

with B(X) being the Borel o-field of X. For a multifunction with values in
P;(X), measurability implies graph measurability, while the converse is true

if ¥ is complete, i.e. if ¥ = S is the universal o-field.

Let p be a finite measure on (Q,%). For F: Q — 2¥\ {0} and 1 < p < o0
we introduce the sets

Sp = {f : 0 — X measurable : f(w) € F(w) ,u—a.e.}

and

St = {f € LP(0,X): flw) € F(w) ,u—a.e.}

which may be empty. For a graph measurable multifunction F, the set S%.
is non-empty if and only if inf,cpw,) [|z]| < p(w) p-a.e. with ¢ € LP(1).
Moreover, if 44 is non-atomic, then the set S% is closed or convex if and only if,
for p-almost all w € Q, F(w) is closed or convex, respectively. Finally, the set
S%. is decomposable, i.e. xaf1+ xacfo € St for all (4, f1, f2) € X x Sh x Sh.

Let Y and Z be Hausdorff topological spaces. A multifunction G : ¥ —
27 is said to be lower semicontinuous or upper semicontinuous, if for all C C Z
closed the set GT(C)={y €Y : Gly) CClor G~ (C)={y €Y : Gly)nC #
(0} is closed, respectively. An upper semicontinuous multifunction with closed
values has a closed graph, provided Z is a regular topological space. The
converse is true, if G is locally compact, i.e. for every y € Y there is a
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neighborhood U of Y such that m is compact in Z. If Z is a metric space
with a metric d, then G is lower semicontinuous if and only if the function
y — d(z,G(y)) is upper semicontinuous for any z € Z. Also, when Z is
a metric space on P¢(Z), we can define a generalized metric, known as the
Hausdorff metric, by setting

h(A, B) = max | supd(a, B),supd(b, A)
acA beB

for A, B € P;(Z).

If Z is a complete metric space, then so is (P¢(Z), h). A multifunction G :
Y — P;(Z) is said to be h-continuous, if it is continuous from Y into the metric
space (Pf(Z),h). Finally, a multifunction G which is both upper and lower
semicontinuous is said to be continuous. For compact-valued multifunctions
h-continuity and continuity coincide.

As we already mentioned in the introduction, one of the relaxation meth-
ods is based on the notion of Young measure (transition probability). So let us
give the definition. Let (£2,%, 1) be a finite measure space, Y a compact metric
space and M (Y') the Banach space of all bounded Borel measures with the to-
tal variation norm. From the Riesz representation theorem, C(Y)* = M(Y).
A Young measure is a function A : Q@ — M} (Y) (with M} (Y) the subset
of M(Y) of all probability measures on Y') such that, for every C € B(Y),
w — AMw)(C) is X-measurable. We denote the set of all Young measures from
Q into Y by R(Q,Y). It is easy to check that A € R(Q,Y) if and only if
A Q— M1 (Y) is E-measurable when M3 (Y) is furnished with the relative
weak™* topology (see [23]). We know that M7 (V') topologized this way is Pol-
ish, too (cf. [23: p. 46]). The weak topology of M} (Y) has a natural analog
on R(Q,Y). So let

Car(Q2 xY)

denote the space of all L!-Carathéodory integrands, i.e. the set of all functions
p: Q2 xY — R such that

-forally €Y, w — ¢(w,y) is X-measurable for p-a.a. w € Q
- y — @(w,y) is continuous
- for pra.a. w e Qand ally €Y, |p(w,y)| < h(w) with h € L (Q).

Then the weak topology on R(£2,Y") is the initial topology with respect to
which the functionals

A— I,(N\) = /Q/ch(w,y))\(w) (dy)dp (¢ € Car(Q2 xY))

are continuous. Recall that ¢ : Q@ x Y — R = R U {+oc} is a normal
integrand if it is 3 x B(Y')-measurable and, for all w € Q, y — ¢(w, y) is lower



Existence and Relaxation 867

semicontinuous. A normal integrand can be approximated pointwise from
below by Carathéodory integrands. So we can also define the weak topology
on R(92,Y) as the initial topology that makes all functionals A\ — I.,(\) lower
semicontinuous as ¢ ranges over all non-negative normal integrands. We want
to remark that

R(Q,Y) C L®(Q,M(Y)y) = L} (Q,C(Y))*

(see, for example, [18: p. 377] or [19: p. 99]). Then the weak topol-
ogy of R(£2,Y) coincides with the relative w*-topology that it inherits from
L>®(Q, M(Y),~). Note that if the o-field ¥ is countably generated, then the
space L1(Q2,C(Y)) is separable and so the weak*-topology on bounded sub-
sets of L>®(Q, M (Y )y~ ), such as R(2,Y), is metrizable. This is actually the
context in which we shall use the weak topology of R(£2,Y") in this paper.

Now let X be a Banach space and let A : X — X™* be an operator. It is
said to be “monotone” if (Azq; — Axg,x1 — x9) > 0 for all x1,25 € X, and it
is said to be “maximal monotone”, if the graph GrA = {[z,z*] € X x X* :
x* = A(x)} of A is maximal with respect to inclusion among the graphs of all
monotone maps.

Finally, if C' C X, then the support function o(-,C) : X* — R = RU
{+o0} is defined by
o(x*,C) = sup (z*,c).
ceC

It is well-known that o(-, C) is sublinear and w*-lower semicontinuous.
3. Existence theorem
The problem under consideration is the following:
b
J(z,u) = / L(t,z(t),u(t))dt — inf =m
0
such that - (1)

—&(t) € A(z(t)) + f(t,z(t),u(t)) a.e. on [0,d]
z(0) = zg, u € S}J(w(,))

In problem (1),
L:[0,b] x RN x R™ — R U {+00} is the cost integrand
A: D(A) Cc RN — 28" is a maximal monotone operator

U: [0,b] x RV — 2R™ is the control constraint multifunction
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where it is not assumed that D(A) = RY. We emphasize that U is z-
dependent (closed loop system). Also, f : [0,b] x RY x R™ — RY is the
so called “control vector field” and xo € D(A) is the initial state. In problem
(1) the function z € W1([0,0], RY) c C([0,b],RY) is called “state” of the
system and the function u € L([0, 6], R™) is called “control” of the system.
A state-control pair (x,u) which satisfies all the constraints of problem (1) is

said to be admissible (feasible). By
P(x0)  WH([0,0],RY) x L([0, ], R™)

we denote the set of all admissible pairs. An admissible pair (z,u) is optimal
if J(x,u) =m.
If C C P (RN),

o () = 0 iteeC
T 4o ifzgC

(the indicator function of C') and A = i (the subdifferential of i¢), then
the dynamics of problem (1) is a “variational inequality”. Note that A(z) =
dic(z) = Ng(z) is the normal cone to C at z € C. If C € Py.(RY), Cor-
net [10] proved that the variational inequality is equivalent to the projected
differential inclusion

—&(t) € proj( — f(t, z(t), u(t)); Te(x(t))) a.e. on [0,b] }
x(0) = zo

with Te(z(t)) being the tangent cone to C' at z(t) and proj(-; Tc(x(t))) be-
ing the metric projection to the closed, convex set T (x(t)). Such projected
differential inclusions are appropriate in the modeling of systems with state
constraints. For such systems, in describing the effect of the constraints on the
dynamical equation, it can be assumed in many cases that the velocity ()
is projected at each time instant to the set of allowed directions towards the
constraint set at the point x(¢). This is true for electrical networks with diode
non-linearities (see, for example, Krasnoselskii and Pokrovskii [20]). Also, the
projected inclusions are important in mathematical economics, in the analysis
of resource allocation problems (see Henry [15]).

Our hypotheses on the data of (1) are the following:
H(A) A: D(A) c RN — 28" is a maximal monotone operator with D(A)

closed and the minimal section A° is bounded on compact subsets of
D(A).

We want to recall that A°(xz) = proj(0; A(x)) and, because A is maximal
monotone, A(x) € Pr.(RY) for all z € D(A) (see [17]).
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Remark 1. Note that hypothesis H(A) is satisfied if A = di¢c with C €
P (RY) (case of variational inequalities).

H(f) f: [0,b] x RV x R™ — R¥ is a function such that:
(i) For all (z,u) € RN x R™, t — f(t,x,u) is measurable.
(ii) For a.a. t € [0,b], (z,u) — f(t,x,u) is continuous.
(iii) There exist a,c € L% (]0,b]) such that || f(¢, z,u)|| < a(t) + c(t)||z|]
for a.a. t € [0,b], all z € RY and all u € U(t, 2).

H(U) U: [0,b] x RY — P, (R™) is a multifunction such that:
(i) For all z € RN, t — U(t,z) is measurable.
(ii) For a.a. t € [0,b], x — U(t,x) is continuous.
(iii) There exists ¢; > 0 such that ||ul| < ¢;(1 + ||z]]) for a.a. t € [0, ],
all z € RY and all u € U(t, z).

H(L) L: [0,b] x RN x R™ — R =R U {+00} is an integrand such that:
(i) (t,x,u) — L(t,z,u) is measurable.
(ii) For almost all ¢ € [0,b], (z,u) — L(t,z,u) is lower semicontinuous.
(iii) There exist ¢ € L'([0,b]) and ¢y > 0 such that ¢(t)—cz||z|| < L(t, x,u)
for a.a. t € [0,b], all z € RY and all u € U(t, z).

Under these hypotheses, by considering the differential inclusion which
results from the deparametrization of the problem (i.e. defining the multi-
function F(t,x) = f(t,z,U(t, :B)) and using the results of Papageorgiou [22]
and Hu and Papageorgiou [16], we can check that if zg € D(A) = D(A),
then P(zo) # 0 and Pi(x0) = projc(jo.r,rv)P(w0) C C([0,b],RY) (the set of
admissible states) is compact.

As we already mentioned in the introduction, in order to have an existence
result for problem (1), we need a convexity hypothesis:

H¢ For a.a. t € [0,b] and all x € RV, the set
h=f(t, z,u)
Qt,z) =< (h,n) e RN xR | uc U(t,z)
L(t,z,u) <n
Is convex.

Remark 2. If, for example, f(¢,x,u) = f1(t,x) + fo(t,x)u and U(t, z) €
Pree(RYN) for all (t,x) € [0,b] x RY and L(t,x,-) is convex for a.a. t € [0,b]
and all x € RY, then it is easy to see that hypothesis H¢ is satisfied.

We employ the “reduction of variables method” due to Berkovitz [2, 3,
5] and Cesari [8, 9]. The idea of this method is simple and elegant. We use
hypothesis Ho to pass to a control-free (deparametrized) variational problem
(i.e. a calculus of variations problem) with convex structure, which we can
solve using the “Direct Method”.
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Theorem 1. If hypotheses H(A), H(f), H(U), H(L), Hc hold, zo € D(A)
= D(A) and m < 400, then problem (1) admits an optimal state-control pair.

Proof. Let I': [0,b] x RY x RY — 28" be the multifunction defined by
[(t,x,v) = {u eU(t,z): —ve Az) + f(t,x,u)}

which is the multifunction that gives all admissible controls which, at time
t € [0,b] and when the state is z € RY, generate the velocity v € RY. Note
that

C

~ N (t,z,u) € GrU)
GrT'=  (t,z,v,u) € [0,b] x R x R™ x R™:
(x,—v — f(t,z,u)) € GrA
By modifying f,U and L on a Lebesgue-null subset of [0, ], we may assume
without any loss of generality that
- for all (z,u) € RN x R™, t — f(t,z,u) is measurable
- (t,z,u) — L(t,z,u) is Borel measurable
- GrU € B([0,b]) x B(RY) x B(R™).

Then because GrA C RY x R¥ is closed (because A is maximal monotone),
GrT € B([0,b]) x B(RY) x B(RY) x B(R™).
We introduce the function p : [0,b] x RY x RY — R defined by

t,x,v)= inf  L(t,z,u).
p( ) w€el'(t,x,v) ( )

Note that p(t, x, v) represents the minimum istantaneous cost needed to gener-
ate velocity v € RY when the state is x € RY. As usual we use the convention
inf ) = 400, and for this reason p is R-valued. In a series of Claims I - III
below we establish the properties of p.

Claim I: (¢t,z,v) — p(t,x,v) is Borel measurable. Indeed, for every A € R
we have

{(t,xm) € [0,0] x RN x RN : p(t,z,v) < /\}
= proijRNxRN{(t,x,v,u) € GrI': L(t,z,u) < )\}
€ B([0,b]) x B(RY) x B(RM)

(see [16: p. 146]). So p is Borel measurable.

Claim II: For all t € [0,b],(z,v) — p(t,x,v) is lower semicontinuous.
Indeed, we need to show that for every A € R the sublevel set

K\ = {(w,v) c RY xRV : p(t, x,v) Sx\}



Existence and Relaxation 871

is closed. To this end let {(n,vs)}n>1 C K(\) and assume that z, — =
and v, — v in RY. We can find u, € T'(t,z,,v,) such that L(t,z,,u,) <
p(t, Tn,vn) + =. So u, € U(t,zy,) and —v, € A(zy) + f(t,2n,un) (n > 1).
By passing to a subsequence if necessary, we may assume that u, — wu in
R™ and u € U(t, x) (see hypothesis H(U)/(ii)). Then f(t,xn,u,) — f(t,z,u)
in RY and, because GrA C RY x RY is closed, —v € A(x) + f(t,z,u) with
u € U(t,z) and so u € I'(t,z,v). Also, from hypothesis H(L)/(ii) we have
L(t,z,u) < liminf, o L(t, Ty, u,) < A, hence p(t,z,v) < A, ie. (z,v) €
K (X) which proves the claim.

Claim III: For all (t,x) € [0,b] x RN, v — p(t,z,v) is conver. Indeed,
note that

epip(t,z,) = {(v,n) € RY x R: p(t,a,0) < n}
—v e Alzx) + f(t,z,u)
—ﬂ (v,7) €ERY xR| L(t,z,u) <n+e
e>0 ueU(t )

By hypothesis H¢, each set in the intersection is convex and so epip(t,x, ) is
convex, too. This proves the claim.

Now let
{(ZnyUn) }n>1 C P(z0) € C([0,0],RY) x L([0, 5], R™)

be a minimizing sequence for problem (1), i.e. J(x,,u,) | m. We already
said that Pi(z) C C([0,b],RY) is compact. So, from hypothesis H(A),

sup sup || A° (2, (t))[| < 3
teT n>1

for some ¢35 > 0. But from [6: p. 69] we know that, for all n > 1 and a.a.
t € 10,5,

[l (0] = I(=f (£, 20 (t), un (1) — Aza (1))l
<=t @n (), un@O)] + [|A" (2 (1))
< af(t)

for some a € L% ([0,b]). So by the Dunford-Pettis theorem, {@y}n>1 C
L1([0,b], RY) is relatively weakly compact. Hence we may assume that z,, —
r in C([0,0],RY) (recall that {z,},>1 C Pi(%g)) and &, — 4 weakly in
L1([0,b],RY). Because of Claims I - III we can use the theorem of Olech [21]
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(see also Berkovitz [3]) and obtain
b
—00 </ p(t,z(t), z(t)) dt
0

b
0

n—oo

< lim J(xp,up)

n—oo
= m

< +00.

By redefining, if necessary, p(-,z(:),Z(-)) on a Lebesgue-null set in [0, b],
we may assume that, for all ¢ € [0,b], p(¢t,z(t),4(t)) is finite. Then via
a straightforward application of the Yankov-von Neumann-Aumann selec-
tion theorem (see [17: p. 158]) we can find Borel measurable functions
ug @ [0,b] = R™ (k> 1) such that

uk(t) S F(t,l’(t),[l:?(t)) . } (a‘e‘ on [O,b])
L(t,z(t), ux(t)) < p(t,x(t),2(t)) + %
Let R
Ly (t) = L(t, 2(t), ug(t))
We have

l6() = calle ()] < Lin(t) < plt,2(t), @ (1)) + % (a.e. on [0,b])

and so {L} k=1 C L([0,b]) is uniformly integrable. Therefore we may assume
that Ly — L weakly in L'([0,b]) as k — oo, with L € L'([0,b]). Also, if we
set
hi(t) = f(t, x(t), ur(t)),

then hy, € L*([0, 5], RY) and from hypotheses H(f)/(iii) and H(U) /(iii) we have
that {h}r>1 C L1([0,0],RY) is uniformly integrable. Thus we may assume
that hy — h weakly in L1([0,0],RY) as k — oo, with h € L(]0, ], RY). Note
that, for some z; € L1([0,b],RY) with z(t) € A(x(t)) a.e. on [0,b] (k> 1),

(=i (t) = 21(t), Li(1)) € Q(t,x(1))  (ae. on [0,0]).

Therefore —zi(t) = #(t) + hi(t) a.e. on [0,b] and so zy — —i — h weakly
in L1([0,0], RY) as k — oo. From [17: p. 694] and using the closedness of
GrA c RY x RY we obtain

—z(t) — h(t) € limsup A(z,(t)) C A(z(t)) (a.e. on [0,0]),

n—oo
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ie. —i(t) € A(x(t)) + h(t) a.e. on [0,b]. Also, via Mazur’s lemma, since
Q(t,z(t)) € Ps.(RY xR) (see hypothesis He), we have (h(t), L(t)) € Q(t, x(t))
a.e. onT. Another application of the Yankov-von Neumann-Aumann selection
theorem gives a Borel measurable function « : [0,b] — R™ such that

u(t) € U(t, x(t))
—&(t) € A(z(t)) + f(t,x(t),u(t)) (a.e. on [0,0]).
L(t, 2(t),u(t)) < L(t)

So (z,u) € P(xg). Moreover, since

i ’ . b
| bwde< [pieat.aw)a

we get , ,
/ﬁ@ﬁg/p@ﬂﬂ(mﬁ<m
0 0

and so J(z,u) < m. But because (z,u) € P(xg), we must have J(x,u) = m,
i.e. (x,u) is an optimal state-control pair i

Reviewing the above proof, we realize that hypothesis Hq is crucial in
proving the existence of an optimal state-control pair (z,u) € P(xp). If hy-
pothesis He fails, then we no longer can guarantee that problem (1) has a
solution, because the limit of a minimizing sequence need not be admissible.
To capture the asymptotic behaviour of the minimizing sequences, we need
to augment the system in such a way so as to introduce the missing ”con-
vex structure”. This is the object of study of relaxation theory, which we
investigate in the next two sections.

4. Three relaxation methods

The first method of relaxation increases the set of admissible controls by
considering Young measures. The idea behind this method is better under-
stood in the case of R-valued functions. It is well known that a sequence
{un}n>1 C L*([0,0]) of controls, which converges weakly but not strongly to
u, oscillates wildly around u. But in the limit function w all these fast oscil-
lations are forgotten and only an average value is recorded. Certainly, this
is not satisfactory if the control function enters in a nonlinear fashion in the
dynamics of the system. We can not say that

f(,xn(),un()) - f(,x(),u()) Weakly in Ll([oa b]vRN)
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even if z, — x in C([0,b], RY). Then the idea is to assign as a limit of {u, },>1
not a usual R-valued function, but a probability-valued function (a transition
probability) A : [0,b] — M3 (S) where S C R is the set where the control
functions take their values. These considerations lead to the first relaxation
method based on Young measures.

We will need to the following stronger hypotheses on the control constraint
multifunction U(t, x).

H(U); U: [0,b] x RY — P, (R™) is a multifunction such that:
(i) For all z € RN, t — U(t,z) is measurable.
(ii) For a.a. t € [0,b], z — U(t, z) is continuous.
(iii) There exists r > 0 such that ||u|| < r for a.a. t € [0,0], all z € RY
and all u € U(¢, ).

In what follows,
B, ={ueR™: |ul| <r}.

We introduce the constraint set (¢, z) for the controls by setting

S(t,x) = {u e M (B,): p(U(t,z)) = 1}.

Given a state function z € C([0, b], RY), the set of admissible relaxed controls
is given by

Ssoa(y) = {)\ € R([0,b],B,) : A(t) € S(t,z(t)) a-e. on [o,b]}.

Then the first relaxation of problem (1) based on Young measures is the
optimal control problem

b A
! = x(t),u u)dt — inf = m}
Ren=[ ] L 2(8) A ()t — i = m]
such that
(2)
—z(t) € A(z(t)) + /E ft,x(t), u)\(t)(du) a.e. on [0,b]
I(O) =xg, A E Sg(.,m(.;) )

Note that in (2) the control function enters linearly in the dynamics and in
the cost functional. This gives problem (2) the desired “convex structure”.
Also, note that every original control u € S}](w(_)) can be viewed as a relaxed
control by considering the corresponding Dirac transition probability d,.).

For problem (2), with no extra hypotheses, we can show that it has a
solution.
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Proposition 2. If hypotheses H(A), H(f), H(U);, H(L) (in which hy-
potheses H(f)/(iii) and H(L)/(iil) are true for all u € B,.) hold, zo € D(A) =
D(A) and m} < +o0, then problem (2) admits an optimal relaxed pair (x,\) €
C([0,0], RY) X Ssy(. (.-

Proof. Let {z,, \n}n>1 C C([0,b],RY) x R([0,b], B,;) be a minimizing
sequence for problem (2). We know that the sequence {z,, },>1 € C([0,b],RY)
is relatively compact. Also, by Alaoglu’s theorem, the sequence {\,},>1 C
L>([0,b], M (B,)y-) is relatively w*-compact. Because the predual L' ([0, b],
C(B,)) is separable, {\,},>1 is relatively w*-sequentially compact. So we
may assume that x, — x in C([0,b],RY) and A, — X weakly* in L°°([0, b],
M (By)w+)-

First we show that (z,)) is admissible for problem (2). Set f,(¢)(u) =
f(t,@a(t),u) and f(t)(u) = f(t,2(t),u). We have

1a)) = F Ol oz, = sup [ Fa)w) ~ Fe)(w)]
u€B, (n > 1)

= || fu () (un) — F()(un)]|

for some u,, € B,. We may assume that v, — u in B,. Hence fn( ) — f(t)
0

in C(B,), and by the dominated convergence theorem, f, — f in L([0, 8],
C(B,)). If by ((-,-)) we denote the duality brackets for the pair

(Ll([07 b]? C(Er»? Loo([o’ b]? M(Er)w* ))7
for every C' € B([0,b]) we have ((f, xcAn)) — ((f, xcA)) and subsequently

[ st @ mﬁﬁ//ftx ) Gt

Also, as before we have i, — 4 weakly in L'([0,b],RY) (see the proof of

Theorem 1). Hence
/j:n(t) dt—>/$(t)dt
c c

Moreover, if z,, € S,lq(a: ) is such that

i () = 2 (t / £t n(®), WAL (du)  (ace. on [0,B]),

the sequence {z,},>1 C L'([0,b],RY) is uniformly integrable and so we may
assume that z, — z weakly in L'([0,b],RY). Exploiting the closedness of
GrA, z € S,lq(x(.))- So in the limit, as n — 0o, we obtain

_/C:b(t)dte/CA(x(t))dtﬂL/C/R F(t, (1), W) (du)dt
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for all C € B([0,b]), hence

—&(t) € A(z(t)) + /E ft,z(t),u)\(t)(du) a.e. on [0, D]
z(0) =z

We need to show that A € Sy(. ,()) = Sx). To this end, let h €
L1([0,b],C(B,)). We have

b
((hs An)) < 0(h, Ssayy) = /0 o (h(t), S(t, 2 (1)) dt

(see [17: p. 183]), and so

n—oo

((h,N) < limsup/ o(h(t), S(t, zn(t)))dt
X 0 (3)
< /O lim sup o ((t), £(t, 2 (£))) dt.

n—oo

We claim that X(Z, -), as a multifunction into M7 (B,) with the weak topology,
has a closed graph. Recall that M}r (B,), topologized this way, is compact and
metrizable (see [23: p. 45]). Moreover, the weak topology coincides with the
relative w*-topology, it inherits from the Banach space M(B,). To prove
the claim, we consider a sequence {(vy, tin)}n>1 C Gr¥(t,-) and assume that
v, — v in RV and p, — p weakly in M1} (B,). By virtue of hypothesis
H(U)y/(ii), given 0 < & < r we can find ng = ng(e) > 1 such that U(¢,v,) C
U(t,v)+eB; for all n > ng, hence pi, (U(t,v,)) < pn (U(t,v))+e for all n > ng
and so
1 <limsup pn,(U(t,v,)) + e < p(U(t,v)) + ¢

by the Portmanteau theorem (see [23: p. 40]). Let € | 0 to conclude that
1 < u(U(t,v)), hence pu(U(t,v)) = 1 and so (v,u) € GrX(t,-) which proves
the claim. Using this fact we have

limsup o (h(t), S(t, zn(t))) < o(h(t), S(t, (1))

n—oo

a.e. on [0,b] and so from (3) we obtain

((h,A))g/O o(h(t),2(t,z(t)))dt = o(h, Ss())

for all h € Ll([O,b],C(FT))), hence A € Sx(,), i.e. (x,A) is admissible for
problem (2).
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Next, let Ly : [0,b] x RV x B, — R be Carathéodory integrands such
that ¥(t) — co||z|| < Lp(t,z,u) < k for a.a. t € [0,0], all z € RY and all
u € B, and Ly T L as k — oo (see, for example, [18: p. 279]). So let
f/kn(t u) = Li(t, xn(t),u) and Ly(t,u) = Li(t, 2(t), ). Evidently, for all k >
1, {Lk s Lk}n>1 c L'([0,T),C(B,)), and as we did for the f,’s, we can show
that Ly, — Li in L*([0,T],C(B,)) as n — 00. S0 ((Li.n,An)) — (L, A))

as n — oo, while from the monotone convergence theorem

b
(B ) 1 / /E L(t, 2(t), wA(t) (du)dt

as k — oo. Then from [1: p. 32] we can find a sequence n — k(n) increasing
(not necessarily strictly) to +oo such that

b
((Lis(ny,ns An)) — /0 /E -L(t,x(t),u))\(t) (du)dt.

But note that

(Lgorms A / / (t, 2n (1), W) A (1) (du)dt = T (20, An)-

/b/_ L(t, z(t), w)A(t) (du)dt < mj.
0J/B,

Because (z, \) is admissible for problem (2), we conclude that J!(z,\) = m! 1}

Hence

Since there are more relaxed controls than originals ones, we have m! < m.
In principle strict inequality is possible, including the extreme case in which
m! < 400 and m = +oo. This can happen if, for example, there is a target
set which can be reached by relaxed trajectories but not by original ones. We
want to have that m. = m or otherwise it can be said that the relaxed problem
generalizes the original one too much and we can not find an e-optimal control
among the original (physically realizable) ones. Such a relaxation method is
for all practical purposes “non-admissible”. To avoid having a “relaxation
gap” we need to strengthen our hypotheses on the data.

H(U),; U : [0,b] — P(R™) is a measurable multifunction such that there
exists r > 0 with the property that ||u| < r for all u € U(%).

H(f); f:[0,0] x RY x R™ — R¥ is a function such that:
(i) For all (x,u) € RN x R™, t — f(t,z,u) is measurable.
(ii) There exists k € L1 ([0,T]) such that ||f(¢,z,u) — f(t,2',u)|
< k(t)||x — 2'|| for a.a. t € [0,b], all x,2" € RY and all u € U(t).
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(iii) For a.a. t € [0,b] and all z € RN, u — f(¢,z,u) is continuous.
(iv) There exist a,c € L1 ([0,b]) such that || f(t,z, )| < a(t) + c(t)||z|
for a.a. t € [0,b], all z € RY and all u € U(t).

H(L); L: [0,b] x RN x B, — R is an integrand such that:
(i) For all (z,u) € RY x B,., t — L(t,z,u) is measurable.
(ii) For a.a. t € [0,b], (z,u) — L(t,x,u) is continuous.
(iii) For every n > 1, there exists ¢, € L1 ([0,b]) such that |L(t, z, u)|
< Yn(t) for a.a. t € [0,8], all z € RY with ||z|| < n and all u € B,.

Remark 3. Hypothesis H(U), implies that there is no feedback in the
system (open loop system).

With these stronger hypotheses we shall show the admissibility of the
first relaxation method. We start with an auxiliary result which follows from
a powerful result about the extremal structure of a measurable multifunction
(see [17: pp. 191 - 192]).

Lemma 3. If hypothesis H(U)y holds, then gg = Sy, where §1{]} denotes

the closure of Sy in R(]0,b], B,.) with the weak topology.
Proof. By definition,

(1) = {ne MLB,) : p(UR) =1}.

We claim that X is graph measurable. For G € B([0,b]) x B(B,), let ng :
0,b] x M3 (B,) — [0,1] be defined by ng(t, u) = (6 ® p)(G), where §; is the
Dirac probability measure concentrated on t. Let

I= {G € B([0,b]) x B(B,) : ng is measurable}

(recall that on M1 (B,) we consider the weak topology). For any D € B([0, b])
and C € B(B,) we have

noxc(t,u) = xpt)u(C) = xp(t)pc (i)

where pc : M1 (B,) — [0,1] is defined by ¢c(n) = (C). From the Portman-
teau theorem, ¢ is measurable. Hence np« ¢ is measurable and so DxC € 7.
It is easy to see that 7 is actually a field and a monotone class, so it is a o-field.

Therefore Z = B([0,b]) x B(B,). So GrU € T and let

Gr={(t. ) € 10,6] x ME(B,) : (8 @ p)(GrU) =1}

= ﬁc_:iU(l)
€ B([0,b]) x B(M}(B,)).
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By Fubini’s theorem,

(6, 1) (GrU) / / Xt () i du)i(ds) = (U (1)),

So
G1 = GrX € B([0,b]) x B(M(B,)),
i.e. X is graph measurable. Then, from [17: p. 191], ext Sy, = Sextx and
ext X(t) = {0y : u e U(t)}. So ext Sy = Sy. Finally, use [17: p. 192/Propo-
sition I1.4.7] to obtain the desired density result B
Using this lemma we can prove the admissibility of the first relaxation

method. In what follows, by P!(x) we denote the admissible relaxed pairs
of problem (2) and P}, (xo) = pProje(o.7.&) Br (%0)-
Theorem 4. If hypotheses H(A), H(f)1, H(U)2, H(L)1 hold, xg € D(A) =
— ([0, T|,RN
D(A) and m < +oo, then P} (x0) = Py (o) (0I5
Proof. From Proposition 2 we know that problem (2) has a solution
(x,)) € C([0,b],RN) x R([0,b], B,). Using Lemma 3 we can find a sequence
{up}n>1 C S such that &,, — X weakly* in L°°([0,b], M (B, )y=) (recall
that the weak topology of R(0, b], B,.) coincides with the relative w*-topology
inherited from L ([0,b], M (B, )s*), see Section 2). Because of hypothesis

H(f)1/(ii), every original control u, € S}; (n > 1) generates a unique state
r, € C([0,b],RY). We may assume that z,, — & in C([0,b], RY). If

/ftxn )0y, () (du)
/ F(t, 2(t), wA(H) (du)

we have f, — f weakly in L'([0,T],RN). Also, from the proof of Theorem
1 we know that the sequence {iy,},>1 C L'([0,b],RY) is relatively weakly
compact and so we may assume that i, — v weakly in L'([0,b], RY). Clearly,

and ml =m.

v = #. As in the proof of Theorem 1 we can check that in the limit, as n — oo,
we get

—2(t) € / ft,2(t),u)\(t)(du) a.e. on [0, D]
z(0) = xg

Since the relaxed control A € Sy, generates a unique state, we must have
T = x. There is

J(Tp, up) = Jﬂ(mn,(sun) — Jﬁ(a:,)\) = m,,11

and so m < ml. Since the opposite inequality is always true, m = mZ.. More-

o . 1 —C([07T}7RN)
over, from the above argument it is clear that P, (z0) = P1(xo) |
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Remark 4. The relaxation method based on Young measures was initi-
ated by Gamkrelidze [14] and Warga [25].

Next we present the second relaxation method. It is motivated by the
reduction method used in the proof of Theorem 1. According to this method
we deparametrize the dynamics (i.e. remove the control variable) and pass
to a set-valued dynamical system. For this reason we call this method the
“multi-valued relaxation method”. Since p(t,x,-) is not convex in general, we
consider its second conjugate in the sense of convex analysis. The resulting
variational problem is a calculus of variations problem. More precisely, the
second relaxed problem corresponding to problem (1) is

J2(z) = /O ™ (8, 2(t), #(t)) dt — inf = m?

such that (4)
—@(t) € A(z(t)) + convF(t,z(t)) a.e. on [0,b]

x(0) =z

where F(t,z) = f(t,z,U(t)).

First we want to clarify the relation between the two relaxed problems (2)
and (4). This requires a closer look on the dynamics and cost integrands of
the two problems. As before, by P2 (z9) C C([0,b],RY) we denote the set of
states of problem (4).

Proposition 5. If hypotheses H(A), H(f), H(U)y hold and x¢y € D(A) =
D(A), then P} (x0) = P2 (x0), i.e. problems (2) and (4) share the same set
of states.

Proof. First we show that, for all (¢,z) € [0,b] x RY,

o F(t, z) = {/Ef(t,x,um(du) Y= E(t)}.

Note that the right-hand side of the claimed equality is convex. We show that
it is also closed. To this end let

(Yntnst C {/_ Ptz A (du) : A e z(t)}
B'r
and assume that y,, — y in RY. We have

Yn = /ET ft, x,u)\, (du)
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with A, € X(¢). Recall that M1 (B,) furnished with the weak topology (equiv-
alently, with the relative w*-topology of M(B,)) is compact metrizable. So
we may assume that A, — X\ weakly in M1 (B,) and A € X(t) (see the proof
of Proposition 2). Then

/E f(t, z,u) A\ (du) — /E f(t, z, u)\(du)

(since f(t,z,-) € C(B,)) and so y = fEr f(t,x,u)A(du) with X\ € 3(¢). This
proves the closedness of the set {fE flt,z,u)A(du) : X € 3(t)}. By taking
A =6, with u € U(t) we obtain

convF(t,x) {/ ft, z,u)A(du) : )\EE()}

Next, let y = [z f(t,z,u)\(du) with A\ € X(¢). From [23: p. 44], we can
find a sequence of discrete probabilities A\, = 224:"1 a0y, , with a; € [0,1]

such that 2242"1 ar, = 1 and uy, € U(t) such that \,, — X\ weakly in M} (B,).
So

My,
= /_ f(t,.’L‘, u))‘n(du) = Z akf(t7x7 uk) € WF(ta ZC)
Br k=1
and y,, — y. Hence
{/_ flt,xz,u)A(du) : X € Z(t)} C convF(t,z)
B,

and thus finally equality holds.
Then we claim that, for all z € C([0, T],RY),

1
SeomvF ()

{yGC([O 1, RY) - / F(t 2(8), WA (du), AESE}. 5)

Denote the left- and right-hand sides of (5) by Vi (z) and Va(z), respectively.
It is clear from the equality

convF(t,x) {/ f(t, z,u)A(du) : )\EE()}

that Vo(xz) C Vi(x). Suppose y € Vi(x) and let K : T — oM (Br) \ {0} be

defined by
K(t) = {/\GE /ftx )JA(d )}
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(because of the equality convF (t,z) = { [5 f(t,z,u)A(du) : X € X(t)}, K has

non-empty values). Let

B(t,N) = y(t) — /E F(t, (1), u)A(du).

Evidently, ( is a Carathéodory function (i.e. measurable in ¢t € T" and contin-
uous in A € M1 (B,)). Therefore it is jointly measurable and so

GrK = {(t,)\) €T x MY (B,): B(t,\) = o} N GrY
€ B([0,b]) x B(M; (B,))
(recall that X is graph measurable, see the proof of Lemma 3). Apply the
Yankov-von Neumann-Aumann selection theorem (see [17: p. 158]) to obtain
a Borel measurable function A — M} (B,) such that A(¢) € K(¢) a.e. on [0, b].
So A € Sy and y(t) = [z f(t,2(t),u)A(t)(du) which proves (5). From (5) it
follows at once that P} (zo) = P? (xo) B

Proposition 6. If hypotheses H(A), H(f), H(U)q2, H(L); hold, zy € D(A)
= D(A) and (t,z,v) € [0,b] x RN x RY is such that

—v € A(x) + { /_ ft,z,u)\(du) : X € Z(t)},
B,
then there exists Ao € X(t) such that

—v € A(zx) + /E ft,x,u) Ao (du)

p’“k(t,ac,v):/E L(t,z,u)\o(du).

Proof. By definition,
p**(t,z,v) = inf {?7 €R=RU{+o0}: (v,n) € convepip(t, z, )}
Set
H(t,z) = {(A(x) + f(tz,u), Lt z,u)) s ue U(t)} cRY xR.

We have
p**(t,x,v) = inf {7) €R: (—v,n) € mf—[(t,x)}.
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From the proof of Proposition 5 we know that

V =convH (t,x)

{( / Ft, 2, u)A(dw), / L(tmu)k(du)) PN € 2@)}.

Hence we obtain

A€ X(t)
p**(t,x,v) = inf /_L(t,x,u))\(du) —v e Az / flt,z, u)A(du)

B

We introduce the set
El(t,m,v):{)\EE(t):—veA / f(t,z,u) (du)}%@

This set is weakly closed in $(t) C M1 (B,), hence it is weakly compact. More-
over, the map A\ — fﬁr L(t, z, u)A(du) is lower semicontinuous on M1 (B,.) (see
Section 2). So by the Weierstrass theorem we can find Ay € ¥4 (¢, x,v) such
that p**(t, z,v) fB (t,z,u)Ao(du) Il

Remark 5. According to the proof of Proposition 6,

A€ X(t)
p**(t,z,v) = inf /_L(t,x7u))\(du) e Az / F(t, 2, u)\(du)

B

with the usual convention inf ) = +o00. Moreover, the above infimum is actu-
ally attained.

Proposition 7. If hypotheses H(A), H(f), H(U)s, H(L); hold and zy €
D(A) = D(A), then p** : [0,b] xRN xRN — R is superpositionally measurable
(i.e. if z,v: [0,b] — RY are measurable, then so is t — p**(t,z(t),v(t))) and
(x,v) — p**(t,z,v) is lower semicontinuous.

Proof. Let z,v : [0,b] — R¥ be two measurable functions. By approxi-

mating from below L(t, z(t), -) with Carathéodory functions (which are jointly
measurable), we can see that

t)\—>/ (t,z(t), u)A(du)

is jointly measurable. Also,

Yo(t) = {)\ € X(t): —v(t) € A(z(t)) + /E f(t,x(t),u))\(du)}
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is graph measurable (since X is). Because
p**(t,z(t),v(t)) = inf {/_ L(t,z(t),u)\(du) : X\ € Eg(t)} ,
B.

from [17: p. 161] it follows that ¢ — p**(¢,xz(t), v(t)) is measurable, i.e. p** is
superpositionally measurable.

For the lower semicontinuity of p**(¢,-,-), we need to show that for every
1 € R the sublevel set

I'(n) = {(w,v) e RY xRN : p**(t,z,v) < 77}

is closed. So let z, — z and v, — v in RY with (z,,v,) € I'(n) and n > 1.
We know (see Proposition 6 and Remark 5) that

p**(t,xmvn):/_ L(t, xpn, u) A\ (du)
B,

with A, € ¥(t) and
“v € Alwn) & [ Fltz00)An ().
B’r’

Evidently, we may assume that A\, — A weakly in M}r (B,). Then as in the
proof of Proposition 2 we have

/ L(t,z, u)\(du) Sliminf/ L(t, xpn, u) )\, (du)

B, n—oo JB.,.

while

—v € A(x) + /E f(t, z, u)A(du).

Therefore

p*(t,x,v) < / L(t,z,u)\(du) <n
B,
which proves the lower semicontinuity of p**(¢,-,-) i

These propositions lead at once to the following theorem which compares
the two relaxed problems (2) and (4) and shows that they are equivalent.

Theorem 8. If hypotheses H(A), H(f), H(U),, H(L); hold and xy €
D(A) = D(A), then problem (4) has a solution and m? = m}.

By strengthening our hypotheses on f, we can guarantee the admissibility
of this second relaxation method. More precisely, we have
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Theorem 9. If hypotheses H(A), H(f)1, H(U)2, H(L); hold, zy € D(A) =
N
D(A) and m < +oo, then P2 (xq) = Pl(:lr;o)c([o’T]’]R ) andm = ml = m?2.
Remark 6. The second relaxation method (the multi-valued relaxation
method) was initiated with the work of Filippov [13].

Now we shall present the third relaxation method, which is based on
Carathéodory’s theorem for convex sets in RY. Recall that, according to this
theorem, if C' C R, then every point of conv C is a convex combination of no
more than N +1 distinct points of C. Motivated by this theorem, we introduce

the following relaxed problem in which @ = (ug)n " and 4 = (yx) i
b N+1 ~
J2 (2,0, 7) / ka ), u(t)) dt — inf = m?
0 k=1
such that
N+1 (6)
—i(t) € A(z(t) + > () f(t, 2(t), ur(t)) ae. on [0,b] '
h=t N+1
z(0) = x0, up € S5, Y : T — [0, 1] measurable and Z Yi(t) =1
k=1 /

By P2 (zo) € C([0,T],RY) we denote the set of states of problem (6).
The next theorem shows that this new relaxed problem is actually equiv-
alent to the previous ones.

Theorem 10. If hypotheses H(A), H(f), H(U),, H( )1 hold and z¢ €
D(A) = D(A), then P} (z0) = P2 (z0) = P2 (z0) and m3 = m? =m].
Proof. Evidently, P} (zo) C P?(x0) = P2 (x0). On the other hand,

from Carathéodory’s theorem mentioned above, if H(t, z) is as in the proof of
Proposition 6, we have

convH(t,z) =
% vi € [0, 1] %
1 1 K = (7
A(ﬂ?(t))—l— lykf(tax(t)auk)v ’ykL(t,x(t),uk) Y =1 .
% k=1 k=1 k=1 §
) {2 cU()

From this equality and the proof of Proposition 6 it follows easily that

Moreover, since

P (t, x(t), #(1)) = inf {n eR: (—i(t),n) € convH(t, x(t))}
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a.e. on [0,b], from (7) we have

Pt a(t), (1))

( N+1 )
N+1 ur, € U(t), v € [0,1], Z%:l
= inf ¢ Y R L(t, 2(t), up) N+1k:1
P —i(t) € A(x(t)) + Y wf(t,x(t), up)
. k=1

a.e. on [0,b]. Since the infimum is that of a lower semicontinuous function
on a compact set, it is attained. Then an easy measurable selection argument
generates measurable v : T — [0, 1] and ug € S{; such that

SV () =1
—i(t) € A(z(t)) + é\r+11 v () f(t, 2(t), ux) a.e. on [0,b] and
Ptz (t), #(1) = S vk (D)Lt (1), uk(t)) ace. on [0,5].

)
S=m2=mll

It is now clear that Theorem 8 implies m -

As before, with stronger hypotheses we have admissibility of this relax-
ation method:

Theorem 11. If hypotheses H(A), H(f)1, H(U)y, H(L); hold, 2o € D(A)

N
= D(A) and m < +o0, then P3 () = Pl(a;o)c([o’T]’R ) andm = mi=m?=

3
m;.

Remark 7. This third relaxation method was first suggested by Ekeland
and Temam [12] for a more restricted family of systems.

5. Relaxation via I'-regularization

In this section we present a fourth relaxation method, quite distinct from
the other three, based on semicontinuity arguments and developed by But-
tazzo [7]. Roughly speaking the idea is the following. In the cost functional
J(x,u) we incorporate all the constraints of the problem (dynamic and non-
dynamic) by adding to J(z,u) the indicator function in of the set A of all
constraints. Denote the resulting unconstrained cost functional by H(z,u).
The new relaxed problem is then obtained by producing the lower semicon-
tinuous envelope (I-regularization) of H. The implementation of this method
uses the so-called “I'-limits” (see [7: p. 176]).

Definition. Let X1, X be two Hausdorff topological spaces and ¢ : X3 x
X3 — R =RU {400} a proper function. In what follows, by Z(+4) we denote
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the “sup” operation and by Z(—) the “inf” operation. Let (z1,22) € X7 x X»
and, for k£ = 1,2, let S be the set of all sequences in X which converge to
x). Also, let ax be one of the symbols + or —. We define

Doeq (X7, X32)0(21, 22)
= Z(a1) @myes; Z(a2) @nyes, Z(—a1)nz1Z (1) nznp(@], 23).

If I'yeq is independent of the symbols + or — in one of the spaces, then the
symbol is omitted. For example, if

Daeq( X1, X3 )21, 2) = Daeq (X7, XT ) (21, T2),

then we write Iseq (X1, X5 )po(1, T2).

Remark 8. If X; x X5 is metrizable or the compact subsets of X; x X5
are metrizable and ¢ is coercive, then I'seq(X; , X5 ) = @, where ¥ is the
lower semicontinuous envelope of ¢. The problem under consideration is now
the following;:

J(x,u):/o L(t, 2(t), u(t))dt — inf = m

such that > . (8)
—a(t) € A(z(t)) + C(t, z(t))g(t,u(t)) a.e. on [0,b]
2(0) = 2o, u € S¢

Ve

As before, A: D(A) Cc RN — 28" {5 a maximal monotone operator satisfying
hypothesis H(A) and U : T' — P, (R™) is a multifunction satisfying hypothesis
H(U)y. The precise hypotheses on the other data of problem (8) are the
following;:

H(C) C: [0,b] x RN — R¥** 5 a function such that:
(i) For all z € RN, t — C(t,z) is measurable.
(ii) There exists v € L([0,b]) such that, for a.a. t € [0,b] and all
v,z €RY, [|C(t, ) — C(t,2)| < y(t)llz — 2|
(iii) There exist a,c € L([0,b]) such that ||C(t,2)|| < a(t) + c(t)||z|
for a.a. t € [0,b] and all x € RY.

H(g) g: [0,b] x R™ — RF is a measurable function such that:
(i) For all w € R™, t — ¢(t,u) is measurable.
(ii) For a.a. t € [0,b], u — g(t,u) is continuous.
(iil) There exists £ € L} ([0, b]) such that, for a.a. t € [0,b] and all u € R™,
lg(t, w)ll < &£(1).

H(L)2 L: [0,0] x RY x R™ — R is an integrand such that:
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(i) For all (z,u) € RY x R™, t — L(t,z,u) is measurable.

(i) There exists k € L1([0,b]) such that, for a.a. t € [0,b], all z,z € RV
and all uw € R™, |L(t,z,u) — L(t,z,u)| < k(t)||z — z||, and there exist
ry € L1([0,b]) and B : RT — RT convex such that lims_, | ﬁ(ss) =
+o0o and, for a.a. t € [0,b] and all u € R™, B(||u||) —r1(t) < L(¢,0,u).

(iii) For a.a. t € [0,b] and all x € RN, u — (¢, z,u) is continuous.

(iv) For every n > 1 there exist ¢, € L% ([0,b]) such that |L(¢,z,u)| <
Yy, (t) for a.a. all t € [0,b], all x € RY with ||z| < n and all u € R™.

As we already mentioned, the idea of this relaxation method is to consider
the extended cost functional

H(z,u) = J(x,u) +ix(x,u),

where A is the set of all admissible control pairs for problem (8), and to
determine its lower semicontinuous envelope H

- on WL1([0,4], RY) equipped with the C([0, 5], RY)-topology
- and on L'(]0,b], R™) with the weak topology

(the last denoted henceforth by L!(]0,b], R™),,). So our goal is to find
Dscq (WHH([0, 81, RY), || floo) ™, L1([0, 8], R™)5, ) H.

To do this we employ the so-called “auxiliary variable method” of Buttazzo
(see [7]).
So in what follows we set

X = (W0, 0L RY), [ - llso), W =L([0,B],R™)w, V' = L([0, 8], R*).0.

According to [7: p. 184] the relaxation (I'-regularization) of H is reduced to
the relaxation (I'-regularization) in X x (W x V) of the functional

G(z,u,v) = ®(x,u,v) + ia(x,u,v)

where )
Ba,u0) = [ plta(t), ult) o(0) d
0
with
QO(t, x,u, U) = L(ta z, u) + i{v:g(t,u),uGU(t)}
and

A= {(x,u,v) e X xV x W‘ —&(t) € A(z(l)) + C(t,z(t))v(t) ae. } |
z(0) = zo
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So we need to compute the functional
FseQ(X_’ (W X V)_)G(,CE, u, 'U).
Using the definition of I's¢4-limit we can easily check that

Dseq(X™, (W x V)7)G(x,u,v)
= Deq(X, (W x V)7)®(z,u,v) + D (X, W X V)ia(z,u,v).

From [7: p. 74] we know that for every
(e, u,0) € WHL((0, T), RY) x ([0, 7], R™) x L}([0, T], B*)

we have
b
RMXWWVYWWMW=A¢WMWM®MWﬁ

with ¢** being the second conjugate of (¢, x,-,-) in the sense of convex anal-
ysis. So it remains to calculate

Dseq( X7, W x V)ia(z,u,v).

Proposition 12. If hypotheses H(A), H(C) hold and xq € D(A) = D(A),
then Tseq(X—, W X V)ia(z,u,v) = ia(z,u,v).

Proof. According to the definition of the I'yc4-limit, we need to prove the
following two properties:

(a) If (xp,Un,vn) = (x,u,v) in X x W x V and (z,,, upn, v,) € A for all
n > 1, then (z,u,v) € A.

(b) If (x,u,v) € A, then for all (uy,v,) — (u,v) in W x V we can find a
sequence =, — x in X such that (z,,u,,v,) € A for all n > 1 large.

First we show that property (a) holds. So let z,, — z in C([0,b],RY),
v, — v weakly in L1([0, ], R¥) and

—Zn(t) € A(xn(t)) + C(t,xn(t))va(t) a.e. on [0, b
2, (0) = xo .

Note that C(-, 2, (-))vn(-) — C(-,2(-))v(-) weakly in L1 ([0, b], RY) (hypothesis

H(C)). Also, recall that {2, },>1 C L*([0,b], RY) is relatively weakly compact.

So we may assume that &, — w weakly in L([0,b],RY) and clearly w = i.
Moreover, from [17: p. 694] we have

—i(t) — C(t, 2(t))v(t) € conv limsup A(zn(t)) C A(z(t))

n—oo
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a.e. on [0,b], the last inclusion following from the fact that GrA is closed

and A has closed and convex values on D(A) = D(A) (since it is maximal
monotone). Hence

—i(t) € A(z(t)) + C(t,z(t))v(t) a.e. on [0,b] }
z(0) = xo '

This proves property (a).

Next we show that property (b) holds. So let (z,u,v) € A and suppose
that v,, — v weakly in L'([0, 5], R¥). Let y,, € W1([0,0], RY) c C([0, ], RY)
be the unique solution of

—Un(t) € A(yn(t)) + C(t,z(t))v,(t) a.e. on [0,D] }
yn(o) = Zo .

We know (see [16, 22]) that {y,}, C C(]0,b],RY) is relatively compact, and
so we may assume that vy, — y in C([0,b],RY). Because C(-,z(-))v,(-) —
C(-,z(:))v(-) weakly in L([0,b],RY), so as above in the limit as n — co we

obtain
—y(t) € A(y(t)) + C(t,z(t))v(t) a.e. on [0,0] }
y(0) = xg

and hence y = x. Therefore y,, — x in C([0,b], RY).
Now let x,, € WH1([0,b],RY) C C([0,b],RY) be the unique solution of

— i (t) € A(zn(t)) + C(t, 2, (t))vn(t) ae. on [0,D] }
xn(0) = xo '

Exploiting the monotonicity of A, we get

< — En(t) + Un(t), yn(t) — fcn@))RN

< (Cltn(t)on(t) = CCt2(t)) (), yu (t) — 2 1))

RN
a.e. on [0, b], so

1d

5o llEn® = )1

< (Clha(®)valt) = Ot a(t))vn(t),yn(t) — 2a(t))

RN
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a.e. on 1" and therefore

lzn (8) = yn ()17

<2 / 1(Cs,2a(5)) — C(5,2(5))) 0 () |19 (5) — 2 (s)]] dis

for all ¢ € [0,b]. Using [6: p. 157/Lemma A.5] and hypothesis H(C)/(ii), for
all t € [0,b] we obtain

lzn () = yn (O <2 | [[(C(s,2n(s)) = C(s,2(s)))vnls)]|ds
0

<2 / (8)l|2n () — 2(5) | ds.

So
[25() —yn (@) < 2/0 V() @n(s) = yn ()| lvn(s)llds

+ 2/0 V() ynls) = x(s)[l [[on(s)l|ds

for all t € [0,b]. We know that y,, — 2 in C([0,b],RY) and v,, — v weakly
in L1([0,b],R*). So given ¢ > 0 we can find n, = n,(¢) > 1 such that, for all
n 2 no,

[0 (t) —yn ()] <€+ 2/0 V()12 (s) = yn(s)[l vn(s)llds

for all ¢ € [0,b] which implies that (using the Gronwall inequality) ||z, (t) —
Un ()|l < ke||v|ls for all n > n, and all ¢ € [0,b], for some k > 0. Therefore
Tp — Yn — 0 in C([0,4],RY) and so z,, — = in C([0,b],RY). This proves
property (b) and so we have proved the proposition

Therefore we can write

F(xéu) = 5
37, v e L'([0,b],R") = o
infB . O tx(t),u(t),v(t) dt —z(t) € A(x(t)) + C(t, z(t))v(t) a.e. 5

z(0) = xo
Recall that
QD(t, x,u, U) = L(tv z, ’LL) + z'{v:g(t,u),ueU(t)}

and the double convex conjugation is with respect to the variables u and v.
Of course, (9) is not a satisfactory formulation of the relaxed problem because
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of the presence of the auxiliary variable v. So our goal is to eliminate this
auxiliary variable. To this end let

E(t,u) = {v eR*: (u,v) € conv Grg(t,-), u € U(t)}
and set
Lo(t,z,u,z) = inf {go**(t,ac,u, v): —z € A(x) + C(t,x)v}
and

A, = {(&u) £ X x W‘ —i(t) € A(z(t)) + C(t,z(t))E(t,u(t)) a.e. }

z(0) =z

Using these items we can now formulate the relaxed problem which corre-
sponds to this fourth relaxation method.

Proposition 13. If hypotheses H(A), H(C), H(g), H(U)2, H(L)2 hold and

xg € D(A) = D(A), then

H(z,u) =Tgeg( X, W7 )H(z,u)
b
:/ Lo(t, 2(t), u(t), &(t))dt + in, (2, u).
0
Proof. Note that if ¢**(¢,z,u,v) < +o0, then v € E(t,u). So we have
o b
H(z,u) = inf { / ©** (t, z(t), u(t), v(t))dt
0

v e LY([0, 4], RF)
—i(t) € A(z(t)) + C(t,z(t))v(t) a.e. on T'

}-l—iAO(:I;,u).

For every v € L'([0,b], R¥) with —&(t) € A(z(t)) + C(t, z(t))v(t) a.e. on [0, b]
we have

Lo (t,z(t), u(t), &(t)) < o™ (t,z(t), u(t),v(t))

a.e. on [0,b] and so
b —
/ Lo(t, z(t), u(t), &(t))dt + ia, (z,u) < H(z,u).
0
So we need to show that the opposite inequality also holds. To this end

let (z,u) € A, and suppose that fob Lo (t, z(t), u(t), &(t))dt < 400 (otherwise
there is nothing to prove). Let

K(t) = {v e RF: —i(t) € Alz(t)) + C(t,x(t))v}.
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Note that 7 : [0,b] x RF — RN x R¥ defined by

n(t,v) = (x(t), —2(t) — C(t, 2(t))v)

is a Carathéodory function (i.e. measurable in ¢ € [0,b] and continuous in
v € R¥), hence it is jointly measurable. Since GrA is closed, we have

Gri = {(t,v) € [0,6] x R* : n(t,v) € GrA} € B(0,8]) x B(R"),

i.e. the multifunction K is graph measurable. Then

@, v e 10,5, RY) ?
inf " tyx(t), u(t),v(t) dt
0 —i&(t) € A(z(t)) + C(t,z(t))v(t) a.e.
Z b
= inf O™t x(t),u(t),v(t) dt: ve Sk
Z, On o
= inf @™ (t,z(t),u(t),v): ve K(t) dt
z’,
— Lo t,2(t),u(t),@(t) dt
0
(see [17: p. 183]). Therefore
o b
H(z,u) < / Lo(t, z(t), u(t), &(t))dt +ia, (z, u).
0
We conclude that
o b
H(x,u):/ Lo(t,2(t), u(t), #(t))dt + ia, (2, ).
0
and the proposition is proved l
Proposition 13 gives us the fourth relaxed problem, which is
b
/ Lo (t,x(t),u(t),&(t))dt +ia, (z,u) — inf = m}. (10)
0

Invoking [7: p. 16/Proposition 1.3.1] we obtain the solvability of problem
(10).
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Theorem 14. If hypotheses H(A), H(C), H(g), H(U)a, H(L)2 hold and

zo € D(A) = D(A), then problem (10) admits an optimal pair (x,u) €
WEL([0,5], RY) x LE([0, b], R™).

What is important to us is the admissibility of this new relaxation method
and the relation of the resulting relaxed problem and the other three problems
established in Section 4. By showing that this fourth relaxation method is
equivalent to the other three, we shall have the answer to both questions.
The task is non-trivial since the procedure in this relaxation method is quite
distinct from the other three, and so a priori it is not at all clear that there is
any relation between them.

From Section 4 we know that to problem (8) we can associate the relaxed
problem

b
1 _ ce o1
J.(x, ) = /0 /Er L(t,z(t), u)\(t)(du)dt — inf = m.,
such that . (11)
—a(t) € A(z(t)) + C(t,z(t)) /_ g(t,u)A(t)(du) a.e. on [0, b
2(0) = 20, \ € Ss, ' )

In what follows, given u € SJ; we can define the “barycenter” of u to be
the set

Bar(u) = {)\ € Sy

u(t) = /E r uA(t)(du) a.e. on [O,b]}.

Proposition 15. If hypotheses H(A), H(C), H(g), H(U)2, H(L)2 hold and
xg € D(A) = D(A), then

Haw= z o
% —i(t) € A(z(t)) + C(t,x(t)) _ g(t, u)A(t)(du) a.e. %

min _ J; (z, ) 2(0) = o " = .
B A € Bar(u) i

Proof. Let (z,\) € WH([0,6],RY) x Sy be an admissible state-control
pair for problem (11) such that A € Bar(u). From Lemma 3 we can find
a sequence {u,}n>1 C Sf such that 6,, — X in R([0,b], B,). Let x, €
WLL([0,0], RY) be the unique state for problem (8) generated by the control
u,. We know that the sequence {x,},>1 C C([0,b], RY) is relatively compact
and so, by passing to a subsequence if necessary, we may assume that z,, — x
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in C([0,0],RY). For all n > 1 we have u,(t) = fﬁr udy,, (1) (du) and for all
D € B([0,b]) we have

/D/Ruéun(t)(du)dta/D/ETU)\(t)(du)dt

If u(t) = [5 ul(t)(du)dt, we have

/un(t)dt—>/ u(t)dt
D D

for all D € B([0,b]) and so u, — u weakly in L'([0,b],R™) with u € S},.
Also, because (z,,u,) is admissible for problem (8), H(x,,uy) = J(xn, uy)
and so

liminf H(x,,u,) = iminf J(z,, u,) = iminf J! (2, 6, ).

n—oo n—oo n—oo

Using hypothesis H(L)2/(ii) we can see that J!(z,,d,,) — Jl(z,\) and so
liminf, o H(xn,u,) = J}(x,\). Therefore

H(z,u) < inf {Jﬁ(x,)\) . (z,)\) € PMz,),\ € Bar(u)}. (12)

On the other hand, if H(z,u) < 400, from the definition of
H(z,u) = Dseq( X, W™ )H(z,u),
given € > 0 we can find a sequence {(zp, un)}n>1 C A such that
z, — = in C*([0,0],RY)
u, — u weakly in L([0,b], R™)
liminf J (2, u,) < H(z,u) + €.

n—oo

By passing to a subsequence if necessary, we may assume that J,,, — A
weakly in R([0,b], B,.). For every D € B([0,b]) we have

/un t)dt = // U, (t)dudt—>// uA(t)(du)d
/un(t)dt—>/ut dt
D D

Hence u(t) = fﬁr uA(t)(du) a.e. on T and so A € Bar(u). Also, by virtue of
hypothesis H(L)2, J (2, u,) — J(x,A) and so J(z, ) < H(z,u) + € with
A € Bar(u) and (x,\) € P!(z,). Since € > 0 was arbitrary, it follows that

inf {J,}(x, A): (2, )) € Pl(z,), A€ Bar(u)} < H(z,u). (13)

From (12) and (13) we conclude that equality must hold. Moreover, it is clear
that the infimum is attained N
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From Proposition 15 we obtain at once the equivalence of problems (10)
and (11).

Theorem 16. If hypotheses H(A), H(C), H(g), H(U)s, H(L)2 hold and
zo € D(A) = D(A), then the relazed problems (10) and (11) are equiva-
lent. More precisely, if (z,u) € A solves problem (10), then there exists
A\ € Bar(u) such that (x,\) € Pl(xz,) solves problem (11) and conversely,
if (x,\) € P!(x,) solves problem (11), then we can find uw € S} such that
A € Bar(u) and (z,u) is a solution of problem (10). Moreover, we have
mit =ml=m.

From Section 4 we know that we can have two more relaxed problems,
which are

b
2(x) = *(t,x(t), T — inf = m?
T@) = [ 97 (talt).d(O)de — inf = m
such that (14)
—&(t) € A(z(t)) + convF(t,z(t)) a.e. on [0, b]
x(0) = zg

where F(t,x) = C(t,x)g(t,U(t)) and

b N+1 \
J3(z,1,7) = / > (@) L(t, 2(t), uk(t))dt — inf m}
0 k=1
such that
N+1 > (15)
—&(t) € A(z(t)) + C(t,z(t)) Z Yi(t)g(t, ug(t)) a.e. on [0,b] [
k=1 -
2(0) = 2o, up € SG, v : T — [0, 1] measurable, Z Yi(t) =1
k=1 /

Combining Theorem 16 with the results of Section 4, we obtain

Theorem 17. If hypotheses H(A), H(C), H(g), H(U)2, H(L)2 hold and

xo € D(A) = D(A), then problems (10), (11), (14) and (15) are equivalent (in
the sense of Theorem 16) and m: =m?2 = m2 = m} = m.

Remark 9. Buttazzo in [7] did not investigate the relation of his relax-
ation method with the other methods existing in the literature. So our work in
this section in addition of extending the work of Buttazzo [7] (since our model
system is more general) it also complements it. Finally, note that our general
framework in this paper also incorporates gradient systems with non-smooth
potential. This is the case when A = d¢ with ¢ : RY — R continuous, convex
but not necessarily differentiable.



Existence and Relaxation 897

References

[1] Attouch, A.: Variational Convergence for Functions and Operators. London:
Pitman 1984.

[2] Berkovitz, L. D.: Ezistence theorems in problems of optimal control. Studia
Math. 44 (1972), 275 — 285.

[3] Berkovitz, L. D.: Optimal Control Theory. New York: Springer-Verlag 1974.

[4] Berkovitz, L. D.: Lower semicontinuity of integral functional. Trans. Amer.
Math. Soc. 192 (1974), 51 — 57.

[5] Berkovitz, L. D.: Existence theory for optimal control problems. In: Optimal
Control and Differential Equations (eds.: A. B. Schwartzkopf et al.). New York:
Acad. Press 1978, pp. 107 — 130.

[6] Brezis, H.: Operateurs Mazimaur Monotones. Amsterdam: North-Holland
1973.

[7] Buttazzo, G.: Semicontinuity, Relazation and Representation in the Calculus
of Variations. Harlow, Essex (UK): Longman 1989.

[8] Cesari, L.: Exzistence theorems for weak and usual optimal solutions in Lagrange
problems with unilateral constraints, Parts I and II. Trans. Amer. Math. Soc.
124 (1966), 369 — 412 and 413 — 429.

[9] Cesari, L.: Optimization Theory and Applications. New York: Springer-Verlag
1983.

[10] Cornet, B.: Ezxistence of slow solutions for a class of differential inclusions. J.
Math. Anal. Appl. 96 (1983), 130 — 147.

[11] Dal Maso, G.: An Introduction to I'-Convergence. Boston: Birkhauser 1993.

[12] Ekeland, I. and R. Temam: Convex Analysis and Variational Problems. Ams-
terdam: North-Holland 1976.

[13] Filippov, A. F.: On certain questions in the theory of optimal control. STAM
J. Control 1 (1962), 76 — 84.

[14] Gambkrelidze, R. V.: Principles of Optimal Control Theory. New York: Plenum
Press 1978.

[15] Henry, C.: Differential equations with discontinuous right hand side for plan-
ning procedures. J. Econ. Theory 4 (1972), 545 — 551.

[16] Hu, S. and N. S. Papageorgiou: Time-Dependent Subdifferential Evolution In-
clusions and Optimal Control (Memoirs of the Amer. Math. Soc.: Vol. 632).
Providence (RI, USA): Amer. Math. Soc. 1998.

[17] Hu, S. and N. S. Papageorgiou: Handbook of Multivalued Analysis. Volume I:
Theory. Dordrecht (The Netherlands): Kluwer 1997.

[18] Hu, S. and N. S. Papageorgiou: Handbook of Multivalued Analysis. Volume II:
Applications. Dordrecht (The Netherlands): Kluwer 2000.

[19] Ionescu-Tulcea, A. and Ionescu-Tulcea, C.: Topics in the Theory of Lifting.

Berlin: Springer-Verlag 1969.



898 N. S. Papageorgiou and F. Papalini

[20] Krasnoselskii, M. A. and A. V. Pokrovskii: Systems with Hysteresis. Berlin:
Springer-Verlag 1988.

[21] Olech, C.: A characterization of L1-weak lower semicontinuity of integral func-
tionals. Bull. Acad. Polon. Sci. 25 (1977), 135 — 142.

[22] Papageorgiou, N. S.: Differential inclusions with state constraints. Proc. Ed-
inburgh Math. Soc. 32 (1988), 81 — 97.

[23] Parthasarathy, K. R.: Probability Measures on Metric Spaces. New York: Acad.
Press 1967.

[24] Roubicek, J.: Relazation in Optimization Theory and Variational Calculus.
Berlin: de Gruyter 1997.

[25] Warga, J.: Optimal Control of Differential and Functional Equations. New
York: Acad. Press 1972.

Received 14.03.2003



