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LIE ALGEBRAIC OBSTRUCTIONS TO I'CONVERGENCE OF
OPTIMAL CONTROL PROBLEMS*

ARIELA BRIANI' AND FRANCO RAMPAZZO%

Abstract. We investigate the possibility of describing the “limit problem” of a sequence of
optimal control problems (P)s,,), each of which is characterized by the presence of a time dependent
vector valued coefficient b,, = (b,11 Sy bnM). The notion of “limit problem” is intended in the sense
of I'-convergence, which, roughly speaking, prescribes the convergence of both the minimizers and

the infimum values. Due to the type of growth involved in each problem (P),,) the (weak) limit of

the functions (b?11 ey b%M )—beside the limit (b1,...,bps) of the (b,,,...,bn,, )—is crucial for the
description of the limit problem. Of course, since the b, are L? maps, the limit of the (b?L1 ey biM)
may well be a (vector valued) measure p = (u1,...,ua7). It happens that when the problems

(P)(b,,) enjoy a certain commutativity property, then the pair (b, 1) is sufficient to characterize the
limit problem.

This is no longer true when the commutativity property is not in force. Indeed, we construct
two sequences of problems (P),,) and (P), , which are equal except for the coefficient b, (-) and

bn(-), respectively. Moreover, both the sequences (by,b2) and (by,b2) converge to the same pair
(b, ). However, the infimum values of the problems (P),,) tend to a value which is different from
the limit of the infimum values of the (P), y. This means that the mere information contained in
the pair (b, 1) is not sufficient to characterize the limit problem. We overcome this drawback by
embedding the problems in a more general setting where limit problems can be characterized by
triples of functions (Bo, B, ) with By > 0.
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1. Introduction. The general goal in the various theories of variational conver-
gence consists in singling out a notion of limit problem (P) for a sequence of minimum
problems (P,,). Loosely speaking, this means that both the minimizers (provided they
exist) of the problems (P,,) and the corresponding minimum values should converge
(in some sense) to the minimizers and the minimum value of (P), respectively.

In this paper we shall deal with the case where the minimum problems (P,,) have
the form of the optimal control problems (P),, considered below. More precisely,
the dependence on n follows by the fact that the dynamics of these problems contain
n-dependent time functions b,. We are motivated to study this particular problem
essentially for two reasons. The first one is related to the general problem of homoge-
nization (see, e.g., [BLP78], [LPV85], [SP80]). More specifically, for a control system
one could think to the case where the dynamic contains a quite irregular time depen-
dent coefficient. This would motivate the interest in looking for suitable topologies
such that the approximation of this coefficient with regular functions would provide
a “good” approximation of the given optimal control problem.

The second reason why we are studying the particular class of problems specified
below is twofold. On one hand, this class of problems is general enough to display
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the pathology related to Lie brackets of the involved vector fields (see below). On
the other hand, the relatively simple structure of these problems allows one to avoid
unessential technicalities which would obscure the nature of the question at issue.

Referring to the appendix for some basic tools of the general issue of variational
convergence, let us specify the class of optimal control problems we are going to deal
with.

Let go,91,---,9nm be smooth vector fields, and let [, k;, h; be given real functions.
We shall consider sequences of optimal control problems of the form

(P) o)

M
T = go(t,l') + Zgi($>bni(t)ui<t)’ CC(O) = 20,

min {J(m, u) = /0 (l(t7 x) + Z k. (t,x)b,, (t)u;(t) + Z h?(a:)u?(t)) dt},

where (b, )nen is a sequence of RM-valued, time dependent coefficients.
We will investigate the I'-limit (see the appendix) of problems (P),,, when

lim b, (-) =b;(-) weakly in L*(0,T),
(1.1) noo )t

lim b2 () = wi(-)  weakly” in M([0,T))

n—oo ot

for i = 1,..., M (where L?*(0,7) and M([0,T]) denote the space of 2-integrable
functions and the space of Borel measures, respectively).
We shall assume the following set of hypotheses on the data.
(Hg0) The function g, : (0,7) x RY — R¥ is continuous. Moreover, for every
compact subset @ C RY there exists a continuous function 7o () such that, for every
t € [0,T] and for every z,y € @, one has

l90(t; 2) — go(t,y)| < yo(t)|z — yl.

(Hgl) For each i =1,..., M the vector fields g, from R" into RV are of class C?,
and the trajectories of the equations @ = g;(x) exist globally.
(Hb) For each n € N, b,(t) = (b, (1),...,b.,, (1) € L*(0, T;RM).
(Hu) The controls u(t) = (ui(t),...,un(t)) belong to L*(0,T;RM).
(HI) The function [ : [0,7] x RY — [0,00] is a Borel function, and for every
compact subset Q C RY there exists an L' function n(t) such that, for every ¢ € [0, T

and for every x,y € Q,

(t, ) = Ut y)| < n(t) [z -yl

Moreover, the function I(¢,0) belongs to L(0,T).
(Hk) For each i = 1,..., M, k, : [0,T] x RN — [0,
There exists a constant C' > 0 such that, for each ¢ € |

o0] is a continuous function.
,T] and for each y € RY

(1.2)

k(ty)| <C,  i=1,..., M.

Moreover, there exists a constant Ly > 0 such that, for each ¢ € [0,7] and for each
y,z € RN,
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(Hh) For each i = 1,..., M, h, : RN — [0, 00] is a Borel function, and for every
compact subset Q C RY there exists a constant Lj, such that

hi(x)fhi(y)|§Lh|$*y|, i=1,....M

for every z,y € (). Moreover, we assume the following coercivity hypothesis. There
exists a constant K > 0 such that, for every z € RY,

M
> Wi > K Juf?
i=1

for every u € L?(0,T).

Remark 1.1. Some of these hypotheses can be weakened further. For example,
in view of section 5, the constants C' and Ly in (1.2), (1.3) may be replaced by two
functions in L(0,T). Moreover, at the cost of some technical complications in the
computation of the I'-limit in Definition 2.3 below, the maps I, h,, and k;, may be
allowed to depend on n as well.

Let us begin by remarking that some authors (see, e.g., [BC89], [BF93], [Fr98])

studied this problem when the maps g1, ...,9n, h1,...,hy are constant and k; = 0,
i=1,..., M. In particular, in [BF93], [Fr98] one studies the limit of these problems
when the L? structural parameters b,(-) = (b,,,...,b,,, )(-) converge, say, weakly,

to an L? map b(-) = (by,...,ba)(-). It turns out that in order to single out the
limit problem one needs to know the (weak) limit g = (u1,...,uar)(+) of the maps
by = (b2,,...,b2 )(-) as well. Let us recall that this limit, when it exists, can well
be different from b%(-). (Actually, one has p > b?.) Moreover, in general, it is not an
L! function. Actually, it is a measure on [0,7]. The main point established in the
quoted papers consists in the fact that the pair (b, ) does single out the limit problem.
This result relies upon a crucial assumption, namely, the fact that the g; and the h;
are independent of z, which, in turn, allows one to regard the limit equation and
the limit payoff as relations in measure. On the contrary, as soon as the g; actually
depend on z—and a certain commutativity assumption (see below) is not verified—
the measure-theoretical approach does not work, as shown by the simple example in
section 3.

In this paper we shall study the limit of problem (P),,, when both the g; and
the h; can depend on x and the k; do not vanish.

Our aim is threefold. To begin with, in section 2 we assume a commutativity
hypothesis, which generalizes the case where the g; are constant. Namely, we assume
that [g;,g;) =0 for alli,j =1,..., M (plus the fact that the k; and h; are constant),
where [g;, g;] denotes the Lie bracket of the fields g; and g;. It is remarkable that,
under this assumption, one can prove the same result as in the case where the g; are
z-independent. In other words, the limit problem of the (P),,, is still singled out by
the limit (b, p1) of the pairs (by,b2). This limit is denoted by ®~(Q(s,,)), for it is
the preimage of a simpler problem (Q), ., via a diffeomorphism @, which, in turn, is
determined by the (commutative) fields g;. The result in this section allows one to
get a geometric insight into the results in [BC89], [BF93], [Fr98] as well, for, while
the property of “being independent of x” is not chart-invariant, commutativity has
an intrinsic meaning.

Second, in section 3 we present an example that reveals the crucial difference
between the case with vanishing Lie brackets and the general case. Actually, in
this example (the Lie brackets do not vanish and) two sequences ((by,b2))nen and
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((bn,b2))nen converge to the same pair (b, ), while the corresponding problems
(P)w,, and (P)gs,, converge to different limit problems. Hence, provided a limit
problem exists (in some possibly extended sense), in order to characterize it one
needs some “extra information” beside that contained in the assignment of the pair
(bs ).

The construction of an extended setting for problems with no commutativity as-
sumptions is, in fact, the third aim of the paper. We pursue this objective in section 4
by redefining the minimum problems in the space of the graphs. Within this extended
setting every minimum problem is identified by a triple of functions (By, B, ) defined
on [0, 1], this triple replacing the role of the pair (b, ). The map By, whose square
root is the derivative of time ¢ with respect to a pseudotime parameter s in the interval
[0, 1], assumes values greater than or equal to zero. A particular case is represented
by the original problems (P),,,, which are identified with problems corresponding to
triples of the form (B, , B,,, B2) with B, strictly greater than zero almost everywhere
(a.e.) in [0,1] and B, = b,B,,. On the other hand, the extra information needed
in order to single out the limit problem is provided by the restriction of v to the
subintervals of [0, 1], where By is equal to zero.

Last, in section 5 we prove some statements aiming to compose the (apparent)
discrepancy between the case with vanishing Lie brackets—which is treated in section
2 in terms of the original time t—and the general case—which is addressed in section
4 in an extended framework. The key points consist in a projection of the set of triples
(Bo, B,7) onto the set of the pairs (b, 1) and in the consequent partition of the set
of triples. Roughly speaking, when the commutativity hypothesis holds, all extended
problems in a class of this partition correspond to a unique problem, namely, the one
singled out by the (unique) projection (b, ) of the triples in the class.

For the sake of self-consistency we conclude the paper with an appendix, where
some basic facts from the general theory of I'-convergence are briefly recalled.

Let us point out that a reader interested only in the case with vanishing Lie
brackets may read just section 2. On the other hand, the construction of the extended
setting for the general case, which is performed in section 4, is self-contained and
independent of the antecedent material of the paper.

Notation. We will write LP(0,T;RM) to denote the space of p-integrable func-
tions from [0, 7] into RM endowed with the usual norm ||-||,. Moreover, M([0,T]; RM)
and BV ([0, T]; RM) will denote the space of RM-valued Borel measure on [0, 7] and
the space of RM-valued functions with bounded variation on [0, 7], respectively. If
M =1, we write L?(0,T), M([0,T]), BV (]0,T]) instead of L?(0,T;R), M(]0,T]; R),
BV([0,T]; R), respectively.

If uw e M([0,T]), u* and p® stand for the absolutely continuous and the singular
part of pu with respect to the Lebesgue measure dt, respectively. If p; and us are a
vector measure and a scalar measure on [0, 7], respectively, we write u; << po to
mean that p is absolutely continuous with respect to ps. Moreover, we denote the
derivative of uy with respect to ps (in the sense of the Radon—Nikodym theorem) by

Z—Z;. Finally, by supp p# we mean the support of the measure pu.

2. Null Lie brackets. We assume here the commutativity condition (HC) below,
which, in particular, states that all Lie brackets [g;, g;], 4,7 = 1,..., M, are identically
equal to zero. This hypothesis is crucial in order to prove a result of I'-convergence
(see the appendix for the definition of T-limit) analogous to the one proved in [Fr98],
where the vectors multiplying the control were assumed z-independent. This fact
allows one to get a geometric insight into the question, since the case with constant g;
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is nothing but a particular occurrence of the commutativity condition. We will see in
the next sections that such a result does not hold when the commutativity assumption
is not assumed.

Commutativity condition (HC). For every i,7 = 1,..., M the Lie bracket

[9:59,](z) = Dg;(x)g:(z) — Dgi(z)g;(x)

(where Dg(z) denotes the derivative of g at ) is identically equal to zero. Moreover,
the maps h; and k; are constant. (See Remark 2.12 below for a comment on this
latter condition.)

In order to define the I'-limit, we introduce a suitable coordinate transformation
which is induced by the fields ¢,,...,g,. This transformation is made possible by
the crucial commutativity assumption (HC). Let us begin by adding the auxiliary
equations z;(t) = fot b,,(s)ui(s)ds, i = 1,...,M. Then the state equation of (P),,
reads as

where

and, for every i =1,..., M,

0as and e; being the zero vector and the ith (column) vector of the canonical basis in
RM | respectively.

In the extended state space RM x RY problem (P),,, is now formulated as
(P) o)

(1) =)+ D0 Oul). ¢0).20) = (0.00),
m&n {Jn((z, x),u) = /0 (l(t,x) + Z kb, (t)ui(t) + Z h?uf(t)) dt} .

(Notice that we use the same notation, namely, (P),,, to mean both the problem in
RY and the corresponding one in RM x RV.)
Let us set

D1(2,z) = 2,
Oy (z,7) = exp(—2uGgu) 00 exp(—2.g:)T
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(where exp(sg)z stands for the value at time s of the solution of the Cauchy problem
9(s) = g(y(s)), y(0) = x), and let us consider the map ® defined by

z\ L D1(z2)
( y ) =P(z,z) = < By (2. 7) )
We shall also use the notations (z,x(z,y)) and (2,y(z, 7)) instead of ®~1(z,y) and
®(z,x), respectively. Notice that, since the maps g; are of class C?, ® is a local
diffeomorphism. Actually, ® is a global diffeomorphism.
Let us define the vector fields g, : (0,7) x R® x RY — RM x RN and g, :
RM xRN  RM xRN, i=1,..., M, by setting

go(ta z,y) = D(I)(Z»m) gO(tv .’ﬂ),
9:(z,y) = D®(z,z) §:(x),

where (z,7) = ® 1(2,y). Notice that g, and §, are the expressions of g, and g,
respectively, in the new coordinate (z,y).

PROPOSITION 2.1. The first components of the vector field g, : (0,T) x RM x
RY — RM x RY are equal to zero, that is,

9o(t,z,y>=( O )

gh(t, 2,y)

where the (column) vector field gg(t,z,y) is given by gg(t,z,y) = D, Po(z,2)Go(t, x)
with (z,2) = ®~Y(z,y). In particular, g, verifies (Hg0) (with N replaced by M + N ).
Moreover, one has, fori=1,..., M,

Gi(z,y) = ( (fN )

where Oy stands for the (column) zero vector of RY.

A proof of this trivial proposition can be found in [BR91].

By means of this coordinate change, problem (P),, is transformed into the
problem

. M
( : ) ot m) 43 G, (e, (2(0),5(0)) = (0,0),
=1

min {Ju((z,9), u)}

(D my

5 T M M
(2, 9).u) = / <z<t, 2(2,)) + D kb, (Built) + 3 hfu?u)) dt,

i=1

which, thanks to Proposition 2.1, displays the following, particularly simple, form:
21(t) = b, (H)ui(2),

(D) Zu(t) = b, (Dun(t),
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Remark 2.2. By saying that “(P),,, is transformed into (Q),,” we mean the
following.

(i) A trajectory-control pair ((z,y),u) is admissible for the problem (Q),,, if and
only if the trajectory-control pair ((z,),u) = (®71(2,),u) is admissible for (P),,,)-

(ii) For each trajectory-control pair ((z,y),u), if ((z,z),u) = (®~1(2,y),u), then

Jo((z,2),u) = Jp(®(2,2),u)

for every u € L2(0,T; RM).

In particular, a trajectory-control pair ((z%,z%),u*) is optimal for (P),,,, if and
only if (2%, y*),u?) is optimal for (Q),,,, where y* = ®y(2#, 2#).

In order to provide a representation of the I'-limit of problems (P),,, we shall be
concerned with the set of data pairs

A={(b,p) € L*(0,T;RM) x M([0,T|; RM) : pu > b},

where p = (p1,..., ), b= (b1,...,bar), and the inequality has to be interpreted as
pi >b? for alli =1,..., M (in the measure-theoretical sense). In particular, we shall
consider the subset A; C A defined by

As:{(ba,u’)gA : ,u‘:bz}a

which we call the subset of simple data pairs of A. (We recall that b? denotes the
vector (b3,...,b%,).)

DEFINITION 2.3. Let (b,u) € A, and let us set o = S 00, 3. We consider the
variational problem

(Q)(bv”/) ((z, ylnu) {J z y ) P2 << dt+0a y = gg(t,Z,y)},

where the minimum is searched over the trajectory-control pairs ((z,y),u) in BV ([0, TT; RM x
RM) x L2(0, T;RM) and the cost functional J is defined by

T (z9).w)
= i 22 (p) 4 eDsD) — 22(0))
_/0 [t +Z< t) + h2u2(t) + h? GE ) —F0) )]dt

M
L2 )
2
+Z<h2|zl ] -<o+>—zi<o->|>
o J2(T) = (1))
+Z<h (1Y)

where we have set w = x(z,y) and Qs = suppo. (See section 1 for the notations in
the above formula.)

Remark 2.4. We adopt here the convention (already used in [BC89], [BF93],
[Fr98]) according to which the fractions appearing in the definition of J are zero as
soon as their denominators are zero.

dz}
do

dz?
do

2
+k;

+

'(T+)—Zi(T_)!>7
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Remark 2.5. If one has b? = p; for i = 1,..., M, then the limit problem (Q), .,
reduces to the standard form

9 M
( Z ) =go(t, z,y) + Zgi(z,y)bi(t)ui(t), (2(0),y(0)) = (0, z0),

y 1=1
min {J((z. ), w)},

3 T M M
J((z9),u) = /O <l(ta (z,9)) + ) kbi(thus(t) + ) h?ﬂ?(ﬂ) dt.
=1

i=1
DEFINITION 2.6. Let us rewrite problem (Q), ., in the form
(Qwuy  min{F((z,9),u): (2,9) € BV(0,TERY x RY), u e L*(0, T;RY)},

where F((z,y),u) = J ((2,y), WX (sccdtro, jgi by} WE define problem P1(Q) 1)
as follows:

T (Qpw)  min{F(®((2,2)),u) : (z,2) € BV([0,T];RY x RY),u € L*(0, T;RM)}.

The next result states that problems (P),,, converge to the variational problem
®1((Q)(.,.,)- For the basic facts concerning the I'-convergence, see the appendix and
the references therein.

THEOREM 2.7. If the (b, b2) converge to (b,u) as in (1.1), then the problems
(P T-converge to &1((Q),.).

Proof. In view of Lemma 2.8 below we have to prove only that the (Q),,
I-converge to (Q).,,.- Now the optimal control problems (Q),,, verify hypothe-
ses (7.1)—(7.5) in [Fr98]. Moreover, assumption (1.1) here implies (7.17) and (7.18)
therein. Hence, in view of the results in [Fr98], problems ((Q),,)nen -converge to
the problem (Q), ,, introduced in Definition 2.3. |

LEMMA 2.8. If the sequence of problems ((Q)w,))nen I'-converges to (Q)w .,
then the sequence ((P)w,,)nen T-converges to ®~1((Q),.,.))-

Proof. To begin with, for each n € N we set

Fn((z7y)vu) = Jn(('zv y)7u) + Xén((z,y)7u);

where C,, is the set of admissible trajectory-control pairs for (Q),., (see the ap-
pendix). By assumption we have (see Definition A.3 in the appendix)

(2.1) D(N,UT,Y7) lim Fo((2,y),u) = F((2,9), ).

n—oo

Now (see Remark 2.2)

Fn((zvx)ﬂu) = ‘{n((z7x)vu)+xcn((z7x)vu) 5
- Jn((I)(Z,ﬂC), U) + xén(@(z,x), u)) - Fn(@(z,x),u),

where C), is the set of admissible trajectory-control pairs for (P),,,. Hence, by (2.1),
L(N,U~,Y") lim F,((z,2),u)
=T(N,U-,Y") lim EF,(®(z,),u) = F(®(z,z),u),
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which proves the lemma. ]

Theorem 2.7 says that the I-limit of a sequence of problems (P),,, has the form
®71((Q)..)). Conversely, we have the following.

THEOREM 2.9. For each problem ®~1((Q),.,.,) with (b,u) € A, there exists a
sequence of problems ((P)w,,,)nen which T'-converges to ®~1((Q).,))-

In order to prove this theorem, we need the following result.

LEMMA 2.10. For each (b, 1) € A (with M = 1) there exists a sequence (bp)nen €
L?(0,T) such that b, — b weakly in L*(0,T) and b2 — u weakly* in M([0,T]).

In the case where p is an L*°-function we can sharpen the above result as follows.

LEMMA 2.11. If (byu) € A (with M = 1) and p € L>(0,T'), then there exists
a sequence (by)nen € L2(0,T) such that b, — b weakly in L*(0,T) and b2 — p
weakly* in L>(0,T).

We omit the proofs of both Lemmas 2.10 and 2.11, for they are mostly based on
the same arguments as in the proof of Theorem 3.2 in [BR93].

Proof of Theorem 2.9. In view of Lemma 2.10, for each (b, 1) € L2(0,T;RM) x
M([0,T];RM) such that (b,u) € A there exist sequences (b, )nen in L2(0,T) such
that b,, — b; weakly in L*(0,T) and b2 — p; weakly* in M([0,T]) for i =1,..., M.
Hence, in view of Theorem 2.7, the sequence of problems ((P),,,)nen I'-converges to
2 ((P) o) 0

Remark 2.12. By the above arguments it is clear that we could replace hypothesis
(HC) with the following more general assumption (GHC), which, on one hand, does
not assume that the functions k; and h; are constant and, on the other hand, involves
these functions in the zero-Lie bracket condition.

Generalized commutativity condition (GHC). For every o, =1,...,2M

[’Yaa ’Yﬁ] = 07

where the vector fields vs are defined on RNY*2 by

when 6 =1,..., M, and

Yo = 0

hs

when 6 =M +1,...,2M.

3. Nonvanishing Lie brackets: An example. In the previous section it has
been shown that whenever the vector fields commute the I-limit of problems (P),,,
for (by,b2) converging to (b, u) does exist. However, this is no longer true whenever
some Lie bracket is not vanishing, as shown in the example below. In the next sections
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we will provide a theoretical framework from which it will be clear that, in general,
there exist infinitely many limit problems corresponding to the pair (b, u).

In order to get rid of the suspicion that having a state’s dimension larger than
the control’s dimension might matter with the convergence question, the state in this
example is one-dimensional.

Let N =1, M = 2, and consider the state equation

{ (t) = %nl (B)ur(t) + a@(t))bay (Huz(?),

where a(z) is a bounded C? function coinciding with the identity map in the interval
[—4,4]. Hence g1(z) coincides with the constant 1, and go(z) = a(x). Let us assume
(Hb), (Hu), T =1, and let us consider the cost functional

1 1
an(x,u):/o (|u(@®) ] + b, B)ur (t) + a(z(t))b,., (H)ua(t)) dt (/0 |u(t)2dt+x(1)).

If we set hi(z) = 1, ho(x) = 1, k,(t,z) = 1, ko(t,x) = a(z), and I(t,z) = 0, the
hypotheses in section 2 turns out to be satisfied.

Since [g1, 92](0) = —1, neither the commutativity condition (HC) nor its general-
ization (GHC) are fulfilled.

Let us consider the two sequences of coefficients

(b, ()b, (1) = (V2 0) Ty g0+ (0,v20) Ty 08),

L
2n

(z}nl(w,a@ (t)) = (o, m) IO (m o) IIRIO)

5 2n
where I, ,, = 1if t € [a,b] and I, ,, = 0 if ¢ ¢ [a,b]. Let us observe that

(bo, (£), b, () — (0,0)  weakly in L2(0,T),

(bm (t), b, (t)) —(0,0) weakly in L2(0,T),

(bﬁl(t),bﬁ2 (t)) — (61,61)  weakly™ in M([0,T]),

(32,(0),82,(1)) — (81,61)  weakly™ in M([0,7)),
where 6; denotes the Dirac measure at T' = 1. Hence the two sequences fulfill the con-
vergence assumption (1.1) with the same limit (b1,b2) = (0,0) and (u1, p2) = (61, 61).

Yet the corresponding sequences ((P)e,))nen and ((P)a,,))nen cannot converge to
the same I'-limit. Indeed, if we implement the control

(00300 = (/5 Tpop 1y 0.0) + (0T )

in the system driven by the (b,), we obtain a trajectory z,, verifying

1 _
ra(1) = 5 exp(2712)
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Thus

1 3 1
Donin) = K = —pexp(r7) (<=1
On the contrary, if we consider (P),,,, a simple application of the Pontryagin maxi-
mum principle shows that

(@30, 35(0) = (5 5.0

is an optimal control. The corresponding optimal trajectory &, solves
5 14 "
Tn(t) = —3 b,  2a(0)=0.

Hence

1
—— = J,; (f?n,ﬁn) = min{Jg" (x,u)}
4 u

n

In particular, one has

1
lim inf (inf{an (x,u)}) <K< 1= lim inf (min{Jgn (m,u)}) .

n—oo n—oo

Hence, although the (b,,,b,,) and (b,,,b.,) converge to the same (b, ;) in the sense
of (1.1), in view of Theorem A.2 in the appendix the I'-limit of the (P),,, and (P) g,

are necessarily different.

4. Nonvanishing Lie brackets: An extended setting. In this section we
still assume hypotheses (Hg0), (Hgl), (Hl), (Hk), and (Hh), but we do not assume
the commutativity hypothesis (HC) made in section 2. The previous example shows
that in order to determine the limit problem it is not enough to assume that b, — b
weakly in L2(0, T; RM) and b2 — p weakly* in M ([0, T]; RM). In fact, due to the non-
commutativity of the vector fields g; (¢ = 1,..., M), some extra information—related
to the choice of the particular sequence (b,,b2) approximating (b, u)—is needed. It
turns out that this extra information can be represented neatly by first embedding
the problem in the (¢, z)-space and then reparameterizing time with a nondecreasing
map whose derivative is zero for those values of ¢ where p is concentrated. In par-
ticular, this embedding allows one to keep track of the particular sequence (b,,,b?)
approximating (b, ).

Let us begin with some definitions.

DEFINITION 4.1. The set of data triples is defined as

A = {(3073,'7): By :[0,1] = Rt U{0}, B:[0,1] — RM,

v:10,1] — (RT u{0H)Mare Borel functions in L>(0, T;RM) -
1
v > B? foralli=1,...,M and / B2(s)ds = T}.
0

The subset An; of nonimpulsive data triples is defined as

Anr ={(Bo,B,v) € A : By >0 a.e. on[0,1]}.
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The subset of simple data triples is defined as
A = {(BO,B,'y) €A:v=Bae on[0,1],i= 1,...,M}.
We will denote the vector (B%,..., B%,) by B2.

For each triple (By, B,v) € A let us consider the space-time optimal control
problem

(P)so.5.m s igo =) Bo(e) + Zgz Vi y(0) = yo,
r[?’m{J(y, U,V)},
~ 1 M M
UV = /0 ( 5 9)B(s) + D kils:y)Vils) + D2 (y)U?

2 B f) Vits))?
*Zh HORvE) )ds’

where U € L?(0,1;RM) and V € L?(0, 1; RM).
Remark 4.2. When (Bg, B,v) € As, that is, v; = B2, i = 1,..., M, the optimal
control problem (P) s, 5, reduces to the followmg standard form:

M
y'(s) = go(s,y) B3 (s) + Y _ gi(y)Bi(s)Ui(s),  y(0) = yo,
(P)<BO,B,B2) i=1

J(y,U) :/0 (l(s,y)Bg(s) —i—Zk‘ (s,y)B —l—ZhQ )

We shall show that the class of problems (P))—where (P) ) stands for a problem
like (P),,, when b, is replaced by b—can be put into one-to-one correspondence with
the class of space-time problems {(P) g, 5,52) : (Bo,B,B?) € A; N Anr}. Then
we shall give sufficient conditions for the I'-convergence of a sequence of problems
(P)(Bo, ,Bn,B2) to a problem (P) g, 5., Last, we shall see that every such problem is
the I'-limit of a suitable sequence of problems (P)(p, B, ,B2)-

DEFINITION 4.3. Given (By,B,7y) € A, let us define a(By, B,v) = (b,u) by
setting the following.

) = [ B2 (u)du

and, whenever there exists 6 > 0 such that By > 0 a.e. on [s — 6,5+ 6] N[0, 1],
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(ii) For each Borel subset E C [0,T]

wE) = [ads =100

when E = t(I).

Remark 4.4. (a) The function b(-) is well defined. Indeed, the set of values of ¢
such that t~! is not a singleton is at most countable.

(b) For each (By, B,~) € A the pair (b, u) = a(By, B,7) is in A; in particular, if
(Bo, B, B?) € An1 N Ay, then a(By, B, B?) = (b,b?) € A,.

(¢) The definition of u is equivalent to

1
(4.1) o(0dn = [ (i(s).0(t)ds for all ¢ € C(0.THRM),
(0,77 0
where (-, -) denotes the scalar product in R,
(d) The map « is not injective, unless it is restricted to Axy N .As. Let us show
that it is surjective. Indeed, for every (b, u) let us set

0 t=0,
S(t): M 0<t<T,
T—i—f]omdu
1 t="T,

and let us define ¢(s) as the unique nondecreasing continuous map such that tos(r) = 7
for all 7 € [0,T]. Correspondingly, let us set BZ(s) = t'(s), Bi(s) = b;(t(s))Bo(s),
s€0,1],4i=1,..., M. Finally, let us choose ~;(s) such that

S2
/ %(S)dSZ/ dpg, i=1,...,M,
s1 t(s1,52)

for each subinterval (s1, s3) of [0,1]. Then a(By, B,v) = (b, 1). We will call this data
triple the canonical preimage of (b, 11). Let us notice that for every (b, u), a=1(b, p)
turns out to be the class of data triples in A such that

BO =~B0 a.e. ,
- B = Ba.e.,
(Bo, B,7¥),(Bo, B,7) € a” Y(b,pn) <+ vi(s) = 7:(s) for a.e. s € [0,1] \ UI;
and / vi(s)ds = / ¥i(s)ds for all 7,
I I

where {I;} is the (countable) family of (disjoint) subintervals of [0, 1] such that By =
By = 0 on each I;.

In the following two theorems we establish a one-to-one correspondence between
the class of problems (P),, b € L*(0, T;RM), and the class of problems (P)s, 5.-),
(Bo, B,7v) € Axr N A, (ie., B2 =~ and By > 0). Before stating these results let us
notice that « is one-to-one from An; N As onto A,.

THEOREM 4.5. Let b and u satisfy (Hb) and (Hu), and let 2(-) be the correspond-
ing solution of the state equation of (P))

(4.2) 7= go(t,2) + 3 9. @)bi(Dui(t),
x(0) = xo. .
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Let (Bo, B, B?) = a~1(b,b?), and set U(s) = [u o t(s)]Bo(s). Let y be the solution of
the state equation of (P) s, 5,52

(4.3) y'(s) = g0(s,y) B3 (s —Fz:gZ B;(s)Ui(s),
y(0) = vo.
Then
y(s) =z(t(s)) for all s € [0,1].

Conversely, let (By, B, B?) € As N An1, U € L*(0,1;RM), and let y(-) be the corre-
sponding solution of (4.3). Setting (b,b?) = a(By, B, B?), let us define

GG
Bo(s(®) T

If x(-) is the solution of (4.2) corresponding to these b; and u;, then

ui(t) = M.

z(t) = y(s(t)) forallt e [0,T].

Proof. The proof of this theorem relies essentially on the uniqueness properties
of (4.2) and (4.3). For this reason we omit it. d

An analogous result holds for the payoffs J and J.

THEOREM 4.6. Consider b,u,z, By, B,U, and y as in the first part of Theorem
4.5, and set

T M M
J(z,u) = /0 <l(t, )+ Y k()b (t)ui(t) + Z hf(x)uf(t)> dt

1 M
j(y7U):/0 (l(s,y)Bo(SHZk(S y)B +Zh2 )

Then j(y, U) = J(x,u). Conversely, if By, B,U,y and b,u,z are as in the second
part of Theorem 4.5, then J(z,u) = J(y,U).

Proof. In view of Theorem 4.5 the proof of this theorem is straightforward. O

When the problems (P)., and (P) s, 5,52, are related as in the previous re-
sult, we say that they are isomorphic. In view of Theorems 4.5 and 4.6 the map
(P)ay — (P)sy.5.52 With a(By, B,B?) = (b,b*) establishes a one-to-one corre-
spondence between the class of problems {(P)y, , b € L?(0,T;RM)} and the subset
{(P)sy.5v) s (Bo,B,v) € AsNAnr} C{(P)isy.5. > (Bo,B,v) € A} . This one-to-
one correspondence can be regarded as an embedding of the original class of problems
{(P)w : be L*0,T;RM)} in the larger class {(P)s,.5. » (Bo,B,7y) € A}. In
this extended setting we are now able to provide a convergence result, so giving an
answer to the question raised with the example in section 3. In other words, we are
going to replace the assumptions on the sequence ((P),))nen With hypotheses on
the sequence of 1somorphlc problems (7 Bo, ,Bn,B2 ))nen. And assigning the limit of
the triples (B, , Bn, B2), we actually prov1de the extra information whose lack was
revealed by the example of section 3.
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Here is the main result.
THEOREM 4.7. Let (B,,, By, B2) € AsN Ay and (By, B,v) € A verify

(4.4) lim B,, (1) = Bo(-) a.e. on [0,1],

(4.5) lim B, (-) = B(-) weakly in L'(0,1;RM),
n—oo

(4.6) lim B2(-) = ~(-) weakly in L*(0,1; RM).

Then problems P(p,, B, Bz) I'-converge to problem (P) s, 5.+)-

Remark 4.8. In the previous statement one possibly has (B, , By, B2) = (b,,b2)
with b,, € L2(0,T;RM). So, in particular, Theorem 4.7 can be regarded as a conver-
gence result concerning the original problems (P),,;-

Proof of Theorem 4.7. Thanks to the performed rescaling of the problem, we can
exploit the general results proved by Buttazzo and Cavazzuti in [BC89]. Actually,
hypotheses (Hg0), (Hgl), (HI), (Hk), (Hh), and (4.4)—(4.6) imply (3.6)—(3.10) and
(3.12)—(3.15) in [BC8Y], respectively. Hence Propositions 3.2 and 3.3 of [BC89] state
that (P)(Bo,B,w) is the I'-limit of the /P(BonmeBi)' O

Similarly to what has been done in the case where the Lie brackets vanish, we
now prove that each problem (P) s, 5., With (Bo,B,7) € A is indeed the I'-limit
of a sequence of problems of the form P(p, B, 52) with B,, > 0 (which, up to
the introduced one-to-one correspondence, means that (P)z, 5., is the I-limit of
problems (P),,, with (b, b2) = a(B,, , Bn, B2)).

THEOREM 4.9. For every (Bo, B,v) € A, the problem (P)s,.5,, is the I'-limit
of a suitable sequence (P(p, B, B2))neN with (B,,,Bn, Ba) € As N AN

Proof. By Lemma 2.11 for each (By, B, ) € A there is a sequence ((Bo, Bn, B2))nen
(€ Ay) such that B,, — B; weakly in L?(0,1) and B? — «; weakly in L'(0,1) for
i=1,...,M. '

Moreover, by setting

Bo, () = \/Ti; (B3 + ),

we find that the triples (B,, , Bn, B2) (belong to As N Axy and) verify (4.4)—(4.6).
Hence one concludes by Theorem 4.7. ]

5. Revisiting sections 2 and 3 in the light of the extended setting. On
one hand, sections 2 and 3 reveal a crucial discrepancy between the case when all the
brackets [g;, ;] vanish identically and the general case. On the other hand, in section
4 we have introduced an extended setting in order to state a convergence result in the
general case. In this section we are going to revisit both the positive result of section
2 and the counterexample of section 3 in light of the theory developed in section 4.
Let us recall that the map a : A — A induces a one-to-one correspondence between
the subset Axyy N A; C A and A, C A.

Null Lie brackets. In Theorem 5.1 below we show—under the commutativ-
ity hypothesis (HC) in section 2—that when problems (P) s, s, 52, I'-converge to
a problem (P)(s,.5.), then the space-projected problems (P),,, with (b,,b%) =
a(B,, , Bn, B2) I-converge to the projected limit ®~1((Q),.,.,), where (b, ) = a(By, B, 7).
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The most relevant point of this theorem consists in the fact that two sequences
(Bo, , By, B?),(B,, , Bn, B?) converging to two different triples (By, B,~), (Bo, B,#)
such that (b, u) = a(Bo, B,7) = a(By, B,7) give rise to problems (P),,, and (P)q,,
I-converging to the same limit problem ®~1((Q).,,). In particular, this explains
why as soon as all the brackets vanish there is in fact no need of the extended setting.

THEOREM 5.1. Let us assume the hypotheses of section 2 (in particular, the
commutativity hypothesis (HC)). Given (By, B,v) € A, let us consider any sequence
(B, , Bn, B%) € Axr N Ag such that the B,, are equibounded and

(5.1) lim B, (-) = By(-) a.e. on[0,1],
(5.2) lim B, (-) = B(-) weakly in L'(0,1;RM),
(5.3) lim B2(:) = ~(-) weakly in L*(0,1;RM)

(so that, by Theorem 4.7, (P) s, 5,52, I'-converges to (P)s, 5,)- Then, setting
(bn,b2) = a(By,,, Bn, B2) and (b, 1) = a(Bo, B,7), one has that the problems (P),,)
I-converge to ®71((Q).,,))-

Proof. In view of Theorem 2.7, we have to prove only that

(5.4) b, — b weakly in L%(0, T;RM),

(5.5) b2 — u weakly® in M([0, T]; RM).
We begin by observing that hypotheses (5.1)—(5.3) imply

lim B2 (-) = Bj(") a.e. on (0, 1),

n—oo

lim B, (-)B,, (-) = B(-)Bo(-) weakly in L*(0,1; RM),

n—oo

and

lim B2(:) = 5(-) weakly in L*(0,T;RM).

Set
tn(s):/ B? (u)du and t(s):/ B2 (u)du.
0 0

Since the ¢,, tend to ¢ pointwise and each ¢, is increasing, the ¢, tend to ¢ uniformly
on [0,1]. Hence, for each » € C([0,T]; RM),

T
/ (2.(2), o(0)) dt — / o(t)di
0 [0,7]

1 1
/ (B2(s), (ta (s)))ds — / (1(s), o (t(s)))ds| = 0,
0 0

lim
n—oo

= lim

n—oo
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which proves (5.5).
In order to prove (5.4), let us observe that for any function p € C°(0,7;RM)

lim
n—oo

/0 (b (), (1))t — / (b(1), (1))t

= lim

n—oo

1 1
/ (B (5) B, (5), (s))ds — / (B(s) Bols). (s))ds| = 0.
0 0

Since the B, are uniformly bounded in L?(0,T;RM), (5.4) follows by the density of
C(0,T;RM) in L2(0, T; RM). 0

A compactness result. We now examine the converse situation, where a se-
quence (by,)nen is given such that ((by,,b2))nen converges—with some regularity—to
(b,p) € A. We do not assume here that the Lie brackets vanish. It turns out that
a subsequence of the corresponding triples (B, , By, B2) converges to an element
(Bo, B,v) € a™ (b, u).

THEOREM 5.2. Assume the hypotheses of section 2, with the exclusion of the
commutativity hypothesis (HC). Let T = {t;,i € N}, a (countable) subset of [0,T],
and let (b, 1) € A and (by)nen be given such that

(i) p =0+ u™ with u™ a (positive) measure concentrated in T ;
(ii) for eachn € N, b, € C([0,T]\ T;RM), and

(5.6) b, (-) — b(-) uniformly on the compact subsets of [0,T)\ 7,
by, — b weakly in L?(0,T;RM),

(5.7) b2 — p weakly® in M([0, T]; RM).

(So, if the commutative hypothesis (HC) is in force, (P)w,, I -converges to (P)w. . -)
Then, setting (B, , Bn, B2) = a~(b,,b2), there exists a subsequence (B, , By, B2)
and a data triple (Bo, B,7y) € a~'(b,u), such that the problems (P) (o, .2y T~
converge to (P) sy, 5.4)- /
The proof of this theorem relies essentially on the following lemma.
LEMMA 5.3. Assume the hypotheses of Theorem 5.2. Let us set

0, t=0,
T+ f]O,T] dp
1, t=T,

fo + [bn]?(s))ds
Jo (L+ 1bal?(s))ds
and let us define t,(s) and t(s) as the inverse of s,(t) and the unique nondecreasing

continuous map such that t o s(1) = idy 1), respectively. Then t,(-) and t(-) are
equi-Lipschitz continuous and

5p(t) =

(5.8) lim t,(s) = t(s)

n—oo
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uniformly on [0,1]. Moreover, setting Bo(s) = \/t'(s), one has
(5.9) Bo(s) =0  for all s € int(t~ (7))
and

(5.10) By, (s) — By a.e. on [0, 1].

Proof. Since t (7)) = Uy, 7t~ (t;), we immediately obtain (5.9). Let us observe
that hypothesis (5.7) implies that

lim s,(t) = s(t) a.e. on [0,T]

n—oo

(see, e.g., Proposition 7.19 in [Fo84]).
Actually, by the continuity of s(¢) on [0,7]\ 7, one has

lim s,(t) =s(t) forallte[0,T]\7.

n—00

Moreover, by the monotonicity of the s, (-) and of s(-), it follows that

lim lim (s,(t+¢) — sn(t—¢)) =s(t") —s(t7),

e—0n—oo

which yields

(5.11) lim t,(s) =t(s) uniformly on [0, 1].
Since Bfn =t > 0 for every n, there exists a subsequence, still denoted with

(Bo,, )nen, such that

BZ =t,—0 ae. onint(t™'(7)).
The convergence of B, to By on the set int(t~1(7)) is proved. In order to conclude,
let us prove this convergence for every s € [0,1]\ t7*(7). Indeed, by (5.6) and (5.11)
one has

T
. . , 1 Jo (X4 by (u)?)du
lim B2 (s) = lim t (s) = lim ——— = lim 22
A By, (s) = lim #,(s) = o=y = 0 T 2 (s))

_ Tt Jomdr
= TR Dol

The lemma, is proved. ]

Proof of Theorem 5.2. By Theorem 4.7 in section 4 we have to prove only
that the there exists a subsequence (B,, , By, B2) of (B,,, By, B2) and a data triple
(Bo, B,7) € a1(b, 1) such that

(5.12) lim By, (-) = By(:) a.e. on [0,1],
(5.13) lim B,(-) = B(-) weakly in L'(0,1; RM),

n—oo
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(5.14) lim B2(:) = ~(-) weakly in L'(0,1;RM).
Let us define By as in Lemma 5.3, which yields (5.12). R
Moreover, since the B, are equibounded, there is a subsequence (Bj)nen of
(By)nen converging to a map B weakly in L1(0, 1; RM).
By Ascoli-Arzela’s theorem there exists a subsequence (¢, )nen of

converging to a Lipschitz continuous map ¢. Then the subsequence be (s) = %LS(S)

converges weakly* in L (0, T;RM) to v(s) = %) which implies (5.14).

We claim that (Bg, B,7) € a~ (b, n). Indeed, B,, (s) tends to By(s) for every s
such that By > 0 a.e. on [s — §,s + ¢] for a sufficiently small §. Moreover, thanks
to (5.11) and hypothesis (5.6), by (£, (s)) converges to b(t(s)) for every such point s.
Since B, (s) tends a.e. to B(s), (i) in the definition of the mapping a (Definition 4.3)
turns out to be satisfied. Finally, in view of (5.14) and (4.1), (ii) in the definition of
a holds true as well. ad

Revisiting the example of section 3. Let us conclude by framing the example
of section 3 in the extended setting. This will clarify that the distinct limiting behavior
of problems (P),,, and problems (P)s,, arises from the fact that the corresponding
triples (B, , By, B2), (B, , Bn, B2) converge to different limits.

Let us recall that the state equation and the cost functional were given by

{ (1) = b, (Wur (1) + a(z(t))ba, (H)ua (1),
2(0) =0

and
1 1
Jn(x,u):/o (|u(®)]® + b, O (t) + a(z(t))b,, (t)ua(t)) dt (_/0 |u(t)2dt—|—x(l)>,

respectively. The problem of minimizing J,, (z,u) over the controls u € L?(0,T) was
denoted by (P),, and (P)@,, when the parameters were identified with

(bay (8): 0,y (8) = (V2,0 L1y () 4 (0,v20) Ly (8)

2n

and

(E,Ll(t),i;”g (t)) = (0.2l s 0+ (Ve o)L,y (o),

2n

respectively. Following the construction performed in section 4, let us compute the
isomorphic problems Pp, p,,p2) and Pz 5 52y with (Bo, Bn, B%) = a=!(b,,b2)

and (B, By, B2) = a~!(b,,b2). In both cases the optimal control problem turns out
to have the form

Ui(s) + a(y(s)) B..,(s)U2(s) , y(0) = 0,



LIE ALGEBRAIC OBSTRUCTION TO I'CONVERGENCE 389

with the parameters B identified with

Bunls) = VBl + \ g o400

and

6n 6n
- (O’ 1—|—2n> I[é(li)~é(22h)]+< 1+2n’0> I[%(%ﬁ)’l]’

respectively. In order to find the I'-limit of problems P(p, 5, p2) and 77( Bo, By, B2y W

need to compute the limits appearing in hypotheses (4.4), (4.5), and (4.6).
For the data triples (By, B, B2), we obtain

Jim B,, ()= Bo(s) = V3l a.e. [0,1],
nh_)n;@ B,,(s) = Bi(s) = \/31[1/32/3] in L1(0,1),
lim B,,(s) = Ba(s)= V3l in L1(0,1),
lim B? (s)= Bi(s)= 3 Lujsam in L1(0,1),
lim 32 J(8)= B3(s)= 3Ly, in L1(0,1),
while, for the data triples (By, B,, B2), we have

nh_)n;@ By, (s) = Bo(s)= V314, a.e. [0,1],
lim_ B, (s)= Bi(s)= V31l in L(0,1),
nlggo B,,(s) By(s) = V310 in L'(0,1),
nhjgo Bfl (s) = B%(S) 31e/m in L'(0,1),
lim B2 (s)= B3(s)= 3l in L(0,1).
n—oo

Let us remark that the limits of (B, By, B2) and (B, By, B2) are different. This
explains why problems (P),, and (P)a,, in the example cannot converge to the
same limit problem. More precisely, in view of Theorem 4.7, problems P (g, B, B2)
and 73( Bo, B, B2) I'-converge to the optimal control problems

Y(5) = Bi(s)UL(5) + aly(s) Ba(s)Ua(s),  9(0) =0,
min{ (.U},

J(y,U) =

S~

(IU(s)]* + B1(s)U(s) + aly(s)) Ba(s)Us(s)) ds
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and
y'(s) = Bi(s)U(s) + aly(s)) Ba(s)Ua(s),  y(0) =0,
min{J(y, U)},
j(y, U) = /0 (|U(5)\2 + Bl(s)Ul(s) + a(y(s))Bg(S)Ug(s))ds7
respectively.

Appendix. Basic tools from I'-convergence applied to control theory.
Since the work of Wijsman [Wi64], [Wi66], many different concepts of convergence for
sequences of functionals and operators have been appearing in the literature. These
concepts were especially designed to approach the limit of sequences of variational
problems. Each type of variational problem (minimization, maximization, min-max,
etc.) has been associated to a particular concept of convergence.

In the case of the minimization problem, the first concept of convergence was the
so-called epiconvergence. The epiconvergence of a sequence of functionals is equivalent
to set-convergence of the corresponding epigraphs.

In turn, this concept was placed in the general framework of I'-convergence theory
by De Giorgi. The theory of I'-convergence aims to deduce the asymptotic behavior
of the solutions of a sequence of variational problems from the asymptotic behavior of
the corresponding functionals. Typical examples of applications of I'-convergence are
the theories of homogenization, of singular perturbations, and of the limit behavior
of elliptic problems with various obstacles. (We refer, e.g., to the books of Attouch
[At84], Bensoussan, Lions, and Papanicolau [BLP78], Sanchez-Palencia [SP80], Dal
Maso [DM93], and Buttazzo [Bu89].)

In this paper we have studied the I'-convergence of sequences of optimal control
problems. Let us sketch the general framework of this branch of the theory of I'-
convergence. For each n € N let C,, CY x U denote the set of admissible trajectory-
control pairs defined by

Cn={(y,u) €Y xU : An(y) = Bp(u)},

where A,, and B,, map Y and U, respectively, in a third topological space V. Corre-
spondingly, let us consider the optimal control problems

(Pn) min {Jn(y,u) : (y,u) € Cn},

where J,, is a real operator defined on Y x U.
Setting F,(y,u) = Jn(y,u) + xc, (y,u) (where xg is 1 on E and +oo on (Y x
U) \ E), let us rephrase problems (P,,) as follows:

(Pr) min {F,(y,u) : (y,u) €Y xU}.
We will say that (yn,un) is an optimal pair for the problem (P,,) if

Via Theorem A.2 below, the theory of I'-convergence provides a notion of the
limit problem guaranteeing the following property. If (yn,un) is an optimal pair of
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(Pn), or simply a minimizing sequence, and if (Yn,u,) tends to (y,u) in' Y XU, then
(y,u) is an optimal pair for the limit problem (P).

Theorem A.2 below provides a notion of I'-limit problem (P) such that this prop-
erty holds. In order to state this theorem, we recall the definition of the multiple
I-limit operator (see [BDM82]). We shall denote the “sup” and the “inf” operators
by Z(+) and Z(—), respectively.

DEFINITION A.1. Let X and W be two topological spaces, and let F, : X xW — R
be a sequence of functions. For every x € X, w € W, and o, 8,y € {+,—}, let us
define the I'-limit of the F,, by setting

D(N® XP W) lim F,(w,z) = 7Z(6) Z(v) Z(—a)Z(a) Fy(wn, ),
n—oe (xn)eS(z) (wn)eS(w) kEN n>k

where S(x) and S(w) denote the sets of all sequences x,, — x in X and w, — w in
W, respectively. When the T'-limit does not depend on the sign + or — , this sign is
omitted. For example, if

D(NT, X~ , W) lim F,(w,z) =T(NT, Xt W) lim F,(w,z),
their common value will be indicated by T(N', X, W) lim, 00 F,(w, z).
In particular,

I'(N,U™,Y") lim F,(y,u) = inf inf lim F,(yn, Uy).
( )"—’00 (v w) (un)€S(u) (yn)€S(y) n—o0 w )

THEOREM A.2. Let Y and U be two topological spaces, and let F,,: Y xU — R
be a sequence of functions. For each n € N, let (yn,un) be a minimum point for F,
or simply a pair such that

lim Fy,(Yn,un) = lim [inf F,].

n— oo n—oo Y xU
Assume that the (yn, un) converge to (y,u) in' Y X U and there exists

(A1) F(y7u)iI‘(N,U_,Y_)nli_)rr;an(yn,un).
Then
(i) (y,u) is a minimum point for F on' Y X U;
(ii) limy,— oo [infy wzg Fr] = miny xyr F(y, u).
(For the proof see [BDM8&2, Proposition 2.1, p. 388].)
Note that if F},(y,u) = F(u), then the I-limit F'(y, ) in (A.1) coincides with the
so-called relaxed functional F' (see, e.g., [Bu89]).
The above theorem motivates the following definition of the I'-limit problem.
DEFINITION A.3. When (A.1) is verified we say that the problem

(P) min {F(y,u) : (y,u) €Y x U}
is the T-limit of problems (P,,).

See, e.g., [BDMS82], [BC89], [BF93], [BF95], and [Fr98] for the explicit calculation
of the I'-limits in various interesting situations.
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