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Random multifunctions as the set minimizers of
infinitely many differentiable random functions

Juan Guillermo Garrido - Pedro
Pérez-Aros - Emilio Vilches

Abstract Under mild assumptions, we prove that any random multifunction
can be represented as the set of minimizers of an infinitely many differentiable
normal integrand, which preserves the convexity of the random multifunction.
We provide several applications of this result to the approximation of ran-
dom multifunctions and integrands. The paper ends with a characterization
of the set of integrable selections of a measurable multifunction as the set of
minimizers of an infinitely many differentiable integral function.
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1 Introduction

Variational Analysis offers a rich theory to study generalized differentiation
of mappings (functions and multifunctions). The classical way in which the
theory is built is to begin with the study of properties of tangents and normal
of sets/set-valued maps and then turn to the study of functions through the
epigraph/graph of the functions/multifunctions. In this approach, the normal
cone plays a prominent role since it allows defining the notion of subdifferential
when applied to the epigraph of a given function (see, e.g., [23] for more
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details). Thus, it is of importance to have rules for the calculus of normal
cones. Most formulas for such normal cones depends on having an appropriate
representation of the set/set-valued map. For instance, when the set is the
sublevel of some smooth function, the normal cone is obtained, under some
assumptions, as the cone generated by the gradients of the function at a given
point. A similar result holds for sets defined a the set of minimizers of a smooth
function. Therefore, it is quite desirable to have a representation of a set/set-
valued map as the set of minimizers of a smooth function. Unfortunately, it
is well-known that not all sets in an arbitrary Banach space can have this
representation; consider, e.g., the Banach space of continuous functions over
an uncountable set, then a singleton in this space cannot be represented as the
set of minimizers of a twice differentiable function (see, e.g., [13]). However,
it was proved in [4, Theorem 1] that any closed convex subset of a separable
Banach space could be represented as the set of minimizers of an infinitely
many differentiable convex function.

In this paper, motivated by the work of Azagra and Ferrera [4], we prove,
under mild assumptions, that any random multifunction can be represented
as the set of minimizers of an infinitely many differentiable normal integrand.
Moreover, this normal integrand can be constructed in such a way as to pre-
serve the convexity of the random multifunction (Theorem B.2]). We provide
several applications of this result to the approximation of random multifunc-
tions and integrands. Moreover, we obtain a characterization of the set inte-
grable selections of a measurable multifunction as the set of minimizers of an
infinitely many differentiable integral function and we give some applications
to optimization theory.

The paper is organized as follows. After some preliminaries, in Section [3
we establish the main result of the paper (Theorem [(3.2]), that is, the character-
ization of random multifunctions as the set of minimizers of a smooth normal
integrand. This result is used to provide a generalization of [4, Theorem 1],
that is, a characterization of measurable multifunctions with closed values, as
the set of minimizers of an infinitely many differentiable convex normal inte-
grand (see CorollaryB.4). Then, in Section M, we show the existence of smooth
approximations of random multifunctions and normal integrands. Section [l
provides a characterization of the set of integrable selections of measurable
multifunction as the set of minimizers of an infinitely many smooth integral
functional. Section [0]illustrates how our results can be used to regularize chal-
lenging optimization problems. The paper ends with some conclusions and
concluding remarks.

2 Mathematical preliminaries

In the following (X, | - ||) and (H, (-,-)) will denote a separable Banach space
and a separable Hilbert space, respectively. For a set A we denote by int A,
cl A and bd A, the interior, closure and the boundary of A, respectively.
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Given a nonempty set S of X, the support function and the distance func-
tion are defined, respectively, as

os(x™) == sup(z*,x), d(x,S):=inf ||z —yl,
z€S yes
when S is a subset of X*, the support function is defined similarly.
Given a set Y, the graph of a set-valued map M: X =2 Y is the set

gph M = {(z,y) e X xY:y € M(z)}.
Moreover, for a set O C Y, we denote
M= (0):={zeX:M@)NO#0}, M"(O):={zeX: M) cC O}

When X and Y are two topological spaces, we say that M is usc (resp. Isc)
if M*(O) (resp. M~(0)) is open for every open set O C Y. If Y is a Banach
space endowed with the weak topology, then we say that M is || - [|-weak usc
(resp. 1sc).

Throughout the article (£2, A, i) will be a complete o-finite measure space.
The Banach space of p-integrable functions = : 2 — X is denoted by L?(£2, X).
We say that a set-valued map M: 2 = X is measurable if M~ (O) € A for
every open set O C X. Besides, M is graph-measurable if its graph belongs to
A ® B(X), where B(X) is the Borel o-algebra on X.

Let X be a complete separable metric space, for a multifunction M: 2 =
X with nonempty and closed values the following assertions are equivalent
(see, e.g., [1LI6,19)]):

i) M is measurable.
ii) For all x € X, the map w + d(z, M (w)) is measurable.
iii) There exists a sequence of measurable selections (fx)r of M such that
{fx(w)} is dense in M (w) for all w € £2.
iv) M is graph measurable, provided that the space ({2, A, 1) is complete.

A function f : 2 x X — R is called a normal integrand if the set-valued
mapping w = epi f(w, ) := {(z,a) € X xR: f(w,z) < a} is measurable with
closed values, which is equivalent (under the completeness of ({2, .4, (1)) to have
that for every fixed w € £2, the map x — f(w,x) is lower semi-continuous and
f is A® B(X)-measurable.

Given a normal integrand f : 2 x X — [0,+00), an integral functional
defined on LP(§2, X) is the function Z}"” : LP(£2, X) — [0, +0c], defined by

Zf7(@) = [ flora(e))dute).

For simplicity of the notation, we write Z; when there is no ambiguity on the
measure space.

A topological space S is called Suslin space if there exist a Polish space Y
(complete and separable metric space) and a continuous function f : Y — S
such that f(Y) = S. It is well known that a Polish space is Suslin, and any



4 Juan Guillermo Garrido et al.

Suslin space is separable. Moreover, for a separable Banach space X, the dual
space X* endowed with the weak* topology is Suslin.

The following result is known as the Yankov-von Neumann-Aumann selection
theorem (see, e.g., [6l Theorem II1.22] and [19, Remark 6.3.21 p.482]).

Proposition 2.1 (Graph measurable selection theorem) Let (£2, A, 1)
be a complete o-finite measure space and S a Suslin space. Let M : 2 = S be
a graph measurable multifunction with nonempty values. Then, there exists a
sequence of measurable selections my, : 2 — S such that

{mp(w)}r is dense in M(w) for all w € (2.

For p € [1, 0], the set of p integrable selections of M is denoted by SY,.
We say that M : 2 x H = X is a random multifunction or random set-valued
map if the map w =3 gph M, is measurable and has closed values.
Here and throughout the paper, M,, will denote the map x = M (w, x).

Let X be a Banach space. Given a sequence of sets (Ax); C X, the inferior
and superior limit of (Ay) are defined, respectively, as

limsup Ay = {z € X: liminfd(x, Ax) = 0},
liminf Ay = { € X: limsupd(x, A;) = 0},

Moreover, a sequence of sets (Ax) C X Painlevé-Kuratowski converges to A
if limsup Ax = liminf Ay = A. If X has finite-dimension, then the Painlevé-
Kuratowski convergence is metrizable over the space of nonempty and closed
sets by the so-called (integrated) set distance:

+oo
d(A,B) = /O e~ ?d,(A, B)dp, (1)

where A, B C X and d,(4, B) := max |d(xz, A) — d(x, B)| for p > 0. We refer
TEp.

to [23] cap 4.1] for more details.

Now, we introduce the notion of essentially uniformly convergence of mul-
tifunctions. A sequence of measurable multifunctions (My: 2 = R?); with
closed and nonempty values converges essentially uniformly to M: 2 = R¢
respect to the set distance if

| d(My, M) oo := inf{t : t > d(My(w), M(w)) for ae. w € 2} =0,  (2)

as k — 4o0. In the latter case, the multifunction M must have nonempty
values and closed values.

The above notion induces a convergence of functions through their epigraphs.
A sequence of normal integrands (f*: 2 x R? — R);, converges epigraphically
uniformly to f: 2xR% — R if the sequence (w = epi f¥); converges essentially
uniform to w = epi f,,.
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3 Random multifunctions as minimizers of infinitely many
differentiable random functions

This section presents the main result of the paper. We prove that a random
multifunction satisfying certain continuity properties can be described as the
set of minimizers of a smooth normal integrand. The continuity property re-
quired to prove the main theorem is given in the following definition.

Definition 3.1 (pseudo-norm-weak usc) A multifunction M: H = X is
said pseudo-norm-weak upper-semicontinuous at x € H if for all o € R and
y* € X* with M(z) C {u € X: (y*,u) < a} and n > 0, there exists € > 0
such that

M@') c{ue X: (y*,u) < a+n} for all 2’ € B.(z).

Moreover, M is said pseudo-norm-weak usc if the above property is satisfied
at every point z € H.

The above notion is weaker than the usual notion of upper semicontinuity for
multifunctions when X is endowed with the weak topology. Indeed, the mul-
tifunction M: R = R? defined by M(t) = t(1,0) + C, where C = {(z,y) €
R%: zy > 1,2 > 0}, is pseudo-norm-weak usc but it is not upper semicontinu-
ous.

The following result, which is the main result of the paper, enables to
represent random multifunctions as the level set of a smooth normal integral.

Theorem 3.2 Let (£2, A, u) be a complete o-finite measure space, H be a sep-
arable Hilbert space and X be a separable Banach space. If M : 2xH = X is a
random multifunction such that for all w € 2, M,,: H = X 1is pseudo-norm-
weak upper semicontinuous with convex wvalues, then there exists a normal
integrand ¢ : 2 x H x X — [0,4+00) such that

(a) For allw € 2, gph M, = {(z,y) € H x X: p,(x,y) = 0}.

(b) For allw € £2, the map (x,y) — pu(x,y) is C=.

(¢) For all (w,x) € 2 x H, the map y — p,(,y) is convez.

(d) There exists L > 0 such that for all (w,y) € 2x X, the map x — @, (x,y)+
L(|ly|l + D)||z||? is convex.

(e) For all k € N*, there are positive constants Cy, R such that for all (x,y) €
HxX

Slelgl\Dk%(w,y)H < Culllyll + Dl +1), (3)

ShelgHD’J%(w,y)H < R([J=]l+1), (4)

where D*¢,, and D’chpw denote, respectively, the k-derivative and the k-
derivative with respect to y.

(f) For all w € 2, the map (z,y) — @, (x,y) satisfies the following continuity
property: if T, — x and yn, — Y, then ©u(Tn, Yn) = Pu(,y).
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Proof For the measurable set 2 := {w € 2: gph M,, = 0}, we can set ¢, = 1
for all w € £2y. Thus, without loss of generality, we can assume that 2y = 0.
From now on, we consider X* endowed with the weak*-topology. Since X is a
separable Banach space, the space X ™ is separable and, hence, a Suslin space.
It is worth noting that, when X* endowed with the usual topology is separable,
we can proceed with that topology.

The rest of the proof is divided into several claims.

Claim 1: The mapping F : 2 = H x X x (0,+00) x X* X R defined by

F(w) :={(z,y,e,y", ) € Hx X x (0,00) x X* x R:
gph M, N (B.(z) x {u e X: (y*,u) < a})=0 and (y*,y) < a},
has nonempty values and measurable graph.
Proof of Claim 1: On the one hand, it is clear that (0,0,1,0,—1) € F(w) for
all w € £2. Thus, F has nonempty values. On the other hand, to prove that

F has measurable graph, let us consider the multifunction G : H x (0, 400) x
X* xR = H x X defined by

G(z,e,y" a) == (Be(z) x {u € X: (y",u) <a})"
We observe that
G(z,e,y",0) = Gi(z,e) x X U H x Ga(y*, o),

with Gi(x,¢) :={a € H: ||z—a| > e} and G2(y*, @) := {u € X: (y*,u) > a}.
Then, for every open set U C H, we obtain that

G{(U) ={(x,e) € H x (0,00) : there exists a € U such that ||z —al > }.
Hence, by taking (ax)ren C U dense, we obtain that
G{(U) = U{(:I:,E) € Hx(0,0): ||z —agl]| > e},
keN
which implies that GGy is measurable. Similarly, G5 is measurable. Hence, G is
measurable. Now, let us notice that
gph M, N (B (z)x{u € X: (y*,u) <a})=0

<~ gph(Mw) - G(ZL', &, y*v O[)

< d((v,w),G(z,e,y",a)) <0 for all (v,w) € gph M,

< d((vk(w), wg (w)), G(x,e,y",a)) <0 for all k € N,
where (v, wy) is a dense sequence of measurable selections of gph M,,. More-
over, the map (v, w) — d((v,w), G(z,e,y*, «)) is continuous and (x, €, y*, ) >
d((v,w), G(z,e,y*, ) is B(H x (0, 00) x X *xR) measurable. Hence, for all k €

N, the map (w, z, &, y*, &) — d((v (+), wx(+)), G(*)) is AQB(H x (0, 00) X X *xR)
measurable. Therefore, the graph of F can be rewritten as
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where ®(w, z,e,y", @) := sup d(v(w), wg(w), G(z,,y", ) and from here we
keN
conclude that gph(F) is a measurable set.

Claim 2: There existxy, : £2 — H,ep, : £2 — (0,00), yj : 2 = X", ap: 2 =R
measurable functions such that for all w € 2

(gph Moo)® = | Beyo (z1(w)) x {u € X (yi(w),u) < an(w)}.  (5)
keN

Proof of Claim 2: By virtue of of Claim 1 and Proposition 2] there exists a
sequence of measurable selections (xx, Yk, €k, y5, o) of F such that

(2k (W), yr(w), ek (w), yi(w), ax(w)) is dense in F(w) for all w € £2.

We proceed to prove that the sequence (r, Yk, €k, Yr, k) satisfies ().
Indeed, on the one hand, the inclusion D follows by construction. On the other
hand, to prove the inclusion C, take (z,y) ¢ gph M, i.e., y ¢ M, (x).

If M,(xz) = 0, we can take any y* € X* and a € R such that (y*,y) < «,
and the neighborhood U := {u € X: (y*,u) > a4+ £} for any £ > 0. Thus,
M, () C U and by the pseudo-norm-weak upper semicontinuity, there exists
€ > 0 such that for all 2/ € B.(z) the following inclusion holds:

My(z') C{ue X: (y*,u) + &> a+ &}
Hence, it follows that
gph(Mo,) N (Be(2) x {u € X: (y*,u) < a}) =0.

If M,(z) # 0, by the Hahn-Banach theorem (M, (x) is closed and convex),
there exist y* € X* and § > « that

(y*,z) > B, for all z € M, (z) and (y*,y) < a.

Moreover, there exists £ > 0 such that 8 > & > a. Consider the neighbourhood
U :={ue X: (y" u) > ¢} Then, M,(z) C U and by the pseudo-norm-weak
upper-semicontinuity of M, there exists € > 0 such that for all z’ € B.(x)
the following inclusion holds:

M, (2') C{ue X: (y*,u)+ (£ —a) > &}
Thus, gph(M,) N (B.(z) x {u € X: (y*,u) < a}) =0.

Therefore, in any case, (x,y,&,y*, ) € F(w) and (y*,y) < a. Let us consider
§:= a— (y*,y) > 0. Then, there exists j € N such that

(z(w), 5 (W), 5 (w), yj (w), @ (w)) € F(w),

and

max{[|z —z;(w)], [e;(w) —el} < e/2, max{[a;(w) —al, [(y; (W) =" y)[} < /2.
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Then, since ||z — z;(w)|| < &/2 < g;(w), we obtain that x € B, ) (z;(w)).
Moreover,
(Ui (W), y) = (Wj (W) —y" ) + (")
<62+ {y",y)=0/2+a—9¢
<0/2+ (o(w)+96/2) — 6 = a;(w).

Hence, (z,y) € B, ()(z;(w)) x {u € X: (yj(w),u) < aj(w)}. O
Claim 3: There exist (x}, Bk, 2}, Vi) measurable functions such that

gph M, = ﬂ (Ag(w) X Br(w)) for all w € £2,
keN

where Ay and By, are defined by

Aw) = {w € H: (n,27(w)) — 5llol® > Bu(w)),
Br(w) ={ue X: (z5(w),u) > vr(w)}.
Proof of Claim 3: On the one hand, by virtue of Claim 1,
Bey o (wx(w)) = {o € H: 3z — o < Sei(w)’}

= {we H: gllall? ~ (@ o)) + g loa@)l? < gen()’}

= {z € H: (7)) — 3ol > fr(w)} = Ax(w),

where Sp(w) = 3llzi(Ww)|?> — ser(w)? and zj(w) = zk(w). On the other
hand, by defining z; = —y; and y = —ou, we can take Bjp(w) := {u €
X (25 (w), u) > yx(w)}, which proves the claim.

Claim 4: Theorem [Z2 holds:

Following the ideas from [4], let us consider a nondecreasing C'*° convex func-
tion 6 : R — [0, +00) such that

0 for s <0,
0(s) = (6)
s+b fort>1,

for some b € (—1,0). It is important to emphasize that b does not play any
role in the proof. However, as far as we know, it is not possible to find such a
function for b = 0.

The function 6 satisfies the following inequality:

0(s) < 0(1)+ s+ |b| for all s € R. (7)
Moreover, for each k € N*| its k-th derivative is uniformly bounded, i.e.,

0| o := sup{|0) (s)|: s € R} < .
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Next, we consider the function ¢ : 2 x H x X — [0, 00) defined by

A CRIRACHY,
cpw(xvy> B Z gn(w)ngn(W)"Q" ’

neN

where

63 62) 1= 0 (- () = 5lell = )]

)= 0 (o (@b~ 300,

Cn(w) := 14 [Bn(w)] + [z, (@),

En(w) =14 [lz, (@)l + [y (W)l
By virtue of Claim 3, it is easy to see that for all w € 2, the following
equivalence holds:

¢u(z,y) =0 <= (v,y) € gph M,,.

Since 6 is convex, the map y — @, (z,y) is convex for all (w,z) € 2 x H.
Moreover, by [26 proposition 4.1], the function = — @, (x,y) + L|yl/||=|* is
convex, for some L > 0, depending of the Lipschitz constant of 6.

Using the Faa di Bruno’s formula (see, e.g., [25, Lemma 5.1]), for all k£ € N*,
there are constants Ci, R > 0 (independent of w, z and y) such that

|D*6;, (w, @) < Cr([l]|* +1) and [|D*0; (w, y)|| < R.

Then, by the Leibniz Rule applied to ¢,,, these inequalities imply that []) and
(@) hold. Thus, ¢,, is a C* function.

To end the proof, it remains to verify assertion (f). Let zx — x in H and
yr — y in X. It is clear that for all n € N and w € £2, 0 (w,zx) — 0 (w, )
and 62 (w,yr) — 0% (w,y) as k — +oo. Hence, as k — +o0,

erlz(w’xk) ) 9721(‘*]’ yk) N 9711((4),1') ) 9721(‘*]) y)
G (w)™&n (w)n2" Cn(W)En(w)m2n

Finally, by the convergence dominated theorem, we conclude that for allw € (2,
Yw @k, yk) = @u(z,y), which ends the proof of the Theorem.

Remark 3.3 The previous theorem was stated in a Hilbert space H. However,
a similar result can be obtained in smooth Banach spaces if we accept a less
regular function . Indeed, assume that H is a smooth separable Banach space.
Then, we can replace the set Ay (w) of Claim 3 by

Ap(w) ={z € H: ||lz — zp(w)[]” < ex(w)’},
where p > 1 is fixed. In Claim 4, the functions 0} and (,, can be modified by
O (w,2) = 0(en (W) — [|lz — za (w)|?),

Co(w) =1+ en(W)P 4 [Jzn (W)|P
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The obtained function ¢ will be C! and we can find a constant C > 0 such
that for all (w,z,y) € 2 x Hx X

1D (@, y)| < C(lzlIP~H + 1)([lyll + 1)
Furthermore, (@) still holds true and the function y — ¢, (z,y) is C>*°. O

As a consequence of Theorem [B:2] we obtain a generalization of the main
result in [4]. Indeed, [4, Theorem 1] establishes that every closed convex set in
a separable Banach space can be seen as the set of minimizers of a C'*° convex
function. Here, we obtain a stronger conclusion: the values of any measurable
multifunction with closed and convex values can be written as the minimizers
of a C*° convex normal integrand.

Corollary 3.4 Let M : 2 = X be measurable multifunction with closed and
convex values. Then, there exists p: 2 x X — [0,+00) a conver normal inte-
grand such that for all w € 2 the map x — @, (x) is C* and

M(w) ={z € X: p,(x) =0} for allw € 2. (8)
Moreover, for all k € N*,

sup [ DFpu(2)l| < +oo. 9)
(w,z)eNXX

Proof Define H = {0}. It is enough to apply Theorem to the set-valued
map M : 2 x H = X defined by M(w,z) = M(w). Indeed, it is clear that
gph M, = H x M (w) and, thus, w = gph M,, is a random multifunction (i.e.,
is measurable with closed values). Moreover, for all w € {2, ]\wa is pseudo-
norm-weak upper semicontinuous. Hence, by virtue of Theorem B2l we can
find ¢ : 2 x {0} x X — [0,400) a C* normal integrand. Then, the function
Yw = ¢,(0,) is a C* normal integrand over {2 x X. Moreover, we have that

for a.e. w € 12,
y € M(w) < (0,y) € gph M., <= $.,(0,y) =0 <> 9, (y) = 0.

The convexity of ¢, follows from Theorem B2E(c)l Finally, [@) follows from

Theorem m

Theorem allows us to provide also a representation for measurable
multifunctions with merely closed values on separable Hilbert spaces.

Corollary 3.5 Let H be a separable Hilbert space and M : {2 = H be a mea-
surable multifunction with closed values. Then, there exists a normal integrand
function ¢ : 2 x H — [0,+00) such that

(a) for allw € 2, M(w) ={xz € H: ¢,(x) =0}.
(b) for all w € Q2 the map x — ¢, (x) is C*° and for some L > 0 the map
x5 o, (x) + L||z||? is convex
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(c) for all k € N*, there are constants ax, by > 0 such that for all z € H

sup ID*¢u (@) < arlle)* + b (10)
we

Remark 3.6 Tt is worth emphasizing that in Corollary[3.5] although the values
of M(w) are merely closed, the obtained function ¢,, is not so far from being

a convex one. Indeed, ¢, is the difference of convex functions: ¢, = (¢, + L|| -
12) = LI - |I*.

Proof Set X = {0} and consider the multifunction M : 2 x H = X defined
by

- )0} ifz e M(w),
M(w,z) = {@ it o ¢ M(w).

It is clear that gph M, = M(w) x {0}. Thus, M is a random multifunction.
To prove that M satisfies the pseudo-norm-weak usc property, fix w € 2 and
assume that M, (z) C {u € X: (y*,u) < o} for y* € X* = {0} and a € R.
On the one hand, if M, (z) = {0}, then clearly {u € X: (y*,u) < a} = X.
On the other hand, if M,,(z) = (), then = ¢ M (w). Since M (w) is closed, there
exists & > 0 such that B.(z) N M(w) = 0 and then M, (2') = 0 if 2/ € B.(x).
Hence, for every n > 0, M, (z') C {u € X: (y*,u) < a+n}. Therefore, in any
case, the pseudo-norm-weak usc property holds.

By virtue of Theorem B2 there exists ¢ : 2 x H x {0} — [0,400) a C®
normal integrand representing the set-valued mapping M. Thus, the function
Yw = Pu(+,0) is a C°° normal integrand such that for a.e. w € 2

z e Mw) < (2,0) € gph M, <= ¢o,(2,0) =0 < @ (x)=0.

Finally, due to Theorem B2l the map = — ¢, (z) + L||z||? is convex and for
some L > 0 the inequality (I0) holds.

We end this section by providing a representation result for multifunctions
with values in dual spaces, similar to Corolary [3.4] where we prove that lower
semicontinuity of the epigraphs of the support functions induces continuity in
both variables for normal integrands.

Theorem 3.7 Let T be a metric space and X a separable Banach space. As-
sume that C: T = X* is a multifunction with nonempty, w*-closed and convex
values so that t = epioc(y is lsc. Then, there exists a C*°-convex normal in-
tegrand ¢ : T x X* — [0, +00) such that

e C(t) & o(t,x*) =0 for all (t,2*) € T x X*.

Moreover, ¢ can be chosen so that, for all k € N*, the map (t,z*) — D¥p;(x*)

be continuous with sup | DF i (z*)|| < +oc.
(t,z*)eTx X~*
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Proof As a consequence of Michael’s selection theorem (see, e.g., [I9] Theorem
6.3.11, p. 491]), there are continuous functions z,: T'— X* and v,: T — R
such that

epioc(y = cH(zn(t), mn(t))n}
Then, we consider the function ¢ : T' x X* — [0, 00) defined by

o 1 6,(t, z*)
otz )—%Q—nma

where

* 1 *
0u(ts7) 1= (0" 20(0) = 0(0)) a0 60(0)i= 1+ on (O] + 0]
Here 6 is the smooth convex function defined in (6]). Hence, the result follows
from similar arguments to the given in proof of Theorem [3.4]

4 Approximation of random multifunctions and functions

In this section, by using Theorem 3.2, we provide smooth approximations to
random multifunctions and normal integrands.

Corollary 4.1 Let H be a separable Hilbert space and X a separable Banach
space. Let M: 2 x H = X be a random multifunction such that, for all
w € §2, M, is pseudo-norm-weak upper semicontinuous with convex values.
Then, there exists a sequence of random multifunctions M*: 2 x H = X with
convez values such that:

a) For all w € 2, gph Mkt C gph MF for all k € N and

() eph M} = gph M,,.
keN

b) For allw € 2, || - || x w-limsup gph M* C gph M,,.

¢) For allw € 2, if € dom(M,,) and k € N, there exists a neighbourhood U
of © such that for all ' € U the sets MF(z') are C*-convex bodies.

d) If dom(M,) = H for a.e. w € §2, then for all k € N the set gph MF has
C*®-smooth boundary for a.e. w € (2.

Proof By Theorem [3.2] there is a C'*° function ¢ such that for all w € 2
(z,y) € gph(M.,) <= @u(z,y) =0.

Consider e, — 0% and the multifunction M*(w, z) := {z € X : ¢, (z,2) < e}
We will prove that (M*)en is the required sequence of multifunctions.
Claim 1: MF is a random multifunction

Proof of Claim 1: Due to the continuity of ¢,, and the measurability of ¢ (-, x, y)
for all (x,y) € H x X, it is clear that M* is a random multifunction with



Random multifunctions as minimizers differentiable random functions 13

convex values. Hence, by virtue of the continuity of ¢, the multifunction
w = gph(MF) is measurable with closed values. Besides, by the convexity and
continuity of ¢, (z,-), the set Mk(w, x) is closed and convex.

Claim 2: Assertion a) holds.

Proof of Claim 2: On the one hand, it is clear that gph(M,,) C gph(MF) for
all k € N. On the other hand, for any (z,y) € H x X such that ¢, (z,y) < e
for all k € N we have that ¢, (z,y) = 0. Indeed, since e — 07, we obtain that
MNken gph M¥ = gph M, for all w € 2.

Claim 3: Assertion b) holds

Proof of Claim 3: Let (z,y) € || - || x w-limsup gph MF. Then, there exists a
sequence (Tp,,Yn,) € gph(M*), where (ng)ren is a strictly increasing, such
that z,, — = and y,, — y. Hence, since ¢ is a || - ||-weak continuous and
G (Tny s Yny) < €y, it follows that ¢, (x,y) = 0. Thus, (z,y) € gph M,, and

| - || x w-limsup gph M* C gph M,, for all w € 2.

Claim 4: Assertion c¢) holds

Proof of Claim 4: Fix x € dom(M,,) and k € N. Then, there exists y € X such
that ¢, (x,y) = 0. By continuity of ¢, it is possible to find a neighborhood
U x V of (x,y) such that the following implication hold:

(@,y)eUxV = g,(2,y) < e

Let 2’ € U. Then, since V. C M¥(z'), M*(z2') is a closed and convex set with
nonempty interior. Let z € bd ME(2') := {v € X : ¢, (2',v) = ex}. Then, by
observing that ¢, (z’,-) is a C°° and convex function, we obtain that

Dy, (z',v) =0 <= v is a minimum of ¢, (', ).

Moreover, ¢, (z',y) < e = ¢u(z’,z). Thus, Dyp(z’,z) # 0, which, by the
implicit function theorem, implies that bd M¥(z') is a C'°°-manifold.

Claim 5: Assertion d) holds:

Proof of Claim 4: Suppose that dom(M,) = H. By assumption, it is clear
that the set {(z,y) € H x X : ¢, (x,y) < ex} is nonempty. Then, gph M* has
nonempty interior. Moreover,

bdgph MY C {(z,y) € H x X: gu(2,y) = ex},

which implies that any (z,y) € bd gph M satisfies ¢, (z,y) = ;. Even more,
there exists y' € X such that ¢, (x,y’) = 0. Hence, if Dy(x,y) = 0, then
Dyo(z,y) = 0. Thus, by convexity, y is a minimum of function ¢ (z, ).
However, since ¢, (z,y") < ¢, (z,y), we obtain a contradiction. Therefore,
Dy, (x,y) # 0 and we can apply the implicit multifunction theorem to obtain
that bd Mk (2') is a C*°-manifold.

The latter result provides a new approximation technique for random mul-
tifunctions. Indeed, in the next result, we construct a sequence of approxi-
mations whose values are smooth convex bodies. Recall that the notion of
essentially uniformly convergence of multifunctions was defined in (2I).
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Corollary 4.2 Let M : 2 = R? be a measurable multifunction with nonempty
closed and convex values. Then, there exists a sequence of measurable multi-
function Sy, : 2 = R converging essentially uniformly to M and whose values
are C*° convez bodies for all w € 2.

Proof Set X = R? and H = {0} and consider the sequence of random multi-
functions (M), provided by Corollary 1l Then, M}, takes C*° convex bodies
values for a.e. w € {2 and by assertion a) from Corollary 1] for a.e. w € £2,

d(M., (w), M(w)) — 0 as k — +oo. (11)

where d is the integrated set distance defined in (). Let us consider the func-
tion f: 2xN — [0, 4+00) defined by f(w, k) = d(M, (w), M (w)). It is clear that
w — f(w, k) is measurable for all k € N. Thus, for all n € N, the multifunction
Jniw = {k € N: f(w, k) < 1/n} is measurable. Moreover, due to ({Il), J,(w)
is nonempty. Hence, there exists a measurable selection A, : {2 — N such that

d(M,

Exn (w)

(w), M(w)) < 1 for all w € (2.
n

Finally, by virtue of ([Il), the measurable multifunction S,,: w = M., ()
converges essentially uniformly to M with respect to set distance.

The next result concerns the approximation of normal integrands by C'*®
normal integrands.

Theorem 4.3 Let f: 2x Hx X — R be a normal integrand. Assume that f
s convex with respect to the variable on X and that the conjugate map
x> fo(@,a") == sup(z”, y) — fu(z,y) (12)
yeX
is upper semicontinuous for all w € (2 and x* € X*. Then, there exists a

nondecreasing sequence of C°°-normal integrand fi : 2 x H x X — R such
that for all w € §2

1iII€n fr(w,z,2) =sup fy(w,z,2) = f(w,z,2) forall (z,z) € Hx X. (13)
k

Moreover, the function fy are convexr with respect to the variable on X.
Proof Let us consider the multifunction M: 2 x H — X x R defined by
My(z) :={(y,0) € X xR : fu,(2,y) < a}. (14)

We observe that gph M, = epi f,, for all w € (2.

Claim 1: The application M is a random multifunction with closed and convex
values. Moreover, for every w € 2, v = M, (x) is pseudo-norm-weak upper
semicontinuous.

Proof of Claim 1: Since f is a normal integrand, M is a random multifunction
with nonempty values. The convexity of the values of M, (x) follows from the
convexity of f with respect to the variable on X.
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To prove the pseudo-norm-weak usc property, take w* € X* and a,v € R
such that M, (z) C Cyr.a~ = {(u,8) € X x R: (w*,u) + af < 7v}. By the
definition of Cy» o, it follows that o < 0.

On the one hand, if a = 0, then w* = 0 and v > 0. Hence, Cy+ oy = X x R.
On the other hand, if o < 0, then

(Ja| " tw* u) — fo(z,u) < ||~ for all u € X,

which implies that f7(z, |o|~'w*) < v]a|~!. By hypothesis of upper semicon-
tinuity of the conjugate map ([I2)), for all n > 0, there exists e > 0 such that
(@ Jal7fw*) < (v +n)|a| 7 for all 2/ € B.(x). Therefore, for all u € X

(lo] ™ w* u) = fu(a’,u) < (v +n)lal ™

Finally, if (u,8) € M,(2') for 2’ € B.(x), then (u,B) € Cy= a,y+y, Which
proves that © € H = M, (z) is pseudo-norm-weak upper semicontinuous for
all w e (2.

Claim 2: There erists a sequence of normal integrands (f*)i satisfying the
statement of theorem.

Proof of Claim 2: Since dom M,, = H for all w € 2, we can apply Corollary
A1 to obtain a sequence of random multifunctions (M*); such that for all
k € N and a.e w € £2, the set gph M¥ has C*°-smooth boundary and

ﬂ gph M£ = gph M,, for a.e. w € {2.
kEN

Thus, for all k € N, there exists a C*°-normal integrand f*: 2 x H x X - R
such that gph ME = epi f¥ for a.e. w € 2 and all k € N. Moreover, for a.e.
w e N, fH1 < fk < f., pointwisely. Thus,

Supfwk('rvy) S fw('rvy) fOI‘ au (Z',y) € H x X.
keN

Hence, if (z,y) € H x X, we can take a := supyey f¥(z,y), which satisfies
(7,y,a) € gph MF for all k € N. Finally, (z,y,a) € gph M,,, then f(z,y) < a,
which proves ([I3)).

The following result gathers some sufficient conditions which allow us to verify
the condition (I2)) from Theorem E.3l

Proposition 4.4 Under the assumptions of Theorem[{.3, the upper semicon-
tinuity condition ([I2) can be verified in the following cases:

(a) For all w € 2, the function f,: H x X = R is uniformly continuous.
(b) The space X is reflexive, for all w € 2, if x, — © and y, — y, then

fw(xvy) < hminffw(xnvyn)a
and for allw € 2 and x € H, there exist § > 0, a > 0 and 5 € R such that

ally||> + B < fo(@,y) for all (2',y) € Bs(x) x X. (15)



16 Juan Guillermo Garrido et al.

Proof (a): Fix w € 2 and let y* € X*, ¢ > 0 and a sequence (x,), C H
converging to x. By virtue of the uniform continuity of f,, there exists § > 0
such that if ||z — 2’| < § and |ly — ¢/|| < 0 then |f(z,y) — f(2',y’)| < e. Then,
since x, — x, there exists N € N such that ||z, — z|| < J for n > N. Thus,
forally e X and n > N, |f,(2n,y) — fu(z,y)| < €. Hence, for n > N,

sup fu(@,y) — fo(@n,y) <e.
yeX

Therefore, by using the latter inequality, we obtain that for n > N,

fo(xn,y™) = Sgg(y*,w — fu(Tn,y)
= sup(y*,y) — fo(z,y) + fu(z,y) — fol@n,y)
yeX
< sup(y*,y) — folz,y) +sup fu(2,y) — fulzn,y)
yeX yeX

< folz,y™) +e.

By taking n — oo in the above inequality, we obtain that

limsup f5(xn,y*) < fo(z,y") + ¢,

n—oo

which implies (I2)).
(b) Fix y* € X* and w € 2. We will prove first that the map = — f*(x,y*)
takes finite values. Indeed, by virtue of (&), for all y € X

(") — fule.y) < Iy iyl - allyl* - 8

* 2 * (12
(- 1Y)

20 40
lly* |12
< _fB_
<-6-",
which implies that f%(z,y*) < -8 — % < +oo for all x € H.

To prove the upper semicontinuity, we proceed by contradiction. Suppose that
the map x — f*(x,y*) is not upper semicontinuous at € H. Then, there
exist (z,,) C H converging to « and € > 0 such that

fo(z,y*) + e <limsup f5(zn, y").

n—oo

Thus, up to a subsequence,
1
fo(x,y™) + € < fi(xn,y") for n big enough.

Let 6 > 0 such that (I8 holds. Then, there exists N € N such that x,, € Bs(x)
for all n > N. Using the definition of the convex conjugate, we can find
(yn)n C X such that for all n big enough

f:(znay*) < Z + <y*7yn> - fw(xnvyn>'
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Therefore, for n large enough

F3@.y") + fol@nsya) + = < (4 9)- (16)

Moreover, since for all n large enough

* 2 * |12
* Y Y
0o = Fulenn) < —a (ol = L0 ) == I,
the sequence (yy,) is bounded. Thus, without loss of generality, we can assume
that y, weakly converges to some y € X. Then, by assumption, f,(z,y) <
liminf f, (s, yn) and (y*,y,) — (y*,y). Finally, by taking limit in (IG]), we
obtain a contradiction with the definition of convex conjugate.

To prove our next result, we need to extend the notion of prox-bounded
function to the framework of normal integrands (see, e.g., [23, Definition 1.23]).
A normal integrand f: 2 x R? — R is said to be proz-bounded if there exists
a measurable function A : £2 — (0, 4+00) such that for all w € {2 there exists
x € R? satisfying

e fola) = nf {1(2) + grslle = 2]} > —se.

Our next result is a functional counterpart of Corollary[£2 and can also be
seen as an extension of Theorem [.3]for extended real-valued functions defined
on finite-dimensional spaces.

Corollary 4.5 Let f : 2xR? — R be a proz-bounded normal integrand. Then,
there exists a sequence ()i of C>-normal integrands fr < f converging
epigraphically essentially uniformly to f.

Proof By prox-boundedness of f and [23], Theorem 1.25], there exists a func-
tion Ay : £2 — (0,+00) such that for a.e. w € 2 and all A € (0, A\f(w)) the
function

. 1 2
ex fulw) = inf fu@) + g3 llz =yl
is finite valued and continuous. Thus, for all n € N, the multifunction
M, :w = {\>0:d(epif,,epiex f.) < 1/n},

is measurable. Then, by virtue of Proposition [Z] we can find a measurable
function A, : 2 — R with A\, (w) € (0, \f(w)) and such that

d(epi fu,epiey, () fu) < 1/n for all w € 2.

Define g := ey, (w) fw- By virtue of Theorem (applied on H = R? and
X = {0}), we can find a sequence (g}); of C'°-normal integrands such that
gr(w,-) < gi i (w,) < g"(w,-) for a.e. w € 2 and

sup gp(w,z) = ¢"(w, z) for all z € H.
keN



18 Juan Guillermo Garrido et al.

By similar arguments to the given in the proof of Corollary 2] it is possible
to find g™ such that

d(epi §"(w,"),epig™(w,-)) < 1/n for a.e w € £2.

Thus, if we set [ := §"(w,-), then for a.e. w € 2

12
+- ==,
n n

S|

d(epi fl7,epi f.,) < d(epi f1}, epigl) + d(epigll, epi f.,) <

which implies that (f™), converges epigraphically essentially uniform to f.
Finally, (f™) is the desired sequence.

5 Integrable selections as minimizers of integral funcionals

In this section, we apply Theorem to show that the sets of p-integrable
selections of measurable multifunctions can be represented as the set of mini-
mizers of a C°°-convex integral functional.

The first result of this section is devoted to the case of measurable multi-
function with nonempty, closed and convex values.

Theorem 5.1 Assume that (2, A, 1) is a finite measure space. Let M : 2 =
X be a measurable multifunction with nonempty, closed and convex values
such that the set of p-integrable selection S%, is nonempty. Then, there exists
a C-convex normal integrand ¢: 2 x X — [0,+00) such that

Shy = {x € LP(2,X): Ty(x) = /

w

pulathuts) =0}, (1)
Moreover, for p € (1,+00], the integral functional I, is C*° with k-derivative
DM, (x) = / D* e, (2(w))pldw) for = € LP(2, X), (18)

[0

where the integral in the right-hand side of ([A8) is in the sense of Gelfand.

Proof Consider the integrand function ¢ associated to M given by Theorem
B4 Let zp € S%,. Then, by virtue of (@),

0 <Z,(z) < Kllz — xo|p, for all z € LP(£2, X),

where £ 1= p(2)7T “SUP( pyenx x ||[Dpw(2)]|. Hence, the functional Z,, is
finite over LP({2, X). Equality (IT7)) can be easily verified from the properties
of .

Next, we proceed to prove that Z, is C* and satisfies (I8). Indeed, by the
measurability of ¢, the integral in the right-hand side of (I8 is well-defined.
Moreover, by Taylor’s formula, for all (w,z) € 2 x X

ID*@u (2 + h) = D*pu(x) = DM oy (2)(h)|| < Cryz||], (19)
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where Cj, := sup(,, ,)eox x [|D"p.(2)||. Now, assume that (I8) holds for k € N.
Fix € > 0 and consider a sequence of function (h;) C LP(£2,X) converging to
0. Then, we can find jy € N such that for j > jo

u(Aj) <71 ifp € (1, +00),
u(Ay) =0 if p = oo,
where, A; ;= {w € 2 :||h;(w)] > e}. Now, let us consider the quantities

ﬁj = DkIg,(,CE + h_]) — DkIg,((E) —/

QDk+1sow($(w))(hj(w))“(dw)H ’

)

8= | Thena)

J

)

52 = /A TH(w)u(dw)

¢
J

where
Tj (w) := DYy (x(w) + hj(w)) — Doy (z(w)) — DM oy (a(w)) (hj(w)).

Estimation of ﬁ} : It is clear that ﬁ} = 0 for p = co. Thus, we focus on the
case p € (1,+00). By using [@), we get

1
Bl <

/A (D" (a(w) + (@) — DFpu(a(w))) pldw)

J

+

/A‘ Dk+1sﬁw(z(w))(hj(w))u(dw)

<Cuss [ Is)ln(d) + s [ )l

J AJ

p—1
<2011 ([hllpp(A;) 7 < 2Ck4al|hyll, - €.
Estimation of Bj: By using (I9), we obtain that

p—1
B3 < Crpap(2) 7 |[hjllp - e

Hence, by using the latter estimations,

B < (QCk_,_l + C;H_g,u(ﬂ)%) ¢ for all j > jo.
171l

Therefore, we conclude that

|h1|p (Dkz@(x +hj) = DI, (@) 5 DMy (2(w)) (hy (W))M(dw)) -0,

as j — 4oo. Consequently, (I8]) holds.
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Remark 5.2 Differentiability and subdifferentibility of integral functions has
been studied by several authors (see, e.g., [7HIL 1T 12,17, 18, 21,22] and the
references therein). It can be shown that the integral function Z,, where ¢
is the function obtained from Theorem [3.4] is continuously differentiable over

L1($2, X) and its derivative has the following integral representation
DI (z)= / D, (2(w))p(dw) for x € L'(2, X).
2

Nevertheless, in [15, Theorem 4.7], it is shown that differentiability of integral
functionals over L!'(2, R?) is related to the convexity of the integrand. Thus,
we cannot expect high-order differentiability of the integral Z,, over L!(£2,R%)
together with an integral representation for its k-derivatives unless Dy, is
linear. Indeed, we observe that if Z,, is C?, then for any A\* € L>(£2,R?) the
integral function

2= (V. DI,(@) = | (V). Do)l
is C! over L'(£2,R%) and by virtue of [15, Theorem 4.7], it must be convex,
which is not true for general convex normal integrands.

We end this section, by showing that for a general measurable multifunction
the convex closure of the set of p-integrable measurable selections is equal to
the set of minimizers of a convex integral functional, which, for p € [1, +00),
is C*°.

Theorem 5.3 Let (2, A, 1) be a finite measure space. Let M : 2 = X be
a measurable multifunction with nonempty and closed values such that for
p € [1,400) the set of p-integrable selections S5, is nonempty. Then, there
exists a C*° convex normal integrand function ¢ : 2 x X — [0, +00) such that

clcoSh, ={xz e LP(2,X): I,(x) =0}, (20)

where clco ST, denotes the closed convex hull of S%,. In addition, if (12, A, p)
18 non-atomic, then

c” (S%,) = {zw € LP(2, X): T,(z) = 0}, (21)

where cl' denotes the closure with respect to the weak topology on LP(£2,X).
Moreover, in both cases, it is possible to choose @ satisfying the estimations

@.

Proof Due to [I4], Proposition 2.26], we observe that clco M is measurable. On
the one hand, by virtue of [I9, Proposition 6.4.17] (or [I4, Ch. 2, Proposition
3.29]), we have that clco Sy, = S% .- Then, by applying Theorem B4 to
the measurable multifunction clco M, we obtain (20). On the other hand, [19,
Proposition 6.4.19] implies that cI* S, = S* _ ,, provided p is non-atomic.
Finally, ([ZI)) follows in a similar way.
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6 Examples in Optimization Theory

This section provides two examples where our results can be used to provide
methodologies to solve challenging optimization problems.

The first example relies on the setting of Mathematical programming with
equilibrium constraints. This class of problems has captured the attention
of several researchers due to its intrinsic relation with Nash equilibrium and
bilevel problems (see, e.g, [2,BLI0]).

Ezample 6.1 (Mathematical programming with equilibrium constraints) Con-
sider the following mathematical program with equilibrium constraints:

miny(z,y) s.t. y € M(x) and z € C, (22)

where 9 : R® x R™ — R is the objective function, C' C R*® is a closed set,
and M : R® = R™ is a multifunction. It has been shown that optimality
conditions for this class of problems can be written in terms of generalized
Fermat’s rules involving (sub)-gradients of 1) and normal cones to gph M and
C (see, e.g., [16, Chapter 5.2.1] and references therein). Due to Corollary
[T and under its assumptions, it is possible to approximate Problem (22)
changing the constraint y € M(z) by y € M*(z). Furthermore, it follows from
assertion d) from Corollary BTl that gph M* is an C°°-smooth manifold. So
the computation to the normal cone follows from the determination of such
smooth representation (see, e.g., [23, Example 6.8]).

The second example corresponds to the setting of two-stage stochastic pro-
gramming. This kind of model is a stochastic programming problem where the
intention is to chose an initial vector decision, then after the realization of a
random phenomenon, the information is included, and a second choice must
be given, all of this with a minimal cost. We refer to the monographs [20,124]
for more details about the theory.

Ezample 6.2 (Two-stage stochastic programming) Let (£2, A, P) be a probabil-
ity space, and consider the abstract two-stage stochastic convex optimization
problem

winZ,(a,1) = [ (.2, P(d)
styw) € M(w,z) aswe 2,2 € R* and y € LP(£2,R™),

(23)

where M : 2 x R® = R™ is a random multifunction and ¢ : 2 xR x R™ — R
is a normal integrand, which is convex with respect to the variable on R™ and
satisfies (I2)). First, let us mention that the imposed convexity on the normal
integrand . On the one hand, it is essential to provide the strong-weak lower-
semicontinuity of the integral function Zy; (see, e.g., [5, Theorem 2.1]), which is
a minimal requirement to obtain the existence of minimizers of Problem (23]).
On the other hand, it is important to provide the stability of such minimizers
(see, e.g., [IT, Theorem 5.1]. For similar purposes, the convexity of the values
of M in the optimization problem (23) is required.
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Now, by virtue of Theorem 3] it is possible to find a nondecreasing se-
quence of C>-normal integrands (¥*); converging to 1. Moreover, due to
Corollary 1], there exists a decreasing sequence of random multifunctions
(M*);.. Both sequences preserve the previously discussed important property
of convexity. Hence, we can define a sequence of optimization problems:

minZyi (z,y) = | ¢*(w, z,y(w))P(dw)
Q
st y(w) € M¥(w,z) asw e 2,2 € R® and y € LP(£2,R™).

Here, it is important to emphasize that by the construction, the optimal value
of the above problems is an increasing sequence, which under some classical
compactness assumptions it converges to the optimal value of Problem (23)). In
the same spirit, by using classical techniques, the minimizers should converge
(up to a subsequence) to a minimizer of the original problem (23]).

7 Concluding remarks

In this paper, under mild continuity assumptions, we prove that any random
multifunction can be represented as the set of minimizers of an infinitely many
differentiable normal integrand. This result was used to deduce the existence of
smooth approximations for multifunctions and normal integrands. Morever, we
characterize the set of p-integrable selections of any measurable multifunctions
can be represented as the set of minimizers of infinitely many differentiable
integral functional.

The results obtained in this article offer several tools for the representa-
tion and approximation of multifunctions and normal integrands by smoother
objects, which is of importance for approximation in optimization, optimal
control and other areas.
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