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SUBDIFFERENTIAL FORMULAE FOR THE SUPREMUM OF AN
ARBITRARY FAMILY OF FUNCTIONS*

PEDRO PEREZ-AROS'

Abstract. This work provides calculus for the Fréchet and limiting subdifferential of the point-
wise supremum given by an arbitrary family of lower semicontinuous functions. We start our study
showing fuzzy results about the Fréchet subdifferential of the supremum function. Posteriorly, we
study in finite- and infinite-dimensional settings the limiting subdifferential of the supremum func-
tion. Finally, we apply our results to the study of the convex subdifferential; here we recover general
formulae for the subdifferential of an arbitrary family of convex functions.
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1. Introduction. Many mathematical models concern the study of a constraint
minimization problem represented by

(1) minimize g subject to
fi(x) <0, forallteT and z € X,

where T is an index set and the function g and f; are defined in some space X. In
these applications the (possibly nonsmooth) pointwise supremum f := sup f; plays a
crucial role in solving this optimization problem, because the constraint f;(z) < 0 for
all t € T can be recast as one single inequality constraint passing to the supremum
function f := supy f;. For that reason, understanding the subdifferential of the
function f is decisive in computing necessary optimality conditions. Problem (1) has
been widely studied when the index set T is finite, and nowadays these results are
available in numerous monographs of optimization and variational analysis (see for
instance [2,3,6,7,25-27,36]).

When the set T is infinite (1) is understood to be a problem of infinite program-
ming, and when the space X is finite-dimensional the more precise terminology of
semi-infinite programming appears due to the finite-dimensionality of the variable
x € X and the infinitude of T'. These classes of problems have been studied over the
last sixty years by many researchers for the reason that several models in science can
be represented as a constraint of the state or the control of a system during a period
of time or in a region of the space. Within this framework, a classical assumption
is the compactness of the set T' together with some hypothesis about the continuity
of the function (¢,z) — fi(x) and its gradient; in this context the set of active in-
dices T(x) := {t € T : fi(x) = f(x)} performs an important part in the study (see,
e.g., [24]).

More recent papers have studied the convex subdifferential of the supremum func-
tion when 7' is an arbitrary index set and {f; : ¢ € T'} is an arbitrary family of (possi-
bly non-smooth) convex functions (see, for example, [8,12-14,23,37] and the reference
therein). Due to the possible emptiness of the set of active indices at a given point z,
the authors have considered the e-active index set T.(z) ;== {t € T : fi(z) > f(x)—e}.
In these works researchers have successfully calculated the convex subdifferential of
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the supremum function without any qualification about the data functions fs, using
the set of e-active indices, the e-subdifferential of the data and the normal cone of the
domain of the function f, all of which are well-known concepts in convex analysis.
When the data functions {f; }+er are non-convex and non-smooth, but uniformly
locally Lipschitz at point T, which means, there are constants k,e > 0 such that

(2) [fi(z) = fe(y)| < kllz —yl|, Vo € B(Z,¢), VE €T,

we can refer to the classical result about the upper-estimate of the Clarke subdiffe-
rential of the function f at the point Z (see [6, Theorem 2.8.2]). It is important to
recall that in this result the set T is compact and the function ¢ — f;(z) is upper-semi
continuous for each = € B(Z,e). Recently, in [28] (see also [29]) the authors studied
the limiting subdifferential of the function f at Z; they assumed that T is an arbitrary
index and the functions {f; };cr satisfy (2). They provided new upper-estimates and
improvements of the mentioned result relative to the Clarke subdifferential. Using
these calculus rules they derived optimality conditions for infinite and semi-infinite
programming.

However, as far as we know, the literature does not provide an upper-estimate for
the subdifferential of an arbitrary family of functions {f; : ¢ € T'}. This observation
motivates our research to derive general upper estimations for the subdifferential of
the supremum function under an arbitrary index set T" and without the uniform lo-
cally Lipschitz condition. The aim of this work is to extend the results of [28] and give
general formulae for the subdifferential of the supremum function, in order to apply
them to derive necessary optimality conditions for general problems in the framework
of infinite programming. The main motivation for considering an arbitrary family
of functions comes from the fact that indicators of sets are commonly used in vari-
ational analysis to study constraints and set-valued maps related with optimization
problems (for example, stability of optimization problems and differentiability of set-
valued maps) and they cannot, at least directly, be assumed to be locally Lipschitz.
Furthermore, this approach allows us to also study the convex case, and recover gen-
eral formulae in the convex case, which in particular shows a unifying approach to the
study of the subdifferential of the supremum function. For the sake of brevity, we will
confine ourselves to extending the results of [28], keeping in mind our applications for
a future work.

The rest of the paper is organized as follows: In Section 2 we summarize the
notation that we use in this paper, which is classical in variation analysis. In Sub-
section 3.1 we establish basic properties about the Fréchet subdifferential. We begin
Subsection 3.2 giving the definition of robust infimum (see Definition 3.3), this no-
tion fits perfectly with our purpose. It can be understood as a bridge, which allows
us to express the subgradient of the supremum function as robust minimum of per-
turbed functions, when the family {f; : ¢t € T} is an increasing family of functions.
Nevertheless, the increasing property of the functions can be obtained considering
the max functions over all finite sets of T (see Theorem 3.8). In Section 4, where
the main results are established, we study the limiting subdifferential, this section is
divided into two subsections. First, we consider a finite-dimensional space; in this
framework we establish a technical result (see Lemma 4.1), which can be applied to
several results, but for simplicity we choose only one setting (see Theorem 4.2), where
we provide a convex upper-estimation of the subdifferential. Second, we consider an
infinite-dimensional Asplund space. This subsection starts with a result concerning
a fuzzy calculus rule for the normal cone of an intersection of an arbitrary family
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of sets (see Theorem 4.5). Later, we use the definition of sequential normal epi-
compactness together with some results of separable reduction to get Theorem 4.8;
this gives as a consequence a generalization of [28, Theorem 3.2] (see Theorem 4.9),
for non-necessarily uniformly Lipschitz functions. Finally, in Section 5 we apply our
results to the convex subdifferential, that is, when the functions f; are convex. In
this section we get new results and also we recover the general formula of Hantoute-
Lépez-Zalinescu [14, Theorem 4].

2. Notation. Throughout the paper and unless we stipulate to the contrary, we
adopt the following notation, (X, | -||) will be an Asplund space (i.e., every separable
subspace of X has separable dual) and X* its topological dual, with its norm denoted
by || - ||«. The bilinear form (-,-) : X* x X — R is given by (z*,z) := z*(x). The
weak*-topology on X* is denoted by w(X*, X) (w*, for short). The set of all convex,
balanced and closed neighborhoods of a point x with respect to the topology 7 is
denoted by N (7) (N, for short). We will write R := R U {—o00, +0c0} and we adopt
the conventions 1/00 =0,0-00=0=0"(—00) and 0o + (—00) = (—00) + 00 = 0.

The closed unit ball in X and X* are denoted by B and B* respectively. For a
point z € X (resp. z* € X*) and a number r > 0 we set B(z,7) := z + rB (resp.
B*(z*,r) = * + rB*). For a function f : X — R the set B(z, f,r) is defined as

the set of all ' € B(z,r) such that |f(x) — f(z')] < r. The symbol z’ 4y 2 means

2’ = z and f(2') — f(z); we avoid some misunderstandings about the topology T
considered in the last convergence using the notation 2’ = x which emphasizes that
the convergence ' — x is with respect to the topology .

We denote by int(A), A, co(A) and ©6(A), the interior, the closure, the conver
hull and the closed convex hull of A, respectively. The affine subspace generated by
A is denoted by aff(A). The polar set and annihilator of A are defined by

A ={z" e X" | (z",x) <1, Vx € A},
At = {2z € X* | (2*,2) = 0, Yz € A},
respectively. The indicator function of A is defined as d4(x) := 0, if x € A and

da(r) = +oo, if x & A.
Let f: X — R be a lower semicontinuous (lsc) function finite at 2. Then

fle+h) = flz) = (=", )
il

df(x) :=={z* € X* | liminf > 0},
h—0

is called the Fréchet (or reqular) subdifferential of f at x.
The limiting (or Mordukhovich, or basic) subdifferential and the singular subdi-
fferential can be defined as

Of(x) :={w*-limz : 2 € Of (x,), and z, ER x},
0% f(z) :={w*-lim Az’ : 2% € Of (2), Tn 2 and Ap — 01},

respectively (see, e.g., [2,3,25,27] for more details).

If | f(z)] = +o0, we set Of(x) := () for any of the previous subdifferentials. It is
important to recall that when f is convex proper and lsc all of these subdifferentials
coincide with the classical subdifferential of convex analysis

Of(x):={a" € X*: 2",y —x) < f(y) — f(x),Vy € X}.
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For any set A, the Fréchet (or Regular) and the limiting (or Mordukhovich, or
basic) normal cone of A at z are given by N(z, A) = 304 (x) and N(x, A) = 854(x),
respectively.

Consider a set T and a family of functions { f; }rer C @T, we define the supremum
function f: X — R by

3) F(@) = sup fu(a), Vo € X

teT
The symbol P:(T') denotes the set of all F' C T such that F is finite. For F' € P¢(T)
we denote fp(x) := maxser fs(x).

Following the notation of [28], RT is defined as the space of all multipliers A = (\;)
and RT denotes the set of all A € R such that A\, # 0 for finitely many ¢ € T; by
the symbol #\ we denote the cardinal number of sup A\. The generalized simplex on
T is the set A(T) := {A € RT : (\) > 0 and > ter M = 1}. For a point Z and
€ > 0, the set of e-active indices at T is denoted by T.({fi}ier,Z) :={t € T : f(T) <
f+(Z) + e} (T(z) for short), meanwhile the set of all e-active sets at T is denoted by
Te({ft}ter, @) := {F € Pe(T) : (&) < fr(Z) + e} (T-(Z) for short) and finally, we
define

R N >0forallteT,
A(T, {ft}teT,.’f,E) = {()\t) c RT : )\t S e, YVt € T\Tg(i‘) }
and [Y ,cp A — 1| <e

(A(T, z,e) for short). When T is a directed set ordered by =<, which means (T, <)
is an ordered set and for every t1,ty; € T there exists t3 € T such that ¢; < t3 and
to = t3, we say that the family of functions is increasing provided that for all ¢1,t; € T

t1 Xty = fi,(z) < fi,(z), Vo € X.

3. Subdifferential of supremum function. In this section we establish some
fuzzy calculus rules for the Fréchet subdifferential of the supremum function. First we
start subsection 3.1 recalling some basic properties of this subdifferential. Posteriorly,
we use the aforementioned properties to get fuzzy calculus rules for the supremum
function of an arbitrary family of lower-semicontinuous functions.

3.1. Basic properties of the Fréchet subdifferential. This section is de-
voted to stipulating some simple properties of the Fréchet subdifferentials. First, let
us recall the following relation between the subdifferential and the normal cone to
the epigraph of the function; a point z* belongs to df(z) if and only if (z*,—1) €
N((w, f(x)), epi f).

Now we write the next result, which is useful to understand Fréchet normal vectors
to the epigraph of a function in terms of subgradients in the Fréchet subdifferential,
this result is well-known and we refer to [3, 20, 25,27, 31, 34] for the proof.

PROPOSITION 3.1. Let f : X — R be a proper Isc function and consider a point

(z*,0) € N(epi fy (z, f(x)). Hence for any € > 0 there are points y € X and (y*,\) €
N(epi f, (4, f(y) such that A € (~2,0), |y — ol < &, [f(y) — f(@)] < & and y* €
x* 4 eB*.
Next, we give some basic properties of the Fréchet subdifferentials. The first four
properties are classicall in the literature, the final one can be proved using [35, The-
orem 3.1] by rewriting a Fréchet subgradient satisfying an optimization problem as
in [28, Equation (3.8)]. Nevertheless, we provide a proof for completeness.
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PROPOSITION 3.2. The Fréchet subdifferential satisfies the following properties:
P(i) Consider an lsc function f : X — R and z* € 0f(Z). Then, for everye >0
there exists v > 0 such that the function

r— f(x) — (2%, 2 —Z) + |z — Z| + dpz,q)

attains its mintmum at T.
P(ii) (Calculus estimation) For every € > 0, any point x € X and every finite-
dimensional subspace L of X, we have

36]3(9:78)NL(I/) - LJ_, VJI/ S intB(I‘,é‘).

P(iii) (Enhanced Fuzzy Sum Rule) Consider an lsc function f, a convex Lipschitz
function g and a point x € X. If x is a local minimum of f+g with f(z) € R,
there are sequences (L, x*)nen such that x¥ € f(xy,), Tn ER Zo, T il xH
with —xf € 0g(x). B

P(iv) (Fuzzy Sum Rule) Consider a finite family of Isc functions f; : X — R with
Jj€J andx* € 03¢ fi)(x). Then, there are nets (za,j, 7}, ;)acn such that
fCZ,j € 3fj(xoc,j); Ta,j L x and ZjeJl fZ,j = x*'i

P(v) For every finite family of lsc functions f; : X — R with j € J we have that
forallxz € X

. . . B , A
@ e {Snontep: ®Emmlon o
g

Proof. Ttems P(i) and P(ii) follow from definition. Item P(iii) is the well-known
Enhanced Fuzzy Sum Rule (see, e.g., [7,20,25,42,43]). Item P(iv) is an equivalence of
the Enhanced Fuzzy Sum Rule (see, e.g., [21]). Finally, we must prove Item P(v); to
complete this task, it is enough to consider the pointwise maximum of two functions
g := max{fi, fo}. Let z* € dg(x), e € (0,1), V € No(w*), so by Item P(i) there exist
v € (0,¢) such that the function

y—g(y) — (@2 — ) + elly — @l + Oz, (¥)

attains its minimum at x. Hence, assuming that v > 0 is small enough, one can
suppose that

(5) fitu) > fi(z) — e, for all u € B(x,v), i =1,2.
Now consider the function
X xR*3 (w, a1, a2) = m(ar, az) +0epi f, (w, a1)+5epi fa (w, az) —p(w) +5FO]B(93,'y) (w),

where m(aq, as) := max{ag,as} and ¢(y) := (z*,2 — ) — €lly — || . This function
has a local minimum at the point (z, f1(z), f2(x)), so by Item P(iv) we can choose
(i) (a1, 2) € R with [f;(z) — o] < /2 and (g1, 42) € m(en,a2) = {(p1,ps) €
A{1,2}) : p; =0 if oy < m(ag, a2)}.
(i) (wi, B:) € Bz, f(x),1/2) and (w], ) € Dopi 5, (i, 5o
such that wi+wj € *+V 4V, |g1+ 1| < v/2 and |g2+ 2| < /2. Consequently, by
(5) and Item (ii) we have that (w;, f;(w;)) € B(z, fi(x), ) by classical argumentation
we have that (w}, \;) € Odepi 1, (w;, fi(w;)) and A; < 0 (see, e.g., [7,20,25,27]). Now, we
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check that (—A1, —X2) € A({1,2},z,¢), indeed [A\1 + Ao — 1] = M+ Ao —q1 +qo| < &
moreover if f;(x) < g(x) (for small enough €) we can assume (by Item (i)) that
a; < m(ag, az), so ¢; = 0 and consequently |A;| < e. Now, if A} # 0 for ¢ = 1,2, we
define ¥ := —\;'w’ € Of (w;); otherwise if there exists some \; = 0, then one can
approximate this element using Proposition 3.1. Therefore, we have proved that

oo o {Sononen: JELGLS }

e>0

Now assume that X is finite-dimensional. Consider z* = Zle Aixj for some
k > dim(X) + 1 with \; > 0, 2F € 8f;,(x;), x; € Bz, fi,,€) and X € A(J,z,¢).
Hence, {(z7,1)}¥; € X x R must be linearly dependent in X x R, and there are
numbers (041)1 1 € R not all equal to zero such that Zz oy =0and Y a; = 0.
Now consider

A
(6) B :=min{ ci€ITUTl },where IT :={i:a; >0} and I~ = {i:a; <0}

|cvi

Then,
1) If g = 2—0 for some iy € I, we notice that
io

k k
Z Ai — Bz} = Z()‘Z — Bag)xy,
= i

moreover|27 1 (N 50%)—1\—|Zl 1A —1] <eand for all t; ¢ To(x)

1) MHielt, 0< X —Pa; <\ <e.
1.1) Ifiel ,0< )\ —Ba; =\ +5|Oél| <2\ < 2 (recall (6))
2) If 8= 3" for some ig € I~, we notice that
io

k k
= (i + Bai)a; =D (A + Bai)w
i=1 z 1

Z

S

moreover |Zf:1()\i + Bay) — 1| = |Zf:1 Ai — 1| < e and for all t; ¢ T(x)

21) IfiGIf, OS)\1+[3041 <\ <e.

21) Ifie It 0< X\ + Ba; =\ + Blag| < 2\ < 2e (recall (6)).
Therefore,

e {Zktéft(xt) T € B(z, f,2¢), (M) € A(J , 2¢) 3

Py and #(\) <k —

Repeating the processes (if £k — 1 > dim(X) + 1) one gets that

PAlS {Z)\tg'ft(:rt) . T € B(z, fi,2Pe), (M) € A(J, x, 2P¢) )

e~ and #(A) < dim(X) +1

with p = #J — dim(X) — 1. O
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3.2. Fuzzy calculus rules for the subdifferential of the supremum func-
tion. In this section T will be an arbitrary index set and f; : X — R will be a family
of Isc functions. We recall that f is defined as the supremum function of the family
(3).

The next definition is an adaptation of the notion of the robust infimum or the
decoupled infimum used in subdifferential theory to get fuzzy calculus rules (see, e.g.,
[3,19,25,27,36,37]).

DEFINITION 3.3 (robust infimum). We will say that the family {f; : t € T} has
a robust infimum on B C X provided that

(7) inf f(z) = Sup Inf fi(2).

In addition, if there exists some T € B such that sup in]f:} fi(x) = f(T), then we will
teT =€

say that {f; : t € T} has a robust minimum on B C X. Finally, we say that the
family {f: : t € T} has a robust local minimum at T if {f; : t € T} has a robust
minimum on some neighborhood B of T.

The next lemma shows a sufficient condition for the existence of a robust minimum.
We recall that a function g : X — R, where (X, 7) is a topological space, is called
T-infcompact provided that for every oo € R the sublevel set {x € X : g(z) < a} is
T-compact.

LEMMA 3.4. [Sufficient condition for robust minimum] Let X be a Banach space
and B C X. Suppose that {f: : t € T} is an increasing family of T-lsc, B is T-closed
and there exists some to such that fi, is T-infcompact on B, with T some topology
coarser (weaker or smaller) than the norm topology. Then the family {f; : t € T} has
a robust minimum on B.

Proof. [37, Lemma 3.5] 0

It is worth mentioning that in the above result the interchange between minimax
in (7) is given without any convex-concave assumptions as in classical results (see,
e.g., [3,4,11,40,41,44]). This follows from the fact that in our result these assumptions
are replaced by the increasing property of the family of functions.

REMARK 3.5. it has not escaped our notice that the hypothesis of infcompactness
of some f; is mecessary, even if the supremum function f is infcompact. Indeed,
consider f,(x) = nx? — a*, then it is easy to see that f, < fuy1 and f = bfoy;

moreover infg f,, = —oco and infr f = 0.

The next results give us a necessary condition for the existence of robust minimum in
terms of an approximate Fermat’s rule. More precisely, we have the following results

PROPOSITION 3.6. Let {f; : t € T} be an increasing family of lsc functions. If
{ft : t € T} has a robust local minimum at T, then

(8) 0e()all {U{éft(x) cx € BT, fre), te Ts(w)}}.

e>0

Proof. Assume that {f; : ¢ € T} has a robust minimum at Z on B := B(Z,n).
Pick € € (0,1) and v € (0,min{n/2,e/2}), since Z is a robust minimum there exists
some ¢ € T such that iréfft > f(@) =2 > fi(Z) =% so | fo(Z) — f(T)| <~* and T is a

y2-minimum of f;+dp. Hence, by Ekeland’s Variational Principle (see, e.g., [3]) there
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exists z., € B(Z,v) such that | f;(z,)— f:(Z)| < +* and z, is a minimum of the function
fi(-)+0B(-) +7l - —z||, which implies that fi(-) +~| - —z| attains a local minimum
at . By Proposition 3.2 Item P(iii) there exist sequences (z,,2}) € X x X* such

that x € 3ft(xn), T, EiY Ty, T}, U z* with z* € 4B*. Then, take n € N such
that |fi(z,) — fi(z,)| < 7, l|&n — 24]| < v and 0 € 8fi(z,) + 29B*. Therefore,
Tn € B(Z, fi,€), |fe(Z) = fe(an)] <&, [f(Z) — fi(zn)| <€ and 0 € Ofi(wn) + €B*; to
that end 0 € J{0f(z) : = € B(z, f,(Z),¢), t € To(Z)} + eB*. 0

Now, we notice that, in particular, Lemma 3.4 shows that every minimum over a
closed bounded set in a finite-dimensional space is necessarily a robust local minimum.
This fact, together with the representation of Item P(i), helps us to understand the
subgradients in terms of the definition of a robust local minimum. Also in an infinite-
dimensional space, this compactness property can be forced using the w*-topology.
Consequently, we use Proposition 3.6 to give an upper-estimation of the subdifferential
of the supremum function of an increasing family of functions.

PROPOSITION 3.7. Let {f; : t € T} be an increasing family of lsc functions. Then
forallz € X

9) ek U{@ft z) xeB(:c,ft@),g),teTa(m)}.

e>0

Proof. Fix z* € f(z), V € No(w*), ¢ > 0 and L a finite-dimensional subspace
of X such that L+ C V, so by Item P(i) there exist a ball B := B(Z,n) such that the
function f := f — (z*,- — &) +¢|| - —Z|| + dznp attains its minimum at z.

Hence, consider the family of functions f, := f, — (z*,- — &) 4 €| - =Z| + dpnp. It
is easy to see that the family is increasing, f = supp ft and there exists some t € T
such that ft is infcompact. Whence, Lemma 3.4 shows that the family { ft :teT}
has a robust local minimum at z, and Proposition 3.6 implies

(10) 0e () { J{0fi(x) : 2 € B(z, fir,7), t € T,Y({th}teT,f)}}.

v>0

Now take v € (0, min{e/3,7/3}) small enough such that |¢p(w)—¢(Z)| < ¢/3 for all w €
B(z,v), so by (10) there exist t € T,({f; }ier,Z), © € B(Z, fi,v) and w* € dfy(x) =
A(f — ¢+ 0pnr)(x) such that w* € z* + V. This implies that = € B(z, f;, v +/3)
and t € T,y c/3({ fi}ter, T)-

Now applying Proposition 3.2 Items P(ii) and P(iv) to f; we get the existence of
points u € X and u* € X* such that u* € 9f;(u), u € B(z, f;,v) and u* € w* + L +
V =w* 4+ V. Therefore t € T.({ fi }1er,T), u € B(Z, fr,e) and z* e w*+V +V. 0O

Now we present a fuzzy calculus rule for a not necessarily increasing family of
functions; we bypass this assumption using the family of finite sets of the index set
T, which is always ordered by inclusion.

THEOREM 3.8. Let {f; : t € T} be an arbitrary family of lsc functions. Then for
every * € X

(11) of(z) C () a*

e>0

U ﬂ Clw*{z MOfe(xy) : X € A(F,2',~) and }
FeT.(z) v>0 teF #A < dim(X)+1
z'€B(Z, fr,e)

{ Tt €B(xl7ft77)7 }
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Proof. Consider the set T := Ps(T), ordered by F; < Fy if and only if F} C Fy,
and the family of functions {fr : F € T} (recall that fpr = max,cp fs), then it is
easy to see that the family {fr : F € T} is an increasing family of functions and
Suppeq fr = f. Let 2" € 8]”(53), thus by Proposition 3.7

zte () { ({0fr(a') : 2’ € B(Z, fr.2), F € Tg(x)}}.
e>0
Now, if w* € dfp(2’) for some z' € B(Z, fr,e) and F € T.(z), we get 2’ € B(Z,e)
and F € T.(Z), so using Proposition 3.2 Item P(v) we get

¥ w* 2 Cm € B, fi,7), A € A(F, 2/, 7)
w* € Q)cl {ZAtﬁft(xt). and £\ < dim(X) 4 1 ,
v>

then (11) holds. O

Here, it is important to compare the above result with [28, Theorem 3.1 part ii)].
In the mentioned result, only uniform Lipschitz continuous data was considered. Here,
we extend this fuzzy calculus to arbitrary Isc data functions. Since the comparison
between both results involves some technical estimations, we prefer to write this as a
corollary.

COROLLARY 3.9. Under the hypothesis of Theorem 3.8 assume that the data func-
tion fi is uniformly locally Lipschitz at T. Then, for each z* € 9f(z), V € No(w*)
and € > 0 there exist A € A(T.(Z)) and x; € B(Z,¢) for allt € T.(Z) such that

(12) ¥ e Z )\tgft(xt) +V
teT. (z)

_ Proof. Consider K as the constant of uniform Lipschitz continuity. Pick z* €
0f(z), and by Theorem 3.8 we have that

(13) zt € Z /\téft(xt) +V
teF

for some F € T.(Z), a point ' € B(Z, fr,e), points z; € B(z/, f,v) and X €
A(F,z’, ), we can assume that v-#F < e. First ||z, —Z| < |Jzi—2 ||+ |Z—2'|] < e+7.
Second F;(2') C T, (x+3)(T), this is because
fi(@) > fi(a) —eK > fr(2) —e(K +1) > fr(Z) — e(K +2)
> f(z) —e(K +3).

Then, let us define A : 7 — R by

~ ﬁ lft c F,Y(:E/),
)\t = teFy(z!)
0, otherwise.

It is easy to see that \ € A(T.(k+3)(7)). Furthermore, we claim that

(14) v* €Y Mdfi(we) +3KeB+ V.
teT
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Indeed, by (13) there are z} € df,(z;) and v* € V such that z* = 3 A} + v*,
then

Y Nap = Mzl =l >0 = Mzr+ Y A

teT teT teF, (a') F\F, (z)

> M-1K+Ke<
teF()

<3Ke.

> A - 1’1{ + 2¢ K
teF

Consequently, (14). Finally, taking ¢ small enough we have that (14) implies (13). O

4. Limiting subdifferential of pointwise supremum. This section is divided
into two subsections. The first one concerns the study of the notion of the limiting
subdifferential in finite-dimensional Banach spaces. This setting is obviously moti-
vated by the theory of semi-infinite programming; in this scenario we can obtain a
better estimation of the limiting sequences obtained in Theorem 3.8. This result is
given in Lemma 4.1; using this technical lemma, we focus on the particular case when
the set T is a subset of a compact metric space (see Theorem 4.2). The second one
corresponds to the infinite-dimensional setting; this subsection begins with a result
concerning a fuzzy intersection rule for the normal cone of an arbitrary intersection of
sets (see Theorem 4.5), which generalizes [30, Theorem 5.2]. Later the main result of
this subsection is given in Theorem 4.8, where we explore the definition of sequential
normal epi-compactness (see, e.g., [25]) and with this we extend [28, Theorem 3.2]
(see Theorem 4.9).

4.1. Finite-dimensional spaces. In this subsection 3‘, 0 and 0 mean the
Fréchet subdifferential, the limiting subdifferential and the singular limiting subdiffe-
rential, respectively.

LEMMA 4.1. Consider v, — 0 and * € 0f(x) and y* € 0% f(x). Then there are
sequences ny, — 0, {tix} = Fi, € Pe(T), {75} = F° € Pe(T) with #F < dim(X)+
L, #F* <dim(X)+1, 2, = 2, y, = &, Tix = &, Yir — &, Nix € A(Fk, ), k)s
A5G € A(FR°, yp,vk) such that:

Z) ¥ = limg_y o0 ZiGFk )\i,k: : m;]w y* = limg 00 Nk ZiGFk )‘;X;g : y;k}

iii) lim |ftk (Tik) — ftk(x;)’ =0 and lim ‘ftff’k (Yik) — ftf?k (yfc)’ =0 for all 1.

Moreover (by passing to a subsequence) one of the following conditions holds.
k—o

(A) There exists n1 € N with ny < dim(X) + 1 such that \j, — X; > 0,

k—co . k—> k—
xi — xp, im fy, (Tik) = f(z) fori <ni and N\ijp — 30, Nig - T i

x; forn; <i<mn,
ni

and x* _Z/\J) + wa

i>ng
ny
(B) There are vy, — 0 such that vy - A i, - Ti g koo xf and Y xf =0 with not all
i=1
x; equal to zero.
and (up to a subsequence) one of the following conditions holds.
k—oo

(A>) There exists no € N with ny < dim(X) + 1 such that A3 "— A > 0,

k k k
yie 3y im fies (yig) = f(2) fori < ny and A3, =¥, ANwYin i
forn2<z§n,

K2
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na n
and y* = > ACyi 4+ Y yr, or
=1 i>no
ni
(B>*) There are v, — 0 such that v - n - A7S, - Y7y, gy yr and Y yi =0 with not

i=1
all 7 equal to zero.

Proof. Define N := dim(X) + 1 and consider z* € 9 f(z) (y* € 9 f(z), resp.),
so (by definition) there exist x & and xj € 5‘f(xk) (yk EN x, mi and y; € éf(yk),
resp.) such that zj — 2* (mwy; — y*, resp.). Whence, by Theorem 3.8, there
exist 7}, € B(wg,vi) and Fy = {t; x}Y_, C T, with |fg, (z},) — f(2x)| < % along
with elements x¢, , € B(z}, fi, ., ) and z; = Zfil Atiw @y, With (|2 — 2l < v,
(Aki) € A(Fg, 2}, k) and w;k € 0fy, . (xix). Hence, z* = kILII;oZiEFk Xk - x;?‘,k,
kli_)n; fr.(z},) = f(z) and lim (ftin@in) = ft.(x})) = 0. Similarly, for the case
y* € 0 f(x), there exist yk 6 B(yk,'yk) and F° = {tlk p—1 © T, with [fre(2,) —
Flur)| < 7 along with clements yy, , € B(yg, fr, . v) and wj = S5, A meys,
with [wi —yills < e, (AZ) € AR, yg, we) and yyf, € Ofix, (Yik)-

Now, we focus on the case x* € 9 f(z); by passing to a subsequence, we have that
Aik — A with (A;) € A({1, ..., N}) and (relabeling it if necessary) we may assume
that \y #0 foralli =1,..,ny and \y =0 forall i =n; +1,...,N.

On the one hand if sup{||A;xz} |« : i = 1,..,N; k € N} < 400 (up to a
subsequence) we can assume that /\i,kxfk — Mz} foralli =1,...,n; and )\i,kﬂfka — xy
for all i = ny + 1,..., N, therefore z* Z Nzl + Z xf. Next, we claim that

>N
lim fy, , (wix) = f(x) for all i = 1,...,n;. Indeed define v := min{\;/2:i=1,...,n1},
then for all k (large enough) such that Y <y and A\p > 7y (recall t,; € A(Fy, xk, Tn))
we have that

ftlk(x;c) + 7 2 Inast(l‘;c) > fti,k(x;c)7
seFy,
so, taking the limits we obtain that

hm ft. k:('rk) > lim maxfs(xk) f(z) > lim ftik(x;i:)7
k—o00 sEF} k—oo ’
which implies the desired conclusion.
On the other hand, if sup{||\; xz} [« 1 i = 1,..., N; k € N} = 400 (by passing to

-1
a subsequence) 7y := ( max |)\2kxfk||*> — 0 and (w.lo.g.) mpAikx;, — zf for
mpox : :

ni
all i =1,..., N, which implies that > zF = 0 with not all «} equal to zero.
i=1

The case y* € 9 f(x) follows similar arguments, so we omit the proof. ]

Now we are going to apply the above result to a framework, where the functions
Jt's represent a control in a region. We assume that 7" is contained in a metric space
and T is compact. For this reason we introduce the following definitions.

A family of Isc functions {f; : t € T'} is said to be continuously subdifferentiable at
x with respect to 0 provided that for every sequence T'x X X [0, +00) 3 (tp, Tn, Ap) —
(t,z,\) € T x X x [0,400) and points w}, € df¢, (x,) with A,w] — w* one has

. - /\8f (x) if A >0,
w* € Ao dfy(x) ~—{ 3ooftt(x) if A =0,
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To our knowledge, the next definition was introduced in [32], where the authors stud-
ied generalized notions of differentiation for parameter-dependent set valued maps
and mappings. For a point € X and t € T\T we define the extended subdifferential
and the extended singular subdifferential at (t,x) as

oo e. e €Tty —t 3y > 3, ) € Of, (21)
0fi() '_{"T € X st fi,(xx) = f(z), and x} — 2* ’

. o « Mp €T, ty, —t, i — 0%, 23 — T, zzeéftk(xk)
O fil) {x €XT: s.t. limsup fy, (zx) < f(z), and nrzf — ’

respectively. Finally, we denote the extended active index set at x by T(z) = T(z) U
(T\T).

THEOREM 4.2. Consider a family of lsc functions {f; : t € T} where T is a subset
of a metric space and T is compact. Assume that the following conditions hold at a
point T

(a) For everyt € T, limsup fi(z) < fi(T).

(t,2)—(¢,x)

(b) The family is {f; : t € T} continuously subdifferentiable at T.

(c) The set co (U,er 0% f1(T)) does not contain lines.
Then

af cCo( U on@ )+co<U6°°ft(a:)>, and

teT(z) teT

0 (7) Ceo ( o~ ft(:v))-

teT

Proof. Consider z* € 0 f(z). Now, using the notation of Lemma 4.1 and by the
compactness of T we can assume that t5; — t; € T. Moreover, Item (c) contradicts
Lemma 4.1 Items (B) and (B*), Wthh means, Lemma 4.1 Ttems (A) and (A>°) must

hold. Hence we can write z* Z Axy + Z x;
1>n1

olfi <nyandt; €1t By assumption Item (a) and Lemma 4.1 Item (A)
necessarily f(Z) = fi,(%), i.e., t € T(Z). Also, Item (b) implies z} € 9 fi, (Z).
e If i <ny and t; € T\T: By Lemma 4.1 Item (A) we get that z € 9 f,(%).
e If i > ny and t; € T: By assumption Item (b) we get zf € 9 fi,(Z).
e Ifi >ny and t; € T\T: By Lemma 4.1 Item (A) implies that x} € 9 f, ().
This completes the first part. The case y* € 9°° f(Z) follows similar arguments so we
omit the proof. 0

It is important to mention that similar results have been shown in the literature; we
refer to [6,29,32] for some examples. In the above result we did not go for the greater
stage of generality, and we established the result only to show one possible application
of Lemma 4.1.

REMARK 4.3. It has not escaped our notice that the convex envelope appears in
Theorem 4.2 due to the fact that at the moment of taking the convergent subsequence
in the index ty ; — t; we cannot ensure, in a general framework, that there could exist
two limit points t; = t; for i # j. Nevertheless, the reader can force this condition
imposing some assumptions over the index set, the simplest example is when the index
set is finite.
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Now let us finish this subsection with an example which shows an application of
Theorem 4.2 for a countable number of functions.

ExaMpPLE 4.4. Consider T'=N and the sequence of functions

nx? + 2 log(ly| +1)— %  ifz >0,
fn(xay) - { n nfl (| |1 _)l " . 0
g log(lyl+1) — 5 if z <0.

Here, it is worth noting that all functions f, are locally Lipschitz continuous, but
they are not uniformly Lipschitz continuous, so the results of [28] cannot be applied.
Nevertheless, we can apply Theorem 4.2. Indeed, after some calculus, we get that

n n]
n—1"n-1"

9 fn(0,0) = {0} x [
9% fn(0,0) = {(0,0)}.
We compute the function

fla,y) = log(lyl +1) + 6(—co,0/(x) = { 1og(?_y(|jo+ 1) Zzi 2 8

Then, d £(0,0) = [0, +00) x [—1,1] and 8> f(0,0) = [0,+00) x {(0,0)}. In order to
apply Theorem 4.2 we notice that N is a subset of the compact space Noo := NU {oco}
with the metric d(a,b) = |+ —3|. Straightforwardly the assumptions Items (a) and (b)
of Theorem 4.2 are satisfied, furthermore, N(0,0) = 0.

Now, we calculate 0f(0,0) and 0% f5(0,0). First we notice that

n—l’nfl]'

Then 0f(0,0) = [0,+00) x [—1,1] and 0% f(0,0) = [0, +00) x {0}. In particular,
assumption Item (c) of Theorem 4.2 holds. Then, Theorem 4.2 gives us

Ofu(z,y) C [0, +00) x [-—r,

0£(0,0) = co (0f(0,0)) +co( | J 9°£(0,0)) = [0,+00) x [1,1],

nENs

0 £(0,0) =co (| J 9 £x(0,0)) = [0,+00) x {0},

nEN

which are exact estimations of the limiting and singular subdifferential of the function

f at (0,0).

4.2. Infinite-dimensional spaces. In this section we study the limiting sub-
differential of the supremum function in an arbitrary Asplund space X.

The first result of this Subsection generalizes the Fuzzy Intersection Rule for
Fréchet Normals to Countable Intersections of Cones established in [30, Theorem
5.2].

THEOREM 4.5. Let {A;}ier be an arbitrary family of closed subsets of X and

A= () A;. Then given T € X, 2* € N(A,Z), ¢ > 0 and V € Ny(w*) there are
teT
F e P:(T), w, € B(Z,¢) and wi € N(Ay,w;) such that

(15) e wa + V.
teF
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Consequently, if {A; }rer is a family of closed cones N (A, wy) € N(Ay,0) forallt € T
and

(16) N(A, &) C o™ { >y

teF

w; € N(A4,0) andteFGPf(T)}.

Proof. The first part corresponds to a straightforward application of Theorem 3.8.
Now if one considers a closed cone K C X and v € K one has that

N(K,u) C N(K,n ‘u), Vn € N.

Therefore N(At, u) C N (A4, 0) for every t € T and u € Ay, consequently (15) implies
(16). 0

REMARK 4.6. It important to notice that the results of [8] cannot be applied to
derive the above formulae, since imposing uniform Lipschitz continuity of an indicator
function of the set A at a point Z is equivalent to assume that the point T is an interior
point of A, which give us a trivial conclusion.

The next definition is the notion of sequential normal epi-compactness (SNEC)
of functions defined for the limiting subdifferential (see, e.g., [25, Definition 1.116 and
Corollary 2.39]).

DEFINITION 4.7. A real extended valued function f finite at x is said to be SNEC
at x if for any sequences (Mg, Tk, x}) € [0,+00) x X x X* satisfying A\, — 0, zp EN x,
zt € Of(xy) and Al = 0 one has || Mexl| — 0. A family of functions {fi}ier is

said to be SNEC' on a neighborhood of a point T if there exists a neighborhood U of T
such that for all x € U all but one of these are SNEC at x.

We say that the family of functions {f; : t € T'} satisfy the limiting condition on
a neighborhood of a point Z if there exists a neighborhood U of Z such that for all all
xeUand F € Pe(T)

(17) wy € 0% fy(x), t € F and Zw;‘ = 0 implies w; =0, for all t € F.
teF

It is worth mentioning that the SNEC property is immediately satisfied if the
space X is finite-dimensional. Moreover, the family of functions {f:}icr is SNEC
and satisfies the limiting condition on a neighborhood of a point Z, provided that the
functions are locally Lipschitz (not necessarily uniform) on a neighborhood U of Z.

The next theorem corresponds to the main result of this paper; in this result
we give an upper-estimation of the subdifferential of the supremum function only
using the above definitions, without the assumption of uniformly locally Lipschitz
continuity.

THEOREM 4.8. Consider a family of lsc functions {f; : t € T}. If the family
{ft : t € T} is SNEC and satisfy the limiting condition (17) on a neighborhood of T.
Then

(18) of(@) C (¥ (S(z,e)), and 8°f(z) C () d® (]0,€]- S(z,¢) ).
e (s0) e (1.9-56.0)
Where
F € P:(T),2' € B(z,¢),
)

(19)  S(@e)={> Modfi(a):  |fr() = f(z)] <& A€ A(F) :
teF and fi(2') = fr(a’) for allt’ € supp A
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and

| A0fi(x), ifA>0,
Ao dfi(w) = { 0= f,(z), ifA=0.

Proof. Consider € > 0 and V € Ny(w*). Pick z* € 9 f(Z) (y* € 0% f(Z), resp.).
Hence, there exist sequences z; 4 % and T} % 2 (v, — 0% and ViT; 5 y*, resp.)
with 7} € df(x;). Now, take jo € N such that z* € i+ V (2F € virl +V
and vj, < ¢, resp.) and z;, € B(Z, f,¢). Hence, by Theorem 3.8 there exist some
F € 7T(zj,) and ' € B(wjy, fr,€) such that 2} = w* + v* with

w e ﬂ CI”*{Z At 0 filae) rxy € B(2, fi,7), (M) € A(F,2,7)},

v>0 teT
and v* € V. One gets o’ € B(Z,2¢) and |fr(z') — f(Z)| < 3e. Now, we show that
(20) w* € §(z, 3¢)

For this purpose let us introduce the following notation; by the symbol S(X x X*)
we understand the family of set U x Y where U and Y are (norm-) separable closed
linear subspaces of X and X*, a set A C S(X x X*) is called a rich family if (i) for
every U x Y € S(X x X*), there exists V x Z € A such that U C V and Y C Z,
and (1) ey Un X U,en Yo € A, whenever the sequence (Up x Yy, )nen C A satisfies
Un, CUpt1 and Y, C Y41 (see, e.g., [9,10] and the references therein). We claim
that under our assumptions there exists a rich family A such that for all V' x Y and

any sequence y, €Y with y S v* and v* is zero on V', then v* is zero in the whole
X. Indeed, by [9, Theorem 13] there exists a rich family A C S(X x X*) such that
for every p :=V x Y € A there exists a projection P, : X* — X* satisfying that
P, (X*) =Y, P/Y0) = V* and P;(X**) = AR Hence, consider v} € Y

o —w (XX
such that v;; = v* and v* = 0on V,s0ov* =0on V . Moreover, because

vy € Y and P, is a projection onto Y one has P,(v}) = v}, then (v*,z — P,(x)) =
lim(vg, z — P;(7)) = lim(P,(v;),r — P;(z)) = lim(v};, P;(z) — P;(z)) = 0 for every
r € X, which implies (using that (v*, P;(z)) = 0) (v*,z) = 0.

Now, we choose a decreasing sequence of positive numbers 7, \, 07, consider
V1 x Y1 € A containing (2/,w*), let {e(1,)};en be a dense set in BN V; and define

W(l,p):={y" € X" :|(y",e(1,4))] <p, foralli=1,..,p}.

Whence for all p > 1 and t € F we can pick points 24(1,p) € B(2’, f;,7,), subgradients
z3(1,p) € dfi(x:(1,p)), A(1,p) € A(F,2’,~,) and v(1,p)* € W(1,p) such that w* =
Z At(Lp)x:(lap) + ’U*(Lp)-

Now assume that we have selected V,, x Y,, € A containing all V}, x Y}, for k < n,
families of points {e(n, ) };en dense in BNV, which contains all previous {e(k, ) }ien
for k < n, points z.(i,p) € B(x’, f,7p), subgradients z; (i, p) € 3ft(xt(i,p)), Ai,p) €
A(F,z',,) and v(i,p)* € W(i,p) such that

(21) w* = Z)\t(i,p)xf(i,p) +v*(i,p), for i <n and p > 1.

Then, take Vj,11 X Y,411 € A such that V,, x Y, C Vi1 X Yu1, 2:(i,p) € Vi,
25 (i,p) € Ypqq forallt € F, i < n, p € N, consider {e(n + 1,7)};en a dense set in
BNV,41, and define

Wn+1,p):={y e X" : |[(y",ek,0))| <p, forallk=1,..,n+1landi=1,..p}
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Then for all p > 1 and ¢ € F we can pick points z,(n+1, p) € B(z/, fi,7p), subgradients
l’?(n+1,p) € 3ft(xt(n+l7p))a A(n+1’p) € A(Fa x/avp) and U(Tl+1,p)* S W(n+1ap)
such that w* =3 M (n+1,p)z;(n+ 1,p) + v*(n+ 1,p).

Now we define | J,cy Vi X UpenYn =1 V xY € A, 24(n) := 2(n,n), zf(n) :=
xf(n,n), At(n) := Ae(n,n), v*(n) := v*(n,n). Then, by our construction x;(n) ENS
Since A(n) € A(F,z’',~,) we can assume that \(n) "= A, € [0,1] for every t € F,
and ), Ay = 1; moreover f;(2') = fr(2') for every ¢ € supp A.

Then, on the one hand if (there exist some subsequence such that) A¢(n)z;(n) is
bounded for all ¢t € F', in this case we can assume that

o If t € supp A, A\t(n)z;(n) converge to some A\ixf with ) € 9 fi(z').

o If t ¢ supp A, At(n)z;(n) converge to some zf € 9% f(z').

o v*(k) Yy ot
Furthermore, v* is zero on V. Indeed, the set {e(4, j)}; ; is dense in V, then for every
n > max{i,j} we have that |[(v*(n),e(i,7)| < v, (recall v*(n) € W(n,n)), so taking
the limits (v*,e(i,7)) = 0 for every 4,7, therefore v* is zero on V. Thus, by the
property of A necessarily v* is zero on the whole X, hence using (21) we have that
(20) holds.

On the other hand, if there exists some ¢ € F' such that ||[A:(n) - 2} (n)|l. — +oo,
we define 7, := (maxse p{[|A\e(n)z} (n) ||, [v* ()|« })~L. We have nyw* — 0 and (by

passing to a subsequence) 1, A¢(n)x; (n) N wy € 9% f(a'); and by a similar argument
as in the first case 7,v*(n) — 0, 50 >, p wi = 0. Moreover, by the limiting condition
(17) we have w; = 0. Finally, since all the functions but one of f;’s are SNEC at z’
we have n, A¢+(n)x} (n) converge in norm topology to zero, which is a contradiction.
Therefore z* € §(Z,3¢) + V +V (a* € [0,¢]S(Z,3¢) + V + V, resp.), and by the
arbitrariness of V' and € > 0 we conclude (18). |

The next result gives us a simplification of the main formulae in Theorem 4.8
under the additional assumption that the data is Lipschitz continuous. The case
when the data is uniformly Lipschitz continuous was proved in [28, Theorem 3.2].

THEOREM 4.9. Let {f: : t € T} be a family of locally Lipschitz functions on a
neighborhood of a point & € dom f. Then

(22) of(z) ()™ (S(x,a)), and 0 f(z) C ] o ([O,e] -S(m,e)),

e>0 e>0

where S(Z,e) was defined in (19). In addition, if the family is uniformly locally
Lipschitz at x, then

i F € P:(T:(2)),2' € B(x,¢),
(23)  Of@) C () {D NOfi(a): A e A(F) and
e>0 teF fi@") = fr(a’) for allt € F

Proof. Consider V' € Np(w*), ¢ > 0, a finite-dimensional subspace L > Z such
that L+ C V and z* € 9 f(z) (respectively, y* € 0 f(z) ), let P: X — L be a con-
tinuous linear projection and define W = (P*)~1(V). Hence, aj, € d [, (x) (respec-
tively, y, € 0™ f),(x)). Hence, we apply Theorem 4.8 and we conclude the existence
of some F € T.(z), ' € B(Z,e), A € A(F) such that xj, € t; At O(f1,)e(2") + W and
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(fi)e (@) = (f, e (2") for all t',t" € supp A, then

Prar) €Y NO(fe+0)(@)+V =D N0 file)) + L +V,

teF teF

where the last equality follows from the sum rule for Lipschitz functions (see [17,18,
25]). Therefore z* = P(z}) +z* — P(z}) € > A\ 0 fi(a') + V, which implies z* €
teF

S(z,e) + V. Similarly, for Y[, € 0% fi, (z) one concludes that y* € [0,¢] - S(z,¢) +V,
and from the arbitrariness of e > 0 and V € Ny(w*) we conclude the proof of (22).
Finally to prove (23) we notice that if the functions are uniformly locally Lipschitz
at T with constant K, then assuming that £ > 0 is small enough, we have that for
any t € T, x € B(Z,¢) and |fi(z) — f(Z)| < & we also have fi(Z) > f(Z) — (K + 1)e,
which means t € T(x11)-(7). d

The next example shows an application of the above results with a family which
is not uniformly locally Lipschitz. This example is important because, on the one
hand it provides an exact upper-estimation of the supremum function of a family of
functions which are not uniformly locally Lipschitz, and, on the other hand it gives
us a nonconvex upper-estimation.

EXAMPLE 4.10. Consider T = (0,1) and the family of functions f; : R* — R
given by
lyl+1
ot

Here, it is important to notice that all the functions are Lipschitz continuous, but not
uniformly Lipschitz continuous, so the results of [28] cannot be applied. Nevertheless,
we can apply Theorem 4.9. Indeed, first the supremum function is given by f(x,y) =
22 — |y| — 1. The limiting subdifferential of f at (Z,3) = (0,0) is 9 £(0,0) = {0} x
{=1,1} and the value of f at this point is f(0,0) = —1. Now, we compute the
limiting subdifferential of f at (T,y) using Theorem 4.9. Pick z* in the right-hand
side of (22), then there exist e, — 07, F,, € Pe(T), (Tn,Yn) € e.B, and \,, € A(F,)
such that | fi, (Tn,yn) — £(0,0)] < en, ft(Tn,yn) = fr, (Tn,yn) for all t € F,, and
e Zsan As O fs(Tn, yn) + enB*. Now the equation

ft(x7y) = t:CQ -

1 1
? lyn| + —er? lyn| +
s

n t n
implies t = s, and consequently F,, = {t,}.
Now,using the inequality |fi (Tn,yn) — £(0,0)] = |ft, (Tn,yn) + 1] < &, one gets
tn — 1. Therefore, z;, € {(2t,22, 1), (2t,22, — 1)} +€,B* with t,, — 1, z,, — 0 and
e — 0, consequently z* € {0} x {—1,1}.

In order to derive a more precise estimation of the subdifferential of the supremum
function in [28, Definition 3.4], the authors introduced the definition of equicontinuous
subdifferentiablitity. This notion involves some uniform continuity of the subdifferen-
tials of the data functions f;’s for points close to the active index set.

DEFINITION 4.11. Let f; : X — RU {oo} be a family of lsc functions indexed by
t € T. The family is called equicontinuously subdifferentiable at & € X if for any
weak” -neighborhood V' of the origin in X* there is some € > 0 such that

(24) O fi(z) COf(T)+V, for allt € T.(ZT) and all x € B(Z, ¢).
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Although this definition is precisely for the framework of [28], our formulae involves the
singular subdifferential of the nominal data for points close to the point of interest, due
to the possible lack of Lipschitz continuity of our data. For that reason we introduce
the following definition, which is satisfied trivially when the nominal data is Lipschitz
continuous in a neighborhood of the point of interest.

DEFINITION 4.12. Let f; : X — RU {oo} be a family of lsc functions indexed by
teT. The family is called singular equicontinuously subdifferentiable at T € X if for
any weak*-neighborhood V' of the origin in X™* there is some € > 0 such that

(25) 0% fi(x) CO® fil()+V, forallt € T and all v € B(Z,¢).

Finally, we say that the family of functions {f; : t € T} is total equicontinuously
subdifferentiable at T € X if {f; : t € T} is equicontinuously subdifferentiable and
singular equicontinuously subdifferentiable at =z € X .

Using the notion of total equicontinuously subdifferentiable we have the following
tighter formulae, which represents an extension of [28, Proposition 3.5].

THEOREM 4.13. In the setting of Theorem 4.8 assume that the family of functions
{fihier is total equicontinuously subdifferentiable at T and

(26) lim sup |fe(z) — fe(z)| = 0.
Then
_ w* . AeA(T) and
(27) af(z) C Erjo cl {; At 00 f1(Z) : supp A C T.(7) } and
0o pl w* . AeA(T) and
(28) 0™ f(Z) Qgrjo cl ([075]- {;)\toaj}(m) ' supp A C T.(7) })

Proof. Consider z* € 0 f(z), ¢ > 0 and V a weak*-neighborhood of the origin.
First, by (24) and (25) we can take 7; > 0 such that for all x € B(z,71)

(29) 0 fi(x) CO f(z)+V, for all t € T, (%) and
(30) 0% fi(z) CO° fe(z) + V for all t € T.

Second, by (26) we can take vy, > 0 such that

(31) |fe(x) — fe(T)] <11/2, Yt €T, Vo € B(Z,72).

Now, by Theorem 4.8 we have that for v = min{vy;/2,v2,£/2}
z* e S,y + V.

Whence, there exists F' € P¢(T), A € A(F) and 2’ € B(Z,) such that |frp(z') —
f(@)| <~ and fr(a’') = fi(a') for all ¢t € supp A and

(32) x* GZ)\tOGft(x')JrV.

teF

Hence, by (31) we have that for all ¢ € supp A

f@) < fr@@)+v=fi(@)+7 < f(@) +n/2+7 < fi(&) + 7,



SUBDIFFERENTIAL OF THE SUPREMUM FUNCTION 19

which means that ¢t € T, (Z) and consequently supp A C T, (Z). Now, by (29), (30),
and (32) we have

e N-Ofila)+ ) 0® fild)+V

A¢>0 A=0
CY Modfu(m)+ > O f(T)+VHV 4V
A >0 A=0

. A€ A(T) and
Q{ZAtoaft(z). Supp A C T (z) }+V+V+V.
teT

Finally, from the arbitrariness of € and V' we conclude (27). The proof of (28) is
similar, so we omit the proof. ]

5. The convex subdifferential. This section is devoted to giving formulae for
the convex subdifferential. Due to the closure of the graph of the convex subdifferential
under bounded nets with respect to the || - || X w*-topology in X x X*, we can obtain
a similar result to Theorem 4.8 by changing the SNEC assumption for a similar one
using nets instead of sequences. For this purpose, it is better to express the limiting
condition of Theorem 4.8 in terms of the normal cone of the domain of each function
ft, more precisely, we recall that for any lsc convex function h, the normal cone to
the domain of A at a point x is given by

Naomn(z) :={a* € X*: (2",y —x) <0, Yy € domh}.

Using this notation we establish the following result.

THEOREM 5.1. Let {f; : t € T} be a family of proper convex lsc functions satis-
fying the following assumptions: There exists a neighborhood U of T such that
a) For all x € U, all but one of the functions {f: : t € T} and every net
(A, 2y, 2%) € [0,400) x X x X* satisfying A, — 0, x, ER x, zh € 0 f(xy)
and A,z = 0 one has | M\,z%|. — 0.
b) For allz € U and all F € P¢(T)

w; € Ngom f,(z), t € F and wa = 0 implies w; =0, for allt € F.

teF
Then
(33) Of(x) C ()" Az,e).
e>0
Where

A(z,e) = U { co < U aft(x’)> + Z Ndom f, (x’)}
teF, teFy
and the union is over all F1, Fy € P¢(T) and «' € B(Z,¢) such that |fi(x') —
(@) < e and fi(z') = frum(2') for allt’ € Fy. Moreover, the equality
holds, whenever the function f is continuous at some point, or the space X
is finite-dimensional.
Proof. Since the proof of (33) relies on similar arguments as Theorem 4.8 (but
without the use of techniques of separable reduction) we prefer to omit the proof.
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Now, any point in the right-hand side of (33) is the limit of a net w*, which has
the form of w} = > A, (H)v, (8)* + D wi(t) with v, € 0 fi(xy), wi(t) € Naom 5, (x0),
> () =1 and A, (t) > 0, then one gets for every y € X

(w),y =) < f(y) = f(2) +[fi(a") = F(@)| + (w], 2 — T).

Therefore, we can conclude the equality in (33) whenever the lim(w},x, — &) = 0,
and this holds in particular when the function f is continuous at some point, or the
space X is finite-dimensional, because in these cases the net {w}} is bounded. |

The following results have the intention of establishing formulae without any quali-
fication. This is possible by reducing the analysis to subspaces with nice properties
for the family of functions. For that reason we denoted by F, the set of all finite-
dimensional affine subspaces containing x. This class of sets allows us to give formulae
in any (Hausdorff) locally convex topological vector space (lcs for short). It is useful
to recall some simple facts about lcs available in pioneer books such as [5,39]: The
topology on every les X is generated by a family of seminorms {p; : ¢ € Z}, which will
be always assumed to be up-directed, i.e., for every two points i1,i5 € Z there exists
i3 € T such that p;, () > max{p;, (x), pi,(z)} for all z € X. For a point Z in X, r >0
and a seminorm p we define B,(z,7) := {z € X : p(z — z) < 0}. In the (topological)
dual of X, denoted by X*, some examples of topologies are the w*-topology denoted
by w(X*, X) (w*, for short), which is the topology generated by the pointwise con-
vergence, and the strong topology denoted by B(X*, X) (B, for short), which is the
topology generated by the uniform convergence on bounded sets. For a set A C X*,
the symbol -seq-A denotes the set of points which are the limit, with respect to the
B-topology, of some sequence lying in A. Finally, for a function ¢ : X — R, Gog
denotes the convex lIsc envelope of g. For more details about the theory of convex
analysis in les we refer to [22,33,44].

Now, let us establish the first general formula without any qualification condition.

THEOREM 5.2. Let X be an lcs, let T be a family of seminorms which generate
the topology on X. Consider a family of proper convex lsc functions {f: : t € T}.
Then, for allT € X

(34) of(z)= ﬂ B-seq-cl A 1 ,(Z),
e>0,peT
LEF,

where

Acrp@) = { co ( U 3ft,L(fE/)> +) Ndomf,ﬂL(x/)}~

teF, teF,
Where fi 1 := fi + daff(dom fnr) and the union is over all ' € B,(z,e) N L and
Fi, Fy € Pe(T) such that fi(x') = frur,(2') for allt € Fy and |fi(2') — f(Z)] < e.

Proof. W.l.o.g. we may assume that £ = 0. Consider ¢ > 0, L € F,, and p a
seminorm on X, also we can assume that p is a norm on L, because A. 1 ,, (0) C
Ac.1,5(0), for any p; > p. Consider W := aff(dom f N L), let us show that

(35) I(f + 0w )(0) C B-seg-cl Az 1,,,(0).

Indeed, take z* € 9(f + ow)(0) and let P : X — (W, p) be a continuous linear
projection. Hence, 2] (the restriction of 2* to W) belongs to 9 f},, (0). The finite-
dimensionality of W gives us the continuity of f}, at some point (see [38]), so the
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family (f;),, satisfies the hypotheses of Theorem 5.1. Whence, there exists a sequence
wy — x‘*w where

wieco( U AW+ 3 N ()

teF , tEFs 1,

with Fy ,, s, € Pe(T), z,, € B,(0,6) NW such that |fi(z],) — f(Z)| < e and fi(z],) =
maxp,  Ur,, fi(z') forall t € Fy .

Now we define a7, := P*(wy;) + 2" — P*(a]y,), it follows that a7 € A 1,,(0).
Moreover, considering V := P~!(By), where By, is the unit ball in W, we get

ov(z" —y,) = sup(z” —yy,v) = sup(P"(wy) — P*(z]y), v)
veV veV

= sup (2, — Z[y, h) = 0.
heBw

Which concludes (35), then using that

0£(0)= [ f + datt(dom sn2))(0) € (1) B-seq-cl Az 1 ,(0),

LeFo e>0,peT
LeFy

we get the first inclusion in (34).

Now, pick z* € [ [-seq-clA. 1 ,(0) and y € dom f. Then, take a sequence

e>0,peT
LeFy

en — 0 and pick L € Fy which contains y and consider p € Z such that p is a norm on L
and p(x,) — 0 implies |[(z*, z)| — 0. Hence, there exist sequences Fy ,, Fa , € Pe(T),

zn € B,(0,e,) N L and w}, € X* such that w}, LA x*,

wy € co( U 3ft,L($n)) + Z Naom fnr(xn)

teF1n tEF> n

and |fi(zn) — f(0)| < en, fi(xn) = maxp, ur,,, fi(z,) for all t € I, which implies

(36) (wn,y —xn) < f(y) = fO) + en.

We claim that (w’,y — x,,) = (z*,y). Indeed, because p is a norm in L, z,, € L
and p(z,) — 0 necessarily x,, — 0 with respect to the topology on X. Hence, the set
B :={y — z,, : n € N} is bounded, so

(wrsy = @) — (2%, y)| = [(w, — 2",y —2n) — (27, 2)

<op(w) —x*)+ [{z*, )| = 0.

Finally, taking n — oo in (36) it yields (x*,y —x) < f(y) — £(0), which concludes the
proof due to the arbitrariness of y € dom f. ]

The final goal of this paper is to give an alternative proof of [8, Corollary 6],
which, as far as we know, appears to be the most general extension of [14, Theorem
4]. Before presenting this proof we need the following lemma. This result is interesting
by itself, since it allows us to understand the subdifferential of any function in terms
of the subdifferential of another function.
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LEMMA 5.3. Let X be an lcs, let h,g: X — R be two convex lsc proper functions
and let D C domh be a convex subset such that

h(z) = g(z) for all x € D.
Then for every x € X

(37) 8(h+5[))(.f): m {CO{SL(l‘)}"FNDmL(J?)},

LeFs

where Sp,(T) := limsup d(g + dag(pnr))(2’), the limsup is understood to be the set
of all x* € X*, which are the limit (in the S-topology) of some sequence x}, € d(g +
Satt(pnr) (Tn) with x,, € rip (D), x, 2 & and |(z¥, x, — T)| — 0. Here, ri (D) denotes
the interior of D N L with respect to aff(D N L).

Proof. W.l.o.g. we may assume that £ = 0. First we notice that

(38) A(h+dp)( n O(h+dpnL)(0) = ﬂ O(h + da(pnry)(0).

LeLy LeLo

Indeed, the first inequality is straightforward and the second follows from the fact that
O(h+6pnr)(0) = O(h + dci(pnry)(0) thanks to the accessibility lemma (see, e.g., [1]).
Now, fix L € Fy, define W = aff(L N D) and consider a continuous linear projection
P: X — W. We claim that

(39) O(h + 6¢1(pnry)(0) € co{SL(0)} + Naom fnpnr(0).

Indeed, take z* € 9(h+0c1(znp))(0), using the same finite-dimensional representation
as in the proof of Theorem 5.2, one gets the existence of a point y* € d(h+dpnr))y, (0)
and z* € W+ such that x* = P*(y*) + z*. Then, by the finite-dimensionality of W
riag(pnr)y is not empty and consequently (h + dei(Lnp)) |y has a point of continuity
(relative to its domain). Then, we apply [38, Theorem 25. 6] and we get the existence of
sequences up ; € ri(dom(h + dciznp)) |y )s Yns Un; € W, i > 0 with Zz Lo =1
and a point 6* € Ndom(h‘w)(O) such that y* = hmyn + 6%, yr = ZNlan i s
uy ; € O(h + dci(LnD))|w (Un,i) and up; — 0, where the number N = dim W + 1 is
fixed by virtue of Carathéodory’s Theorem.

Now, O(h + dei(LnD)) | (Un,i) = Oy, (un,i), because uy, ; € rig (D). Furthermore,
h(z") = g(«') for every a’ € rip,(D), which implies that uy ; € 9 gy, (uni)-

Moreover, the vectors ay, ;u;, ; must be bounded (to prove this fact, one can
argue by contradiction following the proof of Theorem 4.8, and then one shows that

Ndom(h+5c1DmL)\W( ) contains a line, which is not possible due to the continuity of

n—oo
(h + dc1pnL)|y ). Hence, we may assume that a, iUy, converges and oy, ; — Q.

More precisely, on the one hand for each index ¢ such that «; = 0, one has that
O, ity ; — U7 and v7 € Naom (0). Indeed, for every y € dom hy,,

(v, y — 0) = lim{a juy, ;, Y — Un,i) + lim{ay quy, ;5 Uni — 0)
< lim ag i (h(y) — h(tn,q) + lim{an juy, ;Ui —0) = 0.
On the other hand, we have that for every index ¢ such that o ;é 0, up, ; — v} and
|(uy, 4> un,i)| — 0, then using that u}, € 99, (uin) we get g(un ) — g( ). Therefore,

Z vl + Z vl + 0%,

{ila;#0} {ila; =0}
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with v} € limsup 0 f},, (up,i) and ¢* := 37 o7 +6" € Naom s, (0).
(il =0}
Now define w} := P*(v}), \* := 2"+ P*(¢*), w* := > ouw}, wy;=P*(u,),
{ileiz£0}
B

it follows that wy ; — wy, (w;, ;,unil — 0 and wy, ; € (g + dw)(Un,i), Un;i €
rig (dom h), (um) — g(0), \* € Niom nnr(0) and * = w* + A*, which concludes the
proof of (39). Then, using (38) and (39) we conclude the first inclusion in (37).

To prove the opposite inclusion, consider z* in the right-hand side of (37) and
y € D, and consider L as the subspace generated by y. Then, there are a; > 0
(with Y, o = 1), @}, ; € 9(g + dasi(DL)(Tn,i) and zy,; € rig (D) such that xy, ; 40,
T, LA vy (@), 5 Tni)| — 0 and 2% = Y, iyl + A* . Moreover, because z,, € rig(D)
and h =g in D, we get (g + dut(ri)) (@n) = O(h + du(pney) (@) Then,

(z*,y Zaly@ A5, y) <Zalhm T xnz>+hm< nis L)
< Z a; hm — h(zn,:)) = h(y) — h(0).

From the arbitrariness of y we conclude that z* € 9(h + dp)(0), which concludes the
proof of (37). d

THEOREM 5.4. Let X be an lcs and let {f; : t € T} be an arbitrary family of
functions and let D C dom¢o f be a convex set such that

co(f +dp)(z) =supco fi(x) for all z € D.
teT

Then for all z € X

(40) o(f+dp)@) = [ o (co

e>0
LeFs

U 9 () + NDmL(x))

teT. (z)

Proof. W.l.o.g we can assume that £ = 0. Because the inclusion D is direct, we
focus on the opposite one. To prove this inclusion, we can assume that 9(f+4dp)(0) #
(), in particular (f + dp)(z) = (f + dp)(x). First, we denote by h = ¢o(f + dp),
gy :=co f; and g = sup,c7 g, then we apply Lemma 5.3 and we get

ay o7+ 3)(0) €010 = [ {0 (5100} + Nons(0)}
LeFy
We claim that for every L € Fy, € > 0 and U € Ny(w*)
(42) ) C co( U e f1(0)) + Npnr(0) + U + U,
teT(0)

where S (0) was defined in Lemma 5.3. Indeed, consider z* € S1.(0), then by defini-
tion there exist sequences y,, € riag(pnr)(D) and y;; € d(g + dag(pnr))(Yn) such that
Yn = 2", [(yn, yn)| = 0 and |g(yn) — g(0)] — 0.

Now, the restriction of each y;; to W := aff(D N L) belongs to 0 gy, (y») and
Yn € riyy(domgy,, ). Since the function g, is locally bounded at y, we can find a
constant M, and a closed convex neighborhood V,, of zero (relative to W) such that

gt(x) < gt(yn) + M, — gt(yn)a Vo € Yn + V.
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Consequently, by [44, Corollary 2.2.12]

1
lg:(x) — g(a)] < 3M; npy, (v —y), Yz, 2’ € y, + 3V

where M, ,, := M, — ¢:(y) and py, is the Minkowski’s functional associated to V;,,
that is, py, (u) := inf{s > 0: u € sV, }. In particular, each function (g¢),,, is Lipschitz
continuous on %Vn, it allows us to apply Theorem 4.9 and by a diagonal argument
we yield that there exists a sequence of sets F,, € P¢(T), and there are sequences
of vectors x, € W , zf(n) € 9(g¢)),, (vn) together with scalars (A;(n)) € A(F},)
such that x, — 0, |gr, (n) — g(0)] — 0 and g:(x,) = gF, (z,) for all t € F,, and
T, = Yer, M(n)zi(n) — af . From the fact that the dimension of W is finite,
we can assume that #F,, < dim(W) + 1. Hence, necessarily the points z}(n) are
uniformly bounded in W', otherwise Naom f, (0) contains a line, which is not possible

due t0 Tiaf(rndom g)(dom gy, ) # @ (it can be seen using similar arguments as those

given in the proof of Theorem 5.2). Then, we can assume that there exists F' €

Pe(T), x € W, xf € O(gt)),, () and (N\s) € A(F) such that maxscp [(zf, z)| < €/5,
lg:(z) — g(0)] < ¢e/5, gi(x) = fr(x) for all t € F and

o, €3 i +(P)THU),
teF
where P is a continuous projection from X to W. Then,
(43) vt e w3t = P(yl,) + U,
teF
here w; := P*(z}) and w; € 0(g¢ + 0w )(x). Furthermore, for all t € F
ft(0)+2¢/5 > g1(0) +2¢/5 > g:(0) + |[{zy, z)| + /5
> gi(x) +¢/5 > g(0) = £(0),
Now by Hirriat-Hurruty-Phelps’ formula [15, Theorem 2.1]
(gt + dw)(x) C Oey5 gi() + W+,
which implies the existence of some point w; € .5 g¢(x) such that
(45) wi € w + W4 U.
Now, let us show that @y € 0. f+(0). Indeed, consider z € X, then
(Wi, 2) = (W4, 2 — x) + [(wi, 2)| < gi(2) — ge(x) +€/5+¢/5
< 91(2) — 9¢(0) + g:(0) — ge(z) +2¢/5 < gi(2) — g:(0) + g(0) — gs(x) +2¢/5
< g1(2) — 9:(0) +3¢/5 < filx) — fe(0) + f2(0) — ¢(0) + 3¢/5
< fi(z) = f1(0) & (by (44)).

Now, according to (43)—(45) we get (42) and from the arbitrariness of ¢ > 0 and U
we conclude that

(46) &M+%“@me« U o-filx) +mmm)

e>0 teT, (x)

(44)

Finally, using (41) and (46) we conclude the desired inclusion in (40). O

REMARK 5.5. It is worth mentioning that Theorem 5.4 represents a slight exten-
sion of [8, Corollary 6], because in this result the authors have assumed that the data
functions f;’s are convex and proper.
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6. Conclusions. In this paper, we have provided general formulae for the supre-
mum function of an arbitrary family of lsc functions.

In Section 3, we provided general fuzzy calculus rules in terms of the Fréchet
subdifferential. Our approach follows from establishing these fuzzy calculus rules for
an increasing family of functions (see Proposition 3.7), where the key tool is the
introduction of the notation of robust infimum. Later, in Theorem 3.8, we used the
power set ordered by inclusion to get general fuzzy calculus rules of an arbitrary family
of functions, without any qualification condition, as far as we know this approach is
novel.

In Section 4 we established the main results of the paper, where we replaced the
Lipschitz continuous assumption of the data by some limiting condition in terms of the
singular subdifferentials (see Item (c¢) and (17)). It has not escape our notice that these
kind of conditions are becoming more popular in providing subdifferential calculus
rules (see, e.g., [2,3,16-18,25,26,36]). This section was divided into Subsection 4.1 and
Subsection 4.2, which focused attention on finite-dimensional and infinite-dimensional
settings respectively. In both subsections we gave formulae for the subdifferential
of the supremum function under different conditions. Here, It is worth comparing
Theorem 4.2 and Theorem 4.8. The main difference between these two results is
that the first one is a convex upper-estimate, and the second one corresponds to a
non-convex upper-estimate (as we showed in Example 4.10). This difference can be
explained, because Theorem 4.2 uses a limiting condition only at the point of interest
(see, Ttem (c)), but Theorem 4.8 uses the information of the subdifferential at a
neighborhood of the point of interest (see (17)).

Finally, in Section 5 we shown that our approach can be used to get new formu-
lae for the convex subdifferential, with and without qualification conditions, of the
supremum function (see Theorem 5.1 and Theorem 5.2), and also, it allows us to re-
cover [8, Corollary 6] using Theorem 4.8 (see Theorem 5.4), which in particular shows
a unifying approach to the study of the subdifferential of the supremum function.
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