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1. Introduction

In order to establish in a unified way several old and new characterizations of
diverse Lipschitz-like properties, we defined in [11] the concepts of K directionally
Lipschitzian sets and functions. A closed set C' of a Banach space is known to
be compactly epi-Lipschitzian at a point z € C' if there exist two reals » > 0 and
v > 0 and a compact set () in the Banach space such that

CNB(z,r)+tB(0,y) C C—tQ forallt€]0,r],

where B(Z,r) denotes the open ball centered at z with radius r. When @ is a
singleton set {v}, the set C' is said to epi-Lipschitzian at Z (in the direction v).
Given any nonempty bounded set K of the Banach space, noticing that C' — tK
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fails to be closed in general, the above inclusion led us in [11] to declare that the
closed set C' is K directionally Lipschitzian at z € C provided that there exist
two reals » > 0 and y > 0 such that

CNB(z,r)+tB(0,7) Ccl(C—tK) forallt€]0,r|.

The use of the closure of C' — tK is crucial and this has been highlighted in
[11]. This closure operation will also be clear through the development in the
diverse sections. Using epigraphs of lower semicontinuous functions, one defines
the K directionally Lipschitzian property for such functions in terms of suitable
behavior of differential quotient. This can also be achieved in a direct way as done
in Definition 2.6.

In our paper [11] we proved several characterizations of K directionally Lipschit-
zian functions and sets. Our characterizations in [11] for functions are in terms of
the Hadamard lower directional derivatives and for sets they are in terms of the
Bouligand tangent cones. Our approach in [11] is mainly based on a multidirec-
tional mean value inequality with Hadamard lower directional derivatives.

The present paper is a continuation of [11] in the sense that we provide here other
characterizations of K directionally Lipschitzian functions and sets, but in terms
of subdifferentials and normal cones. The main subdifferentials and normal cones
which work in general Banach spaces for our analysis are the approximate and
geometric subdifferentials and normal cones introduced and developed by loffe in
a series of seminal works [13, 14, 15].

The paper is organized as follows. Section 2 recalls the concepts of Clarke subdiffe-
rential and loffe approximate subdifferential as well as other basic subdifferentials.
In the same section the concepts of K directionally Lipschitzian functions and sets
are given and we define certain constants related to these concepts. Diverse ex-
amples are furnished as illustrations. In Section 3 we utilize an abstract notion
of normal cone to establish a general condition for the K directional Lipschitzian
property of sets. When K is compact in the Banach space, we show that the
condition, with either the Ioffe approximate normal cone or the loffe geometric
normal, is a complete characterization of K directionally Lipschitzian sets. In
Asplund spaces, the same characterization is obtained with Fréchet and Mor-
dukhovich limiting normal cones. Conditions/characterizations with Fréchet and
limiting subdifferentials in Asplund spaces are also derived for the K directional
Lipschizian property for lower semicontinuous functions. Similar characterizations
with the loffe approximate subdifferential in general Banach spaces are established
in Section 4 for lower semicontinuous functions.

2. Preliminaries

Throughout all the paper, unless otherwise stated, (X, || -||) will be a real Banach
space, X* its topological dual, and (-, -) the duality pairing. For z € X and r > 0,
we denote by B(z,r) the open ball of X centered at x with radius r. In a similar
way, By (resp. Bx) will denote the open (resp. closed) unit ball centered at zero.
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In this work we will deal with various notions of subdifferentials. Let us start with
the Clarke subdifferential. One of the best ways to introduce this concept (see [6])
is to consider first the case of a locally Lipschitz continuous function f: X — R
and define its Clarke subdifferential at T € X as

Ocf(z) :={z* € X* : (2", v) <d’°f(z;v) forall ve X}, (1)
where d°f(7;v) is the Clarke directional derivative given by

d'f (@) = limsup ™! [f (2 + tv) = f()]. (2)

Through (1), the Clarke normal cone to a subset S of X at € S is the weak star
closed cone generated by the Clarke subdifferential of the distance function to .S
at z, that is,

Nc(S; Zi‘) =cl w* (R_,_acds(f)) s
where cl ,« stands for the weak star closure in X*. For an extended real-valued

function f: X — R U {+o0}, its Clarke subdifferential at = € dom f := {x €
X : f(x) < 4+o0}, can then be defined in a geometric manner as

z" € Ocf(z) & (2%, —1) € Ne(epi f3 7, f(Z)). (3)
Here, epi f denotes the epigraph of f, i.e.,
epif:={(z,r) e X xR : f(z) <r},
and we write Ne(epi f;7, £(Z)) in place of Ne(epi f; (7, £(7))). Any 2* € 9o f ()

is called a Clarke subgradient of f at .

We mention (see [26]) that we also have the equality
NC(S, Zf) = 80\113(22‘), (4)

where Vg is the indicator function of the set S C X defined for all = in the space
X by

0 if xres
Ys(o) _{ +oo it 2 ¢S

Fix now an extended real-valued function f: X — R U {4+00}. Analogously to
(1), the Hadamard subdifferential of f at & € dom f is given (see, e.g., [14, 30])
by

Ouf(z) ={z" € X* : (2%,v) <dyf(z;v) forall ve X}, (5)

where the Hadamard lower directional derivative dy; f(Z;v) at T € X in a direction
v € X is defined by

dg f(Z;v) := lim inf tf(z + ') — f(2)] (6)
t—0t



240 R. Correa, P. Gajardo, L. Thibault / On ...

Similar to equality (4), with the indicator function Wg, one defines the Hadamard
normal cone to S at T € S, as

NH(S, f) = 8H\If5(f)

The Hadamard subdifferential allows one to define the loffe approzimate subdiffe-
rential ([14]) of f at Z € dom f, first considered in finite dimensions in [13] with
notation d, f(Z) and extended in [13] to Banach spaces with notation 0 f(z). For
convenience, we keep notation d,f(Z) in the Banach space setting. The approxi-
mate subdifferential 0, f(z) is then defined by

Ouf () := ﬂ Lim sup Oy for (), (7)
where f,1r = f + ¥,1r. The notation x —; £ means x — z, with respect to the
norm topology in X, together with f(z) — f(Z), and the topological limit superior
(or outer limit) Lim sup,_, sz 1s taken with respect to the weak-star topology in

X*. The intersection in (7) is taken over F, the collection of all finite-dimensional
vector subspaces of X.

With the Toffe approximate subdifferential, it is naturally associated, for any set
S and x € S, the cone 0,V s(z) called the loffe approzimate normal cone of S at
x denoted by N,(S; ), that is,

No(S;x) = 0,¥g(x).

Viceversa, this cone reproduces the Ioffe approximate subdifferential of a function
f at € dom f, through the equality (see [14])

Oof(z) = {2 € X7 : (2%, —1) € Na(epi f; 7, f(2))}.

Remark 2.1. Using the distance function dg instead of the indicator function
Vg, leads to consider the cone R;0,dg(x) for x € S. This cone (as well its
closure) is generally different (in the context of infinite dimensional spaces) from
Ny (S;x). It does not depend on the norm in the sense that for any other equivalent
norm and the associated distance function dg, one has (see [15, 30]) R;0,dg(z) =
R+8CLCZ,5'<I). 0]

Because of the geometric nature of the cone R,0,ds(x), through the distance
function dg, loffe in [15] (see also [19, 21]) called it the geometric normal cone of
S at . We will denote it as Ng(S;x), that is,

Ng(S;x) := Ry 0,ds (). (8)

Reverse to the way of the above approximate concepts and like (3), we associate
to the function f its loffe geometric subdifferential Og f(z) at = € dom f by

r" € 0 f (1) & (27, 1) € Ne(epi f; 7, f(7)). (9)

If the function f is locally Lipschitz continuous at Z, it is known (see [15]) that
0.f(Z) = O f(Z). Applying this to (8), we see that one also has

Ng(S;ﬁ) = R+8Gd5($). (10)
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For all above subdifferentials we take the convention that they are empty at points
outside dom f. Comparisons between these subdifferentials are given by the in-
clusions

dcf(x) COuf(x) and  Ogf(Z) C Iof(Z).

No such inclusion holds, in infinite dimensions, between 0, f(z) and d¢ f(z), for
general functions f.

Several results in the paper will require other important notions of subdifferential.
It is then convenient to work with an abstract general concept of subdifferential,
allowing us to state many results in a general unified framework.

Definition 2.2. Following [12, 15, 18, 28, 31, 30] we call subdifferential on X any
operator 0 which associates with any function f: X — R U {400} (resp. with
any function in a class of functions containing the convex ones and stable for the
operations involved in the properties below) and with any = € X a subset Jf(x)
of X* which satisfies the following properties:

(P1) Of(xz)=0if z ¢ dom f;
(P2) 0f(x) = dg(x) whenever f and g coincide on a neighborhood of z;
(

P3) 0f(x) isequal to the subdifferential in the sense of convex analysis whenever
f is convex and continuous;

(P4) If f is lower semicontinuous near z, ¢ is convex continuous, and x is a local
minimum point of f + g, then for any € > 0 there exists u, v € B(z,¢)
with |f(z) — f(u)| < € such that

0 € df(u) + dg(v) + eBx~;

(P5) For any a € R and for g: X xR — RU{+o0} given by g(x,r) := f(z)+ar
one has the inclusion

dg(x,r) C Of(z) x {a}.

Remark 2.3. Taking Property (P4) into account, a subdifferential as in the
above definition can be seen as a subdifferential in the strong sense. When the
following weaker property (P4’) holds in place of (P4), we will say that 0 is a
subdifferential in the weak sense (see [12, 28, 31]):

(P4’) If f is lower semicontinuous near x, g is convex continuous, and z is a local
minimum point of f 4 g, then one has

0 € (**Lim sup df(y)) + dg(x),
Y=z
where **4Lim sup denotes here the weak-star sequential limit superior, that
is, z* € *Lim sup,_, , Jf(y) if and only if there are a sequence (x,,)nen
in X with (z,, f(z,)) — (z, f(x)) and a sequence (x}),en in X* with
z} € 0f (x,) and x} — x* with respect to the weak star topology.

We point out that for any lower semicontinuous function f with dom f # (), and
any such subdifferential 0 in the weak sense, Zagrodny’s mean value theorem
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[28, 30, 34] assures us that the set Dom df := {z € X : 9f(x) # 0} is graphically
dense in dom f in the sense that for any = € dom f there exists a sequence (x,, )nen
in X with z,, € Dom df such that (x,, f(z,)) — (z, f(z)) as n — 0. O

In a Banach space the loffe geometric subdifferential dg, the loffe approximate
subdifferential 0,, and the Clarke subdifferential d- are subdifferentials in the
strong sense fulfilling all properties of Definition 2.2 (see the properties of such
subdifferentials in [8, 14, 15, 30]). In Banach spaces with Gateaux differentiable
(outside of zero) equivalent renorm, the Hadamard subdifferential is a subdifferen-
tial in the weak sense (i.e., satisfying (P4’) instead of (P4) in Definition 2.2: see
Theorem 1 in [18]'). Other important examples of subdifferentials, in the context
of Asplund spaces (see [25, 30]), are the Fréchet subdifferential O f(z) defined by

Orf(Z) := {x* € X* : liminf flz) = f(z) = (2" 2 — 7)

a3 [ — 2|

> 0}, (11)

and the Mordukhovich limiting subdifferential Oy f(Z) given by

Opf(Z) :=*Lim sup O f (z).
T T
Recall that a Banach space is an Asplund space when the topological dual of any
separable vector subspace is itself separable.

The prozimal subdifferential Op f(Z) of f at & € dom f is defined (see [8, 27, 30])
as the set of all x* € X* such that for some r > 0 the inequality

f@) = f(@)+ 2"z —7) — vz — 2

holds for all # in a neighborhood of z. In Hilbert spaces, the proximal subdiffe-
rential is also a subdifferential in the sense of Definition 2.2. It is known that,
for a lower semicontinuous function f on a Hilbert space, the Mordukhovich lim-
iting subdifferential of f can also be described with the proximal subdifferential
through the equality (see [16, 30])

O f(Z) =*“Lim sup Op f ().

T 5T

The Fréchet, Mordukhovich limiting, and proximal normal cones of a set of X,
denoted by Ng, Ny, and Np respectively, are defined through the corresponding
subdifferentials of the indicator function of S, that is,

NF(S; {Z‘) = 8F\I/S([f), NL<S; Zf‘) = @L\I’S(f), NP(S; i‘) = 8p\115(5f)

Finally, the viscosity S-subdifferentials (see, e.g., [5, 18] for the definitions) are also
subdifferentials (in the strong sense of Definition 2.2) in certain Banach spaces,
for example, when there exists an equivalent g-differentiable norm.

In addition to the above concepts of subdifferentials, the notion of limit of infima
over enlargements of a set will be crucial in the development of the paper (as it

"We thank A. Ioffe for providing the reference to us.
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was the case in our previous paper [11]). For an extended real-valued function ¢
on X and a nonempty set S C X, the limit of infima of ¢ over enlargements of .S,
denoted by linf (as in [11]), is given by

linf = inf =1 inf . 12
inf¢(v) i=sup inf o(v)= lim = inf o) (12)

The second equality being due to the nonincreasing property of § — éingB o(v).
veS+oBx

In a similar way we define Isup ¢(v).
ves

Some simple and important properties of linf are provided in the following lemma.

Lemma 2.4. Let ¢, 0: X — RU {400} be two functions, SCX a nonempty set.
(a) The following inequalities hold:

linf 9(v) +linf p(0) < 1inf(6(v) + (v)) < linf H(v) +sup ().

veS veS veES
(b) For any constantr € R and t > 0 : linsf(tgb(v) +7r)= tlinbf o(v) +r.
ve ve

(c) If the set S is compact and ¢ is lower semicontinuous, then

WEow) = Jl o)
Proof. Assertion (a) is a direct consequence of the second equality in (12) and
(b) follows directly from (a). Finally, (c) is proved in [11] (but it was previously
stated in [1]). O

Our main variational tool in the next section is Theorem 2.5 below. Six years
after Zagrodny’s fundamental mean value theorem [34], Clarke and Ledyaev in [7]
provided a deep multidirectional mean value inequality.

For a lower semicontinuous function f: X — RU{+o0}, two fixed points a,b € X
with a € dom f, and a real number p < f(b), Zagrodny’s theorem concerns the
estimation of p — f(a) in terms of subgradients of f at points near the segment
[a,b]. Considering a closed convex set C' in place of the point b, Clarke and
Ledyaev proved for p < linf,c¢ f(z), in the context of Hilbert spaces, a similar
estimation in terms of proximal subgradients at points close to the convex hull of

{a} UC.

The extension of this result, to various classes of subdifferentials in general Banach
spaces, is due to Aussel, Corvellec and Lassonde [1]. Independently, in the context
of Banach spaces with §— differentiable renorm, the multidirectional mean value
inequality has been also extended by Zhu in [35].

Given a point a € X and a convex set C' of X, it will be convenient to denote the
convez hull of {a} U C by

la,C] := co({a} U C).

This set is usually called the drop formed by the point a and the convex set C'.
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Theorem 2.5. Let C' C X be a nonempty closed convex set, f: X — RU{+o00}
be a lower semicontinuous function, and a € dom f. Assume that for the drop

D =la,Cl:=={Xa+(1—=XNc: Xxe€0,1], ce C},

there exists some s > 0 such that the function f is bounded from below over
the enlargement D + sBx of D. Then, for every real number p < linf,cc f(2)
and for any subdifferential O (see Definition 2.2), there exist sequences (Tp)nen N
Domdf :={x € X : df(x) # 0} and x}, € Of(x,) such that dp(x,) — 0 and

(7, c—a)>p—fla)—(1/n)||lc—al| -=1/n Yecel, VneN.  (13)

n’

Proof. The proof follows the arguments of [1]. O

We introduce now the main extended Lipschitzian concept, for extended real-
valued functions and sets, with which we will be concerned in this paper.

Definition 2.6. (see Definition 3.1 in [11]) Let K be a nonempty set of X. We
say that a lower semicontinuous function f: X — R U {400} is K directionally
Lipschitzian at € dom f if

B (f;T) ;= limsup linlgt_l[f(:v +tv +tb) — f(z)] < +oo, (14)
T— T S
t—>0+,fb—>0

or equivalently, if there exist § € R, v > 0, and r > 0 such that
li€n[£t_1[f(:)s+tv+tb) —f(x)]<pB Vitel0,r], VbeyBx, VaeB(z,r), (15)

where By(z,r) :={z € B(z,r) : |f(z)— f(z)| <r}.
Observe that the value Sk(f;Z) is equal to the infimum of 5 € R for which there
exists v > 0 and r > 0 such that (15) is fulfilled. This quantity will be called the

K directionally Lipschitzian index of f at Z. When Sk (f; ) is less than 400, for
every 8 > Bk (f;x), we define the set

dr >0 such that
FK(f; x; ﬁ) =<v>0 sup linf t_l[f(l’ +tv + tb) — f($)] < ﬁ

z€Bf(Z,r) vek
te]0,r[,beyBx

(16)
Notice that the set I'x(f;z; 3) is nonempty whenever 5 > Sx(f;z). The supre-
mum of this set, will be denoted by vk (f;Z; 8), that is,

k(f;7; ) == supTk(f;7;8) for B> Br(f;7), (17)
and, for § = Bk(f;x) we put

;7;8) = inf 75 67).
vk (f; 23 B) ﬁ,>é§(m)’m(f ; (')
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Clearly, we note that the expression whose linf is taken in (15) is well-defined
because f(x) is finite for x € By(z,r).

It is also worth pointing out that f is K directionally Lipschitzian at z if and only
if it is pK directionally Lipschitzian for any real p > 0.

Definition 2.6 could be considered for any extended real-valued function, not ne-
cessary lower semicontinous, if we replace (14) by

lim sup linf t [ f(z + tv + tb) — a] < +o0.
(@:0)—vepi s (2.4 (7)) VR
t—0T,b—0

This modification would allow us to recover Rockafellar’s definition in [26] of di-
rectionally Lipschitzian functions which are not necessarily lower semicontinuous.
For the sake of simplicity, we restrict our work to lower semicontinuous functions.

Example 2.7. As we pointed out in [11], one can verify that the notion of K di-
rectionally Lipschitzian behavior recovers some well-known concepts in variational
analysis.

. A lower semicontinuous function is locally Lipschitzian at a point T of its
effective domain if and only if it is K directionally Lipschitzian at z, with
K ={0}.

. A lower semicontinuous function is directionally Lipschitzian at a point Z of

its effective domain (see [26]) if and only if it is K directionally Lipschitzian
at z, with K = {0}, for some v € X.

. A lower semicontinuous function is compactly epi-Lipschitzian at a point of
its effective domain (see [3, 24]) if and only if it is K directionally Lipschit-
zian at that point for some compact set K C X.

Recall (see [3, 24, 26]) that a lower semicontinuous function f: X — RU{+o0} is
directionally Lipschitzian (resp. compactly epi-Lipschitzian) at € dom f if and
only if there exists a vector v (resp. a compact set K) of X, a real number 3, and
positive numbers r and ~ such that

tf(z +to +tb) — f(z)] < B (resp. 32;(75_1[]“(96 +tv+1tb) — f(z)] < B) (18)

for all x € By(z,r), b € yBx, and t €]0,7[.

Finally, observe that every lower semicontinuous function is By (the closed unit
ball) directionally Lipschitzian at any point of its effective domain, and hence
every lower semicontinuous function on X is compactly epi-Lipschitzian at any
point of its effective domain whenever X is a finite-dimensional space. Therefore,
the compactly epi-Lipschitzian property of any lower semicontinuous function f
on X characterizes the fact that X is finite dimensional since, taking as f the
indicator function of the singleton {0}, the second inequality of (18) entails that
for the positive numbers r, 7 and the compact set K in (18) one has yBxy C K,
and hence the compact set K is a neighborhood of the origin. ([l

The idea for introducing the values Sk (f;z) and v (f;z, B) for B > Bk (f; ), is
that, if the function f is Lipschitzian around z (i.e., K = {0}), then the mentioned
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quantities are related to the exact Lipschitzian constant of f at & defined by

lip(f;z) := limsup —]f(zv) — f(y)|
wy |z —yll

The precise relationship is established in the following proposition.

Proposition 2.8. Let f: X — R U {400} be a Lipschitzian function around
z € dom f. Then, with K = {0}, one has the equality

. _ . B
lip(f;z) = limsup ———.
a\Bx (f52) VE (325 8)
Proof. Let us define K = {0}. First, observe that Sx(f;z) = 0. Indeed, if L >0
is a Lipschitz constant in a neighborhood of Z, one has

Br(f;z) = limsup ¢t '[f(z +tb) — f(z)] < limsup L|b|| = 0.
T T b—0
t—0T,6—0

On the other hand, the converse inequality S (f;Z) > 0 follows by taking b = 0
in the first upper limit. Now, take L and L’ satisfying

L>L > limsupM

et =yl

Then, there exists € > 0 such that

=:lip(f; 7).

[f(@) = f)l < Lz =yl Va, yeB(Te)
Thus, for each o > 0, there exists r > 0 (e.g., 7 = (¢/3) min{1, 1/a}) such that

sup  t Hf(x+th) — f(x)] < L'a < La.
z€By(Z,r)
te)0,r[,beaBx

From (16) and (17), we deduce that o < vg(f;7; La) for all a > 0, and hence,
for all 5 > 0 we obtain (taking o = /L)

<k (f;7; ),

Sl

which implies lim sup g <L V¥V L>lip(f;z),

s\ (f:x) VE (37, B)

and thus lim sup < lip(f; 7).

B (fi2) Ve (f3 %, B)

To prove the converse inequality, choose sequences (,)neny and (Yn)nen in X
converging to ¥ with x,, # y, for all n € N and such that

n
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where t, := ||z, — y,|| and b, := (yn — xn)/||®n — yu||. Take any 8 > Br(f; )
and any v € I'g(f;7; ). The definition of Sx(f;z) and I'x(f;z; ) along with
the equality K = {0} furnish (see (16)) some real r > 0 such that

EV f (a4 th) — f(2)] < B

for all t €]0,7[, all b € yBx and all x € B(z,r). Putting s, := t, /v for every
n € N, it ensues that

lip(f;z) = lim 2 [f (20 + tabn) = f(zn)]
= 7 lim s, (2, + su(vba)) = flaa)] < B/

This being true for every v € U'x(f;Z;3), we see that lip(f;z) < B/vx(f;Z; ).
Taking the limit as 8\, Bk (f; ) yields the desired inequality

VPN 3
lip(f;7) < limsup ———.
sN\Bx (i) V([ 2, B)

The proof is then complete. [

In a natural way, through indicator functions, we can introduce the K directio-
nally Lipschitzian property for sets.

Definition 2.9. (See Definition 4.1 in [11]) We say that a closed set S C X is K
directionally Lipschitzian at x € S if its indicator function Vg is K directionally
Lipschitzian at z. This means that there exist » > 0 and v > 0 such that for all
t € ]0,7[ one has

SN B(#,7) +tyBx C (S — t(K +0Bx)) = cl (S — tK). (19)

6>0

For the function Wg, we can observe that the value yx(¥g;Z;3) is constant
for all B > Bk(Vg;Z). Therefore, we will use the notation v (S;Z) instead of
v (Vs; T; B) with § = Bx(Vs;Z) in the context of sets. Moreover, one can di-
rectly check that vk (S; &) corresponds in fact to

dr >0 such that
(20)

S 7) = 0
Vi (S5 T) SUP{7> ‘SﬂB(Ejr)—'—t’}/BXCCI(S—tK) Vitelo,r|

Remark 2.10. It is worth pointing out the fact that when K is compact, the
set cl (S — tK) in (19) is equal to S — tK. This allows us to see that the K
directionally Lipschitzian notion recovers two well-known concepts in variational
analysis. Recall that a closed set S is epi-Lipschitzian in the sense of [26] (resp.
compactly epi-Lipschitzian in the sense of [3]) at Z € S when there exist a vector
v € X (resp. a compact set K of X) and real numbers r, v > 0 such that

SN B(z,r)+]0,7[B(v,v) C S
(resp. SN B(Z,r)+tyBx C S —tK forallte ]0,7[).

Therefore, we have the following equivalences:
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. A closed set is epi-Lipschitzian at one of its points if and only if it is {v}
directionally Lipschitzian at that point for some v € X

. A closed set is compactly epi-Lipschitzian at one of its points if and only if it
is K directionally Lipschitzian at that point for some compact set K C X.

Finally, we observe that every closed set is a By directionally Lipschitzian set,
where we recall that By is the closed unit ball in X. Therefore, if X is a finite-
dimensional space, every closed set of X is compactly epi-Lipschitzian. In fact,
arguing like in Example 2.7 for lower semicontinuous functions, we see that the
latter property characterizes the finite-dimensional vector spaces in the sense that
a Banach space is finite-dimensional if and only if everyone of its closed sets is
compactly epi-Lipschitzian. Indeed, X is finite dimensional whenever {0}, and a
fortiori every singleton, is a compactly epi-Lipschitzian set. [l

3. Various subdifferential characterizations

This section is devoted to characterizations of K directionally Lipschitzian func-
tions in terms of subdifferentials. For a bounded set K of X, in what follows we
will denote | K| := sup,cx ||u-

Proposition 3.1. Let f: X — R U {+o0} be a lower semicontinuous function
which is continuous with respect to its domain with the induced topology. Let
z € dom f and O be a subdifferential (see Definition 2.2). If for a closed bounded
set K C X there existr >0, v > 0 and $ € R such that

inf (2%, 0) oo’ S B VaeBy@r), Vol €of), (1)

then f is K' directionally Lipschitzian at T, where K' := ¢ K. In fact (see
Definition 2.6), one has > Br/(f; ) andy < infggyr/ (f;z;58) (more precisely
v €Tk (f;2:8) for all B> ).

Proof. Let K’ =¢o K and v € 0,400 be such that f is bounded from below
on B(z,v) (from the lower semicontinuity of f). For any positive 7, the relative
continuity of f on its domain allows us to choose some &(r) € ]0,7] such that

B(z,&(r)) ndom f C By(z,r). (22)

Without loss of generality we assume r < /2. Take a positive r’ such that

)
0<r < 23
TS Sy + K] (23)
(here | K] = sup [[ul] = sup [Jull) and
ueK ueK’
B(a,r') + 7' Bx + [0, K' € B(a,£(r)/2). (24)

Fix z € By(z,7") C dom f, t € ]0,7’[, and b € yBx. Define C := z + tb + tK’
and D := [2,C] .= {Az+ (1 — Ay : y € C'}. From (24) we see on one hand that

D c B(z,&(r)/2) C B(z,v/2). (25)
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On the other hand, for §, := 7" — |Jx — Z|| > 0 we have from (23)
C+0,Bx C B(z,&(r)) C B(z,v),

. s> > .
and hence lzlélcﬁf(z) > ZGCT6£BX f(z) > zelerg,ﬁ)ﬂZ) > —00

The last inequality is due to the boundedness from below of f on B(Z, 7). Since
linf,co f(2) > —o0, we can fix any real number p < lianY f(2). Taking into account
zE

the boundedness from below of f over D + (7/2)Bx (because of (25)) and that
x € dom f, from Theorem 2.5 we know that there exist a sequence (z,)nen in
Dom df, and z € 0f(x,) (x,, x; depending on p) with dp(z,) — 0 such that

(x th+tv) > p— f(x) —t||lv+b]|/n—1/n
for all v € K’ and n € N. This yields, for all v € K’ and all integers n
(@h,b+0) 2t p = f(@)] = [lv+bll/n = 1/tn,
and hence (xX b+v) >t p— f(2)] — pu/n —1/tn, (26)
where p:= v+ |K'| = v+ |K]| is finite due to the boundedness of K.

Since dp(x,) < £(r)/2 for n large enough, we have by (22) and the first inclusion
in (25),

z, € B(z,£(r)) N Domdf C B(z,&(r)) Ndom f C By(z,r),

and hence taking the supremum over v € yBy in the inequality (26) using the
assumption (21) we obtain

B>t"p— f@)] = p/n—1/tn.

Passing to the limit as n — +o00, we see that 8 > t~![p — f(z)]. This being true
for all real numbers p < lin(g f(2), we obtain
zZE€

>+ — .
5>t {gengﬂz) f(x)}
Observe now that by Lemma 2.4 (part (b)), one has

t1 {linff(z) - f(w)} =linft ' [f(2) — f(x)] = linf ¢t [f(z + b+ tv) — f(2)].

zeC zeC veK'’
Then, for all x € By(z,7"), t € ]0,r'[, and b € yBx we get
B > linf tH[f(z +th + tv) — f(2)]. (27)
veK'

On one hand, for every f’ > f one has v € I'k/(f;Z;3'), and in consequence
v <infg-svi (f;Z; 8') (see (16) and (17)). On the other hand, taking the limit
superior as * —; z, t — 07, and b — 0, in (27), we obtain Bx/(f;z) < S (see
(14)), and then f is K’ directionally Lipschitzian at the point Z. O
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Remark 3.2. If f is the indicator function of a closed set of X, we can take
£(r) = r in (22) and hence with 7’ := r/2(1 + v + | K]), the inequality (27) holds
for all z € By(z,7"), t € |0,r'[, and b € yBx. O

Remark 3.3. We can observe that the above proposition still holds if we consider
any operator 0’ containing a subdifferential 9. In fact, it is easy to check that the
mean value inequality (13) is also satisfied for &’. As example of an important
subdifferential operator which is not a subdifferential in the sense of Definition
2.2, we mention the Hadamard subdifferential 0y. Nevertheless, it contains the
Fréchet subdifferential which, in Asplund spaces, fulfills properties (P1)—-(P5) of
Definition 2.2. O

Our next step is to apply Proposition 3.1, to the indicator function of a closed
set S, in order to obtain sufficient conditions for the K directional Lipschitzian
property of the set S.

For this purpose, the formula N(S;z) = 0Wg(x), for z € S, will be used for all
normal cones (and the respective subdifferentials) involved in Corollary 3.5 below.
These formulas, recalled in Section 2, appear in the literature for all normal cones
mentioned in that section. Concerning the loffe geometric normal cone Ng, for
completeness in the following lemma we provide a proof.

Lemma 3.4. For a nonempty set S C X and x € S, one has
80\115(3:) = Ng(S; x)

Proof. Recall, by definition, that Ng(S;2) = Ri0,ds(x). Considering in the
product space X x R the norm ||(y,s)||1 := ||yl + |s|, one has dgxr, (y,s) =
ds(y)+((s), where R := [0, +00] and ((s) := max{0, —s}. From [14, Proposition
4.4], we then have that

Oaldsxr, (U, §) = Oudg(u) X 0,((s). (28)
Since ((-) is convex, we have  9,((0) = [—1,0]. (29)

From (9), the loffe geometric subdifferential of the indicator function, at z € S,
is given by

aG\Ijs(.CE) = {.CE* e X* . ($*, —1) S Ng(epi \Ifs;iﬁ,())}. (30)
Further Ng(epiWg;2,0) = No(S x Ry;2,0) = Ryd.dsxr, (2,0).
Then, according to (28) and (30), we have
Oc¥s(z)={2" € X* : (2", —1) € R (0.ds(z) x [-1,0])}. (31)

This expression implies directly gV s(x) C Ng(S;x).

In order to prove the reverse inclusion, fix a non null z* € Ng(S;z). Then, by
definition of Ng, there exist A\« > 0 and u* € 0,ds(x) such that z* = \«u*. Now,
consider the equivalent norm ||| - || := Az«|| - || (depending on z*) and denote by
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dg the distance function to the set S, associated to the norm ||| - [|. In view of the
obvious equality dg(-) = A\z=ds(+), we have

8(1(23(1‘) = )\x*(?adg(x),
and hence z* € Gacfg(x). If in the product space X x R we consider the norm

1y )l == Myl =+ Isl;

and if for a set T C X x R we denote by dr the distance function corresponding
to || - ||1, we have as above,

dsxz, (y,5) = ds(y) + ((s),

which gives
(2%, —1) € Quds(2) x [~1,0] = Qads(2) X 0ul(0) = Dudsur, (2,0).

On the other hand, the cone generated by 9,dsxr, (,0) is the same if we consider
any equivalent norm (see Remark 2.1), we have

R+aadeR+ (z,0) = R+aaCZSx1R+ (z,0).

Thus, we obtain
(", —1) € RyO,dsxr, (,0) = Ry (Oudg(x) x [—1,0]),

the last equality being due to (28) and (29). Therefore, from (31) we deduce that
z* € 0g¥s(x), which ensures that Ng(S;x) C 0cVgs(x). O

We can now establish sufficient conditions, for the K directional Lipschitzian
behavior of sets, in terms of any normal cone considered in Section 2.

Corollary 3.5. Let S be a nonempty closed set of X and T € S. Assume that
for somer >0, v >0, and for a bounded set K C X the inequality

: * * <
inf (%, v) +7[27] <0

holds for all x € SN B(z,r) and x* € N(S;x). In each of the following cases, the
set S is co K directionally Lipschitzian at T € S:

. the normal cone N is either N¢, or N,, or Ng;
. X is an Asplund space and N is either Ng, or Np, or Np;
. X is a Hilbert space and N is Np.

Moreover, one has that v < v/ (S;Z) where K' =0 K.

Proof. The indicator function W of the set S is obviously continuous with respect
to its domain with the induced topology and the mentioned normal cones are
the corresponding subdifferentials of Wg (see Lemma 3.4 for Ng). So, we may
apply Proposition 3.1, because in each case, the considered subdifferential satisfies
properties of Definition 2.2 or it contains a subdifferential in the sense of that
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definition. This result gives v < infg~o v/ (Vs; Z; 5'), but as it was pointed out
in Definition 2.9, one has (see (20))
(S 7) = inf v (Ve 7 B
TK (5733) ﬁl/n>0’yK< va75)7

which proves the desired result. [

In order to study the converse implication in Corollary 3.5, let us consider now the
following result, in Proposition 3.6 below, established by Jourani and Thibault in
[23]. For completeness, we provide a simple proof.

First, we know by (7) that for a subset S of X and x € S we have
Ouds(x) = ﬂ Lim sup 0y (dg)ysr(u). (32)

Ler "%

For the proof of Proposition 3.6 below, we need a formula along the line of (32),
with v —g x, that is, v — z with uw € S. Such a formula was provided in [15,
Proposition 2.4] as

Bads(z) = () Lim sup 95 (ds)usr(w), (33)
LeF U

where for a function f: X - RU {400} and = € dom f
O f(z) ={z" € X* : (z"v) <dgf(x;v) +¢|v|| Vv € X}
is the Hadamard e-subdifferential of f at x.

Proposition 3.6. ([23]) Let S be a closed nonempty subset of X which is K
directionally Lipschitzian at & € S for some compact set K C X and let a positive

v < vx(S;x). Then, there exists some real number r > 0 such that for all
r e SNB(z,r) and x* € Ng(S;x) one has

: * * < .
inf (27, v) +7]l27[| <0

Proof. Consider a real number r > 0 such that for all ¢ € |0, r[ the inclusion
SNB(z,2r)+tyBx C S —tK (34)

holds. Let z € SN B(z,r) and z* € J,ds(x). Fix any real § > 0 and choose
some finite subset K5 C K such that K C K5 + §Byx. Take any u € SN B(z,7)
and b € yByx. Take also a sequence of positive numbers ¢, — 07 with ¢, < r.
By (34) there exists for each integer n some v,, € K (depending on v and b) with
u+ t,(b+v,) € S. Choose some v0 € Ks such that ||v, — vS|| < §. Taking a
subsequence if necessary, we may suppose that (v°),en converges to some v° € Kj.
Put L, := span[{b} U K;] (the vector space generated by {b} U Kj) and for any
e > 0, consider any u* € 0%(ds)y+r,(u). On one hand, we have

(u*, b+ v°) di(ds)(u; b+ v°) + ]|b + ||

<
- (35)
< dy(ds)(u;b+0v°) + &,
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where ¢ = v + max ly|[. On the other hand, choosing b € Bx such that v, =
v + 8%, we have
o [ds(u + (b + 073)) — ds(u)] <
<t [ds(u+ ta(b+ vy + 6by)) — ds(u)] + £ |00 = d][b5 ]| < 9,
and hence dy(ds)(u; b +v°) < 4.

Using (35) we obtain (u*, b+ %) <6+ eC. (36)

By (33) we know that z* € Lim sup 0% (ds)u+r,(w). Therefore there exist nets
Sou—x
e—0t

uje — = with u;. € SN B(x,r) and uj_ 3 2* with ui, € 95 (ds)u; 11, (uje), the

nets being indexed by both j and ¢, where S denotes the weak-star convergence
in X*. Since x € B(Z,r), we may suppose that u;. € SN B(z,r). By (36) there
exists some v9_ € K; such that (u}_,b+v.) < d+e(. Since K is a finite set, we
easily obtain some w € Kj for which (z*,b+ w) < §, and hence

* : * <
(x ,b)—i—;él[f{(x ,0) < 0.

Taking the supremum over b€y By and making § — 01 we get for any z* € 0,dg(x)
* : * <
7l + inf (2%, v) <0,

and this inequality still obviously holds for all z* € R, dds(z) = Ng(S;z). The
proof is then complete. [

In [11] several conditions for the compactly epi-Lipschitzian property of sets have
been provided in terms of certain tangent cones. Obviously, those conditions can
be translated with any normal cone which enjoys the property to be the polar of
such a tangent cone. It is, for example, the case of the Clarke tangent cone. How-
ever, all the normal cones considered in Section 2, except the Clarke one, cannot
be seen as polars of tangent cones and more generally, some of them are not even
convex. One of the interests in such normal cones, is that very often we can provide
necessary and sufficient conditions (for the compactly epi-Lipschitzian property,
or more generally for the K directionally Lipschitzian behavior) in terms of these
cones. Indeed, from Corollary 3.5 and Propostion 3.6, we obtain characterizations
as it is established in Theorem 3.7 and Corollary 3.8 below.

As the definition of the K directionally Lipschitzian property highlights the set K,
the novelty of Theorem 3.7 is to involve the same set K in the characterizations
that the theorem provides.

Theorem 3.7. For a closed subset S of X, x € S, and a nonempty compact
convex set K C X, the following are equivalent:

(a) S is K directionally Lipschitzian at T € S;
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(b)  For somer >0 and v > 0 the inequality
: * * <
inf (") +1]la*]| <0 (37)

holds for all x € SN B(z,r) and z* € Ng(S;x);
(¢)  The same as in (b) but with N,(S;x) in place of Ng(S;x).

If X is an Asplund space (resp. a Hilbert space), then anyone of the above properties
(a), (b), (c) is equivalent to:

(d)  The same as in (b) but using in place of Ng(S;x), one of the normal cones
Ny (S;x), Np(S;x), or N(S;x) (resp. the normal cone Np(S;x)).

In fact, the equivalences between (b), (c), and (d) hold with the same constants r
and v > 0.

Moreover, considering any of the above normal cones one has v < vk (S;x) for
all v > 0 such that (37) holds. Conversely, if S is K directionally Lipschitzian at
T then, for every v < v (S;) we can find r > 0 such that (37) is fulfilled.

Proof. The first implication (a) = (b) follows from Proposition 3.6. If one has
property (b), by Corollary 3.5 the set S is K directionally Lipshitzian at = € 5,
that is, (b) = (a). So, the equivalence (a) < (b) holds.

Corollary 3.5 also ensures that (c) entails (a), and the converse implication (a)
= (c) follows from the equality N,(S;-) = Ng(S;-), established by Jourani in
[22], whenever S is compactly epi-Lipschitzian (which is the case because K is
compact), and from the above equivalence (a) < (b).

The implication (a) = (d) is a consequence of the above implication (a) = (c),
since anyone of the normal cones involved in (d) is contained in N,(S;-). Further,
the converse implication (d) = (a) follows from Corollary 3.5, implying (a) < (d).

According to Corollary 3.5, considering any of the normal cones (in (b), (c¢) and
(d)) one has v < vk (5; ) for all v > 0 such that (37) holds. Conversely, if S is K
directionally Lipschitzian at Z, by Proposition 3.6 we have that for every positive
v < vk (S;Z) we can find r > 0 such that (37) is fulfilled with Ng and then, with
all other normal cones (by the equivalence between (b) with (c¢) and (d)). O

The following corollary, concerning the characterization of compactly epi-Lipschit-
zian property, is a direct consequence of Theorem 3.7. The implication (a) = (b)
(as we already pointed out) has been first proved by Jourani and Thibault in [23]
(see also Proposition 3.6). The reverse implication (b) = (a) has been established
by Ioffe in [17].

Corollary 3.8.For a closed subset S of X and x €S, the following are equivalent.
(a)  The set S is compactly epi-Lipschitzian at T € S;

(b)  For somer >0,y >0, and for some compact subset K C X the inequality

: * * <
inf (o, 0) + 7o <0 (39)

holds for all x € SN B(z,r) and z* € Ng(S;x);
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(¢c)  The same as in (b) but with N,(S;x) in place of Ng(S;x).

If X is an Asplund space (resp. a Hilbert space), then anyone of the above properties

(a), (b), (c) is equivalent to:

(d)  The same as in (b) but using in place of Ng(S;x), one of the normal cones
Ny (S;z), Np(S;z), or NL(S;z) (resp. the normal cone Np(S;x)).

Characterizations in the line of Corollary 3.8 or, more generally, in the line of
Theorem 3.7, cannot be obtained with the Clarke normal cone. Indeed, Example
4.1 in [2] shows an example of a compactly epi-Lipschitzian set S that does not
satisfy the inequality (38) with Na(S;-).

In order to derive characterizations for the K Lipschitzian property of lower semi-
continuous functions, we need to link this behavior of a lower semicontinuous
function with the same property for the indicator function of its epigraph. This
link, provided in the lemma below, is in the line of Lemma 3.5 in [11], but here
we emphasize the estimation of constants § and ~ involved in the definition of
K directionally Lipschitzian property. The interest of both constants has been
pointed out in Proposition 2.8.

Lemma 3.9. Let f: X — RU {400} be a lower semicontinuous function and
K be a subset of X.
(a) If for some € R and v > 0 there exist r > 0 and n > 0 such that
linf ey r((x,8) + (0, V) + t(v, =0 39
L T ((08) + 40H) +1(0, 5) (39)

holds for all (x,s)€ B((z, f(2)),r)N epif, t€]0,r[, (b,0") €y (Bxx] —mn,nl),
then f is K directionally Lipschitzian at T, with

%gfﬂf@+¢b+m0—f@ﬂ<ﬁ

for all x € By(z,r), t €0,7] and b € Bx. Moreover, 5 > [k(f:Z) and
v <k (f;7:5).

(b) If f is K directionally Lipschitzian at € dom f, then for any real numbers
B > Br(f;2) and v €]0,vk(f;T; B)] there exist r > 0 and n > 0 such that
(39) holds.

Proof. The proofs of (a) and (b) are very similar, so we will only present that
of (a). If for some 5 € R and v > 0 there exist 7 > 0 and n > 0 such that (39)
holds, then for all § € ]0,vn/2[, (x,s) € B((z, f(z)),r) N epif, t € |0,r[, and
(b,b0') € v (Bxx] —n,n]), there exists vs € K + dBx and 5 < B+ < B+ yn/2
such that

\Ilepif((x, S) —|—t<b, b/) +t(1)5,ﬁ5)) =0. (40)

The above equality implies (taking x € B¢(Z,r), s = f(x), and b’ = —yn/2) that
N [ttt tos) = f@)] < By — L < B,

and hence linf ¢! [f(z +th+tv) — f(x)] < B

veEK
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for all z € B¢(z,r), t € ]0,7], b € 7By, which means that f is K directionally
Lipschitzian at z, together with 8 > Sk (f; %) and v < vk (f; Z; B). ]

In the same line than Lemma 3.9, the following two lemmas link the K directiona-
lly Lipschitzian property of a function f to the same property (with an appropriate
set) of its epigraph epi f.

Lemma 3.10. Let f: X — RU {400} be a lower semicontinuous function and
K be a subset of X. If f is K directionally Lipschitzian at Z, then for any

B> Br(f;7) and for any 0 <7 < yk(f;T;8) the setepif is K x [B -7, + 7]
directionally Lipschitzian at (Z, f(Z)) and 7 < Yrx[g—58+5(epi f;Z, f(Z)) (see
definition in (20)).

Proof. Take > i (f;z) and 0 < 7 < yx(f;Z; 8). Then, by lower semicontinu-
ity of f and by Definition of Sx(f;Z) (see Definition 2.9) there exists r > 0 such
that f(z) —r < f(z) for all x € B(z,r) and such that

})ienlg t 1 f(x+tv+tb) — f(x)] < B (41)

for all t € ]0,7[, b € ¥Bx, and x € By(Z,r). Take t € ]0,r[ and consider any
(z,8) € (epi f)NBxxr((Z, f(Z)),r)+ty(Bx x [—1, 1]). We observe that (Z, §) can
be written as & = x+tb and § = s+tya where b € By, a € [-1,1] and f(z) < s
along with (z,s) € Bxxr((Z, f(Z)),r), implying © € By(Z,r). Therefore, from
(41) one obtains that for every ¢ > 0 there exists vs € K + 0 Bx such that

f(@+tvs) < fz) +t6 < s+t6.

The latter inequality means that (Z, ) can be written as & = 2’ — tvs and § =
s —t(B — ya), with (2, s") € epi f. Therefore, keeping in mind that a € [—1, 1],
we see that

(Z,8) €epif —t((K+0Bx) X [B—7—0,0+7+9]) Véo>0,

which implies the inclusion

(epi f) N Bxxr((Z, f(7)),7) +17(Bx x [-1,1])

C [)(epif —t((K+6Bx)x [8—7—6,8+7+0]).

5>0
This allows us to conclude, according to Definition 2.9, that epi f is K X [ —7, B+
7] directionally Lipschitzian at (z, f(Z)) and ¥ < yrx[s—5,8+5 (epi [ 7, f(Z)). O
The next lemma shows a certain reverse conclusion of Lemma 3.10.

Lemma 3.11. Let f: X — RU {400} be a lower semicontinuous function and
K be a subset of X. If for some 5 € R and 7y > 0 the setepi f is K x [ —7, 8+7]
directionally Lipschitzian at (T, f(Z)) with 7 < Yk x[s—5,8+5 (€Pi f; T, f(Z)), then f
is K directionally Lipschitzian at . Moreover, > B (f;x) and vy < vk (f;Z; ).

Proof. As a consequence of the assumptions, there exists » > 0 such that for
every t € |0,r[ we have the inclusion
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(epi f) N Bxxr((Z, f(7)),7) + t3(Bx x [-1,1])
C [ (epif —t((K+6Bx)x [8—7—6,8+7+0d]). (42)

>0
Take x € B¢(Z,r), be yBx, t€0,r|. Since (z, f(z)) € (epi f) N Bxxr((Z, f(Z)),7),
one has that (x+1tb, f(z) —t7) belongs to the left-hand side of (42). Therefore, for
any d > 0, there exists (Z, 5) € epi f and vs € K 4+ dBx such that z +tb = & — tvs
and f(x) —ty = § — ta for some a € [ —7 — 0,5+ 7 + J].

Hence, fx+tb+tuy) <5=f(x) —t7+ta < fx) +t(B+9),
which implies linf (@ +tu+th) — f(z)] < B

forallt € |0,7[, b € ¥Bx, and x € B(Z,r), proving thus that f is K directionally
Lipschitzian at z, and directly we deduce § > Bx(f;Z) and 5 < vx(f; Z; 8) from
the definitions of these values. O

Given a subdifferential 0 and a function f we define the horizon 0-subdifferential
0% f(z) of f at x € dom f by

O f(x) :={a" € X*: (2",0) € OWepis(x, f(x))}. (43)

For the general case of lower semicontinuous functions, we will need additional
properties for the subdifferential 0. Indeed, for any lower semicontinuous function
f and z € dom f we will assume that the subdifferential 0 satisfies the following
properties (used in Theorem 3.13 below):

(P6)  the subset OV ¢(, f(x)) C X* x R is a cone;

(P7) for any (a*, —1*) € OWepi s(x,7) one has r* > 0;

(P8)  OWepif(z,7) C OWepif(x, f(z)) for any r € R;

(P9)  the equality 0f(z) = {z* € X*: (2%, —1) € OWepis(x, f(z)} holds;

(P10) for any continuous linear functional z* € 9 f(x) (the horizon 0-subdif-

ferential of f at x) there exist sequences (a,)nen in |0, +00| tending to
0, (Tp)neny in X with (z,, f(z,)) — (2, f(x)), and (z}),en in X* with

x} € 0f(xy,) and such that o,z Yy 2t

The fact that Dom df is graphically dense in dom f, ensures that the null linear
functional on X is always the weak-star limit of such a sequence (@, )nen.

Some of these fundamental additional properties have already been used in [10]
for other purposes.

All the properties (P1)—(P10) hold in appropriate spaces, as stated in Section 2,
for the proximal, Fréchet, and viscosity subdifferentials.

Proposition 3.12. Let f: X — RU{+o0} be a lower semicontinuous function,
T € dom f, and O be a subdifferential satisfying in addition (P6)—(P9). If for a
compact set K C X there existr >0, v >0, w > 0 and 8 € R such that for every
x € By(z,71)

Va* e df(x)

YV a* € 0% f(x), (44)

B
: f * * <
inf (27, 0) + ]| < { .
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then f is K' directionally Lipschitzian at T, where K' := ¢t K. Moreover we have
B = B (f;%) and v < infgpyp (f; 25 8). More precisely, v € U/ (f;2; ') for
all B> B (f; 7).

Proof. Put K’ = oK and fix ¢ > 0. For 8’ := 8+ ¢ let us show that (44)
implies, for some ’ > 0 and 1 > 0, the inequality

inf *o)+ BT+ I +nls*) <0 45
L) ) (]l ()

for all (x,s) € epi f N B((z, f(Z)),r") and for all (v*,s*) € OWepif(z,s). Observe
that (45) is an expression in the line of the first inequality in (44) written with
Wepi r in place of the function f.

Now take any x € By(z,r) and any z* € 0% f(x). For any integer n € N we see
from (P6) and the definition of 0 f that na* € 0°° f(x), so by (44)

: * * < .
nvlenlgl(x ,0) +ynljz’]] <w
This being true for any n € N, it ensues that
infg (", 0) +9]jz*|| <0  VaeByz,r), Va*ed*f(z). (46)
veK'’
On one hand, from (44), we have that for each x € B¢(z,r) N Domdf and each
z*€df(x) there exists v € K’ such that (z*,v)+v||2*|| < B, and hence, for n = ¢/y

(@, v) = 8"+ (|| +n) < 0. (47)
On the other hand, from properties (P6)—(P7)—(P9) we have

—g—: € of(x) ifs* <0
(y*7 S*) € a\Ijepif<x7 f(.fll')) = (48>
y* € 0>®f(x) ifs*=0.
By the lower semicontinuity of f, choose for each #>0 some () €]0, 0] such that
flx)> f(z) —0 VYV aeB(z,oh)).
Then, for any (z,s) € epi f N B((z, f(Z)),o(r)) and
(y*7 8*) € 8\Ijepif<x7 S) - a\I[epif<x7 f(l’))

(the latter inclusion being due to property (P8) of 0) we claim that we can find
(v,0") € K’ x {'} such that

(v, v) + 570" +(ly"ll +nls™]) < 0. (49)

Indeed, if s* < 0 then —y*/s* € 0f(x) and therefore (because © € Bs(z,r)) we
can use (47) in order to obtain (49). Finally, if s* = 0 we conclude (49) from (46).
This means that (45) is satisfied with " = o(r).
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In the product space X x R consider the norm |[|(z, s)|| := max {||z||, %|s|}, and

so the dual norm in X* xR is ||(z*, s*)||l« = ||z*||+n|s*|. Since Wep; s is continuous
with respect to its domain, from (45), Proposition 3.1, and Remark 3.2, we deduce
for " :=o(r)/2(1 + v + max{| K|, #'}) that
inf T Wi (2, 8) + t(v, ) + (b, V) — Wepi ¢(,5)] <0
B W (05) + 20, 8) (0, 8)) — Vo (. 5)) <

is valid for all (z,s) € B(z,r")x|f(x) — nr", f(&) + nr”[Nepi f, t €]0,7"[, and
(b,b") € yBxx] —yn,yn[. Lemma 3.9 and part (c) of Lemma 2.4 tell us that f is
K’ directionally Lipschitzian at z with

inf t[f(z+tv+tb) — f(z)] < B

veK'

for all @ € By(z,r"), t €]0,7"[, and b € yBx, as well as with Sx/(f;2) < 5’ and
v < vk (f;7;8). These inequalities being fulfilled for all 8/ > 3, we conclude
Bro(f:2) < B and 7 < inf (/.3 ). L

The next theorem considers the situation when the subdifferential satisfies the
additional basic property (P10).

Theorem 3.13. Let f: X — R U {400} be a lower semicontinuous function,
T € dom f, and O be a subdifferential satisfying in addition (P6)—(P10). If for a
compact set K C X there exist v > 0, v > 0, and 5 € R such that

inf (2°,0) +7]l2° B V€ B(z,r), Va' €df(a) (50)

then f is K' directionally Lipschitzian at T, where K' := co K. Moreover, we
have B > Br:(f;Z) and v < infgsgyr/(f;2;5'). More precisely, v € U/ (f;7; ')
for all B > Bier(f: 7).

Proof. Since the subset K is compact, the function z* — inf,cx (z*, v) +y||x*|| is
sequentially lower semicontinuous with respect to the weak-star topology on X™*.
Then, considering the set

Ap(x) = {z* € X*: 3z, = 2,3y, — 07,3z}, € Of (x,,) with a,z), N "},
we see that (50) implies that for every z € By(Z,r) we have

: * * <
inf (27, v) + 2% < 0

for every * € Ay(x). Given any x € By(Z,r), the latter inequality holds true in
particular for every z* € 0% f(x) according to the inclusion 0% f(x) C Ay(x) due
to (P10). Consequently, the theorem follows from Proposition 3.12. ]

Remark 3.14. The proof of Proposition 3.12 shows that for the constants 3, v, r
of assumption (44) in this proposition, or of assumption (50) in Theorem 3.13,
and for § > 3, there exists " := o(r)/2(1 + v + max{|K|, 5'}) such that

inf t[f(z+tv+tb)— f(z)] < p

veEcoK
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for all + € By(z,r"), t € ]0,7"], and b € Bx. Above o(-) is required to be

any function associated with the lower semicontinuity of f in such a way that
o(6) €]0,6] and f(x) > f(z) — 60 for all z € B(z,0(0)). O

Theorem 3.13 holds in Asplund Banach spaces for the Fréchet subdifferential,
and in Hilbert spaces the theorem holds for the proximal subdifferential, because
the mentioned subdifferentials are, in these spaces, subdifferentials which satisfy
(P6)-(P7)-(P8)-(P9)-(P10). Since the Mordukhovich limiting and Hadamard sub-
differentials contain the Fréchet one, Theorem 3.13 is also satisfied for the Mor-
dukhovich limiting and Hadamard subdifferentials in Asplund spaces. Theorem
3.13 also holds for viscosity subdifferentials in appropriate spaces.

Unfortunately, we cannot apply directly Theorem 3.13 to the loffe approximate
subdifferential because we do not know if this subdifferential satisfies property
(P10). The study with this subdifferential will be treated separately afterwards.

In the following, we establish the converse version of Theorem 3.13 for some sub-
differentials, starting with the Fréchet, proximal, Hadamard, and Mordukhovich
limiting subdifferentials.

Proposition 3.15. Let K be a closed bounded subset of X and f: X — R U
{+00} be a lower semicontinuous function which is K directionally Lipschitzian
at T € dom f. Then, for any B > PBr(f;Z) and v € 10,vx(f;T; B)] there exists
r > 0 such that the relation

ig}f{(x*,v) +yllz*| < B VaeBi(z,r), Va"edf(x): (51)

(a)  holds with O = Op (the Fréchet subdifferential) and O = Op (the proximal
subdifferential);

(b)  holds with 0 = Oy (the Hadamard subdifferential) and 0 = 0, (the Mor-
dukhovich limiting subdifferential) whenever K is compact.

Proof. For f > Br(f;Z) and v € ]0,vk(f; T; 5)], from Definition 2.6 (and that
of Bx(f; ) and vk (f;x; 5)) take r > 0 such that

sup linf ¢t '[f(x + tv +tb) — f(2)] < B. (52)
zEBf(i,'r) veK

beyBx

t€]o,r|

(a) Fix 8 € R such that linf,cxt1[f(x + tv + tb) — f(x)] < B < B, for all
t €]0,r], b € yBx, and « € B¢(z,r). Consider ¢ > 0 satisfying

(|K|+1+v)e+ 3 <B. (53)

Fix x € By(z,r)NDom dp f, * € Opf(x), and b € yBx. By (12) choose a positive
real §yp < 1 (depending on z, b and /') such that

inf tf(x+to+tb) — f(z) < B VO €0,68) (54)

”L)GK“F(SBX
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From the definition of Fréchet subdifferential choose also a real  €]0, r[ (depend-
ing on z, z* and ¢) such that for all 2’ € x + nBx

(22" — ) < f(a) = f(2) +ell’ — 2.

Take 1’ €]0, 1] satistying n'(|K| + 1 + ) < n. Then, fixing any § €10, [, v € K,
u € 0By, and t €]0,7'] we have

(", x+tv+tu+th—x) < f(z+tv+tu+tb) — f(zx) + el[tv + tu + tb]|,
and hence
(@ v +b) <t f(@+ to+tu+ tb) — f(@)] + (o]l + lull + [Ibl]) — =", u),
implying (since dyp < 1 and b € yBx)
(x*,0) + (2%, b) <t [f (@ + tv +tu+tb) — f(z)] +e(| K[+ 1+ 7) + 6]|2*]].
If we take the infimum over all v € K and u € 0Bx we obtain by (54)

* : * <
(@%,0) + inf (2%, v) <

< inf  tMf(z + ' +tb) — f(2)] +e(|K| 4+ 14 7) + 6|27

- U/€K+6BX

< B ([ + 14 y) + o7,
and hence it ensures, from (53), that

* : * < * .
(@7, 0) + Inf (27, 0) < B+ 67|
This being true for all § €]0, dy[, we obtain for all b € yBy
(@%,0) + inf (%, v) < 6,
which gives vz + in}f{(x*, v) < 6.
veE

This translates the desired property with Op.

The property for the proximal subdifferential dp follows directly from the inclusion
Op C OF.

(b) Fix z € By(Z,r), b € vBx, and (t,)nen in |0, +00[ with ¢, — 07. Since K
is compact, from (c) in Lemma 2.4 and inequality (52), for n large enough there
exists v, € K such that

tf(z + v, + t,b) — f(2)] < B.

Taking a subsequence of (v, ),en converging to some v € K (depending on z, b and
(tn)nen) one obtains dy f(z;v 4+ b) < B, which entails that, for any =* € 0y f(x)
and any b € 7By, there exists v € K such that

(z*,v+0b) < B.
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This proves the desired result for the Hadamard subdifferential 0. The result for

the Mordukhovich limiting subdifferential 0y, follows from the previous part (a)

with Jp, and the fact that the function z* — in}f{(m*,v) + v|lz*|| is sequentially
ve

lower semicontinuous for the weak-star topology when K is compact. [

Remark 3.16. The proof of (b), for the Hadamard subdifferential, in the above
theorem can also be obtained by applying Proposition 3.3 in [11], because this
proposition provides a necessary condition for the K directionally Lipschitzian
behavior in terms of the Hadamard directional derivative. O

The inequalities (50) (in Theorem 3.13) and (51) (in Proposition 3.15) lead us
to introduce, in addition to Sx(f,z), another index 8% (f; ) associated with a
subdifferential 0 as follows.

Definition 3.17. Let f: X — R U {400} be a lower semicontinuous function,
T € dom f, and K C X. For a subdifferential 9 we define the value 5% (f;z) as
the infimum of 8 € R for which there exist » > 0 and v > 0 such that

: * * <
inf (2", v) +9ll2"|| < 6
for all z € By(z,r) and z* € Of(x).

The next theorem combines Theorem 3.13 and Proposition 3.15 to establish cha-
racterizations of K directionally Lipschitzian functions in Asplund and Hilbert
spaces, in terms of Hadamard, Fréchet, Mordukhovich limiting, and proximal
subdifferentials. Adaptations to viscosity subdifferentials in appropriate spaces
is left to the reader. The case of general Banach spaces will require the loffe
approximate subdifferential and it will be considered afterwards.

Theorem 3.18. For any lower semicontinuous function f: X — R U {400},
x € dom f, and a conver compact subset K C X, the following assertions hold.

(a) If X is an Asplund space, then f is K directionally Lipschitzian at T if and
only if there exist r > 0, v > 0, and § € R such that

inf (o*,0) + 72’ S B Ve B(zr), Vo €df(x), (55)

where O is either Oy, or Op, or O, (Hadamard, or Fréchet, or Mordukhovich
limiting subdifferential respectively).

(b) If X is a Hilbert space, then f is K directionally Lipschitzian at T if and
only if there exist r > 0, v > 0, and 8 € R such that (55) holds for 0 = Op
(the prozimal subdifferential).

Moreover, for all the involved subdifferentials O, in the above appropriate spaces,
one has the equality

BY(f;2) = Bk (f; @), (56)

Proof. Let us start by proving the equality (56), for the involved subdifferentials.
Characterizations (a) and (b) will follow directly from this equality.
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For the inequality 8%(f;7) < Bk (f;Z), assume Bg(f;Z) < +oo. In such a case,
f is K directionally Lipschitzian at & and, from Proposition 3.15, one has that
for each 8 > Bk (f; %), there exists r > 0 and v > 0 such that

iglf(@*,v) +yllz*| < B VaeBi(z,r), Vatedf(x) (57)

for Oy, Op, 01, and dp. From Definition 3.17 of 3% (f;z) (for these subdifferen-
tials), we then get

B> Bg(fi7) VB> Br(fi1),
which justifies the desired inequality.

To prove the reverse inequality B(f;z) < 8%(f;Z), assume that 5% (f;7) < +oo
for Oy, Or, and Jr, on an Asplund space or for dp if X is a Hilbert space. Take
any real 8 > % (f;z). This latter inequality yields that there exist reals r > 0
and v > 0 such that (57) holds.

Since the Fréchet subdifferential dr in Asplund spaces and the proximal subdiffe-
rential Op in Hilbert spaces, are subdifferentials satisfying properties (P6)—(P7)-
(P8)-(P9)—(P10), by Theorem 3.13 we get that f is directionally Lipschitzian at
z and > Pk(f;x). Hence,

B> Bk(f;z) VB> B%(f7),

proving the inequality 8% (f;Z) > Bk (f; ) for & = O and 9 = Jp. The inequality
with 0 = 0y and 0 = 0y, follows from the fact that these subdifferentials contain
the Fréchet subdifferential and from the observation that the inclusion ¢ C 0
implies that 8% (f;7) < B%(f; 7). H

Asa first corollary, we deduce some characterizations of compactly epi-Lipschitzian
behavior for functions. The corollary directly follows from the fact that we already
noticed in Example 2.7 that a function is compactly epi-Lipschitzian if and only
if it is K directionally Lipschitzian for some compact set K C X.

Corollary 3.19. For any lower semicontinuous function f: X — R U {400}

and T € dom f, the following assertions hold.

(a) If X is an Asplund space, then f is compactly epi-Lipschitzian at T if and
only if there exist a compact set K C X, r >0, v >0, and f € R such that

ig}f((:c*,v>+’y|]:v*” <pB VaxeBizr), Va*eouf(zr). (58)

(b) If X is an Asplund space, then f is compactly epi-Lipschitzian at T if and
only if there exist a compact set K C X, r >0, v >0, and § € R such that
condition (58) is satisfied with O = Op.

(¢) If X is an Asplund space, then f is compactly epi-Lipschitzian at T if and
only if there exist a compact set K C X, r >0, v >0, and f € R such that
condition (58) is satisfied with O = Jy,.

(d) If X is a Hilbert space, then f is compactly epi-Lipschitzian at Z if and only
if there exist a compact set K C X, r >0, v > 0, and 8 € R such that
condition (58) is satisfied with O = Op.
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The next corollary shows that Theorem 3.18 also recovers some known characte-
rizations of Lipschitzian and directionally Lipschitzian behavior (see [33, 32, 9]).

Corollary 3.20. Let f: X — R U {400} be a lower semicontinuous function

and x € dom f.

(a) If X is an Asplund space, then f is locally Lipschitzian at T if and only if
the Hadamard subdifferential is locally bounded around .

(b) If X is an Asplund space, then f is locally Lipschitzian at T if and only if
the Fréchet (resp. the Mordukhovich limiting) subdifferential of f is locally
bounded around .

(¢) If X is a Hilbert space, then f is locally Lipschitzian at T if and only if the
proximal subdifferential of f is locally bounded around .

(d) If X is an Asplund space, then f is directionally Lipschitzian at T if and only
if there exist v € X, r >0, 7> 0 and B € R such that

(x*,0) +v|z*|| < B Vo e By(z,r), Vaedyf(x). (59)

(e) If X is an Asplund space, then f is directionally Lipschitzian at T if and only
if there exists v € X, r>0, v>0, and f € R such that (59) holds for the
Fréchet subdifferential O (resp. the Mordukhovich limiting subdifferential Oy, ).

(f) If X is a Hilbert space, then f is directionally Lipschitzian at T if and only

if there exists v € X, r >0, v > 0, and f € R such that (59) is satisfied for
the proximal subdifferential Op.

4. Characterization with the Ioffe approximate subdifferential

The characterizations in Theorem 3.18 (and its corollaries) with the Hadamard,
Fréchet, Mordukhovich limiting or proximal subdifferentials require that the Ba-
nach space X be Asplund or Hilbert. In the present section, our objective is to
obtain similar characterizations on any Banach space with the Ioffe approximate
subdifferential 9d,.

Firstly, let us show that property (50) for an operator d and a compact set K C X
implies the same property for a finite subset K’ C K.

Lemma 4.1. Let f: X — RU {+oo} be a lower semicontinuous function, T €
dom f, and O be a subdifferential. If for a subset K C X there exist r >0, v > 0,
and B € R such that

inf (¢*,0) + 90’ S8 Ve B(zr), V' edf(), (60)

then for any v € 10,7] and any set K’ for which K C K’ + (v —~")Bx, one has
inf (2%, 0) +9'|a"| < B V@€ By(x,r), V' €df(a). (61)
veEK'

Proof. Let 4/ be in |0,~] and any set K’ such that K € K’ + (v —+/)Bx. For
r € B¢(z,r) and z* € 0f(x) we have
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: f * / * — 3 f * ! * * —
nf (2%, 0) + /[l = inf (2%,0) + (7 = )| +]l7]]

= inf (z*,v) +  inf xF w) + vl < inf x5, ) + |z <
Inf (@5 v) + Jof @ w) e veK’-l—(w—v’)BX( )+l

< ] * | <
_;glf<<fc ;o) ol <8,

the last inequality being due to (60). O

Our objective now is to show that if we have the property (61) for the Ioffe
approximate subdifferential 0, with a finite set K’, then we can obtain the same
property with the Hadamard subdifferential restricted to finite-dimensional vector
subspaces containing K’. Before that, we present two necessary lemmas. The
first one was established by Borwein and Zhu in [4] and the second one is a slight
adaptation of a result given by Thibault in [29] for convex functions, the proof
of which is in Appendix. Both results can be established for a subdifferential 0
which satisfies the properties (P4) in an exact way, and (P5) in a general form,
that is,

(P4”) If f is lower semicontinuous near x, g is convex continuous, and z is a local
minimum point of f + g, one has 0 € df(z) + dg(x).

(P5”) For a function f: X7 x Xo — R U {+o0}, f(x1,22) := fi(z1) + fa(z2),
one has the inclusion 0f(z1,x2) C 0f1(x1) X O fo(z2).

Lemma 4.2. ([4]) Let X be a Banach space and f;: X — RU {+oco} with i =

1,2, 3 be lower semicontinuous functions which are finite at some point in a closed

subset S C X. Assume that f3(x) = +oo outside some finite-dimensional vector
subspace of X and put for (z1,xs,73) € X?

A(zy, 22, 23) = 3(|lz1 — 22|” + |lze — 23]° + ||l2s — 24]?)

and wy(x1, T2, x3) := fi(x1) + fa(xe) + f3(x3) + tA(21, 29, x3).
Then inf  w(zq, 29, x3) — Inf (fi(z) + fa(z) + f3(x)).
(z1,x2,23)€S3 t—o00 €S

Furthermore, for any (z14, Toy, v34) € S satisfying

Wy (L1, Ty, Tayp) — inf  wi(z1,29,23) — 0
(z1,x2,23)€S3 t—+o00
one has tA(x14, 204, w34) —> 0.
AR LIRS

The next lemma follows the proof (given in Appendix) of Theorem 2.9 in Borwein
and Zhu [4] and Lemma 2 in Thibault [29]. The above lemma is required for the
proof of this next lemma.

Lemma 4.3. Let X be a Banach space and f;: X — RU{+oo}, withi =1,2,3, be
lower semicontinuous functions which are finite at x € X and 0 be a subdifferential
that satisfies (P1)—(P2)—(P3)—(P4")—(P5”). Assume that f3(x) = +oo outside a
finite-dimensional vector subspace of X and assume that T is a local minimum
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point for f1 + fo + f3 over X. Then, for any real number ¢ > 0, there exist
xf € 0f;(x;) such that

lzs = zl| <& |fi(w:) = fi(@)] <&, llog + a3 + 23]l <e.

Proof. See the proof in the Appendix. [

Since the loffe approximate subdifferential J, satisfies (P1)—(P2)—(P3)-(P4”)-
(P57”), we will use Lemma 4.3 in order to prove the following proposition.

Proposition 4.4. Let f: X — R U {+o0} be a lower semicontinuous function
and T € dom f. Let K be a finite subset of X, B € R, r > 0, and v > 0, such that

ig{(x*,v) +7llz*]| < B Vo e By(z,r), Va"ed,fl(x). (62)

Then, for any finite-dimensional vector subspace L. C X containing K one has

inf (z*,v) +v sup (z",b) <f Vo e By(z,r), Vae€iyforr(z), (63)
veK beBxNL

where f,ip = f+ V. and Oy is the Hadamard subdifferential.

Proof. Let L C X be a finite-dimensional vector space containing the finite
subset K. Take z € By(z,r) and z* € Oy fyrr(z). Fix any v € ]0,7[. For
e €]0,y —~'[ it is straightforward to show (see [18]) that the function y — f(y) —
(x*;y —x) +elly — z|| + Vi(y — z) attains a local minimum at z. If we apply
Lemma 4.3 to f; = f, fo = —(z*,- —x) +¢| - —z|, and f3 = VU (- — z) with
0 < & < min{e,r — ||z — Z||,r — |f(x) — f(Z)|} one obtains that there exist
r1 € Be(x,e') C By(z,7), 29 € B(z,€’), x5 € B(z,€’) and

x3 € 0,f(v1), a4 € Oufowy) C —a* +eBx~, % € Oufs(xs) = LT,
such that =7 + 23 + 2} € ¢’ Bx+, which implies
z* € o} 4+ 2eBx- + L. (64)
Using property (62) we also have inf,cx (23, v) + v||z7]| < 5.
Combining this inequality with (64), we deduce for p := max |lv]|, that
inf (2", v) + beséi%@*, b) <B+2e(p+9") <B+2(v =)+

Taking the limit as 4" 1 v, we conclude

inf (z*,v) +v sup (z*,b) <p. O
vekK beBxNL

For a closed vector subspace £ C X the following lemma expresses the link

between Oy foy(7) and Oy (f |g),. . (7) where f |g is the restriction to the vector

subspace E of the function f and where L is a finite-dimensional vector subspace

of E. This result will allow us to obtain property (63) for the restriction of the

function f to a suitable vector subspace.
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Lemma 4.5. Consider a lower semicontinuous function f: X — RU {400}, a
closed vector subspace E of X, the injection j: E — X, i.e., j(u) = u for all
uwe€E, and g:= foj: E— RU{+o00} the restriction of f to E (i.e., g= [ |g).
Let L be any finite-dimensional vector subspace of E. Then for any uw € ENdom f,
u* € Ongerr(u), and € > 0, there exist some y € u+ eByx with |f(y) — f(u)| < e
and some y* € 0~ fy+1(y) such that

u* € y*oj+eBg. + L1F,

where LE* denotes the orthogonal space of L in E*, i.e., the space of all elements
of E* which are null on L.

Proof. See the Appendix. O

If property (63) holds for a lower semicontinuous function f, we show, in the
following proposition, that it is also true for the restriction of f to any closed
vector subspace ¥ C X containing the finite dimensional vector space L involved

in (63).

Proposition 4.6. Let f: X — RU {400} be a lower semicontinuous function,
K be a finite subset of X, E be a closed vector subspace of X containing K, and
zedomfNE. If forr>0,v>0, 8€R, and a finite-dimensional vector space
L C E containing K one has

inf (o7, 0) + sup (a",b) < B V€ By(z,r), Ya' € Opforrlr),  (65)
veK beBxNL

then one has

inf (u*,v) +v sup (u",b) < VueBy,(z,r), Yu €0u(f |g)urr(u). (66)
vEK beBpNL

Proof. Let u € By, (z,r), and u* € Ou(f |g)utr(u). Take any € > 0 such that
e <min{r — ||z — zf|,r — [f(x) = f(2)[}-
From Lemma 4.5 one obtains that there exist y € B(u,e) C By(z,r) and

Yy € 0ufyrr(y), w"€eBp., '€ Lte
such that ut =y |p w4+ 2%
Forve K C L C F and b € yBg N L we have
(o) = (o) + (W' v) < (Y 0) +emax ]
(u™;0) = (¥, b) + (w",b) < (y",b) + &7,
which implies
inf (u”,0) < inf(y",v) +emax o

veK

vy sup (u',b) < 7y sup (y',b) +ey <7y sup (y*,b)+ev.
beBgNL beBgNL beBxNL
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By (65) it follows that

inf (u*,v) +v sup (u*,b) <[+ emax|[v] + &7,
B t0) £ s (1°,1) < B+ emax o]+ <

and taking the limit as € | 0 we obtain the desired inequality. O

The above propositions and lemmas have been proved in order to obtain the K
directionally Lipschitzian behavior for a lower semicontinuous function f whenever
it satisfies the property

ig}f((w*,v) + 9]z < B Vxe Biz,r), Vi ed,f(x). (67)

The following lemma provides us another result which will be one of the keys of the
proof of the next theorem establishing the K directionally Lipschitzian property
of f under condition (67).

Lemma 4.7. Let f: X — R U {+o0} be a lower semicontinuous function, T €
dom f, and K C X be a compact subset. If there existr >0, v >0, and f € R
such that

ig}f{(x*,v) + ||z < 8 Vx € By(z,r), Vared,f(x), (68)

then, for any closed vector subspace E containing K U {Z} we have

3g}f{(u*,v>+7||u*|E* <p Vue By, (z,r), Vu €oul(f|e)(u). (69)

Proof. Fix any positive number 7/ < ~, take any finite subset K’ of K such that
K C K' + (y —v')Bx. By Lemma 4.1 we have

(x*,0) ++||lz*|| < B Ve B(z,r), VYa*eo,flx),

inf
veK’

and by Proposition 4.4, for any finite-dimensional vector space L of X containing
K', we have

inf (z*,v) ++ sup (z",b) <pB  VaeByzr), Va*e€oyforrf(x).
veK’ beBxNL

Fix any closed vector subspace E of X containing K U{z}. Proposition 4.6 ensures

inf (u*,v) +4" sup (u*,b) <f Vue By, (z,r), YVu €0u(f|p)urs(u).
veK’ beBgNL

Since Ou(f |g)(u) C Ou(f |E)usv(u) for any closed vector subspace V' of E we
deduce that

inf (u*,v) ++ sup (u",b) <B  Vué€ By, (z,r), Vu €dulf|r)(u),
veEK' beBENL
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for all finite-dimensional vector subspaces L C E containing K'. Therefore, for
all u € By, (7,r) and v* € Ou(f |g)(u) we have

inf (u",v) +9" sup (u",b) < inf (u",v) +7" sup (u",b) <p,
veK beBrNL veK’ beBpNL

and hence, this being true for any finite-dimensional subspace L of E containing
K’, we obtain

. * Mag e <
inf (u”,0) + 7 [|u"|| - < 5.

Taking the limit as 7' 1 v finally yields, for allu € By, (Z,7) and u* € 9y (f |g)(u),
i * e <
52;{(11 L) +y||ut| e < B O

The idea now is to obtain property (69) for appropriate vector subspaces E where
the Hadamard subdifferential is a subdifferential and satisfies (P6)—(P7)—(P8)—
(P9)—(P10). Thus, using Theorem 3.13, we will be able to conclude that f |z is K
directionally Lipschitzian, and then to show that f is K directionally Lipschitzian.
This is realized in the following theorem.

Theorem 4.8. Let f: X — RU{+o00} be a lower semicontinuous function and
z € dom f. If for a compact set K C X there existr >0, v >0, and f € R such
that

ilff{(x*,@—l—vHx*H <pB V x € By(z,r), Vared.f(x), (70)

then f is K' directionally Lipschitzian at T, where K' := o K. Moreover 5 >
Bro(f;7) and y < f vie (f; 25 7).

Proof. By lower semicontinuity of f at z, fix a function ¢ on ]0, +oo[ such that
o(0) €]0,0] and f(z) > f(z) — 0 for all x € B(z,0()). Fix any positive 7' < 7
and choose a finite subset K’ of K such that K C K’ + (y —+')Bx. Lemma 4.1
gives

vienlg’ (" 0y ++|lz*|| < B Vo€ Byz,r), Va*e€d,flx).
Let £ C X be any finite-dimensional vector space containing K’ U {Z}. Then,
Lemma 4.7 says that

(w”, v) +7'[|u|

in}? g < Vue By, (z,r), Yu €0u(f|r)(u).

veK'’

Take ' > . By Theorem 3.13 and Remark 3.14 for v’ = o(r)/2(14+~y+max{| K|+
p'}) and K" = co K" we have

inf +'[f(u+tv+tb) — flu)] < B

veK"

for all w € EN By(z,r'), t € 10,7 and v € v'Bx N E. This being true for every
finite-dimensional subspace £ C X containing K’ U {z}, it results that
inf ¢7'[f(z+tv+tb) — f(z)] < inf tf(x+to+tb) — f(2)] < B
veK"

veco K
for all z € By(z,7"), t € |0,r'[ and v € v'Bx. This tells us that f is co K direc-
tionally Lipschitzian at & with 8 > Br/(f; ) and v < infg s vk (f; Z; B'), which
concludes the proof. O
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We can now give a characterization of K directionally Lipzchitzian behavior of f
in terms of the Ioffe approximate subdifferential 0, f.

Theorem 4.9. Let f: X — R U {400} be a lower semicontinuous function,
z € dom f, and K be a convex compact subset of X. Then the following properties
are equivalent:

(a) f is K directionally Lipschitzian at T;
(b)  There existr >0, v >0, and 8 € R such that

ig}f{(m*,v) +yllx*]| < B Vo e By(z,r), Va*ed,fl(x); (71)
(¢c)  There existr >0, v > 0, and f € R such that for every x € By(z,r)

g Va*tedaf(x)

inf (2" | <
JQK@ ,v) |27 —{ 0 Va* e dgf(r).

Moreover, one has the equality

Bic(f2) = By (f:), (73)
and these quantities are also equal to 5S¢ (f;Z) under either (a), or (b), or (c).

Proof. (I) Assume first that Sx(f;Z) < 4+o00. In such a case, f is K directio-
nally Lipschitzian at  and, by Lemma 3.9 part (b), for any 8 > Sk (f;z) and
v € 10,7k (f;z; B)[ there exist 7 > 0 and 1 > 0 such that the equality

linf Wepi x,Ss +tb,b/ + t(v, =0
(v,b’)eg{x{ﬁ} pif((2,5) +1(b,0) + (v, 5))

holds for all (z,s) € B((z, f(z)),r")Nepi f, t € |0,7[, (b,b") €~ (Bxx]—mn,n|).
This implies that epi f is a K x {8} directionally Lipschitzian set at (Z, f(Z)) and,
from Theorem 3.7, there exists r > 0 and v > 0 such that

inf (2%, v) = "6+ y([|l2"[| + [s7]) < 0 (74)

for all (z,s) € B((z, f(Z)),r)Nepi f and for all (z*, —s*) € N,(epi f; (x,s)) (resp.
for all (z*, —s*) € Ng(epi f; (z, s)).

(IT) Let us prove that (a) < (b). Since the value 35 (f;Z) is the infimum of § € R
for which there exist > 0 and v > 0 such that (71) holds, and Bk (f;z) < +oo if
and only if f is K directionally Lipschitzian at Z, in order to prove this equivalence
(a) < (b) it is enough to prove the equality 8% (f;z) = B (f; &) of (73). For
the inequality ﬁ%(f,f) < Bk (f;x) we may suppose that Sx(f;z) < +oo. By
(I) take r > 0 and v > 0 such that (74) holds. Taking any = € Bf(Z,r) and
z* € 0,f(x) and noting that (z, f(z)) € B((z, f(z)),r) along with (z*,—1) €
N, (epi f; (z, f(x))), that inequality (74) assures us that

: * * < .
inf (27, 0) +olla*]| < 5
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Consequently, 5 > ﬂ%( f;z) for all B > Bk(f;Z), which entails the desired in-
equality By (f:7) < Br(f;7).

To prove the converse inequality B% (f;z) > Pr(f;x), assume 6%(f;i") < 400
and take any 8 > B?(“ (f;x). Then there exist reals » > 0 and v > 0 such that
(71) holds. From Theorem 4.8 we deduce that f is K directionally Lipschitzian at
z and B > B (f; ). This being true for all 8 > 3% (f;z), we get the inequality
BY%(f:z) > B (f;Z) as desired. Consequently, the equality 5% (f;Z) = Bk (f; )
is justified.

(IIT) We proceed now to show the equivalence (a) < (c). Asssuming (a), by (I) let
r > 0and v > 0such that (74) holds with N¢(epi f; -, -). Fix any x € By(Z,r). For
any z* € Og f(z) (if any), we have (z*, —1) € Ng(epi f;z, f(z)), so the inequality
in (74) implies with s* = 1 that inf,ex (x*,v) — B+7(||2*]|+1) < 0, then in partic-
ular inf e g (z*,v) +||z*|| < B. On the other hand, taking any z* € 0 f(z) (and
keeping mind that this means (z*,0) € Ng(epi f; z, f(z))) we see with s* = 0 in
(74) that inf,cx(z*,v) + v||z*|| < 0. Taking the facts together they justify the
implication (a) = (c).

On the other hand, the implication (c¢) = (a) is a consequence of Proposition 3.12.
Therefore, properties (a), (b) and (c¢) are pairwise equivalent.

(IV) Note that one always has 8% (f;z) > 8% (f;z) according to the inclusion
Ocf(x) C O,f(x) (see Definition 3.17). Now, assume (c) and take any 5" € R such
that there exist reals 7 > 0 and +' > 0 such that

Ulglf{@:*,v) ++'|z¥ < B Vo € By(Z,r"), Va* € Oaf(x).
By the property (c) for some reals " > 0 and +” > 0 we also have
inf (2", 0) +9"2*| <0 ¥a € By(a,1"), va© € OF f(x).
Putting r := min{r’, 7"} > 0, v := min{y’, 7"} > 0, we see for every x € B(z,r):

I Va* € dg f(x)

f (2 | <
52K<x )+l < { 0 Vz* € OF f(x).

Proposition 3.12 again ensures that 8 > Bk(f;Z), which in turn entails that
96 (f:z) > Bx(f; ). From this, the above equality Bk (f;Z) = 4% (f;Z), and the
above inequality 5%( fiz) > 5??( f;z) we deduce that

C(fi1) > Br(f:2) = B(f;7) = B (f:2),

so the desired final equality Sk (f;z) = la(G( f;7) holds true under (c). This
finishes the proof of the theorem. ]

Remark 4.10. The implication (a) = (c) in the previous theorem is obtained in
[24] without the links between the constants 356 (f;Z) and B (f;Z). O

As corollary we obtain the following characterization of compactly epi-Lipschitzian
functions.
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Corollary 4.11. A lower semicontinuous function f: X — RU{+oo} is com-
pactly epi-Lipschitzian at T € dom f if and only if there exist a compact set
KcX,r>0,v>0, and f € R such that the inequality

inf (", 0) +lla"l| B V@€ By(ar), ¥at€0uf(),
is satisfied.

5. Conclusion

This is the second of a series of our works devoted to K directionally Lipschitzian
property. The first work [11] introduced the concept for functions and sets and
established diverse characterizations via the Hadamard lower directional deriva-
tives and Bouligand tangent cones. The present work provides characterizations
using subdifferentials and normal cones, mainly with the Ioffe approximate sub-
differential and normal cone in the general Banach setting. The corresponding
concept for set-valued mappings and its study will be the object of future works.
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6. Appendix
Proof of Lemma 4.3

Fix ¢ > 0 and take 0 < &’ < /3 such that Z is a minimum point for f; +fot /3
over B(Z,e'). Applying Lemma 4.2 with the closed subset S := z + ¢’Bx we

obtain
inf w1, 22, 23) = f1(2) + fo(Z) + [3(2)

(z1,72,23)€S3

when t — 400 where
wy(T1, T2, x3) = f1(z1) + fa(xa) + f3(x3) + tA(x1, 29, x3),
1
and Ay, g, x3) := 5(”:1:1 — 2o||? + [|zo — 23* + |23 — 21[?).

Hence, for each integer n > 1 there exists some real number ¢, > n such that

12
F(T) + fo(@) + f(3) < inf 3wtn(ac1,x2,x3)+%. (75)

(%1,22,23)€S
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As A(z,z,z) = 0, this inequality can be rewritten in the form

12
wy, (Z,7,7) < inf{wy, (11,79, 73) 1 2, €T+ Bx} + = (76)
n

By the Ekeland variational principle applied to the complete metric space S2,
there exist

v €5+ By (77)
such that Wy, (L1, Ton, T3n) < Wy, (T,T,7) (78)
and (21, Tan, T3,) is @ minimum point on S* for the function

(w1, , x3) = fr(x1) + fa(wa) + f3(x3) + toA(x1, 9, 3)+

(s = 7+ = 7l + s — ).

From (P5’), for f: X3 — R U {400} with
f(@1, @2, 23) = fi(an) + fa(w2) + f3(xs)

one has Of (x1, 2, 23) = 0f1(x1) X Ofa(w2) X Ofs3(xs).

Since A is a convex continuous function, from (P4’), we obtain that there exist
x; € 0fi(x;,) such that

_(xina x;,ym x;,n) € tnaA(Il,na T2, x3,n) + 35/ B.

Observing that for any (uf,us,u}) € 0A(uy, ug, uz) (from (P3) it is the subdiffe-
rential in the sense of convex analysis) one has

uy +uy +uz =0,

and one gets |27, + 25, +25,|| < 3e<e. (79)
By (75) and (78) one has
W, (T1,0, T2n, T3n) 2 fi(@) + f2(2) + f3(2) (80)

and by definition of w; one has

fi(zin) + falzon) + f3(2s) < wi, (10, Ton, T3n)-

As z;,, — z and each function f; is lower semicontinuous, it follows from the last
inequality and from (80) that

fi(@in) + o) + fs(wsn) — [1(Z) + fo(T) + f5(2).
The latter and the lower semicontinuity of f; once again imply that
fi(xin) — fi(@). (81)
Thus, for n large enough, we obtain, from (77), (79), and (81) that

|zin — Z|| <&, |fi(zin) — filZ)] <&, ll2],, + 25, + 23, <e
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Proof of Lemma 4.5

Fix & € ENdom f and u* € dggay (@) (if any). Define h!, h?: Ex X — RU{+oc}
by h'(u,z) = f(z) and h* = gy ;. For ¢ := h' + h* we have

Pu,u)+LxL = h’(lﬁ,ﬁ)—i-LXL + h%ﬂ,ﬁ)—‘,—LxL'
Observe first that for all (v,w) € E'x X and all ¢ > 0 we have
t garn(@+ tv) = gayr < o@ayrrxr (@ + to, @+ tw) — Qaa)+1xr (U, 0]
and hence
Ay 9a+1 (% 0) < dpg@am+rxr (@ @ v, w) = dg(h' + 0*)@e) o (@ @ v, w).

According to the inclusion u* € Oggayr(a), the next inequality yields for all
(v,w)e Ex X

(W, v)pe g+ (0, w) x+ x < d[_—[(hl + h2)(ﬁ,ﬁ)+LxL<a7u; v, w),

that is, (u*,0) € O (h' + h*)@a)+LxL(@, @). Since L x L is a finite dimensional
subspace of E x X, the set e B« x~ + (L x L)+2*xx* is a w*-neighborhood of zero
in E* x X* and from Lemma 3 in [13] there are ((;,&) € (u,u) + eBpyxx with
WG &) — D' (@, )| < e and (Cf, &) € ONie, ey, 11 (Gir &i)s i=1,2, such that

(1,0) € (G, &1) + (Go &) + 5B + (DX L) e (2)

By definition of h' we have ¢; =0, |f((1) — f(u)| < e, and & € Oy fe,+0(&1). Now
observe that A, ¢\, 1. (4, 7) =0 if =& = u—GEL and A, ¢y, 1, (4, ) =+00

otherwise. Then, for every (u,z) € Ex X withe —& =u—( €L
(Gu— Qe+ (82— &)xx <0,
that is, (G )Ypep+ (& 0j,u)pep <OV € L,
and hence G+&oje e,
Putting this into (82) we obtain
Ut € =& oj+ EBp- + LE. (83)
Further, (82) also ensures that
—& =&+ 5" 4+ 1" with b* € By- and I* € LTx",
and hence —fg‘oj:ffoj—l—%b*oj—i—l*oj.

Using this into (83) and noting that ||b* o j||z- < 1 and I* 0 j € L1#*, we see that

u* €& oj+eBg + LPT,

and hence the choice of y := (; and y* := (; concludes the proof of the lemma.
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