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SUBSMOOTH FUNCTIONS AND SETS

LIONEL THIBAULT

ABSTRACT. Submonotone multimappings have been introduced and studied in
1981 by J. E. Spingarn. This concept allowed D. Aussel, A. Daniilidis and L.
Thibault to define subsmooth sets with the submonotonicity of the truncated
Clarke normal cone. This survey revises and revisits basic and fundamental
properties of subsmooth functions and sets, and shows links with semiconvex
and approximate convex functions. Diverse new results are also provided.

1. INTRODUCTION

In his 1981 paper [72], as an extension of monotonicity, J. E. Spingarn defined
a locally bounded multimapping M : R™ = R™ to be (strictly) submonotone at a
point z € R™ if
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we will just say ”submonotone”. Spingarn showed in [72] that the Clarke subdif-
ferential of a locally Lipschitz function f : R” — R is submonotone at any point
of a neighborhood of # € R" (in the sense of (1.1)) if and only if f is lower C*
near T, that is, there exist a compact topological space T', an open neighborhood
V of T and a continuous function ® : V' x T" — R such that D;®(-,-) exists and is
continuous on V' x T, and such that f(x) = max,er ®(z,1).

Independently, H.V. Ngai, D.T. Luc and M. Théra introduced in their 2000 paper
[56], as an extension of Jensen inequality for convexity, a certain class of ”approx-
imate convex functions”. An extended real-valued function f on a normed space
X is declared in [56] to have such a property at a point T € X if for any ¢ > 0
there exists a neighborhood U of T such that, for all z,y € U and all ¢ €]0, 1] the
inequality

fltr+ (1 =t)y) <tf(z)+ (1 =) f(y) +et(l -1z -y
is satisfied. When X is a Banach space, proper lower semicontinuous functions

with such a property have been characterized by the submonotonicity at T of their
Clarke subdifferentials, independently by A. Daniilidis, F. Jules and M. Lassonde
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[25] and by H.V. Ngai and J.-P. Penot [57]. This characterization was first detected
and showed by A. Daniilidis and P. Georgiev [24] for locally Lipschitz functions on
normed spaces.

We will see in Section 3 below that a result of L. Vesely and L. Zajicek [81] says
that a continuous real-valued function f : X — R on a normed space X is strictly
Fréchet differentiable at * € X provided that for each € > 0 there is a neighborhood
U of T such that for all u,v € U with u # v and all z €u, v[:= {tu+(1—t)v : t €]0, 1]}

f) = £() | )= ) _

(1.2) — < <
[ = =] lv = 2|

The purpose of this survey paper is multiple. First, we will show how the above
classes are covered by nonsmooth extended real-valued functions f : X — RU{+o00}
which satisfy (for a point T where f is finite) the unilateral left-side inequality in
(1.2). Then we will revise and revisit basic and fundamental properties of functions
in those classes. We will also continue the survey with the analysis of subsmooth
sets of D. Aussel, A. Daniilidis and L. Thibault [8] and metrically subsmooth sets.
For functions as well as for sets, diverse new results will be established.

2. NOTATION AND PRELIMINARIES

Let (X, || -||) be a normed space and X* be its topological dual. For any z € X
and r > 0 we denote by B(z,r) and B[z,r] the open and closed balls centered at
x with radius r. The closed unit ball centered at zero will be denoted by B (or Bx
if there is a risk of confusion), that is B := B0, 1], and the unit sphere of X will
be denoted by S (or Sx). Similarly, U (or Ux) will stand for the open unit ball of
X, that is, U := B(0,1). We will write int S (or intx S) and clS (S or clx S) for
the topological interior and closure of a subset S of X. The set .S will be said to be
closed near a point T € S' if there is an open neighborhood U of T such that S NU
is closed in U relative to the induced topology. We recall that the distance function
from S is given by ds(z) = d(z,5) = 1r€1£ |lu — z||. We will also use the indicator

function ¥g of S which assigns to any « € X the extended real

Ys(x)=0ifz e S and vYg(xr)=4occifze X\S.
For a subset Q of X*, the notation ¢o* ) will stand for its weak*-closed convex hull.
The support function o(@Q,-) of @ (resp. o(S,-) of S) is given by (see, e.g., [17])

o(Q,x) := sup (y*,z) Vo € X (resp. o(S,x") := sup(z™,y) Va* € X¥).
y*eQ yes
For Q" C X* (resp. S’ C X) one has 0(Q, ) < o(Q’,) if and only if co* (Q) C
c0* (Q') (resp. o(S, ) < o(S',-) if and only if ¢o (S) C €0 (S’)). We also recall that
for a multimapping M : T = T’ between two nonempty sets and for an extended
real-valued function ¢ : T — R U {—00, +00}, the effective domains Dom M and
dom ¢ of M and ¢ respectively and the graph gph M of M are defined by

DomM :={teT:M(t)#0} and dome:={teT: p(t) <+oo},
gph M = {(t,t) e T xT' :t' € M(t)}.

The function ¢ is said to be proper if it does not take the value —oco and dom ¢ # ).
If T is a topological space, we will write 7 —, ¢ to mean (7,¢(7)) = (t,¢(t)).
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Suppose now that 7" and T" are Hausdorff topological spaces. One says that the
multimapping M is outer semicontinuous or closed at a point t € T if for every
net (¢;); in 7' converging to ¢ and every net (¢}); converging to some ¢ in 7" with
t;- € M (t;) for all j, one has ¢’ € M(t); when the latter property holds with sequences
in place of nets, M is said to be sequentially closed at t. One also says that the
multimapping M is upper semicontinuous at t € T if for any open set W in T’
with W D M (%) there exists a neighborhood V' of ¢ such that M(¢) C W for all
t € V. It is not difficult to see that the upper semicontinuity at ¢ implies the outer
semicontinuity at ¢ whenever M (¢) is closed and the topology of T” is metrizable.
The limit inferior Lim inf M (¢) is defined as the set of ' € T" for which given any

t—t

neighborhood W of ¢’ there exists a neighborhood V' of ¢ such that M(¢) "W # ()

for every t € V. If T and T” are metric spaces, it is known that ¢’ € Liminf M (¢) if
t—1

and only if for any sequence (t,), in T converging to ¢ there exists a sequence (),
in 7" converging to ¢’ such that t;, € M(¢,) for n large enough.

Let U be a nonempty open set of the normed space X and f : U — RU{—o0, +o0}
be an extended real-valued function. A convenient way to recall the Clarke sub-
differential of the function f is to define it through the concept of corresponding
normal functionals. Let us thus recall that the Clarke tangent cone or C-tangent
cone T¢(S;z) of the set S at a point = € S is the set of vectors v € X such that
for every sequence (t,), in 0,400 tending to 0 and every sequence (zy), in S
converging to x there exists a sequence (v, ), in X convergeng to v such that

Ty + thv, €5 foralln € N.

This cone T¢(S; z) is closed and convex, and its (negative) polar in X* is the Clarke
normal cone or C-normal cone N¢(S;x) of S, that is,

NC(S;z) := (TC(S;JJ))O = {z* € X*: (z*,v) <0, Yo e TY(S;z)}.

By convention one puts T¢(S; z) = @ and N¢(S;z) = @ for z € X\S. Given another
set Q of a normed space Y, from the definition of C-tangent cone we clearly have
for P:=5xQ
(2.1)

TC(P; (z,y)) = T (S;2) x TY(Q;y) and N°(P; (z,y)) = N9(S;2) x NY(Q;y).

Considering the subset in X x R
epif :={(z,r) e X xR:z €U, f(x) <r},

called the epigraph of f, one defines the Clarke subdifferential or C-subdifferential
Jcf(x) of f at a point x € U by

(2:2) Oc f(x) = {a* € X*: (2%, —1) € N(epi f; (z, f(x))) }.
Clearly, dc f(x) is a weak™ closed convex subset of X* which is empty whenever
|f(z)] = 4+o0. If x is a local minimizer of f with |f(z)| < +o0, it is known that

0 € dof(x). If U is convex and f is convex on U, then O¢ f(z) coincides with the
subdifferential in the sense of convex analysis, that is, with |f(x)| < 400

Oof(x) =0f(z) :={z" € X*: (",u—2x) + f(x) < f(u), Vu € U}.
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When f is finite on a neighborhood of z and Lipschitz therein (with a constant
~ > 0), one has

Jof(x) ={a" € X*: (a", h) < f°(x;h), Vh € X},
where f°(x;-) is the Clarke directional derivative of f defined by
fO(x; h) := limsupt '[f(u +th) — f(u)] forallhc€ X,

u—a,t}0

which gives in particular at this point x around which f is Lipschitz

dc(=f)(x) = =00 f ().

Under this Lipschitz assumption, the function f°(x;-) is sublinear and (globally)
Lipschitz on X with « as a Lipschitz constant, so the two latter equalities give that
Jdc f(x) is a nonempty weak* compact convex set in X* and

dof(x) C yBxx.
Concerning the second component of C-normal of epigraph one has
(z*,r) € N (epi f; (z, f(x))) = r <0,
and if f is Lipschitz near z
(z*,0) € NY(epi f; (z, f(x))) <= z* =0.

In terms of the distance function dg from the set S (which is Lipschitz on X with
constant 1), one has for x € S

(2.3) NC(S;z) = cly» (R+8Cd5(x)) and TY(S;z) = {veX:di(z;v) =0},

where Ry := [0, 4o00[ and cl,+ stands for the closure operation with respect to the
weak™ topology in X*. The class of tangentially regular sets will be considered
in many places in the paper. Let us first recall that the Bouligand tangent cone
TB(S;x) of S at x € S is the set of vectors v € X for which there exist a sequence
(tn)n in ]0, +o00] tending to 0 and a sequence (vy,), in X converging to v such that

z+t,v, €S for alln € N.

Clearly, the inclusion T (S;z) C TB(S;z) always holds true. Then one says that
the set S is tangentially reqular at @ € S whenever the tangent cones 7¢(S;z) and
TB(S;z) coincide. When the epigraph epi f is tangentially regular at (z, f(x)) €
epif, one says that the function f is tangentially regular at z. It is worth pointing
out for | f(x)| < +oo that T (epi f; (z, f(x))) (resp. TB(epi f; (z, f(z)))) in X xR is
the epigraph of some sublinear (resp. positively homogeneous) function from X into
R U {—00, +o0}. The function fZ(z;-) whose T5(epi f; (x, f(x))) is the epigraph is
given by
fB(x;h) == liminf t ' [f(z + tv) — f(z)] forallh € X.
t}0,v—h

If the function f is finite near T and Lipschitz continuous therein, f°(z;-) is the
sublinear function whose epigraph is T (epi f; (Z, f(Z))), so under this Lipschitz
assumption property f is tangentially regular at Z if and only if f°(z;-) = f2(z;-).
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It is also known under this Lipschitz assumption near T that f is tangentially regular
at T if and only if the usual directional derivative f'(T;-) exists and
fe@;h) = f'(z;h) forallh e X,
where f'(T;h) = l)tiﬁ}t_l[f(f—l— th) — f(T)].
In addition to the aforementioned inclusion T¢(S;x) C TB(S;z), it is worth
pointing out that for X finite-dimensional and S closed near T € S one has

(2.4) T(S;7) = Liminf TP (S; z).
S>x—T

We recall now the basic subdifferential sum rule theorem as well as some other
results for the Clarke subdifferential in the following proposition.

Proposition 2.1. Let S be any subset of the normed space X, let f : U — RU
{—00, 400} be any function on an open set U of X, and let g : U — R be any locally
Lipschitz function.

(a) For any x € S and any v € X one has

d%(z;h) = limsup t ‘dg(u + th).
S>u—x,t]0

(b) (Lebourg mean value theorem). For any distinct points x,y € U with
[z,y] C U there exist ¢ €|x,y[:= {(1 —t)x + ty : t €]0,1[} and ¢* € dcg(c)
such that

9(y) —g(z) = (", y — x).

(¢) The multimapping Ocg is || - ||-to-weak™ upper semicontinuous on U.

(d) (Rockafellar sum rule theorem for C-subdifferential). The following
subdifferential sum rule holds true

Oc(f+g)(x) COcf(x)+ 0cg(x) forallz e U.
(e) If g(+) = Iglaf(cgi(-), where K = {1,...,m} and g : U — R are locally
€
Lipschitz functions, then for each x € U

dcg(z) Ceo | |J Oogr() |,
keK(x)
where K(z) := {k € K : gi(x) = g(z)}.
(f) Ifg(-) = max G(-,t), where T is a compact topological space and G : UxT —
€

R is upper semicontinuous in its second variable and differentiable in its first
variable with D1G(-,-) continuous on U X T, then for each x € U

dog(z) = 0" ({D1G(x,t) : t € T(x)}),

where T(x) :={t € T : G(z,t) = g(x)}.
(g) (Clarke theorem of gradient representation of C-subdifferential).
If X 1is finite-dimensional, then

dog(z) = co({ h_)m Vg(z,): QN DomVg > x, — x}),

for any x € U and any subset Q C U whose Lebesgue measure of U \ Q 1is
null.
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We refer for example to [18] for the above concepts and results.

The assertion (b) (due to F. Clarke) in the following lemma can be found in [18]
while the assertion (a) can be easily verified.

Lemma 2.2. Assume thatx € S.
(a) Given any § > 0 one has

dist(z, S N B(7,20)) = dist(z, S) for allz € B[z, J].

(b) Let g : X — R be a function which is Lipschitz on X with constant v > 0
and such that T is a minimizer of g on S. Then T is a minimizer of g+vdg
on the whole space X.

In order to state and demonstrate the next result on the C-subdifferential of the
distance function, let us recall the following Valadier’s theorem in [80].

Theorem 2.3 (Valadier theorem [80]). Let (fi)ier be a family of convex func-
tions from X into RU {+oo} and let f(x) := sup fi(x) for all x € X. Let T be a
teT

point at which the convex function f is finite and continuous and let T, (T) := {t €
T: fi(z) > f(T) —n}. Then the equality

of(@) = ()" U o

n>0 teTy (T),2€B(Z,n)
holds true.

For any real € > 0, we define the set of e-nearest points of x in S as
(2.5) Projg v :={u € S: ||z —ul| <ds(z)+ec}.

Clearly, Projg . # () for every € > 0. It is also of great interest to associate with
the set S the so-called Asplund function ¢g : X — R defined by

1
ps(x) = sup((z,y) — S [ly[?) forallz e X.
yeSs 2

The next proposition provides, in the Hilbert setting, expressions in terms of e-
nearest points for the subdifferential of the convex function ¢g and the Clarke
subdifferential of the distance function dg. The proposition is due to H. Berens [10]
and was established therein for its use for properties of Chebyshev sets; its interest
in the study of Chebyshev sets was also highlighted by J.-B. Hiriart-Urruty [34].
The idea and the development below of the use of the above Valadier theorem in
the proof of the assertion (a) are due to Hiriart-Urruty who applied this theorem
in [35, Proposition 3.5 (ii)] for the subdifferential of a similar function related to
the farthest distance function. The arguments by Berens ! [10, Proposition in
page 5 | are completely different and based on some monotonicity properties of the
multimapping given the right-hand side of (a) below.

Proposition 2.4 (Berens). Assume that X is a Hilbert space. The following hold.

IWe received a copy of [10] from J.-B. Hiriart-Urruty.
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(a) For any x € X one has
dps(w) = () 0 (Projg .x).
e>0

(b) For any x € X \ clx S one also has

x — Projg .x

e>0 e>0

Proof. Noting that
lz =yl = llz]* — (2(z, ) — lyl*),

we can write
1 1 1
2 _ 2t 2 4 2y
5d5(2) 2IIwH 216115(<x,y> 2Hyll )

Considering the above function ¢g defined by

ps(u) 1= sup((u,9) — 3 Iy11)
yes

it results that
1 1
(2.6 Sd3(@) = Sl - ws(a).

The function ¢g is obviously convex and the latter equality ensures that it is also
finite-valued and locally Lipschitz. Since || - [|?/2 is C! with the identity on X as
gradient, the same equality (2.6) gives

(2.7) ds(z)0cds(x) = x4+ 0c(—ps)(x) = 2 — dops(z) = x — I(ps)(x).

Given £ > 0, putting n(e,z) := &2 + 2edg(v) we observe that u € X satisfies
ps(r) < (@, u) — (1/2)||ul|® + n(e,x)/2 if and only if ||z — ul|? < d%(x) + n(e, ),
that is, ||z — ul| < ds(x) + &, which means u € Projg z. Since n(e,x) | 0 as € | 0,
applying the above Valadier theorem to the family (fs)ses with fs : X — R defined
by fs(u) = (u,s) — 3||s||? for all s € S, we obtain

I(ps)(x) = ﬂ co{u € X :u € Projg v} = m co(Projg ).

e>0 e>0
So, for x ¢ clx S we obtain from (2.7)

Ocds(z) = dsl(x) (:1: - ﬂ co(ProjS’Ex)> .

e>0

This finishes the proof. U

We will also use in the development of the paper the concepts of Fréchet normal
and Mordukhovich limiting normal. If f is finite at a point x € U, one says that
x* € X* is a Fréchet subgradient of f at x provided that for any € > 0 there exits
a neighborhood Uy C U of z such that

(¥, u—x) < f(u) — f(x) +¢|lu—=z| for all u € U.



164 LIONEL THIBAULT

The set Op f(z) of all Fréchet subgradients of f at x is the Fréchet subdifferential
or F-subdifferential of f at x. If |f(x)| = 400, as usual we will put dp f(x) = 0. If
x is a local minimizer of f with |f(z)| < 400, it is clear that 0 € Op f(x).

The set Optps(x) is the Fréchet normal cone or F-normal cone of S at x, and it
is usually denoted by N¥'(S;z). Then, N¥(S;x) = 0 if 2 ¢ S, and for z € S, we
have z* € N¥(S;2) if and only if for any & > 0 there exists a neighborhood Uy of
x such that

(", u—2x) <ellu—=z| foralueUynsS.
One always has
NP (S;z) C (TP(S;2))° € NY(S;2) and Opf(z) C Ocf(x).
It is also known (see [49, 13]) that
(2.8) Ords(x) = N¥(S;2) NBx~ and N¥'(S;2) = R, dpdg(z) for all z € S,
and
(2.9) Opdg(z) = NY(E,.(S);x) NSx«if x & cl S,
where E,(S) denotes the closed r-enlargement of S for r := dg(x), defined by
E.(S):={ue X :ds(u) <r}.

When the normed space X is finite-dimensional one has the equality N¥'(S;z) =
(TB(S;))°, where as above

(TB(S; 2)) = {z* € X*: (z*,0) <0, Vo € T5(S;z)}

is the polar of the cone T5(S; ).

The Mordukhovich limiting subdifferential or L-subdifferential O f(z) of f at a
point x € U with |f(x)| < 400 can be stated by saying that a functional z* € X*
belongs to dr, f(x) provided that there exist sequences (), in U with z,, —¢ 2 and
(x})n in X* converging weak* to z* such that =}, € O f(zy,) for all n € N. Similarly,
for x € S the Mordukhovich normal cone or L-normal cone N*(S;x) is the set of
x* € X* for which there are sequences (x,), in S converging to z and (z},), in
X* converging weak* to z* such that 2% € N¥(S;z,). One puts dpf(x) = 0 if
|f(x)| = +o0 and N¥(S;2) =0 if z € X \ S. One has

NE(S;2) = 0pps(x) and Opf(zx) = {z* € X*: (z*,—1) € NL(epif; (z, f(x)))}.

From the very definition we see that Op f(x) C 01 f(z) and N¥'(S;z) c NE(S;x).

Most of fundamental properties of the concepts of Fréchet and limiting nor-
mals/subgradients require the space X to be an Asplund space. We recall that
X is an Asplund space if it is a Banach space whose dual space of any separable
closed vector subspace is separable. We collect some properties in the following
proposition; for (a), (b), (c), (d), (g) we refer, e.g,. to [52], and for (e), (f), we refer
to [8].

Proposition 2.5. Assume that X is an Asplund space, the function f : U —
R U {400} is lower semicontinuous on the open set U and the set S is closed. Let
g:U — R be a locally Lipschitz function. The following hold:
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(a) The set Dom Opf is graphically dense in dom f in the sense that for any
x € dom f there exists a sequence (), in DomOf such that x, —5 x.

(b) For any x € dom f, any x* € Op(f + g)(x) and any real € > 0, there exist
u,v € U with |[u —z|| + | f(u) — f(z)| < e and ||[v — x| < € such that

x* € Opf(u) + Ipg(v) + eBx~.
(¢) For any x € U one has the inclusion
OL(f +9)(x) C ILf(x) + Irg(x);

if G:V — X is a C' mapping from an open set V of an Asplund space Y
with G(V') C U, one also has for any y € V

dL(g° G)(y) C DG(y)" (9L9(G(y)))-
(d) For any x € S one has
NE(S;2) = R, Opds(x).

(e) Let u € X and let u* € Opdg(u). Then for every e > 0, there exist x € S
and z* € Opdg(x) such that

|z —ul| <e+ds(u) and |[z*—u*| <e.

(f) For x € S one has x* € Ords(x) if and only if there are sequences (Tn)n
in S converging to x and (x}), in X* converging weakly* to x* such that
z} € Opds(xy,) for alln € N.

(g) For any x € U one has the inclusion O, f(x) C Oc f(x) and the equalities

dcf(x) =co" (ALf(x) + 97 f(x)), dog(x) =" (Irg(x)), 97°g(x) = {0},
where 0 f(z) = {a* € X* : (z*,0) € N (epi f; (z, f(x)))}.
In addition to the assertion (e) in the above proposition, the next lemma estab-

lishes another property of Fréchet subgradients of the distance function dg at points
outside S.

Lemma 2.6. Let S be a nonempty subset of a normed space X and z* € Opds(T)
with € X.

(a) For any sequence (Yn)n in S with ||T — yy|| — ds(T) as n — oo, one has
(x*,T — yn) — dg(T) asn — oo.
(b) In particular, for any y € S with |T —g|| = ds(T) (if any) one has
(%, 7 —7) = ds(T).
Proof. 1t is enough to show (a) since (b) follows from (a). Let any real € €]0,1].
Choose a real 6 > 0 such that
(", —T) < dg(x) —dg(T) + ||z — || for all z € B[zZ,J].

Setting 7, 1= ||T—yn|| —ds(T), we deduce that for every n € N and every x € B[Z, ¢]
(2.10) (@%, 0 =7) < |z —ynll = 7 = ynll + el — Z|[ + 7.

On the other hand, noting that the sequence (y,), is bounded, there is a real r > 0
such that y, € B[z, r|. Fix t €]0, 1] such that t(r+2||Z||) < 0, so zy, := T+ t(y, — T)
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belongs to B[z, d] for every n € N. For each n € N, taking x,, in place of x in (2.10),
it ensues that

211) @y = T) ST = yn + tyn = T)| = 17 = ynll + tellyn — [ + 1
(2.12) = (=7 = yall = 7 = ynll + tel[T = ynll + 90,
which means that
(@, %~ yn) 2 (1= )T — yull =t~ 0.

This combined with the inequality ||z*|| < 1 (since dg is Lipschitz with 1 as Lipschitz
constant) yields for any n € N

L=l —yal = t7mn < ("7 — yn) < 1T — yull-
Since 1, — 0, it follows with p,, := (z*,Z — y,,) that

(1 —e)ds(z) < liminf p, < limsup p, < ds(7).

n—oo

This being true for every € €]0, 1] we conclude that lim p, = dg(T) as desired. O
n—oo

Assume now that X is a Hilbert space whose norm || - || is associated with the
inner product (-,-). In addition to the set of e-nearest points defined in (2.5), for
each y € X denote by Projg(y) the set of nearest points of y in S, that is,

Projg(y) :={u € S |ly —ul| = ds(y)}-

Proximal normals (playing a crucial role in variational analysis) are defined in the
Hilbert space X through Projg as follows. A vector v € X is called a prozimal
normal of S at x € S provided there exists some real t > 0 and some y € X such
that = € Projg(y) and v = t(y — x). The set N¥'(S; ) of all such vectors v is called
the prozimal normal cone of S at x € S, and by convention one sets N (S;x) = 0)
if z ¢ S. The proximal subdifferential Op f(x) of the function f at a point x € U is
then defined as

Opf(z) ={¢ € X :(¢,—1) € NF(epi f; (z, f(2))},

where X xR is endowed with the canonical Hilbert product structure. As analytical
description, it is known for f finite at z € U that { € Opf(z) if and only if there
exist a real o > 0 and a neighborhood Uy C U of x such that

(Cu—x) < f(u) — f(z) +olu—=z||* for all u € U.
One also knows that N (S;x) = dpts(z), so by the analytic description of Op f
Opf(x) C Opf(x) and NP (S;z) c NT(S;x).
Like Fréchet normals, one has (see [19, 13])
(2.13) dpds(z) = NT'(S;2) NBx and N¥(S;z) = R dpdg(z) for all z € S.
We state four results of proximal analysis for which we refer, e.g., to [19].

Proposition 2.7. Assume that X is a Hilbert space, the function f : U — RU{+o00}
is lower semicontinuous on the open set U and the set S is closed. Let g : U — R
be a locally Lipschitz function. The following hold.
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(a) For any x € dom f, any z* € Op(f + g)(x) and any real € > 0, there exist
u,v € U with |[u — z|| + | f(u) — f(z)| < e and ||[v — z|| < € such that

x* € Opf(u) + Opg(v) + eBx-~.

or any r € a vector ( € Orf(x) if and only if there exist sequences

(b) F y U ¢ € Opf(x) if and only if th st seq
(xn)n in U with x, =5 x and ((n)n i X converging weakly to ¢ such that
Cn € Opf(xy) for all m € N.

c) For any x € a vector ( € ;x) if and only if there exist sequences

(c) F Y S ¢ € NL(S;z) if and only if th q
(Tpn)n 0 S converging to x and ((n)n in X converging weakly to ¢ such that
Co € NP(S;2,) for all n € N.

or any T € a vector ( € Ordg(x) if and only if there exist sequences

(d) For any S ¢ € drds(z) if and only if th q
(Tn)n in S converging to x and (()n in X converging weakly to ¢ such that
Cn € Opdg(xy) for all n € N.

3. DEFINITION AND FIRST PROPERTIES OF SUBSMOOTH FUNCTIONS

Recall that a mapping G : U — Y from an open set U of a normed space X into
a normed space Y is strictly Fréchet differentiable at a point T € U provided that
there is a continuous linear mapping A : X — Y such that for any € > 0 there exists
a neighborhood V' C U of = such that

|IG(x) — G(u) — Az —u)|| <e|lz—u| forallz,uecV.

Given a continuous convex function f : U — R on an open convex set U of the
normed space X, it is known (see, e.g., [12, Proposition 4.2.7]) that f is strictly
Fréchet differentiable at 7 € U if and only if

I f(@+th)+ f(T —th) —2f(T)
Ho ¢

=0

uniformly with respect to h € Bx (or equivalently with respect to h € Sx). In the
case of a general mapping, a characterization in the same line holds true as proved
in the following result of L. Vesely and L. Zajicek [81].

Proposition 3.1 (Vesely-Zajicek). Let U be a nonempty open set of a normed
space X and G : U — Y be a mapping from U into a Banach space Y which is
continuous at T € U. The following assertions are equivalent:

(a) The mapping G is stricly Fréchet differentiable at the point T.
(b) For every e > 0 there is § > 0 with B(Z,d) C U such that for all h € Bx,
xeU,r,s>0 withx+rh € B(Z,)), v — sh € B(T,d) one has
H G(x+rh)—G(x) G(z)— Gz —sh) H <.

T S

(c) For every e > 0 there is § > 0 with B(x,0) C U such that for all h € Sx,
xeU,r,s>0 withx+rh € B(Z,0), © — sh € B(T,0) one has

H G(z+rh) ~ G(z)  G(z)~ Gz — sh) H <e.

T S
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(d) For every e > 0 there is 6 > 0 with B(Z,0) C U such that for all u,v €
B(Z, ) with u # v and all z €|lu,v[:= {tu+ (1 — t)v : t €]0,1[} one has

H G(u) —G(2) _G(2) —G(v)

[Ju — 2] Iz =
We show first the following lemma.

Lemma 3.2. Let U be a nonempty open set of a normed space X and G : U =Y
be a mapping from U into a Banach space Y. Assume that the property (c) in the
above proposition is satisfied. Then

%lt—l((;(wr th) — G(T))

exists uniformly with respect to h € Sx .

Proof. Without loss of generality, we may suppose U = X. Fix any € > 0 and take
d > 0 given by the property in (c) of the proposition. Fix any h € Sy and consider
any 0 < 7 < t < 8. Then, putting Q,(h) := 771 (G(Z + 7h) — G(T)) we have

H G +th)—G@+71h) GET+Th)—G(T)

t—T1 T

or equivalently
|G(@+th)—G@T+7h)— (t—7)Q-(h)| <e(t—r1).
Observing that G(T +th) — G(T+7h) — (t — 7)Q-(h) = G(T+th) — G(T) —tQ-(h),
we derive that
|G(T +th) — G(T) —tQ-(h)|| <e(t —7) < et, hence ||Qi(h) — Q-(h)| < e.

The latter clearly implies the assertion of the lemma by completeness of Y. O
Proof of Proposition 3.1. Suppose again (without loss of generality) that U = X.
The assertions (b), (c) and (d) are easily seen to be pairwise equivalent, and (a)

clearly implies (c).
Suppose that (c) is satisfied. By Lemma 3.2 above, for each h € X put

A(h) = limt ™ (G(z + th) — G(7)).
(h) i=tim e (G( + th) - G(@))
Clearly, the equality A(rh) = rA(h) holds for all reals » > 0. Fix any hi, hg € X

with hy # ho and fix also any real € > 0. For ¢’ := 2¢/||h1 — ha|| > 0 there exists by
(c) some ¢ > 0 such that for any ¢ €]0, J]

H G(T +2thi) — G@ +t(h1 + he))  G(T +t(h + h2)) — G(T + 2thy) ‘ <.
tl[h1 — hal| tlha — ha|l -

or equivalently
’G(m+ 2th1) = G@ +t(h1 + h2))  G(@ + t(h1 + ho)) — G(T + 2thy) o
t t -
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The latter amounts to saying, with notation in the proof of the above lemma, that
|Q2t(h1) + Qat(h2) — Qi(hy + ho)|| < . By the above lemma choose some ¢’ €]0, §]
such that for all ¢ €]0, [

1Qi(h1 + ho) = Alh1 + ho)l| <&, |Qa(hi) — A(hi)l| <&, i =1,2.

Therefore, for all ¢ €]0,d’[ we obtain ||A(h1) + A(ha) — A(hy + ha)|| < 3e, which
yields that A(hy 4+ he) = A(h1) + A(hs). The latter equality combined with the
positive homogeneity of A easily entails that A is linear.

On the other hand, the uniform convergence on Sx of the family (Q;)¢>0 to A (as
t | 0) is equivalent to the existence of a function n: R — [0, +oo[ with t~1n(t) — 0
(as t | 0) such that |G(Z+h) —G(T)—A(h)|| < n(||h|]) for all h € X. This combined
with the continuity of G at T implies the continuity of A, and hence G is Fréchet
differentiable at

Finally, let us show the strict Fréchet differentiability. Fix any € > 0 and choose
some § > 0 satisfying (c) and such that (by the Fréchet differentiabilty)

|G(Z + h) — G(T) — A(h)|| < e||h]| for all h € B(0,6).

Fix any x,y € B(7,9/4) with = # y and put u := (x — y)/||lx — y||, 7 := ||z — y]|,
s:=9/4. It ensues that ||(y — su) — Z|| < 6, hence

1G(y — su) = G(T) = Ay — su—Z)|| < elly — su— 7,

1G(y) = G(T) — Ay —2)|| <elly — .
Both inequalities yield
1G(y) = Gy — su) = A(su)|| < e(lly — su—T[| + ly —Z||) < elly —T|| +s) < 3es,
or equivalently

Is7 (G(y) — Gy — su)) — A(u)]| < 3e.
On the other hand, by the choice of § from (c) we also have

H G(r) = Gly) _Gly) =Gy —su) ‘ <.
[l = yll s -

It then follows that

-G
HW - A(u)H < e, or equivalently ||G(z)—G(y) —A(x—y)|| < 4el|lz—yl,

=Yy
which translates the strict Fréchet differentiability of G at T and finishes the proof
of the proposition. O

In the case of a real-valued function f the inequality (c) in the above proposition
characterizing the strict Fréchet differentiability at T can be rewritten as

fletrh) = f@) | Jx—sh) - [(z)

T S

—e <

<e

As we will see along this survey, functions satisfying the left-side inequality alone
enjoy remarkable and useful properties. This yields to the following definition.
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Definition 3.3. Let U be a nonempty open set of a normed space X. An extended
real-valued function f : U — RU {400} is subsmooth at a point T € dom f provided
that for every real € > 0 there is a real 6 > 0 (depending on € and ¥) with B(Z,d) C
U such that, for all h € Sx, r,s > 0 with x + rh € B(Z,0) Ndom f, z — sh €
B(z,0) Ndom f one has

_ flatrh) = @) | flo—sh)~ f(x)

— <
r S

When f is subsmooth at any point in Uy N dom f for an open set Uy C U, one
says that it is subsmooth on Uy. The function f is subsmooth near a point if it is
subsmooth on an open neighborhood Uy C U of this point.

It is clear from this definition that any extended real-valued convex function is
subsmooth at any point where it is finite. It is also worth pointing out that the
above definition of subsmoothness of f at T is equivalent to requiring that, for
every real ¢ > 0 there exists a real § > 0 with B(%,d) C U such that, for all
u,v € B(Z,0) Ndom f with u # v and all z €]u, v[ one has

flu) = f(z) | f(v) = f(2)

(3.1) —e<
lu—z| lv — 2|

This obviously entails the following property.

Proposition 3.4. Let U be a nonempty open set of a normed space X and f : U —
R U {+o0} be a proper function. If f is subsmooth at a point T € dom f, then there
exists some § > 0 such that B(z,0) Ndom f is a convez set.

The characterization (3.1) of subsmoothness also leads to introduce the corre-
sponding uniform and one-sided notions.

Definition 3.5. Let U be a nonempty subset of a normed space X and f : U — RU
{+0o0} be an extended real-valued function. The function f is said to be uniformly
subsmooth on a nonempty open set Uy C U if for every real € > 0 there exists a real
d > 0 such that, for all v # v in Uy Ndom f with ||u —v|| < § and all z €|u, v[NU

one has
flw) = f(z) | flo) = f(2)

lu = 2| lv = 2|

The function f is uniformly subsmooth near a pointin U if it is uniformly subsmooth
on an open neighborhood of this point.

Similarly, one says that f is one-sided subsmooth at T € dom f if for every real € >
0 there exists a real 0 > 0 with B(%, ) C U such that, for every v € B(z,d) Ndom f
with v # T and for every z €]Z, v[ one has
f@) —f(z) | fv) - f(2)

_l’_

[z — 2] lv — 2|

The uniform equi-subsmoothness is defined in a similar way.

Definition 3.6. Given a family (f;);e; of functions from the open set U into R U
{+o0} and a family (U;);c; of open subsets of U, one says that this family of
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functions is uniformly equi-subsmooth relative to (U;);e; when for every real € > 0
there exists a real § > 0 such that for each ¢ € I one has

LS = fil) | i) = fiz)

I lo = 2|

for all u # v in U; Ndom f; with ||ju — v|| < 0 and all z €]u, v[NU. If all the sets U;
coincide with a same open set Uy C U, one simply says that the family of functions
(fi)ier is uniformly equi-subsmooth on Uy.

Of course, the uniform subsmoothness implies subsmoothness, which in turn im-
plies one-sided subsmoothness. It is aslo clear that the three properties of sub-
smoothness, one-sided subsmoothness and uniform subsmoothness are stable under
sum of finitely many functions.

Example 3.7. Consider the function f := —|-| on R. For any v # 0 in R and any
z strictly between 0 and v, we have
O = fG) , f©)=1C) _ | =l
2| v — 2| lv—2|

so f is one-sided subsmooth at 0 (and hence one-sided subsmooth at any point in
R).
However, observing that
f(A/n) —f(0)  f(=1/n) - f(0)

— 2
1/n + 1/n ’

we see that f is not subsmooth at 0.

The following strict differentiabily result follows directly from Definition 3.3 and
Proposition 3.1.

Proposition 3.8. Let U be a nonempty open set of a normed space X and f : U —
R be a real-valued function which is continuous at T € U. Then f is strictly Fréchet
differentiable at T if and only if both functions f and —f are subsmooth at the point
x.

The next proposition extends to subsmooth functions the well-known property
that a convex function which is Fréchet differentiable at point is (see, e.g., [12,
Proposition 4.2.7]) strictly Fréchet differentiable at that point.

Proposition 3.9. Let U be a nonempty open set of a normed space X and f :
U — R be a real-valued function which is subsmooth at T. Then f is strictly Fréchet
differentiable at T if and only if it is Fréchet differentiable at T.

Proof. Only the implication < needs to be justified. Assume that f is Fréchet
differentiable at . Without loss of generality me may suppose that U = X along
with f(Z) = 0 and Df(Z) = 0. Choose a real 6 > 0 such that the inequality in
Definition 3.3 is satisfied for ¢ := £/2 in place of £ and such that for all x € B(z, )
one has

[f (@) = [f(x) = f(Z) = Df(@)(z —7)| < (¢/8)]|z — 7.
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Take any =,y € B(7,/2) with z # y and set h := (z —y)/||x —y||. Putting r := §/2
and noting that y = = — ||y — z|| h, by Definition 3.3 we have

(3.2)

< f(z+rh) — f(2) n fly) — f(x)7 < f(@) = f(y) n fly—rh) — fly)
r ly — || [l =yl r
Further, the above inequality given by the Fréchet differentiability of f at T entails
that

max{[f ()], |[F ()], [f(z +rh)],|fly —rh)|} < (e/8)2r = er/4,

which in turn ensures that

[ (fl@+rh) = fa))| <e/2 and PN (f(y —rh) = f(y)| < €/2.
The latter inequalities combined with the inequalities in (3.2) yield

f@-fw) @)= )
le =yl = R

which translates the strict Fréchet differentiability of f at T (with Df(z) =0). O

Proposition 3.8 tells us in particular that any C! function f : U — R on an open
set U is subsmooth on U. A similar result provides a first example of famillies of
uniformly equi-submooth functions. Given a nonempty open set U of a normed
space X, a family of mappings (G;)ics from U into a normed space Y is said to be
uniformly equi-continuous relative to a family (U;);cr of open subsets of U when for
any € > 0 there exists § > 0 such that for any 7 € I one has

(3.3) |Gi(2") — Gi(2)|| < e for all z,2’ € U; with ||z’ — z|| < 4.

Proposition 3.10. Let U be an open set of a normed space X and (f;)icr be a
family of functions from U into R. Let (U;)ier be a family of open convex subsets
of U such that for each i € I the function f; is differentiable on U; and such that
the family of derivatives (D f;)ier is uniformly equi-continuous relative to (U;)er.
Then the family of functions (fi)icr is uniformly equi-subsmooth relative to (U;);cr.

Proof. Take any real ¢ > 0 and choose a real § > 0 such that ||Df;(2')—Df;(z)]| < e
for any ¢ € I and any x,2’ € U; with ||’ — z|| < §. Fix any ¢ € I and take any
u,v € U; with ||u—v|| < 0. Consider z €]u, v[ and note that with v := (v—u)/||lv—ul,
up =z +t(u—z) and vy := 2z + t(v — 2)

filw) = fi(z) | fi(v) = fil2)

[ = =] lo = z]|

1 1
:/0 (DFfi(u), >dt+/0 (Dfi(vy),

v—2z ) di

u—=z
- 2|

lu = ]| lo = z]|

1
— /0 (Dfi(vr) — Dfilue),v) dt > —,

where the latter inequality is due to the fact that for every ¢t € [0,1] one has
ug, vy € U; with |joy — w|| = t]Jv — u|| < 6. This justifies the desired uniform
equi-subsmoothness property. O

Subsmooth functions can be characterized via a Jensen-like inequality.
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Proposition 3.11. Let f : U — RU {400} be a function on a nonempty open set
U of a normed space X. The function f is subsmooth (resp. one-sided subsmooth)
at T € dom f if and only if for every real € > 0 there exists a real § > 0 with
B(w,0) C U such that, for all x,y € B(T,d) and all t €]0, 1] the inequality

(3-4) [tz + (1 =t)y) <tf(z)+ (1= f(y) +et(l = 1)l -y

holds (resp. the inequality holds with y =T and all x € B(ZT,0)).

Similarly, [ is uniformly subsmooth on an open set Uy C U if and only if for every
real € > 0 there exists a real d > 0 such that for any x,y € Uy with ||z —y| < § and
any t €]0, 1] with tx + (1 — t)y € U the above inequality is satisfied.

Proof. We only justify the equivalence for the subsmoothness property, the case of
either one-sided or uniform smoothness is similar. Let u,v € dom f with u # v and
z €Ju,v[NU with z = tu + (1 — t)v and ¢t €]0,1[. Since u —z = (1 — ¢)(u — v) and
v —z = t(v —u), we note that

flu) = f(z) | f0) = f(z) _ tf(u) + (1@ = t)f(v) = f(2)

lu = z]| lo—=2ll b1 = )[lu = vl|

From this and (3.1) the implication <« follows. The reverse implication being ob-
tained in an analogous way, the equivalence is justified. O

Remark 3.12. Functions satisfying the inequality (3.4) are called approzimately
convez atT by H.V. Ngai, D.T. Luc and M. Thera [56], so the above proposition says
that this approximate convexity notion coincides with the submoothness property.

Remark 3.13. Let be given an open set U of a normed space X, a family (f;)iecr
of functions from U into R U {+o0} and a family of open subsets (U;);er of U. The
above arguments also show that this family of functions is uniformly equi-subsmooth
relative to (U;);er if and only if for every real £ > 0 there exists a real 6 > 0 such
that for each ¢ € I one has

filte + (1 = t)y) < tfi(z) + (1 =) fiy) + et(1 = )]}z =y

for any z,y € U; with ||z — y|| < ¢ and any ¢ €]0, 1[ with ¢tz + (1 —t)y € U. In par-
ticular the family (f;);er is uniformly equi-subsmooth relative to (U;);er whenever
any set U; is convex and any function f; is convex on Uj.

The next proposition proves that any function which is subsmooth at a point T
and bounded from above near T is Lipschitz near .

Proposition 3.14. Let f: U — R be a real-valued function on an open set U of a
normed space X which is subsmooth at a point T € U and bounded from above near
T. Then f is Lipschitz continuous near T.

Proof. Take ¢ = 1 and by Proposition 3.11 take a real o > 0 with B(Z,dy) C U
such that f is bounded above on B(Z,dp) and such that (3.4) is satisfied for all
x,y € B(z,dp). Taking any = € B(%,dp) and setting u := 2T — x, we see that
T = (1/2)z + (1/2)u with u € B(Z, dy), thus

@) < 2

1 1
< SF(@) + 50w + gllu =z,
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Since f is bounded above on the ball B(Z,dp), it follows that f is also bounded
from below on this ball. We can then choose an upper bound p > 0 of |f| on the
ball B(Z, d).

Now put 0 := dp/2 and fix any =,y € B(T,0) with  # y. Putting ¢ := émgﬂll
and z :=y + 6%, and noting that z € B(ZT, dy), it ensues that

fly) = ftz+ (1 —t)z) <tf(z) + (A1 —1)f(z) + (1 - t)]z — ],
hence (since (1 —t) <t < |ly — z||/d and ||z — x| < 30)

24
Fy) = f@) <t(f(z) = f(2)) +3lly =2 < B+ =)y —l,
which translates the Lipschitz property of f on B(T,0). O

Corollary 3.15. Let U be a nonempty open set of a Banach space X and f :
U — RU {400} be a lower semicontinuous function. If f is subsmooth at a point
T € int(dom f), then f is Lipschitz continuous near T.

Proof. Without loss of generality (putting g(x) := f(x+7Z) — f(Z)) we may suppose
that T = 0 and f(Z) = 0. Let 69 > 0 be such that B(0,d9) C dom f and such
that the condition (3.4) holds with € := 1. Let ¢ := §p/2 and for each integer n
put V, :={z € W : f(zx) < n} with W := B(0,dp). Noting that W = |J V,
neN
(and keeping in mind that B(0, dy) is open in the complete space X ), Baire theorem

tells us that int Vi, # 0 for some k € N. Choose a € W and r €]0, dy[ such that
B(a,2r) C Vi,. We have —a € W and for each € B(0, ) there is some y, € B(a, 2r)
such that z = (1/2)(—a) + (1/2)y,, hence

F(2) < F(-a) + ¢ () + 3llve +all < 5 (F(-a) + k +25).

The function f is then bounded from above near the point T = 0, so it is Lipschitz
continuous near this point according to Proposition 3.14. U

Consider now the case of subsmooth functions over intervals of the real line.

Proposition 3.16. Let I be an open interval of R and f : I — RU {+oc0} be a
proper lower semicontinuous subsmooth function. Then the restriction of f to [r, s]
is continuous for any interval [r,s] C dom f with r < s.

Proof. Let [r,s] C I with r < s. We already know by Corollary 3.15 above that
f is (locally Lipschitz) continuous on |r,s[. Let us prove, for example, that f is
continuous on the right at r. Taking € = 1, choose § > 0 with B(r,d) C I such that

f(0x + (1= 0)y) <Of(x) +(1-0)f(y) +0(1—0)|z -y
for all x,y € B(r,d), and 6 €]0,1[. Putting o := min{s,r + §} we obtain for all
t €lr,of

t—r o—t (t—r)(oc—1t)
< v g —
70 < T2 pt0) + T )+ AT D,
and hence limsup f(t) < f(r). This and the lower semicontinuity of f guarantee
tir

that f is continuous on the right at r as desired. U
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4. DIRECTIONAL DERIVATIVES AND SUBDIFFERENTIALS OF SUBSMOOTH
FUNCTIONS

This section analyzes directional derivatives and subdifferentials of subsmooth
functions.

4.1. General properties of derivatives and subdifferentials. Let us begin
with some properties of the differential quotient. Let U be a nonempty open set
of a normed space X and f : U — RU {400} be a function which is subsmooth
at a point T € dom f. Fix any real ¢ > 0. Let § > 0 with B(%,d) C U for which
condition (3.4) is fulfilled. Fix any z € B(7,0) and any h € X. Let 0 < s < t with
t|h]| < 0 — ||z — Z|| and let any r > 0 with r||h|| < 0 — ||z — Z||. Observing that

= (r+s)"ts(x —rh) + (r+s)"tr(z + sh),

we have
ers

r+s

s r
< - _ -
f(:n)_r_'_sf(x rh)+r+sf(:v+sh)+
which is equivalent to the following first slope e-inequality:
(4.1) —rHf(@ —rh) = f(2)] < s7Hf(x + sh) = f(x)] +¢n]

for r,s > 0 with ||h|| max{r,s} < — ||z —Z|.
Similarly, from the equality

121,

z+ sh = ;(:c+th)+(1— %)x
we obtain
Fla+sh) < Zf(@+th) + (1= )f (@) +es(1 = )|
which in turn is equivalent the following second slope e-inequality:
(4.2) s f(w+ sh) = f(a)] <t [f(x +th) — fz)] +e(1 - ;)HhH
for reals 0 < s < ¢t with t||h]| <0 — ||z — Z||.

Proposition 4.1. Let U be a nonempty open set of a normed space X and f : U —
R U {+o0} be a function which is subsmooth at a point T € U at which f is finite.
The following hold:

(a) For each real € > 0 there is § > 0 with B(Z,25) C U such that for any
x € B(z,0)Ndom f, any t > 0 and any h € X with t|h] <

fPash) < limeup sTHf (@ 4 sh) = f(a)] < 7w+ th) = f(a)] + e[|l

(b) The directional derivative
1) =l G+ ) — )

exists in R U {—o00, 400} for any direction h € X, and the function f'(T;-)
18 conver and positively homogeneous.
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Proof. Let any € > 0 and let o > 0 with B(%,d9) C U such that the condition (3.4)
is fulfilled. Set 0 := Jp/2 and fix any x € B(%,d) Ndom f and any h € X. Take
0 < s <t with ¢]|h]| < § and write according to (4.2) that

sTH (w4 sh) = f(a)] St [f(z +th) — fla)] +e(l - ;)Ilhll-

Fixing ¢t we deduce as s | 0 that
(43)  fP(a;h) < limsup s [f(x + sh) — f(2)] <t [f(@ + th) — F(@)] +<llhl]
sl0

which justifies (a). On the other hand, keeping h € X and ¢ > 0 with ¢||h]| < J in
the second inequality in (4.3) and choosing x = T, we obtain by passing to the limit
inferior as t — 0 that

limsup s '[f(Z + sh) — f(T)] < 1ir§ig)nft_1[f(§+th) — f@)] +e<llh]|.
50

This being true for all e > 0, the desired limit giving f'(T; h) exists in RU{—o0, 4-00}.

The positive homogeneity being obvious, it remains to show the convexity of
1 (z;+). Fixany (h,«) and (', 8) in X xR and satisfying f'(Z; h) < a and f'(z; 1) <
B. Take any € > 0 and choose § > 0 such that the condition (3.4) holds and such
that for all 0 <t < §

27 f(@+2th) — f(T)] <« and (2t)7f(@ + 2th) — f(T)] < 5.
Take any ¢ > 0 with ¢ max{]|h||,||R'||} < 6/2. It ensues that
f(@+th+th') < %f(f—k 2th) + %f(f—k 2th') + %tuh — 1,
or otherwise written
@+ th+th') — f@)] < (20)7'[f(T + 2th) - f(T)]
+(20) 7 (@ + 2th) = f@)] + (e/2)||h ],
which entails
tHf@ +th+th) — f@)] < a+ B+ (/2)|h— 1.
Consequently, f'(z;h+ h') < a+ B, so f/(T;) is convex. O
Before stating the result concerning the subdifferential, we need a lemma.

Lemma 4.2. Let U be a nonempty open set of a normed space X and f : U —
R U {+o0} be a function.

(a) If f is subsmooth at a point T € U where it is finite, then for any real
e > 0 there exists a real 6 > 0 with B(Z,0) C U such that, for each x €
B(z,0) Ndom f and for each (u,r) € epi f with |u — x| <, one has

(4.4) (u —xz,r— f(x)+¢e|lu— :U||) € Tc(epif; (z, f(x)))

(b) If f is uniformly subsmooth on an open subset Uy C U, then for any real
e > 0 there exists a real § > 0 such that the inclusion (4.4) holds for any
z,u € UpNdom f with |[u— x| < and any real r > f(u).
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Proof. Fix any real ¢ > 0. Under the assumption in (a) (resp. in (b)) choose
a real §p > 0 satisfying B(Z,dp) C U as well the condition (3.4) in Proposition
3.11 and put § := dp/2 (resp. choose a real § > 0 satisfying the condition for
uniform subsmoothness in Proposition 3.11 similar to (3.4)). Take any = € B(Z, ¢)
with f(z) finite and take any (u,r) € epif with ||lu — z|| < § (resp. take any
z,u € UpNdom f and any real r > f(u)). If u = x, the result is obvious since
T (epi f; (x, f(x)) is an epigraph set containing (0,0). Suppose that ||u — z| > 0.
Take any sequence (z,,,7,), in epi f converging to (x, f(z)) and any sequence (),
in ]0, +o0o[ tending to 0. Fix an integer N such that ¢, < 1 and ||z, — z|| < ¢ for all
n > N (resp. t, <1, ||z, —u| < 0 and z,, +t,(u—xz,) € U for all n > N). Putting
Zn = Tpn + ty(u — x,), the condition (3.4) in Proposition 3.11 (resp. the condition
for uniform subsmoothness in Proposition 3.11) tells us that, for all n > N

f(zn) —etpllu — xp|| < tur + (1 — ty)rn,
and from this we get that
(a:n,rn) +tn (u — T, T — Ty +Elju — :an) € epif.
This implies the desired inclusion
(u—a,r = f(x) +elu—zl) € T (epi f; (x, f(2)))
and finishes the proof. O

Remark 4.3. The above proof also shows for S C X that if f: X — RU {400}
satisfies with € > 0 the inequality

Fto+ (1= )y) < tf(@) + (1= )7 () + etle — y]
for all z,y € S and t €]0, 1[, then

(u—z,r— f(z) +ellu—=zl) € T((S x R) Nepi f; (z, f(x))),
for every x € SNdom f and every (u,r) € epi f with u € S.

Remark 4.4. Let (f;)icr be a family of functions from an open set U of a normed
space X into R U {400} and let (U;);cr be a family of open subsets of U. Assume
that this family of functions is uniformly equi-subsmooth relative to (U;);er. Using
Remark 3.13 in place of Proposition 3.11 in the proof of Lemma 4.2 it is not difficult
to see that for any € > 0 there exists § > 0 such that for each ¢ € I the inclusion

(u—z,r — fi(z) +el|lu—=z||) € Tc(epi fis (z, fi(2)))
holds for any x,u € U; Ndom f; with ||u — z|| < ¢ and any real r > f;(u).

We can now establish the result showing in particular the coincidence of Fréchet
and Clarke subdifferentials of f at any point where the subsmoothness property is
satisfied.

Theorem 4.5 (Ngai-Luc-Théra: Coincidence of subdifferentials of sub-
smooth function). Let U be a nonempty open set of a normed space X and
f U = RU{+oo} be a function which is subsmooth at a point T € U where
it is finite. The following hold:
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(a) For each real € > 0 there exists a real § > 0 with B(Z,20) C U such that for
every (z,x*) € gph Oc f with |z —Z|| < § one has

(4.5) (" h) < f(x +h) — f(x)+¢|h| forallh € B(0,9).
(b) The following subdifferential reqularity
Ocf(@) = 0pf(T) ={a* € X*: (", h) < f'(z;h), Vhe X}
also holds true at the point .

Proof. Take any real € > 0. Choose a real 0y > 0 given by Lemma 4.2(a) above and
put 0 := /2. Consider any x € B(Z,0) N Dom dc f and any z* € ¢ f(x), which is
equivalent to (z*, h) —r < 0 for all (h,r) € T (epi f; (z, f(x))). For any h € B(0,)
with x 4+ h € dom f, Lemma 4.2 yields

(h, f(z+h) = f(a) +elhll) € T (epi f; (x, f(2))),
thus (keeping in mind that f(z + h) = +o0o when x + h ¢ dom f) we obtain
(" hy < f(x+h) — f(x) +e||h|| forall h € B(0,9),

which translates the desired first property (a) of the theorem.

This latter property also tells us in particular with x = Z and z* € d¢ f (%) that,
for every real € > 0 there is a real 6 > 0 such that (z*, h) < f(T+ h) — f(T) +€]|h]]
for all h € B(0,6), so * € Opf(Z). We derive that dof(T) = Opf(T) since the
inclusion Op f(Z) C Oc f(T) always holds.

On the other hand, setting A := {z* € X* : (z*,h) < f'(T;h), Vh € X} it is
obvious that dp f(Z) C A (keep in mind that f/(Z;-) exists by Proposition 4.1(b)).
Conversely, let z* € A. Fix any ¢ > 0. Taking § > 0 given by Proposition 4.1(a)
we obtain that

(2, h) < f(T+h) — F(@) + <[]
for all h € X with ||h|| < J, which means that * € Opf(Z). This justifies the
inclusion A C dr f(), so (b) is established and the proof is complete. O

Theorem 4.5(b) directly ensures the following tangential regularity.

Corollary 4.6. Let U be a nonempty open set of a normed space X and f : U — R
be a locally Lipschitz function. If f is subsmooth at a point T € U, then it is
tangentially reqular at T.

Remark 4.7. Unlike locally Lipschitz subsmooth functions, a locally Lipschitz
function which is one-sided subsmooth at T may fail to be tangentially regular at
Z. The same function f := —|-| on R in Example 3.7 is one-sided subsmooth at

T := 0 according to this example, but it is not tangentially regular at T = 0.

Under the uniform subsmoothness of f, instead of the property in Theorem 4.5(a),
we have:

Proposition 4.8. Let U be a nonempty open set of a normed space X and f : U —
R U {400} be a function which is uniformly subsmooth on an open set Uy C U.
Then for each real € > 0 there exists a real 6 > 0 such that for every y € Uy and
every (z,x*) € gphdc f with x € Uy and ||z — y|| < 6 one has

(4.6) (% y —z) < f(y) — f(@) +elly — =]
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Proof. Let any real € > 0. Choose a real § > 0 given by Lemma 4.2(b). Take any
y € Uy and any (z,2*) € gphdcf with z € Uy and ||z — y|| < 6. The inclusion
r* € Ocf(z) means (z*,—1) € N%(epi f; (z, f(x)). If f(y) < +oo, Lemma 4.2(b)
tells us that

(y—x, f(y) = f(a) +elly —z|)) € T (epi f; (x, f(2))),
hence we obtain
(z%y —x) < fly) — fz) +elly — zf].
Trivially, the latter inequality still holds if f(y) = +oo. O
Remark 4.9. Let U be a nonempty open set of a normed space X and (f;)icr be
a family of functions from U into R U {+oo} which is uniformly equi-subsmooth
relative to a family of open subsets (U;);c; of U. Using Remark 4.4 instead of
Lemma 4.2(b) we obtain that, for every real € > 0 there exists § > 0 such that for
each ¢ € I one has
(%, y —z) < fily) — filz) +elly — |
for any y € U; and any (z,z*) € gph d¢ f; with x € U; and ||z — y|| < 6.
Proposition 3.1 established a characterization of strict differentiability of a map-
ping G at a point T through, for h € Bx, the difference of ratios
G(z+rh) —G(z) G(z)— Gz —sh)

T S

involving x near T and both r and s. When G is a continuous function f which is
subsmooth at Z, the next lemma provides a similar characterization of the Fréchet
differentiability (or equivalently, strict differentiability by Proposition 3.9) of f at T
through the ratio t~![f(Z + th) — f(z — th) — 2f(%)] involving merely the reference
point T, extending in this way the known property for convex functions recalled at
the beginning of this section. The lemma will be used in Theorem 4.11 below.

Lemma 4.10. Let U be a nonempty open set of a normed space X and f:U — R
be a real-valued function which is subsmooth at T € U and continuous at T. The
following assertions hold.

(a) The function f is Fréchet differentiable at T if and only if

lim f@+th)+ f(T —th) —2f(T)
) t

=0

uniformly with respect to h € Bx (or equivalently, with respect to h EﬁS X )-
(b) The function f is Gateaux differentiable at T if and only if for each h € X
with ||h| =1

i f(@+th) + f(x —th) — 2f(7)
Ho ¢

=0.

Proof. (a) Suppose first that f is Fréhet differentiable at T and fix » > 0 such that

B(z,r) C U. There exists a function 7 :]0,7[xX — R with sup |n(t,h)] — 0 as
heBx
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t } 0 such that f(z+th) — f(T) = tDf(Z)h+tn(t, h). Consequently, for all t €]0,r]
and h € Bx
1@+ th) + f(@ = th) = 2/ @) = In(t b) + (e, ~h)| < 2 sup [n(t,v)l,
veb x

which justifies the implication = of the lemma.
Now, let us suppose that lifg t~1p(t) = 0, where
t

p(t) = iy |f(Z +th) + f(T — th) — 2f()].

Since f is subsmooth at T and continuous at this point, it is Lipschitz on some ball
B(z,r) C U (see Proposition 3.14). Fix some T* € o f(%). Take any real ¢ > 0
and, by Theorem 4.5(a) choose a positive real § < r such that

(4.7) (T2 —7) < f(z) — f(T) +ellx —7|, foralze B(z,0).

Choose a positive real §y < & such that t~1p(t) < e for all ¢ €]0,d[. Considering
any t €]0,do[, we derive from (4.7) that, for all h € By

p(t) = f(@+th) + f(x —th) = 2f(7) = f(T +th) — f(T) = t(z", h) —et,
and hence by (4.7) again
_ F@ -+ th) — () — (7. )
- t
This tells us that f is Fréchet differentiable at Z (with T* as Fréchet derivative at
), so the proof of (a) is finished.
(b) For any fixed h € X with ||h|| = 1, a slight modification of the above arguments

with the use of K := {—h,h} in place of Bx and T +th in place of = establishes the
assertion (b). O

<t p(t) + e < 2.

Given a multimapping M : U = Y between two sets U and Y, recall that a
mapping ¢ : S — Y is a selection of M on a set S C Dom M whenever ((z) € M (z)
for all x € S. When S = Dom M, one just says that { is a selection of M.

Theorem 4.11 (Differentiability of subsmooth function via continuous
selection of subdifferential). Let U be a nonempty open set of a normed space
X and f : U — R be a function which is subsmooth at T € U and continuous at T.
The following are equivalent:

(a) The function f is Fréchet (resp. Gateauz) differentiable at .

(b) Any selection ((-) of Oc f is norm-norm (resp. norm-weak*) continuous at
x.

(¢) There exists an open neighborhood Uy C U of T and a selection ¢ : Uy — X*
of Ocf on Uy which is norm-norm (resp. norm-weak®) continuous at T.

Proof. We prove the theorem only for the Fréchet differentiabilty; the other case is
similar. We note first that the implication (b)=-(c) is obvious.

Let us show (c)=(a). Let Uy and ¢ be given by (c), and take any real € > 0.
By continuity of ¢ at T and by Theorem 4.5(a) there exists a real § > 0 with
B(7,26) C Up such that ||((z) — ((Z)|| < € for any = € B(Z, ) and such that

(%, h) < f(x +h) — f(x) + £l
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for any = € B(Z,0), any z* € o f(x) and any h € B(0,0). Fixing any x € B(Z,J),
we deduce that

(4.8) (((@),z—7) < f(x)— f@) +ellz—z||, (((z),7—2) < f(@)—f(z)+elz—7|.
The latter inequality along with the fact that ||((x) — {(Z)|| < € yields

f(@)=f(@) < (@), 2—7)+(((2) = ((T), v —T) +elz—Z| < (((), 2 —T) + 2z -],
which combined with the first inequality in (4.8) gives

| f(x) = f(@) = (@), 2 =) | < 2l — .
This translates the Fréchet differentiability of f at Z, that is, (a) holds.

Finally, let us prove (a)=(b). By Proposition 3.14 the function f is Lipschitz
near T, so without loss of generality we may suppose that f is Lipschitz on U with
constant v > 0. Let ¢ : U — X* be any selection of dof on U. Fix any real
e > 0. By Theorem 4.5 choose a real 6 > 0 with B(%,20) C U such that for any
x,y € B(Z,0) and z* € do f(x)

(4.9) (% y —x) < fly) — fz) +elly — zf].
Since f is strictly Fréchet differentiable at T by Proposition 3.9 and Proposition
3.14, we have Df(%) = ((T), so t 'n(t) — 0 as t | 0, where

n(t) :== hséllpr |f(Z+th) — f(T) — t{{(T),h)| for allt €]0,d].

Now choose some positive real » < § such that r~!n(r) < . Taking any z € B(Z, J)
and any h € Bx we derive from (4.9) and from the definition of n(-) that

(C@),T+rh—x) < f(T+rh) = f(z)+el[T+rh -z
< f(@) +r{C(@), h) +n(r) — fz) +ellz — = +er,
which gives

r(¢(x) = ¢(@), h) < (((x), x = T) + f(T) — f(z) +0(r) +llz — || +er,

and hence
(C(x) = ¢@),h) < hlle =2 + | f(@) = @]+ In(r) +erz -7 + e

Choosing a positive real 5y < § such that r~![v|lz — | + |f(z) — f(T)|] < € and
r~z — || < 1 for all z € B(T,d), it ensues that (((x) — ((T),h) < 4e for all
x € B(7,60) and all h € Bx. It results that ||((x) — ((Z)|| < 4¢ for all x € B(Z, do),
which confirms the norm-norm continuity of {(-) at Z. The proof of the theorem is
then complete. O

4.2. Submonotonicity of subdifferentials. Let any real ¢ > 0. Taking with
¢/ :=¢/2 areal § > 0 given by Theorem 4.5(a), we see that, for all (z;,z}) €
gph oo f, i =1,2, with x; € B(T,0)

(a1, xa—21) < f(ao)— flzr)+e |wo—a1], (25, x1—x2) < f(21)—f(22)+e |21 —22]],

and hence (2] — 23,21 — x2) > —¢||z1 — 2||. This property of the multimapping
Oc f for such a subsmooth function f is clearly weaker than the usual monotonicity
property. We formalize it as a definition.
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Definition 4.12. Let U be a nonempty open set of a normed space X and M :
X = X* be a multimapping from U into the topological dual X* of X. One says
that M is submonotone at a point T € U provided that for any real € > 0 there
exists a real 6 > 0 with B(%,d) C U such that for all z,y € B(Z,d) N Dom M,
x* € M(x) and y* € M(y) one has

(4.10) (" — ",y — ) > —elly 2.

When M is submonotone at any point of a nonempty open set Uy C U, one says
that M is submonotone on Uy.

When the above inequality holds true with + = 7 € U N Dom M and all y €
B(z,0)NDom M, y* € M(y), * € M(Z), one says that M is one-sided submonotone
at T. The multimapping M is one-sided submonotone on an open set Uy C U if it
is one-sided submonotone at any point in Uy N Dom M.

We say that M is uniformly submonotone on an open set Uy C U when for any
real ¢ > 0 there exists a real § > 0 such that the inequality (4.10) is fulfilled for
all z,y € Uy N Dom M with ||y — z|| < § and all 2* € M(z) and y* € M(y). The
multimapping M is uniformly submonotone near a point in U if it is uniformly
submonotone on an open neighborhood of this point.

Remark 4.13. Given an open U of a normed space X, a family of multimappings
(M;)ier from U into X* is called uniformly equi-submonotone relative to a family
of open subsets (U;)ier of U provided that for every € > 0 there is 6 > 0 such
that for each i € I the inequality (4.10) is satisfied for all x,y € U; N Dom M; with
|ly —z| < 0 and all z* € M;(z) and y* € M;(y). When all the sets U; coincide with
a same open set Uy, one simply says that the family of multimappings is uniformly
equi-submonotone on Uy.

With notation of the above definition, let My : U = X* be another multimap-
ping whose graph is included and sequentially || - || x w(X*, X) dense in gph M.
It is clear that M is submonotone at T € U if and only if Mj is submonotone at
T. It is also worth pointing out that the sum of two multimappings from U C X
into X* is clearly submonotone (resp. one-sided submonotone) at a point when-
ever both are submonotone (resp. one-sided submonotone) at that point. Further,
submonotonicity obviously implies one-sided submonotonicity.

We will focus our analysis on the submonotonicity (resp. one-sided submono-
tonicity) of subdifferentials. The next theorem says that the subsmoothness at
of lower semicontinuous functions on a Banach space is characterized by the sub-
monotonocity at T of their subdifferentials. Before stating the theorem let us give
an example pointing out the difference between submonotonicity and one-sided sub-
monotonicity even for subdifferential.

Example 4.14 (Spingarn example [72]). Consider the locally Lipschitz function
f :R? = R defined by

|t] ifs<0
f(s,t) =< |t| —s? if s > 0 and |t| > s?
(st —12)/2s% if s > 0and |t| < s°.
Put z,, := (1/n,1/n?) and y, := (1/n,—1/n?). By the gradient representation of
Clarke subdifferential (see Proposition 2.1) one easily sees (through the third line
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in the definition of f) that

xy = (2/n,—-1) € Ocf(xy) and vy, :=(2/n,1) € dof(yn)-
It follows that

<x;ﬁz - y:;, Tn — yn>

|z = yall
so Jc f is not submonotone at Z := (0,0).

However, noting via the gradient representation of Clarke subdifferential again
that

=—-2 forallneN,

aCf(E) = [ 07 _1)7 (0) 1)]
(the line segment between (0, —1) and (0,1)) one can verify that dcf is one-sided
submonotone at 7.

In order to state in a unified way the theorem of subdifferential characterization
of subsmooth functions for the three subdifferentials in Section 2 (and for others),
we consider some basic properties common to the subdifferentials in Section 2 in
appropriate spaces.

Let U be a nonempty open set of a normed space X and F(U) be a class of
functions from U into R U {—o0, 400} which contains the restrictions to U of con-
tinuous convex functions on X and is stable by addition with these functions. Given
a subdifferential for functions in F(U), which is in particular an operator 0 from
F(U) x U into subsets of the topological dual space X* (assigning to any every pair
(f,x) € F(U)xU aset 0f(x) C X*), consider the following fundamental properties:

Prop.1: 0f(z) = 0 if |f(x)] = +oo and 0 € df(x) whenever z € U is a local
minimum point of f with |f(x)| < 4o0;

Prop.2: 0f(z) = 0g(z) whenever f and g coincide on a neighborhood of x;

Prop.3: if f is finite at © € U and the restriction f of f to a convex neighbor-
hood V' C U of x is lower semicontinuous and convex, then df(x) is equal to the
subdifferential in the sense of convex analysis of f- at x, that is,

Of(x) ={z" € X" : (", u—1z) < f(u) — f(x) Yu € V};

Prop.4: for f € F(U) lower semicontinuous near x and for the restriction g to U of
a finite-valued, convex, and continuous function on X, if x is a local minimum point
for f+g, then for any real ¢ > 0 there are 2/, 2" € UNB(z,¢) with | f(2')— f(z)| < e
and such that

0€df(z) + 0g(x") + eBx-.

When F(U) is the class of all extended real-valued functions on U, we will just say
a subdifferential on U with properties Prop.1-Prop.4. If f : V — RU{—o00, +o0}
is a function defined on a neighborhood V' C U of x such that f € F(U), where f is
the extension of f to U with f(2') = +oc for 2/ € U\ V, we will set 9f(z) := df(x).

If 0 is a subdifferential on X and S is a subset of X, we will write N(S;z) in
place of OYg(x) and we will call N(S;x) the normal cone of S at z associated with
the subdifferential 0. When the subdifferential 9 needs to be emphasized, we will
write N9(S; z).
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Properties Prop.1-Prop.4 are fulfilled by the Carke subdifferential in any normed
space, by the Ioffe (geometric) approximate subdifferential in any Banach space (see
[40] for the definition), and by the Fréchet and the Mordukhovich limiting subdif-
ferentials in any Asplund space. For other cases, we refer the reader to [73].

The subdifferential characterizations in the next theorem (Theorem 4.15) have
been independently established by A. Daniilidis, F. Jules and M. Lassonde [25] and
by H.V. Ngai and J. P. Penot [57].

Theorem 4.15 (Subdifferential characterizations of subsmooth function).
Let U be a nonempty open set of a Banach space X and f : U — R U {+o0}
be a proper function which is lower semicontinuous near T € dom f. Let 0 be a
subdifferential on X with 0f included in the Clarke one and satisfying the properties
Prop.1-----Prop.4 above. The following assertions are equivalent:

(a) The function f is subsmooth at T.
(b) For any real ¢ > 0 there is § > 0 with B(Z,8) C U such that for any
y € B(z,0), r € B(z,0) NDomdf, and x* € 0f(z), one has

(%y —z) < fy) — f(z) +elly — =]

(¢c) The multimapping Of is submonotone at T, that is, for any real € > 0
there is 6 > 0 such that for all x,y € B(%,0) N Domdf, z* € df(x), and
y* € 0f(y), one has

(" —y* . —y) > —¢llz -yl

In the case when f is locally Lipschitz, the completeness of the space X is not
needed and much more simpler arguments yield the following.

Proposition 4.16. Let U be a nonempty open subset of a normed space X and
f:U —= R be alocally Lipschitz function. For @ € U the following are equivalent:

(a) The function f is subsmooth at T.
(b) For each real € > 0 there exists a real 6 > 0 with B(Z,0) C U such that

(@ y —2) < fly) = f(@) +elly — =,
for all x,y € B(Z,6) and all z* € Oc f(x).

(¢) The multimapping Oc f is submonotone at .

Proof. The implications (a)=(b) follows from Theorem 4.5(a) and the implication
(b)=(c) is evident. Now suppose (c), that is, dcf is submonotone at Z. Fix any
real ¢ > 0 and fix 0 > 0 with V' := B(Z,d) C U such that for any z; € V and
xf € Ocf(zi) i = 1,2, one has

(x] — 25,21 — m2) > —¢l|lz1 — 22|

Fix any z,y € V with z # y and any s,t €]0, 1| with s+¢ = 1. Putting z := sx +ty,
by the Lebourg mean value equality (see Proposition 2.1(b)) there are ¢ €|z, z|,
d €lz,y[, ¢* € 0o f(c) and d* € dc f(d) such that

f(2) = f(@) = (" z2—x) and  f(z) - f(y) = (d", 2 —y).
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Noting that z —x = t(y — x) and z —y = s(x — y), multiplying the first equality by
s and the second by ¢t and adding together yield

f(z) = sf(x) —tf(y) = st{c" —d",y —x)

ly—zll, « .
=s (" —d*,d—c) <est|ly—z|.
ld — ¢l
This and Proposition 3.11 tell us that the function f is subsmooth at Z. O

For the uniform subsmoothness (resp. uniform equi-subsmoothness (see Defini-
tion 3.6) we have the following similar equivalences.

Proposition 4.17. Let f and (f;)icr be real-valued locally Lipschitz functions on
a nonempty open convex subset U of a normed space X. Given a nonempty open
subset Uy C U and a family (U;);er of open subsets of U the following are equivalent:
(a) The function f is uniformly subsmooth on Uy (resp. the family (fi)ier is
uniformly equi-subsmooth relative to (U;)ier ).
(b) For each real € > 0 there exists a real § > 0 such that (resp. such that for
eachiel)

(%, y —x) < f(y) — f(2) +elly — af (resp. (2", y — x) < fily) — fi(z) +elly — 2|
forany x,y € Uy (resp. any z,y € U;) with |x—y| < § and any z* € Oc f(x)
(resp. any x* € Oc fi(x) ).
(¢) The multimapping Oc f is uniformly submonotone on Uy (resp. the family
of multimappings (Oc fi)ier from U into X* is uniformly equi-submonotone
relative to (U;)icr ).

Proof. The implication (a)=-(b) is a direct consequence of Proposition 4.8 while
(b)=(c) is obvious. For the remaining implication (c)=-(a) it suffices to proceed
like in the proof of Proposition 4.16. O

Before providing other characterizations of uniform subsmoothness let us recall
the following lemma which can be found in [52, Lemma 1.29] or [72, Lemma 3.7].

Lemma 4.18. Let & : [0, 4+00[— [0, 4+00] be a function continuous at 0 with £(0) =
0. Then there exist a real @ > 0 and a continuously derivable function ¢ : [0,0] —
[0, +-00[ with ©(0) = ¢, (0) = 0 such that p(t) > t&(t) for all t € [0,0].

The two additional characterizations of uniform subsmoothness of locally Lip-
schitz functions are expressed in terms of modulus functions. Recall that w :
[0, +00[— [0, +0c0] is @ modulus function when w is continuous at 0 with w(0) = 0.

Proposition 4.19. Let U be a nonempty open convex subset of a normed space
X and f : U — R be a locally Lipschitz function. Given a nonempty open subset
Uop C U the following are equivalent:
(a) The function f is uniformly subsmooth on Uy.
(b) There are a real 8 > 0 and a modulus function w : [0,4+00]— [0,+o0[ of
class C* on |0, 400 with tw'(t) — 0 as t | 0 such that

(%, y —z) < fy) = f(@) + |y — zllw(lly — [])
for all x,y € Uy with ||z —y|| < 6 and all * € Oc f(x).
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(¢) There are a real & > 0 and a modulus function w : [0, +oo[— [0,+o0] of
class C1 on )0, 4+o0[ with tw'(t) — 0 as t | 0 such that

(" =y w—y) > —llv —ylwllz - yl)
for all x,y € Uy with ||z —y|| <0, all x* € Oc f(x) and all y* € I f(y).
Proof. The implication (b)=-(c) is evident, and (c) implies (a) according to the

implication (c)=(a) in Proposition 4.17. It remains to show (a)=-(b). Assume that
(a) is satisfied. For any x,y € Uy and z* € X* put

gla,y.a") = { ()= S = oy =) Iyl a2y

and for every real ¢t > 0 put
C(t) = lnf{g(xvyvx*) 1T,y € U07 ”ﬂ? - y” < t,CC* € aCf(a:)}

Put also ((0) = 0. By the implication (a)=(b) in Proposition 4.17, for each € > 0
there is 0 > 0 such that

¢(t) > —e forallt € [0,4].

Then the function £ : [0, co[— [0, +o0] defined by £(t) := max{—((t),0} is contin-
uous at 0 with £(0) = 0. By Lemma 4.18 there is a real # > 0 and a continuously
derivable function ¢ : [0, 0] — [0, +00[ with ¢(0) = ¢’ (0) = 0 such that

o(t) > t&(t) for allt €0, 0].
Let us extend ¢ to [0, +oo[ by putting
o(t) :==p(0) + ¢ _(0)(t —0) for allt €], +ool.

Then ¢ : [0, +00[— [0, +00[ is of class C!. Take any z,y € Uy with ||z —y|| < 6 and
any z* € ¢ f(x). Suppose x # y and put ¢t = || — y||. Since ¢ €]0, 8] we have
pt) _ ez —yl)

g(z,y, %) > ((t) > =&(t) > — P lz—yl

so f(y) — f(z) — (z*,y — z) > —(||x — y||). This latter inequality is still trivially
true when z = y. Consequently, to get (b) it suffices to define w : [0, +00[— [0, +-00[
by w(0) =0 and w(t) = ¢(t)/t for every real t > 0. O

The next proposition shows in particular the equivalence in finite dimensions
between the subsmootness near a point and the lower C'' property near that point.

Proposition 4.20. Let U be a nonempty open subset of a normed space X and
f:U =R be alocally Lipschitz function. For T € U the following are equivalent:
(a) The function f is uniformly subsmooth near T.
(b) There are an open convez neighborhood V- C U of T and a modulus function
w : [0, 4+00[— [0, +00] of class C* on ]0,+oo| with tw'(t) — 0 ast | 0 such
that
(% y —x) < fly) — f(2) + [ly — z[lw(lly — =)
for all x,y € V and all x* € Oc f(x).
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(¢) There are an open convex neighborhood V-.C U of T and a modulus function
w : [0, 4+o00[— [0, +o0| of class C* on ]0,+oo| with tw'(t) — 0 ast | 0 such
that

(" —y" 2 —y) > —|lz —yllw(llz —yl)
for all x,y € V, all x* € Oc f(x) and all y* € Oc f(y).
If X is finite-dimensional, one can add anyone of (d) and (e) below to
the list of equivalences:

(d) The function f is subsmooth near .

(e) The function f is lower C' near T, that is, there exist (as said in the in-
troduction) a compact metric space T, an open neighborhood V. C U of T
and a continuous function ® : V x T — R such that D1 ®(-,-) exists and is
continuous on 'V x T, and such that

flx) = Igleajgcé(x,t) forallx € V.

Proof. The equivalences (a)<(b)<(c) follow easily from Proposition 4.19 while the
implication (a)=(d) is evident. Assume now that X is finite-dimensional and f is
subsmooth near . There exists a real » > 0 and an open set V' C U containing
B[z, r] such that f is subsmooth at each point in V. Let any real e > 0. For each
u € B[z, r] choose a real d,, > 0 with B(u,2d,) C V such that for all z,y € B(u, 2J,)
and all x* € 0¢ f(x)

(4.11) (% y —z) < f(y) — f(@) +elly — =]
By compactness of B[Z, r| there are uy, . . ., up, in B[Z, 7] such that the balls B(u;, 6y, )
cover B[Z,r]. Denote 0 := min{dy,,...,0,, } > 0 and take any z,y € B(Z,r) with
|z —y|| < 6 and any z* € O¢ f(z). Choose k € {1,...,m} such that z € B(uy, dy, ).
Then both x,y belong to B(ug,2dy, ), so by (4.11) we have

(@ y—a) < fly) = f(2) +elly — ]
This justifies the uniform subsmoothness of f on B(Z,r), so (d)=(a) holds true.
Assume again that X is finite-dimensional and fix an Euclidean norm || - || on X
associated to an inner product (-,-). Let us first show (b)=-(e). Let V and w be
given by (b), so the function £ : [0, +oo[— [0, +o0], given by £(t) := tw(t) for all
t € [0, +o0], is continuously derivable on [0, 4+-00[ with £(0) = &, (0) = 0. Choose a
real 7 > 0 such that B[z,r] C V and put

T:={(y,y") € X x Xy € B[z,r],y" € ocf(y)}.

From the local boundedness of d¢ f we easily see that T' is a (nonempty) compact
subset of X x X. Further, the function ® : V x T" — R defined by

(z, (y,97) == f(y) + ¥z —y) + &([lz — yll)
is continuous on V' x T" and Djp(+,-) exists and is continuous on V' x T according
to the above properties of the function €. Since f(z) = ( ma;x O(z, (y,y*)) for all
y,y*)eT

x € V, we have shown (b)=-(e). Let us finally prove (e)=(a). Let T,V,® be as
given by (e). Choose a real r > 0 such that B[Z,r] C V. Fix any real € > 0. The
mapping D1®(+,-) being uniformly continuous on the compact set B[Z, r| x T', there
is a real § > 0 such that for all (z,t), (y,7) in B[z, r] x T with ||z —y|| + d(¢t,7) < ¢
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one has | D1®(z,t) — D1®(y,7)|| < e. Fix any z,y € B(%,r) with ||z — y|| < § and
any t € T(x) :={r €T :®(x,7) = f(x)}. We note that

(D1®(x,t),y — x)
1
=®(y,t) — P(x,t) — /0 (D®1(x + s(y — x),t) — Dp1(x,t),y — x)ds

1
< fly) = f(@) + [y — | /0 [Do1(x + s(y — x),t) — D1®(x,t)| ds
< fly) = f(z) +elly —zl|.

From this and Proposition 2.1(f) we deduce that (z*,y —x) < f(y) — f(z) +¢|ly — x|
for all z* € ¢ f(z), which translates the uniform subsmoothness of f on B(Z,r).
The implication (e)=(a) then holds, and the proof is finished. O

Concerning the distance function, given a set S and T € S the next proposition
shows that a relative particular Jensen-type inequality of the distance function dg
entails the submonotonicity of Oodg at T relative to S.

Proposition 4.21. Let S be a subset of a normed space X and x € S. Consider
the assertions:

(a) For every real € > 0 there exists 6 > 0 such that
ds(tz + (1 —t)y) <et(l —t)|lz —y| foralz,y e SNB(T,0),t€)0,1].
(b) For every real € > 0 there exists 6 > 0 such that
(" y—z) <elly—=z| forallx,ye SNB(T,0),2" € 0cds(x).

(¢) The multimapping Ocdg is submonotone at T relative to S, that is, for every
e > 0 there exists § > 0 such that

(" —y"x—y) = —¢llo —y| for allz,y € SN B(T,0), 2" € dods(x),y" € Oods(y).
The implications (a) = (b) < (c) hold.
Proof. The equivalence (b) < (c) is trivial since 0 € dcdg(y) for all y € S. Suppose

that (a) holds and take any ¢ > 0. Let § > 0 be given by (a). Fix any z,y €
SN B(Z,d). Proposition 2.1(a) along with the Lipschitz property of dg tells us that

d%(z;y — x) = limsup t 'dg(z' +t(y — ).
S3z'—x,tl0
On the other hand, for any ¢ €]0, 1] and any 2’ € SNB(z,r) with r :== 6—||lz—Z|| > 0,
we have t~1dg(z/+t(y—2a')) < e(1—t)|ly—a’|. It results that d%(z;y—z) < e|ly—=z|,
which is equivalent to (z*,y — z) < ¢||ly — z|| for all 2* € dcds(x). O

We use Propositions 4.16 and 4.17 to establish the assertion (c) in the next
proposition.

Proposition 4.22. Let X and Y be two normed spaces and U be a nonempty open
set in X.
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(a) For any real A\ > 0 and for two functions fi, fo : U = RU {400} which are
subsmooth at T € U (resp. uniformly subsmooth on an open set V.C U ), the
functions Af1 and f1 + fo are subsmooth at T (resp. uniformly subsmooth
on'V).

(b) If A: X — Y is a continuous linear mapping and g : Y — R U {+oo} is
subsmooth at AT (resp. uniformly subsmooth on an open set W DO A(V),
where V' is an open set of X ), then go A is subsmooth at T (resp. uniformly
subsmooth on V).

(c) If G:U — Y is of class C* near T and if g : Y — R is Lipschitz near G(T)
and subsmooth at G(T), then g o G is subsmooth at T.

(d) If G : U =Y is Lipschitz and differentiable on an open convex set V.C U
with DG uniformly continuous on V and if g : Y — R 4s Lipschitz and
uniformly subsmooth on an open convex set W D G(V'), then the function
g o G is uniformly subsmooth on V.

Proof. The assertions (a) and (b) follows from Proposition 3.11. Concerning (c)
put 7 := G(Z) and choose a real § > 0 such that ¢ is Lipschitz on B(7y,d) with
Lipschitz constant v > 0 and G is Lipschitz on B(Z,d) with the same Lipschitz
constant . Fix any € > 0 and put ¢’ := ¢/(27). By Proposition 4.16 shrinking § if
necessary, we have (y*,y" —y) < g(y') — g(y) +€'[ly’ — y|| for all y,y" € B(7, ) and
y* € 0cg(y). Choose a positive real dy < ¢ such that G(B(Z,dp)) C B(y,0) and
|DG(v') — DG(u)|| < & for all u,u’ € B(T,dp). Take any =, 2’ € B(T,dy) and any
x* € 0c(g o G)(x). There exists y* € Jog(G(x)) with z* = y* o DG(x) (see, e.g.,
[18, Theorem 2.3.10]). It follows that

(@*,a! — ) = (4", DG(a) @' )
1
— (7. 6) = Gl ~ ", [ (DG -+’ — ) = DG(@)(' — )i

< 9(G(@') — 9(G(2)) + £'|G(2') = G(2)]| + &'lly" || 2" — =],

)
which gives (z*,2" — x) < (g o G)(2') — (9 o G)(x) + ||z’ — z||. This tells us by
Proposition 4.16 again that g o G is subsmooth at 7.
The proof of (d) is similar. O

(z
(z

4.3. Subdifferential characterizations of one-sided subsmooth functions.
This subsection provides various characterizations similar to those of Proposition
4.16 for one-sided subsmoothness property of functions. The approach requires first
two lemmas. Recall that a multimapping M between two metric spaces T' and Y is
bounded near a point ¢t € T if M (V) is bounded for some neighborhood V' of ¢.

Lemma 4.23. Let U be a nonempty open subset of a normed space X and M : U =
X* be a multimapping which is bounded near a point T € Dom M and || - || — to — w*
outer semicontinuous at T.

a is one-sided submonotone at T, then for any u € Sx, for any ne

If M i ided sub t t T, th S t
(zj)jes in U\{Z} converging to T with ||z; —Z|| ' (z; — %) — u and for any
net (z3); converging weakly* to x* in X* with x5 € M(x;) for all j € J, one
has

(x*,u) = J(M(f),u),
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where J(M(f), -) is the support function of M(T).
(b) The latter implication is an equivalence whenever X is finite-dimensional.

Proof. (a) Assume that M is one-sided submonotone at z and let u, (x;); and
(z7); as above. We note that there is some jo € J such that (z});-j, is bounded
in X*. Then, according to the one-sided subsmonotonicity property and the local
boundedness of M it ensues that, for any y* € M(Z)

Tj—T

* oyt u) = lim(a? — o > 0.
(" —y*,u) jler{;@fj Yy ) >

2, -]
Since z* € M (Z) by outer semicontinuity of M at Z, it follows that

@y = sup (40 = o (M), )
y*eM(T)
as desired.
(b) Now assume that X is finite-dimensional and that M is not one-sided submono-
tone at T. There exists a real ¢ > 0, a sequence (z,,) in U \ {Z} converging to T,
sequences (z}), and (y), with =}, € M(z,) and y} € M(Z) such that

Ty — T
zr —yr, ————) < —¢ forallneN,

Since X is finite-dimensional and M is bounded near T, we may and do suppose
that ||z, — Z|| "' (z, — ) — v with |Ju| = 1 and that 2 — 2* and y} — y*. By

outer semicontinuity of M at Z, we have both z* and y* in M (Z). It results that
(" u) < (y*u) —e < U(M(E),u) — &,

which contradicts the property in (a). The converse implication in (a) is then
justified. O

The second lemma shows the tangential regularity of locally Lipschitz func-
tions with one-sided submonotone Clarke subdifferentials. Its proof uses the above
lemma.

Lemma 4.24. Let f: U — R be a locally Lipschitz function on an open set U of a
normed space X. If Ocf is one-sided submonotone at T € U, then f is tangentially
reqular at .

Proof. Fix any u € Sx (if X = {0} there is nothing to prove) . Since f is locally
Lipschitz, there exists a sequence (t,), tending to 0 with ¢, > 0 such that f2(z;u) =
nlgn;o t Mf (T + tyu) — f(Z)]. By the Lebourg mean value equality, for each n €
N, there exists some 0, €]0,1] and x}, € dcf(T + t,0,u) such that t,[f(T +
thu) — f(T)] = (z},u) (see Proposition 2.1(b)). Take a subnet ($:(j))jej converging
weakly* to some z* (keep in mind that Ocf is bounded near T since f is locally
Lipschitz). Then, noting that z, := Z + t,0,u — T with ||z, — |71 (2, — Z) — u as
n — 0o, Lemma 4.23(a) ensures that

fB(E; u) = £1£<m:(j)vu> = (x*,u) = U(acf(f),U) = fo(f; u)

This being true for all u € Sx, it ensues that f is tangentially regular at 7. O
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Let us provide an example showing that the reverse implication in the above
lemma is false.

Example 4.25 (Spingarn example [72]). Consider an even function f: R — R
with f(0) = 0 which satisfies the following properties:

(i) f(1/n) =1/n —1/n? for every integer n > 2;

(ii) for each integer n > 2 the usual derivative f’ exists on ]1/(n+ 1),1/n[ and
is continuous and decreasing on |1/(n + 1),1/n[, fL.(1/(n +1)) = 1 and
fL(1/n) = 0;

(iii) f(z) =1/4 for all x > 1/2.

The function f is Lipschitz, and noting that |z| — 22 < f(x) < |z| for all z it
ensues that
f'(0;h) = |h| for all h € R.
Further, the gradient representation theorem (see Proposition 2.1(d)) allows us to
see that do f(0) = [—1, 1], which gives f°(0;h) = |h| for all h € R. The function f
is then tangentially regular at = := 0.
On the other hand, taking =, := 1/n, =} := 0 € dc f(z,) and TF := 1 € Jc f(0)
we see that
(x5, = T°) (20 — T)
|z — 7|
so dc f is not one-sided submonotone at 7.

=1,

With Lemma 4.24 in particular at hands, we can now establish subdifferential
characterizations of one-sided subsmoothness on an open set for tangentially regular
locally Lipschitz functions.

Proposition 4.26. Let U be a nonempty open subset of a normed space X and
f:U —= R be alocally Lipschitz function. Consider the following assertions:
(a) The function f is one-sided subsmooth on U and tangentially reqular on U.
(b) For eachT € U and each real € > 0 there exists a real § > 0 with B(Z,0) C U
such that
(% y —x) < fly) — f(@) +elly — 2|,
for all x,y € B(T,0) with either v =T ory =T and for all * € Jo f(x).
(¢) The multimapping Oc f is one-sided submonotone on U.
Then (a) = (b) = (c¢), and both implications are equivalences whenever X is
finite-dimensional.

Proof. (a)=(b). Fix any T € U and any real ¢ > 0, and take § > 0 such that

the property for one-sided subsmoothness in Proposition 3.11 is satisfied. Let any

x € B(7,9) and any t €]0,1[. Since T + t(x — T) = tx + (1 — t)T, we have
f@+tx—2) - f(7) <t[f(x) = f(T) + A —D)llz -z ]

Dividing by ¢ and taking the limit inferior as ¢t | 0 give

£7(@ e =) < (@) = 1@ + ella ~ 7],
Similarly, with s := 1 — ¢ and s | 0 one obtains the same inequality with x and
T mutually changed. Further, the tangential regularity of f on U tells us that
fB(x;-) = fo(x;+) and fB(Z;-) = f°(z;-). This and both inequalities concerning
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f2(:;-) yield the property in (b).

(b)=(c). Fix any T € U and any real ¢ > 0. Let § > 0 satisfying the property in
(b) with /2 in place of €. Applying the related inequality one time with y = =
and with x and another time with x = T and with y = z, and adding the resulting
inequalities we obtain

(z° =72 —7) > —¢llv — T

for all z* € dc f(z) and all T¥ € O¢ f(Z). This translates the one-sided submono-
tonicity of o f on U.

Now assume that X is finite-dimensional and that (c) holds. The tangential
regularity of f follows from Lemma 4.24. Let us show the one-sided subsmoothness
of fonU. Fix any T € U and any real £ > 0. By (c) choose § > 0 with B(z,d) C U
such that

(4.12) (z" —u*,x —T) > —(¢/2)||x — 7,

for all x € B(7,9), all 2* € dcf(x) and all u* € dcf(z). By the || - || —| - |-
upper semicontinuity of dof (keep in mind that X is finite-dimensional) we may
also suppose that

(4.13) Ocf(z) COcf(z)+ B(0,e/2) for all z € B(T, ).

Now fix any « € B(Z,d) with « # T and any ¢ €]0, 1], and set x; := tx + (1 — ¢)Z.
By the Lebourg mean value equality (see Proposition 2.1(b)) there are z1 € [z, x¢[
and z] € 0cf(z1) along with 29 € [T, 2¢[ and 25 € Jc f(z2) such that

(21,00 —x) = f(we) — f(z) and (23,2 —T) = f(2:) — f ().

Multiplying the first equality by ¢ and the second by (1—t), and adding the resulting
equalities we get (noting that y —x = (1 —¢)(T — z) and z; — T = t(z — 7))

(4.14) tf(@) + (1 =0 f(@) = fx:) = t(1 =) (21 — 23,2 — 7).
By (4.13) choose some T* € J¢ f(Z) such that
(4.15) |z* — 23] < e/2,

and note by (4.12) that

(s -7

) > —¢/2.

e ]|

From the latter inequality and from (4.15) we deduce through the equality

21— . Tr—T
|21 —Z|| [z —7Z|
that we have
r—x
(-2, T ) > e
-7

Combining this with (4.14) it results that

tf(x) + (L= 0)f(@) = flze) = —et(1 = 1)z — 7|,
which translates (by Proposition 3.11) the one-sided subsmoothness of f on U. O
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Remark 4.27. The proof of the above implication (c¢)=(a) shows that the locally
Lipschitz function f is one-sided subsmooth at T € U whenever d¢ f is one-sided
submonotone at T and X is finite-dimensional.

In addition to the one-sided subsmoothness property, another notion of interest
is that of semismoothness for locally Lipschitz functions.

Definition 4.28. Let U be a nonempty open subset of a normed space X and
f U — R be a locally Lipschitz function. One says that f is semismooth (in the
sense of Mifflin) at a point T € U if for any u € Sx, any sequence (z,), in U \ {Z}
with

Ty — T

lim z, =2 and lim ul|| =0,

n—oo n—o0

|zn — ||
one has
(x,u) — f(T;u) asn — oo,

for any sequence (z}), with =} € 0cf(x,) for all n € N.
When f is semismooth at any point in an open set Uy of U, one says that f is
semismooth on Uj.

Remark 4.29. Although the semismoothness of a locally Lipschitz function f re-
quires the existence of f'(7;-), such a function f may fail to be tangentially regular
at T. The same Lipschitz function f := —| .| in Example 3.7 and Remark 4.7
is semismooth on R but not tangentially regular at T = 0. Therefore, it is both
semismooth and one-sided subsmooth on R but not tangentially regular at © = 0.

Further, since d¢ f is obviously submonotone at any point in R\ {0}, from Propo-
sition 4.26 we derive that J¢ f is not one-sided submonotone at the origin. This can
also be easily checked, taking x,, ;== 1/n, z} := —1 € do f(zy,) and T* := 1 € 9¢ f(0)
and noting that @a=T)@n=0) _ 9 for all n € N.

|zn—0]

For a locally Lipschitz function, the semismoothness property is satisfied at a
point whenever the Clarke subdifferential of the function is one-sided submonotone
at that point.

Proposition 4.30. Let U be a nonempty open set of a normed space X and f :
U — R be a locally Lipschitz function. The following hold:

(a) The function f is semismooth at T € U and tangentially reqular at T when-
ever Oc f is one-sided submonotone at T.

(b) If f is one-sided subsmooth on U and tangentially regular on U, then f is
semismooth on U.

Proof. (a) Assume that ¢ f is one-sided submonotone at Z, so f is tangentially
regular at T by Lemma 4.24. Take any u € Sx, any sequence (z,), in U \ {7}
converging to T with ||z, — Z|| "' (2, — ) — u as n — oo, and any sequence (x%),
with z} € dcf(zy) for all n € N. Since d¢ f is one-sided submonotone at z, we
have

liminf  inf (z*,M)ZIimsnp sup  (y*, ————
Mot Ton =7l = o oY T =7

Ty — T

).
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This combined with the boundedness of (), and the continuity of f°(Z;-) yields
liminf(x;, u) > f°(z;u).
n—oo

Further, the upper semicontinuity of f°(-;u) at T assures us that

lim sup(z;,, u) < limsup f°(z,;u) < fO(T;u).
n—oo n—oo

We deduce that
(zh,u) — [T u) = f'(T;u),
so f is semismooth at Z.

(b) The assertion (b) follows from (a) and from the implication (a)=-(c) in Pro-
pososition 4.26. O

In the context of finite-dimensional normed spaces, the implication in the asser-
tion (a) in the above proposition is an equivalence.

Proposition 4.31. Let U be a nonempty open set of a finite-dimensional normed
space X. Let f : U — R be a locally Lipschitz function and let T € U. Then f
is semismooth at T and tangentially reqular at T if and only if Ocf is one-sided
submonotone at T.

Proof. According to Proposition 4.30(a), we only need to prove the implication =
So, assume that f is semismooth at T and tangentially regular at . It suffices to
show that the sequential property in (a) in Lemma 4.23 is satisfied for the mul-
timapping Jc f. Take any u € Sx, any sequence (x,,), in U \ {ZT} converging to T
with ||z, — Z|| 7' (2, — T) — u as n — oo, and any sequence (z}), converging to
x* with z} € dc f(zy,) for all n € N. By outer semicontinuity of dc f at T we have

x* € Oc f(T). Further, by the semismoothness of f at T
(@) = lim (a5, u) = f'(2)
so (z*,u) = f°(%;u) = 0(dc f(T),u), which is the desired property. O

The next corollary is a direct consequence of the above proposition and of Propo-
sition 4.26.

Corollary 4.32. let U be a nonempty open set of a finite-dimensional normed
space X and f : U — R be a locally Lipschitz function. The following assertions
are equivalent:

(a) The function f is one-sided subsmooth on U and tangentially reqular on U.
(b) The subdifferential multimapping Oc f is one-sided submonotone on U.
(¢) The function f is semismooth on U and tangentially reqular on U.

5. SUBSMOOTH SETS

Given a nonempty closed set .S of a normed space X, the subsmoothness property
in (3.1) for its indicator function ¢g at T € S is evidently equivalent to the convexity
of SN B(z,d) for some § > 0 (see also Proposition 3.4). Now suppose that X is a
Banach space. By Theorem 4.15 the subsmoothness of the indicator function of the
closed set S at T € S amounts to saying that dctpc(-) = NY(S;-) is submonotone
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at T. This means that, for each € > 0 there exists a real § > 0 such that for all
r; € SN B(7,0) and all z7 € NY(S;;), i = 1,2, one has

(z] — 23, 11 — @9) > —elz1 — a2,
which by the positive homogeneity of the C-normal cone gives for every real ¢ > 0
€
(tx] —tas, x1—x9) > —¢||x1 —22||, Oor equivalently (x] — x5, x1 —xz2) > —¥||$1 — 9|,

so (x] — x5, 21 — x2) > 0 by taking the limit as t — +o00. Consequently, we also see
the convexity of the set SN B(Z,d) via the latter inequality, since the monotonicity
of the C-subdifferentials is a characterization of the convexity of proper lower semi-
continuous functions on Banach spaces (see [22, 23], and the previous paper [60] in
finite dimensions).

Clearly, from a geometric point of view, the convexity property of S N B(%,d) is
not enough relevant for (locally) nonconvex sets; the property is not fulfilled even
for C? submanifolds.

5.1. Definition of subsmooth sets and general properties. Recall that a char-
acterization of the r-prox-regularity at T € S of a subset of a Hilbert space H which
is closed near T (resp. the uniform r-prox-regularity of a closed set S of H) is that
NC(S;)NB is %—hypomonotone at T (resp. over S), that is, for all z,y € SNV with

some neighborhood V of Z (resp. for all z,y € S) one has for all z* € N¢(S;z)NB
and y* € NY(S;y) NB (see [63])

* * 1
(5.1) (x* —y*,x—y) > —;H:v—yHQ-

Taking into account the analysis at the end of the previous section, by virtue of
the positive homogeneity of N¢(S;-) and following the foregoing characterization
of local prox-regular sets, we define subsmooth sets through the submonotonicity of
the truncation of this multimapping N C(S ;-) with the closed unit ball.

Definition 5.1. A subset S of a normed space (X, || - ||) is called subsmooth at a
point T € S if the multimapping N (S;-)NBy- is submonotone at Z, or equivalently
provided that for each € > 0 there exists § > 0 such that

(5:2) (" —y"z—y) = —¢llz -y

for all z,y € SN B(T,6), all * € NY(S;2) NBx~ and all y* € N9(S;y)NBx+. The
set S is called subsmooth when it is subsmooth at every point in S.

When for each € > 0 there is 6 > 0 such that (5.2) is satisfied for all z,y € S
with ||z — y|| < 0 and all 2* € NY(S;2) NBx- and all y* € NY(S;z) N Bx+, one
says that the set .S is uniformly subsmooth. The set S is uniformly subsmooth near
T € S if there exists an open neighborhood U of T € S such that the set SNU is
uniformly submooth.

Clearly, the set S is subsmooth at T (resp. the set S is uniformly subsmooth) if
and only if for every € > 0 there is § > 0 such that

(5.3) (% y —z) <elly —

for all z,y € SN B(%;0) and all * € NY(S;7) N Bx« (resp. for all 2,y € S
with ||z — y|| < § and all z* € N9(S;Z) N By-). Similarly, the set S is uniformly
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subsmooth near T if there is some open neighborhood U of T such that for each
e > 0 there exists § > 0 for which (5.3) holds for all z,y € SNU with ||z —y|| < ¢
and all z* € N9(S;7) N Bx-.

From the monotonicity of the normal cone of a convex set and from the hy-
pomonotonicity of the truncated C-normal cone of prox-regular sets (see (5.1)) we
directy obtain:

Proposition 5.2. (a) Any convex set of a normed space is uniformly subsmooth.
(b) If a subset S of a Hilbert space is uniformly r-prox-regular (resp.r-prox-
reqular atT € S), then S is uniformly subsmooth (resp. uniformly subsmooth

near T ).

The uniform equi-subsmoothness for families of sets need also to be defined.

Definition 5.3. A family (.5;);cs of sets of a normed space X is said to be uniformly
equi-subsmooth if for any € > 0 there is some § > 0 such that for any ¢ € I, any
x,y € S;, any x* € NO(S;;2) NBx« and any y* € NY(S;;9) N Bx- one has

(z" —y*x —y) = —ellz —yl|.
Clearly, this is equivalent to require that for any € > 0 there is § > 0 such that for
each ¢ € I the inequality
(z%y —x) <elly — =
holds for all z,y € S; and all z* € N¢(S;;2) N By-.

The following proposition is obvious.

Proposition 5.4. Let (S;)ier be a family of sets of a normed space X .

(a) If all the sets S; are convex, then (S;)icr is a family of sets uniformly equi-
subsmooth.

(b) If X is a Hilbert space and all the sets S; are r-proz-reqular with a com-
mon constant r €]0,+oc|, then (S;)icr is a family of sets uniformly equi-
subsmooth.

Now using (5.3) we show that a subsmooth set S at T € S enjoys the property
that NY(S;-) is sequentially norm-to-weak* closed at Z. Such a property is in
general desired in the study of dynamical system governed by normal cones.

Proposition 5.5. Let S be a subset of a Banach space (X, || -||) which is subsmooth
at T € S. Then the multimapping N (S;-) is sequentially norm-to-weak® closed at
the point T.

Proof. Let any sequences (z,), in S converging to T and (z), in X* weak-star
converging to x* € X* with z¥ € NY(S;x,) for all n € N. Since X is a Banach
space, there exists a real 5 > 0 such that ||z}| < 3 for all n € N. Take any real
e > 0. There is a real § > 0 such that (5.3) is satisfied with 371¢ in place of . Let
no € N be such that for every integer n > ng one has x,, € B(Z,d). Then for each
integer n > ng we see that for every y € SN B(, d)

(B e,y — @a) < B Velly — anll,
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hence (x},y—x,) < €|ly—x,||. Taking the limit as n — oo ensures that (z*,y—7) <
elly—=z|| for every y € SNB(%,§). This entails that * € N¥'(S;Z), thus in particular
x* € NY(S;T), which justifies the desired closedness property of N¢(S;-) at z. O

Requiring y := 7 in (5.2) yields with a radial counterpart of the above concept.
The exact definition is as follows:

Definition 5.6. A subset S of a normed space (X, ||-||) is called one-sided subsmooth
at a point T € S if for each € > 0 there exists o > 0 such that

(5.4) (¥ =T, x —T) > —¢|lz — T

for all z € SN B(7,6), all z* € NY(S;2) NBx~ and all z* € NY(S;7) NBx~. The
set S is called one-sided subsmooth when it is one-sided subsmooth at every point
in S.

Remark 5.7. (a) It is clear that the definition of subsmooth (resp. one-sided
subsmooth) sets is unchanged if any equivalent norm on X is used in place
of |||,

(b) If S is subsmooth at Z, then it is one-sided subsmooth at .

(¢) Any set S is subsmooth at any point in int S.

(d) The natural definition of uniform one-sided subsmoothness of the set S
obviously yields to the above notion of uniform subsmoothness for S.

Note that the above definition of one-sided subsmoothness obviously amounts to
requiring for any € > 0 the existence of some § > 0 such that for all z € SN B(Z, J),
all z* € N(S;2) NBx~, and all % € N(S;Z) N Bx+ both inequalities

(", T —x)<e¢||z—2| and (T",2—7) <cg|x—7
are satisfied.

If only the second one of the two latter inequalities is required, we obtain another
concept that we call hemi-subsmoothness.

Definition 5.8. A subset S of a normed space (X, || -||) is called hemi-subsmooth
at a point T € S if for each € > 0 there exists § > 0 such that

(55) <f*a L= j) < 5”'7; - f“?
for all 2 € SN B(%,0) and all 75 € N¢(S;Z) N By-.

Obviously a set S is subsmooth (resp. one-sided subsmooth, hemi-subsmooth) at
T € S if and only if there is some neigbborhood W of Z such that SN W enjoys the

same property at . The same property also holds for the uniform subsmoothness
of S near ¥ € S.

Taking the positive homogeneity of N¢(S;z) into account, we directly obtain:

Proposition 5.9. Let S be a nonempty subset of a normed space X and letT € S.
The following hold:

(a) The set S is subsmooth at T if and only if for any reals r > 0 and ¢ > 0
there exists a real 6 > 0 such that

(5.6) (" =y x—y) > —¢llz —yl,
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for all x,y € SN B(Z,9), all * € NC(S;z) NrBx« and all y* € NC(S;y)N
’I”BX* .

(b) The set S is one-sided subsmooth at T if and only if for any reals r > 0 and
€ > 0 there exists a real § > 0 such that

(5.7) (¥ =T" 0 —7) > —¢llz — 7|,

for all x € SN B(x,9), all z* € N°(S;2) NrBx~ and all T € N(S;7) N
’FBX* .

(c) A similar equivalence holds for uniform submoothness of S (resp. uniform
subsmoothness of S near T, hemi-subsmoothness of S at T).

We already saw that convex sets are subsmooth (even uniformly submooth). In
fact, a remarkable class of examples of subsmooth sets is given by inverse images of
convex sets with C' mappings with surjective derivatives between Banach spaces.
The proof will use the next lemma.

Lemma 5.10. Let A: X — Y be a continuous linear mapping between two Banach
spaces X,Y and let G : X — Y be a mapping which is of class C' near a point
TeX.
(a) If there is a real s > 0 satisfying sUy C A(Bx), then for any z* € X* and
y* €Y with x* = y* o A one has

slly™ll < [l="]-

(b) If there is a real s > 0 satisfying sBy C DG(Z)(Bx), then for any realn > 0
there is an open neighborhood U of T such that for every x € U the inclusion
s'By C DG(x)(Bx) holds with s’ := (1+n)~'s, and hence in particular for
alx e U, z* € X* and y* € Y* with * = y* o DG(z) one has

syl < (L+n)ll=7].

Proof. (a) Fix any z* € X* and y* € Y* such that 2* = y* o A. Take any v € Uy
and choose u € By such that sv = A(u). We notice that

(y", s0) = (y", A(w)) = (@7, u) < [|lz"]].

This being true for all v € Uy, we obtain that s|y*|| < ||z*|.

(b) Put A := DG(Z) and s’ := (1+n)"'s and choose an open convex neighborhood
U of T over which G is C! and such that ||DG(z) — DG(Z)|| < s — &' for all z € U.
Fix any € U and put A := DG(z). Writing

By + (s — S,)By CAByx) CABx)+ (A—A)Bx) C ABx) + (s — Sl)By,

we see by taking support functions that s'By C cly (A(IB X)), and hence s'Ux C
A(Bx) by the Banach open mapping theorem. Therefore, taking any z* € X* and
y* € Y* such that z* = y* o DG(x), the assertion (a) tells us that §'||y*|| < ||z*]],
which justifies the assertion (b). O

Proposition 5.11. (a) Any C* submanifold of a Banach space is subsmooth.
(b) If G : X — Y is a mapping between Banach spaces which is of class C!
near a point T € X with DG(T) surjective and if C is a convex set of Y
containing G(T), then the set G=1(C) is subsmooth at .
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Proof. (b) We begin by proving (b). By the Banach open mapping theorem there
is a real s > 0 such that sBy C DG(Z)(By). Then by the above lemma there
are an open neighborhood U of T and a real v > 0 such that for each x € U the
continuous linear mapping DG(x) is open and ||y*|| < v||z*| for all z* € X* and
y* € Y* satisfying * = y* o DG(x). Now fix any € > 0 and choose an open convex
neighborhood Uy C U of T such that || DG(z') — DG(z)| < ¢/ for all z,2’ € Uy.
Consider any z,u € Uy N G~}(C) and z* € N°(G7HC);z) NBx+. We know
by C-subdifferential calculus (see [18]) that there is y* € N¢(C;G(z)) such that
x* =y* o DG(x), so ||y*|| < v by the choice of 7. Since (y*, G(u) — G(z))) < 0, we
deduce that

(%, u—1x) = (y*, DG()(u — z))

1
= (¥, G(u) - G(2)) - <y*,/0 (DG(z + t(u — x)) = DG(x))(u — 2) dt)

< ly*ll(e/Mllu ==l

hence (z*,u — x) < ¢||lu — z||. This establishes the subsmoothness of G~(C) at T.
(a) Let S be a C! submanifold of the Banach space X. We know that there is
a closed vector subspace E of X such that for each point T € S there exist open
neighborhoods U of Z in X and V of zero in Y along with a C! diffeomorphism
¢ : U — V with &) = 0 such that ®(SNU) = ENV. Shrinking the open
neighborhood V' of zero if necessary, we may suppose that it is convex. Then by (a)
the set S is subsmooth at T, which finishes the proof. O

The properties of uniform subsmoothness and hemi-smoothness for sets can be
characterized via modulus functions (whose definition has been recalled before the
statement of Proposition 4.19).

Proposition 5.12. Let S be a nonempty set of a normed space X.

(a) The set S is uniformly subsmooth (resp. uniformly subsmooth near a point
T € S) if and only if there exists a modulus function w : [0, +o00[— [0, +00]
(resp. there exist an open neighborhood U of T and a modulus function
w : [0, +oo[— [0, +00[ of class C' on ]0, +oo| with tw'(t) — 0 ast | 0) such
that

(" —y" 2 —y) = —|lz —yllw(lz — yll)
for all x,y € S (resp. z,y € SNU), all z* € N°(S;2) NBx- and all
y* € NO(S;y) NBx-.

(b) The set S is hemi-subsmooth at a point T € S if and only if there exists a

modulus function w : [0, +oo[— [0, +00] such that

(@2 = 7) <|lz - Zlw(lz -z

for allz € S and all T € NC(S;Z) N Bx-.
(¢) If X is finite-dimensional, the set S is uniformly subsmooth near T if and
only if it is subsmooth near T.

Proof. (a) The implication < is obvious. Let us first prove the reverse implication in
the case when S is uniformly subsmooth. Define w : [0, +00[— [0, +00] by w(0) := 0
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and for t > 0
(z* —y*,y —a)*
w(t) := sup{
|z =yl

where (as usual) 7" := max{0,r} for » € R and where we use the convention that
the supremum is 0 whenever the set over which it is taken is empty, that is, .S is
a singleton. Clearly, the definition of uniform subsmoothness of S guarantees that
w(t) = 0 as t | 0 and by the very definition of w the inequality in the proposition
holds true for all 2,y € S, z* € NY(S;2) NB and y* € NY(S;y) NB. The case of
uniform subsmoothness near x follows from what precedes and from Lemma 4.18.
(b) Similarly, for the implication = it suffices to define w : [0, +o00[— [0, 4+00] by
w(0) :==0 and for t > 0

(x*,x —7)F

[ — |

0 < ||lz—y| <t (z,2%), (y,y") € gph N(S;-)NBY,

w(t) := sup{ x€8,0<||z—z|| <tz*e NYS;z)NB},

and to argue like in (a).
(c) For the implication (c)=-(a) when X is finite-dimensional, it suffices to proceed
like in the proof of the implication (d)=-(a) in Proposition 4.20. O

Remark 5.13. It is known (see [63, 21]) that the inequality in (a) of the above
proposition with the particular modulus o| - |? characterizes in Hilbert spaces the
fundamental class of closed uniformly (resp. locally) prox-regular sets.

The hemi-subsmoothness of a set entails its tangential regularity.

Proposition 5.14. Let S be a subset of a normed space X and letT € S.

(a) The subsmoothness of S at T entails its one-sided subsmoothness at T, which
in turn entails the hemi-subsmoothness at .
(b) If the set S is hemi-subsmooth at T, then it enjoys the normal regqularity

NC(S;z) = N (8;7),
and hence it is tangentially reqular at T.

Proof. The assertion (a) is evident. To justify (b), assume that S is hemi-subsmooth
at 7. Take any 7* € NY(S5;7) and let r > ||Z*||. Fix any real € > 0 and choose § > 0
satisfying the property related to hemi-subsmoothness in Proposition 5.9. Fixing
any x € SN B(7,§) we have

(T2 —7) <elz —7|.

This tells us that Z* is a Fréchet normal of S at 7, that is, the inclusion N¢(S;T) C
NT(S;7) holds. In fact, the latter inclusion is an equality since the reverse inclusion
always holds. Using this equality and the inclusion N (S;z) C (TB(S;7))” (see
Section 2) we obtain

(79(8;2))° = NO(S;2) € (T7(5;2))°,

hence T5(S;T) c TC(S;Z) since TY(S;T) is a closed convex cone. The latter
inclusion justifies the desired tangential regularity of S at 7. O
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Converses of above assertions will be discussed later.

Local subsmoothness of sets can be characterized with C-subdifferentials of dis-
tance functions. The following lemma will be useful for that.

Lemma 5.15. Let S be a subset of a Banach space X and let T € S. If Ocds(-) in
place of N©(S;-) satisfies (5.4) for allx € SNB(Z,6), x* € dcds(z), TF € dcds(T),
then

Ocds(Z) = dpdg(T) and NC(S;T) = NF(S;T).

Proof. Fix any T € Jcdg(T). Then for any real e > 0 there exists 6 > 0 such that
for every x € SN B(Z,d) we have (—T*,x — T) > —¢||lz — T|, since 0 € dcdg(x).
This implies that z* € N¥(S;Z). Moreover, the inclusion * € dcdg(T) ensures
that ||#*|| < 1. This combined with the equality dpds(Z) = N (S;T) N Bx~ (see
Section 2) entails that 0cds(Z) C Ords(T). The reverse inclusion being always true,
it ensues that the first equality dcdg(T) = Ords(T) of the proposition is established.

Concerning the second equality, observe first that the first equality ensures in
particular that dpds(T) is w(X*, X)-closed, and hence for every real r > 0 the
convex set

NT(S;7) N rBx« = ropds(T)

is w(X*, X)-closed. The space X being a Banach space, the Krein-Smulian theorem
guarantees that the convex set N¥'(S;7) is w(X*, X)-closed. Further, the first
equality again combined with the equalities (see Section 2)

NO(S;7) = cly (R+0cds(T)) and N¥(S;7) = Ry drds(T)
gives the equality
NC(S;T) = cly» (NF(S;7)).
This equality and the above w(X*, X)-closedness of N¥'(S;%) justifies the desired
second equality N(S;7) = N¥'(S;%). O

Proposition 5.16. Let S be a nonempty subset of a Banach space X and U be a
nonempty open set of X with U NS # ().

(A) The following are equivalent:
(a) The set S is subsmooth at each point of SNU.
(b) For any® € SNU and any € > 0 there is 6 > 0 such that (5.2) holds
on SN B(%,6) with dcdg in place of NC(S;-) NBy-.
(B) The set S is uniformly subsmooth if and only if for each € > 0 there exists
a real 0 > 0 such that (x* —y*,x —y) > —¢|x —y| for all z,y € S with
|z —yll <9, x* € dods(x) and y* € dcds(y).

Proof. We prove only (A), since (B) follows in the same way. The implication
(a)=(b) is evident. To prove the converse, suppose that (b) holds. By Lemma 5.15
we have, for all x € SNU

dcds(x) = Opdg(z) and NC(S;z) = NF(S;z).

Both equalities combined with the equality drds(x) = N¥'(S;z) NBx« (for z € S)
yield N¢(S;2) NBx+ = dcds(z) for all z € SN U. This and the assumption (b)
entail that (a) holds true. O
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Alternative characterizations of local subsmoothness of sets in Asplund spaces
can be established via Fréchet normals or via subdifferentials of distance functions.
A lemma is needed first, and it has its own interest.

Lemma 5.17. Let S be a set of an Asplund space which is closed near T € S. The
following assertions are equivalent:

(a) For any e > 0 there is 6 > 0 such that (5.2) holds on SN B(Z, ) with Opdg
in place of N(S;-) N Bx~.

(b) For any e > 0 there is 6 > 0 such that (5.2) holds on SN B(T,J) with Jrds
in place of NY(S;-) N Bx~.

(¢) For any e > 0 there is § > 0 such that (5.2) holds on SN B(T,J) with Ocdg
in place of N(S;-) N Bx~.

Proof. The implication (c)=(a) follows directly from the inclusion Opds(-) C Ocds(+).
Let us show the implication (a)=-(b). Fix any real ¢ > 0 and by (a) choose § > 0
such that for all u,v € SN B(T,0), u* € Opdg(u) and v* € Opdg(v)

(u* —v*u—v) > —¢llu—v.
Fix any z,y € SN B(%,9), z* € 0rds(z), y* € 0rds(y). By Proposition 2.5(e)
there are =, —g x, yp —s vy, (z3)n and (y}), converging weakly* to z* and y*
respectively, with x} € dpds(xy,) and vy € dpds(y,). For n large enough we have
T, Yn € SN B(T,0), and hence by the above inequality

<$:L - y:zaxn - yn> > _‘SHxn - yn”

Passing to the limit as n — oo , it ensues that

<CC* - y*,SU - y> > 78”:’6 - yH7
which corresponds to (b).
To finish the proof, it remains to prove that (b)=-(c). Note that for each real
e > 0 and for any fixed z,y € SNB(T, ), the set of (z*,y*) € X* x X* satisfying the
inequality (z*—y*, 2 —y) > —¢|lz—y]| is convex and weakly* closed in X* x X*. The
result in (c) then follows from the equality dcdg(z) = co* (Ords(z)) (see Proposition
2.5(f)). O

We are now able to characterize local subsmoothness of sets via the Fréchet
normal cone in Asplund space.

Proposition 5.18. Let S be a nonempty closed set of an Asplund space X and U
be a nonempty open set of X with UNS # (. The following are equivalent:
(a) The set S is subsmooth at each point of SNU.
(b) The multimapping N*(S -) "By« is submonotone at each point of SNU.
(c) The multimapping N¥(S -) N Bx~ is submonotone at each point of SN U.

Proof. First, we note that the implications (a)=(b) and (b)=-(c) follow directly
from the inclusions

NE(S;z)NBx- ¢ NY(S;2) NBx- ¢ NY(S;2) N By~, for allz € S.

On the other hand, (c) implies (a) by Proposition 5.16(A) according to the equality
Ordg(x) = NF(S;-)NBx+ for any x € S and to the implication (a)=-(c) in Lemma
5.17, as easily seen. O
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5.2. Subsmoothness of sets versus Shapiro property. By Proposition 5.14
we know that a set S is tangentially regular at a point in S whenever it is one-sided
subsmooth at this point. Let us now compare the notions of subsmoothness and
one-sided subsmoothness of sets with other concepts.

Definition 5.19. Let S be a nonempty subset of a normed space X and let = € S.
(a) The set S is said to satisfy the Shapiro k-order contact property (k € N) at
T (see [70]), if for every real € > 0 there exists a real § > 0 such that for all
x1,x2 € SN B(Z,6) one has
dist(zo — x1, TP (S; 1)) < elja1 — o||*.
(b) The set S is called nearly radial at T (see [50]) if for every real ¢ > 0 there
exists a real 0 > 0 such that for all z € SN B(Z, ) one has
dist(Z — =, T2(S;2)) < e|lz — 7|,
(that is, the inequality in (a) holds for k = 1 with zo = 7).
Let us first state the following known lemma.

Lemma 5.20. Let K be a nonempty convex cone of a normed vector space X. Then
foranyu e X

(5.8) dlu,K)= max (z",u).

‘T*GKOQBX*
Proof. Fix any u € X. For any z* € K°NBx+ and any x € K we have
<$*7u> < <x*,u> - <x*,x> = <x*7u —x) < ”u - xH?
thus  sup (2%, u) < dg(u).
I*GKOQBX*
Now observe that the subdifferential ddx (u) of the continuous convex function

dk is nonempty. Further, according to the sublinearity of dx (with dx(0) = 0) we
have

ddg(u) ={z* € X*: (2", u) = dk(u) and (z*, h) < dg(h) Vh € X}.

So, taking u* € ddg(u) we see that u* € K°NBx~ and (u*,u) = dx(u). We then
conclude that

dic(u) = (u*,u) = m*é??%(BX* (x*,u).

The second lemma considers the distance to the Bouligand tangent cone.

Lemma 5.21. Let S be a subset of a finite-dimensional normed space X and let
T € S. Then one has
r—

lim _ dist( . TB(S;7)) = 0.

S32—T |z — ||
Proof. Let h(z) = ||z — Z||"}(z — 7) for every x € X \ {Z} and let (x,)nen be
any sequence in S \ {T} converging to Z. Since X is finite-dimensional, for some
subsequence (Z(,))nen We have that (h(z()))nen converges to some h € X, so (as
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casily seen) h € T5(S;%). This gives dist (h(zs()), T7(S;Z)) — 0 as n — oo. This
being obtained for any sequence (x,), as above, it results that

lim _dist(h(z), T?(S;7)) =
Glim ist(h(z), T”(S;7)) =0
as desired. O

Theorem 5.22 (Local subsmoothness versus Shapiro property ). Let S be
a nonempty set of a normed space X and U be a nonempty open set of X with

UNS #1(. The following hold:

(a) The set S is subsmooth at each point in SOU if and only if it is tangentially
reqular at each point in S N U and satisfies the Shapiro first order contact
property at each point in S NU.

(b) If X is an Asplund space and S is closed, then S is subsmooth at each point
m SNU if and only if it satisfies the Shapiro first order contact property at
each point in SNU.

(c) If S is one-sided subsmooth at each point in S MU, then it is tangentially
reqular at each point in SNU and nearly radial at each point in SNU. The
converse also holds whenever X is finite-dimensional.

Proof. (a) To show the "necessity” part, let us suppose that S is subsmooth at
each point in S N U. By Proposition 5.14 we know that S is tangentially regular
at each point in SNU. Fix any T € SN U and let us prove that the Shapiro first
order contact property is satisfied at . Consider any real € > 0. By property of
subsmoothness of sets there exists 6 > 0 such that

(2] — 23, 11 — m2) > —¢|lx1 — 22,
for all z; € SN B(7,6) and all x¥ € N(S;2;) "By~ for i = 1,2. Fixing 21,72 €
SN B(z,0) and taking x4 = 0, we obtain
sup (x], 2 — x1) < €llz1 — 22|

zFENC (S;21)NB x*

Further, from the tangential regularity we have T5(S;x1) = T (S;x1). Then, keep-
ing in mind that N¢(S;x) is the polar cone of the closed convex cone T (S; 1),
the latter inequality combined with Lemma 5.20 yields

dist (22 — x1, TB(S; 11)) < ellz1 — 32,

which translates the Shapiro first order contact property for S at z.

Conversely, to show the ”sufficiently” part, let us assume that S is tangentially
regular at each point in SN U and satisfies the Shapiro first order contact property
at each point in SNU. Fix any € SN U and let us show that S is subsmooth
at T. Consider any real € > 0. By definition of Shapiro first order property there
exists a real 6 > 0 with B(Z,d) C U such that for all z; € SN B(7,0), i = 1,2,

(5.9)  max{dist (x2 — 21, T2(S;21)) , dist (z1 — 22, TP (S;22))} < ngl — 23|

Since TB(S;z;) = TC(S;x;) for i = 1,2, by virtue of Lemma 5.20 we deduce that

* * €
wac]  swp  (afam-o),  swp (@ha-m) b < Sl - ol
zFENC(S;z1)NB z5ENC(S;z2)NB
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This entails that, for all ¥ € N(S;2;) NBx+ with x; € SN B(T, )
(21 — 23, 1 — wa) > —el[wr — w2,

hence S is subsmooth at Z.

(b) Assume that X is an Asplund space. According to (a) we only have to show the
”sufficiency” part. So, let us suppose that S satisfies the Shapiro first order contact
property at each point in SN U and let us show that S is subsmooth at each point
in SNU. By virtue of the implication (¢)=-(a) in Proposition 5.18, it is enough to
show that the truncated Fréchet normal cone N¥'(S;-)NBx~ is submonotone at each
point in SNU. Fix any T € SNU and any real € > 0. As in the proof of ”sufficiency”
part of (a), there is a real § > 0 with B(Z,d) C U such that (5.9) holds with £/3 in
place of £/2. Consider any z; € SN B(%,d) and any xf € NF(S;2;) NBx«, i = 1,2.
From the latter inequality in (5.9) with /3 (since its first member is strictly less
than (¢/2)||z1 — 22| for 1 # x3) we may choose v; € TP(S;z;) and ¢; € X (for
i =1,2) such that

To—x1=v1+e and x1 —x2=v2+ e2,

with ||e;|| < (¢/2)]|x1 — x2||. Note that (x},v;) < 0 since the Fréchet normal cone
NT(S;z) is always included in the (negative) polar cone of T5(S;z) for x € S.
Using this and the inequality ||z}|| <1 (for ¢ = 1,2), it follows that

€ €
(a1, 21 —@2) 2 —gllor — 22l and (23,22 —a1) 2 —Z a1 — 22|
Adding these inequalities give
(2] — @3, 11 — w2) = —¢||lw1 — 22,

which is the desired submonotonicity of N¥'(S;-) N Bx-.

(c) Assume that S is one-sided subsmooth at each point in S N U. By Proposition
5.14 the set S is tangentially regular at each point in S N U. To show that S is
nearly radial at any point T € SNU, it suffices to proceed in the same way as in the
above proof of the "necessity” part of (a), setting zo = T (and 1 = x) to conclude
that the property in Definition 5.19 holds true.

Suppose now that X is finite-dimensional and that S is tangentially regular at
each point in SNU and nearly radial at each point in SNU. Let us fix any T € SNU
and show that S is one-sided subsmooth at T. Take any real € > 0. By Definition
5.19(b) and by tangential regularity of S at points in S N U there is a real §' > 0
with B(Z,d') C U such that for all z € SN B(z,d")

dist (7 — 2, T¢(S; 7)) < %Ha: — 7.

Since N¢(S;z) is the polar of the convex cone T%(S;z), Lemma 5.20 gives for all
z e SNB(zT,)

(5.10) sup (2,7 — ) < S|z — 7.
x*eNC(S;z)NB 2
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On the other hand, by Lemma 5.21 there exists § €]0,0’[ such that for all x €
SN B(Z,0) with x #T

r—7T IS
dist <,TB<s;x>> <&
|z — ] 2

Since T2(S;7) = T¢(S : 7), using again Lemma 5.20 we obtain

sup (u*,x —T) §§||$—EH for all z € SN B(7, 9).
u*eNC(S;z)NB 2

From this and (5.10) we see that
(¥ —u*,x —7T) > —¢|lz — 7|

for all z € SN B(7,6), all #* € NY(S;z) and all u* € N¢(S;Z). This means that
S is one-sided subsmooth at Z, and the proof is finished. O

The proofs of (a) and (c) in the above theorem also work for the subsmoothness
(resp. one-sided subsmoothness) property at a fixed point T provided that S is
tangentially regular near 7. We state this in the proposition:

Proposition 5.23. Let S be a set of a normed space X which is tangentially reqular
near a point T € S. The following hold:

(a) The set S is subsmooth at T if and only if it satisfies the Shapiro first order
contact property at T.

(b) If S is one-sided subsmooth at T, then it is nearly radial at T. The converse
also holds whenever X is finite-dimensional.

6. EPI-LIPSCHITZ SUBSMOOTH SETS

In this section we will show that epi-Lipschitz subsmooth sets can be seen as
epigraphs of Lipschitz subsmooth functions.

Let S be a subset of the normed space X which is closed near * € S and epi-
Lipschitz at this point in a direction h € X with h # 0. By [66] there exists a
topologically complemented closed vector hyperplane E of Rh (so, X = E @ Rh),
an open neighborhood W of T in X, and a function f : E' — R Lipschitz continuous
near 7T (with £ endowed with the induced norm and = = 7z + (mpx)h with
mpx € E and mpx € R) such that

wWnS=Wn{u+rh:ueE;reR,f(u) <r}.

Such a function f is called a locally Lipschitz representative of S around T. Consider
the linear isomorphism A : E x R — X defined by A(u,s) := u @ sh, so that
A:=A"1:X - ExRis given A(z) = (mpx, mpx) and W NS can be rewritten as

WnS=WnA(epif).
We endow E x R with the product norm (u,s) — (||u]?> + s?)1/? and we define
F:FE — X by F(u) := u® f(u)h, so that F(u) = A(u, f(u)). If ¥ > 0 denotes a
Lipschitz constant of f in an open neighborhood V' of u := wgZT with F(V) C W,
then it is easily seen that

(6.1) | F(u1) — F(u2)|| < allug —ug|| for all uj,us €V,
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where
(6:2) o= A (32 + 1),

From the equality W NS = W N A~(epi f) we also note by the isomorphism
property of A that, for all u € V

T(S; F(u)) = A (T (epi f; (u, f(u))))
and
(6.3) NY(S; F(u)) = A* (N (epi f; (u, f(u))))-

Lemma 6.1. Let X be a normed space and S be a subset which is closed near
a point T € bdry S and epi-Lipschitz at T in a direction h # 0. Assume that
NC(S;-) N By« is submonotone (resp. one-sided submonotone) at T. Then, for
every locally Lipschitz representative f : E — R of S around T (where E is a
topological complement of Rh in X ), the Clarke subdifferential Oc f is submonotone
(resp. one-sided submonotone) at TEX.

Proof. Keep the above notation and let V' be an open neighborhood of @ := 7mgx
over which f is Lipschitz with constant v > 0 and such that F'(V) C W.

Let us first establish the result for submonotonicity. From the submonotonicity
of NY(S;-)NBx+ at T it is easily seen that NY(S;-) NrBx« is subsmonotone at T
for any real r > 0. Take r := ||A*||(72+1)'/2, where as above A* denotes the adjoint
of A := A~ In order to prove that dc f is submonotone at @ := 7gT, take any real
e >0 and set &1 := a~'e, where « is given by (6.2). There exists a real § > 0 with
B(7,8) C W such that for all z; € B(%,d) and all ¥ € NO(S;2;) NrBx«, i = 1,2,
(6.4) (x] — x5, 21 — x2) > —e1]|z1 — 22|
Choose a positive real §; < a~!§ such that B(u,d;) C V. Then by (6.1) we have
F(B(w;61)) C B(z,0). Take any u1,up € B(uw,01) and any u; € ¢ f(u;) fori=1,2.
Then (u},—1) € NY(epi f; (ui, f(u;))). Using the equality WN.S =W NA~(epi f)
and the points

xi = F(u;) = A(ug, f(w)) € B(w,9), i =1,2,
we obtain x} = A*((u},—1)) € NY(S;x;), i = 1,2. Since |Ju}| < v for i = 1,2
(according to the ~-Lipschitz property of f on V), it ensues that

lzfll < IA"N(lafl? +1)Y2 <7y so 2 € NO(S;2:) NrBx-.
This combined with (6.4) yields
(A*(uf, 1) = A" (uj, —1), F(u1) = F(u2)) > —ea™ || F(u) — F(uz)|.
Since
(A" (ur, =1) = A% (ug, —1), F(ur) = F(u2)) = ((ui — u3,0), (u1, f(u1)) = (ug, f(u2)))
= <UT - u§7u1 - u2>7
the above inequality and (6.1) yield
(u] —uj,up —ug) > —¢|lup — uzl|.

This justifies the submonotonicity property of Oc f at .
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The case of one-sided submonotonicity is obtained by replacing us by @ and
us € Oc f(uz) by ©* € dc f(u) in the above arguments. O

A similar lemma holds for uniform submonotonicity near a point.

Lemma 6.2. Let X be a normed space and S be a subset which is closed near a point
T € bdry S and epi-Lipschitz at T in a direction h # 0. Assume that N¢(S;-)NBx~
is uniformly submonotone near T. Then, for every locally Lipschitz representative
f:E— R of S around T (where E is a topological complement of Rh in X ), the
Clarke subdifferential Oc f is uniformly submonotone near Tgx.

Proof. Again keep the above notation with W NS = W N A(epi f) and let V' be
an open neighborhood of w := mgx over which f is Lipschitz with constant v > 0
and such that F(V) C W. Let Wy, C W be an open convex neighborhood of  over
which the multimapping N¢(S;-) NBx+ is uniformly submonotone and let Vo C V
be an open convex neighborhood of @ such that F(Vy) C Wy. Recall that o :=
|A]|(7? + 1)1/2 (see (6.2)), and as in the previous lemma set r := ||A*]|(y% + 1)Y/2.
Note that the multimapping N¢(S;-)NrByx- is uniformly submonotone on Wy. Let
us show that dc f(+) is uniformly submonotone on V. Let any real € > 0. There
exists a real § > 0 such that
(6.5) (0] — 23,21 —w2) > —a”e|lwr — @
for all 1,72 € Wy NS with |21 — 22| < ¢ and all ¥ € NY(S;-) N rBy«. Set
8o := a1 and take any uj,us € Vy with ||ug — us| < dp and any u} € O f(u;),
i =1,2, 0 (uf,—1) € N(epi f; (us, f(uq))). Putting z; := F(u;) = A(ug, f(us)),
we see that x; € Wy N A=t (epi f). Observing that Wy NS = Wy N A~ (epi f) (since
Wo C W), it ensues that z; € Wy N S and z¥ := A*(u}, —1) € NY(S,z;). Further,
the inequality |luf| <~ gives
51| < A (g |* + D)2 <
The mapping F' being a-Lipschitz on V' we also observe that
1 — zo|| = || F(ur) — F(u2)|| < arffur — uzll <.
We deduce from (6.5) that
(A*(uf, —1) = A*(uz, —1), F(u1) = F(us)) > —ea” '[|F(u1) — F(us)]|.
Writing
(A (u1, =1) = A™(uz, —1), F(ur) — F(u2)) = ((ul —u3,0), (u1, f(u1)) — (u, f(u2)))
= (uy —uy, uy — ug),
and using (6.1) it results that
(ul — ug, ur —ug) > —eflur —ugl,
which confirms the uniform submonotonicity property of dc f on V. g

Theorem 6.3 (Subsmooth functional representation of epi-Lipschitz sub-
smooth set). Let S be a subset of a normed space X which is closed near T € bdry S
and epi-Lipschitz at T in a direction h # 0. The following are equivalent:

(a) The set S is subsmooth at T (resp. uniformly subsmooth near T).
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(b) Ewvery locally Lipschitz representative f : E — R of S is subsmooth at mgT
(resp. uniformly submooth near wgT ), where E is a topological complement
of Rh in X.

(¢) Some locally Lipschitz representative f : E — R of S is subsmooth at wpT
(resp. uniformly subsmooth near TET ).

Proof. The implication (b)=-(c) is evident and the implication (a)=(b) follows from
Lemma 6.1 and from Proposition 4.16 (resp. Lemma 6.2 and Proposition 4.17).
It remains to prove (c¢)=-(a). Suppose that f is subsmooth at u := 7gZ (resp.
uniformly subsmooth near ). Let V' be an open neighborhood of @ and W an open
neighborhood of T as in what precedes Lemma 6.1 and such that f is Lipschitz with
constant ¥ > 0on V and F(V) C W (and in the case of uniform subsmoothness near
%, choose open convex neighborhoods Vp C V and Wy C W of @ and T respectively
with F'(Vp) € Wy such that f is uniformly subsmooth on Vj, and choose also an
open convex neighborhood W) C Wy of  such that 7g(W() C Vp). Take any real
€ > 0 and set
€
T A AT

According to Theorem 4.5 or Proposition 4.16 (resp. Proposition 4.17), there exists
a real 61 > 0 with B(Z,01) C V such that (resp. a real §; > 0 such that)

(6.6) fluz) = flur) + (ul, uz — w) — exflug — ual,

for all uy, us € B(w, d1) (resp. u1,us € Vy with ||ug —uz|| < 1) and all u} € d¢ f(uq).
Choose a positive real 6 < §1/||A|| so that B(Z,d) € W (resp. a positive real
§ <61/||Al]). Take any z; € SN B(T, ) (resp. x; € SNW{ with ||z1 —x2| < J) and
any x; € NCY(S;x;) NByx+, i = 1,2. We claim that

&
(x],22 —m1) < 5H$1 — Zal|.

To this end, put u; := wgz; and t; := 7wy, so that x; = A(u;, t;) and t; > f(u;),
i=1,2. Ift; > f(u1), then 21 € int S, and hence N (S;x1) = {0}, so the inequality
of the claim holds trivially. We may then suppose that ¢; = f(u1) and =} # 0. Note
that 2} € A*(NY(epi f; (21, f(21)))) according to the isomorphic property of A.
There exists (see Section 2) a real A > 0 and u] € d¢ f(u1) such that

(6.7) x] = AN (u7, —1).
Then A(uj, —1) = A*z}, and hence A < ||A*|| since ||z}]| < 1. Further,
lur = wal| < IAJ[ - [ler — 22|,

so by the choice of § we see that ui,us € B(w,d1) (resp. |lug — uz|| < 6; and
up,ug € Vp). Therefore, (6.6) along with the inequality to > f(u2) gives

((ui, =1), (u2, t2) — (w1, f(u1))) < erflur —uzl| < erl|All - (21 — 22|
It ensues that

* * 93
(Maf, ~1), Az2) — Azn) < el 4] - JA] - o = 2] = o — 2],
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which by (6.7) yields (z7,z2 — 1) < (¢/2)]|z1 — z2]| as stated in the claim. Anal-
ogously the inequality (z5,x1 — x2) < (¢/2)]z2 — 1] also holds true. Adding the
two latter inequalities it results that

(x] — x5, 21 — 2) > —¢l|T1 — 22|,

which proves the subsmoothness of the set S at T (resp. the uniform subsmoothness
of SNWY). O

As a direct consequence of the above theorem and Proposition 4.16 we have the
following corollary.

Corollary 6.4. Let X be a normed space and f : X — R be a function which is
Lipschitz near T € X. The following are equivalent:

(a) The epigraphical set epi f is subsmooth at (T, f(T)) (resp. uniformly sub-
smooth near (T, f(T)).

(b) The function f is subsmooth at T (resp. uniformly subsmooth near T ).

(¢) The multimapping Oc f is submonotone at T (resp. uniformly submonotone
near T ).

Through Corollary 6.4 we provide an epi-Lipschitz set in R? which is tangentially
regular at a point and fails to be subsmooth at that point.

Example 6.5. Example 4.25 furnished a Lipschitz function f : R — R which is
tangentially regular at T := 0 such that the multimapping dcf is not one-sided
submonotone at T, hence in particular f is not subsmooth at T by Proposition
4.16. Then the epi-Lipschitz set epi f is tangentially regular at (Z, f(Z)) but not
subsmooth at (Z, f(Z)) according to Corollary 6.4.

Proposition 6.6. Let S be a subset of a normed space X which is closed near
T € bdry S and epi-Lipschitz at T. Then S is uniformly subsmooth near T if and
only if there exist a nonzero vector h € X, a topological complement vector subspace
E with X = E ® Rh, an open neighborhood W of T and a modulus function w :
[0, +oc[— [0, +00[ of class C on |0, +oo[ with tw'(t) = 0 as t | 0 such that

(@%,y —2) <|lmpy — mpz| w(l|lrey — mpx))

for all z,y € SNW and all z* € N(S;x).
If in addition X is finite-dimensional, then the latter property is also equivalent
to the subsmoothness of the set S near T.

Proof. First let us suppose that the property in the proposition holds. We may
suppose that W is convex. Fix any € > 0. Since w is continuous at 0 with w(0) = 0,
there is 7 > 0 such that w(t) < /(1 + ||7g]|) for all ¢t € [0,n]. Choose § > 0 such
that ||7gz| < n whenever ||z|| < §. Take any x,y € SNW with ||y — x| < 0 and
any z* € N¢(S;x) NBy«. We have
(z%,y — 2) < |lrpy — mpz| w7y — p2|)) = |7e(y — o) w(7e(y — 2)|)

< Tr—lme - o)l <ely - al

=L [l - |
which tells us that the set .S is uniformly subsmooth near the point T and justifies
the implication <.
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To prove the converse implication =, let us assume that S is epi-Lipschitz and
uniformly subsmooth near T. Choose a nonzero vector h € X, a complement vector
subspace E with X = E @ Rh, a Lipschitz function f : £ — R and an open
neighborhood W of T such that

WnS=WnAlepif),

where A : E xR — X is given by A(u,r) = u @ rh as stated in the beginning
of this section. By Theorem 6.3 the function f is uniformly subsmooth near 7gZT,
so by Proposition 4.20 there exist an open neighborhood V' of mgZ and a modulus
function w : [0, +00[— [0, +oo[ of class C! on ]0, +oo[ with tw'(t) — 0 as t | 0 such
that for all u,v € V, u* € 0f(u) and r > f(v)

r > fu) + W o —w) = [l —ullw(|v = ul]),
or equivalently

(6.8) ((u®,=1), (v,r) = (u, f(w))) < [l = ul| w([]v = ul]).

Let Wy C W be an open neighborhood of Z such that mg(Wy) C V. Let us show
the inequality in the proposition with wy(-) := || Al w(-). Consider any =,y € SNWy
and any * € NY(S;z2) NBx+. Set u := mpz and v := 7py. If mpz > f(u), then
x € int .S, which entails that z* = 0, so the inequality in the proposition is satisfied
since wo(-) > 0. Suppose that 7,z = f(u). We may also suppose that z* # 0,
for otherwise the desired inequality is trivial. Since A is an isomorphism and f is
Lipschitz, by (2.2) there is some real t > 0 and v* € J¢ f(u) such that A*(z*) =
t(u*, —1), or equivalently t(u*,—1) = z* o A. This gives ¢ (|Ju*||* + 1)1/2 < ||A]l,
hence ¢ < ||A||. Further, by (6.8) we have

A" (@), (v, mhy) = (u, f())) < |7py — mpz| w(l|mpy — mpal),
which combined with the above inequality ¢ < ||A]| yields
(2%, A(mgy, mny) — Almgz, mhe)) < || Alllrey — ezl w(llrey — Te2l),
and this means with wy(+) := ||A||w(-) as above
(@%,y —2) < |lwpy — mpz| wolllrey — mpxl).

This justifies the desired implication.
Finally, the situation when X is finite-dimensional follows from what precedes
and from Proposition 5.12(c). O

The next result concerns the functional representation of epi-Lipschitz one-sided
subsmooth sets. Comparing with Theorem 6.3, two differences need to be empha-
sized:

e the statements are local (and not pointwise);
e the equivalence is proved only in finite dimensions.

Proposition 6.7. Let S be a subset of a finite-dimensional normed space X which
is closed mear T € bdry S and epi-Lipschitz at T in a direction h # 0. The following
are equivalent:

(a) The set S is one-sided subsmooth near .
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(b) Ewvery locally Lipschitz representative f : E — R of S is one-sided subsmooth
near TgT and tangentially reqular near wgT, where E is a topological com-
plement of Rh in the space X.

(¢) Some locally Lipschitz representative f : E— R of S is one-sided subsmooth
near TgT and tangentially reqular near TEX.

Proof. The implication (b)=-(c) is obvious. To prove (a)=-(b), suppose that S is
one-sided subsmooth near T and let f be any locally Lipschitz representative of
S around Z. Lemma 6.1 tells us that 0o f is one-sided submonotone in a neigh-
borhood of wgZ. From (c)=-(a) in Proposition 4.26 we obtain (b). Finally, the
implication (c)=-(a) follows in the same way as in Theorem 6.3. It suffices to use
(b) in Proposition 4.26 in place of (b) in Proposition 4.16 to obtain the desired
one-sided subsmoothness near  of N¢(S;-) N B. O

The next corollary directly follows from the above proposition and Corollary 4.32.

Corollary 6.8. Let X be a finite-dimensional normed space and f : X — R be a
function which is Lipschitz near © € X. The following are equivalent:

(a) The epigraphical set epi f is one-sided subsmooth near (T, f(T)).

(b) The function f is one-sided subsmooth near T and tangentially reqular near
x.

(¢) The multimapping Oc f is one-sided submonotone near .

7. METRICALLY SUBSMOOTH SETS

Using the Clarke subdifferential of the distance function to S in (5.1) instead of
the truncation of the Clarke normal cone with the closed unit ball, we consider the
following definition.

Definition 7.1. A set S of a normed space (X, || - ||) is called metrically subsmooth
at T € S when for every € > 0 there exists some § > 0 such that

(" —y'x—y) > —¢llz -y
for all z,y € SN B(T,9), all z* € 0cds(x) and all y* € Ocds(y). When the
property holds at any = € S we say that S is metrically subsmooth. The set S is
called uniformly metrically subsmooth if for each € > 0 there is a real § > 0 such that
the above inequality is satisfied for all z,y € S with ||z — y|| < 4, all 2* € dods(x)
and all y* € 0cdgs(y).We also say that S is uniformly metrically subsmooth near

T € S whenever there exists a neighborhood U of T such that S N U is uniformly
metrically subsmooth.

Since 0 € Ocdg(y) for any y € S, it is easily seen that S is metrically subsmooth
at T if and only if for any € > 0 there exists some d > 0 such that

(7.1) (%, y —z) <elly —
for all z,y € B(7,9) NS and all z* € dcdgs(x).

We also notice, according to the inclusion dgdg(z) € NY(S;x) N By« for any
x € S, that any set which is subsmooth (at T € S) is metrically subsmooth (at

Z). Further, from Proposition 5.16(B) we immediately obtain the equivalence in (b)
below.
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Proposition 7.2. Let (X,| - ||) be a normed space.

(a) Any set S of X which is subsmooth (resp. subsmooth at T € S) is metrically
subsmooth (resp. metrically subsmooth at T).

(b) If X is a Banach space, then a set S in X is uniformly metrically subsmooth
(resp. uniformly metrically subsmooth near a point T € S) if and only if it
is uniformly subsmooth (resp. uniformly metrically subsmooth near ).

We will see below in Example 7.10 that the converse of the assertion (a) in the
above proposition is not true even in the finite-dimensional setting.

First we show that the concept of metric subsmoothness does not depend on the
norm.

Proposition 7.3. The concept of metrical subsmoothness does not depend on the

norm on X in the sense that, for any norm || - |1 on X equivalent to || - ||, the set
S is metrically subsmooth at T € S with respect to the norm || - || if and only if it is
metrically subsmooth at T with respect to || - ||1.

Proof. Fix two constants a, f > 0 such that «a|z|; < ||z| < B|lz|1 for all z € X.
Denote by dist (S, -) the distance function to S with respect to the norm || - ||;.
Then

adist (S, x) < dist (5, z) < Bdist1(S,z) forall xz € X

and these inequalities entail by Proposition 2.1(a) that for each z € S

(7.2)
a (dist 1(+,.9))°(x; h) < (dist (+,59))°(x; h) < B(dist 1(+,.5))°(x; h) for all h € X.
Suppose that S is metrically subsmooth at T with respect to the norm || - |. Fix

any € > 0. By definition of metrical subsmoothness there exists § > 0 such that for
all u,v € SN B(7,0) and all u* € dedist (-, 5)(u) one has
ae
B
Fix any x,y € SNB(7,J) and «* € Jcdist 1 (-, S)(x). According to the first inequality
of (7.2) we have az™ € Jdedist (-, S)(z), and hence by (7.3) we obtain (ax*,y —z) <
%Hy — z||, which entails (z*,y — r) < €y — z[[1. This ensures that S is metrically
subsmooth at T with respect to the norm || - [|;.

The reverse implication holds in the same way. U

(7.3) (u*,v —u) <

[ = o]f.

We saw in Proposition 5.14 that a subsmooth set at T is tangentially regular at
7. The same property is shown, in the following proposition, to hold under the
metric subsmoothness. In fact it is even true for metrically hemi-subsmooth set.
When we require (5.4) (resp. (5.5)) to be satisfied with dcdist (-, .5)(-) in place
of NY(S;-) N B, we say that the set S is metrically one-sided subsmooth (resp.
metrically hemi-subsmooth) at T € S. Like the subsmoothness property, the metric
subsmoothness clearly entails the metric one-sided subsmoothness, which implies
the metric hemi-subsmoothness.

Proposition 7.4. FEvery set S in a normed space X which is metrically hemi-
subsmooth (metrically one-sided subsmooth, or metrically subsmooth) at T € S is
tangentially reqular at the point T.
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Proof. Fix any z* € Jcdg(T) and any h € T?(S;Z). By definition of metric hemi-
subsmoothness, for each € > 0 there exists some § > 0 such that

(7.4) (¥, —7) <e¢|lx—=| forall z € SN B(T,J).

Choose, by definition of T2(S;Z), a sequence (t,), tending to 0 with ¢, > 0 and a
sequence (hy, ), converging to h such that T+t,h, € S for all n. For n large enough
we have T+t,h, € B(Z,J), and hence according to (7.4) we obtain (z*, h,) < €|y, ||,
which entails (z*,h) < ¢||h||. This being true for every € > 0, we get (z*,h) < 0.
Thus dcds(T) C (TB(S;7))°, where the second member of the inclusion denotes
the negative polar cone of T5(S;Z). The equality N (S;Z) = cly» (R4 0dg(T)) and
the w(X*, X)-closedness of (TB(C;Z))° then yield N¢(S;%) c (T?(S;%))°. Using
the equality N¢(S;7) = (T9(S;7))” and the w(X, X*)-closedness of T¢(S;7), we
can write (T'5(C;7))* C TY(S;7), and hence T5(S;7) C T(S;Z). This means
that the set S is tangentially regular at T since the reverse inclusion of the latter
inclusion always holds. O

Example 7.11 below will provide an example of a closed set tangentially regular
at a point T which fails to be metrically subsmooth at T. In contrast, we will see
in Proposition 7.13 that in finite dimensions a closed set is tangentially regular
at a point T if and only if it is hemi-subsmooth at T (or equivalently metrically
hemi-subsmooth at T by Proposition 7.7).

The next proposition examines when one of the two points z or y in the definition
of metric subsmoothness is allowed to be outside S (but near 7).

Proposition 7.5. Let S be a set of a normed space X which is closed near T € S.
Then the following assertions (a) and (b) are equivalent.

(a) The set S is metrically subsmooth at .
(b) For any € > 0 there exists some § > 0 such that for all y € B(Z,6), all
x € SN B(Z,9), and all x* € Ocdg(x)

(z*y —z) < ds(y) +elly —=|.
If X is Asplund, each one of the above assertions is equivalent to:
(¢c) for any € > O there exists some § > 0 such that for all x € B(Z,0), all
x* € Ocdg(x), and all y € SN B(T,0) one has
(z%,y — x) < ds(z) +elly — z|.

Proof. The implication (b) = (a) is obvious. Assume that (a) holds and fix any
e > 0. For ¢ := /2 choose by definition of metric subsmoothness some ¢ > 0 such
that for all u,v’ € SNB(7T,2d) and all u* € dodg(u) one has (u*, v —u) < &'||u’ —ul|.
Fix any y € B(Z,9), any * € SN B(Z,d), and any z* € 0cdg(x). Take any
z € SN B(7,25). Then
(¥, y—x)= (2" y—2)+ (x*, 2 — x)
Iy — 2l +z — o]

<
<@ +)ly =zl +€lly — =l
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Taking the infimum over all z € S N B(7,20) we obtain
(e — ) < (1+ &)dist (3, 5 N BT, 26)) + €' ly — 2]

and observing that dist (y, S N B(7,29)) = dist (y,S) by the inclusion y € B(Z,¢)
(see Lemma 2.2(a)), we may write

(", y —x) < (14 €)ds(y) +€'lly — =
<ds(y) + 2¢'||ly — zl],

the second inequality being due to the fact that dg(y) < ||y — z|| since x € S. The
last inequality translates the property (b) since 2’ = ¢, so we have proved (a)=-(b).

The implication (¢) = (a) is obvious. Assume that X is Asplund and that (a)
holds. Without loss of generality we may suppose that .S is closed. Fix any € > 0 and
take some &’ > 0 such that 2¢’+¢’(2+¢’) < e. By definition of metric subsmoothness,
choose some ¢ > 0 such that for all u,u’ € SN B(Z,30) and u* € dodg(u) one has

(7.5) (u*,u' —u) <E|lu' —ul.

Fix any 2 € B(Z,6) \ S and y € SN B(z,d). Suppose that dpds(z) # 0 and
take any z* € Opdg(z). Applying Proposition 2.5(e) with any positive &” <
min{4, &', 'dist (z,5)} in place of €, we obtain some v € S and v* € dpdg(v) such
that

(7.6) lv—z|| <&’ +ds(z) < (1+¢&)ds(z) and |Jv* —z*| <€
Observe that by the first inequality of (7.6) we have
o =3Il < lo - 2ll + e — 7 < & +ds(z) + |z — 7,
and hence by the inclusions Z € S and x € B(Z, ) we obtain
(7.7) v —Z|| < "+ 2||x — F|| < 36.
Keeping in mind that y € SN B(Z,J), we see that
(@ y—a) < (' y — ) +lly — 2
=y —v)+ (v —a)+y— 2|
<elly = vl +llv ==l +&'lly — =],

the first inequality being due to the last inequality of (7.6) and the second one being
due to (7.5) and (7.7) and to the fact that ||[v*|] < 1. Taking the second inequality
of the first part of (7.6) into account it ensues that

(*,y —z) < 2|ly — 2] + A+ &) v — =]
< 2|y — 2| + (1 + )ds(x) + ' (1 + )ds (),
which gives (since y € S)
(z%,y — 2) < 2e'ly — | + ds(z) + €2+ €)|ly — =]
=2 +2+)|y — 2| + ds(x).
The choice of ¢’ yields
(7.8) (2%, y —z) <dg(x) +elly — ||
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and this is satisfied for any = € B(ZT, ) since the case when = € S N B(T,d) follows
from (7.5). The definition of any limiting subgradient at = (as the weak-star limit of
some sequence of Fréchet subgradients at points x,, converging strongly to x) ensures
us that (7.8) continues to hold for any x € B(%Z,¢) and any z* € drdg(z), and of
course for any z* € codrdg(x). Take now any y € SN B(Z,J), any x € B(Z, ) and
any z* € Ocdg(x). Since Jcdg(z) = ¢0*(0rds(z)) (see Proposition 2.5(f)) there
exists a net (27);jes converging weakly” to z* with 27 € codrdgs(z). Then taking
the limit with respect to j € J in the inequality (7.8), it is easily seen that the
inequality is still true for such z*, z, and y, that is, the property (c) is obtained.
This finishes the proof of the proposition. U

The same arguments with N¢(S;2) NBx~ in place of dcdg(z) in the proof of the
implication (a) = (b) in the above proposition yields the following equivalence for
subsmooth sets.

Proposition 7.6. For any set S of a normed space X which is closed near T € S,
the assertions (a) and (b) below are equivalent:

(a) The set S is subsmooth at .

(b) For any € > 0 there exists some § > 0 such that for all y € B(Z,6), all
r € SN B(Z,0), and all z* € NC(S;2) N By~

(2%, y —x) <ds(y) +elly — |-

A property similar to (b) of Proposition 7.5 also holds for metric hemi-subsmooth
sets. Such sets have been seen in Proposition 7.4 to be tangentially regular. In fact
the corresponding characterization below of hemi-subsmooth sets will allow us to
prove more, in the sense that we even have the stronger property of tangential
regularity of the distance function dg. We will also be able to show that hemi-
subsmoothness and metric hemi-subsmoothness are the same property.

Proposition 7.7. Let S be a subset of a normed space X which is closed near
T € S. Consider the following assertions.
(a) The set S is metrically hemi-subsmooth at T.
(b) The set S is hemi-subsmooth at T.
(c) For any € > 0 there exists some 6 > 0 such that for all x € B(Z,0) and all
u* € Ocdg(T) one has
(u,2 —7) < dg(z) +¢l|z — 7.
(d) The distance function dg is Clarke-Fréchet reqular at T, in the sense that
dcds(T) = Opds ().
(e) The distance function dg is tangentially reqular at T, that is,
a3 (7 ) = di(F: ).
(f) N¢(S;%) = NF(S;Z) and NY(S;Z)NB = dcds(Z).
c) =

Then (b) = (a) < ( (d) = (e). If X is a Banach space, the implications
(a) < (b) and (d

a
) = (f) also hold.
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Proof. The implications (b) = (a) and (c) = (a) are obvious and (a) = (c) is
obtained like for (a) = (b) in Proposition 7.5. The property (c) entails that any
x* € 0cds(T) is a Fréchet subgradient of dg at Z, and hence the equality Ocds(T) =
Ordg (7). This means that (c) = (d) holds.
Suppose now that (d) is satisfied. It is not difficult to see that for any function
fand z,h € X one has sup (z*,h) < fB(zx;h), and hence by (d)
z*€0F f(z)
(ds)°(@;h) = sup (2*,h) < (ds)P(F;h).
z*€0cds(T)
The reverse inequality being always true, we obtain the directional regularity of dg
at T, that is, (d) = (e) is shown.
Let us prove (f) under (d) and the completeness of X. Since Ordg(Z) = N (S;7)N
Bx+ (see (2.8)), the equality in (d) assures us that

(7.9) dcds(T) = N¥(S;7T) N By-.

Thanks to the weak-star closedness of the Clarke subdifferential of a function, the
latter equality yields that N¥'(S;Z) N Bx~« is weak-star closed and hence N (S;7)
is weak-star closed as well, according to the Krein-Smulian theorem since N¥'(S;Z)
is a convex cone of X*. This weak-star closedness property along with (7.9) gives

(7.10) NY(8:7) = cly+ [Rydcds(T)] = clu [N (5:7)] = NT(S37),
that is, NC(S;T) = NF(S;?). Combining the latter equality with
NE(S;7) NBx+ = Opds(T) = 0cds(T),

we see that NO(S;Z) N By = dcdg(T). So the implication (d)=(f) holds.

It remains to establish (a) = (b) if X is a Banach space. Under (a) and the
completeness of X we know by what precedes that (f) holds, and hence dcdg(Z) =
N¢(S;Z) NB. Consequently, the metric hemi-subsmoothness of S at Z implies its
hemi-subsmoothness at T as well. The proof is then complete. O

The next theorem provides in addition to Proposition 7.5 some other character-
izations of metric subsmoothness in the context of Asplund space but its interest
essentially rests on the important characterizations furnished by (e) and (f) when
the space X is Hilbert or finite-dimensional.

Theorem 7.8. Assume that X is an Asplund space and S is a subset of X which
is closed near T € S. Then the following assertions are equivalent:

(a) The set S is metrically subsmooth at T.

(b) The multimapping Opdg is submonotone at T relative to the set S

(¢) The multimapping Ords is submonotone at T relative to the set S.

(d) The multimapping N¥'(S;-) N Bx~ is submonotone at T.

If in addition X is a Hilbert space, the following assertions may be added to the

list of equivalences:

(e) For any € > 0 there exists some 6 > 0 such that, for ally € X, z,u €

SN B(z,0) with u € Projg(y) one has

(y—wx—u) <elly —ul |z —ul.
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(f) The multimapping N (S;-) N B is submonotone at .
(g) The multimapping Opdgs is submonotone at T relative to the set S.
If X is finite-dimensional, then anyone of all the above properties is equiv-
alent to:
(h) The multimapping N*(S;-) N B is submonotone at .

Proof. The equivalence between (a), (b), and (c) is a reformulation of Lemma 5.17.
The equivalence between (b) and (d) follows from the equality Ordg(z) = NT'(S;2)N
B for all x € S (see (2.8)).

Assume now that X is a Hilbert space. Without loss of generality we may suppose
that S is closed. We know (see Section 2) that any proximal normal vector of the
form |ly — ul|~}(y — u), for u € Projg(y) with dg(y) > 0, is a unit Fréchet normal
vector of S at u and this justifies the implication (d) = (e). Taking into account
the definition of the proximal normal cone it is easily seen that (e) entails that the
multimapping N¥(S;-) N B is submonotone at Z, which is exactly (e) = (f). By
(2.13) we know that dpdg(z) = NP (S;2)NB for all z € S. Therefore, the assertion
(g) is just a reformulation of (f). Let us show that (g) implies (c¢). Fix any ¢ > 0.
By the assumption (g) there exists some ¢ > 0 such that (w*,y — w) < ||y — w]|
for all y,w € SN B(7,6) and w* € dpdg(w). Fix any y,z € SN B(7,§) and
x* € drdg(z). By Proposition 2.7(d) there are a sequence (x,,), in S converging to
x and a sequence (z}), converging weakly to z* with =} € dpdg(z,). For n large
enough we have (z,y — x,) < €|y — 24|, and hence (z*,y — ) < e[|y — z[|. So the
equivalence of any assertion among (a) to (d) with anyone of (e) to (g) is established
under the Hilbert assumption of X.

The implication (h)=-(d) being obvious, suppose that (d) holds and X is finite-
dimensional. Without loss of generality, we may suppose that the norm of X is
a Fuclidean norm and we may identify X* with X through the Euclidean inner
product. Fix any € > 0 and take 6 > 0 such that (w,z —y) < 5[z — y|| for all
r,y € SN B(T,6) and w € NF(S;y) NB. Fix any x,u € SN B(Z,§) and any
v € NY(S;u) with ||v]| = 1. By definition of N¥(S;u), there exist some sequence
(up)n in SN B(Z,d) converging to u and some sequence (vy,), converging to v with
vp € N (S;u,). Then for any integer n sufficienty large we have

1
<H,U ||’Un,5L‘ - un> < (8/2)”5[] - u””?
n

which yields
(,x —u) < (e/2)||x —u| for all z,u € SN B(T,d) and v € NE(S;u)NS.

This property is easily seen to entail the submonotonicity of the multimapping
NE(S;-)NB at . So the equivalence between (h) and (d) is established provided
that X is finite-dimensional. The proof is then complete. O

Remark 7.9. The property (e) in Theorem 7.8 has been used in R™ by A.S. Lewis,
R.D. Luke and J. Malick [50]. Roughly speaking, as noticed in [50] it means that
the angle between a unit proximal normal vector z* € NP (S;z) and (y —x) /||y — ||
is not much less than 7/2 for z,y € S sufficiently close to Z.

We use Theorem 7.8(e) in the next two examples. The first one is an example in
R? of a metrically subsmooth set at a point Z which fails to be subsmooth at .
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Example 7.10 (Lewis-Luke-Malick example [50]). Let f:[—1,1] — R be the
continuous even (f(-t)=f(t)) function defined by f(1/2™) = 1/4™ and f is affine on
[1/27F1 1/27] for all n € N. Considering S as the graph of f, S := gph f, we see by
Theorem 7.8(e) that S is metrically subsmooth at Z = (0, 0) since the angle between
a unit proximal normal vector 2* € N¥(S;z) and (y — x)/|ly — 2| is not much less
than 7 /2 for x,y € S sufficiently close to Z, as illustrated in Figure 7.1.

4 08 06 04 02 0 02 04 06 08 1 12

FIGURE 7.1. A metrically subsmooth set at T but not subsmooth at =

On the other hand, setting z, := (1/27,1, /4") we see that N¢(S;z,) = R?
since TY(S;2,) = {(0,0)} (as illustrated in Figure 7.1). So, taking u, := (T —
Zn)/||T — x| we have

e

Un € NY(S;2),  (un, y=1, S>z,—T7.

7 — 2l

Consequently, the set S is not subsmooth at .

The second example provides a set in R? which is tangentially regular at a point
T but not metrically subsmooth at .

Example 7.11 (Lewis-Luke-Malick example [50]). Let f : R — R U {400} be
the lower semicontinuous even function defined by f(0) =0, f(1) = 1/4, f(t) = +o0

ift >1 and . . L1
Define S as the epigraph of f, S := epif, and T = (0,0). We claim that S is
tangentially regular at Z but it fails to be metrically subsmooth at 7.

First, it is clear that

T5(S;7) =R2 and Liminf T7(S;2) = R2,
S'sx—7x
where S" := S\{z}, so T5(9;7) = Liminf T?(S;2) = R2. Since Lim inf T5(S; 2) =
Sox—T Sox—T

TY(S;7) (see (2.4)) , it ensues that S is tangentially regular at 7.

On the other hand, for x, := (1/2",0) we have u, := (—=1,0) € NP(S;z,), as
seen in Figure 7.2. Further,

Tn+l — Tn

)=1 with S>>z, —>=.
Zn+1 — znl

<Un7
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FIGURE 7.2. A tangentially regular set at T but not metrically sub-
smooth at =

It follows by Theorem 7.8(e) that S is not metrically subsmooth at .

The next proposition compares the metric subsmoothness of a set with the Jensen-
type inequality of the distance function involved in (a) of Proposition 4.21. The
implications (a)=(b) and (c)=-(a) in this proposition are taken from Theorem 10
and Corollary 11 respectively in the paper [58] by H.V. Ngai and J.-P. Penot; the
proofs given here follow [58].

Proposition 7.12. Let S be subset of a normed space X and ® € S. Consider the
assertions:

(a) For any e > 0 there exists § > 0 such that for all x € B(,0), z* € 0cds(x)
and y € SN B(Z, 6)

ds(z) + (z",y —x) <ely —z|.
(b) For every e > 0 there exists 6 > 0 such that
ds(tz + (1 = t)y) < et(l —t)[lz — y||
for all t € [0,1] and all x,y € SN B(Z, ).
(¢) The set S is metrically subsmooth at T.
The implications (a) = (b) = (c) hold. If X is an Asplund space, these implica-
tions are equivalences.
Proof. First, we note that the implication (b) = (c) follows directly from Proposi-
tion 4.21. Now, assume that (a) holds and fix any € > 0. By (a) there is § > 0 such
that for all 2/ € B(%,0), 2* € cds(z’) and y € SN B(z, )
ds(z') + @,y — ') < (/2) |y — 2]
Let any x,y € SN B(7,0) with  # y and any t €]0, 1[, and set u := tx + (1 — t)y.
By Lebourg mean value equality (see Proposition 2.1(b)) there are z € [z, u], 2* €
dcdgs(z) such that with o := |jy — 2| 7||u — z|
ds(u) = (z",u —x) = 2",y — 2),
which entails by the above inequality that

€ € €
ds(u) < —ads(z) + 5ally — 2| = —ads(2) + S lu—zl| = —ads(z) + 5 (1 = 1) |y — 2.
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It results that
£
(7.11) ds(u) < 5 (1 =)y —z]|.
Similarly, there are ¢ € [u,y] and (* € dcds(¢) such that with 8 := ||z — (||~ |lu—vy||

ds(u) = (¢, u—y) < =Bds(C) + ZBlly — Cll = —Bds(Q) + Sty —
which implies that

(7.12) ds(u) < (/2)t||y — |-
Multiplying (7.11) by t and (7.12) by (1 —t), and adding the new inequalities yield

ds(u) < et(l—t)|ly — =[],
which justifies the implication (a) = (b).

Now, assume that X is an Asplund space and that (c) holds. Let any ¢ > 0.
There is § > 0 such that for any z,2’ € SN B(7,0) and z* € dcdg(z) one has
(2,2 —z) < (¢/D)||7' — z||. Fix any y € SN B(Z,0) and any (z,z*) € gph dpdg(x)
with x € B(7,§)\S. By Proposition 2.5(e) there are u, € SNB(Z, ), u), € Opds(uy)
such that

|z —un|| = ds(z) and |z —u,|| -0 asn — oo.
Further, one has (z*,x — u,) — dg(x) according to Lemma 2.6. Write with A,, :=
(x*,x — up) + (x* — u), u, — y) that

<£U*,.’E - y> = <l'*7fL' - un) + <x*)un - y> = ATL + <U:7un - y>a
and note by what precedes that

(t un —y) = =(e/4)|un = yll = =(e/4)lJx =yl = (¢/4)lun — |-
Since ||u, — z|| — dg(z) and dg(xz) > 0, we have (¢/4)||u, — x| < (¢/4)ds(z) +
(e/4)ds(x) for n large enough, say n > N. Noting also that A, — ds(x), we may
choose an integer k > N such that Ay > dg(z) — (¢/4)ds(z). Taking n = k in the
preceding inequalities, it follows that

(2= y) 2 ds(w) = Jds(@) — o=yl - Sds(@)

> ds(z) —ellz =y

This ensures that (z*,x —y) > ds(x) — €|y — z| for all (z,2*) € gphdrds(x)
with z € B(Z,¢), since the case x € SN B(Z, J) is obvious by the choice of 4 above.
Remembering the definition of L-subdifferential, we deduce that the inequality holds
true for all (z,2*) € gph dr.ds(x) with = € B(%,0). Finally, the equality dodg(v) =
co* Or.dg(v) for every v € X (see Proposition 2.5(g)) assures us that (z*,z —y) >
ds(x) —¢|ly — || for all y € SN B(%,0), x € B(Z,0) and z* € dcdg(x ), and this
finishes the proof of the proposition. O

Let us establish in addition to Proposition 7.7 two other characterizations of hemi-
subsmooth sets. We also show that, in finite dimensions, the hemi-subsmoothness
of S at T is equivalent to its tangential regularity at T.

Proposition 7.13. Let S a be set of a normed space X and let® € S. The following
are equivalent:
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(a) The set S is hemi-subsmooth at T.

(b) For every € NY(S;T), every B > 0, and every € > 0 there exists § > 0
such that (5.5) holds for all x € SN B(%,6) and all z* € NY(S;T) with
Ja* -7 < B.

(c) For every T € N(S;Z) there is B > 0 such that for any e > 0 there exists
§ > 0 such that (5.5) holds for all x € SN B(T,6) and x* € N°(S;T) with
lo* -7 < 5.

(d) For every T € NY(S;T) and for any ¢ > 0 there exists 6 > 0 such that
(5.5) holds for all x € SN B(T,8) and z* € N(S;T) with ||z* —Z*|| < e.

If the space X is finite-dimensional, then one may also add to the list of equiva-
lences the property (e) below:

(e) The set S is tangentially reqular at T.

Proof. Suppose that (a) holds. Fix 7* € NY(S;%), 8 > 0 and ¢ > 0. By (a) choose
some d > 0 such that

*

(¢, —7) z|

< c |E3
— Bl

for all z € SN B(Z,6) and z* € NY(S;T) NBx=. Then for any x € SN B(Z, ) and
any x* € NY(S;7) with ||Jz* — 7*|| < B, we have |p~z*| < 1, for p := B + |7,
and hence (p~lz*, 2 —7) < p~le|lz — 7|, that is, (z*,2 —T) < g||z — 7. This means
that (b) holds.

The fact that (b) implies both (c) and (d) is obvious. To see that (c) (resp. (d))
entails (a), assume (c) (resp. (d)) and take some 5 > 0 corresponding to the choice
" = 01in (c) (resp. and take the choice 8@ = 0 in (d)). Fix any ¢ > 0 and by (c)
(resp. (d)) choose § > 0 such that (z*,z—7) < ef||z—7|| for any z € SNB(7,J) and
r* € NY(S;7) with ||z*|| < B (resp. (z*,z —7) < £2||z — Z|| for any = € SN B(T, )
and z* € NY(S;7) with ||z*|| <€) . Anyone of the two latter properties is easily
seen to give (v*, 2 —T) < ¢|jx —Z|| for all x € SN B(Z, ) and z* € N¢(S;7) NBx-,
that is, (a) is fulfilled.

Now assume that X is finite-dimensional. We note first that (a) = (e) is true
by Proposition 5.14(b). Conversely, suppose that (a) does not hold. Then, there
exist a real ¢ > 0, a sequence (x,), in S converging to  and a sequence (x}),
in NY(S;7) NBx- such that (x},z, — ) > ¢||x, — 7| for all n € N. Extracting
subsequences, we may suppose that ¥ — x* and ||z, — Z|| "' (2, — T) — h. Clearly,
r* € NY(S;7) and (z*,h) > ¢, hence h ¢ TC(S;Z). Further, the convergence
|zn — Z|| "' (z, — Z) — h also ensures that h € TB(S;7), so S is not tangentially
regular at =, which finishes the proof. O

Remark 7.14. Characterizations of subsmoothness of the set S similar to (a) and
(b) in Proposition 7.13 also hold true with the same arguments.

8. SUBSMOOTHNESS OF A SET AND @-FAR PROPERTY OF THE
(C-SUBDIFFERENTIAL OF ITS DISTANCE FUNCTION

For a closed S of a normed space X and for any x € X \ S we know (see (2.9))
that ||z*|| = 1 for any z* € Ordg(x), and also for z* € Jrdg(z) whenever X is
finite-dimensional. So, given T € bdry .S the following question arises: Is there a
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real § > 0 such that zero is kept far away from the C-subdifferential on B(%,d) \ S,
that is, 0 € dcdg(x) for all x € B(%,0) \ S? For some sets the answer is negative.
Consider in R the closed set S := {0} U {1/n : n € N} and 0 € bdry S. Putting

fhp = % (l + n%rl), we see that

n

dg(z) = % —zifz e [,un,%[ and dg(x) =z — nil if E]n—ll—l’un}'
The gradient representation of C-subdifferential (see Proposition 2.1(g)) enables us
to say that dcdg(pn) = [—1,1] © 0. Consequently, there is no neighborhood U of
T := 0 such that the set S enjoys the above desirable positively far property of zero
from the C-subdifferential of dg on U \ S.

Suppose now that X is a finite-dimensional Euclidean space with inner product
(-,-) and associated norm || - || and that S is a closed subset which is metrically
subsmooth at T € bdry S. Let any real ¢ €]0,1[. By metric subsmoothness choose
a real 0 > 0 such that

(2] — 23,21 — 22) > —¢|z1 — 22|

for all z; € SN B(7,20) and 2 € Ocds(z), i=1,2. Fix any z € B(z,0) \ S. We
know (see [68, Example 8.53]) that

Ords(x)

1 .
= I5(@) (x — Projgz).

Take z7, 25 € Ords(x), so xf = (v — u;)/ds(x) with u; € Projgz for i = 1,2. Then
zr € NP(S;u;) NBx = dpds(u;) (see (2.13)), which yields

(1 — 23, u1 —u2) > —€flur — g
since ||u; — Z|| < 2||x — T|| < 26. Put ¢t := dg(x) and note that
(x] — x5,u1 — ug) = (x] — x5, x — ta] — x + tah)
= —tlla] - a3|* = ~2t + 2t(a], 25),

where the last equality is due to the fact that ||z}| = 1. Note also that [ju; —ua|| <
|lui — z|| + ||ug — z|| = 2t. We derive that

—2t + 2t(x], x5) > —2te, or equivalently (z],z5) >1—e.

Since dcdg(z) = co (Ords(x)), we easily see that the latter inequality still holds for
x} € Ocdg(x), that is, for every z € B(Z,0) \ S

(8.1) (x],25) > 1 —¢ for all 27,25 € Ocdg(x),
which entails in particular
(8.2) lz*|| > V1 —¢ forallz* € dcdgs(z).

Our aim in this section is to extend in some sense both properties (8.1) and (8.2)
to metrically subsmooth sets of Hilbert spaces.
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Definition 8.1. Let S be a nonempty closed set of a normed space (X, || - ||) with
S # X and let & > 0. We say that the origin is kept a-far away from the C-
subdifferential of dg on a set Q C X \ S if
a < inf dist(0,dcdg(z)).
z€Q

If the above inequality holds true for some real a > 0, we say that the origin is kept
positively far away from the C-subdifferential of dg on Q). When @ is a singleton
set {u}, we just say that the origin is kept a-far away from dcdg(u).

Taking into account Proposition 2.4, let us start with the following lemma.

Lemma 8.2. Let S be a nonempty closed set in a Hilbert space H and let x € H\S.

(a) Assume that there exist two reals a > 0, ny > 0 and a function 0, :)0,n;[— R
with lifg 0(n) = 0 such that for each n €]0,n;]
"

(1,23) 2 o® + 04(n)

for all 3,5 in (:L' - Projsmx) /ds(x). Then the origin is kept a-far away
from Ocds(x), that is, dist(0, 0cds(z)) > a.
(b) As a partial converse, if dist(0, 0cds(z)) > «, then one has
(x3,23) > 202 =1 for all 7, x5 € Dods(z).

Proof. (a) For each 1 €]0, 7, it is clear that for each 2} € (x — Projg,,x) /ds(x) the
inequality (x%,z3) > a? + 6,(n) holds for all x% in co (#@)(x — Projsmx)> since
any set {u* € H : (z7,u*) > t} is closed and convex, hence by Proposition 2.4 the
inequality holds for all 5 € Jcdg(z). Fixing 5 € 0cds(x), the same argument gives
that the above inequality holds for all x7, 2% in dcds(x) according to Proposition
2.4 again. In particular, for each * € dcdg(z) we have ||z*]|? > a? + 6,(n) for all
0 < 1 < 1z, and hence ||z*]| > a.
(b) Under the assumption in (b), for any x7, 23 in dcdg(z) the inclusion (z5+x3)/2 €
Ocds(z) due to the convexity of dcdg(z) ensures that

* x (12 *(|2 * (|2
it =3l , l5)® 1 L1 . .
o < |2 5 2| = i z +§<x’{,x§>§§+§(x1,x2),
which justifies the inequality in (b). O

Remark 8.3. As observed in [47] the inequality in (b) above is sharp. Indeed, for
the closed set S = epi(—|-|) in R? it is easily seen that dg(r,s) = ||r| + s| for
(r,s) € S. Consequently, for each (r,s) € R?\ S

{501} ifr <0
dods(r,s) = {5(1—2t,-1):t€[0,1]} ifr=0
{5(=1,-1)} ifr >0,

S0 ( irgzs dist((0,0),dcds(r,s)) = 1/v/2. Setting o := 1/+/2 the origin is exactly a-
far a’way from the C-subdifferential of dg on X \ S. We note for (0,s) ¢ S that both

x] = %(—1,—1) and 25 = %(1,—1) are in Jcdg(0,s) and satisfy the equality
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(z%,25) = 0 = 2a® — 1. This confirms the sharpness of the inequality in (b) in
Lemma 8.2.

Given r > 0 and a subset S of a normed space X, we define the open r-tube
around S as the set

Tube,(S) :=={r € X : 0 <dg(z) <r}.

The assertion (b) in the next theorem has been established by A. Jourani and E.
Vilches [47]. The same arguments also yield the assertion (a).

Theorem 8.4 (Jourani-Vilches [47]). Let S be a nonempty closed set in a Hilbert
space H with S # H. The following hold.

(a) If S is metrically subsmooth at a point T € bdry S, then for each £ €]0,1]
there exists a real 6 > 0 such that /1 —e < dist(0,0cdg(z)) for all x €
B(z,0)\ S.

(b) If S is uniformly subsmooth, then for each € €]0,1[ there exists a real v > 0
such that the origin is kept /1 — e-far away from the C-subdifferential of dg
on the open r-tube Tube,(S), that is,

V11— < inf dist(0, dcds(z)).

x€Tube,(S)

Proof. (a) Fix ¢ €]0,1] and choose 0 < dp < 2 such that (2] — 25,21 — 2z2) >
—ellz1 — 22| for all z; € SN B(T,d) and 2z} € Ocdg(z;), for i = 1,2. Put § := 6o /4
and fix any x € B(z,0) \ S. Put also 77 := § and fix any positive real n < 7. For
i = 1,2 take 2] = (z — 2;)/ds(z) with 2; € Projg,z, so ||z — 2| < ||z — ul| + n for
all u € S. The Ekeland variational principle (see [31]) furnishes some u; € S such
that
() 12 — will < /7, llus — 2l + Alles — il < 17 — 2l
(ii) fJui — 2| < |lu— 2| + /7llu — w]| for all w € S.
By Lemma 2.2(b) the point u; is a global minimizer on H of the function u
(1+m)ds(u) + [|u — x| + /n|lu — u;||. Noticing that u; # x (because u; € S and
x ¢ S) it ensues (see Proposition 2.1(d)) that

0 € (14 vi)dods(us) + “%in + /B,

(|

hence there is b; € By such that

N T — U
1
It results that
T — Ug T — U; U; — %4
TS Temwl T ds@) VM
which entails that
T, —u; || < - T —ui|| + ——F—— +
|z — will Jui — 2ill
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This combined with the inequalities ||u; —z|| < ||z; — || < ds(x)+n and [|z; —u;]| <

/1 gives

2
s = will < ds?w) i d;/(z) VISV <ds(fb‘) i 1) '
Observing that
lui = 2| < flus — 2l + [lo = Z|| < ds(z) +n+0 <n+26 <45,
we also have
(8.3) (ur — ug, ur —ug) = —e(1 4 /n)[ur — uzl.

Further, from the definition of u; we see that

(i = =) < (P = T )+ 24—
so writing
T — Ul T — U9
Qm—uw‘ux—ww““””>

r — Uy r — Uy

(o e =) o)

Tr—Uu r — U
——m—ﬂm—Wx—mH+<1,m—w>+<2,x—m>
o=l o —ual

r — Uq T — U9
= —|lz —u|| — ||z —u2|| + (||[x —u2|| + ||x —u1
o = wrll = llz = ol + (& = uaf| + | 'DQm—uwwm—uﬁ>’

we deduce according to the equality (z — u;)/[|z — ;|| = u — \/nb; that
(ui — u3,u1 — ug)
< (llz = wll + llz = u2l)[=1 + (ui — v/nb1, uy — \/0b2)] + 2¢/nljur — ua||
< (=1 45vn + (ut, u)) (lz — uall + [l = uzl)-
Combining with (8.3) both the latter inequality and the inequality
e+ Yl — ugll = —e(L+ (o — w4 [z - wsl)),
and dividing by || — u1|| + ||z — uz]| it follows that
—1+5n+ (uj,u3) > —(1+/n),
or equivalently
(5.4) (uf,5) > 1~ e(1+ /i) — 5/
On the other hand, we have

(i, u) = (Ui — 21, up — x3) + (ug — o7, 23) + (27, u3 — 23) + (27, 73)

<1 (dS2(x) +1>2+2\/ﬁ<d52(:c) +1> <ds?Z:v) +1> + (2}, 23)

<37 (d;(x) + 1)2 + (7}, 23).
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From the latter inequality and (8.4) it results that

9 2
(xF, 23) 21—6(1+\/ﬁ)—5\/ﬁ—3\/ﬁ<ds($) +1)

21—5—9\/ﬁ<d52($)+1)2,

thus Lemma 8.2(a) guarantees that the origin is kept /1 — e-far away from the
C-subdifferential of dg on B(7,d) \ S.

(b) Fix any € €]0, 1] and choose 0 < §y < 2 such that (z] — 23, 21 — 2z2) > —¢l|z1 — 22|
for all z; € S with ||z1 — 22| < dp and all 2 € Jcdg(z;), for i =1,2. Put 6 := dp/4
and fix any x € Tubes(S). There is some T € bdry S such that x € B(%,0) \ S.
Then the proof in (a) shows that /1 — e < dist(0, dcds(z)), which justifies (b). O

9. PRESERVATION OF SUBSMOOTHNESS UNDER OPERATIONS

Consider the function g : R — R defined by ¢(0) = 0 and
1
(9.1) g(x) == |z]3(1 — cos ;) for all z € R\ {0},

and consider also the linear mapping A : R? — R? with A(x,r) := (z,0) for all
(z,7) € R The function g being (easily seen to be) of class C! on R, it is locally
Lipschitz and subsmooth on R, so by Corollary 6.4 the set .S := epig is subsmooth
(and hence metrically subsmooth). We observe that

AY(S) = ({O}U{i% ok EN}) xR =:Q,

and the latter set is not subsmooth at (0, 0), since it is not even tangentially regular
at (0,0) due the fact that 7¢(Q;(0,0)) = {0} x R and T#(Q;(0,0)) = R x R.
This says that the subsmoothness (resp. metric subsmoothness) property is not
preserved by inverse image with a continuous linear mapping.

On the other hand, considering the closed convex set S’ := R x {0} we also see
that SN = ({0}U{*5i- : k € N}) x {0}, and the latter set is not even tangentially
regular at (0,0). This is a counterexample for the preservation of subsmoothness
(resp. metric subsmoothness) under intersection.

Accordingly, such desired preservation properties require additional conditions.

Let G: X — Y be a mapping between two normed spaces and let S be a subset of
Y. Suppose that G is of class C' near 7 € G~!(S). We say that the inverse image
set-representative G~1(S) of the set S by G has the (local) truncated C-normal
cone inverse image property near T with a real constant v > 0 provided there is a
neighborhood U of T such that
(9.2)

NE(G(S);2)NBx+ C DG(z)* (NY(S;G(z)) N (1By+)) for allz € UNG™Y(S),

where DG(z)* denotes the adjoint of the derivative mapping DG(z) of G at x. If in
place of the C-normal cones the above inclusion holds true with L-normal cones in
both members, one says that the truncated L-normal cone inverse image property is
satisfied. When G is of class C! on an open set containing G~1(S) and the inclusion
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(9.2) with C-normal (resp. L-normal, etc) cones holds with the same real v > 0
for all z € G=1(9), one says that the set-representative set has the global truncated
C-normal (resp. L-normal) cone inverse image property with constant ~.

Similarly, subdifferential of distance function can be employed in place of normal
cone. This corresponds to the following (local) linear inclusion property of C-
subdifferential of distance from inverse image near T (relative to G~1(S)) with a
real constant v > 0: There exists a neighborhood U of = such that

(9-3) dcd (-, G71(8)) () € ¥ DG(2)* (9cd(-, S)(G(x)))

for all z € UNG~1(S). One defines analogously the linear inclusion of L-subdifferential
of distance function from inverse image. If G is of class C' on an open set contain-
ing G~1(9) and if the inclusion (9.3) with C-subdifferential (resp. L-subdifferential,
etc) holds with the same real v > 0 for all z € G~1(S), one says that the global
linear inclusion property is satisfied with constant v for C-subdifferential (resp. L-
subdifferential) of distance function to G=1(9).

Note that anyone of properties (9.2) and (9.3) holds if and only if it holds for all
z € UNbdry (G71(9)).

The other important concept of metric subregularity related to the distance func-
tion from the set G~1(S) does not require the differentiability of the mapping G.
Recall that a multimapping M : X == Y is metrically subregular at a point T € X
for a point § € M(T) provided there are a real v > 0 and a neighborhood U of T
such that (see, e.g., [68])

(9.4) d(z, M~Y(7)) < yd(y,M(z)) forallz e U.

The infimum of v > 0 for which there exists a neighborhood U over which (9.4)
holds is called the rate (or modulus) of metric subregularity of M at T fory. It will
be denoted subreg[M](Z,7), so M is metrically subregular at Z for 7 if and only if
subreg[M](Z,y) < 4+o00. Considering the mapping G : X — Y and the set S C Y,
it is clear that the multimapping ®¢ s : X = Y, defined by ®¢ g(x) := G(z) — S, is
metrically subregular at T € G~1(S) for 0 € ®¢ s(Z) means that there exist a real
constant v > 0 and a neighborhood U of T such that

(9.5) d(z,G7Y(S)) < vd(G(z),S) forall z € U.

In such a case we will say that the mapping G is metrically subreqular at T
with respect to the subset S of the image space Y, and the corresponding rate
subreg[®¢ s](7,0) will instead be denoted by subreg|G]. 5(Z). When the role of
G~1(9) as a set-constraint needs to be emphasized one also says that the set-
representative G=1(S) or the inverse image of the set S by G is metrically subregular
at T.

Recall also that the multimaping M satisfies the stronger property of metric
reqularity at T for y € M(T) whenever there exist a real v > 0 and neighborhoods
U and W of T and 7 respectively such that (see, e.g., [41, 52, 68])

(9.6) d(xz, MY (y)) < yd(y,M(z)) forallzeUyecW.

When M is a single-valued mapping, one just says that it is metrically regular at
Z. The metric regularity of the previous multimapping ®¢ ¢ at T for 0 € g g(7)
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is readily seen to hold if and only if there are a real v > 0 and neighborhoods U of
T and V of zero in Y such that

(9.7) d(z,G71(S —v)) <yd(G(x),S —v) foralzecUwvecV;

in such a case we will then say that the mapping G is metrically reqular at T with
respect to the subset S of the image space Y .
We start by establishing two lemmas related the above concepts.

Lemma 9.1. Let G : X — Y be a mapping between normed spaces which is con-
tinuous at® € X.
(a) The mapping G is metrically regular at T if and only if it is metrically reqular
at T with respect to any subset S of Y containing G(T).
(b) If X,Y are Banach spaces, G is C' near T and DG(Z) is surjective, then G
is metrically reqular at T with respect to any set S of Y containing G(T).

Proof. (a) The implication < is obvious by taking S as the singleton {G(Z)}. Sup-
pose now that G is metrically regular at Z. There are two reals v > 0 and € > 0
such that d(z, G 1(y)) < v||G(z) — y| for all x € B(Z,¢) and y € B(¥, 3¢), where
Yy := G(T). By continuity of G at T choose a real § €]0,¢[ such that for every
x € B(Z,0) one has G(z) € B(y,e/2). Fix any x € B(T, ) and any v € By (0,£/2).
For every y € S N B(y,2¢) we have

d(z,G7H(S —v)) < d(z,G7(y —v)) < 7[|G(z) + v —yl,
hence d(x, G71(S —v)) < vd(G(z) + v, S N B(y, 2¢)). We deduce

d(z,G7(S —v)) < yd(G(z) +v,S) =vd(G(x),S —v)
since d(G(x) + v, S N B(y,2¢)) = d(G(x) + v, S) according to Lemma 2.2(a). This
translates the desired implication =.
(b) Assume that X,Y are Banach spaces. If G is C! near ¥ and DG(Z) is surjective,

it is known that G is metrically regular at T (see, e.g, [52, Theorem 1.57]), so the
assertion (b) follows from (a). O

Lemma 9.2. Let X, Y be normed spaces, @Q and S be subsets of X and Y respec-
tively, and G : X — Y be a mapping which is of class C* on an open set U of X.
Letz €c UNG™YS) and A, := DG(x) for every x € U.
(a) If for a real v > 0 one has
(9.8) dp(z) < v(dg(z) + ds(G(z))) for allz €U,
where P := QNG~1(S) is assumed to be nonempty, then for each x € PNU
dp(x; h) <y (dy(z; h) + d3(G(x); Ah)) Vh € X,

dcdp(x) C y(dcdg(z) + A (Ocds(x)));
further, the latter inclusion also holds with Or, in place of dc in the three
subdifferentials whenever X,Y are Asplund spaces.
(b) If G is metrically subregular at T with respect to the set S of the image space
Y in such a way that (9.5) holds on U with the real v > 0, then for each
reUNG YY)

021 gy (h) < 7 dL(Gl2); Ach) Yh € X, Dodg1(s)(@) C 7 AL (Ocds(Gla)):
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and the latter inclusion also holds with 01, in place of dc in both subdiffer-
entials whenever X,Y are Asplund spaces.

(¢) If DG(Z) is surjective and X,Y are Banach spaces, then there exists an
open neighborhood Uy C U of T such that for each x € Uy N G~1(9)

NE(GTH(8);2) © A7 (NE(S;G(2))) ;

and the latter inclusion also holds with N* in place of N¢ whenever X,Y
are Asplund spaces.

Proof. (a) For any x € PNU and h € X we have by Proposition 2.1(a)

d%(z;h) = limsup t 'dp(u+ th)
P3u—x,t]0

<~ ( limsup t tdg(u+th) + limsup ¢t 'ds(G(u+ th)))
P3u—z,tl0 P3u—x,t]0

=7 < limsup ¢ tdg(u+th) + limsup ¢t 'ds(G(u) + tAxh))
P3u—z,tl0 P3u—az,t]0

<y (d)(w;h) + d3(G(x); Agh)) |

where the second equality is due to the strict differentiability of G at x and the
Lipschitz property of dg. This justifies the inequality in (a) which in turn entails
the inclusion in (a) since dg)(x;-) and vd%(G(x); A+) are the support functions of
dcdg(z) and v A% (dcds(G(z)) respectively.

Suppose now that X,Y are Asplund spaces. Putting ¢(-) := v(dg(+) + ds(G("))
and noting for u € P that p(u) = dp(u) = 0, we clearly see that Opdp(u) C Orp(u)
for all w € U N P. This and Proposition 2.5(f) entails for any fixed x € U N P that
Ordp(z) C drp(xz). Then it remains to observe according to Proposition 2.5(c) that
Ore(x) © 7 (Ordg(a) + AL(OLds(G(x)))

(b) Taking @ = X, the assertion (b) follows directly from (a).

(c) By Lemma 5.10 and Lemma 9.1(b) there is an open neighborhood Uy C U of T
such that DG(x) is surjective for each x € Uy and such that (9.5) holds on Uy. Fix
any z € UyNG~H(9) , put y := G(x), Ty := TY(G~(9);2), T, := TC(S;y). By (b)
and the second equality in (2.3) we have A;(7,) C Ty, and hence ¢7, < b7, 0 Ay,
which ensures that d¢yr, (0) C (37, o Az)(0) since the convex functions 7, and
Y7, o A, take on the same (null) value at zero. Further, the convex function 1,
being proper and lower semicontinuous and A, being surjective, we have (see, e.g.,
[12, Theorem 4.1.19])

Ay, 0 Az)(0) = A7 (9T, (0)).
Recalling that i, (0) = N(G~1(S); x) it results that
NE(G™H(8);2) € AZ(NC(S:G()),

which justifies the inclusion in the case of C-subdifferential.
If X,Y are asplund spaces, the desired 9r-inclusion follows directly from (b) since
we know that N¥(P;x) = R, drdp(z) by Proposition 2.5(d). O
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Theorem 9.3 (Subsmoothness of inverse image). Let G : X — Y be a mapping
between normed spaces X and Y and let S be a subset of Y. Assume that G is of
class C' near © € G=Y(S). The following hold.

(a) If the set S is subsmooth at G(T) and if the truncated C-normal cone inverse
image property is satisfied for G=1(S) near T, then G1(S) is subsmooth at
T.

(b) If the set S is metrically subsmooth at G(T) and if the linear inclusion prop-
erty (9.3) for C-subdifferential of distance function to G=1(S) holds (which
1s the case in particular whenever the mapping G is metrically subregular at
T with respect to the set S of the image space Y ), then the set G=1(S) is
metrically subsmooth at T.

Proof. (a) Fix any € > 0. Take some neighborhood U’ of Z over which (9.2) holds
for some constant real number v > 0 and over which the mapping G is Lipschitz
continuous with Lipschitz constant 8 > 0. By definition of subsmooth set, choose
a neighborhood V of G(Z) such that for all 4,4/ € SNV and y* € NY(S;y) N By~
we have

(9.9) Wy —y) < @28y) telly’ —yl.

Take a convex neighborhood U C U’ of Z such that G(U) C V and such that, by the
continuity of the derivative mapping DG(+), we have | DG(2") — DG (z)|| < (2v)"te
for all 2,2’ € U. Fix any z,2' € UNG™Y(S) and 2* € NY(G~(S);x) NBx«. By
(9.2) there exists some y* € NY(S;G(z)) N (yBy~) such that z* = y* o DG(x).
Write

G(') — G(x) = DG(@)(& —2) + /0 (DG(x + t(z' — z)) - DG(a)) (' — z) dt.

Then we have
(x*, 2 — x)
= (DO )
(v, G(a) = G(x)) — [ (", (DG(z + t(a' — 2)) — DG(x)) (' — x)) di
(y*,G(a') = G()) + 27) " telly* [l — =]
Taking (9.9) and the inequality ||y*|| < v into account, we obtain
(' — ) < (28) el G) — G| + (e/2) ' — 2]l

and hence according to the Lipschitz continuous behavior of G with Lipschitz con-
stant 8 over U

VA1

(%, 2" — ) <ell2’ — 2.
This means that the set G~1(S) is subsmooth at Z.

(b) Let e > 0. As above, fix some open neighborhood U’ of T for which (9.3)
holds with some constant v > 0 and over which G is Lipschitz continuous with some
Lipschitz constant 5 > 0. According to the definition of metric subsmoothness of S
take some neigborhood V' of G(T) such that for all y,y’ € SNV and y* € dcds(G(x))
we have

(9.10) W,y —y) < (287) elly’ — yll.
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For P := G~(S), by (9.3) we have for all z € U'N P

(9.11) dedp(z) C v DG(x) (Deds(G()).

Take a convex neighborhood U of T with U C U’ and such that
|DG(2") — DG(z)|| < (2y) ‘e forallz,z’ € U.

Of course, the inclusion (9.11) holds for all x € PN U. Fix any z,2/ € PNU
and z* € dcdp(z). By (9.11) there exists some y* € Jodg(G(x)) such that z* =
v(y* o DG(z)). As in (a) above, writing

1
G(z') — G(z) = DG(z) (2" — x) —l—/o (DG(z + t(2' — x)) — DG(x)) (¢ — x) dt

gives

(x* x)
= 7( ( ) - —7 ]y, (DG(x + t(a’ — 2)) — DG(x)) (2/ — ) dt
< 9y G - ( )>+(2’7) ’Yfny ] = ]]-

Invoking (9.1 ) and the inequality ||y*|| < 1, we see that
(¥ 2" — ) < (26)"'e||G(2) — G(2)| + (¢/2)l|2" — x|,
and hence
(%, 2 — ) <e|l2’ — 2|
We then conclude that the set P = G~1(9) is metrically subsmooth at .
The case of metric subregularity of G follows from Lemma 9.2(b). O

Let S :={zr € X : g1(z) <0,...,9m(z) <0} and T € S, where X is a normed
space and gi,...,gm : X — R are functions which are of class C' on an open
neighborhood U of . Let K := {1,...,m} and K(z) := {k € K : gi(z) =
Ijnez}zc gj(z)} for each x. Assume that there is a real o > 0 such that for each z € U

there is 7 € X (depending on z) for which (Dgy(x),v) < —o for every k € K(x).
Defining G : X — R™ by G(x) := (g1(2), ..., gm(z)) and putting S := R} we see
that S = G~1(5") and G is of class C! on U. We claim that the truncated C-normal
cone inverse image property (9.2) is satisfied. Indeed, let any x € U NG~1(S’). We
may suppose that z € bdry (G™1(S’)). Take any z* € NY(G~1(S")) N Bx-. We
know (see, e.g., Corollary 2 of Theorem 2.4.7 in [18]) that there is A € R}* such
that * = > | \eDgi(z) = DG(x)(X) and such that A\, = 0 for k ¢ K(x), that is,
A e N¢ (R G(x)). Endowing R™ with its natural Euclidean norm and considering
the vector v given by the assumption we can write

Z Me(Dgi(x), =Ty =0 > M > oAl
keK (z keK (z)

which ensures that ||z*|| > UH/\H, and hence ||[A|| < 1/0. It ensues with v :=1/0 > 0
that for all z € U N G~1(S’)) one has

NYGTH(S");2) NBx+ C DG(2)*(NY(S';G(x)) N (Bgm)),

which translates the desired truncated inverse image property. Theorem 9.3(a) then
tells us that the set S = G~1(9’) is subsmooth at Z. In fact, the next proposition
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says more and remove the C!' property of g;. Its proof is an adaptation of the
proof of S. Adly, F. Nacry and L. Thibault of Theorem 9.1 in [3]. The uniform
subsmoothness of sublevel sets (even the uniform equi-subsmoothness of families of
such sets) will be studied in Proposition 10.1.

Proposition 9.4. Let K :={1,...,m} and S = {zv € X : gx(z) <0, Vk € K}
be a subset of a mormed space X, where the functions g1,...,9m : X — R are
locally Lipschitz on a neighborhood U of a point T € S. Assume that the functions
g1, - .-, gm are subsmooth at T and assume also that the following generalized Slater
condition holds: there exists a real o > 0 such that for each x € U Nbdry S there
exists a vector v € Bx (depending on x) for which

(x*,1) < —0
for every k € K(z):={k € K : gx(z) = ma%gj(x)} and every x* € Ocgr(x). Then
jE
the set S is subsmooth at .

Proof. Define g : X — R by g(z) := maxkeg gr(x) for all x € X and note that
S ={z € X :g(x) <0}. By Proposition 2.1(e) we have

(9.12) Jcg(z) C co ( U 8cgk(a:)) for all z € U Nbdry S.
keK (x)

This inclusion and the assumption on v give us
0¢ 0cg(x) forallz € UNbdryS.
By Corollary 1 of Theorem 2.4.7 in [18] one has
(9.13) NY(S;z) € Ridcg(x) forallz € UNbdryS.
Take any ¢ > 0 and put € := 0. The subsmoothness assumption allows us by

Proposition 4.16 to choose § > 0 with B(%,0) C U such that for any z,y € SN
B(z,d), for any k € K, for any z* € Ocgi(z), and for any y* € dogr(y)
(@ —y"z—y) = —llz—yl.
Fix any z € S N B(T,§) with 2 € bdry S and any v* € N¢(S;z) NBx~. By (9.13)
choose a real a > 0 and z* € Jcg(x) such that u* = az*. From (9.12) there are
xy € Ogr(x) and A\, > 0 with A\, = 0 if k¥ ¢ K(x) and with kZ;{ Ar = 1, such
€
that 2* = ) Myzy. Fix any y € SN B(7,6). By Lebourg mean value equality
keK
(see Proposition 2.1(b)) choose for each k € K(z) some z := x + tx(y — x) with

tr €]0,1] and some z; € Ocgi(2x) such that gi(y) — gr(x) = (25, y — x). Then for
each k € K(z) writing
0= gr(y) — grl(x) = (2, y — )
= (2% — 2y — ) + (21,9 — )
= tlk(z;; —xf, 2k — ) + (2%, y — )
we obtain that

1 * *
02 — o —all + (afy — ) = =<'ly = all + (@ — 2).
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which means that (z},y — z) < eolly — z||. Recalling that A\, = 0 if k ¢ K(z) it
ensues that (x*,y — z) < eolly — z||. On the other hand, using again the equality
A = 0if k ¢ K(x) as well as the assumption on 7 € By, we also have (z*, —7) > o.
Therefore, the above equality ©* = az™* gives

1> ] > (u, —5) = ala, ~7) > ao,
so a < 1/o. It follows that
(usy — ) = ala”,y — ) <elly -z,

and this inequality still holds when z € B(Z,d) Nint.S. This confirms that the set
S is subsmooth at 7. O

We already observed in Proposition 7.2 that the uniform subsmoothness and
the uniform metric subsmoothness of a set in a Banach space coincide. The next
theorem provides a result of preservation of such a property for inverse image G~1(9)
under suitable conditions on an open enlargement of this set. Recall that the r-open
enlargement (for r €]0, 4+00]) of a set C' in a normed space X is defined as

Up(C) :={z e X :dc(zx) <r}.

Theorem 9.5 (Uniform subsmoothness of inverse image). Let G: X — Y
be a mapping between normed spaces X and 'Y and let S be a uniformly subsmooth
subset of Y. Assume that G is Lipschitz on G=1(S) and differentiable on an open en-
largement of G=1(S) with DG uniformly continuous therein. If the global truncated
C-normal cone inverse image property (resp. the global linear inclusion property for
C-subdifferential of distance function to G=1(S)) is satisfied with a same constant
v > 0, then the set G=1(S) is uniformly subsmooth (resp. wuniformly metrically
subsmooth).

Proof. We make the proof under the global truncated C'-normal cone inverse image
property. Let 3 > 0 be a Lipschitz constant of G over G~!(S) and let r > 0 be such
that on U,(G71(S)) := {z € X : d(z,G71(S)) < r} the mapping G is differentiable
with DG uniformly continuous therein. Fix any € > 0. By definition of uniformly
subsmooth set, choose n > 0 such that for any y,y’ € S with ||y — y|| < n and any
y* € N(S;y) NBy- we have

(9-14) "y —y) < (2687)"elly’ —yl.

Choose 6 €]0,7[ such that ||G(z') — G(z)|| < 7 for all z,2’ € G~1(S) with ||z’ —

x| < 6 and such that |[DG(2') — DG(z)|| < (2y) e for all 2’ € U.(G71(S))

with |2/ — z| < §. Then fix any z,2/ € G~Y(S) with |2/ — z| < § and any

r* € N9(G71(8);2) NBx«. By (9.2) there exists some y* € N(S;G(x)) N (yBy~)

such that * = y* o DG(z). We continue like in the proof of Theorem 9.3(a). Write
1

G(2') — G(z) = DG(z)(z' — x) + /0 (DG(:c +t(2' — 1)) — DG(:c)) (2’ — z)dt,

and note for every t € [0,1] that = + t(z' — z) € U,(G71(S9)) since

dg-1(s)(x + (2" —z)) <z +t(a" —z) — x| =t]a’ — 2| <5 <
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Then we have

(x*, 2’ — x)

(y*, DG(z)(a" — x))

(", G(a') = G(x)) = [y (", (DG(2 + 1z’ —x)) — DG(x)) (2 — x)) dt
(", G(') = G(x)) + (29) elly™[lll=" — =]

Using (9.14) and the inequality [|y*|| <+, it ensues that

(a%,a = 2) < (26)7'ellG(a") = G(@)| + (e/2)]la” - x| < el — ],

IA

which confirms that the set G~1(S) is uniformly subsmooth. O

Under the surjectivity of Dg(Z) we then have the assertion (a) below of preser-
vation of metric subsmoothness.

Proposition 9.6. Let G: X — Y be a mapping between Banach spaces X and 'Y
and let S be a subset of Y. Let also (S;)icr be a family of subsets of Y and (G;)ier
be a family of mappings from X into Y such that G;*(S;) # 0 for alli € 1.

(a) Assume that G is of class C* near T € G™1(S) with DG(T) surjective and
that the set S is subsmooth (resp. metrically subsmooth) at G(T). Then the
set G71(9) is subsmooth (resp. metrically subsmooth) at .

(b) Assume that S is uniformly subsmooth, G is Lipschitz on G=(S) and differ-
entiable on an open enlargement U,.(G~1(S)) with DG uniformly continuous
on this enlargement. Assume also that there is a real p > 0 such that

By C DG(z)(Bx) for allz € G71(S).

Then the set G1(S) is uniformly subsmooth.

(¢) Assume that the family of sets (S)icr is uniformly equi-subsmooth, that for
each i € I the mapping G; is Lipschitz on Gi_l(S,-) with a common Lipschitz
constant v > 0, and that there is r €]0,4+o00]| such that each G; is dif-
ferentiable on the open enlargement U,.(G51(S;)) with (DG;)ier uniformly
equi-continuous relative to the family of open sets (UT(Gi_l(Si))iej. Assume
also that there is a real p > 0 such that for each i € 1

pBy C DGi(z)(Bx) for allx € G5 1(S;).
Then the family of sets (G5 1(S;))ier is uniformly equi-subsmooth.

Proof. (a) By Lemma 9.1(b) the mapping G is metrically regular at T with respect
to the subset S of Y. Thus, the metric subsmoothness of S at G(T) entails the
metric subsmoothness of G1(S) at T according to Theorem 9.3(b).

Now suppose that S is subsmooth at G(Z). Choose by Lemma 5.10(b) areal v > 0
and an open neighborhood U of Z where G is C! and such that for each € U the
continuous linear mapping DG(z) is surjective and |ly*|| < ~|z*| for all z* € X*
and y* € Y* satisfying the equality 2* = y* o DG(z). For each x € U NG~ 1(S), it
ensues by the surjectivity of DG(z) and by Lemma 9.2(c) that

(9.15) NO(G™(S);2) € DG(z)*(NC(S;G(x))).
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Fix any 2 € U N G~Y(S) and any z* € N(G71(S);2) N Bx«. Then there is an
element y* € NY(S;G(x)) such that z* = DG(x)*(y*) = y* o DG(z). It results by
the choice of U that ||y*|| <, which gives

NEGT(S);2) NBx+ C DG(x)*(NY(S;G(2)) N (7Bx~)).

The subsmoothness of G~1(S) at T then follows from Theorem 9.3(a).

(¢) Fix any € > 0 and put ¢’ := ep/(2+427)). Choose a real 6 > 0 such that for each
i € I we have (y*,y —y) < €|y —y|| for all y,y € S; with ||y — y|| < § and all
y* € NY(S;;4)NBy+. By the uniform equi-continuity of the family (DG;);e; relative
to (U,(G;1(S:)))ier there is a positiive real §' < min{r, 5/} such that for any i € I
and any z,2’ € U,(G; (S;)) with ||z — z|| < &’ one has | DG;(2") — DGi(z)| < €.
Fix any i € I, any = € G; *(S;) and any 2* € NO(G; (S;);x) NBx+. Asin (a) the
surjectivity of DG;(x) entails by Lemma 9.2(c) that

NE(G7H(Sy); ) € DGi(x)* (N(Si; G(x))),

hence there exists some y* € NY(S;;G;(z)) (depending on i,z) such that z* =
y* o DG;(x). For any b € By taking by assumption some u € Bx such that
pb = DG;(z)(u), we obtain
ply*,b) = (y*, DGi(x)(u)) = (2%, u) <1,
thus ||y*|| < 1/p. Now take any z' € G;'(S;) with ||/ — x| < &, so putting
2 := x+t(2' —x) we have for every ¢ € [0,1] that ||z, —2|| < &' and z € U,(G;(S:))
since
dist (21, G H(S)) < |2t — 2| = t]|2' — 2| < 7.

Noticing that ||Gi(z') — Gi(z)|| < v|l2’ — z|| < § with Gi(2'), Gi(z) € S;, it ensues
that

(a2’ —x) = (y", DGi() (2’ — z))

— (", Gi(a') - Gi(a) — / (", (DGi(=1) — DGi(x)) (&' — ) dt

< (€/pIGi(a") = Gi(x)]| + (€'/p)ll=" — =],
which implies that

e e
(z*,2' —x) < %Hﬂﬁ’ -zl + ;Hx’ —zf| <ellz’ — x|

according to the ~-Lipschitz assumption of G; on Gi_l(SZ-). The uniform equi-
subsmoothness of the family of sets (G *(S;))er is established.
(b) The assertion (b) is clearly a particular case of (c). O

The next two corollaries apply the previous proposition to graphs of certain basic
multimappings.

Corollary 9.7. Let G : X = Y be a mapping between Banach spaces which is of
class C* near @ € X. Let S be a subset of Y which is closed near a pointy € S and
subsmooth (resp. metrically subsmooth) aty. Then the graph of the multimapping
x+— G(x) — S is subsmooth (resp. metrically subsmooth) at (T,G(T) — 7).
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Proof. Denoting by I' the graph of the multimapping in the corollary, we see that
I' = ¢g71(9), where g : X x Y — Y denotes the mapping defined by g(z,y) :=
G(x)—y. Itis clear that g of class C! near (%, %) with Dg(Z,7)(u,v) = DG(Z)(u)—w,
so Dg(Z,y) is surjective. Assuming that the set S is subsmooth (resp. metrically
subsmooth) at ¥, Proposition 9.6(a) tells us that I' = g~!(S) is submooth (resp.
metrically subsmooth) at (7, g(Z,7)), that is, at (7, G(T) — 7). O

Corollary 9.8. Let g : X — Y be a mapping between Banach spaces which is of
class C* near a point T € X with Dg(Z) surjective. Let Z be another Banach space
and M Y = Z be a multimapping from Y into Z whose graph is closed near (y,z)
in gph M and subsmooth (resp. metrically subsmooth) at (y,z), where § := g(T).
Then the graph of the multimapping M og is subsmooth (resp. metrically subsmooth)
at (7,%).

Proof. Since z € M(g(z)) < (9(x),z) € gphM, we see that gph(M o g) =
G~ Y(gph M), where G : X x Z — Y x Z is defined by G(z, z) := (g(x), z). The map-
ping G is obviously of class C! near (7,z) with DG(T, Z) (u, w) = (Dg(Z)(u), w). We
then see that DG(Z, Z) is surjective, thus Proposition 9.6(a) guarantees the desired
subsmoothness (resp. metric subsmoothness) property of gph (M o g). 4

The next proposition provides another example extending the one in Proposition
5.11(b). We prove first three lemmas. The first lemma uses the concept of core of a
set. Given a subset S of a vector space X, recall that its core, denoted by Core S,
is defined as the set of x € S such that for every y € X there is some real t > 0
such that [z,z +t(y —x)] C S.

Lemma 9.9. Let C' and D be closed convex sets of Banach spaces X and Y respec-
tively and let A : X — Y be a continuous linear mapping. Let T € C andy € D
such that
0 € Core (A(C — %) — (D —7)).
Then there exist reals s > 0, > 0 and open neighborhoods U of T and V' of y
such that, for allu € UNC, v € VN D and for every continuous linear mapping
A: X =Y with ||A— A|| <6, one has
sBy C A((C—u)NBx)— (D —v).

Proof. For any continuous linear mapping A : X — Y and any v € C and v € D,
define Mﬁ\,v : X =Y by M{L\U(m) = Ax) — (D —w)if z € C —u and Mé\v(m) =
() otherwise. Observe that gph Mflﬁv is closed convex and 0 € M{L\W(O). Setting
M := MZ_, we note in addition that 0 € Core M(X) by the Core-assumption of

I?y’

the statement. The Robinson-Ursescu theorem (see, e.g., [64, 79]) says that there is

a real 7 > 0 such that rBy C M (Bx) (keep in mind that 0 € M (0)), which means
rBy C A((C —f) ﬁBx) — (D — @)

Take any reals n > 0 and 0 < 7’ < r. Fix any v € D with |lv —7g|| < (r —7’)/3, any

u € C with ||lu —Z| < n and ||A]| ||u —Z| < (r —r’)/3, and any continuous linear

mapping A : X — Y with (1 +n)||A — A|| < (r —")/3. For every b € By there are

d € D and ¢ € C with ||c — Z|| < 1 such that rb = A(c — %) — (d — y), and hence

rb=Alc—u)+(A—A)(c—u)+Au—-7)— (d—v)+ (¥ —v).
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This and the inequality ||(A—A)(c—u)|| < (14+n)|]|[A—A| < (r—17")/3 ensure that

By C A((C—u)N(1+n)Bx) — (D —v) + (r —r')By,
or equivalently

By + (r —r")By C M,f:v((l +1)Bx) + (r —r")By.
Taking support functions yields with oo := 1417
1
(9.16) "By C cly M2, (aBx) = acly (=M}, (aBx)) C acly M}, (Bx),
K a ) k)

where the latter inclusion is due to the fact that 1 M2} (Bx) c M2, (Bx) since the
graph of M, is convex with 0 € M2 ,(0). On the other hand, from the Robinson-

u,v
Ursescu theorem again it is easily seen that Mqi\’v(ozIBS x) is a neighborhood of zero,
hence its interior is nonempty. We then deduce from (9.16) and the convexity of

M}, (Bx) that
r'Uy C aint (cly M2, (Bx)) = aint (M, (Bx)) .
In conclusion, for any positive real s < r//(1+n) we get sBy C M{,(Bx), that is,
sBy C A((C—u)NBx) — (D —v),
which finishes the proof of the lemma. O

Lemma 9.10. Let C and D be closed convexr sets of Banach spaces X and Y
respectively and let w € C and v € D. Let A : X — Y be a continuous linear
mapping for which there is a real s > 0 such that

sUy C A((C —u))NBx) — (D —v).
Then given u* € N(C;u), v* € N(D;v) and x* = v* o A + u*, one has
Il < s7Hla*ll - and [lu]] < (14 sTHA)]|2*]).
Proof. Take any b € Uy and choose d € D and ¢ € C with ||c — u|| < 1 such that
sb=—A(c —u)+ (d —v). We then have
s(v*,b) = (v* o A, —c+u) + (v*,d —v)

= (z",u—c)+ (u*,c—u) + (v*,d—v)

< (@ u—c) < 27
This being true for any b € Uy, it follows that s||v*|| < ||z*||. Further, using this in
the equality u* = * — A*(v*) gives |Ju*|| < (1 + s71|A*|)|lz*||. O

Lemma 9.11. Let C and D be closed conver sets of Banach spaces X and Y
respectively and let g : X — Y be a mapping which is continuously differentiable
near a point T € C Mg~ (D). Assume that, for j := g(T) the Robinson qualification
condition

0 € Core (Dg(z)(C —7) — (D — 7))
is satisfied. Then for some neighborhood U of T one has

NY(CNng Y (D);z) = N(C;z) + Dg(x)*(N(D; g(z))) forallz € UNnCNg (D).
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Proof. Put P := Cng~ (D). We know (see, e.g., [65]) that there is some real v > 0
such that dp(x) < v (de(x) + dp(g(z))) for all z in a neighborhood of Z. By Lemma

9.2(a) and by Lemma 9.9 there is an open neighborhood U of T such that for every
x € PNU one has with A, := Dg(z) and N (z) := N(C;z) + AX(N(D; g(x)))

dcdp(z) CN(xz) and 0 € Core (4,(C —z) — (D — g(x))).
Fixing any x € SN U and putting Cy := C — z, Dy := D — g(z), by the second
inclusion above we can write (see, e.g., the equality in Theorem 2.8.3 under condition
(vii) in [86])
N(z) = N(Co;0) + A; (N(Do; 0)) = N(C 1 A, (Dp); 0),

so the cone N (z) is w*-closed. Using this and the first equality in (2.3) we obtain
from the inclusion dcdp(x) C N(z) that NO(P;x) C N (z). O

Proposition 9.12. Let C and D be closed convex sets of Banach spaces X and
Y respectively and let g : X — Y be mapping which is continuously differentiable
near a point T € C Mg~ (D). Assume that, for 7 := g(%) the Robinson qualification
condition

0 € Core (Dg(z)(C — ) — (D — 7))
is satisfied. Then the set C N g~1(D) is subsmooth at T.

Proof. Put S := C N g (D) and note that S is closed near . By Lemma 9.11,
Lemma 9.9 and Lemma 9.10 there are a real v > 0 and an open neighoborhood U
of T over which ¢ is of class C' and such for every z € U N S one has

NC(S;$) NBxx C Dg(x)*(N(D;g(x)) N WBy*) + N(C;2) NyBx+.
Define G : X — X xY by G(z) = (x,9(z)) for all x € X, so S = G~1(Q), where
Q := C x D, and G is of class C! near T with DG(z)(u) = (u, Dg(z)u) for allu € X
and z in some open neighborhood U of  where g is C'. Fix any z € U N S and
note that DG(z)* : X* x Y* — X* is given by DG(z)*(u*,v*) = u* + Dg(z)*(v*)
for all (u*,v*) € X* x Y*. Therefore, with y := g(x), L := Dg(x) and T := DG(x)
we have
T*(N(Q; G(2)) N (v(Bx+ x By+))) = T*((N(C;2) NyBx-) x (N(D;y) NyBy-))
= N(C;z) NyBx+ + L*(N(D;y) NyBy-),
which by what precedes yields
NY(S;z)NBx- C DG(z)*(N(Q : G(z)) N (y(Bx+ x By~))).

Theorem 9.3(a) allows us to conclude that the set S is subsmooth at . O

Subsmoothness of more usual structured optimization constraint sets follows un-
der the Mangasarian-Fromovitz qualification condition.

Corollary 9.13. Let g1,...,9m be functions from a Banach space X into R and
G: X — Y be a mapping from X into a Banach space Y, and let S = {z € X :
g1(x) <0,...,9m(z) <0,G(x) = 0}. Assume that g1,...,gm and G are of class C*
near a point T € S and assume the following Mangasarian-Fromouvitz qualification
condition: the derivative DG(T) is surjective and there exists a vector v € X such
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that DG(Z)v = 0 and (Dgi(Z),v) < 0 for all k € K(%) := {k € K : gx(T) = 0},
where K :={1,...,m}.

Proof. By the open mapping theorem choose a real p > 0 such that pBy C DG(Z)(Bx).
Write K(z) := {ki,...,kp} with distinct k; and define g : X — RP x Y by
g(x) = (gr, (), -+, gk, (), G(2)) for all z € X. Put D := (-Ry)? x {0y} and
So := g (D), so UNS = U N Sy for some neighborhood U of Z. Choose a real
o > 0 such that

0 = —0(Dgy, (%),7) — | Dgr, (@] — p >0 foranyi=1,....p.

Consider any (¢,y) € Brr x By. By the choice of p there is some h € Bx such that
py = DG(T)h, hence py = DG(Z)(h + 0v) since DG(Z)v = Oy by assumption. For
each ¢ € {1,...,p} putting & := —o(Dgy,(T),v) — Dgg,(T)h + p(; we notice that
& >n; > 0 and p; = (Dgy, (T), h + o) + &;, hence

Consequently, p(Bre xBy) C Dg(Z)(X)+RE x {0y}, which means that the Robinson
qualification condition in Proposition 9.12 is fulfilled with = and ¢(Z) = (Oge, Oy ),
hence the set Sy is subsmooth at Z. It results that the set S is subsmooth at . [

A similar result for uniform equi-subsmoothness also holds true by adapting the
above arguments of Proposition 9.12 and the arguments in Proposition 9.6(c).

Proposition 9.14. Let (C;)icr and (D;)ier be two families of closed convez sets of
Banach spaces X and Y respectively and let (g;)icr be a family of mappings from
X into Y such that every g; is vy-Lipschitz on Q; := C; N gi_l(Di) with a common
Lipschitz constant v > 0. Assume that there is r €]0, +o0] with G; differentiable on
the r-open enlargement U, (Q;) for every i € I and such that the family (Dg;)icr is
uniformly equi-continuous relative to the family of open sets (Up(Q;))icr- Assume
also that there is a real p > 0 such that for every i € I the Robinson qualification
condition
pBy C Dgi(z)(C —z) — (D — gi(x)) for allz € Q;,

is satisfied. Then the family of sets (Q;)icr is uniformly equi-subsmooth.

Clearly, families (Q;)ier of structured optimization constraint sets in the form
Qi={r € X :91:(z) <0,...,9mi(x) <0,Gi(x) = 0},

with functions gz ; : X — R and mappings G; : X — Y are particular cases of the
above proposition. The suitable statement based on the above proposition is left to
the reader.

Concerning the intersection of finitely many sets, we need to translate the condi-
tions in (9.2) and (9.5). Let Si,. .., Sy be a finite system of sets of X and = € ﬁl Si.
1=

We say that this system of sets satisfies the truncated C-normal cone intersection
property near T if there are a positive real constant v and a neighborhood U of
such that

(9.17) Nc(ﬁ Si;z) NBx« C NY(S1;2) N (VBY) + -+ N(Sms 2) N (7BY)
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forallz e UNS;N---NS,,. Obviously, the above property holds if and only if it
holds for all x € U N S1 N---NS,, which lies in bdry (F\Ll SZ->.

We recall that T is a metrically subreqular point for the system of sets Sy, ..., S5m
relative to the intersection if there exist a real v > 0 and a neighborhood U of T
such that

(9.18) d(z,S1N---NSy) <~v[d(z,S1)+---+d(xz,Sy)] foralael.

Corollary 9.15. Let Sy,..., Sy, be a finite system of sets of a normed space X and
let T € ELI Si. The following hold.

(a) If the sets S,...,Sm are subsmooth at T and if the truncated C-normal cone
intersection property is satisfied for these sets near T, then the intersection

ﬁl S; is subsmooth at .
1=
(b) If the sets S, ..., Sy are metrically subsmooth at T and satisfy the metrically

subregular intersection property (9.18) at T, then the set ‘%11 S; is metrically
i

subsmooth at T.

Proof. Consider the normed space Y := X x --- x X endowed with the sum norm
(that is, |[(z1,...,2m)|| = ||z1]|+- - -+|zm]|) and consider the subset S := S; x - - - x
S of Y. Defining the continuous linear mapping A : X — Y by A(z) := (z,...,z)
for all x € X, we see that Sy N---N S, = A71(9).

(a) We know (see (2.1)) that

(9.19) NC(S; A(z)) = NY(Sy;2) x --- x NO(Sp; ).

Note that By« = Bx+ x -+ X Bx+ since the dual norm in Y™* is the box norm
related to the dual norm in X* (the norm of Y being the sum norm). Fix a
neighborhood U of T and a positive constant v such that (9.17) holds. Observing
that A*(z7,...,2},) =27 +---+a}, for any («7,...,2},) € Y*, and using (9.19) we
see that

NCE(ATYS);z) N By C A*(NY(S; A(x)) NyBy=) forallz e UNAL(S),

that is, the inverse image A~1(S) has the truncated normal cone inverse image
property near =. The set S being easily seen to inherit the subsmoothness property
at T from the ones of S;, ¢ = 1,...,m, it follows from Theorem 9.3 that the set
A~1(S) is subsmooth at 7.

(b) Obviously, the definition of the sum norm yields that

d(y,S) = d(yl,Sl) + e +d(y7ﬂ75’m) for all Y= (yh v 7ym) €Y.

The metrically subregular intersection property of the sets Si,...,.S, with the
constant v > 0 and the neighborhood U of T may then be translated as

d(xz, A71(S)) < vd(A(z),S) for all z € U.

The property (b) of the corollary is then a consequence of (b) in Theorem 9.3, and
this completes the proof. O
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Our next aim is to provide conditions for the metric subregularity in presence of
subsmoothness. Let us prove first the following lemma. It is strongly in the line of
Lemma 3.7 of Aussel, Daniilidis and Thibault [8] and Theorem 3.1 of Zheng and Ng
[87]. Although it is similar to Proposition 2.5(e), it is different in two respects. On
the one hand, the first assertion is concerned with any Banach space and not just the
Asplund one and the proof works, for example, with the Clarke or Toffe approximate
subdifferential of the distance function instead of the Fréchet subdifferential. On
the other hand, in the case of an Asplund space no element is required to be in the
Fréchet subdifferential at the point outside the set.

Lemma 9.16. Let S be a closed set of a Banach space X and x € X \ S. Let also
0 be a subdifferential on X such that 0 € 0f(x)+ 0g(Z) whenever T is a minimizer
of f+g and f : X — R is locally Lipschitz and g : X — R is convex continuous.
Then for any € > 0 there exist some u € S and u* € 0ds(u) such that

1—¢
1+¢

If X is an Asplund space, then for any e > 0 there is u € S and u* € N¥'(S;u)
with ||u*|| = 1 such that the above inequalities hold.

lu—z|]| < (1+e(l+¢€))ds(z) and (u*,z—u)> |z — ul|.

Proof. Fix any positive ¢/ < min{e, edg(x),e+/ds(x)}. Choose some z’ € S satisfy-
ing ||2' — | < ds(z) + (¢')?, that is,

2" — || < ly — x| + () ¥y e S,
According to the Ekeland variational principle applied to the function y — ||y — z||

over the complete metric space S, there exists some u € S such that |ju — 2'| < &’
and

lu—zf < lly -zl +lly—ull VyeS.

Since the function y — ||y —z||4+¢&’||y — u|| is Lipschitz continuous on X with (1+¢&’)
as Lipschitz constant, the latter inequality yields (see Lemma 2.2(b))

lu =zl < lly = 2l +'lly — ull + (1 +)ds(y) vy € X,

that is, the point u is a minimizer on the whole space X of the function in y
given by the second member of the inequality. The three functions involved in that
second member being Lipschitz continuous, according to the assumption on the
subdifferential 0 we have

0€9| —x|(u)+ B+ (1+¢&)dds(u),

that is, 0 = v* +&'b* + (1 4+¢&’)u* for some v* € 9| —z||(u), b* € B, and u* € ddg(u).
Since u # = we have (v*,u — z) = ||lu — z|| (and |[v*|| = 1), which gives that

1+ z—u) + ("2 —u) = u—zl,

and hence
(T4 uz—u) > (1 =€)z —ul,

which is the second inequality of the statement of the lemma.
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Concerning the first one, it suffices to write
lu— | < flu—a'|| + [la" — 2| <& +ds(x) + (£)?
< edg(x) + ds(z) + e2ds(x).

The proof of the first assertion is complete.

Assume now that X is an Asplund space. Clearly, we may suppose ¢ €]0, 1].
Fix any n €]0,¢[. Let u € S and u* € drdg(u) satisfying the inequalities obtained
above with 7 in place of €, and let sequences (uy,), in S converging to v and (),
converging weakly* to u* with « € 9pdg(uy,). Since dg(z) > 0, there is some k € N
with dg(ug) > 0 such that uj, and uj, satisfies the same inequalities with ¢ in place
of . Then, u} # 0 and for v := uy and v* := u}/||u}| we have v* € N¥'(S;v) with
|v*|| = 1 (since Opdg(v) = N¥(S;v) NBx~) and

1 1-—¢ 1—¢

0 =) 2 gl ol 2

where the latter inequality is due to the fact |lujf|| < 1. We conclude that the
elements v and v* satisfy the desired properties in the Asplund space setting. [

Theorem 9.17. Let G : X — Y be a mapping from a Banach space X into a
Banach space Y and let S be a subset of Y. Assume that G is of class C* near
7 € G7Y(S) and that S is closed near G(Z). Then the following hold.

(a) If the metric subregularity condition (9.5) is satisfied with some real v > 0
over some neighborhood U of T, then the linear inclusion property of C-
subdifferential of distance from inverse image (9.3) is fulfilled with the same
constant v over U' N S for some neighborhood U’ of T.

If in addition to the metric subregularity condition (9.5) both spaces X,Y are
Asplund, then the linear inclusion property of L-subdifferential of distance from
inverse image is satisfied near T (relative to G=1(9)).

(b) If S is metrically subsmooth at G(T) and if (9.3) holds with a real constant
~v > 0, then for any positive real number e < 1 satisfying 1 —e > e(1+¢)(1+
e(1+¢€)) there exists some neighborhood U’ of T such that for all x € U’

) v(1+e)
d(z,G71(9)) < l—e—e(l+e)(1+e(l+¢))

(c) If S is subsmooth at G(T) with X,Y Asplund spaces and if for a real v > 0
there exists a neighborhood U of T such that for all x € U N G~1(S)

(9.20) NF(GTH(S);2) By« C yDG(2)* (NY(S; G(x)) N By~),

d(G(z), S).

then the same conclusion in (b) holds.

Proof. The assertion (a) has been established in Lemma 9.2(b).

Let us prove (b) and (c¢). Without loss of generality, we may suppose that S is
closed and G is continuous on X. Let 7, U, and ¢ be as in the statement of (b)
(resp. (c)). We may suppose that G is Lipschitz on U with some Lipschitz constant
B> 0 and that | DG(x1) — DG(z2)|| < (2) !¢ for all 21,75 € U. The set S being
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metrically subsmooth (resp. subsmooth) at G(Z), by (b) of Proposition 7.5 (resp.
by (b) of Proposition 7.6) there exists some § > 0 such that B(%,d) C U and

(9.21) (v",y —v) < ds(y) + (267)'elly — ||
for all y € B(G(Z),0), v € SNB(G(T),6), and v* € dcdg(v) (resp. v* € NY(S;v)N
By+). Fix any positive n < § such that

nl+B8)2+¢e(l+e))<d and G(B(T,n)) C B(G(T),9).

Fix any x € B(z,n) \ G71(S). By the above lemma there exist u € G~1(S) and
u* € cd(-,G71(9))(u) (resp. u* € Opd(-, G71(S))(u)) such that

(9.22) |u—z| <A +4e(l+¢))d(z,GL(S)) and (u*,z —u)> 0 _T_ i |l — ul|.
Note that
(9.23) 1G(z) - G@)|| < Bllz — || <np < 0.

We also note that
lu = z|| < [lz =@l + (1 + (1 +€))d(z, G~ (D))

<@2+et+o))lz -z <n2+e(l+e)),
so u € B(T,0). This ensures that
(9.24) 1G(u) = G@)]| < Bllu =7l <nB2+e(l+e)) <é.
Choose by the property (9.3) (resp. (9.20)) some v* € Ocds(G(u)) (resp. v* €
NC(S;G(u))NBy+) such that we have u* = vy v* o DG(u). By (9.23) and (9.24) and
by the inclusion G(u) € S we may invoke (9.21) to write

(v",G(2) - G(u)) < ds(G(2)) + (267) ‘e G(z) — G(u)]],

and hence
(9.25) (v",G(2) = G(u)) < ds(G(x)) + (27)"ellz — ull.

Then according to the second inequality of (9.22) and to the inequality
dist (x, G71(S)) < ||x — u|| (because u € G~1(S)) we have

- i dist (z, G71(S))
< (u*,z —u) = (yv* o DG(u),x — u)

1
— (0", G(z) — G(w)) — /0 (v" o [DG(u + t(x — u)) — DG(u)],x — ) dt,

which ensures by (9.25) and by the inequality |[v*|| <1 that
1—
1+

idist (z,G7Y(S)) < ydist (G(), S) + ||z — ul|
< ydist (G(x), S) 4+ e(1 + (1 + €))dist (z, G1(S)),
the second inequality being due to the first inequality of (9.22). It ensues that

[1—5

e e(1 +&(1 + ¢))]dist (z, GT1(S)) < ydist (G(z), S).
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The latter inequality continuing to hold for € G~1(S), we conclude that for all
x € B(T,n)

: -1 11 +e)
dist (2, G7(5)) < 7= e(1+e)(1+e(l+e))

dist (G(x), S).
O

Now consider the rate (or modulus) subreg. ¢[G](Z) of metric subregularity at =
of the mapping G with respect to the subset S of the image space Y defined after
(9.5). It can be directly written in terms of G and S as

subreg. 5[G](Z) = Ueif\lff(i) subreg. [Glv,

where N (Z) denotes the collection of all neighborhoods of T and

subreg. 5[Gly ;=  sup  dist (z,G71(S))/dist (G(z), S).
2eU\G—1(5)
The assertion (b) of Theorem 9.17 also leads us to consider in a similar way the
following constant related to the property (9.3)

subdist. 5[G](Z) := Ueij\l/’f(i) subdist. §[G]v,

where subdist. g[G]y is the infimum of real numbers v > 0 such that (9.3) is satisfied
for all z € U N G71(S).
Theorem 9.17 then admits the following direct corollary.

Corollary 9.18. Let X,Y be Banach spaces, S be a subset of Y and G : X = Y
be a mapping which is of class C* near T € G=(S) and such that S is closed near
G(T).
(I) Assume that S is metrically subsmooth at G(T). Then the following hold.
(a) The mapping G is metrically subreqular at T with respect to the subset
S of the image space Y if and only if the property (9.3) is fulfilled.
(b) One has the equality between the above constants at T, that is,

subreg. ¢[G](Z) = subdist. s[G](T).

(IT) Assume now that both spaces X,Y are Asplund and S is subsmooth at G(T).
Then the mapping G is metrically subreqular at T with respect to the subset
S of the image space Y if and only if (9.20) holds for some real constant
v > 0; in fact, subreg. ¢[G|(T) coincides with the infimum of all reals v > 0
satisfying condition (9.20).

In order to state the next proposition, let us recall that the infimum of v > 0
for which there exists a neighborhood U of T over which the inequality (9.18) holds
is called the rate (or modulus) of metric subreqularity at T for the system of sets
S1i,...,Sm relative to the intersection; it will be denoted by subregn[St,. .., Sm](Z)
and its finiteness translates the existence of v €]0, +00[ such that (9.18) holds over
some neighborhood U of Z. Note that this constant clearly coincides with the
infimum over all neighborhoods U of & of

dist (z, 51NN Sp)
5 dist (z,51) + - -+ + dist (z, Sp)

sup
xeU\NZ,
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Consider also the other constant

bdistn[S1, ..., Sm|(T) := inf bdistn[S1, - - ., SmlU,
subdistq[S1 1(Z) Uelj\l}(uo)su istn[S1 lu
where subdistn[St,...,Sy|y is the infimum of real numbers v > 0 such that the
inclusion

(9.26) Ocdist (-, N2, 5;)(z) C ’y[acdist (,S1)(z) + - - + Ocdist (-, Sm)(x)]
is satisfied forall z €e U N ST N---NSy,.
Proceeding like in the proof of Corollary 9.15 one obtains the following result.

Proposition 9.19. Let Sy, ..., Sy be finitely many sets of a Banach space X which
are closed near T € NJ%,S;.

(I) Assume that each set S; is metrically subsmooth at T. Then the following
hold.
(a) The point T is metrically subreqular for the system of sets Si,...,Sm
relative to the intersection if and only if the property (9.26) is fulfilled
with some real v > 0 and some neighborhood U of T.
(b) One has the equality between the foregoing constants at T, that is,

subregn[S1, . .., Sm](T) = subdistn[S1, . . ., Sm](T).

(IT) Assume that X is an Asplund space and each set S; is subsmooth atT. Then
the point T is metrically subregular for the system of sets S1,..., Sy relative
to the intersection if and only if there are a real v > 0 and a neighborhood
U of T such that

NF(S;2) NBx+ € NO(Sy;2) NyBx+ + -+ NO(Sp; ) N B+
for all x € U Nbdry S.

Similar conditions with the coderivative can be used to study the subregularity
of multimappings with subsmooth graphs. Let M : X = Y be a multimapping
between normed spaces and, for any (z,y) € gph M, let DM (z,y) : Y* = X* be
its C-coderivative at (z,y) defined by

DEM (z,y)(y*) i= {z* € X*: (2%, —y*) € NY(gph M; (z,y))} for all y* € Y*.

We say that the multimapping M satisfies the truncated C-coderivative condition
at a point T € Dom M for § € M (Z) provided there exist a real v > 0 and neigh-
borhoods U and V' of T and ¥ respectively such that

N (M~ (y);z) NBx+ C v DEM (2, y)(By-)

forall z e UNDom M and y € M(z)NV.

Before giving the result with this C-coderivative condition, let us establish the
metric subregularity under a similar condition with the C-subdifferential of the
distance from the graph of M. We need first to recall that, in addition to Definition
(9.4) of metric subgularity, a multimapping M : X = Y is metrically subregular
at a point T for y € M (Z) if and only if it is graphically metrically subregular at
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T for g, that is, there exist a real v > 0 and a neighborhood U of T such that (see
(74, 75])

(9.27) d(z, M~Y(7)) <~vd((x,7),gph M) for all = € U.

Proposition 9.20. Let M : X = Y be a multimapping between Banach spaces
whose graph is metrically subsmooth at (T,7) € gph M and closed near (T,7y). Then
M is metrically subsmooth at T for y if and only if there exist a real v > 0 and a
neighborhood U of T in X such for any x € U N M~ ()

8Cd(,M_1<y))(.I') - FYHX* (8Cd(7gphM)(x7g))v
where M x« : X* x Y* — X* is the projector defined by M x«(z*,y*) := x*.

Proof. Suppose first that M is metrically subregular at T for . By the charac-
terization (9.27) there are a real v > 0 and an open neighborhood U of T such
that

d(x, M~ 1(7)) < vd((z,7),gph M) for all z € U.

Putting ¢g(z) := ~vd((x,y),gph M) and using Proposition 2.1 as in the proof of
Lemma 9.2(a), it is not difficult to see that dcdy-1(5)(z) C dcg(z) for all z €

UNM~1(g). On the other hand, for the continuous linear mapping A: X — X xY
defined by A(u) := (u,0) for all v € X we have dcg(xz) C v A*(Ocdgph m(x,7))-
Since A* coincides with I1x+, we deduce that for all x € U N M~1(¥))

dcd(-, M~ (9))(z) € vILx-(dcd(-, gph M)(z,7)).

Conversely, suppose that the latter property holds and set S; := gph M and
8o := X x {7}, s0 S := S1NS = M~1(7) x {7} and ds(z,y) = dy-1 () (x) + [y =7l
where X x Y is equipped with the sum norm. For every (z,y) € (U xY)NS we
see that y = 7 and 2 € M ~1(y), hence

Ocds(x,y) C achfl@) () X By=.

Fix any (z,y) € (U xY)N S and any (2*,y*) € 0cdg(z,y). The second inclusion
means by the latter equality that y* € By« and z* € dody-1(5)(x). Thus, by
assumption there exists v* € Y* such that (z*,v*) € v0cdg, (x,7). Since

(% y7) = (2",0%) + (0, = v") € v0cds, (2,9) + (1 +7)dcds, (2,7),

we derive that Ocdg(z,y) C (147)[0cds, (z,y)+0s, (z,y)] for all (z,y) € (UxY)NS.
Taking any real 4/ > 1 + v it results by Proposition 9.19(b) that there exist a real
~' > 0 and neighborhoods U’ and V' of 7 and % such that for all x € U’ and y € V’

d((z,y), 51N S2) <~'[d((z,y),gph M) + d((z,y), X x {y})].
This gives with y = 7 that for all z € U’
d(z, M~'(y)) < ¥'d((2,7),gph M) < ~'d(y, M (),

which translates the metric subregularity of M at T for 3. 0
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Proposition 9.21. Let M : X = Y be a multimapping between Asplund spaces
whose graph is subsmooth at (T,7) € gph M and closed near (T,7). Then M is met-
rically subreqular at T fory if and only if there exist a real v > 0 and a neighborhood
U of T such that

NT (M~Y(g);x) NBx- C v DEM(2,9)* (By+)
for all z € UNbdry (M~1(7)).

Proof. Endow X xY with the sum norm and note that Bx«yy+* = Bx* xBy+. Then
for x € M~1(y) the inclusion

Ix« (acd(,gphM)(ZE,g)) C Ix~ (Nc(gphM; (l'ag)) N (BX* X BY*)

holds. According to this inclusion and the equality N (M~1(g);z) N Bx- =
Opd(-, M~1(%))(y), Proposition 9.20 clearly shows that the metric subregularity
of M at T for 3 implies the condition of the proposition.

Let us show the converse implication. As in the proof of Proposition 9.20 set
Sy := gph M and Sy := X x {7}, so S := S1 NSy = M~L(y) x {y}. For every
(z,y) € (U xY)NS we see that y =7 and = € M ~(7), hence

NF(S; (z,9)) NBxsxys = (NF (M1 (g);2) NBx+) x By-.

Fix any (z,y) € (U x Y)N S and any (z*,y*) € NF(S;(z,y)) N Bx+xy+. The
second inclusion can be rewritten by the latter equality as y* € By~ and z* €
NF (M_l@);x) N Bx+. Thus, by assumption there exists b* € By~ such that
(a*, —7b*) € NC(gph M; (2,7)). Writing (z*,y*) = (%, —7b*) + (0,y* +b7), it
ensues with 7/ := 1 + ~ that

(#,57) € NO(St3 (,9) N7 By + NO(S3i () N7 By
Taking any real 4" > +" and applying Proposition 9.19(c) we obtain as in the end

of the proof of Proposition 9.20 above that M is metrically subregular at = for y
with constant ~”. O

10. CONVERGENCE

This section is concerned with closedness and convergence of normal cones of
subsmooth sets.

In addition to examples in Propositions 5.4, 9.6 and 9.14, another example of
uniform equi-subsmoothness for sets is furnished by suitable families of sublevel
sets.

Proposition 10.1. Let I be a nonempty set and m € N. For each i € I let
1,is- -+ gm,i be m locally Lipschitz functions from a normed space X into R and let

Si={reX:g1:(x) <0,...,9mi(r) <0}

that we assume to be a nonempty set. Assume that there exists r €]0,+o0] such
that the families of functions (g1:)ier,---, (gm.i)ier are uniformly equi-subsmooth
relative to the family of open sets (U,(S;))icr (which holds in particular when for
each k € {1,...,m} every function gy, is differentiable on U,(S;) with (Dgx.i)icr
uniformly equi-continuous relative to (Uy(S;))ier). Assume also that the following
generalized Slater condition holds: there exists a real o > 0 such that for for each
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i € I and each x© € bdry S; there exists a vector v € Bx (depending on i,x) for
which

(x*,0) >0
for every k € K(z) == {k € K : gii(x) = maxg;(2)} and cvery " € dogi i(x),
je

where K :={1,...,m}.
Then the family of sets (S)ier is uniformly equi-subsmooth.

Proof. (I) For each i € I define the function g; : X — R by g;(2) := maxyck gr,i(2)
for all x € X and observe that S; = {x € X : g;(x) < 0}. By Proposition 2.1(e) we
have for each ¢ € 1

(10.1) 0cygi(x) C co ( U 8Cgk i ) for all z € bdry S;.
keK (x

This inclusion and the assumption on v give us for each ¢ €

0 ¢ 0cgi(x) forall x € bdry S;.
By Corollary 1 of Theorem 2.4.7 in [18] one deduces that for each i € I
(10.2) NC(Si;2) C Rydogi(x) for all x € bdry S;.

Take any € > 0 and set & := 0. The uniform equi-subsmoothness assumption for
the families of functions allows us by Proposition 4.16 to choose ¢ €]0, r[ such that
for any i € I, for any x,y € U,(S;), for any k € K, for any 2* € dcgyi(x), and for
any y* € Ocgr,i(y)
(@ =y o —y) = —lz -yl
Fix any i € I, any = € bdry S; and any u* € NY(S;;2) N Bx«. By (10.2) choose a
real « > 0 and z* € dog(x) (both depending on ) such that v* = az*. From (10.1)
there are x} € dgii(x) and Ay > 0 with A\, = 0if & ¢ K(x) and with ) A\ =1,
keK
such that z* = ) A\paj.
keK
(II) Fix any y € S; with 0 < ||y — z|| < 0. Fix for a moment k¥ € K(z) and define

the locally Lipschitz function ¢y : R — R by ¢y (t) := gri(z + t(y — x)), and note
that it is Lipschitz on [0, 1]. Denote by N a Lebesgue negligible subset of [0, 1] such
that at each ¢ € [0,1] \ N the function ¢y, is derivable at ¢, so ¢} (t) € dc(gk,; 0 G)(2)
with G(t) = x + t(y — x) =: 2(t). Then for each ¢t € [0,1] \ N there exists some
Zi(t) € Ocgr,i(2(t)) such that ¢} (t) = (z;(t),y — z). Note also for each t € [0,1]
that z(t) € U,(S;) since dg,(2(t)) < ||2(t) — z|| = t|ly — x| < r. It results that

1
0> grily) — gra() = /0 (24(t),y — ) dt
1
- /0<z;;<t> 2l — 2 dt + (g y — o)

1
_ / %@;(t) — o, 2(1) — @) di + (ah,y — ),
0
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which yields
"1
(103) 02— [ 350~ allde+ (wiy — a) = =<y — ol + gy ).
0

Recalling that Ay, = 0 if k¥ € K(x), we deduce that (z*,y — x) < eo|ly — z||. Using
again the equality A\, = 0 if k ¢ K(z) and using the assumption on v € Bx, we also
have (z*,v) > 0. Therefore, the above equality u* = az* gives

L3 ol 2 0 7) = ofe’ ) 2 ao,
so a < 1/o. It follows that
(u*,y —z) = afe*,y —2) <elly — |,

and this inequality still holds when x € int S;. This confirms that the familiy of sets
(Si)ier is uniformly equi-subsmooth. O

Remark 10.2. Let us provide another way to see (10.3) above. Keep the part
(I) in the proof of Proposition 10.1 and let us modify the beginning of the part
(IT) as follows. Fix any y € S; with 0 < ||y — z|| < 0. For each k € K(x)
choose by Lebourg mean value equality (see Proposition 2.1(b)) some z := = +
tr(y — x) with t;, €]0,1[ and some z; € Ocgr,i(x) (both depending on 7) such that
9ki(y) — gri(x) = (2},y — x). For each k € K(x), observing that z, € U,(S;) since
ds, (zr) < ||z — z|| = tklly — x|| < r, we can write
02> g,i(y) — gk,i(@) = (2, y — 2)
= (% — 2y — o) + (T}, y — 1)
1 * * *

= g@k — Tp, 2k — ) + (TR, Y — @)

This entails that

1
02 —&llok = 2l + (@, = 2) = —&'lly — 2l + (afy — o),
which is (10.3), so the proof of Proposition 10.3 can be continued as above.

The next proposition allows us (as altreeady done for the local subsmoothness of
a set in Proposition 7.5(c)) to take into account points x outside the sets S; when
working with uniformly equi-subsmooth families of sets.

Proposition 10.3. Let (S;)icr be a family of nonemty closed sets of an Asplund
space X . This family is uniformly equi-subsmooth if and only if for any € > 0 there
exists § > 0 such that for any i € I, any y € S;, any x € X with ||z — y|| < 0 and
any =* € Ocdg, (x), one has

(%, y —x) < dg, () +elly —z|.
Proof. Suppose first that the family is uniformly equi-subsmooth. Fix any real
e > 0 and take some & > 0 such that 2¢’ +&'(2 4+ ¢’) < e. By definition of uniform

equi-subsmoothness, choose some § > 0 such that for any ¢ € I, for any u,v € .S;
with ||u — v|| < 36 and u* € N¢(S;;u) NBx~ one has

(10.4) (u* ;v —u) <&llv—ull.
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Fix any ¢ € I. Take any pair (z,y) such that z € (X \ S;) N Dom drds,, y € S; and
|z —y|| < 6. Let any =* € Ordg,(x). Following the proof of (a)=-(c) in Proposition
7.5, let us take a positive real g; < min{d,e’,'dg, (x)} (depending on i). We use
Proposition 2.5(e) with ; in place of € to get some v € S; and v* € dpdg,(v) (both
depending on i) such that

(10.5) lv—2| <& +ds,(z) < (1+¢&)ds,(z) and |v* —z*|| <&
From the first inequality in (10.5) we notice that
lo =yl < llv =zl + e =yl <& +ds(z) + [z =yl
and hence by the inclusion y € S;
(10.6) lv —yll <ei+ 2]z —y|| < 36.
It results that
@5y —2) <y —a2)+ly—f

= (% y—v)+ (W0 —x) + &y — =]

<elly—vll+llv -zl +€lly -zl
the first inequality being due to the last inequality in (10.5) and the second one

being due to (10.4) and (10.6) and to the fact that |[v*|| < 1. From the second
inequality in the first part of (10.5) it ensues that

(2*,y —z) < 2|y — 2| + (1 +&)v -z
< 2¢||ly — 2| +ds, () +'(2 + £')ds, (2),
which gives (since y € S;)
(z%,y —2) < 2'|ly — 2| +ds, () + (2 + &) ]Iy — 2|
= 2"+ 2+ ))lly — 2/l + dsi ().
The choice of ¢’ yields
(10.7) (v",y —x) < ds(z) +¢lly — z|.

Clearly, this inequality is still satisfied for any pair (x,y) such that z € Dom dpds,,
y € S; and ||z — y|| < 0 since the case when x € S; with ||z — y|| < 0 follows
from (10.4). Now take any pair (z,y) € X x S; with ||z — y|| < J. Any element in
Jrds; (z) being the weak™ limit of some sequence of Fréchet subgradients at points z),
converging strongly to z, we see that (10.7) continues to hold for any x* € dpdgs(z),
and hence also for any z* € ©6*(0rds,(x)) = Jdcds,(z) (see Proposition 2.5(f) for
the equality). This justifies the implication =.

Conversely, suppose that the property in the proposition holds. For each i € I,
this implies in particular that S; is metrically subsmooth. This ensures for each
r € S; that Ocdg,(z) = N (S;;2) NBx+ according to the implication (a)=(f) in
Proposition 7.7. This combined with the property of the proposition yields that the
family of sets (S;);ecs is uniformly equi-subsmooth. O

We start now with two closedness properties.
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Proposition 10.4. Let E be a metric space and let (S(q))qer be a family of
nonempty closed sets of an Asplund space X which is uniformly equi-subsmooth
and let n € [0,400]. Let Q C E, qo € cl@Q and x € S(qo). Then, for any net
(¢j)jers in Q converging to qo with dgq; () ]E)J 0, for any net (x;)jcs converging

tox in (X, || - []), and for any net (z})jes converging weakly” to x* in X* with
z; € ndcds(q;) (), one has x* € ndcdg (qy) ().

Proof. We may suppose 1 > 0. Take any real ¢ > 0. By Proposition 10.3 above
choose a real 6 > 0[ such that for all ¢ € E, v € S(q), u € X with [|[u —v|| < J and
all u* € dcdg(q)(u)

(10.8) (v —u) < dgig)(u) +ellv —ul.
Fix any net (¢;)jes in Q converging to qo in £ with dg(,,) () - 0, and any net
j€

(xj)jes in X converging strongly to z, where (J, <) is a directed preordered set. Fix
also any net (z});es converging weakly” in X* to * such that z} € ndcds(y,)(;).
Fix y € B(z,3) N S(go). For each n € N and each j € J, choose some y;,, € S(g;)
such that

1
1950 =yl < ds(g(y) +

Endowing J x N with the product preorder which is obviously directed, the family
(Yjn)(jnyesxn is a net in X. Since

1
dg(,. - — 0,
sta (W) + n (jn)eJxN

we have ||y;, — — 0, that is, y; — strongly in H, and hence there
s =y (n)eJxN » Yim (jn)eJxN Y &Y ’
exists jo € J and ng € N such that for all (j,n) € J x N with j = jo and n > ng we

have y;,, € B(z, g) Put z;, := x; for all (j,n) € J xN. Obviously z;, — =«
(j,n)eJxN

strongly in X (because z; —?] x). So, we may also suppose that z;, € B(z, %) for
€

all (j,n) € J x N, with j >= jo and n > ng. Thus, for all (j,n) € J x N with j = jo
and n > ng we have

)
yjn — 2| < 5 and [|z;, — 2| < 3

Set 27, := 7 and g;, = g; for all (j,n) € J x N. The net (gj)(jn)esxn converges

to go and the net (27,)(jn)esxn converges weakly” to z* in X*. Thanks to the
latter inequalities above, for all (j,n) € J x N with j = jo and n > ng we have
|Yjn — xjn|l <6 with y;, € S(g;), and hence according to (10.8))

1

<7]_ ‘/E;,m Yjm — $j,n> < dS(qj)($j,n) + 5||yj,n - $j,n||

< dg(g) (@) + |zjn — ]| +€llyjm — jnll-

Since the net (n_lx;m)(j,n)ng is bounded (by the real number 1), we may pass to

the limit to obtain

(¥ y — ) <elly — 2
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for all y € B(l’,%) N S(qo). This entails that n~'z* € N¥(S(qo);z). Further,
n_lx;n € B for all (j,n) € J x N and this ensures n~'2* € B. Thus, n~'2* €
Ng(qo)(x)ﬁIB%, son~'a* € Opdg gy (2) C Dodg(g) (). The proof is then complete. [
The second proposition provides a partial upper semicontinuity property.

Proposition 10.5. Let E be a metric space and let (S(q))qer be a family of
nonempty closed sets of a normed space X which is uniformly equi-subsmooth. Let
Q CE, q € clQ and x € S(qo). Then for any net (gj)jcs in Q converging to qo
with dg(q;) () = 0, for any net (z;)jes converging to x in (X, | -||), one has for
j€

every h € X

lim S}pa(h,ﬁcds(qj)(xj)) < o (h, Ocds(g)(®))-

j€
Proof. Fix any h € X. Let (¢;); and (z;); be as in the statement. Extracting a
subnet if necessary, we may suppose that
lim supa(h,acds(qj)(xj)) = limo(h, 8cd5(qj)(acj)).

jeJ jeJ
For each j, the weak® compactness of the convex set dcdg(y;)(7;) ensures the exis-
tence of some z7 € ddg(y,)(z;) such that

(z5,h) = o(h, Uacds(qj)(ﬂfj))-
Since [lz}[| < 1, a subnet of (z}); (that we do not relabel) converges weakly”™ to
some x* in X*. It results that
(10.9) (2%, h) = lim sJupU(h, 8Cds(qj)($j)).
j€

On the other hand, Proposition 10.4 tells us that z* € dcdgg,) (7). The latter

inclusion combined with (10.9) yields
lim sup o (h, Oodsq;) (7)) < 0 (h Dods(a) ().
j€

which completes the proof. O

The following corollary is a direct consequence of the previous proposition. It is
often involved in the study of existence of solution for sweeping processes (see, e.g.,
[1, 3, 16, 33, 53, 54, 55, 76] and references therein). Before stating the corollary,
recall that for an extended real p €]0,4+00] and two subsets S,.S” of a normed space
X, the pseudo p-excess of S over S’ is defined by

exc,(S,8) = sup d(u,S),
uESﬁpIEBX

where we employ the usual convention that the latter supremum is zero whenever
SNpBx = 0.

Corollary 10.6. Let (Q,d) be a metric space and (S(q))qcq be a family of nonempty
closed sets of an Asplund space X which are uniformly equi-subsmooth. Let W be
a subset of Q X Q containing the diagonal set. Assume that there are an extended
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real p €]0,400] and a function 9 : W — [0, +00| satisfying ¥(qo,q) — 0 as ¢ — qo
with (qo,q) € W and such that

exc,(S(q), S(¢") < 9(q,4)
for every (q,q') € W. Then for any sequence (qn)n in Q converging to q with
(q,qn) € W, any sequence (x,)n in X converging to x € S(q) N pBx, and any
h € X, we have
limsup o (h, dcdg(q,)(2n)) < o(h, dodgy)(x)).
n—oo

Now let us turn to convergence of normals. In Section 2 the limit inferior of a mul-
timapping has been recalled. Now we need to recall first the Painlevé-Kuratowski
convergence and the Mosco convergence of sequences of sets (see, e.g. [7, 9, 68]).
Let (Syn)nen be a sequence of subsets of the normed space X. Given a topology T

on X, one defines the sequential limit inferior " Liminf S,, of the sequence (S, )nen
n— o0

with respect to the topology 7 as the set of all 7-limits of sequences (z,,), with

Ty € Sy for all n € N large enough. The sequential limit superior ™ Lim sup .S, with
n—oo

respect to 7 is defined as the set of all 7-limits of sequences (x,), with x, € S,

for infinitely many n € N. Equivalently, x € " Limsup S,, provided there are an
n—oo

increasing sequence (k(n))neny in N and a sequence (zy,)nen converging to x with
Tp € Si(n) for all n € N. Clearly,
" Liminf S,, C " Limsup S,,.
i n—00
One then says that the sequence (S, )nen T-sequentially Painlevé-Kuratowski con-
verges to a subset S of X whenever
S =7 Liminf S, =7 Limsup S,,.
n—00 n—oo
When 7 is the topology associated with the norm of X, one just says that the se-
quence Painlevé-Kuratowski converges to S. When the sequence (Sy,),en (sequen-
tially) Painlevé-Kuratowski converges to S with respect to both the norm topology
and the weak topology, one says that it converges in the sense of Mosco to S. It is
easily seen that this is equivalent to
S = I Liminf S, = * Lim sup S,
n—00 n—00

where w stands here for the weak topology w(X, X*) of X. Note that, in this case,
the subset S is weakly sequentially closed in the sense that the limit of any weakly
convergent sequence of S belongs to S. Indeed, suppose without loss of generality
that every S, is nonempty, and take any sequence (Z,)men of S converging weakly
to z € X. For each m € N, from the equality S = Il | Lim inf S, there is a sequence

n—o0
(Zm,n)nen converging strongly to z,, with z,,, € S, for all n € N. We can then

choose an increasing sequence (k(m))men in N such that |[|2,, gm) — Tmll < 1/m.
So, for xy, := Ty, k(m), the sequence (z7,)men converges weakly to x as m — oo
and z, € Sy for all m € N. This and the equality S = * Limsup S, justify the

m—00
inclusion = € S.
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Denote by Ng = N(S;-) either the C-normal cone or the L-normal cone or the
F-normal cone of S. Let Il | Lim sup gph Ng, denote the limit superior (with respect

n—oo
to the norm topology in X x X*) of the sequence (gph N, )nen of the graphs of Ng, ,
that is, the set of all (z,z*) in X x X* for which there exists a sequence (zy, T} )nen
in X x X* and an increasing sequence (k(n))nen in N such that

Ty, € Sy and 1, € NSk(n) (z,) forn € N large enough,

and such that (zy)nen and (z))nen converge to z and z* with respect to the norm
topology of X and X* respectively. Similarly, we denote by I Lim sup gph Ng,

n—00
the sequential limit superior of (gphNg, )nen with respect to the || || x w(X*, X)
topology of X x X*, that is, the set of all (z,z*) in X x X* for which there exist
a sequence (Tn, ) )nen in X x X* and an increasing sequence (k(n)nen in N such
that

Ty € Sy and @, € Ng,(ny(zn) foralln €N,

and such that (z,)nen and (z)),en converge to x and x* with respect to the norm
topology of X and the weak™® topology of X* respectively. It is evident that

I Lim sup gph Vg, < I Lim sup gph N, .

n—0o0 n—oo

The sequence of sets (S, )nen is said to be eventually subsmooth at a point T with
respect to the nomal cone N (where N is N¥', NL or NY) if for each real ¢ > 0
there exist an integer NV € N and a real § > 0 such that for each integer n > N one
has

(%, y —x) <elly — ||

for all z,y € S, N B(T,0) and * € Ng, (z) N Bx~+. In [78] the sequence is rather
called subsmooth at T with compatible indexation. Clearly, the sequence (Sy,)nen
is eventually subsmooth whenever it is uniformly equi-subsmooth.

Using the above concepts and [78, Corollary 3.5(c)] we can now restate Theorem
3.15 of L. Thibault and T. Zakaryan [78] as follows.

Theorem 10.7. Let X be a reflexive Banach space and let (Sp)nen be a sequence
of closed subsets of X converging in the sense of Mosco to a nonempty closed subset
S of X. Assume that the sequence (Sy)nen s eventually subsmooth with respect to
the Fréchet normal cone at any point of S. Then one has

gthéJ — gph Ni = I Limsupgthg; = Il Limsupgthgl.

n—oo n—o0

The next theorem reproduces Theorem 4.10 in [78] in an equivalent form.

Theorem 10.8. Let X be a reflexive Banach space and let (Sy)nen be a sequence
of closed subsets of X Attouch-Wets convergent to a nonempty closed subset S of
X. Assume that the sequence (Sy)nen is eventually subsmooth with respect to the
Fréchet normal cone at any point of S. Then one has

gth§ = gthg =11 LimsupgthéiL = Il Limsupgthg;L.

n—oo n—oo
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Corollary 10.9. Let X be a reflexive Banach space and let (Sy)nen be a sequence
of closed subsmooth subsets of X converging to a nonempty closed subset S of X
either in the sense of Mosco or in the sense of Attouch-Wets. Assume that the
sequence (Sp)nen is eventually subsmooth with respect to the Fréchet normal cone
at any point of S (resp. (Sp)nen is uniformly equi-subsmooth). Then the set S is
subsmooth (resp. uniformly subsmmoth,).

Proof. Fix any * € S and any ¢ > 0. By assumption there exist § > 0 and
N € N such that (z*,y —x) < ¢l|ly — z| for all n > N, z,y € S, N B(7,d) and
r* € NF(S,;2). Take any u,v € SN B(%,0) and any uv* € N¥(S;u) N B. By
Theorem 10.7 (resp. Theorem 10.8) there exist an increasing sequence (k(n))npen in
N, sequences (up)neny and (v,)pen converging to w and v respectively, a sequence
(u) )nen converging strongly to u* such that for all n € N one has

upy € N¥(Spinyiun), Un € Sk(n)s Un € Sk(n)-

Consider any real n > 0. There is some integer Ny > N such that for every n > Ny
we have |[uf]| < 1+ n and both u, and v, are in B(Z,d) (since this open ball
contains u and v). Consequently, we see that for all n > Ny we have

{

*
un

1+n’

Up — un> < 5H'Un - Un”7

which entails (u*, v —u) < e(1+n)|[v—ul||. This being true for every n > 0 it results
that (u*,v —u) < el|v — ul|, which justifies that S is submooth at any T € S.

The arguments for the uniform subsmoothness of S under the appropriate as-
sumption in the corollary are quite similar. U

Before turning to convergence of subdifferentials, let us emphasize another way to
define the subsmoothness of sets. We already noticed that the subsmoothness of a
set S at T € S does not mean that the multimapping N¢(S;-) is submonotone. The
following question then arises: Which submonotone-like property does characterize
the subsmoothness of S at 7 If S is subsmooth at Z, for any real € > 0 there exists
a real § > 0 such that for any x,y € SN B(Z,6) and any u* € N°(S;z) N Bx- we
have (u*,y — z) < ¢lly — z||, so for any 2* € N(S;z) we see that (z*,y — z) <
e(1+ ||=*|)|ly — z||. The converse being evident, we obtain that S is subsmooth at
T if and only if for any € > 0 there exists § > 0 such that for all z,y € SN B(Z, )
and 2* € NY(S;z) one has

(% y —a) <e(L+[l2")ly — x|

Further, using the inclusion 0 € N C(S ;y) it is clear that the latter property holds
if and only if the following submonotone-like property at T is satisfied: for any
£ > 0 there exists § > 0 such that for all ,y € SN B(T,d), z* € NY(S;z) and
y* € NY(S;y)

(10.10) (@" —y*w—y) > —e(L+ 27| + [ly* DIy — =l

According to the above analysis, a proper function f : X — R U {+oo} lower
semicontinuous at T € X will be called subsmooth at T along 0-subgradients (where



SUBSMOOTH FUNCTIONS AND SETS 257

0 is Op, J, or J¢) provided that for any real € > 0 there exists a real 6 > 0 such
that for all y € B(%,0), © € B(Z,d) NDom df and z* € df(x)

(10.11) (@%y —x) < fy) = f(@) + e+ =7y — .

Similarly, a family (f;)ter of proper lower semicontinuous functions from X into
R U {400} is equi-subsmooth at T along subgradients whenever for any real ¢ > 0
there exists a real § > 0 such that for each t € T

(% y —x) < fily) — fe(w) + (T + [l D]y — 2|

for all y € B(%,9), z € B(%,0) N Dom d¢ fr and x* € ¢ fi(x).

In the case of a sequence of functions the latter property can be weakened as
follows. We say that a sequence (f,)nen of proper lower semicontinuous functions
from X into RU {400} is eventually subsmooth at T along 0-subgradients if for any
real € > 0 there are some N € N and some real § > 0 such that for each n > N

(@%y —x) < fuly) = ful@) + (1 + [[27])]ly — 2|

for all y € B(%,9), z € B(z,0) N Dom df,, and z* € df,(z). We must also say that
in [78] it is rather used the terminology that the sequence of functions is subsmooth
at T with compatible indexation.

It will be convenient to denote by I Il Lim sup gph dr f, (resp. IHl* Lim sup gph dp f,

n—00, fn, n—00, fn,
) the set of all pairs (z,z*) in X x X* for which there exist an increasing sequence
(k(n))nen in N and a sequence (7, z),)nen With (zy,7;,) € gphOF fi(n) and such
that (zn)nen converges to z with fi(,)(7,) — f(z) and (z},)nen converges to z*
(resp. (2} )nen converges weakly* to x*).
Theorem 5.10 of L. Thibault and T. Zakaryan [78] according to the proof of
Theorem 5.1 in [78] can be stated in the following form.

Theorem 10.10. Let X be a reflexive Banach space and let (fy)nen be a sequence
of proper lower semicontinuous functions from X into R U {400} which converges
in the sense of Mosco to a proper function f. Assume that at each point of dom f
the sequence (fn)nen is eventually subsmooth along F-subgradients. Then, one has

gph 0y f = gphdp f = | | Limsup gph p f, = | I* Lim sup gph 9 f,.

n—00, fn n—00, fn

11. LOWER w(:)-REGULAR FUNCTIONS

Subsmooth functions along subgradients have been seen in the previous section to
be a suitable framework for convergence of subgradients of sequences of functions.
The present section is devoted to a fundamental subclass of subsmooth functions
along subgradients.

Throughout the section, w : [0, +00[— [0, +00[ is a (continuous) increasing convex
function such that w(0) = «/ (0) = 0; such w(:) is a particular convex modulus
function. We note by convexity of w that for each real ¢ > 0 we have for all s > 0

w(t) _ w(t —t) — w(t) < w(t+s) —w(t)
¢ —t - s '
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which gives ¢t 'w(t) < w/, (¢). Therefore, we have
w(t) <tw! (t) forallt € [0, +ocl.
Further, the convexity of w also ensures that the function /| is nondecreasing on

[0, +-00[, hence in particular tw’ (t) — 0 as ¢ ] 0.

Definition 11.1. Let f : U — R U {400} be an extended real-valued function
on a nonempty open set U of a normed space (X, | -|). We say that f is lower

w(-)-regular at a point € U if there exist a real ¢ > 0 and a real § > 0 such that
for all y € B(%,9), x € B(%,0) NDomde f and z* € 9¢ f(x)

(@%y —x) < f(y) = f(@) + (1 + [l27])) w(lly — z[))-

Clearly, any such function is subsmooth at = along subgradients. It is also readily
seen with § > 0 as above that

Ocf(x) =0rf(x) forallze B(z,0).

Further, if X is an Asplund space and f is lower semicontinuous and satisfies the

property in Definition 11.1 with the F-subdifferential in place of the C-subdifferential,
using the equality ¢ f(z) = c0* (9L f(z) + 85°(x)) (see Proposition 2.5(g)) one can

show that d¢ f(x) = dp f(x) for all z € B(Z, ), so f is lower w(-)-regular at 7.

Lemma 11.2. Let (X,| - ||) be a normed space and f : X — R U {400} be an
extended real-valued function with f(T) < +oco. Let r be a positive number such that
f is bounded from below over B[Z,r] by some real ce. Let w be as above and let a
real 0 > 0. For each real ¢ > 0, let

Fe(z®,2,y) == f(y) + (2% 2 —y) + (I + (") w(llz — y]),
for all x,y € X and x* € X*. Let any real ¢ such that
c(w(r/2) — w(r/4)) > max{r, f(Z) — o + 6}.

Then, for any real ¢ > ¢, for any x* € X* and for any x € B[T, ], every point
u € B[z, r| such that

Fo(z*,z,u) < inf Fg (2%, z,y)+0
yEB[T,r]

must belong to B(T, 2L).
Proof. Let any real ¢ > ¢. Fix x € B[z, 7] and 2* € X*. Take any y € B[T,r] with
ly — || > 3. Since
_ T
lz =yl 2 |z = yll = lz — =] = 5,
we have
w(llz =yll) = w(llz —z[]) = w(r/2) = w(r/4) =: &(r) > 0.

It ensues that, for F(y) := F.(z*, z,y)

F(y) — F(z) -0

> fly) = f@) =0+ ("7 —y) + el + [l2" ) (w(llz — y]) — w(llz — =)

2 a— f(T) =0 —rllz”| + c(1 + [|27[)&(r)

= (a—f@) =0 +c&(r) + |27 (c8(r) — 7).



SUBSMOOTH FUNCTIONS AND SETS 259

hence with 8 := a — f(T) — 0 + ¢£(r) > 0 we obtain F(y) — 8 > F(z) + 6. This
justifies the lemma. O

Theorem 11.3 (Subdifferential characterization of lower w(-)-regularity).
Let w be as above and derivable on ]0,+o00[. Let f: X — RU{+oo} be an extended
real-valued function on a Banach space X which is finite at T € X and lower
semicontinuous near . The following are equivalent:

(a) The function f is lower w(-)-reqular at T.
(b) There ezist reals § > 0 and ¢ > 0 such that for all x} € Ocf(x;) with
lx; — || <, i=1,2, one has

(] — @3, 01 — w2) = —c(1 + |27 + [J3]]) w(l[z1 — z2]).

If in addition X is an Asplund space, then the following assertion is also equiv-
alent to the lower w(-)-regularity of the function f at the point T:

(¢) The inequality in (b) is fulfilled with Orf or O in place of Oc f.

Proof. To prove (a) = (b), suppose that f satisfies the lower w(-)-regularity property
for T over some ball B(Z,d) with some coefficient ¢ > 0. Then, for z; € X with
|z — || < § and xf € Oc f (x;), i = 1,2, we have by definition

f(xr) = fw2) + (25,01 = 22) + (1 + [|25])) w([l21 = z2)
f(xa) = fla1) + (21,22 — 1) + (1 + [[z7])) w((fzr = 22]),

and adding these inequalities gives according to the finiteness of f(z1) and f(x2)

(11 —ap, w1 —w2) = —c@ 4+ [Ja7]| + [|23])) w(lle1r = z2])
> =2¢(1+ |1l + flz3l)) wlllz1 = 22])-

This confirms that the implication (a) = (b) holds true with 0c f, and hence also
(a) implies (c).

Now let us prove the converse implication. Denote by df anyone of the subdif-
ferentials involved in (b) and (c) with the appropriate space. Let 6 > 0,¢ > 0 be
such that the assertion (b) is fulfilled and f is lower semicontinuous on B(Z, ). Let
0 < & < ¢ be such that ew'(¢) < 1/c and « := inf f is finite (according to the

T,e
lower semicontinuity property of f). We fix a real ¢ such that

c(w(e/2) —w(e/4)) > max{e, f(T) — a + 1}.

and a real co > max{c L} Let w € DomOf N B(7, §) and u* € 9f(u). We

=) 1—cew!’(e)
define
o(z) = flx)+ w5 u—x) + co (L + |Ju™||) w(||lx — ul]) forallz € X
and
_ v | elx) if ze B[z,
(11.1) Pl@) = { +oo if z € X\ B[z, €],

so clearly P is lower semicontinuous on X ( since f is lower semicontinuous on

B[z,¢] ).
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Let (e,) be a sequence of real numbers which converges to 0 with 0 < &, <
min {1, (£)?}. For every n € N, choose u,, € X such that

P(un) < igl(f@ + en.

The above lemma with § = 1 entails that u,, € B(%, %) for all n € N. By the
Ekeland variational principle, for each n € N, there exists x,, € X such that

lzn = unll < VEn, Plan) <i0fp +en, Plza) = inf {P(2) + vVeule —zal},
then
|n —T|| < and 0 € O(@ + venl| - —anl)(zn).
Since ¢ = @ on B[Z,¢| and z,, € B(T,¢), we deduce 0 € 0(¢ + /Enll - —xnl)(zn)

hence by the fuzzy sum rule for the subdifferential 0 and the ,/z,-Lipschitz property
of the function /g, - ||, we derive that there are z},, =/ with ||z}, — x| < /En,

|f(x,) — f(zn)] < \/En and ||z], — z]| < \/€n such that
0 € 0f(ap,) —u” + co(l + [[u|NIc(w o || - [)(zy — ) +2y/EnBx-,

which furnishes some z, € 9f(z}) and y; € —u* + co(1+ ||u*||)Oc(wo || - ||) () — u)
with

(11.2) llzy, + ynll < 2¢/en.
x Yn + U " .
Set 2y = € dc(wo |- |[)(x;, —u) and note that (as easily seen through

co(1 + [lur])
the subdifferential of the convex function wo || - )

(11.3) (2, 2y — u) = &y ([l — ul)llay, — vl and [|z7]] < o) ([l — ul)) [y, — ul.

Note also that
_ _ 3e _
a5, = ull < [z = @nll + (|20 — unll + [Jun — Z|| + [|T — ull < 2¢/E, + 75 TlE -]

and 2 + |7 — u| < ¢, hence there exists some integer ng such that, for all n > ny,
|z) —u|l < € and ||z < ew’, () (keep in mind that «’, is nondecreasing). Fix any
n > ng. From the equality vy} = —u™ + co(1 + ||[u*||)z;; we see that

lynll < llwll + cosw(e) (1 + [[u™]),
and from the inequality
ezl <l + nll + llyall
and (11.2) we also see that
(11.4) 5] < 2v/En + [lu]] + coew' () (1 + [Jut]]).
Further, the assertion (b), with ] = =, and =5 = u*, ensures that
(u* —aj,u—al) > —c(L+|Ju”]| + [lan]) w(llu — 2]

Putting p := cpew’(€)(1 + ||u*||) and writing by (11.3) and (11.2)

<U* - .CU:L,U - J:/TL>

= (co(L+[[u" )z — yn — 2hu = ap) + (oL + [u*l))z; — vy — 27, 2 — 2)

< —co(1 + [lu* [N (2 — wlDlly, — ull + 2v/Enllay, — ull + (1 + 2v/En) [, — 24,
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it results that
—co(L+ [lu*Nw(llzy — ull) + 2vEnllu — @l + (1 + 2v/En) 2y — 2,
> —co(1 + [lu” )’ (25 — ulDllar, — ull + 2v/En]lu — 27l + (1 + 2v/En) |2y, — 25,
> —c(L+ [lu[| + o Dew(lu — a7 1)
Noticing that there is some real \,, between ||z, — u|| and ||z, — u|| such that
| w(llzy, = ull) = wlllan — ull)| = [w ) (l2f, = ull = [l27; = ul])]
< Wl (M)l — 2n ],
with v, := 2y/Enllu — 2] || + (1 + 2v/En + co(1 + [|u* [y (An)) @], — 2| we obtain
(11.5) (co(L + [lu™ll) = (1 + flu[| + 21D w(llu — 2, [1) < n

along with v, — 0 as n — oo (since (), is bounded and ||z}, — zI'|| < 2,/&,).
Further, the inequality (11.4) implies

co(1+[lu™|l) = e(@ + [[u*] + llz7 )
> co(1+ [[u[l) — e(1 + lu™]) = e(2v/En + u]| + co(1 + [[u*[)ew ()
> co(1+ [[u[l) — (1 + lu™[]) — (1 + Ju|| + co(1 + [[u*[ew’, (¢))
= (14 ) oo — 26 — ceozu (6)).
So by (11.5) we get
(11.6) (1 + [Ju*[]) (co — 2¢ — ecoew’y () )w([|u — 27 [l) < Y-
By the choice of ¢y we have
2c
then it follows from (11.6) that

co > or equivalently ¢y — 2¢ — ccpew!y (€) > 0,

lim z. =wu, hence lim wu, = u.
n 9 n

n—oo n—oo

Further, we know that ¢(u,) < inf ¢(z)+ ey, or equivalently
zE€BI[T,e']

fun) + (u*su = un) 4+ co(1 + [[u”[Jew(flun —ul)

< dof AFG@)+ (' u—a) + ool + [l ellz — ul)} + en.

Since f is lower semicontinuous and lim,_, . u, = u, the latter inequality ensures
that

f(u) <lminf f(un) < inf {f(@) + (u'u =) + co(1+ [lu[Dw(llz — ul)},

TEBIT ]

and so
* * — g
flu) < f2) + (u'yu = 2) + co(1 + [ w(llz — ul)), Yz € B(@, ).
We then conclude that f is lower w(-)-regular at Z by definition in the case 9 is d¢
and by the feature preceding the statement of Lemma 11.2 for the other cases O
and Jy,. O
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12. COMMENTS

As said in the introduction, submonotone multimappings have been introduced
by J.E. Spingarn in his 1981 paper [72] under the name of ”strictly submonotone”
multimappings; ”submonotone” multimappings in [72] correspond to multimappings
called one-sided submonotone in the paper. Spingarn showed in [72] that the Clarke
subdifferential of a locally Lipschitz function f : R® — R is submonotone on R"
(in the sense of the paper) if and only if it is lower-C!, that is, for each point
€ R"™ there exist a compact topological space T, an open neighborhood V of
and a continuous function ¢ : V x T — R such that Djp(-,-) exists and is
continuous on V' x T, and such that f(z) = maxicr p(z,t) for all z € V. This
result also yields that, for the locally Lipschitz function f : R™ — R, the Clarke
subdifferential d¢ f is submonotone if and only if f is subsmooth on R™ in the sense
of the paper. Independently, H.V. Ngai, D.T. Luc and M. Théra introduced in their
2000 paper [56] the class of approximate convex functions on a normed space as
functions satisfying the condition (3.4). Such functions coincide with subsmooth
ones by Proposition 3.11. Various important and significative results, in particular
the subdifferential determination property, are proved by the authors in [56]. We
used the term of ”subsmooth functions” mainly because of Proposition 3.1, but also
due to the fact that ”approximately convex functions” were previously defined as
another concept by D.H. Hyers and S.M. Ulam in their 1952 paper [39]. In [36] D.H.
Hyers investigated the following question of S.M. Ulam: Given a function f which
satisfies the linear functional equation f(z +y) = f(x) + f(y) only approximately,
does there exist a linear function g which approximates f?7 Of course, linear has to
be understood as additive therein. Hyers showed in his 1941 paper [36] the following:
Given a real € > 0 and an e-linear (in fact e-additive) mapping f : X — X’ between
Banach spaces X and X', in the sense || f(z+y)— f(z)— f(y)|| < &, then there exists
a linear (in fact additive) mapping g : X — X’ which approximates f with amount
g, that is, || f(z) — g(z)|] < ¢ for all x € X; further the mapping ¢ is unique and it
is continuous on X whenever f is continuous at some point. Similar questions have
been also investigated, in the 1945 and 1947 papers [37, 38] of D.H. Hyers and S.M.
Ulam and in the 1946 paper of D.G. Bourgin [14], for approximate e-isometries, that
is, mappings 1" between two metric spaces with |d(T(x),T(y)) — d(x,y)| < e. All
those papers naturally led D.H. Hyers and S.M. Ulam to study the similar problem
when additivity or isometry is replaced by convexity. In the paper [39] published
in 1952, they declared a function f : C' — R (defined on a convex set C) to be
approximately convex with amount € > 0 (or e-convex) whenever f(tz+ (1—t)y) <
tf(x)+ (1 —t)f(y) + € for all x,y € C and t € [0,1]. Hyers and Ulam proved in
[39] that for any function f : U — R from an open convex set U of R™ which is
approximately convex with amount e there exists a convex function g : U — R such
that

(12.1) |f(z) — g(x)] < kpe forallzeU,

x
x

where k,, is a universal constant depending only on n (an exact value is even given).
Other important results on approximately convex functions can be found in the
papers by JW. Green [32] and by S.J. Dilworth, R. Howard and J.W. Roberts
[28]. The paper [28] also investigated approximately convex sets, which are defined
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therein as closed sets .S whose distance functions dg are approximately convex within
amount ¢ = 1. According to both definitions of Hyers and Ulam and of Ngai, Luc
and Théra, the concept of (e, d)-convex functions has been considered by Z. Péles
[59] as functions f such that

fltr+ (1 =t)y) <tf(z)+ 0 =1)f(y) +et(l = t)llz —yll +6.

Many notions of approximate convexity are presented by J. Maké and Z. Pales
[51]. For the use of approximate convex functions on the unit ball in the theory of
geometry of Banach spaces we refer to the paper [15] by F. Cabello Sdnchez, J.M.F.
Castillo and P.L. Papini and to references therein.

Subsmooth sets in Banach spaces have been introduced and largely studied by
D. Aussel, A. Daniilidis and L. Thibault in the 2005 paper [8]. The concept has
been motivated by the necessity of a first-order viewpoint of the study realized by
R.A. Poliquin, R.T. Rockafellar and L. Thibault [63] concerning the (second-order)
hypomonotonicity property of the truncated (Clarke) normal cone N¢(S;-)NB of a
prox-regular set (see also [21, 42, 68, 20, 82]). The idea in [63] was the development
of properties of sets S whose indicator functions are prox-regular at T in the sense
introduced by R.A. Poliquin and R.T. Rockafellar [62]. Metrically subsmooth sets
have been considered by A. Daniilidis and L. Thibault [26].

Complete comments concerning almost all results in Section 2 of preliminaries
can be found in [18, 19, 52, 68]. For H. Berens’ Proposition 2.4 we follow the proof
of J.-B. Hiriart-Urruty [35] for a similar result concerning the farthest distance
function.

Proposition 3.1 is due to L. Vesely and L. Zajicek [81] and the proof given in
the survey follows the main arguments in [81, Proposition 3.7]. Proposition 3.8
corresponds to the result by L. Zaji¢ek in [85, Corollary 3.3]. Proposition 3.9 and its
proof are due to Zajicek [85, Proposition 3.4]. The equivalence in Proposition 3.11
for the subsmoothness property has been observed for locally Lipschitz functions
by Zajicek [85, Lemma 3.2]. Proposition 3.14 has been established by H.V. Ngai,
D.T. Luc and M. Théra [56] (with a slightly different proof) and Corollary 3.15 has
also been observed in [56, Proposition 3.2].

Proposition 4.1 and Theorem 4.5 have been first established by H.V. Ngai, D.T.
Luc and M. Théra in [56], when f is in addition lower semicontinuous, with different
approaches based on Theorem 3.4 in [56] proving that for such a function f and for
each € > 0 there is some real 6 > 0 such that for each y € B(Z, ) there exists a
proper lower semicontinuous convex function ¢, : X — R U {400} such that

|f(x) —@y(x)] <ellz —y| forallz e B(z,d) N dom f.

The proofs in the survey for Proposition 4.1 and Theorem 4.5 follow the approach
utilized by L. Thibault and D. Zagrodny [77, Proposition 3.4].

Proposition 4.8 and Lemma 4.10 are probably new. The implication (c)=-(a) in
Theorem 4.11 seems to have been first obtained by L. Zajicek in [85, Lemma 5.4];
the other implications in the theorem are new. When the continuous function f is
convex (instead of subsmooth) the equivalences in the theorem have been established
for the first time in the 1968 paper [5] by E. Asplund and R.T. Rockafellar. Such a
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study for the differentiability of a norm (as well as other particular functions) has
been previously realized by V.S. Smulian in his 1939 paper [71] and others.

Example 4.14 and the development therein are due to J.E. Spingarn [72]. As
said in Subsection 4.2, Theorem 4.15 has been independently proved by by A.
Daniilidis, F. Jules and M. Lassonde [25] and by H.V. Ngai and J. P. Penot [57]:
it was previously established for locally Lipschitz functions by A. Daniilidis and P.
Georgiev [24]. Proposition 4.19 in its statement is new. The implication (a)=-(b) in
Proposition 4.19 corrects the statement and proof of the implication (i)=-(ii) in [8,
Lemma 4.4] where a gap occurred. The equivalence (iii)<(iv) in [8, Theorem 4.5]
must then be replaced by the equivalence (b)<>(c) in Proposition 4.20. Accordingly,
Corollary 4.18 in [8] has also to be replaced by Proposition 6.6 in this survey. The
equivalence (d)<(e) in Proposition 4.20 is due to J.E. Spingarn [72]: the proof here
uses ideas in [8].

One-sided submonotone multimappings are called semi-submonotone in [8]: The
name ”one-sided submonotone” seems to be more appropriate in the sense that it
translates the property of the definition. Lemmas 4.23 and 4.24 and Example 4.25
are taken from J.E. Spingarn [72]. Proposition 4.26 and its proof are taken from
the paper [8] by D. Aussel, A. Daniliidis and L. Thibault. Proposition 4.31 is due
to Spingarn [72]: the proof given here follows the approach in [8].

Except Proposition 5.12 which is new, all the results in Section 5 devoted to
subsmooth sets are taken from D. Aussel, A. Daniilidis and L. Thibault [8]. The
idea of the use of Krein-Smulian theorem for the equality N¢(S;z) = N¥(S;7)
in Lemma 5.15 is taken from the paper [87] by X.Y. Zheng and K.F. Ng. The
subsmooth version of Theorem 6.3 as well as its proof are taken from the paper [§]
of D. Aussel, A. Daniilidis and L. Thibault.

Property (e) in Theorem 7.8 has been considered by A.S. Lewis, D.R. Luke and
J. Malick in their 2009 paper [50] under the name of super regularity. Example
7.10 and Example 7.11 are also due to Lewis, Luke and Malick [50]. Property (c)
in Proposition 7.13 with the L-normal cone N%(S;%) in place of NY(S;7) is used,
for an Asplund space X, by A. Jourani under the name of weak-reqularity of S
at T in his 2006 paper [45] (see Corollary 4.2 therein; diverse other results related
to the weak regularity of sets can be found there). The implication (a)=(b) in
Proposition 7.12 and its proof are due to H.V. Ngai and J.P. Penot who proved
that result with the implication (e)=(a) in [58, Theorem 4.10]. The implication
(c)=(a) in Proposition 7.12 appeared in the implication (c)=(e) of [58, Corollary
11]. When for any € > 0 the distance function dg satisfies for T € S the property
(3.4) in Proposition 3.11 on some ball B(Z, ) (resp. the relative similar property
(b) in Proposition 7.12 on SN B(Z, §) for some § > 0), Ngai and Penot [58] defined
the set S as approximately convex (resp. intrinsically approximately convex) at T.
The name of approximately convex set has been utilized much earlier in 1967 in the
study of Chebyshev sets by L. Vlasov [83] to refer to a set S for which Projgz is
a nonempty convex set for every x € X; note that it was also used with another
meaning in [28].

Lemma, 8.2 and Theorem 8.4 as well as their proofs are due to A. Jourani and E.
Vilches [47].
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The truncated normal cone inverse image property in (9.2) as well as the linear
inclusion property of subdifferential of distance from inverse image in (9.3) near a
point have been introduced by A. Daniilidis and L. Thibault [26]. These concepts
are used in [26] to prove the results in Theorem 9.3 and Corollary 9.15. Functions
of type (9.1) are used in [4] to illustrate the non-preservation of prox-regularity of
sets under usual operations. Lemma 9.16 is in the spirit of Lemma 3.7 of Aussel,
Daniilidis and Thibault [8] and of Theorem 3.1 of X.Y. Zheng and K.F. Ng [87];
its proof combines the main ideas of these papers. Theorem 9.17 and Proposition
9.19 are taken from [26]. Under the Asplund property of the Banach space X, it
was also proved by Zheng and Ng in [87, Theorem 4.2] that a point T is metrically
subregular for a system of closed sets S1,...,S5,, of X withx € § := ﬂ?; S; if and
only if there are reals v > 0 and ¢ > 0 such that for all x € SN B(Z, ¢)

(12.2) NE(S;z)NBxs € NU(S1;2) NABx« + -+ NE(Sp; ) NyBy«;

the equality between the infimum of such constants v > 0 and subreg[S1, . . ., Sn] (%)
is also shown in the same theorem in [87]. The condition (12.2) is slightly different
from the one in the assertion (II) in Proposition 9.19. Proposition 9.20 is a new
result providing a necessary and sufficient condition for the metric subregularity
of multimappings with metric subsmooth graphs. In the same framework of As-
plund property of X and Y, the sufficiency of the condition in Proposition 9.21
for the metric subregularity of a mulimapping M has been established by Zheng
and Ng in [88, Theorem 4.8] under a weakened partial subsmoothness property of
gph M. In [88] one can also find other sufficient (resp. necessary) conditions for the
subregularity of a multimapping with various types of subsmoothness of its graph.

The proof of Proposition 10.1 utilizes ideas in the proof of [3, Theorem 9.1] by
S. Adly, F. Nacry and L. Thibault. Proposition 10.3 is new while Propositions
10.4 and 10.5 improve similar results by T. Haddad, J. Noel and L. Thibault [33].
Theorems 10.7 and 10.8 as well as Theorem 10.10 are taken from [78]. Theorem 11.3
is new; its proof follows an approach by F. Bernard and L. Thibault [11] and by I.
Kecis and L. Thibault [48] (we also refer to R.A. Poliquin [61] and M. Ivanov and N.
Zlateva [43] for the case of primal lower nice functions). A large analysis (including
sudifferential determination or integration, subdifferential characterization etc) of
subsmooth functions along subgradients in the sense of (10.11) will appear in a
forthcoming paper.

Concerning the genericity of differentiability we refer to L. Zajicek [85, page 10]
where on can find the following result:

Theorem 12.1 (Zajicek). Let f : U — R be a continuous subsmooth function on
a nonempty open set U of an Asplund space X. Then the set of points in U at
which f is not Fréchet differentiable is a first category set.

Several other smallness properties of non-differentiability points of continuous
subsmooth functions are also established in the paper [85] for diverse suitable types
of Banach spaces.
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