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Abstract

We introduce a new class of sets, functions and multifunctions which is shown
to be large and to enjoy some nice common properties with the convex setting.
Error bounds for objects attached to this class are characterized in terms of
inner conditions of Abadie’s type, that is conditions bearing on normal cones
and coderivatives at points of the solution set. Application are given to the
characterization of metric subregularity of multifunctions and error bounds for
functions generalizing the results of [30].
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1 Introduction and notations

In this paper, in which we develop some ideas from [0], we are dealing with the equivalent
problems of error bounds for functions and metric subregularity of multifunction. The
problem of error bounds is the following. Given a function f defined on a metric space
with extended real values and given a point z € [f<a] := f~!((—o0, a]), we say that the
function f has a local error bound at z if there exist 7 > 0 and a neighborhood U of z
such that: 7d(z, [f<a]) < (f(x)—a)" for every x € U. This problem, which has many
important applications in optimization dates back to [I7, 27] in which the function f
was a finite supremum of affine functions. For general functions existence results can
be found in the seminal papers [I8, [9]. More recently, existence and characterization of
such error bound were given (see e.g [9],28]). In the quoted references, the existence and
characteristic condition are given in terms of the complement [f>a]) of [f<a]). Such
conditions can be called ”outer conditions”. Recently, some authors used successfully
"inner conditions” bearing on points of [f<a]) close to Z. Let us mention [23], 29] 19 [7,
1] mainly devoted to the convex case and [30] which covers the convex composite case.
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Let us observe that the quoted references mix error bound results for functions and
metric subregularity results for multifunctions which is not surprising since these two
problems are equivalent. The present paper is an extension of [30] to a more general class
of sets, functions and multifunctions namely the class of Fréchet regular sets, functions
and multifunctions introduced in Definition This class enjoys many interesting
properties of convex sets and is stable by preimages by a smooth mapping under a
quite mild condition. It allows to provide inner characterizations of error bounds of
functions and metric subregularity of multifunctions extending widely those obtained
in [30]. It also yields in Theorem a characterization for the existence of multipliers
for a large class of constrained optimization problems.

A multifunction (identified with its graph) from a set X into a set Y is a subset of
X x Y. Given such a multifunction FF C X x Y, we define the inverse multifunction
F'cYxXby F' = {(y,z) : (v,y) € F. Forx € X, we set F(x) = {y €
Y : (z,y) € F}, so that, for y € Y, we have F"'(y) = {z € X : y € F(z)}. We
shall denote by B,(x) (resp. B.[z]) the open (resp. closed) ball with center z and
radius r in a metric space X. Given A C X, the distance function d4 is defined by
da(x) = infuead(z,a). When X is a normed space, we shall denote by B the closed
unit ball of X and by B, the closed unit ball of X* for the dual norm. Let us recall
that the Clarke’s penalization principle ([12, Proposition 2.4.3]) says that if a function
h : U — R has a minimum on a subset C' of a metric space U at z € C, and if h is
Lipschitzian with rank x on U, then the function h + k dc attains its minimum on U
at 7. Given a function f : X — RU{+oo}, its domain dom f is the set f~!(R) and the
function is said to be proper whenever dom f # (). The Ekeland’s variational principle
will be used under the following form: for any lower semicontinuous and bounded from
below function f : X — R U {+oo} defined on a complete metric space (X, d), and for
any x € dom f, we can find z € X such that f(z) < f(y) + d(y, 2) for all y € X \ {z}
and f(z) 4+ d(z,z) < f(x). The indicator function tg of a subset S C X will be defined
as tg(x) =0if z € S and 1g(x) = 4o if z € X\ S.

Let us recall some different notions of subdifferential and normal and tangent cones
that will be needed in the sequel. We refer to [22] and [26] for the details. Let f :
X — RU {400} be a lower semicontinuous function defined on a Banach space X.

e Given € > 0 and Z € dom f, the e-Fréchet subdifferential 0f f(Z) of the function
f at z will be the set of those £ € X* for which there exists r > 0 such that

flz)— f(z) >,z —x) —¢||lx — x| for all z € B,.(z).

e We shall also use the Fréchet subdifferential 0% f(z) defined by
0" f(x) = (0L [(2).
e>0

In other words, one has £ € 9" f(x) if and only if, for all € > 0, there exists r > 0
such that f(z) — f(z) > ({, 2 — T) — ||z — z|| for all x € B,.(Z).



e The limiting Fréchet (or Kruger-Mordukhovich) subdifferential of f at € dom f
is the set Jp f(z) of £ € X* such that there exist sequences ((zn, f(zn),&n))nen C
X xR x (0, +00) converging to (z, f(x),0) and (&, )neny C X* converging x-weakly
to £ such that &, € 9 f(z,) eventually.

e The e-Fréchet normal cone e-Nf(z) to a closed set C C X at & € C is the
set OF (i¢)(Z), that is the set of & € X* such that there exists r > 0 such that
(€, x —7) <¢l|lx — z| for all x € B,.(Z).

e As usual, the Fréchet normal cone N5 (Z) of C to T is the set

Ni(z) = () e-NE(E) = 0ic(2).

e>0

e The Limiting Fréchet (or Mordukhovich) normal cone N¢(x) to a closed set C' C
X at z € C is defined as Ove(x) where 0 is the Mordukhovich subdifferential.
Equivalently, it is the set of £ € X* for which there exist sequence (z,)pen C C
converging to T, (e,)nen C (0,4+00) converging to 0, and a sequence (&,)nen in
X* converging x-weakly to £ such that &, € €,-N5(x,,) eventually.

e Given a closed subset A 3 a of a normed space X we classically denote by T4 (a)
the contingent (or Bouligand cone) cone at a € A that is the set of those u € X
such that liminf; ot~ 'd(a + tu, A) = 0 and by T§(a) the Clarke tangent cone
which is the (closed convex) set of vectors u € X such that

lim ttd(z +tu, A) = 0.
{(t,x) — (07, a)

rzc A

The Clarke normal cone NG (a) is the polar of the Clarke tangent cone 7' (a),
that is N§(a) = {£ € X*: ({,u) <0 for every u € T'{(a)}. We further denote by
f/(z;u) the directional derivative,

(o) = Tming {ET0) 1@

(t,0)—(0F,u) t

2 Inner necessary condition for an error bound

In the following proposition we point out the fact that the existence of a local error
bound relative to a sublevel set allows to compute or estimate the approximate and
exact normal cone to this sublevel set.



Proposition 2.1 Inner dual necessary condition for an error bound. Let
f X — RU{+o0} be a closed proper function defined on a Banach space X. Let
T € [f<0]:= f7Y(] — 00,0]) be such that there exists T > 0 and p € (0, +00] such that

Td(z, [f<0]) < fH(x) forall x € B,().

For z € B,(z) N[f<0], then for all ¢ > 0, denoting by B, the closed unit ball of X*,

(a)

e-Nfjco)(x) N B, € (L+ )70 f*(a).
(b) FO?" every o S (077—); we hcwe:

Nij<g(x) NoB, C 0" f(x) and Nfjq(x) = R 0" f*(x).

(c)
Nij<o)(z) CRLOf ().

Proof. (a) Let ¢ € e-Nfi_q () N B,, so that the function 2 — —((, 2) +¢||z — z|| admits
a local minimum on S = [f<0] at x. Thus, by the Clarke’s penalization principle
(Proposition 2.4.3 in [12]), the function z — —((,2) + ¢||z — z|| + (1 + €)d(z, S) has a
local minimum at z. From the local error bound estimate, it follows that the function
2 —((,2) +¢llz —z|| + (1 +&)771fT(2) also has a local minimum at x, leading to
Ce(l+e)r torf(x).

(b) Let ¢ € Niicq (x) N o By, so that, for all € small enough, we get by using (a),

(1+e)r'Ce Nij<o(®) N B. Ce-Njjeg(z) N B, C (1+ e)yr1of (),

and then ¢ € 9 fT(z). It follows that Nfj<g(x) CRO" f*(z). For the second part of

(b), let us simply observe that 0 f*(x) C e-Nf;g (), thus
Ry O"f*(x) CRLOL f(2) Ce-Nfjeq() for all e > 0,

and then Ny (z) C RLO"fF(x) C Nfj ().

(c) Let ¢ € Nyy<g(x), so that there exist sequences (z,)neny converging to x in
[f<0], (en)nen C (0,400) converging to 0 and ((,)neny C X™ converging x-weakly to ¢
and such that ¢, € €,-Njj.q (zn). Let ¢ > 1 be such that |[¢, ||« < c and let 5, = c ¢,
so that |||« < 1 and 7, € €,-Nfjg(25) due to ¢ > 1. Thus we get from (a) that
(1 +¢e,)"'n, € 0L fT(xy,) hence 7¢7'¢ € Of*(x), leading to Nig<o(z) C Rp9f T (z). m

Remark 2.1 We derive from (b) that
(2.1) Nfj<q(z) NoB, = 0" f*(z) NoB,,

since it is easily seen that 07 f*(z) C Nf;

fi<q () for every z € [£<0].
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Moreover, as a consequence of Proposition[2.1] one recovers some well-known proper-
ties of the subdifferential of the distance function de. Indeed the function f(x) = do(z)
admits a global error bound for the sublevel [f<0] = C with 7 = 1. It follows from
part (b) of the previous proposition that for all o € (0,1) and x € C, we have

(2.2) N&(z) NoBy C 0%de(z) C NG(z) N B,.
In fact |26, Lemma 4.21] gives the following better estimate,

(2.3) 07 de(x) = NE(z) N B,

In the sequel, we shall make use of a subdifferential operator, that is, an operator
associating to any lower semicontinuous f : X — RU {400}, and to any = € dom f,
a subset Of(x) of X* which coincides with the the convex subdifferential when f is
convex, and which satisfies the following fuzzy Fermat rule on some suitable class of
Banach spaces: if h : X — R is convex and Lipschitz continuous, and if & € dom f is
a local minimum point of f 4 h, then for every § > 0 there exist x, y € X, £ € df(x),
and ¢ € Oh(y) such that,

le—z| <6, [ly—z[<d, flx)<[f(@)+0d, and €+ ([l <o

The exact Fermat rule corresponds to the cas § = 0 that is 0 € df(z) + Oh(z). For
example the Fréchet subdifferential in Asplund spaces satisfies the fuzzy Fermat rule (see
[15]); and the Clarke-Rockafellar subdifferential in general Banach spaces along with the
limiting Fréchet (or Mordukhovich) subdifferential in Asplund spaces satisfies the exact
Fermat rule. The interested reader may found in [4, Example 2.1] a list of subdifferential
operators satisfying the fuzzy Fermat rule. Given such a subdifferential, the normal cone
to a closed subset S C X at the point Z € S is defined by Ng(Z) = 0us(Z).

3 Inner characterization of error bounds for a class
of functions

At this stage, we need to introduce a new class of closed subsets of a Banach space
based on the following result.

Lemma 3.1 Let C' be a closed subset of a normed space X and let x € C. Then the
two following properties are equivalent:

(a) for all e > 0, we can find p > 0 such that,

(3.1) (€ z—y) <elz -yl

for every x, y € B,(x) N C and every { € N5(y) N By;



(b) for alle >0, we can find p > 0 such that,
(3.2) de(z) > (&7 —y) —ellz —y||
for every x € B,(z), y € B,(Z) N C and every £ € 0"dc(y).

Moreover 0"de(Z) and NE(Z) are closed whenever these equivalent properties are in
force.

Proof. (b) = (a). Let o € (0,1), we observe that (2.2)) and (3.2) imply that

(&2 —y) <ellz—yl
for every z, y € B,(z) N C and every & € Nf&(y) NoBy, thus (&2 —y) < o 'ellz — vy
for every z, y € B,(Z) N C and every £ € Ni(y) N B,, yielding (a).

(a) = (b). Let € > 0, let p > 0 be such that ({,z —y) < ¢||z — y|| for every z,
y € By,(z) N C and every £ € Ni(y) N B.. Let @ € B,(z) \ C, let y € B,(z) N C,
let (z,) be a sequence of elements of C' such that lim, ., ||z — 2,|| = dc(x), and let
¢ € 0"de(y) C NE(y) N B,. We have

As z, € By,(Z) eventually and { € N&(y) N B., we have

&y —z) == 2 —y) = —ellza —yll = —ellzn — 2l —ellz —yll
yielding
Atz =zl 2 (S, 2 —y) —ellz —yll

and then, taking the limit as n — oo,
do(x) +ellz —yll = (1 +e)de(z) = (€2 —y) —ellz —yl,

thus do(z) > (£, 2 — y) — 2¢||lx — y||.

At last, let us prove that N£(Z) is closed under assumption (a). Let (&,)nen C
NE(Z) be a sequence converging to some & € X*, let ¢ > 0 and let p > 0 be such
that holds true for every z, y € B,(z) N C and every £ € Ni(y) N B.. Then
(1&nllz  nsx — &) < €|z — Z|| for every z € B,(Z) N C and every n € N. Taking the
limit over n — oo yields £ € N£(Z). The proof of closedness of 0"dx(Z) is analogous
using (b) instead of (a). m

Definition 3.1

(a) We say that a closed subset C' C X is a Fréchet set at & € C whenever it satisfies
the equivalent properties in Lemma|3. 1|



(a) We say that C is Fréchet reqular at T € C whenever it is Fréchet at T and
NE(T) = NE(T).

One easily observe that if C' is a Fréchet set at * € C' and if X is Asplund, then
NE(z) = NE(Z). Closed convex sets are clearly Fréchet regular at each of their points.
Fréchet regular sets have some elementary properties listed in the following:

Proposition 3.1 If C is Fréchet regular at x, then it is tangencially reqular at x, that
is TG (x) = Te(x). Moreover, one has 0"de(x) = 0%e(x), and the function de is
reqular at x that is do has a one-sided directional derivative at x which coincides with
the Clarke directional di,(z,-) .

Proof. We have Nf(x) = N&(x), thus NE(z) is closed convex and Nf(x) C [To(x)] ™,
hence,
To(x) C [No(@)]” = [Na(2)]” = To(x) C Te(x),
that is TS (z) = Te(x). Using (2.3)), we get
(3.3) N&(x) N B, = N&(x) N B, = 0%de(x),
and then, using the fact that 0°d¢(z) C N&(z) N By (see [12, Proposition 2.4.2]),
0°dc(x) € N&(x) N B, = NE(x) N B, = 0%de(x) C 0%de(x).

At last, let us prove that d¢ is regular at z. One easily checks that di(x,u) > (&, u),
for any v € X and ¢ € 0"d¢(z) = 0d(z) which yields

dy(z,u) > sup (€, u) = db(z,u).

£€8%do ()
Then we get
d tu) — d d tu) — d
lim inf c(w +tu) = do(@) > dl(x,u) > db(z,u) > limsup clz +tu) C(x),
t—0+ t t—0+ t

hence the result. m

Notation 3.1 If C is Fréchet regular at x, we then set

Ne(z) := Né(x) = Na(x)
(3.4)
8dc($) = 8Fdo(x) = 8Cdc($)

Observe that if C is Fréchet reqular at x, we get from that,

(3.5) dde(x) = Ne(x) N B..



An interesting property of Fréchet regularity lies in the fact that the class of Fréchet
regular sets is stable under preimages by a smooth mapping under a quite mild condition
as shown in next result which provides a large class of Fréchet regular sets.

Theorem 3.1 Let X, Y be Banach spaces, let K C'Y be closed, let p : X — Y be a
C' mapping defined on an open subset of X and let T € S := ¢~ (K). Assume that K
is Fréchet regular at ¢(x) for every x € S near &, and that we can find T > 0 and an
open neighborhood V' of & such that,

(3.6) Tds(z) < dg(p(x)) for all x € V.

Then, S is Fréchet reqular on SNV and, for every x € SNV, we have

(3.7) N(x) N7 B, C ¢(x)*(0dk(¢(x))) = ¢'(x)" (Nk (¢(2)) N B.),
and
(3.8) Ns(z) = ¢/ ()" (Nk(¢(2))).

Proof. Let us begin by showing that N§(z) = N&(x) for every z € SNV. We may
assume that K is Fréchet regular at ¢(z) for x € SNV. Let f(x) = dx(¢(z)), and let
z € SNV. As the function dy is regular at ¢(z) (see Proposition [3.1)), we know from
[12, Theorem 2.3.10 ] that

0° f(x) = ¢/ ()" (9dxk (¢(x)))-

As easily seen, we have ¢/(z)*(9dk(¢(z))) = ¢/(2)*(07dk(d(x))) C 07 f(x) and then
0°f(x) = 0" f(x). As K is tangencially regular at ¢(x) and . holds true, we know
from [9, Corollary 5.1] that,

Ts(x) =T§(z) = {u € X : ¢/(z)(u) € Tr(d(x))}.
Setting ¢ = ¢'(z), we derive that [(*(Nx(¢(2)))]” = TS (x), so that
(3.9) Ng(x) = cl (" (Ng(¢(x))))-
Now we get from that, for every o € (0,7),
(3.10) NE(z)NoB, = 0" f(z) N oB,.

As 0" f(z) is closed (it is equal to 0° f(z)), we deduce that N§(z)No B, and then N§(x)
is closed. Using Proposition [2.1] (b) and (3.5]), we obtain

(3.11) Ng(x) = R.9"f(z) = R L (Nk(o(x)) N B.) = (N (¢(x)))
thus, by , N§(z) = ¢l (N§(x)) = N&(x). Then, letting o increase to 7 in

and taking into account the closedness of N&(z) and of 0" f(x), we obtain
(3.12) N§(z) N7 B, C ¢'(2)*(0dk (d(x))).
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At last it remains to prove that S is a Fréchet set on SNV. Let z € SNV, let
e >0, let n > 0 be such that (¢, y2 —y1) < ¢l|ly2 — y1|| for all y2, y1 € B, (¢(z)) N K and
all ¢ € Ni(y1) N Bs, and let 6 > 0 be such that Bs(z) C V, ¢(Bs(x)) C B,(¢(x)) and
lp(v) — P(u) — ¢ (u)(v —u)|| <ellv—ul for all v, u € Bs(x). Given v, u € Bs(z) N S,
let £ € Ns(u) N 7B, C ¢(u)*(0dk(p(u))) and let ¢ € ddk(d(u)) = Ni(é(u)) N B, be
such that £ = ¢/(u)*(¢). We get,

(€ v—u) = (¢, ¢'(u)(v —u)) <((,¢(v) — d(u)) +ellv—ull < (c+Dellv —ull,

where ¢ is a lipschitz rate of ¢ on Bs(z), which shows that S is Fréchet regular at x.
Finally (3.8) follows from (3.11)) and (3.7]) from (3.12)). m

We derive from Theorem examples of Fréchet regular sets in the following:



Example 3.1

(a)

If : U — Y is a C' mapping defined on an open subset U of a Banach space X
with values in a Banach space Y and if ¢(z) = 0 and ¢'(Z) is surjective at some
Z € U, then we know from the Lyusternik-Graves Theorem that we can find 7 > 0
and a neighborhood V' of Z such that 7dg(z) < |[¢(z)| for every x € V, where
S = g7(0). We obtain from Theorem that S is Fréchet regular at S N V.
Then a submanifold M C R? is Fréchet regular at every x € M.

Let us consider the classical framework in constrained optimization. Let ¢ : U —
Y be a C! mapping ¢ : U — Y where U is an open subset of a Banach space X
and Y is a Banach space. Given a closed convex cone K C Y we consider the
constraint set S defined by

(3.13) S={reU:¢(x) € K} =[] —00,0]) = f(0),

where the function f : U — R is defined by f(z) = dg(¢(x)). Assume that for
some z € S, we can find 7 > 0 and a neighborhood V' of Z such that

(3.14) Tdg(z) < f(x) for every z € V.

Then Theorem tells us that the constraint set S is Fréchet regular at every
x € SNV since closed convex sets are clearly Fréchet regular at each of their
points. Several condition are known ensuring (3.14). For example condition:

(3.15) liminf  d.(0,¢'(z)*(0dk(¢(x)))) > 0.

xr— X
p(z) ¢ K

This follows from the fact that ¢'(z)*(9dk (¢(z))) = 0f (x) where 0 is, for example
the Clarke’s subdifferential and from [5], Proposition 4.1 and Theorem 5.1} or [28]
Theorem 2.2]. Observe that is in force whenever the following stronger
condition holds:

(3.16) d.(0,¢ (7" (K~ NS,) >0

where S, is the closed unit sphere of Y*, due to the continuity of ¢’ and to the fact
that ddg(p(x)) € K~ NS, whenever ¢(z) ¢ K. If Y is finite dimensional, then
compactness of the unit sphere leads to the fact that | m ) is satisfied whenever

(3.17) ker (¢'(2)*) N K~ N (¢())" = {0}.
For example if Y = RP x R™ with K = {0,} x R™, condition (3.17) becomes

p>0and > Noi(T) + §)+Z.L|F1PU i(@) =0
implies ()\, ,U) = (Opa Om>7

Zp—p-i-l oty () =0

that is the classical Mangasarian-Fromowitz condition.
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(b) Condition
(3.18) Ng(z) N 7B, C ¢'(2)* (0dk(¢(x))) = Of (x) for every z € SNV,

used in Theorem can be viewed as a general Abadie’s condition. In the case
where ¢ = (¢1, -+, ¢dp) With ¢y, -+, ¢, convex differentiable and K = R™, and
setting f(z) = dr(¢(x)) = Y1, i (x) whenever R™ is equiped with the ¢; norm.
It follows that, for any x € C', we have

¢ ()" (0dk (6(x))) = > [0,1]¢}(x),

keK (x)

where K(x) = {k € [1,m] : ¢x(x) = 0}. Thus condition (3.18) implies the dual

form of the usual Abadie’s qualification condition that is

Ng(z) = Z R ¢} (z) for every z € S near T
keK(x)

Conversely, it is shown in the proof of [23, Theorem 3| that this condition implies
(3.18]) for some 7 > 0. The dual form of Abadie’s condition dates back to [16] and
is sometimes taken as a definition of Abadie’s condition as, for example in [23].

The following lemma is our key tool.

Lemma 3.2 Let f: X — R be a lower semicontinuous function, let & € S = [f<0] =
[f=0] and let O be a subdifferential operator. Assume that we can find a multifunction
> C X X X* such that for all € > 0 there exists a neighborhood U of & such that

(3.19)  f(x)— (&2 —2) > —¢||lx — z|| for every x €U, z€ UNS and & € X(2).
Assume also that, setting N%(z) = Oug(z), there exists a neighborhood V' of & such that,
(3.20) N(z) N 7B, C X(z) for every z € SNV.
Then, for every o € (0,7), we can find p > 0 such that,

od(z,S) < f(z) for every x € B,(Z).

Proof. Let ¢ := 7 — o and let p > 0 be such that for every z € By,(Z), 2 € Bs,(Z) NS
and every £ € ¥(z), we have

(3.21) f(x) = ({,x—z) > —¢|lx — z|| and Ng(z) N 7B, C X(z).

Let x € (X \ §) N B,(Z) and let (J,)nen be a sequence of positive numbers converging
to 0. For each n € N, we can find y, € S such that h(y,) < dg(x) + J, where
h(z) = 15(z) + ||z — z||]. From Ekeland’s principle, there exists z, € S such that
120 — ynll < VO, so that lim, e [|2, — ¥a|| = 0, and that 2, minimizes the function
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h(:) + Von|lzn — || on X. From the fuzzy Fermat rule, for every n € N, we then can
find z,, € X, (,, n, € X* such that

[2n = 2nll < 0n, (IGalls <1, flnlle < V00, (Gny o0 — 2) = [l = znl,
and s, € S with [|s,, — z,|| <6, and w,, € Ni(s,) such that
1o+ 70 + W[+ < O
As lim,,_,o ||z — s, || = dg(x), we have s,, € Bs,(Z) eventually and,
leonll« < (14 /60 + 62),

thus we get from (3.20) that &, := 7(1 + /&, + 0,) 'w, € X(s,). As s, € S we get,
returning to and setting k, = (1 + /9, + 8,) 7,

f@) = (G x—sn) —ellz —snll
> Thy{wn,  — x,) — 270, — ||z — 84|

> Tho(—Co, @ — ) — Thn(V/ 00 + 6,) || — 20 || — 270, — €|z — su|.

As (=G, — ) = ||z — x,]| and lim,, o ||z — su|| = lim, 00 || — 2| = ds(z), we
obtain by letting n go to +o0,

f(z) > (1 —¢e)ds(z) = odg(x) for every x € B,(Z).

The next theorem is an error bound characterization from which we shall derive metric
subregularity characterizations in section

Theorem 3.2 Let X, Y be Banach spaces, let O be a subdifferential operator such that
OF COCo° let KCY be closed, let ¢ : X —Y be a C' mapping defined on an open
subset of X and let & € S := ¢~ (K). Assume that K is Fréchet reqular at every ¢(z)
forx € S close to x. Then, the two following properties are equivalent.

(a) We can find T > 0 and a neighborhood V' of T such that

(3.22) N§(z) N 7B, C ¢/ (2)"(Nk(¢(z)) N B,) for every x € SNV.

(b) For every o € (0,7), we can find a neighborhood U of T such that

odgs(x) < dg(¢(x)) for every x € U.
Moreover S is Fréchet regular on S NU.
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Proof. The fact that (b) = (a) follows from Theorem observing that N§(z) =
Ng(z) for every z € S close to & since S is then Fréchet regular near z and using the
fact that ¢/(z)*(Nk(¢(z)) N B,) is closed for any z € S close to Z.

Let us prove that (a) = (b). We may assume that V' is open and that K is Fréchet
regular at ¢(x) for every x € SN V. Setting f(x) = dx(p(x)), let z € SNV and
let 0 € (0,7). As K is Fréchet regular at ¢(z), we obtain from Proposition that
Ni(¢(z)) N B, = 0"dg(p(x)), thus

Ni(z) N 7B, C ¢/ ()" (0"dk(o(x))).

Let us set X(z) = ¢/(2)*(07dk(¢(z))), we claim that f satisfies (3.19). Indeed, given
e >0, let p > 0 be such that

di(u) = (G u—v) = —elju — o]

for all u € B,(¢(z)), v € B,(¢(z)) N K for all ¢ € 0"dk(v). Let ¢ be a lipschitz rate of
¢ near z, let n € (0, p) be such that ¢(B,(z)) C B,(¢(z)) and that

lp(z) = ¢(2) = & (2)(z — 2)[| < ellv — 2| on By (%)

Now, let z € B,(Z), z € B,(z) N S, let £ = ¢'(2)*(¢) € X(2) where ¢ € 0"dk(¢(2)), so
that,

f@) = (¢ o) = ¢(2)) —ello(z) — o(2)]
> (G ¢'(2)(x = 2)) —ellz — 2[llI¢ll — celle — 2]

> (§x—2)—(c+ Deflz—z]|.
Thus the conclusion follows from Lemma 3.2l m
Remark 3.1 It is noteworthy that Theorem and all results in the sequel of the
present paper apply with 0 = 97 if X is Asplund and with 9 = 9° in a general Banach
space X.
Theorem is quite versatile as shown by the following:

Theorem 3.3 Let X, Y, Z be Banach spaces let O be a subdifferential operator such
that O C 0 C 0°, let K C Y, L C Z be closed, and let ¢ : X — Y, : X — Z be C!
mappings defined on an open subset of X, and let T € S := ¢~ (K) N~ (L). Assume
that K (resp. L) is Fréchet regular at every ¢(x) (resp. ¥(x)) for x € S close to T,
then the two following properties are equivalent.

(a) We can find T > 0 and a neighborhood V' of T such that
(3.23) N&(z) N 7B, C ¢/ (z)"(Ng(¢(z)) N By) + ' (x)" (N (v(z)) N By)

for everyx € SNV.
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(b) For every o € (0,7), we can find a neighborhood U of T such that
ods(z) < dg(o(x)) +dp(v(x)) for every x € U.

Moreover S is Fréchet reqular on SN U.

Proof. 1t is straightforward to check that K x L is Fréchet regular at x € K N L
whenever K and L are Fréchet regular at z. Let us endow Y x Z with the norm
l(y, 2)|| = |lyll + ||z]|, so that the unit ball of the dual norm is B, x B,. Now we have

dicxr(y, 2) = di (y) +di(2), (¢,¢) (K x L) = ¢ (K)Np~H(L) and (¢,)'(2)*(£,¢) =
&' (x)*(&) + ' (x)*(C) for (&§,¢) € Y* x Z*. Applying Theorem [3.2]in that case leads to
the result. m

The previous theorem has the following consequence.
Corollary 3.1 Let X be a Banach spaces, let O be a subdifferential operator such that

0" C 0 C o let K C X, L C X be closed subsets which are Fréchet reqular near
x € KN L. Then the two following properties are equivalent.

(a) We can find 7 > 0 and a neighborhood V' of T such that
(3.24) Ny (x)N7B, C Ng(x) N By + Np(x) N B, for every x € KN L.

(b) For every o € (0,7), we can find a neighborhood U of T such that
odgnr(z) < dg(x) +dp(x) for every z € U.

Proof. Apply Theorem33|withY =Z =X and¢=v =1x. =

4 The Lagrange-Karush-Kuhn-Tucker property

In this section, we apply results of the preceding section to optimality conditions. It
is well known that existence of multipliers in mathematical programming is obtained
in presence of some qualification condition. Then, it seems interesting to identify some
characteristic condition guaranteeing existence of multipliers like in [20]. To this end, let
us begin by the definition of the Lagrange-Karush-Kuhn-Tucker property. We consider
a closed subset K C Y of a Banach space Y and a C! mapping ¢ : U — Y defined on
an open subset of a Banach space X and we set S = ¢! (K). Given T € S, we assume
that K is Fréchet regular at ¢(x) for every = € S close to z.

Definition 4.1 We say that the pair (¢, K) has the Lagrange-Karush-Kuhn-Tucker
property near T € S whenever there exists 6 > 0 and p > 0 such that for any function
[ which have a local minimum on S at some x € SN B,(Z) and is k-Lipschitzian near
x, then we can find & € X* such that,

0€9°f(x) + ¢'()"(§)
(4.1)
€ € Ng(o(z) NOKB..
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In the Lagrange case, corresponding to K = {0}, and if f is differentiable at x, then
property reduces to f'(z) + ¢'(x)*(§) = 0, that is £ is a classical Lagrange mul-
tiplier. If K is a closed convex cone then ¢ is a Karush-Kuhn-Tucker multiplier. It
is pleasant that these two cases may be treated in a unified way. Our result is the
following;:

Theorem 4.1 Let K CY be a closed subset of a Banach space Y, let O be a subdiffer-
ential operator such that 0 C 0 C 9°, let ¢ : U — Y be a C* mapping defined on an
open subset of a Banach space X and let S = ¢7(K). Given T € S, we assume that
K is Fréchet regular at ¢(zx) for every x € S close to . Then the following properties
are equivalent.

(a) The set S has the following error bound property near ZT: there exist T > 0 such
that for every o € (0,7) we can find p > 0 such that

(4.2) ods(x) < dg(p(x)) for every x € B,(T).

(b) We can find 7 > 0 and a neighborhood V' of T such that

(4.3) N3(z) N 7B, C ¢ (z)"(Ng(¢(z)) N B,) for every x € SNV.

(¢c) The pair (¢, K) has the Lagrange-Karush-Kuhn-Tucker property near T € S.

Proof. We know from Theorem [3.3| that (a) and (b) are equivalent.

(a) = (¢) Let o € (0,7) and let p > 0 satisfying ([£.2). We may assume that K is
Fréchet regular at ¢(x) for every x € SN B,(z). Let f be x-Lipschitzian near x having
a local minimum on S at x € SN B,(z). We can find r > 0 such that f is x-Lipschitzian
on By () C B,(Z) and attains its minimum on SN By, (x) at . Applying the Clarke’s
penalization principle, we obtain that for every z € B,(z),

f(2) + 07 mdr(6(2)) 2 f(2) + K ds(2) = f(2) + Kdsnp,, @) (2) = f(2).

It follows that the function f + ~y (dg o ¢) with v = o~'x has a local minimum at z,
thus we get, using the facts that the function dk is Fréchet regular at ¢(x) and that K
is Fréchet regular at ¢(x),

0 € 0°f(x) +70(dk © d)(x) = 0°f () + 7 (2)" (Nk(e(2)) N Bs),

leading to (4.1]) for some & € N (p(x)) satisfying ||€]|. < 0k with § = o1

(¢) = (a) Let p > 0 be such that the Lagrange-Karush-Kuhn-Tucker property is
satisfied by the pair (¢, K) on Bs,(Z) and let ¢ be a lipschitz rate of ¢ on By,(Z). Let
T=0"1let o € (0,7) and let 0 < e < (1+¢)" (7 — o). We may assume that

lp(z) — ¢(2) — & (2)(z — 2)[| < elle — 2],
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for every z, z € By,(Z). Given z € (X \ ) N B,(Z) and a sequence (d,),en of positive
numbers converging to 0, let z,, € S be such that h(z,) < ds(x) + 0, where

h(z) = s(2) + ||z — =],

so that lim, o ||z — x,]| = ds(x). From Ekeland’s principle applied with the metric
d(x,y) = Vn||z — y|, we can find z, € S such that
(4.4) h(zn) + Vonllzn — 2nl| < h(xn),

and that 2, minimizes the function h(-) + /5, |z, — -|| on X. Observe that (4.4) yields
|z — 2nl| < V0, thus lim, o |2, — 2,|| = 0. Then, we get

so that z, € Bs,(7) eventually. Setting

F(z) =Nz =l + Véallz = zall,

this function is convex Lipschitzian with rank x := 1+ /6, and has a global minimum
on S at z, € By,(z). Thus we can find, from (b) vectors ¢, € 9| - [|(zn — ), N €

V6,0l [1(0), & € Ni(6(2,)) such that [[&,]l. < 0(1 + /3,) and
0==Cut+mn+ ¢/(Zn)*<€n>

Thus we get [|Gall« = 1, [|7all« < VOns (Cnr 20 — ) = [|# — 2|, and

—Cn — M = ¢/(zn)*(£n)

&n € Ni(9(2n))

and then 7,,§, € 0dk(¢p(z,)) with 7, = (9(1 + \/5_,1))71. Now, as K is Fréchet regular
at ¢(Z), we may assume that for every x € Bs,(Z), 2 € By,(Z) N S and for every

X € 9dk(¢(2)), we have (x, ¢(z) — ¢(2)) = —¢¢(x) — ¢(2)[|. We have
im = 2 = Jim [l = o] = ds(e),
Observing that dx(¢(z,)) = 0 and that 7,&, € 0dk(¢(z,)) we get,

di(¢(x)) = (Tubn, O(x) — d(20)) — €llp(z) — ¢(2n)]]

> Tn<¢/(zn)*(5n)v T — zn) —ellz — 2| —ecl|z — 2|
> Tl =Cnr = 20) = (€ (14 €) + Tun/00) |7 — 24|
> (Tn_5(1+c)_7-n\/a>”x_zn”'
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Letting n go to +o00, we get the desired conclusion:
di(P(x)) > (1 — (1 +c¢)e) dg(x) > odg(x) for every x € B,(Z).

It follows from Theorem that the error bound property (4.2) is the ultimate quali-
fication condition in order to derive existence of multipliers.

Remark 4.1 Theorem extends [20, Theorem 2] in which the same conclusion was
obtained in the particular case of finite dimensions with K = {0}” x RZ.

5 Applications to metric subregularity of multifun-
ctions

Given metrics denoted by d on X and Y, we assume that X x Y is endowed with a
metric also denoted by d inducing the product topology and satisfying the condition
d((z1,11), (z1,92)) < d(y1,y2), and let f: X — R be defined by

f(l’) = dp(l’,g),

so that [f<0] = F~1(y) whenever F is closed. Given 7 > 0, let us define on X x Y a
norm ||(-,-)||” whose associate metric is denoted by d™ by,

(5.1) G, )" = 7 [Jull + l]l-

The following proposition which is inspired from a part of the proof of [29, Theorem 3.1]
establishes the equivalence between a local error bound for the function f and metric
subregularity of the multifunction F'.

Proposition 5.1 Let F' C X x Y be a closed multifunction, let (z,y) € F and let
7 > 0. Let us consider the two following properties:

(a) we can find a neighborhood V' of T such that, setting S = F~(y), we have

(5.2) Tds(x) < dp@)(y) for all x €V

(b) we can find a neighborhood W of T such that

Tds(z) < dp(x, 7).

Then (b) = (a) and (a) = (b) whenever d = d™ on X x Y. We say that F is
metrically subregular at (Z,y) € F whenever (a) is satisfied.
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Proof. (b) = (a). Let p > 0, be such that 7dgs(z) < dp(x,y) for all z € B,(z). Then,
for every x € B,(z) and y € F(z), we have,
thus 7dg(z) < dp)(9).

(a) = (b). Assume that

Tds(x) < dp@)(y) for every x € Bo,(T).

We claim that 7dg(x) < df(z,y) for every © € B,(z). Indeed, let us assume by
contradiction that 7dg(zg) > dj(xo,y) for some zy € B,(z). Then we can find (u,v) €
F such that 7dg(xo) > 7d(xo,u) + d(y,v) > Td(xo,u) + dpw)(y). Now we have
Td(zo,u) < Tdg(x9) < 7d(x0,Z), so that d(Z,u) < 2p and then,

Tds(xo) > 7 d(20,u) + dpw)(y) > 7 d(xo, u) + 7 ds(u),
leading to the contradiction dg(xo) > d(zo, u) + ds(u). m

Remark 5.1 One may introduce a closed constraint A C X in the definition of metric
subregularity. The multifunction F' is metrically regular at (z,y) € F N (A x Y) with
respect to A if we can find 7 > 0 and a neighborhood V' of z such that we can find a
neighborhood V' of Z such that, setting S = F~(y) N A, we have

(5.3) Tds(x) < dp)(y) + da(z) forall zeV.

With a proof analogous to the one of Proposition one easily see that (5.3)) implies
that there exists a neigbhborhood U of z such that,

(5.4) Tdg(x) < dp(x,§) + da(z) for all z €U,

where d.((z1,11), (z2,y2)) = (7 + D) d(z1, z2) + d(yy, yo).

Given a multifunction ¥ C X x Y and a subdifferential operator such that 0" C
0 C 0°, the d-coderivative at (z,7) € F is the multifunction D**F(z,y) C Y* x X*
defined by
DF(z,5) = {((,§) € Y x X" : (€, —() € N°F(z,7)}.

If F' is Fréchet regular at (z,7), we simply write D*F(Z, ).

Theorem 5.1 Characterization of metric subregularity of Fréchet regular
multifunctions. Let X, Y be Banach spaces, let O be a subdifferential operator such
that 0" C 0 C 09, let G > (z,y) be a closed multifunction which is Fréchet regular at
(x,9) for every x € S := G7Y(y) close to . Then the multifunction G is metrically
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subregular at (Z,y) if and only if we can find T > 0 and a neighborhood V' of T such
that,

(5.5) N2(z) N 7B, C D*G(x,3)(B,) for every x € SNV.

More precisely, if is satisfied, then for all o € (0,7) we can find a neighborhood U
of T such that
odg-15)(r) < dg@)(y) for every x € U.

Proof. We know from Proposition that G is metrically subregular at (z,7) if and
only if we can find 7 > 0 and a neighborhood W of Z such that 7dg(z) < d7(®(x)) for
every z € W where S = G71() and ®(z) = (z,7). As G is Fréchet regular at (x,y) for
every z € S := G7(y) close to 7, this is equivalent, by Theorem , to the existence
of a neighborhood U of z such that

N§(z) N 7B, C ®'(2)*(Ne(®(x)) N B.) for every z € SNU.

Now we have ®'(x)"(¢, ¢) = ¢, the dual norm of ||- || is [|(¢, )[|7 = max(7~|¢]., [I<]1.)),
thus Ng(®(x)) N B, = Ng(z,y) N (7 By X B,), yielding the conclusion of the theorem. m

Analogously to the convex composite multifunctions introduced in [30], we shall use
Fréchet regular composite multifunctions. Let us begin by a characterization.

Theorem 5.2 Let X, Y, Z, W be Banach spaces, let O be a subdifferential operator
such that O C 0 C 0%, let FF C Z x'Y be a multifunction, let L C W be closed let
¢ (resp. 1) be a C' mapping defined near & € X with values in Z (resp. W) and let
G = F o ¢. Assume that

e (¢(r),9) € F, (7)€ L,

o for everyx € S := G Hy)NY~Y(L) close to T, F is Fréchet reqular at (¢(x),7y)
and L is Fréchet regular at ¢(z).

Then the two following properties are equivalent.

(a) We can find 7 > 0 and a neighborhood V' of T such that, for every x € SNV,

(5.6) Ni(x)N7B. C ¢/(2)" (D' F(6(x), 5)(B.) N B.) + ' (2)" (No((x)) 1 B.).

(b) For all o € (0,7) we can find a neighborhood U of T such that

ods(z) < dp(d(x), §) +di(¥(x))) for every x € U.
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Proof. Let us endow Z x Y with the norm ||(u, v)|| = ||u| + ||v|| so that B, = B, x B,.

(u
Let us set ®(z) = (¢(x),7), thus S = &~1(F) Ny~ (L), '(x)(u) = (¢'(x)(u),0) for all
w € X, and ®'(z)*(&,¢) = ¢'(x)*(€) for all (¢, C) € Y* x Y*. Observing that (B.6) is

equivalent to N3(z)N7B, C ®'(z)*(Np(®(z),§) N (B, x B.)) +¢'(z)* (N (¥ (z)) N B.),

the conclusion of the theorem follows from Theorem B.3] m

We give now a characterization of metric subregularity with respect to a constraint
for Fréchet regular composite multifunctions.

Theorem 5.3 Characterization of metric subregularity with respect to a con-
straint of Fréchet regular composite multifunctions. Let X, Y, Z, W be Banach
spaces, let O be a subdifferential operator such that O C 0 C 0°, let F C Z x Y be a
multifunction, let L C W be closed let ¢ (resp. 1) be a C* mapping defined near T € X
with values in Z (resp. W) and let G = F o ¢. Assume that

° (¢(z),y) € F, ¥(z) € L

o for everyxz € S := G (g) N~ (L) close to T, F is Fréchet reqular at (¢(z),7)
and L is Fréchet reqular at ¢(z).

o Assume also that, for somet > 0,
(5.7) tda(z,y) < dp(¢(x),y) for (z,y) close to (z,y),
and that, setting A = ~1(L), for some s >0,

(5.8) sd(z, A) < dp(y(z)) for x close to .

Then the two following properties are equivalent.

(a) We can find 7 > 0 and a neighborhood V' of & such that, for every x € SNV,

(5.9)  N§(z)N7B. C ¢/(x)"(D"F(¢(x),5)(B.)) + ¢'(2)" (N (¥(x)) N B.).

(b) We can find o > 0 and a neighborhood U of T such that

odg(r) < dp@)(¥) + da(z) for every x € U.

Proof. Let us prove that (a) = (b). We may assume that is satisfied for the
¢ norms on X x Y and Z x Y, so that the dual closed unit balls are the product of
the coresponding dual closed unit balls. Let ®(z,y) = (¢(z),y), so that G = d~1(F).
Then we derive from Theorem that we can find neighborhoods U of z and V' of y
such that G is Fréchet regular on U x V', A is Fréchet regular on U and,

Na(z)Ns B, C w’(x)*(NL(z/J(x)) N B*),
(5.10)
Ng(z,y) Nt (B, x B,) C ¥ (z,y)"(Nr(¢(z),y) N (B, x By)),
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for every (z,y) € GN (U x V) and x € ANU. We have '(z,y)(u,v) = (¢'(z)(u),v)
for all w € X and v € Y, and ®'(z,9)*(£,¢) = (¢'(x)*(£),() for all (¢,() € Z* x Y.

Now, let (&,() € Ng(z,y), it follows from that (£,¢) = (¢'(x)*(x),¢) with
(x,¢) € Ne(o(z),y) and [|x|[« <t 1([€|l«+|<]|+). Thus, using the fact that Ng(z,y) =

' (2,y)*(Np(d(x),y))) (see (B.8), if € € ¢/(x)* (D*F(¢(x),5)(B.)), we have
£ € ¢(x)" (D" F(d(x),5)(Be) Nt ([[€]ls + 1) B.).
It follows that takes the form,
N§(x) V7B, C ¢'(x)"(D*F(¢(2), §)(B:) N (T + ¢+ 1)t B.) + ¢/ (2)" (N (4(2)) N B.)

where ¢ is a lipschitz rate of ¥ on U. From (5.8) and Theorem we know that
A = ¢7Y(L) is Fréchet regular and that Na(x) = ¢/(2)*(Nr(¢(x))) near . Then we
have,

N§(z) N 7B, C ¢/ (z)"(D*F($(2),§)(B.) N (T + c+ 1)t 7' B,) + Na(z) N cB,
yielding:
N§(z) N 7B, C ¢/ (z)"(D*F(¢(z),y)(B.) N B,) + Na(z) N By,

with 7 = 7(1 + ¢+ (7 + ¢+ 1)t7')~'. Applying Theorem with ¢ = Id, for any
o € (0,7), we can find a neighborhood U of Z such that, for every = € U,

0 ds(x) < dp(d(x), §) + da(w) < dpe) (9) + dal@),
leading to (b).

Let us prove the reverse implication. Relying on (5.4), we can find a neighborhood
U of z such that

(5.11) ods(z) < dg(z, ) + da(z) for every z € U,

where G = Fo¢ and d is the distance associated with the norm ||(u, v)|| = (o +1)||ul| +
|v]] on X x Y whose dual closed unit ball is (6 4+ 1)B, x B.. Applying Theorem [3.3|
we derive that S is Fréchet regular on U, and that for every x € SN U,

Ni(z) NoB, = Ns(z) NoB, C Q' (2)*(Ng(z,9) N ((o + 1)B, x B.)) + Na(z) N B,
where Q(x) = (z,7). As Q' (z)*(£,() =&, we get
Ns(x)NoB, C D*G(x,y)(B.) N (0 + 1)B, + Na(x) N By,
and then, setting & = o(0 + 1)~ and using (5.10)),
Ns(x)NéB, C D*G(x,y)(Bs) + Na(x) N B,
C D*G(x,7)(B.) + ¢/ (x)" (No(¥(x)) s~ By).
From and Theorem , we get Ng(z,7) = ' (z,y) (Nr(é(2),7)), thus
D*G(x,9) = ¢/(x)" o D"F(¢(x),9),
yielding with 7 = # ]
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Remark 5.2 In the convex composite setting (F and L closed convex), assumption
(5.7) is fulfilled if the Robinson qualification assumption :

R. (dom F — (1) — ¢/(7)(X)) = Z

holds true. Indeed this condition yields Ry (F — ®(z,7) — (2, )(X xY)) = Z x Y,
where ®(x,y) = (¢(x),y) which in turn implies (5.7)) by [9, Theorem 4.2]. As well, the
same theorem shows that the qualification assumption

R (L —o(2) —'(2)X) =W

leads to (5.8]). Better than a sufficient condition such as the Robinson’s one, (5.7)) and
(5.8) are characterized in our more general setting by ([5.10)).

6 Applications to error bounds of Fréchet regular
composite functions

Let us consider Banach spaces X and Y and a function g : X — RU{+o0} of the type
g = fo¢ where f:Y — RU{+o0} is a Fréchet regular function (that is a function
whose epigraph is Fréchet regular), and ¢ is a C! mapping defined in a neighborhood
of dom f with values in Y. The class of such functions extends widely the class of
convex composite functions. Given a Fréchet regular function f : Y — R U {+oo}

and y € Y, we have 9" f(y) = 0°f(y) since NI, ((x, f(x)) = N&; (@, f(x)), and then
we set Of(y) := 0" f(y) = 0°f(y). We shall also use the asymptotic subdifferential
0°f(x) ={¢& € X*:(£,0) € Nepif(, f(x))}. Let us begin by the computation of the

subdifferential of f o ¢.

Proposition 6.1 Let X, Y be Banach spaces, let f : Y — RU{+oc0} be a Fréchet
reqular function, let ¢ is a C' mapping defined on an open set of X with values in'Y
and let g = f o ¢. Assume that, for some t > 0 we can find open neighborhoods U of
T € domg and V' of g(x) such that

(6.1) tdepig(, ) < depi f((2), ) for every (x,a) € U x V.

Then epig is Fréchet reqular on U x V' and, reducing U if necessary, for all (z,a) €
epig N (U x V) we have:

(6.2) 9g(x) = ¢'(2)"(0f(¢(x))),
and, for every p > 0,
(6.3) dg(x) N pB, C ¢/ (x)"(9f(¢(x)) Nt~ (p+1)B.).

Proof. We may assume that V' = (g(z) — ¢, g(z) + ¢) for some € > 0 and that g(x) >
g(z) — ¢ for every x € U. We have epig = ®!(epi f) where ®(z,a) = (¢(z),a). We
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may also assume that (6.1)) holds for the /! norms on X x R and Y x R. Then we know
from Theorem [3.2] that epig is Fréchet regular on epig N (U x V) and that, for every
(x,a) € epigN (U x V),

Nepig<x7 Oé) = (I)/(CL’, a)*(Nepif(¢(x)7 Oé))7
along with,
(6.4) Nepig(z,0) Nt(By x [—1,1]) C ®'(x,

Now, if (z,a) € epig N (U x V), we have g(z
(,g(x)) € epigN (U x V) thus Nepig(z, g(z))
'(z, )" (&, 8) = (¢'(2)*(§), 5), we get

Nepig(7, 9(x)) = {(¢/(2)°(&),5) : (€, 5) € Nepi (6(), f((2))) },

and then (¢, —1) € Nupsy (. () iff ¢ = /() (€) with (€, 1) € N y(6(2), (6())
leading to . At last (¢, —1) € Nepigy(z, g(z)) implies by-that ¢ = ¢ (x)*(§) with
¢ € 0f(¢(w)) and [|€]. < (¢, 1)l < t7H([¢]l + 1) from which we get (6.3). m

Applying the results of the preceding section, we can characterize the existence of
an error bound for a Fréchet regular composite function.

|| \/ \_/
(‘f)
AN
K
—~
I/\
Q
AN
Q

8 =
+
\_(‘f)
n
o
-+
=
99
-+

‘P(l’ ()" (Nepi £ (0(2), f(0(x))). As

Theorem 6.1 Let X, Y be Banach spaces, let O be a subdifferential operator such that
OF CcocC o et f:Y — RU{+oo} be a Fréchet regular function, let ¢ be a C*
mapping defined near T € X with values in'Y and let g = f o ¢. Assume that g(Z) <0
and that for some t > 0 and for every (z,a) € epig close to (z,0),

(6.5) tdepig(; @) < depi p(P(2), @),

Then the two following properties are equivalent:

(a) We can find 7 > 0 and a neighborhood V' of T such that,

¢'()*([0,1]0f(6(x)))  if f(o(x)) =
N2(z)N 7B, C

¢'(x)* (0= f(¢(2))) if f(¢(x)) <0,
for every x € SNV where S = [g<0] with the convention 09 f(p(x)) = 0 f(¢(z)).

(b) The function g has an error bound at T and for every o € (0,7) we can find a
netghborhood U of & such that

o dig<o)(z) < g(x)* for every z € U.
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Proof. We apply Theorem with L = W = {0} and ¢ = 0 to the multifunctions
F =epif and G = epig at (z,0) observing that G~*(0) = [¢9<0] and that dg()(0) =
dig(z),+00)(0) = g(x)*. Condition takes the form and it remains to translate
condition in our setting. This condition reads,

N§(z) N 7B, C ¢/ ()" (D*(epi f)(¢(z),0)([-1,1])) for every z € SNU.

where S = [¢<0], for some 7 > 0 and some neighborhood U of z. Let us compute
Nepi p(¢(x),0) whenever x € SNU. If f(¢p(x)) < 0, then —6 > f(o(x)) for every
d € (0,00) with o9 = —f(¢(x)) > 0, so that (¢(z),£) € epif. Now let (&,s) €
Nepi f(¢(2),0) and € > 0, so that we can find 0 < § < Jy such that s(+0) < &6
yielding |s| < e for all ¢ > 0, that is s = 0. If f(¢(z)) = 0, we have Ny r(¢(x),0) =
(TS, (6(x),0)]” and T2, (é(x),0) is the epigraph of the Clarke-Rockafellar directional

epif epi f
derivative fT(¢(x),-) yielding s < 0. Applying Proposition and reducing U if
necessary, we get,

e If f(¢(x)) <0, then
D*(epi f)(¢(2),0)([=1,1]) = D*(epi f)(¢(x),0)([0,1])
= D*(epi f)(¢(x),0)(0)
= 0% f(¢(x)).

o If f Ecb(x])) = 0, we have D*(epi f)(¢(z),0)(0) = 0% f(¢(z)) = 00f(4(x)) and, for
te(0,1],
D*(epi f)(¢(x),0)(t) = tOf (¢(x)),

leading to the conclusion of the theorem. m
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