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SUBGRADIENTS OF DISTANCE FUNCTIONS AT OUT-OF-SET POINTS

Boris S. Mordukhovich and Nguyen Mau Nam

Abstract. This paper deals with the classical distance function to closed
sets and its extension to the case of set-valued mappings. It has been well
recognized that the distance functions play a crucial role in many aspects of
variational analysis, optimization, and their applications. One of the most
remarkable properties of even the classical distance function is its intrinsic
nonsmoothness, which requires the usage of generalized differential construc-
tions for its study and applications. In this paper we present new results in
theser directions using mostly the generalized differential constructions intro-
duced earlier by the first author, as well as their recent modifications. We
pay the main attention to studying subgradients of the distance functions in
out-of-set points, which is essentially more involved in comparison with the
in-set case. Most of the results obtained are new in both finite-dimensional and
infinite-dimensional settings; some of them of provide essential improvements
of known results even for convex sets.

1. INTRODUCTION

This paper is devoted to the study of generalized differential properties of dis-
tance functions, which play a remarkable role in variational analysis, optimization,
and their applications; see, e.g., the books [3, 15, 19] for more discussions and
references. Since the standard/classical distance function

(1.1) d(z; Q) :=inf ||z —y|, z€X,
yeN

is not differentiable (while always Lipschitz continuous on X)) even for the simplest
sets 2 C X, tools of generalized differentiation are heavily needed for its study and
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applications. We refer the reader to [2, 6-9, 11, 13, 15, 16, 19, 21] among other
publications devoted to computing and estimating various subgradient sets for the
classical distance function (1.1) in finite and infinite dimensions. Note that there
are two principal and essentially different cases for generalized differentiation of
(1.1): the in-set case of z € Q and the out-of-set case of = ¢ Q. The latter case is
much more involved and less investigated.

In this paper we consider, along with the standard distance function (1.1), it
extension

(12) plz @)= b o=yl =d(F(z);z)

built upon the generating set-valued mapping F': Z = X. The latter function,
called the general distance function in what follows, may be essentially more com-
plicated than (1.1). In particular, it is not generally Lipschitz continuous and even
lower semicontinuous (l.s.c.) around given/reference points. Some generalized dif-
ferential properties of (1.2) were studied in [4, 5, 16, 20]. Again, there are two prin-
cipal settings for studying local properties of (1.2): the in-set case of (z,z) € gph F’
and the out-of-set case of (z,z) ¢ gph F. To the best of our knowledge, the latter
case has been investigated only in the papers [4, 16].

The present paper can be considered as a continuation and development of our
previous one [16] being, in contrast to [16], entirely devoted to the out-of-set case for
both the general and standard distance functions. New developments concern, first
of all, the involvement of intermediate points between the reference and projection
ones into upper subgradient estimates; see below. This brings us to new results even
for convex sets in finite dimensions. We establish also new relationships between
singular subgradients and mixed coderivatives of marginal/value functions that are
directly applied to the general distance function (1.2) in the non-Lipschitzian case.
Moreover, we extend the class of subdifferentials under consideration in comparison
with [16] and obtain new applications to the projection nonemptiness and Lipschitz
stability.

The rest of the paper is organized as follows. In Section 2 we briefly discuss
some preliminary material needed in what follows. Section 3 collects new upper
estimates for various subgradients of the distance functions (1.1) and (1.2) involving
intermediate points. In Section 4 we present upper estimates for the new type of
right-sided limiting subgradients for both distance functions under consideration.
Section 5 is devoted to establishing relationships between singular subgradients
of marginal functions, including the general distance function (1.2), and mixed
coderivatives of the generating set-valued mappings. Finally, Section 6 contains
some new applications of the main results obtained in the paper.

Unless otherwise stated, all the spaces under consideration are Banach, with X *
denoting the dual space of X. As usual, IB and /B* stand for the closed unit balls
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of the space in question and its dual, while S and S* denote the corresponding unit
spheres. The notation B(z;0) := & + ¢IB stands for the closed ball centered at =
with radius . Note also that IV := {1, 2, ...} and that the convention 0 - () = 0 is
used in what follows.

2. PRELIMINARIES

This section contains some preliminary material, which is widely used in the
main body of the paper. The reader can find more details and references in the books
by Rockafellar and Wets [19] in finite dimensions and by Mordukhovich [15] in
both finite-dimensional and infinite-dimensional spaces.

Given Q C X and ¢ > 0, define the (Fréchet-like) e-normals to 2 at z € 2 by
lim sup w < 5},

2.1 N.(7:Q):= d2* € X*
@) (@) = {o T

Q —
r—7T

where z <% 7 means that 2 — z with = € Q. When & = 0, the set ZVO(gE; Q) in
(2.1) is a cone called the Fréchet normal cone and denoted by N(f; Q).

The basic/limiting normal cone N(z;2) is obtained from ]Ve(x; Q) by taking
the sequential Painlevé-Kuratowski upper (or outer) limit in the weak* topology w*
of X* as

(2.2) N(Z; Q) := Lim sup N, (z; ).
Q _
J?ETOJ?

One can equivalently put ¢ = 0 in (2.2) when € is closed around Z and when
the space X is Asplund, i.e., a Banach space whose separable subspaces have
separable duals. This class of spaces is sufficiently large including, in particular,
every reflexive space; see, e.g., [18] for more information. The cone of proximal
normals is defined by

Np(z;9Q) := {x* € X*| 36 >0, n >0 such that (z*, 2 —z) < n|jz — 7|

fmdlxeB@ﬁ”.

If the space X is Hilbert, then the basic normal cone (2.2) can be equivalently ob-
tained as the the sequential Painleveé-Kuratowski limit of proximal normals instead
of Fréchet ones in (2.1) with ¢ = 0:

N(z; Q) = Limsup Np(z; ),

Q _
r—T
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which reduces to the normal cone introduced by Mordukhovich [12] in finite di-
mensions.

Let f: X — IR := [—00,00] be an extended-real-valued function finite at z.
The set
3 - * PR T f(fI,')—f(i‘)—<(I)*7{L‘—i'>
2. = X1 f > —
(2.3) 0-f(Z) {x € im in Iz =7 > 5}

is called the e-subdifferential of f at z. If ¢ = 0, then 50f(92) is said to be the
Fréechet subdifferential of f at z and is denoted by 0f(z). Similarly to the case of
normals, the proximal subdifferential of f at z is defined by

Opf(z): ={az* € X*| 306 >0, n>0 suchthat (z*,z—z)
< f(z) = f(@) + )z —z|? forall z e B(f;é)}.

The basic/limiting subgradient of f at z is defined by

(2.4) df(z) := Limsup 0- f (z),

f
r—T
el0

where = L 7 means that = — 7 and f(z) — f(z). Note that O.f(x) can
be replaced by 5@(95) = 50f(x) in (2.4) when X is Asplund while f is lower
semicontinuous around . Moreover, one can equivalently use the proximal subdif-
ferential under the “Lim sup” in (2.4) if X is Hilbert. Let us mention the geometric
representation of the basic subdifferential:

0f(z) = {2" € X*[ (a", —1) € N((, f(x));epi f) }

via the epigraph epi f := {(z,n) € X x R| u > f(z)} of f. It follows from (2.4)
that

~

(2.5) of (z) C 0f(z),

while the equality in (2.5) defines the class of lower regular functions [13, 15],
which particularly includes the case of Clarke regularity as defined in [19].
Recall the singular subdifferential construction for f: X — IR at z defined by

(2.6) 0 f(z) = Limsup Agef(x).
&,A10
This construction makes sense only for non-Lipschitzian functions, since 9> f(z) =

{0} if f is Lipschitz continuous around z. Note that ¢ > 0 can be equivalently
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omitted in (2.6) if X is Asplund and f is l.s.c. around z. Observe that in the latter
case the singular subdifferential (2.6) admits the equivalent geometric representation

(2.7) 0% f(z) = {a" € X*[ («",0) € N((z, f(2));epi f)}.

We also need to recall some directional derivative/subderivative constructions
used in what follows. The Rockafellar subderivative of f: X — IR at z is defined
by

th') —
f1(z; h) == sup [ lim sup < inf M)},
6>0 (J?,Oé)lfj,tlo h/EB(f;(S) t
where (z,a) |/ Z means that (z,a) € epif,(z,a) — (Z, f(z)). If fis Ls.c.
around z, then

(@ h) := sup [limsup < inf [l +th") - f(x)ﬂ,

5§50 h eB(%;6 t
Z J:im’:,th )

where = L. z stands for f(x) — f(z) with z — z. Moreover, when f is locally
Lipschitzian around z, the subderivative f'(z; h) agrees with the Clarke directional

derivative
f°(z; h) ;= limsup flz+th) - f(x)
’ r—Z,t]0 t

Finally, the Dini-Hadamard directional derivative of f at z is given by

f(z;h) = ]1113}11% f(z "’tht) — (@)

)

which is simplified by

oy e J(@ A th) — f(T)
f(z;h):= h%énf "

when f is locally Lipschitz around z. The corresponding Clarke and Dini-Hadamard
subdifferentials of f at z are defined by

B f (%) = {x € X*|(a*,h) < f1(z; h), for all h X},

o~ f(z) := {x € X*|(a*,h) < f~(z;h),forall h X}.

We say that f is directionally regular at z if f—(z;h) = f1(z;h) for all h € X,
which implies that 0¢c f(z) = 0~ f(Z).
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Considering a set-valued mapping F': X = Y between Banach spaces with the
graph

gph F := {(z,y) € X x Y| y € F(z)},

we recall its normal coderivative D} F(z,y): X* = Y™* and mixed coderivative
D3, F(z,y) at (z,y) € gph F defined respectively by

(28)  DNF(z,9)(y") = {a" € X*| (2", —y") € N((z,7); gph F') },

hF ,_ _

Dy F(z,9)(y") = {x*eX* Jer 10, (ze,mp) 55 (7). 2 L 2,

v I with (:c;;,—y,’;)eﬁek((wk,yk);gphF)}v

(2.9)

where signifies the weak* sequential convergence in X*, while Il stands for the

norm convergence in the dual space; we omit || - || in the latter. We can equivalently
put e, = 0 in (2.9) if X and Y are Asplund and if the graph of F' is closed around
(z,y). Clearly D3, F(z,y)(y*) C DNF(z,y)(y*), where the equality holds if
dimY < oo and in more general settings of “strong coderivative normality” listed
in [14, Proposition 3.2] and [15, Proposition 4.9]. Observe that the basic and
singular subdifferentials in (2.4) and (2.7) can be described as

0f(z) = D"Ef(z, f(2))(1) and 0% f(z) = D*Ey(z, f(2))(0)

via the coderivative of the epigraphical multifunction E;: X == IR associated with
f by Eg(x) = {p€ Rl u> f(x)}.

One of the most fundamental differences between variational analysis in finite
and infinite dimensions, crucial for many aspects of generalized differentiation and
optimization, is the necessary of imposing additional compactness requirements in
infinite-dimensional spaces that ensure the nontriviality while passing to the limit
in the weak* topology. In this paper we use the following general properties that
are automatic in finite dimensions, hold for “reasonably good” sets and mappings,
and are preserved under various operations; see [15] for the comprehensive theory
and applications.

A set © is sequentially normally compact (SNC) at z if for any sequences

Q _ A~
er 1 0, zx — 7 and z} € N, (x1; Q) one has

(2.10) (27 %5 0] = [|lz}] — 0] as k — oo,

where ¢ can be omitted if X is Asplund and if € is locally closed around z.
The SNC condition is automatic when 2 satisfies the so-called “compactly epi-
Lipschitzian” property in the sense of Borwein and Strojwas, particularly when it is
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convex and finite-codimensional with nonempty relative interior; see [15] for more
details. We say thata set 2 C X xY is SNC with respectto X at (z,y) € Qif (2.10)

holds for any sequences ¢ | 0, (xk, yx) 2 (z,9), and (z3,y;) € Ngk((xk, yk); Q)
as k € IN.

A set-valued mapping F': X = Y is SNC at (z, y) € gph F' if its graph enjoys
this property. For the case of mappings a more subtle partial SNC (i.e., PSNC)
property can be defined. We say that F' is PSNC at (z,y) if for any sequences

hE k% N7
&k l 01 (xk‘vyk‘) gp_> (fIf, y) and (xk;vyk;) € NEk((xkvyk)7gphF> one haS
[z =0, |yl = 0] = [llzil — 0] as k — oo,

where ¢, = 0 in the Asplund space and closed graph setting. The PSNC property
always holds when F is Lipschitz-like around (z, ) in the following sense of Aubin
[1]: there exist neighborhoods V' of z and W of z as well as modulus ¢ > 0 such
that

(2.11) Fu)NnW C F(v) 4+ ¢||ju — v||B whenever u,v € V.

This reduces to the classical (Hausdorff) local Lipschitzian behavior of F' around z
for W = X in (2.11). The Lipschitz-like property of F' is known to be equivalent
to the metric regularity and linear openness properties of the inverse mapping
F~1: these three equivalent properties play a fundamental role in many aspects of
nonlinear analysis especially those related to optimization; see [3, 15, 19] and the
references therein.

Finally in these preliminaries, let us mention a version of the SNC property for
extended-real-valued functions f: X — IR finite at z. Namely, f is sequentially
normally epi-compact (SNEC) at z if its epigraph is SNC at (z, f(z)). This property
always holds for locally Lipschitzian functions and their appropriate extensions.

3. UPPER ESTIMATES fOR VARIOUS SUBDIFFERENTIALS OF DISTANCE FUNCTIONS

In this section we derive some upper estimates of all the subdifferentials defined
in Section 2 for the general distance function p(z, z) = d(F(z); z) and its standard
specification d(z;2) at out-of-set points. The main new feature of the results
obtained is that they involve all intermediate points between a given out-of set
point and its projections on the set. This allows us to essentially improve known
results even for convex subsets of finite-dimensions.

We start with the following statement, which can be easily derived from the
result by Bounkhel [4, Proposition 3.2].
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Lemma 3.1. (Projections in Banach space) Let F': Z = X be a set-valued
mapping between Banach spaces with (z,z) ¢ gph F' satisfying I1(z; F'(z)) # 0.
Then for any ¢ € (0,1] and @ € II(z; F(Z)) one has

well(tw + (1 —t)x; F(Z)).
This gives, in particular, that
w € I(tw + (1 —t)x; ) whenever ¢ € (0, 1]

forany Q C X, any z ¢ Q with TI(z; Q) # (), and any @ € II(Z; 2).

The next proposition establishes useful upper estimates for e-subgradients of the
distance functions at the reference points via those at intermediate points. Note that
the upper estimate in this proposition and the subsequent results involve intermediate
points corresponding to every ¢ € (0, 1] in what follows.

Proposition 3.2. (Upper estimates for e-subgradients of distance functions via
intermediate points) Let F': Z = X be a set-valued mapping between Banach
spaces. Assume that (z,z) ¢ gphF and that II(z; F'(2)) # 0. Then for any
t € (0, 1] we have the inclusion

(3.1) d.p(z,7)C () Op(Ztw+ (1-1)T)NCE, >0,
Well(#F(2))

where C7 := {(z*,2%) € Z* x X*| 1 —¢ <||z*|| < 1 +¢}. In particular,

B2  dd@m)C [ ditw+(1-0)F)N[1—e1+e]S
oell(z;Q)

for any Q C X and z ¢ Q satisfying T1(z; Q) # 0.

Proof.  To justify (3.1), take an arbitrary (z*,z*) € 55/)(2, z) and w €
II(z; F(z)) with any t € (0, 1]. Putting  :=  + t(w — &), one gets by Lemma 3.1
that

© e (T F(2) and p(%3) = (1 t)l|z - o] = (1 - t)p(z, ).
Given nn > 0 find § > 0 by Definition (2.4) of ¢-subgradients such that
(252 —2) + (&5, 0 —7) < p(z,2) — p(2,2) + (e + n) (|2 — 2] + [z — Z])

whenever ||z — z|| < ¢ and ||z — Z|| < . Then for any (z,z) € Z x X such that
llz—2z|| <dand ||z —Z||=||(x —Z + &) — Z|| < 0, one has
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(2%, 2=2)+(z*, 2 —7)

IN

zx—1+1)—p(2,7)+(e+n) (|2 — 2+ [z —2]))

IN

2, x)+ || 2=zl = [|Z =@ + (e +n)([[2— 2] + [l =)

IN

(A=t)l@=2[+(+n)([z— 2]+ [z —2[])

Pl

p(z,z)

p(z, x)+t)|o—2|| —[|z— &+ (e+n) (|| — 2 + |z —2])
p(z,z)—

p(z,z)—

z,x)=p(2,7) +(e+n) (|2 = 2] + [l —2[])

This gives (z*,2*) € 55/)(2, Z). Since z* € 55d(9f; Q) for Q := F(z) with z ¢ Q,
we get by [10, Proposition 1.5] that

l—e<flz’ <1+e,

which completes the proof of (3.1). Inclusion (3.2) is an obvious specification of
(3.1) for F(-) =Q C X. |

It happens that counterparts of the upper estimates (3.1) and (3.2) from Propo-
sition 3.2 hold not only for Fréchet subgradients but also for proximal and Dini-
Hadamard subgradients from Section 2.

Theorem 3.3. (Upper estimates for Fréchet, proximal, and Dini-Hadamard sub-
gradients of distance functions via intermediate points) Let in the setting of Propo-
sition 3.2 the symbol 0° stand for one of the following subdifferentials: Fr échet,
proximal, and Dini-Hadamard. Then one has

(3.3) op'(zz) . [] Opato+(1-tT)NCT,
well(z;F(z))

where C* := {(2*,2%) € Z* x X*| ||z*|| = 1}. In particular,

(3.4) o*d(z Q) c () 9%d(tw+(1-t)zQ)nS*.
well(7;Q)

Proof. We need to justify (3.3) only for 9* = 09—, since it has been proved in
Proposition 3.2 for Fréchet subgradients as e = 0 and can be derived by the same
arguments for the case of proximal subgradients.

To proceed for 9°p = 07 p, fix any w € II(z; F(z)) and ¢ € (0,1]. First
consider the Dini-Hadamard directional derivative and show that

P ((2,2); (h, k) < p~ (2, t@ + (1 = 1)T); (h, k)

(3.5) o
whenever (h, k) € Z x X.

Suppose without loss of generality that p=((2,z); (h, k)) > —oo, since other-
wise one obviously has 9~ p(z,z) = () and (3.3) holds trivially. Putting o :=
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p~((2,7); (h,k)) and taking into account that p(Z, -) is Lipschitz continuous, we
get -
- z+ Ah, x4+ \k) — p(2, 2
o (2 2); (h B)) = lim inf LETATEAR) = p(Z2)
h—h,A10 A
Then for any ¢ > 0, find § > 0 such that

p(Z+Ah, T+ k) — p(2,Z) > M —€) whenever ||h—h|| <d, 0 <\ <.

Furthermore, for such ~ and \ one has

p(Z+ Ah, T+ Ak) — p(Z,7) = p(Z+ Ah, T+ t(w — 7) + M\k) — (1 —t)p(Z, 7)
> p(Z+ A, T+ k) —t]|w —Z|| — (1 —t)p(Z, T)
= p(z+ Ah, T + Ak) — p(%, 7)
> AMa —e).

Since ¢ > 0 is arbitrary, this gives (3.5) while dividing by A > 0 and taking
“lim inf™ in both sides of the latter inequality. To complete the proof of (3.3), pick
any (z*,z*) € 0~ p(z,z) and get the estimates

((z%,2%), (R, k) < p~((2,2); (b K)) < p~ ((5,t@ + (1 = )7); (b, k))
forall (h,k) € Z x X.
Thus, by definition of Dini-Hadamard subgradients, we arrive at the inclusion
07 p(z,z) C 0 p(z,tw+ (1 —t)T).
The last part (z*, x*) € C* follows from [4, Proposition 3.2]. ]

It is easy to observe the following consequence of Theorem 3,3 involving sub-
gradient estimates for distance functions via corresponding normals at intermediate
points.

Corollary 1.1. (upper estimates for Fréchet, proximal, and Dini-Hadamard sub-
gradients of distance functions via normals at intermediate points) Let in the setting
of Proposition 3.2 the symbols 9 and N* stand for the Fréchet subdifferential and
normal cone as well as for proximal subdifferential and normal cone, respectively.
Given any t € (0,1] and w € II(z; F(z)), consider the set-valued mapping

Foo(z) == {z € X| d(F(2);z) < tp} with tg:=d(F(2);tw + (1 —t)z).
Then one has the inclusion

36) op(zz)c ) N((ztw+(1-1)x);gphFrg)nCT,
well(z;F(z))
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where C* := {(z*,2*) € Z* x X*| ||z*|| = 1}. In particular,

0%d(z; ) C () N(tw+ (1—1)%; Q)N ST,
well(z;)

where Q1= {z € X| d(z; Q) < 15} with tg = d(t& + (1 — 1)7; Q).

Proof. We need only proving (3.6). Fix arbitrary w € II(z; F'(z)) and ¢t € (0, 1].
Putz := tw+(1—t)z. It follows from Theorem 3.3 that 9°p(z, ) C 9°p(z, )NC™.
Using the definition of Fréchet (resp. proximal) subdifferential, we have

Op(z,T) C N((2,3); gph Fr0).
This directly implies (3.6) due to (3.3). ]

Observe that for ¢ = 1 one obviously has

Ft,@ =F and Qt,@ =0
provided that F' is closed-graph and that €2 is closed. Thus
9°p(2, %) C Npenzri) N°((2,@);gph F) N C* and 0°d(z; Q)

It immediately follows from Theorem 3.3 that estimates (3.3) and (3.4) therein
hold for the basic/limiting and Clarke subdifferentials provided that the correspond-
ing lower regularity and directional regularity assumptions from Section 2 are ful-
filled. However, such regularity assumptions for distance functions are very restric-
tive at out-of-set points. In particular, for the standard distance function in finite
dimensions they are equivalent to its smoothness; see [15, Subsection 1.3.3].

The following natural question arises. Would it be possible to keep inclusions
(3.3) and (3.4) with 9* stands for either the limiting subdifferential or for the Clarke

subdifferential with no regularity assumptions? The answer happens to be no even
for the standard distance functions in finite-dimensional spaces.

Example 3.5. (Failure of the intermediate subdifferential estimates for limiting
and Clarke subgradients). There is a closed subset of IR? such that the inclusion

o'd(z:Q) () 9%d(tw+ (1- )z Q)N S
well(z;0)

does not hold for some z ¢ 2 and ¢ € (0, 1], where 9* stands for either the limiting
subdifferential or for the Clarke subdifferential of the distance function.
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Proof. Consider the set
Q:={(z,y) € R2| 2 +y? > 1}
and the point z = (0,0) ¢ Q. Then
0d(z; Q) =S and Jcd(z; Q) = B,
while for o = (1,0) and ¢ = 1/2 we have
dd(tw+ (1 —t)7; Q) = Ocd(tw + (1 — t)z; Q) = {(1,0)},
which justifies the conclusions of this example. |

Observe also that the estimates of Theorem 3.3 essentially improve known results
even for the case of convex sets in finite dimensions when all the subdifferentials
considered in Section 2 reduce to the subdifferential of convex analysis.

Example 3.6. (Improvement of known results for convex sets). There is a

closed convex set 2 C IR? and a point z ¢ 2 such that, for some @ € T1(z; Q2) and

€ (0, 1), the subgradient sets 9°*d(tw + (1 — t)z; §2) reduce to the same singleton
for all the subdifferentials 9°® under consideration being strictly smaller than

N N@ons c (| N@ons,
wETI(Z;82) well(z;9)
where N stands for the normal cone of convex analysis.

Proof. It follows from Theorem 12 in Burke et al. [6] that

(3.7) oz c (| N@nbB
well(z;9)
for convex sets in Banach spaces. Consider the case of €2 and z given by
Q:=epi|-|Cc R®* and Z:=(0,—1)¢ Q.

It is easy to check that 9°d(z; 2) = {(0, —1)} for all the mentioned subdifferentials
0°® reduced of course to the classical subdifferential O of convex analysis. One also
easily gets {o} = {(0,0)} = II(z; Q) and

N(@; )NS5 = {(uv) € R*|u’+v*>=1, v<—Jul}.

On the other hand, for ¢ = 1/2 and tw + (1 —t)z = (0, —1/2) we directly compute
that dd(tw + (1 — t)x; Q) = {(0,—1)}, and the upper estimate of Theorem 3.3 is
exact in this case being much sharper than (3.7) in general. |
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Observe also that the counterpart of the inclusion (3.7) formulated in [6, The-
orem 12] for the Clarke subdifferential and normal cone requires the directional
regularity assumption that was missing therein. Otherwise, one has

(| Ne@Q)nB*={(0,0)}
well(z;82)

in the setting of Example 3.6, and the Clarke counterpart of inclusion (3.7) is
violated.

Nevertheless, the next two interrelated theorems show that certain natural analogs
of (3.7) for the standard distance function d(-; 2) and its extensions p hold in terms
of our basic limiting subgradients with no regularity assumptions but under some
well-posedness requirements, which are automatic in many important settings (e.g.,
in reflexive spaces with equivalent Kadec norms); see [16] for more details. First
let us derive upper estimates for limiting subgradients of the distance functions at
out-of-set points via those at intermediate points built as above.

Theorem 3.7. (Upper estimates for limiting subgradients of distance functions
via limiting subgradients at intermediate points). Let F': Z = X be a closed-graph
multifunction between Banach spaces. Assume that II(z; F'(z)) # 0 and that the
following well-posed conditions hold: for any sequences ¢ | 0 and (zx,z1) =
(z,z) with 5Ekp(zk, xy) # 0 there is a sequence of wy, € TI(xy; F(2%)) containing
a convergent subsequence. Then for any ¢ € (0, 1] one has

(3.8) op(zz)c | Op(ztw+ (1-1t)z)N D",
DET(7;F (%))
where D* := {(z*,2*) € Z* x X*| ||2*|| < 1}. In particular,
B9 oadxm)c |J dditw+ (-t NB* as te(0,1]
0EM(Z;9)

for every closed set 2 C X and z ¢ Q with II(Z; Q) # () provided the following

~

well-posedness: for any sequences e, | 0, x; — & With O, d(zx; Q) # 0 there is a
sequence wy € II(x; ©2) containing a convergent subsequence.

Proof. Fix (z*,2*) € 0p(z,z) and find by definition sequences
ek 10, (Zk,wk) o (27 ‘%)7 and (zlﬁva) ﬂ (Z*vx*) as k — oo

satisfying (x7, z};) € 5Ekp(zk, xy) forall k € IN. Employing the well-posedness and
closed-graph assumptions, we have a subsequence of wy, € II(xy; F(zx)) converging
to some point w € F(z). By the relations

|2k — will = p(zr, 21) — p(2,7) = ||T - &|
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we have w € II(z; F(z)). Given any ¢ € (0, 1], it follows from Proposition 3.2 that
(23, x}) € 5Ekp(zk,twk + (1 —t)zg) and ||zz|]| <1+4+ex, ke IN.
Taking into account that
(zgs twi + (1 = t)zg) — (Z,tw + (1 —t)z) and ||z¥|| < liminf|jzg|] <1 as k — oo,
we get by Lemma 3.1 that
Pk twn + (1= D)) = (1= g, i) — (1= Dp(2,7) = p(Z, t& + (1 - D)7).

Thus (2, twp+(1—t)xx) 2 (Z, tw+(1—t)Z), which implies (z*, 2*) € dp(z, to+
(1 —t)x) and hence justifies (3.8). As usual, inclusion (3.9) follows from (3.8) by
considering the constant mapping F'(-) = . [ ]

Note that one can equivalently put £, = 0 in the well-posedness requirements of
Theorem 3.7 when the spaces X and Z are Asplund and when the general distance
function p is lower semicontinuous. Assuming in addition that the graph of F} g
is closed that obviously holds when p is l.s.c. (of course, it is redundant for the
standard one d(-; €2)), we arrive at the following estimates involving limiting normals
at intermediate points. We refer the reader to the formulation of Corollary 3.4 for
the symbols F; ; and ;. and to [16, Section 5] for general conditions ensuring
the lower semicontinuity of p. Observe that Theorem 3.8 essentially improves our
previous results [16] of the projection type corresponding to the case of ¢ = 1.

Theorem 3.8. (Upper estimates for limiting subgradients of distance functions
via limiting normals at intermediate points). Suppose that all the assumptions of
Theorem 3.7 hold. For any fixed ¢ € (0, 1] assume in addition that gph F';5 is
closed whenever w € II(z; F'(z)). Then one has

(3.10) op(zz)c | J N((&to+ (1-1)z);9ph Frp) N D"
well(z;F(2))

with D* = {(z*,2*) € Z* x X*| ||z*|| < 1}. If, in particular, Q C X is a closed
set and = ¢ Q with II(z; Q) # 0, then

0d(z; Q) C U N(tw+ (1 —1t)z; Qo) N B* whevever 0 <t < 1.
o€ell(7;Q)

Proof. To justify (3.10), fix any ¢ € (0, 1] and (2%, z*) € dp(z,Z). As in the
proof of Theorem 3.7, find sequences

er 10, (zizn) L (2,7), (25,20) 5 (2%, 2%), and wp — @ as k — oo
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satisfying (2}, x}) € /8\5kp(zk, x), wr € M(xg; F(z)), and w € II(z; F(z)). Since
the graph of F; ; is closed while (z, z) ¢ gph F} 5, we use result of [5, Lemma 3.1]
and find a neighborhood V' of (z, z) such that for any (z,x) € V' one has

)
(3.11) p(z,%) = pro(z,@) + o With pyg(z, ) = d(Fs(2); 7)
and tg :=d(F(z);2),
where 7 := tw + (1 — t)z. Hence
to=1—-t)|[z=0l, d(Fio(2);7)=t]|z —o||=[|z—7|], and Zell(z; F;5(2)).

Now for any fixed k£ € IV consider a continuous function ¢: [0,1] — IR defined
by
p(A) i= d(F(zx); Adwp + (1 = Nay) — (1 = )|z — @]

since (1) = —(1 —1)[|z — || < 0 and (0) = ||lzx — well — (1 — )|z — @[ > 0
for large k, we find, by the classical intermediate value theorem, such \; € (0, 1]
that

d(F(zk); Mewr + (1 = Mp)zg) = to = (1 = t)||7 — @]
Suppose without loss of generality that A\, — A € [0, 1] as kK — oco. Then Lemma 3.1
gives

d(F(Zk);)\kwk—l—(l—)\k)xk) = (1—)%)ka—wkH — (1—)\)“@—@“ as k — oo.

The latter implies that A = ¢ and A\gwy + (1 — A\p)xy € Fig(zx) converges to
tw + (1 — t)z. Then employing (3.11) with large &, we get
pra(2k, k) = pzr, 21) — to = ||zx — wil| — to
= [|lzk — wrl| — d(F(2k); Adwr + (1 — Agzg))
= |[or — wel] = (L= Ap)|[zr — wsl|
= Ml |z — wi|
= |lzr — (Arwr + (1 = M),
which implies that Agwi + (1 — Ag)xg € II(zk; Fro(zk)). Using again (3.11)
together with Proposition 3.2, we justify the inclusions
(25, a%) € Oy (2, 1) = Oy pro(2a, 1) C Oey pr.s (20 Mo + (1 — Ap)ag) N C*

C Ney (25, Mewr, + (1= Ap)ay); gph Fr o) N C*.
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for large k. Hence (2*,2*) € N((2z,tw + (1 —t)Z); gph Fi 5) and ||z*|| < liminf
|lz%|| < 1, which completes the proof of the theorem. |

4. RIGHT-SIDED LIMITING SUBGRADIENTS OF DISTANCE FUNCTIONS

As mentioned, some of the developments in Section 3 can be treated as exten-
sions of our previous results of the projection type obtained in [16]. Observe that it
is very essential that ¢ > 0 in all the “intermediate” results of Section 2. Actually
the main theorems obtained above simply are not valid when ¢ = 0; see the example
below. The passage to the limit as ¢ | 0 requires involving new constructions and
arguments that are actually equivalent to those presented in this section that follows
the corresponding developments in [16].

In this section we always assume that F': Z = X is a closed-graph mapping
between Banach spaces. Fix any point (z,z) € Z x X and put r := d(F(2); z).
Recall that the enlargement mapping F,.: Z = X is defined by

4.2) F.(z):={zx € X|d(F(2);z)<r}

and observe that F,, = F if only if » = 0, which corresponds to the case of
(z,z) € gph F. We have the following relationship

(4.2) N((z,2);9ph F) = | J A0p(% %), (%,%) € gph'F,
A>0

between our basic/limiting subdifferential (2.4) of the general distance function at
in-set points and the basic normal cone (2.2) to gph F' for an arbitrary closed-graph
mapping F': Z = X established by Thibault [20]. However, we cannot keep
such a relationship between dp(z, z) at out-of-set points and the basic normal to
the graph of the enlargement, even for the case of standard distance functions in
finite-dimensional spaces. Indeed, consider the set

Q:={(z,y) € R2| 2 +y? > 1}

and the point (0,0) ¢ Q. Then Q, = R? with r = 1, N(7;€,) = {0} while
dd(z; Q) is the whole unit sphere of IR2.

To establish a counterpart of (4.2) in out-of-set points, we need the new limiting
modification of the basic subdifferentials, which gives a smaller set of subgradients;
namely, those which are obtained as limits of e-subgradients at point x, where the
function values are on the right side of f(z), i.e., f(zx) > f(Z).

Definition 4.1. (Right-sided limiting subgradients). Let f: X — IR be finite at
Z. Then the (limiting) right-sided subdifferential Of f at z is

0> f(z) := Limsup 9. f(x),
fto

el0
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where 2 7% # means that = — 7 with f(z) — f(z) and f(z) > f(x).

The right-sided limiting subdifferential first appeared in our previous paper [16]
devoted to the study and applications of distance functions. While reading it, Lionel
Thibault drew our attention that a different but somehow related sided subdifferential
of the standard distance function, involving limits of Clarke normals, was introduced
by Cornet and Czarnecki [8] in finite dimensions to establish existence theorems
for generalized equilibria.

Observe that it is possible to put equivalently ¢ = 0 in the above limiting
constructions if X is Asplund, if f is l.s.c. around z, and if 5f(m) = () whenever
f(z) = f(z) and x near z. One obviously has

(4.3) df(z) C 8> f(x) C df(T).

Observe that the equalities hold in both inclusions of (4.3) when ¢ is lower regular
at z, in particular, when f is convex. In general both inclusions in (4.3) may be
strict even for the standard distance function in finite dimensions; see [16].

Using the Ekeland variational principle, we can prove the following auxiliary
result establishing the relationship between Fréchet e-subgradients of distance func-
tions in term of (nonempty) perturbed projections; cf. [16, Theorem 3.6].

Lemma 4.2. (Estimates of e-subgradients for distance functions via normal at
perturbed projections.) Let F': Z = X with (z,z) ¢ gph F. Then for any ¢ > 0,
for any (z*,2*) € 0.p(z,z), and for any n > 0 there exists (v, u) € gph F' such
that

o=zl <, [Ju—2|| < p(2,7) +n, and (z*,2") € Neyy((v, u); gPNF).

The next theorem, presented here for completeness (cf. [16]), gives appropri-
ate analogs of representation (4.2) at out-of-set points with using of enlargement
mapping (4.1) and replacing the limiting subdifferential dp(z, z) by its right-sided
counterpart.

Theorem 4.3. (relationships between right-sided subgradients of distance func-
tions and limiting normals to enlargements). Let F': Z = X with (z,z) ¢ gph F,
and let r := p(z, ). Assume that gph F. is closed. Then one has the inclusion

(4.4) 9>p(2,%) C N((2,2);9ph F;.) N (Z* x IBY),

which admits the stronger form

(45) 0>p(2.7) C N((z,2): gph F;) N [Z2° x (BB"\ {0})]

if the set gph F,, € Z x X is SNC at (z, ) with respect to X. Moreover,
(46) d-p(,7) C N((z,2);0ph F;) N (2" x §°)
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if X is finite-dimensional.

Proof. To justify (4.4), pick (z*,2*) € 0>p(2,z) and Definition 4.1 find

*

sequences ¢ | 0, (z, zx) 2 (%,7), and (2}, 23) — (2%, z*) satisfying
p(zk, k) > p(2,2) >0 and (zf,2%) € 5p5k(zk,xk) for all £ e IN.

Since (z,z) ¢ gph F, we have (z;,zx) ¢ gph F for all large £ € IN. It is not
difficult to check that

4.7) (25, 25) € Noy (2, 21); 9PW ), 1 — e < ||l2f]| < 14 &4

provided that there is a subsequence (zx, zx) such that p(zg, xx) = r = p(z, 2). If
the opposite holds, we use the result by Bounkhel and Thibault [5, Lemma 3.1] to
ensure the representation

p(z,x) =r+py(z;x) forall (z,z) ¢ gphF. with p,(z,2) := d(z; F.(2)).
This directly implies that

(25, x)) € 55kp(zk,xk) = 5€k(r + pr) (2K, ) = 55kpr(zk,wk), ke IN.
Denote 7y := pr (2K, x1) = p(2zk, zK) — 7 | 0 as k — oo and, by Lemma 4.2, find
(vk, ux) € gph F,. satisfying

lze — vkl < M, Nloe — wrll < pr(2k, vx) + e < 21,  and

(4.8) .
(2> ) € Nepamy, (v, ug); GPN Fr ), 1 —ep < o]l < 1+ .

Passing to the limit as & — oo in both relations (4.7) and (4.8), we arrive at
(2",2") € N((z,2); gph F,) with [z*[| <1,

which justifies (4.4). Moreover, ||z*|| # 0 under the SNC requirement on the graph
of F,. with respect to X by the above constructions. This gives (4.5). When X is
finite dimensional, we get ||z*|| > 1 by passing to the limit in the lower estimate
|z}l > 1 — e of (4.7) and (4.8). This gives (4.6) and completes the proof of the
theorem. ]

The next result deals with the standard distance function d(-; §2). Its first part
is a direct consequence of Theorem 4.3, with the notation

Q= {zeX|dx:Q)<r} as r:=d(zQ)

standing for the corresponding enlargement of 2 at z ¢ . The second part is
certainly of independent interest.

Theorem 4.4. (Relationships between right-sided subgradients of the standard
distance function and basic normals to the set enlargement). Let 2 be a closed subset
in a Banach space X, and let = ¢ Q with » = d(z; Q). Then the following hold:
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(7) One has the inclusion

9-d(z: Q) C N(z Q)N B*,

where the stronger inclusion
d>d(z; Q) C [N(z;Q,) N B*] \ {0}
is fulfilled if 2,. is SNC at z. Moreover,
0>d(z; Q) C N(z;9,)N S*

if the space X is finite-dimensional.
(7i) One always has the equality

(4.9) N(z; Q) = | A=d(z; Q).
A>0

Proof. We need to justify assertion (ii). The inclusion “>” in (4.9) follows
from (4.4). To proof the opposite inclusion, we first verify that

(4.10) N(z2)\ {0} C | A0=d(z; Q).

A>0
To proceed, pick any normal z* € N(z;Q,) \ {0} and find sequences ¢; | 0,
zp 5 7, and x) € Nek(wk;ﬁr) with 27 = 2* as k — oo. Since 0 < ||lz*| <
lim infy o |||, there is m > 0 and a subsequence of {x}} (with no relabeling)

such that ||z} | > m for all £ € IN. One has d(xy; ) < r by x; € Q, and the
closedness of €2. Observe that d(xy; Q2) = r for all k£ € IV, since 2} = 0 otherwise.

Thus
o)l = 1}.

Then modifying slightly the proof of Theorem 3.6 in Bounkhel and Thibault 3.6,
we find a bounded sequence of positive numbers «;. such that

*

€T ~
— € {x’,; € Ny ym(r; Q)
[l

x
|

Due to the boundedness of {||z}|/}, we assume with no loss of generality that
|z%|| — A as k — oo for some number A > 0. Therefore

~

€ 0,

%

d(z;Q), ke,

kEK/mM

2 € X0xd(7:Q) C | 0-d(7; Q)
A>0
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by definition of the right-sided subdifferential. Adding A = 0 to the union on the
right-hand side of (4.10), we see that 2* = 0 belongs to this set due to our con-
vention 0- () = 0. Thus we arrive at (4.9) and complete the proof of the theorem. m

5. RELATIONSHIP BETWEEN SINGULAR SUBGRADIENTS OF DISTANCE FUNCTIONS AND
CODERIVATIVES OF GENERATING MAPPINGS

The primary goal of this section is to establish relationships between the singu-
lar subdifferential (2.6) of the distance function p defined in (1.2) and the mixed
coderivative (2.9) of the generating mapping F': Z = X in (1.2). Note that this
question does not make sense for the standard distance function (1.1), which is
always globally Lipschitz continuous with therefore 9°°d(z; Q) = {0}.

Observe that the distance function (1.2) belongs to the class of the so-called
marginal functions given generally by

(5.1) p(x) == inf {p(z,y)| y € G(z)},

where ¢: X xY — IR is a l.s.c. function and where G: X = Y is a closed-graph
multifunction around the reference points. Marginal functions of type (5.1) play
indeed a crucial role in variational analysis and optimization; see, e.g., [15, 19] and
the references therein. In particular, they describe optimal values in minimization
problems being often called for this reason by value functions.

We associate with the marginal function (5.1) the solution map

(5.2) S(z) == {y € G(z)| p(z,y) = u(z)},

which is assumed to be nonempty in what follows. We say that S is pu-inner
semicontinuous at (z,y) € gph S if for any sequences ¢;, | 0 and zy £, z such
that 0., pu(x) # 0, there is a sequence y;, € S(xy) containing a subsequence that
converges to . The mapping S is said to be p-inner semicompact at z if for any
sequences ¢, | 0 and zj, 2 Z with 5Eku(xk) # () there is a sequence yi € S(zx)
containing a subsequence that converges to some y € S(z). Observe as usual that
we can equivalently put e, = 0 if both spaces X and Y are Asplund and if p is
lower semicontinuous.

The following theorem establishes important relationships between the singular
subdifferential of the marginal function (5.1) and the mixed coderivative of the
generating mapping G that essentially improve the previously known ones [17]
obtained in terms of the bigger normal coderivative (2.8).

Theorem 5.1. (Singular subgradients of marginal functions). Let X and Y
be Asplund. The following assertions hold:
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(7) Assume that ¢ is locally Lipschitzian around (z, y) and the solution map S
is u-inner semicontinuous at (z, ). Then

(5:3) °u(z) C DGz, 5)(0).

(7i) Assume that S is p-inner semicompact at z and ¢ is locally Lipschitzian
around (z,y) for all y € S(z). Then

o°uz) c |J DGz, 5)0).
geS(z)

Proof. To justify (5.3), fix any =* € 9°°u(z) and have by definition that

z* € Lim sup Ageu(x),
m

r—7T
€l0,A]0

i.e., there are sequences ¢, | 0, A\, | 0, 2 = Z, and xy € 5%#(9%) such that

ALT) 7, 2% as k — oo. Since S is p-inner semicontinuous at (z, y), we can find
yr € S(zg) whose subsequence, with no relabeling, converges to 3. It follows by
definition from z}, € 0., pu(xy) that for any n > 0 there is v > 0 such that

(xp, x — ) < p(x) — plzk) + (ex +n)||x — zx|| whenever z € x + vIB.
Considering the function

¢($, y) = LP(IL', y) + 5((1‘, y); gth>,

we easily conclude that

(25, 0), (z — g, y — yk)) < O(2,y) — Sk, yi) + (e +n0)(||2 — 2k|| + |y — vkl])

whenever (z,y) € (z, yx) + vIB, which gives (z},0) € 55k¢(xk7 Yk)-

Fix now any sequence 7, | 0. Since ¢ is locally Lipschitzian around (z,y)
while X and Y are Asplund, we apply the “fuzzy” sum rule for e-subgradients of
¢ (see, e.g., [15, 17]) and find sequences

_ hG ,_ _
($1k7y1k) i) (xvy)v (kavka) gp_> (xvy)v

(% y) € 0o(z1g, yix), and (23, 95.) € N((zak, y2x); P G)

satisfying the estimate

I[(2F, 0) — (2T, yix) — (@5k, Y2p) || < €k + N
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or, equivalently, the following ones:
(5.4) ok — 21, — 22ill < ek + e and [lyTy, + y2ill < ek + M-

It follows from the Lipschitz continuity of ¢ with some modulus ¢ > 0 that
I[(x7 i) || < ¢, which implies that A ||(«3,, yi.)|| — 0 as k — co. By (5.4) we
therefore have

(5.5) Aellyzll = 0 and Aga, 25 2 as k — oo.
Taking into account that
Me(25, yin) € N((zo, yor); gph G) for all k€ IV

and using the definition of the mixed coderivative (2.9), we derive from the con-
vergence relations (5.5) that «* € D},G(z,y)(0), which gives (5.3) and completes
the proof of (i).

The proof of assertion (ii) is similar with using the p-inner semicontinuity con-
dition for S instead of the p-inner semicompactness one in (i). |

To include the distance function (1.2) into framework of Theorem 5.1, we need to
consider a slightly more general class of marginal functions related to minimization
problems with the so-called moving sets of feasible solutions. Namely, consider
marginal functions in the form

(5.6) w(z,y) == inf {@(y, 2)| z € G(=)},

where p: Y x Z — IR and G: X = Z. The corresponding solution sets are given
by

(5.7) S(z,y):={z € G(z)| oy, 2z) = p(z,y)}.

We impose the standing assumptions on ¢ and G as for the case of (5.1) and (5.2).
In fact, the following results for the more general class of marginal functions (5.6)
are easily derived from Theorem 5.1.

Corollary 5.2. (singular subgradients of marginal functions over moving sets).
Let 1 and S be given in (5.6) and (5.7), and let the spaces X,Y, Z be Asplund.
The following assertions hold.

(7) Assume that S is u-inner semicontinuous at ((z, y), z) and that ¢ is locally
Lipschitzian around (g, z). Then

>z, y) c {(z*,0)| #* € D},G(z,2)(0)}.
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(éi) If S is p-inner semicompact at (z,y) and ¢ is locally Lipschitzian around
(y,2) for all z € S(z,7y), then

o*u@ g c |J {@*0)]a" € DyG(z,2)(0)}.
zeS(z,7)

Proof. To proof (i), put u = (z,y) and define

é(u) - G((L‘, y) = G((L‘), (E(’U,, z) = (P(yv Z)
Then we have the representation
u(z,y) = u(u) = inf {F(u, 2)| = € Gu)}.

Applying Theorem 5.1 with (z, y) replaced by (u, z) = (z, 9, z), we get

0™ u(z,5) = 0°u(a)  {(«*,y")| (+*,y") € D},C((z,9),2)(0)}.
It is easy to observe the inclusion
D3,G((2,9),2)(0) C {(z*,0)| «* € D},G(2,2)(0)}.
Summarizing all the above, we arrive at
0u(z,7) C {(z*,0)| a* € Dy G(z,2)(0)}
and complete the proof of (i). The proof of (ii) is similar. [ |

Finally in this section, we establish relationships between the singular subdiffer-
ential of the distance function (1.2) and the mixed coderivative of the mapping F; 5
from Corollary 3.4 of Section 3 that depends on intermediate projection points.

Theorem 5.3. (Singular subgradients of distance functions at out-of-set points
via intermediate projections). Let F': Z = X be a closed-graph mapping between
Asplund spaces, and let (z, y) ¢ gph F' with TI(z; F(2)) # 0. Assume that the well-
posed condition of Theorem 3.7 holds. For any fixed ¢ € (0, 1] suppose in addition
that gph F}  is closed whenever w € II(z; F'(Z)). Then we have the inclusion

68 o°p(zz)c | {(x*,0)| ot € DY Fy (it + (1 — t)gz)(())}.
well(z;F(z))
In particular, one has (as ¢t = 1) that

(5.9) oz | {(x*,O)‘x*eD}‘wF(z,w)(O)}.
well(z; F(2))
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Proof. Clearly the inclusion (5.9) follows directly from Corollary 5.2. It remains
to justify (5.8). Fix w € II(z; F(2)), t € (0,1], and (2*,2*) € 9>°p(z,&). Then
find sequences ¢ | 0, \x | 0, (zk, k) 2, (z,2), and (2}, x}) € Og p(2k, k)
satisfying

Me(2h, at) 25 (2%, 2%) as k — oo.

Repeating the proof of Theorem 3.8, we get sequences wy, € II(zx; F(z)) and
w € II(z; F(z)) satisfying the relations

trwr + (1 — tg)zk — tw + (1 — )T with tpwi + (1 — tg)xy € Ft,@(zk), and
(ZZ, w’,;) Eﬁek((zk, trwr + (l—tk)xk); gpth’@) with l—¢ep < HxZH <1+ eg.

Hence Ay (27, 25) € Nagey (21, towr + (1 — ti)ax); gph Fy i) and
Mellzgll — 0, Az Y2 as k— o0.

Thus z* = 0 and z* € D}, F; 5(Z, tw + (1 — t)2)(0), which completes the proof.m

6. SOME APPLICATIONS

There are a great many of possible applications of generalized differentiation
results for both distance functions (1.1) and (1.2) under consideration; see, e.g.,
[2, 3-8, 15, 16, 19] and the references therein for some applications of previously
known results in this direction. In this section we choose to present two new
applications of the results obtained above. The first one gives new conditions for
the projection nonemptiness in infinite dimensions; the second applications ensures
the Lipschitz continuity of the general distance function p from (1.2), which strongly
relates to Lipschitzian stability of constraint and variational systems; cf. [16]. The
next theorem provides, besides efficient conditions for the projection nonemptiness,
refined upper estimates for the limiting subdifferential of distance functions (1.1)
and (1.2) in the (range) Hilbert space setting.

Theorem 6.1. (Sufficient conditions for the projection nonemptiness via limit-
ing subgradients).Let F': Z = X be a closed-graph mapping from Asplund space
Z to a Hilbert space X, and let (z,z) ¢ gph F. Assume that p is l.s.c. around
(z,z) and that

Op(z,z)N{(z*,2%) € Z" x X*| ||a*|| = 1} # 0.
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Then II(z; F(Z)) is nonempty. Moreover,
ap(z,z) {(z*,x*) e Z7* x X*| ||| = 1}

c U {(z*,x*)eN((z,a);gphF)(x*:

well(z;F(z))

In particular, II(z; ©2) # 0 for any closed subset Q@ C X of a Hilbert space with
T ¢ Q and 9d(z; ) N S* # (. Furthermore, in the latter case one has

Proof. Fix any (z*,2%) € 0p(z,z) with ||z*|| = 1. By definition there are
sequences

*

(zr,21) 2 (2,7) and (2f,x}) 2 (2%, 2*) suchthat (z},x}) € 5p(zk,xk).

Then z} € dd(+; F(z)) at o = x5, with 2, ¢ F(z;) when  is sufficiently large.
It follows from [21, Theorem 5.3] that II(x; F'(z1)) is a singleton {wy} and that

* T — Wk
T, = —r.
" p(zk, wk)

Using now Corollary 3.4 for the case of Fréchet normals and subgradients, we
conclude that (z;,z;) € N((zr,wi);9phF'). Since ||zf|| = 1 — 1 = ||z¥||,

z; — z*, and the norm in Hilbert space is Kadec, one has T2+ This

implies that

wp — T —xp(z,x) as k — oo.

Putting w := & — x*p(z, T), we obtain

which complete the proof of the theorem. ]

The last theorem gives efficient conditions ensuring the Lipschitz continuity of
the general distance function (1.2) at out-of-set points.
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Theorem 6.2. (Sufficient conditions for Lipschitzian continuity of the general
distance function at out-of-set points).Let F': Z = X be a closed-graph mapping
between Asplund spaces, and let (z,z) ¢ gph F. Assume that II(Z; F'(2)) # 0,
that p is I.s.c., and that the well-posedness condition Theorem 3.7 holds. Suppose
also that there is ¢ € (0, 1] such that the mapping F'; . defined in Corollary 3.4 is
Lipschitz-like around (z; tw + (1 — t)z) for all w € II(x; F(2)). Then p is locally
Lipschitzian around (z, z).

In particular, if the well-posedness condition Theorem 3.7 holds and the original
mapping F' is Lipschitz-like around (z, @) for any @ € TI(z; F(2)), then p is locally
Lipschitzian around (z, z).

Proof. Using [15, Lemma 2.36], it is not hard to prove that a necessary and
sufficient condition for a I.s.c. function f: X — IR defined on an Asplund space X

to be SNEC is as follows: for any sequences A\ | 0, zx EN z, and z} € )\;ﬁf(xk)
one has

(6.2) (275 0] = [|lz}] — 0] as &k — oo.

Now fix any w € II(z; F(z)) and also fix ¢ € (0, 1] from in the assumptions of the
theorem. Since F; ; is assumed to be Lipschitz-like around (z;tw + (1 — t)z), we
have

Dy Fio(Z,tw+ (1 —t)z)(0) = {0} forall @ e II(z; F(Z2))

due to the coderivative criterion from [14, Theorem 4.3]. Then the singular sub-
differential inclusion from Theorem 5.3 valid under the well-posedness condition
implies that 0>°p(z,z) = {0}. To ensure the Lipschitz continuity of p around
(z, ), it remains, by [15, Theorem 3.49], to show that p is SNEC at (z, z).

To proceed, let us employ the above characterization of the SNEC property and

consider arbitrary sequences
M L0, (zryap) & (2,7), and (2], @) € MeDp(zr, 2

with (2}, z7) Y 0as k — oo. We need to prove that ||(z;,z})|| — 0. Take
a sequence (33, 7;) € Op(zp, x1) satisfying (27, 2%) = Ae(Z5, Z5). Then, by the
assumed well-posedness condition, find a sequence {wy} € II(zg; F'(2x)) which has
a subsequence (without relabeling) converging to some @ € II(z; F(2)). Using the
argument in the proof of Theorem 3.8, one can find a sequence &y, € I1(zk; Fio(2k))
such that wy, — @ € II(z; F; (%)) and

(Z7.77) € N((2k, @); 9PN Fr ) with |75 = 1,
which implies that ||z} || = A\||Z}]| — 0 as k& — oc. Taking into account that

(2%, 27) = Me(Fi T1) € N ((2k, Dr); 9PN Fi o) with ||| — 0
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and using again [14, Theorem 3.3], we ensure that F; ; is PSNC at (z,w), and

hence ||z;|| — 0 as kK — oo. This completes the proof of the theorem. |
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