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Abstract

This article is devoted to the analysis of necessary and/or sufficient conditions for met-
ric regularity in terms of Demyanov-Rubinov-Polyakova quasidifferentials. We obtain new
necessary and sufficient conditions for the local metric regularity of a multifunction in terms
of quasidifferentials of the distance function to this multifunction. We also propose a new
MFCQ-type constraint qualification for a parametric system of quasidifferentiable equality
and inequality constraints and prove that it ensures the metric regularity of a multifunc-
tion associated with this system. As an application, we utilize our constraint qualification
to strengthen existing optimality conditions for quasidifferentiable programming problems
with equality and inequality constraints. We also prove the independence of the optimal-
ity conditions of the choice of quasidifferentials and present a simple example in which
the optimality conditions in terms of quasidifferentials detect the non-optimality of a given
point, while optimality conditions in terms of various subdifferentials fail to disqualify this
point as non-optimal.
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1 Introduction

Metric regularity plays a very important role in various parts of optimization theory
and numerical analysis, including stability analysis of perturbed optimization problems,

The results presented in this article were supported by the President of Russian Federation grant for the
support of young Russian scientist (grant number MK-3621.2019.1).

P< M. V. Dolgopolik
maxim.dolgopolik @gmail.com

Institute for Problems in Mechanical Engineering of the Russian Academy of Sciences,
Saint Petersburg, Russia

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11228-019-00521-4&domain=pdf
http://orcid.org/0000-0003-0677-0797
mailto: maxim.dolgopolik@gmail.com

428 M.V. Dolgopolik

subdifferential calculus, analysis of optimality conditions etc. [1, 3, 4, 22, 24, 30, 31] Neces-
sary and/or sufficient conditions for metric regularity are usually expressed in terms of va-
rious slopes, subdifferentials and coderivatives [2, 6, 22, 24, 30]. However, if one studies
nonsmooth problems with quasidifferentiable data and wants to utilize quasidifferential cal-
culus [10, 11], these conditions for metric regularity become very inconvenient, since one
has to compute and use subdifferentials/coderivatives and quasidifferentials simultaneously.
In this case it seems more reasonable to apply necessary and/or sufficient conditions for
metric regularity in terms of quasidifferentials. Such conditions were studied by Uderzo in
[36, 37].

One of the main goals of this paper is to improve the main results of [36, 37] and obtain
simple conditions for metric regularity in terms of quasidifferentials. With the use of gen-
eral results on metric regularity [22] we obtain new necessary and sufficient conditions for
the metric regularity of multifunctions in terms of quasidifferentials of the distance function
to this multifunction (see [15] for some results on the quasidifferentiability of this function).
These conditions significantly generalize and improve some results from [36]. For example,
our conditions, unlike the ones in [36], are invariant under the choice of quasidifferentials.
However, both our conditions and the ones in [36, 37] have a significant drawback. Namely,
one must verify the validity of certain inequalities in a neighbourhood of a given point
to apply these conditions. To overcome this issue, we introduce a new MFCQ-type con-
straint qualification for a parametric system of quasidifferentiable equality and inequality
constraint and demonstrate that this constraint qualification guarantees the local metric reg-
ularity of a multifunction associated with this system (see [27] for a discussion of constraint
qualifications for quasidifferentiable optimization problems with inequality constraints).

As an application, we utilize our constraint qualification to obtain new necessary
optimality conditions for quasidifferentiable programming problems with equality and
inequality constraints that strengthen existing optimality conditions for these problems in
terms of quasidifferentials [33-35] (optimality conditions for such problems involving, e.g.
the Demyanov difference of quasidifferentials, can be found in [17]). We prove the inde-
pendence of our optimality conditions of the choice of quasidifferentials (cf. [28, 29]) and
present a simple example in which our optimality conditions detect the non-optimality of a
given point, while optimality conditions in terms of Clarke, Michel-Penot, Jeyakumar-Luc,
Ioffe and Mordukhovich subdifferentials fail to disqualify this point as non-optimal.

The paper is organized as follows. Necessary and sufficient conditions for metric regular-
ity of multifunctions in terms of quasidifferentials are obtained in Section 3. In this section,
we also introduce a new MFCQ-type constraint qualification for parametric systems of qua-
sidifferentiable equalities and inequalities and study its connection with metric regularity.
This constraint qualification is applied to the derivation of new optimality conditions for
quasidifferentiable programming problems in Section 4. Finally, some basic definitions and
facts from quasidifferential calculus are collected in Section 2.

2 Quasidifferentiable Functions
From this point onwards let X be a real Banach space. Its topological dual space is denoted
by X*, whereas the canonical duality pairing between X and X* is denoted by (-, -). The

zero vector of a vector space Y is denoted by Qy or simply by O when the underline space
is clear from the context.

@ Springer



Metric Regularity of Quasidifferentiable Mappings and Optimality... 429

Let U C X be an open set. Recall that a function f: U — R is called Dini (Hadamard)
directionally differentiable at a point x € U, if for any & € X there exists the finite limit

Fptrnt = tim LG+ =100

o
f(x +ah’) —f(X)>

1
[, ]—[+0,h] o

(f,; (x,h) =

(see [18] for a discussion about the limit in the definition of Hadamard directional deriva-
tive). Clearly, if f is Hadamard directionally differentiable at x, then f7,(x, ) = f5(x, ).
Therefore, it is natural to refer simply to the directional derivative of f at x and denote it by

f/(x9 )

Definition 1 A function f: U — R is called Dini (Hadamard) quasidifferentiable at a
point x € U if f is Dini (Hadamard) directionally differentiable at x, and its directional
derivative can be represented as the difference of two continuous sublinear functions or
equivalently if there exists a a pair Z f (x) = [3 f (x), 3 f (x)] of convex weak™ compact sets
df(x),df(x) C X* such that

f'(x,h) = max (v*,h)+ min (w* h) VheX. 1)

v*ed f(x) w*ed f(x)

The pair Z f(x) is called a Dini (Hadamard) quasidifferential of f at x, while the sets
3 f(x) and 3 f (x) are called the Dini (Hadamard) subdifferential and superdifferential of f
at x respectively.

Remark 1 Following the usual convention we identify X* with X in the case when X is
either a finite dimensional or a Hilbert space. Therefore, in particular, if X = R”", then a
quasidifferential is a pair of convex compact subsets of R”, while if X is a Hilbert space,
then a quasidifferential is a pair of weakly compact convex subsets of X.

A calculus of quasidifferentiable functions can be found in [10]. Here we only mention
that any finite DC (difference-of-convex) function is Hadamard quasidifferentiable. Note
also that a quasidifferential of a function f is not unique, since for any quasidifferential
9 f (x) of f at x and any weak* compact convex set C C X* the pair [d f(x) + C, 8 f (x) —
C] is a quasidifferential of f at x as well.

In the general case quasidifferential mapping Z f (-) might not possess any continuity
properties; however, for many nonsmooth functions appearing in applications it is outer
semicontinuous (0.s.c.). Recall that if a function f is quasidifferentiable in a neighbourhood
U of a point x € X, then a quasidifferential mapping & f () defined in this neighbourhood
is said to be 0.s.c. at x, if the corresponding multifunctions 3 f : U — X*andd f: U — X*
are 0.s.c. at x, i.e. for any open sets Vi, Vo C X* such that d f(x) C V; and 8 f(x) C V>
there exists § > O such that d f(x") C Vy and d f(x') C V, forall x’ € U with ||x'—x]| < 8.
As was pointed out in [26], a quasidifferential of a continuously codifferentiable function is
outer semicontinuous (see [10] for the definition of continuously codifferentiable function).
Hence, in particular, the class of functions for which there exists an o.s.c. quasidifferential
mapping is closed under all standard algebraic operations, the pointwise maximum and
minimum of finite families of functions, and the composition with smooth functions, since
the class of continuously codifferentiable functions is closed under all these operations [10,
12, 14]. Furthermore, any DC function has an o.s.c. quasidifferential mapping. Indeed, if
f = fi — f2, where f1 and f> are finite closed convex functions, then one can define
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D) =[0f1(-), —df2(-)], where df; (-) is the subdifferential of f; in the sense of convex
analysis. Note that this quasidifferential is correctly defined and o.s.c. due to the fact that the
subdifferential of a finite closed convex function defined on a Banach space is nonempty at
every point (see, e.g. [16, Proposition 1.5.2. and Corollary 1.2.5]) and outer semicontinuous.

Let us also recall a certain extension of the definition of quasidifferentiability to the case
of vector-valued functions that was utilized in [19, 37].

Definition 2 Let Y be a real Banach space, and U C X be an open set. A function
F: U — Y is called scalarly quasidifferentible at a point x € U, if F is Dini directionally
differentiable at x, i.e. for any & € X there exists the limit

F'(x,h) = ! (F(x +ah) — F(x)),

lim —
a—+0 o
and for any y* € Y* the function (y*, F'(x,-)) can be represented as the difference
of continuous sublinear functions, i.e. there exists a pair of convex weak® compact sets
AF (x; y*), dF (x; y*) C X™* such that

(y*, F'(x,h)) = max (" h)+ min (w* h) VYveX.
v*€dF (x;y*) w*€d F (x;y*)
For any y* € Y* the pair ZF(x;y*) = [0F(x;y*),dF(x;y*)] is called a scalar
quasidifferential of F at x (corresponding to y™*).

Remark 2 Below, as usual, we use the term “quasidifferential”, instead of “Dini quasidiffer-
ential”. Also, when we say that a function f is quasidifferentiable at a point x, we suppose
that a quasidifferential of f at x is given. Alternatively, one can define a quasidifferential as
an equivalence class and work with these equivalence classes; however, in author’s opinion
this approach leads to somewhat cumbersome formulations of the main results. That is why
we do not adopt it in this article.

3 Metric Regularity of Quasidifferentiable Mappings

In this section we obtain necessary and/or sufficient conditions for the metric regularity of
multifunctions in terms of quasidifferentials. We also introduce an MFCQ-type constraint
qualifications for parametric systems of quasidifferentiable equalities and inequalities and
prove that it ensures the metric regularity of a multifunction associated with this system.

3.1 General Conditions for Metric Regularity

Let (Y, d) be a complete metric space, and F: X =2 Y be a set-valued mapping with closed
values, whose graph is denoted by Graph F. Forany y € Y, r > O and any set C C Y
denote B(y,r) ={z €Y | d(y,z) <r}andd(y,C) = inf,ec d(y, z). As usual, we put
d(y,¥) = +oo.

Recall that F is called metrically regular near a point (x,y) € Graph F, if there exist
K > 0and r > 0 such that

d(x, F7'(y)) < Kd(y, F(x)) V(x,y) € B(X,r) x B, r). 2

The greatest lower bound of all K for which the inequality above is satisfied with some
r > 0 is called the norm of metric regularity of F near (x,7y). For the general theory of
metric regularity see [2, 22, 24].
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At first, our aim is to obtain sufficient conditions for the metric regularity of the
set-valued mapping F in the case when the distance function x — d(y, F(x)) is quasid-
ifferentiable for any (x, y) in a neighbourhood of (X, y). To this end, for any y € Y and
x € X denote ¥y (x) = d(y, F(x)), and define

3

V@) = limsyp @ =¥, 0

u—x, Yy ()= Py (x) llx — ul|

The quantity |V, |(x) is called the strong slope of vy at x.

Recall that under some natural assumptions on the functions v, (-) the validity of the
inequality |[Viry|(x) > K —1 for any (x,y) ¢ Graph F in a neighbourhood of (x,y)
is sufficient for the metric regularity of F' near (x,y) with the norm of metric regular-
ity no exceeding K. In the case when Y is a Banach space, the validity of the inequality
[Viryl(x) > t~1 for any such (x, y) and for all + > K is also necessary for the metric
regularity of F near (x,y) with the norm of metric regularity no exceeding K (see, e.g.
[22, Theorem 2b]).

In the following theorem we demonstrate how the verification of the inequality
[Viryl(x) > K —1 (and, thus, the metric regularity of the multifunction F) can be sig-
nificantly simplified in the case when the distance functions ¥,(-) = d(y, F () are
quasidifferentiable.

Theorem 1 Let for any y € Y the function yry(-) be lower semicontinuous (l.s.c.), and let
(x,y) € Graph F and K > 0 be given. Suppose that there exists r > 0 such that for any
(x,y) € B(x,r)x B(y,r)withy ¢ F(x) the function yy(-) is quasidifferentiable at x, and
there exists w* € 3y, (x) for which

d(0, 3yy(x) + w*) > % 4)
Then for any (x,y) € B(x,r) x B(y, r) such that Kd(y, F(x)) < r — d(x,X) one has
d(x, F~1 (v)) < Kd(y, F(x)), which, in particular, implies that the set-valued mapping F
is metrically regular near (x,y) with the norm of metric regularity not exceeding K.
Moreover, suppose that Y is a Banach space, X is finite dimensional, and for any y € Y
the functions Yy (-) are Hadamard quasidifferentiable on B(x, r) with some r > 0. Then for
the metric regularity of F near (x,y) with the norm of metric regularity not exceeding K it
is necessary and sufficient that for any t > K there exists a neighbourhood U of (x,y) such
that for any (x, y) € U\Graph F there exists w* € 5%, (x) for which d(O, 3yry (x)+w*) >

t
Proof Let us show that under the assumptions of the theorem one has
Vi l@) > K~ V(x,y) e (B(f, r) x B(3, r)) \ Graph F.

Then applying [22, Theorem 2b] one obtains the desired result.

Indeed, fix (x, y) € B(x,r) x B(y,r) with y ¢ F(x). From (4) it follows that for some
& > 0 the convex compact subsets B(Q, K~! 4 ¢) and APy (x) + w* of the space X*
endowed with the weak™ topology are disjoint. Applying the separation theorem one obtains
that there exists & € X with ||k|| = 1 such that

(v h) < (x*,h) Wv* €dy,(x)+w* Vx*e B(O, K'+e)
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or equivalently (v*, k) < —K~! —¢ < —K~! forany v* € Ay (x) + {w*}. Hence with the
use of the definition of quasidifferential (see (1)) it is easy to check that 1#)’, (x,h) < K~L.
Therefore there exists a sequence {«,} C (0, 400) such that o, — 0 as n — 0o and

i Yy (x + anh) — Py (x) 1
im <—=

n—00 oy, K’

Consequently, ¥y (x) — ¥, (x + a,h) > 0 for any sufficiently large n € N, and
maX{%(X) —Yyx + aph), 0} 1
p >

lim su
n—00 Op K
which due to (3) yields [V, [(x) > K1, since ||k = 1.

Let us now prove the second part of the theorem. Indeed, by [22, Theorem 2b] the multi-
function F' is metrically regular near (X, y) with the norm of metric regularity not exceeding
K iff for any t > K there exists a neighbourhood U of (X, y) such that [V, |(x) > +~1 for
any (x,y) € U \ Graph F.

Taking into account the facts that X is finite dimensional and the functions x —
¥y (x) are Hadamard quasidifferentiable, and applying [2, Proposition 2.8] one obtains that
[Viry|(x) = —minjp =1 1//; (x, h). Hence with the use of the explicit expression for the rate
of steepest descent of a quasidifferentiable function (see [10, Section V.3.1]) one gets

IViry|(x) = max min lv*)l, if |V, |(x) > 0.
Y Wy (x) VFEDYy (1) +Hw*) ’

3

Consequently, |Vry|(x) > ¢~ iff d(O, 3y (x) + w*) > ¢! for some w* € Y (x),
which implies the required result. O

Remark 3 Taking into account the definition of quasidifferential (1) it is easy to check that
condition (4) is satisfied for some w* € 5%, (x) iff there exists & € X with ||h]| = 1 such
that 1//;, (x,h) < —K~!. Therefore, condition (4) is invariant with respect to the choice of
quasidifferentials of the functions vy, since the directional derivative w;, (x, -) obviously
does not depend on the choice of quasidifferential.

Remark 4 Sufficient conditions for the metric regularity of a continuous single-valued map-
ping F' between Banach spaces in terms of quasidifferentials of the functions ¥y (x) =
ly — F(x)|| were first obtained by Uderzo [36] (see also [37]). However, the conditions in
[36] are more restrictive then the ones stated in the theorem above. Indeed, by [36, Theo-
rem 4.3] for the metric regularity of F near a point (x, F(x)) it is sufficient that there exist
m > 0 and r > 0 such that for any x € B(x,r) and y € B(F(X), r) with y # F(x) one has

d(©, 3y, (x) +w*) > m  Yw* € 3y, (x). 5)

It is easy to see that this condition fails to hold true even for the very simple function
F(x1,x2) = |x1| — |x2], when X = 0, and y = O (here X = R2, Y = R, and 0, is the
zero vector from R"). Indeed, for x = 0, and any y > 0 a quasidifferential of the function
Yy (x) = |y — F(x)| has the form

wwr=af(9)- ()] wwr=sf(3)-()]

and for w* = 0, € 51//y (02) one has 0> € 3v,(02) + w*. Thus, condition (5) is not
satisfied. On the other hand, one can check that sufficient conditions from Theorem 1 are
satisfied. Indeed, fix any x € R? and y € R such that y # F (x). Applying standard rules of
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quasidifferential calculus [10, Section IIL.2] to the function vy (x) = |y — |x{| + |x2]| one

gets that
. 0 = . — Sign(x1)
250 = | (signen )| 70500 = {775

in the case y > |x1| — |x2], and

vy () = {(Sigla(xo)}, Yy (x) = {(_Sisn(xz))}

in the case y < |x1| — |x2|. Here Sign(¢) = sign(¢), if ¢ # 0, and Sign(0) = [—1, 1]. Let the
space X = R? be equipped with the Euclidean norm. Then we have the following two cases:

1. if y > F(x), then setting w* = (—sign(x),0)7 € 3y, (x) in the case x; # 0 and
w* = (1,07 e 5wy(x) in the case x; = 0 one gets that d(0, vy, (x) + w*) = V2,
provided x; # 0, and d(02, 0¥, (x) + w*) = 1, if xp = 0;

2. if y < F(x), then setting w* = (0, —sign(xz))T € 51ﬂy(x) in the case x» # 0 and
w*=(0,1) € 51/1}, (x) in the case x = 0 one obtains that (02, 31y (x) + w*) = V2,
if x1 #0,and d(02, 9yy (x) + w*) = 1,if x; = 0.

Thus, condition (4) is satisfied with any K > 1, and the function F(x) = |x1| — |x2] is
metrically regular near the point (0, 0) by Theorem 1.

Note also that condition (5), unlike (4), depends on the choice of quasidifferential. For
instance, it is not valid for the identity function F(x) = x, which is metrically regular near
any point (here X = Y = R), if one chooses the pair 9y, (x) = —sign(y — x) + [—1, 1]
and 5¢’y (x) = [—1, 1], as a quasidifferential of the function ¥y (x) = [y — F(x)| = |y — x|
at every point x such that y # x.

Let us give another simple example illustrating Theorem 1.

Example 1 Let X = Y = R and F(x) = min{x, max{x3, 0}}, i.e. F is single-valued. Let
us check whether this function is metrically regular near the point (0, 0) with the use of
Theorem 1. By definition one has v, (x) = |y — min{x, max{x3, 0}}|. The function Yy ()
is quasidifferentiable and locally Lipschitz continuous, which implies that it is Hadamard
quasidifferentiable. Applying standard rules of quasidifferential calculus [10, Section III.2]
one gets that

{—1}, if x ¢ [0, 1],
_3y2 ; _
APy (x) = % ;x_}i] ii i(lo’ D, dYy(x) = {0} inthecasey > F(x),
[—1

,0], ifx=0

{13, ifx ¢ ][0, 1],
(3x%}, ifx € (0, 1),
(1,3], ifx=1,
[0,1], ifx=0

Ay(x) = {0}, IYy(x) =

in the case y < F(x).

Therefore for y = 0 and any x € (0, 1) (note that in this case y # F(x)) one has
d(0, 3y (x) + w*) = 3x? for any w* € 51@ (x). Choosing sufficiently small x > 0 one
obtains that d (0, 8y (x) + w*) < ¢~! for any prespecified ¢ > 0 and for all w* € dyo(x).
Thus, by the second part of Theorem 1 one can conclude that F' is not metrically regular
near (0, 0). Let us also verify this directly. Indeed, it is easily seen that F _l(y) =y, if
y ¢ [0,1], and F~'(y) = y!'/3,if y € [0, 1]. Applying the definition of metric regular-
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ity (2) with x = 0 one gets that for the function F to be metrically regular near (0, 0) it is
necessary that there exists K > 0 such that

dO, F~'(y)) = y'? < Ky =d(y, F(0))

for any sufficiently small y > 0, which is obviously impossible.
3.2 Parametric Systems of Equalities and Inequalities

In order to verify the metric regularity of a multifunction with the use of Theorem 1, one
must check that condition (4) holds true at every point in a neighbourhood of a given point
(x,y), which is a common drawback of general results on metric regularity (cf. [2, 22]).
However, as in the case of sufficient conditions in terms of various subdifferentials and
coderivatives, in some particular cases one can obtain sufficient conditions for the met-
ric regularity that involve only quasidifferentials of certain functions at the point (X, y)
itself. Our next goal is to obtain such conditions for a set-valued mapping associated with a
parametric system of nonlinear equality and inequality constraints.

Let Y be a real Banach space, P be a metric space of parameters, and let also F': X x
P—Yandg: X x P — R,i el =1{1,...,m}, be given functions. For any y € Y and
z; € R, i € I, consider the following parametric system

F(x,p)=y, g, p) =<z iel. (6)

Denote by S(p, y,2) = {x € X | F(x, p) =y, gi(x, p) < z;, i € I} the solution set of
this system, where z = (z1, ..., zm)T € R™. We also denote S(p) = S(p, Oy, 0,,), and
sometimes use the notation F,(x) = F(x, p).

In the case when the functions F(-, p) and g; (-, p) are continuously Fréchet differen-
tiable, the multifunction @, (x) = {F (x, p)} x ]_[;":1 [gi(x, p), +00) associated with system
(6) is metrically regular near a given point if and only if the Mangasarian-Fromovitz con-
strain qualification holds at this point, i.e. the Fréchet derivative D, F (x, p) is a surjective
mapping, and there exists & € X such that D, F (x, p)[h] = O, while D,g;(x, p)[h] < O
for any i € I such that g;(x, p) = z; (see, e.g. [6, Corollary 2.1]). Our aim is to extend this
results to the case when the functions F (-, p) and g; (-, p) are only quasidifferentiable.

Being inspired by the results of [37], let us introduce a constraint qualification in
terms of quasidifferentials that ensures the metric regularity of the multifunction associ-
ated with system (6). For the sake of shortness we consider the case y = O and z = 0,
only, since the general case can be easily reduced to this one by replacing F(x, p) with
F(x, p) —y,and g;(x, p) with g;(x, p) — z;. Suppose that the functions g; (-, p),i € I, are
quasidifferentiable at a point x such that x € S(p), and the mapping F (-, p) is scalarly qua-
sidifferentiable at this point, and denote their quasidifferentials at this point by %, g; (x, p)
and 2, F(x, p; ¥*), y* € Y*, respectively. Introduce the sets

[Zxgi (% DT = 8,8 (X. P) + 0:8i (X, P),
(2 F G P y9I" = 8, F®, 73 y*) + 0 FX, B3 y").
These sets are sometimes called quasidifferential sums, and they were considered e.g.
in [37]. Note that quasidifferential sums are not invariant with respect to the choice of
the corresponding quasidifferentials. For example, for the function f(x) = |x| both
2, f0) = [[—-1,1],{0}] and 2, f(0) = [[—2,2],[—1, 1]] are quasidifferentials of f at
x,and [2 fF(O)]T = [—1,1] # [-3,3] = [Z,f(0)]". Thus, all conditions below are not
invariant with respect to the choise of quasidifferentials.
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For any x € X and p € P define I(x,p) = {i € I | gi(x, p) = 0}, and denote
Sy ={xeX||x||=1}

Definition 3 One says that the Mangasarian-Fromovitz constraint qualification in terms of
quasidifferentials (q.d.-MFCQ) holds at (x, p), if

inSf inf{|[v*||: v* € [Z,F(x, p; yO1T) > 0, (7
y*e y*

and there exists h € X such that (v*, h) = 0 for all v* € [Z,F(x,p; y)]t and y* € Y*,
while (v*, h) < 0 for all v* € [Z,g;(X,p)]T andi € I (X, D).

Let us point out how q.d.-MFCQ is connected with the standard MFCQ. To this end,
recall that nonempty subsets Ay, ..., Ay of a linear space E are said to be linearly indepen-
dent (or to have full rank), if the inclusion @ € AjA; + ...+ X, A, with A; € R is valid
only for A; =0,i € {1, ..., s}. Clearly, the sets A;, i € {1, ..., s} are linearly independent
iff for any x; € A;,i € {1, ..., s}, the vectors x, ..., x; are linearly independent.

Proposition 1 Let Y be the space R! equipped with the Euclidean norm | - |, and F(-) =
(AG), ..., fit)T, where the functions fi: X x P — R are quasidifferentiable in x at
(x, P). Then the mapping F (-, p) is scalarly quasidifferentiable at X. Moreover, q.d.-MFCQ
holds at (x, p) iff the sets [Dy fix, I, 1 < j <1, are linearly independent, and there
exists h € X such that (v*,h) = 0 for all v* € [P\ fj(x, It and 1 < j < 1, while
(v*, h) < O forallv* € [Zvgi(x, )] andi € I (X, D).

Proof From the fact that the functions f;(-, p) are quasidifferentiable at x it follows that
the mapping F'(-, p) is directionally differentiable at this point, and

T
FCPIE D = (LACGDIE b, LG DIE D)

for any & € X. Therefore, for any y* = (y1, ..., yl)T € R/ one has

1
ORLIFGRIGE M) =Y v max S m 4 min (k).
; Noeed, ;9 w*ed, f; (%)
which implies that F (-, p) is scalarly quasidifferentiable at X, and for any y* one can define
l —
8, FE Py = Y (12, £ ) = [/ 140 £ ).
j=1
— l —
LFE D) = 3 (b0 fi G D) = (3140, /i E 7)),
j=1

where [¢]+ = max{t, 0} for any ¢ € R. Hence for any y* one has

l
(2. FE, P yO1T =) y[2: fi X, P ®)
j=1
Consequently, if (7) holds true, then the sets [Zx f; (¥, I, 1 < j <, are linearly inde-
pendent, since otherwise 0 € [Z, F (X, p; y*)] for y* = A /|A|, where A € R A # 07 is such
that O € M[Z: fi(x, P)IT + ...+ M[Z fi(x, P)]T, which is impossible. Conversely, if the
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sets [P fj(x, P)I1T, 1 < j <[, are linearly independent, then O ¢ [Z, F (X, p; y*)]* for
any y* # 0;. Applying the separation theorem and the fact that the set [Z, F (X, P; y*)]T
is weak™ compact one obtains that there exist = € X and § > 0 such that (v*, h) > § for
all v* € [, F (X, p; y*)]+. Therefore inf{|v*|| | v* € [Z:F(X,p; y")]"} > 0 for any
y* # 0;. Hence taking into account the facts that this infimum is obviously continuous with
respect to y* (see (8)), and the unit sphere in R! is compact one gets that (7) holds true. It
remains to note that the equivalence between the second conditions from q.d.-MFCQ and
the proposition (the existence of &) follows directly from (8). O

Remark 5 With the use of the separation theorem one can easily check that under the
assumptions of the proposition above the vector 4 from q.d.-MFCQ exists iff

o {[Z:8i @ DI 1i € IE P} Nelspan {[2: f; @ DI [ 1<j <=0, (9

where the closure is taken in the weak™® topology. Furthermore, if X is finite dimensional,
then this span is weak™® closed, and (9) is equivalent to the following condition: for any
vl e [Zcgix. DT i € (X, P andwi € Uo7 fj X, DI, 1 <k <n, where n is
the dimension of X, there exists 4 € X such that

W k) <0 VielI®p). (wih)=0 Vke(l,....n) (10)

i

The implication (9) = (10) follows from the separation theorem, while the opposite
implication follows from the fact that if the intersection in (9) is not empty, then it is impos-
sible to find & satisfying (10) for those v} and w; that correspond to a vector from the
intersection. Note that condition (10) is, in a sense, a “pointwise” version of the second
condition from q.d.-MFCQ. Let us finally point out that in the case when / = 1 the “linear
independence condition” from q.d.-MFCQ is reduced to Q ¢ [Z; f1(x, P)]T.

Likewise the standard Mangasarian-Fromowitz constraint qualification, q.d.-MFCQ can
be used to obtain sufficient conditions for metric regularity. For the sake of simplicity we
consider only the case when the functions F and g; are continuous on X x P, although the
theorem below holds true under weaker assumptions. Note also that in the theorem below,
unlike in the main results of [37], we do not assume that the Banach space Y admits a
Fréchet smooth renorming.

Theorem 2 Suppose that the functions F and g;, i € I, are continuous. Let also a point
(X, P) € X x P be such that x € S(p), and there exist a neighbourhood U of (X, p) such
that

1. for any (x, p) € U the mapping F (-, p) is scalarly quasidifferentiable at x, and the
Sunctions g; (-, p), i € 1(X, p), are quasidifferentiable at x;

2. the multifunctions D, gi(-), i € 1(x,p), are o.s.c. at (X, p), while the multifunction
(x, p) = [DF(x, p; y)IT is o.s.c. at (x, p) uniformly with respect to y* € Syx, i.e.
for any & > 0 there exists § > 0 such that [2, F (x, p; y)IT C [2.F&, p; yHIT +
B(Q), ¢) for all y* € Sy~ and (x, p) € B(x, 8) x B(p, §);

3. theset D(y) = {[Z:F (X, D; y)IT | ¥y* € Sy=: (3%, y) = |y} is weak* closed and
convex for any y € Sy.
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Suppose, finally, that q.d.-MFCQ holds at (x, p). Then there exist K > 0, a neighbourhood
V of (x, p), and a neighbourhood W of zero in Y x R™ such that

m
d(x,S(p.y.2) = K(IF @, p) =yl + Y max{gix, p) = 2:,0) (1)
i=1
for all (x,p) € V and (y,z) € W. Therefore, in particular, the set-valued mapping
D, X 3Y xR", @,(x) ={F(x, p)} x l_[;”zl[gi (x, p), +00) is metrically regular near
the point (x, (Qy, 0,,)) with the norm of metric regularity not exceeding K for all p in a
neighbourhood of p.

Proof Let ¥ > 0 be such that B(x,7) x B(p,7) C U. Our aim is to prove that there
exist r € (0,7) and K > O such that for any p € B(p,r) one has |V, . pl(x) >
K~! for all (y,z) € B((Qy,0,,),r) and x € B(x,r) such that (y, z) ¢ @,(x), where
Y.z, pp () =d((y, 2), Pp(x)), and the space ¥ x R™ is equipped with the norm ||(y, 2)|| =
Iyl + Zlm:] |zi|. Then applying [22, Theorem 2b] one obtains that d(x, <P[jl(y, 7)) <
Kd((y,z), ®,(x)) forall x € B(x,r), p € B(p,r), and (y,z) € B((Qy,0,),r) such
that Kd((y, z), @p(x)) < r — |lx — X||, i.e. (11) holds true for all such x, p, y, and z.
With the use of the continuity of the functions F and g; and the fact that x € S(p), i.e.
(Oy,0,) € &5(x), one can find § < r such that Kd((y, z), ®,(x)) < r — [|x — X|| for all
x € B(x,4), p € B(p,d) and (y, z) € B((Oy, 0,,), §), which implies that (11) holds true
for all such x, p, y, and z, and the proof is complete.

Before we proceed to the proof of the inequality [V/(y ; p)l(x) > K —1, let us first
compute the directional derivative of the mapping | F (-, p) — y||. Denote w(y) = ||y|-
Recall that dw(y) = {y* € Sy= | |yl = (y*, y)} for any y # O, where dw(y) is the
subdifferential of @ at y in the sense of convex analysis. Fix (x, p) € U and y € Y. From
the definition of scalar quasidifferentiability it follows that for any # € X one has

Fp(x +ah) — Fp(x) = ozF;(x, h) +o(a) Yo >0,
where [|o(a)||/a — 0 as o — +0 (recall that F,(x) = F(x, p)). Hence
(17 G ah) = ¥l = 1 Fp0) = 1l = 0o (Fy(x) = v, Fy(x. )|

= |IFp @) =y + aFp (e ) + 0@l = [ Fp(x) =yl = aw (Fy(x) = v, Fy(x, )|

IA

‘IIFp(x) =Y+ aF,(x, )| = [Fp(x) = yll — a0/ (Fp(x) — y, Fy(x, h))‘ + llo()].

Dividing this inequality by « and passing to the limit as « — +0 one gets that the function
| £, (-) — yll is directionally differentiable at x, and for any # € X and y € Y one has

1Fp() = ylI'(x, h) = &' (Fp(x) =y, Fp(x, b)) = sup (", Fp(x, b))
V€I (Fy (1))

sup ( max (v*,h)+ _ min (w*, h))
Y*EIW(Fp(x)—y) v*ed, F(x,p;y*) w*edy F(x, p;y*)

< sup max (v*, h), (12)
y*Edw(Fp(x)—y) VFELDx F(x, piy")]*

if F(x, p) # y, while

IFp() = I (x, h) = [|IF,(x, i)l < sup

max (v*, h), (13)
y*eSyx V*E[Dy F (x,p;y*)IT

in the case F(x, p) =y, since ||y| = SUP e Sy v, ).
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Now we can utilize q.d.-MFCQ and the outer semicontinuity of the quasidifferential
mappings to prove the inequality |Vi/(y ; p)[(x) > K ~1. Let ¢ > 0 be any number smaller
than the infimum in (7). From Assumption 3, the fact that the set D(y) is convex, and the
separation theorem it follows that for any y € Sy there exists Ay with |2y || = 1 such that
(v*, hy) < —s for all v* € D(y). With the use of the second condition in q.d.-MFCQ
one obtains that (v*, i, + thy < —s for all v* € D(y) and ¢ > 0, where the vector his
from q.d.-MFCQ. Hence applying the fact that the mapping (x, p) — [Z, F(x, p; y*)]T is
o.s.c. at (x, p) uniformly with respect to y* € Sy, one gets that for any ¢ > 0 there exists
r1(t) € (0,7) such that for any y € Sy one has

— P24
(v*, hy +th) < —3 Vo' € [ZeF(x, piy")IT ¥y edll-1I(y) (14)

for all (x, p) € B(x,r1(t)) x B(p, r1(t)). Furthermore, from the second condition in q.d.-
MFCQ and Assumption 2 it follows that for any r > 0 there exists r2(¢) € (0,7) such
that
(v*, th) < z
4
for all (x, p) € B(x, ra(t)) x B(p, ra(t)).

Applying the second condition in q.d.-MFCQ, and the facts that ||| = 1 forany y € Sy
and the sets [, g; (X, p)]T are obviously weak* compact (and thus bounded) one can find
to > O such that (v*, hy + toh) < — for all v* € [Z2,;(x, P)1T, i € I(x,p), and
y € Sy. Hence with the use of the outer semicontinuity of the mappings %, g; () at (x, p)
one obtains that there exists r3 € (0, 7) such that

Yo* € [ZcF(x, p; y9)IT Vy* € Sy (15)

Wby ) < =2 Vot e [Zugi It Vi€ (@ P)Vy e Sy (16)

for all (x, p) € B(x, r3) x B(p, r3). Finally, since g; are continuous, there exist r4 € (0, 7)
and ¢ > O such that g; (x, p) < —¢ forany (x, p) € B(X,r4) x B(p,rs) andi ¢ I(x,p).

Define r = min{r(t), r2(to), r3, r4, €/2}, and fix any (x, p) € B(x,r) x B(p,r)
and (y,z) € B((Qy,0y),r) such that (y,z) ¢ @,(x). Note that g;(x, p) — z; < 0 for
anyi ¢ I(x,p),sincer < min{ry, £/2}, which implies that g; (-) — z; < 0 in a neighbour-
hood of (x, p). Hence

d((y,2), ®48) = 1F¢.,q9) =yl + Z max({g; (&, q) — z;, 0}
iel (x,p)

for any (&, ¢) in a neighbourhood of (x, p), i.e. the indices i ¢ I (x, p) can be discarded
from consideration. Observe also that

[gi('v p)]/(x!h)7 ifgi(xv p) > Zi,
max{g; (-, p) — zi, 0} (x, h) = { max{[g; (-, p))'(x, h),0}, if g (x, p) = zi, (17
07 ifgi(x»P)<Zi,

and [g; (-, p)I'(x, h) < MaxXy«c(g, g (x, p)1+ (V" h) forany h € X.
If F(x, p) # y, then with the use of (12), (14), (16), and (17) one obtains that

I I / n
Vi @m =1FC.p) = yII' G+ Y max{gi(. p) — 2. 0) (x.n) < -3
iel(x,p)

where n = hy + toh and w = (F(x, p) — W/IF(x, p) —7y|| (here we used the fact that
oll - I(F(x, p) —y) = 3]l - ((w)). Note that ||n|| <1+ follk]|, since [|Ay] = 1.
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On the other hand, if F(x, p) = y, then there exists k € I (x, p) such that gx(x, p) > zk.
Consequently, applying (13), (15), (16), and (17) one gets that

wéy\:yz’p)(xv 77) = ||F(7 p) _Y||/(xy77)+max{gk(” P)_Zkao (

+ Y max{giC.op) — . 0)(em) < 2

Y (x,m)
. = 4
iel (x,p)\{k}

%_
=

a4
1
where 1 = toh. Thus, for any (x, p) € B(X,r) x B(p,r) and (v, z) € B((Qy, 0,,), r) such
that (y, z) ¢ @, (x) one has

’ Ui »
VY (el () = =V, 2y (X’ m) > RESTIE

and the proof is complete. O

Remark 6 Let F be as in Proposition 1 and X = R”. In this case one can reformulate the
sufficient conditions for the metric regularity of the mapping F from the theorem above
in a different way. Namely, let the set 9, F'(x, p) consists of all / x n matrices whose j-th
row is a vector from 9, f; (X, p). The set 9, F(x, P) is defined in a similar way. Then the
pair ZxF(x,p) = [0, F(X, D), 3, F(x, p)] is, in fact, a quasidifferential of the mapping
F(-,p) at X (see [10, Appendix III]). From Theorem 2 it follows that for the mapping
F(-, p) to be metrically regular near (x, F(x, p)) with the norm of metric regularity not
exceeding some K > 0 for all p in a neighbourhood of p it is sufficient that [ < n,
and all matrices from the set [Z, F(x,p)]T = 9, F(x,p) + 8, F(x, P) have full rank.
Note that a similar condition on the set [Z, F (X, p)]T was introduced by Demyanov in
[7] for the analysis of nonsmooth implicit functions and a nonsmooth Newton method for
codifferentiable vector-valued functions.

Remark 7 Tt should be noted that in the case when X = R" and ¥ = R!, Theorem 2 is,
in essence, reduced to the sufficient conditions for metric regularity in terms of the Clarke
subdifferential [1, 4]. Indeed, if a function f: X — R is quasidifferentiable at a point x,
then, as it easy to see,
min (v, h) < f'(x,h) < max (v* h) VhelX,
v*e[P f(0)IT v*e[D f (01T

i.e. the quasidifferential sum [Z f (x)]T is a convexificator of f at x (see [8, 9, 25]). With
the use of the separation theorem and the inequalities above one can easily check that if f
is Gateaux differentiable at x, then f/(x) € [Z f(x)]" regardless of the choice of quasidif-
ferential. Consequently, if X = R”", f is Lipschitz continuous and quasidifferentiable near
x, and a quasidifferential mapping Z f is o.s.c. at x, then d¢; f(x) € [Z f(x)]", where
dci f (x) is the Clarke subdifferential of f at x [5].

With the use of [14, Corollary 2] one can verify that under the assumptions of Theorem 2
the functions F (-, p) and g; (-, p) are Lipschitz continuous near x with the same Lipschitz
constant for all p in a neighbourhood of p, provided F has the same form as in Proposi-
tion 1. Therefore, if X = R”, then d¢;g; (-, P)(X) € [Z, gi (¥, P)]T, and the same inclusion
holds true for f;(x, p). Thus,if X = R" and ¥ = R/, then Theorem 2 is a corollary to
the sufficient conditions for metric regularity in terms of the Clarke subdifferential [1, The-
orem 1.1] (see also [4]). On the other hand, if either X or Y is infinite dimensional, then
Theorem 2 does not follow from the main results of [1, 4].

Let us also point out that Theorem 2 can be easily extended to the case when instead of
quasidifferential sums one uses o.s.c. convexificator mappings. However, since the Clarke
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subdifferential is the smallest o0.s.c. convexificator mapping, in the finite dimensional case
this result is a corollary to [1, Theorem 1.1] as well.

Let us give an example illustrating Theorem 2 and Remark 6.

Example 2 Let X = Y = R? and P = R. Consider the following system of equations:

{ max{2xy, x1} — | sin(px2)| = y1, (18)

sin (p(x1 + xz)) + min{xz, 2x32} = y».

Define fi(x, p) = max{3xy, x1} — [sin(px2)| and fo(x, p) = sin(p(x; + x2)) +
min{xy, 2x3}. Let us utilize Theorem 2 to find the values of the parameter p for which
the mapping x — F(x, p) = (fi(x, p), falx, T is metrically regular near the point
(02, 02).

The functions fi(x, p) and f>(x, p) are quasidifferentiable. With the use of basic rules
of quasidifferential calculus [10, Section III.2] one obtains that

{2,007}, if x; > 0,
3, filx, p) = { col(1,0)T, (2,07}, if x; =0,
{(1,0)7}, ifx; <0,

_ 0
0 filx, p) = (—pcos(pxg) Sign ( sin(px2)) )] ’

~ | { peos(px1 +x2))
A, falx, p) = (pCOS (p(xl +x2)) >} ’

{0, D7y, if x> 0,
gxfz(xv p) = CO{(Os ])T5 (07 2)T}9 if-x2 = 07
{(0,2)}, ifx, < 0.

It is readily seen that the quasidifferential mappings (x, p) > % fi(x, p) and (x, p)
D f>(x, p) are outer semicontinuous.

Let us verify whether q.d.-MFCQ holds at the point (0, p). Following Remark 6
introduce the quasidifferential Z; F (0, p) = [3, F (02, p), 3, F(02, p)l,

9, F (02, p) = {(; 2) te[l,Z]},ng(Qp): [(8?)

of the map x — F(x, p) at the point x = 0. The first row of the set 9, F (02, p)
corresponds to 9, f1(02, p), while the second row corresponds to 9, f2(02, p). The set
3, F(0,, p) is defined in the same way.

The quasidifferential sum of the map x — F(x, p) at x = 0, has the form

+ _ t ps
e = (47,

te[-1,1],s € [1,2]},

te[l,2], se[-1,1], r e [1,2]}

Our aim is to find such p € R that all matrices from the set [Z; F(0,, p)]" are non-
degenerate. The determinants of the matrices from [Z, F(0,, p)]T take values in the
set

cofl, 4} + co{p, 2p} + co{—pz, pz}.
Hence and from the fact that the determinant of (117 p:fl) € [2:F(0y, p)]T is equal to
p* + p + 1 and positive for all p it follows that det A # 0 for any A € [Z, F (02, p)]* iff
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the following inequalities hold true:
p2+2p+1 > 0, —p2+p+1>0, —p2+2p+1 > 0.

Solving these inequalities one obtains that q.d.-MFCQ holds at the point (02, p) iff p €
1 -2, 1+ 5 /2). Consequently, by Theorem 2 one can conclude that for any p €
(1 —+/2, (14 +/5)/2) there exist K > 0 and r > 0 such that

d(x. (Fp)™'(») = Klly — F(x. p)

forall x,y € B(0,r) and any p € (p — r, p + r), which in particular implies that for any
such y and p there exists a solution x(y, p) of system (18).

As the following simple example shows q.d.-MFCQ, unlike MFCQ in the smooth case,
is not necessary for the metric regularity of a multifunction associated with a system of
quasidifferentiable equality and inequality constraints.

Example 3 Let X = R% Y = R, F(x) = |x1| — |x2|, and suppose that there are no
inequality constraints. Let us check whether q.d.-MFCQ holds at the point X = 0. Indeed,
the function F is quasidifferentiable, and one can define

AF(x) = {(Sig‘g(x‘) ) } . OF() = { ( - Sigon(xz) ) } '

Clearly, the multifunctions dF(-) and dF(-) are outer semicontinuous. Observe that
[2F@)]T = {x € R? | max{|xi], |x2]} < 1}, and q.d.-MFCQ is not satisfied at the ori-
gin, since 0 € [Z F (x)]", despite the fact that the function F is metrically regular near the
point (X, 0) (see Remark 4).

It should be noted that in the finite dimensional case q.d.-MFCQ imposes some implicit
assumptions on the dimension of the space X. For example, if for the system

Sikx,p)=y, gix,p)=<0

the quasidifferential sum [, f1(xX, p)]T contains at least two linearly independent vectors,
then dim(span[Z; f1 (X, p)]™) > 2 and for q.d.-MFCQ to hold true at (¥, p) it is necessary
that dimX > 3 (see Remark 5). The following example highlights this drawback of
q.d.-MFCQ.

Example 4 Let X = R?, Y = R, and m = 1. Consider the following system:
J@) =lxl—x=y, g)=x=<z

Our aim is to check whether the multifunction @ (x) = {f(x)} x [g(x), +00) associated
with this system is metrically regular near the point (x, (0, 0)) with X = 0.
Both functions f and g are obviously quasidifferentiable. One can define

areo = (S are = o

ww ={(5)} e =

Clearly, the mappings Z f (-) and Zg(-) are outer semicontinuous. Observe that
o =of(1)- (D)) = ()
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Hence span[Z f(x)]T = R2, which implies that q.d.-MFCQ does not hold at x, and
Theorem 2 cannot be applied. Therefore we utilize Theorem 1 to check whether the
multifunction @ is metrically regular near the point (x, (0, 0)).

Note that

Yy, (x) =d((y,2), @(x)) = |y — |x1| + x2| + max{0, x; — z}.

Define 1,0)1, (x) = |y —|x1] +x2] and wzz(x) = max{0, x; —z}. The functions ¥y ;) ("), w;(-)
and \/IZZ(-) are quasidifferentiable for all y, z € R. Applying basic rules of quasidifferential
calculus [10, Section III.2] one obtains that

Wl = (0o, 5w;<x>={(‘51g1“<’”))}, ity > £(x),

ol = eo{ (7). ()] avtoo = { (T ity = s,

() = {(Sigf(l’“))}, Wl =102}, ify < f(),

{02}, ifx1 <z,
AYr(x) = 1 co{(0,0)7, (1,0)TY, ifx; =z,  3yY2(x) = {02}
(1,07}, if x; > z,

Moreover, 3y, (x) = 3y} (x) + a¥2(x) and 3y, (x) = 3y} (x) + IY2(x).
Fix any x € R? and y, z € R such that (y, z) ¢ @(x), and suppose that the space X is
equipped with the Euclidean norm. The following three cases are possible.

1. Ify > f(x), then for any ¢+ € Sign(x;) one has w* = (-1, DT € 51)//(%1)()6) and
d(02, 3Y(y,5)(x) + w*) > 1, since any v* € 3y ;) (x) + w* has the form (s, 1)T for
some s € R.

2. Ify < f(x),then for w* =0, € 5¢(y,z)(x) one has d(02, 0¥y ;) (x) +w*) > 1, since
any v* € 9V (y,7)(x) + w* has the form (s, —DT for some s € R.

3. If y = f(x), then x; > z due to the fact that (y,z) ¢ @(x). Define w* =
(—sign(x1), 1) € 3Py, (x), if x1 # 0, and w* = (1, 1) € Yy ;) (x), if x; = 0. Then
one can verify that (02, 9y, o) (x) + w*) = V2/2.

Thus, for any x € R? and v,z € R, (v,2) ¢ ®@(x), there exists w* € 51//(},@ (x) such that

d(02, 3V (y,(x) + w*) > \/E/ 2. Therefore, the multifunction @ is metrically regular near
the point (%, (0, 0)) with the norm of metric regularity not exceeding +/2/2 by Theorem 1.

4 Optimality Conditions

Let us utilize q.d.-MFCQ as a new constraint qualification for quasidifferential program-
ming problems with equality and inequality constraints to obtain necessary optimality
conditions for these problems. To this end, consider the following optimization problem:

min u(x) subjectto fj(x) =0, jeJ, gx)=<0, iel. P)

Here u, fj, gi: X — R are given functions, / = {1,...,/},and I = {1, ..., m}. Our aim
is to obtain optimality conditions for the problem (P) via exact penalty function approach.

Define ¢(x) = le:] | il + Y7L max{g; (x), 0}, and denote the ¢; penalty function
for the problem (P) by ¥.(x) = u(x) + ce(x), where ¢ > 0 is the penalty parameter.
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Note that if the functions u, f;, and g; are quasidifferentiable, then this penalty function is
quasidifferentiable as well (see [10]).

Let §2 be the feasible region of the problem (P), and X be a locally optimal solution of
this problem. Observe that x € £2 iff ¢(x) = 0. Recall also that if u is Lipschitz continuous
near X and the penalty term ¢ has a local error bound at X, i.e. there exists T > 0 such that
¢(x) > td(x, §2) for any x in a neighbourhood of X, then the penalty function ¥, is locally
exact at X, i.e. there exist a neighbourhood U of X and ¢* > 0 such that

Y.(x) >¥.(Xx) VxeU Vc>c*,

(see, e.g. [13, Theorem 2.4 and Proposition 2.7]). If ¥, is locally exact at X, then by
definition X is a point of unconstrained local minimum of ¥, for any sufficiently large
¢ > 0. In this case one can apply standard necessary conditions for a minimum in terms of
quasidifferentials [10] to ¥, to obtain necessary optimality conditions for the problem (P).

Theorem 3 Let the following assumptions be valid:

1. X is a locally optimal solution of the problem (P);

u is quasidifferentiable at X and Lipschitz continuous near this point;

3. fj,j € J, and g, i € 1, are quasidifferentiable in a neighbourhood of x, and there
exist quasidifferential mappings 2 f;(-), j € J, and Zg;(-), i € I, defined in a
neighbourhood of X and o.s.c. at this point;

4. q.d.-MFCQ holds at x.

Then there exists ¢* > 0 such that for any ¢ > c* one has
0 € ¥ (X) + w* Vu* € ¥ (%), (19)

where @lllc(f) = [0¥.(x), 0¥, (X)] _is any quasidifferential of ¥, at X. Moreover, for any
wy € du(x), v; € af; (%), w;f € dfj(x), j € J,and 7} € 0g;(X), i € I, there exist
ﬁj’ﬁj’ Ai > 0 such that 1;g; (x) =0 foralli € I and

1
0 € duE) +wg — Zgj (vj +5fj(f))
j=1

+ Xl:nj (ij(f) + wj) + i)\i (Qgi ™) + z,’-‘). 20)
j=1 i=1

In addition, one can choose Ko I j, and A; in such a way that for alli € I and j € J
one has max{lgj|, (71, 121} < c¢*, ie. the multipliers B I, and A; are bounded for all

wh € Ju(x), vi € dfi (@), wi € Afj(xX), jeJ andz}f € 9gi(%), i € I.

Proof Let us show at first that q.d.-MFCQ guarantees that ¢ has a local error bound.
Suppose that R! is endowed with the Euclidean norm. If q.d.-MFCQ holds at X, then by The-
orem 2 the multifunction @: X — R/ x R", @ (x) = ]_[ljzl{fj ()} x [T, [gi (x), +00) is
metrically regular near the point (x, (07, 0,,)). Hence, in particular, there exist K > 0 and a
neighbourhood U of X such that

d(x,2) =d(x,® ' (0;,0,)) < Kd(0, ®(x)) < Kg(x)

for all x € U, i.e. ¢ has a local error bound at x.
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Now we can turn to the proof of (19). Under the assumptions of the theorem the penalty
function ¥, is locally exact at X by [13, Theorem 2.4 and Proposition 2.7]. Thus, there
exists ¢* > 0 such that for any ¢ > ¢* the point X is a local minimizer of ¥,. Consequently,
applying the necessary conditions for a minimum in terms of quasidifferentials [10, The-
orem V.3.1] to ¥, one gets that O € 3W¥,.(x) + w* for all w* € W, (x), i.e. (19) holds
true.

To prove the validity of (20) note that by the necessary condition for a minimum in terms
of directional derivative for all ¢ > ¢* and & € X one has

1
W/, h) = u' (%, h) +C<Z |f/{(§7 h)| + Z max {g}(f, h), 0}) >0,

j=1 iel (%)

where I(x) = {i € I | gi(x) = 0} (here we used standard calculus rules for directional
derivatives; see, e.g. [10, Sect. 1.3]). Let wy, v}*, w}’f and z} be as in the formulation of the
theorem. Define s(C, h) = sup,«cc{(x*, k) for any C C X*, and

1
o) = s @Qu(@ + wi, ) + ¢ Yo max [s@f;) + v, ), s(-v] =T,
=1
ey max{s@gi(f) +zj,h),o] Vh e X.
iel @

Applying the definition of quasidifferential it is easy to see that &.(h) > ¥/(x,h) > 0
for all ¢ > ¢* and h € X. Therefore, Q is a point of global minimum of the function &,
since £.(Q) = 0, which implies that O € 9&.(0) for any ¢ > ¢*, where 9&.(Q) is the
subdifferential of £, at O in the sense of convex analysis. Applying standard calculus rules
for subdifferentials of convex functions one obtains that

I
0 € 95.(0) = du@ +wj + ¢ Y co [Qf,-(f) +wh, v —5f,»(x)}
j=1
+c Z CO{Qgi(Y)—Fz?‘,@].
il (%)

for all ¢ > c*. Hence for any ¢ > ¢* there exists ; € [0,1], j € J, and B; € [0, 1],
i € I(x), such that

!
O € du@ +wl +cY a; (ij@ + w?)
=

- CXI:(I - otj)(v;f -I-gfj(f)) + Ciﬁi (Qg,'(f) +Z;'k)'

j=1 i=1
Denoting gj =c(l — o)), R = caj, j € J, Aj = B fori € I(x), and A; = O for

i € I\ I(x) one obtains that (20) holds true. Note finally that setting ¢ = ¢* one gets the
required bound on multipliers. O
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Remark 8 Note that in the theorem above instead of q.d.-MFCQ it is sufficient to suppose
that the penalty term ¢ has a local error bound at x.

Remark 9 Optimality conditions similar to but weaker than (19) were obtained in [34, 35]
in the finite dimensional case under a different constraint qualification that involves some
assumptions on so-called contact points of the sets d f;(x) and Af (%), i.e. such points v*
of a convex set C C X* that s(C, h) = (v*, h) for a given direction h. Note that one has
to compute contact points of the sets d f;(x) and F) fj(x) for all feasible directions in order
to check the validity of the constraint qualification from [34, 35], which is impossible in
nontrivial cases. In contrast, q.d.-MFCQ is formulated in terms of problem data directly.
In turn, optimality conditions similar to but weaker than (20) were derived in [33] under
yet another constraint qualification in the case when X is finite dimensional, there are no
inequality constraints, and there is only one equality constraint. Furthermore, note that suf-
ficient conditions for the validity of this constraint qualification [33, Theorem 2] coincide
with q.d.-MFCQ with / =@ and ! = 1.

At first glance optimality condition (19) might seem sharper than condition (20). Let
us show that these conditions are in fact equivalent and independent of the choice of
quasidifferentials (cf. [28, 29]).

Proposition 2 Let the functions u, fj, j € J, and g;, i € 1, be quasidifferentiable at a
feasible point X of the problem (P). Then (19) is satisfied for some ¢ > 0 if and only if for
any wg € u(x), v;‘ e dfi(x), w;f € 5f,~(§), jeJ, andz} e dgi(x), i € I, there exist
I jshi > 0 such that (20) holds true, and for alli € I and j € J one has };gi(x) = 0
and max{| K, [, [£;l, 1Ail} < c. Furthermore, both these conditions are independent of the
choice of corresponding quasidifferentials.

Proof From the definition of quasidifferential it follows that

Y/(X,h) = min max  (v*,h) VheX,
w*edw, (x) V*EIV (D) +w*

which implies that (19) is satisfied for some ¢ > 0iff ¥/(x, h) > 0 forall 2 € X. The latter
condition is obviously independent of the choise of quasidifferential. Therefore optimality
condition (19) is independent of the choice of a quasidifferential of ¥, as well.

Let us now show that optimality conditions (19) and (20) are equivalent. Indeed, let
(19) be valid for some quasidifferential of ¥, at X and ¢ > 0. Then ¥/(x, #) > 0 for all
h € X. Hence arguing in the same way as in the proof of Theorem 3 one obtains that for
any wg € u(x), v;f € af;(x), w;f € 5fj(f), jeJ,and zf € dg; (%), i € I, there exist
ﬁj’ﬁj’ Ai > 0 such that (20) holds true, and for alli € I, j € J one has A;g;(x) = 0
and max{lgj|, [#;], |4i]} < ¢ . Note that the implication (19) = (20) is valid for any
quasidifferentials of the functions u, f;, and g;.

Let us prove the converse implication. Fix any quasidifferentials of the functions u, f;,
and g;, and suppose that there exists co > 0 such that for any wj du(x), vj € af;j(x),

w} € dfj(X),j € J,andz} € 0g;(x),i € I, there exist 4, 74}, Ai > 0 such that (20) holds
true, and foralli € I, j € J one has A;g;(x) = 0 and max{lg/.l, [2], 121} < co.

Arguing by reductio ad absurdum suppose that (19) does not hold true for any ¢ > 0. In
particular, it does not hold for ¢ = cg. Then there exists hg € X such that lI/Lf0 (x, hg) < O.
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Applying standard calculus rules for directional derivatives (see, e.g. [10, Sect. 1.3]) one
obtains that

I
WL, @ o) = (. o) + co Y max( ] ho). — f](F ho))
j=1

+ Y max (g} ho), 0}) <0. @1

iel (%)

* *

By the definition of quasidifferential there exist wi € 0u(x), v Teafi, wie 3f; (),
jeJ,andzf € dg; (%), i € I(X), such that

u' (X, ho) = max_(v*, ho) + (wg, ho),
v¥edu(x)
(X, ho) = max (V¥ ho) + (wk, hy), Vjel,
1, ho) v*egf,-(f)( 0) + (w3, ho), Vj
fi( ho) = (vi,ho) + min _(w* ho), Vje€J,
w*ed f; ()
gi(x,ho) = max_(v*, ho)+ (2], ho), Vi€ IX).
v*edgi(X)

Hence and from (21) it follows that £, (ko) < 0, where the function & is defined in the proof
of Theorem 3. On the other hand, from the validity of (20) with max{| K, [l 1Al < coit
follows that O € 9&.,(0) (see the proof of Theorem 3). Therefore &, (h) > &.,(0Q) = 0 for
all h € X, which contradicts the inequality &.,(ho) < 0. Thus, (19) holds true for ¢ = cp.
Let us finally show the independence of (20) on the choice of quasidifferentials. Indeed,
if (20) is valid for one choice of quasidifferentials of the functions u, f;, and g;, then, as
we have just proved, optimality condition (19) is satisfied. Hence and from the implication
(19) = (20) it follows that (20) is valid for any other choice of quasidifferentials of the
functions u, f;, and g;. O

Let us also give a simple example demonstrating that in some cases the optimality con-
ditions from Theorem 3 are much sharper than optimality conditions in terms of various
subdifferentials.

Example 5 Let X = R?, and consider the following optimization problem:
minu(x) = —x1 +x2 subjectto fi(x) = |x1] — |x2| = 0. (22)

Put X = 0,. Observe that X is not a locally optimal solution of problem (22), since for any
t > 0 the point x(¢) = (¢, —t) is feasible for this problem and u(x(#)) = -2t < 0 = u(x).
Nevertheless, let us verify that several subdifferential-based optimality conditions fail to
disqualify X as a non-optimal solution.

We start with necessary optimality conditions in terms of the subdifferential of Michel-
Penot [20], which we denote by dpp. Let L(x, 1) = u(x) + Afi(x) be the Lagrangian
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function for problem (22). For any & € R? the Michel-Penot directional derivative of L(-, 1)
at x has the form

L(x +t(h+e)) — L(x +te)

dypL(-, M)[x, h] = sup limsup

ceR2 1—>+0 !
= sup { =2+ 2 (1 + et = lerl = h2 + ol + leal )
ecR?

—hi +ha + M (1] + |hal ).

Hence the Michel-Penot subdifferential of L(-, 1) at X has the form

_ (M= (=1 (==Y (=l —1
BMPL(")‘)(X)_3¢(02)_CO{<|A|+1><—|k|+1><|k|+1 ><—|x|+1>}

where ¢(h) = dypL(-, M)[x, h]. Consequently, for any 1 € R such that |A| > 1 one has
0, € dypL(-, A)(X), which implies that the optimality conditions from [20] are satisfied
at x. Furthermore, note that dy;p L(-, 1)(X) = dc;L(-, A)(x), which implies that optimality
conditions in terms of the Clarke subdifferential [5, Theorem 6.1.1] are satisfied at x for
any A with |A| > 1 as well.

Next, we consider optimality conditions in term of the Jeyakumar-Luc subdifferential
[38], which we denote by d;r. By [38, Example 2.1] one has d;r fi(X) =
(A, =DT, (=1, DT}, and clearly 8,7 u(®) = {(—1, DT}. Hence for any A € R with
M| > 1 one has 0, € dy u(x) + Acodyr f1(X), i.e. the optimality conditions in terms of
the Jeyakumar-Luc subdifferential [38, Corollary 3.4] are satisfied at x.

Let us now consider optimality conditions in terms of approximate (graded, loffe) sub-
differentials (see [21, 23, 32]), which we denote by d,. Observe that for any x € R? such
that x1,x2 > 0 one has L(x, 1) = 0, which obviously implies that d_ L(x, 1) = {0}
for any such x, where o L(x, 1) is the Dini subdifferential of L(-, 1) at x. Therefore,
0, € 9,L(-,)(xX) = limsup,_,+0, L(x, 1), i.e. the optimality conditions in terms of
approximate subdifferential [21, Proposition 12] are satisfied at X (here lim sup is the outer
limit).

Let us also consider optimality conditions in terms of the Mordukhovich basic subdiffer-
ential [31], which we denote by d;7. One can check (see [30, p. 92-93]) that

=l () o=[(1)-()

Therefore, —Vu(x) € 9 f1(x), i.e. the optimality conditions in terms of the Mordukhovich
basic subdifferential [31, Theorem 5.19] hold true at x.

Finally, let us verify that optimality conditions (20) from Theorem 3 are not satisfied at X,
i.e. unlike optimality conditions in terms of various subdifferentials, optimality conditions
based on quasidifferentials detect the non-optimality of X.

Arguing by reductio ad absurdum, suppose that (20) holds true. Then for v} = (1, 07 e
3 /1) and w = (0, D" € 3 f1(X) (see Example 3) there exist u |, 71, > 0 such that

o (1) el (L) (el () (O
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or equivalently
—l—p - =0=—-l—-—p +u, 1+m—p <0=<l+u+p,.

From the third inequality it follows that 1 + 77 < w,, while from the second inequality it
follows that 1 + My =< . Therefore 2 4+ 1&; < uy, Wthh is impossible. Thus, optimality
conditions (20) do not hold true at x.

As was shown in Remark 4, the function f; is metrically regular near the point (x, 0),
which obviously implies that the penalty term ¢ (x) = | f1(x)| has a local error bound at x.
Therefore, by Theorem 3 and Remark 8 one can conclude that optimality conditions (20)
are not satisfied at x due to the non-optimality of this point.
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