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Chapter 1

Introduction

1.1 Overview

Optimization has been a major motivation and a driving force for developing differential and
integral calculus. Indeed, solving an optimization problem leads to introducing the notion of
derivative and the invention of the Fermat stationary principle, which is credited to the famous

mathematician Pierre de Fermat. Briefly, the stationary principle states that:
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“if a function f(x) attains its local mazimum/minimum at a point T then f'(Z) =0

This fundamental principle led to the rising of differential calculus, which was developed sys-
tematically by Gottfried Leibnitz and Isaac Newton. It has been well recognized that differential
calculus is a very powerful mathematical tool, which is efficiently used in various applications.
However, the limitation of differential calculus amounts to the requirement of differentiability
of the data, while nonsmooth structures arise naturally and frequently in many mathematical
models. Nonsmooth analysis refers to the study of generalized differential properties of sets,
functions, and set-valued mappings without smoothness (differentiability) assumptions on their
initial data. The term “variational analysis’ is usually used to indicate a broader area based on
variational principles, which includes nonsmooth and set-valued analysis, optimization, equilib-
rium, control, stability and sensitivity with respect to data perturbations, etc.

In searching for solutions to optimization problems, it would be reasonable, though not
trivial, to think of some general “extremality” in the behavior of the objective functions and
the constraints. This encourages the use of convex separation as well as the development of
extremal principles. Let us mention that although convex separation is a well known principle

in mathematics, it has not played a pivotal role in optimization theory until being employed




by Jean-Jacques Moreau and R. Tyrrell Rockafellar in their study of generalized differential
properties of convex sets and convex functions in the 1960s. The main ingredient used is the
derivative-like object for convex functions at reference points. This object is called subdiffer-
ential, which is defined to be a set of subgradients in contrast to classical derivatives/gradients
which are singletons. This area, now known as convex analysis, plays a fundamental role in
mathematics and applied science. The next breakthrough development was the definition of the
subdifferential for locally Lipschitz functions, given by Francis Clarke in his Ph.D dissertation
in 1973 under the supervision of Rockafellar. Clarke’s subdifferential is always a convex set, and
convexity still plays a crucial role in this area. However, the beauty of convexity inevitably faces
challenges in many applications. In the mid 1970s, Boris Mordukhovich made a further signif-
icant contribution to Variational Analysis by developing a dual approach, where the convexity
limitations were avoided. Basically, the “extremality” idea mentioned above was successfully
involved in nonconvex structures. This eventually led to the invention of extremal principles,
which furnished the calculus of the Mordukhovich/limiting/basic subdifferential. Since the lat-
ter subdifferential is generally nonconvex and always smaller than Clarke’s subdifferential, it
provides a sharper and more efficient tool for the analysis and applications. It is important
to note that practical problems in, e.g., engineering and economics, always demand more and
more effective tools to reduce cost and increase productivity. Besides the theoretical beauty and
various applications of generalized differentiation to optimization and control theory, it is also
important to develop numerical algorithms of nonsmooth optimization, e.g., subgradient and
Newton-type methods, which are among the most efficient tools in applications. It has been
widely recognized that Newton’s method and its extensions play a vital role in solving systems

of nonlinear equations and computing solutions to a variety of practical problems.




Great progress has been made in the developments and applications of variational analysis.
Basics of variational analysis in finite dimensional spaces can be found in the book “Variational
Analysis” by Rockafellar and Wets [61]. Further developments and applications including in-
finite dimensional problems are thoroughly studied in the book “Techniques of Variational
Analysis” by Borwein and Zhu [7], and in the two volume monograph “Variational Analysis
and Generalized Differentiations” by Mordukhovich [47, 48]. The development of many aspects
of variational analysis and its applications to optimal control, variational inequalities, etc, can
be found in the excellent books by Aubin and Frankowska [3], Clarke [12], Clarke et al. [13],

Facchinei and Pang [21], Schirotzek [62], Vinter [68], and the references therein.

1.2 About this dissertation

Besides Chapter 2 which is reserved for preliminary concepts, the main topics of this disser-
tation has two parts. The first part concerns some extensions of the aforementioned extremal
principles. The second part develops some numerical algorithms of Newton-type.

In the first part, the major motivation for our work is to develop and apply extremal princi-
ples of variational analysis the first version of which was formulated in [35] for finitely many sets
via e-normals, which is defined by (2.3) in the next chapter; see [47, Chapter 2] for more details
and discussions. Recall [47, Definition 2.5] that a set system {€,...,Q,,}, m > 2, satisfies the
approxzimate extremal principle at T € N*,8Y; if for every € > 0 there are x; € Q; N (Z + ¢B)

and x} € ]V(ml,Ql) +eB*, i=1,...,m, such that

i a2k, =0 and |zt 4. 4 [j2h]2 = 1. (1.1)

If the dual vectors z} can be taken from the limiting normal cone N (z;€;) (2.5), then we say




that the system {Q,...,Q,,} satisfies the exact extremal principle at z.

Note that the known extremal principles do not involve any tangential approximations of
sets in primal spaces and do not employ convex separation. This dual-space approach exhibits
a number of significant advantages in comparison with convex separation techniques and opens
new perspectives in variational analysis, generalized differentiation, and their numerous appli-
cations. On the other hand, we are not familiar with any versions of extremal principles in
the scope of [47, 48] for infinite systems of sets; it is not even clear how to formulate them
appropriately in the lines of the developed methodology. Among primary motivations for con-
sidering infinite systems of sets we mention problems of semi-infinite programming, especially
those concerning the most difficult case of countably many constraints vs. conventional ones
with compact indexes; cf. [24].

Efficient conditions ensuring the fulfillment of both approximate and exact versions of the
extremal principle can be found in [47, Chapter 2] and the references therein. Roughly speaking,
the approximate extremal principle in terms of Fréchet normals holds for locally extremal points
of any closed subsets in Asplund spaces ([47, Theorem 2.20]) while the exact extremal principle
requires additional sequential normal compactness assumptions that are automatic in finite
dimensions; see [47, Theorem 2.22].

Recall [35, 47] that a point & € N,€; is locally extremal for the system {€Q,...,Q,} if
there are sequences {a;x} C X, i =1,...,m, and a neighborhood U of z such that a;z; — 0 as
k — oo and

ﬁ <QZ — aik) NU =10 for all large k € N. (1.2)
i=1

As shown in [47], this extremality notion for sets encompasses standard notions of local

optimality for various optimization-related and equilibrium problems as well as for set systems




arising in proving calculus rules and other frameworks of variational analysis.

In Chapter 3, we propose and justify extremal principles of a new type, which can be applied
to infinite set systems while also provide independent results for finitely many nonconvex sets.
To achieve this goal, we develop a novel approach that incorporates and unifies some ideas from
both tangential approximations of sets in primal spaces and nonconvex normal cone approxi-
mations in dual spaces. The essence of this approach is as follows. Employing a variational
technique, we first derive a new conic extremal principle, which concerns countable systems of
general nonconvex cones in finite dimensions and describes their extremality at the origin via an
appropriate countable version of the generalized Euler equation formulated in terms of the non-
convex limiting normal cone in [45]. Then we introduce a notion of tangential extremal points for
infinite (in particular, finite) systems of closed sets involving their tangential approximations.
The corresponding tangential extremal principles are induced in this way by applying the conic
extremal principle to the collection of selected tangential approximations. The major attention
is paid to the case of tangential approximations generated by the (nonconvex) Bouligand-Severi
contingent cone, which exhibits remarkable properties that are most appropriate for implement-
ing the proposed scheme and subsequent applications. The contingent cone is replaced by its
weak counterpart when the space in question is infinite-dimensional. Selected applications of
the developed theory to problems of semi-infinite programming and multiobjective optimization
are also given.

At the same time, the above tangential extremal principles concern the so-called tangential
extremality (and only in finite dimensions) and do not reduce to the conventional extremal prin-
ciples of [47] for finite systems of sets even in simple frameworks. In Chapter 4, we develop new

rated extremal principles for both finite and infinite systems of closed sets in finite-dimensional




and infinite-dimensional spaces. Besides being applied to conventional local extremal points of
finite set systems and reducing to the known results for them, the rated extremal principles
provide enhanced information in the case of finitely many sets while open new lines of devel-
opment for countable set systems. The results obtained in this way allow us, in particular, to
derive intersection rules for generalized normals of infinite intersections of closed sets, which
imply in turn new necessary optimality conditions for mathematical programs with countable
constraints in finite and infinite dimensions.

The second part studies some generalized algorithms of Newton-type. It is well-recognized
that Newton’s method is one of the most powerful and useful methods in optimization and in

the related area of solving systems of nonlinear equations

H(z) =0 (1.3)

defined by continuous vector-valued mappings H : R” — R™. In the classical setting when H
is a continuously differentiable (smooth, C'') mapping, Newton’s method builds the following
iteration procedure

2=k 4 dF forall k=0,1,2,..., (1.4)

where 20 € R” is a given starting point, and where d¥ € R" is a solution to the linear system

of equations (often called “Newton equation”)

H'(z¥)d = —H ("), (1.5)

A detailed analysis and numerous applications of the classical Newton’s method (1.4), (1.5) and

its modifications can be found, e.g., in the books [15, 32, 51] and the references therein.




However, in the vast majority of applications, including those to optimization, variational
inequalities, complementarity and equilibrium problems, etc, the underlying mapping H in
(1.3) is nonsmooth. Indeed, the aforementioned optimization-related models can be written
via Robinson’s formalism of “generalized equations,” which in turn can be reduced to stan-
dard equations of the form above (using, e.g., the projection operator) while with intrinsically
nonsmooth mappings H; see [21, 43, 59, 54] for more details, discussions, and references.

Robinson originally proposed (see [58] and also [60] based on his earlier preprint) a point-
based approximation approach to solve nonsmooth equations (1.3), which then was developed
by his student Josephy [29] to extend Newton’s method for solving variational inequalities
and complementarity problems. Other approaches replace the classical derivative H'(zj) in
the Newton equation (1.5) by some generalized derivatives. In particular, the B-differentiable
Newton’s method developed by Pang [52, 53] uses the iteration scheme (1.4) with d* being a
solution to the subproblem

H'(z;d) = —H(2"), (1.6)

where H'(2*; d) denotes the classical directional derivative of H at z* in the direction d. Besides
the existence of the classical directional derivative in (1.6), a number of strong assumptions are
imposed in [52, 53] to establish appropriate convergence results.

In another approach developed by Kummer [36] and Qi and Sun [57], the direction d* in

(1.4) is taken as a solution to the linear system of equations

Apd = —H(z%), (1.7)

where Ay is an element of Clarke’s generalized Jacobian dcH (xy) of a Lipschitz continuous




mapping H. In [56], Qi suggested to replace Ay € OcH(x*) in (1.7) by the choice of Ay from
the so-called B-subdifferential g H (z*) of H at x*, which is a proper subset of dcH (z*); see
Section 4 for more details. We also refer the reader to [21, 33, 60] and bibliographies therein for
wide overviews, historical remarks, and other developments on Newton’s method for nonsmooth
Lipschitz equations as in (1.3) and to [31] for some recent applications.

It is proved in [57] and [56] that the Newton type method based on implementing the gener-
alized Jacobian and B-subdifferential in (1.7), respectively, superlinearly converges to a solution
of (1.3) for a class of semismooth mappings H; see Section 4 for the definition and discussions.
This subclass of Lipschitz continuous and directionally differentiable mappings is rather broad
and useful in applications to optimization-related problems. However, not every mapping aris-
ing in applications is either directionally differentiable or Lipschitz continuous. The reader can
find valuable classes of functions and mappings of this type in [47, 61] and overwhelmingly in
spectral function analysis, eigenvalue optimization, studying of roots of polynomials, stability
of control systems, etc.; see, e.g., [8] and the references therein.

In Chapter 5, we propose a new Newton-type algorithm to solve nonsmooth equations (1.3)
described by general continuous mappings H that is based on graphical derivatives. It reduces
to the classical Newton’s method (1.5) when H is smooth, being different from previously
known versions of Newton’s method in the case of Lipschitz continuous mappings H. Based on
advanced tools of variational analysis involving metric reqularity and coderivatives, we justify
well-posedness of the new algorithm and its superlinear local and global (of the Kantorovich
type) convergence under verifiable assumptions that hold for semismooth mappings but are not
restricted to them. Detailed comparisons of our algorithm and results with the semismooth and

B-differentiable Newton’s methods are given and certain improvements are justified.




In Chapter 6, we follow the stream of ideas in Pang [52] to consider the so-called merit

function

(@) = S| H@)? = S HEH(@) (19)

where 27y is the usual scalar product for 2,y € R™. One can easily observe that solving (1.3)

is equivalent to solving the equation

q(z) =0.

Since g(z) is nonnegative, one idea to solve this equation is to find some iterations {z*} such
that certain level of decrease is obtained, i.e., ¢(z¥) > ¢(z**1), k € N. To furnish, we replace

the Newton iteration (1.4) by a damped iteration
2" = 2F 4 qpd® for all k=0,1,2,..., (1.9)

where d* is a solution of Newton equation (1.5), and oy € (0,1] is a suitable chosen scalar.
This method also has an advantage that we can guarantee the global convergence of the it-
erations. Similar to Chapter 5, we present a damped Newton’s method based on graphical
derivatives. We also employ the advanced tools of variational analysis, the metric regularity
and its coderivative criterion to justify the well-posedness and the local/global convergence of
the proposed algorithm.

Note metric regularity and related concepts of variational analysis has been employed in the
analysis and justification of numerical algorithms starting with Robinson’s seminal contribution;
see, e.g., [1, 38, 49] and their references for the recent account. However, we are not familiar

with any usage of graphical derivatives and coderivatives for these purposes.
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Chapter 2

Preliminary

In this chapter we briefly overview some basic tools of variational analysis and generalized
differentiation that are widely used in what follows. Our notation is basically standard in
variational analysis; see, e.g., [47, 61] for more details and references. Unless otherwise stated,
the space X in question is Banach with the norm || - || and the canonical pairing (-, ) between
X and its topological dual X*. Recall that B(Z,r) stands for a closed ball centered at z with
radius r > 0, that IB and IB* are the closed unit ball of the space in question and its dual,
respectively, and that N := {1,2,...}. The symbols % and Y indicate the weak convergence in
X and the weak* convergence in X*, respectively. The notation x £ % means that = — & with
x € Q. Finally, N :={1,2,...} signifies the collection of all natural numbers.
Given a set-valued mapping F': X = Y between Banach spaces X and Y, we denote by

Limsup F(z) := {y € Y‘ Jd sequences xp — T and yp —y as k — oo
T—T

(2.1)
such that y, € F(xy) for all k € N}

the sequential Painlevé-Kuratowski outer limit of F' at Z. its When Y is the topological dual

X*, we use the weak™ limit yy, N y by convention. Given () # Q C X, denote by

cone§? := U A2 = U {)\v‘ v E Q}

A>0 A>0

the conic hull of Q and by

o) = {Zm T finite, A >0, Y A\ =1, eQ}
i€l i€l
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the convezx hull of this set.

2.1 Tangents and Normal to Nonconvex Sets
We recall some basic notions of tangent and normal cones to nonempty sets closed around the
reference points. Given Q@ C X and & € ), the closed (while often nonconvex) cone

O—z

T(z;Q) := Limsup , (2.2)
10 t

which is also known as the Bouligand-Severi tangent/contingent cone to Q at . When the
“Limsup” is taken with respect to the weak topology, we have the weak contingent cone to 2

at  denoted by T, (7;2). For any € > 0, the collection

N.(7:Q) :={z* e X* limsup@L__w> <e (2.3)
P e 3

is called the set of e-normals to € at Z. In the case of ¢ = 0 the set N(Z;Q) := No(z;9Q) is
a cone known as the Fréchet/reqular normal cone (or the prenormal cone) to 2 at this point.
Note that the Fréchet normal cone is always convex while it may be trivial (i.e., reduced to
{0}) at boundary points of simple nonconvex sets in finite dimensions as for 2 = {(z1,x2) €
R?| 25 > —|x1|} at £ = (0,0). If the space X is reflexive, then

Nz Q) =Tz Q) = {z* € X*’ (z*,v) <0, Yo € T, (7; Q) }. (2.4)

w

The Mordukhovich/basic/limiting normal cone to § at a point = € 2 is defined by

N(z; ) := Lim sup N.(z:9) (2.5)
‘o
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via the sequential outer limit Painlevé-Kuratowski outer limit (2.1) of e-normals (2.3) as z — =
and ¢ | 0. If the space X is Asplund (i.e., each of its separable subspace has a separable dual
that holds, in particular, when is reflexive) and the set € is locally closed around Z, we can
equivalently put e, = 0 in (2.5); see [47] for more details. If X = R", the basic normal cone
(2.5) can be equivalently described as

N (z;€) = Lim sup {cone [ — TI(z; Q)] } (2.6)

T—T

via the Euclidian projector II(z; Q) := {w € Q| ||x — w|| = dist (z;Q)} of x € R™ onto 2, which
was the original definition in [45].

It is worth mentioning that the limiting normal cone (2.5) is often nonconvex as, e.g., for
the set QO C R? considered above, where N(0;€) = {(u1,u2) € R?| ug = —|uy|}. It does not
happen when ) is normally regular at T in the sense that N(z;Q) = ]\7(3’;, Q). The latter class
includes convex sets when both cones (2.3) as ¢ = 0 and (2.5) reduce to the classical normal
cone of convex analysis and also some other collections of “nice” sets of a certain locally convex
type. At the same time it excludes a number of important settings that frequently appear in
applications; see, e.g., the books [47, 48, 61] for precise results and discussions. Being nonconvex,
the normal cone N (Z; ) in (2.5) cannot be tangentially generated by duality of type (2.4), since
the duality /polarity operation automatically implies convexity. Nevertheless, in contrast to
Fréchet normals, this limiting normal cone enjoys full calculus in general Asplund spaces, which
is mainly based on extremal principles of variational analysis and related variational techniques;
see [47] for a comprehensive calculus account and further references.

The next simple observation is useful in what follows.

Proposition 2.1 (generalized normals to cones). Let A C X be a cone, and let w € A.
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Then we have the inclusion

N(w; A) € N(0; A).
Proof. Pick any z* € N (w; A) and get by definition (2.3) of the Fréchet normal cone that

* J—
limsup 22T "W < g,
.z =]

Fix z € A, t > 0 and let u := x/t. Then (x/t) € A, tw € A, and

“ao—t ta*, (z/t) — oy —
limsupM = limsup {2, (2/t) = w) :hmsupw <0,
T e P G —wl  aP u—wl

which gives 2* € N(tw;A) by (2.3). Letting finally ¢ — 0, we get * € N(0;A) and thus

complete the proof of the proposition. O

2.2 Subdifferentials and Coderivatives

Given a set-valued mapping F' : X = Y between Banach spaces with the graph

gph F := {(x,y) € X x Y‘ y € F(x)},

we define the (normal) coderivative of F' at (Z,y) € gph F' via the normal cone (2.6) by

DNF(z,9)(y") = {:1;* € X*‘ (x*,—y*) € N((i;,y);gphF)}, yreYr, (2.7)

where § = f(Z) is omitted if F = f: X — Y is single-valued. The notion of normal coderivative
and its counter part D}, F', the so-called mized coderivative, were originally introduced in [47].

Both notions coincide when Y is finite dimensional and will be denoted by D*F'.
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Observe that the coderivative (2.7) is a positively homogeneous mapping D F(Z,y) : Y* =

X*, which reduces to the single-valued adjoint derivative operator

Dyf(@)(y*) = {Vf(@)*y*} forall y* €Y* (2.8)

if f is strictly differentiable at T in the sense that

lim fz) - f(u|)|a:_—<ZﬁC($)’ z—u) _ 0;

the latter is automatic if f when C' around Z.
Given an extended-real-valued function ¢: X — R := (—00, o], recall that the Fréchet/reqular

subdifferential of ¢ at T with p(Z) < oo is defined by

~

dp(7) = {x c X*

2% |z — |

(2.9)

~

It is easy to see that N(z;Q) = 85(z;Q) for the indicator function 5(-;Q) of Q defined by
d(z; Q) := 0 when = € Q and 0(z; Q) = oo otherwise. We define its limiting/basic subdifferential
at T by

dp(z) = {a* € X*‘ (z*,—1) € N((z,o(z));epiep) } (2.10)

via the normal cone (2.5) to the epigraph epiyp = {(z,p) € X x R| p > ¢(z)}. When X is

Asplund, the subdifferential (2.10) can be equivalently represented as

0p(Z) = Limsup 590(90) (2.11)

@ -
5T
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2.3 Graphical Derivatives and Related Notions
Given a mapping F': R” = R™ and (z,y) € gph F, the graphical/contingent derivative of F at

(z,y) is introduced in [2] as a mapping DF(Z,y): R™ = R™ with the values

DF(z,7)(2) = {w € R™| (z,w) € T((%,%);gph F)}, z€R", (2.12)

defined via the contingent cone (2.2) to the graph of F' at the point (z,7); see [3, 61] for
various properties, equivalent representation, and applications. We also drop 7 in the graphical
derivative notation when the mapping in question is single-valued at Z. Note that the graphical
derivative (2.12) and coderivative constructions (2.7) are not dual to each other, since the basic
normal cone (2.5) is nonconvexr and hence cannot be tangentially generated.

The following modified derivative construction for mappings, which seems to be new in
generality although constructions of this (radial, Dini-like) type have been widely used for

extended-real-valued functions.

Definition 2.2 (restrictive graphical derivative of mappings). Let F': R” = R™, and
let (z,7) € gph F. Then a set-valued mapping DF(Z,7): R® = R™ given by
~ Fz+tz)—gy

DF(z,y)(z) := Limsup

zeR" (2.13)
£10 t ) )

is called the RESTRICTIVE GRAPHICAL DERIVATIVE of F' at (Z,7).

The next proposition collects some properties of the graphical derivative (2.12) and its

restrictive counterpart (2.13) needed in what follows.

Proposition 2.3 (properties of graphical derivatives). Let F': R" = R™ and (z,y) €

gph F'. Then the following assertions hold:
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(a) We have DF(z,7)(z) C DF(z,7)(2) for all z € R™.

(b) There are inverse derivative relationships

DF(z,5)"' = DF~\(3,2) and DF(z,5)"" = DF~\(j,).

(¢) If F is single-valued and locally Lipschitzian around T, then

DF(z)(z) = DF(z)(z) for all z € R".

(d) If F is single-valued and directionally differentiable at T, then

DF(z)(z) = {F'(z;2)} forall z € R"

(e) If F is single-valued and Gdteaux differentiable at T with the Gateaux derivative F(,(Z),
then we have

DF(z)(z) = {Ft,(z)z} for all z € R".

(f) If F is single-valued and (Fréchet) differentiable at T with the derivative F'(T), then

DF(z)(z) = {F'(z)z} for all z € R"

Proof. It is shown in [61] that the graphical derivative (2.12) admits the representation

F(z+th)—y
DF(z,y)(z) = Limsup Flatth) -y

, z€eR™ (2.14)
10, h—sz t
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The inclusion in (a) is an immediate consequence of Definition 2.2 and representation (2.14).
The first equality in (b), observed from the very beginning [2], easily follows from definition
(2.12). We can similarly check the second one in (b).
To justify the equality in (c), it remains to verify by (a) the opposite inclusion ‘O’ when F' is
single-valued and locally Lipschitzian around Z. In this case fix z € R", pick any w € DF(Z)(z),
and find by representation (2.14) sequences hy — z and t | 0 such that

F(Z + tghg) — F(Z)
123

—w as k — oo.

The local Lipschitz continuity of F' around Z with constant L > 0 implies that

HF(ertkhk)—F(x) F(x+tkz)—F(x)H B HF(ertkhk)—F(ertkz)H

tx - tr tr

< Llhy - ZH

for all k € N sufficiently large, and hence we have the convergence

F(Z +tr2) — F(Z)
tg,

—w as k — oo.

Thus w € DF(z)(z), which justifies (c). Assertions (d) and (e) follow directly from the defini-
tions. Finally, assertion (f) is implied by (e) in the local Lipschitzian case (c¢) while it can be
easily derived from the (Fréchet) differentiability of F' at z with no Lipschitz assumption; see,
e.g., [61, Exercise 9.25(b)]. O

Proposition 2.3 reveals important differences between the graphical derivative (2.12) and

the coderivative (2.7). Indeed, assertions (c) and (d) of this proposition show that the graphical
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derivative of locally Lipschitzian and directionally differentiable mappings F: R" — R™ is al-
ways single-valued. At the same time, the coderivative single-valuedness for locally Lipschitzian
mappings is equivalent to the strict/strong Fréchet differentiability of F' at the point in question;

see [47, Theorem 3.66]. It follows from the well-known formula
coD*F(z)(z) = {A"2| A€ 0cF(z)} (2.15)

where dc F'(Z) denotes the Clarke’s genelaized Jacobian of F' at z and that the strict differentia-
bility of F' characterizes also the single-valuedness of 0o F'. In the case of F' = (f1,..., fm): R" —
R™ being locally Lipschitzian around & the coderivative (2.7) admits the subdifferential descrip-
tion
m
D*F(7)(z2) = a(zzifi)(:z) for any z = (z1,...,2m) € R™, (2.16)
i=1
Finally, we recall the notion of metric regularity and its coderivative characterization that
play a significant role in algorithm designs. A mapping F'R™ = R™ is metrically regular around
(Z,y) € gph F if there are neighborhoods U of z and V of y as well as a number p > 0 such

that

dist(x;F_l(y)) < pdist(y; F(z)) forall 2 €U and ye V. (2.17)

Observe that it is sufficient to require the fulfillment of (2.17) just for those y € V satisfying
the estimate dist(y; F'(z)) < ~ for some v > 0; see [47, Proposition 1.48].

We will see later that metric regularity is crucial for justifying the well-posedness of our
generalized Newton algorithm and establishing its local and global convergence. It is also worth
mentioning that, in the opposite direction, a Newton-type method (known as the Lyusternik-

Graves iterative process) leads to verifiable conditions for metric regularity of smooth mappings;
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see, e.g., the proof of [47, Theorem 1.57] and the commentaries therein. The latter procedure
is replaced by variational/extremal principles of variational analysis in the case of nonsmooth
and set-valued mappings under consideration; cf. [27, 47, 61].

We will broadly use the following coderivative characterization of the metric regularity prop-
erty for an arbitrary set-valued mapping F' with closed graph, known also as the Mordukhovich
criterion (see [46, Theorem 3.6], [61, Theorem 9.45], and the references therein): F' is metrically

regular around (Z,y) if and only if the inclusion

0 € D*F(z,y)(z) implies that z =0, (2.18)

which amounts the kernel condition ker D* F'(z,y) = {0}.
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Part A: Variational Extremal Principles

Chapter 3

Tangential Extremal Principles

3.1 Tangential Extremal Systems and Extremality Conditions
We start the chapter with this section introducing the notions of conic and tangential extremal
systems for finite and countable collections of sets and discuss extremality conditions, which are
at the heart of the conic and tangential extremal principles justified in the subsequent sections.
These new extremality concepts are compared with conventional notions of local extremality
for set systems.

We start with the new definitions of extremal points and extremal systems of a countable

or finite number of cones and general sets in normed spaces.

Definition 3.1 (conic and tangential extremal systems). Let X be an arbitrary normed
space. Then we say that:
(a) A countable system of cones {A;}ien C X with0 € N2, A; is EXTREMAL AT THE ORIGIN,

or simply is an EXTREMAL SYSTEM OF CONES, if there is a bounded sequence {a;}ien C X with

o0

i=1

(b) Let {Q}ien C X be an countable system of sets with & € N2, and let A := {A;(Z) }ien
with 0 € N2 A(Z) C X be an approzimating system of cones. Then T is a A-TANGENTIAL
LOCAL EXTREMAL POINT of {§; };en if the system of cones {\;(Z)}ien is extremal at the origin.

In this case the collection {€;,Z}ien is called a A-TANGENTIAL EXTREMAL SYSTEM.
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(c) Suppose that Ai(z) = T'(x; Q) are the contingent cones to Q; at T in (b). Then {;, T}ien
is called a CONTINGENT EXTREMAL SYSTEM with the CONTINGENT LOCAL EXTREMAL POINT
Z. We use the terminology of WEAK CONTINGENT EXTREMAL SYSTEM and WEAK CONTINGENT

LOCAL EXTREMAL POINT if A;(Z) = T\, (Z;$2;) are the weak contingent cones to ; at Z.

Note that all the notions in Definition 3.1 obviously apply to the case of systems containing
finitely many sets; indeed, in such a case the other sets reduce to the whole space X. Observe also
that both parts in part (c) of this definition are equivalent in finite dimensions. Furthermore,
they both reduce to (a) in the general case if all the sets §2; are cones and z = 0.

Let us now compare the new notions of Definition 3.1 with the conventional notion of locally
extremal points for finitely many sets in (1.2).

We first observe that for finite systems of cones the local extremality of the origin in the

sense of (1.2) is equivalent to the validity of condition (3.1) of Definition 3.1.

Proposition 3.2 (equivalent description of cone extremality). The finite system of cones
{A1,...,An} is extremal at the origin in the sense of Definition 3.1(a) if and only if T = 0 is

a local extremal point of {A1,...,Aw} in the sense of (1.2).

Proof. The “only if” part is obvious. To justify the “if” part, assume that there are elements

ai,...,ay € X such that

() (A —a;) =0. (3.2)
Now for any 7 > 0 we have by (3.2) and the conic structure of A; that

m m

n(As — a;) = m (nAi —na;) = ﬂ (Ai — nay).

1 =1 i=1

0=

s

(2

Letting n | 0 implies that the extremality condition (1.2) holds, i.e., the origin is a local extremal
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point of the cone system {Aq,..., Ay} O
Next we show that the local extremality (1.2) and the contingent extremality from Defini-

tion 3.1(c) are independent notions even in the case of two sets in R.

Example 3.3 (contingent extremality versus local extremality).

(i) Consider two closed subsets in R? defined by

Oy :=epip with () :=zsin(l/z) as ©#0, p(0) =0 and Qo := (R xR_)\ int Q.

Take the point z = (0,0) € 21 N Q3 and observe that the contingent cones to 21 and Qy at =

are computed, respectively, by

T(z;) =epi(—|-]) and T(Z;02) =R x R_.

It is easy to see that Z is a local extremal point of {€21,2} but not a contingent local extremal
point of this set system.

(ii) Define two closed subsets of R? by

Q= {(xl,xg) € ]R2| To > —x%} and Q9 =R xR_.

The contingent cones to 1 and Q5 at z = (0,0) are computed by

T(.f';Ql) =R xRy and T(i’;Qg) =R xR_.

We can see that {€1, 9, Z} is a contingent extremal system but not an extremal system of sets.

Our further intention is to derive verifiable extremality conditions for tangentially extremal
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points of set systems in certain countable forms of the generalized Fuler equation expressed via
the limiting normal cone (2.5) at the points in question. Let us first formulate and discuss the

desired conditions, which reflect the essence of the tangential extremal principles of this chapter.

Definition 3.4 (extremality conditions for countable systems). We say that:
(a) The system of cones {A;}ien in X satisfies the CONIC EXTREMALITY CONDITIONS at

the origin if there are normals x7 € N(0;A;) fori=1,2,... such that

1 * - 1 * 12
25%20 and Z?Hxiﬂ =1. (3.3)
=1 =1

(b) Let {Qi}iceny with T € N2, and A := {A;}ieny with 0 € N2, A; be, respectively, systems
of arbitrary sets and approzimating cones in X. Then the system {§;}ien satisfies the A-
TANGENTIAL EXTREMALITY CONDITIONS at T if the systems of cones {A; }ien satisfies the conic
extremality conditions at the origin. We specify the CONTINGENT EXTREMALITY CONDITIONS
and the WEAK CONTINGENT EXTREMALITY CONDITIONS for {Q;}ien at T if A = {T(Z;$%) }ien
and A = {T,(Z; Q) bien, respectively.

(c) The system of sets {;}ien in X satisfies the LIMITING EXTREMALITY CONDITIONS at

z € N2, Qy if there are limiting normals x7 € N(Z;Q;), i = 1,2,..., satisfying (3.3).
Let us briefly discuss the introduced extremality conditions.

Remark 3.5 (discussions on extremality conditions).

(i) All the conditions of Definition 3.4 can be obviously specified to the case of finite systems
of sets by considering all the other sets as the whole space therein. Then the series in (3.3)
become finite sums and the coefficients 27 can be dropped by rescaling.

(ii) It easily follows from the constructions involved that the contingent, weak contingent,
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and limiting extremality conditions are are equivalent to each other if all the sets €2; are either
cones with £ = 0 or convex near Z.

(iii) As we show below, the weak contingent extremality conditions imply the limiting ex-
tremality conditions in any reflexive space X and also in Asplund spaces under a certain ad-
ditional assumption, which is automatic under reflexivity. Thus the contingent extremality
conditions imply the limiting ones in finite dimensions. The opposite implication does not hold
even for two sets in R?. To illustrate it, consider the two sets from Example 3.3(i) for which
Z = (0,0) is a local extremal point in the usual sense, and hence the limiting extremality condi-
tions hold due to [47, Theorem 2.8]. However, it is easy to see that the contingent extremality

conditions are violated for this system.

Observe that for the case of finitely many sets {Q4,...,Q,} the limiting extremality con-
ditions of Definition 3.4(c) correspond to the generalized Euler equation in the ezact extremal
principle of [47, Definition 2.5(iii)] applied to local extremal points of sets. A natural version of
the “fuzzy” Euler equation in the approzimate extremal principle of [47, Definition 2.5(ii)] for
the case of a countable set system {€Q;}ieny at T € N2, can be formulated as follows: for any

€ > 0 there are
* AT 1 * .
x; € UN(z+eB) and x; € N(z;; %) + gslB , 1€N, (3.4)

such that the relationships in (3.3) is satisfied. It turns out that such a countable version of
the approximate extremal principle always holds trivially, at least in Asplund spaces, for any

system of closed sets {§2;};cn at every boundary point Z of infinitely many sets ;.

Proposition 3.6 (triviality of the approximate extremality conditions for countable
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set systems). Let {€;};cn be a countable system of sets closed around some point T € N52,€);,
and let € > 0. Assume that for infinitely many i € N there exist x; € Q; N (T + eIB) such that
]/\7(561, Q;) # {0}; this is the case when X is Asplund and T belongs to the boundary of infinitely

many sets Q;. Then we always have {x}}ien satisfying conditions (3.3) and (3.4).

Proof. Observe first that the fulfillment of the assumption made in the proposition for the
case of Asplund spaces follows from the density of Fréchet normals on boundaries of closed sets
in such spaces; see, e.g., [47, Corollary 2.21]. To proceed further, fix € > 0 and find j € N so
large that

5 1 N
;/» < -e and N(z;;Q;) # {0} with z; € Q;N (T + eB).

\V)

This allows us to get 0 # z} € N(xj; ;) such that [[27|| = V27 and then choose

1 ~ 1
T} i= 2J—9§ €0+ 5B* - N(azl,Qg) + 6B* x; € N(xj;8y) + EEB*’

:=0€ N(z;; Q) + ?5B* for all i #1,35.

Thus we have the sequence {z}};cn satisfying (3.4) and the relationships

1 1 1 =1
ng:f(—ﬁm;)+0+...+2—]xj+ =0, Y a2 > 1,
=1 =1

which give (3.3) and complete the proof of the proposition. O

3.2 Conic Extremal Principle for Countable Systems of Sets

This section addresses the conic extremal principle for countable systems of cones in finite-
dimensional spaces. This is the first extremal principle for infinite systems of sets, which ensures
the fulfillment of the conic extremality conditions of Definition 3.4(a) for a conic extremal system

at the origin under a natural nonoverlapping assumption. We present a number of examples
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illustrating the results obtained and the assumptions made.

To derive the main result of this section, we extend the method of metric approzimations
initiated in [45] to the case of countable systems of cones; cf. an essentially different realization
of this method in the proof of the extremal principle for local extremal points of finitely many

sets in R™ given in [47, Theorem 2.8]. First observe an elementary fact needed in what follows.

Lemma 3.7 (series differentiability). Let || - || be the usual Euclidian norm in R™, and let

{zitien C R™ be a bounded sequence. Then a function p: R™ — R defined by

(e 9]

1 2
o(x) = Z EHx -z||", zeR",
i=1
= 1
is continuously differentiable on R™ with the derivative V(x) = Z i T (:U — zi), x € R”.
i=1

Proof. It is easy to see that both series above converge for every z € R"™. Taking further

any u,§ € R™ with the norm ||£|| sufficiently small, we have

lu+ €117 = Ilull* — 2(u, &) = l[ull® + 2w, &) + [I]I* = Null® - 2(u, &) = lI€]1* = o(l[£]))-

Thus it follows for any = € R™ and y close to « that

o) — @)~ (Tplahy—a) = 3° & [ly = 2l o = = 20 - 20y )]

=1

<1
= Z % ly — [|* = o(|ly — =|),
=1

which justifies that V(z) is the derivative of ¢ at x, which is obviously continuous on R™. [
Here is the extremal principle for a countable systems of cones, which plays a crucial role in

the subsequent applications in this chapter.
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Theorem 3.8 (conic extremal principle in finite dimensions). Let {A;};en be an extremal

system of closed cones in X = R" satisfying the NONOVERLAPPING CONDITION

(A= {0} (3.5)
=1

Then the conic extremal principle holds, i.e., there are xf € N(0;A;) fori=1,2,... such that

=1 1
Zwazo and ZngfHQ:l.
=1 =1

Moreover, one can find w; € A; for which x € f\?(wi;Ai), 1=1,2,....

Proof. Pick a bounded sequence {a;}ieny C R from Definition 3.1(a) satisfying

(Ai —a;) =0

5

s
Il
—

and consider the unconstrained optimization problem:

1
2

— 1
minimize ¢(x) := E ?dist2(:z +a;; ;)| , xeR™ (3.6)
i=1

Let us prove that problem (3.6) has an optimal solution. Since the function ¢ in (3.6) is
continuous on R™ due the continuity of the distance function and the uniform convergence of
the series therein, it suffices to show that there is a > 0 for which the nonempty level set
{z € R"| p(z) < inf; ¢ + a} is bounded and then to apply the classical Weierstrass theorem.
Suppose by the contrary that the level sets are unbounded whenever a > 0, for any k£ € N find
xi, € R™ satisfying

1
lzkl| >k and p(zg) < infe + e
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Setting uy := x /||| with ||ug|| = 1 and taking into account that all A; are cones, we get
- 1
1 1 ; ’ 1 1
—p(z)) = —l.dis.tQ(u;.C + L; Ai> < —(infgp + —) —0 as k—o0. (3.7)
] 2.5 ] a VE TR

Furthermore, there is M > 0 such that for large £ € N we have

a;

AN

a;

[l |

dist (uk + Ai> < Huk + H < M.

Without relabeling, assume up — u as k — oo with some u € R™. Passing now to the limit as
k — oo in (3.7) and employing the uniform convergence of the series therein and the fact that

a;/||zk|| — 0 uniformly in ¢ € N due the boundedness of {a;};cn, we have

[

2

[Z %dis‘ﬁ(u; AZ)] = 0.
i=1

This implies by the closedness of the cones A; and the nonoverlapping condition (3.5) of the
theorem that u € ();2; A; = {0}. The latter is impossible due to ||u|| = 1, which contradicts
our intermediate assumption on the unboundedness of the level sets for ¢ and thus justifies the
existence of an optimal solution Z to problem (3.6).

Since the system of closed cones {A;};cn is extremal at the origin, it follows from the con-
struction of ¢ in (3.6) that ¢(x) > 0. Taking into account the nonemptiness of the projection
II(z;A) of z € R™ onto an arbitrary closed set A C R", pick any w; € II(z + a;;A;) as i € N

and observe from Proposition 2.1 above and the proof of [47, Theorem 1.6] that

T+a; —w; €T Y wi;Ay) —w; C ]V(wi;Ai) C N(0; Ay). (3.8)
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Furthermore, the sequence {a; — w;};cn is bounded in R™ due to
lx 4+ a; — w;|| = dist (z + a;; A;) < ||z + a;]|-

Next we consider another unconstrained optimization problem:

1
2

— 1
minimize ¢(x) := [Z §||a: +a; — wi|]2] , x€R" (3.9)
i=1

It follows from ¥ (x) > ¢(x) > ¢(x) = ¥ () for all z € R™ that problem (3.9) has the same
optimal solution z as (3.6). The main difference between these two problems is that the cost
function 1 in (3.9) is smooth around Z by Lemma 3.7, the smoothness of the function v/t
around nonzero points, and the fact that ¥ (z) # 0 due to the cone extremality. Applying now
the classical Fermat rule to the smooth unconstrained minimization problem (3.9) and using

the derivative calculation in Lemma 3.7, we arrive at the relationships

1 1
VeE) = saf =0 with o = ——(F4+a;—w;), i€N. 1
P() 2 57 Li 0 with x; e <x+a w) i€ (3.10)

The latter implies by (3.8) that =} € N(wi; A;) € N(0; A;) for all i € N. Furthermore, it follows

1
from the constructions of z} in (3.10) and of ¢ in (3.9) that Z§|]xj||2 = 1, which thus
i=1
completes the proof of the theorem. O
In the remaining part of this section, we present three examples showing that all the as-

sumptions made in Theorem 3.8 (nonoverlapping, finite dimension, and conic structure) are

essential for the validity of this result.

Example 3.9 (nonoverlapping condition is essential). Let us show that the conic extremal
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principle may fail for countable systems of convez cones in R? if the nonoverlapping condition

(3.5) is violated. Define the convex cones A; C R? as i € N by
A =R xRy and A;:= {(:U,y) ERQ‘ y < E} for i =2,3,....
i

Observe that for any v > 0 we have

(81 +0.1)) ﬁ Ap =10

k=2

which means that the cone system {A;};cn is extremal at the origin. On the other hand,

ﬁAz = RJr X {0},

i=1

i.e., the nonoverlapping condition (3.5) is violated. Furthermore, we can easily compute the

corresponding normal cones by
N(0;A1) = {A(0,=1)| A >0} and N(0;A;) = {A(—1,9)| A >0}, i=2,3,....

Taking now any x; € N(0;A;) as i € N, observe the equivalence

“’*

9 -

[i - } [);(0’_1)"'50:;(—12):0 with A; >0 asiEN]

i=1 =2

The latter implies that A\; = 0 and hence z] = 0 for all 7+ € N. Thus the nontriviality condition

in (3.3) is not satisfied, which shows that the conic extremal principle fails for this system.

Example 3.10 (conic structure is essential). If all the sets Q; for i € N are convez but
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some of them are not cones, then the equivalent extremality conditions of Definition 3.4(b,c) are
natural extensions of the conic extremality conditions in Theorem 3.8. We show nevertheless
that the corresponding extension of the conic extremal principle under the nonoverlapping

requirement

ﬁQi = {0} (3.11)
=1

fails without imposing a conic structure on all the sets involved. Indeed, consider a countable

system of closed and convex sets in R? defined by
Q= {(z,y) eR*|y >2°} and Q;:= {(z,y) eR*| y < E} for i =2,3,....
i

We can see that only the set ; is not a cone and that the nonoverlapping requirement (3.11)
is satisfied. Furthermore, the system {€2;}icy is extremal at the origin in the sense that (3.1)
holds. However, the arguments similar to Example 3.9 show that the extremality conditions
(3.3) with xf € N(0;€;) as ¢ € N fail to fulfill. Note that, as shown in Section 3.4, both
contingent and limiting extremal principles hold for countable systems of general nonconvex
sets if nonoverlapping condition (3.11) is replaced by another one reflecting the contingent

extremality.

Example 3.11 (failure of the conic extremal principle in infinite dimensions). This
last example demonstrates that the conic extremal principle of Theorem 3.8 with the nonover-
lapping condition (3.5) may fail for countable systems of convex cones (in fact, half-spaces)
in an arbitrary infinite-dimensional Hilbert space. To proceed, consider a Hilbert space X
with the orthonormal basis {e;| i € N} and define a countable system of closed half-spaces by

A= {ZL‘GX‘ (x,e1) §O} and A; = {ZL'EX‘ (x,e; —e;i—1) §O} fori=2,3,...
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It is easy to compute the corresponding normal cones to the above sets:
N(O;Al) = {)\€1| A Z O} and N(O;Ai) = {)\(61 — 62‘71)‘ A Z 0} for i = 2,3,....

Now let us check that the nonoverlapping condition (3.5) is satisfied. Indeed, picking any point

oo )
T = E o€ € ﬂ Ai,
=1 =1

we have a; = (z,e1) <0 and o = (x,¢;) < (z,€;,-1) = a;—1 for i = 2,3,.... This clearly leads
to a; = 0 for all + € N, which yields z = 0 and thus justifies (3.5). The same arguments show

that

(A1—61)ﬂﬂ1\2‘=@,

i=2
e, {Ai}ien is a conic extremal system. However, the conic extremality conditions of Defini-
tion 3.4(a) fail for this system. To check this, suppose that there exist 7 € N(0;A;) asi € N

satisfying the relationships

oo o
d ai=0and Y _|af] >0 (3.12)
i=1 i=1
By the above structure of N(0;A;) we have ] = Aje; and 2} = \j(e; —e;—1) as i = 2,3, ... for
some \; > 0 as 4 € N. Thus the first condition in (3.12) reduces to

Aer + Z i (ei — 61_1) = 0.
1=2

The latter is possible if either (a): A; = 1 for all i € N or (b): A; = 0 for all i € N. Case (a)
surely contradicts the convergence of the series in the second condition of (3.12) while in case

(b) the latter series converges to zero. Hence the conic extremal principle of Theorem 3.8 does
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not hold in this infinite-dimensional setting.

3.3 Tangential Normal Enclosedness and Approximate Normal-
ity

In this section we introduce and study two important properties of tangents cones that are of

their own interest while allow us make a bridge between the extremal principles for cones and

the limiting extremality conditions for arbitrary closed sets at their tangential extremal points.

The main attention is paid to the contingent and weak contingent cones, which are proved to

enjoy these properties under natural assumptions.

Let us start with introducing a new property of sets that is formulated in terms of the

limiting normal cone (2.5) and plays a crucial role of what follows.

Definition 3.12 (tangential normal enclosedness). Given a nonempty subset Q@ C X and
a subcone A C X of a Banach space X, we say that A is TANGENTIALLY NORMALLY ENCLOSED

(TNE) into Q at a point T € Q if

N(0;A) C N(z:9). (3.13)

The word “tangential” in Definition 3.12 reflects the fact that this normal enclosedness
property is applied to tangential approximations of sets at reference points. Observe that if the
set () is convex near T, then its classical tangent cone at T enjoys the TNE property; indeed, in
this case inclusion (3.13) holds as equality. We establish below a remarkable fact on the validity
of the TNE property for the weak contingent cone to any closed subset of a reflexive Banach
space.

To study this and related properties, fix Q C X with £ € Q and denote by Ay, := T\, (T; Q)
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the weak contingent cone to ) at T without indicating 2 and Z for brevity. Given a direction

d € Ay, let T} be the collection of all sequences {x}} C € such that

Ty —T
k —5 d for some tj | 0.

173

It follows from definition of A,, = Ty, (Z; Q) that T;* # () whenever d € A,

Definition 3.13 (tangential approximate normality). We say that Q@ C X has the
TANGENTIAL APPROXIMATE NORMALITY (TAN) property at & € Q if whenever d € Ay, and
S ]V(d;Aw) are chosen there is a sequence {x1} € T} along which the following holds: for

any € > 0 there exists 6 € (0,€) such that

¥ z—=x

lim sup [sup {<tkk>‘ z2€ QN (zr + tkélB)H < 2¢6, (3.14)

k—o0

where ty, | 0 is taken from the construction of T;".

The meaning of this property that gives the name is as follows: any z* € N (d; Ay) for the
tangential approximation of 2 at  behaves approximately like a true normal at appropriate
points xp near Z. It occurs that the TAN property holds for any closed subset of a reflexive

Banach space. The next proposition provides even a stronger result.

Proposition 3.14 (approximate tangential normality in reflexive spaces). Let Q be
a subset of a reflexive space X, and let & € Q. Then given any d € Ay, = Ty(Z;Q) and
z* € N(d; Ay), we have (3.14) whenever sequences {1} € T, and ti, | O are taken from the

construction of T;°. In particular, the set ) enjoys the TAN property at .

Proof. Assume that & = 0 for simplicity. Pick any £ > 0 and by the definition of Fréchet
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normals find § € (0,¢) such that
(z*,v—d) < gnv—du for all v € Ay N (d + 61B). (3.15)

Fix any sequences {z}} € 7;" and ¢}, | 0 from the formulation of the proposition and show that
property (3.14) holds with the numbers ¢ and § chosen above. Supposing the contrary, find

{xr} € T}¥ and the corresponding sequence ¢, | 0 such that

*

lim {sup<ac’i_a%> z € QN (B(zg +tk(5]B)} > 2e6

k—o0 k

along some subsequence of k£ € N, with no relabeling here and in what follows. Hence there is
a sequence of z, € N(zy + tpdB) along which

(z*, 2z — )

>0 for ke N.
(7%

Taking into account the relationships

z T T
H—k——kHS(S and —* s q as k — o0,
ek lk

T z

we get that the sequence {t—k} is bounded in X, and so is {t—k} Since any bounded sequence
k k

in a reflexive Banach space contains a weakly convergent subsequence, we may assume with no

z
loss of generality that the sequence {t—k} weakly converges to some v € X as k — oco. It follows
k

from the weak convergence of this sequence that

|lv —d|| <liminf Hz—k — %H < 0.
k—oo |l g tr
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This allows us to conclude that
("0 —d) > &6 > 25 > %Hv —d|,

which contradicts (3.15) and thus completes the proof of the proposition. (]
The next theorem is the main result of this section showing that the TAN property of a
closed set in an Asplund space implies the TNE property of the weak contingent cone to this

set at the reference point. This unconditionally justifies the latter property in reflexive spaces.

Theorem 3.15 (TNE property in Asplund spaces). Let Q be a closed subset of an Asplund
space X, and let T € 2. Assume that £ has the tangential approrimate normality property at T.
Then the weak contingent cone A, = T(Z;) is tangentially normally enclosed into Q at this

point. Furthermore, the latter TNE property holds for any closed subset of a reflexive space.

Proof. We are going show that the following holds in the Asplund space setting under the

TAN property of Q at Z:

~

N(d;Ay) C N(z;Q) forall de A, ||d]| =1, (3.16)
which is obviously equivalent to N(0; A,,) C N(z;€2), the TNE property of the weak contingent
cone A,. Then the second conclusion of the theorem in reflexive spaces immediately follows
from Proposition 3.14. Assume without loss of generality that z = 0. To justify (3.16), fix

d € Ay and 2* € N(d; Ay) with ||d|| = 1 and ||z*|| = 1. Taking {z;} € 7" from Definition 3.13,

it follows that for any e there is 6 < e such that (3.14) holds with & = 0. Hence

(x*, z — xp) < 3tred whenever z € Q := QN (xp +txdB), keN. (3.17)
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Consider further the function ¢(z) := —(z*, z — x1), z € Q, for which we have by (3.17) that
o(rg) =0< inggo(z) + 3tye0.
z€E

Setting \ := % and & := 3tred, we apply the Ekeland variational principle (see, e.g., [47,

Theorem 2.26]) with A and € to the function ¢ on @. In this way we find z € @ such that

|z — xk|| < A and & minimizes the perturbed function

W(2) = —{a*, 2 — ) + §|]z —dl =t — ) + %)z —F, z€Q.

Applying now the generalized Fermat rule to ¢ at Ty and then the fuzzy sum rule in the Asplund

space setting (see, e.g., [47, Lemma 2.32]) gives us
0 € —z* + (95 + \)B* + N(71; Q) (3.18)
with some 7y € QN (z + AB). The latter means that
|z — xi|| < ||Tk — || + ||T — k]| < 2X < t40.

Hence z; belongs to the interior of the ball centered at  with radius ¢, which implies that

]V(%k; Q) = ]\A/(Ek, ). Thus we get from (3.18) that
z* € N(Tp; Q) + (9 + \)B*, keN.

Letting there & — oo and then ¢ | 0 gives us 7 — & and z* € N(z;Q). This justifies (3.16)
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and completes the proof of the theorem. O

Corollary 3.16 (TNE property of the contingent cone in finite dimensions). Let a
set Q@ C R™ be closed around & € Q). Then the contingent cone T(Z; Q) to Q at T is tangentially

normally enclosed into € at this point, i.e., we have

N(0;A) C N(z;Q) with A :=T(z;Q). (3.19)

Proof. It follows from Theorem 3.15 due to T(z; Q) = Ty,(Z; Q) in R™. O

Note that another proof of inclusion (3.19) in R™ can be found in [61, Theorem 6.27].
3.4 Contingent and Weak Contingent Extremal Principles for

Countable and Finite Systems of Closed Sets

By tangential extremal principles we understand results justifying the validity of extremality
conditions defined in Section 3.1 for countable and/or finite systems of closed sets at the cor-
responding tangential extremal points. Note that, given a system of A = {A;}-approximating
cones to a set system {€2;} at Z, the results ensuring the fulfillment of the A-tangential extremal-
ity conditions at A-tangential local extremal points are directly induced by an appropriate conic
extremal principle applied to the cone system {A;} at the origin. It is remarkable, however,
that for tangentially normally enclosed cones {A;} we simultaneously ensure the fulfillment of
the limiting extremality conditions of Definition 3.4(c) at the corresponding tangential extremal
points. As shown in Section 3.3, this is the case of the contingent cone in finite dimensions and
of the weak contingent cone in reflexive (and also in Asplund) spaces.

In this section we pay the main attention to deriving the contingent and weak contingent

extremal principle involving the aforementioned extremality conditions for countable and finite
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systems of sets and finite-dimensional and infinite-dimensional spaces. Observe that in the case
of countable collections of sets the results obtained are the first in the literature, while in the
case of finite systems of sets they are independent of the those known before being applied to
different notions of tangential extremal points; see the discussions in Section 3.1.

We begin with the contingent extremal principle for countable systems of arbitrary closed

sets in finite-dimensional spaces.

Theorem 3.17 (contingent extremal principle for countable sets systems in finite di-
mensions). Let T € (o, Q; be a contingent local extremal point of a countable system of closed

sets {Q;}ien in R™. Assume that the contingent cones T(Z;€;) to Q; at T are nonoverlapping

[e.e]

N {7} = {o}.

=1

Then there are normal vectors
x; € N(0;A;) C N(z;Q) for Aj:=T(z;8;) as i €N

satisfying the extremality conditions in (3.3).

Proof. This result follows from combining Theorem 3.8 and Corollary 3.16. (]
Consider further systems of finitely many sets {€1, ..., Q;,} in Asplund spaces and derive for
them the weak contingent extremal principle. Recall that a set  C X is sequentially normally

compact (SNC) at = € Q if for any sequence {(zy, z})} ey C 2 x X* we have the implication

[z, — 7, azzw—;O with z} € N(zx;Q), keN|] = ||lzi]l = 0 as k — oo.
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In [47, Subsection 1.1.4], the reader can find a number of efficient conditions ensuring the SNC
property, which holds in rather broad infinite-dimensional settings. The next proposition shows

that the SNC property of TAN sets is inherent by their weak contingent cones.

Proposition 3.18 (SNC property of weak contingent cones). Let Q) be a closed subset of
an Asplund space X satisfying the tangential approrimate normality property at & € 2. Then the
weak contingent cone Ty, (Z;Q) is SNC' at the origin provided that ) is SNC at . In particular,
in reflexive spaces the SNC property of a closed subset 2 at T unconditionally implies the SNC

property of its weak contingent cone T, (Z;€2) at the origin.

Proof. To justify the SNC property of A, := T,(Z; ) at the origin, take sequences dy — 0
and z} € N(dk;Aw) satisfying x} Y0 as k — oo Using the TAN property of  at  and

following the proof of Theorem 3.15, we find sequences ¢;, | 0 and T £ 7 such that

x5 € N(Zp; Q) + e, B* for all k € N.

Hence there are 7}, € N (Z1; Q) with |z} — x7|| < ek, which implies that z} Y50 as k — oo. By
the SNC property of Q at Z we get that ||Z}|| — 0, which yields in turn that ||z}|| — 0 as k € oo.
This justifies the SNC property of A, at the origin. The second assertion of this proposition
immediately follows from Proposition 3.14. U

Now we are ready to establish the weak contingent extremal principle for systems of finitely

many closed subsets of Asplund spaces in both approximate and exact forms.

Theorem 3.19 (weak contingent extremal principle for finite systems of sets in
Asplund spaces). Let T € (2, Q; be a weak contingent local extremal point of the system

{Q1,...,Qn} of closed sets in an Asplund space X. Assume that all the sets Q;, i =1,...,m,
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have the TAN property at T, which is automatic in reflexive spaces. Then the following versions

of the weak contingent extremal principle hold:

(i) APPROXIMATE VERSION: for any e > 0 there are z] € N(z;8;) asi=1,...,m satisfying
|zl +...+al| <e and |27+ ...+ [|z),]] = 1. (3.20)
(i) EXACT VERSION: if in addition all but one of the sets Q; as i =1,...,m are SNC at

z, then there exist x7 € N(Z;€;) asi=1,...,m satisfying
i+ ... +x, =0 and ||z7||+ ...+ |z, = 1. (3.21)

Proof. It follows from Proposition 3.2 that the cone system {A%, = T, (%;Q;)} as i =
1,...,mis extremal at the origin in the conventional sense (1.2). Applying to it the approximate
extremal principle from [47, Theorem 2.20], for any € > 0 we find z; € A, and z} € N(zs; AL)

as ¢ = 1,...,m such that all the relationships in (3.20) hold. Then

[l
3

af € N(z;; AL) € N(0;AL) C N(z;8), i

by Proposition 2.1 and Theorem 3.15, which justifies assertion (i).
Now to justify (ii), observe that all but one of the cones A, are SNC at the origin by

Proposition 3.18. Thus (ii) follows from [47, Theorem 2.22] and Theorem 3.15. g

3.5 Fréchet Normals to Countable Intersections of Cones
In this section we present applications of the conic extremal principle established in Theo-

rem 3.8 to deriving several representations, under appropriate assumptions, of Fréchet normals
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to countable intersections of cones in finite-dimensional spaces. These calculus results are cer-
tainly of their independent interest while their are largely employed to problems of semi-infinite
programming and multiobjective optimization.

To begin with, we introduce the following qualification condition for countable systems of
cones formulated in terms of limiting normals (2.5), which plays a significant role in deriving

the results of this section as well as in the subsequent applications.

Definition 3.20 (normal qualification condition for countable systems of cones). Let
{Ai}ien be a countable system of closed cones in X. We say that it satisfies the NORMAL

QUALIFICATION CONDITION at the origin if
o0
[fo =0, z; € N(O;Ai)] — [z} =0, ieN|. (3.22)
=1

This definition corresponds to the normal qualification condition of [47] for finite systems of
sets; see the discussions and various applications of the latter condition therein. In this section
we use the normal qualification condition of Definition 3.20 to represent Fréchet normals to
countable intersections of cones in terms of limiting normals to each of the sets involved. Let

us start with the following “fuzzy” intersection rule at the origin.

Theorem 3.21 (fuzzy intersection rule for Fréchet normals to countable intersections
of cones). Let {A;}ien be a countable system of arbitrary closed cones in R™ satisfying the
normal qualification condition (3.22). Then given a Fréchet normal z* € N(O; N2y Ai) and a

number € > 0, there are limiting normals x € N(0;A;) as i € N such that

(o]

1

Y i +elB”. (3.23)
i=1
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Proof. Fix z* € N(O; Nz, Ai> and € > 0. By definition (2.3) of Fréchet normals we have

(x*,z) —¢l|z]| <O whenever z € ﬂ A\ {0}. (3.24)
i=1

Define a countable system of closed cones in R**! by

Oy :={(z,0) e R" x R‘ z €N, a<(z¥z)—¢lz|} and O;:=A; xRy for i=2,3,....
(3.25)
Let us check that all the assumptions for the validity of the conic extremal principle in Theo-
rem 3.8 are satisfied for the system {O;}ien. Picking any (z, ) € ()2, O;, we have z € ;2| A;
and a > 0 from the construction of €; as ¢ > 2. This implies in fact that (z,a) = (0,0). Indeed,

supposing x # 0 gives us by (3.24) that
0<a<(zfz) —¢|z|] <0,

which is a contradiction. On the other hand, the inclusion (0, «) € O; yields that a < 0 by the

construction of Oq, i.e., « = 0. Thus the nonoverlapping condition

holds for {O; };en. Similarly we check that

(01 - (0,7)) N ﬂ O; =0 for any fixed v >0, (3.26)
=2

i.e., {O; }ien is a conic extremal system at the origin. Indeed, violating (3.26) means the existence
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of (z,a) € R™ x R such that
o
(.%,OZ) € |:Ol - (077):| N ﬂ Oia
i=2
which implies that z € ();2; O; and a > 0. Then by the construction of O in (3.25) we get
v+ a < {(x¥ z) —elz|| <0,

a contradiction due the positivity of 7 in (3.26).
Applying now the second conclusion of Theorem 3.8 to the system {O; };cn gives us the pairs

(wi, o) € O; and (a7}, ;) € ]\Af((wi, ;); Oi) as i € N satisfying the relationships

Z?(xi,&) =0 and ;Qi\\(ggi,Ai)HQZL (3.27)

i=1
It immediately follows from the constructions of O; as @ > 2 in (3.25) that \; < 0 and 2z} €

N(wi; A;); thus 27 € N(0; A;) for i = 2,3,... by Proposition 2.1. Furthermore, we get

(xf,z —w1) + M(o— )
[ — w1 + fer = aa

<0 (3.28)

lim sup
(x,a)g} (w1,001)

by the definition of Fréchet normals to O; at (w1, 1) € O1 with A; > 0 and

a1 < (x* wy) — el|w | (3.29)

by the construction of O;. Examine next the two possible cases in (3.27): Ay =0 and \; > 0.

Case 1: \; = 0. If inequality (3.29) is strict in this case, find a neighborhood U of w; such
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that a1 < (z*,z) — ¢||z| for all z € U, which ensures that (z,a;) € Oy for all z € Ay NU.

Substituting (z, ) into (3.28) gives us

* J—
lim sup (wh @ = wy)

A
x—¥w1

<0,

[ = wn]

which means that z} € N(wy; A1), If (3.29) holds as equality, we put a := (z*,z) — ¢||z| and
get

o — ] = (2", 2 — wi) + e(flwil| = [lz[D] < (2" + &)l — wll.
Furthermore, it follows from (3.28) that

@ho—w)
o= wil+a o]

lim sup
(x,a)ci} (w1,001)

Thus for any v > 0 sufficiently small and « chosen above, we have

(21,2 —w1) < v(a - wil| +|a - arl) < v(1+ 2" + &)l — wn

whenever x € A; is sufficiently closed to wi. The latter yields that

. N
ELETZ0) el wt e N Ay).

lim sup

P e

Thus in both cases of the strict inequality and equality in (3.29), we justify that ] € N (w1; A1)

and thus 7 € N(0; A1) by Proposition 2.1. Summarizing the above discussions gives us

x; € N(0;A;) and \; =0 forall i e N
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in Case 1 under consideration. Hence it follows from (3.27) that there are 7} = (1/2))z} €

N(0;A;) as i € N, not equal to zero simultaneously, satisfying

oo
~
i=1

This contradicts the normal qualification condition (3.22) and thus shows that the case of \; =0

is actually not possible in (3.29).

Case 2: \; > 0. If inequality (3.29) is strict, put x = w; in (3.28) and get

<0.

A _
lim sup 71@ 1)
a—aq ‘OK - Oé1|

That yields A\; = 0, a contradiction. Hence it remains to consider the case when (3.29) holds as

equality. To proceed, take (z,«) € Oy satisfying
x € M \{w} and a= (2", x)—¢|z|.
By the equality in (3.29) we have
a—a = (z%z —wi) +e(jwr]| = [Jzf]) and thus |o—ai| < (|27 + &)z — wal].

On the other hand, it follows from (3.28) that for any v > 0 sufficiently small there exists a

neighborhood V' of w; such that

(2,2 —w1) + M(a— 1) < Mve(llz — wi || + o — e |) (3.30)
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whenever x € A; N'V. Substituting (z,a) with z € A; NV into (3.30) gives us

(1,2 —wi) + Mo —a1) = (27 + Mz™, & —wi) + Me((lwr]| - [|l2]))
<Aye(llz —wi]| + o = aa)
< Mve(lle —will + (2" + &)llw — wi ]

= Me(L+ |27 + ) llz — wi .

It follows from the above that for small v > 0 we have

(@1 + Mz® x —wi) + Me((fwr]] = [lzl]) < Aellz —wa]

and thus arrive at the estimates

(@1 + et —wi) < Melle —wi]] + Me(|[z]] = flwi]]) < 2Mellz — wi]]

for all z € A; N V. The latter implies by definition (2.3) of e-normals that

xf + )\158* S ]/\72)\15(1111; Al) (331)

Furthermore, it is easy to observe from the above choice of A; and the structure of O; in (3.25)
that A\; < 2+ 2e. Employing now the representation of e-normals in (3.31) from [47, formula

(2.51)] held in finite dimensions, we find v € A; N (w1 + 2X1€B) such that

$>{ + Mzt € ]/\7(’0; Al) + 2 \eB* C N(O, Al) +2\eB*. (332)
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oo
1
Since A; > 0 in the case under consideration and by —z] = 2 Z Eaz;‘ due to the first equality

i=2

in (3.27), it follows from (3.32) that
e N(0;A )4—3ii i+ 2¢B*
x s 441 )\1 p Qsz € ’

and hence there exists 7 € N(0; A1) such that

o0
1. o~ 2z} .
m*eig;%xf+2€]B* with z := )\11 € N(0;A;) for i =2,3,....

This justifies (3.23) and completes the proof of the theorem. O
Our next result shows that we can put € = 0 in representation (3.23) under an additional

assumption on Fréchet normals to cone intersections.

Theorem 3.22 (refined representation of Fréchet normals to countable intersections
of cones). Let {A;}ien be a countable system of arbitrary closed cones in R™ satisfying the nor-

mal qualification condition (3.22). Then for any Fréchet normal x* € ]\7(0; Nizy Ai) satisfying

(o]
(x*,z) <0 whenever x € m A\ {0} (3.33)
i=1
there are limiting normals 7 € N(0;A;), i =1,2,..., such that

=1
P Z —a}. (3.34)

Proof. Fix a Fréchet normal z* € N (O; Nz, Ai) satisfying condition (3.33) and construct
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a countable system of closed cones in R™ x R by

O1:={(z,0) eR"xR|z € A, a < (z",2)} and O;:=A; xRy fori=2,3,.... (3.35)

Similarly to the proof Theorem 3.21 with taking (3.33) into account, we can verify that all the
assumptions of Theorem 3.8 hold. Applying the conic extremal principle from this theorem
gives us pairs (w;, o) € O; and (2}, \;) € N ((wi, a;); OZ-) such that the extremality conditions
in (3.27) are satisfied. We obviously get A; < 0 and z} € ﬁ(wi;Ai) for i = 1,2,..., which
ensures that =7 € N(0;A;) as ¢ > 2 by Proposition 2.1. It follows furthermore that for i = 1 the

limiting inequality (3.28) holds. The latter implies by the structure of the set O; in (3.35) that

A1 >0 and o < (¥, wy). (3.36)

Similarly to the proof of Theorem 3.21 we consider the two possible cases Ay = 0 and Ay > 0
in (3.36) and show that the first case contradicts the normal qualification condition (3.22). In
the second case we arrive at representation (3.34) based on the extremality conditions in (3.27)
and the structures of the sets O; in (3.35). O

The next theorem in this section provides constructive upper estimates of the Fréchet normal
cone to countable intersections of closed cones in finite dimensions and of its interior via limiting

normals to the sets involved at the origin.

Theorem 3.23 (Fréchet normal cone to countable intersections). Let {A;}ien be a

countable system of arbitrary closed cones in R™ satisfying the normal qualification condition




(3.22), and let A :=(\;2; A;. Then we have the inclusions

th {ix

=1

zf € N(0 A)}, (3.37)

N(0; A) cd{z

el

vi| ot e N(O;Ay), I € L‘}, (3.38)

where L stands for the collection of all finite subsets of the natural series N.

Proof. First we justify inclusion (3.37) assuming without loss of generality that int N (0; A) #
0. Pick any z* € int N(0;A) and also v > 0 such that z* + 3vIB* C N(0;A). Then for any

x € A\ {0} find z* € R" satisfying the relationships

I2¥] = 2v and (27, 2) < —v]lz[.

Since z* — z* € z* 4 3yIB* C N(0; A), we have (z* — 2*,z) < 0 and hence

(2%, 2) = (2% = 2% x) + (2%, 2) < —z]] <O.

This allows us to employ Theorem 3.22 and thus justify the first inclusion (3.37).
To prove the remaining inclusion (3.38), pick pick z* € N (0;A) and for any fixed ¢ > 0

apply Theorem 3.21. In this way we find 7 € N(0;A;), ¢ € N, such that 2" € Z 51'1 +eB*.
=1

Since € > 0 was chosen arbitrarily, it follows that
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Let us finally justify the inclusion

ACclC with C:= {Zx;‘

el

x; € N(O;A;), I € E}.

To proceed, pick z* € A and for any fixed € > 0 find z} € N(0; A;) satisfying

=1 5
* *
i=1
Then choose a number k& € N so large that
i
F=) || <e

k
1
Since Z gxf € C, we get (2* +eB*) N C # (), which means that 2* € c1C. This justifies
i=1
(3.38) and completes the proof of the theorem. O

3.6 Tangents and Normals to Infinite Intersections of Sets

The main purpose of this section is to derive calculus rules for representing generalized normals
to countable intersections of arbitrary closed sets under appropriate qualification conditions.
Besides employing the tangential extremal principle, one of the major ingredients in our ap-
proach is relating calculus rules for generalized normals to countable set intersections with the
so-called “conical hull intersection property” defined in terms of tangents to sets, which was
intensively studied and applied in the literature for the case of finite intersections of convex sets;
see, e.g., [6, 11, 16, 19, 41] and the references therein. In what follows, we keep the terminology
of convex analysis (that goes back probably to [11]) replacing the tangent and normal cones

therein by the nonconvex extension (2.2) and (2.6).
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Definition 3.24 (CHIP for countable intersections). A set system {€;}icn in R™ is said

to have the CONICAL HULL INTERSECTION PROPERTY (CHIP) at T € ()2, € if
o0 o0
T(:E; N Q> = N T(@ ). (3.39)
i=1 =1

In convex analysis and its applications the CHIP is often related to the so-called “strong
CHIP” for finite set intersections expressed via the normal cone to the convex sets in question;
see also [40] for infinite intersections of convex sets. Following this terminology in the case of
infinite intersections of nonconvex sets, we say that a countable system of sets {€; };cn has the

strong conical hull intersection property (or the strong CHIP) at T € (\;2, € if

N(:EQQ) - { N il at e N(z:), I e ,a}. (3.40)

el

When all the sets ; as i € N are convez in (3.40), the strong CHIP of the system {€;};en can

be equivalently written in the form
N(az; N Q) = co | J N(z ). (3.41)
i=1 i=1

We say that a countable set system {€;}ien has the asymptotic strong CHIP at T € ();2, €; if

the latter representation is replaced by
oo oo
N(:E; ﬂ QZ) =clco U N(z; ). (3.42)
i=1 i=1

The next result shows the equivalence between the CHIP and the asymptotic strong CHIP for

intersections of convex sets in finite dimensions. It follows from the proof that this equivalence
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holds for arbitrary intersections of convex sets, not only for countable ones studied in this

chapter.

Theorem 3.25 (characterization of CHIP for intersections of convex sets). Let
{Qi}ien be a system of convex sets in R™, and let T € (\;2, Q. The following are equivalent:
(a) The system {Q;}ien has the CHIP at .

(b) The system {§;}ien has the asymptotic strong CHIP at T.

In particular, the strong CHIP implies the CHIP but not vice versa.

Proof. Observe first that for convex sets in finite dimensions, in addition to the duality

property (2.4) with N (z; Q) replaced by N(z;€2), we have the reverse duality representation
T(z;Q) = N*(z;9) := {v € R"| (z*,v) <0 for all z* € N(z;Q)}. (3.43)
Let us now justify the equality

(N7 Q)) — clco | J N(@:9). (3.44)
i=1 i=1
The inclusion “2” follows from (2.4) by the observation N (z; ;) = T7(z; ;) C ( ﬂ T(z; Ql)) ’
i=1
due the closedness and convexity of the polar set on the right-hand side of the latter inclusion.
To prove the opposite inclusion “C” in (3.44), pick some z* ¢ clco |J;2; N(Z;€;). Then the

classical separation theorem for convex sets ensures the existence of a vector v € R” such that

(z*,v) >0 and (u*,v) <0 for all u* € clco U N(z; ). (3.45)
i=1

Hence for each i € N we get (u*,v) < 0 whenever u* € N(Z;€;), which implies that v €
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N*(z; ;) and therefore v € T'(z;Q;) by (3.43). This gives us v € ﬂT(i‘;Qi), and so z* &
i=1

oo

( ﬂ T(z; Ql)) due to (z*,v) > 0in (3.45). It justifies the inclusion “C” in (3.44), which holds
i=1

as equality. Taking into account that the set N2, 7'(Z;€;) is a closed convex cone and agrees

hence with its second dual, we get

ﬁ T(#; ) = (cleo fj N(z; Q)) (3.46)
i=1

=1

Assuming that the CHIP in (a) holds and employing (2.4) and (3.44) for the set intersection
(e}
Q.= ﬂ Q; allow us to arrive at the equalities

i=1

N(z Q) = Tz Q) = ( e Q)) — clco | J N(z: ),
=1 =1

which give the asymptotic strong CHIP in (b). Conversely, assume that (b) holds. Then

employing (3.43) and (3.46) implies the relationships

T(z;Q) = N*(z;Q) = (clco U N(i;Qi)>* = ﬂ T(z; %),
i=1

i=1

which ensure the fulfillment of the CHIP in (a) and thus establish the equivalence the properties
in (a) and (b). Since the strong CHIP implies the asymptotic strong CHIP due to the closedness
of N(z;Q), it also implies the CHIP. The converse implication does not hold even for finitely
many sets; counterexamples are presented, in particular, in [6, 19]. O

The following simple consequence of Theorem 3.25 computes the normal cone to set of

feasible solutions in linear semi-infinite programming with countable inequality constraints; cf.

[9].
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Corollary 3.26 (normal cone to sets of feasible solutions of linear semi-infinite pro-

grams with countable constraints). Consider the set
Q:={z e R"| (a;,z) <0, i € N}, (3.47)
where the vectors a; € R™ are fixed. Then the normal cone to Q) at the origin is computed by

N(0;Q) = clco [fj {ai| A > 0}] (3.48)
i=1

Proof. It is easy to see that the set (3.47) is represented as a countable intersection of sets
having the CHIP. Furthermore, the asymptotic strong CHIP for this system is obviously (3.48).
Thus the result follows immediately from Theorem 3.25. (]

There are also interesting connections of Corollary 3.26 with the results of [24, Theo-
rem 5.3(i)] and with the so-called “local Farkas-Minkowski qualification condition” for infinite
systems of linear inequalities [55], which happens to be equivalent to the strong CHIP in this
setting. The reader can find more discussions on related conditions for infinite convex inequality
systems in Section 3.7.

Now let us show that the CHIP may be violated in rather simple situations involving finite

and infinite intersections of convex sets defined by inequalities with convex functions.

Example 3.27 (failure of CHIP for finite and infinite intersections of convex sets).

(i) First consider the two convex sets

Q= {(acl,acg) € RQ‘ To > a:%} and Qo := {(1’1,1‘2) € R2‘ o < —x%}




o6

and their intersection at £ = (0,0). We have
D NQ={z}, T(Z;)=RxR4, and T(z;22) =R xR_.
Thus the CHIP does not hold in this case, since
T(z;21 N Q) ={(0,0)} #T(z; %) NT(x;Q) =R x {0}.

(ii) In the next case we have the CHIP violation for the countable intersection of convex
sets, with the intersection set having nonempty interior. For each i € N, define ;(z) := iz? if

x < 0and @;(x) :=0if z > 0. Let Q; := epiy; and T = (0,0). It is easy to see that
oo
(1% =Ry xRy and T(z,9;) =R xRy for i€ N.
i=1

It gives therefore the relationships

T(ffﬂﬁz) =Ry xRy # ﬂT(:T:;Qi) =R xRy, i€eN,
i=1 i=1

which show that the CHIP fails for this system of sets at the chosen point z = (0, 0).

Of course, we cannot expect to extend the equivalence of Theorem 3.25 to intersections
of nonconvex sets. In what follows we are mainly interested in obtaining calculus rules for
generalized normals as in the strong CHIP using the nonconvex CHIP from Definition 3.24 (i.e.,
a calculus rule for tangents) as an appropriate assumption together with additional qualification
conditions. Observe that the implication CHIP = strong CHIP does not hold even for finite

intersections of convex sets; see Theorem 3.25.
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To implement this strategy, we first intend to obtain some sufficient conditions for the CHIP
of countable intersections of nonconvex sets. Note that a number of sufficient conditions for
the CHIP has been proposed for finite intersections of convex sets, where convex interpolation
techniques play a particularly important role; see [6, 11, 16, 41] and the references therein.
However, such techniques do not seem to be useful in nonconvex settings. To proceed in deriving
sufficient conditions for the CHIP of countable nonconvex intersections, we explore some other
possibilities.

Let us start with extending the concept and techniques of linear regularity in the direction
of [6, 41, 65] to the case of infinite nonconvex systems; cf. various results and discussions therein
on particular cases of linear regularity and its applications. Given a countable system of closed
sets {Q; }ien, we say that it is linearly reqular at T € Q := ()2, €; if there exist a neighborhood

U of £ and a number C > 0 such that

dist (z; Q) < C'sup {dist (z;Q;)} for all z € U. (3.49)
1€EN
In the next proposition we denote for convenience the distance function dist(z;2) by dq(z)

and employ the standard notion of equi-convergence for families of functions.

Proposition 3.28 (sufficient conditions for CHIP in terms of linear regularity). Let
{Qi}ien be a countable system of closed sets in R™ with the intersection Q = ();=; Q;, and let
z € Q. Assume that the system of sets {Q;}ien is linearly regular at T with some C' > 0 in
(3.49) and that the family of functions {dq, () }ien is equi-directionally differentiable at T in the
sense that for any h € R™ the functions

{dgi(f+th)7 ieN}

t
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of t > 0 converge as t | 0 to the corresponding directional derivatives d/Qi (Z; h) uniformly in

i € N. Then for all h € R™ and the positive constant C' from (3.49) we have the estimate

dist (h; A) < Csup {dist (h; A;)} with A :=T(z;Q) and A;:=T(z;Q;) as i € N. (3.50)
1€N

In particular, the set system {§;}ien satisfies the CHIP at T.

Proof. Fixing h € R™ and using definition (2.2) and [61, Exercise 4.8], we get

= liminf ————=.
an t

-z i 7 h: Q
dist (h; A) = lim inf dist (=) o dist (7 + th; Q)

When ¢ is small, the assumed linear regularity yields that

dist (Z + th; Q) < Cswp dist (Z + th; ;) '
t ieN t

Applying further the equi-directional differentiability gives us

dist (T + th; ;)
t

— dg, (z; h) = dist (h; A;) uniformly in i as ¢ 10,

i.e., for any € > 0 there exists § > 0 such that whenever ¢ € (0,J) we have

dist (Z + th; ;)
t

—dist (h; A;)| <e forall ¢ € N.

Hence it holds for any ¢ € (0,4) that

dist (Z + th; Q;
sup 15 (x: i) < sup {dist (h; A;) } +e.
N ieN
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Combining all the above, we get the estimates

dist (& thQZ
dist (1 &) < Climinf sup U EEE) < o st (1 4} + Ce,
t0 N ieN

which imply (3.50), since € was chosen arbitrarily. Finally, the CHIP of the system {€;};en at
z follows directly from (3.50) and the definitions. O
Now we present a consequence of Proposition 3.28 that simplifies the verification of linear

regularity for countable set systems.

Corollary 3.29 (CHIP via simplified linear regularity). Let {;};en be a countable sys-
tem of closed subsets in R™, and let T € Q = ()2, Q. Assume that the family {d(-;<%)}ien is
equi-directionally differentiable at & and that there are numbers C' > 0, j € N, and a neighbor-

hood U of T such that

dist (z; Q) < C'sup {dist (x; Ql)} forallz €Q;NU.
i

Then the set system {€;}ien satisfies the CHIP at .

Proof. Employing Proposition 3.28, it suffices to show that the set system {Q;};en is

linearly regular at Z. To proceed, take r > 0 so small that dist (z;Q) < C sup {dist (z;;)} for
G
all z € Q;N(Z+3rIB). Since the distance function is nonexpansive, for every y € ;N (Z+3rB)

and x € R™ we have
0 < C'sup {dist (y; ;) } — dist (y; Q) < Csup ({dist (z; %)} + ||lz — y||) —dist (z; Q) + ||z — y||
i#j i#j

< Csup {dist (z;Q;) } — dist (z;Q) + (C + 1)||z — y].
i#]
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Then it follows for all z € R™ that

dist (z; Q) < (2C + 1) max [sup {dist (z; ;) }, dist (z;Q; N (z + 3rB))].
i£]

Thus the linear regularity of {€2;};cn at Z in the form of

dist (z; Q) < (2C + 1) sup {dist (z; ;) }
€N

would follow now from the relationship

dist (z;Q; N (Z 4 3rB)) = dist (z;Q;) for all z € Z+rB. (3.51)

To show (3.51), fix a vector € Z + rIB above and pick any y € ; \ (Z + 3rIB). This readily

gives us ||z —y|| > |ly — Z|| — ||z — z|| > 3r — r = 2r and implies that

dist (z;Q; \ (z + 3rB)) > 2r while dist (z;Q; N (24 3rB)) < |z —z| <.

Hence we get the equalities

dist (z;Q;) = min {dist (2;Q; \ (Z + 3rB)), dist (z;Q; N (Z+3rB))}
= dist (z;Q; N (z + 3rB)),
which justify (3.51) and thus complete the proof of the corollary. O

The next proposition, which holds in fact for arbitrary (not only countable) intersections

of sets, establishes a new sufficient condition for the CHIP of {€;};en. To formulate it, we




61

introduce a notion of the tangential rank of the intersection Q := (72, Q; at T € Q by

, (3.52)

where we put po(z) := 0 if Q; = {Z} for at least one i € N.

Proposition 3.30 (sufficient condition for CHIP via tangential rank of intersection).
Given a countable system of closed sets {€; }ien in R™, suppose that po(z) = 0 for the tangential

rank of their intersection Q := (2, Q; at & € Q. Then this system exhibits the CHIP at .

Proof. The result holds trivially if Q; = {Z} for some i € N. Assume that Q; \ {Z} # 0 for

all i € N and observe that T'(z; Q) C T(z;€2;) whenever ¢ € N. Thus we always have

T(z;Q) C () T(x; ).
€N

To prove the reverse inclusion, fix an arbitrary vector 0 # v € (.2, T(Z; Q;). By pa(z) = 0 and

definition (3.52), for any k£ € N we find a set 0 from the system under consideration such that

dist (z;2) 1
lim sup _ -
B |z — z|] k
zeQp\{z}

Since v € T'(7;€)), there are sequences {z;}jen C € and t; | 0 satisfying

l‘j—

r; — T and — v asj — oo,

which in turn implies the limiting estimate

i sup dist (x; Q)

— <
joo Nz — 2|

=
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The latter allows us to find a vector xj € {z;}jen with ||z — Z|| < 1/k and the corresponding

number t; < 1/k such that

ti

Then it follows that there exists z; € ) satisfying the relationships

” H< 1” 7H< .
z T x xT .
k— Tk AR < 2

Combining all the above together gives us the estimates

2L — X 2 — Tk T — T 1|z —2 1 1( 1) 1
—vf| < — — - < - - -, kel
th ”H— th th H_k ||t e S el g) g
Now letting £ — oo, we get 2 LN x, tx 1 0, and SLE v|| — 0. The latter verifies that
k
v € T(z;Q) and thus completes the proof of the proposition. O

To conclude our discussions on the CHIP, we give yet another verifiable condition ensuring
the fulfillment of this property for countable intersections of closed sets. We say that a set A
is of tnvex type if it can be represented as the complement to a union with respect to t € T' of

some open convex sets Ay, i.e.,

A=R"\| 4, (3.53)

teT

The following lemma needed for the next proposition is also used in Section 5.

Lemma 3.31 (sets of invex type). Let A C R™ be a set of invex type (3.53), and let
Z € (erbdA; Nbd A be taken from the boundary intersections. Then we have the inclusion

involving the tangent cone T'(Z; A): T+ T(Z; A) C A.




63

Proof. To justify desired inclusion, suppose on the contrary that there is v € T'(Z; A) such

that  +v ¢ A. For this v we find by definition (2.2) sequences s; | 0 and z; € A such that

Tp—T
Sk

— v as k — oo. Since T + v ¢ A, by invexity (3.53) there is an index to € T" for which

Z 4+ v € Ag,. Thus we get the inclusion

Tp — T

T+ € A, for all k € N sufficiently large.

Sk

Then employing the convexity of A, gives us that

T — &

:ck:(l—sk)f—i—sk(a_c—i— )GAtO

Sk

for the fixed index tg € T and all large numbers k € N. This contradicts the fact that of z, € A
and thus justifies the claimed inclusion. .

Now we are ready to derive the aforementioned sufficient condition for the CHIP.

Proposition 3.32 (CHIP for countable intersections of invex-type sets). Given a
countable system {§;}ien in R™, assume that there is a (possibly infinite) index subset J C N

such that each €; for i € J is the complement to an open and convex set in R™ and that

ze (ﬂ bd Q) Nint () (3.54)
ieJ idJ

for some T. Then the system {§;}ien enjoys the CHIP at .

Proof. Take any §2; with ¢ € J and consider the convex and open set A C R" such that

Q =R"\A. Then Z € bd ANbd Q; by (3.54). Then Lemma 3.31 ensures that z+T'(Z; ;) C Q;
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for this index ¢ € J. By the choice of Z in (3.54) we have furthermore that
() T(@ Q) = () T(@%) C [)(-2).
i=1 e ieJ
Since the set on the left-hand side of the latter inclusion is a cone, it follows that
N T(z: ) c T(o; M- a?)) - T(z-; N Q) - T(at»; N Q) (3.55)
i=1 icJ icJ i=1

As the opposite inclusion in (3.55) is obvious, we conclude that the CHIP is satisfied for the
countable set system {£2; };en at Z. O

For countable systems of linear inequalities we have a useful consequence of Proposition 3.32.

Corollary 3.33 (CHIP for countable linear systems). Consider the set system {€;}ien
defined by linear inequalities

Q; = {x € ]R”| (aj, ) < bi},

where a; € R™ and b; € R are fivred as i € N. Given a point T € 0 and the associated set J(T)

of active indices, suppose that
z € int {& € R"| (a;,z) < b;, i € N\ J(Z)}.

Then the countable linear system {€;};en enjoys the CHIP at .

Proof. It obviously follows from Proposition 3.32. Note that one of the referees suggested
an alternative proof of this result based on Farkas’ lemma with no usage of Lemma 3.31. O
In the last part of this section we show that the CHIP for countable intersections of non-

convex sets, combined with some other classification conditions, allows us to derive principal
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calculus rule for representing generalized normals to infinite set intersections. Thus the verifiable
sufficient conditions for the CHIP established above largely contribute to the implementation
of these calculus rules. Note that the results obtained in this direction provide new information
even for convex set intersections, since in this case they furnish the required implication CHIP
= strong CHIP, which does not hold in general nonconvex settings; see Theorem 3.25 for
more discussions.

First we formulate and discuss appropriate qualification conditions for countable systems of

sets in terms of the basic normal cone (2.6).

Definition 3.34 (normal closedness and qualification conditions for countable set
systems). Let {Q;}ien be a countable system of sets, and let T € ();2; . We say that:
(a) The set system {Q;}ien satisfies the NORMAL CLOSEDNESS CONDITION (NCC) at Z if

the combination of basic normals

(2w

el

xz; € N(z;8), I € ﬁ} is closed in R™, (3.56)

where L stands for the collection of all the finite subsets of N.
(b) The system {Q;}ien satisfies the NORMAL QUALIFICATION CONDITION (NQC) at z if

the following implication holds:

> ap =0, z € N(#)
=1

— [3: —0 forall i eN|. (3.57)

The NCC in Definition 3.34(a) relates to various versions of the so-called Farkas-Minkowski
qualification condition and its extensions for finite and infinite systems of sets. We refer the

reader to, e.g., [17, 18] and the bibliographies therein, as well as to subsequent discussions in
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Section 4, for a number of results in this direction concerning convex infinite inequality systems
and to [10] for more details on linear inequality systems with arbitrary index sets in general
Banach spaces.

The NQC in Definition 3.34(b) is a direct extension of the corresponding condition (3.20))
for system of cones. The counterpart of (3.57) for finite systems of sets is studied and applied in
[47, 48] under the same name. The following proposition presents a simple sufficient condition

for the validity of the NQC in the case of countable systems of convex sets.

Proposition 3.35 (NQC for countable systems of convex sets). Let {€;};cn be a system

of convezx sets for which there is an index ig € N such that

Qi N () int Q; # 0. (3.58)
i#£1i0

Then the NQC' in (3.57) is satisfied for the system {Q;}ien at any T € ()ooq Q.

Proof. Suppose without loss of generality that i9 = 1 and fix some w € Q1 N ()2, int Q.

Taking any normals x} € N(z;€;) with ¢ € N satisfying

[e.e]
z : *

xl' :07
=1

we get by the convexity of the sets €2; that (z],w —z) < 0 for all i € N. Then it follows that

(@ w—z)=-) (2§,w—2) >0, icN,
J#i

which yields (z},w — ) = 0 whenever ¢ € N. Picking v € R" with |ju|| = 1 and taking into
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account that w € N72,int £);, we get
Maf,u) = (zf, w4+ u—2) <0, i=23,...,

whenever A > 0 is sufficiently small. Since u is any vector satisfying ||u| = 1, it follows that
xz; =0 fori=2,3,... and therefore 7 = 0 for all 7 € N. O

Finally, we obtain the main result of this section, which expresses Fréchet normal to infinite
set intersections via basic normals to the sets involved under the above CHIP and qualification
conditions. This major calculus rule for arbitrary closed sets employs the corresponding inter-

section rule for cones from Theorem 3.23, which is based on the tangential extremal principle.

Theorem 3.36 (generalized normals to countable set intersections). Let {Q;}icn be
a countable system of closed sets in R™, and let & € Q := (2, Q;. Assume that the CHIP in

(3.39) and NQC in (3.57) are satisfied for {;}ien at T. Then we have the inclusion

N(z:Q) Ccl{me

el

wre Nz W), I e c}, (3.59)

where L stands for the collection of all the finite subsets of N. If in addition the NCC in (3.56)
holds for {Q;}ien at T, then the closure operation can be omitted on the right-hand side of

(3.59).

Proof. Using the assumed CHIP for {§2;};en at Z, constructions (2.2) and (2.3), and the

duality correspondence (2.4) gives us

N(z;Q) = N(0; T(z;9)) = 1\7(0; ﬁ T(z; Q)) (3.60)
=1
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It follows from (3.19) that N (0;T(z; %)) C N(z;Q;) for all i € N, and thus the assumed NQC

in (3.57) implies the conic one in (3.20). Applying Theorem 3.23, we have

]/\7<0; ﬁ T(z; Qz)) Ccl { Z x;
i=1

el

vl € N(0;T(z;)), T € z}.

Now the intersection rule (3.59) follows from (3.19) and (3.60). Finally, the closure operation

in (3.59) can be obviously dropped if the system {€2;};cn satisfies the NCC at z. O

3.7 Applications to Semi-Infinite Programming

This section is devoted to deriving necessary optimality conditions for various problems of semi-
infinite programming (SIP) with countable constraints. Problems with countable constraints
are among the most difficult in SIP, in comparison with conventional ones involving constraints
indexed by compact sets. In fact, SIP problems with countable constraints are not different from
seemingly more general problems with arbitrary index sets. Problems of the latter class have
drawn particular attention in a number of recent publications, where some special structures
of this type (mostly with linear and convex inequality constraints) have been considered; see,
e.g., [10, 17, 18] and the references therein. In this section we derive, based on the tangential
extremal principle and its calculus consequences, new optimality conditions for SIP with various
types of countable constraints and compare them with those known in the literature.

Let us start with SIP involving countable constraints of the geometric type:
minimize ¢(z) subject to = € Q; as i € N, (3.61)

where ¢: R™ — R is an extended-real-valued function, and where {Q;};eny C R™ is a countable

system of constraint sets. Considering in general problems with nonsmooth and nonconvex cost
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functions and following the classification of [48, Chapter 5], we derive necessary optimality con-
ditions of two kinds for (3.61) and other SIP minimization problems: lower subdifferential and
upper subdifferential ones. Conditions of the “lower” kind are more conventional for minimiza-
tion dealing with usual (lower) subdifferential constructions. On the other hand, conditions of
the “upper” kind employ upper subdifferential (or superdifferential) constructions, which seem
to be more appropriate for maximization problems while bringing significantly stronger infor-
mation for special classes of minimizing cost functions in comparison with lower subdifferential
ones; see [48] for more discussions, examples, and references.

We begin with upper subdifferential optimality conditions for (3.61). Given ¢: R® — R
finite at Z, the upper subdifferential of ¢ at & used in this paper is of the Fréchet type defined

by

~

8" (@) == ~B(~)() = {a" € R"

lim sup ) = (p‘(’i)__;ﬁ*’ z-%) < 0} (3.62)

via (2.9). Note that O (Z) reduces to the upper subdifferential (or superdifferential) of convex
analysis if ¢ is concave. Furthermore, the subdifferential sets 5(,0(:7:) and 5*(,0(9?) are nonempty
simultaneously if and only if ¢ is Fréchet differentiable at z.

As before, in the next theorem and in what follows the symbol £ stands for the collection

of all the finite subsets of the natural series N.

Theorem 3.37 (upper subdifferential conditions for SIP with countable geometric
constraints). Let Z be a local optimal solution to problem (3.61), where p: R® — R is an
arbitrary extended-real-valued function finite at T, and where the sets ; C R™ for i € N are

locally closed around T. Assume that the system {§;}ien has the CHIP at T and satisfies the
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NQC of Definition 3.34(b) at this point. Then we have the set inclusion

— 9 p(z) C ol { N ai| @ e N@:), T e z}, (3.63)
i€l
which reduces to that of
0 € V() +d { S ai|at e N@), Te L}. (3.64)

i€l

if v is Fréchet differentiable at . If in addition the NCC of Definition 3.34(a) holds for {€;}ien

at T, then the closure operations can be omitted in (3.63) and (3.64).

Proof. It follows from [48, Proposition 5.2] that
— 9 () C ﬁ(@; N Q) (3.65)
i=1

Applying now to (3.65) the representation of Fréchet normals to countable set intersections
from Theorem 3.36 under the assumed CHIP and NQC, we arrive at (3.63), where the closure
operation can be omitted when the NCC holds at Z. If ¢ is Fréchet differentiable at Z, it follows
that é\*go(a_:) = {Vy(z)}, and thus (3.63) reduces to (3.64). O

Note that the set inclusion (3.63) is trivial if 5+<,0(a7;) = (), which is the case of, e.g., non-
smooth convex functions. On the other hand, the upper subdifferential necessary optimality
condition (3.63) may be much more selective than its lower subdifferential counterparts when
5“'90(3?) # (), which happens, in particular, for some remarkable classes of functions including
concave, upper regular, semiconcave, upper-C'!, and other ones important in various applica-

tions. The reader can find more information and comparison in [48, Subsection 5.1.1] and the




71

commentaries therein concerning problems with finitely many geometric constraints.

Next let us present a lower subdifferential condition for the SIP problem (3.61) involving
the basic subdifferential (2.10), which is nonempty for majority of nonsmooth functions; in
particular, for any local Lipschitzian one. To formulate this condition, recall the notion of the

singular subdifferential of ¢ at T defined by

9¢p(z) = {z* € R"| (z*,0) € N((Z;¢(2));epip)}. (3.66)

Note that 0®°p(z) = {0} if ¢ is locally Lipschitzian around Z. Recall also that a set € is
normally regular at T if N(z;Q) = N(i‘, ). This is the case, in particular, of locally convex

and other “nice” sets; see, e.g., [47, 61] and the references therein.

Theorem 3.38 (lower subdifferential conditions for SIP with countable geometric
constraints.) Let T be a local optimal solution to problem (3.61) with a lower semicontinuous
cost function p: R™ — R finite at & and a countable system {Q;}ien of sets locally closed around
z. Assume that the feasible solution set Q := (2, Q; is normally reqular at Z, that the system

{Q}ien satisfies the CHIP (3.39) and the NQC' (3.57) at T, and that

cl{fo

i€l

2t e N(z; ), I € c} N (- 0<a() = {0}, (3.67)

which holds, in particular, when ¢ s locally Lipschitzian around . Then we have

Oe&p(i)—i-cl{fo

icl

wf e N(z; ), I e E}. (3.68)

The closure operations can be omitted in (3.67) and (3.68) if the NCC (3.56) is satisfied at .
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Proof. It follows from [48, Proposition 5.3] that
0 € dp(Z) + N(z;9) provided that 9%¢(z) N (— N(z;Q)) = {0} (3.69)

for the optimal solution Z to the problem under consideration with the feasible solution set
Q =2, Q. Since the set 2 is normally regular at , we can replace N(z;Q) by ]V(:E,Q)
in (3.69). Applying now Theorem 3.36 to the countable set intersection €2 in (3.69) under the
assumptions made, we arrive at all the conclusions of this theorem. O

Next we consider a SIP problem with countable operator constraints defined by:
minimize @(z) subject to f(z) € ©; as i€ N, (3.70)

where ¢: R — R, ©; € R™ for i € N, and f: R® — R™. The following statements are

consequences of Theorems 3.37 and 3.38, respectively.

Corollary 3.39 (upper and lower subdifferential conditions for SIP with operator
constraints). Let T be a local optimal solution to (3.70), where the cost function ¢ is finite at
Z, where the mapping f: R™ — R™ is strictly differentiable at T with the surjective (full rank)
derivative, and where the sets ©; C R™ as i € N are locally closed around f(z) while satisfying
the CHIP (3.39) and NQC (3.57) conditions at this point. The following assertions holds:

(i) We have the upper subdifferential optimality condition:

~ 9@ ca{ X VI@y

el

vl € N(f(7);0:), T € E}, (3.71)
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(ii) If ¢ is lower semicontinuous around T and

A { Y Vi@ v

i€l

yi € N(f(@):05), 1€ L} (- 0%0(@)) = {0}, (3.72)

then we have the inclusion

0€p(@) +a {3 V@)

el

vl € N(f(7);0:), T € E}. (3.73)

Furthermore, the closure operations can be omitted in (3.71)—(3.73) if the set system {O;}ien

satisfies the NCC' (3.56) at f(z).

Proof. Observe that problem (3.70) can be equivalently rewritten in the geometric form
(3.61) with Q; := f~1(6;), i € N. Then employing the well-known results on representing the
tangent and normal cones in (2.2) and (2.6) to inverse images of sets under strict differentiable
mappings with surjective derivatives (see, e.g., [47, Theorem 1.17] and [61, Exercise 6.7]), we

have
T(# /71(0)) = V(@) 'T(f(2);:0) and N(z; () = Vf(2)'N(f(2);:0).  (3.74)

It follows from the surjectivity of Vf(z) that the CHIP and NQC for {O;};,en at f(Z) are
equivalent, respectively, to the CHIP and NQC of {Q;};cn at Z; see [47, Lemma 1.18]. This
implies the equivalence between the qualification and optimality conditions (3.71)—(3.73) for
problem (3.70) under the assumptions made and the corresponding conditions (3.63), (3.67),
and (3.68) for problem (3.61) established in Theorems 3.37 and 3.38. To complete the proof of

the corollary, it suffices to observe similarly to (3.74) that the assumed NCC for {O;};en at f(Z)
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is equivalent under the surjectivity of V f(z) to the NCC (3.56) for the inverse images {€2; }ien
at . Thus the possibility to omit the closure operations in the framework of the corollary
follows directly from the corresponding statements of Theorems 3.37 and 3.38. (]

The rest of this section concerns SIP problems with countable inequality constraints:

minimize ¢(z) subject to ¢;(x) <0 as i€ N, (3.75)

where the cost function ¢ is as in problems (3.61) and (3.70) while the constraint functions
v;: R" = R, i € N, are lower semicontinuous around the reference optimal solution. Note that
problems with infinite inequality constraints are considered in the vast majority of publications
on semi-infinite programming, where the main attention is paid to the case of convex or linear
infinite inequalities; see below some comparison with known results for SIP of the latter types.

Although our methods are applied to problems (3.75) of the general inequality type, for
simplicity and brevity we focus here on the case when the constraint functions ¢;, i € N, are
locally Lipschitzian around the optimal solution. In the general case we need to involve the
singular subdifferential (3.66) of these functions; see the proofs below. Let us first introduce
subdifferential counterparts of the normal qualification and closedness conditions from Defini-

tion 3.34.

Definition 3.40 (subdifferential closedness and qualification conditions for countable

inequality constraints). Consider a countable constraint system {€;}ieny C R™ with

Q, = {m S R”‘ vi(z) < 0}, 1 €N, (3.76)

where the functions ; are locally Lipschitzian around T € (\;2, Q;. We say that:




75

(a) The system {$;}ien in (3.76) satisfies the SUBDIFFERENTIAL CLOSEDNESS CONDITION

(8CC) at z if the set

{Z)\iﬁw(:ﬁ)‘ Ai >0, \ipi(z) =0, I € E} is closed in R™. (3.77)
icl
(b) The system {;}ien in (3.76) satisfies the SUBDIFFERENTIAL QUALIFICATION CONDI-

TION (SQC) at T if the following implication holds:

[Zm;‘ =0, zF € dpi(T), N >0, Nigi(T) = 0] — [\ =0 forall ieN].  (3.78)
=1

The next theorem provides necessary optimality conditions of both upper and lower subdif-

ferential types for SIP problems (3.75) without any smoothness and/or convexity assumptions.

Theorem 3.41 (upper and lower subdifferential conditions for general SIP with in-
equality constraints). Let T be a local optimal solution to problem (3.75), where the constraint
functions p;: R" — R are locally Lipschitzian around T for all i € N. Assume that the level set
system {Q;}ien in (3.76) has the CHIP at & and that the SQC (3.78) is satisfied at this point.
Then the following assertions hold:

(i) We have the upper subdifferential optimality condition:

—9%p(z) Ccl { > )\iasoi(f)’ i >0, Npi(z) =0, I € L}, (3.79)
el

where the closure operation can be omitted if the SCC (3.77) is satisfied at T.
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(ii) Assume in addition that ¢ is lower semicontinuous around T and that

a { 3 )\,-Ogoi(f)’ A >0, \ipi(F) =0, T e .c} N (- e(@) = {0}, (3.80)

i€l

which is automatic if ¢ is locally Lipschitzian around T. Then

0 € dp(z) + cl { 3 )\Z-(‘)cpi(a’:)’ A >0, hips(z) =0, I € z,} (3.81)
i€l

with removing the closure operation in (3.80) and (3.81) when the SCC (3.77) holds at T.

Proof. It is well known from the basic subdifferential calculus (see, e.g., [47, Theorem 3.86])

that
N(z;Q) C R109(Z) == {\z* € R"| 2* € 09(Z), A >0} for Q:={z e R"|J(z) <0} (3.82)

provided that ¥: R — R is locally Lipschitzian around # and that 0 ¢ 99(z), which is ensured
by the assumed SQC. Now we apply inclusion (3.82) to each set €; in (3.76) and substitute
this into the NQC (3.57) as well as into the qualification condition (3.67) and the optimality
conditions (3.63) and (3.68) for problem (3.61) with the constraint sets (3.76). It follows in
this way that the SQC (3.78) and all the relationships (3.79)—(3.81) imply the aforementioned
conditions of Theorems 3.37 and (3.38) in the setting (3.75) under consideration. It shows
furthermore that the SCC (3.77) yields the NCC (3.56) for the sets €; in (3.76), which thus
completes the proof of the theorem. O

Now we consider in more detail the case of conver constraint functions ¢; in (3.75). Note

that the validity of the SQC (3.78) is ensured in the case by the interior-type condition (3.58) of
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Proposition 3.35. The next theorem justifies necessary optimality conditions for problems with
countable convex inequalities, which does not require either interiority-type or SQC constraint
qualifications while containing a qualification condition that implies both the CHIP and SCC
in (3.77). Let us first recall (see [17, 18] and the references therein) that the SIP problem
(3.75) with the constraints given by convex functions ¢;, i € N, satisfies the Farkas-Minkowski

constraint qualification (FMCQ) if the set

co [cone U epi @f} is closed in R" x R, (3.83)
i=1

where ¥*(z*) := sup{(z*,z) — d(z)| * € R"} stands for the Fenchel conjugate function to
¥: R™ — R. In fact, this condition can be considered as a consequence of the Farkas-Minkowski
property for linear inequality systems [24] via a linearization of convex inequalities by using the
Fenchel conjugates. Following [24, Section 7.5] and [23, Definition 5.12], we say that system
(3.76) defined by convex inequalities satisfies the local Farkas-Minkowski (LFM) property at
T € Q:=nN2, 0, if

N(z;Q) =co [cone U 8%-(5:)} =: B(7), (3.84)
1€J(z)

where J(Z) := {i € N| ;(Z) = 0} is the the collection of active indices at z. Note that the
LFM property (3.84) is called the “basic constraint qualification” in [39, 42].

It has been observed for the convex systems under consideration that FMCQ=—=LFM. We
refer the reader to [22] for a comprehensive study of relationships between various qualification
conditions for systems of convex inequalities.

Having this in hand, we get the following results for infinite convex inequality systems,

where we assumed for simplicity that the cost function in (3.75) is locally Lipschitzian. The
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final formulation and the proof of the theorem below is suggested to us by Marco Lépez.

Theorem 3.42 (upper and lower subdifferential conditions for SIP with convex in-
equality constraints). Let all the general assumptions but SQC (3.78) of Theorem 3.41 be
fulfilled at the local optimal solution T to (3.75). Suppose in addition that the cost function ¢
is locally Lipschitzian around T, that the constraint functions @;, i € N, are convex, and that
the LFM property (3.84) holds at T. Then the SCC (3.77) and CHIP (3.39) also hold, and
both necessary optimality conditions (3.79) and (3.81) are satisfied with the closure operations

omitted therein.

Proof. Observe that the SCC in (3.77) is nothing else but the closedness of the set B(z),
and hence we have the implication LEM==SCC by the closedness of the normal cone N(z;2).

Furthermore, we always have the inclusions

B(z)Cco |J N(zQ) C Nx:9Q). (3.85)
icJ(z)

Hence the LFM property combined with (3.85) implies the strong CHIP. By Theorem 3.25 we
have the CHIP as well since N (Z;$;) = {0} whenever i ¢ J(z). Taking all this into account,

we get under the assumptions made the inclusions

—9tp(z) C N(#:Q) and 0 € dp(z) + N(z;9),

which imply in turn the validity of

_§+¢(j;) C B(z) and 0 € d¢p(z) + B(z),
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and thus complete the proof of the theorem. O

Next we present specifications of both upper and lower subdifferential optimality condi-
tions derived above for SIP (3.75) with linear inequality constraints. In the finite-dimensional
countable case under consideration the results obtained in this way reduce to those from [10,
Theorems 3.1 and 4.1] while it is not assumed here the strong Slater condition and the coefficient
boundedness imposed in [10]. For simplicity we consider the case of homogeneous constraints

and suppose that £ = 0 is a local optimal solution.

Proposition 3.43 (upper and lower subdifferential conditions for SIP with linear

inequality constraints). Let & = 0 be a local optimal optimal solution to the SIP problem

minimize p(x) subject to {(a;,z) <0 for all i €N, (3.86)

where p: R™ — R is finite at the origin. Then we have the inclusions

— 5 (0 C clco [G (M| A > o}] (3.87)
i=1

0 € 9p(0) +clco [[j {Aai| A > 0}}, (3.88)
i=1

where (3.88) holds provided that ¢ is lower semicontinuous around the origin and

o0

(clco [U {Nai| A > o}D N (= 0%p(0)) = {0}. (3.89)

i=1

Furthermore, the LFM property implies that the closure operations can be omitted in (3.87)—

(3.89).

Proof. It follows the lines in the proof of Theorem 3.42 with the usage of the normal cone
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representation (3.48) from Corollary 3.26. O
Finally in this section, we present several examples illustrating the qualification conditions

imposed in Theorem 3.42 and their comparison with known results in the literature.

Example 3.44 (comparison of qualification conditions). All the examples below con-
cern lower subdifferential conditions for SIP problems (3.75) with convex cost and constraint
functions.

(i) The CHIP (3.39) and the SCC (3.77) are independent. Consider a linear constraint
system in (3.43) at = (0,0) € R? for ¢;(z) = {a;, ) with a; = (1,4) as i € N, which has the

CHIP. At the same time the set

co | JR49pi(x) = co{A(1,i) € R?| A >0, i € N} =R7 \ {(0,\)| A > 0}
=0

is not closed, and hence the SCC (3.77) does not hold. On the other hand, for the quadratic
functions @;(z) = ix? — 29 as i € N as = (1, 72) € R%, we get dp;(0) = V;(0) = (0, —1),
and hence the SCC (3.77) holds at the origin while the CHIP is violated at this point similarly
to Example 3.27(ii).

(ii) (CHIP and SCC versus FMCQ and CQC). Besides the FMCQ (3.83), another
qualification condition is employed in [17, 18] to obtain necessary optimality conditions of
Karush-Kuhn-Tucker (KKT) type (no closure operation in (3.81)) for fully convexr SIP prob-
lems (3.75) involving all the convex functions ¢ and ;. This condition, named the closedness
qualification condition (CQC) is formulated as follows via the convex conjugate functions: the

set

o
epip* + co [cone U epi goﬂ is closed in R"™ x R. (3.90)

=1
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The next example presents a fully convex SIP problem satisfying both CHIP and SCC but
neither the CQC nor the FMCQ. This shows that Theorem 3.42 holds in this case to produce
the KKT optimality condition while the corresponding result of [17] is not applicable.

Consider the SIP (3.42) with z = (71, 22) € R?, & = (0,0), ¢(z) = —x2, and

zx% —xo if 21 <0,

i(x1,2) = ieN.
—XT2 if I Z 0,

We have 0p;(Z) = V;(Z) = (0, —1) for all i € N, and hence the SCC (3.77) holds. It is easy to

check that the CHIP holds at Z, since
T<j; N Q) — (&) =R xRy for Q= {zcR? g;(z) <0}, ieN.
i=1

On the other hand, for z* = (A1, A2) € R™ we compute the conjugate functions by

)\2
0 if (A, A2) = (0,—1), ZLof A <0, A= 1,
@' (z") = and @f(2") = U
oo otherwise oo  otherwise.

This shows that the convex sets

o o0
co [cone U epiy; } and epip” + co [cone U epi; }
=0 1=0

are not closed in R? x R, and hence the FMCQ (3.83) and the CQC (3.90) are not satisfied.
(iii) (SQC does not imply CHIP for countable systems). As noted by one of the
referees, the SQC (3.78) implies the CHIP for finitely many sets described by smooth inequal-

ities. However, it is not the case for countably many inequalities described by smooth convex
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functions. Indeed, consider the functions ¢;: R? — R of this type given by
wi(x1,x2) =iz —xa, i€N,

for which the SQC holds at (0,0). On the other hand, the sets ; := {(z1, 72) € R?| ¢;(21,72) <

0} reduce to those in Example 3.27(ii) for which the CHIP is violated at the origin.

3.8 Applications to Multiobjective Optimization

The last section of this chapter concerns problems of multiobjective optimization with set-valued
objectives and countable constraints. Although optimization problems with single-valued/vector
and (to a lesser extent) set-valued objectives have been widely considered in optimization and
equilibrium theories as well as in their numerous applications (see, e.g., the books [25, 28, 48] and
the references therein), we are not familiar with the study of such problems involving countable
constraints. Our interest is devoted to deriving necessary optimality conditions for problems of
this type based on the dual-space approach to the general multiobjective optimization theory
developed in [4, 5, 48] and the new tangential extremal principle established in Section 3.1.

The main problem of our consideration is as follows:

minimize F(z) subject to x € Q:= ﬂ Q; C R", (3.91)
i=1

where €);, ¢ € N, are closed subsets of R™, where F': R” = R™ is a set-valued mapping of closed
graph, and where “minimization” is understood with respect to some partial ordering “<” on

R™. We pay the main attention to the multiobjective problems with the Pareto-type ordering:

y1 <y if and only if yo —y1 € O,
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where ) # © C R™ is a closed, convex, and pointed ordering cone. In the aforementioned
references the reader can find more discussions on this and other ordering relations.
Recall that a point (Z,y) € gph F' with Z € € is a local minimizer of problem (3.91) if there

exists a neighborhood U of Z such that there is no y € F(2NU) preferred to g, i.e.,

FQNU)N (G- 0O) = {7} (3.92)

Note that notion (3.92) does not take into account the image localization of minimizers around
y € F(z), which is essential for certain applications of set-valued minimization, e.g., to economic
modeling; see [5]. A more appropriate notion for such problems is defined in [5] under the name

of fully localized minimizers as follows: there are neighborhoods U of  and V of § such that

FQNU)N(@G-0)NV = {7}. (3.93)

The next result establishes necessary optimality conditions of the coderivative type for fully
localized minimizers of problem (3.91) with countable constraints based on the approach of [48]
to problems of multiobjective optimizations, whose implementations in [4, 5] focus specifically
on problems with set-valued criteria, and the tangential extremal principle for countable sets
in Section 3.1. We address here fully localized minimizers for multiobjective problems (3.91)
with normally regular feasible sets, i.e., when N(Z; ) = N (z;2), which particularly includes

the case of convex set €2;, i € N.

Theorem 3.45 (optimality conditions for fully localized minimizers of multiobjective
problems with countable constraints and normally regular feasible sets). Let the pair

(z,y) € gph F be a fully localized minimizer for (3.91) with the CHIP system of countable
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constraints {Q; }ien. Assume that the feasible set Q = ;2 Q; is normally reqular at T € Q and

that the NQC' (3.57) and the coderivative qualification condition

D*F(z,5)(0)) { —dl { 3

el

7 € N@; ), T e £} = {0} (3.94)
are satisfied. Then there is 0 # y* € —N(0;©) such that

0€ D*F(z,z)(y*) +cl { fo
iel

zf e N(z;), I e ,c}. (3.95)

Proof. Applying [5, Theorem 3.4] for fully localized minimizers of set-valued optimization
problems with abstract geometric constraints x € Q (cf. also [4, Theorem 5.3] for the case of

local minimizers (3.92) and [48, Theorem 5.59] for vector single-objective counterparts), we find
0# —y* € N(0;0) and z* € D*F(z,%)(y*) N (— N(z;Q)) (3.96)

provided the fulfillment of the qualification condition
D*F(z,5)(0)N (— N(z;Q)) = {0}. (3.97)

To complete the proof of the theorem, it suffices to employ in (3.96) and (3.97) the sum rule
for countable set intersections from Theorem 3.36 by taking into account the assumed normal
regularity of the intersection set 2 at Z. (|

Note that the qualification condition (3.94) holds automatically if the objective mapping F'

is Lipschitz-like (or has the Aubin property) around (Z,y) € gph F, i.e., there are neighborhoods
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U of z and V of g such that
F(x)NV C F(u) + {||x — u||B for all x,u €U

with some number ¢ > 0. Indeed, it follows from the Mordukhovich criterion in [61, Theo-
rem 9.40] (see also [47, Theorem 4.10] and the references therein) that D*F(z,y)(0) = {0} in
this case.

Next we introduce two kinds of “graphical” minimizers for multiobjective problems for which,
in particular, we can avoid the normal regularity assumption in optimality conditions of type
(3.95) in Theorem 3.45. The definition below concerns multiobjective optimization problems

with general geometric constraints that may not be represented as countable set intersections.

Definition 3.46 (graphical and tangential graphical minimizers). Let (Z,y) € gph F
with T € Q. We say that:
(i) (Z,9) is a LOCAL GRAPHICAL MINIMIZER to problem (3.91) if there are neighborhoods U

of & and V of § such that
gph F 1 |2 x (- ©)| n (U x V) = {(@.9)}. (3.98)
(ii) (Z,y) is a LOCAL TANGENTIAL GRAPHICAL MINIMIZER to problem (3.91) if
T((z.5):eph F) 1 [T(2:9) x (~0)] = {0}. (3.99)

Similarly to the discussions and examples on relationships between local extremal and tan-

gentially extremal points of set systems given in Section 3.1, we observe that the optimality
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notions in Definition 3.46 are independent of each other. Let us now compare the the graphical

optimality of Definition 3.46(i) with fully localized minimizers of (3.93).

Proposition 3.47 (relationships between fully localized and graphical minimizers).
Let (z,y) € gph F be a feasible solution to problem (3.91) with general geometric constraints.
Then the following assertions are satisfied:
(i) (z,9) is a local graphical minimizer if it is a fully localized minimizer for this problem.
(ii) The opposite implication holds if there is a neighborhood U of T such that y ¢ F(x) for

everyx € QNU, x # T.

Proof. To justify (i), assume that (Z, y) is a local graphical minimizer, take its neighborhood

U x V from Definition 3.46(i), and pick any

ye F(QNU)N (5 —0)nV.

Then there is x € QN U such that y € F(z), and so

(z,y) €gph FN[Qx (—0)| N (UxV)={(z7)}

Thus F(QNU)N (g —0O)NV ={g}, ie., (Z,7) is a fully localized minimizer for (3.91).
Next we prove (ii). Suppose that (z,y) is a fully localized minimizer with a neighborhood

U x V, shrink U so that the assumption in (ii) holds, and take

(z,y) €gph FN [ x (§—0)] N (U x V).

Since y € F(x), it follows that y € F(QNU)N(y—O)NV = {y}. If x # Z, the latter contradicts
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the assumption in (ii). Thus z = &, which completes the proof of the proposition. O

The next theorem uses the full strength of the tangential extremal principle in Section 3.1
justifying the necessary optimality conditions of Theorem 3.45 for tangential graphical mini-
mizers of the multiobjective problem (3.91) with countable constraints without imposing the

normal regularity requirement of the feasible set.

Theorem 3.48 (optimality conditions for tangential graphical minimizers). Let (Z,7)
be a local tangential graphical minimizer for problem (3.91) under the fulfillment all the assump-
tions of Theorem 3.45 but the normal regularity of  at T. Suppose in addition that int® # ().

Then there is 0 # y* € —N(0; ©) such that the necessary optimality condition (3.95) is satisfied.

Proof. We have by Definition 3.46(ii) that T'((Z,7);gph F) N [A x (—0)] = {0} with

A :=T(z;9Q). Since the system {€;},cn has the CHIP at z, it follows that

=1

Further, define the closed cones I'y := T'((Z,7);gph F') and T'; := A; x (—O) as ¢ € N with
ﬂ I'; = {0} and show that for any £ € © \ {0} we get
i=0

ﬂr N [r0+ 0 g)] = 0. (3.100)

Indeed, supposing the contrary gives us a vector (z,y) € R" x R™ with (z,y — &) € I'p and
(z,y) € A; x (—O) for all i € N. Since O is a convex cone, we also have the inclusion (z,y—¢) €
A x (=©) =T, asi € N, and hence (z,y —&) € ﬂF—{O}

It follows therefore that y = £ € —O, which 1mphes by the pointedness of the cone © that

¢ € (—0)N O = {0}, a contradiction justifying (3.100).
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The latter means that {I';},i = 0,1,..., is a countable system of cones extremal at the
origin with the nonoverlapping condition ()72, I'; = {0}. Now applying the tangential extremal
principle of Theorem 3.17 to this system of cones, we get elements (z},y) as i = 0,1,...

satisfying the relationships
(25, ¥5) € N(0;To) C N((z,7);ph F), (3.101)

(@f,y7) € N(0;Ty) C N(#Q) x [~ N(0;0)], i€N, (3.102)
> i (erwi) =0, and 30 (P + i) = 1. (3.103)
i=0 i—=0

It follows from (3.101)—(3.103) that

o
* * - = * * 1 *
zy € D"F(z,9)(—yp) and —y; = E 5i¥i € -N(0;0), (3.104)

i=1

where the latter inclusion holds by the convexity and closedness of the cone N(0;9).

There are the two possible cases in (3.104): y5 # 0 and y§ = 0. In the first case we get

e * = 1 *
0eD F(a:,y)(—yo)—i-Z?ml,
i=1

which readily implies the optimality condition (3.95) with 0 # y* := —y5 € —N(0;©); cf. the
proof of the second part of Theorem 3.23.
To complete the proof of this theorem, it remains to show that the case of yj = 0 in (3.104)

cannot be realized under the imposed qualification conditions (3.57) and (3.94). Indeed, for
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ys = 0 we have from (3.102) and (3.104) that

— N(0;0©)] N.N(0;©). (3.105)

L\’JM—A
[\D‘H

oo
=2
Since the cone © is convex, it follows from (3.105) that

(y1,y) <0 and (yi,y) >0 for any y € O,

ie., (yf,y) = 0 on O. The latter implies that y7 = 0 by int® # 0.
Proceeding in this way by induction gives us that y; = 0 for all i € N. Now it follows from
(3.102) and the first inclusion in (3.104) that zf; = 0 by the assumed coderivative qualification

condition (3.94). Hence we get from (3.103) the relationships

> g =0 and Z*u 1 =

=0

which contradict the assumed NQC (3.57) and thus complete the proof of the theorem. O
Note in conclusion that, similarly to Section 3.7, we can develop necessary optimality condi-

tions for multiobjective problems with countable constraints of operation and inequality types.
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Chapter 4

Rated Extremal Principles

4.1 Rated Extremality of Finite Systems of Sets

In this first section of this chapter, we introduce a new notion of rated extremality for finite
systems of sets, which essentially broader the previous notion (1.2) of local extremality. We
show nevertheless that both exact and approximate versions of the extremal principle hold for
this rated extremality under the same assumptions as in [47] for locally extremal points. Let
us start with the definition of rated extremal points. For simplicity we drop the word “local”

for rated extremal points in what follows.

Definition 4.1 (Rated extremal points of finite set systems). Let Q1,...,Q,, asm > 2

be nonempty subsets of X, and let T be a common point of these sets. We say that T is a (local)

RATED EXTREMAL POINT of rank o, 0 < o < 1, of the set system {Q1,...,Q,} if there are
v > 0 and sequences {a;x} C X, i=1,...,m, such that r := max; ||a;|| — 0 as k — oo and
m
(Q — aw) N B(z,yr{) =0 for all large k € N, (4.1)
i=1
In this case we say that {Q1,...,Qy,} is @ RATED EXTREMAL SYSTEM al Z.

The case of local extremality (1.2) obviously corresponds to (4.1) with rate & = 0. The next
example shows that there are rated extremal points for systems of two simple sets in R?, which

are not locally extremal in the conventional sense of (1.2).

Example 4.2 (Rated extremality versus local extremality). Consider the sets ; :=
{(1‘1,1‘2) € RQ‘ L O} and Qy = {(ZL‘1,$2> S RQ‘ —xy — 22 < 0}. Then it is easy to

check that (Z1,22) = (0,0) € Q1 Ny is a rated extremal point of rank o = § for the system




91

{241,Q2} but not a local extremal point of this system.

Prior to proceeding with the results in this section, we briefly discuss relationships between
the rated extremality and the tangential extremality of set systems introduced in Chapter 3.
The next proposition result and the subsequent example reveal relationships between the rated

extremality and tangential extremality of set systems.

Proposition 4.3 (relationships between rated and tangential extremality of finite
systems of sets). Let {Q1,...,Q,} as m > 2 be a A-tangential extremal system of sets at T.

Assume that there are real numbers C' > 0, p € (0,1) and a neighborhood U of T such that

dist (z — 7;A;) < Oz — Z||**P forall 2 € U NU and i=1,...,m. (4.2)

Then {Q4,...,Qn} is a rated extremal system at T.

Proof. Since the general case of m > 2 can be derived by induction, it suffices to justify
the result in the case of m = 2. Let {A;, A2} be an extremal system of approximation cones

and find by definition elements a1, as € X such that

(Al - al) M (AQ - CLQ) = 0.

Without loss of generality, assume that a; = —as =: a. Take a € (0,1) with f:=a(1+p) > 1

and show that for all small ¢ > 0 we have

(Q1 —ta) N (Q2 + ta) N B(Z, ||tal|*) = 0. (4.3)
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Suppose by contradiction that there exists

z € (1 —ta) N (Q2 + ta) N B(z, ||ta]|). (4.4)

That implies by using condition (4.2) that

dist (z — 7; Ay — ta) = dist (z 4+ ta — Z; Ay) < C||x + ta — &P,

dist (z — Z; Ao + ta) = dist (x — ta — Z; Ag) < C|jz — ta — || 177,
Thus we have for some constant C' that

|+ ta — 2||"+? < Cmax { ||z — z||, |[ta]|} "7 < Cmax {||ta]®, |ta]'*?} = o(||tal]) as ¢ 10

and similarly ||z — ta — Z||'TP = o(||tal|). Put then d := dist (A; — a, As + a) > 0 and observe

due the conic structures of A1 and Ay that

td = dist (A1 —ta; Ao + ta) >0

for all ¢ > 0 sufficiently small. Combining all the above gives us

td = dist (A1 — ta; Ao + ta) < dist (z — z; A1 — ta) + dist (x — &; A + ta) = o(||tal]),

which is a contradiction. Thus {4, Q9,Z} is a rated extremal system at Z with rank a chosen
above. This completes the proof of the proposition. ([
One of the most important special cases of tangential extremality is the so-called contingent

extremality when the approximating cones to €); are given by the Bouligand-Severi contingent
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cones to this sets. The following example (of two parts) shows that the notions of rated ex-
tremality and contingent extremality are independent from each other in a simple setting of two

sets in R2.

Example 4.4 (independence of rated and contingent extremality). Let X = R?, and
let z = (0,0).

(i) Consider two closed sets in R? given by
Qp:=epif and Qo :=R xR_\ int )y,

where f(z) := xsini for z € R with f(0) := 0. It is easy to see that the contingent cones to

Q1 and Qy at T are computed by
Ap =epi(—|-|) and Ag =R xR_.

We can check that the set system {{1,{22} is locally extremal at Z, and hence Z is a rated
extremal point of this system of sets with rank @ = 0. On the other hand, the contingent
extremality is obviously violated for {21,Qs} at Z as follows from the above computations of
A7 and As.

(ii) Now we define two closed sets in R? by
R
O :=RxR_ and Qy:=epif with f(z):=—2 Dl for 2#0 and f(0):=0.

The contingent cones to 21 and {2 at T are easily computed by A; = RxR_ and Ay = Rx R,.

We can check that T is not a rated extremal point of {q,€Q9} whenever o € [0,1), while the




94

contingent extremality obviously holds for this system at Z.

The next theorem justifies the fulfillment of the exact extremal principle for any rated
extremal point of a finite system of closed sets in R™. It extends the extremal principle of [47,

Theorem 2.8] obtained for local extremal points, i.e., when a = 0 in Definition 4.1.

Theorem 4.5 (Exact extremal principle for rated extremal systems of sets in fi-
nite dimensions). Let T be a rated extremal point of rank o € [0,1) for the system of
sets {Q1,...,Qn} as m > 2 in R™. Assume that all the sets Q; are locally closed around
Z. Then the exact extremal principle holds for {Q,...,Q,} at Z, i.e, there are 7 € N(Z;;)

fori=1,...,m satisfying the relationships in (1.1).

Proof. Given a rated extremal point z of the system {Q,...,Q,,}, take numbers a € [0,1)
and v > 0 as well as sequences {a;;} and {ri} from Definition 4.1. Consider the following

unconstrained minimization problem for any fixed k£ € N:

N

m
minimize di(z):= [Z dist? (z + @y %) |+ @H:p — EHi , € R™ (4.5)
i=1 Te

Since the function dj is continuous and its level sets are bounded, there exists an optimal

solution xj to (4.5) by the classical Weierstrass theorem. We obviously have the relationships

1 1

m 2 m 2
dk(:L’k) < dk(:f) = [Z dist 2(5: + aig; Ql) < [Z HazkH2] < rkm,
=1

i=1

which readily imply the estimate

m 1 . _
T O Y R PO R ey
")/04
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Taking the latter into account, we get

1
m 2
Vi = [Z distQ(xk +a,~k;Qi) > 0,

=1

since the opposite statement v, = 0 contradicts the rated extremality of Z. Furthermore, the

optimality of z in (4.5) and choice of {a;;} give us the relationships

which ensure in turn that z;, — Z and v | 0 as k — .
We now arbitrarily pick wg € II(z + a;;$;) for ¢ = 1,...,m in the closed set €; and for

each k£ € N consider the problem:

1

2
+ \/Tnx—zné, z € R, (4.6)

’Ya

m
minimize pg(x) := [Z |z + air, — wikH2
=1

which obviously has the same optimal solution zj, as for (4.5). Since v, > 0 and the norm || - ||
is Euclidian, the function pg(-) in (4.6) is continuously differentiable around zj. Thus applying

the classical Fermat rule to the smooth unconstrained minimization problem (4.6), we get

m
Vr(zg) = fok + Oz — z] = (rxy —z) =0 for some constant C,
i=1
where 2, = (z), + @i, — wir,) /vg for i =1,....m with [|2f,. ]| + ...+ ||}, |> = 1.
Observe that ||z — :TUHILM (xx — &) = ||z — :EHPTQ% — 0 as ¢ — Z. Due to the
T — X
compactness of the unit sphere in R", we find z; € R" as ¢ = 1,...,m such that z}, — z;

as k — oo without relabeling. It follows from the equivalent description (2.6) of the limiting
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normal cone that z7 € N(z;;) for all i = 1,...,m. Moreover, we get from the constructions

above that

lzi 124 ... + |25, )> =1 and o} +...+ 25, = 0.

m

This gives all the conclusions of the exact extremal principle and completes the proof of the
theorem. ]
The next example shows that the exact extremal principle is violated if we take o = 1 in

Definition 4.1.

Example 4.6 (Violating the exact extremal principle for rated extremal points of

rank o = 1). Define two closed sets in R? by

QO :=epi(—|-||) and Q2:=R xR_.

Taking any ay, | 0, we see that

(Q1 4 (0,ak)) N (1 — (0,ax)) N B(Z, a/2) =0,

ie., = (0,0) is a rated extremal point of {€21,€Qs} of rank a = 1. However, it is easy to check

that the relationships of the exact extremal principle do not hold for this system at .

Observe that Example 4.6 shows that the relationships of the approximate extremal principle
are also violated when a = 1. However, for rated extremal systems of rank o € [0,1) the
approximate extremal principle holds in general infinite-dimensional settings. Let us proceed

with justifying this statement extending the corresponding results of [47] obtained for the rank
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o = 0 in Definition 4.1.

Theorem 4.7 (Approximate extremal principle for rated extremal systems in Fréchet
smooth spaces). Let X be a Banach space admitting an equivalent norm Fréchet differen-
tiable off the origin, and let T be a rated extremal point of rank o € [0,1) for a system of
sets Q1, ..., locally closed around . Then the approximate extremal principle holds for

{Ql,...,Qm} at T.

Proof. Choose an equivalent norm || - || on X differentiable off the origin and consider first
the case of m = 2 in the theorem. Let & € Q3 N be a rated extremal point of rank « € [0,1)
with v > 0 taken from Definition 4.1. Denote r := max{||ai||, ||a2||} and for any ¢ > 0 find

a1, as such that

o (Y £ N
rl §m1n{2,W} and (Ql—al)ﬂ(QQ—az)ﬁB(l‘,’W“ ):@

We also select a constant C' > 0 with (%)0‘ = 7 and denote 3 := é > 1. Define the function

o(2) == ||(x1 —a1) — (x2 — a2)|| for z= (z1,22) € X x X (4.7)

with the product norm ||z|| := (||z1||> 4 ||#2]|?)}/? on X x X, which is Fréchet differentiable off

the origin under this property of the norm on X. Next fix z9 = (Z,Z) and define the set
W(zo) := {z € Q1 x Qolp(z) + |z — 2] < go(zo)} , (4.8)

which is obviously nonempty and closed. For each z = (z1,22) € W(z9) we have i = 1,2:

Cllai — 2|1 < Cllz = 2|1 < p(z0) = || = a1 + az| < 2r.
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11
That implies ||z; — z|| < (£)? 7% = (3)" r* = 3r* and thus

W (z0) C B(Z,77%) x B(Z,7r) C B(Z,3e7a) x B(z, 1eT4).

12 )2

It follows from Definition 4.1 and constructions (4.7) and (4.8) that ¢(z) > 0 for all z € W (xy).

Indeed, assuming on the contrary that ¢(z) = 0 for some z = (x1,z2) € W(xp) gives us
o1 — a1 = Z|| < [lag = 2| + [laa ]| < Fr® +r = (F+717%) r* <r®

and thus 1 — a1 =292 —as € (Ql — al) N (Qg — ag) N B(Z,yr®) # 0, a contradiction.

Hence ¢ is Fréchet differentiable at any point z € W(zp). Pick any z; € Q1 x Qg satisfying
B < AN
p(z1) + Cllar = 200l < inf {(2) + Cllz = )P} + 5
W (z0) 2
and define further the nonempty and closed set

_ B
W(z) = {z €0 x Qg’ o(z) + Oz — Z()HB + CHZ;” < p(z1) +C|lz1 — Z()HB} )

Arguing inductively, suppose we have z; and W (z), then pick zx1 € W(zg) such that

k _ B8 k _ .8
Zl4-1 Z5 . z Z T
o(zks1) + CZ M < inf {‘P(z) + CZ H i H } + 92k+1

— 2t W (zg) =0

and construct the subsequent nonempty and closed set

|z — )8 5 Nz — 2ill?
W(zky1) = 2 € Q1 X Qg‘ ©(2) —1—027. < p(2k+1) —1—02% .

i
=0 i=0
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It is easy to see that the sequence {W(z;)} C Q1 x Qg is nested. Let us check that
diam W (zp41) :=sup {||z — w|| | z,w € W(zp41)} — 0 as k — oc. (4.9)
Indeed, for each z € W(z,4+1) and k € N we have

1=0

k
B 241 — 2l° (e
¢ 2k+—1~_ < @(zr1) + CZ - 9i = = | wz) + CZ =

k Y k _ |18

Z Z; . 2= Z r

< plzr) + 0 W—V[}?f){go(z)+6’§:|’ . | }<
i=0 Eh

™|~

which implies that diam W (zj41) < 2 (é) and thus justifies (4.9). Due to the completeness
of X the classical Cantor theorem ensures the existence of z = (Z1,Z2) € W(zp) such that
o0

ﬂ W(zr) = {Z} with 2z — Zz as k — oo. Now we show that Zz is a minimum point of the

k=0
function

> z — Z B
$(2) == p(z) +C ”2” (4.10)
=0

over the set €1 x Q9. To proceed, take any z # z € 1 x Q9 and observe that z & W (z) for all

k € N sufficiently large while zZ € W (z). This yields the estimates

E iy — 518 =l — 8 kollz — 2|8

Z—Z; ¥4 Zi _ 2= Z

6(2) 2 o2+ 0 B s oy s o B ED S o oy B A
=0 =0 =0

and hence justifies the claimed inequality ¢(z) > ¢(z) by letting k — oo.
We get therefore that the function ¢(z)40(z; 21 x Q9) attains at z its minimum on the whole
space X x X. The generalized Fermat rule gives us the inclusion 0 € & (0(2) + 6(2; Q1 x Q2)).

Since ¢(Z) > 0 and the norm || - [|? is smooth, the function ¢ in (4.10) is Fréchet differentiable
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at z. Applying the sum rule from [47, Proposition 1.107], the Fréchet subdifferential formula
for the indicator function, and the product formula for Fréchet normal cone (2.3) from [47,

Proposition 1.2], we get
—V¢(2) = —(uf,ub) € N(z;1 x Qo) = N(Z1; Q1) x N(Z2; ),
where the dual elements u}, ¢ = 1,2, are computed by

o0 — o0 —
21 — @] |29 — @oy]|P !
uy =" + g wfj2—j] and uy = —z* + g w§j2—jj

with z; = (215, x25), 2* = V(H . ||) ((il —ay) — (Zg — ag)), and
V(I D@ —2iy) iz —ai; #0,
0 otherwise.

for i = 1,2 and 5 = 0,1,... due to the construction of the function ¢ in (4.10). Observing

further that ||z*|| = 1 and that Zz, z; € W(zg) gives us
11—« _1
|1Z; = ijl| < &7 =71,
which implies the estimates ||Z; — z;;[°~! < ¢ and

e % o ||B—1

T x .
D L it S R R
=0
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Setting finally z] := —2*/2, x5 := 2* /2, and z; := z; for i = 1,2, we arrive at the relationships
21l + llz3]] = 1, and 27+ a5 =0,

with z} € Zif(gr:Z7 0;) +eB*, x; € B(Z,¢) for i = 1,2, which show that the approximate extremal
principle holds for rated extremal points of two sets.

Consider now the general case of m > 2 sets. Observe that if T as a rated extremal point of
the system {Q,...,€,,} with some rank « € [0, 1), then the point z := (z,...,7) € X" lisa

local rated extremal point of the same rank for the system of two sets
O =M x...xQy_1 and Oy := {(i[], Ce ,JJ) S Xn_l‘l' S Qm} (411)

To justify this, take numbers o € [0,1) and v > 0 and the sequences (ajg,...,amnk) from

Definition 4.1 for m sets and check that

(@1 — (aw, .- .,an_l,k)) n (@2 — (s - - - ,ank)> NB((Z,....5);7r8) =0 (4.12)

with rg := max{||laix|], ..., ||ank| }. Indeed, the violation of (4.12) means that there are x,,, € Qp,

and (z1,...,xp—1) € Q1 X ... X Q1 satisfying
Ty — Qi = ... = Tm-1— Gm-1k = Tm — Gmk € B(T, 7)),

which clearly contradicts the rated extremality of Z with rank « for the system {Qq,...,Q,}.
Applying finally the relationships of the approximate extremal principle to the system of two

sets in (4.11) and taking into account the structures of these sets as well as the aforementioned
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product formula for Fréchet normals, we complete the proof of the theorem. O
The next theorem elevates the fulfillment of the approximate extremal principle for rated
extremal points from Fréchet smooth to Asplund spaces by using the method of separable

reduction; see [20, 47].

Theorem 4.8 (Approximate extremal principle for rated extremal systems in As-
plund spaces). Let X be an Asplund space, and let T be a rated extremal point of rank « € [0, 1)
for a system of sets Q1, ..., Qu locally closed around T. Then the approximate extremal principle
holds for {Q1,...,Qn} at Z.

Proof. Taking a rated extremal point Z for the system {Q1,...,Q,,} of rank o € [0, 1), find
a number v > 0 and sequences {a;;}, ¢ = 1,...,m, from Definition 4.1. Consider a separable

subspace Yy of the Asplund space X defined by
Yy = span{j,aik‘ i1=1,....,m, k€ N}.

Pick now a closed and separable subspace Y C X with Y D Y; and observe that z is a rated

extremal point of rank « for the system {Q; NY,...,Q,, NY}. Indeed, we have

(@) —au) N0 ((@nNY) = @) 0 By (@:978)

C (Ql — alk) N...N (Qm — amk) N Bx (Z;vry) = 0,

where 7y := max{||aigl,. .., ||amk||}, and where Bx and By are the closed unit balls in the
space X and Y, respectively. The rest of the proof follows the one in [47, Theorem 2.20] by

taking into account that Y admits an equivalent Fréchet differentiable norm off the origin. [

We conclude this section with deriving the exact extremal principle for rated extremal




103

systems of rank a € [0,1) in Asplund spaces extending the corresponding result of [47, Theo-

rem 2.22] obtained for oo = 0.

Theorem 4.9 (Exact extremal principle for rated extremal systems in Asplund
spaces). Let X be an Asplund space, and let T be a rated extremal point of rank o € [0,1) for
a system of sets Qq,..., 0y, locally closed around T. Assume that all but one of the sets €);,

i=1,...,m, are SNC at &. Then the exact extremal principle holds for {Q1,...,Qn} at z.

Proof. Follows the lines in the proof of [47, Theorem 2.22] by passing to the limit in the

relationships of the rated approximate extremal principle obtained in Theorem 4.8. U

4.2 Rated Extremal Principles for Infinite Set Systems
This section concerns new notions of rated extremality and deriving rated extremal principles
for infinite systems of closed sets. The main results are obtained in the framework of Asplund
spaces.

Let us start with introducing a notion of rated extremality for arbitrary (may be infinite
and not even countable) systems of sets in general Banach spaces. We say that R(-): Ry — Ry

is a rate function if there is a real number M such that
rR(r) < M and liigl R(r) = oc. (4.13)
T

In what follow we denote by |I| the cardinality (number of elements) of a finite set I.

Definition 4.10 (Rated extremality for infinite systems of sets). Let {Q;}icr be a
system of closed subsets of X indexed by an arbitrary set T', and let T € (\,ep Q4. Given a rate
function R(-), we say that T is an R-RATED EXTREMAL POINT of the system {Q;}ier if there

exist sequences {a;r} C X, 1 € T and k € N, with 1, = sup;er |lai]] = 0 as k — oo such
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that whenever k € N there is a finite index subset I, C T of cardinality |I|3/? = o(Ry,) with

Ry := R(ry) satisfying

ﬂ (Ql — aik) N B(:E; rkRk) =0 for all large k. (4.14)

i€l
In this case we say that {Q;}ier is an R-RATED EXTREMAL SYSTEM at Z.

It is easy to see that a finite rated extremal system of sets from Definition 4.1 is a particular
case of Definition 4.10. Indeed, suppose that Z is a rated extremal point of rank «a € [0,1) for a
finite set system {€,...,Qy,}, i.e., condition (4.1) is satisfied. Defining R(r) := Lz, we have
that rR(r) — 0 and R(r) — oo as r — 0; thus R(:) is a rate function while condition (4.14) is
satisfied.

Let us discuss some specific features of the rated extremality in Definition 4.10 for the case

of infinite systems. For simplicity we denote R = R(r) in what follows if no confusion arises.

Remark 4.11 (Growth condition in rated extremality). Observe that, although {€; }ier
is an infinite system in Definition 4.10, the rated extremality therein involves only finitely many
sets for each given accuracy ¢ > 0. The imposed requirement |I|>/2 = o(R) guarantees that
|I|>/2 grows slower than R, which is very crucial in our proof of the extremal principle below.
In other words, the number of sets involved must not be too large; otherwise the result is trivial.
We prove in Theorem 4.15 that the rate [I[>/2 = o(R) ensures the validity of the rated extremal

principle, where the number r measures how far the sets are shifted.

Define next extremality conditions for infinite systems of sets, which will be justified as
an appropriate extremal principle in what follows. These conditions are of the approximate

extremal principle type expressed in terms of Fréchet normals at nearby points.
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Definition 4.12 (Rated extremality conditions for infinite systems). Let {Q;}cr be a
system of nonempty subsets of X indeved by an arbitrary set T', and let T € (\,ep . We say
that the set system {€;};cr satisfies the RATED EXTREMAL PRINCIPLE at Z if for any € > 0
there exist a number r € (0,¢), a finite index subset I C T with cardinality |I|r < e, points

z; € ;N B(Z,¢), and dual elements x} € ]V(:cz, Q) +rB* for i€ I such that

Y ap=0 and ) _|afl]* =1. (4.15)

i€l i€l

Observe that when a system consists of finitely many sets {Qq,...,Q,,} with |I| = m, we
put the other sets equal to the whole space X and reduce Definition 4.10 in this case to the
conventional conditions of the approximate extremal principle for finite systems of sets; see
Section 2.

Now we address the nontriviality issue for the introduced version of the extremal principle
for infinite set systems. It is appropriate to say (roughly speaking) that a version of the extremal
principle is trivial if all the information is obtained from only one set of the system while the
other sets contribute nothing; i.e., ify’ =0 € N (x4;§2;) for all but one index ¢. It has been shown
in Chapter 3 that a “natural” extension of the approximate extremal principle for countable
systems is trivial.

The next proposition justifies the nontriviality of the rated extremal principle for infinite

set systems proposed in Definition 4.12.

Proposition 4.13 (Nontriviality of rated extremality conditions for infinite systems).
Let {Q;}ier be a system of set satisfying the extremality conditions of Definition 4.12 at some

point T € (\,er Q. Then the rated extremal principle defined by these conditions is nontrivial.
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Proof. Suppose on the contrary that the rated extremal principle of Definition 4.12 is

trivial, i.e., there is igp € T' (say igp = 1) and y; € X* as i € T such that
zf € yf +rB* C N(xi; Q) + rB* forall icl,

Zx:‘ =0, Z |zf||*> =1, and y; =0 whenever i€ I\ {1}
iel iel

in the notation of Definition 4.10. It follows that ||xf|| < r for all i € I\ {1} implying that

|

vi+ > @i <r and yill < [T
i£1

Thus we arrive at the relationships

STl < (lyill + )2+ 2 < P2+ 20102 + 72 + (1) - 1) < Ce2 L0
il i#1

as € | 0, a contradiction. This justifies the nontriviality of the rated extremal principle. U
Observe further that the extremal principle of Definition 4.12 may be trivial is the rate
condition |I|r < € is not imposed. The following example describes a general setting when this

happens.

Example 4.14 (The rate condition is essential for nontriviality). Assume that the
condition |I|r < e is violated in the framework of Definition 4.12. Fix v > 0, suppose that

I={1,...,N} with Nr > v, pick some u* € N(z1;Q;) with the norm ||u*|| = v, and define

the dual elements z7 := u* — “—]\; € N(z1;) + rIB* and i =0 % ¢ N (x5 9;) + rIB* for all

i=2,...,N.
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Then we have the relationships

2

v
]+ ...+ 2y =0 and ||:L"{||2++||:L‘}‘V||2>Z,

which imply the triviality of the rated extremal principle by rescaling.

Now we are ready to derive the main result of this section, which justifies the validity of the
rated extremal principle for rated extremal points of infinite systems of closed sets in Asplund

spaces.

Theorem 4.15 (Rated extremal principle for infinite systems). Let {Q;};cr be a system
of closed sets in an Asplund space X, and let T be a rated extremal point of this system. Then

the rated extremality conditions of Definition 4.12 are satisfied for {;}icr at .

Proof. Given ¢ > 0, take r = sup;, ||a;|| sufficiently small and pick the corresponding index
subset I = {1,..., N} with N3?2 = o(R) from Definition 4.10. Consider the product space X
with the norm of z = (x1,...,zy) € XV given by |[|z]| := (|21 ||+ ... + ||a:NH2)% and define a

function ¢: X~ — R by
N 3
¢(z) = (Z [(z1—a1) — (@i — ai)||2> : (4.16)
To proceed, denote z := (Z,Z,...,Z) € Q1 X ... x Qx and form the set
W= (¢ ox Q) 0 (B(@, (R=1)r) x .. x B(z, (R—1)r)), (4.17)

which is nonempty and closed. We conclude that ¢(z) > 0 for all z € W. Indeed, suppose

on the contrary that ¢(z) = 0 for some z = (z1,...,2xy) € W and get by the estimates
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|1 — a1 —z|| < ||lx1 — Z|| + ||a1]] < (R — 1)r +r = Rr the relationships

N
r1—al=...= TN —an € ﬂ(Qi—ai)ﬁB(a_c,Rr);éQ,
i=1

which contradict the extremality condition (4.14). Observe further that
N 1 L
p(z) = (; llar — ai||2) *<2rV/N < Ziélva o(z) +2rNz.

Now we apply Ekeland’s variational principle (see, e.g., [47, Theorem 2.26]) with the parameters
£:=2rN3 and \ := rR2N1 to the lower semicontinuous and bounded from below function
©(2)+6(z; W) on XV and find in this way 29 € W such that ||2o— z|| < A and that 2o minimizes
the perturbed function

e 2

+B8llz — 20| + 6(z; W) on ze XV with g:== = . 4.18
¢(2) + Bllz — 20l +6(2; W) on z with f§:= + gy (4.18)

N

By the imposed growth condition N 3 = o(R) as r | 0 we have

and similarly,

[ T
3 3
2N 2N1 Nz2\3
Nﬁ_ﬁ:71422<72)2—>0 as TLO
R2N1 R2 R

Thus A = o(Rr) and 8 ] 0 as r | 0 for the quantity 5 defined in (4.18). Taking into account
that the function ¢(-) + || - —zo|| is obviously Lipschitz continuous around Zz, we apply to this

sum the subdifferential fuzzy sum rule from [47, Lemma 2.32]. This allows us to find, for any
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given number n > 0, elements z; = (y1,...,yn) € 20 + nIB and 2z = (x1,...,2N) € 20 + nIB

such that

lo(21) + Bllz1 — 20l — @(20)| <1, 22 € W, and (4.19)
0€d(p()+ Il - —20ll) (21) + N (205 W) + 1B (4.20)

Our next step is to explore formula (4.20). Since ¢(zy) > 0, we choose

7 < min {ﬁ,)\, m}

Then it follows from (4.19) that

o(e0) = )] < (14 B0 < (14 B) g5 ks = 2000,

which implies that ¢(z1) =: a > 0. It is easy to see that the function ¢(-) in (4.16) is convex.

Applying the Moreau-Rockafellar theorem of convex analysis gives us

8( () + 81l =0ll) (=) = Bp(=1) + BIB", (4:21)

where the Fréchet subdifferentials on both sides of (4.21) reduce to the classical subdifferential

of convex functions. By the structure of ¢ in (4.16) and that of z; we have

N

p(z1) = (Z |(y1 —a1) — (yi — a¢)|!2> .

1=2

N

Denote further & := y1 — a1 — y; + a; for i = 2,...,N and observe that a = ¢(z1) =
1

(Zfi 9 ||£Z||2> ® Since the square root function is smooth at nonzero point, we apply the chain
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rule of convex analysis to derive that any element (y},...,yy) € 5«,0(21) has the representation

u¥

— - [l&Gll if & #0,
yr = a i=2,...,N,

0 if & =0,

and yf = —y3 —y5 — ... — y§, where u} € || - ||(&) is a subgradient of the norm function

calculated at the nonzero point &;; hence ||u}|| = 1. This yields that

lysl?+ ...+ llyxl? =1 and [Jyil*+ ...+ lynl* > 1.

On the other hand, we have the estimates

lz2 = 2l <[22 — 20ll + [l20 — 2| <+ A < 2A = o(Rr)

for zo = (x1,...,2n) and hence |z; — Z|| < ||22 — Z|| = o(Rr) for i = 1,...,N. The latter
ensures that each component z; lies in the interior of the ball B(z, (R — 1)r). Furthermore, it

follows from the structure of W in (4.17) and the product formula for Fréchet normals that

~

N(ZQ;W)ZN(ZQ;QI X ... XQN) 2]/\\7(1‘1;91) X .. XN({L‘N;QN),

~

which implies by combining with (4.20) and (4.21) the existence of (yi,...,yx) € Op(21) satis-
fying

it tyn =0, and [lyil* +.. 4 lynl® > 1,

with 0 € yf + N (24 ) + 26B*, ||lz; — & < 2A — 0 as 7 | 0.
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Finally, replace y; by —y; and get from the above that

yi € N(x;; Q) +28B*, ||z — 7| < 2XA =0,
for i=1,...,N, NG—0 as rl0,

yi+.yn =0, and [ly* + .+ lynl® > 1

which gives all the relationships of the rated extremal principle and completes the proof of the
theorem. O
From the proof above we can distill some quantitative estimates for the elements involved

in the relationships of the rated extremal principle.

Remark 4.16 (Quantitative estimates in the rated extremal principle). The proof
of Theorem 4.15 essentially uses the growth assumptions N3/2 = o(R) and R < % on rated
extremal points. Observe in fact that the given proof allows us to make the following quantitative
conclusions: For any € > 0 there exist a number r € (0,¢), an index subset I = {j1,...,jn}

with N3/2 = o(R(r)), and elements
y; € N(Q:Z, Q;) with ||lz; —z| < 2rRzN1 forall i€l

satisfying the relationships

3

* * 4N4 * *
lys + .y | <2NB=—1 and |jy} 2 +...+ [y}, > > L.

2

Similar but somewhat different quantitative statement can be also made: For any rated extremal
point Z of the system {Q;};er with a rate function R(r) = O(r) there is a constant C' > 0 such

that whenever £ > 0 there exist a number r € (0,¢), an index subset I = {j1,...,jn} with
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N3/2 = o(2), and elements
yr € N(z;; Q) with ||z; — || < C\/rN2 forall iel
satisfying the estimates

3
lyj, -+ ¥l <CVYrN2 and Hy}‘l\|2+...+||yjN||221.

In the last part of this section we introduce and study a certain notion of perturbed extremal-
ity for arbitrary (finite or infinite) set systems and compare it, in particular, with the notion of

linear subextremality known for systems of two sets. Given two sets €21, C X, the number
’19(91,92) i= sup {I/ > 0’ viB C Q) — QQ}

is known as the measure of overlapping for these sets [34]. We say that the system {1, Q2} is

linear subextremal [48, Subsection 5.4.1] around z if

19([91 — 1] NrB,[Qy — x2] N T‘B)
ﬁlm(ﬂl, Qo, i’) ;= liminf =0, (422)
xlsi}a_:,x2slg.i r
rl0

which is called “weak stationarity” in [34]; see [34, 48] for more discussions and references. It
is proved in [34] and [48, Theorem 5.88] that the linear subextremality of a closed set system
{Q1,Q9} around Z is equivalent, in the Asplund space setting, to the validity of the approximate
extremal principle for {2, Q2} at .

Our goal in what follows is to define a perturbed version of rated extremality, which is

applied to infinite set systems while extends linear subextremality for systems of two sets as
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well. Given an R-rated extremal system of sets {€2;};cr from Definition 4.10, we get that for

any € > 0 there are r = sup ||a;||, R = R(r), and I C T satisfying

(@i —2—a)N(R)B =0 (4.23)
el
Let us now perturb (4.23) by replacing & with some z; € Q; N B:(Z) and arrive at the following

construction.

Definition 4.17 (Perturbed extremal systems). Let {Q;}icr be a system of nonempty sets
in X, and let T € (e . We say that T is R-PERTURBED EXTREMAL POINT of {Q;,i € T} if
for any e > 0 there exist = sup,e; |lai|| < &, I C T with |1)3/? = o(R), and x; € ;N B.(Z) as
1 € I such that

m (QZ —X; — ai) N (’I“R)B = 0. (4.24)
el

In this case we say that {;};er is an R-PERTURBED EXTREMAL SYSTEM at .

The next proposition establishes a connection between linear subextremality and perturbed

extremality for systems of two sets {€2q,Q2}.

Proposition 4.18 (Perturbed extremality from linear subextremality). Let a set sys-
tem {Q1,Q9, T} be linearly subextremal around T. Then it is an R-perturbed extremal system at

this point.

Proof. Employing the definition of linear subextremality, for any ¢ > 0 sufficiently small

we find z; € Q; N B:(Z) and ' < € such that

I([Q — 1] N7’ B, [Q — zo] N1 B) < 1'e.
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This implies the existence of a vector a € X satisfying ||a|| < 7’e and
ad ([Ql —z1] N r'lB) — ([Q2 — x9N r'lB),
which ensures in turn that

(11 =21 ' B - g) A (19 —z) B+ %) — 0. (4.25)

Let us show that the latter implies the fulfillment of

[91 - %} N [(22 P %] N ZB — 0. (4.26)

Indeed, suppose that (4.26) does not hold and pick £ € X from the left-hand side set in (4.26).

Since £ + § € Q1 — 21 and ||£]| < %/, we have

<r’ r’8<7"+7" ,
J— —_ p— — =T
- 2 2 7 2 2

|

3

and consequently & € [ —zq] N7 IB — g. Similarly we get & € [Qo — 23] N7’ IB — %. This clearly
contradicts (4.25) and thus justifies the claimed relationship (4.26).

By setting r := HZH, out remaining task is to construct a continuous function : Ry — Ry
such that R(r) — oo as r | 0 and that for each € > 0 there is r < ¢ satisfying

{Ql—ml—g}Q[QQ—SUQ—F%]H(TR)B:@.

We first construct such a function along a sequence r, | 0 as k — oco. Picking ¢, | 0, find
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). < €, and select ap € X with |a|| < 7,.ex such that the sequence of ||ay|| is decreasing. Then

1
define r, := Ha;” and R(ey) := —. It follows from the constructions above that

€k

1
rR(rg) < r,{cek; =r,, kel

We clearly see that the sequence {R(ry)} is increasing as 7 | 0. Extending R(-) piecewise
linearly to Ry brings us to the framework of Definition 4.17 and thus completes the proof of

the proposition. O

Finally in this section, we show the rated extremality conditions of Definition 4.12 holds for

R-perturbed extremal points of infinite set systems from Definition 4.17.

Theorem 4.19 (Rated Extremal Principle for Perturbed Systems). Let T be an R-
perturbed extremal point of a closed set system {Q;}ier in an Asplund space X. Then the rated

extremal principle holds for this system at Z.

Proof. Fix £ > 0 and find I, {z;}icr, and {a;}ier from Definition 4.17 such that

m (Qz —T; — ai) N (TR)]B = 0.

iel

For convenience denote I := {1,..., N} and define
Q= {(ul,...,uN) e XV |y, € QN (x; + rRB), ie[}.

For any z = (uq,...,uyn) € Q consider the function

N 1

o) = (2w =1 —ar) = (wi = s = @) ) * > 0.

=2
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Furthermore, for z = (z1,...,zy) we have the estimates
N 1 )
o(3) = (Z llay — aiHQ) 2 < 97VN < inf () + 2rN3.
o z€Q

The rest of the proof follows the arguments in the proof of Theorem 4.15. O

4.3 Calculus Rules for Rated Normals to Infinite Intersections
In the last section of this chapter we apply the rated extremal principle of Section 4.2 to deriving
some calculus rules for general normals to infinite set intersections, which are closely related to
necessary optimality conditions in problems of semi-infinite and infinite programming. Unless
otherwise stated, the spaces below are Asplund and the sets under consideration are closed
around reference points. As in Section 4.2, we often drop the subscript “r” for simplicity in the
notation of rate functions R, = R(r) if no confusion arises. In addition, we always assume that
rate functions are continuous.

We start with the following definition of rated normals to set intersections.

Definition 4.20 (Rated normals to set intersection). Let Q :=(),.1Q;, and let T € €.
We say that a dual element x* € X* is an R-NORMAL to the set intersection Q if for any r | 0

there is I = I(r) C T of cardinality |I|*/?> = o(R,) such that
(¥ x—Z)—rllzr—Z|| <r foral z€ m QN B(z,rR,). (4.27)
i€l
The next proposition reveals relationships between Fréchet and R-normals to set intersec-
tions.

Proposition 4.21 (Rated normals versus Fréchet normals to set intersections). Let

7€ Q=)c; Q. Then any R-normal to Q2 at T is a Fréchet normal to 2 at T. The converse
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holds if I is finite.

Proof. Assume z* is an R-normal to 2 at z with some rate function R(r) while z* is not
a Fréchet normal to €2 at this point. Hence there are § > 0 and a sequence xy X % such that

Oz — || < (x*,z1, — Z) for all k € N. Hence zy, # T and
Ollzg — Z|| < (2,2 — ) <r|xp —Z|| +7r

whenever ||z, — Z|| < rR. Now suppose that 7R = M > 0 for some M and then fix a number
k € N such that ||z — Z|| < rR. Letting r | 0, we arrive at the contradiction d||z — Z|| < 0.

Consider next the remaining case when rR — 0 as r | 0 and find r; > 0 sufficiently small so
that ||xx — Z|| = rxR(rx) due to the continuity of R and the convergence rR 80, It follows
that

1
orpR(rg) < r,%R(rk) + 7, and hence 6 < 7y + m, ke N,
k

which gives a contradiction as k — oco. Thus x* is a Fréchet normal to €2 at .
Conversely, assume that the index set [ is finite, i.e., I = {1,..., N}, and that x* is a Fréchet

normal. Then for any r > 0 we have by (2.3) that

N
(@ x—2) —rlls — 2| <0 forall ze()AunT,

=1

where U is a neighborhood of Z. This clearly implies (4.27) with any rate function R, which
ensures that x* is an R-normal to € at Z and thus completes the proof of the proposition. [J

The next example concerns infinite systems of convex sets in R2. It illustrates the way of
computing R-normals to infinite intersections and shows that R-normals in this case reduce to

usual ones.
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Example 4.22 (Rated normals for infinite systems). Let m > 4 be a fixed integer.
Consider an infinite system of convex sets {Q }ren in R? defined as the epigraphs of the convex

and smooth functions

kmz?  for x>0,
gk (x) :== k=1,2,....

0 for = <0,

Let 2 := (0,0), Q := 32, Q, and let R = R(r) = r®~! for some a € (0, Z). We obviously get
Q=R_ xRy and N(z;92) = Ry x R_. Let us verify that 2* = (1,0) is an R-normal to ) at
Z, which implies the whole normal cone N (Z;{2) consists of R-normals.

To proceed, fix any r > 0 sufficiently small and denote by kg the smallest integer such that

11}1m

fax {@’ Lta ) = fata = ko'

Now consider I :={1,...,ko} and check that

1 1/m 1
ko< (gams)  H1<mm

T m

Since 1 — 2 2+a)—a>1-3(2+a)—a> Ha >0, it follows that

1_
4

I 3/2 rl-o 3
| |R < Saray = rrmam (2= 0 when 7 0.
T 2m

Defining further Qg := ﬂZ"Zl Qy., it remains to show that

(", x) —r||z|| <r forall z € Qyn B(0;rR). (4.28)
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To verify (4.28), take x := (¢, s) and consider only the case when ¢ > 0, since the other case of

t < 0 is obvious. For ¢t > 0 we have s > k:()”tQ and

(¥, x)—r|z|| = t—rVit* + 2 < t(l—r\/l + k:%mt2> < t(1-rk{t) = —rki"t*+t = f(t). (4.29)

It follows from ||z|| < rR = r® that

T > 124 82 >ty /14 k22 > kR

a \1/2

and hence t < (4 ) '". The latter implies that for all z = (¢, s) € Qo N B(0;7R) with ¢ > 0 we

have
(@, 2) — rllall < F(8) <sup £() with a = () >
¥, x) —r|z su with a:=(— —.
’ = ool K)o T kg
Observe finally that the function f(t) in (4.29) attains its maximum on [0,a] at the point ¢ = ﬁ
and that
1 1 1
t) = —rk = <r.
sup J1) = =rko e T ok~ drkg =

Combining all the above, we arrive at (4.28) and thus achieve our goals in this example.

The next example related to the previous one involves the notion of equicontinuity for
systems of mappings. Given f;: X — Y, i € T, we say that the system {f; }ier is equicontinuous
at z if for any € > 0 there is § > 0 such that ||f;(x) — fi(Z)|| < € for all z € B(z,d) and i € T.
This notion has been recently exploited in [63] in the framework of variational analysis; see

Remark 4.33.

Example 4.23 (Non-equicontinuity of gradient and normal systems). Given an integer
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m > 4, define an infinite systems of functions ¢ : R? — R for k € N by

kmz? —xy for x>0,
or (1, 2) = (4.30)

—29 for z1 <0.

It is easy to check that the system of gradients { Vg }ren is not equicontinuous at z = (0, 0).

Furthermore, observe that the sets i in Example 4.22 can be defined by

Q= {z € ]RQ‘ or(z) <0}, keN. (4.31)

Given any boundary point (z1,z2) of the set {2, we compute the unit normal vector to € at

(21, 22) by
1
—(2k"xq,—1) for z1 >0,
ék(xl x2) — \/4k2m.’I]% + 1
(0,-1) for z1 <0.

and then check the relationships for z; > 0:

8k2ma? — 2, /4k?ma? + 1

4k‘2mx%—{—l — 2 as k — oo.

1€k (1, m2) — £1(0,0)]1* =

The latter means that the system of {{ }ren is not equicontinuous at z = (0, 0).

The next major result of this chapter establishes a certain “fuzzy” intersection rule for rated
normals to infinite set intersections. Its proof is based on the rated extremal principle for infinite
set systems obtained above in Theorem 4.15. Parts of this proof are similar to deriving a fuzzy
sum rule for Fréchet normals to intersections of two sets in Asplund spaces given in [50] and in

[47, Lemma 3.1] on the base of the approximate extremal principle for such set systems.
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Theorem 4.24 (Fuzzy intersection rule for R-normals). Let 7 € Q := ;o1 €, and let
z* € X* be an R-normal to Q) at . Then for any € > 0 there exist an index subset I, Fréchet

normals z} € ]/\\T(xl, Q) with |z; — Z|| < e forie I, and a number A > 0 such that

At € af+eB* and N+ NP+ |27 = 1. (4.32)
i€l el

Proof. Without loss of generality, assume that = 0. Pick any z* € N (0; Q) and by

Definition 4.20 for any r > 0 sufficiently small find an index subset |I|>/2 = o(R) such that

(x*,x) —r||z|| <r whenever z € ﬂ QN (rR)B. (4.33)
el

Then we form the following closed subsets of the Asplund space X x R:

0 := {(CL",Oz) EX xRz ey, a<(z¥ ) _THxH}’
(4.34)

O; Z:QiXR+ for ’LGI\{l},

where I = {1,..., N} with “1” denoting the first element of I for simplicity. This leads us to

(01—(0,1~))m M 0in(R,)B=0. (4.35)
iel\{1}

Indeed, if on the contrary (4.35) does not hold, we get (z,«) from the above intersection

satisfying a > 0, x € (;c; % N (eR.)IB, and
r<a+r<(z"z)—r|z|,

where the latter is due to (,a+r) € O;. This clearly contradicts (4.33) and so justifies (4.35).
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Thus we have that (0,0) € X x R is a rated extremal point of the set system {O;7,02} from
(4.34) in the sense of Definition 4.10. Applying to this system the rated extremal principle from
Theorem 4.15 with taking into account Remark 4.16 to find elements (w;, ;) and (z});) for

i =1,..., N satisfying the relationships

(@A) € N((wi,2); O3), |[(wi, a3)|| < 2rRINE, i€,
3
4N 4
H(x*LAlH-..Hx’;V,AN)H <—=nl0as r]0, (4.36)

2

I3, A1 + -+ (@, An) 12 = 1.

By the structure of O; as i = 1,..., N we have from the first line of (4.36) that =} € ﬁ(wi; Q;),

that A\; <0 for i =2,..., N, and that

(xf,z —w1) + M(o— )
[ — w1 + [ = aa

<0 (4.37)

lim sup
(x,a)g} (w1,001)

by the definition of Fréchet normals. It also follows from the structure of O; that Ay > 0 and

ap < {(x*,wy) — rljw . (4.38)

This allows us to split the situation into the follows two cases.

Case 1: \; = 0. If inequality (4.38) is strict in this case, there is a neighborhood W of w; such
that a; < (z*,z) —r|z| for all x € Q3 NW.

This implies that (x, ;) € O for x € Q; N W. Substituting (z, ) into (4.37) gives us

<0, ie., 2t € N(w;0).
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If (4.38) holds as equality, we denote « := (z*, ) — r||z| and get

a—ai| =@z —w) + (ol = )] < (2" +7) 2= wil,
which implies by (4.37) that
(], —wy)

<0

[ —will + o —on| =

lim sup
(w,a)g} (w1,a1)

Thus it follows for any &’ > 0 sufficiently small and the number « chosen above that

(e —w) <& (o —will + o = ar]) <& (14 2" +7)llz = wi]

for all x € 2, sufficiently closed to w;. This ensures that

. .
M<O, Le., z7 € N(wi;{h)

lim sup
mgwl

[ — wa ]

when (4.38) holds as equality as well as the strict inequality. Since A\; = 0 in Case 1 under

consideration and since A\; < 0 for all 7 > 2, it follows that
M X< o+ )<
This leads us to the estimates

1
Hx’{H?Jr...JrH:c*NHQ21—(/\§+...+/\?\,)25,

and thus we get from (4.36) all the conclusion of the theorem with A = 0 in (4.32) in this case.
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Case 2: A1 > 0. If inequality (4.38) is strict in this case, put x := w; and get from (4.37) that

Jimn sup 21(@ 1)

<0,
a—aq ‘04 - 041’

which yields A\; = 0, a contradiction. It remains therefore to consider the case when (4.38) holds
as equality. Take then a pair (z,«) € O; with € Q; \ {w1} and o = (a*, z) — 7||z||, and hence
get from (4.38) that: o — oy = (™, x — wy) + r(JJw1]| — [|z]])-

This implies the relationships
(x],z —wi) + M(a—a1) = (@] + Mz™, . — wy) + Mr(Jwr|| — [|z]]),

v — en| < (27| + )|z — wall

On the other hand, it follows from (4.37) that for any ¢ > 0 sufficiently small there exists a

neighborhood V' of w; such that
(al,z—w1) + M(a—aq) < )\15'7'(”96 —wi| + |a — a1|>,

whenever x € 1 NV and that

(@] + Ma®, 2 —w) + Mr(fudll = [l2])) < Mer(lz — will + o = oal)

< Me'r|lle = wall + (|27 + )z — wll!} = Mer(1+ |27 + 7)o — w].

Let us now choose ¢ > 0 sufficiently small so that

(@1 + M w —wi) + Ar(lwil] = ll2]]) < Arrfle — wa].
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and for all x € 01 NV get the estimate

(@1 + M, w —wi) < Ml — ]| + Avr([le]] = flwill) < 2A0r]lz — w].

It follows from definition (2.3) of e-normals that z} + A\jz* € ]vg,\lr(wl;ﬂl), where \; <1
by the third line of (4.36). Using the representation of e-normals in Asplund spaces from [47,

(2.51)], we find v € Q1 N (w1 + 2A17)B) such that

o5+ Mat € N(v;Qy) + 2\ rB*.

Hence [[v]| < |[v — w1 + [Jw1] < 2X\ir + 2rRzN1 < 3rRzN1 and there is zi € N(v; ) with

Az € x] —x] + 2\ rB”.

Taking into account that x7 + ... + a7 € nIB*, we get

Azt €] +as+ ...+ ay+ (2\r+n)B*.

On the other hand, it follows from —z] = \jz* — 27 — v* with some |[u*|] < 2X\;r < 2r that

1

* * ~ 2 * ~
231 < (llll + 1711+ 2r)" < 2X3ll2" [ + 2012717 + 5

Moreover, since |A1 + A2 + ...+ Axy| < 1 | 0 as r | 0 by the second line of (4.36) and since
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A1 > 0 while \; <0 fori=2,...,N, we have
P >A 4+ Mo+ A2 0o+ M) >+ Qo+ A2+ 20 (A — 1)

It also follows from (4.36) and 0 < A; < 1 that

1

M=ot AN =0 =200 2 B+ AR -

1
which leads us to the subsequent estimates: A3 4 ...+ A% < 2\ + 1 and

1< (M4 28 + (il 4+ k)

1
< 223 + 23a*|? + 2@ + (23] + - + 2k ]2) + 5.

This finally ensures that

<AL+ A2+ 1N + 232 + -+ o]

Ty

and brings us to all the conclusions of the theorem with A := A; in (4.32). O

Remark 4.25 (Quantitative estimates in the intersection rule). It can be observed
directly from the proof of Theorem 4.24 that we get in fact the following quantitative estimates in

intersection rule obtained for infinite set systems when r > 0 is sufficiently small: |1|3/2 = o(R),

ik

i — 2l < 3rRAIE, and Aa* e 3 a7 + (2 +4
il

B

1
2

In particular, for R = O(1), there is C > 0 such that all the conclusions hold with |I 132 =
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N2 = of3),

|lz; —z|| < C rN3, and \a* € Zx;"—FC rN2B*.
el

Remark 4.26 (Perturbed rated normals to infinite intersections). Inspired by our
consideration of perturbed extremal systems, we define a perturbed version of R-normals to
infinite set intersections as follows: x* € X™ is a perturbed R-normal to the intersection ) :=
Nicr i at = € Q if for any € > 0 there exist a number » > 0, an index subset I with cardinality

|I>/? = o(R,), and points z; € Q; N B(Z,¢) as i € I such that r|I| < ¢ and

(x*,x) —r||z|| <r whenever z € ﬂ (% — ;) N (rR,)B.
i€l
Then the corresponding version of the intersection rule from Theorem 4.24 can be derived for

perturbed rated normals to infinite intersections by a similar way with replacing in the proof

the rated extremal principle from Theorem 4.15 by its perturbed version from Theorem 4.19.

We proceed with deriving calculus rules for the so-called limiting R-normals (defined below)
to infinite intersections of sets. First we propose a new qualification conditions for infinite

systems.

Definition 4.27 (Approximate qualification condition) We say that a system of sets
{Qi}ier C X satisfies the APPROXIMATE QUALIFICATION CONDITION (AQC) at T € (e 4 if
for any € | 0, any finite index subset I. C T, and any Fréchet normals x}, € ]V(azig; Q;) N B*

with ||z — Z|| <€ asi € I, the following implication holds:

Hzx;; o= Jar)> Ho. (4.39)

i€l i€l
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The next proposition presents verifiable conditions ensuring the validity of AQC for finite

systems of sets under the SNC property; see [47] for more details.

Proposition 4.28 (AQC for finite set systems under SNC assumptions) Let {Qq,...,Q,,}
be a finite set system satisfying the limiting qualification condition at T € (-, Q;: for any se-

Q' _ * . A~ .
quences T, — T and x), N xf with xf, € N(z,;8) as k — 00 and i =1,...,m we have

m

which is automatic under the normal qualification condition via the basic normal cone (2.5):

(a1 +...+2}, =0 and 2} e N(z; %), i=1,...,m] = 2] =0 forall i=1,...,m.

Assume in addition that all but one of Q; are SNC at T. Then the AQC is satisfied for

{Ql,...,ﬂm} at T.

Proof. Pick e, 1 0, 2, € ]\Af(mzk, Q)N B*, ||z — Z|| <epasi=1,...,m and assume that

27, + -+l = 0 as k& — oo. (4.40)

Taking into account that the sequences {z}, } C X* are bounded when X is Asplund, we extract

from them weak™ convergent subsequences and suppose with no relabeling that z7; % x; as

k — oo forall ¢ = 1,...,m. It follows from the imposed limiting qualification condition for
{,...,Q,} at & that 27 = ... = 2z}, = 0. Since all but one (say for ¢ = 1) of the sets
; are SNC at Z, we have that ||z}.| — 0 as k — oo for i = 2,...,m. Then (4.40) implies

that [|z],]| — 0 as well, which verifies implication (4.39) and thus completes the proof of the
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proposition. U

The following example illustrates the validity of the AQC for infinite systems of sets.

Example 4.29 (AQC for infinite systems) We verify that the AQC holds in the framework
of Example 4.23 at the origin # = (0,0) € R?. Recall that for each k& € N the normal cone to a

convex set {2 from (4.31) at a boundary point z = (z1, z2) is computed by

(kaxl, —1) for 1 > 0,
N(@; Q) = Ry&p(a) with &(2) = &p(a1,22) =

(0,-1) for z; <0.

If according to the left-hand side of (4.39) we have

H > )\skfk(frek)H 0 as £10,

kel.

then it follows from the above representation of & that its component goes to zero as k — oo.

Thus

S I Aekér(@an)l® = 0 as €10,

kel:

which verifies the AQC property of the system {Q}ren at z.

Now we are ready to define limiting R-normals and derive infinite intersection rules for
them. In the definition below R}, stands for a rate function for each x7; these functions may be

different from each other.

Definition 4.30 (Limiting R-normals to infinite set intersections) Consider an arbitrary
set system {Qitier C X, and let Q := ();cp Q4 with T € Q. We say that a dual element x* is

a LIMITING R-NORMAL to € at T if there exist sequences {(xk,x})}ren C X x X* such that
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Q _ * .
Ty — T, T}, 2 2* as k — oo and that each element xy, 18 an Ry-normal to Q) at xy,

It is clear from the definition and Proposition 4.21 that any limiting R-normal is a ba-
sic/limiting normal to Q at Z. Conversely, if T" is a finite index set and X is an Asplund space,
then we the reverse implication holds, i.e., any limiting/basic normal is a limiting R-normal.

The next theorem provides a representation of limiting R-normals to infinite set intersections
via Fréchet normals to each set under consideration. In particular, it implies a useful calculus

rule for the basic normal cone (2.5) to infinite intersections.

Theorem 4.31 (Representation of limiting R-normals to infinite intersections) Let
Q= Nier & with T € Q for the system {Q;}ier C X satisfying the AQC property from
Definition 4.27 at T. Then for any given limiting R-normal to ) at * and any € > 0 we have

the inclusion

z* e Cl*{Z:U;k +eB*
i€l

x; € ]V(xz,ﬂl), lx; — || <e, I C T},

where I C T is a finite index subset. In particular, if all the limiting/basic normals to Q at T

are limiting R-normals in this setting, then

N(z;0) C ﬂcl*{fo+€lB*

e>0 el

vt € Nz ), |-l <&, I C T}. (4.41)

Proof. Take a sequence {z}} of R-normals to  at xj, with z;, — Z and 7, Y 2* as k — 00.
The latter convergence ensures by the Uniform Boundedness Principle that the set {||z}||}xren
is bounded in X*. Picking ¢ > 0 sufficiently small, we find z; € Q with ||z — Z|| < e. Applying

Theorem 4.24 to x} for each k € N gives us sequences 7, € N (zi; Q) with || — 21| < € for




131

1 € I, CT and A > 0 satisfying

Newj € Y +eB* and A+ Mllail? + ) llal? =1, keN. (4.42)

i€l i€l

Let us show that the sequence {\;} is bounded away from 0. Assuming on the contrary A\ | 0
as k — oo, we have

—0as k—

5w

i€},

from the inclusion in (4.42). Then the imposed AQC leads us to

D llaill* =0 as k- oo,
i€ly,

which contradicts the equality in (4.42) and thus shows that there is constant C' > 0 with

A > C for all k € N sufficiently large. Rescaling finally the inclusion in (4.42), we get

xk €
T} € k + —B*, keN,
k §:Ak C
el
which ensures that zj, % % as k — oo and thus justifies the first conclusion of the theorem.
The second ones on basic normals follows immediately. U
The next corollary provides more explicit results for the case of infinite systems of cones,

with the replacement of Fréchet normals in Theorem 4.31 by basic normals at the origin.

Corollary 4.32 (Limiting R-normals to intersection of cones). Let {A;}icr be a system
of cones in X, and let A := ;e Ai. Suppose that x* € X* is a limiting R-normal to A at the

origin and that the AQC property from Definition 4.27 holds at & = 0. Then for any € > 0 we
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have the representation

z* e cl*{Zx;‘ +eB*
i€l

zf € N(O;A;), I C T}

via finite index subsets I C T'. If furthermore all the limiting/basic normals to A at the original

are limiting R-normals in this setting, then

N(0;A) C ﬂcl*{Zw?—i—alB*

e>0 el

z; € N(0O;A;), I C T}.

Proof. It follows from Proposition 2.1 that N(w;; A;) € N(0;A;) for any cone A; and any

w; € A;. Then we have both conclusions of the corollary from Theorem 4.31. O

Remark 4.33 (Comparison with known results). For the case of finite set systems the
intersection rules of Theorems 4.24 and 4.31 go back to the well-known results of [47]. In fact,
not much has been known for representations of generalized normals to infinite intersections.
Chapter 3 presents our first results in this direction obtained on the base of the tangential
extremal principle in finite dimensions, have a different nature and do not generally reduce to
those in [47] for finite set systems.

An interesting representation of the basic normal cone (2.5) has been recently established in
[63, Theorem 3.1] for infinite intersections of sets given by inequality constraints with smooth
functions. This result essentially exploits specific features of the sets and functions under
consideration and imposes certain assumptions, which are not required by our Theorem 4.31.
In particular, [63, Theorem 3.1] requires the equicontinuity of the constraint functions involved,
which is not the case of our Theorem 4.31 as shown in Examples 4.22 and 4.23. Note to this

end that all the limiting normals are limiting R-normals in the framework of Example 4.22 and
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that the AQC assumption is satisfied therein; see Example 4.29.

We finish the paper with deriving necessary optimality conditions for problems of semi-

infinite and infinite programming with geometric constraints given by
minimize ¢(x) subject tox € Q;, teT, (4.43)

with a general cost function p: X — R and constraints sets ; C X indexed by an arbitrary
(possibly infinite) set 7. We refer the reader to [10, 24] and the bibliographies therein for
various results, discussions, and examples concerning optimization problems of type (4.43) and
their specifications. The limiting normal cone representation (4.41) for infinite set intersections
in Theorem 4.31, combined with some basic principles in constrained optimization, leads us
to necessary optimality conditions for local optimal solutions to (4.43) expressed via its initial
data.

The next theorem contains results of this kind in both lower subdifferential and upper sub-

differential forms; see Section 3.7.

Theorem 4.34 (Necessary optimality condition for semi-infinite and infinite pro-
grams with general geometric constraints). Let T be a local optimal solution to problem
(4.43). Assume that any basic normal to 2 := (). Q; at T is a limiting R-normal in this set-
ting, and that the AQC requirements is satisfied for {Q;}ier at T. Then the following conditions,
tmvolving finite index subsets I C T, hold:

(i) For general cost functions ¢ finite at T we have

— dp(z) C ﬂcl*{menLeB*

e>0 i€l

wr e Nz ), |z -7l <e, I C T}. (4.44)
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(ii) If in addition ¢ is locally Lipschitzian around T, then

0 € 0p(Z) + ﬂ cl*{ Z:L‘Z‘ +eB*
e>0 el

wf € Nz ), i — 7| <e IC T}. (4.45)

Proof. It follows from [48, Proposition 5.2] that

~

— dp(z) € N(z:9Q) C N(z:;Q) (4.46)
for the general constrained optimization problem
minimize ¢(z) subject to x € Q. (4.47)

Employing now in (4.46) the intersection formula (4.41) for basic normals to Q = (), Q;, we
arrive at the upper subdifferential necessary optimality condition (4.44) for problem (4.43).

To justify (4.45), we get from [48, Propostion 5.3] the lower subdifferential necessary opti-
mality condition

0 € dp(z) + N(z;Q) (4.48)

for problem (4.47) provided that ¢ is locally Lipschitzian around z. Using the intersection

formula (4.41) in (4.48) completes the proof of the theorem. O
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Part B: Generalized Newton’s methods

Chapter 5

Pure Newton’s method

5.1 The Pure Newton’s Algorithm

This section presents a new generalized Newton’s method for nonsmooth equations, which is
based on graphical derivatives. We first precisely describe the algorithm and justify its well-
posedness/solvability. Then a local superlinear convergence result under appropriate assump-
tions will be presented. Finally, we establish a global convergence result of the Kantorovich
type for our generalized Newton algorithm.

5.1.1 Description and Justification of the Algorithm

Keeping in mind the classical scheme of the smooth Newton’s method in (1.4), (1.5) and tak-
ing into account the graphical derivative representation of Proposition 2.3(f), we propose an

extension of the Newton equation (1.5) to nonsmooth mappings given by:

— H(z") € DH(z")(d"), k=0,1,2,.... (5.1)

This leads us to the following generalized Newton algorithm to solve (1.3):

Algorithm 5.1 (generalized Newton’s method).
Step 0: Choose a starting point 29 € R™.
Step 1: Check a suitable termination criterion.
Step 2: Compute d* € R™ such that (5.1) holds.

Step 3: Set a*t!l .= a2k +d* k« k+1, and go to Step 1.
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The proposed Algorithm 5.1 does not require a priori any assumptions on the underlying map-
ping H: R™ — R™ in (1.3) besides its continuity, which is the standing assumption in this paper.
Other assumptions are imposed below to justify the well-posedness and (local and global) con-
vergence of the algorithm. Observe that Proposition 2.3(c,d) ensures that Algorithm 5.1 reduces
to scheme (1.6) in the B-differentiable Newton method provided that H is directionally differ-
entiable and locally Lipschitzian around the solution point in question. In Section 5 we consider
in detail relationships with known results for the B-differentiable Newton’s method, while Sec-
tion 4 compares Algorithm 5.1 and the assumptions made with the corresponding semismooth
versions in the framework of (1.7).

To proceed further, we need to make sure that the generalized Newton equation (5.1) is
solvable, which is a major part of the well-posedness of Algorithm 5.1. The next proposition

shows that an appropriate assumption to ensure the solvability of (5.1) is metric regularity.

Proposition 5.2 (solvability of the generalized Newton equation). Assume that H: R" —
R™ is metrically regular around T with y = H(x), i.e., we have ker D*H(z) = {0}. Then there

is a constant € > 0 such that for all © € B:(Z) the equation

— H(z) € DH(z)(d) (5.2)

admits a solution d € R™. Furthermore, the set S(z) of solutions to (5.2) is computed by

£0. (5.3)

H1(H th) —
S(z) = Limsup (H(z) +th) —x
10, h——H () 3

Proof. By the assumed metric regularity (2.17) of H we find a number p > 0 and neigh-
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borhoods U of  and V of H(Z) such that

dist(x;H_l(y)) < pdist(y; H(z)) forall z €U and yeV.

Pick now an arbitrary vector x € U and select sequences hy — —H(z) and t; | 0 as k — oc.

Suppose with no loss of generality that H(z) + txhg € V for all £ € N. Then we have

dist (z; H~'(H (2) + tphi)) < ptg|hell, k€N,

and hence there is a vector u, € H~1(H (x) +th) such that ||ug — x| < pt|/he|| for all k € N.
This shows that the sequence {||uy —z||/tx} is bounded, and thus it contains a subsequence that
converges to some element d € R™. Passing to the limit as £ — oo and recalling the definitions

of the outer limit (2.1) and of the tangent cone (2.2), we arrive at

(d,—H(z)) € Limsup gph H — (2, H(x))

£40 t = T((, H(x)); gph H),

which justifies the desired inclusion (5.2). The solution representation (5.3) follows from (2.12)

and Proposition 2.3(b) in the case of single-valued mappings, since
S(z) = DH(z)" (- H(x))

due to (5.2). This completes the proof of the proposition. O
5.1.2 Local Convergence
In this subsection we first formulate major assumptions of our generalized Newton’s method

and then show that they ensure the superlinear local convergence of Algorithm 5.1.
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(H1) There exist a constant C' > 0, a neighborhood U of Z, and a neighborhood V' of the origin
in R™ such that the following holds:
For all z € U, z € V, and for any d € R" with —H(z) € DH(z)(d) there is a vector

w € DH(x)(z) such that

Clld = z|| < [w + H(z)|| + o[l — z]).

(H2) There exists a neighborhood U of Z such that for all w € U and for all v € DH (x)(Z — z)
we have

[1H(z) = H(z) + vl = of||lz — z[)

A detailed discussion of these two assumptions and sufficient conditions for their fulfillment
are given in the next section. Note that assumption (H2) means, in the terminology of [21,
Definition 7.2.2] focused on locally Lipschitzian mappings H, that the family { DH (z)} provides
a Newton approximation scheme for H at .

Now we establish our principal local convergence result that makes use of the major assump-

tions (H1) and (H2) together with metric regularity.

Theorem 5.3 (superlinear local convergence of the generalized Newton’s method).
Let z € R™ be a solution to (1.3) for which the underlying mapping H: R™ — R™ is metrically
regular around T and assumptions (H1) and (H2) are satisfied. Then there is a number € > 0
such that for all z° € B.(Z) the following assertions hold:

(i) Algorithm 5.1 is well defined and generates a sequence {x*} converging to .

(ii) The rate of convergence x* — T is at least superlinear.
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Proof. To justify (i), pick € > 0 such that assumptions (H1) and (H2) hold with U := B.()
and V := B.(0) and such that Proposition 5.2 can be applied. Then we choose a starting point

2% € B.(Z) and conclude by Proposition 5.2 that the subproblem

—H(z") € DH(2°)(d)

has a solution dY. Thus the next iterate z! := 20 + d° is well defined. Let further z° := z — 2°

0

and get ||2°|| < € by the choice of the starting point 2°. By assumption (H1), find a vector

w® € DH(2°)(2°) such that

Ollat = zll = Cll(a" = 2%) = (z = 2°)|| = Olld° = 2°|| < [[w” + H(2")]| + o(|}a° — ).

Taking this into account and employing assumption (H2), we get the relationships

Clle' = 2| < [o®+ H")| +o([a® — 2ll) = | H(z®) — H(z) + u’]| + o[2° - &)

= o[z’ - zl)) < §ll® ~ 2,

which imply that ||z! — Z|| < 1||2° — Z||. The latter yields, in particular, that 2! € B.(z). Now
standard induction arguments allow us to conclude that the iterative sequence {z*} generated
by Algorithm 5.1 is well defined and converges to the solution Z of (1.3) with at least a linear
rate. This justifies assertion (i) of the theorem.

Next we prove assertion (i) showing that the convergence x*

—  is in fact superlinear
under the validity of assumption (H2). To proceed, we basically follow the proof of assertion

(i) and construct by induction sequences {d*} satisfying —H (z*) € DH (2"*)(d*) for all k € N,
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{zF} with 2% := 7 — 2%, and {w*} with w* € DH (2*)(z*) such that

Clla™*! — 2|l < |lw® + H(a")|| + o(|a* — z[)), k€N,

Applying then assumption (H2) gives us the relationships

COlla* = z|| < || H(z*) — H(@) + w*|| + o(||lz* — z])) = o(la* — zI),

which ensure the superlinear convergence of the iterative sequence {z*} to the solution Z of
(1.3) and thus complete the proof of the theorem. O
5.1.3 Global Convergence

Besides the local convergence in the Newton’s method based on suitable assumptions imposed at
the (unknown) solution, there are global (or semi-local) convergence results of the Kantorovich
type [30] which show that, under certain conditions at the starting point z° and a number
of assumptions to hold in a suitable region around z°, Newton’s iterates are well defined and
converge to a solution belonging to this region; see [15, 30] for more details and references. In
the case of nonsmooth equations (1.3) results of the Kantorovich type were obtained in [57, 60]
for the corresponding versions of Newton’s method. Global convergence results of different
types can be found in, e.g., [14, 21, 26, 53] and their references.

Here is a global convergence result for our generalized Newton’s method to solve (1.3).

Theorem 5.4 (global convergence of the generalized Newton’s method). Let 2° be a

starting point of Algorithm 5.1, and let

Q:={zeR" |z -2 <r} (5.4)
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with some r > 0. Impose the following assumptions:

(a) The mapping H: R™ — R™ in (1.3) is metrically reqular on Q with modulus p > 0, i.e.,

it is metrically reqular around every point x € ) with the same modulus (.

(b) The set-valued map DH(x)(z) uniformly on Q converges to {0} as z — 0 in the sense

that: for all € > 0 there is § > 0 such that

|w|| <& whenever w € DH(z)(z), ||z]| <4, and z € Q.

(c) There is o € (0,1/pu) such that

WlH()]| < (1 - ap) (5.5)

and for all z,y € § we have the estimate

|H(x) — H(y) —v|| < aflx —y| whenever v € DH(x)(y — x). (5.6)

Then Algorithm 5.1 is well defined, the sequence of iterates {x*} remains in Q and converges

to a solution T € Q of (1.3). Moreover, we have the error estimate

ok — 2| < lfiﬂﬂwk—xk_lﬂ for all k€ N. (5.7)

Proof. The metric regularity assumption (a) allows us to employ Proposition 5.2 and,

for any x € Q and d € R” satisfying the inclusion —H(x) € DH(x)(d), to find sequences of
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hi — —H(z) and t; | 0 as kK — oo such that

H(z) + tyhy) —
ty,

_HY( .
Jdll = Jim | | < Jim gl = ul H @)L
500 k—o0

In view of assumption (5.5) in (c) and the iteration procedure of the algorithm, this implies

ot = 2% = [|d°|| < ul| H (=) < r(1 - ap),

which ensures that 2! € Q due to the form of €2 in (5.4) and the choice of a. Proceeding further

by induction, suppose that z!,..., 2 € Q and get the relationships

lz* 1 — 2| = |d*|) < pl H ()| < pll H(z*) — B + H@ )
< o]k — 2 (using (5.6) and — H(z* ') € DH(z* 1) (aF - mk_l)>

< ()l - 2° < r(ap)(1 - ap),

which imply the estimates

k k
o+ = a0 < 7 e = a7 < r(apl (1 - ap) <7
j=0 j=0

and hence justify that 2*T! € Q. Thus all the iterates generated by Algorithm 5.1 remain in Q.

Furthermore, for any natural numbers k& and m, we have

k+m ' ‘ k+m
bt = gk < ST it — ) < 3 (e (1 - ap) < r(ap),
i=k =k

which shows that the generated sequence {z*} is a Cauchy sequence. Hence it converges to
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some point z that obviously belongs to the underlying closed set (5.4).

To show next that Z is a solution to the original equation (1.3), we pass to the limit as
k — oo in the iterative inclusion —H (z¥) € DH(z*)(x**! — 2%), k € N.

It follows from assumption (b) that limj,_,o, H(2*) = 0. The continuity of H then implies
that H(z) = 0, i.e., T is a solution to (1.3).

It remains to justify the error estimate (5.7). To this end, first observe by (5.5) that

k+m

m
bt — k) < 3 it - 2 <Y (o) ek - 2R < SRk - 2k
k §=0 1—apu
= -

for all k,m € N. Passing now to the limit as m — oo, we arrive at (5.7) thus completes the

proof of the theorem. O
5.2 Discussion of Major Assumptions and Comparison with

Semismooth Newton’s methods
In this section we pursue a twofold goal: to discuss the major assumptions made in Section 3
and to compare our generalized Newton’s method based on graphical derivatives with the semis-
mooth versions of the generalized Newton’s method developed in [56, 57]. As we will see from
the discussions below, these two aims are largely interrelated. Let us begin with sufficient con-
ditions for metric regularity in terms of the constructions used in the semismooth versions of
the generalized Newton’s method. Given a locally Lipschitz continuous vector-valued mapping

H: R"™ — R™, we have by the classical Rademacher theorem that the set of points
Sp :={x € R"| H is differentiable at '} (5.8)

is of full Lebesgue measure in R".
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Thus for any mapping H: R™ — R"™ locally Lipschitzian around z the set
OpH (%) = {klim H'(z")| 3{z" c Sy with 2 — z} (5.9)
— 00

is nonempty and obviously compact in R™. It was introduced in [66] for m = 1 as the set
of “almost-gradients” and then was called in [56] the B-subdifferential of H at z. Clarke’s

generalized Jacobian [12] of H at Z is defined by the convex hull
dcH(z) :=co{OpH (Z)}. (5.10)

We also make use of the Thibault derivative/limit set [67] (called sometimes the “strict graphical

derivative” [61]) of H at Z defined by

H tz) — H
DrH(z)(2) := Limsup (z+ Zt) (=)
t10

, z€R" (5.11)

Observe the known relationships [33, 67] between the above derivative sets

OpH(z)z C DrH(z)(2) C O0cH(Z)z, =ze€R"™ (5.12)

The next result gives a sufficient condition for metric regularity of Lipschitzian mappings in

terms of the Thibault derivative (5.11).

Proposition 5.5 (sufficient condition for metric regularity in terms of Thibault’s

derivative). Let H: R™ — R" be locally Lipschitzian around Z, and let

0¢ DrH(z)(2) whenever z # 0. (5.13)
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Then the mapping H is metrically reqular around T.

Proof. Kummer’s inverse function theorem [37, Theorem 1.1] ensures that condition (5.13)
implies (actually is equivalent to) the fact that there are neighborhoods U of & and V' of H(Z)
such that the mapping H: U — V is one-to-one with a locally Lipschitzian inverse H~1: V — U.

Let 1+ > 0 be a Lipschitz constant of H~! on V. Then for all z € U and y € V we have the

relationships
dist(x; H™'(y)) = lle = H ' ()|l = |H (H(x)) = H ()]
< pllH(x) =yl = pdist (y; H(z)),
which thus justify the metric regularity of H around Z. O

To proceed further with sufficient conditions for the validity of our assumption (H1), we

first introduce the notion of directional boundedness.

Definition 5.6 (directional boundedness). A mapping H: R™ — R™ is said to be DIREC-

TIONALLY BOUNDED around T if

H(z+tz) — H(x)
t

lim sup
£10

‘ < 00 (5.14)

for all x near & and for all z € R™.

It is easy to see that if H is either directionally differentiable around Z or locally Lipschitzian
around this point, then it is directionally bounded around Z. The following example shows that

the converse does not hold in general.

Example 5.7 (directionally bounded mappings may be neither directionally differ-
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entiable nor locally Lipschitzian). Define a real function H: R — R by

T sin (%) if x+#0,

H(x):=
0 if x=0.
It is easy to see that this function is not either directionally differentiable at £ = 0 or locally
Lipschitzian around this point. However, it is directionally bounded around Z. Indeed, for any
x # 0 near  condition (5.14) holds because H is simply differentiable at  # 0. For x = 0 we
have

H(tz) — H(0 H(t 1
lim sup Altz) = H(0) = limsupM = lim sup |z sin <—)‘ = |z| < o0.
t10 t t10 £10 iz

The next proposition and its corollary present verifiable sufficient conditions for the fulfill-

ment of assumption (H1).

Proposition 5.8 (assumption (H1) from metric regularity). Let H: R” — R", and let
Z be a solution to (1.3). Suppose that H is metrically reqular around Z (i.e., ker D*H (%) = 0),
that it is directionally bounded and one-to-one around this point. Then assumption (H1) is

satisfied.

Proof. Recall that the metric regularity of H around Z is equivalent to the condition
ker D*H (z) = {0} by the coderivative criterion (2.18). Let U C R™ be a neighborhood of z
such that H is metrically regular and one-to-one on U. Choose further a neighborhood V' C R"
of H(z) = 0 from the definition of metric regularity of H around z. Then pick x € U, z € V and
an arbitrary direction d € R" satisfying —H (x) € DH(x)(d). Employing now Proposition 5.2,

we get,

H ' (H th) —
d € Limsup ( (z) + ) a:‘
h—s—H(z), tl0 3
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By the local single-valuedness of H~! and the metric regularity of H around Z there exists a

number g > 0 such that

HHl(H(x)—i—th)—:r_z §MHH($)+th_H(x+tZ) :MHH(x—i—tz)—H(:U)_hH
t t
for all ¢ > 0 sufficiently small. It follows that
H'(H th) — H t2)— H
|d — z|| < limsup ( ($1+ )@ — z|| < p limsup (z+ Zt) (z) _ hH < o0
t10 t10

h——H(x) h——H(x)

by the directional boundedness of H around . The boundedness of the family

{v(t) _ H(:B—i—tz)—H(ac)}’ L L0,

t

allows us to select a sequence tj | 0 such that v(tx) — w for some w € R™. By passing to the

limit above as k — oo and employing Definition 2.2 we get that
~ 1
w € DH(z)(z) and ;Hd—zH < |lw+ H(x)|,

which completes the proof of the proposition. O

Corollary 5.9 (sufficient conditions for (H1) via Thibault’s derivative). Let T be a
solution to (1.3), where H: R™ — R"™ is locally Lipschitzian around T and such that condition
(5.13) holds, which is automatic when det A # 0 for all A € OcH(Z). Then (H1) is satisfied

with H being both metrically reqular and one-to-one around T.

Proof. Indeed, both metric regularity and bijectivity of H around Z assumed in Proposi-

tion 5.8 follow from Proposition 5.5 and its proof. Nonsingularity of all A € dcH(Z) clearly
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implies (5.13) by the second inclusion in (5.12). O
Note that other conditions ensuring the fulfillment of assumption (H1) for Lipschitzian
and non-Lipschitzian mappings H: R™ — R" can be formulated in terms of Warga’s derivate
containers by [69, Theorems 1 and 2] on “fat homeomorphisms” that also imply the metric
regularity and one-to-one properties of H.
Next we proceed with the discussion of assumption (H2) and present, in particular, sufficient

conditions for their fulfillment via semismoothness. First observe the following.

Proposition 5.10 (relationship between graphical derivative and generalized Jaco-

bian). Let H: R™ — R™ be locally Lipschitzian around T. Then we have

DH(z)(z) C OcH(z)z for all z € R". (5.15)

Proof. Pick w € DH(Z)(z) and get by Proposition 2.3(c) and Definition 2.2 a sequence of

tr J 0 as k — oo such that

H(x — H(x
w— lim (T + trz) ($)

5.16
k—00 ik ( )

It is easy to see from (5.16) and the definition of the Thibault derivative (5.11) that we have
w € DrH(Z)(z). Then the desired result w € dcH(z) follows from (5.12). O

Inclusion (5.15), which may be strict as illustrated by Example 5.11 below, shows that
our generalized Newton algorithm 5.1 based on the graphical derivative provides in the case
of Lipschitz equations (1.3) a more accurate choice of the iterative direction d* via (5.1) in

comparison with the iterative relationship

— H(z) e ocH(2M)d*, k=0,1,2,..., (5.17)
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used in the semismooth Newton’s method [57] and related developments [33, 36] based on the
generalized Jacobian. If in addition to the assumptions of Proposition 5.10 the mapping H is
directionally differentiable at z, then DH(z)(z) = {H'(Z; z)} by Proposition 2.3(c,d). Thus in
this case we have from Proposition 5.10 that for any z € R™ there is A € 0cH (%) such that
H'(z;z) = Az, which recovers a well-known result from [57, Lemma 2.2].

The following example shows that the converse inclusion in Proposition 5.10 is not satisfied in
general even with the replacement of the set DH (Z)(z) in (5.15) by its convex hull coDH (Z)(z)
in the case of real functions. Furthermore, the same holds if we replace the generalized Jacobian

in (5.15) by the smaller B-subdifferential 0g H(Z) from (5.9).

Example 5.11 (graphical derivative is strictly smaller than B-subdifferential and
generalized Jacobian). Consider the simplest nonsmooth convex function H(z) = |z| on R.

In this case dpH(0) = {—1,1} and 0cH(0) = [—1,1]. Thus

0pH(0)z = {—1,1} and JcH(0)z = [—-1,1] for z=1.

Since H(x) = |z| is locally Lipschitzian and directionally differentiable, we have

DH(0)(z) = {H'(0;2)} = |2| = {1} for z=1.

Hence it gives the relationships

DH(0)(z) = co{ DH(0)(2)} C 0pH(0)z C dcH(0)z,

where both inclusions are strict. Observe also the difference between the convexification of the
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graphical derivative and of the coderivative; in the latter case we have equality (2.15).

As mentioned in Section 1, there is an improvement [56] of the iterative procedure (5.17)

with the replacement the generalized Jacobian therein by the B-subdifferential

— H(z%) e 9pH(2®)dF, k=0,1,2,.... (5.18)

Note that, along with obvious advantages of version (5.18) over the one in (5.17), in some settings
it is easier to deal with the generalized Jacobian than with its B-subdifferential counterpart due
to much better calculus and convenient representations for dcH (Z) in comparison with the case
of OpH (Z), which does not even reduce to the classical subdifferential of convex analysis for
simple convex functions as, e.g., H(z) = |z|. A remarkable common feature for both versions in
(5.17) and (5.18) is the efficient semismoothness assumption imposed on the underlying mapping
H to ensure its local superlinear convergence. This assumption, which unifies and labels versions
(5.17) and (5.18) as the “semismooth Newton’s method”, is replaced in our generalized Newton’s
method by assumption (H2). Let us now recall the notion of semismoothness and compare it
with (H2).

A mapping H: R™ — R™, locally Lipschitzian and directionally differentiable around Z, is

semismooth at this point if the limit

im, {1} 319

A€dc H(T+th)

exists for all z € R"; see [21, Definition 7.4.2]. This notion was introduced in [44] for real-valued
functions and then extended in [57] to the vector mappings for the purpose of applications to a

nonsmooth Newton’s method. It is not hard to check [57, Proposition 2.1] that the existence of
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the limit in (5.19) implies the directional differentiability of H at Z (but may not around this
point) with

H'(z;2) = lim {Ah} for all z € R™
h—z, tl0
A€dc H(z+th)

One of the most useful properties of semismooth mappings is the following representation for

them obtained in [54, Proposition 1]:

|H(z + 2) — H(Z) — Az| = o(|2]|) for all z—0 and A€ dcH(Z + 2), (5.20)

which we exploit now to relate semismoothness to our assumption (H2).

Proposition 5.12 (semismoothness implies assumption (H2)). Let H: R" — R™ be

semismooth at . Then assumption (H2) is satisfied.

Proof. Since any semismooth mapping is Lipschitz continuous on a neighborhood U of Z,

we have by Proposition 2.3(c) that

DH(z)(z — x) = DH(z)(z — z) for all z € U.

Proposition 5.10 yields therefore that

DH(z)(Z — z) C 8cH(x)(Z — ) whenever z € U.

Given any v € DH(z)(Z — x) and using the latter inclusion, find a matrix A € d¢H (z) such

that v = A(Z — z). Applying finally property (5.20) of semismooth mappings, we get

|H(z) — H(Z) + || = [H(z) - H(z) — A(z - Z)|| = of[|lz — 2)) forall ze€U,
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which thus verifies (H2) and completes the proof of the proposition. O
Note that the previous proposition actually shows that condition (5.20) implies (H2). The
next result states that the converse is also true, i.e., we have that assumption (H2) is completely

equivalent to (5.20) for locally Lipschitzian mappings.

Proposition 5.13 (equivalent description of (H2)). Let H: R" — R™ be locally Lips-

chitzian around %, and let assumption (H2) hold with some neighborhood U therein. Then

|H(x) — H(z) — Az — 2)|| = o(||x — z||) forall x €U and A€ dpH(x). (5.21)

Therefore assumption (H2) is equivalent to (5.20).

Proof. Arguing by contradiction, suppose that (5.21) is violated and find sequences xj, — ,

Ay, € OpH (1) and a constant v > 0 such that

[1H (xy) = H(z) = Az = 2)|| 2 yll =i, kel

By the Lipschitz property of H and by construction (5.9) of the B-subdifferential there are

points of differentiability uj € Sy close to xp with H'(uy) sufficiently close to Ay satisfying

1H (up) — H(z) — H' (ug)(u, — 7)|| = 3|7 —will, k€N,

Then Proposition 2.3(c,f) gives us the representations

DH (up)(Z — ug,) = DH (u,)(Z — ug,) = —H' (ug) (up, — )
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for all k£ € N, which imply therefore that
|H (up) — H(Z) +v|| > 3|7 — ug|| whenever v € DH(u)(% —ug), keN.

This clearly contradicts assumption (H2) for k sufficiently large and thus ensures property (5.21).
The equivalence between (H2) and (5.20) follows now from the implication (H2)=—=(5.21) and
the proof of Proposition 5.12. O

It is well known that, for the class of locally Lipschitzian and directionally differentiable
mappings, condition (5.20) is equivalent to the original definition of semismoothness; see, e.g.,
[21, Theorem 7.4.3]. Proposition 5.13 above establishes the equivalence of (5.20) to our major
assumption (H2) provided that H is locally Lipschitzian around the reference point while it may
not be directionally differentiable therein. In fact, it follows from Example 5.15 that assumption
(H2) may hold for locally Lipschitzian functions, which are not directionally differentiable and
hence not semismooth. Let us now illustrate that (H2) may also be satisfied for non-Lipschitzian

mappings, in which case it is not equivalent to property (5.20).

Example 5.14 (assumption (H2) holds for non-Lipschitzian one-to-one mappings).

Consider the mapping H: R? — R? defined by

H(x1,29) := (932\/ |z1| + ]$2|3,x1) for z1,x2 € R. (5.22)

It is easy to check that this mapping is one-to-one around (0,0). Focusing for definiteness on

the nonnegative branch of the mapping H, observe that at any point (z1,22) € R? with either
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x1,x9 > 0, the classical Jacobian JH (x1,x2) is computed by

T2 3x2
—— \/ 1+ s+

JH(z1,22) = 24/x1 + TH l‘1+$
1 0

Setting z1 = 73, we see that the first component

T2 i)

2 ml—l—x% B 2\/ajg—|—m§

is unbounded when x1, zo | 0. This implies that the Jacobian JH (x1, z2) is unbounded around
(Z1,Z2) = (0,0), and hence H is not locally Lipschitzian around the origin.
Let us finally verify that the underlying assumption (H2) is satisfied for the mapping H in

(5.22). First assume that x1, 22 > 0. Then we need to check that

”H(thxg) — H(fhfg) -+ JH($1,$2)(—$1, —aZQ)H
g T1X2 g 3:U§1
To\/T1 + T — —F——— — X2/ 21 F T — ———
2 2\/931-1—9:% 2 2\/1‘1-}-56%
= 0(\/33% —i—x%)

The latter surely holds as (z1,z2) — (0,0) due to the estimates

_ T1T2 330‘21
2\/331 + 3 2\/3:1 + 3

xT1X9 < 1
2y/21 +a3/af + a3 T /a1 + a3

S V21,

4 3
35 35

2\/1‘1 +x§\/m% + 23 T 2y/x1 + 23

< 31"27

which thus justify the fulfillment of assumption (H2) in this case. The other cases where
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21> 0,29 <0orz <0,z >0o0r x; <0,z2 <0 or, finally, 21 = 0, z9 arbitrary (here H is not

differentiable) can be treated in a similar way.

To complete our discussion on the major assumptions in this section, let us present an exam-
ple of a locally Lipschitzian function, which satisfies assumptions (H1) and (H2) being locally
one-to-one and metrically regular around the point in question while not being directionally
differentiable and hence not semismooth at this point. Other examples of this type involving
Lipschitzian while not directionally differentiable functions useful for different versions of the

generalized Newton’s method can be found in [21, 33, 36].

Example 5.15 (non-semismooth but metrically regular, Lipschitzian, and one-to-
one functions satisfying (H1) and (H2)). We construct a function H: [-1,1] — R in the
following way. First set H(z) := 0 at £ = 0. Then define H on the interval (1/2,1] staying

between two lines

in the following way: start from (1,1) and let H be continuous piecewise linear when = goes
from 1 to 1/2 with the slope 14+1/4 and then with the slope 1/2 — 1/4 alternatively until
reaches 1/2. Consider further each interval (27%,2=(*=1)] for k = 2,3,... and, starting from
the point (2*(]“*1), 2*(]“*1)), define H to be continuous piecewise linear with the corresponding

slopes of either 1 +272% or 1 — 2=% — 272% gtaying between the two lines
1 1
(1 — —)x + —- < H(z) <. (5.23)

Thus we have constructed H on the whole interval [0,1]. On the interval [—1,0], define the

function H symmetrically with respect to the origin. Then it is easy to see that H in continuous
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on [—1,1] and satisfies the following properties:
e H is clearly Lipschitz continuous around z = 0.
e Since H is continuous and monotone with a positive uniform slope, it is one-to-one and

metrically regular around Z, which directly follows, e.g., from the coderivative criterion

(2.18). This ensures the fulfillment of assumption (H1) by Proposition 5.8.

e To verify assumption (H2), fix k € N and z € (27%,2=*~1] and then pick any

1 1 1

ve DH(z)(Z — ) C [1_ 7

Since T = 0, the latter implies that

1 1 1
(1 g)r o< (1o g5~ g )
Thus we have by (5.23) and simple computations that

) 1 1 1 1 _
|H(z) — H() + o] < splol + 537 + 55 = o(55) = olla — ),

which shows that assumption (H2) is satisfied. In fact, it follows from above that the

latter value is O(272%) = O(||lz — z|?).

e Let us finally check that H is not directionally differentiable at x; = 27% for any k € N;
therefore it is not directionally differentiable around the reference point & = 0 and hence

not semismooth at z. Indeed, this follows directly from computing the graphical derivative

by
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which is not single-valued at xj, and thus H is not directionally differentiable at x; due

to Proposition 2.3(c,d).

5.3 Application to the B-differentiable Newton Method

In this section we present applications of the graphical derivative-based generalized Newton’s
method developed above to the B-differentiable Newton’s method for nonsmooth equations
(1.3) originated by Pang [52].

Throughout this section, suppose that H: R™ — R" is locally Lipschitzian and directionally
differentiable around the reference solution z to (1.3). Proposition 2.3(c,d) yields in this setting

that the generalized Newton equation (5.1) in our Algorithm 5.1 reduces to

— H(z%) = H'(«%; d") (5.24)

+1

with respect to the new search direction d* and that the new iterate z**! is computed by

= aF 1 dF k=0,1,2,.... (5.25)

Note that Pang’s B-differentiable Newton’s method and its further developments (see, e.g.,
[21, 26, 53, 56, 57]) are based on Robinson’s notion of the B(ouligand)-derivative [58] for non-
smooth mappings; hence the name. As was then shown in [64], the B-derivative of a locally
Lipschitzian mapping agrees with the classical directional derivative. Thus the iteration scheme
in Pang’s B-differentiable method reduces to (5.24) and (5.25) in the Lipschitzian and direc-
tionally differentiable case, and so we keep the original name of [52].

The next theorem shows what we get from applying our local convergence result from

Theorem 5.3 and the subsequent analysis developed in Sections 3 and 4 to the B-differentiable
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Newton’s method. This theorem employs an equivalent description of assumption (H2) held in
the setting under consideration and the coderivative criterion (2.18) for metric regularity of the

underlying Lipschitzian mapping H ensuring the validity of assumption (H1).

Theorem 5.16 (solvability and local convergence of the B-differentiable Newton’s
method via metric regularity). Let H: R™ — R" be semismooth, one-to-one, and metrically

reqular around a reference solution T to (1.3), i.e.,

0€d(z,H)(z) = z=0. (5.26)

Then the B-differentiable Newton’s method (5.24), (5.25) is well defined (meaning that equation

(5.24) is solvable for d* as k € N) and converges at least superlinearly to the solution .

Proof. Since H is locally Lipschitzian around Z, the coderivative criterion (2.18) is equiv-
alently written in form (5.26) via the limiting subdifferential (2.10) due to the scalarization
formula (2.16). Applying Theorem 5.3 to the B-differentiable Newton’s method, we need to
check that assumptions (H1) and (H2) are satisfied in the setting under consideration. In-
deed, it follows from Proposition 5.13 and the discussion right after it that (H2) is equivalent
to the semismoothness for locally Lipschitzian and directionally differentiable mappings. The
fulfillment of assumption (H1) is guaranteed by Proposition 5.8. U

More specific sufficient conditions for the well-posedness and superlinear convergence of the

B-differentiable Newton’s method are formulated via of the Thibault derivative (5.11).

Corollary 5.17 (B-differentiable Newton method via Thibault’s derivative). Let
H: R™ — R" be semismooth at the reference solution point T of equation (1.3), and let condition

(5.13) be satisfied. Then the B-subdifferential Newton’s method (5.24), (5.25) is well defined and
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converges superlinearly to the solution .

Proof. Follows from Theorem 5.16 and Proposition 5.9. O

Observe by the second inclusion in (5.12) that the assumptions of Corollary 5.17 are satisfied
when all the matrices from the generalized Jacobian 0-H (Z) are nonsingular. In the latter case
the solvability of subproblem (5.24) and the superlinear convergence of the B-differentiable
Newton’s method follow from the results of [57] that in turn improve the original ones in [52],
where H is assumed to be strongly Fréchet differentiable at the solution point.

Further, it is shown in [56] that the B-differentiable method for semismooth equations (1.3)
converges superlinearly to the solution z if just matrices A € dpH(Z) are nonsingular while
assuming in addition that subproblem (5.24) is solvable. As illustrated by the example presented
on pp. 243-244 of [56], without the latter assumption the B-differentiable Newton method may
not be well defined for semismooth mappings H on the plane with all the nonsingular matrices
from dpH(Z). We want to emphasize that the solvability assumption for (5.24) is not imposed
in Theorem 5.16—it is ensured by metric regularity.

Let us now discuss interconnections between the metric regularity property of locally Lips-
chitzian mappings H: R” — R” via its coderivative characterization (5.26) and the nonsingu-
larity of the generalized Jacobian and B-subdifferential of H at the reference point. To this

end, observe the following relationships between the corresponding constructions.

Proposition 5.18 (relationships between the B-subdifferential, generalized Jacobian,
and coderivative of Lipschitzian mappings). Let H: R"™ — R™ be locally Lipschitzian

around . Then we have

OpH(z)'2 C 9(2,H)(Z) C 0cH(Z)" 2 for all z € R™, (5.27)
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where both inclusions in (5.27) are generally strict.

Proof. Recall that the middle term in (5.27) expressed via the limiting subdifferential
(2.10) is exactly the coderivative D*H (z)(z) due to the scalarization formula (2.16) for locally
Lipschitzian mappings. Thus the second inclusion in (5.27) follows immediately from the well-
known equality (2.15) involving convexification, and it is strict as a rule due to the usual
nonconvexity of the limiting subdifferential; see [47, 61].

To justify the first inclusion in (5.27), observe that the limiting subdifferential 0f(Z) of every
function f: R™ — R continuous around Z admits the representation

df(z) = Limsup 0f () (5.28)

T—T
via the outer limit (2.1) of the Fréchet/regular subdifferentials

~

of (x) := {p eR"

lim inf
u—z Ju— ||

flu) = f@) = pu—z) 0} (5.29)

of f at z; see, e.g., [47, Theorem 1.89]. We obviously have from (5.29) that 8f(z) = {f'(z)} if
f is (Fréchet) differentiable at z with its derivative/gradient f'(Z).

Having the mapping H = (h1,...,hy): R™ — R™ in the proposition and fixing an arbitrary

vector Z = (Z1,...,2Zn) € R™, form now a scalar function fz: R" — R by
m
(x) =) Zhi(x), xR (5.30)
i=1

Then the first inclusion in (5.27) amounts to say that

opH(z)'z C 0f:(z). (5.31)
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To proceed with proving (5.31), pick any matrix A € dgH(Z)"zZ and denote by a; € R",
i = 1,...,n, its vector rows. By definition (5.9) of the B-subdifferential 0pH(Zz) there is a
sequence {z¥} C Sy from the set of differentiability (5.8) such that z*¥ —  and H'(zF) — A

as k — oo. It is clear from (5.30) that the function f; is differentiable at each z* with

m m
Tz = Zzh;(mk) — Zziai =AT7Z as k — .
i=1 i=1

Since 0 fz(z%) = {fL(2*)} at all the points of differentiability, we arrive at (5.31) by representa-
tion (5.28) of the limiting subdifferential and thus justify the first inclusion in (5.27).

To illustrate that the latter inclusion may be strict, consider the function H(x) := |z| on R.

Then OpH(0)z = {—z, 2} for all z € R, while

[—z,2] for z>0,
J(zH)(0) = D*H(0)(z) =

{=z,2z} for z<0.

This completes the proof of the proposition. O

It follows from Proposition 5.18 in the case of Lipschitzian transformations H: R — R"
that the nonsingularity of all the matrices A € dcH (Z) is a sufficient condition for the metric
regularity of H around Z due to the coderivative criterion (5.26) while the nonsingularity of all
A € OpH(Z) is a necessary condition for this property. Note however, as it has been discussed
above, that the nonsingularity condition for dpH(Z) alone does not ensure the solvability of
subproblem (5.24) in the B-differentiable Newton’s method, and thus it cannot be used alone
for the justification of algorithm (5.24), (5.25) in the B-differentiable semismooth case. Fur-
thermore, we are not familiar with any verifiable condition to support the nonsingularity of

OpH (%) in the full justification of the B-differentiable Newton’s method.
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In contrast to this, the metric regularity itself, via its verifiable pointwise characterization
(5.26), ensures the solvability of (5.24) and fully justifies the B-differentiable Newton’s method
with its superlinear convergence provided that the mapping H is semismooth and locally in-
vertible around the reference solution point. Note that the nonsingularity of the generalized
Jacobian O H (z) implies not only the metric regularity but simultaneously the semismoothness
and local invertibility of a Lipschitzian transformation H: R™ — R". However, the latter con-
dition fails to spot a number of important situations when all the assumptions of Theorem 5.16
are satisfied; see, in particular, Corollary 5.17 and the corresponding conditions in terms of
Warga’s derivate containers discussed right after Corollary 5.9. We refer the reader to the spe-
cific mappings H: R? — R? from [37, Example 2.2] and [69, Example 3.3] that can be used to

illustrate the above statement.

5.4 Concluding Remarks
In this chapter we develop a new generalized Newton’s method for solving systems of nonsmooth
equations H(z) = 0 with H: R™ — R"™. Local superlinear convergence and global (of the Kan-
torovich type) convergence results are derived under relatively mild conditions. In particular,
the local Lipschitz continuity and directional differentiability of H are not necessarily required.
We show that the new method and its specifications have some advantages in comparison with
previously known results on the semismooth and B-differentiable versions of the generalized
Newton’s method for nonsmooth Lipschitz equations.

Our approach is heavily based on advanced tools of variational analysis and generalized
differentiation. The algorithm itself is built by using the graphical/contingent derivative of H,
while other graphical derivatives and coderivatives are employed in formulating appropriate as-

sumptions and proving solvability and convergence results. The fundamental property of metric
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regularity and its pointwise coderivative characterization play a crucial role in the justification
of the algorithm and its satisfactory performance.

In the other lines of developments, it seems appealing to develop an alternative Newton-type
algorithm, which is constructed by using the basic coderivative instead of the graphical deriva-
tive. This requires certain symmetry assumptions for the given problem, since the coderivative
is an extension of the adjoint derivative operator. Major advantages of a coderivative-based
Newton’s method would be comprehensive calculus rules held for the coderivative in contrast
to the contingent derivative, complete coderivative characterizations of Lipschitzian stability,
and explicit calculations of the coderivative in a number of settings important for applications.

The details of these ideas are part of our future research.




164

Chapter 6

Damped Newton’s method

6.1 The Damped Newton’s Algorithm

In this section, we present the damped Newton’s algorithm together with the standing assump-
tions. These conditions are needed to realize the algorithm and its the convergence results. We
first let v : R; — R4 be a continuous nondecreasing function satisfying (¢) 4 0 as t | 0. Let

n:R™ x R” — R, be a continuous function satisfying

1
7 := limsup n(x,u) < — for some given M > 0.
210 M

To begin our analysis, we assume the following assumptions

(G1) DH() satisfies the y-range

diam DH(x)(d) < ~(||H(z)||) for all ||d| =1.

(G2) DH(-) satisfies the n-approximation
H(z +u) — H(z) € DH(z)(u) + n(z, u)|lul B,

for all small ©v € R™.

(G3) H is canonically uniformly continuous in the following sense: For all £, > 0, there exists

d = d(r,e) > 0 such that

|H(z+u) — Hz)|<e , forallzeq ||H(z)|>r, |ul<s.
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Briefly, assumption (G1) requires the “size” of the graphical derivative of H at each direction
should not be too large as ||H (x)|| — 0. In this scheme, v serves as a gauge function depending on
||H(x)| only. Assumption (G2) indicates that the graphical derivative could well-approximate
the function difference H(x +u)— H(z) up to some error proportional to ||u|| (or probably even
superlinear to ||u|| when we impose some assumptions on 7). Finally, assumption (G3) suggests
some uniform continuity away from the zero points of H, which is obviously fulfilled in the case
H is Lipschitzian. Moreover, this assumption makes sense in the case H is not Lipschitzian at
zero points.

We now present the damped Newton’s method, also known as Newton’s method with line-
search. The algorithm was first introduced in [52], and later studied in [54, 56]. To start, we

define the region of convergence € by

Q::{xeR"

lH@I <~ (572) )

where we mean v !(a) = sup{z|y(z) = a} as convention. The fact that £ might be open,
however, does not interfere our analysis in the sequel. In our argument, we will always assume
all the level set is bounded and hence (2 is bounded. We also choose some “slope”-parameter
o € (0,1). The parameter o will play some role in the convergence of the algorithm. Indeed, for

each starting point 20 € Q, we will choose a suitable ¢ such that the algorithm is executable.

Algorithm 6.1 (Generalized Damped Newton’s method). Let 5 € (0,1) be a given

scalar.
(5.0) Choose a starting point z° € Q.

(S.1) Check a suitable termination criterion.




166

(5.2) Compute d* € R™ such that (5.1) holds, i.e.,

—H($k) € DH(azk)(dk),

and ||d*|| < M| H (z*)].

(S.8) Let oy, = ™ where my, is the first nonnegative integer m for which

q(z" + pmd*) — q(a*)

o < —oq(a") (6.1)

(8.4) Set a*+1 = 2% + opd®, k« k+1, and go to (S.1).

The crucial matter in Newton’s method is that solving the Newton equation (5.1) must be
easier than solving the original equation (1.3), otherwise the Newton’s method would be useless.
Therefore, the solvability of the Newton equation should be taken into account. Let us mention
that Proposition 5.2 provides a result of solvability based on metric regularity. In addition, the
proof of Proposition 5.2 shows that the solution d of (5.2) also satisfies ||d|| < p||H (z)|]. Thus,
it implies that Step (S.2) is always accomplished if we set M to be any constant larger than the
metric regularity modulus of H.

Our next task is to verify that direction d in Step (S.2) produces a descent direction, which

consequently implies the realization of Step (S.3).

Lemma 6.2 (descent direction). Let (G1) hold and assume that d # 0 is taken from Step
(S.2), i.e., d is a solution to

—H(xz) € DH(x)(d)

with ||d|| < M||H(x)||. The following hold
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(i) If x € Q and H(x) # 0 then d is a descent direction of q at x.
(i) If the parameter o <1 — M~(||H(z)||), then step (S.3) is realized.

Proof. By assumption we have —% € DH(x)(ﬁ). Using (G1) we have

DH(x)(y) € =ik + B

Since ||d|| < M||H (z)||, it follows that
DH(x)(d) C —H(z) + M| H(z)||vB.

Since H(x) is finite, one has DH (z)(d) is bounded. It follows that

H M) — H
Limsup || L&+ 2D = H(z) ‘ < +o0. (6.2)
A—0 A
We define the distance
H ) — H
TA:rQﬁﬂMt< (z+ ; @%DH@x@>,

and that,

H(z+ M) — H(z)
A

€ DH(z)(d) + r\IB.

We claim that r) | 0 as A | 0. Indeed, suppose it is not the case and there is § > 0, A\; | 0 such

that ry, > ¢ > 0, from (6.2) we may assume that

H(z + \d) — H(x)
Ak

— v e DH(2)(d).
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This is a contradiction to r), > ¢ and verifies our claim. Now one has

q(z + Ad) — q(x)
A

N~ N~ N~

[H( -+ 2d) + H()| TH@+ Ai) - H(“””)]

[H (o + M) + H(x) ! DH()(d) +r\B]

N

[H(z+ M)+ H(2)| |~ H(z) + M|[H(z) |71 + rB]

N

N
|
[

; [H(az +Ad) + H(m)] N

1 T ) T
+§[H(m+)\d)+H(x)] M\|H(x)||713+E[H(xﬂdwﬂ(x)} B

That implies

q(ﬂfﬂ”‘i) —a(@) _% H(z+ ) + H(z)| H(x)+

1 X
+5lH (@ +Ad) + H(2)||. M| H (2)lly + Z[|H (2 + Ad) + H()]|
Letting A | 0, we arrive

o sup 40 Ad) — 0(2)

3 < —|H(@)|? + | H ()|]* M~
A0

= (=14 M) IH@)? < 2( = 1+ M) g(a).

The last inequality follows from v = ~(||H(z)]|) < 1_7]\]4\477 due to the fact that x € Q. This

guarantees d is a descent direction of ¢ at . Moreover, since ¢ < 1 — yM, one has for m large

q(z + B™d) — q(x)
Bm

< —oq(x).

This verifies Step (S.3) in Algorithm 6.1 and completes the proof. O
Note that when the graphical derivative is singleton, i.e., H is directionally differentiable,

one has v = 0 and Lemma 6.2 goes back to Pang [52, Lemma 1].
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Theorem 6.3 (Algorithm executability). Assume that (G1) holds and H is metrically

reqular with modulus < M. For a starting point x° € Q, we choose the parameter

0<o<1—My(|HE=)).

Then Algorithm 6.1 generates a sequence {x*} satisfying || H (x*T1)|| < ||[H(2®)| for all k, hence

{zk} remains in Q.

Proof. Starting at 2°, by Lemma 6.2 we have d° is a descent direction and find o by step

(S.3) such that

q(z° + apd”) — q(2°)

< —aq(z").
” oq(z”)

Hence g(z') < (1 —0)q(2?) with ! = 20 +agd, i.e., |H(x!)|| < ||H(2)||. That implies ! € Q
and that

o <1—My([H (@) <1 - My(H(h]),

which in turn implies the procedure is executable at z' by Lemma 6.2. The proof is then

complete by using induction. O

6.2 Convergence Analysis
In this section, we justify the convergence of Algorithm 6.1 under the assumptions made. The
following results present our convergence analysis. Let us mention that Theorem 6.4 is modified

from Pang [52].

Theorem 6.4 (Preliminary convergence analysis). Assume (G1) holds and Algorithm 6.1
is executable, in particular, H is metrically regular on Q with some modulus p < M. Let {x*}

with the corresponding oy be the sequence gemerated by Algorithm 6.1. Assume further that
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H(z*) # 0 for all k and that limsupy o, > 0. Then {z}} converges to a zero of H.

Proof. The sequence {q(z¥)} is nonnegative and decreasing, thus it converges and

lim (q(2%) — q(a"™)) = 0.

k—o0

Due to (6.1) one has

lim apq(z®) = 0.
k—o0

By extracting a subsequence, we assume that lim az, = C' > 0 then lim q(mkl) = 0. Since
l—00 l—o00

{q(2*)} is decreasing, it implies the whole sequence {g(z*)} decreases to zero as k — oo.

From (6.1), we have

oagq(zh) ooy,

\/q(g:k) - \/q(xkﬂ) > \/q(:Ek) 4 \/q(ajk“) =z 2 q(xk),

which implies

1 ()| = 1 ("] = %IIH(&“'“)II'

Now one has

2M
25 — a¥|| = ag|d®|| < Mag|| H (2")] < T(IIH(wk)H - IIH(:C'““)H)-

Inductively, one has for all p that

2M

2M
a7 — b)) < 2= (@] - @) < S HE| 50 as k- oo

This verifies {z*} is a Cauchy sequence, thus converges to some Z which is obviously a zero of




171

H. The proof is now complete. O

Theorem 6.5 (Convergence analysis). Assume (G1)-(G3) hold and Algorithm 6.1 is exe-
cutable, in particular, H is metrically regular in Q with some modulus p < M. Then for any
starting point 29 € Q, there exists o > 0 for Algorithm 6.1 such that the generated sequence

{a*} converges to a zero of H.

Proof. Since z° € €, one has ||H(2%)|| < v~* (1_]\2/[’7). Therefore, we can choose o such

that

1@ <t (M),

which means

o <1—Mij—My(|H()]).

The choice of o guarantees Algorithm 6.1 is executable by Theorem 6.3. We denote {z*}
the sequence generated by Algorithm 6.1 with our choice of . Then it is clear from Lemma 6.2
and Theorem 6.4 that ||H (2")|| is decreasing.

Suppose limsupay > 0 then the conclusion follows from Theorem 6.4 and we finish the
k—o0

proof. So our remaining task is to prove the remaining case when klim a = 0.
— 00

To furnish, we first claim that ||H(z*)|| — 0. Suppose by contrary that there is r > 0 such

that ||H(z*)|| > = for all k. By the choice of oy, the scalar %“ does not satisfy (6.1), i.e.,

alat + 2 db) - q(a*) -
Ay = il > —oq(at) = 2| H(")|. (6.3)
B

Employing (G2) with u = Ad, we find 6 > 0 such that

H(z + M) — H(z)
)

€ DH(x)(d) + nl|d| B
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whenever [|[Ad|| < ¢ and x € Q. Now employing (G3), take £ > 0 small we shrink § such that

|H(z + Ad) — H(z)|| <& whenever [|Ad| <.

Now since C := |[H(z%)|| > ||H ()| > 7, ax | 0 and ||d*|| < M| H(z*)]||, we have

1%d*| < & for all large k.

Therefore, (G2) implies for large k that

H(2% + %d¥) — H(a¥)

ax € DH(z")(d") + il|d" || B.
B

Similar to Lemma 6.2, we have
DH (a*)(d*) + nl|d*||B C —H («") + | H (") .My B + M7 H (") || B,

where we denote v, = v(||H(z*)||) for brevity in notation. Define 2u := H (2* + %dk) — H(z"),

then due to (G3) we have ||2u|| < ¢, and thus

q(aF + %dF) —q(a®) 1 . T
A = ﬁ% = 7|:H(l‘k—|—?kdk)—|—H($k)} |: an
5 : 5

H(ah + %db) - H(xk)}

€ [H(a") +u] [~ H@) + | HEH)| My + M| H(a)|B]

So we have the estimate

_ € _
A <~ H )P+ | H )P0+ M) + 5[ H ) (1+ Mo+ M),
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Choose ¢ small such that the second term on the right hand side is less than %7‘2, then

g g
Ak < | H@P( =1+ Moy, + Mi) + 70% < [H@S) P (= 1+ My + M+ 7).

Combining this with the estimate (6.3) we have

g g
— 5 <=1+ My + Mij+ 5 (6.4)

Due to || H (z%)| < |[H(2°)| < v~* (170]\77]\/[), we have v, = (|| H(z*|)) < % Thus from
(6.4),
o %

g
—2<1+(0-0c—qM)+Mpj+ > =
5 S 1+ (1 —o—aM)+Mij+ T

which is a contradiction. This verifies our claim that ||H (z¥)| — 0.
Finally, using the same argument in Theorem 6.4, we conclude that {z*} converges to some

Z which is a zero of H. The proof is now complete. U

Remark 6.6 Comparing to [52], Theorem 6.4 and 6.5 show one special feature that the sequence
of iterates {z*} converges solely to a single zero of H. Of course, the original equation might

have more than one solution.

In the rest of this section, we provide some result on the convergence rate of the algorithm.
Suppose we can choose aj = 1 for all k large in Step (S.3) of Algorithm 6.1. In this case, the
damped Newton’s method becomes the Newton’s method in classical sense, which is also known
as pure Newton’s method. Generally, the pure Newton’s method is very appealing due to its

superlinear convergence under mild assumptions.

Theorem 6.7 (pure Newton’s method). Assume (G1), (G2), (G3) hold and Algorithm 6.1
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is executable, in particular, H is metrically regular in Q with some modulus u < M. Assume

further that

7 = limsup n(z,u) < ‘/]5\/[_1.
| H (z)][—0
[|w||—0

Then:

(i) For any starting point z° € €, there exists o > 0 for Algorithm 6.1 such that the

generated sequence {xk} converges to a zero of H.

(i1) Algorithm 6.1 eventually becomes the pure Newton’s method, i.e., oy, = 1 for k large,

or equivalently, for all k large the iterations are given by

MU= gb L db with dF solves — H(a") € DH(2%)(d").

(@ii) There exists a constant C > 0 such that one has the error estimate

|zF — z|| < C(1 - )% for all k large. (6.5)
where T is a zero of H.
Proof. Let 77:= limsup 7(x,u) and choose the parameter o such that
I1H ()], ]|w[40

0 <o <min{4—2(1+7M)*1— Mqy— My(|HE=")|)}.

Let {2} be the iterations generated by Algorithm 6.1. It is clear that all conclusions in Theorem
6.5 hold, which verifies (7). To prove (ii), we show that eventually o = 1 for all k large.

Since ||H(z*)|| — 0, one has ||d*|| < M| H(z*)|| — 0 and v = ~(||H(2*)||) — 0 as well. For
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k large one has by (G2) that
H(a" +d") — H(«") € DH(a")(d") + my|ld"|| B

C —H(2") + (Mo + M) || H (z*) || B,

where n, = n(ry,) for rp = sup  ||H (2" + v)||. This implies
lloll<lld¥ |

H(z* 4+ d*) + H(z%) € H(z*) + (M~ + Mn) || H(z*)| B.

One has

2 q(z* + d*) — q(xk)} = [H(xk +d*) + H(xk)}T[H(xk +d¥) — H(:ck)}

c [H@*) + O+ M) [HEHIB] |~ Bk + (Mo + M| H o) B].

So

2[a(a* +d") — (") < —I1H @) + 20 H@)P (M + M) + |1 H @) |2 (Mo + May)?
= [H(@)P( = 1+ 2(Moy + M) + (Mo, + Mige)?)

= q(xk)< —4+2(14+ My +M77k)2).

Take k — oo, then ¥ — z and ||d*||, ||H (z*)|| — 0, so 7 — 0 by the continuity of H. This

implies v, — 0 and 1y — 7. It follows that for k sufficiently large
—4+2(1 + My, + Mnk)2 < —o.

Hence one has

ala® + d¥) - q(a*) < —oq(a"). (6.6)
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This implies (6.1) in step (S.3) of Algorithm 6.1 is satisfied with ay = 1, for all k large.

It remains to prove (ii¢). From the argument in Theorem 6.4, one has

l* — 2P| < 22| H ()],

Let p — oo, one has

lo* — 2| < 2| H (") = Cy/a(zh).

From (6.6) one has

q(z¥) < (1 = 0)q(z*"Y) for k large.
Combining the last two relations, we verify (iii). The proof is now complete. O

Theorem 6.8 (pure Newton’s method with superlinear convergence). Assume (G1),
(G2) and (G3) hold and Algorithm 6.1 is executable, in particular, H is metrically reqular in
with some modulus p < M. Assume further that

lim n(z,u) =0.

[IH (z)[|—0
lull—0

Then all conclusions of Theorem 6.7 hold. Moreover, the rate of convergence is superlinear.

Proof. It is obvious that all conclusions in Theorem 6.7 hold. It remains to prove that the
convergence rate is superlinear. Let {2*} be the iterations generated by Algorithm 6.1 which

converges to a zero T of H. It follows from the proof of Theorem 6.7 that

|27 — || < 2M || H (2" for all k.
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Using —H (z*) € DH (2%)(2*+1 — 2F) for k large, we continue the estimate as follows

|H (") = || H (") = H(z") + H(")]|
< dist (H(a**1) = H(a*); DH(a*) (@ — aF)) + diam DH (%) (2" ! — 2%)
< gl — 2P 4 |l — 2

k41

Ll

= (M + )2 ol

where v = Y(||H(2¥)|) and nx = n(x*,d*). Since ||H(z)||,||d*|| | 0, we have that both

Vs M — 0.

Now for any small € > 0, with %k sufficiently large one has
2"+ = z|| < ef|la™ — 2| < el — 7| +ela® - z).

It follows that

9

="t — 2| < lz* — 2| < 2el|2* — =],

1—¢

k+1

which implies ||2*+1 — Z|| = o(||2* — Z||), i.e., the convergence rate is superlinear. O

Remark 6.9 Under the assumptions in Theorem 6.8, one can consider the damped Newton’s
method as a “hybrid” algorithm. That means it has two phases: the first phase is applied for
global convergence as we need to be sufficiently closed to the solution, while the second phase

is the pure Newton’s method which will converge superlinearly.

Theorem 6.10 (pure Newton’s method with locally superlinear convergence). As-

sume (G1), (G2) and (G3) hold on some region Q' and Algorithm 6.1 generates a sequence {x*}
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converges to an isolated zero T € Q) of H. Assume further that

lim n(z,u) = 0.
[lullL0

Then {z*} becomes the pure Newton’s iterations in some neighborhood U of T and the rate of

convergence s superlinear.

Proof. Pick some neighborhood U of Z such that

n(z,u) < ‘/Ej_l for all z,x 4+ u e U.

Since {z*} converges to Z, we may assume z° € U. Then the rest of the proof is similar to

Theorem 6.7 and Theorem 6.8. O

6.3 Discussion on Major Assumptions
In this section, we discuss some sufficient conditions for our major assumptions (G1), (G2), and
(G3). Notice that assumption (G1) is automatic when H is directionally differentiable. We will
also use the notions in Section 5.2 and their relationships.

In the next two lemmas, we provide sufficient condition for assumption (G2) and (G3).

Proposition 6.11 (assumptions (G2) and (G3) for Lipschitz functions). Let H : R" —
R™ be Lipschitz on some closed bounded set Q C R™, hence (G3) holds on Q automatically. The

following hold

(i) Assume for some n >0 one has nM < 1 and

diam [0cH (z)(d)] <n  for all x € Q,||d| < 1. (6.7)
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Then (G2) holds on 2 with n(-) = n.

(ii) Assume for some n > 0 one has nM < /2 — 1 satisfying (6.7). Then (G2) holds on Q

and the damped Newton’s method eventually becomes pure Newton’s method.

Proof. By contrary assume there exist zj € €, || Ardg|| | 0 such that (G2) does not hold,

ie.,

H(xp + A\pdy,) — H(x
wp, = ( kA:) () ¢ DH (x)(dy) + nlldi|| B,

Hence ||di|| > 0, we divide by ||dg| and arrive

H(xg + N dy) — H(zy)

k

where X := Ag||dg]| L 0 and d}, := HZZzH' So we may assume A\ | 0 and ||di|| = 1. To proceed,

we pick a sequence vy, € DH (x)(dg) C OcH(xy)(dy) such that

lwi, — v || > n.

Due to Lipschitz property and €2 is bounded, by taking subsequences we can assume that

xp — T € Q, di, — d for some ||d|| =1 and

wy — § € DpH(z)(d) C 9cH(7)(d),

vk = T € O H (7)(d).

Combining all we have

n < ||€ — 3| < diam dcH (z)(d) <,

which is a contradiction. Hence the proof is complete. O
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Corollary 6.12 (Damped Newton’s method for Lipschitz functions). Let H : R" — R"
be a Lipschitz function satisfying (G1) and assume that H is metrically reqular on 2 with some

modulus n < M. Assume further that there is n > 0 with nM < 1 such that

diam [0cH (z)(d)] < n for all ||d|| <1,z € R™.

Then for any starting point |H(z%)|| < v~ ! (17]\ZM>7 there is o > 0 such that Algorithm 6.1
generates a sequence {l‘k} converges to a zero T of H. Moreover if n satisfies nM < V2 -1

then there exist an algorithm parameter o and C > 0 such that the error estimate (6.5) holds.

Proof. Using Lemma 6.11, then assumption (G2) and (G3) are also satisfied. Thus the

conclusions follow from Theorem 6.4 and Theorem 6.5, and Theorem 6.7. O

Corollary 6.13 (Damped Newton’s method for directional differentiability func-
tions). Let H : R™ — R™ be a directionally differentiable Lipschitz function and assume that
H is metrically regular on  with some modulus p < M. Assume further that there is n > 0

with nM < 1 such that
diam [0cH (z)(d)] <n  for all ||d|| < 1,2 € R™.

Then for any starting point x°, there is ¢ > 0 such that Algorithm 6.1 generates a sequence
{2} converges to a zero T of H. Moreover if n satisfies nM < /2 — 1 then there exist an

algorithm parameter o and C > 0 such that the error estimate (6.5) holds.

Proof. We first check all assumptions (G1),(G2) and (G3). Obviously, assumption (G3)

holds due to Lipschitz property. Since H is directionally differentiable, the graphical derivative




181

is a singleton and coincides with the directionally derivative:

DH(z)(d) = H'(x,d) for all z,d € R™.

So (G1) is satisfied with v = 0. We now choose ¢ such that

1l—oc—nM > 0.

For any starting point z°, define the level set

Q= {z|[|H @) < [H(=")]}

which is bounded by our standing assumption. Finally assumption (G2) holds on €2 due to by
Proposition 6.11. Hence, we can now proceed similar to Theorem 6.5 and Theorem 6.7 and

derive the convergence result. U

6.4 Future Development

In this chapter we develop a new generalized damped Newton’s method for solving systems of
nonsmooth equations H(x) = 0. Several global convergence results are derived under relatively
mild conditions. Similar to Chapter 5, variational analysis and generalized differentiation play
a fundamental role in our study. The algorithm is also built based on the graphical/contingent
derivatives. The metric regularity and its pointwise coderivative characterization play a crucial
role in the justification of the algorithm and its convergence. Besides, we also give some results
on its convergence rate, which occur under some special situations.

The damped Newton’s method has its own advantage since it generally provides global
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convergence results, which are extremely important in applications. Our next development
will concentrate on its applications to problems with complicated structures, e.g., variational
inequalities, nonlinear complementarity problems, etc. On the other hand, we also continue to
study its performance comparing with other well-known methods. The details of these ideas

are part of our future research.
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In this dissertation we investigate some applications of variational analysis in optimization
theory and algorithms. In the first part we develop new extremal principles in variational analy-
sis that deal with finite and infinite systems of convex and nonconvex sets. The results obtained,
under the name of tangential extremal principles and rated extremal principles, combine primal
and dual approaches to the study of variational systems being in fact first extremal princi-
ples applied to infinite systems of sets. These developments are in the core geometric theory
of variational analysis. Our study includes the basic theory and applications to problems of
semi-infinite programming and multiobjective optimization. The second part of this disserta-
tion concerns developing numerical methods of the Newton-type to solve systems of nonlinear
equations. We propose and justify a new generalized Newton algorithm based on graphical
derivatives. Based on advanced tools of variational analysis and generalized differentiation,
we establish the well-posedness and convergence results of the algorithm. Besides, we present
a new generalized damped Newton algorithm, which is also known as Newton’s method with

line-search. Some global convergence results are also justified.
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