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Abstract. The paper is devoted to the study of general nonsmooth problems of cone-constrained
optimization (or conic programming) important for various aspects of optimization theory and ap-
plications. Based on advanced constructions and techniques of variational analysis and generalized
differentiation, we derive new necessary optimality conditions (in both “exact” and “fuzzy” forms)
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1 Introduction

In this paper we consider a general class of problems belonging to cone-constrained optimiza-
tion known also as problems of conic programming. Problems of this type are important
and challenging from the viewpoint of optimization theory, while they are motivated by
a large variety of practical applications including those in operations research, engineering
and financial management, etc. To list just a few, we mention here systems control, best ap-
proximation, portfolio optimization, and antenna array weight design. Among the most re-
markable special classes in cone-constrained optimization there are problems of semi-infinite
programming, semidefinite programming, second-order cone programming, and copositive
programming; see [1, 4, 5, 9, 18, 23, 32, 36, 37, 38] and the references therein for more
details, various results and discussions on these areas, and their applications.
A general class of cone-constrained optimization problems can be written in the form

minimize ¥(x) subject to
f(z) e —© CY, (1.1)
reNCX,

where the characteristic constraints are given by f(x) € —© via a mapping f: X — Y and
a closed, convexr cone © in finite-dimensional or infinite-dimensional spaces. Our standing
assumptions for the study of (1.1) are formulated at the beginning of Section 3, and some
additional assumptions are imposed in Sections 6 and 7.

The specific form of the cone © identifies various subclasses of cone-constrained opti-
mization problems. In particular, problems of semi-infinite programming (SIP) and infinite
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programming (the name depends on the dimension of the decision space X):

minimize ¥(x) subject to
f(z,t) <0 for t €T, (1.2)
reQcX

correspond to the cases of © = C,.(T') or [S°(T") of positive continuous or essentially bounded
functions over an arbitrary (compact or noncompact) index set 7.

Note that the closed and convex cone structure of the set © in (1.1) crucially distin-
guishes this class of optimization problems from other types of problems in constrained
optimization. In particular, such a structure allows us by Proposition 3.1 to rewrite prob-
lem (1.1) in the form:

minimize ¥(x) subject to
y*eE
reQCcX

with Z := {y* € Y*‘ ly*|l = 1, (y*,y) >0, y € @}, which makes it possible to employ
methods and results on generalized differentiation of supremum functions to the study of
general cone-constrained programs and their specifications.

The main goals of this paper is to investigate a large class of nonsmooth and nonconvex
cone-constrained programs (1.1) from the viewpoints of deriving verifiable necessary op-
timality conditions and characterizations of well-posedness (namely, metric regularity and
robust Lipschitzian stability) by using specific features of cone constraints particularly re-
flected by form (1.3) in the case of arbitrary Banach constraint spaces Y. Such a generality
is crucial for applications to semi-infinite and infinite programs of type (1.2) with compact
and noncompact index sets 1T', where the most natural choices of Y are the “bad” Banach
spaces C(T') and [*°(T), respectively. While our methods fully work for the case of Asplund
decision spaces X4, the majority of the results obtained are new when the space X is finite-
dimensional. Moreover, for simplicity we confine to the case of dim X < oo our applications
to well-posedness of conic systems in Section 6 and to necessary optimality condition in
Section 7 considering there only problems of semi-infinite programming.

Note that when the range space Y is Asplund, some necessary optimality and well-
posedness conditions for (1.1) established below can be derived from the generalized dif-
ferential calculus developed in [25]. However, it is not sufficient for a number of valuable
applications; in particular, those to semi-infinite programming obtained in this paper. In-
deed, it is well known (see, e.g., [16]) that the space [°°(T) is Asplund if and only if T is a
finite set while C(T) is Asplund if and only if T is a scattered compact, which is not of any
interest for applications to optimization.

To this end we observe that in the vast majority of publications on SIP of type (1.2) the
index set T' is assumed to be a Hausdorff compact and the constraint function f(z)(-) :=
f(z,-) is an element (usually either smooth or convex) of the space C(T'); see, e.g., [5, 18, 23,
36] and the bibliographies therein. When the functional data of (1.2) are locally Lipschitzian
around the reference minimizer, a generalized Lagrange multiplier rule is established in [40]
via the Clarke generalized gradient based on the separation techniques developed in [39]. As

4Recall that a Banach space is Asplund if each of its separable subspaces has a separable dual. This
class includes, in particular, every reflexive Banach space as well as those with separable duals. We refer
the reader to [16, 25] and the bibliographies therein for more details.



mentioned by the authors of [40], their approach is not suitable to derive similar Lagrange
multiplier results in terms of the smaller regular/Fréchet and limiting/Mordukhovich sub-
differentials since the underlying cone-constraint space C(7T') is not Asplund. The approach
developed in this paper allows us to achieve the aforementioned goals for SIP and also for
infinite programs with general Asplund decision spaces X.

The rest of the paper is organized as follows. Section 2 presents some basic constructions
and preliminaries from variational analysis and generalized differentiation widely used in
the formulations and proofs of the main results of the paper. We also introduce here new
versions of coderivatives for mappings with values in ordered Banach spaces.

Section 3 is devoted to deriving new subdifferential estimates for supremum functions
of the special type (1.3) in the general setting of Asplund spaces X and Banach spaces
Y. These results and the generalized differential calculus of variational analysis are ap-
plied in Section 4 to establish the existence of generalized Lagrange multipliers in first-order
necessary optimality conditions obtained in the pointbased (i.e., expressed via generalized
differential constructions defined exactly at optimal solutions) and qualified form (i.e., with
nonzero Lagrange multipliers associated with cost functions) for the cone-constrained pro-
grams (1.1) under appropriate constraint qualifications. The qualification conditions intro-
duced here are formulated in terms of coderivatives and reduce to the classical constraint
qualifications in smooth and convex cases.

In Section 5 we derive new necessary optimality conditions of the fuzzy type. Conditions
of this type operate not only with the reference optimal solution, as the exact/pointbased
ones from Section 4, but also involve certain neighborhoods in the primal and dual spaces;
see [6, 8, 25, 30, 31] on necessary optimality conditions of the fuzzy type for optimization
problems with finitely many equality and inequality constraints. In contrast to the cited
publications on fuzzy optimality conditions as well as to the pointbased results of Section 4,
our approach leads to necessary optimality conditions in the fuzzy qualified form with no
constraint qualifications. It is worth mentioning that we do not require that the underlying
constraint cone © is of nonempty interior and thus can cover, e.g., the positive cones in
the classical spaces LP and [P for 1 < p < oo (along with L and [*°), which are of strong
interest for applications; in particular, to economic and financial systems.

Section 6 concerns some well-posedness issues for cone-constrained systems of (1.1) in
the setting of arbitrary Banach spaces Y. We particularly focus on metric regularity, which
is known to be equivalent to linear openness/covering of set-valued mappings as well as to
Lipschitzian stability of their inverses. Applying the results of Section 3 on subdifferentiation
of supremum functions and basic tools of variational analysis allows us to estimate and
precisely compute the exact reqularity bound for cone-constrained systems by using the
Fréchet and limiting coderivatives of Lipschitz continuous mapping f in (1.1).

The final Section 7 develops some applications of optimality and well-posedness results
obtained in the previous sections for conic programs (1.1) with general Banach spaces Y
to classes of semi-infinite programs (1.2) with arbitrary as well as with compact index
sets. These two cases of the index set T in (1.2) correspond to the positive cones © in
the cone-constrained scheme (1.1) with the (non-Asplund) Banach spaces Y = [*°(T") and
Y = C(T), respectively. In this way we derive new optimality and metric regularity /stability
conditions for the aforementioned classes of semi-infinite programs. In particular, necessary
optimality conditions obtained in this section essentially extend those from [40] and also
the corresponding results established in our previous paper [27] by a different approach.

Our notation and terminology are basically standard and conventional in the area of



variational analysis and generalized differentiation; see, e.g., [8, 25]. As usual, || - || stands
for the norm of Banach space X and (-, ) signifies for the canonical pairing between X and

its topological dual X™* with wy indicating the convergence in the weak* topology of X* and
cl* standing for the weak™ topological closure of a set. For any z € X and r > 0 the symbol
B, (x) stands for the closed ball centered at x with radius r, while the unit closed ball and
the unit sphere in X are denoted by IBx and Sx, respectively. If no confusion arises, we
denote by IB* the dual unit ball of the space in question.

Given a set 2 C X, the notation co () signifies the convex hull of €2. Depending on the
context, the symbols x £ 7 and ¢ 5 7 mean that = — 7 with z € Q and x — T with
() — () respectively. Given finally a set-valued mapping F': X = X* between X and
X*, recall that the symbol

Limsup F(x) := {x* € X*

T—T

Elxn—>§7,5|x;w—*>x* with z) € F(zy), ne]N} (1.4)

stands for the sequential Painlevé-Kuratowski outer/upper limit of F' as x — T with respect
to the norm topology of X and the weak* topology of X*, where IN := {1,2,...}.

2 Tools of Variational Analysis

Let us begin this section with a brief description of some basic constructions of variational
analysis and generalized differentiation needed in what follows. The reader is referred
to the books [8, 25, 34, 35] and the bibliographies therein for more details, discussions,
and additional material. Since the space X (while not Y below) under consideration is
always assumed to be Asplund, we confine ourselves to the subdifferential constructions for
functions defined on Asplund spaces; see the two-volume monograph [25] and its references
for a comprehensive theory as well as for appropriate Banach space counterparts.
Given an extended-real-valued function ¢: X — IR := (—o0, o], denote as usual by

dom ¢ 1= {z € X| p(z) < 0o} and epip = {(z,r) € X x R| p(z) < r}

its domain and epigraph, respectively. The regular/Fréchet subdifferential (known also as
the presubdifferential or viscosity subdifferential) of ¢ at & € dom ¢ is given by

lim inf £ = ¢@) = @z = 2) 0}. (2.1)

=% [l — ]

~

0p(T) == {x* e X*

with (/3\4,0(:%) := 0 for ¢ dom . The limiting/Mordukhovich subdifferential (known also as
the basic/general subdifferential) of ¢ at Z is defined via the sequential outer limit (1.4) by

0p(Z) := Limsup 5g0(x), (2.2)
25z
while the corresponding singular/horizon subdifferential of ¢ at T is

0%°¢(Z) := Lim sup )\54,0(:1:). (2.3)
x5z
A0
It is worth mentioning that dp(z) # 0 and 0°¢(z) = {0} provided that ¢ is locally
Lipschitzian around z. Furthermore, for convex functions ¢ both regular and limiting
subdifferentials reduce to the classical subdifferentials of convex analysis.



Given further a set  C X with its indicator function é(x; ) equal to 0 for z € Q and
to oo otherwise, we define the regular and limiting normal cones to €2 at T by, respectively,

~ ~

N(z;Q) :=06(z;Q2) and N(z;Q) := 00(z;) (2.4)

via the corresponding subdifferentials (2.1) and (2.2). Recall that € is sequentially normally
compact (SNC) at & € Q if for any sequences z, % 7 and 2%, € N(2n; Q) we have

[:U;’; v O} = [Hx;’;H — ()] asn — 00.

This is of course automatic if X is finite-dimensional, while it also holds under certain (epi)-
Lipschitzian properties of the set 2. Respectively, a function ¢: X — IR is sequentially
normally epi-compact (SNEC) at = € dom ¢ if its epigraph is SNC at (z, ¢(Z)). This is the
case, in particular, when either dim X < oo or ¢ is locally Lipschitzian around z.

Next consider a closed and convex cone © # () in a Banach space Y and a single-valued
mapping f: X — Y. The partial order <g on Y is defined by

y1 <o y2 ifandonlyif gy —y; €0 for y;,y0 €Y

and the ©-epigraph of f generated by the order <g is given by

epigf = {(,y) € X x Y| f(z) <o y}.

Recall that f is ©-conves if for any 1,22 € X and ¢ € [0, 1] we have

[tz + (1= t)x2) <o tf(x1) + (1 —1)f(22),

which is equivalent to the fact that the set epig f is convex in X x Y.

Finally in this section, we define and discuss several coderivative constructions for map-
pings with values in ordered Banach spaces that play a significant role in deriving the main
results of this paper. They follow the scheme originated in [24] in the absence of ordering
structures, while ordering is essential in our considerations. Although the coderivative con-
structions below depend on the partial order <g imposed on the range space, for simplicity
we skip mentioning the cone © in the coderivative notation.

Given a mapping f: X — Y and an ordering cone © C Y always assumed to be closed
and convex, we define the following ©-coderivative constructions as positively homogeneous
set-valued mappings from Y* to X™* with the values.

e The reqular ©-coderivative of f at Z is

~

D f(@)(y*) = {m € X*

lim sup
(@) 8 (@, (@))

(@2 -2 — {yy — J(@) _ 0}, (2.5)

e =zl + [ly — f(@)]

e The (sequential) normal ©-coderivative of f at T is

*

Dy f(z)(y") == {x* € X*|Iseq. xp, — T,z € ﬁ*f(xn)(y;;) s.t. (), yr) N (m*,y*)}. (2.6)

e The topological normal ©-coderivative of f at T is

®

Dy f(@)(y") = {o7 € X*| I mets v — &, € D*f(za) (v3) st (wh,55) > (2,y") }. (27)




e The cluster normal ©-coderivative of f at T is

Jseq. w, — &, x5 € D*f(xn)(y) s.t.

Dif@) ) = {a" e x° s
(z*,y*) is a weak® cluster point of (x, y:)} .

Observe that the limiting procedures employed in (2.6) and (2.7) are similar to those
used for mappings with no ordering structure; see [29] for more details and comparisons (we
do not consider here the “mixed” coderivative counterparts as in [25, 29]). However, the one
suggested in (2.8) seems to be new even in the non-ordering setting, being important for our
results on cone-constrained problems in general Banach spaces Y and their applications to
SIP. Note also that constructions (2.5) and (2.6) with ||y*|| = 1 reduce to the corresponding
vector subdifferentials of the set-valued mapping F'(x) := f(x) + © at (z, f(Z)) introduced
in [2] and largely used in [2, 3] for various issues in multiobjective optimization in case of
Asplund spaces Y. The coderivatives constructions introduced here allow us to proceed
efficiently in the case of arbitrary Banach spaces Y needed for our SIP applications.

Denoting Dom F := {z € X| F(z) # 0} for any set-valued mapping F': X = Y, observe
that Dom D* f(x) C ©4 for any x € X, where

Or={y eY*(y*,y) >0 forall ycO} (2.9)

is the (positive) polar cone to €. Since ©4 is a weak™® closed subset of Y*, it follows from
the inclusion above that the domain sets Dom D* f(z), Dom D" f(z), and Dom D* f(z) are
also subsets of ©4. It is easy to check that for mappings f: X — Y locally Lipschitzian
around T we have the scalarization formula

D*f(Z)(y*) == d(y*, f)(z) if and only if y* € O, (2.10)

where (y*, f)(z) = (v*, f(z)). However, such a scalarization for the limiting coderivatives
Dy, D;V, and D}, requires stronger Lipschitzian assumptions; cf. [25, Subsection 3.1.3]
for mappings with values in spaces with no ordering. In this paper we need the following
limiting counterparts of scalarization that can be proved similarly to [25, Theorem 1.90]:

Dy f(@)(y") = Dy f(@)(y") = Dif(2)(y") = {VF(2)"y"} forally* €O,  (2.11)
provided that f is strictly differentiable at z, i.e.,
o ) = () = V@) - w)

vz R

T#u

=0.

Furthermore, it can be derived directly from the definitions that
Dy f(#)(y") = Dxf(@)(y") = D f(@)(y") = DA f(@)(y") = dly", ) (%) (2.12)

for all y* € ©4 provided that the mapping f is ©-convex.

3 Subgradients of Supremum Functions

Unless otherwise stated, throughout the whole paper we impose the following assumptions
on the initial data the cone-constrained problem (1.1):



Standing Assumptions. The space X is Asplund, the space Y is arbitrary Banach, the
cost function ¥9: X — IR is lower semicontinuous (l.s.c.), the set Q C X is closed, the set
© C Y is a closed and convex cone, and the mapping f: X — Y is locally Lipschitzian
around the reference point Z in the sense that there are constants K, p > 0 such that

| f(x) = f(u)] < K|z —u| forall z,uc B,(Z). (3.1)
The next proposition shows that problem (1.1) can be equivalently written in form (1.3).

Proposition 3.1 (cone-constrained optimization via supremum functions). As-
sume that T is a feasible solution to (1.1). Then we have

{:p € X‘ f(z) e =0} ={z € X| p(z) < O},
where ¢ is the supremum function defined by
o(x) == sup_(y*,f(af)> with = := {y* € Y*} ly* =1, (y*,y) >0, y € @}. (3.2)
y*e=

Proof. Note first that the inclusion f(z) € —© gives us (y*, f(x)) < 0 for all y* € E.
Conversely, suppose that the latter holds and show that f(x) € —©. Assuming the contrary
and applying the classical separation theorem, find g* € Y*\ {0} and v > 0 such that

" f(x)) >v>0=(y",y) foral yec—06.
This implies that g*|3*|| ! € =, and hence we arrive at the contradiction

0> (g g™, fa)) > ~lg*~ >0,
which thus completes the proof of the proposition. A

The main goal of this section is to study subdifferential properties of the supremum
function (3.2) under our standing assumptions. In fact, we consider a bit more general
setting of the supremum function

¥(x) == sup (y°, f(x)), (3-3)

y*eA

where A is an arbitrary nonempty subset of the polar cone ©, in (2.9). Since = C O for
the set = in (3.2), the results obtained below for the supremum function (3.3) immediately
apply to the function ¢ in (3.2) and then are used in the subsequent sections.

Our first result provides a “fuzzy” upper estimate of limiting subgradients of the supre-
mum function (3.3) at the reference point z via regular subgradients of the scalarized
function in (2.10) at some neighboring points.

Theorem 3.2 (fuzzy estimate of limiting subgradients of supremum functions).
Suppose under the standing assumptions that T € dom1) for the supremum function (3.3)
and that V* is a weak* neighborhood of the origin in X*. Then for any x* € 0¢(x) and any
e there ezist x. € B:(Z) and y¥ € co A with |(yZ, f(z:)) — ¥ ()| < € such that

ot € Oy, f)lze) + V™. (3.4)



Proof. Fix arbitrary * € 0¢(z) and € > 0. It is easy to check that each function (y*, f(x))
is locally Lipschitzian around Z with same constants K and p as in (3.1) for all y* € A, and
so is the supremum function . Without loss of generality we assume that V* is convex
and that € < p. Then find n € IN, ¢, > 0, and x; € X for k =1,...,n such that

ﬁ {U*EX*

k=1

1
(v*,xE) < sn} C ZV*.

Form further a finite-dimensional subspace L C X by L := span{zy,...,x,} and observe
that L+ := {v* € X*| (v*,z) = 0,2 € L} C ;V*. By definition of the limiting subdiffer-
ential in (2.2) there exist z € dom¢ N Bz (%) and u* € X™* such that [¢(Z) — ¥(2)| < 3,

u* e 51/1(5;\) and that z* € u* + VT*. Fix 0 > 0 satisfying the relationships

120 160
< * * * * *. .
40 < e, 71_2513 CcV* —and 71_25\\14 |\B*CV (3.5)

Since u* € 5111(3), there is some number 7 € (0, ) such that
Y(x) —p(T) + 0|z — z|| > (u*,x —7) for all x € B,(T) C B,y(T).
This implies that (Z,1(Z)) is a local minimizer of the following problem:

minimize 7+ d||z — 7| — (u*,z — &) — ¥(Z) subject to
(y*, f(z)) =7 <0 for y* € A and
(x,7) € By(z) x IR.

Define A := (LN By (7)) x [(Z) = 1,%(2) + 1], ¥(z,7) :=r+d|lz - Z|| - (v, 2 — 7) =9 (7),
and a family of functions ¢, : X x IR — IR by ¢« (z,r) := (y*, f(z)) —r for all y* € A and
(z,r) € X x IR. It follows from the constructions above that

{(w,r) € A‘ U(z,r) +n? < 0} - U {(w,r) € A‘ oy (z,1) > 0}. (3.6)
y*eA

Since the set on the left-hand side of (3.6) is closed and bounded in the finite-dimensional
space L x IR, it is compact therein. Moreover, each subset {(x,r) € A| py«(x,r) > 0} is
open in A due to the Lipschitz continuity of the functions ¢, on the set IB,(Z) x IR, which
contains A. Thus we find a finite subset II C A satisfying

{(z,7) € A| ¥(x,7) +7* <0} C U {(m,r) € A‘ oy (z,7) > 0}.
y*€ell

This ensures the relationships

U(z,r) +n2>0= U (z,p(x)) forall (x,r)€ A= {(x,r) € A‘ oy(x,1) <0,y" € H},

where the set A is a closed set in B,(z) x IR. Using now the Ekeland variational principle
gives us (Z,7) € A such that [|Z — Z|| + |7 — ¢(Z)| < F and

Uz, )+ 20|z —Z|| + |r = 7)) > U(F,7) forall (z,r)€ A.



The latter means that (Z,7) is a local optimal solution to the following optimization problem:

{ minimize U (z,r) := U(x,7) 4 2n(||z — Z|| + |r — 7]) subject to (3.7)

oy<(x,7) <0 for y* €Il and (z,7) € A.

It is obvious that the functions ¥(-,-) and ©y+ (-, ) are Lipschitz continuous around (Z,7)
for all y* € II. Applying the necessary optimality conditions from [25, Theorem 5.17] to
problem (3.7), we find multipliers Ao, A1, ..., Ay > 0, not equal to zero simultaneously, and
dual elements y7,v5,...,y5, € H(z,7) := {y* € II| py«(Z,7) = 0} such that

(0,0) € a(Aofﬁ +3 Akcpy;) (@,7) + N((&,7); A).
k=1

Since (z,7) € int (By(Z) x [p(Z) — 1,¢(Z) + 1]), it follows from the above inclusion that
0,00 €0(MT + 3 Mg ) @)+ V(@7 (L0 Byl@) x [6(2) — 1,0(3) + 1)
k=1
- a(Aoif n i Awyz) (#,7) + N(F L) x {0} (3.8)
k=1
c a(AO\If + i )\kapyz> (,7) + L+ x {0}.
k=1
If A\p = 0, we get from (3.8) the inclusion

0.0) € 0( S Nelu 1)) x { = 0} +25 x {0}
k=1 k=1

which implies in turn that > | A\ =0, i.e., Ay =0 forall k = 0,...,m. This contradiction
shows that Ao # 0. We can make \g = 1 and then get from (3.8) that

(u,0) € (D Mefuis 1) @) x {130 A} + (0 + 2B x 2=m,m) + L x {0} (3.9)
k=1 k=1

Define \ := > Ak Ao = AL\ for k = 1,...,m, and u* := A~Lu*. Then (3.9) gives us
that |1 — A\| < 2n < 20. Dividing both sides of (3.9) by A, we obtain

~ " 9 = " _ 5
= a(gxk@;,ﬁ)@:w EQUJB*JrLXC&(E()\kyz,ﬁ)(xwr1325]B*+LL

¢ o (Rt )@ + 7+ C o @ +
k=1

with y* == >, Xkyz € coll C coA, the fact L+ C {V* and (3.3) are used in the
above inclusion. Thus there is v* € 9(yZ, f)(z) satisfying u* € v* + VT* By definition

(2.2) of the limiting subdifferential we find z. € Bs(Z) and w* € (y*, f)(x.) such that
[y, fze)) — (yZ, f(T))] < 6 and v* € w* + X, Observe that

- o~ o~ ~ _ 9
lze = 2|l < [lze =2 + |7 - Zl| + |7~ 2] <5+ 0+ 5 <e. (3.10)



Furthermore, we have the estimates

vz, fze)) =@ < [{yz, fze) = @)+ [z, (2)) = 7]+ 7 = @) + () — »(7)]

m
5
5+‘Z (i, f(&) — 7 +727+5 5+g+§§s (3.11)

IN

by taking into account that (yj, f(z)) =7 for all k =1,...,m. Note further that

* o~k 1- X * 277 * 20 *
" —u*[| = —=—[lu"|| < 7 [lu*]| < [l
1—2n 1-20
which implies the following inclusions:
v 26 V* v v Vv
* * - ~% * B* - * - - -
x€u+4Cu+ 25Hu|] +4Cv+2+8+4

cC w +?+7+§+Tcﬁ<ye,f>(x€)+‘/ .
Combining this with (3.10) and (3.11) completes the proof of the theorem. A

We refer the reader to [7, Theorem 3.18] for fuzzy estimates of regular subgradients
(2.1) of supremum functions in reflexive spaces and to our recent paper [27, Theorem 3.1]
for more elaborated estimates of such subgradients in Asplund spaces. However, applying
these estimates to the function 1 in (3.3) gives us weaker results in comparison with the one
obtained in Theorem 3.2. Based on this theorem, we now derive pointbased (i.e., involving
the reference point Z) upper estimates of the limiting subdifferential of the function ¢ via
the corresponding limiting coderivatives of f depending on the assumptions imposed on the
spaces X and Y in question.

Theorem 3.3 (pointbased estimates of limiting subgradient of supremum func-
tions via coderivatives). In the setting of Theorem 3.2 assume that the set A is bounded
i Y*. Then the limiting subdifferential of ¥ at T is estimated by

0(z) C {a* € Dyf(@)(y")| y* € cl'co A, (y*, f(2)) = ¥(2)} (3.12)
via the topological O-coderivative (2.7) of f at . If dim X < oo, we have the estimate
N(z) C {z* € Dy f(z y )|y e cicoA, (", f(T) =v(z)} (3.13)

via the cluster O-coderivative (2.8). If in addition the dual unit ball By~ is weak® sequen-
tially compact in Y*, then the cluster ©-coderivative can be replaced in (3.13) by its normal
counterpart Dy, f(Z)(y*) from (2.6).

Proof. To justify estimate (3.12), we first construct a filter {V}},ea of neighborhoods of
the origin in X* and a net {e4}aca C R4 such that e, — 07. Let Nx+ be the set of all
weak* neighborhoods of the origin in X*, and let A be the set that is bijective with Nx«.
Denote the bijective correspondence by subscript labeling Nx« = {V*| & € A}. Then A is
a directed set, where the direction is given by a > f if and only if V is contained in Vi
Fix any v* € Sx+ and define

ga :=sup{r €[0,p)| rv* €V} forall o € A,
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where p is taken from (3.1). Observe that ¢, > 0 for all @ € A and that e, — 0. Indeed,
for any a € A there is 0 € (0, p) sufficiently small such that §IB* C V. It is obvious that
€q > 0. Furthermore, for any € > 0 the existence of some oy € A with ¢,, < € implies that
gq < € for all @ = ag by definition of the set A. Hence if the net {e,} does not converge
to 0, there is some € > 0 such that ¢, > € for all a € A, which yields that ev* € V] for all
a € A. This contradiction justifies that e, — 07.

Now pick an arbitrary limiting subgradient z* € 0v(z). Employing Theorem 3.2 for
any a € A allows us to find z, € B, (%) and y}, € coA such that

ot € Oy, filza) + VI and  [(yl, f(za)) — ¥(T)] < ca.

By using the scalarization formula (2.10) we get u}, € 5<yz,f>(ma) = ﬁ*f(a;a)(y;) and
vy € VI with * = u}, + v}. Since the filter {V'},ca weak® converges to 0, the derived

net {v}}aca also weak® converges to 0. This implies that u, “s 2*. Since the set coA is
bounded in Y*, the classical Alaoglu-Bourbaki theorem allows us to find a subnet of {ykaeca
(no relabeling) weak* converging to some y* € cl*coA. This yields that z* € Dy f(Z)(y*).

Moreover, by €4 = 0,2, — Z, and ¥y, % y* we have

0 =limeq = lim(yg, f(za)) — (7)) = (", f()) — »(7),

which thus justifies the validity of estimate (3.12) via the topological coderivative of f at 7.

When the space X is finite-dimensional, we can choose N+ := {IB(0,1)| n € IN}
instead of Nx+ in the proof above and then find A = IN and a sequence &, € (0, p) such
that €, — 0 as n — oo. Following the similar arguments, we arrive at estimate (3.13) via
the cluster coderivative D* f(z)(y*).

Finally, assuming the weak® sequential compactness of the dual unit ball By+ implies
in the arguments above that all the limiting elements of lv)}kv f(@)(y*) belongs actually to
D}, f(Z)(y*). This completes the proof of the theorem. A

Regarding the weak® sequential compactness assumptions imposed on By« in the last
part of Theorem 3.3, recall that it holds, in particular, for Banach spaces admitting an
equivalent norm Gateaux differentiable at nonzero points, for weak Asplund spaces (includ-
ing every Asplund space and every weakly compactly generated space, and hence every
reflexive and every separable space), etc. We refer the reader to [16] for more information
on the aforementioned classes of Banach spaces.

4 Pointbased Optimality and Qualification Conditions for
Cone-Constrained Programs

In this section we use the supremum-type representation (1.3) of the original cone-constrained
optimization problem (1.1), the subdifferential estimates of the supremum function obtained
in Theorem 3.3, and generalized differential calculus of variational analysis to derive point-
based necessary conditions for optimal solutions of (1.1) via the limiting constructions of
Section 2 under appropriate constraint qualifications.

The following theorem presents the main results of this section.

Theorem 4.1 (necessary optimality conditions for cone-constrained programs).
Let T be an optimal solution to problem (1.1) under the standing assumptions of Section 3.

11



Suppose also that either ¥ is SNEC at & or ) is SNC at T and that the qualification condition
o0(z) N (~ N(#:9)) = {0} (4.1)

is satisfied; both the SNEC property and the qualification condition (4.1) are automatic when
¥ is locally Lipschitzian around T. Then one of the following assertions holds:
(i) There exists y* € O such that

0€09(z) + Dy f(Z)(y*) + N(@:Q) and (y*, f(2)) = 0. (4.2)
(ii) There exists y* € cl*co= such that
0€9°9(z)+ Dnf(Z)(y*) + N(Z:Q) and (y*, f(Z)) = 0. (4.3)

If the space X is finite-dimensional, the above conclusion holds with replacing 5}6\”“(:%) by
Dy f(z). If furthermore By« is weak® sequentially compact in Y™, then the topological
coderivative Dy f(Z) can be replaced in (4.2) and (4.3) by the sequential one D f(%).

Proof. Observe first that the validity of both the SNEC property of ¢ at z and the qualifi-
cation condition (4.1) for local Lipschitzian cost functions 9 follows from the discussions in
Section 2 after (2.3) and (2.4). Further, it is easy to see that z is a local optimal solution
of the following minimax problem of unconstrained optimization:

minimize ¥(z) :=max {(J+d(;Q))(z) — I(Z),p(z)} subject to z € X, (4.4)

where ¢(x) is defined in (3.2), and where V¥ is obviously l.s.c. around z. If ¢(Z) < 0, then
there is a neighborhood U of & such that ¥(x) — p(x) > 0 for € U, which implies that
U(z) = (04 6(;9Q))(z) for x € U. Since 7 is a local optimal solution to problem (4.4), we
have by the generalized Fermat rule that

0€oW(z) =00+ () ().

It follows from the assumptions imposed on 9 and €2 and the sum rules for the limiting and
singular subdifferentials from [25, Theorem 3.36] that

D(9 +6(Q))(z) C 9(T) + N(%;Q) and 09+ 5(-;Q))(z) C 9°9(Z) + N(z; Q). (4.5)

Thus we have 0 € 99(z) + N(&; ), which ensures the validity of the necessary optimality
conditions in (4.2) with y* = 0 in this case.

Next we consider the case of ¢(Z) = 0. Since ¢ is locally Lipschitzian around Z, it
follows from [25, Theorem 3.36] that

O®W(z) C O® (V9 +6(5Q))(Z) + 0%¢(z) = 0= (V+ 6(-;Q))(Z) and

ov(z) c | {Al 0 (0 +6(+ Q) (7) + wm)) (A, A2) € RE, A+ \g = 1}, (4.6)

where A o 99(Z) denotes A0Y(Z) when A > 0 and 9°°9(z) when A = 0. Since 0 € 0¥ ()
we get from (4.5) and (4.6) that there exist z* € N(z;Q) and (A1, A2) € IR such that
A1 + Ay = 1 and that

0e X o aﬁ(f) + )\28@(.@) + z*. (47)
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If A1 # 0in (4.7), it follows that there is u* € 99(Z) with —z* — Aju™ € X\odp(Z). If Ay =0
in (4.7) and thus A\; = 1, we obtain (4.2) with y* = 0 due to

0=u*+2* € dT)+ Dyf(T)(0) + N(T; Q).
Otherwise Theorem 3.3 with A = Z allows us to find y* € cl*co = satisfying

—x* — \u*

o € Dnf(@)(y*) and (v, f(2)) = p(z) = 0.

Hence we arrive at the inclusions
* *
A2y

A2 —x DX
0€w + D@ + - € 90() + Dy (@) (5

>+N(f;9),

which justify the conditions of (4.2) in this case.

Supposing then that A\; = 0, we get from (4.7) the existence of v* € 9*°¥(z) such
that —v* — 2* € Jp(z). Applying Theorem 3.3 again gives us z* € cl*co = satisfying the
conditions —v* — z* € Dy f(Z)(z*) and (z*, f(Z)) = 0, which readily yield (4.3). The rest
of the theorem, which deals with the particular structures of the spaces X and Y, follows
by the above arguments from the corresponding results of Theorem 3.3. A

Note that assertion (ii) of Theorem 4.1 holds trivially if 0 € cl*coZ. Indeed, in this case
we always have 0 € Dy f(Z)(0) N 9®9(Z) N N (Z; Q). The next proposition shows that 0 is
never an element of cl*co = if, in particular, the interior of the cone © is nonempty.

Proposition 4.2 (solid cone constraints). The following assertions are equivalent:
(i) 0 ¢ cl*co=.
(ii) There are v > 0 and yo € Y such that (y*,yo) > r for all y* € E.
(iii) int © # 0.

Proof. Implication (i)==(ii) follows directly from the classical separation theorem. To
prove (ii)==-(iii), assume that (ii) holds and get for any y € IB,(yo) that

W y) = wW5v) + WSy —vo) =>r— Iyl - ly—wol| >r—r=0

whenever y* € =. This yields that y € © and so ensures (iii). Finally, suppose that (iii)
holds and then find y; € © and s > 0 such that Bs(y;) C ©. For any y* € = we have

W) = W) — syl +s> 5 y) — sup (y5y)+s= inf (y'y)+s>s5>0.
y€IB;5(0) yEBs(y1)

This clearly implies that (y*,y1) > s whenever y* € coZ. Thus (i) is satisfied, which
completes the proof of the proposition. A

We can observe from the proof of Theorem 4.1 with taking Proposition 4.2 into account
that in the case of solid cone constraints the necessary optimality conditions in (4.2) hold
under an enhanced constraint qualification.

Corollary 4.3 (necessary optimality conditions under enhanced qualifications
for solid cone constraints). Assume in the setting of Theorem 4.1 that int© # () and
that the following qualification condition

(0°9(z) + N(7;Q)) N (— Dy f(&)(Z0)) = 0 (4.8)
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holds with ¢ := {y* € E| (y*, f(Z)) = 0}. Then there is y* € O4 such that the optimality
conditions (4.2) are satisfied. If dim X < oo, then Dy f(Z) can be replaced by D% f(Z) in
(4.2). Furthermore, Dy f(Z) can be replaced by D% f(Z) in (4.2) if in addition the dual unit
ball By~ s weak® sequentially compact in Y*.

Proof. Following the proof of Theorem 4.1, it is sufficient to show that A; # 0 under
the assumptions made. Arguing by contradiction, suppose that Ay = 0 and then find dual
elements z* € N(z;Q2), v* € 0°9(z), and z* € cl*co = such that

—v* —2* € Dy f(2)(2%) and (2%, f(Z)) = 0.

It follows from Proposition 4.2 that z* # 0. Hence we have

v* z* —v* —z* — z
0%(Z) + N(2;Q) > — + 7 = — ” € —Dyf(z ,
@+ NED S 1 7 = ¥@) ()

*

which contradicts the imposed qualification condition (4.8) due to Hz*l € Zp and thus

completes the proof of the corollary. A

Our last result in this section specifies a consequence of Theorem 4.1 for the case of
a locally Lipschitzian cost function (when the SNEC property of ¢ and the qualification
condition (4.1) are automatic) and either the strictly differentiable or ©-convex structures
of the cone-constraint mapping f in (1.1). We can see that in such settings the qualification
condition (4.8) of Corollary 4.3 is equivalent to Robinson’s constraint qualification [33] and
the classical Slater condition, respectively.

Corollary 4.4 (cone-constrained problems in special settings). Assume in the
framework of Corollary 4.3 that ¥ is locally Lipschitzian around T and the constraint set
Q C X is convex. The following assertions hold:

(i) If f is strictly differentiable at T, then the qualification condition (4.8) is equivalent
to Robinson’s constraint qualification:

0€int{f(z)+V/f(@)(Q—-2)+06} (4.9)

and the optimality condition (4.2) reduces to the existence of y* € ©4 with (y*, f(z)) =0
and x* € 09(Z) satisfying

(x*+Vf(@) 'y, e —z) >0 forall veq. (4.10)

(ii) If f is ©-convex, then the qualification condition (4.8) is equivalent to Slater’s
constraint qualification:

there is xo € Q with f(xo) € —int O (4.11)

while the optimality condition (4.2) reduces to the existence of y* € ©4 with (y*, f(z)) =0,
u* € o(y*, [)(Z), and z* € 0Y(x) satisfying

(" +u*,x—2) >0 forall z €. (4.12)

14



Proof. Since 0>°9(z) = {0} for locally Lipschitzian functions and due to the convexity of
2 the qualification condition (4.8) has the form

Ar* e —Dnf(2)(Bo) with (z*,2 —Z) <0 for all z € Q.

To justify (i), assume that f is strictly differentiable at = and observe by applying the
classical supporting hyperplane theorem that condition (4.9) is equivalent to

N(0; f(z) + Vf(z)(Q—Z)+06) = {0}. (4.13)

Suppose that condition (4.8) holds and show that (4.13) is satisfied. Indeed, if on the
contrary there is y* € N(0; f(z) + Vf(z)(Q — z) + ©) with ||y*|| = 1, then

(Y, f(2) + Vf(@Z)(x —T)+2) <0 foral x€Q and 2 €O,

which implies that y* € —0, with (y*, f(Z)) < 0. Moreover, note that (y*, f(z)) > 0, since
y* € —O4 and f(z) € —0©. It follows that y* € —Zy and that Vf(z)*y* € N(z;Q2). By
scalarization (2.11) we arrive at a contradiction with (4.8).

Conversely, suppose that Robinson’s constraint qualification (4.9) is satisfied. If there
is some z* € Ep such that N (z;Q) N (— ﬁ*Nf(a_c)(z*)) # (), we easily get from (2.11) that
—2* € N(0; f(Z) + Vf(Z)(Q — ) + ©), which implies that z* = 0. This is a contradiction,
which justifies the equivalence between (4.8) and (4.9) in assertion (i). The equivalence
between the necessary optimality conditions (4.2) and (4.10) in this case follows from the
structure of the normal cone to convex sets and the coderivative scalarization (2.11), which
completes the proof of assertion (i).

Next we prove assertion (ii), where the constraint mapping f is ©-convex in (1.1).
Assume first that the Slater condition (4.11) does not hold, i.e., f(€2) N (—int ©) = (). Then
it is easy to check that AN (—int ©) = 0, where A := {f(z) + O] z € Q} is a convex set in
Y. Applying the separation theorem to these two sets gives us w* € Sy+ such that

(w*, f(z)) > (w*,—2z) forall z€Q, z€0O.

It follows that w* € ©4 and (w*, f(x)) > 0 for all z € Q. Since f(Z) € —O, we get that
(w*, f(z)) =0 and (w*, f(x)) — (w*, f(z)) > 0 for all x € Q. This implies that

0€d((w", f) + (s 2)(z) C 0w, £)(7) + N(z; ).

Thus we arrive at N(z; Q)N (—ﬁ*Nf(a_c)(w*)) # () due to the scalarization formula in (2.12),
which means that condition (4.8) is violated.

Conversely, assume that the Slater condition (4.11) holds and then find zg €  with
f(z0) € —int ©. Supposing that there is u* € Zy with N(z;Q) N (- b}kvf(a?)(u*)) # 0, we
get from the coderivative scalarization (2.12) that 0 € 9(u*, f)(Z) + N(z;2). This implies
that 0 < (u*, f(zg)) — (u*, f(Z)) = (u*, f(x0)). Since —f(zp) € intO, it follows from the
proof of the implication [(iii)==-(i)] in Proposition 4.2 that (u*,—f(xo)) > 0, which is a
contradiction. Thus we justify the equivalence between the qualification conditions (4.8)
and (4.11) in the convex setting under consideration. Finally, the necessary optimality
conditions in (4.2) reduce to those in (4.12) in this setting due to the convexity of the set
 and the scalarization formula (2.12). A
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5 Qualified Fuzzy Optimality Conditions for Cone-Constrained
Programs with No Constraint Qualifications

In this section we derive necessary optimality conditions of the new type for cone-constrained
problems (1.1). These results are essentially different from those obtained in Section 4 in
the following two major points:

(i) The results below are given in a qualified form (i.e., with nonzero multipliers associ-
ated with cost functions), while they are established without any constrained qualification.

(ii) The results below are given in a fuzzy form, i.e., they involve neighborhoods of the
reference optimal solution.

The results of the fuzzy type have been obtained in the literature for nonlinear programs
under some qualification conditions; see Section 1 and more discussions below.

Let us start with a useful proposition, which gives a fuzzy estimate of limiting normals
to inverse images of sets under Lipschitzian mappings.

Proposition 5.1 (fuzzy estimates of normals to inverse images). Under the stand-
ing assumptions of Section 3 let & € f~Y(—0O) for f: X — Y, and let V* be a weak*
neighborhood of the origin in X*. Then for any limiting normal z* € N(z; f~1(—0©)) and
any positive number €, there exist x. € IB.(T) and y} € ©4 such that

v €Oy, f)we) +V* with  |(yZ, flz)| <e. (5.1)
Proof. It follows from the convex separation theorem that

5($;f_1(—@)) = *Sélg (y*, f(z)) forall z € X,
y* €0y

which means that the indicator of inverse images can be represented as the supremum of a
family of Lipschitzian functions. Applying Theorem 3.2 to the case of A := O, ensures the
existence of y¥ € coA = O, and z. € IB.(Z) such that

(2, )] = |2, o)) — 6(7; F7H(=0))| < & and 2™ € DL, f)(we) + V7,
which justifies (5.1) and completes the proof of the proposition. A

By using Proposition 5.1 and the “weak fuzzy sum rule” from [15, Theorem 2] we derive
the main result of this section.

Theorem 5.2 (fuzzy optimality conditions for cone-constrained programs). Let T
be a local optimal solution to problem (1.1) under the standing assumptions made. Then for
any weak® neighborhood V* of the origin in X* and any € > 0 there exist xg,x1, . € B:(T)
and yr € Oy such that |9(xo) — I (T)| < e, x1 € Q, and

0 € B(xo) + ly’, f)(we) + N(z1; Q)+ V* with  |(yF, f(22))] <e. (5.2)

Proof. Assume without loss of generality that V* is convex in X*. Since Z is an optimal
solution to (1.1), we have by the generalized Fermat rule that

0€d(9+6(5Q) + (5 f1(~0))) ().
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Employing there the weak fuzzy sum rule from [15, Theorem 2| gives us x¢ € B:(Z) with
[9(z0) — 9(Z)| < e, 21 € QN B:(Z), and 2 € f~1(—O) N B: (%) such that

0 € 99(a0) + N(a1:2) + Nas: f(-0)) +

Thus there is 2* € N(z9; f~1(—0)) C N(xo; f~1(—0)) satisfying

N N Vv
0 €z + 9Y(xo) + N(x1;) + 5

By Proposition 5.1 we find z. € Bz (22) and yZ € O such that

*

v € Byt f)la) + o with {2, f(ra)] <<

This yields the inclusions

* *

~ ~ VE A 174 ~ ~ ~
0 € 89(w0) + N3 Q) + —- +{uZ, () + =5 © 00(w0) + Ay, o) + Nz @)+ V7,

which imply in turn the optimality conditions in (5.2) by taking into account the obvious
estimates ||z — Z| < ||z — x| + |22 —Z|| < §+ 5 =< A

As a consequence of the fuzzy optimality conditions of Theorem 5.2 we derive the fol-
lowing sequential KK'T necessary optimality conditions for a particular setting of cone-
constrained programs (1.1) with no constraint qualifications.

Corollary 5.3 (sequential optimality conditions for cone-constrained programs).
Assume in the framework of Theorem 5.2 that dim X < oo, = X, and the cost function ¥
is Lipschitz continuous around x. Then there exist a subgradient x* € 09(Z) and sequences
{zn} C X, {x}} C X*, and {y}} C O4 with =}, € O(y}, f)(xy) for alln € IN such that

T = T, x; — —x, and (y;, f(xy)) = 0 as n — oco. (5.3)

Proof. Since X is finite-dimensional and € = X, we can select V* = %IB*, € = % and

then find from (5.2) vectors up,z, — & as well as dual elements u;, € 9 (un), yr € 04,
and z, € 9(y;, f)(xy,) such that

1 1
—uy €, + ﬁ]B* with  [(yr, f(zn))] < a8 7m0, (5.4)

It follows from the local Lipschitz continuity of ¥ around z that the sequence {w)} is
bounded, and hence it converges (without loss of generality) to some limiting subgradient
x* € 9Y(z) by definition (2.2). This implies due to the inclusion in (5.4) that =}, — —x*,
which justifies (5.3) and thus completes the proof of the corollary. A

Observe that the proof of Theorem 5.2 holds true with no change if the local Lipschitz
continuity of f therein is replaced by that of the scalarized function = — (y*, f(z)) for
all y* € ©,4. This is always the case when f: X — Y is a continuous ©-convex mapping.
Under such convexity assumptions the sequential necessary optimality conditions from (5.3)
are established in [21] for reflexive spaces X.

The final result of this section presents an enhanced version of Theorem 5.2 for problems
of nondifferentiable programming with finitely many equality and inequality constraints.
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Theorem 5.4 (fuzzy optimality conditions in nondifferentiable programming).
Let the standing assumptions on X, 9, and ) be satisfied, and let T be a local optimal
solution to the nondifferentiable program

minimize ¥(x) subject to

wi(z) <0, i=1,...,m,

wi(z) =0, i=m+1,...,m+r,
x € €,

(5.5)

where the functions @;: X — IR are Lipschitz continuous around T under the validity of
the standing assumptions on the other data. Then for any weak™ meighborhood V* of the
origin in X* and any € > 0 there exist vectors xo,T1,...,Tmir, T € B:(Z) and multipliers

(A1, Amgr) € IR X IR" such that

m m-—+r
0 € 00(wo) + Y _ Nidpi(w:) + Y O(Nispi) (i) + N(FQ) + V™ (5.6)
=1 i=m-+1

with T € Q,

ST i) < e, and [9(0) — 9(@)| <.

Proof. Employing Theorem 5.2 in the case of Y := R™" f := (p1,...,0msr), and
© := IR} x 0, CY gives us xo,2.,T € IB%(E), and (A1,..., Angr) € ©4 = R x IR" such
that |¥(zg) — HT)| < e, T € Q, and

m+r * m+r

- ~ o Ve e
0 € 09(xo) + 8( ; )\Zmpi) (xe) + N(z;9) + 5 with ’ ; Aivi(ze)| < 7 (5.7)
Thus there is z* € 5( S )\Z-goi) (x¢) satisfying
x | A 55~ Vv
0€x*+0Y(xo) + N(Z; Q) + 5
Then we apply to z* the weak fuzzy sum rule from [15, Theorem 2] and find z7,..., 2}, .,
together with z1,..., Ty, € JB% (z¢) such that
7} € 00 @), Pagile) = Ngilwe)] < g for i< 1 metbr, and
m+r
* * V*
T € Zz; x; + o
It follows from the above that [[z; — Z|| < |l#; — 2| + [[ze — Z|| < §+ § = ¢ for all
i=1,...,m+r and that the inclusions
0 €dd(zo)+ N@Q) + v +n§f§(x- ) (i) + v
0 ) 9 L 1P )\ T4 9
i wo o i (5.8)
€ 00(xo) + Y Nidpi(xs) + > O(hips) (i) + N(#Q) + V*
i=1 i=m+1
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hold. Moreover, we get from (5.7) that

m+r m4r m+r e €
) ; Aipi(wi) | < ZZ:: Aigi(@i) — Aipi(ze) | + ) ; Aipi(Te) | < (m+7‘)m tg=¢
This together (5.8) implies (5.6) and then completes the proof of the theorem. A

The study of fuzzy necessary optimality conditions for nondifferentiable programming,
including those with non-Lipschitzian data, goes back to [6, Theorem 2.1] in the case of
reflexive spaces X. Some extensions of the results in [6] are derived in [30, 31] in the case
of Asplund spaces; see also [25, Subsection 5.1.3] and the commentaries therein for more
details. However, all the aforementioned results are given in the Fritz John form, which
does not guarantee that the coefficient of 519(1:0) is not zero as in (5.6). The qualified/KKT
form obtained in Theorem 5.4 follows from the Fritz John one only under some constraint
qualifications; see, e.g., [8, Theorems 3.3.7 and 3.3.13]. Observe furthermore that the neces-
sary optimality conditions of Theorem 5.4 obtained for Lipschitzian functional constraints
provide the additional information | S )\Zgoz(:zz)’ < € on Lagrange multipliers, which is
new in comparison with known results in this direction even under qualification conditions.

6 Well-Posedness of Cone-Constrained Systems

This section is devoted to some fundamental well-posedness properties of the cone-constrained
systems in (1.1) parameterized by elements in Y. This means that we study a certain stabil-
ity of feasible solution sets for cone-constrained programs under parameter perturbations.
To specify the issue, form a set-valued mapping F': X = Y by

F(z):=f(z)+0={yeY| f(z)—yc -0} (6.1)

with f(Z) € —O and focus on deriving verifiable conditions for its metric regularity around
the point (Z,0). As mentioned in Section 1, this property is equivalent to other fundamen-
tal well-posedness properties of set-valued mappings related to linear openness/covering of
F and robust Lipschitzian stability of inverse mappings. Recall that mapping (6.1) with
gph F' = epig f is metrically regular around (Z,0) € gph F if there exist 1 > 0 and neigh-
borhoods U of z and V' of 0 such that we have the estimate

d(z; F'(y)) < pd(y; F(z)) forany z €U and yeV, (6.2)

where d(-;2) stands for the usual distance function associated with the set in question.
The infimum of all such moduli g > 0 over (i, U, V') from (6.2) is called the exact reqularity
bound of F around (Z,0) and is denoted by reg F'(z,0). We refer the reader to [8, 19, 25, 34|
for details on metric regularity and related properties and various applications.

The main goal of this section is to derive sufficient as well as necessary and sufficient
conditions for metric regularity of cone-constrained systems (6.1), with evaluating the exact
regularity bound, for general nonsmooth and nonconvex mappings f: X — Y in (6.1) that
take values in arbitrary Banach spaces Y. Note that in the Asplund space setting the corre-
sponding results can be derived from those in [25, Sections 4.1 and 4.2] and more elaborated
in [17] via the calculus rules therein for regular and limiting coderivative constructions. Fur-
thermore, upper estimates and precise formulas for the exact regularity bound are obtained
in [17, 25] only in the case of finite-dimensional spaces Y. Note also that, since general
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Banach spaces are not “trustworthy” for the Fréchet type subdifferential /coderivative con-
structions used, the corresponding results of [19, 22] seem not to be applicable in the setting
under consideration. As mentioned in Section 1, a major motivation for our study is to cover,
in particular, general nonconvex models of semi-infinite programming, which unavoidably
require to consider the non-Asplund and not Fréchet trustworthy Banach spaces Y = C(T))
and Y = [>°(T); see Section 7 for more details.

In what follows we keep our standing assumptions on the initial data of (6.1) formulated
at the beginning of Section 3 requiring for simplicity that the domain/decision space X is
finite-dimensional, which corresponds to semi-infinite programs considered in Section 7.
The proofs below can be readily extended to the case of general Asplund decision spaces.

The first theorem below provides an upper estimate with the case of equality therein for
the exact regularity bound of F' at (Z, 0) via the regular coderivative (2.5) of f at neighboring
points. The obtained estimate and equality clearly imply a sufficient as well as a necessary
and sufficient condition for metric regularity, respectively. Note that D*f(z)(y*) in (6.3)
can be replaced by d(y*, f)(x) with y* € O, due to the scalarization formula (2.10).

Theorem 6.1 (neighborhood evaluation of the exact regularity bound for cone-
constrained systems). In addition to the standing assumptions of Section 3 let T be such
that f(z) € —© for the cone-constrained system (6.1), and let the set = be defined in (1.3).
Then we have the upper estimate

| € D@, @ € Bya). v S S@)] <n}. (63

which holds as equality if f(z) = 0.

reg F'(z,0) < %I;f(; Sup{

Proof. Denote by a(z) the right-hand side of (6.3) and consider the nontrivial case in (6.3)
when a(Z) < co. Arguing by contradiction, suppose that reg F'(z,0) > a(Z) and thus z* # 0
in (6.3). Hence there are sequences (zn,yn) = (Z,0) and k < a;, < k + 1 for some number
k > a(Z) such that we have

d(xn;F_l(yn)) > o d(yn; F(zn)) > 0. (6.4)

Define ¢y, (x) := d(y,; F(x)) and then &, := 9, (x,) > 0. Since the set F(z) = f(z) + © is
convex for all x € X, we apply the classical Fenchel-Rockafellar duality theorem to get

Unla) = inf {lly — vall + (s F(@)) |

= max { —sup((y", ) = ly = yul) = sup((—y",v) = 6(v: f(x) + ©)) |
yey veY

o
= nax { - 2gg(<y*, y+n) = llyl) = sup=y", fz) + v>} (6.5)
= yr*nea}ai { - <y*7yn> - 5(y*;]By*) + <y*, f(l’» — 5(3/*, @+)}
= max(y”, £(@) =),

y*e=

where Z := ©4 N By~. Thus the distance function v, can be represented as the supremum
of Lipschitzian functions as in Theorem 3.2. This function is Lipschitz continuous on IB,(Z)
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with rank K, where K and p are defined in (3.1). Without loss of generality, suppose that
xyn € IB,() for all n € IN and get therefore the estimates

en = Pn(rn) < Uu(Z) + K2, — 2| = max(y®, f(Z) — yn) + K| zn — Z|
y*e=
< max(y", —yn) + Kllzn — Z|| < |lynll + Kllzn — 2],
y*e=

which imply that €, — 0 as n — oco. Since v, is nonnegative, we have while recalling the
definition of g,, that
Yn () + en > Y (zy) for all x € B,(T).

Applying now the Ekeland variational principle gives us z,, € IB,(Z) satisfying
1% — @al| < anen < (k+1)e, and ¢n(z) + ay ||z — Zn| > ¢(Z,) on B,(Z).  (6.6)

It follows from (6.4) and (6.6) that ||Z,, — z,|| < d(xy; F~(ys)), which yields Z,, € F~(y,),
ie., yn ¢ F(Zy). Thus ¥, (Z,) = d(yn; F(Z,)) > 0. Moreover, by (6.6) we have

0€ (thn +a || —Znl)(Zn) C OUn(Z,) + o, "By,

hence there is x¥ € a;, 'Bx+ with z} € 9, (Z,). By the representation of 1, in (6.5) and
Theorem 3.2 for the setting under consideration (V* = 6,IB*), for any d,, € (0, vn(Zy))
sufficiently small we find z,, € B, (Z,,) and y;, € coZ = = such that

T, € 5@; N@n) + 6, B and  [{yp, f(Zn) = Yn) — ¥n(@n)| < 6n. (6.7)
Due to the obvious estimates
Hf - 5n” < Hf - an + Hxn - fn” + Haf\n - 571” < Hf - xn” + (k + 1)5n + Op, (6'8)

it follows from (6.5) and (6.7) that y; # 0 and that

Unl@a) < (e S @n) = yn) + 0n = (U, S @) = F@a)) + Wi F(@n) = ) + 0
< lill 1 @a) = @)+ I3 e T (@) = om ) +
< NN = Fall + 1y @a) + 0o
< Kon A+ [lypll¥on(@n) + 0,

which implies in turn that

K +1)6,
R R (6.9)

Observe further from (6.7) that
(> F(2))] [{yns F(2) = F@E )+ s £(Tn) = Yn) = Pn(@n)| + ¥ (@n) + (Y, yn)|

lyp[K(|Z = Znll + 6 + n(@n) + K20 — nll + [yl - 1yl
K|z — Zp|| + 6n + en + K(k+ L)en + [|ynl.

IN A IA

This ensures together with (6.9) that

(G D] < (Kl = Fall 480+ 20+ K+ et ) (1= 5257 o0)
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where 7% = ||y || "ty € =. Moreover, it follows from (6.7) and the scalarization formula

(2.10) that there is u) € O(y}, f)(Tn) = D* f(zyn)(y;) satistying ||z} —w) || < 0. Combining

this with (6.9) and the fact 2} € a,, 1IBx~ gives us the relationships

|71l + 6n
1yl

-1 (K + 1)571)_1
<l +a(i-Sog)
Since o, > k > a(Z), we may choose J, sufficiently small so that the right-hand side
of the last estimate above is strictly smaller than k~! < a(z)~! and that max{|z, —
z|, [(yr, f(Z))|} — 0 as n — oo due to (6.8) and (6.10). Therefore, for n > 0 small
enough we have for all n large enough that z, € IB,(Z), (¥, f(Z)) < n with y; € E,
and ||| < k7! < a(z)~!. This contradicts the definition of a(z) and thus justifies the
regularity estimate (6.3).

To complete the proof of the theorem, it remains to show that the equality holds in (6.3)
when f(z) = 0. Indeed, it follows from (6.2) and the definition of reg F'(z,0) that for any

€ > 0 there are neighborhoods U of z and V of f(Z) = 0 with

Uy = llynll =y € D*f(@0) () and g <

d(z; FH(y)) < (reg F(z,0) +¢)|ly — f(z)|| for z €U and ye V. (6.11)

Picking y* € E and 2* € D* f(z)(y*) for some z with # € U and f(z) € V, by (2.5) we find
0 > 0 ensuring the inequality

(@ u—x) = (" f(u) = f(2)) <e([lu—zl| + [[f(u) = f(@)[]) foru e Bs(z). (6.12)
It follows from (6.11) that for any y € Y close to f(z) there is u € F~1(y) near z such that
| — ul| < (reg F'(z,0) +2¢)[ly — f(x)]| with y— f(u) € ©.
Combining this with (6.12) gives us the estimates

(—y"y— f(2)) (=" fu) = f(2)) < e(fJu = f| + £ (u) = fF@)[]) = (2% u — )
(e )+ 2" Dlfu = =]

(e )+ llz7]]) (reg F(7,0) + 2¢) ||y — f()]]

for y near f(z). Thus we find v > 0 with B,(f(x)) C V and get from the above that

* - *7 - x
=y = swp ALy SE)
veBu(f@\f@) Iy — (@)l

INIAIA

1+ K
1+ K

< (e(1+ K)+||z*|)(reg F(z,0) + 2¢),

which implies in turn that

¥ 7! < [(reg F(7,0) +2¢) ™' —e(1+ K)] .
Letting finally ¢ — 0, we arrive at that a(z) < reg F'(z,0). This justifies the equality in
(6.3) and completes the proof of the theorem. A

Note that in the case of smooth functions f in (6.1) the metric regularity (6.2) of such
cone-constrained systems was first established in the seminal paper by Robinson [33] under
his constraint qualification (4.9). As shown in Corollary 4.4, condition (4.9) is equivalent
under the imposed smoothness of f to our qualification condition (4.8), which can be written
in the general setting of this section as

(ker D f(2)) NEo =0 with Zo = {y* € E| (y*, f(z)) = 0}. (6.13)
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The next theorem proves the sufficiency of the pointbased condition (6.13) for metric
regularity of (6.1) under the standing assumptions above, provides a verifiable upper es-
timate of the exact regularity bound reg F'(z,0) calculated at Z, and justifies the equality
therein when f is strictly differentiable at z. It seems that the obtained calculations of the
exact regularity bound are new even in the case of smooth mappings f in (6.1).

Theorem 6.2 (pointbased conditions for metric regularity of cone-constrained
systems). Let f(Z) € —© and int© # () in the setting of Theorem 6.1. Then the con-
strained qualification (6.13) is sufficient for the metric reqularity of F around (z,0) with
the exact reqularity bound of F' at (z,0) estimated by

1
[Eal

reg F(2,0) < b(z) i=sup { = | " € D f(@)(y"), y" € 'S, (y", f(2)) =0}, (6.14)

where z* # 0 due to the qualification condition (6.13). If furthermore Z is weak® closed
in Y* and if f is either ©-convex, or strictly differentiable at T, then we have the equality
reg F'(z,0) = b(x) in (6.14), where b(x) is calculated by

b(z) = sup {|ly*[| | (v*, —2") € N((0,z);gph F), ||lz*[| = 1}, (6.15)
which reduces to the formulas
b(@) = {ly"ll| (v",y) < (", 2 =) forall y€ F(z), 2" =1} (6.16)

in the case of ©-convex mappings f and to

o
IVF(@)y|

when f is strictly differentiable at T.

b(z) = sup{ y* € E with (y*, f(z)) = O} (6.17)

Proof. First we show that the qualification condition (6.13) guarantees that the number
a(Z), the right-hand side of (6.3), is finite. Indeed, the contrary means the existence of a
sequence (zp,z;,yr) € X X X* x Y* such that

Ty = &, |2hll = 0, v € 2, oh € D*f(2)(y), and (4, f(xn)) = 0 (6.18)

as n — oo. By [|y}]| =1 for all n € IN we find a subnet of {y}} weak® converging to some
y* € cI"E. Then it follows from (6.18) and the cluster coderivative construction (2.8) that
0 € Dy f(z)(y*) with (y*, f()) = 0. Proposition 4.2 ensures that y* # 0 and therefore

Hzi*H € (ker Dy f(%)) N Zo.
This contradicts the qualification condition (6.13) and thus justifies that the number a(Z)
is finite. By Theorem 6.1 we have that F' is metrically regular around (z,0).

Since a(z) is finite, it follows from the regularity bound estimate in (6.3) that there is

a sequence (zn, ), yr) € X x X* x Y* such that

1 .
T = B a(Z), y, € E, x;, € D*f(Z)(yy), and (yp, f(zn)) =0 (6.19)
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as n — oo. Again we find a subnet of {(x},y")} weak® converging to some (z*,y*) €
X* % cl*Z and conclude from (6.19) that 2* € D% f(Z)(y*) and y* € cI*E with (y*, f(z)) = 0.
This gives us a(z) = ||z*||~! and thus derives the upper estimate (6.14) from that in (6.3).

To justify the equality in (6.14) with the corresponding representations of b(Z), observe
that the weak* closedness of Z yields the formula

Zo = {y" € ' E| (v, f(7)) = 0}.

If f is ©-convex, we easily get from (2.12) that z* € D}‘Vf(:f:)(y*) with y* € Ey if and only
if (z*, —y*) € N((z,0); gph F) with y* € Sy-. Thus

_ _ 1 * * — *
reg F(2,0) < b(z) = sup { [ | (0, ~0") € N (@, 0): 00 F). 7| = 1
by (6.14). On the other hand, we have from [25, Theorem 1.54] that

reg F(z,0) > sup {|ly*||| (v*,—2*) € N((0,z);gph F '), ||z*|| = 1}, (6.20)

which implies the equality in (6.14) with b(Z) calculated by (6.15). The explicit formula
(6.16) for calculating b(z) in the case of ©-convex mappings follows from the classical form
of the normal cone in convex analysis.

To complete the proof of the theorem, it remains to justify the equality case for map-
pings f strictly differentiable at z. In this case we have from [25, Theorem 1.38] and the
coderivative formulas in (2.11) that

Dyf(@)(y") = {V/(@)y}={2"€X"| (" ~y) e N((0):ephF)}
{x* IS X*‘ (x*,—y*) € N((E,O);gphF)} for any y* € .

Combining this with (6.14) and the lower estimate of the regularity bound reg F'(z,0) in
(6.20) gives us the relationships

1
[Eal

(2", ~y") € N((2,0);g0h F), [ly"l| =1}

(v, —2*) € N((0,2)igph F 1), [l2*]| = 1} < reg F(3,0),

reg F(z,0) < b(z) < sup{

(a*, ") € N((#,0):¢ph F), ly"]| =1}

{ 1
= Su
P
< swp {Jly"|

which imply the equality in (6.14) and formula (6.15) for representing b(z) in this case. The
explicit calculation of b(z) by (6.17) follows from (6.14) with D%, f(z)(y*) = {Vf(z)*y*}
for strictly differentiable mappings, which thus ends the proof of the theorem. A

Note that, in the case of ©-convex mappings f in (6.1), the equality in (6.14) with
the representation of b(z) by the second formula in (6.15) can be also derived from [20,
Theorem 3| and [28, Theorem 3.4] by using somewhat different approaches. Though the
condition “(y*, f(z)) = 0” is not in (6.15) and (6.16) as in (6.14), it is implicitly contained
in the condition (y*, —z*) € N((O, z); gph F_l). Finally in this section, observe the weak*
closedness assumption imposed on = C Y™ for ensuring the equality in Theorem 6.2 seems to
be restrictive in infinite dimensions, since = is a part of the unit sphere Sy, which is never
weak™ closed in infinite-dimensional Banach spaces by the classical Josefson-Nissenzweig
theorem; see, e.g., [13, Chapter 12]. However, we show in Section 7 that the weak* closed
assumption on Z is satisfied for the space Y = I(T) with © = [3°(7) when T is an
arbitrary index set as well as for the space Y = C(T") with © = C(T") when T is a compact
set. Both of these spaces appear in applications to the corresponding models of semi-infinite
programming considered below.
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7 Applications to Semi-Infinite Optimization

The final section of this paper is devoted to applications of the results obtained above to
the models of semi-infinite programming formulated as

minimize ¥(x) subject to
f(z,t) <0 witht e T, (7.1)
r €N CX with dim X < oo,

where ¥ : X — IR and f : X x T — IR are extended-real-valued functions, and where the
index set T is arbitrary (possibly infinite and noncompact). Given a local optimal solution
Z to problem (7.1), we suppose that the standing assumptions of Section 3 hold for ¢ and
Q, while the function f(x,t) is locally Lipschitzian with respect to x around Z uniformly in
t €T, i.e., there exist positive constants K and p such that

|f(x,t) = f(y,t)] < K|z —y| forall x,y € B,(Z) and t € T. (7.2)
Define the e-active set
To(z) = {t € T| f(z,t) > —e} for all € >0

and denote T'(z) := Ty(z). It follows from the uniform Lipschitz property of f in (7.2) that
for any € > 0 there is 6 > 0 sufficiently small such that f(z,t) < 0 whenever z € Bs(Z)
and t ¢ T.(z). This observation allows us to restrict the inequality constraints in problem
(1.2) to the set T.(z) with keeping all the local properties assumed around z. Observe
further from (7.2) that the function f(x,-) is bounded on T, (z) for each x around z. These
discussions show that there is no restriction to suppose that f(z,-) for € X are elements
of [°°(T), the space of all bounded real-valued functions on 7" with the supremum norm:

Ipll = sup el =sup {|p(t)| | t € T} for p e I®(T).
(S

Using the function f(x,t) of two variables in (7.1), define the mapping f: X — (T
by f(x)(-) := f(x,-) € I°°(T) for all x € X. It follows from (7.2) that this mapping is
locally Lipschitzian around Z as in (1.3). Further, it is easy to see that f is [5°(T")-convex
if and only if all the functions f(-,t) as t € T are convex with respect to the variable x.
Moreover, the mapping f: X — [°°(T) is strictly differentiable at z only if the functions
f(,t): X — IR are uniformly strictly differentiable at T for all ¢ € T in the sense of [26],
i.e., they are Fréchet differentiable at Z with

|f($,t) — f(uvt) — <fo(f,t),$ — u>|

sup  sup — 0 as nl0.
teT z,uclBy(7) |z — |
rH#u

When the index set T is a compact Hausdorff space and the functions p(-) € [*°(T) are
restricted to be continuous on 7', [°°(T") reduces to the space of continuous functions C(T")
with the maximum norm. As discussed in Section 1, both spaces [*°(T') and C(T') are Banach
but not Asplund. Furthermore, it is well known that [°°(T) is never separable unless T is
finite, while the space C(T') is separable provided that T is a compact metric space.

Following [14], recall next some facts about the dual spaces to {°°(T) and C(T") needed
below. The dual space [*°(T")* is isomorphic to the space ba(T) of bounded and additive
measures 1 on T satisfying the relationship

(u,p) = /Tp(t)u(dt) for any p € ba(T) and p € [>(T)
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with the dual norm on ba(T') defined as the total variation of u on the index set T' by
= A) — inf u(B).
lll:= sup p(A) = inf pu(B)

In what follows we always identify the measure space ba(7") with the dual space [*°(T)*.
Denote by ba (T') the set of positive (nonnegative) bounded and additive measures on T,
e, bayr(T):={p € ba(T)| n(A) >0, AC T}. It is easy to check that

bay(T) = ,ueba ‘/ p(dt) >0, pelX(T )},

where [°(T) :={p € l°°(T)| pt >0, t € T'} is the positive cone in {*°(T).

When T is a compact topological space, denote by B(T') the o-algebra of all Borel sets
on T'. As well known, the dual space to C(T') is the space rca(T) of all regular finite real-
valued Borel measures on 7' equipped with the total variation norm ||u||. We define the
nonnegative regular Borel measures by

rear(T) == {p € rca(T)| p(A) > 0 for all A€ B(T)},

which is equivalent to the representation

reay(T) = ,u€rca ‘ / wu(dt) >0 for all pe Cy(T )}

where C4(T) is the set of all nonnegative continuous functions on 7. Recall that a Borel
measure /4 is said to be supported on A € B(T) if u(B) = 0 for all B € B(T) with BNA =)
and then observe the following simple while useful proposition.

Proposition 7.1 (supported measures). Let T be a compact Hausdorﬁ space, and let
p € C4(T). If the measure p € rcay (T) satisfies the relationship [, p(t)u(dt) = 0, then it
is supported on the set {t € T| p(t) = 0}.

Proof. Define A := {t € T'| p(t) = 0} and pick any B € B(T') such that BN A = (). Since

1 is a regular measure, we have
wu(B) = sup {M(C’)‘ C C B, C compact}.

To justify that u(B) = 0, we only need to prove that u(C) = 0 for all compact sets C
contained in B. To proceed, define ¢ := max{p(t)| t € C'} > 0 and observe that § > 0 since
CNA=0. It follows that

0= /T p(t)p(dt) = /T PO + /C p(t)u(dt) > /C p(t)u(dt) > 6u(C) > 0,

which implies that p(C) = 0 and thus completes the proof of the proposition. A

As discussed above, the SIP problem (7.1) can be formulated as a cone-constrained
program (1.1) with Y = {°°(T") and © = (°(T"). Applying Theorem 4.1 to this setting gives
us the following necessary optimality conditions for nonsmooth SIP problems.
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Theorem 7.2 (necessary optimality conditions for nonsmooth semi-infinite pro-
grams with arbitrary index sets). Let T be a local optimal solution to the SIP problem
(7.1) under the standing assumptions of this section. For the constraint function f(x,t) in
(7.1) define the measure set

b (T)(£) = { € b (0) (D) = 1. [ f@tu(ar) =0}
and assume that the qualification conditions (4.1) and
(09(z) + N(z;2)) N (— Dy f(2)(bas (T)(f))) = 0 (7.3)

are satisfied. Then there is a measure u € bay(T) such that
0 € d0(Z) + Dif(Z) (1) + N(; Q)  with / f(z,t)pu(dt) = 0. (7.4)
T

Proof. To derive this result from Theorem 4.1, recall the remarkable fact from the geometry
of Banach spaces that int1°(T) # (0. It follows from the above discussions that in the
notation of Corollary 4.3 specified to problem (7.1) we get

int® £ 0 and O = bay (7).

Furthermore, let us check that Z¢ = ba (T)(f). Indeed, it readily follows from

p(T) = 3l > (oe) = [ de) = p(T) for all p € bay(T),

where e is the unit function in [*°(T), i.e., e(t) = 1 for all ¢ € T. Hence the qualification
condition (4.8) of Corollary 4.3 reduces to (7.3) for the SIP problem (7.1). Then following
the proof of Corollary 4.3 in the setting under consideration, we arrive at the necessary
optimality condition (7.4) and thus complete the proof of the theorem. A

Note that the limiting coderivative form (7.4) of the qualified necessary optimality con-
ditions in Theorem 7.2 is different from the subdifferential form obtained in our recent
paper [27] for SIP and infinite programming problems. But now we are able to cover a
general class of uniformly Lipschitz functions f(z,t) in contrast to its “equicontinuously
subdifferentiable” subclass considered in [27].

When T is a compact metric space, the underlying space Y = C(T') is separable, and thus
the unit ball of the dual space C*(T") = rca(T) is sequentially weak™ compact. This allows
us to use the (sequential) normal coderivative (2.6) to derive the corresponding necessary
optimality conditions for the SIP problem (7.1).

Corollary 7.3 (necessary optimality conditions for nonsmooth semi-infinite pro-
grams with compact index sets). In the setting of Theorem 7.2, suppose that the index
set T is a compact metric space and that the function t — f(x,t) is continuous on T for
each v € X. Assume further that the qualification conditions (4.1) and

(00(@) + N@: ) 0 (= Dy f(@) (reas (T)()) ) =0 (75)

are satisfied, where rcay (T)(f) := {u € rcar(T)| w(T) = 1, p is supported on T(Z)}. Then
there is a measure p € rcay (T) supported on T'(Z) such that

0 € 90(z) + Dy f(Z) (1) + N(z: ). (7.6)

27



Proof. Since the unit ball of C*(T') is sequentially weak® compact, combining the last part
in Corollary 4.3 with Proposition 7.1 gives us the existence of the measure p in (7.6) under
the assumptions imposed and thus completes the proof of the corollary. A

Note that the SIP model (7.1) with a compact index set T" has been studied in [40] from
the viewpoint of necessary optimality conditions, without addressing the noncompactness
of T therein as in Theorem 7.2 above. Our results of Corollary 7.3, obtained in the same
compact setting by using an approach completely different from [40], significantly improve
those in [40] from both viewpoints of deriving stronger necessary optimality conditions under
weaker constraint qualifications. The principal difference between the results of Corollary 7.3
and the corresponding ones in [40] is that the latter employ Clarke’s generalized differential
constructions that are usually essentially larger than our nonconvex limiting constructions
of Section 2, being in fact their convezifications; see, e.g., [25, Section 3.2.3] for precise
results and comparison. Observe, in particular, that our normal coderivative appeared in
the qualification (7.5) and optimality conditions (7.6) of Corollary 7.3 is always smaller
(significantly smaller as a rule) than the so-called “Clarke epi-coderivative” D f(z)(u) of
f at T defined in [40] to describe the corresponding qualification and optimality conditions
therein. Let us present just a simple example to illustrate the situation.

Example 7.4 (illustration of qualification and optimality conditions for SIP over
compact index sets). Consider the following one-dimensional SIP (with = € IR):

minimize ¥(x) := 2*> subject to f(z,t) := —|z| -t <0, teT:=[0,1] C R.

It is obvious that Z = 0 is the only optimal solution to this problem and that T'(z) = {0}.
The Clarke epi-coderivative [40] of f at Z is easily calculated by

D f(@)(n) = [~ w(T), i(T)] for all i € reay (T). (7.7)
Furthermore, we can directly calculate the regular normal cone of (2.4) in this setting by

F((e. foenios) = { | € oD

which implies that D3, f(Z) (1) = {—p(T), u(T)} for all pn € reay (T'). Thus the qualification
condition (7.5) of Corollary 7.3

r=—pT)} if >0
r=u(T)} if <0,

(00(@)) n (= DxS @) (reas(T)(f)) ) = {0} N {-1,1} = 0

holds and allows us to confirm the optimality of £ = 0 by the necessary optimality condi-
tion (7.6) of this corollary. On the other hand, the corresponding “generalized constraint
qualification” of [40, Theorem 3.1'] reduces to

(cor™0(@)) N (= DES(@) (rear (T)()) ) = {0} N [1,1] = {0} #0,
i.e., it fails, and the optimality conditions of [40] are not applicable in this example.

The concluding result of this section presents applications of the metric regularity condi-
tions for cone-constrained systems obtained in Theorem 6.2 to the case of infinite inequality
constraints from (7.1) under parameter perturbations.
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Theorem 7.5 (pointbased characterizations of metric regularity of infinite in-
equality systems). Let in the setting of Theorem 6.2 we have the SIP inequality system
F: X = 1°°(T) given by

F(z) = {pel®@)| f(z,t) <pt), t€ T} forall zeX, (7.8)
where T is an arbitrary index set. Pick T € ker F' such that the qualification condition
(ker DX f(2)) N (ba (T)(£)) =0 (7.9)

is satisfied. Then F' is metrically regular around (Z,0) and its exact reqularity bound at
(z,0) is upper estimated by

regF(M)Ssup{ #* € Dy f(2) (), p € bas (T)()) }- (7.10)

Moreover, if for all t € T the functions x +— f(x,t) are either convex or uniformly strictly
differentiable at T, then the equality holds in (7.10) and we have

reg F(2,0) = sup {||ul| | (1, —2*) € N((0,2);gph F'), ||z*|| = 1}, (7.11)

where the exact reqularity bound in (7.11) is further specified similarly to (6.16) and (6.17)
in convex and smooth cases, respectively.

Proof. Recall that int [T (T') # (). By Theorem 6.2 and the discussions above it is sufficient
to check that the set Z = {u € bay (T)| ||u]| = 1} is weak™ closed. To proceed, take any net
{w }ven C E weak* converging to p and show that p € Z. Indeed, it follows that

1= T [l [| = lim pa,, (T) = lim (s, €) = (p, €) = p(T) = ||l

where e is the unit function in [°°(7T"). This readily implies that = is weak* closed in ba(T")
and thus completes the proof of the theorem. A

Note that metric regularity of the mapping F'in (7.8) is equivalent to robust Lipschitzian
stability (formalized via the Lipschitz-like or Aubin property) of the inverse mapping F~!
with respect to parameter perturbations of p € [°°(T'). Such Lipschitzian stability has been
intensively studied in recent publications in the case of linear and conver inequality systems
in semi-infinite and infinite programming with arbitrary index sets; see, e.g., [11, 12, 28] and
the references therein. The equality in (7.11) for convex systems can be derived from the
results of these papers. However, the exact bound estimate (7.10) under the qualification
condition (7.9) in the general uniformly Lipschitzian case for f and the equality therein for
uniformly strictly differentiable functions seem to be new in the SIP literature.

If the index set T' is compact in (7.8), arguing as in the proof of Corollary 7.3 leads us
to an appropriate counterpart of Theorem 7.5 with replacing the coderivative D?v by Dy
and the set ba (T')(f) by rcay(T)(f) in conditions (7.9) and (7.10). In this way we extend
the corresponding result of [10] obtained for linear semi-infinite systems.
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