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Chapter 1

Introduction

The concept of Lipschitzian full stability of local minimizers in general optimization problems
was introduced by Levy, Poliquin and Rockafellar [31] to single out those local solutions, which
exhibit "nice" stability properties under appropriate parameter perturbations. Roughly speak-
ing, the properties postulated in [31] require that the local minimizer in question does not lose
its uniqueness and evolves "proportionally" (in some Lipschitzian way) with respect to a cer-
tain class of two-parametric perturbations; see Chapter 3 for the precise formulations. The full
stability notion of [31] extended the previous one of tilt stability introduced by Poliquin and
Rockafellar [53], where such a behavior was considered with respect to one-parametric linear /tilt
perturbations. Both stability notions in [31, 53] were largely motivated by their roles in the
justification of numerical algorithms, particularly the stopping criteria, convergence properties,
and robustness.

The first second-order characterizations of tilt stability were obtained by Poliquin and Rock-
afellar [53] via the second-order subdifferential /generalized Hessian of Mordukhovich [36] in the
general framework of extended-real-valued prox-regular functions and by Bonnans and Shapiro
[5] via a certain uniform second-order growth condition in the framework of conic programs with
C%-smooth data. More recent developments on tilt stability for various classes of optimization
problems in both finite and infinite dimensions can be found in [13, 14, 17, 34, 42, 43, 45, 46, 47].

Much less has been done for full stability. In the pioneering work by Levy, Poliquin and Rock-

afellar [31] this notion was characterized in terms of a partial modification of the second-order



subdifferential from [36] for a class of parametrically prox-regular functions in the unconstrained
format of optimization with extended-real-valued objectives. The calculus rules for this partial
second-order subdifferential developed by Mordukhovich and Rockafellar [47] allowed them in
the joint work with Sarabi [48] to derive constructive second-order characterizations of fully
stable minimizers for various classes of constrained optimization problems in finite dimensions
including those in nonlinear and extended nonlinear programming and mathematical programs
with polyhedral constraints, which plays an essential role in their works. In these two papers
some relationships of full stability to the classical Robinson’s strong regularity [58] has been
revealed in some special classes of optimization problem [47, 48]. It is important to empha-
size that Robinson’s strong regularity which relates to the local single-valuedness and Lipschitz
continuity of solution maps to generalized equations is the key tool in developing qualitative
and numerical results (e.g., Newton method) on variational inequalities and complementarity
problems [16, 18, 24, 25, 33, 37]. Since full stability is a weaker property than strong regularity
in constrained optimization (see our Section 5.5 for further details), studying this remarkable
stability gives us a realistic hope to improve many well-known results or even establish new
understanding on the aforementioned areas of optimization. This actually makes full stability
on the call!

Developing a systematic study to full stability in the general framework of optimization
problems and applying it to many significant classes of constrained optimization without poly-
hedricity assumption are two main purposes of the thesis. More specifically, we introduce a
new notion so-called Holderian full stability weaker than its Lipschitzian counterpart [31] and
generate a geometric dual-space approach to both of them even in infinite-dimensional spaces. In

contrast to [31], our approach does not appeal to tangential approximations of sets and functions



while operating instead with intrinsically nonconvex-valued normal and coderivative mappings,
which satisfy comprehensive calculus rules. This leads us to more direct and simple proofs with
a variety of quantitative and qualitative characterizations of full and tilt stability. Furthermore,
in this way we may relax the assumption of polyhedricity on the constraint sets [47, 48] in
studying full stability of mathematical programs with C2-smooth data (including those of conic
programming). It is worth mentioning that many remarkable classes such as semidefinite pro-
gramming [65] and second-order cone programming do not enjoy the aforementioned polyhedral
conditions.

Besides Chapter 2 which provides some preliminaries from variational analysis and general-
ized differentiations, the thesis contains two major parts. Part A is devoted to the recent devel-
opments in our joint papers [40, 44] on the theory of full stability in general infinite-dimensional
optimization problems. While Part B focuses on several applications of full stability to con-
strained optimization. Part A begins with Chapter 3, in which we formulate the basic notions of
Hoélderian and Lipschitzian full stabilities and focus on second-order descriptions of these notions
for the general class of parametrically prox-regular extended-real-valued functions. The work
not only covers the original result [31] in finite-dimensional frameworks but also reveals many
convenient characterizations of both types of full stability. Particularly, these characterizations
are obtained in terms of a certain second-order growth condition as well as via second-order
subdifferential constructions with precise relationships between the corresponding moduli.

In Chapter 4 we present many implementations of full stability to parametric variational sys-
tems including generalized equations introduced by Robinson in his landmark paper [56]. Nowa-
days, the latter becomes a core notion in variational inequalities and complementary problems

[18], constrained optimization associated with Lagrange multipliers [5], etc. In [58] Robinson



introduced another significant notation so-called strong regularity which ensures the existence
of a Lipschitz continuous single-valued localization of the solution mapping. Full characteriza-
tions of strong regularity over polyhedral convex sets have been established by Dontchev and
Rockafellar [15], in which Mordukhovich’s coderivative criterion for Lipschitz-like property and
second-order subdifferential are very essential. Whether their main result is still valid when
replacing the polyhedral convex sets by other vital ones such as the set of positive semidefinite
matrices or second-order/Lorent/ice-cream cones is still a big open question in the area. Partial
answers can be founded in [4, 54]. In this chapter we will provide some closer looks to that ques-
tion by developing a new approach to generalized equations via full stability and second-order
theory. More generally, we study parametric variational systems, which particularly covers the
so-called quasivariational inequalities [18] or even hemivariational inequalities [51] and establish
new sufficient conditions for Holder and Lipschitz continuity of the solution mapping to these
systems in term of second-order subdifferentials.

Part B regarding applications to constrained optimization starts with Chapter 5 which ad-
dresses the conventional class of C2-smooth parametric optimization problems with constraints
written in the form g(z,p) € ©, where O is a closed and convex subset of a finite-dimensional
space. The model is indeed one of the most general problems in constrained optimization [5].
Imposing the classical Robinson constraint qualification [60], we show that the continuity of the
stationary mapping in Kojima’s strong stability [23] can be strengthened to Holder continuity
with order % by using Hélderian full stability. If in addition the constraint are C2-reducible and
the optimal point is (partially) nondegenerate in the sense of [5], then we prove the equiva-
lence of Lipschitzian full stability to Robinson’s strong regularity of the associated variational

inequality on Lagrange multipliers. Furthermore, the complete characterizations of full stabil-



ity in Chapter 3 allow us to establish new characterizations to strong stability and also strong
stability via verifiable conditions involving the second-order subdifferential (or the generalized
Hessian) 9?dg of the indicator function g of ©. Also in this chapter these results are specified
for semidefinite programs and second-order cone programs, where © = S is the cone of all the
m X m symmetric positive semidefinite matrices. Furthermore, we show that without nondegen-
eration condition the aforementioned equivalences are not valid anymore. More specifically, in
the classical nonlinear programming when both Mangasarian-Fromovitz constraint qualification
and constant rank constraint qualification are satisfied at the minimizer point, full stability is
characterized by a new uniform second-order sufficient condition while both strong regularity
and strong stability may be not fulfill. This allows us to conclude that strong regularity is always
a stronger property than full stability in general. Chapter 6 ends part B with several applica-
tions to mathematical programs in infinite-dimensional spaces including polyhedric constrained

programs [20, 35] and optimal control of semilinear elliptic equation [2, 5].



Chapter 2

Preliminary

2.1 Basic Notation

We begin with some standard notation in variational analysis and generalized differentiation;
cf. [8, 38, 62]. Let X be a Banach space. Recall that X is Asplund if each of its separable
subspaces has a separable dual. This subclass of Banach spaces is sufficiently large including,
in particular, every reflexive space; see, e.g., [38] for more details and references. As usual,
| - || stands for the norm in X and (-,-) indicates the canonical pairing between X and its
topological dual X* with w* signifying the weak® convergence in X* and cl* standing for the
weak™ topological closure of a set. We denote by IB and IB* the closed unit ball in the space
in question and its dual space, respectively, with 1B, (x) := x + nIB standing for the closed ball
centered at x with radius n > 0.

Given a set-valued mapping F': X = Y between two Banach spaces X and Y, the notion

Limsup F(x) := {y € Y’ 3 sequences xy — T, yr — y such that

T—T

(2.1)
yr € F(xg) for all k€ IN := {1,2,...}}

signifies the sequential Painlevé-Kuratowski outer/upper limit of F'(z) as x — . When Y = X*,

we denote

w* — Limsup F(z) := {:E* € X*| 3 sequences xp — T, x “s 2* such that

T—T

(2.2)
xy € F(xy) forall ke N := {1,2,...}}



2.2 Convex Analysis

Let f : X — IR be an extended-real-valued function, which is always assumed to be proper,
ie., dom f:= {x € X| f(z) < oo} # 0. Recall first some constructions and facts from convex
analysis needed in the dissertation; see, e.g., [3, 62, 68]. If f is convex, its (Fenchel) conjugate

f*: X* = IR is defined by

[H(a@*) = sup {{(z*,2) — f(z)} forall z*e X7, (2.3)
zeX

and its convex subdifferential (collection of subgradients) at & € dom f is given by

of (z) :={a* € X*| f(z) — f(&) > (¢*, 2 —T) forall z € X}, (2.4)

which can be equivalently represented via the conjugate function by {z* € X*| (z*,z) — f(z) >
fr@)}.
The biconjugate f** : X — IR of f is the conjugate of f*, i.e., (f*)*. The following result

[68] is useful for our subsequent considerations.

Lemma 2.1 (subdifferential duality). Let f: X — IR be a conver and l.s.c. function, and

let f* be its conjugate (2.3). Then we have the relationship

x* € 0f(x) if and only if x € f*(x™),

which implies that Of*(x*) = argminy{ f(x) — (z*,z)} for any z* € X*.

It is well-known that f** coincides f when f is a proper lower semi-continuous (l.s.c.) convex

function. Furthermore, we have



Lemma 2.2 (biconjugate inequality, [68, Theorem 2.3.4]). Let f : X — IR be a proper
function. Then we have the inequality f** < f. Moreover, f** = f if and only if f is l.s.c. and

CONVET.

One of the most impressive results in convex analysis is the sum rule of convex subdifferen-

tials.

Lemma 2.3 (sum rule, [68, Theorem 2.8.7]). Let f,g: X — IR be two proper ls.c. convex
functions. Suppose that there is some xg € dom fNdom g such that g is continuous at xo. Then

for any £ € dom f Ndom g we have the relationship

Af +9)(@) =0of(z) + dg(Z).

2.3 Basic Variational Geometry
Throughout this section, € is assumed to be a subset of a Banach space X. The notations co €2,
span €2, cl €2, bd 2, int Q signify the convex hull, span hull, closure, boundary, and interior of
respectively. We write x 2 7 to express the convergence relative to {2 in the sense that © — &
with x € Q.

The thesis mainly concerns about the dual approaches in variational analysis, where notions
of normal cones play essential roles in studying optimization problems with constraints. When

Q) is convex, the conver normal cone to () at a point & € {2 is given by

No(z) = {z* € X*| (z*,2 — %) <0 forall z € X}. (2.5)

This is indeed the convex subdifferental (2.4) at & € Q to the indicator function dq(z), which is

equal to 0 if z € € and to oo otherwise. The polar cone of the convex normal cone is the convex



tangent cone formulated by

To(2) = [No(@)]" = Limsup = - T (2.6)
£10

where the "Limsup" is taken from (2.1) and the notion A* := {a € X| (a*,a) < 0,a* € A}
means the polar cone of A C X*.

When 2 is not convex, there are many appropriate generalized concepts of normal cones;
see, e.g., the monographs [8, 9, 38, 62] for further details and discussions. Following [38] we

define the e-normals to ) at x € Q) by

N.(z:Q):={z" ¢ X*| limsupm <egp. (2.7)
U T

When € = 0, we simply denote N(x, Q) for ]vo(x; Q) and call this set regular normal cone (known
also as the Fréchet normal cone) to  at x. Then the limiting normal cone (known also as the
general or basic normal cones and as the Mordukhovich normal cone) to €2 at some = € 2 is

defined by

N(2;9) := w* — Limsup N, (x; Q). (2.8)
:vgi
el0

When X is an Asplund space, this formula can be simplified [38, Theorem 2.35] by

N(z; Q) :=w" — Lim sup N (z; Q).

Q _
Tr—x

It is easy to check that both N(z;9Q) and N(z;€2) are cones in X*. However, the set N (z;)

is convex, while N(z; () is not in general. Furthermore, when (2 is convex, these two notations
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reduce to the convex normal cone in (2.5). In the thesis we also write Nq(Z) and No(Z) to
represent N (z;€2) and N(z;Q), respectively.

One of the most meaningful properties of construction (2.8) is that it satisfies the intersection
rule: given 27 and {25 two closed subsets of a finite dimensional space X with € 1 N€)q, then

we have
N(z; 1 N Q) C N(z; Q) + N(z;€Q2)

provided that N(z;Q1) N (=N (Z;Q2) = {0}. This result can be generalized to Asplund space
under an additional hypothesis that either 1 or )y satisfies the so-called sequential normal

compactness at T, which is strictly weaker than the nonempty interior assumption, i.e., either

int Q1 # 0 or int Q9 # 0; see [38, Definition 1.20 and Corollary 3.37].
2.4 Subdifferential of Nonsmooth Functions and Coderivative

of Set-Valued Mappings
In this section we recall several subdifferential constructions for nonsmooth functions. Let us
start with first-order subdifferential for proper extended-real-valued functions f: X — IR on
Banach spaces assuming that f is lower semicontinuous (l.s.c.) around Z from the domain
dom f := {x € X| f(z) < co}. The regular subdifferential (known also as the presubdifferential
and as the Fréchet or viscosity subdifferential) of f at Z € dom f can be defined via the regular

normal cone (2.7)

~

9f(z) = {x e X*

(¢, —1) € N((@ £(z)):epi f) |-
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where epi f := {(m,r) € X xR f(z) < r} is the epigraph of f. Indeed, this construction can

be expressed by another equivalent "explicit" form

af(i) = {:U* € X*| liminf -
72 o —z|

CEY(CELLEEE BN

(2.9)

The limiting subdifferential (known also as the general or basic subdifferential and as the Mor-

dukhovich subdifferential) of f at € dom f is denoted similarly by

Of(z) == {x c X*

(2%, ~1) € N((z, f(2));epi /) }.
which can be also defined explicitly via the sequential outer limit (2.2) by

0f(z) := w* — Limsup (/?\f(x) (2.10)

xim’:

when X is an Asplund space, where the notation x i> T stands for the convergence relative to
the function f, i.e., x — = and f(z) — f(Z).

Another construction important in our study is the horizontal subdifferential formulated by

8% f(z) == {g; e X"

(z*,0) € N((z, f()); epi f)}. (2.11)

Note that for convex functions f both regular and limiting subdifferentials reduce to the sub-
differential of convex analysis (2.4) and that 0°° f(z) = {0} if f is locally Lipschitzian around
Z. Moreover, if the function f is Fréchet differentiable at Z, then df(Z) = Vf(Z); while if the
function f is strictly Fréchet differentiable at z, then 0f(Z) = Vf(Z). In general the subgra-

dient sets in (2.10) are nonconvex while they and the corresponding normal and coderivative
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constructions for sets and mappings (see below) enjoy full calculi based on variational/extremal
principles of variational analysis; see [38, 62]. To illustrate, we state here the sum rule of this

setting used frequently in our study. The more general result can be found in [38, Theorem 3.36].

Lemma 2.4 (sum rule, [38, Theorem 3.36]). Let X be an Asplund space and let f, g :
X — IR be two proper extended-real-valued functions with ¥ € dom f N dom g. Suppose that g

18 Lipschitz continuous around T. Then we have

o(f +9)(x) C 9f(z) + 9g().

Before going to second-order subdifferential constructions, let us recall some useful notation
of coderivatives. Given a set-valued mapping F' : X = Y between Asplund spaces with the
domain dom F' := {z € X| F(x) # 0} and the graph gph F := {(z,y) € X x Y| y € F(z)}
assumed to be locally closed around the points in question. The regular coderivative and the

mized coderivative of F' at (Z,y) € gph F' are defined, respectively, by

D*F(z,9)(y*) := {a* € X*| («*,—y") € N((f,g);gphF)}, yreYr, (2.12)
DyF(z,9)(y") :=w" — Limsup D*F(z,y)(z"), y* €Y, (2.13)

gph F',_ _
(J?,y) g (l’,y)
z*—y*

where the convergence z* — y* is strong in Y* while the sequential outer limit in (2.13) is taken
by (2.2) in the weak* topology of X*; cf. [38] for these and other coderivative constructions.
We omit the subscript “M” in (2.13) when X is finite-dimensional as well as the the indication
of y = F(Z) in (2.12) and (2.13) when F is single-valued. It has been well recognized that
the coderivatives (2.12) and (2.13) are appropriate tools for the study and characterizations of

well-posedness and sensitivity in variational analysis; see [38, Chapter 4] or Section 2.5 below
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for more details and references.
It is worth noting that if F': X — Y is a single-valued C' mapping around (Z,%) € gph F,
then we have D*F(z,7)(y*) = D%, F(z,5)(y*) = Vf(Z)*y* for y* € Y*.

The following coderivative sum rule in Asplund spaces is significant.

Lemma 2.5 (coderivative sum rules, [38, Theorem 1.62]). Let X,Y be Asplund spaces,
let f: X — Y be Fréchet differentiable at =, and let ' : X =2 Y be an arbitrary set-valued
mapping such that y — f(z) € F(z). The following hold:

(i) For all y* € Y* one has

D*(f + F)(@9)(y") = V(@)"y" + D"F(2,9 - [(@)(y").

(i) If f is strictly differentiable at T, then for all y* € Y* one has

D*(f + F)(@,9)(y") = VI(@)y" + D" F(z,5 - f(2))(y)-

In this dissertation we widely employ second-order subdifferential constructions obtained by
the scheme initiated in [36]: take a coderivative of a first-order subdifferential mapping. The
major one used below was introduced in [42] as follows; cf. also [21] for the case of set indicator
functions. Given f : X — IR with z € dom f and z* € 9f(z), the combined second-order
subdifferential of f at T relative to Z* is the set-valued mapping D2 f(z,z*) : X** = X* with

the values

P f(z,7)(u) = (D*8f) (z,7")(u), ue X*. (2.14)
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The mized second-order subdifferential of f at T relative to z* is the set-valued mapping

03, f(Z,z%) : X** = X* with the values

0%, f(Z,7%)(u) == (D3 0f)(2,2%)(u) for all ue X*. (2.15)

Both constructions (2.14) and (2.15) reduce to that of [36] in finite dimensions. The mixed
second-order subdifferential is introduced in [38, Definition 1.118] (together with the normal one
not used in the paper) while the combined second-order subdifferential seems to be new in the
literature. Note however that its finite-dimensional version with the normal cone 9f(-) = N(+; Q)
in (2.15) has been recently used in [21, 22] for different purposes. The letter "M" in (2.15) is
omitted if X is a finite-dimensional space.

When f is C? around Z with z* = Vf(z), both 02f(z,z*)(u) and 03, f(z,z*)(u) reduce to

the classical single-valued Hessian operator:

v

Pf(x,x%)(u) = 03, f(Z,2%)(u) = {V2f(T)*u} for all ue X*,

where V2 f(Z)* = V2f(Z) in the Hilbert space setting.
2.5 Stability of Set-Valued Mappings and Mordukhovich Crite-

rion
This section is devoted to characterizations of well-posedness and sensitivity analysis of set-
valued mappings (multifunctions) via coderivatives introduced in Section 2.4. Given F': X =Y

be a set-valued mapping between two Banach spaces. We say F' is metrically regular with
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modulus K > 0 around (Z,y) € gph F' if there are neighborhoods U of Z and V of § with

dist(a:;F_l(y)) < K dist(y; F(z)) forall z €U and y €V, (2.16)

where dist(x; Q) stands for the distance from z to €. The infimum of all the moduli K over
(K,U,V) in (2.16), denoted by reg F'(Z, ), is called the ezact regularity bound.

It has been well recognized that the concept of metric regularity is fundamental in nonlinear
analysis and optimization and is used not only in theoretical studies but also in numerical
methods. For the classical linear and smooth operators this properties go back to the Banach-
Schauder open mapping theorem and Lyusternik-Graves Theorem, respectively. For closed and
convex multifunctions (i.e., those with the closed and convex graph, this notion is characterized
by the Robinson-Ursescu theorem, which says that F' is metrically regular around (Z,y) € gph F'
if and only if § belongs to the interior of the range rge F' := {y € Y| y € F(x), x € X}; see,
e.g., [57, 68].

A significant specification of (2.16) is studied in [15] under the name of "strong metric
regularity". Recall first that F is a localization of F: X = Y around (Z,y) € gph F if there
are neighborhoods U of Z and V of § such that gphﬁ =gph FN (U x V). Then F is strongly
metrically reqular around (Z,4) with modulus x > 0 if the inverse mapping F'~! admits a single-
valued localization around (g, Z) that is Lipschitz continuous with modulus x around g. It is
easy to check that F' is strongly metrically regular at (z,7) if and only if F' is metrically regular
around (Z,%) and F~! has a single-valued Lipschitzian localization around (7,Z). Moreover,
the domain of such a single-valued localization must be a neighborhood of %.

Another important property of F' relating to the metric regularity of the inverse mapping

F~!is the so-called Lipschitz-like (known also as pseudo-Lipschitz or Aubin) property. The mul-
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tifunction F' is Lipschitz-like around (z,y) € gph F' with modulus L if there are neighborhoods

U of z and V of g such that

F(z)NnV C F(u) + L||x — u||B for all z,u e U. (2.17)

It is worth mentioning that F is Lipschitz-like around (z,7) € gph F if and only if F~! is
metrically regular with the same modulus around (3, z) € gph F 1.

Next we recall Mordukhovich’s criterion [62, Theorem 9.40], which is a characterization of
Lipschitz-like property in finite-dimensional spaces. The infinite-dimensional version of this

result can be found in [38, Theorem 4.10].

Lemma 2.6 (Mordukhovich criterion, [62, Theorem 9.40]). Suppose that dim X,dimY <

oo. Then F is Lipschitz-like around (Z,y) € gph F' if and only if D*F(z,5)(0) = 0.

Another stability important to our study is a parametric version of Lipschitz-like property.
Given F': X x P 2 Y is a set-valued mapping, where (P,d) is a metric space. When (Z,y,p) €
gph F', we say F is Lipschitz-like around (Z,y) with compatible parameterization by p around

P with modulus L if there are neighborhoods U of Z, V of p, and W of 3 such that

F(z,p)NW C F(u,p) + L||lx — u||B forall z,ueU, peV. (2.18)

The last result of this section provides a quantitative characterization of the above parametric
Lipschitz-like property of set-valued mappings with a precise modulus in infinite-dimensional

spaces. The proof modifies a similar result in our recent paper [49].

Lemma 2.7 (quantitative coderivative characterization of parametric Lipschitz-like

property with prescribed modulus). Let X,Y be two Asplund spaces while (P,d) is a
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metric space. Given a set-valued mapping F : X x P =Y with (z,p,y) € gph F. Suppose
that the graph gph F' be locally closed around (z,p,y). Then F' is Lipschitz-like around (Z,7y)
with compatible parameterization by p around p with modulus p > 0 if and only if there is some

n > 0 such that

2] < plly*|| - whenever a* € D*Fy(x,y)(y*), (z,p,y) € gph F N B, (Z,p,y),  (2.19)

where Fy(x,y) = F(z,p,y).

Proof. If F is Lipschitz-like around (Z, ) with compatible parameterization by p around p

with modulus > 0, then there are neighborhoods U of Z, V of p, and W of ¢ such that

F(z,p)NW C F(u,p) + p||x —u|[B for all x,uecU, peV. (2.20)

Choose any ) > 0 such that By, (Z,p,7) C UxV xW and pick any (x,p,y) € gph FNIB,(Z,p, 7).
For any z* € ﬁ*Fp(az, y)(y*) and € > 0, it follows from (2.12) that there is some § € (0,7) such

that

<x*,u—x>—<y*,v—y> S&(HU-%‘”-}-HU—yH) for all (U,U) EgpthmBé(‘T’y) (221)

By (2.20) with any u € B, (z) with v := min{§, §(x) "'} > 0 we may find some v € F(u, p) such

that ||lv — y|| < pljlz —ul] < py < 6. This together with (2.21) gives us that

(% u—z) < (y" v —y) +e(lu—zl +[lv —yll) <plly™ll - llu— 2]+ e(llu -zl + pllu —z),

which clearly implies ||z*| < p|ly*|| + (1 + p), since w is chosen arbitrarily on 1B, (x). Letting
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e} 0 gives us ||z*| < plly*|| and thus ensures (2.19).
It remains to prove the converse implication. Without loss of generality assume that gph F
is closed on X x P x Y and (2.19) holds for some n > 0 . It is easy to prove that if there is

some neighborhood U x V' x W of (Z,p,y) satisfying

dist (y; F(z,p)) < pdist (x,Fp_l(y)) for all (x,p,y) e U xV x W, (2.22)

then F' is Lipschitz-like around (Z,y) with compatible parameterization by p around p with
modulus p. Indeed, suppose that (2.22) holds and take any (z,p,y) € U x V x W and u € U,

we obtain from (2.22) that

dist (y; F(u, p)) < pdist (u, F, ' (y)) < pllu — =,

which implies the existence of some z € F(u,p) with ||y — z|| < pl|lu — z|| and verifies (2.20).
Arguing by contradiction that (2.20) is not valid. The above claim tells us (2.22) is not

satisfied too. For any p € intB,(p) the latter allows us to find (Z,7) € int ZBg(:Z",y) satisfying

dist (§; F(&,p)) > pdist (&; F, *(§)) and such that (2u+ 1)e < 7, where ¢ := dist (&; F, '(§)) >

0. To proceed, pick any v € (u,2u) with

dist (; F(2,p)) > ve > pdist (2; F, (7))

and for any o > 0 find some z € Fp_l(yj) satisfying

| — 2| < dist (2; 5, (9)) +a =e+a. (2.23)
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For the Ls.c. and bounded from below function ¢(x,y) := ||z — £|| + §((x,y); gph F}) on the
Asplund space X x Y we have that

inf YY) +e+a>e(,y).
oty o(z,y) > o(Z,9)

Applying the seminal Ekeland variational principle (see, e.g., [38, Theorem 2.26]) to the function

¢ with the new norm |[|(z, y)||¢ := &||z]|+]|yl|, £ > 0 on X xY gives us (g, y0) € gph F), satisfying

ellzo — 7| + llyo — 9l < ve,
20 — 2| = @(x0, 1) < 9(&,7) = ||F — &, (2.24)

inf (x,y) + eta
1 )
(z,y)eXngO 4 ve

(Ellz = zoll + lly = woll) = #(x0,90) = [0 — 2.

\

It follows that

lyo — 9l < ve < dist (9; F(,p)),
which yields yo ¢ F(&,p) and thus zo # Z. Consider the Ls.c. functions on X x Y defined by

a—+e

o1(z,y) == |lz—2|, pa(z,y) :=6((x,y);gph Fp), and @3(x,y) := ——(&[|z — 2ol + ||y — vol|)
e

where two of them are Lipschitz continuous. Then for any 0 < 8 < dist (g; F(Z,p)) — ve we
employ [38, Lemma 2.32] (the basic fuzzy sum rule or subgradient description of the extremal
principle) to the optimization problem in (2.24) and thus find (z;,v;) € Bg(xo,yo) with 0 <

B < |lxo — z|| as i = 1,2,3 such that (z2,y2) € gph F, and that

0 € dpi1(z1,y1) + Opa(w2,ya) + Dp3(x3, y3) + EBx+ X V%]BY*

1)e
)4 wtbeta
ve

(2.25)

C 8| - —&||(z1) x {0} + N ((22,y2); gph F, EBxx ¥

ctatbp .
Ve
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Note further that ||z1 — Z|| > [|zo — 2| — ||#1 — 20| > ||x0 — Z||— 8 > 0 which means z1 # Z. This
together (2.25) allows us to find some z} € X* with ||z]]| = 1 and (z3,y3) € WSIBX* X
#By* such that (z] — 23, —y3) € N((x2,y2);gph F)p), ie., o7 — 2} € B*Fp(xg,yg)(yg).

Furthermore, it follows from (2.23), (2.24), and the choice of v that

o2 = 2| + lly2 = gll - < w2 — woll + llwo — &l + [ — Z[| + lly2 — woll + llvo — 4l + |7 — ¥l
< (lz2 = 2ol + ly2 = woll) + (& =zl + [|§ = Fll) + l[xo — 2[| +ve
n ~ 4 n
<P+ tlE—dl+vesf+ +etatve
n n
< Z+(2M+1)6+a+6§ §+OJ+B
With o, 8 > 0 sufficiently small we have (x2,y2) € By(Z,y) N gph F,. Thanks to (2.19) we get

that

e+a+p . (v+1e+a
p————Z plall = o7 — a3 =2 1 - ———
ve ve

§

Letting o, 5,€ | 0 gives us that p > v, which contradicts the choice of v and completes the

proof of the lemma. O

2.6 Prox-regular Functions and Monotone Operators

Finally in this chapter we recall significant concepts of prox-regularity and subdifferential conti-
nuity of extended-real-valued functions taken from [31], where they are comprehensively studied
in finite dimensions; cf. also the nonparametric versions in [52, 62]. A ls.c. function f: X — IR
is proz-reqular at T € dom f for z* € Jf(z) if there are constants r > 0 and £ > 0 such that for

all z,u € B:(z) with |f(u) — f(Z)| < e we have

flx) > flu)+ (u*, 2 —u) — %Hx —ul|* whenever u* € 0f(u) N B.(z*). (2.26)
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Further, f is subdifferentially continuous at = € dom f for z* € df(z) if the function (z,z*) —
f(x) is continuous relative to the subdifferential graph gphdf at (z,z*).

These notions have been also studied in the frameworks of Hilbert and more general Banach
spaces; see, e.g., [6, 7|. When f is both prox-regular and subdifferentially continuous at Z for
z* € 0f(x), it is easy to observe that the condition "|f(u) — f(Z)| < " can be omitted in the
definition of prox-regularity. The class of prox-regular and subdifferentially continuous functions
is rather broad including, in particular, strongly amenable functions in finite dimensions, Ls.c.
convex functions in Banach spaces, etc.; see [7, 52, 62] for further details.

Moreover, in the general Banach space X it is easy to check that the graph of df is closed
near (Z, z*) in the normxnorm topology of X x X* when f is prox-regular and subdifferentially
continuous at = for z*.

Next we formulate a parametric version of prox-regularity introduced by Levy, Poliquin, and
Rockafellar [31]. Given f : X x P — IR finite at (Z,p) (P is a metric space) and given a partial
limiting subgradient z* € 0, f(Z,p) of f(-,p) at T, we say that f is proz-regular in x at = for z*
with compatible parameterization by p at p if there are neighborhoods U of z, U* of *, and V
of p along with numbers € > 0 and r > 0 such that

f(xvp) Z f(uap) + <U*,£L‘ - U> - %Hl‘ - u||2 for all x € U,
(2.27)

when v* € O, f(u,p) NU*, we U, and f(u,p) < f(z,p) +e.
Further, f is subdifferentially continuous in x at T for £* with compatible parameterization by
p at p if the function (z,p,x*) — f(x,p) is continuous relative to gph 0, f at (Z,p,z*). In this
case the constraint f(u,p) < f(Z,p) + € in (2.27) can be ignored. If the function f is both

prox-regular and subdifferentially continuous in z at = for £* with compatible parameterization
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by p at p, we say for brevity that it is parametrically continuously proz-reqular at (z,p) for z*.
In this case the graph of 0, f is not automatically closed near (z,p, z*) in the norm topology of
X x P x X* anymore. However, it is closed under an additional condition; see our Section 3.2
below.

The following result established by Levy, Poliquin, and Rockafellar [31] is the key tool in

employing prox-regularity to constrained optimization.

Proposition 2.8 (prox-regularity from amenability, [31, Proposition 2.2]). Suppose
that dim X, dim P < oo and that f : X x P — IR is STRONGLY AMENABLE in x at T with
compatible parameterization by p at p, in the sense that on some neighborhood of (Z,p) there
is a composite representation f(x,p) = g(F(x,p)) in which F : X x P —Y is a C* mapping
to a finite-dimensional space Y and g : Y — IR is a convex, proper, l.s.c. function for which

F(z,p) € D :=domg and

y* € N(F(z,p); D), V. F(z,p)'y"=0 = y*=0.

Then for any T* € 0, f(Z,D), we have f is parametrically continuously prox-regular at (Z,p) for

T*. Furthermore, we also have

(0,p*) € 0°f(z,p) = p*=0.

In applications we usually use g = dp as the indicator function to a convex set D and thus f
is the indicator function to 2 := {(z,p) € X x P| F(z,p) € D}; see Part B of the dissertation.
As demonstrated in [7, 31, 52, 62], the limiting subdifferential of prox-regular functions

is strongly connected to monotonicity. Recall that a set-valued mapping 7" : X = X* (or
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sometimes T : X* = X)) is monotone if it satisfies the relationship

(" —u*x —u) >0 for all (z,z%), (u,u”) € gphT.

In addition the mapping T": X == X* is said to be maximal monotoneif T' = @ for any monotone
mapping @ : X = X* with gph T C gph Q. It is well-known in convex analysis that the convex
subdifferential of a convex function is a maximal monotone.

The mapping T is locally monotone around (Z,z*) € gphT if it admits a monotone local-
ization around this point. Moreover, T' is locally maximal monotone around (Z,z*) € gph T if
there are neighborhoods U of  and U* of * such that for any monotone mapping S : X = X*
with gphT'N (U x U*) C gph S we have the equality gphT N (U x U*) = gph SN (U x U*).

The next result ensures the "positive-semidefinite" property of coderivatives of maximal
monotone operators. It extends that of [53, Theorem 2.1] to the Hilbert space setting. In fact,
the proof of [53, Theorem 2.1] can be easily modified for this case; see, e.g., [10, Lemma 5.2].

Here we present a new and simple proof in Hilbert space.

Lemma 2.9 (coderivatives of maximal monotone operators). Let X be a Hilbert space,
and T : X = X be a mazimal monotone operator. Then for any pair (z,z*) € gph T we have

that

(u*,u) > 0 whenever u* € D*T(z,z*)(u). (2.28)

Consequently, (u*,u) > 0 whenever u* € D}, T(z,z*)(u).

Proof. It is well known that for any A > 0 the resolvent Ry = (I + AT)~! is nonex-

pansive with dom Ry = H by the classical Minty theorem. Pick an arbitrary pair (u,u*) €
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gph D*T(z,7*) and deduce from Lemma 2.5 that

—A "l € D*Ry(% 4 AT*, &) (—u* — A" lw).

Since R) is nonexpansive, it follows from [38, Theorem 1.43] that || — A~ ul| < || — u* — A" u],

which clearly implies that

A7 Jul® < = = Al = )P+ 207 )+ A7 u?

and yields in turn that 0 < Alju*||? + 2(u*,u) for all A > 0. Letting A\ | 0 gives us that
(u*,u) > 0, which is the claimed relationship (2.28). Similarly, by replacing (z,z*) with any

point (x,z*) € gph T, we also have

(u*,u) >0 whenever u* € D*T(x,z")(u).

This fact easily implies the second conclusion of the lemma by passing to the limit as (z,z*) —

(z,z*) and using definition (2.13) of the mixed coderivative. O
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Part A: Theory

Chapter 3
Full Stability in Unconstrained

Optimization

3.1 Overview
This chapter is devoted to studying the notion of full Lipschitzian stability introduced by Levy,
Poliquin and Rockafellar [31] in the general extended-real-valued framework of parametric op-
timization and its new Hélderian counterpart. Differently from the finite-dimensional setting
of [31], we consider here full stability in infinite-dimensional optimization, which allows us to
cover, in particular, problems of optimal control in Chapter 6. On the other hand, most of the
results obtained below are new even for Lipschitzian full stability in finite-dimensions.

Let us introduce some notions used broadly in the chapter. Given an extended-real-valued
function f: X x P — IR := IR U {oc} between an Asplund decision space X and a metric
parameter space (P,d) with the nominal parameter value p € P, consider the optimization

problem

P minimize f(z,p) over z € X (3.1)
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and its two-parameter perturbations constructed as

P(x*,p) minimize f(z,p)— (z*,x) over x € X (3.2)

with the basic parameter perturbations p € P and the tilt ones z* € X*. For (z,p) € dom f

and v > 0, associate with these data the following objects:

m (z*,p) = inf { f(z,p) — (a*,2)| ||z — Z|| <~},
M, (%, p) := argmin{ f (z,p) — (z*,2)| [l — 2| < 7}, (33)

S(z*,p) = {w € X‘ T* e &Cf(:c,p)},

where 0, f stands for the partial limiting subdifferential (2.10) of f with respect to x.
Now we formulate the two main stability properties discussed above. The first (Lipschitzian)
was introduced in [31] in finite-dimensional spaces with the modulus modification given in [42]

while its Holderian counterpart has been recently introduced in [40, 44].

Definition 3.1 (Lipschitzian and Holderian full stability). Given f: X x P — IR and a
point (Z,p) € dom f in (3.1) with some nominal basic parameter p € P, we say that:

(i) The point T is a LIPSCHITZIAN FULLY STABLE LOCAL MINIMIZER of P(Z*,p) in (3.2)
corresponding to p and some tilt parameter T* € X* with a modulus pair (k,£) € IR% = {(a,b) €
IR%| a > 0, b > 0} if there are a number v > 0 and a neighborhood U* x V of (z*,p) such that
the mapping (x*,p) — M, (x*,p) is single-valued on U* x V with M., (Z*,p) = = satisfying the

Lipschitz condition

HMW(Q;Tapl) - Mv(l’;apl)n < RH:I:T - IL’;H +£d(p17p2) f07’ all xT7x§ € U*7 pi,p2 €V (34)
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and that the function (x*,p) — m.(x*,p) is also Lipschitz continuous around (v,p).
(ii) The point T is a HOLDERIAN FULLY STABLE LOCAL MINIMIZER of problem P(Z*,p) with
a modulus pair (k,0) € B2> if there is a number v > 0 such that the mapping M., is single-valued

on some neighborhood U* x V' of (z*,p) with M, (z*,p) = Z and
1 * * *
1My (21, p1) — My (23, p2) | < Kll2] — 5| + ld(p1,p2)2  for all x},x5 € U”, p1,pa € V. (3.5)

If the parameter p is ignored, both properties in Definitions 3.1 reduce to tilt stability
introduced by Poliquin and Rockafellar in [53]. However, in the parameter-dependent case
for f full Holderian stability is strictly weaker than its Lipschitzian counterpart; moreover,
the exponent r = % in (3.1) is the largest possible exponent of Holder continuity for M,. To

demonstrate it, we borrow the following example by Robinson [57] designed for a different

purpose.

Example 3.2 (Holderian full stability is strictly weaker than Lipschitzian one). Con-

sider the following parametric nonlinear program in IR?:

1
fo(z,p) == =||lz||?>, =€ IR? subject to
P(p) minimize 2

1
g(z,p) == —(A+pil)x+ 5(2 +p1)a+p2b € R

with the parameter p = (p1,p2) € IR? and the data A, I, a, and b defined by

It is shown in [57] that for any p around p = (0, 0) the unique local minimizer z(p) of problem
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P(p) is continuous but not Lipschitz continuous around = (3, ). This implies that Kojima’s
strong stability [23] cannot be strengthened to Robinson’s strong regularity [58]. Note that
Kojima’s strong stability is equivalent to the uniform second-order growth condition in the sense
of [5, Definition 5.16]; see [5, Proposition 5.37]. The latter verifies our USOGC in Definition 3.4
at (z,p,z*) with z* = (0,0) for the function f(z,p) := fo(x,p) + da(z,p), where Q denotes the
feasible solution set in (3.6). It follows from Proposition 2.8 that BCQ (3.7) (or (3.8)) holds at
(z,p). We get from Theorem 3.5 and Theorem 3.6 below that Holderian full stability is valid
for function f. Furthermore, it can be observed from the calculations in [57] that M, (z*,p) = 2
and M, (z*,p) = %a + &b with p = (pl, %) when p; > 0 is sufficiently small, where M, is
taken from (3.3) with some v > 0. This demonstrates the failure of Lipschitzian full stability

and also shows that the Holderian exponent % in (5.10) cannot be improved.

To this end we mention the beautiful result by Gfrerer [19] showing that strong stability can
be strengthened to Hélder continuity of local minimizers with the best possible exponent r = %

for a general class of parametric nonlinear programs with smooth data.

3.2 Second-order Characterizations of Holderian Full Stability

We say that the basic constraint qualification (BCQ) holds at (Z, p) if the epigraphical mapping
F: pw epif(-,p) is Lipschitz-like around (ﬁ, z, f(ic,ﬁ)) (3.7)

in the sense of (2.17). As discussed in Section (2.5), in the case of Asplund parameter spaces
P the introduced BCQ (3.7) can be characterized via the mixed coderivative (2.13) of F' at
the reference point (p, z, f(z,p)). If both X and P are finite-dimensional, this gives from the

Mordukhovich’s criterion (2.6) us the equivalent form of the basic constraint qualification (3.7)



29

formulated in [31] as

[(0,p") € 0°f(z,p)] = p* =0. (3.8)

The following result provides a necessary condition for the basic constraint qualification

(3.7).
Proposition 3.3 (consequence of BCQ). The validity of BCQ (3.7) ensures the existence
of neighborhoods U of * and V' of p along with a number € > 0 such that

MRS Uapl)pZ eV ||l’1 - -rZH < Cd(plapZ)v
= Jdxo with (3.9)

f($17p1) < f(jvp) +e€ f(l'Q,pQ) < f(xlapl) + Cd(p17p2)a
where ¢ > 0 is a modulus of the Lipschitz-like property in (3.7).
Furthermore, if f is parametrically subdifferentially continuous at (z,p) for some T* €

O, f(Z,p), then the graph gph df is closed around (Z,p,z*).

Proof. Can be distilled from [31, Proposition 3.1 and 3.2] given in finite dimensions under

(3.8). O

Now we define our basic uniform second-order growth condition for f in (3.1), which is a
general version of that for C? conic programs with respect to the C2-smooth parametrization

introduced in [5, Definition 5.16] and reduces to [48, Definition 3.6] in finite dimensions.

Definition 3.4 (uniform second-order growth condition). Taking z* € 0, f(Z,p), we say
the UNIFORM SECOND-ORDER GROWTH CONDITION (USOGC) holds at (z,p,Z*) with modulus

Kk > 0 there are neighborhoods U of Z, U* of *, and V of p such that

f(z,p) > f(u,p) + (x*,z —u) + i”m —ul|? forall z€U (3.10)
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whenever (x*,p,u) € gph SN (U* x V x U) with the mapping S defined in (3.3).

The next theorem shows that USOGC (3.10) characterizes the Hélder continuity of the map-
ping S(z*, p) with respect to p and its Lipschitzian continuity with respect to z*, proving also a
precise relationship between the corresponding constants crucial for characterizing full stability
in Section 4. When ignoring the parameter p this results reduces to [42, Theorem 3.2] and [13,
Theorem 3.3] in finite dimensions. Note that a version of implication (iii)==-(i) below ensuring
the Holder continuity with respect to both parameters (z*, p) follows from [5, Theorem 5.17] for

C? conic programs in Banach spaces.

Theorem 3.5 (Holder continuity of the inverse subgradient mapping via USOGCQC).
Let X be an Asplund space and let z* € 0, f(Z,p). Assume that BCQ (3.7) holds at (%,p) €
dom f. Then the following assertions are equivalent:

(i) We have z € M, (z*,p) for some v > 0, and there is a neighborhood U* x V x U of
(z*,p, ) such that the mapping S from (3.3) admits a single-valued localization ¥ with respect

to U* x V x U satisfying the Hélder continuity condition

* * * * 1
[9(21, p1) — Hag, p2)|| < slle] — 23]l + Ld(p1, p2)2 (3.11)

for all 7,25 € U* and p1,p2 € V, where k and ¢ are positive constants.

(ii) We have z € M, (z*,p) for some v > 0, and there exist a neighborhood U* x V x U
of (z*,p,%) and a constant k > 0 the same as in (3.11) such that the mapping S admits a
single-valued localization ¥ with respect to U* x V' x U, which is Lipschitz continuous in x*

uniformly in p, i.e.,

[0(21,p) — (a3, p)l| < wlle — a3l for all xy,25 € U™ and peV. (3.12)
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(iii) USOGC (3.10) holds at (z,p, T*) with modulus k taken from (3.11) and (3.12).

Proof. Implication (i)==(ii) is trivial. To verify (ii)==(iii), find by (ii) a number x > 0
and a localization 9 of S with respect to U* x V' x U and then split the proof into the following
claims.

Claim 1: There exist numbers a,v > 0 satisfying
f(x,p) > f(z,p) + (%, — ) + al|lz — Z||* for all x € By, (%). (3.13)
Arguing by contradiction, suppose that such «, v do not exist and find x; — = and ay | 0 with
f(xr,p) < f(2,0) + (2%, 26 — ) + apllox — 7%, ke IV
By z € M,(z*,p) we get from here with &5 := ||z, — Z||* L 0 as k — oo that

ot {F@ D) = @ e =3} = @) > S p) — (7w = ) e,

Then Ekeland’s variational principle gives us a sequence {uy} such that ||ug — x| < (/2 and

inf {S(0p) = (@0 = 2) + VRl — el } = Fm) — @~ 7).

z€B- (T

where up — T as k — oco. Applying the generalized Fermat rule to the local minimizer u of the
above optimization problem and using the sum rule in Lemma 2.4 for limiting subdifferential
provide the inclusion

0e 8If(uk,13) -z + @Bx*.
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Thus there exists z; € 0,f(ug,p) with ||z} — Z*|| < /e implying that u, = ¥(x},p) for

sufficiently large k € IN. It follows from (3.12) that

_ — _ _ €k
rver 2 wllzy = 27 2w = 2l =2l = 2l = fluw = 2l = /27 = Ver,

and so \/ay, > (k+ 1)71, which contradicts the assumption on ay | 0 and thus justifies (3.13).
Claim 2: With v from (3.13) and § > 0 sufficiently small, for any (z*,p) € Bs(z*) x
Bs(p) C U* x V the element u := S(z*,p) belongs to IB,(Z) and is a unique minimizer of the

problem:
minimize f(x,p) — (", x) subject to x € IB,(T). (3.14)
By (3.9) we find constants ¢, > 0 such that

T € BQV(i')aphZJQ S Bl/(ﬁ) Hl’l - mQH S Cd(p17p2)7
— 3z, with (3.15)

f(xy,p1) < f(Z,D) + € f(x2,p2) < f(x1,p1) + cd(p1, p2).
Suppose further that 0 < § < (3¢)~!v. Then fix p € Bs(p) and show that f(-,p) is bounded
from below on BB, (Z). Observe first that this assertion holds if f(z,p) is uniformly bounded
from below for any x € B, (z) satisfying f(z,p) < f(z,p) + €. Indeed, for such = we get from
(3.15) that there is some v € X such that ||z — v|| < cd(p,p) and f(z,p) > f(v,p) — cd(p, p),
which implies that ||[v — Z|| < |Jz — v|| + ||z — Z|]| < ¢d + v < 2v and verifies by (3.13) the

boundedness from below:

f(z,p) > f(v.p) — cd(p,p) > f(Z,p) — (z",v — F) —cd > f(Z,p) — |72V — cd.



33

Hence there exists a sequence {v;} C B, (&) with

xe%l,,f(f) {f($7p) - <.’L‘*,$>} + k.—2 > f('Uk7p) _ <$*,Uk>.

By Ekeland’s variational principle, for k € IN find wy, € IB,(Z) such that |Jwy — vg|| < k7! and

ot ()~ ) e} 2 Fop) - (o). (3.16)

By (3.15) there is some w € X with ||w—z|| < cd(p,p) < ¢d < vand f(Z,p) > f(w,p)—cd(p,p) >
f(w,p) — . It follows from (3.16) that

f(j’ﬁ) + cd Z f(w,p) Z f(wk,p) + <‘T*7w - wk> - kilnw - wk”
(3.17)

> f(wk‘7p) - (HCE*” + 5)21/ - k7121/7
which allows us to have f(wg,p) < f(Z,p) + & when v is small. Then by (3.15) there is z; such
that ||k — wi < cd(p, p) < & and f(wk,p) > f(4,5) — cd(p,B) > f(zx, ) — 6. This gives us

|z — Z|| < ¢ + ||wg — Z|| < 2v, which being combined with (3.13) and (3.17) implies that

f(@.p)+e6 > flz,p) — b+ (a*,w—wy) — k™ Hlw—wy| > f(z,p)

HT* 26 — T) + al|zp — T2 — e + (2F,w —wg) — k7120 and

2e0 + k7120 > allze — Z|P 4 (3 — 2, 2 — Z) + (25, 2 — T 4w — wy)
> allzy — 2] — |7 = 2| - ll2r — 2| = 2| (l2% — will + [lw — z]))
> aflzp — 2l|* = 8|z — 2| = (|2"[| + 6)(cd(p, p) + cd(p, p))

> allzx — 2l|* = 8]z — z|| = (|2"]| + 6)2¢3,
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where « is taken from (3.13). For small § the above inequalities yield ||z, — Z|| < 2 and so

2v
lwr — Z|| < ||z — Z|| + [|Jwge — 2&|| < 3 +c¢d < v for large k.

Applying the generalized Fermat rule to problem (3.16) at wy, € int IB,(Z) and then using the

sum rule for limiting subdifferential give us that
0 € Opf(wi,p) — % + k1B,

which allows us to find w} € 9 f(wg,p) such that ||w; — z*|| < k~'. Thus we get |Jw} — z*|| <
|z* — z*|| + |lwf — 2*|| < 6+ k! and so w} € U* when k is sufficiently large while 4 is small.
It follows from the assumptions of (ii) that wy = ¥(wj,p) — u. Hence the passage to the limit
in (3.16) shows that u = ¥(z*,p) € IB,(Z) is a unique minimizer of (3.14), which verifies the
claim.

Claim 3: USOGC (3.10) holds at (z,p,z*) with modulus x. To justify it, define

gp(z*) = (fp + 5,31,(56))*(3;*) = Es}gp(f) {(m*,:z:> — fp(:c)} for z* € X*, (3.18)

where §,v are taken from Claim 2. It is well known from convex analysis that (3.18) with
p € Bs(Z) and f, := f(-,p) is the (proper and convex) Fenchel conjugate of f,+dp, ). Denote
¥y = U(-,p) and get from (3.14) that g,(z*) = («*,0p(z*)) — fp(Ip(a¥)) if 2* € Bs(z*) and

p € Bs(Z). Then

gp(v") = gp(a™) = [(0", 0p(2")) = fp(Ip(a™))] — [(&", 9p(2")) = fp(Pp(2"))] = (v" — 2", 0p(a"))
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whenever v* € X*, which implies that 9,(z*) € Jgp(z*). Moreover, it is easy to check from
(3.14) that ¥, is monotone on Bs(Z*) x IB,(Z). The Lipschitz continuity of ¥, ensures its
maximal monotone on this set and, by the monotonicity of the convex subdifferential, implies
that

gph 9y, N (Bs(z*) x B, (z)) = gphdgp, N (Bs(z*) x B,(T)).

Thus the subgradient mapping Jg, is single-valued and Lipschitz continuous on IBjs(z*), which
can be true only when g, is Fréchet differentiable on int Bs(z*) with dgp(-) = {Vg,(-)} on this
set.

Choose 8 > 0 with k3 < v and 33 < 4. Define U := B,.s(z) C B,(z), U* := Bg(z*) and

observe that Vgp(ﬁ*) c U. Picking (u*,u) € gphdpN ((7* X (7) =gph Vg,N ((7* X (7) gives us

1
B07) =gy = (" =) = [ (Tl + 80" =) = Vi), 0” =)

1
= [t <l o = e = G~ P o € By(a),
0

Since gp(u*) = (u*, u) — fp(u) by (3.14), the above inequality implies that

9p(0") < —Jp(w) + S l0* = ]|+ (0 ) + G (%) for all " € X

This gives us by the biconjugate inequality from [68, Theorem 2.3.1] that

fo(@) = fp(2) +0p,@)(7) = (fp + 0B,@)" (2) = g,(x)

K
> sup (v* )y — —|[v* —u*|| — (V" u) p + fp(u) 3.19
U*EB(;(IE*){ 2 } p ( )

> sup {(v*—u*,m—u)—EHU*—u*||}+<u*,x—u>+fp(u), zel.
v*€Bs(7*) 2
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Now we consider the duality mapping J(v) := 30(|| - |)2(v) for v € X and recall that
J(v) = {v* € X*| (v*,v) = v||? = ||v*||2} # 0 whenever v € X.

Select further w* € J(X(z — u)) and get from (3.20) that

1
I? = o lle — ul® =

* . _E *2_& .
(w3 — ) — S| = <l - ul? -

2k

Moreover, it follows from (3.21) due to u* € U* that

* * —% * * —* 1 1
lw” + " = 27| < flw'l| + [lu” = 27| < —llz —ull + B < ~2k5+ =36

(3.20)

(3.21)

and thus w* 4+ u* € Bs(z*) by the choice of 5. Combining this with (3.21) and (3.19) ensures

that

1 -
fp(z) > fp(u) + (u*,z —u) + ﬂHx —u|? forall zeU

whenever (u*,p,u) € gphd N (U* x Bs(p) x U) = gph SN (U* x Bs(p) x U). This verifies

Claim 3 and completes the proof of implication (ii)==-(iii).

Next we justify the converse implication (iii)==-(ii). By (iii) find the neighborhood U x V' x

U* of (z,p,x*) for which (3.10) holds. It is clear that z € M, (z*,p) with any v > 0 satisfying

B.(z) C U. Define 9 : U* x V=2 U by gphd := gph SN (U* x V x U) and observe from (3.10)

that ¥ is a single-valued and that for any (z7,p), (23, p) € domd we have

fluz,p) > f(u1,p) + (&7, u2 — u1) + 5= lug — uy|?,

flur,p) > flug,p) + (@3, u1 — ug) + 5-[lur — ug|?
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with u; = J(27,p) and ug := ¥(z5,p). Adding these two inequalities gives us the estimates

*_

Llug — ug]® < (@3 — 2§, up — wy) < || — 27| - |lug — w1 ||, which imply in turn that

[0(27,p) = O3, p)|| < K21 — w3 for all (a7,p), (x3,p) € dom SN (U* x V). (3.22)
To verify (ii), it suffices to show the existence of § > 0 such that
]Bg(i'*) X Bg(ﬁ) C dom 9. (3.23)

We proceed similarly to the proof of (ii)==(iii) observing first that the counterpart of Claim 1 is
trivial in this case. As for Claim 2, the usage of (3.22) instead of (3.12) allows us to find §,» > 0
such that for any (z*,p) € Bs(z*) x IBs(p) C U* x V there are sequences (wy,wy) € IB,(T) x
IBs(z*) with w}, € O f(wg,p), i-e., wy = Y¥(x}, p) and w;, — z*. It follows from (3.22) that {wy}
is a Cauchy sequence and thus converges to some w € IB, (). Since (wj,p,wy) € gphv, we get
from (3.10) that f(z,p) > f(wg,p) + (W}, —wi) + ﬁHx — wy||? for all x € U, which implies

by letting £ — oo that
* 1 2
f(z,p) > f(w,p) + (2%, 2 —w) + Q—Hx — wl||* whenever z € U.
K

It yields z* € 0, f(w, p) by the Fermat rule and thus justifies (3.23).
To complete the proof of the theorem, it remains to show that (iii)==(i) by continuing the
proof (iii)=> (i) above. Pick (7, pi, ui) € gphd 1 (Bs(2*) x Bs(p) x By (%)) and deduce from

(3.15) that there are x; such that ||z; — Z|| < ¢d < v and f(Z,p) > f(zi,pi) — cd(pi, D), i = 1, 2.
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This together with (3.10) gives us that

. 1
f(@,p)+cd > fxi,pi) > flui,pi) + (@], i —wi) + —||zi — Uz||2

2K
> fluispi) = |25 - i — will > f (i, pi) — (|27 + 6)26.

Thus we get f(u;,p;) < f(Z,p) + € when § > 0 is small. By (3.15) there are vq, vo such that

|lug — v1]| < cd(p1,p2), |lur — va|| < cd(p1,p2),
(3.24)

f(vi,p1) < flug,p2) + cd(p1, p2), f(v2,p2) < f(u1,p1) + cd(p1, p2).

It follows that ||v; —Z|| < |lug —v1||+|lue —Z|| < 2¢d+v < 2v, which yields v; € U and similarly

vy € U when v is sufficiently small. Hence we obtain from (3.10) that

f1,p1) > f(ur,p1) + (@}, v1 — ur) + 5= [lvr — w]|?,

f(v2,p2) > fluz,p2) + (5, v2 — ua) + 5 |lva — uz||?.

Summing up these two inequalities and combining it with (3.24) give us that

X 1 . 1
2cd(p1,p2) > (21,01 —u1) + ﬂHm —ur|® + (@3, v2 — ug) + ﬂHvz — ugl|?

* * * * 1
> (2] — x3,u2 — u1) + (27,01 — u2) + (5, v2 — u1) + ﬂ(Hm — u|| — [Jlur — ug|)?
1
+%(Hv2 —up|| = [Jur — ug|)?

> — |} — 3|l - lur — w2l — (|27 + 6)[Jvr — wall = (27| + 0)[lvz — ua|
1
—;(Ilm —uz| + [Jv2 — wal])[|ur — w2l + ;Hul — ugl|?

> (laf = w3l + (o1, p2)) r = wal] = (1 | + O)d(p,p2) + [lwr — wall,
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which ensures the validity of the estimate
1 2 * * 2¢ %
~llur —ua||® = (21 — @3l + —d(p1, p2)) [lur — wal| = 2¢(|Z°]| + 6 + 1)d(p1, p2) < 0.

Therefore we arrive at the relationships

K . . 2c
lon = wall < 5|l = w3l + =“d(r, p2) +

2c 8c ..
(5 = 250+ e, ) + 203 46+ o, o)

N

< kl|lz} — o3| + 2cd(p1, p2) + /2ck(||*]| + 6 + 1)d(p1,p2)

[NIES

< nllwt — 25|l + 26v/20d(p1, p2)7 + v/ 2ek([7° [ + 6 + Dd(p1, p2)

D=

< wl|lat — ab]| + (2eV28 + /2cx(||7*]| + 6 + 1)) d(p1, p2) 2.

This together with (3.23) justifies (3.11) and thus completes the proof. O

The next theorem characterizes Holderian full stability in (3.2) in term of USOGC when X

is a Hilbert space.

Theorem 3.6 (characterizing Holderian full stability via USOGC). Let X be a Hilbert
space. Assume that BCQ (3.7) is satisfied at (Z,p) € dom f and that f is parametrically
subdifferentially continuous at (z,p) for * € 0, f(Z,p). The following are equivalent:

(i) The point z is a Hélderian fully stable local minimizer of problem P(Z*, p) with a modulus
pair (k,0) € R2> and the function f is proz-reqular in x at T for x* with compatible parameter-
1zation by p at p.

(ii) USOGC (3.10) holds at (z,p,T*) with modulus k > 0.

Proof. To justify (ii)==(i), take neighborhoods U, U*, V' from Definition 3.4 and suppose

without loss of generality that IB,(Z) = U. It follows from (3.10) that f is parametrically prox-
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regular as claimed in (i) and that M, (z*,p) = S(z*,p) for all * € U* and p € V. Applying
now Theorem 3.5 ensures (i).

To prove the converse implication (i)==-(ii), we get from (5.10) that

* = * —k = * — % 1. * *
My (2%, p) — Z|| = [[My (2", p) — My (2%, p)|| < wlla™ — 2| + Ld(p,p)z if (z*,p) €U" xV

for the neighborhoods U* and V from Definition 3.1(ii) and choose a neighborhood U of & so
that U C int B,(z) and M, (z*,p) C U for all (z*,p) € U* x V. This gives us M,(z*,p) C
S(x*,p)NU. Suppose without loss of generality that the neighborhoods U, U*, V agree with those
in (2.27), where the inequality f(u,p) < f(&,p)+ ¢ is omitted by the parametric subdifferential
continuity of f. Denoting by T be a localization of 0, f relative to U x V' x U* and then defining
Tp(-) :=T(-,p) for p € V, we conclude from (2.27) that T}, 4+ sI is strongly monotone in the
Hilbert space X with the identity operator I. Thus (7}, + sI)~! is single-valued in its domain.
It is easy to observe from (3.3) that M(-) := M,(-,p) is also monotone for any p € V. Since
M is Hoélder continuous on U* and M (U*) C U, it is maximal monotone relative to U* x U.

Invoking [3, Theorem 20.21], consider the maximal monotone extension = of M and get that

gph='N(U x U*) =gph M1 N(U x U*) C gph T, N (U x U*). (3.25)

Define further J : X x X — X x X by J(z,y) := (y + sz,z) for (z,y) € X x X and then
Z = J(U x U*). The classical open mapping theorem tells us that Z is a neighborhood of

(z* + sz, ). Observe by (3.25) that

gph (7 +r)'NZ=gph (M~ +sI)"*NZ Cgph(T, +sI)'NZ. (3.26)
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Picking (u,u*) € gphT,, we have u = (T, + sI)~}(u* + su) by the single-valuedness of the
mapping (T}, + sI)~!. The seminal Minty’s theorem tells us the mapping (27! + sI)~! is of
full domain. Combining this with (3.26) yields u = (271 + sI)~!(u* + su) by (u* + su,u) € Z.
Hence we get (u*,u) € gphEN (U* x U) = gph M N (U* x U). Since M(u*) € df,; *(u*)NU for

all u* € U*, it implies that M (u*) = T, (u*) and thus

gph M1 N (U x U*) = gph T, = gph df, N (U x U*).

This implies by Theorem 3.5 that Hélder continuity of M, in (3.3) yields USOGC, which thus

completes the proof of the theorem. O

Now we are ready to derive the main result of this section, which gives a characterization
of Holderian full stability in term of the combined second-order subdifferential (2.14). The tilt

stability (p-independent) version of this result has been recently established in [42, Theorem 4.3].

Theorem 3.7 (second-order subdifferential characterization of Holderian full stabil-
ity). Let X be Hilbert while P is metric. Suppose that BCQ (3.7) holds at (z,p) € dom f and
that f is parametrically continuously proxz-regular at (Z,p) for * € 0, f(Z,p). The following are
equivalent:

(i) The point  is a Hélderian fully stable local minimizer of problem P(z*,p) in (3.2) with
a modulus pair (k,0) € IR%.

(ii) There are n > 0 such that for all (x,p,x*) € gph O, f N B, (Z,p, T*) we have
1 M
(u*,u) > EH’U,HQ whenever u* € 9% fy(x,x*)(u), wu€ X. (3.27)

Proof. Assuming (i) and using Theorem 3.6, find a neighborhood U x U* x V of (z,z*,p)
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such that (3.10) holds. Define a single-valued mapping ¢ by gph¢ := gph SN (U* x V x U)

with S from (3.3) and have by (3.10) that
(¥ —u*,9(x*, p) — O(u*,p)) > k7 0(z*, p) — I(u*,p)|? forall z*,u* € U*, peV.

This implies that the mappings ¥, := J(-,p) and 9, I — k=!I are monotone for any p € V. In
fact they are maximal monotone together with 9, I due to the assumed Hélder continuity of .
Denoting by Z, the maximal monotone extension of ¥, 1 — x~'I as in [3, Theorem 20.21], we
get that =, + s~ 1I is also a maximal monotone with gph 19;1 C gph (E, + k)N (U x U¥).

Since 9, ! is maximal monotone relative to U and U*, it follows that
gphof, N (U x U*) = gphﬂI;l = gph (E, + v )N (U x U*).

Find further n > 0 satisfying Ba,(z,z*) C U x U* and get from (2.14) and Lemma 2.5 that

~

0*fy(x,2*) = D*0fy(w,2*) = D*S;  (w,2") = D*Ep(w,a* —wa) k71, (x,27) € By(7,7").

This gives us by Lemma 2.9 that (u* — s~ 1u,u) > 0 for any u* € 52fp(m, x*)(u), which justifies
(3.27) and thus implication (i)==-(ii).
Conversely, assuming (ii) and employing the parametric continuous prox-regularity of f at

(z,p) for z* € 0, f(z,p) give us numbers e, > 0 such that for any p € IB.(p) we have
fp(@) > fp(u) + (u*, 2 —u) — ng —u* for all u* € 9f,(u) N Be(z*), z,u € B(7). (3.28)

Define g(z,p) := f(z,p) + ||z — Z||* and g,(z) := g(z,p) for z € X and p € P. Employing
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the limiting subdifferential sum rule Lemma 2.4 gives for any fix p € IB.(p) gives us dg, =
O0fp+s(I —z). Define further W := J(B.(z,p,z*)) with J(z,p, z*) := (z,p,2* + s(z — 7)) and
note from the classical open mapping theorem that W contains a neighborhood of (z,p, z*).
Picking any (u,p,u*) € gphd,g N W, it follows from u* — s(u — z) € 0fp(u) and (3.28) that for

any x € IB.(T) we have

s _
Sl =z

9(@) = fol@) + glle = 2I* 2 folu) + (" —s(u = 2),x —u) — Zlle —ul* + 3 (3.29)

5 s
= gp(u) + (u*,z —u) + §H:1: — uH2

Let us check that BCQ (3.7) holds for g at (z,p, g(Z,p)). Indeed, since the set-valued mapping

F :pw epif(-,p) is Lipschitz-like around (p, z, f(Z,p)), there are constants ¢,n > 0 such that

F(p1)N ]Bn((:i, f(i,ﬁ))) C F(p2) + cd(p1,p2)Bxxr for all pi,ps € By(p). (3.30)

Define Fy : p — epig(-,p) and choose a neighborhood Z of (z, g(z, p)) with (z,s — §|lz — z||?) €
B, ((z, f(z,p)) as (x,s) € Z. Picking any p1,p2 € IBy,(p) and (x1,s1) € Fi(p1) N Z, observe

that (z1,s1 — 5|lz1 — Z[|?) € F(p1) N By((Z, f(Z,P))), and thus we have by (3.30) that
w2 — @1]| + [|re — s1 4 §llwy — :Z‘HQH < cd(p1,p2) for some (x2,72) € F(p2). (3.31)

Denoting s := 79 + 5|z — Z||? yields (z2,72) € Fi(p2) and gives us together with (3.31) that

lzg — 21| + [[s2 — sl < llwe — @] + [|r2 — s1+ Sl — 2| + || 5 lwe — Z|* — Slla — 2]
< cd(p1,p2) + gllw2 — @1l|([l22 — 2| + [la1 — 7))

< cd(p1,p2) + ed(p1,p2)2n = c(1 + rn)d(p1,p2), and so
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Fi(p1)NZ C Fi(p2) + c¢(1 4+ rn)d(p1,p2)Bxxr for all pi,ps € IBy(p),

which thus verifies BCQ (3.7) for the function ¢ around (p, z, g(Z,p)).

To proceed further, pick any v* € 52gp(:c,x*)(v) with v € X and (x,2*) € W and get
from Lemma 2.5 that v* — sv € 52fp(x,m,f(a; —z))(v). Since (z,z* — s(z — 7)) = J H(z,2*) €

B (%) x B:(z*), it follows from (3.28) that (v* — sv,v) > x~!|v||?, which yields

(s + K Hv]> < @W*,0) < |v*]| - vl

and hence (s + x~1)|lv]| < |[v*||. This together with Lemma 2.7 shows us that the map-
ping S9(z*,p) := {x € X| 2* € O,9(x,p)} is Lipschitz-like with modulus (s + x~*)~! around
(z*,z) with compatible parameterization in p around p. Moreover, since g satisfies the uniform
second-order growth condition (3.29), we get from Theorem 3.5 that SY contains a single-valued

localization ¥9 around (z*,p,Z). Thus there is some 6 > 0 such that

199(2,p) = 99(a3,p)|| < (s + K7 " 2] — 23| forall ]2} € Bs(z",p).

Thanks to Theorem 3.5 and (3.29), g satisfies the uniform second-order growth condition (3.10)
at (Z,pz*) with modulus (s + x~!)~!, i.e., there are a neighborhood (U x V x U*) of (Z,p, T*)
such that

s—i-/fl
2

gp(x) > gp(u)+(u*, z—u)+ |z—ul|® forall zcU,(u,p,u*) € gphdg,N(UxV xU").
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Since g,(z) = fp(z) + 5|z — Z||?, we easily deduce that

1
fp(z) > fp(u) + (u*,z —u) + %Hx —ul* forall z €U, (up,u*)€gphdg, NZ,

where Z := J~1(U x V x U*), which is also a neighborhood of (Z, p, z*). Thanks to Theorem 3.6,
the point = is a Holderian fully stable local minimizer of problem P(z*,p). This completes the

proof of the theorem. O

3.3 Second-order Characterizations of Lipschitzian Full Stabil-

ity
The following proposition shows that the Lipschitz continuity of m, is automatic under BCQ
(3.7). In finite dimensions it is derived by a different way in the proof of [31, Proposition 3.5]

under an additional assumption that M, (z*,p) =  for some v > 0.

Proposition 3.8 (Lipschitz continuity of the infimum function under BCQ.) Let
be a local minimizer of P(z*,p) in (3.2), and let BCQ (3.7) hold at (z,p). Then the infimum

function my in (3.3) is Lipschitz continuous around (Z*,p) for all v > 0 sufficiently small.

Proof. Take the neighborhoods U,V and the constants c,e from Proposition 3.3 as a
consequence of BCQ, and let 6,7 > 0 be such that (2¢+ 1) < v < ¢, By(z) C U, and
B, (p) C V. Pick arbitrary pairs (z7, p1), (25, p2) € Bs(z*) x Bs(p) and for any v € (0,e — ¢d)
take 1 € IBy(Z) such that f(x1,p1) — (x],21) < my(2],p1) +v. By (3.9) find v € X with

flu,p1) < f(z,p) + cd(p1,p) and ||lu — Z|| < cd(p1,p) < ¢d <. Then we get subsequently

f(l'bpl) - <"ET7'ZE1> —v< ’I’I’L’Y(CIIT,pl) < f(u’pl) - <'1"Tvu> < f(jaﬁ) +Cd(p1aﬁ) - <$T,’UJ> and
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flz1,p1) < f(7,p) + cd(p1,p) + (27, 21 —u) +v < f(7,D) + 6 + (|27 + 0)2y +v < f(7,p) + ¢

for 6,7, v > 0 sufficiently small. By Proposition 3.3 again we find 2o € X such that ||zg — 21| <
cd(p1,p2) < 2¢d and f(ze,p2) < f(x1,p1) + cd(p1,p2). Hence |xe — Z|| < ||z1 — Z|| + 2¢0 <

0 + 2cd < v, which yields o € IB,(Z) and thus implies the inequalities

my (23, p2) — ma(a1,p1) < f(@2,p2) — (23, 22) — [f(21,p1) — (21, 21) — V]
< cd(p1,p2) — (x5 — 2], 22) + (x], 21 — x2) + V
< cd(py, p2) + [loy — 2| (1Z] +0) + (|27 + )llwr — z2f +v

< cd(py, p2) + oy — 21| (|1Z]] +0) + (|27 + 6)cd(p1, p2) + v

Changing the role of (z3,p2) and (z7,p1) in the above expressions gives us that

[[my (27, p1) = 1y (23, p2) | < cd(pr, p2) + llzz — 21[[([[Z]] + 6) + ([[27]] + 0)cd(p1, p2) + v

for small v > 0. Thus omitting v justifies the Lipschitz continuity of m. on IBs(Z*) x IBs(p). O

The next result shows that the Lipschitz continuity of 9(z*, p) from Theorem 3.5 with respect
to both variables (z*,p) can be equivalently described in via USOGC (3.10) and an additional

Lipschitz-like condition, which is essential even for simple problems in IR?; see Example 3.2.

Theorem 3.9 (Lipschitz continuity of the inverse subgradient mapping). Let z* €
0. f(Z,p), and let BCQ (3.7) hold at (z,p). Then the following assertions are equivalent:
(i) We have = € M. (z*,p) for some v > 0, and there exist a neighborhood U* x V x U of

(z*,p,Z) and a constant pair (k, ) € IR% such that the mapping S from (3.7) admits a single-
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valued localization ¥ with respect to U* x V' x U satisfying the Lipschitz continuity condition

[9(21, 1) — Had, p2)|| < sll2] — x5 + ld(p1,p2) as 21,25 €UY, ppp €V (3.32)

(ii) USOGC from Definition 3.4 holds at (z,p, T*) with modulus  and the graphical mapping

G :pr gphd,f(-,p) is Lipschitz-like around (p,Z,z"). (3.33)

Proof. It follows from Theorem 3.5 that the conditions in (i) ensures the validity of USOGC.
To verify (i)==(ii), it remains to show that these conditions imply (3.33) as well. We claim

that

G(p1)N (U x U*) C G(p2) + €d(p1,p2)Bx xx+ for all pi,ps €V (3.34)

with U,U*,V, and ¢ taken from (i), which gives us the Lipschitz-like property by (2.17). To
proceed, pick (z1,z7) € G(p1) N (U x U*) and choose x2 := ¥(z7,p2) € U; so (x2,x7) € G(p2).
It follows from (3.32) that ||x1 — 22| < kd(p1,p2), which therefore justifies the validity of (3.34).

Now let us verify the converse implication (ii)==(i). Theorem 3.5 tells us that S has a single-
valued localization around (z*,p, ) satisfying (3.11). By (3.33) there exist a neighborhood

Vi xUp xUf CV xU xU* of (p,z,z*) and a number ¢ > 0 such that

G(pl) N (U1 X Uf) C G(pg) + Cd(pl,pQ)BXX)(* for all pq,pe € V1, (3.35)

where V,U,U* are taken from Definition 3.4. Picking (x7,p1,u1), (x5, p2,u2) € gph S N (U x
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Vi x Uy), we find from (3.35) a pair (u,z*) € G(p2) such that
lur = ull + |27 — 27| < cd(pr, pa)- (3.36)

By shrinking U; x V; x Uy if necessary, suppose that (z*,p2,u) € gph SN (U* x V x U). Then

the assumed USOGC (3.10) provides the estimates

1
flu,p2) > fluz,p2) + (@5, u—u) + —|lu — ua|?,
2K

1
f(u27p2) Z f(u7p2)+<I*au27u>+%‘|u27u”2’
which ensure in turn that
2 = 23] - [Ju— ug| > (&% — @5, u — ug) > k™" u — ug?

and thus yield ||z* — 23| > £~!||u — uz||. Combining this with (3.36) gives us that

Jur —wall < flur —ull + [lu — ual| < cd(p1,p2) + k2" — 25
< cd(py,p2) + Kllz" — 27| + &lla] — 25
< cd(p1, p2) + ked(pr, p2) + kl|2T — 23|
= k|21 — z3/| + c(k + 1)d(p1, p2),
i.e., (3.32) holds, and so we complete the proof of the theorem. O

Note that condition (3.32) can be equivalently described via

(0,p") € (D*0.f)(z,p,z%)(0) = p* =0 (3.37)
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by the coderivative criterion Lemma 2.6 for the Lipschitz-like property discussed in Section 2
when X, P are both finite-dimensional spaces. It is also worth mentioning that the existence
of a Lipschitzian single-valued localization of the inverse partial subgradient mapping S in
(i) of Theorem 3.9 is known as the partial strong metric regularity (PSMR) of 0, f; see [48,
Definition 3.4]. This is an appropriate version of the so-called “strong metric regularity" [16] for
Oy f, which in turn is an abstract version of Robinson’s strong regularity [58]. In this way the
property considered in (i) of Theorem 3.5 can be viewed as a Hélderian counterpart of PSMR.
Note that the Holderian effect disappears and Theorems 3.5 and 3.9 are identical when f does
not depend on p, i.e., we have only tilt perturbations in (3.2). In this case some versions of the
obtained equivalence can be found in [13] in finite dimensions and in [14, 42] in Asplund spaces.

In a similar way we arrive at the following characterization of Lipschitzian full stability in

(3.2).

Theorem 3.10 (characterizing Lipschitzian full stability via USOGCQC). Let X be Hilbert
while P is metric. Assume that BCQ (3.7) is satisfied at (z,p) € dom f and that f is paramet-
rically subdifferentially continuous at (Z,p) for * € O, f(Z,p). The following are equivalent:
(i) The point T is a Lipschitzian fully stable local minimizer of problem P(z*,p) in (3.2) with
a modulus pair (k,l) € B2> and the function f is proz-reqular in x at T for x* with compatible
parameterization by p at p.
(ii) USOGC (3.10) holds at (z,p,T*) with modulus k together with the Lipschitz-like condi-

tion in (3.33).

Proof. It follows the proof of Theorem 3.6 with using Theorem 3.9 instead of Theorem 3.5.01

When both X and P are finite-dimensional, Theorem 3.10 reduces to the recent result of

[48, Theorem 3.8], where the Lipschitz-like property in (ii) is replaced by a more restrictive
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condition.

As a consequence of Theorem 3.6 and other results above, we get the following characteriza-
tion of Lipschitzian full stability for (3.2) in terms of the combined second-order subdifferential

(2.14).

Corollary 3.11 (second-order subdifferential characterization of Lipschitzian full
stability). Let X be Hilbert while P is metric. Suppose that BCQ (3.7) holds at (z,p) and
that f is parametrically continuously proxz-regular at (Z,p) for z* € 0, f(Z,p). The following are
equivalent:

(i) The point T is a Lipschitzian fully stable local minimizer of problem P(z*,p) in (3.2).

(ii) Conditions (3.33) and (3.27) hold with some k,n > 0.

Proof. If z is a Lipschitzian fully stable local minimizer of P(z*,p), then condition (3.33)
holds by Theorem 3.10. The validity of (3.27) is proved in Theorem 3.7, and so we get (ii).
Conversely, (ii) implies by Theorem 3.7 that z is a Holderian fully stable local minimizer of
P(z*,p). Employing Theorem 3.6 ensures that USOGC (3.10) holds at (z,p,z*). Thus we get
from Theorem 3.10 that Z is a Lipschitzian fully stable local minimizer of P(z*, p) and complete

the proof. O

If P is Asplund, we have yet another second-order subdifferential characterization of Lips-

chitzian full stability in (3.2) implicitly involving subdifferentiation in p as well.

Theorem 3.12 (Lipschitzian full stability with Asplund parameter spaces). Let X be
Hilbert while P is Asplund. Suppose that BCQ (3.7) holds at (Z,p) and that f is parametrically
continuously prox-reqular at (T,p) for * € 0, f(Z,p). The following are equivalent:

(i) The point T is a Lipschitzian fully stable local minimizer of problem P(Z*,p) with a

modulus pair (k, () € IRZ.
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(ii) Condition (3.33) holds and there are positive constants k and n such that for allu € X**

and (CC,p,[L‘*) € gph axf N Bn(i‘,ﬁ, j*) we have
1 ~
(u*,u) > ;Hu”2 whenever (u*,p*) € D*0,f(xz,p,z*)(u). (3.38)

Proof. To justify (i)==(ii), it suffices to prove by Corollary 3.11 that (3.27) implies (3.38).
To proceed, pick (u*,p*) € ﬁ*(axf)(w,p,x*)(u) with v € X** and (z,p,2*) € gphd,f N
B, (z,p,x*), where n > 0 is taken from (3.27). This yields by definition (2.12) that

(u*,z1 — ) + (p*,p1 — p) — (u, 2} — z*)

< 0.
21 — zl| + lp1 — pll + |2} — =¥

lim sup

h Oy f
(z1,p1,27) 575" (@,p,2*)

Choosing p; = p in the latter gives us u* € 02 f,(x, z*)(u) and thus ensures (3.38) by (3.27).
Conversely, assume by (ii) that the mapping G in (3.33) is Lipschitz-like around (p, z, z*)
with modulus ¢ > 0 and that inequality (3.38) is satisfied with some k,n7 > 0. To get (i),
we only need to verify by Corollary 3.11 that (3.27) holds. Pick any v € X** and u* €
52fp(;v,x*)(u) with (z,p,2*) € gph 0, f N BB, (Z,p,z*) for some 71 € (0,n). There is nothing
to do if u = 0. Since the combined second-order subdifferential 92 is homogeneous, suppose
without loss of generality that ||u*|| + |ju|| < (2¢)~! and u # 0. Defining Q; := gph G and
Q== {p} x X x X we get by (2.14) that (0,u*, —u) € N((p,x,2*); 2 N Q). It follows from
the fuzzy intersection rule in [38, Lemma 3.1] that for any 0 < ¢ < min {n -1, ﬁ} there
are A > 0, (pi,z;,z}) € Q; N B:(p,z,2*), and (pf,uf,u;) € P* x X x X as i = 1,2 satisfying

~

(P} uf, —u;) € N((pi, i, x)); ) + eBp=x xxx with

)\(O,U*, _u) = (pivuiv _ul) + (p;,u;, _u2) and max {)" H(p;?u;’ _UQ)H} =1 (339)
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By the construction of Qs we get N((pQ,fL‘Q,x;); Qy) C P* x {0} x {0} and so |[u3|| + ||uz]| < e.
Furthermore, there is (pf, u}, —u1) € N((pl,azl,x’{); Q) with ||p} —pf ||+ uf —af ||+ [|ur —a1 || < e.
Then the Lipschitz-like property of G implies by [38, Theorem 1.43] that ||p7|| < £(||aj|| + @)

This together with (3.39) ensures the relationships

o2l = llpill < Ip1ll + & < £(llatll + lual]) + & < L(llugll + luall + &) + ¢

IN

* * * 1
M+ il Ml + [l + ) + = < £+ ] +22) +2 < S 222 41),
and hence ||(p3, u3, —u2)|| < 3 +e(2¢+1) +¢ < 1. Combining it with (3.39) gives us A = 1 and
(05 U*a _u) = (pi UT, —Ul) + (pgu u;a —Ug). (340)

Noting that (z1,p1,2]) € Beyn, (Z,p,T*) C IBy(Z,p,z*), we get from (3.38) and the inclusion

(wt,pt) € (D*0uf) (w1, 1, at) (@) that (@}, @) > k|G|, This together with (3.40) yields that

(W' u) = (Wt ug) > (ui,un) = flug]l - o] = (@7, w) + (o1 = a5 + us,u1) — efju]]
> (ug,w) = (g = agll + fluz )]l = eljo"]]
> (uy, ) = [Jor = - [[ag]] = 2effun || = eju’|
> AP = (el + et = i) = 2e(llull + flu = wall) = el
> m @ - eflut] - & — 2ellull - 26% —ellu”]|

> A (lull = e = @ ])? = 2e(ju”|l + ul)) - 3¢

> w7 ul? = 26llu = a|lull = 2e(u* + [lull) - 3¢

v

w7 ull? = drellull — 2e(lu(] + [lull) — 2.
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Letting ¢ | 0 gives us that (u*,u) > x~!|jul|? and thus verifies (3.27). The proof is complete. [J

As mentioned above, the Lipschitz-like condition (3.33) can be expressed via the coderivative
criterion (3.37) if P is Asplund. Furthermore, passing to the limit in (3.38) allows us to obtain

the pointwise consequence of this condition via the mized coderivative of 0, f at (z,p, T*).

The next approximation lemma is helpful in the proof of the pointwise characterizations of

Lipschitzian full stability established in finite-dimensional spaces.

Lemma 3.13 (coderivative approximation). Let X, P be two finite-dimensional spaces.

Assume that condition (3.33) and the following inequality

[u*]| = pllull whenever (u®,p*) € D0, f(Z,p,v)(u) (3.41)

hold with some p > 0. Then for any ¢ € (0, ) there is n > 0 such that

|| > (=) |w|| if u* € D*dfp(w,a*)(u) with (w,p,z") € gphdyf N By(E,p,T"). (3.42)

Proof. Assuming (3.41), we first show that for any ¢ € (0, u) there is v > 0 satisfying

|lw*]| > (1 — 0)||u|| if (u*,p*) € ﬁ*axf(:c,p, x*)(u) with (z,p,x*) € gph 0, f N B, (z,p, *)(3.43)

.. . hogf ,_ _ _ S
By contradiction, find sequences (z, i, ) eph o f (z,p, %) and (uy, py) € D*0u f(xk, D, 1) (ug)

such that ||u}| < (p — &)||ug|l, which clearly implies that u; # 0. Denoting @} := uj|jug|/ !,
Py = pillugl| =Y, and g := ugllugl| 7 gives us (@}, py) € ﬁ*(‘)xf(:ck,pk,x@(ak) as k € IN. Since
(3.33) holds, the mapping G : p — gphd, f(-,p) is Lipschitz-like with some modulus ¢ > 0.

Then the result of [38, Theorem 1.43] tells us that ||p;|| < £(||uj|| + ||ax||) for all k. It follows
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that [|ag|| = 1, ||ag]| < p—9, and ||pg|| < ¢(n—0J+1). By passing to a subsequence, suppose that
(uy, Dy, uy) converges to (u*,p*,u) as k — oo. Hence ||a|| =1 and (a*,p*) € D*0,f(Z,p,v)(q)
with ||a*|| < (u — 6), which contradicts (3.41) and thus verifies condition (3.43).

To justify further (3.42), take any u* € ﬁ*@fp(x, x*)(u) with (z,p, z*) € gph 0, fNIB, (T, p, V)

1
20°

for some 1 € (0,). Due to the homogencity of D* we may assume that |Ju*|| + [ul| <
Defining Q1 := gph G and Q9 := {p} x X x X, observe that (0,u*, —u) € N((p, z,x*); Q1 N Q).
It follows from the fuzzy intersection rule in [38, Lemma 3.1] that for any e > 0 there are A > 0,

~

(pis xi, xf) € Q4 N Be(p, z,x*), and (pf, ul, —u;) € N((p,;,xi,m;‘);(li) +eB as i = 1,2 such that
/\(07 U*a _u) = (pT7 UT, _ul) + (p§7U§, _u2) and max {)‘7 ”(pzﬂ U’;v _UQ)”} =1L (3'44)

The construction of Qs yields N((pg,xg,x’g); Q2) € R x {0} x {0} and thus ||u3|| + ||Juz] < e.
Moreover, there is (5%, @}, —ti1) € N((p1, a1, 2%); Q1) satisfying |[pt — pt| + [[u} — @t + [Juy —
u1|| < e. The Lipschitz-like property of G with modulus ¢ ensures by [38, Theorem 1.43] that

DTl < £(J|at]| + ||@1]]). This together with (3.44) gives us the relationships

sl = llprll < Ipill + & < e+ L(lurll + [[wml]) < e+ (urll + [luall + )
< L(M" =gl + [|Au = ual]) + (€ + e < LA[|w™[| + [lua]l + Alull + [luzll) + (€ + 1)e

< CA(lH |+ lull) + &) + (€ + e < e(flu* || + |lul]) + (20 + 1)e < % + (204 1)e.

When € > 0 is sufficiently small, we have |p3|| < 1 — ¢ and so ||(p5, u3, —u2)|| < 1. It follows

from (3.44) that A = 1. Combining this with (3.43) and (3.44) implies that

[l = llui +wall = flaill = [lu1 —ui]l = [[wa]] = (= O)llwall — e —e

> (= O)(lJull = flur — @[] = fluzll) — 2 = (1 = 0)||ull — 2e(p — 6) — 2e.



95

Letting finally € | 0 shows that ||u*|| > (¢ — 0)|lu|| and thus ends the proof of the lemma.

We conclude this section by showing that, when both X and P are finite-dimensional, our re-
sults imply the characterization of Lipschitzian full stability closely related to [31, Theorem 2.3]
established in a more involved approach. Note to this end that the full stability characterization
of Corollary 3.11 via the combined second-order subdifferential of f with respect to the decision

variable only, valid in the general infinite-dimensional setting, is new even in finite dimensions.

Theorem 3.14 (pointwise characterization of Lipschitzian fully stable minimizers
via the limiting coderivative of the subdifferential). Let X, P be two finite-dimensional
spaces. Suppose that BCQ (3.7) holds at (Z,p) € dom f and that f is parametrically continuously
proz-reqular at (Z,p) for & € O, f(z,p). Consider the following statements:

(i) The point T is a Lipschitzian fully stable local minimizer of problem P(z*,p) with a
modulus pair (k,f) € IR%.

(ii) Condition (3.33) is satisfied and there is some p > 0 such that
inf {(u*,u>| (u*,p*) € D*O, f(z,p, f*)(u)} > pllul?, weX. (3.45)

Then implication (i) = (ii) holds with u = k=1 while implication (ii) = (i) is satisfied with

1

any K > p~t. Furthermore, the validity of (i) with some modulus pair (k,£) € IR% is equivalent

to the fulfillment of condition (3.33) together with the positive-definiteness condition
inf {<u*,u>y (u*,p*) € D*8,f(%, P, i*)(u)} >0, ueX,u#o0. (3.46)

Proof. Assuming (i) implies by Theorem 3.12 that both conditions (3.33) and (3.38) hold.

By a limiting process, we arrive at (3.45) with u = £~!, which verifies (ii).
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To justify the converse implication (ii)==(i), we proceed similarly to the proof of (ii)==(i)
in Theorem 3.7 with some modifications. Since f parametrically continuously prox-regular at
(Z,p, ), inequality (3.28) holds for some r,e > 0. Defining g(z,p) := f(z,p) + 5|z — Z||? for
x € X, p € P with some fixed s > r, we have 0,9(x,p) = 0. f(x,p) + s(x — Z). Moreover, the
quadratic growth condition (3.29) is satisfied for g, (x) := g(z,p). Note further that 0°° f(z,p) =
0%¢(z,p) and that D*0,9(z,p,v)(w) = D*0, f(Z,p,v)(w) + (sw,0) by [38, Theorem 1.62(ii)].
Since BCQ and condition (3.33) hold for the function f, both these conditions hold at the same
point for the function g as well. By Theorem 3.9 condition (3.33) ensures that Z is a Lipschitzian
fully stable local minimizer of problem P(z*, p) with replacing f by g.

It follows from [38, Theorem 1.62(ii)] that the inclusion (u*,p*) € D*0,9(z,p, *)(u) yields
(u* — su,p*) € D*0,f(Z,p,?)(u). Furthermore, by (3.45) we have (u* — su,u) > pu||u?, which
implies that

[l Jluell > (u, ) > (s + p)lJul.

By Lemma 3.13 above, for any A € (0, s + ) we find some 7 > 0 such that

Ju*l = (s + 1 — A Jull whenever u* € D*dgy(z,2*)(u) with (z,p,a*) € gphdyg N By(7,5,5°).

Following the last part in the proof of Theorem 3.7 we find some « > 0 such that for any
x € B, () the following inequality holds

- A

ol —ul® if (u.p,u”) € gphOnf O Ba(z,p,5%).  (3.47)

@) = folu) + (w*, @ —u) + F

This together with Theorem 3.9 tells us that Z is a Lipschitzian fully stable local minimizer of
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P(z*,p) with modulus pair ((u — A)~1, ) for some ¢ > 0. This verifies implication (ii)==(i).
Next we prove the equivalence between (i) with some modulus pair (k,f) € IR2 and the
validity of (3.46) together with (3.33). Note that (i) readily yields both conditions (3.33) and

(3.46) by implication (i)==(ii) proved above. To justify the converse, observe first that the

validity of (3.46) and (3.33) (or (3.37)) ensures the condition
(0,p%) € D0 f(2,p,27)(u) = (p*,u) =0,

which shows that D*S(z*,p, £)(0) = (0,0) for the mapping S from (3.3). By the Mordukhovich
criterion (2.6) this tells that S is Lipschitz-like around (z*,p,z) with some modulus ¢ > 0.
Moreover, arguing as in the proof of (ii)==(i) above when p = 0 shows that for each \ €
(0,min{(5¢)~%, s}) there is some a > 0 such that condition (3.47) holds with g = 0. Define
h(z,p) == f(x,p)+ |z —Z||? with Oh(z, p) = 0f (x,p) +2A(z — 7). This together with condition

(3.47) with p = 0 implies the existence of § > 0 so small that the quadratic growth condition
A
h(w,p) = h(u,p) + v,z = u) + S|z = ul]* if 2 € Bs(7), (u, p,v) € gph 0ph N Bs(Z, p, 7) (3.48)

is satisfied for h. Observe further that for any (u*,p*) € D*0,h(Z,p,z*)(u) we get from [38,
Theorem 1.62(ii)] that (u* — 2Au,q) € D*0,f(Z,p,2")(u) whenever u € X, which reads as
(—u,p*) € D*S(z*,p, Z)(—u* 4+ 2\u). Since the mapping S is Lipschitz-like around (z*, Z) with
modulus ¢ > 0, we deduce from [38, Theorem 1.44] that ¢||u* —2Aul|| > ||u||+ ||p*||. This ensures

the fulfillment of the inequalities

Ul = €llu® = 22 ul| = 20\ [ull = flull + ([P = 26A[Jull = (1 = 20A) ([ull + [I7]]),
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which in turn allow us to arrive at the estimate

1—20)

[ =

|ul| for all (u*,p*) € D*0yh(Z,p,z")(u).

Employing this inequality together with Lemma 3.13 gives us a number 1 > 0 such that

1— 30X ~
||u*|| > 63 |ul| whenever u* € D*Ohy(x,z*)(u) and (x,p,z*) € gphO,h N By(Z,p, ).

Following the last part in the proof of Theorem 3.7 again gives us the existence of some 5 > 0

such that

1— 30X
20

|z—ul/® for all = € Bs(z), (u,p,z*) € gph .hNBs(Z,p, T*).

Since f(z,p) = h(z,p) — M|z — z||? and 0,.f(x,p) = O.h(z,p) — 2\(z — ), this easily implies

that

1— 50X

57 |z —wu|? for all @ € Bs(z), (u,p,u*) € gphdypf N Wa,

f(@,p) = flu,p) + (u', 2 —u) +

where Wy = J/\_l(Bg(f,ﬁ,a’:*) and Jy(z,p,z*) = (u,p,z* + 2X\(z — z)) for all (z,p,z*) €
X x P x X. Applying finally Theorem 3.9 with taking into account the choice of A < (5¢)~*
verifies that Z is the Lipschitzian fully stable local minimizer of P(v,p), which completes the

proof of the theorem. O

The following consequence of Theorem 3.14 is useful for our applications in Section 6.

Corollary 3.15 (another form of the pointwise characterization of Lipschitzian full

stability). In the setting of Theorem 3.14 we have the equivalent statements:
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(i) The point T is a Lipschitzian fully stable local minimizer of problem P(Z*,p).

(ii) Condition (3.33) is satisfied together with the inequality
inf {(u*,u)’ (u*,p*) € D*@xf(:f,ﬁ,;i*)(u)} >0 forall u#0, (3.49)

where we use the convention that inf ) := oo.

Proof. It is proved in Theorem 3.14 that (i) implies the existence of some y > 0 for which
we have condition (3.45) that immediately implies (3.49). Conversely, the validity of (3.49)
readily yields (3.46). Together with (3.33) it gives (i) by Theorem 3.14 and thus completes the

proof of this corollary. O
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Chapter 4
Sensitivity Analysis of Parametric

Variational Systems

4.1 Overview

In this chapter we consider the so-called generalized equations in term of a inclusion
0€ F(z)+T(x), (4.1)

where F' : IR — IR"™ is a single-valued mapping and T : IR" = IR" is a set-valued mapping.
The crucial notion of generalized equation above was introduced by Robinson in [56, 57] with
an additional assumption that T is a monotone operator. In the case that the set-valued map-
ping T disappears, this inclusion reduces to the standard equation "F'(x) = 0". Furthermore,
"equation" (4.1) also includes the classical variational inequality introduced by Stamphacchia

[63]
0 € F(x) + Ng(z), orequivalently, (F(x),u—x)>0 foral wekK (4.2)

when T in (4.1) is the convex normal cone to a convex set K C IR", which is monotone
operator. Variational inequalities (4.2) are well defined on infinite-dimensional spaces and have
been known as one of the most powerful tools in deriving the existence of solutions to partial

differential equations; see further details and discussions in [26]. Recent remarkable applications
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of variational inequalities to optimization can be found in the monograph [18].

In the landmark paper [58] Robinson introduced the notion of strong regularity for variational
inequalities (4.2), which concerns about the Lipschitz continuous single-valued localization for
solution maps to the linearization of (4.2). This allows one to obtain the similar properties for

solution maps to the following parametric generalized equations

0 € F(z,p) + Ng(x), (4.3)

where F : IR" x IR® — IR™ and K C IR™ is still a convex set. It is important to emphasize that
full characterizations including Lipschitz-like property of the solution map to the linearization
of (4.2) to strong stability are obtained by Dontchev and Rockafellar provided that K is a
polyhedral. Their work indeed reveals the essential of using second-order subdifferentials via a
so-called critical face condition to study strong regularity. Without the polyhedricity assumption
on K, which (second-order) condition can characterize strong stability of variational inequality
(4.2) is still unknown. In Section 4.4 we provide a new sufficient condition for this property
in terms of positive definiteness and second-order subdifferentials of the indicator §x for the
nonpolyhedral convex set K.

In many practical models, e.g., [12, 18, 32, 66, 67] the parameter p appears in both the
function F' and the convex normal cone Ny, which can be formulated by another generalized

equation

0¢€ F(x,p)+ NK(p) (x), (4.4)

where K (p) is a convex subset of IR" depending on the parameter p. It seems that Robinson’s
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strong regularity is not useful anymore, since the linearization of (4.4) can not remove p out
of this generalized equation. It is worth noting that the assumption on convexity of the set
K (p) for (4.4) is broken in many significant frameworks of optimization [5, 24, 25, 29, 30], e.g.,
in parametric constrained problems the set K(p) is usually known as {x € R"| g(z,p) € @},
which is not convex in general; see our Chapter 5 for further details. The convex normal cone
in (4.4) has to be replaced by other nonconvex constructions. This motivates us to a study of

(4.4) with the limiting normal cone (2.8). Indeed, we formulate a more general problem

0€ F(z,p,q) + 0xf(x,p), (4.5)

where F : X x PxQ — X and f : X x P — IR, and where X is a Hilbert space while (P, d;) and
(Q, d2) are two metric spaces. Note that problem (4.5) reduces to (4.4) when f(z,p) := dg ()
and F' does not depend on parameter g. Moreover, if the parameter p is ignored in F', our model
(4.5) covers many ones in [30, 32, 38, 66, 67] and strictly relates to the so-called hemivariational
inequalities introduced by Panagiotopoulos [51]. Following [38], from now on we label (4.5) as
parametric variational systems. The main purpose of the chapter is to study the stability of the

solution mapping S : P x Q = X defined by

S(p,q) :={xz € X|0¢€ F(z,p,q) + 0, f(z,p)}. (4.6)

A great source for Lipschitz-like properties of this mapping can be found in the monograph [38,
Chapter 4]. Here we focus our study on the single-valued Hoélder/Lipschitz continuity on the
mapping S. Most of results in this chapter are new when reducing the parametric variational

systems (4.5) to (4.4) or even (4.3); see our Section 4.4 for further discussions.



63

Otherwise stated, the natural standing assumptions in this chapter are:

Standing assumption: Let (Z,p,q) € X x P x @ satisfy £ € S(p, 7). We always assume
that

(A1) X is a Hilbert space while P and @ are two metric spaces with metrics d; an do
respectively.

(A2) F is Lipschitz continuous around (Z,p, ) uniformly in z around z, i.e., there exist a
neighborhood UxV xW of (z, p, ) and some constant L such that for all (z1, p1,q1), (z2,p2,92) €

U xV x W we have

IF(x1,p1,q1) — F(22,p2,q2)|| < L{||l21 — 22| 4+ di(p1, p2) + da(q1, ¢2)] - (4.7)

(A3) The function f satisfies the basic constraint qualification (3.7) at (z,p).

4.2 Parametric Variational Systems with Differentiability

In addition to the standing assumption in Section 4.1, we assume in this section that

(A4) F is differentiable with respect to x and the Jacobian matrix V. F(z,p, q) is continuous

at (Z,p, q)-

4.2.1 Holder continuity of parametric variational systems

Let us start with a definition used broadly in this section.

Definition 4.1 (Holder/Lipschitz continuous single-valued localization). Let S : P x
Q = X be a set-valued mapping with (p,q,z) € gph S. We say that S has a Hélder continuous
single-valued localization with an order pair (o, ) € IR2 and a modulus pair (k,£) € IR% around

(P, q) for T if there is a neighborhood U xV xW C X x PxQ of (Z,p,q) such that the localization
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¥ of S relative to (V x W x U) is single-valued and that

19(p1,q1) — V(p2, @2)|| < wdi(p1,p2)® + bda(q1,q2)°  for all (p1,q1), (p2,q2) €V x W. (4.8)

If in addition S is a single-valued mapping, it is simply said that S is Holder continuous with
order pair («, ) and modulus pair (k,€) around (p,q).

When inequality (4.8) holds with « = = 1, we say S has a Lipschitz continuous single-
valued localization with the modulus pair (k,f) around (p,q) for . If S is a single-valued

mapping, we just say S is Lipschitz continuous with modulus pair (k,£) around (p,q).

The major result of this section is to obtain Hélder continuity of the solution mapping .S in

(4.6).

Theorem 4.2 (Holder continuity of solution maps). Let (z,p,q) € X x P x Q satisfy
z € S(p,q). Suppose that f is parametrically continuously proz-reqular at (Z,p) for T* :=
—F(z,p,q). Assume further that there are some r,6 > 0 such that for all (z,p,x*) € gphd,f N

Bs(z,p,z*), we have
~ 1
(V. F(Z,p,q)u,u) + inf {(u*,uﬂ u* e D*ﬁfp(x,x*)(u)} > EHUHQ forall uveX. (4.9)

Then the solution mapping S in (4.6) has a Hélder continuous single-valued localization with

order pair (%, 1) around (p, q) for z.

The proof of this theorem is based on several lemmas constructed below. The first lemma
follows the key idea of Robinson in [58] in order to establish the relationship between the

parametric variational system (4.5) to its linearization.
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Lemma 4.3 Let & € X satisfy = € S(p,q). Define G : X x P = X by G(z*,p) the solution

mapping of the linearized system
x* € F(z,p,q) + A(x — %) + 0, f(x,p) with A:=V,.F(Z,p,q), (4.10)

i.e., G(z*,p) = {x € X|z* € F(z,p,q) + A(x — ) + &Ef(x,p)} for all (x*,p) € X x P. If
G has a Hélder continuous single-valued localization with order pair (1, %) around (0,p) for T,
then the map S in (4.6) also admits a Hélder continuous single-valued localization with order

pair (3,1) around (z*,p) for Z.

Proof. Suppose that G has a Holder continuous single-valued localization ¢ with the order
(1,1) around (0,p) for . Then we find neighborhood U x V x U* of (z, p,0) and some &, ¢ > 0

such that gph G N (U* x V x U) = gph ¢ and that
1
|9(x], p1) — (x5, p2)|| < kllx} — 25| + €d1(p1,p2)2  for all zi,z5 € U*, p1,ps € V. (4.11)

Let us define r(z,p, q) := F(Z,p,q) + A(x — %) — F(x,p,q) for all (z,p,q) € X x P x Q. Note
that x € S(p, q) if and only if z € G(r(z, p,q),p). Due to assumption (A4) for any ¢ € (0,5~ 1),
we may find p,n > 0 with IB,(z) x IB,(p) x B, (q) C U xV x @ such that the remainder r(z, p, q)
belongs to U* for all (x,p,q) € B,(Z) x IBy(p) x IB,(¢) and that

I1F(21,p,q) — F(22,p,q) — A(z1 — 22)|| < €llz1 — 22| and
(4.12)

k[I1F@5.0) = F(@.p. )l + i (p.7)} | < (1= ey

whenever (z1,p,q), (z2,p,q) € IB,(z) x B,(p) x By(q). Thus the map D(p.q) () :=9(r(z,p,q),p)

is well-defined on IB,(z) for (p,q) € By (p) x IBy(q) fixed.
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Now take any x1,x2 € IB,(Z), it follows from (4.8) and (4.12) that

Hq) , (.’131) -0 , (l‘Z)H S ’iHT(xlapu Q) - T(x27p7 Q)H
(p,a) (r.9) (4.13)

= K’HF(xlvpv q) - F(x27p7 Q) - A(Z’l - :1:2)” < Rusl - xQH;

which means that ®, ,)(-) satisfies the contraction condition. Moreover, we get from (4.11) that

1@ p.q)(7) — 2| = [[0(r(Z,p, q),p) =IO, P)| < [Ilr(f,p, 9),)|| + tda (p, p)>

<% |IF(@.9.0) ~ F(@.p.0)| +td(p— )| < (1= r)p,

which implies that for any « € IB,(z)
1P p.g)(®) = Z|| < Ppg)(T) = Py (@) + [[R(p,q)(T) — Z < kellz —Z|| + (1 — ke)p < p.

This together with (4.13) shows that there is a unique fixed point x(p,q) of @, ) due to the
well-known contraction principle. Observe that z(p, q) = ¥(r(z(p, q),p, q), q) is indeed a single-
valued localization of S with respect to 1B, (p) x IB,(q) x IB,(Z). It suffices to check the Holder
continuity of x(p,q). Pick any (p1,q1), (p2,q2) € By(p) x By(q), with z1 := z(p1,q1) and

x2 1= x(p2,q2) we obtain from (4.7), (4.11), and (4.13) that

|lz1 —z2|| = |[9(r(z1,p1,q1), p1) — I (r(x2, P2, q2), p2)||
1
< kllr(z1,p1,q1) — (22, P2, q2) || + €di(p1, p2)2
1
< &llr(z1, p1,qr) — (w2, p1,qu) || + &7 (22, p1, qu) — r(22, P2, @2)|| + €di(p1, p2)?

1
< kellwy — ma| + K| F(x2, p1, q1) — F(22, p2, g2)|| + ld1(p1, p2)?

N[

< ke||lwy — 2| + KLdy (p1,p2) + KLd2(q1, g2) + £di(p1,p2)

1
< kellzr — w2l + [KLy/2n + €]di(p1,p2)? + kLda(q1, ¢2),
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which readily yields that

wL
1— ke

1
di(p1,p2)? + da(q1, q2).

L+/2 Y4
|1 — | < VT2 nt
1— ke

This ensures the Holder continuity of x(-,-) with an order pair (3,1) and thus completes the

proof of this lemma. O

Lemma 4.4 Suppose that (4.9) holds with some k > 0 and that the map G in Lemma 4.3 has
a Hélder continuous single-valued localization ¥ with order pair (1,1) around (0,p) for z. Then
there is some £ > 0 such that the localization ¥ is Hélder continuous with an order pair (1, %)

and a modulus pair (k,l) around (0,p).

Proof. To justify, suppose that gph) = gph GN(U* xV xU), where U*xV xU C X x Px X

is a neighborhood of (0, p, Z) and that

N

|9(x7, p1) — s, p2)|| < vzl — 25| + €d(q1,q2)2  for all 27,25 € U* x P, (4.14)

where v, £ are some positive constants. By shrinking U*, V, U if necessary, due to assumption
(A4) we may assume that U C Bs(Z) and z* — A(z — ) € Bs(z*) with z* := —F(z,p, q) for
all z* € U* and x € U, where § is found in (4.9). Fix any p € V and define 9,(-) := 9¥(-,p). For
any (z*,z) € gph?, and u € ﬁ*ﬁp(x*,x)(u*) we get from (4.10) and

—u* € D9, (w,2%)(—u) = D*G, M (w, %) (—u) = —A*u + D*8fy(z,2* — Az — 7))(—u).

Due to the choice of U, V,U*, note that (z,2* — A(z — z)) € IB,(z,z*). It follows from (4.9)
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and the above inclusion that
1 1
|| -l > (—u*, —u) > EII —ul]® = ;IIUIIZ,

which implies ||u*|| > ||u|| for u* € ﬁ*ﬁp(x*,x)(u). By Lemma 2.7 and inequality (4.14), we
may find a new neighborhood U; x Vi x Uy C U x V x U* of (&, p,0) such that ¢(Uj x V1) C Uy
and that

[0(21,p) = (a3, p)|| < klley — a3 forall 27,25 € UY, pe V1.

Hence for any (z7,p1), (25, p2) € Uy x Vi we deduce from the latter and (4.14) that

[9(z1,p1) = 9(a5, p2)ll - < [[9(27, p1) — D3, pr)l| + [9(22, p1) — (a3, p2) |

1
< kllz] — 25| + Ldi(p1, p2)?,
which completes the proof of the lemma. O

Lemma 4.5 Suppose that condition (4.9) is satisfied with some k > 0. Define Ay := %(A +

A*) +1tB with B:= A — A" and
Gi(z*,p) :={z € R"|2* € F(%,p,q) + A(x — T) + O f(x,p) }, t€[0,1]. (4.15)

Suppose further that there exists some T € [0, 1] such that G, has a Hélder continuous single-
valued localization with order pair (1,%) around (0,p) for . Then this localization is Hélder
continuous with the same order pair and a modulus pair (k,£) for some £ > 0. Furthermore, Gy
also has a Hélder continuous single-valued localization with order pair (1, %) and modulus pair

(k,20) around (0,p) for T whenevert € [1,7 + m) with the convention that 1/0 = co.
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Proof. Observe first that
1 *
<AT7 u> = §<(A +A )u7 u> + T<Bu7 u> = <Au7 U>,
since (Au,u) = (A*u,u) for all u € X. We deduce from (4.9) that
. * * * * 1 2
(A, u) +1nf{(u )| w* € D*of,(x,x )(u)} > = lul (4.16)

for all (z,p,z*) € gph 0, fNIBs(z,p, *). Suppose that G, has a Holder continuous single-valued
localization ¢, with order pair (1, %) around (0,p) for z. Applying Lemma 4.4 to G, allows
us to find some ¢ > 0 and a neighborhood U x V x U* C X x P x X of (z,p,0) such that

U7 : U* x V — U is Holder continuous with order pair (1,1) and modulus pair (k, £).

Pick any t € [r,7 + m) and choose some r > 0 sufficiently small such that IB,.(%) X

B, (0) x B,2,2 (p) C UxU*x V. It is obvious that & := r(1—x(t—7)||B||) € (0,r]. Furthermore,

02

for any fixed 2* € Bz (0) C U* and p € BB.2,2 (p) we denote

402

T(x):=9.(x* = (t —7)B(x — z),p) forall =z €& B.(9:(0,p)).

This mapping is well-defined. Indeed, for all x € IB,,(Z) C U we have

" = (t =7)Bx = D) <|[l2”[[+ (¢ =7)B|- |z -z <e+ (¢t =7)B|rs =

Moreover, we obtain from the Hélder continuity of 9, that

IT@) — 2l = 19-(*,p) — 00, p)|| < klla* | + e (p, p)? < ru[1— (t — )| B]]. (417)
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Note further that the mapping T' : B,.(Z) — IB,.(Z) is Lipschitz continuous with modulus
k(t — 7)||B||. To justify this claim, take any xi,z2 € By.(Z), we deduce from the Holder
continuity of 9, that

1T(x1) = T(@2)l| = [[07(z" = (t = 7)B(21 — 2),p) = U7(2" — (t — 7)B(x2 — ), p)||
(4.18)

< Kt = 7)||Bry — Baal| < s(t = 7)||B| - [l — 22|

For any x € IB,x(Z), combining (4.17) and (4.18) gives us that

IT(x) — 2| < | T(2) = T(@)|| + 1T(2) — 2| < £t — 1) Bllrs +re[l = (t = 7)x|| B[] = rr.

Applying the contraction mapping principle allows us to find a unique fixed point u € B, (%)
of T, which means that u = ¥, (z* — (t — 7) B(u — Z), p), or equivalently, u € G¢(z*, p) N By (Z).

Thus there is a single-valued localization J; of Gy with respect to Bz (0) X BB.2,2 (p) X Byy(T).

402

For any (27, p1), (23, p2) € Bs(2) x B.2,2(q) we have

402

[0¢(21,p1) — De(23, p2) || = |7 (D21, 1)) — T(e(3, p2))|
= ”197—<LL‘>{ - (t - T)B<19t(x>{7p1) - j)7p1) - 197.(;U>{ - (t - T)B(ﬂt(xivlh) - ‘T)vp2)”

* * * * l
< kl|2] — @5\ + &t = 7B - [|9e(27, p1) — Fe(@3, p2)|| + €di(p1,p2)?,
which gives us that

K l
< x % d
ST one P T

=

[9¢(27, p1) — Ve(23, p2) ||
(4.19)

1
< 2k||x} — 25| + 24d1(p1,p2)?2,

where the last inequality holds due to the choice of ¢ that 3 <1 —x(t —7)||B| < 1.
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Moreover, similarly to (4.16) we get from (4.9) that
. * * * * 1 2
(Avuu) + inf { (", u)| w* € D*Ofy(w,a)(w) | > ~[ul

for all (z,p,z*) € gph 0, f N Bs(Z,p,0). This together Lemma 4.4 and Holder condition (4.19)
gives us that the localization ¥; of G; is Holder continuous with order pair (1, %) and modulus

pair (k,2¢). The proof of the lemma is complete. O

Proof of Theorem 4.2. By using the notation A, A; and G; as in the statement of
Lemma 4.5, we first observe that Ay = 1(A+ A*) and that F(Z,p,q) + Ao(z — Z) + 0. f (z,p) =

Ozh(z,p) with
hz,p) :=(F(z,p,q), (x — %)) + (A(x — Z), 2 — T) + f(z,p) forall (z,p)e X x P.

Since f is parametrically continuously prox-regular at (z,p) for z* := —F(&,p,q), h is also
parametrically continuously prox-regular at (z,p) for 0. Moreover, by Lemma 2.5 we have
D*0hy(z*,2*)(u) = Aou + D*0fy(x,2*)(w) with #* := 2* — F(z,p,q) — Ao(x — ) for all
(z,p,z*) € gphd,h. There is some 1 > 0 so small that (x,p,2*) € gphd,f N Bs(z,p,T*)
whenever (z,p,z*) € gph 0,h N 1B, (Z,p,0), where ¢ is found in (4.9). This together with (4.9)

implies that

inf {(u*,uﬂ u* e ﬁ*@whp(x,x*)(u)} = (Agu, u) + inf {(u*,u)‘ u* € ﬁ*@mfp(:):,aﬁ*)(u)}

= (Au,u) + inf {(u*,u}‘ u* € 15*8$fp(x,§c*)(u)}

v

1 2
.



72

By Theorem 3.5 and Theorem 3.7, we get from the latter that the map

(2", p) = {o € X[ 2" € Ozh(z,p)},

which is Gy admits a Holder continuous single-valued localization with order pair (1, %) and
modulus pair (k,¢) for some ¢ > 0 around (0,p) for . Applying Lemma 4.5 a finite number
of times gives us that G; = G has a Holder continuous single-valued localization with order

pair (1,3) and modulus pair (s, 2"¢) for some n € IN around (0,p) for z. This together with

Lemma 4.3 completes the proof of the theorem. O

4.2.2 Lipschitz continuity of parametric generalized equations
Recall that Holderian full stability becomes its Lipschitzian counterpart when condition (3.33)
is satisfied. The following result gives a similarity: the Holder continuity in Theorem 4.2 turns

into the Lipschitzian one if condition (3.33) is fulfill.

Theorem 4.6 (Lipschitz continuity of parametric generalized equations). Let 7 € X
satisfy & € S(p,q). Assume that f is parametrically continuously proz-reqular at (Z,p) for
¥ := —F(&,p,q). If both conditions (3.33) and (4.9) hold with some k > 0, then the solution

mapping S in (4.6) admits a Lipschitz continuous single-valued localization around (p,q) for .

Similarly to the proof of Theorem 4.2, we prove this theorem by constructing several lemmas

as follows.

Lemma 4.7 Let (Z,p,7) € X x P x Q satisfy T € S(p,q) and let G : R™ x IR* = IR"™ be defined
as in Lemma 4.3. If G admits a Lipschitz continuous single-valued localization at (0,p) for Z,

then the solution map S in (4.6) also has a Lipschitz continuous single-valued localization at

(p,q) for z.
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Proof. The proof of this lemma is quite similar to that of Lemma 4.3. Indeed, this is

expected due to [58, Theorem 2.1]. We omit the details. O

The next lemma follows the spirit of Lemma 4.4 for Lipschitzian stability.

Lemma 4.8 Let (Z,p,q) € X x P x Q satisfy T € S(p,q). Suppose that both conditions (3.33)
and (4.9) hold with some k > 0 and that the map G in Lemma 4.4 has a Lipschitz continuous
single-valued localization ¥ at (0,p) for . Then ¥ is Lipschitz continuous around (0,p) with a

modulus pair (k,£) for some £ > 0.

Proof. Suppose that ¢ are Lipschitz around (z, q). Hence there are p, ¢ > 0 such that

[9(21, p1) — (a3, p2)l| < L[la] — @3] +di(p1,p2)] for all (a1, p1), (23, p2) € Byu(0,5)(4.20)

Moreover, it follows from Lemma 4.4 that the mapping 1 is Holder continuous around (0, q)
with order pair (1, 3) and the modulus pair (x,¢1) for some ¢ > 0. Without loss of generality

we assume that

L * * N
[0(21,p1) — (a3, p2)l| < kll2] — 23]l + budi(pr,p2)?  for all (21, p1), (25, p2) € Bu(Z,9).

This together with (4.20) gives us that for any (z1,¢1), (22,¢2) € Bu(Z, q)

[0(21,p1) = (a3, p2)l| - < [[9(21, 1) = D@3, p1)|| + [[0(22, p1) — (23, p2)|

< wllzg — x5 + Ldi(p1, p2),

which justifies that ¢ is Lipschitz continuous around (0, §) with modulus pair (k, ¢). The proof
is complete. O

The following lemma is a counterpart of Lemma 4.5 for Lipschitzian stability.
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Lemma 4.9 Let (Z,p,q) € X x P x Q satisfy © € S(p,q). Suppose that both conditions (3.33)
and (4.9) are satisfied with some k > 0. Suppose further that G, defined in (4.15) admits a
Lipschitz continuous single-valued localization at (0,p) for . Then this localization is Lipschitz
continuous with a modulus pair (k,£) for some £ > 0. Furthermore, Gy in (4.15) also has a
Lipschitz continuous single-valued localization with modulus pair (k,2¢) at (0,p) for T whenever

telrT+ m) with the convention that 1/0 = co.

Proof. By employing Lemma 4.8 instead of Lemma 4.4, the proof of this lemma is very

similar to the one of Lemma 4.5. We omit the details. O

Proof of Theorem 4.6. Recall the function
o _ 1 _ _
h(ﬂ?,p) = <F($7pv Q)7$ - 1"> + §<A(Qj - fL‘),CC - l’> + f(ﬂf,p)

used in the proof of Theorem 4.2. By applying Theorem 3.9 and Corollary 3.11 to h, we obtain
that Go in (4.15) admits a Lipschitz continuous single-valued localization around (0, ) for
with a modulus pair (k,¢) for some ¢ > 0. Employing Lemma 4.9 for a finite consecutive
steps, we derive that G has a Lipschitz continuous single-valued localization around (0, p) for
Z with modulus pair (k,2"¢) for some n € IN. Combining this with Lemma 4.7 ensures that the
solution map S in (4.6) admits a Lipschitz continuous single-valued localization around (p, q)

for . The proof is complete. O
When X, P,Q are finite-dimensional spaces, we derive a point-based sufficient condition to

the Lipschitz stability of a single-valued localization of the mapping S in (4.6).

Corollary 4.10 Let X, P,Q be finite-dimensional spaces and let = € X satisfy £ € S(p,q).

Assume that the function f is parametrically continuously proz-reqular at (Z,p) for z* :=
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—F(Z,p,q). Suppose further that condition (3.37) and the following inequality
(Vo (2,5, 0)u,w) + inf { (", )| (u,p") € D*0,f(7,5,7)(w) } >0 if we X\ {0}, (421)

hold. Then the solution mapping S in (4.6) admits a Lipschitz continuous single-valued local-

ization at (p,q) for T.

Proof. To justify, it suffices to show that inequality (4.21) ensures (4.9). Indeed, we use

again the function A in the proof of Theorem 4.6 above

h(z,p) :=(F(Z,p,q),x — T) + %(A(x—:f:),a: —z)+ f(z,p) forall (x,p) € X xP.

Observe that 8,h(z,p) = F(Z,p,q)+ 5(A+A*)(x—2)+ 0, f(x,p). Note further from Lemma 2.5

that
1
D*0,h(z,p,0)(u) = 5(14 + A")u+ D0, f(Z,p, T")(u),

which clearly implies that the validity of (3.37) and (4.21) is equivalent to the following

(1) (0,]0*) € D*axh(faﬁa j*)(0> = p* =0,

(i) inf {(u*,u>| w* € D*8,h(zZ, P, 0)(u)} >0

for any u € X \ 0. Thanks to Theorem 3.14 and Corollary 3.11 that these two conditions ensure

the existence of some x,d > 0 such that

~ 1
inf { (u*, u)| w* € D*Ohy(w,a)(w) } = ~[jul® forall (z,p,a") € gph k() Bs(a,p,0).
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By Lemma 2.5 the latter easily verifies (4.9) and thus completes the proof of the lemma. O

4.3 Parametric Variational Systems with Monotonicity
In this section we drop off the assumption (A4) on differentiability of F' in Section 4.2.
4.3.1 Holder continuity

Define the following the following mapping
P\(z*,p) = {z € X| 2* € A0, f(z,p) + z}. (4.22)

The key tool used in this part is the next proposition.

Proposition 4.11 Let (z,p,q) € X satisfy € S(p,q). Assume that f is parametrically
continuously proz-reqular at (Z,p) for T* := —F(Z,p,q) with respect to r > 0 in (2.27). Then
for any X € (0,771, the mapping Py admits a Hélder continuous single-valued localization Iy

around (AZ* +2,p) for T with order pair (1,1) and modulus pair ((1—rA)~1, ¢) for some £ > 0.

Proof. Fix A € (0,771) and define k(z, p) := Af(z,p) + &[|z||? for all (z,p) € X x P. Note
from Lemma 2.5 that d;k(x,p) = A0, f(x,p) + x for all (z,p) € X x P. Due to the assumption
of parametric continuous prox-regularity of f at (z,p) for z* with respect to r > 0 in (2.27), we
find some neighborhood U x V' x U* of (Z,p,z*) such that condition (2.27) is satisfied. Define
W := AU*+U as a neighborhood of * = A\z* + . For any (u,p,u*) € gph0,kN (U xV x W),

we may assume from (2.27) that

f@p) = fp) + W =) —u) = Zllo —ul? forall el
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which implies that

1 . rA 1
k(z,p) = AMf(2.p)+ S llzl* = Af(w,p) + (0" = v, =) = -l = ul” + Sl

1 . A 1
= k(u.p) = gllull® + (', x —u) — (w2 —w) = e —ul* + |« (423)
1—7rA

= k(u,p) + (v, x —u) + e — .

This tells us that the function k satisfies the uniform second-order growth condition at (z, p, Z*)
in (3.10). Moreover, the basic constraint qualification (3.7) holds for the function k at (z,p),
i.e., the mapping p — epik(:,p) is Lipschitz-like around (p, (z, k(Z,p)). The proof for this fact
is similar to the one after (3.30). Employing Theorem 3.5 to (4.23) shows us that the mapping
Py, admits a Holder continuous single-valued localization at (Z*,p) for & with order pair (1, %)
and modulus pair ((1 — 1")\)_1,5) for some ¢ > 0. This completes the proof of the proposition.

O

The following result generalizes [66, Theorem 2.1], which obtains Holder continuity of solu-
tions to a specific model of (4.5) with f(z,p) = () () and a closed conver set-valued mapping
K : P = X. In the latter case note that the assumption that K is Lipschitz-like around (p, z)
in [66, Definition 1.1] turns into BCQ of the function f at (Z,p) in (3.7). Here we derive a

similar result for the parametric variational system (4.5) without any assumption on convexity.

Theorem 4.12 Let (z,p,q) € X satisfy T € S(p,q). Suppose that f is parametrically continu-
ously proz-regqular at (z,p) for z* := —F(z,p, q) with respect tor > 0 in (2.27). Suppose further
that there exist k > r and a neighborhood U x V- x W of (Z,p,q) such that for any x1,x9 € U

and (p,q) € V. x W we have

<F(x17p7 Q) - F(xzupa Q)vxl - 1"2> Z KH$1 - $2||2. (424)
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Then the solution mapping S in (4.6) admits a Holder continuous single-valued localization at

(p,q) for T with order pair (%,1).

Proof. Proposition 4.11 allows us to find a Hélder continuous single-valued localization Iy
of the mapping Py at (Az* + z,p) for Z with order pair (1, %) and modulus pair ((1 - 1")\)_1,6)
for some ¢ > 0. Thus we may find a neighborhood (U; x Vi x U{) C U x V x X of (z,p,z*)

with #* := AZ* + Z such that gphIIy = gph P\ N (U; x Vi x U;) and that

* * * * 1
[T (27, pr) — (23, pa)|| < [l — @[] + £llp1 — pal|> (4.25)

1—7rA

for all (z7,p1), (25, p2) € Uy x V1. Moreover, it is worth noting that = € S(p, ¢) if and only if

x — AF(x,p,q) € N, f(z,p) + x,

which equivalently means that z € Py(z — AF(x,p,q),p). Due to the Lipschitz continuity
assumption (A2), we find a neighborhood (U, Vo, W3) C U x V x W of (z,p,q) such that
(x = AF(z,p,q),p) € Uy x V1 for all (z,p,q) € Uy x Vo x Wy. Thus = € S(p,q) if and only if
v =1I\(x — AF(2,p,q),p) := H, g () for (x,p,q) € Uz x Vo x Wa.

Fix (p,q) € Vo x Wy, we claim that H,q satisfies the contraction condition for some

A € (0,771). Indeed, for any x1, x5 € Uy we obtain from (4.25) that

||H(p,q)(x1) - H(p,q)($2)||2 = ||H)\($1 - )\F(l’l,p, Q)vp) - HA(.%Q - )‘F(w%pa Q)vp)HQ

< oyl ) - ME @) - Fap )
= gz llen =l = 2P @1.9,0) = Flapia).n =)+ X Fa1,.0) = Fap )|
1 A2(k —r) = AL —r?))

5 [1—2Xk + )\2L2] |21 — 22> = |1 — lz1 — 2|

=Ty (=P
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Since x > r, we can find some A € (0,7~!) sufficiently small such that 2(k — r) > M(L% — r?).

By the above inequalities we have

[Hp,q)(21) = Hp,g) (22)[| < aljz1 — 22, (4.26)

NI

[1-2Xk+A2L2] .
where a 1= *———5—— < 1. Moreover, due to the continuity of the maps I and F' we may

find some 6,7 > 0 such that Bs(z) x IBy(p) x IBy(q) C Uz x Vo x Q2 and that

1Hpg) () = 2| = [TA(Z = Af(Z,p,9),p) = TA(Z - f(Z,9,9),P)| <6(1 —a)

for all (p,q) € IBy(p) x IB;(q). This together with (4.26) shows that H, . has a unique fixed
point in IB;s(z), which is called z(p, ¢). Note that gphx(-,-) = gph SN (IB,(p) x IB,(q) x Bs(Z)).
It remains to check the Holder continuity of this map. Indeed, take any (p1,q1), (p2,q2) €

B, (p,q), with 1 := z(p1, ¢1) and x2 := (p2, g2) we obtain from (4.7), (4.25), and (4.26) that

1 = z2|| = [[Hpy q0)(@1) = Hpy g0) (@2)
= ”H(pl,ql)(xl) - H(p17q1)(x2)H + ”H(p17q1)($2) - H(p27q2)(x2)’|

< allzr — 2| + |Hr (22 — AF(z2,p1,¢1),p1) — (22 — AF (22, p2, g2), p2)||

I 7 1
< afler =@l + 7 |IAF (@2, p1,@1) = AF (22, 2, @2)l| + L1 — Q2||2}
I T 1
< aller = ol + 1= [Ldi(p1.p2) + Lda(ar, @2) + (i (p1.p2)? |
I 1
< allzy — zaf| + 1= (L\/2n+ £)dy(p1,p2)? +Ld2(Q1,Q2)] )

which clearly yields that

|z1 — x2| < [(L\/ 21+ £)dy (pl,pz)% + Lda(q, %)} :

1
(I —a)(l—=r))
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This verifies the Holder continuity of z(-,-) with the order pair (1,1) and thus completes the

proof of the theorem. O

Remark. The assumption k£ > r is essential in the theorem. Indeed, if k < r choose
flz,p) = 6le+($) — Hz||* and F(z,p,q) = kz + p+ ¢ for all (z,p,q) € R?* x R? x IR%. 1t is
clear that f is parametrically continuously prox-regular at (Z,p) = (0,0) € IR? x IR? for * =0
with respect to r in (2.27) and all conditions (A1), (A2), and (A3) are satisfied. Note further
that inequality (4.24) holds and that « € S(p, q) if and only if (r—k)z —p—q € N]Rg+ () which
equivalently means (k —r)z+p+q € lRi and r € Bi. Since kK —r < 0, we get from the latter
that p 4+ ¢ € IR, which is not the case for all (p,q) around (0,0) € IR* x IR?. Thus S does not

admit a Hélder continuous single-valued localization around (0,0) € IR? x IR? for Z.

4.3.2 Lipschitz continuity

The following proposition is the counterpart of Proposition 4.11 for Lipschitz continuity.

Proposition 4.13 Let (Z,p,q) € X satisfy = € S(p,q). Assume that f is parametrically
continuously proz-reqular at (z,p) for z* := —F (&, p, q) with respect to r > 0 in (2.27). Suppose
further that condition (3.33) holds for the function f. Then for any A € (0,r~1), the mapping
Py admits a Lipschitzian continuous single-valued localization 11y around (A\T* +Z,p) for & with

order pair (1, %) and a modulus pair ((1 - 7“)\)_1,2) for some £ > 0.

Proof. Following the proof of Proposition 4.11 ensures that the mapping k(x, p) = Ag(z, p)+
1 ||z||* satisfies the uniform second-order growth condition (4.23) at (z, p, #*) with (2* := A\Z*+2
and also the basic constraint qualification at (Z,p). Moreover, it is easy to check from condition
(3.33) that the mapping p — gph 0,.k(+, p) is Lipschitz-like around (p, &, Z*).

By employing Theorem 3.9 to the function k at (z,p) for &* € 9,k(Z, p), we obtain that the
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mapping II) admits a Lipschitz continuous single-valued localization at (v, q) for v := \v 4+ &

with a modulus pair (1 — 7, ¢) for some ¢ > 0. O

The major theorem in this section is stated below. In the case of (4.4) with closed convez set-
valued mapping K : P = X, this result reduces to [12, Theorem 2.1] and to [67, Theorem 3.1]

when changing the parameter p in the function F' from (4.4) by gq.

Theorem 4.14 Let (Z,p,q) € X satisfy & € S(p,q). Suppose that f is parametrically con-
tinuously proz-reqular at (Z,p) for ¥ := —F(Z,p,q) with respect to r > 0 in (2.27). Suppose
further that both conditions (3.33) and (4.24) are satisfied with some k > r. Then the solution

mapping S admits a Lipschitz continuous single-valued localization at (p,q) for .

Proof. The proof follows the lines in that of Theorem 4.12 by using Proposition 4.13 instead

of Proposition 4.11. We skip the details. O

4.4 Applications to Variational Inequalities
By dropping parameters p in (4.5) and considering f as an indicator of convex set K in X,
we narrow our work to the variational inequalities (4.2). The section is devoted to some new

sufficient conditions to strong regularity introduced by Robinson [58] as follows.

Definition 4.15 (strong regularity). Let K be a closed convez set in X and let F': X — X

be Fréchet differentiable at & with 0 € F(Z) + Nk (Z). We say the variational inequalities

0 € F(z) + Nk (x)

1§ STRONGLY REGULAR at T if the inverse mapping of T : X = X defined by

T(xz):=F(z)+VF(Z)(x — %) + Ng(z), z€X (4.27)
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admits a Lipschitz continuous single-valued localization around (0, ).

Theorem 4.16 (sufficient condition to strong regularity of variational inequalities).
Let K be a closed convexr set in X and let F : X — X be Fréchet differentiable at T with
0 € F(Z) + Nk (z). Then the variational inequality (4.2) is strongly reqular at T provided that

there exist some 6,k > 0 such that for all (z,x*) € gph N N Bs(z, —F (%)) we have
(VF(Z)u,u) + inf {(u*,u)‘ u* € 525K(x,x*)(u)} > %Hu”2 whenever u € X.
If, in addition, X is a finite-dimensional space, then the above condition can be replaced by
(VF(Z)u,u) + inf {(u*, u| u* € %5k (z, —F(:E))(u)} >0 whenever we X\ {0}. (4.28)

Proof. Define F(z,q) := F(z) + VF(z)(x — ) — ¢q for all (z,q) € X x X. Applying
Theorem 4.2 to the case the parameter p is ignored in (4.4) and f = dx, we have that the
mapping

S(q):={zreX|€0€F(z,q)+ Nk(z)}, geX

has a Lipschitz continuous single-valued localization around (0, Z). Observe that S(q) = T~1(q),
the latter ensures that the variational inequality (4.2) is strongly regular at .

When dim X < oo, instead of using Theorem 4.2 we employ Corollary 4.10 in the same
situation and also obtain the strong regularity of the variational inequality (4.2) at z. The

proof is complete. O

The following result is a simple consequence of the above theorem, in which the second part

is similar to [5, Proposition 5.2] in finite-dimensional spaces.
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Corollary 4.17 Let X be a finite-dimensional space and F : X — X be differentiable at T with

0 € F(z) + Nk (z). Suppose that
(VF(Z)u,u) >0 for all w e domd?dx(z,—F(z))(-),u # 0. (4.29)

Then the variational inequality (4.3) is strongly regular at .

Consequently, the latter is also valid when replacing (4.29) by the following condition
(VF(Z)u,u) >0 forall u € spanTk(Z)NF(z),u#0.
Proof. Since Nk is a maximal monotone operator, it follows from Lemma 2.9 that
inf {<u*,u>} u* € 9%k (3, —F(i))(u)} >0 forall ue domd?ix(z,—F(z))().

This shows that condition (4.29) is sufficient for (4.28) and thus verifies the strong regularity
of (4.3) by Theorem 4.16.

To justify the second claim of the corollary, it suffices to show that
dom 020 (2, —F(z))(+) C span Tk (Z) N F(z)*. (4.30)

Indeed, pick any u € dom 8?6 (Z, —F(Z))(+), we find a sequence (uy, Ty, vy) such that ux — u

gphlNg — . L

and (zy,vy) ~ —" (&, —F(x)). Thanks to (6.5) in Chapter 6, we have u, € —Tx(xr) N v .

Hence, for each k € IN there exist sequences y,, — x and t,, | 0 such that ynfﬂ — Uy as
T

n — oo. For each k € IN we find z; € {y,, } and oy € {t,,} such that z; — Z, ag, | 0 , and
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that % —u, — 0 as k — oo. It follows that

u = lim up = lim
k—o0 k—ro0 Q. k—o0 Q.

€cl [TK(a‘c)—TK(E)} =cl [Span TK(i'):|

with a note that 2z — Z,2, — & € Tk (Z) for all k. Since span Tk (Z) is a subspace of the
finite-dimensional space X, it is closed, i.e., cl [span TK(J_U)] = span Tk (z). Furthermore, since
(ug,vg) = 0, we derive (u, F(Z)) = 0 when taking & — oo. This together with the above

inclusion verifies (4.30) and thus completes the proof of the corollary. ([

Next let us discuss two particular (nonpolyhedral) cases of K, which are of high interests in

optimization. The first case is for the set of symmetric positive matrices.

Corollary 4.18 Let X = S™ be the space of n X n symmetric matrices and let K = S be
the cone of n X n symmetric positive semidefinite matrices. Suppose that F' : S™ — S™ is
differentiable at B with ST > F(B) L B € S. Then the variational inequality (4.2), which is

equivalent to the complementarity problem
ST F(C)LCeSY (4.31)
18 strongly reqular at B provided that
(VF(B)U,U) +2(F(B),UB'U) >0 forall U e L(B), (4.32)
where AT is the Moore-Penrose pseudoinverse of B, and where L(B) is defined by

L(B) :={U € S"| P;UP, = 0, P*UP, = 0},
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with the matriz P taken from the eigenvalue decomposition (5.24) for A= B — F(B).

Proof. Since S is a self-dual convex cone, it is well-known that variational inequality (4.2)
is equivalent to the complementarity problem (4.31). Moreover, it follows from Lemma 5.9 that

dom 32551 (B,—F(B)) = L(B) and that
inf {<C, U)| C € 9%y (B, —F(B))(U)} = 2(F(B),UB'U) for all U € dom &6 (B, —F(B)).

This together with Theorem 4.16 ensures that the complementarity problem (4.31) is strongly

regular at B and thus completes the proof of the corollary. (I

Let us complete the section by noting that full characterizations of strong regularity of the
variational inequalities for the above specific case have been established by Pang, Sun and Sun
[54, Theorem 17] in term of degree theory. Albeit our condition (4.32) is just sufficient for

strong regularity, it seems to be more verifiable.
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Part B: Applications

Chapter 5
Full Stability in Finite-Dimensional

Constrained Optimization

5.1 Overview

This chapter concerns the study of the corresponding counterparts of both Holderian and Lip-
schitzian full stability of local solutions to the following large class of problems in constrained
optimization:

R minimize ¢(z,p) subject tox € X,
P (5.1)

9(z,p) €O,
where the cost function ¢ : X x P — IR and the constrained mapping g : X x P — Y are C%-
smooth around the reference point (z, p), where X, Y, P are finite-dimensional Euclidean space,
and where © is a closed and convex subset of Y. Besides standard nonlinear programs (NLP),
model (5.1) encompasses various problems of conic programming [5, 41] when the set © is a
cone, mathematical programs with polyhedral constraints (MPPC) designated in [48] when O is
a polyhedral set, etc. It is worth noting that, despite describing (5.1) in the classical smooth
and convex terms, the progress in the study of full stability and related issues achieved in this

and the subsequent sections are based on the results and methods of monsmooth variational
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analysis developed above.

The main purpose of this chapter is to study full stability for optimization problem (5.1) and
its correlations to other well-known concepts of stability such as Robinson’s strong regularity and
Kojima’s strong stability. In this way we provide a lot of new understanding for those stabilities
as well. In accordance with the the scheme of Section 3 the two-parameter perturbation of P
in (5.1) reads as

. minimize ¢(z,p) — (x*,z) subject to z € X

P(z*,p) (5.2)
g(r,p) € ©

for any (x*,p) € X x P. It can be written in the equivalent unconstrained format

~

P(x*,p) minimize f(x,p) — (x*,x) with f(z,p):= ¢(z,p) + Jo (g(x,p)), (z,p) € X x P(5.3)

5.2 Full Stability, Strong Regularity, and Strong Stability in

Constrained Optimization
To proceed with the study of full stability and related properties, recall that the Robinson

constraint qualification (RCQ) holds in P at the point Z with g9(z,p) € © if

0 € int {g(z,p) + V.g9(z,p) X — O}. (5.4)

As well known, RCQ (5.4) reduces to the classical Mangasarian-Fromovitz constraint qualifica-
tion (MFCQ) defined later in (5.37) for NLP problems. If z is a local minimizer of P and RCQ

is satisfied at x, then x is the stationary point meaning that there is some Lagrange multiplier
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A € Y* the dual space of Y, such that

0 € VyL(x,p,A) and A€ Ne(g(z,p)), (5.5)

where L(-,-,-) is the usual Lagrangian function defined by

L(z,p,\) == p(2,p) + (A, g(x,p)) with (z,p) € X x P and A€ Y™ (5.6)

The system in (5.5) can be written as the form of Robinson’s generalized equation (GE) [58]:

ViL(z,p, \) 0
0¢ + : (5.7)

—g(z,p) Ng'(\)

Note that x is a stationary point ofﬁ(x*,p) if and only if * € 9, f(x, p) for (z,p) near (z,p) due
to the validity of RCQ (5.4). Since RCQ is always satisfied in all the results below concerning
the stability around (Z,p), from now on we suppose without loss of generality that the latter
equivalence holds for all x.

Let : X x@Q - Rand G : X x @ — Y, where ) is also a finite-dimensional Euclidean
space. The pair (®(z,q),G(z,q)) provides a C2-smooth parameterization of (p(z,p), g(z,p)) at
g € Q if both mappings ® and G are twice continuously differentiable with ®(x,q) = ¢(z,p)

and G(z,q) = g(z,p). Consider the following parametric optimization problem:

minimize ®(x,q) subject toz € X,
P(q) (5.8)
G(z,q) € ©.

Observe that problem P(z*, p) in (5.2) is a special form of P(g) when ®(z, q) = ¢(z, p) — (z*, z)
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and G(z,q) = g(x,p) for ¢ = (z*,p) € X x P and ¢ = (0,p). The next definition is taken from

[5, Definition 5.16].

Definition 5.1 (uniform quadratic growth condition). Let T be a stationary point of
problem P. The UNIFORM QUADRATIC GROWTH CONDITION (UQGC) holds at & with respect
to a C2-smooth parameterization (®(z,q),G(x,q)) of (p(z,p),g(x,p)) at some § € Q if there
exist £ > 0 and neighborhoods U of & and W of q such that for any ¢ € W and any stationary

Z(q) € U of problem P(q) we have

®(z,q) > ®(2(q), q) + Lz — 2(q)|* for all z €U, G(z,q) € O. (5.9)

We say that UQGC (5.9) holds at & if it holds for all C?>-smooth parameterization of the pair

(¢(x,p), g(x,p))-

Our uniform second-order growth condition (3.10) for the function f(z,p) defined in (5.3) can
be viewed as the above UQGC at Z with respect to the C?-smooth parameterization (p(x, p) —
(x*,p),g(x,p)). It is shown in [5, Theorem 5.24] that under RCQ (5.4) the defined UQGC
is equivalent to Kojima’s strong stability [23] formulated in the first parts of the following

definition taken from [5, Definition 5.33].

Definition 5.2 (strong stability). We say that a stationary point T of problem P is STRONGLY
STABLE with respect to a C*-smooth parameterization (®(z,q),G(z,q)) of (p(x,p),g(x,p)) at
some q if there is a neighborhood U x Q of (%, q) such that for any q € Q the parametric problem
75((]) has a unique stationary point T(q) € U such that the mapping q — Z(q) is continuous

on Q. If this holds for any C?-smooth parameterization of (p(x,p),g(x,p)), we say that T is

strongly stable. In the conditions above the mapping q — =(q) in Lipschitz continuous on Q, we
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speak about LIPSCHITZIAN STRONG STABILITY of Z.

Next we show that the continuity of the function Z(¢) in Definition 5.2 can be strengthened
to Holderian continuity with degree % provided that z is a local minimizer of problem P under
the validity of RCQ (5.4) at Z. This Holder continuity can be treated as a natural counterpart of
Holderian full stability in the problem under consideration. In the case of NLP (6 = {0} x R.),
our result agrees with that by Gfrerer [19, Corollary 3.2] due to the fact that Kojima’s strong
stability is characterized by Robinson’s strong second-order sufficient condition (SSOSC) [58].

Note further that the Holder exponent % is shown to the best possible for NLP; see Example 3.2.

Theorem 5.3 (strong stability and Hélder continuity). Let & be a local minimizer of
problem 7/5, and RCQ (5.4) holds at . Then the point T is strongly stable in the sense of Defini-
tion 5.2 if and only if for any C*-smooth parameterization (®(z,q), G(x,q)) of (¢(z,p), g(z,p))
at some G € IR there exist a neighborhood U x Q of (Z,q) and a constant x > 0 such that for
every q € QQ the parametric problem 73(q) has a unique stationary point T(q) € U satisfying the

Holder continuity property

1
lZ(q1) — Z(q2)|| < kllq1 — q2]|2 whenever qi1,q2 € Q. (5.10)

Proof. It is obvious that Z is strongly stable if the function Z(g) in Definition 5.2 satisfies
the Holderian continuity property (5.10). Conversely, suppose that the stationary point = is
strongly stable. Take any C2-smooth parameterization (®(z,q),G(z,q)) of (¢(z,p),g(z,p)) at
some g € Q with (z,q) € X x Q. Define ¥(z,w) := ®(z, q) — (z*,z) and G(z, z) := G(x, p) with
z = (g,7*) € Q x X. Note that (¥, §) is also a C?-smooth parameterization of (o(z, p), g(z, p))

at z := (g,0). Since T is strongly stable, it follows from [5, Theorem 5.34] that UQGC (5.9)
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holds at Z with respect to the parameterization (¥, G). By Definition 5.1 there exist ¢ > 0 and
neighborhoods U of z and Z = W x U* of Z = (¢, 0) such that for any (¢,z*) € W x U* and

any stationary point u € U of the parametric problem 75(2) we have

O(z,q) — (x*,2) > ®(u,q) — (x*,u) + {||z — ul|* whenever z € X, G(z,q) €0O.  (5.11)

Denoting F(x,q) := ®(x,q) + do(G(x,q)), observe from Proposition 2.8 that this function is
parametrically continuously prox-regular at (z, q) for v = 0 € 9, F(z,p) and that BCQ (3.7) (or
(3.8)) holds for this function at (Z,q) due to the validity of RCQ. Furthermore (5.11) tells us
that the uniform second-order growth condition in (3.10) is satisfied for the function F' around
(z,p,0) € gph 8, F. Applying Theorem 3.5 allows us to find (¢1,fs) € IR2 and a neighborhood
Uy x Wy xUf cUxW xU* of (z,q,0) such that for any (u;, ¢;, w)) € gph 0, F N (U x Wy x UY)
with ¢ = 1,2 we have

1
lur = u|| < Gilluy — w3l + L2]lg1 — gal|>.

Put u] = u5 = 0 and note that u; = z(q1) and us = Z(g2), which gives us the estimate

1
1Z(q1) — Z(q2)|| < l2llg1 — q2||2 for all q1,q2 € Wi.

This ensures (5.10) and thus completes the proof of the theorem. O

Observe from the proof of Theorem 5.3 that when Z is a local minimizer of problem ﬁ,
Kojima’s strong stability of z implies Holderian full stability at the same point. However, the
converse implication is not valid even in the NLP setting. Indeed, it is shown by in Section 5.4
that, under MFCQ and the well-known constant rank constraint qualification for NLP problems,

Holderian full stability and its Lipschitzian counterpart are the same due to the validity of
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(3.37) (see Proposition 5.14 below) and can be characterized by a condition strictly weaker
than SSOSC. Since SSOSC is equivalent to strong stability in this framework, we conclude that
Hoélderian full stability can not generally imply strong stability.

Another significant notion of variational analysis is Robinson’s strong regularity for gener-
alized equations introduced by his landmark paper [58]. We formulate it for the generalized

equation (5.7) under consideration.

Definition 5.4 (strong regularity). Let (Z,\) be a solution to the generalized equation (5.7).

We say that (Z,\) is STRONGLY REGULAR if there exist neighborhoods U of 0 € X XY and V

of (z,\) € X x Y* such that for every 6 € U the system

—9(7,p) —Vag(z,p)(z - T) Ng'(%)

has a unique solution in V denoted by ((0) and that the mapping ¢ : U — V is Lipschitz

continuous.

It can be deduced from [5, Theorem 5.24] that the strong stability of (z,)) in (5.12) above
is equivalent to UQGC (5.9) under the following two assumptions:

(A1) The set © is C2-reducible to a closed convex set K at § := g(z, p), and the reduction
is pointed. This means that there exist a neighborhood W of § and a C2-smooth mapping
h: W — IRF such that Vh(%) is surjective, @ NW = {y € W| h(y) € K}, and the tangent cone
Tr (h(y)) defined in (2.6) is pointed.

(A2) The point (Z,p) is partially nondegenerate for g with respect to ©, i.e.,

V.9(Z,p)X +1in (To (9(z,p))) =Y, (5.13)
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where lin (T@(g(:ﬁ,ﬁ))) is the largest linear subspace of the space Y that is contained in the

classical tangent cone Tg(g(Z,p)).

Note that the reducibility condition (A1) is satisfied for a great variety of convex sets ©
arising in important classes of problems in constrained optimization. This includes polyhedral
sets [5, Example 3.139], the second-order (Lorentz, ice-cream) cone [4, Lemma 15], the cone of
positive semidefinite symmetric matrices [5, Example 3.140], etc. In contrast, the nondegener-
ation condition (AZ2) is rather restrictive. In particular, for NLP problems it reduces to the
classical linear independence constraint qualification (LICQ), in the case of MPPC problems
(when © is a convex polyhedral) it agrees with the polyhedral constraint qualification (PCQ)
introduced and studied in [48]; see also [5] for the versions of (A2) for other classes of problems
in conic programming. Observe that for the general class of problems P in (5.1) the nondegen-
eration condition (A2) implies the Robinson constraint qualification (5.4) but clearly not vice

versa.

Before deriving the main result of this section we present the following lemma, which is
based on the second-order chain rule obtained recently in [39]. This lemma will allow us to
make a bridge between general characterizations of Lipschitzian full stability in Section 4 and
their applications to the class of constrained problem (5.1) with new links to strong stability

and strong regularity.

Lemma 5.5 (limiting coderivative of partial subgradient mappings). Let both condi-
tions (A1) and (A2) be satisfied at T, which is a stationary point of problem P from (5.1) in
the sense that 0 € 0, f(Z,p) the partial subgradient mapping of the function f in (5.3). Then for

all w € X the limiting coderivative of the partial subgradient mapping O f.(Z,p) is represented
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by
D0, f (2,5,0)(u) = (V2,L(2, 5, N, V2, L(, 5, Nu) + V{2, 5)" D" No (3, A) (Vg (&, p)u5.14)

with § := g(Z,p), where L is the Lagrangian (5.6), and where X € Y* is a unique solution of

the system
Va29(Z,p)*A = —=Voo(Z,p) and X\ € No(y). (5.15)

Consequently, the coderivative condition (3.37) is satisfied for this function f with z* = 0.

Proof. Applying the simple subdifferential sum rule to the function f in (5.3), we get from
the stationary condition 0 € 0, f(Z,p) that 0 € Vyo(z,p) + d00(g9(x,p)). Furthermore, the
coderivative sum rule from Lemma 2.5 and the second-order subdifferential definition (2.15)

give us
D0, (2,p,0)(w) = (V2,0(3, D), V3,0(3, P)u) + D*0:(06  9) (7,5, ~Vaip(7. 7)) (1) (5.16)

for all w € X. The assumed conditions (A1) and (A2) allow us to apply the second-order chain

rule from [39, Theorem 3.6] to the composite function dg o g and get in this way the equality

D*9,(8e © 9) (T, P, —Vap(Z, D)) (u) = (Vix<X,g>(i‘,ﬁ)u, Vi g) (z&ﬁ)u)

—|—Vg(f‘, p)*D*N@(gj, 5‘) (ng(i,ﬁ)u)

for all u € X, where \ solves the KKT system (5.15). This together with (5.16) justifies (5.14).

It remains to verify the validity of (3.37) for the function f with z* = 0. To proceed, pick
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any vector p* with (0,p*) € D*0,f(Z,p,0)(0) and get from (5.14) a unique vector A € Y*

satisfying (5.15) such that

(0,]0*) € VQ(jvp)*D*N@(ga )‘)(O)

This allows us to find z € D*Ng(y, A)(0) satisfying 0 = V,g¢(z,p)*z and p* = V,g(Z,p)* 2. By
the inclusion gph Ng D © x {0}, we get that z € Ng(y) from z € D*Ng (7, A)(0). Since © is a
closed convex set, it follows that (z,y) < 0 for all y € lin (Te()) C To(y). Due to (5.13) there

exist € X and y € lin (T@(gj)) satisfying V,g(Z,p)x + y = z. It leads us to

12112 = (2, Vag(z, p)x + y) = (Vag(Z,p)*2,2) + (2,5) <0+ 0 =0,

which yields z = 0 and thus p* = 0. This justifies (3.37) and completes the proof of the lemma.

Now we are ready to characterize Lipschitzian full stability of local minimizers in 73, which
we understand in the sense of Definition 3.1(i) for problem P(0,7) in (5.3) with the extended-
real-valued objective. The next major theorem not only provides a constructive second-order
characterization of Lipschitzian full stability in P under assumptions (A1) and (A2) but also
establishes its equivalence in this setting to the above notions of strong regularity and Lips-
chitzian strong stability and thus characterizes these notions as well. Note that the equivalence
between assertions (iii) and (iv) of this theorem has been recently derived in [46, Theorem 6.10]

for the case of tilt stability in conic programming when the parameter p is ignored.

Theorem 5.6 (equivalence between strong regularity and Lipschitzian full and strong
stability for nondegenerate local minimizers and their second-order characteriza-

tion). Let T be a stationary point of problem P in (5.1) under the validity of RCQ (5.4), let



96

A € Y* be the corresponding Lagrange multiplier from (5.5), and let § := g(Z,p). Assume that
the reducibility condition (A1) holds at . Then the following assertions are equivalent:

(i) The pair (z,) is a strongly regular solution to GE (5.7), and % is a local minimizer of
problem P.

(ii) The nondegeneration condition (A2) holds, and the point T is a Lipschitzian strongly
stable local minimizer of problem P.

(iii) The nondegeneration condition (A2) holds, and the point T is a Lipschitzian fully stable
local minimizer of problem P.

(iv) The nondegeneration condition (A2) holds together with the second-order subdifferential

condition
(V2. L(Z,p, \)u,u) + inf {<u*, V.g(z, p)u)| w* € D*Ne(, X)(ng(f,ﬁ)u)} >0, u#0.(5.17)

Proof. Since T is a stationary point of P at which RCQ (5.4) holds, we deduce from
Proposition 2.8 that the function f in (5.3) is parametrically continuously prox-regular at (z, p)
for 0 € 0, f(Z,p) and that BCQ (3.7) holds at (z, p). Observe that implication (ii)=-(i) follows
from [5, Theorem 5.35].

To verify next implication (i)==(iii), suppose that the point (Z,\) is strongly regular for
the generalized equation (5.7) and get from [5, Theorem 5.24] that (A2) and UQGC (5.9) are
satisfied at . Defining ®(x,q) := ¢(z,p) — (v,p) and G(zx,q) := g(x,p) with ¢ = (z*, p), note
that (®(z,q),G(z,q)) is a C2-smooth parameterization of (¢(z,p),g(z,p)) at ¢ := (0,p). Then
this UQGC allows us to find ¢ > 0 as well as neighborhoods U* x V of ¢ = (0,p) and U of

such that for any ¢ = (v,p) € U* x V there is a unique stationary point z(q) € U of problem
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P(q) satisfying
®(z,q) > ®(Z(q), q) + l||z — Z(q)||* for all = € U, G(x,q) € O. (5.18)
Picking any (u,p,u*) € gph 0, f N (U x V x U*), we have u = Z(q). It gives us by (5.18) that
o(x,p) — (u*, z) > p(u,p) — (u*,u) + £)|z — ul|* for all z €U, g(z,p) € O.
This clearly implies the inequality
f(z,p) > flu,p) + (u*,x —u) + )|z — ul|* forall z €U,

which ensures in turn the uniform second-order growth condition (3.10). Taking into account
that the coderivative condition (3.37) holds by Lemma 5.5 and then employing Theorem 3.10,
we arrive at (iii).

Let us now verify implication (iii)==-(iv). Assuming (iii), we deduce inequality (3.49) from
Corollary 3.15. This together with the second-order representation (5.14) from Lemma 5.5 gives

us that

0 < inf {<u*,u>\ u* € V2,L(#,p, Nu+ Vag(,5) D" No (5, \) (Vag(, p)u) |
= (VL5 Nu,u) + inf {(Vog(@.p) ", u)| = € D*No(7, X) (Vag(. pu) }

= (me (Z,p, \)u, u) mf{ (u*,Vg9(Z,p)u ‘ u* e D*N@(y,A)(ng(:E,ﬁ)u)}

for any u # 0, which shows that condition (5.17) in (iv) holds.

To complete the proof of the theorem, it remains to verify implication (iv)=—=-(ii). To
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this end we suppose that condition (5.17) holds and take any C2-smooth parameterization
(®(z,q),G(x,q)) of (p(z,p),g(x,p)) at some ¢ € IRF. Observe that V,®(Z,q) = V.o(Z,p),
V2,9(Z,q) = V2,0(Z,D), VoG(T,q) = Vag(Z,p), and V2,G(Z,q) = V3,9(Z,p). By replacing
¢ by ® and g by G, we get both conditions (A1) and (A2) for the pair (®,G) at (7, q). Letting
F(z,q) = ®(z,q) + do(G(z,q)) and combining (5.17) with the second-order representation

(5.14) from Lemma 5.5 give us that (3.37) is fulfilled for F' at (z,q,0) and that
inf {(u*,u>| (u*,q%) € D*0,F(7,q, 0)(u)} >0 forall u#0.

Unifying this with Corollary 3.15 and Theorem 3.9 allows us to find a neighborhood (U x W xU*)
of (Z,q,0) and a constant £ > 0 such that the mapping S in (3.3), while replacing f by F' therein,

admits a localization ¥ with respect to U* xV x U that satisfies the Lipschitz continuity condition
[9(21, 1) — (a3, a2)ll < k([l2] — 23] + [lar — goll) for all af,z5 € U* and qi1,¢2 € W.(5.19)

Define Z(q) := 9(0,q) for all ¢ € W and observe that Z(q) is a unique stationary point of

problem ﬁ(q) in (5.8). Furthermore, for any ¢1,¢2 € @ we get from (5.19) that

1Z(q1) — Z(g2)|| < kllgr — g2l

which ensures the Lipschitz continuity of the function Z(q) and thus verifies Lipschitzian strong
stability in Definition 5.2. This completes the proof of the theorem.

Observe that another characterization of strong regularity from Definition 5.4 for the class
of problems modeled as P in (5.1) via a second-order condition different from (5.17) has been

obtained by Bonnans and Shapiro [5, Theorem 5.64] under a certain “strong extended poly-
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hedricity condition," which is not assumed here. Our results in Theorem 5.6 establish the
equivalence between all the properties considered there for the general class of problems P with
new second-order characterization (5.17) involving the construction D*Ng for the underlying
convex set ©. Calculating this second-order object for particular cases of ©, we arrive at char-
acterizations of the listed properties entirely in terms of the initial data of the mathematical
programs. Let us discuss several remarkable classes in mathematical programming, important
from both viewpoints of optimization theory and applications, in comparison with known re-
sults in this direction. Note that all the classes discussed below we have the validity of the

reducibility condition (A1)

e Nonlinear programming with C?-smooth data (NLP). By using the Mordukhovich criterion
(2.6) and the calculation of the second-order construction D*Ng for the orthant © = {0} x IR" ,
Dontchev and Rockafellar [16] proved the equivalence of strong regularity to the simultaneous
fulfillment of the LIC'Q and SSOSC conditions; see also the discussions and references therein
on related results in this vein. It has been recently shown in [48] that condition (5.17) reduces
for NLPs to the classical SSOSC being equivalent under the validity of LICQ to Lipschitzian

full stability of local minimizers for nonlinear programs.

e Mathematical programs with polyhedral constraints (MPPC). Based on the second-order
calculus rules from [47] and the coderivative calculations from [16], Mordukhovich, Rockafellar
and Sarabi [48] established for this class of optimization problems (5.1) with a polyhedral set © a
complete characterization of Lipschitzian full stability via the polyhedral second-order optimality
condition (PSSOC) as well as its equivalence to strong regularity under the polyhedral constraint

qualification, which is an analog of (A2) in the MPPC setting. The aforementioned PSSOC is
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a MPCC counterpart of the classical SSOSC obtained in the scheme of (5.17).

e Extended nonlinear programming (ENLP). The same paper [48] presents a second-order
characterization of Lipschitzian full stability for the class of ENLP problems introduced by
Rockafellar [61] via a certain duality representation. The characterization is given in terms of
the extended strong second-order optimality condition, which is an ENLP counterpart of SSOSC

obtained in the scheme of (5.17).

e Second-order cone programming (SOCP). This subclass of conic programs corresponds
to (5.1), where © is a product of the Lorentz/ice-cream cones; see [1] for more details and
applications. A characterization of strong regularity of the associated GE (5.7) was given by
Bonnans and Ramirez [4] via a SOCP counterpart of SSOSC. By using the calculation of D*Ng
obtained by Outrata and Ramirez [50], it can be shown that this condition reduces to (5.17) in
the SOCP setting, which therefore provides by Theorem 5.6 a second-order characterization of

Lipschitzian full stability for SOCPs under the nondegeneracy condition (A2).

e Semidefinite programming (SDP). This major class of conic programs, corresponding to
(5.1) with © = S, has been highly recognized in optimization theory and applications; see, e.g.,
[64, 65] and the references therein. In [64] Sun obtained a characterization of strong regularity
of the GE (5.7) associated with SDPs via a counterpart of SSOSC in this setting under the
nondegeneracy condition (A2). In Section 6 we show that this SDP version of SSOSC is indeed
the same as our condition (5.17) and thus derive from Theorem 5.6 a constructive second-order
characterization of full (as well as strong) Lipschitzian stability of locally optimal solutions to

semidefinite programs entirely via the their initial data.

e Other classes of mathematical programs. Besides the classes of mathematical programs

listed above, the second-order construction D*Ng in (5.17) has been constructively calculated
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for the underlying sets €2 in (5.1), which are not in the discussed forms; see, e.g., [22, 40, 47]
and the references therein. These results can be incorporated in the framework of (5.17) and
thus allow us to provide via Theorem 5.6 complete characterizations of the equivalent stability
properties (i)—(iii) entirely in terms of initial data of the corresponding mathematical programs

under the nondegeneracy condition (A1l).

We conclude this section with a convenient second-order condition ensuring the validity of
the equivalent stability properties in Theorem 5.6 and therefore their implementations for the
particular classes of mathematical programs discussed above. Note that a related result in this
vein for Robinson’s strong regularity can be extracted from [5, Theorem 5.27 and Corollary 5.29]
but under an additional assumption that Y* has a “lattice structure" that is not the case here;

cf. [5, Example 3.57].

Corollary 5.7 (sufficient second-order condition for the equivalent stability proper-
ties in mathematical programming). Let T be a stationary point of problem P in (5.1), and

let the conditions (A1) and (A2) be satisfied. Assume in addition the second-order condition

(V2 L(Z,p, \)w,w) >0 whenever V,g(Z,p)w € dom D*Ng(g(Z,p),\), w#0,  (5.20)

where A € Y* solves the system in (5.15). Then all the properties (1)—(iii) of Theorem 5.6 hold.

Proof. When z € D*Ng(g(Z,p), A\)(Vag(Z, p)w), we have (z, V,g(Z, p)w) > 0 by the max-
imal monotonicity of Ng and [53, Theorem 2.1]. This together with (5.20) verifies (5.17) and
implies therefore that Z is a Lipschitzian fully stable local minimizer of problem P due to The-
orem 5.6. The other stability/regularity properties of that theorem follows from the established

equivalence relationships.
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5.3 Full Stability in Semidefinite Programming
In this section we develop constructive and nontrivial implementations of the results of Theo-
rem 5.6 for problems of semidefinite programming formulated as follows:

minimize ¢(z,p) subject to x € X,

P (5.21)

g(z,p) € © := ST,
where ¢ : X x R - R and g : X x R — Y := S™ are C%-smooth mappings, where S™ is
the space of m X m symmetric matrices, and where S is the cone of all the m x m positive
semidefinite matrices in S™. Note that the cone S’ satisfies the reducibility assumption (A1)

in Section 5; see, e.g., [5, Example 3.140]. The Robinson constraint qualification (5.4) is written

for (5.21) as

0 € int {g(z, p) + Vag(z,0)X — ST} (5.22)

and the partial nondegeneracy condition (5.13) reduces to

V.9(Z,p)X +lin (Tsp (9(Z, p))) = S™. (5.23)

The main goal of this section is to derive a complete characterization of Lipschitzian full stability

of local minimizers for (5.21) entirely in terms of the initial data (¢, g, ST') of this problem.
Let A,B € S™ and Ai(A),...,A\n(A) be m eigenvalues of the matrix A with A\ (4) >
A2(A) > ... > An(A). Denote A(A) := (A1(A),..., An(A)) € R™ and by A(A) := diag (A(A))

the diagonal matrix whose i-th diagonal entry is A\;(A). Recall the eigenvalue decomposition of
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A is given by

A 0 0
A=P| o Ay, o | P with P=[P, P P, (5.24)
0 0 A,

where o := {i| \i(A) > 0}, B := {i| \i(4) = 0}, v := {i] N\i(A) < 0}, and where P is some

m X m orthogonal matrix. Furthermore, we use the Frobenius inner product between A and B:

(A,B) :=Tr (A*B),

where “Tr" denotes the trace of a matrix; thus the norm of A € ™ is ||A|| = /Tr (A*A). With
these constructions it is well known that the dual space of S™ reduces to S™.

The next condition is taken from Sun [64, Definition 3.2].

Definition 5.8 (strong second-order sufficient condition for SDPs.) Let T be a station-
ary point of 75, and let the partial nondegeneration condition (5.23) be satisfied. We say that

the SDP-STRONG SECOND-ORDER SUFFICIENT CONDITION (SDP-SSOSC) holds at T if

(V2 L(Z,p, Nw,w) — 20\, d(w)g(Z,p)Td(w)) > 0 for all w € app (N)\ {0}, (5.25)

where X is the corresponding unique Lagrange multiplier, d(w) = V.g(Z,p)w, g(z,p)" is the

MOORE-PENROSE PSEUDOINVERSE of g(Z,p), and where app () is defined by

app (A) := {w € X| Pid(w)Py =0, P;d(w)P, =0} (5.26)
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with the matriz P taken from (5.24) for A = g(Z,p) + A.

Since we use this condition simultaneously with the nondegeneration assumption (A2) in
Section 5, it makes sense to formulate the above condition under (A2).

As discussed in [64, p. 768], the choice of an orthogonal matrix P satisfying the decomposi-
tion (5.24) with A = g(Z,p) + A does not affect the set app (\) in (5.26).

The following calculation of the second-order construction D*Ngm is a reformulation of the

recent result from Ding, Sun and Ye [11, Theorem 3.1].

Lemma 5.9 (second-order subdifferential calculation for SDPs). For any (X,Y) €
gph NST consider the the eigenvalue decomposition (5.24) of the matric A = X +Y. Then we

have Z € D*Ngr (X,Y)(D) if and only if Z = PZP* and D = PDP* with

0 0 Za’y Do Daﬂ Da’y
(i) Z = 0 vaBﬁ /ng,y and D = 56& Eﬂﬁ 0 ) (5.27)
Zya Z%B Zw Eva 0 0

(i) Zgge D* Ny (0,0)(Dgg) and Say © Zay — (Eay — Lay) © Dy =0, (5.28)

where o, B, are taken from (5.24), |5| is the cardinality of the set B, E is a m X m matriz

whose all the unit entries, “o" is the Hadamard product, and where the matriz 3 is defined by

max{A;(A),0} — max{\;(A4),0}

C ij=1,....,m, (5.29)
Ai(A) = Aj(A)

Zij =

with the convention that 0/0 := 1.

Proof. Note that Z € D*Nsi(X, Y)(D) if and only if (Z,—D) € nghNSﬁ (X,Y). Em-

ploying [11, Theorem 3.1] verifies claimed representations in the lemma.
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The next result is new and plays a crucial role in deriving the main theorem of this section
presented below. This lemma provides a precise calculation of the second-order subdifferential
condition (5.17) from Theorem 5.6 for the SDP model and shows that it reduces to the SDP-

SSOSC condition from Definition 5.8.

Lemma 5.10 (second-order subdifferential condition for SDPs). Let = be a stationary
point of problem (5.21), and let X is a unique Lagrange multiplier of the corresponding KKT
system (5.5) under the validity of the partial nondegeneration condition (5.23). Then we have

dom D*Nsr (9(z, p), \)(d(-)) = app (A) and

inf { (2, d(w))| Z € D" Ny (9(2. 7). N(d(w)) } = —2(\, d(w)g(#,p)!d(w)) if w € app (A]5.30)
with d(w) := Vzg9(z,p)w. Consequently, the second-order subdifferential condition (5.17) from

Theorem 5.6 agrees with the SDP-SSOSC' condition from Definition 5.8.

Proof. We split the proof of this lemma into following two main steps.

Step 1. We have that dom D*Ngm(9(Z, p), A)(d(+)) C app (A\) and that the inequality “>" holds
in (5.30).

To show it, pick any w € dom D*Ngn (g(Z,p), A)(d(+)) and find Z € D*Ngm(g(z,p), A)(d(w)).
Let A := g(z,p) + A, and let P be an orthogonal matrix satisfying (5.24). With D := d(w) it
follows from Lemma 5.9 that Z = PZP* and D = PﬁP*7 where Z, D are taken from (5.27).
We get D = P*DP and so

P;DP, =0 and P;DP, =0,

which verifies that w € app (A) due to its expression in (5.26). It gives us the inclusion

dom D*Ngn (9(z,p), A)(d(-)) C app (A).
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Furthermore, observe from (5.27) that

(Z,D) = Tr(PZ*P*PDP*) = Tr(Z*DP*P) = Tr(Z*D)
= Tv(Z%, Do) + Tr(Z35Dpg) + Tr(ZE,Das) (5.31)

= Tr(Z}Dgs) + 2Tx(Z},, Doy ).

By (5.29) for any i € a and j € v, we have ¥;; = W‘%, and thus (5.28) implies that

Ai(A) ~ Aj(A) ~
Z‘ D;;i =0,
Ai(A) = Aj(4) Ai(A) = A;(4) Y
which ensures therefore the equalities
~ ~ S A(A) ~
Tr(Zi,Day) = Y ZiDy= » - AJ-E AiD%. (5.32)
i€ca,jey i€a,jey !

By the spectral decomposition (5.24) and the fact that \ € N (9(2,p)), which actually means

that —\ € ST and (X, g(%,p)) =0, we get the representations

Ao 0 0 00 0
g@p)=P|l o o o|P and A\=P|g o o |P" (5.33)
0 00 0 0 A,

Hence the Moore-Penrose matrix ¢(z,p)' is formulated in this case as

AL 0 0

(0%

g@p)t=P| o o o|P"
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This together with (5.33) gives us that

00 0 A 00

«

(A d(w)g(z,p)ld(w)) =Tr|P|g o o [P'DP| o ¢ of|PD

00 A, 0 00

0 0 DayAy| [ Daahz' 0 0

=Tr110 0 Dg,A, || DsaAst 0 0

0 0 DA, ) \ DAzt 0 0
Ai(A) N2
A(A) Y

e Tr []SQ'YA’Y]S'YQA(ZI] = Z
i€a,jey

We obtain from this representation as well as (5.31) and (5.32) that
(2.D) = (Zss: Dys) = 2\ d(w)g(, p)"d(w)). (5:34)

Taking into account that the mapping N slel is maximally monotone, it follows from (5.28) and
[53, Theorem 2.1] that <Zﬂﬁa 556> > 0. This together with (5.34) verifies the inequality “>" in
(5.30) for any w € dom D*Ngn (g(, p), A)(d(+)) and thus completes the proof of Step 1.
Step 2. We have that app () C dom D*Ngr(9(2, D), N (d(-)) and that the inequality “<" holds
in (5.30).

To verify this, pick w € app (A) and define D := d(w). It follows from (5.26) that D :=

P*DP is of form (5.27). Observe from [11, Proposition 3.3], by choosing Z; = E therein, that
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0€ D*Ns‘f‘ (0, 0)(555). By (5.28) find a matrix Z of form (5.27) satisfying (5.28) and 235 = 0.
With Z := PZP* it follows from Lemma 5.9 that Z € D*Ngn (g(2,p), A)(D). Thus we have w €
dom D*Ngw(g(Z,p), A)(d(-)) and deduce from (5.34) that (Z, D) = —2(\, d(w)g(z,p)td(w)).
This also verifies the inequality “<" in (5.30) and thus completes the verification of the assertions
claimed in Step 2.

Combining finally Step 1 and Step 2 allows us to obtain dom D*Ngrp (g9(z,p), N (d(") =
app (A) and justify equality (5.25). Hence the second-order subdifferential condition (5.17)
agrees with the SDP-SSOSC condition from Definition 5.8, which therefore completes the proof
of the lemma.

This lemma together with our major results in Theorem 5.6 allows us not only to recover

the equivalence between Robinson’s strong regularity and the SDP-SSOSC condition from [64,

Theorem 4.1] but also characterize Lipschitzian full stability and strong stability in the SDP.

Theorem 5.11 (second-order characterization of Lipschitzian full stability and equiv-
alent properties for SDPs). Let & be a stationary point of problem P in (5.21), and let A
be the corresponding Lagrange multiplier from (5.5) under the validity of RCQ (5.22). The
following assertions are equivalent:

(i) The point (z,\) is strongly regular for (5.12), and T is a local minimizer of problem P.

(ii) The partial nondegeneration condition (5.23) holds, and the point T is Lipschitzian
strongly stable local minimizer of problem P.

(iii) The partial nondegeneration condition (5.23) holds, and the point T is a Lipschitzian
fully stable local minimizer of problem P.

(iv) Both conditions (5.23) and SDP-SSOSC from Definition 5.8 hold.

Proof. It follows directly by combining Theorem 5.6 and Lemma 5.10.
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5.4 Full Stability in Nonlinear Programming without LICQ

As demonstrated in Section 5.1, the partial nondegeneration condition (5.23) turns into the
classical linear independence constraint qualification (LICQ) in nonlinear programming (NLP).
In this case full stability has been characterized by SSOSC in the recent work [48]. Without
LICQ which second-order condition distinguishes full stability NLP is in question. In this
section we introduce a new condition so-called uniform second-order sufficient condition and
show that it is a complete characterization of full stability under both MFCQ and constant rank
constraint qualification (CRCQ). Note that the validity of both latter conditions are still weaker
than LICQ. In the view of Theorem 5.6, this also tells us that full stability is a strictly weaker
property than Robinson’s strong regularity in Definition 5.4. Moreover, in the late Example 5.17
we show that full stability is different from Kojima’s strong stability in Definition 5.2.

Consider the problem of nonlinear programming (NLP) given by:

o minimize ¢(z,p) subject to x € X,
B (5.35)

gi(x,p) <0 for i=1,...,m,

where X = IR", P = IR%, and where all the functions ¢,¢; : X x P = IR, i =1,...,m, are C>

around the reference point (z,p) € X x P. Define the set of feasible solutions

Q= {(z,p) € X| p(z,p) € R™} with g(z,p):= (91(z,p),...,gm(z,p)). (5.36)

Recall the partial Mangasarian-Fromovitz constraint qualification (MFCQ) with respect to x

holds at (z,p) € Q if there is d € X such that

(Va2gi(Z,p),d) <0 for i€ I(z,p):={ie{l,...,m}| gi(z,p) =0} (5.37)
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Note that this condition is equivalent to RCQ for NLP. The Lagrange function (5.6) becomes

L(xz,p,\) = p(z,p) + Z Aigi(x,p) with z € R", pe R?, and A € R™

=1

and then define the set-valued mapping ¥ : IR" x IR* = IR™ by

U(z,p) :== {V.L(z,p, )\)’ A€ N(g(z,p);0)} with ©:=R™ (5.38)

and g from (5.36). It is well known that 0, f(z,p) = ¥(z,p) for all (z,p) around (z,p) under
the validity of MFCQ (5.37), where f is defined in (5.3). Furthermore, every local minimizer ©

of P(z*,p) for * € 0,.f (%, p) satisfies the Karush-Kuhn-Tucker (KKT) system
T* € V(2. P) + Vag(Z,p)*A = V,L(Z,p, A) with some X € N(g(z,p); ©), (5.39)
where the set of Lagrange multipliers is represented by
Az, p,7%) == {X € RT| 2" € V.L(Z,p, \), (X, ¢(Z,p)) =0}. (5.40)

It follows from Proposition 2.8 that the validity of MFCQ (5.37) implies that BCQ (3.8) holds
for the function f in (5.3) at (z,p).

Let us further recall the following partial counterpart of the classical strong second-order
sufficient condition (SSOSC) in nonlinear programming [58]: given (Z,p) €  and z* € ¥(z, p)

in (5.38), the partial SSOSC holds at (z,p,z*) if for all A € A(Z,p,z*) we have

(u, V2, L(Z,p, \)u) >0 whenever (V,p;(Z,p),u) =0 as i€ I, (z,p,\), u#0 (5.41)
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with the strict complementarity index set I (z,p, \) := {Z e{1,..., m}| A > O}.
Next we formulate a partial version of the uniform second-order sufficient condition (USOSC)

to characterize tilt stability in nonlinear programming.

Definition 5.12 (uniform second-order sufficient condition) We say that the USOSC

with respect to x holds at (z,p) € Q with z* € V(z,p) if there are n,¢ > 0 such that

(VaeL(z,p, Nu,u) > l[ul® for all (z,p,a*) € gph ¥ N By(z,p,7"), A € Az, p, z¥),

<v1‘907a($)p)7u> =0 as 1 € I+(J,‘,p, )‘) and <v5€gl($7p)7u> > 0 as i€ I(:Z:?p) \ I+(l‘,p, )‘)7
where the mapping ¥ and the set A(x,p,x*) are defined in (5.38) and (5.40), respectively.

Next we show that, under the validity of the MFCQ (5.37), the partial SSOSC (5.41) implies

the partial USOSC from Definition 5.12 at (z,p) € 2 with z* € ¥(z, p).

Proposition 5.13 (SSOSC implies USOSC under MFCQ). Let (z,p) € 2 satisfy (5.39)
under the validity of MFCQ at (Z,p). Assume also that SSOSC (5.41) holds w.r.t. x at this

point. Then USOSC from Definition 5.12 is satisfied w.r.t. x at (T,p).

Proof. Arguing by contradiction that the PUSOSC is not satisfied w.r.t. = at (z,p) gives

) he .
us the existence of sequences (xy, pi, }) e (,p,2%), A\ € ATk, pr, x7), and ug, € X with

(V2. L(g, P Ae)uk, ug) < 7 llugl*  whenever  (Vaopi(ap, pr),up) =0 for i€ I+($k,pk,>\k)(5 2)

and  (Vapi(zk, pr), uk) = 0 for i € I(zg, pi) \ I+(Tk, Pis Ak).
With no loss of generality assume that ||ug|| =1 for all £ € IN. Since the MFCQ holds w.r.t. x
at (Z,p), the Lagrange multipliers \; are bounded. By passing to subsequence, we may assume

further that ux — w with ||ju| = 1 and Ay — X\ with A\ € A(Z,p,z*). Moreover, observe that
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I (xg, pr, Ak) is a subset of I (Z,p, \) for sufficiently large k. Taking k — oo in (5.42) gives us

(V2 L(zp, pr, Me)u,u) <0 with  (Vepi(Z,p),u) =0 for i € I (Z,p,\),

which contradicts to SSOSC (5.41). The proof of the proposition is completed. O

The last qualification condition needed in this section is the following partial version [55]
of the constant rank constraint qualification (CRCQ) for NLP (5.35): the partial CRCQ with
respect to x holds at (z,p) € Q if there is a neighborhood W of (z,p) such that for any subset
J of I(Z,p) the gradient family {Vzgi(a),p)’ 1€ J} has the same rank in W. It occurs that the
simultaneous fulfillment of the partial MFCQ and CRCQ ensures the Lipschitz-like property of

graphical mapping G in (3.33) crucial for the (Lipschitzian) full stability results in Section 4.

Proposition 5.14 (graphical Lipschitz-like property under partial MFCQ and CRCQ).
Assume that both partial MFCQ and partial CRCQ conditions at (Z,p) € 2. Then, given any

z* from (5.39), the Lipschitz-like property (3.33) holds around (p,z,z*).

Proof. Consider the parametric optimization problem

minimize 3|lz —2*||? subject to x € R",
Q(z",p)
gi(x,p) <0 for i =1,...,m with some z* € IR"
and observe that Z is the only minimizer of Q(z,p). It is easy to check that the partial SSOSC
(5.41) holds (z,p) for Q(z,p). By [55, Theorem 2] we find neighborhoods U,U* of z and V
of p together with a Lipschitzian mapping 7 : U* x V' — U such that 7(z*,p) is the unique

minimizer of Q(z*,p) for all (z*,p) € U* x V. Define S(p) := {z € R"| (x,p) € Q} = {z €

IR"™| g(z,p) € ©} and observe that 7(z*,p) is the projection from z* to S(p).
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By the structures of g and © we see that the set S(p) is fully amenable at any = € S(p) in

the sense of [62, Definition 10.23] whenever p € V. Invoking [29, Lemma 5], we obtain that

w(z*,p) U = (I+ N(:5(p)) " (@*)NU = (I + 8pdo(-p) (") NU (5.43)

for all z* € U* and p € V. To verify (3.33) by the coderivative criterion in finite dimensions,

we need to check (3.37) for f from (5.3). To proceed, observe by Lemma 2.5 that

(D*0,f)(z,p,2%)(0) = D*(Vap + 0:00)(Z,p,7°)(0) = (D*0:00) (Z,7,Z* — Vep(Z,))(0)

= (D*0x00) (7,5, (T — Vaip(7,5))) (0)

for all @ > 0. Fix a > 0 with z} = a(T* — Vo9(Z,p)) + = € U* and observe by a(z* —

Va.o(z,p)) € N(z;5(p)) and (5.43) that «(z},p) = . By Lemma 2.5 and (5.43) we have

(0,p") € (D*8200) (2, p, (Z* — Vopo(Z, p))) (0) = (0,p*) € D*n(z},p, 2)(0).

Since 7 is Lipschitz continuous on U* x V, this ensures together with [38, Theorem 1.44] that

(3.37) holds, which thus completes the proof of the proposition. O

Our next result shows that the partial USOSC from Definition 5.12 completely characterizes

full stability in P(z*, p) under the validity of partial MFCQ and CRCQ.

Theorem 5.15 (second-order characterization of full stability under partial MFCQ
and CRCQ). Let (z,p) € Q and " € ¥(z,p) satisfy (5.39), and let both partial MFCQ and
CRCQ conditions hold at (Z,p). Then the following assertions are equivalent:

(i) The point T is a fully stable local minimizer of P(Z*,p).

(ii) The USOSC from Definition 5.12 holds at (z,p,T*) .
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Proof. Due to robustness of MFCQ (5.37), suppose that it holds together with CRCQ for
all (z,p) € B,(z,p) with some small > 0. Pick any u* € &2 f,(x, 2*)(u) with (z,p,z*) €

gph 0, f N 1B, (Z,p, ") and get from Lemma 2.5 that

0* fylw, %) (w) = Vigp(x, pu+ 5 (2,2" = V(. p)) () (5.44)

with S(p) = {z € R"| (z,p) € Q}. Employing this together with the exact calculation of

5255(1,) (x,z* — Vyp(z,p))(u) given in [21, Theorem 6] ensures that

w* — V2 L(z,p,\u € IC(m,a:* — Vmcp(x,p))* and —u € IC(JL’,JJ* — Vmcp(x,p)) (5.45)

for any A € A(x,p,x*), where IC(ar,a:* — Vmcp(x,p)) = N(m, S(p))* N {a;* — chp(x,p)}J‘ is the

corresponding critical cone. It follows from MFCQ (5.37) that

]V(x;S(p))* ={we X’ (Vagi(z,p),w) <0, i€ I(z,p)}.

By using this formula and the fact that «* — Vypo(z,p) = > 1" A\iVapi(z,p) valid for any

A € A(z, p, z*) by (5.39), we get the representation

<vxg7,(‘/1:’p)7u> =0ifie I+($7p7 )‘)7
—u € K(z,2" — Vyp(z,p)) <= (5.46)

<vl‘gi($’p)7u> >0ifi € I(x7p) \ I+(J,‘,p, )‘)

Assuming now (ii) and combining (5.44) with (5.45) and (5.46) gives us that

(u*,u) = (Vi L(w,p, Nu,w) + (u* = V2, L(w,p, Nu, u) > (Ve L(z, p, Nu, w) > ul?,
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where ¢ > 0 is from Definition 5.12. Then Corollary 3.11 and Proposition 5.14 ensure (i).

Conversely, assuming (i) implies by (5.44) and (5.45) that uj = V2 L(z,p,\)u + z* —
Vazpo(x,p) € 52fp($,a}*)(u) if u satisfies (5.46). Since u € {2* — V,po(z,p)}+, we get from
Corollary 3.11 that

(VaeL(x,p, Nu,u) = (ug,u) > kl|ul|?

with £ > 0 from (3.27). Thus we conclude by (5.46) that the partial USOSC from Definition 5.12

holds, which completes the proof of the theorem. O

When f does not depend on p, Theorem 5.15 recovers the characterization of tilt stability
obtained in [43, Theorem 4.3]. For full stability we improve the recent result of [48, Corol-
lary 6.8], where full stability in P(z*, p) is characterized via SSOSC (5.41) under the validity of
the linear independence constraint qualification (LICQ), which implies both partial MFCQ and
CRCQ and ensures that the partial USOSC agrees with its SSOSC counterpart. It is worth
noting that Theorem 5.15 implies that SSOSC is a sufficient condition for full stability under
the validity of both MFCQ and CRCQ. In fact this result can be distilled from [55, Theorem 2].

Moreover, Theorem 5.15 allows us to derive a stronger result about the uniqueness and

Lipschitz continuity of local minimizers for P(Z*, p) with respect to the basic parameter p.

Corollary 5.16 (Lipschitz continuity of local minimizers with respect to the basic
parameter). Let (z,p) € Q and z* € IR" satisfy (5.39). Assume that the partial MFCQ,
CRCQ, and USOSC hold at (Z,p). Then there are neighborhoods U of Z, V' of p and a Lipschitz
continuous mapping x(-) : V. — U such that x(p) is a unique local solution to the problem

P(z*,p).

Proof. By Theorem 5.15 the assumed partial MFCQ, CRCQ, and USOSC imply that z is
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a fully stable local minimizer of P(z*,p). Define the mapping z(p) := M, (z*,p) for all p € V.
with U = IB,(Z), where M, and V are taken from Definition 3.1. Then we get that x(-) is

Lipschitz continuous on V and for each p € V it is a unique local solution to P(z*,p). O

We conclude this section by the following example showing that SSOSC is not a necessary
condition for full stability under MFCQ and CRCQ and also that Corollary 5.16 is a strict

improvement of [55, Theorem 2] obtained under SSOSC.

Example 5.17 (SSOSC is not necessary for full stability under partial MFCQ and

CRCQ). Consider the two-parameter nonlinear problem in IR? given by

minimize ¢(z,p) — (z*,z) subject to
g1(z,p) =21 — 23 —p1 <0,
92(z,p) == —x1 — 23+ p1 <0,
(5.47)

93(95719) i=To —x3 —p2 <0,

94(%17) = —Xo — X3 + P2 < Oa

T = (l’l,l’g,l’g), ¥ = (:Lv{ax;axg) € RSa b= (p17p2) € B27

\
where ¢(x,p) := x3+ (i +pa)T1 + p1oa + 23 — 2172 It is easy to check that both partial MFCQ
and CRCQ hold at (z,p) with z = (0,0,0) and p = (0,0). Choosing z* := (0,0,0) € ¥(z,p)

and taking into account that ||2*|| < 1 and the definition of f in (5.3), we get the relationships

1 * * *
f(z,p) — (2%, 2) =23+ 1901 + 55% — (z1 = p1) (22 — p2) + P1p2 — 12T — T2 — T3X3

v

1 1 1 1
gl’g + (Z — z{):m + giﬂg — 13§$2 + (g — 1'§>$3 + p1p2

Y

1 * 1 * *
<Z — 1‘1> (x3 + x1) + §|l‘2 — pa| — x5(x2 — p2) — 52 + P1p2

1
> (1 - z’{)pl — a5p2 +pipz for all (z,p) € Q.
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It follows from (3.3) that M, (z*,p) = {(p1,p2,0)} for all (z*,p) around (z*,p) and v > 0. Due
to the validity of BCQ (3.8) under MFCQ and by Proposition 2.8 we have full stability at =
in (5.47). Theorem 5.15 ensures USOSC is fulfilled at (Z,p,z*) in this example. To show that
the partial SSOSC does not hold here, observe that A = (%, %, 0,0) € A(z,p,z*) and that the

nonzero vector u = (0, 1,0) satisfies the equation

<vxgl(j’p)au> =0 for i€ I+(j7157 )‘)

Since (V2,L(Z,p, \)u,u) = 0, the partial SSOSC fails at this point. Observe finally that the
Lipschitz continuous mapping x(p) = (p1,p2,0) is a unique solution to (5.47), which confirms

the result of Corollary 5.16 despite the failure of the partial SSOSC.

Note that the generalized equation/KKT system associated with problem (5.7) is not strongly
reqular in the sense of Definition 5.4 at the tilt-stable minimizer  and the corresponding La-
grange multiplier in Example 5.17. Indeed, the converse assertion ensures LICQ and thus
contradicts [16, Theorem 6]. Observe also that we do not have strong stability in this exam-
ple. Indeed, it has been well recognized (see the original version in [23, Theorem 7.2] and the
improved one in [5, Proposition 5.37] with the references therein) that strong stability of NLP
can be characterized, under the validity of MFCQ, via a uniform quadratic growth condition
equivalent in this case to SSOSC. As shown in Example 5.17, SSOSC does not hold at the
tilt-stable minimizer z in problem (5.47) while MFCQ is satisfied. Thus strong stability fails in

this setting.



118

Chapter 6
Full Stability in Infinite-Dimensional

Constrained Optimization

6.1 Orverview

6.2 Full Stability in Polyhedric Programming

The main goal of this section is to study full stability of the following mathematical program:

P minimize ¢(z,p) subject to z € K, (6.1)

where the cost function ¢ : X x P — IR is C? around the reference point (Z,p) € dom ¢, K is
a closed and convexr subset of the Hilbert space X, and P is an Asplund space; these are our

standing assumptions in this section. The corresponding two-parametric perturbation of (6.1)

is defined by

P(z*,p) minimize @(z,p) — (z*,z) subject to z € K (6.2)
with the tilt parameter x* € X* and the basic parameter p € P. We say that £ € K is a
fully stable local minimizer of problem ﬁ(f*,ﬁ) if it is a fully stable local minimizer (in the
Lipschitzian sense of Definition 3.1) of problem P(z*,p) in (3.2) with f(z,p) := ¢(z,p)+ ok (x).
When the parameter p is ignored, a second-order characterization of tilt stability for problem

(6.1) was established in [53, Theorem 4.5] in finite dimensions under the assumption that the
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constraint set K is polyhedral. Motivated by the application to optimal control given in Section 7
below, we derive here a new characterization of full (and hence tilt) stability in (6.2) for the case
of polyhedric sets K in Hilbert spaces, which is a more general setting in comparison with [53]
even in finite dimensions. Let us first recall the concept of polyhedricity introduced in [20, 35]

and then widely applied in optimal control; see, e.g., [2, 5, 27] and the references therein.

Definition 6.1 (polyhedric sets). Let K be a closed and convexr subset of X. We say that

K is POLYHEDRIC at T € Q) for &* € N(z; K) if we have the representation
K(z,3%) = T (z) N {#*}* = CI{RK(:E) N {@*}L} (6.3)

of the corresponding critical cone KC(Z, £*), where

Ric(d) = | J & . d (6.4)

is the radial cone and Tk (Z) := cI"Rk(Z) is the tangent cone to K at z. If K is polyhedric at

each T € K for any * € N(z; K), we say that K is polyhedric.

It is easy to check that any polyhedral and also generalized polyhedral sets from [5, Defi-
nition 2.95] are polyhedric. However, the converse is not true; see, e.g., the set K(a,b) in the
control setting (6.25) below, which is neither polyhedral nor generalized polyhedral. The next
theorem, important of its own sake, provides a precise calculation of the combined second-order
subdifferential (2.14) for the indicator functions of polyhedric sets in Hilbert spaces. Note that
calculations of this type but for the second-order subdifferential of [36] were done in [15] for

polyhedral sets in finite dimensions.

Theorem 6.2 (combined second-order subdifferential of polyhedric sets). For any
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z € K and £* € N(z; K) we have the inclusion

dom 8265 (2, 3%) C —K(z,8%) = —Tx(z) N {2}, (6.5)

If in addition K is polyhedric at & € § for T*, then

0 (z,2*)(u) = K(z,4%)* whenever u € —K(z,&*). (6.6)

Proof. To justify (6.5) and the inclusion “C" in (6.6), pick any pair (u*,u) € X x X with

u* € 926k (&, 2*)(u). Tt follows from definition (2.14) that

<U*7x — £> — <u>$* — jj*)

<0. (6.7)

fim sup e — 2] + o — &
(@) NG (g gy T T IS

Letting x = & in (6.7) gives us the inequality

—(u, x* — &%)

<0

lim sup

S NER L |z* — 2]

from which we conclude, since N(z; K) is a convex cone, that

—u€ N(& K)* 0 {2}, = T (@) n {3°}F = K(z,2%)

and thus get (6.5). Suppose further that the set K is polyhedric at z € € for #* and pick any
0#veK(z,z*}. It follows from (6.3) and (6.4) that there are sequences of t; > 0 and vy — v
such that zy := T + tpvp € K and (Z*,v,) = 0 for all k € IN. Since K is convex and = € K,

we get atpvr + T = axp + (1 — )T € K for a € [0,1]. It allows us to assume without loss of



121

generality that ¢, | 0 as & — oco. Taking into account * € N(Z; K) ensures that

(% x —x) = (2%, 2 — T) — (2", vr) <0 forall x € K,

gphN (K
(:K)

which yields (zg,z*) (z,2*). Replacing (z*,x) in (6.7) by (zy,2*) gives us that

(u*,v) < 0. Thus we have u* € K(z,2*)* and justify the inclusion “C" in (6.6).
It remains to prove the opposite inclusion “D" in (6.6) when K is polyhedric at z for z*.

The classical separation theorem tells us that
(TK(:z»)m{.«z*}L)* = o (T (2) +{{z° 1)) = o (N (& K)+R{3"}) = oI (N (z; K)— IR, {z*}).
Since the regular normal cone is closed in norm topology, we only need to check that
N(z; K) — R {z*} C 0*6k(Z,4%)(u) for all u e —K(z,z").
To proceed, pick any u* € N(z; K), 8 € R4, and u € —K(z,2*) and observe that
(u* — Bi* o —T) < —B(#*,x — &) < —B{&* —a*,x — ) if (z,2*) € gph N(;K). (6.8)

Since u € —K(z,2*), it follows from (6.3) and (6.4) that there are sequences t | 0 and up — —u

satisfying & + tpur € K and (2*,ug) = 0 for all k € IN. Taking (x,2*) € gph N(; K), we get

(—ua® =) < futugll -2t — @)+ ua® — ) = gl - a* — @ + (w27
R T+ tpuy —x, %) + {(x — T, z*
tx
R T —T,x* R r—T,x* -2z
< w2t — )+ ETEED ¢y gyl — g+ ST

ty
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since (T + tyu — x,2*) <0 and (z — &, —2*) > 0. This together with (6.8) implies that

(w* = Ba* 2 —2) — (u, 2" — &%) < (B+ ;) lw — | - o — & + lu+ gl - [la* — &),

which in turn ensures the estimate

(u* — Bz*,z — x) — (u,x* — &%)

lim sup — — < |lw+ ug| for all ke IN.
(xx*)gth_(';K))(ii*) ||f'3—=T|| + H‘T -z ||
Letting k — oo gives us that u* — Bz* € 920k (%, 2*)(u) and thus completes the proof. O

The next theorem is the main result of this section, which contains a complete second-order

characterization of full stability in polyhedric programming.

Theorem 6.3 (second-order characterization of full stability for polyhedric pro-
grams). Let z* € V,9(Z,p) + N(z; K) with z € K and p € P. Consider the following
statements:

(i) The point T is a fully stable local minimizer for P(z*,p) in (6.2).

(ii) There are n,k > 0 such that for each (x,x*) € gph N(-; K) N By (Z,T* — V,p(Z,p)) we

have

(V2 o(x,p)u,u) > kllu||®> whenever u € K(x,z*) (6.9)

via the critical cone from (6.3). Then (ii) is a sufficient condition for (i). If in addition the set

K is polyhedric, then (ii) is also necessary for the validity of (i).

Proof. Note first that 0, f(z,p) = Vap(z,p) + N(x; K) whenever (z,p) € K x P for the

function f(z,p) = ¢(x,p) + 0k (x), which is parametrically continuously prox-regular at (z,p)
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for ¥ € 0,f(Z,p). Let us now check that BCQ (3.7) as well as the graphical Lipschitz-like
condition (3.33) hold in this setting. To justify (3.7), take any p1,pe € Bs(p) and (z1,71) €
F(p1)NBs(z, ¢(x,p)) for small 6 > 0, where F' is defined in (3.7). Then we have (z1,r2) € F(p2)
with 7o := r1 + £||p1 — p2||, where ¢ > 0 is a Lipschitz constant of ¢ around (z,p). It follows
that

(z1,71) € (21,72) + {||p1 — p2||Bxxp,

which verifies BCQ (3.7). The Lipschitz-like property of G in (3.33) can be checked similarly.
To show next that (ii)==(i), it suffices to verify condition (3.38) du to Theorem 3.12.
To proceed, pick any u* € (ﬁ*@wf)(x,p, x*)(u) with (x,p,x*) € gphd, f N B,(z,p,z*) with

11 > v > 0 sufficiently small. Observe from Lemma 2.5 that

= V2, 0(z, p)u + 0?3 (z,2* — Vop(z,p)) (u).

This gives us that u* — V2, ¢(x, p)u € 820 (, 2* — Vppo(z, p)) (1), which in turn implies by (6.5)
that u € —K(z,2* — V,o(x,p)). Since N(-; K) is maximal monotone, we get from Lemma 2.9

that (u* — V2, ¢(x,p)u,u) > 0. Note further that z* — V,o(z, p) € N(z; K) and so

2% = Vap(z,p) = 2% + Va(2,0)|| < [la* — 2| + L(||lz — 2| + [lp — pll) S v+ lv <.

It follows from (6.9) that (V2 p(x, p)u,u) = (=V2, 0(z,p)u, —u) > k|| — ul|?> = kllul|?, which
yields

(w*,u) = (u = Viyp(z, p)u,u) + (Vio(e, p)u,u) > llul.

This ensures condition (3.38) in Theorem 3.12 and hence justifies the first part of the theorem.
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To prove the second part, suppose now that K is polyhedric and that Z is a fully stable
local minimizer of P(Z*, p). Theorem 3.12 tells us that condition (3.38) holds for some x,7 > 0.
Picking any u € K(x,z*) with (z,2*) € gph N(-; K) N B, (Z,Z* — V.(Z, p)) with some 7 >

v >0, we get that * + Vyo(z,p) € 0, f(x,p) and that
[#* 4+ Vap(z,p) = 27| = |27 — 2" + Va(Z,D)[| + |Vap(z, p) — Vap(Z,D)|| S v + v <,

which justifies the inclusion (z, p, x*+V,¢(z,p)) € gph 0, fNIB,(Z,p,z*). Since 2* € K(z,z*)*,

it follows from (6.6) and Lemma 2.5 that
V2, p(z,p)u+z* € =V2, o(z,p)(—u) + 525[{(36, x*)(—u) = (ﬁ*amf) (m,p, ¥+ Vﬂp(m,p)) (—u).
This together with (3.38) ensures that

(Viep(@ p)u,u) = (~Vip(z,p)u+ 2, —u) > wlul?,

which verifies (6.9) and thus completes the proof of the theorem. O

6.3 Full Stability in Optimal Control of Semilinear Elliptic PDEs

This section is devoted to applications of the infinite-dimensional results obtained in Section 6
to characterizing (Lipschitzian) full stability in optimal control problems governed by elliptic

partial differential equations. More specifically, we consider the following control problem:

_1 w__wa % xw2w
J(y,x) .—2/9(9< ) = p(w)) dw + 2/Q (w)*d (6.10)

minimize

subject to x € K,
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where  is an open bounded subset of IR" as n < 3 with C2-smooth boundary bd €2, the number
M > 0 is given, the target p belongs to the Asplund space P := L4(2) for q € [2,0), K is
a closed convex subset of the Hilbert control space X := L?*(Q), and y is the corresponding
solution to the Dirichlet problem for the semilinear elliptic equation

—Ay+¢(y) =z in Q,
(6.11)

y=0 on bd{2
with the Laplacian A. We refer the reader to the books [5, 27, 28] for the equations of this
type, control problems for them, and various applications.

In what follows we assume that the function ¢ : IR — IR in (6.11) is nondecreasing, Lipschitz
continuous, and C? on IR. It follows from [5, Proposition 6.12] that for each x € L?(Q) equation
(6.11) has a unique solution y, € H?(Q) N HL(Q), where H?(Q) := W22(Q) and H}(Q) :=
VVO1 () are the classical Sobolev spaces. Thus the functional .J(y,z) can be understood as a

function of one variable z. Define next the function ¢ : X x P — IR depending on x and p € P

by

1

o(x,p) = 5 /Q (Yo (w) —p(w))de + Aj/ga:(w)de for all = € L*(Q), p€ LI(Q)  (6.12)

and observe that problem (6.10) can be treated as P in (6.1) with the cost function (6.12). The

following result follows from [5, Proposition 6.13, Proposition 6.15, and Lemma 6.27].

Lemma 6.4 (well-posedness). Under the assumptions imposed above the mapping L*(Q) >

Ty, € H2(Q) N HE(Q) is C2. Moreover, the function ¢ in (6.12) is also C* with

(V2 0(a, p)u,u) = /

) [Mu(w)2 +[1- qz,p(w)gﬁ”(yw(w))]zu(w)ﬂdw, (6.13)
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where q;, € H?(Q) N H(Q) is a unique solution of the adjoint equation

—Aq+ ' (Yz)g =y —p in Q,

(6.14)
qg=0 on bdQ
while z, € H*(Q) N HY(Q) is a unique solution of the homogeneous one
—Az+ ¢ (yz)z=u in Q,
(6.15)

z=0 on bd.

Considering the perturbed version P(z*,p) of problem P in (6.1), we derive in the next
theorem pointwise necessary and sufficient conditions for full stability of local minimizers in

this PDE setting.

Theorem 6.5 (full stability for elliptic PDESs). For the reference pair (z,p) € X x P, fix
z* € L?(Q) satisfying T* € qz 5+ Mz + N(z; K) and consider the following assertions:
(i) The point T is a fully stable local minimizer of P(Z*,p).

(ii) With &* :=z* — qz 5 — M T we have

(V2 o(Z, p)u,u) >0 for all u € H(z,z*)\ {0}, (6.16)

where H(Z, £*) is defined by the outer limit

H(z,z") = Lim sup K(z,x™) (6.17)

(o)™ @40

of the critical cone (6.3). Then (ii) is a sufficient condition for (i). If in addition K is polyhedric,

then (ii) is also necessary for the validity of (i).
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Proof. It follows from [5, Lemma 6.18] that V¢ (Z,p) = ¢z + MZ, and hence we have the
inclusion z* € V,9(Z,p) + N(z; K). By Theorem 6.3 it suffices to show that assertion (ii) is
equivalent to (ii) in Theorem 6.3. To proceed, suppose that (6.9) holds with some x € (0, M)
and n > 0. Picking any u € H(z,2*) \ {0}, find from (6.17) sequences (zj,z}) € gph N(-; K),
up € K(xg,xy), and p, € LI(Q) satisfying (xp, z3) — (Z,2%), up B ou, and pp — p as k — oo.

Taking (6.9) and (6.13) into account, assume without loss of generality that

/ [Muk(wﬁ +1- qk(w)¢’/(yk(w))]zk(w)2]dw > K / wp(w)2dw, (6.18)
Q

Q

where qr = Gy pp> Yk = Yz, and 2i = 2z,,. Employing now (6.15), Poincaré’s inequality, and
the fact that ¢/(v) > 0 gives us the estimates

Ity < OVl < € [ (19 + o () euw)?) o oo
6.19

= C/Quk(w)zk(w)dw < Cllugl| 2@ llzkll r2@) < Cllukllz2@) |2l my )

with some C' > 0. Since uy, — u in L?(), the sequence {llukll z2¢q)} is bounded. Tt follows from

(6.19) that {2} is bounded in H{(£2). Hence there is a subsequence of {z;} satisfying
2k =z in H3(Q) and z, — z in L*(Q) as k — oo. (6.20)

It follows from [5, Proposition 6.13] that z; = V,yy ur and that Viy,, — Vgyz due to
Lemma 6.4. We get from the latter, (6.20), and the convergence uy, 2w that z = V,yzu,
which yields z = z, by [5, Proposition 6.13]. Similarly to the case of {z}, the sequence {g}
also contains a subsequence converging to gz 5 in L?(£2). Moreover, the Sobolev embedding for

H?(Q) C C(Q) as n < 3 (where  indicates the closure) tells us by [5, Lemma 6.14] and (6.20)
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that there is ¢ > 0 such that

laklle@ < el < Pl < &

Since yx — yz in H*(Q) N H () by Lemma 6.4, we have y, — yz in C(Q) due to the aforemen-

tioned Sobolev embedding. It ensures that ¢"(yx) — ¢”(yz) in C(Q) as well, and thus

| [ @1(0) = gD D210 + [ 250) (1 (w) = & (sl 200

< etllae = gz pll 219" W) ey 21 ) + lazslle@lle” (k) — ¢ (wa)llea 1 lgm, (6:21)

1 - az.5llr2(0) + € HCIm,pHc(Q)”¢ (yk) — ”(?Jf:)Hc(ﬁ) — 0 as k— o0

with some ¢; > 0. Furthermore, it follows from (6.20) that

‘/QQx,p(w)QS”(yw(w))(zk(w)Q_Zu( )2)dw| < [|gz,3lle i@ 16" (W2l 2k = 2all 2@ 126+ 2ull L2(0)
which also converges to 0 as k — oco. This together with (6.18), (6.20), and (6.21) ensures that

/ [1 - Q:f,ﬁ(w)ﬁb”(y:f(w))] Zu(w)2dw = khm (1—- qk(w)qs”(yk(w))zk(w)gdw
Q U (6.22)

> — liminf(M — )|kl 72y = —(M = 8)l|ull72 (),
—00
which implies that (V2,¢(Z, p)u,u) > x|jul|? due to (6.13) and thus justifies (ii).
To prove the converse implication, suppose by contradiction that (6.16) holds while (6.9)
does not. This gives us sequences (zy,x}) goh N (KO (,2%), pr — D, and uy, € K(xy,x}) such

that

(Vaap(@r, pe)uk, ug) <k ugll72g) for all k€ IV. (6.23)
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Assume without loss of generality that [ug||3. (@ = ! and find a subsequence of {ur} with
up > u € L*(Q) as k — oo. Tt follows from (6.17) that u € H(Z,Z*). Defining g1, ‘= Gu, py
Yk ‘= Yz, and zj = 2, and arguing similarly to (6.22) imply that

M +/ (1= gz p¢" (vz)) zu(w)?dw = M + lim | (1= gr(w)e" (yr(w))zx(w)?dw < 0, (6.24)
Q k—oo J

where the inequality follows from (6.13) and (6.23). If uw = 0, then z,, = 0 by (6.14), which is not
possible by (6.24) since M > 0. Hence u # 0, and by (6.24) and (6.13) we get (V2,(Z, p)u, u) <

0. This contradicts (6.16) and thus completes the proof of the theorem. O

The next result provides an precise calculation of the outer limit in (6.17) for the critical

cones generated by the constraint set K from (6.10) given by
K=K.,:={z€ LQ(Q)‘ a<z(w) <b ae on Q} (6.25)

with —0o < a < b < 0o. It follows from [5, Proposition 6.33] that this set is polyhedric in L?(),
which is not however polyhedral or generalized polyhedral. Note also that the pointwise magni-
tude control constraints of type (6.25) are typical in optimal control theory and its applications

while being among the most difficult (“hard") in PDE control; see, e.g., [5, 27, 28].

Proposition 6.6 (limits of critical cones for pointwise constraint). Let z € K,;, and

let #* € N(z; K) with K defined in (6.25). Then the outer limit (6.17) is calculated by
H(z,3*) = {u € L*(V)] uw(w)z*(w) =0 a.e. on Q}. (6.26)

Proof. To justify the inclusion "C" in (6.26), pick any v € H(x,2*) and find sequences
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gph N(; K
(:K)

up = win L2(Q) and (vg, }) (z;2%) as k — oo with uy, € K(xy,x}) for all kK € IN. It

follows from the proof of [5, Proposition 6.33] that

K(zg, x}) = {v € Tk (w)| v(w)zf(w) =0 ae. on Q},

*

which implies that u,(w)z}(w) = 0 a.e. on . For any measurable subset A C  with the
characteristic function y 4, we get the relationships

‘/Au(w)ﬁc*(w)dw’ = lim ’/Szuk(w>§f*(w)XA(w)dw’

k—o0

< lim sup ‘ /Quk(w):cZ(w)XA(w)dw‘ + ‘ /Quk(w) (z5(w) — @*(w))XA(w)dw’

k—o0

= lim sup ‘ /Quk(w) (z(w) — ﬁ:*(w))XA(w)dw’

k—o00

< limsup |lug|l 2@y llzg — 2| 2() = 0,
k—o0

where the last equality holds due to the convergence z} — 2* in L*(Q) and uy, 2 u; the latter
ensures the boundedness of {Hu"’H%Q(Q)} Since A C ) was chosen arbitrarily, this implies that
u(w)z*(w) = 0 a.e. on Q and thus justifies the inclusion “C" in (6.26).

To prove the converse inclusion, pick any u from the right-hand side set in (6.26). Define

max{0, —u(w)} for w € {z = a},

u1 =9 min{0, —u(w)} for w e {z = b},

0 otherwise

with {Z = a} := {w € Q| Z(w) = a}. Denoting ug := u + u; and employing the formula

Ti(z)={ve LQ(Q)‘ v(w) >0 over {Z=a} and v(w) <0 over {Z =0b}}
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obtained in [5, Proposition 6.33], we get that uy,us € Tk (Z). Note further that uy,us € {#*}+,
which gives us uz,u; € K(z,2*). Since K, is polyhedric, it follows from (6.3) that there are
sequences Uiy — U1, Uz — Uz and tig, to | 0 such that  + tipuir € Kop, T + toguor € Koy,
and iy, ugp € {2*}1. Defining t;, := min{tiy,to}, we get from the convexity of K, that

T =T+ tpuiy € Kqp and yy, 1= T + trugy € Kgqp, which ensures by (6.4) that

_1’ R R
Ugk — Ul = %T’“ € Ric(z) N {3} © K(zx, %)

Since ugy, — uyy — uz —uy = u and x; — T in L?(Q) as k — oo, we get from (6.17) that

u € H(Z,z*) and thus complete the proof of the proposition. O

We conclude the section with the following straightforward consequence of the results above.

Corollary 6.7 (characterizing full stability for elliptic control problems with point-
wise constraints). Let K be given by (6.25) in the setting of Theorem 6.5. The following are
equivalent:

(i) The point T is a fully stable local minimizer of P(Z*,p).

(i) With &* := —2* — qz p + MZ we have

(V2. 0(Z,p)u,u) >0 forall u#0 with u(w)i*(w)=0 ae weQ. (6.27)

Proof. Follows directly from Theorem 6.5 and Proposition 6.6. U

Note that the obtained characterization (6.27) of full stability in Corollary 6.7 can be in-
terpreted as the positive definiteness of the cost function Hessian V2,¢(Z,p) on the subspace

pointwise orthogonal to the adjoint impulse £* generated by the reference local minimizer z of

P(z*,p).
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