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OPTIMALITY CONDITIONS, APPROXIMATE STATIONARITY,
AND APPLICATIONS — A STORY BEYOND LIPSCHITZNESS
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ALEXANDER Y. KRUGER"?® AND PATRICK MEHLITZ>%*

Abstract. Approximate necessary optimality conditions in terms of Fréchet subgradients and normals
for a rather general optimization problem with a potentially non-Lipschitzian objective function are
established with the aid of Ekeland’s variational principle, the fuzzy Fréchet subdifferential sum rule,
and a novel notion of lower semicontinuity relative to a set-valued mapping or set. Feasible points
satisfying these optimality conditions are referred to as approximately stationary. As applications, we
derive a new general version of the extremal principle. Furthermore, we study approximate stationarity
conditions for an optimization problem with a composite objective function and geometric constraints,
a qualification condition guaranteeing that approximately stationary points of such a problem are M-
stationary, and a multiplier-penalty-method which naturally computes approximately stationary points
of the underlying problem. Finally, necessary optimality conditions for an optimal control problem with
a non-Lipschitzian sparsity-promoting term in the objective function are established.
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1. INTRODUCTION

Approximate stationarity conditions, claiming that, along a convergent sequence, a classical stationarity con-
dition (like a multiplier rule) holds up to a tolerance which tends to zero, have proved to be a powerful tool
in mathematical optimization throughout the last decades. The particular interest in such conditions is based
on two prominent features. First, they often serve as necessary optimality conditions even in the absence of
constraint qualifications. Second, different classes of solution algorithms for the computational treatment of
optimization problems naturally produce sequences whose accumulation points are approximately stationary.
Approximate stationarity conditions can be traced back to the early 1980s, see [40, 44], where they popped up as
a consequence of the famous extremal principle. The latter geometric result, when formulated in infinite dimen-
sions in terms of Fréchet normals, can itself be interpreted as a kind of approximate stationarity, see [41, 44, 51].

Keywords and phrases: Approximate stationarity, generalized separation, non-Lipschitzian programming, optimality conditions,
sparse control.

! Federation University Australia, Centre for Informatics and Applied Optimization, School of Engineering, Information
Technology and Physical Sciences, Ballarat, VIC 3353, Australia.

2 RMIT University, STEM College, School of Science, Melbourne, VIC 3001, Australia.

3 Brandenburgische Technische Universitiat Cottbus—Senftenberg, Institute of Mathematics, 03046 Cottbus, Germany.

4 University of Mannheim, School of Business Informatics and Mathematics, 68159 Mannheim, Germany.

* Corresponding author: mehlitz@b-tu.de

© The authors. Published by EDP Sciences, SMAT 2022

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/cocv/2022024
https://www.esaim-cocv.org
https://orcid.org/0000-0002-7861-7380
https://orcid.org/0000-0002-9355-850X
mailto:mehlitz@b-tu.de
https://creativecommons.org/licenses/by/4.0

2 A.Y. KRUGER AND P. MEHLITZ

In [2, 6], this fundamental concept, which is referred to as Approzimate Karush-Kuhn—Tucker (AKKT) station-
arity in these papers, has been rediscovered due to its significant relevance in the context of numerical standard
nonlinear programming. A notable feature of AKKT-stationary points is the potential unboundedness of the
associated sequence of Lagrange multipliers. The latter already depicts that AKKT-stationary points do not
need to satisfy the classical KKT conditions. This observation gave rise to the investigation of conditions ensur-
ing that AKKT-stationary points actually are KKT points, see e.g. [5]. The resulting constraint qualifications
for the underlying nonlinear optimization problem turned out to be comparatively weak. During the last decade,
reasonable notions of approximate stationarity have been introduced for more challenging classes of optimization
problems like programs with complementarity, see [3, 55], cardinality, see [36], conic, see [4], nonsmooth, see
[31, 47, 48], and geometric constraints, see [35], in the finite-dimensional situation. A generalization to optimiza-
tion problems in abstract Banach spaces can be found in [11]. In all these papers, the underlying optimization
problem’s objective function is assumed to be locally Lipschitzian. Note that the (local) Lipschitz property of
the (all but one) functions involved is a key assumption in most conventional subdifferential calculus results in
infinite dimensions in convex and nonconvex settings, see e.g. the sum rules in Lemma 2.2. However, as several
prominent applications like sparse portfolio selection, compressed sensing, edge-preserving image restoration,
low-rank matrix completion, or signal processing, where the objective function is often only lower semicontinu-
ous, demonstrate, Lipschitz continuity might be a restrictive property of the data. The purpose of this paper is
to provide a reasonable extension of approximate stationarity to a rather general class of optimization problems
in Banach spaces with a lower semicontinuous objective function and generalized equation constraints generated
by a set-valued mapping in order to open the topic up to the aforementioned challenging applications.

Our general approach to a notion of approximate stationarity, which serves as a necessary optimality con-
dition, is based on two major classical tools: Ekeland’s variational principle, see [22], and the fuzzy calculus of
Fréchet normals, see [33, 41]. Another convenient ingredient of the theory is a new notion of lower semicon-
tinuity of extended-real-valued functions relative to a given set-valued mapping which holds for free in finite
dimensions. We illustrate our findings in the context of generalized set separation and derive a novel extremal
principle which differs from the traditional one which dates back to [44]. On the one hand, its prerequisites
regarding the position of the involved sets relative to each other is slightly more restrictive than in [44] when
the classical notion of extremality, meaning that the sets of interest can be “pushed apart from each other”, is
used. On the other hand, our new extremal principle covers settings where extremality is based on functions
which are just lower semicontinuous, and, thus, applies in more general situations. The final part of the paper
is dedicated to the study of optimization problems with so-called geometric constraints, where the feasible set
equals the preimage of a closed set under a smooth transformation, whose objective function is the sum of a
smooth part and a merely lower semicontinuous part. First, we apply our concept of approximate stationarity to
this problem class in order to obtain necessary optimality conditions. Furthermore, we introduce an associated
qualification condition which guarantees M-stationarity of approximately stationary points. As we will show,
this generalizes related considerations from [15, 28] which were done in a completely finite-dimensional setting.
Second, we suggest an augmented Lagrangian method for the numerical solution of geometrically constrained
programs and show that it computes approximately stationary points in our new sense. Finally, we use our
theory in order to state necessary optimality conditions for optimal control problems with a non-Lipschitzian
so-called sparsity-promoting term in the objective function, see [34, 59], which enforces optimal controls to be
zero on large parts of the domain.

The remaining parts of the paper are organized as follows. In Section 2, we comment on the notation which
is used in this manuscript and recall some fundamentals from variational analysis. Section 3 is dedicated to
the study of a new notion of lower semicontinuity of an extended-real-valued function relative to a given set-
valued mapping or set. We derive necessary optimality conditions of approximate stationarity type for rather
general optimization problems in Section 4. This is used in Section 5 in order to derive a novel extremal
principle in generalized set separation. Furthermore, we apply our findings from Sections 4 in 6 in order to state
necessary optimality conditions of approximate stationarity type for optimization problems in Banach spaces
with geometric constraints and a composite objective function. Based on that, we derive a new qualification
condition ensuring M-stationarity of local minimizers, see Section 6.1, an augmented Lagrangian method which
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naturally computes approximately stationary points, see Section 6.2, and necessary optimality conditions for
optimal control problems with a sparsity-promoting term in the objective function, see Section 6.3. Some
concluding remarks close the paper in Section 7.

2. NOTATION AND PRELIMINARIES

2.1. Basic notation

Our basic notation is standard, see e.g. [33, 51, 57]. The symbols R and N denote the sets of all real numbers
and all positive integers, respectively. Throughout the paper, X and Y are either metric or Banach spaces
(although many facts, particularly, most of the definitions in Section 2.2, are valid in arbitrary normed vector
spaces, i.e., do not require the spaces to be complete). For brevity, we use the same notations d(-,-) and || - || for
distances and norms in all spaces. Banach spaces are often treated as metric spaces with the distance determined
by the norm in the usual way. The distance from a point x € X to a set 2 C X in a metric space X is defined
by distq(x) := infycq d(z,u), and we use the convention disty (z) := +o0o. Throughout the paper, Q and int
denote the closure and the interior of 2, respectively. In case where X is a Hilbert space and K C X is a closed,
convex set, we denote by Px: X — X the projection map associated with K.

If X is a Banach space, its topological dual is denoted by X*, while (-,-): X* x X — R denotes the bilinear
form defining the pairing between the two spaces. If not explicitly stated otherwise, products of (primal) metric
or Banach spaces are equipped with the maximum distances or norms, e.g., ||(z,y)|| := max(||z||,||y||) for all
(z,y) € X x Y. Note that the corresponding dual norm is the sum norm given by ||(z*, y*)| := ||z*|| + |ly*]| for
all (z*,y*) € X* x Y*. The open unit balls in the primal and dual spaces are denoted by B and B*, respectively,
while the corresponding closed unit balls are denoted by B and B*, respectively. The notations Bs(x) and Bs(z)
stand, respectively, for the open and closed balls with center 2 and radius § > 0 in X. Whenever {zy }reny C X
is a sequence and Z € X is some point, we exploit xy — & (x; — Z) in order to denote the strong (weak)

convergence of {x}ren to Z. Similarly, we use zj - 2* in order to express that a sequence {x}}reny C X*
converges weakly* to x* € X*. Finally, x; —q T means that {zj}reny C € converges strongly to Z for a given
set ) C X.

For an extended-real-valued function ¢: X — Ry := R U {400}, its domain and epigraph are defined by
domp = {x € X |p(r) < 400} and epip := {(z,u) € X x R|p(z) < p}, respectively. For each set 2 C X, we
set wqo 1= @ + i where ig: X — R, is the so-called indicator function of Q2 which equals zero on € and is set
to +o00 on X \ Q.

A set-valued mapping T: X = Y between metric spaces X and Y is a mapping, which assigns to every
x € X a (possibly empty) set T(z) C Y. We use the notations gph Y := {(z,y) € X xY |y € T(2)}, Im T :=
U,ex Y(z), and dom Y := {x € X |Y(x) # &} for the graph, the image, and the domain of T, respectively.
Furthermore, Y=1: Y = X given by Y~!(y) := {z € X |y € T(x)} for all y € Y is referred to as the inverse of
T. Assuming that £ € dom T is fixed,

limsup Y (z) := {y € Y| 3{(@r, yr) tren C gph T: p = T, yp — y}

rT—T

is referred to as the (strong) outer limit of T at z. Finally, if X is a Banach space, for a set-valued mapping

Z: X =3 X* and € dom =, we use

w* —limsup Z(z) := {x* e X"

T—T

H(zk, x}) tken C gPhE: zp — T, N x*}

in order to denote the outer limit of = at £ when equipping X™* with the weak™ topology. Let us note that both
outer limits from above are limits in the sense of Painlevé-Kuratowski.

Recall that a Banach space is a so-called Asplund space if every continuous, convex function on an open
convex set is Fréchet differentiable on a dense subset, or equivalently, if the dual of each separable subspace is
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separable as well. We refer the reader to [51, 54] for discussions about and characterizations of Asplund spaces.
We would like to note that all reflexive, particularly, all finite-dimensional Banach spaces possess the Asplund

property.
2.2. Variational analysis

The subsequently introduced notions of variational analysis and generalized differentiation are standard, see
e.g. [41, 51].
Given a subset {2 of a Banach space X, a point T € €2, and a number £ > 0, the nonempty, closed, convex set

NQ’E(,%) = {.’E* cX*

lim sup M < 5} (2.1)

T—QT, TET ||177IE||

is the set of e-normals to Q at Z. In case € = 0, it is a closed, convex cone called Fréchet normal cone to 2 at
Z. In this case, we drop the subscript ¢ in the above notation and simply write

No () = {x e X

lim sup w < 0} .

Based on (2.1), one can define the more robust limiting normal cone to € at Z by means of a limiting procedure:

Nq(Z) :=w*— limsup Ng.().

r—0T,el0

Whenever X is an Asplund space, the above definition admits the following simplification:

Nq(Z) =w* —limsup Ng(x).

T—=QT
If Q is a convex set, the Fréchet and limiting normal cones reduce to the normal cone in the sense of convex
analysis, i.e.,

No(@)=Nq@) ={2" € X" |(z",2 — %) <0Vz € Q}.

For a lower semicontinuous function ¢: X — R, defined on a Banach space X, its Fréchet subdifferential
at T € dom ¢ is defined as

0p(Z) : = {x* € X*| liminf plr) = P(2) 77<x 0= ) > O}
T—T, TAT ||LE — .CL'H

= {iL’* c X | (ZL'*, 71) S Nepigp(‘f7@(j))} .

The limiting and singular limiting subdifferential of ¢ at & are defined, respectively, by means of

Ip(7) := {z" € X" [ (2", 1) € Nepio(Z, (T)) } ,
07 (@) = {a" € X*| (2a*,0) € New( Lo(@))}
Note that in case where X is an Asplund space, we have

Op(z) =w*—  limsup  O¢(x),

=T, p(x)—>p(T)
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0" p(z) = w* — lim sup t0p(z),
T—T, p(x)—(T), t10

see Theorems 2.34 and 2.38 of [51]. If ¢ is convex, the Fréchet and limiting subdifferential reduce to the
subdifferential in the sense of convex analysis, i.e.,

0p(Z) = 0p(z) = {2z* € X* | p(x) — ¢(T) — (z*,2 —Z) > 0Vz € X}.

By convention, we set No(z) = No(z) := @ if z ¢ Q and dp(z) = dp(x) = 0" p(z) =@ if & ¢ dom . It is
easy to check that Ng(Z) = 0iq(Z) and Nq(Z) = diq(T).

For a set-valued mapping T: X = Y between Banach spaces, its Fréchet coderivative at (Z,y) € gph T is
defined as

VyteYr: D'Y(Z,g)(y) = {z" € X[ (2", —y") € Nepnv(Z,9)} -

The proof of our main result Theorem 4.1 relies on certain fundamental results of variational analysis:
Ekeland’s variational principle, see e.g. Section 3.3 of [7] or [22], and two types of subdifferential sum rules
which address the subdifferential in the sense of convex analysis, see e.g. Theorem 3.16 of [54], and the Fréchet
subdifferential, see e.g. Theorem 3 of [23]. Below, we provide these results for completeness.

Lemma 2.1. Let X be a complete metric space, p: X — Ry be lower semicontinuous and bounded from below,
Z € domp, and € > 0. Then there exists a point & € X which satisfies the following conditions:

(a) (%) < o(Z);
(b)) Ve e X:  o(x)+ed(zx,z) > ().

Lemma 2.2. Let X be a Banach space, p1,p2: X — Ry, and T € domp; Ndom py. Then the following
assertions hold.

(a) Convex sum rule. Let ¢1 and 3 be conver, and ¢i be continuous at a point in domps. Then
(o1 + 2)(Z) = 0p1(T) + Op2(2).

(b) Fuzzy sum rule. Let X be Asplund, p1 be Lipschitz continuous around T, and pq be lower semicontin-
uous in a neighborhood of T. Then, for each x* € O(p1 + ¢2)(T) and € > 0, there exist x1,x2 € X with
lz; — Z|| < e and |pi(z;) — wi(T)] < e, i =1,2, such that z* € Jp1(x1) + Jpa(x) + eB*.

We will need representations of the subdifferentials of the distance function collected in the next lemma.
These results are taken from Proposition 1.30 of [41], Theorem 4.40 of [33], and Section 3.5.2, Exercise 6 of [53].

Lemma 2.3. Let X be a Banach space, 2 C X be nonempty and closed, and T € X. Then the following
assertions hold.

(a) If & € 2, then O distq(Z) = Nao(z) NB*.
(b) If T ¢ Q and either X is Asplund or Q) is convez, then, for each x* € Jdistq(Z) and each € > 0, there
exist © € Q and u* € Nqo(z) such that ||z — Z|| < distq(Z) + € and ||z* —u*| < e.

Let us briefly mention that assertion (b) of Lemma 2.3 can obviously be improved when the set of projections
of Z onto {2 is nonempty, see Proposition 1.102 of [51]. This is always the case if € is a nonempty, closed, convex
subset of a reflexive Banach space, since in this case €2 is weakly sequentially compact while the norm is weakly
sequentially lower semicontinuous.

The conditions in the final definition of this subsection are standard, see e.g. [39, 42].

Definition 2.4. Let X be a metric space, p: X — R, and T € dom .

(a) We call T a stationary point of ¢ if liminf, .z ,-z %ﬁ)@) > 0.
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(b) Let e > 0 and U C X with & € U. We call Z an e-minimal point of ¢ on U if inf ey p(z) > o(Z) —e. If
U =X, 7 is called a globally e-minimal point of ¢.

In the subsequent remark, we interrelate the concepts from Definition 2.4.
Remark 2.5. For a metric space X, ¢: X — R, and & € dom ¢, the following assertions hold.

(a) If Z is a local minimizer of ¢, then it is a stationary point of .

(b) If Z is a stationary point of ¢, then, for each € > 0 and each sufficiently small § > 0, Z is an d-minimal
point of ¢ on Bs(T).

(¢) If X is a normed space, then Z is a stationary point of ¢ if and only if 0 € dp(Z).

3. NOVEL NOTIONS OF SEMICONTINUITY

In this paper, we exploit new notions of lower semicontinuity of extended-real-valued functions relative to a
given set-valued mapping or set. Here, we first introduce the concepts of interest before studying their properties
and presenting sufficient conditions for their validity.

3.1. Lower semicontinuity of a function relative to a set-valued mapping or set
Let us start with the definition of the property of our interest.
Definition 3.1. Fix metric spaces X and Y, ®: X 2 Y, p: X > Ry, and g €Y.

(a) Let a subset U C X be such that UN®~1(7) Ndom ¢ # @. The function ¢ is lower semicontinuous on U
relative to ® at y if

inf p(u) < inf liminf  (z). (3.1)
ued—1(y)NU U'+pBCU, zeU’,y—7y,
p>0 distgph o (z,y)—0

(b) Let € ®'(y) N dom . The function ¢ is lower semicontinuous near & relative to ® at g if there is a
dp > 0 such that, for each § € (0,dp), ® is lower semicontinuous on Bs(Z) relative to ® at g.

Inequality (3.1) can be strict, see Example 3.4 below. Note that whenever (3.1) holds with a subset U C X,
it also holds with U in place of U. The converse implication is not true in general, see Example 3.5 below.
Particularly, a function which is lower semicontinuous on a set U relative to ® at y may fail to have this
property on a smaller set. This shortcoming explains the idea behind Definition 3.1(b). Furthermore, we have
the following result.

Lemma 3.2. Fiz metric spaces X andY, ®: X =Y, p: X = R, (Z,7) € gph @, and a subset U C X with
r € UNdomg. Assume that T is a minimizer of ¢ on U. If ¢ is lower semicontinuous on U relative to ® at g,
then it is lower semicontinuous on U relative to ® at g for each subset U satisfying x € U C U.

Proof. For each subset U satisfying = € Uc U, we find

inf  o(u) =¢(x) = inf p(u) < inf liminf  ¢(z) < inf _ liminf (),
ued =1 (g)nU ued=1(g)NU U'+pBCU, =zeU’,y—7, U'+pBCU, €U, y—7,
p>0  distgpn o (z,y)—0 p>0  distgpn o (2,y)—0
which shows the claim. O

The properties in the next definition are particular cases of the ones in Definition 3.1, corresponding to the
set-valued mapping ®: X = Y whose graph is given by gph ® := Q x Y, where Q2 C X is a fixed set and Y can
be an arbitrary metric space, e.g., one can take Y := R. Observe that in this case, ®~*(y) =  is valid for all
yey.
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Definition 3.3. Fix a metric space X, ¢: X — R, and Q C X.

(a) Let a subset U C X be such that UNQ Ndomep # @. The function ¢ is lower semicontinuous on U
relative to €1 if

inf u) < inf lim inf ). 3.2
LB o(u) < prnf_, lmin o(z) (3.2)
p>0 disto (z)—0

(b) Let 2 € @ Ndom . The function ¢ is lower semicontinuous near T relative to €2 if there is a dp > 0 such
that, for each ¢ € (0,dy), ¢ is lower semicontinuous on Bs(Z) relative to Q.

The subsequent example shows that (3.2) can be strict.

Example 3.4. Consider the lower semicontinuous function ¢: R — R given by ¢(z) := 0if z < 0 and p(z) :=1
if x > 0, and the sets Q = U :=[0,1] C R. Then inf,cony ¢(u) = 0, while if a subset U’ satisfies U’ + pB C U
for some p > 0, then U’ C (0,1), and consequently ¢(z) =1 for all x € U’. Hence, the right-hand side of (3.2)
equals 1.

A function which is lower semicontinuous on a set U relative to 2 may fail to have this property on a smaller
set.

Example 3.5. Consider the function ¢: R — R given by ¢(x) := 0 if 2 <0, and ¢(x) := —1 if > 0, the set
Q2 :={0,1} C R, and the point Z := 0. Consider the closed interval U; := [—1,1]. We find inf,conu, ¢(u) =
—1 which is the global minimal value of ¢ on R. Hence, ¢ is lower semicontinuous on U; relative to © by
Definition 3.3. For Uy := (=1, 1), we find inf,cony, ¢(u) = 0. Moreover, choosing U’ := (—1/2,1/2) and xy :=
1/(k +2) for each k € N, we find U’ + 3B C Us, {zy}ken C U', d(zk,Z) — 0, and p(zx) — —1, i.e., ¢ is not
lower semicontinuous on Uj relative to 2 by definition. Note that Z is a local minimizer of ¢ on €2 but not on
Ui or Us.

In the next two statements, we present sequential characterizations of the properties from Definitions 3.1(a)
and 3.3(a).

Proposition 3.6. Fiz metric spaces X and Y, ®: X =2Y, vp: X -5 Ry, § €Y, and a subset U C X with
UN®1(y) Ndomp# @. Then ¢ is lower semicontinuous on U relative to ® at y if and only if

inf < liminf
u@l{l@w@(u) < lim inf o(k)

for all sequences {(zk,yr)ken C X x Y satisfying yr — @, distgpha(zx,yx) = 0, and {zr}tren + pB C U for
some p > 0.

Proof. We need to show that the right-hand side of (3.1) equals the infimum over all numbers liminfy_, ;o ¢(xf)
where the sequence {(xx, yx) tren C X X Y needs to satisfy y, — 7, distgpn o (@, yx) — 0, and {zx }ren +pB C U
for some p > 0. Let {(2, yx) }ren be such a sequence. Then

 inf liminf  p(z) < liminf  ¢(z) < lk}m inf p(zy).
U'+pBCU, zelU’,y—y, ze{zrtren, y—7, —+too
p>0  distgpn o (z,y)—0 distgph o (z,y)—0

Conversely, let the right-hand side of (3.1) be finite, and choose £ > 0 arbitrarily. Then there exist a subset
U C U and a number p > 0 such that U 4+ pB C U and

liminf  inf p(z) = liminf ¢(z) < inf liminf  (z) +e.
k—=too 2eU, d(y, 7)< t, z€U, y—7, U'+pBCU, zeU' y—7y,
distgpn @ (2,9)< £ distgpn & (z,y)—0 p>0  distgpn o (z,y)—=0
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For each k € N such that inf:CEﬁ,d(y,g)<%,distgph@(x,y)(% p(x) is finite, there is a tuple (xg,yx) € X x Y such

that z; € l?, d(yk, ) < 1/k, distgpn o (zk, yx) < 1/k, and

. 1

o(zg) < inf e(x) + -
wel, d(y,5)<+%, K
distgpn o (z,y)<

Considering the tail of the sequences, if necessary, we have {zy}ren + B C U, yr — ¥, distgph o (zk, yx) — 0,
and

liminf p(zr) <  inf liminf  p(z) +e.
k—r+oo U'+pBCU, z€U’,y—7,
p>0 distgph o (z,y)—0

As the number € has been chosen arbitrarily, this proves the converse part in the present setting. If the right-
hand side of (3.1) equals —oo, then for each M > 0, we find a subset U C U and a number p > 0 such that
U+ pB CU and

liminf  ¢(z) < —M.
zcU,y—y,
distgph & (z,y)—0

Hence, there is a sequence {(zx, yx) ey C X XY such that {zg}ren+ B C U, yp — ¥, and distgpn o (g, yx) — 0
as k — +oo while liminfy_, o p(zr) < —M. Taking the infimum over all M > 0 now completes the proof of
the assertion. O]

Corollary 3.7. Let X be a metric space, ¢: X — Ry, and Q,U C X be sets with QN U Ndomy # &. Then
p 1s lower semicontinuous on U relative to 2 if and only if

inf < liminf .
wahhy P < Jminf () (33)

for all sequences {zy }ren C X satisfying distq(zr) — 0 and {zx }ren + pB C U for some p > 0.

3.2. Sufficient conditions for lower semicontinuity of a function relative to a set-valued
mapping

As we will demonstrate below, the property from Definition 3.1(a) is valid whenever the involved function
o and the set-valued mapping ® enjoy certain semicontinuity properties, i.e., it can be decomposed into two
independent properties regarding the two main data objects. This will be beneficial in order to identify scenarios
where the new concept applies.

The upper semicontinuity properties of a set-valued mapping that we state in the following two definitions
seem to fit well for this purpose (in combination with the corresponding lower semicontinuity properties of a
function).

Definition 3.8. Fix metric spaces X and Y, S: Y = X, and y € dom S. The mapping S is upper semicontinuous
at g if

lim dist gz (z) = 0.
2€S(y), y—7 s@(@)

Definition 3.9. Fix a Banach space X, ametricspace Y, S: Y = X, and §y € dom S. The mapping S is partially
weakly sequentially upper semicontinuous at § if x € S(g) holds for each sequence {(yx, zx)}ren C gph S which
satisfies yr — ¥ and x — .
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For a discussion of the property in Definition 3.8, we refer the reader to page 10 in [39]. The property in
Definition 3.9 can be interpreted as the usual sequential upper semicontinuity if X is equipped with the weak
topology. In case where Y is a Banach space, this property is inherent whenever the graph of the underlying
set-valued mapping is weakly sequentially closed which is naturally given whenever the latter is convex and
closed. Obviously, each closed-graph set-valued mapping with a finite-dimensional image space is partially
weakly sequentially upper semicontinuous.

Proposition 3.10. Fiz metric spaces X andY, ®: X =Y, and ¢p: X - R. Let y € Y and a subset U C X
with U N ®~1(5) Ndom ¢ # @ be arbitrarily chosen. Define S: Y = X by S(y) :== @ L(y)NU forally €Y. If
one of the following criteria holds, then ¢ is lower semicontinuous on U relative to ® at y:

(a) ¢ is lower semicontinuous on U relative to ®~1(j) and S is upper semicontinuous at ij;
(b) X is a reflexive Banach space, U is closed and convez, @ is weakly sequentially lower semicontinuous on
U, and S is partially weakly sequentially upper semicontinuous at g.

Proof. Let a sequence {(zk,yx)}treny C X XY satisfying yr — ¢, distgpho(zk,yx) — 0, and {xg}tren +
pB C U for some p > 0 be arbitrarily chosen. There exists a sequence {(x},¥})}ren C gph® such that
d((«},,v3.), (xk, yx)) — 0. Hence, y, — y and, for all sufficiently large k € N, we have d(z},zr) < p, and,
consequently, 2, € U.

(a) By Definition 3.8, diste-1(5)(7},) — 0. Then distg-1(5)(zx) — 0 and, by Corollary 3.7, inequality (3.3)
holds, where Q := ®~1().

(b) Passing to a subsequence (without relabeling), we can assume x; — & for some & € conv{xy reny C U since
{zk}ren is a bounded sequence of a reflexive Banach space and U is convex as well as closed. Hence, we
find ¢(%) < liminfy_, 4o p(xx) by weak sequential lower semicontinuity of ¢. Obviously, we have z}, — &.
By Definition 3.9, & € ®~!() holds true. Thus, inf,cq-1(5)nv ¢(u) < (&) < liminfy_, o p(2k).

As the sequence {(xg, yr) tren has been chosen arbitrarily, the conclusion follows from Proposition 3.6. O
The next assertion is an immediate consequence of Proposition 3.10 with the conditions from (b).

Corollary 3.11. Fix a reflexive Banach space X, a closed and convex set U C X, p: X — Ry, which is weakly
sequentially lower semicontinuous on U, ®: X =3 Y where Y is another Banach space, and some §j € Y such
that U N ®~1(y) Ndom ¢ # @. Then ¢ is lower semicontinuous on U relative to ® at § provided that one of the
following conditions is satisfied:

(a) gph® N (U x Y) is weakly sequentially closed;
(b) X is finite-dimensional and gph® N (U x Y) is closed.

Particularly, whenever ¥ € ®~1(y) Ndom ¢ is fized, ¢ is weakly sequentially lower semicontinuous, and
either gph ® is weakly sequentially closed or gph ® is closed while X is finite-dimensional, then ¢ is lower
semicontinuous near T relative to ® at y.

In the upcoming subsections, we discuss sufficient conditions for the semicontinuity properties of a set-valued
mapping and an extended-real-valued function appearing in the conditions (a) of Proposition 3.10.

3.3. Sufficient conditions for lower semicontinuity of a function relative to a set

In the statement below, we present some simple situations where a function is lower semicontinuous relative
to a set in the sense of Definition 3.3(a).

Proposition 3.12. Let X be a metric space, p: X = Ry, and Q,U C X be sets with QN U Ndom p # &.
Then ¢ is lower semicontinuous on U relative to Q) provided that one of the following conditions is satisfied:
(a) U C Q;
(b) QNU = {z}, and ¢ is lower semicontinuous at T;
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(c) 2 € QNU is a minimizer of ¢ on U;
(d) ¢ is uniformly continuous on U.

Proof. Under each of the condition (a), (b), and (c), the conclusion is straightforward since inequality (3.2) is
an immediate consequence of the following simple relations, respectively, holding with any U’ C U:
inf = inf , lim inf = inf > inf ;
(a) dnf o(u)= inf o(u) zeUf,lfiﬁtlS(xHo@(w) Jnf o(z) 2 inf o(z)

b) inf = p(Z), lim inf = lim inf > lim inf > o(T);
®) e =@,  Jminl el =linife() > inhte() > o)
p(x

c) inf u) = (), lim inf > ().

(c) ueslﬂng( ) = ¢(@) zeU’, disto (x)—0 ) 2 0(@)
It remains to prove the claim under condition (d). Let a number ¢ > 0 be arbitrarily chosen. Let a subset
U’ C X and a number p > 0 be such that U’ 4+ pB C U. By (d), there is a § > 0 such that

Vo, o' e U: d(z,2')<d = |p(z)—p(2)] <e.

Let a point x € U’ satisfy distq(z) < ¢’ := min(p, §). Then there is a point 2’ € Q satisfying d(x, 2") < ¢§’. Hence,
z, 2’ € U, d(z,2") < d, and, consequently, |p(x) — ¢(a’)| < e. Thus, we have inf,conv ¢(u) < p(z') < p(z) +¢€,
and, consequently,

inf < lim inf +e.
by < liminf | o(z)

Taking the infimum on the right-hand side of the last inequality over € and U’, we arrive at (3.2). O

As a corollary, we obtain sufficient conditions for the lower semicontinuity property from Definition 3.3 (b).

Corollary 3.13. Let X be a metric space, ¢: X — Ry, Q@ C X, and T € QNdomy. Then ¢ is lower
semicontinuous near T relative to ) provided that one of the following conditions is satisfied:

(a) T €intQ);

(b) T is an isolated point of Q, and ¢ is lower semicontinuous at T;
(¢) T is an (unconditional) local minimizer of ;

(d) ¢ is uniformly continuous near .

It follows from Corollary 3.13(d) that each locally Lipschitz continuous function is lower semicontinuous near
a reference point relative to any set containing this point.
The subsequent result can be directly distilled from Corollary 3.11.

Proposition 3.14. Fiz a reflexive Banach space X, a closed and conver set U C X, and p: X — Ry which is
weakly sequentially lower semicontinuous on U. Let Q C X be chosen such that QNU Ndom ¢ # & while QN U
is weakly sequentially closed. Then ¢ is lower semicontinuous on U relative to ).

As a corollary, we obtain the subsequent result.

Corollary 3.15. Fix a reflexive Banach space X, ¢: X — Ry, which is weakly sequentially lower semicontin-
wous, and a weakly sequentially closed set Q C X. Then, for each T € QNdomy, ¢ is lower semicontinuous
near T relative to ().

Note that whenever X is finite-dimensional, ¢: X — R, is lower semicontinuous, and 2 C X is closed, then
the assumptions of Corollary 3.15 hold trivially.

The following statement shows that lower semicontinuity relative to a set is preserved under decoupled
summation.
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Proposition 3.16. Fiz n € N with n > 2. For each i € {1,...,n}, let X; be a metric space, p;: X; = Ry,

Q. U; € Xy, and Q; NU; Ndom ; # . Suppose that @; is lower semicontinuous on U; relative to Q;. Then
p: X5 X ... x X, = Ry given by

V(z1, . yxn) € X1 X oo x Xt @1,y p) == 01(21) + oo+ on(Tn)

18 lower semicontinuous on U := Uy x ... x U, relative to Q := Q1 x ... x Q,.

Proof. The assertion is a direct consequence of Definition 3.3 (a). More precisely, we find

n n

inf o(u) = E inf  @;(u;) < E inf liminf @;(x;) =  inf liminf ¢(x),
weQNU — u; €Q2:NU; — U/+p:BCU;, x:€U], U'+pBCU, =zeU’,
= = pi>0  distg, (z;)—0 p>0  disto(z)—0
and this proves the claim. O

3.4. A sufficient condition for upper semicontinuity of the inverse of a set-valued
mapping
The next statement presents a condition ensuring validity of the upper semicontinuity assumption which
appears in Proposition 3.10 (a).

Proposition 3.17. Let X and Y be metric spaces, ®: X =Y, and (z,y) € gph ®. Assume that ® is metrically
subregular at (T,7), i.e., that there exist a neighborhood U of T and a constant L > 0 such that

Ve eU: diStq>71@)(£L') <L diSt(I,(x) (9)- (3.4)

Then, for each set U' C U satisfying & € U’, the mapping Sy: Y = X, given by Sy:(y) := @ 1(y) N U’ for
each y € Y, is upper semicontinuous at .

Proof. Let a number € > 0 as well as U’ C U with Z € U’ be given. Choose a number ¢ € (0,e/L). Then, for
each y € Bs(y) and each x € Sy (y), condition (3.4) yields distg, ,(y)(z) = diste—1(5)(z) < Ld(y,y) < Lé < e.
By Definition 3.8, Sy is upper semicontinuous at . [

We note that the metric subregularity condition (3.4) from Proposition 3.17 already amounts to a qualification
condition addressing sets of type {z € X |y € ®(x)}, see Section 5 of [26]. Sufficient conditions for metric
subregularity can be found e.g. in [8, 20, 21, 33, 43, 45, 61].

We would like to point the reader’s attention to the fact that metric subregularity of ® is a quantitative conti-
nuity property coming along with a modulus of subregularity L > 0 while upper semicontinuity of the mappings
Sy in Proposition 3.17 is just a qualitative continuity property. In this regard, there exist weaker sufficient
conditions ensuring validity of the upper semicontinuity requirements from Proposition 3.10 (a). However, it is
not clear if such conditions can be easily checked in terms of initial problem data while this is clearly possible
for metric subregularity as the aforementioned list of references underlines. Finally, we would like to mention
that in case where one wants to avoid fixing the component € X in the preimage space in Proposition 3.17,
it is possible to demand that ®~! is Lipschitz upper semicontinuous at ¢ in the sense of page 10 in [39]. Again,
this is a quantitative continuity property.

Example 3.18. Let G: X — Y be a single-valued mapping between Banach spaces. Furthermore, let C' C X
and K C Y be nonempty, closed sets. We investigate the feasibility mapping ®: X =Y x X given by ®(x) :=
(G(z)— K,z —C) for all z € X as well as some point Z € X such that (Z, (0,0)) € gph ® and some neighborhood
U of z. Let us define S: Y x X = X by means of S(y, z) := ® !(y,2) NU for each pair (y,2) €Y x X. One



12 A.Y. KRUGER AND P. MEHLITZ
can check that S is upper semicontinuous at (0,0) if and only if

distgxo((G(zk),28)) = 0 = kEToo distg-1(xync (k) =0

for each sequence {xy }reny C U, and this is trivially satisfied if G is continuous and X is finite-dimensional. For
the purpose of completeness, let us also mention that S is partially weakly sequentially upper semicontinuous
at (0,0) if and only if

v =z, distgxo((Gzr),z1)) =0 = ze€G HK)NC (3.5)

is valid for each sequence {2 }reny C U and each point x € U. Again, this is inherent if G is continuous while
X is finite-dimensional and U is closed.

In infinite-dimensional situations, whenever G is continuously Fréchet differentiable and C as well as K are
convex, Robinson’s constraint qualification, given by

qu)“JaﬂQ+m)a«7—xﬂ —Ljaaa+w)au(—(X£»::Y

is equivalent to so-called metric regularity of ® at (z,(0,0)), see Proposition 2.89 of [10], and the latter is
sufficient for metric subregularity of ® at (z, (0,0)).

The final corollary of this section now follows from Propositions 3.10 and 3.17 and Corollary 3.13.

Corollary 3.19. Fiz metric spaces X and Y, ®: X =Y, p: X - Ry, €Y, and T € ® () N dom .
Assume that ® is metrically subregular at (Z,y) and that ¢ satisfies one of the conditions (a)-(d) of
Corollary 3.13 with Q := ®~(y). Then ¢ is lower semicontinuous near T relative to ® at .

4. OPTIMALITY CONDITIONS AND APPROXIMATE STATIONARITY

We consider the optimization problem

min{¢(z) |§ € ®(z)}, (P)

where ¢: X — R is an arbitrary function, ®: X = Y is a set-valued mapping between Banach spaces, and
7 € Im ®@. Let us mention that the model (P) is quite general and covers numerous important classes of opti-
mization problems, see e.g. [26, 47] for a discussion. The constrained problem (P) is obviously equivalent to the
unconditional minimization of the restriction pg-1(5 of ¢ to ®~1(jj). We say that Z is an e-minimal point of
problem (P) on U if it is an e-minimal point of ¢g-1(5) on U. Analogously, stationary points of (P) are defined.

The next theorem presents dual (i.e., subdifferential /coderivative based) necessary conditions for e-minimal
points of problem (P).

Theorem 4.1. Let X and Y be Banach spaces, p: X — Ry, be lower semicontinuous, ®: X =Y have closed
graph, and firy € Y,z € dompN®~1(y), U C X, e > 0, as well as § > 0. Assume that Bs(z) C U, and

(a) on U, ¢ is bounded from below and lower semicontinuous relative to ® at j;
(b) either X andY are Asplund, or ¢ and gph® are convex.

Suppose that T is an e-minimal point of problem (P) on U. Then, for eachn > 0, there exist points x1,x2 € Bs(T)
and yo € ®(x2) N By(y) such that ||z — z1|] < n, distgpha(z1,9) <1, @(z1) < @(Z) + 1, and

2¢e
0 € 0p(z1) + Im D*®(x9,y2) + FB*'
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Moreover, if ¢ and gph ® are convez, then p(x1) < ¢(Z).

Proof. Since ¢ is bounded from below on U, and Z is an e-minimal point of problem (P) on U, there exist
numbers ¢ > 0 and &’ € (0,¢) such that

Ve e U: o) > o(Z) — ¢, (4.1a)
Ve e @ N ) nU: o(x)> @) —¢. (4.1b)
For v > 0 and v; > 0, let the functions ¢.,, évm : X XY — Ry, be given by

V(z,y) € X xY: Oy (x,y) = p(x) + 'y(||y -7l + distgphq>(:1c,y)), (4.2a)
S (@,9) = by (@,9) + 1 o — 27 (4.2b)

Set dg := de’ /e, and choose numbers ¢’ € (dp,d) and £ € (0,6 — §’) such that £(6' 4 2) < 2(e6'/0 — €’). Fix an
arbitrary 7 > 0 and a positive number 7/ < min(n, 2(8 — &’)). Set v1 := (¢/ +£)/(8")2. Observe that ¢., -, (T,7) =
»(Z), and gZA),ym is bounded from below on Bg (Z) x Y due to (4.1a). By Ekeland’s variational principle, see
Lemma 2.1, for each k € N, there exists a point (zg,yx) € Bs () x Y such that

Pk (Th, yk) < (), (4.3a)
V(w,y) € By (@) X Vi iy (2,9) + € [1(2,9) = (@r,9k) | > Pror (@0, 98). (4.3b)

It follows from (4.1a), (4.2), and (4.3a) that

_ . 2 _
k([lys — gll + distgph o (25, yx)) + 71 llzx — 2|7 < o(2) = (@) < ¢,
and, consequently,

lyr — Yl + distgpn o (zk, yx) < c/k, (4.4a)
m lzk — 2| < o(@) — p(ar) (4.4b)

are valid for all k € N. By (4.4a), yp — ¢ and distgpha(2r,yx) — 0 as k — 400, and yr € B,y 4(y) as well
as distgph o (Tr, yr) < n'/4 follow for all k > 4¢/n'. Recall that {xj}ren + pB C Bs(z) C U for any positive
p < § —¢&'. By Proposition 3.6, there exist an integer k& > 4c/n’ and a point 2’ € ®~1(3) N U such that p(z') <
@(zg) + & By (4.1b), we have ¢(Z) — ¢(z') < €. Set v :=k, & := a3, and § := yz. Thus, § € B,y /4(j) and
distgpn o (Z,9) < 1'/4. By (4.4b),

1l = 2|* < (p(@) = 0(@) + (pla’) = p() <&’ +E=n()"
Hence, we find ||Z — Z|| < ¢’. In view of (4.2b), condition (4.3a) is equivalent to
Oy(@,9) +m [l = 7l)” < 0 (2). (45)

For each (z,y) € Bs/(Z) x Y different from (&, ), it follows from (4.2b) that

6(2,9) — 0 (2,9) _ D1 (8,9) = Dy (2,9) + 1 (2 — 7I)° — 15— 7))
I.w) — @9l 1.y) — @ 9l
= Sun (85) = By (@) + 3 1z — ] (= — 2] + & — 2])

8 I(.9) — @ B
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Dy (z,9) — Gy (z,y)
z,y

+n (e — 2l + 12— 2[]),

and, consequently, in view of (4.3b),

2" +E(0"+2) 2

sup ¢W(m,y)—¢j(A,y) <€ 2ml = ————— < —.
(@.)e(By (@) x Y\ {(@9)} (@ y) — (&, 9l 4 0
Since & is an interior point of By (%), it follows that
B ij) — 2
lim sup %(:v,y) ¢j<%‘ay) < j (4.6)
@ay)—~@g @) —(&9)] o

By (4.2a) and (4.5), we find ¢(2) < (), and due to (4.6), there is a number é € (0, 2) such that

lmigg 2@y +ely) — (A%Ay
(,y) = (&.7) [(z,y) — (2,9)

M= 6a(59) -
[ -

Set & :=2¢/6 — € > 0. By definition of the Fréchet subdifferential, the above inequality yields

Condition (4.7) can be rewritten as (0,0) € 9 (¢ + vg + h) (&, §), where the functions g,h: X xY — R are
given by

V(z,y) e X xY: g(z,y) := distgpna (2, ),
h(z,y) == vlly — gl +Ell(z, y) — (2, 9)]-

Note that g and h are Lipschitz continuous, and h is convex. As a next step, we apply a subdifferential sum
rule. We distinguish two cases.

Case 1: Let X and Y be Asplund spaces. Let us recall the estimates || — Z|| < ¢’ < 0, |§ — 7| <n'/4 < n/4,
distgph o (Z,9) < 1'/4 < n/4, and o(&) < ¢(Z). By the fuzzy sum rule, see Lemma 2.2 (b), there exist points
(x1,91), (u2,v2) € X x Y arbitrarily close to (&,¢) with ¢(z1) arbitrarily close to ¢(Z), so that

- - - _ n
ler =2 <6, luz = 2| <6, p(z1) <@(@) +0, 1 =9l < 3
/ /

,'l ||u2 - 113'1” < %7 diStgphCP(mhyl) < ﬂ

5 2 diStgphq;(UQ, 1}2) <

)

| =

lva — 7l <

and subgradients xz} € dp(x1) and (u}, vy) € Og(uz,ve) satisfying
!/

|7 + ~yusl] < &+ 5

Thus, 1 € Bs(z) and distgpn (21, 7) < distgpna(z1,41) + |ly1 — 9| < 1. In view of Lemma 2.3 (b), there exist
(x2,y2) € gph ® and (u3’,v3") € Ngpha(22,y2) such that

. n o
1G22, y2) = (uz, v2)| < distgpna(uz,v2) + - < 5 lus’ —u3l| < %
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Set x5 = yu3' and y* := —yv3'. Thus, 25 € D*®(x9,y2)(y*), and we have

ly2 = gl <llvz = gll + lly2 = vall <" <,
/

s = & < fluz = & + a2 — ual) < &+ <3,
w2 = 21|l < [lwe — uall + uz — aall < 7" <n,
21 + 23]l <llo] + yuall + 7 [z’ —ugl| <€+ ¢ = 5
Case 2: Let ¢ and gph® be convexr. We have & € Bys/(Z) C Bs(Z), o(&) < o(Z), |4 -7l < n'/4, and
distgpn o (Z,9) < n'/4 < n. By the convex sum rule, see Lemma 2.2 (a), there exist subgradients =} € dp(Z)
and (us,v3) € dg(&,9) satisfying

27 +yus|| < €.

In view of Lemma 2.3 (b), there exist (z2,y2) € gph ® and (u3’,v3") € Ngpn a(x2,y2) such that

/

. . o
[(w2,y2) — (2, 9)|| < distgphe(Z,9) + R Jus" —us|| < pl

Set z1 = Z, x§ := yud, and y* := —yv3’. Thus, z1 € Bs(Z), distgpha(x1,7) < 17'/2 <1, ¢(z1) < ©(Z), and
x5 € D*®(x2,y2)(y*). Replacing (ug,vs) with (Z,4) in the corresponding estimates established in Case 1, we
obtain

ly2 =l <n, Moo =2l <6, oz —aafl <,
* * * N 2e
27 + 23]l < ll2f +yusll + v fJug’ —us) <€+ &= =

This completes the proof. O

Clearly, Theorem 4.1 provides dual necessary conditions for e-minimality of a feasible point of problem (P)
under some additional structural assumptions on the data which are almost for free in the finite-dimensional
setting, see Corollary 3.11, and of reasonable strength in the infinite-dimensional one. In the subsequent remark,
we comment on additional primal and dual conditions for e-minimality which can be distilled from the proof of
Theorem 4.1.

Remark 4.2. (a) In the proof of Theorem 4.1, more sets of necessary conditions for local e-minimality of a
feasible point of problem (P) have been established along the way. Moreover, the first part of the proof
does not use the linear structure of the spaces, i.e., the arguments work in the setting of general complete
metric spaces X and Y. The conditions can be of independent interest and are listed below. We assume
that X and Y are complete metric spaces and all the other assumptions of Theorem 4.1 are satisfied,
except condition (b).

Necessary conditions for local e-minimality. There is a §y € (0,9) such that, for each ¢’ € (dp,0)
and n > 0, there exist points & € By (Z) and § € By, () satisfying distgph o (Z,9) < 17, and a number v > 0
such that, with the function ¢,: X xY — R, given by

V(x,y) EX xY: (z)’y('ra y) = <p(a:) + ’Y(d(y’g) + diStgph‘I’(xvy))a

the following conditions hold:
* ¢4(2,9) < (), and
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e primal nonlocal condition (PNLC): sup 9y(&,9) = (b?(?j’ y) < §,

(z,y)#(£,9), €Bs/ (T) d((x7y)v (x,y)) Y

e primal local condition (PLC): limsup $y(&:§) = qu(Ax,y) < 2—5,

(z,y)—(2,9) d((xay)v ((E,y)) o
e dual condition (DC) (X and Y are Banach spaces): condition (4.7) is satisfied with some & € (0, 22).
The relationship between the conditions is as follows: (PNLC) = (PLC) = (DC). The dual conditions
in Theorem 4.1 are consequences of the above conditions.
Let us note that the left-hand side in (PNLC) is the nonlocal slope, see [24], of the function ¢ +ip,, (&)
at (£,9y), while the left-hand side in (PLC) is the conventional slope of ¢, at (Z,7).

(b) Since the function ¢ in Theorem 4.1 is assumed to be lower semicontinuous, it is automatically bounded
from below on some neighborhood of Z. We emphasize that Theorem 4.1 requires all the conditions to

hold on the same set U containing a neighborhood of Z.

As a consequence of Theorem 4.1, we obtain necessary conditions characterizing local minimizers of (P).

Corollary 4.3. Let X and Y be Banach spaces, p: X — Ry lower semicontinuous, ®: X =2 Y have closed
graph, y €Y, and € dom p N ®~1(y). Assume that

(a) the function ¢ is lower semicontinuous near T relative to ® at g;
(b) either X andY are Asplund, or ¢ and gph® are convex.

Suppose that T is a local minimizer of (P). Then, for each € > 0, there exist points x1,x9 € B:(T) and ys €
O (z2) N B:(y) such that |p(x1) — o(T)] < € and

0 € dp(z1) +Im D*®(z9,y2) + cB*.

Moreover, if ¢ and gph® are convex, then ¢(x1) < ¢(T).

Proof. Let a number € > 0 be arbitrarily chosen. Set &' := ¢/2. By the assumptions and Remark 2.5, there
exists a § € (0,¢) such that on U := Bs(Z) the function ¢ is bounded from below and lower semicontinuous
relative to ® at 7, and Z is an &’6-minimal point of pg-1(5) on U. Thus, all the assumptions of Theorem 4.1 are
satisfied. Moreover, 2(¢'d)/6 = e and, since ¢ is lower semicontinuous, one can ensure that ¢(x1) > ¢(Z) + €.
Hence, taking any n € (0, ¢), the assertion follows from Theorem 4.1. O

In the subsequent remark, we comment on the findings in Corollary 4.3.

Remark 4.4. (a) The analogues of the necessary conditions in Remark 4.2 (a) are valid in the setting of
Corollary 4.3, too. More precisely, it suffices to replace % with just € in the involved conditions.
(b) The necessary conditions in Corollary 4.3 hold for each stationary point (not necessarily a local minimizer)
of problem (P).

We now consider an important particular case of problem (P), namely

min{p(z) |z € Q}, (P)

where 0 C X is a nonempty subset of a Banach space. To obtain this setting from the one in (P), it suffices to
consider the set-valued mapping ®: X == Y whose graph is given by gph ® := 2 x Y. Here, Y can be an arbitrary
Asplund space, e.g., one can take Y := R. Observe that ®~1(y) = Q holds for all y € Y. Hence, by Definition 3.8,
for all y € Y, the mapping ®~! is upper semicontinuous at y. Moreover, Ngpn o (2,y) = No(z) x {0}. Thus, the
next statement is a consequence of Proposition 3.10 and Theorem 4.1.

Theorem 4.5. Let X be a Banach space, p: X — Ry, lower semicontinuous, Q& C X a closed set, and fix
Ze€dompnQ, UCX,e>0, and § > 0. Assume that Bs(z) C U, and
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(a) on U, the function ¢ is bounded from below and lower semicontinuous relative to Q;
(b) either X is Asplund, or ¢ and 2 are convez.

Suppose that T is an e-minimal point of problem (13) on U. Then, for each n > 0, there exist points x1 € Bs(Z)
and xo € QN Bs(Z) such that ||x2 — z1]| <n, w(z1) < ©(Z) + 1, and

2
0 € dyp(a1) + No(zs) + gﬁ*.

Moreover, if ¢ and Q0 are convex, then p(x1) < ().
The next corollary follows immediately.

Corollary 4.6. Let X be a Banach space, ¢: X — Ry lower semicontinuous, @ C X a closed set, and T €
dom p N Q. Assume that

(a) the function ¢ is lower semicontinuous near T relative to §);
(b) either X is Asplund, or ¢ and 2 are convez.

Suppose that T is a local minimizer of (P). Then, for each € > 0, there exist z1 € B.(Z) and x5 € QN B.(Z)
such that |o(z1) — ¢(Z)| < & and

0e 84,0(x1) + NQ(ZZ?Q) + eB*.

Moreover, if ¢ and Q are convez, then o(x1) < ¢(T).

Whenever ¢ is Lipschitz continuous around z, the assertion of Corollary 4.6 is an immediate consequence of
Fermat’s rule and the sum rules stated in Lemma 2.2. We note that Corollary 4.6 is applicable in more general
situations, exemplary, if ¢ is only uniformly continuous in a neighborhood of the investigated local minimizer,
see Corollary 3.13, or if X is finite-dimensional, see Corollary 3.15.

Note that the dual necessary optimality conditions in Corollaries 4.3 and 4.6 do not hold at the reference
point but at some other points arbitrarily close to it. Such conditions describe certain properties of admissible
points which can be interpreted as a kind of dual approximate stationarity. The precise meaning of approximate
stationarity will be discussed in Section 6.1 in the setting of geometrically-constrained optimization problems.

5. GENERALIZED SEPARATION AND EXTREMAL PRINCIPLE

Below, we discuss certain generalized extremality and separation properties of a collection of closed subsets
M,...,Q, of a Banach space X, having a common point Z € ()_, €;. Here, n is an integer satisfying n > 2.
We write {21,...,Q,} to denote the collection of sets as a single object.

We begin with deriving necessary conditions for so-called F-extremality of a collection of sets. The property
in the definition below is determined by a nonempty family JF of nonnegative lower semicontinuous functions
f: X™ = Ry, and mimics the corresponding conventional one, see e.g. [44].

Definition 5.1. Let a family F described above be given. Suppose that, for each f € F, the function
f: X™ — Ry is defined by
Vz = (21,...,2,) € X™: f(z) = f(X1 — Ty B — Ty Ty). (5.1)

The collection {Q1,...,Q,} is F-extremal at T if, for each € > 0, there exist a function f € F and a number
p > 0 such that f(0,...,0,Z) < ¢ and

Ve, € Qi+ pB(i=1,...,n):  f(z1,...,2,) > 0. (5.2)
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The following theorem, which is based on Theorem 4.5, provides a general necessary condition for
F-extremality.

Theorem 5.2. Assume that

(a) there is a neighborhood U of T such that, for each f € F, the function f: X" = Ry defined by (5.1) is
lower semicontinuous on U™ relative to 2 := Q1 X ... X Qp;
(b) either X is Asplund, or Q4,...,Q, and dall f € F are convex.

Suppose that the collection {Q1,...,Q,} is F-extremal at T. Then, for each € > 0 and 1 > 0, there exist a
function f € F with f(0,...,0,Z) < ¢ and points x; € Q; N B:(Z), x, € By(x;), and xf € X* (i =1,...,n) such
that

ZdiStNﬂi($i) (x}) < e, (5.3a)
0< f(w ) fQ0,...,0,Z) +, (5.3b)
- (ZL‘T?"'?'T'TL]?Z 7,) Eaf(w>7 (530)
i=1
where w = () — ), ..., 20,1 —al,,xl) € X™. Moreover, if f and Qq,...,Qy, are convez, then f(w) <

f(0,...,0,7).

Proof. Let arbitrary numbers € > 0 and 1 > 0 be fixed. Choose a number ¢ € (0,¢) so that Bs(Z) C U, and set
¢’ :=emin(d/2,1). By Definition 5.1, there exist a function f € F and a number p > 0 such that f(0,...,0,%) <
¢’ <, and condition (5.2) holds, where the function f: X™ — Ry is defined by (5. 1) Observe that Q is a

closed subset of the Banach space X", z := (z,...,Z) € , and f(z) = f(0,...,0,%) < ¢'. Since the function
f is nonnegative, so is f7 and, consequently, Z is an ¢’-minimal point of fQ (as well as f) on X™. Set n/
min(7, p). By Theorem 4.5, there exist points z := (z1,...,2,) € QN Bs(2), 2" := (2],...,2),) € By(2), and
x* = (xF,...,x%) € (X*)" such that f(w) = f(z') < f(2) +n = f(0,...,0,Z) +n, and
% Y, . . 2¢’
—x" e 0f(7), dist v, (2) (2%) < 5 <e. (5.4)

Moreover, if f and €4, ...,Q, are convex, then f(w) < f(0,...,0,Z). Observe that , € Q; +pB (i = 1,...,n),
and it follows from (5.2) that f(w) = f(z’) > 0 which shows (5.3b).

The function f given by (5.1) is a composition of f and the continuous linear mapping A: X™ — X™ given
as follows:

V(ug, ..o oytn) € X% Aur, .y tpn) = (U1 — Uny ooy U1 — Upy U ).

The mapping A is obviously a bijection. It is easy to check that the adjoint mapping A*: (X*)™ — (X*)" is of
the form

n—1
Y(ul,...,un) € (XM A"(uj,...,u}):= (u?,...,uz_l, .- Zuf) . (5.5)

By the Fréchet subdifferential chain rule, which can be distilled from Theorem 1.66 and Proposition 1.84 in [51],
we obtain 0f(z') = A*0f(w), where w = Az = (¢} — ..., 2,1 —x,,2}). In view of (5.5), the inclusion in

n? n— n’ n

(5.4) is equivalent to (5.3¢). It now suffices to observe that Nq(z) = Nq, (x1) X ... x Nq_(x,), and, consequently,
the inequality in (5.4) yields (5.3a). O
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For the conclusions of Theorem 5.2 to be non-trivial, one must ensure that the family F satisfies the following
conditions:

(a) infrer £(0,...,0,2) = 0;
(b) lim inf lw*] > 0.
w—(0,...,0,2), fEF, f(w)l0, w* €D f(w)

A typical example of such a family is given by the collection F4 of functions of type

Vz = (z1,...,2n) € X" fo(z) := | Jnax |z — aill, (5.6)
where a := (ay,...,a,-1) € X"~ 1. The proofs of the conventional extremal principle and its extensions usually
employ such functions. Note that functions from F4 are constant in the last variable.

It is easy to see that, for each f, € F4 and 2z := (x1,...,2,) € X™, the value f,(z) is the maximum norm of
(1 —a1,..., Ty 1 —an_1) in X" L. Thus, f,(z) > 0 if and only if (21,...,2,_1) # a, and
oo T == : —
fa(0,...,0,) | Jnax lla;]l =0 as a—0

showing (a). Moreover, 0f,(z) # @ for all z € X™ and, if f,(z) > 0, then |jw*|| = 1 for all w* € df,(w), i.e., the
limit in (b) equals 1. Observe also that, since each function f, € F4 is convex and Lipschitz continuous, the same
holds true for the corresponding function fa defined by (5.1). Hence, fa is automatically lower semicontinuous
near each point of X™ relative to each set containing this point, see Corollary 3.13.

When f, € F4 is given by (5.6), condition (5.2) takes the following form:

n—1

() (2 + pB — a;) N (R, + pB) = 2. (5.7)

i=1
With this in mind, the extremality property in Definition 5.1 admits a geometric interpretation.

Proposition 5.3. The collection {1,...,Q,} is Fa-extremal at T if and only if, for each € > 0, there exist
vectors a1, ...,an,—1€ X and a number p > 0 such that maxi<;<n—1 ||ai|| <€, and condition (5.7) holds.

The characterization in Proposition 5.3 means that sets with nonempty intersection can be “pushed apart”
by arbitrarily small translations in such a way that even small enlargements of the sets become nonintersecting.
Note that condition (5.7) is stronger than the conventional extremality property originating from [44], which
corresponds to setting p = 0 in (5.7). The converse statement is not true as the next example shows.

Example 5.4. Consider the closed sets Q1,Qy C R? given by
Q= {(zy) 220, y=0}, Q:={(z.y) |2>0, [y| > e "} U{(0,0)},

see Figure 1(A). We have Q; Ny = {(0,0)} and (1 — (¢,0)) N Qe = & for each t < 0. At the same time,
(Q+pB—a)N(Qa+pB) # @ for alla € R? and p > 0. By Proposition 5.3, {Q1,Q2} is not Fa-extremal at (0,0).

Theorem 5.2 produces the following necessary condition for F 4-extremality.

Corollary 5.5. Assume that either X is Asplund, or Q1,...,8, are convexr. Suppose that the collection
{,....Q} is Fa-extremal at T. Then, for each € > 0, there exist points x; € Q; N B:(Z) and z} € X*
(i=1,...,n) satisfying (5.3a) and

> ap=0, (5.8a)
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(a) Sets from Example 5.4. (B) Sets from Example 5.6.

FIGURE 1. Visualization of the sets 2; and 25 from Examples 5.4 and 5.6.

n—1
> gl = 1. (5.8b)
i=1
Moreover, for each T € (0,1), the points x; and x} (i =1,...,n) can be chosen so that
n—1
Z; (] xp — 2 + a;) > 3 len — 2i + aql, (5.9)
i—
where ay,...,a,_1 are vectors satisfying the characterization in Proposition 5.3.

Proof. Fix € > 0 arbitrarily. Recall that, for each f, € F4, the function fa: X™ — Ry defined according to (5.1)
is lower semicontinuous near z := (Z, ..., T) relative to Q := Q4 X ... x Q,,. By definition of F 4, Proposition 5.3,
and Theorem 5.2, for each 1 > 0, there exist vectors as,...,a,—1 € X, points z; € Q; N B.(Z), z; € B,(x;),
and 27 € X* (i=1,...,n), and a number p > 0 such that maxi<;<,—1 ||a;|| < ¢, and conditions (5.3) and (5.7)
hold, where w := (2} — ), ...,z,_; — z,,,x}) and the function f is replaced by f, defined by (5.6). Clearly, we
find

Ofa(w) =0 - | xn— (2 — 2, —ar,...,x,,_1 — ), —an_1) x {0},

where || - || xn-1 is the maximum norm in X"~!. Condition (5.8a) follows immediately from (5.3c). Moreover,
since f,(w) > 0, we can apply Corollary 2.4.16 of [60] to find that condition (5.8b) is satisfied, and

n—1
S (gl — o+ ai) = falw). (5.10)
i=1

Let an arbitrary number 7 € (0, 1) be fixed, and let 1 := p(1 — 7)/4. In view of (5.7), we have

—x; > p. 5.11
15?3%81“33" zi +ail = p (5.11)

Using (5.6), (5.8b), (5.10), and (5.11), we can prove the remaining estimate (5.9):
n—1

n—1
S et n — it a) 2 Y ({ofat -+ i) = 2ot | pma [l — 5]
i=1 =1 -
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n—1

>3 tefaty —al o =20 = el ol 4l = 2
i—
7 2 = i + aif] = 4n = 1<i€n1 l#n = i + aill = p(1 = 17)
>7 max ||z, —z; + ag.
1<i<n—1
This completes the proof. O

The next example illustrates application of Theorem 5.2 in the case where F consists of discontinuous
functions.

Example 5.6. Consider the closed sets 1, Q, C R? given by

Q= {(z,y) | max(y,x +y) >0}, Qa:={(x,y) |y <0}.

Let us equip R? with the Euclidean norm. We have (0,0) € 2 NQ and int(2; NQs) = {(x,y) |y < 0, z+y > 0}.
Hence, these sets cannot be “pushed apart”, and {€1,Q2} is not extremal at (0,0) in the conventional sense,
see Figure 1(B) for an illustration. Let the family F consist of all nonnegative lower semicontinuous functions
fi: R?2 x R? = Ry, of the type

V(@,y), (u,v) € R xR*: fi((2,9), (u,v)) = (2,5 + )l + (00,0 (), (5.12)

corresponding to all ¢ > 0.
We now show that {Q,Qs} is F-extremal at (0,0). Indeed, for each ¢ > 0 and ¢t € (0,¢), we have
£:((0,0), (0,0)) =t < e. The function from (5.1) takes the form

Y(z,y), (u,v) € R? x R?: fe((z,y), (u,v)) == |[(x = u,y — v+ 1)|| + (00,07 (1)-

Let p € (0,t/3), (x,y) € Q1 + pB, and (u,v) € Qy + pB. If u > 0 or = # u, then fi((z,y), (u,v)) > 0. Let
# =u<0. Then y > —2p, v < p, and, consequently, f;((x,y),(u,v)) = |y —v+t| > —=3p+t > 0. Hence,
condition (5.2) holds, i.e., {Q21,Qs} is F-extremal at (0, 0).

For each t > 0, f; is Lipschitz continuous on dom f; = R? x ((—00,0] x R) and, for every point ((z,y), (u,v)) €
dom f;, the distance disto,xq,((z,y), (u,v)) is attained at some point ((z’,y'),(w/,v")) with v/ = u, i.e.,
((«/,y), (u/,v")) € dom f;. Using this, it is easy to see from Definition 3.3 (b) that f; is lower semicontinuous
near ((0,0), (0,0)) relative to €5 x Qs.

By Theorem 5.2, for each € > 0, there exist a number ¢ € (0,¢) and points (z,y) € Q1 N B:(0,0), (u,v) €
Q2 N B.(0,0), (z*,y%), (u*,v*) € R?, and w € R? x R? such that 0 < f;(w) < co and

dist Ny, (2,) (27, y7)) + dist g, () (0", 07)) <e, (5.13a)

—((z*,y"), (2", y") + (u*,v")) € Ofs(w). (5.13b)

In view of (5.12), it follows from (5.13b) that ||(z*,y*)|| = 1, * + uv* < 0, and y* +v* = 0. When ¢ is sufficiently
small, condition (5.13a) implies one of the following situations:

-2 <0,y=v=0, and (z*,y*) as well as (u*,v*) can be made arbitrarily close to (0,—1) and (0,1),
respectively,

~x>0,y=—z,v=0,and (z*,y*) as well as (u*,v*) can be made arbitrarily close to (—v/2/2, —v/2/2)
and (0,/2/2), respectively.

This can be interpreted as a kind of generalized separation.
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6. GEOMETRICALLY-CONSTRAINED OPTIMIZATION PROBLEMS WITH
COMPOSITE OBJECTIVE FUNCTION

In this section, we are going to apply the theory of Section 4 to the optimization problem
min{ f(z) +q(z) |G(z) € K, z € C} (Q)

where f: X — R is continuously differentiable, g: X — R is lower semicontinuous, G: X — Y is continuously
differentiable, and C' C X as well as K C Y are nonempty and closed. Here, X and Y are assumed to be
Banach spaces. Throughout the section, the feasible set of (Q) will be denoted by S, and we implicitly assume
S Ndom g # & in order to avoid trivial situations.

Observe that the objective function ¢ := f + ¢ can be decomposed into a regular part f and some challenging
irregular part ¢ while the constraints in (Q) are stated in so-called geometric form. In this regard, the model
(Q) still covers numerous applications ranging from data science and image processing (in case where ¢ is a
sparsity-promoting functional) over conic programs (in which case K is a convex cone) to disjunctive programs
which comprise, exemplary, complementarity- and cardinality-constrained problems (in this situation, K is a
nonconvex set of combinatorial structure).

In the subsequently stated remark, we embed program (Q) into the rather general framework which has been
discussed in Section 4.

Remark 6.1. Observing that f is differentiable, we find
Ve e X:  dp(z) = 0(f +q)(x) = f'(x) + 9q(x)

from the sum rule stated in Corollary 1.12.2 of [41]. The feasibility mapping ®: X = Y x X associated with
(Q) is given by means of ®(x) := (G(z) — K,z — C) for all € X, see Example 3.18. We find

gph® = {(z,(y,2')) e X x Y x X | (G(z) —y,z — ') € K x C}. (6.1)

Observing that the continuously differentiable mapping (x,y,z’) — (G(z) — y, & — ') possesses a surjective
derivative, we can apply the change-of-coordinates formula from Corollary 1.15 of [51] in order to obtain

Ngpna(z, (y,2')) = {(G’(x)*)\—i—n,—)\, - eX XY x X* ‘ A € Nk (G(x) —y), n € No(x — x’)}
for each triplet (, (y,z')) € gph @, and this yields

G'(x)*A+n ifXe Ng(G(z)—vy),n € Ne(x—2a'),
1%} otherwise

D*(I)(:Ea (Z/’%'))(Avﬂ) - {

for arbitrary A € Y* and n € X*.

6.1. Approximate stationarity and uniform qualification condition

The subsequent theorem is a simple consequence of Corollary 4.3 and Remark 6.1, and provides a necessary
optimality condition for (Q).

Theorem 6.2. Fiz £ € S Ndomgq and assume that

(a) the function f + q is lower semicontinuous near T relative to ® from Remark 6.1 at (0,0);
(b) either X andY are Asplund, or f, q, and gph ® from (6.1) are convex.
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Suppose that T is a local minimizer of (Q). Then, for each e > 0, there exist points x,x',z" € B.(Z) and y € B
such that |q(x) — q(Z)| < € and

0¢€ f'(x) +0q(x) + G'(2')* N (G(2') — y) + No(2") + eB*. (6.2)

In the subsequent remark, we comment on some special situations where the assumptions of Theorem 6.2
are naturally valid and which can be checked in terms of initial data.

Remark 6.3. Let £ € S Ndomq. Due to Proposition 3.10, Corollaries 3.11 and 3.19, and Example 3.18, each
of the following conditions implies condition (a) of Theorem 6.2:

(a) the function f + ¢ satisfies one of the conditions (a)-(d) in Corollary 3.13 and the mapping ¢ from
Remark 6.1 is metrically subregular at (, (0,0)), see Example 3.18;

(b) X is reflexive, the functions f and ¢ are weakly sequentially lower semicontinuous, and condition (3.5)
holds for all sequences {zj}reny C X and all points z € X.

Furthermore, condition (b) of Theorem 6.2 is valid whenever X and Y are Asplund, or if f, g, and C' are convex,
K is a convex cone, and G is K-convex in the following sense:

Vr,2' € XVs€[0,1]: G(sz+ (1 —3)2') —sG(z) — (1 —s)G(z') € K.

We note that (Q) already satisfies condition (b) of Remark 6.3 as soon as X and Y are finite-dimensional.
In the presence of condition (b) from Remark 6.3, Theorem 6.2 is closely related to Proposition 3.3 of [11] as
soon as ¢ is absent.

Due to Theorem 6.2, the following definition is reasonable.

Definition 6.4. A point £ € S Ndomgq is an approzimately stationary point of (Q) if, for each € > 0, there
exist points z, 2, 2" € B.(Z) and y € B such that |¢(z) — ¢(Z)| < € and (6.2) are valid.

Approximate necessary optimality conditions in terms of Fréchet subgradients and normals can be traced
back to the 1980s, see e.g. [40, 44] and the references therein. These concepts were used in Section 3.3.4 of [13] in
order to state approximate stationarity conditions in form of a fuzzy multiplier rule for optimization problems
in Fréchet smooth Banach spaces with lower semicontinuous objective function and standard inequality and
equality constraints.

In order to compare the notion of stationarity from Definition 6.4 to others from the literature, let us mention
an equivalent characterization of asymptotic stationarity in terms of sequences.

Remark 6.5. A point T € S Ndomg is approximately stationary if and only if there are sequences
{xk}keN, {l.;g}keN7 {x%}keN c X, {yk}keN C Y, and {nk}kGN C X* such that =, — Z, xfC — T, {E;c/ — T, yr — 0,
M = 0, q(zx) — ¢(Z), and

VE€N: i € f'(xx) + 0q(a) + G () "N (G(x) — yr) + No(y).

In case where X and Y are finite-dimensional while ¢ is locally Lipschitzian, a similar approximate stationarity
condition in terms of sequences has been investigated in Sections 4, 5.1 of [47]. In [11], the authors considered the
model (Q) with convex sets K and C' in the absence of g. Generally, using approximate notions of stationarity in
nonlinear programming can be traced back to [2, 6]. Let us mention that in all these papers, the authors speak
of asymptotic or sequential stationarity conditions. A sequential Lagrange multiplier rule for convex programs
in Banach spaces can be found already in [58].

During the last decade, the concept of approximate stationarity has been extended to several classes of
optimization problems comprising, exemplary, complementarity- and cardinality-constrained programs, see [3,
36, 55], conic optimization problems, see [4], smooth geometrically-constrained optimization problems in Banach
spaces, see [11], and nonsmooth Lipschitzian optimization problems in finite-dimensional spaces, see [47, 48].
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In each of the aforementioned situations, it has been demonstrated that approximate stationarity, on the one
hand, provides a necessary optimality condition in the absence of constraint qualifications, and Theorem 6.2
demonstrates that this is the case for our concept from Definition 6.4 as well under reasonable assumptions.
On the other hand, the results from the literature underline that approximate stationarity is naturally satisfied
for accumulation points of sequences generated by some solution algorithms. In Section 6.2, we extend these
observations to the present setting.

Assume that £ € SNdom ¢ is an approximately stationary point of (Q). Due to Remark 6.5, we find sequences
{zitren, {2} toen, {27 ken C X, {Uk}ren C Y, and {nx}ren C X* satisfying z, — Z, 2}, = 7, )] = T, yp — 0,
e — 0, q(zr) — ¢(z),and g, € f'(zx)+0q(xr)+ G (2),)* Nx (G(x},) —yr) + N (7)) for each k € N. Particularly,
we find sequences {\; breny C Y™ and {ug }ren € X* of multipliers and a sequence {& }reny C X* of subgradi-
ents such that n, = f'(xk) + & + G'(x},)* Ak + prs M\ € Ne(G(x},) — yk), ik € Ne(zy), and & € dg(zy) for
each k € N. Assuming for a moment A\, — \, up — p, and &, — £ for some A € Y* and pu, & € X*, we find
A € Ng(G(Z)), p € No(z), and € € 0q(%) by definition of the limiting normal cone and subdifferential,
respectively, as well as 0 = f/(Z) + £ + G'(Z)*\ + p, i.e., a multiplier rule is valid at z which is referred to
as M-stationarity in the literature.

Definition 6.6. A feasible point Z € S Ndom ¢ is an M-stationary point of (Q) if

0€ f(z) +0q(z) + G'(2)*Ng(G(Z)) + Nco(z).

Let us note that in the case of standard nonlinear programming, where g vanishes while C' := X, Y :=
R™1+m2 and K := (—o0,0]™ x {0}™2 for my, ms € N, the system of M-stationarity coincides with the classical
Karush—Kuhn—Tucker system.

One can easily check by means of simple examples that approximately stationary points of (Q) do not need
to be M-stationary even in finite dimensions. Roughly speaking, this phenomenon is caused by the fact that
the multiplier and subgradient sequences { A }ren, {ftr tren, and {€x}ren in the considerations which prefixed
Definition 6.6 do not need to be bounded, see Section 3.1 of [47] for related observations. The following example
is inspired by Example 3.3 of [47].

Example 6.7. We consider X =Y = C =R, set f(z) := x, ¢(z) := 0, as well as G(z) := 22 for all z € R,
and fix K := (—00,0]. Let us investigate Z := 0. Note that this is the only feasible point of the associated
optimization problem (Q) and, thus, its uniquely determined global minimizer. Due to f/'(Z) = 1 and G'(Z) = 0,
Z cannot be an M-stationary point of (Q). On the other hand, setting

1 1
xp =0, x;::—%, Yk = =0, M=k

for each k € N, we have z, — Z, ), = Z, yp — 0, nx — 0, as well as np = f'(xp) + G'(z),)* A\ and A\, €
Nk (G(z),) —yx) for each k € N, i.e., T is approximately stationary for (Q). Observe that {\;}ren is unbounded.

Let us underline that the above example demonstrates that local minimizers of (Q) do not need to be
M-stationary in general while approximate stationarity serves as a necessary optimality condition under some
assumptions on the data which are inherent in finite dimensions, see Theorem 6.2 and Remark 6.3. Nevertheless,
M-stationarity turned out to be a celebrated stationarity condition in finite-dimensional optimization. On the
one hand, it is restrictive enough to exclude non-reasonable feasible points of (Q) when used as a necessary
optimality condition. On the other hand, it is weak enough to hold at the local minimizers of (Q) under very
mild qualification conditions. Exemplary, we would like to refer the reader to [25] where this is visualized by
so-called disjunctive programs where K is the union of finitely many polyhedral sets. Another interest in M-
stationarity arises from the fact that this system can often be solved directly in order to identify reasonable
feasible points of (Q), see e.g. [27, 29]. In infinite-dimensional optimization, particularly, in optimal control,
M-stationarity has turned out to be of limited practical use since the limiting normal cone to nonconvex sets in
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function spaces is uncomfortably large due to convexification effects arising when taking weak limits, see e.g.
[30, 49].

Due to this interest in M-stationarity, at least from the finite-dimensional point of view, we aim to find
conditions guaranteeing that a given approximately stationary point of (Q) is already M-stationary.

Definition 6.8. We say that the uniform qualification condition holds at T € S N dom ¢ whenever

lim sup (0g(x) + G'(2")*Ng(G(2') — y) + Ne(2")) € 9q(z) + G'(2)* Nk (G(Z)) + No(Z).
TS0 a(e) (@)

By construction, the uniform qualification condition guarantees that a given approximately stationary point
of (Q) is already M-stationary as desired.

Proposition 6.9. Let T € S Ndomgq satisfy the uniform qualification condition. If T is an approximately
stationary point of (Q), then it is M-stationary.

Proof. By definition of approximate stationarity, for each k € N, we find x, x}, 7] € By/,(T), yr € %]E%, and
Mk € £B* such that |q(zy) — q(Z)| < ¢ and ne — f'(2x) € Oq(xk) + G'(2},)* Nk (G(2},) — yr) + Ne(z}). Since f
is assumed to be continuously differentiable, we find ny — f/'(zx) — —f'(Z). Thus, by validity of the uniform
qualification condition, it holds

—f'(#) € limsup (9q(xr) + G'(2})" Nk (G(a) — yr) + Ne(@y) € 9q(2) + G'(2)" Nk (G(2)) + Ne(@),

k—+oo
i.e., T is an M-stationary point of (Q). O

Combining this with Theorem 6.2 yields the following result.

Corollary 6.10. Let & € SNdomq be a local minimizer of (Q) which satisfies the assumptions of Theorem 6.2
as well as the uniform qualification condition. Then T is M-stationary.

Observe that we do not need any so-called sequential normal compactness condition, see Section 1.1.4 of [51],
for the above statement to hold which pretty much contrasts the results obtained in Section 5 of [51]. Indeed,
sequential normal compactness is likely to fail in the function space context related to optimal control, see [46].

Let us point the reader’s attention to the fact that the uniform qualification condition is not a constraint
qualification in the narrower sense for (Q) since it also depends on (parts of) the objective function. Nevertheless,
Corollary 6.10 shows that it may serve as a qualification condition for M-stationarity of local minimizers under
mild assumptions on the data. In the absence of ¢, the uniform qualification condition is related to other
prominent so-called sequential or asymptotic constraint qualifications from the literature which address several
different kinds of optimization problems, see e.g. [1, 3, 5, 11, 47, 48, 55]. In Section 6.3, we demonstrate by
means of a prominent setting from optimal control that the uniform qualification condition may hold in certain
situations where ¢ is present, see Lemma 6.17.

Remark 6.11. Note that in the particular setting ¢ = 0, the uniform qualification condition from Definition 6.8
at some point T € S simplifies to

limsup ~ (G'(2')"Nk(G(z') —y) + Ne (")) € G'(2)" Nk (G(2)) + Ne(@). (6.3)

' =z, 2" =T, y—0

In the light of Proposition 6.9 and Corollary 6.10, (6.3) serves as a constraint qualification guaranteeing M-
stationarity of  under mild assumptions as soon as this point is a local minimizer of the associated problem
(Q). One may, thus, refer to (6.3) as the uniform constraint qualification.
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Observations related to the ones from Remark 6.11 have been made in [11], Section 2.2 of [35], and Section 5.1
of [47] and underline that (6.3) is a comparatively weak constraint qualification whenever ¢ = 0. Exemplary, let
us mention that whenever X and Y are finite-dimensional the generalized Mangasarian—Fromouvitz constraint
qualification

—G'(@)'A e Ne(@), N e Ng(G(E)) = A=0 (6.4)

is sufficient for (6.3) to hold, but the uniform constraint qualification is often much weaker than (6.4) which
corresponds to metric regularity of ® from Remark 6.1 at (Z, (0,0)), see Section 3.2 of [47] for related discussions.
Let us also mention that (6.4) is sufficient for metric subregularity of ® at (z, (0, 0)) exploited in Corollary 3.19.

The following proposition provides a sufficient condition for validity of the uniform qualification condition in
case where X is finite-dimensional.

Proposition 6.12. Let X be finite-dimensional and T € S Ndomgq. Suppose that the uniform constraint
qualification (6.3) is valid at T, and

(G'(@)"Nk(G(2)) + No()) N (-9 g(z)) = {0}. (6.5)

Then the uniform qualification condition holds at Z.

Proof. Let us fix

e e limsup  (9g(x) + C'(2)" N (G(') — y) + Ne(a")).
mﬁf:}a:'%i,x”*):f,
y—0, q(z)—q(2)

Then we find sequences {z }ren, {2}, bren, {@) }ren C X, {yr}ren C Y, and {2} }ren C X* such that z, — z,
x = T, x) = T,y — 7, q(xr) = ¢(T), and x5 — z* as well as 2}, € dq(xy) + G (2},)* Nr (G(z),) — yx) + Ne(z)
for all k& € N. Thus, there are sequences {u }rewn, {v}}reny C X* satisfying z} = uj + v}, uj € dq(xy), and
vy € G'(z},)* Nk (G(x},) — yx) + Ne(zf) for all k € N.

Let us assume that {u}}ren is unbounded. Then, due to xj — x*, {v}}ren is unbounded, too. For each
k € N, we define 4} = uj/(|lupl] + [|vill) and oF = v} /(|lug]] + ||vill), i-e., the sequence {(a@,?})}ren belongs
to the unit sphere of X* x X*. Without loss of generality, we may assume %} — %" and o; — 0* for some
u*, 0" € X* since X is finite-dimensional. We note that o* and v* cannot vanish at the same time. Taking the
limit in 2} /(JJugl] + ||vill) = @ + 05, we obtain 0 = @* + 0*. By definition of the singular limiting subdifferential,
we have @* € 9 q(z) while

5 € limsup(G'(2)" N (G(ah) — o) + No(al))) € G(2) Nic(G(@)) + No (@)

k—4o00

follows by the uniform constraint qualification (6.3). Thus, we find @* = 9* = 0 from condition (6.5). The latter,
however, contradicts (@*,0*) # (0,0).

From above, we now know that {u} }xen and {v} }ren are bounded. Without loss of generality, we may assume
up — u* and vj — v* for some u*,v* € X*. By definition of the limiting subdifferential we have u* € 9q(z),
and v* € G'(2)*N g (G(%)) + Nc(z) is guaranteed by the uniform constraint qualification (6.3). Thus, we end
up with x* € 9¢(z) + G'(2)* Nk (G(Z)) + N¢(Z) which completes the proof. O

Proposition 6.12 shows that in case where X is finite-dimensional, validity of the uniform qualification
condition can be guaranteed in the presence of two conditions. The first one, represented by condition (6.3), is
a sequential constraint qualification which guarantees regularity of the constraints at the reference point. The
second one, given by condition (6.5), ensures in some sense that the challenging part of the objective function and
the constraints of (Q) are somewhat compatible at the reference point. A similar decomposition of qualification
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conditions has been used in [15, 28] in order to ensure M-stationarity of standard nonlinear problems in finite
dimensions with a composite objective function. In the latter papers, the authors referred to a condition of type
(6.5) as basic qualification, and this terminology can be traced back to the works of Mordukhovich, see e.g. [51].

Note that in order to transfer Proposition 6.12 to the infinite-dimensional setting, one would be in need
to postulate sequential compactness properties on ¢ or the constraint data which are likely to fail in several
interesting function spaces, see [46] again.

6.2. Augmented Lagrangian methods for optimization problems with non-Lipschitzian
objective functions

We consider the optimization problem (Q) such that X is an Asplund space, Y is a Hilbert space with
Y 2Y* and K is convex. Let us note that the assumption on Y can be relaxed by assuming the existence of
a Hilbert space H with H = H* such that (Y, H,Y™) is a Gelfand triplet, see Section 7 of [11] or [12, 38] for
discussions. Furthermore, we will exploit the following assumption which is standing throughout this section.

Assumption 6.13. At least one of the following assumptions is valid.

(a) The space X is finite-dimensional.

(b) The function ¢ is uniformly continuous.

(¢) The functions f, ¢, and x — dist% (G(z)) are weakly sequentially lower semicontinuous and C' is weakly
sequentially closed. Furthermore, X is reflexive.

Throughout this subsection, we assume that C' is a comparatively simple set, e.g., a box if X is equipped
with a (partial) order relation, while the constraints G(z) € K are difficult and will be treated with the aid of
a multiplier-penalty approach. In this regard, for some penalty parameter § > 0, we investigate the (partial)
augmented Lagrangian function Ly: X x Y — R, given by

V(z,\) e X xY: Ly(z,\):= f(z)+ gdistif (G(Jc) + /0\) + q(z).

We would like to point the reader’s attention to the fact that the second summand in the definition of Ly is
continuously differentiable since the squared distance to a convex set possesses this property. For the control of
the penalty parameter, we make use of the function Vj: X x Y — R given by

V(z,y) e X xY: Vy(z,N) :=||G(x) — Px(G(z) + \/0)] .

The method of interest is now given as stated in Algorithm 1.

We would like to point the reader’s attention to the fact that Algorithm 1 is a so-called safequarded augmented
Lagrangian method since the multiplier estimates uj are chosen from the bounded set B. In practice, one
typically chooses B as a (very large) box, and defines uy as the projection of Ay onto B in (S.2). Note that
without safeguarding, one obtains the classical augmented Lagrangian method. However, it is well known that
the safeguarded version possesses superior global convergence properties, see [37]. An overview of augmented
Lagrangian methods in constrained optimization can be found in [9].

Let us comment on potential termination criteria for Algorithm 1. On the one hand, Algorithm 1 is designed
for the computation of M-stationary points of (Q) which, at the latest, will become clear in Corollary 6.16. Thus,
one may check approximate validity of these stationarity conditions in (S.1). However, if ¢ or C is variationally
challenging, this might be a nontrivial task. On the other hand, at its core, Algorithm 1 is a penalty method,
so it is also reasonable to check approximate feasibility with respect to the constraints G(z) € K in (S.1).

In [15], the authors suggest to solve (Q), where all involved spaces are instances of R while the constraints
G(z) € K are replaced by smooth inequality and equality constraints, with the classical augmented Lagrangian
method. In case where ¢ is not present and X as well as Y are Euclidean spaces, Algorithm 1 recovers the partial
augmented Lagrangian scheme studied in [35] where the authors focus on situations where C' is nonconvex and of
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Algorithm 1 Safeguarded augmented Lagrangian method for (Q).

(S.0) Choose (xg,Ao) € (domgq) XY, 6y >0,v>1, 7€ (0,1), and a nonempty, bounded set B C Y arbitrarily.
Set k :=0.

(S.1) If (x, \g) satisfies a suitable termination criterion, then stop.

(S.2) Choose ui € B and find an approximate solution z;41 € C' N dom g of

min{ Ly, (x,uy) |z € C}. (6.6)
(S.3) Set
Akt1 = Ok [G(Ik_H) + uk/Gk — Py (G(JE}C_H) + uk/ﬂk)] .

(S.4) If k=0 or Vp, (xpq1,ur) < 7Vo,_, (k, up—1), then set 011 := 0. Otherwise, set 011 := v 0.
(S.5) Go to (S.1).

challenging variational structure. We note that, technically, Algorithm 1 is also capable of handling this situation.
However, it might be difficult to solve the appearing subproblems (6.6) if both ¢ and C' are variationally complex.
Note that we did not specify in (S.2) how precisely the subproblems have to be solved. Exemplary, one could aim
to find stationary or globally e-minimal points of the function Ly, (-, ur)c here. We comment on both situations
below.

Our theory from Section 4 can be used to show that Algorithm 1 computes approximately stationary points
of (Q) when the subproblems (6.6) are solved up to stationarity of Ly, (-, ux)c-

Theorem 6.14. Let {z;}ren be a sequence generated by Algorithm 1 such that xxi1 is a stationary point
of Lo, (-,ur)c for each k € N. Assume that, along a subsequence (without relabeling), we have x, — T and
q(z) — q(Z) for some T € X which is feasible to (Q). Then T is an approzimately stationary point of (Q).

Proof. Observe that Assumption 6.13 guarantees that Lo, (-, ug) is lower semicontinuous relative to C' near each
point from C' N domgq, see Corollaries 3.13 and 3.15. Since 41 is a stationary point of Ly, (-, ux)c, we can
apply Remark 2.5 and Theorem 4.5 in order to find 2}, € By x(vx41) and x} ; € C'N Byp(wx41) such that

lg(#)41) — q(zp41)| < 3 and
0 € 0Ly, (z)py,ur) + Ne(xiyy) + 1 B

for each k € N. From =, — % and ¢q(zx) — ¢(Z) we have z} — Z, ) — Z, and ¢(z},) — ¢(Z). Noting that f, G,
and, by convexity of K, the squared distance function dist%( are continuously differentiable, we find

0 € f'(@)p1) + 0k G'(xh11)" [G(@hy1) + un/Ok — P (G(2)y1) +ur/0k)] + 0q(x)y 1) + No(zi ) + £ B (6.7)

for each k € N where we used the subdifferential sum rule from Corollary 1.12.2 of [41]. Let us set yg+1 =
G(z1) — Pr(G(x) 1) + ur/0) for each k € N. By definition of the projection and convexity of K, we find

Ok (Yrt1 + un/Ok) € N (Pic(G(why1) + un/0k)) = Nk (G(41) = Yr1),
so we can rewrite (6.7) by means of
0 € f'(@hs1) + 04(2)s1) + G'(%51) "Ni (G(2hos1) — Y1) + No(@iy) + %B* (6.8)

for each k € N.
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It remains to show yi+1 — 0. We distinguish two cases.

First, assume that {0 }ren remains bounded. By construction of Algorithm 1, this yields Vp, (xg41,ur) — 0
as k — +o00. Recalling that the projection Py is Lipschitz continuous with modulus 1 by convexity of K, we
have

i1l < Vo (@1, up) + |G (@hyr) = G(@rin)|| + || Pr (G(@ogr) + un/01) — Pre(G(xy41) + ur/61) ||
< Vo (@pp1,up) + 2[|G(2)p1) — Glag) ||

for each k € N. Due to z;, — % and x}, — = as well as continuity of G, this yields yx+1 — O.

Finally, suppose that {6y }ren is unbounded. Since this sequence is monotonically increasing, we have 0 —
+00. By boundedness of {uy}ren, continuity of G as well as the projection P, 2}, — Z, and feasibility of z for
(Q), it holds

Yer = G(ahsy) — Pr(G(ahy) +un/0h) — G(3) — Pi(G(@)) =0,
and this completes the proof. O

Let us mention that the assumption g(zy) — ¢(Z) is trivially satisfied as soon as ¢ is continuous on its domain.
For other types of discontinuity, however, this does not follow by construction of the method and has to be
presumed. Let us note that this convergence is also implicitly used in the proof of the related result Theorem
3.1 in [15] but does not follow from the postulated assumptions, i.e., this assumption is missing there.

Note that demanding feasibility of accumulation points is a natural assumption when considering augmented
Lagrangian methods. This property naturally holds whenever the sequence {6y }ren remains bounded or if ¢ is
bounded from below while the sequence {Lg, (Tx+1, Uk )} ken remains bounded. The latter assumption is typically
satisfied whenever globally e;-minimal points of Ly, (-, ux)c can be computed in order to approximately solve
the subproblems (6.6) in (S.2), where {ej }ren C [0, 400) is a bounded sequence. Indeed, we have

Ve eS: Lo (vry1,ur) < Lo, (z,ur) +ex < f(z) + ||u;€||2 /(20;) + q(x) + ex (6.9)

in this situation, and this yields the claim by boundedness of {uy}ren and monotonicity of {0k }ren. If {ek}ren
is a null sequence, we obtain an even stronger result.

Theorem 6.15. Let {z1}ren C X be a sequence generated by Algorithm 1 and let {e }ren C [0, +00) be a null
sequence such that xi11 is a globally e-minimal point of Lo, (-, ur)c for each k € N. Then each accumulation
point T € X of {xy }ren 18 a global minimizer of (Q) and, along the associated subsequence, we find q(xy) — q(Z).

Proof. Without loss of generality, we assume x; — Z. By closedness of C, we have T € C. The estimate (6.9)
yields

2
[
20,

Flrnen) + ala) + & distie (Gmm n Z’“) el py gy e (6.10)

for each x € §. We show the statement of the theorem by distinguishing two cases.

In case where {0y }ren remains bounded, we find distx (G(zk+1)) < Vi, (41, ur) — 0 from (S.4), so the
continuity of the distance function distx and G yields G(z) € K, i.e., T is feasible to (Q). Using the triangle
inequality, we also obtain

dist g (G(zg+1) +ur/0r) < distx (G(Tr41)) + |lukll [0k < Vo, (Trs1, ur) + [lukll /0



30 A.Y. KRUGER AND P. MEHLITZ

for each k € N. Squaring on both sides, exploiting the boundedness of {ux}ren and Vi, (zx41, ux) — 0 yields

lim sup (disti( (G(Z‘k.H) + uk/ﬁk) — (”'U'kH /Hk)2) <0

k—+o00

The boundedness of {0y }ren and (6.10) thus show limsupy_,, o (f(zr41) + ¢(zr41)) < f(x ) q(zx) for each
z € S. Exploiting the lower semicontinuity of ¢, this leads to f(Z) + ¢(z) < f(z) + ¢(), i.e., T is a global
minimizer of (Q). On the other hand, we have

f(@) +q(z) < lklglrolg (f(@ry1) + q(wp11)) < 1li€rgiup (f(@r+1) + q(Tp11)) < f(Z) + q(2)

from the particular choice x := &, so the continuity of f yields ¢(zx) — ¢(Z) as claimed.

Now, let us assume that {0 }ren is not bounded. Then we have 8y — 400 from (S.4). By choice of zj41,
we have Lo, (Tr41,ur) < Lo, (z,ur) + e for all € C and each k € N, so the definition of the augmented
Lagrangian function yields

G 0
F@ren) + alaie) + 5 diste (G(ka) + Z’“) < f(@) + qle) + 3 disti <G(a:) + Z’“) + e
k k

for each # € C. By continuity of f and lower semicontinuity of q, {f(zx+1) + ¢(%r11)}ren is bounded from
below. Thus, dividing the above estimate by 6;/2 and taking the limit inferior, we find

dist?- (G(z)) = lim inf dist% (G (z11) + ur/0k) < lkim_iirnf dist? (G(z) + ug/0y) = dist% (G(z))
— 400

k—+oco

for each = € C from 0, — 400 and continuity of distx and G. Hence, 7 is a global minimizer of distf( oG over C.
Since S is assumed to be nonempty, we infer dist3 (G(Z)) = 0, i.e., T is feasible to (Q). Exploiting boundedness
of {up}ren, nonnegativity of the distance function, and 6 — +oco, we now obtain limsup,_, o (f(zx41) +
q(zrs1)) < f(x) + q(z) for each x € S from (6.10). Proceeding as in the first case now yields the claim. O

It remains to clarify how the subproblems (6.6) can be solved in practice. If the non-Lipschitzness of ¢ is,
in some sense, structured while C' is of simple form, it should be reasonable to solve (6.6) with the aid of a
nonmonotone proximal gradient method, see Section 3.1 of [15]. On the other hand, in situations where ¢ is
not present while C' possesses a variational structure which allows for the efficient computation of projections,
a nonmonotone spectral gradient method might be used to solve (6.6), see Section 3 of [35]. Finally, it might
be even possible to solve (6.6) up to global optimality in analytic way in some practically relevant applications
where ¢ is a standard sparsity-promoting term and the remaining data is simple enough.

Coming back to the assertion of Theorem 6.14, the following is now clear from Corollary 6.10.

Corollary 6.16. Let {zy}ren be a sequence generated by Algorithm 1 such that xyy1 is a stationary point
of Lo, (-,ur)c for each k € N. Assume that, along a subsequence (without relabeling), we have x, — T and
q(z) — q(Z) for some T € X which is feasible to (Q) and satisfies the uniform qualification condition. Then T
18 M-stationary.

Note that in the light of Proposition 6.12, Corollary 6.16 drastically generalizes and improves Theorem 3.1
of [15] which shows global convergence of a related augmented Lagrangian method to certain stationary points
under validity of a basic qualification, see condition (6.5), and the relazed constant positive linear dependence
constraint qualification which is more restrictive than condition (6.3) in the investigated setting, see Lemma 2.7
of [35] as well. Let us mention that such a result has been foreshadowed in Section 5.4 of [35]. We would like
to point the reader’s attention to the fact that working with strong accumulation points in the context of
Theorems 6.14 and 6.15 and Corollary 6.16 is indispensable as long as g or the sets K and C are not convex
since the limiting variational tools rely on strong convergence in the primal space. In the absence of ¢ and if K
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and C are convex, some convergence results based on weak accumulation points are available, see e.g. Section 7
of [11] and [12, 38]. Clearly, in finite dimensions, both types of convergence are equivalent and the consideration
of strong accumulation points is not restrictive at all.

6.3. Sparsity-promotion in optimal control

In this section, we apply the theory derived earlier to an optimal control problem with a sparsity-promoting
term in the objective function. As it is common to denote control functions by w in the context of optimal
control, we will use the same notation here for the decision variable for notational convenience.

For some bounded domain D C R% and some p € (0, 1), we define a function ¢: L2(D) — R by means of

vu e 12(D):  qlu) ::/D|u(w)|pdw. (6.11)

Above, L?(D) denotes the standard Lebesgue space of (equivalence classes of ) measurable functions whose square
is integrable and is equipped with the usual norm. In optimal control, the function ¢ is used as an additive
term in the objective function in order to promote sparsity of underlying control functions, see [34, 52, 59]. A
reason for this behavior is that the integrand ¢ — |¢|P possesses a unique global minimizer and infinite growth
at the origin. In [50], the authors explore the variational properties of the functional ¢. It has been shown to
be uniformly continuous in Lemma 2.3 of [50]. Furthermore, in Theorem 4.6 of [50], the following formula has
been proven for each 4 € L?(D):

dq(u) = dq(a) = {n € L*(D) |n = p|a|’ @ a.e. on {a # 0} }. (6.12)
Let us emphasize that this means that the Fréchet and limiting subdifferential actually coincide and can be
empty if the reference point is a function which tends to zero too fast somewhere on its domain. This underlines
the sparsity-promoting properties of q.

Now, for a continuously differentiable function f: L2(D) — R and functions ug, uy € L?(D) satisfying u, <
0 < up almost everywhere on D, we consider the optimization problem

min{f(u) + ()| v € C} (0C)
where C' C L?(D) is given by the box
C:={uecL*D)|us <u<uyae. on D}.

For later use, let us mention that, for each u € C, the (Fréchet) normal cone to C at u is given by the pointwise
representation

n<0 ae on{u<up}
Ne(u) =<{neL*D : 6.13
c(u) {77 D) n>0 ae. on {u, <u} (6.13)
Typically, in optimal control, f is a function of type
Vu e LX(D):  f(u) =5 1S(u) = yal* + § ul® (6.14)

where S: L2(D) — H is the continuously differentiable control-to-observation operator associated with a given
system of differential equations, H is a Hilbert space, yq € H is the desired state, and o > 0 is a regularization



32 A.Y. KRUGER AND P. MEHLITZ
parameter. Clearly, by means of the chain rule, f is continuously differentiable with derivative given by
Vu € LA(D):  f'(u) = S'(u)*[S(u) — ya] + ou.

The presence of ¢ in the objective functional of (OC) enforces sparsity of its solutions, i.e., the support of optimal
controls is likely to be small. It already has been mentioned in [34, 52] that one generally cannot show existence
of solutions to optimization problems of type (OC). Nevertheless, the practical need for sparse controls makes
it attractive to consider the model and to derive necessary optimality conditions in order to identify reasonable
stationary points.

In the subsequent lemma, we show that the feasible points of (OC) satisfy the uniform qualification condition
stated in Definition 6.8.

Lemma 6.17. Let 4 € L?(D) be a feasible point of (OC). Then the uniform qualification condition holds at .

Proof. Recalling that ¢ is continuous while C' is convex, the uniform qualification condition takes the simplified
form

limsup (9g(u) + Ne(u')) C dq(u) + Ne(a).

u—u, u' —u

Let us fix some point 1) € imsup,, 5 o4 (9q(u) + Ne(u')). Then we find sequences {uy }ren, {u), }ren, {7k bren C
L?(D) such that u, — @, uj, — 4, n, — n, as well as n, € dg(ux) + Ne(u},) for all k € N. Particularly,
there are sequences {&}ren, {ftk tken C L?(D) such that & € dq(uy), pr € No(u),), and n, = & + i for
all k € N. From (6.12) we find & = p |ug|’~ > ux almost everywhere on {uy # 0} for each k € N. Furthermore,
we have pi, < 0 almost everywhere on {uj, = uq}, i > 0 almost everywhere on {u), = up}, and py = 0 almost
everywhere on {u, < u) < up} for each k € N from (6.13). Along a subsequence (without relabeling) we can
ensure the convergences ug(w) — @(w), up(w) — @(w), and ng(w) — n(w) for almost every w € D. Thus, for
almost every w € {& = u,}, we can guarantee ug(w) < 0 and u},(w) € [uq(w),0), i.e., Mx(w) = Ek(w) + pr(w) <
plug(w)[P~2ug (w) for all large enough k € N, so, taking the limit yields (w) < p |@(w)["~? @(w). Similarly, we find
n(w) > pla(w)|’~? @(w) for almost every w € {& = u,}. Finally, for almost every w € {@ # 0} N {ug < @ < up},
we have ug(w) # 0 and uq(w) < uj(w) < up(w), e, Mlw) = pug(w)[P~? up(w) for large enough k € N, so
taking the limit, we have n(w) = p|a(w)[? ? %(w). Again, from (6.12) and (6.13), we have € dq(ii) + N (@),
and this yields the claim. O

Recalling that ¢ is uniformly continuous, the subsequent result now directly follows from Corollary 6.10, the
above lemma, and formulas (6.12) as well as (6.13).

Theorem 6.18. Let i € L2(D) be a local minimizer of (OC). Then there exists a function n € L2(D) such
that

f'(a)+n=0, (6.15a)
n=plaP%a a.e. on {u#0}N{u, <@ < up}, (6.15b)
n<plua’ *ug  a.e. on {i=ug}, (6.15¢)
n>pluP up  ace on {u=u)}. (6.15d)

We note that our approach to obtain necessary optimality conditions for (OC) is much different from the one
used in [34, 52] where Pontryagin’s maximum principle has been used to derive pointwise conditions character-
izing local minimizers under more restrictive assumptions than we needed to proceed. On the one hand, this led
to optimality conditions which also provide information on the subset of D where the locally optimal control is
zero, and one can easily see that this is not the case in Theorem 6.18. On the other hand, a detailed inspection of



OPTIMALITY CONDITIONS, APPROXIMATE STATIONARITY, AND APPLICATIONS 33

(6.15) makes clear that our necessary optimality conditions provide helpful information regarding the structure
of the optimal control as the multiplier  possesses L2-regularity while (6.15b) causes 71 to possess singularities
as the optimal control tends to zero somewhere on the domain. Thus, this condition clearly promotes sparse
controls which either are zero, tend to zero (if at all) slowly enough, or are bounded away from it. Note that
this differs from the conditions derived in [34, 52] which are multiplier-free.

7. CONCLUDING REMARKS

In this paper, we established a theory on approximate stationarity conditions for optimization problems with
potentially non-Lipschitzian objective functions in a very general setting. In contrast to the finite-dimensional
situation, where approximate stationarity has been shown to serve as a necessary optimality condition for
local optimality without any additional assumptions, some additional semicontinuity properties need to be
present in the infinite-dimensional context. We exploited our findings in order to re-address the classical topic
of set extremality and were in position to derive a novel version of the popular extremal principle. This may
serve as a starting point for further research which compares the classical as well as the new version of the
extremal principle in a more detailed way. Moreover, we used our results in order to derive an approximate
notion of stationarity as well as an associated qualification condition related to M-stationarity for optimization
problems with a composite objective function and geometric constraints in the Banach space setting. This
theory then has been applied to study the convergence properties of an associated augmented Lagrangian
method for the numerical solution of such problems. Furthermore, we demonstrated how these findings can
be used to derive necessary optimality conditions for optimal control problems with control constraints and a
sparsity-promoting term in the objective function. Some future research may clarify whether our approximate
stationarity conditions can be used to find necessary optimality conditions for optimization problems in function
spaces where nonconvexity or nonsmoothness pop up in a different context. Exemplary, it would be interesting
to study situations where the solution operator S appearing in (6.14) is nonsmooth, see e.g. [16, 32, 56], where
the set of feasible controls is nonconvex, see e.g. [17-19, 49], or where the function ¢ is a term promoting sharp
edges in continuous image denoising or deconvolution, see e.g. Section 6 of [14].
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