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Preface

This thesis is concerned with mathematical programs with complementarity constraints
(MPCCs) in infinite-dimensional spaces. MPCCs are optimization problems, in which at
least one set of constraints is of complementarity type, e.g.,

z>0,y>0, zy=0

in the case of scalars z,y € R. These constraints violate all constraint qualifications
(CQs) of reasonable strength. In particular, the Mangasarian-Fromovitz-CQ (MFCQ)
does not hold at any feasible point. This renders the theoretical and numerical treatment
of MPCCs challenging.

The content of this thesis is organized as follows. In Part I, we are going to study abstract
MPCCs in Banach spaces. The main idea is to transfer the local decomposition approach
from finite to infinite dimensions. In the case that the complementarity constraint
is defined by a polyhedric cone, this is established in Chapter 1. By an additional
linearization step, it is also possible to tackle the non-polyhedric situation and this is
addressed in Chapter 2. Part I is based on the following publications.

1. G. Wachsmuth. Mathematical programs with complementarity constraints in
Banach spaces. Journal of Optimization Theory and Applications, 166(2):480-507,
2015. doi: 10.1007/s10957-014-0695-3.

2. G. Wachsmuth. Strong stationarity for optimization problems with complementar-
ity constraints in absence of polyhedricity. Set-Valued and Variational Analysis,
2016. doi: 10.1007/s11228-016-0370-y.

Part II deals with the optimal control of the obstacle problem. This is an MPCC in
the space H}(Q). Under certain assumptions on the data, we are able to prove strong
stationarity of local minimizers even in the presence of control constraints, see Chapter 3.
If these conditions are not satisfied, we still obtain M-stationarity under a mild condition
on the sequence of multipliers associated with a regularized problem, see Chapter 4.
Part II is based on the following publications.

3. G. Wachsmuth. Strong stationarity for optimal control of the obstacle problem
with control constraints. SIAM Journal on Optimization, 24(4):1914-1932, 2014.
doi: 10.1137/130925827.

4. G. Wachsmuth. Towards M-stationarity for optimal control of the obstacle problem
with control constraints. SIAM Journal on Control and Optimization, 54(2):964—
986, 2016. doi: 10.1137/140980582.


http://dx.doi.org/10.1007/s10957-014-0695-3
http://dx.doi.org/10.1007/s11228-016-0370-y
http://dx.doi.org/10.1137/130925827
http://dx.doi.org/10.1137/140980582
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Finally, we consider the notion of polyhedricity in Part III. Polyhedricity plays an
important role in the theory for infinite-dimensional optimization and complementarity
problems. Chapter 5 offers an introduction to this topic, new results and counterexamples.
Finally, Chapter 6 provides new polyhedricity results for sets in vector-valued Sobolev
spaces. Part III is based on the following publications.

5. G. Wachsmuth. A guided tour of polyhedric sets. Preprint, TU Chemnitz, 2016.
Submitted.

6. G. Wachsmuth. Pointwise constraints in vector-valued Sobolev spaces. With
applications in optimal control. Applied Mathematics € Optimization, 2016. doi:
10.1007/s00245-016-9381-1.

All these publications have been typeset by using the original IXTEX sources. Chapters 1
to 4 and 6 are identical to the published manuscripts except for minor changes. Moreover,
cross-references between the chapters have been resolved.

All publications on which this thesis is based were written after the completion of the
author’s Ph.D. degree in December 2011. In the same period of time, the following
publications were completed.

7. G. Wachsmuth. On LICQ and the uniqueness of Lagrange multipliers. Operations
Research Letters, 41(1):78-80, 2013. doi: 10.1016/j.0r1.2012.11.0009.

8. G. Wachsmuth, M. Léatzer, and E. Leidich. Analytical computation of multiple
interference fits under elasto-plastic deformations. Zeitschrift fiir Angewandte
Mathematik und Mechanik, 2013. doi: 10.1002/zamm.201300041.

9. D. Wachsmuth and G. Wachsmuth. Necessary conditions for convergence rates
of regularizations of optimal control problems. In Dietmar Héomberg and Fredi
Troltzsch, editors, System Modeling and Optimization, volume 391 of IFIP Advances
in Information and Communication Technology, pages 145-154. Springer Berlin
Heidelberg, 2013.

10. G. Wachsmuth. The numerical solution of Newton’s problem of least resistance.
Mathematical Programming, 147(1-2):331-350, 2014.
doi: 10.1007/s10107-014-0756-2.

11. G. Wachsmuth. Differentiability of implicit functions. Journal of Mathematical
Analysis and Applications, 414(1):259-272, 2014. doi: 10.1016/j.jmaa.2014.01.
007.

12. D. Wachsmuth and G. Wachsmuth. Optimal control of an oblique derivative
problem. Annals of the Academy of Romanian Scientists, 6(1):50-73, 2014.

13. R. Herzog, C. Meyer, and G. Wachsmuth. Optimal control of elastoplastic processes:
Analysis, algorithms, numerical analysis and applications. In Trends in PDE
Constrained Optimization, International Series of Numerical Mathematics, pages
27-41. Springer, 2014.

14. R. Herzog, J. Obermeier, and G. Wachsmuth. Annular and sectorial sparsity in
optimal control of elliptic equations. Computational Optimization and Applications,
62(1):157-180, 2015. doi: 10.1007/s10589-014-9721-5.


http://dx.doi.org/10.1007/s00245-016-9381-1
http://dx.doi.org/10.1007/s00245-016-9381-1
http://dx.doi.org/10.1016/j.orl.2012.11.009
http://dx.doi.org/10.1002/zamm.201300041
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Summary

In this thesis we consider optimization problems with complementarity constraints in
infinite-dimensional spaces.

On the one hand, we deal with the general situation, in which the complementarity
constraint is governed by a closed convex cone. We use the local decomposition approach,
which is known from finite dimensions, to derive first-order necessary optimality condi-
tions of strongly stationary type. In the non-polyhedric case, stronger conditions are
obtained by an additional linearization argument.

On the other hand, we consider the optimal control of the obstacle problem. This is a
classical example for a problem with complementarity constraints in infinite dimensions.
We are concerned with the control-constrained case. Due to the lack of surjectivity, a sys-
tem of strong stationarity is not necessarily satisfied for all local minimizers. We identify
assumptions on the data of the optimal control problem under which strong stationarity
of local minimizers can be verified. Moreover, without any additional assumptions on the
data, we show that a system of M-stationarity is satisfied provided that some sequence
of multipliers converges in capacity.

Finally, we also discuss the notion of polyhedric sets. These sets have many applications
in infinite-dimensional optimization theory. Since the results concerning polyhedricity are
scattered in the literature, we provide a review of the known results. Furthermore, we give
some new results concerning polyhedricity of intersections and provide counterexamples
which demonstrate that intersections of polyhedric sets may fail to be polyhedric. We
also prove a new polyhedricity result for sets in vector-valued Sobolev spaces.
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Infinite-dimensional optimization
problems with complementarity
constraints
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Introduction

In finite-dimensional optimization, an MPCC is an optimization problem of the form

Minimize f(x)
wrt. zeR"
such that g¢(z) <0,
(z) =0,
() >
x) >
(x)"H(z) =0.

Q=

0,
0,

Q

Here, f: R” - R, g: R* - RF h: R" —» R/, G, H: R” — R™ are differentiable functions.
As already said, it can be checked that MFCQ is violated at all feasible points. Conse-
quently, the standard Karush-Kuhn-Tucker (KKT) conditions may fail to be necessary
optimality conditions and many stationarity conditions tailored to MPCCs have been
designed in the literature.

The most strict stationarity system is given by the so-called system of strong stationar-
ity. A feasible point Z of the above MPCC is called strongly stationary, if there exist
multipliers x € R¥, A € R!, and p, v € R™ such that

0=r'@)+d@) k+1 @) N+G @) p+H (@) v,
k>0, k' g(x)=0,

wi=0, VielI™, wi <0, Viel,

v =0, Viel, v; <0, Viel%.

Note that there is no multiplier corresponding to the constraint G(x)" H(z) = 0. In the
above system, the index sets 110, 19 and I are given by

I'Y={ie{1,...,m}:Giz) > 0},
I ={ie{l,...,m}: Hy(z) > 0},
1= {ic{1,...,m}: Gi(z) = Hi(z) = 0}.

The weaker stationarity systems are obtained by choosing different conditions for u;, v;
on the set of biactive indices i € 1%,

15



Introduction

In this chapter, we generalize the theory to MPCCs in which the complementarity is
given by a closed, convex cone K C Z and where the Banach space Z is assumed to be
reflexive. That is, the complementarity constraint is given by

G(r) e K, H(z)e K°, (G(z), H(z))=0.

Note that the finite-dimensional MPCC can be obtained by setting K = [0, 00)™. Since
we are not able to work with index sets in the general case governed by the cone K, it is
not immediate how to transfer the system of strong stationarity.

In Chapter 1, we use the so-called local decomposition approach to derive optimality
conditions in the general case. In the case that the cone K is polyhedric, these conditions
possess a reasonable strength. The non-polyhedric situation is considered in Chapter 2.
Using an additional linearization argument, we provide stronger optimality conditions.
In the situations that K is the second-order cone or the semidefinite cone, we improve
the results which are known from the literature.

16



1. Mathematical programs with
complementarity constraints in
Banach spaces

Abstract: We consider optimization problems in Banach spaces involving a complemen-
tarity constraint, defined by a convex cone K. By transferring the local decomposition
approach, we define strong stationarity conditions and provide a constraint qualification,
under which these conditions are necessary for optimality. To apply this technique, we
provide a new uniqueness result for Lagrange multipliers in Banach spaces. In the case
that the cone K is polyhedric, we show that our strong stationarity conditions possess a
reasonable strength. Finally, we generalize to the case where K is not a cone and apply
the theory to two examples.

Keywords: strong stationarity, mathematical program with complementarity con-
straints, polyhedricity, optimality conditions

MSC: 49K27, 46N10, 90C33

1.1. Introduction

Mathematical programs with complementarity constraints (MPCCs) are well understood,
both theoretically and numerically; we refer to Luo, Pang, Ralph, 1996; Scheel, Scholtes,
2000; Hoheisel, Kanzow, Schwartz, 2013 and the references therein. We are interested in
generalizations of the standard complementarity constraints for both finite and infinite-
dimensional problems. In particular, we will consider a conic complementarity constraint
defined by a closed, convex cone in a reflexive Banach space, see below for the definitions.
The standard case is obtained by using the non-negative orthant. Optimality conditions
of optimization problems with conic constraints, as well as the solution of variational
inequalities, can be modeled by conic complementarity constraints. To our knowledge,
there are no references concerning MPCCs of this general type.

In the case of a standard MPCC, the tightest optimality condition is the system of strong
stationarity; see Theorem 2 in Scheel, Scholtes, 2000 and (1.3.1). Our main interest is
to obtain similar results for conic MPCCs.

In the finite-dimensional case, there exist some very recent contributions for special cases
of the cone defining the complementarity (listed in the order of increasing generality):

e the second-order (Lorentz) cone: Outrata, D. Sun, 2008; Liang, Zhu, Lin, 2014 and
the references therein.
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1. Mathematical programs with complementarity constraints in Banach spaces

e the cone of semidefinite matrices: Ding, D. Sun, Ye, 2014; Wu, L. Zhang, Y. Zhang,
2014.

e a symmetric cone in a Euclidean Jordan algebra: Yan, Fukushima, 2011.

We mention that all these contributions except Yan, Fukushima, 2011 contain optimality
systems which can be interpreted as strong stationarity.

In the infinite-dimensional case, only special cases have been discussed in the literature.
To keep the presentation concise, we focus on results concerning strong stationarity. The
first such result was obtained in the seminal work Mignot, 1976. The results and proofs
were given for the special case of certain cones in Dirichlet spaces, but the generalization
to polyhedric cones in general Hilbert spaces is straightforward. However, this approach
is limited to a specific structure of the optimization problem, namely that the conic
complementarity constraint represents a variational inequality of first kind. We refer to
(1.6.5) for the presentation of this result in the abstract Hilbert space setting. The same
result was reproduced in Hintermiiller, Surowiec, 2011 by techniques from variational
analysis, and a special case was proven in Outrata, Jarusek, Stara, 2011.

Besides these results, which cover a broad class of problems, there are only two other con-
tributions providing systems of strong stationarity. In Herzog, C. Meyer, G. Wachsmuth,
2013, the authors considered an optimal control problem arising in elasto-plasticity, and
in G. Wachsmuth, 2014 (i.e., Chapter 3) the author studies a control constrained optimal
control problem governed by the obstacle problem. We also mention that, except Herzog,
C. Meyer, G. Wachsmuth, 2013, all these results in infinite dimensions involve polyhedric
cones. The definition of polyhedric cones is recalled in Section 1.5.2. Finally, we mention
that the case of a certain variational inequality of second kind is studied in De los Reyes,
C. Meyer, 2016.

One of the main contributions of this work is the definition of strong stationarity con-
ditions for problems involving general conic complementarity constraints; see Defini-
tion 1.5.1. In particular, we do not rely on a specific structure of the complementarity
condition and we can treat the case of reflexive Banach spaces instead of Hilbert spaces.
We briefly mention that the strong stationarity conditions (1.3.1) in the standard case
involve various index sets and hence, it is not immediately clear how these conditions
can be transfered to the more general conic case.

Moreover, we provide constraint qualifications under which our strong stationarity con-
dition is necessary for optimality; see Section 1.5.3. In difference to the work by Mignot,
which involves the implicit-programming approach, we use the local decomposition ap-
proach; see, e.g., Luo, Pang, Ralph, 1996; Pang, Fukushima, 1999; Scheel, Scholtes, 2000;
Flegel, Kanzow, 2005a; b. As a prerequisite, we provide a new constraint qualification,
which is equivalent to the uniqueness of Lagrange multipliers in Banach spaces; see
Theorem 1.4.2. This result is also of independent interest.

Under the assumption that the cone defining the complementarity constraint is poly-
hedric, we show that our optimality condition is equivalent to the so-called linearized
B-stationarity; see Theorem 1.5.4 and Lemma 1.5.5. That is, our work extends the theory
concerning strong stationarity of standard MPCCs to conic complementarity constraints

18



1.2. Notation

defined by a polyhedric cone. In the non-polyhedric case, our optimality condition is
still necessary for optimality, provided that a constraint qualification holds. Stronger
optimality conditions can be obtained by using an additional linearization argument; see
Section 1.6.2.

We also generalize the results to the case that the complementarity constraint is defined
by a closed, convex set (and not necessarily by a cone); see Section 1.5.4.

This work is organized as follows. In Section 1.2, we fix some notation. The verification
of strong stationarity for standard MPCCs is recalled in Section 1.3. In Section 1.4, we
provide a constraint qualification, which is equivalent to the uniqueness of Lagrange mul-
tipliers in infinite dimensions, similar to the linear independence constraint qualification
in the finite-dimensional case. Section 1.5 is devoted to the main results of this paper; in
particular, we define the system of strong stationarity and give constraint qualifications,
which render this system necessary for optimality. Finally, we apply the theory to two
examples in Section 1.6.

1.2. Notation

Let X be a (real) Banach space. The (norm) closure of a subset A C X is denoted
by cl(A). The linear subspace spanned by A is denoted by lin(A). The duality pairing
between X and its topological dual X* is denoted by (-, -) : X* x X — R. For subsets
A C X, B C X*, we define their polar cones and annihilators via

A% ={r" e X*: (2, 2) <0,Vz € A}, B°:={zxe X: (2", z) <0,Vz* € B},
At ={r*e X*: (z*, 2) =0,Vz € A}, Bt :={ze X: (2" z)=0,Vz* € B}.

For convex subsets C' C X and = € C, we define the cone of feasible directions (sometimes
called the radial cone) and the tangent cone by

Re(z) := U)\>O A(C —12), and  To(z) := cl(Re(x)),
respectively. In the special case that C is additionally a cone, we find
Reo(x) = C + lin(z), and To(z) = cl(C + lin(z)), (1.2.1)

where lin(z) is the linear subspace spanned by the element = € X; see Example 2.62 in
Bonnans, Shapiro, 2000. Moreover, one has

To(z)° = C°Nat (1.2.2)

in this case. Here, z ' is short for {x}L For closed, convex C C X, we define the critical

cone w.r.t. x € C'and v € To(z)° by

Ko(z,v) = To(z) not. (1.2.3)

19



1. Mathematical programs with complementarity constraints in Banach spaces

1.3. Strong stationarity for standard MPCCs

In order to motivate the steps, which will be taken in Section 1.5, we briefly recall some
results for standard MPCCs. We consider the program
Minimize f(z), w.ar.t. x€R",

T (sMPCQ)
s.t. G(z) >0, H(z) >0, G(z) H(xz)=0.

Here, f : R" — R, G,H : R" — R™ are assumed to be continuously differentiable
and n,m > 1. For simplicity, we did not include any additional equality or inequality

constraints. They can, however, be added in a straightforward way. The prefix “s” in
(sMPCC) is short for “standard”.

An important technique to derive optimality conditions is the local decomposition ap-
proach; see, e.g., Luo, Pang, Ralph, 1996; Pang, Fukushima, 1999; Scheel, Scholtes, 2000;
Flegel, Kanzow, 2005a; b. This technique involves several auxiliary problems. Given a
feasible point £ € R", we define the index sets (suppressing the dependence on )
= {ie{l,....m}:Gyz) >0}, I°T:={ic{l,...,m}: Hy(z)> 0},
I .= {Z S {1, .. .,m} : Gl(.’l_J) = Hz(f) = 0}

We are going to introduce four auxiliary problems, depending on these index sets, and
thus implicitly on z. These auxiliary problems are standard nonlinear programs (NLPs).
The relaxed NLP is given by
Minimize f(x),
st. Gi(x)>0foriec IOUI® Gi(z)=0foriec I, (sRNLP)
Hi(z) >0 forie I°TUI%, Hi(x)=0forieI™.
The tightened NLP is given by
Minimize f(x),
st. Gi(x)>0foriec ™, Gi(x)=0foricI® ur®, (sTNLP)
Hi(z) >0 forie I, H;(z)=0forie It UI®,

Finally, we introduce

Minimize f(x),
st. Gi(x)>0forieI™ Gi(x)=0forie T UI®, (sNLPg)
Hi(z) >0 foriecI°TuI® Hj(x)=0foricI",

and
Minimize f(z),
st. Gi(z)>0forieIT°UI™, Gy(x)=0forie I°T, (sNLPp)
Hi(z) >0 foriecI°", Hi(zx)=0foriecI™uI®.

20



1.3. Strong stationarity for standard MPCCs

Here, the nonlinear programs (sNLP¢) and (sNLPy) are the extreme cases of the re-
stricted NLPs, which are often denoted by NLP. (81, 82); see, e.g., Pang, Fukushima,
1999; Flegel, Kanzow, 2005a. For our analysis it will be sufficient to consider only these
extreme cases.

The feasible set of (sMPCC) is locally contained in the feasible set of (SRNLP), whereas
the feasible sets of the last three problems are contained in the feasible set of (sMPCC).
Hence, if 7 is a local minimizer of (sMPCC), then it is also a local minimizer of these aux-
iliary problems. Moreover, all these nonlinear programs possess the same Lagrangian, the
so-called MPCC-Lagrangian, and this MPCC-Lagrangian does not include a multiplier
for the complementarity constraint G(x)" H(x) = 0.

A feasible point  of (sMPCC) is said to be strongly stationary, iff z is a Karush-
Kuhn-Tucker (KKT) point of (sSRNLP). That is, we require the existence of multipliers
w, v € R™ such that

0=f'(Z)+G @) "n+H ) v, (1.3.1a)
pi=0, YielI pi <0, Viel%, (1.3.1b)
v; =0, Viel, v; <0, VielP, (1.3.1c)

It is easy to verify that these conditions are equivalent to & being a KKT point of
(sMPCC) itself; see also Lemma 1.5.2. Note that a Lagrange multiplier of (sMPCC)
contains an additional scalar multiplier for the constraint G(z)" H(x) = 0. The set of
Lagrange multipliers associated to (sMPCC) is always unbounded since the Mangasarian-
Fromovitz constraint qualification is violated, whereas the Lagrange multipliers for the
relaxed problem (sRNLP) may be bounded.

The following result is well known; see, e.g., Scheel, Scholtes, 2000; Flegel, Kanzow,
2005a; b and the references therein. Nevertheless, we briefly re-state its proof, since we
are going to transfer it to the infinite-dimensional case in Section 1.5; see in particular
Theorem 1.5.6.

Theorem 1.3.1. Let = be a local minimizer of (sMPCC), such that (sTNLP) satisfies
the linear independence constraint qualification. Then, z is strongly stationary.

Proof. Since (sTNLP), (sNLP¢) and (sNLPy) have the same active constraints at z,
the linear independence constraint qualification also holds for (sNLP¢) and (sNLP ).
Moreover, since 7 is a local minimizer of (sMPCC), it is also a local minimizer of (sNLP )
and (sNLP ). Hence, there exist Lagrange multipliers (u, v%) for (sNLPg) and (u?, v)
for (sNLPf).

Now, it is easy to verify that both pairs of multipliers are also multipliers for (sTNLP).
Since the satisfaction of the linear independence constraint qualification implies the
uniqueness of these multipliers, we have (u,v%) = (uf,v). Collecting the sign
conditions of the KKT systems of (sNLP¢) and (sNLPy), we find that this pair is also
a Lagrange multiplier for (sSRNLP). Hence, Z is strongly stationary.
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It is also possible to assume the existence of a Lagrange multiplier for (STNLP) and require
that this multiplier satisfies the strict Mangasarian-Fromovitz condition for the relaxed
problem (sTNLP) in order to infer the strong stationarity of z; see, e.g., Theorem 2 in
Scheel, Scholtes, 2000. The strict Mangasarian-Fromovitz condition, however, depends
implicitly on the objective f. Therefore, it is not a constraint qualification, but a
regularity condition.

1.4. Uniqueness of Lagrange multipliers in Banach spaces

One of the main ingredients in the proof of Theorem 1.3.1 is the well-known result that
the linear independence constraint qualification implies the uniqueness of multipliers.
In this section, we provide an analogous result for the infinite-dimensional, nonlinear
program

Minimize f(z), s.t. G(x)eC. (1.4.1)

Here, X and ) are (real) Banach spaces, f : X — R and G : X — ) are Fréchet
differentiable and C C ) is a closed, convex set. The constraint (G, C) and a feasible
point & are fixed throughout this section, but we will use objectives f belonging to the
set

F:={f:X —R: fis Fréchet differentiable}.

Note that the feasible point z may not be a local minimizer of (1.4.1) for all choices of

ferF.

The aim of this section is to state a constraint qualification (i.e., a condition depending
only on G, C and z € X) which implies that Lagrange multipliers for (1.4.1) at the
feasible point Z are unique. As usual, A\ € Y* is called a Lagrange multiplier for the
objective f at the z € X, if

(@) +dG @) A=0, and A€ Te(G(x))°.

Here, G'(z)* € L(Y*, X*) denotes the adjoint of G'(Z).

We start by giving an auxiliary result.

Lemma 1.4.1. Let £ € X be a feasible point of (1.4.1). Then, the following conditions
are equivalent.

(a) For all f € F, there exists at most one Lagrange multiplier of (1.4.1) at z.

(b) For all f € F, such that z is a local minimum of (1.4.1), there exists at most one
Lagrange multiplier at z.

(¢) We have
ker G'(z)* Nlin(7¢(G(7))°) = {0}. (1.4.2)
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Proof. “(a) = (b)”: This implication is obvious.
“(b) = (c)”: We note that lin(7¢(G(2))°) = Te(G(x))° — Tc(G(z))°, since Tc(G(z))° is a

convex cone. Now, let
A — X2 € ker G'(2)* Nlin(7¢(G(7))°) (1.4.3)

with A1, Ao € Te(G(Z))° be arbitrary. We set f(z) := —(A1, G(x)) for all z € X. This
implies f(z) — f(Z) = —(A\1, G(x) —G(z)) > 0 for all z € X which are feasible for (1.4.1).
Hence, 7 is a local minimum of (1.4.1) for this choice of f.

By definition of f, we have f'(z) + G’(z)*A\1 = 0, which shows that )\; is a Lagrange
multiplier. Now, (1.4.3) implies that A\ is also a Lagrange multiplier. Assertion (b)
yields A1 = A\a. This implies assertion (c).

“(c) = (a)”: Let f: X — R and two multipliers A1, A2 € T¢(G(Z))° be given. We have
(@) + G (2)*N\; =0 for i € {1,2}. Thus, G'(Z)*(A\1 — A2) = 0. Now, assertion (c) implies
A1 = A2. Hence, there exists at most one Lagrange multiplier.

The condition (c¢) in Lemma 1.4.1 is stated in the dual space Y*. In order to obtain an
equivalent statement in the primal space ), we need an additional condition. This is
made precise in the following theorem.

Theorem 1.4.2. Let
cl(G'(2) X — Te(G(2)°H) =Y (1.4.4)

be satisfied. Then, (1.4.2) holds. Conversely, suppose (1.4.2) and
lin(7¢(G(Z))°) is closed in the weak-x topology of V*. (1.4.5)

Then, (1.4.4) is satisfied.

Proof. We define A := ker G'(z)* and B := lin(7¢(G(z))°), which are subspaces in Y*.
We find A+ = cl(G'(z) X) and B+ = T¢(G(z))°+. Now, assumption (1.4.4) is equivalent
to cl(A+ — BL) = Y, whereas (1.4.2) reads AN B = {0}. For arbitrary subspaces
A, B C Y*, we have

(At — BY) = (AN, B)" c (AnB)™, (1.4.6)

see, e.g., (2.32) in Bonnans, Shapiro, 2000. Here, cl,(A) denotes the closure of A in
the weak-*x topology of Y*. Now, the assertion of the theorem follows since A is weak-
closed.

Note that for a closed, convex cone K, the linear space K°, which appears in (1.4.4),
is just the lineality space K N —K, which is the largest linear subspace contained in K.
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We emphasize that (1.4.4) is always sufficient for the uniqueness of multipliers. The
additional assumption (1.4.5) is only needed for the necessity. Moreover, (1.4.5) is
always satisfied for a finite-dimensional problem. In infinite dimensions, this assumption
is satisfied in some situations. In particular, if C is the cone of non-negative elements in
L?(2) or H=Y(Q), then the set lin(7¢(G(7))°) is closed. However, this is not true for the
cone K of non-negative functions in H{ (), since lin(K°) is not closed, but rather dense
in H-4(Q).

Remark 1.4.3.

(a)

24

In finite dimensions, the condition (1.4.4) reduces to the so-called non-degeneracy;
see, e.g., (4.172) in Bonnans, Shapiro, 2000. In particular, if C = R}, then (1.4.4)
is equivalent to the linear independence constraint qualification. Moreover, the
linear hull of a closed, convex cone is always closed in finite dimensions. Hence,
Theorem 1.4.2 and Lemma 1.4.1 reduce to the well-known fact that the linear
independence constraint qualification is equivalent to the uniqueness of multipliers
for arbitrary objectives; see also Theorem 2 in G. Wachsmuth, 2013.

Note that, unlike in finite dimensions, the constraint qualification (1.4.4) does not
imply the existence of multipliers and neither do the conditions of Lemma 1.4.1.
The constraint qualification of Robinson-Zowe-Kurcyusz (assuming G continuously
differentiable) for (1.4.1) reads

G'(z) X — Re(G(2) =, (1.4.7)

see (1.4) in Zowe, Kurcyusz, 1979, Theorem 3.1 in Bonnans, Shapiro, 1998. This
condition is similar to (1.4.4). However, the cones 7¢(G())°+ and R¢(G(7)) do, in
general, not contain each other.

For a standard, finite-dimensional nonlinear program, the cone C is
C={r cR"™™:2,<0,i=1,...,n}.

In this case we have T¢(G(z))°t C Te(G(Z)) = Re(G(z)). Hence, (1.4.4) implies
(1.4.7) and, in turn, the existence of multipliers. In the general case of C being an
arbitrary, closed, convex cone in finite dimensions, condition (1.4.4) also implies the
existence of minimizers; see the discussion following (4.177) in Bonnans, Shapiro,
2000.

Let us compare our result with Shapiro, 1997a. In this paper, the author studies the
question whether a given Lagrange multiplier A is unique. The resulting conditions
depend on the Lagrange multiplier A and, hence, implicitly on the objective f.

Thus, the relation between our constraint qualification (1.4.4) to the conditions of
Shapiro, 1997a is similar to the relation between the linear independence constraint
qualification and the strict Mangasarian-Fromovitz condition in finite dimensions;
see also the discussion in Section 5 in G. Wachsmuth, 2013.
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It remains to give an example with unique multipliers, where (1.4.4) is violated. Let
X:=)Y:=/0% We set
n
C::{yEEZ:ZyiSO, Vn € N}.
i=1
A straightforward calculation shows

C°={yel’:y,>yni1, Vn € N}.
It is easy to see that lin(C°) is dense in ¢2. However, for
i == 1/k, if i = k? for some k € N, g; := 0, else,

we have § € ¢\ 1in(C°). Hence, lin(C°) cannot be closed.

Now, let {7/]|7l, ¥V, 4®, ...} be an orthonormal basis of £2. We define the bounded,
linear map G : 2 — 2, x — Y7 2,9, TIts (Hilbert space) adjoint is given by
(G*x); = (y9, x),2. Since G is linear, we have G/(Z) = G. We set Z := 0, which implies
Te(G(z))° = C°. Consequently,

ol (G'(2) 2 = Te(G(2))°F) =l (G2 =€) = el (G6%) = {g}*+ # ¢

Hence, (1.4.4) is violated at the feasible point z = 0.
Nevertheless, we can show that Lagrange multipliers for (1.4.1) with this choice of C and

G are unique. By construction we have ker G* = lin(g), and hence lin(C°) Nker G* = {0},
which shows (1.4.2). Lemma 1.4.1 yields the uniqueness of multipliers.

1.5. MPCCs in Banach spaces

This section is devoted to the optimization problem with complementarity constraints

Minimize f(z),

st. g(x)eC, G(z) e K, H(x) € K°, (G(x), H(z)) = 0. (MPCC)

Here, f : X — R is Fréchet differentiable, g: X - Y, G: X — Z and H : X — Z* are
continuously Fréchet differentiable, XY, Z are (real) Banach spaces and Z is assumed
to be reflexive. Moreover, C' C Y is a closed, convex set and K C Z is a closed, convex
cone.

Due to the reflexivity of Z, the problem (MPCC) is symmetric w.r.t. G and H.

A straightforward computation shows that the Robinson-Zowe-Kurcyusz constraint qual-
ification cannot be satisfied at any feasible point. This is similar to the violation of
Mangasarian-Fromovitz constraint qualification for standard MPCCs. Hence, the KKT
conditions may fail to be necessary for optimality. Therefore, the aim of this section is to
provide a stationarity concept for (MPCC) and a constraint qualification, which renders
this condition a necessary optimality condition for local minimizers of (MPCC).
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The notion of strong stationarity is introduced in Section 1.5.1 by using auxiliary prob-
lems similar to those in Section 1.3. By proving some results on polyhedric cones in
Section 1.5.2, we show that strong stationarity appears to be a “good” condition if the
cone K is polyhedric. We apply the constraint qualification from Section 1.4 to give
conditions which render strong stationarity a necessary condition for optimality; see
Section 1.5.3. Finally, we generalize to the case that K is not a cone; see Section 1.5.4.

1.5.1. Auxiliary problems and optimality conditions

In this section, we will transfer the ideas of Section 1.3 to the infinite-dimensional case.
We start by introducing the relaxations of (MPCC) at the feasible point = € X.

We observe that the inequality constraints on G(x) in (sSRNLP) can be written as
G(x)>0  G(z)"H(z) =0,

and similarly for H(z). This formulation, which does not involve the index sets 119, 190,
and I9t is essential, since such index sets are not available for our general program
(MPCC). The reformulation motivates the use of

G(r) e KNH(Z)* and H(z) e K°NG(z)*t

in the definition of the relaxed NLP. Since K and K° are closed, convex cones, and since
Z is reflexive, we have

KNH@E) =Tie(H(Z))° and K°NG(Z)* = Tx(G(z))°,
see (1.2.2). Hence, we define the relaxed NLP by

Minimize f(z),

i i (RNLP)
st. g(x)eC, G(z) € Tke-(H())°, H(z)e€ Tk(G(z))°.

The feasible sets of the remaining auxiliary programs must be contained in the feasible
set of (MPCC), cf. the proof of Theorem 1.3.1. To ensure the complementarity, we
require G(z) or H(z) to be perpendicular to the entire feasible set of H(z) or G(x) of
(RNLP), respectively. In particular, we define

Minimize f(x),
st. g(z) €C, G(z) € Tro(H(T))° N T (G(T))°*, (NLPg)
and H(z) € Tk(G(7))°,
and
Minimize f(x),
st. g(z)eC, G(z)e Tko(H(z)), (NLPg)
and H(z) € Tg(G(Z))° N Tro (H(Z))L.
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Finally, the feasible set of the tightened NLP is the intersection of the feasible sets of
(NLP¢g) and (NLPg), i.e
Minimize f(z),
st. g(zr) €C, G(z) € Tre(H(Z))° N Tr(G(z))°+, (TNLP)
and  H(z) € Tr(G(Z))° N Tre (H(Z)).

We emphasize that these NLP relaxations coincide with those of Section 1.3 in the case
of a standard MPCC. Moreover, the point  is feasible for all auxiliary problems.

As in Section 1.3, we define strong stationarity via the KKT conditions of the relaxed
NLP.

Definition 1.5.1 (Strong stationarity). A feasible point Z of (MPCC) is called strongly
stationary iff it is a KKT point of (RNLP), i.e., iff there exist Lagrange multipliers
ANeY* ue Z* and v € Z, such that

0=/f'(2)+d @) N+ G @) p+H @)V (1.5.1a)
X € Te(9(2))°, (1.5.1b)
p € Treo(H(2)) N G(2)" = Kieo (H(), G()), (1.5.1c)
veTe(G@)NH I =Kg(G(&), H(T)). (1.5.1d)

Here, we used the critical cones Ky o) (+, ) defined in (1.2.3).

In contrast to the finite-dimensional case, strong stationarity of T is, in general, not
equivalent to Z being a classical KKT point of (MPCC).

Lemma 1.5.2. A feasible point z of problem (MPCC) is a classical KKT point of
(MPCC) if and only if there exist Lagrange multipliers A € Y*, p € Z* and v € Z
satisfying (1.5.1a), (1.5.1b), and

1€ Rygo(H(Z) NG,  veRg(GE)NH@)™. (1.5.2)

Proof. Let z be a KKT point of (MPCC). That is, there exist multipliers A € Y*, i € Z*,
v € Z and £ € R, such that

Fl@)+ g @) A+ G @) o+ H'(2)" 7+ €[G'(2)" H(z) + H'(2)" G(z)] =0, (1.5.3)
AeTelg(@)®,  peTr(G)°  7eTre(H()). (1.5.3b)

By setting p = fi + & H(Z), and v := 0 + £ G(Z), (1.5.1a) is satisfied and we find

p€ K°NG(E)t +1in(H(Z)) = Rgo(H(Z)) N G(T)F,
ve KNHZ)?T +1in(G(7) = Rg(G(Z)) N H(z) .

27




1. Mathematical programs with complementarity constraints in Banach spaces

Conversely, let A, u, v satisfy (1.5.1a), (1.5.1b) and (1.5.2). By (1.5.2) and the definition
(1.2.1) of the radial cone, we can split the multipliers p and v and obtain

p=j+& H(z), peK°NGE)" = Tr(G(@))°,
v="0+&G(T), e KNHZ)" = Tre(H(T))°.
Now, we set & := min(1, &), fi = p— EH(Z), 7 := v — £ G(Z). By
ii=p—EH(E) = p+ (& — & HE) = p+max(0,§ — &) HZ) € K°NG(T),
and, similarly,
P=v—EG@) =0+ (& — &) GE) =0 +max(0,& — &) G(T) € KNH(T)*,

we find that (1.5.3b) is satisfied. An easy calculation yields (1.5.3a), hence A, i, 7, € are
KKT multipliers for z.

We compare the conditions (1.5.1) for strong stationarity with the conditions (1.5.2) for
a KKT point. It is immediate that being a KKT point is, in general, a stronger condition
than being strongly stationary. Moreover, we refer to p. 54 in Bergounioux, Mignot,
2000 for an example where strong stationarity is satisfied, but the KKT conditions are
violated. However, in the case of a standard MPCC, the sets Rio(H(z)) and Rx(G(x))
are always closed and coincide with the tangent cones. Hence, we recover the result that
strong stationarity is equivalent to being a KK'T point in this case.

Analogously to the standard, finite-dimensional case, one could introduce weak station-
arity via the KKT conditions of (TNLP). However, it is not clear how to define other
notions such as A-, C-, and M-stationarity.

1.5.2. Polyhedric cones

In this section, we will consider the case that the cone K is polyhedric. This property
enables us to show that strong stationarity implies first-order stationarity; see Theo-
rem 1.5.4. Hence, strong stationarity seems to be a reasonable optimality condition in
this case.

We recall that the cone K is called polyhedric w.r.t. (G,H), where G € K, H € K°,
(G, H) =0, iff o o

A(Rr(G)NHY) = T (G)n H*.
Note that the right-hand side is just the critical cone K i (G, H); see (1.2.3). Similarly,
we define the polyhedricity of K° w.r.t. (H,G). This condition was first used by

Mignot, 1976; Haraux, 1977 in order to show that the projection onto a polyhedric set
is directionally differentiable.

The following lemma gives an important characterization of polyhedricity.
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Lemma 1.5.3. Let G € K, H € K° with (G, H) = 0 be given. The following conditions
are equivalent.

(a) The cone K is polyhedric w.r.t. (G, H)

(b) The cone K° is polyhedric w.r.t. (H,G).

(¢) Ki(G, H)® = Ko (1, G).

(d) Ko (H,C)° = Kc(G, ).

Proof. A straightforward calculation shows

(T (G) N HY)® = cl(Tx (G)° +lin(H)) = cl(K° NG+ + lin(H))
= cl[(K° 4+ lin(H)) N G*] = (R (H) N G).

This establishes the equivalence of (b) and (c). A similar calculation yields
(Tio(H) N GH)° = l(Rg(G) N HY). (1.5.4)

Hence, (a) and (d) are equivalent. Finally, the equivalence of (c) and (d) follows from
the bipolar theorem; see, e.g., Proposition 2.40 in Bonnans, Shapiro, 2000.

Note that the last two statements of Lemma 1.5.3 just mean that the critical cones
Kk (G,H) and Kgo(H,G) are polar to each other.

In order to state next theorem, we define the feasible set F' of (MPCC)
F:={zxeX:g(x)eC, Gx) e K, Hz) € K°, (G(x), H(x)) =0}

and its linearized cone

de X :d(z)d € To(9(z)),
Thin(Z) = G'(¥)d € Tk (G(2)), H'(z)d € TKO }
(G'(z)d, H(z)) + (G(2), H’(
Since we have H(z) € K°, G'(z)d € Tk(G(z)) = cl(K+lin(G(z))) and (G(z), H 0,

we find (G'(z)d, H(Z)) < 0 and (G(Z), H'(Z)d) <0 is obtalned 81m11arly The sum of
these non-positive terms is required to be zero, hence, both addends have to be zero.
This implies the characterization

o 3) = {deX:g%x)deTc(g(a:)), G'(z)d € Ki(G(z), H(Z)), }
i H'(z)d € Kgo(H(z),G(z)) [

Theorem 1.5.4. Let T be strongly stationary and assume that K is polyhedric w.r.t.
(G(x),H(Z)). Then, Z is linearized B-stationary, that is

f(Z)d >0, Vde Tin(z). (1.5.5)
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Proof. For brevity, we write § = ¢g(z), H = H(z), and G = G(z).
Definition 1.5.1 of strong stationarity directly yields

—f'(@) € §'()* Te(9)° + G'(2)" Ko (H, G) + H'(7)* K (G, H).
We readily obtain

(¢/@) To@)° + G'(2)* Kice (H,G) + H'(z)" Kie(G, H))
= (610" To@)" 1 (60" Ky (,G)" ) (H'@)* K(G, H)
J@) 7 Te(@)  NG@) Kk (H,G)° 0 H (@) Kie(G, )
J@) Tl NG Kk(GH) N H'(E) Kio(H,G)

lin(w)~

Here, we used (S*M O)O = S~1 M for bounded, linear operators S between Banach spaces
and closed, convex cones M; see also (1) in Kurcyusz, 1976, and Lemma 1.5.3. This
yields the assertion.

In contrast to the case of a standard MPCC, see, e.g., p. 613 in Flegel, Kanzow, 2005a,
the converse statement of Theorem 1.5.4 requires a constraint qualification.

Lemma 1.5.5. Suppose that the feasible point z satisfies (1.5.5). Assume further that
the constraint qualification

(¢'(7), G'(F), H'(7)) X + Te(§) x Kie(G, H) x Ko (H,G) =Y x Z x Z*

is satisfied. Then, z is strongly stationary.

Proof. For brevity, we write § = g(z), H = H(z), and G = G(z).

By assertion, we have —f'(z) € Tin(Z)°. Due to the assumed constraint qualification,
we can apply Theorem 2.1 in Kurcyusz, 1976 with the setting (denoting there the cone
by M instead of K in order to avoid duplicate use of K)

S = (g/(j)vG/(j)vﬂ/(f)) M .= TC(.@) S ]CK(G’ I:I) X ICKO(Hv é)7
we obtain (S~ M)° = S*M?°, that is
Tin(7)° = ¢'(2) Tc(9)° + G'(2)* Kk (G, H)® + H'(2) Ko (H, G)°.

By (1.5.4), we find Kf(o(ﬁ,é)o = c(Rg(G) N HY) C Kg(G,H), and similarly,
Kr(G,H)° C Kko(H,G). This yields the assertion.

For a standard MPCC, the analog of Theorem 2.1 in Kurcyusz, 1976 follows either by
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Farkas’ Lemma or by applying the bipolar Theorem to (S*M°)° = S~ M, since S*M°
is closed in this setting. We refer to p. 613 in Flegel, Kanzow, 2005a for the proof
including the application of Farkas’ Lemma. Due to Tz (z) C Tin(z), strong stationarity
also implies

f(z)d>0, Vde Tp(z)

in the polyhedric case. Here, Tr(Z) is the tangent cone of the (possibly non-convex) set
F; see (2.84) in Bonnans, Shapiro, 2000. In particular, there are no first-order descent
directions if strong stationarity is satisfied.

Theorem 1.5.4 and Lemma 1.5.5 show that our definition of strong stationarity possesses
a reasonable strength in the presence of polyhedricity. However, we will see in Sec-
tion 1.6.2 that our condition is too weak, if K is not polyhedric by means of an example.
Nevertheless, every cone is polyhedric w.r.t. (0,0) and, hence, an additional linearization
argument will yield stronger optimality conditions. This is also demonstrated in Sec-
tion 1.6.2. It seems to be an open question to define strong stationarity for the general
problem (MPCC) in the absence of polyhedricity.

1.5.3. Constraint qualifications which imply strong stationarity

With the preparations of Section 1.4, we are able to provide a constraint qualification
which implies strong stationarity.

Theorem 1.5.6. Let = € X be a local solution of (MPCC). We further assume that
the constraint qualification (1.4.4) is satisfied for (TNLP) at z, and that (NLP¢) and
(NLPyy) satisfy the constraint qualification of Robinson-Zowe-Kurcyusz at z; see (1.4.7)
on page 24. Then, Z is strongly stationary.

Proof. By using the uniqueness results of Section 1.4, we can directly transfer the proof
of Theorem 1.3.1.

We must admit that the verification of the above constraint qualifications can be very
complicated. Therefore, we state two stronger conditions which are easier to verify.

Proposition 1.5.7. We assume that (TNLP) satisfies the constraint qualification of
Robinson-Zowe-Kurcyusz at the feasible point . Then, this constraint qualification is
also satisfied for (NLP¢) and (NLPy).

Proof. This follows easily from the observation that the feasible sets of (NLP¢) and
(NLPj) are larger than the feasible set of (TNLP). If the feasible set grows, the constraint
qualification remains satisfied; see (1.4.7).
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Proposition 1.5.8. Let us assume that Z is a feasible point of (TNLP). Moreover, we
assume

G (@)X =YxZxZ* (1.5.6)

where G(z) = (g9(x),G(x), H(z)). Then, (TNLP) satisfies (1.4.2) and (1.4.7) at z. In
case 7 is a local minimizer of (MPCC), Z is strongly stationary.

Proof. We define
C:=C x [Tge(H(2))° N T (G(2))°] x [T (G(2))° N Tieo (H(7))°4].

Then, the constraints in (TNLP) simply read G(z) € C. Since G'(Z) is assumed to
be surjective, we have kerG'(z)* = {0}, hence, (1.4.2) is satisfied. The constraint
qualification of Robinson-Zowe-Kurcyusz similarly follows from this surjectivity. Now,
Theorem 1.5.6 and Proposition 1.5.7 imply the assertion.

For an important class of examples, the left-hand side in (1.5.6) is merely dense in the
right-hand side. However, the surjectivity can be obtained after using a density argument;
see Section 1.6.1. We emphasize that we did not assume polyhedricity of K in the above
results.

1.5.4. Generalization to non-conic MPCCs

In this section, we want to treat the case that the set K is not assumed to be a cone. In
absence of this assumption, the complementarity between G(z) and H(x) can no longer
be stated via

G(z) e K, H(z)e K°, (H(z), G(z)) = 0.

However, if K is a cone, then this is equivalent to
G(z) e K, H(z) € Tg(G(x))°, (1.5.7)

compare (1.2.2). Note that optimality conditions for constrained optimization problems
such as (1.4.1) contain complementarity conditions like (1.5.7). Moreover, we briefly
recall that variational inequalities can be written as (1.5.7) in Section 1.6.1. The com-
plementarity relation (1.5.7) is the proper starting point for the generalization in this
section. That is, we consider the optimization problem

Minimize f(z),

st. glz)€C, G(z)e K, H(z)e Tg(G(z))°. (1.5.8)

We make the same assumptions as in the beginning of Section 1.5, but K C Z is just
assumed to be a closed, convex set (and not necessarily a cone).
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In order to apply the obtained results, we are going to transform the above problem into
a problem with a conic complementarity constraint. To this end, we introduce the closed,

convex cone )
K :=cl-cone({1} x K) CR x Z, (1.5.9)

where cl-cone(A) is the closed, convex, conic hull of a set A. The following lemmas show
that there is a close relation between the set K and the cone K.

Lemma 1.5.9. For G € Z, the condition G € K is equivalent to (1,G) € K.

Proof. By definition, G € K gives (1,G) € K. We observe
K°=({1}x K)° ={(5,2*) € Rx Z*: s+ (2*, 2) <0, Vz € K}. (1.5.10)

Now, let us assume G ¢ K. A separation theorem, see, e.g., Theorem 2.14 in Bonnans,
Shapiro, 2000, yields the existence of (s, 2*) € R x Z*, such that (z*, 2z) < —s < (z*, G)
holds for all z € K. The first inequality yields (s, z2*) € K°, and then the second one
yields (1,G) ¢ K°° = K.

Lemma 1.5.10. For G € Z, H € Z*, the conditions G € K, H € Tx(G)° are equivalent
to the existence of s € R such that

Proof. Lemma 1.5.9 shows the equivalency of G € K and (1,G) € K. By (1.5.10) we
find

Te(1,G)° = K°n(1,G)*
$,2°) ERX Z*:s=—(z*,G) and (z*, 2 — G) <0, Vze K}
JERX Z*: s =—(2*, G) and z* € T(G)°}. (1.5.11)

This shows that IET € Ti (G)° is equivalent to the existence of s € R such that (s, H) € K°
and {(s, H), (1,G)) = 0.

By using (1.5.11) and the bipolar theorem, we also obtain a characterization of the

tangent cone of K, namely
7}((1,@) = 7}((1,@)00
={(t,2) ERx Z:{((s,2%), (t,2)) <0, V(s,2*) € Tz(1,G)°}
={(t,2) ERXx Z:(z* 2—tG) <0, Vz*e Tg(G)°}
={(t,2) ERxZ:2—tG € Tg(G)}. (1.5.12)
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Due to Lemma 1.5.10, we can state (1.5.7) equivalently as a complementarity relation
involving the cone K. Thus, problem (1.5.8) is equivalent to
Minimize f(z), wrt. (s,z) e Rx X,
st. g(z) € C, (1.5.13)
(1,G(z)) € K, (s,H(x)) € K°, (s, H()), (1,G(x))) = 0.

Since this is an instance of (MPCC), we can apply the obtained results for conic MPCCs.
In order to translate them into results for (1.5.8), we provide the following results.

e The polyhedricity of K implies the polyhedricity of K; see Lemma 1.5.11. This
enables us to apply Theorem 1.5.4, and it shows the strength of the optimality
condition.

e We translate the strong stationarity conditions for (1.5.13) into optimality condi-
tions for (1.5.8); see Lemma 1.5.13.

e We provide a result analogous to Proposition 1.5.8; see Lemma 1.5.14.

Lemma 1.5.11. Assllme that the closed, convex set K is polyhedric w.r.t. (G, H) with
G € K and H € Tk (G)°, that is,
A(Ri(G)N HY) = T (G)n HE.

Then, the cone K is polyhedric w.r.t. ((1,G),(—(H, G), H)).

Proof. We set s := —(H, G). We have to show
A(Rz(1,G)N (s, H)F) D T(1,G) N (s, H)* .
Let (t,2) € Tz(1,G) N (s, H)* be given. By (1.5.12) we get z — t G € T (G). Since
(H, 2 —tG)=(H, 2) —t (H,G) = (H, 2) +ts = ((s,H), (t,2)) =0,

we have z — ¢ G e TK(G) N H'. Owing to the polyhedricity of K, we obtain a sequence
{z,} € R (G) N H* such that z, — z —tG in Z.

Immediately, we obtain (¢, 2, +tG) — (t,2) in R x Z and
((s,H), (t,zn +tGQ)) = =t (H, G) + (H, z, +tG) = (H, z,) = 0.

It remains to show (¢, 2, +tG) € Rz(1,G). We have

(1,G)4+e(t,zn +tG) = (1 +¢t) (1,é+5(1+5t)—1zn>.
K,

Since z, € Rk (G), G+¢(1 +et)7! z, € K for € > 0 small. By definition (1.5.9) of
(1,G).

this yields (1,G) + ¢ (¢, 2, + tG) € K for small ¢ and, hence, (¢, 2, +tG) € R
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In order to obtain optimality conditions for (1.5.8) via the strong stationarity conditions
of (1.5.13), we state the following lemma.

Lemma 1.5.12. Let (s,Z) be a feasible point of (1.5.13). Then,

0,v) € TR(L,G)N (s, H): = veT(G)NH", (1.5.14a)
(t, 1) € Tro(s, H) N (1 Gt = peRx(@)NHY®, t=—(u, G), (1.5.14b)

where we set G := G(7), H := H(7).

Proof. The equivalence (1.5.14a) follows immediately from (1.5.12).

To show the first implication of (1.5.14b), let (¢, u) € TKO(S H)N (1,G)* be given. The
relation t = —(u, G) follows directly from (¢, 1) € (1,G)*. Now, let v € R (G) N H* be
given. By deﬁmtlon, there exists A > 0 and k € K with v = X\ (k — G). Then, (1,k) € K
and

((s,H), (Lk))=s+(H, k) =(H, k= G)=X""(H, v) =0.

Hence, (1,k) € K N (s, H)* = Tio(s, H)°. Therefore,
A vy = (s k= G) = (u, k) +t = ((t, 1), (1,k)) <0,

since (1,k) € Tgo(s,H)° and (t,u) € Tio(s,H). This shows the right-hand side of
(1.5.14b).

In order to prove the converse, let u € (RK(@) N H’J-)O be given and set t = —(u, G).
Then, (t,u) € (1,G)* is immediate. By the bipolar theorem, it remains to show

((t, 1), (p,k)) <0, ¥(p,k)€ KN (s, H)" =Tgo(s, H)°. (1.5.15)

To this end, let (p,k) € Kn (s, H) be given. By definition of K, we find p > 0. Since
K is a convex cone and (1,G) € K we have

L+ E+G)=20p+1) "2 (p+1,k+G) €K
Hence, Lemma 1.5.9 yields (k + G)/(p+ 1) € K. Now, we find
k=pG=@+1)(p+1)" (k+G) - G) € Rr(G)
and (H, k —pG) = (H, k) + ps = 0. Hence, k — pG € Ry (G) N H*. This yields
((t, 1), (p. k) = (p, k) +pt = (u, k—pG) <0

We have shown (1.5.15) and the left-hand side of (1.5.14b) follows by the bipolar theorem.

Now, we are able to obtain optimality conditions for our original problem (1.5.8) via the
strong stationarity conditions of the auxiliary problem (1.5.13).
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Lemma 1.5.13. Let (s,Z) be a strongly stationary point of (1.5.13). Then, there exist
ANeY* ue Z* ve Z such that

@) +d @) A +G @) p+ H(Z) v=0, (1.5.16a)
A€ To(g(z)°, pe (Rr(G@)NH@)), veTx(GE)n H(z)*. (1.5.16b)

Proof. Since (s, x) is a strongly stationary point of (1.5.13), there exist multipliers A € Y*,
(t,n) € Rx Z*, (r,v) € R x Z, such that r = 0 and

f(@) + g (@) A+ G'(2) p+ H'(2)" v =0, A e Toly(z))°,
(t, 1) € Tio (s, H(Z)) N (L, G(Z)) ", (r,v) € TR(LG(Z) N (s, H(Z))",

cf. Definition 1.5.1. Now, the assertion follows directly from Lemma 1.5.12.

In the case of K being a cone, we obtain exactly the conditions of Definition 1.5.1, cf.
(1.5.4). That is, we do not lose any information by the transformation to the problem
(1.5.13) in this case.

Finally, we transfer Proposition 1.5.8 to the non-conic case.

Lemma 1.5.14. Let Z be a local minimizer of (1.5.8) and assume
G@)X =Y xZx 2"

where G(x) = (g(x),G(z), H(z)). Then, there exist multipliers A € Y*, p € Z*, v € Z,
such that (1.5.16) is satisfied.

Proof. By Lemma 1.5.10, (s, z) with § = —(H(Z), G(z)) is a local minimizer of (1.5.13).
In what follows, we use Theorem 1.5.6 to infer the strong stationarity of the minimizer
(5,7) of (1.5.13). We set G(s,z) := (9(z),1,G(x), s, H(x)) and

€= C x [T (5. H(2)) N Tie(1,G(@)°4] % [T (1, G(@))° N Tieo (5, H(@)* .

That is, the constraints in (TNLP) associated with (1.5.13) are simply G(s,z) € C.
By assumption, we obtain
G(5,2)Rx X) =Y x {0} x Z xR x Z*. (1.5.17)

Let us abbreviate V = [Tz (s, H(z))° N Tg(1,G(%))™|. By definition of C, we find

)
C D {g(z)} x V x {0}. Hence, Re(G(5, a?)) D {O} X Ry (1,G(z)) x {0}. Since V is a
cone, we obtain Re(G(5, 7)) D {0} xlin((1,G(Z))) x {(0,0)} by using (1.2.1). This shows
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Te(G(5,2))°+ = Re(G(5,2))°+ D {0} x lin((1,G(Z))) x {(0,0)}. Due to this surjectivity
in the second component on the right-hand side, (1.5.17) yields

G'(5,2) (Rx X)—Re(G(5,7)) =Y xRxZxRx Z*,

G'(5,2) (Rx X)—Te(G(5,2)°t =Y xRx Z xR x Z*.

By Proposition 1.5.7, this shows that the assumptions of Theorem 1.5.6 are satisfied.
Hence, (s,) is a strongly stationary point of (1.5.13). Lemma 1.5.13 yields the claim.

We cannot directly use Proposition 1.5.8 to infer the above result; see (1.5.17).

1.6. Examples

In this section, we are going to apply the above theory to two problems. The first one is
an optimal control problem governed by a variational inequality. The second problem is
an MPCC involving the non-polyhedric cone of symmetric, semidefinite matrices.

1.6.1. Optimal control of variational inequalities

This first example shows that our technique is able to reproduce the result by Mignot,
1976 concerning strong stationarity for infinite-dimensional problems. Moreover, we
obtain optimality conditions in a more general situation. We assume that

e Y U, Z are Hilbert spaces,

e the operator A € L(Y,Y™) is coercive; B € L(U,Y™); and the operator C € L(Z,Y™)
has a dense range,

e the objective f: Y x U x Z — R is Fréchet differentiable,
e the set Uyq C U is closed and convex, and
e the closed, convex set K C Y is polyhedric w.r.t. all (y,£) withy € K, £ € Tk (y)°.

We consider the optimization problem

Minimize f(y,u, z), wrt. (y,u,2) €Y xU x Z,

. (1.6.1)
st. uelUy, yeK, Bu+Cz—Aye Tk(y)°.

The last two constraints represent a complementarity (1.5.7) and they are equivalent to
y=S(Bu+ Cz), where S is the solution operator Y* 3 w + y € Y of the variational
inequality

findye K st. (Ay—w,v—9y)>0, YveK.

It is well known that this variational inequality is uniquely solvable and that the solution
operator S : Y* — Y is Lipschitz continuous. By standard techniques (and further
assumptions), one infer the existence of solutions of (1.6.1).
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Let us assume that (y,u,z) is a local minimizer of (1.6.1). By defining the operator
G(y,u,z) := (u,y, Bu+ Cz— Ay), we find that G'(y,u) = G has merely a dense range
and is, in general, not surjective. Hence, we cannot apply Lemma 1.5.14. Similarly, one
can check that the assumptions of Theorem 1.5.6 are not satisfied for the corresponding
problem (1.5.13). To circumvent this, we use a clever linearization argument due to
Mignot, 1976.

Indeed, due to the polyhedricity of K, we know from Theorem 2.1 in Mignot, 1976 that
S is directionally differentiable and the directional derivative 0y = S'(w; dw) is given as
the solution of the variational inequality

find oy e £ s.t. (Ady —ow, v—9dy) >0, YveK, (1.6.2)

with the critical cone K = K (y,w — Ay) = Ti(y) N (w — Ay)*. Again, the solution
operator associated with this variational inequality is Lipschitz continuous from Y™* to
Y. Now, the optimality of (y,u, z) implies that

fy() S (@0; Bou+ Cdz) + fu(-) du+ f.(-) 62 >0, Voéue Ty, (a),dz€ Z, (1.6.3)
where fy, fu, f- are the partial derivatives of f, and we abbreviated the argument (-) =

(y,u,z), and w = Bu + Cz. Following Mignot, 1976 again, we test this variational
inequality with du = 0 and +dz. We find

|£2() 02 < [ £y (1) §'(@; € 62)] < c[|C o2y~
Hence, C' 0z +— f,(-) 0z defines a bounded functional on the range of C, which can be
extended (by continuity) to a functional p € Y** =Y. In particular, we have f,(-) = C*p.
Using again the density of the range of C' in Y* we find that (1.6.3) implies
fy() 8" (@; Bou+6C) + fu(?) Su+ (p, 6¢) >0, Véu € Ty, (u),6¢ € Y™
Together with (1.6.2) it follows that (dy, du,0¢) = 0 is a global minimizer of
Minimize fy() dy + fu(-) du+ (p, 6¢), w.r.t. (0y,0u,0¢) €Y x U x Y™,

st. due Ty, (u), dyek, Bou+d(—AdyeKk®,

and (Bdu+ 6¢ — Ady, dy) =0.
Now, we set G(dy, du, 0¢) := (0u, oy, Bdu+6(— A dy). It is immediate that G’'(0,0,0) = G

is surjective. Hence, we can apply Proposition 1.5.8. We evaluate the strong stationarity
conditions (1.5.1) for the minimizer (0,0,0) and obtain the system

fy()+p—Av =0, e Ty, (w)°, vek,
fu(:) + A+ B*v =0, p+v=0, ne K.

By eliminating v and adding the condition f,(-) = C*p for p, we finally obtain the
optimality system

fy()+p+Ap =0, A€ Tu,, (), (1.6.4a)
fu()+A=B"p=0, —peTk(@N(Bu+Cz— Ap)*, (1.6.4b)
f() = C"p=0, pe (Te@nN(Bu+Cz—Agt)°. (1.6.4c)
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Note that this optimality system is a new result for the problem (1.6.1). We comment
on two special cases of the above result.

Dense controls. In the first case, we set U := U,q := {0}. The optimization problem
(1.6.1) becomes

Minimize f(y,0,2), st. ye K, Cz—Aye Tk(y)°,
and we obtained the optimality system

f()Fu+Ap=0, —peTr(y) N(CzZ— Ayt

! R (1.6.5)
()=C'p=0, pe(Tx@)n(Cz—-Ay)").

This result is well known. In particular, it is straightforward to generalize the arguments
leading to Theorem 4.3 in Mignot, 1976 and one obtains the system (1.6.5). The same
result was also reproduced in Theorem 4.6 in Hintermiiller, Surowiec, 2011 by techniques
from variational analysis.

Regularization of control constraints. With Z = {0} the problem (1.6.1) reads
Minimize f(y,u), s.t. w €U, y€K, Bu-—Aye Ty .

This is an optimal control problem of a variational inequality with control constraints.
It is known that strong stationarity may not be a necessary optimality condition in this
case; see, e.g., the counterexamples in Section 3.6. From this point of view, the problem
(1.6.1) is a regularization of the control constrained problem. This regularization is
similar to the virtual control regularization introduced in Krumbiegel, Rosch, 2009 for
state constrained optimal control problems.

The solution of this regularized problem (1.6.1) satisfies a system of strong stationarity.
One could introduce a regularization parameter v, by setting, e.g.,

v
f(yvua Z) = f(yau) + 5 ||Z||2Z
and pass to the limit v — oo with the optimality system. This is, however, beyond the

scope of this paper and subject to further research.

1.6.2. Application to semidefinite complementarity programs

We have seen in Section 1.5.2 that our definition of strong stationarity implies first-
order stationarity if K is polyhedric. In this section, we discuss an example including a
non-polyhedric cone K. In particular, we consider

Minimize f(A,B), w.art. A, BeS",

1.6.6
st. AeSt, BeS", (A B)r=0. ( )
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Here, S" is the set of symmetric n x n matrices, S (S") are the cones of positive
(negative) semidefinite matrices, and (-, ) is the Frobenius inner product. The objective
f:S" xS™ — R is assumed to be differentiable. In the sequel, we compare four different
optimality systems for the problem (1.6.6):

(a) the (classical) KKT conditions,

(b) the strong stationarity conditions which are defined in Definition 5.1 in Ding, D.
Sun, Ye, 2014, see also Definition 3.3 in Wu, L. Zhang, Y. Zhang, 2014, which are
tailored to problems with semidefinite complementarity constraints,

(c) our strong stationarity conditions applied to (1.6.6),
(d) our strong stationarity conditions applied to a linearization of (1.6.6).

In order to keep the presentation simple, we discuss the case n = 3 and assume that the
local minimizer (A, B) of (1.6.6) is

(100 (o0 o0
A=|0o 0 o], B=[0oo0 o0
00 0 00 —1

The general case can be discussed analogously, but requires a more complicated notation.
The necessary details can be found in the references which are cited in the derivations
below.

The KKT conditions. In order to compare the KKT conditions with the other
conditions, we will formulate them without a multiplier for the complementarity condition
(A, B)p = 0 by using Lemma 1.5.2. Since the multipliers are also matrices, we use (U, V)
rather than (u,r). We obtain the optimality conditions

fA(A73)+U:O¢ fB(Aaé)"i_V:O: (1.6.7a)
- 0 0 0
UGRSH<B)QAL—{U€S71:U— 0 <0 x|, andU23—OifU22—0},
0 * %
(1.6.7b)
B B * % 0
VeRSi(A)mBL:{VeS": V=[x >0 0| andV12:OifV'22:0}.
0 0 O
(1.6.7¢)

Here and in what follows, fa, fp are the partial derivatives of f, and we use

0O 0 O
U=1]10 <0 =«
0 x %

as a short-hand for Uy; = U = U3 = 0, and Use < 0.
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The tailored conditions from the literature. We give some simple arguments
leading to the optimality conditions, which can be found in the above mentioned literature.
These arguments also show that the obtained optimality conditions seem to be the
“correct” ones.

Proceeding as usual, one finds the necessary first-order condition
— (A, B) € Tr(A, B)°, (1.6.8)

where F' is the feasible set of (1.6.6). This feasible set is just the graph of the (set-valued)
normal cone mapping A +— Tgn (A)°, and its normal cone Tr(A4, B)° is given by all

(U, V) € (S™)? satisfying

O O * * * *
U=10 <0 x|, V=% >0 0], Uiz+Vi3=0,
x % % * 0 0

see Corollary 3.2 in Wu, L. Zhang, Y. Zhang, 2014. The obtained optimality conditions
are (1.6.7a) and (U,V) € Tp(A,B)°. They coincide with the optimality conditions
Definition 5.1 in Ding, D. Sun, Ye, 2014, Definition 3.3 in Wu, L. Zhang, Y. Zhang, 2014.

Our strong stationarity applied to (1.6.6). The assumptions of Proposition 1.5.8
are satisfied. By using the expression (9) in Hiriart-Urruty, Malick, 2012 for the tangent
cone Tgn (B), we obtain the optimality conditions (1.6.7a) and

*

x % %
VeTsi(/_l)ﬂBL:{VeSﬂ V=[x >0 0 }
* 0 0

S O
N o
o

*

UeTgn(B)mAi:{UeSn, U=

*
*

By comparing this with (1.6.7b), (1.6.7c) we find the well-known fact that S, S are
not polyhedric.

Our strong stationarity applied to a linearization. Now, we do not apply our
result directly to (1.6.6), but to a certain linearization. We use the first-order condition

(f'(A,B), h)r >0, Vhe Tr(A, B).

In Corollary 3.2 in Wu, L. Zhang, Y. Zhang, 2014 we find an expression for this tangent
cone. Together with the first-order condition, we infer that (A, B) = (0,0) is a global
minimizer of
Minimize (f'(A, B), (4, B))r,
s.t. A23 = A33 = Bll == B12 = 0, A13 - B13 = 0, (169)
and Az >0, By <0, Ay Bay = 0.
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Again, the assumptions of Proposition 1.5.8 are satisfied. We obtain the optimality
conditions (1.6.7a) and

0 0 =« * ok %
U=10 <0 x|, V=% >0 0|, Usz+Viz=0.
¥ ok ok * 0 0

Note that the cone defining the complementarity constraint in (1.6.9) is polyhedric due
to our choice of (A, B). However, similar arguments apply to the more general situation,
since all cones are polyhedric w.r.t. the global minimizer (A, B) = (0,0) of (1.6.9). Hence,
in all cases of (A, B), we obtain the same optimality system as with the tailored approach
from the literature.

Applicability of the constraint qualifications. Let us briefly recall that the tailored
condition (1.6.8) is shown in Proposition 5.1 and Corollary 5.1 of Ding, D. Sun, Ye, 2014
only under the requirement that the classical KKT conditions are valid. However, the
classical KKT conditions (1.6.7) are stronger than the tailored conditions (1.6.8).

By means of an example we demonstrate that the classical KK'T conditions are strictly
stronger than the tailored conditions and may not be satisfied by a local minimizer. The
unique global minimizer (A, B) of

Minimize (trace(A) — 1) + (trace(B) + 1)> + A1p + Aoy — By — By,
st. AeSi, BeS:, (A, B)p=0

is given by AH = 1, A12 = /_122 = O, BQQ = —1, BH = Blg = 0. One can check that the
classical KKT conditions (similar to (1.6.7)) cannot be satisfied, whereas the tailored
condition (1.6.8) holds.

Hence, the approach from Ding, D. Sun, Ye, 2014 does only apply to this very simple
problem, whereas our technique is applicable.

Comparison of the optimality systems. We emphasize that the above arguments
suggest that the strong stationarity conditions from Ding, D. Sun, Ye, 2014 are the
“correct” ones.

Moreover, the KKT conditions (1.6.7) are too strong for problem (1.6.6). Indeed, the
(1,3)-elements of the multipliers U and V are required to be zero, but this is stronger
than the first-order condition (1.6.8). Hence, the KKT conditions are, in general, not
satisfied. This is also demonstrated by means of an example.

Applying our optimality conditions directly to (1.6.6) yields necessary conditions which
are too weak. However, we obtain the correct optimality conditions if the problem is
linearized first.

Finally, we want to mention that all differences between the optimality systems pertain
to the (1, 3)-elements of the multipliers U, V. Hence, these problems does not originate
from the biactive component 2, but from the non-polyhedricity of S}. Indeed, in the
special case (A, B) = 0, all presented optimality systems coincide.
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1.7. Perspectives

We comment on some open problems.

(a) Similar to Definition 1.5.1 we can define weak stationarity conditions by the KKT
conditions of (TNLP). Is there any analogue of the other stationarity concepts
(such as Clarke- and Mordukhovich-stationarity) in the general situation?

(b) We have seen that the strong stationarity conditions from Definition 1.5.1 may be
to weak in the non-polyhedric case. Can we state stronger necessary optimality
conditions in this case?

(c) The constraint qualifications given in Section 1.5.3 are rather strong. This is in
particular true for the accessible conditions in Proposition 1.5.8. Is it possible to
state weaker conditions?

(d) In Section 1.6.1 we have used a density argument to infer the existence of multipliers.
Can this density argument be avoided?

1.8. Conclusions

In this paper, we transfer results from standard mathematical programs with complemen-
tarity constraints in finite dimensions to general problems with general complementarity

constraints
G(x) € K, H(z) € K°, (G(x), H(x)) =0

in infinite-dimensional Banach spaces. In particular, we give a definition of strong sta-
tionarity; see Definition 1.5.1. We provide conditions, which imply that local optimizers
are strongly stationary; see Section 1.5.3. In the case that K is polyhedric, we show that
strong stationarity implies the linearized B-stationarity; see Theorem 1.5.4. Some of the
results are also valid for the non-polyhedric case, but there remain some open problems
in absence of polyhedricity.
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2. Strong stationarity for optimization
problems with complementarity
constraints in absence of
polyhedricity

Abstract: We consider mathematical programs with complementarity constraints in
Banach spaces. In particular, we focus on the situation that the complementarity con-
straint is defined by a non-polyhedric cone K. We demonstrate how strong stationarity
conditions can be obtained in an abstract setting. These conditions and their verification
can be made more precise in the case that Z is a Hilbert space and if the projection
onto K is directionally differentiable with a derivative as given in Haraux, 1977, The-
orem 1. Finally, we apply the theory to optimization problems with semidefinite and
second-order-cone complementarity constraints. We obtain that local minimizers are
strongly stationary under a variant of the linear-independence constraint qualification,
and these are novel results.

Keywords: mathematical programs with complementarity constraints, strong station-
arity, conic programming, semidefinite cone, second-order cone, polyhedricity

MSC: 49K10, 49J52, 90C22, 90C33

2.1. Introduction

We consider the optimization problem

Minimize f(x),
subject to g(x) € C,
G(z) € K, (MPCC)

Here, K C Z is a convex, closed cone in the reflexive Banach space Z. We refer to
Section 2.4 for the precise assumptions on the remaining data of (MPCC). Due to the
complementarity constraint

G(z) € K, H(z) € K°, (G(x), H(z)) = 0,
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2. Problems with complementarity constraints in absence of polyhedricity

(MPCC) is a mathematical program with complementarity constraints (MPCC) in Ba-
nach space. Already in finite dimensions, these complementarity constraints induce
several difficulties, see, e.g., Luo, Pang, Ralph, 1996; Scheel, Scholtes, 2000; Hoheisel,
Kanzow, Schwartz, 2013 and the references therein. We are going to derive optimality
conditions of strongly stationary type for local minimizers & of (MPCC).

We give a motivation for the study of (MPCC) with an emphasis on a situation in which
the problem (MPCC) has infinite-dimensional components. A very important source
of programs with complementarity constraints is given by bilevel optimization problems,
see Dempe, 2002. Indeed, if we replace a lower-level problem which contains constraints
including a cone K by its Karush-Kuhn-Tucker conditions, we arrive at (MPCC). We
illustrate this by an example.

Let us consider an optimal control problem in which the final state enters an optimization
problem as a parameter, for an example, we refer to the natural gas cash-out problem,
see Kalashnikov, Benita, Mehlitz, 2015; Benita, Dempe, Mehlitz, 2016; Benita, Mehlitz,
2016. A simple prototype for such bilevel optimal control problems is

Minimize f(z,z),
such that #(t) = F(t,x(t)) fort e (0,7T),
x(0) = xo,
z solves (2.1.2) with parameter p = x(T),

(2.1.1)

in which the lower-level problem is given by the following finite-dimensional optimization
problem
Minimize j(z,p,q),
with respect to z € R", (2.1.2)
such that ¢(z,p,q) <0.

This lower-level problem depends on the parameter p = x(7') and another parameter ¢
which is fixed for the moment. It is clear that (2.1.1) becomes a problem of form (MPCC)
if we replace (2.1.2) by its KKT-conditions. In this particular situation, the cone K is
given by (—o0,0]™, where R™ is the range space of the nonlinear mapping g.

Now, let us consider the situation, in which the additional parameter ¢ is unknown in
the lower-level problem (2.1.2). One possibility to handle this uncertainty is the robust
optimization approach from Ben-Tal, Nemirovski, 1998; Ben-Tal, Nemirovski, 2002. That
is, the objective in (2.1.2) is replaced by its supremum over ¢ € () and the constraint
9(z,p,q) < 0 has to be satisfied for all ¢ € @, where @ is the uncertainty set. Depending
on the type of the uncertainty set @, this robustification of (2.1.2) becomes a problem
with second-order cone or semidefinite constraints, see, e.g., Ben-Tal, Nemirovski, 2002,
Theorem 1. Consequently, (2.1.1) (together with the Karush-Kuhn-Tucker conditions
of the robust counterpart of (2.1.2)) becomes a problem of type (MPCC) with K being
the second-order cone or the cone of semidefinite matrices. Finally, we mention that a
problem of type (MPCC) with an infinite-dimensional cone K is obtained, if a lower-level
problem is attached to (2.1.1) not only for the final time 7', but for all ¢t € (0,7"). This
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situation leads to the optimal control of a differential variational inequality, see Pang,
Stewart, 2008 for applications and further references.

Strong stationarity for special instances of (MPCC) are obtained (for infinite-dimensional
Z) in Mignot, 1976; Herzog, C. Meyer, G. Wachsmuth, 2013 and G. Wachsmuth, 2014
(i.e., Chapter 3) and in, e.g., Luo, Pang, Ralph, 1996; Ding, D. Sun, Ye, 2014; Ye, Zhou,
2015 (finite-dimensional Z). To our knowledge, G. Wachsmuth, 2015 (i.e., Chapter 1) is
the only contribution which considers MPCCs of general type (MPCC). Therein, strong
stationarity conditions for (MPCC) are defined and they possess a reasonable strength
in the case that K is polyhedric. Moreover, it is shown that local minimizers are strongly
stationary if a constraint qualification (CQ) is satisfied.

We are going to extend the results of Chapter 1 to the non-polyhedric situation. This
is established by a linearization of (MPCC) and by utilizing the fact that every cone is
polyhedric at the origin. We obtain explicit strong stationarity conditions in case that Z
is a Hilbert space and if the directional derivative of the projection Proj, onto K can be
characterized as in Haraux, 1977, Theorem 1, see also Definition 2.4.6. Moreover, these
conditions hold at local minimizers if a reasonable constraint qualification is satisfied.

We describe the main results of this work. In Section 2.3 we provide two auxiliary results,
which are used in Section 2.4 to derive stationarity conditions for (MPCC). We believe
that both results are of independent interest. In Section 2.3.1, we consider the set

F:={xeC:G(x) e L}.

Here, C is a closed convex set and the closed set K is not assumed to be convex. We
show that the tangent cone Tx(Z) of F at & € F is obtained by the linearization

{z €Te(x):G'(2)x € Te(G(2))}

if a certain CQ is satisfied, see Theorem 2.3.6. The second auxiliary result concerns the
characterization of the tangent cone of the graph of the normal cone mapping. That
is, given a closed convex cone K in a real Hilbert space Z, we are interested in the
characterization of the tangent cone to the set

gph T ()° ={(2,2") C Zx Z*: 2z € K,2* € K°,(z, 2*) = 0}.

If the metric projection onto the cone K is directionally differentiable as in Haraux, 1977,
Theorem 1, we obtain a precise characterization of the tangent cone of gph 7x(-)°, see
Section 2.3.2.

These auxiliary results are utilized in order to prove strong stationarity of minimizers
to (MPCC) in Section 2.4. The main result of Section 2.4 is Theorem 2.4.5, in which
we prove that local minimizers satisfy the system of strong stationarity (2.4.15) under
certain CQs, and this could also be considered the main result of this work.

In order to illustrate the strength of the abstract theory, we study the cases that K is
the cone of semidefinite matrices and the second-order cone, see Sections 2.5 and 2.6.
In both situations, we obtain novel results. In fact, for the SDPMPCC we obtain that

47



2. Problems with complementarity constraints in absence of polyhedricity

SDPMPCC-LICQ implies strong stationarity of local minimizers, see Theorem 2.5.9,
and this was stated as an open problem in Ding, D. Sun, Ye, 2014, Remark 6.1. For
the SOCMPCC we obtain the parallel result that SOCMPCC-LICQ implies strong
stationarity, see Theorem 2.6.11. This result was already provided in Ye, Zhou, 2015,
Theorem 5.1, but the definition of SOCMPCC-LICQ in Ye, Zhou, 2015 is stronger than
our definition. Finally, we consider briefly the case that K is an infinite product of
second-order cones in Section 2.7.

2.2. Notation

Let X be a (real) Banach space. The (norm) closure of a subset A C X is denoted
by cl(A). The linear subspace spanned by A is denoted by lin(A). The duality pairing
between X and its topological dual X* is denoted by (-, -) : X* x X — R. For subsets
A C X, B C X*, we define their polar cones and annihilators via

A ={a* e X*: (a2, 2) <0, Ve € A}, B°:={zxeX: (2" z) <0, Va* € B},
At ={z* e X*: (a*,2)=0,Ve € A}, Bt :={reX:(z* z)=0, Va* € B}.

For a cone C' C X, C°F = CN—C is the lineality space of C, that is, the largest subspace
contained in C'. For an arbitrary set C' C X and x € C, we define the cone of feasible
directions (also called the radial cone), the Bouligand (or contingent) tangent cone and
the adjacent (or inner) tangent cone by

Re(z):={heX:3t>0:Vse[0,t]:x+sheC},
To(z):={heX: li?{(iglfdistc(x—i-th)/t =0},

72(x) := {h € X : limsupdistc(z + th)/t = 0},
t\,0

respectively, see Bonnans, Shapiro, 2000, Definition 2.54, Aubin, Frankowska, 2009,
Definitions 4.1.1 and 4.1.5. Here, disto(z) is the distance of € X to the set C. Recall,
that To(z) = T4(x) = cl(Re(z)) in case C is convex, see Bonnans, Shapiro, 2000,
Proposition 2.55. Moreover, if C' is a convex cone, we find

To(x)® =C°nat, (2.2.1)

see Bonnans, Shapiro, 2000, Example 2.62. Here, z+ is short for {w}L For a closed,
convex set C' C X, we define the critical cone w.r.t. z € C and v € Te(x)° by

Ke(z,v) := To(z) Not. (2.2.2)
The set C is said to be polyhedric w.r.t. (z,v) € C x Te(x)°, if
Ke(x,v) = c(Re(z) Not) (2.2.3)

holds, cf. Haraux, 1977.
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A function g : X — Y is called strictly Fréchet differentiable at z € X, if it is Fréchet
differentiable at Z and if for every & > 0, there exists € > 0 such that

lg(a1) — g(a2) — ¢'(2) (x1 — 22)||y < 8 llw1 —a2llx  Var,a2 € BX(z).  (2.2.4)

Here, BX (z) is the closed ball around z with radius e. Note that strict Fréchet differentia-
bility is implied by continuous Fréchet differentiability, see Cartan, 1967, Theorem 3.8.1.

2.3. Auxiliary results

In this section, we provide two auxiliary results, which will be utilized in the analysis of
(MPCC). However, we believe that the results are of independent interest.

2.3.1. Constraint qualification in absence of convexity

We consider the set

F:={zeC:G(x) ek} (2.3.1)

which is defined by a (possibly) non-conver set K. We are going to characterize its
tangent cone Tx(Z) by means of its linearization cone

Tin(Z) == {h € Te(z) : G'(T) h € T (G(T))}.

Since K may not be convex, we cannot apply the constraint qualification of Robinson,
1976; Zowe, Kurcyusz, 1979 to obtain a characterization of the tangent cone 7£(Z) of F.
The main result of this section is Theorem 2.3.6, which provides a constraint qualification
that applies to the situation of (2.3.1).

We fix the setting of (2.3.1). Let X', ) be (real) Banach spaces. The set C C X is assumed
to be closed and convex and the set IC C ) is closed. We emphasize that the set K is not
assumed to be convex. Moreover, the function G : X — ) is strictly Fréchet differentiable
at the point x € F.

As in the situation that K is convex, no condition is required to show that the linearization
cone is a superset of the tangent cone and we recall the following lemma.

Lemma 2.3.1. We have Tz (Z) C Thin(Z).

In order to define a CQ, we need a certain tangent approximation of the non-convex set

K.

Definition 2.3.2. A cone W C ) is called a tangent approximation set of K at y € IC,
if for all p € (0,1), there exists § > 0, such that

Yy e KN BY(y),w e WNBY(0): I € Y: ||i]ly < plw|y,y+w+deK. (2.3.2)
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2. Problems with complementarity constraints in absence of polyhedricity

Note that the set W is not assumed to be convex or closed. Roughly speaking, all (small)
directions in W are close to tangent directions for all points in a neighborhood of y. To
our knowledge, this definition was not used in the literature so far.

We shall show that a tangent approximation set W is a subset of the Clarke tangent cone
defined by

Cx(y) :=={d €Y : Yyrtren C K,yx — ¥,
V{tr }ren C R+,tk N O« distic (yg + tx d) /[t — O},

see, e.g., Aubin, Frankowska, 2009, Definition 4.1.5. Here, distx is the distance function
of IC. Moreover, in finite dimensions, the Clarke tangent cone is the largest tangent
approximation set.

Lemma 2.3.3. We assume that the cone W C ) is a tangent approximation of I at
y € K. Then, W C Cx(y). Moreover, Cx:(y) is a tangent approximation set of K at y if
dim(})) < oo.

Proof. Let w € W and sequences {y;} and {tx} as in the definition of Cx(y) be given.
For a given p € (0, 1), there exists § > 0, such that (2.3.2) holds. Then, y, € K N BY(9)
and t;, w € WN BY(0) for large k. By (2.3.2), there exists 1y, with |||y < ptx |lw]ly
and yi, + tx w + Wy, € K. Hence, disti(yx + tp w) < ||wg|ly < pti ||w|ly. Thus, disti(yr +
trw)/ty < pllwl||y for large k. Since p € (0,1) was arbitrary, this shows the claim.

To prove that Ci(y) is a tangent approximation set in case dim(}))) < oo, we proceed
by contradiction. Hence, there exists p > 0, a sequence {yx }xeny C K with y; — y and
{wi }ken € C(y) with wy, — 0 such that

distic(yr +wi) > p|lwk|ly Vk e N

We set t, = ||wgl||y. Since ) is finite-dimensional, the bounded sequence wy /t;, possesses
a limit w with ||w||y =1 (up to a subsequence, without relabeling). By the closedness
of Cx:(y), we have w € Cx(y), see Aubin, Frankowska, 2009, p.127. Hence,

distic (e + thw) _ distic(yn + e (We/tr)) It w —welly | .

— t .
e 0 0 lw — wg/tg]|y

Together with wy/t, — w and p > 0, this is a contradiction to w € Ci(¥).

The next lemma suggests that the situation is much more delicate in the infinite-
dimensional case. In particular, tangent approximation sets cannot be chosen convex
and there might be no largest tangent approximation set.

Lemma 2.3.4. We consider Y = L?(0,1) and the closed, convex set K = {y € L?(0,1) :
y(t) > Ofor a.a. t € (0,1)}. Then for any M > 0, the cone

Wi = {w € L*(0,1) : [|min(w, 0) | (0,1 < M [[wll 20,1y}
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is a tangent approximation set of C at the constant function y = 1.

However, Ric(y), Tx(y), the union of all Wy, M > 0 and the convex hull of W), for
M > /2 are not tangent approximation sets.

Proof. Let us show that W), is a tangent approximation set of K at y. Let p € (0,1)
be given. We set 6 = p/(2 M) and show that (2.3.2) is satisfied. To this end, let y € K
and w € Wy with ||y — 9l z2(0,1), |0l £2(0,1) < 0 be given. By Chebyshev’s inequality, we
have

p({t € (0,1) s y(t) <1/2}) < p({t € (0,1) : [y(t) —y(t)] = 1/2})
<2 |ly = GlZ200) < 46%

where 1 denotes the Lebesgue measure on (0,1). Since
[min(w, 0)|| e (0,1) < M [Jwlz20,1) < 1/2,
we have

u({t € (0,1) s y(t) + w(t) < 0}) < u({t € (0,1) : y(t) < 1/2}) < 457

We set w := —min(0,y + w), which yields y + w + @ = max(0,y + w) € K. It remains
to bound w and this is established by

HwH%Q(O,l) < Hmln(07 y+ w)H%Q(O,l)

= @w+wmfws/ w(t)? dt
{t€(0,1):y(t)+w(t)<0} {t€(0,1):y(t)+w(t)<0}

< p({t € (0,1) : y(t) + w(t) < 0}) min(w, 0)||7 g1y
<46 M? ||w|\%2(0,1) = p’ Hw||%2(0,1)'

This shows that Wy, is a tangent approximation set.

In order to demonstrate the last claim of the lemma, we first show that L>°(0,1) is not a
tangent approximation set. This is easily established, since for arbitrary § > 0, we may

set
0 ift<é? —1 ift <62
y(t) = mE= and  w(t) = hE=0
1 else, 0 else.

It is clear that y € K and w € L>(0,1) and ||y — ¥llz2(0,1) = [[w|£2(0,1) = 0. However,
the distance of y + w to K is 6. Hence, (2.3.2) cannot be satisfied with W = L*°(0, 1).

Since L*>(0,1) C Rx(y) C Ti(y) and L*(0,1) C Upro War, the sets Ri(y), Tic(y) and
Uar>o Wum cannot be tangent approximation sets.

Finally, we show that L°°(0,1) is contained in the convex hull of Wy, M > /2. Indeed,
for arbitrary f € L*°(0,1), we define f1 =2 f x[0,1/2), f2 = 2 f X[1/2,1) and it is sufficient
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2. Problems with complementarity constraints in absence of polyhedricity

to show that f; and fo belong to the convex hull conv(Wys) of Wy,. Therefore, we set
9% = fi £ 1 fillLee(o,1) X[1/2,1]- This gives

HgiHLoo(o,l) = || f1ll Lo (0,1 and ||9i”L2(0,1) > ||f1HL°o(0,1)/\/§~

Hence, g* € Wy,. This shows fi = (97 4+ ¢7)/2 € conv(Wy,) and similarly we get
fa € conv(Wyy). Hence, L*(0,1) C conv(Wy) and, thus, conv(W,s) is not a tangent
approximation set.

We mention that it is also possible to derive non-trivial tangent approximation sets for
non-convex sets . As an example, we mention

K:={yeL?(0,1)°:51 >0, y2 >0, y1y2 =0a.e. in (0,1)}.
Given y € K, M, e > 0, one can use similar arguments as in the proof of Lemma 2.3.4 to
show that
[wllzoo 0,12 < M [Jwl[2(0,1)2
W=_we L*0,1)% :w(t) =0if y1(t) <e, foraa.te(0,1), (2.3.3)
wo(t) =0 if yo(t) <e, fora.a. te (0,1)
is a tangent approximation set of K at ¥.

In what follows, we define
(A); := AN BF(0),

where A is a subset of a Banach space Z and B (0) is the (closed) unit ball in Z.

Using the notion of a tangent approximation set, we define a constraint qualification.

Definition 2.3.5. The set F is called qualified at x € F if there exists a tangent
approximation set YW C Y of K at G(z) and M > 0 such that

B (0) € G'(2) (C — &)1 — (W) (2.3.4)

If the set W is actually a closed and convex cone, the condition (2.3.4) is equivalent to
V=G (z)Re(z) —W, (2.3.5)

see Zowe, Kurcyusz, 1979, Theorem 2.1.

In the case that ) is finite-dimensional and K is convex, Definition 2.3.5 reduces to the
constraint qualification of Robinson-Zowe-Kurcyusz. Indeed, in the light of Lemma 2.3.3,
Definition 2.3.5 is equivalent to

By(0) € G'(z) (€ — @)1 — (T (G(2)))1,

which is, in turn, equivalent to the constraint qualification of Robinson-Zowe-Kurcyusz,
see Bonnans, Shapiro, 2000, Proposition 2.97.
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Theorem 2.3.6. Let us assume that F is qualified at £ € F in the sense of Defini-
tion 2.3.5. Then,
ﬂin(£> = 7-.7-'(-%)

In the case that K is convex, this assertion is well known, if we replace W by R (G(Z))
in (2.3.5). Note that this assumption might be weaker then the qualification of F in the
sense of Definition 2.3.5, compare Lemma 2.3.4.

Moreover, if ) is finite-dimensional, the assertion follows from Lemmas 2.3.1 and 2.3.3,
and Aubin, Frankowska, 2009, Theorem 4.3.3.

In order to prove Theorem 2.3.6, we provide an auxiliary lemma. Its proof is inspired by
the proof of Werner, 1984, Theorem 5.2.5.

Lemma 2.3.7. Let the assumptions of Theorem 2.3.6 be satisfied. Then, there exists
~v > 0, such that for all u € X, v € Y satisfying

1
lulx <5 olly <y weg@-2h,  G@+G@utvek,

we find 4 € X satisfying
e (C—x), Glz+a) ek

and [ju —allx < 37 1G(z +u) — G(z) — §'(Z) u — vly.

Proof. We set € := p := M /4. Since G is strictly differentiable at Z, there exists ¢ € (0, 1],
such that

19() - (@) — §'(@) (- &)y <l —Flx Va7 € By(a) (2:3.6)
and such that (2.3.2) is satisfied.

We define the constants

4]

L := max{||¢'(z)y, e}, V= 4(L+1)(M~1+1)

0
< -
4

Now, let v € X and v € Y with

1
lulx <5 lolly <y weg (€=,  and  G@+G@utvek
be given.
We define

gi= 2 |6 +u) = 6(@) — @) u ],
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For later reference, we provide

2 2 /M 1 2 o 0
0= g7 Clule + o) < 37 (T + )7 =G+ ) 7S50 55 S

We set
xo := 0, Uy 1= U, Vg =V

and construct sequences {z; }ien, {w;}ien, {vi}ien, such that the following assertions hold

w; € % (€ — 1) Vi>1, (2.3.8a)

zi€ (1— %) (C—&) Vi>0, (2.38D)

lzile — e < (1 - 5op)a Vi1, (2380)

villy < % Vi>1, (2.3.8d)

G(@+x)+ G (@) ui+v; €K Vi >0, (2.3.8¢)

1G(E + 21+ w) — G(F + 25) — G (&) ws — iy < 214 Vi>0. (2.3.80)

2i+1
Note that (2.3.8b) (2.3.8e) and (2.3.8f), are satisfied for i = 0.
For i =1,2,... we perform the following. Since (2.3.4) is satisfied, we find

(:Z) < % 1G(Z+zi—14+ui—1) —G(Z+zi—1) — G (%) ui—1 —vi—1|ly <(C(V_V)x_1)1> , (2.3.9)
such that

G (@) ui —wi = —(G(Z+ xi1 +uim1) — G(T +xi-1) — G (Z) ui—1 —vi—1).  (2.3.10)

Now, (2.3.9) together with (2.3.8f) for ¢ — 1 shows (2.3.8a) for 7. Similarly, we obtain

q
lwilly < 55 < g < 6. (2.3.11)
We define
T = Ti—1 + Uj—1-
We have
1 _ . .
uozuei(C—x)l, in case i =1,
_ 1 _ . .
U1 € 2iq71 (C—2) C 5 (C—2)1, in case ¢ > 1 by (2.3.7), (2.3.8a).
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This implies
1 _ 1 _ 1 _
T; =Ti—1 +Ui—1 € (1 - F) (C — a:)1 + (5) (C - x)l C (1 - 5) (C —27)1,

which yields (2.3.8b). Similarly, (2.3.8¢c) follows. Together with (2.3.8a), this implies
|lzil|lx < |lullx +¢<d  and lzi + willx < |Jullx +q <6. (2.3.12)
By (2.3.10) and (2.3.8e) for i — 1, we have
G +z)+ G (@)u; —w; =G(T+2i—1) +G'(T) uim1 +vi_1 € K.
Since

16(@ + 2:) + G'(%) ui —wi — G(2)|,,
< 6@ + i) — G(2) = G'(@) 2illy + 16'(@) (2i + wi)lly + [willy
(2.3.6)
< ellzilla + Lllwi + uilla + llwilly

2.

(2.3.11), (2.3.12)
2(L+1) (flullx + a)
)

<
(2272L+1(1+1+2 <4L+1(1+1 =0
<2( ) 3 M)’Y_ ( ) M)’Y—

and [lw;l|y <6 (by (2.3.11)), we can apply (2.3.2) and find v; with [lv;[|y < pJw;|y and
G(&+ )+ G (%) u; —w; + w; +v; €K,

which shows (2.3.8e) and (2.3.8d) for 7.
It remains to show (2.3.8f). By (2.3.12), we can apply (2.3.6) and find

_ _ _ M
19(@ + i+ i) = G(@ +2) = G'(@) s = villy < & lluilla + villy < (4 p) 55 = S
Altogether, we have shown (2.3.8).
Since z; = 3 %uj we get from (2.3.8a) that {z;} is a Cauchy sequence. Hence, there is

@ with z; — @ in X. Moreover, we have u; — 0 in X and v; — 0 in ) by (2.3.8a) and
(2.3.8d).

Hence, passing to the limit ¢ — oo in (2.3.8e) and using the closedness of K, we get
gz+a) ek

and from (2.3.8b) we find
U € (C — i’)l.

Finally,

Ju—alx = HZ%HX < 227 <q.
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2. Problems with complementarity constraints in absence of polyhedricity

Proof of Theorem 2.3.6. In view of Lemma 2.3.1, we only need to prove Tiin(z) C T£(Z).

Let h € Thin(Z) be given. Since G'(z) h € Txc(G(Z)), there exist sequences {t }reny C (0, 00)
and {rf}keN C Y, such that ¢, — 0 and

G(Z)+t, G (Z)h+rk e K forallkeN

7]y = o(tr) as k — oo
By the convexity of C and h € 7¢(Z), there exists {r{}reny C X with

T42t,h+2r¢ eC forallkeN

HrgHX =o(ty) ask — oo

For large k, this implies
1
teh+1f € 5 (€ =2 and G(2)+G'(@) (th+ i) +ry —G'(@)rf € K.

For large k, the norms of uy, := t;, h +r{ and vy :=rk — /(%) r{ € K are small and we
can apply Lemma 2.3.7. This yields @ such that

€ (C— )1 and G(z+a) ek
and
[tk h+ 1§ — el = [lug — drl 2
< 26 + txh+1§) — G(@) ~ G'(@) (e h) — 7, = olti).
Hence, we have x + 4 € F, and

@t - W
tr tr

This proves the claim h € Tz(Z).

An analogous result to Theorem 2.3.6 can be proved for the adjacent/inner tangent cone
7?%(:%) That is, under the conditions of Theorem 2.3.6 we also obtain

T (@) == {h € Te(x) : G (@) h € TR(G(T))} = TH).

The proof follows the same lines with the obvious modifications.

In the remainder of this section, we show a possibility to obtain a tangent approximation
set of the graph of the normal cone mapping in the case that Z is a Hilbert space. That
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is, we consider the case Y = Z x Z and

K = gph Tx (-)° := {(21,22) € Z% : 23 € Tie(21)°}
= {(21,22) € K x K°: (21, 22) = 0},

where K C Z is a closed, convex cone. Note that we have identified Z* with Z. Due to
this identification, we have the well-known and important characterization

(21,22) € gph Tk (-)° <= 21 =Projg(z1 +22) <= 22 =Projgo(z1 + 22).
(2.3.13)
In particular, the operators
P:Z —gphTk(-)°, P(z)=(Projg(z),Projyx.(z))
Q:gphTk(1)° = Z, Q(z1,22) = 21 + 22

are inverses of each other.

Lemma 2.3.8. Assume that Z is a Hilbert space and K C Z a closed, convex cone.
Let (z1,22) € gph Tk (-)°, T € L(Z,Z) and a cone W C Z be given. Suppose that for all
€ > 0 there is § > 0 with

IProj(2 + w) — Projg(2) = Twl|, <ellwlz  Vwe Bf(0)NW,z € Bf(z1 + %).
(2.3.14)
Then, .
W= {(w1,ws) € Z? w4+ wy € Wowy =T (wy +wa)}

is a tangent approximation set of gph Tk (-)° at (21, 22).

Roughly speaking, (2.3.14) asserts that 7w is the directional derivative of Projj for
directions w € W and the remainder term is uniform in a neighborhood of z; + Z».

Proof. Let p € (0,1) be given. Set ¢ = p/2 and choose § > 0 such that (2.3.14) is
satisfied.

Now, let (z1,22) € gph Tk (+)° with ||(z1,22) — (21, 22)]|z2 < ¢ and (w1, ws) € W with
(w1, w2)]| 72 < § be given.

Then,

(Projg (21 + w1 + 22 + w3), Proj e (21 + w1 + 22 + w2)) € gph T (+)°

To satisfy Definition 2.3.2, it remains to show

|(Projg (21 + w1 + 22 + w2) — 21 — w1, Projgo (21 + w1 + 22 + w2) — 22 — wg)HZ2

< pl[(wi, wa)]| 22
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2. Problems with complementarity constraints in absence of polyhedricity

By (2.3.14) we have

IProj (21 + w1 + 22 + w2) — 21 — w1z
= ||Projg (21 + 22 + w1 + w2) — Projg (21 + 22) = T (w1 + w2)| 2

1/2
<ellwn +wsllz < e (lwllz + lwallz) < V2e (Jlwrll + lwa]3)"”

= V2e (w1, wa)]| 22
Since
21 +wy + 22 + wo = Projy (21 + wy + 22 + w2) + Projgo (21 + w1 + 22 + wa),
we have
IProj o (21 + w1 + 22 + we) — 20 — wal|z = ||Projg (21 + w1 + 22 + we) — 21 — w1l 2.
Hence,

| (Proj (21 +wi + 22 4+ w2) — 21 — w1, Projge (21 + w1 + 22 + w2) — 20 — w2)|| 4
= \/QHPl“OjK(Q + w1 + 29 + wz) — 21 — le

< 2¢ |[[(wi, wa)| 22 = p (w1, w2)ll 22

This shows the claim.

2.3.2. Computation of the tangent cone to the graph of the normal
cone map

In this section, we consider a closed convex cone K C Z, where Z is a (real) Hilbert
space. Recall that the graph of the normal cone mapping is given by

gph Ti (1) := {(21, 22) € VARE R T (21)°} = {(21,22) € K x K° : (21, z2) = 0}.

We are going to derive a formula for its tangent cone Tgpp, 75.(.)o- This is also called the
graphical derivative of the (set-valued) normal-cone mapping.

If the projection onto the cone K is directionally differentiable, we have a well-known
characterization of Tgpp 75 (.)e-

Lemma 2.3.9. Let us assume that Projy is directionally differentiable. Then, for
arbitrary (21, z2) € gph Tk (-)° we have

Taph Tic ()0 (21, Z2) = {(21, 22) € 7% Proji(Z1 + 22321 + 22) = 21}
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2.3. Auxiliary results

This lemma can be proved similarly as Mordukhovich, Outrata, Ramirez C., 2015b, (3.11)
(let g be the identity function therein), or by transferring the proof of Wu, L. Zhang,
Y. Zhang, 2014, Theorem 3.1 to the situation at hand.

In order to give an explicit expression of Ty}, 75 ()0, We use a result by Haraux, 1977.

Lemma 2.3.10. Let us assume that Z is a Hilbert space and let (21, 22) € gph T (+)°
be given. We define the critical cone

Kx (%1, %) = T (71) N 2y
and assume that there is a bounded, linear, self-adjoint operator L : Z — Z, such that

Lo PrOjICK(51,Z2) = ProleK(ZhEZ) oL

2.3.15
PTOjK(El—FEQ—{—tw) :ProjK(21+22)+tL2w+o(t) Yw EICK(El,EQ). ( )
Then, for (z1,22) € Z2 we have
(21,22) € Tgph 75 (o (21, 22)
if and only if there exists Il € Z such that
II € ICK(El, 22), (2316&)
z1+2—1l€ ICK(El, 52)0, (2.3.16b)
(I, 21 + 22 — II) = 0, (2.3.16¢)
— LTI =0. (2.3.16d)

Proof. By Haraux, 1977, Theorem 1, Projy is directionally differentiable at z; + z2 and
Proj (Z1 + z2;v) = L? Proj,CK(glvgz)(v)

for all v € Z.
By Lemma 2.3.9 we obtain

Teph T ()0 (21, 22) = {(21, 22) ) € Z2 : Proj (21, 2221 + 22) = 21}

={(21,22) € Z*: L? Projic, (7,5 (21 + 22) = 21}

Now, we have II = Proji, (s, z,)(21 + 22) if and only if

II € ICK(21722)7
21+ 20— € Ki(21,22)°,
(H, Z1+22—H):0.

This implies the assertion.
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2. Problems with complementarity constraints in absence of polyhedricity

If K is polyhedric w.r.t. (z1, z2), we can choose L = I, since the projection Proj satisfies
Proj (z1 + 22, w) = Projic, (z,,2) (W) Yw e Z (2.3.17)

in this case, see Haraux, 1977, Theorem 2 and Mignot, 1976, Proposition 2.5. The
situation in which (2.3.17) is fulfilled was called projection derivation condition in Mor-
dukhovich, Outrata, Ramirez C., 2015a, Definition 4.1. This projection derivation condi-
tion also holds if K satisfies the extended polyhedricity condition (and another technical
condition), see Mordukhovich, Outrata, Ramirez C., 2015a, Proposition 4.2, and in other
non-polyhedric situations, see Mordukhovich, Outrata, Ramirez C., 2015a, Example 4.3.
Hence, the choice L = I in Lemma 2.3.10 is also possible in these situations.

For later reference, we also provide formulas for the normal cone to gph Tk (-)° and for
the largest linear subspace which is contained in the tangent cone of gph Tk (+)°.

Lemma 2.3.11. Under the assumption of Lemma 2.3.10, we have

o L? 0\ [ Kg(z,%
conv(Tgph 7ic(e (21, 22)) = <I—L2 I) (lc;f((zll 222)>°>’

where conv(-) denotes the convex hull. Consequently, the normal cone to gph 7x(+)° is

given by )
Tgph Tic(-)e (21, 22)° = (L()2 ! _1L2> (IEZ((E;;,Z)D ' (2.3.18)
Finally, the largest linear subspace contained in Typp 75 (.o (21, 22) is given by
2 > z.yol
< ; f e ?) (’Iccf; &2’72)) L) (2.3.19)
under the assumption that
AT+ )=0 = O"4+I1" =0 VIIT € Kg(z, %) (2.3.20)

Note that the last result is quite surprising since the tangent cone Tgpi 75 ()0 (21, 22)
is (in general) not convex. Hence, we avoided to call (2.3.19) the lineality space of
Taph T (-)° (21, 22), since this is only defined for convex cones.

Proof. We proof the formula for the convex hull, (2.3.18) is then a straightforward
consequence, see, e.g., Aubin, Frankowska, 2009, Theorem 2.4.3.

The direction “C” is clear. To show “D”, we consider z1, z0 € Z such that

21:L2H1, 22:(1—L2)H1+H2
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2.4. MPCCs in Banach spaces

for some I € Kk (21, 22), Il2 € Kx(z1,22)°. Then, it is easy to see that
(L2, (I = L*) ), (0,102) € Tgpn 7y (e (215 Z2)-
Since (z1,22) is the sum of these two elements and since Tgpp 75 ()0 (21, 22) is a cone, the

assertion follows.

Finally, we show the last assertion under the assumption (2.3.20). It is clear that (2.3.19)
is a linear subspace and that (2.3.19) is contained in Ty 75 (.)o (21, 22). It remains to
show the implication

. L2 0\ (Kk(z,2)*
+ (21722) € 7éph'TK(')o (21722) == (21722) € <I o L2 I> (ICK(Zl,ZQ)L

for all (2’1,22) S VAR Let (Zl,ZQ) (S 72 with Zl:(Zl,ZQ) € EphTK(.)o(El,Zg) be given. By
Lemma 2.3.10 we find two elements IIT € Z such that

II* € Kk (21, %), (TTF, £(21 + 22) — IIF) = 0,
+(21 4 20) — I € Kk (21, 22)°, 42 — L2TIE = 0.
cf. (2.3.16). The last equation implies L? (ITT +117) = 0, and due to (2.3.20), [I~ = —II*"

follows. Hence, we have
H+ EICK(El,ZQ)OJ', 21+ZQ—H+ GICK(El,EQ)J_

and this shows the claim.

2.4. MPCCs in Banach spaces

In this section we apply the results of Section 2.3 to the general MPCC

Minimize f(x),
subject to g(x) € C,
G(x) € K, (MPCC)
H(z) € K°,
(G(z), H(x)) = 0.
Here, f: X — R is Fréchet differentiable, g : X - Y, G: X - Z and H : X — Z* are

strictly Fréchet differentiable, X,Y, Z are (real) Banach spaces and Z is assumed to be
reflexive. Moreover, C' C Y is a closed, convex set and K C Z is a closed, convex cone.

Due to the reflexivity of Z, the problem (MPCC) is symmetric w.r.t. G and H.

The problem (MPCC) was discussed in Chapter 1 and optimality conditions of strongly
stationary type were obtained under a CQ. However, these conditions seem to be too
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2. Problems with complementarity constraints in absence of polyhedricity

weak in the case that K is not polyhedric, see Section 1.6.2 for an example, but stronger
optimality conditions were obtained by an additional linearization argument.

In this section, we apply the same idea to (MPCC). That is, we linearize (MPCC) by
means of Theorem 2.3.6, see Section 2.4.1. By means of the results in Section 2.3.2 we
recast the linearized problem as a linear MPCC, see Corollary 2.4.3. Finally, we derive
optimality conditions via this linearized problem in Section 2.4.2. The main result of
this section is Theorem 2.4.5 which asserts that local minimizers of (MPCC) are strongly
stationary (in the sense of Definition 2.4.6) if certain CQs are satisfied. Moreover, we
demonstrate that this definition of strong stationarity possesses a reasonable strength.

2.4.1. Linearization of the MPCC
In order to apply Theorem 2.3.6, we reformulate the complementarity constraint
G(x) € K, H(x) € K°, (G(x), H(z)) = 0.
Indeed, since K is a cone, it is equivalent to
H(x) € T (G(x))°,
see (2.2.1), and this can be written as (G(z), H(z)) € gph Tk (+)°.

Theorem 2.4.1. Let £ € X be a feasible point of (MPCC). Assume that W C Z x Z*
is a tangent approximation set of the graph of the normal cone mapping of K, i.e., of
gph Tk (+)°, at (G(Z), H(x)). If the CQ (2.3.4) with the setting

X=X xY, C:=X xC, G(z,y) := (g(z) —y,G(z), H(z)),

V=Y x(ZxZ"), K:={0}xgphTk(-)°, W:={0} x W
(2.4.1)
is satisfied, then

heX:g (@) heTo(g(x)),

Tr(@) = Tin() = { (G'(z) h, H'(2) h) € Tgpn 7301+ (G(), H(2))

} (2.4.2)

holds, where F' C X is the feasible set of (MPCC). Moreover, if Z is a local minimizer
of (MPCC), then h = 0 is a local minimizer of

Minimize f'(z) h,
subject to ¢’ (z) h € To(g(Z)), (2.4.3)
(G'(@) h, H'(Z) h) € Taph 73 ()0 (G(Z), H(2)).

An alternative choice to the setting (2.4.1) is

X=X, C =X, G(x) := (9(2),G(x), H(x)),

V=Y x(Zx2Z"), K:=CxgphTk()° (2.4.4)
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together with a tangent approximation set W of K. In the case that Y is finite-dimensional,
we can choose W = Te(g(x)) x W, see Lemma 2.3.3, but this may not be possible in
the infinite-dimensional case, compare Lemma 2.3.4. Hence, the setting (2.4.4) might
require a stronger CQ in this case.

Proof. We set
F={(z,y) €C:G(z,y) € L}.

An application of Theorem 2.3.6 yields
Tr(#,9(2)) = {(ha, hy) € Te(Z, 9(2)) : §'(2,9(2)) (ha, hy) € Ti(G(2,9(2)))}.  (2.4.5)
Now, we need to decode this statement to obtain (2.4.2). To this end, we remark that
(x,y) e F <= y=g(r)andzx e F (2.4.6)

holds for all (z,y) € X x Y.

Now, we relate the left-hand sides of (2.4.2) and (2.4.5). Let us show that for arbitrary
h € X, the following statements are equivalent.

(i) h e Tr(2).
(i) Htn} CRT, {hp}t C X &t O, hyy = h, T+ 1ty hy € F.
(iii) Htn} CRT, {hn} C X : ¢ (0, hyy — h, (T + tp by, g(T + t, hy)) € F.
(iv) (h,g'(z) h) € Tr(Z, 9(Z)).
Indeed, (i) < (ii) is just the definition of Tr(Z) and (ii) < (iii) follows from (2.4.6). The

)
implication (iii) = (iv) is obtained from (g(z + t, hy) — g(Z))/tn, — ¢'(Z) h. Finally,
(iv) = (i) follows from (2.4.6).

An easy computation shows

Te(7,9(z)) = X x Te(g(x),  Te(G(Z,9(%))) = {0} X Tgpn 7)o (G(), H(Z))-
Now, it is straightforward to show that h belongs to the right-hand side of (2.4.2) if and
only if (h,¢'(Z) h) belongs to the right-hand side of (2.4.5).

This shows the equivalency of (2.4.2) and (2.4.5).

To obtain the last assertion, we mention that the local optimality of Z implies f'(z)h > 0
for all h € Tp(z). Together with (2.4.2), this yields that h = 0 is a local minimizer of
(2.4.3).

For convenience, we mention that the CQ (2.3.5) (which is equivalent to (2.3.4) in the
case that W is closed and convex) with the setting (2.4.1) is given by

Y ¢ (z) Re(g(x))
z|l=|c@|x- . (2.4.7)
7] \m) W
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2. Problems with complementarity constraints in absence of polyhedricity

Note that W C Z x Z*.

In the case that the linearized constraints of (MPCC) are surjective, we obtain the
satisfaction of the CQ (2.4.7) and, consequently, of (2.3.4).

Corollary 2.4.2. Let z be a feasible point of (MPCC), and assume that the operator
(¢'(z),G'(z), H' (%)) € L(X,Y x Z x Z*) is surjective. Then, (2.3.4) is satisfied with the
setting W = {0} C Z x Z* and (2.4.1).

The constraints in the linearized problem (2.4.3) contain the tangent cone of the graph of
the normal cone mapping. Typically, this tangent cone will again contain complementarity
constraints and the linearized problem (2.4.3) will be again an MPCC. Since h = 0 is
a local minimizer and since every cone is polyhedric in the origin, of Section 1.5.1 will
possess a reasonable strength. Hence, we propose to obtain optimality conditions for the
local minimizer z of (MPCC) by using the optimality conditions of Section 1.5.1 for the
minimizer h = 0 of (2.4.3). However, it is not possible to characterize this tangent cone
Teph Tic(-)o in the general case. A typical Hilbert space situation was already discussed in
Section 2.3.2, see, in particular, Lemma 2.3.10. In this situation, we have the following
result.

Corollary 2.4.3. Let us assume that Z is a Hilbert space and let & be a local minimizer
of (MPCC). Further, assume that the assertions of Theorem 2.4.1 and of Lemma 2.3.10
(with (21, z2) := (G(z), H(x))) are satisfied. Then, (h,II) = 0 is a local solution of

Minimize f'(z) h,
with respect to  (h,II) € X x Z,
subject to (@) h € To(9(x)),
G'(z)h — L*TT =0, (2.4.8)
Il € Kx(G(z), H(z)),
G'(z)h+ H'(z)h— 1 € Kx(G(T), H(Z))°,
(I, G'(z) h + H'(z) h — 1I) = 0.

2.4.2. Optimality conditions for the linearized MPCC

In this section we will derive optimality conditions for (MPCC) via optimality conditions
for the linearized problem (2.4.3). In the Hilbert space setting of Corollary 2.4.3, (2.4.3)
can be written as (2.4.8), which is again an MPCC and all the constraint functions are
linear. Moreover, since (h,II) = 0 is a solution, and since every cone is polyhedric in the
origin, the optimality conditions of Section 1.5.1 possess a reasonable strength.

Hence, we recall the main results from Chapter 1 concerning MPCCs in Banach spaces.
We only deal with the linear case and that a local minimizer is given by h = 0, since we
are going to apply these results to (2.4.8).

64




2.4. MPCCs in Banach spaces

We consider the MPCC
Minimize /¢(h),

subject to Ah € C,
Ghek, (2.4.9)
HheK®,
(Gh, Hh) =0.

Here, A: X - Y, G: X — Z,H: X — Z are bounded linear maps, X and ) are Banach
spaces, Z is a Hilbert space, and £ € X*. The sets C C Y and K C Z are assumed to be
closed, convex cones. We assume that h = 0 is a local minimizer of (2.4.9).

In Section 1.5 the tightened nonlinear program (TNLP) of (2.4.9) (actually, the TNLP
is a linear conic program, since (2.4.9) was already linear) at h = 0 is defined as
Minimize ¢(h),
subject to Ah €C,

Ghe KoL (2.4.10)
Hhe Kt
Suppose that the CQs
VxZxZ=(AG6H) X —-CxK+ <Kt (2.4.11a)
VxZxZ=c[(AGH) X -t x K+ x K] (2.4.11b)

are satisfied. Note that the (2.4.11a) is the CQ of Zowe, Kurcyusz, 1979 for (2.4.10) at
h = 0, whereas (2.4.11b) is a CQ ensuring unique multipliers for (2.4.10), see Section 1.4.
This latter CQ (2.4.11b) reduces to the nondegeneracy condition if Y and Z are finite-
dimensional, see Remark 1.4.3. Moreover, the nondegeneracy condition (2.4.11b) implies
(2.4.11a) in the finite-dimensional case. Then, there exist multipliers A € Y*, u,v € Z
associated to the local minimizer h = 0, such that the system of strong stationarity

L+ AN+ G p+H v =0, (2.4.12a)
AeCe, (2.4.12b)
w e K°, (2.4.12¢)
vek (2.4.12d)

is satisfied, see Theorem 1.5.4 and Proposition 1.5.8. Since the cone I is polyhedric w.r.t.
(0,0), these optimality conditions possess reasonable strength, see Section 1.5.2.

In Theorem 2.4.5, these results will be applied to (2.4.8). We use the setting
X=XxZ AhN)=(4@hGC@)h- L), C=Tc(g(@)) x {0},
Y=Y xZ GhI)=TI K = Kx(G(), H(#), (24.13)
Z=17, H(h,II) =G (Z)h+ H' (z)h — 11

to recast (2.4.8) in the form (2.4.9). The next lemma gives an equivalent characterization
of the CQ (2.4.11) applied to (2.4.8) via this setting (2.4.13).
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Lemma 2.4.4. By applying the setting (2.4.13), the CQs (2.4.11) are equivalent to

Y g'(z) r 0 0 To(9(@))

7| = Gz | X-10 L2 0f|Kx(Gx),H®)+], (2.4.14a)
Z H'(7) 0 I—-L? I)] \Kyg(G),H ()"

Y g'(z) r 0 0 Te(g(@)°*

Z :cl{ Gz | X-10 L2 0f|Kx(G@),H(z)+ } (2.4.14Db)
Z H'(7) 0 I-L1? I)] \Kyg(G),H ()"

Here, 0 refer to the zero map between the corresponding spaces.

Proof. “(2.4.14a)=-(2.4.11a)”: We have to show that for all (y, 21,22,23) € ¥ x Z x
Z x Z, there are (%,%1) € X x Z, § € To(g(%)), 22 € Kr(G(z),H(z))°t and z3 €
Kx(G(z), H(Z))* such that

y=4g(z)T -7, 29 = Z1 — Zo,

=GB E -5, 2= (G3)+H(2) -5 — 5 (*)

is satisfied.
Since (2.4.14a) is satisfied, we find Z € X, § € To(9(z)), 22 € Kx(G(z), H(Z))°*+ and
Z3 € K (G(z), H(z))* such that

y=4¢(2)T -7, n4 L2 =G(2)F — L %,
Z3—21—(Lz—I)ZQ:Hl(f})i'—i-(I—LZ)fz—g;;.

Now we set 21 := Z3 + 2o and it is easy to verify that the above system (%) is satisfied.

The verification of “(2.4.14a)=-(2.4.11a)” is straightforward and “(2.4.14b)<(2.4.11b)”
follows from similar arguments.

Note that the lower right block in the right-hand side of the CQs (2.4.14) is just the
largest subspace contained in Tgpp 75 (o (G, H), see (2.3.19).

The strength of the CQs (2.4.14) is discussed for the applications to SDPMPCCs and
SOCMPCCs in the next two section, see, in particular, the remarks after Definitions 2.5.7
and 2.6.9.

Now, we are in position to state the main result of this section.

Theorem 2.4.5. Let the assertions of Theorem 2.4.1 and of Lemma 2.3.10 satisfied and
assume that the MPCC (2.4.8) satisfies the CQ (2.4.14). Then, there exist multipliers
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A€eY™* u,v € Z, such that the system

(@) +d @) AN+ G @) pn+ H(Z)v=0, (2.4.15a)
A € Te(z)°, (2.4.15b)

L? (u—v) +v e Kr(G), H(Z))®, (2.4.15¢)

v e K(G(T), H(Z)) (2.4.15d)

is satisfied.

Proof. Since the assertions of Theorem 2.4.1 and of Lemma 2.3.10 are satisfied, we
can invoke Corollary 2.4.3 and obtain that (h,II) = 0 is a local solution of (2.4.8).
This linearized MPCC can be transformed to (2.4.10) via the setting (2.4.13) and the
corresponding CQ (2.4.11) is satisfied due to Lemma 2.4.4. Hence, the solution (h,II) = 0
of (2.4.8) is strongly stationary in the sense of (2.4.12). That is, there exist Lagrange
multipliers A € Y*, p, k,v € Z, such that the system

(@) +d @) A N+G @) p+ |G @)+ H(Z) v=0, (2.4.16a)
~L*p+Kr—v=0, (2.4.16b)

A€ To(z)°, (2.4.16¢)

k€ Kk (G(z), H(z))°, (2.4.16d)

v e Kg(G(z), H(T)) (2.4.16¢)

is satisfied. By eliminating x = v 4+ L? p and setting u = p + v we obtain (2.4.15).

We remark that (2.4.16) is obtained from (2.4.15) by defining p := p—v and x := v+ L? p.
That is, the systems (2.4.15) and (2.4.16) are equivalent. Note that conditions (2.4.15¢c)
and (2.4.15d) are equivalent to (u,v) € Typh 75 ()0 (G(T), H(Z))°, see Lemma 2.3.11.

Theorem 2.4.5 motivates the following definition of strong stationarity.

Definition 2.4.6. Let = be a feasible point of (MPCC) and let L : Z — Z be a bounded,
linear and self-adjoint operator which satisfies (2.3.15). The point Z is called strongly
stationary, if there exist multipliers A € Y*, u,v € Z, such that the system (2.4.15) is
satisfied.

If K is polyhedric w.r.t. (G(z), H(Z)), we can choose L = I, since
PI‘OJ’K(G(i') + H(:E), ’LU) = PrOjICK(G(:f),H(a_c))(w) Yw € Z

in this case, see Haraux, 1977, Theorem 2. Hence, Definition 2.4.6 is equivalent to
Definition 1.5.1 in the polyhedric case.

We remark that it remains an open problem to define strong stationarity in case that no
bounded, linear, self-adjoint L : Z — Z satisfying (2.3.15) exists.

67




2. Problems with complementarity constraints in absence of polyhedricity

Based on Corollary 2.4.2, it is easy to see that the constraint qualifications of Theo-
rem 2.4.5 are satisfied in the surjective case.

Lemma 2.4.7. Let = be a feasible point of (MPCC) and let L : Z — Z be a bounded,
linear and self-adjoint operator which satisfies (2.3.15). Further, assume that the linear
operator (¢'(z),G'(z),H'(Z)) € L(X,Y x Z x Z) is surjective. Then, Z is strongly
stationary in the sense of Definition 2.4.6.

Now, we have seen that the optimality conditions of strongly stationary type (2.4.15)
can be obtained under the assumptions of Theorem 2.4.5, and these hold, in particular,
if the linearized constraints are surjective, see Lemma 2.4.7. In the remainder of this
section, we are going to demonstrate that these strong stationarity conditions possess a
reasonable strength and we compare our results to Mordukhovich, Outrata, Ramirez C.,
2015b, Section 6.1.

As in the polyhedric case, see Theorem 1.5.4, strong stationarity implies linearized
B-stationarity.

Lemma 2.4.8. Let = be a feasible point of (MPCC) and let L : Z — Z be a bounded,
linear and self-adjoint operator which satisfies (2.3.15). If z is strongly stationary, then

fla)hz0  Vhe T @),
where the linearization cone 7,2 (Z) is given by

heX:d @ heTo(),
Tin (&) = I € K (G, H) : G'(z) h = L*TI,
G'(Z)h+H' (Z)h -1 e Kg(G, H)®

with (G, H) = (G(z), H(¥)). That is, 7 is linearized B-stationary.

Note that the definition of the cone 7,2 () does not contain the complementarity condition
(IT, G'(z) h + H'(z) h — II) = 0. Hence, it may be larger than Ty, (Z), see also (2.3.16).

Proof. Since Z is assumed to be strongly stationary, there exist multipliers A € Y™,
p,v € Z, such that (2.4.15) is satisfied. Let h € T2 (Z) with corresponding Il € Z be
given. Then,

—f' (@) h = (g'(Z) hy \) + (G'(Z) h, p) + (H'(Z) h, v)
= (g () h, \) + (G'(Z) h, p — V) + (G'(Z) h + H'(Z) h, V)
(¢'(®)h, \) + (I, L? (u —v)) + (G'(z) h+ H'(Z) h, v)
= (g (@) h, \) + (L, L* (un — v) +v) + (G'(Z) h+ H'(Z) h — 11, V)
<0
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Note that we have

Tr(Z) C Tin(Z) C Tin(2),

see Lemma 2.3.1 and Lemma 2.3.10. Hence, under the assumptions of Lemma 2.4.8,
we have f'(z)h > 0 for all h € Tp(z) and h € Ty (Z) as well. This shows that the

equivalence
f'(Z)h >0 Vhe Tr(z) = z is strongly stationary

holds under the assumptions of Theorem 2.4.5 (or of Lemma 2.4.7). Hence, our definition
of strong stationarity seems to be of reasonable strength.

Let us compare our results with Mordukhovich, Outrata, Ramirez C., 2015b, Theorem 6.3.
Therefore, we consider the problem

Minimize f(z,y),

(2.4.17)
such that ye K, H(z,y) € K°, and (y, H(z,y)) =0.

Here, f: R™ x R™ — R is Fréchet differentiable and H : R” x R™ — R™ is continuously
Fréchet differentiable. The closed convex cone K is assumed to satisfy Mordukhovich,
Outrata, Ramirez C., 2015b, Assumption (A1) and the assumption of Lemma 2.3.10
such that we can apply the results from Mordukhovich, Outrata, Ramirez C., 2015b as
well as our results.

We mention that (2.4.17) is a special case of (MPCC) (in particular, there is no cone
constraint g(z,y) € C and all spaces are finite-dimensional) as well as a special case
of Mordukhovich, Outrata, Ramirez C., 2015b, (6.5) (one has to set g to the identity
function therein).

In order to obtain optimality conditions for a local minimizer (Z,y), the surjectivity of
VH(z,y) is assumed in Mordukhovich, Outrata, Ramirez C., 2015b, Theorem 6.3. By
setting G(z,y) := y, we find that (G'(z,y), H' (Z, 7)) is surjective as well, and therefore
all our CQs are satisfied, see Lemma 2.4.7. By using Lemma 2.3.11 it is easy to check
that the resulting optimality conditions of Mordukhovich, Outrata, Ramirez C., 2015b,
Theorem 6.3 and Theorem 2.4.5 are equivalent.

However, we might relax the the surjectivity assumption on V,H (Z,y) if we use Theo-
rem 2.4.5 instead of Lemma 2.4.7. In conclusion, both papers deal with slightly different
problems and if we apply both theories to a common special case, our CQs might be
weaker.
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2. Problems with complementarity constraints in absence of polyhedricity

2.5. Optimization with semidefinite complementarity
constraints

In this section we apply the theory from Section 2.4 to a problem with semidefinite
complementarity constraints. That is, we consider
Minimize f(z),
subject to g(x) € C,
G(x) € S, (SDPMPCC)

Here, ST (S™) are the positive (negative) semidefinite symmetric matrices and (-, -)F is
the Frobenius inner product on the space S™ of real symmetric matrices of size n x n,
n > 1. The associated norm on S™ is denoted by ||-||r. Moreover, f: X — R is Fréchet
differentiable, g : X — Y, G,H : X — S" are strictly Fréchet differentiable, X,Y are
(real) Banach spaces, and C' C Y is a closed, convex set.

Note that S” is the polar cone of S w.r.t. the Frobenius inner product, see Ding, D.
Sun, Ye, 2014, Section 2.3.

The problem (SDPMPCC) was already considered in Ding, D. Sun, Ye, 2014; Wu,
L. Zhang, Y. Zhang, 2014. Both contributions address constraint qualifications and
optimality conditions. However, it remained an open problem whether an analogue of
MPCC-LICQ implies strong stationarity, see Ding, D. Sun, Ye, 2014, Remark 6.1. In
this section, we are going to close this gap.

2.5.1. Notation and preliminaries

We recall some known results concerning the cone of semidefinite matrices, see, e.g.,
Vandenberghe, Boyd, 1996; Todd, 2001; D. Sun, J. Sun, 2002; Hiriart-Urruty, Malick,
2012; Ding, D. Sun, Ye, 2014 and the references therein.

For a matrix A € S"” we call A = PAP' an ordered eigenvalue decomposition if
P € R™™ is an orthogonal matrix, and A is a diagonal matrix such that its diagonal
entries are ordered decreasingly. Note that this matrix A is unique and we denote it by
A(A), whenever appropriate.

For a matrix A € S” and index sets I,J C {1,...,n}, we denote by A;; or A ; the
submatrix of A containing the rows of A with indices from I and the columns with

indices from J. If additionally, P denotes an orthogonal matrix, we define Af g =
Any = (PTAP)]J.

By o we denote the Hadamard product (also called Schur product or entrywise product)
of matrices, that is (A o B);; = A;; Byj.
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2.5. Optimization with semidefinite complementarity constraints

For two matrices X € S, Y € S” we have the complementarity (X, Y)r = 0 if and
only if there exists a simultaneous ordered eigenvalue decomposition of X and Y and
A(X)T A(Y) = 0. That is there exists an orthogonal matrix P with

X=PAX)P", Y=PAY)P'" and AX)TAY)=0.

Let X € ST, Y € S" with (X, Y)p = 0 be given and let PAPT = X +Y be an ordered
eigenvalue decomposition. Note that P max(A,0) PT = X and P min(A,0) PT =Y are
ordered eigenvalue decompositions of X and Y, see Ding, D. Sun, Ye, 2014, Theorem 2.3.
Here, the max and min is understood entrywise. We denote by («a, 3,7) the index sets
corresponding to the positive, zero and negative eigenvalues of X + Y. Then, we have

’T§i (X) = {H es": HéDU%,BUW = 0}7

see, e.g., Shapiro, 1997b, (26) or Hiriart-Urruty, Malick, 2012, (9). Consequently, we
have

Ken (X,Y) ={H € 8" : Hiy = 0, Hy, = 0,HY =0}, (2.5.1a)
Ken (X,Y)° ={H eS": H;, = 0,H}; = 0,H,, =0, Hj; < 0}. (2.5.1b)

Moreover, it is well known ProjSi is directionally differentiable. For A € S" with ordered

eigenvalue decomposition A = P A P, the directional derivative is given by

H(fa HOIZB EO@’ © Hg'y
Projy, (A; H) = P HE, Projgs (Hfp) 0 pT,
Sha 0 HE, 0 0

see D. Sun, J. Sun, 2002, Theorem 4.7 and Ding, D. Sun, Ye, 2014, (14). Here, ¥ € S"
is defined by

Yy =1 (i,9) € (a x @) U(ax B)U (B x a)U (B x B)
(2.5.2a)
Yi;=0 (i,J) € (Y x Uy xB)U (B x7) (2.5.2b)

max(Aii, O) - max(Ajj, O)
Aii = Ajj

Y= (1,7) € (a x y) U (7 x ). (2.5.2¢)

Note that (2.3.15) is satisfied by the bounded, linear, self-adjoint operator L : S — S"
defined by
LH=P((So(PTHP)P'.

Here, matrix v/X is defined entrywise by (vVX);; = /Zi;. We remark that (2.3.20) is
satisfied by this choice of L. For later reference, we remark

I’H=P((Xo(PTHP)P". (2.5.3)
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2. Problems with complementarity constraints in absence of polyhedricity

2.5.2. Constraint qualifications and strong stationarity

As a first result, we provide a tangent approximation set for gph 'TSi(-)O by means of
Lemma 2.3.8.

Lemma 2.5.1. Let A € S™ be given and let A = PAP'" be an ordered eigenvalue
decomposition. Let («, 3,7) be the index sets corresponding to the positive, zero and
negative eigenvalues of A. We define

W ={H eS": Hi; =0}
and ¥ € S"” by (2.5.2). Then, for all ¢ > 0 there is § > 0 such that
HProjSi (A+ H) - Projg, (4) — P (X o (PTH P)) PTHF <ce|H|p (2.5.4)
for all A € S® and H € W with

|JA-Alp <6 and |H|p<s

Proof. We first consider the case that A is already diagonal and ordered decreasingly,
thatis A=A and P=1.

In this proof, M denotes a generic constant which may change from line to line.

Let v > 0 be chosen such that

Ass
’7<§ Vi € a.

Following Ding, D. Sun, Ye, 2014, Proof of Proposition 2.6, we define f : R — R by

t if t >,
f):=q2t—~ if 3 <t<~,
0 ift < 3.

We denote by F': S* — S™ the corresponding Lowner’s operator, that is

n

F(Z) =Y f\) =iz,

=1
where \;, z; are the eigenvalues and eigenvectors of the matrix Z € S™.

Since f is twice differentiable in a neighborhood of the eigenvalues of A, F' is Fréchet
differentiable in a neighborhood of A with derivative

F(AYH=Y0oH VYHeW,
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2.5. Optimization with semidefinite complementarity constraints

and F” is locally Lipschitz at A, see Bhatia, 1997, Theorem V.3.3, Exercise V.3.9 (ii). In
particular, this implies

|F(A+H) - F(A) — F'(A) H||,, < M | H| 3, (2.5.5a)
|F'(A) H — F'(A) H, < M |A~ Alr | H]| s (2.5.5b)
for all A in a neighborhood of A and sufficiently small H.
We are going to prove the desired estimate (2.5.4) by
|[Projsn (A+H) - ProjSi(A) —YoH|,
< |[Projsn (A + H) — Projgn (A) + F(A) — F(A+ H)||,
NP+ H) = FO) = F'GA) B+ P H =50 ]

(2.5.6)

By (2.5.5) we can already bound the second and third term. It remains to study the
first term. To this end, we define the operators II(A), II(A), II(A 4+ H) to be the sum
of the eigenprojections corresponding to the eigenvectors A(A)gz, A(A)gs, A(A+ H)gg,
respectively, see Kato, 1995, (2.1.16). It follows from Kato, 1995, Section 2.4, that

[T(A) = (A + H)|| . < M || H]|F,
ITI(A) — T(A + H)||,, < M||A— A — H|

for all A in a neighborhood of A and sufficiently small H. Moreover, since the eigenvalues
depends Lipschitz-continuously on the matrix, and A(A)zg = 0, we find

ITI(A) Al = [|A(A)pgllr < M || A= Al p.

By looking at the single eigenspaces, we find
F(A) - Projg, () = — Projg, (T(A) A TI(4)),
F(A+H) - PI’Ojgi(A‘F H) = —ProjSi(H(AwL H)(A+ H)II(A+ H)).
This can be used to bound the first term on the right-hand side of (2.5.6)
[Projgn (A+H) - Projgn (A) + F(A) - F(A+ H)| .
< HPrOan (I(A) ATI(A)) — Projgn (IN(A + H) (A + H) I(A + H))|
< |(A) ATI(A) —TI(A + H) (A+ H)II(A+ H)| .
Here, we used that Projgi is Lipschitz with constant 1.
For H € W we have I[I(A) H = HII(A) =
M(A) ATI(A) ~TI(A+ H) (A+ H)TI(A + H)
= (TI(A) — (A + H)) ATI(A) + TI(A) A (TI(A) — TI(A + H))
)
)

= 0, and, hence,

—(II(A) —TI(A+ H
+ (I(A) —I(A+ H

A(II(A) - TI(A + H))
H (II(A) + II(A + H)).

~— —
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2. Problems with complementarity constraints in absence of polyhedricity

By the triangle inequality and by the submultiplicativity of the Frobenius norm, we
obtain

HProjSi(fl + H) — Projg, (A)+ F(A) - F(A+ H)|
< |I(A) ATI(A) —TI(A+ H) (A+ H)II(A+ H)||,
< 2||T(A) Al ¢ [[T(A) — TI(A + H) || + [|A]| 7 [ITI(A) — TI(A + H) %
+ |TI(A) — (A + H)|[p [|[H| F [IT(A+ H)|[p + [T(A)]F]
<M (|A—=Allp+ H|F) 1 H| F.
Plugging this into (2.5.6), we obtain
[Projse (A -+ H) — Projes (A) ~ S o H|, < M (|4~ Allp + |[H£) | H]x

for sufficiently small H € W and sufficiently small A — A. This shows the claim in the
case A = A.

The general case A = PTA P will be reduced to the diagonal case. We use that the
Frobenius norm is rotationally invariant and find

[Projgn (A + H) — Projgn (A) — P (S0 (PTHP) P,
=||PT Projgn (A+ H) P — P Projgn (A) P~ To (PTH P,
— HProjSi(PT/NlP +P HP) - Projgy (PTAP)—Xo (P HP)|,-
Since (PT H P)gs = 0 we obtain
[Projs, (PTAP+PTHP) - Projgi(PTfl P)—Xo(P'HP)|,<e||PTHP|r
=cl|[H|lF

for

A~ PTAP|p=]A-Alr<s  |PTHP|r=|H|r<S5.

This shows the claim in the general case.

In what follows, we will consider a fixed element (G, H) € gph Tsn (-)°. By
G+H=PAP'

we denote an ordered eigenvalue decomposition, and by (_a, ﬁ,_’y) the index sets corre-
sponding to the positive, zero and negative eigenvalues of G + H. The matrix > € S" is
defined by (2.5.2).

Using Lemma 2.3.8, we can construct a tangent approximation set of gph 'Tgi ()°.
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2.5. Optimization with semidefinite complementarity constraints

Lemma 2.5.2. Let (G, H) € gph Tsn (+)° be given. Then the set

n n . P _ vy P _ P __ P __
o (U,V)ES x S" . UBB_VBﬂ_O’ Vaa—O, Vaﬂ—O,
W(G, H) = Ul =0, Ul =0,
UL = %0y o (UL, + V)

is a tangent approximation set of gph 7gn (-)° at (G, H).

‘Proof. Follows directly from Lemma 2.3.8 and Lemma 2.5.1.

Note that W (G, H) is, in general, smaller than the tangent cone of gph 7'31 (+)°, which is

given in the following lemma. In fact, W (G, H) is the largest subspace contained in the

possibly non-convex cone Typn 72, () (G, H).
+

Lemma 2.5.3 (Wu, L. Zhang, Y. Zhang, 2014, Corollary 3.1). Let (G, H) € gph Tsn (+)°
be given. Then,
n n.gyrP P P P _
S, P P P P
Taph Ton (0 (G H) = vi=0 V=0 Ul =0 Ul;=0,
Usy = Sary © (Uay + Vi)

We mention that this result also follows from Lemma 2.3.10 by using (2.5.3).
For the calculation of the polar cones of W (G, H) and of Taph Ten () (G, H), the following
+

lemma is useful.

Lemma 2.5.4. Let H be a Hilbert space and let T € L(H,H) be given. Then, the
subspaces

A={GH) cH*:G=T(G+H)} and B:={(p,v)cH*:v=T"(v—p)}

are polars of each other.

Proof. First we show B C A°. Let (G,H) € A and (u,v) € B be given. Then,

(G, H), (p,v)) =G, pn+H+G-G,v)= (G, p—v)+ (H+G, v)
=(T(G+H),p—v)+(H+G,v)
— (G+H, )+ (H+G,v)=0.
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2. Problems with complementarity constraints in absence of polyhedricity

Now, let (u,v) € A° be given. For arbitrary F' € H, we have (T'F, F — T F') € A. Hence,
0=(TFF-TF), (wv))=(F, T )+ (F,v)— (F, T"v) = (F, T"n+ v — T*v).

Hence, T*u+v — T*v = 0.

Now, we define the SDPMPCC-MFCQ via the CQ (2.4.7).

Definition 2.5.5. Let & be a feasible point of (SDPMPCC). We say that the SDPMPCC-
MFCQ is satisfied at Z if

Y x S" x §" = (¢(z), G'(2), H'(Z)) X — Re(z) x W(G(z), H(%))

holds.

It is easy to see that the corresponding CQ in Wu, L. Zhang, Y. Zhang, 2014, Definition 3.5
is obtained in the special case X = RF Y = RP*? and C = {0}? x (R™).

Lemma 2.5.6. Let Z be a feasible point of (SDPMPCC), such that SDPMPCC-MFCQ
is satisfied at . Then,

Tr(z) = {h € X : g'(@) h € To(9(2)), (G'(2) h, H'(Z) h) € Tgph 75 (12 (G(2), H(2)) }.

(2.5.7)
Moreover, h = 0 is a solution of
Minimize f/(Z) h,
subject to  ¢'(Z) h € Te(9(x)),
(diHh)ga =Y (dH h‘)(ljﬁ =0, (2.5.8)
(dGh)E =0, (dGh)J5 =0,
(dG h)§7 - Ea’y o ((dG h)g'y + (dH h)g'y)a
(dGh)hs = 0, (AH h)fg =0, ((dAG h)fs, (AH h)hs) . =0

Here, we used dG = G'(z), dH = H'(z) for brevity.

‘Proof. Follows from Theorem 2.4.1, see also Corollary 2.4.3.

Note that the satisfaction of (2.5.7) is called SDPMPCC-Abadie-CQ in Wu, L. Zhang,
Y. Zhang, 2014, Definition 3.1. We emphasize that Lemma 2.5.6 is a new result for the
analysis of (SDPMPCC).

Now, we are going to obtain strong stationarity conditions for (2.5.8). These optimality
conditions will then yield an optimality condition for (SDPMPCC). The tightened NLP
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of (2.5.8) at h =0 is given by

)

h
h € Tc(g(x)), (2.5.9)
)h, H'(z) h) € W (G, H),

Minimize f'(z)
subject to  ¢'(7)

(G'(x

compare (2.4.10). Hence, SDPMPCC-MFCQ implies that the Kurcyusz-Robinson-Zowe-
CQ is satisfied for (2.5.9) at h = 0, cf. (2.4.11a). It remains to provide an LICQ-variant
for (2.5.9), cf. (2.4.11b). Here, we utilize that W (G(z), H(Z)) is a subspace.

Definition 2.5.7. Let & be a feasible point of (SDPMPCC). We say that the SDPMPCC-
LICQ is satisfied at x if

Y x 8" x 8" =cl[(¢'(2), G'(2), H'(2)) X — Te(2)* x W(G(@), H(7))]

holds.

We remark that SDPMPCC-LICQ implies that there is at most one Lagrange mul-
tiplier for (2.5.9) at h = 0, see Theorem 1.4.2. In the finite-dimensional case, the
SDPMPCC-LICQ is just the nondegeneracy condition for the TNLP (2.5.9). Moreover,
it is straightforward to check that SDPMPCC-LICQ implies SDPMPCC-MFCQ in this
finite-dimensional case, compare Bonnans, Shapiro, 2000, Corollary 2.98.

Further, SDPMPCC-LICQ implies that there do not exist non-zero multipliers A € Y*,
w, v € S™ which satisfy the system (see also Lemma 2.5.4)

J@ N+ G (@) p+ H (z) v =0, (2.5.10a)
A € lin(Te(g(2))°), (2.5.10b)

Poa =0, pag =0 (2.5.10¢)

vl =0, vi=0, (2.5.10d)

S 0 () — Vi) + vy =0, (2.5.10e)

cf. Lemma 1.4.1. Hence, our Definition 2.5.7 is weaker then the LICQ-variants in the
literature, which are obtained by replacing lin(7¢(g(2))°) with Y* in (2.5.10b), see Ding,
D. Sun, Ye, 2014, (40), Wu, L. Zhang, Y. Zhang, 2014, Definition 3.4. Further, in the
important case that Y is finite-dimensional this non-existence of singular multipliers is
even equivalent to SDPMPCC-LICQ), see again Theorem 1.4.2.

Theorem 2.5.8. Let = be a local solution of (SDPMPCC) which satisfies SDPMPCC-
MFCQ and SDPMPCC-LICQ. Then, there exist multipliers A € Y*, u, v € S™ such that
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the strong stationarity system

F @) +d@) A+ G @) p+H (@) v=0, Xe&Tc(g9(x))°,
,uaa =0, ,uaﬁ =0, 1/57 =0, 1/55 =0,

Say o (uhy —vE) + vl =0, (2.5.11c

phs 20, vk =0 (2.5.11d

is satisfied.

Proof. By Lemma 2.5.6, h = 0 is a local solution to (2.5.8). Since the associated tightened
NLP (2.5.9) satisfies the CQ of Kurcyusz-Robinson-Zowe and possesses a unique Lagrange
multiplier, the assertion follows, see (2.4.12), Theorem 1.5.6 and Proposition 1.5.7.

We remark that the result also follows from Theorem 2.4.5 by using (2.5.1) and (2.5.3).

We emphasize that Theorem 2.5.8 is a novel result for the analysis of (SDPMPCC),
see Ding, D. Sun, Ye, 2014, Remark 6.1. The strong stationarity conditions (2.5.11)
are equivalent to Ding, D. Sun, Ye, 2014, Definition 5.1 and Wu, L. Zhang, Y. Zhang,
2014, Definition 3.3. We again stress the fact that, if Y is finite-dimensional, the non-
existence of singular multipliers which satisfy (2.5.10) is equivalent to SDPMPCC-LICQ
and implies SDPMPCC-MFCQ. Therefore, our definition of SDPMPCC-LICQ is weaker
than the corresponding definitions in the literature see Ding, D. Sun, Ye, 2014, (40), Wu,
L. Zhang, Y. Zhang, 2014, Definition 3.4. This finite-dimensional situation is summarized
in the following theorem.

Theorem 2.5.9. Assume that the constraint space Y is finite-dimensional. Let x be a
local solution of (SDPMPCC). We assume that there are no non-zero singular multipliers
A€ Y* p,v € S"such that (2.5.10) holds. Then, there exist multipliers A € Y*, y, v € S”
such that the strong stationarity system (2.5.11) is satisfied.

2.6. Optimization with second-order-cone
complementarity constraints

In this section we apply the theory from Section 2.4 to a problem with second-order-cone
complementarity constraints. That is, we consider the problem

Minimize f(x),
subject to g( ) e C,
@ (z) e KD, Vi=1,...,N, (SOCMPCC)
H@(x) e (KWye, Vi=1,...,N,
(GO (x), HD(2))gy s =0, Vi=1,...,N.
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2.6. Optimization with second-order-cone complementarity constraints

Here, N > 1 and ‘ .
K9 = {(z1,20) e Rx HW : z; > | z2]l0 }

is the second-order cone (also called Lorentz cone) in the Hilbert space R x H(®), where
H is an arbitrary Hilbert space, ¢ = 1,..., N. Moreover, X,Y are (real) Banach
spaces, and C' C Y is a closed, convex set. The objective function f : X — R is Fréchet
differentiable, whereas the constraint functions g : X — Y, GO, H® : X — R x H® are
strictly Fréchet differentiable.

Since (K®)° = —K®), the constraint involving H® could also be written as —H " (z) €
K@,

The problem (SOCMPCC) was already considered in Outrata, D. Sun, 2008; Liang, Zhu,
Lin, 2014; Ye, Zhou, 2015. Theorem 5.1 in Ye, Zhou, 2015 shows that local optimizers
of (SOCMPCC) are strongly stationary under an LICQ variant. In what follows, we

provide the same result under a weaker and more natural version of LICQ, see in particular
Theorem 2.6.10.

2.6.1. Preliminaries and notations

We recall some known results concerning the second-order cone I in R x H for some
Hilbert space H. The results are well known in the finite-dimensional case H = R™, see,
e.g., Alizadeh, Goldfarb, 2003, and the extension to the general case is straightforward,
see also Yang, Chang, Chen, 2011. Throughout, a vector z € R x H is partitioned into
z = (z1,292) with z; € R and 2, € H.

By int £ and bd K we denote the interior and boundary of IC, respectively. Note that
x € int K if and only if 1 > ||x2||y and z € bd K if and only if 1 = ||x2||%. Two vectors
x € K and y € —K are complementary, i.e., (x, y)rxy = 0, if and only if one of the
(mutually exclusive) following cases occur

iz: xeintk, y=0, bb: zebdl\{0}, y€ —bdK\ {0}, z1y2 = —y1 22,

zi: x=0,y€ —intk, bz: ze€bdK\ {0}, y=0,

zz: =0, y=0. zb: =0, y€ —bdK\ {0},

(2.6.1)

For the equivalence in case bb, we refer to Ye, Zhou, 2015, Proposition 2.2. The ab-
breviations of the different cases “z”, “i”, “b” refer to “zero”, “interior” and “boundary’
(but not zero), respectively. These six cases will appear frequently in the analysis of this
section.

)

As in (2.3.13), we have the equivalence

e, ye—K, (z,y)rxu =0 <& x=Projp(z+y) < y=Proj_r(z+y).
(2.6.2)
Using this equivalence, the above six cases can also rephrased in terms of x + y:

iz: x+y€intk, bz: x4y € bdK\ {0}, bb: x4y ¢ KU (—-K),
zi: z+y € —intkC, zb: z+y e —bdK\ {0}, zz: v+1y=0.
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2. Problems with complementarity constraints in absence of polyhedricity

Similar to the eigenvalue decomposition of a matrix, there is a spectral decomposition
z=M(z)c1(z) + Aa(2) c2(2),

with

3 —1) if z
Xi(z) =214 (1) [zally,  and  ei(z) = {% (L (=1)" 22/|z2ll%) if 22 # 0,
2 ’

(1,(=1)w) if 2o =0,
where w € H is a fixed unit vector. We emphasize that the functions A; and ¢; are
smooth on {z € R x H : 25 # 0}. Note that ||c;(2)||rxw = 1/V2.

Using (2.6.2), it is easy to see that the projection Projx(z) of z onto K can be computed
by
Proji(z) = max{0, \1(2)} c1(z) + max{0, A\a(2) } c2(2),

see also Fukushima, Luo, Tseng, 2002, Proposition 3.3.

The following lemma is classical in case H = R and can be found, e.g., in Outrata,
D. Sun, 2008, Lemma 2.

Lemma 2.6.1. The projection Proji onto K is directionally differentiable at all points
z € R x H. Moreover, for h € R x H the following holds.

iz: If z € int K then Proj is differentiable at 2z and Proji(z) = I.

zi: If 2 € —int K then Projy is differentiable at z and Projj-(z) = 0.

bz: If z € bd K \ {0} then Proji-(z;h) = h — 2 min{0, (c1(2), h)rx}c1(2).
zb: If z € —bd K \ {0} then Proji-(z;h) = 2 max{0, (ca(2), h)rxn } c2(2).
bb: If z ¢ K U (—K) then Proj is differentiable at z and

(E2YEY 2212,

1, =z 0 0
PI‘Oj;C(Z) = 202(2’) & CQ(Z) + 5 (71 + 1) |}) I — z2®z2] .

zz: If z = 0, then Proji-(z; h) = Proji(h).

Here, a ® b denotes the linear operator h — (b, h) a.

In the next lemma, we show that (2.3.15) is satisfied by a certain choice of L and, hence,
we can apply Lemma 2.3.10.

Lemma 2.6.2. Let z € R x H be given. We have the following formulas for the critical
cone Ki(z,y) = Tr(z) Nyt, where x = Proji(2), y = Projio (2).

iz: If z € int K then Kx(z,y) = R x H.
zi: If z € —int KC then Kx(z,y) = {0}.
bz: If z € bd K\ {0} then K (z,y) ={d € R x H : (c1(2), d)rxn > 0}.
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2.6. Optimization with second-order-cone complementarity constraints

zb: If z € —bd K \ {0} then Kx(z,y) =R ca(2).
bb: If z ¢ KU (—K) then Ki(z,y) ={d € R x H : (c1(2), d)rxn = 0}.
zz: If z =0, then Kx(z,y) = K.

Finally, (2.3.15) and (2.3.20) are satisfied by the choice

1 Al 0 0
L=2c(2) ®caz) + 4/ 3 —i—l)[ _z®z]
2 (HZQHH 0 I-3

in case z ¢ KU (—K), i.e. (bb), and L = I else.

Proof. The validation of the formulas for the critical cone are easily obtained by using
Ti(z) ={d e R xH: (c1(2), d)rxp > 0}

in case z € bd K\ {0}.

The validation of (2.3.15) is straightforward up to the case z ¢ K U (—K). In this case,
we can use that the critical cone is the orthogonal complement of ¢;(z), hence,

PrOj/CK(:E,y) =1-2 C1 (Z) ® Cl(Z)

and Le¢q(z) = 0. Similarly, (2.3.20) follows.

Finally, we define

H =

=

RxHD) and K=K

=1 =1

2.6.2. Constraint qualifications and strong stationarity

As a first result, we provide a tangent approximation set for gph 7x(-)° by means of
Lemma 2.3.8. As in Section 2.6.1, K is the second-order cone in the Hilbert space R x H.

Lemma 2.6.3. Let z € R x # be given. We define W C RxH and T € L(R x H,R x H)
by the following distinction of cases.

iz: If z € int K then W =R x H, T = I.

zi: If z€ —int K then W =R x H, T = 0.

bz: If z € bd K\ {0} then W = ¢;(2)*, T = I.

zb: If z € —bd K\ {0} then W = co(2)*, T = 0.

bb: If z ¢ KU (=K) then W = R x H and T = Proj(z).

81




2. Problems with complementarity constraints in absence of polyhedricity

zz: If z = 0 then W = {0}, T = 0.
Then, for all € > 0 there is 6 > 0 such that

|Proji(z 4+ h) — Projx(2) — ThHRxH <el|hllrxn (2.6.3)
for all 7€ R x H and h € W with

HE — ZH]RXH S 5 and ”hHRXH S (5

Proof. In the cases iz, zi, and bb, the function projection Proji is continuously differen-
tiable at z and T = Proji(z), see Lemma 2.6.1. This implies (2.6.3).

Further, in case zz the estimate (2.6.3) holds trivially, since h € W = {0}.
In the remainder, we discuss the case bz, the case zb can be treated analogously.

Let z € bd K\ {0} be given. We have z; = ||z2|l3 > 0, hence z2 # 0, as well as A\;(z) =0
and A2(z) = 2 z;. This implies that the functions A; and ¢; are smooth in a neighborhood
of z. In particular, A2(2) > 0 for all Z in a neighborhood of z. Let € > 0 be given. For
€ R xH, h € W with ||Z — 2||rxy and ||h||rxy sufficiently small we have

Proji(zZ 4+ h) — Projx(2) = Th
=max{0, A\ (Z+h)}c1(Z4+h)+ Xa(Z+h)ca(Z+ h) (2.6.4)
— max{(), )\1(2)} 01(2) — )\2(2) 62(2) — h.
Since Ao and co are smooth in a neighborhood of z, the function so := Ag ¢2 is continuously
differentiable in z. Hence,
- - €
ls2(Z + h) = 2(2) = 53(2) Pllrscn < 5 [ Pllrsc (2.6.5)
for ||Z — z||rx#, ||h||[rx# small enough. A straightforward calculation shows

29, h h z z1 (ho, z
( 2 2)7‘[’ 1 ) 1 hg . 1 ( 25 32)7‘[ 29 + hQ)
22l [l22lln 22|24 22113

1
sh(2)h = 5 (h1 +

Since h € W, we have (h, ¢1(2))rx#n = 0 which implies | 2|l h1 = (22, h2)%. Together
with 21 = ||22||x, we find
1

h
5 7Z2+h2—712’2+h2):h.

sh(2) h 1
2(2) B B

(hl + ha,
Using this representation in (2.6.5), we obtain
y 3 o €
[A2(Z + R) e2(2 + h) = A2(2) 52(2) = hllrxn < 5 [Pllrxn (2.6.6)

for h € W, and ||Z — z||rx#, ||h||rx? small enough.
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2.6. Optimization with second-order-cone complementarity constraints

It remains to study the terms involving A\; in (2.6.4). Since ||c1(2)||rxn = 1/V2 < 1, we
have
|lmax{0, \1(Z + h)} c1(Z + h) — max{0,\1(2)} 1
< [lmax{0,\i (2 + h)} (c1(Z+ h) — c1(Z )H]Rx?—[
+ || (max{0, Ay (2 + 1)} — max{0, \1(2)}) e1(2) ||y
< [M(E+ )] ler(Z + h) = er(F)[[rxn + [max{0, A (2 + h)} — max{0, A1 (2)}|
< ME+ W) llerE +h) = cr(@)lran + [M(E +h) = M (2)].

HRXH

By using the smoothness of A\; and ¢; in a neighborhood of z, we find

IM(Z+R)| < [M(2)|+Cl2+h — 2|lrxn
<0+ C (12 — zllrxn + [hllrx2),
le1(Z+h) — c1(B)lrxw < C [[hllrxn,
MG +h) = M(E)] < M)+ 5 = Al
(22, ho)n ’
(E>YIE%

for some constant C' > 0, h € W, and ||Z — z||rxn, ||h|lrx# small enough. Hence,

:hl

(3
1 | Pllrxn = 1 ||l mxcn

Imax{0, \1(Z + h)} e1(Z + h) — max{0, A1 (2)} 1(2) ||y

~ e
< €2 (112 = 2llmocae lllzcee + 1AlRocae) + 7 Illrcn.

Together with (2.6.4) and (2.6.6), we find
[Projc (2 + h) — Projic(2) — T hlg.4, < € llhllrxn

for h € W and ||Z — z||rxn, ||h||rx# small enough.

Now, we consider a feasible point z € X of (SOCMPCC). For convenience, we set
G=@GW, . ...aW™)y,  H=@EWY,. . .  HM),

where

GO — a0, O = HO@),  Viel. N
We define the (disjoint) index sets

'(z):={ief{l,...,N}: G e int KO,
(z):={ief{l,...,N}: HY € —int K},

"(z) = {ie{1,...,N}:GD e bd KD\ {0}, H® = 0},
@) ={ic{l,...,N}:GD =0, HD € —bd KD\ {0}},
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2. Problems with complementarity constraints in absence of polyhedricity

") :={ie{l,...,N}: GY e bdKD\ {0}, HY € —bd KD\ {0}},
z):={ie{l,...,N} :GD =0, H® = 0}.
For i € I®(z) we have (see also (2.6.1))

R e O e, e GO/ O ;10

A —a? G + B Iy 1 e GV H e HY

and, hence,

o o 1 é(i) 1 g(i) o o 1 é(z‘)
04yt G2y L O 4 gy = L (1, &2
(G +HY) = (1, @gﬂ) =3 (1’13@)’ (G + HY) = (1, @gﬂ)'

This implies the following representation of the derivative of Proj,q for ¢ € I bb(z)

i . ~G) | 1 i i i) |0 0

where ) )
k(D) = _(Z)Gl =0) and w® = (_;?z) (2.6.8)
Gy’ — Hy Gi
Similarly, we define
. 0
) L1 w® (@) VK if i € IPP (%
7 = )2 (Lw) @ (1,w") + 0 I—wde W) ne (@), (2.6.9)
I else.

Together with Lemma 2.6.2, the assertion of Lemma 2.3.10 is satisfied by defining L :
# — H componentwise via L(l) Note that the critical cone to K can be obtained by the
product of the critical cones of K9 and these can be computed via Lemma 2.6.2.

Then, we obtain a straightforward consequence of Lemma 2.6.3.

Corollary 2.6.4. Let Z be a feasible point of (SOCMPCC). We define W C H by

(WY, By e fL D =0, Vi € 1(z)
Wi (e1(GD), Mgy = 0, Vi € T™(2);
(c2(HY), BD)p 00 = 0, Vi € I”(2)

andT:?—A[%?:[by

(T h)® =0, for i € I"(z) UI™ (2) U I"(2),
(T h)@ = hO, for i € I'(z) U I™(2),
(Th)® = EO b, for i € I""(z).
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2.6. Optimization with second-order-cone complementarity constraints

Then, for all € > 0, there is 6 > 0 such that
[Proje(2 + h) — Proje(2) — T hlly < ellhll;

forall 2 € H, h € W and ||G + H — Z||, ||z < 0.

Together with Lemma 2.3.8 we obtain a tangent approximation set of gph 7 (-)°.

Corollary 2.6.5. Let Z be a feasible point of (SOCMPCC). We define W(G, H) ¢ HxH

by
v =0, Vi € (%),
u® =0, Vi € I4(z),
5 5 V@ =0, (1 (GDY, uD)g gy =0, Vi € I™(7),
(w,0) €W(G H) =1 ) OO b~
u = ) (CQ(HZ)>Ul)RxH(Z) 0, Veel ( ),
u® = BO (u® 4 @), Vi € I"(z),

]

Then, W(@, H ) is a tangent approximation set of gph ’TK() in the sense of Defini-

tion 2.3.2.

o

An application of Lemma 2.3.9 yields a characterization of the tangent cone of gph T (-)°.

Lemma 2.6.6. Let a feasible point z of (SOCMPCC) be given. Then, we have (u,v) €
Taph 7 (-)o (G, H) if and only if

v =0, Vi € I'*(z),
u® =0, Vi € I%(2),
u® € (RDYP, v e RO and  (u®, v)p 0 =0, Vi e I (z),
u e RO, v e (RD), and (), vD)g 40 =0, vi € I (),
w® = BO (@ 4 @), Vi € I°(z),
u® e KO, v e kO and  (@®, vD)y 4w =0, Vi € I%(x).

Here, R ¢ R x H is defined by

RY =R™¢(GY)  viel” RO .=RteHY) Viel™. (2.6.10)

85




2. Problems with complementarity constraints in absence of polyhedricity

Proof. By Lemma 2.3.9, we have (u,v) € EphTﬁ(,)o(G_(?H) if and only if Proj;%(é +
H;u 4+ v) = u. The latter relation yields Proj;w)(é(i) + HO; 4 + @) = 4@ for all
i=1,...,N.

Cases i € I%(x), i € I'*(x), i € I’(Z): By Lemma 2.6.1, Projk(i)(é(i) + H®) is
differentiable and the assertion follows, see also (2.6.7).

Case i € I™(Z): By Lemma 2.6.1 and using H® = 0, we have
Proji (GO + HO 4,0 4 ()
= u 100 — 2 min{0, (1 (G, u® + 0D )y 0} e1(GO).
Hence, Projj.( (GO + H®; ) 4 @) = 4@ if and only if
0@ =2 min{0, (¢;(GD), u® + v(i))RxH@)}cl(é(i)).

Now, the assertion follows easily.

The case i € I”P(Z) can be treated analogously to case i € I"(Z).

Case i € I”%(Z): Since G + H® = 0, we have TgphT,C(i)(-)"(G(i)’ H®) = gph T (-)°.
We mention that the same result can be achieved by using Lemma 2.3.10 and (2.6.9).

As in Section 2.5, the tangent approximation set W (G, H) is, in general, smaller than
the tangent cone of gph 7§1(-)°. In fact, W(G, H) is the largest subspace contained in

the possibly non-convex cone Typh 7o, ()0 (G, H).
+

Using the tangent approximation W from Corollary 2.6.5 we can define an MFCQ-variant
for (SOCMPCC) via (2.4.7).

Definition 2.6.7. Let Z be a feasible point of (SOCMPCC). We say that SOCMPCC-
MFCQ is satisfied at T if

Y x HxH=(42),Gx),H )X -Rc(Z) x W(G, H)

holds.

We will not discuss equivalent formulations of SOCMPCC-MFCQ here. We refer to
(2.6.14) for a reformulation of SOCMPCC-LICQ.

An application of Theorem 2.4.1 yields a linearization result, similarly, we could use
Corollary 2.4.3 and (2.6.9).

Theorem 2.6.8. Let Z be a feasible point of (SOCMPCC), such that SOCMPCC-MFCQ
is satisfied at z. Then,

Tr(z) = {he X : g () h € Te(g(@)), (G'(@)h, H'(Z) h) € Typn7.(1+ (G, H)}. (2.6.11)
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2.6. Optimization with second-order-cone complementarity constraints

Moreover, h = 0 is a solution of

Min. f(Z) h,
st. ¢'(%)h € To(g(7)),
aTdn = o, Vi € I'%(%),
ac"h =0, Vi € I7(z),
dGVh e (RDye, BV h e RO, (AGVh, dHVh)g, 00 =0, Vi € I"(x),
G e RO, B8 h e (RO, @GV h, ATV h)g, 00 = 0, Vi € IP(3),
dGh = EO@GYh +dm@"n), Vi € I'P(z),
aGh e kO, AT h € —KO, ([AGVh, AHVh)g, gy =0, Vi € I™(3).
(2.6.12)

Here, dG( D THY rvefer to the derivatives of G® and H® at Z, respectively.

The satisfaction of (2.6.11) could be termed SOCMPCC-Abadie-CQ. We emphasize that
the statement “SOCMPCC-MFCQ implies SOCMPCC-ACQ” is a new result.

Now, we are going to obtain strong stationarity conditions for (2.6.12). These optimality
conditions will then yield an optimality condition for (SOCMPCC). The tightened NLP
of (2.6.12) at the local minimizer h = 0 is given by

Minimize f'(Z) h,
subject to  ¢'(z) h € To(g(x)), (2.6.13)
(G'(z)h,H'(Z)h) € W (G, H),

compare (2.4.10). Hence, SOCMPCC-MFCQ implies that the Kurcyusz-Robinson-Zowe-
CQ is satisfied for (2.6.13) at h = 0, cf. (2.4.11a). It remains to provide an LICQ-variant
for (2.6.13), cf. (2.4.11b). Here, we utilize that W (G, H) is a subspace.

Definition 2.6.9. Let = be a feasible point of (SOCMPCC). We say that SOCMPCC-
LICQ is satisfied at z if

Y x H x H=c[(d(z),dx),H H %)X - Te(z)*t x W(G, H)]

holds.

We remark that SOCMPCC-LICQ implies that there is at most one Lagrange multiplier
for (2.6.13) at h = 0, see Theorem 1.4.2. In the finite-dimensional case, the SOCMPCC-
LICQ is just the nondegeneracy condition for the TNLP (2.6.13). Moreover, it is straight-
forward to check that SOCMPCC-LICQ implies SOCMPCC-MFCQ in the case that Y
and 7 are finite-dimensional, compare Bonnans, Shapiro, 2000, Corollary 2.98.
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2. Problems with complementarity constraints in absence of polyhedricity
By Theorem 1.4.2, SOCMPCC-LICQ implies that there are no non-zero multipliers
A€ Y™ u,v e H which satisfy

GEA G @+ B (@) =0,  Aeln(To(g(®)),  (uv) e W(G, A"

It is easy to show that these conditions are equivalent to (see also Lemma 2.5.4 for the
cases 1°P(Z))

g @) N+ G (2)'n+ H'(z)v =0, (2.6.14a)
A € lin(Te(g(x))°), (2.6.14b)

p® =0, Vi € I'"(z), (2.6.14c)

v =0, Vi e I%(x), (2.6.14d)

1@ € lin(ey (GW)Y), Vi e I™(z), (2.6.14¢)

v e lin(co(H™)), Vi e I”°(z), (2.6.14f)

VO = B0 (0 — (0, Vi e I°P(z). (2.6.14g)

Further, in the important case that Y is finite-dimensional, this non-existence of singular
multipliers is even equivalent to SOCMPCC-LICQ), see again Theorem 1.4.2. Hence,
our Definition 2.6.9 is significantly weaker then the LICQ-variant in Ye, Zhou, 2015,
Definition 5.3.

Theorem 2.6.10. Let z be a local solution of (SOCMPCC) which satisfies SOCMPCC-
MFCQ and SOCMPCC-LICQ. Then, there exist multipliers A € Y*, u,v € ‘H such that
the system

0=Ff (@) +d@) " \N+G @) pu+ H (Z) v, (2.6.15a)

A€ Te(9(2))°, (2.6.15b)
p® =0, Vi € 1'%(z), (2.6.15¢)
V) =0, Vi e I“(z), (2.6.15d)
p® e RO and 9 e (RW)°, Vi € I"(z), (2.6.15¢)
p e (R, and v e RD), Vi e I°(7), (2.6.15f)
v = O (0 — (), Vi e I°P(z), (2.6.15g)
p e k@ and @ e KO, Vi € I”*(z) (2.6.15h)

is satisfied.

For convenience, we recall

RV =R~ ¢ (GY),  Viel™x), RY:=R'e(HY),  Viel™®),

and refer to (2.6.7) for the definition of E®), i € I’(z).
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2.6. Optimization with second-order-cone complementarity constraints

Proof. One possibility to prove this theorem is to recast the linearized MPCC (2.6.12) in
the form (2.4.9). Consequently, (2.6.13) corresponds to (2.4.10) and it is easy to check
that the CQs (2.4.11) are given by SOCMPCC-LICQ and SOCMPCC-MFCQ.

Alternatively, Theorem 2.6.10 can be proved via Theorem 2.4.5 by using the operator L
from (2.6.9).

We emphasize that Theorem 2.6.10 is a novel result for the analysis of (SOCMPCC). In
particular, Ye, Zhou, 2015, Theorem 5.1 required a stronger CQ in order to show the
same stationarity system, see Lemma 2.6.12 below.

We discuss the novelty of our result in the case that Y as well as # are finite-dimensional.
In this case, the non-existence of singular multipliers which satisfy (2.6.14) is equiva-
lent to SOCMPCC-LICQ and implies SOCMPCC-MFCQ. Therefore, our definition of
SOCMPCC-LICQ is significantly weaker than the definition in Ye, Zhou, 2015. Never-
theless, we obtain the same stationarity conditions under this weaker CQ. This finite-
dimensional situation is summarized in the following theorem.

Theorem 2.6.11. Assume that the spaces Y and # are finite-dimensional. Let Z be a
local solution of (SOCMPCC). We assume that there are no non-zero singular multipliers
AeY* pve # such that (2.6.14) holds. Then, there exist multipliers A € Y*, u,v € H
such that the strong stationarity system (2.6.15) is satisfied.

It remains to show that the optimality system (2.6.15) is equivalent to the optimality
system in Ye, Zhou, 2015, Theorem 5.1. Up to (2.6.15g), this equivalence is straight-
forward to check. The equivalency of (2.6.15g) with the corresponding condition in Ye,
Zhou, 2015, Theorem 5.1, is demonstrated in Lemma 2.6.12 below, see also Ye, Zhou,
2015, Proposition 3.1 for a different proof.

Lemma 2.6.12. Let i € I’®(Z) be given. For u(, () € RxH®, the condition (2.6.15g)
is equivalent to

((1,0®), 1)y e =0, (2.6.16a)
(1, =), v, oo =0, (2.6.16b)
D 00 + (50 — 1)@ e lin((1,w®)), (2.6.16¢)

where 40 = (uf”, —$).

Proof. Let (2.6.16) be satisfied. In particular, there is @ € R such that

(0

k@ — 1

Ia(i)_

9 = o (1,w®) —
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2. Problems with complementarity constraints in absence of polyhedricity

This yields

7 % i 1 i) ~(2 i 7
VO = o (1, 00) — e (5O 0 4 (5O 1) u).
kW —1
Now,
. DN
E® 09— 1) = o (1,0®) 40— = (1,0®) @ (1,w?) (f”; . A% +0
K/’L —

Here, we used ((1,w®), “(i))RxH(U = 0 frequently. This shows (2.6.15g).
Now, let (2.6.15g) be satisfied. By testing (2.6.15g) with (1, —w®), we obtain

o) ((17 _w(i))’ V(i))RXy(i)

k(@)
) 0 4 .
— (1, —w®), . e ,0 ) _o
<( ) [O Iw(z)®(w(z))‘| ( ) e

Similar, by testing (2.6.15g) with (1,w?), we obtain

((Lw(l))? V(l)) ) = ((1,’[1)(2)), V(Z) - M(i))RXHw

RxH(
and this shows ((1,w®), “(i))Rme = 0.

Now, (2.6.15g) implies

0

| . . A <o . .
() — = (@) (OMECY i) (@ _ 06
YT (1) (1, w07), v¥)g g0 + ! [0 I—w®e w(i)] v i
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1 i 1 ?
= 5 (1,’11}( )) ((1,’11) )7 4 )Rx'H(Z)
| ) | 0 —uw® ‘
@ |0 w @ — @ y v
+K 0 —w® e w(i)] Y " [0 —w® @ w® | #

e lin((1,w™)).

This shows (2.6.16).

2.7. A problem with an infinite-dimensional cone
complementarity constraint

In this section, we illustrate that the theory from Section 2.4 can also be applied to
situations with an infinite-dimensional K beyond the SOC case discussed in Section 2.6.
In particular, we focus on the situation

Z = L*(0,1) x L*(0,1)"
K ={(21,22) € Z : 21(t) > |22(t)|gn for a.a. t € (0,1)}.

Here, L?(0,1) is the usual Lebesgue space over the unit interval (0,1) and |-|gn is the
Fuclidean norm on R”. In fact, K could be considered as an infinite product of second-
order cones K C R*1,

In this setting, we consider the problem

Minimize f(z),
subject to g(x) € C,

G(z) € K, (ISOCMPCC)
H(z) € K°,

(G(z), H(x)) = 0.
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2. Problems with complementarity constraints in absence of polyhedricity

Here, f: X — R is Fréchet differentiable, g : X — Y, G, H : X — Z are strictly Fréchet
differentiable, X, Y are (real) Banach spaces. Moreover, C' C Y is a closed, convex set.

It is straightforward to check that the projection onto K acts pointwise, that is,
Projg (v)(t) = Proji(v(t)) for a.a. ¢t € (0,1)

for v € L?(0,1)"*!. Consequently, we obtain the directional differentiability of Proj.

Lemma 2.7.1. For any u,v € L?(0,1)""! the mapping Proj. : L%*(0,1)"*! —
L?(0,1)"*! is directionally differentiable at u in direction v and

Proj (u;v)(t) = Proji(u(t);v(t)) for a.a. t € (0,1).

Proof. For r > 0, we have the pointwise convergence

Projg (u +7v)(t) — Projg(u)(t) _ Proji (u(t) + rv(t)) — Projx(u(t))
— Projic(u(t);v(t)) asr\ 0 for a.a. t € (0,1).

Moreover, we have the pointwise bound

| Pl r)e) = Proe(u) 1)

o S @z,

which is uniform in r and square-integrable. Now, the claim follows from the dominated
convergence theorem.

We consider a feasible point z € X of (ISOCMPCC). For convenience, we set G =G(z)
and H = H(z). We define the (disjoint) active sets

I'(z) == {t € (0,1) : G(t) € int K},

I“(z) :={t € (0,1): H(t) € —int L},

I"(z) .= {t € (0,1) : G(t) € bd K \ {0}, H = 0},

I*(z) :={t € (0,1): G(t) =0, H € —bd K \ {0}},

I°"(z) .= {t € (0,1) : G(t) e bdK \ {0}, H € —bd K\ {0}},
I"*(z) :== {t € (0,1) : G(¢t) = 0, H = 0}.

where I ¢ R**! is the finite-dimensional second-order cone.

It is easy to check that the critical cone to K can be computed pointwise via the critical
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2.7. A problem with an infinite-dimensional cone complementarity constraint

cone to K. By using Lemma 2.6.2, we have v € Kx (G, H) if and only if

v(t) € R, for a.a. t € I'%(z),
v(t) =0, for a.a. t € I%(z),
(c1(G+ H), v(t))gnt1 >0, for a.a. t € I°%(%),
v(t) € R e(G + H), for a.a. t € I*°(%),
(c1(G + H), v(t))gnt1 = 0, for a.a. t € I°(Z),
v(t) € K, for a.a. t € I”*(x).

Moreover, the assertion of Lemma 2.3.10 is satisfied if we define L : L?(0,1)"*! —
L2(0,1)"*! via (Lv)(t) = L(t)v(t) with L(¢) : R**! — R"*! defined analogously to
(2.6.9).

By owing to Lemma 2.4.7 we obtain the following results. Note that the optimality
conditions are evaluated similarly to Theorem 2.6.10.

Theorem 2.7.2. Let us assume that the operator (¢'(z),G'(z),H'(z)) € L(X,Y x
L2(0,1)"! x L2(0,1)"*1) is surjective. Then, there exist multipliers A\ € Y*, u,v €
L?(0,1)™*"! such that the system

= (@) +d @) N+G @) p+ H (), (2.7.1a)

A e Te(g(x))?, (2.7.1b)
p(t) =0, for a.a. t € I'%(Z), (2.7.1c)
v(t) =0, for a.a. t € I%(z), (2.7.1d)
pu(t) € R(t), and v(t) € (R(1))°, for a.a. t € I"(Z), (2.7.1e)
u(t) € (R(t))°, and v(t) € R(1)), for a.a. t € I*°(%), (2.7.1f)
v(t) = E(t) (v(t) — u(t)), for a.a. t € I°(z), (2.7.1g)
wu(t) € =K(t), and v(t) € K(t), for a.a. t € I**(x) (2.7.1h)

is satisfied. Here,
R(t) =R~ ¢1(G(t), faa. telx), R(t):=RTc(H(t), faa. tel?®(),
and

0 0
0 I—w()®wd)|’

E(t) = Projic(G(t) + H(t)) = = (L,w(t)) @ (1,w(t)) + x(t)

NN

for a.a. t € I"(z), where w(t) = Go(t)/G1(t) and k(t) = G1(t)/(G1(t) — Hi(t)).

Theorem 2.7.2 shows that the abstract theory from Section 2.4 is applicable also in
situations in with the complementarity is defined by a infinite-dimensional cone.
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2. Problems with complementarity constraints in absence of polyhedricity

For simplicity, we only stated the theorem by assuming the surjectivity of the operator
(¢'(z),G'(z), H'(z)). By deriving a tangent approximation set W of K (similarly to
(2.3.3)) one can formulate weaker CQs based on (2.4.7), and (2.4.14). In this infinite-
dimensional setting, however, we expect that a tangent approximation set is strictly
smaller than the largest linear subspace within Tgpp 7 ()0 (G, H), compare (2.3.3). Thus,
(2.4.14a) will be implied by (2.4.7), but (2.4.7) and (2.4.14b) does not imply each other.

2.8. Conclusions

In this work, we study optimization problems with complementarity constraints in Banach
spaces. Under reasonable constraint qualifications, we obtain a linearization argument,
see Theorem 2.4.1. This can be utilized to obtain strong stationarity conditions, cf.
Theorem 2.4.5.

We apply the theory to problems with semidefinite and second-order-cone complementar-
ity constraints. In both situations, we obtain that a reasonable variant of LICQ implies
strong stationarity of local minimizers, see Theorems 2.5.8 and 2.6.10, and these are novel
results. Also in the finite-dimensional case, the results are superior to the corresponding
results in the literature. In fact, the implication SDPMPCC-LICQ implies strong sta-
tionarity (see Theorem 2.5.9) was not previously established. In the SOCMPCC-case,
the definition of SOCMPCC-LICQ from the literature is stronger than our definition and
we are able to show strong stationarity under this weaker CQ, see Theorem 2.6.11.

It is also possible to apply the abstract theory to problems with standard complementarity
conditions, i.e., K = {v € R" : v > 0}. In this case, we are able to reproduce some
well-known results, e.g., MPCC-MFCQ implies MPCC-ACQ by Theorem 2.4.1, see
Flegel, Kanzow, 2005a, Theorem 3.1; or MPCC-LICQ implies strong stationarity of local
minimizers by Theorem 2.4.5, see Scheel, Scholtes, 2000, Theorem 2.
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Introduction

The obstacle problem is a classical variational inequality (VI) in the Sobolev space
H (). Tt models the deflection y € H}(2) of an elastic membrane due to an external
force u € L?(Q) and this deflection is constrained by an obstacle 1 € H'(Q). This leads
to the energy minimization problem

1
Minimize / ~ VY2 —yudz
Q2
wrt. yeK,
where K = {v € H}(Q) | y < 1} It is straightforward to check that the solution  can
be equivalently characterized by the complementarity system
_Ag =u— 57
y <1,

& v=Pu-1@m@ <0 YweK,
where € € H ~1(Q) is the multiplier corresponding to the constraint y € K. It can be
interpreted as the contact force between the membrane and the obstacle.
Now, we consider the optimal control of the obstacle problem

Minimize J(y,u)
wrt. y € HYQ),u e LX),
such that y solves the obstacle problem with right-hand side u
and w1y, < u < uy.
By replacing the obstacle problem with the complementarity system, we obtain
Minimize J(y,u)
wrt. y € Hy(Q),u € L*(Q), ¢ € H(Q),
such that — Ay =wu—¢,
y <1,
& v=—yur@um@ <0 YwekK
and u, <u < up.

This is an optimization problem with complementarity constraints in infinite-dimensional
spaces, cf. Section 1.5.4. In the absence of the control constraints, we know that local
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Introduction

minimizers are strongly stationary, cf. Mignot, 1976. However, in the presence of control
constraints, the necessity of strong stationarity is an open problem. Under certain
assumptions on the data, we are able to verify strong stationarity of local minimizers, see
Chapter 3. Moreover, we present counterexamples which demonstrate that the system
of strong stationarity may not hold if these assumptions are not satisfied.

We use a different technique for deriving optimality conditions in Chapter 4. Therein, we
regularize the control constraints and pass to the limit with the corresponding optimality
systems. Under a mild assumption on the sequence of adjoint states, we arrive at a
system of M-stationarity.

100



3. Strong stationarity for optimal
control of the obstacle problem with
control constraints

Abstract: We consider the distributed optimal control of the obstacle problem with
control constraints. Since Mignot proved in 1976 the necessity of a system which is
equivalent to strong stationarity, it has been an open problem whether such a system
is still necessary in the presence of control constraints. Using moderate regularity of
the optimal control and an assumption on the control bounds (which is implied by
ug < 0 < uy, quasi-everywhere (q.e.) in € in the case of an upper obstacle y < 1), we
can answer this question in the affirmative. We also present counterexamples showing
that strong stationarity may not hold if u, < 0 or 0 < u are violated.

Keywords: obstacle problem, optimal control, strong stationarity, complementarity
conditions, control constraints

MSC: 49K21, 35J86

3.1. Introduction

We consider the distributed optimal control of the obstacle problem with control con-
straints

Minimize j(y) + 5 [ulf20).
with respect to  (y,u,&) € HY(Q) x L*(Q) x H~Y(),
such that Ay =u—¢&+ f, (P)
0z2y—¢ L £20,
and u, <u<uy, a.e. in Q.

Here, the set 2 C R™, n > 1, is open and bounded. The objective consists of an
Fréchet-differentiable observation term j : Hj(€2) — R of the state y and of an L?(Q)-
regularization term with a > 0. The bounded linear operator A : H}(Q) — H~1(Q) is
assumed to be coercive. The right-hand side f belongs to H1(2). The control bounds

satisfy u,,uy € H'(Q2). The obstacle ¢ € H'(2) satisfies 1 > 0 on I in the sense that
min{, 0} € H} (). The complementarity condition

0>y—y L £>0
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3. Strong stationarity under control constraints

is to be understood in the dual pairing of H{(Q2) and H~1(Q), that is

y—¢Y <0 ae inQ, (3.1.1a)
(&, v— y>H—1(Q),H6(Q) <0 forallve H(Q):v <1 ae. in Q. (3.1.1b)

Note that both statements & > 0 and y — ¢ L £ are contained in (3.1.1b), see Propo-
sition 3.2.5. Since this complementarity condition is a constraint in (P), all constraint
qualifications (CQs) of a certain strength, e.g., the CQ of Robinson-Zowe-Kurcyusz, see
Robinson, 1976; Zowe, Kurcyusz, 1979, are violated by (P). Hence, proving necessary
optimality conditions is difficult and, as in the case of finite-dimensional mathematical
programs with complementarity constraints (MPCCs), there exists a wide variety of
stationarity concepts, see Scheel, Scholtes, 2000, Sec. 2 for stationarity concepts in finite
dimensions and, e.g., Mignot, 1976; Barbu, 1984; Mignot, Puel, 1984; Hintermiiller,
Kopacka, 2009; Outrata, Jarusek, Stard, 2011; Herzog, C. Meyer, G. Wachsmuth, 2012;
2013; Schiela, D. Wachsmuth, 2013; Hintermiller, Mordukhovich, Surowiec, 2014 for
stationarity conditions for MPCCs in function space.

Among these conditions, the so called strong stationarity conditions are the strongest.
In finite dimensions, strong stationarity conditions are necessary for optimality if the
MPCC satisfies the Guignard-CQ. The Guignard-CQ is in turn implied by MPCC-LICQ
(and by even weaker CQs) and hence usually satisfied for MPCCs, see Flegel, Kanzow,
2005b.

For optimal control problems involving infinite-dimensional complementarity systems,
however, strong stationarity has been proved so far only under rather restrictive condi-
tions, namely that the set of admissible controls U,q (or, strictly speaking, its tangent
cone) has to be dense in the set of right-hand sides of the state equation (here: H—1(Q)).
This condition excludes the case where control constraints are present (and active). For
the derivation of strong stationarity we refer to Mignot, 1976, Thm. 5.2, see also Mignot,
Puel, 1984, for the control of the obstacle problem with control in L?(£2), Outrata, Jarusek,
Stard, 2011, Thm. 6 for the case with controls in H~!(Q2), and to Herzog, C. Meyer, G.
Wachsmuth, 2013, Thm. 4.5 for an optimal-control problem arising in elasto-plasticity.
Moreover, Mignot, 1976 was able to derive a strongly stationary system in the cases
where the control-to-state map is Fréchet differentiable, see Mignot, 1976, p.161, or if the
desired state yq satisfies a certain condition rendering the objective convex, see Mignot,
1976, p.166.

It has been a long-standing issue to prove or disprove the necessity of strong stationarity
also in the case of control constraints. Besides this, we remark that strong stationarity
is part of second order sufficient conditions (SSC), see Kunisch, D. Wachsmuth, 2012,
Thm. 2.2. These SSCs provide a quadratic growth condition, which is in turn essential
to prove discretization error estimates, see C. Meyer, Thoma, 2013, Ass. 5.3, Thm. 5.7.

The main goal of this paper is to provide the necessity of strong stationarity under less
restrictive assumptions than previously known. We only require some moderate regularity
of the optimizer u € H}(2) and a technical assumption (3.5.1) on the control constraints.
This assumption is satisfied, e.g., if u, < 0 < up holds q.e. on €2, see Lemma 3.5.3. We
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3.1. Introduction

refer to Section 3.2 for the notion of quasi-everywhere (q.e.). In particular, we do not
require regularity of the domain €2 or of any of the active sets. For the problem under
consideration, strong stationarity is defined in (3.1.3) after the introduction of some
notation.

Let us mention that the discussion of the state-constrained problem (3.5.8), which appears
as an auxiliary problem, is interesting in its own right. In dependence on the active
sets, there may be no interior point of the feasible set w.r.t. the topology of C(Q). We
prove the existence of multipliers which belong to H (). This space is different from
the measure space M(Q) = Cy(Q2)’, which is typically expected for state-constrained
problems, see, e.g., Casas, 1986. A similar phenomenon was observed in Schiela, 2009,
where the existence of an interior point, however, was assumed in a space more regular
than the state space.

Let us give a brief outline of the paper. In the remainder of the introduction, we fix
some notation and introduce the system of strong stationarity. Some basic results on
capacity theory are recalled in Section 3.2. In Section 3.3 we consider a linearization
of (P), which is used in Sections 3.4 and 3.5 to prove additional properties of a local
minimizer « and to show that strong stationarity is a necessary condition, respectively.
We present two counterexamples in Section 3.6 demonstrating that strong stationarity
may not hold when the assumption u, < 0 < wy is violated. In Section 3.A, we give
an explicit characterization of the strictly active set Ay, which differs from the usual
definition of A, in the literature. Our definition of Aj, see also Lemma 3.3.1, is more
suited for our analysis, since it allows for a quasi-every formulation (see Section 3.2 for
the definition of quasi-everywhere) of the cone K(u), which occurs in the linearized state
equation, see (3.3.1).

Notation
We define the set of admissible controls
Uag :={u € L2(Q) tug < u < uy ace. on

and the closed convex set

K:={yc H}Q) :y < ae. on N}

For a convex set M C Y in a normed space Y and y € M we denote by Tps(y) the
tangent cone of M at y, which is the closed conic hull of M — y. We use this notation
for the sets K C H () and U.q C L3(9).

For sets M C H}(2) and N € H~1(Q) we define, as usual, the polar cones

= {fe H Q) : (f,v)y “1(0) H1()§Oforallv€M},
°:={ve H}(Q): (f, v)y “1(Q) H1()§0f0rallf€N}.
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3. Strong stationarity under control constraints

Using this notation, the complementarity condition (3.1.1b) is equivalent to
£ € Tr(y) (3.1.2)

In Section 3.5 we work with a closed subspace V' C H{(f2). For subsets M C V and
N C V* we define the polars w.r.t. the V-V* duality. We make also use of the polar
cone of Ty, (i) w.r.t. the L?(Q)-inner product which is denoted by

Ny, (a) = {v e L*(Q): / uvdr <0 for all u € TUad(ﬂ)}.

Q

Finally, for ¢ € H~1(), we define the annihilator

&= {v € Hy(Q): (€ vhrr(omye) = O}

Strong stationarity

Using standard arguments, the existence of minimizers (y,u, &) of (P) can be shown
under additional assumptions (in particular, j has to be bounded from below and weakly
lower semicontinuous; and u, < up), see, e.g., Mignot, Puel, 1984, Thm. 2.1.

Throughout the paper, we denote by (y,u,£) a local minimum of (P). We define (up to
sets of zero capacity, see Definition 3.2.1 for the notion of capacity) the active sets w.r.t.
the control constraints

Ag ={xeQ:u(x) =
Ay ={zeQ:u(x) =

as well as the active set w.r.t. the constraint y — ¢ < 0 in the obstacle problem
A={zeQ:0=y(zr) —¢(x)}.

By modifying A (or, equivalently, ) on a set of zero capacity if necessary, we may
assume that A is a Borel set, see Lemma 3.2.2. Note that the active sets A,, Ay, A are
quasi-closed, see Definition 3.2.1 for the notion of quasi-closeness.

We say that a feasible point (i, @, £) of (P) is strongly stationary, if there exist multipliers
(p, 1, v) € HY(Q) x H~Y(Q) x L?(£2), such that the system of strong stationarity

Ap+i'(H) +p=0 in H (), (3.1.3a)
at—p+v=0 in L*Q), (3.1.3b)
—p€ Tr(H)NE, (3.1.3¢)

pe (Tr(y) NED), (3.1.3d)

v e Ny,,(u) (3.1.3e)

is satisfied. Here, A* : H}(Q) — H~1() is the adjoint operator of A. Note that (3.1.3)
is a generalization of the necessary conditions in the case without control constraints
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Mignot, 1976, Thm. 4.3, Mignot, Puel, 1984, Thm. 2.2, which can be obtained by setting
Uaq = L?(Q2) and hence v = 0 in (3.1.3).

Using the representation (3.3.4) of the set T (7)) NEL, we can rewrite (3.1.3¢) and (3.1.3d)
equivalently as

p>0gq.e on Bandp=0 qe. on A, (3.1.3¢)

(e, U>H717Hé >0 forallve Hi(Q):v>0qe on Bandv=0qe on A, (3.1.3d)

The strongly active set A, and the biactive set B = A \ A, are defined in Lemma 3.3.1,
see also Section 3.A. We remark that (3.1.3c’) and (3.1.3d") are falsely stated in many
papers as

p>0ae on A\ As and p=0 a.e. on A, (3.1.3¢”)
(i, ”U)H—17Hé >0 forallve H{(Q):v>0ae on Bandv=0a.e. on A, (3.1.3d")

where A, := {x € Q: &(z) > 0} for € € L*(Q) and B := A\ A,. The first condition
is weaker than (3.1.3¢’), but the second one is stronger than (3.1.3d’). Moreover, it is
easy to construct an example with U,q = L?(f2), where A is a set of measure zero, but
non-zero capacity. Then, (3.1.3d’) is satisfied by a solution, whereas (3.1.3d”) may not
hold.

We do not denote the strictly (biactive) set by A, (B) in order to remind the reader that
our definition of it differs from the usual definition in the literature.

3.2. Basics about capacity theory

In this section, we will recall some basic results in capacity theory. First, we give the
definitions, see, e.g., Attouch, Buttazzo, Michaille, 2006, Sec. 5.8.2, Bonnans, Shapiro,
2000, Def. 6.47, and Delfour, Zolésio, 2001, Sec. 8.6.1.

Definition 3.2.1. The capacity of a set A C Q (w.r.t. H(€)) is defined as
cap(A) := inf{HVvH%g(Q)n v € Hi(Q),v > 1 a.e. in a neighbourhood of A}. (3.2.1)
A function v : Q — R is called quasi-continuous if for all € > 0, there exists an open set

Ge C Q, such that cap(G¢) < € and v is continuous on Q \ G..

A set O C Q is called quasi-open if for all € > 0, there exists an open set G, C €2, such
that cap(G.) < € and O U G is open.

Finally, D C Q is called quasi-closed if Q \ D is quasi-open.

A set of zero capacity has measure zero, but the converse does not hold.

It is known, see Delfour, Zolésio, 2001, Thm. 6.1, that every v € H'(f) possesses
a quasi-continuous representative. This representative is uniquely determined up to
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sets of zero capacity. When we speak about a function v € H'(£2), we always mean
the quasi-continuous representative. For every quasi-continuous function v, the set
{z € Q: v(z) < 0} is quasi-closed, whereas {z € Q : v(x) > 0} is quasi-open. Every
sequence which converges in H(}(£2) possesses a pointwise quasi-everywhere convergent
subsequence, see Bonnans, Shapiro, 2000, Lem. 6.52.

The next lemma shows that quasi-open (and, similarly, quasi-closed) sets are “almost”
Borel sets. This result is classical, but it is not contained in any of the above references.
Hence, for the convenience of the reader, we state its proof.

Lemma 3.2.2. Let O C Q be quasi-open. Then there exists a set M C €, cap(M) = 0,
such that O U M is a Borel set.

Proof. By definition, for all ¢ > 0, there exists an open set G. C €2, such that cap(Ge) < ¢
and O U G. is open. Then, we have O C (;en(O U Gyy;) and

cap([iDNOUGl/i] \O) < Cap([iDNGI/iD =0,

by the monotonicity of the capacity, see Bonnans, Shapiro, 2000, Lem. 6.48. Hence, O
differs from the Borel set (;cn(O U Gy/;) only by a set M C 2 with cap(M) = 0.

We say that v > 0 holds quasi-everywhere (q.e.) on O C Q if

cap({v <0} NO) =0.

The next lemma is essential for converting a.e.-statements into q.e.-statements. It is a
slight generalization of Bonnans, Shapiro, 2000, Lem. 6.49.

Lemma 3.2.3. Let O C () be a quasi-open subset and v :  — R a quasi-continuous
function. Then, v > 0 a.e. on O implies v > 0 g.e. on O.

Proof. Let € > 0 be given. Since O is quasi-open and v is quasi-continuous, there exist
open sets G, H. such that v is continuous on Q \ G¢, O U H. is open, and cap(G;) < ¢,
cap(H;) <e.

We set U. = G. U H.. Using the continuity of v on \ Ug, the set {v < 0} U U, is open.
Hence, the set ({v <0} UU,)N(OUU;) = ({v<0}NO)UU is open.

Let a function g € H}(Q) with ¢ > 1 a.e. on U. be given. Then, g > 1 a.e. on
({v < 0} NO) U U, since {v < 0} N O has measure zero. By the definition of the
capacity, this implies (note that both involved sets are open and hence neighborhoods of
themselves)

cap(({v <0} NO) U U;) < cap(Us).
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Using the monotonicity and subadditivity of the capacity, see Bonnans, Shapiro, 2000,
Lem. 6.48, we obtain
cap({v <0} NO) < cap(({v <0} NO)UU.) < cap(Us) < 2e.
Since € > 0 was arbitrary, we have

cap({v <0} N0O) =0.

By applying this lemma to O = Q, we find that v > 0 a.e. (on ) is equivalent to v > 0
g.e. (on ).

Finally, we recall some results on the relation between non-negative functionals in H~1(£2)
and capacity theory, see Bonnans, Shapiro, 2000, pp. 564-565.

Lemma 3.2.4. Let £ € H71(Q2) be a non-negative functional (i.e. ¢ takes non-negative
values on non-negative functions). Then, £ can be identified with a regular Borel measure
on €2 which is, in addition, finite on compact sets. Moreover, for every Borel set D C ,
cap(D) = 0 implies {(D) = 0.

Finally, the quasi-continuous representative of every v € H{(€2) is &-integrable and we
have

(v, &) mi(o),u-1Q) = /def- (3.2.2)

Note that, in particular, v > 0 q.e. implies v > 0 &-a.e. for all non-negative & € H~1(Q).

Now, we are able to give an expression for the normal cone of K at a point y € K, see
also Bonnans, Shapiro, 2000, Thm. 6.57 for the same result in the case ¥ = 0.

Proposition 3.2.5. For y € K we have

Tr(y) ={ve H}(Q):v <0 qe ony=1l,
Ti(y)° = {€ € H1(Q) : £ is non-negative and y — ¢ = 0 €-a.e. on Q.}

In particular, we have £({x € Q : y(z) < ¥(x)}) = 0 for £ € Tk (y)°.

Proof. The first identity is given in Mignot, 1976, Lem. 3.2.
Let us prove the second identity.

“C”: Let € € Tk (y)° be given. We start by proving that ¢ is non-negative. For w € H}(€2)
with w > 0 a.e. in 2, we have vy, :=y —w < 9 a.e. in Q. This implies v,, € K and,
hence,

<§, w>H71(Q),H01(Q) = <§, Yy — U”LU)H*l(Q),Hé(Q) > 0 forall we Hol(Q) Tw > 0 a.e. in Q.
(3.2.3)
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By y € K, we have y — 1 < 0 a.e. in 2 and Lemma 3.2.3 implies y — ¢ < 0 g.e. in €.
After modification of y on a set of capacity zero, the sets {y = 9}, {y < ¢} and {y > ¢}
are Borel sets, see Lemma 3.2.2. Now, Lemma 3.2.4 implies y — ¢ < 0 £-a.e. in .

Now, let a smooth cut-off function x € C§°(Q2) with 1 > x > 0 and x = 1 on some
compact C' C § be given. By defining w := x ¢ + (1 — x) y < ¥ we obtain w € HZ(Q)
and, in particular, w € K. This yields

0=>(& w—y) Z/waJr(l—x)y—ydf:/Qx(w—y)dé
Since x > 0 everywhere and ¥ —y > 0 §-a.e., we infer x (y — ¢) = 0 {-a.e., and in

particular, y — ¢ = 0 &-a.e. on C. Since ) can be written as a countable union of
compact sets and since £ is countable additive, we have y — 1) = 0 £-a.e. on 2. Finally,

E{y <v}) <E{y #9}) =0.

“D”: Let & be non-negative with y — ¢ = 0 &-a.e. on €, hence &({y # ¢}) = 0.
For arbitrary v € T (y) we obtain

- :/vdgz/ vdé + vd§ <0
(w, O mye)u-19) = | (y=1} {v#v)

since {({y # ¥}) =0 and v <0 q.e. on {y =1} implies v < 0 {-a.e. on {y = }.

3.3. Linearization of the problem

We denote by S : H Q) — H}(Q),u — y the solution operator of the variational
inequality (VI)

Find y € K, such that (Ay —u—f, v —y)g-1q) i =0 forallve K.

The unique solvability of this VI is well-known and follows from Kinderlehrer, Stampac-
chia, 1980, Thm. I1.2.1. It is known, that for given (y,u), there exists ¢ € H~1(Q) such
that (y,u, ) is feasible for (P) if and only if y = S(u) and u € Uyq.

Since the obstacle 1) € H'(Q) has a quasi-continuous representative, we can apply Mignot,
1976, Thm. 3.2 to infer the polyhedricity of K. Hence, Mignot, 1976, Thm. 2.1 yields
the directional differentiability of S. Using the Lipschitz continuity of S, we find that S
is even Hadamard-differentiable by Shapiro, 1990, Prop. 3.5, see also Bonnans, Shapiro,
2000, Thm. 6.58 for a similar argument in the case ¢ = 0. The derivative S’(u; h) in the
direction h € H~1(Q) is the solution of the VI

Find yp, € K(u), such that (Ay,—h, /U_yh>H—1(Q)7Hé(Q) > 0 for all v € K(u), (3.3.1)
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where
K(a) := Tr(y) N € = {yn € HY(Q) : yp <0 q.e. in A and (yp, §>H57H_1 =0}, (3.3.2)
see Mignot, 1976, Lem. 3.2. The VI (3.3.1) is equivalent to the complementarity system

Ayp —h+& =0, (3.3.3a)

yn € K(u), (3.3.3b)

&n € K(u)°, (3.3.3¢)

(&hs Yn) m-1(0),m1 () = O- (3.3.3d)

The following lemma provides a useful characterization of the closed convex cone K(u)
in terms of g.e.-(in)equalities.

Lemma 3.3.1. Let u € H_l(Q)~be given and denote y = S(u), { =u— Ay + f. Then,
there exists a set Ay, such that A; C A and

K(a)={ve H}(Q):v<0qe. in Aand v =0 q.e. in A}

- . 3.3.4
={ve H}(Q):v<0qe. in Bandv =0 q.e. in A}, ( )

where B := A\AS is the biactive set. In particular, we could choose A, to be quasi-closed.

Proof. Since ¢ is a non-negative functional on H (), we identify it with a regular Borel
measure, see Lemma 3.2.4. Now, let v € H}(2) be given, satisfying v < 0 q.e. on A.
Lemma 3.2.4 implies v < 0 é-a.e. on A. Using (3.2.2), we have

<U, g>Hé(Q)7H—1(Q):/§'2'Ud£: Avdg7

since £(Q2\ A) = 0, see Proposition 3.2.5. By using v < 0 £&-a.e. on A,

(v, &) 1) = /Avdfz 0

is equivalent to v =0 -a.e. on A. Since £(Q\ A) = 0, this is in turn equivalent to v = 0
&-a.e. on Q.

The above reasoning shows
K(a) = {ve H}(Q):v<0qe. in Aand v =0 {-a.e.}, (3.3.5)

compare (3.3.2). Finally, Stollmann, 1993, Thm. 1 implies the existence of a quasi-closed
set Ag, such that

{ve HY(Q):v=0¢&ae)} ={ve Hjy(Q):v=0qe in A}.

It remains to show A, C A. S~ince y— 1 =0 &-a.e., we have § — 1) = 0 q.e. on A, hence
cap(As \ A) = 0. Replacing As by As N A yields the claim.
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Note that we give a more explicit characterization of the strictly active set A, in Sec-
tion 3.A, see in particular Lemma 3.A.5. Moreover, we do not denote the strictly active
set by A in order to remind the reader that our definition of it differs from the usual
definition in the literature.

We consider the reduced formulation of (P)

o
Minimize j(S(u)) + = |lul/%2

2 L@ (Pred)
and u € Uy.

Due to the continuity of S, (y,u,&) is a local solution of (P) if and only if u is a local
solution of (Peq). The local optimality of u for (P,eq) and the Hadamard-differentiability
of S imply that h = 0 is a global solution of the “linearized” problem

Minimize j'(S(a)) S'(4; h) 4+ a (4, h)r2(q)

_ (Prea)
such that h € Ty, (u),

where Ty, () C L%(2) is the tangent cone of U,q.

In the sequel, we will consider different restrictions of this linearized problem in order to
prove properties of the minimizer u, see Section 3.4, and to prove the strong stationarity
of u in Section 3.5.

3.4. Properties of local solutions

We are going to prove properties of a local minimizer u by evaluating optimality conditions
of a certain restriction of (P!). From now on, we assume the additional regularity u €
H (). This property can be shown by penalization arguments, see, e.g., Mignot, Puel,
1984; Schiela, D. Wachsmuth, 2013, or by limiting variational calculus, see Hintermiiller,
Mordukhovich, Surowiec, 2014, Rem. 1. In order to keep the presentation simple, we
just assume this regularity, keeping in mind that it can be achieved under rather mild

assumptions on the data, in particular one uses uq, up € H& (Q).

We interpret L?(f2) as an subspace of H~!(Q) via the canonical embedding E : L?(Q) —
HY(Q), h— (v [ohv dz). Up to now we did not mention this embedding in favor
of a clearer presentation. In order to get sharper optimality conditions for (P]lf‘;i) we are
going to enlarge the feasible set. The closeness of the constraint set in H~1(Q) in (3.4.1)

will be crucial for rewriting (3.4.5) into (3.4.6).

Lemma 3.4.1. The functional h = 0 € H~1(Q) is a global minimizer of

Minimize 5'(S(u)) S’ (a;h) + (4, h) HI(Q,H-1(2)

-1
such that h € ETy,, (ﬁ)H )

(3.4.1)
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Proof. By using the canonical embedding F : L*(Q) — H~1(Q) in (P), we obtain that
h=0¢€ H1(Q) is a global solution of
Minimize j'(S(a)) S’ (u;h) + o (u, h) HI(QH1(2)

(3.4.2)
such that h € ETy,, ().

We proceed by contradiction and assume that 0 is not a global solution of (3.4.1). This

. . —H(Q)
yields the existence of h € ETy, (u) with

3'(S(@)) §'(us h) + o (u, h) g o, m-1(0)) < 0.

Since ETy,,(u) is dense in ETy, , (a)H ) and since the objective in (3.4.1) is continuous
w.r.t. h € H71(€2), this gives the existence of h € ETy, (1) with

§'(S(@)) S (@ h) + o (i, b) a0, -1(0y) < 0-

This, however, is a contradiction to the fact that h = 0 is a global minimizer of (3.4.2).

Using the equivalent reformulation (3.3.3) of the linearized VI (3.3.1), the problem (3.4.1)
can be written as

Minimize j'(S(w)) yn + o (4, h) g1 () m-1(@)
with respect to  (yn, h, &) € Ha(Q) x H(Q) x H™1(Q),
such that Ay, —h+&, =0,

yn € K(u), (3.4.3)
&n € K(a)°,
(Yns &n) i) m-1() =0,

7}[—1(9)

h € ETy,,(u)

Since h = 0 is a global minimizer of (3.4.1), (yp, h,&n) = (0,0,0) is a global minimizer
of (3.4.3). Note that (3.4.3) still contains a complementarity constraint (as long as IC(u)
is not a subspace). By restricting yj to zero, we obtain that (h,&,) = (0,0) is a global
solution of the auxiliary problem

Minimize « (u, h>H5(Q),H—1(Q)
with respect to  (h,&,) € H 1(Q) x H1(Q),
such that —h+&, =0, (3.4.4)
&n € K(u)®,

—1
he BT @) .
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3. Strong stationarity under control constraints

Making use of the constraint h = &, h = 0 is a global solution of

Minimize (U, h) g1 () m-1(0)
0 H1(Q) (3.4.5)
such that h € K(u)° N ETy,,(u) .

The optimality condition reads (note that this requires no constraint qualification)

an e [k BT, )

where the polar cones are to be evaluated w.r.t. the H~1(Q)-H{ () duality. By using
(K1 N K3y)° = Ky + K3 for closed, convex cones K1, Ko in a reflexive Banach space, see,
e.g., Bonnans, Shapiro, 2000, (2.32), we obtain

71{—1(9)} o SH ()

K(@)° N ETy.(a) 7*’“‘9))

= K@) + (ETu,, (@)

—

Since A° = (A)° holds for all sets A, we get

e -[K@ nFTo, @ 7] = K@+ Er, e . (3.4.6)

It remains to evaluate the right-hand side.

Lemma 3.4.2. The polar cone of ETy,,(u) w.r.t. the H-1(Q)-H}(Q) duality is given
by

(ETy,,(@)° = {ve Hy(Q) :v <0 qe. on Ay, v>0q.e. on Ay, and
v=0gq.e onQ\ (A, UA)}.

Proof. A simple calculation shows
(ETy,,(0)° = {v e Hy(Q) : (v, h)Hé(Q%Hq(Q) <O0forall h € ETy, (0)}
={ve H}(Q): /Qvudm <0 for all u € Ty, (a)}

={ve H}(Q):v<0a.e on A, v>0a.e on Ay, and
v=0ae. onQ\ (4, UAp)}.

Now, the inclusion “D” of the assertion follows easily, since v < 0 g.e. on A, implies
v <0 a.e. on A,, and analogous arguments for the other conditions.

Let v € (ETy,,(u))° be given. By the above calculation, we have v > 0 a.e. on Q\ A,.
The set 2\ A, = {z € Q: u(z) < uq(z)} is quasi-open. Using Lemma 3.2.3, we find that
v>0a.e onQ\ A, implies v > 0 q.e. on Q\ A, and, in particular, v > 0 q.e. on Aj.
Similarly, we obtain v < 0 q.e. on 2\ A, D A, and v =0 q.e. on Q\ (4, U Ap). This
shows the claim.
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Now, we obtain the announced properties of the local minimizer . We recall the definition
of the biactive set B = A\ As from Lemma 3.3.1.

Lemma 3.4.3. If @ belongs to H}(2), we have the sign conditions

=0 qe on A;N[Q\ (A, U Ay,
<0 qe onA;NAy,
@>0 qe on (A;NA)U[BN(Q\ A

In particular, up > 0 q.e. on A and u, < 0 q.e. on A imply u > 0 q.e. on Bandu=0
g.e. on Ag.

Proof. By using (3.4.6), there are sequences {vgi)} C —K(u) and {vgi)} C —(ETy,,(w))°,
such that ‘ '
u = lim (UEZ) + ’Uéz)) in H}(Q).

i—00

After passing to a subsequence, we have the pointwise convergence

@ = lim (vgi) + Uéi)) g.e. in Q, (3.4.7)

17— 00
see Bonnans, Shapiro, 2000, Lem. 6.52. By using Lemma 3.3.1 we know
vy) € —K(u)={ve Hj(Q):v>0qe. in Bandv=0q.e. in A}
and by Lemma 3.4.2 we have

—vg) = —(ETy,,(0)° = {ve HJy(Q):v>0qe. on A, v <0 q.e on Ay, and
v="0q.e onQ\ (A, UA)}.

That is, we have the following q.e. sign conditions:

on A, N[Q\ (Ag U A : vgi) =0 and vgi) =0,
on A, N Ay : vgi) =0 and vg) <0,
on AN A, : vy) =0 and véi) >0,
on BN (Q\ 4) : vgi) >0 and véi) >

Together with (3.4.7), this gives the desired sign conditions of w.

3.5. Strong stationarity

We use the results of the previous section together with the KKT conditions of a restriction
of (P!%) in order to prove necessity of the strong stationarity system (3.1.3). In addition
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to u € H}(S2), we assume

u, >0 q.e. in B, (3.5.1a)
cap(A, N B) =0, (3.5.1b)
=0 q.c. on A,. (3.5.1c)

We refer to Lemma 3.5.3 for a simple condition which implies that this assumption is
satisfied.

We start by restating (PI%) in a subspace of HE(€2). Therefore, we recall the characteri-
zation
K(u) = {ve Hj(Q):v<0qe. in Bandv=0q.e. in A}

from Lemma 3.3.1. We define
V={ve H}(Q) :v=0qe. in A,}. (3.5.2)

Note that the subspace V is closed, since sequences converging in H&(Q) contain a point-
wise quasi-everywhere convergent subsequence, see Bonnans, Shapiro, 2000, Lem. 6.52.
Since KC(u) is a subset of the closed subspace V', we can restate the VI (3.3.1) charac-
terizing the derivative S’(u; h) in the space V. To this end, we introduce the canonical
injection

I:V — H}(Q), v o (3.5.3)

The action of its adjoint I* : H~1(Q) — V* is the restriction of the domain of a functional
from H{ () to V. Further, we introduce the bounded, linear operator

Ay =T"AI:V = V*,
which inherits the ellipticity from A, and the closed convex cone
Ky (i) ={veV:v<0qe. in B}.

Note that K(u) = I Ky (u). Let us recall the VI (3.3.1) characterizing the derivative
S'(u; h) of S in direction h € H~1

Find y, € K(u), such that (Ay, —h, v — yh>H—1(Q)7H&(Q) >0 for all v € K(u).
We define Si,(u; h) for h € V* as the unique solution of
Find yj, € Ky (u), such that (Ay y, —h, v — yp)y+y > 0 for all v € Ky (u), (3.5.4)

see Kinderlehrer, Stampacchia, 1980, Thm. I1.2.1 for the unique solvability. An immediate
consequence is
S'(u;h) = 1Sy, (u;I*h)
for all h € H~1(Q). Using this equivalence and @ € V by (3.5.1c), we obtain from (Pl,)
that h =0 € V* is a global solution of
Minimize j'(S(a)) I Sy (a;h) + a (U, h)yy«

3.5.5
such that h € I"ETy, (). ( )
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Arguing similarly as in Lemma 3.4.1, we obtain that h = 0 € V* is a global solution of

Minimize j'(S(a)) I Sy (a;h) + a (U, h)yy« ( )
W) Loyl 3.5.6
such that h € I*ETy,, (ﬁ)v

Similar to (3.3.3), we can rewrite the VI (3.5.4) as a complementarity system and obtain
that (yp, h, &) = (0,0,0) is a global solution of

Minimize j'(S(@)) I yn + a (@, h)y,v
such that Ay y, —h+&, =0,

yn € Ky (u),

& € Ky (u)°,

(Yn, En)vys =0,

he FETy (@)

(3.5.7)

We restrict the slack variable &, to 0. This enables us to drop the complementarity
condition. We obtain that (h,yp) = (0,0) is a global solution of the auxiliary problem

Minimize j'(S(@)) I yn + o (@, h)y,v«
such that Ay yp — h =0,
yn € Ky (u),
h e I*ETy,, ()

(3.5.8)

V’*

Due to this restriction of £, the optimality system (3.5.10) of the problem (3.5.8) will
not contain any information of p on B. However, this information can be recovered by
the gradient equation (3.5.10b) and the signs of @ from Lemma 3.4.3. Note that this
relies heavily on the fact that the control lives on the same domain as the constraint

y < 1.

Lemma 3.5.1. The polar cone of I*E7Ty,,(u) C V* is given by

(I"ETy,,(u))* ={veV:v<0qg.e on A, v>0q.e on A, and

v=0gq.e. on Q\ (A, UA)}. (3:5.9)

Proof. A simple calculation, see also Aubin, Frankowska, 2009, Lem. 2.4.3, shows
(I"ETy,, (@) = I~ (ETy,, (@)°,

where the right-hand side denotes the preimage of (ETy,,(u))° w.r.t. the injection
I:V — H}Q). Now, Lemma 3.4.2 yields the claim.
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We show that the CQ of Robinson-Zowe-Kurcyusz is satisfied at the solution (yp, h) =
(0,0) of (3.5.8). Let an arbitrary p € V* be given. We have to show the existence of

yn € Kv(u), h € I*ETy,, (ﬂ)v*, such that Ay yp, —h = p. We set yp, = Si,(u, pn) € Ky ().
Then, there exists h € —Ky (u)° such that

Ayn —h=p
and (yn, h)v,y» = 0 (we do not use this condition) are satisfied. Note that we have

(I'ETy, (u))° Cc{veV:v<0q.e. on A, v>0q.e onQ\ A}
c{veV:v>0qe on B} = —Ky(a)

by (3.5.1b) and the definition of Ky (u). Hence, h € —Ky(u)° C (I*ETy,, (1)) =

I*ETy,, (ﬂ)V*. This shows that the CQ of Robinson-Zowe-Kurcyusz is satisfied by the
problem (3.5.8).

Hence, there exists multipliers (p, fi,v) € V x V* x V satisfying the optimality system

vop+ I (S(w)+a=0inV*, (3.5.10a)
ali—p+v=0inV, (3.5.10b)
pe{ycV:y<0qe. in B}°, (3.5.10c)

ve (FETr, @) )° = (I"ETy,,(@)°. (3.5.10d)

Now we show that the system (3.1.3) is satisfied, where p € H~1(Q) is defined by
p=— At (5.
Due to this definition of p, (3.1.3a) holds. The gradient equation (3.1.3b) follows from

(3.5.10b), since u, p, and v are zero on As.

By definition of p, we have p = 0 q.e. on A,. By the gradient equation (3.5.10b), we
obtain

p=at+v>au>0 gq.e. onB.

The first inequality follows from (3.5.1b) and (3.5.9), whereas the second one follows
from (3.5.1a) and Lemma 3.4.3. Hence, (3.1.3¢’) is satisfied.

In order to show the sign condition (3.1.3d°) on p, let v € HY (), v < 0 q.e. on B and
v =0 q.e. on A; be given. Using v € V, we obtain from the definition of x and (3.5.10c)

(1, V) 1@, () = (AP = J'(S(@), v)-1(0), 51 @)
(=Ayp —I* §'(S(@), v)v=y = (fi, v)v=v <O.

This is the desired sign condition on p.

116



3.5. Strong stationarity

Since V' C L?(f2), we have (the following inequalities are to be understood in the a.e.-
sense)

ve (I"ETy,,(a))°
={veV :v<0on Ag, v>00n Ay, andv=0o0n N\ (A, UA)}
cl{vel*(Q):v<0on A, v>00n A andv=0o0nQ\ (4, U A}
= Ny, (u),

which is the sign condition (3.1.3¢) on v.

Altogether, we have proven the following theorem.

Theorem 3.5.2. Let (,4,&) € HY () x H} (Q) x H1(Q) be a local solution of (P), such
that (3.5.1) holds. Then, there exist multipliers (p, u,v) € HE(Q) x H-Y(Q) x H}(Q),
such that the strong stationarity conditions (3.1.3) are satisfied.

Note that the uniqueness of multipliers does not simply follow from (3.1.3) (as in the
case without control constraints).

The arguments leading to Theorem 3.5.2 remain valid in the cases u, = —00 or up = +00,
with the obvious modifications.

As announced, we remark that assumption (3.5.1) is implied by a simple assumption on
the control bounds, which can be checked a-priori.

Lemma 3.5.3. If the bounds ug, up € H'(Q) fulfill
ug < 0 <uy q.e. in (3.5.11)

then (3.5.1) is satisfied.

Note that we do not need to assume that u, is uniformly negative in (3.5.11).

Proof. Tt is clear that (3.5.1a) holds. Lemma 3.4.3 implies @ = 0 q.e. on Ay, i.e. (3.5.1c),
and © > 0 q.e. on A. Hence, we have u =0 > u, q.e. on A. This shows (3.5.1b).

Finally, we give a remark on the condition (3.5.1c). By inspecting the calculation leading
to Theorem 3.5.2, we find that this assumption could be replaced by the following weaker
one: assume that ~
. 0 on A 1
=9 _ - belongs to Hy(€2). (3.5.12)
u on )\ A
Moreover, we could drop the assumption @ = 0 on A, if we could discuss an auxiliary

problem similar to (3.5.8) directly in H=(Q) x HZ(£2). However, we were not able to
provide a CQ for such an auxiliary problem.
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3.6. Counterexamples

In this section we present two counterexamples, which show that strong stationarity may
not hold if u, < 0 or up > 0 are violated. Note that we do not have a counterexample if
u =0 on Ay is violated. In both examples, the domain is 2 = (0,1) and A = —A, i.e.,
Ay =—y".

3.6.1. The lower bound is zero and active

This counterexample, which was constructed by the author, can already be found in
Schiela, D. Wachsmuth, 2013. We consider

Minimize 2 lly+ 13a(0) + 3 20,
such that Ay =wu—¢,
02y L £20,
and wu > 0.
For all feasible u, the solution of the complementarity system is (y,£) = (0,u). Hence,
the unique global solution of this problem is (y,u,&) = (0,0,0). Using A=A, = and
As = (), the system of strong stationarity (3.1.3) reads
Ap+1+p=0 in H1(Q),
—p+rv=0 ae. in
p>0 q.e. in €,
(e, 'U>H—1(Q)7Hé(9) >0 forallve HJ(Q),v>0qe. inQ,

r<0 a.e. in Q.

This directly implies p = v = 0 and p = —1, which is a contradiction.

3.6.2. The upper bound is negative

We consider
Minimize 2 1y + 1320 + 5 lell32(a:
such that Ay=u—¢+1,
0>y L £>0,
and u < —1.

Since u—£ 41 < 0 for all admissible controls v and all multipliers £ > 0, 0 > y is satisfied
trivially by the maximum principle. Since & is unique, & = 0 follows for all admissible w.
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3.A. Discussion of the strictly active set

Hence, the problem is equivalent to the control constrained problem

. 1 a
Minimize 2 1y + 10y + 5 Jul32(0):
such that Ay=wu+1,
and u < —1.
In the case a > 1/8, (y,u) = (0,—1) is the unique global solution (this can be proven
by checking the first order necessary and sufficient conditions) and hence the solution of

the original problem. Then, we have A = A, = Q and A, = (0. However, there are no
multipliers p, i, v, such that the strong stationarity system (3.1.3)

Ap+1+p=0 in H1(Q),
au—p+v=0 ae. in €,
p>0 q.e. in ),
(e, ’U>H—1(Q)7Hé(9) >0 forallve H}(Q),v>0qe. inQ,
v>0 ae. in

is satisfied, since if p satisfies the first equation with some p > 0, we have p < 0 by the
maximum principle.

3.A. Discussion of the strictly active set

The aim of this section is to show that the strictly active set A defined in Lemma 3.3.1
can chosen to be the fine support (to be defined, see Lemma 3.A.4) of £, in contrast to
the implicit definition in the proof of Lemma 3.3.1.

In order to use some results from the literature, we have to define a capacity for arbitrary
sets A C R™ by
capgn (A) = inf{|| (v, VU)H%Q(Rn)nH v € HY(R™),v > 1 ae. in a neighbourhood of A},

compare Heinonen, Kilpelainen, Martio, 1993, Sec. 2.35. Note that there are two dif-
ferences to Definition 3.2.1: H{ () is replaced by H'(R") and we use a different norm.
Following the proof of Attouch, Buttazzo, Michaille, 2006, Prop.5.8.3 (a), we find that
this definition is equivalent to Adams, Hedberg, 1996, Def. 2.2.1-2.2.4.

For sets A C Q, capgn(A) can be estimated from above by cap(A):

Lemma 3.A.1. There exists a constant C' > 0, such that
caprn(A4) < Ccap(A) (3.A.1)

holds for all A C Q.
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3. Strong stationarity under control constraints

Proof. Let a function v € H{(Q) satisfying v > 1 in a neighbourhood of A be given.
Then, v € H'(R") and

(v, Vo) [ 2 (gnyntr < C V[ 72(gyn
for some C' > 0 by Poincaré’s inequality. Taking the infimum over all such v, we obtain
inf{||(v, VU)H%Q(W)”H v € Hy(Q),v > 1 a.e. in a neighbourhood of A} < C cap(A).

This implies the claim.

Note that the reverse estimate to (3.A.1) does not hold in the general case, in particular
we have cap(§2) = oo, but capgn(2) < co. However, we have the following important
lemma.

Lemma 3.A.2 (Heinonen, Kilpeldinen, Martio, 1993, Lem. 2.9, Cor. 2.39). For a set
A C Q, we have
cap(A) =0 <= cappn(4) =0. (3.A.2)

Finally, we need the concept of the so-called fine topology in R™, which is closely related
to the notion of capacities. The fine topology is defined as the coarsest topology such that
all sub-harmonic functions are continuous. We refer to Adams, Hedberg, 1996, Def. 6.4.1
or Heinonen, Kilpeldinen, Martio, 1993, Chap. 12 for more details. For our purposes it
is enough to know that the fine topology possesses the following properties.

e The fine topology is finer than the usual topology on R™.

e Every capgn-quasi-open set O (defined similarly to Definition 3.2.1) is equivalent
to a finely open set O, in the sense that capg. ((O\ O) U (O \ O)) = 0, and every
finely open set is capgn-quasi-open, see Adams, Hedberg, 1996, Prop. 6.4.12, 6.4.13.

e The fine topology has the quasi-Lindel6f property, i.e., for every family {A,} of
finely open sets, there exists a countable subfamily {A,, }icn, such that

capgn (U Aa\ U Aai) =0,
«a ieN
see Adams, Hedberg, 1996, Rem. 6.5.11.

The induced topology on € is also called the fine topology. Since € is open, it is finely
open. Therefore, a set A C ) is finely open in R™ if and only if it is finely open in Q.

Now, we are going to define the support w.r.t. the fine topology of a non-negative
¢ € H71(Q), which is identified with a Borel measure by Lemma 3.2.4. To this end, we
have to extend the Borel measure £ to finely open sets. This requires the definition of a
o-algebra which contains the finely open sets.
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Let us remark that every finely open set O C 2 is a Borel set up to a set of zero capacity,
compare also Lemma 3.2.2: since O is capgn-quasi-open, there exists, for any € > 0, an
open set G¢ such that capgn(G:) < € and OUG. is open. Since ( is open, we can assume
that G. C Q. Then, we have O C (;ey(0 U G1y;) and

CapRn([ﬂ o) qu} \0) < capRn([ﬂ GMD — 0.
ieN €N

Hence, O differs from the Borel set ();c(O U G1y;) by a set M C Q with capgn (M) = 0.
By (3.A.2) we have cap(M) = 0.

This motivates the following definition.

Definition 3.A.3. We define the set
C={GUH C Q:G is a Borel set and cap(H) = 0}.

Then, C is a o-algebra and it contains the finely open sets and all Borel sets.

Proof. We have to prove that C is a o-algebra. It is easy to see that C is closed under
countable unions, since the countable union of sets of zero capacity still has zero capacity.
In order to show that C is closed under countable intersections, we remark that

€N €N €N €N

Hence, for {G; U H;} C C, the intersection differs from the Borel set (;cy G; only by a
set of zero capacity.

In the following, we simply say “GUH € C”, instead of “G C {2 is a Borel set and H C (2
has zero capacity”.

Now, let £ € H () be a non-negative functional, which is identified with a Borel
measure, see Lemma 3.2.4. Since {(A) = 0 for Borel sets A with cap(A) = 0, we can
extend £ to C in a well-defined way by letting

E(GUH)=¢(G) foral GUH €C. (3.A.3)

It is easy to show that £ is additive on C. Moreover, for all {G; U H;} C C we have

i€N i€N ieN i€N i€N i€N
Hence, £ is countably subadditive on C.

Now, we are in the position to define the fine support of &.
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3. Strong stationarity under control constraints

Lemma 3.A.4. Let £ € H 1(Q) be a non-negative functional. There exists a largest
finely open set M C Q with {(M) = 0. Its complement 2\ M is called the fine support
of £ and is denoted by f-supp(€).

Proof. Let {A,} be the family of finely open sets in 2, whose £-measure is zero. Let
{Aq, }ien be a subfamily given by the quasi-Lindel6f property. We define

M=JA., M=|JA,, O=M\M.
« €N

By the definition of {A,, }, we have capgn(O) = 0 and O C Q. Hence, cap(O) = 0 by
Lemma 3.A.2. By definition (3.A.3) of &, this gives £(O) = 0. Using that £ is countably
additive, we have

M) =EMUO)=¢(M) <Y €(Aa,) = 0.

1€N

This shows that M is the desired finely open set.

With these tools at hand, we can prove a refinement of Lemma 3.3.1.

Lemma 3.A.5. Let £ € H1(Q) be a non-negative functional. Then, we have
{ve HYQ) :v=0¢ae}={ve H}Q) :v=0qe on fsupp(é)}.
In particular, we have
K@) =Tx(@m) Nét={ve HY(Q) :v <0qe. in Aand v =0 qe. in A},

where A, = f-supp(€).

Proof. We only have to prove the first identity. The second one follows together with
(3.3.5).

“c” Let v € HE(Q), v =0 &-a.e. be given. The set O = {x € Q: v # 0} is quasi-open,
hence, capgn-quasi-open by (3.A.1). Therefore, there exists a finely open set F' which
differs by O only with capacity zero. Thus, £(0O) = &(F) and £(O) = 0 by assumption.
Hence, F C Q \ f-supp(£) and consequently, cap(O N f-supp(§)) = 0.

“237: Let v € HY(Q), v =0 q.e. on f-supp(£) be given. We define the set O = {x € Q :
v # 0}. By assumption we have cap(ONf-supp(§)) = 0. This implies £(ONf-supp(§)) = 0
and hence £(O) = 0 by £(2\ f-supp(£)) = 0.

Note that the support of ¢ (defined similarly by using the usual topology of R™ on ),
is larger than the fine support of £ (since every open set is finely open). Hence, we may
not replace the fine support by the support of ¢ in Lemma 3.A.5.
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4. Towards M-stationarity for optimal
control of the obstacle problem with
control constraints

Abstract: We consider an optimal control problem, whose state is given as the solution of
the obstacle problem. The controls are not assumed to be dense in H~!(Q2). Hence, local
minimizers may not be strongly stationary. By a non-smooth regularization technique
similar to the virtual control regularization, we prove a system of C-stationarity using
only minimal regularity requirements. We show that even a system of M-stationarity is
satisfied under the assumption that the regularized adjoint states converge in capacity.
We also give a counterexample, showing that this additional assumption might be crucial.

Keywords: M-stationarity conditions, obstacle problem, control constraints

MSC: 49K21, 35J86

4.1. Introduction

We consider the optimal control of the obstacle problem with control constraints

Minimize J(y,u),
with respect to  (y,u, &) € H3(Q) x U x H (),
such that Ay =Bu—£¢+ f,
y—1 <0 ae. in {2,
€, v— y>H71(Q)7Hé(Q) <0 forallve HJ(Q):v <1 ae. in Q,

(P)

and wu € Uyg.

We refer to Assumption 4.1.2 for the precise requirements on the data of the problem.
Due to the constraints on y and £, problem (P) is a mathematical problem with com-
plementarity constraint (MPCC) in function space, see also the discussion at the end of
Section 4.1.3, and it is difficult to verify sharp first-order necessary optimality conditions.
In particular, the KKT conditions may not be necessary for optimality and one has to
use stationarity concepts tailored to MPCCs, see Scheel, Scholtes, 2000. The tightest
concept is the so-called strong stationarity, see (4.1.7), (4.1.8). It is, however, known
that local minimizers of (P) may not satisfy the system of strong stationarity in the case
that U,q is a proper subset of U, e.g. in the presence of control constraints, or if the
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4. M-stationarity under control constraints

range of B is not dense, e.g., if the control acts only on a (possibly lower-dimensional)
subset of €2, see Section 3.6 for counterexamples. Hence, one is interested in stationarity
concepts which impose weaker conditions on the biactive set. In the finite-dimensional
case, we refer to Outrata, 1999; Scheel, Scholtes, 2000 for stationarity concepts and for
examples showing the different strength of these conditions. The stationarity systems
for the infinite-dimensional problem (P) are defined in Section 4.1.4.

We give some references concerning optimality conditions of problems similar to (P).
If Usqg = U and if the range of B is dense in H~!(Q), it is shown by Mignot, 1976
that minimizers of (P) satisfy the system of strong stationarity. The same result was
reproduced by Hintermiiller, Surowiec, 2011 by techniques from variational analysis and
it was slightly generalized in Section 1.6.1. The special case U = U,q = H!(Q) can
be found in Outrata, Jarusek, Starda, 2011. Moreover, a strong stationarity result in
presence of control constraints was given in G. Wachsmuth, 2014 (i.e., Chapter 3) under
some assumptions on the data and the objective. However, all these results are rather
restrictive and cover only special cases of (P). In the case @ C R! and U = H~1(Q),
Jarusek, Outrata, 2007 have shown that the minimizer is an M-stationary point, compare
(4.1.11). However, this analysis heavily exploits the compact embedding of H'(Q2) in

C(€2), which only holds in the one-dimensional case.

Many authors studied the approximation of problems similar to (P) with smooth prob-
lems. Similar to smooth relaxation methods in finite dimensions, see Hoheisel, Kanzow,
Schwartz, 2013, at most C-stationarity can be expected in the limit. The most strict
system which was obtained by this approach is the C-stationarity system from Schiela,
D. Wachsmuth, 2013, see also Lemma 4.4.6. We also refer to Barbu, 1984; Ito, Kunisch,
2000; Hintermiiller, Mordukhovich, Surowiec, 2014 for weaker stationarity systems.

In order to obtain stationarity conditions which are sharper than C-stationarity, one has
to use different techniques. We mention that there are various approaches for deriving M-
stationarity in finite dimensions, see e.g., Outrata, 1999; Flegel, Kanzow, 2006; Hoheisel,
Kanzow, Schwartz, 2013, but these methods can not be applied to the infinite-dimensional
problem (P). Hence, it is necessary to develop a new technique for deriving optimality
conditions. In this work, we approximate (P) by a sequence of non-smooth, surrogate
problems (P}¢®), similar to the virtual control approach from Krumbiegel, Résch, 2009.
These regularized problems satisfy a system of strong stationarity, see Section 1.6.1. By
passing to the limit with the regularization parameter, we obtain optimality conditions
for the original problem (P). A main feature of our technique of proof is that we only
use minimal regularity of the data.

Without any further assumptions, we arrive at the system of weak stationarity (4.1.7).
In contrast to the literature, our system of weak stationarity contains conditions on
the multipliers holding quasi-everywhere (q.e.) on certain sets, and not only almost-
everywhere (a.e.). This is established by using results from potential theory. By assuming
that the operator A is an elliptic second-order differential operator in divergence form,
we obtain a system of C-stationarity, see (4.1.9), which is equivalent to the system in
Schiela, D. Wachsmuth, 2013, see Lemma 4.4.6. We emphasize that, in contrast to
Schiela, D. Wachsmuth, 2013, our regularity requirements are much weaker, in particular,

124



4.1. Introduction

we do not need the Lipschitz continuity of the solution mapping of the obstacle problem
from U to C(Q). Finally, if the regularized adjoint states do not only converge weakly in
H{(£2), but also converge in capacity, we even arrive at a system of M-stationarity, see
(4.1.11). We remark that convergence of capacity is a rather weak notion of convergence,
see Section 4.2. Moreover, this additional assumption of convergence in capacity is
automatically satisfied in the one-dimensional case d = 1, see Lemma 4.2.3. Hence, we

reproduce the result of Jarusek, Outrata, 2007 in a slightly different setting.

Using results from potential theory, in particular Theorem 4.2.5, is a novel technique
for deriving optimality conditions of (P). Theorem 4.2.5 is utilized for deriving sign
conditions for the multipliers, see, e.g., Lemmas 4.4.2 and 4.4.3. These results may also
be applied for different regularization approaches, and are of independent interest. In
particular, Lemma 4.4.3 answers an open question which was raised after the proof of
Outrata, Jarusek, Stard, 2011, Thm. 16. Our technique allows to work with the basic
regularity y € H}(Q), € € H1(Q) of the obstacle problem and we do not need any
additional regularity of the obstacle problem. We reproduce the C-stationarity result of
Schiela, D. Wachsmuth, 2013 in this low-regularity setting, and we obtain even stronger
conditions under the mild Assumption 4.5.1.

These main results of this paper are summarized in the following theorem, which is
proven in Lemma 4.4.4, Lemma 4.4.5 and Theorem 4.5.4.

Theorem 4.1.1. Let us denote by (y,u,&) a local minimizer of (P). Then, there exist
multipliers, such that the system of weak stationarity (4.1.7) is satisfied.

If the operator A is an elliptic second-order differential operator, see Lemma 4.4.5, then
there exist multipliers such that the system of C-stationarity (4.1.7), (4.1.9) is satisfied.

Now assume that there is a regularization scheme, see Definition 4.3.1, such that the
regularized adjoint states p, converge in capacity, see Assumption 4.5.1. Then there
exist multipliers satisfying the system of M-stationarity (4.1.7), (4.1.11).

In the remainder of this section, we fix the assumptions on the data (Section 4.1.1),
recall some basic results in capacity theory (Section 4.1.2), and set up the notation (Sec-
tion 4.1.3). The various optimality concepts are defined in Section 4.1.4. In Section 4.2
we consider the concept of convergence in capacity. The regularization schemes are intro-
duced in Section 4.3. By passing to the limit with the regularization, we obtain optimality
systems for (P) in Section 4.4 and Section 4.5. Finally, we present a counterexample
showing that Assumption 4.5.1 is crucial for deriving M-stationarity with our technique
of proof, see Section 4.6.

4.1.1. Assumptions on the data and preliminaries

The set Q € R%, d > 1, is open and bounded. We emphasize, that we do not assume any
regularity of € in the entire paper.

The requirements on the data of (P) are collected in the following assumption.
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Assumption 4.1.2. The bounded linear operator A : H}(Q) — H—(Q) is assumed to
be coercive. The right-hand side f belongs to H~1(£2). The obstacle 1) € H'(Q) satisfies
¥ > 0 on I in the sense that min{t,0} € H(Q).

The control space U is a Hilbert space, the control map B : U — H~1(f) is a bounded,
linear operator and the admissible set U,q C U is closed and convex. Either B or U,q is
assumed to be compact. Throughout the paper, we will identify U with its dual space.

The objective J : H}(Q) x U — R is assumed to be continuously Fréchet-differentiable
and bounded from below. We require that J is sequentially lower semi-continuous
w.r.t. to the strong topology in H{(£2) and the weak topology in U, that is J(y,u) <
lim inf,, 00 J (Yn, un) for all sequences {(yn, u,)} C HE(Q) x U satisfying y, — y in H}(Q2)
and u, — w in U. Finally, we assume that J is coercive w.r.t. the second variable on
the feasible set U,q, that is the boundedness of {u,} in U follows from the boundedness
of {J(Yn,un)} for all sequences {(yn,un)} C HH(Q) X Unq.

We will not assume more regularity of f and v and, up to Lemma 4.4.5, we do not impose
any structural assumptions on A.

Two possible choices of the control space are U = L?(Q) or U = L?(T,~y) where I' C Q is
a smooth manifold of dimension d — 1 and +y is the surface measure on I'.

As a simple example for the objective J, we mention the tracking-type functional

1 «
J(y,u) = 5 ly — yd||%2(90) T3 [ull?,

where the observation domain Q, C €2 is measurable, y; € L?(Q,) is the desired state
and a > 0 is a regularization parameter.

The constraints

Ay=Bu—§+ f, (4.1.1a)
y—¢ <0 ae infQ, (4.1.1b)
& v— y)Hfl(Q%Hé(Q) <0 forallve HJ(Q):v <1 ae. in Q, (4.1.1c)

in (P) are equivalent to the obstacle problem:
find y € HY(Q),y <1 such that (Ay—Bu—f, v—y) >0, forallve Hi(Q),v <.

In presence of Assumption 4.1.2, this problem has a unique solution for every Bu + f €
H~1(Q) and the solution mapping Bu + f + y is Lipschitz continuous from H~1(Q) to
H}(9), see Kinderlehrer, Stampacchia, 1980, Theorem I1.2.1.

Using the continuity of this solution mapping and Assumption 4.1.2, the existence of
solutions of (P) follows from standard arguments, see also Lemma 4.3.2.
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4.1.2. Capacity theory

In what follows, we recall some basic results in capacity theory. These are crucial to
characterize tangent cones in H}(€2), see (4.1.3) below and to give a convenient expression
of the critical cone, see (4.1.5). The capacity of a set O C Q is defined as

cap(0) := inf{HVvH%Z(Q;Rd) v € Hy(Q) and v > 1 a.e. in a neighbourhood of O},

see, e.g., Attouch, Buttazzo, Michaille, 2006, Sec. 5.8.2, Bonnans, Shapiro, 2000, Def. 6.47
and Delfour, Zolésio, 2001, Sec. 8.6.1.

A function v : Q — R is called quasi-continuous if for all € > 0, there exists an open set
Ge C Q, such that cap(G:) < ¢ and v is continuous on Q \ G.. A set O C Q is called
quasi-open if for all € > 0, there exists an open set G. C (2, such that cap(G.) < ¢ and
O UG, is open. For every quasi-continuous function v, the set {z € Q : v(z) > 0} is
quasi-open.

We say that a property P (depending on x € ) holds quasi-everywhere (q.e.), if it is only
violated on a set of capacity zero, e.g., cap({z € Q : P(x) does not hold}) = 0. We say
that P holds q.e. on a subset K C €, if and only if cap({x € K : P(z) does not hold}) =
0.

It is known, see Delfour, Zolésio, 2001, Thm. 8.6.1, that every v € H'(2) possesses
a quasi-continuous representative and this representative is uniquely determined up
to sets of zero capacity. When we speak about a function v € H'(Q), we always
mean the quasi-continuous representative. Every sequence which converges in H&(Q)
possesses a pointwise quasi-everywhere convergent subsequence, see Bonnans, Shapiro,
2000, Lem. 6.52.

The so-called fine topology in R? is closely related to the notion of capacities. It is defined
as the coarsest topology such that all sub-harmonic functions are continuous, we refer
to Adams, Hedberg, 1996, Def. 6.4.1 or Heinonen, Kilpeldinen, Martio, 1993, Chap. 12
for more details.

We recall, that a non-negative £ € H~1(£) can be represented as a regular Borel measure,
see, e.g., Bonnans, Shapiro, 2000, p.564. Moreover, since £ does not charge sets of capacity
zero, it can be extended to finely-open sets and the fine support, denoted by f-supp(§), is
the complement of the largest finely-open set O with £(O) = 0. We refer to Section 3.A
for details.

By following the proof of Heinonen, Kilpeldinen, Martio, 1993, Lemma 4.7, we find

cap(0) = inf{||VvH%2(Q;Rd) v € Hy(Q) and v > 1 q.e. on O}. (4.1.2)

We use {v > 0} as a short hand for the set {x € Q : v(z) > 0}, and similarly for other
expressions depending on functions. We emphasize that such sets are defined up to sets
of zero capacity if v is quasi-continuous, in particular if v € H ().
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4.1.3. Notation

As the norm in H{(€2) we choose

930 = 1991320 = | [V do.

where || is the Euclidean norm on R?.

We define the closed convex set
K:={vec H} Q) :v < ae onQ}.

We denote by Tk (y) the tangent cone of K at y, which is the closed conic hull of K — y.
We recall that this tangent cone can be characterized by

Tr(y) = {ve H)(Q) : v <0 qe. on {y=1}} (4.1.3)

for y € K, see Mignot, 1976, Lemma 3.2. We would like to emphasize that the notion of
“quasi-everywhere” is crucial for this characterization, and it is not possible to rephrase
(4.1.3) in terms of “almost-everywhere”. This is in particular true if the set {y =} has
measure zero but positive capacity.

For a set M C H} () we define, as usual, the polar cone
M® = {f € H Q) : {f, v)y-1(0)mye <0 forallve M}.
Note that (4.1.1c) is equivalent to £ € Tk (y)° and this cone can be characterized by
Ti(y)° = {€ € H1(Q) : £ is non-negative and y — 1) = 0 &-a.e. on Q}, (4.1.4)

see Mignot, 1976, Lemma 3.1, Proposition 3.2.5 and also Bonnans, Shapiro, 2000, Theo-
rem 6.57 in the case ¢ = 0.

For ¢ € H1(R), we define the annihilator
&= {v € Hy(Q) : (& v) g1 ()10 = 0}-

We further define the critical cone K(y, &) := Tx (y) N &+ for y € K and € € Tk (y)°. In
the case of high regularity ¢ € L?(£2), we have

K(y,&) = {ve Hj(Q):v <0 qe. on{y=1}and v=0ae on{¢>0}},

but it is very cumbersome to work with this mix of an a.e.-equality and a q.e.-inequality.
By employing the notion of the fine support of £, we do not need any additional regularity
of £ and find

K(y, &) = {v e Hj(Q) :v <0 qe. on {y=1}and v=0q.e. on f-supp(¢)}, (4.1.5)
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4.1. Introduction

see Lemma 3.A.5. Note that the cone K(y, &) only depends on the active set A = {y = ¥}
and the strictly active set Ay = f-supp(&). Moreover, we define the inactive set I = {y <

¢}

We make also use of the normal cone of Uyq at 4 € U,q w.r.t. the U-inner product which
is denoted by
Ny (@) ={veU: (v,u—u) <0 forall ue Uy}

Finally, we would like to justify that the conditions (4.1.1b), (4.1.1c) are called “com-
plementarity conditions”, although the set K is, in general, not a cone. As already
mentioned, these constraints are equivalent to

yeK, £e€Tk(y). (4.1.6)

In the case that K is a cone, which happens if and only if ¢ = 0, this is, in turn, equivalent
to the (conic) complementarity condition

y €K, £ e K®, (y, &) = 0.
Hence, (4.1.6) can be seen as a proper generalization of a complementarity condition to
the case that K is not a cone. We also refer to Section 1.5.4 for further discussions.
4.1.4. Optimality conditions

Following the nomenclature from finite dimensions, see Scheel, Scholtes, 2000, we say
that (y,u,&) together with multipliers p € H}(Q), p € H Y(Q) and \ € U is weakly
stationary, if the system

Ay=Bu—E+ f, (4.1.7a)
jeK, (4.1.7b)
£ e T()°, (4.1.7¢)
i € Uy, (4.1.7d)

Jy(g,u) +p+ Ap=0, (4.1.7¢)
Ju(§, ) + A — Bp =0, (4.1.7f)

—pe{ve HY(Q) :v=0q.e. on A}, (4.1.7g)
pe{ve Q) :v=0qe. on A}, (4.1.7h)
A e Ny, (u) (4.1.71)

is satisfied. Here, J, and J, denote the partial derivatives of J and A = {y = ¢},
A, = f-supp(€). The multiplier associated to & € Tk (y)° has already been eliminated
since it equals —p. Note that in difference to weak stationarity systems appearing in the
literature, condition (4.1.7g) contains a quasi-everywhere condition on p, and similarly
in (4.1.7h) for the test function v. If u would be a function, (4.1.7h) would read p =0

on Q\A=1={y <y}
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4. M-stationarity under control constraints

For a strongly stationary point, we additionally require
—p€K(@,E) ={veHj(Q):v<0qe on Aandv=0q.e. on A}, (4.1.8a)
1K@, ={ve Q) :v<0qe on Aand v=0q.e. on Ag}". (4.1.8b)

If the biactive set B = A\ As has capacity zero, this condition already follows from
(4.1.7). Otherwise, strong stationarity is strictly stronger than weak stationarity and
both conditions differ only on the biactive set. We mention that the strong and weak
stationarity systems are the KKT conditions of the relaxed and tightened nonlinear
program associated with (P), see Section 1.5.1.

Again, we would like to emphasize that the conditions in (4.1.8) cannot be formulated
with the notion of “almost everywhere”, see the comment after (4.1.3).

In the unconstrained case U,q = U and if the range of B is dense in H~1(Q), it is well
known that all local minimizers of (P) are strongly stationary, see Mignot, 1976. A
partial result concerning strong stationarity in the constrained case can be found in
Section 3.5. However, there are counterexamples showing that strong stationarity is, in
general, not valid in the presence of control constraints, see Section 3.6.

In finite dimensions, there are several systems between weak and strong stationarity,
e.g., C- and M-stationarity. It is, however, not directly clear how the finite-dimensional
formulations should be transfered to the infinite-dimensional case. For problems of type
(P), several systems of C-stationarity are defined in the literature, and the tightest
system is the one given in Schiela, D. Wachsmuth, 2013. This system is described before
Lemma 4.4.6.

Our definition of C-stationarity is slightly different due to the low regularity requirements.
We say that the feasible point (y,u,¢) of (P) together with multipliers p € H(Q),
p€ H Q) and A € U is C-stationary, if (4.1.7) and

(s ©P) 100y, mi(@) =0 for all p € WH(Q),¢ >0 (4.1.9)

are satisfied. In difference to the system in Schiela, D. Wachsmuth, 2013, our system
contains conditions holding quasi-everywhere in (4.1.7). However, we show that both
systems are equivalent under the higher regularity requirements of Schiela, D. Wachsmuth,
2013, see Lemma 4.4.6.

To our knowledge, the only available definition of M-stationarity for problems similar to
(P) is given in Jarusek, Outrata, 2007, which is, however, limited to the 1-dimensional
case.

In order to motivate our notion of M-stationarity, we recall the finite-dimensional sit-
uation. For the sake of brevity, we only discuss the multipliers associated with the
complementarity constraint and their sign conditions. We refer to Kanzow, Schwartz,

2013, Section 2.2 for a more complete discussion. If the complementarity constraint is
0 < G(x) L H(z) > 0, one introduces the index sets

Iio= {Z cR"™: Gz(i') > O,Hi(.f)
Iy = {Z cR": Gz(i’) = O,Hz(.f)
Ipy = {Z cR": GZ(ZZ‘) = O,Hz(.'i‘) >

I

}
2
}

0
0
0
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4.2. Convergence in capacity
given a local minimizer Z, compare Kanzow, Schwartz, 2013, Section 2.2. For the
multipliers v, v associated with G and H one requires

v =0forielyog and v; =0 forie Ipg
for weak stationarity, see Kanzow, Schwartz, 2013, Definition 2.3. If additionally
Vi, Vi > 0 or v v; =0 for i € Iy

is satisfied, the point is called M-stationary. This formulation for M-stationarity is,
however, not suited for the infinite-dimensional setting. Therefore, we give an alternative
description: there is a disjoint decomposition of the biactive set Iyg = f+0 U foo U f0+,
such that

vi=0forie IoUlyo, (4.1.10a)
v; =0 for i € Ipy Uy, (4.1.10b)
i, vi = 0 for i € I (4.1.10c)

are satisfied. It is easy to see that this is equivalent to the usual definition of M-
stationarity in finite dimensions. Moreover, it is possible to transfer this definition to
the infinite-dimensional setting.

A feasible point (y, u, &) with multipliers (p, i, ) is said to be M-stationary, if it satisfies
(4.1.7) and there is a disjoint decomposition of the biactive set B = I U B U A, such that
the conditions

pe -k, (4.1.11a)
pe ke (4.1.11Db)

are satisfied, where
K={veH} Q) :v<0qe on Bandwv=0qe onA,UA}. (4.1.12)

In the case that p is even a function, the condition (4.1.11b) asserts u > 0 on B and
u=0onIUI. Hence, (4.1.11) is the infinite-dimensional analogue of (4.1.10). As in
the finite-dimensional case, we can easily show

strong stationarity = M-stationarity = C-stationarity = weak stationarity.

4.2. Convergence in capacity

In order to obtain optimality conditions, we employ the notion of convergence in capacity,
see, e.g., Casado-Diaz, Dal Maso, 2000. We give the definition and some basic properties.
The main result of this section is Lemma 4.2.6 which enables us to pass to the limit with
certain duality relations.
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4. M-stationarity under control constraints

Definition 4.2.1. Let {v,} be a sequence of quasi-continuous functions mapping 2 to
R and let v : 2 — R be quasi-continuous. If

cap({|lv, —v| >€e}) =0 asn— o0

holds for all £ > 0, we say that {v,} converges towards v in capacity.

This notion of convergence is similar to the convergence in measure. An argument similar
to Chebyshev’s inequality shows that strong convergence in H}(f2) implies convergence
in capacity.

Lemma 4.2.2. Let v, — v in H}(2). Then, v, converges to v in capacity.

Proof. Let ¢ > 0 be fixed. For convenience, we set O, = {|v, —v| > ¢}. Since
et v, —v| > 1 qe. on Oy, (4.1.2) implies

_ 2 _
cap(Op) < HE ! |Un, — U‘H[{é(g) =c7? l|vn — UH%[&(Q)'

This yields the claim.

In the one-dimensional case, one can utilize the compact embedding of Hj(Q) in C()
to weaken the assumptions of Lemma 4.2.2.

Lemma 4.2.3. Let Q C R! be a bounded, open set and assume v, — v in Hg (). Then,
v, converges to v in capacity.

Proof. Let & > 0 be given. Since H{(Q) is compactly embedded in C(2), we can choose
N € N such that [[v, —v[|(q) <€ for all n > N. Hence, the set {|v, —v| > £} is empty
for all n > N.

In higher dimensions, we need an additional assumption on the sequence v;,,. Note that
we do not assume p > d and we do not use the compact embedding of T/VO1 P(Q) in C(2)
in two dimensions for p > 2.

Lemma 4.2.4. Let v, — v in H}(Q) and assume that v, is bounded in W, ?(Q) for
some p > 2. Then, v, converges to v in capacity.

Proof. This proof is essentially due to Evans, 1990, Thm. 1.3.3. Let € > 0 be fixed. We
define O,, = {|v, —v| > ¢}, O,, = {|Jvp, — v| > €/2}, and set

wy, = g max(\vn —v| — %,O).
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4.2. Convergence in capacity

We have w, > 1 q.e. on O, which implies by (4.1.2)
4
2 2 2
eap(On) < a2 ) = /On|wn dz = /On\wn Vol d.

We choose ¢ € (1,00) such that 1/1 =2/p+ 1/q and apply Hoélder’s inequality

- 2/
cap(O,) < % / |V, — Vo> dr < % m(0,)4 </~ |V, — Vol? da;) p,
e2 Jo, € O

where m denotes the Lebesgue measure in R?. Using the compact embedding of H (D)
in L?(Q2) and Chebyshev’s inequality, we find m(0O,,) — 0. By the boundedness of v,, in
WO1 P(Q), the last term is bounded. Hence, the assertion follows.

Note that neither (weak) convergence in H}(£2) nor the boundedness in VVO1 P(Q), p> 2,
are necessary for the convergence in capacity. In order to illustrate that convergence
in capacity is a rather weak measure of convergence, we give a simple example. Let
Q = U1(0) C R? be the open unit disc. We set

Y

) log( 3021+ )4 —log ()4 for 2? +y? < 1/4,
0(x,y) =
0 else.

Then, it is easy to show that & € H{(Q) \ L>=(2). We set
vn(2,y) = d(na,ny) for (z,y) € Q.

By definition, HUnHH(}(Q) = HﬁHHé(Q) is bounded. Moreover, by using the compact
embedding HE(Q) — L?(2) and the pointwise convergence towards 0, we can show that
vy, converges weakly towards 0 in H{ (€2). Moreover, the set {|v,| > €} is a ball whose
radius goes to zero as n — oco. Hence, its capacity also converges to zero. This yields
the convergence of v, to 0 in capacity, although v,, has constant distance to 0 in H{ (£2)
and v, does not even belong to Wol’p(Q) for any p > 2.

Finally, we give an application of the convergence in capacity, which enables us to pass to
the limit in certain duality relations, see Lemma 4.2.6. To this end, we need the following
result which is a replacement for the partition of unity for arbitrary quasi-open sets.

Theorem 4.2.5 (Kilpeldinen, Maly, 1992, Lem. 2.4, Thm. 2.10). Let U C Q be a quasi-
open set. Let g € H}(Q) with 0 < g < K a.e. in  for some constant K > 0 and g =0
g.e. on 2\ U be given.

Moreover, let {U,},en be an increasing sequence of quasi-open subsets of Q such that
cap(U\ Upery Un) = 0.

Then, there exists a sequence {g, }nen € H () with 0 < g, < K a.e. in §, g, = 0 q.e.
on Q\ U, and g, — g in HF(Q).
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4. M-stationarity under control constraints

Lemma 4.2.6. Let there be given sequences {s,}, {t,} C H*(Q) converging in capacity
to s,t € H'(Q), respectively. Moreover, let the sequence {r,} C H~'(Q) converge
weakly to k € H1(2). Then,

kin € {v € Hy(Q) :v>0qe onQandv=0qe on{s,=0}N{t, =0}}"
for all n € N implies

ke{ve HY(Q):v>0qe onQandv=0qe on{s=0}n{t=0}}".

Proof. Let v € H}(Q) with v >0 q.e. on Q and v =0 q.e. on {s =0} N {t = 0} be given.
In order to show (k, v) < 0, we approximate v by using Theorem 4.2.5.

For arbitrary K > 0 we set vg = min(v, K) and obtain ||v — UKHH(}(Q) — 0 as K — oc.
Since vg = 0 q.e. on{s = 0}N{t =0} = Q\({s # 0} U {t # 0}) and by the decomposition

(A0 U{t£0) = U {s] > Un} U{lt] > 1/n),
n=1

we can apply Theorem 4.2.5 and obtain a sequence vk, € H&(Q) with 0 < vk, < K
a.e. in Q, |lvg — UK,nHH&(Q) — 0 as n — oo and

vgn =0 qe in Q\ ({|s| >1/n}U{]t] >1/n}).
Now, we set
OK,n,m = {'UK,n > 0} N {Sm = 0} N {tm = 0}.
Since {vk ., > 0} C {|s| > 1/n} U {|t| > 1/n} (up to a set of capacity zero), we find
OKkmnm C{ls —sm| > 1/n}U{|t —t,,] > 1/n}.
Since {sm,}, {tm} converges in capacity, this gives
cap(Oknm) — 0 as m — oo.

By the definition of the capacity, there exists a non-negative wy, ,, with wy,,» > 1in a
neighbourhood of Ok, y, with Hw”’mH%{l(Q) < cap(Ok nm) + 1/m. We set
0

VK pm = Max(Vk , — K Wy m, 0).
Since v — max(v,0) is continuous in H}(Q) and Hwn,mHHé(Q) — 0, we get |lvg, —
UK,n,mHHg(Q) — 0 as m — oo. Moreover, we have vk, > 0 and vk ,m = 0 q.e. on
{vkn =0} UOK nm C {sm =0} N{t,, =0}. This yields
<Hm> Q]K,n,m> <0.

By passing to the limits m — co, n — co and K — oo, we get

(K, v) <O0.
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4.3. Regularization schemes

In order to derive optimality conditions for the problem (P), we will consider a certain
class of regularizations. We use an idea similar to the virtual control technique developed
in Krumbiegel, Rosch, 2009 for state-constrained problems.

Definition 4.3.1. A regularization scheme is a quadruple (V,C,{a,},3), where V is
a Hilbert space, C : V — H~Y(Q) is a compact linear operator with dense range, the
sequence {ay,} C (0,00) converges towards infinity and 5 > 0.

We fix a local minimizer (y,u,&) of (P) and denote by € > 0 its radius of optimality.
With each regularization scheme (V,C, {ay}, 3) and n € N we associate the regularized
problem

Minimize J(y,u) + g llu— |z + % o],
with respect to  (y,u,v,&) € HY Q) x U x V x H (),
such that Ay =Bu+Cv—&+ f,
y—19% <0 ae. inQ,
€ v— y>H—1(Q)7Hé(Q) <0 forallve H}(Q):v <1 ae. in Q,

and  u € Uyq N Be(u).
(P7)
Here, B.(u) is the closed ball centered in u with radius ¢ in the U-norm.

A simple example for a regularization scheme is given by (L%(2),Z, {n}nen, 1), where
T:L%(Q) — H'(Q) is the canonical embedding.

By using standard arguments, we obtain the existence of solutions of (P}°8).

Lemma 4.3.2. Let Assumption 4.1.2 be satisfied and let (V,C, {ay,}, ) be a regulariza-
tion scheme. Then, (P}°®) has a global solution for each n € N.

Proof. Let n € N be fixed. First we note that (y,u,0,£) is a feasible point of (P}%).
Additionally, the objective is bounded from below, hence, the infimum j of (P}°) is finite
and there exist a minimizing sequence (y*, u¥, v, £F).

Since J is bounded from below, ||u*|| and |[v*||y; are bounded. By the compactness
of C, there exists a subsequence (denoted by the same symbol) and u,, € U, v, € V
with u* — w, in U and Cv* — Cv, in H~'(Q) as k — oo. Since B or U,q is compact,
we can assume Bu* — Bu, in H~'(Q). By the properties of the solution mapping of
the obstacle problem, there are y,, € H}(Q), &, € H-Y(Q), such that (yn, un, vn, &) is
feasible for (P!®¢) and y* — y,, in H}(Q). By the strongly-weakly lower-semicontinuity
of J, (Yn, Un, vn, &) is a global solution.
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4. M-stationarity under control constraints

From now on, we denote by (yn, un, vn, &) a fixed global solution of (P1®).

Lemma 4.3.3. Let Assumption 4.1.2 be satisfied and let a regularization scheme
(V,C,{an}, B) be given. Then, the solutions (Y, un, v, &) of (P18) satisfy

Yn =Y in H&(Q),
Uy, —u  in U,

v, =0 inV,

&n — € in HY(Q).

The proof is standard, but included for the reader’s convenience.

Proof. Let us take an arbitrary subsequence of (Y, &n, Un, up), which is not relabeled.

Owing to the requirement that J is bounded from below, (uy,/0n vy,) is bounded in
U x V and we can extract a weakly convergent subsequence (which is not relabeled) with
weak limit (@, 7). In case U,q is compact, u, converges even strongly in U. This yields
the convergence of Bu,, + Cv, towards Ba in H~ (). Since the solution operator of
the obstacle problem is continuous, this yields the convergence of (yn,&,) — (gj,é) in
HI(Q) x H71(Q).

Now, let u € U,qN B:(u) be arbitrary and denote by y the associated state. By optimality
of (Yn, Un, Vn, &) we find

B _ o 15} N
I Yy tn) + 5 lun = ullfr + 7” lonlly < J(y,u) + 5 llu— a7

Passing to the limit n — co and taking into account the lower semi-continuity properties
of J, we find

B

J(@,@) + 5 @ - ul|F < J(y,u) + g |u—al}  for all u € Uyq N Be().

By plugging in v = u and using J(g,4) > J(y,u) we find
_ L B N
T+ 5 e —al < 10+ 5 la-al,

and, hence, (7, @,&) = (7, @, &).
It remains to show the strong convergence of w,. Again, by optimality of (yn, un, vn,&n),
we have
T n) + 5 — 1l + S ol < (5,3,
This implies

B
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Hence, by taking the limes superior on both sides

timsup < J(7,) ~ g J (g ) < 0

n—oo

we get the convergence of u,, towards « in U.

Since every subsequence of the original sequence (Yn, Un, Un, &n) pOssesses a subsequence
with limit (y,u,0,£), we obtain the convergence of the whole sequence.

Due to the dense range of C, the solutions to the regularized problems are strongly station-
ary, compare the system (4.3.1) with the (unregularized) system of strong stationarity
(4.1.7) and (4.1.8).

Lemma 4.3.4. Let Assumption 4.1.2 be satisfied and let a regularization scheme
(V,C,{an}, B) be given. We denote by (yn, tn, vn,&n) a local solution of (PI°¢). Then,
there exists p, € H} (), un € H~1(Q) and A, € U, such that

Jy(Yns un) + pin + A*pp = 0, (4.3.1a)

Ju(Yns tn) + B (U — @) + Ay — Bpp =0, (4.3.1b)
an v — Cpp =0, (4.3.1c)

An € NyanB. @) (un), (4.3.1d)

—Pn € K(yn,&n), (4.3.1e)

fin € K(Yn: &n)° (4.3.1f)

is satisfied. Moreover, these multipliers are unique.

Proof. The existence of the multipliers is shown in Section 1.6.1, see in particular
Equation (1.6.4).

Since C is assumed to have a dense range, C* is injective. Hence, the uniqueness of p,
follows from (4.3.1c). The uniqueness of p,, and A, follows from (4.3.1a) and (4.3.1b),
respectively.

By proving the boundedness of the multipliers, we obtain their weak convergence.

Lemma 4.3.5. Let a regularization scheme (V,C,{ay},3) be given. We denote by
(Yn, Un, Un,&n) a global solution of (P}°) and by py, fin, A, the multipliers satisfying
(4.3.1). Then,

1Pl 3 ) + il -10) + IAnllv < C

with C' > 0 independent of n. In particular, there exist subsequences (denoted by the
same symbol) such that (pp, fin, An) — (p, 1, A) in HF () x H=1(Q) x U.
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Proof. We have (i, pn) > 0 by (4.3.1e) and (4.3.1f). By testing (4.3.1a) with p,, and
using the coercivity of A, we find

Han%Ié(Q) < C | Jy(yns un)llm-1(0) HanHg(Q)

This shows the boundedness of p,. The boundedness of A, u, follows from (4.3.1a)
and (4.3.1b). Since H}(Q), H71(Q2) and U are Hilbert spaces, we can choose a weakly
convergent subsequence of (py, fin, Ap).

4.4. Weak and C-stationarity of the limit point

In this section we pass to the limit with the optimality system (4.3.1). As a preparation,
we need the following lemma.

Lemma 4.4.1. The mappings v — v" = max(v,0) and v — v~ = max(—v,0) are
weakly sequentially continuous from HE(Q) to H} ().

Proof. Let a sequence {v,} C Hg(Q) with v, — v in H} () be given. By the compact
embedding of H{ () in L?(Q), we infer v, — v in L?(£2) and, hence, v;" — v+ in L2(Q).
Since ||U,J{||Hé(9) < ||Un”Hé(Q), see Kinderlehrer, Stampacchia, 1980, Thm. II.A.1, each

subsequence of {v,"} has a weakly convergent subsequence with limit point w € H} ().
By v — vt in L*(Q), we infer w = v*. This shows the weak convergence of {v;}
towards vt.

Similarly, one can show the weak convergence of {v, } towards v~.

Now, we provide results which enable us to show that the weak limits of the multipliers
pn and iy, satisfy the conditions (4.1.7g) and (4.1.7h) of the system of weak stationarity.
Here, it is essential that we can work with the fine support f-supp(¢) of .

Lemma 4.4.2. We assume that the sequences {¢,} € H~1(Q), with &, > 0, and
{pn} C HY(Q) satisfy &, — € in H~Y(Q) and p, — p in H}(Q). Then, p, = 0 q.e. on
f-supp(§,,) for all n € N implies p = 0 g.e. on f-supp(&).

Proof. In the following, if we state a condition involving p(in), we mean that this condition
holds for both p?;l) = max(p(y),0) and p(_n) = max(—p(,),0). Since pr =0 qe. on
f-supp (&), we have

+\ + _
<£n,pn>—/gpn d¢, = 0.
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By Lemma 4.4.1 we infer p — p* in H}(£2). Passing to the limit in the above identity
we get

(€ r) =/Qpid£=0. (4.4.1)

Since pt > 0 q.e. in , we infer p* > 0 &-a.e. in Q since ¢ does not charges sets of
capacity zero. Now, (4.4.1) implies p™ = 0 &-a.e. in Q. By Lemma 3.A.5 we obtain
pT =0 q.e. on f-supp(§) and p = p* —p~ =0 q.e. on f-supp(&).

By applying Lemma 4.2.6 which uses results from potential theory, we find the condition
on f.

Lemma 4.4.3. We assume that the sequences {y,} C H}(Q) and {u,} € H1(Q)
satisfy , — ¥ in capacity and g, — g in H=1(2). Then,

i € {v € HY(Q) :v =0 qe. on {y, = ¢}}°

for all n € N implies

pe{ve Hy(Q):v=0qe on{y=v}}"

Proof. By assumption, we have
+1, € {v € HY Q) :v>0qe onQand v=0q.e. on {y, =v}}°

Now, we can apply Lemma 4.2.6 with s,, =y, — ¢, s=y — ¢, t, =t =0 and Kk, = £u,.
This yields

+pef{ve Hy(Q):v>0qe onQandv=0qe on{y=1}}".

The assertion follows.

Note that this lemma can be used to answer an open question raised after the proof of
Outrata, Jarusek, Stara, 2011, Thm. 16.

Using these two lemmas and passing to the limit in (4.3.1) we obtain the system of weak
stationarity (4.1.7).

Lemma 4.4.4. Let (,4,£) be a local minimizer of (P) and let the assumptions of
Lemma 4.3.5 be satisfied. We denote by (p, pt, A) a weak limit point of the multipliers as
constructed in Lemma 4.3.5. Then, the weak stationarity system (4.1.7) is satisfied by
the multipliers (p, u, A).
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4. M-stationarity under control constraints

Proof. Since J is continuously differentiable, (4.1.7¢) and (4.1.7f) are obtained by passing
to the limit in (4.3.1a) and (4.3.1b) and using the strong convergence of (y,, u,) and the
weak convergence of (pn, fin, An).

The condition (4.1.7g) follows from Lemma 4.4.2. From the regularized optimality system
(4.3.1b), we obtain

pn € {v e H&(Q) :v <0q.e. on {y, =1} and v =0 qg.e. on f—supp({n)}o
C{ve H)(Q):v=0qe on {y, =v}}".

Hence, we can apply Lemma 4.4.3 to infer (4.1.7h).
Since A, € Ny, nB. (@) (Un), we have

(An, u—up) <0 forall u € Uyg N Be(u).
Passing to the limit n — oo yields
(A, u—u) <0 for all u € Uyq N B:(u),

and hence, A € Ny, (u). This shows that the system (4.1.7) is satisfied.

In order to obtain the C-stationarity condition (4.1.9), we need some additional structure
of the operator A : H} () — H~1(2). Note that such a structural assumption was also
used in Schiela, D. Wachsmuth, 2013, Lemma 3.6. We emphasize that this additional
assumption on A is solely used in Lemma 4.4.5.

Lemma 4.4.5. Let (4,4,€) be a local minimizer of (P) and let the assumptions of
Lemma 4.3.5 be satisfied. We denote by (p, p, \) a weak limit point of the multipliers as
constructed in Lemma 4.3.5. In addition to the assumptions on the operator A made in
Assumption 4.1.2, we suppose

(Ay, v / Z a;j(z x) 0jv(z) + Z a;(x) Oiy(x) v(zx) + Z bi(x) y(z) Ov(x) dx
ij=1 i=1 i=1
+ /Q a(z)y(x)v(zr)de,
where a;;,a;,b;,a € L*(§2) and
d
Z aij(z)v;v; > a|lv||? for all v € R? and almost all = € Q
ij=1

for some a > 0. Then, the multipliers p € H}(Q), u € H~(Q) satisfy

</L, gDp)H_1(Q)7Hé(Q) >0 for all (NS Wl’OO(Q), Y2 > 0. (419)
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4.4. Weak and C-stationarity of the limit point

Proof. Let ¢ € WH°(Q) with ¢ > 0 be given. From —p, € K(yn,&,) we infer also
—©pn € K(yn,&n), see (4.1.5). This yields

(kns ©pn) = 0.
By using the adjoint equation (4.3.1a), we find

Jy(Yn, un) (@ Pn) + (A*Dn, @ Pn) = —(in, ©on) < 0.

Since J is assumed to be continuously Fréchet differentiable, the first term converges
towards Jy(y,u) (¢ p). By the assumption on A and the product rule, we find

(A*pns o) = (A9 DPn), Pn)

= [ (@) Y 0@ p(a) Oppa(a) + pue)

27‘7:

+ [ o) i ipa(z) () + 0(2)

4,7=1 7

ai(x) dip(x) pn () d

M3 £M3

—_

)

ai(x) Oipp(2) pn(x) dz

1

+ /ngz(x) () o) Do (&) + a(2) 9(2) P () pa () da.

By using p, — p in H}(Q), p, — p in L?(R2) and the assumption on a;j, we find
(A*p, @p) < Hminf(App, o pn). (4.4.2)
Together with the adjoint equation (4.1.7e), we obtain

—(p, op) = Jy(y,u) (@p) + (A*p, ©p)
< limJy(Yn, un) (9 pn) +1im inf (App, o pn) < 0.

The assumptions on A are only used to obtain the property (4.4.2) for all o € W1h°°(Q),
@ > 0. Hence, the result of Lemma 4.4.5 is still valid if we only require that A satisfies
(4.4.2). Note that we still get

(1, p) >0

without any further assumptions on A. This condition, however, is weaker than condition
(4.1.9).

We compare our system of C-stationarity (4.1.7), (4.1.9) with the corresponding system
in Schiela, D. Wachsmuth, 2013 for the case U = L?(Q). Since higher regularity is
required to state that system, we suppose

7,0 € C(Q), and € € L*(Q). (4.4.3)
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4. M-stationarity under control constraints

They obtain the existence of multipliers p € H§(Q) N L2(Q), p € H~1(Q) N C(Q)*,
v € L?() satisfying (4.1.7e), (4.1.7f), (4.1.7i) and

p=0 ae. on{{>0} (4.4.4a)

{1, ) =0 for all ¢ € C(Q) with ¢ =0 on {j = 1} (4.4.4b)

(1, p) >0 for all p € WH>(Q) with ¢ >0 (4.4.4¢c)

see Schiela, D. Wachsmuth, 2013, Prop. 3.5-3.8. Condition (4.4.4c) coincides with (4.1.9).

The following lemma demonstrates that both systems of C-stationarity are equivalent.

Lemma 4.4.6. Let £ € L*(Q), with £ > 0, and p € H}(Q) be given. Then, (4.4.4a) is
equivalent to (4.1.7g).

Let 7,9 € C(Q) and p € H_l_(Q) N C(Q)* be given. Then, (4.1.7h) is equivalent to the
existence of i € H~1(Q)NC(Q)* satisfying (4.4.4b) and (i, v) = (i, v) for allv € H}(Q).

Proof. We first consider the equivalence of (4.4.4a) and (4.1.7g). Since £ € L?(Q) is
non-negative, we find

{p#0}N{£>0} {p#0}

Hence, (4.4.4a) is equivalent to
p=0 E&ae inQ.

By Lemma 3.A.5 we obtain the equivalence of (4.4.4a) and (4.1.7g).

Now, we consider the second equivalence. For convenience, we recall

{1, o) =0 for all ¢ € H}(Q) with ¢ =0 q.e. on {g = 9}, (4.1.7h)
(i, $) =0 for all ¢ € C(Q) with ¢ =0 on {j =1} (4.4.4b)

The active set A = {z € Q:y(z) = ¢(x)} is relatively closed in 2. We find

pe HI(Q\A) & ¢cHYN) and ¢ =0 q.e. on A,
quCo(Q\A) & g Ee C()(Q) and ¢ =0 on A,

for the first equivalence we refer to Heinonen, Kilpeldinen, Martio, 1993, Thm. 4.5. Since
Co(Q\A)NHE(Q\ A) is dense in H (2\ A) and Co(2\ A) (in their respective norms), see,
e.g., Fukushima, Oshima, Takeda, 1994, p.100, we immediately obtain the equivalence
of (4.1.7h) and

(u, ¢) =0 for all ¢ € Cy(2) with ¢ =0 on {y =}. (4.1.7h)

In order to prove “<=”, let i € H~Y(Q) N C(Q)* satisfying (4.4.4b) and (i, v) = (fi, v)
for v € H}(Q) be given. Since ji satisfies (4.4.4b), it also satisfies (4.1.7h"). By using
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4.5. M-stationarity of the limit point

the above density argument, fi satisfies (4.1.7). Since (i, v) = (fi, v) for v € HF(Q), the
functional p also satisfies (4.1.7h).

It remains to prove the converse. Since yu is assumed to satisfy (4.1.7h), we have (4.1.7h’).
By the Riesz representation theorem, see, e.g., Rudin, 1987, Thm. 6.19, we have Cp(Q)* =

M(Q) and C(Q2) = Cp(2) = M(), where M denotes the space of regular, signed Borel

measures with bounded variation.
Now, we define i € M(Q) by ji(B) = u(B N Q) for all Borel sets B C Q.

Let us show that f satisfies (4.4.4b). We pick an increasing sequence {2,} of open
subsets of , such that Q, C ©, and Q = U2 1€2y,. Since p is countably additive, this
yields u(Q2\ ©,) — 0. Moreover, for each n € N there is x, € Cp(2) with 0 < x,, <1
and x, =1 on ,.

Now, let ¢ € C(Q) with ¢ = 0 on A be given. Since ¢ x,, € Co(2), we have (i1, ¢ xn) =0
by (4.1.7h"). We find

\/Qqﬁ—mndﬁ] = \/Q\anl—xn)dﬂ\
< [ o 1014 < I0lciay A\ 22) = [y @\ ) = 0.

Hence,
(i, ¢) = [ o= lim [ 6x0dji= lim (. 6 x0) = 0.
Q n oo 9] n—oo
This yields (4.4.4b).

Since (fi, ¢) = (i, ¢) for all ¢ € C§°(£2), we can extend fi continuously to Hg () and we
obtain (ji, v) = (u, v) for all v € H} ().

4.5. M-stationarity of the limit point

In order to obtain M-stationarity conditions in the limit, we need some additional in-
formation. Therefore, we suppose that the regularization scheme (V,C,{«,}, 5) satisfies
the following assumption.

Assumption 4.5.1. Let Assumption 4.1.2 be satisfied and let (y,u, &) be a local min-
imizer of (P). We denote by (V,C,{ay},3) a regularization scheme. We assume that
the multipliers (py, tin, An) associated with a local minimizer (yy, tn, vn, &) of (P1%8) by
Lemma 4.3.4 converge weakly towards (p, i, \) in H}(Q) x H~Y(Q) x U and that p,
converges towards p in capacity, that is, for every € > 0

cap({|pn —p| > €}) = 0

holds.
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4. M-stationarity under control constraints

We recall that each regularization scheme has a subsequence, such that p,, u, and U
converge weakly, see Lemma 4.3.5. The crucial assumption is that p, converges in
capacity.

For convenience, we recall the following relations from Lemma 4.3.3 and Lemma 4.3.4

Yn € K, Yn — ¥ in HY (), (4.5.1a)
&n € Tic(yn)°, &n — € in H7H(Q), (4.5.1b)
Pn € —K(Yn;&n), pn — pin H)(Q), (4.5.1¢)
tn € K(Yn,&n)°, i — pin H71(Q). (4.5.1d)

Now, we define the sets

I={p<0in{y=v}
B={p>0}n{y=1v}
A;={p=0}n{y=¢}nB.

We show that these sets form a disjoint partition of B (up to a set of zero capacity)
as required by our definition of M-stationarity (4.1.11). Since p = 0 q.e. on A by
Lemma 4.4.2 and {y < ¢} = I, we find f,B C B. Hence, all three sets f,é,fls are
subsets of B, they are obviously disjoint and

TUBUA,={peR}n{g=9v}NB=8B.
As in (4.1.12), we set
K={veH}Q):v<0qe on Bandv=0qe onA,UA,}.

By definition of the sets f,E,AS, we have p € —K. It remains to show w € Ke. By
decomposing v € K into its positive and negative part, we find

K={veH}Q):v>0qe onITUJland v=0qe on BUA,UA,}
+{ve H}(Q):v<0qe on JTUITUB and v =0 q.e. on A, UA,}.
Hence, its polar is given by
Ke={veH}Q):v>0qe on ITUJ and v =0 q.e. on BUA,UA}°
N{ve HY(Q):v<0qe. on TUTUB and v =0 q.e. on A, U A}°.

Now, we can verify that p belongs to both sets on the right-hand side.

Lemma 4.5.2. Let Assumption 4.5.1 be satisfied. We have

pe{ve H(Q):v>0qe on TUI and v =0 q.e. on BU A, U A,}°.

144




4.5. M-stationarity of the limit point

Proof. From the regularized optimality system (4.3.1b), see also (4.5.1d), we obtain

pn € {v € HY}(Q) :v <0 qe. on {y, =v¢} and v =0 q.e. on f—s11pp(€n)}O
C{veH(Q):v>0gqe onQandv=0qe on{y,=1v}}".

Since p, > 0 q.e. on {y, = ¥}, this yields

pfn € {v € HY(Q) :v >0 qe. on Qand v=0q.e. on{y,=v}N{p, >0}}°
={ve Hj(Q):v>0qe onQandv=0qe. on{y,=1}N{min(p,,0) =0}}".

By Assumption 4.5.1 min(py, 0) converges towards min(p,0) in capacity. Hence, we can
apply Lemma 4.2.6 with the setting k,, = pin, Sp = yn — ¥, t, = min(p,,0). This yields

pe{ve Hi(Q):v>0qe onQandv=0qe on{y=1}N{min(p,0) =0}}°

which is the assertion.

Lemma 4.5.3. Let Assumption 4.5.1 be satisfied. We have

pefve Hi(Q):v<0qe on ITUTUB and v =0 q.e. on A, U A,}°.

Proof. From the regularized optimality system (4.3.1b), see also (4.5.1d), we obtain

pn € {ve H&(Q) :v<0qe. on{y,=1v}and v=0q.e. on f—supp(fn)}o
c{ve HJ(Q):v<0qe onQandv=0gqe on{y,=1v}N{p,=0}}".

By applying Lemma 4.2.6, we find

pe{ve Hy(Q):v<0qe onQandv=0gqe on{y=1v}n{p=0}}",

which is the assertion.

Altogether, we have proved the following theorem.

Theorem 4.5.4. Let us denote by (y,u,£) a local minimizer of (P). Moreover, we
assume that there exists a regularization scheme satisfying Assumption 4.5.1. Then
there exists multipliers (p, u, \) € H3(2) x H~1(Q) x U, such that the M-stationarity
system (4.1.7), (4.1.11) is satisfied.

‘Proof. The assertion follows from Lemma 4.4.4, Lemma 4.5.2 and Lemma 4.5.3.

We emphasize that in the one-dimensional case d = 1, Assumption 4.5.1 is automatically
satisfied by Lemma 4.2.3. Hence, we reproduced the result Outrata, Jarusek, Stara, 2011,
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4. M-stationarity under control constraints

Thm. 14. Note that our setting is slightly different from Outrata, Jarusek, Stard, 2011.
In particular, we required compactness of the control operator B: U — H~1(Q) (or of
Uad), whereas Outrata, Jarusek, Stard, 2011 use U = H~1(2) and B = I, which is not
compact.

It is also interesting to have a look on the contrapositive of Theorem 4.5.4. Let us suppose
that we have a local minimizer (¥, u, £) of (P), which is not M-stationary, i.e., there do not
exist multipliers (p, i, A) satisfying (4.1.7), (4.1.11). Then, for any regularization scheme,
no subsequence of the sequence {p,} of multipliers (associated with the regularized
solutions) can converge in capacity. In view of Lemma 4.3.5 and Section 4.2, there
are subsequences, which converge weakly in Hg (), but no subsequence can converge
strongly in H}(€2) and no subsequence can be bounded in I/VO1 P(Q) for any p > 2. Finally,
we mention that it is not trivial to construct a sequence {p,} C Hg (), which converges

weakly in H} (), but not in capacity, see the construction in the next section.

4.6. A counterexample

In the previous section, we have shown the necessity of M-stationarity conditions in the
case Assumption 4.5.1 is satisfied. We emphasize that we only used the relations (4.5.1)
in addition to Assumption 4.5.1, in order to obtain the sign conditions (4.1.11) on p and
1.

In this section, we construct sequences {yn}, {&n}, {pn}, {in} satisfying (4.5.1), but
the limits p, p do not satisfy (4.1.11) for any choice of I,B, A,. This shows that the
Assumption 4.5.1 is crucial for our technique of proof.

In order to construct our counterexample, we use results from Cioranescu, Murat, 1997
and limit ourselves to the case A = —A, ¢ € H}(2). We choose d > 1, since in case
d =1, Assumption 4.5.1 is always satisfied by Lemma 4.2.3.

We construct a perforated domain, as described in Cioranescu, Murat, 1997, Ex. 2.1.
That is, we choose a sequence {e, }neny C (0, 00) with €, — 0 and set

exp*ET_L2 if d =2,
Tn = _
V=2 p g9

For each 4 € Z%, let T = By, (en 1) be the closed ball with radius r,, centered at &, 1.
Now, the perforated domain is given by

0, =0\ | 1
VAL
As n — o0, both the distance ¢, and the radius r, of the holes go to 0.
Now we define p,, € H}(€2,) as the weak solution of
—Ap, = -1 in Q,,
pn=0  on 0y,
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4.6. A counterexample

and extend p,, by 0 to a function in H}(Q2). By Cioranescu, Murat, 1997, Thms. 1.2, 2.2,
pn, converges weakly in H{ () towards the weak solution p € Hg () of

—Ap+kp=—1 in{, (4.6.1a)
p=0  on 09, (4.6.1b)

for some k > 0. For the precise value of k, we refer to Cioranescu, Murat, 1997, eq. (2.3).

In order to verify (4.5.1), we choose sequences {y,} C K, {£,} € H~1(Q), satisfying

gneTK(yn)oa Yn Y =1 in Hé(Q),
{yn = ¢} = f=supp(&,) = 2\ Qp, &h —>€=0 in H_l(Q).

One possible choice would be

1 1
Yn =+ — Dn, gn:*XQ\Qn-
n n
The construction of y,, &, yields

K(yn, &) = {v € HY(Q) :v>0q.e. on {y, =%} and v =0 q.e. on f-supp(&,)}
={ve H}(Q):v=0qe onQ\Q} = Hi Q).

By definition of p,, we have
Pn € _K(ynafn) = H&(Qn)
Now, we define 1, € H~1(Q) by

<Mna U> = _/ Vpn Vo +vdz,
Q

ie., b, = —Ap, — 1. By definition of p,, we obtain
(fn, v) = —/QVpn Vo+ovdr =0 for all v € Hy () = K(yn, &n)-

Hence, p, € K(yn,&n)°-

By passing to the limit with u, = —Ap, — 1, we obtain that p, — u=—Ap — 1. This
yields u = k p. Now, all conditions in (4.5.1) are verified.

It remains to show that the limit p, u does not satisfy (4.1.11). Since p is the solution of
(4.6.1), we obtain the interior regularity p € C?(Q), see Evans, 1998, Thm. 6.3.3. The
maximum principle yields p < 0 in 2. We will even show p < 0 in €. To the contrary,
assume that for some z € ) we have p(xz) = 0. Then, z is a local maximizer of p and thus
the Hessian of p at x is negative semi-definite. This is a contradiction to —Ap(z) = —1.
This shows that p(z) < 0 for all x € Q.
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4. M-stationarity under control constraints

Hence, in order to satisfy (4.1.11a), we have to choose
I=B=Q and B=A,=0.

This gives K = H{(Q) by (4.1.12). But then, (4.1.11b) requires that x = 0, which does
not hold. This shows that the conclusions of Lemma 4.5.2 and Lemma 4.5.3 are violated,

and, in particular, Assumption 4.5.1 cannot hold. Note that even the adjoint equations
(4.1.7e) and (4.3.1a) are satisfied, if we choose J such that J, =1 holds.

However, it is unclear whether such sequences y,, &., pn, Un may actually arise as
solutions and multipliers of the regularized problem (P}°®). It remains an open question
if all minimizers of (P) satisfy the system of M-stationarity. Since Assumption 4.5.1 is
not too strong and has to be satisfied only for one particular regularization scheme, see
Theorem 4.5.4, it is very reasonable that the answer to the above question is affirmative.
We are also not aware of any counterexamples of a problem like (P) with an optimal
solution which is not M-stationary.

4.7. Conclusions and perspectives

We have derived optimality conditions for the problem (P). By using results from
potential theory, we were able to work with the basic regularity of the obstacle problem.
In particular, Theorem 4.2.5 is a crucial ingredient of Lemma 4.2.6 and this lemma was
used to obtain the sign conditions on the multiplier p in Lemmas 4.4.4, 4.5.2 and 4.5.3.
Also the technique used in Lemma 4.4.3 to derive the condition on the adjoint state p
seems to be new.

Under the assumption that the adjoint states p, converge in capacity towards p, we
were able to derive a system of M-stationarity. It is, however, unclear how to prove this
assumption. We are also not aware of any counterexamples which violate the system of
M-stationarity. Hence, it remains an open question whether all minimizers of (P) are
M-stationary.

Let us give some comments on generalizations of our results. The key lemmas which are
used to derive the optimality systems (e.g. Lemmas 4.4.2, 4.4.3, 4.5.2 and 4.5.3) do not
depend on the operators A and B. Hence, it is possible to transfer the results to, e.g.,
nonlinear operators A.

The generalization to other boundary conditions (e.g., by replacing H}(Q) by H(Q))
seems to be more technical. An important ingredient is Theorem 4.2.5. Hence, one has
to find a proper replacement for Theorem 4.2.5 which holds in H'(£2).
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Polyhedricity of convex sets
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Introduction

In this part we consider polyhedric sets. A closed convex set K is called polyhedric w.r.t.
x € K and p € Tg(x)° if

Tic(z) Nt = (R (z) N )

holds. Here, Tk () and R (z) are the tangent cone and radial cone of K at x, respectively.
We refer to Section 5.2 for the notation.

It can be easily seen that polyhedral sets are polyhedric. Moreover, in infinite dimensions
there are many examples for polyhedric sets which are not polyhedral.

Polyhedricity of the set K has many important applications in infinite-dimensional op-
timization theory. These applications are described in Section 5.5 and they generalize
corresponding results for polyhedral sets.

Thus, polyhedricity can be seen as a generalization of polyhedrality to infinite-dimensional
spaces. Due to the importance of the applications, it is worthwhile to study the geometry
of polyhedric sets.

In Chapter 5 we review known results concerning polyhedricity. Moreover, we provide
new insights concerning the intersection of polyhedric sets. Finally, we address the poly-
hedricity of sets in vector-valued Sobolev spaces with pointwise constraints in Chapter 6.
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5. A guided tour of polyhedric sets —
Basic properties, new results on
intersections and applications

Abstract: The aim of this contribution is twofold. On the one hand, we give some
new results concerning polyhedric sets. In particular, we show that sets with pointwise
lower and upper bound are polyhedric in many important function spaces. Moreover, we
show that the intersection of such a set with finitely many hyperplanes and half-spaces
is polyhedric. We also provide counterexamples demonstrating that the intersection of
polyhedric sets may fail to be polyhedric. On the other hand, we gather all important
results from the literature concerning polyhedric sets in order to give a complete picture
of the current knowledge. In particular, we illustrate the applications of polyhedricity.

Keywords: polyhedricity, polyhedric set, directional differentiability, projection, vector
lattice, strong stationarity, second-order conditions

MSC: 49K21, 46A55, 46N10

5.1. Introduction

The notion of polyhedricity of closed convex sets was first used in the seminal works
Mignot, 1976; Haraux, 1977. Haraux, 1977 also coined the term “polyhedricity”. In these
two works, the authors have shown that polyhedricity of a closed convex set in a Hilbert
space implies that the metric projection onto this set (or equivalently, the solution map
of a variational inequality) is directionally differentiable. Moreover, Mignot, 1976 verified
a stationarity system for the optimal control of a variational inequality.

Since then, the notion of polyhedricity found some very important applications in infinite-
dimensional optimization. In particular, polyhedricity helps to provide no-gap second-
order optimality conditions in the infinite-dimensional case.

However, all the available results concerning polyhedricity are scattered in the literature
and it is difficult to get an overview on the current knowledge. Hence, one important
goal of the present paper is to bridge this gap. In particular, we collect sets which are
known to be polyhedric, see Section 5.3.2, and we provide some known properties in
Section 5.3.3.

On the other hand, we study the question whether the intersection of two polyhedric
sets is again polyhedric and this is addressed in Section 5.4. We mention that we obtain
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completely new results, which generalize the results of Mignot, 1976; Haraux, 1977
concerning the polyhedricity of sets with bounds in vector lattices. We do not need a
Dirichlet space setting as in Mignot, 1976 and, thus, our assumptions are easier to verify.
In Section 5.4.3 we give some counterexamples which demonstrate that intersections
of polyhedric sets may fail to be polyhedric and we present a polyhedric sets in finite
dimensions which is not polyhedral.

Finally, we give the most important applications of polyhedricity, see Section 5.5. In
particular, we prove the directional differentiability of the projection onto polyhedric sets,
strong stationarity for optimal control of the projection, and provide no-gap second-order
conditions in the polyhedric case.

5.2. Notation

We denote by N = {1,2,...} and Ny = {0} UN the natural numbers.

Let A C X be a subset of the real Banach space X. We denote by cl A, conv A, cone A,
conv A, and lin A the closure, the convex hull, the (convex) conic hull, the closed convex
hull and the linear hull of A, respectively. By X* we denote the (topological) dual space
of X with corresponding dual pairing (-, -): X* x X — R. We define the polar cone and
the polar set of A by

A ={a* e X*|Vzx e A: (z*, x) <0}, AD = {z* e X* |Vz e A: (a*, x) < 1}.
Similarly, we use
B°:={rx e X |Va* € B: (2", z) <0}, BY :={zeX|Vz*e€B: (z* z) <1}.

for any non-empty set B C X*. The closure of B w.r.t. the weak-x topology of X* is
denoted by cl,.

For a functional p € X* we denote the annihilator by

ph={z € X | {p, ) =0}

The radial cone and the tangent cone of a closed, convex set K C X at z € K are given
by
Rk (x) := cone(K — x), Ti(x) :=cl Rk (x).

Finally, the critical cone of K w.r.t. (z,u) € K x Tg(z)° is given by

K (z, 1) == T () Nt
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5.3. Definition, examples and basic properties

5.3.1. Definition

We start with the definition of polyhedricity and related concepts.

Definition 5.3.1. Let K be a closed, convex subset of the Banach space X.
(a) We say that K is polyhedric at (z,pu) with x € K, p € Tg(x)°, if

T (x) N pt = (R (z) N pt). (5.3.1)

We say that K is polyhedric at = € K, if (5.3.1) holds for all u € Tk (x)°. Finally,
K is polyhedric, if it is polyhedric at all x € K.

(b) The set K is called polyhedral, if it is the intersection of finitely many half-spaces,
i.e., if there exist n € Ny, v1,...,v, € X*, and ¢y, ..., ¢, € R such that

K={zeX|(v,z)<e¢Vi=1,...,n} (5.3.2)

(¢) We call K co-polyhedral, if it is the convex hull of finitely many points and rays,
i.e., if there exist n,m € Ny, x1,...,x, € X, r1,...,7y, € X such that

K = conv{xy,...,xn} + cone{ry,...,rmn}.

(d) Finally, K is said to be generalized polyhedral, if it is the intersection of a polyhedral
set with a closed, affine subspace.

It is well-known that the notions of polyhedrality, co-polyhedrality and generalized
polyhedrality coincide in finite-dimensional spaces, see, e.g., Klee, 1959, Theorem 2.12
or Ziegler, 1995, Theorem 1.2.

In infinite dimensions, the concepts of polyhedrality and co-polyhedrality are dual. Indeed,
if K satisfies (5.3.2), then we have
o_ i g
K- = conv({()} U { }{i|6i>0}) + cone{v; } fjje;<0}-

G

Hence, K" is co-polyhedral. Similarly, the polar set of a co-polyhedral set is polyhedral.

Now we discuss the notion of polyhedricity, which was introduced in Mignot, 1976;
Haraux, 1977. From Rg(z) C Tx(x) it is clear that the left-hand side of (5.3.1) always
contains the right-hand side. Moreover, (5.3.1) follows trivially if R (x) = Tk (x) and
it is straightforward to check that this is the case for polyhedral, co-polyhedral and
generalized polyhedral sets.

We will see in Section 5.3.2 that there are many polyhedric sets that are not generalized
polyhedral if the space X is infinite-dimensional. In finite dimensions, one is tempted to
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conjecture that polyhedric sets are polyhedral. However, one has to restrict this question
to bounded polyhedric sets or broaden the notion of polyhedrality, since polyhedricity is
a local property whereas polyhedrality is global. Indeed, the set

COIIV{(S, 32)}562

is polyhedric, but has countably infinitely many vertices. Thus, it is not polyhedral. In
Example 5.4.24 we will present a compact, convex and polyhedric set in R? which fails
to be a polyhedron. To our knowledge, such an example was not known previously.

5.3.2. Examples

Now, we give the most important examples for polyhedric sets in infinite-dimensional
spaces, which can be found in the literature.

A broad class of examples can be found in Banach spaces which possess additionally a
lattice structure with strongly-weakly continuous lattice operations, see Section 5.4.2 for
references and further details. In fact, this yields the polyhedricity of the sets

{u € LP(Q) ), p € [1,00], ug,up € LP(Q2),

{u e Wo P |ug <u<upae in Q}  in VV0 P(Q), p € [1,00), ug,up € W, P (Q),
{u e WhP(Q) | uq <u<upae in Q)  in WHP(Q), p € [1,00), ug, up € WHP(Q),
{u e WHP(Q) | ug < u < uy ae. on Q) in WHP(Q), p € [1,00), uq,up € WHP(Q).

| ug <u < upae. in Q} in LP(Q

In all cases, @ C R is an open, bounded set. In the last case, we have to assume
additionally that €2 is a Lipschitz domain in order to get a well-defined trace and the
notion “a.e.” refers to the surface measure on the boundary 9¢). Such sets where already
studied in Mignot, 1976; Haraux, 1977, at least in the Hilbert space case p = 2. The
regularity requirements on ug, up can be significantly reduced. We refer to Section 5.4.2
for details and to Example 5.4.21 for more polyhedric sets defined by (pointwise) bounds.

The pointwise ordering on H3(2) does not induce a lattice structure. Nevertheless, it is
shown in Rao, Sokotowski, 1993 that subsets K C H3(2) which are defined by pointwise
constraints are polyhedric at some u € K, but not at all w € K. Similarly, H -1/ 2(Q) does
not posses a lattice structure, but Sokotowski, 1988, Lemma 1 shows the polyhedricity
of the set

{pe H209Q) | pe L®(00) and —1 < p < 1a.e. on dQ}

in H=1/2(9Q) at (i, u) for smooth Q and under some regularity assumptions on (u,u).

Finally, we mention that there are certain results in the vector-valued case. Using the
proof of Bonnans, 1998, Proposition 4.3, one can show that

{u e LP(Q)" | u(x) € K(x) for almost all z € Q}
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is polyhedric in LP(2)", 1 < p < oo, if the set-valued mapping = — K (x) is measurable
and if K (x) is a polyhedral set for almost all = € 2, see also Lemma 5.4.20.

A similar result for vector-valued Sobolev spaces was recently obtained in Chapter 6:
Let C' C R™ be a polyhedral set with 0 € int(C') which satisfies the linear-independence
constraint qualification (in the sense of nonlinear optimization). Then, the set

{u € H}(Q)" | u(x) € C for almost all z € Q}

is polyhedric in H}(€2)"™. The technique of proof is much more involved as in the LP(£)"-
case due to the spatial coupling of the H{ (€2)"-norm. It is not clear whether the result can
be generalized to a constraint set C' which depends on x € €2, and whether the assumption
0 € int(C') or the linear-independence constraint qualification can be dropped.

Finally, by using a surjectivity argument, see also Lemma 5.3.3 below, one can show the
polyhedricity of
{ue H{(QRY) |u'v < bae. onTo}

in HE(Q;RY) := {u € HY(Q;R?) | uw = 0 a.e. on I'}, where Q is a Lipschitz domain,
I',I'c C 09 are closed and measurable (w.r.t. the surface measure) and have positive
distance, and v: Q — R? is Lipschitz with |v|ga > 1 on Q, cf. Sokotowski, Zolésio, 1992,
Section 4.6 Betz, 2015, Section 3.2.2, and Miiller, Schiela, 2016, Corollary 4.16 for similar
results.

5.3.3. Basic properties

In this section, we review two basic properties of polyhedric sets. First, we recall
a characterization of polyhedricity for cones. Second, we show a stability result of
polyhedric sets under linear mappings.

Lemma 5.3.2. Let K C X be a closed, convex cone in the reflexive Banach space X.
For z € K, ju € Tg(z)° = K° Na* the following conditions are equivalent.

(a) K is polyhedric at (z, u).
(b) K° is polyhedric at (u,z).
(€) K (z,p)° = Kre(p, ).
(d) Kreo(p,2)° = Kk (2, 1),

We refer to Lemma 1.5.3 for a proof. To our knowledge, there is no similar result which
characterizes the polyhedricity of a closed, convex set K with 0 € K via its polar set K.
In principle, this should be possible since K = K™ is determined by K“. However, it
is easily checked that the set

K :=conmv{(1,1 —1/n)}nen C R?

is polyhedric, but its polar set is not polyhedric at ((0,1), (1,0)).
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The next lemma shows that the preimage of a polyhedric set under a linear mapping is
again polyhedric if a certain condition is satisfied.

Lemma 5.3.3. Let X,Y be Banach spaces, Ky C Y be a closed, convex set and
S: X — Y be a bounded and linear operator. Set Ky := S~!(Ky) and let » € Ky,
i€ Tk ()° be given.

Assume that
SX —-Rk,(Sz)=Y (5.3.3)

is satisfied. Then, there is A € Tk, (S x)° with = S*\.
Additionally, we suppose that

SX — (R, (Sx)nAt) =Y (5.3.4)

holds and that Ky is polyhedric at (S x,\). Then, Kx is polyhedric at (z, u).
On the other hand, suppose that

SX — (R, (Sz) N [~Ricy (S2)]) =Y (5.3.5)

is satisfied and that K is polyhedric at (x, ). Then, Ky is polyhedric at (S, \).

Proof. In the case that (5.3.3) is satisfied, we have
Trx () = Ts—1(ky)(T) = STk, (S ), (5.3.6)
see Bonnans, Shapiro, 2000, Corollary 2.91. Consequently,
Ticx (2)° = S™H(Tky (S 2))° = §* Tiy (S 2)°,

see Kurcyusz, 1976, Theorem 2.1. This shows the first assertion.

Now, assert (5.3.4) and that Ky is polyhedric at (S, \). Let h € Tk, (x) N ut be given.
This implies Sh € Tk, (S z), see (5.3.6), and

(A, Shyy=y = (S*A, h)x+ x = (1, h)x+ x = 0.

By the polyhedricity of Ky, we get a sequence {ﬁk}keN C Riy, (Sz)N AT with hi — S h.
Due to the assumption (5.3.4) we can apply the generalization of the open mapping
theorem Zowe, Kurcyusz, 1979, Theorem 2.1 we find a constant M > 0 and sequences
{hk}keN C X, {hk}keN C RKY(SHT) N AL with ”thX + ||thy <M Hhk - Sh”y — 0
and

hy — Sh=S8hg — hy.

Hence, h + hy — hin X and S (b + hy) = hg + hy € R, (Sx) N AL, Hence, h + hy, €
Ry (r) N pt and this demonstrates the polyhedricity of Ky at (z, ).
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Now, suppose that (5.3.5) holds and that Kx is polyhedric at (z, ). Let v € Tk, (S x)N
At be given. Due to (5.3.5), there is h € X, 2 € Ry, (Sx) N (—Rk, (Sz)) such that
v =Sh— 2z Moreover, +z € Ri, (Sz) and \ € T, (Sx)° implies z € A\*. Hence,
Sh=v+z € Tk, (Sz)NAL. By (5.3.6) we find h € T, (x)Npt. From the polyhedricity
of Kx we get a sequence {hy, }nen C Ricy (z) N pt with b, — hin X. Now, it is easy to
see that S hy, — z € R, (r) N AT and that this sequence converges to v. This shows the
polyhedricity of Ky at (Sx,\).

The condition (5.3.3) is the constraint qualification of Robinson, Zowe and Kurcyusz.
Conditions (5.3.4) and (5.3.5) are stricter variants, which also imply the uniqueness
of the multiplier A\, see Shapiro, 1997a, Theorem 2.2. Finally, we mention that the
result of Lemma 5.3.3 was previously only known in the case that S is surjective, see
Sokotowski, Zolésio, 1992, pp. 208, 209, Bonnans, Shapiro, 2000, Proposition 3.54 and
Miiller, Schiela, 2016, Lemma 4.11. Note that the surjectivity of S implies all of the
conditions (5.3.3)—(5.3.5).

5.4. Polyhedricity of intersections

In this section, we are interested in the polyhedricity of intersections of (polyhedric) sets.
In particular, we are going to study conditions which ensure that the intersection is again
polyhedric.

First, we give some general remarks concerning the intersection of a polyhedric set with
a polyhedral set in Section 5.4.1. Then, we restrict our attention to sets with bounds in
Banach spaces featuring a lattice structure in Section 5.4.2. In particular, we extend the
classical results by Mignot, 1976; Haraux, 1977 by showing that intersections of sets with
bounds with polyhedral sets are polyhedric. Finally, we give certain counterexamples in
Section 5.4.3.

5.4.1. Intersections of a polyhedric set with a polyhedral set

In this section, we study the intersection of a polyhedric set with a polyhedral set. In
general, this intersection may fail to be polyhedric, see Example 5.4.24, and we can only
give some partial results.

We start with a simple observation.

Lemma 5.4.1. Let K C X be polyhedric at x. Then,

Tic(x) Nt = (R (z) N pt) Ve X*.
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Proof. If € T (z)° or p € =T (x)°, the claim follows from the definition of polyhedric-
ity.
On the other hand, if u & Tx(2)° and p € —Tk(2)°, then, there are v v~ € Ry (2)
such that

(p, vy >0 and (u, v”) <O0.

Now, let v € T () Nt be given. By definition of Tz (z), there is a sequence {vg }ren C
Rk (), such that |[v — vg||x — 0. Now, it is easy to see that there are non-negative
null-sequences {\; }ren, {A; }ren, such that

iy v + A v+ A v7) =0,
This shows

€1

g+ AT 0T A 0T ERk(z) N and v+ AF T A 0T .

Hence, v € cl(Rx(z) N pt).

By using this lemma, we get a formula for the tangent cone of the intersection of a
polyhedric set and a hyperplane or half-space.

Lemma 5.4.2. Let K be polyhedric at x and let € X* be given. We set
K, ={yeK|(ny—2)=0} and K,:={yeK|(uy—z)<0}
Then,

Ric, (2) = Ric(2) O, Tie, (@) = Tic() Nty Tic, (0)° = el (Tic(@)° + lin{u}),
Ry (@) = Ric@) Ny Ti (@) = Tele) N p°s Ty (0)° = ebe(Tie()® + cone{u}).

Proof. We have

Ry (z)Npt = U MK —2)npt = U MKy —z) =Rk, ().
A>0 A>0

By using the previous lemma, we find
T (x) N pt = (R (z) N pt) = cl(RKu (x)) = Tk, ().

The formula for Tk, (x)° follows from taking polars.

The formulas for K u follow from similar considerations.

In order to study intersections with more than one hyperplane, we introduce the concept
of higher-order polyhedricity.
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Definition 5.4.3. Let K C X be a closed, convex subset of the Banach space X and
let n € Ny be given. We call K n-polyhedric at «x € K, if

Ti( ﬂuz = ol(Ri () ﬂuz) Vg, e € X* (5.4.1)

holds.

Note that polyhedric sets are 1-polyhedric (by Lemma 5.4.1) and all closed, convex sets
are O-polyhedric.

Similarly to Lemma 5.4.2 we can prove the following result.

Lemma 5.4.4. We fix a closed, convex set K C X and a polyhedral set
P={zxeX | (v, x)=c¢,1<i<n; (uj,z)<d;;1<j<m}

such that K N P is not empty and we fix x € K N P. Here, n,m € Ny, v;,u; € X7,
¢i,dj € Rfor 1 <7 <nand1<j<m. Moreover, we set N =m + n.

For simplicity of the presentation, we assume that all inequality constraints are active
at z, i.e., (1j, v) = d; holds for all 1 < j < m.

Then,
RKQP( ﬁ m v;- N ﬂ ,uj

In the case that K is N-polyhedric at x, we have

Trnp() Ny n ﬂ 13

=1

Trrp(x)® = cl(Tk (2)° —i—hn{ul,...,un}—i—cone{ul,...,um}).

If, additionally, K is (N + g)-polyhedric at « for some g € Ny, then K N P is ¢-polyhedric
at x.

Proof. The verification of the formula for R xnp(z) is straightforward.

The inclusion “C” in the formula for the tangent cone follows from the formula for the
radial cone.

Now, let v € Tx(z) NN, vt N Nj=i k; be given. W.Lo.g., we assume that there is
m € Ny such that (uj, v) = 0 for 1 < j < m and (uj, v) <0form<j<m Since
K is (n + m)-polyhedric, there is a sequence {vy}ren C Ri(x) NN, v N ﬂ] 1/Lj
with vy, — v in X. Hence, v; € R () NNy vt N ) pj for m large enough. Hence,
v € Tgnp(x).
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The formula for the normal cone follows by taking polars.

The assertion concerning polyhedricity of K N P is straightforward to check.

The following lemma generalizes Lemma 5.4.1 to higher-order polyhedricity.

Lemma 5.4.5. Let n > 1 be given and assume that K C X is (n — 1)-polyhedric, but
not n-polyhedric. Then, there exist 1, ..., t, € X* such that

wi € cLo(Tr (2)° + lin{pa, ..., izt }) Vie{l,...,n}

and

ﬂm #cl(RK ﬂuz)

Proof. We prove the result by induction over n.
The case n = 1 follows from Lemma 5.4.1.

Let n > 1 be given and assume that the assertion holds for all sets K C X which are
(n — 2)-polyhedric, but not (n — 1)-polyhedric.

Since K is not n-polyhedric, there exist Ay,..., A, C X* such that
Tic( ﬂ M- # ol (Ric(a) ﬂ A
i=1
Hence, there exist v € T (z) N7, A\ and € > 0, such that
B:(v) N Ry (x ﬂ AF = 0. (%)
We define the bounded, linear map P: X — R", z — ((A1, z),..., (A, x)). Next, we
define the convex sets

S:=B:(v)NRi(x) C X and M :=PS CR".

By (%) we have
0¢ M

and it is clear that the set M is convex. Hence, we can separate M and 0, i.e., there
exists t € R™\ {0}, such that M C t°, see Bonnans, Shapiro, 2000, Thm. 2.17. Since
t # 0, we can find a regular matrix R € R™*", such that Ry; =t; foralli=1,...,n. We
define

v, = ZRij)\j ViE{l,...,n}
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and by regularity of R, we get lin{\1,...,\,} = lin{v1,...,1,} and thus N A\f =
n L

LY
As a next step, we show that 11 € T (x)°. To the contrary, assume that v € Tx(z)°.
Then, there exists w € Ry (z) with (1, w) > 0. We set h = ((;, w))i; € R™. Since
h # 0, it is possible to choose vectors g1,...,gn,—1 € R™, such that

n—1
lin{h} = ﬂ g
i=1

Since
TL* n

v € Tk(z ﬂ A= ﬂ v CTk(z (Z(Qi)jyj)J—a

i=1 =1 j=1

.

and since K is (n — 1)-polyhedric, there exists a sequence

n—1

{ok} C Ri(x ﬂ (i(gi)jyj)L7

with v, — v.
Then, we have

n n

(91> (v, o))} Z i o) = (3 (9w ) =0 Vie{l,....n—1}

: j:l

Hence, ((vj, vg))7—; belongs to the linear hull of h. Thus, there exists a sequence
{ar} C R such that
(vi, vg) = ag (Vi, w) Vi=1,...,n. (xx)

For i = 1, we find (v1, vg) = ay (v1, w). Since v, € S (it holds for k large enough and
w.l.o.g. we can drop the terms in the sequence for which v, € S), we have

(v1, vg) = ZRU (Aj, vk) Zt] (Nj, ) = (t, Pog)rm <0,
=1 =1

since Pvp € PS = M C t°. Hence, o = (v1, vg)/{v1, w) < 0 and o — 0, since
(11, v) = 0 and vy — v. Then, the sequence {vy — o w}ren belongs to Ry (z) and
converges towards v. By (xx) we have (v;, vy —apw) =0foralli=1,...,n and k € N.

Hence,
n

v —opw € R (z)N ﬂl/f‘ =Rk(x)N n)\f‘

and this is a contradiction to (). Hence, we have v € Tk (x)°.
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Now, we set p1 := vi. From Lemma 5.4.4, we find that the set K, := {y € K |
(x —y, p1) = 0} is (n — 2)-polyhedric and

n

veTg(z)N ﬂ vi =Tk, ()N ﬂ v
i=1 i=2

n n

v & cl(Ri(z)N ﬂ vi) = CI(RKM1 (z)N m Vi),

i=1 =2

see Lemma 5.4.2. Hence, K, is not (n — 1)-polyhedric. By the induction hypothesis
there exist po, ..., un € X, such that

pi € cl(Tk,, (2)° +lin{pz, ..., pi1}) = (T (2)° + lin{pa, ..., pi-1})

holds for all n =2,...,n and

n

Ticw) 0 (Vi = Tiey, () 0 ()1 # AR, () 0 () 1) = A(Ric() 0 () ).
=1 =1 =1 =1

This finishes the induction step.

Hence, in order to check 2-polyhedricity of a polyhedric set, it is sufficient to show
Tic (@) Nt Ny = l(Rie() O a0 piz)

for 1 € Ti(z)° and po € (T (2)° + lin{p1}). However, it is not possible to verify
this condition in the case of a general polyhedric set. Indeed, we will show the existence
of polyhedric sets which are not 2-polyhedric in Example 5.4.24.

5.4.2. Intersections of a set with bounds with a polyhedral set

In this section, we study sets which are compatible to the lattice structure of a Banach
space. The precise assumption on this lattice structure is given in the following definition
and Assumption 5.4.7.

Definition 5.4.6. Let X be a (real) Banach space and C' C X be a closed convex cone
with C N —C = {0}. For z,y € X we say > y if and only if x — y € C.

We say that z € X is the supremum of z,y € X if z > x, z > y and
(w>zandw>y) = w>z Yw € X.

It is easy to see that the supremum (if it exists) is unique and it will be denoted by
max(x,y).

If the supremum of all z,y € X exists, we say that X is a vector lattice.
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It is easy to check that the relation > on X is antisymmetric (x > y and y > 2 implies
x = y), transitive (x > y and y > z implies > z) and reflexive (z > z for all x € X).
Further, it is compatible with the linear structure on X, i.e.,

r>y = x+z>2y+z Vr,y,zeX,
x>y = azr > ay Ve,y € X,a >0,
x>y = ay > ax Ve,y € X,a <0.

For convenience, we will use the natural notations
min(z,y) := —max(—xz,—y) and |z|:= max(z,0)— min(z,0),
for z,y € X. Note that
x =z + max(0, —z) — max(—=z,0) = max(x,0) + min(z, 0).
This readily implies
r4+y=z—y+2y =max(x—y,0)+min(x—y,0)+2y = max(z,y) +min(x,y). (5.4.2)

For more information on vector lattices, we refer to Schaefer, 1974, Chapter II.

In what follows, we need a slight assumption on the continuity of max(-,-) and this will
be a standing assumption in this section.

Assumption 5.4.7. We assume that X is a vector lattice (induced by the closed, convex
cone C). Moreover, we assume that for all sequences {z,}peny C€ X with 2, — x in X
we have

max (0, z,) — max(0,z) in X.

That is, max(0, -) is assumed to be strongly-weakly sequentially continuous.

Note that this assumption even implies (strong-weak) continuity in both arguments, since
max(Zp, Yn) = max(z, — yYn,0) + yp, — max(z — y,0) + y = max(z,y)

for x, — =, yn — y.
We emphasize that we do not require the stronger property that X is a Banach lattice,
which would amount to

| <yl = lzllx <llyllx  Vo,yeX,

see Schaefer, 1974, Section I1.5. Indeed, the important space X = H{(Q), where Q ¢ R?
is a bounded, open set, equipped with its natural, pointwise ordering satisfies Assump-
tion 5.4.7, but it is not a Banach lattice.

A convenient result to show the satisfaction of Assumption 5.4.7 is the following results,
which is essentially Haraux, 1977, Theorem 3. We give the proof for the convenience of
the reader.
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Lemma 5.4.8. Let X be a reflexive Banach space which is additionally a vector lattice.
Suppose that x — max(z,0) is bounded, i.e., there exists M > 0 with ||max(z,0)||x <
M ||z||x for all z € X. Then, Assumption 5.4.7 is satisfied.

Proof. Let {zp}neny C X be a sequence with z,, — z in X. The boundedness of
x — max(z,0) implies the boundedness of {max(zy,0)}n,en. Due to the reflexivity of
X, there is a subsequence (without relabeling) such that max(z,,0) — y in X for some
y € X. It remains to show y = max(x,0). By the definition of the maximum, we have

max(zy,0) + max(z — z,,0) > z, + (x — x,) = =.

Together with
max(z,,0) + max(x — x,,0) >0+0=0

we infer
max(Zy,,0) + max(x — z,,,0) > max(z,0).

Since C' is closed and convex, it is weakly closed and we can pass to the weak limit to
obtain y + 0 > max(z,0), since |max(z — x,,0)||x < M ||z — x,||x — 0. Similarly, we
show

max(z,0) + max(x, — z,0) > max(x,,0)

and n — oo gives max(x,0) + 0 > y. Hence, y = max(x,0). The uniqueness of the weak
limit ensures the weak convergence of the entire sequence {max(x,,0)},en.

In the case that X is additionally a Hilbert space, the boundedness of x +— max(z,0)
follows from (max(x,0), min(z, 0))X > 0 for all x € X, see Haraux, 1977, Corollary 1.

In what follows, we will consider sets with bounds in the sense of the following definition.

Definition 5.4.9. We assume that the Banach space X satisfies Assumption 5.4.7.

Let K C X be a closed convex set. We say that K is a set with lower bound, if z,y € K
implies min(z,y) € K and if we have K + C C K.
Similarly, a closed convex set K C X is called a set with upper bound, if —K is a set with

lower bound.

Finally, K C X is said to be a set with bounds, if it can be written as the intersection of
a set with upper bound and a set with lower bound.

We note that Mignot uses the same definition in the special case of Dirichlet spaces, cf.
Mignot, 1976, Définition 3.2.

We give some examples illustrating Definition 5.4.9. For all z € X, the set

r+C={yeX|y>uz}
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is a set with lower bound. Similarly, X itself is a set with lower bound.

It is also possible to consider the case that the lower bound does not belong to X. To
illustrate this situation, we use the Lebesgue space X := L?(0,1) with the natural,
pointwise ordering, and pick a measurable function z: (0,1) — RU {—oc}. Then,

{ye X |y>zae in (0,1)}

is a set with lower bound, even in case that = & L%(0,1).

It is easy to see that if K is a set with lower bound, x,y € K implies max(z,y) € K,
since max(z,y) = x + max(0,y —x) € v + C C K. Hence, K is closed under taking
maximums and minimums.

The next assumption is a standing assumption in this section.

Assumption 5.4.10. We suppose that Assumption 5.4.7 is satisfied. The sets K and
K denote sets with lower and upper bound, respectively. We set K := K N K and fix
some x € K.

Now, we give some straightforward results concerning the structure of the sets K, K and
K.

Lemma 5.4.11. For v € Rk (z), we have max(v,0), min(v,0) € Rk (z).
For v € R4 (x), we have max(v,0), min(v,0) € Ry ().
For v € Rk (x), we have max(v,0), min(v,0) € R (x).

Proof. Due to Ry(x) = —R_z(x) and Ri(z) = Rk (r) "Rz(x), it is sufficient to prove
the claim for v € Rg(z).

For a given v € Rk (x), there is t > 0, such that z + tv € K. Together with € K, we
find

x +t max(v,0) = x + t max(0,v) =  + max(0,tv) = max(z,x + tv) € K
and
x4+t min(v,0) = x + t min(0,v) =  + min(0,tv) = min(z,x + tv) € K.

This shows max(v,0), min(v,0) € Rg(x).

In the following, we will often invoke Mazur’s lemma in order to generate a strongly
convergent sequence as convex combinations of a weakly convergent sequence. In partic-
ular, if the sequence {v,} C X belongs to some convex set G C X, and v,, — v, Mazur’s
lemma ensures the existence of a sequence {0, } C G with o, — v.
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Lemma 5.4.12. For v € Tk (x), we have max(v,0), min(v,0) € Tg ().
For v € T3z(x), we have max(v,0), min(v,0) € T5(x).

Proof. Similar to the proof of Lemma 5.4.11, it is sufficient to consider the case v € Tx ().
By definition, there is a sequence {v,} C Rk(x), such that v, = v as n — oo. Using
Assumption 5.4.7, we get

max(vy,, 0) — max(v,0) and min(vy,,0) — min(v, 0).

By Lemma 5.4.11, we have max(vy,0), min(vy,,0) € Rk (x) and, together with Mazur’s
lemma, this shows max(v,0), min(v,0) € T (z), since Rg(x) is convex.

The following result generalizes Mignot, 1976, Lemme 3.4(ii). Note that, in general, the
tangent cone to an intersection is (strictly) smaller than the intersection of the tangent
cones.

Lemma 5.4.13. We have Rg(z) = R (z) N Ry (z) and Ti(z) = Tr(x) N T(z). In
particular, v € Tk (x) implies max(v,0), min(v,0) € Tx(z).

Proof. Since K = K N K, we have
Ri(x) = Ri(r) N Ry (x) and Ti (z) C T (x) N T ().

To show the reverse inclusion, let v € Tx(x) N Tx(z) be given. Then, there exist
sequences {v,} C Rk(x) and {w,} C Ry (), such that v, — v and w, — v. In
particular, min(vy,,0) + max(wy,0) = v. By Lemma 5.4.11, we have min(v,,0) € Rg(x)
and together with min(v,,0) € —C, we have min(v,,0) € Rx(z) N Ri(z) = Ri(z).
Similarly, max(wy,0) € Rk (x) follows. Hence, min(v,,0) + max(w,,0) € Ry (x). This

shows v € Tk (z).
Together with Lemma 5.4.12, we get max(v,0), min(v,0) € Tx(x) for v € Tk (x).

The next result shows that the radial cone of K is compatible with the order structure
of X.

Lemma 5.4.14. Let u,v,w € X with u > v > w and u,w € Rk (x) be given. Then,
ONS RK(IIZ)

Proof. For u,w € Rg(x), thereist > 0 with x+tu,x+tw € K. Fromx+tu > x+tv >
x +tw we find v € Ri ().

The next lemma demonstrates a possibility to define a projection onto the set {v € X |
u>v>w} forv>w.
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Lemma 5.4.15. Let u,v,w € X be given such that v > w. Then, v > min(u,v) +
max(w,v) — v > w.

Proof. We set ¥ := min(u, v)+max(w,v)—v. From u > w, we get max(u,v) > max(w, v).
Using (5.4.2) gives v > min(u,v) + max(w,v) — v = 0. Similarly, v > w, implies
min(u,v) > min(w, v) and, consequently, o = min(u,v) + max(v,w) — v > w. Thus, we
have shown ©v > 7 > w.

Note that the mapping v — min(u, v) + max(w,v) — v is strongly-weakly continuous due
to Assumption 5.4.7.

The following lemma is the analogue to Lemma 5.4.14 for the tangent cone. It provides
some further insight into the structure of the set K.

Lemma 5.4.16. Let u,v,w € X with v > v > w and u,w € Tx(z) be given. Then,
v e TK(x)

Proof. We start by sequences {ty, }nen, {Wn tnen C Ri(x) with @, — v and w,, — w.
By Assumption 5.4.7, we have min(wy,, @,) — w. By applying Mazur’s lemma to the
sequence { (i, min(wy, iy)) tnen, we get sequences {uy tnen, {wnneny C Ry (z) with
Up — U, Wy — w and Uy > wy.

Now, we set v, := min(uy, v) + max(wy,v) —v. By Lemma 5.4.15 we infer u,, > v, > wy,
and from Lemma 5.4.14 we get v, € Ri(x).

Finally, Assumption 5.4.7 implies v, — min(u, v) + max(w,v) — v = v. Thus, the claim
follows from Mazur’s lemma.

Now, we provide an auxiliary lemma which will be the crucial ingredient in the proof
of Theorem 5.4.18 below. It contains all the structure of K from Assumption 5.4.10 in
the sense that Assumption 5.4.10 is not explicitly used in Theorem 5.4.18 below. It is
inspired by the proof of Mignot, 1976, Théoréme 3.2.

Lemma 5.4.17. Let v € Tx(z) be given. Then, there is a sequence {vg }reny C R (z)N
(v — Tk (x)) and vy — v. That is,

ved(Rr(z)N (v—Tk(x)))

holds for all v € Tk (z).

Proof. We take a sequence {wy} C Ri(z), such that wy, — v. Then,

We define v} := min(max(v,0), wg)+max (0, wg) —wg. By Assumption 5.4.7, we get v —
min (max(v,0), max(v,0)) = max(v,0) and {v;}} C Ri(x) follows from max(wy,0) >
v > 0 and max(wy,0) € Rk(z), see Lemmas 5.4.11, 5.4.14 and 5.4.15.
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Next, we show max(v,0) — v} € Tx(z). By Lemma 5.4.15, we find max(v,0) > v;" > 0
and this implies max(v,0) > max(v,0) — v;7 > 0. Hence, max(v,0) — v} € Tx(z) by
Lemmas 5.4.13 and 5.4.16.

To summarize, the sequence {v;" } satisfies v’ — max(v,0), v} € R (x) and max(v,0) —
v € Tk (z) for all k € N.

Similarly, we can show that v, := min(0, wy) + max(min(v, 0), wy) — wy, satisfies v,, —
min(v,0), v; € Ri(z) and min(v,0) — v, € Ti(z). Now, we define vy, := v} + v, and
it is easy to check that vy — v, vy € Ri(x) and v — vy € Tg(x), ie., vx € v — Tg(x),
hold for all k£ € N.

Finally, we can invoke Mazur’s lemma to find a convex combination of the sequence
{vk}ren C Ri(x) N (v — T (x)) which converges strongly towards v.

Now we are in position to prove the main theorem of this section.

Theorem 5.4.18. Let Assumption 5.4.10 be satisfied by K. Then, the set K is n-
polyhedric for all n € Ny.

Proof. By induction over n € Ny, we prove that K is n-polyhedric at all z € K.

Assume that K is n-polyhedric for some n € Ng. We proceed by contradiction and
assume that K is not (n + 1)-polyhedric. Hence, we can invoke Lemma 5.4.5 and get
Py g1 € X* such that p; € el (T (2)° + lin{p, ..., pi—1}) foralli € {1,...,n+1}

and
n+1 n+1

Tr(x)N ﬂ pi # CI(RK(:E) N ﬂ uf) (5.4.3)
i=1 i=1

Let v € Tr(x) NN 43 be arbitrary. Using Lemma 5.4.17, we get a sequence {vy} C

1=

T (x) such that vy € R (), v — v € Tk (x) and vy — v.

Now, we use induction over j to show that
J
vk € (\uir  VkeN (5.4.4)
i=1

holds for all j € {0,...,n+ 1}. The case j = 0 is trivially satisfied.
Now, suppose that (5.4.4) holds for some j € {0,...,n}. Since

i1 € cL(Tr (2)° + lin{p, ..., pui}) = ('TK(;U) N ﬂ u})o, (5.4.5)
i=1

we have
0> (pjr1, v — k) = {fjs1, —vk) >0,
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where we have used (5.4.4), (5.4.5), v € (V2] - and vy, v—vy, € Ti (). Hence, vy, € ,ujLH.
By induction, (5.4.4) holds for all j € {0,...,n+ 1}.

Hence, the sequence {v;} belongs to Ry (z) NN i and converges towards v. Thus,

v € cl(Ri(z) NN 11) and this is a contradiction to (5.4.3). Therefore, K is (n + 1)-
polyhedric and this finishes the induction over n.

Before we give some remarks, we mention an easy corollary which follows together with
Lemma 5.4.4.

Corollary 5.4.19. Let P C X be a polyhedral set with € P. Then, KNP is polyhedric
and

Trnp(z) = Tr(xz) N Tp(x), and Trrnp(x)® = cl (T (2)° N Tp(x)°).

Now, we give some remarks concerning Theorem 5.4.18.
First, we mention that Theorem 5.4.18 extends previously known results significantly:

(a) Mignot, 1976, Théoréme 3.2 shows the polyhedricity of sets with bounds in Dirichlet
spaces. In the proof, he uses a pointwise characterization of the tangent cone Tx (z),
which is not available in our general setting.

(b) Haraux, 1977, Corollary 2 shows the polyhedricity of the cone of non-negative
vectors C' C X under Assumption 5.4.7 in the case that X is a Hilbert space. This
situation is much easier to handle, since there is only a lower bound and this set
C is even a cone.

Moreover, both results show only the polyhedricity of the set under consideration, whereas
our result also enables us to show n-polyhedricity, which, in turn, provides additionally
the polyhedricity of the intersection with a polyhedral set, see Corollary 5.4.19. To our
knowledge, even in special cases, such a result was not available.

Second, by inspecting the proof of Theorem 5.4.18, we see that we only used Lemma 5.4.5,
which holds for arbitrary closed, convex sets K, and Lemma 5.4.17. In particular, the
lattice structure of the underlying space X was not explicitly used. Hence, the proof
of Theorem 5.4.18 provides the n-polyhedricity at x € K of all closed, convex sets K
satisfying

v e c(Ri(z)N (v—Tk(z))) Vo € Tk (x). (5.4.6)

We emphasize that no further assumptions on K are necessary. This enables us to show
polyhedricity also in situations in which a lattice structure is not available. We demon-
strate this possibility in the following lemma, which significantly relaxes the requirements
of Bonnans, 1998, Proposition 4.3, and also shows the n-polyhedricity of K.
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Lemma 5.4.20. Let (©2,%X,m) be a complete, o-finite measure space. Further, let
Q: Q2 = R? be a measurable (in the sense of Aubin, Frankowska, 2009, Definition 8.1.1),
set-valued map such that Q(w) C R? is a polyhedron for a.a. w € . Then, for 1 < p < oo,
the set

K = {u e LP(m;R?) | u(w) € Q(w) for a.a. we Q}

is n-polyhedric at all u € K for all n € Ny.

Proof. We follow the proof of Bonnans, 1998, Proposition 4.3. It is easily checked that
K is closed in LP(m;R?%) and convex. Let v € Tx(u) be given. For k € N, we define

i Lo(w w
) {v<w> if u(w) + o) € QW)

1o else.

From the measurability of @), we get the measurability of vg. Moreover, vy € R (u)
by construction. Owing to Aubin, Frankowska, 2009, Corollary 8.5.2, we easily find
v — v € Tk (u). Since Q(w) is a polyhedron and v(w) € T (u(w)) = Ro)(u(w)),
we obtain the pointwise convergence vg(w) — v(w) for a.a. w € Q. Now, vy — v in
LP(m; R?) follows from the dominated convergence theorem, since |vy(w)|ga < |v(w)|ga-
Hence, condition (5.4.6) is satisfied by the set K and the n-polyhedricity follows as in
the proof of Theorem 5.4.18.

We mention that the polyhedrality assertion on Q(w) can be relaxed to R (u) =
To(w)(u) for all u € Q(w) and a.e. w € Q. Note that, in difference to the proofs of
Lemma 5.4.17 and Theorem 5.4.18, we did use the actual characterization of Tx (u)
in the above proof. We do not know if the result of Lemma 5.4.20 holds for p = oc.
Moreover, we mention that the above proof does not generalize to the case of WP ((; Rd),
p € [1,00).

We finish this section by giving some examples to which Theorem 5.4.18 can be applied.

Example 5.4.21.

(a) Let (€2,%,m) be a complete, o-finite measure space, a,b: Q2 — R U {+oo} measur-
able and p € [1,00]. Then,

K={uelP(m)|a<u<ba.e}

is n-polyhedric for all n € Ny. Here, the lattice property is evident and Assump-
tion 5.4.7 follows from the fact that max(-,0) is globally Lipschitz on R.

(b) Let © C R? be an open, bounded set (equipped with the Lebesgue measure),
p € [l,00) and a,b: Q — R U {+oco} measurable. Then,

K={ueW,”(Q) |a<u<bae}
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is n-polyhedric for all n € Ny. The lattice property follows from Stampacchia’s
lemma and Assumption 5.4.7 from Lebesgue’s dominated convergence theorem, cf.
Bonnans, Shapiro, 2000, Proposition 6.45 and Attouch, Buttazzo, Michaille, 2006,
Theorem 5.8.2.

Let © C R? be an open, bounded set (equipped with the Lebesgue measure),
p € [1,00) and a,b: Q — RU {£o00} measurable. Then,

K={ucWQ)|a<u<bael}

is n-polyhedric for all n € Ny. As in the case of VVO1 P(2), the lattice property fol-
lows from Stampacchia’s lemma and Assumption 5.4.7 from Lebesgue’s dominated
convergence theorem.

We consider the Besov space Bj  (R?) with p,q € (1,00) and s € (0,1 + 1/p).
Then, we know from Bourdaud, Y. Meyer, 1991, Théoreme 2 and Oswald, 1992,
Theorem 1 that u — max(u,0) is a bounded operator from Bz’q(Rd) into itself.

Now, since B;q(Rd) is reflexive, we can use Lemma 5.4.8 to ensure the satisfaction
of Assumption 5.4.7. Hence, we obtain the n-polyhedricity of

K={ue B;q(]Rd) la <u<ba.e.},

where a,b: R? — RU {400} are measurable.

If Q ¢ R? is a bounded Lipschitz domain, we can use the extension operator from
Rychkov, 1999 to get the boundedness of u — max(u,0) from B, (2) into itself.
Hence, we also get n-polyhedricity of sets with pointwise bounds in B} ().

The same reasoning can be used in the Triebel-Lizorkin spaces inq(Rd) and F; (€2),

see Runst, Sickel, 1996, Theorem 5.4.1.

Suppose that © c R? is a bounded Lipschitz domain. We choose a,b: 92 — RU
{£00}, measurable w.r.t. the surface measure on 9 and denote by T: W1P(Q) —
LP(0R) the trace operator, cf. Ziemer, 1989, 190f. Then, it is easy to check that
the set

K={uecW"(Q)|a<T(u)<ba.e. ond}

is a set with bounds under the natural ordering of W1?(€2) and, thus, n-polyhedric
at every u € W1P(Q) for all n € Np.

We use the same setting as in the previous example and, additionally, a vector field
v: Q — R4 such that v and v/ V|24 are Lipschitz continuous on Q. This follows, e.g.,
if v € W1°°(Q) is uniformly positive. Then, the operator R: W1P(Q)¢ — WP(Q)
defined via R(v) = v'v is surjective, since R(wv/|v|2,) = w for all w € WP(Q).

Hence, Lemma 5.3.3 together with the previous example shows that the set
K={ueW"YQRY) |a<T(u)'v<bae ondQ}

is polyhedric.
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Let X be a locally compact Hausdorff space. By the Riesz-Markov theorem Rudin,
1987, Theorem 6.19, we know that the dual space of the Banach lattice Cp(X)
(equipped with the natural, pointwise ordering) can be identified with the space
M(X) of regular, countably additive and signed Borel measures equipped with
the total variation norm. Owing to Schaefer, 1974, Proposition 5.5, M(X) is also
a Banach lattice and, thus, satisfies Assumption 5.4.7. Hence, for all measures
Ha, ttp € M(X), the set

K={peMX)|p <p<m}

is n-polyhedric for all n € Ng. Here, p, < p is to be understood with the ordering in
M(X) induced by the ordering of Cy(X), i.e., [y fdua < [y fdp forall f e Co(X)
satisfying f(x) > 0 for all x € X.

We denote by BV;[0, 1] the space of all functions f: [0, 1] — R of bounded variation
with f(0). This set becomes a Banach lattice if it is equipped with the bounded
variation norm and the non-negative cone

C = {f € B|0,1] | f is monotonically non-decreasing},

see Aliprantis, Border, 2006, Section 9.8, Theorem 9.51. Thus, for every a,b €
BV;[0, 1], the set

K ={f € BW]0,1] | f —a,b — f are monotonically non-decreasing}

is n-polyhedric for all n € Np.

5.4.3. Counterexamples

In this section, we give some counterexamples. To our knowledge, these are the first
available counterexamples which show that the intersection of polyhedric sets may fail
to be polyhedric.

The first counterexample limits possible generalizations of Corollary 5.4.19. In particular,
the intersection of a set with bounds with a co-polyhedral set can, in general, fail to be
polyhedric.

Example 5.4.22. We consider the unit interval (0,1) equipped with the Lebesgue
measure. We define b € L%(0,1) via b(z) := (2% + (1 — z)?) Y2 and we set

K:={ueL*0,1)|0<u<b ae. on(0,1)}.

Moreover, we denote by

P = lin{el, 62}

the two-dimensional subspace spanned by e;(z) :=1 — z and ey(z) := x.
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Then, it is easy to check that
KNP={a1e1+agses | a1,as 20&nda%+a% <1}

Let u = aje; + azea € KN P be given. Then, the set {z € (0,1) | u(z) = b(x)}
has measure zero. Hence, T (u) = L%(0,1). This shows that, in general, Txnp(u) #
Trc(u) N Tp(u).

Moreover, it is easy to check that KNP is not polyhedric, in particular, it is not polyhedric
at (e1,e1 — 2ey). Here, we identified L2(0,1)* with L?(0,1).

The same negative results are obtained by intersecting K with the compact co-polyhedral
set conv{0,2e1,2e5}.

The next example shows that sets which are defined by pointwise bounds may fail to be
polyhedric if the underlying Banach space does not posses a lattice structure.

Example 5.4.23. Let Q C R? be an open, bounded set. We set C' := {v € H}(Q) |
v > 0}. Then, the cone —C° C H~Y(Q) := (H}(Q))* induces an order on H~1(Q). Tt is
known that H () equipped with this order fails to be a vector lattice. However, from
Lemma 5.3.2 we infer that —C"° is polyhedric.

Now, we define
={AeHYQ)|[1>1> -1},

where 1 € H~1(Q) is the functional v — [, vdz and “>” is the ordering induced by —C°.
Note that A is the intersection of the polyhedric sets

—C°—1={NeH YY) |A>~-1} and C°+1={NcH Q) |1>\}.

However, we will show that A fails to be polyhedric at some points. Without loss of
generality, we assume that the closed unit cube [—1, 1]? belongs to €. Then, there exists
u € C with

u(z) = |x1] vz e [-1,1]¢

and such that {x € Q | u(xz) = 0} has Lebesgue measure zero. We set A := 1. It is clear
that A € A. Moreover, it is easy to check that A C L*>(€2) and

RA(N) ={p e L>®(Q) | u(x) <0 for a.a. x € Q}.

Now, u € RA(A)° = Ta(N)° follows. Moreover, Rp(A) Nut = {0}.
We define the surface measure u € H~1(Q) via

(u, vy = —/Svds,

where S = {0} x (—1,1)¢"! is equipped with the (d — 1)-dimensional Lebesgue measure.
Now, we define the functions p, = —ayxa, € Ra(A) with A, = (=1/n,1/n) x
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(=1,1)4! and «,, := n/2. We show that p, — p in H~1(Q). Indeed, for all ¢ € C5°(Q)
we have (u,, @) — (u, ) and, thus, it is sufficient to show that the sequence { i, }nen
is bounded in H~1(£2). For v € C§°(Q2) we have

71 Qu
v(z) = B ~—(tz2,23,...)dt <cllv(,m2,23,.. )| L2(w) Vx € Q.

Hence,

/n o
/ 3 A S eloCan ey i@ Yanaa€ (<11)

Using Fubini’s theorem, we find

/n
(tn, v / / /1/ z)dxidey ... deg < EH’UHH(%(Q)

Since pi, € H'(€2) and C§°(Q) is dense in Hj(Q), we find || || g-1(q) < & for all n € N.
Hence, we have shown u,, — p in H=1(Q). Using Mazur’s lemma, we find u € Tx()).
Further, it is clear that p € u*. Hence,

pe Ta) Nt # Ry (V) Nut) = {0}

and this shows that A is not polyhedric at (A, u).

The above example is crucial for studying variational inequalities of the second kind
in H}(Q), cf. the technique for a similar problem in H'/2(9Q) in Sokolowski, Zolésio,
1992, Section 4.5. In Christof, C. Meyer, 2015, the authors provided a directional
differentiability result for a variational inequality of second kind in H}(Q) and additional
terms appear in the variational inequality for the derivative. This cannot happen if
A C H1(Q) would be polyhedric. However, the results of De los Reyes, C. Meyer, 2016
suggest that A may be polyhedric at some (A, u) possessing certain regularity properties.

Finally, we present a counterexample in R? which possesses some very bizarre properties.
It is a compact polyhedric set, but fails to be a polyhedron. Moreover, it is not 2-
polyhedric and the intersection with a hyperplane (which is polyhedral and co-polyhedral)
is not polyhedric.

Example 5.4.24. In R? we consider the points

0 = (0,0,0),
P, :=(n"2n"t —n73), neN,
Qn = (=(n/v) 7%, (n/7)71,0), n €N,

where v = (2 + /7)/3. We set
K = conv({0O} U{P,, Qn}tnen),
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see also Figure 5.4.1. Since the sequences {P,} and {Q,} converge towards O, the set
K is closed. In what follows, we show that K is polyhedric, but not polyhedral.

First, we show that K is polyhedric at O. We have
R (0) = cone K = cone{ Py, Qp }neny = cone{(n~ 1,1, —n"2), (—n"1,1,0) }nen.

Now, we can show

The ray cone{(0,1,0)} is not an exposed ray of Tk (O), cf. Figure 5.4.1. In particular, if
an intersection of 7T (O) with a hyperplane ut, u € R3, contains (0,1,0), we have

cone{(—1,1,0),(0,1,0)} \ cone{(0,1,0)} € Rx(O) N ut.

This shows Tx(0) N ut = cl(Rk(0) N pt) and K is polyhedric at O.

Next, it is a little bit tedious to check that K is the intersection of the half-spaces which
are defined by the following inequalities and that the points on the right-hand side are
exactly those points of O, P,,, @, which lie on the boundary of the half-spaces:

27(0,0,1) <0 0,Q, VneN,
z'(1,7,1479) >0 0,Q1, P,
e (2k+1,-1 k(k:+1)) <0, O, Py, Pyy1,
z" (a W b(l) Cpp V) <y Qk, Qr+1, P,
2T (0P 0 Py <1 P, Pry1, Qp+1,

where k£ € N. In the last two lines, we have used the coefficients

2 2 2
(1) @ Y@k +3k+1)+(E+1)
= 1 =
o = k(k+1), ¢ Qe+ +(k+1)y 7
b =y (2k + 1 al? =3k 4+3k+1— (2k+1)b
k =72k +1), = + + (2k+1) Lk
A= kal) + K20 — 42k, ().—k @ L2 b kB,

From this representation of K, we learn two things. First, all Py, (J; are extreme points of
K and, thus, K is not polyhedral. Second, the intersection K N{z € R? | 27 (1,1,1) > ¢}
is a polyhedron for all € > 0, since it can be written as a finite intersection of half-spaces.
Thus, R (x) is closed for all z € K \ {O}.

Hence, we have shown that K is polyhedric, but not polyhedral. Moreover, it is easy to
check that the intersection of K with the hyperplane z ™ (0,0,1) = 0 is not polyhedric.
Hence, K is not 2-polyhedric, cf. Lemma 5.4.4.

Finally, we mention that the example can be lifted to R™, n > 3, by considering K x R"3.
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5. A guided tour of polyhedric sets

Figure 5.4.1.: The polyhedric, non-polyhedral set K from Example 5.4.24 is shown left.
The points @, (on the left face) and P, (on the right) are colored green
and red, respectively. The right figure shows the intersection of Ry (O)
with the two-dimensional hyperplane 2 (0,1,0) = 1. Note that the hollow
dot (corresponding to the non-exposed ray in direction (0,1,0) of Tx(O))
does not belong to this intersection.

However, it can be shown that all bounded, (n — 1)-polyhedric sets in R™ are polyhedral.
Indeed, if K is bounded and (n — 1)-polyhedric, intersections of K with two-dimensional
subspaces are bounded and polyhedric by Lemma 5.4.4. In R?, bounded and polyhedric
sets are precisely the bounded polyhedral sets and this is easy to prove. Now, we can
invoke Klee, 1959, Theorem 4.7 to obtain the polyhedrality of K. Moreover, the same
reasoning shows that (n — 1)-polyhedric sets in R™ are boundedly polyhedral in the sense
of Klee, 1959, that is, they have polyhedral intersections with all bounded polyhedral
sets.

5.4.4. Summary

We briefly summarize the findings of Section 5.4. We provided results concerning the
polyhedricity of the intersection of sets. These results are collected in Table 5.4.1. The
reader should bear in mind that “with bounds” refer to a set with bounds in the sense of
Definition 5.4.9 in a Banach space with a lattice structure satisfying Assumption 5.4.7,
see also Example 5.4.23. Moreover, for the polyhedricity of the intersection of two sets
with bounds we require that both sets satisfy Assumption 5.4.10 w.r.t. the same ordering
in X. Then, the intersection is again a set with bounds and, thus, polyhedric. The other
positive results are straightforward (lower right corner) or follow from Corollary 5.4.19.
Moreover, Examples 5.4.22 to 5.4.24 show the failure of polyhedricity for all negative
cases.
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‘polyhedric with bounds polyhedral co-polyhedral

polyhedric X X X X
with bounds X v v X
polyhedral X v v v
co-polyhedral X X v v

Table 5.4.1.: A summary concerning the polyhedricity of intersections. The notions of
the sets are given in Definitions 5.3.1 and 5.4.9. A check mark (v') indicates
intersections which are always polyhedric, whereas a cross (X) signifies that
this type of intersection may fail to be polyhedric.

5.5. Applications of polyhedricity

In order to complete the picture of polyhedricity, we illustrate its important applications.
For the convenience of the reader, we included the rather short proofs.

5.5.1. Directional differentiability of projections

The very first application of polyhedricity was a result on the differentiability of (metric)
projections onto closed, convex sets. In fact, these differentiability results motivated the
introduction of the notion of polyhedricity in Mignot, 1976; Haraux, 1977.

We state the results in the generality of Mignot, 1976, Section 2, but use the proofs of
Haraux, 1977, Section 1. Another difference to both works is that we do not use the
identification H = H*, but we will explicitly work with the dual space H*.

In this section, we use the following standing assumption.

Assumption 5.5.1. The space H is a real Hilbert space, A: H — H* is a bounded,
linear operator which is coercive, i.e., there exists o > 0 such that

(Az, z) > a|z|* Vz € H,

Finally, K C H is a closed, convex set.

Note that it is also possible to work with the bounded, coercive and bilinear form a
defined via a(z,y) = (Az, y).

We further point out that the coercivity of A already implies that H is isomorphic to
a Hilbert space since as(z,y) := (a(x,y) + a(y,x)) is a scalar product on H and the
induced norm is equivalent to the original norm of H.

For a given functional ¢ € H*, we consider the variational inequality

Find ye K such that (Ay—/f,v—y) >0 YveK. (5.5.1)
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In the case that A is symmetric, i.e., (Az, y) = (Ay, z) for all x,y € H, this problem
is equivalent to a projection problem. In particular, y is the projection of the Riesz
representative of ¢ (w.r.t. the a-scalar product) onto K w.r.t. the norm |z|% =
(Az, ) = a(z, x).

It is well known that for all £ € H* there is a unique solution y := S(¢) of (5.5.1), see
Stampacchia, 1964. Moreover, this solution operator S: H* — H is globally Lipschitz
continuous. From (5.5.1) we immediately find £ — Ay € Tk (y)°. We recall the definition
of the critical cone Kx(y, \) := Tx(y) N AL

Theorem 5.5.2. Let / € H* be given and let y := S(¢), A := £ — Ay. Moreover,
assume that K is polyhedric at (y, A). Then, S is directionally differentiable at ¢ and the
directional derivative oy := S’(¢; h) in direction h € H* solves the variational inequality

dy € K (y,N) and (Ady —h,v—3y) >0 YveKg(y,\). (5.5.2)

Proof. Let a direction h € H* be given. For t > 0, we define y; := S({ + th) and
A :=L+th—Ay,. We find y; € K and \; € T (y:)°, see (5.5.1). Using the Lipschitz
continuity of S we find

At — A
|75

e P

<C.
H*

Since H and H* are reflexive, we find a subsequence (without relabeling) and éy € H,

O\ € H* such that
Yt —y At — A

— dy and — 0.

From y; € K we immediately obtain dy € Tk (y).
Now, we consider an arbitrary = € K with (A, x — y) = 0. We obtain

<5)‘7x_y><_<)\tt_/\7x_yt>§<_T)\7x_yt>:<_7)\ay_yt>_><)\a dy) <0.

This shows
SAe{ze K —y|(\2)=0}°=(Rr(y)nrt)°
and by using = = y we find dy € A\t

The definition \y = ¢+ th — Ay, implies immediately 0\ = h — A dy. Together with the
polyhedricity of K, we find that dy € Tx (y) N A+ = Kx(y, \) solves the VI (5.5.2). Thus,
the weak limit dy is independent of the chosen subsequence and a standard argument
shows the convergence of the entire sequence.

It remains to show the strong convergence (y; — y)/t — dy. By testing the variational
inequality (5.5.1) for y with v = y; and vice versa, we obtain

<Aytt_y—h, ?Jtt—y>§0'
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Using the weak convergence of the difference quotient and the coercivity of A, we find

_ B - -y ., Y-y
0 < —(0A, d0y) = (Ady — h, dy) < 11?{[151f<14 ; h, ; >

. Yt — Y Yt — Y
<1 A —h <0.
< H?\S(l)lp< 7 ) 7 >_

This shows the convergence

T Y —Yy -y
(Ady, dy) = lim(A %, 52

and, by coercivity of A, the strong convergence (y; — y)/t — 0y follows.

We mention some extensions of Theorem 5.5.2. First of all, the result Haraux, 1977,
Theorem 1 also allows for non-polyhedric sets K by including an operator L, which
takes into account the curvature of the boundary of K. Levy, 1999, Theorem 1.1 treats
nonlinear variational inequalities.

Theorem 5.5.2 can be applied to show the shape differentiability of the solution mapping
to variational inequalities, see Sokolowski, Zolésio, 1992, Chapter 4, and to compute
the graphical derivative of the normal cone mapping to K, see Lemma 2.3.10, and
Mordukhovich, Outrata, Ramirez C., 2015a, Theorem 5.2.

5.5.2. Optimal control of VlIs: strong stationarity

A second application of polyhedricity is the derivation of optimality conditions for the
optimal control of variational inequalities, and was first considered in Mignot, 1976,
Proposition 4.1. This is strongly linked to the differentiability result Theorem 5.5.2. The
same technique can be used to derive optimality conditions for control problems involving
other non-smooth maps, if the derivative can be written as the solution of a variational
inequality.

In addition to Assumption 5.5.1, we use the following setting: f € H*, U is a real Banach
space, B € L(U, H*) has a dense range, and J: H x U — R is Fréchet differentiable.

We consider the optimal control problem

Minimize J(y,u)

5.5.3
such that ye€ Kand (Ay—Bu—f,v—y)mru >0 YvekK. ( )

Theorem 5.5.3. Suppose that (y,u) € H x U is locally optimal for (5.5.3). We set

A:=Bu+ f— Ay and assume that K is polyhedric at (3, A). Then, there exist p € H,
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u € H* satisfying the optimality system

Jy() + A p+p =0, (5.5.4a)
Ju(") = B*p=0, (5.5.4b)

p € —Kg(¥, ), (5.5.4¢)

w € K (7, \)°. (5.5.4d)

Here, Jy(-) € H* and J,(-) € U* are the partial Fréchet derivatives of J at (u,y).

Proof. We follow the proof of Mignot, 1976, Proposition 4.1.

As in Section 5.5.1, we denote by S the solution operator of the variational inequality
and use the reduced problem

Minimize J(S(Bu+ f),u).

Since « is a local minimizer and using Theorem 5.5.2, we have

(Jy(-), S'(Bu+ f; BR)Y s u + (Ju(-), W)y« >0  VheU.

Since A is coercive, we get
|S"(Bu+ f; Bh)||g < C||Bh| g Vh e U.

and this yields
[(Ju(), Byueu| <C|Bhllg-.  Vhel.

Hence, there is p € H** = H (by defining it as in the next line on the dense subspace
image(B) C H* and extending it by continuity on the whole space H*) such that

(Ju(:), Mo = (p, Bh)g,a+  YheU.
This yields (5.5.4b) and
(Jy(-), S"(Bu+ f; Bh))p+m + (p, Bh) g, >0 Vh € U.
Using the density of image(B) in H* we get

(J,(-), S"(Bu+ f;h) s+ (o, Ky >0 Vhe H”. (%)

In what follows, we set K := Kx(y, A) for convenience. We choose h € K° in (x). Then,
(5.5.2) shows S’(u + f;h) = 0 and, thus,

<p, h)H,H* >0 Vh € ]CO,

i.e., p € =K, which shows (5.5.4c).
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Now, we choose h € AK in (x), hence S'(Bu + f;h) = AL h by (5.5.2). We get
(Jy()y A7 Ry e + (py By >0 VYhe AK.
Rearranging terms yields
(Jy()+ A" p, V) 20 Vv eK.

Now, we define p := —Jy(-) — A*p and get p € K°. This shows (5.5.4a) and (5.5.4d).

The crucial ingredients in the proof of Theorem 5.5.3 are the density of the image of B
and the absence of control constraints on u. In the presence of control constraints, system
(5.5.4) is no longer necessary without further assumptions. We refer to Section 3.6 for
counterexamples.

Using terminology from finite-dimensional optimization, the optimality system (5.5.4) is
of strongly stationary type. By using methods from variational analysis (in particular,
Levy, 1999, Theorem 3.1), the same result is shown in Hintermiiller, Surowiec, 2011,
Theorem 4.6.

For more general optimization problems with complementarity constraints in Banach
spaces a notion of strong stationarity was introduced in Chapter 1. In the polyhedric
case, this notion is of reasonable strength and it is a necessary optimality condition under
some constraint qualification, see Section 1.5.3.

5.5.3. No-gap second-order conditions

As a last application of polyhedricity, we consider second-order optimality conditions.
In particular, polyhedricity is one possibility obtain no gap between the necessary and
sufficient optimality conditions of second order.

In this section, we consider the optimization problem

minimize f(x),

5.5.5
subject to g(x) € K. ( )

Here, X,Y are Banach spaces and the mappings f: X - R, g: X — Y are assumed to
be twice Fréchet differentiable at z, where z € X satisfies g(z) € K. The set K C Y is
closed and convex.

The Lagrangian associated with problem (5.5.5) is

L(z,A) := f(z) + (X, g(2))

and A\ € Y* is said to be a Lagrange multiplier at z, if A€ Tr(g(z))° and 0 = L' (z,\) =
f(z) + ¢'()* \. Here, L' is the partial Fréchet-derivative of L w.r.t. z. The second
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partial Fréchet-derivative of L w.r.t. x is denoted by L” and we write L"(z,\) h? :=
L"(z,\)[h, h).

The critical cone C'(%) at & is defined as
O(@) = {h € X | ¢'(5) h € Te(g(z)) and f'(5) h < 0}.
If X is a Lagrange multiplier, it is easy to check that

C@) ={heX|g@ heTk(g@)NA}=g@) " Krlg(@),N).

We start with a result on second-order necessary conditions. The first part of the following
theorem was given in Maurer, Zowe, 1979, Theorem 3.3.

Theorem 5.5.4. We assume that  is a local minimizer of (5.5.5) and let A € Tx (g(z))°
denote a corresponding Lagrange multiplier, i.e.,

fi(@) +4g @) x=0.
We further assume that the condition
Y = ¢/(@) X - (Ric(g(®) N 1Y) (5.5.6)
is satisfied. Then, we have
L"(z,\h*>0 VheX:¢(z)he€Rg(z), f(Z)h=0. (5.5.7)
If K is polyhedric at (g(Z), \), we get

L"(z,\)h*>0  VheC(z). (5.5.8)

We mention that the condition (5.5.6) is, strictly speaking, not a constraint qualification,
since it depends on the objective f via the multiplier A. In a finite-dimensional setting,
it reduces to the so-called strict Mangasarian-Fromovitz condition.

The proof of (5.5.7) is straightforward by using
Tr(z) = '(@) " (T (9(2)) N A*)

due to (5.5.6), see Bonnans, Shapiro, 2000, Corollary 2.91. Here, ' := {zx € X | g(z) €
K and g(z) — g(Z) € A*}. Moreover, (5.5.8) follows from (5.5.7) by using the following
lemma which is just a translation of Lemma 5.3.3 to the critical cone C(Z).

Lemma 5.5.5. Let us assume that A € T (g(z))° satisfies f'(z) + ¢/(z)* A = 0 and
(5.5.6). Moreover, we suppose that K is polyhedric at (¢(z), A). Then, problem (5.5.5)
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satisfies the strong extended polyhedricity condition at Z in the sense of Bonnans, Shapiro,
2000, Definition 3.52. That is,
Cr(@) = {h € X | ¢'(5) Ric(®) and f'(7) h = 0}

is dense in the critical cone C().

Proof. We apply Lemma 5.3.3 with the setting

S=4'(z), K,=K-g(), np=g@A\

Recall that (5.5.6) implies the uniqueness of the multiplier A, see Shapiro, 1997a, hence,

we get A = X in Lemma 5.3.3. An easy calculation using (5.3.6) shows
C(z) ={h e X | ¢ (@) h € T—g(z)(0) N A} = Ty @)1 (k—g@ (0) N 1™
Hence, Lemma 5.3.3 implies that this set is the closure of

Ry @)1 (1—g()) (0) N = ¢'(2) ' R (9(2)) N ™ = Cr(2).

Another route to second-order necessary conditions is the utilization of so-called second-
order tangent sets, see Bonnans, Shapiro, 2000, Section 3.2. Then, the necessary condition
is similar to (5.5.8), but contains a term corresponding to the curvature of the set K, see
Bonnans, Shapiro, 2000, Theorem 3.45. Under the “extended polyhedricity condition”,
one arrives at (5.5.8). Indeed, using Lemma 5.5.5, Theorem 5.5.4 is also an easy corollary
of Bonnans, Shapiro, 2000, Proposition 3.53.

Next, we provide a second-order sufficient condition.

Theorem 5.5.6. We assume that ) is a Lagrange multiplier at z. Further, we assume
that X is finite-dimensional or that the constraint qualification

V=g (z) X - Tk(g(z)) (5.5.9)
is satisfied. Suppose that
L@ N R > alh|k VYheX:g(z)he Tk(g9(z) and f'(@)h <nllhlx  (5.5.10)
holds for some « > 0, n > 0. Then, for all & € (0, «/2) there is € > 0, such that
f(x) > f(@)+allz —z|% Vo€ FnB.(7) (5.5.11)

holds.
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Proof. We verify (5.5.11) by contradiction. Assume that (5.5.11) does not hold. Then,
there is a sequence {x,} with g(z,) € K and z,, # Z such that x,, — = and f(z,) <
f(Z) + @ ||z — z|%. Next, we construct a sequence {hy}nen C X, such that ||hy,|x =
o([|zr, — Z||x) and ¢'(Z) (x5, — T + hy) € T (g(x)) for all n € N.

(a) In the case that X is finite-dimensional, we have w.l.o.g. (z, — Z)/||z, — Z||x — h,
thus ¢'(z) h € Ti(x). We set hy, := ||z, — Z||x h — (x, — ) and have h,, =
o(|zn, — Z||x) and z, — T + hy, = |20 — Z||x h € ¢ (Z) " Tk (9(7)).

(b) Now, suppose that the condition (5.5.9) is satisfied. Since g is Fréchet-differentiable,
we have r, := g(z) + ¢'(Z) (z,, — Z) — g(x) = o(||zn, — Z||x). Due to the constraint
qualification (5.5.9), we can apply the generalized open mapping theorem Zowe,
Kurcyusz, 1979, Theorem 2.1 and obtain the existence of h,, € X, v, € Tk (g(x))
satisfying

—Tn = g,(f) hn — Un

and hy, = O(||ry||x) = o(||zn, — Z||x ). In particular, we have
9'(T) (xn — Z + hn) = g(zn) — 9(&) + vn € T (9(2)).
Thus, z, — % + hy, € ¢' ()7 Tk (9(2)).
Since
f1(@) (zn — 7) = fan) = £(Z) + o(||zn — 2] x)
< éllzn — 2[5 + ollan — Zllx) = o(lzn — Zx)

we conclude f/(Z) (xp, — T+ hy) = o(||zn — Z||x) = o(||zn —Z + hy||x). Hence, x,, — T+ hy,
belongs to the set on the right-hand side of (5.5.10) for n large enough.
Finally, we have for n large enough

a Hxn - *%”2 > f(wn) - f(j) > L(xm;‘) - L('f75‘)
1

=L'(z,\) (zn — Z) + 3 L"(Z,N) (zn — )% + o||zn — Z||%)
1 _
=3 L"(z,\) (z, — T + hp)? = L" (2, \)[zn — Z, )
1 _
-3 L'z, A) by, + o(||lzn — ZII%)
1 _
=S L"(Z, ) (zn — T+ hp)* + o ||z — Z[|%)

« _ _
> o lln = 2" + o([|zn — 2[1%)

and this is a contradiction to & < «/2.

Without the constraint qualification (5.5.9) we have to work with a larger critical cone,
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cf. Bonnans, Shapiro, 2000, Lemma 3.65 and Remark 3.68. In case that the Lagrange
multiplier A is not unique, it is easy to see that the left-hand side in (5.5.10) can be
replaced by sup, L”(Z,\) h%, where the sup ranges over a bounded set of Lagrange
multipliers A, by using essentially the same proof, see also Bonnans, Shapiro, 2000,
Section 3.3.1. Recall that the set of Lagrange multipliers is already bounded if the
constraint qualification (5.5.9) is satisfied, cf. Zowe, Kurcyusz, 1979, Theorem 4.1.

In the case that L”(Z, \) is a Legendre form, see Bonnans, Shapiro, 2000, Definition 3.73,
we can apply Bonnans, Shapiro, 2000, Lemma 3.75 and get the equivalence of (5.5.10)
with

L"(z,\)h*>0  VheC(z))\{0},

in the case that X is reflexive.

Putting everything together, we get the following second-order conditions with no gap.

Theorem 5.5.7. We assume that \ is a Lagrange multiplier at Z and
e K is polyhedric at (g(z), \),
e the condition (5.5.6) holds,
e L"(z,p) is a Legendre form and X is reflexive.

Then, the following hold.

(i) If z is locally optimal, we have
L"(z,\)h* >0  VheC(z).
(ii) The second-order condition
Lz, h*>0 VYheCx))\ {0}

is equivalent to the quadratic growth condition (5.5.11). In particular, z is a strict
local minimizer.

This results provides an indication that polyhedricity plays a crucial role for deriving
second-order conditions with no (or a very small) gap. We refer exemplarily to the
contributions Bonnans, 1998; Bonnans, Zidani, 1999; Casas, Troltzsch, 2012 for similar
results by using polyhedricity and further extensions.

5.6. Conclusions

We have given an overview of polyhedric sets. Moreover, we have expanded the classical
polyhedricity results from Mignot, 1976; Haraux, 1977 and thus we are able to show the
polyhedricity of intersections of sets with bounds with polyhedral sets. On the other
hand, we have given some counterexamples which show that intersections of polyhedric
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sets might be non-polyhedric in various situations. From this point of view, it would be
interesting to have further results concerning the intersections of polyhedric sets.
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6. Pointwise constraints in vector-valued
Sobolev spaces with applications in
optimal control

Abstract: We consider a set C with pointwise constraints in a vector-valued Sobolev
space. We characterize its tangent and normal cone. Under the additional assumption
that the pointwise constraints are affine and satisfy the linear independence constraint
qualification, we show that the set C is polyhedric. The results are applied to the optimal
control of a string in a polyhedral tube.

Keywords: tangent cone, normal cone, polyhedricity, vector-valued function, vector-
valued measure

MSC: 46N10, 49K21

6.1. Introduction

Let © € R? be a bounded, open set and let C C R™ be a closed, convex set with
0 € int(C). We consider the set

C:={ve Hj(Q)™:v(w) € C for almost all w € Q}. (6.1.1)

We mention that such sets C appear, e.g., in the study of vector-valued evolution varia-
tional inequalities, see Krejci, 1999, Section 7, and in vector-valued obstacle problems,
see, e.g., Hildebrandt, Widman, 1979; Dal Maso, Musina, 1989; Mancini, Musina, 1989.
Note that the latter case also includes phase-field models in which the concentrations of
the phases belong to the simplex C = {zx e R™ : 2 >0, Y1 z; < 1}.

In this work, we are going to characterize the tangent and normal cone to the set C.
Finally, we prove the polyhedricity of C in case that C' is described by affine constraints
which satisfy the linear independence constraint qualification (LICQ). We recall that C
is called polyhedric if

Te(u) N &L = cl(Re(u) NeL) (6.1.2)

holds for all w € C and £ € T¢(u)°, see Haraux, 1977. We refer to Section 6.2.1 for the
corresponding notation. These results are applied to an optimal control problem in which
the state equation is given by a variational inequality over the set C.

To our knowledge, the convex analysis of the set C was not studied previously in the
vector-valued case m > 1. In the scalar case m = 1, the set C was studied in Mignot, 1976.
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Therein, the set C' was allowed to depend also on the spatial variable w € 2, and Mignot
characterized the tangent and normal cone. Moreover, he proved the polyhedricity of C.
However, the arguments in Mignot, 1976 heavily exploit the fact that the non-negative
functions induce a lattice structure in Hg (). Similarly, Haraux, 1977, Corollary 2 and
Bonnans, Shapiro, 2000, Theorem 3.58 prove the polyhedricity of a cone which induces a
lattice structure. These results are extended to more general function spaces in Frémiot
et al., 2009, Section 4, see also Rao, Sokotowski, 1993 for the case HZ((2).

This approach for proving polyhedricity even fails for some polyhedral cones in finite
dimensions. To give an example, the polyhedral cone

K={zeR:(-1,1,002 <0, (—1,—-1,0)z <0, (=1,0,1)z <0, (=1,0,—1)z < 0}

does not induces a lattice structure on R3. Hence, the polyhedricity of K cannot be
deduced from the above mentioned theorems. On the other hand, since K is a polyhedral
set, its polyhedricity is evident.

Finally, we mention the results Bonnans, 1998, Lemma 4.2, Proposition 4.3, Bonnans,
Shapiro, 2000, Lemma 6.34, Proposition 6.35. These results characterize the tangent and
normal cone and show the polyhedricity of a set with pointwise affine constraints in the
Lebesgue space L*(2)™, s € [1,00). The arguments utilize the Lipschitz continuity of a
pointwise projection in L*(£2)™. Since a pointwise projection is not Lipschitz continuous
in H(9), the arguments cannot be generalized to the situation at hand.

We mention that the polyhedricity of a set has some important applications. First
of all, one can show that the projection onto a polyhedric set in a Hilbert space is
directionally differentiable, see Mignot, 1976; Haraux, 1977. This can also be extended to
a (directional) shape sensitivity for the solutions of variational inequalities, see Sokolowski,
Zolésio, 1987 and Sokotowski, Zolésio, 1992, Section 4. Second, in the presence of
polyhedricity, one can provide no-gap second-order optimality conditions, see Bonnans,
Shapiro, 2000, Section 3.3.3. Finally, polyhedricity is utilized to obtain optimality
conditions of strongly stationary type for infinite-dimensional optimization problems with
complementarity constraints, see, e.g., Mignot, 1976, Proposition 4.1 and Section 6.1.

We briefly describe the content of this work. Some notation from convex analysis and
capacity theory is introduced in Section 6.2. We characterize the tangent cone 7¢(u)
and the normal cone 7¢(u)° of C in Section 6.3 and Section 6.4, respectively. Under
an additional assumption, we deduce the polyhedricity of C in Section 6.5 and this
result is applied to an optimal control problem in Section 6.6. In the appendices, we
give various auxiliary results, which are of independent interest. A chain rule for the
Nemytskii operator associated with a vector-valued truncation is given in Section 6.A.
In Section 6.B, we show that the positive part of a measure in H~'(2) may not belong
to H=1(Q2). Section 6.C contains auxiliary results on polyhedral sets in R™, which are
utilized to infer the polyhedricity of C in Section 6.5.
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6.2. Notation and preliminaries

The Euclidean norm in R™ is denoted by |-|gm, and we use (-, -)gm for the associated
scalar product. For x € R™ and v > 0 we define the closed ball

By(z) :={y € R" : |z — ylgm <~}

and we set

6.2.1. Notation from convex analysis

For a Banach space X and an arbitrary subset A C X, we denote by cl(A4), conv(A) and
cone(A) the closure, convex hull (smallest convex superset of A) and the conical hull
(smallest convex cone containing A) of A, respectively. For a closed, convex set A C X,
we define the radial cone and the tangent cone of A at x € A by

Ra(x) := cone(A —z) = U A(A—-2x) and Ta(z) == cl(Ra(z)),
A>0

respectively. The polar cone of A is given by
A% i={a" e X*:Vo* € X*: (z, 2¥) <0},

where X* is the topological dual space of X and (-, -) : X x X* — R denotes the dual
pairing. Finally, for z* € X*, we define the annihilator

()t ={z e X : (z, 2*) = 0}.

6.2.2. Notation and preliminaries from capacity theory

We recall some basic results in capacity theory. These are crucial to characterize the
tangent cone and the normal cone of C.

Throughout the paper, Q C R? denotes a bounded, open set. By H}(Q) we denote the
usual Sobolev space. As a norm in H}(Q) we use

s @ 1= IVula me) = /Q\vu(w)@d dw.
The capacity of a set O C € is defined as
cap(0) := inf{||VvH%2(Q;Rd) v € H}(Q) and v > 1 a.e. in a neighbourhood of O},

see, e.g., Attouch, Buttazzo, Michaille, 2006, Section 5.8.2, Bonnans, Shapiro, 2000,
Definition 6.47, and Delfour, Zolésio, 2001, Section 8.6.1.
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A function v : Q — R™ is called quasi-continuous if for all € > 0, there exists an open
set Gz C Q, such that cap(G¢) < € and v is continuous on 2\ G.. A set O C Q is called
quasi-open if for all € > 0, there exists an open set G. C 2, such that cap(G¢) < £ and
O U G; is open. For every quasi-continuous function v :  — R" and every open set
U C R™, the set {w € Q:v(w) € U} is quasi-open.

We say that a property P (depending on w € Q) holds quasi-everywhere (q.e.), if it is only
violated on a set of capacity zero, e.g., cap({w € Q : P(w) does not hold}) = 0. We say
that P holds q.e. on a subset K C €, if and only if cap({w € K : P(w) does not hold}) =
0. Similarly, we use the statement “P(w) is satisfied for quasi-all (q.a.) w € K.

It is known, see, e.g., Bonnans, Shapiro, 2000, Lemma 6.50, Delfour, Zolésio, 2001, The-
orem 8.6.1, that every v € H&(Q)m possesses a quasi-continuous representative and this
representative is uniquely determined up to sets of zero capacity. When we speak about
a function v € HE ()™, we always refer to the quasi-continuous representative. Every
sequence which converges in H&(Q) possesses a pointwise quasi-everywhere convergent
subsequence, see Bonnans, Shapiro, 2000, Lemma 6.52.

It is easily seen that a set with zero capacity also has measure zero. Sets of measure
zero may have positive capacity. However, for quasi-open sets we have the following
well-known lemma. For the convenience of the reader, we provide a simple proof.

Lemma 6.2.1. Assume that A C Q is quasi-open and has measure zero. Then, A has
zero capacity.

Proof. Assume that the set A is quasi-open and has measure zero. Then, for the function
f =0 we have f > 1 a.e. on A, since A has measure zero. The quasi-openness of A
implies f > 1 q.e. on A, see Lemma 3.2.3. Hence, f is an admissible function for the
computation of the capacity of A, cf. Heinonen, Kilpeldinen, Martio, 1993, Lemma 4.7,
and this implies cap(A) = 0.

By using this lemma, we can give a characterization of the set C in terms of quasi-
everywhere.

Lemma 6.2.2. For C defined in (6.1.1) we have

C={veHQ)™: vw)eC for qa. we Q}.

Proof. The inclusion “D” is clear since sets of capacity zero have measure zero.

To prove the converse inclusion, let v € C be given. Then, v(w) € C for almost all w € Q.
We set N = {w € Q:v(w) € C}. Then, N has measure zero and is quasi-open. Now,
the assertion follows from Lemma 6.2.1.
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6.3. Characterization of the tangent cone

In this section, we are going to characterize the tangent cone of C. We will see that the
tangent cone of C consists of functions whose point values lie in the tangent cone of C.
As in the scalar case m = 1, we have to use the notion of quasi-everywhere. In particular,
we will show that

Te(u) = {v € Hy(Q)™ : v(w) € To(u(w)) for q.a. w e Q}. (6.3.1)

Throughout this section, we fix u € C. One inclusion in (6.3.1) is easy to prove.

Lemma 6.3.1. We have

Te(u) C Ay = {v € H}(Q)™ : v(w) € To(u(w)) for q.a. w € Q}.

Proof. Let v € T¢(u) be given. By definition of the tangent cone, there exist sequences
{tn} C (0,00), {un} C C such that t, \, 0 and (u,, — u)/t, — v in HY(Q)™ as n —
00. Since u,(w),u(w) € C for qa. w € Q, we have [u,(w) — w(w)]/t, € To(u(w))
for q.a. w € . Since (u, — u)/t, — v in HE ()™, we have (up to a subsequence)
[un (W) — u(w)]/t, — v(w) as n — oo for q.a. w € Q. Since Teo(u(w)) is closed, this shows
v(w) € To(u(w)) for g.a. w € Q.

In what follows, we show the converse embedding A; C 7¢(u), which is harder to obtain.
To this end, we will define sets Aa, A3, Ay C H ()™ with the properties

A1 (- CI(AQ), A2 C Cl(Ag), A3 C CI(A4), A4 (- Rc(’u,)
Taking the closure, we obtain
Te(u) C Ay Ccl(Ar) Ccl(Az) C cl(Az) C cl(As) C cl(Re(u)) = Te(u),

and the characterization of the tangent cone follows, see Theorem 6.3.12. Note that
the same result is achieved in Section 6.4 by owing to the bipolar theorem. However,
we present the direct approach via approximation, since it can be adopted to infer the
polyhedricity of C under some additional assumptions on C, see Section 6.5.

First, we use a simple truncation argument in order to work in the space H}(Q)™ N
Lee()m.

Lemma 6.3.2. Each function v € A can be approximated by functions from
Ay = {v e H}(Q)™:v e L™, v(w) € To(u(w)) for q.a. w € Q}.

That is, A; C cl(A2).
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Proof. The truncation Thsv : Q@ — R™ of v € A; which is defined via

M

(Tpo)(w) == rnin(l7 @)

) v(w)

belongs to (L>®(2) N HE(2))™, and converges towards v in H(2)™, see Theorem 6.A.2.
Since To(u(w)) is a cone for all w € Q, Thv € As follows.

To proceed, we need an assumption on the set C. Roughly speaking, we assume that for
each point z € C there is a ball of radius ¢y and the distance between x and the center
of the ball is at most ¢;.

Assumption 6.3.3. There exist c¢1,co > 0, such that for every z € C, there exists a
point w(x) € C such that |z —w(z)|gm < ¢1 and B, (w(x)) C C. Moreover, the mapping
w is Lipschitz continuous with modulus L and w(0) = 0.

Note that Assumption 6.3.3 implies 0 € int(C'). Moreover, in the case that C' is bounded
and 0 € int(C), we can choose w = 0. However, the unbounded, closed, convex set

{@y,2) 22—y <1, 2%/(y+1) + |2 < 1}

has (0,0,0) in its interior, but it does not satisfy Assumption 6.3.3. Hence, Assump-
tion 6.3.3 is stronger than 0 € int(C).

Lemma 6.3.4. Let Assumption 6.3.3 be satisfied. For all x € C and n € Te(x)°, we
have

(n, x — w(x))rm > ca [n|gm.

Proof. Since B.,(w(x)) C C, we have
(n, z — (w(x) +p))gm 2 0
for all |p|rm < co. Hence,

(n, x —w(x))gm > sup (n, p)rm = c2 |n|gm.
[p|rm <c2

Let us consider a function v € Ay. Then, the angle between v(w) and n € Te(u(w)) can
be a right angle. The next lemma shows, that we can approximate v with functions o,
for which the angle between o(w) and n € Te(u(w)) is obtuse, uniformly in w € .
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Lemma 6.3.5. Let Assumption 6.3.3 be satisfied. Each function v € Ay can be approx-
imated by functions from

A {v € HY(Q)™NL®(Q)™: 3 > 0: (v(w), n)rm < —¢ |n|gm }
o for all n € To(u(w))® for qa. we Q)

That is, Ay C cl(As).

Proof. Let v € As be given. By definition, we have (v(w), n)gm < 0 for all n € To(u(w))®
for gq.a. w € Q, since v(w) € To(u(w)). Let w : C — C be the Lipschitz continuous
mapping from Assumption 6.3.3. Then, w(u) € Hg ()™, see Lemma 6.A.1, and w(u) €
L>(Q)™. For € > 0, we set

Ve ' =v — € (u—w(u)).

Now, let w € Q and n € To(u(w))® be given. By owing to Lemma 6.3.4, we have
(ve(w), n)rm = (V(w) — € (u — w(u)), n)gpm < —co |n|gn.

The assertion follows since v. — v in H} ()™ as ¢ — 0 and v. € L>®(Q)™

The following lemma is a replacement for a partition of unity in the setting of capacities.
Under certain conditions, it allows to approximate a function f with f < 0 on some set
My with functions fs satisfying fs < 0 on some prescribed, larger sets Mj.

Lemma 6.3.6. Let f € H}()) be given. We assume that the quasi-closed sets Ms,
d > 0, are non-decreasing in ¢, in the sense that Ms C My for 0 < § < §’. Moreover, we
suppose that f <0 q.e. on My and My = (5> Ms.

(a) Then, for all § > 0 there exists f5s € H}(Q), such that f5 < 0 q.e. on Ms, f5 =0
q.e. on MsN{w € Q: f(w) =0} and f5 — f in HH(Q) as § — 0.

(b) In case || f||L(q) < 0o, the same can be achieved with | fs[| oo () < [|f]| Lo (0)-

(c) If, additionally, f < —e on M) for some £ > 0 and if cap(Ms) < oo for some 6 > 0,

then, we find f5 € H}(Q) with f5 < —¢ q.e. on M; for § small enough, such that
fs — [ in Hg(Q). In case f € L>(Q), we can achieve || f5|poc () < Ifll 1o (o) + 2¢.

Proof.

(a) The sets 2\ Ms are quasi-open and {2\ Mjs}s~¢ is a covering of Q2 \ My. Moreover,
max(f,0) = 0 q.e. on My implies max(f,0) € H}(Q2\ My), see Kilpeldinen, Maly,
1992, Theorem 2.10. Now, we can invoke Kilpeldinen, Maly, 1992, Lemma 2.4 and
Theorem 2.10, and find g5 € H}(Q\ Ms), gs > 0 and gs — max(f,0) in H ().
We define f5 := f — (max(f,0) — g5) and obtain fs — f in H}(Q), fs = f +
min(—f,0) + gs = min(0, f) + gs < 0 on My. Since gs = 0 q.e. on Mjs, this shows
fs=0q.e on MsN{weN: f(w) =0}
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(b) We use the same technique as in (a), and obtain additionally ||gs||ze) <
[max(f,0)|| z~(q), see Kilpeldinen, Maly, 1992, Lemma 2.4. Hence, [|fs|lr =) =

min(0, f) + gsll L) < 1l (0)-

(¢) Let § > 0 be given such that cap(M ;) < 0o. By definition of the capacity, there
exists a h € Hj(Q),0<h <1q.e onQand h=1q.e. on M.
We have f +¢ch <0 on My. By owing to (a), we find gs € H}(Q) with gs <0 q.e.
on Ms and g5 — f+¢eh in H}(Q). We set f5 := gs—e h and obtain the first part of
the assertion, since h =1 on M; for 6 < 0. By owing to (b), we have ||gs||f (o) <
1|20 (0) + € |hll o< (0) and, hence, || f5l| 1) < [ fllzee(0) + 2 ||l Lo (0)-

Let us recall the well-known result that the normal cone mapping of the convex set C' is
upper semicontinuous, since this will be important in the sequel.

Lemma 6.3.7. Let {z;};eny C C and {n;};eny € R™ be sequences, such that z; — =,
n; — n and n; € To(x;)° for all ¢ € N. Then, n € To(z)°.

The next lemma is a preparation for the proof of Lemma 6.3.9. We recall that B, =
{zx e R™ : |z|gm < v} for v > 0.

Lemma 6.3.8. Suppose that Assumption 6.3.3 is satisfied. Let v > 0 and n € R™ be
given. For A > 0 we define the set

My :={weQ:3ue By(ulw)) :n e By+To(a)}.

Then, the sets M) possess the following properties.

(a) The set M, is quasi-closed for all A > 0.

(b) The sets M) are non-decreasing in A and My = [Ny~ M.
(c) In case v < |n|grm and A < c2/2 we have cap(M,) < oc.
)

(d) The inequality (n, u(w) — w(u(w)))rm > c2|n|rm/3 is satisfied for all w € My,
A<c2/(2L) and v < ca |n|grm /(6 (c1 + 2 ¢2)).

Proof.
(a) We have the chain of equivalences
weM, <<= neB,+Tc(u(w)+ By)°
= u(w) € [Te()°]" (n+ By) + By.

Here, To(u(w) 4+ By)° denotes the image of the set u(w) + By under the set-valued
mapping To(+)°. Since u is quasi-continuous, it remains to show that the set
[Tc(')o]_l(n + By) + B, is closed. Since B) is compact, we have to show that
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[’7'(;(')0]_1(71 + B,) is closed. To this end, let {@;} C C be a convergent sequence,
such that n + p; € T (@;)° for some p; € B,. Since B, is compact, we have (up
to a subsequence) n 4+ p; — n + p for some p € B,. Now, Lemma 6.3.7 implies
n+p € To(lim; oo @;)°, hence lim; o 1; € [TC(-)o]_l(n + By). This shows the
desired closedness.

(b) The first assertion is clear. Let w € (Ny59 M) be given. For A > 0, there exist
uy € By(u(w)) and py € B,, such that n € py + Tc(uy)°. By compactness of
B, there exists a sequence {\;}ieny with A\; — 0 as i — oo and py, — p for some
p € By. Hence, uy, = u(w). Using n — py, € Tc(uy,;)° and Lemma 6.3.7, we infer
n—p € To(u(w))® and this yields w € M.

(c) For v < |n|gm no element in n 4+ B, is equal to zero. Moreover, Assumption 6.3.3
implies B.,(0) C C. Hence, n € B, + Tc()° implies |i|grm > cz. Together with
u € By(u(w)), we find |u(w)|gm > ca — A for q.a. w € M. Hence, |u(w)|gm > c2/2
for A < ¢9/2 for q.a. w € M. Thus, cap(M)) < +0o0.

(d) Let w € M) be given. Hence, there exist @ € By (u(w)) such that n +p € To()°
for some |p|gm < ~y. This yields

(n, u(w) — w(u(w)))gm

| V

(n+p, u(w) — w(w(w)))gm — 71

(nﬂ%u— (@) gm — (I2fRm +7) (L+ )X =71
ca [+ plrm — (Infgm +79) (L+1) A —ver

(c2 = (L+1)A) In|rm — 7y (c1 + 2+ (L+1)N),

v

>
>

where we used Lemma 6.3.4. This yields the claim.

In the next lemma, we use the approximation result Lemma 6.3.6, in order to approximate
v € Az with a function o, such that 9(w) does belong to the tangent cone of C' not only
at u(w), but also at all points in the neighborhood of u(w).

Lemma 6.3.9. Let Assumption 6.3.3 be satisfied. Each function v € A3 can be approx-
imated by functions from

B {veﬂg(Q)MmLW(Q)m:aA>o: }
T (v(w), n)grm <0 for all n € To(@)°, @ € By(u(w)) N C for qa. we Q)

That is, A3 C cl(A4).

Proof. Let v € A3 be given. W.Lo.g. assume [v||p(q) < 1. There exists ¢ > 0, such
that (v(w), n)rm < —¢ for all n € To(u(w))®, |n|rm = 1 for q.a. w € Q. Let v > 0 be

_ e e
chosen such that v < oe e T (49 <g/2and v < foize

By compactness, we find a y-net {n;}?, of the unit sphere in R™. That is, |n;|gm = 1
and for every n € R™ with |n|gm = 1, there is i € {1,..., N} with [n — n;|gm <.

199




6. Pointwise constraints in vector-valued Sobolev spaces

We define the sets
M} = {w € Q: 3 € By(u(w)) : ni € By + Te()°}.

Let w € M¢ be given. Then, by definition of Mg, there exists n € To(u(w))®, such that
|n — nj|gm < . Hence,

3
(niv v(w))Rm < (nv v(w))Rm +9< —+v9< —5 <0

for q.a. w € M¢. We set fi(w) := (n;, v(w))grm.
Now, we choose k& € N.

By Lemma 6.3.6, Lemma 6.3.8, there exist A¥ > 0 and f* € H}(Q), such that | f; —

ﬁ‘kHHg(Q) < 1/k, | f¥llpeo) < 1+2(e — ) and fF < —e+ 7y on M;f'

We set A := min{\¥,... A%, c2/(2L)} and
Ph(w) = 0() — 2 (u(e) — wlul) max, [max(fi) — F(),0)]

Then, for w € M;\k we have

i=1,...,

(4, 7 (w))rm = fi(w) — 032 (ni, u(w) — w(u()))zn  max [max(fi(w) - ff(w),0)].
Together with Lemma 6.3.8, we have

(i, 0 (@))rm < filw) — max [max(fi(w) — fE@),0)] < filw) = (filw) = fFw))

i=1,...,

< —ety

for q.a. w € M;k

Let us show that ©* belongs to A4. To this end, let w € Q, @ € By(u(w)) N C and
n € To(u)° be given. By definition of {n;}, there exists i € {1,..., N} with [n—n;|gm < 7.
This shows w € Mf\k Hence,

~ ~ - C
(n, T (W))rm < (i, 0 (@) + 7 10 o) < —e +7+7(1+3 é 2(1+e-7))

<—c+v2+32L2(1+2) <.
C2

This shows 7, € Ay.
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Let us estimate ||v — oF|| i)~ We have for some generic constant ¢ > 0, which may
change from line to line,

N
lo = |1 gy < (Hu — w(u)| o (o) Znﬁ ~ Pl

+ [l = w(w) 130 ZHfz FElleo)

C
<e(pHllu—wlgye 20 +e =)

< const

and for some p € (1,2) we choose g € (2,00) such that 1/p =1/2+1/qand 0 = 2/q € (0,1)
and obtain

N
v — ﬁk”W(}’P(Q) <c (Hu —w(u)|| g (q) ZHfz - fz'kHHg(Q)
=1
N ~
=0 ligiey LN = o)

< e (%4 = )l gyo Zuﬁ Py 1 = £ 2ce))

1
SC@%O

This shows that the sequence &% converges weakly towards v in H{ (). By convexity of

Ay and owing to Mazur’s lemma, there is a sequence in A4 converging strongly in H{ ()
towards v.

The next lemma will be used in the proof of Lemma 6.3.11, but it is also interesting for
itself. It shows that a direction h which belongs to the tangent cone at all points in a
neighborhood of z € C actually belongs to Re(z).

Lemma 6.3.10. Let x € C and h € R™, |hlgm < 1 be given, such that h €
Niep. (z)nc To(Z) for some € > 0. Then, z +eh € C.

Proof. We set y = Projo(z + eh). Then, |y — z|gm < . Hence, h € Tc(y). By the
properties of the projection, we have (x +ch) —y € Te(y)°. Hence,

0> (h, (x+¢eh) = Y)gm = (h, z —y)gm +¢ > —e+e=0.

Hence, we have (h, z — y)rm = —¢ > —|h|gm |x — y|gm. This yields h = —(z — y)/e.
Hence, x +ch =y € C.
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Using this lemma, we can show that directions in A4 belong to the radial cone Re(u).

Lemma 6.3.11. Let v € A4 be given. Then, there exists § > 0 such that v+ dv € C.
This shows A4 C Re(u).

Proof. Let v € Ay be given. There is A > 0, such that (v(w), n)rm < 0 for all n € To(a),
@ € By(u(w))NC for q.a. w € Q. This gives v(w) € To(a) for all @ € By(u(w)) NC for
q.a. w € §2. By applying the previous lemma, we obtain u(w) + Av(w)/||v|| () € C for
q.a. w € . Hence, u+ Av/|[v[| () € C, see Lemma 6.2.2.

The following theorem collects the previous lemmas and is the main result of this section.

Theorem 6.3.12. Suppose Assumption 6.3.3 is satisfied. Then,

Te(u) = {v € HY(Q)™ : v(w) € To(u(w)) q.e. in Q}.

Proof. From the previous lemmas, we have
Te(u) C Ay Ccl(Ag), Ay Ccl(As), AsCcl(As), AsC Re(u).
Taking the closures yields
Te(u) C Ap Ccl(Ay) Ccl(Az) C cl(43) C cl(Ag) C cl(Re(u)) = Te(u),

and the assertion follows.

6.4. Characterization of the normal cone

In order to characterize the normal cone of C, we have to work with vector-valued measures,
which act on HE ()™ N Cy(Q2)™. For an introduction to vector-valued measures, we refer
to Diestel, Uhl, 1977. Since the values of our measures will belong to R, we can identify
a vector-valued measure with a tuple of m scalar-valued measures.

Let po = (p1, ..., pm) be a tuple of regular, signed Borel measures on €, i.e., y; : B — R,
i =1,...,m, where B denotes the Borel o-algebra of ). The variation |u| is defined for
E € Bby
|ul(E) = sup Y |u(A)[gm,
T Aer

where the supremum ranges over all finite partitions 7 of F into pairwise disjoint Borel
sets. We have |u|(Q2) < oo, see Rudin, 1987, Section 6.6, and the variation |u| is again
a regular Borel measure, see Diestel, Uhl, 1977, Proposition 1.1.9 and Rudin, 1987,
Theorem 2.18.
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We typically identify p with its completion, i.e. with the complete measure on the
smallest o-algebra containing B and the |u|-null sets, cf. Rudin, 1987, Theorem 1.36.

Similar to the polar decomposition of a complex measure, cf. Rudin, 1987, Theorem 6.12,
we can obtain a decomposition of u over |p|. In particular, the Radon-Nikodym derivative

p . du

po=
d|pl

satisfies ¢/ € L (|u])™ (in fact, we have |p/(w)|gm = 1 everywhere after changing u/ on
a |p|-null set) and

plE) = [ i dlu
E
holds for all £ € B.

By the Riesz representation theorem, see Rudin, 1987, Theorem 6.19, the dual of Cy(Q2)™
can be identified with M ()™ which is the space of regular Borel measures p : B — R™
of bounded variation, i.e. |u|(2) < +o0, and the duality pairing is

(s sy = [ S = [ (e dlu.

Suppose we have a functional p € H=1(Q)™ = (H}(2)™)* such that p is bounded w.r.t.
the supremum norm on H}(Q)™ N Co(Q)™. Since H}(Q) N Co(Q) is a dense subspace
of Cy(Q), see Fukushima, Oshima, Takeda, 1994, p. 100, x can be extended uniquely to
Co(2)™. By the Riesz representation theorem, this functional can be represented as a
regular Borel measure p with bounded variation. With a slight abuse of notation, we
shall write p € H=1(Q)™ N M(Q2)™. In particular, we have

(s £ ir-1(@ym 12 @)m = (s Pl m@ym co@)m = /Q(f, 1 )rem d| (6.4.1)

for all f € HE(Q)™ N Co(Q)™.

It would be tempting to assume that (4, f)g-1Qm mi@m = Jo(/; p)rm d|p| holds for
all f € H(Q)™. This is, in general, not true, since f € L!(|u|)™ may fail to hold,
see Section 6.B. We will prove, however, that this formula holds if [,(f, p/)rm d|p| is
interpreted as a suitable limit, see (6.4.4) below.

The following lemma is well-known for scalar, non-negative measures u, see, e.g., Bonnans,
Shapiro, 2000, Lemma 6.56. We state an extension to signed, vector-valued measures
which is due to Grun-Rehomme, 1977, Proposition 1. For convenience of the reader, we
give its proof.

Lemma 6.4.1. Let p € H~1(Q)™ N M(Q)™ be given. Then, |u| does not charge Borel
sets of zero capacity.

Moreover, all sets of zero capacity belong to the completion of Borel o-algebra B (over
Q) w.r.t. |u| and are not charged by |u|. Hence, a property which holds q.e. (i.e., up to
a set of zero capacity) holds |u|-a.e.
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6. Pointwise constraints in vector-valued Sobolev spaces

Proof. We follow the ideas of the proof of Grun-Rehomme, 1977, Proposition 1.

We first consider the (scalar) case m = 1. By the Hahn decomposition theorem, see, e.g.
Rudin, 1987, Theorem 6.14, we can decompose {2 into disjoint Borel sets Q" and Q~,
such that u is non-negative on subsets of Q7 and non-positive on subsets of Q.

Let A C Q be a Borel set with zero capacity. Since |u|(A) = |u|(ANQT)+|u|(ANQT) and
cap(ANQT) = cap(AN Q™) =0, it is sufficient to consider the case A C Q (otherwise,
apply the following arguments to AN QT and AN Q7).

Let € > 0 be arbitrary. Since |u| is outer regular, we find an open set O C Q with A C O
and |p|(O) < |u|(A)+e. Since cap(A) = 0, we find a sequence {u,} C L>®(0)NHE(O) C
L®(Q) N HYH(Q) with 0 < u, < 110 Q, HunHH(}(Q) — 0, and u,, = 1 on a neighborhood
of A, see Heinonen, Kilpeldinen, Martio, 1993, Lemma 2.9. Using Lemma 6.4.2 below,
this yields

gy llar-2g0) = (b )y = [ i = [ ol

) !M!(O \ A) p(A) = |pl(0) + |pl(A)
( ) - (\M\( ) +¢e) +[ul(4)
u(A) -
Since ||un||H(§(Q) — 0, this yields > M(A) for all € > 0. Together with A C Q, we get
u(A) = 0.
Now, let us consider the (vector-valued) case m > 1. Let A C 2 be a Borel set with zero
capacity. By definition of |u|, we have

\\/ I\/

|ul(A _SUPZW )[R,
Bem

where the supremum ranges over all finite partitions m of A into pairwise disjoint Borel
sets. By the definition of the Euclidean norm and the first part of the proof, we thus

have
1 2
1(4) = sup S |u(B)lgen = sup 37 > (B =,
T Ber Ber i=1
since p;(B) =0 for all BC Aand i€ {1,...,m}.

Finally, let A C  have capacity zero, but be otherwise arbitrary. By the outer regu-
larity of the capacity, see Attouch, Buttazzo, Michaille, 2006, Definition 5.8.1(b) and
Proposition 5.8.3(a), we find

cap(A4) = o opég,fACO cap(O).

Hence, there exist open sets O, C Q, A C O, with cap(O,,) < 1/n, n € N. Hence,
A C B := ey On. This readily yields B € B and cap(B) = 0. Hence, |p|(B) = 0
by the first part of the proof. Thus, A belongs to the completion of B w.r.t. |u| and

ul(A) = 0.
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We recall that (the quasi-continuous representative of) f € H}(€2) is uniquely determined
quasi-everywhere, hence, |p|-almost-everywhere, for every p € H=1(Q)™ N M(Q)™.
Now, we prove an integral formula for (i, f>H—1(Q)m7H&(Q)m with p € H=1(Q)™NM(Q)™
and f € H}(Q2)™. Therefore, we use the truncation Tys : R™ — R™ | defined for M > 0
via

T = max(1, —— )z = 6.4.2
(@) = max( |x|Rm)f’5 {Mw if [2|gm > M. (6.4.2)

|z|rm

Note that Ths : R™ — R™ is Lipschitz continuous with modulus 1. By Theorem 6.A.2,
we have Ty f € HYH Q)™ and Ty f — f in HF(Q)™ for all f € H ().

The next lemma is a direct consequence of Brézis, Browder, 1979, Theorem 1.

Lemma 6.4.2. Let € H~1(Q2)™NM(Q)™ be given. Then, any f € H(Q)™NL>(Q)™
belongs to L>(|u|)™ and

(s D)oy oy = | (F w)zen i (6.4.3)

Moreover, we have
(1, D) vy oy = Jim [ (T £, W dll, (6.4.4)

for all f € H(Q)™.

Proof. Formula (6.4.3) follows directly from Brézis, Browder, 1979, Theorem 1 using
fi = du;/d|p| therein. For convenience of the reader, we give the proof.

Let f € H}(Q)™ N L*(2)™ be given. Using standard arguments, there is a sequence
{fatnen C C§°(Q) such that f, — f in Hy(Q)™ and || fallze@m < | fllre@m. In
particular, we have (up to a subsequence) f,, — f pointwise q.e. and, thus, pointwise
|u|-a.e. on €. This shows that f is |u|-measurable and f € L*(|u|)™. The esti-
mate |fn(w)|rm + [f(w)|rm < 2 f||fec(ym holds q.e. and, thus, |u|-a.e. on . Hence,
2| fll oo ()m is |p|-integrable and dominates the function |f — fy|rm. Thus, we get

15 = Fullsxguye = |17 = falem dlu =0

by the dominated convergence theorem. This shows f, — f in L'(|u|)™. Finally, we
have

(s £ r=1(@ym 13 @)m < (s Jn) -1(Qpm 11 (@)m = /Q(fm W )rm dp| — /Q(f, )R d

The first limit follows from f,, — f in HZ ()™ and the second one by f, — f in L'(|u[)™
and p' € L>(|ul)™.
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6. Pointwise constraints in vector-valued Sobolev spaces

Now, let f € HE(Q)™ be given. The formula (6.4.4) follows from

(s Tnt £ -1 (@pm giym = Hm | (T f, e dfpl,

M—o0 JO

(s =1 (@ym m@ym = Hm

since Ty f — f in HJ ()™ and by Ty f € HE(Q)™ N L®(Q)™ we can use (6.4.2) for
Ty f.

We emphasize that, in general, we cannot pass to the limit under the integral in (6.4.4).
Although we have Ty f — f pointwise |u|-a.e., we cannot find an integrable function
dominating Ty f, since f may not belong to L'(|u|), see Section 6.B. We also refer
to Brézis, Browder, 1979, Example 2, which shows that (6.4.3) does not hold for all
f e Hy(Q)™.

With this preparation, we are able to compute the normal cone. A similar characterization
can be found in Grun-Rehomme, 1977, Théoréme 3, but there the Lebesgue decomposition
of the measure p € T¢(u)® is used.

Theorem 6.4.3. Suppose 0 € int(C). For u € C we have

Te(w)® = {p € HH Q™A MQ)™: i/ (w) € To(u(w))® for |u|-a.a. we Q}.

Proof. Since (C — u)° = T¢(u)°, it is sufficient to show

(C—u)°={pec H Y™ N MQ)™: i (w) € To(u(w))® for |ul-a.a. we Q}.

“57 Let u € H-H(Q)™NM(Q)™ be given such that p/(w) € To(u(w))® for |ul-a.a. w € Q.
For v € C we have by using (6.4.4)

(o v = W p-soym m@ym = M (T (v —w), )R dlp| < 0.

Here, we employed (T (v(w) —u(w)), ' (w))gm < 0 for [ul-a.a. w € Q since v(w) —u(w) €
To(u(w)), T (v(w) — u(w)) € To(u(w)) and 1/ (w) € To(u(w))® for |pl-a.a. w € Q. This
shows p € (C — u)°.

“C”: Let p € (C —u)° be given. Now, let h € Hj(Q)™ with [|h||e@ym < 1 be given.
Since B, (0) C C for some r > 0, we have £rh € C. Now,

<,u, +rh— u>H—l(Q)m7H01(Q)m <0
implies

1
ks 1) 1@y s @ym | < Aty @) s (@ym 3 @)
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6.4. Characterization of the normal cone

This shows
[Pl @y

. (1, U>H*1(Q)m,Hé(Q)m

(1t B) =1 (@ym, a2 (@)m] <

for all h € HY(Q)™ N Co(2)™. By the Riesz representation theorem, we obtain that s is
a regular Borel measure, i.e., p € H-1(Q)™ N M(Q)™

Now, let h € C§°(€22),0 < h <1, M € Nand v € C bearbitrary. Then, h Tys(v—u)+u € C
and by Lemma 6.4.2 this yields

0> <u, hTM(’U — u) +u— U>H—1(Q)m,Hé(Q)m
(1, h Ty (v — ))H—l(Q)m,Hl(Q)m
/h Wrm dlu]  Vh e C(92),0 < h < 1.

Using a mollification argument and (T (v — u), p/)grm € L®(|u]), we get
0> / h(Tas(v — ), il )gem dlu| VA€ Cu(Q),0< h < 1.
Q

Here, C.(2) is the space of continuous functions whose support is compact in Q. By
scaling, we can drop the upper bound h < 1. Owing to Rudin, 1987, Theorem 3.14,
C.(Q) is dense in L?(|u|), thus

02 [ h(Ty(o —w, whemdinl  Vh e ()0 < b
Q
This yields (T (v — w(w)), p'(w))gm < 0 for [pl-a.a. w € Q. Since M € N was arbitrary,

(w
this yields (v — u(w), p'(w )) < 0 for |ul-a.a. w € Q. Since v € C was arbitrary, this
yields p/(w) € To(u(w))® for |,u| -a.a. w € (.

Note that the above theorem does not use any result from Section 6.3.

By the bipolar theorem, we also obtain a characterization of the tangent cone.

Theorem 6.4.4. Suppose that 0 € int(C) and let u € C be given. Then,

Te(u) = {v € HH(Q)™ : v(w) € To(u(w)) q.e. in Q}.

Proof. From Lemma 6.3.1 we obtain
Te(u) C {v € HH(Q)™ : v(w) € To(u(w)) q.e. in Q}.
From Theorem 6.4.3 and the bipolar theorem, we infer

Te(u) = {p € HHQ)™ N M@Q)™ : i (w) € To(u(w))® for |ul-a.a. we Q}°.
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6. Pointwise constraints in vector-valued Sobolev spaces

Now, a direct calculation yields

{ve HY Q)™ : v(w) € Te(u(w)) q.e. in Q}
cl{pe HH )™ MQ)™: i/ (w) € Te(u(w))® for |u|-aa. we Q}°

and this shows the claim.

The following remark compares the techniques and results from Section 6.3 and Sec-
tion 6.4.

Remark 6.4.5. In Section 6.3 as well as in Section 6.4, we obtained a characterization
of the tangent cone of C, and both sections used rather different techniques. Whereas in
Section 6.3 we directly approximated v € 7¢(u) by feasible directions (which was rather
subtle), we used the bipolar theorem in Section 6.4, which required to work with vector
valued measures in H~!(Q)™. To this end, the novel representation result (6.4.4) was
crucial.

In the next section, we use similar arguments as in Section 6.3 to show the polyhedricity
of C (under additional assumptions). Since elements in (7¢(u) N pt)° might not be
measures, the technique of Section 6.4 cannot be used.

Finally, we highlight that the technique in Section 6.3 requires Assumption 6.3.3 to be
satisfied, whereas in Section 6.4 the weaker assumption 0 € int(C) is sufficient. It is not
clear whether the arguments of Section 6.3 can be adapted if Assumption 6.3.3 fails, but
we still have 0 € int(C).

6.5. Polyhedricity under LICQ

In this section, we consider the polyhedricity of C. Recall, that C is called polyhedric
w.r.t. (u,pn), where u € C, u € Te(u)®, if

Re(u) N pt is dense in Te(u) N opt.

To this end, we put an additional assumption on C' C R™.

Assumption 6.5.1. There exist N € N and n; € R™, b; € (0,00) for i = 1,..., N, such
that
C={zeR": (z,n))gm <b;Vi=1,...,N}.

Further, we assume that the linear independence constraint qualification (LICQ) is
satisfied, that is, the family {n; : (z, n;)grm = b;} is linearly independent for all x € C.

Note that Assumption 6.5.1 implies 0 € int(C), since we required b; > 0.
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Throughout this section, we fix u € C and p € Te(u)°.

First, we provide a characterization of 7¢(u) Nt which does not require Assumption 6.5.1
to be satisfied.

Lemma 6.5.2. We have v € T¢(u) N pt if and only if
v(w) € Te(u(w)) forga. we  and (v(w), f'(W))gm =0 for |p|-a.a. we Q.

Here, |p| is the total variation of u and y' the Radon-Nikodym derivative of p w.r.t. |ul,
see Section 6.4.

Proof. From Theorem 6.4.4, we obtain
v € Te(u) = v(w) € To(u(w)) for qa. w € .
It remains to show the equivalence
veput = (v(w), p'(W))gm =0 for [pl-a.a. w e Q.

for all v € Te(u).
To this end, let v € T¢(u) be given. Due to

v(w) € To(u(w)) and  p'(w) € Te(u(w))® for |ul-a.a. w e Q,
see Lemma 6.4.1 and Theorem 6.4.3, we find
(v(w), (W) gm <0 for |pul-a.a. we Q.

For M > 0, the truncation T)sv, see (6.4.2) for the definition of T}y, is given by

Tyv(w) = min(l7 v(w).

M
\v(w)lﬂw)

The factor min(1, Iv\%)
as M — oo. Hence, the function ¢ : (0,00) — R, defined via

is monotonically increasing in M and converges to 1 pointwise

. M
g(M) = <,u,, TMU>H—1(Q)"L,H5(Q)M :/ mln(L W) (v’ H/)R"L d|,U,|7

Q

is monotonically decreasing, takes non-positive values and g(M) converges towards
(u, fU>H—1(Q)m’Hé(Q)m as M — oo by Lemma 6.4.2.

Hence, we get the chain of equivalences
vept — lim g(M) =0 — VM >0:g(M)=0
M—o0
— (v(w), t' (W) gm =0 for |u|-a.a. we Q.

Note that the last “=” follows from min(1
lpl-a.a. w e Q.

’M%) > 0 for q.a. w € 2 and hence for
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As in Section 6.3, we start with a truncation argument.

Lemma 6.5.3. Each function v € 7¢(u) Nt can be approximated in H} ()™ from
functions in

Te(w) Nt 0 L2(Q)™

Proof. Let v € Te(u)Nu® be given. For M > 0, we show that Tyv € Te(u)NutNLe(Q)™.
Then, the claim follows from Theorem 6.A.2. By definition, we have Thv € L* ()™

Since v € Te(u), we have v(w) € To(u(w)) for q.a. w € Q. This yields (Tyv)(w) =
Ty (v(w)) € Te(u(w)) for q.a. w € Q since To(u(w)) is a cone. By Theorem 6.4.4 we find
Tyv € Te(u).

Finally, (u, TMU>H_1(Q)m7H&(Q)m = 0 follows from
(v(w), g (w))gm =0 for |u|-a.a. w € Q,

see Lemma 6.5.2.

Now, by using Assumption 6.5.1, we can show that

Re(uw) N pt is dense in Te(u) Nt N L(Q)™

Lemma 6.5.4. Assume that Assumption 6.5.1 is satisfied. Let v € T¢(u)NputNL>(Q)™
be given. Then, v can be approximated in H{(£2)™ by functions in Re(u) N pt.

Proof. W.l.o.g. we assume |n;|gm =1 for all i € {1,...,N}. By h; : C — R™ we denote
the Lipschitz continuous functions from Lemma 6.C.1.

In order to apply Lemma 6.3.6, we define for i € {1,..., N} and ¢ > 0 the sets
M= {weQ: (u(w), nirm > b; — 5}
and f' := (v, n))rm € HI(Q) N L>®(Q). Then, the assumptions of Lemma 6.3.6 are
satisfied and we find f € H}(Q) N L>®(Q) with fi — f"in HJ(Q) as § \, 0,
fi<0 qe. on M} and fi=0 qe on Min{weQ: fi(w)=0}.
Moreover, the L>(2)-norm of f} is bounded by the L°°(Q)™-norm of v.
Now, we define

N N

Vs =V + Z(ﬁ - fz) hz(u) =v+ Z(fg - (v’ ni)Rm) hl(u)

=1 =1

Since h; is globally bounded and Lipschitz continuous, we get vs € Hg ()™ N L>®(Q)™,
see also Lemma 6.A.1.
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We proceed by showing the weak convergence of vs towards v in H}(2)™. Since we have
fi— f5 in HY(Q) as § \, 0, we find vs — v in Wol’l(ﬂ)m. Further, we can show that vs
is bounded in H{ ()™, and this yields vs — v in H}(2)™.

As a next step, we show vs € Re(u) N put.

We denote by M, & the constants from Lemma 6.C.3 and by L the largest Lip-
schitz constant of the functions h;. From now on, we assume & < 5. We set
A= min{2NLM HUHLoo(Q)m)*l,(SHv(;HZ(}o(Q)m} and show u + Avs € C. By owing
to Lemma 6.C.3, we find that for i € {1,..., N} and for q.a. w € M}, there exists & € C,
such that

(Z, nj)rm =b; and |u(w) — Zlrm < M (b; — (u(w), n;)rm).

In particular, we have (h;(Z), n;)rm = d;;. Hence, we have for i € {1,..., N} and for
g.a. w € Mg the estimate

(u(w) + Avs(W), 1) g = (W(w) + Av(W), 1) g
N A
+A D (@) = (@) (hy (w(w)), 74
j=1
< (u(w) + Av(w), ) g
N
+ A 3 (@) = P (@) (), 74) g
j=1
+ AN 2||v|| oo (ym L M (b — (u(w), ni)rm)
< (w(w) + A0(w), 1) g + A (f5(W) = f1(w))
+ (b — (u(w), ni)rm)
= A (0(), 1) g + A (f5(w) = (v(w), mi)rm) + bi < bi.
On the other hand, for i € {1,..., N} and for q.a. w ¢ M}, we have
(u(w) + Avs(w), 1) g = (W), ni)rm + X |vs]| Loo(ym < bi — 0 46 = b;.

This shows u + Avs € C.

Now, we show (1, vs) gr-1(Qym 1 (ym = 0. By Theorem 6.4.3, we have W (w) € To(u(w))®
for |ul-a.a. w € Q. By v € Te¢(u), Theorem 6.4.4 and Lemma 6.4.2, we have
(v(w), p/(w))rm = 0 for |ul-a.a. w € Q. Moreover, there exist functions «; : Q@ — [0, 00),
such that a;(w) = 0 if (u(w), ns)gm < b; and g/ (w) = N, a;(w) n; holds for |u|-a.a.
w € 2. We do not claim that the functions «; are measurable. Hence, we have

N N

0= (v(w), W' W)z =) ai(w) (V(w), ni)rm =) ai(w) f(w). (6.5.1)

i=1 =1
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6. Pointwise constraints in vector-valued Sobolev spaces

Note that a; = 0 on 2\ M¢ and f* > 0 on M{¢. Thus, all summands in (6.5.1) are
non-negative and we have for |ul-a.a. w € Q

aiw)#0 = weMand filw)=0 = fi(w)=0.

Moreover, w € M if and only if (u(w), n;)gm = b;, which implies (h;j(u(w)), ni)rm = d;;
for all j =1,..., N. This shows

N N

ai(w) (vs(w), ni)em = Y ai(w) D (L = ) (hy(uw)), ni)rm

=1 7=1

.

-
I
N

(vs(w), 1 (w))rem

ai(w) (fs = f) =0

.

.
Il
—

for |pl-a.a. w € Q. By using Lemma 6.4.2, we get
{ts v8) =1 @)m 3 (@)m = /Q(Ué, 1 )rm dlp| = 0.

Hence, we have vs € Re(u) N pt.

It remains to show that v can be approximated strongly in H}(Q)™ by functions in
Re(u) N pt. The set Re(uw) Nt is convex and vs — v in H(Q)™. Owing to Mazur’s
lemma, there is a sequence in Re¢(u) N ut which converges strongly in H} () towards v.

By combining Lemma 6.5.3 and Lemma 6.5.4, we obtain the main result of this section.

Theorem 6.5.5. Assumption 6.5.1 implies that C is polyhedric w.r.t. all v € C and
e To(u)°.

It is expected, that C is polyhedric, if C' C R™ is a polyhedral set (i.e., a finite intersection
of closed half-spaces), but we were not able to prove the result in this generality. In
particular, the violation of LICQ impedes the existence of the functions h; and these
functions are crucial in the proof of Lemma 6.5.4.

6.6. Optimal control of a string in a polyhedral tube

In this section, we consider the optimal control of a string whose deflection is constrained
by a polyhedral tube. We apply the results of the previous sections and show that a
local minimizer satisfies a system of strong stationarity. For simplicity, we consider the
two-dimensional situation m = 2.

For a given length L > 0, we set 2 = (0, L). Due to Q C R}, we have cap(A4) > 0 for all
A C Q, A+# 0. Hence, the notion of “quasi-everywhere” is equivalent to “everywhere”.
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6.6. Optimal control of a string in a polyhedral tube

The deflection of the string is modelled by y € Hg(Q)2. If we apply a force u € L?(£2)2,
the unconstrained deflection y would satisfy the differential equation

—Ay=u in (), y=0 in {0,L}.

Now, we choose a polygon C' C R? satisfying 0 € int(C) and consider a string which is
constrained to the tube {2 x C. Then, the deflection of the constrained string is given by
the solution of the energy minimization problem

1
Minimize / B \Vyh%z — (v, u)ge dw
Q
such that y(w) € C for a.a. w € Q.

The unique solution y = S(u) of this problem is characterized by the (necessary and
sufficient) optimality conditions

?JGC, 567&(3/)07 Ay—u+£:07

where A : H}(Q)? — H~1(Q)? is given by
(Ay, v) g-1()2 3 (@)2 = /Q(Vy, Vo)ge dw.

For a given objective f : H}(Q)? x L?(2)? — R, which is assumed to be Fréchet differen-
tiable, we consider the optimal control problem

Minimize f(y,u) (6.6.1a)

with respect to y € Hy ()% u € L*(Q)?, ¢ € H1(Q)? (6.6.1b)
such that y e C (6.6.1c)

£ e Tel)y (6.6.1d)

Ay—u+¢=0. (6.6.1¢)

Using additional assumptions on the objective f, we may deduce the existence of global
solutions by standard arguments, but this will not be discussed here.

The main result of this section is the following optimality system.

Theorem 6.6.1. Let (7,%,¢) be a locally optimal solution of (6.6.1). Then, there exist
p € HY(Q)? and p € H~1(Q)?, such that the system

fy(ga ’EL) —|—,U +A*p

0, —p €T NE, (6.6.2a)
fuly,u) =p =0,

we (Te() nés)” (6.6.2D)

is satisfied. Here, f,, f, denote the partial derivatives of f, w.r.t. y and u, respectively.
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6. Pointwise constraints in vector-valued Sobolev spaces

Proof. First, we remark that every polygon in R? can be described by affine constraints
which satisfy LICQ. Hence, Assumption 6.5.1 is satisfied and we can apply Theorem 6.5.5
to obtain the polyhedricity of C.

Now, we can argue as in the proof of Mignot, 1976, Proposition 4.1 and get the existence
of p€ HY(Q)? and p € H~1(Q)?, such that the system (6.6.2) is satisfied. We also refer
to Hintermiiller, Surowiec, 2011, Theorem 4.6 and Section 1.6.1 for different approaches
to obtain this optimality system.

Using the nomenclature from finite dimensions, the system (6.6.2) is of strongly stationary
type. For the extension of the finite-dimensional nomenclature to infinite dimensions, we
refer to Section 1.5.4.

For a characterization of the critical cone T¢ (i) N &+, which appears in (6.6.2), we refer
to Lemma 6.5.2. Recall that we may replace “quasi-everywhere” in Lemma 6.5.2 by
“everywhere” due to  C R'. However, the polyhedricity of C which is established via
Theorem 6.5.5 is a delicate issue even in dimension one.

Finally, we give a higher-dimensional application by means of a simplified phase-field
model. The domain which is occupied by the m + 1 phases is Q C R%. The concentration
of phase 7 is denoted by y; and, thus, we have y; > 0 and ng{l y; = 1. Further, we
assume that we have the Dirichlet boundary condition y; = 1/(m + 1) on 0f2 for all i.
Now, we eliminate the phase m + 1 via ypm+1 = 1 — >_i%; s, and replace each phase y;
by y; — 1/(m + 1). Then, the phase-field vector (y1,...,ymn) belongs to the simplex

1 o 1
C.—{l’ER x> e and ;ng m—i—l}
and satisfies the homogeneous Dirichlet boundary condition y = 0 on 02. It is easy to
check that this set C satisfies Assumption 6.5.1 and thus we can proceed as above to
obtain a higher-dimensional application of Theorem 6.5.5.

6.A. Nemytskii operators on Sobolev spaces

First, we provide a result that Nemytskii operators associated with globally Lipschitz
continuous functions f : R™ — R™, map H(Q)™ to HI()". A more general result
is provided in Marcus, Mizel, 1973, Theorem 2.1 in case §2 satisfies the cone condition.
Since we are only interested in the case of functions with zero trace, we can drop the
assumption on €.

Lemma 6.A.1. Let Q C R? be a bounded open set. We assume that the function
f : R™ — R™ is globally Lipschitz continuous and f(0) = 0. Then, the associated
Nemytskii operator T', which is defined for functions u : 2 — R™ via

(T'u)(w) = f(u(w)),
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6.A. Nemytskii operators on Sobolev spaces

maps H ()™ to HE(Q)"™ and there is a constant ¢ > 0, such that ||TuHHé(Q)n <
c ||u||HO1(Q)m holds for all u € HZ(Q)™.

Proof. Since © is bounded, there is R > 0, such that Ur(0) := {w € R? : |w|ga < R}
contains Q. We identify u with its extension by zero and get u € H}(Bg(0))™. Since
Br(0) satisfies the cone condition, we can invoke Marcus, Mizel, 1973, Theorem 2.1, and
obtain T'u € H'(Bg(0))". Following the proof, we also find the bound ||T"u|| g1(g, ) <
c|lull g1 (Br(0y)m-

It remains to show (T u);q € H()™. Since u € H§(Q2)™, its extension by zero belongs to
H'RY™ and u = 0 q.e. on R\ Q, see Heinonen, Kilpeldinen, Martio, 1993, Theorem 4.5.
By using f(0) = 0, this shows Tu = 0 q.e. on R?\ Q and thus, by using Heinonen,
Kilpelidinen, Martio, 1993, Theorem 4.5 again, we have T u € H{(Q)™.

Finally, we provide a chain rule for the truncation of vector-valued Sobolev functions.
Similar to the classical argument in the scalar-valued case, we use a smooth approximation
of the truncation and pass to the limit by using the dominated convergence theorem.

Theorem 6.A.2. Let Q C R? be a bounded open set. For M > 0, we define the
truncation Ty : R™ — R™ by

x, if |x|gm < M,
x, if |x|gm > M.

. M
Ty(x) = mm(l, m) T = {

Then, the associated Nemytskii operator, which is denoted by the same symbol, maps
HE ()™ to itself and for all u € H}(Q)™ we have

|z|rm

)
&uk( M w)i(w)
_ Jasu), if u(w)[pm < M,
T e 2w (w) + A (W) Y (W) 5w (w), if u(w)|gm > M
[u(w)|gm Owy [uw(@)Bm j=1%J By, Li\W)s R

for almost all w € Q. Moreover, Ty u — u in HE(Q)™ as M — oo.

Proof. Let u € H}(2)™ be given. By Lemma 6.A.1, we get Thyu € Hg (2)™. Next, we
prove the expression for V(T u). Since Ty is not differentiable on the set {z € R™ :
|x|gm = M}, the chain rule of Marcus, Mizel, 1972, Theorem 2.1 is not applicable.
Thus, we are going to provide a differentiable approximation T, of Tys. For o € (0,1),
we define m? : R — R via

g+, ifr<1-—o,
m(z) =¢1-L (1-2)% fl-o<z<]l,
1, if 1<z,
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6. Pointwise constraints in vector-valued Sobolev spaces

which is a differentiable approximation of x +— min(1,z). We find

1, ifr<1l-o,
m?)(z) =311 ~-=), ifl-o<z<l,
0, if 1 <a.

Now, a differentiable approximation 7§, : R™ — R™ of T} is given by

)

Ty () = ma(|lem

The partial derivatives of the components of T, are

9 M M M
—(Typ)i(x) = m? dij — (m”)’ e, Tt
8%( )i(@) <|x‘Rm) i = (m7) (|xh1gm) El

where ¢;; is the Kronecker delta. Here and in what follows, we use the conventions

M ur M N M
m <’$|Rm) =0 and (m )’(W)mxixj =0

in case |z|gm = 0. By Lemma 6.A.1, we find T;u € H}(Q)™. Since T is differentiable,
we can apply the chain rule of Marcus, Mizel, 1972, Theorem 2.1 and obtain

8 m
(%Jk (Tyrw)i( Z

/‘\
Q?‘%
E/

As an candidate for the derivative a (Thru)i, we define

M 0
i (W) = mo(m) kaui(w)

— (mP M M - (w
) (e T "4 )2l ) i )

where the scalar functions m® and (mP°)’ are defined by

1, ifz<l,

m®(z) = min{1, 2}, (m")(z) = {0, if x> 1.
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6.A. Nemytskii operators on Sobolev spaces

Since m?(z) — m®(z) for all x € R, we get T, u — Thyu — 0 a.e. in Q. Moreover, this
difference is dominated by

M
— ) u(w) = m° \u(w)TgJ u(w)|

o M o
< |m (W) - mO(m)\ [u(@)lrm < 3 lu(w)lzn,

where we used |m?(x) —m®(z)| < 0/2 for all o € (0,1) and = € R. By the dominated
convergence theorem, we get ||T7u(w) — Thru(w) m — 0.

]Rm

Iz

Since (m?)(z) — (m°)(x) for all z € R, we similarly get %(T]‘\}u)i(w) — vpi(w) = 0
for a.a. w € Q. Note that

|(m®) (x) — (m®)(z)] |z] < 1

for all o € (0,1) and = € R. Hence,
= (T§)i(w) = ki ()

M M )
< Im (o) =™ (o g )
M M M
o)~ " o)

+ ‘(ma)/(

(w) |%m z:: &Uk

o, 0 1 s 0
<3 ’@“i(wﬂ + @) B |u;(w)] ;\Uj(w)’ \kaug‘(wﬂ

o, 0 0 o\ 1/2
5 ’kaui(wﬂ + (]leawkuj(w)' ) :
Thus, we can apply the dominated convergence theorem and obtain

— 0.
L2(Q)

| 5o (TR0 = v

Finally, for ¢ € C5°(€2) we find
Vg dw < i(T u); dw = /8 (THu)idw — — 9 (Thu); dw
o ¥k 0¥ Buy o M Q Quy” M Q By " M

Hence,

0

T
8wk( Mu)

Vgi =

and this shows the first part of the claim.
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6. Pointwise constraints in vector-valued Sobolev spaces

It remains to show Thyu — u in HE(Q). The convergence Tyu — u in L*(Q) is clear.
Using
m%(z) —1| <1, and |(m°)(z)z| <1,

for all x > 0, the difference of the derivatives can be bounded by

) )
o (Tar)i(w) = 5 i)
M )
:pw(wwmw)_l“agmwﬂ
M M m
+[(m? (hdwﬂ )’htwﬂ%m %; Owk us ()
< Iaikul(wﬂ + Wl)’%m ZuJ &%u w)‘

< |yl |+(Z\8w )”2

Hence, we can apply the dominated convergence theorem and obtain Th;u — u in
Hg ()™

Remark 6.A.3. In the proof of Theorem 6.A.2, it is also possible to use different smooth
approximations of Thy, e.g.,

x, ifx <1,
mo(x) =¢14+% - L (14+0-2)% ifl<z<l+o,
1+ ¢, if 1+ 0 < a.
Similarly, we obtain
i (z) —m’(z)| <o/2  and (A7) (x) = () (2)] |z < 1

for all o € (0,1) and « € R and the arguments of the proof carry over. However, there is
the crucial difference

(m7)'(1) =0# 1= (m7)'(1).
Thus, by using the approximation m?, the arguments of the proof of Theorem 6.A.2 lead
to

0
o D)

_{ﬁﬂMﬁ if [u(w)|gm < M,

W agkUZ(w) + W ui(w) Z;n:l U’J( ) Don u](w), if Ju(w)|gm > M
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6.B. Decomposition of measures in H~(Q)

for a.a. w € Q for all u € H}(Q)™. Together with the result of Theorem 6.A.2, this
shows

1 m
5 V(|ulzm) = Zuj Vu;j =0 a.e. on the set {w € Q: |u(w)|gm = M}.
j=1

Note that, in case m = 1, this reduces to the well-known formula
Vu=0 a.e. on the set {w € O : Ju(w)| = M}

for u € H}(Q).

6.B. Decomposition of measures in H1(Q)

In this section, we give a counterexample which shows that the positive part of a measure
in H=1(Q), i.e. of an element of H~1(Q2) N M(£2), may not belong to H~1().

Let Q = U;1(0) C R? be the (open) unit ball. We denote by d; the uniform line measure
which is located at the radius 7 € (0,1) and with total mass 27 (i.e., line density 1/7).
Note that §; € H~1(Q) N M(Q) for 7 > 0.

By (—Ag)~! we denote the solution mapping associated with the Laplace equation with
homogeneous Dirichlet boundary condition on €. It is easy to check that

log(1/7), ifr <7,
log(1/r), ifr > 7.

Here and in the sequel, we use r = \/z2 + y2. We find

0 (2.1) 0, if r <7,
——vi(2,y) =
or Y —1/r, ifr>*#,

and, thus,
0 1
2 _ 2 _ 2 _ _ o
lor @ = [ Vo d(@y) = [ (Gol?d(.y) =27 [ 1/rdr =27 log(1/7)

Now, let ¢ € (0,1) and a sequence {c;}2; C RT be given. We set r; = ¢'. We define a
sequence {u} C H~1(2) N M(Q) by

k
HE = Zci (Oras — Orais)s
i=1

where {¢;} is a sequence of positive numbers. Since all line measures have mass 2, the
sequence {u} is a Cauchy sequence in M(Q) if and only if {¢;} is summable.
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6. Pointwise constraints in vector-valued Sobolev spaces

In order to compute the H~!(Q)-norm of sy, we set

v = (—D0) " g

and have
HUkHHg(Q) = HMkHH*l(Q)-
Since
G/ if i S < i— ith ¢ ]-7"'7k7
9 lny) = cifr, ifrg; <r <rg;_q withie{ }
or 0, else,

we find for n < k

It = -1 @) = 1o = 0l ) = [ 190 = )l ()

k
:/Q(;ﬁ(vn—vk))Qd(a:,y):%r Z 022/ —dr
k

r2i-1 ]
21 r

i=n+1 r

) k
=27 Z ? log(ril_l) =27 log(1/q) Z 2.
0

i=n+1 ¢ i=n+1
Hence, the sequence {j} is a Cauchy sequence in H~1(€) if and only if {¢;} is square
summable.

In case {¢;} is summable, the limits of uy in H~1(Q) = H}(Q)* and M(Q) coincide,
since C§°(12) is a dense subspace of H{ () and of Cp().

Now, we choose ¢; = iP for some —3/2 < p < —1. Then ¢; is summable and, thus, square
summable. Hence, {y} is a Cauchy sequence in H—1(Q) and M(Q) and we set

o0
= i = i (Opy; — Opyy 1)
n kg{)lo,uk ;Cz( ro r22—1)

Since the mapping v + v is continuous on M (), the positive part of p is given by

[o¢]
+ _
o= Zcz- Ory ;-
i=1

Now, we show that u* is not bounded w.r.t. the HE(Q2) norm on Co(Q) N H ().
Let ¢ € C3°(Q2) with 0 < ¢ <1 and ¢ = 1 on B,(0) be given. For 0 < s < 1/2, the
function
v(z,y) =log(1/r)" ¢(z,y)
belongs to HE(Q).
For given M > log(1/q)®, we consider the truncation vy := min{v, M} of v at M and

have
M r < exp(—MY?),

v(z,y) 7> exp(—MY?),

oy (z,y) = {
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6.C. Lemmas on polyhedral sets satisfying LICQ

Moreover, vy — v in H(Q) as M — oc.
But

(o)

, UM>H—1(Q)’H5(Q) =27 Zci v (rai)
i=1
n(M) n(M)

>2r Z ci log(1/¢*")® = 2m log(1/¢%)° Z iPrs
i=1

where n(M) = | M'/#/(2 log(1/q))]. Note that n(M) — oo as M — co and, hence,

n(M)
(), OM) -1 (), HL (@) = 27 log (1/¢%)° Z PP — 00

(u*

as M — oo if p+ s > —1. Note that for all p € (—3/2,—1), we can choose s € (0,1/2)
such that p+ s > —1.

This shows that 4™ € M(£2) is not bounded on H{(2) N Co(Q) w.r.t. the HE(Q)-norm.

A similar reasoning shows that v ¢ L!(x"). Indeed, if v would belong to L'(u™), v would
be integrable and dominates vy; and, thus,

oo>/vdu+: lim /deu+:
Q M—o0 JQ
Similarly, we can show v & L(|ul).

Remark 6.B.1. We have constructed a counterexample in dimension d = 2. The
construction can be adopted to dimensions d > 2.

In dimension d = 1 however, we have H}(2) < Cp(£2) and this embedding is continuous
and dense. Hence, we obtain M(Q) = Co(Q)* — H}(Q)* = H1(Q). Thus, the positive
part of a measure belongs to M(£2) and, in turn, to H~1(£2). Therefore, it is not possible
to construct a similar counterexample in dimension d = 1.

6.C. Lemmas on polyhedral sets satisfying LICQ

In this section, we provide some results for polyhedral sets. In the first lemma, we con-
struct Lipschitz continuous functions satisfying (6.C.1). The existence of these functions
is crucial in Section 6.5 to infer the polyhedricity of C.

Lemma 6.C.1. We define the set
C:={zeR":(z,n))gpm <b;Vi=1,...,N},

where n; € R™, b; € R are given for ¢ = 1,..., N. Further, we assume that LICQ is
satisfied, that is, the family {n; : (z, n;)rm = b;} is linearly independent for all z € C.
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6. Pointwise constraints in vector-valued Sobolev spaces

Then, there exist functions h; : C' — R™, i =1,..., N, which are globally bounded and
Lipschitz continuous, and

(hl(ﬂf), n]’)Rm = 6ij Vi, j € {1, .. .,N},ﬂ? € Fj. (601)

Here, F; is the facet corresponding to inequality j, i.e., Fj := {x € C': (z, nj)rm = b;},
and ¢;; is the Kronecker delta.

Proof. Step I: Triangulation of C.

First, let L denote the orthogonal complement of the lineality space of C. Then, C' =
L+ 4 (C'N L) and all faces of C N L have at least one vertex (i.e., extreme point), cf.
Griinbaum, 1967, 2.5.6. Then, following Clarkson, 1987, p. 200, we find a triangulation
T ={Sk:k=1,...,K} of CN L, see also Clarkson, 1985. That is, C N L = Ule Sk
and each Sy is a generalized dim(L)-simplex, i.e., Sy = conv{vlk lNzll(k) + Cone{rf€ f\fl(k),
such that Ny(k) > 1, No(k) > 0, Ny(k) + Na(k) = dim(L) + 1, all v} are vertices of C N L
and all rf are extremal rays of C'N L, see Clarkson, 1985, Section 4 for details. Moreover,
if Sk, N Sk, is not empty, it is a common face of S, and S, .

Step II: Definition of h;.

Let v be a vertex of C'N L. By the linear independence assumption, we can find vectors
hi(v) € R™, such that (h;(v), nj)rm = 0;; for all j satisfying v € F};. For any generalized
simplex Si, we extend h; to conv{vlk}lN:ll(k) linearly (note that each Sy has at least
one vertex). Then, we extend h; to Sk by h;(v+ r) := h;(v) for v € conv{vlk}fill(k)
re cone{rf}fvzz’l(k). Let us check that h; is well defined on C'N L. If z € Sy, N Sk,, this
intersection is a common face of S;, and Sj,. Hence, Si, N Sk, is the convex hull of
some common vertices and some common extremal rays. Since h; is well defined on the
vertices of C'N L, and extended linearly to S, and Sy,, both definitions of h;(x) coincide.

)

Since h; is piecewise affine on C N L and continuous, it is Lipschitz continuous. The
boundedness of h; follows since the range of h; is contained in the convex hull of {h;(v) :
v is a vertex of C'N L}.

Finally, we set h;(z) := h;(2) for x € C, where # € CNL and  — & € L*. The Lipschitz
continuity and the boundedness of h; on C' follows.

Step I1I: Verification of (6.C.1). Let « € F} be given. By definition we have h;(x) = h;(Z),
where 2 € CNL and © — & € L. Tt is easy to check that n; € L and, thus, we have
(&, nj)rm = (z, nj)rm. This shows & € Fj. The point £ € C'N L belongs to Sy, for some
ke {1,...,K}. Hence, h;(Z) is a convex combination of {h;(v) : v is vertex of S, N F}}.
This shows (hi(x), nj)rm = (hi(Z), nj)rm = 6;j, since (h;(v), nj)rm = d;; for all vertices
v of S N Fj.

In the next lemma, we show that LICQ even holds for constraints which are almost
active.

222




6.C. Lemmas on polyhedral sets satisfying LICQ

Lemma 6.C.2. Suppose that the assumptions of Lemma 6.C.1 are satisfied. Then,
there exists > 0, such that the family {n; : (z, n;)rm > b; — 0} is linear independent
for all x € C.

Proof. As in the proof of Lemma 6.C.1, we denote by L the orthogonal complement of
the lineality space of C' and have

C=L"+ (CNL)= Lt + conv{v;}j=1. n, +cone{r;}ti=i__ n,,

where v; and r; are the vertices (extreme points) and extreme rays of C'N L, respectively,
see Schneider, 2014, Corollary 1.4.4.

In a first step, we use a compactness argument to show that the assertion holds for
all z € V := conv{vj}j=1n,. Let x € V be arbitrary. By assumption, the family
{ni : (x, n;)gm = b;} is linear independent. Since there are only finitely many inactive
constraints, there is d, > 0, such that for alli =1,..., N we have

(z, nj)gm =b; <= (x, nj)rm > b; — 20y,

and, hence, the family {n; : (x, n;)rm > b; — 20, } is linear independent. By continuity
of the scalar product, we find e, > 0, such that for alli =1,..., N and all z € U, (z) =
{y e R™: |y — z|gm < .} we have

(z, ny)rm =b; <= (&, nj)rm > b; — 0.

Hence, the family {n; : (Z, n;)gm > b; — 0, } is linear independent for all z € U, (x). Now,
{Ue,(z)}zev is an open cover of the compact set V' and there exists a finite subcover.
We denote by § the minimal &, correspondmg to this subcover and obtain 6 > 0. This
shows that the family {n; : (z, n;)gm > b; — (5} is independent for all z € V.

Now, an arbitrary point € C can be written as ¢ = ¢+ v +r with ¢ € L+, v € V
and r € cone{r;};—1 . n,. Since Lt is a subspace and cone{r;j}j—1 . N, is a cone, we get
(¢, nj)gm = 0 and (r, ny)gm <0 for alli=1,..., N. Hence, (z, n;)gm > b; — ¢ implies

bi —0 < (z, nj)gm = (L + v+ 71, nj)rm < (v, nj)rm < b;.

This shows {n; : (z, ni)gm > b; — 8} C {n; : (v, ng)gm > b; — 8} and the latter family is
linear independent by the first step of the proof.

Finally, we show that if the constraint ¢ is almost active for a point x € C', there exists a
point in the neighborhood of  in which the constraint ¢ is active.

Lemma 6.C.3. Suppose that the assumptions of Lemma 6.C.1 are satisfied and let
5> 0 be given from the previous lemma. Then, there is a constant M > 0, such that
x € C and (z, n;)gm > b; — $ implies the existence of # € C such that (x, nj)grm = b;
and |z — Z|gm < M (b; — (z, ni)gm).
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Proof. For each subset I C {1,..., N}, for which {n;}ics is linear independent, we choose
vectors {pjl }jer, such that

(p]I-, ni)Rm = 52']' for all 4,5 € I.

We set M = maxy ;7 |p! |gm.

For z € C, we set I(z) = {i € {1,...,N} : (2, nj)gm > b; — 6}. We prove the claim
by backward induction over the number of elements #I(x) in the set I(x). The case
#1(x) > m cannot appear since {n; : i € I(z)} are linear independent vectors in R"™.
Now, let x € C be given and suppose that the claim already holds for all & € C with
#I(Z) > #I(z). Let i € {1,...,N} be given, such that (z, nj)gm > b; — . Then, we
have i € I(z) by definition. Moreover,

Rm ifjel )
(o4 68, ny)g, = { @ 2R T EL@N)
(@, nj)rm +t if j = 1.

If o + Tpf(x) € C for T =b; — (x, n;)gm, we can use & = x + Tpil(x). Otherwise, there
is a smallest ¢ > 0, such that I(z + tpl-l(x)) is strictly larger than I(x). By the induction
hypothesis, we find Z € C, such that (Z, n;)gm = b; and

‘x —|—tpf($) — i‘Rm <M (bi — (x +tp¢1(x)a ni)RM)'

This implies

@ #|p + 0l < M (b — (2 + tp) ™

|z — Z|gm < |$+tpf
<M (bz — (CL‘, ni)Rm -1 +t) =M (b’L - ('Ia ni)Rm)‘

) ni)Rm) +tM

This shows that the claim holds for z and this finishes the induction step.
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Theses

(1)

It is possible to transfer the local decomposition approach for finite-dimensional
MPCCs to the infinite-dimensional case. This leads to optimality conditions (cf.
Section 1.5), which possess a reasonable strength in the polyhedric case.

Using an additional linearization argument, this technique can also be used in the
non-polyhedric case. This leads to new results for problems with second-order and
semidefinite complementarity constraints, cf. Sections 2.5 and 2.6.

In the general case, the system of strong stationarity is not a necessary optimality
condition for the optimal control of the obstacle problem with control constraints.
However, under some conditions on the data of the problem, we can still prove its
necessity, Chapter 3.

Currently, it is not clear whether M-stationarity is a necessary optimality condition
for the optimal control of the obstacle problem with control constraints. We use
a non-smooth regularization technique and, under a very mild assumption on the
sequence of multipliers, we arrive at a system of M-stationarity, see Chapter 4.
Otherwise, we show the necessity of a system of C-stationarity.

The concept of polyhedricity is of importance in infinite-dimensional optimization
theory. We generalize this concept to n-polyhedricity and prove that sets with
lower and upper bounds in Banach spaces with a lattice structure are n-polyhedric
for all n € N, c¢f. Theorem 5.4.18. Moreover, we provide counterexamples showing
that the intersection of polyhedric sets may fail to be polyhedric.

We demonstrate that sets of the form
C:={ve H} Q™ :v(w) € C for almost all w € Q}

are polyhedric in H}(Q)™ provided that C C R™ is a polyhedron with 0 € int(C)
which satisfies LICQ, cf. Theorem 6.5.5.
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