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Abstract

Structured nonsmoothness is widely present in practical optimization problems. A particu-
larly attractive class of nonsmooth problems, both from a theoretical and from an algorith-
mic perspective, are nonsmooth NLPs with equality and inequality constraints in abs-normal
form, so-called abs-normal NLPs.

In this thesis optimality conditions for this particular class are obtained. To this aim,
first the theory for the case of unconstrained optimization problems in abs-normal form of
Andreas Griewank and Andrea Walther is extended. In particular, similar necessary and
sufficient conditions of first and second order are obtained that are directly based on classical
Karush-Kuhn-Tucker (KKT) theory for smooth NLPs.

Then, it is shown that the class of abs-normal NLPs is equivalent to the class of Mathe-
matical Programs with Equilibrium Constraints (MPECs). Hence, the regularity assumption
LIKQ introduced for the abs-normal NLP turns out to be equivalent to MPEC-LICQ. More-
over, stationarity concepts and optimality conditions under these regularity assumptions of
linear independece type are equivalent up to technical assumptions.

Next, well established constraint qualifications of Mangasarian Fromovitz, Abadie and
Guignard type for MPECs are used to define corresponding concepts for abs-normal NLPs.
Then, it is shown that kink qualifications and MPEC constraint qualifications of Man-
gasarian Fromovitz resp. Abadie type are equivalent. As it remains open if this holds
for Guignard type kink and constraint qualifications, branch formulations for abs-normal
NLPs and MPECs are introduced. Then, equivalence of Abadie’s and Guignard’s constraint
qualifications for all branch problems hold.

Throughout a reformulation of inequalities with absolute value slacks is considered. It
preserves constraint qualifications of linear independence and Abadie type but not of Man-
gasarian Fromovitz type. For Guignard type it is still an open question but ACQ and GCQ
are preserved passing over to branch problems. Further, M-stationarity and B-stationarity
concepts for abs-normal NLPs are introduced and corresponding first order optimality con-
ditions are proven using the corresponding concepts for MPECs.

Moreover, a reformulation to extend the optimality conditions for abs-normal NLPs to
those with additional nonsmooth objective functions is given and the preservation of regu-
larity assumptions is considered. Using this, it is shown that the unconstrained abs-normal
NLP always satisfies constraint qualifications of Abadie and thus Guignard type. Hence, in
this special case every local minimizer satisfies the M-stationarity and B-stationarity con-
cepts for abs-normal NLPs.

Keywords: nonsmooth optimization, abs-normal NLPs, MPECs, kink and constraint
qualifications, optimality conditions
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Kurzzusammenfassung

Nichtglattheiten, die einer gewissen Struktur gehorchen, treten in zahlreichen Anwendungs-
problemen auf. Eine besonders interessante Klasse, sowohl von der theoretischen als auch
von der algorithmischen Seite her, sind nichtglatte Optimierungsprobleme mit Gleichungs-
und Ungleichungsbedingungen in Abs-Normal Form, sogenannte Abs-Normal NLPs.

In der vorliegenden Dissertation werden Optimalitdtsbedingungen fiir eben diese Klasse
hergeleitet. Dazu wird erst einmal die Theorie fiir unbeschriankte Abs-Normal NLPs von
Andreas Griewank und Andrea Walther erweitert. Insbesondere erhdlt man notwendige und
hinreichende Optimalitdtsbedingungen erster und zweiter Ordnung, welche direkt auf den
klassisichen Karush-Kuhn-Tucker (KKT) Bedingungen basieren.

Danach wird gezeigt, dass die Klasse der Abs-Normal NLPs &quivalent zur Klasse der
MPECs ist. Daher folgt, dass die Regularitdtsbedingung LIKQ, welche fiir Abs-Normal
NLPs eingefithrt wurde, dquivalent zur Regularitdtsbedingung MPEC-LICQ ist. Auflerdem
sind die Stationaritéts- und Optimalitdtsbedingungen unter diesen Regularitdtsbedingungen
bis auf technische Voraussetzungen dquivalent.

Im Weiteren werden dann bekannte MPEC-Regularititsbedingungen im Sinne von Man-
gasarian Fromovitz, Abadie und Guignard genutzt, um entsprechende Konzepte fiir Abs-
Normal NLPs zu formulieren. Dann wird gezeigt, dass die Regularitdtsbedingungen im Sinne
von Mangasarian Fromovitz und Abadie fiir MPECs und Abs-Normal NLPs dquivalent sind.
Da dieses jedoch fiir Bedingungen im Sinne von Guignard bisher weder gezeigt noch wider-
legt werden kann, werden Branch-Probleme fiir Abs-Normal NLPs und MPECs eingefiihrt.
Dann kann Aquivalenz zwischen ACQ and GCQ fiir alle Branch-Probleme gezeigt werden.

Im Verlauf wird wiederholt eine Reformulierung von Ungleichungen mithilfe von Betrags-
slacks betrachtet. Diese erhilt Regularitdtsbedingungen im Sinne linearer Unabhéngigkeit
und von Abadie, aber nicht im Sinne von Mangasarian Fromovitz. Fiir Regularitit im
Sinne von Guignard kann dies bisher weder gezeigt noch widerlegt worden. Wird hier
jedoch zu den Branch-Problemen iibergegangen, gilt die Aquivalenz fiir ACQ and GCQ.
Im Weiteren werden dann M- und B-Stationaritédtskonzepte fiir Abs-Normal NLPs einge-
fihrt und entsprechende Optimalitdtsbedingungen erster Ordnung bewiesen. Hierzu werden
die entsprechenden Konzepte fiir MPECs benutzt.

Auflerdem wird eine Reformulierung, um die Optimalitdtsbedingungen auf Abs-Normal
NLPs mit nichtglatter Zielfunktion zu Ubertragen, angegeben und die Erhaltung der Regu-
laritdt untersucht. Damit wird dann fiir das unbeschriankte Abs-Normal NLP gezeigt, dass
Regularitdtsbedingungen im Sinne von Abadie und Guignard stets gegeben sind. Somit er-
fiillt in diesem Spezialfall jedes lokales Minimum die Bedingungen fiir die Abs-Normal NLP
Konzepte von M-Stationaritdt und B-Stationaritét.

Stichworte: Nichtglatte Optimierung, Abs-Normal NLPs, MPECs, Regularitdtsbedin-
gungen, Optimalitdtsbedingungen
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Chapter 1

Introduction

1.1 Motivation

As a motivating example for nonsmooth constraints in optimization models, gas networks
are considered and discussed in more detail here; this is based on [18]. The network topology
is represented as a directed graph G' = (V, A) with node set V' and arc set A. Every node
u € V has a pressure p,, a temperature T, and gas quality parameters X,. Here for
example the heating value H, is contained. Similarly, every arc a € A has a mass flow qq,
two temperatures Tg i, and T}, o+ (at head and tail) as well as a gas quality parameter X,.
A first example is the mixing and propagation of gas quality parameters. Here, it is assumed
that gas flows entering node u mix perfectly and that the mixed gas quality parameter X, is
a convex combination. Moreover, for ease of notation, it is assumed that no external inflow
resp. outflow in nodes occur. Then, the mixing equation reads

O:Xu Z(ja - ZqAaXaa

aGIu CLEZu

where Z,, denotes the set of inflow arcs and ¢, = %—‘2 the molar inflows. This can be refor-
mulated with help of the maximum function and gives

0=X, | Y max(0,ds) | — { > max(0,ds)Xa |,

a€6u CLEéu

where d,, denotes the set of all incident arcs. Then, the mixed gas parameters are propagated
to all outflow arcs. This reads

O:Xu_Xm aEOu,

where O, denotes the set of all outflow arcs. Similarly, this can be restated using the
minimum function and gives

0 = min(qq, 0)(Xy — Xg), a € dy.
Analogous conditions are obtained for the mixing and propagation of temperature. This

gives

0="T, (> max(0,ds) | — | > max(0,4a)Tuin | and 0=min(Ge,0)(Ty — Toin)-

G,E(Su aE(Su
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T; T,
> o)

Figure 1.1: Compressor Station (schematic overview); based on [18]

T‘in Tout

-{ resistor resistor heater

Figure 1.2: Control Valve Station (schematic overview); based on [18]

Here, the additional assumption of identical heat capacities for entering gas are made.

A second example is the sensitivity control of temperature which occurs for example in
compressor and control valve stations. The schematic overviews are depicted in figure 1.1
and figure 1.2. If gas is transported through a pipeline network it experiences pressure
drop. This is due to friction loss which is caused by roughness of the inner pipe wall. Then,
compressor stations increase the pressure which leads to increasing temperature caused by
the Joule-Thomson-effect. Thus, an additional cooler (here modeled as cooling of the outlet
gas) is needed to keep the temperature below a treshold Tout:

Tout = min(Tout’ ,Tzn)

The similar situation occurs in control valve stations. They reduce the inflow pressure in a
controllable way and thus the temperature is decreased. Hence, a gas heater is needed to
keep the temperature above a treshold 1,,,;:

Tin)-

TOUt = max(zouta

Similar constraints involving the absolute value, maximum and minimum functions arise
in many applications from engineering, economics and other areas. Then, combining such

constraints and models with a task (for example cost minimization) gives rise to so-called
level-1 nonsmooth optimization problems

min  f(z)
s.t. g(z) =0,
h(z) >0,

where f: D¥ — R smooth and g: D*¥ — R™ h: D¥ — R™2 for D* C R" are composed
of smooth functions and the absolute value. Here, only the absolute value is considered
as the maximum and the minimum function can be recast in terms of it. Then, g and A
can be formulated in abs-normal form, which was introduced in [7]. This leads to so-called
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abs-normal NLPs

iy f@)

st ce(x,|z]) =0,
cz(z, |z]) = 0,
cz(z,|z]) —2 =0,

where Oycz(x,|z|) is strictly lower triangular and cg, ¢z and cz are smooth with respect to
x and |z|. In order to solve these problems, one is interested in optimality conditions for this
particular class of nonsmooth optimization problems.

1.2 Literature

Nonsmooth optimization deals with problems where the objective function and/or con-
straints are not differentiable everywhere. It dates back to the 1960s and early 1970s where
subdifferentials and optimality conditions were introduced by R.T. Rockafellar in his book
[22] which is still a standard reference. In the mid-1970s and later on more subdifferentials
and quasidifferentials as well as corresponding optimality conditions were introduced, for
example by Clarke or Mordukhovich. These concepts can be found in the books [3] and [20].

More recently, Griewank and Walther considered in [8] unconstrained finite-dimensional
nonlinear optimization problems where the nonsmoothness is caused by possibly nested oc-
currences of the absolute value function. As both the Clarke and the Mordukhovich necessary
condition fail at the simple example min(z,0), they derived different optimality conditions
without involving subdifferentials. The key idea in this approach is to formulate the func-
tion in the so-called abs-normal form which was introduced by Griewank in [7]. Then, they
extended the LICQ of smooth optimization to the so-called linear independence kink qualifi-
cation (LIKQ) and also first and second order optimality conditions to their setting. In [10],
the regularity concept of LIKQ was relaxed to the Mangasarian-Fromovitz kink qualifica-
tion which is a regularity assumption for first order convexity. Additionally, Griewank and
Walther obtained in [11] optimality conditions without any regularity assumption. More-
over, the formulation in abs-normal form leads to a natural algorithm of successive abs-linear
minimization with a proximal term (SALMIN) which achieves a linear rate of convergence
under suitable assumptions [10]. It is based on piecewise linearizations and uses algorithmic
differentiation techniques. A first version of this algorithm called LiPsMin was implemented
and tested in [4]. Then, in [9] the inner solver was improved using an active signature stra-
tegy which is similar to active set strategies in smooth optimization. This provides further
opportunities for development of the solver.

Another important class in optimization are Mathematical Programs with Equilibrium
Constraints (MPECs). Therein, all functions are smooth but complementary constraints
0 <u L v > 0 occur. This leads to kinked feasible sets and thus standard theory for
smooth optimization problems cannot be applied. Thus, new constraint qualifications and
corresponding optimality conditions were introduced. By now, there is a huge amount of
these concepts. Therefore only those needed later will be mentioned here and it is referred
to [25] for the definition of even more MPEC constraint qualifications. One important
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concept is a constraint qualification of linear independence type, MPEC-LICQ, under which
local minimizers are strongly stationary. A weaker constraint qualification of Mangasarian
Fromovitz type is MPEC-MFCQ and a weaker stationarity concept is B-stationarity for
MPECs. These concepts were introduced by Scheel and Scholtes in [23] and by Luo, Pang
and Ralph in [19]. Other weaker constraint qualifications are Abadie’s and Guignard’s
constraint qualifications for MPECs. Under these all local minimizers are M-stationary
points as was shown by Flegel in [5] which is another weaker stationarity concept.

There is a substantial body of literature on other areas of nonsmooth optimization in
finite and infinite dimensions. None of them are adressed here since the focus of this thesis
is entirely on the abs-normal problems and MPECs mentioned above.

1.3 Contributions

This thesis provides optimality conditions for the class of abs-normal NLPs.

First, the theory of Griewank and Walther in [8] is generalized to abs-normal NLPs.
In particular, the linear independence kink qualification (LIKQ) is extended and first and
second order necessary and sufficient optimality conditions for the abs-normal NLP are
obtained. As in the unconstrained case, this is achieved by applying standard KKT theory
to suitable trunk and branch problems that satisfy the LICQ whenever the abs-normal NLP
satisfies the LIKQ. Here, inequality constraints can be tackled via a reformulation as equality
constraints using absolute value slacks. This is due to the fact, that LIKQ is preserved under
this reformulation.

Next, it is shown that the class of abs-normal NLPs is equivalent to the class of MPECs.
Then, regularity and stationarity concepts of both classes are compared. In particular,
equivalence between LIKQ and MPEC-LICQ is proven in both formulations of inequality
constraints. Next, equivalence of kink stationarity and strong stationarity and thus of first
order necessary conditions is shown. Then, equivalence of positive (semi-)definiteness of the
associated reduced Hessians is proven under additional assumptions. This gives correspon-
dences of second order necessary and sufficient conditions.

Then, kink qualifications of Mangasarian Fromovitz (IDKQ), Abadie (AKQ) and Guignard
(GKQ) type both for the standard formulation and for the reformulation with absolute value
slacks are considered. In particular, it is shown that constraint qualifications of Mangasarian
Fromovitz type are equivalent for abs-normal NLPs and MPECs but that they are not pre-
served under the slack reformulation. Whereas, constraint qualifications of Abadie type are
equivalent for abs-normal NLPs and MPECs and preserved under the slack reformulation.
For constraint qualifications of Guignard type equivalence cannot be proven so far but only
certain implications. However, when considering branch problems of abs-normal NLPs and
MPECs, equivalence of constraint qualifications of Abadie and Guignard type is obtained,
even under the slack reformulation. Next, Mordukhovich and linearized Bouligand type sta-
tionarity concepts for abs-normal NLPs are introduced and first order optimality conditions
are proven using the corresponding concepts for MPECs.

Further, the possible extension to level-1 nonsmooth objective functions is considered
throughout this thesis. Here, the idea is to replace the objective function by an additional
variable. This leads to an additional equality constraint and thus the problem is reformulated
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as an abs-normal NLP. In particular, it is proven that LIKQ, IDKQ, AKQ and GCQ for all
branches are preserved under this reformulation. Thus, optimality conditions for abs-normal
NLPs with nonsmooth objective functions can be obtained using the results for MPECs.

Also, so-called unconstrained abs-normal NLPs (the setting of Griewank and Walther in
[8]) are considered. In this case it is proven that MFKQ is weaker than MPEC-MFCQ and
that AKQ as well as GKQ hold always. The latter implies directly that every local minimizer
is stationary in the sense of Mordukhovich and linearized Bouligand.

Publications During the work on this thesis, the publications [17, 14, 13] and the preprints
[15, 16] were contributed. Note that [13] as a conference paper summarizes results of [14]
and is therefore not referenced in the following. Parts of chapter 2 are based on [17], parts
of chapter 3 are based on [17, 15], parts of chapter 4 are based on [14, 15] and parts of
chapter 5 are based on [14, 15, 16].

1.4 Outline

This thesis is structured as follows. In chapter 2 basic concepts of nonlinear smooth opti-
mization, unconstrained abs-normal NLPs and MPECs are introduced. Then, the theory for
unconstrained abs-normal NLPs is extended to general abs-normal NLPs in chapter 3. First,
abs-normal NLPs with a smooth objective function and without inequality constraints are
considered. In particular, the linear independence kink qualification (LIKQ) as a fundamen-
tal regularity condition is formulated. Next, necessary and sufficient optimality conditions of
first and second order for the abs-normal NLP are derived. Then, the results are transfered
to abs-normal NLPs with inequality constraints using a reformulation as equality constraints
via absolute value slacks. Further, abs-normal NLPs with a nonsmooth objective function
are considered and it is shown that and how the optimality conditions can be transfered. In
chapter 4 the equivalence of the class of abs-normal NLPs and MPECs is shown. Moreover,
relations between regularity assumptions of linear independence type for the direct han-
dling of inequality constraints as well as for the reformulation with absolute value slacks are
proven. Then, the stationarity concept for abs-normal NLPs is compared to S-stationarity for
MPECs and also optimality conditions for both problem classes. Next, LIKQ and MFKQ are
considered for the special case of an unconstrained abs-normal NLP and relations to MPEC-
LICQ and MPEC-MFCQ are given. In chapter 5 the well-known theory for MPECs is used
to formulate weaker kink qualifications of Mangasarian-Fromovitz, Abadie and Guignard
type. Relations between them are proven for both formulations of inequality constraints.
Then, M- and abs-normal-linearized B-Stationarity for the abs-normal NLP are formulated
and corresponding first order conditions are proven using MPECs. Further, the extension of
these weaker kink qualifications to abs-normal NLPs with a nonsmooth objective function
is considered. Using these results the special case of unconstrained abs-normal NLPs are
examined next. Finally, in chapter 6 the results of this work are summarized and future
research directions are sketched.
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1.5 Notation

By 0; the partial derivative with respect to the i-th argument will be denoted and by J,
the derivative with respect to the variable y. Further, Ps € RISI*$ denotes the projector
onto the subspace defined by S C {1,...,s}. The notation f € C? is used to denote that
a function f is d times continuous differentiable. Thus, it is assumed that d € N>o U {oo}
holds.

Throughout this thesis open domains D of functions are considered. A superscript index
denotes the corresponding variable, for example D* C R" is the open domain of the variable
x € R™. Further, the term D!l C R*® is used to denote the open and symmetric domain
of a so-called switching variable z € R®. Here, symmetric means that ¥z € DI?l holds for
all z € DI*l and ¥ = diag(c) with o € {~1,0,1}*. Thus, 0 € DI*l and |z| € DI hold in
particular. Further, the short-hand D=2l for D* x DIl is used.

In the following, the relations <, >, < and > as well as the functions | - |, max(-,-) and
min(-,-) are considered componentwise.



Chapter 2
Basic Concepts

This chapter introduces the basic concepts of the fields of optimization which are part of this
thesis. In particular, smooth nonlinear programs (smoothNLPs) are studied in section 2.1.
Then, unconstrained abs-normal NLPs (unNLPs) are presented in section 2.2 and mathe-
matical programs with equilibrium constraints (MPECs) in section 2.3. In all three sections
the problem class is introduced and regularity assumptions as well as optimality conditions
are stated.

2.1 Nonlinear Smooth Optimization

This section presents the basic concepts of nonlinear smooth optimization. Herein, the
smooth nonlinear program is considered which is presented in subsection 2.1.1. Then, the
linear independence constraint qualification is defined in subsection 2.1.2 and optimality con-
ditions are given in subsection 2.1.3. Finally, weaker constraint qualifications are discussed
in subsection 2.1.4.

This section is based on [21], [2] and [6].

2.1.1 Formulation

First, the smooth nonlinear program is defined.

Definition 2.1 (Smooth NLP). Let D be an open subset of R" and &, 7 disjoint finite index
sets. The smooth NLP reads

min f(a)
st. ce(x) =0, (smoothNLP)
cz(z) = 0,

with the objective function f € C%(D,R), the vector of equality constraints ce € C4(D,R™)
and the vector of inequality constraints cz € C*(D,R™2) for d > 1. Here, m; = |&| and
mg = |Z| hold and the relation > is defined componentwise. The feasible set of (smoothNLP)
is defined as

F:={xe€D:cg(x) =0, cz(x) > 0}.
A point z € D is called feasible if x € F.

A local minimizer of (smoothNLP) is defined next.
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Definition 2.2 (Local Minimizer). A point z* € D is a local minimizer of (smoothNLP) if
z* € F and there exists a neighborhood N of z* such that f(z*) < f(z) for all z € N N F.
A point z* € D is a strict local minimizer of (smoothNLP) if z* € F and there exists a
neighborhood N of z* such that f(z*) < f(z) for all z € N N F with z # z*.

2.1.2 LICQ

To state optimality conditions for (smoothNLP) a regularity assumption is needed. This
leads to the definition of the linear independence constraint qualification which is given in
this subsection.

For this purpose, the active inequality set is defined.

Definition 2.3 (Active Inequality Set). Consider a feasible point z of (smoothNLP). The
inequality constraint ¢ € Z is called active if ¢;(x) = 0 holds and inactive otherwise. The
active inequality set A(x) consists of all indices of active inequality constraints,

A(z) :=={i € T: ¢;(x) = 0}.

The previous definition deviates from standard literature in considering only inequality
constraints. This is done to simplify notation in the following chapters.

Definition 2.4 (Active Jacobian). Consider a feasible point z of (smoothNLP) and set
A = A(x) and c4 = [¢;]ica. The active Jacobian is

c R(mrﬁ-\A\)Xn'

It is composed of the equality-constraints Jacobian

Je(x) := Opce(x) € R™*"
and of the active inequality-constraints Jacobian

JA(x) = Opea(z) € RHAXT,

Definition 2.5 (LICQ). Consider a feasible point = of (smoothNLP). One says that the
linear independence constraint qualification (LICQ) holds at z if the active Jacobian

e R(mit|A)xn

has full row rank m; + |A|.

If LICQ holds at z, a matrix whose columns are a basis of ker(J(z)) will be denoted by
U(x) € R*[=(mitAD Thus, ker(J(z)) = im(U(z)) holds.
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2.1.3 Optimality Conditions

In this subsection optimality conditions under LICQ are stated.
For that, the Lagrangian function of (smoothNLP) is introduced.

Definition 2.6 (Lagrangian function). The Lagrangian function of (smoothNLP) is defined
as

Lz, A p) = f(z) + A eg (@) — pler(a).
The vectors A € R™! and p € R™?2 are called Lagrange multiplier vectors.

Note that this deviates from [21] in sign of the Lagrange multiplier vector A. This has
no consequences on the following theory as the vector of equality constraints cg can be
multiplied by —1 without changing (smoothNLP).

Now, optimality conditions for (smoothNLP) can be stated. They form the basis to
formulate optimality conditions for particular nonsmooth optimization problems in chapter 3.

Theorem 2.7 (First Order Necessary Conditions). Assume that x* is a local minimizer of
(smoothNLP) and that LICQ holds at x*. Then, there exist Lagrange multiplier vectors \*
and p* such that the following conditions are satisfied:

O L(x*, N, 10*) =0 (stationarity), (2.1a)
ce(z™) =0, (2.1b)
cz(z*) >0 (primal feasibility), (2.1c)

w* >0 (nonnegativity), (2.1d)
(u)ler(z*) =0  (complementarity). (2.1e)

Proof. A proof may be found in [21, Section 12.4] and more details in subsection 2.1.4. [

The conditions (2.1) are also called Karush-Kuhn-Tucker conditions (in short KKT con-
ditions). If the conditions (2.1) are satisfied, =* is called stationary point and the triple
(z*, \*, u*) KKT point.

Lemma 2.8. Assume that (x*, \*, u*) is a KKT point and that LICQ holds at x*. Then,
the Lagrange multiplier vectors A* and p* are unique.

Proof. The condition (2.1a) reads
F1(@*) + (W) pce(a*) — ()T dpez(z™) = 0.

Conditions (2.1d) and (2.1e) imply uf = 0 for i ¢ A(z*). With the notation A = A(z*),
Wiy = [1f]ica and c4 = [ci]ica this gives

(@) + (A Ogce (27) — (1) Ouca(a®) = 0

which can be written as

—f'(@")" = [Guce ()T Dpca(a®)T ] Mol=aer| |
“Ha “Ha
Then, the vectors \* and p* are unique because the matrix J(z*)T has full column rank by
LICQ. O
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Before second order conditions are presented, a special case of complementarity is defined.

Definition 2.9 (Strict Complementarity). Assume that (z*, A\*, ©*) is a KKT point. One
says that strict complementarity holds if pf > 0 for all i € A(z*). In other words, either
pr =0 or ¢;(z*) = 0 holds for each index i € Z but not both.

The necessary and sufficient second order optimality conditions for (smoothNLP) are given
in the next two theorems.

Theorem 2.10 (Second Order Necessary Conditions). Consider (smoothNLP) for d > 2.
Assume that x* is a local minimizer and that LICQ holds at x*. Denote by A\* and p* the
unique Lagrange multiplier vectors and assume further that strict complementarity holds at
(x*, \*, u*). Then,

U(z*)TH(z*, N, p*)U (z*) > 0,
where H(z*,\*, u*) = 02,L(x*, \*, u*) € R™<",
Proof. A proof may be found in [21, Section 12.5]. O

Theorem 2.11 (Second Order Sufficient Conditions). Consider (smoothNLP) for d > 2.
Given a feasible point x*, assume that LICQ holds at x*. Assume further that Lagrange
multiplier vectors N* and p* exist such that the first order necessary conditions (2.1) are
satisfied with strict complementarity at (z*, \*, u*) and that

Uz H(z*, N, 5*)U (z*) > 0.
Then, x* is a strict local minimizer of (smoothNLP).

Proof. A proof may be found in [21, Section 12.5]. O

Under some additional assumptions the second order conditions are not needed, for ex-
ample, if all functions are linear. Then, the necessary first order conditions are sufficient for
x* to be a global minimizer due to convexity of (smoothNLP). Besides, LICQ is no longer
required as the desired regularity follows directly by linearity of the constraints.

Theorem 2.12 (First Order Necessary and Sufficient Conditions for linear functions). Given
(smoothNLP), assume that f, ce and cz are linear. Then, x* is a global minimizer if and
only if there exist \* and p* such that the conditions (2.1) are satisfied.

Proof. A proof may be found in [21, Section 13.1]. O

Another special case is that the number of equality and active inequality constraints is
equal to the dimension. Then, the second order conditions are trivial and thus always
satisfied.

Corollary 2.13 (First Order Sufficient Conditions for m; + | A| = n). Given (smoothNLP)
for d > 2, assume that my + | A| = n holds. Consider a feasible point x* and assume that
LICQ holds at x*. Then, x* is a strict local minimizer of (smoothNLP) if there exist \* and
w* such that the conditions (2.1) with strict complementarity at (z*, \*, u*) are satisfied.

Proof. As m; + |A| = n holds, the matrix U(z) is empty. Thus, Theorem 2.10 gives the
result. O

10
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2.1.4 Weaker CQs

In this subsection the regularity assumption LIC(Q is weakened. To this aim a closer look at
concepts which are substantial for the proof of Theorem 2.7 is taken.
First, the tangential and the linearized cone are defined.

Definition 2.14 (Tangential and Linearized Cone). Given (smoothNLP), consider z € F.
The tangential cone to F at x is defined as

T(z):={§ €R": 37, \,0, F 2z — x such that 7, ' (v — z) — J}.

Here, the notation 75 N\, 0 means that the sequence {7} }ren € Rsq converges to 0. Further,
F 3z, — x is short-hand for that the sequence {zy}reny C F converges to .
Set A = A(z) and c4 = [cilica. The linearized cone is defined as

T () := {6 € R™: Oyee(2)T6 =0, dpea(z)’6 > 0}.

In the previous definition the term cones was used for the sets 7 (z) and 7% (z). The
formal definition of a cone is given next; here 0 is always an element of the cone. But, note
that this is handled differently across literature.

Definition 2.15 (Cone). A set C' C R™ is called cone if ac € C for every element ¢ € C
and all o € Rzo.

By definition of the sets 7 (x) and 7'"(z) it follows directly that they are cones in the
sense of the above definition.
Without any regularity assumption the following necessary condition holds.

Theorem 2.16. Assume that x* is a local minimizer of (smoothNLP). Then,
F@)T6>0 forallseT(z%). (2.2)
Proof. A proof may be found in [21, Theorem 12.3] or in [2, Proposition 3.3.15]. O

The condition (2.2) is called Bouligand stationarity or B-stationarity.
The next theorem converts the KKT conditions into a condition on the linearized cone.

Theorem 2.17. Assume that x* is a local minimizer of (smoothNLP). Then, there exist
Lagrange multiplier vectors X* and p* such that the KKT conditions (2.1) are satisified if
and only if

f'(@)T6 >0 forall § € TH(z").

Proof. A proof may be found in [2, Proposition 3.3.14]. O
To combine the previous two theorems the definition of the dual cone is needed.

Definition 2.18 (Dual Cone). Given an arbitrary cone C' C R", the dual cone C* is defined
as
C* :={weR": w'§ >0 forall § cC}.

11
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Thus, under the assumption that 7 (2*)* = T(2*)*, Theorem 2.16 and Theorem 2.17
show that a local minimizer x* of (smoothNLP) is a stationary point. This motivates the
next definition.

Definition 2.19 (ACQ and GCQ). Consider a feasible point z of (smoothNLP). One says
that Abadie’s Constraint Qualification (ACQ) is satisfied at x if

T(z) =T"™(x)
and Guignard’s Constraint Qualification (GCQ) if
T(z)* =T (x)*

It follows directly that ACQ implies GCQ. Moreover, LICQ implies ACQ as can be seen
in [21, Lemma 12.2]. Thus, the proof of Theorem 2.7 follows directly from Theorem 2.16
and Theorem 2.17.

ACQ and GCQ involve the tangential cone and hence both conditions are difficult to
check. A constraint qualification which is easier to check is MFCQ.

Definition 2.20 (MFCQ). Consider a feasible point z of (smoothNLP). One says that the
Mangasarian Fromovitz constraint qualification (MFCQ) holds at x if the equality constraints
Jacobian

Je(z) € RMx™
has full row rank m; and if there exists a vector d € R™ such that

Je(x)d =0 and Ja(z)d > 0.

It is weaker than LICQ but stronger than ACQ as the next lemma shows. This also implies
that under MFCQ every local minimizer of (smoothNLP) is a stationary point.

Lemma 2.21. Consider a feasible point x of (smoothNLP). Then, the following chain of
implications holds at x:

LICQ = MF(CQ = ACQ = GCQ

Proof. Due to LICQ at x the system

with 0 € R™ and e = (1,...,1)T € RMI has a solution w € R™. Thus, MFCQ holds at
with the choice d = w (see [21, section 12.6]). The second implication can be found in [6,
Satz 2.39] and the third implication follows directly by definition of the dual cone. O

12
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2.2 Unconstrained Abs-Normal NLP

In this section the class of unconstrained abs-normal NLPs is presented. Therefore, the abs-
normal form is introduced in subsection 2.2.1 and used in subsection 2.2.2 to formulate the
unconstrained abs-normal NLP. Then, the linear independence kink qualification (LIKQ)
is stated in subsection 2.2.3 and optimality conditions under this regularity assumption
are given in subsection 2.2.4. Moreover, the Mangasarian Fromovitz kink qualification is
formulated in subsection 2.2.5.

This section is based on the work of Griewank and Walther in [7, 8, 10] but deviates in
notation as cz instead of F' is used in the abs-normal form and no short-hand notations
for partial derivatives are introduced. Besides, open domains D* and D!l are considered as
continuous derivatives and the implicit function theorem are needed.

The extension to an m-dimensional abs-normal form (in subsection 2.2.1) and the added
proofs are published in [17].

2.2.1 Abs-normal form

This subsection introduces level-1 nonsmooth functions and their representation in abs-
normal form. It is based on the work of Griewank and Walther in [8]. But here, the
definitions of the case m = 1 are extended to functions ¢: D* — R™ in the spirit of
Griewank’s m-dimensional abs-normal form [7].

First, a level-1 nonsmooth function is defined.

Definition 2.22 (Level-1 Nonsmooth Function). Let D* be an open subset of R™. A
function ¢: D* — R is called level-1 nonsmooth if it can be formulated as a composition of
smooth functions and the absolute value function. A function ¢: D¥ — R™ is called level-1
nonsmooth if all component functions p;: D*¥ — R for ¢ = 1,...,m are level-1 nonsmooth.

Example 2.23. The maximum and the minimum function are level-1 nonsmooth as both
can be rewritten with help of the absolute value function:

1 1
max(z,y) = s(r+y+[z—y[) and min(z,y) = (z+y— |z —y|).

2 2
For an arbitrary level-1 nonsmooth function ¢: D* — R™, one can replace every argument
of an absolute value by variables z;, ¢ = 1,...,s. This can be done from left to right and

from inside to outside if nested absolute value evaluations occur. Moreover, already defined
variables z; can be reused if arguments repeat. Then, ¢ can be expressed as the system

o(x) = f(x,|z|) forall x € D*,
z = cz(x,]2)),

where f: D% x DIFl 5 R™ and ¢z: D* x DI¥l - R® are smooth with DI?l C Rs.

Note that w.l.o.g. 0 € DI*I can be assumed because otherwise the terms |-| would be
irrelevant. Moreover, the partial derivative dacz(x,|z|) is strictly lower triangular by con-
struction because z; can influence z; only for i < j, in other words z; = ¢;(x, |z1],...,|2j-1])
holds.

The next example illustrates this procedure. Note, that it is based on the second Nesterov
variant considered in [11] and modified to illustrate handling of repeating arguments.

13
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Example 2.24. Consider the level-1 nonsmooth function

1 n—1
e:R" =R, p(z) = Z]wﬂ + Z [ Zhy1 — 2]a] + 1]
k=1

Following the described method, it can be rewritten as

1 n—1 .
p(x) = 1|Zl| + > |zok| with zog = zpq1 — 2l22k-1| + 1, 225-1 = @4
k=1

The partial derivative dycz(z,|2|) € R2=1D*2(=1) j5 strictly lower triangular as

—2, if (i,5) = (2k, 2k — 1)

fork=1,....,n—1.
0, otherwise

[Oacz(z, |2])]i; = {

This reformulation motivates the definition of the abs-normal form.

Definition 2.25 (Abs-Normal Form). One says that a function ¢: D* — R™ is given in abs-
normal form if f: D*I?l — R™ and cz: D®/*l — R®, with DI*l C R® open and symmetric,
exist such that

z =cz(z,|z|]) with dacz(x,|z|) strictly lower triangular. 2.3b)
The variables z;, i = 1,...,s, are called switching variables and (2.3b) is called switching

system.

Recall section 1.5: DI*l symmetric means that Xz € DI*l holds for all z € DI*l and
¥ = diag(o) with o € {—1,0,1}".

Further, note that the assumption of Dl open and symmetric is made here. This is due
to the implicit function theorem which is needed in Lemma 2.31.

The switching system (2.3b) provides two ways of computing and characterizing the switch-
ing variables. On one hand the switching variables z; can be computed one by one from x
(and z; with i < j) as the partial derivative dacz(x,|z|) is strictly lower triangular. In the
following the notation z(x) is used to denote this dependence on x explicitly. On the other
hand, z is implicitly defined by the switching system (2.3b).

Definition 2.26 (Class C4 (D%)). Let D* be an open subset of R™. The set of functions

@: D* — R™ in abs-normal form (2.3) with f € C4(D%I*l R™) and cz € C4(D%I?| | R?) is
denoted by C4 (D% R™).

Example 2.27. The maximum and the minimum function are level-1 nonsmooth and can
be reformulated in abs-normal form:

1
max(z,y) = 5(3: +y+ |2|) and min(z,y) = 5(1: + vy — |z|) both with z = x — y.
Moreover, they are elements of Cgp..

14
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Note that the abs-normal form itself is not unique. To show this a closer look at exam-
ple 2.24 is taken.

n—1
Example 2.28. The function ¢(z) = f|z1|+ . |zr41 — 2|zx| + 1| can also be stated as
k=1

1 n—1 .
p(x) = Z\Zlf + Z\kafﬂ with 2z = Tr, Zpak—1 = Tr1 — 2|2k| + 1
k=1
with strictly lower triangular partial derivative dacz(z, |z]) € R2=D*2(=1) given as

—2, if (i,j) = (n+k—1,k)

fork=1,....,n—1.
0, otherwise

[Oacz(, |2])]i; = {

2.2.2 Formulation

Griewank and Walther considered in [8] the unconstrained optimization problem

nin ¢(z)

with D® C R™ open and ¢ € C%4(D*,R) for d > 1.
Then, ¢(z) can be rewritten in abs-normal form:

o(x) = f(z,|2]), cz(z,|2]) = 2.
This leads to the definition of an unconstrained abs-normal NLP.

Definition 2.29 (Unconstrained Abs-Normal NLP). A nonsmooth unconstrained optimiza-
tion problem is called an wnconstrained abs-normal NLP if functions f € C?(D* R) and
cz € C4D%I*I R?) for d > 1 exist such that the NLP can equivalently be stated as

min - f(z, |z])
(z,2)eD:|2] (uHNLP)

st. cz(x,|z|) —2=0,

where DVl is symmetric and dacz(z, |2|) is strictly lower triangular. The feasible set of
(unNLP) is denoted by

Fun = {(x,2) € DV ez(a,|2)) = 2}

As Ozcz(x,|z|) is strictly lower triangular, z can be computed successively from z via cz.
Thus, the feasible set of (unNLP) can be rewritten as

Fun = {(z, z(x)): x € D*}.

Hence, for every x € D” the tuple (z, z(x)) is feasible for (unNLP) without any additional
assumptions.

15
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2.2.3 LIKQ

Griewank and Walther introduced in [8] the linear independence kink qualification (LIKQ)
as the fundamental nonsmooth regularity condition.

First, the solvability of the nonlinear switching system z = cz(z, |2|) is considered. To this
end, the reformulation |z;| = sign(z;)z; is used. This leads to the definition of a signature.

Definition 2.30 (Signature of z). For x € D the signature o(z) and the associated signa-
ture matriz 3(x) are defined as

o(x) :=sign(z(zr)) € {—1,0,1}° and X(z):= diag(o(x)).
If o(z) € {—1,1}° holds, o(x) and X(x) are called definite, otherwise indefinite.
For signatures 0,6 € {—1,0,1}*, the partial order
0= o0& 0i0; ZO’ZZ fori=1,...,s

is used, i.e., §; is arbitrary if o; = 0 and &; = o; otherwise.

Observe that the absolute value can be expressed as |z| = Yz where 6; = sign(z;) for
z; # 0 and arbitrary 6; € {—1, 1} otherwise. The resulting vectors & are exactly the definite
signatures that satisfy the partial order 6 = o(z). Those will be used to define so-called
branch NLPs below. More generally, one can allow arbitrary 6; € {—1,0,1} for z; = 0.
Application of the implicit function theorem to the switching system for z then leads to the
next lemma. Note, that the formal assumptions and the proof were omitted in [8].

Lemma 2.31. Consider (unNLP) and fix & € D*. Let Z = 2(Z), 6 = 0(&) and ¥ = diag (o)
for arbitrary o € {—1,0,1}* with o = &. Then, the switching system z = cz(x,Xz) has
locally a unique solution z%(x) which is d times continuously differentiable with Jacobian

0,2 () = [I — Oacz(x, 227 (x))X] L0cz(z, 227 () € RS*™,

Proof. Set h(zx,z) = cz(z,%2) — z. Then, h(zx,z) € C4D*?||R®) and h(%, %) = 0 holds.
Finally, the partial derivative 0a2h(Z, 2) = Oacz(Z,X2)X — I = 02cz(Z, |Z])X — I is regular
as Ohcz(Z,|2])X is strictly lower triangular. Thus, the assumptions of the implicit function
theorem (see, e.g, [1, Corollary 8.4 in Chapter VII]) are satisfied and it can be applied.
Hence, there exist neighborhoods N** and N* of Z and 2 resp. such that cz(z,%2) — 2 =0
has a unique solution 27(2) € N for all # € N*. Furthermore, 27 is d times continuously
differentiable, i.e. 27 € CHN?® N'?), and the Jacobian is given as

8,27 () = —Bah(x, 27 () "1O1h(x, 2° (x))
= — (Bocz(x, 227 (2))8 — 1) drez(x, D27 (x))
= (I — doez(z, 227 (2))) ' drez(z, 027 ().

16
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By construction, z7(z) = z(Z) and ¥27(Z) = |2(Z)| hold and thus
0,27 (%) = [I = Daez (T, [2())Z] " Orez (T, [2(2))).

Since, z7(x) and its Jacobian 0,2z7(x) are only considered at the point  with associated
signature vector &, the index o on 2% and 9,27 is dropped in the following, writing z(#) and

0y2(7).

Definition 2.32 (Active Switching Variables). Given (unNLP), consider x € D®. The
switching variable z; is called active if z;(x) = 0 and inactive otherwise. The active switching
set a(x) collects all indices of active switching variables,

alx) :={ie{l,...,s}: zi(z) = 0}.

Thus, there are |a(x)| active switching variables and |o(z)| := s — |a(z)| inactive ones.
Definition 2.33 (Active Switching Jacobian). Given (unNLP), consider x € D and set
a=ax), 0 =o(x) and ¥ = diag(o). The active switching Jacobian is defined as

Ja(@) = [ef 0u2()] = [el I = dez(z, [2(2))2] " drez(a, |2()))]

1€a ica

Similar to the smooth case, optimality conditions for (eqNLP) require certain regularity
assumptions. The linear independence kink qualification (LIKQ) provides a strong regularity
guarantee. It reduces to the classical LICQ in the smooth case.

Definition 2.34 (LIKQ). Given (unNLP), consider x € D®. One says that the linear
independence kink qualification (LIK(@) holds at x if the active Jacobian

Jun(w) = Ja(w) = [e;@xz(x)}iea c ]R|a\><n

has full row rank |a|.

If LIKQ holds at x a matrix which columns are a basis for the nullspace of Jy, () is needed
in the following. It is denoted by Uyn(x) € Rx(n—lal)

2.2.4 Optimality Conditions

Griewank and Walther derived in [8] optimality conditions for the minimization of a level-1
nonsmooth function. Note, that their theory is summarized very shortly in this subsection as
the unconstrained abs-normal NLP is a special case of the equality-constrained abs-normal
NLP in chapter 3. There, all concepts are studied in more detail and proofs for the optimality
conditions are given.

Localized Case To obtain optimality conditions, they considered at first a special case: the
localized switching.

Definition 2.35 (Localization). Given (unNLP), consider z € D®. One says that the
switching is localized at x if z(x) = 0 and non-localized otherwise.

17
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Then, the idea is to consider two types of smooth subproblems. The first one is the smooth
trunk problem which is obtained by inserting z = 0 in (unNLP):

min - f(z,0)

st. cz(z,0)=0.

By construction, local minimizers of (unNLP) are inherited by the trunk problem. Thus,
standard theory can be applied to obtain necessary conditions of first and second order.

The second type are the 2° branch problems where the feasible set is divided into the areas
of different possible signs of z. With ¥ = diag(o) for o € {—1, 1} they read as follows:

min f(z,X2)
(z,2)€ D%l
st. cz(z,Xz)—z2=0,

Yz > 0.

Again by construction, local minimizers of (unNLP) are inherited by every branch pro-
blem. Moroever, a local minimizer of all branch problems has to be a local minimizer of
(unNLP). Thus, standard theory can be applied to obtain first and second order necessary
and second order sufficient conditions.

An appropiate combination of these two sets of conditions leads to the following optimality
conditions for (unNLP).

Note that the switching feasibility is not mentioned explicitly in [8] as it follows directly
from the context. Moreover, formal proofs were omitted.

Theorem 2.36 (First Order Necessary Conditions). Assume that (z*,0) is a local minimizer
of (unNLP) and that LIKQ holds at x*. Then, there exists \* such that the following
conditions are satisfied:

o f(x*,0) + (A)T ez (z*,0) =0 (tangential stationarity),
Do f(x*,0) + (AT ez (2*,0) > [N|T (normal growth,),
cz(z*,0) =0 (switching feasibility).

Theorem 2.37 (Second Order Necessary Condition). Consider (unNLP) ford > 2. Assume
that (z*,0) is a local minimizer of (unNLP) and that LIKQ holds at x*. Denote by \* the
unique Lagrange multiplier vector. Then,

Uun(z) T Hy (2, X ) Uy (2*) > 0

where Hyp(x*, \*) i= 02, Lun(x*, X*) € R™M™ with Lypn(x, N) = f(z) + M ez(x,0).

Theorem 2.38 (Second Order Sufficient Conditions). Consider (unNLP) ford > 2. Assume
that (x*,0) is feasible and that LIKQ holds at =*. Assume further that a Lagrange multiplier
vector \* exists such that the first order necessary conditions are satisfied with strict normal
growth,

Oof (x*,0) + () dacz (2, 0) > (N7,

18
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and that
Uuin(2*)T Hypn (2, X ) Upyn(2*) > 0.

Then, (z*,0) is a strict local minimizer of (unNLP).

Note that the second order conditions are always satisfied if the number of variables is
equal to the number of switchings. Moreover, the second order sufficient conditions need not
to be checked at all if f and cz are linear.

Generalized Case In the non-localized case there are active and inactive switching variables

at the point of interest. For z* € D” the shorthand notations z* := z(z*), ¢* := o(2*) and

o := a(x*) are used. For the inactive components

24 1= (07 2i)igar = (|2il)igar € Rl and o’ = (07)igar

are defined. By construction zy(z*) > 0 holds and z; keeps its positive sign in some
neighborhood of z* for x in some neighborhood B of z*, by continuity of cz. This leads to
the relation

diag(c} )2+ (z) = (2i(2))iga~ for z € B.
For the active components the notations
20 = (2)icar € Rl and  Zp := |2

are used. Then, zp(z*) = 0 holds but no additional information on the sign of zp in the
neighborhood B is given. This leads to the definitions

oo(z) :=sign(zo(z)) € {=1,0,1}*"1 and ag(z) := {i € {1,...,]a*|}: (20(z)); = 0}.
Further, the shorthand notations 27 = z,(z%), 25 = 20(z*) = 0, z; := Zo(2*) = 0 and
of = og(z*) = 0 are used. To partition the switching constraints, the domains DI?| and
D?+ are defined via

DI#l.= p.DFl and D* :={z, ¢ E:_P(a*)cD|Z‘: zy > 0}
where Ps € RISIXs denotes the projector onto the subspace defined by S C {1,...,s} and

Y% = diag(o* ). Using the shorthand notation D®l?0l*+ := B x DI#l x D*  set

e2(z, 70, 74) = cz(z]2]) with ]z:l_[lf_(ﬂ

and further
— (o eTE). od(pelzolzs Rlot] d coi= (eTéx), Ccd(p=leolzr Rl
cy = (07¢€; Cz)igar € C( , ) and c¢o = (e; ¢z)icar € C% , ).

1

Here, II denotes an appropiate permutation matrix.
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Then, (unNLP) can be rewritten in a neighborhood of z* in two different ways. For the
first one, the variables and functions are split. This gives

min f(;UvZUvZJr)
(z,20,21)€D™ 12007+

s.t. co(z,|z0],24) — 20 =0, (24)
ct+(@, |20, 24) — 24 = 0.
To obtain the second one, the implicit function theorem is applied to cy(x, 2o, 24+) = 2.
Note, that the proof was omitted in [8].

Lemma 2.39. For given (unNLP), the switching system c(x, 2o, z4+) = z4 with Zy 1= |2o|
has locally around (x*, z5) = (2*,0) a unique solution zy(x, Zy) which is d times continuously
differentiable with Jacobians

Opzy (2, 20) = [I — B3cq (2, 20, 24 (1, 20))] ~ Orey (2, 2o, 24 (2, Z0)) € RITIX™,
Dzy24 (2, 20) = [I — D3cy (2, 20, 24 (2, 20))) " Doy (2, Z0, 24 (2, Z0)) € RITTIXI07]
Proof. Set h(z,Zo,z4) = cy(x, 2o, 24) — 24, then h(z, Zy, z4) € CH Dbz RITN) with
DI+ open. Moreover, h(z*,0, 2% ) = 0 holds and the partial derivative d3h(z*,0,2%) =
O3cy (2%,0,2%) — I is regular as O3c4 (2,0, 2% ) is strictly lower triangular. Thus, the Im-
plicit Function Theorem (see, e.g, [1, Corollary 8.4 in Chapter VII]) gives the existence of
neighborhoods N#%! and N'*+ of (z*,0) resp. 2% such that ¢, (z,Z, 21) — 24 has a unique
solution z (z,Z) € N*+ for all (z,%) € N®l*l Additionally, z, € CHN®/?l A*+) holds
with first order derivatives
8$Z+ (J:a 20) = _a3h($v 20, Z+ (ZL‘, 20))_181]1(1‘7 20, 2+ (:Ev 20))
= — (Bc4(w, 20, 24 (2, 20)) — 1) ey (@, 20, 24 (x, 20))
= (I — B3¢y (, Z0, 24 (2, 20))) L Orey (x, Zo, 24 (2, Z0))
Dzp24 (1, 20) = —O3h(x, Zo, 24 (, 20)) " Oh(z, Z0, 24 (2, Z0))
= — (Dsc4(w, 20, 24 (w, 20)) — I) ™" Dacy (2, 20, 24 (, 20))
= (I - 83C+(.’B, 20, Z+(£L', 20)))_1 8204—(*% 20, Z+($> 20))

O]

Note that z4(z*,0) = z4(z*) holds. Inserting 24 (z, 2p) into (2.4), the problem reduces to

min f(@, 20, 24 (2, ] 20))
(z,20)EN®:|20] (25)

s.t. co(w, [20], 24 (2, |20])) — 20 = 0.

As in the localized case, trunk and branch problems can be considered for both formula-
tions and standard theory for the smooth case leads to optimality conditions for (2.4) resp.
(2.5). Then, the conditions for both formulations are combined in a suitable way to obtain
a complete set of optimality conditions for (unNLP).

Thus, the first order conditions are derived using the split formulation. Once again, the
switching feasibility is not mentioned explicitly in [8] as it follows directly from the context.
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2.2 Unconstrained Abs-Normal NLP

Theorem 2.40 (First Order Necessary Conditions). Assume that (x*,0, 2} ) is a local min-
imizer of (2.4) and that LIKQ holds at x*. Then, there exists \* = (\§, \}) such that
the following conditions are satisfied, where all functions and their partial derivatives are
evaluated at (x*,0,2%):

nf+ (M) oeo + (N diey =0,

3f + (N 93¢0 + (N [03¢ — 1] =0 (tangential stationarity),
O f + (N daco + (N T dacy > |NGF (normal growth),
cy —27 =0 (switching feasibility).

The Lagrange multiplier vector X* is unique.
Proof. A proof may be found in [8, Proposition 4]. O

Whereas, the reduced formulation is chosen for the second order conditions. Note that
formal proofs were omitted.

Theorem 2.41 (Second Order Necessary Condition). Consider (2.5) for d > 2. Assume
that (x*,0) is a local minimizer of (2.5) and that LIKQ holds at *. Denote by \* = (A§, %)
the unique Lagrange multiplier vector from Theorem 2.40. Then,

Uun(x*)THZn(x*, AS)Uun(x*) >0
where H' (x, \o) = 02,L",.(z, o) with LT (z, o) = f(x,0, 24 (x,0)) + )\gco(az, 0, z4(x,0)).

Theorem 2.42 (Second Order Sufficient Conditions). Consider (2.5) for d > 2. Assume
that (z*,0) is feasible and that LIKQ holds at x*. Assume further that a Lagrange multiplier
vector \* = (\§, \%) € RICIH exists such that the first order necessary conditions at
(x*,0, 24 (2*,0)) are satisfied with strict normal growth,

Baf () 4+ (A5) T Daco(2*,0, 24 (2%,0)) + (A})  Dacy (2,0, 24 (2%,0)) > [Ag|"
and that
Uun(2*)" Hyp (2%, X5) U () > 0.

Then, (z*,0) is a strict local minimizer of (2.5).

2.2.5 MFKQ

Moreover, Griewank and Walther defined in [10] the Mangasarian Fromovitz kink qualifica-
tion to weaken LIKQ. It was used to obtain equivalence between first order convexity and
subdifferential regularity. These two concepts are not introduced here as they are not needed
later. The definitions and details can be found in [10].

Definition 2.43 (MFKQ). Given (unNLP), consider z € D* and set ¥ = diag(o) for
o = sign(z(x)). One says that the Mangasarian Fromovitz kink qualification (MFKQ) holds

at x if for all definite 6 = o the linear inequality system {e?i@xz(x)} > 0 admits a
1c

solution w € R™, unless {e?i@xz(x)} eV > 0 admits only the solution w = 0.
1cx
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Chapter 2 Basic Concepts

Indefinite signatures & > ¢ must be excluded in the definition of MFKQ: if &, = o, = 0,
then k € a(r) and wy can be chosen arbitrarily since row k of the matrix is zero. Then,
MFKQ could never be satisfied in the localized case. This is not stated formally in [10] but
follows from the context.

That MFKQ is indeed weaker than LIK(Q is shown in the next lemma. The proof of the
implication was omitted in [10].

Lemma 2.44. Given (unNLP), consider x € D*. Then, MFKQ holds at x if LIKQ holds
at x. The converse is not true.

Proof. This follows as in the proof of lemma 2.21. LIKQ at x implies that the system
[ef 0o2(@)]icaw = [Gilica
has a solution w € R™ for every definite ¢ > o(x). Thus, w € R™ also solves the system
(el %0,2(x))icow =[1...1]T >0
and MFKQ holds at x. A counterexample is given in [10, Lemma 2.11]. O

2.3 MPEC

This section presents mathematical programs with equilibrium constraints (MPECs) which
are introduced in subsection 2.3.1. Then, different constraint qualifications are formulated
in subsection 2.3.2 and corresponding first order conditions are given in subsection 2.3.3.
Second order conditions are just stated under the strongest constraint qualification (MPEC-
LICQ) in subsection 2.3.4.

This section is based on [23], [24] and [5].

2.3.1 Formulation

First, a mathematical program with equilibrium constraints is defined.

Definition 2.45 (MPEC). Consider open sets D* C R", D* C R® with 0 € D" and DV C R®
with 0 € D”. An optimization problem of the form

(@) E Do f(x,u,v)
s.t. g(z,u,v) =0, PEC)
h(z,u,v) > 0,

0<ulwv>0,

with f € C4(D*%Y R), g € CH D%, R™) and h € C4(D*"V, R™2) for d > 1 is called a
Mathematical Program with Equilibrium Constraints (MPEC). Here, the short-hand notation
0 <wu L v >0, which is called complementarity condition, is an abbreviation for

uTvzo, u >0, v>0.
The feasible set of (MPEC) is denoted by
Fpee = {(x,u,v) € D""": g(x,u,v) =0, h(z,u,v) >0, 0 <u L v>0}.
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2.3 MPEC

Note that in standard MPEC literature the sets D“ = DV = R® are considered. Here, the
setting is modified to simplify notation in the following chapters as abs-normal forms are
defined on open sets.

In the following, the short-hand notation 5 := {1,...,s} is used.

Definition 2.46 (Index Sets). Consider a feasible point (z,u,v) of (MPEC). The set of
indices of active inequalities u; > 0 is denoted by Uy := {i € 5: u; = 0} and the set of indices
of inactive inequalities u; > 0 by U4 := {i € §: u; > 0}. Analogous definitions hold of Vy
and V. The set of indices of non-strict (degenerate) complementarity pairs is denoted by
D :=UyN V.

Note that this deviates from contemporary MPEC literature, which frequently makes
reference to the sets

Tio=Ur NV, Loy =UoNVy, Zoo = Uy N ).
Note further that by complementarity the relations Uy N Vy = Uy, Uy NV = V4 and

Uy NVy = 0 hold and hence the partitioning s = DUU, U V..

2.3.2 Constraint Qualifications

Every MPEC can equivalently be rewritten as a smooth NLP. But, due to the structure of
the complementarity condition, the standard constraint qualifications have some problems.
This is illustrated in the following example.

Example 2.47. Consider the simplest possible MPEC

pmin o f(u,v)

st. 0<ulwv>0
and the corresponding smooth NLP

pmin o f(u,0)

st. uv=0

Then, LICQ and MFCQ are violated at every feasible point and ACQ is violated at (0,0).
Only GCQ is satisfied at every feasible point. A proof may be found in [24].

Thus, weaker constraint qualifications especially for MPECs are needed. Versions of LICQ
and MFCQ will be defined via a related NLP which is defined next.
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Chapter 2 Basic Concepts

Definition 2.48 (Tightened NLP). Given a feasible point (Z,i,?) of (MPEC) with associ-
ated index sets Uy, V4 and D. The tightened NLP is defined as

i @0 0)
st. g(z,u,v) =0,
h(z,u,v) >0, (TNLP)
0<us, 0=v; ifa;>0, 0 =0(icl),
O0=wu; 0<wv; ifa; =0, 9;>0(€V;),
O=u; 0=v; ifd;=0, % =0 (i € D).
Definition 2.49 (MPEC-LICQ and MPEC-MFCQ). Counsider a feasible point (z,u,v) of

(MPEC). One says that (z,u,v) satisfies MPEC-LICQ resp. MPEC-MFCQ if it satisfies
LICQ resp. MFCQ of the tightened NLP (TNLP).

In general MPEC-LICQ implies, but is stronger than, MPEC-MFCQ. The purely equality
constrained case (without h(z,u,v) > 0) is an exception: then, MPEC-MFCQ is equivalent
to MPEC-LICQ because the tightened NLP has no active inequalities.

To introduce weaker CQs in the spirit of Abadie and Guignard the tangential cone and
the MPEC-linearized cone are defined.

Definition 2.50 (Tangential Cone and MPEC-Linearized Cone for (MPEC)). Consider a
feasible point (z,u,v) of (MPEC) with associated index sets Uy, V4 and D. The tangential
cone to0 Fmpec at (z,u,v) is

Tmpec (l', u, U) = { (613, ou, 51))

ElTk: \( 0) ]:mpec > (SUk,Uk,Uk) — (33771,’1))2
g — 2 up — u, v — v) — (02, 0u, 0v) |

The complementarity cone at (u,v) is

ou

Ti(u,v) = <5v Su; =0, i € Vy,

> 57}i:0,iez/{+,
0<éu; Lév;>0,ie€D

Set A= A(z,u,v) and hyg = [h;]ica. The MPEC-linearized cone at (x,u,v) is

_ ox 0190x + Jagdu + J3gdv = 0,
T e(@,u,v) :={ | u | | d1hadz + Oohadu + dshadv > 0,
ov (0u, ov) € T (u,v)

Here all partial derivatives are evaluated at (x,u,v).
The linearized cone for the smooth reformulation reads

0190x + O2gdu + O3g6v = 0,
S O1hadx + Oah g0u + Osh 40v > 0,
T (2, u,v) := ou dv; =0, i €Uy,
ov ou; =0, i € Vy,
du; >0, dv; >0, i €D
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2.3 MPEC

Thus, the additional condition du; L dv; for i € D has to hold in the MPEC-linearized
cone. Hence, it is always contained in the linearized cone.

Lemma 2.51. The complementarity cone T, (4,0) is both, the tangential cone and the
MPEC-linearized cone to the complementarity set {(u,v): 0 <wu L v >0} at (a,).

Proof. Given a tangent vector (du, dv) = lim 7, ' (uy, — 1, vy — ©) where 0 < uj, L vy > 0 and
7k \¢ 0. Then, the following hold for k large enough:

uri > 0, vgi =0, ieUy (4 >0, 9 =0),
ug; =0, vg; >0, ieVy (4; =0, 9; >0),
0 <wug; Lwg >0, ie€D (t; =0, 9 =0)

This implies (du,dv) € T, (a,v). Conversely, every (du,dv) € T, (4, ?) is a tangent vector
generated by the sequence (uy,vg) = (1, 0) + 7, (du, dv) with 7, = 1/k, k € Nxg. O

To show that the tangential cone is a subset of the MPEC-linearized cone and not only of
the linearized cone, the following subproblems of (MPEC) are needed.

Definition 2.52 (Branch NLPs). Consider a feasible point (2, @, 9) of (MPEC) with asso-
ciated index sets Uy, V4 and D. For P C D and P = D \ P, the branch problem NLP(P)
is defined as _

L [z, u,v)

st. g(z,u,v) =0,
h(z,u,v) >0, (NLP(P))
0<w, 0=v;, i €Uy UP,
0=wu;, 0y, 1€V UP.
The feasible set of (NLP(P)), which always contains (Z,4, 0), is denoted by

g(:l:’ u7 ,U) = 07 h(':U? u’ U) Z 07
Fp =1 (z,u,v) € D" | 0 <w;and 0 =v; for i € Uy UP,
O=wu;and 0 <w; fori e VL UP

Lemma 2.53 (Tangential Cone and Linearized Cone for (NLP(P))). Consider (NLP(P))
at a feasible point (xz,u,v) of (MPEC). The tangential cone to Fp at (x,u,v) reads

I N\ 0, Fp > (v, uk, vr) = (,u,v): }

—1

=< (0z,0u, o
Tp(x,u,v) {( x, du, 0v) g — 2, up — u, v — v) — (0, Su, 6v)

Set A= A(x) and ha = [hilica. The linearized cone reads

0190x + Dagdu + 03gdv) = 0,

lin O O1h 40z + O2h gdu + O3h 40v > 0,
Tp"(x,u,v) = du , , _
0=0du; fori e Vi UP, 0=dv; fori e Uy UP,
v

0 < 6u; fori € P, 0 < 6v; fori € P

Here, all partial derivatives are evaluated at (x,u,v).
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Chapter 2 Basic Concepts

Proof. This follows directly from Definition 2.14. O

Lemma 2.54. Consider a feasible point (xz,u,v) of (MPEC) with associated branch problems
(NLP(P)). Then, the following decompositions of the tangential cone and of the MPEC-
linearized cone of (MPEC) hold:

Tpee(®, u,v) = Tp(2,u,0)  and T (z,u,v) U Thin (g, v)

Proof. A proof may be found in [5, Lemma 2.16 and Lemma 3.6]. O
Lemma 2.55. Let (x,u,v) be feasible for (MPEC). Then,

Tmpe(;(Hf, u, U) - Tnlfgec(x7u7v) and Tmpec(w7 u, U) 2 Tnl;gec(x u U)
Proof. A proof may be found in [5, Lemma 3.7]. O

In general, the converses do not hold. This motivates the definition of MPEC-ACQ and
MPEC-GCQ.

Definition 2.56 (MPEC-ACQ). Consider a feasible point (x, u,v) of (MPEC). We say that
Abadie’s Constraint Qualification for MPEC (MPEC-ACQ) holds at (z,u,v) if

Tropec(z,u,v) = Trggec(x, u,v).

Definition 2.57 (MPEC-GCQ). Consider a feasible point (x,u,v) of (MPEC). We say
that Guignard’s Constraint Qualification for MPEC (MPEC-GCQ) holds at (z,u,v) if

Tmpec(-’ﬁ, u, 1})* = Trggec(mv u, U)*'
Both MPEC-CQs are implied if the corresponding CQ holds for all branch problems.

Theorem 2.58 (ACQ for all (NLP(P)) implies MPEC-ACQ). Consider a feasible point
(z,u,v) of (MPEC). If ACQ holds at (x,u,v) for all (NLP(P)), then MPEC-ACQ holds at
(z,u,v).

Proof. This follows directly from Lemma 2.54. 0
Theorem 2.59 (GCQ for all (NLP(P)) implies MPEC-GCQ). Consider a feasible point
(z,u,v) of (MPEC). If GCQ holds at (z,u,v) for all (NLP(P)), then MPEC-GCQ holds
at (z,u,v).

Proof. This follows directly from Lemma 2.54 as it yields

Tropec (T, u, v) ﬂ% (z,u,v)* and Trﬁgec (x,u,v) ﬂ TA (2, u,v)

by dualization of the decompositions. O
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2.3 MPEC

2.3.3 Stationarity and First Order Conditions

This subsection presents stationarity concepts and first order conditions corresponding to
the MPEC-CQs which were introduced in the previous subsection.

Definition 2.60 (MPEC-Lagrangian function). The MPEC-Lagrangian function is defined
as

EJ_([I?,U,’U, >‘7M) = f(a:,u,v) + )\gg(aﬂ,u,’u) - )\%h(:c,u,v) - Mlj;u - ,U,\T;U

with Lagrange multiplier vectors A = (Ag, A7) € R™ ™2 and p = (pty, pv) € R%.

Note, that this deviates from standard literature once again in sign of the Lagrange mul-
tiplier vector Ag.

First, strong stationarity is introduced which is the strongest stationarity concept for
MPECs.

Definition 2.61 (Strong Stationarity). Consider a feasible point (z*,u*,v*) of (MPEC)
with associated index sets Uy, V4 and D. It is strongly stationary or S-stationary if there
exist Lagrange multiplier vectors \* = (A, A}) and p* = (u, 1) such that the following
conditions are satisfied:

Opup Ly (T, u®, 0", N ") = 0 (stationarity),
(Ha)i =0, €Uy,
(Hy)i =0, i€ Vy,
()i =0, (p3)i =0, i€D (strong stationarity),
A7 >0 (nonnegativity),
(AD)Th(a*, u*,v*) =0 (complementarity).

Originally the definition of strong stationarity is due to Scheel and Scholtes in [23]. How-
ever, the conditions of vanishing Lagrange multipiers (p); and (u); are missing there and
thus it is referred to [5] instead.

In [5, Proposition 4.5] it is shown that these conditions are equivalent to the KKT con-
ditions applied to the smooth NLP which corresponds to (MPEC). Moreover, a strong
stationary point can equivalently be defined as a KKT point of the relaxed NLP, which is

defined as .
ey T50)
s.t. g(x,u,v) =0,

h(z,u,v) >0, (RNLP)

0<w, 0=wv; ifa; >0, 0,=0(i€lUy),

0=wu; 0<v; ifda; =0, 9;>0(€V;),

0<wu;, 0<wv; ifa;=0,0,=0(i€D).
This is due to the fact that for indices 7 € U, (and analogously for indices ¢ € V) the com-
plementarity (u));u; = 0 together with the nonnegativity (u;); > 0 is exactly the condition

(13)i = 0.
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Chapter 2 Basic Concepts

Theorem 2.62. Assume that (z*,u*,v*) is a local minimizer of (MPEC) and that MPEC-
LICQ holds. Then, (x*,u*,v*) is a strongly stationary point with unique Lagrange multiplier
vectors \* and p*.

Proof. A proof may be found in [5, Theorem 4.9]. O

Weaker stationarity concepts are defined next. Here, Mordukhovich and MPEC-linearized
Bouligand stationarity are considered.

Definition 2.63 (Mordukhovich Stationarity). Consider a feasible point (z*,u*,v*) of
(MPEC) with associated index sets Uy, V4 and D. It is Mordukhovich stationary or M-
stationary if there exist Lagrange multiplier vectors A\* = (A:, A\}) and p* = (u, p5) such
that the following conditions are satisfied:

Opunl i (&, u*, 0", X", 1u*) =0 (stationarity),
(hw)i =0, 1 € Uy,
(1)i =0, i€ Vy,
((uy)i >0, (13)i >0) V (pg)i(py)i =0, i€D (M-stationarity),
AT >0 (nonnegativity),
(D (", u*,v") = 0 (complementarity).

Theorem 2.64. Assume that (z*,u*,v*) is a local minimizer of (MPEC) and that MPEC-
GCQ holds. Then, (x*,u*,v*) is a Mordukhovich stationary point.

Proof. A proof may be found in [5, Theorem 5.28]. O

Definition 2.65 (MPEC-linearized Bouligand stationary). A feasible point (z*,u*, v*) of
(MPEC) is an MPEC-linearized Bouligand stationary or MPEC-linearized B-stationary point
if

Opunf (@ u*,v*)6 >0 forall § € TR (2%, u*,v*).

mpec

Theorem 2.66. Assume that (z*,u*,v*) is a local minimizer of (MPEC) and that MPEC-
GCQ holds. Then, (z*,u*,v*) is an MPEC-linearized Bouligand stationary point.

Proof. The result follows directly from Theorem 2.16. O

MPEC-linearized Bouligand stationarity can equivalently be defined using the branch
problems.

Lemma 2.67 (MPEC-linearized Bouligand Stationarity). A feasible point (x*,u*,v*) of
(MPEC) with associated index sets Uy, V4 and D is an MPEC-linearized Bouligand sta-
tionary point if and only if it is a stationary point of all branch problems (NLP(P)). In
other words, if for all subsets P C D, there exist Lagrange multiplier vectors \* = (A&, A})
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2.3 MPEC

and p* = (pk, uk) such that the following conditions are satisfied:

Opup Ly (7, u™, 0", N, ") =0,
()i = 0, i € U+,
()i =0, 1 € V+,
()i >0, i € P,
(u3)i >0, i €P,
Az >0,
(N h(z*,u*,v*) = 0.

Proof. By Lemma 2.54 the MPEC-linearized cone can be written as the decomposition of the
linearized cones of the branch problems. Thus, the condition for MPEC-linearized Bouligand
stationarity reads:

Gx,u,vf(:c*,u*,v*)T(S >0 forallde U'E;hn(:v*,u*,v*).
P

In other words for every P C D the following condition holds:
Dpunf (@ u*,v*)T6 >0 forall § € TA (2%, u*,v*).

This is equivalent to the assertion that z* is a stationary point for every branch problem by
Theorem 2.17.

The formulation of the KKT conditions makes use of the fact that for indices ¢ € Uy
(and analogously for indices ¢ € Vy) the complementarity (u);u; = 0 together with the
nonnegativity (uf); > 0 is identical to the condition (4;); = 0. O

Based on this equivalent formulation of MPEC-linearized Bouligand stationarity it seems
natural to require GCQ for all branch problems as a suitable CQ.

Corollary 2.68. Assume that (z*,u*,v*) is a local minimizer of (MPEC) and that GCQ
holds for all (NLP(P)). Then, (z*,u*,v*) is an MPEC-linearized Bouligand stationary
point.

Proof. The result follows directly from Theorem 2.66 as GCQ for all (NLP(P)) implies
MPEC-GCQ by Theorem 2.59. O

2.3.4 Second Order Conditions

In this section second order necessary and sufficient conditions under MPEC-LICQ are
stated.

It is based on the paper [23] by Scheel and Scholtes. Note that in their definition of strong
stationarity the conditions of vanishing Lagrange multipiers (uy); and (uy); are missing.
Nevertheless, the results cited here still hold as strong stationarity always occurs as an
assumption.

Note further that a critical direction is defined here at a strong stationarity point instead
of a weak stationary point as the latter is not used in this thesis.
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Definition 2.69 (Critical direction). Consider a strongly stationary point y* = (z*, u*, v*)
of (MPEC) with associated index sets U, V4 and D. A vector d = (dz,du,dv) € R""2% is
called a critical direction at y* if

O1f(y*)dx + 02 f (y")du + 03 f (y")dv = 0,
Og(y*)dz + D2g(y”)du + d39(y")dv = 0,
81h1(y*)dl‘ + 82hz(y*)du + 63hz(y*)dv >0, 1€ ./4,
dv; =0, €Uy,
du; =0, i€V,
min(du;, dv;) =0, i€ D.
Theorem 2.70 (Second Order Necessary Conditions). Consider (MPEC) for d > 2. As-
sume that y* = (x*,u*,v*) is a local minimizer and that MPEC-LICQ holds. Denote by \*

and p* the unique Lagrange multiplier vectors and assume further that MPEC-strict com-
plementarity holds. Then, every critical direction d satisfies

A" Hinpee(y*, A")d = 0
where Hyppee(y*, \¥) i= 8§yﬁj_(y*, X, u*). (Note that agycL does not depend on p1*.)
Proof. A proof may be found in [23, Theorem 7]. O

In [23] MPEC-SMFCQ instead of MPEC-LICQ was originally assumed. As MPEC-LICQ
is stronger it can be used here instead.

Theorem 2.71 (Second Order Sufficient Conditions). Consider (MPEC) for d > 2. Assume
that y* = (x*,u*,v*) is strongly stationary for (MPEC). Assume further that for every
critical direction d # 0 there exist Lagrange multiplier vectors \* and pu* such that

d" Hyppee(y™, A*)d > 0.
Then, y* is a strict local minimizer of (MPEC).

Proof. A proof may be found in [23, Theorem 7]. O
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Chapter 3

Optimality Conditions for Abs-Normal NLPs
under LIKQ

This chapter extends the optimality conditions of Griewank and Walther in [8] to an opti-
mization problem with level-1 nonsmooth constraints. To begin with, a smooth objective
function and level-1 nonsmooth equality constraints are considered in section 3.1. Then,
section 3.2 deals with additional level-1 nonsmooth inequality constraints as well as a level-1
nonsmooth objective function.

Parts of section 3.1 are published in [17] and parts of section 3.2 can be found in [15].

3.1 Equality-Constrained Abs-Normal NLP

In this section optimality conditions for the equality-constrained abs-normal NLP are ob-
tained. This particular class is defined in section 3.1.1. Then, the LIKQ of Griewank and
Walther is extended to this problem class in section 3.1.2. Optimality conditions are ob-
tained next and following the approach in [8] it is distinguished into the localized case in
section 3.1.3 and the generalized case in section 3.1.4.

3.1.1 Formulation

First, consider the level-1 nonsmooth equality-constrained NLP

10 o
s.t. g(x) =0,

where D* C R” is open, f € C*(D* R) and g € C% (D* R™) with d > 1.

abs

To obtain the desired equality-constrained abs-normal NLP associated with NLP (3.1),
the nonsmooth constraint g(x) = 0 is stated in abs-normal form:

g(x) = ce(x,|2]) = 0, cz(z, |2]) = 2.
Note, that the term cg(x, |z|) is used to fit common notation of NLPs.

Definition 3.1 (Equality-Constrained Abs-Normal NLP). A nonsmooth optimization prob-
lem is called an equality-constrained abs-normal NLP if functions f € C4(D*,R), ce €
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C4D* R™) and ¢z € CYD*?,R?) for d > 1 exist such that the NLP (3.1) can equiva-
lently be stated as

min f(z)
(z,2)eD:|2l
s.t. ce(x,|z]) =0, (eaNLP)

cz(z,]2]) —2 =0,

where DIl is symmetric and dacz(z,|z|) is strictly lower triangular. The feasible set of
(eqNLP) is denoted by

Feq = {(x,z) c Dx"’z': Cg(x, |Z|) = O,CZ(«Ta ‘Z|) = Z}'

As in the unconstrained case, the feasible set of (eqNLP) in Definition 3.1 can be rewritten
using z(x):

Feq = {(z,2(x)): x € D, cg(x,|2(x)|) = 0}.

By construction, z* is a local minimizer of the nonsmooth NLP (3.1) if and only if
(x*,2*) = (2%, 2(z*)) is a local minimizer of (eqNLP). Therefore, only (eqNLP) is con-
sidered hereafter.

The following small example will be used to illustrate the basic setting and the subsequent
theory.

Example 3.2. Consider the level-1 nonsmooth NLP

min ®1 + x% + x%
z€R3

s.t. x1 — |$2(1 + $3)| = 0.

This NLP has only one local minimizer: the strict global solution z* = (0,0,0). The
constraint reformulation requires a single switching variable z to obtain the associated abs-
normal NLP:

min r1 + x% + a:%
z€R3,2€R

st. x1— 2| =0,
zo(l4+23) —2=0.

Here the switching variable vanishes at the solution: z* := z(z*) = 0.

3.1.2 LIKQ

In this section the definitions of the active Jacobian and the LIKQ of Griewank and Walther
in subsection 2.2 will be extended to (eqNLP). Therefore, the equality-constraints Jacobian
Je(x) is needed.

Definition 3.3 (Active Jacobian). Given (eqNLP), consider (z,z(z)) € Feq and set o =
a(z), 0 = o(x) and ¥ = diag(o). The active Jacobian is

Jeq(@) = lj{ig” e R(m+lal)xn

32



3.1 Equality-Constrained Abs-Normal NLP

It consists of the equality-constraints Jacobian

Je(x) = Opce(x,X2(x)) = Orce(x, Xz(x)) + Oace(x, Xz(x)) X0 2(x)
= O1cg(x, |2(z)|) + Oace(z, |2(2)|) 20y 2 ()

and of the active switching Jacobian (see Definition 2.33)

Jo(@) = |ef Op2(a)] =[]l = dacz (e, |2(2) )E]  Drez (@, |2(2)))]

1€ ica’

As will be shown later, the following extension of Definiton 3.67 provides enough regularity
to prove optimality conditions for (eqNLP). It reduces also to the classical LICQ in the
smooth case.

Definition 3.4 (LIKQ). Given (eqNLP), consider (z, z(z)) € Feq. One says that the linear
independence kink qualification (LIK(@) holds at x if the active Jacobian

JM@Z[ﬁgHENWWW”

has full row rank m + |«|.

If LIKQ holds at x, a matrix whose columns are a basis of ker(Jeq(x)) will be denoted by
Ueq(z) € R¥I=(mtlal)] ' 6 ker(Joq(2)) = im(Ueq()) holds.
Next, example 3.2 is reviewed and checked whether LIK(Q holds at the solution.

Example 3.5 (LIKQ for example 3.2). Recall the abs-normal NLP

min r1 + a:% + a:g
z€R3,2€R

st. z1— |2/ =0,
zo(l4+23) —2=0,

with solution z* = (0,0,0) and z* = 0. Then, ¢* = o(z*) = 0 holds and the active Jacobian

at x* is
Je(a®) = Je(z*) | | Oreg(x*,0) | |1 0 0| (1 00
o | Jalz*) | | Oiez(z*,0) | |0 14a2f 25| |0 1 0
This matrix has full row rank. Hence, LIKQ is satisfied at 2* = (0,0,0) with z* = 0. A
basis of the nullspace of Jeq(z*) is given by the matrix Ueq(z*) = [0, 0, 1]T.

3.1.3 Localized Case

As in the unconstrained case in subsection 2.2, it makes sense to distinguish the situation
where all switching variables are active from the more intricate situation where some of them
are nonzero. Given a point of interest z*, in this section it is assumed that z(z*) = 0 holds.
Thus, the active switching set is a(z*) = {1,..., s} and of cardinality |a(z*)| = s.
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Chapter 3 Optimality Conditions for Abs-Normal NLPs under LIKQ

Trunk Problem Substituting z = 0 into (eqNLP) yields the so-called localized trunk prob-
lem.

Definition 3.6 (Localized Trunk Problem). The localized trunk problem reads

min  f(z)
s.t. ce(x,0) =0, (3.2)
cz(z,0) =0.

Its feasible set is denoted by F; := {z € D*: cg(x,0) = 0,cz(z,0) = 0}.
The following lemma is immediately clear by construction as F; x {0} C Feq.

Lemma 3.7. If a point (x*,0) is a local minimizer of (eqNLP), then x* is a local minimizer
of the localized trunk problem (3.2).

Moreover, the trunk problem is obviously smooth and standard theory can be applied to
derive necessary optimality conditions. The LICQ for the localized trunk problem requires
full row rank of the matrix

N 8105($*,0) (m+s)xn
Jt(l‘ ) = [8102($*,0) eR .

The following lemma shows that LIKQ reduces to this condition.

Lemma 3.8. Assume that (z*,0) is feasible for (eqNLP). Then, LIKQ at x* is LICQ at =*
for the localized trunk problem.

Proof. With o = sign(z(z*)) = 0 and ¥ = diag(o) = 0, Definition 3.3 yields
Je(x*) = Orcg(x™, Xz(x™)) + Oace(z, Xz(2%)) X0 2(x") = Orce(x*,0),
Jo(z") = [e?&vz(x*)} = 0p2(2%) = [I — Dacz(x*,0)2] 1d1cz(x*,0) = Dicz(z*,0).

i€
This proves the claim. O

If LIKQ holds at z*, a basis of the nullspace of Jy(z*) is given by the columns of the
matrix Up(2*) = Upq(z*) € R?¥=(m+9)] First and second order necessary conditions of the
localized trunk problem are now readily stated in terms of the Lagrangian for the localized
trunk problem which is denoted by

Li(x,X) = f(x) + M cg(x,0) + Azez(x,0)
with Lagrange multiplier vector A = (Ag, A\z) € R™ "5,

Theorem 3.9 (First Order Necessary Conditions). Assume that (z*,0) is a local minimizer
of (eqNLP) and that LIKQ holds at x*. Then, there exists a unique Lagrange multiplier
vector \* = (A, \%) such that the following conditions are satisfied:

(@) + )T 0rce(x*,0) + (\5)T01cz(2*,0) =0 (tangential stationarity),
ce(x*,0) =0 (primal feasibility), (3.3)
cz(x*,0) =0 (switching feasibility).
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3.1 Equality-Constrained Abs-Normal NLP

Proof. Because of Lemma 3.7, the smooth localized trunk problem (3.2) is considered. As
LICQ holds at z* by Lemma 3.8 the first order necessary conditions for smooth NLPs in
Theorem 2.7 can be applied. These are directly the conditions (3.3). Moreover, A* is unique
by Lemma 2.8 since LICQ holds. O

Remark 3.10. In contrast to standard theory for smooth NLPs, these conditions are not
sufficient in the linear case since the converse of Lemma 3.7 does not hold: (z*,0) is not
necessarily a local minimizer of the abs-normal NLP if x* is a local minimizer of the localized
trunk problem.

Theorem 3.11 (Second Order Necessary Condition). Consider (eqNLP) for d > 2. Assume
that (x*,0) is a local minimizer and that LIKQ holds at x*. Denote by \* the unique Lagrange
multiplier vector. Then,

Up(x*)T Hy(z*, XUy (z*) > 0
where Hy(z*, \*) := 02, L (x*, \*) € R™",
Proof. As before, the smooth localized trunk problem is used and LICQ holds at x* by
Lemma 3.8. Here, strict complementarity does not have to be checked as Z = (). Thus, the

second order necessary conditions for smooth NLPs in Theorem 2.10 can be applied which
leads to the result. O

Again, Example 3.2 is used to illustrate the trunk problem and its necessary conditions.

Example 3.12 (Trunk problem of Example 3.2). With z = 0 in Example 3.5 one obtains
the localized trunk problem

min 1 + x% + m%
z€R3

s.t. x1 =0,
z2(1+x3) = 0.

LICQ holds by Lemma 3.8 since LIKQ is satisfied at * = (0,0,0) as was shown in Exam-
ple 3.5. The Lagrangian reads

Li(z,A) =21 + {E% + ac% + Aex1 + Azxo(l + x3)
where A = (Ag, Az). Then, the first order necessary conditions at (z,0) are

O Le(x,N) =14+ A =0,
Op, Li(,N) = 2m9 + A2z(1 4+ 23) =0,
Ops Lt(x,\) = 223 + Azxe = 0 (tangential stationarity),
x1 =0 (primal feasibility),
x2(l+x3) =0 (switching feasibility).

They are satisfied at 2* = (0,0,0) with A = —1 and A% = 0.
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The second order necessary conditions involve the Hessian

00 0 000
Hy(z*, \*) = 02, Le(x*, X)) =0 2 Ay |=1[0 2 0
0 Ay 2 00 2
and the matrix Ueq(z*) = [0, 0, 1]7 from Example 3.5:
00 0]fo
Ueq(a") " Hy(a*, N)Ueq(@®) = [0 0 1] |0 2 0] [0| =2>0.
00 2|1

Thus, second order necessary conditions of Theorem 3.11 hold at z* = (0,0,0) with 2* = 0.

Branch Problems One cannot derive sufficient conditions for the abs-normal NLP using
the localized trunk problem alone since the converse of Lemma 3.7 does not hold. Rather,
the local behavior of the abs-normal NLP in a neighborhood of z* with z(z*) = 0 has to be
considered for all possible combinations of signs of the switching variables. This leads to the
definition of 2% branch problems.

Definition 3.13 (Localized Branch Problems). Choose o € {—1,1}° and set ¥ = diag(o).
The localized branch problem associated with o reads

min f(zx)
(z,2)e D%l
s.t. cg(x,Xz2) =0,
cz(x,¥z) —2=0,
Yz > 0.

The feasible set is denoted by
Fy i ={(z,2) € Dl ce(x,X2) =0,cz(x,¥z) = 2,%z > 0}.

Using the notation z = Xz, the branch problem takes the equivalent form

min  f(x)
T,z
st. ce(x,z) =0, (3.4)
cz(x,2) =¥z =0,
z > 0.
By construction, the following inclusions of feasible sets hold:
Fi x {0} C Fy, C Foq forallo e {—1,1}°. (3.5)

Moreover, the branch problems coincide in the localized trunk problem and provide a
decomposition of the feasible set of (eqNLP).
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3.1 Equality-Constrained Abs-Normal NLP

Lemma 3.14. The feasible sets satisfy the following relations:

N Fe=Fx{0} and |J Fo=7Fq

oe{—-1,1}* oe{-1,1}¢
Proof. With respect to (3.5) one has to show that

ﬂ Fsx € F: x {0} and U F5 2 Feq-

oce{-1,1}* oe{-1,1}¢

To prove the first claim, consider (z, z) € ﬂae{_u}s Fx. Then, ¥z > 0 has to hold for every
definite 3 which implies z = 0 and thus (x,0) € F; x {0}.

For the second claim, consider (z,z) € Feq. Set 6; = 1 for i € a(z) and &; = (o(z));
otherwise as well as ¥ = diag(5). Then, (z,2) € Fg C Useq-1,13s F5- O

This decomposition implies the following equivalence, which provides an approach to for-
mulate sufficient optimality conditions.

Lemma 3.15. A pair (z*,0) is a local minimizer of (eqNLP) if and only if it is a local
minimizer of the localized branch problem (3.4) for every definite ¥ = diag(o).

Proof. Assume that (z*,0) is a local minimizer of (eqNLP). Then, it is feasible for every
branch problem as Lemma 3.7 and (3.5) imply:

(x*,0) € Fr x {0} C Fx.

Thus, the pair (z*,0) has to be a local minimizer of every branch problem (3.4) as Fx; C Feq
holds for all definite o by (3.5). Otherwise, it could not be a local minimizer of (eqNLP)
and this would contradict the assumption.

Conversely, assume that (z*,0) is a local minimizer of every branch problem (3.4). Then, it
is feasible for (eqNLP) by (3.5):

(z*,0) € Fyy C Foq forall o € {—1,1}°.

Finally, (z*,0) has to be a local minimizer of (eqNLP) as U,eq_1,1}s F5 = Feq holds by
Lemma 3.14. Otherwise, there exists at least one branch problem where (z*,0) is not a local
minimizer and this would be a contradiction to the assumption. ]

As every branch problem (3.4) is smooth, standard NLP theory can be applied to formulate
optimality conditions. Here, LICQ at (z*,0) means full row rank of the matrix

6165($*> O) 8265('%'*7 0)
Jg(x*) = 8103(:5*, 0) 8262(1‘*, 0) -2 | € R(m+2s)><(n+s)'
0 I

Block elimination yields the following implication.

Lemma 3.16. Assume that (x*,0) is feasible for (eqNLP). Then, LICQ holds at (x*,0) for
all branch problems if LIKQ holds at x*.
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Proof. Block elimination immediately yields that LICQ at (x*,0) holds for all branch prob-
lems if LICQ at z* holds for the trunk problem. By Lemma 3.8, LICQ for the trunk problem
is implied by LIKQ at z*. O

If LIKQ holds at z*, a basis of the nullspace of Jx(z*) is given by the columns of the matrix
Us(2*) = [Ueq(z*)T, 0]7 € ROF)x[n=(m+s)] - The Lagrangians of the branch problems are
denoted by

Ls(x, 2, 1) o= f(x) + Agee(x,2) + Aglez(2,2) =22 — ' 2
with Lagrange multiplier vectors A = (Ag, Az) € R™"S and p € R®.

Theorem 3.17 (First Order Necessary Conditions). Assume that (z*,0) is a local minimizer
of (eqNLP) and that LIKQ holds at x*. Then, there exists a unique Lagrange multiplier
vector X* = (Mg, %) such that the following conditions are satisfied for every definite ¥ =
diag(o):

(@) + M5 T Orce(x*,0) + (M%) T d1ez(2*,0) = 0 (tangential stationarity),
(AE) T Oace(x*,0) + (M%) T [Dacz(2*,0) = %] >0 (normal growth),
ce(z*,0) =0 (primal feasibility),
cz(z*,0) =0 (switching feasibility).

Proof. Given o € {—1,1}*, applying the first order necessary conditions of smooth NLPs in
Theorem 2.7 yields the existence of A* = (A%, \%) € R™"5 and p* € R® such that

0L (z*,0, X, %) = f'(x*) + (AT drce (z*,0) + (A\g) T drez(2*,0) =0,
0:Lx(z", 0, X", i") = (Ag)T Bace (27, 0) + (A) T [Bocz (27, 0) — B] — (u*)" =0,
ce(z*,0) =0,

cz(a”,0) =0,

p* > 0.

The first, third and fourth condition are precisely the necessary conditions of the trunk
problem from Theorem 3.9. Thus, the Lagrange multiplier vector \* is unique and identical
for all branch problems and for the trunk problem. Only the second and fifth condition (and
w* itself) depend on ¥. Combining these two conditions eliminates p* > 0 and yields the
normal growth condition

O‘E)Tﬁ?Cc‘f(l'*’ 0) + ()\*Z)T[aQCZ(QS*, 0) —X] >0,
which holds for every definite ¥ = diag(o). =

Verification of the necessary conditions just stated appears to require that 2° cases must
be checked, one for each branch problem, which differ only in the normal growth condition.
Fortunately, since the Lagrange multiplier vectors A* coincide for all cases and p* does not
appear explicitly, it turns out that only one of the strongest of the 2° conditions needs to be
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checked: the one associated with one of the branch problems that satisfy ¥A\% = |\%|. This
is because of the obvious equivalence

Lemma 3.18. The equivalence just stated immediately implies:

(A2)T Oace (2™, 0) + (AE)T ez (2*,0) > [AE[T
= AT 0ace(x*,0) + (N\5) T [Dacz(2*,0) — X] > 0 for every definite X.

As in the unconstrained case, checking of the first order necessary conditions has no
combinatorial complexity contrary to what Theorem 3.17 might suggest. Instead a single
set of conditions for all 2° branch problems is obtained.

Corollary 3.19 (First Order Necessary Conditions). Assume that (x*,0) is a local minimizer
of (eqNLP) and that LIKQ holds at x*. Then, there exists a unique Lagrange multipier vector
X* = (Mg, A%) such that the following conditions are satisfied:

F(@*) + AT rce(z*,0) + (MN5)Td1ez(2*,0) =0 (tangential stationarity),
(A5 T dgce(2*,0) + (N5) T Dacz(2*,0) > [N5|T (normal growth), (3.6)
ce(x*,0) =0 (primal feasibility),
cz(z*,0) =0 (switching feasibility).

Observe that the normal growth condition provides a considerable strengthening of the
otherwise identical first order conditions of the trunk problem derived in Theorem 3.9. Later
it will be shown that, as in the smooth case, (3.6) provides sufficient first order conditions
under special assumptions, possibly requiring normal growth in strict form. Strict normal
growth in (3.6) is also needed for the following second order sufficient conditions.

Theorem 3.20 (Second Order Sufficient Conditions). Consider (eqNLP) ford > 2. Assume
that (x*,0) is feasible and that LIKQ holds at =*. Assume further that a Lagrange multiplier
vector \* exists such that the first order necessary conditions (3.6) are satisfied with strict
normal growth,
(AE) T Dace (x*,0) + (N5) T Dacz(2*,0) > |\E|T,
and that
Ueg(x™) T Hy(z*, ) Uy(z*) > 0.

Then, (z*,0) is a strict local minimizer of (eqNLP).

Proof. The strict normal growth condition implies p* > 0 for all branch problems. Thus,
strict complementarity holds in every branch problem and by LIKQ the Lagrange multiplier
vectors are unique. To apply standard second order conditions for smooth NLPs it has to
be shown that

Us(z*)T Hg (2%, X)) Ux(z*) > 0

39



Chapter 3 Optimality Conditions for Abs-Normal NLPs under LIKQ

holds for every branch problem. The Hessians of all branch problems coincide since Hy, is
independent of p*: they read

Opa Ly (2,0, X", 1) OpzLy(x*,0, \*, 1)

e R(n—i—s)x(n—i—s)
85$£2<m*707 )\*7/*[/*) 655£E<m*707 A*vu*)

Hy(z*, \*) =

with Oz Lx(x*, 0, A*, 1*) = Opa Le(x™, A*) = Hy(x*, A*). Substituting Us(z*) yields
Usy ()T Hyy (2%, \)Us (2%) = Ueq ()T Hy(2*, \*)Ueq(z*) > 0,
and the assertion follows by Theorem 2.11. O
Again a closer look at Example 3.2 is taken.

Example 3.21. With z = Xz for definite ¥ = diag(c) = o the following branch problems
are obtained:

P A
st. x1—2z=0,
x2(1+x3) — Xz =0,
z > 0.

Here, LICQ holds at z* = (0,0,0) by Lemma 3.16 since LIKQ holds at x*, see Example 3.5.
Applying Theorem 3.17 with the Lagrangian

Ls(x,2,\ 1) =21 + 23 + 23 + Ae(21 — 2) + Az(w2(1 + 23) — X2) — pz
leads to the following conditions:

14+ X =0,
21‘2+AZ(1+$3) :07

2x3 + Azxe =0 tangential stationarity),

(
e > |Az| (normal growth),
r1=0 (primal feasibility),
z2(l+23)=0 (switching feasibility).

They hold at z* = (0,0,0) with A} = —1 and A% = 0. Moreover, strict normal growth is
satisfied,
—dAe=1>0=|)%],

and the reduced Hessian is positive definite,
Ueq(2*)T Hy (2%, \*)Ueq(z*) = 2 > 0.

Thus, Theorem 3.20 can be applied, saying that z* = (0,0,0) with z* = 0 is a strict local
minimizer of the abs-normal NLP.
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min(zy,x2) =0

Figure 3.1: Illustration of Example 3.23. Dashed line: feasible set; dotted line: z = 0.

There are two special cases where first order necessary conditions are already sufficient
and second order conditions are not needed. The first case pertains to linear functions where
the result is due to the convexitiy of all branch problems.

Theorem 3.22 (First Order Necessary and Sufficient Conditions for Linear Functions).
Given (eqNLP), assume that f, cs and cz are linear. Assume further that (x*,0) is feasible
and that LIKQ holds at x*. Then, (z*,0) is a local minimizer of (eqNLP) if and only if
there exists a Lagrange multiplier vector \* = (A&, \%) such that the conditions (3.6) are
satisfied.

Proof. By the assumptions every branch problem is linear and (z*,0) satisfies the first order
necessary conditions with the same set of Lagrange multiplier vectors. The latter is implied
by the LIKQ. Thus, Corollary 2.12 can be applied to every smooth branch problem and yields
that (z*,0) is a global minimizer in there. Then, (z*,0) is a local minimizer of (eqNLP) by
Lemma 3.15. O

In contrast to the smooth case some regularity is needed above. It is provided by the
LIKQ which ensures that the Lagrange multiplier vectors of all branch problems coincide.
Moreover, it cannot be concluded that the minimizer is global as it is in the smooth case.

Next, a closer look at a very simple example is taken.

Example 3.23. Consider the problem depicted in Figure 3.1:
min x4+ To
z€R2
s.t.  min(x1,z2) = 0.

The L-shaped feasible set consists of the two nonnegative axes. There is only one local
minimizer: the strict global solution z* = (0,0). The associated abs-normal NLP reads

min 1+ T2
z€R2 zeR
st. a1 +ax2— 2| =0,

x1 —x9 — 2 =0.
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Here, the reformulation min(z, x2) = %(wl + 9 — |x1 — x2|) was used. Clearly, the switching
at x* is localized as z* = z(2*) = 0 and LIKQ holds at z* by full row rank of

o | Je(@®) | | Oicg(z*,0) | |1 1
Jeq(x ) o [Ja($*)] o l8102<$*,0) o 1 -1 ’
Since all functions are linear, the assumptions of Theorem 3.22 are satified. Therefore, the

following first order conditions are both necessary and sufficient:

1+ Ae+Az=0,

1+ X —XAz=0 (tangential stationarity),
—Ae > |Az| (normal growth),
z1+x2=0 (primal feasibility),
1 —22=0 (switching feasibility).

They are satisfied at «* = (0,0) with At = —1 and A% = 0.

In the second case the number of constraints plus the number of switching variables is
equal to the dimension. Then, the matrix Ugq(z*) is empty and the second order conditions
become trivial.

Theorem 3.24 (First Order Sufficient Conditions for s+m = n). Given (eqNLP) ford > 2,
assume that s +m = n holds. Assume further that (x*,0) is feasible and that LIKQ holds at

x*. Then, (z*,0) is a strict local minimizer of (eqNLP) if there exists a Lagrange multiplier

vector \* = (Mg, \%) such that the conditions (3.6) with strict normal growth,
(AE)T Dace(*,0) + (A5)T Daez(a*,0) > [NE[T,
are satisfied.

Proof. As s +m = n holds, the matrix Ueq(x) is empty. Thus, the result follows directly
from Theorem 3.20. O

Next a slightly more complicated example is looked at.

Example 3.25. Consider the abs-normal NLP depicted in Figure 3.2:

min x% + x2
z€R?

st. |zt 4z — x| — 23 =0.

The feasible set consists of two unconnected components and there are two local minimizers,
(0,0) and (—1,0). Here, the global solution z* = (0, 0) is considered. The abs-normal NLP
reads

min x% + 22
2C€R2,z€R

st |z —x2 =0,

:L’%—le—.%’g—z:o.
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Figure 3.2: Illustration of Example 3.25. Dashed lines: feasible set; dotted line: z = 0.

Once again the switching is localized at x* as z* = 0 and the LIKQ holds at z* by full rank

Ju(@) = Je(x*) | | Oreg(x*,0) | 0 —-1{ |0 -1
o | Ja(@®) | | Orez(x*,0) | |22 +1 1| |1 —1]|°
Here, the number of active switchings plus the number of constraints is equal to the dimen-

sion. Thus, the nullspace of the active Jacobian is trivial and second order conditions are
always satisfied. Applying Theorem 3.24 yields the first order sufficient conditions:

221+ Az(2x1+1) =0,

1—Xde—2z=0 (tangential stationarity),
Ae > |Az] (strict normal growth),
—x2 =0 (primal feasibility),
i+ —29=0 (switching feasibility).

They are satisfied at 2* = (0,0) with A\f = 1 and A3 = 0. Note that the second local
minimizer z* = (—1,0) is also strict: the switching is localized, LIKQ holds and the first
order sufficient conditions are satisfied with Az = 3 and \% = —2.

3.1.4 General Non-Localized Case

As in the unconstrained case, the switching variables and constraints are divided into active
and inactive ones if the switching is not localized. This is briefly recalled here; details can
be found in subsection 2.2.4. The variables are partitioned:

Bt = (O'Ekzi)iga* = (’Zi\)igza* and 20 = (2i)ica*

where z* = z(z*), 0* = o(2*) and o* = «a(x*). Moreover, the switching constraints are

divided:

e = (0;6?62%({&* c Cd(Dx,Izo\,z+7R|g*|) and o = (eTéZ)iGa* c Cd(D:c,\zol,z+7R\a*|)

)

where

e2(z, |20l 24) = cz(a, |2]) with |2 =11 ['Z']
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and an appropiate permutation matrix II. The equality constraint in (eqNLP) is analogously
partitioned:

~ 1 z
e(x, |z0l, 24) == ce(w, |2]) with [2[=1I [Lﬂ '

Thus, cg € C4D%?||R™) is interpreted as an element ée € C%(D%l?0l:#+ R™) and in this
sense usually just cg(z, |20/, 24) will be written in the following to simplify notation.

Using this partition, (smoothNLP) can be rewritten in a neighborhood of z* in two differ-
ent ways. For the first one, the split variables and functions are inserted in (eqNLP). This
leads to the split abs-normal NLP which is defined next.

Definition 3.26 (Split Abs-Normal NLP). The split abs-normal NLP reads

min f(z)
(x,zo,z+)eDIv\20|vz+
s.t. ce(x,|z20],24) =0, (-NLP)
CO(:Ea ’ZO|,Z+) — 29 =0,
C"r(‘rv ‘ZOLZ-{-) — 2y = 0.
Its feasible set is denoted by

F* = {(x, 20, 24) € DVIb#+ 1 e (z |20, 24) = 0, co(x, | 20), 24) = 20, c4 (2, | 20], 24) = 24}

By construction, (z*, z*) with z* =11 is a local minimizer of (eqNLP) if and only

32y
if (z*,0, 2% ) is a local minimizer of (sNLP).

To obtain the second one, the locally unique solution z4 (z, 2y) of cy(z, 29, 2+) = z4 from
Lemma 2.39 is inserted. The resulting NLP is called reduced abs-normal NLP and formulated
in the next definition.

Definition 3.27 (Reduced Abs-Normal NLP). The reduced abs-normal NLP reads

min z
(x»ZO)Esz‘Zol f( )

s.t. ce(w, 20|, 24 (z, |20])) =0,
co(z, |20, 24 (z, |20)) — 20 = 0.

(rNLP)

Its feasible set is denoted by
Fi= {(,20) € N™I50L: cg(a, |20, 24 (2, |20])) = 0, co(a, |20, 4 (2, | 20]) = 20}
Clearly, (x*,0, 2} ) with 2% = 2, (2*,0) is a local minimizer of (sNLP) if and only if (z*,0)
is a local minimizer of (rNLP).
The partial derivatives of ¢y and cg at (z, 29, 2+ (x, Z9)) are obtained by the chain rule:
Ozco = O1¢0 + 03¢00,24 (2, 20), Oyce = O1cg + 03¢0, 24 (2, 2p),
85000 = Oycy + 3360850Z+ (a:, Zg), 85065 = Oyce + 83058502+ (:C, 20).
In the following two subsections the trunk and branch problems will be studied again to

derive optimality conditions for the split abs-normal NLP and for the reduced abs-normal
NLP, yielding equivalent but different formulations.

44



3.1 Equality-Constrained Abs-Normal NLP

3.1.4.1 Optimality Conditions of Reduced Abs-Normal NLP

The reduced abs-normal NLP looks like the abs-normal NLP in the localized case, except
that it involves the implicit function zy(x,|z0|). This leads to more complicated tangential
stationarity and normal growth conditions that involve the above total derivatives.

Reduced Trunk Problem Setting zp = 0 in (rNLP) yields the reduced trunk problem.

Definition 3.28 (Reduced Trunk Problem). The reduced trunk problem reads
st ce(x,0,24(x,0)) =
co(z,0, 24 (z,0)) =

)

0
0.
Its feasible set is denoted by

F ={x e N*: cg(,0, 21 (x,0)) =0, co(x,0, 24 (x,0)) = 0}.

As in the localized case, the inclusion F; x {0} C F" directly implies the next lemma.

Lemma 3.29. If (z*,0) is a local minimizer of (tNLP), then x* is a local minimizer of the
reduced trunk problem (3.7).

Again, the trunk problem is smooth and it is shown that LIKQ at x* reduces to LICQ at
x*, which is full row rank of

TR\ 8:1305(33*)07 Z+($*70)) (mA+|o*])xn
Jt ($ ) N [6160($*70? Z+<IE*,O)) <K '

Lemma 3.30. Assume that (x*, z(x*)) is feasible for (eqNLP). Then, LIKQ at x* is LICQ
at x* for the reduced trunk problem.

Proof. Let ¥* = diag(c™) and split z* = z(«*). This gives

* i *
cer| P =] 0 | and wr=m|™® O |mrom|® 07
Xt _E+z+ 0 X% 0 X%

with an appropiate permutation matrix Il as well as

* *\ _ | co(m*,O,zj_)
cz(z*,¥2") =11 ey (27,0, %)

] and cg(x*,82") = ¢e(2",0,27)

using the explicit notation ¢¢. This implies the following equalities for partial derivatives
omitting the argument (z*,0, 27) on all partial derivatives of co, c4 and ég:

K ONVK k) d1co *yK K\ O2c0 d3co T
Orez(x*,X%2") =11 [218104_] , Oocz(x*, X% 2") =11 l2*+820+ 5t Bhcs I,
Orce(x*,X°2%) = 0y é¢, Oace(x*,X2%) = {6265 8365} mn’.
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Then, the Jacobian of the implicit function reads

Opz(x™) =(I — Oacz (™, Z*z(w*))E*)_lalcg(x*, ¥ z(x"))
-1
o I 0 (9200 8300 T 0 0 T 8160
( ] 1 lEi@g@. Ei@g@.] I [0 Ei] = = X1 Oreq

K
f{ e ) L]
|

I

83002* 17— 83c+2*]* H dico ]

I > (9304_2 ] Eiﬁlc_,_

I 8360 I - 830+] ‘| [8160]

IT
0 X% [I—dscq]™!

81 Ct

Here, the explicit inverses II"! = II” and (£%)~' = £* and thus the relations II’TI = I and
Y1 3% = I were used. Inserting this in Definition 3.3 and further omitting the argument
(z*,0, z4(z*)) on all partial derivatives of cg, ¢y and c4, one obtains

Je(x¥) =01ce(x™, X 2(a™)) + Oacg (2, X 2(x")) X" Opz(z")

0 O

:aleg+[825g 8355}HTH[0 E*]HTaIz(x*)
+

=01C¢ + Os¢¢ |1 — 8364_]71 O1c4,
Ja(z*) =lef 82(¢")]ica
=01¢0 + 03¢ [I — 836+]_1810+

and with z; (z*) = z4(2*,0) finally

Jg($*) = 8165($*> O> Z+(.7)*, 0))7
Jo(x¥) = Opco(x*,0, 24 (27, 0)).

Thus, J} (z*) has the form above using the notation cg instead of cg. O

Note that the matrix IT was omitted in [17] to simplify notation.

Thus, the columns of the matrix UJ (z*) = Ugq(z*) € R*¥IP=(m+"D] are a basis of the
nullspace of J/ (z*).

Again first and second order necessary conditions are obtained by standard NLP theory
for the smooth case. In contrast to the localized case, the implicit function z4(z,0) and
therefore total derivatives occur.

The Lagrangian is denoted by

£;(xa /\) = f(:lj‘) + )\?Cg(l', 07 z+(x, 0)) + AgCO(xa 07 Z+(.%',0)>

|

with Lagrange multiplier vector A = (g, Ag) € R™H",
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3.1 Equality-Constrained Abs-Normal NLP

Theorem 3.31 (First Order Necessary Conditions). Assume that (x*,0) is a local minimizer
of (rNLP) and that LIKQ holds at x*. Then, there exists a unique Lagrange multiplier vector
X = (Mg, Af) such that the following conditions are satisfied, where cg, ¢y, Ozce and Oyco are
evaluated at (x*,0, z4 (z*,0)):

() + N8 T 0pce + (M) T0pco =0 (tangential stationarity),
ce =0 (primal feasibility), (3.8)
co =0 (switching feasibility).

Proof. This follows as in the proof of Theorem 3.9: Lemma 3.29 tells that local minimizers
are inherited by the trunk problem. Then, Theorem 2.7 can be applied since the trunk
problem is smooth and LICQ holds by Lemma 3.30. Further, the latter implies that the
Lagrange multiplier vector \* is unique. O

Note that these conditions are not sufficient for linear functions since the converse of
Lemma 3.29 does not hold.

Theorem 3.32 (Second Order Necessary Condition). Consider (tNLP) for d > 2. Assume
that (x*,0) is a local minimizer and that LIKQ holds at x*. Denote by \* the unique Lagrange
multiplier vector. Then,

Ueg(a*) T H] (2, X*)Ueq(z*) 2 0
with H} (x,\) = 02, LY (2, \).
Proof. Again, the proof of the localized case, i.e. the proof of Theorem 3.9, can be adapted:

Thus, the smooth trunk problem is considered. Then, Theorem 2.10 can be applied as LICQ
is satisfied and as I = () holds. O

Here, the Hessian is more difficult to compute than in the localized case because an implicit
function occurs in the Lagrangian.

Reduced branch problems To obtain sufficient conditions, the 2le*l pranch problems are
considered.

Definition 3.33 (Reduced Branch Problems). Choose og € {—1,1}1*"l and set ¥y =
diag(og). The reduced branch problem associated with o reads

min f(z)
(z,20)EN®|20]
s.t. ce(x, Xozo, 24 (2, Xo20)) = 0,

co(x, X020, 24 (2, X020)) — 20 = 0,

EOZO 2 0.
Its feasible set is denoted by
e { (020 € pgeiel | €@ E0z0, 245, Zaz) =0,
’ co(z, X020, 24 (%, ¥020)) = 20, X020 >0 |~
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With zy = X9z it takes the equivalent form

min f(z)

,20

s.t. ce(z, 20, 24 (2, 29)) =0, (3.9)
co(z, 20, 2+ (2, 20)) — X020 = 0,
%0 > 0.

Again, the feasible sets have some closer relations. By construction:

FI x {0} CFL, CF forallog € {~1,1} (3.10)
Lemma 3.34. The feasible sets satisfy the following relations:

ﬂ Fy, = F x {0} and U Fs, =F"

goe{—1,1}la"| goe{—1,1}la"|

Proof. The proof of Lemma 3.14 can be modified to the reduced case by using zy and X
instead of z and ¥: Due to the implications (3.10) one just needs to show

N F&, CF x{0} and U #&B27.
goe{—1,1}a"| ooe{—1,1}e"]

Thus, consider (z,zy) € ﬂgoe{,lyl}\aﬂ s, to prove the first inclusion. Then, zp = 0 has to
hold as ¥gzp > 0 is satisfied for every definite 0. This implies directly (x,0) € FJ x {0}.
For the second inclusion, consider (z, 29) € F". Then, (2, 20) € 7§ € Uyyeq—1,131071 T3, for
the choice (69); =1 for i € ap(z) and (69); = (0o(x)); otherwise.

As in the localized case, the relation between feasible sets implies a relation between
minimizers.

Lemma 3.35. The pair (z*,0) is a local minimizer of (rNLP) if and only if it is a local
minimizer of the reduced branch problem (3.9) for every definite Xy = diag(oyg).

Proof. The proof is analogous to the proof of Lemma 3.15 except that the reduced feasible
sets have to be considered: Assume that (z*,0) is a local minimizer of (rNLP), then (z*,0) €
Fi{ x{0} C F5,, by Lemma 3.29 and (3.10). As F5, C F" holds for all o9 by (3.10), the pair
(z*,0) has to be a local minimizer of every branch problem (3.9).

Conversely, assume that (z*,0) is a local minimizer of every branch problem (3.9). Then,
(z*,0) € Fg, € F" for all o¢ by (3.10) and (z*,0) has to be a local minimizer of (rNLP)
since Uy eq—1,1}le*1 F3;, = F" by Lemma 3.34. O

By construction, every branch problem is smooth and once again standard NLP theory
can be applied. As before, LIKQ at x* implies LICQ at (z*,0), which is full row rank of the
matrix

Ogce(*,0, 24 (2%,0)) Oz, ce(x*,0, 24 (x*,0))
5, (%) = | Ozco(w,0, 24 (2%,0)) Ozco(2*, 0,24 (2%,0)) =X | € R(m+2ler)x(ntlar])
0 I
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3.1 Equality-Constrained Abs-Normal NLP

Lemma 3.36. Assume that (z*,0) is feasible for (rNLP). Then, LICQ holds at (z*,0) for
all branch problems if LIKQ holds at z*.

Proof. LIKQ at z* implies LICQ at (z*,0) for the trunk problem by Lemma 3.30. Then,
block elimination in Jy,  gives the result. O
A basis of the nullspace of Jy (2*) is given by the columns of the matrix Uy (z*) =

T * *
[Ueq(x*)T O] e Rt Dx[n=(m+la”)]  The Lagrangian of the branch problem (3.9) is de-
noted by

L (x, 20, A, po) = f (@) + M ce(x, 20, 24 (z, 20)) + AG [co(w, 20, 24 (2, Z0)) — SoZ0] — 1 20

with Lagrange multiplier vectors A = (\g, A\g) € R™H[ and uf € RI*’l. Using this La-
grangian, first order conditions are obtained in the next theorem. Here, total derivatives are
needed as in the trunk problem.

Theorem 3.37 (First Order Necessary Conditions). Assume that (z*,0) is a local minimizer
of ({NLP) and that LIKQ holds at x* Then, there exists a unique Lagrange multiplier vector
X* = (Mg, Aj) such that the following conditions are satisfied for every definite ¥o = diag(op):
() + M) T 0pce + (M) T 0pco =0 (tangential stationarity),
AT 0z,ce + (M) [055c0 — Zo] >0 (normal growth),
ce =0 (primal feasibility),
co =0 (switching feasibility).

Here, cg,0zce, 0z,Cs, co, Orco and Oz,co are evaluated at (x*,0, z4 (z*,0)).

Proof. This follows as in the proof of Theorem 3.17: For fixed o € {—1,1}"I the branch
problem is smooth and Theorem 2.7 can be applied. Thus, \* = (AL, \§) € R™ ™| and
i € Rl*™| exist such that

Bu Ll (%, 0, X", 1) = f/(a*) + (\5) T Duce + (X)) Do = 0,
0L, (27, 0,37, ") = (Ag) " Ozpce + (A)" [9z000 — Bo] — ()" =0,

ce =0,
60:07
po > 0,

where cg, Oxcg, 0z,cc, co, 0o, Oz,co are evaluated at (x*,0, z4(z*,0)). The first, third and
fourth condition are the first order necessary conditions for the trunk problem (see Theo-
rem 3.31). This implies that the Lagrange multiplier vector A* is unique and coincides for
all branch problems and for the trunk problem. Again, only the second and fifth condition
(and pf itself) depend on ¥y. Combination of these gives the normal growth condition

(AT Bzyce + (N) T 050 co(2*,0) — 2] > 0,

for every definite ¥y = diag(oyp). O

49



Chapter 3 Optimality Conditions for Abs-Normal NLPs under LIKQ

As in the localized case it suffices to consider one branch with ¥oA§ = |A§|. This is due to
the equivalence

(&) [9zpce] + (AT [8z00) = [N5IT
= (A$)T0s5ce + (AT 05,c0 > (NG T (£X0) for every definite .
and the next lemma.
Lemma 3.38. The equivalence stated before directly implies:
(&) [Dz0ce] + (A5)T [9z000) = [AGIT
— (M) T0sce + (AT [055c0 — Zo] > 0 for every definite X,
where Oycg, Oz, Ce, Onco, Oz,c0 are evaluated at (x*,0, z4(z*,0)).

Thus, the first order necessary conditions can be stated with a single normal growth
condition rather than 2/l of them.

Corollary 3.39 (First Order Necessary Conditions). Assume that (z*,0) is a local minimizer
of (rNLP) and that LIKQ holds at x*. Then, there exists a unique Lagrange multiplier vector
N = (Ag,A)) such that the following conditions are satisfied, where cg, co, Opce,Oxco, Oz C
and Oz,co are evaluated at (z*,0, z4 (x*,0)):

@)+ AT 0pce + (M) 0o =0 (tangential stationarity),
M) T 0sce + M) T 0z0c0 > |N|T (normal growth), (3.11)
ce =0 (primal feasibility),
co=0 (switching feasibility).

Moreover, second order sufficient conditions are obtained using the branch problems.

Theorem 3.40 (Second Order Sufficient Conditions). Consider (tfNLP) for d > 2. Assume
that (x*,0) is feasible and that LIKQ holds at x*. Assume further that a Lagrange multiplier
vector X = (Mg, \j) exists such that the first order necessary conditions (3.11) are satisfied
with strict normal growth,

(A2)" Ozce (2™, 0, 24 (2%,0)) + (A5 Dzpco(@”, 0, 2. (7, 0)) > G|,

and that
Ueg(x™) T HY (%, \*)Upy(z*) > 0.

Then, (z*,0) is a strict local minimizer of (rNLP).

Proof. Once again, the proof of the localized case (see Theorem 3.20) can be adapted: In
every branch problem strict complementarity holds as the strict normal growth condition is
satisfied. Moreover, LIKQ implies that the Lagrange multiplier vectors are unique. Thus,
all technical assumptions in Theorem 2.11 are fullfilled and it is left to show that

U, (@) Hy, (2%, A5)Us;, (27) > 0

50
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holds for every branch problem. As g appears only in linear terms in the Lagrangian, it is
independent of ug and thus all Hessians coincide:

o | Ol (17,00 ) DL (7,00, 1) | k¢ o)
HEO(x 7)\ ) o afx'c%()(x*voy )\*7/1’8) 822£E0(x*707)\*7lu’6) 6 R

with 0., L% (2%,0, A%, 1f) = 022 L7 (2%, X*) = Hy (x*, \*). Substituting Uy, (z*) yields
Ug, (%) H, (2%, X)US, (27) = Ueq(z™) " H (27, X)Ueq(z*) > 0
and the assertion follows by Theorem 2.11. O

As in the localized case, the first order conditions in Theorem 3.31 are not sufficient under
special circumstances. For this, the (strict) normal growth is additionally needed which is
also a necessary condition as was shown in Corollary 3.39. Again, even in the linear case some
regularity is required to ensure that the Lagrange multiplier vectors of all branch problems
coincide.

Theorem 3.41 (First Order Necessary and Sufficient Conditions for Linear Functions).
Given (rNLP), assume that f, ce and co are linear. Assume further that (x*,0) is feasible
and that LIKQ holds at x*. Then, (z*,0) is a local minimizer of (rNLP) if and only if there
exist \* = (A&, Aj)) such that the conditions (3.11) are satisfied.

Proof. This is done analogously to the proof of Theorem 3.22: The assumptions provide that
every branch problem is linear and that (x*,0) satisfies the first order necessary conditions
with the same set of Lagrange multiplier vectors. Thus, by Corollary 2.12 (z*,0) is a global
minimizer in every smooth branch problem. Consequently, (z*,0) is a local minimizer of
(rNLP) by Lemma 3.35. O

Under some assumptions on the problem dimension, the matrix Ueq(z*) is empty and thus
the second order conditions become trivial.

Corollary 3.42 (First Order Sufficient Conditions for |a*| + m = n). Given (rNLP) for
d > 2, assume that |a*|+m = n holds. Assume further that (x*,0) is feasible and that LIKQ
holds at x*. Then, (z*,0) is a strict local minimizer of (rNLP) if there exists A* = (A5, Aj)
such that the conditions (3.11) are satisfied with strict normal growth

(AT 0z0ce + (A5)T Dz000 > NG

Proof. The matrix Ueqy(z) is empty as |a*| + m = n and the result follows directly from
Theorem 3.40. O

3.1.4.2 Optimality Conditions of Split Abs-Normal NLP

Here the implicit function of the reduced form is avoided with an additional switching con-
straint ¢y — z; = 0 and associated switching variables z,. This causes an additional term
in the Lagrangian, an additional tangential stationarity condition and a more complicated
nullspace in the second order conditions.
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Split trunk problem The split trunk problem is obtained from (sNLP) by setting zy = 0.
Definition 3.43 (Split Trunk Problem). The split trunk problem reads

(x,z+I§leI%“”’z+ /@)
st. cg(w,0,24) =0, (3.12)
C0($, 07 Z+) - O’

ct(2,0,24) — 24 = 0.
Its feasible set is denoted by
FPi={(z,24) € D"**: ce(x,0,24) = 0,c0(x,0,24) = 0,c4(x,0,24) = 24 }.

Note that (x,z4) € F§ implies that (z,0,24) € F°. In the following the notation F; X
{0} C F% is used to denote this relation. Once again, the next lemma follows directly by
this inclusion.

Lemma 3.44. If (z*,0,27) is a local minimizer of (sNLP), then (z*, 2%) is a local minimizer
of the split trunk problem (3.12).

As before, the trunk problem is used to obtain necessary conditions.
Here, LICQ at (z*, 2} ) means full row rank of

Orce(x*,0,2%) O3ce(x*,0,2%)
Ji(x*, 2}) = | Oico(x™,0,2%) O3co(x*,0, 2% ) e ROmFs)x(ntlo™),
O1cq (2%,0,2%) O3cy(2*,0,2%) — 1

This is equivalent to LIKQ at z*.

Lemma 3.45. Assume that (z*, z(z*)) is feasible for (eqNLP). Then, LIKQ holds at x* if
and only if LICQ holds at (x*,2%) for the split trunk problem.

Proof. Block elimination and using the representations of the Jacobians in the proof of
Lemma 3.30 yields

_8165 — 6365(830+ — I)_1810+ 0
rank(J; (%, 2%)) =rank | d1co — Osco(O3c — I) " 1oney 0
(916+ 336+ -1
[ Je(x*) 0
=rank | Jo(z¥) 0
816+ 83ch -1

=rank(Joq(z¥)) + |07,

where all partial derivatives of cg,co and cy are evaluated at (2*,0, 2} ). Note, that the last
equality holds since Jzc4 (x*,0, 271 ) is strictly lower triangular. O

If LIKQ holds at z*, a matrix whose columns are a basis for J(z*, 27} ) is denoted by
Us(z*, 2%) € RFlo"DxIn=(m+]e*D] " The particular form is given in the next lemma.
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Lemma 3.46. The matriz Uf(x*, 23) has the following form:

Sk k0 Ueq(l'*)
Ut (x ,Z+) - [(I _ (9304.(3?*,0, Zi))‘161c+(x*,O,zi)Ueq(x*) ‘| .

Proof. Consider the equation

U Oicg(x*,0,27%) O3ce(x*,0,27) U
0=Ji(z",25) [Ul ] = | Qreola”,0,2%) - Bseola”,0,23) [Ul ]
2 Oreq (2%,0,23) Oscq(2%,0,2%) — 1 ?

Then, the third line gives the correspondence U = (I — d3c4(z*,0, 2% )) " 1drcq (2*,0, 25Uy
as Ogcq(x*,0,2%) is strictly lower triangular. Inserting this representation of U, into the
first and the second equations leads to

0= le(ﬂf*)] UL

Then, the result follows directly as Ueq(2*) is defined as the proper matrix. O

Note that the nullspace matrix is more complicated than in the reduced abs-normal NLP.
This is due to the fact that the variable z, is explicitly handled.

Using once again the theory for the smooth case, necessary optimality conditions can be
obtained. Here, the Lagrangian is denoted by

Li(x, 24, 0) = f(x) + Mrce (2,0, 20) + Adco(,0, 24) + AL [ (2,0, 24 ) — 24]

with Lagrange multiplier vector A = (Ag, Ao, Ay) € R7He [+o™],
The additional term leads to a further tangential stationarity condition.

Theorem 3.47 (First Order Necessary Conditions). Assume that (x*,0, 2% ) is a local mini-
mizer of (sSNLP) and that LIKQ holds at x*. Then, there exists a unique Lagrange multiplier
vector \* = (Ag, Ay, A) such that the following conditions are satisfied, where the constraints
cg, co, ¢4+ and all their partial derivatives are evaluated at (x*,0, 2% ):

@)+ (Ag) 0ree + (X)) 01co + (M) 01ey = 0,
(A2) 03ce + (A5 93¢0 + (M) [03¢c —I] =0 (tangential stationarity),
ce =0 (primal feasibility), (3.13)
co =0,
ct — 2L =0 (switching feasibility).
Proof. Once again, this follows as in the proof of Theorem 3.9. Due to Lemma 3.44, the neces-

sary conditions are obtained by applying Theorem 2.7 to the trunk problem. By Lemma 3.45
the assumptions of the latter are satisfied and the Lagrange multiplier vector A* is unique. [

Due to the explicit handling of z; the Hessian contains four partial derivatives of the
Lagrangian L7.
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Theorem 3.48 (Second Order Necessary Condition). Consider (sNLP) for d > 2. Assume
that (z*,0,2%) is a local minimizer and that LIKQ holds at x*. Denote by \* the unique
Lagrange multiplier vector. Then,

Uy (x*, 25T HY (2%, 25, AU (2%, 25) > 0

with Hj (x*, 2%, \*) = 02

(x72+)7(x7z+)

Li(x*, 25, \).

Proof. Again, the proof of Theorem 3.11 is adapted: Using Lemma 3.44, the smooth trunk
problem is considered. Then, Theorem 2.10 gives the result as LICQ holds by Lemma 3.45
and Z = (). O

As one cannot obtain sufficient conditions by using the split trunk problem, once again
branch problems in the neighborhood of the local minimizer are studied.

Split branch problems The splitting yields 2/¢°I different branch problems.

Definition 3.49 (Split Branch Problem). Choose og € {—1,1}%"l and set ¥y = diag(oy).
The split branch problem associated with o reads

min f(z)
(z,20,24 ) €D 17012+
s.t. ce(w,X020,24) =0,
o S, =1) — 20 = 0,
cy(w, X020, 24) — 24 =0,
Yoz0 > 0.

Its feasible set is denoted by

2, i= | (0,20,24) € Dolanbr | 217 2020,24) =0, ol B0z, 24) =20,
0 c+(x, X020, 24) = 24, 220 >0

With zZy = X9z it takes the equivalent form
min ~ f(z)
T,20,%4

sit. ce(x, z0,24) =0,

Co(x, 50, 2’+) — 2050 = 0, (3'14)
ci(x, 20, 24) — 24 =0,
Z0 > 0.
By construction, the following implications are given:
Fix {0} CF, CF° forallog € {—1,1} (3.15)

Moreover, the feasible set of the trunk problem is the intersection of the feasible sets of
the branch problems and the set F? is the union.
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3.1 Equality-Constrained Abs-Normal NLP

Lemma 3.50. The feasible sets satisfy the following relation:

ﬂ Fs, = F; x {0} and U Fo = F°

goe{—1,1}e"I aoe{—1,1}e]

Proof. Once again, the proof of Lemma 3.14 can be modified. Here, zg and ¥ are considered
instead of z and 3: It is sufficient to show

N 75, CF x{0} and Uy r,27
aoe{—1,1}e ooe{—1,1}"I

due to the implications (3.15). For the first inclusion, consider (2, 20) € MNyyeq_1,1}10%1 T3 -
Then, 2y = 0 has to hold as Ygzg > 0 is satisfied for every definite og. This implies directly
(x,0) € Ff x {0}.

To prove the second inclusion, consider (z, zg) € F*. Then, (z, zp) € Fi < Uae{—l,l}\a*l IS
for the choice (6¢); = 1 for i € ap(x) and (69); = (00(x)); otherwise.

Once again, the smooth branch problems can be used to derive sufficient conditions.

Lemma 3.51. The point (x*,0,2}) is a local minimizer of (sNLP) if and only if it is a
local minimizer of the split branch problem (3.14) for every definite X9 = diag(oy).

Proof. This is proven like Lemma 3.15 except for the split feasible sets that occur: Assume
that (z*,0, 2} ) is a local minimizer of (sNLP). Then, (z*,2}) € F x {0} C F3, as well as
F$, € F° hold for all g by Lemma 3.44 and (3.15). Thus, the pair (z*,0, 2}) has to be a
local minimizer of every branch problem (3.14).

Conversely, assume that (z*, 0, 2} ) is a local minimizer of every branch problem (3.14). Then,
(2*,0,2}) € F5,, C© F* for all o by (3.15) and U, eq_1 131071 F5,y = F° by Lemma 3.50.
Consequently, (z*,0, 2% ) has to be a local minimizer of (sNLP). O

LICQ at (x*,0, 2% ) for the split branch problems is full row rank of the matrix

Orce(x*,0,2%) Ogce(x*,0,2%) O3ce(x*,0,2%)

Oico(x*,0,25)  Ooco(x*,0,2%) — X O3co(x*, 0,27 )

Orc4 (2,0, 2% ) Ogcq (2,0, 2% ) Ozcq (x*,0,2%) — 1
0 1 0

€ R(mts+la*)x(n+s)

I (@7, 23) =

As before, LIKQ at z* ensures this property.

Lemma 3.52. Assume that (x*,0,27) is a feasible point for (sNLP). Then, LICQ holds at
(x*,0,2%) for all branch problems if LIKQ holds at x*.

Proof. Block elimination directly gives that LICQ at (z*,0, 2% ) for the branch problems is
implied by LICQ at (z*, 27 ) for the trunk problem. The latter is in turn implied by LIKQ
at * as was shown in Lemma 3.45. ]
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Chapter 3 Optimality Conditions for Abs-Normal NLPs under LIKQ

Then, a basis for J3, (z*, 27} ) is given by the columns of the matrix

T * *
Ugy(2*,25) = [Ueg(@)T 0 (I = Bzey) L0101 Ung(@*)T | € ROHDx=(melatl)],

where the partial derivatives of c; are evaluated at (x*,0,2%). This follows directly from
the form of U} exploring the identity block in J§, .
To state optimality conditions, the Lagrangian is needed. It is denoted by

£%0(.T, 20, 2+ )\7M0) = f($) + AgCS(xv 20, Z+) + Ag[CO(xa 20, Z+) - 2050]

+ M ey (2, 20, 24) — 24] — pg %o
with Lagrange multiplier vectors A = (Ag, Ao, Ay ) € R™Fle 1+l and 1y € R

Theorem 3.53 (First Order Necessary Conditions). Assume that (z*,0, 2% ) is a local mini-
mizer of (sNLP) and that LIKQ holds at x*. Then, there exists a unique Lagrange multiplier
vector \* = (Mg, NG, AL) such that the following conditions are satisfied for every definite
Eo = diag(ao):
F1(@*) + (Ae) dree + (X5)Tdrco + (N) ey =0,
(AE) B3ce + (A5 03¢0 + (M) [03¢ — I) =0 (tangential stationarity),
(A2) T ace + (N5) T [0aco — So) + (M) T dacy >0 (normal growth),
ce =0 (primal feasibility),
co =0,
cr — 27 =0 (switching feasibility).

Here, the constraints cg,co, c4 and all their partial derivatives are evaluated at (x*,0, 27%).

Proof. This follows as in the proof of Theorem 3.17: Every branch problem is smooth and
thus Theorem 2.7 can be applied. This gives the existence of A* = (A%, A\§, A%L) and g such
that:

0Ly, = f'(x%) + (N5) 01ce + (N5) 01co + (N5) T drey (27,0, 24) = 0,

0:, L3, = [/(@*) + (A5) 0sce + (A5) 03¢0 + (N5)T [O3cq — 1] + (A\5) T docy = 0,
95, L3, = (\e) T dace + (AT [02c0 — o] — g = 0,

ce =0,
co =0,
cy —21 =0
po > 0,

where the Lagrangian is evaluated at (z*,0, 23, A*, ug) and the constraints cg, ¢, ¢4 and all
their partial derivatives are evaluated at (z*,0, 2% ). The first, second, fourth, fifth and sixth
condition are the first order necessary conditions for the trunk problem which were obtained
in Theorem 3.47. Thus, the Lagrange multiplier vectors A* coincide for all branch problems
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and for the trunk problem as they are unique. Only the third and seventh condition (and
i itself) depend on Xy. They can be combined which gives the normal growth condition

(A5) " dace + (X5)" [D2co(a”,0) — B + (N5) T daey 20,
for every definite ¥y = diag(oy). O

Even with the additional tangential stationarity condition it is sufficient to consider one
normal growth condition instead of 2/%"l. Once again, it is one branch which satisfies Yoy =
IAG| as the following equivalence holds and gives the next lemma.

(A&)" Dace + (A5)" Daco + (V) ey = NG|
= (A5)T0ace + (N5)T Oaco + (\5) T 0acy > ()T (£X0) for every definite Xy.
Lemma 3.54. The equivalence stated before directly implies:
(&) Bace + () Daco + (A5) T Bocs > [AG["
= (M) 0ace + (\5)T [0aco — So] + (N1) T dacy > 0 for every definite %o,
where the constraints cg,co, c4 and all their partial derivatives are evaluated at (x*,0,27%)

Corollary 3.55 (First Order Necessary Conditions). Assume that (x*,0, 2% ) is a local mini-
mizer of (sSNLP) and that LIKQ holds at x*. Then, there exists a unique Lagrange multiplier
vector \* = (Mg, NG, AL) such that the following conditions are satisfied, where the constraints
ce, o, C+ and all their partial derivatives are evaluated at (x*,0,27):

F(@%) + (8) e + (0 dhco + (X)) dres =0,

(M) 03ce + (X)) 93¢0 + (M) [0 — I] =0 (tangential stationarity),
(A2) T Oace + (N5 Oaco + (N ) Doy > |ING|T (normal growth), (3.16)
ce =0 (primal feasibility),
co =0,
cy — 25 =0 (switching feasibility).

Under the additional assumption of strict normal growth, second order sufficient conditions
are obtained. Here, the more complicated nullspace matrix U/ is needed again.

Theorem 3.56 (Second Order Sufficient Conditions). Consider (sNLP) for d > 2. Assume
that (x*,0, 2% ) is feasible and that LIKQ holds at x*. Assume further that a Lagrange mul-
tiplier vector \* exists such that the first order necessary conditions (3.16) are satisfied with
strict normal growth,

()\Z)Tﬁgcg(:z*, 0,27) + ()\S)Tagco(x*, 0,237) + (Ai)Tagc_i_(x*, 0,27) > ])\S\T,

and that
Up(a*, 25T H (o, 25, XY UR (a7, 21) > 0.

Then, (x*,0,27%) is a strict local minimizer of (sNLP).
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Proof. This follows again the proof of the localized case (see Theorem 3.20): The strict
normal growth condition implies that strict complementarity holds in every branch problem
and LIKQ implies that the Lagrange multiplier vectors are unique. Thus, Theorem 2.11 can
be applied if the reduced Hessian is positive definite for every branch problem:

The multiplier po appears only in linear terms in the Lagrangian. Thus, all Hessians coincide
as they are independent of ug and read

0 S N S N s
H, (a5, 2, N) = | 02L5,  0s:L5, 0=, L5, | € RUF)x(nts
8Z+9€[’Eo az+5£20 8Z+Z+ 3o

where all derivatives of L5, are evaluated at (0,25, X", ug). Here, H} is contained in H. S0
in particular:

2424 +2+

s s 5 s
- O - 3 Bl Py Wy | B R
Inserting the particular form of U3, (z*, 27} ) leads to
Us, (", 23)THS, (2%, 25, N)US, (%, 21) = Ui (%, 23) T H (o, 23, XU (2, 2) > 0,
Thus, Theorem 2.11 gives the claim. O

Once again, the first order conditions in Theorem 3.53 are sufficient under some additional
assumptions. The key is still the (strict) normal growth condition.

Theorem 3.57 (First Order Necessary and Sufficient Conditions for Linear Functions).
Given (sNLP), assume that f, cg, cy and co are linear. Assume further that (x*,0,2%) is
feasible and that LIKQ holds at x*. Then, (z*,0,2%) is a local minimizer of (sNLP) if and
only if there exists \* = (A5, A, AL) such that the conditions (3.16) are satisfied.

Proof. This is done as in the proof of Theorem 3.22: By the assumptions every branch
problem is linear and (z*, 0, 27} ) satisfies the first order necessary conditions with the identical
set of Lagrange multiplier vectors. Then, (z*,0) is a global minimizer in every smooth branch
problem by Corollary 2.12 and (z*,0) is a local minimizer of (sNLP) by Lemma 3.51. O

Again, even in the linear case LIKQ is needed to ensure that the Lagrange multiplier
vectors of all branch problems coincide.

Corollary 3.58 (First Order Sufficient Conditions for |a*| +m = n). Given (sNLP) for
d > 2, assume that |o*| +m = n holds. Assume further that (x*,0, 2% ) is feasible and that
LIKQ holds at x*. Then, (x*,0,2%) is a strict local minimizer of (sNLP) if there exists
N = (A5, A5, AL) such that the conditions (3.16) are satisfied with strict normal growth

(M) Bace + (N5 O2co + (N) T Doy > [NG|T.

Proof. The matrix U (z, z4) is empty as |a*| + m = n and the result follows directly from
Theorem 3.56. O
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3.1 Equality-Constrained Abs-Normal NLP

3.1.4.3 Combined Optimality Conditions

In the two preceding sections optimality conditions for the non-localized abs-normal NLP
in split form and in reduced form were derived. Now a suitable combination of these condi-
tions is selected and more compactly stated. Before, the connection between the Lagrange
multiplier vectors in both formulations is formulated and proven.

Lemma 3.59. A point (z*,0, X5, X)) satisfies the first order necessary conditions of Corol-
lary 3.39 for (t{NLP) if and only if the point (x*,0, 2%, A5, A5, AL) with 27 = 2z (2*,0) and
Moo= [(AE)T0sce (2,0, 24) + (AT O5cp (2*,0, 24)][I — 3¢ (2*,0,24)] 7T satisfies the first
order necessary conditions of Corollary 3.55 for (sNLP).

Proof. Due to construction zy (z*) = 2§ = z4(2*,0) holds and the second tangential sta-
tionarity condition in Corollary 3.55 gives the relation

(DT = [(\8) 0sce(@,0,24) + (AT Bseq (27,0, 24)][T — B (27,0, 24)]

Using zy (2*) = 27 = z4(2*,0) and the definition of 2% (z*,0) the primal feasibilities and the
switching feasibilities can be converted from one formulation into the other. Thus, it is left
to show equivalence between the tangential stationarity and normal growth conditions. For
this, note that by the definitions of 2z} and A% the following relations are satisfied where all
partial derivatives are evaluated at (z*,0, z4 (z*,0)):

(AT diey =(Ag)T 3cdozy (27,0) + (A5) " 3c00, 24 (2, 0),
(V)T 0acy =(\E) T 03ce035, 24 (2%, 0) + (N)) T 93003, 2+ (2*, 0).

Then, it is immediately clear that the conditions are equivalent. O

Lemma 3.60. A point (x*,0, A5, \j) satisfies the strict normal growth condition for (rNLP)
if and only if the point (x*,0,25, 5, A5, AL) with 25 = 24(2%,0) and X, =
[(A8)TO5ce(2*,0,24) + (A§)TO5¢4 (2%,0, 24)][I — Bscq(x*,0,24)]7T satisfies the strict nor-
mal growth condition for (sNLP).

Proof. The equivalence in the previous proof holds also with > instead of > in the normal
growth condition. OJ

Thus, Az and Aj coincide in both formulations and A% is a linear combination of them.

In [17] the optimality conditions were combined following Griewank and Walther in [§]
(which is stated in paragraph 2.2.4). Thus, the first order conditions of the split abs-
normal NLP were chosen as the more convenient ones. The reason was that the first order
necessary conditions of the reduced form involve complicated total derivatives due to the
implicit function whereas the corresponding conditions of the split form involve only partial
derivatives. In contrast, for second order necessary and sufficient conditions the ones of the
reduced abs-normal NLP were selected. Here, it was argued that the second order conditions
in split form involve the complicated nullspace matrix U7 (z*, 2% ) whereas the corresponding
conditions in reduced form involve the basic nullspace matrix Ueq(z*) of Jog(x*).

In contrast to [17], in this thesis all conditions of the split abs-normal NLP are chosen
as the convenient ones. Due to the explicit handling of z; they can be compared directly
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Chapter 3 Optimality Conditions for Abs-Normal NLPs under LIKQ

to the optimality conditions for MPECs in the following two chapters. For that, they are
stated again in compact form which means without split variables.
Thus, Corollary 3.55 is rewritten in the following.

Corollary 3.61 (First Order Necessary Conditions). Assume that (x*,2*) is a local mini-
mizer of (eqNLP) and that LIKQ holds at =*. Then, there exists a unique Lagrange multiplier
vector X* = (A§, \%) such that the following conditions are satisfied:

(@) + (Ng) T Oree(a™,[27]) + (A5) T drez (a7, |2"]) = 0,
[(A&) T dace (o, [2°]) + (A5)T Bacz (™, ")) = [(AZ)il, i € a(a®),
[(A8)Tdace (o, [2°]) + (A\5)T Bacz (2™, ") = (A5 )ioT, i ¢ a(z?), (3.17)
0,

cz(z*,|z"]) — 2" =0.

cg (2", |27)

Proof. Recall that

cen| A =] 0 | ana wr=m|™ O mronm|? 0|7
Xy YA 0 X% 0 %
with an appropiate permutation matrix II as well as

CO($7 07 Zj—)

cz(x*,X2") =11 lzich(x’O, )

] and cg(x*,X2") = ¢e(x,0,2])

with the explicit notation ¢g. Further, the following equalities for partial derivatives hold:

* Nk K\ 8ICO ER o e a200 8300 T
Orez(x*, X% 2") =11 [21810+1 , Oocz(x*, X% 2") =11 [Eiazq 5% Dyes I,
Orce(x™,X72%) = Oy é¢, Ooce(x™,X2%) = [8265 8365} a’.

Note that the argument (z*,0, 27 ) is omitted on all partial derivatives of cg,c,é. Then,
the first condition of (3.16) with A =1II [(A§)T (2% A%)T]T reads

61 Co
61 Cyt

0= /(") + 8) dree + [ () umﬂ[
I 0 I 0 oi1c
gl s\T o ~ «\T' * \T' T 1¢€0
- e ouroee s [osr wr][1 2 |wemft ][]
= f'(2*) + (&) dree (o™, [2]) + AZdicz(a*, |27)).
Here, the special identities II”II = I and ¥4 X% = I were used. Analogously, the relation

82 Cp 83 Co
82 Cyt 83 Ct

I 0 I 0 Oac Osc
_ o yve\T ~ ~ #\T *\T T 2€0 30
= (Az) {6205 8305} + [()\o) (A1) ] [0 21] IT" 11 [O Ei] [2182@ 2183(41

= (A2)" Once (2™, [#" NI+ (N5) T Docz (", |27 )T

)T (a2 032e | + [ ()T Qmﬂ[
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follows. Inserting this into the conditions (3.16) and using that A§ belongs to the active
components and A’ to the inactive ones, gives

[(A2)" Bace (2™, [27]) + (AZ)T Dacz (2™, [=*D)i > [(AB)il, i€ ala”),
[(A2)" Bace (27, [2°]) + (A5)T Dacz (2™, [2* )i = (\E)ioT, i & afz®).

To state second order conditions the Lagrangian £ and the matrix U7 without split
variables are needed. Setting Az := II [\l (% A1)T]7, the Lagrangian £{ can be rewritten
as

(w12, 0) = f(w) + M es(w, [2) + A% [ez(x, [2]) = PloeyePlan)e =]

with A = (A\e, Az) € R™"S. Here, Plarye € RI7*1%s denotes the projector onto the inactive
components. Due to the form of 9,z(x) which was derived in the proof of Lemma 3.30, the
matrix Uf(z*) reads

* 2

7S (k) o Ue
Ui(a") = l[e?E*o%z(a;

(z) ]
)]i%a* Ueq(x*> .

Thus, the second order conditions in Theorem 3.48 and in Theorem 3.56 can be stated
without split variables.

Corollary 3.62 (Second Order Necessary Condition). Consider (eqNLP) ford > 2. Assume
that (z*,2*) is a local minimizer and that LIKQ holds at x*. Denote by \* the unique
Lagrange multiplier. Then,

Uf(x*)T]ZItS(w*,z*,)\*) ~t5(a:*) > (.
with

(TS (% % YK .__ I 0 aa:x‘éf(x*v‘zﬂa)‘*) 8x|z|[:f(x*a‘2*|7)‘*) I 0
Hien, 2 A7) = lo P<a*>c] [amxﬁf(w*,\z*r,x*) Oy L3, |7 A7) | [0 L

and where Py € RI7*IXs denotes the projector onto the inactive components.

Proof. By construction, £§(z*, |2*[, A, AE) = Li(x*, 25, Ng, A, AY) is satisfied for [2*| =
07 (22)T]7 and A5 = I [(A5)T (2% AT)T]T. As 27 contains the inactive components the
following hold:

gs_ |1 0 Onely 0L | [T 0 | |0nei£f 00 L5 | _ s
P70 Pasye | |00l 0:2L8 | |0 Pl 0oy uli 0sp0, Lf t

Here, H and £ are evaluated at (z*,[2*|, A5, %) and Hf and £§ at (z*, 2%, A5, A\, A%).
Then, the result follows directly from Theorem 3.48. O

Corollary 3.63 (Second Order Sufficient Condition). Consider (eqNLP) ford > 2. Assume
that (x*, z*) is feasible and that LIKQ holds at x*. Assume further that a Lagrange multiplier
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vector \* exists such that the first order necessary conditions (3.17) are satisfied with strict
normal growth,

[(A2)" Bace (27, [27]) + (AZ)T Dacz (2™, [2* D) > [(AZ)il, i € ala”),

and that
U ()T HE (z%, 2%, XU (%) > 0.
Then, (z*,z*) is a strict local minimizer of (eqNLP).

Proof. This follows directly by inserting the results of Corollary 3.61 and Corollary 3.62 in
Theorem 3.56. 0

The first order sufficient conditions will not be repeated here without split notation as
they are not needed in the following. Moreover, it is directly clear from Corollary 3.61 how
they read without the split variables.

3.2 Handling of Nonsmooth Objective Function and Inequality
Constraints

In this section the general level-1 nonsmooth NLP is considered:

min - f(z)
s.t. g(z) =0,
h(zx) >0,

where D* C R"™ is open, [ € Cgbs(Dw,R), g € Cng(D"”,le) and h € Cgbs(Dx,Rm2) for
d > 1. There are two possibilities to handle these problems. On one hand the existing
theory can be extended. Then, the complete previous theory has to be adapted to a level-1
nonsmooth objective function and additional level-1 nonsmooth inequality constraints. On

the other hand it can be reformulated as an equality-constrained abs-normal NLP:

min v
T,0,w
st. flx)—v=0,
g(x) =0,
h(x) — [w| =0,

with v € R, slack variables w € R™2, f(x) —v € C% (D* x R™2,R) and h(z) — |w| €
Cgbs(Dl“ x R™2 R™2). Note that, the conversion of inequalities h(x) > 0 to equalities
h(z) — |w| = 0 has been suggested by Griewank in a personal discussion [12]. Then, the
previous results can directly be applied to this formulation. Nevertheless, the question occurs
if one formulation provides better regularity than the other.

Here, level-1 nonsmooth inequalities and a level-1 nonsmooth objective function are con-

sidered separately. Thus, in subsection 3.2.1 level-1 nonsmooth inequalities are considered
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and the LIKQ is formulated for the direct approach and for the reformulation as an equality-
constrained abs-normal NLP. Then, equivalence is proven between LIKQ for both formu-
lations and thus optimality conditions can be obtained using the reformulation and the
results of the previous section. Further, a level-1 nonsmooth objective function is studied in
subsection 3.2.2 via both approaches.

3.2.1 Handling of Level-1 Nonsmooth Inequality Constraints

To begin with, only additional level-1 nonsmooth inequality constraints are considered in
the following. Then, the problem reads:

min  f(z)
st. g(z) =0, (NLP)
h(z) >0,

with f € C4(D* R), g € C% (D*,R™) and h € C%_(D* R™) for d > 1.

abs abs

Direct Handling In this paragraph abs-normal NLPs with equality and inequality con-
straints are considered. They are obtained by substituting the constraints representation in
abs-normal form (2.3b) into the general nonsmooth problem (NLP). Note that the variables
t € R™ and 2! € R* instead of 2 € R" and 2z € R® are used. Thus, also o'(t) and of(t) is
written instead of o(z) and a(z).

Definition 3.64 (Abs-Normal NLP). A nonsmooth optimization problem is called an abs-
normal NLP if functions f € C4D" R), ce € CUDUI R™), ¢r € C4UDHI R™2) and
cz € C’d(Dt’|zt|,RSf) for d > 1 exist such that the NLP can equivalently be stated as

min f(t)
(t,2)e Db 1=
st. ce(t,|2]) =0,
cr(t,]2']) > 0, (I-NLP)
cz(t,|2']) — 2' =0,

where DI¥'l is symmetric and ycz(t, |2"]) is strictly lower triangular. The feasible set of
(I-NLP) is denoted by

Fiabs = {(ta Zt) € Dt7|2t‘: Cg(t, |Zt|) =0, Cz(tv ‘Zt|) >0, Cz(t> |Zt|) -2 = O}
The feasible set of (I-NLP) can be rewritten using 2¢(¢):
Fiabs = {(,2'(t)) : t € D', ce(t,[2'()]) = 0, ex(t, |2'(t)]) > 0}

As in the smooth case, the set of active inequality constraints is defined. Once again,
equalities are not counted as active constraints in contrast to standard NLP theory.
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Definition 3.65 (Active Inequality Set). Given (I-NLP), consider (¢, z!(t)) € Fiaps. The
inequality constraint i € Z is called active if ¢;(t,|2*(t)]) = 0 holds and inactive otherwise.
The active set A(t) consists of all indices of active constraints,

A(t) :=={i € T: ¢(t, |2 (t)]) = 0}.
The number of active inequality constraints is denoted by |A(¢)].

To define the linear independence kink qualification as well as the interior direction kink
qualification for (I-NLP) its Jacobian is needed.

Definition 3.66 (Active Jacobian). Given (I-NLP), consider (t,2'(t)) € Fiaps and set
A= A(t), ot = al(t), ot = ol(t), Xt = diag(c?) and c4 = [c;];ea. The active Jacobian is

Je(t) t
Jiabs(t) == | Ja(t) | € Rt Al )xne
Jat (t)

It consists of the equality-constraints Jacobian (see Definition 3.3)
Je(t) = Opce(t, 124 (1)) = Orce(t, |2H(1)]) + Dace(t, |24 (1)) 20,24 (1),
the active inequality Jacobian

Jau(t) := Opea(t, 2121 (t)) = Orca(t, BP24 () + Oacalt, D125 (1)) B0, 21 (1)
= Orea(t, [2'(t)]) + acalt, [ (1)) B0z ()

and the active switching Jacobian (see Definition 2.33)
, = el = aez(t, |2 ()] orez(t, |2 (1)])]

Definition 3.67 (Linear Independence Kink Qualification (LIKQ)). Given (I-NLP), con-
sider (t,2'(t)) € Fiaps. One says that the linear independence kink qualification (LIKQ)
holds at t if the active Jacobian

Jae(t) = |ef 02" (1)]

i€a icat

Je(t) Orce(t, |2 (t)]) .
Jiabs(t) = | Ja(t) | = |8ealt,|2H@)]) | € ROmFARFa)xn:
Jar (t) [ef 02" (D)]icar

has full row rank my + |A| + |a?|.

Inequality Slacks In this paragraph abs-normal NLPs with slack variables introduced for
all inequalities are studied. Use of the absolute value of a slack variable is made, an idea
proposed by Griewank [12]. This results in a class of purely equality-constrained abs-normal
NLPs, which simplifies the derivation of optimality conditions under the LIKQ.

Using slack variables w € R™2 the following reformulation of (NLP) is obtained:

el f(t)
s.t. g(t) =0,
h(t) — lw| = 0,

64



3.2 Handling of Nonsmooth Objective Function and Inequality Constraints

where D¥% = D! x R™2. Then, g and h can be expressed in abs-normal form as in (2.3b)
and additional switching variables z" can be introduced to handle |w|. This approach leads
to the next definition.

Definition 3.68 (Abs-Normal NLP with Inequality Slacks). An abs-normal NLP posed in
the following form is called an abs-normal NLP with inequality slacks:

min f(t)
(tw,zt,zw)eDtwsl=t 2]
s.t. ce(t, |zt|) =0,
cr(t,]2t)) = 2% =0, (E-NLP)
cz(t,[2']) —2* =0,

w—2zY =0,

where Dt I='h2"l = Dt » R™2 x DI#'l x R™2. The feasible set of (E-NLP) is a lifting of
Fiabs and is denoted by

T\ — t _
Feabs == { (t,w, 24, 2%) € Dbl ce(t, |2']) = 0, ez(t, |2]) — [z = 0, }

cz(t,|2]) =2 =0, w—2"=0
= {(t,w,zt,zw): (t,zt) € Fiabs, w = 2", [2Y| = ez(t, |zt|)}
Using the dependence of z! and 2z of t and w, the feasible set can be written as
Fears = { (£, 2 (1), 2 (w)): (1,w) € D", cg(t, |2'(1)]) = 0, ex(t, [#'(8)]) — [="(w)| = 0}
= {(t,w, ' (8), 2 (w)): (£, 2' (1)) € Fraws, [2"(w)] = ex(t, |2 ()]} }

The signature and the active switching are split into components for variables ¢ and w, i.e.
o= (ot,0%) and o = (a,a"). Analogously, the associated signature matrix is partitioned:

5 [zt 0 ] .
0o xv
Remark 3.69. Note that introducing |w| converts inequalities to pure equalities without a
nonnegativity condition for the slack variables w. However, the slack reformulation has some
subtle issues. In section 5.3 it will be shown that, in contrast to LIKQ, a weaker KQ (in
particular IDKQ) is not preserved. Moreover, one cannot eliminate the equation w— 2% =0
(and hence z* or w) in (E-NLP) since this would destroy the abs-normal form. Finally, the

slack w is not uniquely determined since the signs of nonzero components w; can be chosen
arbitrarily, yielding a set of 272~19"l choices, W (t) := {w: |w| = cz(t, |2} (t)])}.

Lemma 3.70. Given (E-NLP), consider (t,w, 2t (t), 2% (w)) € Fe-aps. Then, LIKQ at (t,w)
is full row rank of

Oree(t, |2 (t)]) 0

e 2t ))) —x (ma+ma+lal [ +a® ) x (ni-+ms)
Je-abs(t, w) 1= [6?8t2t(t)]i€at 0 o |
0 [ Nicaw
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Chapter 3 Optimality Conditions for Abs-Normal NLPs under LIKQ

Proof. Set x = (t,w), z = (2, 2"), f(z) = f(t), Ce(a,|2]) = (ce(t, |2]), ez(t, |2"]) — |2*]) and
cz(x,|z|) = (cz(t,|2!]), w). Then, (E-NLP) can be written compactly as

min  f(z)
s.t. ez, |2) =0, (E-NLP)
cz(w,|z]) —2 =0,

and Jg and J, can be computed from Definition 3.66 using the special structure of (E-NLP).
This leads to

Opz(x) = (I — Daiz(x,|2(x))X)  drez(x, |2(x)|)
QI 0] [8gég(t,\zt(t)\) 0] [zt 0 D‘llalaz(t,zt(tm o]
0 I 0 oo zv 0 I
124 (t)])

[(1—0252@,\zt(t)y)zt)—lalaz(t, 2 0] _ [atzt@) o]
0 I 0 I\

Then, the active switching Jacobian reads

= ET tzt icat
Ja(z) = l[ {02 (1) [eiTI]@w]

and the equality-constraints Jacobian

Je(z) = Oce(x, |2(x)|) + Oace (x,|2(2) ) L0, ()

_ [oreet, 124@0)]) 0 L | Oucet, @) o] [st o ][azt@) o
| Orer(t, |2(1)]) 0 Oocr(t,|2t@)]) —I|| 0 xv 0o I

_ [oreet, 1240)]) + Dace (8, |2 (D)1= () 0 ]
| Orez(t,24(8)]) +82cz( N Dot () X

_ [ res(t, 1241)) ]
6th( Jt)) —xv

The resulting matrix Je aps(z) = [Jg(w) Ja(x)T}T in Definition 3.67 has the form above.

O]

Remark 3.71. Clearly, the rank of J b5 does not depend on the signs of £1 entries in %%
but only on their positions. Hence, LIKQ does not depend on the particular choice of w.
Otherwise it would not make sense to consider (E-NLP).

Relation of LIKQ In this paragraph the relations of LIKQ for the two different formulations
of abs-normal NLPs are discussed. Here, the set W (¢) from above is used.

Theorem 3.72. LIKQ for (I-NLP) holds at (t,2'(t)) € Fiaps if and only if LIKQ for
(E-NLP) holds at (t,w, 2% (t), 2 (w)) € Fe.aps for any (and hence all) w € W ().
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3.2 Handling of Nonsmooth Objective Function and Inequality Constraints

Proof. This follows immediately by comparison of Jiaps and Jeaps using the relation
a’(w)y={i €Z:w; =0} ={i € T: ¢;(t, 2 (t)) = 0} = A(2)
and the particular form of
¥V = diag(c™) with o}’ = sign(w;) = {(3);1, z Z jg;’
O

Optimality Conditions In this paragraph the optimality conditions for (I-NLP) are ob-
tained. This is done using the slack formulation (E-NLP) as LIKQ is preserved under this
reformulation.

Definition 3.73 (Kink Stationarity). A feasible point (*, (2!)*) of (I-NLP) is kink station-
ary if there exist a Lagrange multiplier vector A = (Ag, Az, Az) € R™TM2F5t guch that the
following conditions are satisfied:

(") + ALd1ce — Mdyer + Moz =0, (3.18a)
MEdace — M over + MLoocz]; > |(Az)il, i€ al(t?), (3.18b)
MEdace — M dher + MLooez]s = (\z2)i(ah)r, i ¢ ol(tY), (3.18¢)

Az > 0, (3.18d)
Mez =o. (3.18¢)

Here, the constraints and the partial derivatives are evaluated at (t*, |(z%)*|).

Theorem 3.74 (First Order Necessary Conditions for (I-NLP)). Assume that (t*, (2%)*) is a
local minimizer of (I-NLP) and that LIKQ holds at t*. Then, (t*,(z%)*) is a kink stationary
point with unique Lagrange multiplier vector.

Proof. By Lemma 3.72 the slack reformulation (E-NLP) can be considered. Then, Corol-
lary 3.61 gives the following first order conditions for (E-NLP):

F(@) + Moree(o*, |2°]) + AEdrez (™, |2*]) = 0,
[N Oace (2*,2]) + NZdacz (2", [2" )i 2 |(Az)il, i € a(a”),
[N\ Dale (2™, [2]) + NE Doz (2™, |2*])]i = (Nz)io], i ¢ ala”).
In the original notation of (E-NLP) with A\¢ = (A\g, —Az) € R™*™2 and Az = (Az,\%) €
RStT2  where all derivatives are evaluated at (t*,|(z%)*|), these conditions read:
)+ ALd1ce — Mover + A\Loez =0,
()T =0,
[)\?8265 — )\%8261 + )\EBQCZ]Z' > |()\Z)Z‘7 1€ Oét(t*),
[)\?8265 — )\%(9261 + )\EBQCZ]Z' = (Az)i(dt);, ) Q_f at(t*),
Az 2 |(Ag)il, i€ a”(w?),
A= (Ag)i(e")i, i ¢a(w’),
The claim follows by eliminating A% = 0 and noting that o (w*) = A(t*). O
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Chapter 3 Optimality Conditions for Abs-Normal NLPs under LIKQ

Next, second order conditions for (I-NLP) are formulated. To this end, the Lagrangian
Lont.12'],2) = £(2) + Mee(t,121]) — Mez(t,12']) + NG [ez (6, 11) — Pl Panye £'12!]

with A = (Ag, Az, Az) € R™ 7275 and the matrix

_ U(t)
V(0] l[e?ztatzt@)mt)]i@t] (8.19)
are needed. Here, U(t) denotes a matrix which columns are a basis for Ji_aps.

Theorem 3.75 (Second Order Necessary Conditions for (I-NLP)). Consider (I-NLP) for
d > 2. Assume that (t*,(2")*) is a local minimizer and that LIKQ holds at t*. Denote by \*
the unique Lagrange multiplier and set o = o'(t*). Then,

Ui-abs(t*)THi—abs(t*a (Zt)*’ )\*)Ui—abs(t*) Z 0

I 0
PT

(at)e

where Hi gps(t*, (24)*, A\*) := is

i-abs

I O 811 ‘Ci-abs 812‘Ci-abs
0 P(at)c 82154 a22£

i-abs

]. Here, L

i-abs

evaluated at (t*,](2%)*|, \*).

Proof. As in Theorem 3.74, (E-NLP) instead of (I-NLP) can be considered by Theorem 3.72.
In Corollary 3.62 the second order necessary conditions for (E-NLP) have been derived:

Up (") Hi (", 2%, A)Uf (27) > 0

with \* = (A%, A%). The Hessian reads
corw e ovey |10 | [ 0uLi(ar,|2F, N Onli(t, |2, A) | [T 0
Ht(x 25 A )_ [ ] [ *,‘Z*’,/_\*) 622E§(x*7lz*‘75\*) 0 POIC-'C )

where o€ is the complement of @ and the Lagrangian of (E-NLP) is

0 Pacl| |0nLi(z

Li(x,|2],A) = f(2) + Mee(x, |2]) + AZ[ez (@, |2]) — PaePacDl2]].
Further, the matrix U (2*) is given by
~ Ueq(z*)
US * — eq ,
£@) hez‘TZ*azz(x*)Ueq(x*)]igéa]

where the columns of Uey(2*) are a basis for ker(Jeq(z*)). Using the special structure of

E-NLP), the Lagrangian can be rewritten setting Ae := (Ag, — Az Az = Az, \%) as
( ) g g g 9 ) y NZ

Lo (tw, [2], [2],A) = F(1) + Adee(t, |2°]) = Azlex(t, |2]) — [2*]]
+ )\E[Cz(t, |Zt|) - P(j;t)cp(at)czt|zt|]
+ (A% Tw — Py Prawye =712 |).
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3.2 Handling of Nonsmooth Objective Function and Inequality Constraints

Then, comparing the derivatives of £_,, (", w", 1(2D)*], [(2)*], A*) and £, (£%,](2%)*], \*),
the Hessian Hj(z*, 2*\*) becomes:

10 0 0 oLl 0 L., O0][I 0O 0 0
o |01 0 0 0 0 0 o0 I 0 0
“aSTTH0 0 Pare 0 Ol 0 0oL, 0|[0 0 Pl,. 0
00 0  Pauye 0 0 0 000 0 Pl

Here, He aps is evaluated at (£*,w*, (21)*, (2%)*, A*) and all partial derivatives of L. ... are
evaluated at (t*,|(z%)*|,A\*). Moreover, Jeq(z*) can be rewritten which gives Joabs(t*, w*)

from Lemma 3.70. Thus, a basis of its nullspace is given by the columns of

r7 (4% *\ . U(t*)
U(t ,’U) ) T [(Zw)*atCI] I

where the columns of U(t*) are a basis for the nullspace of Jiabs(t*) from Definition 3.67.
Using this and 9,,2"(w) = I, the matrix U/ (z*) can be rewritten as

U(t*)
(Zw ) *8th
[e] (Z9)*0p2" (1)U () igar
[e] Dretligam

Ue—abs (t*, UJ*) =

Finally,
0 < UP(z)TH (%, 25, \)Uf (%)
< Ueeabs(t*, w*) T Heoans (85, w*, (2)*, (2)*, X*) Uscabs (t*, w)
— Ui-abs (t*)THi—abs (t*a (zt)*v )‘*)Ui—abs (t*)
with Uiaps(t*) from (3.19) and
I 0 o L. O12L. I 0
. * t\ * * — 11 i-abs 12 i-abs
Hl—abS(t 7(2) A ) |}) P(at)c‘| [821£i_al)s a22£’i—abs‘| |p P(joﬂét)c‘|

where £, _is evaluated at (t*,|(z%)*|, \*) This proves the claim. O

i-abs

Theorem 3.76 (Second Order Sufficient Conditions for (I-NLP)). Consider (I-NLP) for
d > 2. Assume that (t*,(z')*) is kink stationary for (I-NLP) with a Lagrange multiplier
vector \* = (Ag, Ny, \%) that satisfies strict complementarity for Ny and strict normal growth,

[A§8205 — )\%3201 + )\58262]1‘ > ‘()\2)1|, S Ozt(t*).
Assume further that LIKQ holds at t* and that
Ui-abs(t*)THi—abs(t*a (Zt)*’ )\*)Ui—abs(t*) > 0.

Then, (t*,(2Y)*) is a strict local minimizer of (I-NLP).
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Chapter 3 Optimality Conditions for Abs-Normal NLPs under LIKQ

Proof. As before the slack reformulation (E-NLP) of (I-NLP) is considered. The assumption
of strict complementarity for A} and strict normal growth for (I-NLP) implies strict normal
growth for (E-NLP). Moreover, the previous proof shows that the condition

Ui—abs (t*)THi—abs (t*a (Zt)*, )\*)Ui—abs (t*) >0

is equivalent to -
Ue—abs(x*)THe—abs(t*a (Zt)*a )\*)Ue—abs(x*) > 0.

Then, Corollary 3.63 can be applied, which gives the assertion. ]

3.2.2 Handling of Nonsmooth Objective Function

Now, a level-1 nonsmooth objective function is studied in more detail. As it does not interfere
with inequality constraints they can be neglected to simplify notation. Thus, the problem
becomes:

min  f(z)
st. g(x) =0, (INLP)

with f € C4(D* R) and g € C4 (D* ,R™) for d > 1.

a

Direct Handling In this paragraph the direct handling of the nonsmooth objective function
is looked at. Thus, f and g are rewritten in abs-normal form (2.3b) using the variables ¢
and 2%

This leads to the next definition.

Definition 3.77 (F-Abs-Normal NLP). A nonsmooth NLP is called an f-abs-normal NLP
if functions ¢y € CUDEF R), ce € CUDHET R™) and ¢z € CYDUE R for d > 1 exist
such that the NLP can equivalently be stated as
min cr(t, 2
(t,2t)eDb1="| s&:1=)
st. ce(t,|2') =0

, (F-NLP)
cz(t,|2']) — ' =0,

where DI¥'l is symmetric and dacz(z, |2]) is strictly lower triangular. The feasible set of
(F-NLP) is denoted by

Ji = {(tvzt) € Dt"Zt'Z C(‘:(ta ’Zt|) =0, CZ(tv |Zt|) -2t = O}
Using the dependence 2! = z!(t) the feasible set reads
Fe={(t,2'(t)): t € D", ce(t,]2"(t)]) = 0}.

Then, LIKQ for (F-NLP) is defined such that it matches to Definition 2.34 for (unNLP)
and to Definition 3.67 for (eqNLP).
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3.2 Handling of Nonsmooth Objective Function and Inequality Constraints

Definition 3.78 (LIKQ for (F-NLP)). Given (F-NLP), consider (¢, z!(t)) € F¢. One says
that the linear independence kink qualification (LIK(Q)) holds at ¢ if the matrix

R

has full row rank m + |o!|.

Constant Objective In this paragraph the nonsmooth objective function is replaced by a
constant ¢. Then, an additional equality constraint f(¢) — ¢ = 0 occurs. This leads to:

min c
(t,c)eDt* xR
st. f(t) —c=0,
g(t) =

As before f and g are expressed in abs-normal form.
This leads to the next definition.

Definition 3.79 (Abs-Normal NLP with Constant Objective). An abs-normal NLP posed
in the following form is called an abs-normal NLP with constant objective:

min c
(t,c,2t)e Dtesl=t
st. cp(t,|Z']) —e=0,
ce(t,]2']) = 0, (C-NLP)
cz(t,|2']) — 2" =0,

where D¢l = Dt x R x DI*'l. The feasible set of (C-NLP) is a lifting of ¢ and is denoted
by
Fer={(t,e,2") € DM cp(t, 21]) — e = 0, ce(t,2']) = 0, ez(t,[2"]) — 2" = 0}
={(t,c,2"): (t,2") € Ft, c=cy(t,|2"])}.

Using the dependence of z! on t it reads

Fe={(t,c, 2 (t)): (t,c) € D' x R, cr(t, |25(t)]) —c =0, ce(t,|2'(t)]) = 0}
={(t,c,2'(t)): (t,c) € D' xR, c= cr(t, 124 (1)])}.

Next, LIKQ can be formulated via Definition 3.67.

Lemma 3.80. Given (C-NLP), consider (t,c) € F.. Then, LIKQ at (t,c, z'(t)) is full row
rank of
Orey(t, |2 (1)) —1
Je(t, ) = | Bpee(t,|24(t)]) 0 | € Rmwtmtlafhx(rtl)
lef 02" (D]icar O
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Chapter 3 Optimality Conditions for Abs-Normal NLPs under LIKQ

Proof. Set & = (t,¢), 2 = 2!, F(x) = ¢, ce(, |2]) = (cs(t21]) — ¢, co(t, 1)) and 2 (z, |2]) =
cz(t,|2]). Then, (C-NLP) can be stated as

min  f(z)
s.t. ce(z,|z]) =0, (C-NLP)
cz(z,|z|) —2z=0.

Using the special structure of (C-NLP), the active Jacobian can be computed from Defini-
tion 3.66. This gives

and further

as well as

)
—
8
~—
|
D

=
)
3]
—
K
N
&
N
+

Oace (x| 2(x)]) 20, 2(x)

1 ey (t, [2° D) | ot [ 5, .t
0 ] - [azcg@,w(t)\)] > [oso) o]

)

)

)+ Dacp(t, |2H(t))) X102 (1) _1]
)+ ace(t, |21 S0 () 0

)

)

T
Then, J.(z) = {Jg(x)T Ja(x)T} has the form above. O

Relation of LIKQ In this paragraph the relation of LIKQ for the two different approaches
is given.

Theorem 3.81. LIKQ for (F-NLP) holds at (t, 2'(t)) € Frif and only if LIKQ for (C-NLP)
holds at (t,c,z'(t)) € Fo with ¢ = cf(t, 2'(t)).

Proof. This follows immediately by block elimination. O

The optimality conditions can be obtained using the results of the previous section and
the formulation as (C-NLP). As this is done analogously to the optimality conditions for
(I-NLP) and not needed in the following, it is omitted here.
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Chapter 4

Relations between Abs-Normal NLPs and
MPECs under LIKQ

This chapter compares the theory for abs-normal NLPs to the class of Mathematical Pro-
grams with Equilibrium Constraints (MPECs). First, in section 4.1 it is shown that both
problem classes can be transformed into each other. This gives rise to the definition of
so-called counterpart MPECs. As LIKQ is preserved under reformulation of nonsmooth
objective functions only abs-normal NLPs with a smooth objective function are considered.
Thus, counterpart MPECs for (I-NLP) and (E-NLP) are formulated in section 4.2. Then,
relations for constraint qualifications of linear independence type as well as for optimality
conditions are compared in section 4.3 and section 4.4. In both sections the definitions from
section 2.3 are first adapted to the particular counterpart MPEC. Finally, in section 4.5 spe-
cial relations between constraint qualifications for the unconstrained abs-normal NLP and
its counterpart MPEC are studied.

Parts of sections 4.1 and 4.5 are published in [14]. Parts of sections 4.2-4.4 can be found
in [15].

4.1 Equivalence of Abs-Normal NLP and MPEC

The general level-1 nonsmooth NLP

min  f(z)
st g(x) =0,
h(z) >0,

with f € C% (D* R), g € C4 (D% R™)and h € C4 (D% R™2) for d > 1 can be formulated
via the abs-normal form (2.3b) as

min f(z,]z])
(z,2)€ D%l
s.t. ce(x,|z]) =0,
cz(z, |2]) >0,

with Oycz(z,|z|) strictly lower triangular. Then, z can be partioned into its nonnegative
part and the modulus of its nonpositive part:

u:=[2]T :=max(z,0) and wv:=[z]” := max(—z,0).
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Chapter 4 Relations between Abs-Normal NLPs and MPECs under LIKQ

If complementarity of these two variables holds, |z| can be replaced by u + v and z itself by
u — v. This leads to the counterpart MPEC

(%“,glel%r,u,v fz,u+v)

S.t. Cg(x’u_i_v) _ 0’
cz(z,u+v) 20,
cz(wu+v) —(u-0v) =0,
O<ulwv=>0,

where open sets D%, D” C R* are chosen such that 0 € D*, 0 € DY and v — v € D/*I hold.
Conversely, every MPEC can be rewritten as an abs-normal NLP. Thus, consider

s 50
st. g(z,u,v) =0,
h(z,u,v) >0,
0<ulv>0,

with f € C4D*"V R), g € C4D%%?,R™) and h € C4D%%",R™) for d > 1. Then
the complementarity requirement 0 < w 1 v > 0 is replaced by the equivalent formulation
u~+v —|u—v|=2min(u,v) = 0. This can be rewritten in abs-normal form and gives with
y = (z,u,v) the counterpart abs-normal NLP

min  f(y)
(y,2)€DY 17|
st g(y) =0,
h(y) = 0,
u+v—|z| =0,

u—v—2z=0.

with DY = D*%% and DI?| open such that DI*| is symmetric with v — v € DI?l.

Thus it is apparent that the problem class of nonsmooth NLPs admitting an abs-normal
form is equivalent to the problem class of general MPECs. In the following only abs-normal
NLPs and corresponding counterpart MPEcs are considered in more detail; MPECs and

corresponding counterpart abs-normal NLPs are neglected as this thesis is mainly about
abs-normal NLPs.

4.2 Counterpart MPECs

In this section MPEC counterpart problems for the two formulations (I-NLP) and (E-NLP)
are introduced. Then, the relation between MPEC-LICQ for both formulations is examined.
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4.2 Counterpart MPECs

Counterpart MPEC for (I-NLP) First, the formulation (I-NLP) is recalled:

min - f(1)

s.t. ce(t,]2]) =0,
cz(t,|2']) >0,
cz(t, [2Y]) — 2t = 0.

To reformulate it as an MPEC, 2! is partioned into its nonnegative part and the modulus
of its nonpositive part, i.e. u! := [2]T := max(2?,0) and v := [2!]” := max(—2!,0). Then,

complementarity of these two variables has to be required as |z| is replaced by u! + v' and

2t itself by uf — o,

Definition 4.1 (Counterpart MPEC of (I-NLP)). The counterpart MPEC of (I-NLP) reads

min f(t)
(tyut wt)eDtut vt

st ce(t,u’ +0') =0,
cr(t,u’ +0') >0, (-MPEC)
cz(t,ut + ) — (uf — o) =0,
0<uLot>0,

where 0 € D* and 0 € D”". The feasible set of (I-MPEC) is denoted by

Fi = { (t,u' ") € ptut vt ce(t,u' +0) =0, ez(t,u’ +0") 20, }
i-mpec -— s Uy .

cz(t,ut +v) =ul —ovl, 0<ul Lot >0
By construction of the counterpart MPEC, the following lemma holds.

Lemma 4.2. Given (I-NLP) and its counterpart MPEC (I-MPEC), a homeomorphism
@1 Fimpee = Fi-abs 15 defined by

p(t,ul,vh) = (t,ut —o') and ¢, 2Y) = (¢, [T, [2]).

Now, the definition of MPEC-LICQ is specified for the structure of (I-MPEC). Note that

the index sets of (I-MPEC) are denoted by U, U, Vi, V' and D as the variables ¢, u’ and

v? are used here.

Lemma 4.3 (MPEC-LICQ for (I-MPEC)). Consider a feasible point (t,ut,v') of (I-MPEC)
with associated index sets UG, UL, Vi, V' and D'. Set A = A(t,u',v") and ca = [¢ilica.
Then, MPEC-LICQ is full row rank of

316g 82cSPZfi 8205P$i
t t
Ji-mpee(t, ul,v') == |d1ca agcAPg{; achPg; € ROmatAltse)x (na UL HIVED,
+ +

Oicz [8263 — I]PZ’Q- [8203 + I]Pgi

Here, all partial derivatives are evaluated at (t,u' + v').
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Proof. By Definition 2.49 full row rank of the Jacobian of the tightened NLP is required. It
reads

O1ce Ooce Pgi Ooce Pg:g Ooce Pgi Oace Pg;
oica 820AP5{;+ agcAPglé 820,4P{}F,5+ 820,4]35;
JTNLP(t7 utv vt) = |Oicz [8202 - I]PZ’I{}% [8262 — I]PZ:I{% [8202 + I]Pgi [8203 + I]P\%:g )
0 0 I 0 0
0 0 0 0 I

where Ps € RISI*st denotes the projector onto the subspace defined by & C {1,...,s} and
all partial derivatives are evaluated at (¢,u’+wv?). Then, the two unit blocks can be exploited
to state MPEC-LICQ in a more compact form. O

Counterpart MPEC for (E-NLP) Recall, that the slack formulation (E-NLP) reads:

,min f(t)

s.t. ce(t,|2]) =0,
cz(t,|2']) = |2¥] = 0,
cz(t, 7)) — 2t =0,
w—2zY=0

Using the same approach as in the preceding paragraph, the counterpart MPEC is formu-

lated.
Definition 4.4 (Counterpart MPEC of (E-NLP)). The counterpart MPEC of (E-NLP)
reads:
min f(t)
(t,wyut vt uw ww)e Dtwsut vt ut 0w
st ce(t,ut +0') =0,
cr(t,ul + ') — (u* +v*) =0,
cz(t,ut + ) — (uf — o) =0, (E-MPEC)
w— (v —v") =0,
0<ulLol>0,

0<u” Lo¥ >0,
where 0 € D'V v"  The feasible set is a lifting of Fimpec and denoted by

ce(t,ut +0) =0, cz(t,ul +vt) = u? + 0¥,
Fompee =14 (t,w,ul, v u® 0") | cz(t,ul +ot) = ut —ol, w=u” —v?,

0<ulLot>0 0<u® Lo®>0

(t, u',v") € Fimpecs cz(t,ul + o) =u® + 0¥,
w=u?Y—0v", 0<u” LoV >0

= { (t7 w? ut? 'Ut’ uw7 ’Uw)
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4.2 Counterpart MPECs

with (t, w, ut, Ut’ uw7 ,Uw) c Dt:wyut,vt7uw7vw )

Clearly, the homeomorphism between Fimpec and Fiaps extends to Fe-mpec and Fe_abs-
Lemma 4.5. Given an abs-normal NLP (E-NLP) and its counterpart MPEC (E-MPEC),
a homeomorphism ¢ : Fe-mpec — Fe-abs @5 defined by

qg(t’ w’ ut’ Ut7uw7vw) = (t’ w? ut - Ut7uw - Uw)?

Ot w, 2", 2%) = (tw, [F, [, [27]F, [2¥]7).
The index sets are split into components for variables ¢ and w which gives Uy = (UL, UY),
Vi =L, VY) and D = (D', DV).

Lemma 4.6. Consider a feasible pointy = (t, w,u!,v', u®, v") of (E-MPEC) with associated
index sets Z/lfr, Vfr, Uy and VY . Then, MPEC-LICQ is full row rank of

_8165 0 GQCgPZ/I;t OQCgP{‘ft 0 0
+ +

0 0 Oycr P, Oycr P -pL, —PL,
Je-mpec(y) _ 1CT 2CT ut 2CT Vi uy Vv

Oicz 0 [8203 — I]Pgt [3263 + I]P{‘ft 0 0

+ +

_pT T

0 I 0 0 Pw +Pju|

c R(m1+m2+5t+m2)><(nt+m2+|ui|+|vi|+‘u$‘+|Vrl)7

where all partial derivatives are evaluated at (t,u’ + v?).

Proof. Set x = (t,w), u = (u!,u®), v = (v',v") as well as f(z) = (1),

ce(w,u+v) = <cI<t,utci(fjt§L_+(5w)+ v“’))) and cz(w,u+v) = (CZ(WZ) +v )) :

Then, (E-MPEC) becomes

min /@)

st. ce(x,u+v) =0,
cz(z,u+v)—(u—v)=0, (E-MPEC)
0<ulwv>0

and the Jacobian can be computed from Lemma 4.3 using the structure of (E-MPEC). With
all partial derivatives evaluated at (t,u’ + v?) this gives:

_81 ce 0 8205 Pg;t 0 8205P$t 0 ]
+ +
J e-mpec (y) = 81 “z O 62 CIPLI{}F B PLI{}: 82 Cng-t&- _Pgr
Oicz 0 [0263 —I]Pgt 0 [82634-[]133; 0
+ +
_pr T
0 0 Pl 0 +Pfu

The resulting matrix has the stated form, except for the last four columns belonging to
variables (u!, v’ u%, v¥) rather than (u,v) = (uf,u®, vt v™). O
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Chapter 4 Relations between Abs-Normal NLPs and MPECs under LIKQ

Like LIKQ for (E-NLP), MPEC-LICQ for (E-MPEC) does not depend on the particular
choice of w.

Relations of MPEC Constraint Qualifications In this paragraph the relation of LIKQ for
the two different formulations introduced in the previous paragraphs is stated. It follows from
the results in section 3.2.1 and in the next section. For an illustration see Fig. 4.1 below. The
9m2=IP”| different possible choices of w are collected in W (¢, ut,v') == {(w,u”,v"): |w| =
er(t,ut + o), u? = [w]t,v¥ = [w]” }.

Theorem 4.7. MPEC-LICQ for (I—MPEC) holds at (t,u',v') € Fimpe if and only if
MPEC-LICQ for (E-MPEC) holds at (t,w,u’,u”,v",v") € Fempec for any (w,u”,v?) €
W (t,ut,v") and hence for all (w,u",v") € W(t,u ,ot).

Proof. This follows directly from Theorem 3.72, Theorem 4.8 and Theorem 4.9. Alterna-
tively, the equivalence follows directly by using

UY UVY =T\ Alt,u',0") and UY NVY =0.

4.3 Kink Qualifications and MPEC Constraint Qualifications

In this section relations between abs-normal NLPs and counterpart MPECs in both formu-
lations are studied more closely.

Relations of (I-NLP) and (I-MPEC) Here the variables z and z instead of t and 2! are
used to shorten notation because inequality slacks are not considered explicitly. Then the
general abs-normal NLP (I-NLP) becomes:

(r,zI)rel%lxv‘z| f(x)

st. ce(x,|z])
cr(z,|2))

cz(x,]2|)

)

0
0,
z

v

=0.

The counterpart MPEC (I-MPEC) reads:
T R AC)

st. ce(x,u+v) =0,

The following relations of kink qualifications and MPEC constraint qualifications are ob-
tained.
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4.3 Kink Qualifications and MPEC Constraint Qualifications

Theorem 4.8 (Equivalence of LIKQ and MPEC-LICQ). LIKQ for (I-NLP) holds at x €
Fiabs if and only if MPEC-LICQ for (I-MPEC) holds at (z,u,v) = (z,[z(2)]T, [2(z)]7) €

]:i—mpeo
Proof. Setting y := (z,u+v) and r := m1+|A|+s, MPEC-LICQ for the counterpart MPEC
is
Oice(y)  Dace(y) Py, dace (y) P,
rank |dica(y)  daca(y) By, daca(y) Py,
dicz(y) [Oacz(y) — 1B, [acz(y) + 1P,

By negating the second column and combining it with the third column, this is equivalent
to

I
=

drce(y)  —dace(y)XPy, Ly,
rank | 91c4(y) *GZCA(Z/)EPZZUW =r
diez(y) [ — dacz(y)XBY, uy,

and, by non-singularity of I — ds2cz(y)%, to

O1ce(y) —3208(?/)2PZ;+UV+
rank ohea(y) —820A(y)EPL:{F+uV+ ="
[ — Oacz(y)X] L01cz(y) PL{LUV+

Next, the third row is used to eliminate the entries above PLZUVJF to obtain

dice(y) + dace(y)S[I — dacz(y) %] d1cz(y) 0

rank |91cA(y) + Oaca(y)S[I — O2cz(y)X] Loicz(y) 0 =,
[I — dacz(y)Z] iz (y) Bl ov,
which can be rewritten with u +v = |2| = |2(z)] as

Ouce(,|2(2)]) 0
rank |Oyca(z,|z(x)]) 0 =7
aa;Z(fL’) P5+UV+

Finally, since &« = D is the complement of U/} U V., this is equivalent to

Ozce(, |2(x)])
rank |Oyca(x, |z(z)])| = m1 + |A] + |af,
[efaxz(x)]iEa

which is LIKQ for the abs-normal NLP. O

Relations of (E-NLP) and (E-MPEC) As the reformulation with inequality slacks is just
a specialization of the general case, the same relation between LIKQ and MPEC-LICQ as
in the previous paragraph holds.
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Reformulation | | Reformulation
(E-NLP) ) Theorem 4.9 . (E-MPEC)
AKH A
5 —
g &
@ =
5 joN)
o g
N
v \4
Abs-normal NLP | Theorem 4.8 .| General MPEC
(I-NLP) X " (I-MPEC)

Figure 4.1: Relations between LICQ and LIKQ for different problem formulations

Theorem 4.9 (Equivalence of LIKQ and MPEC-LICQ). LIKQ for (E-NLP) holds at = €
Fi-abs if and only if MPEC-LICQ for (E-MPEC) holds at (x,u,v) = (z, [2(x)]T, [2(x)]7) €

F. i-mpec+

Proof. In the proof of Lemma 3.70 the short notation (E-NLP) for (E-NLP) was used to
formulate LIKQ and similarly, in the proof of Lemma 4.6 the short notation (E-MPEC) for
the counterpart MPEC (E-MPEC). As (E-MPEC) is the counterpart MPEC for (E-NLP),
Theorem 4.8 can be applied and gives the result. ]

4.4 Optimality Conditions

In this section first and second order optimality conditions for (I-MPEC) under MPEC-
LICQ and for (I-NLP) under LIKQ are considered and their relations are discussed. Since
both regularity conditions are invariant under the slack reformulation by Theorem 3.72 and
Theorem 4.7, the results hold also for (E-MPEC) and (E-NLP).

First Order Conditions In this paragraph, strong stationarity for MPECs is compared to
kink stationarity for abs-normal NLPs.
First, the MPEC-Lagrangian is formulated for (I-MPEC). It reads

Li(y, X p) = F() + Mgee(t,u’ +0") = Mez(t,u’ + o)
+ A\ Efez(tu +0") = (uf — ")) — pgut — plot.
with y = (t,u',v") and Lagrange multiplier vectors A = (\g, \z) € R™Tm2%st and y =

(/’LUHLLV) € R2St-
Then, the definition of strong stationarity is adapted. The result follows directly from
Definition 2.61.
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4.4 Optimality Conditions

Lemma 4.10 (Strong Stationarity). Consider a feasible point y* = (t*,(u)*, (v')*) of
(I-MPEC) with associated index sets Z/lfr, Vi and Dt. It is strongly stationary if and only
if there exist Lagrange multiplier vectors X* = (A&, Ny, \%) and p* = (u3, p3) such that the
following conditions are satisfied:

ayLJ_(y* A", p*) =0, (4.3a)

(u2)i >0, (u})i >0, €D, (4.3b)
(u)i=0, iel, (4.3¢c)

()i =0, ieVi, (4.3d)

Az >0 (4.3e)

WD) Tez(t, (u')* + (")) =0 (4.3f)

The next theorem shows that the two stationarity concepts coincide.

Theorem 4.11 (S-Stationarity is Kink Stationarity). A feasible pomt (t*, (zY)*) of (1 NLP)
is kink stationary if and only if (t*, (u')*, (v')*) = (¢*, ['(t")]T, [z4(t*)]7) of (I-MPEC) is
strongly stationary.

Proof. Comparison of the stationarity conditions of (I-NLP) and (I-MPEC) shows directly
that (4.3¢) and (3.18d) as well as (4.3f) and (3.18¢) coincide. Thus, the remaining condi-
tions (4.3a) to (4.3d) for (I-MPEC) and (3.18a) to (3.18c) for (I-NLP) have to be checked.
Condition (4.3a) of (I-MPEC), where all derivatives are evaluated at (t*, (u’)* + (v')*), is
F )+ (M) 0wce — (Ap) 01z + (N5) drez =0,
(A2)T Oace — (AD)TOeer + (NE) ez — 1] — ()" =0,
(A2)T Oace — (M) Oeer + (NE) ez + 1] — (i) = 0.
The first condition coincides with (3.18a). Combining the second and the third condition
with conditions (4.3b) to (4.3d), yields
[(08)Tdace — (A1) acx + (X5) T dacz ] = +(\g)i, deUl,
(A8) Dace = (V) ez + (02) ez | =—(02)iy i€V,
()T 0206 = A3) T Daer + (N2) T [ooez £ 1]) =0, ieD.

These are exactly conditions (3.18b) and (3.18¢) for (I-NLP) by definition of the index sets
and of o*. 0

As LIKQ for (I-NLP) is equivalent to MPEC-LICQ for (I-MPEC), the previous theorem
provides a different perspective on Theorem 3.74 and Theorem 2.62: one can be obtained
from the other directly via Theorem 4.11.

Second Order Conditions In this paragraph, second order conditions for MPECs and abs-
normal NLPs are compared.

First, they are formulated for (I-MPEC). This is based on [23] (see section 2.3) but some
additional assumptions on the Lagrange multiplier vectors are made. These are given in the
next definition.
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Chapter 4 Relations between Abs-Normal NLPs and MPECs under LIKQ

Definition 4.12 (MPEC-Strict Complementarity). Consider a strongly stationary point
y* = (t*, (u')*, (v')*) of (I-MPEC) with Lagrange multiplier vectors A\* = (A%, A%, \%) and
' = (ph, pk). One says that MPEC-strict complementarity holds if A > 0 for all i € A =
A(y*) as well as (pf); > 0 and (u¥); > 0 for all i € D'.

It will be shown that under MPEC-LICQ and MPEC-strict complementarity the critical
cone reduces to the nullspace of the Jacobian of the tightened NLP which was introduced in
the proof of Lemma 4.3 and reads

_8165 82051—“’2; 8205P5t 8265P$t 8265P5t i

7 § 7 7

31 CA 82cAPw 8QCAP£;,5 aQCAPVt 820Apvz

. + 0 + 0
JTNLP(y ) = |Oicz [8203 — I]PZ:I{; [8263 — I]PZ?{; [8202 + I]Pgt [8262 + I}Pg;
+ 0 + 0

0 0 1 0 0

0 0 0 0 I

with y* = (¢*, (u)*, (v")*) and associated index sets U, UL, V§, Vi and D'. Here, all partial
derivatives are evaluated at (t*, (u!)* + (v')*).
To this aim, first the particular form of the nullspace of Jrnpp(y*) is derived.

Lemma 4.13. Consider a feasible point y* = (t*, (u')*, (v*)*) of (I-MPEC) with associated
index sets UY, Ufr, Vi, Vfr and Dt and assume that MPEC-LICQ holds at y*. Then, a basis
for the nullspace of Jpnpp(y*) is given by the columns of the matriz

I
+Pui (I — 32022t)_18102
Ui—mpec(y*) = 0 U(y*)a (44)
_Pvi (I — 82632t)_18162
0

where the columns of ﬁ(y*) are a basis for the nullspace of

6165 + 62052t(f — Oycz Et)_lalcg
oeq + 826A2t<1 — Ogcz Et)*léﬁcg R (4.5)
[QZT(I — 82022t)_18102]iept

with X' = diag(c") where of =1 forieUl, ot = -1 fori € V. and ot =0 for i € D*. All
partial derivatives are evaluated at (t*, (ul)* + (v)*).

Proof. Consider the equation 0 = Jpnip(y*)U(y*) with U(y*) = [Uy Uz Us Uy Us)T. Then,
exploiting the identity blocks in Jpnrp(y*) it follows directly that Us = Us = 0. Thus, the
equation 0 = Jprnpp(y*)U(y*) reduces to

Ul 81 ce 6205 PZ%_ 62 ce P]’%— U1
0= Jimpee(y") | Uz | = O1c4 Oac Apujr Oac APW+ Us
Uy oicz [8203 — I]Pgt [8202 + I]Pgt Uy

+ +
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4.4 Optimality Conditions

This is equivalent to

8105 —8205P5{; 82051351 U1
0= |0ica —32CAP£F 32CAP§£ —Usy
Oiez [I— 6202]1312 [l - (_8263)]P$fr Us

Combining —Us and Uy in Usy and using X it can be rewritten as
6105 —aQCgZPgt UVi U
0= [Oica  —02caAXF l ! ] .
+T + U24
8102 [I — 8QCZZ]PM1UV1
Then, the third line gives Pgt oyt U2a = —(I — BaczX)101czU since Dycz is strictly lower
+9V%
triangular. This can be multiplied by P“i uvt and Ppt = Pugmvg; giving
Usy = _P“iuvi (I — 826226718102(]1,
0= [BZT(I — 82Cg2t)’1alcg]ieth1
and inserted into the first and second equation giving
0= [8165 + 82052t<f — Ohez Et)_181cZ} Ui,
0= [ach + 826A2t(f — Oycz Et)*lach} U;.
Then, Uy and Uy read
U2 = Pui (I — 82652t)_18162U1,
U= —Py (I - Doz 101z U],

This gives the result as Ui mpec(y*) and U(y*) are defined appropriate. O

Second order conditions can now be stated and will be proved using the following lemma
and Theorem 2.70 from Scheel and Scholtes.

Lemma 4.14 (Critical Direction). Consider a strongly stationary point y* = (t*, (ul)*, (v*)*)
of (I-MPEC) with associated index sets UL, V. and D'. Then, a vector d = (dt,du’, dv') €
R™ x R% x R% s a critical direction at y* if and only if

min(dul, dvl) =0, i¢e D, (4.6a)

dut =0, i€V, (4.6b)

dvf=0, ielUl, (4.6¢)

Orcadt + daca(du® + dv') > 0, (4.6d)

O1cedt + Oace (du' + dvt) = 0, (4.6e)

Orczdt + [Oacz — I]du + [Oacz + I]dv' = 0, (4.6f)
f(t)dt =0, (4.6g)

where all constraint derivatives are evaluated at (t*, (ut)* + (v')*).

83



Chapter 4 Relations between Abs-Normal NLPs and MPECs under LIKQ

Proof. Follows directly from Definition 2.69 using the form of (I-MPEC). O

Under additional assumptions, the set of critical directions is exactly the nullspace of
JrNep(y”) -
Lemma 4.15. Consider a strongly stationary point y* = (t*, (u!)*, (v')*) of (I-MPEC)
with Lagrange multiplier vectors X* = (Mg, A7, %) and p* = (u}, ;) and assume that
MPEC-LICQ and MPEC-strict complementarity hold. Then, the set of critical directions is
ker JTNLP(y*)-

Proof. In the following all partial derivatives are evalauated at (t*,(u!)* + (v')*). First
consider a critical direction d = (dt,du’,dv?) at the strongly stationary point y*. Then,
(4.6e) and (4.6f) imply that rows one and three of Jpnpp(y*)d vanish and by (4.3a) and
(4.6g) this gives
0= atut,vtﬁj_(y*, Xk, ,u*)d
= f/(t*)dt + (\&)T[O1cedt + Oace(dut + do?)]

— ()\%)T[alczdt + QQCI(dut + d'l}t)]

+ (A*Z)T[Bchdt -+ (8203 — I)dut + (6202 + I)d?)t]

— ()T du’ — ()" do'

= —(\)) T [01crdt 4 Daer(dut + dvt)] — (ui) T dut — (u)Tdo'.
With (A5)Tez =0 (4.3f), (u3)i =0 for i € UL (4.3¢), (pk); = 0 for i € V4 (4.3d) and (4.6D),
(4.6¢) it leads to
0 = (N0 [Breadul + Baea(dut +dv!)] + 3 (g idul + (2)idot].
1€D?
All factors in this sum of products are nonnegative by (4.3b), (4.3e), (4.6d) and (4.6a), which
implies
0= (N  [Orcadu’ + Oaca(du’ + duv')],
0 = (ui)idu! = (i)t i €.
Finally, by MPEC-strict complementarity
0 = drcqdu’ + Oaca(du + dovt),
0=dul =dvl, icD
and dul = 0 for i € U} as well as dv! = 0 for i € V§ follow since U = V! U D' and
Vi =U' UD'. Thus, d is a nullspace vector of Jrnrp(y*).
Conversely, given a nullspace vector d = (dt, du', dv'), the first three rows of Jrnpp(y*)d =
0 yield conditions (4.6e), (4.6d) and (4.6f), with equality “= 0” in case of (4.6d). The last two
rows yield du} = 0 for i € U} and dv! = 0 for i € V§, hence (4.6b), (4.6¢) and dul = dvf =0
for i € D' (4.6a). Moreover, it holds that (uf); = 0 for i € Y% (4.3¢), (pk); = 0 for i € VL
(4.3d) and (N5); = 0 for ¢ ¢ A (4.3f), so that (4.3a) becomes (4.6g):
0= 0Oyt t L1 (Y5 N, 1" )d = f'(t")dt.

Thus d is a critical direction. O
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4.4 Optimality Conditions

Now Theorem 2.70 and Theorem 2.71 can be used to prove second order necessary and
sufficient conditions for this setting.

Theorem 4.16 (Second Order Necessary Conditions). Consider (I-MPEC) for d > 2. As-
sume that y* = (t*, (u!)*, (v')*) is a local minimizer and that MPEC-LICQ holds. Denote
by A" and u* the unique Lagrange multiplier vectors and assume further that MPEC-strict
complementarity holds. Then,

Ui—mpec(y*)THi-mpec(y*) A*)Ui—mpec(y*) > 0
where Himpec(y*, X*) := 8§y£L(y*, X, u*). (Note that 8§yL'J_ does not depend on u*.)

Proof. Theorem 2.70 asserts that every critical direction d satisfies dTHi_mpeC(y*, A*)d >0
at a local minimizer y* if MPEC-LICQ holds at y*. Since the set of critical directions is
ker JynLp(y*) under the stronger assumptions here, the claim follows directly from Theo-
rem 2.70. ]

Remark 4.17. Here the exposition has been simplified by making the assumption of MPEC-
strict complementarity so that one can directly rely on Theorem 2.70. However, the second
order necessary conditions can also be proven without MPEC-strict complementarity by
considering branch problems of (I-MPEC). The corresponding approach for (I-NLP) has
been taken in section 3.1.4.2, such that Theorem 3.62 does not require strict complementarity.

Theorem 4.18 (Second Order Sufficient Conditions). Consider (I-MPEC) for d > 2. As-
sume that y* = (t*, (ut)*, (v')*) is strongly stationary with Lagrange multiplier vectors \*
and p* satisfying MPEC-strict complementarity. Assume further that MPEC-LICQ holds
and that

Ui—mpec(y*)THi—mpec(y*a )\*)Ui—mpec(y*) > 0.
Then, y* is a strict local minimizer of (I-MPEC).

Proof. In Theorem 2.71, the assertion is proven under the weaker assumption that y* is
strongly stationary and for every critical direction d # 0 there exists Lagrange multiplier
vectors A" and p* such that dTHi_mpeC(y*,/\*)d > 0. Under the additional assumptions
of MPEC-LICQ and MPEC-strict complementarity, the Lagrange multiplier vectors are
uniquely determined and a basis of the set of critical directions is given by the columns of
the matrix Uimpec(y*), see proof of the previous lemma. Thus, the claim follows directly
from Theorem 2.71. O

Next, the relation between second order optimality conditions is formulated.

Theorem 4.19. Consider (I-NLP) for d > 2. Assume that (t*, (z')*) is kink stationary with
Lagrange multiplier vector \* such that strict complementarity and strict normal growth are
satisfied. Assume further that LIKQ holds at t*. Then,

Ui—mpec(y*)THi—mpec(y*y )\*)Ui—mpec(y*) 2 0 < Ui—abs<t*)THi—abs(t*a (Zt)*a A*)Uvi—abs(m*) Z 07

where y* = (t*, (ut)*, (v)*) = (t*,[(z")*]7, [(z1)*]7). The equivalence holds also with strict
inequalities.

85



Chapter 4 Relations between Abs-Normal NLPs and MPECs under LIKQ

Proof. Using that u* + v* = |(2%)*| and (2")* = 2'(t*) the matrix Uimpec(y*) in (4.4) reads
1
+Puiat2t(t*)

Usmpec(¥") = 0 U(y*),
—Pvi 8tZt (t*)
0

where the columns of U(y*)in (4.5) are a basis for the nullspace of

Orce(t, ]2 (1)])
Orealt, |2 (t)])
e} 02 (1) )it

Thus, U(y*) = U(t*) holds. The Lagrangians of (I-MPEC) and (I-NLP), respectively, are

Li(y,N) = f(t) + Mees(t,u’ +0') = Aer(t,u’ +0°) + Alez(t, v’ +o') — (uf — o)),
L(t,[2',0) = f() + M ee(t, |2']) = Mez(t |2']) + Azlez (t, |2']) — PloyePlamye S |21]].

Thus, the second term in

Ui—mpCC(y*)THi—mpcc(y*a )‘*)Ui—mp(m(y*> = Ui-mpCC(y*)TvyyﬁJ_(y*: )\*)Ui—mpCC(y*)a
with (2%)* = (u!)* — (v))* can be rewritten as
U(t*) T Hyy lePgi H12P$3r U(t)
+Pw+atzt(t*)U(t*) Pyt Hyy Puihrggpgt+ PL&HQQP\E+ +Pw+atzt(t*)U(t*)
_Pvfratzt(t*)U(t*) PV1H21 PviHQQPL,Z{}r Pvnggpgi —Pviatzt(t*)U(t*)

where H;; := 9;0;L(t*,|(2")*|,\*). Set ¥ = diag(c*) with of = 1 for i € U 0} = —1 for
i€V, and o =0 for i € D'. Then, since U’ UV} = (a')¢, the term reads

T
U(t*)

P(at)cEtatzt(t*)U(t*)

Hyy H12P(€t)c
P(at)cH21 P(at)cHQQP(j(;t

U(t*)
P(at)c Etatzt (t*)U(t*),

)c

which is exactly Uiabs(t*)T Hiabs(t*, (2)*, X)) Usabs (). O
Note that the previous theorem can be used to transfer the second order conditions for
(ILNLP) and (I-MPEC) into each other. This follows from the equivalence of LIK(Q and

MPEC-LICQ by Theorem 4.8 and from the equivalence of stationarity concepts by Theo-
rem 4.11.
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4.5 Unconstrained Abs-Normal NLP

4.5 Unconstrained Abs-Normal NLP

In this section, the unconstrained abs-normal NLP (unNLP) introduced in section 2.2 is

considered. It reads
min f(z,|2])
(z,2)€ D%l

st. cz(z,|z]) —z2=0.

Using the same approach as in the previous section it can be rewritten as an MPEC.

Definition 4.20 (Counterpart MPEC). The counterpart MPEC of (unNLP) reads

L [z, u+v)

s.t. CZ(:L’, u + U) —u—v=0, (UHMPEC)

0<ulwv>0
with 0 € D" and 0 € D". The feasible set is denoted by
Fun = {(z,u,v) € D"“": cz(x,u+v)—u—v=0, 0<ulv>0}
To compare KQs and MPEC-CQs, the latter are formulated for (unMPEC).

Lemma 4.21 (MPEC Constraint Qualifications). Consider a feasible point (x,u,v) of
(unMPEC). Then, MPEC-LICQ is full row rank of

[6103(:13,11,, v) [Oecz(z,u+v) — I]Png [Oacz(z,u+v) + I]Pﬂ} e RX (U |+ V1)) (4.7)
and MPEC-MFCQ is that the linear system
Orcz(x,u,v)dy + [Oacz(x,u+v) — I]Pbrﬂdu + [Oocz(x,u+v) + I]P{‘Zdv =0 (4.8)
admits a solution d = (dg, dy, d,) € R™ x RM+1 x RV+l and additionally (4.7) holds.
Proof. MPEC-LICQ at (z,u,v) requires
rank[0y yo (cz(z,u,v) — (u—v))] = s

This is equivalent to the condition (4.7) by exploiting the structure as in Lemma 4.3. Simi-
larly, (4.8) at (z,u,v) requires

rank[0y v (cz(z,u,v) — (u—0))] =s
and the existence of a vector (dy,dy,dy) € R™ x R® x R® that satisfies

axCZ(xaua'U)dx + Oy (CZ(xauv’U) - (u - U)) dy + Oy (CZ(J?, u, U) - (u - U)) dy =0,
Puodu = 07
Pyydy = 0.

These are equivalent to the conditions (4.7) and (4.8) above. O
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Chapter 4 Relations between Abs-Normal NLPs and MPECs under LIKQ

Note that MPEC-LICQ and MPEC-MFCQ coincide in this setting as the system (4.8)
has always the solution d = 0.

The equivalence between LIKQ for (unNLP) and MPEC-LICQ for (unMPEC) follows
directly from Theorem 4.8.

Corollary 4.22 (Equivalence of LIKQ and MPEC-LICQ). LIKQ for (unNLP) holds at
x € D* if and only if MPEC-LICQ holds at (x,u,v) = (z, [2(2)]T, [2(2)]7) € Fun-

The structure of (unMPEC), in particular that no inequalities occur, has some remarkable
consequences on relations between MPEC-CQs and KQs. As MPEC-MFCQ coincides with
MPEC-LICQ which in turn is equivalent to LIKQ and stronger than MFKQ, MPEC-MFCQ
is stronger than MFKQ. For an illustration see figure 4.2.

Next, one would be interested in learning of a kink qualification that is equivalent to
MPEC-MFCQ such that it holds in absence of LIKQ. This is done in the next chapter and
for this inequality constraints are needed.

Counterpart-MPEC-land : Abs-Normal-land
Corollary 4.22

MPEC-LICQ < » LIKQ
Lemma 4.21 [5, Corollary 3.2] [10, Lemma 2.11] || o
(implicit) -~ /
MPEC-MFCQ = » MFKQ

Figure 4.2: Relations between CQs and KQs for the unconstrained abs-normal NLP
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Chapter 5

Optimality Conditions for Abs-Normal NLPs
under Weaker KQs using MPECs

This chapter introduces weaker kink qualifactions and corresponding stationarity concepts
for abs-normal NLPs using weaker constraint qualifactions and corresponding stationarity
concepts for MPECs. First, kink qualifications are defined for abs-normal NLPs with a
smooth objective function in section 5.1. Then, corresponding constraint qualifications for
counterpart MPECs are formulated in section 5.2. In both cases this is done for the direct
handling of inequalities and for the slack reformulation. Then, relations between these kink
and constraint qualifications as well as the stationarity concepts are discussed in section 5.3
and section 5.6. Next, in section 5.5 it is considered if the new kink qualifications are
preserved under reformulation of nonsmooth objective functions. Finally, section 5.6 deals
with the weaker kink qualifications and stationarity concepts in the unconstrained case.

Part of sections 5.1-5.4 can be found in [15, 16] and parts of section 5.6 are published in
[14].

5.1 Abs-Normal NLPs

In this section weaker kink qualifications than LIKQ are formulated for the problem formu-
lations (I-NLP) and (E-NLP). Then, relations between them are considered.

Direct Handling In this paragraph the direct handling of inequalities is considered and
kink qualifications are formulated. Thus, recall the problem formulation (I-NLP):

min f(t)

st. ce(t,|2]) =0,
ez(t,|2']) = 0,
cz(t,|2Y) — 2t = 0.

Definition 5.1 (Interior Direction Kink Qualification (IDKQ)). Given (I-NLP), consider
(t,2'(t)) € Fiabs- One says that the interior direction kink qualification (IDKQ) holds at ¢

if
J; (t) _ atc (t’|zt(t)|) mi+|at|)xnt
[Ji(t)] - l[e?gtz%t)]@z] € R
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Chapter 5 Optimality Conditions for Abs-Normal NLPs under Weaker KQs using MPECs

has full row rank m; + |a!| and if there exists a vector d € R™ such that
Je(t)d =0, Ju(t)d=0 and Ju(t)d > 0.

For the general abs-normal NLP (I-NLP) considered here, IDKQ actually generalizes
MFCQ from the smooth case and corresponds to MPEC-MFCQ, as it will be shown be-
low. The canonical name MFKQ cannot be used, however, since Griewank and Walther
have already defined MFKQ as a different weakening of LIKQ in [10] (see section 2.2.5).
As other possible names like “Abs-normal MFKQ” or “Constrained MFKQ” could produce
confusion rather than clarification the descriptive name “Interior Direction KQ” is suggested.

The following example from [23] (converted from MPEC form to abs-normal NLP form)
shows that IDKQ is weaker than LIK(Q in the presence of inequality constraints.

Example 5.2 (IDKQ is weaker than LIKQ). Consider the problem

te]lgl,izrtlek itta—1s
s.t. ty 1ty — |2 =0,
4ty —t3 > 0,
4ty —t3 > 0,

t —tg— 2t =0,

with solution t* = (0,0,0) and z!(t*) = 0. Thus, the switching is localized and (a)* = {1}
as well as (¢!)* = 0 hold. Then, the Jacobians can be computed and read

Ja(t*) = drer(t, 12 (7)) = B Z :ﬂ
Jg(t*):alc8(t*,yzt(t*)y):[1 1 o],

Jae(t) = 02(t") = Drez (¢, |24(#)) = [1 —1 0].

Here, LIKQ is not satisfied since the Jacobian Jiaps(t*) = [Je(t*)T J4(t*) Jor (#*)T]T cannot
have full row rank by dimension. But IDKQ is satisfied as [Jg(t*)T Jo:(*)T]7 has full row
rank and Je(t*)d = Jo:(t*)d = 0, Ja(t*)d =1 > 0 with d = (0,0, —1)7

With the goal of considering kink qualifications in the spirit of Abadie and Guignard,
the tangential cone and the abs-normal-linearized cone are defined. Here, (t,2%) instead of
(t,24(t)) is written to shorten notation. Just in the definitions of the kink qualifications z(t)
is used to emphasize the dependence of t.

Definition 5.3 (Tangential Cone and Abs-Normal-Linearized Cone for (I-NLP)). Consider
a feasible point (¢, z') of (I-NLP). The tangential cone to Fians at (¢, 2') is

ﬂ—abs(tv Zt) = { (5ta 5Zt)

7y, \( 0, Fi-abs > (tk’vz]tg) - (t7 Zt):
oty — t, 24 — 2Y) — (8t,02Y)
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5.1 Abs-Normal NLPs

With 6¢; := [02}] if i € o!(t) and 0¢; := ol(t)dz! if i & al(t), the abs-normal-linearized cone
is
Orce(t, |2))0t + Dace(t,]24])0¢ = 0,
Tiabs(t, 2') 1= { (0,02") | drea(t, |2"])8t + Daca(t, |2°])6¢ > 0,
Oez(t, |z t‘)(st-i-azCz( | t|)5< 5zt

Note that in Tiaps the relation 2! = 2(dt) holds due to the dependence 2! = 2*(t) and the
continuity of cz. Whereas, such a relation does not hold in 713 .

The proof that the tangential cone is a subset of the abs-normal-linearized cone follows the
idea for MPECs presented in subsection 2.3.2 and originally given in [5]. First, the definition
of the smooth branch NLPs for (I-NLP) with their standard tangential cones and linearized

cones is needed.

Definition 5.4 (Branch NLPs for (I-NLP)). Consider a feasible point (Z,2') of (I-NLP).
Choose o' € {—1,1}* with o' = ¢*(f) and set X¢ = diag(c*). The branch problem NLP(%¢)
is defined as

min f(t)
(t,2t)e D1
st. ce(t, B2 =0,
cr(t, 221 >0
cz(t, 52" — 2
32t > 0.

: (NLP (X))
t=o,

The feasible set of (NLP (X)), which always contains (£, %), is denoted by

Fim { (t,21) € DH=

ce(t, Etzt) =0, cz(t, tht) > 0,
cz(t, X)) — 2t =0, B2t >0

Note that in contrast to chapter 3 2! instead of only 2! L s considered Nevertheless, this
does not, change the branch problem as for i ¢ of(#) additional ofz! > 0 is required with
identical o! for all branch problems.

Lemma 5.5 (Tangential Cone and Linearized Cone for (NLP(X))). Given (NLP (X)),
consider a feasible point (t,2'). The tangential cone to Fx: at (t,2") reads

e 0, Fxt D (tk,z}i) — (t,zt):
Tt — t, 24 — 2t) — (6t,02Y)

Tsi(t, 2') = { (6t,02%)

The linearized cone reads

Orce(t, X210t + Oace(t, L2152t = 0,
O1ea(t, o216t + Oaca(t, B2H) X2t > 0,
O1cz(t, 2824t + Ogcz(t, X121 B62t = 62,
olézl >0, i € al(t)

Tail'(t, 2") == < (t,62")

Proof. Every branch problem (NLP (X)) is smooth and thus Definition 2.14 can be applied.
O
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Chapter 5 Optimality Conditions for Abs-Normal NLPs under Weaker KQs using MPECs

Remark 5.6. Observe that |z¢| = ¥!2! in Definitions 5.4 and 5.5. Thus, for every X! the
relations Fye C Fiabs, Tt (t, 27) € Tiaps(t, 2%) and TaP(t, 2') €TI0 (¢, 2%) hold.

Lemma 5.7. Consider a feasible point (f,3') of (I-NLP) with associated branch prob-
lems (NLP(X')). Then, the following decompositions of the tangential cone and of the
abs-normal-linearized cone of (I-NLP) hold:

Ti-aps(t, U’Tgt (£, 2 and ﬁlabs t,2 U Thn(E, 51,

Proof. First, the tangential cones are considered and it is shown that a neighborhood N of
(£, ') exists such that
Fiabs NN = J(Fse NN).
»t

The inclusion D holds for every neighborhood N since Fx¢ C Fiaps for all 3t To show the
inclusion C consider an index i ¢ af(f). Then, by continuity, ¢; > 0 exists with o;(t) =

ol(t) € {~1,+1} for all t € B, (f). Now set ¢ := minzéat(t) €, N := Be x R™ and consider
(t,2') € N'N Fiaps. With the choice of = ol(t) for i §Z t(t) and of =1 for i € a'(t) one
finds ! = diag(c!) such that (¢,2¢) € /\/’ﬂ]-"gt since af(t) C al(f). Thus,

Fieabs NN = J(Fse NN).
Nt

Now, let T (£, 2%; F) generically denote the tangential cone to F at (#, 5). Then,

A

ﬂabs(f 73t) = T(t7 2t; Jri—abs) = T(£7 21‘/; Fiabs mN) = 7—(57 it; UEt (J:Et ON))

=JTE 2 FanN) =T E 25 Fse) =T (£, 29).
»t >t »t

Here the fourth equality holds since the number of branch problems is finite. The decompo-
sition of 1%  follows directly by comparing definitions of 7% = and Thn. O

abs i-abs

Lemma 5.8. Let (t,2') be feasible for (I-NLP). Then,
ﬁ-abs(tvz ) 7;labs( t) and ﬁ-abs(tvzt) Zlabs( t)*'

Proof. The branch NLPs are smooth, hence the inclusion Ty (t,z%) C TiP(¢, 2*) holds by
standard NLP theory. Then, the first result follows directly from Lemma 5.7 and the second
result follows by dualization. O

In general, the reverse inclusions do not hold. This leads to the following definitions.

Definition 5.9 (Abadie’s Kink Qualification (AKQ) for (I-NLP)). Consider a feasible point
(t,24(t)) of (I-NLP). One says that Abadie’s Kink Qualification (AK(Q) holds for (I-NLP) at
tif Trabs(t, 2°(t)) = T (t, (1))

Definition 5.10 (Guignard’s Kink Qualification (GKQ) for (I-NLP)). Consider a feasible
point (t,2(t)) of (I-NLP). One says that Guignard’s Kink Qualification (GKQ) holds for
(I-NLP) at ¢ if Trabs(t, 2/(1))* = Tin (4, 25(¢))*.
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5.1 Abs-Normal NLPs

The decomposition in Lemma 5.7 leads to the next two results. As the branch problems
are smooth, ACQ and GCQ as introduced in subsection 2.1.4 are considered. Thus, they
are given at a tuple (¢, 2!(t)) in contrast to AKQ and GKQ which are given at t.

Theorem 5.11 (ACQ for all (NLP(X')) implies AKQ for (I-NLP)). Consider a feasible
point (t,2(t)) of (I-NLP) with associated branch problems (NLP(X!)). Then, AKQ holds
for (I-NLP) at t if ACQ holds for all (NLP (X)) at (t,2'(t)).

Proof. This follows directly from Lemma 5.7. O

Theorem 5.12 (GCQ for all (NLP(2!)) implies GKQ for (I-NLP)). Consider a feasible
point (t,2'(t)) of (I-NLP) with associated branch problems (NLP(X")). Then, GKQ holds
for (I-NLP) at t if GCQ holds for all (NLP(2)) at (t,24(t)).

Proof. This follows directly from Lemma 5.7 because it gives the relations
Trabs(t, 2 (8)* = () Toe (8, 2°(1)" and - TLL(¢ 25(1)* = (T (1, 21(1)"
»t st
by dualization. O

Inequality Slacks In this paragraph the kink qualifactions which were introduced in the
previous paragraph are formulated for (E-NLP), which is

Lonin ()
st. ce(t,[2]) =0,
exlt, 1) — |2°] = 0,
cz(t,]2Y) — 2t =0,

min  f(z)

T,z

s.t. ce(x,|z]) =0,
z

with © = (t, w), z = (Ztvzw)v f_(x) = f(t)v 55(x7’Z’) = (Cg(t7|zt’)7cl(t7|zt’) - ’ZwD and
cz(z,|z]) = (cz(t,|2']),w). Thus, (E-NLP) can be seen as a special case of (I-NLP) and the
following set of lemmas follow from the results in the previous section.

Lemma 5.13 (IDKQ for (E-NLP)). Given (E-NLP), consider (t,w,z'(t), 2°(w)) € Fe-aps-
Then, IDKQ at (t,w) is LIKQ at (t,w).

Proof. By construction, (E-NLP) and thus (E-NLP) contain no inequalities. Hence, defini-
tion 5.1 applied to (E-NLP) reduces to full row rank of Je_aps(z) = [Je(2)T Jo(x)T]T which
is exactly LIKQ for (E-NLP) (see Lemma 3.70). O
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Chapter 5 Optimality Conditions for Abs-Normal NLPs under Weaker KQs using MPECs

This lemma stands in contrast to the standard reformulation of smooth NLP inequalities as
equalities with nonnegative slacks where the validity of LICQ and MFCQ are both unaffected.

Next, Abadie’s and Guignard’s KQ for (E-NLP) will be defined. For that, the tangential
and the abs-normal-linearized cone are needed which will be formulated for (E-NLP) in the
next lemma.

Lemma 5.14 (Tangential Cone and Abs-Normal-Linearized Cone for (E-NLP)). The tan-

gential cone to Fe.qps at (t,w, 2%, 2%) reads
A1 N0, Feaps D (t, wi, 24, 21°) — (t,w, 24, 2%):
Te-abs(t,w, 25, 2") =4 6 71\‘ c-avs (t Lk i) = ; w)
T, (tk — t,wp —w, 2, — 2°) = (0t, 6w, 02"), 62 = dw

with § = (0t, dw, 521, 82V) € RMtTmetsttm2 gnd the abs-normal-linearized cone reads

Orez(t, |24])dt + Dacz(t, |2Y])0¢ = dw
lin t t wy _ 6 167 ’ )
Telaps(t,w, 2%, 2%) (5t,52 ) € ’Tzlabs( t)’ Oz¥ = Sw !

with 6 = (5[‘57 (S’u)7 (szt7 5Zw) c Rnt+m2+8t+m2 and

5¢; = {Ui(t)5zf, i¢al(t), P {Ui(w)éz}“, i ¢ a”(w),

628, i € al(t), |02, i€ a”(w),

where a(t,w) = (a*(t), a®(w)).
Proof. Definition 5.3 can be applied to (E-NLP) and gives using its definition

ElTk \( 07 fe—abs = (tkawkaz]tgazkw) — (tawaztazw): }

Toabs(t,w, 28, 29) =< 6
a2 = 18| T o e

as well as

drce(t, |2])0t + dace(t, |2*)6¢ = 0,

Orcz(t, |24])dt + Dacz(t, |2t])0¢ = dw,

O1cz(t, |2t])0t + Dacz(t, |2t])0¢C = 21,
ow = 0z%

7‘-31abs(t7w7ztazw) =49

Using, that wy = 2% and w = 2* by definition of Fo aps and the definition of 711 (¢, 2%)
gives the presentation above. O

Lemma 5.15 (Branch NLPs for (E-NLP)). Given a feasible point (f,10, 5%, 2%) of (E-NLP).
Choose ot € {—1,1}% with ot = ot(f), o¥ € {—1,1}™ with o* * t(ﬁ)) and set ¥t =
diag(c?), X% = diag(c®). The branch problem NLP(X%%) for ¥4% := diag(o?, o™) reads

min f(t)

(taw,zt,zw)e Dtw:l=t] =
s.t. ce(t, Etzt) =0,
cr(t, X2) — X2 =0,
cz(t, X2 — 2 =0,
w—2z" =0, (NLP(Stw))
¥zt >0,
YY" > 0.
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5.1 Abs-Normal NLPs

The feasible set of (NLP(X5")), which always contains (f,1, 2%, 2%) and is a lifting of Fx,
is denoted by

Ftow ={<t w, 2, 2) € prefii | (F) € Fener(t, Beh) - Xz =0, }

w—2Y=0, X% >0

Proof. Definition 5.4 can be applied to (E-NLP) and gives the branch problem above with
feasible set

ce(t,B2Y) =0, cr(t, Bl2t) — X% =0,
Fstw =3 (t,w, 2", 2%) € ptwnla'lz"] cz(t, X2t — 2t =0, w—2¥ =0,
Yizt >0, ¥W¥ >0

Using the definition of Fsy¢ it has the form stated above. O

Lemma 5.16 (Tangential and Linearized Cone for (NLP(35%))). Given (NLP(X%Y)), con-
sider a feasible point (t,w, 2!, 2%). The tangential cone to Fsrw at (t,w, 2%, 2%) reads

Tt (t,w, 2, 2%) = { )

I N0, Fyew 3 (tr, wi, 2f, 2) — (t,w, 2%, 2%):
Tk_l(tk —t,wg — w, 2k — 2') = (6, 0w, §21), §2¥ =dw |

The linearized cone reads
(6t,821) € Tin(t, 2t), o6z >0, i € a¥(w)

T (10, ) = { 5 ‘ DLezlt + DpegBtozt — BWH = 0, §2* = dw, }

Here, § = (0t,0w,d2t,02%) € Rutmetsetmz gnq gl partial derivatives are evaluated at
(t,t21).

Proof. Definition 5.5 can be applied to (E-NLP). Then, the cones read

Tt (t,w, 2%, 2%) = { 0

I N\ 0, Fstw D (g, wg, 25, 21) = (¢, w, 2%, 2%):
Tk_1<tk —tiwg —w, 2 — 24, 2 — 2¥ — (6, 6w, 5z, 02)

and
O1ce6t + OaceXtozt = 0,

O1erot + 62012t5zt —X%izY =0,

7'Ehtnw (t,w, 24, 2) =46 O1cz0t + Oacz X622t = 621,
ow = 0z",

oldzl >0, i € al(t), ooz >0, i€ a¥(w)

Then, wg = z) and w = 2* hold by definition of Fs:.w and the definition of 7 (¢, 2%) can
be inserted. This leads to the stated form of the two cones. O

Moreover, the following decompositions are obtained by applying Lemma 5.7 to (E-NLP):

Teabs(t, w, 25, 2%) = | Torw(t, w, 25, 2%),  Tims(t,w, 2", 2") T, (¢, w, 24, 2%).
St,w »t,w
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As before, the tangential cone is a subset of the linearized cone and the reverse inclusion
holds for the dual cones:
7-e—abs(t7 w, Zt7 Zw) g el_iélbs(ta w, Zt? Zw)a 7;—abs(tv w, Zta zw)* 2 el_i;lbs(ta w, ztv Zw)*‘
This follows directly by applying Lemma 5.8 to (E-NLP).

Again, equality does not hold in general. Thus, Abadie’s Kink Qualification (AKQ) and
Guignard’s Kink Qualification (GKQ) for (E-NLP) are considered.

Lemma 5.17 (AKQ for (E-NLP)). Given (E-NLP), consider (t w, 24 (t), 2% (w)) € Fe_aps-
Then, AKQ for (E-NLP) at (t,w) is Te-aps(t,w, 2 (t), 2% (w)) = T2 abs(t w, 24 (t), 2% (w)).

Proof. This follows directly by applying Definition 5.9 to (E-NLP). O

Lemma 5.18 (GKQ for (E-NLP)). Given (E-NLP), consider (t,w,2!(t), 2% (w)) € Feaps-
Then, GKQ for (E-NLP) at (t,w) is Te-aps(t, w, 2(t), 2% (w))* nl’gbs(t,w, L), 2% (w))*.

Proof. This follows directly by applying Definition 5.10 to (E-NLP). O

The possible slack values w € W(t) := {w € R™2: |w| = cz(t,]24(t)|)} just differ by the
signs of components w; for i ¢ A(t). Thus, homeomorphism between the cones for different
choices of slack values exist as is shown in the next lemma.

w

Lemma 5.19. Given (E-NLP), consider (t,w, z!(
Define x: Te-aps(t, w, 2L (t), 2°(w)) = Te-aps(t, W, 2°
Thn, (t,0, 2 (t), 22 (D)) as

t), 2% (w)) € Feabs andeW() D # w
(1), 2" (), x: Tl (t,w, 2 (t), 2 (w)) —
abs

x(6t, 6w, 624, 62) = (8t, Low, 625, £62Y) and x (5t dw, 62¢,02Y) = (6t, Low, §2¢, £62Y),

where ¥ = diag(o) with o; = —1 if w; # W; and o; = 1 if w; = w;. Then, both functions x
are homeomorphisms.

Proof. Set Wy = Ywy and Z' = Yz} for a given vector (0t,dw,dz",62") = lim T;l(tk —
towg —w, 2k — 24 2l — 2%) € Teans(t, w, 24 (), 2% (w)) to obtain

WE — W wg — W Zw—zZv Zp —zv

k = ¥ lim & = Yow, limE—= = ¥lim k= — %Y.
Tk Tk Tk Tk

lim

This implies that x(§) = (dt, Low, §2%,302Y) € Teaps(t, w, 21(t), 2V (w)). Conversely, the
same argument holds with interchanged variables. Further, x and x~! are continuous by
definition and inverse to each other by definition of 3.

Now, let & = (6t,6w,dz%,62%) € THL (t,w,2t, 2%), then x(8) = (6, Xdw, 2%, X62") €

e-abs
’Telabs( L2 AW as a¥(w) = ¥ (W), oi(w )5zi = oi(w)o;0z for i ¢ a®(w) and |02} =
|oidz"| for i € a"(w). Again, the same argument holds with interchanged variables. This
gives the converse direction. O

Using these homeomorphisms, one can prove next that neither AKQ nor GKQ depend on
the particular choice of w. Thus, both conditions above are well-defined for (E-NLP).
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Lemma 5.20. Consider a feasible point (t,w, 2(t), 2*(w)) of (E-NLP). AKQ holds at (t,w0)
for arbitrary w € W (t), @ # w if AKQ holds at (t,w).

Proof. One has to show
7;—abs (ta w, Zt (t)a z" (ﬁ/)) = 7;1—ielt1bs (ta w, Zt(t)a z" (’LTJ))
This follows directly from the homeomorphism x in Lemma 5.19. O

Lemma 5.21. Consider a feasible point (t,w, 2t (t), 2% (w)) of (E-NLP). GKQ holds at (t, %)
for arbitrary w € W(t), © # w if GKQ holds at (t,w).

Proof. As Teabs(t,w, 24(t), 2% (w))* D THY (¢, 10, 2H(t), 2% (w))* is always satisfied, it is left

to show that
Tecabs (.1, 2 (1), 2 (0))* C Tims(t, @ Zt(t),zw(@))*-

Consider @ = (wt, 0w, w2zt @2") € Toabs(t, @, 24 (t), 2% (w))*, ie. @Td > 0 for all § €
ﬁ:abs(t,w,zt(f),zw(w)) Then, set w = (wt, Yow, wzt, Yow) and thus wl's = Wy~ 1(%) =
@6 > 0 for all § € Teaps(t,w,2t(t),2¥(w)). This is w € Teans(t,w, 2H(t), 2¥(w))* and

)%
further w € 712 (¢, w,2t(t), 2%(w))* by the assumption. Hence, @76 = wTd > 0 for all

e-abs

Thn (¢ 40, 28(t), 2 () which means w € TR (¢, 1w, 2!(t), 2% (0))*. O

e-abs e-abs

As before, AKQ or GKQ are implied if ACQ or GCQ hold for all branch problems.

Theorem 5.22 (ACQ for all (NLP(25%)) implies AKQ for (E-NLP)). Consider a feasible
point (t,w, 2'(t), 2% (w)) of (E-NLP) with associated branch problems (NLP(3%)). Then,
AKQ holds for (E-NLP) at (t,w) if ACQ holds for all (NLP(3X"%)) at (t,w, 24 (t), 2% (w)).

Proof. This follows directly by applying Theorem 5.11 to (E-NLP). O

Theorem 5.23 (GCQ for all (NLP(X%")) implies GKQ for (E-NLP)). Consider a feasible
point (t,w, 2t (t), 2% (w)) of (E-NLP) with associated branch problems (NLP(X4%)). Then,
GKQ holds for (E-NLP) at (t,w) if GCQ holds for all (NLP(35%)) at (t,w, 2 (t), 2% (w)).

Proof. This follows directly by applying Theorem 5.12 to (E-NLP). O

Relations of Kink Qualifications In this paragraph the previous defined kink qualifications
for both formulations will be compared.

Theorem 5.24. IDKQ for (I-NLP) holds at (t,2'(t)) € Fiaps if IDKQ for (E-NLP) holds
at (t,w, 24 (t), 2% (w)) € Fe.aps for any (and hence all) w € W (t). The converse is not true.

Proof. Since (E-NLP) has no inequalities, the concepts of IDKQ and LIK(Q coincide. LIKQ
for (E-NLP) is equivalent to LIKQ for (I-NLP) by Theorem 3.72 and LIKQ for (I-NLP)
implies IDKQ for (I-NLP). The converse does not hold since LIKQ for (I-NLP) is stronger
then IDKQ as was shown in Example 5.2. O

Theorem 5.25. AKQ for (I-NLP) holds at (t,2(t)) € Fiaps if and only if AKQ for (E-NLP)
holds at (t,w, 2'(t), 2" (w)) € Feaps for any (and hence all) w € W (t).

97



Chapter 5 Optimality Conditions for Abs-Normal NLPs under Weaker KQs using MPECs

n (t,2") always hold, one just need

Proof. As Tiabs(t,2t) C Th in (t,2%) and Teans(t, 2t) C
to prove

ﬂ-abs(tvz) 71121105( ) — 7;-abs(t w, 7" )y % ) 7;labs(tvwvztvzw)'

The implication “=” is shown first. Let § = (6t, 0w, 6z,02%) € TH. (t,w, 2, 2). Then,

e-abs

§ = (6t,62%) € T (t,2") and by the assumption § = ﬂabs(t 2) holds. Hence, there exist
sequences (tr, 2L) € Fiabs and 7, N\, 0 with (tg,25) — (¢, 2Y) and 7, '(t) — ¢, 28 — 2t) —
(6t,62%). Now, define

= diag(o) with o; = U. (wi), z@é a*(w),
sign(6z;"), i€ a”(w)
and set 2}’ 1= wy, := X%cz(ty, |2L]). Then, 2% = w = T%cz(¢, |2!]) holds which leads to
2 — 2" = S"[ez(te, |2k]) — ez(t, |2])]
= S"[0vez(t, [2")(tk — t) + Daez (t, ') (12k] = [2"]) + oIl (te — ¢, [zk] = [*DI)]-

Further, for k large enough |z} |—|2!| = Zf 2} —X"2" holds using X}, = diag(c},) with o}, = ()
and X! = diag(o!) with o' = o(¢). Then, for z! # 0

T (120l = |2]) = 7 't ((2h)i — =) — 0j62
can be obtained. For 2f = 0 one has 7, ' (2}); — d2¢ and hence
7 H(1C2Ril = [281) = 73 (k)i = 162]-
Thus, 75, ' (|(24)] — |2!|) — 6¢ holds and in total
2 = 2Y) = S¥[01cr(t, |2Y)ot + Dacz(t, |2Y))6C] = U6¢ = 527

Additionally, one obtains 7 l(wk —w) — dw and finally d € To_aps(t, w, 2%, 2%). To prove the
implication “<=”, consider § = (dt,6z%) € T (¢, 2!). Define

abs

+1, i€ A(t),
sign([O1cz(t, |2Y])0t + Dacz(t, |24])8C):), i ¢ A(t)

and set dw = 62 = X¥[dicz(t, |2])0t + Dacz(t,|2])0¢]. Then, 5 = (dt, 6w, 5zt 5zv) €
Thin (t,w, 2!, 2%) for w = 2% = $¥cz(t,|z!]). By assumption, 0 € Teans(t, w, 2%, 2%) holds

and this directly implies § = (6t,02%) € Tiaps(t, 2%). O

= diag(c) with o; = {

Theorem 5.26. GKQ for (I-NLP) holds at (t,2'(t)) € Fiaps if GKQ for (E-NLP) holds at
(t,w, 2(t), 2% (w)) € Fe-aps for any (and hence all) w € W (t).

Proof. The inclusion Tpaps(t, 21)* 2 T (¢, 2%)* is always satisfied. Thus, it is left to show
that

ﬂ—abs(ty Zt) 7:abs( ) :
Let w = (wt,wz!) € Traps(t, 2%, ie. wT'd > 0 for all § = (0t,02") € Traps(t, 2Y). Then, set
@ = (wt,0,w2?,0) and obtain oTo =wls >0 forallde To-abs(t, w 2t 2%) where w € W (t)
is arbitrary. By assumption, then &8 > 0 for all § € Thn (t,w, 2%, 2*) holds. This implies

e-

wl's =a@T6 >0 for all 6 € T (¢, 21). O

i-abs
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It is an open question if the converse holds. Next, the branch problems are considered and
relations for ACQ and GCQ for all branch problems are obtained. Here, the sign informations
will be exploited to show equivalence for GCQ for all branch problems.

Theorem 5.27. ACQ for (NLP(E")) holds at (t,2'(t)) € Fx¢ if and only if ACQ for
(NLP(24")) holds at (t,w, 2! (t), 2'(w)) € Fxtw for any (and hence all) w € W ().

Proof. This follows as in the proof in Theorem 5.25. The inclusions Ty (¢, 2') C ToR(¢, )

and Txew(t, 2%) C THR, (¢, 2%) are always satisfied. Thus, one just needs to prove

Tt (t, 2Y) D TaR(t, 2) = Ty (t,w, 2%, 2%) D Tl (t,w, 2%, 2%).
First, the implication “=" is shown. Let ¢ = (5t,~5w,5zt,5zw) TEhtnw (t,w, 2%, 2*). Then,
6 = (6t,62%) € THn(t,2') and by the assumption § € Ty (t,z%). Thus, sequences (t, z}) €
Fiabs and 73, N\, 0 exist such that (tx, 25) — (t,2%) and 7, *(ty —t, 2} — zt) — (6t,02%). Then,
define 2} := wy, := L%cz(t;, X'2}) and obtain with 2 = w = X%¥cz(t, X'2")
2 — 2% = YY(cr(tg, Xi2k) — cz(t, B'2Y))
= X¥[O1cr(t, X0 (t, — t) + Oocz(t, 512 S (2) — 28) + o(|| (t — ¢, BF(2h — 2))]))]-

Thus,
Ty 1( 2y — 2Y) — ¥ [01ez(t, Y2 (ty — t) + Oacz(t, tht)Zt(z}; — zt)] =z%

and 7, ' (wy, — w) — Sw. This ylelds d € Tgew(t,w, 2%, 2"). Second, the implication “<” is
proven. Let § = (6t,82%) € T (t,2%) and set & = (dt, 6w ,02%,52%) with

i-abs
Sw = 62" 1= N¥[01cr(t, 51246t + Oacr(t, B2H)6C).

Then, § € 7%1“10 (t,w, 2%, 2%) for w = 2% = Y%cz(t,¥'2!) and the assumption yields 6 €

Tt w(t w, 2%, 2*). By construction, thls directly implies 6 = (6t,82%) € Tsx (¢, 2%). O

Theorem 5.28. GCQ for (NLP(X')) holds at (t,2'(t)) € Fx¢ if and only if GCQ for
(NLP(25%)) holds at (t,w, 2! (t), z'(w)) € Fstw for any (and hence all) w € W (t).

Proof. The inclusions Ty (t,2%)* D THR(t,20)* and Tyew(t, 21)* D TR, (¢, 21)* are always
satisfied. Thus, one just need to prove

T (t, 2)* C Tal(t,2)* <= Torw(t,w, 2%, 2%)* C Tl (t,w, 2%, 2)*.

It is started with the implication “=". Let w = (wt, ww,wz!,wz") € Tsrw(t, w, 2%, 2%)*, i.e.
wl's >0 for all 6 = (6, 6w, 5z, 02") € Tsew(t,w, 2, 2%). Set

@ = (@t,02") = (wt,w2") + (ww + wz") XY (Orez(t, X121), Oaez(t, XE2H)EY).

Then, &6 = w6 > 0 for all § = (0t,02%) € Tsx(t, 2!) and thus @ € THR(¢, 2%). Then,
wl'd >0 for all 6 = (6t, 6w, d2'62") € ’Th“ (t,w, zt, 2*) as wT'd = @75 holds. The proof of
the reverse implication “<” follows as in the proof of Theorem 5.26. Let w = (wt,wz!) €
T (t, 2')*, ie. w6 > 0 for all § = (0t,62") € Tue(t,2"). Then, with © = (wt,0,w?",0)
one obtains @7 = wT6 > 0 for all § € Tyew(t,w,2t, 2%) and w € W(t) is arbitrary.
Thus, @ € Tsiw (t, w, 2%, 2*) and by assumption @ € th w(t w, 2, 2%). This directly implies

wl'd >0 forall 6 € Tlm( 24). O
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5.2 Counterpart MPECs

In this section the definitions of MPEC-MFCQ, MPEC-ACQ and MPEC-GCQ are formu-
lated for (I-MPEC) and (E-MPEC). Then, relations between them are shown.

Counterpart MPEC for (I-NLP) In this paragraph the MPEC variants of MFCQ, ACQ
and GCQ are formulated for (I-MPEC), which is recalled here:

i t
o, f(t)

st ce(t,ut +0b) =

Lemma 5.29 (MPEC-MFCQ for (I-MPEC)). Given a feasible point (t,ut,v') of (I-MPEC)
with associated index sets UL, UL, V§, V.. and D'. Then, MPEC-MFCQ at (¢, u’,v") is full
row rank of

oic Oyce PL, Oace P,
ettty = | 2% uL PEIVL | g ROmits)x (U VY )

T B Oicz [6203—]]]31/7{}'_ [82CZ+I]P$3_

and existence of a vector d € R HMEHIVED gueh that Je(t,ut,vt)d = 0 and J4(t,ut,v')d > 0
with

Ja(t,ul,ot) = [ach 8chsz2+ 82CAP51] .

Here, all partial derivatives are evaluated at (t,u’ + v?).

Proof. By Definition 2.49 MPEC-MFCQ is MFCQ for the tightened NLP. Thus, full row
rank of the matrix

Oice 8205P5t+ 82051351% 8208P5i (92651’36:%
Fe(tut o) = Oicz  [Dacz — 1’]135i [Oacz — I]Pgé [Oacz + I]Pgt+ [Oacz + I}Pg})
0 0 I 0 0
0 0 0 0 I

is required. Exploiting the two unit blocks gives the rank condition stated above. Moreover,
the existence of a vector d € R™125 is required such that Jed = 0 and J4d > 0 with

jA(t,ut,Ut):[ach 82cAPZZ aQCAPZ/Yl}j aQC.APgt+ 8QCAP5:€:|.

The condition Jed = 0 implies directly that d; = 0 for i € UL U VE and thus d has to satisfy
the conditions stated above. O
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As with LIKQ and IDKQ for (I-NLP), MPEC-MFCQ is weaker than MPEC-LICQ for
the counterpart MPEC of (I-NLP). This can be seen by rewriting Example 5.2 as the
counterpart MPEC and checking the above conditions.

Example 5.30 (MPEC-MFCQ is weaker than MPEC-LICQ). With 2! = u! — v’ and |z!| =
u? 4+ v? the problem reads

min t1 +to —t3
teR3 uteR,vteR

sttty — (uf +0') =0,
4t1 —t3 > 0,
4ty —t3 > 0,
t —tg — (ut — ') =0,
0<u' Lo'>0

with solution t* = (0,0,0) and (u?)* = (v')* = 0. Thus, D(y*) = {1} for y* = (t*, (u!)*, (v})*)
and the Jacobians read

o110 o 40 41
Here, MPEC-LICQ is not satisfied since the Jacobian Jimpec(y*) = [Je(y*)T, Ja(y*)T])T

cannot have full row rank by dimension. But MPEC-MFCQ is satisfied as Jg(y*) has full
row rank and Jg(y*)d =0, Ja(y*)d=1> 0 with d = (0,0, —1).

In order to define MPEC-CQs in the spirit of Abadie and Guignard, the tangential cone,
the complementarity cone and the MPEC-linearized cone are introduced.

Lemma 5.31 (Tangential Cone and MPEC-Linearized Cone for (I-MPEC)). Consider a fea-
sible point (t,u',v') of (I-lMPEC) with associated index sets UL, V' and D'. The tangential
cone to Fimpec at (t,u',v') reads

ot
Timpee(t, ut, vt == Sut | € R+ I N0, Fmpee 3 (b, u, vi) — (¢, ul,0"):
i-mpec\ly U Sut Tl;l(tk —t, u',; — ut7 vi — Ut) — ((5t, 5ut, 5Ut)

Setting A = A(t,ut,v') and c4 = [¢;)ica, the MPEC-linearized cone reads

5t O1cgdt + Dace(dul + 6v') =0,
: O1c A6t + Oacq(dul + 6v') >0
lin t oty . t ni+2s 1CA 2CA 5
; t = 0 RSt
Ticmpec(t, ', 07) st < D10t + ez (dul + out) = dut — ot
)

(dut, 6vt) € T1 (ut t)

with complementarity cone

Svf=0, i el
t ot 5U 2 t .
To(u',v') = Sut € R dut =0, i e VL,

0<éul Lévt>0,ieD

Here, all partial derivatives are evaluated at (t,u' + v').
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Proof. This follows directly from Definition 2.50. O

Lemma 5.32. Given (I-NLP) with counterpart MPEC (I-MPEC). Consider (t,2') € Fi.aps
with o' = ot(t) and (t,u',v!) = ¢71(t,2!) € Fi-mpee With associated index sets UL, Vj_ and
D'. Define ¢: Timpee(t, u',v') = Teaps(t, 2') and ¢: Tl (¢, uf,vf) — T (¢, 2") as

Y(6t, 6ul, ovt) = (0t,0ul — 6vt)  and pT(6t,020) = (6t, (621) T, (62) 7).

Here, (021)T,(62%) map 62 into the complementarity cone via

+0z, i €Ul (of =+1) 0, icul (of =+1)
(oz)t =10, i€V (ol=—1) 3 and (6z1)" =3 —8zt, i€V (ol =—1)
[621]7, i€ D' (ol =0) [021]~, i€ D (ot =0)

Then, both functions v are homeomorphisms.

Proof. First, consider ©: Timpec(t, u',v") — Tiabs(t, 2'): Given a vector (dt,du’,dvt) =
hmTl;l(tk —t,ul, —ul, vl —v') € Timpec(t, ut,v?), set (g, zL) = ¢(tg, ul, vi) = (tg, ul —vk) €

Fi.abs to obtain

z,’;—zt:hm(uk—ut)—(vi—v

¢
) =ou' — vt = (0t,0u’ — 6v') € Trans(t, 2%).
Tk Tk

lim

Conversely, given a vector (6t,62%) = lim 7, *(tx—t, 25 —2%) € Traps(t, ), define (tg, ul,v}) =
6 (th, 24) = (1o (241 [24]7) € Frmpee. Then, 7 ((usg — ) — (v — v)) — (521)* — (B51)-
holds. Thus, it remains to show 7, '(ux — u, v — v) — ((§2)F, (02!)7) which is done
componentwise:

e i € U: vl =0 holds by feasibility and (§z')~ = 0 by definition. Thus, (uf); > 0 holds
for k large enough and by complementarity (vf); = 0 holds. Then, 7, ' ((u}); — ul) —
(621)F follows.

ieVi: Tk_l((v}g)i —ot) — (dz'); follows as in the previous case.

i € Dt and (6z%)] > 0: (62%); = 0 holds by complementarity and so 7, *((u}) —
(k) — (628, Then, 7 '(ul)r — (521)F and 7, *(v!);, — 0 because of sign con-

straints.

i € Dt and (6z8); > 0: 7, ' (ul)r, — 0 and 7, (v)x — (62"); follow as in the previous
case.

i € D' and (62%)] = (62%); = 0: Then, 7, *((ul)x — (v})r) — 0 holds. Because of sign
constraints and complementarity, this can only hold if 7, ' (ul);, — 0, 7 *(v})x — 0.

Altogether, this implies

(ty, — t,uz, — ut,v}; —t)

lim = (6t, (6211, (2")7) € Timpec(t, u’,v").

Tk
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By construction, 1 and ¢~! are both continuous and inverse to each other.
Second, consider ¢: TS (¢, uf,vf) — TR (¢, 2"): Given (6t,6u’,dv") € THo (¢, uf,vh),

abs

the vectors dz! = dJu! — dvt and §¢ = dul + dv! satisfy

dul, ieU dul, ieU otézt, ol =+1
528 ={ =, ieVi b, 6G =1 oul, ieVi p =1 oldzt, ol=-1
Sul —dvt, i€ Dt Sul + dvt, i€ Dt 628, ol=0
Thus, (6t,0z%) = (8t,dul,60v') € T (¢, 2%). Conversely, consider (6t,(521)T,(0z4)7) =
P L(6t, 621) for (6t,62%) € llgts(t,z ). Then, 0 < (52T L (62)™ >0, 828 = (621) T —(§2%)~
hold by construction and §¢ = (§2)" + (§ t>* as
0i0zt, ol =41 8zt ieuUl
8¢ =< otdzl, ol=-1 3 =< =421, i€ VL b= (62N + (627);.
|62, ol=0 (6211 + (524, ieDt

Thus, (0t,(82)T,(62")7) € T (¢, u’,v"). Again, ¢ and ¢~! are both continuous and
inverse to each other by construction. O

Lemma 5.33 (Branch NLPs for (I-MPEC)). Given a feasible point (,4t,9") of (I-MPEC)
with associated index sets U, Vi and D' and choose P* C D'. The branch problem NLP(P!)
reads

min f(t)
(t,ut wt)e Dtut vt

s.t. ce(t,ut +0) =0,
( 0

cz(t,u +v') — (u' — ') =0, (NLP(P))

79

¢ t B
0=v;, i €U, UPL

Here, Pt denotes the complement of Pt in D. The feasible set of (NLP(P')), which always
contains (t,4t,0"), is denoted by

ce(t,ut + o) =0, cz(t,ut +o') >0,
cz(t,ul +v') — (ut — o) =0,

Fpii=1 (t,ul, 0!
P (& v7) 0=ul and 0 < of forie VL UP,
0 <ut and 0 =} foricUl UPt
Proof. This follows directly from Definition 2.52. O

Lemma 5.34. Given (NLP(X)) and (NLP(PY)) with Pt = {i € o!(f): of = —1}. Define
opt = P|F,, and gb;} = ¢_1|]:2t. Then,

ppr: Fpr — Fsr  with ¢pt: Fee — Fpr

is a homeomorphism.
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Proof. This follows directly from Lemma 4.2 by the definition of P?. O

Lemma 5.35 (Tangential Cone and Linearized Cone for (NLP(P"))). Consider a feasible
point (t,ul,v') of (NLP(P')). The tangential cone to Fp: at (t,ul,vt) reads

Tpe (t,ul, vt = { (6t, sut, 6vt)

I N\ 0, Fpe D (b, uk,vh) — (t,ul,0h):
e — tul, — uf,vf — of) — (0t ut, dut)

and the linearized cone reads

O1cedt + 3265(5ut + 5Ut) =0,

ot O1c A0t + 820A(5ut + (5Ut) >0,
’Téﬁ"(t, ul, vt = Sut d1cz0t + Oacz(dul + dvt) = dul — o,

ovt 0:5u§fori€V§_U73t,0:5vffori€MiU75t,
0 < dut fori€75t, 0 < vl forie Pt

Here, all partial derivatives are evaluated at (t,u' + v').
Proof. This follows directly from Definition 2.53. O
Lemma 5.36. Given (NLP(X')) and (NLP(P")) with P! = {i € o!(#): ot = —1}. Consider
(t,2) € ]-'1215 and (t,ut,v') = gb;}(t,zt). Define Ypi = 1l @b;} = w_l\TEt and Ypt =
¢|T7i”?’ Ypr 1= 1/,—1’7;:,, Then,

Up: Tpe(t,ul v') = Tee(t,8)  and  p: TRE(t, @', 0") — Tt 2Y)
are homeomorphisms.

Proof. The first claim follows from Lemma 5.32 as ¢|pt : Fpt — Fx¢ is a homeomorphism
(see Lemma 5.34). Also, the second claim follows from Lemma 5.32 as

Pl={icD':ol=-1} and P'={icD" ol =+1}
since ol(f) = D O
Using this notation MPEC-ACQ and MPEC-GCQ read as follows.

Lemma 5.37 (MPEC-ACQ for (I-MPEC)). Given a feasible point (t,ut,vt) of (I-MPEC).
Then, MPEC-ACQ for (I-MPEC) at (t,u’,v") reads Timpec(t,ut,v) = ﬁfi?lpec(t, ut, vt).

Lemma 5.38 (MPEC-GCQ for (I-MPEC)). Given a feasible point (t,u’,v') of (I-MPEC).
Then, MPEC-GCQ for (I-MPEC) at (t,u',v") reads Timpec(t, u',v')* = Tl (t, uf,vt)*.

Both MPEC-CQs are implied if the corresponding constraint qualifications hold for all
branch problems.

Theorem 5.39 (ACQ for all (NLP(P")) implies MPEC-ACQ for (I-MPEC)). Consider a
feasible point (t,u’,v') of (I-MPEC) with associated branch problems (NLP(P')). Then,
MPEC-ACQ holds for (I-LMPEC) at (t,ut,v') if ACQ holds for all (NLP(P!)) at (t,u’,v').
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Proof. This follows directly from Theorem 2.58. O

Theorem 5.40 (GCQ for all (NLP(P")) implies MPEC-GCQ for (I-MPEC)). Consider a
feasible point (t,u',vt) of (I-MPEC) with associated branch problems (NLP(Pt)). Then
MPEC-GCQ holds for (I-lMPEC) at (t,u!,v) if GCQ holds for all (NLP(P?)) at (t,ut,v?).

Proof. This follows directly from Theorem 2.59. O

Counterpart MPEC for (E-NLP) In this paragraph MPEC-MFCQ, MPEC-ACQ and
MPEC-GCQ are stated for (E-MPEC), which reads

t,w utnﬁrfbw W f(t)
st. ce(t,ut +0) =0,
cr(t, ut -|—v) (u” +0") =0,
cz(t, ut +v) ( ) 0,

For this, the formulation as (E-MPEC) is used and recalled here:

min  f(x)

s.t. ce(r,u+v)=0,
cz(x,u+v)—(u—v)=0,
0<ulwv>0,

where z = (t,w), u = (uf,u?), v = (v}, v¥) as well as f(x) = f(t), ce(z,u+v) = (ce(t,ul +
vh), ez(t,ut +0t) — (u¥ +o%)) and éz(z,u +v) = (cz(t, ul + b)), w).

Hence, problem (E-MPEC) is a special case of (I-MPEC) and the next lemmas can be
obtained from the corresponding definitions and lemmas for (I-MPEC).

As in the abs-normal case, constraint qualifications of Mangasarian Fromovitz type are
not preserved under slack formulation. Thus, MPEC-MFCQ coincides with MPEC-LICQ
for (E-MPEC).

Lemma 5.41 (MPEC-MFCQ for (E-MPEC)). Given (E-MPEC), consider a feasible point
y = (t,w,ut, v, u?,v¥). Then, MPEC-MFCQ at y is MPEC-LICQ at y.

Proof. By construction neither (E-MPEC) nor (E-MPEC) contain inequalities. Thus, just
full row rank of Je.mpec(x) is required by Definition 2.49 which is exactly the definition of
MPEC-LICQ for (E-MPEC). O

To define MPEC-ACQ and MPEC-GCQ the tangential and abs-normal linearized cone
are needed.
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Lemma 5.42 (Tangential Cone and MPEC-Linearized Cone for (E-MPEC)). Consider a
feasible point y = (t,w,u’,v',u?”,v¥) of (E-MPEC). The tangential cone to Fepmpec at y
reads

Ik \,4 0, ]:e—mpec DYk = (tk,wk,ui,vi,u}:,v}f) — Y
7 Hye —y) — 0 = (0t, 6w, Sul, Svt, du®, §ov) '

’Te-mpec(y) = {6

The MPEC-linearized cone reads

7 lin (y) =16 O1cz6t + Doz (dul + St ) =ou" + ovY, dw = du" — ovv,
e-mpect) = (0t, dutévt) € T (t,ul,vt), (6u®,dv™) € TL(u®,v™) ’

Here, § = (6t, 0w, dul, v, 6u, svW) € Ruetme+2se+2me gnd ol partial derivatives are evalu-
ated at (t,u’ + v').

Proof. Definition 5.31 can be applied to (E-MPEC) and gives

I (0, fe—mpec DYk = (tk7wkau§gavliyu]7}uavlgu) — Y-
Tk,_l(yk —y) — & = (t, 0w, dut, 6vt, du™, Sv®)

Tempec(y) = { 0

and

D1cedt + Dace(dul + dvt) =

O1crot + Oaer(dul + dvt) = du¥ + dv¥,

fin O1cz0t + Docz(dul + dovt) = dul — dvt,

ﬁ-mpec(y) =49 Sw = du® — sv¥,
(dut, dvt) € T (ut,v?),

(ou™,0v™) € T (u®,v™)

Using the definition of T (¢, u!,v') leads to the presentation above. O

mpec

Lemma 5.43. Given (E-NLP) with counterpart (E-MPEC). Consider (t,w, 2%, 2%) € Fe_aps
and (t,w,ul, vt u?, v") = ¢~ (t,w, 2%, 2¥) € Fempee- Define

1;' e- mpec(tvwvutvvtyuw w) — Te- abs(tvwvztazw)7

" lin t
¢ e- mpec(tvwvutvvt’u ) - ’Te abs(tvwv z ’Zw)v
as

D(6t, dw, oul, v, du®, sv) = (6t, dw, du' — svt, du® — sv*),
N0, B, 521, 62) = (5, B, (5)*, (621), (52")* (62)7).

Then, both functions ¥ are homeomorphisms.

Proof. This follows directly from Lemma 5.32. O
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5.2 Counterpart MPECs

Lemma 5.44 (Branch NLPs for (E-MPEC)). Given a feasible point §j = (£,w, at, o, 4%, o™)
of (E-MPEC) with associated index sets U'., V.., DL, UYL, V¥ and DY. Choose P' C D' as
well as PY C DY. The branch problem NLP(PY") is defined as

min f(t)
(t,w,ut,vt,uw,vw)EDtvaut’”tv“wv”w
s.t. ce(t,ut + o) =0,
cr(t,ut + ') — (v’ +v™) =0,
cz(t,u + o) — (u' —o') =0,
w — (u“’ - w) =0,
0=ul, 0<v}, ieV UP, (NLP(PHv))

0 <, Ozvf7 zeUfrUﬁt,
0=uy, 0<vf, i€ VI UPY,
0 <, O—U,zEUfUﬁw.

The feasible set of (NLP(PYY)), which always contains §, is a lifting of Fpt and is denoted
by

(t,ult,vt) € Fpe, w— (u¥ — o) =0,

cz(t,ut +ot) — (u? + %) = 0,

0=u, 0< v, i€ VYUPY,

0<uf, 0=0¥, i €U’ UPY

Fprw =4 (t,w,u’, v’ u®,v")

Proof. Definition 5.33 applied to (E-MPEC) gives the branch problem above with feasible
set

ce(t,ul +0') =0, ez(t,ut + o) — (v —ov¥) =0,
ca (bt + ) — (uf — ') =0, w — (u® — o) =0,
0=uf, 0<of, ieV UP,

- = t t ,t ,w ,w
s (b, %, u¥, %) 0<u O—v ZGUtUPt
0—uw 0<U,Z€V+U73“’,
0 <u, O—U,ZEL{$U75“’
Using the definition of Fp: gives the stated form above. O

Lemma 5.45. Gz’ven (NLP(E“‘)) and (NLP(P"")) with P* = {i € o (t): ot = —1} and
v ={ica®(Ww): o¥ = —1}. Define ppiw = ¢];7th and qﬁptw = Y Fpiw- Then,

é’])t,w . .F’Pt,w — FEt,w wlth &7_37:5[,10 : .th,w — .F’Pt,w
is a homeomorphism.

Proof. This follows directly from Lemma 4.5 by the definition of P! and P¥. O
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Lemma 5.46 (Tangential Cone and Linearized Cone for (NLP(P%%))). Consider a feasible
point y = (t,w,ut, v, u¥,v¥) of (NLP(P"")). The tangential cone to Fpiw at y is

Tptw(y) = {5

I 0 0, Fprw D (b, w, uk, vb, ul, vl) = (t,w, ul, vt u®, v®): }
)

-1 t ot ¢
T, (te — twy —w,uy, —u' vy, — v uy —u, v — o) =6

where § = (6t, dw, dut, dvt, du®, v™). The linearized cone is

(0t dut, dvt) € 7%@",

O1ezdt + Oacr(dul + Svt) = (du¥ + dv™), dw = du® + Jv*,
0=6u? fori € VYUPY, 0=5v¥ forieclU?UPY,

0 < u¥ foriePw, 0< vy forie P

Thiw(y) =3 6

Here, all partial derivatives are evaluated at (t,u’ + v!).

Proof. Definition 5.35 applied to (E-MPEC) gives

Tpew(y) = {5

I (0, Fptw D (tk,wk,uz,vz,u,@“,v,?) = (t,w,ut, vt u?, vv): }

~1 t tot ot
T, (te — t,wy — w,up, —ut v — vt up —u v — o) =0

and
O1cedt + 8265(5ut + 5Ut) =0,
D1cz6t + Doz (dul + 6vt) = du™ + Sv¥,
d1cz0t + Oacz(dul + dvt) = dul — o,
ow = du” — dvv,
0 = dul for i € VL UP?, 0= o} for i € UL UPY,
0 < dul fori€75t, 0 < 6! for i € P!
0=du¥ for i € VP UPY, 0=dv¥ for i € U¥ UPY,
0 < dul fori € Pw, 0 < v for i € PV

Tptw(y) =14 6

Using the definition of T%itn gives the result. O

Lemma 5.47. Given (NLP(X%")) and (NLP(P"%)) with Pt = {i € ol({): of = —1} and
P ={ie al(t): o = —1}. Consider (é,w,zt,z“’_) € Feabs and (t,w,_ut,vt,uw_, ™)
gzi—l(t,’LU,z;t’Zw), Deﬁne ¢pt,w = w|7-73t’w, lﬁ;}’w = w|7—gt,w and ¢pt,w = w|7—7]jtn;w, ¢7;t17w =
w|TEzi£w. Then,

Yptw: Tpraw (t,w, ul, v, u, v") = Tyew(t,w, 24, 2%,

Yptow: 7;%%, (t,w,ul, vt u®, vV — 7;@”10 (t,w, 2%, 2%)
are homeomorphisms.
Proof. This follows directly from Lemma 5.36. O

With these cones MPEC-ACQ and MPEC-GCQ read as follows.
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5.2 Counterpart MPECs

Lemma 5.48 (MPEC-ACQ for (E-MPEC)). Given a feasible point y = (t,w,u’, v, u®, v?)
of (E-MPEC). Then, MPEC-ACQ at y reads Te-mpec(y) = ﬁlf%pec(y).

Proof. This follows by applying Lemma 5.37 to (E-MPEC). O

Lemma 5.49 (MPEC-GCQ for (E-MPEC)). Given a feasible point y = (t,w,ut, v, u®, v?)
of (E-MPEC), Then, MPEC-GCQ at y reads Te-mpec(y)* = ﬂ@ﬁpec(y)*.

Proof. This follows by applying Lemma 5.38 to (E-MPEC). O

Due to symmetry, the above equality of cones (respectively dual cones) holds for all ele-
ments (w, 4%, %) € W(t, 4%, o) = {(w,u”,v"): |w| = cz(t,ul + v'), v = [w]T,v* = [w]~}
if it holds for any element. Thus, both conditions are well-defined for (E-MPEC). This is
proven formally next and to begin with, homeomorphisms between the cones are defined.

Lemma 5.50. Given (E-MPEC), consider a feasible point y = (t,w,u’,v',u”,v"¥) and
(0, a%,0%) € W(t,ut,vt), (0, a%,v%) # (w,ut,vt). Set § = (t,w,ul,v',a%,9") and define
p- ﬁ-mpec(y) - ’Te-mpec(g) and p: n@g@pec(y) - ﬁl}?npec(g) as

p(8t, dw, sut, 6vt, su™, sv™) = (0t, Léw, dut, dvt, Louv, Bév™),
p~ L0t dw, dul, Sut, dut, dv™) = (5t, Bow, dul, dvt, Lou®, Lhv®),

where ¥ = diag(o) with o; = —1 if w; # w; and o; = 1 if w; = w;. Then, both functions p
are homeomorphisms.

Proof. This follows directly as p =1 "loyow and p~t =4 Loy tou. O

Now, these homeomorphisms will be used to show that MPEC-ACQ and MPEC-GCQ are
independent of the particular choice of w. Thus, both conditions above are well-defined for
(E-MPEC).

Lemma 5.51. Consider a feasible point y = (t,w,u!,vt, u®,v"¥) of (E-MPEC). MPEC-
ACQ holds at § = (t,w,ul,vt, 4%, %) for arbitrary (w,a%, ") € W(t,ul,v?), (0,7, 7V) #
(w,u”,v") if MPEC-ACQ holds at y.
Proof. One has to show .

%—abs(g) = el—lzilbs(y)'

This follows directly from the homeomorphism p in Lemma 5.50. O

Lemma 5.52. Consider a feasible point y = (t,w,ut,v*, u”,v¥) of (E-MPEC). MPEC-
GCQ holds at § = (t,w,u,vt,a”, %) for arbitrary (0, a",v*) € W (t,ut,v?), (0, a%, ") #
(w,u”,v") if MPEC-GCQ holds at y.

Proof. As Te-mpec(9)* 2 7;1_1311)60(@)* is always satisfied, it is left to show that
%-mpec(g)* g 7;1—irrr11poc(g)*‘

Consider @ = (wt, 0w, wul, wvl, Gu®, ov?) € Toans(§)*, i-e. oT§ > 0 for all~5 S ﬁ:mpec(gj)*.
Then, set w = (wt, Yow,wul, wv!, You®, Xov®) and thus w?d = wlp~1(d) = @6 > 0 for
all 0 € Te-mpee(y). This is w € Tempec(y)* and further w € 7;1_ir1§lpec(y)* by the assumption.

Hence, ©@”'6 = w”§ > 0 for all 712 () which means w € A () O

mpec

109



Chapter 5 Optimality Conditions for Abs-Normal NLPs under Weaker KQs using MPECs

As before, the MPEC-CQs are implied if they are satisfied for all branch problems.

Theorem 5.53 (ACQ for all (NLP(P%")) implies MPEC-ACQ for (E-MPEC)). Con-
sider a feasible point y = (t,w,ul, vt u”,v¥) of (E-MPEC) with associated branch prob-
lems (NLP(P"")). Then, MPEC-ACQ holds for (E-MPEC) at y if ACQ holds for all
(NLP(PL)) at y.

Proof. This follows from Theorem 5.39. O

Theorem 5.54 (GCQ for all (NLP(P"")) implies MPEC-GCQ for (E-MPEC)). Con-
sider a feasible point y = (t,w,u’,vt,u”,v?) of (E-MPEC) with associated branch prob-
lems (NLP(P"")). Then, MPEC-GCQ holds for (E-MPEC) at y if GCQ holds for all
(NLP(P'*)) at y.

Proof. This follows from Theorem 5.40. 0

Relations of MPEC Constraint Qualifications In this paragraph relations between con-
straint qualifications for the two different formulations (I-MPEC) and (E-MPEC) are proven.
Some relations follow from the results in the previous section and in the two following sec-
tions. For an illustration, see Fig. 5.1 and Fig. 5.2

Theorem 5.55. MPEC-MFCQ for (I-MPEC) holds at (t,u’,v") € Fimpec if MPEC-MFCQ
for (E-MPEC) holds at (t,w,u’,u”,v*,v") € Fempec for any (and hence all) (w,u™,v") €
W (t,ut,v'). The converse is not true.

Proof. This follows directly from Theorem 5.24, Theorem 5.60 and Corollary 5.65. O

Theorem 5.56. MPEC-ACQ for (I-MPEC) holds at (t,u',v') € Fimpee if and only if
MPEC-ACQ for (E-MPEC) holds at (t,w,u’,u”,v",v") € Fempec for any (and hence all)
(w,u¥,v%) € W(t,ul,0t).

Proof. This follows immediately from Theorem 5.25, Theorem 5.61 and Theorem 5.66. [

Theorem 5.57. MPEC-GCQ for (I-MPEC) holds at (t,ut,v') € Fi-mpee if MPEC-GCQ
for (E-MPEC) holds at (t,w,u’,v',u”,v") € Fempec for any (and hence all) (w,u”,v") €
W (t,ut,v?).

Proof. The inclusion Timpec(t, ut,v!)* D ﬂ}im“pec(t,ut,vt)* always holds. Thus, it is left to
show that
ﬁ—mpec(t; ut v ) C 7Ilﬁpec(t? ut7 vt)*‘

Let w = (wt, wul,wv?) € Timpee(t, ul, v8)*, ie. wl'6 >0 for all § € Timpec(t, ul,v ) Then de-
fine @ = (wt, 0, wu!,wv?,0,0) and obtain @T§ = wT§ > 0 forall § € To. mpec (£, w, ul, vt u® o)
where w € W (t) is arbitrary. By assumption, @76 > 0 for all § € Tllrl;lpec( s w,ut vt u o)
holds, which implies w?d = 76 > 0 for all 6 € T2 (¢, ut,v?). O

mpec

It is still an open question if the converse holds. Nevertheless, when moving to the branch
problems, equivalence for ACQ and GCQ holds.
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5.3 Kink Qualifications and MPEC Constraint Qualifications

Theorem 5.58. ACQ for (NLP(P')) holds at (t,ul,v') € Fp: if and only if ACQ for
(NLP(PE%)) holds at (t,w,ut, v, u”,v") € Fprw for any (w,u”,v") € W (t,ut,v').

Proof. This follows immediately from Theorem 5.27, Theorem 5.63 and Theorem 5.68. [

Theorem 5.59. GCQ for (NLP(PY)) holds at (t,ut,v') € Fpi if and only if GCQ for
(NLP(PY)) holds at (t,w,ul, vt u¥,v¥) € Fptw for any (w,u®,v?) € W(t,ul,vt).

Proof. This follows immediately from Theorem 5.28, Theorem 5.64 and Theorem 5.69. [

5.3 Kink Qualifications and MPEC Constraint Qualifications

In this section a closer look is taken at relations between abs-normal NLPs and counterpart
MPECs in both formulations.

Relations of (I-NLP) and (I-MPEC) First, relations between KQs for (I-NLP) and MPEC-
CQs for (I-MPEC) of Mangasarian Fromowitz, Abadie and Guignard type are considered.

In the following the variables x and z instead of ¢ and 2! are used. Thus, the abs-normal
NLP (I-NLP) reads:

iy f@)

s.t. ce(x,|z]) =0,
cz(z,|z]) >0,
cz(z,|z]) —2z=0.

The counterpart MPEC (I-MPEC) becomes:
min /)
st. ce(x,u+v) =0,
cr(x,u+wv) >0,
cz(zx,u+v)—(u—v) =0,
0<ulwv>0.

Then, the subsequent relations of kink qualifications and MPEC constraint qualifications
can be shown.

Theorem 5.60 (Equivalence of IDKQ and MPEC-MFCQ). IDKQ for (I-NLP) holds at
(x,2(x)) € Fiaps if and only if MPEC-MFCQ for (I-MPEC) holds at (z,u,v) € Fimpec with
(z,u,0) = (2, [2(2)]F, [2(2)] 7).

Proof. Using the short notation y := (z,u+v), MPEC-MFCQ for the counterpart MPEC is

1. full row rank of

Orce (y) a2cg(y>Pg+ Oace (y)Png e R(mits)x(n+Us UV1])
dicz(y) [Oacz(y) — 1B, [Oacz(y) + 1P,
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As in the proof of Theorem 4.8, this is seen to be full row rank of

Opce (@, |2(2)]) (ma+laf)xn
[[ezaxz@)]@} <K |

2. the existence of a vector d = (dy, dy, dy) € R" U+l such that
dice(y)  Oace(y) Py, dace (y) Py,

Oiez(y) [Decz(y) — 1Py, [Oscz(y) + 1P,

[810A(y) 826A(y)Pg+ 820J4(y)P$+} d> 0.

Now, d,, and —d,, are combined to d, € RIU+DV+] Then, this is equivalent to

Orce(y)dy + Oace (Y)SFy, Ly, duw = 0,
Orcz(y)dy — [I — Dacz(y) DBy, by, duv = 0,
OreA(y)dy + Oaca(y )ZPU+UV+duv >0

for ¥ = diag(o) with o = o(x). The second condition can be written as
[ — D2cz(y)E] ' O1cz(y)de = Py, Ly, duv- (5.1)

Multiplying this by P4 = P! and using u + v = |z(x)| yield
[Q’T[I - 3202(('9)2]719162(?4)}1.@ d; = [¢] 0o2())icads = 0.

Substituting the right-hand side of (5.1) into the first and third condition with u+v = |z(x)|,
finally gives

Oxce (2, |2(2)|)dz = 0,

[e 0p2(x))icads =0,
Owca(z,|2(z)])ds > 0,

which is IDKQ for the abs-normal NLP. ]

Theorem 5.61 (Equivalence AKQ and MPEC-ACQ). AKQ for (I-NLP) holds at (x, z(z)) €
Fiabs if and only if MPEC-ACQ for (I-MPEC) holds at (z,u,v) = (x,[z(z)]", [2(2)]7) €

F. i-mpec -

Proof. One has to show
ﬂ-abs(‘% Z) flabs(x Z) A ﬂ-mpec(‘% U, ’U) = 7;-lir?1pec(x7 U, U)'
This is obvious from the homeomorphisms % in Lemma 5.32. 0

Theorem 5.62 (MPEC-GCQ implies GKQ). GKQ for (I-NLP) holds at (x,z(x)) € Fiaps
if MPEC-GCQ for (I-MPEC) holds at (z,u,v) = (z, [2(x)]T, [2(x)]7) € Fimpec-
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Proof. The inclusion T1% (x,2)* C Tiaps(7, 2)* always holds by Lemma 5.8. Thus, one just
has to show

ﬁ—abs(x72) C Tlabs( ) :
Consider w = (wz,wz) € Tiabs(w, 2)*, i.e. wl'd >0 for all § = (dz,02) € Traps(7, ), and set
@ = (wr,wz, —wz). Then,
T 1(8) = walox + w2l (027 — w2t (62)” = wal 6z + w2Toz =Wl > 0.
holds for every 0 € Tiaps(, z). This means @ € Timpec(, u,v)* and hence, by assumption,

w e flimnpec(a; u,v)*. Thus, w6 = @T~1(§) > 0 for every § € Tn (x,z), which means

icabs\ L

weﬂlm( 2). O

abs\

It is an open question if the converse holds. Once again, moving to branch problems allows
to exploit additional sign information.

Theorem 5.63 (Equivalence of ACQ for (NLP(%!)) and ACQ for (NLP(PY))). ACQ for
(NLP(XY)) holds at (x,2(x)) € Fse if and only if ACQ for the corresponding (NLP(P!))
holds at (x,u,v) = (z,[2(x)|T, [2(2)]7) € Fpr.

Proof. One just need to show
Tsi (2, 2) = T (z,2) <= Tpt(2,u,v) = TAz,u,v).
This is obvious from the homeomorphisms 1p in Lemma 5.36. O

Theorem 5.64 (Equivalence of GCQ for (NLP(¥')) and GCQ for (NLP(P'))). GCQ for
(NLP (X)) holds at (z,2(z)) € Fsp if and only if GCQ for the corresponding (NLP(P"))
holds at (z,u,v) = (z, [2(2)]T, [2(x)]7) € Fpt.
Proof. The inclusions T4 (z, u,v)* C Tpt(z,u,v)* and To(z, 2)* C Tse(x, z)* hold always.
Thus, one just has to show
T (z,2)* D Tl (z,2)* <= Tpi(x,u,v)* Thn(a:,u, v)*.

First, the implication “=" is shown. Consider w = (wz,wu,wv) € Tp:(z,u,v)*, i.e. WI'§ >0
for all § = (dz, du, 0v) € Tpt(z,u,v). Set © = (wz,wz) with

twu;, i €ULUP,

Wz; =

—wv;, 1€V UP.

This leads to
oTpp(8) = wal 6z + w2 (Ju — 6v) = wal oz + wul du+ wovl'dv = wl'6 >0
for every § € Tpt(x,u,v), i.e. @ € Tse(x,2)*. Then, the assumption yields & € Thn( z)*.
As wT's = oTyYp(d) > 0 is satisfied for every § € Thn(x,u,v) w € TAM(z,u,v)* follows.
The reverse implication can be proven as in Theorem 5.62. Thus, consider w = (wz,wz) €
Tsi(x, 2)*. Then, w'§ > 0 for all 6 = (6x,02) € Tsu(x,2) and with & = (wr,wz, —wz) this
implies
T ppt (0) = wrldr + w2 (02)1 — w2 (62)” = wal oz + wzl02 =w'6 >0
(

for every & € Tyi(z,2), i.e. @ € Tpt(z,u,v)*. Then, @ € TAP(z,u,v)* by the assumption
and w'§ = @74 (8) > 0 holds for every § € T3P (x, 2). This proves w € TP (z, 2)*. O
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Relations of (E-NLP) and (E-MPEC) Now, the KQs and MPEC-CQs of Mangasarian
Fromovitz, Abadie and Guignard type are compared for the slack formulations. As both
slack formulations can be seen as special cases of the direct handling, the results of the
previous paragraph hold here.

However, the equivalence of IDKQ and MPEC-MFCQ follows directly as it holds for
LIKQ and MPEC-MFCQ (see Theorem 4.9) and LIKQ and IDKQ as well as MPEC-LICQ
and MPEC-MFCQ coincide in the purely equality constrained setting.

Corollary 5.65 (Equivalence of IDKQ and MPEC-MFCQ). IDKQ for (E-NLP) holds at
(x,2(x)) € Fe-abs tf and only if MPEC-MFCQ for (E-MPEC) holds at (x,u,v) € Fempec
with (z,u,v) = (z, [2(2)]*, [2(2)]7).

But to prove relations for Abadie and Guignard type regularity assumptions, the formu-
lations (E-NLP) and (E-MPEC) and the results of the previous paragraph will be used.

Theorem 5.66 (Equivalence of AKQ for (E-NLP) and MPEC-ACQ for (E-MPEC)). AKQ
for (E-NLP) holds at x € Fe_qps if and only if MPEC-ACQ for (E-MPEC) holds at (x,u,v) =
(z, [2(2)] 7, [2(2)]7) € Fempee-

Proof. The short notation (E-NLP) was used to formulate AKQ in Lemma 5.17 and, sim-
ilarly, the short notation (E-MPEC) to formulate MPEC-ACQ Lemma 5.48. Then, Theo-
rem 5.61 can be applied and gives the result as (E-MPEC) is the counterpart MPEC for
(E-NLP). O

Theorem 5.67 (MPEC-GCQ for (E-MPEC) implies GKQ for (E-NLP)). GKQ for (E-NLP)
holds at x € Fe_qps if MPEC-GCQ for (E-MPEC) holds at (x,u,v) = (z, [2(x)]T, [2(x)]7) €

-Fe—mpec .

Proof. The short notation (E-NLP) was used to formulate GKQ in Lemma 5.18 and, simi-
larly, the short notation (E-MPEC) to formulate MPEC-GCQ in Lemma 5.49. Then, The-
orem 5.62 can be applied and gives the result as (E-MPEC) is the counterpart MPEC for
(E-NLP). O

As before, it is still an open question if the converse holds.

Theorem 5.68 (Equivalence of ACQ for (NLP(%5%)) and ACQ for (NLP(P"%))). ACQ for
(NLP(Z5%)) holds at (x, 2(x)) € Fsew if and only if ACQ for the corresponding (NLP(PH))
holds at (x,u,v) = (z, [2(2)]1, [2(2)]7) € Fptw.

Proof. This follows from Theorem 5.63 as (E-MPEC) is the counterpart MPEC for (E-NLP)
and these were used to state ACQ for (NLP(2"")) and (NLP(PH%)). O

Theorem 5.69 (Equivalence of GCQ for (NLP(2%%)) and GCQ for (NLP(P"%))). GCQ for
(NLP(Z5%)) holds at (x, 2(x)) € Fxtw if and only if GCQ for the corresponding (NLP(PH))
holds at (x,u,v) = (z, [2(2)]F, [2(2)]7) € Fptuw.

Proof. This follows from Theorem 5.64 as (E-MPEC) is the counterpart MPEC for (E-NLP)
and these were used to state GCQ for (NLP(X5")) and (NLP(P"")). O
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Reformulation 1‘ """ Co O'r;ﬁa'r}', 565 ﬂ Reformulation
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)A Theorem 4.8 -
Abs-normal NLP D "l Counterpart MPEC
(I-NLP) J‘ _____ Theorem 5.60 { (I-MPEC)

Figure 5.1: Solid arrows: relations between LIKQ and MPEC-LICQ; dashed arrows: rela-
tions between IDKQ and MPEC-MFCQ.

5.4 Optimality Conditions

In this section, Mordukhovich stationarity and Bouligand stationarity are defined for the
abs-normal NLP and compared to the definitions of M-stationarity and B-stationarity for
MPECs.

Mordukhovich Stationarity In this paragraph a closer look is taken at M-stationarity which
is a necessary optimality condition for MPECs under MPEC-GCQ. But as the converse of
Theorem 5.62 cannot be proven so far, MPEC-ACQ will be considered instead.

First, the definition of M-stationarity is stated for (I-MPEC).

Lemma 5.70 (M-Stationarity for (I-MPEC)). Given (I-MPEC), consider a feasible point
(z*,u*,v*) with associated index sets Uy, V4 and D. It is an M-stationary point if and only
if there exist Lagrange multiplier vectors X* = (A&, Ny, \%) and p* = (w3, pi) such that the
following conditions are satisfied:

Opuply(x®,u”, 0", X\, u*) =0, (5.2a)

()i >0, ()i > 0) vV (p)i(py)i =0, i €D (5.2b)
(uyp)i =0, i €Uy, (5.2¢)

(uy)i =0, i€V, (5.2d)

(A7) >0, (5.2¢)

) Tez(z*, u*, v*) = 0. (5.2f)

Recall that L is the MPEC-Lagrangian function

EL($7U’7’U7}‘HU') = f(.’L') + )\?Cg(l‘,u + ’U) - )‘%CI(IL"U + ’U)

+ ez (@ u+v) — (u—v)] — uTu — uT.
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Theorem 5.68

Theorem 5.69

Branch-Problems Vﬂ : /F vﬂ . /F [ Branch-Problems
Reformulation Theorem 5.22 Reformulation Theorem 5.66 WmmOHBC—mﬁ_OS Theorem 5.53 Reformulation
NLP(Stw))  fo---m-m-- (E-NLP) | _________ (E-MPEC) | _________ NLP(Phw
A A ; vv Theorem 5.23 , Theorem 5.67 , Theorem 5.54 A A ‘ vv
A X 4 | | 4 7y A

= " H = " - b= | !
| = I = 1 — ,
=B = F T 2 %
o L o 1 = = 2, =
v + v « - . v A4 + v
eorem 5.
Branch-Problems [ Tpcorem 5.12 | Abs-normal NLP [T 77777777~ ﬁ OOW\HNMM@HH Theorem 5.40 | Branch-Problems
(NLP(2?)) R (I.NLP) Theorem 5.61 LAPEC < (NLP(P))
L Theorem 5.11 ﬁ L ﬁ A - V g Theorem 5.39 ﬁ

Theorem 5.63

Figure 5.2: Solid arrows: relations between AKQ and MPEC-ACQ); dashed arrows: relations between GKQ and MPEC-GCQ.
Note that in Theorem 5.26, Theorem 5.57, Theorem 5.62 and Theorem 5.67 only one-sided implications are proven
and it is open whether the reverse implications hold.
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Proof. This follows directly from Definition 2.63. O

Then, M-stationarity for (I-NLP) is defined such that it is equivalent to M-Stationarity
for (I-MPEC).

Definition 5.71 (M-Stationarity for (I-NLP)). Consider a feasible point (z*, 2*) of (I-NLP).
It is an M-stationary point if there exist a Lagrange multiplier vector \* = (A%, A7, A%) such
that the following conditions are satisfied:

@)+ )T oree — (W) Torer + (M) ez =0, )

(M) dace — (Ap)TBacr + (A5) T Dacz)i = (N5)iof, i ¢ (™), )

(1) (1) = 0V [(A)Tdace — (Ap)TBacr + (A5) Daez)i > |(A5)il, i € alz®),  (5.3¢)
(A%) > 0, (5.3d)

(N Tez =0. (5.3¢)

Here the notation

uh = [(08) dace — ()T daer + (N5) [Bacz — 1]

(2

ui 1= | Oace = () Oaer + (V5)0acz + 1],

i
is used and the constraints and the partial derivatives are evaluated at (z*, |2*|).

Theorem 5.72 (M-Stationarity for (I-MPEC) is M-Stationarity for (I-NLP)). A feasible
point (z*,2*) of (I-NLP) is M-stationary if and only if (x*,u*,v*) = (z*, [z*]T,[2*]7) of
(-MPEC) is M-stationary.

Proof. For indices that satisfy the first condition in (5.2b), the equivalence with the sec-

ond condition in (5.3c) was shown in Theorem 4.11. Thus, one just need to consider the
alternative conditions. For (I-MPEC) the relations

(O 02ce = A5)T Daer + (N2)[02ez — 1] = (mi)is i € D,

|[(N8)"ace — (Np)"Ber + (N2) [Bez + 1] = (u0)s, i € D,
hold which was also shown in Theorem 4.11. These are exactly the definitions of y;" and p;
in the definition of M-Stationarity for (I-NLP). O

Finally, it is shown that M-Stationarity for (I-NLP) is a necessary condition under AKQ.

Theorem 5.73 (Minimizers and M-Stationarity for (I-NLP)). Assume that (z*,2*) is a
local minimizer of (I-NLP) and that AKQ holds at x*. Then, (z*,z*) is M-stationary for
(LNLP).

Proof. First, note that (z*, z*) is a local minimizer of (I-NLP) if and only if (z*, u*,v*) =
(x*, [2*]T, [2*]7) is a local minimizer of (I-MPEC). Further, MPEC-ACQ holds by Theo-
rem 5.61. Now, Theorem 2.64 implies that (z*,u*,v*) is M-stationary for (I-MPEC) and
thus Theorem 5.72 implies that (z*, z*) is M-stationary for (I-NLP). O
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Linearized Bouligand Stationarity In this paragraph abs-normal-linearized Bouligand sta-
tionarity for (I-NLP) is defined and compared to MPEC-linearized Bouligand stationar-
ity which is a necessary optimality condition under MPEC-GCQ. As equivalence between
MPEC-GCQ and GKQ cannot be shown so far, GCQs for the branch problems (NLP(3))
and (NLP(P')) are considered instead. For these CQs equivalence was shown in Theo-
rem 5.62.

To begin with, MPEC-linearized B-stationarity for (I-MPEC) is formulated.

Lemma 5.74 (MPEC-linearized B-Stationarity for (I-MPEC)). Consider a feasible point
(z*,u*,v*) of (-MPEC) with associated index sets Uy, Vi and D. It is a B-stationary point
if and only if it is a stationary point of all branch problems (NLP(P?)) for Pt =P C D.

Proof. This follows directly from Lemma (2.67). O
Next, abs-normal-linearized B-Stationarity for (I-NLP) is defined.

Definition 5.75 (Abs-Normal-Linearized B-Stationarity for (I-NLP)). Consider a feasible
point (z*, z*) of (I-NLP). It is an abs-normal-linearized B-stationary point if it is a stationary
point of all branch problems (NLP (%)) for ¢ = diag(c) with o = o(x).

Both linearized B-stationarity concepts are equivalent. This is shown in the following
theorem.

Theorem 5.76 (MPEC-linearized B-stationarity for (I-MPEC) is abs-normal-linearized
B-stationarity for (I-NLP)). A feasible point (x*,2*) of (I-NLP) is abs-normal-linearized
B-stationary if and only if (z*,u*,v*) = (z*,[2*]T, [2*]7) of (I-MPEC) is MPEC-linearized
B-stationary.

Proof. Consider (NLP(X1)) for ¥t = ¥ = diag(c) with o = o(z*) and (NLP(P?)) with
Pt =P = {i € a(z*) : 0; = —1}. Then, f'(x)éx > 0 holds for all (6x,52) € Tsi(z*, z*)
if and only if it holds for all § = (dx, du,dv) € Tpt(z*,u*,v*) by Lemma 5.36. Thus, the
result follows as these conditions are equivalent to the definitions of stationary point for the
branch problems by Theorem 2.17. O

Then, it can be proven that abs-normal-linearized B-Stationarity is a necessary optimality
condition under GCQ for all (NLP(XY)).

Theorem 5.77 (Minimizers and abs-normal-linearized B-Stationarity for (I-NLP)). Assume
that (x*,2%) is a local minimizer of (I-NLP) and that GCQ holds at z* for all (NLP(X!))
with ¥t = diag(c), o = o(x*). Then, (z*,z*) is abs-normal-linearized B-stationary for

(I-NLP).

Proof. The point (z*,z*) is a local minimizer of (I-NLP) if and only if (z* u*,v*) =
(z*,[2*]7,[2*]7) is a local minimizer of (I-MPEC). Moreover, GCQ for all (NLP(X'))
and GCQ for all (NLP(P!)) are equivalent by Theorem 5.64. Thus, (z*,u*,v*) is MPEC-
linearized B-stationary by Corollary 2.68 and finally (z*,2*) is abs-normal-linearized B-
stationary by Theorem 5.76. O
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5.5 Handling of Nonsmooth Objective Function

This section checks if the previous weaker kink qualification are preserved under the refor-
mulation of a nonsmooth objective function. To this end, the kink qualifactions are stated
for the two formulations (F-NLP) and (C-NLP). Note that IDKQ is not considered here as
it coincides with LIK(Q in both settings. This is due to the fact that both formulations do
not contain any inequalities.

Direct Handling First, recall the formulation (F-NLP), where the objective is handled
directly:
t
QPCA\I)
st ce(t,|2Y]) =0,
cz(t,|2']) — 2t =0,

with feasible set

Fe={(t,2"): ce(t,|2"]) = 0, ez(t, |2']) — 2" = 0}
={(t,2"(t)): t € D', ce(t,|2"]) = 0}.

Next, the cones in Abadie’s and Guignard’s kink qualifications are formulated for (F-NLP).

Definition 5.78 (Tangential Cone and Abs-Normal-Linearized Cone for (F-NLP)). Con-
sider a feasible point (¢, 2!) of (F-NLP). The tangential cone to F¢ at (¢, 2%) is

ﬁ—abs(ta zt) = { (5t7 5zt)

HTk \l 01 ‘/—-.f = (tkv Zlf;) - (ta Zt):
ot =t 2 — 2t — (0t,02Y) 7

With 6¢; = [8z¢] if i € ol(t) and 6¢; = 0;()d2! if i & al(t), the abs-normal-linearized cone is

Arce(t,|2])ot + Dace(t, |2H)0C = 0, }

lin . t
Tiabs(t: 2 )'_{(&’52)‘3102( t,|21))0t + Dacz(t, |2])0¢ = 02"

Note that

Teabs(t,28) C TR (8, 2) and  Traps(t, 20)* D T8 (¢, 24)*

This follows from Lemma 5.8 as the definitions of F; and thus Tgans(t, 2') as well as of
TR (¢, 2') do not depend on the objective function.

As the converses do not hold, AKQ and GKQ will be defined next.

Definition 5.79 (AKQ for (F-NLP)). Consider a feasible point ¢ of (F NLP). One Says that
Abadie’s kink qualification (AKQ) holds for (F-NLP) at t if Tr.aps(t, 25(t)) = T (2, 24(¢)).

abs

Definition 5.80 (GKQ for (F-NLP)). Consider a feasible point ¢ of (F-NLP). One says
that Guginard’s kink qualification (GKQ) holds for (F-NLP) at ¢ reads Traps(t, 2(2))* =

Titahs (8, 24(1))"
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Constant Objective Introducing an additional variable ¢ the reformulation in abs-normal
form (C-NLP) reads:

min c
t,c,zt
st cp(t,|2f]) —e=0,
Cg(t, ’zt‘) = Oa
Cz t>|zt|) Zt:Oa

with feasible set
Fe={(t,c,2"): cs(t,|2"]) —c =0, ce(t,]2"]) =0, cz(t,]2"]) — ' = 0}
={(t,c, zt): (t,zt) € Fr, c=c(t, ]zt\)}

To obtain the kink qualifications for (C-NLP), the definitions of subsection 5.1 will be
applied to the reformulation (C-NLP):
min ()
s.t. ce(x,|z]) =0,

el 2]) — 2 =0,
with = (t,¢), 2 = 2!, f(z) = ¢, ce(x,|2]) = (et |2Y]) — e, ce(t,|2Y]) and éz(z,|2]) =
cz(t, [2"]).

Lemma 5.81 (Tangential Cone and Abs-Normal-Linearized Cone for (C-NLP)). Consider
a feasible point (t,c, z') of (C-NLP). The tangential cone to F. at (t,c,2') reads

I N0, F¢ 2 (tk,ck,z,i) — (t, ¢, 2Y): }

c—ast7 9 ! = 5t75 ’5t
Te-abs(t, ¢, 2") {( &0%) itk — by ek — ¢, 2 — 2') — (¢, 6¢, 82"

With 6¢; = [62t] if i € a'(t) and 6¢; = o4(t)dz if i ¢ a'(t), the abs-normal-linearized cone
reads

¢ t _
721-%5(757 ‘. zt) :: { (6t, 6c. 5zt) | O1cy(t, |2*])0t 4+ Oacy(t, |2°])6¢ = dc, }

(0t,62%) € ’7}%’25@, 2t)
Proof. Definition 5.3 applied to (C-NLP) gives Teans(t, ¢, 2¥) above and

' Orcs(t,]2H)0t — e + acy(t, |21])0¢ = 0,
Teabs(t,€,2%) = ¢ (8, 6¢, 62") Orce(t, |2'])0t + Dace (t,2°])d¢ = 0,
Orez(t, |2Y))0t + Dacz(t, |21])0¢ = 62

Then, the form of ﬁ};rts(t, 2!) gives the presentation above. O
Here, the relations
Teabs(t,¢,2) € Tls(t0,2") and Teans(t e, 2")" 2 Tl (t, ¢, 2)°

follows from Lemma 5.8 applied to the formulation (C-NLP).
Again, the converse relations do not hold in general. Thus, AKQ and GKQ are defined
appropiately.

120



5.5 Handling of Nonsmooth Objective Function

Lemma 5.82 (AKQ for (C-NLP)). Consider a feasible point (t,c) of (C-NLP). Then, AKQ
for (C-NLP) at (t,c) reads Teaps(t, c, 25(t)) = TE (t,¢,24(t)).
Proof. This follows directly by applying Definition 5.9 to (C-NLP). O

Lemma 5.83 (GKQ for (C-NLP)). Consider a feasible point (t,c) of (C-NLP). Then, GKQ
holds for (C-NLP) at (t,c) if Te-abs(t, 2 (£))* = T2 (¢, 24(t))".

Proof. This follows directly by applying Definition 5.10 to (C-NLP). O

Relations Between Kink Qualifications Next, relations between AKQ and GKQ for both

formulations are proven.

Theorem 5.84. AKQ for (F-NLP) holds at t € Fy if and only if AKQ for (C-NLP) holds

at (t,c) € Fe.

Proof. As Traps(t, 2t) C T2 (¢, 28) and Teaps(t, w,2Y) C THY (¢, w, 2!) always hold, just
ﬁ-abs(t’z ) 7;1123)5( ) — %abs(t w, Zt w) 7glabs(t?wwzt Zw)

need to be proven. First, the implication “=" is proven. Let § = (dt, dc, 62) € Thn (t,c,2b).
Then, § = (6t,8z2%) € ’7}11;{)8(15, z') and by assumption & € Trans(t, 2'). Hence, there exist
sequences (t1, 2L) € Fiabs and 7, N\, 0 with (tg,25) — (¢, 2%) and 7, '(tg — ¢, 28 — 2t) —

(6t,62"). Set ¢k = cp(tk,|2L|) and thus
e — ¢ = Orep(t,|2']) (t — 1) + ey (t, |2 ) (2] — [2]) + o(ll (8 — £, |25 — [ D]
by Taylor. As in Theorem 5.25 it follows that
7 ek — ¢) = Dies(t, |2])8t + Dacy(t, |21])d¢ = dc
and thus d € Teaps(t, ¢, 2Y).
To prove the implication “<”, consider § = (Jt,52%) € THB (¢, 2') and set
Sc = Oiep(t,|2"))ot + Dacy(t,|2"])6C.
Then, § = (6t,d¢,02) € Thn (¢, ¢, 2') and by the assumption 6 € Teeans(t, w, 2*) holds. This

abs

directly implies 6§ = (6t,82%) € Trans(t, 2°). O

Theorem 5.85. GKQ for (F-NLP) holds at t € Fy if GKQ for (C-NLP) holds at (t,c) € F.
Proof. The inclusion Tgaps(t, 21)* D 7}1{;{)3( 24)* always holds. Thus, it is left to prove

ﬁ—abs(ta < ) - 7?13)5( )*

Let w = (wt,(:uzt) € Teabs(t, 21)*, Le. wl'd > 0 for all § = (6t,62") € Teaps(t, 2t). Then,
one obtains @76 = w’d > 0 for all § € Teaps(t,c,2) with the choice @ = (wt,0,wzt).
By assumption, @ € Teaps(t,c,2t) = TR (t,¢,2'), which gives directly w’d > 0 for all

5€7¥11n ( ) ]

abs

As in section 5.3 one can define branch problems for (F-NLP). Then, sign information
can be exploited to prove equivalence between ACQ resp. GCQ for all branch problems of
(F-NLP) and (C-NLP). But this is omitted here as it is just technical without additional
insights.

Further, these results can be used to transfer the stationarity concepts of section 5.4 to
(F-NLP). But as in section 3.2.2, this is omitted here as it is just technical.
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5.6 Unconstrained Abs-Normal NLP

This section revisits the unconstrained abs-normal NLP (unNLP)
min  f(z,[2])
sit. cz(z,|z]) —2=0,

with feasible set Fun = {(x,2): cz(x,|z|) — 2 = 0}. In this setting AKQ and GKQ hold
without prerequisites and thus every local minimizer of (unNLP) is M- and abs-normal-
linearized B-stationary. These results are proven in the following.

Kink Qualifications First, AKQ and GKQ are formulated for (unNLP).

Lemma 5.86 (Tangential and abs-normal-linearized cone). Given (unNLP), consider a
feasible point (z,z(x)). The tangential cone to Fy, at (x,z) reads

—1

Tun(x, 2) = { (0x,02) g — @, 25 — 2) — (02, 02)

I 0, Fun 3 (zk, 21) — (2, 2): }

With 6¢; := |0zi] if i € ax) and 6(; = 0i(x)dz if i ¢ a(x), the abs-normal-linearized cone
reads

Ti(w, 2) = { (02,02) | drcz(w,|2)0t + dacz(w, |20 = 02 }.
Proof. This follows directly from Definition 5.78. O

Lemma 5.87 (Kink Qualifications). Given (unNLP), consider (x, z(x)) € Fyn. Then, AKQ
reads

Tunl@, 2(x)) = Ton'(x, 2())

and GKQ reads '
Tun(, 2(2))" = Ty, 2(2))".

Proof. This follows directly from Definition 5.79 and Definition 5.80. O

The next theorem shows that AKQ is always satisified. Key is the absence of constraints
besides of the switching feasibility in (unNLP).

Theorem 5.88 (AKQ holds). Given (unNLP), consider (x,z(z)) € Fun. Then, AKQ holds
at x.

Proof. To show AKQ, i.e. Tun(z,2(2)) = Tai(z, 2(z)), it suffices to show
Tonl, 2(2)) 2 T2, 2(x)
as the reverse inclusion always holds. Thus, let § = (dz,62) € T.i". Then,
6z = (I — Ogcz(x, |2)8) 'Oz (x, |2])0

for all ¥ = diag(6) with &; = oy(z) for i ¢ a(z) and 6; € {—1,1} such that ;6z; > 0
for i € a(x). Further, there exist a neighborhood B of (x,z) which can be decomposed
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via B = U&za(x)(]:i N B) with Fy, = {cz(x,f)z) —2z=0, Y > 0}. Then, there exists
a null sequence 7 such that (xy,z,) = (zv + 7dz,2(zy)) € Fy for 3 = diag(6) with
G; = 6(x;) for i ¢ a(z) and 6; € {—1,1} for i € a(z). By construction and continuity of cz,
(zk, zk) — (x,2) holds. Further, |z| = Xz as 6 = o(x) and thus z = cz(z,>z). Using this,
Taylor gives
2y — 2 = O1cz(z,52) (x) — x) 4 Oocz(2,52)5 (2, — 2) + o(||(zk — 2,2 (2 — 2))||)
= d1cz(z, 82)0z + dacz(z,52) (21, — 2) + o(||(zk — 2,2 (2, — 2))]))

which means

Z — 2

—— = (I = dsez(w, 322)8) Lorez (2, B2)0x = (I — daez(x, |2)8) ez (x, |2])0x.

For ¢ € a(z) this implies
61 [(I = dacz(x, 12)2) drez(a, |2])de] >0
as 6,75, L ((zk)i — 2i) = 637, H(2)i > 0. Altogether,

Z — 2

— (I — dyez(x, |2))2) L orez(x, |2])0x = 62

Tk

and hence (t,02%) € Tun(z, 2(x)). O
Thus, equality holds also for the dual cones.

Corollary 5.89 (GKQ holds). Given (unNLP), consider (x, z(x)) € Fun. Then, GKQ holds

at x.

Optimality Conditions The previous results imply that every local minimizer of (unNLP)
is M- and abs-normal-linearized B-stationary. Before this is stated formally and proven, the
stationarity concepts are formulated for (unNLP).

Definition 5.90 (M-Stationarity). Consider a feasible point (¢, z(t)) of (unNLP). It is an
M-stationary point if there exist a Lagrange multiplier vector A% such that the following
conditions are satisfied:

816f(t*) + (A})Tach =0,
[Oacy + (N2) T Oacz]s = (A\g)ioy, i ¢ a(t”),
(0 ) () =0 V [decy + (A5)T0zcz]i > |[(AS)il, i € a(t?).

Here, the notation

= [agcf + () [Orez — IJL and 7 = [agcf + (\2) [Osez + I]}

7

is used and the constraints and the partial derivatives are evaluated at (t*,|(z")*|).
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Definition 5.91 (Branch NLPs for (unNLP)). Consider a feasible point (£, 2*) of (unNLP).
Choose o € {—1,1}% with ! = o'(#) and set ! = diag(c?). The branch problem NLP(X!,)
is defined as

min cf(t, S

t,zt

st. cz(t, N2t = 21, (NLP(2H,))

%2t > 0.

Definition 5.92 (Abs-normal-linearized B-Stationarity for (unNLP)). Consider a feasible

point (t*,(2')*) of (unNLP). It is an abs-normal-linearized B-stationary point if it is a
stationary point of all branch problems (NLP (3! )).

un

Theorem 5.93 (Minimizers and M-Stationarity for (unNLP)). Assume that (t*, (2")*) is a
local minimizer of (unNLP). Then, it is M-stationary for (unNLP).

Proof. Using a reformulation as in the previous subsection, (unNLP) can be written as

min f(z)

s.t. ceg(x,|z]) =0,

with & = (t,¢), z = 2', f(z) = ¢, Ce(x, |2]) = cp(t,[2]) — c and Ez(w, |2]) = cz(t,2]). AKQ
for this problem holds by Theorem 5.84 and thus Theorem 5.73 gives the conditions

(@) + () oee + (\g) 016z =0,

[(A)" Date + (NZ)" Oaez]i = (A% )io], i ¢ a(a”),
[(A2)T Daze + (AZ)" Datz]i > [(AE))il, i € (),

% On¥*

(1 () =0 Vv

with pf = |(A)Taee + (%) 050z — I]L and ji; = [(AE)T 0o + (N5)T[Oocz + 1))
Then, using the definitions this yields

)

(A2) 01cp + (Ng) 01cz =0,
1- ()" =0,
[(A8) sy + (Ng)  Oacz]s = (A\g)ioy, i ¢ afa®),
(L) () =0 Vv [(A5) 0acy + (Ng) Docz]i > |(A%)il, i € afa®),

with i = [(A0)Toaes + (A5)TDacz — ”L and p1;” = [(A5)TDacy + (N5)T [Bacz + I]L. In-

serting A\ = 1 gives the result. O

Theorem 5.94 (Minimizers and abs-normal-linearized B-Stationarity for (unNLP)). As-
sume that (t,z') is a local minimizer of (unNLP). Then, it is abs-normal-linearized B-
stationary for (unNLP).
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5.6 Unconstrained Abs-Normal NLP

Proof. Using the same reformulation as in the previous proof, AKQ implies GKQ for this
formulation. Then, Theorem 5.77 gives that (¢,2) is a stationary point for every branch
problem of the form

min  f(x)
s.t. ce(x,Xz) =0,
cz(x,¥z) = z,
Yz > 0.
Inserting the definitions leads to the formulation
min ¢
t,zt
st cp(t, X)) —e=0,
cz(t, X2 = 2,
¥zt > 0.

Finally, this is equivalent to the definition of abs-normal-linearized B-stationary for (unNLP).
O

Remark 5.95. In [11], Griewank and Walther have presented a stationarity concept that
holds without any kink qualification. Indeed, this concept is precisely abs-normal-linearized
Bouligand stationarity: it requires the conditions of Definition 5.75 specialized to (unNLP).
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Chapter 6
Conclusion and Outlook

This thesis provides optimality conditions for abs-normal NLPs.

To begin with, a straightforward extension of first and second order optimality conditions
for unconstrained abs-normal NLPs and for classical smooth NLPs to the general case of abs-
normal NLPs is given. Here, the fundamental regularity assumption to prove these optimality
conditions is LIKQ which is a generalization of LIKQ for unconstrained abs-normal NLPs
and LICQ for smooth NLPs. At first, abs-normal NLPs without inequality constraints
are considered. Thus, any nonsmoothness as well as the distinction of active and inactive
constraints are captured by the switching variables of the equality constraints. Afterwards,
these results are extended to additional inequality constraints by rewriting them via absolute
value slacks as equality constraints. Here, the key is that LIKQ is preserved under the
reformulation and so the previous results can be used. Further, abs-normal NLPs with a
nonsmooth objective function are reformulated replacing it by an additional variable and
adding an additional equality constraint. Again, LIKQ is preserved under this reformulation
and so optimality conditions can also be transfered.

Next, it is shown that abs-normal NLPs are essentially the same problem class as MPECs.
In particular, any abs-normal NLP can be reformulated as an MPEC and vice versa. Then,
equivalence between LIKQ and MPEC-LICQ for both formulations of inequality constraints
is proven and corresponding first and second order conditions are compared. It turns out
that they are equivalent except for some technical assumptions. Moreover, unconstrained
abs-normal NLPs are considered and it is shown that MFKQ is weaker than MPEC-MFCQ.

After that weaker constraint qualifications for MPECs are used to obtain corresponding
concepts for abs-normal NLPs. In particular, the concepts of Mangasarian Fromovitz, Abadie
and Guignard type are considered. It turns out that the reformulation with absolute value
slacks which was useful to simplify derivations under LIKQ, does not preserve IDKQ as no
sign condition of slack variables has to hold. Then, it is shown that constraint qualifications
of Abadie type are preserved, whereas for Guignard type one can only prove some impli-
cations. Here, one subtle drawback is the non-uniqueness of slack variables as they occur
inside an absolute value and no sign condition is required. Thus, branch formulations of
general abs-normal NLPs and counterpart MPECs are introduced to exploit additional sign
conditions and then, constraint qualifications of Abadie and Guignard type are preserved.
Nevertheless it is still an open question if GKQ and MPEC-GCQ are equivalent for both for-
mulations of inequality constraints. Next, M-stationarity and linearized-B-stationarity are
defined for abs-normal NLPs and first order conditions are proven using the corresponding
concepts for MPECs. Moreover, it is shown that and how the extension of these results to
nonsmooth objective functions is possible. Finally, it turns out that AKQ and thus GKQ are

127



Chapter 6 Conclusion and Outlook

always satisfied in the case of unconstrained abs-normal NLPs. Hence, every local minimizer
is M- and abs-normal-linearized B-stationary in this special case.

The aim of this thesis is to extend optimality conditions to general abs-normal NLPs and
to develop a deeper understanding of the relation to MPECs and their associated theore-
tical concepts. Thus, a natural next step would be to extend the algorithm SALMIN for
unconstrained abs-normal NLPs to general ones and to implement a correlating solver. A
related but also slightly different next step would be to combine advantanges of abs-normal
NLPs and MPECs to obtain a new solution algorithm. Here, the abs-normal side provides
the possibility of computations via algorithmic differentiation and the MPEC side a variety
of existing sophisticated solution algorithms. Nevertheless, it would be also a possible next
step to extend SALMIN first and combine advantages after that.
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