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Abstract

SILVEIRA, T. P. Constant rank-type constraint qualifications and second-order opti-
mality conditions. Ph.D. thesis. Institute of Mathematics and Statistics of the University of Sao
Paulo. Brazil, 2023.

The constant rank constraint qualification, introduced by Janin in [Math. Program. Study
21:110-126, 1984], has been shown very robust in diverse applications, such as global convergence of
algorithms, second-order optimality conditions, computing the derivative of the value function, and
stability analysis, but always in the nonlinear programming context. In this thesis, we propose differ-
ent approaches to defining a constant rank-type constraint qualification for nonlinear second-order
cone programming problems, that may be based either on the sequential optimality condition and
then provide global convergence of an augmented Lagrangian algorithm, or a sequential approach
based on the eigenvectors structure of the second-order cone and then get global convergence of
algorithms based on an external penalty method, or a classical approach based on a constant rank
theorem and then guarantees second-order necessary optimality condition based on the critical cone

and holds for any Lagrange multiplier.

Keywords: second-order cone programming, constant rank, constraint qualification, second-order

optimality conditions.
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Resumo

SILVEIRA, T. P. Condigoes de qualificagoes do tipo posto constante e condigoes de
otimalidade de segunda ordem. Tese (Doutorado) - Instituto de Matematica e Estatistica, Uni-
versidade de Sao Paulo. Brasil, 2010.

A condigao de qualificac¢@o de posto constante, introduzida por Janin em [Math. Program. Study
21:110-126, 1984], tem se mostrado muito robusta em diversas aplicagoes, tais como convergéncia
global de algoritmos, condi¢oes de otimalidade de segunda ordem, calculo da derivada da funcao
valor, e anélise de estabilidade, mas sempre no contexto de programagcao nao linear. Nesta tese, nos
propomos diferentes abordagens para definir uma condi¢ao de qualificagdao do tipo posto constante,
que podem ser baseadas ou em condigoes sequenciais de otimalidade e entao obter convergéncia
global de um algoritmo tipo Lagrangiano aumentado, ou uma abordagem sequencial baseada na
estrutura dos autovetores do cone de segunda ordem e entao obter convergéncia global de algoritmos
baseados em um método de penalidade externa, ou uma abordagem cléssica baseada em um teorema
de posto constante e entao garantir condi¢oes necessarias de otimalidade de segunda ordem baseadas

no cone critico e que valem para qualquer multiplicador de Lagrange.

Palavras-chave: programacgao sob o cone de segunda ordem, posto constante, condicao de quali-

ficagdo, condicoes de otimalidade de segunda ordem.
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Chapter 1

Introduction

The study of optimization is present throughout history even if implicitly. To solve problems
in the best way possible walks side by side with human history. However, in the last century, the
studies of optimization grew as fast as its importance, and it can be seen when we analyze the
volume of research, publications, and applications of optimization nowadays.

One of the most studied classes of problems is Nonlinear Programming (NLP) with several
applications. In addition, along with the development of computers with a bigger capacity for pro-
cessing data, it was necessary the develop algorithms to solve more complex problems. But since the
solution of an optimization problem is topological and to rewrite this to a computational language
is not a trivial task, new optimality conditions are necessary. One of the most important optimality
conditions are the so-called Karush-Kuhn-Tucker (KKT) conditions, that take into account a linear
combination among the gradient of the objective function and the gradients of the constraints. How-
ever, in order to have the fulfillment of the KKT conditions, an additional requirement is necessary
for a minimizer: the constraint qualifications (CQ).

In NLP the studies of constraint qualifications are well developed in different ways, among
which we highlight the Linear Independence Constraint Qualification (LICQ) [NW99|, Constant
Rank Constraint Qualification (CRCQ) [Jan84|, Mangasarian-Fromovitz Constraint Qualification
(MFCQ) [IMF67], Relaxed-CRCQ (RCRCQ) [MS11al, Constant Positive Linear Dependence (CPLD)
[QW00], Relaxed-CPLD (RCPLD) [AHSS12al, Constant Rank of the Subspace Component (CRSC)
[AHSS12b|, Abadie’s Constraint Qualification [Aba65] and Guignard’s Constraint Qualification
[Gui69].

It is important to notice that many of the constraint qualifications mentioned above are related
to a constant rank condition, such as CRCQ, RCRCQ, and CRSC. The CRCQ was proposed by
Janin in [Jan84] where he showed that under this condition it is possible to guarantee the existence
of a Lagrange multiplier for a local minimizer, i.e., CRCQ is enough the fulfill the KKT conditions.
In addition, Janin showed that under CRCQ is possible to compute the derivative of the value
function, showed in a simple way that if the constraints are affine then every local minimizer of an
NLP problem has a Lagrange multiplier, and, that CRCQ is independent of MFCQ and strictly
weaker than LICQ. The CRCQ condition was used in many applications such as the study of stability
[GM15, GO16] and global convergence of algorithm [BHR18]. Later, in [AES10] the authors showed
that CRCQ also has second-order information, even if the set of Lagrange multipliers is neither
unique (LICQ case) nor compact (MFCQ case).

When we pass to other classes of problems, the field of study of constraint qualifications was
not as developed as it is in NLP. For example, we mention Nonlinear Second-Order Cone Program-
ming (NSOCP), Nonlinear Semidefinite Programming (NSDP), and Nonlinear Cone Programming
(NCP). The most known constraint qualifications in these classes of problems are the Nondegeneracy
Condition (see [AG03| for NSOCP context, for example) and the Robinson’s Constraint Qualifica-
tion [Rob76], that can be seen as the generalizations of the LICQ and MFCQ), respectively. Under
the nondegeneracy condition, the set of Lagrange multipliers is singleton and it makes all the anal-
ysis easier. When we consider Robinson’s CQ, the set of Lagrange multipliers is nonempty and
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compact. However, when we analyze second-order conditions, that are desirable because they work
as necessary and sufficient conditions for a local minimizer, Robinson’s CQ is not so robust. See the
discussion in Chapter 2 for more details. Thus, the development of constant rank-type constraint
qualifications for NSOCP becomes more important.

To the best of our knowledge, just recently the first proposals of CRCQ, RCRCQ, and CRSC
were made for NSOCP in [ZZ19]. However, analyzing their conditions we noticed that it was incor-
rect. Thus, these facts led us to the research that will be presented in this thesis and were published
in some papers: [AFH'21, AHM"22a, AHM22b, AHM*23].

In Chapter 2, we present the initial definitions and properties of an NSOCP problem. Later, we
present the main constraint qualifications known in the NLP context, in order to show how well
structured the field of constraint qualifications is in NLP. We also present the proposals made by
Zhang and Zhang in [ZZ19] and our counterexample published in [AFHT21]. Such counterexample
showed that defining a constant rank-type constraint qualification for NSOCP would not be an
easy task, once such a condition would have to take into account that only vanish all the possible
subsets of gradients and requires constant rank is not enough to guarantee the existence of Lagrange
multipliers. See also the case when the constraints are linear in [ART02]. After that, we presented
our first approaches in order to extend constant rank-type constraint qualifications for NSCOP.
For such, the main idea was to “reduce” some second-order constraints to inequality constraints
whenever it was possible and to use Robinson’s CQ for the remaining constraints. In addition, we
applied a powerful tool that is the sequential optimality conditions developed in [AFHT19]. These
constraint qualifications were called Naive-CRSC and Naive-RCPLD. This approach was called
“naive” because we could not deal with the pure second-order constraints, i.e., the ones that we
could not reduce to NLP constraints and we used our expertise in constraint qualifications in NLP
and we showed that we could mix both types of constraints and define a CQ. These results are
based on [AHM22a].

In Chapter 3, we continue our research in defining constant rank-type constraint qualifications,
but now without avoiding taking into account the second-order structure. Actually, based on the
ideas given by sequential optimality conditions, we analyzed the eigenvector structure of NSOCP and
noticed that we could propose weaker versions of the nondegeneracy condition and Robinson’s CQ
called weak-nondegeneracy and weak-Robinson, respectively, where we showed that we do not have
to analyze all the eigenvectors of the second-order cone in order to have a constraint qualification,
just the ones that are limits of the eigenvectors of the constraints. With these weaker versions at
hand, we could propose constraint qualifications called weak-CRC(@Q and weak-CPLD. This proposal
has a “sequential” approach and it is enough to guarantee the global convergence of algorithms based
on an external penalty method even if the set of Lagrange multipliers is not compact. The results
of this chapter are based on [AHM™22b].

In Chapter 4, we finally proposed a constant rank-type constraint qualification in a similar vein
that Janin did for NLP in [Jan84|, that is, using a constant rank theorem. At first, we had to
build a relation between the nondegeneracy condition and Abadie’s C'Q). However, the definition of
Abadie’s CQ was not so clear in the NSOCP context and it can be verified when we analyze the
definition of Abadie’s in [Z2Z19, Theorem 3.1] and, in addition, recently Borgens et al. in [BKMW20,
Definition 5.5] proposed Abadie’s CQ for optimization problems in Banach spaces. In order to make
everything clear, we recalled even the original Guignard’s CQ [Gui69], and then we got the bridge
between the nondegeneracy condition and the correct version of Abadie’s CQ. After that, using
the constant rank theorem used by Janin that was based on [Mal72|, we introduced Constant
Rank Constraint Qualification (CRCQ) for NSOCP. This proposal of CRCQ is strictly weaker than
the nondegeneracy condition and independent of Robinson’s CQ, as expected. It explains in a
simple way the linear case and shows when we might have Lagrange multipliers for this class of
problems. Moreover, under CRCQ we could also obtain second-order information in a similar way
that Andreani et al. obtained in [AES10| for NLP, that is, a second-order condition based on the
critical cone and holds for any Lagrange multiplier. This result is stronger than the one that can be
obtained under Robison’s CQ, even if the set of Lagrange multipliers is not compact. These results
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are based on [AHM™23]. Later in this chapter, we proposed a constraint qualification based on
curves for NSOCP called Ref-McCormick inspired by the one made in [FSS22] in the NLP context.
We showed that Ref-McCormick is weaker than CRCQ and stronger than Abadie’s CQ, and keeps
the second-order information that CRCQ has. Moreover, we showed that under Ref-McCormick
the Hessian of the Lagrangian does not depend on the Lagrange multiplier, and this result is new
even in NLP. Inspired by this discussion, we also proposed new constraint qualifications in the
NLP context that imply the NLP-Ref-McCormick, and then are enough to guarantee second-order
conditions based on the critical cone.

In the Appendices, we have the papers [AFHT21, AHM*22a, AHM*22b, AHM 23| and, more-
over, an additional one in Appendix 5.1 (Appendix E), that was recently submitted where we show
the difficulties on obtaining a practical algorithm that guarantees strong second-order conditions in
NLP.
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Chapter 2

Initial results of NSOCP

In this chapter, we will introduce the Nonlinear Second-Order Cone Programming (NSOCP)
problem and the first approaches in trying to define a constant rank-type constraint qualification
for this class of problems. The main results of this chapter are based on [AFHT21, AHM*22a].

2.1 Nonlinear Second-Order Cone Programming Problem
Let us consider the following problem

Minimize  f(x),

. NSOCP
s.t. gi(x) €Ly, 7=1,...,q, ( )

where f : R" — R and L,,; is a second-order cone (or Lorentz cone), which is given by L, :=
{(20,2) € Rx R™~1 | 25 > ||Z]|} when mj; > 1 and L; := {x € R | z > 0}. We will denote by
Dg;(T) the first-order derivative of the function g; : R® — R™ at a given point T € R", and by
Dg;(%)T the transpose of Dg;(Z). In addition, D?g;(Z) is the second-order derivative of g; at T
and D?g;(T)[dy, d2] denotes the operation of D?g;(Z) on di,d2 € R". We will assume that f,g;,
j=1,...,q are at least twice continuously differentiable.

The interior part of Ly, is int(Lm,) := {(20,2) € R x R™ ™! | 25 > [|Z]|} and the nonzero
boundary is bd" (Ly,;) := {(20,2) € R x R™ ™! | 20 = ||Z]| > 0}. Let us denote the feasible set of
(NSOCP) by Q. Given a point T € , let us define the following index sets:

Le(T) = {j€{l,...,q}|gi(T) € int(Lp,)},
= {je{l,....q} | g;(T) € bd" (L)},
= {je{l,....q} | gj(x) = 0},

which consist of the indices j € {1,...,q} of the constraints that hit the interior, the nonzero
boundary, and the vertex of their respective cones.

Two important cones in order to study optimality conditions at a feasible point T are the
(Bouligand) tangent cone To(T) and the linearized cone Lq(Z), which are given by

~
W
—~~

&

Sl
~— ~—
Sl

Io(

Ta(@) :=={d e R" | It} — 0T, 3 d* — d such that T + td* € Q}, (2.1)
and
Lo(@) = {deR"|Dg;@)deTL, (9;(T), j=1,...,q} (22)
Dg;(z)d € Ly, j € Iy(T); }
= deR" 7 s : A 2.3
{ (Dg;(@)d,T;9;(x)) 2 0, j € Ip() 23)

where I'; is an m; x m; diagonal matrix with 1 at its first entry and —1 at the others, and (-, -)
denotes the usual inner product, and the equality was obtained in [BR05, Lemma 25|. It is known
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that 7q(T) C Lq(T), but the reverse it is not always satisfied.
Given a cone K C R”, the cone K° is called polar cone of K and it is defined as follows

Ke:={yeR"|Vre K, (y,z) <0}.

The polar cone is convex and closed. In addition, we have that (K°)° = cl(K), that is, the closure
of K. These relationships will be important when we analyze constraint qualifications.

One of the most well-known optimality conditions is called first-order geometric necessary con-
dition. If T is a local minimizer of (NSOCP), then

V(@) € Ta(z)°. (2.4)

Since the cone Tq(T) is a geometrical object, computing its polar might not be an easy task.
One could ask about the relationship between —V f(Z) and Lq(7)°, once we have an analytical
description of L(T), and then we could try to compute its polar. However, since the inclusion
Ta(T) C Lao(T) might be strict, then we can obtain Lq(7)° & To(7)° and thus might there is a gap
between the information obtained and the true optimality information of T analyzing only the polar
of Lq(T). These facts lead us to analyze other conditions in order to characterize local minimizers.

We say that the Karush-Kuhn-Tucker (KKT) conditions hold for problem (NSOCP) at a feasible
point Z if there exists p; € Lin;, j = 1,...,¢ such that

VoL(Z, 1) = Vf(®) — Y _ Dg;(@) " u; =0, (2.5)
j=1

(tj,0i(T)) =0, j=1,...,q, (2.6)

where L(z, p1) := f(x)=>2%_,(u, g;(2)) is the Lagrangian function for problem (NSOCP), V, L(x, u)
is the gradient of L at the point (z, u) with respect to the variable . The vectors p; that satisfy
(2.5) and (2.6) are called Lagrange multipliers. The set of all Lagrange multipliers associated to a
feasible point T will be denoted by A(ZT).

Let us analyze with more detail the condition (2.6). Notice that if j € Iin(Z), then we must
have p; = 0. If j € Io(Z), then p; can be any vector in Ly,;. In the last case, if j € Ip(T), then

py = a;L59;(T), (2.7)

for some o; € Ry. See [AG03, Lemma 15| for more details. Substituting (2.7) in (2.5), we obtain
that 7 is a KKT point if there are p1; € Ly, j € Io(Z) and «; > 0, j € Ig(T) such that

Vi@ - Y Dgi@mTui— > V@) =0, (2.8)
j€lp(T) jeIp(T)
where
j(x) = lgj(@))o — 15(2)] (2.9)
" Vo,(z) = ———Dg;(2)"T;g;(x) (2.10)
7 [3; ()| = T

j € Ip(T) and it is called reduction mapping. See more details about this in [BR05|. Notice that
the conditions above are precisely the KK'T conditions for the following reformulated problem
Minimize  f(z),
s.t. gi(x) € Ly, j € Io(T),

where the original constraints g;(x) € L, such that j € Ip(¥) are replaced by the nonlinear
constraints ¢;(x) > 0 and the remaining ones, that is, j € Iin(Z), are omitted. These facts give us
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a powerful tool in order to study constraint qualifications for (NSOCP) problems, once constraint
qualifications are well developed for nonlinear programming problems.

Despite describing a simple relationship between the gradient of the objective function and the
first-order derivatives of the constraints, KKT conditions are not an optimality condition in the
sense that it is satisfied by all local minimizers. In order to guarantee the existence of the Lagrange
multipliers, it is necessary a constraint qualification.

One of the most studied constraint qualifications is the so-called Nondegeneracy condition. Using
the ideas given by the reduction mapping, let us recall its definition. See [BS00, Equation 4.172| for
more details.

Definition 2.1.1. (Nondegeneracy condition) Let T be a feasible point of (NSOCP). Consider
all the row vectors of the matrices Dg;(T)T, j € Io(T), together with the row vectors Ve;(z)T, j €
Ip(T). We say that Nondegeneracy condition holds at T when these vectors are linearly independent.

The nondegeneracy condition is very similar to the Linear Independence Constraint Qualification
for nonlinear programming problems [NW99|. Indeed, under nondegeneracy, it is possible to show
that the set A(Z) is singleton. The reader can find more properties related to this condition in
[BRO5, Section 4.

Another well-known constraint qualification for (NSOCP) is the Robinson’s constraint quali-
fication. This condition was proposed in [Rob76] for a general conic context. However, since we
are interested in second-order cone problems, let us restrict ourselves to this case and explore its
properties in a deeper way. Following the ideas given in [BS00, Proposition 2.97, Corollary 2.98 and
Lemma 2.99|, we have the following:

Definition 2.1.2. (Robinson’s CQ) Let T be a feasible point of (NSOCP). We say that Robinson’s
CQ holds at T if

q
> Dg;(@)"p; =0 and pj € Ly, (s, 95(F) =0 = p; =0, j=1,...,q. (2.11)
j=1

With the reduction mapping in mind, we can rewrite the condition (2.11) in the following way

Y Dgi@ i+ Y V) =0,

jelo(@) Jjelp(z)

where p; € Ly, j € Io(T); aj > 0, j € Ip(T) implies that u; = 0, j € Ip(T) and a; = 0,
j € Ip(Z). Under Robinson’s CQ it is possible to show that the set of Lagrange multipliers is
compact and non-empty [BS00, Propositions 3.9 and 3.17]. Thus, Robinson’s CQ can be seen
as a natural generalization of the Mangasarian-Fromovitz Constraint Qualification for nonlinear
programming problems [Rob82|. We will present the definition of LICQ and MFCQ properly in the
following section.

Although these conditions are well established and have a counterpart in nonlinear programming
problems, the field of study of constraint qualifications for (NSOCP) is not as well developed. To
be more specific, to the best of our knowledge the first extension approach of constant rank-type
constraint qualifications was in [ZZ19]. However, in [AFH"21] we showed that their proposals were
incorrect. In order to have a better comprehension of the difficulties of extending constant rank-type
constraint qualifications for (NSOCP), let us introduce them properly for nonlinear programming
problems and, after that, we will analyze the proposals of [ZZ19].

2.2 Revisiting Nonlinear Programming Problem

Let us consider the standard nonlinear programming problem
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Minimize  f(z)

s.t. gj(z) >0, j=1,...,m, (NLP)
hz(l'): y i:1,...,p,
where f,gj,h; : R" - R, j =1,...,m, 4 = 1,...,p are twice continuously differentiable. Given

a feasible point T of (NLP), we define the set of active inequality constraints as A(T) := {j €

{1,...,m} | g;(Z) = 0}.

Given a solution Z of (NLP), we are interested in using first-order conditions in order to char-
acterize this point. In a nonlinear programming context, we say that the KKT conditions hold at a
feasible point 7, if there exist A € R” and p € R’ such that

7)+ Z AiVhi(E) = Y 1 Vg;(@) = 0. (2.12)
jEA(T)

The tangent cone and the linearized cone are defined in a similar way to (NSOCP). We just
have to keep in mind that the feasible set 2 is given by (NLP). Thus,

Ta@)nLp = {d € R" | 3 t;, — 07, 3d* — d such that T + t.d* € Q}

and

EQ(?)NLP = { d e R™

Vhi(@)Td=0, i=1,2,...,p
Vg ()szo, j € AT) '

In a nonlinear programming context, it is simple to compute the polar cone of Lo (Z)npp. It is
given by

Lo(T)nLp = UGR"IU—Z)\Vh Z“nga ;>0
=1 JEA(T)

Note that the KKT conditions can be written as —V f(Z) € Lq(Z){p- Thus, since the geometric
condition also holds in a nonlinear programming context, that is, if T is a local minimizer of
(NLP), then =V f(Z) € To(T)}yp, any condition which implies Lo (Z)}rp € Ta(Z){p must be a
constraint qualification in nonlinear programming context. Now, let us analyze the counterpart of
the nondegeneracy condition and Robinson’s CQ for (NLP):

Let T be a feasible point of (NLP). Then:

i) the Linear Independence Constraint Qualification (LICQ) holds at T if the set

{Vh@)H_ AV (@) eam )
is linearly independent;
ii) the Mangasarian-Fromovitz Constraint Qualification [MF67] (MFCQ) holds at T if
ZA Vhi(@) = Y V(@ pj >0
JEA(T)
implies that \; =0, 7=1,2,...,p and pu; =0, j € A(T).

The Linear Independence CQ has some important properties. For example, under LICQ we have
the existence and uniqueness of the Lagrange multiplier, that is, if Z is a local minimizer of (NLP)
and satisfies LICQ, then there is a unique Lagrange multiplier (A, 1) € R? x R’ such that (z, A, p)
satisfies the KKT conditions for (NLP). See [NW99] for more details. The MFCQ condition can be
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seen as a positive linearly independence of the gradients of the active constraints, where the scalars
associated with the gradients of the inequality constraints must be non-negative. In this way, it
is possible to see that MFCQ is weaker than LICQ. The MFCQ condition implies that the set of
Lagrange multipliers is a non-empty and compact set.

Despite having good properties as a constraint qualification, the MFCQ condition may fail
in simple cases. For example, if we consider a nonlinear programming problem with two linear
inequality constraints g¢1(z), g2(z) > 0 where go(x) = —gi1(z), then MFCQ (and, consequently,
LICQ) does not hold at any feasible point. A good way of dealing with linear constraints was
presented by Janin in [Jan84| through the Constant Rank Constraint Qualification (CRCQ). Let
us recall the definition.

Definition 2.2.1. (CRCQ for NLP) Let T be a feasible point of (NLP). We say that the Constant
Rank Constraint Qualification (CRCQ) holds at T of (NLP), if there exists a neighborhood V' of T,
such that for every subsets I C {1,...,p} and J C A(Z), the rank of {Vhi(x)}icr U{Vyg;(x)}jcs

remains constant for all x € V.

In [Jan84]|, the author showed that CRCQ is strictly weaker than LICQ and independent of
MFCQ. The CRCQ also explains in a simple way what happens at (NLP) where all the constraints
are linear. In order to show that CRCQ is indeed a constraint qualification, Janin used a con-
stant rank theorem to obtain the equality 7o (Z) = Lq(Z), which is known as Abadie’s Constraint
Qualification in nonlinear programming problems.

At first, CRCQ seems no relation with LICQ, as CRCQ requires a piece of information in a
neighborhood of T and is described for every subset of constraints. However, by requiring LICQ, we
are requiring linear independence for all subsets of active constraints in a whole neighborhood of
the point, in other words, LICQ can be equivalently described as for every subset I C {1,2,...,p},
J C A(Z), the set {Vh;(z),Vg;(Z) | i€ l,j e J} is linearly independent. From this point of view,
we can see that CRCQ is weaker than LICQ.

In addition to describing in a very simple way the existence of Lagrange multipliers in a problem
with linear constraints, the CRCQ also has other important properties related to second-order
optimality conditions. In order to have a better comprehension of this topic, let us define the
following sets.

Let T be a feasible point of (NLP). The the critical cone C(T)nLp, is defined as

C(@)nwp = Lo@)ne N{V (@)},

where {V f(Z)}* denotes the set of vectors that are orthogonal to V f(Z). In addition, when T admits
a Lagrange multiplier pair (A, ) associated respectively with equalities and active inequalities, the
critical cone can be written as

Vhi(@)Td=0, i=1,2,...,p
C@np = dER" | Vg;(@)"d>0, je€A®T), nj=0
Vgi(@)Td=0, jeAT), pj>0

The critical cone represents true second-order information since sufficient optimality conditions are
also based on the same critical cone, thus the necessary second-order conditions based on the critical
cone are more desirable.

We say that the Strong Second-Order Condition (SSOC) holds at a KKT point T of (NLP)
associated to the Lagrange multipliers A € RP, € R, if for every d in the critical cone C(Z)nrp
we have that

P
dT | V2 F@) + D> AVh(E) - > Vi) | d > 0. (2.13)

i=1 JEA()
If the inequality above is strict, that is, if the quadratic form in (2.13) is positive definite in the
critical cone, then we have a sufficient condition for strict local optimality.
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In contrast to theoretical optimality conditions, any known second-order practical algorithm is
only guaranteed to satisfy a weaker necessary second-order condition, where the critical directions
considered are those of the following critical subspace:

S(T)nLp = { deR"” (2.14)

Vh(@)Td=0, i=1,2,...,p
Vg;@)Td=0, jeA®) ’

which is the lineality space of C'(Z)nrp. If in (2.13) we consider directions d in the critical subspace
S(7) instead of considering the direction in the critical cone, then we say that T satisfies the Weak
Second-Order Condition (WSOC) for (NLP). At a first-order stationary point T satisfying strict
complementarity, the critical cone is reduced to the critical subspace, but in general, these sets may
be different. Note that even for linear constraints, at the vertices of a polytope, the critical subspace
is empty, which causes the required second-order condition to be automatically satisfied regardless
of the objective function, which indicates that this condition is too weak to attest optimality.

The study that makes the relation between constraint qualification and second-order optimality
conditions is not so easy. For example, since LICQ implies the uniqueness of the Lagrange multipliers
it is possible to show that a local minimizer T of (NLP) associated with (A, ) satisfies SSOC. On
the other hand, even if MFCQ implies compactness of the Lagrange multiplier set, an example
given by Arutyunov in [Aru98| shows that “min + MFCQ” does not imply even WSOC. Such a
counter-example was rediscovered by Anitescu in [Ani00, Section 3]. This also implies that constraint
qualifications that were proposed later that are weaker than MFCQ, also do not satisfy such second-
order optimality conditions. With this in mind and recalling that CRCQ is independent of MFCQ),
one can ask about the relationship between CRCQ and SSOC. This question is fully explained by
Andreani et al. in [AES10].

Theorem 2.2.1. ([AES10, Theorem 3.1]) Suppose that T € Q is a local minimizer of (NLP) such
that CRCQ holds. Then, for any Lagrange multiplier (\,pn) € A(T), (T, \, 1) verifies the strong
second-order condition.

The theorem above has important implications. One of the most important is the fact that under
CRCQ we may not have that the set of Lagrange multipliers is bounded. However, the Hessian of
Lagrangian is positive semidefinite for all Lagrange multipliers. Again, since the condition based on
the critical cone has the “non-gap” property, it is more desirable.

Later, some weaker versions of CRCQ were proposed. Let T be a feasible point of (NLP). Then:

i) the Relazed-CRCQ (RCRCQ) [MS11la] holds at T if there exists a neighborhood V' of T such
that for any subset J C A(Z), the rank of the family {Vh;(x), Vg;(x) |i € {1,2,...,p}, j € J}
remains constant for all z € V.

ii) consider the following set

Jap(@) :={j € A@) | =Vy;(@) € La(T)xrp}- (2.15)

The Constant Rank of the Subspace Component (CRSC) [AHSS12b| holds at T, if there exists
a neighborhood V' of T such that the rank of {Vh;(z)}_; U{Vyg;(z)}
forallz € V.

._ . remains constant
J€JINrp

iii) the Weak Constant Rank (WCR) [AMS07] holds at T if there exists a neighborhood V' of
such that the rank of the family {Vh;(z) | i € {1,2,...,p}} U{Vy;(z) | j € A(T)} remains
constant for all x € V.

Under RCRCQ it is possible to show that every local minimizer is a SSOC point for any Lagrange
multiplier [MS11b, Theorem 6]. In [AHSS12b|, the authors showed that CRSC is weaker than
MFCQ. Thus, we have that SSOC does not hold under this condition. The difference between
RCRCQ and CRSC is the subsets where constant rank is required around the feasible point. Under
RCRCQ, we vary all the subsets of indexes of the inequality constraints that are active at . On the
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other hand, CRSC captures exactly the set in which constant rank is necessary in order to define a
constraint qualification. In addition, even though WCR condition seems to have similar properties
as CRSC, only WCR is not enough to guarantee even the existence of Lagrange multipliers, that
is, it is not a constraint qualification. See [AMS07, Counterexample 5.1| for more details. This fact
shows us the importance of identifying correctly the sets of gradients such that constant rank is
required. Proceeding in the correct way can give us not only the existence of Lagrange multipliers
but some second-order information as well.

2.3 First Approaches for CRCQ in NSOCP

In this section, we will show some approaches to defining a constant rank-type constraint qualifi-
cation in nonlinear second-order cone programming. To the best of our knowledge, the first tentative
was made by Zhang and Zhang in [ZZ19]. In that paper, the authors proposed not only an extension
of CRCQ but also RCRCQ and CRSC. Let us rewrite the proposal given in [ZZ19]

Definition 2.3.1. The Constant Rank Constraint Qualification (CRCQ) as defined in [ZZ19] holds
at a feasible point T of (NSOCP) if there exists a neighborhood V' of T such that for any index sets
J1 € Ip(T) and Jy C Ig(Z), the family of matrices whose rows are the union of Dg;(x), j € Ji and
the vector rows (Dg;(x)T;gj(x))", j € Jo has the same rank for all z € V.

Let us have a first look at this definition. Given a feasible point T of (NSOCP), notice that
the vectors (Dg;j(z)Tjg;(x))" can be seen as the gradients of the functions ¢;(z) := 2([g;(2)3 —
gj(z)|I*) where j € Ip(T), which is a different reduction mapping for (NSOCP). We will see more
properties about this topic later. Since we already know that the constraints at the boundary of a
second-order cone have a behavior similar to inequality constraints in nonlinear programming prob-
lems, it is expected to require constant rank for all subsets of I5(Z). However, the main difference
relies on the constraints in which j € Ip(T).

In order to make the analysis simpler, let us consider only one single SOCP constraint in
(NSOCP), that is, ¢ = 1 and m; > 1 with g(Z) = 0. We have a “multi-dimensionally active”
constraint and, in this case, the CRCQ proposal given in [ZZ19] consists on requiring constant rank
of Dg(x)T for all  around 7, i.e., constant rank of the set {Vgo(x),...,Vgm,—1(z)} for z € V,
where V' is a neighborhood of . This condition is similar to WCR mentioned previously, which
is not a constraint qualification. In fact, the following example given in [AFH"21| shows that the
proposals given by Zhang and Zhang in [ZZ19] were incorrect.

Minimize f(x) := —z,
st.  g(x) € Lo, (2.16)

- (5) - (1)

The point T = 0 is the unique feasible point of the problem. Since ¢(Z) = 0, the KKT conditions
for this problem are given by the existence of u = (g, 1) € Lo such that Vf(Z) — Dg(z)Tp =0,
that is,

with

—1—#0—#1 =0. (217)

Once p € Lg, we have that pg > |u1|. Thus, (2.17) does not have a solution. In addition, if
we look deeper at this example, we notice more important facts. We have that Vgo(z) = 1 and
Vgi(x) =1+ 2z for all z. It means that all subsets of gradients

{Vgo(2)}, {Vgr(2)}, {Vgo(x), Vgr(x)}
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have constant rank equal to 1 for all x near T. Therefore, requiring constant rank of all subsets is
not enough for being a constraint qualification in (NSOCP).

The proposal made by Zhang and Zhang in [ZZ19] was based on an implicit function theo-
rem [Zor82| (which is similar to the approach used by Minchenko and Stakhovski in [MS11a| with
the Lyusternik’s Theorem [IT74]) in order to prove the existence of a feasible curve satisfying some
properties for each direction in the linearized cone. The difficulty with this approach is the fact
that there are “more types” of direction in the linearized cone. Indeed, let us consider the problem
(NSOCP) with ¢ = 1 and a feasible point T such that g(Z) = 0. Given a direction d € Lq(T), we
have that Dg(z)d € L,,. If Dg(Z)d € int(L,,), then this direction does not interfere locally with
the feasibility of g(Z + td), with ¢ > 0 small enough. If Dg(Z)d = 0, then we have a similar case
to the nonlinear programming problem, and an implicit function theorem can handle this situation
(see [AES10| for more details). However, if Dg(Z)d € bd*(L,,), we do not have known tools for
handling with this case. With this information in mind, we need to try another approach to solving
this issue.

A different approach to defining constraint qualifications is through the so-called sequential
optimality conditions [AHM11|. The Approzimate-KKT (AKKT) condition was proposed initially
for (NLP) problems.

Theorem 2.3.1. Let T be a local minimizer of (NLP). Then, there exist sequences {z*} C R",
{\*} C R, {pk} C R™ such that 2% — T and

)+ Z Ay (2 Z 1EVgi () — 0 (2.18)

The point 7 is called an AKKT-point. It is important to emphasize that the AKKT condition is
a pure optimality condition, that is, it is satisfied by every local minimizer even when any constraint
qualification is not. In addition, it is a powerful tool for proving algorithm convergence (see [BHR18|
and references therein). For the sake of defining CRCQ through the AKKT condition, we will need
the Carathéodory’s Lemma. Let us recall it as stated in [AHSS12a].

Lemma 2.3.1. (Carathéodory’s Lemma) Let vi,...,vp1q € R™ be such that {v;}!_, are linearly
dependent. Let oy, i = 1,...,p4+ q be real numbers and consider the vector v := ijlq a;v;. Then,
there exist J C {p+1,...,p+ q} and scalars &;, i € {1,...,p} U J, such that {vi}icq1,. pyus are

linearly independent, a; > 0 implies &; > 0, for all i € J, and

v = E divi.

ie{i=1,...p}uJ

This lemma plays an important role once it says that we can rewrite a linear combination using
a subset of linear independent vectors and keeping the signal of some of the scalars. Remember
that in (2.12) the multipliers associated with the gradients of the inequalities must be non-negative.
n (NSOCP) context, the multipliers associated must be in their respective second-order cones.
Unfortunately, it may not be possible as illustrated in the following example given in [AFHT21,
Example 1.

Example 2.3.1. Consider the vector v := agvg + ayv1 + agve with (ag, a1, o) := (v/2,1,1) € L,
vo = (1, )T, vy := (1,0)T and vy := (1,0)T. If we put any scalar &g, a1, s equal to zero and
considering (&g, &1, 02) € Lg, then we can not rewrite the vector v as a linear combination of these
new scalars.

In the first moment, it looks like we can not apply any constant-rank approach for (NSOCP) in
order to get a constraint qualification. However, since we already have some constraint qualifications
well-defined for this context (nondegeneracy condition and Robinson’s CQ), we will combine these
results with the ideas given by the nonlinear programming problems. For such, let us consider the
following class of problems
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Minimize  f(z)

s.t. gj(x) €Ly, j=1,...,q, (2.19)
( ): Z - 1 Ry 2
where f,h; : R® — R, 4 = 1,...,p and g; : R® = R", j = 1,...,q are twice continuously

differentiable functions. Notice that this problem is essentially the problem (NSOCP) with equality
constraints, once we will use some ideas from (NLP). This addition is not necessary, because given
a feasible point T of (NSOCP) we could consider just the second-order constraints at the positive
boundary and deal with them as nonlinear inequality constraints, through reduction mapping as
presented previously. If on the one hand, we will use nonlinear programming ideas, on the other
hand, we will use the results coming from Robinson’s CQ. But in order to develop a formulation
for constraint qualification for the problem (2.19) and, in particular, for (NSOCP), we will need an
extension of AKKT condition for this context. It was developed by Andreani et al. in [AFHT19].

Theorem 2.3.2. Let T be a local minimizer of (2.19). Then, there exist sequences {x*} C R",
{\F} C RP, {,u } C L, with j € Io(T) and {a?} C Ry with j € Ip(T), such that

p
o)+ MVRi(aF) = > Dgi(a") i - Y oVeiak) =0 (2.20)
=1

j€lo(T) j€Ip(T)

Now we have all the tools necessary to define our first proposal of constant rank-type condition
for a second-order cone programming problem. This proposal is called naive in the sense that we use
ideas coming from nonlinear programming problems in order to give some support for the studies
of constraint qualifications in second-order cone programming problems. It was proposed by us
in [AHM22a.

Definition 2.3.2. (Naive-RCPLD) Let T be a feasible point of (2.19) and let I C {1,...,p} be
such that {Vh;(Z)}icr is a basis of the linear space generated by vectors {Vh;(T)}r_,. We say that
the Relaxed Constant Positive Linear Dependence (Naive - RCPLD) condition holds at T when, for
all J C Ip(T), there exists a neighborhood V' of T such that:

o {Vhi(x)}_, has constant rank for all x € V;

S ANVR@E) - > Dgi(@mTui— Y V) =0

iel j€lo(T) jEIp(T)

o if the system

where \; € R, i € I; pij € Ly, j € Io(T); aj > 0, j € I(T), has a not all zero solution (A;)ier,
(15)jeno @) () jery (@), then the vectors {Vhi(z)}ierU{Vd;(x)}jes are linearly dependent for
allz eV.

Here is important to notice something. In [AHM™22a| we proposed initially the condition above
using the reduction mapping ¢;(z) = 1([g;(2)]2 — ||g;(x)||*) where j € Ip(Z), and now we are
presenting according to (2.9), that is, ¢;(z) = [g;(z)]o — ||gj(x)|. However, the conditions are
equivalent because we have that
Vé;(7). (2.21)

Vo;(T) = Dyg;(z)"Tjg;(T) =

1 1
[95(T)]o [95(T)]o
Furthermore, note that if I5(Z) = () and there is no equality constraints, the condition above is
Robinson’s CQ. In particular, we have that naive-RCPLD is weaker than Robinson’s CQ. The word
naive comes from the fact that we employ Robinson’s CQ (which is well-defined) for the second-
order constraints in which we can not reduce them to nonlinear inequality constraints in order to
apply the knowledge that we already have from (NLP). The condition presented in Definition 2.3.2
also shows that we can combine different types of constraints in one constraint qualification, which
can be very useful for more classes of problems.
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Before we prove that Naive-RCPLD is a constraint qualification, we will present a naive extension
of the Constant Rank of the Subspace Component (CRSC). This condition plays an important role
in the studies of constraint qualifications in nonlinear programming problems, especially because
CRSC unifies MFCQ and CRCQ conditions, in the sense that it is implied by both of them.

Definition 2.3.3. (Naive-CRSC) Let T be a feasible point of (2.19). Define P(x) := {j € Io(T) |
mj = 1} and 1y(T) := Ip(Z) \ P(Z) and consider J_(T) C Ip(ZT) U P(T) as

J_(T) := { jo € Ip(T) U P(T) |-V, (T Z)\ Vhi(Z > V(@) MER, a; >0
j€Ip(@)UP (@)

Set Ji(z) := Ip(®) U P(®) \ J_(T). Let I C {1,...,p} and J C {J_(T)} be subsets such that
{Vhi(T)}ierU{Vo;(T)}jes is a basis of the linear space generated by {Vhi(T)};_U{V$;(T)}jcs_(z)-
We say that the Constant Rank of the Subspace Component (Naive - CRSC) condition holds at T
when there exists a neighborhood V' of T such that:

o {Vhi(x)}!_, U{Ve;(x)}jcs ) has constant rank for all z € V;

o if the system

S AVhi@) - > D@ i Y V) =0

iel jelv(@) JjeJUJL(T)

where \; € R, i € I; pj € Loy, j € Io(T); a; >0, j € J(T); oj € R, j €J has only the
trivial solution.

The following theorem shows that Naive-CRSC (and, consequently, Naive-RCPLD) are con-
straint qualifications. The proof is similar to the one given in [AHM*22a, Theorem 5.1], where we
proved the result for Naive-RCPLD. The difference between the proofs relies on the fact that when
we take a vector in spam{Vh;(Z)}ier U {V¢;(Z)} cs instead of spam{Vh;(Z)}icr, we have to take
care of the signals of the scalars of the vectors {V¢;(Z)};cs, because they must be non-negative.
To prove the result, we will use AKKT condition as mentioned before.

Theorem 2.3.3. Let T be a feasible point of (2.19) satisfying the AKKT condition 2.20 and Naive-
CRSC. Then, the KKT conditions hold at T. In particular, the conditions Naive-CRSC and Naive-
RCPLD are constraint qualifications.

Proof. Consider the sets J_(z), J4+(Z), J and I according to Definition 2.3.3. Due to the fact
that 7 is an AKKT point, from 2.20 we know that there exist sequences {z*} c R", {\F} C RP,
{4k} C Ly, with j € Ip(Z) and {a¥} C Ry with j € I5(T), such that

P
)Y N V(") = Y Dg@ - Y, a;Veat) —o.
=1

jeiy(@) jeJ L (@UJI_(T)

Since the set {Vh;(x)}_,U{V¢;(z)} e _(z) has constant rank for all = close enough to T and, in
addition, the set {Vh;(T)}ie1U{V¢;(T)};jes is a basis of the linear space generated by {Vh;(z)}}_ U
{V¢;(T)}jes_(z)> then we have that {Vh;(2*)}ic;U{V$;(2*)};c is linearly independent for k large

enough. Furthermore, for each k£ large enough, by Carathéodory’s Lemma we can rewrite
P
S ONVR(F) = > V(b)) =D MVRi(ab) = Y a,;Ves(ah),
i=1 jeJ_(T) i€l jeJk

where J¥ is the set J at iteration k and & > 0. We obtain new scalars 5\1-, it € I and &, with j € Jk
such that
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Vi) + ) MVhi®) = > Dgi@ i — > a;Veiat) - Y a;Veat) — 0, (2.22)

el jelo(@) JETL(T) jeJk

where the vectors {Vh;(z¥)}icr U{V¢;(a¥)} e are linearly independent for k large enough. One
may ask about the signals of dy. If there exists an jo € J_(Z) such that o, < 0, then we have that

p
DNV = Y V) =) NV~ Y @ Ve(at) - ay, Ve, ().
i=1 Je€J (@)U (T) i€l jeJ*\{jo}
(2.23)
Since jo € J_(T), from the definition of J_(Z) we have that

Vo, (T Z \iVhi(T > Vi@ MER, ;>0
JEIB(E)UP(E)
which implies
Ao Vo (%) = [y Z AiVhi(Z Z a;V;(T)
Jjelp(@)UP(T)

with correct signals of a; for j € Ip(z) U P(Z) = J4(Z) U J_(T). Substituting the expression above
in the right side of the equation 2.23, we can apply Carathéodory’s Lemma for this new linear
combination and get the result in 2.22.

The set J*¥ may not be the same for all k. However, by the pigeonhole principle, we can consider
subsequences where the sets J* are the same for all k;. In order to simplify notation, let us call
J := J¥_ From this point, the proof follows exactly the same steps of [AHM*22a, Theorem 5.1] [

Notice that in Definition 2.3.3 we could consider all the subsets of £ C {1,...,p} and F' C
Ip(T) U P(T) and request constant rank of {Vh;(z)}ice U {Vo;(z)}jer for all  around  and
then define Naive-CRCQ, or consider {Vh;(z)}_; U{V¢;(x)}jcr and then get a Naive-RCRCQ
definition, but this is not the goal of this work. Later, we will define a constant rank-type condition
without using the help provided by Robinson’s CQ.

The following example given in [AHM*22a, Example 5.1] shows that Naive-RCPLD is strictly
weaker than Robinson’s CQ. Here, we just consider a minor modification in the reduction mapping.

Example 2.3.2. Consider the second-order constraint g : R — R? given by g(z) := (go(z),g9(z)) =
(x,x) € La and the feasible point T = 1. We have that Ip(T) = 0 and Ig(x) = J_(T) # 0. In
addition, considering the reduction mapping ¢(x) = go(z) — |g(z)| we get that Vé(T) = 0. Thus,
Robinson’s C'Q) does not hold at T while Naive-RCPLD holds. Last, if we consider the space generated
by Vo(T), we have that J =0 is a basis for it. Therefore, Naive-CRSC also holds at T.

The naive CQ’s, in addition to being shown to be a constraint qualification using AKKT con-
dition, also show that it is possible to deal with two types of constraints at the same optimization
problem, namely, second-order constraints and nonlinear constraints. This approach was made based
on the fact that we could not deal with the constraints “purely conic", that is, Io(Z) # §. Somehow,
we are avoiding to deal with them. In the following chapters, we will face such constraints directly
and propose new constraint qualifications without this skip.
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We finish this chapter with the following figure that shows the relation among the well-known
constraint qualifications for the second-order cone programming problem and the naive proposals.

[Nondegeneracy}

|

[Robinson’s CQ]

Naive-RCPLD
Naive-CRSC

Figure 2.1: Relation among the CQ’s for (NSOCP). The bozes in blue are the well-known CQ’s in nonlinear
second-order cone programming and the green boxes are the naive proposals.




Chapter 3

Sequential constraint qualifications for

NSOCP

In this chapter, we will introduce new constraint qualifications for Nonlinear Second-Order Cone
Programming (NSOCP). For such, we will revisit the nondegeneracy condition and propose a new
point of view on it. With this in hand, we will be able to introduce weaker versions of Nondegeneracy
and Robinson’s CQ and, in addition, new constant rank-type constraint qualifications. The main
results of this chapter are based on [AHMT22b)].

3.1 Revisiting nondegeneracy condition
Let us consider the problem (NSOCP) presented in the previous chapter

Minimize  f(x),
s.t. gj(x) €Ly, 7=1,...,q,

and consider a feasible point Z. Also, let us consider for a while that ¢ = 1 just to make some quick
analysis. According to Definition 2.1.1, the nondegeneracy condition holds at T if the gradients of
the coordinates of g at T are linearly independent, which is very similar to the LICQ for nonlinear
programming problems and it is reasonable in order to define a regularity condition. However, the
natural extension of a linearly independence condition is a constant rank condition. This leads one
to think in a constant rank-type condition like Zhang and Zhang in [ZZ19], that is, the constant rank
of the set which contains all the gradients of the coordinates of g around the point . Furthermore,
even requiring a stronger condition (considering all possible subsets) we may not get a constraint
qualification, which was shown in [AFH"21] and explained in the previous chapter. The situation
is even harder when we take into account that Carathéodory’s Lemma does not work in the second-
order context (see [AFH'21, Example 1]).

All of the points mentioned in the previous paragraph rely on the fact that dealing with the
second-order cone structure is not an easy task, especially if we try doing this just based on ideas
that come from a nonlinear programming context. Thus, in order to avoid this issue, let us analyze
the second-order cone structure in a deeper way.

Consider the m-dimensional second-order cone and let y := (yo,%) € R x R™~! be any arbitrary
vector. By definition, we have that yo > ||y]|. According to [AGO03, Section 4|, consider the following

identity
1 . 1 1 N 1
y=zwo—-vhl 7 | +sw+Ilyvl)| 5 |,
2 W) 2 Tall

17
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and define

. - 1
M) =vo—Yll, Ae(w) =yo+ 1yl and wi(y):= B

u(y) = % (_1@> , u2(y) = % <113> ,

if ||7]] = 0, where @ € R™™! can be any arbitrary vector such that ||@| = 1. The scalars \;(y)
and Aa(y) are called eigenvalues of y associated to the eigenvectors wj(y) and ua(y), respectively.
Notice that we can analyze the belongingness to the second-order cone of a vector y through its
eigenvalues. Indeed, we have that y € L,, if, and only if, A;(y), A2(y) > 0. In addition, if both
eigenvalues are strictly positive then we have that y € int(L,,), if A\1(y) = 0 and Ay > 0, then we
have that y € bd*(L,,) and, lastly, if A\1(y) = A2(y) = 0, then y is the vertex of the second-order
cone. Based on this, we also can define the orthogonal projection of y onto L,,, which is given by

if |7 > 0, and

PL. (y) = ()] vua (y) + Pa(y)]+ua(y),

where [-]4 := max{-,0}. The following figure shows the vector y and its eigenvectors related to the
second-order cone.

R™ -1

Figure 3.1: An arbitrary vector y and its eigenvectors.
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With these ideas in mind, the goal now is rewriting the nondegeneracy condition in terms of the
eigenvectors. Just to avoid overwriting, from now on we will assume that m; > 1 for j =1,...,q.

Definition 3.1.1. Let K C R" be a nonempty closed convex cone and consider a matriz M € R™"*™,
We say that M is K-linearly independent if given any v € K \ {0}, we have that Mv # 0.

The definition above is related to the concept of injectivity over K. We can rewrite the definition
above in the following way: the matrix M is K-linearly independent, if Mv = 0 with v € K, then
v = 0. Notice that if we consider K = R"”, then we get that M is injective.

The following lemma is a particular case of [AHM'22b, Lemma 2.1|, which provides an equiv-
alence in order to define LL,,-linearly independence. We will omit the proof.

Lemma 3.1.1. Let L,, be the m-dimensional second-order cone. Consider the set S := {w €
R™L | ||@| = 1} and, for each @ € S, consider the vectors Kg := {(1,—®), (1,@)}. We have that

L, = U cone(Ky), (3.2)

weS

where cone(Kg) denotes the conic hull of Kg. We have that a matriz M € R™™ s L,,-linearly
independent if, and only if, the vectors {(1, —w), (1,w)} are positively linearly independent, for every
fized W € S. In addition, notice that

R"= | J span({(1, @), (L. @)}), (3-3)
weRM—1
l[@]l=1
where span({(1, —w), (1,w)}) denotes the linear span of the vectors (1, —w) and (1,w). We have
that the matrix M is injective if, and only if, the vectors {(1, —w), (1,w)} are linearly independent,
for every fized w € S.

The lemma above explains L,,-linear independence (and the usual concept of injectivity) from a
different point of view. Despite being initially defined only for one cone, we can consider the product
of closed convex cones {Lmj _, and the family of matrices related to them {M; } . For such, we
just need to consider the Cone L:= H —1 Ly, and the matrix M whose lines are the matrices M;.
This will be pivotal for what we will do in the second-order cone programming context. With this
new tool at hand, we can rewrite nondegeneracy (and, consequently, Robinson’s CQ) in terms of
L-linear independence. The reader can find more details in [BRO5].

Definition 3.1.2. Let T be a feasible point of (NSOCP). We say that

e Nondegeneracy condition holds at T if the family

{Dg;@) " T39;@)} i p, oy UADG @} ety ) (3.4)

is RIB@) H R™ -linearly independent;
Jj€lo(Z)

e Robinson’s CQ holds at T if the family 3.4 is ]R'IB X H L, -linearly independent.
J€Ip(T)

Finally, we are able to write the nondegeneracy condition and Robinson’s CQ in a way that
takes into account the eigenvectors of the second-order cone. Here, we will present a different proof
from [AHM™22b, Corollary 3.1] because we will be able to get a “hint” related to the eigenstructure
of (NSOCP). For such, let us consider the following result that follows directly from Lemma 3.1.1
and Definition 3.1.2.
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Proposition 3.1.1. Let T be a feasible point of (NSOCP). We say that
e Nondegeneracy condition holds at T if, and only if,
{ng (E)TUI (gj (f))}jejB(j) U {ng(j)T(L _ﬁ}\j)7 ng (T)T<17 ’I/Ej)}jelo(j) (3'5)
is linearly independent for every @; € R™i~1 such that |W;|| = 1, j € Io(Z);

e Robinson’s CQ holds at T if, and only if, the family (3.5) is positively linearly independent
for every @; € R™i~1 such that ||W;|| = 1, j € Io(Z).

Proof. Since the proof of nondegeneracy condition and Robinson’s CQ are quite similar in this
approach and the first one is easier, we will prove nondegeneracy and give more details for better
comprehension. Let T be a feasible point of (NSOCP) such that

{ng( PJgJ jeIB U {Dg] Jefo(f)

is RIB@) x H R™i-linearly independent. For each j € Iy(Z) take a vector @; € R™ 1 such
J€Io(T)

that ||w;|| = 1. Assume that there are scalars o, 8;,j € Io(Z) and v;,j € Ip(T), not all of them

simultaneously zero such that

Z Oz]Dg] 1 w])+/8]Dg]( ) Z ’Yngj Ul(gj(f))zo-
J€lo(T) jE€IB(T)

Rearranging the terms above and recalling the expression given in (3.1) to compute u1(g;(T)) we
get

2 (o +B))Vgi0@ + > (5 —Oéj)D?j(f)T@ﬁ% > uDg@" (1,— 9 (7) > = 0.

J€lIo(@) j€Io(T) jelp (@) 19, (@)l

. : _ PO . _ 1 9 () 1 .

In addition, since g;0(Z) = ||g;(@)| for j € Ip(T) and = (1,— =1 > = ——Tigi(@), it
’ ! 2 1 (@) 2llg,@I" "

follows that

S (o + ) Va50() + X (5 — 0y)Dgy(®) s + > U D7) T 05(F) = 0.

i€l(@) i€lo®) jem 13 @)

Due to the fact that ||@;|| = 1 and we have that (3.4) is linearly independent, we obtain o; = f3; =
v; = 0 for all j.
Now assume that 7 is such that

{Dg; @ ur(g5®)} o1, )\ U {Dg @ (1 ~87), Dgy @) (L0}, (3.6)

is linearly independent for every @; € R™i~! such that ||@;| = 1, j € Io(Z). Suppose, by absurd,
that there are vectors v; € R™,j € Iy(7) and §; € R,j € Ip(Z) not all of them simultaneously

zero such that
Z Dg;(T) ”J+ Z 0;Dg;(T ) Lj9;() = 0.
j€lo(@) j€lp(T)

Again, using the fact that

Gngj(f)TI‘jgj(T) = Gngj(f)T(gj,o(E), -9i(®)) = H:q\j(f)Hangj(f)T <1’ - II%EgH)

= 2]g;(@)0;Dg; (@) w1 (g;())
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where g;; the I-th coordinate of g;, we obtain

Z Dg;(@)"vj+ ) 2”9] )10;Dg;j (@) u1(g5(x)) = 0.

JEIO jG[B

Using the fact that ||g;(Z)|| # 0 for all j € Ip(T) and (3.6) is linearly independent, then we obtain

that there is at least one vector v; # 0. Defining n; = (vj0 — [[7;]]), ¥ = 3(vjo + [|7)]]) and
wj = ” 1f ij | # 0 or wj as being any unitary vector otherwise, we get

Z Dg;(z Z n;Dg;(T)" (1, —w;) Z 9;Dg; ()" (1,@;).

EIQ(JS EIO x) GIO )

Finally, we obtain

> niDg;(@)" (1, ~@;) Z 9;Dg; (@) (L, @;) + Y 2|[g;(@)6;Dg;(x) wi(g;(x)) = 0.

EIO Z‘) EIO jEIB(f)

Since (3.6) is linearly independent, we must have n; = 9; = 6; = 0 for every j, which implies that
v; must be equal to zero for every j due to the definition of n; and ¥;, which is a contradiction. [J

3.2 Eigenvectors and constraint qualifications

Based on the previous section, we will introduce new constraint qualifications using the results
given in Proposition 3.1.1. In order to build these new constraint qualifications under the light of
Proposition 3.1.1, consider the problem (NSOCP when ¢ = 1 and ¢(Z) = 0 in. Assume that T
is nondegenerate. According to Definition 2.1.1, we have that the columns of Dg(Z)? are linearly
independent, that is, given scalars a; € R, 7 = 0,...,m — 1, the equation

m—1
Z Ozngi(f) =0
=0

implies that g = ... = ayp—1 = 0, where g = (go,...,9gm—1). In this case, we are analyzing the
linear independence of m vectors, as usual. Under the light of Proposition 3.1.1, the point T is
nondegenerate if, and only if, given a, 8 € R such that

aDg(@)T (1, —@) + 8Dg(@)T (1, D) = 0, (3.7)

we have that a = 8 = 0 for every W € R™ ! such that ||@|| = 1. In this second case, we are
analyzing the linear independence of two vectors for each fixed unitary vector @ € R™ L. If we
analyze the equation (3.7) in a deeper way, we obtain the following equation

(a+ B)Vgo(T) + (8 — ) Dg(z) w0 =0, (3.8)

where g = (g1,...,9m—1). Taking a look at equation (3.8), we can observe that the nondegeneracy
condition relates the “linear independence between Vgo (%) and Dg(Z)?”, which is expected once
we know that all the gradients are linearly independent. However, the information about the linear
independence of the coordinates of g is kind of hidden if we analyze the nondegeneracy condition
only under the light of Proposition 3.1.1. Indeed, just when we vanish the vectors @ € R™~! such
that ||w|| = 1 we may obtain some information about the linear independence of the columns of
Dg(z)". For example, if for every unitary vector @ € R™~! we have that Dg(Z)" @ # 0, it means
that the columns of Dg(Z)? are linearly independent. On the other hand, if there exists a unitary
vector @ € R™~1 such that Dg(Z)"@ = 0, then we can obtain a non-trivial solution of (3.8) and
nondegeneracy fails at T but it does not necessarily impossibility the fullness of weak-nondegeneracy
(see Example 3.2.1 for more details).
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In order to finish this little discussion, we would like to point out that the second part of the proof
of Proposition 3.1.1 showed us that despite choosing all unitary vectors w; € R™i~! there are some
vectors that are more important than others. Indeed, following similar ideas given in [AHMR23b],
we can propose new constraint qualifications where only the limit points of sequences consisting of
eigenvectors of g(x*) are already enough.

Definition 3.2.1 (Weak-nondegeneracy and weak-Robinson’s CQ [AHM22b]). Let T be a feasible
point of (NSOCP). We say that:

e Weak-nondegeneracy holds at T if, for each sequence {xF}ren — Z, there is an infinite
subset I C N and convergent eigenvectors sequences {u1(g;(z*))}ver — 3(1,—;) and
{us(gj (") wer = 3(1,@;), with @; € R™~1 and |@;| = 1, for every j € Iy(Z), such
that

{Dgs @ ur(gs@)} ey, o) | J{Das @ (L =0), Dy (@ L)}y oy (39)

1s linearly independent;

e Weak-Robinson’s CQ holds at T if, for each sequence {x*}ren — T, there is an infinite
subset I C N and convergent eigenvectors sequences {u1(g;(x*))}wer — 3(1,—;) and
{ua(g; (@) teer = 3(1,@;), for every j € Io(T), such that (3.9) is positively linearly in-
dependent.

These conditions are proved to be constraint qualifications in [AHM™22b]. By definition we
have that weak-nondegeneracy and weak-Robinson are weaker than nondegeneracy and Robinson'‘s
CQ), respectively. In order to establish more details among their relation, let us remember the
brief discussion of some paragraphs above where we explored the problem (NSOCP) with only one
second-order cone constraint at a feasible point Z such that ¢g(Z) = 0. As mentioned previously, in
order to make nondegeneracy fail and keep the fullness of weak-nondegeneracy, we need to have
a situation where (at least) Vgo(T) does not belong the the space generated by the columns of
Dg(z)" and require that Dg(Z)? does not have full rank.

Example 3.2.1. Consider the following feasible set Q = {x = (x1,72) € R? | g(x) € L3} where
g(x) := (exp™ —1,3sin(x2), 4sin(z2)) at the point T = (0,0). We have that g(z) = (0,0,0). Take
any sequence {x*}reny — T. Since xo converges to 0, for all k large enough we have that §(x2) = (0,0)
if, and only if, xo = 0.

If there erists a subsequence {x*}res where S is an infinite subset of N such that & # 0, then
the eigenvectors of g(z*) are uniquely determined. It follows that ||g(z*)|| = 5sin(z}) and

1 3 4 1 3 4

k k

’U,l(g(l' )) 92 ( ) 57 5> and UQ(g(Q? )) 2 < 7575>7

for all k € S (remember that sin(x5) # 0 if 2§ # 0 and 25 is close enough to zero). Defining

fl/l) — we (3t that
5 Y 5 g
1

1
. kyy _ L e . kyy _ * ~
Ilglemsul(g(x ) = 2(1, w) and IICIGHISUQ(Q(Z' ) 2(1,w),

and, moreover, since

Dg(z)" = [exgm BCog(xg) 4602(562)] = Dy(a)" = [1 2 O}

we obtain that

are linearly independent.
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On the other hand, if there exists a subsequence {x*}recs such that xé = 0 the eigenvectors of
g(z*) are not uniquely determined. From the computation of Dg(Z)T we obtain that nondegeneracy
does not hold at T. From the proof of Proposition 3.1.1 we know that must exists a vector @ € R>
with ||@| = 1 such that Dg(Z)T (1, —®) and Dg(z)* (1,w) are not linearly independent. Indeed, it
is enough to take any unitary vector W € ker(Dg(T)T), which exists due to the fact that Dg(z)T
does not have full rank. Thus, avoiding the eigenvectors that belong to the kernel of DG(%)” we will
obtain limit points such that Dg(Z)" (1, —w) and Dg(Z)" (1, @) are linearly independent and then
weak-nondegeneracy holds at T.

The next point is to find “the difference” between nondegeneracy and weak-nondegeneracy,
that is, what must be required additionally to weak-nondegeneracy in order to get nondegeneracy
condition. From the previous discussion, we already know the answer for the case with only one
second-order constraint: the surjectivity of Dg(Z)”. Indeed, this follows directly from the relation
established in 3.8 and the definition of the nondegeneracy condition. The remaining issue now is
the multifold case, which is answered in the following proposition and the proof can be found
in [AHM™22b, Proposition 3.1].

Proposition 3.2.1. Let T be a feasible point of (NSOCP). The nondegeneracy condition holds at
T if, and only if, weak-nondegeneracy holds at T and, moreover, the matrix

M:= | Dg;)
JEL(T)
18 surjective.

In order to establish the relation between weak-nondegeneracy and Robinson’s CQ (and weak-
Robinson as well), we will analyze Proposition 3.1.1 when Robinson’s CQ holds at a feasible point T
in a second-order cone programming problem with only one constraint g(z) € L,, where g(Z) = 0,
in a similar vein that we did for nondegeneracy condition.

If Robinson’s CQ holds at Z, given non-negative scalars « and g, we have that the vectors
Dg(Z)T (1, —®) and Dg(z)T (1, @) are positively linearly independent, that is, the following equation

aDg(@)" (1, ~®) + BDg(@) (1, @) = 0,

which can be rewritten as
(a+ B)Vgo(T) + (8 — ) Dg(z) 0 =0,

only admits the solution o« = 8 = 0. In the first moment one could expect a similar behavior
between Vgo(Z) and Dg(Z)T@w for a fixed unitary vector @ € R™™1, as we obtained in the weak-
nondegeneracy case (the linear independence between them). The more natural result would be to
get the positive linear independence between these vectors. However, the following example shows
that it may not hold.

Example 3.2.2. Consider the following constraint g : R — R? given by g(x) = (2x,—x) at the
point T = 0. The eigenvectors are w = +1. Let us consider w = 1 and take scalars o, 3 > 0. It
follows that

aDg(7)" (1, —) + SDg(T)" (1, @) = 0

a(z,_1)(_11>+5(2,—1>( 1) — 0

3a+p5 = 0,

give us
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which only admits the solution a = = 0. Thus, we obtain that the vectors Dg(z)T (1, —@) and
Dg(z)T (1, ) are positively linearly independent. On the other hand,

aVgo(z) + BDg(@)Tw = 0,
give us 2a— B = 0, that is, the vectors Vgo(T) and DG(T)T@w are not positively linearly independent.

With this in mind, in order to find the relation between weak-nondegeneracy and Robinson’s CQ
(and weak-Robinson) we can explore the fact that Vgo(z) and Dg(Z)” @ may be linearly dependent.
Moreover, we will use another characterization of Robinson’s CQ for this purpose. Consider the
problem (NSOCP) and a feasible point T. The Robinson’s CQ holds at T if there exists d € R"
such that g;(¥) + Dg;(T)d € int(Ly,;) for every j. When we have only one constraint g(z) € Ly,
at a feasible point T such that g(%) = 0, the fulfillness of Robinson’s CQ means the existence of a
direction d € R™ in which Dg(Z)d € intL,,, that is,

(Vgo(z), d) > [|Dg(z)d|.

Somehow the inequality above shows that the achievement of Robinson’s CQ is due to the fact
the “magnitude” of Vgo() is strictly greater than the “magnitude” of Dg(x). With this information
and hints at hand, we can finally show the relation between weak-nondegeneracy and Robinson’s
CQ (and consequently weak-Robinson).

Example 3.2.3. Consider the constraint g : R — R® given by g(z) = (tan(z),sin (£) ,sin (%)) at
the point T = 0. We have that g(T) = (0,0,0) and

Vgo(x) = sec’(x), Dg(x) = (i cos (%) , icos <Z)> .

1 Z)' If we consider
d =1 we obtain Vgo(T)d > ||Dg(T)d|| and then Robinson’s CQ (and consequently weak-Robinson)
holds at .

Now take any sequence {x¥}reny — T in which ¥ # 0 for all k large enough. Thus, we get that
g(z*) # (0,0) and then the eigenvectors of g(x*) are uniquely determined and they are given by

ui(g(a®)) = % (1, —?, —?) and ug(g(zF)) = % (1’ ?’ ?) .

In particular, when we consider the point T we get Vgo(T) = 1 and Dg(T) = (1 1

Define w := (@, ?) It follows that

1 1
lim ui(g(z¥)) = Z(1, —®@) and lim us(g(z®)) = (1, @),
k—o00 2 k—o0 2
and, in addition,
4 -2 442
Dg(@) (1, —-0) = 4‘[ >0 and Dg(z) (1,0) = +4‘f >0

are linearly dependent. Therefore, weak-nondegeneracy does not hold at T.

To finish this discussion about the relation among the CQ’s, we need to establish what happens
between Robinson’s CQ and weak-Robinson. Before presenting the result that we have at hand,
let us remember some points that differ from the nondegeneracy case from Robinson’s CQ. To
fix the ideas, consider the programming problem with only one second-order constraint g(z) €
L,, at a feasible point Z € R"™ such that ¢g(Z) = 0. When we take nondegeneracy condition, we
know that Vgo(Z) does not belong to the image of Dg(Z)?, which can also be provided by weak-
nondegeneracy condition as discussed previously. Furthermore, from the nondegeneracy condition,
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we know that Dg(Z)” has full column rank, and this is pivotal in order to build the difference with
weak-nondegeneracy, once we can have the fulfillness of weak-nondegeneracy without this condition
as we showed in Example 3.2.1.

On the other hand, even if we have the positive linear independence between Dg(%)” (1, —@) and
Dg(z)T (1, @), which is part of the condition of weak-Robinson, we may not have similar information
about Vgo() and DG(7)" @ as we showed in Example 3.2.2. Moreover, if Robinson’s CQ holds at
Z, we do not have any information about the rank of Dg(Z). Indeed, we can have a case where
DG (z)T has full column-rank like g(x) = x, or a case where DG(z)T is null as g(z) = (z1,0,...,0).
In both cases, Robinson’s CQ holds at T = 0 and the rank varies from zero to complete. With this
information in mind, the best result that we could get is the following one and the proof can be
found in [AHM22b, Theorem 3.1].

Theorem 3.2.1. Consider the problem (NSOCP). If ¢ = 1, that is, if we have only one second-order
constraint g(x) € Ly, then weak-Robinson CQ holds at T if, and only if, Robinson’s CQ also holds.
Moreover, if ¢ > 1 and weak-Robinson CQ holds at T, then for each constraint g;,j € {1,...,q} we
have that Robinson’s CQ holds at T separately.

Since we already have a new formulation for the nondegeneracy condition based on the eigenvec-
tors of the second-order cone, we can now introduce a constant rank-type constraint qualification
for problem (NSOCP). For such, consider the following notation

T 105 a3 (£, 0) = {ng(x)Tul(gj(x))}, BU{ng(m)T(l,—@j)}

jety

(3.10)

with w = [@j]jnguJJ’ Jp C Ig(T), and J4,J_ C Iy(T), where J; is related to (1,w) and J_ to
(1, —w).

Definition 3.2.2 (weak-CRCQ and weak-CPLD). We say that a feasible point T of (NSOCP)
satisfies:

e Weak constant rank constraint qualification (weak-CRCQ) if for every sequence {x*}reny — T,
there exists some I Coo N, and convergent eigenvector sequences

1 N 1, .
{1 (g;(«") rer = (1, —@;) and {u2(9;(«*) rer = 5 (1, @5),
with | w;|| = 1, for all j € Io(Z), such that for all subsets Jg C Ip(T) and J_, 4 C Iy(T), we
have that: if the family of vectors Ty, j_ 5. (T, W) is linearly dependent, then Ty, 1_ . (zF, @)
remains linearly dependent for all k € I large enough, where W = [Wj]jes_us, and ok =

o~

[w?"]jeJ,UJ+ satisfies

1 . 1,
Ul(gj(f’?k)) = 5(17 —wé‘g) and U2(9j($k)) = 5(1710?) (3.11)
for every j € J_U Jy.

e Weak constant positive linear dependence (weak-CPLD) condition if for every sequence
{2*Yren — T, there is some I Coo N, and convergent eigenvector sequences

{5 hher = 51, -8) and{ualg; () heer = 5(1,@)),

with | w;|| = 1, for all j € Io(Z), such that for all subsets Jg C Ip(T) and J_, 4 C Iy(T), we
have that: if Ty, 5_ 1, (T, W) is positively linearly dependent, then Ty, 5 1, (zF, @) is linearly
dependent for all k € I large enough, where @ and @W* are as above.
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First of all, notice that by definition we have that weak-CPLD is weaker than weak-CRCQ.
Also, we have the impression that the definition above seems too demanding, once we require a
statement related to all possible combinations of subsets of Ip(Z) and Iy(Z). However, when we
look at weak-nondegeneracy condition (weak-Robinson), keep in mind that even if we not require
explicitly any information about every subset J T Jg T (x,w), we require (positive) linear inde-
pendence for the set that contains all index and all vectors of (3.9). This means that we have
(positive) linear independence for every subset J Todo T (z,w), that is, we have by definition that
weak-nondegeneracy is stronger than weak-CRCQ and, consequently, than weak-CPLD, and also
that weak-Robinson is stronger than weak-CPLD. Now let us establish the relation among weak-
nondegeneracy, weak-Robinson, and the CQ’s proposed above:

Example 3.2.4. Consider the constraint g : R — R3 given by g(z) := (sin(x) — 1, 6sin(z), 8 sin(z))
at the feasible point T := 0. It follows that go(z) = cos(x) — 1, g(x) = (6sin(x), 8sin(x)), Vgo(T) =
—1 and Dg(z)T = (6,8)

We already know from previous discussions how to quickly identify if a single constraint at the
vertex of the second-order cone satisfies or not weak-nondegeneracy and weak-Robinson. In this case,
we have that Vgo(T) belongs to the image of DG(Z)”, and then weak-nondegeneracy does not hold
at T. Moreover, the “magnitude” of DG(Z)T it is bigger than the “magnitude” of Vgo(T) when we
look at the norms of their respective derivatives, and than weak-Robinson also does not hold at .
However, let us prove this affirmation properly.

Take any sequence {x*}reny — T and assume without loss of generality that there exists a subse-
quence {x*}res in which x¥ # 0 for all k € S. It follows that the eigenvectors of g(x*) are uniquely
determined and they are given by:

w(g(a®)) = % (1, —g,—‘;) and us(g(a")) = % <1, % ‘;) .

Now, defining 0F = @ = (%, %), it give us

Dg(@)"(1,—@) = ((—1,6,8),(1,—2,—3)) = 11 <0,
Dy(z)"(1,@) = ((-1,6,8),(1,2,3)) =9 > 0.

Since these vectors have different signals, then they are positively linearly dependent. Thus, neither
weak-Robinson nor weak-nondegeneracy holds at T, as expected. Moreover, when we consider any
subset of {Dg(x®)T(1, —@*), Dg(x*)T(1,@"*)} we have that the rank remains the same, once we are
considering W* = @ for all k € S. Therefore, weak-CRCQ (and, consequently, weak-CPLD) holds
at T.

In order to build an example such that Robinson’s CQ does not imply weak-CRCQ), let us con-
sider a case where Dg(%)T (1, —@) and Dg(Z)" (1, @) are LD but they are limits of PLI eigenvectors.

Dg(x*)T(1, —i")

/

Dg(x*)T(L, —@*)=Dg(«*) T(1, @)

Dg(:r"”)T(IL ")

Figure 3.2: Two LI eigenvectors converging to two LD eigenvectors.

Moreover, such an example must have at least two variables. Indeed, otherwise, we would get
that Dg(Z)T(1,—w) + 0 and, by the Theorem of the permanence of the signal we would have
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that Dg(z*) (1, —@") has the same signal for k large enough, and the same result for the other
eigenvector.

With these ideas in mind, we need to find a function g : R? — R™, m > 2 in which g(z) = 0,
Dg(z) = 0 but Dg(x) # 0 for every z close to Z (§(z) := ||z||?, for example). Also, remember that
in order to make Robinson’s CQ holds at the point T, we need to consider a function go(x) such
that the norm of its derivative at T be greater than the norm of Dg(Z). Finally, we can present the
following example.

Example 3.2.5. Consider the constraint g : R> — R? given by
o(z) = (Bexp(er) — 5,23 +23),
and the point T = (0,0). It follows that

S5exp(z1) 0
21’1 2$2

_ 5 0
Dg(x)—{ ] and Dg(ﬂs)—[o 0]'
Considering the vector d = (1,0)T we get that Dg(z)d = (5,0)T € int(ILy), that is, Robinson’s CQ
holds at .
Now, take any sequence {x*}ren — T. Without loss of generality, assume that ||z%||? # 0 for all
k. We get that the eigenvectors of g(x*) are uniquely determined and given by

ok~ L (8@ N L ey L 8@t Y 1
) = (1) =300 s ot = (1 55my) =5 000

that is associated to the vector @WF =1 and, in addition, W = w*. On the one hand, we have that

~ 5exp(zh) — 22F . 5exp(zh) + 22F
Dyl (1, ~0%) = (DB ) and pytatyra, et = (PP

and then they are linearly independent. On the other hand, we have that Dg(z)T (1, —@) =
Dg(z)T(1,@) = (5,0)T, that is, they are linearly dependent and it means that weak-CRCQ does
not hold at .

Below we have a figure showing the relation among the constraint qualifications nondegeneracy
and Robinson with the proposed ones in the two chapters until the moment.

[Nondegeneracy]

.

Weak-nondegenerach

/
[Weak—RobinsonJ

Naive-CRSC

Figure 3.3: Relation among the CQ’s for (NSOCP). The bozes in blue are the well-known CQ’s in nonlinear
second-order cone programming and the green boxes are the new proposals including the weak versions.

[Robinson’s CQ]

0

/

weak-CRCQ

weak-CPLD

To finish this chapter and prove that the conditions proposed are indeed constraint qualifications,
the strategy adopted was to use the external penalty method [AHM*22b, Theorem 4.1|. With this
result at hand, given a local minimizer Z of (NSOCP) we can build a sequence {x*}1eny — T where
each z* is a local minimizer of a regularized problem where the constraints are penalized. One
implication of this result relies on the fact that we can give a formula for the Lagrange multipliers
based on the penalty parameter and the unfeasibility of 2. After that, with this tool, we are able to



28 SEQUENTIAL CONSTRAINT QUALIFICATIONS FOR NSOCP 3.2

prove not only that weak-CPLD is a constraint qualification, but also that it is enough to guarantee
convergence of an external penalty method. We will not show the proof of this result, but the reader
can find it in detail in [AHM™22b, Theorem 4.2].

Theorem 3.2.2. Consider the problem (NSOCP) and let T be a feasible point. Let {py}ren — 00
be a sequence of penalty parameters and take a sequence {x*}ren — T in which
VoL (2, pPL,, (~0u@), . P, (—ga(a*))) = 0.

If weak-CPLD holds at T, then T is a KKT point. In particular, weak-CPLD is a constraint quali-
fication.



Chapter 4

Constant Rank-type Constraint
(Qualifications

In this chapter, we will present a new approach to defining constant rank-type constraint qualifi-
cation for the problem (NSOCP). In Chapter 2, we showed the difficulty of such proposals, some au-
thors tried before in [ZZ19] but made some mistakes as we showed in a counter-example in [AFHT21].
Also, we made a first proposal in [AHM™22a] where we used as much nonlinear programming struc-
ture as we could, once that in NLP the topic of constraint qualification is well-developed and we have
the help of a powerful tool: the sequential optimality condition. In Chapter 3, we used the eigenvec-
tors of the second-order cone in order to build new definitions of the nondegeneracy condition and
Robinson’s CQ, and then propose weaker constraint qualifications [AHM*22b]. However, we kind of
avoided the pure conical structure of the problem through Proposition 3.1.1. In this chapter we will
understand in a deeper way the essence of a constraint qualification of a constrained optimization
problem in order to define CRCQ in a similar vein as Janin did in [Jan84] and, moreover, some
second-order properties are held as proved in [AES10]. The results of this chapter are based on
[AHMT23|.

4.1 Revisiting Abadie’s and Guignard’s constraint qualifications

In nonlinear programming problems, it is known that if the constraints are linear, then every
local minimizer has a Lagrange multiplier. A direct proof can be done using the constant rank
condition presented by Janin in [Jan84]. In that paper, Janin showed that given a feasible point T
of (NLP) for every direction d € Lq(T)nLp, there exists a curve £ : [0,e) — R"™ such that £(0) =7,
&(t) € Q for all t > 0 small enough and &’'(0) = d. In other words, Janin proved that

To(T)nep = Lo(Z)NLp, (4.1)

which is called Abadie’s Constraint Qualification in a nonlinear programming context. The equality
between the tangent and linear cones implies that their polar are also equal, that is,

To(@)krp = La(T)krp; (4.2)

which is called Guignard’s Constraint Qualification in a nonlinear programming context. However,
when we pass to second-order cone programming problems, these conditions are not enough to
define a constraint qualification, as illustrated in the following example given by Andersen, Roos
and Terlaky in [ART02, Subsection 2.1].

Example 4.1.1. Consider the following problem

Minimize f(x) := —xo,

st g(a)i= (er,o,m0) € L. (4.3

29
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The feasible set is given by (v1,z2) € R? such that x1 > Va3 + x3. It implies that x5 = 0 and
that T := (0, 0) is a local minimizer of (4.3). Take any direction d € Lo(T), that is, d = (dy,ds) € R?
such that Dg(z)d € Ls. It follows that Dg(T)d = (di,d1,d2) = g(d) and Dg(T)d € Ls. Define
d*¥ :=d and t;, == % Since g is linear, we get that

9(T + td") = g(T) + trg(d) € Ls,

because ¢(T),g(d) € Lg and ty, > 0. Thus, Ta(ZT) = La(T) and, in addition, To(Z)° = Lo(T)°.
However, as showed in [ART02, Subsection 2.1] there is no Lagrange multiplier for .

The example above shows us some important points. The first one is the fact that the linearity
of the constraints is not enough to guarantee the existence of Lagrange multipliers in (NSOCP).
The second one, if there exists an Abadie-type constraint qualification for (NSOCP), then it is
not equal to the one that we know in nonlinear programming problems. Moreover, notice that
even a Guignard-type constraint qualification must be different from (NLP) case. The third one,
Abadie’s Constraint Qualification proposed by Zhang and Zhang in [ZZ19, Theorem 3.2] is also
incorrect (besides the constant rank-type constraint qualifications proposed by them, as we showed
in [AFH'21]).

With this information in mind, let us make a parallel path between nonlinear programming and
second-order cone programming problems in order to find the moment when the two theories start to
have different results. We know, for example, that the first-order geometric necessary condition (2.4)
still holds for both classes of problems. Thus, the next step will be to analyze Guignard’s constraint
qualification for both problems, which we already know contains some differences between NLP and
NSCOP. This is important because at least in the NLP context, Guignard’s constraint qualification
is the weakest CQ that we can request for a local minimizer in order to guarantee the existence of
Lagrange multipliers [GT71]. Moreover, the proposition of Guinard’s constraint qualification was
made for a more general class of problems, namely, in Banach spaces [Gui69].

4.1.1 Guignard’s Theorem

To fix the ideas, let B be a Banach Space (a vector space with a norm defined, namely, || - ||g,
that is complete when we consider the metric induced by its norm, i.e., d(z,y) := ||z —y||g). For the
sake of completeness, let us consider that B also has an inner product defined (-, -)p. In addition,
let K C B be a nonempty closed convex pointed cone (we will not go deep in the details about
Banach Spaces because it is not the goal of this subsection. The reader can find more details in
[Lim83, Beall]). Consider the following problem

Minimize f(x),

s.t. g(x) € K, (4:4)

where f : R” — R and g : R® — B are twice continuously differentiable. The tangent and linear
cones for (4.4) are defined in a similar way as (2.1) and (2.2), respectively, just adapting their
respective feasible sets. Now, consider the following pivotal set

H(®) = Dg(x)" Nk(9(T)) (4.5)
= {Dg@)"y |y e Nx(9(@)},

where

Nk(g9(T)) = Tx(9(@))° (4.6)
= {yeK°|(9(),y)p =0}

is the normal cone to K at g(%). With this information at hand, we can present the main result of
this subsection that was proved by Guignard in [Gui69].
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Theorem 4.1.1. (Theorem 2 of [Gui69]) Let T be feasible point of (4.4). Then
i) Lo(T)° =cl(H(T)) or, equivalently, Lo(T) = H(Z)°;

it) if T is a local minimizer and, in addition, To(Z)° = Lao(T)° and H(T) is closed, than there
exists some i € K° such that

Vf(@) +Dg(@)'E=0 and (9(@),7) = 0. (4.7)

In the first moment, the theorem above seems too similar to what is known in the classical
literature of nonlinear programming problems. Actually, the unique difference is the requesting of
closedness of H(Z), which seems to be a little detail when we consider its structure: H(Z) is the
linear image of a closed convex cone. The issue is that despite the first thought that H(Z) is always
closed, this is not true. To be more specific, this is not a trivial problem and Pataki wrote a whole
paper only about this question in [Pat07]. Moreover, when we take into account the structure of
a nonlinear programming problem, we have that Ngm (g()) is polyhedral and then its image by
a linear application is always closed. In other words, in nonlinear programming problems the set
H(Z) is automatically closed and this is the reason why Guignard’s constraint qualification reduces
to the equality To(Z)° = Lq(T)°. However, when we pass to the second-order cone programming
context, this issue comes back and needs to be dealt with in a proper way.

When we look at Example 4.3, it is proved that To(Z) = Lq(Z). Thus, since we know that
there is no Lagrange multiplier due to the proof of Andersen in [ART02, Subsection 2.1], the only
explanation for this fact lies in the closedness of H(Z). Indeed, Pataki showed in [Pat07, Example
4.3| that the set H () for the problem (4.3) is not closed and in [AHM*23, Example 2.1] we showed
in another way that H () is not closed. Actually, if the constraints of (NSOCP) are linear, we always
have 7q(Z) = Lq(Z) and the existence of Lagrange multipliers only depends on the closedness of
H(Z).

Corollary 4.1.1. (Linear SOCP) Consider the following problem

Minimize  f(z),

s.t. gj(x) €Ly, j=1,...,q,
where f : R" — R, g; : R" = R™ are continuously differentiable and the constraints g;, j =1,...,q
are linear. Define K := Ly, x. .. XLy, and g(x) := (g91(x), ..., g4(x)) and let T be a local minimizer.

If the set H(T) defined in (4.5) is closed, then KKT conditions hold at T.

Proof. The inclusion To(Z) C Lqo(T) is always satisfied. Conversely, assume without loss of gen-
erality that ¢g;(z) = 0 for j = 1,...,¢. Take a direction d € Lq(Z), consider any sequence of
non-negative scalars t, — 0, and define d¥ = d for all k. Also, due to the linearity of g;'s we have
that

9;(T + t.d") = g;(T) + ty Dg;(T)d.

Since d € Lo(T), we have that Dg;(T)d € Ly, for all j =1,...,q, and then T + trdF is feasible for
all k. ]

To finish this little discussion about Guignard’s Constraint Qualification, we take this oppor-
tunity to present below the correct definition for Abadie’s Constraint Qualification. Unfortunately,
we did not have access to the original publication of Abadie [Aba65] where it was presented his
constraint qualification. However, recently Borgens et al. also recalled this definition for optimiza-
tion problems in Banach Spaces in [BKMW20, Definition 5.5|. Just to make the future expla-
nation about the closedness of H(7) for the problem (NSOCP), from this point let us consider
K := Ly, X ... X Ly, where g(z) := (g1(), ..., gq(x)). We will need this for the following defini-
tion.
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Definition 4.1.1. Let T be a feasible point of (NSOCP). We say that Abadie’s Constraint Quali-
fication holds at T if To(T) = La(T) and H(Z) is closed.

Before we pass to the next session, let us just standardize our notation with the last results
related to Guignard’s CQ. Given an m-dimensional second-order cone L,,, we have that it is a self-
dual cone, that is, L) = —L,,. The vectors in (4.6) will play the role of Lagrange multipliers, so in
order to keep the consistency with the KKT conditions presented in Chapter 1, we will consider the
Lagrange multipliers as being elements of I,,, but with the negative signal in the equation as defined
in (2.5). In order to define the set H(Z) as presented in (4.5) for the general problem (NSOCP), we
will consider the cone K := Ly, X ... X Ly,

4.2 Nondegeneracy and Abadie’s CQ via Implicit Function Theo-
rem

In [Jan84|, Janin proposed a constant rank-type constraint qualification showing that his pro-
posal implies Abadie’s CQ in a nonlinear programming problem. For such, he used an adapta-
tion [Jan84, Proposition 2.2| of a constant rank theorem given by Malliavin in [Mal72, Subsection
5.3]. We know that the constant rank theorem is a generalization of the well-known implicit function
theorem, which can be used to show that nondegeneracy implies Abadie’s CQ, for example. This
is the goal of this section, once we are interested in building CRCQ for (NSOCP), and the natural
path for that is to build the bridge between nondegeneracy and Abadie’s conditions.

In order to use the implicit function theorem, we will define some concepts that will be useful
for us. The reader can find more details in [IT74]. Let X and Y be Banach spaces and let U be a
neighborhood of a point T € X.

Definition 4.2.1. Let F : U C X — Y. We say that F' is Frechet differentiable at the point T, if
there exists a continuous linear operator A : X —'Y such that
F(z+h)=F(Z)+ Ah+r(h),
where
Iy,
Inlix—0 [kl x

In addition, we say that F is regular at the point T € X if it is Frechet differentiable at this
point and
ImDF(Z) =Y,

where DF(Z) denotes the Frechet differential of F' at T.

The definition above is the natural generalization of the derivatives in R™. With this concept
at hand, let us introduce the idea of tangent set and then we will be able to introduce the implicit
function theorem.

Definition 4.2.2. Let M be a subspace of X. We say that a vector v € X is tangent to the set M
at the point T, if there exist an € > 0 and a function r : [0,e) — X such that

T+tv+r(t) € M, vt €l0,¢),
where

)l
t—0 t

=0.
The set of all of these tangent vectors is called tangent set to M at T and will be denoted by Ty (T).

Theorem 4.2.1. (Liusternik’s Theorem [IT7}]) Let X, Y be Banach spaces and consider a neigh-
borhood U of a point T € X. Consider a function F : U — Y that is Frechet differentiable and
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suppose that F' is reqular at T. Also, assume that its derivative is continuous at T. Then, the tan-

gent space to the set
M:={zeU]|F(zx)=F(x)}

at the point T is equal to the kernel of the operator F’ (7), i.e.,
Ty (T) = ker(DF(T)).

In addition, there exists a neighborhood Uz C U and a function ¢ : Uz — X such that
Fla + ¢(a)) = F ()

for all x € Usz.

Now we will prove that the nondegeneracy condition implies Abadie’s CQ. But before proving the
multifold case, we will do this for the case with only one single second-order constraint g : R” — R™
at the vertex of the second-order cone and after that at the boundary of the second-order cone, in
order to understand the concepts of the proofs.

Theorem 4.2.2. Consider the problem (NSOCP) with ¢ = 1. Let T be a feasible point. Assume
that g(T) = 0. If nondegeneracy holds at T, then Abadie’s CQ also holds at T.

Proof. First, let us prove that if T is nondegenerate, then H () is closed and then we will prove that
Lo(Z) C Ta(T). Take a convergent sequence {y*}ren in which y¥ — 7. For each k € N, there exists
only one vector v¥ € —IL,, such that y* = Dg(Z)Tv¥, due to the fact that Dg(Z)” has full column
rank. In addition, since Dg(%)7 is a continuous application, we get that the sequence {v*}ey is
convergent and it converges to an element v € —L,,,, because it is a closed set. Thus.

7= lim y* = lim Dg(z)Tv* = Dg(@)T lim v* = Dg(Z)*7,
k—ro00 k—o0 k—ro00

and then H(T) is closed.
Now, let us prove that Lq(Z) C Tqo(T). Take a direction d € Lq(T). Since we are assuming that
g(Z) = 0, then we have three possibilities for d:

1) Dg(7)d € int(Lyy,);
ii) Dg(z)d = 0;
iii) Dg(Z)d € bd*(Lyy,).

Let us consider each case separately. Assume that Dg(Z)d € int(L,,). Then
_ o _ @l
g(T+td) = g(@)+tDg(x)d+ r(t), where %111(1] P 0,
—
= tDg(z)d+ r(t) € int(L,,)

for all t > 0 small enough. Thus, defining t;, — 0 and d* = d for all k, we have that g(Z+t,d*) € L,,
for k large enough and then d € T (7).
Now, assume that Dg(T)d = 0, that is, d € ker(Dg(Z)). Consider the set

M :={z e R" | g(z) = g(T) = 0}.

Since T is nondegenerate, by Theorem 4.2.1 we have that Ty (Z) = ker(Dg(Z)). Thus, there exists
an € > 0 and a function r : [0,e) — R" such that

T+td+r(t) e M, t€|0,¢e),
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where .
ol
t—0 t
In other words, we have that g(Z + td + r(t)) = 0 where ¢ € [0,¢). Defining t; = ;37 and

dr=d+ %:), we get that g(Z + tpdF) € L,, for all k.

In the last case, let us assume that Dg(z)d € bd ™ (LL,,). Before, we just like to emphasize that
this is the hardest case and this is the reason why we left it as being the last one. The main difficulty
relies on the fact that the direction d neither is orthogonal to all gradients of the constraints at the

same time nor points to the interior of the second-order cone. Let us deal with this case carefully.

Notice that since Dg(T)d € bd*(L,,), we have that Vgo(z)'d = || Dg(z)d|| > 0. Moreover, the
vector I'Dg(7)d is orthogonal to Dg(Z)d and both belong to the second-order cone. If m > 2, let
{b1,...,bm—2} be an orthonormal basis of the linear subspace

span{Dg(T)d,T Dg(T)d}*,

where L denotes the orthogonal complement. Now, define the matrix B = [b;];=1,... m—2 whose i-th
column is the vector b;. Now, define the following matrix A = I"Dg(Z)d if m = 2, otherwise

A:=[I"'Dg(7)d, B] (4.8)
and consider the function F : R — R™ given by F(x) := AT g(x). We have that
DF(z) = AT Dg(Z).

It follows that F' is regular at T because Dg(T) has full rank and A has orthonormal columns. Define
the set
M :={x eR"| F(x) = F(z) = 0}.
Since we are assuming that Dg(Z)d € bd™(L,,), by definition of A we have that d € ker(DF(T)).
By Theorem 4.2.1, we have that Ty (%) = ker(DF(Z)). Thus, there exists an € > 0 and a function
r:[0,e) — R™ such that
TH+td+r(t) e M, tel0,e),

where

ol
t—0

In other words, we obtain F(Z +td+r(t)) = 0. By definition of F' and of the matrix A, we get that

(g +td+r(t)),b;) = 0,i=1,...,m—2,
(9(x+td+r(t)),I'Dg(T)d) = 0, te]0,e).
Thus, since we have eliminated m — 1 dimensions, we obtain ¢(Z + td + r(t)) € span{Dg(T)d}.

However, this is not enough to guarantee the feasibility of 7 + td 4 r(¢). In order to get the
feasibility, remember that ||Dg(Z)d|| > 0. Also, consider the following computing

(9@ +td+r(t), Dg(@)d) = (9(%)+tDg(T)d, Dg(T)d) + r(t)
= t|Dg(@)d|| +r(t) > 0,

for t > 0 small enough. In other words, we have that the cosine between the vectors ¢g(Z + td + r(t))
and Dg(T)d is positive. In addition, since ¢(T +td+r(t)) € span{Dg(T)d} we get that for all £ > 0
small enough, there exists an a; > 0 such that

9@ +td+r(t) = a;Dg(T)d € bd™ (Ly,). (4.9)

Defining ¢, := ;%5 and dr = d+ gt’“) we get that g(T+td*) € L,, for all k and, i.e., d € To(Z). O
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Before we deal with the case g(Z) € bd™(L,,), let us analyze some details of the proof above
in order to have a better comprehension. The first point is that the proof that H(Z) is closed is
easily extensible for the multifold case. It is possible to see that the nondegeneracy assumption
plays an important role in obtaining this result. The second point is that when we consider the
cases when Dg(Z)d € int(L,,) and Dg(Z)d = 0, the proof follows the same ideas as presented
in [Jan84, AES10|. The main point then relies on the case Dg(Z)d € bd™(L,,), because we can
not apply the ideas used previously in order to solve this case, and this is the main contribution of
this proof. It is not easy to understand how to get the feasibility of the points in the curve given
by the Theorem 4.2.1. Let us understand it step by step. For example, when m = 2 it is easier to
understand the feasibility because the two pieces of information that we have, namely,

(9(x+td+r(t)),I'Dg(x)d) =0 and (g(T +td+r(t)), Dg(x)d) > 0.

are enough to guarantee the feasibility of g(Z+td+r(t)) = a;Dg(T)d, as illustrated in the following
figure.

Rm—l

{Dy(@)d}+

=

Dy(7)d

o Dg(T)d

i N [

span{Dg(T)d}
I'Dg(T)d

Figure 4.1: Details about the proof of the Theorem 4.2.2 when m = 2.

However, when we consider the case when m > 2, only these two inner products are not enough
to guarantee feasibility. This is why we need to build the matrix A with the columns constructed
by the columns of B. The following figure illustrates the feasibility of g(Z + td + r(t)) when m > 2
and Dg(z)d € bd ™ (L,,).
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span{Dg(T)d}

Figure 4.2: Details about the proof of the Theorem 4.2.2 when m > 2.

Now let us analyze the case g(z) € bd™(LL,,) but still with only one single second-order con-
straint.

Theorem 4.2.3. Consider the problem (NSOCP) with ¢ = 1. Let T be a feasible point. Assume
that g(7) € bd™ (L,,). If nondegeneracy holds at T, then Abadie’s CQ also holds at T.

Proof. First, let us prove that H(Z) is closed. Remember that we are considering that ¢(7) €
bd " (L,,) and then the normal cone is unitary and given by Np(g(Z)) = {—Tg(z)}. Thus, the set
H(7) is also closed because it is unitary.

Now, let us prove that 7o(Z) = Lq(7). Take any direction d € Lq(Z). From (2.2) we have that

(Dg(7)d,T'g(7)) > 0.

This is equivalent to (V¢(z),d) > 0, where

1 ~
o) = 5 ((90(x))* = [§()]*)
is a reduction mapping as presented in Chapter 1, whose gradient is
Vé(x) = Dg(z) Tg().

See equation (2.21) for more details. This situation is equivalent to a nonlinear programming prob-
lem with the constraint ¢(x) > 0.
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Consider the case (V@(T),d) > 0. It follows that

HT+td) = GT) +tVe(@)Td+o(t), where lim O(tt) =0,

t—0

= tVo@)Td+ o(t) >0,

for all ¢ > 0 small enough. It implies that go(Z + td) > [|g(Z + td)|| and then d € Lo(7).

Now let us consider the case (V@(Z), d) = 0, that is, d €~ker(V¢>( T)). Remember that V¢(Z) # 0,
because ¢g(T) # 0 and T is nondegenerate. It means that ¢ is regular at T. Consider the following
set

M= {z € R" | 3(x) = §(z) = 0}.
By Theorem 4.2.1, we have that Ty (T) = ker(V@(Z)). Then there exists an & > 0 and a function
r(t) : [0,€) — R™ such that
r(t)

T+td+r(t) € M, where lim —= =0,
t—0+t ¢

that is, @(Z + td + r(t)) = ¢(T) = 0. It means that |go(Z + td + r(t))| = |[G(T + td + r(t))|. In
addition,

lim go(Z +td+r(t)) = go(x) > 0.

t—0+

Therefore, go(Z + td + r(t)) > 0 for all ¢ > 0 small enough and g(Z + td + r(t)) € bd™(L,,), i.e.,
d € To(Z). O

The Theorems 4.2.2 and 4.2.3 show the relation between the nondegeneracy condition and
Abadie’s CQ for (NSOCP) when we have only one second-order constraint. The case ¢(T) €
bd™(L,,) is similar to a nonlinear programming problem with inequality constraint, and it is easier
to see this equivalence when we consider a reduction mapping. The main difference between the
nondegeneracy condition in (NSOCP) and LICQ in (NLP) relies on in the case g(Z) = 0, when we
have that all coordinates of g are active at T and, in addition, we have one more case to analyze
when we take a direction d € Lo(T), namely, Dg(Z)d € bd™ (L,,).

We finish this section by presenting the result for the multifold case. We will not present the
whole proof because it is similar to the ones presented previously, but we will present the main
parts of the proof.

Theorem 4.2.4. Consider the problem (NSOCP). Let T be a feasible point. If T is nondegenerate,
then Abadie’s CQ holds at T.

Proof. The fact that H(T) is closed is similar to the proof of the Theorems 4.2.2 and 4.2.3. Now,
take a direction d € Lq(7) and consider the following sets:

Dmt(f) = {je{L2....q} | g;(@) € bd"(Ln,),Vé;@)"d > 0}
Dy = {je{l,2,....,q}|g;j(®) € bd* (L), V;(x)"d = 0}
Dy't(z) = {j€{1,2,...,q} | gj(®) =0,Dg;(@)d € int(Ly,,)} (4.10)
D)@ = {je{l,2,...,q} | g;(T) =0,Dg;(x)d = 0}
Df@ = {je{l,2,...,q} | g;(®) =0, Dg;(T)d € bd" (L,)},

The constraints g; where we have Dg;(Z)d € int(L(m;)) and V;(Z)Td > 0 are not relevant
for the proof, since d is a feasible direction for such constraints. For each index j € Do (T), let
{b1,...,m},,_»} be an orthonormal basis for the linear subspace

span{Dg;(z)d, T;Dg;(T)d}*,
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and define the matrix A; := |I';Dg;(Z)d, b{, cey bfnj_g] . Now, consider the function

ATgj(x), if j € DF (),
F(x) = gj(x), ifj € DY),
b;(x), if j € DY(T),

and the following set
M :={zxeR"| F(z) = F(z) = 0}.

By construction, we have that d € ker(DF (%)) and, in addition, since T is nondegenerate we have
that F' is regular at . Thus, by Theorem 4.2.1 we have that T/ (Z) = ker(DF(Z)), i.e., there exists
an € > 0 and a function r(¢) : [0,e) — R™, such that

T+td+r(t) € M, where lim LAL7 A 0,

t—0+

that is, F(Z+td+r(t)) = 0. Using similar arguments to the proofs of the Theorems 4.2.2 and 4.2.3,
we obtain that d € Tq(T). O

4.3 Constant Rank Constraint Qualification for NSOCP

In this section, we will present a constant rank-type constraint qualification for (NSOCP) based
on the approach presented in the previous section. Once we have already built a bridge between the
nondegeneracy condition and Abadie’s CQ through an implicit function theorem, namely, Theorem
4.2.1, the next natural step is to replace the Theorem 4.2.1 by a constant rank-type theorem, which
is the natural generalization of an implicit function theorem. For such, we will now revisit the
results used by Janin in [Jan84, Proposition 2.2|, and Andreani, Echagiie and Schuverdt in [AES10,
Proposition 3.1]. The version presented by Janin [Jan84| was based on [Mal72, Subsection 5.3],
where Janin considered nonlinear programming problems in a parametric form. Later, Andreani,
Echagiie and Schuverdt [AES10] presented a reread of Janin’s version in a simpler way, also in a
nonlinear programming context.

Despite the following theorem being presented in a context similar to the nonlinear programming
problems, we can apply it for second-order cone programming problems, due to the fact that the
constraints in (NSOCP) are functions from R™ to R™, and the original proposal made by Malliavin
in [Mal72] was made in a more general context, namely topological varieties.

Theorem 4.3.1. Let F be a function of class C*, that is, k times continuously differentiable, where
F:R® - RP. LetT € R" be a point such that there exists a neighborhood V of T, where the matriz
DF(x) has constant rank for all x € V. Let v € ker(DF(T)) be an arbitrary vector. Then, there are
neighborhoods Vi and Va of T and a diffeomorphism ® : Vi — Vi of class C* in which:

i) ®(z) =7=;
ii) the Jacobian matriz of ® at T is the identity matriz, that is, D®(T) = 1,,;
iii) the function F(®~1(T 4+ v)) has constant value for all v € ker(DF(Z)) N (Vo — ), that is,

F(@ 'z +v)) = F(@ ().

Notice that there are some similarities between the Theorem 4.2.1 and Theorem 4.3.1. Indeed,
we rewrote the theorem presented by Janin in [Jan84, Proposition 2.2], and Andreani, Echagiie and
Schuverdt in [AES10, Proposition 3.1] in order to keep a consistency with the results that were
obtained in the previous section and show that these theorems are similar. Now, let us present our
constant rank condition for (NSOCP).
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Definition 4.3.1. Consider the problem (NSOCP) and let T be a feasible point. We say that the
facial constant rank property holds at T, if there is a neighborhood V' of T such that for all subsets
Ji,J2 C Io(Z), J3 € Ig(T), with Jy N J2 =0, and all matrices A; € R™xmi =1 of full column rank
with j € Ji, the rank of

U {Dg;(@)"4;} | {Dgi (@)} | {Vs(@)}.

jeN JjE€J2 J€J3
remains constant for all x € V.

First of all, notice that if j € Ip(Z) for all j = 1,...,q, we recover exactly the definition
of CRCQ for nonlinear programming problems. This result also can be obtained if we have that
mi1 = ... =mg = 1. Second, we did not call this condition as a constraint qualification, because it is
not a CQ due to the fact that only the facial constant rank property is not enough to imply directly
that H(Z) is closed. To see this, we can consider the Example 4.1.1 where the constraint is linear
and satisfies the facial constant rank property, but there is no Lagrange multiplier for that problem
as we already know. Third, the division of the indexes j € Io(Z) in two subsets is because given
a direction d € Lo(T), we do not know in advance what constraints belong to either DY or DJ.
Moreover, the requiring of matrices A; is motivated by (4.8) in the proof that nondegeneracy implies
Abadie’s CQ. Moreover, it is possible to see that nondegeneracy implies the facial constant rank
condition due to the fact that the matrices A; have full column rank. Lastly, the condition presented
in Definition 4.3.1 is equivalent to the condition that we presented in [AHM™23, Definition 4.1],
but here we built it in a different way without using directly the concept of faces. The approach
proposed here follows the ideas presented at the beginning of this chapter.

With the Definition 4.3.1 at hand, we can show that the facial constant rank property implies
To(z) = La(T).

Theorem 4.3.2. Consider the problem (NSOCP) and let T be a feasible point. If the facial constant
rank property holds at T, then To(Z) = La(T).

Proof. Take a direction d € Lq(Z) and consider the sets defined in (4.10). For each index j € D (Z),
let {b7,... ,minj_Q} be an orthonormal basis for the linear subspace

span{ Dg;(Z)d, T';Dg;(z)d}",

and define the matrix A; := |I';Dg;(Z)d, b{, R

m;—2
define J; := DP (%), Jo := DY(Z) and J3 := DY(Z).
Now, consider the function

] . Notice that Aj has full column rank and

ATgj(x), if j € D§(),
F(z) := gj(x), if j € DY(z), (4.11)
oi(z), if j € DY(T).

Since the facial constant rank property holds at Z, then there exists a neighborhood V of T
such that the rank of DF(x) is constant for all z € V. Also, by the definition of F', we have that
d € ker(DF(7)). Thus, by Theorem 4.3.1 there is a diffeomorphism ® : V; — V5 and an € > 0 such
that T + td € Va, t € [0,¢) and, moreover,

F(® Yz +td)) = F(®~ (7)) = 0. (4.12)
It means that
L 0, ifj e DF(@),
g;(@ YT +td)) =0, ifje D),
! 0, if j € D),
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and gj(®~1(Z +td)) € Ly, if D™ (%) and ¢;(®~ (T + td)) > 0, if D (Z). Last, defining t;, — 0F

and

O T +td) -7
tg,

dr =
give us that d* — d (using i) and ii) from Theorem 4.3.1) and we obtain that g;(T + t,d*) =
gi (@ HT 4+ txd)) € Ly, for all j =1,...,q, ie.,, d € To(T) as we wanted to show. O

The theorem above is a different way to show that a linear second-order cone programming
problem always satisfies the equality 7o (Z) = Lq(T), because if the constraints are linear then the
facial constant rank property holds automatically. However, as we already explained previously the
facial constant rank property is not a constraint qualification, because it is not enough to imply that
H(7) is closed. Moreover, the unique sufficient condition based on rank that implies the closedness
of H(Z) is the fulfillment of the nondegeneracy condition. Also, remember that from Definition
4.1.1, Abadie’s constraint qualification requires the closedness of H(Z) separately from the equality
Ta(T) = Lao(T). With these ideas in mind, we introduce the following definition.

Definition 4.3.2. Consider the problem (NSOCP) and let T be a feasible point. We say that the
constant rank constraint qualification (CRCQ) holds at T if the facial constant rank property holds
at T and, in addition, if the set H(T) is closed.

With this new proposal of constant rank condition at hand together with the Theorem 4.3.2,
we obtain the following result:

Theorem 4.3.3. The CRCQ condition according to the Definition 4.3.2 implies Abadie’s CQ. In
particular, the CRCQ condition is a constraint qualification for the problem (NSOCP).

Once we have a constant rank-type constraint qualification at hand, let us establish the relation
between CRCQ and the other constraint qualifications mentioned previously. Since we know some
short paths in order to make an example where Robinson’s CQ and weak-nondegeneracy hold, let
us solve both relations with only one example. Keep in mind the following three hints:

e in order to make an example where Robinson’s CQ does not hold at a feasible point T, we
need a constraint g(x) = (go(x), g(z)) be such that |Vgo(Z)|| < [|[Dg(@)]l;

e in order to make weak-nondegeneracy does not hold at a feasible point Z, it is enough to show
that Vgo(Z) € ImDg(7);

e linear constraints satisfy CRCQ if H(Z) is closed. Moreover, according to Pataki in [Pat07],
if g : R — R? then we have that H(T) is closed because Ly is polyhedral.

Example 4.3.1. Consider the following constraint g(x) := (x,2x) and the feasible point T = 0. We
have that g(Z) = 0 and Dg(Z) = (1,2)T. Given any direction d € R, we have that Dg(z)d = (d,2d)”
and, in addition, Dg(Z)d ¢ int(La), that is, Robinson’s CQ does not hold at T. In particular, notice
that nondegeneracy does not hold at .

Take any sequence {x¥}reny — T. Without loss of generality, assume that z* # 0 for all k (the
other case is analogous). Then we have that the eigenvectors of g(x*) are uniquely determined,
namely, ui(g(z*)) = £(1,—1) and u1(g(z*)) = 3(1,1). Define @ := 1. It follows that

1 1
lim u;(g(z¥)) = (1, —@) and lim u(g(z®)) = = (1, ),
and, in addition,

Dg(@)"(1,-@) = -1 and Dg(z)'(1,@) =3

are linearly dependent. Thus, weak-nondegeneracy does not hold at .
Lastly, CRCQ holds at T because the constraint is linear, and, in addition, H(T) is closed because
Lo is polyhedral.
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If the interested reader wants to build an example where CRCQ holds without using the fact that
Ly is polyhedral, it is possible to consider any constraint in the following form: g(x) = (ax, bx,0),
where a,b € R are such that b > a > 0. The example above shows that CRCQ neither implies
Robinson’s CQ nor weak-nondegeneracy. Next, we will show the other implications among these
constraint qualifications. For such, we will take the “opposite” hints from the ones considered before,
that is, we need a constraint g(z) = (go(x),g(x)) € L,, such that

e [|[Vgo(@)[| > || Dg(@)]];
® Vgo(Z) & ImDg(7);

Example 4.3.2. Consider the constraint g : R> — R® defined by g(x) := (5x1,22,73). Let
{zFYen — T be any sequence such that x # 0 for all k (the other case is analogous). Thus,
the eigenvectors of (g(x*) are uniquely determined and they are given by

1 ) k ) k\2
ui(g(a)) = 5 | L 2 ,(—1) (z3) , withi=1,2.
\/ (@5)% + (25) \/(25)% + (25)1
It follows that
1 .
lim wu;(g(z*)) = = (1, (=1)'@
Jim wi(g(2") = 5 (1, (=1)'@),
where @ = (W1, W) € R? is any vector such that |@| = 1 and @1 # 0, because (z§)* goes to zero
faster than (z5)%. We have that
5 0 0
Dg(z)'=10 1 0 (4.13)
0 0 2z3
and then we get that the vectors
) )
Dg(@)"(1,-®) = | —@ | and Dg(@'(L@)=| @

are linearly dependent, that is, weak-nondegeneracy holds at T.

In order to see that Robinson’s CQ holds at T, take the direction d = (1,0,0). We get that
Dg(z)d = (5,0,0) € int(Lg).

Lastly, let us show that CRCQ does not hold at T. Consider the set J; = Io(T) and the matrix

A=

O = O
= o O

which has full column rank. Using (4.13), we obtain
0 0

Dg(z)’A=11 0
0 21’3

and it has rank equals to 1 at T and rank equals to 2 for x in a neighborhood of T in which x3 # 0.

In the examples above we showed that CRCQ is strictly weaker than the nondegeneracy condi-
tion it is independent of Robinson’s CQ (in a similar way to what happens in nonlinear programming
problems) and of weak-nondegeneracy. Moreover, it explains the gap that exists when we consider
linear constraints and we showed that it implies the equality between the tangent and linear cones,
as Janin did in [Jan84| when it was presented the CRCQ for nonlinear programming problems.
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4.4 A Constraint Qualification based on Curves and Second-Order
Optimality Conditions

In this section, we will present a new constraint qualification based on curves for (NSOCP) that
is related to the CRCQ presented in the previous section. The main motivation for this comes from
[AES10, Proposition 3.2|, [F'SS22, Definition 2.1] and [McC67|. In [McC67|, McCormick proposed
some constraint qualifications based on curves for (NLP). Such proposals considered: i) the existence
of a feasible curve whose tangent is a direction in the linearized cone Lo (Z)nLp (McCormick First-
Order Constraint Qualification); ii) the existence of a feasible curve that is twice differentiable
and whose tangent is a vector in the critical subspace (2.14) (McCormick Second-Order Constraint
Qualification).

More recently, Fazzion, Sanchez and Schuverdt in [FSS22| proposed a reformulation of the
constraints given by McCormick in order to get second-order optimality conditions that are related
to the critical cone, instead of the critical subspace. We recall their reformulation in the following
definition:

Definition 4.4.1. ([FS5522, Definition 2.1]) Consider the problem (NLP) and let T be a feasible
point. Given a nonzero direction d € Lo(ZT)NLp, we say that the Reformulation of the McCormick for
(NLP) (NLP-Ref-McCormick) holds at T if there exists a twice differentiable curve § : [0,e] — R"™
such that £(0) =T and &'(0) = d, and, in addition, for all t € (0,e] we have that

g;(€(t)) = 0, j € A(T) such that Vg;(7)"d =0, (4.14)
g;(€(t)) > 0, j€ A(T) such that Vg;(F)"d > 0.

In [FSS22, Theorem 2.1] the authors showed that NLP-Ref-McCormick is a constraint qual-
ification and also that it satisfies the Strong Second-Order Condition for nonlinear programming
problems (2.13). Nevertheless, this condition was implicitly mentioned previously in [AES10, Propo-
sition 3.2|. The thesis of the proposition is precisely the NLP-Ref-McCormick condition, but with-
out using the result as a constraint qualification itself, but as a natural result of the constant
rank constraint qualification for nonlinear programming problems. In order to obtain the NLP-Ref-
McCormick condition, the authors in [AES10| used the constant rank theorem (Theorem 4.3.1) in
a nonlinear programming problem context. With these ideas in mind, we will propose an extension

of Ref-McCormick for (NSOCP) and get some second-order optimality conditions, in a similar vein
of [AES10, FSS22].

Definition 4.4.2. Consider the problem (NSOCP) and let T be a feasible point. Given a direction
d € Lo(T), consider the sets defined in (4.10). We say that the Reformulation of the McCormick
(Ref-McCormick) for (NSOCP) holds at T if the set H(T) is closed and if there exists a twice
differentiable curve & : [0,e] — R™ such that £(0) = T and £'(0) = d, and, in addition, for all
t € (0,e] we have that

bd*(Lm,), J € DF(T) UDR(T),
gi(€®)) € ¢ it (L), j €Dy (x)UDE (), (4.15)
{0}, jeDy@)

Notice that this definition coincides with the definition proposed by the authors in [FSS22]
when the problem (NLP) just has inequality constraints. The case when the problem (NSOCP) has
equality constraints can be done in the same way and we will omit it here because it is not the
goal of this section. Before we prove that the condition above is indeed a constraint qualification
for (NSOCP), let us establish the relation with the constant rank constraint qualification proposed
in the previous section. For such, we will use the Theorem 4.3.1.

Theorem 4.4.1. Consider the problem (NSOCP) and let T be a feasible point. If CRCQ holds at
z, then Ref-McCormick also holds.
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Proof. Since we are assuming that CRCQ holds at Z, then given a direction d € Lo (Z) we can build
a function F as (4.11) and get a C? diffeomorphism ® : [0,¢] — R™ such that (4.12) holds. Thus,
define the curve

£(t) == YT + td). (4.16)
By items i) and ii) of Theorem 4.3.1, we obtain that
_ . E) -7
1 = d lim >>—— =d. 4.17
Jim €0 =7 and_ i 55 (417

From (4.12), we get that g;(£(t)) € bd+(Lmj) if j € DB( Yyu DY 5(Z) and g;(&(t)) =01if j € DS(T).
If d € Di"(z), then

95(§(t) = g;(£(0)) +tDg;(£(0))§'(0) + r(t), where lim r(tt)—o

t—0t
= tDgj(T)d +r(t) € int (L, ),

for all ¢ > 0 small enough. Lastly, if d € D (z), we have that

0i(6(t) = 5(£(0)) +1V;(€(0))¢'(0) +r(t), where lim r<tt>:0

t—0t
= tVé;(@)d+r(t) >0,

for all £ > 0 small enough, that is, we obtain that g;(£(t)) € int(Ly,;). Therefore, Ref-McCormick
holds at  as we wanted to show. O

Now, let us prove that Ref-McCormick is a constraint qualification.

Theorem 4.4.2. Consider the problem (NSOCP) and let T be a feasible point such that Ref-
McCormick holds. Then, Abadie’s CQ holds at T.

Proof. 1t is enough to show that Lqo(Z) C To(Z). Take a direction d € Lq(T) and a sequence
{tx} — 0T. Define

=
where ¢ is given by (4.16). We have that g;(T + t;d*) = g;(£(tx)) € L, for all k large enough,
j =1,...,q. Therefore, we have that d € To (7). O

Next, we present a figure summarizing the relation among the CQ’s introduced in this chapter.

{Nondegeneracy Linear SOCP

CRCQ

lI

[Robinson’s CQ] weak—nondegeneracy

~ S

Naive-RCPLD [Weak ROblIlSOIl weak CRCQ Ref McCormlck

Naive-CRSC weak—CPLD Abadie’s CQ

Figure 4.3: Relation among the CQ’s for (NSOCP). The bozes in blue are the well-known CQ’s in nonlinear
second-order cone programming and the green boxes are all the new proposals.

/ﬁ
—

I

[Guignard’s CQ]
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To finish this section, let us analyze the second-order optimality conditions at a feasible point
T of (NSOCP) such that Ref-McCormick holds. In Section 2.2 we presented some second-order
optimality conditions for (NLP), among which we highlight the so-called Strong Second-Order
Condition (SSOC) (2.13) that is based on the critical cone C(Z)nrp and it is more desirable because
under SSOC it is possible to define a sufficient condition in order to have a local minimizer.

In the nonlinear programming context, it is known that a local minimizer T of (NLP) implies
SSOC under LICQ [NW99, Theorem 12.5], under CRCQ [AES10, Theorem 3.1] and under RCRCQ
[MS11b, Theorem 6|. Moreover, in [RS23] the authors reiterated that RCRCQ is the weakest con-
straint qualification that ensures the fulfillment of SSOC.

In order to analyze second-order optimality conditions as SSOC for (NSOCP), let us remember
some important concepts of second-order information in a conic context. Let us start with the
critical cone in the second-order cone programming context. Given a feasible point T of (NSOCP),
the critical cone C(Z) as defined as

C(7) == La(@) N{VF(@)}", (4.18)

in a similar vein as we presented in the nonlinear programming context. In addition, if 7 is a KKT
point of (NSOCP), that is, there exists p; € Ly, j = 1,...,q, such that (2.5) and (2.6) hold, from
[BRO5, Corollary 26] we can rewrite the critical cone in terms of the Lagrange multipliers. For such,
consider the following indices sets

My = {j|g;(@) € int(Lm,), pj =0}

My = {j|g;(®) €Dbd (L), uj =0}

Mg = {j|g;@) €bd*(Lm,), p; € bd" (Ly,)}
Mg = {j]g](f)ZO Ky = 0}

Mg = {j]gi(®) =0, pj € int (L)}

M(? = {j’g]():() Njebd( )}

With these sets at hand, from [BR05, Corollary 26] we obtain

( Dg;(x)d € L, (9;(Z)), 1if pj =0
_ n | Dg;(z)d =0, if p; € int(L,,.)
C(7) = deR J P i . _
@ (Do (@) ) =0, it py € ba*(Ly,), € Jp(a)
Dg;(Z)d € cone(Tjp;), if pj € bd™ (Ly,), j € Jo(T)
( (Dg;()d,Tjg;(z)) 20, j € Mp
(Dg;(®)d, 1) =0, j€ Mg
= d e R" | Dg;(Z)d € Ly, je M
Dg;(z)d =0, Jje Mgnt
Dg;(z)d € cone(T;p;), j€ MP

Since we have an explicit form for the critical cone in the second-order cone programming
context, let us analyze the quadratic form that will be evaluated on C(Z) to get SSOC. The natural
answer for this topic would be the Hessian of the Lagrangian function

q
L(xnul:"'a,uq Z:u]agj
7j=1

with respect to variable x. However, when we consider a second-order cone programming context,
there is a difference when we compare to SSOC for (NLP), as we presented in (2.13). Based on this
little discussion, let us introduce SSOC for (NSOCP). See |[BRO5| for more details.
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Definition 4.4.3. Consider the problem (NSOCP) and let T be a KKT point associated to a La-
grange multiplier (p1,. .., pq). We say that the Strong Second-Order Condition (SSOC) holds at

Fotir. o) if
d"V2, LT, pa, . pg)d + dTH(E, - pig)d > 0,

q
for all d € C(Z), where H(T, p1, ..., 1q) = Z’Hj(f, i) with
j=1

o T Do) it o
”Hj(f,uj) = [gj(j)]ODgJ( ) FJDgJ( )s fg]( )de"_(Lmj)’

0, otherwise.

Notice that we have m; = ... = m, = 1, the condition above reduces to SSOC as (2.13). The
difference in the definition above relies on the fact that we have to take into account the term

THE - pd = a3~ 0 b @ Dg) | d

j€lB (@) 95 (@)]o
> _[9["@;)]0 (Dg;(z)d)" T; Dg;(z)d (4.19)
jemp I
(11510 . P
j§g_[9j(x)]o<Dg]( )d, T Dg;(T)d),

that is known as the “sigma term”. It represents the curvature of the second-order cone L;,; along
Dg;(7)d where d € C(T).

In order to prove that Ref-McCormick is a second-order constraint qualification that ensures
the fulfillment of SSOC according to the Definition 4.4.3, we will need the following auxiliary result,
which is kind of a “complementarity function”.

Lemma 4.4.1. Let T be a local minimizer of (NSOCP) such that Ref-McCormick holds associated to
the Lagrange multiplier (ju1, . . ., piq). Take a direction d € Lq(T). Consider the function R : Ry — R

given by
[1lo
2[g;(@)]o

where & comes from Definition 4.4.2 is such that £(0) = T and &'(0) = d. Then, there exists an
e > 0 such that R(t) =0 for all t € [0,¢) and, in particular, R'(0) = R"(0) =0

R(t):= Y (gi(&®),my) + Z st =95 (E(8) L5 (€(1)), (4.20)

jeMEMtuME jeME

Proof. Take an index j such that j € M g. If 1; = 0 we obtain that

(1450 T

o~ 9i(€(1) " Tg;(&()) = 0. (4.21)
2[g;(@)]o™ "

Otherwise, if p; # 0 we obtain that p; = I';Dg;(T)d. In addition, using the complementarity

condition (2.6), we have that (g;(T), 11;) = 0 and then we obtain that Dg;(Z)d € bd* (Ly,,). From

Theorem 4.4.1, it follows that for all ¢ > 0 small enough,

9;(£(t)) € bd™ (Lm, ),
that is, (4.21) holds.
Now, take any index j such that j € M{™. From Theorem 4.4.1, we have that g;(£(t)) = 0 for
all ¢ > 0 small enough.
Last, take an index j € M. It follows from the definition of M that Dg;(Z)d € bd™ (Ly,).

Thus, from Theorem 4.4.1 we have that for each t > 0 small enough there exists an a{ > 0 such
that ¢;(£(t)) = o ng( Z)d, which means that
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(g;(€()), 1) = (af Dg;(T)d, p15) = 0,

because Dg;(T)d € cone(I';u;). Therefore, exists an € > 0 such that R(t) = 0 for all ¢t € [0,¢). For
the sake of completeness, let us compute R'(0) and R"(0).
Differentiating R(t) once and taking ¢ = 0, give us

Riy= 3 (DaEt)e.m)+ 3 0 (D e(0)TT0,60)).€0)

jEMImtUMB jeMB 95 (@)
and then
RO) = Y 0a@a)+ Y 0y @ T,
jeEMintuMB jems
- X wp@dmt ¥ wh@.d -0
JEMEMtUMB jemE

Now, differentiating R(t) twice and taking ¢t = 0, we obtain

R'(0) = Y. D@ dpy)+ Y (Dgi(@) 7wy €"(0)

jeMirtumMB jeMirtumMB

ilo 12, (= (T [1ilo T Das(a
+ %g 0@ L 4@l dl. Tig( )>+j§g (o (P93 (). T Dg; (@)

€(0) = 0.

T

[1ilo (T (3
+ zM:g 5@ (ng( )" Tjg5( ))

Rearranging the terms and recalling that Vé;(Z) = Dg;(7)Tg;(F) when j € M5, and

By = [gj(f)]orjg]( )7 S MB:

give us

R'(0) = Yoo (DPg@dd )+ D, (D@, 8"0)

jeMEBumintumpP jeMBumintulB

p

: B
JEMg

[145]o
[9;(T)]o

(Dg; (7)d.T; Dg;(z)d) = 0. (4.22)

O

With this result at hand, we will be able to prove that under Ref-McCormick, a local minimizer
T of (NSOCP) satisfies SSOC according to Definition 4.4.3 for any Lagrange multiplier associated.

Theorem 4.4.3. Let T be a local minimizer of the problem (NSOCP) such that Ref-McCormick
holds. Then, for any Lagrange multiplier (pi1, . .., jtq), we have that (T, p1, . .., pq) satisfies SSOC.

Proof. Just for commodity, define the set of indices M := M g U Mgty M({3. Since T satisfies the
KKT conditions, from (2.5) we have that

V@) =) Dgj(@) ;=0
j=1
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— > Dgj(@)"u; =0
jeM
Let d € C(Z) be any direction. We have that

< — > Dy;(@) ug,> 0,

JEM

that can be rewritten as

which implies that V £(Z)Td = 0. In fact, we have that
(Dgj(T)d, pj) =0, j € Mf;  Dg;(z)d =0, j € M§™

and, in addition,
Dg;(%)d = a;Tjpuj, for some a; >0 and j € MP

that implies
(Dgj(@)" pj, d) = {pj, Dg;(T)d) = 0.
Since Ref-McCormick holds at Z, there exists € : [0,&) — R" twice continuously differentiable
such that £(0) = T and £'(0) = d. Let ¢(t) := f(£(t)). Since T is a local minimizer f in €, then

t = 0 is a local minimizer of ¢, that is,
¢'(0) =Vf@)"d=0,
and, moreover

©"(0) = dIV2f(@)d + V(@)1 (0) > 0. (4.23)

In order to compute V f(Z)1¢”(0), consider the function R as defined in (4.20). By Lemma 4.4.1,
we have that R'(0) = R”(0) = 0. Subtracting (4.22) from (4.23), we obtain

I @d — S D@ d) ) — S 0 (g @)d, 15Dy (@)d)

= Py [9;(T)]o

+< ZDQJ 7wy, € (O)> > 0.

JEM

and, from (4.19), we obtain
dTvizL(jv s ’:U’q)d + dTH(Ev M1y 7.uq)d >0,
for all d € C(%). Therefore, SSOC holds at T as we wanted to prove. O

The importance of the result above relies on some facts. First, to the best of our knowledge,
this is the weakest constraint qualification in second-order cone programming context that ensures
SSOC, once it is known that under Robinson’s CQ SSOC does not hold and, in addition, Ref-
McCormick is strictly weaker than the nondegeneracy condition. Second, under Ref-McCormick we
do not necessarily have that the set of Lagrange multipliers is compact, but SSOC still holds for
any Lagrange multiplier.

Next, we will present a result that is new even in the nonlinear programming context, which
explains why SSOC holds under Ref-McCormick for any Lagrange multiplier.

Theorem 4.4.4. Let T be a local minimizer of (NSOCP) such that Ref-McCormick holds. The
quadratic form
d'N2 L(T, i, - prg)d + dVH(E, s - - p1g)d (4.24)

for d € C(Z), does not depend on (u1,...,1q) € AZT).
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Proof. Let (u1, ..., 1q) be any Lagrange multiplier associated to . It is enough to show that

S D@l — S A0 (g @), T D))

P G @

does not depend on (p1,. .., tq) € A(T). From (4.22), we have that

S (Dgy (@), €1(0)) = — S (D@ dl i) — S 0 (Dgi (@), T Dy ()d), (4.25)

2 2 2 @
where M := ME U M{™ U MP. Since 7 is a KKT point, we have that (2.5) holds, that is,

Vi@ =Y Dg;@ . (4.26)

JjeM

Substituting (4.26) in (4.25), we get that

S D@l dl ) — Y 0Dy @)d 1D (@)d) = (V£(E), £10)),

2 0 B@h
whose the right part of the equation above does not depend on the Lagrange multiplier. O

The theorem above shows that the quadratic form (4.24) is constant when we vanish all the
Lagrange multipliers associated to a local minimizer in which Ref-McCormick holds. This result is
stronger than the result obtained in [BHRV18, Theorem 3.3] for nonlinear programming problems,
where the authors showed that under WCR, the Hessian of the Lagrangian does not depend on the
Lagrange multiplier when we consider the direction on the critical subspace.

It is important to mention that in the proofs of the Lemma 4.4.1, Theorem 4.4.3 and Theorem
4.4.4, we did not use in an explicit way the fact that H () is closed, just for guarantee the existence
of a Lagrange multiplier. It means that the second-order results obtained are related to the form of
how we define the facial constant rank property (Definition 4.3.1) and the properties of the curve
required by the Ref-McCormick condition in (4.15).

4.5 New proposals for second-order constraint qualifications for
NLP

In this section we will consider the problem (NLP) and explore more the fact that the Ref-
McCormick proposed in [FSS22] for nonlinear programming problems is a strong second-order con-
straint qualification, that is, it is enough to guarantee SSOC for any Lagrange multiplier associated
to a local minimizer T of (NLP). First of all, let us recall some results obtained in the second-order
cone programming problem for nonlinear programming problem.

Proposition 4.5.1. (JAES10, Theorem 3.1]) Let T be a local minimizer of (NLP) that satisfies
NLP-Ref-McCormick. Take a direction d € Lo(ZT)nLp and consider the function

P

R(t) =Y Nhi(€() + D wigi(€(t), (4.27)
)

i=1 jEA(T

where & comes from Definition 4.4.1 is such that £(0) = T and &'(0) = d. Then, there exists an
e > 0 such that R(t) =0 for all t € [0,¢) and, in particular, R'(0) = R"(0) = 0.

The proof of the proposition above is contained in the proof of the [AES10, Theorem 3.1|, where
the authors showed that CRCQ is enough to guarantee SSOC for any Lagrange multiplier in a
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nonlinear programming context. They also obtained the following expression for R”(0)

R'(0) = d" ZAVh - > Vi@ | d+ (4.28)
jEA(T)
T
ZA Vhi(@) — > 1;Vg@ | €"(0)=0.
JEA(T)

With this result at hand, we can reproduce the result obtained in Theorem 4.4.4 for (NLP).

Theorem 4.5.1. Let T be a KKT point of (NLP) such that NLP-Ref-McCormick holds at T. The
quadratic form

dt | V2 f( Z)\ V2hi(T) — Y V(T | d, d € C(T)xwp (4.29)
JjEA(T)

does not depend on (A, u) € A(T).

Proof. Let (A, i), (\,7i) € A(Z) be different Lagrange multipliers and take any direction d
C(Z)nLp. Computing d” (me (Z, 5\ , i) — V2, L(zT, N, ﬁ)) d, give to us

d’ ZW hi(@) — Y Vi@ Z @ - Y, mVie@ || d

JEA(T) JEA(T)
Since T is a KKT point, we have that
) T
VI@TE0) = — | Do NVhi@) — Y V(@) | €(0)
i=1 JEA®)
T
p —
= — | )Y ANVh@ - > mVe@ | 0
=1 jEA(T)

Using the relation above and the equation (4.28), we obtain

dr Z)\Vh Z i1;V2g;(@) | d = dT Z)\Vh Z 1i,V2g;(@) | d.

jEA(T i=1 JEA®m

Therefore d¥ (V%mL(E, A\ i) — V2, L(T, A, H)) d =0, as we wanted to show. O

Notice that when we take a direction d € Lq(T)nLp and we build the curve £ according to
Definition 4.4.1, there are some constraints j € A(Z) that are not so relevant in order to evaluate
feasibility of g;(£(t)) for t > 0 small enough. Indeed, remember that from Definition 4.4.1, we may
have cases where Vg;(Z)Td > 0 and then we get

9(£(t)) >0,

that is, at least for this constraint we get feasibility “for free”. Moreover, if there exists a nonzero
direction d € Lo(Z)nLp such that Vg;(z)Td > 0 for all j € A(T), this direction is not worrisome
for any active constraint when we analyze feasibility through this direction. On the other hand, the
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existence of such direction is pivotal when we take into account the fulfillment of MFCQ, which can
be rewritten as

i) the set {Vh;(Z)}?_, is linearly independent;
ii) there exists d such that Vg;(z)Td > 0 for all j € A(Z) and Vh;(T)Td=0for alli=1,...,p.

It is known that only MFCQ is not enough to guarantee even WSOC, that is, the quadratic form
(4.29) is not necessarily positive semidefinite when we vanish all directions in the critical subspace
S(Z)nLp defined in (2.14). In [AMSO07], the authors showed that MFCQ+WCR implies WSOC. In
addition, another condition can be added to MFCQ in order to guarantee WSOC.

Proposition 4.5.2. [AMS07, Hael7, Mas19] Let T be a local minimizer of (NLP) such that MFCQ
holds. Define the matriz M (z) whose columns are (Vhi(x),Vg;(®))i=1,..p; jeAm)  If there exists a
netghborhood V' of T such that

rank(M (z)) < rank(M(x)) + 1 (4.30)

for all x € V, then there exists (A, pu) € A(T) such that WSOC holds.

The condition above was called in [ABHS17, Definition 4.1] as Modified Mangasarian-Fromovitz
(MMF). With these results at hand, let us resume the discussion about the nonzero directions d €
Lqo(T)nLp such that there exists j € A(T) satisfying Vg;(Z)Td = 0. Given a direction d € Lo(Z)nLp
such that d # 0, let us define the following set:

Ju(@) = {j € A@) | Vg;(@)Td = 0}. (4.31)
This set leads us to define the following

Jo@ = | Ju@={jcA@|3de La@)nip, d#0: Vg;(@)"d=0}. (4.32)
deLqo(Z)NLp
d£0

Notice that Jo(Z) C A(Z) and this inclusion might be strict and that this set captures exactly
which constraints can be violated when walking towards direction d. This means that we do not
need to consider all the indexes j € A(%). Indeed, if there exists jo € A(Z) such that Vg;,(Z)Td > 0
for all d € Lo(Z)nrp such that d # 0, then we have that g;,(Z + td) > 0 for all ¢ > 0 small enough.

With this set in mind, let us define the following assumption:

Assumption 1. Consider the problem (NLP) and let T be a feasible point. We say that Assumption
1 (A1) holds at T € Q, if for every index j € Jo(T), we have that there exists a neighborhood V' of
T such that

Vg, (x) € span ({Vhi(2)}L_,) (4.33)

forallx e V.

Notice that Al is strictly stronger than (4.30). On the one hand, by definition we have that Al
implies (4.30). On the other hand, if the set {Vh;(Z)};_; U{Vg;(T)};ca) is linearly independent,
then we have that the hypothesis of Proposition 4.5.2 is satisfied while A1 does not. Later we will
show that MFCQ+A1 implies NLP-Ref-McCormick. For such, we will need the following result
from [AMSO05].

Lemma 4.5.1. ([AMSO05, Lemma 2/) Let the functions f, f1,..., fg : D — R™ be twice continuously
differentiable; let x € D, with D an open set. Assume that the gradients V fi(z),...,V fy(x) are
linearly independent and that V f(y) is a linear combination of V f1(y),...,Vfe(y) for ally € D.
In particular,

Vi(z) = Zaini(x). (4.34)
i=1
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Then, there exists Dy C R?, an open neighborhood of (fi(z), ..., fq(x)), and a function ¢ : Dy — R,
¢ € C*(Dy), such that, for all y € Dy, we have that (fi(y), ..., f4(y)) € Da and

) =e(fi), .-, fa(y))-
Moreover, for alli=1,...,q,
Iy
8ui

In the following theorem we will show that a weaker hypothesis than MFCQ+A1 is enough to
guarantee the fulfillment of NLP-Ref-McCormick.

Q; =

(fi(z),..., fy(2)). (4.35)

Theorem 4.5.2. Let T be a feasible point of (NLP). If there exists a neighborhood V' of T such
that {Vh;(z)}Y_, has constant rank for all x € V and, in addition, A1 holds at T, then NLP-Ref-
McCormick also holds at T.

Proof. Take a nonzero direction d € Lq(Z) and consider the set J; previously defined. Let I C
{1,2,...,p} be a subset such that {Vh;(T)}ics is a basis for span{Vh;(z)}._;. Define the function
H(x) := (hi(z));er and consider the set

M :={zx eR" | H(x) = H(Z) = 0}.
By Lyusternik Theorem (Theorem 4.2.1), it follows that
Ty (Z) = Ker(H (T)),

where T3/(Z) is the tangent cone to the set M at the point Z. Since d € ker(H (7)) (because we
are taking d € Lq(T)npp and H is twice continuously differentiable, then there exists a twice
continuously differentiable arc r(¢) such that

r(t)

TH+td+r(t) e M, lim — =0,
t—0+ t
that is,
H(Z+td+r(t)) = H(x) =0, (4.36)

or, in other words,

hi(T + td+7(t)) = hi(T) =0, i € I.

Now, take any index ig € {1,2,...,p}\I. Since {Vh;(T) }icr is linearly independent, so {Vh;(x) }ier
also is for all x close enough to Z. Moreover, using the fact that the rank of {Vh;(z)}’_; remains
constant for z close to T, then we obtain that Vh;,(x) € span{Vh;(x)}icr. Thus, by Lemma (4.5.1),
there is a C? function ¢;, such that h;, () = @i, ({hi(z)}icr), for all x near to Z. Thus, we obtain

®ip ({hi(T) }icr) = hiy(T) = 0.
In addition,

hio (T +td+7(t)) = @iy ({hi(T +td+7(t))}ier)
= i, ({hi(T) }ier)
= hio (f) =0.

It follows that h;(T + td + r(t)) = 0 for all ¢ > 0 small enough and ¢ =1,2,...,p.
Proceeding in a similar way, now consider the indexes j € J;. By hypothesis, we have that

Vygj(x) € span{Vh;(z)}icr.

Since {Vh;(x)}icr is linearly independent, by Lemma (4.5.1), there is a C? function ; such that
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gj(x) = ¢; ({hi(z) }ier), for all  near 7. Thus, we obtain
©j ({hi(T)}ier) = g;(T) = 0.
In addition,
gi(@+td+r(t) = ¢;({h
e; ({h
= g9i(7) =

It follows that g;(T + td + r(t)) = 0 for all ¢ > 0 small enough with j € Jy, that is, for j € A(T)
such that Vg;(z)Td = 0.
Lastly, for j € {1,2,...,m} \ Jg, we obtain that

(T +td+r(t)) bier)
Z( )}zEI)

9;(T +td +r(t) = g;(T) + tVg;(®) " d + o(t) > 0,

for all ¢ > 0 small enough. Therefore, define £(t) := T + td 4+ r(t) and it follows that NLP-Ref-
McCormick holds at 7. O

Corollary 4.5.1. If {Vh;(Z)}!_, is linearly independent and, moreover, A1 holds at T, then NLP-
Ref-McCormick holds at T.

Corollary 4.5.2. If MFCQ + A1 holds at T, then NLP-Ref-McCormick also holds at T.

The results above explain another point of view on the relation between constant rank-type
conditions and NLP-Ref-McCormick. In addition, Corollary 4.5.2 showed the additional assumption
that can be required to MFCQ in order to have SSOC. Since in the Theorem 4.5.2 we considered
just the constant rank of {Vh;(z)}’_, in a neighborhood of a feasible point Z, we may consider
then other constant rank-type constraint qualifications weaker than MFCQ such that, when added
to the Assumption A1, guarantees the fulfillment of SSOC for (NLP). This leads us to the following
constraint qualification:

Definition 4.5.1. [AHSS12a] Consider the problem (NLP) and let T be a feasible point. We say
that the Relaxed Constant Positive Linear Dependence constraint qualification (RCPLD) holds at
T if fived a set B C {1,...,p} such that {Vh;(ZT)}icp is a basis for span{Vh;(T) | i =1,...,p}, the
following statements hold:

i) {Vhi(z)}_, has constant rank around z;

ii) for every J C A(T), if {Vhi(z),Vg;(T) | i€ B, j e J} is positive linearly dependent, then
{Vhi(z),Vyg;(x)|ie B, je€ J} is positive linearly dependent for all x around .

Notice that in the definition above, we have the requirement of the constant rank of {Vh;(z)}r_,

around Z. In [AHSS12b, Theorem 4.3] the authors showed that RCPLD implies CRSC and in
[AHSS12a| the authors showed that RCPLD is weaker than MFCQ and than RCRCQ), it means
that RCPLD does not imply WSOC. However, using Assumption Al and Theorem 4.5.2, give us
the following result:

Corollary 4.5.3. Consider the problem (NLP) and let T be a feasible point. If RCPLD and As-
sumption A1 hold at T, then NLP-Ref-McCormick holds.

In order to summarize the results present in this section, let us introduce the following constraint
qualifications for nonlinear programming problems.

Definition 4.5.2. Let T be a feasible point of (NLP). We say that:

i) the span-regularity CQ holds at T if {Vh;(T)}_, is linearly independent and Assumption Al
also holds at T;
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ii) the span-constant rank CQ holds T if there exists a neighborhood V' of T such that the rank
of {Vhi(y)}_, remains constant for ally € V and Assumption A1 also holds at T;

By construction, we have that span-regularity CQ implies span-constant rank CQ. And from
Theorem 4.5.2 both definitions implies Ref-McCormick. Thus, they are second-order constraint
qualifications. Moreover, these constraint qualifications have strong second-order properties, that
is, if T is a local minimizer such that span-constant rank CQ holds, then SSOC holds for any
Lagrange multiplier associated to . we will establish the relation among these CQ’s and LICQ.

Example 4.5.1. Consider the constraints g; : R" — R given by gj(z) :=x; forj=1,...,n—1
and the constraint h(x) = x,. It follows that the gradients of the constraints are {e;}I'_,, where
e; denotes the i-th canonical vector of R™. Thus, we get that LICQ holds and that Span-Regularity
fails at the point T = 0.

On the other hand, consider the constraints g;,h; : R* — R given by g;(z) = hi(x) := z; for
j=1,...,n at the feasible point T = 0. We have that the set {Vh;(T)}_, is linearly independent
and A1 is trivially satisfied, that is, Span-Regularity holds at T. Moreover, it is possible to see that
LICQ fails at .

The other constant rank-type constraint qualification that is well-known in nonlinear program-
ming problems is the so called CRSC that was introduced by Andreani et al. in [AHSS12b| and we
recalled in Section 2.2. The authors showed that this condition is implied by RCRCQ and MFCQ.
Due to the second fact, then we get that CRSC does not imply SSOC, even if it has good properties
inherited by RCRCQ. Thus, the natural question that arises is the following: is there any additional
assumption that can be added to CRSC in order to get SSOC and keep it weaker than RCRCQ?
The answer is yes and we will show it now. For such, let us consider two approaches.

The first one was presented by Andreani et al. in [AHMR23a] in a conic context (which en-
compasses the problem (NSOCP)), where the authors noticed that from CRSC some inequality
constraints have the behavior of equality constraints. Thus, it is not necessary to vanish all the
subsets of inequality constraints as it is required in RCRCQ), just the ones that are not in the sub-
space component, that is, in the set Jg; p defined in (2.15). We present here nonlinear programming
problem version.

Definition 4.5.3. (JAHMR23a, Definition 4.1]) Let T be a feasible point of (NLP). We say that
the Strong-CRSC condition holds at T if there is a neighborhood V of T such that for every subset
J C A(T) \ Jypp, the rank of {Vhi(z)}_; U{Vyg;(z)} U {Vyg;(x)}jes remains constant for
allz eV.

J€JINLP

By definition it is possible to notice that Strong-CRSC is weaker than RCRCQ and we will shot
that it implies NLP-Ref-McCormick later. In addition, notice that this condition takes into account
the sets A(Z) and Jy; p, but not consider the analyses of Jy(Z) defined in (4.32). It motivates the
following definition.

Definition 4.5.4. Let T be a feasible point of (NLP). We say that the constraint qualification 1
(CQ1) holds at T, if there exists a neighborhood V of T such that for every subset J C Jo(T), the
rank of {Vhi(z)},_, U{Vg;(z)}jcs remains constant for all z € V.

The difference between the definition above and RCRCQ is that we consider all the subsets of
Jo(T) instead of A(Z). We will show that CQ1 is indeed a constraint qualification later. Despite
this, the definition above does not take into account the good properties of the set Jy; p. In order
to summarize the discussion about CRSC and what we need to require additionally to CRCS in
order to obtain a second-order constraint qualification, consider the following definition.

Definition 4.5.5. Let T be a feasible point of (NLP). We say that the Constraint Qualification 2
(CQ2) holds at T if there is a neighborhood V' of T such that for every subset J C Jo(Z) \ Jypp, the

rank of {Vh;(z)}_; U {ng(x)}jejﬁw U{Vyg;(z)}jes remains constant for all x € V.
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This condition is weaker than Strong-CRSC and CQ1 (and, consequently, weaker than RCRCQ)
and it is independent of MFCQ. Now, let us prove that the conditions proposed imply NLP-Ref-
McCormick.

Theorem 4.5.3. Let T be a feasible point of (NLP). If CQ2 holds at T, then NLP-Ref-McCormick
also hods at T.

Proof. Take a direction d € Lq(Z) such that d # 0. Define J = J4(Z) \ Jyp Where J4(T) C Jo(7)
was defined in (4.31). Consider the function

hi(xz), i=1,...,p,
F(z) =4 gi(x), ifj€ Jgp (4.37)
gr(x), ifkeJ

By construction, we have that d € ker(DF (7)) and, by hypothesis, we have that DF(z) has
constant rank around Z. Thus, by Theorem 4.3.1 there exists a diffeomorphism ® : Vi — V5 of class
C? and an ¢ > 0 such that T + td € V5 and, moreover,

F(® Yz +td) = F(® (7)) = F(T) = 0.

It means that

hz( lx—l—td)) 1=1,...,p,
F(@ '@ +td) =1 g;(@7'(@+1td) =0, if j € Jyp,
g (7Y (T +td)) = if kel

For the remaining constraints, that is, j ¢ Jy;p U Ja(Z), we have that Vg;(Z)Td > 0. To finish
this proof, define £(t) := ®~1(Z + td) and then we get that NLP-Ref-McCormick holds at 7. O

To finish this section, next we present a figure that shows the relationship among the CQ’s

mentioned before.
LICQ

RCRCQ MFCQ-+A1
Strong-CRSC [CQl] [Span—Regularity] [RCPLDJrAl] (MFCQJ
1 - | |
@\ [Span—Constant Rank} &CPLD
/

NLP-Ref—McCormick}

£

F

T

CRSC |
\
Abadie

Figure 4.4: Relationship among the CQs mentioned for (NLP). CQ’s in blue box are related with SSOC;
CQ’s in green box do not have such property.



Chapter 5

Conclusion

The study of constraint qualifications is well-developed in nonlinear programming (NLP). In
particular, we highlight the constant rank-type constraint qualifications such as CRCQ [Jan84],
CPLD [QWO00], RCRCQ |MS11a|, RCPLD [AHSS12a] and CRSC [AHSS12b|. However, in the
nonlinear second-order cone programming (NSOCP) context the situation was different. Indeed,
the most well-known constraint qualifications for (NSOCP) are the nondegeneracy condition and
Robinson’s CQ, that are the generalization of LICQ and MFCQ for (NSOCP), respectively.

This difficulty in defining constant rank-type constraint qualifications in (NSOCP) may be
due the following facts: first, the conical structure of the second-order cone. Initially it does not
seems to be an issue, once we also have a cone defining the constraints in nonlinear programming,
namely, the non-negative orthant. But, the second-order cone structure is indeed harder to deal
when we compare to the non-negative orthant (or, maybe, the non-negative orthant has a well
behavior that makes our lives easier), and this difference appeared when we revisited classical
constraint qualifications for constrained optimization, such as Guignard’s CQ [Gui69] and Abadie’s
CQ [Aba65]. The second point that can be seen as a difficult in order to define constant rank-
type constraint qualifications for (NSOCP), may be the fact that only linearity is not enough to
guarantee the existence of Lagrange multiplier, as Andersen showed in [ART02|, which is not the
case when we analyze only linear constraints in the non-negative orthant. Actually, this field of
study is so important with good properties and algorithms that there is a line research to study
only linear programming problems (LP). Last, is that in (NLP) we have a powerful tool that is the
so-called Sequential Optimality Conditions. On the one hand, in the nonlinear programming context
the sequential optimality conditions was introduced in [AHM11] and it has several applications, for
both convergence of classes of algorithms and study of new constraint qualifications. See [BHR18|
and references therein. On the other hand, in the second-order cone programming context, the
sequential optimality conditions were developed in [AFHT19] that analyzed the structure given by
the eigenvectors of the second-order cone, which almost coincides with the first proposal of constant
rank-type constraint qualifications for (NSOCP) made in [ZZ19]. In addition, when we analyzed
the conditions proposed in [ZZ19], we noticed that it was incorrect. All of these facts leaded us in
the following timeline: the counter-example to [ZZ19] presented in [AFH"21]; the first approaches
that we presented in [AHM™22a] using the sequential optimality conditions; the consolidation of our
constant rank-type conditions presented in [AHM*22b| using the eigenstructure of the second-order
cone; and, finally, the cherry on the cake, the approach using a constant rank theorem that was
presented in [AHM 23|, that followed a similar vein of the original proposal of Janin for (NLP) in
[Jan84| and has a similar second-order properties that was presented by Andreani et al. in [AES10].

In order to overcome the difficulties listed above, the most natural idea was to bring the con-
straints of a second-order cone programming problem to our knowledge in constraint qualifications
in (NLP). The is the reason why our first approach [AHM22a] was called “naive”, because we could
not deal with all of the pure conic constraints in a proper way and then we dealt with such con-
straints using the requirements of Robinson’s CQ. By “pure conic constraints”, we mean constraints
that we could not apply a reduction mapping in order to get an inequality constraint. For the re-
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maining constraints, that is, the ones that we could apply a reduction mapping, we brought them to
a nonlinear programming context through a reduction mapping and then we applied the expertise
of constraint qualifications for (NLP) that was already developed, such as RCPLD and CRSC, for
example. However, in some cases, the naive CQ’s coincided with Robinson’s CQ justly our approach
was to use it when we could not reduce to a (NLP) context. In this approach we could prove that
Naive-RCPLD and Naive-CRSC are indeed constraint qualifications for (NSOCP), weaker than
Robinson’s CQ and we also provided that these conditions are enough to prove global convergence
to a KKT point for algorithms that generates AKKT sequences.

In [AHM"22b] the approach was more solid, in the sense that we did not avoid the pure conic
structure of the second-order cone. On the contrary, we explored the structure of the eigenvectors of
the second-order cone developed in [AGO03| following similar ideas to the ones that were developed
in [AHMR23Db] for nonlinear semidefinite programming (NSDP). With this tool at hand, we noticed
that we could establish weaker versions of nondegeneracy and Robinson’s CQ just avoiding vectors
in the second-order cone that somehow are not related to the eigenvectors of the constraints. With
these new CQ’s that we called by weak-nondegeneracy and weak-Robinson, we could then establish
proposals of CRCQ and CPLD, that were called weak-CRCQ and weak-CPLD, respectively, that
coincides with their counterpart in (NLP) and, in addition, are enough to show global convergence
of algorithms related to an external penalty method, using the results provided in [AFH*19]. In
this thesis, we presented an approach a little bit different of our paper but keeping the same essence
of the results and, in addition, we showed a way to build examples to establish relation among the
CQ’s proposed and the classical ones, that is, the nondegeneracy condition and Robinson’s CQ.

Later, in [AHM 23| we encompassed the pure conic structure of the problem and the attached
the constant rank historical approach, that is, to apply the constant rank theorem initially used by
Janin in [Jan84| to show that CRCQ implies Abadie’s CQ), as a natural generalization of an Implicit
Function Theorem, like as [IT74]. But, before we apply this approach, we needed before to build a
relation between the nondegeneracy condition and Abadie’s CQ in (NSOCP). In this middle time,
we faced some difficulties once the Abadie’s CQ that we were considering was incorrect, namely,
only the equality between the tangent cone and linearized cone (this condition was also presented
in [ZZ19]), which was probably caused by a bias of (NLP) researches and, in addition, due to the
fact that we do not have access to the physical publication of Abadie [Aba65|. Thus, revisiting
Guignard’s CQ [Gui69] we could rebuild Abadie’s CQ for (NSOCP). In order to understand this
issue, just in [BKMW20] we found the correct definition of Abadie’s CQ, almost at the same time
that we were developing our research. Finally, with all the tools and experience at hand, we could
introduce our definition of CRCQ for (NSOCP) using a constant rank theorem in a similar way
that Janin did and, moreover, with second-order optimality conditions as was made in [AES10].

Last, in this thesis we added a constraint qualification based on curves for (NSOCP), that is
weaker than CRCQ and stronger than Abadie’s CQ. This condition was inspired by a recent research
[FSS22] for (NLP). In our proposal, we showed not only that Ref-McCormick was a constraint
qualification, but we could also show that this condition also implies SSOC for (NSOCP) for any
Lagrange multiplier and, in addition, we showed that this result is related to the fact the the Hessian
of the Lagragian does not depend on the Lagrange multiplier when we vanish all the directions in
the critical cone. To the best of our knowledge, this is new even for (NLP) and it is the weakest
condition that ensures this result. Inspired by Ref-McCormick for (NLP) and this second-order
results, in the last section of this thesis we proposed new constraint qualifications in (NLP) based
on constant rank property, that implies NLP-Ref-McCormick and then inherit all the properties
mentioned before. Moreover, in the Appendix E of this thesis, contains a preprint showing the
difficulty of obtaining points that satisfies SSOC in (NLP) by a practical algorithm when do not
have hypothesis based on constant rank.
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5.1 Suggestion for future research

In Figure 4.3 we showed our contribution for the developing of the study of constant rank-type
constraint qualifications for (NSOCP). Since a new “bridge” was built using techniques such as
sequential optimality conditions and also the constant rank theorem, the most natural step are

i) to find the natural generalizations of the CQ’s that are already well established in (NLP) for
the (NSOCP) context;

ii) to get results related to the CQ’s proposed by us that are not proved yet, such as the study
of stability analysis;

iii) the computing of the derivative of the value function using CRCQ);

iv) convergence of algorithms under CRCQ.

In addition, another possibility is to study in a deeper way the constant rank theorem in [Mal72]
that was used by Janin. It is important to notice that the constant rank theorem was proved as
being an equivalence, as it has been being used just as an implication, in the sense of: if a family
of functions has constant rank, then some properties hold. However, the original theorem has the
structure of: a family of functions has constant rank if, and only if, some properties hold. It means
that there exists a family of functions that captures exactly the requirement in order to have
an implication to Abadie’s CQ but keeping second-order properties. For example, the difference
between CRCQ and RCRCQ relies on what set of constraints we require constant rank. While in
the CRCQ proposed by Janin we vanish all the subsets of the equality constraints, in RCRCQ we
just consider the subsets that contains all the equality constraints. In CRSC, it is required just
one set to have constant rank, but since it is weaker than MFCQ then we lost SSOC. Recently, in
[AHMR23a| the authors proposed a CQ between RCRCQ and CRSC that has such properties and
it can be a candidate of being the weakest constant rank-type CQ that ensures SSOC.
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We consider the (nonlinear) second-order cone programming problem

Minimize f(x),

st. gj(x) € Kin;, j=1,...,¢, (1)
where f: R" — Rand g;: R" — R™/, j =1, ..., £ are continuously differentiable and
the second-order cone K,, is defined as K, := {z := (z0,2) € R x R"™ ' | zg > |IZ|I} if
m > 1land K| := {z € R| z > 0}. Here || - | is the Euclidean norm.

Given a feasible point x*, we denote by lo(x*) = {j € {1,...,£4} | g;(x™) = 0}
the index set of constraints at the vertex of the corresponding second-order cone and by
Ig(x™) = {j e {l,....£} | [gi(xH)]o = llgj(x*)|| > O} the index set of constraints at
the non-zero boundary of the corresponding second-order cone. For j € Ig(x™) we define
¢;(x) = 3(Ig; (5 — lg; ) 1), with Ve (x) = J¢; ()7 Ry g (x), where Jg; (x)7 is the
n x m; transposed Jacobian of g; and Ry, is the m x m diagonal matriz with 1 at the first
position and —1 at the remaining positions.

In [11], the authors present an extension of the classical constant rank constraint qual-
ification (CRCQ, [9]) for the second-order cone programming problem (1). It reads as
follows:

Definition 1 The Constant Rank Constraint Qualification (CRCQ) as defined in [11] holds
at a feasible point x* of (1) if there exists a neighborhood V' of x* such that for any index
sets J1 C Ip(x*™) and J, C Ig(x™), the family of matrices whose rows are the union of
Jgj (x), j € Ji and the vector rows V¢; )T, Jj € J has the same rank for all x € V.

When j € Ip(x™), the conic constraint g;(x) € K ; can be locally replaced by the
nonlinear constraint ¢;(x) > 0, which is active at x* (see e.g. [7, Section 4] for more
details). Note also that for j € Ip(x*) such that K,, ; is one-dimensional, the constraint
gj(x) € Ky, 1s also a standard nonlinear constraint. Hence, the particularity of a second-
order cone lies on the fact that one may have a “multi-dimensionally active” constraint
gj(x*) = 0, which must be treated accordingly since these are tipically the constraints
that are hard to tackle. The first impression one has when reading Definition 1 is that there
is no special treatment for these active constraints. In particular, one would expect some
regularity to be assumed for each constraint g;(x) € K, ; when j € Ip(x™). To emphasize
this last point, let us consider problem (1) with a single second-order cone, that is, £ = 1,
with constraint g(x) € K,,,. Let x* be a feasible point such that g(x*) = 0. According to
Definition (1), CRCQ holds at x* when the set of vectors given by all rows of J,(x) has
constant rank, i.e., the full set of gradients {Vgo(x), ..., Vgu,—1(x)} has constant rank,
and no subset of these vectors is considered. However, it is well known that the classical
CRCQ for nonlinear programming requires that all subsets of active constraints possesses
the constant rank property.

Despite these considerations, the example given below shows that even a strengthen def-
inition of CRCQ, that takes all these subsets into account, is not a constraint qualification.
This thus invalidates all the results proved in [11]. Therein, the authors also propose a def-
inition for the relaxed-CRCQ (RCRCQ, [10]) and for the Constant Rank of the Subspace
Component (CRSC, [6]), which, being weaker than their definition of CRCQ, are not con-
straint qualifications either. In particular, the definition of RCRCQ is done in such a way
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that only the full set of all gradients in Iy(x*) is considered, while every subset J, C Ig(x™)
is considered (namely, J; is taken to be fixed and equal to /o(x*) in Definition 1). However,
it is easy to see that this is not a constraint qualification, since when one considers only
one-dimensional cones, and consequently (1) reduces to a nonlinear programming problem,
RCRCQ reads identical to the so-called Weak Constant Rank property from [1], which is
not a constraint qualification. Our counter-example is discussed in the sequel.

Consider the following problem of one-dimensional variable:

Minimize f(x) := —x,
s.t.  gx) € Ka, 2)

(80X . X
g(x)_(gl(X))'_ <x+x2>'

The unique feasible point is x* = 0, thus, it is a global solution. Since g(x*) = 0, the
Karush-Kuhn-Tucker conditions for this problem are given by the existence of u € K> such
that V £ (x*) — Jo(x*)T . = 0, that is

with

_I_MO_MIZO’ (3)

with © = (uo, ,ul)T € Kj, or, equivalently, pg > |@1|. Thus, (3) can not hold and the

14+ 2x
particular, Vgo(x) = 1 and Vg (x) = 1 4 2x for all x. Thus, all subsets of gradients

{Vgo()}, {Vg1(0)}, {Vgo(x), Vgi(x)}

have constant rank equal to 1 for all x near x*. This shows that the definition of CRCQ
from [11] is not a constraint qualification, as this property is characterized by the fact that
the Karush-Kuhn-Tucker conditions hold at any local minimizer.

We next briefly point out the possible mistake in the approach followed in [11]. It is
based on the proof of RCRCQ from [10], which is also similar to [1]. It is shown therein that
ZL(x*) € T (x*), for apropriate definitions of the linearized cone .Z (x*) and tangent cone
T (x*) for second-order cone programming, by means of applying an implicit function-type
theorem (Lyusternik’s theorem [8]). This theorem allows constructing a suitable tangent
curve and can be applied provided the constant rank assumption holds true. However, in
the nonlinear programming context, when constraint g;(x*) = 0 is analyzed, direction
d € £ (x*) must be orthogonal to the gradient Vg ;(x*) in order to ensure the existence of
a tangent curve to {x | g;(x) = 0} along the direction d. This seems to be ignored in [11].

Instead of applying the implicit function approach, constant rank constraint qualifications
may be defined using the approach of sequential optimality conditions [2]. See, for instance,
[4—6]. For this, one would need a proper extension of the so-called Carathéodory Lemma
(see, e.g., [5]), which permits rewriting a linear combination y := > ;" ; A;v; with 4; € R
and v; € R” for all i in the following way: y = ), Xiv; with I C {1,...,m}, {vilies
linearly independent, and A; with the same sign of A; for each i. In the case of second-
order cones, for which the vector of scalars («; ;."z | belongs to the second-order cone K,
one would want to rewrite the same vector y by only using a linearly independent subset of
{vi}iL, and such that the new scalars still belong to the cone. However, this is not possible
in general as the following examples show.

Karush-Kuhn-Tucker conditions fail. On the other hand J, (x) = ( ! ) for all x. In
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Example 1 Take y = Bovo + Bivi + Pava, with (Bo, B1, B2) = (V2,1,1) € Kj,

1 1 1 : . .
o=\ =g )=l ) There is no way of rewriting y using new scalars

(,30, ,31, ,éz) € K3 such that Bi =0forsomei =0,1, 2.

In the case of more than one block of constraints (¢ > 1), even assuming more regularity
for each block, a conic variant of Carathéodory’s Lemma seems not possible to obtain.

Example 2 Take y := Bovo+ B1vi +yowo+yiwy with (Bo, B1) := (1, 1) € K2, (o, 1) :=
(1, 1) € K3, and vectors

1 1 0
vy 1= 1 ,bvii=10},wg:={|1]},andw;:=] 0
—1 0 0 1

It is not possible to rewrite y with new scalars (,éo, ,BAI) € Kz, (0, 71) € K3 in such a
way that at least one component vanishes. Note that both {vg, v1} and {wg, w1} are linearly
independent sets, but the necessity of dealing with the product of two second-order cones
makes it impossible to fulfill the desired property.

We end this erratum with the following observation. Since it is well-known that lin-
ear second-order cone programs may possess duality gap, a definition of CRCQ could not
be automatically satisfied by linear problems at the vertex. In [3], a naive proposition of
CRCQ i1s presented where the “multi-dimensionally” active constraints are treated simi-
larly to Robinson’s CQ while the remaining constraints are treated similarly to CRCQ for
nonlinear programming.

Acknowledgements This work was supported by CEPID-CeMEAI (FAPESP 2013/07375-0), FAPESP
(grants 2018/24293-0, 2017/18308-2, and 2017/12187-9), CNPq (grants 301888/2017-5, 303427/2018-3,
and 404656/2018-8), Grant-in-Aid for scientific research (C)(19K11840) from Japan Society for the Promo-
tion of Science, and FONDECYT (grant 1201982) and Basal Program CMM-AFB 170001, both from ANID
(Chile).

Declarations

Conflict of Interests The authors declare that they have no conflict of interest.

References

1. Andreani, R., Echagiie, C.E., Schuverdt, M.L.: Constant-rank condition and second-order constraint
qualification. J. Optim. Theory Appl. 146(2), 255-266 (2010)

2. Andreani, R., Haeser, G., Martinez, J.M.: On sequential optimality conditions for smooth constrained
optimization. Optimization 60(5), 627-641 (2011)

3. Andreani, R., Haeser, G., Mito, L.M., Ramirez, H., Santos, D.O., Silveira, T.P.: Naive constant rank-type
constraint qualifications for multifold second-order cone programming and semidefinite programming.
Optimization online (2020)

4. Andreani, R., Haeser, G., Ramos, A., Silva, PJ.S.: A second-order sequential optimality condition
associated to the convergence of algorithms. IMA J. Numer. Anal. 37(4), 1902—-1929 (2017)

5. Andreani, R., Haeser, G., Schuverdt, M., Silva, P.: A relaxed constant positive linear dependence
constraint qualification and applications. Math. Program. 135(1-2), 255-273 (2012)

6. Andreani, R., Haeser, G., Schuverdt, M.L., Silva, P.J.S.: Two new weak constraint qualifications and
applications. STAM J. Optim. 22(3), 1109-1135 (2012)

@ Springer



Erratum to: New Constraint Qualifications and Optimality Conditions for Second Order Cone Programs 333

7. Bonnans, J.F., Ramirez, H.: Perturbation analysis of second-order cone programming problems. Math.

Program. 104(2), 205-227 (2005)

Ioffe, A.D., Tihomirov, V.M.: Theory of Extremal Problems. North-Holland, Amsterdam (1974)

9. Janin, R.: Direction derivate of the marginal function in nonlinear programming. Math. Program. Study

21, 110-126 (1984)

10. Minchenko, L., Stakhovski, S.: On relaxed constant rank regularity condition in mathematical program-
ming. Optimization 60(4), 429-440 (2011)

11. Zhang, Y., Zhang, L.: New constraint qualifications and optimality conditions for second order cone
programs. Set-Valued Var. Anal. 27, 693-712 (2019)

*®

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer



Appendix B

Article: Naive constant rank-type constraint qualifications for multifold second-order cone pro-
gramming and semidefinite programming. doi.org/10.1007/s11590-021-01737-w

69


https://doi.org/10.1007/s11590-021-01737-w

Optimization Letters (2022) 16:589-610
https://doi.org/10.1007/s11590-021-01737-w

ORIGINAL PAPER

®

Check for
updates

Naive constant rank-type constraint qualifications for
multifold second-order cone programming and
semidefinite programming

R. Andreani' - G. Haeser?(® - L. M. Mito? . H. Ramirez3 - D. O. Santos?* -
T. P. Silveira2

Received: 12 September 2020 / Accepted: 7 April 2021 / Published online: 13 April 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

The constant rank constraint qualification, introduced by Janin in 1984 for nonlinear
programming, has been extensively used for sensitivity analysis, global convergence
of first- and second-order algorithms, and for computing the directional derivative
of the value function. In this paper we discuss naive extensions of constant rank-
type constraint qualifications to second-order cone programming and semidefinite
programming, which are based on the Approximate-Karush—Kuhn-Tucker necessary
optimality condition and on the application of the reduction approach. Our definitions
are strictly weaker than Robinson’s constraint qualification, and an application to the
global convergence of an augmented Lagrangian algorithm is obtained.

Keywords Constraint qualifications - Optimality conditions - Second-order cone
programming - Semidefinite programming - Global convergence

1 Introduction

In this paper we investigate constraint qualifications (CQs) for second-order cone pro-
gramming and semidefinite programming. In particular, we are interested in constant
rank CQs as defined first in [15] and later extended in [7,8,19,21] in the context of
nonlinear programming. In particular, the definition in [15] gained some notoriety for
its ability to compute the directional derivative of the value function, a result known
to hold at the time only under Mangasarian-Fromovitz CQ [24]. Also, the definition
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from [15] includes naturally the case of linear constraints, which does not follow under
Mangasarian-Fromovitz CQ. The ability to handle redundant constraints (in particular,
linear ones) in the case of nonlinear programming is a powerful modeling tool that
frees the model builder from the apprehension of including them without preprocess-
ing. Actually, the effort of finding which constraints are redundant may be equivalent
to the effort of solving the problem.

For conic programming, it is well known that linearity of the constraints is not a
CQ [2,22] and this somehow stresses the difficulties in extending these ideas to the
conic context. In particular, a previous tentative extension to second-order cones [28]
has been shown to be incorrect [3].

In this paper, we make use of the reduction approach in order to propose new
constant rank-type CQs for second-order cone programming and semidefinite pro-
gramming that are strictly weaker than Robinson’s CQ. In our approach, we separate
the constraints into two sets: one consisting of the constraints that can be completely
characterized by standard equality and inequality nonlinear programming constraints,
and other with the irreducible conic constraints. For second-order cone programming,
the second block consists of constraints that are active at the vertex of a multi-
dimensional second-order cone, while for semidefinite programming these correspond
to semidefinite blocks where the zero eigenvalue is non-simple.

We consider our conditions to be naive extensions of the corresponding nonlinear
programming CQ in the sense that if the problem only has irreducible constraints then
all our conditions coincide with Robinson’s CQ; however we show some interesting
examples where our condition holds while Robinson’s CQ fails. Extending these ideas
to consider also the irreducible constraints is an ongoing topic of research.

Despite our inability of dealing with the irreducible conic constraints, the
Approximate-Karush—Kuhn—-Tucker (AKKT) [5] necessary optimality condition,
recently extended to second-order cones [4] and semidefinite programming [9], can
easily be used to handle the remaining constraints by means of the reduction approach.
This allows obtaining CQs analogous to those defined in [7,8,15,19,21]. Analogous
definitions of [15,19] are independent of Robinson’s CQ, while analogues of [7,8,21]
are strictly weaker than Robinson’s CQ.

Since several algorithms are expected to generate AKKT sequences (this is the case,
for instance, of the augmented Lagrangian algorithms of [4,9]), a relevant corollary
of our analysis is that all CQs introduced in this paper can be used for proving global
convergence of these algorithms to a KKT point.

This paper is organized as follows. In Sect. 2, we briefly introduce constant rank
CQs for nonlinear programming. In Sect. 3, we revisit constraint qualifications for
second-order cone programming. Section 4 is devoted to the AKKT approach, while
in Sect. 5 we introduce and explain our new CQs for second-order cones. In Sect. 6 we
extend these ideas to semidefinite programming. Finally, our conclusions are presented
in Sect. 7.

Notation: For a continuously differentiable function g: R” — R™, we denote
Jg(x) the m x n Jacobian matrix of g at x, for which the j-th row is given by the
transposed gradient Vg ; (x)T of the j-th component function g PR - R, j =
1, ..., m. Any finite-dimensional space R™ is equipped with its standard Euclidean
inner product (x, y) 1= xTy = Z’;?:l x;yj. Then, given a closed convex cone K C
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R™, we denote its polar by K° := {v € R | (v, y) <0, Vy € K}. Finally, we adopt
the following standard conventions on the empty set (J: the sum over an empty index
setis null (i.e., ) = 0) and ¥ is linearly independent (considered as the basis of the
trivial linear space {0}).

2 Constant rank-type CQ conditions in nonlinear programming

Consider the following nonlinear programming problem (NLP):

Minimize  f(x),
st. hi(x) =0, i=1,...,p,
gix) <0, j=1,...,q, (1)

where f, h;, g;: R" — R are continuously differentiable functions. We denote by
Ax*) = {j e {l,...,q} | gj(x™) = 0}, the set of indices of active inequality
constraints at a feasible point x*.

It is well known that at a local minimizer x*, it holds that —V f(x*) € .7 (x*)°,
where 7 (x*) denotes the (Bouligand) tangent cone to the feasible set at x* (see,
e.g., [20, Theorem 12.8]). However, since the tangent cone is a geometric object, this
necessary optimality condition is not always easy to manipulate. For this reason, one
considers the linearized cone, which is defined as follows:

L(x*) = {d eR" | Vhi(x") d=0,i=1,...,p; Vg;(x)Td <0, e A(x*)} .

Its polar may be computed via Farkas’ Lemma, obtaining:

L(x*° = {v eR"

p
v=Y MVhiG)+ Y pjVei(x*), =0, € A" .
i=1 JEA(x*)

Hence, when .7 (x*)° = Z(x*)°, this geometric optimality condition takes the form
of the usual, much more tractable, Karush—Kuhn-Tucker conditions. Vectors (A;, ;)
above are called Lagrange multipliers associated with x*, and the set of all these
vectors is denoted by A(x*) in this manuscript.

A constraint qualification (CQ) is a condition that ensures the equality .7 (x*)° =
Z(x*)°. One of the most used CQ in the NLP literature is the well-known Linear
Independence Constraint Qualification (LICQ), which states the linear independence
of the set of gradients {Vh; (x*)}f’zl U {Vg;(x™)}jean) . LICQ ensures not only the
existence, but also the uniqueness of the Lagrange multiplier (see, e.g., [20, Section
12.3]). Several weaker CQs have been defined for NLP. In this paper, we are interested
in constant rank-type ones as first introduced by Janin in [15]. Recall that in the NLP
setting, we say that the Constant Rank Constraint Qualification (CRCQ) holds at a
feasible point x* if there exists a neighborhood V of x*, such that for every subsets
I C{l,...,p}and J C A(x™), the rank of {Vh;(x), Vg;(x);i € I, j € J} remains
constant for all x € V. CRCQ is clearly weaker than LICQ.
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Note that requiring only constant rank of the full set of gradients {Vh; (x)}f.p=1 U
{Vgj(x)}jean) (which is known as the Weak Constant Rank (WCR) property) is
not a CQ, as shown in [10]. The necessity of considering every subset of this set
of gradients may be seen from the definition of the linearized cone. Indeed, given
d € Z(x*), the relevant index set of inequality constraints gradients is given by
J=Js =1{j € Ax™) | Vgj (x*)Td = 0}, which cannot be chosen in advance
if one only considers the point x*. However, this suggests that there is no need to
consider subsets of indices for the equality constraints, that is, it is enough to fix
I ={1,..., p}. This condition, called Relaxed-CRCQ (RCRCQ), has been shown to
be a CQ in [18]. This condition reads as follows: RCRCQ holds at a feasible point x*
if there exists a neighborhood V of x*, such that for every subset J € A(x*), the rank
of {Vh;(x),Vg;(x);i € {1,..., p}, j € J} remains constant for all x € V.

These conditions can be seen as constant linear dependence conditions and thus
it is natural to weaken these definitions by considering only constant positive linear
dependence, providing conditions CPLD [21] and its relaxed variant RCPLD [7],
both strictly weaker than Mangasarian-Formovitz CQ. This will be the most natural
formulation for the CQs we propose in this paper. We refer the reader to [7].

It turns out that the idea behind the construction of RCRCQ can be also extended
to inequality constraints, providing an even weaker CQ. One seeks at characteriz-
ing a single index set J which is relevant of having the constant rank property. This
set consists of the indices of gradients defining the subspace component of .’ (x*)°,
which is given by its lineality space. More precisely, the lineality space of .2 (x*)°,
defined as the largest linear space contained in £ (x*)°, is in this case given by
Z(x*)°N—=2L(x*)°. So, a gradient Vg ;(x*) belongs to £ (x*)° N —Z(x*)° if, and
only if, =Vg;(x*) € Z(x*)°. Thus, for J = J_(x*) :={j € A(x*) | =Vg;(x*) €
Z(x*)°}, we say that the Constant Rank of the Subspace Component (CRSC) CQ
holds at a feasible point x* if there exists a neighborhood V' of x*, such that the rank
of {Vh;(x),Vgj(x);i € {1,..., p}, j € J_(x¥)} remains constant for all x € V. It
was proved in [8] that CRSC is sufficient for the existence of Lagrange multipliers at
a local minimizer, and this is the weakest of the CQs we have discussed.

CQ conditions discussed above in the NLP context have multiple applications. For
instance, RCRCQ was used to compute the directional derivative of the value function
in [19], as well as to prove the convergence of a second-order augmented Lagrangian
algorithm to second-order stationary points in [6]. RCPLD and CRSC were shown to
be sufficient for proving first-order global convergence of several algorithms while also
implying the validity of an error bound property (cf. [8]). Noteworthy, under CRSC,
all inequality constraints in the set J_(x*) behave locally as equality constraints, in
the sense that they are active at any feasible point in a neighborhood of x*. Therefore,
we strongly believe that the extension of these notions to a conic framework may have
a major impact in stability and algorithmic theory for conic programming.
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3 Constraint qualifications conditions in second-order cone
programming

Let us consider the second-order cone programming (SOCP) problem as follows:

Minimize f(x),
S.t. hi(x):(), i:l’._.’p’
gj(x)Eij’jzl’--"Za (2)

where the functions are continuously differentiable and the second-order cones are
denoted by Ky, := {(20,2) € RxR™ = | z9 > IZIl} whenm; > 1,and Ky,; := Ry
(non-negative reals) otherwise.

We say that the Karush—Kuhn—Tucker (KKT) conditions hold for problem (2) at a

feasible point x™* if there exists A € R?, nj € ij, j=1,...,¢, such that
Y4
VaL () = V) + Iy A=Y T, 0y =0, 3)
j=1
(nj,g;j(x") =0, j=1,...,¢ 4)

Here, L(x, A, ) := f(x)+ (A, h(x)) — Z§:1 (mj, gj(x)) is the standard Lagrangian
function for problem (2), and V, L(x, A, n) denotes the gradient of L at (x, A, i) with
respect to x. As usual, the set of all Lagrange multipliers (A, ) associated with the
feasible point x*, such that (3)—(4) are fulfilled, is denoted by A(x™).

As in NLP, one needs to assume a suitable CQ in order to ensure the existence of
Lagrange multipliers associated with a local minimizer. In what follows, we recall the
elements needed to define these CQs in the SOCP context.

The topological interior of K mjs denoted by int(K m; ), and the non-zero boundary,
denoted by bd " (K m, ), are respectively defined by

int(Km ) := {(z0.2) € R x R" ™" | z9 > ||z},

bd* (Km)) :={(z0.2) e Rx R™ ™" | 79 = ||Z]| > 0}.
Thus, given a feasible point x*, we introduce the index sets:

T ) = (j € {1,.... 0} | g;(x*) € int(Kn )},
Ipa) = {j € (1.0} | g (%) € bd* (K},
Ior*) = {j € {1,.... 0} | g;(x*) = 0).

Moreover, the complementarity condition (4) can be equivalently written as

wiogi(xH =0, j=1,...,¢ (5)
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where the operation o is defined for any couple of vectors y := (yq, y) and s := (59, ),
with the same dimension, as follows:

(v, s) )
S = _ 1.
e (yos + S0y

For more details about this operation, its algebraic properties and its relation with
Jordan algebras, see [1, Section 4] and references therein.

From (5), it is easy to check that complementarity condition is equivalently written
in terms of the above-mentioned index sets as follows:

pwj =0if j € I (x*), pj=ajRy,g;j("), forsomea; >0, if j € Ip(x"),

(6)

and no condition on ; can be inferred when j € Io(x*). Here, R, is an m x m
diagonal matrix whose first entry is 1 and the remaining ones are —1. Consequently,
KKT conditions at x* can be characterized as the existence of A € R?, u j € K I
Jj€lp(x*),andx; > 0, j € Ig(x*), such that

VIO + 6N = Y T = Y @iV =0, (7)

J€lo(x*) JElp(x*)

where
1 _
Pj(x) = 5([gj(X)](2) — IIgj(X)IIZ) forall j € Ip(x™).

Indeed, it is straightforward to check that V¢ ; (x) = J, i (x)T Ry ;g j(x) and multipliers
w; forall j ¢ Io(x™) are recovered from (6).

The use of mappings ¢; is a consequence of applying the reduction approach to
problem (2). Actually, condition (7) is simply KKT conditions at point x* for a locally
equivalent version of problem (2) for which constraints g;(x) € K, are replaced
by ¢;(x) > 0 when j € Ip(x*), and are omitted when j € I;,;(x*). For the sake of
completeness, this reduced equivalent problem is explicitly stated here below:

Minimize fx),
st. hix)=0, i=1,...,p,
gj(x) € K, j € Io(x"),
¢j(x) >0, jelpkx"). €))

Despite its apparent simplicity in the SOCP setting, the reduction approach is a
key tool in conic programming. It permits obtaining first- and second-order optimality
conditions, to simplify some well-known CQs, among other crucial properties. See
[13, Section 3.4.4] and [12, Section 4] for more details. Throughout this article we
will use KKT condition (7) and problem (8) to adapt CQ conditions from NLP to the
SOCP setting (2).
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One of the most used (and strong) conditions to guarantee the existence of a
Lagrange multiplier at a local minimizer x* is the nondegeneracy condition. Thanks
to the reduction approach (cf. [13, Equation 4.172]), this condition can be equivalently
defined as follows:

Definition 1 Let x* be a feasible point of (2). Consider all the row vectors of the
matrices Jy, (x*) and Jg; (x¥), j € Ip(x™) together with the row vectors V¢ @HT, je
Ip(x*). We say that nondegeneracy holds at x* when these vectors are linearly inde-
pendent.

The nondegeneracy condition implies the existence and uniqueness of a Lagrange
multiplier at a local minimizer x*, and the reciprocal is true provided that (x*, A, u)
(with (A, ) € A(x™)) is strictly complementary, thatis, g; (x*) + u; € int(K, ;) for
all j = 1,...,¢;see [13, Proposition 4.75]. Thus, nondegeneracy is the analogue of
LICQ from nonlinear programming. Note that there are other definitions of nonde-
generacy e.g. [1, Definition 18] and [12, Definition 16]. However, all these definitions
coincide in the case of SOCP problem (2). We address the reader to [12, Section 4]
for more details about nondegeneracy in the context of SOCP.

As LICQ in NLP, nondegeneracy condition is often considered too strong. For this
reason, one typically assumes a weaker condition, called Robinson’s CQ, which was
originally defined in [23] for a general conic setting. In our SOCP setting, we can use
characterizations given in [13, Proposition 2.97, Corollary 2.98 and Lemma 2.99] to
obtain the following equivalent definition:

Definition 2 Let x* be a feasible point of (2). We say that Robinson’s CQ holds at x* if

14

DA+ Y Ty @) g =0and A € R™, jrj € Ky (1. 8,6 =0,/ = 1. o)
j=1

= A=0andpu; =0, j=1,...,¢

As in NLP, when x* is assumed to be a local solution of (2), Robinson’s CQ (9)
is equivalent to saying that the set of Lagrange multipliers A(x*) is nonempty and
compact (cf. [13, Props. 3.9 and 3.17]). In this sense, condition (9) can be seen as an
extension of Mangasarian-Fromovitz CQ in NLP to the SOCP setting (2), written in
a dual form.

Thanks to (6), condition (9) can be rewritten as follows:

T+ Y T i+ Y Vi) =0,

jelo(r*) jelp(x) (10)
LeR™ wj€Kn;,jel(x); aj >0, j e lp(x™)
= A=0,u;=0,j € lo(x*); a; =0, j € Ip(x").

As we will see in the forthcoming sections, condition (10) best fits our analysis.
Note that (10) can be interpreted as a conic linear independence of the (transposed)
Jacobians and gradients involved in its definition. Indeed, given some finite number
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of convex and closed cones C; and denoting by [ | iCj the cartesian product of these
sets, we say that a correspondent set of matrices V; of appropriate dimensions is
[1; Cj-linearly independent if

Zvjsj =0and —s; eC;-’forallj = s; =0forall j.
J

Then, (10) coincides with the {0,} x [] jelp(e) K % RL{B O Jinear independence
of matrices: J; (x*)7, Jg, (x*)T with j € In(x*), and Vo;(x*) with j € Ig(x*). Here,
0, denotes the null vector in R”. Moreover, when C; = R, for all j in the definition
above (and consequently, each matrix V; is simply a column vector), [] ; Cj-linear
independence coincides with the well-known positive linear independence. Then,
condition (10) reminds the characterization of Mangasarian-Fromovitz CQ condi-
tion given by the positive linear independence of the gradients of active constraints
(after replacing each equality constraint 4;(x) = 0 by two inequalities 4;(x) > 0
and h;(x) < 0). It is also interesting to note that {0,} x [] =1, K, -linear inde-
pendence of matrices Jj, (x*)T and Jg (x*)T with Jj = 1,...,¢, 1s strictly stronger
than Robinson’s CQ (9). This again shows how useful is the reduction approach for
our analysis. Given the analyzed above, when Robinson’s CQ fails, we say that the
corresponding matrices in (10) are conic linearly dependent.

4 The Approximate-KKT approach

For the nonlinear programming problem (1), the following Approximate-KKT (AKKT)
necessary optimality condition [5] is well known:

Theorem 1 Let x* be a local minimizer of (1). Then, there exist sequences (xK} c R",
Ay c RP, (kY Ri such that x* — x* and

p
VI + Y MV + Y uhvgih) —o. (11)
i=1 jeA(x*)

We define M’J‘ — 0 (or, equivalently, ;L’J‘. = 0) for j ¢ A(x*). Note that this
does not require any constraint qualification at all and the sequence of approximate
Lagrange multipliers {(A¥, ¥)} may be unbounded. If the sequence has a bounded
subsequence, one may take a convergent subsequence such that the KKT conditions
hold. In the unbounded case, one may define Mk = max{|kf?|, i=1,...,p; u’;, j €

A(x*)} — 400 and divide the expression in (11) by M¥. Thus, one may take an
appropriate subsequence such that

)\k

k
Z 5 1eR’ and ﬁ—w->0jeA(x*)
Mk Mk I= ’
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obtaining the existence of scalars A;,i = 1,..., p;u; >0, j € A(x™), not all equal
to zero, satisfying

p
D VR + Y Ve =0.

i=1 JeA(R™)

That is, the gradients of equality constraints and active inequality constraints are
positive linearly dependent. This provides a simple proof for the existence of Lagrange
multipliers under the Mangasarian-Fromovitz CQ (MFCQ). A very similar argument
shows that the set of Lagrange multipliers at x* is bounded if, and only if, MFCQ
holds.

In order to go beyond MFCQ in nonlinear programming, one relies on the well-
known Carathéodory’s Lemma, as stated in [7]:

Lemma1 Letvy, ..., vy € R" be such that {v,-}f.D:1 are linearly independent. Con-
sider scalars B;,i = 1,..., p + q, and denote y := Zf:lq Biv;. Then, there exist
J C{p+1,..., p—l—q}andscalars;@,-, ief{l,..., pyUJ,suchthat{v;}ieq,... pyus are
linearly independent, B; > Oimplies Bi > 0, foralli € J,andy = Zie{l _____ PIUJ ,éi v;.
Thus, in order to prove that CRCQ (and its weaker variants) is a CQ for the nonlinear
programming problem (1), we apply Carathéodory’s Lemma to (11). This yields

VI + ) R VhG + ) @5Ve (") — 0,

ielk jeJk

with I € {1,..., p}, JK € A(x™), ,1’; > 0, j € J*, and such that the vectors of the

set {Vh,-(xk)}ielk U{Vg, (xk)}jejk are linearly independent for all k. Here, by the
infinite pigeonhole principle and passing to a subsequence if necessary, index subsets
I* and J* can be taken as fixed and not depending on k. Then, the AKKT approach
described above is similarly followed. It is worth to emphasize here that the application
of Carathéodory’s Lemma preserves the sign of the candidate to multipliers, that is,
,&’]‘. has the same sign than M’]‘.. This is a crucial step which is not clearly extended to

the conic case (see [3]). Note that if {Vh; (xk )}f _ 1s linearly independent for all k, we
may take Iy = {1, ..., p}, which will be relevant in our analysis.

In the sequel, we will use the extension of the AKKT necessary optimality condition
for second-order cone programming (2), as presented in [4]:

Theorem 2 Let x™* be a local minimizer of (2). Then, there exist sequences (xk} c R",

() CR2 {uf) C Ky o€ To(x®), {a’]‘-} C Ry, j € Ig(x*) such that x* — x*
and

VI + G = Y g DTk = YT dhvef) - 0. (12)
jelo(x®) jelp(x)
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5 A proposal of constraint qualifications for second-order cones

Following the previous discussion, we present a “naive” formulation of constant rank
constraint qualifications for the second-order cone programming problem (2).

Definition 3 Let x* be a feasible point of problem (2) and I/ C {1,..., p} be such
that {Vh; (x™)};es is a basis of the linear space generated by vectors {Vhi(x*)}le.
We say that the Relaxed Constant Positive Linear Dependence (RCPLD) condition
holds at x* when, for all J C Ip(x*), there exists a neighborhood V' of x* such that:

— {Vh; (x)}f’:1 has constant rank for all x in V;
— if the system

ZAthi(x*) - Z Jg, ;i + Z%’Vfﬁj(?f*) =0,
iel jelg(x*) jedJ
rieRiel; pjeKn,,jelhx™); aj=0,jel,

has a not all zero solution (A;)ier, () jery(x*), (@))jerpx*), then vectors
{Vhi(x)}ier U{V@;(x)}jes are linearly dependent for all x in V.

Note that Robinson’s CQ implies RCPLD since it states the conic linear indepen-
dence of the corresponding sets (and thus, for all its subsets) while RCPLD allows
its conic linear dependence, as long as the linearly dependence is maintained for a
reduced subset in a neighborhood.

The definition above takes into account our inability to relax Robinson’s CQ for
cones Ky, ; with j € Io(x™), as the linear dependence for x near x* is required only
for equalities and for constraints at the boundary. Indeed, note that in the case when
Ip(x*) = ¢ and no equalities are considered (i.e., p = 0), RCPLD coincides with
Robinson’s CQ (9). This is an immediate consequence of the adopted convention
that states that the empty set is always a linear independent set. On the other hand,
we are aware that Definition 3 is unnecessarily strong when m; = 1 for an index
J € Ip(x™). Indeed, in such case, the associated inequality g;(x) € Ky, ; corresponds
to an inequality constraint of the form g (x) > 0, whichis active at x*. Hence, RCPLD
definition can be slightly modified to take this situation into account as follows: define
A(x*) :={j € Ip(x™) | m; = 1}, and remove those indices from /o(x*), that s, define
Io(x*) := Io(x*)\A(x*). Indices in A(x*) can thus be treated similarly to those in
Ig(x*). So, by defining ¢ (x) := g;(x) when j € A(x*), aslightly weaker version of
RCPLD can be obtained by replacing Ip(x*) by Io(x*) and Ig(x*) by Ig(x*)U A(x™)
in Definition 3. Since this modification has no consequence in the proof of Theorem 3,
we do not include it in its statement.

The point raised in the last paragraph explains why Definition 3 is considered a
“naive” extension of a constant rank-type condition. Before proving that RCPLD is a
CQ for problem (2), we make further observations related to this point.
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Remark 1 (a) When we choose J = J in Definition 3, we necessarily obtain that there
is no non-zero solution (A;, i), withi € I and j € Ip(x*), to the system:

D oriVhi) 4+ Y Ty 6Ny =0 and A eRiel; pj € Kpj.j e Ip(x®).
iel jelp(x*)

This is equivalent to saying that Robinson’s CQ holds at x* for the constrained set

={x|hkx)=0,i€el, gjx) € K, J € Ip(x™)}. So, RCPLD ensures that
Robinson’s CQ is fulfilled at x* for the active set Ij. Actually, by using the slight
modification discussed above, we can exclude standard nonlinear constraints from
Io(x*), and conclude that it only implies the weaker condition: Robinson’s CQ holds
at x* for the constrained set [y := {x | hj(x) = 0,i € I, 8j(x) € Kn;, j €
lo(x*), mj; > 1}.

(b) Consider the case when problem (2) reduces to NLP (1), that is, io x* =0
and Ip(x*) = #. Then, RCPLD in Definition 3 reduces to the respective definition
for nonlinear programming [7]. In particular, by enlarging the system to include «; €
R, j € J, instead of only considering o; > 0, j € J, the definition reduces to an
equivalent characterization (see [7]) of RCRCQ: {Vh; (x)}f _; has constant rank for x
around x* and for all J € A(x*), if the set {Vh; (x*)}ic; U {Ve;(x*)} ey is linearly
dependent, then {Vh;(x)}ic; U {V@;(x)}jcs must remain linearly dependent for all
x in a neighborhood of x* (here, the set / is fixed as in Definition 3). The latter
also explains why RCPLD, given in Definition 3, is considered a constant rank-type
condition for problem (2).

(c) Differently from the definition of nondegeneracy and Robinson’s CQ, the choice
of the reduction function ¢(-) gives rise to different constant rank conditions. For
instance, one could formulate a similar, but different, condition by considering the
alternative reduction function (5 i(x) =1[g;j(x)]o — ||M|| for j € Ip(x*). Thisis a
well-known fact for nonlinear programming, which establishes that when a constraint
set satisfies CRCQ, it can be rewritten in such a way that it fulfills Robinson’s CQ
[16]. See also [17] where the result is proved under a weaker CQ.

Theorem 3 Let x* be afeasible point of problem (2) satisfying the AKKT condition (12)
and RCPLD. Then, the KKT conditions hold at x*. In particular, RCPLD is a constraint
qualification.

Proof AKKT condition (12) ensures the existence of sequences {x¥} ¢ R”, {x¥} ¢
R?, {MI;} CKn,,J€ Io(x™), {af} C Ry, j € Ig(x*), such that x* — x* and

)4
VA +D Vhi = YT T 6N b = Y ket — 0.

i=1 jelo(x®) jelp(r®)

By the constant rank assumption on the equality constraints, and the definition of 7, we
may rewrite Zp )J‘Vh (xF) = Yoicl Xth (x¥) for new scalars )NJ‘ € R,i € I,such
that vectors {Vh; (x )}ier are linearly 1ndependent Applymg Caratheodory s Lemma,
for each k, we get J¥ C Ig(x*) and new scalars A eR,iel, ozk >0, € J*, such
that
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VIS + D M VARG = Y Ty YT = ) dve; 0 — 0, a3)

iel jelp(x*) jedk

and vectors {Vh; (x¥)}je; U {Vo ) (x*)} jeJgk are linearly independent. By the infinite
pigeonhole principle, without loss of generality we can consider subsequences, which
are renamed as the original ones, for which sets J k are the same for all k. This set is
denoted by J.

Define M* := max{|A¥|,i € I [|u¥|, i € Io(x*); &;, j € J}. If (M} is bounded,
any accumulation point of {)A»f.‘, iel; ,ui.‘, i €lp(x*); a j» J € J} (after replacing by 0
the values for indices that are neither in 7, nor in J) satisfies (7). Hence, x* is a KKT
point of (2). Otherwise, we may take a subsequence such that M¥ — 400, and divide
the expression in (13) by M*, considering convergent subsequences such that

k k

: w'
l : . J . . *y.
_WekieR,lel, W—)u]eij,]elo(x),

and obtaining

D VR + D TN i+ Y Ve, () = 0.

iel jelp(x*) jedJ

Then, since vectors {Vh; (xK)}ic; U {Vo j (x)} jey are linearly independent, this con-
tradicts the definition of RCPLD. O

Exact definition of RCPLD in nonlinear programming can be consulted in [7]. The
definition of CRCQ [15], RCRCQ [19], and CPLD [21] may be analogously extended.
They are omitted. We only introduce the extension of CRSC [8] for this SOCP setting,
since its definition is more involving and differs from its nonlinear programming
counterpart. For the sake of completeness, the definition of CRSC considers sets Io(x*)
and A (x™). To prove that CRSC is a CQ is enough to follow the proof of Theorem 3,
so it is omitted.

Definition 4 Let x* be a feasible point of (2) and J_(x*) C Ig(x™) U A(x™) be
defined as

J_(x*) = {jo e Ig(x*) U A(x*)

P
=V () =) MVhGH Y @V,
i=1

JEIp(x*)UAx*)

forsome A; € R, a; > O}.

Set Jy(x*) := Ip(x*) U A(x™)\J-(x*). We also define I C {1,...,p}and J C
J_(x*)suchthat {Vh;(x*)}ic; U{V@;(x*)} ey is abasis of the linear space generated
by {Vh; (x*)}f?:1 U{Ve;(x")}jes_x+). We say that the Constant Rank of the Subspace
Component (CRSC) condition holds at x* when there exists a neighborhood V of x*
such that:
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- {Vhi(x)}f;l U{V@;(x)}jes_x*) has constant rank for all x in V;
— the system

D OVhiG+ Y T 0+ Y Veirhe,; =0,

iel jei()(x*) jeJUJ 4 (x*)

heR €l pjeKn,jelhx"; ajeR, jel; a;>0,je€ ("),

has only the trivial solution.

Note that when Io(x*) = @, the second requirement in the definition of CRSC
always holds [8].

As said above, both definitions, RCPLD and CRSC, are “naive” in the sense that
they do not improve on Robinson’s CQ regarding multi-dimensional cones at zero.
That is, when all constraint indices belong to fo (x™), both definitions coincide with
Robinson’s CQ (9). However, the example below shows that RCPLD and CRSC are
strictly weaker than Robinson’s CQ:

Example 1 Consider the constraint set defined by

g(x) = (go(x), g1(x)) := (x,x) € K,

where x is one-dimensional. Clearly, x* = 1 is feasible and the single constraint is in
the boundary, i.e. Ig(x™*) is the only nonempty index set. Reduced constraint is such
that ¢ (x) := 3(go(x)? — g1(x)%) = 0 for all x. Then, it follows that V¢ (x*) = 0
and consequently, Robinson’s CQ fails. However, V¢ (x) = 0 for all x, which implies
that RCPLD holds. CRSC also holds by noting that the reduced constraint belongs
to the index set J_(x*), whose gradient has constant rank, and Io(x*) = @, which is
sufficient for ensuring the second condition. Indeed, J = ¢ is a basis for the linear
space generated by the constraint gradient in J_(x*) and the result follows by the
linear independence of the empty set.

6 Extension to semidefinite programming

Consider the semidefinite programming (SDP) problem with multiple constraints:

Minimize f(x),
st. h(x) =0,
gix)eSy, j=1,....¢ (14)
where f : R" — R, h: R" — R”, and g; : R" — §"/ are continuously differen-
tiable functions, S"/ is the linear space of m ; x m ; real symmetric matrices equipped

with the inner product A - B := trace(AB), where trace(A B) denotes the sum of the
elements of the diagonal of A B for all matrices A, B € S™/, and

ST = (M e S" | "Mz > 0,Vz € R}
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is the closed convex cone of all positive semidefinite elements of 5™/, for all j =
1,..., €. We denote by < the partial order relation induced by Sﬁj ,thatis, A <; B

if,andonly if, B— A € S’j:j . For the sake of notation, the index j is omitted throughout
the paper and this relation order is simply denoted by <. The order relations >, >,
and < are similarly defined.

We end this subsection by recalling the Karush—Kuhn—Tucker conditions in the
SDP framework. We say that KKT conditions hold at a feasible point x* of problem

(14) when there exist Lagrange multipliers A € R? and u; € "/, j =1, ..., £ such
that
¢
VS + I = Y T () e, (15a)
j=1
gi(x*) - u;j=0, j=1,...,¢ (15b)
with

Jo, )z = (01g;(x) - z,..., 0gj(x) - )T, VzeS™,

where 0;g;(x*) is the partial derivative of g; with respect to the variable x;, at x*,
foreachi =1,..., n. In fact, Jg, (x*)T is the adjoint of the linear mapping Jg; (x¥),
defined by

n
Jo;(x*)d ==Y " did;g;(x*),
i=1

foralld = (dy, ...,d,)T eR", j=1,..., L

6.1 Revisiting constraint qualifications for multifold SDP

Constraint qualification conditions recalled in Sect. 3 for SOCP have been also well
established for SDP problem (14). In this section, we start by quickly recalling Robin-
son’s CQ, before proceeding with the study of nondegeneracy condition, which needs
more attention for our purposes.

As in the SOCP setting, Robinson’s CQ [23] can be equivalently characterized via
the properties established in [13, Proposition 2.97, Corollary 2.98 and Lemma 2.99]
in its dual form:

Definition 5 We say that Robinson’s CQ holds at a feasible point x* of problem (14)
when

14
I 0+ Y T 06y =0,

o L = u;=0,Vj=1,....6. (16)
gi(x*)-puj=0,Vj=1...,¢,

pwieSY, Vi=1,...,¢,
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As in SOCP, Robinson’s CQ is considered as the natural extension of Mangasarian-
Fromovitz CQ from NLP to the SDP setting. Actually, when x* is assumed to be a local
solution of (2), Robinson’s CQ (16) is equivalent to saying that the set of Lagrange
multipliers A(x*) is nonempty and compact (cf. [13, Props. 3.9 and 3.17]).

Let us now recall nondegeneracy condition in the SDP context. The notion of
nondegeneracy (called transversality therein) was introduced by Shapiro and Fan in
[26, Section 2] by means of tangent spaces in the context of eigenvalue optimization.
An equivalent form is proven in [13, Equation (4.172)] for reducible cones. This is
adopted as a formal definition in our multifold SDP setting:

Definition 6 We say that a feasible point x* of problem (14) is nondegenerate when
the following relation is satisfied

l J4
Im o7 (x*) + {0} x ]_[ lin(Tgn; (g (x*))) = R” x ]_[ S, (17)
=1 " j=1

where

A7) = (Jgj(x*); j= 1,...,13)

is a linear mapping from R” to R” x 1_[5‘:1 N

As it happens in SOCP, the nondegeneracy condition is considered to be a natural
analogue of LICQ from NLP to SDP. Actually, nondegeneracy condition (17) implies
the existence and uniqueness of a Lagrange multiplier at a local minimizer x*, and
the reciprocal is true provided that (x*, A, u) (with (A, u) € A(x™)) is strictly com-
plementary, that is, g ; (x*) + wj > Oforall j =1,...,¢;see[13, Proposition 4.75].
However, this analogy only makes sense when matrix blocks g;(x*) are chosen in a
“minimal” way, in the sense of avoiding zeros in the off diagonal entries. In particular,
an NLP problem with ¢ inequality constraints should be modeled as an instance of
(14) withm = ... = my = 1. Only in that case, nondegeneracy coincides LICQ. To
stress the point above, we recall here below some results from [11, Section 5].

Consider the NLP problem of minimizing f (x) under two constraints: g1(x) > 0
and gr(x) > 0, where f, g1, and g> are smooth real-valued functions. Let x* be
a local mimimun for which g;(x*) = gx(x*) = 0 and LICQ holds (i.e., vectors
Vgi1(x*) and Vgo(x*) are linearly independent). Denote by iy and fip the unique
associated Lagrange multipliers, and assume that strict complementarity holds: u; > 0
fori = 1, 2. If this NLP problem is written as the following SDP problem

Minimize f(x),
.. [gl(()x) gz((’x)] es2, (18)

then nondegeneracy condition (17) never holds. Indeed, the Lagrange multiplier asso-
ciated with x* for the reformulated problem (18) is never unique. It is enough to note
that the matrix
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_ | O
“"[0 ﬁz}

is an associated Lagrange multiplier as well as

_ 0 1
u+t<1 0>,

for any t € R such that 1> < ji; i2. Of course, this apparent inconsistency occurs not
only for diagonal matrices but also for any SDP problem with a diagonal structure (see
e.g. [11, Lemma 5.1]), and it is due to an inappropriate modeling decision regarding
the sparse structure of the studied SDP problem.

On the other hand, this phenomenon does not occur with Robinson’s CQ, which
is always preserved independently of the block structure of the SDP constraint set.
This may be one of the reasons why multifold SDP is not often taken into consider-
ation in the literature, along with the fact that interior-point methods are knowingly
capable of exploiting block-diagonal structure (see Gondzio’s review [14] and refer-
ences therein for details). It is not expected, though, that every constraint qualification
will be preserved between multifold and block-diagonal representations. In particular,
the constraint qualifications we define in the next section are defined by means of
exploiting the multifold structure. In this context, they are strictly weaker than Robin-
son’s CQ, while if one considers a single block-diagonal representation our condition
would resume to Robinson’s CQ. Furthermore, since our analysis is related to AKKT
sequences, which describe the output of many practical algorithms, our results pro-
vide a stronger convergence theory for them when applied to SDP problems under
multifold representation.

For more details about the nondegeneracy condition in the semidefinite program-
ming context, see e.g. [11,25]. In particular, Nondegeneracy condition for multifold
SDP given in Definition 6 and the discussion above are inspired from [11, Section 5].

In the next section we propose a naive RCPLD condition similar to Definition 3 for
multifold SDP, as in (14). We note that CPLD has already been used in the context
of SDP problems in [27], however, they consider the application of an augmented
Lagrangian method for a mixed problem with SDP constraints and NLP constraints,
where the NLP constraints are not penalized and are carried out to the subproblems.
Hence, the usual CPLD is assumed for the NLP constrained subproblems, in the
context of feasibility results, while Robinson’s CQ is assumed for the full problem in
the context of optimality results. In particular, no CPLD-type CQ is introduced for the
full problem.

6.2 A constant rank condition for SDP

Denote the smallest eigenvalue of a matrix A by opin(A) and its associated unitary
eigenvectors by vpin(A) and —vpyin(A). It is known that oy, is continuously differ-
entiable at A when oy (A) is simple, i.e., when it has algebraic multiplicity equal to
one, and that J; . (A) = Vmin (A)Vmin (A)T in this case (see, e.g., [26]). So, given a
local minimizer x*, the composition oy o g; is a reduction mapping for the block j
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when omin (g (x™)) is simple, playing a similar role to ¢ (x) for problem (8). Also, in
this scenario,

V (0min(g; (X)) = Jg; ()" o (87 (X)) (19)

when x is close enough to x*. This motivates us to define an analogue of problem (8)
for SDP as follows:

Minimize f(x),
st.  h(x) =0,
gi(x)eSy, jely@a,
Omin(gj(¥)) =0, j € Ir(x™), (20)
where
IR(x™) == {j € {l,..., £} | 0 = omin(g; (x™)) is simple}
and

Inx®):={j e{l,..., £} | 0 = omin(gj(x™)) is not simple}.

Note that (20) is locally equivalent to (14) and that we have removed for simplicity
all the constraints such that g; (x*) > 0, i.e., the “inactive” ones, in the reformulated
problem. However, in problem (20), we have not applied the reduction approach to
blocks j € Iy (x*). Roughly speaking, our approach consists of defining a constraint
qualification that relaxes Robinson’s CQ to a constant rank-type condition, but only at
the constraints indexed by Ig(x*), which are the ones that are well-behaved enough
to be fully replaceable by a single real-valued constraint. As in the SOCP case, our
strategy for proving that this is indeed a constraint qualification is based on sequential
optimality conditions.

In [9], the AKKT condition was extended for SDP. Next, we present an adapted
version of it for problems with mixed NLP and SDP constraints, like (20):

Theorem 4 Let x* be a local minimizer of (20). Then, there exist AKKT sequences
(xk} c R, (2K} c R, {ozlj‘.} C R4, and {/L];} C ST] such that x* — x* and

VI + D@ =y T 6N
JEIN(x*)
— ) & Vomin(g; (") — 0, 1)
JEIR(X™)

0i(gj(x")) > 0= 0;(f) > 0, i=1,....mj, Vjelyx®, (22)
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where o; (M’;) and o;(g;(x*)) denote corresponding eigenvalues of M]; and g;(x™),
respectively, regarding ordered orthonormal eigenbasis {v; (,Ufj )};n:j yand{v;(g; (x*))}?i:j )

such that vi(,u’;) — vi(gj(x*) foralli =1,...,mjandall j € In(x™).

With this result at hand, we proceed in a similar manner to Definition 3 in order to
extend the Relaxed Constant Positive Linear Dependence (RCPLD) condition to SDP
via problem (20).

Definition 7 Let x* be feasible for problem (14) and let / C {1, ..., p} be such that
{Vh;(x*)};es is a basis for the space spanned by {Vh,-(x*)}f;l. We say that Relaxed
Constant Positive Linear Dependence holds at x* when, for every J C Ig(x*), there
exists a neighborhood V of x* such that:

— {Vh; (x)}lp=l has constant rank for all x € V;
— If the system

WD+ Y T ) w4+ ) Vomin(g(x*) =0,
JEIy (x*) jeJ
reRP,  wu;j>=0,Vjelyx™, «;>0,VjelJ

has a nontrivial solution, then {VA; (x)}ic; U{Vomin(g;(x))} ey is linearly depen-
dent for every x € V.

Next, we show that RCPLD is a constraint qualification using AKKT sequences
(Theorem 4).

Theorem 5 Let x* be a feasible point of problem (14) satisfying the AKKT condi-
tion (21) and RCPLD stated in Definition 7. Then, the KKT conditions (15) hold at
x*. In particular, RCPLD is a constraint qualification.

Proof Let {x*} — x*, {3k} c R?, {oz’;} C R4, and {u’;} C ST_j be sequences such
that (21) and (22) hold. By the constant rank assumption and the definition of 7, the
set {Vh;(x¥)}ics is a basis for the space spanned by {Vh,-(xk)}f.pz1 when k is large
enough. Hence, for all such &, there are new scalars Ak e R such that

p
D MVhi(t) =D A VR (),

i=1 iel

for all k. Set A¥ = 0 forall i ¢ 1. So, J; (x*)T Ak = J, (x¥)T3¥ for all k.

Also, thanks to Carathéodory’s Lemma (Lemma 1) in (21), for every fixed k there
is a nonempty subset J¥ c Ig(x*) such that {VA; (x¥)}ies U{Vomin(g; (xk))}jejk is
linearly independent and, consequently, (21) can be rewritten as follows

V) + DT = Y T 6T = Y @ Vomin (g () — 0,
JEIN (x*%) jeJk
(23)
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for some &;‘. > 0, where j € J k_Note that in this process the scalars Xf, i €1,also

changes, but we abuse the notation by still denoting them by Xf . Now, by the infinite
pigeonhole principle, we can assume, without loss of generality, that J* = J, for all
k € N. That is, we can take a subsequence if necessary such that J* does not vary
with k.

Now, we claim that the sequences Ak, {,u’;}, j € Iy(x™), and {&j?}, j € J are
bounded. Indeed, set

My = max{(&@, j € J: |u5ll, j € In () 124}

and suppose that {My} is unbounded. This implies, by passing to a subsequence if
necessary, that

~k k

i . . J ‘ . * .
—WekieR,zeI, Weujeij,]eIN(x),
o
W—)O{j >0, jelJ, With(ki,/Lj,Otj) # 0.

Then, by dividing (21) by My and passing to the limit, we contradict RCPLD.

Finally, let i1 ; € S+ (jelIn(x®),a; =0(j € Ir(x¥)), and X, be limit points of
the sequences {,uj} (Jj € In(x™)), {a’;} (j € Igr(x™)), and (XK, respectively. Note that
these limit points are Lagrange multipliers associated with x*. Indeed, by definition
of Ir(x*), we always have oyin(g;(x*))a; = 0, for all j € Ig(x™). So, for each
J € Ir(x™) the matrix ii; := @; vmm(gJ (X)) Vmin (g N7 is positive semidefinite
and satisfies that J, (x*)T,uJ = oeJ kY 6 min (&) (x*)) (cf. (19)). Additionally, set 1 j :== 0
when j is such that g;j(x*) > 0. Then, it follows from (21) that

£
VI + I 0HTh =Y T, 6 iy =0,
j=1

which together with (22) implies that g;(x*) - 1; = 0 for every j. The desired
result follows.
O

The CRSC condition can also be extended in a very similar manner. That is, we
treat the conic constraints that “look like equality constraints” near the feasible point
x*, as equality constraints, which means it is not necessary to consider the rank-type
structure of every subset of their gradients, but only of one fixed set. To formalize our
analyses, we define the set

— Voumin(gjo(x*)) = Zx Vhi(x*) + Y o Vomin(g; (x*)),
JEIR(x*) (24)

J_(x*) = { '
forsome A; € R, a; > O},
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and the set J+(x*) := Ir(x*)\J—(x*). Now, the Constant Rank of the Subspace
Component (CRSC) constraint qualification for SDP is defined as follows:

Definition 8 Let x* be a feasible point of (2) and J_(x*) C Ig(x™) be defined as
in (24). We also take I € {I,...,p}and J € J_(x*) such that {Vh;(x™)}ic; U
{Vomin(g;(x*))}jes is a basis of the space spanned by the set {Vhi(x*)}f.":1 U
{Vomin(gj(x*))} jes_x+). We say that Constant Rank of the Subspace Component
(CRSC) condition holds at x* when there exists a neighborhood V of x* such that:

- {Vhi(x)}f?:1 U {Vomin(g;(x))}jes_(x*) has constant rank for all x in V;
— the system

ZAthi(x*) + Z Jgj (X*)Tlfbj + Z Oljvo'min(gj(X*)) =0,

iel jely(x®) JEJUTL(x*)

reRiel; pjeSy, jelyx®; a;jeR,jel; aj>0,jeJi(x"),
has only the trivial solution.

It is possible to prove that CRSC is indeed a constraint qualification, but since
the proof follows from the same arguments provided in the proof of Theorem 5, it is
omitted. The next counterexample, analogous to Example 1, shows that CRSC and
RCPLD are strictly weaker than Robinson’s CQ.

Example 2 Consider the following pair of constraints:

ol x+1x-1 > 1 =x —x-1 >

and the point x* = 0, which is the unique feasible point. The eigenvalues of
g1(x) are opmin(g1(x)) = x and omax(g1(x)) = 1, with corresponding eigenvectors
vmin(g1(x)) = (1, DT and vpax(g1(x)) = (1, =T, respectively, for all x close to
x*. With the same eigenvectors, the eigenvalues of g>(x) are omin(g2(x)) = —x and
Omax(€2(x)) = 1, when x is close to x™*.

Also, note that opnin (g1 (x™)) and omin(g2(x*)) are both simple, which means the
reformulation of the problem as in (20) is simply an NLP problem. Moreover, we have
that Vomin(g1(x)) = 1, Vomin(g2(x)) = —1, for all x close enough to x* = 0. Then,
RCPLD and CRSC (with J_(x*) = {1, 2} and, consequently, J4 (x*) = ¢ and J
equals either {1} or {2}) hold. However, Robinson’s CQ does not hold. Thus, RCPLD
and CRSC are strictly implied by Robinson’s CQ.

7 Conclusion

We have presented naive definitions of constant rank-type CQs for second-order cone
programming and semidefinite programming. The definition is naive in the sense that
no improvement is made with respect to irreducible constraints, where our definitions
resume to Robinson’s CQ. However, in general, our definitions are strictly weaker
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than Robinson’s CQ. In order to present a definition that takes into account the true
conic constraints, we expect that a much more involving implicit function approach or
Approximate-KKT approach would be needed, which is a subject of current research.
Note that, since augmented Lagrangian algorithms described in [4] and [9] generate an
AKKT sequence for SOCP (2) and SDP (14) problems, respectively, CQs introduced
in these notes are sufficient for showing global convergence to a KKT point without
assuming Robinson’s CQ.
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Abstract

In Andreani et al. (Weak notions of nondegeneracy in nonlinear semidefinite program-
ming, 2020), the classical notion of nondegeneracy (or transversality) and Robinson’s
constraint qualification have been revisited in the context of nonlinear semidefinite
programming exploiting the structure of the problem, namely its eigendecomposition.
This allows formulating the conditions equivalently in terms of (positive) linear inde-
pendence of significantly smaller sets of vectors. In this paper, we extend these ideas
to the context of nonlinear second-order cone programming. For instance, for an m-
dimensional second-order cone, instead of stating nondegeneracy at the vertex as the
linear independence of m derivative vectors, we do it in terms of several statements
of linear independence of 2 derivative vectors. This allows embedding the structure
of the second-order cone into the formulation of nondegeneracy and, by extension,
Robinson’s constraint qualification as well. This point of view is shown to be crucial
in defining significantly weaker constraint qualifications such as the constant rank
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constraint qualification and the constant positive linear dependence condition. Also,
these conditions are shown to be sufficient for guaranteeing global convergence of
several algorithms, while still implying metric subregularity and without requiring
boundedness of the set of Lagrange multipliers.

Keywords Second-order cone programming - Constraint qualifications -
Algorithms - Global convergence - Constant rank.

Mathematics Subject Classification 90C46 - 90C30

1 Introduction

The well-known constant rank constraint qualification (CRCQ) was introduced by
Janin [29], for nonlinear programming (NLP), with the purpose of obtaining a for-
mula for the Hadamard directional derivative of the value function. Prior to his work,
similar results were known under the Mangasarian—Fromovitz constraint qualification
(MFCQ) and the linear independence constraint qualification (LICQ).

Janin also showed that CRCQ neither implies nor is implied by MFCQ and, more-
over, that CRCQ is strictly weaker than LICQ. After that, CRCQ has been widely
employed in the NLP literature for instance in the study of stability , strong second-
order necessary optimality conditions [5], global convergence of algorithms , among
other applications. We remark that CRCQ explains in a very simple way the existence
of Lagrange multipliers associated with affine constraints, such as in linear program-
ming.

More recently, Qi and Wei [42] presented a condition called constant positive lin-
ear dependence (CPLD), which is strictly weaker than both MFCQ and CRCQ, and
showed its application on the convergence of a general sequential quadratic program-
ming (SQP) method for NLP. However, they did not prove that CPLD was a constraint
qualification at the time. This issue was settled in a later article by Andreani et al. [16],
where they proved that CPLD implies the quasinormality constraint qualification con-
dition. Later, in [4], the convergence of an augmented Lagrangian method was also
proved under CPLD. Other uses of constant rank-type constraint qualifications in NLP
are discussed, for instance, in [14, 15, 29, 34, 35] and their references. In particular,
the appropriate way of incorporating equality constraints in the definitions of CRCQ
and CPLD is discussed, respectively, in [34] and [14].

Although constraint qualifications with applications toward convergence of algo-
rithms are largely studied in NLP, the situation is quite different in nonlinear second-
order cone programming (NSOCP), despite its many relevant applications—for
example, in structural optimization and machine learning , hydroacoustic classifi-
cation of fishes , and others . In NSOCEP, this role is almost always covered by the
so-called nondegeneracy condition (c.f. [18, Equation 25]) and Robinson’s constraint
qualification (Robinson’s CQ) (c.f. [18, Equation 29]), which can be seen as natu-
ral generalizations of LICQ and MFCQ, respectively. The first work that attempted to
extend CRCQ and its variants to the context of NSOCP is due to Zhang and Zhang [47],
but their condition was invalidated by a counterexample given by Andreani et al. in [6].
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Later, a “naive approach” to extend some constant rank-type constraint qualifications
for NSOCP was presented by Andreani et al. in [11]; the adjective “naive” refers to
the fact that some of the conic constraints were locally rewritten as NLP constraints
whenever possible, yielding a new reformulated problem with mixed constraints, and
then a hybrid condition between the NLP versions of CRCQ/CPLD and nondegen-
eracy/Robinson’s CQ was presented. The major contribution of [11] is to show an
effective way of dealing with those two distinct types of constraints via sequences of
approximate stationary points.

Recently, we proposed in [12] a new geometrical characterization of CRCQ for NLP
using the faces of the nonnegative orthant, which was naturally extended to the context
of NSOCP as well as nonlinear semidefinite programming (NSDP). This has led us
to an alternative constant rank-type constraint qualification that allowed us to derive
strong second-order optimality conditions for NSDP and NSOCP without assuming
compactness of the Lagrange multiplier set, similarly to what is known in NLP .
However, no application toward algorithms was provided or suggested in [12]. Since
the sequential approach from [11] seems more suitable for algorithms, we developed it
even further for NSDP problems [9, 10] by directly exploiting the eigenvector structure
of the problem, overcoming the limitations of the naive approach.

This paper introduces new constraint qualifications for NSOCP problems follow-
ing similar ideas to those used in [9] and [10], but taking into account the structure
of the second-order cone. For such, we will first introduce weak variants of the
nondegeneracy condition and Robinson’s CQ—here called weak-nondegeneracy and
weak-Robinson’s CO—which are weaker than their original versions but that still
reduce to LICQ and MFCQ, respectively, when an NLP problem is modeled as an
NSOCP problem with several one-dimensional constraints. Moreover, we show that
weak-nondegeneracy is strictly weaker than nondegeneracy, and we also clarify some
relations between weak-nondegeneracy (weak-Robinson’s CQ) and standard nonde-
generacy (Robinson’s CQ), which were only partially addressed in [9]. In particular,
we show a new characterization of nondegeneracy in terms of the validity of weak-
nondegeneracy plus the linear independence of a partial Jacobian of the constraints.
The relationship of weak-Robinson’s CQ and Robinson’s CQ is also partially settled
in our Theorem 3.1, which was left as an open problem for NSDP in [10]. With these
new constraint qualifications at hand, we introduce new extensions of CRCQ and
CPLD for NSOCP, which also recover their counterparts in NLP. We also discuss a
mild adaptation of these new conditions that can be adopted with the purpose of prov-
ing global convergence results for algorithms that keep track of Lagrange multiplier
estimates.

The structure of this paper is as follows: In Sect. 2, we present some notation and
technical results. Sections 3 and 4 present weak constraint qualifications for NSOCP:
weak-nondegeneracy condition, weak-Robinson’s CQ, and two weak constant rank
conditions. Also, we present some of their properties and a detailed comparison with
other constraint qualifications from the literature, and among themselves. In Sect. 5, we
introduce perturbed versions of the constant rank conditions of Sect. 4, and we present
some algorithms related to them. We state the relationship between these perturbed
variants and the so-called metric subregularity CQ. Finally, in Sect. 6, we summarize
our results and discuss some ideas for future research.
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2 Preliminaries

In this section, we will present our notation and some linear algebra and convex
analysis tools needed for deriving the results of this paper.

2.1 Basic Results and Some Notation

For a given differentiable function F: R" — R™, we denote the Jacobian matrix
of F at a point x € R"” by DF(x); and the jth column of its transpose, DF x) 7,
will be denoted by VF;(x). We also adopt the usual inner product in R"™, given by
(v,2) = >, yjzj, along with the Euclidean norm |ly| := /{y,y), for every
v, z € R™. The open ball (respective to the Euclidean norm) that has center at y and
radius § > 0 will be denoted by B(y, §), and its closure, by cl(B(y, §)).

The orthogonal projection of a given y € R onto a nonempty closed convex set
C C R™ with respect to the Euclidean norm is defined as

Pc(y) := argmin |z — y||.
zeC

It is valid to mention that Pc(y) is well defined as a continuous function of y, since
C is closed and convex. Also, when C is given by the Cartesian product of other
nonempty closed convex sets Cy, ..., Cy4, where C; € R™ forevery j € {1,...,q},
then for any y := (yi, ..., y,) € R™* T we have

Pc(y) = (Pc,(yD). ... Pc,(vg)) -

To relate our results to the classical ones from the literature, we will make use of a
notion of conic linear independence, defined as follows:

Definition 2.1 Let C € R be a nonempty closed convex cone. A matrix M € R**"
is said to be C-linearly independent if there is no nonzero v € C such that Mv = 0.

Roughly speaking, Definition 2.1 describes “injectivity over C.” In particular, if C
is the nonnegative orthant

RY :={yeR":Vie(l,...,m}, yi =0},

then Definition 2.1 reduces to a concept known in NLP as positive linear independence
of the columns of M. Now, let us show a simple characterization of conic linear
independence in terms of all finitely generated conical slices of the cone.

Lemma 2.1 Let C C R™ be a closed convex cone such that there exists a (possibly
infinite) index set S and, for each w € S, a finite subset £,, C C whose elements are
linearly independent, such that

C = U cone(&Ey), (1)

wes
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where cone(Ey,) denotes the conic hull of €. Then, a matrix M € R™**™ is C-linearly
independent if, and only if, the family {Mv},cg, is positively linearly independent,
for every fixed w € S.

Proof Suppose that M is C-linearly independent, let w € S be arbitrary, and let
a, € Ry, v e &y, be scalars such that

ZavazM Zavv =0. (2)

ve€y ve&y

Since C is a convex cone, it follows that v := Zueé‘w a,v belongs to C, so v = 0 by
hypothesis; and from the linear independence of &, we have that a, = 0 for every
v € & . Thus, {Mv},c¢, is positively linearly independent.

Conversely, assume that {Mv},c¢, is positively linearly independent, and letv € C
be such that Mv = 0. Then, there is some w € S such that v € cone(&,,); that is, there
exist some scalars a, > 0, v € &, such that v = Zve g, AoV and hence (2) holds,
implying that a, = 0 for all v € &,; thus, v = 0. O

Remark 2.1 Considering C = R™ in the statement of the Lemma and replacing the
conic hull by the linear span in (1), we arrive similarly at a characterization of the
linear independence of the columns of M in terms of the linear independence of the
family {Mv},cg, , for every fixed w € S.

A simple example to fix ideas on how to use Lemma 2.1 is to take the parametric
representation of R?:

R? = {(r cos(w), r sin(w)): w € [0, 2], r > 0}

= U cone((cos(w), sin(w))) (3)

wel0,27]

so we have C = R?, S = [0, 2], and &, = {(cos(w), sin(w))}, w € S. In this case,
Lemma 2.1 simply states the trivial fact that a matrix M e R"*? is injective if, and
only if, M (cos(w), sin(w)) # O for every w € [0, 27r]. Moreover, the main object of
our study, the second-order cone (or Lorentz cone):

Lo =009 eRxR" 1y = [P}, ifm > 1,
m=R, ifm=1,

may benefit from Lemma 2.1 as well, since it can be written as

Ln= |J cone({(1,—w), (1, w)}).
weRm—1
wl=1

which corresponds to § = {w € R lw| = 1} and &, = {(1, —w), (1, w)}. In
this case Lemma 2.1 states that a matrix M € R"*" is L,,-linearly independent if,
and only if, the vectors
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M1, —w) and M(1,w) 4)

are positively linearly independent for every w € R™~! such that ||w| = 1. Further-
more, the standard notion of linear independence in R can also be stated in terms of
the conical slices of I,,, since it is a full-dimensional cone; indeed, observe that

R™ = U Span({(l’ —U)), (1’ U))}),

weRm—1
lwl=1

where span({(1, —w), (1, w)}) denotes the linear span of the vectors (1, —w) and
(1, w); then, the matrix M is R™-linearly independent (i.e., injective) if, and only if,
the vectors (4) are linearly independent for every w € R™~! such that ||w|| = 1. Thus,
we have replaced the linear independence of the m columns of M by a series of linear
independence requirements of only two parameterized vectors in (4), independently
of the size of m. With this point of view, we will be able to exploit the structure of the
second-order cone, which will turn out to be essential in our analysis.

Furthermore, observe that Lemma 2.1 can be applied to products of closed convex
cones C =[] jeJ C;, where J is an index set, in order to describe C-linear indepen-
dence of a family of matrices {M;};c; mounted into a conveniently indexed block
matrix

M:=| M; (5)
jeJ

therefore, we will abuse the terminology to define the C-linear independence of the
family {M} ;e in terms of the above M throughout the paper.

To close this subsection, let us briefly recall the celebrated Carathéodory’s Lemma
[17, Exercise B.1.7] from convex analysis:

Lemma 2.2 (Carathéodory’s Lemma) Let y1, ..., y, € R", and letay, ..., 0, € R
be arbitrary. Then, there exist some J C {1, ..., p} and some scalars & with j € J,
such that {y;} ey is linearly independent,

and ajo; > 0, forall j € J.

2.2 The Nonlinear Second-Order Cone Programming Problem

A (multifold) nonlinear second-order cone programming problem is usually stated in
the form:
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Minimize f(x), (NSOCP)
xeR?
subject to gj(x) €Ly, Vje{l,....q},

where f: R" — Rand g;: R" — R"/ are continuously differentiable functions, for
all j € {1,...,q},and Lmj is a second-order cone in R/, As usual, for a point x € R"
we denote g;j(x) = (gj,0(x), gj(x)) € R x R™i~! The feasible set of (NSOCP) will
be denoted by F. Also, we denote the interior and the boundary excluding the origin
of Ly, ; by intLL,,; and bd 4 L, ;, respectively; and as usual in the study of NSOCP, for
any x € F we partition {1, ..., g} as follows:

I()(X) = {.] € {1’ ’q} g](x) :0},
Ip) = {j € {L.....q): g;(x) € bdsLy, ). ©)
ine(x):={jel{l,....,q}: g;(x) € int]Lmj}.

Following [2, Section 4], we recall that if m; > 1, then every y € R™/ has a
spectral decomposition with respect to Ly ;, in the form

y=rmur(y) +r2(0)uz(y),

where

l(1 (—1)1'1) if y # 0
2\ v ’

L) =yo+ DI and  ui(y) = (7)

1 .
5 (1, (—1)’w) , otherwise,

and w € R ! can be any unitary vector, with i € {1, 2}. In this setting, A;(y) is
said to be an eigenvalue of y associated with the eigenvector u;(y), i € {1, 2}. By
definition, we see that y € ]Lmj if, and only if, A1 (y) > 0, A2(y) > 0, whence follows
that the orthogonal projection of y onto L,,; can be characterized as

Py, () = [i]+u1 () + A2 (0)]+u2(y), 8)

where [ - |+ := max{ -, 0}.

Remark 2.2 From this point onwards, we will assume that m; > 1 for every j €
{1,...,q}. The reason to do this is thatif m; = 1, then g; € L, is a standard NLP
constraint, which should be treated separately in our approach, together with equality
constraints; we should remark that our approach is very friendly to this kind of mixed
constraints, since it is based on [11]. In particular, inclusion of equality constraints
can be done in the way suggested in [34] and [14]. Therefore, to avoid cumbersome
notation, we will omit both types of NLP constraints in this paper. Alternatively, the
spectral decomposition of y € IL; could be interpreted as y = A1(y)u;(y), with
u1(y) = 1 and A1(y) = y. From this point of view, the definitions and theorems of
this paper can be adjusted to fit the case m ; = 1 by simply disregarding all expressions
involving A>(y) and uz(y).
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Let x € F. The well-known Karush—Kuhn—Tucker (KKT) conditions for X consist
of the existence of Lagrange multipliers it ; € Ly ;, j € {1, ..., g}, such that

VL (X, Ty, -0 Fy) =0,

o . 9
(. gj(x) =0, Vjefl,....q},

where

q

LOx, s ) = f) = ) (1, g ().

j=1

It is known that not every local minimizer satisfies the KKT conditions, unless
a constraint qualification is present. The most prominent constraint qualifications in
the literature are the nondegeneracy CQ and Robinson’s CQ, which we recall next as
characterized! in the work of Bonnans and Ramirez [18].

Definition 2.2 A point X € F satisfies

— Nondegeneracy if the family

{pe;@re®)  Ulpei®T) (10)

JEIp(X) J€ly(X)

is RO T o vy R -linearly independent;
— Robinson’s CQ if the family (10) is RKB @ I1 jel®) ILmj -linearly independent;
where

1 0
Iy = [O _Hmj_l] (an

and ]Imj_l is the identity matrix of dimension m ; — 1.

As mentioned in the Introduction, the nondegeneracy condition reduces to LICQ
from NLP when it is seen as an instance of (NSOCP) withm| = --- = m, = 1, while
Robinson’s CQ reduces to MFCQ in the same process.

3 Weak Constraint Qualifications for NSOCP

From the practical point of view, one of the standard strategies for proving first-order
global convergence of iterative algorithms is proving that every feasible limit point x
of the sequence {x¥}ren oOf its iterates fulfills the KKT conditions whenever a given

I See [18, Proposition 19] for the characterization of nondegeneracy. The characterization of Robinson’s
CQ follows from [19, Proposition 2.97 and Corollary 2.98] using the fact (y;, g;(x)) = 0 with j € I (x)
if, and only if, y; = al'jg;(x) for some « > 0; and similarly, (y;, g;(x)) = 0 with j € Ijp; (%) if, and
only if, y; = 0 [2, Lemma 15].
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CQ holds. Roughly speaking, this means that the algorithm surely avoids all non-
optimal points that satisfy the CQ but violate KKT; hence, building this reasoning
under a more general (weaker) CQ means to narrow down the range of convergence of
the method without removing optimal candidates from it. Moreover, it is well known
that the existence of Lagrange multipliers is a relevant issue beyond algorithms—for
example, in situations where they have some practical interpretation, such as in the
electricity pricing context—meaning that there is also a theory-driven motivation for
pursuing weaker constraint qualifications.

In this section, we will present weaker variants of nondegeneracy and Robinson’s
CQ, discuss some of their properties, and exemplify their usage with an external penalty
method. Besides, these conditions shall pave the way for a more radical relaxation in
terms of local constant rank, which will be discussed in the next section. A similar
approach has been conducted in [9, 10] for NSDP problems, but although NSOCP can
be seen as a particular case of NSDP via an arrowhead matrix transformation

Yo

(30, ) = Arw(yo, ) := Y,
Yo

y Y0

it should be noted that constraint qualifications are not necessarily carried over with the
transformation; that is, when dealing with weak constraint qualifications, one generally
loses information when the problem is equivalently rewritten differently (a noticeable
exception is Robinson’s CQ, which turns out the be quite robust in this sense). For
instance, the nondegeneracy condition for NSDP is never satisfied by a constraint in
the form

Arw(go(x),2(x) € ST :={M e R™"™: M =M"; Vd e R",d "Md > 0}

when m > 2, regardless of the fulfillment of nondegeneracy for NSOCP applied to
the constraint (go(x), g(x)) € LL,,. As it can be easily verified, the same conclusion
holds for the constraint qualification called “weak-nondegeneracy” for NSDP that was
introduced in [10]. Thus, a specialized analysis is required to obtain results similar to
[9, 10], for NSOCP. In fact, the analysis we present in this section regarding those weak
conditions is, in a sense, more refined than the one presented in [10] since there are
some important questions that were left open in [10], which we are able to answer here.

3.1 Parametric Bases and Weak-Nondegeneracy for NSOCP

We open our studies by characterizing nondegeneracy and Robinson’s CQ in terms
of the eigenvectors of the constraint functions (as in (7)). To motivate it, let g(x) :=
(go(x), g(x)) and x € R”" be such that g(x) = 0. Using Bonnans and Ramirez’
characterization (Definition 2.2), we see that X is nondegenerate (that is, it satisfies
nondegeneracy CQ) when the matrix Dg(x) is surjective. This is clearly a represen-
tation of nondegeneracy in the canonical basis ey, ..., e, of R”, where ¢; has 1 in
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its ith position and zeros elsewhere. Other representations of R” may lead to differ-
ent characterizations of these constraint qualifications; and this simple fact leads us a
natural way of imbuing the structure of the cone into the conditions.

For instance, the discussion after Lemma 2.1 allows us to represent nondegeneracy
and Robinson’s CQ in terms of each slice of IL,;,, as long as we consider all of them.
More precisely:

Corollary 3.1 Let X be a feasible point of (NSOCP). Then:

1. Nondegeneracy holds at x if, and only if, the family of vectors

{Dg;@Tuig;@n] U |pe;dT0—w). Dg;® (1w,

J€lp(X) J€lo(x)

(12)

is linearly independent for every w; € R™i =1 such that lwill =1, j € Ip(x);
2. Robinson’s CQ holds at X if, and only if, the family (12) is positively linearly
independent for every w; such that |w;|| =1, j € Ip(x).

Proof For item 2, it suffices to apply Lemma 2.1 considering the product C =
]_[jej Cj, J = Ip(x) U Iy(x), where

o [Be ifj eIz,

to the matrix M = [M ] e arranged as in (5), whose blocks are given by

v | D8I (g (). if j € Ip ().
7T Dgi ™7, if j € In(x).

To see why C fits the description of Lemma 2.1, define §; := {1} forevery j € Ig(x),
S;={w; € R™i—1. |w;|| = 1} forevery j € Iy(X); then, let § := HjeJ §; and for
eachw := (W;)jes € S, withw; € §; for j € J, define & := Hje] Swj, where

5_{L if j € I(X),
YT A, —wy), (Lw)y, if e T,

for every j € J. Observe that C = |y cone (&) and the proof of item 2 is over.
The proof for item 1 is similar, considering Remark 2.1. O

For a better understanding of the meaning of Corollary 3.1, let us resume the short
discussion after Lemma 2.1. Note that LICQ for a pair of constraints g;(x) > 0 and
g2(x) > O atapoint x such that g1 (x) = g2(x) = 0, when seen through Corollary 3.1,
)T cgs(w)

sin(w)
where g := (g1, g2). On the one hand, this is obvious; but on the other hand, note that
the process of checking linear independence of a couple of n-dimensional vectors is

becomes equivalent to Dg(x ) being nonzero, for every w € [0, 2],
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reduced to checking whether one n-dimensional vector is zero or not, for each fixed
real parameter w. Of course, this reasoning can be extended to arbitrary dimensions
and arbitrary parameterizations, and Corollary 3.1 is simply one of these extensions
where the parametrization is given in terms of the second-order cone. This will turn
out to be relevant in our analysis as we will be able to identify that some of the linear
independence requirements will be superfluous for a constraint qualification to be
defined. This kind of reasoning can also be applied to the cone of symmetric positive
semidefinite matrices, leading to a different, in fact simpler, proof of [10, Proposition
3.2], which is the analog of Corollary 3.1 in the context of NSDP, hence providing
some intuition for a result that was originally presented as a mere technical tool in
[10].

With the characterization of Corollary 3.1 at hand, we can take a close look at a
simple example that shall motivate our next steps:

Example 3.1 Let go, g1 : R” — R be continuously differentiable functions, define
g = (8o, &1), and let X be a point such that:

- g(x) =0;
— Vgo(x) and Vg (x) are linearly independent.

Observe that nondegeneracy holds for the constraint g(x) € L, at X since Dg(x) ' is
R?-linearly independent. Now consider the equivalent NSOCP constraint

g(X) = (gO(X), g] (X), O’ st 0) € ]Lm
and observe that the KKT conditions for it are the same as for the constraint g(x) € L.

However, by Corollary 3.1, nondegeneracy for the reformulated problem is equivalent
to the linear independence of the vectors

D) (1, —w) = Vgo(x) — w; Vg1 (x)
and
D@ (1, W) = Vgo(¥) + w1 Vg1 (X)
for every w = (wy, ..., wy,—1) such that ||w| = 1, which is violated when w; = 0.

On the other hand, note that for every x such that g;(x) # 0 the eigenvectors of
g(x) are uniquely determined by

1
m@@D=E(Lj§%%ﬁpnﬁ)

and

1
M@@D=§szgiﬁ““ﬁ)
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This suggests that although g(x) admits multiple eigenvector decompositions
(1, —w) and 3(1, w) with |w]|| = 1, the only relevant ones arew = (£1,0, ..., 0).
That is, in light of our previous work in NSDP , we can infer that the problematic
choices of 3(1, —w) and 5 (1, W) such that w; = 0 may be disregarded when defin-
ing a constraint qualification. In fact, we may consider all sequences (Fleeny = *
and we have that when g (x%) # 0 for every k € N, the sequences {u (g(xk))}keN
and {u;(g (xk))}keN of eigenvectors of g(xk) are uniquely defined and %(1, —w) and
%(1, w) with w; = 0 are not among their limit points. Similarly, when g1 (x¥) = 0
for some indexes k € N one may also choose the eigendecompositions of g(x¥) that
avoids having 1 (1, —w) and (1, w) with w; = 0 as limit points.

Conversely, note that for any sequence {x}rey — X, the choice w =
(£1,0, ..., 0)does not present the same issue, and in this case we get that the vectors

Dg®) (1, —w) = Vgo(X) F Vg1 (x¥) and DZ(X) (1, W) = Vgo(x) + Vg1 (X)

are linearly independent.

Example 3.1 suggests that demanding linear independence of (12) for all w ; may be
unnecessarily strong for a constraint qualification. In fact, it also suggests that only the
limit points of sequences consisting of eigenvectors of g(xk), for each {x*}reny — X,
are needed. This observation leads to two new constraint qualifications for NSOCP:

Definition 3.1 (Weak-nondegeneracy and weak-Robinson’s CQ) Let x € F. We say
that x satisfies:

— Weak-nondegeneracy if, for each sequence {x*}reny — X, there exists some I o
N and convergent eigenvectors sequences {u;(g; fMVer — %(1, —w;) and
{uz(gj(xk))}kel — %(I,Ej),with |lw;| =1, forevery j € Ip(x), such that (12)
1s linearly independent;

— Weak-Robinson’s CQ if, for each sequence {x¥}keny — X, there exists some I oo
N and convergent eigenvectors sequences {u1(g; (xk))}ke ;] — %(1, —w;) and
{ur(g; fNer — %(1, w;), for every j € Ip(x), such that (12) is positively
linearly independent;

where the notation I C,, N means that / is an infinite subset of N.

Both conditions presented in Definition 3.1 will be proved to be CQs later on; let
us first discuss their properties and relations with other CQs. From Definition 3.1, it
is clear that weak-nondegeneracy is implied by nondegeneracy, but the converse is
not necessarily true, as illustrated by Example 3.1. Notice also that both conditions
from Definition 3.1 are maintained under the addition of structural zeros as in Exam-
ple 3.1, which somehow shows the robustness of the conditions we define. Similarly,
for NSDPs, in [10], it is shown that the analogous conditions from Definition 3.1 are
maintained when stacking several semidefinite constraints into a single block diagonal
semidefinite constraint. The next example shows, however, that weak-nondegeneracy
may hold when nondegeneracy fails even when the problem does not have structural
Zeros:
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Example 3.2 (Weak-nondegeneracy is weaker than nondegeneracy) Consider the con-
straint

g(x) = (x1,x2,x2) € 3

at the pointx := (0, 0), which does not satisfy nondegeneracy. Now, take any sequence
{x}xeny — X. There are three possible cases to consider:

1. There exists some infinite subset / T, N such that xlz< > (Oforallk € I;

2. Case 1 fails to hold, but there exists some infinite subset / C,, N such that x’z‘ <0
forall k € I;
3. Cases 1 and 2 both fail, implying x, = O for all k£ large enough;

In Case 1, the eigenvectors u1(g (x*)) and ur(g (xk)) are uniquely determined by

(g(x")) 1(1 1 1) d uz(g(x") 1(11 1)

u xN==-11,——, — and u x) ==L —= —F=),

TR GG AN ARGV RV,
wo= (L L

for all k € I. Define w := 7 \/5> and note that

limui (5 = (1, ~) and limus(() = 51,

In addition,

11 1/ 1
Dg(f)T(l,—w)=§(_ﬁ) and Dg(f)T(Lw):E(ﬁ)

are linearly independent. Case 2 is analogous. In Case 3, we have that the eigen-
vectors of g(x¥) are not uniquely defined in (7); thus, in checking Definition 3.1
we may choose an appropriate eigendecomposition of each g(x*). In particular,
we may pick the same decomposition analyzed previously to conclude that weak-
nondegeneracy holds at x. Notice that since nondegeneracy fails, by Corollary 3.1
there must exist some w, ||[w| = 1, such that Dg(x) (1, —w) and Dg(x) (1, w) are

i is i wo= (L =L wo= (=L L)

linearly dependent. This is the case of w := ( 7 ﬁ) orw := ( 7 ﬁ)’ however,
since weak-nondegeneracy holds, these limit points can be avoided considering the
eigendecompositions of {g(x*)}xen for any sequence x¥ — x.

At this point, we acknowledge that weak-nondegeneracy may be hard to check.
However, besides its robustness in terms of structural zeros as discussed in
Example 3.1, let us prove that there is a deeper connection between nondegeneracy
and weak-nondegeneracy, in the sense that we may characterize nondegeneracy by the
validity of weak-nondegeneracy plus a simple linear independence requirement of a
partial family of derivative vectors in /o (x), namely, by removing from consideration in
the family (10) that defines nondegeneracy all gradients of first component entries, that
is, Vg 0(x), j € Ip(x) together with the vectors indexed by /g (X). In fact, in Exam-
ple 3.2, this family of vectors reduces to the rows of Dg(X), where g(x) := (x2, x2),
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which are linearly dependent. Loosely speaking, weak-nondegeneracy may be thought
as an appropriate form of nondegeneracy but without requiring linear independence
of this partial family of vectors.

(Difference between weak-nondegeneracy and Nondegeneracy) Let x be a feasible
point of (NSOCP). We have that nondegeneracy holds at x if, and only if, weak-
nondegeneracy holds at x and, in addition, the matrix

M :=| Dg;(Xx)
J€lp(x)
is surjective.

Proof From Definition 3.1, it is clear that if nondegeneracy holds at x, then weak-
nondegeneracy also holds at x. Moreover, from (10) we obtain that M is surjective.
Conversely, suppose that nondegeneracy does not hold at x. By Corollary 3.1, there
are unitary vectors w; € Rmi—1 J € Ip(X), such that (12) is linearly dependent.

Let us define w = (W;) ey x)- By the surjectivity of M, there exists a nonzero
vector d € R" such that w = Md. That is, we have that Dg;(xX)d = w; for all
j € Ip(x). Now, take any positive sequence {f}xey — 0T and let

x* =X +1d, Vk € N.

We have that {x*};cy — X and when we consider J € Ip(x) and the Taylor expansion
of g; (x*) around X, we obtain that

3065 = 0w 4+ o) #0

for all k € N large enough, since w; # 0. Moreover, for the indices j € Ig(X) we
also have that g (x*) £ 0 for all k large enough, because gj(X) # 0. This means that
the eigenvectors of g (x¥) are uniquely determined from (7) for all j € Ip(x) U Ip(x)
and all k£ € N. In particular, for j € Ip(x) we have that

N DgiE)d + o)/
lg; (I 1 Dgj(x)d + o)/t |l

As a consequence, since w; € R™i~1, j e Ip(x), is such that (12) is linearly depen-
dent, we conclude that weak-nondegeneracy does not hold at x. O

The following example shows that although weak-nondegeneracy implies weak-
Robinson’s CQ, the converse is not true:

Example 3.3 (Weak-Robinson is weaker than weak-nondegeneracy) Consider the con-
straint

g(x) = (4x,2x,x) € L3

@ Springer



56 Journal of Optimization Theory and Applications (2022) 195:42-78

and the point X := 0. Clearly, it satisfies Robinson’s CQ, hence it also satisfies weak-
Robinson’s CQ. However, observe that taking any sequence {x*}xeny — X such that
x* > 0 forall k € N, we have

=i (o2 LY =1 (12, L
ui(g(x ))-2(, e ﬁ) and ua(g(x ))-2(,ﬁ,ﬁ>,

hence we have ul(g(xk)) — %(1, —w) and uz(g(xk)) — %(1,@) where w =

2 1
(ﬁ,ﬁ).Then,
45 -5 4/5+5
Dg@ (1, -w)= ——=>0 and Dgx)' (1, W)= ——— >0
g(x) (1, —w) W >0 an g(x) (1, w) W >

are linearly dependent, although positively linearly independent, implying that weak-
nondegeneracy does not hold at x.

To discuss in detail the relation between weak-Robinson’s CQ and Robinson’s CQ
for (NSOCP), we rely on a simple lemma:

Lemma 3.1 Let x be a feasible point of (NSOCP). If (weak-Robinson’s CQ) weak-
nondegeneracy holds at x, then the family of vectors

{ngv()(f)}jelo(f) U {ng(f)Tul(gj(Y))} (13)

jelp(x)
is (positively) linearly independent.

Proof Assume that weak-Robinson’s CQ holds at x, so there exists some vectors
w; € R™ -1 lw;ll =1, j € Ip(x), such that (12) is positively linearly independent;
and, by contradiction, suppose that (13) is positively linearly dependent. Then, there
are some n7; > 0, j € Ig(Xx) U Ip(X), not all zero, such that

> niVeio®+ Y n;Dgi(® ui(g;(x) = 0. (14)
J€lp(X) JElp(X)
Now set
_ g N
aj = pj )

for every j € Ip(x) and (14) can be rewritten as

Y a;Dg;® (L, —w)+ Y. BiDe;® (1, W)+

J€lp(X) J€Ip(X)

> niDg;(x) ui(g;(x) =0,
JEIlB(X)
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which implies (12) is positively linearly dependent, contradicting weak-Robinson’s
CQ. The statement regarding weak-nondegeneracy follows analogously. O

Recall that Robinson’s CQ can be evaluated separately for each of the constraints
gj(x) € Lm;, j € {1,...,q}, and that this is weaker than Robinson’s CQ when
such system is regarded as a whole (however, not being a CQ). In fact, for any given
X € F, the former can be characterized by the existence of some vectors d; € R",
J € {l,...,q}, such that g;(X) + Dg;(x)d; € intL,,;, whereas the latter requires
in addition di = dy = --- = d, to hold. With this in mind, we prove next that
weak-Robinson’s CQ is somewhat in-between these two forms of Robinson’s CQ.

Theorem 3.1 Consider Problem (NSOCP) and let x € F. If weak-Robinson’s CQ
holds at x, then for each index j € {1, ..., q} the point X satisfies Robinson’s CQ for
the isolated constraint g;j(x) € ILmj.

Proof Let X € F be a point such that weak-Robinson’s CQ holds and assume that
there exists an index ¢ € {1, ..., g} such that Robinson’s CQ does not hold. Then,
it follows by Lemma 3.1 that g,(x¥) = 0. So there exists some w; € R™~! such
that ||lwy|| = 1 and the vectors Dgy x)"(1, —wy) and Dgy )" (1, wy) are positively
linearly dependent, that is, there exist scalars « > 0, 8 > 0, at least one of them
nonzero, such that

aDg(®) (1, —wy) + BDge(X) ' (1, we) = 0.

Defining w := (%) Wy, it follows that

Vgro(X) = —Dg(®) . (15)

Note that ||@|| < 1, and that w ¢ Ker Dg;(x) "; otherwise, Vge.0(x) = 0 and accord-
ing to Lemma 3.1 weak-Robinson’s CQ fails.

Since Ker DGy (x) T +Im Dgy(x) = R™ ! there exist some v € Ker Dgy(x) " and
some d € R” such that w = v + Dgy(x)d. Note that Dgy(x)d # 0, otherwise we
would have that € Ker Dgy(x) . In addition, 0 # @ — v = Pim p3,® (w) and by
the non-expansiveness of the projection, we obtain 0 < ||w — v|| < ||w] < 1.

Now, proceeding similarly to the proof of Proposition 3.1, consider the sequence
(x5} ken given by xk =X +1,d, for any positive scalars sequence {f; }reny — 0T, and
consider the Taylor expansion of gy (x*) around X:

2e(x") = 0 Dge(®)d + o(tr).
Since Dgy(x)d # 0, it follows that there exists some ko € N such that g (x¥) # 0

for every k > kg, which implies that its eigenvectors, and u> (g (x*)) u; (ge (x*)) and
uz(ge (x*)), are uniquely determined from (7) for every k > k. Then, we obtain that

2e(xb) _ _Da@d+ow)/n_ w—v
Ige(x®) | IDge(x)d + o)/t |l | — v’
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It follows that

1 w—v
li My==(1,———
Jim e (ge(x7)) 2( ||zb—v||)

and

. k 1 ?I)—U
kli)ngouz(gz(x N =1L o=l

2 W — v

and, by weak-Robinson’s CQ, the vectors and Dgg(f)T (1 w—v ) Dgg(f)T

> lw—vfl

R * fw—vll
the following system in the variables a and b:

(1, ﬂ) and Dg,(x) " (1 ﬂ) are positively linearly independent. However,

0=aDgi(x)" (1, u) +bDg(x) " (1, _g>
1% — ]| 1w — ]|

a o~ — T~ _ b o~ T~
——Dgy(x) w+bVgro(X) — ———Dg¢(X) w
lw— vl lw— vl

(= ) o ()| e
=lal——-1)=—b|———+1)|Dg(x)'w
[w — vl [w — vl

has a nontrivial solutiona = 1/||w —v||+1 > 0and b = 1/||w —v|| — 1 > 0, which
is a contradiction. In the second equality of the above chain, we used Dgy x)Tv=0;:
and in the last equality, we used (15). O

=aVgeox) +

Remark 3.1 The same strategy of the previous proof actually allows proving a slightly
stronger result: If a feasible point x satisfies weak-Robinson’s CQ, then for each index
j € Ip(x) the constraint

ge(x) € Ly, V€ € Ip(x) U{j}

satisfies Robinson’s CQ at x. In particular, if o (x) is a singleton, then weak-Robinson’s
CQ and Robinson’s CQ are equivalent, which is somewhat remarkable and highlights
the “robustness” of Robinson’s CQ. The situation where Ip(X) is a singleton has been
previously considered, for instance, in [36, 40]. In the general case, we were not able
to prove nor provide a counterexample for the equivalence between Robinson’s CQ
and weak-Robinson’s CQ.

4 Constant Rank Conditions for NSOCP

Let us consider an NLP problem for a moment; that is, (NSOCP) with m; = --- =
mg = 1, whose constraints take the form g;(x) > 0, ..., g,(x) > 0, and letx € F.
We recall that the nondegeneracy condition in this case is equivalent to LICQ, which
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holds when the family of vectors
{ng(’_c)}jelo(f) (16)

has full rank. The constant rank constraint qualification (CRCQ) condition can be
considered a relaxation of LICQ, since it allows the rank of (16) to be incomplete, as
long as the rank of the family

(Ve;0},y, (17)

remains constant in a neighborhood of x, for every subset Jy C Ip(x). Qi and Wei [42]
described CRCQ in a slightly different but equivalent way: CRCQ holds at x if, for
every Jo C Ip(x), if (17) is linearly dependent at X, then it must also remain linearly
dependent for every x in a neighborhood of x. Similarly, Robinson’s CQ is equivalent
to the positive linear independence of (16), and the relaxation of it in the same style
as CRCQ characterizes the constraint qualification known as constant positive linear
dependence (CPLD) [16]. That is, CPLD holds at X if, for every subset Jy € Iy(x), if
(17) 1s positively linearly dependent at x, then it must remain linearly dependent for
every x in a neighborhood of x.

Extending such constant rank-type constraint qualifications to the context of
NSOCP with an arbitrary dimension is not trivial. For instance, it is known that linear
second-order cone programming problems may present a positive or infinite duality
gap even when the primal problem is bounded, feasible and its solution is attained. This
means that “constraint linearity” is not a constraint qualification in NSOCP, contrary
to NLP. However, note that any kind of constant rank condition that depends solely
on the derivatives of the constraint functions will always be satisfied for every linear
problem, implying it cannot be a constraint qualification—see, for instance, [6]. See
also [12, Section 2.1] for a detailed discussion on this issue regarding linear problems.

In a previous work, we noticed that weak-nondegeneracy imbues the cone structure
into the constraint functions, allowing us to properly define a constant rank-type con-
dition that is not retained by the linearity bottleneck. In this section, we shall follow a
similar approach, making the necessary adaptations to overcome the difficulties that
arise from the particularities of the second-order cone along the way.

4.1 Weak Constant Rank Conditions

With the definitions of weak-nondegeneracy and weak-Robinson’s CQ for NSOCP
at hand, we can present new extensions of CRCQ and CPLD for NSOCP by means of
a simple relaxation of Definition 3.1, in the same lines as in NLP. Basically, the idea
is to demand every subfamily of (12) to locally retain its (positive) linear dependence.
So let us define, for any sets Jp, J_, J+ C {1, ..., g} such that §j (x) # 0 for every
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Jj € Jp, the family of vectors

Diposay (row) = {Dg;0) Tui(g;00} [ J g0, —wp}

J€JB jeJ_

U{psi @ wp} (18)
JISHAS

where w = [w;j]jes_uy, . Above, the index set Jp refers to an arbitrary subset of
Ip(x), and the indices J_ and J; both refer to Ip(x), but with distinct eigenvectors;
see (12).

Definition 4.1 (weak-CRCQ and weak-CPLD) We say that a feasible point X
of (NSOCP) satisfies the:

— Weak constant rank constraint qualification (weak-CRCQ) if the following holds:
For every sequence {x*}keny — X, there exists some I T N, and convergent
eigenvector sequences

1 1
{ur(g; (Nker — 5(1, —w;) and {uz(g;(x*)ker — i(l,wj),

with [[w;] = 1, for all j € Iy(x), such that for all subsets Jp C Ip(x) and
J_, Jy C Ip(x), we have that if the family of vectors Dy, ;_ ;. (X, w) is linearly
dependent, then Dy, ;_ ;. (x*, w*) remains linearly dependent for all k € I large
enough, where w = [w;];es_uy, and wk = [w];]jej_uj+ satisfies

1 1
ui(gj (") = (1, —w§) and ua(g;(x") = (1, wj) (19)

foreach j € J_ U J,4.

— Weak constant positive linear dependence (weak-CPLD) condition if the following
holds: For every sequence {xk}keN — X, there is some I C,, N, and convergent
eigenvector sequences

1 1
{u1(gj (N ker — (1, =) and {u2(gj (")) )ker — S (L)),

with [[w;| = 1, for all j € Iy(x), such that for all subsets Jp C Ip(x) and
J_, Jy C Ip(x), we have that,if Dy, ;_ ;. (X, w) is positively linearly dependent,
then Dy, y_ .y, (x*, w*) is linearly dependent for all k € I large enough, where w
and wk are as in the previous item.

There are some features about Definition 4.1 that should be highlighted for a better
understanding of it. First, weak-CRCQ fully recovers CRCQ when we setm ; = 1 for
every j € {1,..., g}—see also Remark 2.2 for a clarification about the case m ; = 1.
Similarly, note that weak-CPLD recovers CPLD in the same setting. Second, in view
of Corollary 3.1, we see that weak-CRCQ is implied by (weak-)nondegeneracy as in
Definition 3.1, and weak-CPLD is implied by both (weak-)Robinson’s CQ and weak-
CRCQ. However, due to such equivalence in NLP, those implications in the conic
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setting are strict (see Example 4.2 and [16, Counterexample 4.2], respectively). Third,
we point out that weak-CRCQ is not comparable with (weak-)Robinson’s CQ (see,
for instance, [29, Examples 2.1 and 2.2]).

Remark 4.1 To fix ideas, let us consider a single conic constraint g(x) € L, at the
point X € F. First, suppose that g(x) = 0 and take any sequence {x};cny — X. We
consider a partition of N as follows:

- Np:=1{k eN: §(xk) = 0}. For k € Ny, we can choose
1 1
n(g@) =3 (L—wb) and waeeh) = 3 (1wb).

for any w* such that |w*|| = 1. When N is infinite, weak-CRCQ demands, in par-
ticular, the existence of a choice of {wy }rear, With some convergent subsequence
{whlker = W, I Soo Np, such that

Dg®) (1, (=)'w) =0

only if
Dg(x*)T (1, (—1)iwk) —0

for all large k € I, i € {l,2}; and, in addition, if Dg()_c)T(l, —w) and
Dg(x)"(1,w) are linearly dependent, then Dg(x*)" (1, —w*) and Dg(x*)T
(1, wk) must also be linearly dependent, for every sufficiently large k € 1.

— N = {k € N: g(x*) # 0}. This case is similar to the previous one, except

that there is no freedom in the choice of wk, as it is uniquely determined by
wk =3k /1I3(x5) |, for every k € M.

The reason why both eigenvectors are taken into consideration is that both eigen-
values of g(X) are zero, in this case. Naturally, in case g(x) € bd L,,, we have only
one zero eigenvalue, which is A1(g (X)), then weak-CRCQ simply demands the vector

1 _
Dg() ur(g(x)) = 5 Dg(x)" (1’ B ||’§‘8||)

to be either nonzero at X or equal to zero in a whole neighborhood of x. Note that this
coincides with the naive approach [11], obtained by reducing the problem to an NLP.
This observation remains true for more than one conic constraint as long as Iy (x) = @.
See also Remark 4.2.

Now, let us check how Definition 4.1 behaves when it is applied to example [6,
Equation 2], which was used to refute the CRCQ proposal of [47].

Example 4.1 (Equation 2 from [6]) Consider the problem
Minimize — x,
xeR (20)
subjectto  g(x) := (x,x + xz) € L.
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and its unique feasible point x := 0, which does not satisfy the KKT conditions. Our
aim is to show that Definition 4.1 is not satisfied at x. To do so, it suffices to take any
sequence {x*};eny — 0 such that x¥ > 0 for all k € N. In this case, for each k € N,
the eigenvectors of g(x*) are uniquely determined by

1

ur(g(x*) = = (1,

2

x4 (xF)? 1
)=3

Trany) T2 Y

and

1 Frahry 1
u(g(x) = 3 (1 x—(x)|) = 3. D),

Tk (xF)?
so there is only one trivial limit point for each eigenvector sequence; also, wk = w = 1
for every k € N. However, note that
Dg(x@) (1, —w) =0 but Dg(xXT(1, —w") = —2x*,
so for Jp := Ip(x) = 0, J_ := {1}, and J; := ¥, we have DJB,j_,J+(xk, wk) =

{(—2xK} is linearly independent for every k € N whereas Dy, ;_ j, (x, w) = {0} is
(positively) linearly dependent. Thus, neither weak-CRCQ nor weak-CPLD is satisfied
at x.

As mentioned before, weak-nondegeneracy and weak-Robinson’s CQ are strictly
stronger than weak-CRCQ and weak-CPLD, respectively. It is clear that the former
implies the latter, so let us prove the “strict” statement:

Example 4.2 (Weak-CRCQ is weaker than weak-nondegeneracy and does not imply
weak-Robinson) Consider the constraint

g(x) = (_-x’x’ )C) € ILG’

and its unique feasible point X := 0. To prove that weak-CPLD holds at X, let
{(x*}rey — X be any sequence. Just as in Example 3.2, there are three cases to be
considered, but it suffices to analyze one of them, since the other cases follow analo-
gously. Then, for simplicity, we assume that there is some I Coo N such that xk > 0
for every k € I, and in this case the eigenvectors of g(x*) are uniquely determined
by

| =

uy (g(xb)) =

\]

(1 L —L) and  us( (xk))—l(l 1 l)
’ 2’ ﬁ Zg _2 9 2’ 9

leading to wk =w = (L L) Then,

Dg(xHT(1, (=D'w*) = Dg@ T, —w) = (—1 + (—1)’%)
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foreachi € {1, 2}. Then, the family (12) will have opposite signs, making it positively
linearly dependent, so weak-Robinson’s CQ and weak-nondegeneracy both fail at X,
without violating the weak-CRCQ and weak-CPLD requirements since in this example

ko k S
Dygy_g,x",w") =Dyy y_ y, (X, w)

for every k € I regardless of Jp, J_, and J..

Example 4.2 can also be used to verify that weak-CRCQ does not imply Robin-
son’s CQ. In fact, Robinson’s CQ does not imply weak-CRCQ either, making them
independent. Let us show this with another example:

Example 4.3 (Weak-Robinson does not imply weak-CRCQ) Consider the constraint
g(x) := (2x1,x3) € Ly

at x := 0. To see that x violates weak-CRCQ, it is enough to take any sequence
{x*}xeny — X such that x’z‘ # 0 for every k € N. Then, the eigenvectors of g(xk) must
be

k 1 k 1
ur(@(x™) =5, =1 and ux(e(x™)) = 51, 1),

which are defined by w = w = 1 for all k € N. This implies that the vectors
Dg(x*)T(1, —w*) = (1, —2x5) and Dg(x*)T(1, w¥) = (1, 2x4) are linearly inde-
pendent for all k, whereas the vectors Dg @) "(1, —w) = (1, 0) and Dg @) (1, w) =
(1, 0) are linearly dependent, violating weak-CRCQ.

On the other hand, in view of Corollary 3.1, it is easy to check that Robinson’s CQ
holds at X, since Dg(f)T(l, —w) = (1,0) and Dg()_c)T(l, w) = (1, 0) are positively
linearly independent for every w € R with [w| = 1.

Finally, we shall prove that weak-CPLD (and by consequence weak-CRCQ, weak-
nondegeneracy, and weak-Robinson’s CQ) is a constraint qualification for (NSOCP)
employing a result from [7], regarding the output sequences of an external penalty
method:

Theorem 4.1 Let x be a local minimizer of (NSOCP), and let {pi}xen — +00. Then,
there exists some sequence (xFlken — X, such that for each k € N, xX is a local
minimizer of the regularized penalized function

1 —n2 . Pk : 2
FOO)+ 5 lx =13 + = Z; IPL,,, (=g NI | - 21
]:
Proof The proof of this theorem is contained in the proof of [7, Theorem 3.1]. O

Observe that the gradient of (21) can be computed as

VoL (%, kP, (—81), - kP, (—84 (X)) + (x = F),

mq
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for each k € N, which vanish atx := x*. So defining //L]; = PkP]Lmj (—g;j (xk), for all
Jj €{1,...,q}, induces approximate Lagrange multiplier sequences associated with
{x¥}ren—see also [7]. Then, to prove that weak-CPLD is a CQ, it suffices to construct
bounded approximate multiplier sequences out of { ,ufj‘. }ken. For convenience, we will
prove a slightly more general result that also encompasses the convergence theory of
an external penalty method under weak-CPLD; see [7] for details.

Theorem 4.2 (Weak-Robinson, weak-CRCQ and weak-CPLD are constraint qualifi-
cations) Let {px}keny — 00 and {x¥eny — X € F be such that

VoL (P, (1), L pePL, (—g(R)) = 0,

and suppose that weak-CPLD holds at x. Then, X satisfies the KKT conditions. More-
over, any local minimizer of (NSOCP) that satisfies weak-CPLD is a KKT point.

Proof Foreachk € Nand j € {1, ..., g}, define ,ulj‘. = Pk?}Lmj (—gj(xk)). Then, we
have

q
Vi) =) Dgi) Tl — 0. (22)
j=1

Let us consider an arbitrary spectral decomposition of ,ufj‘.:

b = afui(g; (X)) + Bhua(g; (x")).

where of = [—phi(g;(* )]+ = 0 and B = [—peha(g; ()14 = 0. See (8).
Define

vhi= ) ofDgi (N Tui(g; )+
JElp(x)Ulp(x)

+ ) BiDgi (") Tua(gj(x*))

Jelh(X)

(23)

and note that (22) can be equivalently stated as V f x5y — ok > 0.
By Carathéodory’s Lemma 2.2, for each k € N, there exists some J g C Ig(x) and
Jk. JJ’ﬁ C Ip(x) such that

{Dg;cH g0} U peie @t} @

JEJUJZ JEJL

is linearly independent and

= 3" @Dgi(")Tui(g; (") + ) BiDg () Tua(g; (xh)),
jeJkugk jelk
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for some new scalars &’]‘. >0, € Jé U J*, and Bj‘ >0,j € L’ﬁ. By the infinite
pigeonhole principle, we can take a subsequence if necessary such that JX, JX, and J J’ﬁ
do not depend on k; that is, we can assume, without loss of generality, that J 1’; = Jp,
JE =J_,and JX = J,, forevery k € N.

We claim that the sequences {&’J‘.}keN are bounded for every j € Jp U J_, as well
as {Bj‘ }ken for every j € J.. Indeed, by contradiction, suppose that the sequence

{m*}ren, given by

m* := max{max{@}: j € Jp U J_}, max{B}: j € J;}},

diverges. Dividing (22) by m*, we obtain

~k ok
o B
> D (g ) + Y —rDgi () Tua(g; () > 0
JjeJpUJ_ JEJ+

and since the sequences {&]J? /m*}ren are bounded, we can assume, without loss of
generality, that they converge to, say, a; > 0, for all j € Jp U J_; and, similarly,
we can also assume that the sequences {ﬁf /m*}ren converge to some S j = 0, forall

J € J4. Note that at least one element of {&;}jes,us U {B;}jes, is nonzero, which
makes the correspondent set Dy, ;_ 7. (X, w) as in Definition 4.1 linearly dependent
for any limit point w of any subsequence of {w*};en, contradicting weak-CPLD since
Dyg.u_.u, (x*, wk), which coincides with (24) with wX defined as in (19), is linearly
independent for every k € N.

Since {&’;}keN and {Bf}keN are bounded, the sequence {([L’f, e ﬂ]f])}keN C Ly, x

-+ X Ly, defined by

akur(g; () + Bhua(g;(x*)), if j € J- N Uy,
| Bueeh, it jeJpU -\ Jp).
//L i = ~ . .
/ kun(gj(xh)). ifjeJo\J_,
0, if j € lim(x)orj¢(JpUJ_UJy)
is also bounded. Finally, note that all limit points of {(,&If e [:Lg)} keN are Lagrange
multipliers associated with X, which completes the first part of the proof. The second
part follows directly from Theorem 4.1. O

Remark 4.2 In [11, Section 5], we proposed the so-called naive extensions of CRCQ
(and CPLD) to NSOCP, which were obtained by replacing the conic constraints
of (NSOCP) that satisfy g (x) € bd L, ; with standard NLP constraints, via a reduc-
tion function

D (x) == g;.00)* = IZj (O,

@ Springer



66 Journal of Optimization Theory and Applications (2022) 195:42-78

and then applying the NLP definition of CRCQ (respectively, CPLD) to those reduced
constraints. However, in order to compare it with the conditions we presented, we use
another reduction function,

@;(x) 1= gjo(x) — 18I,

instead of @;(x), since chj(x) = 2Dg; (x)Tul(gj(x)) for all x close enough to
x and j € Ig(x). As mentioned in [11, Remark 5.1-c], using @; or qu char-
acterizes different approaches. Assuming the second type of naive approach, we
recall that naive-CRCQ (respectively, naive-CPLD) is satisfied at x € JF when
there exists a neighborhood V of x such that, for every Jg C Ip(X), the following
holds: If the family (10) is R#®1 x T, ;) R"™-linearly dependent (respectively,

RN [T, 1, oy Lim, -linearly dependent), then the family {Dg;; (x) Tue1 (g (X))} e
remains linearly dependent for all x in V. Note that this definition coincides with non-
degeneracy (respectively, Robinson’s CQ) when no constraints are reducible—that is,
when Ip(x) = ()—because ¢ is linearly independent. On the other hand, when all
constraints are reducible, Definition 4.1 coincides with naive-CRCQ/CPLD. Thus, in
the general case, both CQs of Definition 4.1 are strictly weaker than their “naive”
counterparts.

5 Stronger Constant Rank Conditions With Applications

As we already mentioned, our study of constraint qualifications is driven toward global
convergence of algorithms for solving (NSOCP). In particular, we presented in the
previous section a global convergence proof for the external penalty method under
weak-CPLD; to extend this result for a broader class of iterative methods, we now
introduce more robust adaptations of weak-CPLD and weak-CRCQ. This is similar
to what we did in [9] for NSDP problems. We start this section with an analog of [9,
Definition 4.2] in NSOCP, which characterizes a perturbed version of weak-CRCQ
and weak-CPLD.

Definition 5.1 (seq-CRCQ and seq-CPLD) We say that x € F satisfies the:

— Sequential CRCQ condition for NSOCP (seq-CRCQ) if for all sequences
{(x*}rey — X and {A’;}keN C R™i, j € Ip(x) U Ig(X), such that A’; - 0
for every j, there exists some I C N, and convergent eigenvector sequences
fui(g; (5 + A)her — 31, —w)) and {ua(g; (") + A her — 3(1,w)),
with [[w;| = 1, for all j € Iy(x), such that for all subsets Jp C Ip(x) and
J_, J4 C Ip(x), we have that, if the family of vectors Dy, ;_ j, (X, w) is linearly
dependent, then Dy, ;_ ;. (x*, w*) remains linearly dependent for all k € I large
enough, where w = [w;]jes_uy, and wk = [w’j‘.]jeJ_Uj+ with

1 1
ur(g; (") + 49 = (1, —wj) and ux(g; (") + 4) = Z(L,wh)  (25)
foreach j € J_ U J;.Recall that Dy, ;_ . (x, w) was defined in (18).
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— Sequential CPLD condition for NSOCP (seq-CPLD) if for all sequences
{(x*}rey — X and {A’;}keN C R™i, j e Ip(x) U Ig(x), such that A’;. - 0
for every j, there exists some I C, N, and convergent eigenvector sequences
{ur (g (") + A ler — 31, =w)) and {ua(g; (x*) + A hker — 31,0,
with [[w;] = 1, for all j € Iy(x), such that for all subsets Jp C Ip(x) and
J_,Jy C Ip(x), we have that,if Dy, ; ;. (X, w) is positively linearly dependent,
then Dy, y_ y, (x*, w*) remains linearly dependent for all k € I large enough,
where w and w* are as the previous item.

Note that the nondegeneracy condition (as in Proposition 2.1) implies seq-CRCQ,
whereas Robinson’s CQ implies seq-CPLD. Moreover, these implications are strict,
as it is shown in the next counterexample:

Example 5.1 (Nondegeneracy and Robinson’s CQ are strictly stronger than seq-CRCQ
and seq-CPLD, respectively) Consider the constraint

glx):=(—x,x) el,

atthe pointx := 0, which s the only feasible point of the problem. In order to verify that
x satisfies seq-CPLD and seq-CRCQ, let (xF}reny — ¥ and {AF) ey — Obe arbitrary
sequences. We will assume that there is some I Co N such that g(x*) + A¥ > 0 for
all k € I, where AF := (A’é, Z") € R?, since the other cases (as in Example 3.2)
follow analogously. Then, we have

k k 1 k k 1
u (@) + 47 =1, =D and ux(g(x™) + A7) = Z(1, 1),

which implies that w* = w = 1 for all k € I. Hence, the vectors Dg @) (1, —w) =
—2 and Dg T, wh = 0 are (positively) linearly dependent, but since
Dg(xk)T(l, —wk) = —2 and Dg(xk)T(l, w®) = 0 are also linearly dependent for
every k € I, we see that seq-CPLD and seq-CRCQ both hold, while Robinson’s CQ
and nondegeneracy do not.

Example 5.1 shows that seq-CRCQ does not imply Robinson’s CQ, and the con-
verse 1s also false; otherwise, Robinson’s CQ would imply weak-CRCQ), contradicting
Example 4.3. Further, note that Definition 5.1 is basically Definition 4.1 with the
addition of some perturbation sequences {A’J‘.}keN. Then, seq-CPLD implies weak-
CPLD and seq-CRCQ implies weak-CRCQ, implying a fortiori that seq-CPLD and
seq-CRCQ are constraint qualifications. However, the next example shows that these
implications are both strict.

Example 5.2 (Seq-CRCQ and seq-CPLD are stronger than weak-CRCQ and weak-
CPLD, respectively) Consider the constraint

g(x) = (x*,x,0) € L3

atx := 0. Let us begin by showing that x satisfies both weak-CRCQ and weak-CPLD,
so let {x*}reny — X be an arbitrary sequence. Again, as in Example 3.2, we will
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assume, without loss of generality, that there exists some I C,, N such that xk >0
for every k € I. In this case, we must have

ui(g(x")) = %(1, —1,0) and ux(g(x)) = % (1,1,0),
which yields wk = w = (1, 0) for every k € I. Then, Dg(x) (1, —w) = —1 and
Dg @) (1, w) = 1are (positively) linearly dependent, but since Dg T, —wh) =
2xK — 1 and Dg(x)Tuz(g(x)) = 2xk 4+ 1 are also linearly dependent for all k € [
large enough so that x* € (—%, %), it means that weak-CRCQ and weak-CPLD both
hold at x.

However, taking any sequence {x*}zery — X such that x¥ > 0 for every k € N, and
the perturbation vector

AR = (= (02, =Xk XK > 0,

we have that g(x*) + A := (0, 0, x¥), so its eigenvectors are uniquely determined
by

k k 1 k k 1
(g + 45 =2(1,0,-1)  and ux(g(") + 4% =-(1,0,1),

implying Dg(xk)Tul (g(xk) + A%y =2xF > 0and Dg(xk)Tuz(g(xk) + A%y = 2xk >
0 are positively linearly independent for every k € N. But since Dg(x) (1,0, —1) =
Dg ()_C)T(l, 0, 1) = 0 we conclude that seq-CPLD and, by extension, seq-CRCQ, both
fail at x.

Furthermore, conditions seq-CRCQ and seq-CPLD can also be characterized in
terms of a neighborhood, without sequences, just as the original CRCQ and CPLD
conditions from NLP. Let us prove this:

Proposition 5.1 Let x € F. Condition seq-CRCQ (respectively, seq-CPLD) holds at
X if, and only if, for every w = [W;]jep ) with |[w;|| =1, j € Iy(X), there exists
a neighborhood V of (x, w) such that for every Jg C Igp(Xx) and J_, J1 C Ip(X),
if Dyg.y_, . (X, w) is (positively) linearly dependent, then Dy, j_ i (x,w) remains
linearly dependent for every (x,w) € V with w := [w;]jer ) and |w;| = 1 for
every j € J_U Jy. Here, Dy, j_ j. (x,w) is as defined in (18).

Proof Suppose that there exist some subsets Jp € Ip(x) and J_, J+ C Ip(X), and
some w = [w;]jes_uy, suchthat Dy, ; ;. (X, w) is (positively) linearly dependent,
but there is a sequence {(xK, w)eny — (X, w) with wk := [wl;]jEJ_U]+ and ||w’]‘.|| =
1, suchthat Dy, 5 g, (x*, wk) is linearly independent for all k£ € N. Define, for each
k €e Nand j € Jp U I_U I, the perturbation vector

1 k ky  ip
;(1,wj>—gj(x ), ifjelJ_UJy

Al = S ok (26)
j gj,o@(l 8 ) )—gJ-(xk), it j € Jp,

T 1Ig (Rl

@ Springer



Journal of Optimization Theory and Applications (2022) 195:42-78 69

which implies that g ; (xky + A’J‘. € bd Ly, and hence its eigenvectors are uniquely
determined for every such j and k. This contradicts Definition 5.1.
Conversely, pick any sequences (xFlreny — x and {A’;}kEN — 0,j € h(x)U

Ip(x), and any subsets Jp € Ig(x) and J_, J+ € Ip(X). Then, define {w¥}ken as in
Definition 5.1 and letw = [w];cy_uy, besuchthat |[w;| = 1forevery j € J_UJ
and limges u1 (g (%) + A%) = 3(1, —w;) and limges ua (g (x¥) + A5) = 31, w)),
for some I Co N. Note that limyc; w* = w, so if D Jg,J_,Jp (X, w) is (positively)
linearly dependent, then Dy, ;_ ., (x*, wk) remains linearly dependent for every k
large enough. O

Remark 5.1 Note that Proposition 5.1 reveals that Definition 5.1 characterizes a “‘con-
stant rank condition, or constant (positive) linear dependence, by conical slices.” For
example, consider a single constraint g(x) € L, at a point X such that g(x) € L,,;
then, seq-CRCQ holds at X if, and only if, for each conical slice of LL,,, which can be
of two types:

1. CL = cone({(1,w)}), for some w € R™~! such that |w] = 1;
2. C% = cone({(1, —w), (1, w)}), for some w € R™~! such that |w| = I;

the dimension of

span({Dg(x) " (1, w)}), ifi =1,

T iy
D) span(Cy) = { span({Dg () T(1, —w), Dg(x) (1, w}), if i =2,

remains constant for every (x, w) close enough to (x, w). The seq-CPLD condition
admits a similar phrasing. That is, the local constant rank property must hold for every
perturbation of X and every perturbation of the slice as well, roughly speaking, and the
existence of two types of conical slices describes, intuitively, why should one consider
every subset of {Dg(x)T(l, —w), Dg(x)T(l, w)}.

5.1 Global Convergence of Algorithms With Some Examples

Here, we show that the condition seq-CPLD can be used to prove global convergence
of an abstract class of iterative algorithms, namely the ones that generate sequences
of approximate solutions {x¥}xen, which we will assume to be convergent to some X,
and approximate Lagrange multipliers {,u’;.}keN C Lm;,j €{l,...,q}, in the sense
that
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ViL(x*, pf, k) =0 (27)

and for every k € N,
g+ AL ey, and (g;(x") + A% uhy=0 (28)
for some sequences A’J‘. — 0, j € {1,...,q}. Later in this section, we will discuss

some details about some popular algorithms that generate this kind of sequence. But
first, let us prove our unified global convergence result:

Theorem 5.1 (Global convergence under seq-CPLD) Let (xF)ken and {,u]; een C
Lmj, je{l,...,q}satisfy (27) and (28), and let X be a feasible limit point of{xk}keN
that satisfies seq-CPLD. Then, X satisfies the KKT conditions.

Proof For simplicity, let us assume that {x*}xen — x. From (27), we obtain that

q
Vi) =) Dgi) T — 0. (29)
j=1

Now, by (28) we obtain

0, if g;(x) + A’; € intL,,

W= M0 o ok AR i o (k) 4 AR e bt
gjﬁo(xk)M?OF,(gj(x )+ AD), if gj(x") + AT € bd "Ly,

where I'; is defined in (11), and M]; can be any point of Ly,; if g; (k) + A’; = 0.
Thus, there exists a spectral decomposition of

wh o= oy () + Bhua (i),

such that u (,u];) and uz(,ulj‘.) are also eigenvectors of g; (x5 + AI;' for every k € N.
Moreover, note that (28) implies that a’;/\l(g i (xf) + A’;) = 0 and ﬂf/\z(g j (xﬁ?) +
A’;) = 0 for every k € N and every j € {I,...,q}. Then, ﬂf = 0 for all k large

enough and for every j € Ip(x) U i (X), because A»(g; (x? )+ A];) > ( for all large
k in these cases. Therefore, we can rewrite (29) as

VIGH = 3 (@hDgy ) Tun () + BEDg; (65 Tua 1) )
Jelo(X)
- Y @kDg;H Tk - 0.
Jjelp(x)
The rest of the proof is similar to the proof of Theorem 4.2, which consists of
using Carathéodory’s lemma in the above relation, assuming that the new scalars

are unbounded, and then directly applying Definition 5.1 to reach a contradiction,
hence it shall be omitted. O
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The sequences satisfying (27) and (28) are known as Approximate-KKT (AKKT)
sequences, which define a sequential optimality condition introduced by Andreani et al.
in [7] for NSOCP problems. Also, we must mention that several algorithms generate
AKKT sequences; one recurrent example (see [7, Algorithm 5.1]) is the classical
Hestenes—Powell-Rockafellar augmented Lagrangian method, which is based on the
perturbed penalty function

4 ~ 2 ~ 12
p //(/ . M .
Ly @ = 10+ 2 | 32 [P, (—es0 = 2) = |22
j=1 p P
where p € Ry and fi; € Ly, j € {1,..., g}, are given parameters. The sequence

......

associate approximate Lagrange multipliers are given by
k= PLy, (—,Okgj (") — /1/;> :

where {px }ren 1S the penalty parameter and { ,&]J‘. heen C Ly, j are given sequences and
k_ ~k

k. HiTH ; ; ky _
Aj = for every j € {1, ..., q}. In particular, note that Vka,ﬁ’f 7777 ik x) =
V, L(x*, u’f e ,u’;) for every k € N. See also [8] for a more detailed discussion on
this topic.

Besides the augmented Lagrangian and its variants, the sequential quadratic pro-
gramming (SQP) algorithm of Kato and Fukushima [30, Algorithm 1] can also be
proved to generate output sequences that satisfy (27) and (28). For completeness, we
state their algorithm below:

In [30], Kato and Fukushima proved the global convergence of Algorithm 1 under
the following assumptions:

Al. Step 1 is well defined for every k € N;

A2. The output sequence {xF}ren of Algorithm 1 is bounded;

A3. The multiplier sequences {,uI;}keN, j €{l,..., q} computed by the method are
all bounded.

Observe that these assumptions, although somewhat standard, are demands over the
behavior of the algorithm itself instead of the problem, and a convergence theory that
makes strong assumptions over the behavior of the method is, to say the best, fragile.
Even so, Al and A2 can be considered a “necessary evil” since their violation means
that the execution of the method has terminated in failure. Assumption A3, on the
other hand, is not plausible since it basically guides the method toward convergence.
Instead of A3, an assumption over the problem (and not the method), for instance the
fulfillment of a constraint qualification at every limit point of {x*}ren, would be more
reasonable for illustrating its strength. Of course, Robinson’s CQ is well suited for this
role since it implies A3, but an improvement can be made with the weaker constraint
qualification seq-CPLD; that is, under the following assumption:

A4. All limit points of {x*}icn satisfy seq-CPLD.
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Algorithm 1 Sequential quadratic programming algorithm of [30].

Input: An initial point x0 € R” and some parameters o > 0,0 € (0,1), 1 >0,y > 0,and 7 > 0.
Set k := 0. Then:

Step 1: Choose a symmetric positive definite matrix M k e R"*1 guch that Y1 ||z||2 <7 Mk < %) ||z||2
for every z € R”", and find a solution d kif possible of the problem:

1
Minimize VA Td + —d"Mka, (QP)
deR" 2
subject to g (") + Dgj(x"yd € L, Yjel, ... q)
together with its Lagrange multipliers /,L]; €Ly It jefl,...,qhif d* =0, then stop;
Step 2: Set the penalty parameter as follows: If ok > max{|u];- oltJ € {1,...,q}}, then ok tl = ok

k+1

otherwise, « := max{ak, IM];- ol J€fl, ..., q}} +1;

Step 3: Compute some scalar * e (0, 1] satisfying
@ i1 (K) — @ 1 (K +1kd¥) < o1k (@b Tk ak; (30)

where

q
Py (x) = f(x) +a Yy max{0, —gj o(x) — |8 ()]}
j=1
is a penalty function;

Step 4: Set Xkl = xk 4 tkgk and k ;= k + 1, and go to Step 1.

Then, we can easily rephrase an excerpt from the proof of [30, Theorem 1] and
apply Theorem 5.1 to obtain the same convergence result of [30] under A1, A2, and
A4, instead of A3 or Robinson’s CQ. However, it should be noticed that A4 may hold
even when the approximate Lagrange multiplier sequences are unbounded.

Proposition 5.2 UnderAl, the output sequences {x*}ken and {,u];. been, j € {1,...,q},
of Algorithm 1 satisfy (27) and (28).

Proof For each k € N, assumption Al tells us that x* and ;L’J‘. € ILmj, jel{l,...,q}
satisfy the following:
Vf@ak) 4+ MAdk — 3 Dg; (k) Tk =0,
(15, gj(x") + Dgj(x")a*) = 0,Vj e (1,....q},
gi(x*) + Dgj(xMydk e Ly, Vj € {l,....q).

Since by construction { M k1 en is bounded and by [30, Theorem 1] we have (d*}ken —
0, the conclusion follows by taking A’J‘. = Dg; (x*)dk for every k € N and every

jefl,....q) 0

@ Springer



Journal of Optimization Theory and Applications (2022) 195:42-78 73

For the sake of completeness, we present a formal statement of the convergence
result of Algorithm 1 under seq-CPLD, which follows immediately from the previous
proposition.

Corollary 5.1 Assume Al, A2 and A4. Every limit point of the sequence {x*}ren gen-
erated by Algorithm 1 satisfies the KKT conditions.

5.2 On Error Bounds and Robustness

Another interesting implication of CRCQ and CPLD from the literature concerns error
bounds. To address it to NSOCP, let us recall the definition of the so-called metric
subregularity CQ for (NSOCP) problems.

Definition 5.2 (MSCQ) Let x be a feasible point of (NSOCP) and let g(x) :=
(8g1(x), ..., gg(x)). We say that x satisfies the metric subregularity CQ (MSCQ) when
there exists some y > 0 and a neighborhood V of X such that

dist(x, F) < ydist(g(x), H;?:le./)

for every x € V, where F is the feasible set of (NSOCP).

The following result shows a sufficient condition in order to obtain MSCQ. This
result is an adaptation from Minchenko and Stakhovski [34, Theorem 2] for nonlinear
programming problems. Also, an extension for semidefinite programming was made
in [9, Proposition 5.1] and hence its proof will be omitted.

Proposition 5.3 Let x € F and assume that g; are twice differentiable around X,
with j € {1,...,q}. Given x € R", let A (y) denote the set of Lagrange multipliers
associated with any given solution y of the problem of minimizing ||z — x|| subject to
8j(z) € Lin;, j € {1,...,q}, z € R". If there exist numbers T > 0 and § > 0 such
that A, (y) Ncl(B(0, t)) # O for every x € B(X, ), then X satisfies MSCQ.

Then, we shall prove that seq-CPLD and seq-CRCQ are robust, and this, together with
Proposition 5.3, is enough to show that they imply MSCQ.

Theorem 5.2 (Robustness of seq-CPLD (and seq-CRCQ)) If x € F satisfies seq-
CPLD (or seq-CRCQ), then:

1. Thereis aneighborhoodV of x, such that every x € VNJF also satisfies seq-CPLD
(respectively, seq-CRCQ),
2. MSCQ holds at x.

Proof We will only exhibit the proof for seq-CPLD, since the proof for seq-CRCQ
is analogous. Suppose that item 1 is false, then there is a sequence {x*}reny — X
such that seq-CPLD fails at xk, for all k € N. That is, for each k € N there is
some wk = [W?]jelo(xk) with ||w’]§|| = 1 for every j € Ip(x*), some sequences
{xéf}geN — xK and {wlg}geN — wk, and subsets Jg C I5(x*) and J*, J_]ﬁ C Ih(xb)
such that D W (x*, wk) is positively linearly dependent, but D W (xéf, w’z‘)
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is linearly independent for every ¢ € N. By the infinite pigeonhole principle, we
can assume that Iy = Io(x¥) and Iz = Ig(x¥) are the same for every k € N,
and also that Jg = JK, J_ = J* and J, = J_’,‘_ for every k € N, passing to a
subsequence if necessary. Moreover, note that we can also assume that I C Ip(x) and
Ip € Ip(x) U Ip(x). Now consider the following sets:

Jg:=JgNIgX), J_:=J_ UUgNIyX), and Jy :=J,.

By construction, note that D Jpd J (xéf , wlg ) is linearly independent for every k, £ €

N. For each k, let £(k) be such that ||w* — w’g(k) I < . and let W be any limit point of

{wF}ren. Without loss of generality, we will assume that wk

k —
that Wy = W

— w, which also implies
Analogously to (26), we can construct some A’]‘. e R" forevery j € Ip(x)UIp(X),

suchthat g; (xéf( as A’]‘. € bd 1L, ; and hence its eigenvectors are uniquely determined
by

-~ .k
1 gj(xgk) . ~
ul(gj(xg(k))‘FA];):—(l ik 0l , Vj € Jp,

2\ g ()
and
k ky 1 k
u1(8;(Xegy) + AP = 5 (1’ _wak))
and

1 L
(8 ef) + A5 = 5 (1 w) . Vi € - U .

With this in mind, on the one hand, we have that D I (x, w) is linearly dependent,
because the family D Jpd J (x*, wk) is linearly dependent for every k € N. But
on the other hand, D A (xéf(k), w’g(k)) is linearly independent for every k € N,
and the fact that the eigenvectors of g; (xéf(k)) + A’j‘. are uniquely determined for all

jedguUlJ_U f+, together with w’g(k) — w, contradicts seq-CPLD at x.
The proof of item 2 follows analogously to the proof of [9, Theorem 5.1], which is
essentially a corollary of item 1 and Proposition 5.3; hence it will be omitted. O

For a better exposition, what follows is a diagram that represents the relationship
of some existing constraint qualifications and the ones that we present in this paper

(Fig. 1).

6 Conclusion

In our previous work, we studied two ways of incorporating some structural features
of the semidefinite cone into the nondegeneracy condition of Shapiro and Fan [45];
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Y

Robinson’s CQ

\ 4

Nondegeneracy Seq-CPLD | = = = = > MSCQ

\ 4

Weak-nondegeneracy Seq-CRCQ i Weak-CPLD

Weak-Robinson’s CQ Weak-CRCQ

Fig. 1 Constraint qualifications for NSOCP. Strict implications are represented by solid arrows. Possibly
two-sided implications are represented by dashed arrows

among them was the eigendecomposition, which has always been widely exploited
in the design of algorithms for NSDP—for instance, see [31]. Quite surprisingly,
after incorporating eigendecompositions into the nondegeneracy condition (and also
Robinson’s CQ) we obtained a strictly weaker constraint qualification by means of
considering only converging sequences of eigenvectors associated with a given point
of interest, which was called weak-nondegeneracy (respectively, weak-Robinson’s
CQ). Moreover, this “sequential approach” allowed us to bypass the main difficulty
in generalizing the celebrated constant rank constraint qualification of NLP, to NSDP
[9], which is the presence of a potentially nonzero duality gap even in feasible linear
problems (see also [12] for a more detailed discussion on this topic). In this paper
we bring those concepts to the context of NSOCP where several improvements with
respect to the NSDP approach were made.

It is well known (see, for instance, the seminal work of Alizadeh and Goldfarb [2])
that although NSOCP problems can be reformulated as particular instances of NSDP
problems, solving them via such a reformulation is generally not a good practice for
a handful of reasons. Likewise, extensions of the sequential-type constraint qualifica-
tions of [9, 10] to NSOCP demand a specialized analysis to be properly conducted.
In fact, the second-order cone induces a distinguished eigendecomposition that is
easily computable, contrary to NSDP, which allows a deeper analysis to be made.
For instance, besides extending the weak variants of the nondegeneracy condition
and Robinson’s CQ from NSDP to NSOCP, this paper also presents a full comparison
between these weak conditions and their standard versions, which is an issue we could
not properly address in [10]. Some technical results from [10] could also be explained
in a somewhat natural way in this paper. Moreover, besides extending the constant
rank conditions from [9], we also gave them a geometrical interpretation in terms of
the conical slices of the second-order cone (Remark 5.1).

Very recently, we have been extending the notions of constant rank-type constraint
qualifications to the contexts of NSDP and NSOCP. While [12] follows an implicit
function approach pioneered by Janin [29] and giving rise to a definition of CRCQ that
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enjoys strong second-order properties, in this paper we exploit a sequential approach
[7], which allows even weaker conditions to be defined, such as the CPLD condition,
while enjoying global convergence properties of several algorithms without assuming
boundedness of the set of Lagrange multipliers but still allowing computation of error
bounds. Not surprisingly, when extending NLP concepts to the conic context, different
points of view may give rise to different possible extensions, each one extending
different applications of the concept. Some relevant topics in conic programming that
we expect the conditions we define in this paper will be particularly relevant are: in
the global convergence analysis of other classes of algorithms, including second-order
algorithms; the study of the boundedness of Lagrange multipliers estimates and the
use of scaled stopping criteria ; stability analysis of parametric optimization problems ;
and necessary optimality conditions for some extended classes of bilevel optimization
problems with conic constraints .
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1 Introduction

In the classical nonlinear programming (NLP) context, the so-called constant rank
constraint qualification (CRCQ) [36] was first presented as a tool for stability analysis,
which stood out for being independent of the usual Mangasarian-Fromovitz constraint
qualification (MFCQ) and strictly weaker than the linear independence constraint
qualification (LICQ). For instance, it has been applied with this purpose in NLP [29,
36, 46, 47, 49], mathematical programs with equilibrium constraints (MPEC) [33],
generalized equations [34], and bilevel optimization [44, 59]. Also, it is the origin
of several other constant rank-type conditions, such as the constant positive linear
dependence [10, 12, 51] and the constant rank of the subspace component [11], which
have been successfully applied in the convergence analysis of iterative algorithms. To
name a few algorithms whose convergence theory relies on CRCQ and its variants,
we point out: an augmented Lagrangian method [3, 13], a regularized interior point
method [52], sequential quadratic programming methods for NLP [41, 51, 58] and
MPEC [38], and some relaxation schemes for MPEC [35, 57]. In fact, a particularly
interesting aspect of CRCQ that makes it suitable for supporting practical algorithms
is the fact it can be roughly interpreted as a relaxation of LICQ that is able to separate
the core information of the problem, ignoring redundant constraints. Moreover, all
linear programming problems satisfy CRCQ, in contrast with LICQ and MFCQ.

Besides convergence of algorithms and stability analysis, CRCQ was used in sev-
eral contexts, such as NLP [4, 13, 45], MPEC [32], vector optimization [43], and
continuous-time NLP [48], for studying second-order necessary optimality condi-
tions. One of the main goals of this paper is to bring such results to more general conic
programming contexts, namely nonlinear second-order cone programming (NSOCP)
and nonlinear semidefinite programming (NSDP). In the seminal paper by Bonnans,
Cominetti, and Shapiro [21], the authors derived no-gap second-order optimality con-
ditions for problems over second-order regular cones [21, Definition 3], such as NSDP
and NSOCP, under the well-known Robinson’s CQ (see (7) on page 8, or [53]), which
is the natural extension of MFCQ to conic programming. In particular, their second-
order necessary condition states that every local solution that satisfies Robinson’s CQ
must also satisfy the following: for every critical direction, there exists a Lagrange
multiplier (possibly depending on this direction), such that a certain quadratic form is
nonnegative with respect to such direction and multiplier. However, the second-order
condition that is obtained under CRCQ in NLP replaces “there exists a Lagrange
multiplier” with “for every Lagrange multiplier,” which is stronger than the one of
[21]. Although this stronger condition can be obtained from [21] after assuming that
the Lagrange multiplier is unique, which is ensured by stronger constraint qualifi-
cations such as the nondegeneracy condition (see (8) on page 8), this assumption is
often regarded as too stringent. To the best of our knowledge, no second-order result
concerning every Lagrange multiplier, without assuming its uniqueness, has been pre-
sented so far in the literature of nonlinear conic programming. Moreover, no extension
of CRCQ has been proposed for nonlinear conic programming until very recently.
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In 2019, Zhang and Zhang [60] proposed an extension of CRCQ and its relaxed
version [46] for NSOCP, but it was later discovered that their results were incorrect
[5]. This event has motivated us to investigate other possible extensions of CRCQ
to conic problems, and their properties. The first step in this direction was made
in [6], for NSOCP and NSDP problems with multiple constraints. The idea of [6]
is to rewrite some of the conic constraints as locally equivalent NLP constraints,
whenever possible, and then jointly applying nondegeneracy and the NLP version
of CRCQ to the resulting problem. Later, in [8], based on the ideas from [7], we
improved this strategy by exploiting the eigenvector structure of the semidefinite cone
to deal with the conic constraints that could not be rewritten as NLP constraints.
This approach was also extended to NSOCP problems in [9]. In simple terms, the
condition of [8, 9] demands the rank of some families of functions to remain constant
along every sequence converging to the point of interest — roughly speaking, a constant
rank “by paths” — therefore, this extension is highly specialized to deal with sequences
generated by iterative algorithms, but since this rank may vary between paths, itis likely
unsuitable for other purposes. Indeed, the focus of [8, 9] was the global convergence
of a large class of algorithms to first-order stationary points, and no second-order
results were provided in it. Nevertheless, it is reasonable to expect that CRCQ may
have multiple independent and correct extensions, each one of them generalizing at
least one important aspect of it, but perhaps not all of them.

A common feature of all previous attempts of extending CRCQ to a conic context
is an approach based on re-characterizing the conic program and the nondegeneracy
condition, trying to make them as similar to NLP and LICQ as possible, so the extension
of CRCQ would come out straightforwardly. This is somehow understandable because,
even in NLP, the CRCQ condition has never received a geometrical interpretation
before. In this paper, we present a new geometrical characterization of CRCQ for NLP
in terms of the faces of the nonnegative orthant, which suggests a natural extension of
it to NSOCP and NSDP. A point that we should stress is that contrary to our previously
mentioned works, the definition of CRCQ that we present here is very simple. We prove
that this extension is a constraint qualification strictly weaker than nondegeneracy and
independent of Robinson’s CQ, as it should be, and we also compare it with the
condition of [8, 9]. Then, as an application, we show that every local solution of the
problem satisfies the strong second order optimality condition, provided our extension
of CRCQ holds. Moreover, just as it happens in NLP, our result does not demand a
priori any specific condition over the Lagrange multiplier set, besides nonemptiness.

The structure of this paper is as follows: Sect.2 consists of a nonlinear conic pro-
gramming review emphasizing some aspects of the theory that are not commonly
discussed in the literature; in Sect. 3, we analyze CRCQ for NLP and we show how it
can be interpreted in terms of the faces of the nonnegative orthant. In Sects. 4 and 5, we
propose extensions of CRCQ for NSOCP and NSDP, respectively, and we prove some
of its properties. Finally, in Sect. 6, we conclude this paper with a short discussion and
some ideas of prospective work.

We end this section by introducing some of our basic notation: throughout this
paper, [E will denote a finite-dimensional linear space equipped with the inner product
(-, -); and for a given set S C [, we will denote the polar of S by
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S°:={zekE|(z,y) <0, Vy € S}

and the orthogonal complement of S will be denoted by S L. The notations cl(S), int(S),
bd(S), and bd ™ (S) stand for the topological closure, interior, boundary, and boundary
excluding the origin of S in [E, respectively. The smallest cone that contains S will
be denoted by cone(S), and the smallest linear space that contains S will be denoted
by span(S). Finally, for a twice continuously differentiable function g : R” — [E and
a given point x € R", we denote by Dg(x) and ng(x) the first- and second-order
derivative of g at x, respectively. As usual, Dg(x)” stands for the adjoint of Dg(x),
which by definition satisfies (Dg(x)d, z) = (d, Dg(x)Tz) foralld e R" and z € E,
and the action of D?g(x) over d, d> € R" will be denoted by D?g(x)[d1, d>].

2 Common framework: nonlinear conic programming

In this section, we will review some classical results of convex analysis, and first-
and second-order optimality conditions and constraint qualifications for NSOCP and
NSDP. These problems are the cornerstones of two independent research fields, but
they can also be seen as particular cases of a nonlinear conic programming (NCP)
problem, given by

Minimize f(x),
s.t. gx) e, (NCP)
where f : R” — Rand g : R" — E are twice continuously differentiable, and IC C E
is a closed convex pointed cone that is assumed to be nonempty. We will use (NCP) as a
framework to discuss the common traits of NSOCP and NSDP simultaneously, before
moving to specific traits. Throughout the whole paper, we will denote the feasible set
of (NCP) by 2 :={x e R" | g(x) € K}.

Let us begin with two key ideas that underlie all the results of this paper: reducibility
and faces. Recall from [24, Definition 3.135] that for any given linear spaces [E and IF,
acone K C E is said to be reducible (more precisely, C2-reducible) at a point y € IC,
to a closed convex pointed cone C C T, if there exists a neighborhood N of y and a
twice continuously differentiable reduction function & : N' — T (possibly depending
on y) such that Z(y) = 0, DE (y) is surjective, and

KNN ={zeN | E() (]

In general, reductions are meant to be used as a simplification tool that allows one
to interpret any point of /C as a vertex of some other cone C, and then extend the
results obtained at C to K in a smooth way. In this work, we are also interested in the
geometrical properties of the reduced cone C as well; in particular, in its faces.

To make a brief revision, we recall that F is a face of C if every open line segment
that contains a point of F also has its extrema in F; thatis, if for every y € F and every
z,w € Csuchthat y = az + (1 — a)w for some a € (0, 1), we have that z, w € F.
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Further, when there exists some n € C° such that
F=cninh,

that is, when F is the intersection between C and one of its supporting hyperplanes,
we say that F is an exposed face of C. Some cones, like the nonnegative orthant, the
semidefinite cone, and the second-order cone, are facially exposed, meaning all of
their faces are exposed. We use the notation F < C to say that F is a face of C.

Now, to contextualize our results, we will revisit the classical theory of NCP in
the next section, with a special emphasis in the work of Guignard [31], and Bonnans,
Cominetti, and Shapiro [21]. In particular, we stress some aspects of the NCP theory
that are often disregarded in the literature.

2.1 Review of first-order optimality conditions

Forany set S € E and any z € S, recall the (Bouligand) fangent cone to S at z, defined
as

Ts(z) = {y ckE

e hken — 07, 3y lren — v such that
2+ ny* e Sforallk e N '

Our review of first-order constraint qualifications for (NCP) revolves around two
particular cones: the tangent cone T (X) to £2 at a feasible point x € £2, and the
linearized tangent cone

Lo(X) = {d eR" | Dg(X)d € Tr(g(xX)},

where Tic(g(x)) is the tangent cone to K at g(x). The importance of these cones for
our analyses lies on the necessary optimality conditions for (NCP) associated with
them. Namely, given any local minimizer x € 2 of (NCP), it is easy to see that
(Vf(x),d) >0foralld € To(x); thatis,

= Vf(x) €Tax)". (1)

This is one of the simplest necessary optimality conditions, sometimes called the
first-order geometric necessary condition for the optimality of x. However, it may be
difficult to use (1) when £2 does not admit an explicit characterization because 7 (x)°
may not be easily computable in this case. The polar of L (x), on the other hand,
admits a practical description, as it is shown in the following lemma, extracted from
the proof of [31, Theorem 2] by Guignard:

Lemmal Letx € 2. Then, Lo (x)° = cl(H (X)), where
H(®) = Dg(®) Nic(g(®) = | Dg(®" 2| z € Nic(g()]. @)
and N (g(x)) := Tx(g(x))° is the normal cone to K at g(x).
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Proof By the bipolar theorem (see e.g. [24, Proposition 2.40]), it suffices to prove that
Lo (x) = H(x)°. Take any directiond € L (x)andletz € Txc(g(x))°. By definition,
Dg(x)d € Txc(g(x)) and then

0> (Dg(¥)d, z) = (d, Dg(¥)" z).

Thus, since z is arbitrary, we obtain that d € H(x)°; and since d is also arbitrary,
it follows that Lo (x) € (H(x))°. Conversely, assume that there exists a vector v €
H(x)° such that v ¢ Lo (x), that is, Dg(x)v ¢ Tx(g(x)). By the strong separation
theorem (see e.g. [24, Theorem 2.14]), there exists a vector y such that (y, Dg(x)v) >
Oand (y, z) < 0, forall z € Tic(g(¥)), thatis, y € Ny (g(x)). Therefore, Dg(x)! y €
H (), which is a contradiction with (Dg(x)” y, v) > 0, because v € H (¥)°. O

Recall that because K is a closed convex cone, we have

Nic(g(®) = {z € K° | (g(x), 2) = 0}.

Then, combining the first-order geometric necessary condition and Lemma 1 yields
the following theorem, also by Guignard:

Theorem 1 (Theorem 2 of [31]) Let x € $2 be alocal minimizer of (NCP). If T (X)° =
Lo (x)° and H (x) is closed, then there exists some A € K° such that

V(&) +Dg(x)Th =0 and (g(x), 1) = 0. (3)

Theorem 1 can be seen as the “dual form” of the first-order geometric condition (1),
and any vector L € K° that satisfies the Karush-Kuhn-Tucker conditions (3) is called
a Lagrange multiplier associated with x. Moreover, the collection of all Lagrange
multipliers associated with x will be denoted by A(x), and when A(x) # ¥} we say
that x is a KKT point of (NCP).

The hypothesis of Theorem 1,

To(X)° = Lo(X)° and H (%) is closed, (4)

is known in the literature as Guignard’s CQ, and it is the weakest assumption that
makes the KKT conditions necessary for the local optimality of X, in the sense of: if
A(x) # 0 for every continuously differentiable function f that has a local minimizer
constrained to £2 at x, then Guignard’s CQ must also hold at x [30, Corollary 3.4].
Borgens et al. [25, Definition 5.11] defined Guignard’s CQ for optimization problems
in Banach spaces as a single equality

To(X)? = H(x),

which is equivalent to (4) due to Lemma 1. In NLP, Guignard’s CQ is usually stated
in the form 7o (x)° = Lo (x)°, because the closedness of H(x) follows from the
polyhedricity of RY. However, as it can be seen in the following example, the equality
T (x)° = L (x)° onits own may not ensure that A(x) # ¢ when H (x) is not closed.
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Example 1 Consider the following problem, presented in [2, Subsection 2.1]:

Minimize f(x) := —xa,
s.t. g(x) := (x1, x1, x2) € K3,

where K3 is the three-dimensional second-order cone, given by

K3 = {(X1,X2,X3) eR x> \/x2 —I—x32}.

Note that its feasible set is given by £2 = {x € R? | x; > Oandx, = 0}, and
that the point ¥ = (0, 0) € R? is a local minimizer of it. Any Lagrange multiplier
A= (A1, A2, A3) € K7 associated with x must satisfy

(5)+n(0) (o) =2 (1)=(5): ©

which implies that A3 = 1 and A; = —A;. But because A € K3 = —K3 this vector

must also satisfy —A1 > ,/A% + 1, which does not have a solution with A3 = 1 and

A1 = —Ap. Therefore, x does not satisfy the KKT conditions. However, note that
To(x) = 2 = Lo (x) and consequently, T (x)° = Lo (x)°. Additionally, note that

H(%) = {(y1 + y2.v3) € R* | (y1, 2. y3) € K3}

is not closed, because the sequence {(—%, —1)},y is contained in H(X) since

(—% —k,k,—1) € K3, Vk € N, but its limit point (0, —1) does not belong to
H(x).

The condition
To(x) = Lo(x) and H(X) is closed, (6)

which implies Guignard’s CQ, is known as Abadie’s CQ (see also Borgens et al. [25,
Definition 5.5]), and Example 1 tells us that the closedness of H (x) cannot be omitted
in this case, either. The reason why we emphasize this point is that, as far as we know,
it appears that Abadie’s CQ and Guignard’s CQ are rarely seen in the literature of
finite-dimensional conic programming problems other than NLP, and the closedness
of H(x) is rarely regarded in the study of constraint qualifications. In contrast, H (x)
plays an important role in our results.

In finite-dimensional conic contexts, the focus is usually on constraint qualifications
that already imply H (x) is closed without requiring it explicitly, such as Robinson’s
CQ, that holds at a given point x € £2 when

0 € int(Im(Dg(x)) — K + g(x)). (7)
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In particular, if K has nonempty interior, then Robinson’s CQ holds at x if, and only
if, there exists some d € R” such that

g(¥) + Dg(¥)d € int(K).

Robinson’s CQ is stronger than Abadie’s CQ, and it implies that A(x), besides being
closed and convex, is also nonempty and bounded [24, Theorem 3.9] when x is a
local minimizer of (NCP). Actually, in this finite-dimensional context, nonempty and
boundedness are also sufficient conditions to ensure Robinson’s CQ [24, Proposition
3.17]. For this reason, Robinson’s CQ is considered the natural analogue of MFCQ in
NCP. Moreover, when K is reducible at the point g(x) to a cone C by the reduction
function =, Robinson’s CQ holds at x for the original constraint if, and only if, it holds
at the same point for the reduced equivalent constraint G(x) € C, with G := 5 o g.
Another well-known constraint qualification in the context of conic programming

is the nondegeneracy condition, which holds at x when
Im(Dg(x)) +lin(Txc(g(x))) = E, (8)

where lin(7xc(g(x))) = Tic(g(x)) N =T (g(x)) denotes the largest linear space con-
tained in Tx(g(x)); that is, its lineality space. This CQ has first appeared in Shapiro
and Fan’s article [56] for NSDP, by the name transversality, and then it was general-
ized to NCP by Shapiro, in [55]. Nondegeneracy is strictly stronger than Robinson’s
CQ and it is known that if x is a local minimizer of (NCP) that satisfies nondegeneracy,
then A(x) is a singleton (see, for instance, [24, Proposition 4.75]). Moreover, if K is
reducible, nondegeneracy is equivalent to the surjectivity of DG (X), as it can be easily
deduced from the equality lin(7x(g(x))) = Ker(D E (g(x))); see [24, Section 4.6.1].
Due to their implications over the Lagrange multiplier set, nondegeneracy and
Robinson’s CQ are currently the most important CQs in the study of second-order
optimality conditions for (NCP), which will be reviewed in the next subsection.

2.2 Second-order optimality conditions

Before starting, recall that the (inner) second-order tangent set to a nonempty set
S C E, at a point z € S, in a direction y € Tg(z), is defined by

l‘2
Tsz(z,y) = {weE Z-I—ty-l—zw-l—O(tz)eS, Vt>0}, 9)

which is closed for all such z, y, and S. In addition, if S is convex, then 7'52 (z,y)1s
also convex [24, Page 163]; and if S is second-order regular, as it is the case of the
semidefinite cone and the second-order cone, then TSZ(z, y) is nonempty [24, Page
202].

The role of second-order necessary optimality conditions is to provide additional
information when first-order conditions are not meaningful enough; that is, along the
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directions in the cone
Cx):={d eR"|deToX), (Vf(X),d) =0},

which is often called the cone of critical directions, or simply, the critical cone of (NCP)
at x. Ben-Tal and Zowe [19] presented a geometric second-order necessary optimality
condition for (NCP), stating that if x is a local minimizer of the problem, then

(VF(X),s) + (VEf(E)d, d) >0 (10)

foreveryd € C(x) and every s € 7}% (x, d). Then, Kawasaki [40, Theorem 5.1] made
the first advances to derive a “dual form” of (10) under Robinson’s CQ assuming that
K is a closed convex cone with nonempty interior. This result was later generalized and
refined by Cominetti [26, Theorem 4.2] to the case where X is assumed to be a closed
convex set. An important improvement was made afterwards by Bonnans, Cominetti,
and Shapiro [21], who clarified several key points of the previous works, and obtained
no-gap' second-order conditions, in particular, for second-order regular cones [21,
Section 4]. Let us recall Bonnans, Cominetti, and Shapiro’s necessary condition in the
context of second-order regular cones:

Theorem 2 (Theorem 3.1 of [21]) Let x € $2 be a local minimizer of (NCP) that
satisfies Robinson’s CQ. Then, for every direction d € C(x), there exists some \g €
A(x), such that

dTV? f(X)d + (D*g(X)[d, d], Ag) — o (d, %, kq) > 0, (11)
where

o (d, %, hq) = sup {<w, ) | w e TR(g(), Dg(i)d)} (12)

is the support function of 7',% (g(%), Dg(x)d) with respect to Aq.

The term o (d, X, A4) characterizes a possible curvature of the set /C at g(x) along
Dg(x)d, and it is often called the “sigma-term” in the classical literature (for instance,
in the book [24]). Because 14 € A(X) and K is convex, o (d, X, Lg) is always non-
negative; and if K is polyhedral, as in NLP, then the sigma-term is zero everywhere.
See also the discussion on polyhedricity and extended polyhedricity in [24, Section
3.2.3]. Itis also worth mentioning that the second-order optimality condition of Theo-
rem 2 can be derived without constraint qualifications, using Fritz John (generalized)
multipliers [24, Theorem 3.50].

! The term “zero gap,” or “no gap,” is often used in NLP to refer to a second-order condition that does not
require constraint qualifications to be necessary (using Fritz John/generalized Lagrange multipliers), and
that becomes sufficient after replacing an inequality by a strict inequality. However, in this paper, we say
that a condition has zero gap when it satisfies the latter, possibly subject to a constraint qualification, in the
same way as [21].
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Although the condition of Theorem 2 is generally considered very natural and
useful in the conic programming context and in NLP, a stronger condition where the
Lagrange multiplier A does not depend on d has several potential uses, in view of the
NLP literature. This motivates the following definition:

Definition 1 Let x € £2 be a KKT point and let L € A(¥) be given. We say that the
pair (x, 1) satisfies the second-order condition (SOC) when

dTV? f(x)d + (D*g(®)[d,d], ) —o(d,x, 1) >0, (13)

for every d € C(x).

In NLP, the existence of some A € A(x) such that SOC holds for the pair (x, 1) is
known as the semi-strong second-order necessary optimality condition [20]. Moreover,
when SOC holds for every A € A(X), then we obtain what is known as the strong
second-order necessary optimality condition [4]. However, while the condition of
Theorem 2 is necessary for optimality under Robinson’s CQ, this is not true, in general,
for the strong and semi-strong conditions. In fact, there is a counterexample published
by Baccari [17, Section 3] (see also Anitescu [14] and Arutyunov [15]), that shows
that Robinson’s CQ does not guarantee the existence of a L € A(¥) such that the
pair (X, 1) satisfies SOC (see also the extended version of [18] for details). Under
nondegeneracy, the set A(x) is a singleton and, in this case, the semi-strong and the
strong second-order conditions both coincide with the condition of Theorem 2.

As far as we know, there is no result concerning the semi-strong and strong second-
order conditions without assuming uniqueness of Lagrange multipliers in the literature
of conic programming, except for NLP. In NLP, this has been addressed by means of
constant rank-type constraint qualifications, which is also the path we will follow in
this paper.

3 Revisiting constant rank CQs in NLP

In this section we will revisit some constant rank-type conditions for NLP from a
geometrical point of view, in order to extend it to a more general conic context later
on. Consider the standard NLP problem

Minimize f(x),
s.t. gj(x)=0,j=1,...,m, (NLP)
gix)=0, j=m+1,...,m+ p,

which is a particular case of (NCP) with E = R"+7, I = R x {0}7, and g(x) :=
(81(x), ..., 8m+p(x)). As usual in NLP, given a feasible point x of (NLP), we will
denote the set of active inequality constraints at x as A(x) := {j € {1,...,m} |
gj(x) =0}

Now, let us recall Janin’s constant rank constraint qualification as it was first pre-
sented in [36].
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Definition 2 (CRCQ [36]) Let x be a feasible point of (NLP). We say that the constant
rank constraint qualification for NLP (CRCQ) holds at x if there exists a neighborhood
V of x such that, for every subset J C A(x) U {m +1,...,m + p}, the rank of the
family {Vg;(x)}jcs remains constant for all x € V.

To prove that CRCQ is a constraint qualification, Janin proved that it implies
Lo(x) € To(x), which in turn implies Abadie’s CQ in NLP. His proof is what
motivates the requirement to consider every subset J of A(x)U{m +1,...,m + p}
in Definition 2; indeed, after picking a direction

deLgo(x)= {deRn

Vg(®)Td >0, j € A®X),
Vgi(x)Td=0, jem+1,....m+p}|’

in order to prove that d € T (x), it is sufficient to have the constant rank assumption
for the constraints that correspond to the indices j € A(x) such that Vg; x)Td =0.
Since those indices depend on d, and they are not determined a priori, one considers
all possibilities. However, as it was noted years later by Minchenko and Stakhovski
[46], taking subsets of the equality constraints is quite superfluous. This enhanced
definition of CRCQ that ignores proper subsets of indices of equality constraints was
presented in [46] as follows:

Definition 3 (RCRCQ [46]) Let x be a feasible point of (NLP). We say that relaxed
constant rank constraint qualification for NLP (RCRCQ) holds at x if there exists a
neighborhood V' of x such that, for every subset J C A(x), the rank of the family
{Vgi(x)}jesupm+1,..,m+p) remains constant for all x € V.

In order to bring these CQs to the conic setting, our approach in this manuscript
consists first in generalizing two key ideas of NLP: the notion of “active constraints”
and the notion of “subsets of indices of active constraints.” The former can be inter-
preted in the general context as a consequence of reducibility. Indeed, for any given
x € £2,lets := | A(x)| and note that R x {0}” is reducible at g(x) to the cone

C: =R} x {0}’
in a neighborhood A of g(x) by the mapping & : N' — R5*? such that

E ) = (Vj) je A@®)Uim+1,....m+p)

for every y € N, and in this case the reduced constraint function of (NLP) at x takes
the form

G(x) 1= E(g) = (8 (X)) jeA®Um+1,....m+p)- (14)
Therefore, in NLP, reducing the problem is essentially the same as simply disregarding

inactive constraints around the point x. The notion of “subsets of indices of the active
constraints,” on the other hand, can be interpreted in terms of faces.
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C3

. 3
Fig. 1 Faces of R

It is easy to see that every face of R, can be written in terms of a unique subset of

the canonical vectors of R*, which we will denote by ¢, ..., ¢;. Thatis, F < ]Ri if,
and only if, there exists some J C {1, ..., s} such that
F =R, (el (15)
jeJ

where F and J are clearly in a one-to-one correspondence.

For example, in Fig. 1, the vertex of ]R%r corresponds to J = {1, 2, 3}; the one-
dimensional faces cone(cy), cone(cy), and cone(cs) correspond to J = {2,3}, J =
{1, 3}, and J = {1, 2}, respectively; the left, front, and bottom two-dimensional faces
correspond to J = {1}, J = {2}, and J = {3}, respectively; and Ri itself corresponds
to J = 0.

Thus, considering all subsets of active constraints at x is the same as considering
all faces of the reduced cone C = R} x {0}”. This discussion suggests a natural
characterization of RCRCQ in terms of the faces of the reduced cone, as follows:

Proposition 1 Let x be a feasible point of (NLP). Then, RCRCQ holds at x if, and

only if, there exists a neighborhood V of x such that, for each F < ]le(j)' x {0}2,
the dimension of

DG(x)T[F*]

remains constant for every x € V, where G is as defined in (14).

Proof Let s := | A(x)| and, without loss of generality, let us assume that A(x) =
{1, ..., s}. Moreover, let cy, ..., cs4p be the canonical basis of RSP, and let F <
R} x {0}?. Note that F = R x {0}, where R < R’ . Then, there exists some
J C{l1,...,s}such that

F=|R, ﬂ{ci}l x {0},
jedJ
which implies

Fr=R' xR’ =span({c; | jeJU{s+1,....s+p}}),
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SO
DG()[F*] = span({DG(x)" ¢} jesufs-+,....54p) a6)
= span({Vg;(X)}jesuim+1,...m+p})-
Consequently,
dim(Dg(x)" [F*]) = rank({Vg; (X))} jesupm+1,...m+p))-
The conclusion follows from the one-to-one correspondence between F and J. O

The equivalent form of RCRCQ presented in Proposition 1 allows us to visualize what
it actually describes, geometrically. Indeed, recall that R” = DG (x)~! (span(F)) +
(DG(x)~! (span(F )+ and it is elementary to see that

(DG(x)~ " (span(F)))" = DG(x)"[F*].
This implies the following relation:
dim(DG(x) ™ (span(F))) + dim(DG(x)T[F1]) = n,

Thus, RCRCQ can be equivalently stated as the constant dimension of DG (x)™!
(span(F)) for every x € )V at each F Jd C = ]le(x)l x {0}P. The set
DG (x)™! (span(F)), on the other hand, can be regarded as a “linear approximation” of
G~1(C) around x. Indeed, DG(x) is the best linear approximation of G at x € V and,
similarly, the faces of C can also be seen as “linear approximations” of it at G(x). In
fact, each face induces a potentially different linear approximation of G~!(C), which
in turn coincides with £2 around x. So roughly speaking: RCRCQ holds at x when
the dimension of every linear approximation of the feasible set £2 at x is invariant
to small perturbations. In particular, defining g;(x) := (g;(X)) jesuim+1,..,m+p} for
every J C A(x), this characterization is equivalent to the constant dimension of
Ker(Dg(x)) for all x in a neighborhood of x at every J C A(x), which can also be
trivially seen from the original definition of RCRCQ.

Note that the characterization of RCRCQ from Proposition 1 and the discussion
above do not appear to be limited to the context of NLP, contrary to its original
definition. In the next two sections, we will prove that the same idea can be applied to
NSOCP and NSDP, respectively, giving rise to new constraint qualifications.

Remark 1 It is possible to obtain a characterization of CRCQ in the same style
of Proposition 1. To do this, it suffices to reformulate the equality constraints

gj(x) = 0 as a pair of inequality constraints g;(x) > 0 and —g;(x) > 0, for
j € {m+1,...,m+ p}. That is, consider K := R’} x Rﬁ_ X Rﬁ_ and g(x) =
&1(x), ..., 8map(x), —8m+1(X), ..., —gm+p(x)) in Proposition 1.

In view of Remark 1, we see that there are multiple ways of dealing with equality
constraints in our approach, and they are not all equivalent. The suitability of each
approach may depend on the application, but we highlight that our approach is able
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to deal with equality constraints regardless of how they are modelled. For simplicity,
equality constraints are omitted in our exposition. See also Remarks 3 and 7. In the
following two sections, we extend the ideas of this section to NSOCP and NSDP.

4 Nonlinear second-order cone programming

In this section, we consider the following problem:

Minimize f(x),

. NSOCP
s.t. gj(x) € Km;, j=1,....q, ( )
where Ky, :={(20.2) € Rx R™~! | z0 > |[Z]|} whenm; > land K| = {x € R |
x > 0}. Since ij is self-dual, we have that z € K, if, and only if, —z € ij, for
any j = 1, ..., g. Also, note that (NSOCP) can be seen as a particular case of (NCP)
with

K:i=Kp, X...X Ky, and g(x) := (g1(x), ..., g¢(x)).
Given a feasible point x € 2, let us define the following index sets:

Iint()z) = {.] € {1’ e ’q} | gj()z) € il’lt(ij)},
Ip(@):={j €{l,....q} | g;(¥) € bd™ (K},
Io(x):==1{j e{l,....q} | g;(x) =0},

which consist of the indices of the constraints that hit the interior, the boundary exclud-
ing zero, and the vertex of their respective cones. For simplicity, we will omit equality
constraints; we should mention, nevertheless, that our results can be easily adapted to
deal with equality constraints — see Remark 3 for details. As another measure to avoid
cumbersome notation, we will assume that Ig(x) = {1, ..., |Ip(x)|}; this assumption
will often be recalled throughout this section.

Following Bonnans and Ramirez [22], for any given x € £2, we see that K is
reducible to

C:= [] Km xR (17)
J€l(X)
in a neighborhood Nj x ... x N of g(x) by the function & := (&) jer,x)uls ()

where Z;: Nj — R/ is the identity function for every j € Ip(x),and &;: Nj — R
is given by

Z;(y) = yo— Iyl (18)
forevery j € Ip(x), and every y € R™/. This leaves us with the reduced constraint

G(x) €C,
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where G(x) 1= E(g(x)) = (G (X)) jely(x)UIp )

o= s - [ 1D
and ¢: R” — RIB®| has its j-th component given by
$;(®) = g;(1)o — lIg; D). (20)

Note that g(x) € K if, and only if, G(x) € C for every x sufficiently close to x.
By [22, Lemma 25], we see that the linearized cone of the original constraints
of (NSOCP) at a given x € £2 can be computed as

Lo(x) = { d eR" : 1)

Dgj(x)d € Ky, J € Ip(x)
[1p(x)|
D¢ (x)d € R

and that it coincides with the linearized cone of the reduced constraint at. x.Moreover, it
follows from [1, Lemma 15] thatforeach j = Iin(X)Ulp(X),wehave (1;, g;(x)) =0,
if, and only if,

- 0, if j € Ling(E),
' [;1(193];)]0 ijgj(x), if j € Ip(x),
where R,, i 1s a matrix defined as
1 0
Ry = [O —Hmj—1i| ) (23)

and I,; 1 is the (mj — 1) x (m; — 1) identity matrix. Therefore, still following [22],
the point x satisfies the KKT conditions with respect to the constraint g(x) € K if,
and only if, there exist some vectors A ; € K;j, Jj € Ip(x) U Ig(x), such that:

1o

Vi@ + Y D@ i+ Y &

J€lp(x) J€lp(X)

Dg;(X) Ry, gj(X) =0, (24)

which also coincides with the KKT conditions with respect to the reduced constraint
G(x) € C. In fact, note that for each j € Ip(x), the reduced Lagrange multiplier with
respect to the reduced constraint ¢; (x) > 0 is simply [ ilo-

With this in mind, we are ready to present our extension of CRCQ (and RCRCQ)
to NSOCP inspired by the characterization of Proposition 1.
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4.1 A facial constant rank constraint qualification for NSOCP

Recall that, for each j =1, ..., g, the cone K, is facially exposed, meaning every
F < K, can be written as the intersection of one of its supporting hyperplanes, say
{n}* with n € K,, ;- In fact, although K,; has infinitely many faces when m; > 2,
they are limited to only three types:

— The vertex, {0}, which can be characterized by any n € int(Ky,);
— The cone K, i itself, which is characterized by n = 0;
— A ray at the boundary of Ky, starting at the vertex and passing through a point

z e bd™ (K m ), Which can be written in terms of any vector n € cone(Rp,z) \ {0}.

Moreover, every F < C has the form

F=| ] F|xRr.
jel)

where F; J Kin; for every j € Iy(x), and R < RKB@”. Then, for every x € R”,
sufficiently close to x, we have

DG [FH1= > Dgjx)'[Fi'1+ Do (x)"[R*],
J€lo(x)

where ¢ (x) := (¢;(x)) jeryx)- This motivates the following definition:

Definition 4 Let x be a feasible point of (NSOCP). We say that the facial constant
rank (FCR) property holds at x if there exists a neighborhood V' of x such that for
each F < C, the dimension of DG (x)T[F~] remains constant for all x € V, where G
is given by (19) and C is given by (17).

Recall the discussion after Proposition 1 and note that Definition 4 can be equiva-
lently stated in terms of the constant dimension of DG (x)~! (span(F)) forall x € V
and every F' < C. That is, the FCR property holds at x when the dimension of every
linear approximation of the feasible set remains locally invariant around x. Although
this characterization is somewhat more intuitive than Definition 5, the latter is easier
to use.

The FCR property is sufficient for the equality 7 (X) = L (x) to hold. To prove
this, we employ the main result of Janin’s paper [36], but the version we use is a
slightly different characterization found in [4, Proposition 3.1]. Despite the fact we
work in a context more general than NLP, we use the same result that was used in
NLP.

Proposition 2 ([4, Proposition 3.1]) Let {¢; (x)};c7 be a finite family of twice continu-
ously differentiable functions ¢; : R" — R, i € Z, such that the family of its gradients
{V¢i(x)}ieT remains with constant rank in a neighborhood of x, and consider the
linear subspace

S:={yeR" | (V§@E),y) =0, i e I}.
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Then, there exists some neighborhoods V1 and V> of x, and a diffeomorphism i :
Vi — Va, such that:

(i) ¥(x) =x;
(it) Dy (x) = Ip;
(iii) (W HE +y) =W X)) forevery y € SN (Vo — ) and every i € T.
Moreover, the degree of differentiability of \r is the same as of ¢;, forall i € 1.
For the last part of the above proposition, about the degree of differentiability of

Y, we refer to Minchenko and Stakhovski [47, Page 328]. Now, we are able to prove
the main result of this section:

Theorem 3 Let x be a feasible point of (NSOCP). If the FCR property holds at x, then
T (x) = Lo(X).

Proof 1t suffices to show that L (x) € To(x). Let d € Lo (x) and suppose that x
satisfies the FCR property. Let

F=| ] Fi| xR (25)
jel(®)

where F; < ij,j € Ip(x), are defined as

K if Dgj(x)d € int(K,, )
Fj:= cone(ng (X)d), if Dg;(¥)d € bd+(Km]) (26)
{0}, if Dg;(¥)d = 0.

and R < RI8Wl s given by

R =R (ie; 1 27)
jeJ
where c¢; is the j-th vector of the canonical basis of RIBOI and J = {j €
Ig(x) | Vo, (x)Td = 0}. Recall that we are assuming for simplicity that Ig(x) =
{1,...,|Ig(x)|}, and note that DG(x)d € F.

Now, for every j € Ip(X) such that Dg;(X)d € bd™(K,,,),let A; € Rmjxmj—1 pa
any matrix with full column rank such that Im(A ;) = {Dg;(x)d }1, and observe that

ng(x)T[FjL] = Spafl <{ng(x)TA3}i= mj_l)

.....

for every such j, where A; denotes the i-th column of A ;. Similarly, for every j €
Iy (x) such that Dg;(x)d = 0, we have

Dg; ()" [Fj-1=span({Vg;i(0)},y .. _1)-
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where Vg; ;(x) denotes the i-th column of Dg; (x)T. And for every j such that
Dg;(x)d € int(K;), we have Dg; (x)T[FjL] = {0}. Finally, observe that R+ =
span({c;};jes) and then

D ()T [R*] = span ({v¢j (x)}jej) .

Therefore, for every x € V, where V is the neighborhood of x given by Definition 4,
the linear space

DG [FH1= ) Dg;®'[Fj1+ Do) [R] (28)
J€lo(¥)

is generated by the family of vectors:

U {pe@™il U e Uvewn 9

J€l () jely(®) jeJ
Dg;(F)debd (Kp ) Dgj(1)d=0
i=l,..., m]_l i=0,..., m]—l

which implies that the dimension of (28) equals the rank of (29), for every x € V.
Since this dimension remains constant in V), so does the rank of (29). This means we
can apply Proposition 2 to the family of functions

gj.i(x), if j € Ip(x), Dg;(x)d =0, i=0,...,m; — 1, (30)

(AL g (). if j € Io(¥), Dg;(@)d € bd* (Kp)), i =1,....mj — 1,
i j(x) =
¢;(x), ifjelJ,

where g; ; (x) denotes the i-th entry of g;(x) for j € J. Then, consider the following
subspace:

A,Tng(f)y =0, if j e lp(x), Dg;(X)d € bd*(K,,;)
S:=1 yeR" | Dg;(x)y =0, if j € Io(x), Dg;j(x)d =0 :
Vo;®)Ty=0, ifjel,

and note that d € S, so it follows that there exists a local diffeomorphism 1 for which
items (i), (ii) and (iii) of Proposition 2 are satisfied. Now, define the arc £(¢) by

Et) =y (T +1d),

fort € R small enough so that x +td € V;, where V5 is given by Proposition 2. Then,
we obtain that

lim £(t) = %, lim 5@ —x

t—0t t—0t t

=d.

To complete the proof, it suffices to show that £(¢) remains feasible for every suffi-
ciently small # > 0, so this is our goal from this point onwards. Proposition 2 tells us
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that there exists some & > 0 such that ¢; ;(§(7)) = ¢; j(x) =0 foreveryt € (—¢, ¢).
In terms of F, this means that

G(§(1)) € span(F)

for every such ¢, which follows directly from (30). Now, let us analyse each case
separately:

1. For each index j € Ip(x), consider the Taylor expansion of g;(§(¢)) around 7 = 0,
given by

gj(E(1) = g;(£(0)) + tDg; (E(0)E'(0) + o(t)
= gj(X) +tDg;(X)DY 1 (X)d + o(t) (31)
=tDg;j(x)d + o(t)

Then, we split in three sub-cases:

— If Dgj(x)d € int(Ky,;), then it follows from (31) that g;(§(z)) € K, for
every t € [0, ¢), shrinking ¢ if necessary;

— If Dg;(x)d € bd+(ij), then g;(§(7)) € span(Dg;(x)d) due to (26), and it
follows from (31) that g;(§(7)) € cone(Dg;(x)d) for every t € [0, ¢), taking
a smaller ¢ if needed;

- If Dgj(x)d =0, then g;(§(¢)) = 0 for every 1 € [0, &), due to (26).

2. Because ¢(§(1)) € Rforeveryt € [0, ¢),foreachindex j € J,wehave¢;(§(1)) =
0. On the other hand, for each j ¢ J, consider the Taylor expansion of ¢;(§(¢))
around ¢t = 0:

$; (1) = ¢;(E(0) + 1V (EO)TE(0) + o(t) =tV () d + o(1),
and since V¢, (x)Td > 0 for every j ¢ J, it also follows that ¢j&(t)) > 0 for

every t € (0, €), taking a smaller ¢ if necessary.

Thus, G(&(t)) € F forevery t € [0, &), which also implies that g(&(¢)) € K for every
such ¢, completing the proof. O

A useful information that can be extracted from the proof above is an equivalent
characterization of the FCR property (Definition 4) without faces:

Corollary 1 Let x € §2. Then, the FCR property holds at x if, and only if, there exists
a neighborhood V of x such that: for all subsets Ji, J, C Iyp(x), J3 € Ig(x), such
thatm; > 1 forall j € Jy, and foralln; € bd+(ij), J € Ji, the rank of the family

U {peo™il U 7o v,

~JeN ~ Jehn J€S3
i=l,..., m; 1=0,..., mj—1
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remains the same for all x € V, where A; € R™/ *mi=1 can be any matrix with full

column rank such that Im(A ;) = {r)j}L, for each j € Ji, and AZ. denotes the i-th
column of A ;.

Notice that if J; is fixed as the empty set, then the characterization of Corollary 1
recovers the CRCQ proposal of [60]. This clarifies that the matrices A, j € Ji, were
the missing ingredients for the proposal of [60] to be a CQ. Before proceeding, we
will make a short discussion about Theorem 3 and its implications:

Remark 2 Note that if all constraints are affine, then every feasible point satisfies the
FCR property. Then, it follows from Theorem 4 that 7o (x) = L (x) in this case,
for every x € £2. We highlight this fact because when it is paired with Example 1,
two things can be concluded: first, the FCR property alone is not a CQ for (NSOCP);
second, the only reason why constraint linearity is not a CQ for NSOCP is that H (x)
may not be closed. When H (x) is closed, FCR is a CQ, and so is constraint linearity. In
other words, the above discussion, in view of the minimality of Guignard’s CQ, allows
us to conclude that the closedness of H (x) is the weakest CQ for linear second-order
cone programming problems.

The discussion of Remark 2, together with Theorem 4, motivates our extension of
CRCQ (and RCRCQ) to NSOCP:

Definition 5 Let x be a feasible point of (NSOCP) and let H (x) be the set defined in
(2). We say that the constant rank constraint qualification for NSOCP (CRCQ) holds
at x, if it satisfies the FCR property and, in addition, the set H (x) is closed.

When m| = my = ... = my; = 1, problem (NSOCP) reduces to a NLP problem.
Moreover, since the faces of Ky are {0} and R, the FCR property (Definition 4)
reduces to CRCQ in this case, and so does Definition 5. Moreover, as mentioned
before, it follows directly from Theorem 3, that:

Theorem 4 The CRCQ condition of Definition 5 implies Abadie’s CQ.

Since the nondegeneracy condition for (NSOCP) holds at a given x € 2 if, and
only if, DG(X)7 is injective, then by continuity of DG, nondegeneracy implies that
DG (x)T remains injective for every x close enough to . Therefore, it follows that the
nondegeneracy condition implies CRCQ as in Definition 5. However, the converse is
not true, as it can be seen in the following example:

Example 2 Consider the following constraint
g(x) = (x,x) € K,

at the feasible point x = 0. The cone K is polyhedral and g is linear, then CRCQ as
in Definition 5 holds at x. However, Robinson’s CQ is not satisfied at x = 0, since

Dg(®)d = d(1, 1) ¢ int(K»)
for every d € R. Consequently, nondegeneracy is not satisfied, either.
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Observe that Example 2 also shows that CRCQ does not imply Robinson’s CQ.
Conversely, Robinson’s CQ does not imply CRCQ either, meaning they are not related,
just as it happens with CRCQ and MFCQ in NLP. Let us show this with an example:

Example 3 Consider the constraint:
g(x) == (x2,x7) € Ka
at the point x = (0, 0). Robinson’s CQ holds at x, since d = (0, 1) satisfies
g(x)+ Dg(x)d = (1,0) € int(K>7).

On the other hand, take the face F' = {0} and note that

Dg(x)" [F*] = span ({ m ’ [231} } )

has dimension 2 for every x such that x; # 0, and dimension 1 at x.

Remark 3 To consider (NSOCP) with an equality constraint in the form A(x) = 0,
where i : R" — R?, one should proceed as in Proposition 1. That is, consider

g(x) == (g1(x), ..., 8 (x), h(x))
and the cone
K= Kmn x...x Kpn, x {0}".

This will lead to an extension of RCRCQ. An extension of the original CRCQ condition
can be obtained by writing the equality constraint as a pair of inequality constraints
in the form 2(x) € RY and —h(x) € RY, just as in Remark 1, then reducing, and
applying Definition 5 to the new reduced cone.

4.2 Strong second-order optimality conditions for NSOCP

In this subsection we will investigate second-order optimality conditions for (NSOCP)
under the FCR property; and, consequently, under CRCQ as well. Recall that the
second-order condition of Definition 1 can be further specialized to the context of
NSOCP by characterizing the sigma-term explicitly. Following Bonnans and Ramirez
[22], we have for any X € £2 and any of its associate Lagrange multipliers A :=
(M, ..., hg) € A(X), that

q
o(d. %, 0) =Y d"H;( xjd
j=1
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for every d € C(x), where

[)_\'j]() T N ep . -
i PG Dgj(x)" Ry;Dgj(x), if j € Ip(X),
Hj(x, hj) = §j1X)10 (32)

0, Otherwise.

With this in mind, we can prove that SOC holds at (X, ) under the FCR property
by means of analysing the problem along the curve & (¢) from the proof of Theorem 3.

Theorem 5 Let x be a local minimizer of problem (NSOCP) that satisfies the FCR
property. Then, for any given Lagrange multiplier . € A(X), the pair (x, A) satisfies
SOC as in Definition 1, that is,

q
dTV2 f(%)d + Z(ngj()z)[d, dl, X,-) —o(d. 5. 1) >0, (33)
j=1

foreveryd € C(X) = Lo (x) N{V f(X)}*.

Proof If A(X) = {, the result holds trivially. Otherwise, let A := (A1, ..., 4) € A(X)
be arbitrary and fixed. Our aim is to prove that inequality (13) holds for the pair (x, A),
for every d € C(x). So let d € C(x) be also arbitrary, and let F' be as in (25).
Recall that, for the sake of simplicity and without loss of generality, we are assuming
Ip(x) =A{1,..., [Ip(X)[}.

Proceeding in the same way as in the proof of Theorem 3, since the FCR property
holds at x and d € Lg(x), we can construct a twice continuously differentiable
diffeomorphism & : (—¢, &) — R”", for some ¢ > 0, such that: £(0) = x, £(0) = d,
and

G(§(1)) € span(F) (34)

for every t € (—e¢, ¢). In addition, G(&£(¢)) € F for every t € [0, ), meaning £(¢) is
feasible for all such 7. Since x is a local minimizer of (NSOCP), then ¢t = 0 is a local
minimizer of the function ¢(¢) := f(£(¢)) subject to the constraint + > 0. Then, it is
easy to see that

¢"(0) =d" V2 f(E)d + Vf(E)TE"0) > 0. (35)

The rest of this proof consists of computing V f(x)7 £”(0). To do this, we will use
an auxiliary complementarity function defined as

RD = Y (giE@). A+ > [AjlogiE@).

J€lp(x) J€lp(x)
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First, we claim that R(¢) = O for every ¢t € (—e¢, ¢). To prove this, let us use the KKT
conditions to obtain

> (Dg@®d A+ Y UylVei®d=(d, ~VF®) =0, (36

J€lp(x) J€lp(X)

where the last equality follows from the fact d € C(x). By the way, recall from (21)
that Dg;(x)d € Kin; for every j € Ip(x), and quj(i)Td > 0 for every j € Ip(x).
On the other hand, 1 ; € K,%j and hence (Dg;(x)d, A ;) < 0 forevery j € Ip(x), and
[Aj]lo < O forevery j € Ig(x). Thus,

(Dg;(x)d, »;) =0, ¥j € Ip(X), and [A;]oVe;(x)'d =0, Vj € Ig(X).
(37)

With this in mind, let us analyse each term of R(r) separately.

1. For each j € Iy(x), it follows directly from (37) that:

- If Dg;(x)d € int(ij), then )_»j = 0, since Xj € K,%j;
— If Dgj(x)d € bd* (Km;) wehave g;(§(1)) € span(Dg;(x)d) by (34) and (25),

and consequently, (g;(&§(1)), )_»j) = 0 forevery t € (—¢, ¢€) due to (37);
— If Dgj(x)d =0, then g;(§(¢)) = 0 also for every ¢ € (—¢, ¢), due to (26).

The above reasoning implies that (g;(§(2)), A j) = 0 for every r € (—¢,¢) and
every j € Ip(x).

2. For each j € Ip(x), consider J as in (27) and it follows that if V¢; @) Td =0,
then ¢;(§(¢)) = O for every ¢ € (—¢, ¢). On the other hand, in (37) we see that if
Ve¢i()Td > 0, then [1;]o = 0.

Knowing that R(¢) = O forevery t € (—¢, €), we obtain that the derivatives of R(t)
are also zero for all such ¢. Let us compute them: the first derivative of R(f) is given
by

R(t)y= Y (DgjEa)E ). 2)+ Y [Alo(VejEM). &' 1),

Jelo(x) Jelp(x)

and the derivative of R’(¢) is

R'0 = Y (D2gjEe.60LA)+ Y. (DgienTa; ")

J€lo(x) Jelo(x)
+ Y Gylo ({205 €@ 0.6 1) + (Vo ). 6" 1))
Jelp(x)

Due to the fact R” () is continuous, taking the limit # — 0, we obtain

RO = Y (pg@id.dli)+ Y (pg;®7h.6"0)

J€lp(x) J€lo(x)
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+ 3 Ll ((D%joz)d, d)+

J€lp(x)

ST (ng @) R, 85 (%), s”<0>)) :
J

The above expression can be simplified using the relation

Yo ()] o (T))2 = 2
llg; )13 g GOl
R, . g:i(x
- <D2g,~<»z)[d, dl, %(xv
g GOl

= T @ (fm Dei(®d. Dgj )+

_|_

o (PO ), Ry ),
J

that holds true for every j € Ig(x) such that V¢; (x)Td = 0, which can be directly

computed from the definition of ¢, since in this case [g; (X)]o = || 37(?') || and, more-
over,

(Dgj(X)d, Ru,;g;(®)) =(d, Dg;j(¥)" Rp,g;(%)) =[g;(¥)]oVe;(®)d =0.

Further, equation (37) tells us that if V¢; (xX)Td > 0, then [~ jlo = 0. Then, we get

R'O= Y  (Dg@ddi)+ Y (Dg@®h£0)

jely(x)Ulp(x) Jelp(x)UIp(x)
[X1o _ )
> [ .(fi i (Rn; Dgj(¥)d, Dg;(x)d)= 0. (38)
jelp(p) 870

Moreover, by the KKT conditions, we have

VIOTEO == Y (Dg;®7.€"0).

J€lp(x)UIp(x)

which yields together with equation (38), the following:

VIOTEO = Y (D®ld.dl i)+
J€lp(Xx)UIp(x)
+ ) _[7\;_]0 d" Dg;(®)" Ry Dg;j()d.
jelat®) [g;(X)]o

(39)
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Therefore, since A j = 0forevery j € Iine(x), plugging (39) into (35) yields

q
ATV f(Ed+ Y (ngj@)[d, d], Xj> —6(d.7.3) > 0.
=1

Since d € C () is arbitrary, we conclude that X satisfies SOC with respect to A, which
was also chosen arbitrarily and remained fixed from the very beginning. Thus, the
proof is complete. O

Observe that Theorem 5 implies that the FCR property ensures the fulfilment of
the strong second-order necessary condition at a given point X, in the sense that for
every A € A(¥X), and every d € C(X), inequality (13) holds true. If, in addition,
H (x) is closed (CRCQ), then A(x) # @, and as consequence, we obtain that the
strong second-order condition is satisfied in the presence of CRCQ. It is also worth
mentioning that since the strong necessary condition of Theorem 5 implies the clas-
sical condition of Theorem 2, then it also induces a sufficient (no-gap) second-order
optimality condition after replacing > by > in inequality (33).

Remark 4 In contrast with the FCR property, the condition presented in [60, Definition
2.1] fails to be a CQ even when H () is closed. In fact, let us recall the counterexample
presented in [5]:

Minimize f(x) := —x,
s.t. gx) = (x,x +x?) € K»,

The unique solution of this problem is x = 0. For this particular example, [60, Def-
inition 2.1] holds if, and only if, {1, 1 + 2x} remain with constant rank in some
neighborhood of x (one may consider also all of its subfamilies, see [5]). Of course,
this is verified, and since K> is polyhedral, the set H (x) is closed. However, x does
not satisfy the KKT conditions.

On the other hand, to see that CRCQ as in Definition 5 does not hold at x, take
F :=cone((1, 1)) < K3 and note that

Dg(x)T[FJ‘] = span(—2x)

has dimension 1 for every x # 0, but has dimension zero at x. In particular, this
example shows that CRCQ as in Definition 5 is not a mere correction of the condition
presented in [60], and that the condition of [60] cannot be corrected by simply adding
the closedness of H (x) to its definition.

4.3 About the sequential constant rank CQ

In [9], we introduced an alternative extension of CRCQ for (NSOCP) that was based
on a special re-characterization of the nondegeneracy condition [7] in terms of the
eigenvectors of some perturbations of g(x). Let us recall an equivalent characterization
of it, which will be used here as a definition for simplicity.
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Definition 6 (Seq-CRCQ for NSOCP) Let x € £2. We say that the Sequential-CRCQ
(Seq-CRCQ) condition holds at x if for every vector w; € R™i~1 with ||w il =1,
J € Iy(X), there is a neighborhood V of (x, w), w := (W;) jesy(x)» such that: for all
subsets Ji, J» C Ip(x) and J3 C Ip(x), if the family

U

D(x, w) := {ng(x)T (1, —wj)}jej1 U {ng(x)T (L, wf)}

U{ng(x)r (1,— 8 )}
o) .,

is linearly dependent at (x, w) := (x, w), then D(x, w) remains linearly dependent
for all (x, w) € V suchthat |w;| =1, j € J1 U Jp, where w := (w;) jeryx)-

JEL

This constraint qualification was used in [9] to achieve global convergence of a class
of algorithms to KKT points, and some interesting properties were shown together
with a weaker variant of Seq-CRCQ. Namely, it is also independent of Robinson’s
CQ, strictly weaker than nondegeneracy, and it implies the metric subregularity CQ
(also known as error bound CQ). Moreover, note that if Io(x) = @, then Seq-CRCQ
coincides with the FCR property, which in turn coincides with CRCQ. However, this
is not necessarily true otherwise. In the following example, we show that CRCQ
according to Definition 5 does not imply Seq-CRCQ.

Example 4 Consider the constraint:
gx) =(x,—x,0) € K3,

and let x = 0, a feasible point. The constraint function g is affine, then the FCR
property holds at x (see Remark 2). Now, let us show that H(x) is closed: since
g(x) = 0, it holds that

H(x) = Dg(¥)" K3 = {vi —v2 | (v1,v2,v3) € K3} = Ry.
Therefore, H (x) is a closed set, and CRCQ according to Definition 5 holds at x.
On the other hand, Seq-CRCQ does not hold at x, because for any w = (w1, wp) €
R?,
Dg) T, w)y=1—w; and Dgx)" (1, —w) =1+ wy;

then, take w = (1, 0) and any sequence {wF}reny — W such that w’f # lforallk € N,
to see that Dg(¥)7 (1, wk) # 0 for every k € N, but Dg(¥)7 (1, w) = 0. O

We were not able to prove nor find a counterexample for the converse statement.
However, with only Example 4 at hand, we already know that CRCQ is in the worst
case independent of Seq-CRCQ, and in the best case, strictly weaker than it, meaning
the results of this paper either improve or are parallel to the results of [9].
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5 Nonlinear semidefinite programming

In this section, we will study constant rank conditions for nonlinear semidefinite
programming problems, which can be stated in standard form as follows:

Minimize f(x),
S.t. G(x) = 0. (NSDP)
This problem can be seen as a particular case of (NCP), letting £ = S™ be the space
of m x m symmetric matrices with real entries, and

K=S":={AeS" |zl Az >0, ¥z e R")

be the cone of all m x m symmetric positive semidefinite matrices, with G : R" —
E being twice continuously differentiable. The symbol > denotes the partial order
induced by S}, meaning that A > B if, and only if, A — B € S. In this section,
for any given A € S we will denote by w;(A) the i-th eigenvalue of A arranged in
non-increasing order, and u; (A) will denote an associated unitary eigenvector.

Recall from Sect. 3 that the constant rank constraint qualification can be obtained
in two steps: first, reduce the problem to consider only the locally relevant part of the
constraint; then, analyse the image of the faces of the reduced cone by the derivative of
the reduced constraint function. For the first step, we will employ a reduction approach
based on Bonnans and Shapiro [24, Example 3.98], which can also be found in [16,
Section 2.3].

Let Y > 0, denote r := rank(Y), and let E € R™*™~" be a matrix whose columns
form an orthonormal basis of Ker(Y). Then, in a sufficiently small neighborhood N
of Y, we consider the function £ 7 N — R"™"~" given by

Ep(Y) := gramschmidt (IT(Y)E), (40)

where I1(Y) denotes the orthogonal projection matrix onto the space spanned by
ur41(Y), ..., upy(Y) and gramschmidt(I7(Y )E) denotes the output of the Gram-
Schmidt  orthonormalization  procedure after being applied to the
columns of IT(Y)E.

Lemma 2 For any given Y > 0 and any martrix E € R™™M=" with orthonormal
columns that span Ker(Y), where r := rank(Y), it holds that:

1. &g is well-defined and analytic provided N is small enough;

2. SE(Y)TEE(Y) =Ly and Im(Ez(Y)) = span({u,41(Y), ..., uu(Y)}), for every
Y e N;

3. E:(Y)=E.

Proof Foritem 1, observe that Y +— I1(Y)is an analytic function of Y in a sufficiently
small neighborhood, say N, of Y (see, for example, [39, Theorem 1.8]), then ¥ +—
T1(Y)E is also analytic in A/ and, moreover, IT (Y)E = E. Shrinking N if necessary,
we have that for all ¥ € N, the rank of IT(Y)E is equal to the rank of II(Y)E = E,
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Abstract: Second-order necessary or sufficient optimality conditions for nonlinear programming are usually
defined by means of the positive (semi-)definiteness of a quadratic form, or a maximum of quadratic forms,
over the critical cone. However, algorithms for finding such second-order stationary points are currently
unknown. Typically, an algorithm with a second-order property approximates a primal-dual point such
that the Hessian of the Lagrangian evaluated at the limit point is, under a constraint qualification, positive
semidefinite over the lineality space of the critical cone. This is in general a proper subset of the critical
cone, unless one assumes strict complementarity, which gives a weaker necessary optimality condition. In this
paper, a new strong sequential optimality condition is suggested and analyzed. Based on this, we propose a
penalty algorithm which, under certain conditions, is able to achieve second-order stationarity with positive
semidefiniteness over the whole critical cone, which corresponds to a strong necessary optimality condition.
Although the algorithm we propose is somewhat of a theoretical nature, our analysis provides a general
framework for obtaining strong second-order stationarity.
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convergence
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1 Introduction

When proposing a derivative-based algorithm for smooth constrained optimization problems, one must have
in mind efficiency and robustness. In terms of robustness, it is clear that one does not expect that a local
minimizer will always be found. Thus, algorithms typically aim at finding points satisfying some first- or
second-order necessary optimality condition. The Karush-Kuhn-Tucker conditions are usually the standard
first-order stationarity notion employed. However, there are different notions of second-order stationarity.

Most notions of second-order stationarity are somewhat of a theoretical nature, since it is very difficult to
incorporate them in a practical algorithm, at least not without impairing efficiency. Thus, most algorithms
possessing a second-order global convergence theory only consider the simplest of these conditions, namely,
one that does not make use of the full second-order information. More specifically, instead of ensuring
positive semidefiniteness of the Hessian of the Lagrangian over the whole critical cone, this property is
assured only in a subspace contained in the critical cone. This is done essentially because dealing with the
whole critical cone is a computationally challenging task, see [17].

In this paper we consider nonlinear optimization problems in finite dimensions with equality and inequal-
ity constraints, where the problem functions are twice continuously differentiable and we aim at designing
a general framework that is able to find a point satisfying a strong second-order necessary optimality con-
dition, that is, considering the whole critical cone, under reasonable assumptions. This is done by means of
a penalty algorithm that keeps the inequality constraints within the subproblems. However, our approach
is somewhat theoretical as we do not propose an algorithm for solving the subproblems. This task remains
a challenging open problem. Nevertheless, the analysis we conduct is non-standard and it consists of a first
step towards the more general goal.

The paper starts in Section 2 with a review of different second-order necessary optimality conditions; we
focus in particular on the results relying on assumptions on the rank of the gradients of constraints nearby
the local minimizer, in particular, we consider the well known constant rank constraint qualification (CRCQ

[15]).
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The second author is funded by CNPq and the Sdo Paulo Research Foundation grant 2018/24293-0, while
the third author is funded by the S&o Paulo Research Foundation grants 2017/12187-9 and 2020,/00130-5.




In Section 3 we present a gentle introduction to the topic of sequential optimality conditions [3], which
is the main tool we employ to achieve our results. Based on this discussion, we introduce new strong second-
order necessary approximate KKT conditions that consider the whole critical cone. Under a constant rank
condition, we prove that all local minimizers of the optimization problem satisfy one of these approximate
KKT conditions while the other condition is satisfied by all strict local minimizers.

In Section 4, we recall from [7, 12] that a standard barrier method and a second-order augmented La-
grangian method are not able to guarantee the strong second-order condition, even if a strict local minimizer
of the subproblems is found at each iteration. Then, we show that this phenomenon will not occur (under a
constant rank condition) if only equality constraints are penalized. That is, we propose our framework for
designing an algorithm that will achieve the strong second-order condition under reasonable assumptions.
The assumptions we employ rely on the constant rank of sets of gradients of constraints and the objective
function, together with the extended Mangasarian-Fromovitz constraint qualification (MFCQ).

Our notation is rather standard. We just mention that || - || always denotes the Euclidean norm.

2 On Second-Order Conditions

Let us consider the nonlinear programming problem

Minimize  f(z),
subject to  hi(z) =0, i=1,...,m, (NLP)
gi(z) <0, j=1,...,p,
where the functions f,hi,g; : R® — R are twice continuously differentiable. By €2, we denote the feasible
set of (NLP). Moreover, for any = € R"™, the set

A(z) :={je{L,...,p} | gj(z) =0}
contains the indices of inequality constraints that are active at x.
To formulate second-order conditions, let us first introduce the generalized Lagrangian Lo : R™ x R4 X
R™ xR} — R by
Lo(z,m, X ) := rf(x) + h(z) " A+ g(2) "1,
whereas the Lagrangian L : R™ x R™ X Ri — R is given by

Lz, A ) = (@) +h(z) A+ g(2) T p.
Now, for any =z € , the set Ag(z) of Fritz John multipliers and the set A(z) of Lagrange multipliers are
defined as
Ao(@) i= {0 # (r A ) € Ry X R™ X RY | VaLo(w,m, A 1) = 0, 9(2) T =0}
and
A(JJ) = {()‘7H) € Rm X Ri | VQ;L(I, Anu‘) = 019(1)T/J‘ = 0},

respectively. For any z € 2, we further need the critical cone

Cz) :={d€R" | Vf(z)Td <0, Vh(z)"d=0,Vg;(z) d <0 for all j € A(z)}. (2.1)
The next theorem provides a pair of no-gap second-order optimality conditions. It can be derived from [10].

Theorem 2.1. Let T € Q2 be given. Then the following assertions are valid:
a) If Ao(Z) # 0 and

o s)upA ( )dTVicho(i,r, A, p)d >0 forallde C(z)\ {0},
A p) €N (Z

then T is a strict local minimizer of (NLP).
b) If T is a local minimizer of (NLP), then Ao(Z) # 0 and

sup dTViIL(f, r, A, u)d >0 foralld € C(T).
(r, A, 1) €A (7)

Although several research is based on Fritz John multipliers, in this paper we are interested in Lagrange
multipliers. As usual, any (z, A, p) is called a Karush-Kuhn-Tucker (KKT) point of (NLP) if z € Q and
(A, p) € Alz).

To avoid the distinction between Fritz John and Lagrange multipliers, one may assume the well-known
Mangasarian-Fromovitz constraint qualification (MFCQ), which can be stated at T € € as saying that there
is no Fritz John multiplier (r, A\, u) € Ag(Z) with » = 0. Notice also that a Fritz John multiplier (r, A, ) with
r # 0 provides a Lagrange multiplier (A/r, u/r). That is, when r # 0, one may without loss of generality
consider » = 1. In this sense, under MFCQ), the notions of Fritz John and Lagrange multipliers coincide and
Theorem 2.1 gives rise to the following standard second-order necessary optimality condition:



Proposition 2.2. Let Z be a local minimizer of (NLP) that satisfies MFCQ. Then A(Z) # 0 and

sup  d'VZ L(z,\p)d>0 forallde C(z). (2.2)
(Am)EA(2)

Instead of MFCQ, we may use the constant rank constraint qualification (CRCQ) from [15]. This leads
to the following second-order necessary optimality condition, which is the basis for our main focus in this
paper.

Proposition 2.3 ([2]). Let T be a local minimizer of (NLP) that satisfies CRCQ. Then A(Z) # 0 and, for
any (X, p) € A(Z), it holds that

d"V2, L(z,\,p)d >0 for alld € C(Z). (2.3)

Notice that under the stronger assumption that the linear independence constraint qualification (LICQ)
holds at Z, Proposition 2.3 follows trivially from Proposition 2.2 since LICQ implies MFCQ and that A(Z) is
a singleton. Obviously, condition (2.3) is a stronger necessary optimality condition than (2.2). Under CRCQ,
this stronger condition (2.3) holds basically because CRCQ implies that the value of the second-order form
(d,V2,L(Z,\, p)d) in (2.2) is, for any d € C(Z), invariant to the choice of (\,u) € A(Z), see [11] and the
extended version of [9].

Under CRCQ the necessary optimality condition (2.3) would be rather suitable for the algorithmic
practice than condition (2.2). This means, given an algorithm that generates a primal-dual sequence
{(zF Nk, )} € R® x R™ x Rﬁ_, one is interested in proving that a limit point (Z, A, ) € € x R™ x ]RZ_;_ of
this sequence is such that (A, u) € A(Z) and the second-order condition (2.3) is satisfied. However, no such
algorithm has yet been presented. Algorithms with convergence to some kind of second-order point usually
find limit points that satisfy a weaker version of (2.3) (see [12] and the references therein), where the critical
cone C(Z) is replaced by its lineality space

S(@):={deR" | V(&) Td=0,Vh(z) d=0,Vg;(@) d=0 for all j € A(%)}. (2.4)

Clearly, this necessary optimality condition is less interesting than the one presented in Proposition 2.3,
since no associated sufficient optimality condition is known and S(Z) C C(Z). Also, one is essentially not
able to exploit the structure of S(Z) in order to prove the result of Proposition 2.3 with C(Z) replaced by
S(z) under a condition weaker than CRCQ. An exception (but assuming MFCQ) is the following result. Its
formulation makes use of the matrix M(z) € R**(m+IA@D with M(z) := (Vh(z), Vg (x)).

Proposition 2.4 (]9, 13, 16]). Let T be a local minimizer of (NLP) which satisfies MFCQ. If
rank(M (z)) < rank(M(z)) + 1
for all x sufficiently close to T, then there exists (A, pu) € A(T) with
d"V2, L(z,\,p)d >0 for all d € S(Z). (2.5)

Of course, the less theoretical value of the second-order condition given by (2.5) is somehow compensated
by its numerical tractability, see the discussion in the extended version of [9]. That is, many practical
algorithms are able to exploit the linear space structure of S(Z) in order to achieve (2.5) in a reasonable
manner. Our goal in this paper is to develop an algorithm whose limit points guarantee the stronger
second-order necessary optimality condition (2.3).

3 A Strong Sequential Optimality Condition

The study of global convergence of algorithms under weak assumptions can be done with the aid of sequential
optimality conditions [3]. Let us say that one is first able to show that an algorithm generates a sequence
{z*} satisfying some mathematical proposition P({z*}). Typically, this proposition is associated with a
perturbation of a necessary optimality condition. The second step would be to prove that whenever Z is a
local minimizer, there exists a sequence {2*} with ¥ — Z so that the proposition P({z*}) is valid. When
defining P(-), of course, one is interested in as strong as possible necessary optimality conditions, however,
one must consider the additional requirement that the mathematical proposition must also be satisfied by the
sequence generated by the algorithm of interest. Both of these steps can usually be done without assuming
that the problem satisfies a constraint qualification and may serve as an adequate enough global convergence
theory. This strategy has been applied in several contexts, in particular when the problem has no clear
standard optimality condition, or when one needs a consistent way of perturbing the standard optimality
conditions, say, in order to conduct a complexity analysis [14, 18]. This avoids constraint qualifications at
all; however, a final step of the analysis may be done using a constraint qualification for measuring the



strength of the optimality condition: one should prove that when a feasible point Z satisfies a constraint
qualification and it can be approximated by some sequence z¥ — Z so that the mathematical proposition
P({z"}) holds, then Z satisfies a standard first- or second-order stationarity condition (say, that there exists
some (A, pu) € A(Z) that satisfies (2.5)).

For instance, when the problem has only equality constraints, an algorithm may generate a sequence
{x*} that satisfies the mathematical proposition

m
P{a*}) == |h(a®) =0 and Vf(z*)+ ZVhi(ack)/\i-c — 0 for some sequence {\*} Cc R™
i=1

and one can prove that a local minimizer Z may be approximated by a sequence z¥ — Z of this type, that is,

such that P({z*}) is satisfied. Notice that this necessary optimality condition is strictly stronger than the
usual Fritz John condition, which opens the path to considering constraint qualifications strictly weaker than
LICQ (more generally, without assuming MFCQ), if inequality constraints are considered in this example).

The final step measuring the strength of the sequential optimality condition may consist of proving
that when Z satisfies some constraint qualification and there exists at least one sequence z¥ — Z such that
P({z*}) holds, then A(Z) # @. This shows that any limit point Z of the sequence generated by the algorithm,
that satisfies the constraint qualification, is a KKT point. Not all constraint qualifications may be used for
this purpose, but this separated analysis has helped in identifying new weak constraint qualifications suitable
for global convergence analysis. See, for instance, [4, 5, 6]. Also, this greatly simplifies the analysis of an
algorithm, which resorts to proving some property of the sequence it generates, instead of its limit.

In summary the global convergence of an algorithm using a sequential optimality condition may be done
as follows:

a) Characterize the type of sequences {z*} that the algorithm generates with a mathematical proposition
P({z*}).

b) Prove that at a local minimizer Z of the problem, there exists a sequence z* — Z such that P({z*})
holds.

c) Measure the strength of P(-) by showing that a point Z, that can be approximated by z¥ — Z such
that P({z*}) holds, has the property that whenever Z satisfies some constraint qualification, then a
standard first- or second-order necessary optimality condition is satisfied at Z.

In the remainder of this section we proceed with item b), while in the next section we continue with
the analysis of items a) and c). This means, we first develop a strong sequential optimality condition and
secondly prove that for a local minimizer Z of (NLP) there exists a sequence {zk} converging to  so that
{z*} satisfies this optimality condition. Items a) and c) will be dealt with in Section 4 and are related to
our main goal of building an algorithm whose limit points satisfy a strong second-order necessary optimality
condition, based on the critical cone (2.1), as used in Proposition 2.3, instead of its lineality space (2.4) in
Proposition 2.4.

At this point, we do not assume a constraint qualification to hold with respect to the whole feasible set
Q. However, the following constant rank condition with respect to the set of inequality constraints will be
used.

Assumption 3.1. It is said that a point & € R™ satisfies this assumption if there is a neighborhood of Z so
that, for any subset J C A(Z), the rank of the family {Vg;(y)};e s is constant for all  in this neighborhood.

Assumption 3.1 can be seen as CRCQ for a feasible point of a constraint set defined by the inequality
constraints of (NLP) only. This is clearly not a constraint qualification for (NLP). Notice that Assumption
3.1 holds trivially if the functions g; are affine. In order to present our definition of a strong second-order
sequential optimality condition for problems such that Assumption 3.1 holds, let us consider the perturbed
critical cones

Vhi(y)Td=0 for i =1,...,m,
Ci(y,z,p) == deR™ ng(y)Td <0 for j € A(z) with p; =0,
Vgi(y)Td=0 for j € A(z) with p; > 0.
and
Vi(y)d=0,
Co(y,x):=¢ deR™ | Vhi(y)"d=0 for i=1,...,m, ¢,
Vgi(y)Td<0 for j€ A(z).
for z,y € R™ and pu € Ri. Notice that when (Z, A, 1) is a KKT point of (NLP), it holds that
Cl(ivjvﬂ) = C(i) = 02(:273_7)
with C(z) defined in (2.1).



Definition 3.1. (Strong-AKKT2) A point Z satisfies the C1-Strong Approximate-KKT2 (C;-SAKKT?2)
condition for (NLP) if there exists a sequence (z*, \*, u¥ ) € R® x R™ x Rﬂ’r x (0,00) with ¥ — Z and
€k \¢ 0 such that

m P
Vf(;vk)+ZAthi(xk)+Zu?ng(xk) <ep (3.1)
i=1 j=1
Ia(@®)Il < e, [|max{0,g(z"*)}| < e, [ min{u®, —g(z")}| < ep, (32)

and

m P
dT | V2F@F) + DAV hi(ab) + > T plhV2g,(ak) | d > —epl|d||® for all d € Ci(aF, 7, 47).  (3.3)
i=1 j=1

If one replaces C1 (z*, %, u*) by Ca2(2*,Z) in the previous definition we say that Z satisfies the Co-SAKKT?2
condition.

We now prove that C1-SAKKT?2 is a necessary optimality condition for problems which fulfill Assump-
tion 3.1 while C2-SAKKT?2 is a necessary condition for strict optimality under Assumption 3.1.

Theorem 3.2. Let T be a local minimizer of (NLP) and suppose that Assumption 3.1 holds at T. Then T
satisfies the C1-SAKKT2 condition. If, in addition, T is a strict local minimizer of (NLP), then T satisfies
the Co-SAKKT2 condition.

Proof. Let § > 0 be chosen such that f(Z) < f(z) holds for all z € Q with ||z — Z|| < §. Given a sequence
{pr} C Ry with p — +oo, we consider the regularized penalty subproblem, where only the equality
constraints are penalized, that is,

m
1
Minimize @y (x) = f(2) + 55 3 hil@)* +  lle — 1%,
) ) i=1 (3.4)
subject to  g;(z) <0, j=1,...,p,

lz — 2| <é.

Let zF be a global solution of the optimization problem (3.4), which exists because its feasible set is non-
empty and compact and the objective function is continuous. Therefore, for any k& € N, we have

Fa*) + Tllat -3l < o) < 6u(@) = (@), (35)

Moreover, because ||z* — Z|| < § is valid for all k& € N, there is * and an infinite subset K C N so that

kliH}l{ xF = z*. Notice that g(z*) < 0 and ||z* — Z|| < §. Further, since p, — +oo and {¢p(z*)}rek is
€

bounded, we have
lim h(z®) =0 (3.6)
keK

so that h(z*) = 0 follows. From (3.5) taken for k € K, we also conclude that
* 1 * - =
fa)+ glle” — 2l < (@),

This, g(z*) <0, h(z*) =0, ||Jz* — Z|| <, and the definition of ¢ imply f(z) < f(z*) so that z* = & follows.
Then, for k € K large enough, we have that ||z* — Z|| < 8, i.e., the constraint ||z — Z|| < § in (3.4) is not
active at © = x¥ for these k € K. Hence, applying Proposition 2.3 (with (NLP) replaced by problem (3.4))
for each of these large enough k € K, it follows by Assumption 3.1 that there exists a Lagrange multiplier
uk e Ri such that (z¥, u*) is a KKT point of (3.4) that satisfies a strong second-order necessary optimality
condition. More in detail, we have that

g(zF) <0, pF>0, g@®)Tuk =0, (3.7)
p
VaL(ga)(@F, puk) = Ver(a*)+ ZIH§VQJ($k)
=

= VIER) + 5 pehi(at) Vhi(e®) + ok - 72" — )
» =1 (38)
+ ; kv g;(ah)

= 0,



and, because of
m
V2, L@k, puk) = V2F@R) +pp 3 hi(@F)VERi(@F) + Vhi(@F) VR (2F) T
i=1
P
+ 2 uhV2gi(ak) + 2(aF — z)(a* — 2) T + ||l2F — 2|21,
j=1

we further have that
dT V2, Ly (a®, pF)d >0 for all d € C(3.4)(z¥) (3.9)

with
Cla.y(@*) = {d ER" | Ve (xF)Td < 0,Vg;(z*¥)Td <0 for all j € A(a:k)} .

Since (z*, u*) satisfies (3.7) and (3.8), this yields

p
Caa(@®) = (deR™ > uhvg(@*)Td=0,Vg;@*)Td <0 for j € A¥)

j=1
deR™ Vg;i(@*)Td <0 for j € A(z*) with ¥ =0,
€ Vg;(z*)Td =0 for j € A(z*) with pi >0
A= peh(ab),  ep = max{|la® — 3, [h(P)]|} for k € K,
we first obtain that e, \( 0 for £ € K. Without loss of generality, we assume that k € K is large enough

so that, due to (3.7), ,u;? =0 for j ¢ A(Z). Thus, it follows from (3.8) and (3.7) that, for k € K sufficiently
large,

Defining

m P
V(=) + Z)\thi(zk) + Z,u?ng(rk) < |lz* — z|® < ey,
i=1 j=1
Ia(@*)|l < e, || max{0, g(@*)}| =0
by g;(z*) < 0 according to (3.4), and
min{p", —g(z*)} = 0.
Therefore, the requirements (3.1) and (3.2) in Definition 3.1 are satisfied. Furthermore, since A(z*) C A(zZ)
for k € K sufficiently large, we have
C1(a*,2,1*) C Cz.a)(@®) N {d € R™ | Vh(z*)"d = 0}.

Taking any d € Cy(z*,z, u*), we further get from (3.9) with the definitions of \*¥ and ej, that, for k € K
sufficiently large,

m
dTV2, L(z* \*, uF)d dT | V2f(z*) + El)\fv2hi(xk)+ E( )usQQi(xk)> d
i= i€EA(Z
—dT (2(a* —2)(a* —3)T — ||z* — 7|21) d
—exlldl|®.

VIV

Hence, also (3.3) in Definition 3.1 holds and, altogether, Z satisfies the C1-SAKKT2 condition.
Assume now that Z is a strict local minimizer of (NLP). Thus, we can follow exactly the same proof

m

with ¢y (z) replaced by ¢ (z) := f(z) + p?k Z hi(x)?. Note that the expression for C(3_4)(a:k) N{d e R™ |
i=1

Vh(zF)Td = 0}, again with ¢y, replaced by ¢k, contains Cs(z*, %), which concludes the proof. O

4 Generating KKT Points with Strong Second-Order
Conditions

Typically, second-order algorithms are only shown to generate a sequence that converges to a point that
satisfies the weak second-order necessary optimality condition from Proposition 2.4. In [12], it is shown that
limit points of a standard barrier method need not satisfy the stronger second-order necessary optimality
condition from Proposition 2.3, even if strict local minimizers for the subproblems are found at each iteration.
In detail, the authors from [12] considered the counterexample



Minimize 12T Hg,
subject to x> 0,

where £ € R™ withn >4 and H =1 — mzz-r with z = e — ne1, where e; is the first canonical vector

and e is the vector with 1 in all entries. For any sequence r, \, 0, let ¥ = ,/fe — Z = 0 be defined. Notice
that p = 0 is the unique Lagrange multiplier associated with Z, that is, V;L(Z, ) = 0. However, one has

3(n—1)

el V2, L(Z,p)e1 = ef Hey =1 — o

<0 withe € C(z) =R].
Thus, the sequence {xk} converges to a point that fails to satisfy the strong second-order necessary optimality
condition. Note however that z* is a strict local minimizer of the barrier function subproblem

n
Minimize  b(z,rg) := %:rTHx —rg > log(z;)

i=1
subject to x> 0.

Indeed, one has
k k ky—1 2 k ky—2 _ L 3 22!
Vaeb(x®,ri) = Hz® —rp(2®)7 =0 and V3, b(z",ry) = H + ri(z”) :51—',-5 I——,

where the latter is clearly positive definite. Here, (z¥)~! and (2#)~2 were used to denote, respectively, the
componentwise inverse vector and the diagonal matrix with inverse-squared diagonal entries of ¥ as defined
above. The same example from [12] was analyzed in [7]. There, it was shown that a second-order augmented
Lagrangian method may also generate the same sequence ¥ as above in such a way that z* is a strict local

minimizer of the corresponding augmented Lagrangian subproblems

2
1 n k
Minimize EmTHx + Pk E max {0, —x; + Hz}
- Pk
=1

for standard approximate Lagrange multipliers % and penalty parameters py.

These results suggest that in order to generate points satisfying a stronger second-order necessary con-
dition for (NLP), one should not penalize inequality constraints. Therefore, we consider the simple penalty
algorithm below whose subproblems penalize only equality constraints, while the inequality constraints are
kept within the subproblems.

To define the subproblems later on, let p > 0 be given and consider the problem

Minimize  Fjy(z) := f(z) + Lpllh(z)|2,

subject to  g(z) < 0. (4.1)

Proposition 4.1. Suppose that a local minimizer x, of (4.1) is strict and satisfies Assumption 3.1. Then,
for any € > 0, there ezist x = z(p,e) € R™ and p = pu(p,e) € Ri which solve the KKT (p,e) system given
by

P
VF,(z)+ > u;Vgs(@)| <, (4.2)
j=1

| max{0,g(z)}| <e, [min{u, —g(x)}| <e,
p
dr <V2F,,(x) + -Zl Mv2gj(x)> d> —¢||d||? for alld € Cp(x),
i=

where
Cplz) = {d ER™ | VE,(z) T d=0, Vg,;(x) d<0 forall j € A(z)} .

Proof. The proposition follows immediately by applying Theorem 3.2 to problem (4.1) because Assumption
3.1 is requested to hold at the strict local minimizer x, of problem (4.1). |

Based on the KKT(p, €) system above, we consider the following simple algorithm.

Algorithm 1
Let sequences {e1}, {pr} C (0,00) with e \, 0 and py — oo be given. Set k := 0.

Step 1: Compute (z*, u*) € R™ x ]Ri as a solution of KKT (pg,ek)-
Step 2: Set k := k + 1 and go back to Step 1.




Our global convergence result will partly rely on the following assumption, which is related to Assumption 3.1.

Assumption 4.1. It is said that a point £ € R" satisfies this assumption if there is a neighborhood of z
so that, for any subset J C A(Z), the rank of the family {V f(y)} U{Vhi(y)}72; U{Vyg;(¥)}jes is constant
for all y in this neighborhood.

Moreover, in part b) of Theorem (4.2), we will employ the extended MFCQ, which is satisfied at a point
& € R, if

— the column rank of Vh(z) € R"*™ is equal to m and

— there is d € R™ such that VA(Z)Td = 0 and Vg, (Z)Td < 0 for all j € A(Z).

Note that the extended MFCQ does not require that Z belongs to the feasible set Q2. However, in the theorem
below, g(Z) < 0 holds by construction.

Theorem 4.2. Let {(z*,u*)} be an infinite sequence generated by Algorithm 1. Further assume that the
sequence {x*} has an accumulation point . Then, the following assertions hold:

a) If h(Z) =0, then T satisfies the C2-SAKKT?2 condition.
b) If the extended MFCQ and Assumption 4.1 are satisfied at T, then there are A € R™ and p € Ri so

that (Z,\, p) fulfills the KKT conditions of (NLP) and the second-order condition (d, V2 L(Z,\, u)d) >
0 for all d € C(z).

Proof. a) Let us assume without loss of generality that z* — Z. Note that

m
VF, (z%) = Vf@E@*) + 3 AV (2F),
i=1
m m (4.3)
V2E, (a%) = V2f(F) + 3 AFV2hi(aF) + pi 30 Vhi(@®)Vhi(aF) T
i=1 =1
with )\i.“ = prhi(z¥) for i = 1,...,m. Thus, by Step 1 in Algorithm 1, it follows that
P m j2
VEp, (&%) + i Vg;(ah)|| = HW(w‘“) + D AEVhi(a®) + > pyVg; ()| < e, (4.4)
i=1 i=1 i=1
[ max{0, g(«*)}| < ep, [ min{u", —g(@*)}]| < ey, (4.5)

and, having (4.3) in mind,
m P m
dT [ V2fER) + D AV hi(aF) + D Dk VPg(a) | d > —eplld]® — ped "D Vhi(aF)Vhi(2¥) Td, (4.6)
i=1 j=1 i=1
for all d € Cp, (z¥). Since h(Z) = 0 is assumed in assertion a), we have
lim ||h(z®)| = 0. (4.7)
k—o0

To complete the proof that # satisfies the Ca-SAKKT?2 condition, we observe that A(z*) C A(Z) for k
sufficiently large and, as a consequence,

Ca(zF,z) = {deR*|Vf(a*)Td=0,Vhi(zF)Td=0fori=1,...,m,Vg;(z*)Td <0 for j € A(z)}
m
C {d ER™ | Vf(@)Td+ 3 NeVh(2*)Td =0,Vg,(z*)Td<0forj € A(a;k)}
i=1
= Cp (z*)

is valid for k sufficiently large. According to this and (4.3), (4.6) yields

m p
dT [ V2f(R) + D NV hi(aF) + D D phVPg,(a) | d > —elld]® for all d € Ca(a*, )
i=1 j=1

for all sufficiently large k. This, (4.4), (4.5), and (4.7) show that Z satisfies the C2-SAKKT?2 condition.

b) Since the extended MFCQ is assumed to hold at Z, it is well known that {(\*,u*)} is bounded.
Indeed, if this would be not the case, we can divide formula (4.4) by [|(A¥, z*)||. Then an infinite index set
K C N exists with

(A, uk)

Ijlefffl(m =(a,B)#0 and §2>0.



Taking the limit in (4.4) and (4.5), we obtain

m P
> aiVhi(#) + Y B;Vg;(@) =0, g¢(z) <0, and min{8, —g(z)} =0, (4.8)
i=1 j=1
which leads to (a, 8) = 0 due to the extended MFCQ. This contradicts ||(c, 3)|| = 1. Hence, for an infinite
index set K1 C K, we have that
lim (AF, pF) = (A A(T).
kelr;gl( 1) = (A, p) € A(Z)

Therefore, AF = pjh;(z*) for i = 1,...,m and py, — oo imply
lim ||h(z")|| = o0,
Jim ()]

i.e., by the continuity of h, it follows that h(Z) = 0. Moreover, according to (4.8), we also have g(z) < 0.
Thus, Z € Q so that (Z, A, u) is a KKT point of (NLP).
To complete the proof of part b), take any

deC@) ={deR™ | Vf(@)Td<0, VA(Z) d=0,Vg;(Z) " d<0 forall j € A(z)}

with C(z) defined in (2.1). Since (Z,\,p) is a KKT point, we easily see that Vf(Z)Td = 0. Now, let
J C A(%) denote the set of all indexes such that Vg;(Z)Td = 0. By Assumption 4.1 and using the proof
technique in [1, Lemma 3.1], we get that there exists a sequence d* — d such that

ViR Tdd =0, Vhi@F)Td* =0fori=1,...,m, and Vg;(")Td*=0forje J

Since Vg; (#)Td < 0 for j € J, we have for k large enough that d* € Ca(x*,%). Using direction d* in (3.3)
with C1(zF, Z, u*) replaced by C2(z*, ), we may take the limit for k — oo and get (d, V2, L(Z, \, u)d) > 0.
As this can be done for all d € C(Z), the proof is complete. |

We end by noting that Assumption 4.1 cannot be removed in the previous result. Indeed, let us consider
a modification of the example given by Baccari in [8] and let us apply Algorithm 1.

Example 4.3. For the problem

Minimize  x3,

subject to  x3 > 2\/§x1m2,
xr3 > x% — 3m%,
xr3 > —2\/§w1z2 — 21’%,
z3 =0,

the point Z = (0,0,0) is a global minimizer that satisfies MFCQ. Take a sequence pp — oo and consider
the sequence of subproblems as associated to {px} by Algorithm 1, i.e., just the equality constraint zz =0
is penalized and the inequality constraints are kept within the subproblems.Thus, the subproblems read as
follows:
Minimize  x3 + %m%,
subject to  x3 > 2\/33:112,

xg > x3 — 322, (4.9)
x3 > 72\/32711‘2 — 232%.
We take the constant sequence z* = Z for all k, since Z is the global solution for every k. However, it

can easily be calculated that the point T does not satisfy the strong second-order necessary optimality
condition (2.3).
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