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Abstract

Sequential optimality conditions have played a major role in unifying and extend-
ing global convergence results for several classes of algorithms for general nonlinear
optimization. In this paper, we extend theses concepts for nonlinear semidefinite pro-
gramming. We define two sequential optimality conditions for nonlinear semidefinite
programming. The first is a natural extension of the so-called Approximate-Karush—
Kuhn-Tucker (AKKT), well known in nonlinear optimization. The second one, called
Trace-AKKT, is more natural in the context of semidefinite programming as the com-
putation of eigenvalues is avoided. We propose an augmented Lagrangian algorithm
that generates these types of sequences and new constraint qualifications are pro-
posed, weaker than previously considered ones, which are sufficient for the global
convergence of the algorithm to a stationary point.
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1 Introduction

Nonlinear semidefinite programming (NLSDP) is a generalization of the usual non-
linear programming problem, where the inequality constraints are replaced by a conic
constraint defined by the matrix of constraints being negative semidefinite. The study
of nonlinear semidefinite programming problems has grown a great deal in recent years
from several application fields, such as control theory, structural optimization, mate-
rial optimization, eigenvalue problems and others. See [22,23,26,39,40,48,54,61] and
references therein. Theoretical issues such as optimality conditions, duality and non-
degeneracy were also studied and several algorithms for solving NLSDPs have been
proposed. The interested reader may see, for instance, [1,13,19,28,35,44,51,52,64,66].
The particular case of (linear) semidefinite programming, which generalizes linear pro-
gramming, has seen a variety of applications in several fields, and is an important tool
in numerical analysis [25,37,58,60].

For nonlinear programming (NLP), a useful concept is the notion of sequential opti-
mality conditions [4]. These conditions are genuine necessary optimality conditions,
independently of the fulfillment of any constraint qualification, such as the linear inde-
pendence of the gradients of active constraints (LICQ), the Mangasarian-Fromovitz
constraint qualification (MFCQ), or the constant positive linear dependence (CPLD).
Besides that, the sequences generated by several classes of algorithms (as Augmented
Lagrangians, interior point methods, sequential quadratic programming and inexact
restoration methods; see [6]), are precisely the sequences required for verifying the
sequential optimality condition. This property makes sequential optimality conditions
useful tools for naturally providing a perturbed optimality condition, which is suitable
for the definition of stopping criteria and complexity analysis for several algorithms.
Also, a careful study of the relation of sequential optimality conditions with classi-
cal stationarity measures under a constraint qualification, yields global convergence
results under weak assumptions [3,8,9].

Sequential optimality conditions have been shown to be important tools for extend-
ing and unifying global convergence results for NLP algorithms. In NLSDP, most of
the methods proposed need constraint qualifications to guarantee global convergence
results. Both [53] and [62] present an Augmented Lagrangian method for solving NLS-
DPs. Although [62] uses quadratic penalty, and [53] uses modified barrier functions
in their Augmented Lagrangian methods, both need constraint qualifications such as
CPLD, MFCQ or Nondegeneracy. With sequential optimality conditions, we intro-
duce a very natural optimality condition for NLSDP, without constraint qualifications,
that is fulfilled by the limit points of an Augmented Lagrangian algorithm. With this
approach, we have also been able to introduce a companion constraint qualification,
weaker than the ones previously considered for NLSDP, in order to provide a classical
global convergence result to a KKT point.

In this article we extend the Approximate-Karush—Kuhn—Tucker (AKKT) condi-
tion, known in nonlinear programming, to the context of NLSDP. We also introduce
a new sequential optimality condition that we call Trace-AKKT (TAKKT). We will
show that these conditions are genuine necessary optimality conditions for nonlinear
semidefinite programming and we will show that an Augmented Lagrangian method
produces AKKT and TAKKT sequences.
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Optimality conditions and global convergence for NLSDPs

This paper is organized as follows: In Sect. 2, we formally define the nonlinear
semidefinite programming, the notation, and we present some preliminary results for
NLSDP needed in the remaining sections. In Sect. 3, we define the AKKT condition
and we prove that it is a genunine optimality condition without constraint qualifi-
cations. In Sect. 4, we show that an Augmented Lagrangian method, based on the
quadratic penalization, generates a sequence whose feasible limit points satisfy AKKT.
In Sect. 5, we introduce a new sequential optimality condition called TAKKT, which
is more suitable for nonlinear semidefinite programming. In Sect. 6, we introduce new
constraint qualifications, weaker than the ones previously considered for global con-
vergence results of nonlinear semidefinite programming algorithms, which are suitable
for our global convergence analysis. In Sect. 7, we present our conclusions and final
remarks.

2 Preliminaries

In this section we introduce the main notations adopted throughout the paper, together
with known optimality conditions for nonlinear semidefinite programming. We will
consider the following problem

Minimize f(x),
xeR" (NLSDP)
subjectto  G(x) <0,

where f : R” — Rand G : R" — §" are continuously differentiable functions.
For simplicity, we do not take equality constraints into consideration. We denote by
S™ the set of symmetric m x m matrices equipped with the inner product (A, B) :=
tr(AB), A, B € S™, where tr(A) denotes the trace of the matrix A. The set .# will
denote the feasible set . := {x € R" | G(x) < 0}. The notation G(x) < 0 means
that G (x) is a symmetric negative semidefinite matrix. The set of symmetric positive
semidefinite matrices will be denoted by S”', while the set of symmetric negative
semidefinite matrices will be denoted by S”. Given amatrix A € S” and an orthogonal
diagonalization A = U AUT of A, we denote by AiL/ (A) the eigenvalue of A at position
i on the diagonal matrix A, that is, kf/ (A) = Ajj,i = 1,...,m. We omit U when
dealing with a diagonalization that places the eigenvalues of A in ascending order in
A, namely, L1 (A) < --- < Ap(A).

The Frobenius norm of a matrix A € S™ is the norm associated with the companion
inner product, that is,

A= V(A Ay = | Y A7 = | Y 2i(A)2
i=1

i,j=1
Given A € §™, we denote by [A], the projection of A onto S'}. Namely, if
A = UdiagWY (A), ..., Y apuT
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is an orthogonal decomposition of A, then
[Aly = Udiag([AY (D4, ... Do A1HUT,

where [v]+ := max{0, v}, v € R.Itis clear that [A]+ does not depend on the choice of
U . The following lemma provides an upper bound on the inner product of two matrices
in terms of the inner product of their ordered eigenvalues. The subsequent lemma
provides additional information when the matrices are positive/negative semidefinite.

Lemma 1 (von Neumann-Theobald [57]) Let A, B € S™ be given.
Then,

(A, B) <) %i(A)ri(B),

i=1

where equality holds if and only if A and B are simultaneously diagonalizable with
eigenvalues in ascending order.

Lemma2 ([53]) Let A € S and B € S"™ be given. Then, the following conditions
are equivalent:

a) (A,B) =0,

b) AB =0,

c) A and B are simultaneously diagonalizable by an orthogonal matrix U and
A (M)A (B)=0foralli=1,...,m,

d) A and B are simultaneously diagonalizable in ascending order and A; (A)1;(B) =
Oforalli =1,...,m.

Note that with A = 8(1) and B = 8_01  (
0,i = 1,2, even though A and B are simultaneously diagonalizable by the iden-
tity matrix /. Note however that, as claimed by Lemma 2, it is not the case that
)»l.] (A)A{ (B) = 0 for all i = 1, 2. The notation Al.[/ corrects the statement of this
lemma in [53], with a similar proof, which we omit. Note also that these matrices are
not simultaneously diagonalizable in ascending order.

Another useful result is the Weyl Lemma below. A lower and upper bound for the
eigenvalues of the sum of two symmetric matrices are obtained, by means of the sum

of the eigenvalues of these matrices.

A, B) # 0, but ;(A)A;(B) =

Lemma3 (Weyl [32]) Let A, B € S™ be given matrices. Fork = 1,...,m,
A (A) + A (B) < M (A + B) < A (A) + Ak (B).

We proceed to define the main concepts associated with problem (NLSDP). We
define the Lagrangian function L : R” x S” — R associated with (NLSDP) by

L(x, ) := f(x) +(Gx), £2).
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Optimality conditions and global convergence for NLSDPs

The derivative of the mapping G : R" — S™ at a point x € R”" is given by
DG (x) : R* — §™, defined by

n
DG(x)h = Z Gi(x)hi, h € R",
i=1

where G;(x) = % e S",i = 1,...,m, are the partial derivative matrices with

respect to x;. Also, we define the adjoint operator DG (x)* : S — R”" by
DGx)* 2 = ((G1(x), 2), ..., (Ga(x), 2N, 2 €S",

where it is easy to see that (DG (x)h, 2) = (h, DG(x)*$2) forall h € R", x € R”
and 2 € S".

Definition 1 We say that £2 € S™ is a Lagrange multiplier associated with x € R" if
the following Karush—Kuhn-Tucker (KKT) conditions hold:

V.L(%, 2) = V(&) + DGE)*2 = 0, (1
(G(x), £2) =0, 2
G(x) € S, 3)

2 eS. 4

When there exists a Lagrange multiplier associated with x, we say that x is a KKT point.
Condition (2) is known as the complementarity condition, and it can be equivalently
replaced by )»f/(G()E)))\lU(.Q) = Oforalli = 1,...,m, where G(x) and £2 are
simultaneously diagonalizable by U. See Lemma 2.

In order to prove the validity of the KKT conditions at a local minimizer of
(NLSDP), a constraint qualification is needed. In general, more stringent assump-
tions are needed in order to prove global convergence results of an algorithm, that is,
that every feasible accumulation point of a sequence generated by the algorithm is a
KKT point. The most common assumptions of these kind are the nondegeneracy con-
straint qualification and the Mangasarian-Fromovitz constraint qualification (MFCQ)
that we define below. More details can be found, e.g., in [19,51].

Definition 2 We say that the feasible point x € % satisfies the nondegeneracy con-

straint qualification if the n-dimensional vectors (el.T Gi(x)ej, ..., el.T Gnp(X)ej), i, j =
I,...,m — r are linearly independent, where » = rank G(x) and the vectors
e1, ..., en—r form a basis of the null space of the matrix G (x).

Definition 3 We say that the feasible point ¥ € .# satisfies the Mangasarian-
Fromovitz constraint qualification if there is a vector & € R" such that G(x) +
DG (x)h is negative definite.

As in the nonlinear programming case, the Mangasarian-Fromovitz constraint
qualification is equivalent to the non-emptiness and boundedness of the set of
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Lagrange multipliers. Similarly, the more stringent nondegeneracy condition (also
called transversality condition), implies the uniqueness of the Lagrange multiplier, so
this condition is treated in the literature as an analogous of the linear independence
constraint qualification for nonlinear programming. This analogy is not perfect, as it
does not reduce to the classical linear independence constraint qualification when the
matrix G(x) is diagonal. However, Lourenco, Fukuda and Fukushima [42], showed
that if one reformulates the NLSDP such as an NLP using squared slack variables,
where the conic constraint is replaced by the equality constraints G (x) + ¥Y> = 0 with
Y € S",if (x,Y) € R" x S" satisfies the linear independence constraint qualification
for this new NLP, then x satisfies the nondegeneracy condition. On the other hand,
if x satisfies the nondegeneracy condition, then (x, Y) satisfies the linear indepen-
dence constraint qualification for the NLP, where Y is the square root of the positive
semidefinite matrix —G (x). In this sense, the nondegeneracy condition is essentially
the linear independence constraint qualification for NLSDP. Finally, we note that since
G(x)§2 = 0,rank G(x)+rank £2 < m alwaysholds at a KKT point. When the equality
holds, we say that x and §2 satisfy the strict complementarity.

In the survey paper [64], the two types of Augmented Lagrangian methods are
discussed: one with quadratic penalization (by [62]) and another with a modified
barrier function (by [53]), where both need a strict complementarity assumption for
the local convergence results. In [63] and [65], the authors present an interior point
method for NLSDP where for the convergence results, the first one adopts MFCQ
while the second one assumes nondegeneracy and strict complementarity. In [20], the
global convergence of a sequential SDP (SSDP), which is a method based on sequential
quadratic programming (SQP) for NLP, has been proved under MFCQ. Another global
convergent method presented in [28] applies a filter algorithm to SSDP where MFCQ is
also assumed. In constrast with most of the literature, we will prove global convergence
for an Augmented Lagrangian method without assuming strict complementarity and
under a constraint qualification weaker than MFCQ, that we define in Sect. 4. In
particular, our results allow the algorithm to generate an unbounded sequence of
Lagrange multipliers, without hampering the global convergence results to a KKT
point.

3 Sequential optimality condition for NLSDPs

In this section we will define the notion of an Approximate-KKT (AKKT) point for
nonlinear semidefinite programming. This concept has been defined for nonlinear
programming in [4,49]. Many first- and second-order global convergence proofs of
algorithms have been done, under weak assumptions, based on this and similar notions
[2,3,5-9,11,12,14-17,21,29-31,46,47,50,59].

The Approximate-KKT (AKKT) condition is the most natural sequential optimality
condition in nonlinear programming. Most algorithms generate this type of sequence
[1,6,11,14,45,49]. The following is a natural generalization of AKKT to the context
of NLSDP.
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Definition 4 We say that x € R” satisfies the Approximate-KKT (AKKT) condition
if G(X) < 0 and there exist sequences x* — ¥ and {£2¥} S} such that

Jim V" +DGM 2k =o, 5

AiL/(G()E)) <0=> AiSk(Qk) =0, foralli =1, ..., m and sufficiently large k,
(6)

where G(X) = UdiagA\V (G(X)), ..., \U(G@NHUT, 2F = Sidiagri* (25, ...,
A,S,f (.Qk))SkT, where U and Sy are orthogonal matrices with Sy — U.

All KKT points satisfy AKKT by considering constant sequences. We refer to Sect. 6
concerning the reciprocal implication.

Note that the definition of AKKT is independent of the choices of U and of the
sequence {Sy}. Note also that given any orthogonal Sy that diagonalizes 2%, one can
take a convergent subsequence. Hence, the definition above restricts the choice of
{£2%}, in such a way that the limit of its eigenvectors coincides with the eigenvectors
of G(x). Note however that the corresponding eigenvalues of {£2%} may be unbounded.

One of the reasons the extension of AKKT from NLP to NLSDP is not straight-
forward lies in the fact that in NLSDP the concept of active/inactive constraint is
not apparent, which plays a key role in the definition of AKKT for NLP. In NLSDP,
the eigenvalues less than zero play the role of the inactive constraints, hence, the
“corresponding” Lagrange multiplier should vanish. However, it is not clear how
to “correspond” an inactive eigenvalue of the constraint with an eigenvalue of the
Lagrange multiplier matrix to vanish (in the definition of a KKT point, this correspon-
dence is made by the assumption of simultaneous diagonalization). In this sense, the
relation given by Sy — U provides the necessary notion for pairing the eigenvalues,
which makes it a natural assumption for defining AKKT. In some sense, the definition
says that the matrices must be approximately simultaneously diagonalizable. Note that
when considering NLP as a particular case of an NLSDP with diagonal matrix, by
considering a diagonal Lagrange multiplier matrix, both matrices are simultaneously
diagonalizable by the identity, and we arrive at the usual AKKT concept for NLP.

When {x*} is a sequence as in the above definition, we say that {x*} is an AKKT
sequence. Note that the sequence does not have to be formed by feasible points. The
sequence {£2%} will be called the corresponding dual sequence.

Let us see that AKKT is closely related to a natural stopping criterion for numerical
algorithms:

Lemma 4 Apointx € R" satisfies AKKTif, and onlyif. there are sequences {x*} c R”,
(2K} € S7, {ex} € R with x* — %, e — 0% such that for all k,

IVf 5 + DGEF)* 2| < &, ©)

GG < e ®)

foralli=1, ..., m and sufficiently large k, )\.iljk (G(xM)) < —gr = )LiSk 25 =0,
)
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U — Skl < ek, (10)

where G(x*) = Urdiag3.V (G (xb)), ..., A (GOMUT, 2% = Spdiag(h3t (2%),
e AS{‘ (.Qk))SkT are orthogonal diagonalizations of G (x*) and 2% for all k.

Proof Suppose that ¥ € R” satisfies AKKT. Let us take diagonalizations Uy of G (x5,
St of 2% and U of G(X) in such a way that, for an appropriate subsequence, Uy — U,
Sy — U and (5) and (6) hold. Let us define the sequence {€;} C R in order to satisfy
(7-10). Define

e = max [V £ (") + DGGH 241, NG, N0k — Sl

AU Gty s e 1(2)},

where I (x) isthesetofalli € {1, ..., m} such that Af](G()E)) = 0. Hence, (7), (8) and
(10) hold. To prove (9), note that if jy € {1, ..., m} is such that A%"(G(xk)) < —&,
then =355 (G(x¥)) > & = —2T"(G(xh)) for all j € I(¥). In particular, jo ¢ (%)
Therefore, by the definition of AKKT, kjsg (.Qk) = 0. The definition of AKKT ensures
also that gy — 0.

Suppose now that conditions (7—10) are valid. Since {Uy} and {Si} are bounded, by
(10) we may take a subsequence and U, that diagonalizes G (x), such that Uy — U and
Sy — U.ThelimitV f (xk) +DG (xk)*.Qk — 0 follows trivially, while the continuity
of the functions involved ensures that X € .%. Now, suppose that Al.l/ (G(x)) < 0.Then,
since Al.l]k(G(xk)) — AY(G(X)), for k large enough )\I.Uk (G(x*)) < —é&. Therefore,
3% (£2F) = 0 and AKKT is satisfied. O

Lemma 4 provides a natural stopping criterion associated with AKKT. Given small
tolerances gopt > 0, £feas > 0, &diag > 0 and gcompr > 0 associated with optimality,
feasibility simultaneous diagonalization and complementarity, respectively, an algo-
rithm that aims at solving NLSDP and generates an AKKT sequence {x*} c R”
together with a dual sequence {£2¥} C S} should be stopped at iteration k when

IV £ () + DGR 28| < egp, (11)
TG )4l < efeas., (12)
Uk — Skll < &diag, (13)
WG (F) < —gcompl = A (25) = 0. (14)

As it is usual in the literature of sequential optimality conditions, three properties
must be satisfied: (i) It must be a genuine necessary optimality condition, indepen-
dently of the fulfillment of constraint qualifications. This gives a meaning with respect
to optimality to the stopping criterion (11-14), independently of constraint qualifica-
tions. (ii) The condition must be satisfied by limit points of sequences generated by
relevant algorithms. Note that this simplifies the usual global convergence proofs to
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KKT points, also providing a guide to how new algorithms could be proposed. (iii)
It must be a strong optimality condition. This is shown by defining a weak constraint
qualification that makes every point that satisfies the condition a true KKT point.

We are going to show that AKKT satisfies all these requirement. In the remainder of
this section we show that it satisfies the first requirement, that is, it is indeed a necessary
optimality condition. For this, let us first consider the external penalty algorithm for
the problem:

Minimize f(x), subjectto G(x) <0, x € X, (15)

where ¥ C R” is a non-empty closed set.

Theorem 1 Choose a sequence {pr} C R with px — oo and for each k, let x* be
the global solution, if it exists, of the problem

Minimize f(x) + %P(x),
subjecttox € X,
where P(x) = tr ([G(x)]i_) =[[GX)]+ ||2 is the penalty function. Then, any limit

point of this sequence, if any exist, is a solution of problem (15) provided that its
feasible region is non-empty.

Proof See [24]. O

The penalization function x — P (x) is a measure of infeasibility of x, as P(x) > 0
is continuous, and x is feasible if, and only if, P(x) = 0. We will also need the
following result about the derivative of P (x):

Lemma5 Let G : R" — S"™ be a differentiable function and P(x) := tr ([G(x)]i).
Then, the gradient of P at x € R" is given by

VP(x) =2DGx)*[G(x)]+.

Proof 1t follows from [41, Corollary 3.2]. O

We are now ready to prove the main result of this section.

Theorem 2 Let x be a local minimizer of (NLSDP). Then, x satisfies AKKT.

Proof To show that AKKT is an optimality condition we will apply the external penalty
algorithm to the following problem

1
Minimize f(x) + §||x — )E||2 subject to G(x) < 0, x € B(x, §), (16)

where § > 01is small enough and B (x, §) denotes the closed ball of center x and radius
8. Clearly, § can be chosen such that x is the unique solution of (16). Let py — 400
and for each k, let x* be a solution of
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1
Minimize f (x) + 3 lx = ¥|* + % r ([G(x)]i) subject to x € B(%,8). (17)

By the non-emptiness and compactness of B(x, §), and continuity of the objective
function, x* is well defined for all k € N. By the boundedness of {x*}, the uniqueness
of the solution of problem (16), and Theorem 1, x¥ — X. Furthermore, note that x*
is in the interior of B(x, §) for k large enough; hence, the gradient of f(x) + %Hx —
2+ %" P (x) vanishes at x¥, that is, from Lemma 5, we have

V£ (K) 4+ x5 — % + pp DG (x5)* [G(x’f)]+ —0.

Defining 2% := p; [G(xk)] - and taking the limit when k tends to infinity in the
above equality we obtain

lim Vf(x*) + DGEMH*2% = 0.
k—o00
Since G (x%), 2%, and G (%) are symmetric matrices we can diagonalize

G (%) = Updiag WV (G (M), ... AU G (Ul
2" = pe[G(")] | = Urdiag(oulA T G DL G ENIOUL

and
G (%) = UdiagWY (G(%)), ..., AU (G @) UT,

where UkUkT = I, UUT = I and Uy — U. By the definition of £2, the matrices
G (x*) and £2¥ are simultaneously diagonalizable. Thus, the matrix Sy in the definition
of AKKT is taken coinciding with Ug. Now, if 1 (G (%)) < 0 then 2" (G(x*)) < 0
for all sufficiently large k; which implies that kf]k (£2%) = px [Af]k(G(xk))]+ =0. O

In the next example, we consider a local minimizer that does not satisfy the KKT
conditions. Let us then build an AKKT sequence guaranteed to exist by Theorem 2.

Example 1 (AKKT sequence at a non-KKT solution) Consider the following problem

Minimize 2x,
xeR

Subjectto  G(x) := |:O o i| =< 0.
x —1
Since the unique feasible point is x := 0, this is the unique global minimizer.

(i) x = 0is not a KKT point. Let £2 := s i1z . We have
M12 (22

Vf()f) + DG(}E)*Q =2+ 2,(1,]2 =0= ni2 = -1,
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and

(G(x), 2) =0= pupn =0.

-1 0
x can not be a KKT point.

(i) x = 0 is an AKKT point. Define xk=—

Thus, 2 = |:M = 11| , which is an indefinite matrix, regardless of 1¢11. Therefore,

k —1
—11/k

and Q% = |: :| Then,

K2 —1
Viah + Dby 2k=2-2=0.

Note that, in the way that we have defined x* and 9% , we have that fol G(xk ) =
G (x*) 2%, which is a well known necessary and sufficient condition for simul-
taneous diagonalization. Computing the eigenvectors, G(x¥) and £2% share a

: : : ko._ 1 k k.
common basis of eigenvectors given by u| := ( NETEL «/1+7) and uy :=
(ﬁ, ﬁ), with corresponding eigenvalues
WGt = 5 G = L aS@h =08 @h = Lk
P = T W =TT e ke
where Uy = Si is the matrix with first and second columns given by ulf

0 -1
1 0
)\?(G(f)) = —1 < Oand Ag(G()E)) = 0, AKKT holds since the eigenvalue

of £2% corresponding to the negative eigenvalue is Alsk (£2%), which is zero for all
k.

and ug, respectively. Let U := |: :| be the limit of {Sx}. Now, since

4 An augmented Lagrangian algorithm that generates AKKT
sequences

In this section we will present an Augmented Lagrangian method for NLSDP based on
the quadratic penalty function, which we will prove to generate an AKKT sequence.
This is one of the most popular methods for solving NLSDPs [55]. For more details,
see [1,33,36,38,56,62,64]. Our algorithm is inspired by the Augmented Lagrangian
method with safeguards for nonlinear programming, introduced in [1,2] (see also
[14]), which turns out to be the same as the one from [62] for NLSDP. Let us discuss
in some details the contributions of [62], which is most related to our approach. In
[62], the authors studied global convergence properties of four Augmented Lagrangian
methods using different algorithmic strategies. For their study, the following NLSDP
is considered:
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Minimize f(x),
xeRn (18)
subjectto G(x) <0,h(x) =0,x € ¥,

where 7 :={x e R" | g(x) <0}and f : R" - R, h : R" - R”, g : R" — RY and
G : R" — §™ are continuously differentiable functions. Note that this problem differs
from ours by the presence of additional standard nonlinear constraints. For (18), an
Augmented Lagrangian method is presented using the safeguarded technique from
[14]. The constraints G(x) < 0 and h(x) = 0 are penalized (upper-level constraints)
with the use of the Powell-Hestenes—Rockafellar (PHR) Augmented Lagrangian func-
tion for NLSDP, while the constraints in ¥ are kept in the subproblems (lower-level
constraints). The proposed algorithm then finds an approximate minimizer of the
Augmented Lagrangian function over the set 7/, followed by standard updates of the
penalty parameter and safeguarded multipliers approximations. They then proceed to
investigate global convergence results in a similar fashion as in [2,7]. In one of their
main results, the authors show that a limit point is either feasible or, if the constant
positive linear dependence (CPLD) constraint qualification with respect to ¥ holds,
then it is a KKT point for an infeasibility problem with respect to the upper-level
constraints. They then resort to MFCQ in order to prove that a feasible limit point is a
KKT point of (18). That is, they only consider a weak constraint qualification (CPLD)
for the standard nonlinear programming constraints in ¥/, but not for the conic con-
straints G(x) < 0. We will provide global convergence results for this Augmented
Lagrangian method for (NLSDP), which can be formulated with a new constraint
qualification weaker than MFCQ. That is, for simplicity, we will consider problems
only with conic constraints and no additional nonlinear constraints. Any additional
nonlinear constraints could also be penalized or incorporated in the conic constraints
in a standard way. Although we consider only unconstrained Augmented Lagrangian
subproblems, the theory we develop is general enough in order to consider even sub-
problems with conic constraints, with an approach similar to what is done in [1,16].
We leave the details of this more general approach for a later study, while we now
focus on an Augmented Lagrangian method that penalizes all constraints and solves
unconstrained subproblems.

Given a penalty parameter p > 0, the Augmented Lagrangian function L, : R" x
S™ — R, associated with (NLSDP), is defined by:

o 1 2 2
Ly(x, 2) = f() + 3 {2 +p6on1? - 1212} (19)
0

This function is a natural extension of the Augmented Lagrangian function for non-
linear programming.

Similarly to the external penalty method, our goal is to solve (NLSDP) by solving
a sequence of unconstrained minimization problems with respect to x, obtaining at
each iteration k a primal iterate x¥, where the objective function is given by (19),
and 2 := 2% and p := p; are iteratively updated according to some performance
criterion. We expect that, for suitable choices of the parameters, the sequence of
solutions generated will converge to the solution of problem (NLSDP). From the
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definition of the Augmented Lagrangian function above, we have that its gradient,
with respect to x, is given by:

VeL,(x. 2) = Vf(x) + DG)* [2 + pG(x)] .
Therefore, a natural update rule for the dual sequence is:
2 < [2+pG)],

however, to avoid solving the next subproblem with a Lagrange multiplier approxima-
tion too large (given that we do not assume MFCQ, and Lagrange multipliers may be
unbounded), we take the Lagrange multiplier approximation for the next subproblem
as the projection of the natural update above onto a safeguarded box as in [14]. This
means that when the penalty parameter is large, the method reduces to the external
penalty method. To update the penalty parameter, we will rely on a joint measure of
feasibility and complementarity. The formal statement of the algorithm is as follows:

Algorithm 1 Augmented Lagrangian Algorithm
STEP 0 (Initialization): Let T € (0,1), y > 1, p; > 0 and M ¢ S’]:. Take {e;} C R a sequence of

positive scalars such that lime; = 0. Define 0 < 2! < £2™M2%_ Choose x? € R” an arbitrary starting
point. Initialize k := 1.

STEP 1 (Solve subproblem): Use k=1 to find an approximate minimizer xkof L (x, fzk), that is, a point
xK such that B
IV L (5, 2] < e

STEP 2 (Penalty parameter update): Define

2k 2k
vk .= [ + G(xk):| - =
Pk N

Pk
If
Vel < v,
define
Ok+1 = Pks
otherwise, define
Pk+1 = VO

STEP 3 (Multiplier update): Compute
ok = [fz" +ka(xk)]+,

and define 2%+1 .= projs (£25), the orthogonal projection of 2% onto S, where § := {X € S"|0 < X <
£2Ma%} Set k := k + 1, and go to Step 1.
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Note that V¥ = 0 if, and only if x* is feasible and complementarity holds. Indeed,

k Qk k Qk Sk Sk k
VE=0= |2 4660 | == = @5 =[@"+ pG0h)]
Pk + Pk +

and then, computing the orthogonal decomposition, we have

Q5 + G (&) = UrdiagW Y, ..., AU UT and
2 = 2" + Gy = Udiag(0]¥ 14, ... WG UL

Hence,
G(h) = (1/po) Urdiag A" — 17414, .. a5k — YU

As kflk — [kl.l]k]+ < Oforalli = 1,...,m, we have G(x¥) < 0. Also, the
multiplier £2% is such that, if Af]k(G(xk)) < 0 then Al.[]k < [Al.Uk]+ and thus,
AI.U KRk = [Aflk ]+ = max{0, AZ.U ¥} = 0. The reciprocal implication follows simi-
larly. Thus, the algorithm keeps the previous penalty parameter unchanged if || V¥|| is
sufficiently reduced, otherwise, the penalty parameter is increased to force feasibility
and complementarity.

Note also that we consider {£2¥} as the dual sequence generated by the algorithm
in order to check a stopping criterion, since this sequence together with {x¥} fulfills
the stopping criterion related to optimality (11) when g; < gopt.

The following result shows that Algorithm 1 finds stationary points of an infea-
sibility measure. This shows that the algorithm tends to find feasible points, which
are global minimizers of the infeasibility measure, whenever the feasible region is
non-empty.

Theorem 3 Let X € R be a limit point of a sequence {x*} generate by Algorithm 1.
Then, X is a stationary point for the optimization problem

Minimize P(x) :=tr ([G(x)]i) . (20

xeR"

Proof If { px } is bounded, that is, for k > ko the penalty parameter remains unchanged,
we have that V¥ — 0. The sequence {Qk} is bounded, then, there is an infinite subset
K| C N such that limeg, £2% = 2. Now, from V¥ — 0 we get

o

O = lim 9 = i [fzk G "] — lim 2 =[2 + ;i G@D)]. .
dm 27 = lim |27+ 0, GOD |, = lim 27 =[2 +pu G,

The computation is now similar to our previous discussion where V* was assumed
to be zero. Writing the orthogonal decomposition of the matrix £2, we have

2 =12+ pr GO+ = Udiag([{ 11, ..., A1) UT,
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with UUT = I. Moreover,
2+ pry G(X) = Udiag WY, ..., AYHuT.
In this way,
G(X) = (1/p)Udiag(Y — A1), ... A5 = WS 1)UT,

thus, G(x) < 0. Therefore, x is a global minimizer of the optimization problem (20).
If {pr} is unbounded, let us define

sk .= v " + DG(xh)* 2k,

where 2% := [2F 4 p; G (x*)],.. Clearly, from Step 1 of the algorithm, we have that
18| < &x. Dividing 8 by py.

8 VfGH
Pk Pk

Qk
+ DG (xH* [— + G(xk)] ,
Pk +

since £2% is bounded and V f(x¥) — V f(¥), we have that DG (X)*[G(X)]+ = 0.
Thus, the result follows from Lemma 5.

O

Next, we will show that a feasible limit point of a sequence {x¥} generated by the
algorithm is an AKKT point. In fact, {x¥} is an associated AKKT sequence and (2%}
is the corresponding dual sequence.

Theorem 4 Assume that X € R" is a feasible limit point of a sequence {x*} generated
by Algorithm 1. Then, x is an AKKT point.

Proof Let ¥ € .% be a limit point of a sequence {x¥} generated by Algorithm 1. Let
us assume without loss of generality that x* — X. From Step 1 of the algorithm we
have that

VIG5 + DG 28 < e = lim V(") + DGR 2" =0,
where
QF = [s‘zk n pkc(xk)]+ .
Now, let us prove that for appropriate matrices U and Sy — U, we have that for all
i=1,...,mif A (G(¥)) < 0then A)*(£2%) = 0 for all sufficiently large k. We have

two cases to analyze:
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(i) If pr — o0, since the sequence {[_2]‘ } is bounded we have that SZ—: + G(xk ) —
G (x). Let us take a diagonalization

2k :
P G(x*) = Sidiag(rk, ..., 2k)sT,

where S; S kT = [. Taking a subsequence if necessary, let us take a diagonalization
G(¥) = Udiag(A1, ..., an)UT,
where UUT = I with Sx — U, Ak — 1; for all i. Then,
28 =125+ G (M4 = Sediag(oe M1 - oxlhy 1))
Now, assume that )L,U(G()E)) := A; < 0. Then, )\f.‘ < 0 for all sufficiently large k;
which implies that A% (%) := p[A¥]; = 0.

(i) If {px} is bounded, similarly to what was done in Theorem 3, for k > ko we have
Ok = Pk, hence, VK — 0. Thus, taking a subsequence if necessary, we have

© =1im 2% = lim [.@" + ,OkoG(xk)] = lim 2% = [2 + p,, GWD)], .
+
Let us take an orthogonal decomposition of the matrix ok + pkOG(xk), that is,

Q5 + p1, G(xF) = Spdiag(W3k, ... A5 ST

and let us take a subsequence such that { Sy} converges to some orthogonal matrix
U. Then,

2 + o, G (&) = lim 2% + p, G(x*) = UdiagWV, ..., A)HUuT,
where kfk — kfj for all i. In this way, since
2 = Udiag(2{ 14, ..., o107,
we have that
G(¥) = (1/pry)Udiag((A] — A1), ..., O — 1)U,
M=
Pro

)\ly < [)Llu]+; hence, AIU < 0. Then, Afk < 0 for all sufficiently large k; which
implies that > (£2%) = [A)}]4 = 0.

and then, )LIU (G(x)) = . Assuming that it is negative, we have that
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5 A new sequential optimality condition for NLSDP

In Sect. 3, we presented an extension of the classical AKKT sequential optimality
condition known for NLP. However, for NLSDP, it turns out that we can define a
much more natural and simpler sequential optimality condition, which is new even
in the context of NLP. The new condition does not rely on eigenvalue computations
for treating the complementarity, which are replaced by a simpler inner product of
the constraint matrix and the dual matrix. The new condition also does not require
the convergence Sy — U, which relates the eigenvectors of the dual sequence with
the ones of the limit of the constraint matrix. This new condition is called Trace-
Approximate-KKT (TAKKT) and is defined below.

Definition 5 We say that a point x € R”" satisfies the Trace-Approximate-KKT
(TAKKT) condition if G(x) < 0 and there exist sequences x¥ = ¥ and (2%} C St
such that

klim ViR + Dbk =o, (21)
klim (2%, G5y =o. (22)

Remark 1 Note that, limk%oo(.Qk, G(xk)> = 0 does not imply that 2% and G (x*) are
(approximately) simultaneously diagonalizable. Indeed, consider the matrices

oo |k 0 2 k. |k k 2
G(x)._[o —1/ki|€S and 2 '_[k k:|€S+‘

Then, limj_, o0 (£2¥, G(x¥)) = 0 but these matrices are not simultaneously diagonal-
izable since 2KG (x*) # G(x*)2*. More precisely, let us consider the orthogonal
diagonalizations

2K = Spdiag(3F (25, A3k (2%))s]

-8 VAR A v

and
G () = Undiagr % (G (), 2% (G U] =[(1) ﬂ [1{)" _?/k} [(1) ﬂ

Thus, no matter how the eigenvalues are ordered, we always have that Aly k (G(xk))AiSk
(£2%) 4 0 for some i.

In this section, we will show that TAKKT is indeed an optimality condition and
that the Augmented Lagrangian algorithm generates TAKKT sequences under the
generalized Lojasiewicz inequality. In some sense, TAKKT plays the role of the
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Complementarity-AKKT (CAKKT) condition known for NLP [10] in the global con-
vergence analysis of NLSDP algorithms, under a very natural stopping criterion for
NLSDP, which is based on the simple lemma below. More remarks about the relation-
ship with CAKKT for NLP will follow at the end of this section.

Lemma 6 The point x € R”" satisfies TAKKT if, and only if, there exist sequences
xk = &, {.Qk} C S™, and {e} C Ry such that x*¥ — %, ex — 0T and forallk € N,

IV £(K) + DGR * QK| < e, (23)
1G4 < e, (24)
(25, (b)) < e (25)

To prove that TAKKT is an optimality condition for NLSDP, it is sufficient to
note that in the proof of Theorem 2, where we proved that AKKT is an optimality
condition, the dual sequence is defined as QK .= Pk [G(xk )]+. We also note that from
the definition of {x¥} in the proof of Theorem 2 as the global solution of problem (17),
the additional property holds:

_ 1 _ 2
Fe5 = @ + 316 =512+ S ([oah] ) <o. 26)
2 2 +
Let us see that these observations are sufficient to prove that TAKKT is an optimality
condition.

Theorem 5 Let x be a local minimizer of (NLSDP). Then x satisfies TAKKT.

Proof Let {x*} be the AKKT sequence defined in the proof of Theorem 2. In particular,
the dual sequence is defined for all k as k.= ,ok[G(xk)]Jr and (26) holds with some
pr > 0. It remains to prove that (G(xk), .Qk) — 0.
Taking the limit in (26) we have that
" 2
(GG 14, 25 = Y pelai (GEEDE = prtr ([G(x")L) 0.

i=1
Since
1 (GEN(GE N = (G )T foralli =1,...,m,

it follows that (G (x¥), 2%) = 37| ki (G (xF)) [ (G (x¥))]4+ — 0. Therefore, X is
a TAKKT point. O

Note thatin Example 1, where alocal minimizer that is not a KKT point is presented,
the same sequence used to verify that AKKT holds can be used to check that TAKKT
holds. Let us see an additional example from [43, Example 6.3.6] that illustrates the
same thing, but where there is a non-zero duality gap.
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Example 2 (TAKKT sequence at a non-KKT solution) Consider the following prob-
lem

Minimize xi,

xeR2
0 —X1 0
Subjectto G(x) := | —x1 —x2 0 =< 0.
0 0 —1—x

The point x := (0, 0) is a global minimizer, with an optimal value of zero. The
dual problem can be stated as

Maximize — u33,
QeS3
K1l 12 113
Subjectto  £2 := | w12 u22 p23 | =0,
H13 123 U133
m33z +2p12 = 1,
p22 =0,

where the conic constraint implies (12 = 0 and hence the optimal value is —1.
Now, it is easy to check that the KKT condition does not hold at x, but TAKKT
k—1D2%510
holds with the sequence xk = (%, %) and 2K := k-l L0 e Si.

2k %2
1
0 0 ¢

In the following example we can see that AKKT does not imply TAKKT.

Example 3 (AKKT does not imply TAKKT)
Consider the following problem

Minimize xp,
xeR?

x; O 0
Subjectto G(x):=| 0 —x; 0 < 0.

0 0 X1 —xlz)Q

(i) The feasible point ¥ := (0, 1) is an AKKT point. Define x¥ := 1/k, x5 := 1 and

“Ifl 0 0

k=1 0w, 0 | €S with by := 2k, ub, == k2, and pb; := k2. Also,
k
0 0 pzy

we have
VIO + DG 2% = (i) — uhy + iy — 2xf x5 psy, 1 — (x)uhs) = (0,0).
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Note that G (x¥) and £2* are simultaneously diagonalizable by the identity matrix.
Since all eigenvalues of G (x) are zero, there is nothing else to check.

(ii) TAKKT does not hold at x. First, note that since G (x*) is diagonal we can take
2% a diagonal matrix without loss of generality. Now, suppose that there exist

wip 000
sequences x¥ — ¥ and 2F := | 0 ,u,éz 0 |e Si such that
0 0 ui

VIR + DGR 2% = (b — id, + by — 2k by 1 — R)2uky) — 0,
and

(G(x"), 2%) = xf by — uby + by — )b by
= xf(uhy — by + s — 2xfxbpds) + gl — 0.

Note that, since /1]1‘1 — ,uléz + ,u'§3 - Zx{‘xé‘,u& — 0, we conclude that
(x{‘)lez‘y,é3 — 0. Since xlz‘ — 1, this yields (xf)2u13‘3 — 0, which constra-
dicts 1 — (x’f)z,u’;3 — 0. Thus, TAKKT does not hold at x = (0, 1).

Note that in the previous example, the point x = (0, 1) is an AKKT point that is
not a solution. Hence, following our global convergence result given by Theorem 4,
we can not rule out the possibility of the augmented Lagrangian algorithm converging
to this undesirable point. However, let us show that indeed the algorithm avoids the
point x in this example. For this, let us prove the new global convergence result of
the algorithm, that is, that it generates TAKKT sequences. We will need the following
smoothness assumption, which is known as the generalized Lojasiewicz inequality
[18]:

Assumption 1 Every feasible limit point X of a sequence {x*} generated by Algo-
rithm 1 satisfies the generalized Lojasiewicz inequality below:

There is § > 0 and a function ¢ : B(x,5) — R, where B(x, §) is the closed ball
centered at x and radius 8, with ¢(x) — 0 when x — X such that for all x € B(x, §),

|P(x) = P(X)] = @(x)[IVP )],

where P(x) :=tr ([G(0)13).

Note that, by Lemma 5, for all x € R"” we have VP (x) = 2DG (x)*[G (x)]+.

Assumption 1 is a natural extension of the smoothness assumption that is required in
nonlinear programming to prove convergence of the Augmented Lagrangian method
to CAKKT points [10]. Note that this is an assumption about the smoothness of the
function G (-), which holds, for instance, when G (+) is an analytic function (see [10]).
More importantly, this is not an assumption about how the function G(-) behaves in
the conic constraint G (x) < 0, such as in constraint qualification assumptions. We are
now ready to prove the result.
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Theorem 6 Let Assumption 1 hold. Assume that x € R" is a feasible limit point of a
sequence {x*} generated by Algorithm 1. Then X is a TAKKT point.

Proof By the proof of Theorem 4, it is sufficient to verify that limy_, oo (.Qk, G (xk ) =
0. Let us consider the following decomposition:

f—: + G(x") = Spdiag(hk, ... 1K) ST = @F
= Sdiag(pe[M 14 - - oA 11)S{ 27)
and
G(x*) = Updiag W (G x5y, . .., A8 G oFyu]T,
where, for all k, Sy and Uy are orthogonal matrices such that
o<k <<k and ARG (h) < AT GG < - < alG (R, @28)
In addition, taking a subsequence if necessary, we have

G (%) = Udiag\V (G(%)), ..., A\ (G@)UT,

where U is orthogonal and AY (G(x¥)) < AY(G(®)) < - < AY(G (%)) with Uy —
U.

(i) Assumethat o — +00.By Step 1 of the algorithm, the sequence {V L, (xk, 2%)}
is bounded. Also, as

VoL (x5, 25) = V(5 + DGOM 2% + ;e G(eM)14
Qk
= V(") + DG (xM)* [— + G(x")} :

Pk +

Sk

and since — — 0, there is some M > 0 such that
Pk
AIVPGH | = | DG GG | = M

for all k. Taking the function ¢ given by Assumption 1 and using the fact that
P(x) = 0, we have for all k:

2P| = 0 |V PGS = M),
Taking the limit in k£ we have:
lim P (x*) = 0= lim p r((G()I3) = 0. (29)
k— 00 k— 00
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From (27), we get

Qk
G(x*) = Spdiag(af, ..., ab)sT — -

Now,
Qk
(Qk,G(xk))=<Qk,Skdiag(Ak,..., AkysT — >
Pk
Qk
- <9k, Spdiag(Ak, ... xf;,)skT> - <szk, —> (30)
Pk

Let us show that (2%, G(x¥)) — 0 in an infinite subsequence k € K| C N. For
this, let us show that

k ook v 528
QK Spdiag(Ak, ..., 2%)ST) — 0and (2%, — 0.
Pk

Firstly,

Sk Sk Sk
<9’<, Q—> - <[9" 4 ka(xk)] , Q—> - <[Q— + G(xk)i| .Qk> 31)
Pk + P Pk N

Thus, by the boundedness of {.(_2]‘} and since pr — 400 and [G(xk)]+ — 0, we

Qk Qk
have that |:— + G(xk)] — 0; therefore, <.Qk, —
+

> — 0. Furthermore,
Pk Pk

(9", Sediag(0k, ... A’,‘,,)S,Z)

Z Pk [)»k

i=1

Zm:[ Sic (9" n ka(x"))] P (ikk + G(x")) .

i=1

1

_ ok
Let us now show that [Afk (2F+ ,okG(xk))L PR (p_ + G(xk)> — 0 for all
k

i =1,..., m. From the order given in (28), we can apply Lemma 3 to get

225 + oA (G () < A3(@F + prG () < 2 (25) + pea K (G (F).
(32)

From now on, since the diagonalizations were taken in such a way that the
eigenvalues of all the matrices considered are ordered, we can omit the super-
indexes in A7¢(-), A5(-), and AV (). Now, if 4;(G(¥)) < 0, we have from
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(32), since 4;(G(xF)) — 1;(G(X)), {£2*} is bounded, and py — oo, that
1i (2% + pr G (x%)) < 0 for all sufficiently large k. Hence, for sufficiently large k,

[x,» (Qk + ka(xk))]+ Py (f—: n G(xk)> —0.

Now, if A; (G (X)) = 0 but A; (G (x¥)) < 0 for an infinite set of indices K| C N,
we have that
0 < 2 (2%) = max{0, 2 (2* + ;G (x*)))
< max{0, An (2%) + pehi (G ("))}
< max{0, 1, (2%)} + pr max{0, 1, (G (x*))}
= m (£29). (33)

Ok
Thus, fork € Ky, {Ai(Qk)} is bounded. Since A; (— + G(xk)> — 0, we have
Pk

_ Qk

lim [x,- (szk + ka(xk))] A (— + G(xk)> =0

kekK + Pk

Finally, if A;(G(x)) = 0 and Ai(G(xk)) > 0 for all sufficiently large k, let us
Sk

Q2
multiply (32) by A; <— + G(xk)> > 0 to arrive at
P

B} ok ok
A (250 <— + G(x")) + ok (G (M) (— + G(xk)>
Ok Pk

Sk k 2 k
< 1@+ GO (ﬁ +G @b (34)
and
- 0k
1i(2" + kG () (p— + G(xh)
k
Sk 2 k k 2 k
< (@92 | = + G0N ) + pdi (G DA (— + GG ). (35)
Pk Pk
Note that

_ Qk _ S_Zk
A1 (292, <— + G(xk)> — 0 and Ay, (292 (— + G(xk)> — 0,
Ok Pk

then, it remains to show that

k
P (G (i—k - G(xh) = LG DA (25 + PG h) — 0.
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Since 1; (G (xF)) — 0, {£2%} is bounded, and px1; (G (x¥))? — 0 (by (29)), this
follows by multiplying (32) by A; (G (x%)):

M (290 (G (M) 4 prri (G(x¥))? < 1i(2F + prG (X)) (G(x5))
< A (281 (G(M)) + peri (G(9))2. (36)

Thus, we conclude that limk_mo(.Qk, G(xk)) =0.
(i1) If {px} is bounded, the proof follows as in the proof of Theorem 4, item (ii), by
noting that

(2%, G =Y Al (@1 (G )

i=1

lim
k— 00

=> Lpial - ph) =o.
iz1 Pho

O

To end this section, we discuss about the relevance of TAKKT in the context
of sequential optimality conditions for NLP. For this, let us consider G(x) :=
diag(gi(x), ..., gm(x)) and 2 := diag(uf, ..., k) > 0. Thus, a feasible point
x satisfies TAKKT if, and only if,

m
lim V(x5 + DG(x")* 2% = lim Vx5 + Z ke (x¥y =0, (37)
k— 00 k— 00

i=1

lim
k— 00

(2%, Gy = Jim ;u{fgi %) =0, (38)

while for verifying AKKT, condition (38) is replaced by
gi(x) <0= uf = 0, for all sufficiently large k andi =1, ..., m,
which, for the sake of this discussion, we may consider its equivalent form
() <0=uk - 0, foralli=1,...,m. (39)

That is, the AKKT condition (37) + (39) says that the dual sequence ! may be
unbounded, but the corresponding gradient of the Lagrangian function should vanish
in the limit. Also, the gradient of an inactive constraint at the limit should not be
considered, eventually, in the computation of the gradient of the Lagrangian. AKKT is
typically considered as the most natural (and weakest) sequential optimality condition,
as these properties are the least one would expect to hold at KKT-related conditions.

The complementarity condition imposed by TAKKT, namely, condition (38), has
not been considered before in the context of NLP, as it is not natural in this context.
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The issue is that it does not immediately imply that uf? — 07 when g;(x) < 0.
Namely, (38) may not be adequate to assert complementarity in the limit, as one could
satisfy it, for instance, with an inactive constraint at the limit but with a corresponding
Lagrange multiplier sequence bounded away from zero. For instance, with constraints
(g1(x%), g2(x%)) := (=1+ 1, }) — (=1,0) and (uf, ub) == (1, k). Thatis, TAKKT
may not correctly identify the active constraints in the verification of (37). Surprisingly,
as we will show later, under MFCQ this issue is not present, as a TAKKT point is in
fact a KKT point. The notion of a TAKKT point for NLP is closely related to the so-
called Sum Converging to Zero (SCZ) concept defined in [27]; however, a thorough
investigation of the relevance of TAKKT in NLP, together with its relations with other
sequential optimality conditions, would be in order, but out of the scope of this paper.
For example, even for NLP, although we conjecture that TAKKT would not imply
AKKT, we were not able to find an example. That is, it is not clear if the concern
raised above can actually happen.

Another known way to measure complementarity, in the case of NLP, is the so-called
Complementarity-Approximate-KKT (CAKKT) condition defined in [10], where (38)
is replaced by the complementarity measurement:

klim gk =0, foralli =1,...,m. (40)
— 00

Clearly, (40) implies (38) and (39), hence CAKKT is stronger than TAKKT and
AKKT for NLP. Note that since these are necessary optimality conditions, a stronger
condition is more desirable than a weaker one. For inactive constraints, (40) and
(39) impose the same condition on the multiplier, namely, that it should converge to
zero. The difference is with respect to an active constraint g; (x) = 0: while AKKT
allows the corresponding Lagrange multiplier uf.‘ to diverge to infinity arbitrarily fast,
CAKKT imposes a bound on its rate of growth, namely, it should go to infinity slower
than m (see [29] for further discussions under this point of view). The CAKKT
condition is natural in the context of interior point methods [29] and it is also generated
by augmented Lagrangian methods under the generalized Lojasiewicz inequality [10].
In [10] it was also shown that CAKKT is able to detect non-optimality in some cases
where AKKT does not detect it.

Hence, another interesting endeavour would be to define an extension of CAKKT
to NLSDP. Similarly to what was done for AKKT, such an extension would need to
take into account the “correspondence” among the eigenvalues of 2% and G (x%), in
such a way that the condition would reduce to CAKKT for NLP in the diagonal case.
A first idea would be to define CAKKT for NLSDP by replacing the complementarity
measurement in AKKT by the stronger one

Jim WG (R =0, foralli =1,...,m,
— 00

where Uy and S are orthogonal matrices that diagonalize G (x¥) and 2%, respectively,
such that S — U and U; — U. Note that in the definition of AKKT we asked that
S — U to obtain a correspondence between an inactive eigenvalue of the constraint
matrix with an eigenvalue of the Lagrange multiplier matrix to vanish. In addition, for
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CAKKT we would ask that U, — U to ensure that )\f/k (G(xk)) — kf/ (G (x)) for all
i=1,...,m.

Even though CAKKT defined in this way would be an optimality condition, we
were not able to prove that the augmented Lagrangian algorithm generates this type of
sequences under the generalized Lojasiewicz inequality. The crucial difficulty is that,
as in the proof that the algorithm generates TAKKT sequences, it is important to take
orthogonal diagonalizations of G (x*) and £2% in such a way that the eigenvalues are
ordered. This is not an issue in TAKKT since it does not require any correspondence
among the eigenvalues; however, the correspondence imposed by the definition of
CAKKT does not allow us to arbitrarily order the eigenvalues of G (x¥) and £2*.

In the next section we will show that our global convergence results to AKKT or
TAKKT points are strictly stronger than standard global convergence results to a KKT
point under MFCQ. In particular, our results do not require boundedness of Lagrange
multipliers in order to assert that a feasible limit point of the algorithm is a KKT point.

6 Strength of the sequential optimality conditions

At this point, we have not yet mentioned that the optimality conditions that we have
defined are strong in any sense. Namely, they could be satisfied at any feasible point,
which would make our results up to now meaningless. Let us show that this is not the
case. We start by discussing the strength of AKKT.

First, let us show that the global convergence results that we have proved are at
least as good as standard global convergence results to a KKT point under MFCQ.

Theorem 7 Letx € ¥ be afeasible point that satisfies MFCQ. Then, for any objective
function f in (NLSDP) such that x satisfies AKKT, x satisfies in addition the KKT
conditions for this problem.

Proof From the definition of AKKT, there exist sequences {xk} c R", x¥ - % and
{22%} c S™, together with orthogonal matrices Sy and U that diagonalize £2* for each
k and G (x), respectively, with Sy — U, such that

klim ViR + DGhH ek =o, (41)
and
W(GH) <0 =125 =o. (42)

If {Qk} is contained in a compact set, there is K C N, £2 € S, such that limgcg QF =
£2. Let us consider the partition of {1, ..., m} into the index sets:

I = {i | AY(G(%)) < 0}and I := {i | AV (G(%)) = 0}.
From (41), we have that

Vf(x) + DG(x)*2 =0,
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and by noting that G (x) and §2 are simultaneously diagonalizable, we have that

(25, 6N =(2,60) =) 1/ @A (GE®) + Y 2/ @)1/ (GE) =0,

iel) ieh

lim
k— o0

where the previous equality is due to the fact that Al.[} (£2) = 0fori € I and
)»lU (G(x)) =0 fori € I,. Therefore, x satisfies the KKT conditions.

Now, let us consider a subsequence such that 7 := [|£2¥|| — oo. Thus, let us
k

2 - _
take K1 C N such that limgek, - = 2 # 0 for some 2 € SY simultaneously
k
diagonalizable with G (x). Then, from (41) and (42) we have that

fold -
+ DG(xk)*t— = DG(X)*2 =0, and (43)
k

. VIEH

lim

kekKy 173
k

im({—.,Gu")=(2, )N =) YW GeE

im (- 60 vnl

keKy \ ieh

+Y V@ G@) =o. (44)

ieh

To see that (43)—(44) contradicts MFCQ, let d € R” be such that G(x) + DG (x)d is
negative definite. Thus,

0=(2,G(X))+ (DG(X)*2,d)
= (2,GX)) + (2, DG(X)d)
=(2,G(X) + DG(x)d),

which implies by Lemma 2 that £2 = 0, contradicting the definition of £2.
O

A result similar to Theorem 7 holds for TAKKT. The proof is very similar to the
proof of Theorem 7 and is omitted.

Theorem 8 Letx € .F be afeasible point that satisfies MFCQ. Then, for any objective
function f in (NLSDP) such that x satisfies TAKKT, x satisfies in addition the KKT
conditions for this problem.

One may view Theorem 7 as strenghtening the simple fact that MFCQ is a constraint
qualification, that is, MFCQ implies that the KKT condition holds not only at local
minimizers, but also at AKKT points (which includes local minimizers, as shown
in Theorem 2). This has been called a strict constraint qualification in [9]. We use
Theorem 7 to inspire the definition of a new constraint qualification: note that the
property satisfied by points fulfilling MFCQ, given by Theorem 7, is a property of the
feasible set of (NLSDP), independently of the objective function. Also, since AKKT is
an optimality condition, it is clear that this property is a constraint qualification (weaker
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than MFCQ). The same holds true with respect to the property stated in Theorem 8.
Let us make these definitions precise.

Definition 6 (AKKT/TAKKT-regularity) We say that a feasible point x € .% satisfies
AKKT-regularity (TAKKT-regularity) if for any objective function f in (NLSDP)
such that x satisfies AKKT (TAKKT, respectively), x satisfies in addition the KKT
conditions for this problem.

Thus, the global convergence result presented in Theorem 4 implies that under
AKKT-regularity, feasible limit points of the algorithm are KKT points. Analogously,
Theorem 6 shows the global convergence of the algorithm to a KKT point under
TAKKT-regularity. This gives a more standard constraint qualification formulation
of our global convergence results, which can be compared with other ones in the
literature.

Let us now show that our global convergence results are strictly stronger than
the more standard one based on MFCQ. We do this by showing that neither AKKT-
regularity nor TAKKT-regularity imply MFCQ (note that Theorems 7 and 8 show that
AKKT/TAKKT-regularity are weaker than MFCQ). The following example serve this

purpose:

Example 4 (AKKT-regularity and TAKKT-regularity do not imply MFCQ) Consider
X := 0 and the feasible set defined by

G(x) := [’6 _Ox] < 0.

(i) (x does not satisfies MFCQ.) Indeed,

- - h 0
Gx)+DGx)h = |:O _hi| .
Therefore, there is no 4 € R such that G(x) + DG (x)h is negative definite.
(i) (x satisfies AKKT-regularity and TAKKT-regularity.) This is trivially true as,
independently of the objective function, x = 0 is a KKT point.

The previous example is very simple, as it reduces trivially to a nonlinear pro-
gramming problem. However one could arrive at exactly the same conclusions by
considering a feasible set defined by G (x1, x2) := [i; _x;li| < 0.

Let us note that by revisiting the constraints in Example 3 in more details, that
is, without a fixed objective function, we can see that it actually shows that TAKKT-
regularity does not imply AKKT-regularity. Note also that in Example 1, AKKT-
regularity does not hold, given that AKKT holds but KKT does not hold. This shows
that AKKT-regularity may fail for linear constraints (which does not occur for AKKT-
regularity in NLP). Similarly, Example 2 shows that TAKKT-regularity may fail for
linear constraints.

Similarly to [9], we can provide a geometric interpretation of AKKT/TAKKT-
regularity by means of the outer semicontinuity of a point-to-set mapping. We present
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this interpretation for TAKKT-regularity, but a similar definition can be made for
AKKT-regularity.

Theorem 9 A feasible point x satisfies TAKKT-regularity if, and only if; the following
point-to-set mapping is outer semicontinuous at (x, 0):

KTAKKT(x,r) = {DG(X)*R2: |(2,Gx))| <r ¢ Sﬁ},

that is, lim sup(, 1, z.0) K 88T (x, r) € KTAKKT (5 0).

Proof Let f be a smooth objective function such that TAKKT holds at x. Then, by the
definition, there exist sequences {xX} ¢ R", {2¥} € S, {ex} C R", and (rFy c Ry
such that

lim x* =%, & := V(x5 + DG(X*)*2F = 0, and ¥ := (2%, G(x*))| — 0.

k=00
Define w* := DG (x¥)*$2¥. Clearly, the sequence w* satisfies
wk e KTARKT (x4 ky and wh — —V £ (%).
From the definition of lim sup for the point-to-set mapping K TAKKT 'we have

—Vf(E) e limsup KARKT(x ) c KTAKKT (7 ),
(x,r)—>(x,0)

which, by the definition of K TAKKT (x 0), implies that the KKT conditions hold. This
proves that x satisfies TAKKT-regularity. Now, let us assume TAKKT-regularity at x
and let us prove that

limsup K™KKT(x r) c KTAKKT (3 ).
(x,r)—(x,0)

Take w € limsup, ,y_, 5.0 KTAKRKT (x 1), So, there are sequences {x¥}, {w*} and
{r¥} such that x* — %, wk — W, r¥ — 0and wk € KTAKKT (xk k) forall k. Now, let
us define the linear function f(x) := —(w, x) for all x € R". Let us see that TAKKT
holds at X with this choice of f. Since w* € KTAKKT (xk k) there is a multiplier
ke S} such that

w* = DG(*)* 2% and (2%, G(xM))| < r*.

Since r¥ — 0, we have limk_mo(.Qk, G(xk)) = 0. Also, since w¥ — w, we have
er = V(x5 + DG(xM*2F = —w 4+ wk — 0. Thus, TAKKT holds at X, which
implies by TAKKT-regularity that the objective function defined is such that the KKT
conditions hold at ¥. This can be written as —V f(¥) = w € K ™KKT(x 0), which
concludes the proof. O
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For NLP, several constraint qualifications strictly weaker than MFCQ that still imply
AKKT-regularity have been proposed (such as CPLD [49], RCPLD [7], CRSC [6] and
CPG [6] — or CRCQ [34] and RCRCQ [47], which are independent of MFCQ). These
weak constraint qualifications help in ensuring AKKT-regularity in a more tractable
way by means of properties of the derivatives of the constraints in a neighborhood of
the point of interest. We expect that extensions of these concepts to NLSDP would
be relevant in characterizing global convergence of algorithms for NLSDP, while also
showing that AKKT-regularity is much weaker than MFCQ, way beyond what our
simple Example 4 suggests.

7 Conclusions

In the past ten years, sequential optimality conditions have played an increasing role
in global convergence analysis of algorithms for nonlinear programming problems.
Without a constraint qualification, the fact that the KK T conditions hold approximately
at any local minimizer justifies the numerical practice of not verifying constraint
qualifications at all when deciding when to stop the execution of an algorithm.

It can be conjectured that the stronger the theoretical properties of limit points of a
sequence generated by an algorithm, the better the algorithm will behave in practice.
This indicates the practical relevance of proving global convergence of algorithms
under weak assumptions.

In this paper, we extended the NLP concept of Approximate-KKT point to non-
linear semidefinite programming. This extension is not straightforward as the KKT
conditions for NLSDP require that the constraint matrix and the Lagrange multiplier
matrix to be simultaneously diagonalizable; hence, it is not straightforward to define
the notion of “satisfying the KKT conditions approximately”. Surprisingly, we were
able to define a sequential optimality condition, new even in the context of NLP, that is
naturally presented in NLSDP, as it does not rely on eigenvalue computations, which
we call Trace-Approximate-KKT.

These tools allowed us to define an Augmented Lagrangian algorithm whose global
convergence analysis can be done without relying on the Mangasarian-Fromovitz
constraint qualification, that is, a limit point of a sequence generated by an algorithm
may be proven to be a KKT point even though this point may have an unbounded
Lagrange multiplier set.

Further research is needed to access the practical performance of the algorithm. We
also envision that the theory presented can be generalized by considering an algorithm
that solves constrained augmented Lagrangian subproblems, or by solving the sub-
problems up to second-order. Also, we expect other sequential optimality conditions
for NLP to be generalized to NLSDP, such as the Approximate-Gradient-Projection
[46], which can be relevant for algorithms that do not produce a Lagrange multiplier
approximation.
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