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Abstract

We consider the nonlinear composite minimization problem which is a general optimization
model capturing a large class of nonsmooth and possibly nonconvex models. Problems with such
generality present grand difficulties: they are nonconvex and nonsmooth, they feature complex
geometries, qualification conditions and other regularity properties do not hold everywhere. To
address these issues in the context of augmented Lagrangian we work along several lines. First we
show how to build and analyze a multiplier method by combining a first order descent mechanism
and a classical dual update. Secondly we provide these methods with a transitional regime that
allows us to identify in finitely many steps a zone in which we can tune the step-sizes of the
algorithm for the final converging regime. Then, despite the min-max nature of Lagrangian
methods, we prove using the nonsmooth KL inequality and an original Lyapunov method that
these schemes yield globally convergent sequences under semi-algebraicity assumption. This
provides the foundations for a very thorough analysis of the proximal method of multipliers
of Rockafellar and of the proximal ADM of Fortin- Glowinsky in the nonlinear and nonconvex
setting which were until now not treated in such generality.
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1 Introduction.

Consider the following nonconvex and nonlinear composite minimization problem
(CM) minimize {f (z) = fo (x) + h (F (x)): z € R"},
where
e fo:R” — R is a continuously differentiable function.

e FF:R" = R™ (m < n) is a continuously differentiable mapping defined by
F(z):=(fi(x), fo(x),..., fm (x)).

e h:R™ — (—o00,400] is a proper and lower semi-continuous (lsc) function.

The structure of the composite model (CM) offers extreme versatility over the traditional nonlinear
programming formulation. The smooth assumptions are in the mapping F and the function fy,
while constraints, penalties and nonconvex/nonsmooth terms can be handled by the nonconvex and
nonsmooth function A. The composite structure allows to beneficially model a given problem and
exploit data information, and essentially captures most optimization problems. This is illustrated
below in Section 1.1.

The main objective of this paper is to layout the main theoretical tools to achieve a deep
understanding of augmented Lagrangian based methods and their fundamental properties in the
nonconvex setting described by model (CM).

The Augmented Lagrangian (AL) methodology has a long history which can be traced back to
the works of Hestenes [20], Powell [29] and Haarhoff and Buys [19] with the so-called multipliers
method for problems with equality constraints. The AL algorithmic framework was a major break-
through in nonlinear optimization providing the ground to fundamental algorithms and applications
which have been extensively studied in the literature for various classes of problems. For classical
results on the subject including many key results, extensions and closely related schemes such as the
Proximal Methods of Multipliers (PMM) [30] and the Alternating Direction of Multipliers (ADM)
[16, 17], we refer the reader to the monographs of Bertsekas [9] and Bertsekas-Tsitsiklis [8] and
references therein.

Recently, there has been an intensive renewed interest in augmented Lagrangian based methods,
and in particular within the ADM scheme. This surge of interest is mainly due to the emergence
of new and modern applications arising in a broad diversity of applications areas such as signal
processing, sparse approximation in data analysis and machine learning. These problems share par-
ticular structures which often adapt well to ADM and lead to computationally attractive schemes.
A typical prototype which has been extensively studied is when all the data is convex with F' being
a linear mapping, and problem (CM) reduces to the convez linear composite problem:

(CM-L) minimize { fo (z) + h (Fz): v € R"}.

The recent literature on ADM for this convex problem is voluminous and clearly it is not the
purpose of this paper to review it here. See, for instance, the recent work [32] for an account of
old and new results on the convergence analysis of various augmented Lagrangian schemes, as well
as many relevant references to earlier works and to more modern and recent contributions in the
convex setting.

This work is a complete departure from the classical convex linear composite model. Indeed, in
many of the modern applications alluded above the optimization model turns out to be not only



nonsmooth but also includes inherent nonlinearities which the nonlinear composite model (CM)
conveniently captures. Unfortunately, while as just mentioned, the analysis of Lagrangian based
methods has been extensively studied in the convex case, the situation in the nonconvex setting is
far from being well understood, and global analysis of Lagrangian methods for the general model
(CM) remains scarce. In fact, only very recently some progress has been initiated in the nonconvex
case, but only for the linear composite model (CM-L), see e.g., [24] and references therein. Even
in the simpler linear composite model, the situation is not trivial and the authors in [24] have to
rely on various assumptions on the problem’s data. Out of studies on the linear composite model,
we are not aware of any work attempting to fully understand Lagrangian based methods for the
general nonlinear composite model (CM) considered here. The objective of the present work is to
address this situation, and to develop the main theoretical tools to achieve a deeper understanding
of Lagrangian based methods and their fundamental properties in the nonconvex setting described
by the nonlinear composite model (CM).

Before outlining some details on our approach, main contributions and results, we first recall
some of the major obstacles met in the study of Lagrangian methods by evoking three most salient
theoretical issues:

1. AL methods are non-feasible methods: this is due to the very nature of the penalty approach
used to construct an augmented Lagrangian. As a consequence feasibility issues have to be
dealt with particular care as they have a direct damaging impact on qualification conditions,
as explained next.

2. Fuailure of qualification conditions: A major problem with non-feasible methods is that qual-
ification conditions must hold in a larger sense in order to allow for the good behavior of the
algorithm when the current point is far from the feasible set. Yet, for very simple constraints,
for instance spherical constraints (see Example 1.3 and Remark 2.3), assuming a qualification
condition everywhere is not a viable option.

3. Oscillation issues: AL methods are particularly well designed to handle problems having
complex geometry, like for instance nonlinear inequality/equality constrained problems. A
typical and difficult problem in this context is to tame oscillations of minimizing sequences!.
Moreover, AL methods are of min-maz dynamics and thus, by nature, the values taken by
the augmented Lagrangian function alternatively increase and decrease even if the sequence
eventually converges. This oscillatory behavior makes the use and the design of Lyapunov

functions particularly difficult.

One of the goals of this paper is to provide the reader with an original general Lagrangian
methodology which can deal, all at once, with the above obstacles under general and mild assump-
tions on the problem’s data. Let us briefly outline our exact contributions now.

The first innovative feature of our approach is to introduce and to study a broad class of
algorithms through sequences that we call Lagrangian sequences. At the heart of this methodology
is the idea of turning an arbitrary descent method into a multiplier method. The rationale is simple,
once a method or mechanism is chosen, it is implemented on the primal variable(s) of the augmented
Lagrangian, while the multiplier variable is updated in the classical and straightforward fashion.
An illustrative but very informative instance of this approach is the famous proximal method of
multipliers (PMM) alluded above which is modeled through an augmented Lagrangian with an
added proximal term and consists of performing a proximal step on the primal variable while the
multiplier is updated as in the classical AL method.

!Similar difficulties occur in other approaches, see for instance, [12] for an illustration in the context of sequentially
convex programming approaches, and [1] in the context of an exact penalty approach.



Based on the above methodology, we proceed and describe how we address the three points
evoked above.

To circumvent the qualification failures and the lack of knowledge of fundamental constants,
we introduce the notion of information zone. It is a subset of the space containing the feasible
set and on which Lipschitz continuity and qualification conditions are known to hold and are
quantifiable by simple real numbers (Lipschitz constants and regularity modulus). Then we provide
our methodology with an adaptive regime that aims at detecting this zone and at forcing the iterates
to stay within the zone. The detection of the zone is made by tuning dynamically the penalization
parameter of the augmented Lagrangian at a sufficiently high value. This approach is shown to
identify the zone in finitely many steps and deals thus with points 1 and 2.

Once the information zone is found, another crucial issue remains to address: rule out oscilla-
tions to ensure descent properties of the method, this is point 3 above. This is done by using once
more the adaptive idea to detect an adequate Lyapunov function. At a technical level this function
is nonincreasing but the rate of decrease is only controlled for one block of the primal sequence
which is a departure from classical analysis.

The proposed novel approach and theoretical analysis developed in Sections 2 to 5 allow us to
eliminate the difficulties evoked above and to derive a generic Adaptive Lagrangian Based mUIti-
plier Method (ALBUM) for tackling the general nonconvex and nonlinear composite model (CM)
which encompasses fundamental Lagrangian methods. This paves the way to derive convergence
results, and in particular, global convergence results to a critical point of problem (CM) with semi-
algebraic data, by relying on the nonsmooth Kurdyka-Lojasiewicz (KL) inequality [25, 22, 11]. The
potential of our results is demonstrated through the study of two major Lagrangian schemes whose
convergence was never analyzed in the proposed general setting: the proximal multiplier method
and the proximal alternating direction of multipliers scheme, this is done in Section 6 where we
also consider some additional interesting variants. We end the introduction with some examples
illustrating the versatility of model (CM).

1.1 Examples of model (CM).

Below we give some examples which exhibit the versatility of model (CM). The first example
describes various well-known and classical models in the nonlinear optimization literature, while
the remaining four examples describe models arising in some recent applications.

Example 1.1 (Nonlinear programming). The standard nonlinear program with equality and in-
equality constraints:

(NLP) ian {fox): fi(x) <0,i=1,2,...,p, fi(x)=0,i=p+1,p+2,...,m},
reR?

can be reformulated through the composite model (CM) by defining the separable model function
h(u) =3 hi(u;), where

hi(u;) = i) (ui),1=1,2,...,p, and h;(u;) =igy (wi), i=p+1L,p+2,...,m.

Lagrangians and Smooth penalties. The standard Lagrangian associated to (NLP) as well as linear
and quadratic penalty terms can easily be reformulated through model (CM) with a separable
model function h and an adequate choice of h;, i = 1,2,...,m. For instance with h; (u;) =
yiui, © = 1,2,...,m, the standard Lagrangian of problem (NLP) is recovered. Likewise the usual
penalized counterpart of the problem (NLP) given by

(P-NLP) infq fo(z) + ) pimax{0, fi (@)} + Y pilfi(@)” . (ui > 0),
i=1

i=p+1



is recovered through model (CM) with the obvious choices
hi (u;) = uimaX{O,ui}Q, i=1,2,...,p, and h;(u;):= |u,~]2,i =p+1,p+2,...,m.

Obviously, the classical augmented Lagrangian itself for NLP can easily be recovered from model
(CM) as well, with an adequate piecewise quadratic choice of h;, i = 1,2,...,m, for the inequality
constraints.

Nonsmooth and nonseparable h. A classical nonsmooth model is the ¢1-norm penalized problem
for equality constraints (p = 0 in (NLP)) given by

nf {fo (@) + Y wilfi (1’)!} :
=1

which is covered by model (CM) with h; (u;) := w; |u;| for some w; > 0,7 =1,2,...,m.
Nonseparable nonsmooth: mini-max problems. Let fo = 0 and h (u) := max {ui, ug,...,Un}.
Then, model (CM) produces the classical nonlinear mini-max problem
inf ().
2eR" 1558m fi (@)
The above example exhibit the versatility of model (CM) for traditional NLP. In all these

examples h was convex. We now give three examples with nonconvex h which include a broad
variety of fundamental problems arising in applications.

Example 1.2 (Sparsity constrained problems). These problems arise in many areas of applications,
for example, compressive sensing and machine learning see e.g., [33]. A basic model (see [5]) reads

min {f (z) : [lz[ly < s},

where ||-||, stands for the usual counting function, i.e., the number of nonzero coordinates of z, s > 0
is the desired sparsity level, and f can be any smooth fidelity criterion (e.g., least squares). Let
S :={x: ||z[|, < s}. Then, the above problem is a special case of model (CM) with fy (z) = f (2),
F(z) = = and h is the nonconvex function described by the indicator of the closed set S, i.e.,

h(u) =ig (u).

Matrix rank minimization problems can be similarly formulated in the space of symmetric
matrices using a constraint of the form rank(z) < s.

Moreover, nonconvex penalized approximations of the following form have also been considered
and found useful (see, e.g., [26] and references therein)

n
min {f (x) + pz o (|zi]) = € R"} . (p>0is a penalty parameter),
i=1

where ¢ is a concave (increasing) function on R used to approximate the ly-quasi norm. A typical
example is the [,-quasi norm with ¢ (¢) :==t*, 0 < p < 1, and model (CM) covers this case as well,
with an obvious identification for the nonconvex function h.

Example 1.3 (Matrix minimization on Stiefel manifolds). Optimization problems with matrix
orthogonality constraints arise in many applications of science and engineering (e.g., polynomial
optimization, combinatorial optimization, eigenvalue problems, sparse PCA, matrix rank minimiza-
tion, etc., [15]). A basic problem reads as:

(0) min{¥(X): X'X =1, X e R"?},



where U : R"*P — R is a smooth function (often quadratic), and I stands for the p x p identity
matrix. The feasible set S, ) = {X eRY>P . XTX = I} is known as the Stiefel manifold, which
for p = 1 reduces to the unit-sphere manifold S, = S, = {z € R": ||z||, = 1}. Clearly, with h
being the nonconvex function described by the indicator of the closed set S, p, problem (O) can
easily be seen as a special case of model (CM) with the obvious identification for fy and F' in the
space of real matrices R"*P.

Example 1.4 (Nonconvex feasibility). Let Si,S2,...,S, (for p > 2) be nonempty and closed
subsets of R™. The nonconvex feasibility problem consists in finding a point in the intersection
MY_;S;. These type of problems abound in many applications such as phase retrieval, network
sensors localizations or protein conformation, see e.g., [18] for some recent developments. One
standard way to tackle the feasibility problem is simply to reformulate it as an optimization problem:

. 1 & =
mln{w_l)z oy — @all® + > s, (@) © (21,22, 3p) € ]R"Xp},
=2 =1

Observe that z € NP_;S; if and only if the optimal value of the above optimization problem at
Z,T,...,x) € R" P is zero.
( 9 Ly 9 )

Choosing R™*? as the base space, setting fo (z1,22,...,2,) = (2(p— 1)) 3P, |lo1 — x|

(which is obviously a C1! function), F (x1,2a,...,2p) = (21,%2,...,2p) and h(z1,22,...,7,) =

P Lis, (xi), we see that the above optimization problem fits our general model (CM).

Notations. For any vector w € R?, the standard Euclidean norm is simply denoted by |jw]|.
Unless otherwise stated, for the subdifferential operators 3, 0 and 9°° and other objects coming
from variational analysis, we adopt the notations and definitions of the monograph by Rockafellar
and Wets [31].

2 The Lagrangian for nonlinear composite problems.

This section outlines the first steps toward the generic algorithm we develop and analyze in this pa-
per. We define the augmented Lagrangian associated to problem (CM), basic qualification condition
and assumptions, and in particular, we introduce the fundamental and new concept of information
zone which play a central role in the forthcoming analysis.

2.1 Lagrangian and qualification condition.

In analogy to standard NLP, one can construct a natural Lagrangian for problem (CM) as follows.
We first reformulate problem (CM) in the equivalent split form:

(CM) inf {fo (x) +h(u): u=F(x), (z,u) e R"" x R™}.

For this abstract equality constrained reformulation, the classical Lagrangian is defined by L :
R™ x R™ x R™ — (—o00, +00] via

An augmented Lagrangian is a quadratic penalized version of the Lagrangian:
£ (2, u,) = £ (@, u.y) + 5 |F (@) = ulf

= fo (@) + h(u) + {y, F () —u) + 5 | F (z) —ul®, (2.1)



where p > 0 is a penalty parameter.

To ensure the well-posedness of the algorithms to come, throughout this paper we assume:

inf Ef) (x,u,y) > —oo for any fixed y € R™. (2.2)

We assume below that model (CM) satisfies a standard qualification condition which we express in
the compact form provided by variational analysis [31, Chapter 10, pp. 428-430]. We denote by

m

VF (xz) € R™*" the Jacobian matrix of F', whose rows are given by the gradient vectors [V f; (x)];" ;.
Assumption 1. The following constraint qualification holds for problem (CM),

CQ VF(@)'y=0 yed®h(F(z)) = y=0.

For the classical NLP case, which can be obtained from model (CM) as described in Example
1.1, the condition [CQ] reduces to the classical Mangasarian-Fromovitz constraint qualification, see

e.g., [9].
The condition [CQ)] is not only essential to provide smoothness and regularity of the constraint

set, at a technical level, it is also important to provide a chain rule for the objective function of
model (CM). This allows us to derive the first order necessary conditions for this model.

Definition 2.1 (First order optimality condition). Let F' : R™ — R™ be a continuously differen-
tiable mapping, and let h : R™ — (—o0, +00] be a proper and Isc function. If x is a local minimizer
of problem (CM) satisfying Assumption 1, then there exists y € R such that

Vio(x)+VF () y=0 with yedh(F(2)).
The set of critical points of a function v, is denoted by critt. For problem (CM) with the

objective function f, we have

crit f = {x ER": 0€ Vy(z)+ VF ()T 0h (F (x))} : (2.3)

2.2 The information zone.

Lagrangian based methods require to handle simultaneously penalty parameters, constants, and
qualification condition which is a delicate matter. An important aspect of this work is to address
these issues.

Augmented Lagrangian methods are based on relaxing the classical Lagrangian and therefore
by nature these are unfeasible methods. Measures of unfeasibility of these methods are naturally
connected to the “looseness” of the relaxation. The looser is the relaxation, the more unfeasible is
the method. Over relaxation could even result in absurd behaviors.

The augmented Lagrangian Eﬁp as given in (2.1) is
£ e, y) = fo (@) +h(w) + (y, F () — )+ 2 | (@) P, with p> 0,

In this context the looseness/sharpness of the relaxation is embodied within the penalty parameter
p which is used to penalize the constraint F' (z) = u in the augmented Lagrangian £§). At an
analytic level this penalty reflects the fact that for a fixed triple (z,u,y) one has

§ (oyyy) = {fo(x)—i—h(F(w)), if F (z) = u,

400, otherwise,

lim £

p—r+00

which amounts, in some sense, to the convergence of EB, to L as p = +o0.

A major drawback of such unfeasible methods, easily guessed from the above, is that they
generate points that might be out of control in the sense that:



— constraint qualification conditions may fail,

— assumptions on the problem’s data, such as global Lipschitz constants of the various objects
involved may become unknown or out of reach.

On the other hand, assuming a global control is very demanding and could be unrealistic in
practice.

To remedy these obstacles all at once our approach is twofold: we first define an information
zone, denoted by Z, to be a region for which regularity is under control and constants are known.
Second we provide a generic Lagrangian scheme described below with an extra-adaptive search
made to reach the information zone?

Let domh = {u € R™: h(u) < oo} which is nonempty and closed. Then the feasible set of
problem (CM) is defined by

F={xeR": F(z) €domh}.

Definition 2.2 (Information zone). Given the feasible set F for problem (CM), an information
zone is a subset Z of R™ such that there exists d € (0, +00] for which

Z> {x eR": dist (F (z),domh) <d} D F. (2.4)

The information zone is an enlargement of the feasible set F. It should be noted that the
information zone Z depends on the parameter d.

In the next definition we recall a fundamental and classical regularity assumption (see, e.g.,
Milnor [27]).

Definition 2.3 (Uniform regularity). Let Q be an open subset of R”, F' : Q — R™ be a continuously
differentiable mapping, and let S be a nonempty subset of 2. We say that F'is uniformly regular
on S with constant v > 0 if the following holds:

HVF (;U)TUH >y, Yz e S, veR™
Remark 2.1. For a given x € ), asserting that

v(F,x) = min{HVF ($)TUH ol = 1},

is nonzero is equivalent to the fact that VF (z) is surjective or VF (x) VF (z)” is positive definite.
In nonlinear optimization it is also known as Mangasarian-Fromovitz condition at x. Geometrically
it means that the set {y € U : F (y) = F (z)} is a C! manifold for any small open neighborhood
around z.

Note also that

v =~ (F,z) = \/ Amin (VF () VF (z)T ) (2.5)

where Apin(A) denotes the smallest eigenvalue of a real symmetric matrix A.

2 As we shall see soon the adaptive regime allows also for dynamic adjustment of the step-sizes to other geometrical
features.



2.3 Basic assumptions for model (CM).

We introduce the following essential assumptions.
Assumption 2. Given an information zone Z, we assume that:
(i) F is uniformly regular over Z with constant +,
(ii) VF is L(F) Lipschitz continuous over Z,
(iii) Vfois L(fo) Lipschitz continuous over Z.

Remark 2.2. (a) Naturally, the Lipschitz continuity and the uniform regularity are not required
on the whole space R™, but only on the information zone Z. This is a departure from the
usual setting.

(b) When V fj is known to be Lipschitz continuous on the whole space R", and the mapping F’
is assumed to be linear, i.e., F' (x) = Fz for some matrix F' € R with full row rank, then
Assumption 2 holds with Z = R” (i.e., d = +o0) and FFT = vI,, where ¥ = \/Apin(FFT) >
0.

Let us illustrate the concept of the information zone on a simple but fundamental and emblem-
atic situations (c¢f. Example 1.3).

Example 2.1 (Spherical constraints). Assume that F (z) = ||z||* and h = if13. For simplicity we
also assume that fy is globally Lipschitz.

One has VF (z) = 2z and thus for a fixed x, v (F,z) = 2||z||. Take r; € (0,1), and define
Z={xeR": r <|z||}. We see that F' is 2 regular on Z and VF is 2-Lipschitz continuous.
Hence Z can be chosen as an information zone as long as we show that (2.4) holds true. Take

d=1—r? it is easy to check that )HJUH2 - 1‘ < d implies, in particular, that 1 — ||z]|* < 1 —r2.
Note that 0 ¢ Z and that R™ could not be an acceptable choice for an information zone because of
the degeneracy of VF at {0}.

Remark 2.3 (Systematic failure of global CQ with compact equality constraints). The preceding
example reveals a simple and systematic phenomenon which motivates strongly the use of an
information zone. Consider a C! function F' : R® — R such that [F = (] is a compact manifold
and assume that int [F' < 0] = [F < 0]. Then, necessarily there exists 2* such that VF (z*) = 0.
Indeed, by taking x* to be a minimizer of F' over the compact set [F' < 0] and since this minimizer
lies within [F' < 0] it follows that VF (2*) = 0. This shows that in general, it is not possible, to
have Z = R"™.

3 Adaptive Lagrangian based multiplier method.

‘From now on Assumptions 1 and 2 form our blanket assumptions. ‘

As explained previously, difficult obstacles are faced both in the design and the study of La-
grangian based methods: lack of descent, and above all, feasibility issues. The adaptive idea we
develop here is precisely meant to put us in a position where these issues are treated in a dynamical
fashion: both the information zone and the “energy functional” £z which we introduce now come
into a play.



3.1 Lagrangian and a Lyapunov function.

We shall need to work with an auxiliary function which is very similar to the augmented Lagrangian
Eﬁ (defined in (2.1)). This is a classical approach often called the “Lyapunov” methodology. It will
reveal the optimizing property of the generic Lagrangian scheme we introduce next.

Let 8 > 0 and w € R”, here we consider the Lyapunov function which is defined by
& (z,u,y,w) = L (x,u,y) + ||z — w|. (3.1)

Below, we record the relationships between the critical point sets of the three relevant functions
fs El,i) and £3. These relations already suggest the pivotal role to be played by &z. Recall that
condition [CQ)] is always assumed, i.e., Assumption 1 holds.

Proposition 3.1 (Critical points relationships). Let z € R™ and u,y € R™. The following impli-
cations hold:
(z,u,y,z) € critEg = (x,u,y) € crit /Jg, = x € crit f,

for all B,p > 0.

Proof. Proof. The result follows easily from standard subdifferential calculus rules. Indeed, from
the definition of €5 (see (3.1)) we have that (z,u,y,w) € crit &g if and only if

(0707()’ 0) € (vxﬁi ('Ia u,y) + QB (l‘ - ’LU) 7au£§) (CL‘,’LL, y) ?vy[’i (JT, u, y) ) 25 (U) - .ZE)) . (32)

On the other hand, using the definition of £} (see (2.1)) we obtain

Vol (z,u,y) = Vo (z) + VF (2)" (y+ p (F (z) —u)), (3.3)
8u££ (x,u,y) = 0h (u) + p(u—F(x)) —y, (3.4)
Vyﬁlﬁo (x,u,y) = F(x) — u. (3.5)

Therefore, taking w = z in (3.2), the first implication in the proposition follows. The second
implication follows by noticing that with (x,u,y) € crit Eg,, the three relations (3.3), (3.4) and (3.5)
reduce to 0 = Vfo (z) + VF ()" y and 0 € dh (F (z)) — y. Hence, using Definition 2.1, we obtain
that x € crit f. This complete the proof. O O

3.2 A generic algorithm: ALBUM.

In order to describe the forthcoming generic scheme, we first need to introduce a primal black-
box map which governs the mechanism of the global convergence methodology to be developed in
Section 3.3.

Definition 3.1 (Lagrangian algorithmic map). Consider the optimization model (CM) and its
associated augmented Lagrangian ﬁ% which is defined in (2.1). Let (z,u,y) € R” x R™ x R™ be
any given triple. A primal black-box map A, generates a couple (z,u™) by

(a:*, u+) €A (z,u,y).

A primal black-box map A, is called a Lagrangian algorithmic map if there are two positive con-
stants @ and b such that

(i) g Hx+ - tz + EB) (:C+,u+,y) < £§, (z,u,y),

and
(i) Hvxﬁﬁ (x+,u+,y)H <bllzt —z.

10



Thus, once we chose the Lagrangian algorithmic map A,, this choice fully determine the con-
stants a and b, which play an important role in the generic algorithm outlined below. Note that
these constants might depend on the problem’s data input (e.g., Lipschitz constant, uniform regu-
larity constant, or/and algorithmic constants, e.g., proximal/penalty parameters). We deferred to
Section 6 for two instances of fundamental Lagrangian algorithmic maps.

The proposed generic adaptive algorithm aims at forcing =¥ to enter the information zone,
which is a minimal requirement if we hope for a good behavior of our unfeasible schemes.

Adaptive Lagrangian-Based mUltiplier Method — ALBUM
1. Input: A, a Lagrangian algorithmic map.

2. Initialization: Fix §, pg > 0 and start with any (mo, u?, yo) € R* x R™ x R™.

3. For each kK =0, 1,... generate a sequence {(:Uk, u®, yk) }keN as follows:
3.1. Primal step
(xkﬂ,ukﬂ) €A, (xk,uk,yk> . (3.6)
3.2. Multiplier step
yk+1 = yk + Pk <F <.1Ek+1) — Uk+1) . (37)

3.3. Adaptive step: choose T € (0, %) and set Oy := %. If 21 ¢ Z or

2
T kaﬂ — :UkH > &g, (mk,uk,yk,wk_1> — &g, (xk+1,uk+1,yk+1,xk) , (3.8)

set pr+1 = pr + 0. Otherwise, set pr+1 = pi.

The relations between a, b, the penalty parameters sequence {py},cy and other data input
constants will be made more precise whence we develop our analytic framework in Section 4.

We record here a simple consequence which will be useful in our analysis that immediately
follows from the definitions of p; and fj (see Step 3.3):

pr > po>0 and f < Py, forall k€ N. (3.9)

Remark 3.1. In some cases the penalty parameters pi, £ € N, can be adjusted so that Step 3.3
automatically holds with p; = p for all £ € N. In this case the iterations boils down to Steps 3.1
and 3.2 only. This will happen for instance in the case when the information zone is the whole
space, e.g., when F' is linear (¢f. Remark 2.2 and Remark 4.3 below).

3.3 A methodology for Lagrangian based methods.

First note that, once the input Lagrangian algorithmic map A, is chosen, ALBUM generates a
sequence {zk}keN = {(xk, uk, yk) }keN’ which thanks to Definition 3.1, must satisfy the following
two conditions

C1 There exists a positive constant a such that

all k+1 k|2 # k+1  k+1 _k ﬁ k .k  k
§H£L‘ —:UH +£pk<m , U ,y)gﬁpk(a@,u,y), Vk>0.

11



C2 There exists a positive constant b such that

o () o

. YEk>o0.

Independently of the algorithmic map A, which governs the mechanism of a primal black-box, we
also need two additional assumptions on the corresponding generated sequence {zk} keN which we
record now:

C3 There exists a positive constant ¢ such that

HvkzﬂH < cka—H —2*|, vE>o,
for some vFt1 e aucﬁk (2P Wb gk,
C4 Let @ be a limit point of a subsequence {uk}kelc of {uk}keN, then lim supeicon h(u) < h(a).

Some comments are now in order. First, note that the proposed methodology, while similar
in spirit, is fundamentally different from the general methodology recently proposed in [13], which
is unfortunately not applicable for ALBUM, due to the primal-dual structure of this scheme. In
particular,

e The first condition C1 is a partial descent property on .C% (). It pertains to the primal variables
(z,u), since by nature the dual variable y is an “ascent variable”. The dissymmetry between
x and u in the descent condition could be removed by further generalizing our approach. For
the sake of simplicity, we only consider the case when the quantity of decrease in = is known.

e Conditions C2 and C3 provide subgradient bounds for EB, (-) with respect to the primal
variables.

e The sequential assumption on h, that is, condition C4, is a minimal and extremely weak
requirement. This property holds for instance when h : dom A — R is continuous.

From now on, and through the rest of this paper we adopt the following terminology:

A sequence {zk} keN which is generated by ALBUM and
satisfies conditions C1-C4 is called a Lagrangian sequence.

As we shall see soon, many fundamental Lagrangian based methods produce Lagrangian se-
quences. This allows us to derive convergence results in a unified way for such methods and their
variants. We postpone the description of these methods to Section 6, and we announce next, our
main convergence results for ALBUM, which will be proved in the following sections.

3.4 Main convergence results for ALBUM.

Our central theoretical contributions on the convergence of ALBUM to a critical point of problem
(CM) are stated in the following two results.

Theorem 3.1 (Subsequence convergence). Let {Zk}keN be a bounded Lagrangian sequence and let
(Z,u,7) be a limit point of {zk}keN. Then T is a critical point of the original problem (CM).

12



Considering semi-algebraic or definable data, and relying on the so-called nonsmooth KL prop-
erty [11], we can rule out oscillatory behaviors and establish the global convergence of the whole
sequence.

Theorem 3.2 (Global convergence). Under the premises of Theorem 3.1, and assuming that fo,
F and h are semi-algebraic, the whole sequence {Zk}keN converges to a point (Z,u,y) such that T
is a critical point of problem (CM).

Remark 3.2. (i) Standard arguments show that convergence rates of the sequence { zk}k ey of
the type O (k™°) could be established with s > 0. We refer to the technique in [2].

(ii) The essential tools for convergence are elementary stability questions and the nonsmooth
Kurdyka-Lojasiewicz inequality, and thus semi-algebraicity can be replaced by definability in
a o-minimal structure on R, 4+, X.

The next section develops our analytically framework. We present the main ideas underlying
the proposed algorithm, the main obstacles that need to be addressed, and the key tools necessary
for developing the convergence analysis of ALBUM.

4 A key lemma: penalty parameter stabilization.

In this section, we establish a central result which is essential in our approach. It asserts that the
sequence of penalty parameters {pj},y becomes stationary and that the information zone Z is
reached within finitely many steps. To establish this result, we provide in a preliminary subsection
some simple but yet fundamental properties.

4.1 Fundamental properties of Lagrangian sequences.

The first elementary result identifies when an iterate enters the information zone Z.

Lemma 4.1 (Information lemma). Let Z be a given information zone. Let {zk}keN be a Lagrangian
sequence and assume that the multiplier sequence {yk}keN 1s bounded. Then, there exists an index
Einfo € N, such that 2% € Z for all k > kingo-

Proof. Proof. We argue by contradiction and assume that =¥ ¢ Z for k € I where I is an infinite
set. On one hand, by the definition of the information zone Z, we have for all k € I that

dist <F (ack) ,dom h) > d. (4.1)
On the other hand, for all £ € N we have

dist (F (z’“),domh> = inf H“_F(xk)H

uEdom h
<|uf—-F (xk)H [uk € domh]
L e k1
=— Hy y H [(3.7)]
Pk—1
< % Hyk} is assumed bounded
Pk—1 keN

By Step 3.3 of the algorithm and the fact that [ is an infinite set, it follows that pr — co as k — oo,
thus there exists ki, € N such that

dist (F(:nk), dom h) < — <d, Yk 2> Eino,



which obviously contradicts (4.1). O O

The next result provides an important relation on the sequences {xk } keN and {yk } keN produced
by ALBUM and reflects the min-max dynamics at the root of these methods.

Lemma 4.2. Let {Zk}keN be a Lagrangian sequence. The following inequality holds true for any
k>0
¢ (k1 kel kel ¢ (ko k ok L Y | N e RS
ch, (Tt ) = g, (o ulot) < Ot = ot =g et =
Proof. Proof. From condition C1,
2
ﬁ%k (xk-i-l’uk—&-l’ykz) B E%k (xk’uk7yk> < _g ka—i—l _ka . (4.2)

Using the definition of Eg, (cf. (2.1)) we have from (3.7) that

E%k (xk+17uk+1,yk+1> _ cﬁk (xk—i-l?uk-&-l’yk) _ <yk+1 R (xk+1> _ uk+1>

1 2
_ HykJrl _ ka _
Pk

Adding the latter to (4.2) yields the desired result. O O

The next result relates the evolution of the multiplier sequence {y with that of the primal

k}keN

sequence {$k } EEN'

Lemma 4.3. Let {Zk}keN be a Lagrangian sequence. Assume that the multiplier sequence {yk}keN
is bounded by some A > 0. Then, the following inequality holds true for any k > kinto,

2 2 2
Al Y e IR AR I (1.3
where
2 9 202
dy = — (L(fo) + L(F)A +b) and do = (4.4)

¥ 2

Proof. Proof. For convenience, we define
T T
A :=VF (xk+1) Yyt —VF (a:k) y".

Then, by Lemma 4.1 and Assumption 2(i) and (ii) which warrants that F' is uniform regular on Z
with constant v and VF is Lipschitz continuous on Z, respectively, it follows for all k > ki.g, that

el = [0 ()" () + (08 (27) -9 ()

>y Hyk"'1 - ka — L(F)A kaH — ka . (4.5)

On the other hand, from the definition of E,ﬁo (see (2.1)), we have that

Vxﬁf)k ($k+17uk+1’yk> =V (karl) LVF (Ik+1>T (yk + ok (F ($k+1) B uk+1))

v (ka) LVF ($k+1>Tyk+1’
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where the second equality uses the the multiplier update given in (3.7). Thus, using the latter,
thanks to condition C2 we obtain for all £ > 0 that there exists b > 0 such that

vao <xk+1) LVF (xk+1>Tyk+1

<b kaﬂ — ack” . (4.6)
Therefore, we obtain for all & > ki,

[Ag]| = ||VF (ka)Tyk“ ~VF (g;k)Tyk

0) +b) ka H —i—bek — (4.7)

where the last inequality uses (4.6), and the Lipschitz continuity of V fy over Z (see Assumption
2(iii)). Combining (4.5) and (4.7), we thus obtain for any k > kinfo

ol Hyk‘"l Yy H < (L(fo) + L(F)A +b) kaH — ka +b H:ck — a:k_lH . (4.8)

Therefore, squaring the last inequality and using the fact that (r + 3)2 <2r?+2s? forall r,s € R,
the claimed assertion follows. O O

4.2 Finite stabilization of the penalty sequence {p;}, -

We are now ready to establish the promised key lemma which asserts that the sequence of penalizing
parameters {py } ren becomes stationary from a certain iteration-index Ksatio- A “Lyapunov zone”
for £3 is thus reached within finitely many steps.

Lemma 4.4 (Finite stabilization of the sequence {py}; ). Let {z be a Lagrangian sequence.

}kGN
Assume that the multiplier sequence {yk}keN 1s bounded. Then, there exists an index kstatic € N

such that
Pk = Plkgratio? vk > kstatio-

Moreover, for all k > kgtatio we have zF € Z, and there exists T > 0 such that

2
k k k ,k k-1 k+1 | k+1 _ k+1 _k
—x H < Eﬁkmﬁo (ZL‘ Jut Yt x ) _gﬁkstatio (1‘ TRt it g ) (4.9)

Proof. Proof. Lemma 4.1 warrants that z* € Z for all k > kint, and by applying Lemma 4.2, we
obtain for all k¥ > 0 that

2 1 2
G () = b (1) 2 5[4t = = ot =t (@10)
Pk

=

Using Lemma 4.3, we get for all & > kinso,

2 2 2
ot = s et =t et 11
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where dy and ds are given in (4.4). Hence, by combining (4.10) and (4.11), it follows for all & > kinto,

that ¢ (LK d (k1 a di w1 k2 2k k|
g, (#) -, (1) = (2_/%) T I el IR CRE)
Using the definition of £g (see (3.1)) and setting 3 := S, for all k > 0, we get
Vi = &g, (xk,uk,yk,xkfl) — &3, (wkﬂ,uk“,ykﬂ,xk)
= E%k (zk> - Eﬁk <zk+1) + B ka - :):k_1H2 — Bk kaH - kaQ (4.13)
Therefore, with (4.12), we deduce that for all k > Eiugo

2 2
2 (5 gt o () ]
Pk

2 Pk
a _d )H k1 kH2
=|lz—-——- A A | I 4.14

where the equality follows from the definition of 8; given in Step 3.3 of ALBUM. Hence, using
(4.3), we get that

d 20°
Br=—== 5
Pk PEY
In addition, one has for all k& > ki, that
a_di_ g _a ditdy (4.15)
2 pk 2 Pk
Thus (4.14) rewrites
dy+d 2
Vi, > <“ - 1+2> kaH - a:kH . (4.16)
2 Pk

The sequence {py},c cannot increase indefinitely else we would get from (4.16) that
2
&5, (kak’yk’xkfl) &, (xk+1?uk+17yk+17$k> > 7 ka+1 _ ka :

for all k sufficiently large, where 7 > 0 is the parameter given in the ALBUM scheme. Thus we
obtain the existence of an iteration-index Kstatio > Kinfo such that pp = pp_..,, for all & > Kgatio,
and the desired result follows. O O

Remark 4.1 (Adaptive process and the dynamics of {py};cy). Lemma 4.4 establishes that AL-
BUM, within Step 3.3, relies on two fundamental tests:

— a weak? feasibility test, i.e., ¥ € Z,

— a surrogate? descent test for &g which implicitly tunes the algorithm to match the natural
step-sizes attached to fp and F'.

Lemma 4.4 tells us that p, can be automatically tuned to an acceptable value py, .., in finitely
many steps. As a consequence, and it is a fundamental fact, we have the descent property:

(xk’uk,yk’xk—l) — &,

In short and to conclude, one could say that the adaptive protocol leads to the finite identification
of the information zone and to a sufficient descent property.

19
Bkstatio statio

2
(xk—l—l’uk—&-l’yk—l-l,xk) > 7 ka—&—l _ ka OV k> ko

3Weak because we do not ask for actual feasibility.
4Surrogate because we do not ask for the augmented Lagrangian function ££, to be Lyapunov, but rather that the
auxiliary function £g is Lyapunov.
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Remark 4.2. One observes from the proof, that the descent property on &z is ensured once we

know that
a di+do

2 Pk
In order to shunt the surrogate descent test, it is thus tempting to fix a value py a priori (before
running the method), so that the above holds directly. Yet it is important to understand that
this cannot be done in general, since d; (cf. (4.4)) is a constant that depends on a bound A of the
sequence {yk}keN which by itself depends on {pg} !

> T, vk > k;info- (417)

Remark 4.3 (Special case with F' assumed to be linear). (i) In that case the dependence of d;
with A given in Lemma 4.3 disappears. This allows for a more direct and simplified approach.
Indeed, exploiting the linearity of F, the inequality (4.5) reduces to [[Ag| > v|[y*™! — ¢*||
for all k > 0, where here v = /Amin(FFT) > 0, ¢f. Remark 2.2. Therefore, the boundedness
of {yk} ren 1s not needed, and it immediately follows that the proof of inequality (4.3) holds
true in Lemma 4.3 for all £ > 0, with

252
Amin(FFT)

2

i = Ammin (FET)

(L(fo) +b)*> and dp = (4.18)
Secondly, as mentioned before (¢f. Remark 2.2) the information zone can be taken as the
whole space i.e., Z = R", and in that case the adaptive regime is not anymore necessary.
Thus we set pr = p > 0 for all £k € N, and Step 3.3 of ALBUM is simply removed (see also
Remark 3.1). Therefore, in order to guarantee sufficient descent of the Lyapunov £g, all we
need is that (4.17) holds true, that is (with 7 = 0), it reduces to
2(d1 +d
p> o= 2t d) (4.19)
a
where d; and dy are given in (4.18). Therefore, in the special linear case, this allows for
determining explicitly the threshold value p, for a chosen Lagrangian algorithmic map A,
which provides the constants a and b and to obtain the corresponding convergence results via
a straightforward application of Theorems 3.1 and 3.2.

(ii) Interestingly, this also provides a positive answer to a question posed in [24, Remark 4(3) p.
2451], where the authors pointed out that it would be interesting to see if global convergence
of a proximal ADM could be derived; see also Section 6 for more results.

5 Proof of the main convergence results.

Equipped with the results we have established, we can now apply our methodology to prove the
main convergence results of ALBUM announced in Section 3.4.

5.1 Subgradient bound for the Lyapunov function &;s.

As mentioned previously, we work with the function £3 to overcome the descent obstacle and to
detect hidden descent mechanisms. Now the third condition C3 of our methodology comes into a
play. We derive below an upper bound on a subgradient of the Lyapunov function &g.

Lemma 5.1. Let {zk}keN

positive constants o1 and oy together with ¢**1 € 9Eg, (2P WMl o1 2F), such that for all
k > kinfo

be a bounded Lagrangian sequence. Then, for each k € N, there exist

o2 < ol =t ot ot 1)
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Proof. Proof. Consider the quadruplet ¢*t! = (q]fH,q];H, st qif“) € 0Eg, (1wl yFtl ok).

Using the definition of &g (see (3.1)), subdifferential calculus rules, and recalling the multiplier up-
date rule (3.7), a direct computation shows that:

= Vmﬁﬁk (:z:kﬂ,ukﬂ,yk“) + 26, (azkH — xk>

T
— Vmﬁﬁ (mkﬂ,ukﬂ,yk) +VF (xk“) (ka — yk) + 20, (mk“ - xk> , (5.2)

k+1 co, L]j < k—l—l,uk—&—l’yk-l—l) _ 3uﬁf,k (xk-i-l’uk—i-l?yk) _ (yk:+1 _ yk) : (5.3)
dH=v, Eﬁ < k—i—l’uk—&-l’yk-',-l) _F (xk+l> — bt = ! <yk+1 _ ykz) ’ 5.4)
@t =26 (93 - ka) . (5.5)

Since {z*} ey 18 assumed bounded and VF' is continuous (see Assumption 2(ii)) it follows that
there exists B > 0 such that

sup
kzkinfo

’VF (:df) H < B. (5.6)

Moreover, recall that from (3.9), we have pr > pp and S < By for all & € N. Therefore, us-
ing condition C2 and the expressions for qf“, j =1,2,3,4 derived above, we get the following
estimates:

S o e | R M R 2] |
< bek-H _ka B Hyk+1 _ka + 28, ka—l—l _ka

:BHka _ka ¥ (b+260) kaﬂ _ka'

Likewise, thanks to condition C3 we have with v*+1 ¢ 8u£§)k (aM L uF T k) that [[o"T| <
d|[z¥*! — 2*||, and hence by defining St = oht - (y*t1 —y¥), it immediately follows that
@t e a,Lh, (2% uM L yF 1) and from (5.3)

ok < ot o ot < ot =t o =]

Finally, from (5.4) and (5.5) we immediately obtain (recall (3.9))

1
o

Therefore, summing these inequalities, we obtain for all k£ > kgtatio

8 e U B L B i |

| ’““H<2Hq’““H<(B+1+ o LN RCRR ] Rt |

Using the proof of Lemma 4.3, for all k > kgtatio, we know from (4.8) that
5 Hykﬂ y H < (L(fo) + L(F)A +b) kaﬂ - ka +b ka - x’HH . (5.7)
Combining this with the above inequality yields the desired estimation (5.1) by choosing
1 1 b 1
o= <B+1+p0> (L(fo) + L(F)A+b) + 480 +b+d and o9 = > <B+1+po) .

This completes the proof. O O
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Equipped with Lemma 4.4 we immediately obtain the following result.

Proposition 5.1. Let {zk}keN be a Lagrangian sequence. Assume that the multiplier sequence

{yk}keN 1s bounded. Then

o 2 o 2
Z kaH — ka < oo and Z Hka — ka < 0.
k= =1
Proof. Proof. Invoking Lemma 4.4 which holds true under the stated assumptions, we have that

(xk’uk’yk’$k—1) — &,

for all k > kstatio- Summing (5.8) over k = Kstatio, Kstatio + Ls - - - , Kstatio T P We obtain

2
- kaﬂ _:Ek" < &

statio

(mk—&-l’ukﬁ-l’yk—&-l’ xk) : (5.8)

statio

kstatio+p 2
- Z szﬂ_ka < &,

k=Fkstatio

(:1:17 ula y17 1"0) - E,Bk (‘Terl? uerl? yp+17 xp)

statio statio

Sgﬁk (xlaulaylaxo)v

statio
where the last inequality follows from the fact that inf, ,) &g, > —oo (thanks to (2.2) since

b () = Lh

statio

(+)). Letting p — oo yields

o 2
Zkaﬂ—ka < Q.
k=1

statio statio

k+1

Therefore, from Lemma 4.3, it also follows that » -, Hy - yk||2 < 00, as required. O ]

We are now ready to prove our first convergence result for the generic scheme ALBUM.

5.2 Proof of Theorem 3.1 — subsequence convergence.

The sequence {zk} weny 18 bounded and therefore there exists a subsequence {2}, cny which con-
verges to Z = (Z,u,y). We first prove that (z,u,y, Z) is a critical point of £, i that is,

(0,0,0,0) € 8<€’5kstmo (Z,u,79,%) .
Since h is lower semi-continuous we have that

liminf A (u™*) > h (a),

k—o00
which combined with condition C4 yields that h (u™*) converges to h (a) as k — oo. Therefore,
from Proposition 5.1 and the continuity of fy and F' (see Assumption 2(ii) and (iii)), we obtain
that

. -1\ __ 1s # —1112
Jm g (e =l (L@ ) o B, | =2
- E%kstatio (j7 ﬂ, g)
= &g, (z,%).

statio

We know from Lemma 5.1 that there exist 01,09 > 0 and ¢"*! € 985, (zF+1, 2%) for which

statio

o2 < ol =t ot =t
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On the other hand, from Proposition 5.1 it follows that

lim kaH — ZL‘kH =0.
k—o00

Thus ¢"*1 — 0 as k — co. Using the closedness property of the graph of the subdifferential 0&s,
we obtain that (0,0,0,0) € 855ksmt_0 (Z,u,y,x). This shows that (Z,u,y,Z) is a critical point of
Es, . Proposition 3.1 now implies that Z is a critical point of the objective function f of model

statio

(CM), and the proof is completed. O

Next, in order to prove the second main global convergence result of our algorithm ALBUM,
we need to introduce adequate and necessary material on the nonsmooth KL property [11].

Let 1 € (0, +00]. We denote by ®,, the class of all concave and continuous functions ¢ : [0,7) —
R, which satisfy the following conditions

(i) ¢(0) =0;
(ii) ¢ is Ct on (0,n) and continuous at 0;
(iii) for all s € (0,n): ¢’ (s) > 0.
The next result plays a crucial role, see [13, Lemma 6].

Lemma 5.2 (Uniformized KL property). Let Q be a compact set and let o : RY — (—00, 00| be a
proper and lower semicontinuous function. Assume that o is constant on Q and satisfies the KL
property at each point of 2. Then, there exist € > 0, n > 0 and ¢ € ®, such that for all w in Q
and all w in the following intersection

{u e R?: dist (u, Q) < 5} Nlo(w) <o (u) <o(u)+n, (5.9)

one has,

¢ (o (u) — o (w))dist (0,00 (u)) > 1. (5.10)

Equipped with these results we proceed with the proof of the second main theorem, i.e., con-
vergence of the whole sequence {zk } pen o @ critical point of problem (CM) with semi-algebraic
data fo, h and F. Note that the technique used below is patterned after the recent work [13].
However, as explained previously, we cannot apply directly these results to ALBUM, since the
descent requirements stated there clearly do not hold in our framework.

5.3 Proof of Theorem 3.2 — global convergence.

Since {zk} pen 18 bounded there exists a subsequence {2k} oy such that 2™ — Z as k — oo. In
a similar way as in Theorem 3.1 we get that
- ko k—1 S
k.li)H;O g’Bkstatio (Z 71‘ ) - gﬁkstatio (Z’ x) ’ (511)
If there exists an integer k > kgiatio for which 8f3kstatio (z’_“, xl_ffl) = 55kstatio (2, %) then the decreasing
property obtained in Lemma 4.4 would imply that 2*Tt = 2¥. A trivial induction show then that
the sequence {zk} pen 1S stationary and the announced result is obvious.

Since {Sgk . (2%, 271 }k is a nonincreasing sequence, it is clear from (5.11) that
statio GN

€. (2,2) <& (zk, x’H) for all k > kuatio.

statio
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Again from (5.11), for any 1 > 0 there exists ko > Kkstatio Such that

E'Bkstatio (zk’xk_1> < gﬁksmﬁo (2,7) +n,Vk > k.

From Theorem 3.1 we know that limy_, . dist (,zl’C w (zo)) = 0. This means that for any € > 0 there
exists a positive integer k1 > Kkgtatio such that dist (z w ( )) < ¢ for all £ > k1. Summing up all
these facts, we get that z* belongs to the intersection in (5.9) for all k > [ := max {ko, k1} > Kstatio-

We denote by w (zo) the set of all limit points. By Theorem 3.1, w (ZO) is nonempty and
compact (since by definition, it can viewed as an intersection of compact sets). Now, we show
that &g, is finite and constant on w (2Y). Indeed, by our standing assumption (see (2.2)) we

know that /Jf, (2F) > —oo for all k € N, therefore from the definitions of £B) and &g (see (2.1)
and (3.1), respectively) we have that {€g, (2%, 2%1) }keN is bounded from below. Lemma 4.4 now

guarantees that {Sﬁk - ( k,xk_l)}k y converges to a finite limit, say [. From (5.11) it follows
statio e
that [ = €5kstaﬁ0 (z,Z), which proves that 5@ksmio is finite and constant on w (zo).

Thus, since &g, - is a KL function, we can apply the Uniformization Lemma 5.2 with Q =
w (20). Therefore, for any k > [, we have

o' (gﬁkstat‘o (zk,xk_1> — 55,6“%0 (%, :E)) - dist (O,@Egksm‘o (zk,xk_1>) > 1. (5.12)
k

This makes sense since we know that &g, - (z ,:1:’“*1) > &g,
Using Lemma 5.1 (recalling that kgtatio > Kinfo), we get that

k k-1
(p, <gﬁkstatio (Z ’x ) o gﬁkstatio

(z,z) for any k > 1 > kstatio-

statio

1
S (07 05, (zk7xk—1))

-1
> (J H:ck — gkt ka_l - :J:k_QH) , (5.13)

where 0 = max {01, 02} while 07 and o3 given in Lemma 5.1. On the other hand, from the concavity
of ¢ we get that

SO (gﬁkstatio <2:k7 xkil) gﬁkitatlo (77 j)) 90 <g’8kitatlo <Zk+1’ xk) gﬁk@tatlo ( )> Z
SO, (6/Bk’statio (Zk7 ."L‘k_l) gﬂkstatlo (_7 _)) (gﬁkstatio (Zk’ xk_l) B 6‘Bkstmio (zk+1, l‘k)) ' (514)
For convenience, we define for all p,q¢ € N and z the following quantities
Apgi=¢ (£5k (2,277 — EBr, (2,5:)) — ¢ (é’gkstmo (29,2971) — &, (2, :z)) :

Combining (5.13) and (5.14) and using Lemma 4.4 yields for any k& > [ that

=
Kl
N~—

~—
V

statio

||ttt — ot
Ak k-‘rl = L k—1 k—1 k—2 (515)
¥ (|lak = 2P+ [lak = 2k 2)])
and hence )
o= <t (< -,
where p = o/7. Using the fact that 2/af < a+ § for all a, 8 > 0, we infer
4 kaﬂ — ka < ka — $k71H + Ha:kil — a:k*ZH + 4pAk jit1- (5.16)
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Let us now prove that for any k > [ the following inequality holds

k
9 Z HxiJrl _ sz <9 Hlerl B le X Hxl _ xqu TN
i=l+1

Summing up (5.16) for i =1+ 1,...,k yields

k k k k
43l =t = 0 ot a4+ D0 [l a4 D Adi

i=l+1 i=l+1 i=l+1 i=l+1
k k
< Z Hxi-i-l _sz 4 sz+1 _sz +dp Z Aiivt
i=l+1 i=l+1

k
+ Z Ha:”l — :U’H + Hxl“ — :rlH + H:El - a:l_lH
i=l+1

k
=2 Z Ha:”l — le +2 Hle — ﬂslH + Hﬂ:l — xlilH + 4pA141 k41,
i=l+1

where the last inequality follows from the fact that A, , + Ay, = A, for all p,q,r € N. Since
@ > 0, we thus have for any k > [ that

k
2 ) [l — 2| <2 HiL‘l+1 - le + Hxl - xl_lu + v (5,3k‘t ) (zl,xl_1> — &, (% 3?)) :
i=l+1

Since the right hand-side of the inequality above does not depend on k at all, it is easily shows that

the sequence {xk}keN has finite length, that is,

o0
Z kaH — ka < 00. (5.17)
k=

This means that it is a Cauchy sequence and hence a convergent sequence. In addition, from (4.8)

[o@)
Z Hyk—H _ka < oo,
k=1

and thus {yk} keN has also finite length and therefore a convergent sequence. Now, the multiplier
Step 3.2 yields, for any k > kgtatio, that

S N (mkH) i

pkstatio

we also have

<yk _ yk+1> .

Since F' is continuous, {:U a convergent sequence and thanks to Proposition 5.1 it follows

“}
keN
that {uk}keN is also a convergent sequence. From Theorem 3.1 it is clear that {(zk,xk_l)}keN

converges to a critical point (Z,u,y,z) of g, i We finally conclude from Proposition 3.1 that z
is a critical point of f. O

6 Applications: specific schemes from ALBUM.

The generic scheme ALBUM encompasses interesting Lagrangian based methods. First recall that
in any Lagrangian based method, the multiplier update is always given by an explicit formula (see

(3.7)):
o N, (F (karl) _ uk+1> '
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Thus, the main computational and algorithmic issues which emerge from ALBUM depend on the
way we define the Lagrangian algorithmic map A, to compute the primal step. In general, any
minimization algorithm can be used at this stage. We focus on the description of two fundamental
types of maps A,, yet we note that other variants can also be conceived depending on the problem’s
data information and the structure at hand. This point will be further developed below in Section
6.3.

6.1 Two fundamental instances of A, and the corresponding ALBUM.

Given a triple (z*,u”,y*) we compute the next primal variables 2**1 and «**! in ALBUM via
the algorithmic map A, given by either one of the following minimization schemes:

e ALBUM 1 - Joint Minimization = Proximal Multipliers Method [30]

(xk+1,uk+1> € argmin, {ﬁﬁk (:U,u,yk> + % Hx — wkHQ} , (u>0). (6.1)

This simple idea consists in minimizing a proximal counterpart of the augmented Lagrangian
Eﬁ, jointly with respect to both primal variables x and wu, is nothing else but the classical
dynamic of Proximal Method of Multipliers (PMM) of Rockafellar [30].

e ALBUM 2 - Alternating Minimization (aka Gauss-Seidel) = Proxzimal ADM [17]

Update the variables x and v in an alternating fashion as follows:
uPT! € argmin, Ef)k (xk, u,yk> , (6.2)

2
2! € argmin, {,Cg,k (x,ukﬂ, yk) + % Hx - ka } , (u>0). (6.3)

Remark 6.1. (i) Note that in the above two schemes the proximal regularization term was
added only for the primal variable z of the augmented Lagrangian, since by the construction
of E&, (see (2.1)), we note that the primal variable u already admit a built-in proximal term.

(ii) Also, note that the flexibility of ALBUM provides potential for further studies within other
strategies or variants that could be conceived and further developed in future work, e.g.,
adding a proximal regularization term for v around u* and performing a subgradient step
for determining the next point u**!; or dropping one of the proximal regularization term in

exchange of other assumptions on the problem’s data, see section 6.3 for the latter situation.

Remark 6.2 (Tractability of the subproblems). Although the practical aspects involving imple-
mentation are beyond the scope of this work, it is important to discuss some of these issues. In
this regard we comment the general practicability of the steps of ALBUM 2 whose alternating
structure is often more favorable toward implementation. Recall that ALBUM 2 features a simple
dual step and two primal steps a la Gauss-Seidel, one with respect to v and one with respect to =z,
we discuss them below:

(i) As already mentioned the u-step, defined through (6.2), reduces to the computation of the
proximal mapping of the function h. Thus, this step can be efficiently computed when the
proximal map of h is accessible, i.e., via an and explicit formula or via simple computations,
see for instance, [26, 13, 6] for interesting examples.
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(ii) The second subproblem, namely the z-step, is more involved. Let us discuss two protocols
for solving this step approximately. For simplicity, suppose that fo = 0. Then, the step
(6.3) reduces to solve an unconstrained Nonlinear Least Squares problem, NLS for short.
Therefore, the proposed Lagrangian methodology which allows to reduce the very general
constrained nonlinear optimization model (CM) to solving sequentially unconstrained NLS
subproblems, provides interesting future research avenues, whereby fundamental methods of
NLS could be considered and exploited to analyze inexact variants. Indeed, NLS problems are
central in scientific computation, and even though these are nonconvex problems, there exist
two well-known fundamental methods: Gauss-Newton and Levenberg-Marquardt, including
many of their variants, which address this key computational problem within a very large
body of literature, see e.g., [10, 14]; see also the interesting work [21], where SDP relaxations
are shown to find global solutions of some unconstrained NLS of polynomial type. Another
approach to tackle the z-step is to approximate it through convex subproblems, which can
then be efficiently solved. For this, we refer the reader to Section 6.3 where we give further
insights into this question, and we also introduce a new and easily implementable version of
ALBUM 2 for (CM-L) problems.

6.2 Convergence results for ALBUM 1 and ALBUM 2.

To apply our main results (c¢f. Section 3), as previously explained, we first need to verify that joint
minimization and alternating minimization satisfy the two conditions of Definition 3.1, i.e., they
are Lagrangian algorithmic maps. Recall that following our notations, for a given point & := £F at
iteration k, the next point ¢+ stands for £FF1,

e ALBUM 1 - Joint Minimization
From the choice of A, (see (6.1)) we immediately get

Ef, (x+,u+,y) + g Hm+ — xH2 < Efj (z,u,y),
showing that Definition 3.1(i) holds true with a = . Moreover, we also obtain
(0,0) € (VI,CE) (a:+, u+,y) +u (er - x) ,auﬁﬁ (:EJr,qu,y)) , (6.4)
hence it follows that Definition 3.1(ii) immediately holds true with b = p.

e ALBUM 2 — Alternating Minimization

Thanks to the choice of A,, we get from (6.2) that E% (z,ut,y) < Eﬁ (z,u,y) and from (6.3)
we get that £5 (a7, ut,y) + Elat — z||* < L% (z,u™,y). Combining both inequalities shows
that Definition 3.1(i) holds true with a = u. Moreover, as before it also follows immediately
that Definition 3.1(ii) holds true with b = p.

We will now show that both ALBUM 1 and ALBUM 2 generate Lagrangian sequences
{zk} pen- 1O this end we have to verify that conditions C3 and C4 hold true for both schemes.

First, for ALBUM 1 we obtain from (6.1) (cf. (6.4)) that 0 =: v**1 ¢ &Lﬁgk (2P uh T k),
and hence condition C3 holds true with any ¢ > 0. The next result shows that condition C3 also
holds true for ALBUM 2.

Proposition 6.1. Let {zk}keN be a sequence generated by ALBUM 2 which is assumed to be

bounded. Then, for each k € N, there exist a positive constant ¢ and vF+1 € 3u£,ﬁ0k (xk“, Tans yk),
such that for all k > kgtatio we have

vk“H <ec

‘$k+1 _ gckH .
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Proof. Proof. Since {azk} eN 18 bounded, and for each k > kijut, we have that VF' is Lipschitz
continuous on Z (by Assumption 2(ii)), it follows that there exists B > 0 such that

sup
kainfo

o () <5

From (6.2) we get that
0e 6u£§,k (a?k, uk+1,yk> )
Using the definition of /J?, (see (2.1)) we obtain that
8u£§)k (xk+17uk+1’yk) _ 8u£§)k (xkvuk—i-l’yk) ¥ o <F (xk) _F (xk+1>) '
Therefore, using the inclusion just above, we obtain for all £ € N that

= (F (xk) _F <$k+1>> c 8u['§;k (xk+1’uk+17yk> 7

I

where the last inequality follows from the Mean Value Theorem® and the fact that p; < [ ()
all k > Kkgtatio (see Lemma 4.4). This proves that condition C3 holds true with ¢ = py, B.O O

and
o4+t = el (451) = 7 ()] < s B =

statio

Having established that the three conditions C1, C2 and C3 of the basic methodology hold,
to apply our main convergence results to ALBUM 1 and ALBUM 2, it remains to verify the
validity of the condition C4 for h. This is done next.

Proposition 6.2. Let {zk}keN be a sequence generated by either ALBUM 1 or ALBUM 2,
which is assumed to be bounded. Let Z be a limit point of a subsequence {z }kelc of {z }keN’ then
we have that limsupyccy b (u¥) < b (a).

Proof. Proof. The sequence {zk} ren i bounded and therefore there exists a subsequence {2} en
which converges to z = (Z,u, ).

For ALBUM 1: from the z-step we have for all k > kgtatio that
2
(7o) + 5 o=t

We now substitute k£ by my, — 1 and obtain from the definition of £,ﬁ, (see (2.1)) that

It ($k+1’uk+1,yk> 4 % Hwarl _ wkHQ <

pkstatio pkstatio

fo (&™) + b (™) + (y™ 1 F (a™) — F (2)) + (y™ ' a - u™)
- Hasio | (o70) — u™ P < fo (2) + b (@) + e | P (2) - )

By my—1|[2
+§H$—x k H . (6.5)
Likewise, for ALBUM 2, from the u-step (see (6.2)), we have for all k& > kgatio that

ch (wk,ukH, yk) < [t (:L‘k, U, yk) .

Pkstatio — T Pkgtatio

"Recall that || F (u) — F (v)|| < supgepo y) [VF (v + 0 (u— )| [lu— ]|, 28, p. 69]
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We now substitute k£ by mj — 1 and obtain from the definition of Eﬁ, (see (2.1)) that

h (umk) 4 <ymk717umk _ 'ZL> + pkséatio F (xmkfl) _ EHQ )
(6.6)

For each of the just derived inequalities (6.5) and (6.6), letting k goes to co and using the continuity

of fo and F' (see Assumption 2(ii) and (iii)), together with Proposition 5.1 (for the case of (6.5))

yields in both cases that

F (xmkfl) _ umkHQ S h(ﬁ) + pks;atio

limsup h (u"™*) < h(a),

k—o0

and the proof is completed. a O

To summarize at this point, we have therefore shown that the two main schemes ALBUM 1
and ALBUM 2 produce Lagrangian sequences and hence our convergence results Theorems 3.1
and 3.2 are applicable. Observe that we do not only prove that these well-known methods converge
in the absence of convexity for the general nonlinear composite model (CM), we also show how to
apply them under weak assumptions through the use of a new adaptive regime.

6.3 Towards implementable variants of ALBUM.

To further illustrate the potential benefits and generality of our approach we now consider further
specific instances and variants of ALBUM under other relevant assumptions on data information
which occur in many interesting applications. This allows us to extend some recent results in the
literature and even to propose a new scheme.

The classical method of alternating direction of multipliers (ADM). Consider the
limiting case of ALBUM 2 obtained with 4 = 0. We recover the classical Alternating Direction
of Multipliers (ADM) [17]. Under the additional assumption that the augmented Lagrangian z —
E,ﬁ) (x,u,y) is o-strongly convex, for any fixed u,y € R™, we can obtain global convergence of the

ADM to critical points of the nonlinear nonconvex composite model (CM). Indeed, in this case
ALBUM 2 yields (recall (6.2) and (6.3)) that

L (x,ut,y) < L5 (x,u,y), (6.7)

and
VILB, ($+, ut, y) =0. (6.8)

Now, by the o-strong convexity of z — Eﬁp (z,u™,y) together with (6.8) we have that

£ (ot ) + 3 o — P < £ (it )

and hence from (6.7) it follows that Definition 3.1(i) holds true with a = 0. Moreover, we also get
that Hvxﬁﬁ (:I:+,u+,y)H =0 < b|lz™ — z|, showing that Definition 3.1(ii) immediately holds true
with any b > 0. Now it is trivial to see that the proofs of conditions C3 and C4 as done for the
case u > 0 for ALBUM 2 remain valid for the case ¢ = 0. Thus our convergence results apply,
and extend the recent result [24, Theorem 4], which uses the same assumption on the Lagrangian,
but was valid only for the linear case (i.e., F'(x) = Fxz). Furthermore, for the linear case with a
matrix F full row rank, we have v = \/Amin(FFT) > 0, and since a = o and b can be any positive
number, (e.g., we can set b = 1), we immediately obtain the threshold value for p (see (4.19) in
Remark 4.3) that warrant our convergence results:

A((L(fo) +1)* +1)

P T A (FFT)
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Tractable convex subproblems for ALBUM 2. In relation to Remark 6.2, we focus on
the tractability of the x-step (as already mentioned, the u-step is easier for any proximable h). We
illustrate here a specific but fundamental aspect of our family of methods through the important
case of ALBUM 2. In addition to the standing assumptions, we assume that fo is C? with
Lipschitz continuous gradient (for simplicity) and F' is linear (so that the information zone is the
whole space, cf. Remark 2.2). The constant p > 0 can thus be determined. We observe that for
fixed couple (u,y), the function Ef) (-,u,y) is C% whenever u is in dom h and that its Hessian matrix
is given by x — V2fy (z) + pFTF. As a consequence of the Lipschitz continuity assumption of fo
we have that:

sup V225 (@, u,9)| < L) + pAman(FFT). (6.9)
(z,u,y)ER™ XR™ xdom h
Thus, with g = L(fy) + pAmax(FFT), the z-step in ALBUM 2 consists in minimizing a convex
function r — ﬁfy (1:, Taan yk) + (u/2) Ha: — ka2 with known Lipschitz continuous gradient.

Solving general semi-algebraic feasibility problems with ALBUM 2. The specialization
of ALBUM 2 to the general feasibility problem described in Example 1.4 provides a new parallel
projection method; the details of the easy derivation of the corresponding steps in this case are
left to the reader. In view of our general results, the penalty parameter p > 0 can be determined
and no other assumption than semi-algebraicity of the subsets S;, ¢ = 1,2,...,p, is necessary to
obtain global convergence of the methods (under our classical boundedness assumptions); compare
for instance with [4, 23].

A simple explicit algorithm: Proximal Linearized Alternating Minimization. We
consider here a proximal linearized instance of ALBUM 2 with proven global convergence results
which seems to be new in the literature for the nonconvex composite model. Our setting here is
confined to the particular, yet interesting and important case, where in the model (CM):

e The function fy has an L( fo)-Lipschitz continuous gradient on R".

e The mapping F is linear, namely F' (z) = Fx for all x € R", for some matrix F' € R"*™ with
full row rank.

Furthermore, we additionally assume that x(FFT) < 2, where x(A) denotes the condition
number of a square matrix A, namely the ratio Apax(A)/Amin(A).

Note that this assumption always holds true whenever FFT or FTF is the identity matrix,
which often occurs in applications, e.g., in some problems in signal recovery [7].

Recall (cf. Remark 2.2) that under the above hypothesis on the problem’s data, Assumption 2
holds with Z = R", and we also have that v = \/Amin(FFT) > 0. The augmented Lagrangian in
this case reads (cf. (2.1)), for p > 0, as follows

L5 (2, u,y) = fo (2) +h (u) + (y, Fr — u) + || Fa — ).

We then consider approximating the z-step in ALBUM 2 (leaving the u-step untouched) through
the following scheme:

e ALBUM 3 — Proximal Linearized Alternating Minimization
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uPtt € argmin, ,Cf)k (xk,u,yk> , (6.10)
2
2! € argmin, {<x - xk,vx[,ﬁk (xk,uk+1,yk>> + g Hx - ka } , (u>0). (6.11)

Thus, the z-step consists of first linearizing the augmented Lagrangian around a given point and
adding a proximal term, which is a common strategy to generate a simpler approximate step (see
e.g., [13]), and hence (6.11) is nothing else but one shot of an explicit gradient step for minimizing
Ef,k (z,u*1,y¥), with an easy explicit formula.

To apply the convergence results of Section 3, we first need to verify that the corresponding
algorithmic map A, of ALBUM 3 satisfies the two conditions of Definition 3.1 ,i.e., is a Lagrangian
algorithmic map. For that purpose, first note that given couple (u,y), the gradient of EB) (z,u,y)
with respect to x, is the mapping * — Vfo(z) + FTy + pFT (Fx — u), which is a L-Lipschitz
continuous mapping, with L := L(fo) 4+ p||F||*>. Invoking the well known Descent Lemma, it
follows that condition C1 holds with a = pu — L/2. However, observe that contrary to ALBUM 1
and 2, the constant a depends on p through L, and a > 0 will be warranted thanks to Lemma 6.2
given below.

Next, using the steps of the corresponding algorithmic map A,, together with the fact that fo
admits an L( fo)-Lipschitz continuous gradient, one easily verifies that for any k& > 0,

Hvxcﬁ, (z*,ut,y) H < Hvxcﬁ, (zt, ut,y) — Vxﬁg, (z,ut,y) H + Hvaﬂp (a:,u*,y)H
< (L(o) + pIIFI + o) [Ja* — 2] (6.12)

This shows that condition C2 holds true with b = L(fy) + p ||[F||* + g In addition, condition C3
is immediate, since here the optimality condition of the u-step (see (6.10)) implies that

8u£§)k ($k+1’uk+17yk> 5 of = pF (karl _ xk) —

vk+1H < p|F| ka+1 _ mkH 7

showing that condition C3 holds with ¢ = p || F||.

Finally, since the u-step in ALBUM 3 is identical to the one in ALBUM 2, the statement
and the proof of Proposition 6.2 holds in this case with the same proof (see only the part that
related to ALBUM 2), and hence condition C4 holds true in this case too.

Despite the fact that conditions C1—C4 are satisfied it is important to realize that our general
theorem does not apply at this stage because both a and b depend on p and may become negative
if p is too large. In order to circumvent this difficulty and obtain the general convergence of the
scheme (as in Theorems 3.1 and 3.2), it suffices to guarantee a sufficient descent of the Lyapunov
function £g. For this we need that (4.17) holds true (see Remark 4.1(b)) for a couple of well chosen
w and p, that is,

2 )
For that purpose let us first observe that a stronger version of Lemma 4.3 can be derived. Just
follow the same proof by exploiting the linearity of F', and note that the boundedness assumption
on the sequence of multipliers {yk}k cn 1 not anymore needed in that case. We leave the details
to the reader, and record this result below.

Lemma 6.1. Let {z
any k > 0,

o _ditd g (6.13)

k}keN be a Lagrangian sequence. Then, the following inequality holds true for

2 2 2
Hykﬂ_ka Slexk+1_ka +d2ka_$kf1H , (6.14)
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where ) ,
_2M| ~ 2(L(fo) + [IM]])
di = 7/\mm(FFT)’ doy = o (FFT) (6.15)

and M := ul, — pFTF.

Equipped with this result, we now show that we can find positive constants p and p in terms
of the problem’s data so that (6.13) holds, and hence our convergence results for ALBUM 3:
Theorems 3.1 and 3.2 with semi-algebraic data, apply.

Lemma 6.2 (Determining threshold value for p). Let F' : R™ — R™ be a linear mapping for which
k(FFT) < 2. Let {zk}keN be a sequence generated by ALBUM 3. Then, there exists a constant
p such that (6.13) holds for any p > p, and with pu € (1, p2) for some uy, pe > 0, where both p, uy
and pg are given in terms of the problem’s data L(fo) and ~.

Proof. Proof. For convenience we denote ¢ := L(fy). Using Lemma 6.1 and the fact that a =
w— (ﬁ +p HFH2> /2, in order to satisfy (6.13), we need to find p > 0 and g > 0 such that

0+l F||? 2
p— S oM 2 (0 + M)
2 Py

Rewriting this inequality yields the following equivalent one

2
> 0. (6.16)

16| M| + py? (e +p|lF|? - 2u) + 802 +160|| M| < 0.
Since M = ul — pFTF, and symmetric we have
M| = Amax(M) = Amax(pd — PFTF) = Amax(pd) — p)‘min(FTF) == /7727

where the last equality uses the fact /\min(FTF) = /\min(FFT) =72
Therefore, defining ¢ := p — py? = || M|, and rearranging terms, the above inequality reduces
to show that

P (t) := 16t — 2 (py* — 80) t + py? (é +p||F|* - 2p’y2) + 802 <0. (6.17)
Computing the (reduced) discriminant Ay of the above quadratic function 1 (-) yields

2
Ay = (p7? =807 =16 (07 (€ + pIIFI” = 2092) +862) = pPy%n = 32p7%C — 642,

where thanks to our assumption x(FFEFT) < 2, we have n := (3372 — 16 HFHz) > 0. Therefore,

(6.17) holds (and hence so does (6.16)), if Ay, > 0 and t; < t < ty where ¢; and ¢, are the zeroes
of 1 (t). Some algebra then shows that the latter is satisfied with

8¢
p>ﬁ:zﬁ<27+\/472+77),

and
(p’yQ—SE)—\/Aw (p’yz—SE)-l—\/Aw B
<t< = to. (6.18)
16 16
Moreover, since | M|| = pu— py? = t, we must have ¢ > 0, and indeed it is easy to check that t; > 0.
Using the relation u = t + py?, we can rewrite (6.18) as follows
(17072 — 80) — /Ay (1772 — 80) + /Ay

= 16 SH< 16 = H2

and the proof is completed. O

1=
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