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A STRONGLY CONVERGENT AUGMENTED LAGRANGIAN
METHOD

RorLaNDO GArcicA OTERO*

Abstract: This paper deals with the general optimization problem min g(z) subject to —G(z) € K, with
g: X - R, G: X — Y, where X and Y are real reflexive Banach spaces and K is a nonempty closed
convex cone in Y. An augmented Lagrangian method is proposed for this problem, which allows for inexact
solutions of the primal subproblems and guarantees strong convergence of the primal-dual sequence of iterates
to an optimal pair. Moreover, the relation between the initial primal-dual iterate and the strong limit is
established.
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Introduction

Augmented Lagrangian methods are among the main tools for solving optimization prob-
lems. These methods started with [6, 10, 15] and were further studied in [1, 14, 16, 18]. Its
connection with the Proximal Point method was established in [17]. Since then proximal
like methods have inspired augmented Lagrangian methods and have being used to study
its convergence properties. Examples are in [5, 11, 12] and also in [13], where a more gen-
eral structure is considered in the spirit of [19]: an optimization problem with constraints
described by a functional taking values in a cone, i.e., the problem

min. - g(z) or equivalently, min - g()

(P) st. —G(z) € K, s.t. G(z) 30,

(1)
where g : X - R, G: X — Y, X and Y are real reflexive Banach spaces and “3” denotes
the cone ordering on Y (see e.g. [8]) induced by a nonempty closed and convex cone K in
Y, ie.,

237 if and only if 2 —z€ K.

In [13] there is introduced an augmented Lagrangian functional for problem (1). It uses
an auxiliary mapping M : X x Y* xRy, — Y given by
M(z,y,p) = h'(y) + p~ G(x), (2)
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where b = || - ||}, for some 7 € (1,00), Y* is the topological dual of Y and || - [|y~ its
norm. With this notation, the augmented Lagrangian L : X x Y* x R, — R is defined by

L(w,9,0) = 9(2) + pd(M (2, p), ~ K g

with s = 7/(r — 1) and d(-, —K) representing the metric distance to the convex set —K
in Y. The (doubly) augmented Lagrangian method in [13] uses an exogenous bounded
sequence {A\;} C Ry; and the Bregman distance (see section 2) associated to a strictly
convex function f : X — R. It generates a sequence {(x* y*)} C X x Y* through the
iterative formulae

1. Choose (z°,y°) € X x K*.

2. Given (2%, y*), choose A\x > 0 and define z**! as

¥+ = argmin L(z, 2*,y*, A\) = arg min [E(x,yk, Ak) + )\kDf(x,xk)] . (4)

zeX rzeX

3. Define y**1 as

yk+1 =Js (M(xk+1ayk7)‘k) - P—K(M(‘Ik+17yk7>\k))) ) (1 S.] < m) (5)

Here J, is the duality map of weight ¢(t) = ¢! in Y*, and K* is the positive polar cone
of K.

Convergence results in [13] can be resumed as follows: if ¥ is a uniformly convex and
uniformly smooth Banach spaces and f : X — R satisfies some technical assumptions (See
Section 2 for H1-H4) and there exist KK T-pairs for problem (1) and its dual (D) (see Section
2 for the appropriate definitions), then the sequence {z¥} = {(z*,4*)} is bounded and all
its weak accumulation points are optimal pairs. Moreover, unicity of the weak accumulation
point can be provided when Y = £P(2) and 2 is countable or Y is a Hilbert space and
' X — X* is sequentially weak-to-weak* continuous (e.g. the squared norm in a Hilbert
space or a p — th norm in a [P space).

Up to now the question concerning the relation between the initial iterate and the weak
accumulation points is unanswered. Moreover, only weak convergence is guaranteed (in
infinite dimension). Thus, the main objective of this paper is to present an inexact version
of the doubly augmented Lagrangian method that guarantees strong convergence of the
primal-dual sequence of iterates. Moreover, it is established that the strong limit will always
be the closest point to the initial iterate in the sense of a Bregman distance associated to a
separable convex function, which is the sum of the regularizing functions for the primal and
dual variables.

Section 2 resumes the preliminaries and describes the main algorithm. Convergence
properties are then stated on Section 3, through the relation with a proximal like method.

Preliminaries and Algorithm

The main problem (1), also called primal problem and denoted by (P), is assumed to be
smooth and convex, that is, described with functions g : X — R and G : X — Y satisfying

(A1) g is convex, and G is K-convex (i.e., aM(z)+ (1 —a)M(2') — M(az+ (1 — a)2’) € K,
for all z, 2’ € X and all « € [0, 1]).
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(A2) g and G are Fréchet differentiable functions with Géateaux derivatives denoted by ¢’
and G, respectively.

The dual of (P), will be defined as

0] P
(D) max (y) or equivalently, max B(y)
s.t. y € K, sty 7. 0,

where "2, denotes the cone ordering induced in Y* by the closed convex cone K* (i.e
y 7« vy if and only if y — ¢y’ € K*). The dual objective ® : Y* — RU {—o0} is defined as
®(y) = inf e x L(x,y) with the Lagrangian L : X x Y* — R, given by

L(z,y) = g(z) + (y, G(z)), (6)

A pair (z,y) € X x Y* is feasible if © is primal feasible, i.e., G(x) 3 0 and y is dual
feasible, i.e., y 7. 0. A pair (z,y) € X x Y* is a Karush-Kuhn-Tucker-pair (KKT for short)
if it is feasible and additionally

0=L\(z,y) =g (z) +yo G () (Lagrangian condition), (7)

(y,G(z)) =0 (complementarity). (8)

A pair (z,y) € X x Y* is optimal if = is an optimal solution of problem (P) and y an
optimal solution of problem (D).

Concerning the relation between the Lagrangian and the augmented Lagrangian we recall
the facts ([13, Proposition 6]) that taking L as in (3) and any (y,p) € Y* x Ry, the
function L(-,y,p) : X — R is convex. If Y and Y* are strictly convex reflexive Banach
spaces satisfying the Kadec-Klee property, then L (-,y, p) is norm-to-norm continuous and

Lg(w,y,p) = L/m(‘T,Q(xayvp))a where Q(-T,y,P) € B* is defined as

Q(z,y,p) = Js(M(x,y,p) — P_x (M (z,y,p)). 9)

Following the approach in [7], [12], [13] and [17], a regularizing term for primal variables
is introduced using a strictly convex and Fréchet differentiable function f : X — R, with
Gateaux derivative denoted by f’. In order to state the required properties of f, recall that
the Bregman distance related to f, Dy : X x X — R, is given by

Dy(x,y) = f(x) = fly) = (f'(¥), = —y), (10)
and the modulus of total convezity vy : X x Ry — R, is defined as

) = inf Dy(y, ). 11
v t) = ot D) (11)

The function f is said to be totally convex if vy(x,t) > 0 for all z € X and all ¢ > 0.
Total convexity first appeared (albeit under a different name) on p. 25 of [3]. Each of the
convergence results requires some of the following assumptions on f:

H1: The level sets of Dy(z,-) are bounded for all z € X.
H2: infcovs(x,t) > 0, for all bounded set C C X and all t € Ry .

H3: f’ is uniformly continuous on bounded subsets of X.
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H4: f' is onto.

With the help of f, and of Dy as given by (10), the doubly augmented Lagrangian
L: X xXxY* xRy, — Ris defined as

L(z,2,y,p) = L(z,y,p) + pDy(z, 2), (12)

which allows to define the doubly augmented Lagrangian method described in (4)-(5) (or
prozimal multiplier method as known in finite dimension for the case of K being the non-
negative orthant). It is introduced, in the sequel, an inexact version of the method. But
it should be noted first that the augmented Lagrangian (3) uses a regularizing function h,
fixed as 1/7|| - ||}, 7 > 1, for the dual variables. Uniform convexity of Y is sufficient for
H1-H2, reflexivity for H4 and uniform smoothness is necessary and sufficient for H3. The
use of a specific h allow us to get explicit formulae for the dual updating. Then we have a
separable regularizing function F', for both primal and dual variables, defined in the product
space X X Y* by F(z,y) = f(x)+h(y). We recall the fact that F satisfies Hi, provided both
f and h satisfy Hi, ¢ = 1,...,4 ([12, Proposition 3]). Thus, from now on we assume Y to
be a uniformly convex and uniformly smooth reflexive real Banach space, so that property
Hi of F will be ensured by property Hi of f,i=1,...,4.

Algorithm
1. Choose 2% = (2°,¢9") € X x Y'*.

2. Given zF = (2, y*), choose A\x > 0 and find #¥ € X such that

<i./r(‘fk7xk7yka)‘k)ai'k *‘rk> < o—)‘kDF(ékvzk)v (13)
where

3. Set
vk = (E;(‘%kayka)‘k)v_G(i'k) +>‘kP*K(M(*%k’yka)‘k))) (15)
H, = {zeXxY*: (" 23" <0}, (16)
Wi = {z€X xY*: (F'(2°) - F'(z%),z — 2F) <0} (17)

and

k+1 _ (k41 k41 : 0

2T = (2T YT = arg min Dp(z,2"). (18)

Concerning the projection step, it is worth to mention that the existence of z**! is

ensured by the total convexity of F. For more on Bregman projections see, for example, [4]
and also [2].

The following facts, obtained in [13, Lemma 1], will be needed in the sequel: if the Banach
space Y is strictly convex, smooth and reflexive. Then, for all (z,y,p) € X x Y* x R4, it
holds

W (Qr.y.p) = h'<y>—%[—G<x>+pP_K(M<x,y,p)}, (19)

Q(x7yvp) €K* and PfK(M(:Evyap)) 6]\/vK* (Q(xayap)) (20)
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Convergence Analysis

The convergence properties of the Algorithm will be consequence of its relation to a hybrid
inexact version of the proximal point algorithm, applied to the problem of finding zeros
of the saddle point operator. Such method was studied in [9]. The saddle-point operator,
associated to problems (P)-(D), Tr, : X x Y* — P(X* x Y) is defined as

Tr(z,y) = (Ly(z,y), Ly (2,y) + N+ (y)) = (¢' () + [G"(2)]"(y), —G(2) + Nk-(y)), (21)
where Nk« : Y* — P(Y) denotes the normalizing operator of the cone K*, given by

{zeY| (z,y —y) <0, V¢ e K*} ifye K*
0 otherwise.

Ng-(y) = {

Under assumptions (A1) and (A2) the operator Ty, defined in (21), is maximal monotone,
0 € Tr(z,y) if and only if (z,y) is a KKT-pair and if 0 € T (z,y), then (z,y) is an optimal
pair ([13, Proposition 5]).

Proposition 1 (Proximal behavior). Take F, {v*}, {zF}, {ZF}, {\} as in the Algorithm
(13)-(18). Then

i) v* € T (zF).
ii) Let e® = vk + N\ [F'(ZF) — F'(2%)] € X* x Y. Then
(eF 28 — 2% < \pDp (3%, 29).

k41 _ : 0
1 = argmin, ey, nw, Dr(z,2Y).

iii) 2
Proof. Let v* = (u¥,w*) € X* x Y. Then, by definition of v* in (15), it holds
ut = L@ y", ) = Lo (3%, Q% %, ) = (),

where the second equality follows from definition of @, (9); and the last one, from (14), and
also

wh = —G(T") + MeP- g (M (3%, 4" \k)) € =G (@) + Nie- (Q(@", 5", b)),

where the inclusion is from the fact in (20). So v* is an element of T7,(2*) and (i) holds.
In order to prove (ii), let e* = (¥, n*) € X* x Y. Then

e = oF 4 AL [F(ZF) — F'(2Y)]

if and only if

= dF L N[F(@E) - ()],
nt = Wt MR(QER YR ) — B ()],
if and only if
&= LL(ER YR ) + MlF @) — (M),

nf = —G(E") + MPog (M(EF, %, ) + Ml (Q(EF, y%, ) — 1 (yF)),
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if and only if, using (12) and fact in (19),

n* =0,

if and only if
ek = (ﬁ;(ik,xk,yk,)\k),O) )

Thus, (eF, 2% — 2F) = (L. (2%, 2%, y*, \), % — 2%) and the result follows from (13). Ttem
(1) is just equation (18). O

Proposition 1 shows that the proposed algorithm inherits the properties of the Proximal
Algorithm studied in [9]. Let S represents the set of zeros of 17, i.e., the set of KKT-pairs.
The next result not only establishes that the algorithm is well defined and that the set S
is in the desired side of the hyperplanes when projecting, but also that the error criterion
is robust, in the sense that any point sufficiently close to the exact solution of the primal
subproblem satisfies the error criterion. As a consequence, if the subproblems are solved with
any algorithm guaranteed to converge to the (unique) solution of the subproblem, then a
finite number of iterations of such an inner loop will be enough to generate a point satisfying
the error criterion.

Proposition 2 (Good definition). Let f be a totally convex function satisfying Hj. Then
the algorithm (13)-(18), is well defined, i.e., for each k there exists a unique exact primal
solution, the projection step is well defined and S C Hj, N Wy. Moreover, if z* is not a
KKT-pair for (P)—(D), then there exists an open subset Uy, C X such that any x € Uy, solves
(13)-(14).

Proof. Proposition 1 and [9, Proposition 3.1] ensure good definition of the algorithm. In fact,
for existence of primal solutions it is enough to assume that g is bounded from below [13,
Proposition 7]. For the last part, let ¥ denote the exact solution of (4) whose existence is
ensured by the first part of the proposition, and ¥ = (2%, Q(z*,y*, A1), where Q is as in (9).
Then z*F # 2*, because otherwise, by Proposition 1, 0 € T (z*), in contradiction with the
assumption that z* is not a KKT-pair. Hence, Dr(2*, 2¥) > 0, with F(z,y) = f(z) + h(y).
Corollary 1 of [13] establishes continuity of Q(-,y*, \x) and then the assumptions on the
data functions of problem (P) and Fréchet differentiability of f ensure continuity of the
function v : X — R defined as

() = (Lo (2,2, ", A), @ — &%) = Ml Dy (@, %) + Du(Q(, 5%, M) y*)l-

Also, 5(zF) = 0 — A\, Dp(2%,2F) < 0, and consequently there exists d; > 0 such that
Yr(z) <O0forallz € Uy :={z € X : ||z —z"|| < &} O

Theorem below states the main convergence results for the Algorithm. Essentially says
that when the sequence of errors converges strongly to zero, the sequence of iterates converges
strongly to the solution pair which is closest to the initial primal-dual iterate, over the set
of KKT-pairs, in the sence of the Bregman distance associated to the regularizing function
F. Tt will be used the notation Ly, for ﬁ(, LTI VAR

Theorem 1 (Strong convergence). Tuke f: X — R satisfying HI-H3 and A\, < . Let
{2*} be the sequence generated by the Algorithm (13)-(18). If there exist KKT-pairs for
problems (P) and (D), then
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implies that the primal-dual sequence of iterates {z*} = {(x*,y*)} converges strongly to an
optimal pair Z = (Z,q). Moreover,

,: D 0
7 = argmip Dp (=, =)

Proof. By Proposition 1 the sequence {2*} is a particular instance of the sequences generated
by the Proximal Algorithm, described in [9], for finding zeros of the operator Ty, with
regularizing function F' : X x Y* — R given by F(z,y) = f(z) + h(y). By assumptions on
f and h (through Y'), F satisfies HI-H3. By the assumption on existence of KKT-pairs,
Ty, is a maximal monotone operator with zeros. The result then follows from [9, Theorem
4.3). O

The next theorem consider the case of no KKT-pairs, i.e. S = (; which includes the case
of no solution pairs (we are not assuming constraint qualifications).

Theorem 2 (Case of no solutions). Take f: X — R satisfying H2-Hj and A\, < \. Let
{zF} be the sequence generated by the Algorithm (13)-(18). If S = () and

then {z*}y, is unbounded and Dp(z*,2°) — +oo.
Proof. Follow the proof of Theorem 1, but use [9, Proposition 4.2] to conclude. O

Observe that assumption H3 on f together with uniform convexity of Y imply

i 2FW)

o Tz —wll

Then, fixed w, the function defined by

(22)
0, when z = w,

Dp(z,w)

U, (2) = { Tl ) Whenz 7w
is continuous at w. Thus, ¥,,(z) can be explored as an upper bound for a measure of the
error with w = 2z* at iteration k. Denote it by ¥j. The next result is then devoted to an
alternative (more practical) error criterion.

Corollary 1 (Alternative error criterion). Let f : X — R be a reqularizing function
satisfying assumptions H1, H2 and HS3 and suppose that N\, < X\ for all k and some .
Assume that there exist KK T-pairs for problems (P) and (D) and that for all k it is chosen
the error criterion

L% () < MeWi(2%) (23)

instead of (13). Then the algorithm remains well defined. Moreover, if {W},(2%)} is bounded
then A\ 'L} (%) =50 and {z*} converges strongly to 2 = 1L (2°) = argmin,cs Drp(z, 2°)
and {Dp(2*,2°)} converges to Dp(2,2°).

Proof. See [9, Corollary 4.4] to get )\glf/;v (#%) =0 and apply Theorem 1. O
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