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Abstract. This paper proposes and establishes the iteration-complexity of an inexact proximal accelerated augmented
Lagrangian (IPAAL) method for solving linearly constrained smooth nonconvex composite optimization problems. Each IPAAL
iteration consists of inexactly solving a proximal augmented Lagrangian subproblem by an accelerated composite gradient (ACG)
method followed by a suitable Lagrange multiplier update. It is shown that IPAAL generates an approximate stationary solution
in at most O(log(1/p)/p>) ACG iterations, where p > 0 is the given tolerance. It is also shown that the previous complexity
bound can be sharpened to O(log(1/p)/p?) under additional mildly stronger assumptions. The above bounds are derived
assuming that the initial point is neither feasible nor the domain of the composite term of the objective function is bounded.
Some preliminary numerical results are presented to illustrate the performance of the IPAAL method.
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1. Introduction. This paper presents an inexact proximal accelerated augmented Lagrangian (IPAAL)
method for solving the linearly constrained smooth nonconvex composite optimization problem

(1) ¢* = min{g(z) := f(z) + h(z) : Az = b},

where A : R" +— R is a linear operator, b € R, h : R™ — (—00, oc] is a closed proper convex function, and
f is a real-valued differentiable (possibly nonconvex) function whose gradient is L-Lipschitz and which, for
some 0 < m < L, satisfies

(2) flu) > f(z2) +(Vf(z),u—z) — %Hu —2||> Vz,u € dom h.

For a given tolerance pair (p,7)) € R3 ., its goal is to find a triple (2, p, 0) satisfying
3) DEVIE) +ORE) + AB, 9l <p  AZ—b] <4

More specifically, the §-TIPAAL method is based on the f-augmented Lagrangian (6-AL) function £2(z;p)
defined as

(4) L2(=p) = f(2) + h(=) + (1-0) (p, Az = b) + Z]| A= — 0],

where § > 0 is a given parameter. Note that when 6 = 0, £2(-,-) reduces to the well known quadratic
augmented Lagrangian function which has been thoroughly studied in the literature (see for example [3, 5, 24,
28, 39]). Moreover, when 6 = 1, £(-,-) does not depend on p and reduces to the quadratic penalty function
frequently used in penalty methods for solving (1). Roughly speaking, for a fixed stepsize A > 0, the static
version of #-IPAAL method repeatedly performs the following iteration: given (zj_1,pr_1) € domh x R, it
computes (zg, pr) as

1
(5) oo~ argin, A28z pic) + 3l = 21l
(6) pr = (1—0)pr_1 + c(Azr — b).
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where zj in (5) should be understood as a suitable approximate solution of the underlying 6-prox-AL sub-
problem. To complete the above outline of the 8-IPAAL method, we now describe how z is computed
without elaborating on its inexactness. It can be easily seen that (2) implies that the objective function of
(5) is strongly convex whenever A < 1/m. The 6-IPAAL method then sets A = 7/m for some suitably chosen
7 € (0,1) and then approximately solves the corresponding subproblem (5) by a strongly convex version of
an accelerated composite gradient (ACG) method (see for example [4, 30, 35]) to obtain zj. Also, it is shown
that each pair (zj, px) obtained in the above manner can be refined to a triple (2,0, p) = (2, Ok, Pr) satisfying
the inclusion in (3) and the static -TPAAL method is then stopped whenever the first inequality in (3) is
also satisfied. Finally, the static §-TPAAL method is shown to satisfy the following properties: 1) it stops in
O(y/clog(c)/p?) ACG iterations; 2) for every k > 1, the refined iterate 2, satisfies |42 — b|| = O(1/y/¢).

Observe that property 2) guarantees that 2 is a near feasible point, i.e., satisfies the second inequality
in (3), only when c is sufficiently large. Based on this remark, a dynamic version of the §-IPAAL method
for finding a triple (£, 9,p) satisfying (3) is also considered. More specifically, it chooses an initial penalty
parameter ¢ and it repeatedly: a) invokes the static §-IPAAL with the current ¢ to obtain a triple (2,9, p)
satisfying the inclusion and the first inequality in (3); and b) doubles ¢ whenever the second inequality in
(3) is violated, until a triple (Z,9,p) satisfying (3) is obtained. It is then shown that the ACG iteration-
complexity of this dynamic variant is O([1/(9p?)]log(1/7)). It is also shown that the previous complexity
can be sharpened to O([1/(y/7p?)]log(1/5)) under the mildly stronger assumptions that: a) int (dom h)N{z :
Az = b} is nonempty; b) for some ¢ > 0, the quadratic penalty function £1 has bounded level set, and; c) h
belongs to a special class of closed convex functions which contains all indicator functions of closed convex
sets. Finally, it is worth emphasizing that all the results mentioned above are derived without assuming that
the initial point zy € dom h is feasible, i.e., satisfies Azy = b.

Related works. We first discuss papers dealing with related algorithms for solving the convex version of
(1) and other related monotone problems. Iteration-complexity analysis of quadratic penalty methods for
solving (1) under the assumption that f is convex and h is a convex indicator function was first studied
in [23] and further explored in [2, 33]. Iteration-complexity of first-order augmented Lagrangian methods
for solving the latter class of linearly constrained convex programs was studied in [3, 24, 28, 29, 38, 41].
Inexact proximal point methods using accelerated gradient algorithms to solve their prox-subproblems were
previously considered in [9, 16, 15, 19, 31] in the setting of convex-concave saddle point problems and
monotone variational inequalities.

We now discuss papers dealing with related algorithms for solving (1) when f is nonconvex and A = 0,
i.e., the unconstrained version of (1). Paper [11] proposed an accelerated gradient framework to solve an
unconstrained problem with better iteration-complexity than the usual composite gradient method. Since
then, many authors have proposed other accelerated frameworks for solving the unconstrained counterpart
of (1) under different assumptions on the functions f and h (see, for example, [7, 10, 12, 25, 37]). In
particular, by exploiting the lower curvature m, [7, 10, 37] proposed some algorithms which improve the
iteration-complexity bound of [11] in terms of the dependence on the Lipschitz constant. Finally, there
has been a growing interest in the iteration-complexity of methods for solving optimization problems using
second order information (see, for example, [7, 8, 32, 36]).

There are only a few papers analyzing iteration-complexity of quadratic penalty and/or augmented
Lagrangian type methods for solving (1) in its general form, i.e., A # 0 and f nonconvex. This paragraph
discusses the quadratic penalty type methods while the one below discusses the augmenetd Lagrangian
type methods. Quadratic penalty type methods were studied in [20, 22, 27]. More specifically, paper
[20] proposed a quadratic penalty accelerated inexact proximal point (QP-AIPP) method which can be
viewed as an instance of the §-IPAAL method outlined above with § = 1, and hence with (4) being the
usual quadratic penalty function for (1). The QP-AIPP and the #-IPAAL methods share similar ACG
iteration-complexity bounds. More specifically, the ACG iteration-complexity of the QP-AIPP method is
O(1/(p*h)) which is similar (up to a logarithm multiplicative term) to the first bound derived for the 6-
IPAAL method mentioned above. Paper [22] proposes a more computationally efficient variant of QP-AIPP,
namely, R-QP-AIPP, which adaptively chooses the prox-stepsize A in a more aggressive manner and as a
result generates possibly nonconvex subproblems (5) which are tentatively solved by a standard strongly
convex version of an ACG variant. More recently, an alternative proximal quadratic penalty method for
(1) whose subproblems are also approximately solved by a strongly convex version of an ACG variant is
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studied in [27]. An O(log(1/79)/(p*v/1)) ACG-iteration-complexity is established for the method under the
assumption that domh is bounded and the Slater condition mentioned above holds. Finally, paper [21]
studies the complexity of a quadratic penalty based method for solving (1) under the assumption that
f() = max{®(-,y) : y € Y} where Y is a compact convex set, —®(x,-) is proper lower semi-continuous
convex for every x € domh, and ®(-,y) is nonconvex differentiable on dom h and its gradient is uniformly
Lipschitz continuous on dom h for every y € Y.

Paper [17] studies the iteration-complexity of a linearized version of the augmented Lagrangian method
to solve (1) but assumes the strong condition (among a few others) that h = 0, which most important
problems arising in applications do not satisfy. Paper [14] studies an unaccelerated augmented Lagrangian
inexact proximal method for (1) based on the §-AL function (4) with 6 chosen in (0, 1] and establishes an
O(1/(7* + p*)) iteration-complexity where each iteration exactly solves a subproblem of the form (5) except
that the function f that appears (4) is replaced by its linearization at z;_; and the prox term ||z — z;,_1]|? is
replaced by ||z — 2x_1]|%. g for some matrix B such that B*B+ A*A — I is positive semidefinite. In contrast
to the 6-IPAAL method studied in this paper, their method requires the restrictive condition that its initial
point xg be feasible, i.e., satisfy Axg = b and xg € dom h.

We now discuss three other alternative works dealing with complexity of first-order algorithms for solving
(1). The first one [18] presents a penalty ADMM approach which introduces an artificial variable y in (1)
and then penalizes y to obtain the penalized problem

(7) min { £(2) + h(:) + S|yl - Az +y = b},

which is then solved by a two-block ADMM. Since (7) satisfies the assumption that its y-block objective
function component has Lipschitz continuous gradient everywhere and its y-block coefficient matrix is the
identity, an iteration-complexity of the two-block ADMM for solving (7), and hence (1), can be established.
More specifically, it has been shown in Remark 4.3 of [18] that the overall number of composite gradient steps
performed by the aforementioned two-block ADMM penalty scheme to obtain a triple (£, 9, p) satisfying (3)
is bounded by O(p~%) under the assumptions that 7 = p, the level sets of f + h are bounded and the initial
triple (2o, Yo, o) is such that (yo,po) = (0,0) and zy is feasible.

The second one [26] studies a hybrid penalty based and AL based method whose penalty iterations are
the ones which guarantee its convergence and whose AL iterations are included with the purpose of improving
its computational efficiency. More specifically, the latter ones are performed: 1) at the initial stage of the
method in order to provide an initial value for the constant multiplier used during the penalty phase; 2) at
the final stage of the method in order to provide a better final multiplier estimate.

Finally, the third one [6] studies a primal-dual proximal point type method for computing approximate
stationary solution to a constrained smooth nonconvex composite optimization problem and establishes its
iteration-complexity bounds under different sets of assumptions.

Organization of the paper. Subsection 1.1 provides some basic definitions and notation. Section 2 contains
two subsections. The first one presents our main problem of interest and the assumptions made on it. It
also presents a refinement procedure used in the §-IPAAL method. The second subsection reviews an ACG
variant which will be used to approximately solve #-prox-AL subproblems of the -IPAAL method. Section 3
contains two subsections. The first one states the static -IPAAL method as well as its iteration-complexity
bounds. The second subsection is devoted to the study of a dynamic variant of the static §-IPAAL method.
The iteration-complexity analysis of this dynamic scheme is also presented in this subsection. Section 4
contains the proofs of two main results of this paper, namely, Theorems 4 and 5. It is divided into two
subsections. The proof of Theorem 4 is given in the first subsection while the one of Theorem 5 is given
in the second subsection. Section 5 contains the proof of an auxiliary technical result. Secion 6 is devoted
to some preliminary numerical results. Section 7 presents some concluding remarks. Finally, some basic
auxiliary results are considered in Appendix.

1.1. Notation and basic definitions. This subsection presents notation and basic definitions used
in this paper.

Let 1™ denote the n-dimensional Euclidean space with inner product and associated norm denoted by
(-,-) and || - ||, respectively. We use R'*™ to denote the set of all I x n matrices. The image space of a matrix
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Q € R is defined as Im(Q) := {Qx : z € R"} and P denotes the Euclidean projection onto Im (Q). The
smallest positive eigenvalue of (Q*Q)'/? is denoted by ot (Q). If Q is a symmetric and positive semidefinite
matrix, the seminorm induced by @ on R", denoted by ||- ||, is defined as |- |lo := (Q(-),-)*/2. The distance
of a point z to a closed convex set X is denoted by dist x (z). For ¢t > 0, define log} (t) := max{logt,1}.

The domain of a function h : R" — (—o0, 0] is the set domh := {x € R" : h(z) < +oo}. Moreover, h
is said to be proper if h(z) < co for some x € R™. The set of closed proper convex functions defined in R™
is denoted by Conv (R™). The e-subdifferential of a function h € Conv (R") is defined by

(8) O:h(z) :={ueR": h(z') > h(z) + (u, 2 —z) —e, V'eR"}
for every z € R™. For a scalar a €  and a function h, we define the sublevel set
Ly(a) :={z € R" : h(2) < a}.
If ¢ : R™ — R is differentiable at Z € R”, then its affine approximation £y (-; Z) at Z is defined as
(9) ly(22) = Y(2) + (V(2),2 —z) VzeR"

2. Problem of interest and background materials. This section contains two subsections. The
first one presents our main problem of interest and the assumptions made on it. It also presents a procedure
to refine an approximate solution (zg,vg) of (5) to a pair (Zg,¥r) which together with an approximate
Lagrange multiplier py, is such that the triple (£, 9, p) := (g, Ok, Pr) satisfies the inclusion in (3). The second
subsection reviews an accelerated composite gradient variant which will be used to approximately solve the
subproblems generated by the 8-IPAAL method.

2.1. Problem of interest and refinement procedure . This subsection formally states our problem
of interest as well as the main assumptions and the concept of approximate stationary point to it. It also
contains a refinement procedure which will be used in the 6-IPAAL method.

The main problem of interest in this paper is (1) where f,h: R* — (—o00,00], A : ®" — R and b € R!
satisfy the following assumptions:

(A1) A is a nonzero linear operator and the feasible set F := {z € domh : Az = b} # 0;
(A2) h is a proper convex lower semi-continuous function;
(A3) f is nonconvex and differentiable on dom h, and there exist L > m > 0 such that for every z,z’' €

dom h,
(10) IV£G) = VI < LIl =],
(1) F) = 45(32) 2 =212 = 2%

(A4) there exists ¢ > 0 such that ¢ := inf.cqn ¢z(z) > —o0, where ¢, is defined as
c
(12) elt) == 6() + 5[4 —b|]? Ve>o0.

Some comments are in order. First, it can be easily shown that the condition in (10) implies that
L|z — z||2/2 > f(z') — €s(2'52) > —L||z’ — z||?/2 for every z,2' € domh, and hence that (11) holds with
m = L. However our analysis covers the case in which (11) holds with a scalar m < L in order to obtain
better iteration-complexity bounds. Second, (11) implies that the function f(-) + m|| - ||?/2 is convex on
dom h. Moreover, since f is nonconvex on dom h, we have that the smallest m satisfying (11) is positive.
Third, (A3) implies that domh C dom f, and hence that dom h = dom ¢. Fourth, (A4) is used to obtain
our iteration-complexity bounds. It trivially holds if ¢ is bounded below, which is always the case when
dom h is bounded and f is lower semi-continuous on cl(dom k). Fifth, it is easy to see that (11) implies
that £9(-,p) is strongly convex for every A < 1/m. Finally, for the sake of future reference, we note that the
definitions of F and ¢} immediately imply that

(13) 62 <97 = it 9(2)
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It is well known that, under some mild conditions, if Z is a local minimum of (1), then there exists p € R!
such that (Z,p) is a stationary point of (1), i.e.,

(14) 0€ Vf(z)+0h(z)+A"p, Az—b=0.

The main complexity results of this paper are stated in terms of the following notion of approximate sta-
tionary point which is a natural relaxation of (14).

DEFINITION 1. Given a tolerance pair (p,7) € Ry x Ry, a triple (2,0,p) € R x R" x R! is said to
be a (p,n)-approrimate stationary point of (1) if it satisfies (3).

Subsection 3.2 formally describes the -IPAAL method for finding a (p, 77)-approximate stationary point
of (1). Each one of its outer iteration generates a triple (zx,vk,px) satisfying the criterion (32) and then
updates the multiplier according to (34). The method computes the latter triple by applying the ACG
variant of Subsection 2.2 to the subproblem started from z;_; and stops when (32) is satisfied.

In what follows, we discuss how the quadruple (zj, vk, pk, €x) obtained above can be refined to a suitable
triple (2, Ok, Px) satisfying the inclusion 0 € Vf(2) + Oh(2k) + A*Py, which will later be shown in Sub-
sections 3.1 and 3.2 to possess the property that ||9x|| converges to zero with a well-established convergence
rate while the feasibility gap || A2, — b|| is shown to be either O(1/+/c) (see Theorem 4) or O(1/c) (see The-
orem 5). Hence, if ¢ is chosen sufficiently large, it follows that (2, 0,p) = (Zk, Ok, Pr) will eventually satisfy
(3), or equivalently, be a (p, /))-approximate solution of (1).

First, we mention that §-IPAAL assumes that A < 1/m. In view of (11), this implies that (5) is a
strongly convex subproblem, and hence has a unique optimal solution. Consider first the case in which z
is the exact solution of (5). Indeed, in this case, it follows from (6) and the optimality condition of (5) that
0 € Vf(zr)+0h(zk)+ A*pr+ (2 — 2z1,—1) /A, and hence that (2x, Ok, Pr) = (2k, (2k—1 — 2k) /A, pi) satisfies the
above inclusion. Assume now that zj is an approximate solution of (5) in the sense that there exists a residual
pair (vg,e) which together with z; satisfies the approximation criterion (32) below. In this case, it is shown
in Proposition 2 below that the following refinement procedure with inputs (g, h) = (£%(-;pr—1) — h, h) and
(N 27, 2,v) = (A, 2k—1, 2k, V) Obtains a pair (2, 0x) which together with py as in (33) satisfies the above
inclusion and such that (||0x||, || — #x||) is conveniently bounded by ||vr + zx—1 — 2k| and eg. Since gy, is
bounded by ||vx + zx—1 — zk|| in view of the inequality in (32), and it follows from the second inequality in
(66) combined with (51) that ||vg + zx—1 — 2k || approaches zero, we will then be able to conclude that ||0]|,
as well as |2, — 2|, approaches zero.

Refinement Procedure

Input: A pair of functions (g, h) such that h € Conv ("), and ¢ is differentiable on dom h and its gradient
is M-Lipschitz continuous, and a quadruple (A, z7,z,v) € Ry x R" x dom h x R".
(1) set
1 —2
(15) gr=Agt ol =277 = (v, ), ha= AR

(2) compute

(16) 2 = anguin, { (Vn(2)w = 2) 4 225 = 512 4 o)}
(17) DRES % (V427 —2)+ (AM 4+ 1)(z — 2)] + Vg(2) — Vg(2),
(18) A= (ga + ha)(2) = (ga + ha)(2);

Output: (2,9,A) € domh x R™ x R 4.

We now state a proposition summarizing some important properties of the above procedure.
ProPOSITION 2. Under the assumptions stated at the beginning of the above refinement procedure, the
following statements about its output (2,0, A) hold:
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a) A >0 and

(19) o€ Vg(2)+0h(2), M|0] <|v+z" —2z||+2V2(AM + 1)A, 12—2]| < V2(AM +1)71A;

b) if there exists € > 0 such that the input (X, 27, z,v) satisfies

(20) veo. (Mg +h)+ gl - 17) o)

then A < e.
Proof: The proof of this proposition can be found, for instance, in [22, Proposition 2.1 and Lemma 2.3]. =
The above proposition shows that: 1) the pair (2,9), computed as in (16) and (17), satisfies an inclusion
closely related to (3), in view of the definition p given in Step 3 of the 8-IPAAL method of Subsection 3.1;
2) the quantities A||¢|| and ||Z — z|| have upper bounds expressed in terms of AM and the two quantities:
v+ 2= — 2| and VA. Finally, the ACG method of Subsection 2.2 will be invoked in Step 1 of the -
IPAAL method to compute a triple (g, z,v) which together with a previously computed pair (A, 27) satisfy
the inclusion in (20) as well as some extra conditions bounding, in particular, the scalar € in terms of the
quantity ||[v + 2z~ — z||. In view of the latter discussion and Proposition 2 b), the scalar A will also be
controlled by ||v+ 2z~ — z||. The latter result will be essential to establish our iteration-complexity bounds.

2.2. An ACG variant. This subsection reviews the ACG variant that will be invoked by the §-IPAAL
method for solving the subproblems (5) which arise during its implementation. It also discusses the iteration-
complexity for finding a certain type of approximate solutions.

With the above goal in mind, we consider the composite optimization problem (for the purpose of this
subsection only)

(21) min{y () := 1s(z) + Pn(z) : 2 € R}

where the following conditions are assumed to hold:
(C1) ¥, : R" — (—o0, +0o0] is a proper, closed and p-strongly convex function with g > 0;
(C2) 1, is a convex differentiable function on dom v, and there exists M, > 0 satisfying s (u)—£y, (u; ) <
M;l|ju — /2 for every z,u € dom1),, where £y_(-;-) is defined in (9).
We now state the aforementioned ACG variant for solving (21). We remark that other ACG variants
such as the ones in [1, 16, 34, 35, 40] could also have been used in the development of the #-IPAAL method.

ACG Method

(0) Let function and parameter pairs (¢s, 1, ) and (Ms, u) satisfying assumptions (C1) and (C2) and
initial point x¢ € dom 1, be given, and set yy = xg, Ag =0, I'o =0 and j = 0;
(1) compute

pA; + 14 /(nA; +1)2 + 4M,(pA; + 1) A

Ajpr = A + ;
2M,
. A Ajy1— 4 A Ajr1 — 4 .
L , T = T 0 (-
[L'] Aj+1 117] + Aj+1 y]7 J+1 Aj+1 j + Aj+1 q( 7'1:_])7

. 1
Yj+1 = argmin, {Fm(y) +uly) + 54 - ly — yo||2} ;
J

4 A A
x]+1—A' CEJ+ A Yj+1;
Jj+1 j+1

(2) compute

Yo — Yj+1
Uj+1 =~

Aji

Nj+1 = (@) — Tiv1(Wi1) — Yn(yjer) — (Wjr1, T — Y1)
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(3) set j < j+1 and go to (1).

Some remarks about the ACG method follow. First, the main core and usually the common way of
describing an iteration of the ACG method is as in step 1. Second, the extra sequences {u;} and {n;}
computed in step 2 will be used to develop a stopping criterion for the ACG method when it is called as a
subroutine for solving the subproblems of the -TPAAL method in Subsection 3.1. Third, the ACG method in
which = 0 is a special case of a slightly more general one studied by Tseng in [40] (see Algorithm 3 of [40]).
The analysis of the general case of the ACG method in which p > 0 was studied in [16, Proposition 2.3].
The sequence {Aj} has the following increasing property

1 j2 m 2(7-1)
(22) A; > i max{4,(1+ 4Ms> .

The next proposition summarizes the main properties of the ACG method that will be needed in our
analysis.

PROPOSITION 3. Let {(Aj,xj,u;,1m;)} be the sequence generated by the ACG method applied to (21),
where (s, 1¥,) 18 a given pair of functions satisfying (C1) and (C2) with 4Ms > u > 0. Then, the following
statements hold:

a) for every j > 1, we have uj € Oy, (s + n)(;);
b) for any o > 0, the ACG method obtains a triple (x,u,n) = (z;,u;,n;) satisfying

(23) w € Oy(Ys + vn)(x)  ull®+2n < 0®lao — 2 + ul)?
m at most
M,
(24) ’71 + 4/ log; <(1 +o7h) 2MS)“
"
iterations.

Proof: The inclusion in a) follows immediately from [20, Proposition 8(c)]. The proof of b) follows from
the first statement in [20, Lemma 9] and by noting that if j is larger than or equal to the number in (24),
then A; > 2(14 0~ 1)2, in view of (22). It should be noted that the parameter o in (23) corresponds to /o
in [20, Proposition 8 and Lemma 9. ]

As we have already mentioned earlier, the ACG method of this subsection will be used to approximately
solve the subproblems (5) during the course of the #-IPAAL method. The results of this subsection will then
be invoked with ¢ chosen as the objective function of (5) and condition (23) on (z,u,n) will then be used
to declare z; = x as an acceptable approximate solution of (5).

3. The 0-IPAAL method and main complexity results. This section contains two subsections.
The first one states the static -TPAAL method as well as its iteration-complexity bounds. The second
subsection presents a dynamic variant of the static §-IPAAL method and its iteration-complexity analysis.

3.1. The static 6-IPAAL method and its iteration-complexity. This subsection presents the
static -IPAAL method and its iteration-complexity bounds.

The static -TPAAL method assumes that the parameter 6 € (0, 1] is specified by the user and then
starts by computing the following two intermediate parameters 79 and oy uniquely determined by 6:

0 . 16
ooie i 0 <15,
Ty =

(25)
% , otherwise,

which is used to define the prox-stepsize A that appears in the prox #-AL subproblems (5), and oy defined
as the the only positive root of the second-order equation

(26) <Z+ 2(192579“))(;% (82970>a;—0.
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For the sake of future reference, we note that oy < 1/2.
We now state the 0-IPAAL Method.

Static 6-IPAAL Method
(0) Let parameter 6 € (0, 1], initial point zp € dom h, scalar ¢ satisfying (A4), tolerance p > 0, and
penalty parameter ¢ € R satisfying

(27) c> 2

be given, and set pg = 0, £k = 1 and

(28) L. := L+ c||A|?, A= %, o= min{\/ﬁ,og};
(1) let
c
(29) g i=f+ (1 =0) (prr, A-=b) + [l A- —b|J?

and apply the ACG method with inputs
1-— To

-
(30) o= Mg+ =zl = Ak | =z
(31) (Mg, ) = (AL + 79,1 — 79), 0 = 21
to obtain a triple (zx, vk, ex) € R x R™ x Ry satisfying
1
3wty (Mlamon) + 3l —anlP) ) Tl + 220 < 0o + 5t —

(2) compute a pair (g, 0g) via the refinement procedure with input (g, h) = (gx,h) and (\, 27, z,v) =
(N, 2k—1, 2k, Vi) and set

(33) Pr=(1—=0)pr_1+c(AZ —b);
(3) if ||og|| < p, then output (2,9,p) := (3, Uk, D) and stop; otherwise, set
(34) pe = (1—=0)pr—1 +c(Azx —b)

and k < k + 1 and return to (1);

We now make a few remarks about the static -IPAAL method. First, it makes two types of iterations,
namely, the outer ones indexed by k and the ACG ones performed during its calls to the ACG method in
step 1. Second, upon termination the method finds a pair satisfying the inclusion and the first inequality
in (3) but not necessarily the second inequality in (3). However, it is shown in Theorems 4 and 5 below
that the feasibility gap ||AZ; — b|| of 2 is either O(1/y/c) or O(1/c¢) depending on the assumptions made
on problem (1). Hence, the static 6-IPAAL method should not be viewed as an algorithm for solving (1)
but rather an intermediary step in this direction. Indeed, its dynamic version described in Subsection 3.2,
which: a) doubles ¢ whenever the aforementioned feasibility gap at the end of the static -IPAAL method is
not small enough, and; b) repeats the static 0-IPAAL method with the updated ¢, is guaranteed to obtain
an approximate solution of (1) in the sense of Definition 1. Finally, only the inequality in (32) needs to be
checked for terminating the call to the ACG method in step 1 since the inclusion is always satisfied by any
ACG iterate (see Proposition 3 (a), (4), (29), and (30)).
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Our goal now is to state an iteration-complexity result for the static §-IPAAL method under the as-
sumptions introduced in Subsection 2.1. Its bounds are described in terms of the quantity

(35) Ro = R(z0; A, €) = inf {X[(f + 1) (2) = &) + ||z — 20]|* : 2 € F}

where F and ¢% are as (A1) and (A4), respectively. Note that if (1) has an optimal solution, then we easily
see by using (13) that

(36) 0 < Ry < A[¢* — 7] + di,
where ¢* is as in (1) and
dp := inf{]|z* — 20| : 2" is an optimal solution of (1)}.

Hence, under the assumption above, Ry is majorized by a quantity expressed in terms of d3 and the functional
gap ¢* — ¢z > 0.

We are now ready to state the aforementioned iteration-complexity result for the static -IPAAL method.
Its proof will be given in Subsection 4.1.

THEOREM 4. Let 79 and Ry be as in (25) and (35), respectively, and consider kg as

16(1 — 6)

(37) kg =14+
079

Then, the following statements about the static §-IPAAL method hold:
a) its number of outer iterations is bounded by [108kgRo/(X2p?)];

b) the number of ACG iterations performed at each outer iteration is bounded by

(38) [1 + /0O, logT (?ﬂ

0

where O, := 2A\L. 4+ 1 and L. is as in (28);
c) its output (2,0,p) satisfies

(39) b eVf(2)+0h(z)+ A%, o]l <p,

Ko RO

. 4

(10) 4z — ) < T4/

We will now state an alternative iteration-complexity result for the static -IPAAL method which holds

under the same assumptions stated in Subsection 2.1 plus a new set of mild conditions which include the

existence of a Slater point for (1). The main extra consequence of this result is that the feasibility gap of 2

is now shown to be O(1/¢) instead of O(1/+/c). The extra conditions assumed on problem (1) are as follows:
(B1) there exists Z € int (dom k) such that Az = b;

(B2) for any a € R,
D(a) :=sup{|lz — 2’| : z,2" € Ly, (a)} < o0,

where € is as in (A4); hence, the sublevel set Ly () is bounded for any o € ;
(B3) for any a € R,

S(a) :=inf {s € Ry : Oh(2) € B(0;5) + Naomn(2), Vz € Ly.(a))} < oo.

We now make a few remarks about conditions (B1)—(B3). First, (B1) is the so called Slater condition
for (1). Second, (B2) trivially holds if dom & is bounded. Third, the latter condition plus conditions (B1)
and (B3) are exactly the ones assumed in [27] where the complexity stated for §-TPAAL method in Theorem 4
was established for the penalty scheme studied there.

We are now ready to state the aforementioned alternative iteration-complexity for the static §-IPAAL
method. Its proof will be given only in Subsection 4.2.
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THEOREM 5. In addition to (A1)-(A4), assume that conditions (B1)—(B3) hold. Let Ry, kg, and Z
be as in (35), (37), and (B1), respectively. Define Nog = N(z0;0,\, ¢, Z) as

0 s ) . (14,2 ],

where D(a) and S(«) are as in (B2) and (B3) with a := kg + max{dz(z0), #z(Z)}. Then, the output (2,0,p)
of the static 0-TPAAL method satisfies the relations in (39) and

2N,
(42) Az —b|| < 222,
c
We now make a few remarks about Theorems 4 and 5. First, given a tolerance 7, define
~ _ 16/‘@9R0
¢(7) := max {26, VT }

Clearly, in view of (39) and (40), it follows that for any ¢ > ¢(7}), the output (£,9,p) of the static 6-
IPAAL method is a (p, 7j)-approximate stationary point of (1) (see Definition 1). Second, under assumptions
(A1)-(A4) and (B1)—(B3), Theorem 5 implies that ||AZ — b|| < 7 for any c satisfying

2N
(43) ¢ > max {207 AO} )
n

and hence the output (2, 0,p) of the static -IPAAL method is a (p, 7j)-approximate stationary point of (1).
Third, since either ¢(7}) or the right-hand side of (43) is difficult to compute due to its dependence on kg or
Ny, it is usually not possible to have at our immediate disposal a scalar ¢ as in the previous two remarks,
and hence to find a (p, 7j)-approximate stationary point of (1) by just solving a single penalized subproblem.
The next subsection presents a dynamic version of the static -IPAAL method which dynamically updates
the penalty parameter ¢ and whose overall ACG iteration-complexity is similar to either one the complexities
obtained above with ¢ chosen as ¢(f)) or the right-hand side of (43).

3.2. The 6-IPAAL method and its iteration-complexity. This subsection presents a dynamic
version of the f-TPAAL method to obtain a (, 7})-approximate stationary point to (1). The method basically
consists of applying the static §-IPAAL method and repeatedly doubling the penalty parameter until the
second inequality in (3) is satisfied. The main iteration-complexity result of this scheme is also presented
and proved in this subsection.

We start by stating the dynamic version of the §-IPAAL method, which will be simply referred to the
A-IPAAL method for shortness.

0-IPAAL method

(0) Let an initial point zg € domh, a scalar 8 € (0, 1], and a pair of tolerances (p,7) € R4+t X iy be
given, choose an initial penalty parameter c; > 2¢ and set ¢ = c¢y;

(1) execute the static -TPAAL method with input (2o, 6, ¢, p), and let (2,9, ) be the output.

(2) if ||AZ — b|| <7, stop and output (2,0, p); otherwise, set ¢ < 2¢ and return to step 1.

The next result establishes the overall ACG iteration-complexity of the §-IPAAL method for obtaining
a (p,7)-approximate stationary point of (1).

THEOREM 6. Assume that conditions (A1)—(A4) of Subsection 2.1 hold. Then, the following statements
about the -IPAAL method hold:

a) it obtains an approximate stationary point (2,
most

R R, R
(44) @) ({/\222-‘ \/)\max{cl, )\222}”/1 + VAL + 1logf (cl/\20772>‘| log; (T,,)) ,

ACG iterations, where Rq is as in (35), and

, D) of problem (1) in the sense of Definition 1 in at

(45) Ty = A L+Inax{cl, R;]} ||A||2> +1;
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b) if, in addition, the conditions (B1)-(B3) of Subsection 3.1 hold, then its overall ACG iteration-

complezity is
(46) 0 (HEM n)] tog (7, ))

where

A max {cl, }||A|| + VAL + 1logf (
and Ny is as in (41).

- N,
T; = A (L + max {017 O} ||A||2> +1
n
Proof:

a) First note that the I-th loop of the 8-IPAAL method invokes the static -IPAAL method with penalty
parameter ¢ = ¢; where ¢; := 2!71¢; > 2¢ for all [ > 1. Hence, in view of the stopping criterion in step 2 of
the 0-TPAAL method and Theorem 4 c), we conclude that the §-TPAAL method performs at most [ iterations
where

(47) l:= min{l:cl ZM)}

)\27,72

and its output (2,9, p) is an approximate stationary point of problem (1). Moreover, it follows from state-
ments a) and b) of Theorem 4 that the total number of ACG iterations is bounded by

1o o (2] [,

where O., = 2AL., + 1. In view of the above definition of ¢; and (47), we have

32H9R0 =
49 clgmax{c,A}, vi=1,...,1.
(49) 1 2272
Hence, (45), (49), and the definitions of O, and L., (see (28)) imply that
2 32H9R0 2

It also follows from the definitions of ¢;, O, and L., that

U U T
> V60, => \/m (L+2-Te A2 +1] <Y (\/Ac1||A|221 + V2L + 1)
=1

=1 =1
< 8V AIVE + VAL 11 = 8y/2he|| Al| + IV2AL T 1.

From the above inequalities, (49) and definition of I in (47), we have

T

2 4
> VO <8vV2A|4| maX{cl,W}+ 2L + 1log} <6 HG{QO)
=1

2272 272

R
O(AH\/)\max cl, : }+\/)\L+ log; (miﬁ))
1

Since /O, log{ (t) > 1 for every t > 0, statement a) follows from the above conclusions, (48) and (50).
b) The proof of this statement is similar to the one of a), by noting that it uses Theorem 5 instead of
Theorem 4 ¢), and the definition of { in (47) should be modified to

. 2N,
l:—min{l cl>0},
Ui
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and then (49) is replaced by

clgmax{cl,élgo}, Vi=1...1.

L]
We now make two remarks about Theorem 6. First, it follows from its statements a) and b) that the
ACG iteration-complexity of the #-IPAAL method expressed only in terms of the tolerance pair (p,7) is
O([1/(np*)]1og(1/7)) under the assumption that conditions (A1)—(A4) hold and can actually be sharpened
to O([1/(v/1p?)] log(1/7)) if conditions (B1)—(B3) also hold. Second, if the initial penalty parameter c; is
chosen so as to satisfy ¢; = 2¢+ O(L/||A||*) and the logarithms are ignored in the complexity bounds (44)
and (46), then these bounds reduce to

o ("] :
( ’” B ||A|\/T ﬁ)

respectively, in view of the fact that by (28) the stepsize A satisfies A = ©(1/m). Third, when (1) has
an optimal solution, then the above bounds can be majorized by ones involving the upper bound on Ry
described in (36).

4. Proofs of Theorems 4 and 5. This section contains the proofs of Theorems 4 and 5. It is divided
into two subsections. The proof of Theorem 4 is given in the first subsection while the one of Theorem 5 is
given in the second subsection.

4.1. Proof of Theorem 4. This subsection is devoted to the proof of Theorem 4.
We start by stating a result which describes some relations which are frequently used in our analysis.
LEMMA 7. Let {(zk, vk, pi)} be generated by the static 0-IPAAL method and, for every k > 1, define

c R L
| Al max{c,mﬁo}—i- —+1
m’ 7

and

(51) Api ==pr — pr-1, Az =z — 2k-1, Tk = A2 — V.
Then, for every k > 1, the following relations hold
(52) Apry1 = (1= 0)Apy + cADzp4 1,

1
(53) 1Azl < @+ o)l llrll < 7=l Azll;

where o is as in (28).

Proof: The relation in (52) follows immediately from (34) and the first two relations in (51). Now, in view
of the last two relations in (51), it is easy to see that the inequality in (32) implies that |vg|| < ofrkl]. It
follows from the latter inequality, the last relation in (51), and the triangle inequality that

[Az|l < [[Azk — vkl + [Jowll < XL+ o)lrell,  llrell < Azl + vl < [[Azi]l + o7l

The above inequalities clearly imply that the ones in (53) hold. L]
It follows from the inequalities in (53) that the sequence of displacements {Azy} goes to zero if and only if
the residual sequence {7y} goes to zero.

The next lemmas describe how the sequence {(zx, pr)} generated by the static §-IPAAL method affects
the value of £(z,p) defined in (4).

LEMMA 8. Let {(zk, vk, pr)} be generated by the static 0-IPAAL method and let {Apg}, {Az,}, and {ry}
be as in (51). Then, for every k > 1, the following relations hold:

1-6)(2—-6 1-0)0
(54) LYz, pr) — L2k, pr1) = %HA}%HQ + % (lpell* = llpe—111%) ,
1— 1-6)(2—-0 1-6)0
(55) L8 (zk,pr) — LO(2k—1,pr-1) < — 3\ || kl|? + %HAPMIQ + % (||pk||2 — Hpk_1||2) .
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Proof: In view of the definition of £ in (4), relation (34) and the first relation in (51), we obtain

L2z, pr) — L2z, pro1) = (1 — 0) (Apy, Az, — b) = (1 — ) <Apk, e — (1 ; O)ps—1 >

1-0 1-0 0
= 18I+ ()] =S 1A+ (1800 + it P~ 18P = el

which immediately implies (54) upon using the identity px = Apg + pr—1. Now, it follows from (32), (51),
and the Cauchy-Schwarz inequality, that

1
MO (2, pr—1) — AL (211, pr—1) < _§||Zk — zp—1|I* 4 (g, 25 — 25-1) + €

1 2 1— 2 1— 2
= —§||Az;C —ul]® + (”U;H —|—5k> < - 20 | Az — v = — 20 el
The inequality in (55) follows immediately by adding the previous inequality and (54). n
The next result shows that the term ||Apg||? in (55) is majorized by ||7%]|?> and some summable terms.

Its proof is postponed to Section 5.
LEMMA 9. Let {Apr}, {Azi}, and {ry} be as in (51). Then, for every k > 2, we have

(2-6) (1-9)
2¢ Oc

2 [279(1 +0)?
lApi]? < [()

1 2
<35 1 20(1 4 0) 4 T E DO

2
s R

[Apk-1]* =l Apx|*]

1 1
b g loara)+ -l = ] + 55 (1A ze-]? = Az)]

(19 +1)02

To :| [
Next result is a first step in order to show that the residual sequence {r;} is controlled by a certain decreasing
sequence associated to {L£?(zy, pr)}. This fact is crucial to establish the iteration-complexity bounds for the
6-IPAAL method.

LEMMA 10. Define

1—0% 2(1-0) [279(1+0)? (19 +1)0?

- - 1 Mo )0
(56) Ch 5 0 [ p—— +20(1+0)+ p
and

. 1— 1)o?
(57) Cpom 120 {0(1 +o)+ (T”)"} .
0 To
Then, Cy > 1/8, Cp > 0 and, for every k > 2, we have
C 1-6)0
£2(5000) = £ i) < =l + L0 (12— )
1-0)3 Co 1-0
O gl 1pel?] 4+ 2 [rea — ) + Sl Azl — 827).

Proof: The proof that Cp > 1/8 is simple but tedious, and hence it is given in Appendix B. It is immediate
to see that Cy > 0 in view of 0, 0,7 € (0,1]. Now the last statement of the lemma follows immediately by
combining the inequality in Lemma 9 with (55) and the definitions of Cy and Cop. [
The next result summarizes some useful relations about {£%(zy, px)}-
LEMMA 11. Let Cy and Cy be as in (56) and (57), and let ny, be defined by

(1_9)3 2 09 2 1-6 2 (1_9)9 2 *
= - S S — o > 1.
(58) = Al el 8w S el -0k VR > 1

Then, the following statements hold:
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a) for every k > 2,

C
(59) £k, pr) + e+ S llrel® < L1, pror) + s,
k
(60) L2 (2k, pr) + mi + 702 [7il|> < £2(z1,p1) + m.
=2

b) for every k > 1,

(1-0)0
4c
Proof: a) The inequality in (59) follows immediately from Lemma 10 and the definition of 7 given in (58).

The inequality in (60) follows immediately from (59).
b) From the definitions of £¢ and 7, given in (4) and (58), respectively, and the fact that Cy > 0 (see
Lemma 10), we obtain, for every k > 1,

C
(61) 1Az — blI* + lpkll* + e(2r) — &% < L2(2k, Pr) + i

1—9)3 1-0)0
£k ) e+ 63 2 ) + S a2 4 Ll ag e - B0

2
o

c 0 1-0)0 1-6)3
> (7 W) + 1A~ b+ (1= ) (o Az~ b p> 00+ Co e

Since, for every k > 1, (34) implies that (1 —0)Apy = ¢(Az, —b) — Opy, we conclude from the above relations,
definition of ¢ in (12), and the fact that (u,v) > —(1/2)(|[ul/?/2 + 2||v||?) for all u,v € R, that
. c—¢ 1-0 9 1-0)?
C2Gn )+ o4 02 2 dulen) + S5 Am — 0P+ 220 o = 008+ Sl + C 2 ]

1-6 0)2 2(1

c 0 2(1 — —0)?
> ou(ex) + Sz o1 + L2 [~ Sl = S a4 22 D

2c 0
where in the last inequality we also used ¢ — ¢ > ¢ — ¢/2 = ¢/2, in view of (27). The statement in b) easily
follows. m

We now make a few comments about Lemma 11. Its first statement shows that the -AL function
L9(z1,, pr) plus the scalar 7 defined in (58) works as a merit descent function for the static §-IPAAL
method. Moreover, its second statement shows that both the feasibility gap ||Azx — b|| and the magnitude
of the Lagrange multiplier ||px|| is well-controlled by this merit function.

At a first sight, it is natural to think that the left hand side of (60) grows linearly with ¢ but the
following proposition shows that it is actually uniformly bounded with respect to ¢. This result plays an
important role in showing that the 8-TPAAL method finds a (p, /})-approximate stationary point of (1) as in
Definition 1, regardless of whether the initial point 2y € dom h is feasible or infeasible.

PROPOSITION 12. Let ¢ > 2¢, let (z1,p1) be generated by the static 0-IPAAL method, and consider Ry,
kg, 1, and n1 as in (35), (37), (51) and (58), respectively. Then, the following inequalities hold:

1 4R
(62) ell Az b + Sl [* < =7
(63) Loz1,p1) +m < Kefo

Proof: The definitions of £ and F in (4) and (A1), respectively, imply that £%(z,po) = (f + h)(2) for all
z € F. Hence, from (32) and (51) with k = 1, and Lemma 23 with ¢ = AL%(+; po) and s = 1, we obtain, for
every z € F,

1—

2
g
ALE(21.p0) + Ir1* < ALE(z,p0) + N1z = 20ll* = A(F + h)(2) = ¢2] + |z — 20l* + Aoz
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The above inequality combined with the definition of Ry in (35) and the fact that o < 1/2 imply that
1 Ry
4 i 2 0 _hF < -
(64 2 + £, o) — g < 2
Now note that the definition of ¢ in (A4) implies that —(¢/2)||Az1 — b||*> < (f + h)(21) — ¢%. Since py = 0,
it follows from the latter inequality and the definition of £¢ in (4) that

c —

2

S Az = b < (7 4 B)() + 5l Az = b = 62 = L2(,p0) — 03

Hence, (62) follows by combining the above inequality with (64) and by using that ¢ —¢ > ¢ —¢/2 =¢/2, in
view of the fact that ¢ > 2¢.
Now, we proceed to prove (63). Since pg = 0, (34) and (51), both with k& = 1, imply that

(65) Apy = c(Az —b).

Also note that (57) and the fact that 75,0 < 1/2 yield Cp < (1—6)/(07). Hence, combining Lemma 8, (58),
the first inequality in (53), all three with & = 1, (65), and the fact that 0,6 € (0, 1], we obtain
1-6

Co
[Ap:|]* + T”T1”2 + WHAZle

_ _ _p)3
L2020 japy 2+ E22

1—-6 (2 2 1+0)? 2 1-6 4lr |2
<5 {C||Ap1||2+””” y Pl }g ~ {QCAz1—b||2+”r1”}

L (z1,p1) +m — LE(z1,p0) + 9% =

AT A ToA
which combined with (62), (64), and the fact that 7p < 1 imply that

L2(z1,p1) +m S% + 716(1>\07§)R0.
Inequality (63) follows immediately from the latter one and the definition of kg given in (37). L]
The following result presents some estimates regarding the sequence {(zx, 7, pxr)} which are useful to
establish iteration-complexity bounds for the 8-IPAAL method.
PROPOSITION 13. Let {(zk, vk, pr)} be generated by the static 0-IPAAL method and consider {ry} as in
(51). Then, the following inequalities hold

4/439R0
e

4dcrg Ry
DY/

k
Sl < 1260Ro, (1= 0)llpell?* <

Jj=1

(66) [ Az — % <

where kg is as in (37).

Proof: The first and third inequalities in (66) follow immediately by combining (61) and (63). Now, note
that (59) implies that £2(zy, px) +n1 > 0 for every k > 1. Hence, since, in view of (56), Cy > 1/8, we obtain
by combining (60) and (63) that

k
1
Z §||Tj||2 < 52(21”@1) +m - (ﬁg(zk,pk) + nk) < Kg.

j=2
We also obtain from the inequality in (62) and the definition of k¢ in (37) that
lr1]1? < 4\ke.

The above inequalities easily imply the second inequality in (66). ]
The next proposition shows some useful relations on the sequence {(Zy, 0, Pr)}. It shows that (2, O, Pr)
satisfies the inclusion in (3) and that {||0x||} and {||2x — zx||} are controlled by the residual sequence {||r«||}
which has a subsequence converging to zero, in view of the second inequality in (66). Moreover, it also
presents some useful bounds on the feasibility of {2} and the boundedness of the auxiliary sequence {p}
associated to the Lagrange multipliers.
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PROPOSITION 14. Consider the sequences {(zx,vk,€k)} and {(2k, Ok, Pr)} be generated by the static 0-
IPAAL method and let {ri} be as in (51). Then, the following relations hold, for every k > 1:

(1 + 20+ AL, + 1) l7el
A b

5 olrll 5 Koo . ckg Ry
— < — Az — bl <4 <
(65) o=zl < Fe Az -l <450l <0/ S,

where L. and kg are as in (28) and (37), respectively.

Proof: First note that Step 2 of the §-TPAAL method computes (£, 0y) by the refinement procedure with
input (g,h) = (gx, k) and (N, 27, z,v) = (A, 2k—1, 2k, Vi) Where g as defined in (29) has gradient L.-Lipschitz
continuous with L. as in (28). Hence, the inclusion in (67) follows from the inclusion in Proposition 2 a)
and the definitions of g and Py given in (29) and (33), respectively. Now note that the scalar A output by
the refinement procedure satisfies A < ey, in view of the inclusion in (32), the fact that g +h = £0(-;pr_1),
and Proposition 2 b). Hence, the inequalities in Proposition 2 a) imply that, for every k > 1,

)‘H{)k” < ||11k—|—zk. —Zk_1|| +2\/2()\LC—|—1)]81€, Hék—zkH < 2(>\Lc+1)_18k

which combined with the inequality in (32) and the definition of 74 in (51) proves the inequality in (67) and
the first inequality in (68).

Using the triangle inequality for norms, the first inequality in (68), and the first and second inequalities
in (66), we obtain

R R koRo = 20| Allv/3keRo Ko Ro \/3ng0
Az, —bl| < ||Azr — b A — <2 <2
45— bl < 14z = bl + 4l — 2 < 2 2000 o 2L VB0 o froft , fI0f

where the last inequality is due to v/AL. + 1 > ||A]|V/ Ac and the fact that o < oy < 1/2. Hence, the second
inequality in (68) follows. Now, from the definition of py given in (33), the last inequality in (66), the second
inequality in (68), and the Cauchy-Schwarz inequality, we obtain

. . ckoRo ko Ro ckoRo
<(1-0 _ Az, —bl| <24/ ——— +14 = .
6]l < (1= 0)llpe-s | + el Az, — bl < 20/ TEZ0 4 ey [ 7570 — 6, /20
n

The following inequality, which follows by combining the second inequality in (66), the inequality in (67)
and the definition of ¢ in (28), will be frequently used:

3||7”kH < 6\/3H9R0
AT A

(67) O € Vf(2) +0h(Z) + A"r, |0kl <

(69) [0kl < vk > 1.

We are now ready to prove Theorem 4.

Proof of Theorem 4: a) It follows from the second inequality in (66) that, for every k > 1,
kmin{||r;]|%,7 =1,...,k} < 12k Ry.

Consider the index j € {1,...,k} that achieves the above minimum. It follows from the above inequality
and the first inequality in (69) with k& = j that

3”7“]” < 6\/ 3H9R0
AT Wk
which combined with the stopping criterion of the static 9-IPAAL method proves the desired result.

b) First note that the static /-IPAAL method invokes the ACG method with 5 and v, as in (30) and
then Vi, has Lipschitz constant M and 1, is p-strongly convex, where My and p are as in (31). Hence, it

195 <
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follows from Proposition 3 and the definition of ¢ given in (28) that the static -IPAAL method performs

at most
L 1
[1 + A+ 7 log ((1 + max {\/)\LC +1, }) 2(AL. + 7'9)>—‘
o)

].—7'9

ACG iterations at each outer iteration. Hence, the statement in b) follows in view of the definition of O,
and the fact that 7p < 1/2.

¢) First note that a) ensures that the static -IPAAL method has finite termination. Hence, in view of
its stopping criterion and the inclusion in (67), we immediately obtain the relations in (39). Moreover, the
output of the -IPAAL method combined with the second inequality in (68) imply that (40) holds, concluding
the proof.

4.2. Proof of Theorem 5. This subsection is devoted to the proof of Theorem 5

We start by specifying some bounds on the sequence {z} and {2x} generated by the §-IPAAL method.

LEMMA 15. In addition to (A1)—(A4), assume that conditions (B1)—(B2) hold and let Z be as in (B1).
Then, the sequences {z} and {Z;} generated by the 8-IPAAL method satisfy

(70) - max{|[zr — 20, [|z1 — 2|} < D(a),  max{[|Zx — 2z, [|2x — 2I[} < D(a) + V/3keRo, Yk =1,

where « is as in Theorem 5 and D(a) is as in (B2).
Proof: Since a = kgRo/A + max{dz(20), ¢(Z)}, Lemma 11 b) combined with (63) and the definition of ¢*
given in (A4) imply that

9Ro koo
¢ - A

which means that {z;} is in the a-sublevel set Ly_(). Since kg > 0, the definition of o immediately yields
¢z(20) < o and ¢z(Z) < a, or equivalently zp,z € Ly (a). Hence, the first inequality in (70) holds in view
of assumption (B2). Now, using the first inequality in (68), the second inequality in (66), and the fact that
o < o9 <1/2 (see (28)), we obtain

. _olrell
- < \/3rgRy, Yk > 1.
||Zk Zk)” = m R 110 =

Hence, in view of the first inequality in (70) and the triangle inequality, we conclude that, for every k& > 1,

(71) ¢E(Zk) <

+ ¢(20) < «, Vk > 1,

max{||2x — zo|, |2 — 2[|} < max{llzx — 20|, llzx — Z[I} + 2 — 2&ll < D(a) + v/3ro Ro,

which proves the last inequality in (70). L]
Next we state a technical result which will be used in the proof of the subsequently lemma. Its proof
can be found, for instance, in [27, Lemma 1].
LEMMA 16. Assume that X is a convex set and T € int (X), and let 0X denote the boundary of X.
Then, dist ox (Z) > 0 and
&r—x)

el < s

The following result shows that the component of the inclusion in (67) lying in Oh(2x) is bounded. It is
worth noting that its proof strongly relies on the bound for ||x|| derived in Proposition 14.

LEMMA 17. In addition to (A1)—-(A4), assume that conditions (B1)—(B3) hold and let My(c) be de-
fined by

(72)  My(a) = 22X AD(0), V3Ho o} {LD( )+ (L+) V3ra R + 1V £ (z0)l| + S(0)]

d15t6 dom h)( )

Vo € X, V€ € Nx(x).

Let {(2x, 0, pr)} be generated by the static 0-IPAAL method and consider the sequence {Ex} given by
(73) € =10 —Vf(Z) — A",  Vk>1.
Then, & € Oh(2) and ||&x|| < My(a) 4+ S(«), for every k > 1.
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Proof: The first statement of the lemma immediately follows from the inclusion in (67) and the definition
of & given in (73). Now note that by using the Cauchy-Schwarz inequality and the last two inequalities in
(68), we obtain

A N . . [ckgRy [KkoRg 24rg Ry
4 Az — < Az — <24 < >1

where the last inequality is due to the fact that ¢ — & > ¢/2 (in view of (27)). On the other hand, since

&k € Oh(Zy) for every k > 1, assumption (B3) yields

(75) & =8 +E& I81< 5@, & € Naomn(2r):
where « is as in Theorem 5. Let z be as in (B1) and note that Az = b. Hence, it follows from Lemma 16

with & = 2;, Z = Z and X = dom h, the Cauchy-Schwarz inequality, the triangle inequality, (74) and (75),
the Lipshichtz continuity of V f and (69) that, for every k > 1,

diSta(domh)(z)”éI]@VH < <éljcvaék - 2> = <ék - g}ivék - Z> = <@k - Vf(ék) - 527216 - 2> - <pk7A2k - b>

< (V) = TG+ 19 Golll + el + 661 12 = 2]+ S22
< (Tl —aall + 197Gl + 25 1 (@) - 20+ 220,

which combined with the last inequality in (70) and the fact that § < 1, imply that

24H9R0
NV

) V3roRo + |V (z0)]| + S(a)} max {D(a), \/35930}

stagaon (N1 < [£0(0) + (L +$) VaraBa-+ 19 (a0)] + ()] (D) + VBraa) +

14
76 <2|LD(a)+ L+ ——
. S
The above inequalities and (72) imply that
IV < Mo(), Yk >1.
Hence, (75) and the triangle inequality imply that

Ikl < NN+ RN < My(e) + S(e), VR =1,

proving the last statement of the lemma. [
In the following, we state a basic result that will be used in the proof of the next proposition. Its proof
can be found, for instance, in [13, Lemma 1.4].
LEMMA 18. Let S € R*™ be a non-zero matriz and let o+ (S) denote the smallest positive eigenvalue of
(S*S)L/2. Then, for every u € R, there holds

1
P < ——[|S™u]|.
IPs(u)l < o157l
The next result shows that the sequences of multipliers {p;} and {px} are bounded by a quantity which
does not depend on the penalty parameter c¢. This fact in turn is easily seen to imply an O(1/c) bound on
[ Az, — b|.
PROPOSITION 19. Under the assumptions of Theorem 5, the following inequalities hold

(77) lPx|l < No, Ipell < No VE>1,

where Ny is as in (41).
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Proof: It follows from (73), the triangle inequality for norms, the Lipschitz continuity of V f, the relation
in (69), and the last statement of Lemma 17, that

(78) APkl = [1o% — Vf(2) = &l < IV F(ER) = V(20| + V£ o)l + 185l + 1k

6\/ 3/69 RQ
A

On the other hand, since pg = 0, (33) and (34) imply that pg,pr € Im A, for every k > 1. Hence, it follows
from Lemma 18 with S = A that

< L||Zk = zoll + [V (20) ]l + + Mp(a) + S(a).

1
|| < ———||A%p
Il < oy 1478

which combined with (78) and the last inequality in (70) imply that

0‘+1(A) |:LD(05) =+ L\/ 3/19R0 + HVf(Zo)” + % + Mg(a) + S(O&):| y
(79) _ Jf(A) {LD(a) + (L + i) 30 R + [V (0| + Ma(a) + S(a)} . No,  VE>1.

1k <

Hence, the first inequality in (77) follows, in view of the fact that Ny < Ny (see the definition of Ny in (41)).
Now, subtracting (33) from (34), using the triangle inequality for norms, the first inequality in (68), the
second inequality in (66), and the definitions of L. and o given in (28), we obtain

. ) R ocl| Allllre |l

< + || Az — < + ——

ol < [1Pell 4+ cll A(ze — 26) 1| < llpx YIS

- cll A7l A 2/3ke Ry

< Ny + < Ny + ————.
SO XL A AP +1 = Al

Hence, the second inequality in (77) follows by using the definitions of Ny and Ny given in (41) and (79),
respectively, and that o+ (A4) < || A "
Now we are ready to proof of Theorem 5.

Proof of Theorem 5: The first statement follows from the first one in Theorem 4 ¢). Now, using (33),
Proposition 19, the triangle inequality for norms and the fact that 6 € (0, 1], we obtain

Az = bl < [Ipxll + (1 = O)llpx—1 ]| < 2No,
where Ny is as in (41). Hence, (42) immediately follows.

5. Proof of Lemma 9. The main goal of this section is to prove Lemma 9.

Before giving its proof, we state and prove two technical results. The first one essentially describes
equivalent but useful ways of expressing the inclusion in (32). The second one establishes an intermediate
bound used in the proof of Lemma 9.

LEMMA 20. Let {(zk, pr, Vi, €r)} be generated by the static 0-IPAAL method, let Azy, Apy and i be as
in (51), and define Avgi1 1= vky1 — vk and

(50) ax() 1= gl (b ve)IP = g (ko u) P+ A1~ 6) {Api, A D).

Then, for every k > 1, the following statements hold:
a) ax is an affine function whose gradient Vay, is given by

(81) Vap = —Azp — Avggg + A(1 — 0) A" Apy;
b) the following inclusions hold

1
0€ 0., [ + 5l G + 0l ()

1
Vi € 0ay [ + 31~ + P )
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Proof: a) This statement follows trivially from the definition of ay given in (80) and the relations in (51).
b) In view of (8), it is immediate to see that the inclusion in (32) is equivalent to the first one in b).
From the definitions of £? and a;, given in (4) and (80), respectively, we see that

1 1
ML) + Gl = (r + v 17 = AL pen) + 5 - —(ann + o) |* + ax ().
It follows from this relation and the first inclusion of b) with k = k + 1 that
1
0 € eyyy | ALL( PE—1) + LG u)|1? + an () | (zr41)-

Since ay, is an affine function, the latter inclusion easily implies that the second one of b) holds. [
LEMMA 21. Let {(zk, Pk, vk, €k)} be generated by the static 0-IPAAL method and consider Azy,, Apy, and
ri as in (51). Then, for every k > 1, the following inequality holds

cA 279(1 + o) (1o + 1)0?
=—|AA 2 1—0){Apg, AA < | ————+20(1 —_— 2
Oy 1_'_70” Zrt |7+ AL = 0)(Apg, ADzpq1) < p—— +20(1+0)+ . sl
c(l4+o 79 + 1)o? 1

6+ | DD DT e 2]+ L (1A%~ Akl

Proof: For every k, let us consider the function
0 1 2

(83) Y= ALo(pe-1) + 5 = (-1 + o) 1%

Note that, in view of (A2), (11), (83), and the definition of £? in (4), we obtain w5 — (1/2)| - 15 is
convex where @ := (1 — Am)I + cAA*A € S7 . Hence, in view of Lemma 20 b), using Lemma 22 twice,
first with ¢ = ¢y, € = 1, (y,v,n) = (2,0,ex), and 7 = 7, and second with the same v, £, and 7 but
(y,v,m) = (241, —Vag, ert+1) where ay is as in (80), we obtain

(84) Yr(u) > r(zk) + m”“ =215 = (L + 75 e,
(85) (') > Pr(zr11) + (~Vag,u' — zp11) + mﬂul =zl — (L4 75 D,

for all u,u’ € R". Adding both inequalities with u = 2,41 and «' = z, and using the relation in (81) and
the definition of @ given above, we conclude that

- [ Azgy1I2
(175 ) ek +err) 2 (Vag, Azsr) + =
+7‘9
1—2m cA
= — (Azk, A2k+1> — <Avk+1, A2k+1> + )\(1 — 9)<Apk, AAZk+1> + 1 ||A2k+1||2 + HAAZ]H_l”z
+ Ty 1+

Rewriting this inequality and using the definition of O in (82), we obtain

cA
Ok = T AAze | + A(L = 0)(Apk, ADzyia)
+ To
(86) < (Azp, Azgyr) — P Az ]|? + (Avki1, Azgr) + ——=(ek + Eppr)-

We now proceed to estimate the right-hand side of the last inequality. Using that (u, @) < (||lul|? + [|%[/?)/2
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for every u,u € R", (53) and that 79 = Am, we have

1-m 1Az | I Azgs]?  1-79

Az, A — A 2 < A 2
(Azk, Azg 1) 7o+ 1 [Azg 1 |I” < 9 9 g 1|| Zrr1 |
[ Azg|® — | Azgqa | 279 2

= 9 + T+ 1 | Azl

1A%l — [Annl? | 2n( + o)
- 2 To+ 1

Using Cauchy-Schwarz and triangle inequalities, the inequality in (32) combined with the definitions of Az
and ry in (51), and (53), we obtain

(Avis1, Azig1) < (vl + e DI Az | < o(lregall + e DI A2k |l

7kt [

o1+ o)|lrell® | 30(1+0)|rpal”
<o(l+o)(Irrrall + lreDllresall < > + 5 -

B o(l+o0)

2
where the last inequality is due to ab < (a® + b%)/2, Va,b € R. The inequality in (32) combined with the
definitions of Az and ry in (51), also yields

[rwll® = llreall?] + 20 (1 + o) Ikl

2rell?2 o2||rpsqll? o2
I ERy P
Hence, in view of (86) and the above inequalities, we obtain
1 279(1 + 0)? o(l+o0)
Ok < o [1Az]* = |Azks1 2] + == lrs1* + ———= [Ir&ll® = 41 ]?] + 20 (1 + o) |[rasa |12
2 To+ 1 2
(1o + 1)0? (19 + 1)0?
+ P 2 T [ ).
To
which after simple algebraic manipulations proves the desired inequality. [

We are now ready to prove Lemma 9.
Proof of Lemma 9: In view of (52) and the definition of Oy in (82), we obtain
cA

®k = 1 ||AAZ]¢+1H2 + )\(1 — 9)<Apk, AAZk+1>
+ To

A 1
_A ( 1Apss — (1 6)Ap] + (1 - 0){Ape, Apss — (1 — 9>Apk>)
c\l1+m

o C(]. + 7'9)
Hence, using Cauchy-Schwarz inequality and the facts that 75 € (0,1) and ab > —(a? +?)/2 for all a,b € R,

we obtain

A (1—19) (1—7)(1—0)
P da— | 2 _19(1 = 02| Apg > — —Z A 2 W T Ap?
O > A+ 70) ( Pt — 7o(1 = 0)7|| Apy|| 5 1Pk | 5 | Apg|l

[ Aprsall® — 70(1 = )% | Api|* + (79 — 1)(1 — 0)(Apk, Aprsr)) -

A1 1-6)? A(O(2—-0 1—6)2
2 (shamnt - S5 1am02) = 2 (C 2 apnl + S5 (lapall - 1aml?) ).

The conclusion of the lemma now follows by combining the above inequality with (82).
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6. Numerical experiments. This section presents computational results to illustrate the performance
of the 8-IPAAL method for different values of the parameter . The computational results are limited only to
a class of linearly constrained quadratic matrix (LCQM) problems but they should provide a good indication
of how promising the §-IPAAL is as the parameter 6 decreases towards zero.

In order to describe the LCQM problems considered here, let [,n € N, a1, a0 € Ry, b,d € R!, matrices
{AN_ {B, s {Ci}_; CR™ " and a positive diagonal matrix D € R"*™ be given and define the linear
operators A : ST R, B: St = R", and C: ST R by

[A(2)]; = (A, 2) g [B(2)]; = (Bj.2)p. [C(2)]; =(Ci,2)p, Vi=1,...,[,Vj=1,...,n.
The LCQM problem is
(87) min - ZH|C(2) — d|* - DB
st. A(z) =0, z€P,,

where P, = {z € S} : trz = 1} denotes the n-dimensional spectraplex. Note that (87) can be put in the
setting of (1) by considering

F(2) = e —dIP = ZIDBEIP,  h(z) = 3, (2).

In the numerical experiments, the entries of A;, Bj, Cy, b, and d (resp., D) were generated by sampling
from the uniform distribution ¢[0,1] (resp., U[1,1000]) with 5.0% and 1.0% of the entries of the matrices
A;, B;, and C; being nonzero when (I,n) = (5,20) and (I,n) = (25,100), respectively. The scalars a1, as €
R, are selected such that the pair of lower and upper curvatures (m, L) satisfies L = Apax(V2f) and
—m = Anin(V2f). In particular, the inequalities (10) and (11) are satisfied.

The numerical experiments were performed using MATLAB 2019b and a MacOS 64-bit machine with
an Intel Core i5 processor and 8 GB of memory.

This section reports computational results for the “theoretical” version of the #-IPAAL method studied
in Subsection 3.2 as well as of a more aggressive version whose motivation is as follows. Note that the
parameters 7y and oy defined in (25) and (26), respectively, and hence the prox stepsize A and the parameter
o in (28) become too small as § approaches 0 (see the two columns under the “theoretical version” part of
Table 1). Since the smallness of o and A directly affects the number of ACG and outer iterations performed
by the method, respectively, it is natural to consider its more aggressive variant (referred to here as the
constant version of the §-IPAAL method) which simply sets these parameters to A = 0.5/m and o2 = 0.5.
Even though our theoretical results derived in Sections 3 and 4 do not apply to this constant version, the
computational results reported in Table 2 and 3 show that it performs considerably better than its theoretical
counterpart.

The implementation of the theoretical version of the §-IPAAL method essentially follows its description
in Subsection 3.2 with the exception that o is set to be oy instead of the value in (28). It is straightforward
to see that this choice of o would still be covered by our analysis if we modify the formula in (28) for o to

) T
0 = min { VoY 09}
where 7 > 0 is a fixed constant. Choosing 7 > 0 large enough, it clearly follows that ¢ = 0y, and hence that
the latter choice for o is still under the scope of our analysis.

We now discuss implementation details which are common to both versions. The initial multiplier pq is
set to be zero and the initial point zy € S is randomly generated, namely, zg = vvT where v := /|7,
v ~U"[0,1] with 10.0% of the entries being nonzero. For a given tolerance pair (p,7) € R% |, the 6-IPAAL
method stops when it obtains a point (2,9, p) satisfying

[l
IVf(20)ll +1

The penalty parameter is chosen as ¢ = ¢; := 107°L/(||A||?> + 1) and is updated according to ¢ < 5c,
instead of ¢ <= 2c¢ as in Step 2 of the 0-IPAAL method. It can be easily seen that such a choice does not

1Az —b]|

(88) b € Vf(2)+ 0h(2) + A*p, Az — b + 1

<p < 1.
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affect the overall iteration complexity of the 8-IPAAL method. Both versions use the following warm start
strategy: instead of starting the call to the static §-IPAAL method in step 1 of the §-IPALL method from
the iterate-Lagrangian multiplier pair (zo,po) = (20,0) where zg is as in step 0 of the §-IPALL method, it
initializes from (zg,po) = (%,p) where (Z,p) is the pair obtained in the previous call to the static §-IPALL
method.

0 Theoretical version Constant version
Ty o? Ty o?
1 0.5 3.75e-02 0.5 0.5
0.5 0.067 5.44e-04 0.5 0.5
0.1 0.0070 8.08e-06 0.5 0.5
0 * * 0.5 0.5

Table 1: The values of 7y and oy.

Table 2 and 3 illustrate the performance of the #-IPAAL method with different values of the parameter
0 for solving some instances of (87). Table 2 displays the results for instances with (I,n) = (5,20) whereas
table 3 considers instances with (I,n) = (25,100). In these two tables, “ACG iter” denotes the total number
of ACG iterations, “outer iter” denotes the total number of outer iterations, “cycle” is the number of cycles,
i.e., the number of times that the penalty parameter is updated (hence, every outer iteration within a cycle
uses the same penalty parameter ¢), and runtime is in seconds.

(Lm) 0 Theoretical version Constant version
’ ACG iter Outer iter Cycle Runtime ACG iter Outer iter Cycle Runtime
1 25704 16 13 37.91 6606 16 13 8.71
(104, 1) 0.5 7404 27 12 12.37 2639 15 12 4.14
0.1 5188 129 11 7.44 1323 14 11 2.34
0 * * * * 756 13 10 1.44
93443 13 13 145.78 25697 14 13 45.01
(10%,1) 0.5 24337 13 12 33.75 10092 13 12 15.78
0.1 7662 28 11 11.92 4057 12 11 6.45
0 * * * * 2226 11 10 3.52
328146 13 13 458.28 94579 13 13 179.83
(106,1) 0.5 89737 12 12 149.06 40578 12 12 75.18
0.1 19568 12 11 32.65 17491 11 11 32.39
0 * * * * 8005 10 10 13.23
327119 13 13 517.19 94613 13 13 143.58
(107, 10) 0.5 89983 12 12 142.12 40719 12 12 69.29
0.1 19791 12 11 29.80 17977 11 11 25.74
0 * * * * 7942 10 10 11.34
93835 13 13 150.35 25791 14 13 38.33
(1077 102) 0.5 24160 13 12 32.84 10113 13 12 13.98
0.1 7548 28 11 10.22 4189 12 11 6.36
0 * * * * 2226 11 10 3.91
26061 16 13 44.04 6552 16 13 10.24
(107, 10%) 0.5 7424 27 12 11.28 2639 15 12 4.43
0.1 5208 129 11 7.20 1323 14 11 1.97
0 * * * * 756 13 10 1.43

Table 2: Performance of the §-IPAAL method with (I,n) = (5,20),p = f = 10~%
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(Lm) 0 Theoretical version Constant version
’ ACG iter Outer iter Cycle Runtime ACG iter Outer iter Cycle Runtime
1 140390 20 15 1037.44 35221 20 15 288.64
(104, 1) 0.5 33794 27 14 250.59 11787 19 14 106.09
0.1 10218 103 13 92.99 4054 19 13 34.83
0 * * * * 1753 18 12 15.26
496375 15 15 3739.52 139589 16 15 1420.47
(105, 1) 0.5 125599 17 14 1223.06 55049 15 14 437.98
0.1 27887 35 13 264.72 20826 14 13 174.20
0 * * * * 6044 13 12 54.30
1662990 15 15 11582.70 507773 15 15 3525.21
(106, 1) 0.5 431788 14 14 3383.33 212601 14 14 1500.66
0.1 90949 16 13 635.13 88880 13 13 646.18
0 * * * * 33908 12 12 224.12
1705212 15 15 12073.87 508098 15 15 4126.89
(107, 10) 0.5 435710 14 14 3957.91 212679 14 14 1981.36
0.1 90586 16 13 1012.90 88970 13 13 869.04
0 * * * * 34858 12 12 249.89
493067 15 15 4793.98 139926 16 15 978.11
(1077 102) 0.5 125408 17 14 894.30 52874 15 14 377.65
0.1 27941 35 13 194.83 20739 14 13 165.19
0 * * * * 5952 13 12 42.42
139745 20 15 977.19 35227 20 15 246.07
(107,10%) 0.5 33462 27 14 236.89 11634 19 14 84.47
0.1 10075 103 13 72.31 4041 19 13 29.63
0 * * * * 1753 18 12 13.55

Table 3: Performance of the -IPAAL method with (I,n) = (25,100),p =7 = 10~%.

We conclude from Table 2 and 3 that the total number of ACG iterations for both versions of the 6-
IPAAL method as well as the runtime decrease as 6 approaches zero. The computational results reported in
Table 2 and 3 show that the constant version performs considerably better than its theoretical counterpart.
This phenomenon can be attributed to the sizes of the scalars o and A which directly affect the number of
ACG and outer iterations, respectively. Finally, even though the theoretical version is undefined for 8 = 0,
the above computational results indicate that its constant version counterpart with 8 = 0 is quite promising.

7. Concluding remarks. This paper has presented an inexact proximal accelerated augmented La-
grangian (IPAAL) method, based on the 6-AL function (4), for finding an approximate stationary point of
the linearly constrained smooth nonconvex composite optimization problem (1) where the prox subproblems
are inexactly solved by an accelerated composite gradient (ACG) scheme. It is shown that the §-IPAAL ob-
tains a (p,n)-approximate stationary point (see Definition 1) of (1) in O([1/(9p?)] log(1/9)) ACG iterations.
Moreover, it is also shown that the previous bound can be improved to O([1/(v/7p?)]log(1/4)) under the
additional mildly stronger conditions (B1)—(B3). The above bounds are derived assuming that the initial
point is neither feasible nor the domain of the composite term of the objective function is bounded.

We now make some remarks about the derived complexity bounds in light of the choice of the parameter
6. Our complexity bounds are derived under the assumption that 6 € (0, 1], and hence does not apply to the
case in which 6 = 0, i.e., the 8-AL function reduces to the classical quadratic AL function. It turns out that
as 0 approaches zero, the constant involved in the O(-) iteration-complexity bounds explodes to infinity and
the stepsize A given by (28) approaches zero. Hence, the case § = 0 is still an open case whose resolution
possibly requires an insight different than the one used in this paper.

Our analysis has assumed that the pair (20, po) used as part of the input in step 1 of §-IPAAL is always
the same pair. In practice, this pair can be chosen using the following simple warm strategy, namely, set
it to be the output (Z,p) obtained in step 2 of the -IPAAL during its previous loop when ¢ was ¢/2. An




INEXACT PROX ACCELERATED AUGMENTED LAGRANGIAN METHOD 25

interesting topic for future research is to analyze the ACG iteration-complexity of the §-TPAAL method
endowed with this warm strategy.

Appendix A. Two Technical Results.

This section contains two technical results concerning some properties of the e-subdifferential of a convex
function perturbed by a prox-term.

The following result is used in the proof of Lemma 9.

LEMMA 22. Assume that £ > 0, 1 € Conv (R") and Q € ST, are such that ¢ — (£/2)|| - |3, is convex
and let (y,v,m) € R" x R" x R be such that v € Oy(y). Then, for any T >0,

Plu) > Py + wu—1y) — A +7Hn 4+ ———|ju — yH?Q Yu € R™.

Proof: Let ¢, := ¢ — (v,-). The assumptions imply that ), has a unique global minimum § and that

NS _
(89) Yo(u) = ¥u(g) + S lu - 3li5
for every u € R™. Moreover, Since v € 0,%(y), we have 1, (u) > ¥, (y) — n for every u € R”, and hence that

(90) %(?) > "l}v(y> -n.
The relations in (89) and (90) then imply that for every u € R",

1
00000 2 6ult) — 1+ §lhu =% = v) = (0 17wl ) + 5 | Hl =l + =

§

(91) >y (y) —n' + 20 +7)

||U—y||é7

where the last inequality is due to the following relations

1
1+7

_ 1. £
la+u|* < =[lall® + 1% 0 =0+ =l7-vlg
T 2T

Also, inequality (89) with u = y and the relation in (90) imply that (£/2)||y — yHQQ < 7 and hence that
7’ < (14 771)n. The conclusion now follows from (91), definition of 1, and the latter conclusion. L]
The following result is used in the proof of Proposition 12.
LEMMA 23. Let proper function ¢ : R — (—oo, o], scalar o € (0,1) and (zq,21) € R X dom ¢ be given,
and assume that there exists (vi,e1) such that

~ 1
(92) v1 € O, <¢+ 5” ' —Zo|2> (1), lo1l® + 261 < 0| + 20 — 21|

Then, for every z € R and s > 0, we have

Ber) + 5 [1 =020+ 57 loa + 20— 21l < §(z) + T

Iz = 2o

Proof: Using the inclusion in (92), the definition of e-subdifferential in (8), and the fact that |(u, )| <
[s]|ul|? + s71|1@)|?]/2 for every u, i € R™ and s > 0, we conclude that for every z € R",

o(z) + M — (1) > M +(v1,z2 —21) — €1

2 - 2
2

Z1 — 2
:M#‘(tho—zﬁﬁ-(vl,z—zd—61

|21 = 2ol [oa]®  sllz = 20?
= 5 + (v1,20 —21) — €1 9 5

vy + 20 — 21| 1 _ s||z — zoll?
>tz al _ Jass ) flufe e - 2520
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which immediately implies the conclusion of the lemma in view of the inequality in (92). L]

Appendix B. Proof of the first statement of Lemma 10.

In this section we prove the first statement of Lemma 10, i.e., Cy > 1/8, where Cp is as in (56).
Proof: First note that the definition of 7y in (25) immediately yields 79(16 —176)/0 < 1, which can be easily
seen to be equivalent to

(93)

2(19)[279%1

0 79+ 1 =4

Now, in view of (56), Cp > 1/8 if and only if o as in (28) satisfies

1 2
+20(1+0)+M §§.
T+ 1 To 8

—+

o2 2(1-10) [279(1 + 0)?
-+ 252

Hence, in view of (93), in order to show that Cyp > 1/8, it is sufficient to prove that

(1o +1)o” < §,
To -8

3 21-0)Br+1)) , (8-70\ 1
2 2Vl Z <o,
<4+ or T )7 5=

Since 0 € (0,1] and 0 < o < 0y in view of (28), the above inequality holds immediately from the fact that
oy is the only positive solution of equation (26) associated to the above quadratic inequality. Hence, from
the above conclusions, we obtain Cp > 1/8. [ ]

< Uxo) -0 [20(14—0)4—

2 4 0

or equivalently
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