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IMPROVED POINTWISE ITERATION-COMPLEXITY
OF A REGULARIZED ADMM AND OF A REGULARIZED
NON-EUCLIDEAN HPE FRAMEWORK*

MAX L. N. GONGCALVESt, JEFFERSON G. MELOf, AND RENATO D. C. MONTEIRO?

Abstract. This paper describes a regularized variant of the alternating direction method of
multipliers (ADMM) for solving linearly constrained convex programs. It is shown that the pointwise
iteration-complexity of the new variant is better than the corresponding one for the standard ADMM
method and that, up to a logarithmic term, is identical to the ergodic iteration-complexity of the
latter method. Our analysis is based on first presenting and establishing the pointwise iteration-
complexity of a regularized non-Euclidean hybrid proximal extragradient framework whose error
condition at each iteration includes both a relative error and a summable error. It is then shown that
the new ADMM variant is a special instance of the latter framework where the sequence of summable
errors is identically zero when the ADMM stepsize is less than one or a nontrivial sequence when the
stepsize is in the interval [1, (1 4+ v/5)/2).
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1. Introduction. The goal of this paper is to present a regularized variant of
the alternating direction method of multipliers (ADMM) for solving the linearly con-
strained convex problem

(1) inf{f(y) +g(s) : Cy + Ds = c},

where X', Y, and S are finite-dimensional inner product spaces, f : ) — (—o0, oo] and
g:S — (—00,00] are proper closed convex functions, C : ) — X and D : S — X are
linear operators, and ¢ € X. Many methods have been proposed to solve problems
with separable structure such as (1) (see, for example, [1, 4, 7, 10, 12, 13, 14, 16, 17,
20, 31, 32, 33] and the references cited therein).

A well-known class of ADMM instances for solving (1) recursively computes a
sequence {(sg, yk, )} as follows. Given (sg_1,yx—1,Zk—1), the kth triple (sg, yx, zx)
is determined as

. 1
Sk = argmin, {g(s)—(xk_l, Ds) + gHC’yk_l + Ds —c||* + §<8 - sk_l,H(s—sk_1)>},
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(2)

. 1
Yy, = argmin, {f(y)—<rck1, Cy) + gHCy + Dsi —c|* + §<y — Yr—1, G(y—yk1)>} ;
rp =1 — 0B [Cyr, + Dsp — ],

where § > 0 is a fixed penalty parameter, > 0 is a fixed stepsize, and H, G are
fixed positive semidefinite self-adjoint linear operators. If (H,G) = (0,0) in the above
class, we obtain the standard ADMM.

The ADMM was introduced in [14, 16] and is thoroughly discussed in [3, 15].
Recently, there has been some growing interest in ADMM (see, for instance, [2, 8,
11, 17, 19, 32, 39] and the references cited therein). To discuss the complexity results
about ADMM, we use the terminology weak pointwise or strong pointwise bounds to
refer to complexity bounds relative to the best of the k first iterates or the last iterate,
respectively, to satisfy a suitable termination criterion. The first iteration-complexity
bound for the ADMM was established only recently in [31] under the assumption
that C'is injective. More specifically, the ergodic iteration-complexity for the standard
ADMM is derived in [31] for any 8 € (0, 1], while a weak pointwise iteration-complexity
easily follows from the approach in [31] for any 6 € (0,1). Subsequently, without
assuming that C is injective, [21] established an ergodic convergence rate bound for
instances of the ADMM class (2) with G = 0 and 8 = 1 and, as a consequence, of
the well-known split inexact Uzawa method [40] which chooses H = af — D*D for
some a > B||D||?. Paper [20] establishes weak pointwise and ergodic convergence rate
bounds of another collection of ADMM instances which includes the standard ADMM
for any @ € (0, (1++/5)/2). It should be noted, however, that [20, 21] do not provide
any details on how to obtain an easily verifiable ergodic termination criterion with a
well-established iteration-complexity bound. A strong pointwise iteration-complexity
bound for the ADMM class (2) with G = 0 and § = 1 is derived in [22]. Finally, a
number of papers (see, for example, [8, 9, 12, 18, 19, 27] and references therein) have
extended most of these complexity results to the context of the ADMM class (2) as
well as other more general ADMM classes.

Although different termination criteria are used in the aforementioned papers,
their complexity results can be rephrased in terms of a simple termination, namely,
for given p,e > 0, terminate with a quadruple (s,y,z,2’) € S x Y x X x X satisfying

max{||Cy + Ds — c||, |2’ — z||} <p, 0€d.g9(s)— D"z, 0€0.f(y)—C*2.

In terms of this termination criterion, the best ergodic iteration-complexity bound
is O(max{p~1,e71}), while the best pointwise one is O(p~2). (The latter bound is
independent of € since, in the pointwise case, the two inclusions above are shown to
hold with e = 0.) This paper presents a regularized variant of the ADMM class (2)
whose strong pointwise iteration-complexity is O(p~1log(p~!)) for any stepsize 6 €
(0, (14++/5)/2). Note that the latter complexity is better than the pointwise iteration-
complexity by an O(plog(p~!)) factor.

It was shown in [31] that the standard ADMM with 6 € (0, 1] and C injective can
be viewed as an inexact proximal point (PP) method, more specifically, as an instance
of the hybrid proximal extragradient (HPE) framework proposed by [37]. In contrast
to the original Rockafellar’s PP method which is based on a summable error condition,
the HPE framework is based on a relative HPE error condition involving Euclidean
distances. Convergence results for the HPE framework are studied in [37], and its weak
pointwise and ergodic iteration-complexities are established in [29] (see also [30, 31]).
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Applications of the HPE framework to the iteration-complexity analysis of several
zero-order (resp., first-order) methods for solving monotone variational inequalities
and monotone inclusions (resp., saddle-point problems) are discussed in [24, 23, 29,
30, 31]. Paper [38] describes and studies the convergence of a non-Euclidean HPE
(NE-HPE) framework which essentially generalizes the HPE one to the context of
general Bregman distances. The latter framework was further generalized in [26],
where its ergodic iteration-complexity was established. More specifically, consider
the monotone inclusion problem (MIP) 0 € T'(z), where T is a maximal monotone
operator, and let w be a convex differentiable function. Recall that for a given pair
(z—,A) = (2k-1, Ak), the exact PP method computes the next iterate z = zj as the
(unique) solution of the prox-inclusion A=} [Vw(z_) — Vw(z)] € T(z). An instance of
the NE-HPE framework described in [26] computes an approximate solution of this
inclusion based on the following relative NE-HPE error criterion: for some tolerance
o €[0,1], a triple (2, z,&) = (Zk, 2k, €x) is computed such that

(3) r= % [Vw(z_) — Vw(z)] € T°(2), (dw).(2) + Ae < o(dw)._(2),

where dw is the Bregman distance given by (dw),(z') = w(z") —w(z) —(Vw(z), 2’ — 2)
for every z,z’ and T¢ denotes the e-enlargement [5] of T (it has the property that
T¢(u) D T(u) for each u with equality holding when & = 0). Clearly, if o = 0 in (3),
then z = Z and € = 0, and the inclusion in (3) reduces to the prox-inclusion. Also,
the HPE framework is the special case of the NE-HPE one in which w(:) = || - [|?/2
and | - || is the Euclidean norm.

Section 2 considers a MIP of the form 0 € (S+T)(z), where S and T are maximal
monotone, S is y-monotone with respect to w for some p > 0 (see condition Al), and
w is a regular distance generating function (see Definition 2.2). It then presents
and establishes the strong pointwise iteration-complexity of a variant of the NE-HPE
framework for solving such a MIP in which the inclusion in (3) is strengthened to
r € S(2)+T¢(2) but its error condition is weakened in that an additional nonnegative
tolerance is added to the right-hand side of the inequality in (3) which is 7-upper
summable. This extension of the error condition will be useful in the analysis of the
regularized ADMM class of section 4 with ADMM stepsize 6 > 1.

Section 3 presents and establishes the strong pointwise iteration-complexity of
a regularized NE-HPE framework which solves the inclusion 0 € T(z), where T
is maximal monotone. The latter framework is based on the idea of invoking the
above NE-HPE variant to solve perturbed MIPs of the form 0 € (S + T)(z), where
S(+) = p[Vw(-) — Vw(zp)] for some p > 0, point zp, and regular distance generating
function w.

Section 4 presents and establishes the O(p~1log(p~!)) strong pointwise iteration-
complexity of a regularized ADMM class whose description depends on 3, 6 (as the
standard ADMM) and a regularization parameter u. It is well-known that (1) can
be reformulated as a MIP of the form 0 € T'(z) with z = (s,y,z). The regularized
ADMM class can be viewed as a special instance of the regularized NE-HPE frame-
work applied to the latter inclusion where (i) all stepsizes A;’s are equal to one; (ii) the
distance generating function w depends on 3, 6, and operator C' as in relation (58);
and (iii) the sequence of T-upper summable errors is zero when the ADMM stepsize
6 € (0,1) and nontrival (and hence nonzero) when 6 € [1,(1 4+ v/5)/2). Hence, the
iteration-complexity analysis of the regularized ADMM class for the case in which
6 € [1,(1 + v/5)/2) requires both a combination of relative and 7-upper summable
errors, while the one for the case of 8 € (0,1) requires only relative errors. Moreover,



382 GONCALVES, MELO, AND MONTEIRO

the distance generating function w is strongly convex only when C' is injective but is
always regular and hence fulfills the conditions required for the iteration-complexity
results of section 3 to hold.

This paper is organized as follows. Subsection 1.1 presents the notation and
reviews some basic concepts about convexity and maximal monotone operators. Sec-
tion 2 introduces the class of regular distance generating functions and presents the
aforementioned variant of the NE-HPE framework. Section 3 presents the regularized
NE-HPE framework and its complexity analysis. Section 4 contains two subsections.
Subsection 4.1 describes the regularized ADMM class and its pointwise iteration-
complexity result whose proof is given in subsection 4.2. Finally, the appendix re-
views some basic results about dual seminorms and existence of optimal solutions
and/or Lagrange multipliers for linearly constrained convex programs, and presents
the proofs of one result of section 2 and two results of subsection 4.2.

1.1. Basic concepts and notation. This subsection presents some definitions,
notation, and terminology needed by our presentation.

The set of real numbers is denoted by R. The set of nonnegative real numbers
and the set of positive real numbers are denoted by Ry and R, respectively. For
t > 0, we let log™ (t) := max{logt, 0}.

Let Z be a finite-dimensional real vector space with inner product denoted by
(-,) and let || - || denote an arbitrary seminorm in Z. Its dual (extended) seminorm,
denoted by || - ||*, is defined as || - |* := sup{(-, 2) : ||z]| < 1}. Some basic properties of
the dual seminorm are given in Proposition A.1 in Appendix A. The interior and the
relative interior of a set U C Z are denoted, respectively, by int(U) and ri(U) (see,
for example, pp. 43-44 of [34] for their definitions).

Given a set-valued operator S : Z = Z, its domain is denoted by Dom S := {z €
Z : S(z) # 0} and its inverse operator S™1 : Z = Z is given by S7!(v) :={z : v €
S(z)}. The operator S is said to be monotone if

(z—2',s—5)>0 Vz,2 €ZVseS(z)Vs eS().

Moreover, S is maximal monotone if it is monotone and, additionally, if T is a
monotone operator such that S(z) C T(z) for every z € Z then S = T. The
sum S+ 7T : Z2 = Z of two set-valued operators S, T : Z == Z is defined by
(S+T)(z) ={a+be Z :ac Sx), be T)} for every z € Z. Given a
scalar € > 0, the e-enlargement T[] : Z = Z of a monotone operator T : Z = Z is
defined as

(4) TEG) =wez:(v-v,2-2)>—- VS ecZVV eT(?)} Vze2Z.

Recall that the e-subdifferential of a convex function f : Z — [—00, o0] is defined
by 0. f(z) :={ve Z: f(z') > f(z)+ (v,2 — z) —¢ V2’ € Z} for every z € Z. When
e =0, then Jp f(z) is denoted by Jf(z) and is called the subdifferential of f at x. The
operator Jf is trivially monotone if f is proper. If f is a proper lower semicontinuous
convex function, then df is maximal monotone [35]. The domain of f is denoted by
dom f and the conjugate of f is the function f*: Z — [—o00, 00| defined as

frw) =sup ((v,2) - f(z)) VveZ.
z2€EZ
2. An NE-HPE framework for a special class of MIPs. This section de-
scribes and derives convergence rate bounds for an NE-HPE framework for solving
inclusion problems consisting of the sum of two maximal monotone operators, one
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of which is assumed to be py-monotone with respect to a Bregman distance for some
p > 0. The latter concept implies strong monotonicity of the operator when the
Bregman distance is nondegenerate, i.e., its associated distance generating function
is strongly monotone. However, it should be noted that when the Bregman distance
is degenerate, the latter concept does not imply strong monotonicity of the operator.

We start by introducing the definition of a distance generating function and its
corresponding Bregman distance adopted in this paper.

DEFINITION 2.1. A proper lower semicontinuous convexr function w : Z —
[—00,00] is called a distance generating function if int(domw) = Domdw # @ and
w is continuously differentiable on this interior. Moreover, w induces the Bregman
distance dw : Z x int(domw) — R defined as

(5)  (dw)(Z;2) = w(2') —w(z) — (Vw(z),2" —2) V(7,z) € Z x int(domw).

For simplicity, for every z € int(domw), the function (dw)(-;z) will be denoted by
(dw), so that

(dw).(2") = (dw)(z";2) V(Z,2) € Z x int(domw).
The following useful identities follow straightforwardly from (5):

(6) V(dw).(2') = =V(dw),(2) = Vw(z') — Vw(z) Vz,2' € int(domw),
(7) (dw)y(2") = (dw)y(2) = < ( w)y(2), 2 = 2)
dw),(2") Vz' € Z,Yv, 2z € int(domw).

Our analyses of the NE-HPE frameworks presented in sections 2 and 3 require
an extra property of the distance generating function, namely, that of being regular
with respect to a seminorm.

DEFINITION 2.2. Let distance generating function w : Z — [—00, 00|, seminorm
|- |l in Z, and convex set Z C int(domw) be given. For given positive constants m
and M, w is said to be (m, M)-regular with respect to (Z,| - ||) if

(8) (dw).(z') = Tz = 2| V22 € 2,
9) IVw(z) — V()| < M|z = 2| V2,2 € 2.

Note that if the seminorm in Definition 2.2 is a norm, then (8) implies that w
is strongly convex, in which case the corresponding dw is said to be nondegenerate.
However, since we are not necessarily assuming that || - || is a norm, our approach
includes the case of w being not strongly convex or, equivalently, dw being degenerate
(e.g., see Example 2.3(a) below).

It is worth pointing out that if w : £ — [—o00, 00| is (m, M )-regular with respect
to (Z,| - ), then

M
(10) %Hz — |2 < (dw).(¢) < ?Hz —J|? V2,7 €2

Some examples of regular distance generating functions are as follows.

Ezample 2.3.

(a) Let A : Z — Z be a self-adjoint positive semidefinite linear operator. The
distance generating function w : Z — R defined by w(-) := (A(-),-)/2 is a
(1,1)-regular with respect to (Z,]| - ||), where || - || := (A(-), -)/2.
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(b) Let § € (0,1] be given and define W := {z € R" : z; + d/n > 0 Vi =
1,...,n}. Let the distance generating function w : R™ — [—00, 0o] be defined
by w(z) = Y (@ + /n)log(z; + §/n) for every x € W and w(z) := oo
otherwise. Then, w is a (1/(1 + 0),n/d)-regular with respect to (Z, | - ||1),
where Z={zeR":Y" jx;=1,2;>0,i=1,...,n}.

The following result gives some useful properties of regular distance generating
functions.

LEMMA 2.4. Let w : £ — [—00,00] be an (m, M)-regular distance generating
function with respect to (Z,|| - ||) as in Definition 2.2. Then,

(11) (1 +1/t)"Hdw).(¢) < % [(dw).(2) + t(dw)z(2)] Vt>0,Vz 2 2z€ Z;
(12) IV (dw). (2)" < @[(dw)z’(z)]l/z Vz,2 € Z

Jm

Proof. To show (11), let t > 0 and z,2’,Z € Z be given. By (8), we have

(13) (dw):(2) + t(dw)z(z") =

m ~ ~
5 (2= 21 +llz2 = 2]%) .

Using the fact that

min{s? + 493 | 90,7 2 0, 1 92 2 2 = 2} = (L4 1/8)7 )z — 2/

and (v1,72) = (||lz — Z||, ||Z — Z’||) is a feasible point for the above problem, we then
conclude that

Iz = ZI1* + t12 = 2'[|* > (1 + 1/6) M|z = 2'|I%,

which, together with the second inequality in (10) and (13), immediately yields (11).
Finally, it is easy to see that (12) immediately follows from (6), (8), and (9). O

Throughout this section, we assume that, for some positive scalars m and M,
w: Z — [—00,00] is an (m, M)-regular distance generating function with respect to
(Z,]| - ||), where Z C int(domw) is a convex set and || - || is a seminorm in Z. Our
problem of interest in this section is the MIP

(14) 0€(S+T)(2),

where S, T : Z =% Z are point-to-set operators satisfying the following conditions:
A0. S and T are maximal monotone and DomT C Z;
Al. S is y-monotone on Z with respect to w, i.e., there exists p > 0 such that

(15)
(z =2 s =) > p[(dw). (") + (dw) . ()] Vz,2' € ZVse S(z),Vs € S(2);

A2. the solution set (S + T)~1(0) of (14) is nonempty.
We observe that when the seminorm || - || is a norm, then (15) implies that S is
strongly monotone. However, the latter need not be the case when || - || is not a norm.

We now state an NE-HPE framework for solving (14) which generalizes the ones
studied in [26, 38].
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Framework 1 (an NE-HPE variant for solving (14)).
(0) Let z0 € Z,m9 >0, 0 €[0,1), 7 € (0,1), and A € Ry be given, and set
k=1,
(1) choose Ax > X and find (Zg, 2k, €k, k) € Z X Z x Ry X Ry such that

(16) T = )\ikV(dw)zk (z1-1) € (S+ T[E’“]) (Zr),
(17) (dw)., (k) + Meer + e < o(dw)z, , (Zk) + (1 — 7)1k—1;

(2) set k< k+ 1 and go to step (1).
end

We now make some remarks about Framework 1. First, it does not specify how
to find A, and (Zg, zk, ek, m) satisfying (16) and (17). The particular scheme for
computing A\, and (g, 2k, €k, %) Will depend on the instance of the framework under
consideration and the properties of the operators S and 7. Second, if w is strongly
convex on Z, o0 = 0, and 79 = 0, then (17) implies that e, = 0, g, = 0, and 2z, = 2,
for every k and hence that r, € (S + T)(z;) in view of (16). Therefore, the HPE
error conditions (16)—(17) can be viewed as a relaxation of an iteration of the exact
non-Fuclidean PP method, namely,

(18) 0e /\ikV(dw)zkfl(zk) + (S +T)(zk).

Third, if w is strongly convex on Z and S + T is maximal monotone, then Propo-
sition A.2 with T = A\x(S + T) and 2 = z,_; implies that the above inclusion has
a unique solution zj; and hence that, for any given Ax > 0, there exists a quadruple
(Zk, 2k, €k, i) Of the form (zg, 2k, 0,0) satisfying (16)—(17) with o = 0 and ng_1 = 0.
Considering inexact quadruples (i.e., those satisfying the HPE relative error conditions
(16)—(17) with o > 0) other than an exact one (i.e., one of the form (zg, 2, 0,0), where
21 is a solution of (18)) has important implications, namely, (i) the resulting HPE
framework contains a variety of methods for convex programming, variational inequal-
ities, and saddle points as special instances (see, for example, [24, 23, 29, 30, 31, 37]),
and (ii) it provides much greater computational flexibility since finding the exact
quadruple is impossible for most MIPs. Fourth, the more general HPE error condi-
tion (17) is clearly equivalent to

(dw) .z, (Zk) + Aker < o(dw)z,_, (Zx) + Tk,

where 7, = (1 — 7)ng—1 — nk. The consideration of this additional error {7} will be
useful in the analysis of the regularized ADMM class studied in section 4. Observe
that {7} is £&-upper summable, i.e.,

k -
limsupz a ﬁjg)j < 00
j=1

k—o0

for any & € [0, 7], since nonnegativity of {n;} implies

k
N5 -1 uh _ Mk
Z(l—g)j SZ((l_g)j—l - (1_€)j> *WO*WST)O vk > 1.
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We now make some remarks about the relationship of Framework 1 with the ones
studied in [26, 28, 38]. First, Framework 1 with S = 0 and {7} identically zero
reduces to the one studied in [26] and also to the one in [38] if {e;} is chosen to
be identically zero. However, unless w is constant, condition Al does not allow us
to take S = 0, and hence the convergence rate results of this section do not apply
to the setting of [26] and hence of [38]. Second, in contrast to [26], the regularity
condition on w and the p-monotonicity of S with respect to w allow us to establish
a geometric (pointwise) convergence rate for the sequence {(dw),, (2*) + n} for any
2* € (S+T)71(0) (see Proposition 2.6 below). Third, when w is the usual Euclidean
distance generating function as in Example 2.3(a) with A = I and {n;} is identically
zero, Framework 1 and the corresponding results derived in this section reduce to the
ones studied in subsection 2.2 of [28].

We also remark that the special case of Framework 1 in which S(-) = pV(dw),, (+)
for some zy € Z and p > 0 sufficiently small will be used in section 3 as a way toward
solving the inclusion 0 € T'(z). The resulting framework can then be viewed as a
regularized NE-HPE framework in the sense that the operator T is slightly perturbed
and regularized by the operator puV(dw),, ().

In the remaining part of this section, we focus our attention on establishing con-
vergence rate bounds for the sequence {(dw),, (2*) + i} and the sequence of residual
pairs {(rr,er)} generated by any instance of Framework 1. We start by deriving a
preliminary technical result.

LEMMA 2.5. For every k > 1, the following statements hold:
(a) for every z € domw, we have

(dw)z,_, (2) = (dw)z, (2) = (dw)z, _, (Zx) — (dw)z, (Zk) + Ak (Th, 2k — 2);
(b) for every z € domw, we have

(dw)zk—l(z) - (dw)zk (Z) + (1 - T)nk—l > (1 - 0)(dw)zk—l(2k)
+ Me({rr, 2k — 2) +ex) + s

(c) for every z* € (S +T)~1(0), we have

(dw)zy_, (27) = (dw)z, (27) + (1 = 7)1 = (1 = o) (dw)-, _, (Zk)
+ Aep(dw)z, (27) + .

(d) for every z* € (S +T)~1(0), we have

(1 - U)(dw)zk71(2k) < (dw)zk—l(z*) + Me—1, (dw)zk (Zk)

1

m[(dw)zk_l (Z*) + 77]@71].

IN

Proof.
(a) Using (7) and the definition of r; given in (16), we obtain

(dw)z,_, (2) = (dw)z, (2) = (dw)s,_, (z1) + (V(dw)z,_, (21), 2 = 2k)
= (dw)z_, (Z) = (dw)z, (2k) + (V(dw)z,, (28), 2 = Zx)
= (dw),_, (Zk) — (dw),, (k) + Me(ri, 2 — 2)  Vz € domw.

(b) This statement follows as an immediate consequence of (a) and (17).
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(c) Let z* € (S + T)1(0). Then, there exists a* € Z such that a* € S(z*)
and —a* € T(z*). In view of (16), we can write 7 as 1y = re + rl,
where 7¢ € S(2;) and r} € T°<(Z;). Since z*,%;, € Z, a* € S(z*), and
rf € S(Z), condition Al implies that (rf —a*, 2z —2*) > p(dw)s, (2).
On the other hand, since —a* € T(z*) and 1} € T*(Z), (4) implies that
(r® +a*, z, — 2*) > —ej. Hence,

(19) (rg,zZ—2")+er = (rZ—a*,ék—z*>+<rz+a*,ék—z*H—ak > p(dw)sz, (27).

Statement (b) with z = z* together with the previous inequality then yields (c).
(d) The first inequality of this statement follows directly from (c). Now, since
(dw),, (2k) < o(dw)z,_, (Zk) + ne—1 (see (17)), the second inequality of this
statement follows from the first one and the fact that o € [0, 1). O

Under the assumption that the sequence of stepsizes {\r} is bounded away from
zero, the following result shows that the sequence {dw,, (2*) + nr} converges geomet-
rically to zero for every solution z* of (14).

PROPOSITION 2.6. Let u be as in Al and define

(20) T:min{z<1i0+/j)\>l,7'}€(0,l).

Then, for every z* € (S+T)~(0) and k > £ > 0, we have

(21)  (dw)z, (z°) + e < (1= 1) [(dw)z, (2*) + 1]

A ! L .
= m m} (1 =) * D2 (dw)., (%) + ] V2.

Proof. Let z* € (S + T)~%(0) be given. It follows from Lemma 2.5(c) and in-
equality (11) with t = pAx/(1 — o), 2 = 2k_1, 2 = Zk, and 2’ = 2* that

(22)  [[V(dw).- (z)]]

[1+

<dw>zk<z*>+nké<lﬂ< o ))(dw»kl(z*mlﬂnk_l

l—0 ' phe
< (1- D) [[@dw)sy_, (%) + 1] VE >0,
where the second inequality is due to the fact that Ay > A Vk and the definition of 7

n (20). Clearly, (21) follows from the last inequality. Now, using (6), inequality (12),
and the triangle inequality, we have

[V (dw)z- (Zp)[" < IV(dw) s, O + [[V(dw), -, (Z)]”

V2M . .
< () s (), )]
which, together with (21) with k = k — 1, the first inequality of Lemma 2.5(d), and
the fact that ng_; > 0, yields (22). ]

The next result derives convergence rate bounds for the sequences {ry} and {ex}
generated by an instance of Framework 1.
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PROPOSITION 2.7. Let 7 be as defined in (20). Then, for every k > 1, we have
e € (S + TE)(2) and the following convergence rate bounds hold:

@) el < 202 - Dl T, S g (-0 o

where dy = inf{(dw),,(2) : 2 € (S+T)71(0)}.
Proof. The first statement of the proposition follows from (16). Let an arbitrary
z* € (S +T)71(0) be given. Using (6), (16), A\x > X > 0, the triangle inequality, and
inequality (12), we have
rell” = 5 IV (dw)e (el < 5 [V (dw)z, ()" + [V (dw)=, _, (2)]7]
\f 2M
< )\\F
which combined with (21) with £ = 0 yields

\TM
W

As 7€ (0,1] (see (20)) and 2* is an arbitrary point in (S +7)~1(0), the bound on 7
follows from the definition of d,. Now, since A > A > 0, it follows from (17) that

()2, ()M + (dw)zy ()2,

Irall* < 3o [14 (1= 2)M2] (1= ) E 2 () (27) + mo] 2.

Aek < Apep < o(dw)z,_, (Zk) + (1 — 7)np—1.
On the other hand, Lemma 2.5(c) implies that
(1= 0)(dw)zy_, () < (dw)z_, (27) + (1= 7)np1-

Combining the last two inequalities and the fact that o € [0,1), we obtain

Aep € ——(dw)s,_, () +

T 1 N
1—o o— 1_ 77k 18— 1_ [(dw)zk—l(z ) + (1 - 7)7716—1] )

which together with (21) with ¢ = 0 and the fact that 7 > 0 implies that

(s
<7D 1w, (= .
i < Sy () () +
Since z* is an arbitrary point in (S + T)~1(0), the bound on & follows from the
definition of d. d

Proposition 2.7 gives convergence rate bounds on the last triple (2, rg, ;) gener-
ated by Framework 1. The next result, whose proof is given in Appendix B, gives con-
vergence rate bounds on the ergodic triple obtained by averaging the triples (Z;, i, €;)
from i =/¢+1to ¢ =k, where £k > ¢ > 0. More specifically, for £ > ¢ > 0, define
Apj = Zf:e-s-l A; and the (¢, k)-ergodic triple (27,77, €7 ;) as

(29 k
Zp = Z AiZiy T ) = Z Airi, €7, = v Z Ai(git(ri, Zi — Z3))-

=1 =1 Lk 2
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PROPOSITION 2.8. Let T be as defined in (20). Then, for every k > ¢ > 0,
(25) x>0, i€ (ST ()

and the following convergence rate bounds hold:

- 2v/2M

IM
1— £/2 d 1/2 a
= Aon m( )7 [do +m0l "7, €fr < -

m(l—ly [do + 0],

(26) [Irg "

where dy = inf{(dw),,(2) : z € (S+T)~1(0)}.

We end this section by making two remarks about Proposition 2.8. First, Propo-
sition 2.7 implies Proposition 2.8 when ¢ = k — 1 and yields a slightly better bound on
. Second, under the assumption that max{M,m~'} = O(1), Proposition 2.8 with
¢ = 0 implies that

a * 1 a 1
Irtall =0 (5 o onl?) et =0 (5 1o+ )

and with ¢ = [k/2] implies that

. 1 . 1
Il =0 (0= 0 o4l ) eta =0 (5= o+l )

Hence, the ([k/2], k)-ergodic triple has the property that k(r{,,ef ) converges to 0
geometrically.

3. A regularized NE-HPE framework for solving MIPs. This section de-
scribes and establishes the pointwise iteration-complexity of a regularized NE-HPE
framework for solving MIPs which, specialized to the case of the Euclidean distance
and error sequence {7, } identically zero, reduces to the regularized HPE framework of
[28]. The latter framework has been shown in [28] to have better iteration-complexity
than the one for the usual HPE framework derived in [29]. Moreover, the derived
pointwise iteration-complexity bound for the case of a general Bregman distance is,
up to a logarithm factor, the same as the ergodic iteration-complexity bound for the
standard NE-HPE method obtained in [26].

Our problem of interest in this section is the MIP

(27) 0eT(z),

where T : Z = Z is a maximal monotone operator such that the solution set 7-*(0)
of (27) is nonempty.

We also assume in this section that, for some positive scalars m and M, w : Z —
[—00,00] is an (m, M)-regular distance generating function with respect to (Z,|| - ),
where Z C int(domw) is a convex set such that DomT C Z and || - || is a seminorm
in Z. The regularized NE-HPE framework solves (27) based on the idea of solving
the regularized MIP

(28) 0€T(2) + pV(dw)zy(2)

for a fixed zy € Z and a sufficiently small > 0. Hence, we also assume that the
solution set of (28)

(29) Zy={2€7Z:0 € T(2)+puV(dw),(2)}
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is nonempty for every u > 0. We remark that if w is strongly convex on Z, then
Proposition A.2 with 7' = (1/u)T and 2 = zp implies that the latter assumption
holds.

Note that (28) is a special case of (14) with S(-) = uV(dw),,(-), and from the
above assumptions the operators S and T satisfy A0 and A2. Moreover, this operator
S together with w and Z satisfies Al. Indeed, using the definition of S and (6), we
conclude that for every z, 2’ € Z,

(S(2) = 8(2), 2 = &) = iV (dw)(2), 2 — &) = p[(dw)(2) + (dw). ()],

where the last equality is due to (7) with v = z’. Hence, we can use any instance of
Framework 1 with S(-) = uV(dw),, (-) to approximately solve the regularized inclusion
(28), and hence (27) when p > 0 is sufficiently small.

For every p > 0, define

(30) dor= ol (@) (), dyi= inf (du)s (2).

The following simple result establishes a crucial relationship between dy and d,,.

LEMMA 3.1. For any pu > 0 and z;, € Z};, there holds (dw).,(z;) < do. As a
consequence, d, < do.

Proof. Let 1 > 0 and 2, € Z; be given. Clearly, —uV(dw),,(z};) € T'(z;;). Hence,

monotonicity of 7' implies that any z* € T~1(0) satisfies <V(dw)Z0(z;)), 2" —zp) > 0.
The latter conclusion and relation (7) with v = 29, 2’ = 2%, and 2z = z;; then imply

that
(dw)z, (27) = (dw)z (2,) = (V(dw)z, (2),), 2" = 2,) + (dw)zx (27) 2 0.

As z* € T7Y(0) is arbitrary, the first part of the lemma follows from the definition
of dy. The second part of the lemma follows from the first one and the definition
of d,. O

Note that, in view of Proposition 2.7, any instance of Framework 1 applied to
(28) generates a triple (Z, 7y, €x) such that

Fr o= 1 — uV (dw)., (Zr) € T (z;)

and the residual pair (ry,er) satisfies (23) with dy = d,,, and hence converges to
0. Even though the sequence 7, does not necessarily converge to 0, it can be made
sufficiently small, i.e., ||7x||* < p for some tolerance p > 0, by choosing u = p/O(dp).
Indeed, we will show later that there exists Dy = O(dp) such that ||V (dw),, (Zk)||* <
Dy for every k. Hence, choosing . = p/D for some D > 2Dy and computing a triple
(2K, ri, €r) such that ||r||* < p/2 guarantees that

176" < llrell” + pllV(dw) 2 (Z0)[]* <

[NVl st

1 Do
and hence that 74 is a sufficiently small residual for (27). Moreover, Proposition
2.7 implies the iteration-complexity of the proposed scheme increases as D does, or
equivalently, 1 decreases. As a result, the best strategy is to choose a scalar D > 2D,
such that D = O(Dy). A technical difficulty of the proposed scheme is that Dy can
not be explicitly computed since it depends on dp, which is generally not known.
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Our first framework below is essentially Framework 1 applied to (28) with an
arbitrary guess of D, and hence of = p/D. In view of the above discussion, it is
guaranteed to work only for large values of D, i.e., when D > 2D,. Subsequently,
we present a dynamic scheme (see Framework 3) which successively calls Framework
2 for a sequence of increasing values of D. It is shown in Theorem 3.3 that the
latter scheme has the same iteration-complexity as the best one for Framework 2
(i.e., the one obtained under the hypothetical assumption that a scalar D > 2Dy and
D = O(Dy) is known).

Framework 2 (a static regularized NE-HPE framework for solving (27)).
Input: (z0,m0,D) € Z x Ry x R4y and (0,7, A, p,e) € [0,1) x (0,1) x
Ryp xRyp xRyy;
(0) set p=p/D and k = 1;
(1) choose Ay > A and find (zg, 2k, ek, k) € Z X Z x Ry x Ry such that

(Bl) 1= /\ikV(dw)zk (21-1) € (V(dw)zy (3) + T (3 )
(32)  (dw)z, (%) + Aeek + e < o(dw)z,_, (k) + (1 = T)mk—1;
(2) if ||rk||* < p/2 and e < €, then stop and output (2, 7x,ex) where
T =11 — PV (dw)z, (25);

otherwise, set k < k+ 1 and go to step (1).

end

We now make two remarks about Framework 2. First, as mentioned above, it is
the special case of Framework 1 in which S(-) = uV(dw),,(-) and hence solves MIP
(28). Second, since section 2 only deals with convergence rate bounds, a stopping
criterion was not added to Framework 1. In contrast, Framework 2 incorporates a
stopping criterion (see step (2) above) based on which its iteration-complexity bound
is obtained. Clearly, (31) together with the termination criteria ||r4||* < p/2 and
er < e provides a certificate of the quality of Z; as an approximate solution of the
regularized MIP (28).

The next result establishes the pointwise iteration-complexity of Framework 2
and shows that any instance of Framework 2 also solves the original MIP (27) when
D is sufficiently large.

THEOREM 3.2. The following statements hold:
(a) for every k > 1,

IV (dw) = (Z0)[I* < Do :=

Vm {”

(b) Framework 2 terminates in at most

o el (2 :2,) 2

s (i) o (o)
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iterations with a triple (Zx, Tk, €r) satisfying the following conditions:
Fee TEIE), [+ uV (dw)ey (GO < p/2, o < e

moreover, if D > 2Dy, then ||7g]|* < p.
Proof. (a) By first considering (22) with £ = k — 1 and then using (21), we have

(14 ) @ty -

for an arbitrary point 2}, € Z. Hence, using (6), (12), and the triangle inequality, we
obtain

IV(dw).; ()" <

IV (dw) = (20)[I" < [[Vdwz, (z2)I1" + [V (dw) - (Zr) [

VM .
< 2 (w2 4 (14
< vaM [2-1- !
vm Vi—o
which implies the conclusion of (a), in view of Lemma 3.1 and the definition of Dy.
(b) Assume that Framework 2 has not terminated at the kth iteration. Then,
either ||rg]|* > p/2 or e > €. Assume first that ||rg||* > p/2. Since Framework 2 is a
special case of Framework 1 applied to MIP (28) with S(z) = uV(dw),,(z), the latter
assumption and Corollary 2.7 imply that

1 *
) (@) a0 + )

} ((dw)= (22) +m0)"*

. 2V2M
5 <lnil <

2v/oM
_ \(k=1)/2 1/2 o 2VeM
W (dy+m0) " = S

where the last inequality is due to Lemma 3.1. Rearranging the last inequality, taking
logarithms of both sides of the resulting inequality, and using the fact that log(1—7) <
—71, we conclude that

(1 =) * D72 (dg + o) /2,

k<141 tlog (?WM)

(w)Pm
If, on the other hand, e > ¢, we conclude by using a similar reasoning that

do + 1o )

k<1 -1 —_—
<tz Og((l—a)/\g

The complexity bound in (b) now follows from the above estimates, the definition of
7 in (20), and the fact that u = p/D.
The last statement of (b) follows immediately from (a) and the first part of (b)
(see the paragraph following Lemma 3.1). O
We now make some remarks about Theorem 3.2. First, if (1 —¢)~! and 77! are
O(1), and an input D for Framework 2 satisfying 2Dy < D = O(Dy) is known, then
the complexity bound (33) becomes

o2 (M 1) (288 220) s (22 ).
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in view of the definition of Dy in Theorem 3.2(a). Second, in general an upper bound
D as in the first remark is not known and, in such a case, bound (33) can be much
worse than the one above, e.g., when D > 2D,.

We now consider the case where an upper bound D > 2D, such that D = O(Dy)
is not known and describe a scheme based on Framework 2 whose iteration-complexity
bound is equal to (34).

Framework 3 (a dynamic regularized NE-HPE framework for solving (27)).
(0) Let 29 € Z, 1m0 > 0, 0 € [0,1), 7 € (0,1), A > 0, and a tolerance pair
(p,e) € Ry x Ry be given and set D = Ap;
(1) call Framework 2 with input (29, 79, D) and (o, 7, A, p, €) to obtain (Z, 7, &)
as output;
(2) if ||7]I* < p then stop and output (Z,7,€); else, set D < 2D and go to
step (1).
end

Each iteration of Framework 3 (referred to as an outer iteration) invokes Frame-
work 2, which performs a certain number of iterations (called inner iterations), which
in turn are bounded by (33). The following result gives the overall inner iteration-
complexity of Framework 3.

THEOREM 3.3. Framework 3 with input (z0,m0) € Z X Ry and (o,7,\, p,e) €
[0,1) x (0,1) x Ry x Ry x Ry such that (1—o0)~! and 1/7 are O(1) finds a triple
(2,7,€) satisfying i

FeTHE), |IFI"<p, E<e,
by performing a total number of inner iterations bounded by (34).

Proof. Note that at the kth outer iteration of Framework 3, we have D = 2¥~1 \p.
Hence, taking Dy as in Theorem 3.2(a), it follows from Theorem 3.2(b) that Frame-
work 3 terminates in at most K outer iterations, where K is the smallest integer k > 1
satisfying 2F~'\p > 2D,. Thus, K =1+ [long (2Do/(Ap))] - In order to simplify the
calculations, let us denote

(35) By =2 + max {1og+ (W) ,log™ (M) } .

In view of Theorem 3.2(b) and (35), we see that the overall number of inner iterations
is bounded by

K
oo 2 (o ) 2 2 (11 8) 4

k=1

and hence

(36) i< M

1
[1 + + } 2K,
m l—0c 7
To end the proof, it suffices to show that K is bounded by (34). If K = 1, then
(35) combined with (36) and the fact that (1 — o)~! and 1/7 are O(1) show that

(34) trivially holds. Assume now that K > 1 and note that k := K — 1 violates
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the inequality 2¥=1\p > 2D, and hence that 2% < 8Dy/(\p). The latter estimate
combined with inequality (36) implies that

~ M
i< SMB

1 1| D
el

+; Ap’

which together with (35) and the fact that (1 — o)~! and 1/7 are O(1) and Dy =
O(M(dy +n9)*/?//m) imply that K is bounded by (34). |

We end this section by making two remarks. First, if ¢, = 0 for every k, then
the complexity bound (34) can clearly be replaced by one that does not depend on ¢.
Second, the termination criterion used by Framework 2 (and consequently Framework
3) is based on the last generated triple (Z, 7'k, ex). Instead of it, Framework 2 can
also use an ergodic stopping criterion, namely, it terminates when [|r{,[|* < p/2 and
¢ < € and then outputs the triple (Z,7,€) = (27, 7( 1, €7 ), where

m 1—0

k
w0 ._ . a Ai .
= — ”Z A—kV(dw)Zo(zi).
i=1

It can be shown with the aid of Proposition 2.8 that when ¢ = 0 and D is prop-
erly initialized, the iteration-complexity of the modified (ergodic) Framework 3 is
O(max{p~',e71}). We omit the details for the sake of brevity but note that the
bound is essentially the same as the ergodic iteration-complexity bound for the stan-
dard HPE framework obtained in [31].

4. A regularized ADMDM class. The goal of this section is to present a regu-
larized ADMM class for solving (1) with a better pointwise iteration-complexity than
the standard ADMM. It contains two subsections. The first one describes our setting,
our assumptions, the regularized ADMM class, and its improved pointwise iteration-
complexity bound. The second one is dedicated to the proof of the main result stated
in the first subsection.

4.1. A regularized ADMM class and its pointwise iteration-complexity.
In this subsection, let S, ), and X be finite-dimensional real vector spaces with inner
products denoted by (-,-)s, {-,}y, and (-, -)x, respectively. Let us also consider the

norm in X given by | - ||x := (;, >¥2 and the seminorms in S and Y defined by

(37) I Nl = (HE), Y2 - lly.e = (G), )2,

respectively, where H : § — S and G : ) — Y are self-adjoint positive semidefinite
linear operators. Our problem of interest is

(38) inf{f(y) + g(s) : Cy+ Ds = c},

wherec € X, C: Y — X, and D : § — X are linear operators, and f : ) — (—o0, 0]
and g : S — (—o0, 0] are proper closed convex functions. The following assumptions
are made throughout this section:
B1. the problem (38) has an optimal solution (s*,y*) and an associated Lagrange
multiplier x*, or equivalently, the monotone inclusion

0g(s) — D*z
(39) 0eT(s,y,x):=| Of(y) — C*z
Cy+ Ds—c

has a solution (s*,y*,z*);
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B2. there exists x € X such that (C*z, D*x) € ri(dom f*) x ri (dom g*).

We now make two remarks about the above assumptions. First, it follows from
the last conclusion of Proposition A.3 in Appendix A that if the solution set of (38) is
nonempty and bounded, then B2 holds. Second, by Proposition A.3(a), if the infimum
in (38) is finite and B2 holds, then (38) has an optimal solution. Hence, B2 together
with the Slater condition that there exists a feasible pair (s,y) for (38) such that
(s,y) € ri(dom g) x ri(dom f) imply that B1 holds (see Proposition A.3(c)).

We are ready to state the regularized ADMM class for solving (38).

Dynamic regularized alternating direction method of multipliers (DR-
ADMM).

(0) Let (so,y0,%0) € S X Y x X, positive scalars 8 and 6, a tolerance p > 0, two
self-adjoint positive semidefinite linear operators H : S — S and G : Y — ) which
define the seminorms (37) be given, and set D = p;

(1) set p=p/D, B = 0/(0 + p) and By = (1 + p) and k = 1, and go to (a);

(a) set
. Sk—1twpso . yrk—1tuyo . Oxp_1 4 pxo
(40) 81 = ——-—, == I =
14+p 14+ p 0+
and compute an optimal solution s; € S of the subproblem
(41)
. . a 1+ R
win {o(6)~(D% 1. shs + 2 1Ccs + D=l + o = 6uali

(b) set Zy and wuy as

(42) T = Tp—1 — P1(Cyr—1 + Dsp — ¢),
(43) ug = T + B2(CYr—1 + Dsy — ¢)
and compute an optimal solution y; € Y of the subproblem
(44)
min {10~ (o) + 210y + Do = el + 5y - 5l o

(c) update xy as

(45) =21 — 08 |Cyr + Dsp, — c+ %(ik — :Eo)]
and compute
(46)
1
b i= Sp—1—5ks Gk ‘= Yk—1—Yk> @k = BC(Yr—1—Yr), Dk = @(wkq—xk);
(d) if
1 1/2
(Il ol + gl + o0lml) < o2

then set (Sayvj) - (Skaykaik)a ComPUte (E,&,q,ﬁ) as
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(48) b= by, — p(sk — s0), @:=ax — pu(yr — Yo), 4 := qx — BC(yx — yo),

D:i=pr — ﬁ(fk — o)
30

and go to (2); else set k < k+ 1 and go to (a); (2) if

1/2
- B 1 B B
(19) (nbn?s,H +lall 6 + glali + ﬂenpui) <.

then stop and output (s,y,f,&d,cj,;ﬁ); otherwise, set D < 2D and go to

step (1).
end

We now make some remarks about the DR-ADMM. First, assumption B2 together
with Corollary A.4 implies that both subproblems (41) and (44) have optimal solutions
and hence DR-ADMM is well-defined. Second, loop (a)-(d) with ¢ = 0 is exactly
the ADMM class (2) with penalty parameter 8 and relaxation stepsize 6 (see, for
example, [15]) since in this situation we have 1 = 3 = 8, &x_1 = ur = Tx_1, and
Jk—1 = Yr—1. However, it should be emphasized that DR-ADMM requires p > 0.
Hence, it does not belong to the ADMM class (2) and the results obtained for the
DR~-ADMM in this section do not apply to the latter class. Third, DR-ADMM should
essentially be viewed as a regularized variant of ADMM which dynamically adjusts
the regularization parameter p > 0 or, equivalently, the parameter D > 0 (as in
section 3). Indeed, it will be shown later on (see Lemmas 4.4, 4.5, and 4.7) that
DR-ADMM is a special instance of Framework 3 in which ¢, = 0 Vk > 1. More
specifically, steps (0), (1), and (2) of DR-ADMM correspond exactly to steps (0),
(1), and (2) of Framework 3, respectively. A single execution of steps (1) and (2) is
referred to as an outer iteration of DR-ADMM. A single execution of steps (a)—(d) is
referred to as an inner iteration of DR-ADMM which, in the context of Framework
3, corresponds to an iteration of Framework 2 (see step (1) of Framework 3). The
cycle of inner iterations consisting of (a)—(d) corresponds to the implementation of a
special instance of Framework 2 in which e, =0 Vk > 1. Moreover, the two residuals
rp and 7 computed at the end of steps (1) and (2) of Framework 2, respectively,
correspond in the context of the DR-ADMM to the pairs (Hbg, Gay + C*qx,py) and
(Hb,Ga + C*q,p), respectively (see Lemma 4.4). Fourth, the objective functions of
subproblems (41) and (44) are given by the sum of a convex quadratic function and a
convex function (either g or f). In many applications, they are easily solvable when
the Hessian of the quadratic function is a positive multiple of the identity operator.
Moreover, in most applications, one of the operators is the identity operator which we
may assume to be the operator D. In such a case, choosing H = 0 ensures that the
Hessian of the quadratic term of the objective function of (41) is the identity operator.
Also, choosing G = al — fC*C where « is such that G is positive semidefinite ensures
that the Hessian of the quadratic function of (44) is (1 + p)al and hence also a
multiple of the identity operator.

The following result, which is the main one of this section, shows that the reg-
ularized ADMM class has an O(p~!log p~!) pointwise iteration-complexity which is
better than the O(p~2) pointwise iteration-complexity obtained in [20]. Its derived
bound is expressed in terms of the quantity

(50)
do =

1 8 1
2 2 2 2
a5l + 5418, + SICG-9) 15 + 5 beo—ali |

inf {
(s,y,2)€T~1(0)
where T is as defined in (39).
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THEOREM 4.1. DR-ADMM with stepsize 0 € (0,(1 4+ /5)/2) terminates in at
most

(51) o ((1 + M) [1 + log™ (WT‘))D
P p
iterations with (s,y, T, b, a, q,p) satisfying
(52) )
Hb dg(s) — D"z 1 1/2
Ga+erq |e| ot = | (1 + ko + glalk + o6l51%) <
D Cy+ Ds—c

4.2. Proof of Theorem 4.1. In this subsection, we establish Theorem 4.1 by
first showing that DR-ADMM is an instance of Framework 3, and then translating
Theorem 3.3 to the context of the DR-ADMM to obtain the complexity bound (51).

The first result below establishes, as a consequence of some useful relations, that
(52) is essentially an invariance of the inner iterations of the DR-ADMM.

LEMMA 4.2. The kth iterate (Sk, Yk, Tk, Tr) obtained during a cycle of inner iter-
ations satisfies

(53)  0€ H(sk — sg_1)+ [0g(sk) — D*Tx + pH(sk — s0)],

(54)  0€(G+BC"C)(yr — yr—1) + [0f (yr) — C*Tp. + (G + BC*C)(yx. — yo)] ,

1 N
(55) 0= %(xk — 1)+ |Cyr + Dsp —c+ %(mk —z0)|,

T — Tp—1

(66) Ty —xp—1 = PC(Yr — Yp—1) + 7 ,

where p is the constant value of the smoothing parameter during this cycle. As a con-
sequence, the T-tuple (s,y,Z,b,a,q,p) obtained in step (2) of the DR-ADMM satisfies
the inclusion in (52).

Proof. From the optimality condition of (41), we have
(57) 0 € 9g(sx) — D*(2x—1 — B1(Cyx—1 + Dsp —c)) + (1 + p) H (s, — 8k—1),

which, combined with (42) and the definition of §;_1 in (40), yields (53). Now, from
the optimality condition of (44) and definition of uy, in (43), we obtain

0e 6f(yk) — C*uy, + BQC*(Cyk + Dsy, — C) + (1 + M)G(yk — gkfl)
=0f(yx) — C* Ty + B2C"Cyr — Ur—1) + (L + )G (yx — Jr—1)-

Also, the definition of 85 in step (1) of the DR-ADMM and the definition of §_; in
(40) yield

Bo(yk — Gr—1) = B+ w)yr — Byk—1 + yo) = B(yk — yr—1) + #Byr — o)

and

1+ p)G(ye — Jr—1) = 1+ p)Gyr — G(yr—1 + wyo) = G(yr — Ye—1) + LG (yr — Yo)-
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The last two equalities combined with the previous inclusion prove (54). Moreover,
(55) follows immediately from (45). We now prove relation (56). Using the definition
of By in step (1) of the DR-ADMM and definitions #,_; and Zj in (40) and (42),
respectively, we obtain

0+ p
0

Ty — Tp—1 + %(fk —20) = = [(0 4+ w)&k — (Ozp—1 + pxo)] = (T — Th—1)

S

:_@%ﬁém%4+p%—@=ﬁmmﬂ+n%—d

Identity (56) now follows by combining the previous relation and (55). Finally, the
inclusion in (52) follows from (53)—(55) and the definitions b, @, ¢, and p in (48). 0O
Define the space Z := S x Y x X and endow it with the inner product defined as

(2,2) = (s5,8")s + (¥, ¥ )y + (&, 2")x Vz=(s5,9,2),2" = (s5,,2).

Since our approach toward proving Theorem 4.1 is via showing that DR-ADMM is a
special instance of Framework 3, we need to introduce the elements required by the
setting of section 3, namely, the distance generating function w : Z — [—00, 00|, the
convex set Z C domw, and the seminorm || - || on Z. Indeed, define w : Z — R, the
seminorm, and set Z as

(58)

1 1 1/2
w(2) = 5 l(sy, 2%, |21l = <SII§,H +lyll3.c + BlICyl% + Belfll%z) , Z:=2Z,
for every z = (s,y,z) € Z. The Bregman distance associated with w is given by

1 1 B 1
(59) (dw)-(=) = 518 = sl + 51 ~ vl + 5106 ~ vl + 5510’ - =l

for every z = (s,y,x) € Z and 2/ = (s',y',2") € Z. The following result shows that
w, || - || and Z defined above, as well as the operator T' defined in (39), fulfill the
assumptions of section 3.

LEMMA 4.3. Let function w, seminorm ||-||, and set Z be as defined above. Then,
the following statements hold:
(a) the function w is a (1,1)-reqular distance generating function with respect to

(b) the set Z; as in (29) where z = (s0,Y0,%0) and T' is as in (39) is nonempty
for every p > 0.

Proof.
(a) This statement follows directly from Example 2.3(a) with A given by
A(s,y, ) = (Hs, (G + C"Cy,x/(80)) V(s,y,7) € 2.

(b) The proof of this statement is given in Appendix C. 0

The next result gives a sufficient condition for the sequence generated by a cycle
of inner iterations of the DR-ADMM to be an implementation of Framework 2.

LEMMA 4.4. Let 0 € [0,1) and 7 € (0,1) be given and consider the operator
T and the Bregman distance dw as in (39) and (59), respectively. Consider the
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sequence {(Sk, Yk, Tk, Tk, bk, Gk, i, Pk )} generated during a cycle of inner iterations of
DR-ADMM with parameter D > 0 and define

(60) Zh—1 = (Sk—1,Yh—1,Th—1), 2k = (Sk:UksTk)s =1, e =0 Vk>1

Then, the following statements hold:
(a) the sequence {(2k, Zk, Ak, €k)} satisfies inclusion (31) and the left-hand side T,
of this inclusion in terms of by, ak, px, and qx is given by ri, = (Hby, Gay +
C* Qs Pi);
(b) if there exists a sequence {n} such that {(bx, ar,qr, Pk, M)} satisfies

2 2 c+6—-1
[o(1+6)—1] ”gkﬁ‘('; + [o— (0 —1)?] 5”22"X + ( 7 )<Qk,pk>x
oell% e Nlaxl3 e

2k — (L= 7)1 — 0= — o=,

then the sequence {(zk, 2k, Ak, €k, k) } satisfies the error condition (32);
(c) condition (47) is equivalent to ||ri||* < p/2, where ry, is as in (31) and || - ||
is the seminorm defined in (58).
As a consequence, if the assumption of (b) is satisfied, then {(zx, Zk, Mk, €k, Mk) } 1S an
implementation of Framework 2 with input zo = (s0,Y0,%0), (M0, D), and A = 1.
Moreover, if every cycle of inner iterations of DR-ADMM satisfies the assumption
of (b), then DR-ADMM is an instance of Framework 3.

Proof.
(a) These statements follows from relations (53)—(55) and definitions in (46), (39),
and (59).
(b) Using (46) and (56), we obtain
(61) Tp—1— Tk = qu + Bpr, Tk — Tk = gk + (1 — 0)Bpx.
Hence, it follows from (59) and (60) that
- 1.
(dw)z, (2) + Mrew = 575017 - o

1

5 (1l + 320 = 12 + 20— 0)Blai.pi)a]

On the other hand, using (59)—(61) and definitions of by, ag, g in (46), we
obtain

B 1 1 B
(dw)z,_, (Zk) = Gt §\|yk—1 —ull3a+ §\|C(yk71 — )%

3!

|sk—1 — S|

1 ~ 2
+ %Hl’k% — Zkll%

1oy 1, 1, ., 1 ,
= §||bk||s,H + §||ak||y,G + %H%H){ + %H% + Bow %

@+1)
236

1 1
= S IbellE i+ Sllanl3 e + I 1%
2 2

B 1
+ 2*9||Pk||%< + §<Qk>Pk>X-

Statement (b) now follows immediately from the above two identities.
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(c) Since [|-[[* = (A(), -), where A(s, y,2) = (Hs, (BC*C+G)y,x/(BY)) for every
(s,y,z) € Z, it follows from the identity in (a), (46), the definition of A, and
Proposition A.1(a) that

(Hby, Gag + C*qr, pi)||™ = |A(bks an, -1 — 2) ||

(b, ar, Tr—1 — 1) ||
1 1/2
—(ww§H+au&G+ﬂmwi+awmm)

from which statement (c) follows.

To show the last statement of the lemma, first note that item (a), (46), (48),
and (59) imply that 7 = (Hb, Ga + C*§,p). Now, a similar argument as above using
the definition of p in (48), the definition of A, and Proposition A.1(a) implies that
71 = (I6l1Z  +1all3 o —|—%||q~||g( +80||p]|%) /2, from which the last statement of the
lemma follows. O

In view of Lemma 4.4, it suffices to show that DR-ADMM satisfies the assumption
of Lemma 4.4(b) in order to show that it is an instance of Framework 3. We will prove
the latter fact by considering two cases, namely, whether the stepsize 6 is in (0,1) or
in [1,(v/5 +1)/2). The next result considers the case in which 6 € (0,1) and Lemma
4.7 below considers the other case.

LEMMA 4.5. Assume that the DR-ADMM stepsize 6 € (0,1). Let {(by, ax, qx, px)}
be the sequence generated during a cycle of inner iterations of DR-ADMM with param-
eter D > 0 and define ny, = 0 for every k > 0. Then, the sequence {(by, ax, qx, Pk, Nk)}
satisfies the assumption of Lemma 4.4(b) with o = 6 + (0 — 1)? € (0,1) and any
7€ (0,1).

Proof. Using the definition of o, we have

[o(1+0) — 1]M +lo—(0-1)2 Blpell | (0+6-1)

230 20 g (@ePr)x

0% o, Blesllz 1 2
= 0 = —||0 > (.
o 0l + =57 + 0lae, P = 55110k + Bpillz 2 0
Hence the lemma follows due to the definition of {n}. 0

Before handling the other case in which 6 € [1, (v/5+1)/2), we first establish the
following technical result.

LEMMA 4.6. Consider the sequence {(yx, T, Tk, Ak, 9k, Px) } generated during a cy-
cle of inner iterations of DR-ADMM with parameter D > 0. Then, the following
statements hold:

(a) if 0 € [1,2), then

80 max{f, "}

2_9 d07

larllzllpsllx + llar]l3 ¢ <

where dy is as in (50);
(b) for any k > 2, we have

1 1
62)  anpide = (1= Oam pi-tda + 5 lanl3 6 — 3 lac-1l6

Proof. The proof of this lemma is given in Appendix D. 0
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In contrast to the case in which 6 € (0, 1), the following result shows that the case
in which 6 € [1, (v/5 + 1)/2) requires a nontrivial choice of sequence {n;} and hence
uses the full generality of the approach of section 3.

LEMMA 4.7. Assume that the DR-ADMM stepsize 6 € [1,(v/5 +1)/2) and con-
sider the sequence {(by,ar,qr,pr)} generated during a cycle of inner iterations of
DR-ADMM with parameter D > 0. Then, there exist o € [1/2,1) and 7 € (0,1/2]
such that the sequence {(bk, ak, qk, Pk, k) }, where {ni} is defined as

8(c + 60— 1)max{3, 371} o — 6 —1)%8 5
PR do, M= THPI@HX""

Yk > 1, satisfies the assumption of Lemma 4.4(b).

L&—l” |
20(1 —r) "

2
o = y.G

Proof. 1t follows from the definition of 1; and the Cauchy—Schwarz inequality
that

o+ 0) - lalx o g gy Bl lesle | (0 +6-1)

236 20 77 2 g P

laull% (0 +0-1)(1-20)] lal3e
> [o(1+6) -1 ,
2l =g T e 2

(c+0-1)
— 5 Ulalxlpllx +llaa3.c)
c+60-1

> =~ T (a4 )

>m— (1 - 7-)770a

where the second inequality holds for any 6 € [1,2), o > 1/2, and 7 € (0,1/2] and the
third inequality is due to Lemma 4.6(a) and definition of 7. Therefore, the inequality
in Lemma 4.4(b) with £ = 1 holds for any 6, o, and 7 as above.

Also, using Lemma 4.6(b) and the definition of {n;} in the statement of the
lemma, and performing some algebraic manipulations, we easily see that a sufficient
condition for the inequality in Lemma 4.4(b) with k& > 2 to hold is that

o1 +0) )81 gy gyl

2
+[00 —T(0+0+00—1)] laxlly.c

a7y T @O D =g pi-)x 2 0.

Clearly, in view of the Cauchy—Schwarz inequality, the above inequality holds if the
matrix

o(1+60)—1 (c+6-1)(1-06) 0
M@O,0,7)=| (c+0-1)(1-60) (1—7)o—(0—1)2 0
0 0 o —1(c+60+00—1)

is positive semidefinite. Since for any 0 € [1,(v/5 + 1)/2), the matrix M(6,1,0) is
easily seen to be positive definite, it follows that there exist o € [1/2,1) close to 1 and
7 € (0,1/2] close to 0 such that the above matrix is positive semidefinite. We have
thus established that the conclusion of the lemma holds. |

Now we are ready to prove Theorem 4.1.
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Proof of Theorem 4.1. First note that (52) follows from the last statement in
Lemma 4.2 and (49). Now, it follows by combining Lemmas 4.4, 4.5, and 4.7 that
DR-ADMM with 6 € (0, (1++/5)/2) is an instance of Framework 3 applied to problem
(39) in which {(zk, Zk, Ak, ex)} is as in (60) and {n;} is as defined in Lemma 4.5 if
0 € (0,1) or as in Lemma 4.7 if @ € [1,(1 + +/5)/2). This conclusion together with
Lemma 4.3(a) then implies that Theorem 3.3, as well as the observation following it,
holds with A = m = M = 1. Hence, estimate in (51) now follows from the latter
observation and the definition of 7. d

Appendix A. Some basic technical results. The following result gives some
properties of the dual seminorm whose simple proof is omitted.

PRrROPOSITION A.1. Let A : Z — Z be a self-adjoint positive semidefinite linear
operator and consider the seminorm || - || in Z given by ||z|| = (Az, 2)'/2? for every
z € Z. Then, the following statements hold:

(a) dom|| - ||* = Im (A) and ||Az||* = ||z|| for every z € Z;

(b) if A is invertible, then ||z||* = (A= 2, 2)Y/2 for every z € Z.

The following result discusses the existence of solution for a certain MIP.

PROPOSITION A.2. Let T : Z = Z be a maximal monotone operator and w :
Z — [—00,00] be a distance generating function such that int(domw) D ri(DomT)
and w is strongly convex onri (DomT). Then, for every 2 € int(domw), the inclusion
0 € (T4 0(dw);z)(2) has a unique solution z, which must necessarily be on DomT N
int(domw) and hence satisfy the inclusion 0 € (T + V(dw):)(2).

Proof. Let 2 € int(dom w) be given. First note that
int(dom w) C Dom dw = Dom d(dw); C dom w,

from which we conclude that ri(Domd(dw);) = int(domw). Moreover, by Propo-
sition 2.40 and Theorem 12.41 of [36], we have that ri(DomT) # @. These two
observations then imply that

(63) ri(DomT)Nri(Domd(dw)z) =ri(DomT) Nint(domw) = ri (Dom T') # (.

Clearly, (dw);(-) is a proper lower semicontinuous function due to Definition 2.1 and
(5), and hence d(dw); is maximal monotone in view of Theorem 12.17 of [36]. Thus,
it follows from (63), the last conclusion, the assumption that 7" is maximal monotone,
and Corollary 12.44 of [36] that T + 0(dw); is maximal monotone. Moreover, since
w is strongly convex on ri (DomT), it follows that 9(dw); is strongly monotone on
ri (Dom T'). By using a simple limit argument and the fact that Ow is a continuous map
on int(domw) due to Definition 2.1, we conclude that d(dw); is strongly monotone on
the larger set Dom T N int(dom w). Since the latter set is equal to Dom (7T + 9(dw):)
and T is monotone, we conclude that T' 4+ 9(dw); is strongly monotone. The first
conclusion of the proposition now follows from Proposition 12.54 of [36]. The second
conclusion follows immediately from the first one and the fact that, by Definition 2.1,
Dom 0w = int(dom w). d

The next proposition discusses the existence of solutions of a problem related to
(39).

PROPOSITION A.3. Let a linear operator E : Z — Z~, a vector e € ImFE, and a
proper closed convex function h : Z — R U {400} be such that

(64) 2122 {h(z): Ez =e} < 0.
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Then, the following statements hold:
(a) if ri(domh*) NIm (E*) # 0, then (64) has an optimal solution z*;
(b) the optimal solution set of (64) is nonempty and bounded if and only if 0 €
int(domh* + Im (E*));
(c) if the assumption of (a) holds and (64) has a Slater point, i.e., a point Z €
ri (domh) such that EZ = e, then there exists a Lagrange pair (z,x) = (2*, x*)
satisfying
0€0h(z) — E*x, Ez=e.
As a consequence of (b), if the set of optimal solutions of (64) is nonempty and
bounded, then ri(domh*) NIm (E*) # ().

Proof. Since h is a proper closed convex function, we have (h*)* = h. Hence, the
proof of (a) and (b) follows from Lemma 2.2.2 in Chapter X of [25] with 4y = E*,
g = h*, and s = e and the discussion following Theorem 2.2.3. The proof of (c) follows
easily from [34, Corollary 28.2.2]. d

COROLLARY A.4. Let E, e, and the function h be as in Proposition A.3 and
assume that i (domh*) N Im (E*) # 0. Then, the problem

(63) int { () + 1Bz - elP

has an optimal solution.

Proof. The proof follows by noting that the above problem is equivalent to
1
211612 {h(z) + §||w|\2 Bz —w= e}

and by applying Proposition A.3(a) to the latter problem. ]

Appendix B. Proof of Proposition 2.8. First, let us show that for every
k > ¢ > 0, the following inequalities hold:

(66) Aerepy < (dw)y, (Zy) +me < grl?x (dw)z, (Zi) + e

I ’

Indeed, it follows from Lemma 2.5(b) that for every z € domw,

k
(02 ()~ (@) ()4 (=P > (=) 3 (e G+ 30 A5 2) )
i=0+1 1=0+1

Taking z = z}'; in the last inequality and using that 7 > 0 and o < 1, we have

k

(dw)z, Gi) +me > Y Nil(ri, 2 = 2) + ),
i=0+1

which combined with the definition of £7, in (24) proves the first inequality of the
lemma. The second inequality of the lemma follows from the definition of '), and
convexity of the function (dw),,(+).

The proof of (25) follows from the weak transportation formula [6, Theorem 2.3]
and the fact that rj, € (S + TE)(2) € (S + T)Exl(3). Now, (6), (16), and (24)
imply that

k

(67) Nepriy = Z AT = Z V(dw),, (zi—1) = V(dw), (z¢).

i=0+1 i=0+1
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Also, (6), (12), and (21) yield

* \/QM *\\1/2 *\\1/2
V() (0l = 2 | (d)an (29)72 + () ()2
< Y2 [ 200 ] () 4 < 2V () ) 2

Combining the last inequality with (67) and using relation (21) with &k = £ and ¢ = 0,

we obtain
Il < 2Y2M
'S
Lk = A f

Hence, since z* is an arbitrary point in (S+7)71(0), the first bound in (26) is proved.
Let us now prove the second bound in (26). It follows from property (10), the triangle
inequality, and 2ab < a? 4 b? Va, b > 0 that, for every i > £ > 0,

(1 — )2 [((dw)sy (2%)) + 0] />

. M _ M, .
(dw), (2:) < 117 = 2el® < - (17 = 2l + [z = 2" + 112" = z)?

3M
< Sz =zl + lla = 211+ 12" = z1?).

Hence, property (8) and the fact that m < M (see (10)) yield

(dw)z, () +ne < % ((dw)., (%) + (dw),, (z*) + (dw),, (%) + 1) Vi>£>0.

Since (21) implies that the sequence {(dw),,(z*)+n;} is nonincreasing, it follows from
the last inequality and Lemma 2.5(d) that Vi > ¢ > 0,

IM
m(l — o)

() () 4= 200 (2

+ 2> [(dw)z, (z7) + nel < [(dw), (27) + ne],

1—-0o
which, combined with (66) and (21), yields
IM ¢
0 < ———-—(1— dw)., (2" :
i € o (L= 2 () () 4

Since z* is an arbitrary point in (S + T')~1(0), the proof is concluded.

Appendix C. Proof of Lemma 4.3(b). Let a scalar ¢ > 0 and note that
(s,y,7) € Z}; if and only if (s,y, ) satisfies
(68)  0€dg(s) = D*w+ puH(s = s0), 0 € 0f(y) — C"w + pBC"Cy — o),

Cy—&—Ds—c—l—@(x—xo) 0.

Hence, the proof of Lemma 4.3(b) will follow if we show that (68) has a solution.
Toward this goal, let us consider the problem

0
(69) inf {g(s) + fly) + %Hs — S()H‘QS"H + %Hc(y —yo)|% + %Hu

(s,9,u)

BQOUOHX Ds+Cy+u= c}
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It is easy to see that (s,y,c — Ds — Cy) is a Slater point of the above problem for
any (s,y) € ri (dom g) X ri (dom f) # (). Hence, since condition B2 easily implies that
the assumption of Proposition A.3(a) holds, it follows from Proposition A.3(c) that
problem (69) has a solution (3,7, @) € SxY x X and an associated Lagrange multiplier
Z € X. The latter conclusion and the optimality conditions for (70) immediately imply
that (3,7, ) satisfies (69).

Appendix D. Proof of Lemma 4.6. (a) Let a point z;; := (s}, 9}, 7.) € Z},

(see Lemma 4.3(b)) and consider (zg, 21,21, A1,€1) as in (60). It follows from the
definitions of p; and g1, 2ab < a? +b% Va,b> 0 and 6 > 1 that
(70)

[p1llxllgrllx = *||331 = zollx|C(y1 = wo)llx < 55 (||»”U1 ol % +1C (v — yo)ll%)

< ol - will% + 10w = y)ll% + 5||a?o — 2% + 10w — yp)l%-
Using the definition of a; and simple calculus, we obtain
larll3c = llvr = voll3.¢ < 2(lys = w36 + lvo = vl3.0),

which, combined with (70) and definitions of 2o, z1, and dw (see (59)), yields
(71 pdllxlallx + lad,e < dmax{B, 571} ((dw)z, (27;) + (dw)z (25)) -

On the other hand, Lemma 4.4(a) implies that inclusion (31) is satisfied for (2, 21, 21)
and (A1,e1), and hence it follows from Lemma 2. 5( ) with z = 2%, A1 = 1, and the
fact that (11,21 — z;) > 0 (see (19) with k =1, 2" =z, and &; = 0) that

(72) (dw)z, (2,) < (dw)z(2,) + (dw)z, (1) — (dw) 2 (21)-
Using the definitions in (59), (60), (46), and (61), we obtain

(@), (22) = (dw)oy(20) < 5z llor + (L= 0)5ml = 551 = 5l + B

— 1
O D8 i - 5

(0-1)p 6 -1) (llzr—2ll5 | llzo —zll%
< OB, < U2 ( il oo
200 — 1)

< [(dw)=, (2) + (dw)z, (27,)]

where the third inequality is due to the definition of p; and the fact that 2ab <
a?+b? Va,b > 0, and the last inequality is due to (59) and definitions of zg, z; and
z;,. Hence, combining the last estimate with (72), we obtain

())<= 5 (14 2072 ) (@06 = F= 2w )

Therefore, statement (a) follows from (71), the last inequality, and Lemma 3.1.
(b) From the inclusion (54) we see that

C*(%; — BC(y; —yj-1)) — G(yj —yj—1) € Ofuply;)  Vi>1
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where f,5(y) = f(y) + (Bu/2)|C(y — yo)lIZ + (1/2)lly — woll3},o for every y € V.
Hence, (56) yields (1/0)C*(x; — (1 — 0)xzj_1) — G(y; — yj—1) € Ofup(y;)Vj > 1. For
every k > 2, using the previous inclusion for j = k — 1 and j = k, it follows from the
monotonicity of the subdifferential of f,, g and the definitions of py, ay, and g, that

0<(BC*"(pr — (1 — O)pr—1), Yyx—1 — Yr)y — (Gar, — Gag_1,ax)y
=(pr— (1= 0)pr—1,qr)y —-Hakﬂggc + (Gag—1,ar)y
< (e — (1= Opr—1, )y — (1/2)[lar]3 ¢ + (1/2)|ar-1113.6

where the last inequality is due to fact that 2(Gag,ar—1)y < llaxl3 ¢ + llar-1l3.¢-
Therefore, (b) follows immediately from the last inequality.
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