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1. Introduction
In this paper, we shall study the Q-linear rate convergence of the alternating direction method of multipliers
(ADMM) for solving the following convex composite optimization problem:

min{S(y) +e(W)+e@E)+h(z): Ay+Bz=c,yeY,z€ Z}, 1)

where % and Z are two finite-dimensional real Euclidean spaces each equipped with an inner product (-, -) and
its induced norm || ||, 9: % — (=0, +o0] and ¢: Z — (=0, +0] are two proper closed convex functions, g: % —
(—00,400) and h: Z — (—00,+00) are two continuously differentiable convex functions (e.g., convex quadratic
functions), s": % — ¥ and %": Z — ¥ are the adjoints of the two linear operators s: ¥ — % and %: ¥ — Z,
respectively, with % being another real finite-dimensional Euclidean space equipped with an inner product (-, -)
and its induced norm || || and ¢ € % is a given point. To avoid triviality, neither s/ nor % is assumed to be
vacuous. For any convex function 6 : % — (—oc0,+o0], we use dom 0 to define its effective domain, i.e., dom 6 :=
{x e %: O(x) < oo}, epi O to denote its epigraph, i.e., epi 0:={(x,t) e ¥ X R: O(x) <t} and 6": X — (=00, +0] to
represent its Fenchel conjugate, respectively.

The classic ADMM was designed by Glowinski and Marroco [23] and Gabay and Mercier [20] and its construc-
tion was much influenced by Rockafellar’s works on proximal point algorithms (PPAs) for solving the more gen-
eral maximal monotone inclusion problems (Rockafellar [37, 38]). The readers may refer to Glowinski [22] for a
note on the historical development of the classic ADMM. The convergence analysis for the classic ADMM under
certain settings was first conducted by Gabay and Mercier [20], Glowinski [21], and Fortin and Glowinski [17].
For a recent survey on this, see Eckstein and Yao [15].

Our focus of this paper is on the linear rate convergence analysis of the ADMM. This shall be conducted
under a more convenient semi-proximal ADMM (in short, sSPADMM) setting proposed by Fazel et al. [16] by
allowing the dual step-length to be at least as large as the golden ratio of 1.618. This SPADMM, which covers
the classic ADMM, has the advantage to resolve the potentially nonsolvability issue of the subproblems in
the classic ADMM. But, perhaps more importantly, it possesses the abilities of handling multiblock convex
optimization problems. For example, it has been shown most recently that the SPADMM plays a pivotal role in
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solving multiblock convex composite semidefinite programming problems (Sun et al. [41], Li et al. [30], Chen
et al. [5]) of a low to medium accuracy. We shall come back to this in Section 4.

For any self-adjoint positive semidefinite linear operator /: ¥ — %, denote ||x||, :=+/{x, #x) and dist ,(x, D) =
inf,.p||x" = x||, for any x € % and any set D C %. We use .¥ to denote the identity mapping from # to itself.
Let 0 >0 be a given parameter. Write 9,(-) =9(-) + g(+) and ¢,(-) = ¢(-) + h(-). The augmented Lagrangian
function of problem (1) is defined by

Lo(y,2%) 1= () + 9 + (5, Y+ Fz =)+ Tl y+ Bz, V(y,z,%) €YXEXE. @)

Then the sSPADMM may be described as follows.

sPADMM: A semi-proximal alternating direction method of multipliers for solving the convex optimization
problem (1).

Step 0. Input (y°,z% x°) € domd X domg x #. Let 7 € (0,+0) be a positive parameter (e.g., 7 € (0,
(1++v5)/2)), and ¥: %Y — Y and T: Z — Z be two self-adjoint positive semidefinite, not necessarily positive
definite, linear operators. Set k := 0.

Step 1. Set
y*! eargmin £, (y, 25 xF) + Ly - v 12, (3a)
M eargmin &, (v, z; x%) + 1]z - 2¥||3, (3b)
1 = xk 4 TG(&Q*]/kH + Gkl — C). (3(_~)

Step 2. If a termination criterion is not met, set k:=k +1 and go to Step 1.

The sPADMM scheme (3a)—(3c) with & =0 and J =0 is nothing but the classic ADMM of Glowinski and
Marroco [23] and Gabay and Mercier [20]. When 3 =.7 and s/ is surjective, the global convergence of the classic
ADMM with any 7 € (0,(1 + V5)/2) has been established by Glowinski [21] and Fortin and Glowinski [17].
Interestingly, in Gabay [19], Gabay has further shown that the classic ADMM with 7 =1, under the existence
condition of a solution to the Karush-Kuhn-Tucker (KKT) system of problem (1), is actually equivalent to the
Douglas-Rachford (DR) splitting method applied to a stationary system to the dual of problem (1). Moreover,
Eckstein and Berstekas [14] have proven that the DR splitting method can be equivalently represented as a
special case of PPA. This is achieved by using a splitting operator constructed by Eckstein in his PhD thesis
Eckstein [12], which we will call the Eckstein splitting operator for the convenience of reference. Thus, one may
always use known results on the DR splitting method and the PPA to study the properties of the classic ADMM
with 7 =1 (this does not apply to the case that 7 # 1 of course) though the properties on the corresponding
Eckstein splitting operator can be much involved.

The above sPADMM scheme (3a)-(3c) with & >0 and J > 0 was initiated by Eckstein [13] to make the
subproblems in (3a) and (3b) easier to solve. In the same paper, Eckstein [13] showed how the SPADMM with
¥ >0 and J > 0 can be transformed into the framework of PPAs. In He et al. [26], He et al. further studied
an inexact version of Eckstein’s work in the context of monotone variational inequalities. Using essentially the
same variational techniques developed by Glowinski [21] and Fortin and Glowinski [17], Fazel et al. developed
an extremely easy-to-use convergence theorem, which covers earlier nice results of Xu and Wu [43] with & >0
and/or J > 0, for the sSPADMM (Fazel et al. [16, Appendix B]) when the dual step-length 7 is chosen in
(0,(1++5)/2). In Shefi and Teboulle [40], Shefi and Teboulle conducted a comprehensive study on the iteration
complexities, in particular in the ergodic sense, for the sSPADMM with 7 =1 and % =.7. Related results for the
more general cases can be found, e.g., in Li et al. [28] for the case that the linear operators & and J are allowed
to be indefinite, and in Cui et al. [8] for the case that the objective function is allowed to have a coupled smooth
term. For details on choosing ¥ and 7, one may refer to the recent PhD thesis of Li [29].

Compared with the large amount of literature' mainly being devoted to the applications of the ADMM,
there is a much smaller number of papers targeting the linear rate, in particular the Q-linear rate, convergence
analysis, though there do exist a number of classic results and several new advancements on the latter. By
using the aforementioned connections among the DR splitting method, PPAs, and the classic ADMM with
T =1, we can derive the corresponding R-linear rate convergence of the ADMM from the works of Lions and
Mercier [31] on the DR splitting method with a globally Lipschitz continuous and strongly monotone operator,
and Rockafellar [37, 38] and Luque [32] on the convergence rates of the PPAs under various error bound
conditions imposed on the Eckstein splitting operator. For example, within this spirit, Eckstein [12] proved
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the global R-linear convergence rate of the ADMM with 7 =1 when it is applied to linear programming. In
the same vein, one can easily obtain the similar global R-linear convergence rate of the ADMM with 7 =1
for convex piecewise linear-quadratic programming by combining the classic result of Robinson on piecewise
polyhedral multivalued mappings Robinson [35] and Sun’s subdifferential characterization of convex piecewise
linear-quadratic functions (Sun [42]).

There are some interesting new developments on the R-linear and/or Q-Linear convergence rate of the
ADMM. Apparently, unaware of the above mentioned connections, for convex quadratic programming, Boley [1]
provided a local R-linear convergence result for the ADMM with 7 =1 under the conditions of the unique-
ness of the optimal solutions to both the primal and dual problems and the strict complementarity; in Han
and Yuan [24], Han and Yuan removed the restrictive conditions imposed by Boley and established the local
Q-linear rate convergence of the generalized ADMM in the sense of Eckstein and Bertsekas [14] for the sequence
{(z*,x*)}. For the more general convex piecewise linear-quadratic programming problems, Yang and Han [44]
established the global Q-linear convergence rate for the sequence {(z*, x*)} and {(y*, z*, x*)} of the ADMM and
the linearized ADMM (a special case of SPADMM with & >0 and J > 0) with t =1, respectively. We remark that
when either & >0 or J > 0 fails to hold, the convergence analysis in Yang and Han [44] for the linearized ADMM
is no longer valid. In Deng and Yin [9], Deng and Yin provided a number of scenarios on both the R-linear and
Q-linear rate convergence for the ADMM and sPADMM with 7 =1 under the assumption that either 9,(-) or
@;,(+) is strongly convex with a Lipschitz continuous gradient in addition to the boundedness condition on the
generated iteration sequence and others. Deng and Yin also provided a detailed comparison between their most
notable R-linear rate convergence result and that of Lions and Mercier [31] on the DR splitting method when
applied to a stationary system to the dual of problem (1). Assuming an error bound condition and some others,
Hong and Luo [27] provided a global R-linear rate convergence of the multiblock ADMM and its variants with
a sufficiently small step-length 7. Theoretically, this may constitute important progress on understanding the
convergence and the linear rate of convergence of the ADMM. Computationally, however, this is far from being
satisfactory, as in practical implementations one always prefers a larger step-length for achieving numerical
efficiency.

In this paper, we aim to resolve the Q-linear rate convergence issue for the SPADMM scheme (3a)—(3c) with
7€ (0,(1+V5)/2) under mild conditions. Special attention shall be paid to convex composite piecewise linear-
quadratic programming and quadratic semidefinite programming. Under a calmness condition only, we provide
a global Q-linear rate convergence analysis for the sSPADMM with 7 € (0, (1 + V5)/2). This is made possible by
constructing an elegant inequality on the iteration sequence via reorganizing the relevant results developed in
Fazel et al. [16, Appendix B]. For convex composite piecewise linear-quadratic programming, the global Q-linear
convergence rate is obtained with no additional conditions as the calmness assumption holds automatically. By
choosing the positive semidefinite linear operators & and J properly, in particular 7 =0, we demonstrate how
the established global Q-linear rate convergence of the SPADMM can be applied to multiblock convex composite
quadratic conic programming.

The remaining parts of this paper are organized as follows. In Section 2, we conduct brief discussions on the
optimality conditions for problem (1) and on both the locally upper Lipschitz continuity and the calmness for
multivalued mappings. Section 3 is divided into two parts with the first part focusing on the derivation of a
particularly useful inequality for the iteration sequence generated from the sPADMM. This inequality, which
grows out of the results in Fazel et al. [16, Appendix B], is then employed to build up a general Q-linear rate
convergence theorem under a calmness condition. Section 4 is about the applications of the Q-linear convergence
theorem of the SPADMM to important convex composite quadratic conic programming problems. We make our
final conclusions in Section 5.

2. Preliminaries
In this section, we summarize some useful preliminaries for our subsequent analysis.

2.1. Optimality Conditions
For a multifunction F: % =3 %, we say that F is monotone if

(V-y,&-&20, VEEF(Y), YEEF(y). 4)

It is well known that for any proper closed convex function 8: % — (-0, +00], Jd6(-) is a monotone multivalued
function (see Rockafellar [36]), that is, for any w, € dom 0 and any w, € dom 0,

(E—Cw,—w,) 20, VE€dO(w,), VTeIo(w,). ®)
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In our analysis, we shall often use the optimality conditions for problem (1). Let (i/,z) € dom 9 X dom ¢ be an
optimal solution to problem (1). If there exists ¥ € % such that (j, z, X) satisfies the following KKT system:

0€d9(y)+Vg(y)+six,
0€dp(z)+ Vh(z) + Bx, (6)
c—sd'y-Fz=0,

then (i, 2, %) is called a KKT point for problem (1). Denote the solution set to the KKT system (6) by Q. The
existence of such KKT points can be guaranteed if a certain constraint qualification such as the Slater condition
holds:

A(y’,z") eri(dom d xdom @) N {(y,z) e Y X Z: L'y + B'z=c},

where 1i(S) denotes the relative interior of a given convex set S. In this paper, instead of using an explicit
constraint qualification, we make the following blanket assumption on the existence of a KKT point.

Assumption 1. The KKT system (6) has a nonempty solution set.
Denote u :=(y,z,x) for ye %, ze Z and x € ¥. Let U :=Y X Z X %. Define the KKT mapping R: U — U as

y —Pryly — (Vg(y) + six)]
R(u):= z—Prq,[z—(Vh(z)+%x)] , Yue, 7)
c—A"y—RBz

where for any convex function 0: % — (-0, +00], Pry(-) denotes its associated Moreau-Yosida proximal mapping
Rockafellar and Wets [39]. If 6(-) = 0(-), the indicator function over the closed convex set % C %, then Pr,(-) =
IT,(-), the metric projection operator over #. Then, since the Moreau-Yosida proximal mappings Pry(-) and
Pr,(-) are both globally Lipschitz continuous with modulus one, the mapping R(-) is at least continuous
on % and

Yuei, Ru)=0 & ueQ.

2.2. Locally Upper Lipschitz Continuity and Calmness
Let % and % be two finite-dimensional real Euclidean spaces and F: % =3 % be a set-valued mapping. Denote
the graph of F by gphF. Let B, denote the unit ball in %.

Definition 1. The multivalued mapping F: % =3 % is said to be locally upper Lipschitz continuous at x° € % with
modulus x, >0 if there exist a neighborhood V of x° such that

F(x) C F(x") + xollx —x°|IB,,, VxeV.

The above definition of locally upper Lipschitz continuity was first coined by Robinson [34] for the purpose
of developing an implicit function for generalized variational inequalities. In the same paper, he also stud-
ied several important properties of multivalued mappings. Recall that the multivalued mapping F is called
piecewise polyhedral if gph F is the union of finitely many polyhedral sets. In one of his seminal papers, Robin-
son [35] established the following fundamental property on the locally upper Lipschitz continuity of a piecewise
polyhedral multivalued mapping.

Proposition 1. If the multivalued mapping F: % =3 % is piecewise polyhedral, then F is locally upper Lipschitz continuous
at any x° € ¥ with modulus «, independent of the choice of x°.

One important class of piecewise polyhedral multivalued mappings is the subdiffenrential of convex piecewise
linear-quadratic functions. Note that a closed proper convex function 6: % — (—oc0,+0] is said to be piecewise
linear-quadratic if dom 6 is the union of finitely many polyhedral sets and on each of these polyhedral sets,
0 is either an affine or a quadratic function. In his PhD thesis, J. Sun (Sun [42]) established the following key
characterization on convex piecewise linear-quadratic functions. For a complete proof about this proposition
and its extensions, see the monograph written by Rockafellar and Wets [39, Propositions 12.30 and 11.14].

Proposition 2. Let 0: % — (—o0, +00] be a closed proper convex function. Then O is piecewise linear quadratic if and
only if the graph of J0 is piecewise polyhedral. Moreover, O is piecewise linear quadratic if and only if 6" is piecewise
linear quadratic.

RIGHTS L1 N Hig



Downloaded from informs.org by [158.132.175.120] on 12 May 2018, at 07:16 . For personal use only, al rights reserved.

Han, Sun, and Zhang: Q-Linear Rate of ADMM
626 Mathematics of Operations Research, 2018, vol. 43, no. 2, pp. 622—-637, © 2017 INFORMS

Next, we give the definition of calmness for F: % =3 % at x° for y° with (x°, y°) € gph F.

Definition 2. Let (x°, %) € gph F. The multivalued mapping F: % =3 % is said to be calm at x° for y° with modulus
Ko > 0 if there exist a neighborhood V of x° and a neighborhood W of y° such that

F(x)NW CF(x°) + xllx = x°||B,,, VxeV.

The above definition of calmness is taken from Dontchev and Rockafellar [11, Section 3.8(3H)]. It follows
from Proposition 1 that if F: % = % is piecewise polyhedral, and in particular from Proposition 2 that F is the
subdifferential mapping of a convex piecewise linear-quadratic function, then F is calm at x° for y° satisfying
(x%,y°) € gph F with modulus x, > 0 independent of the choice of (x°, °). Furthermore, it is well known, e.g.,
Dontchev and Rockafellar [11, Theorem 3H.3], that for any (x°,°) € gph F, the mapping F is calm at x° for y° if
and only if F™!, the inverse mapping of F, is metrically subregular at y° for x°, i.e., there exist a constant «{, > 0,
a neighborhood W of y°, and a neighborhood V of x° such that

dist(y, F(x")) < x} dist(x’, F'(y)NV), VYyeW. 8)

3. A General Theorem on the Q-Linear Rate Convergence
In this section, we shall establish a general theorem on the Q-linear convergence rate of the sPADMM
scheme (3a)—(3¢).

First we recall the global convergence of the sSPADMM from Fazel et al. [16, Appendix B]. Since both 99 and
d¢ are maximally monotone and ¢ and & are two continuously differentiable convex functions, there exist two
self-adjoint and positive semidefinite linear operators =, and L, such that for all y’, y €edom 3§, & € d9,(y) and
&'€d9,(y'), and for all z’,z € dom ¢, C € dp,(z) and C’' € dp,(z'),

&=y -2y -y}, (C-C2-2)2]2 -z}, ©)

For notational convenience, let €: & — U :=% X Z X ¥ be a linear operator such that its adjoint € satisfies
€(y,z,x) ="y + Bz for any (y,z,x) e Y X ZX ¥ and for u:=(y,z,x) € U and u’':=(y’,z’,x’) € U, define the
following function to measure the weighted distance of two points:

Ou,u'):= (o) Hlx =X+ lly = y'II5 + Iz = 2'l15 + ol %" (z = 2) .

Theorem 1, which will be used in the following, is adapted from Appendix B of Fazel et al. [16].

Theorem 1. Let Assumption 1 be satisfied. Suppose that the SPADMM generates a well-defined infinite sequence {u*}.
Let it =(jj,z,x) € Q). For k > 1, denote

Op:=t(1 = 7+ min{t, T })0|| B (z* - zF)||? + ||2F — K12, 10
ve= by + Iy -y R + 20y - IR+ 202 I (10)
Then, the following results hold:
(i) Forany k>1,
[6@u**, i) + 1125 = 28|12 + (1 - min{7, T B2 0) - cl)?
- [0, @) +[|2" =212 + (1 = min{z, e })a € (v*, 25, 0) - c|I?]
< —[vep + 1= T +min{7, T D€ (v, 2, 0) - c|I?]. (11)

(ii) Assume that both T, +F +oslst” and T, +T +0 B3 are positive definite so that the sequence {u*} is automatically
well defined. If T € (0,(1 + \/_)/2) then the whole sequence {(y*,z*,x¥)} converges to a KKT point in Q.

Theorem 1 provides global convergence results for the SPADMM under fairly general and mild conditions.
For the purpose of obtaining inequality (11) in Theorem 1, one needs to assume that the subproblems in the
sPADMM must admit optimal solutions, which can be guaranteed if both £, + & + 0s(s(* and T, + T + 0 B%’
are positive definite. Obviously one can always choose positive semidefinite linear operators & and J to ensure
L,o+F +odsd”>0and L, +T +0BRB >0 as L, + osdsl” = 0 and X, + 0B%" = 0. In the classic ADMM, since
both F=0and 7 =0, one needs to assume that Z +o09sd” >0 and L, + 0BRB" > 0, which hold automatically if
the surjectivity of both ¢ and % is assumed as in the original ADMM papers Glowinski [21] and Fortin and
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Glowinski [17]. An example was constructed by Chen et al. [6] to show that Assumption 1 itself is not enough
for ensuring the existence of solutions to all the subproblems in the sSPADMM. This example also shows that
the statement made in Boyd et al. [3] on the convergence of the classic ADMM without the surjectivity of s/
and % is incorrect. Interestingly, for the case that ¥ =0 and J =0, the global convergence results in Theorem 1
may still be valid even if the surjectivity of s¢ or 3 fails to hold if £, and X, are incorporated in the analysis.
To illustrate this, let us consider the following convex composite least squares optimization problem:

min {1||Lx —d|*+ ¢(x)}

12
st. Ax=Db, (12)

where d € R/, b e R", L € R>*" and A € R"™" are two matrices and ¢: R" — (—c0,+0] is a proper closed
convex function. Without loss of generality, assume that A is of full row rank. The Lagrange dual of (12) can be
written as 1 2 T *
max {—;[lw—d[*+b"yr - *(2)}
st. LTw+ATy,—2z=0,

which can be equivalently reformulated as

min {1[lo]2 -7y, +¢'(2))

13
st. LTo+ ATy, —z=-L"d. (13

By treating (v, yz) as one-variable block and z the other, we can write problem (13) in the form of (1) with
g, ye)=2olIP=b"y, V(o,y)) € R'xR™ and  h(z):=0, VzeR" (14)
Consequently, one immediately obtains
(L0 _
3=(00)’ X, =0, (15)
where for any positive integer j, I; denotes the j by j identity matrix. Note that in this case o/ := (%) is not
necessarily surjective though % = —I, is. So the known global convergence analysis for the classic ADMM
without using Zg may be invalid. However, since both Zg + 09" and X, + 0BAB" are positive definite, the
global convergence of the classic ADMM (both & =0 and J = 0) for solving problem (13) follows readily from

Theorem 1. Thus, one can see the benefit of exploiting the availability of X, or X,.
For any self-adjoint linear operator /l: % — %, we use A, (/) to denote its largest eigenvalue. Define

max

k=30, Ky = max{30 A (5150), 20T}, 151 071+ (1= T2 0 (B o (S154°) + 210 (BA)).
Let x, :=max{x, k,, k3}. Let #, be the block-diagonal linear operator defined by
Hy = x,Diag(#,T + 0 BE', (1%0) 7). (16)

The usefulness of the block-diagonal linear operator #, can be found in the following lemma on deriving an
upper bound for ||R(-)|| computed at the sequence generated by the sSPADMM.

Lemma 1. Let {u*:=(y*,z",x*)} be the infinite sequence generated by the sSPADMM scheme (3a)—(3¢c). Then for any
k>0,

[l =[5, = IR 17)
Proof. The optimality condition for (3a) is
0€ (¥ + Vg (™) + st[x* + o (st y* + B'Z* — o) + P (y**! = y"). (18)

k1 we have

From the definition of x
X+ oy T+ BZF — o) = —0 B (M = 2F) + xF + T (M = ).
It then follows from (18) that

0€ a9y + Vg (y*™) + st[0B (zF — K1) + xF + 771 (" = xF) ] + (Y - ),
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which implies
Y =Pry (! = (Vg™ + st[0 % (2" = 28 + xF + o7 (M = )] + (1 - yh)). (19)
Noting that since z**! is a solution to the subproblem (3b), we have that
0€dp(z" 1) + Vh(z"") + Bk + 0 B(st y* + B2 = 0) + T (2" - 2),

which is equivalent to

0 € dp(zF) + Vh(z" 1) + B[x* + 771 (" = xF)] + T (2" = 25).
Thus, we have

1= Pr(p(zk*1 — (VR(Z*Y) + B[x* + 71 (o = 26 + T (2F = 29))). (20)

Note that from (3c),
= xF b ro(stytT + BT - o). (21)

Then, by combining (19)—(21) and noticing of the Lipschitz continuity of the Moreau-Yosida proximal mappings,
we obtain from the definition of R(-) in (7) that

||R(uk+l)||2 < || _ y(yk-#l _ yk) + Gw%$(2k+l _ Zk) + (1 _ T—l)&d(xk-H _ xk)||2
+ || _ J(-(Zk+1 _ Zk) + (1 _ T—l)%(xk+1 _ xk)”2 + (TU)_2||xk+1 _ xk”Z
< [BILNNY = Y IB 430 A (510 198° (2" = 2|12 4 3(1 = TPl (! = x|
+ 20T M2 = 2515 +2(1 = T B = 2P + (vo) | — 2|7
=Y+ ol - 2511 +15(720) " = o1,

SK1||y T +0BAB"

which immediately implies (17). O
For any 7 € (0, +c0), define

_5—1—3min{r, 77"} 1- 7 +min{t, 7'}

§; 1= 1 and t, = )
Note that one can easily compute the following
1/4<s.<5/4 and 0<t,<1/2, V1€ (0,(1+V5)/2). (22)

See Figure 1 for the values of s, and f, for 7 €[0,(1+ V5)/2].
Denote the following two self-adjoint linear operators for our subsequent developments:

M :=Diag(F +L,,T + X, +0B%, (10)".F) +5,0€¢E", (23)
# :=Diag(¥ + 3L, T + 35, + 2L, T0BH, t (1°0) " F) + ;£ 0€E". (24)

Figure 1. (Color online) The values of s, and ¢, for 7 € [0, (1 +V5)/2].
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Then we immediately get the following relation
Kk, = min{27, 1}, #, + 3x,t,0€%", V1€ (0,+00). (25)

The operator ./ will be used to define the weighted distance from an iterate to the KKT points while # will be
employed to measure the weighted distance between two consecutive iterates. The next proposition will answer
the needed positive definiteness of these two linear operators, which is made possible due to the introduction
of the last term in (23) and (24), respectively.

Proposition 3. Let 7 € (0,(1+ V5)/2). Then
(g +F +osdst”>0 and £, +T +0BRB >0) & M>0 < #>0.
Proof. Since, in view of (22), it is obvious that / > 0 & # > 0, we only need to show that
(Zg+F +osdst”>0 and £, +T +0BRB >0) & JM>0.

First, we show that ¥, + ¥ + osfsl” > 0 and L, + T + 0B% > 0 & A > 0. Suppose that X, + F + osfsf” > 0 and
L, +J +0B% >0, but there exists a vector 0 #d :=(d,, d.,d,) € Y X ZX %X such that (d, Md) =0. By using the
definition of / and (22), we have

d,=0, (5,+7 +0%BF)d,=0, (T, +F)d, =0 and %(d,,d.,0)=0,

which, together with the assumption that X, + ¥ +oss0" >0 and £, +7 +0B%" > 0, imply d =0. This contradiction
shows that .4 > 0.

Next, suppose that / > 0. Since s, >0 and for any d = (0,d,,0) € Y X ZX ¥, {d, Md)y =(d,, (L, +T + (1 +s,)-
0BAB')d,), we know that L, +T + 0 B%" > 0. Similarly, since for any d =(d,,0,0) € Y XZX ¥, (d, Md)=(d,, (X, +
S +s.0850)d, ), we know that L, + ¥ +osist” > 0. So the proof is completed. O

Based on Proposition 3, we are ready to develop the promised key inequality needed for proving the Q-linear
rate of convergence for the sSPADMM.

Proposition 4. Let 7 € (0,(1 + V5)/2] and {(y*,z*,x*)} be an infinite sequence generated by the sSPADMM. Then for
any it =(ij,z,%) € Qand any k > 1,
[l = a5+ 1125 = 28015 < (e =l + 125 = 2H5) = [l =)l (26)
Consequently, we have for all k > 1,
dist, ("1, ©0)+ |12 = 2H|2 < (dist?, (tt, ©) + 12 = 251 [2) = [k = 2. @)
Proof. Let i1 =(¥/,z,%) € Q be fixed but arbitrarily chosen. From part (i) of Theorem 1, we have for k > 1 that

(to) I = %P+ 1y = gl + 112 =212 + ol (2 - 2P + (124 - 2412
+(1-min{z, 7' }o[|E" (v, 2", 0) - c|)?
< (ro) MIxF = x|+ y* = G135 + 112" = 2113 + ol % (" - D)|* + ||12F - 2712
+(1-min{t, ' }o||€ (y*, z*,0) - c||?
—{o[t—7*+ tmin{r, T }||B" (" - 2) P+ 12 =22+ YT - EIE

+2/ly* = gl +2012 = ZIIE, + (1= T+ min{r, 7 Dol € (¥, 2, 0) ~ c|P}. (28)

By reorganizing the terms in (28), we obtain
(o) I = 2|+ Iy = gl% + 112 = 215 + 0| (T - 2P + 12 - 2412
+3(5—1-3min{r, 7' o€ (v, 2, 0) - c|* + Iy - ?H%g + 121 - 2|13,
< (ro) Xk = =P+ ly* = g1 + 12" = 2153 +ol| % (2" = D) IP + [I12" =272
+3(6-t=3min{r, 7 Dol (", 2, 0) —cl® + ly* - 7liZ, +1I2" - 2IE,
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—{2t0tl| B = 2P+ 12 = 2805 + 1y = M5+ 1y = G2, + Ny = g1, + 112 - 21,
+ |25 - Z||§h +2(1 -7 +min{r, o€ (y*, 25, 0) — |2
+ 11—t +min{t, 7 Do [[1€ (¥, 2, 0) = clP + 1€ (", 25, 0) - clI*] };
or equivalently
(ro) I = 2P+ Ny = gl + 125 = 213 + ol| 9 (25 = 2)I1P + )12 - 2513
5,0 E W, 2,0~ P + Iy - 7R+ (12 - 2,
< (o) Mt = &I+ Iyt - FIE + 11z = 21 +oll o (2F ~ D)2+ ll2F = 2|2
+5.00€ (Y, 25, 0) —clP +ly* = gliE, + 112" - 21,
— {2t 0Tl = 2P+ 12 =205 + Y™ = I+ Iy = g+ Iy - I
+ 12 =21, + l12F = 2N, + ol E (Y™, 2, 0) — el
+3tolllE (Y, 2, 0) P + 1€ (v, 25, 0) — clIP1}- (29)

Using equalities
rg*(yk+1’zk+]l0) —c= &d*(ykﬂ _ ]7) + %*(Zkﬂ _ Z),
€y, 250 = (yF - §) + (2 - 2),
‘g*(yk”,zk“, 0) —c= (TG)—l(karl _ xk)
and inequalities

k+1 k+1 k+1 k+1

Iyt =gl + 1y = glE, > Sy = yM I, 2 =21, + 112" = 202, > 3l =20,

€ (y 1, 2, 0) = el + 12" (y*, 25, 0) = cll> = Sllst (v = y*) + B (" =297,
we obtain from (29) and the definitions of s, and ¢, that for any 7 € (0, (1+V5)/2],

(To) Ml = 2|2+ 1y = g5 + 112 = 215 + ol (2" - 2)I?

L ZF |2 s ol (v = )+ B E = )IP + Iy - IR+ 11z

+1z -z[z,
< (ro) MIx* = 2P+ 1y = gl + 112" - 215 + ol (2" - 2)I?

+ 12" =2 UE + s olls (v - )+ B EE - DI+ lyE - I, + 112" - 21,

= {2t 0Tl (@ = 2P+ 125 =205 + Y™ = yE I+ 5l - R,

+ %szﬂ _ Zk”)ZZh + tT(TZO')_luka _ xkllz + itTO.”&q*(ka _ ]/k) + %*(Zkﬂ _Zk)”Z},

k+1

which shows that (26) holds. By noting that Q is a nonempty closed convex set and (26) holds for any i € Q,
we immediately get (27). O

Now, we can establish the Q-linear rate of convergence of the SPADMM under a calmness condition on R71
at the origin for some KKT point.

Theorem 2. Let 7 € (0,(1 + V5)/2). Let & and T be chosen such that £, + & + osdst” > 0 and L, + T + 0B%" > 0.
Then there exists a KKT point i1 := (ij,Z,%) € Q such that the whole sequence {(y*,z*, x*)} generated by the sSPADMM
converges to il. Assume that R™ is calm at the origin for it with modulus n >0, i.e., there exists r >0 such that

dist(u, Q) < n||R(w)|l, Vue{ueU: ||lu—il<r}. (30)
Then there exists an integer k > 1 such that for all k > k,
dist?, (u**1, Q) + |25 = 252 < uldist’ (uf, Q) + |25 = 25121, (31)

where
pi=1+2)"(1+x)<1 and x:=min{27, 1} (7" KA pax(H)) " > 0.

Moreover, there exists a positive number ¢ € [, 1) such that for all k > 1,

dist?, (11, Q) + [|251 = 2|12 < c[dist’ (uF, Q) + |25 = 2512 ]. (32)
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Proof. From part (ii) of Theorem 1 we already know that the whole sequence {(y*,z*,x*)} generated by the
sPADMM converges to a KKT point in O, say i = (i, z, X). Then there exists k > 1 such that for all k > k,

lu"t — || < 7.

Thus, by using Lemma 1 and (30), we know that for all k > k,
dist(t, Q) < PIRF|? < Pt = uH (33)
From the definition of #, we have for all k >0,
1250 = 28115 < Mt = a1
It follows from (25) and (33) that for all k > k,
6" = |3 = min{27, 1} |6 = w5, 2 min{27, 1}, 55" 172 dist*(u**1, Q) > x dist (u*1,Q).  (34)
Let x5 = (1+ ). From (27) in Proposition 4 and (34), we have for all k > k,

dist’, (1", Q) + || 28" — 24|12 — {dist, (u*, Q) + |2 = 212} < =((1 = w5 [ = b |5, + w5l = u|1)
< —((1 = x5)[| 2K = 2F)|2 + ks dist, (11, Q). (35)

Then we obtain from (35) that for all k > k,

(1 + xsx) dists, (151, Q) + (2 — 1) |25 = 2¥||12 < dist’, (uF, Q) + ||z — 2571 |2.
By noting that 1+ x5k =2— k5 = u~', we obtain the estimate (31).

By combining (31) with Lemma 1, (27) in Proposition 4 and (25), we can obtain directly that there exists a
positive number ¢ € [y, 1) such that (32) holds for all k > 1. The proof is completed. O

Theorem 2 provides a very general result on the Q-linear rate of convergence for the sSPADMM. As one can see
that the key assumption made in this theorem is the calmness condition (30), which may not hold in general (see
the next section for more detailed discussions on this). However, if R is piecewise polyhedral, this calmness
condition holds automatically. Since R™! is piecewise polyhedral if and only if R itself is piecewise polyhedral,
we can obtain the following from Proposition 1 and the proof of Theorem 2.

Corollary 1. Let 7 € (0,(1+ V5)/2). Suppose that Q # 0 and that both Lo+ F +oslsl” and Ly, + T + 0 BB are positive
definite. Assume that the mapping R: U — U is piecewise polyhedral. Then there exist a constant 7] > O such that the
infinite sequence {(y*,z*,x*)} generated from the SPADMM satisfies for all k > 1,
dist(u*, Q) < AlIR (M), (36)

dist (u**1, Q) + 1281 — 2|12 < a[dist’, (u*, Q) + ||2F — 2512, (37)

where
f:=1+2R)7'1+®)<1 and ®:=min{27, 1}, (A* KA e ()" > 0.

Proof. Since Q# 0 and R™": % — U is piecewise polyhedral, it follows from Proposition 1 that there exist two
constants 77> 0 and p > 0 such that

dist(u, Q) < n||R(w)|l, Yue{uec¥U: |[Ru)|<p}.

Moreover, from the proof of Theorem 2, we know that there exists a constant r > 0 such that the sequence
{(y*, z*,x*)} generated by the sSPADMM converges to a KKT point i € Q with ||u* — || < r for all k > 0. Since
for those u* such that ||R(u*)|| > p, it holds that

dist(u*, Q) < |lu* —i1|| < r < r(p " IR(u)]]), (38)

we know that (36) holds with 7: =max{7n,r/p}. The inequality (37) can then be proved similarly as for (31) in
Theorem 2. 0O
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Before we move to the next section, let us compare the results in the above corollary with those obtained in
the most recent paper by Yang and Han [44], where the authors considered the following two cases with R(-)
being a piecewise polyhedral mapping:

(1) The classic ADMM with ¥ =0, 7 =0, and 7 =1. Both s/ and % are assumed to be surjective.

(2) The linearized ADMM with 7 =1 and two positive definite linear operators: & = y,.¥ — osdsf” and J =
Vo F — 0B, where y; > oA (s4s47) and y, > oA, (BRB"). Again s and % are assumed to be surjective.

For Case (1), Yang and Han [44] proved the global Q-linear rate of convergence of the sequence {(z,x*)}
while we proved in Corollary 1 the global Q-linear rate of convergence of the sequence {(y*,z*,x*)} for any
7€ (0,(1+5)/2). Interestingly, the global Q-linear rate of convergence result in Corollary 1 is still valid even if
the surjectivity of s/ or 9 fails to hold as the availability of X, and X, can be exploited (cf. problem (13)).

For Case (2), Yang and Han [44] proved the global Q-linear convergence rate of the whole sequence
{(y*, z¥, x*)}. We also proved the same thing but with one major difference: unlike Yang and Han [44] we nei-
ther need to assume the surjectivity of s/ or % nor we need to assume ¥ or J to be positive definite. In fact,
the analysis in Yang and Han [44] breaks down when y; — oA, (44") or y, = 0A, (BE") even if both
and % are surjective. On the other hand, it is easy to see that our results in Corollary 1 are still valid with
F =0 A (AA).F —0AsA” and T = 0 A, (BB)F —0B%". Here, the main reason that we can obtain the Q-linear
convergence results as in Corollary 1 is due to the availability of the key inequality (26) proven in Proposition 4
via the construction of the two linear operators ./l and # in (23) and (24), respectively. More importantly, the
freedom of choices of the positive semidefinite linear operators & and J in our model allows us to efficiently
deal with even multi-block convex composite quadratic conic optimization problems as shall be demonstrated
in the next section.

4. Applications to Convex Composite Quadratic Conic Programming
In this section we shall demonstrate how the Q-linear rate convergence results proven in the last section can be
applied to the following convex composite quadratic conic programming;:

min {1(x,@x) +{(c,x) + p(x)}
(39)
st. six=b, xeX,
where c € %, b e R", @: ¥ — % is a self-adjoint positive semidefinite linear operator, s: % — R" is a linear
operator, 7 is a closed convex cone in %, and ¢: % — (—o0, +00] is a proper closed convex function. Here, we
assume that ¢*(-) can be computed relatively easily. If & is polyhedral and ¢ is piecewise linear-quadratic,
problem (39) is called the convex composite piecewise linear-quadratic programming. Note that for the latter,
the first quadratic term in the objective function of problem (39) could be absorbed in the piecewise linear-
quadratic function ¢. However, this should be avoided as it is more efficient to deal with this quadratic term
separately.
By introducing an additional variable d € %, we can rewrite problem (39) equivalently as

min {3(x, @x) + (¢, %) + 0, (x) + $(d)}

4
st. dx=b, x—d=0. (40)

Obviously, problem (40) is in the form of (1). Let the polar of & be defined by #°:={x’ € % : {(x’,x) <0, Vx € X}.
Denote the dual cone of # by #":= —-#°. The Lagrange dual of problem (40) takes the form of

max  {inf ., {3(x,@x) + (v, x)} + (b, y) - p*(-2)}
st. s+d'y+v+z=c, seX’,

which is equivalent to

min {6:(s) = (b, y) + 3(w, Qw) + ¢*(-2)}

st. s+d'y-Qw+z=c, weW, (41)

where 7 is any linear subspace in % containing Range @, the range space of @, e.g., W =% or W =Range @.
When W = %, problem (41) is better known as the Wolfe dual to problem (40) (see Fujiwara et al. [18] for
discussions on the Wolfe dual of conventional nonlinear programming and Qi [33] on nonlinear semidefinite
programming). So when Range @ C ¥/ # &, one may call problem (41) the restricted Wolfe dual to problem (40).
One particularly useful case is the restricted Wolfe dual with %" = Range @. The dual problem (41) has four
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natural variable blocks and can be written in the form of (1) in several different ways. The cases that we are
interested in applying the sSPADMM to problem (41) are the following:

Case 1. If # #%, then (s, y, w) is treated as one variable block and z the other block.

Case 2. If 7 =%, then (w, y) is treated as one variable block and z the other block.

Here we shall only discuss Case (1) as Case (2) can be done similarly in a simpler manner.

4.1. The Primal Case
First, we consider the application of the SPADMM to the primal problem (40). Let U := % x % X R™ X ¥. The
augmented Lagrangian function &#” for problem (40) is defined as follows:

3)S(xld;ylz) = %<xr@x> + <C1x> + 67((x) +(¢)(d) + (y/&dx - b> + <Z/x _d>
(st = bl + lx=d|), Y (x,d,y,2) U

Then the sSPADMM for solving problem (40) can be stated in the following way.

sPADMM: A semi-proximal alternating direction method of multipliers for solving the convex optimization
problem (40).

Step 0. Input (x°,d°, y°,2z%) € Z xdom ¢ x R™ x¥. Let 7 € (0,+o0) be a positive parameter (e.g., 7 € (0, (1 +
V5)/2)). Define &: % — % to be any self-adjoint positive semidefinite linear operator such that @+ +o5¢*s4 > 0.
Set k:=0.

Step 1. Set
x*1 = argmin £° (x, d¥; y*, z¥) + e —x*12,

d*! = argmin #* (x**1, d; y*, z5),
yk+1 - ]/k + "L'G(&dxkﬂ _ b) and zF1=zk + TG(xk+1 _ dk+1).

Step 2. If a termination criterion is not met, set k:=k +1 and go to Step 1.

In the above sSPADMM for solving the convex optimization problem (40), we need to choose ¥ > 0 satisfying
@+ S + od’st > 0 such that the subproblems on the x-part are relatively easy to solve, e.g., one can take
F = A (@ + 054°A).F — (@ + 054°A). Note that if one takes & = y,.F — o0°sd with y; > oA, (4" 54), as discussed
in Yang and Han [44], the subproblems on the x-part may still be difficult to solve unless @ is simple, e.g.,
@=0or.5.

To apply Theorem 2 and Corollary 1 to prove the Q-linear convergence rate of the sSPADMM for solving
problem (40), we need to know under what conditions the required calmness assumption for problem (40) holds.
Next, we shall discuss this issue in two situations: (1) # is polyhedral and ¢(-) is piecewise linear quadratic;
and (2) # is the nonpolyhedral cone S}, which is the cone of all n by n symmetric and positive semidefinite
matrices.

The KKT optimality conditions for problem (40) take the form of

0€@x+c+d64(x)+s'y+z, 0€dPp(d)—z, six—-b=0, x—-d=0. (42)
Define the KKT mapping R: U — U by
x—TIy[x —(@x +c+ 30"y +2)]
d—"Pry(d+z)

b—six !
d—x

R(x,d,y,z):= V(x,d,y,z)eU. (43)

Then (x,d, y,z) € U satisfies (42) if and only if R(x,d, y,z) =0.

If 7 is polyhedral and ¢(-) is piecewise linear quadratic, then things are much easier as in this case Propo-
sition 2 implies that both Il;(-) and Pr,(-) are piecewise polyhedral, and so are R and R, Thus, from the
discussions in Section 2 we know that in this case, R™! is calm at the origin for any KKT point, if exists, to
problem (40) with a modulus independent of the choice of the KKT points. Therefore, for any 7 € (0, (1+v5)/2),
as long as % is a polyhedral set, ¢(-) is a piecewise linear-quadratic convex function and problem (40) has at
least one KKT point, the infinite sequence {(x¥, d*, y*, z¥)} generated by the SPADMM converges to a KKT point
of problem (40) globally at a Q-linear rate.
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When ¥ is nonpolyhedral, things are more complicated regardless of the properties of ¢. This can be seen
from the following convex quadratic semidefinite programming (SDP) example constructed by Bonnans and
Shapiro [2, Example 4.54].

Example 1. Consider
min x; +x2 + x7

s.t. X—-Diag(x)=¢B, Xe Si, (#4)

where x = (x;, x,) € R?, Diag(x) is the 2 x2 diagonal matrix whose ith diagonal element is x;, i =1,2, B is any
2 by 2 nondiagonal symmetric matrix, and ¢ is a scalar parameter. When ¢ =0, the optimization problem (44)
has a unique KKT point (X, %, Y) € S? x R2x (=S?) with (X, %) =(0,0) and Y = (7).

Bonnans and Shapiro [2, Example 4.54] showed that for any given ¢ > 0, problem (44) has a KKT point
(X(e),x(¢), Y(e)) € $2 x R? x (=S?) with %,(¢) of the order ¢*° as ¢ | 0. Then, in view of Cui et al. [7, Propo-
sition 2.4], we know that R™! cannot be calm at the origin for (X, x,Y) even if the unperturbed problem has a
strongly convex objective function with a unique KKT point.

Example 1 shows that for a nonpolyhedral set %, unlike the polyhedral case, we need additional conditions
for guaranteeing the calmness property for problem (40). At the moment, not many results are available when
# is a general nonpolyhedral cone. However, most recently several interesting results on the calmness property
have been obtained for the following convex composite quadratic semidefinite programming

min {3(X,@X) +(C, X) + 6,(X)} 45
st. UX=b, XeSi, #5)
where CeS", beR™, @: S" — S" is a self-adjoint positive semidefinite linear operator, si: S" — R"™ is a linear
operator, & is a simple nonempty convex polyhedral set in S”, and (-, -) is the usual trace inner product.

Firstly, in Han et al. [25], the authors proved that if problem (45) has a unique KKT point, then the mapp-
ing R™! is calm at the origin for this KKT point if and only if the no-gap second order sulfficient conditions in
terms of Bonnans and Shapiro [2] hold for both the primal and its restricted Wolfe-dual problems. Thus, the
reason for the lack of the calmness property of R™! for Example 1 is due to the fact that the no-gap second order
sufficient condition for the dual of the unperturbed problem fails to hold. The above characterization has led
Ding et al. [10] to study the calmness property at an isolated KKT point for a class of nonconvex conic program-
ming problems with # being a C?-cone reducible set, which is rich enough to include the polyhedral set, the
second order cone, the positive semidefinite cone S, and their Cartesian products (Bonnans and Shapiro [2]).

Secondly, sufficient conditions for ensuring the metric subregularity of R or equivalently the calmness of R™
have been provided by Cui et al. [7] even if problem (45) may admit multiple KKT points. Here, instead of
presenting these sufficient conditions in Cui et al. [7], we shall quote an example used in Cui et al. [7] to
illustrate the calmness property of R™".

Example 2. Consider the following convex quadratic SDP problem:

min {3((I, X) -1)*}

46
st. (A, X)+x=1, XeS%, xeR,, (46)

whose dual (in its equivalent minimization form) can be written as
min {—y+%w2+w+6§3(5)+6%+(s)} @)

st. yA+wl,+5=0, s-y=0,

where A = (_} 7). Problem (47) has a unique optimal solution (]7,@,5_, §) =(0,0,0,0). The set of all optimal
solutions to problem (46) is given by

{(X,x)eSExR, | (A, X)+x=1,{,,X)=1}. (48)

One can easily check that for Example 2 the sufficient conditions made in Cui et al. [7] for ensuring the metric
subregularity of R hold. Thus, for this example R™! is calm at the origin for any KKT point.
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4.2. The Dual Case

In this subsection we turn to the dual problem (41). As mentioned earlier, problem (41) has four natural variable-
blocks. Since the directly extended ADMM to the multi-block case may be divergent even the dual step-length
7 is taken to be as small as 10® (Chen et al. [4]), one needs new ideas to deal with problem (41). Here,
we will adopt the symmetric Gauss-Seidel (sGS) technique invented by Li et al. [30]. For details on the sGS
technique, see Li [29]. Most recent research has shown that it is much more efficient to solve the dual problem
(41) rather than its primal counterpart (40) in the context of semidefinite programming and convex quadratic
semidefinite programming (Chen et al., Li et al., Sun et al. [41, 30, 29, 5]). At the first glance, this seems to be
counterintuitive, as problem (41) looks much more complicated than the primal problem (40). The key point for
more efficiently dealing with the dual problem is to intelligently combine the above mentioned sGS technique
with the sSPADMM.

The augmented Lagrangian function #” for problem (41) is defined as follows:

FP(s,y,w,2;x) 1= 0,(s)— (b, y) + Hw,Qw) + ¢'(=z)+(x,s + L'y —Qw +z —c)
+ %Ils +l'y—Qu+z—cl®, Y(s,y,w,z,x) EXLXR"XW XFXZ.
Then the sGS technique based sPADMM, in short sGS-sPADMM, considered by Li et al. [30] for solving the
multi-block problem (41) can be stated as in the following. At the first glance, the sGS-sPADMM does not seem

to fall within the scheme (3a)—(3c). However, it has been shown in Li et al. [30] that it is indeed a special case
of (3a)—(3c) through the construction of special semi-proximal terms.

sGS-sPADMM: A symmetric Gauss-Seidel based semi-proximal alternating direction method of multipliers
for solving problem (41).

Step 0. Input (s°, y°, w?, 2% x°%) € Z* X R™ X W x (—dom ¢p*) x ¥. Let 7 € (0,+c0) be a positive parameter
(e.g., T€(0,(1+V5)/2)). Choose any two self-adjoint positive semidefinite linear operators #;: R” — R"™ and
Sy W — W satisfying F; + osfst” >0 and ¥, + @+ 0@* > 0. Set k :=0.

Step 1. Set

k+1/2 2

N
23 + 3y - o2,
— argmin Sf?(s, ]/k+1/2/ wk+1/2, Zk,' xk),

k+1’ Y, wk”/z,zk;xk) + %”y _ yk”él’
=argmin £7 (s, y¥*1, w, 25; x%) + Hw - wk||3f2,
ZM1 =argmin £ (s, yF1, wk, z; xF),

xk+l — xk + TO'(Sk+1 + &q*ykﬂ _ @wkﬂ + Zk+l _ C).

w

=argmin £7 (s¥, y*, w, z5; x%) + LH|w - w*
yk+1/2 — argmin Sff(sk, Y, wk+1/2

Sk+1

y

w
k+1

1 = argmin #° (s

k+1

Step 2. If a termination criterion is not met, set k:=k +1 and go to Step 1.

As mentioned earlier, the global convergence of Algorithm sGS-sPADMM is established by Li et al. [30]
through converting it into an equivalent sSPADMM scheme (3a)—(3c) for solving a particular problem of the
form (1). To illustrate how this is achieved, for simplicity, we assume that sf: % — R™ is surjective and W =
Range@ so that we can take &, =0 and ¥, =0, i.e., there are no proximal terms in the above Algorithm
sGS-sPADMM. Note that the self-dual linear operator @ is always positive definite from Range@ to itself even
if it is only positive semidefinite from % to #.

Define the self-adjoint positive semidefinite linear operator (to be interpreted as in the matrix format) &: % x
R"XW — X X R" X W by

0 0 0\/Fy O 0 0" —@
F=gl st 0 0] 0 (sdst?)? 0 00 —sa |. (49)
-@-@s*0J\0 0 (@P+c'@J\00 O

Then, with (s, y,w) being treated as one variable block and z the other block, the above sGS-sPADMM for
solving problem (41) reduces to the SPADMM scheme (3a)—(3c), where the proximal terms & being given by (49)
and 7 =0 (Li et al. [30]). We remark here that although the linear operator & looks complicated, one never
needs to compute it in the numerical implementations and it is introduced only for connecting Algorithm
sGS-sPADMM to the general scheme (3a)-(3c).

One may further note that at each iteration, either the w-part or the y-part needs to be solved twice, which
seems to suggest that Algorithm sGS-sPADMM is more costly compared to the nonconvergent directly extended
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ADMM. However, the extra cost is minimum as the coefficient matrix for solving either part is identical through
all the iterations.

By using the above connection, just as for the primal case, one can use Theorem 2 and Corollary 1 to derive the
Q-linear rate convergence of the infinite sequence {(s*, y*, w*, z¥, x*)} generated by Algorithm sGS-sPADMM if
Assumption 1 and the required calmness condition hold for problem (41) and 7 € (0, (1+ V5)/2). On the calmness
condition, one may conduct similar discussions as in Section 4.1, but start from the dual problem (41). For
brevity, we omit the details here. As a final note to this section, we comment that in all the above applications,
the linear operator 7 = 0 while the linear operator ¥ may take various values, which are often to be positive
semidefinite only.

5. Conclusions

In this paper, we have provided a road map for analyzing the Q-linear convergence rate of the sSPADMM for
solving linearly constrained convex composite optimization problems. One significant feature of our approach
is that it only relies on a very mild calmness property. This allows us to obtain a more or less complete
picture on the Q-linear rate convergence analysis for solving the convex composite piecewise linear-quadratic
programming. More importantly, it also allows us to derive Q-linearly convergent results of the sSPADMM for
solving convex composite quadratic semidefinite programming. Along this line, perhaps, the most important
issue left unanswered is to provide weaker sufficient conditions for ensuring the calmness property for convex
composite optimization problems with nonpolyhedral cone constraints. Another important issue is to develop
similar results for the inexact version of the sSPADMM, which is often more useful in practice. Given the recent
progress made on the inexact symmetric Gauss-Seidel based sSPADMM in Chen et al. [5], it does not seem to
be difficult to extend our analysis to the inexact sSPADMM in a parallel way.
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Endnote

1For example, according to Google Scholar, the survey paper by Boyd et al. [3] on the applications of the ADMM with 7 =1 has been cited
5,000 times as of May 5, 2017.
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