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Abstract This paper introduces a parallel and distributed algorithm for solving the following
minimization problem with linear constraints:

minimize f1(x1) + -+ fyv(Xn)
subjectto A;x; +---+ Ayxy =c,

X € Xy, ..., Xy € Xy,

where N > 2, f; are convex functions, A; are matrices, and X; are feasible sets for variable
X;. Our algorithm extends the alternating direction method of multipliers (ADMM) and
decomposes the original problem into N smaller subproblems and solves them in parallel
at each iteration. This paper shows that the classic ADMM can be extended to the N-block
Jacobi fashion and preserve convergence in the following two cases: (i) matrices A; are
mutually near-orthogonal and have full column-rank, or (ii) proximal terms are added to
the N subproblems (but without any assumption on matrices A;). In the latter case, certain
proximal terms can let the subproblem be solved in more flexible and efficient ways. We
show that ||x¥*+! — x ”121/1 converges at a rate of o(1/k) where M is a symmetric positive
semi-definte matrix. Since the parameters used in the convergence analysis are conservative,
we introduce a strategy for automatically tuning the parameters to substantially accelerate
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our algorithm in practice. We implemented our algorithm (for the case ii above) on Amazon
EC2 and tested it on basis pursuit problems with >300 GB of distributed data. This is the
first time that successfully solving a compressive sensing problem of such a large scale is
reported.

Keywords Alternating direction method of multipliers - ADMM - Parallel and distributed
computing - Convergence rate

1 Introduction

Let N > 2 be an integer. We consider the following convex optimization problem with N
blocks of variables:

rmn Zf,(x,) s.t. ZA X, =c, (1.1)

where x; € R", A; € R™*" ¢ € R™, and f; : R" — (—o00, +00] are closed proper convex
functions, i = 1,2, ..., N. If an individual block is subject to constraint x; € AXj, where
X; € R™ is a nonempty closed convex set, it can be incorporated in the objective function
fi using the indicator function:

0 if X; € A},
T (xi) = [ 400 otherwise. (1.2)
In this study, we do not impose any additional assumptions such as strict convexity or differ-
entiability on the objective functions f;.

Such optimization problems arise from a broad spectrum of applications including signal
and image processing, compressive sensing, statistics and machine learning. See [1-4,15,
16,29,31,35] for example.

In this paper, we focus on parallel and distributed optimization algorithms—IJacobi
ADMM (Algorithm 3) and Jacobi-Proximal ADMM (Algorithm 4) below — for solving (1.1).
Since both of the objective function and constraints of (1.1) are sums of terms on individual
x;’s (they are separable), the problem can be decomposed into N smaller subproblems, which
is solved in a parallel and distributed manner.

1.1 Literature Review

A simple distributed algorithm for solving (1.1) is dual decomposition [13], which is essen-
tially a dual ascent method or dual subgradient method [34] as follows. Consider the
Lagrangian for problem (1.1):

N N
E(xl,...,xN,A):Zﬁ(xi)—AT(ZA,X,-—c) (1.3)
i=1 i=1

where A € R™ is the Lagrange multiplier or the dual variable. The method of dual decom-
position iterates as follows: for k > 1,

(X]fH,XéH,.. k“)-argmm E(xl,...,xN,Ak),

(1.4)
AFT =0k — o (Zi:l Apxi T~ ‘7) ;
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where o > 0 is a step-size. Since all the x;’s are separable in the Lagrangian function (1.3),
the x-update step reduces to solving N individual x;-subproblems:

xf“ = arg minfi(x;) — (\F, Ajx;), fori=1,2,... N, (1.5)
Xj

and thus they can be carried out in parallel. With suitable choice of «x and certain assumptions,
dual decomposition is guaranteed to converge to an optimal solution [34]. However, the
convergence of such subgradient method often tends to be slow in practice. Its convergence
rate for general convex problems is O(1/ k). The dual smoothing method [30] can be
applied under certain conditions and improve the rate to O (1/k).

Another effective distributed approach is based on the alternating direction method of
multipliers (ADMM). ADMM was introduced in [14,16] to solve the special case of problem
(1.1) with two blocks of variables (N = 2). It utilizes the augmented Lagrangian for (1.1):

N N N
0
Lo(X1, ..., XN, A) = E f,'(X,')—)LT(E A,‘X,'—C)+2 E Aix; — ¢
i=1 i=1 i=1

which incorporates a quadratic penalty of the constraints (with a parameter p > 0) into
the Lagrangian. In each iteration, the augmented Lagrangian is minimized over x; and x;
separately, one after the other, followed by a dual update for A. The iterative scheme of
ADMM is outlined below:

2

. (1.6
2

k+1 . k
X, =arg mmxlﬁp(xl, XZ,A"),
k+1 . k+1 k
X, =argming, L,(X] ", X2, A%), 1.7

AL =2k — oAt 4+ AT — o).

To solve the problem (1.1) with N > 3 using ADMM, one can first convert the multi-block
problem into an equivalent two-block problem via variable splitting [2]:

N
min X))+ 1=z(z1,...,2ZN)
{xn,{z,»ll.z:;ﬁ ’
c
s.t.Aix,-—z,-:N, Vi=1,2,...,N, (1.8)

where [z is a indicator function defined by (1.2), and the convex set Z is given by

N
Z:((zl,...,zN):Zzi=O].
i=1

The variables in (1.8) can be grouped into two blocks: x = (Xi,...,Xy) and z =
(21, ...,2ZN), so that ADMM can directly apply. The augmented Lagrangian for (1.8) is
given by

N N N

c P c |2

Lox.z.0) =D fitxi) +1z(@) — D 4] (AiXi -z — N)-i-g > HAixi -z — NHz'
i=1 i=1 i=1

Since all the x;’s are now fully decoupled, the resulting x-subproblem decomposes into N
individual x;-subproblems, which can be carried out in parallel.
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Algorithm 1: Variable Splitting ADMM (VSADMM)

Initialize x°, 29, p > 0;
fork=0,1,...do
Update z; then x; fori =1, ..., N in parallel by:

k Ak
k1 _ (4 ok c 2\ _ e _ il
z; _(A,xi b /;) [Z 1A X/ N[

2

k
k+1 - k+1 A
X; :argmmx’_fi(xi)—',-g Aixi —z; 7 — =

2
Update )\f"'l = )\{F —p (A,Xf"H —zf."H — %) Vi=1,...,N.

The resulting z-subproblem is a simple quadratic problem:

k+1 p
z = arg m1n SN z=0) ZE , (1.9

i=1

Aix; — ~—£— d
12 N

which admits a closed-form solution.

The distributed ADMM approach based on (1.8), by introducing splitting variables, sub-
stantially increases the number of variables and constraints in the problem, especially when
N is large. Thus, it is clear that this approach will not be very efficient. Another extension
is to replace the two-block alternating minimization scheme by a sweep of Gauss—Seidel

update, namely, update x; fori = 1,2, ..., N sequentially as follows:
k+1 . k+1 k k k o,k
xl.+ = arg miny, £, (X1+ l+1,x,, Xipqs oo Xps A )
2
k1 k ak
_argmmxlfl(x,)—i— ZAlx+ + A;x; + Zijj—c—— . (1.10)
Jj<i Jj>i P 2

Algorithm 2: Gauss—Seide]l ADMM
Initialize XO, 20, p > 0;
fork=0,1,...do
Update x; fori =1, ..., N sequentially by:
2
k+1 S k+1 k. Ak
x; " =miny; f;(x;) + % HZj<i AT+ Aix + s Ajx; —c— 7”2 Update
A =2k —p (Z,Nzl Axi - C)'

Such Gauss—Seidel ADMM (Algorithm 2) has been considered lately, e.g., in [22,25].
However, it has been shown that the algorithm may not converge for N > 3 [5]. Although
lack of convergence guarantee, some empirical studies show that Algorithm 2 is still very
effective at solving many practical problems (see, e.g., [31,35,36]). Recent work has shown
that additional assumptions (involving at least one strongly convex objective function) can
guarantee convergence for N = 3 with certain modifications to the algorithm [6,11,18,26,
27]. A disadvantage of Gauss—Seidel ADMM is that the blocks are updated one after another,
which is not amenable for parallelization.
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1.2 Jacobi-Type ADMM

The sequential nature of Gauss—Seidel ADMM motivates us to consider using a Jacobi-type
scheme that updates all the N blocks in parallel:

xf.‘“ = arg min,, £, (X]f,...,Xfﬁl,X[,X{;l,...,X];V,)nk)
2
P Ak
= arg miny, fi(x)) + Aixi+ D Ajxh —c—=|  Vi=1,. N (L)
! — P
J#i 2

We present it in Algorithm 3 below.

The parallelization comes with a cost: this scheme is more likely to diverge than the
Gauss—Seidel scheme when using the same parameter p. In fact, it may diverge even in the
two-block case; see [21] for such an example. To guarantee its convergence, either additional
assumptions or modifications to the algorithm must be made.

Algorithm 3: Jacobi ADMM
Initialize x°, A9, p > 0;
fork =0, 1,...do
Update x; fori =1, ..., N in parallel by:

. k
Xt = argming, fi(x) + 4§ ”Aixi + X A —e— 5

)
Update A1 = 2% — p (ZZNZI Axit c).

2
5

2

In Sect. 4, we show that if matrices A; are mutually near-orthogonal and have full column-
rank, then Algorithm 3 converges globally. For general cases, a few variants of Jacobi ADMM
with additional corrections were proposed in [20,21].

In this paper, we propose Jacobi-Proximal ADMM (Algorithm 4). Compared with Algo-
rithm 3, we make no assumption to the problem data but add a proximal term %lei - X{‘ ||%,l_
for each x;-subproblem and a damping parameter y > 0 for the update of 1. Here P; > 0 is
a symmetric and positive semi-definite matrix and we let ||x; ||%Ji = XlT P;x;. We will show
how to choose P; that ensure the convergence of Algorithm 4.

Algorithm 4: Jacobi-Proximal ADMM

Initialize: x? (i = 1,2,..., N) and A%
fork=0,1,...do
Update x; fori =1, ..., N in parallel by:

) k
Xt = arg ming, fi(x)) + § HAiXi + 2 AN =

)
Update A%+ = 2% —yp(Y, Aixtt! — o).

The proposed algorithm has a few advantages. First of all, as we will show, it enjoys global
convergence as well as an o(1/ k) convergence rate of IxKH! —xk ||12v1 under certain conditions
on P; and y. Secondly, when the x;-subproblem is not strictly convex, adding the proximal
term can make the subproblem strictly or strongly convex, making it to have a unique solution.
Thirdly, there are multiple choices for matrices P; with which the subproblems become easier
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to solve. Specifically, the x;-subproblem contains a quadratic term §x;" A" A;x;. When A A;
is ill-conditioned or computationally expensive to invert, one can let P; = D; — pAlTAi,
which cancels the quadratic term %XITAZTA,'X,' and adds %XZT D;x;, where the matrix D; can
be chosen as some well-conditioned and simple matrix (e.g., a diagonal matrix), thereby
leading to an easier subproblem.

Let us mention two commonly used choices of P;:

— P; = ;I (z; > 0): This corresponds to the standard proximal method.

- P =gl-— pA;'—Ai (t; > 0): This corresponds to the prox-linear method [7], which
linearizes the quadratic penalty term of augmented Lagrangian at the current point xf‘
and adds a proximal term. The x;-subproblem is given by

. Ti 2
Xg“rl = arg miny, fi(X;) + (pAiT(AXk —c— /), Xi> + El )x,' - Xf-‘

(1.12)

It essentially uses an identity matrix 7;I to approximate the Hessian pAlTAi of the
quadratic term.

More choices of P; have also been discussed in [12,38].

1.3 Summary of Contributions

This paper introduces novel results from the following perspectives. Firstly, we propose
Jacobi-Proximal ADMM (Algorithm 4), which is suitable for parallel and distributed com-
puting.

The flexible use of proximal terms makes it possible to solve subproblems in different
ways, important for easy coding and fast computation. We establish its convergence at a rate
of o(1/k) for [xK+1 — xK II%M. We also provide an adaptive parameter tuning scheme which
updates the important parameters at little extra cost. Our numerical results on the exchange
problem and ¢1-minimization problem show that the algorithm achieves competitive perfor-
mance.

The second contribution is a condition that guarantees the convergence of Jacobi ADMM
(Algorithm 3). The condition is applied to the coefficient matrices A;, without assumptions
on the objective functions f; or penalty parameter p.

A minor contribution is the improvement of the established convergence rate of O (1/k)
for the standard ADMM to o(1/k). The improvement requires showing a certain sequence is
monotonically nonincreasing, which can be applied to improve the existing rate of O(1/k)
of several other algorithms to o(1/k), e.g. [21].

Finally we have experimented Algorithm 4 numerically based on the Amazon Elastic
Computing Cloud (EC2) to demonstrate its effectiveness of solving a compressive sensing
problem of huge size.

1.4 Notation, Assumptions and Preliminary Results

To simplify the notation in this paper, we introduce

X]
x:=| ! |eR" A= (AL, ..., Ay) eR™" u:= (i) e RMM,
XN
where n = le: 1 ni. Welet (-, -) and || - || denote the standard inner product and £>-norm

Il - ll2, respectively, in the Euclidean space. For a matrix M € R || M || denotes the spectral
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norm, i.e., the largest singular value of M. For a positive definite matrix G € R'*!, we define
the G-norm as follows:

lzllg := V2T Gz, VzeR. (1.13)
If the matrix G is positive semi-definite, then || - || is a semi-norm.

Throughout the paper, we make the following standard assumptions.

Assumption 1 Functions f; : R% — (—o0,4o00] (i = 1,2,..., N) are closed proper
convex.
Assumption 2 There exists a saddle point u* = (x}, X3, ..., X}, A*) to the problem (1.1),
that is, u* satisfies the KKT conditions:
Al A e dfi(x), fori=1,...,N, (1.14a)
N
AXF =D Aixf=c. (1.14b)
i=1

The conditions (1.14a) and (1.14b) can be written in a more compact form using variational
inequality [21]:

fx)— f(X) 4+ (u—u") Fu*) >0, Vu, (1.15)
where f(x) := > ; fi(x;) and F(u) := [—AITA, e —A;A, Ax —c]T.
Let 9f; (x;) denote the subdifferential of f; at x;:
afi(x;) = {Si eR" : s (vi —xi) < fiyi) — fi(xi). Vyi € domfi}, (1.16)

which is nonempty under Assumption 1. We recall that a subdifferential map of a convex
function is monotone, which will be used several times in later sections.

Proposition 1.1 Under Assumption 1, for any X;,y; € dom f;, we have
(si =) (i —y) =20, Vs €3fi(x), i € 3fi(yi), i =1,2,...,N. (117

In addition, we use an elementary argument to improve the convergence rate from O (1/k)
to o(1/k). Intuitively, the harmonic sequence 1/ is not summable, so a summable, nonneg-
ative, monotonic sequence shall converge faster than 1/k.

Lemma 1.1 If a sequence {a;} < R obeys: (1) ax > 0; (2) Z/?i] ar < 400, (3) ay is
monotonically non-increasing, then we have a; = o(1/k).

Proof Since k - ayp < ap4+1+ ax42 + -+ +ay — 0ask - o0, ay = o(1/k). O

More study on the o(1/ k) rate, its tightness, and other results for splitting schemes including
the standard ADMM can be found in [10].

1.5 Organization

The rest of the paper is organized as follows. In Sect. 2, we establish the convergence as
well as an o(1/k) rate of convergence for the Jacobi-Proximal ADMM (Algorithm 4). We
also propose a practical parameter tuning method, which updates important parameters on
the fly at little extra cost and makes the algorithm run faster. In Sect. 3, we present several
numerical results to demonstrate the efficiency of Algorithm 4 in comparison with some
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existing parallel algorithms. In Sect. 4, we show that the Jacobi ADMM (Algorithm 3),
though lack of convergence in the general case, will still converge under certain conditions
on the matrices A;. It is interesting to point out that the Jacobi-Proximal ADMM can be
derived based on the classical proximal point method(PPA). See Sect. 5. Finally, we conclude
the paper in Sect. 6. For convenience, we include some detail on how to use Lemma 1.1 to
improve some existing convergence rates from O(1/k) to o(1/k) in “Appendix”.

2 Convergence Analysis of the Jacobi-Proximal ADMM

In this section, we study the convergence of Jacobi-Proximal ADMM (Algorithm 4). We first
show its convergence and establish an o(1/k) convergence rate for a quantity that is also
used in [24]. Furthermore, we show how to automatically update the parameter in order to
make Jacobi-Proximal ADMM more practical.

2.1 Convergence

To simplify the notation, we let

Pi+pAl A G
Gy = »G::( XLI)’
Py +pAjAn "
and
P+ pAl A LaT
Q= Py +pAl Ay Lal |’ @D
LA, SAN 2‘7&

where I is the identity matrix of size m x m. In the rest of the section, we let {uk =
(Xll‘, R XII‘V, Ak ), k > 1} denote the sequence generated by Jacobi-Proximal ADMM from
any initial point. The analysis is based on bounding the error ||uf — u* ||20 and estimating its
decrease, motivated by the works [12,21,23].

Lemma 2.1 Fork > 1, we have

2 2
> Huk _ uk'HH , 2.2)
G 0

. 2— 2
where [[uf —uf |17 = xE —xEFHIE 2Rk W24 205 D TARR XM,

k

ot —

Jut =i -

Proof Recall that in Algorithm 4, we solve the following x;-subproblem:
2
k+1 ~ I k A 1
X, = argmmxl_fi(x,-)+ 5 AiX; +§ijj —c— ; + 3 l

2

X; —Xf-{

Its optimality condition is given by

ATG—p (A DA —o ) + P (xE-xF) ean (M) @)
=
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For convenience, we let A=Ak — P (AXk+l — c). Then (2.3) can be rewritten as
ATG—p> A, (x’; - x’;“)) Ty (x{f - xff“) € of; (x{?“) . (2.4)
J#i
By Lemma 1.1, it follows from (1.14a) and (2.4) that
(A; (xff"'l — xl*) A=A —p ZAf (xlj‘ — XI;H)) + (xf-“"1 — x;")TPI-(X{‘ — xf."H) > 0.
J#i
Summing the above inequality over all i and using the following equality for each i:
ZAj (X]; — x];H) =A (xk — Xk+l) —A; (xf‘ — xf.‘H) R
j#i

we obtain

N
(A (X =x) A=)+ 2w = xDT (P Al A (xE - x)

i=1

> p(A (xk+1 - x) A (xk _ xk+1)>. (2.5)

Note that A (x**! —x*) = VLP (Ak — Ak+1) and

Sk (i _ }\k-H) n ()Lk+1 _ )\*) _r—-1t ()Lk _ )Lk+1) n ()\k+1 _ A*) _
Y

With the above two equations, the inequality (2.5) can be rewritten as

N
1 T
(7( k_)hk+l)7)\k+l _}L*>+Z(Xf+1 _X?) (Pi +pA;I'Ai) (xf—xf“)
yp i=1
L=y e oant]® L (kT g ok okt
ZTpHA —a H +;(A AT Ak —x ) (2.6)
14

or more compactly,
(uk _ uk+1)T G (uk+1 _ u*) - 1 _ Y Hkk _ ket H2
yop
1 T
+— ( k_ Ak+l) A (xk - xk+l) e
14

Since [[uf —u*|Z — [ufH! —u* |2 = 2@ — ) TG A —u*) + b —u*H1)|2%,, using
the above inequality (2.7) yields (2.2) immediately. O

If the matrix Q is positive definite, there exists some n > 0 such that
2
”uk gkt HQ > p- et — a2 > 0. (2.8)
Then Lemma 2.1 indicates that

k 2 k+1 2 k k+1,2
o —u*llg — [u*t —u*(lg = p - — a2 (2.9)

i.e., the iterative sequence {uk} is strictly contractive. In particular, the error luf — u* ||2G is
monotonically non-increasing and thus converging, as well as |uf — uf*1||2 — 0. Then the
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convergence of the algorithm (|ju* — u*||26 — 0) follows immediately from the standard
analysis for contraction methods (see, e.g., [19]). We omit the details of the proof for the

sake of brevity and state our convergence theorem as follows.

Theorem 2.1 Under Assumptions 1 and 2, one can find parameters in Algorithm 4 such that
its sequence {uX} converges to a solution u* to the problem (1.1). Specifically, if one chooses

some €; > 0 such that the parameters p, y and P; (i = 1,2, ..., N) satisfy the following
condition:
Pi=p(t—DA A, i=1,2,....N
e p(g = DA A, 2.10)
D16 <2-,
then Q in (2.1) is positive definite and {u*} converges to u*.
Furthermore, by letting each €; < Z_Ty, the condition (2.10) can be simplified to
N T .
P> p r—l A/ A, i=1,2,...,N. (2.11)

For special choices of P;:
— P; = 11 (standard proximal), condition (2.11) reduces to t; > p (2 y ) A 1%
- P=gl—- pAl. A; (prox-linear), condition (2.11) reduces to t; > 2_ ||A 1%

Note that one can normalize A; so that ||A;|| < 1 and further simplify the above sufficient
conditions.

Proof For any u = (x; ) € R" we have

2
)3 = Ixlg, + + ;)LTAX. (2.12)
Using the following basic inequality:
2 )
SaTax=>" ZaTAx > —Z( 1Al +—||A x| ) (2.13)
Y i=1 i=1
foranye; >0(@( =1,2,..., N), we have
N
2—y
lulig = DIl para,— 2 s ¢IIMI (2.14)

i=1

The condition (2.10) guarantees that P; + pATA - EATA =0and2—y — Zl 1€ >0,
and thus |[ul|p > 0. Hence, Q is positive definite. The rest follows immediately. ]

2.2 Rate of Convergence
Next, we shall establish the o(1/k) convergence rate of Jacobi-Proximal ADMM. We use

the quantity [ju* —u**1|| %w as a measure of the convergence rate motivated by [21,24]. Here,
we define the matrix M by

M, T
M = 1y and M, =G, —pA' A.
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Theorem 2.2 [fQ > Oand M > 0, then |u* —u**1|[3, = o(1/k). Hence, ||x* —x*t1||7, =
o(1/k) and |AF — 212 = o(1/k).

We need the following monotonic property of the iterations:
Lemma 2.2 If M, > 0and 0 < y <2, then |ju* —uf+1|3, < uf=! —ub|3,.

Proof Let AX} ! = xK—x 1 i = 1, N, Ax¥H = xF—xk+1 and ARkHT = ok k1,

By Lemma 1.1, the optimality conditions (2.4) at k-th and (k + 1)-th iterations yield
<AiAxf+‘, AN = pAAXTT — p > Aj(AXE — Ax'j+l)>
J#
+AXHTR (axt - axt*!) = 0.
Summing up over all i and rearranging the terms, we have

2
<AAxk+], ANy > [ AxkH! HG —(axhHT (GX _ pATA) AxFH (2.15)

Since M, := G, — pATA = 0, we have 2(Ax)T(G, — pAT AT < || Axk|3, +
[AX¥*1)3, , and thus

AN AN = AKX 3Gy — IAXNIG,, = AKX L — 1AXED,
Note that AAK! = Ak — yp AAX*T1 It follows that
1 1
— AR |E = — A2 = 2(AAX T ALK — ppl AAXET 2
)44 )44
Z ||Axk+l ”%;X—F(I—V)I)ATA - ”Axk”%l/lls

ie.,
1 1
k2 k2 k+1 k+1)2 k+12
(IIAX I3, + o IAA"] ) (IIAX llp, + 7 AL ) = AT Gy a4 2 0

which completes the proof. O

Proof of Theorem 2.2 By Theorem 2.1, there exists some n > 0 such that

2 2
Huk —u* u

_ ”uk+1 o

2 2
> Huk — gk ” > ”uk — gk H . @16
0 M

G G

Summing (2.16) over k gives > 7, [uf — w12, < oo. On the other hand, Lemma
2.2 implies the monotone non-increasing of Huk —uk“”]zw. By Lemma 1.1, we have
Juk —uk |3 = o(1/k). o

2.3 Adaptive Parameter Tuning

The parameters satisfying the condition (2.10) may be rather conservative, because the
inequality (2.13) for bounding ||u||2Q is usually very loose. In practice, we can compute
luf —uF+! ||%2 exactly at very little extra cost. If luf —uFt! ||2Q > 0, then Lemma 2.1 assures
the decreasing of the solution error (in the G-norm) so that the current parameters are accept-
able. On the other hand, if |juf — uf+! ||2Q < 0, then the matrix Q is not positive definite,
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meaning that the current parameters P;, i = 1,2, ..., N may be too small. So we should
make {P;} bigger until ju¥ — uf+! ||2Q > 0 holds. Therefore, we propose a practical strategy

for adaptively adjusting the matrices { P;} based on the value of luf — ukt! ||2Q:

Initialize with small PI.0 >0@G=1,2,...,N)and asmall n > 0;
fork=1,2,...do

if Juf—! — uk||2Q > 7 - [[u*~1 — u*||2 then

| PET « PF Vi

else

L Increase P;: prHL aiPl.k +BiQ;i (a; > 1, B; =0, Q; =0),Vi;

1
Restart: u¥ < v~ 1,

The above strategy starts with relatively small proximal parameters {P;} and gradually
increase them. By Theorem 2.1, we know that when the parameters { P;} are large enough
for (2.10) to hold, the condition (2.8) will be satisfied (for sufficiently small 7). Therefore,
the adjustment of {P;} cannot occur infinite times. After a finite number of iterations, {P;}
will remain constant and the contraction property (2.9) of the iterations will hold. Therefore,
the convergence of such an adaptive parameter tuning scheme follows immediately from our
previous analysis.

Theorem 2.3 When the matrices P; (i = 1,2, ..., N)inAlgorithm4 are adaptively adjusted
in the above scheme, the algorithm converges to a solution to the problem (1.1).

Empirical evidence shows that the parameters { P;} typically adjust themselves only dur-
ing the first few iterations and then stay constant. Alternatively, one may also decrease the
parameters after every few iterations or after they have not been updated for a certain number
of iterations. But the total times of decrease should be bounded to guarantee convergence.
By using this adaptive strategy, the resulting parameters { P;} are usually much smaller than
those required by the condition (2.10), thereby leading to substantially faster convergence in
practice.

3 Numerical Experiments

In this section, we present numerical results to compare the following parallel splitting algo-
rithms:

— Prox-JADMM proposed Jacobi-Proximal ADMM (Algorithm 4);

— VSADMM Variable Splitting ADMM (Algorithm 1);

— Corr-JADMM Jacobi ADMM with correction steps [21]. At every iteration, it first gener-
ates a “predictor” @**! by an iteration of Jacobi ADMM (Algorithm 3) and then corrects
#**! to generate the new iterate by:

uk-‘rl — uk _ O[k(uk _ ﬁk+1), (31)

where o > 0 is a step size. In our experiments, we adopt the dynamically updated step
size o, according to [21], which is shown to converge significantly faster than using a
constant step size, though updating the step size requires extra computation.
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— YALLI one of the state-of-the-art solvers for the £;-minimization problem.

In Sects. 3.1 and 3.2, all of the numerical experiments are run in MATLAB (R2011b) on
a workstation with an Intel Core 15-3570 CPUs (3.40GHz) and 32 GB of RAM. Section 3.3
gives two very large instances that are solved by a C/MPI implementation on Amazon Elastic
Compute Cloud (EC2).

3.1 Exchange Problem

Consider a network of N agents that exchange n commodities. Letx; e R* (i = 1,2, ..., N)
denote the amount of commodities that are exchanged among the N agents. Each agent i has
a certain cost function f; : R” — R. The exchange problem (see, e.g., [3] for a review) is
given by

N N
min i (X;) s.t. x; =0, 3.2
mit ; fixi) ; (3.2)

which minimizes the total cost among N agents subject to an equilibrium constraint on the
commodities. This is a special case of (1.1) where A; = I and ¢ = 0.

We consider quadratic cost functions f;(x;) := %IIC,-X,- — d;||?, where C; € RP*" and
d; € RP. All the compared algorithms solve the following type of subproblem:

1
X! = arg min, 1Cix; — di I + gnx,- W2 Vi=1,2,...,N, (33)

except that Prox-JADMM also adds a proximal term % Ix; — xf II%,I, . Here bf.‘ € R™ is a vector
independent of x; and takes different forms in different algorithms. For Prox-JADMM, we
simply set P; = t;1 (r; > 0). Clearly, each x;-subproblem is a quadratic program that can
be computed efficiently using various methods.

In our experiment, we randomly generate x*, i = 1,2, ..., N — 1, following the standard
Gaussian distribution, and let X;‘v = — Z,N: _11 xl* Matrices C; are random Gaussian matrices,
and vectors d; are computed by d; = C;x;. Apparently, X* is a solution (not necessarily
unique) to (3.2), and the optimal objective value is 0.

The penalty parameter p is set to be 0.01, 1 and 0.01 for Prox-JADMM, VSADMM and
Corr-JADMM, respectively. They are nearly optimal for each algorithm, picked out of a
number of different values. Note that the parameter for VSADMM is quite different from
the other two algorithms because it has different constraints due to the variable splitting. For
Prox-JADMM, the proximal parameters are initialized by 7; = 0.1(N — 1) p and adaptively
updated by the strategy in Sect. 2.3; the parameter y is set to be 1.

The size of the test problem is set to be n = 100, N = 100, p = 80. Letting all the algo-
rithms run 200 iterations, we plot their objective value ZlN: | fi(x;) and residual || le: 1 Xill2.
Note that the per-iteration cost (both computation and communication) is roughly the same
for all the compared algorithms. Figure 1 shows the comparison result, which is averaged
over 100 random trials. We can see that Prox-JADMM is clearly the fastest one among the
compared algorithms.

3.2 £1-Minimization

We consider the £1-minimization problem for finding sparse solutions of an underdetermined
linear system:

min ||x||; s.t. AX =c, 3.4
X
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10° = : ‘ : 10° :
S Prox-JADMM \ Prox-JADMM
. T VSADMM w0 | VSADMM ||
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Fig. 1 Exchange problem (n = 100, N = 100, p = 80)

wherex € R", A € R"*" and ¢ € R™ (m < n). Itis also known as the basis pursuit problem,
which has been widely used in compressive sensing, signal and image processing, statistics,
and machine learning. Suppose that the data is partitioned into N blocks: x = [x1, X2, ..., Xy]
and A = [A1, Aa, ..., Ay]. Then the problem (3.4) can be written in the form of (1.1) with
Jixi) = lIxil1.

In our experiment, a sparse solution x* is randomly generated with k (k < n) nonzeros
drawn from the standard Gaussian distribution. Matrix A is also randomly generated from
the standard Gaussian distribution, and it is partitioned evenly into N blocks. The vector ¢
is then computed by ¢ = Ax* + n, where n ~ N(0, o21) is Gaussian noise with standard
deviation o.

Prox-JADMM solves the x;-subproblems with P; = 7;1 — pAlTAi (i=1,2,...,N)as
follows:

2
k 2
k1 ~ p k A 1 k
X, =argming [|x;[l; + 5 Aix; +ZAij —c— ; + 3 ‘xi —X; )
J#
- T 4k A Ti k||*
= arg miny_ [Ix;[[1 +{pA; | AX" —c — ; ,Xi )+ 5 X; — X; 3.9

Here, we choose the prox-linear P;’s to linearize the original subproblems, and thus (3.5)
admits a simple closed-form solution by the shrinkage (or soft-thresholding) formula. The
proximal parameters are initialized as 7; = 0.1 Np and are adaptively updated by the strategy
discussed in Sect. 2.3.

Recall that VSADMM needs to solve the following Xx;-subproblems:

k
k+1_£_)‘i

i N

k+1 . 4
Xi+ = arg miny, ||X,~||1+§ Aix; —Z

(3.6)

Such subproblems are not easily computable, unless x; is a scalar (i.e., n; = 1) or Al.TAi is
a diagonal matrix. Instead, we solve the subproblems approximately using the prox-linear
approach:
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k+1 : T k_ o k+l € )‘f'( k Ti
x; ' =argming |IX;[1 +( pA; | Aix; — 2 _N_? , Xi — X; +§

2

k
X; —X;

which can be easily computed by the shrinkage operator. We set 7; = 1.01p||A; || in order
to guarantee the convergence, as suggested in [36].
Corr-JADMM solves the following x;-subproblems in the “prediction” step:

2

)Lk
Aixi+ D Ak —c— nE 3.7)
J#i

<k+1 . P
X; ' = argminy, [IX;[l1 + 5

Because the correction step in [21] is based on exact minimization of the subproblems, we
do not apply the prox-linear approach to solve the subproblems approximately. Instead, we
always partition x into scalar components (i.e., N = n) so that the subproblems (3.7) can
still be computed exactly. The same penalty parameter p = 10/|/c||; is used for the three
algorithms. It is nearly optimal for each algorithm, selected out of a number of different
values.

We also include the YALL1 package [37] in the experiment, which is one of the state-
of-the-art solvers for £; minimization. Though YALLI is not implemented in parallel, the
matrix-vector multiplication by A and AT in the code can be parallelized (see [32]). Since
all the compared algorithms have roughly the same amount of per-iteration cost (in terms

of both computation and communication), we simply let all the algorithms run for a fixed

number of iterations and plot their relative error It x|

Figure 2 shows the comparison result where n = 1000, m = 300, k = 60 and the
standard deviation of noise o is set to be 0 and 1073, respectively. For Prox-JADMM and
VSADMM, we set N = 100; for Corr-JADMM, we set N = 1000. The results are aver-
age of 100 random trials. We can see that Prox-JADMM and Corr-JADMM achieve very
close performance and are the fastest ones among the compared algorithms. YALL1 also
shows competitive performance. However, VSADMM is far slower than the others, probably
due to inexact minimization of the subproblems and the conservative proximal parame-
ters.

10° 10
Prox-JADMM|
(a) (b) - = = YALL1
2
0 | —— VSADMM ||
107 & ] 0 - = Corr—JADMM
5 5
wi10° Prox-JADMM w
o - = = YALL1 o
= —— VSADMM %
© S [p— . «
° 10-10 ~ Corr-JADMM o
o o
D] A e LI s T S S iy
10‘20 . . . . 1()’6 . . . . . .
0 200 400 600 800 1000 0 50 100 150 200 250 300 350
Iteration Iteration

Fig. 2 ¢q-problem (n = 1000, m = 300, k = 60). a Noise-free (¢ = 0), b noise added (¢ = 10*3)
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Table 1 Two large datasets

m n RAM
dataset 1 1.0 x 10° 2.0 x 109 150 GB
dataset 2 1.5 x 10° 3.0 x 10° 337GB

3.3 Distributed Large-Scale £;-Minimization

We now use Algorithm 4 to solve two very large instances of the £;-minimization problem
(3.4) using a C code with MPI (for inter-process communication) and the GNU Scientific
Library (GSL) (for BLAS operations). The experiments were carried out on Amazon EC2.

We generate two test instances as shown in Table 1. Specifically, a sparse solution x* is
randomly generated with 5% and 15% nonzeros drawn from the standard Gaussian distri-
bution. Matrix A is also randomly generated from the standard Gaussian distribution with
m rows and n columns, and it is partitioned evenly into N = 80 blocks. Vector c is then
computed by ¢ = Ax*. Note that A is dense and has double precision. For Test 1 it requires
over 150 GB of RAM and has 20 billion nonzero entries, and for Test 2 it requires over 337
GB of RAM. Those two tests are far too large to process on a single PC or workstation. We
want to point out that we cannot find a dataset of similar or larger size in the public domain.
We are willing to try a larger problem per reader’s request. Note that this is the first time that
an alternating direction type of algorithm has ever been tested on problems of such a large
scale.

We solve the problem on a cluster of 10 machines, where each machine is a “memory-
optimized instance” with 68 GB RAM and 1 eight-core Intel Xeon E5-2665 CPU. They run
Ubuntu 12.04 and are connected with 10 Gigabit ethernet network. Since each has 8 cores,
we run the code with 80 processes so that each process runs on its own core. Such a setup is
charged for under $17 per hour.

We solve the large-scale £1 minimization problems with a C code that matches our Matlab
code. The C code has about 300 lines and it is available for download on authors’ website.!

The breakdown of the wall-clock time is summarized in Tables 2 and 3. We can observe
that Jacobi ADMM is very efficient in obtaining a relative low accuracy, which is usually
sufficient for large-scale problems. We want to point out that the basic BLAS operations in
our implantation can be further improved by using other libraries such as hardware-optimized
BLAS libraries produced by ATLAS, Armadillo, etc. Those libraries might lead to several
times of speedup.” We use GSL due to its ease of use and easy adaptation to other problems.

4 A Sufficient Condition for Convergence of Jacobi ADMM

In this section, we provide a sufficient condition to guarantee the convergence of Jacobi
ADMM (Algorithm 3), which does not use proximal terms or any correction step. The
condition only depends on the matrices A;, without imposing further assumptions on the
objective functions f; or the penalty parameter p. For the Gauss—Seidel ADMM (Algorithm
2), a sufficient condition for convergence is provided in [5] for the special case N = 3,
assuming two of the three coefficient matrices are orthogonal. Our condition does not require

1 https://github.com/ZhiminPeng/Jacobi- ADMM.
2 http://nghiaho.com/?p=1726.
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Table 2 Time results for large scale £ minimization examples (sparsity 5%)

150 GB test 337 GB test

Itr Time (m) Cost ($) Ttr Time (m) Cost ($)
Data generation - 0.7 0.2 - 1.6 0.5
CPU per iteration - 1.3 - - 29 -
Comm. per iteration - 0.07 - - 0.15 -
Reach 10~! 46 1.0 0.2 56 2.8 0.4
Reach 102 176 3.9 0.6 203 10.0 1.6
Reach 103 791 17.5 29 880 435 7.1

Table 3 Time results for large scale £ minimization examples (sparsity 15%)

150 GB test 337 GB test

Itr Time (m) Cost ($) Itr Time (m) Cost ($)
Reach 10~} 115 25 0.4 181 8.8 1.4
Reach 102 614 134 2.1 745 36.2 5.9
Reach 1073 1000 21.8 3.6 1000 48.5 79

(reach 5.0 x 1073) (reach 6.0 x 1073)
exact orthogonality. Instead, we mainly assume that the matrices A;, i = 1,2,..., N are

mutually “near-orthogonal” and have full column-rank.

Theorem 4.1 [f there exists § > 0 such that
IAT Al <8, Vi # j, and dmin(A] A1) > 3(N — 1)8, Vi, @.1)

where Ayin (AZTA,-) denotes the smallest eigenvalue ofAlTAi, then the sequence {uk} gener-
ated by Algorithm 3 converges to a solution u* to the problem (1.1).

The proof technique is motivated by the contraction analysis of the sequence {u*} under
some G-norm (e.g., [12,21,23]). We first need the following lemma:

Lemma 4.1 Let

pAl A pAl A Al
Go = , Qo= - .
PANAN PpANAN Ay
1 1
where 1 is the identity matrix of size m x m. For k > 1, we have
ot —u¥|g, — o — g, > (et — o, 4.2)
where
”uk _ uk+1 ||2QO = ”uk _ uk+] ||2G0 + 2(}\'1( _ )\,k+1)TA(Xk _ Xk+]). (43)
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This lemma follows directly from Lemma 2.1 since it is a special case with y = 1 and
P; =0, Vi.Now we are ready to prove the theorem.

Proof of Theorem 4.1 By the assumption ||Al.TAj|| <4, i # j,wehave
)
|Z<Al~a,-, Ajbj)| < Zauainub,,u < SV =Dl + [bI%), Ya,b  (4.4)
i#] i#]
To simplify the notation, we let af.‘ = x{‘ — x;“, i = 1,2,..., N. Note that \¥ — pAf+1 =
pAaktl xk — xk+1 = ak _ ak+1 Then, we can rewrite (4.3) as
1
Slhut —utt g, = > 1Aial —alhIP + 4at 1P +2(4a" A" -t
i
= > lAfI? +2 3 (Al Ajaf) = D (Al Ajalth
i i#] i#]j
> D Al |F = (N = D8(a* 2 + [la*?) — (v — Dsflak )2

i
= > ll4af|> = (N — Dslla“||> — 2V — Ds[la* |12,
i

where the inequality comes from (4.4). By Lemma 4.1, we have
luk —u*E, — 2N — Déplla* > = [u! —u* |, — 2N — Doplla* |2

+o > lAaf|? =3V — Déplak|>.  (45)

l

We further simplify (4.5) as
b* — pF > gk, (4.6)
where the sequences {b*} and {d*} are defined by

b= lut —u*|g, — 2(N — Dspllat||®, (4.7)
d“ = p Y I Amf|? = 3(N — Dplla“|>. (4.8)

1

By the definition of G, we have

1
b =p > llAiaf > —2(N — Dopllaf||* + ;nxk — A% (4.9)

1

Since we assume Amin (A;'—Al-) > 3(N — 1)4, it follows that
I Azaf |1 = 3(N — Ds|af|1%, Vi. (4.10)
Then it is easy to see that bk > 0 and d* > 0. By (4.6), the nonnegative sequence {bk }

is monotonically non-increasing. Hence, ! converges to some b* > 0. By (4.6), it also
follows that d¥ — 0. Therefore, a¥ — 0, i.e., x* — x*.
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Next we show A — 1*. By taking limit of (4.9) and using a¥ — 0, we have
1
b* = lim b* = lim — Ak — 1%|%. 4.11)
k—o00 k—o00 p

To show A% — A*, it thus suffices to show b* = 0. )
By (4.11), {*¥} is bounded and must have a convergent subsequence AKi = X.Recall the
optimality conditions for the x;-subproblems (1.11):

AT = pAxtT + > Ak — o)) eafixd™h. (4.12)
J#

By Theorem 24.4 of [33], taking limit over the subsequence {k;} on both sides of (4.12)
yields: AIT)_L € 0f; (x¥), Vi. Therefore, (x*, 1) satisfies the KKT conditions of the problem
(1.1). Since (x*, A*) is any KKT point, now we let A* = 1. By (4.11) and |AKi —1*||2 — 0,
we must have b* = 0, thereby completing the proof. O

Similar to Theorem 2.2, we can find the convergence rate. That is,

Theorem 4.2 Let W be blockly diagonal matrix diag(p§(N — 1)1, --- , p6(N —1)Iy, %1).

Under the assumptions in Theorem 4.1, [[uf — uk+! ||%V =o(1/k). That is, Ixk — xk+1)12 =
o(1/k) and |AF — 212 = o(1/k).

Under the similar near-orthogonality assumption on the matrices A;, i = 1,2,..., N,
we have the following convergence result for Jacobi-Proximal ADMM:

Theorem 4.3 Suppose there exists § > 0 such that ||A;'—Aj|| < §foralli # j, and the
parameters in Algorithm 4 satisfy the following condition: for some o, f > 0and0 < y < 2,

P~ p(t —DATA; + G8(N-DI
fori=1,..., N. (4.13)

dmin(A] A) > LS (N — 1)
Then Algorithm 4 converges to a solution to the problem (1.1).
Proof Let
A Ay
AL AN

If ||A;'—Aj || <éforalli # j, then itis easy to show the following: for any x and y,

N
1Ax|> A7+ D xT AT Ajx; = D" A |17 = 8 D IIxilllIx; |
1

N
i=1 i#j i= i#j
N

> D A7 = 8N = DIXIP = IXITy _sv 1y
i=1

and
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N N
xTATAy =2 "xT AT Ajy; +20> xTAT Ajy; =2 " xT AT Ajy; —26 D IIxillly; |
i=1 i) i=1 i#j
N N 1 1
z—ZﬁMmV—MW—DMW—ELﬂmmV—?wbhwﬁ

i1 i=1
2 2
= — XMl mr+psv—1ym — ||Y||[$H+%8(N71)I], Yo, B >0,

Using the above inequalities, we have

2 ( K Ak—}—l)—r A (Xk _ Xk+1) —2) (Xk+1 _ X*) AT A (Xk _Xk+1)

Y
Kl w2 Kk Jk+12
> —plix —X ||[a1-1+55(1\/_1)1] —plx* —x ”[5H+%5(N71)I]’
and [|3% — 32 = 202 AGKTT — x) |12 = y 22 XM — X171y Therefore,
1,2 1,2 1 2
uf — utt o >|xF — xk+ g, +@2— YIplxET! — XNt _sv—1

[

2 k
= PIX" = X g psv—npy — PIX" — X LH+Lsv—n1r

As long as the following holds:

[ Gy > ZH+ 58(N — DL
@ —y)plH = 8(N — DI] > plaH + B5(N — DI,

which is equivalent to the condition (4.13), there exists some 1 > 0 such that (2.8) and (2.9)
hold. Then the convergence of Algorithm 4 follows immediately from the standard analysis
of contraction methods [19]. ]

Remark 4.1 The conditions in Theorem 4.1 and Theorem 4.3 guarantee that (2.8) holds, i.e.,
there exists some 1 > 0 such that ||u* — uf*! ||2Q > 7 |luf —u*t1)|2. But the matrix Q (or

2
Qo) is not necessarily positive semi-definite. Also, the term #S(N — 1) in (4.13)
-«

may be negative for some «. Then, Ay, (A;'—Ai) is allowed to be 0, in other words, A; may
not be of full column rank. As long as the conditions in (4.13) are satisfied, Algorithm 4 will
converge.

5 Connections between the Prox-JADMM Algorithm and the Proximal
Point Algorithm

The Jacobi-Proximal ADMM is equivalent to the proximal point algorithm (PPA) applied to
the following optimal condition of (1.1):

0 af1(x1) 000 —ATx 0
0 3f2(x2) 0 0--0 —A|[x 0
| € : A N .1
0 fn (Xn) 000 —AL||xn 0
0 0 A] A2 AN 0 A C

B

@ Springer



732 J Sci Comput (2017) 71:712-736

Note that x is an optimal solution if and only if X, ..., X, and A satisfy (5.1). Define z :=
X1,...,XN,A), F(z) = ZZN:] fi(x;), and let Sz = Bz — c, then finding z satisfying (5.1)
is equivalent to

findingzsuch that 0 € 9 F(z) + Sz. 5.2)

Introducing a symmetric positive definite matrix W, and applying PPA to (5.2) gives

! = JW—1(3F+S)(Zk), (5.3)

where J4 := (I + A)~! is the resolvent of the operator A. Next, we show that (5.3) is
equivalent to Prox-JADMM with a proper choice of W. Let

—pATA 0O
W= [Q P ] , (5.4)

0 -7

P
where Q = diag(Q1, ..., On), Q; are symmetric matrices and A = (A, ..., Ay). We
require Q > pAT A so that W is symmetric positive definite. The reason for choosing such
a W is to decouple X1, ..., Xy and A. Based on the definition of the resolvent operator, we
have

Wzt = wik — VF ) — s2¢F, (5.5)

where VF (zKt1) € 9 F (zKt!). Substituting (5.4) to (5.5) gives the following update
~ )\.k
7 (x{.‘“) + 0 (xff“ - xk) +pAT (Axk - c) —0, (5.6)
ALk _ ) (Axk‘H - c) . (5.7)

where (5.6) corresponds to the optimal condition of the following problem
k41 . T k )‘k 1 k2
x; = argmin,, fi(x;) + (pA; | AX" — ? —c),x;)+ E”Xi —X; ”Q,-' (5.8)

To show the equivalence, we distinguish two cases:

1. Let Q; = 1;1, then (5.8) and (5.7) correspond to Prox-JADMM with P; = 71 — pAiTAi.
2. Let Q; = 7l + pA] A;, then (5.8) is equivalent to

2K 1
k+1 : T k k)2
X, =argminy f;(x;) + <,0A,» (Ax T c) ,xi> + Ellxi —X; ”r,-1+pA,.TA,-

2
2

)

k
. P A T
= arg miny, fi(x;) + 5 Aix; + jgﬁ AinF T, | + El
2

which is the primal update of Prox-JADMM with P; = ;1.

k
X; _Xi

6 Conclusion
Due to the dramatically increasing demand for dealing with big data, parallel and distrib-

uted computational methods are highly desirable. ADMM, as a versatile algorithmic tool,
has proven to be very effective at solving many large-scale problems and well suited for
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distributed computing. Yet, its parallelization still needs further investigation and improve-
ment. This paper proposes a simple parallel and distributed ADMM for solving problems
with separable structures. The algorithm framework introduces more flexibility for solving
the subproblems due to the use of proximal terms ||x; — xf‘ ||%,l_ with wisely chosen P;. Its
theoretical properties such as global convergence and an o(1/k) rate are established. Our
numerical results demonstrate the efficiency of the proposed method in comparison with
several existing algorithms. The code is available online for further studies.
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Appendix: On o(1/ k) Convergence Rate of ADMM

The convergence of the standard two-block ADMM has been long established in the literature
[14,16]. Its convergence rate has been actively studied; see [9,10,12,17,23-25,28] and the
references therein. In the following, we briefly review the convergence analysis for ADMM
(N = 2) and then improve the O (1/ k) convergence rate established in [24] slightly to o(1/k)
by using the same technique as in Sect. 2.2.

As suggested in [24], the quantity ||w* — wk+! ||2H can be used to measure the optimality
of the iterations of ADMM , where

AJA
wi= (% , H:= P 21 ,

and I is the identity matrix of size m x m. Note that x; is not part of w because x; can
be regarded as an intermediate variable in the iterations of ADMM, whereas (x», A) are the
essential variables [3]. In fact, if |w* — wKT! ||%1 = 0 then w**! is optimal. The reasons are
as follows. Recall the subproblems of ADMM:

. P 2

x’]<+1 = arg min,, f(x1) + 5 ’Alxl + Azx§ - )J‘/;OH , (6.1)
, P 2

X’zchl = arg miny, f2(x2) + ) HAlxlf+l + Axxp — )Lk/pH . (6.2)

By the formula for A¥*!, their optimality conditions can be written as:
ATI = pAT Ag (x5 =) e o (xi71)), 6.3)
AT € o) (x’g“) . (6.4)

In comparison with the KKT conditions (1.14a) and (1.14b), we can see that uftl =
(X”l""1 , XIQ<+1 , )\k“) is a solution of (1.1) if and only if the following holds:

rf= A+ Aoxd T — =0 (primal feasibility), (6.5)

= pAT Az (x =) =0 (dual feasibility). (6.6)
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By the update formula for A¥*1, we can write r, equivalently as
1
r/[()"rl — ; ( k )\,k+1) . (67)

Clearly, if || W€ — wAT1||2, = 0 then the optimality conditions (6.5) and (6.6) are satisfied, so
wXt1 is a solution. On the other hand, if ||w* — wX*! II%I is large, then w*T! is likely to be
far away from being a solution. Therefore, the quantity |w" — w<+! ||%{ can be viewed as a
measure of the distance between the iteration w**! and the solution set. Furthermore, based
on the variational inequality (1.15) and the variational characterization of the iterations of

ADMM, it is reasonable to use the quadratic term || wk — wkt1 ||%1 rather than ||w* — w1 ||y

to measure the convergence rate of ADMM (see [24] for more details).
The work [24] proves that [wh — wkt! ”127 converges to zero at a rate of O(1/k). The key
steps of the proof are to establish the following properties:

— the sequence {wk} is contractive:

k 2 k1 2 K k+1y2
— Wi = W — W = W — W, (6.8)

[[w
— the sequence [wk — wkt1 ||%I is monotonically non-increasing:

ko k12 k=1 _ kp2
W' — w g < 1w — Wi (6.9)

The contraction property (6.8) has been long established and its proof dates back to [14,16].
Inspired by [24], we provide a shorter proof for (6.9) than the one in [24].

Proof (Proof of (6.9)) Let Axf.‘Jrl = xf — Xf.‘“ and AAFHT = 2k — (k1 By Lemma
1.1, i.e., (1.17), the optimality condition 6.3 at the k-th and (k 4 1)-th iterations yields:
(AL AT AT — pAT Ar(Aaxh — AxET) > 0. Similarly for (6.4), we obtain
(Axé“, A AXF1Y > 0. Adding the above two inequalities together, we have
k1 K1) T Aokt k1) " k k1
(Mraxit + paxt™) akt = p (aax!) Az (axE - Axk*Y) 2 0.6.10)
Using the equality according to (6.7):
1
A AT 4 A Ak = = (AA" - Akk“) , 6.11)
0
-
(6.10) becomes 4 (ARF — AXFH) T AR — (A2F = AR = paraxEHY) 4, (A

—Axg“) > 0. After rearranging the terms, we get
A [SE RN Sy AEIRY
(ﬁAzAXQ o ) (ﬁAzsz + o ) — (420%) an
_ (AZAX/ZH-I)T Akt
> % H ANk Hz p HAzAx/2‘+1 ”2 = [Iwk — WA 2, (6.12)

By the Cauchy-Schwarz inequality, we have (a; + b)) T (as +b2) < (lar +b1 |12+ |laz +
ba[%)/2, or equivalently, (a1 +b1) T (a2 +b2) —a] by —a; by < (a1 ]* + b1 1> + llaa[* +
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l6211%)/2. Applying this inequality to the left-hand side of (6.12), we have

1 1
Iwh — w3, < (pnAzAx’z‘nZ + ;nmnz + pll Az AxE T2 + ;nM"“nz) /2
= (W = Wi = W) 22,
and thus (6.9) follows immediately.

We are now ready to improve the convergence rate from O(1/k) to o(1/k).

Theorem 6.1 The sequence {WX} generated by Algorithm 2 (for N = 2) converges to a
solution w* of problem (1.1) in the H-norm, i.e., |WF — W*||%1 — 0, and |wk — wk+!1 ||%1 =
o(1/k). Therefore,

2 2 2
HAIXI]‘—Alx]fH” +HA2x§—A2x’2<“H +ka—xk+1H —o(1/k).  (6.13)

Proof Using the contractive property of the sequence {w*} (6.8) along with the optimality
conditions, the convergence of [wk — w*||%1 — 0 follows from the standard analysis for
contraction methods [19].

By (6.8), we have

n
D oWk — W < wh = wE g — Wt — W, V. (6.14)
k=1

Therefore, > 52, [[lwh — wit1 |12, < co. By (6.9), [w¢ — wX*1||2, is monotonically non-
increasing and nonnegative. So Lemma 1.1 indicates that |wk — wht! ||%{ = o(1/k), which
further implies that || Axx5 — Aox5 ™12 = o(1/k) and [|A¥ — 2%+1)2 = o(1/k). By (6.11),
we also have ||A1x’1‘ — Alxll‘Jrl ||2 = 0(1/k). Thus (6.13) follows immediately. ]

Remark 6.1 The proof technique based on Lemma 1.1 can be applied to improve some other
existing convergence rates of O(1/k) (e.g., [8,21]) to o(1/k) as well.
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