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Abstract

In this paper, we propose a randomized primal—dual proximal block coordinate updat-
ing framework for a general multi-block convex optimization model with coupled
objective function and linear constraints. Assuming mere convexity, we establish its
O (1/t) convergence rate in terms of the objective value and feasibility measure. The
framework includes several existing algorithms as special cases such as a primal—dual
method for bilinear saddle-point problems (PD-S), the proximal Jacobian alternat-
ing direction method of multipliers (Prox-JADMM) and a randomized variant of the
ADMM for multi-block convex optimization. Our analysis recovers and/or strength-
ens the convergence properties of several existing algorithms. For example, for PD-S
our result leads to the same order of convergence rate without the previously assumed
boundedness condition on the constraint sets, and for Prox-JADMM the new result
provides convergence rate in terms of the objective value and the feasibility violation.
It is well known that the original ADMM may fail to converge when the number
of blocks exceeds two. Our result shows that if an appropriate randomization proce-
dure is invoked to select the updating blocks, then a sublinear rate of convergence in
expectation can be guaranteed for multi-block ADMM, without assuming any strong
convexity. The new approach is also extended to solve problems where only a stochas-
tic approximation of the subgradient of the objective is available, and we establish an
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O(1/4/t) convergence rate of the extended approach for solving stochastic program-
ming.
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1 Introduction

In this paper, we consider the following multi-block structured convex optimization
model

N M
min f(xi, - ) Y i) + g )+ D vi())
’ i=1 j=1

N M
st. > Aixi+ Y Bjyj=b, (1.1)
i=1 j=1

xi€Xj,i=1,- Ny yjel j=1--,M,

where the variablesx = (x1;--- ; xy)andy = (y1; - - - ; yu) are naturally partitioned
into N and M blocks, respectively, A = (A1, ---,Ay) and B = (By,--- , By) are
block matrices, X; and )); are some closed convex sets, f and g are smooth convex
functions, and u; and v; are proper closed convex (possibly nonsmooth) functions.

1.1 Motivating Examples

Optimization problems in the form of (1.1) have many emerging applications from
various fields. For example, the constrained lasso (classo) problem that was first studied
by James et al. [1] as a generalization of the lasso problem can be formulated as

1 )
min EHAX = bl +Tlxlh
s.t. Cx < d, (1.2)

where A € R™*P_ b € R™ are the observed data, and C € R"*?, d € R" are
the predefined data matrix and vector. Many widely used statistical models can be
viewed as special cases of (1.2), including the monotone curve estimation, fused
lasso, generalized lasso, and so on [1]. By partitioning the variable x into blocks as
x = (x1;---;xg) where x; € R? as well as other matrices and vectors in (1.2)
correspondingly, and introducing another slack variable y, the classo problem can be
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transformed to

K 2 K
1
min > Aixi —b| +7)_ lxil
Y i=1 2 i=1
K
sty Cixi+y=d. y>0, (1.3)

i=1

which is in the form of (1.1).
Another interesting example is the extended linear-quadratic programming [2] that
can be formulated as

1 1
min —x | Px 4+ a ' x + max (d— Cx)Ts _— Os
x 2 seS 2

s.t. Ax < b (1.4)

where P and Q are symmetric positive semidefinite matrices, and S is a polyhedral
set. Apparently, (1.4) includes quadratic programming as a special case. In general, its
objective is a piece-wise linear-quadratic convex function. Let g(s) = %ST Os+ts(s),
where (g denotes the indicator function of S. Then,

1
max {(d —Cx)'s — —STQS} =g*(d — Cx),
seS 2

where g* denotes the convex conjugate of g. Replacing d — Cx by y and introducing
slack variable z, we can equivalently write (1.4) into the form of (1.1):

1T T *

min 5x' Px +a'x + g*(y)

2 i (15)
st. Ax+z=b,2z2>20, Cx+y=d,

for which one can further partition the x-variable into a number of disjoint blocks.
Many other interesting applications in various areas can be formulated as optimiza-
tion problems in the form of (1.1), including those arising from signal processing,
image processing, machine learning, and statistical learning; see [3—6] and the refer-
ences therein.
Finally, we mention that computing a point on the central path for a generic convex
programming in block variables (xy; - - - ; xn):

min f(xl"" ,)CN)
X

N
S.t. ZA,-x,-éb, x=>0,i=1,2,---,N
i=1
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208 X.Gao et al.

boils down to

min f(xy,---,xN) —ueTlnx —ueTlny
X,y

S.t. ZzN:I Aixi+y=0b,

where i > 0 and e " In v indicates the sum of the logarithm of all the components of
v. This model is again in the form of (1.1).

1.2 Related Works in the Literature

Our work relates to two recently very popular topics: the alternating direction
method of multipliers (ADMM) for multi-block structured problems and the first-order
primal—-dual method for bilinear saddle-point problems. Below, we review the two
methods and their convergence results. More complete discussion on their connections
to our method will be provided after presenting our algorithm.

Multi-block ADMM and its Variants

One well-known approach for solving a linear constrained problem in the form
of (1.1) is the augmented Lagrangian method, which iteratively updates the primal
variable (x, y) by minimizing the augmented Lagrangian function in (1.7) and then
the multiplier A through dual gradient ascent. However, since the linear constraint
couples x1, - -+, xy and yq, - - - , yy all together, it can be very expensive to minimize
the augmented Lagrangian function simultaneously with respect to all block variables.
Utilizing the multi-block structure of the problem, the multi-block ADMM updates
the block variables sequentially, one at a time with the others fixed to their most recent
values, followed by the update of multiplier. Specifically, it performs the following
updates iteratively (by assuming the absence of the coupled functions f and g):

k+1 . k k k 1k

xp T =argming cy, Lp(x1, x5, -+, Xy, Y5, A0,

g £ 0H A oy 0t )
k+1 _ : k+1 k k 4k

yi = argming oy, L,y vy, vy A9, (1.6)
k+1 . k1 ket k+1 k

Yy =argminy oy Ly(x T Y yms A9,

)\‘k—l—l — )\k _ p(Axk+1 + Byk—H — b).

In the above updates, £, is the augmented Lagrangian function, defined as:

N M
Loy, M) =Y uiCxi)+ Y v;(y;)) — A" (Ax+ By —b) + g |Ax + By —b|*, (1.7)
i=1 j=1

where p is the penalty parameter and A is the Lagrangian multiplier.
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Randomized Primal-Dual Proximal Block Coordinate Updates 209

When there are only two blocks, i.e., N = M = 1, the update scheme in (1.6)
reduces to the classic 2-block ADMM [7,8]. The convergence properties of the ADMM
for solving 2-block separable convex problems have been studied extensively. Since the
2-block ADMM can be viewed as a manifestation of some kinds of operator splitting,
its convergence follows from that of the so-called Douglas—Rachford operator splitting
method; see [9,10]. Moreover, the convergence rate of the 2-block ADMM has been
established recently by many authors; see, e.g., [11-16].

Although the multi-block ADMM scheme in (1.6) performs very well for many
instances encountered in practice (e.g., [17,18]), it may fail to converge for some
instances if there are more than 2 block variables, i.e., N + M > 3. In particular,
an example was presented in [19] to show that the ADMM may even diverge with 3
blocks of variables, when solving a linear system of equations. Thus, some additional
assumptions or modifications will have to be in place to ensure convergence of the
multi-block ADMM. In fact, by incorporating some extra correction steps or changing
the Gauss—Seidel updating rule, [20-24] showed that the convergence can still be
achieved for the multi-block ADMM. Moreover, if some parts of the objective function
are strongly convex or the objective has certain regularity property, then it can be shown
that the convergence holds under various conditions; see [ 14,25-30]. Using some other
conditions including the error bound condition and taking small dual stepsizes, or by
adding some perturbations to the original problem, authors of [15,31] established the
rate of convergence results even without strong convexity. Not only for the problem
with linear constraint, in [32—-34] multi-block ADMM were extended to solve convex
linear/quadratic conic programming problems. In a very recent work [35], Sun, Luo
and Ye proposed a randomly permuted ADMM (RP-ADMM) that basically chose a
random permutation of the block indices and performs the ADMM update according
to the order of indices in that permutation, and they showed that the RP-ADMM
converges in expectation for solving non-singular square linear system of equations.

In [3], the authors proposed a block successive upper-bound minimization method
of multipliers (BSUMM) to solve problem (1.1) without y-variable. Essentially, at
every iteration, the BSUMM replaced the nonseparable part f(x) by an upper-bound
function and works on that modified function in an ADMM manner. Under some error
bound conditions and a diminishing dual stepsize assumption, the authors are able
to show that the iterates produced by the BSUMM algorithm converge to the set of
primal—dual optimal solutions. Along a similar direction, Cui et al. [4] introduced
a quadratic upper-bound function for the nonseparable function f to solve 2-block
problems; they showed that their algorithm has an O(1/¢) convergence rate, where ¢
is the number of total iterations. Very recently, [6] proposed a set of variants of the
ADMM by adding some proximal terms into the algorithm; the authors have managed
to prove O(1/t) convergence rate for the 2-block case, and the same results applied
for general multi-block case under some strong convexity assumptions. Moreover, [5]
showed the convergence of the ADMM for 2-block problems by imposing quadratic
structure on the coupled function f(x) and also the convergence of RP-ADMM for
multi-block case where all separable functions vanish (i.e., u; (x;) = 0, Vi).
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210 X.Gao et al.

Primal-Dual Method for Bilinear Saddle-Point Problems

Recently, the work [36] generalized the first-order primal—-dual method in [37] to a
randomized method for solving a class of saddle-point problems in the following form:

N

N
min {h(z) +§réa;§<z, ZAm> - gui(m}, (1.8)

i=1

where x = (x1;---;xy)and X = X x --- x Xy.Let Z =RP and h(z) = —b ' z.
Then, it is easy to see that (1.8) is a saddle-point reformulation of the multi-block
structured optimization problem

N N
;Icléi/‘rvl;ui(xi)’ S.t. 2A,~xi =b,
1= 1=

which is a special case of (1.1) without y-variable or the coupled function f.

At each iteration, the algorithm in [36] chose one block of x-variable uniformly at
random and performs a proximal update to it, followed by another proximal update to
the z-variable. More precisely, it iteratively performs the updates:

ket Jargming oy (2K, Aixi) 4 ui () + Sl — xFI13, if i = g,
ot = fareming e o o
X, ifi # i,
! = argmin h(z) + (z, AxKH!) + zIIZ — 2413, (1.9b)
€2 2
ZhHl q(zk—H _ Zk) + kT (1.9¢)

where iy, is a randomly selected block, and 7, 5 and ¢ are certain parameters." When
there is only one block of x-variable, i.e., N = 1, the scheme in (1.9) becomes
exactly the primal-dual method in [37]. Assuming the boundedness of the constraint
sets X and Z, [36] showed that under convexity, O (1/t) convergence rate result of
the scheme can be established by choosing appropriate parameters, and if u; are all
strongly convex, the scheme can be accelerated to have O (1/%) convergence rate by
adapting the parameters.

1.3 Contributions and Organization of this Paper

e We propose a randomized primal—dual coordinate update algorithm to solve prob-
lems in the form of (1.1). The key feature is to introduce randomization as done in
(1.9) to the multi-block ADMM framework (1.6). Unlike the random permutation
scheme as previously investigated in [5,35], we simply choose a subset of blocks
of variables based on the uniform distribution. In addition, we perform a proximal

1 Actually, [36] presented its algorithm in a more general way with the parameters adaptive to the iteration.
However, its convergence result assumes constant values of these parameters for the convex case.
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update to that selected subset of variables. With appropriate proximal terms [e.g.,
the setting in (2.15)], the selected block variables can be decoupled, and thus the
updates can be done in parallel.

e More general than (1.6), we can accommodate coupled terms in the objective func-
tion in our algorithm by linearizing such terms. By imposing Lipschitz continuity
condition on the partial gradient of the coupled functions f and g and using prox-
imal terms, we show that our method has an expected O(1/t) convergence rate
for solving problem (1.1) under mere convexity assumption.

e We show that our algorithm includes several existing methods as special cases
such as the scheme in (1.9) and the proximal Jacobian ADMM in [20]. Our result
indicates that the O(1/t) convergence rate of the scheme in (1.9) can be shown
without assuming boundedness of the constraint sets. In addition, the same order
of convergence rate of the proximal Jacobian ADMM can be established in terms
of a better measure.

e Furthermore, the linearization scheme allows us to deal with stochastic objective
function, for instance, when the function f is given in a form of expectation
f = E¢[fe(x)] where & is a random vector. As long as an unbiased estimator
of the subgradient of f is available, we can extend our method to the stochastic
problem and an expected O (1/ J1) convergence rate is achievable.

The rest of the paper is organized as follows. In Sect. 2, we introduce our algorithm
and present some preliminary results. In Sect. 3, we present the sublinear convergence
rate results of the proposed algorithm. Depending on the multi-block structure of y,
different conditions and parameter settings are presented in Sects. 3.1, 3.2 and 3.3,
respectively. In Sect. 4, we present an extension of our algorithm where we assume
the availability of only first-order stochastic approximation of the objective function.
The convergence analysis is extended to such settings accordingly. Numerical results
are shown in Sect. 5. In Sect. 6, we discuss the connections of our algorithm to other
well-known methods in the literature. Finally, we conclude the paper in Sect. 7. The
proofs for the technical lemmas are presented in Appendix A, and the proofs for the
main theorems are in Appendix B.

2 Randomized Primal-Dual Block Coordinate Update Algorithm

In this section, we first present some notations and then introduce our algorithm as
well as some preliminary lemmas.

2.1 Notations

We denote X = & x --- x Xy and YV = YV X --- X Vy. For any symmetric
positive semidefinite matrix W, we define ||z||w = ~/z " Wz. Given an integer £ > 0,
[£] denotes the set {1,2,---,£}. We use I and J as index sets, while [ is also used
to denote the identity matrix; we believe that the intention is evident in the context.
Given I = {iy, iy, --- ,i,}, we denote:
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212 X.Gao et al.

e Block-indexed variable: x; = (x;;; Xip; -+ Xi,)3

e Block-indexed set: X7 = &}, x -+ x & ;

e Block-indexed function: uy (xy) = w;, (x;,) + uip (xiy) + -+ -+ u;, (x;,);
e Block-indexed gradient: V; f(x) = (V;, f(x); Vi, f(x); -+ 5 Vi, f(X));
e Block-indexed matrix: A; = [A,~l VA, Ain].

2.2 Algorithm

Our algorithm is rather general. Its major ingredients are randomization in selecting
block variables, linearization of the coupled functions f and g, and adding proximal
terms. Specifically, at each iteration k, it first randomly samples a subset I of blocks
of x, and then a subset J; of blocks of y according to the uniform distribution over
the indices. The randomized sampling rule is as follows:

Randomization Rule (U): For the given integers n < N and m < M,
it randomly chooses index sets Iy C [N] with |ly| = n and J; C [M]
with |Jx| = m uniformly; i.e., for any subsets {i1,i2,---,i,} C [N] and
{j1, j2, -+ » jm} C [M], the following holds

Prob[lk ={iy, i, -~ ,in}] =1/ <]r\z]) )
Prob[Jk = {ji. j2, -+ jm}] =1/ (%) .

After those subsets have been selected, it performs a prox-linear update to those
selected blocks based on the augmented Lagrangian function, followed by an update
of the Lagrangian multiplier. The details of the method are given in Algorithm 1.

In Algorithm 1, P¥ and QF are predetermined positive semidefinite matrices with
appropriate dimensions. For the selected blocks in [ and Ji, instead of implementing
the exact minimization of the augmented Lagrangian function, we perform a block
proximal gradient update. In particular, before minimization, we first linearize the
coupled functions f, g and add some proximal terms to it. Note that one can always
select all blocks, i.e., It = [N] and Jr = [M]. Empirically, however, the block
coordinate update method usually outperforms the full coordinate update method if
the problem possesses certain structures; see [38] for an example. To decouple the
selected x blocks and also y blocks, we choose the matrices Pk and Qk in Algorithm
1 as follows:

PY =Py —peAj Ay, Q"= 0y —pyB] By, (2.15)

where P and O are symmetric positive semidefinite and block diagonal matrices, I31k
denotes the diagonal blocks of P indexed by Ir. With such setting of PX and QF,
(2.10) and (2.12), respectively, become

. 1
xy T = argmin(V £ () = AT GF = per®), i)+ ur e + Sl = 215G (2.16)
X]EX]
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Algorithm 1: Randomized Primal-Dual Block Coordinate Update
(RPDBU) Method

Step 1 Initialization: choose x°, y* and 10 = 0; let 70 = Ax® + By? — b;

choose p, px, py
Step 2 fork =0,1,--- do
Step 3 Randomly select Iy C [N]and J; C [M] with |I;| = n and
|Jk| =m according to (U).
Stepd  Letx/ ™' =xk Vi¢ Loandyit =3k vj¢ g
Step 5 For I = I, perform the update

K —argmin(Vy £ (x%) — ATAK xp) 4 up(xp) (2.10)

XIGXI
+ 24 e Dy b
1\AT I ) 1 1l pks
Pk =y KA oAt —xby. (2.11)

For J = Ji, perform the update

YA =argmin(V, g (vF) — BJ 2K, y) + v (ys) (2.12)
yieYs
+&||B ok k42 1 k2
JOr =y A+ Sl = vyl
P =kt B A ), (2.13)

Update the multiplier by

ML Z gk okt (2.14)
Step 6 end
k1 _ k _ oo ket k112 2.17
¥k argr;m(VJg(y ) — B (3F = pyr't), yJ)+vJ(yJ)+ lys =yilly - (217)
YIeVs

Due to the block diagonal structure of P and Q, both x-update and y-update can be
computed in parallel.

2.3 Preliminaries

Let w be the aggregated primal—dual variables and H (w) the primal—dual linear
mapping; namely

x —ATA
w=|y|, Hw) = —BT) , (2.18)
A Ax+ By —b
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214 X.Gao et al.

and also let

N

w(x) =Y uilx), v(y) = Zv,(y,

i=l
F(x) = f(x) +ux), G(y) =g +v@y), P@k,y)=Fx)+G(y).
The point (x*, y*) is a solution to (1.1) if and only if there exists A* such that

P(x,y) — D", y) + (w—w* ) Hw*) >0, V(x,y) e X x )Y, VA, (2.19a)
Ax* + By* = b, (2.19b)
xfeXx, yte). (2.19¢)

The following lemmas will be used in our subsequent analysis, whose proofs are
elementary and thus are omitted here.

Lemma 2.1 For any two vectors w and w, it holds
(w—w) Hw) = (w—u) HW). (2.20)
Lemma 2.2 For any two vectors u, v and a positive semidefinite matrix W,

1
u'Wo = 5(||u||%v Iy — llu = vli3). 2.21)

Lemma 2.3 For any nonzero positive semidefinite matrix W, it holds for any z and Z
of appropriate size that

Iz — 2|7 Iz — 213, (2.22)

=
W2
where ||W |2 denotes the matrix operator norm of W.

The following lemma presents a useful property of H (w), which essentially follows
from (2.20).

Lemma 2.4 For any vectors wo wl, - w', and sequence of positive numbers

BO, AL, ..., B!, it holds that

.
22:0 ﬁkwk _ H Z;(:O ﬂkwk TH k 2 23
( Y Y oﬁkzﬁ @ —u) . @3.23)

3 Convergence Rate Results
In this section, we establish sublinear convergence rate results of Algorithm 1 for

three different cases. We differentiate those cases based on whether or not y in problem
(1.1) also has the multi-block structure. The first case assumes no y-variable at all.
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It falls into the second and third cases, and we discuss this case separately since it
requires weaker conditions to guarantee the same convergence rate. The second case
is that y is treated as a single-block variable, and this can be reflected in our algorithm
by simply selecting all y-blocks every time, i.e., m = M. In the third case where y
is a multi-block variable, it requires % = % where n and m are the cardinalities of
the subsets of x and y selected in our algorithm, respectively. Since the analysis only
requires convexity, we can ensure the condition to hold by adding zero component
functions if necessary, in such a way that N = M and then choosing n = m. In
particular, we make the following assumptions:

Assumption 3.1 (Convexity) For (1.1), &; and )); are some closed convex sets, f and
g are smooth convex functions, and u; and v; are proper closed convex function.

Assumption 3.2 (Existence of a solution) There is at least one point w* = (x*, y*, 1*)
satisfying the conditions in (2.19).

Assumption 3.3 (Lipschitz continuous partial gradient) There exist constants L y and
Lg such that for any subset / of [N] with |/| = n and any subset J of [M] with
|J| = m, it holds that

IVif(x 4+ Urx) — Vy f(x)]
IVsg(y +Usy) — Vig(l

| < Lgllxgll, Vx, X, (3.1a)
| < LgllysIl, Yy, v, (3.1b)
where Ujx keeps the blocks of x that are indexed by I and zero elsewhere.

Before presenting the main convergence rate result, we first establish a few key
lemmas.

Lemma 3.1 (One-step analysis) Let {(x*, y, r¥, AX)} be the sequence generated from
Algorithm | with matrices P* and Q* defined as in (2.15). Then, the following inequal-
ities hold

Ej, [F(xk'H) — F(x) + (F ! — ) T(—ATakt
¥ (or — ) — ) TATHH o (b )T AT B+ = yk)]
A L .
+E1k(xk+1 — )C)T(P — prTA)(.Xk+] _ xk) _ _fEIk”xk _ xk+1 ”2

2
< (1 _ %) [FO&H) = Fao)+ F =0T (=ATW0) + 0,k =0 TATH], (32)

and

Ei[GOMNH -G + T =T (=BTA )+ (py — p) GF T =) TBT A

A L
FEL O =0T (0 — py BT B)(F! — 3k — 7zeEJk”yk _ k2

(1" kT pT Apktl &
(1-32) o 0F =T BTAGH — i)
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216 X.Gao et al.

<(1-2)[605 =60+ 0F = »T =BT + 0,05 - 0BT 63

where Ej_denotes expectation over Iy and conditional on all previous history.
Note that for any feasible point (x, y) (namely, x € X',y € YV and Ax + By = b),

1
AxFt — Ax = ;(xk — AFD By —b) + (By — b)
1

= 08—k = BOM ) (3:4)

and
By* — By = %(kk_l - —Ax* =)+ (Ax = b)

= %(,\"—1 - — Ak = x). (3.5)

Hence,
(K H x)TATB(yk+1 _ yk) _ %()Lk _ )Lk+1)TB(yk+l _ yk)
_(yk+1 _ y)TBTB(ykJrl _ yk)’

and

1
P

Then, using (2.21) we have the following result.
Lemma 3.2 For any feasible point (x, y) and integer t, it holds
t
Z(xk+1 —0TATBOM =y
k=0

1 t
= — > = AHDHTBOM -y
k=0

1 t
-3 (ny'*1 =I5 = 10 = Ylgr 5 + DI - y"ugTB) (3.6)
k=0

and
t
k=0

@ Springer



Randomized Primal-Dual Proximal Block Coordinate Updates 217

1 t
_ ; Z(kkq . kk)TA(xk+1 . xk)
k=0
1 t
+3 (nxo —xlir s = I = xR, 4+ ) I - xknfm) NEN))
k=0

Lemma 3.3 Given a continuous function h, for a random vector w = (X, y, ), if for
any feasible point w = (x, y, A) that may depend on W, we have

E[®(R,5) — ®(x,y) + @ —w) Hw)] < E[hw)], (3-8)
then for any y > 0 and any optimal solution (x*, y*) to (1.1) we also have

E[®(X, ) — @(x*, y*) + yIIAX + By — b|l] < sup h(x*,y*, 1).
A<y

Noting

D(x,y) — P(x*, y*) + (w—w") T Hw*)
= D(x,y) — P(x*, y*) — W) (Ax + By — b),

we can easily show the following lemma by the optimality of (x*, y*, A*) and the
Cauchy-Schwarz inequality.

Lemma 3.4 Assume (x*, y*, \*) satisfies (2.19). Then, for any point (£, y) € X x ),
we have

D(x,3) — @(x*, y") = =A% - A% + BY — b (3.9
The following lemma shows a connection between different convergence measures,

and it can be simply proved by using (3.9). If both w and W are deterministic, it implies
Lemma 2.4 in [39].

Lemma 3.5 Assume that (x*, y*, 1*) satisfies the optimality conditions in (2.19). Let
y > ||A*|| and & > 0. If a random vector (X, y) satisfies

E[®(%,9) —@(x*, y") + y[A% + By — b||] <e,
then

E||AX + By —b| <

Y=l
2[|A*
E|oG, §) — d(*, v < (ﬁ + 1>e
y =1l
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The convergence analysis for Algorithm 1 requires slightly different parameter
settings under different structures. In fact, the underlying analysis and results also
differ. To account for the differences, we present in the next three subsections the
corresponding convergence results. The first one assumes there is no y part at all; the
second case assumes a single block on the y side; the last one deals with the general
case where the ratios n/N are assumed to be equal to m /M.

3.1 Multiple x Blocks and No y-Variable

We first consider a special case with no y-variable, namely g = v =0and B =0
in (1.1). This case has its own importance. It is a parallel block coordinate update
version of the linearized augmented Lagrangian method (ALM).

Theorem 3.6 (Sublinear ergodic convergence I) Assume g(y) = 0,v;(y;) =0, Vj
and B = 0 in (1.1). Let {(x*, y*, \%)} be the sequence generated from Algorithm 1
with y* = y0. Assume v =0, p="0px, and

Py = Lyl + prAj Ay, Vk. (3.10)
Let
t+1 0 t k
ALY S 3.11)
146t
Then, under Assumptions 3.1, 3.2, and 3.3, we have
max {E |F(&') — F(x")|, E||A%" —b]|}
Px 0,2
< 1-6 (F 0 _ F*y 4+ 2 )
o (=0 (FO0 = Pty + Z0r)
1 max{(0.5 + [|A*])2, 9]|A*|2
FRLENTERN {( A%~ OllA™ 17} ’ (3.12)
2 P 2px

where (x*, A*) is an arbitrary primal—dual solution.

Our result recovers the convergence of the proximal Jacobian ADMM introduced
in [20]. In fact, the above theorem strengthens the convergence result in [20] by
establishing an O (1/¢) rate of convergence in terms of the feasibility measure and the
objective value. If strong convexity is assumed on the objective function, the algorithm
can be accelerated to have the rate O(1/ 12) as shown in [40].

3.2 Multiple x Blocks and a Single y Block
When the y-variable is simple to update, it could be beneficial to renew the whole of

it at every iteration, such as the problem (1.3). In this subsection, we consider the case
that there are multiple x-blocks but a single y-block (or equivalently, m = M), and
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we establish a sublinear convergence rate result with a different technique of dealing
with the y-variable.

Theorem 3.7 (Sublinear ergodic convergence II) Let {(x*, y*, AK)} be the sequence
generated from Algorithm 1 withm = M and p = py = 0px, where § = ;. Assume

PeLil+pATA, Q% f (9% =+ ,Oy) BTB.  (3.13)
Let
o= xf +6 Z;{=1xk )'}t — 5’l+1 +0 ZIZ:I yk (3.14)
1+ 61 ’ 1+061 ’ '
where
! = argmin(Vg(y') — BTA', y) + v(y) + 2 ”sz+1 + By — b||?

yey
51y =I5, prp (3.15)

Then, under Assumptions 3.1, 3.2, and 3.3, we have

max{E|<1§()?’ 3" — , E||A)?I+BAt—b||}

1
0 0 *112
< 1+9 [< —9>(¢<x ¥ = D0,y + ZEOR) + S -
Lo 2 max{<0.5+||A*||)2,9||x*||2}
||y Y ”9Q+(m 0py)BT B 205 ’ (3.16)

where (x*, y*, A*) is an arbitrary primal-dual solution.

Remark 3.1 It is easy to see that if & = 1, the result in Theorem 3.7 becomes exactly
the same as that in Theorem 3.8. In general, they are different because the conditions
in (3.13) on P and Q are different from those in (3.18a).

3.3 Multiple x and y Blocks

In this subsection, we consider the most general case where both x and y have
multi-block structure. Assuming 5 = 77, we can still have the O(1/¢) convergence
rate. The assumption can be made without losing generality, e.g., by adding zero
components if necessary (which is essentially equivalent to varying the probabilities
of the variable selection).

Theorem 3.8 (Sublinear ergodic convergence III) Ler {(x¥, y¥, A%)} be the sequence

generated from Algorithm 1 with the parameters satisfying
_nes _mpy

=—= . 17
N i >0 (3.17)
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v =1 =0,and P, 0 satisfy one of the following conditions:

Q2 - 9)(
=2- 9)(

(29 g)m,oyBTB + Lgl, ¥j. (3.18b)

Assume

L 2- 9
)pXATA—i—LfI, 0= ( )

pyB"B+LgI, (3.182)

)npr,TA,» + Lyl Vi,

Qj =
Let

AL DY T VIS i LD W (3.19)
ST w0 T iwer '

Then, under Assumptions 3.1, 3.2, and 3.3, we have

max {E |® (&, ") —

. E|AZ" + B3 — b|}

[a-o (q>(x0, y°) — oGy + ol

S 1461
1 0 *12
+§||x EE FIPA
| max{(0.5 + [|[A*[)2, 9lIA* |12}
#3510 =3I + > : (3.20)
Px

where (x*, y*, \*) is an arbitrary primal-dual solution.

Remark 3.2 When N = M = 1, the two conditions in (3.18) become the same.
However, in general, neither of the two conditions in (3.18) implies the other one.
Roughly speaking, for the case of n & N and m =~ M, the one in (3.18a) can be
weaker, and for the case of n < N and m <« M, the one in (3.18b) is more likely
weaker. In addition, (3.18b) provides an explicit way to choose block diagonal P and
0 by simply setting P; and O ;j to the lower bounds there.

4 Randomized Primal-Dual Coordinate Approach for Stochastic
Programming

In this section, we extend our method to solve a stochastic optimization problem
where the objective function involves an expectation. Specifically, we assume the

coupled function to be in the form of f(x) = Eg f¢(x) where & is a random vector.
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For simplicity, we assume g = v = 0, namely, we consider the following problem:

N
min. Eg fe (x) + ) ui(xi)
y =l (4.1)

S.t. ZAixiZb, xi€X,i=1,2,---,N.

i=1

One can easily extend our analysis to the case where g # 0,v # 0 and g is also
stochastic. An example of (4.1) is the penalized and constrained regression problem
that includes (1.2) as a special case.

Due to the expectation form of f, it is natural that the exact gradient of f is not
available or very expensive to compute. Instead, we assume that its stochastic gradient
is readily accessible. By some slight abuse of the notation, we denote

X —ATA N
w=|:k:|’ H(w)=|:Ax—b:|’ F(x):= ngs(x)+Zui(xi). “4.2)
i=1

A point x* is a solution to (4.1) if and only if there exists A* such that

F(x)— F(x*) 4+ (w —w*) T Hw*) >0, Yw, (4.3a)
Ax* = b, x* € X. (4.3b)

Modifying Algorithm 1 to (4.1), we present the stochastic primal—dual coordinate
update method of multipliers, summarized in Algorithm 2, where G¥ is a stochastic
approximation of V f(x*). The strategy of block coordinate update with stochastic
gradient information was first proposed in [41,42], which considered problems without
linear constraint. We make the following assumption on the stochastic gradient GX.

Assumption 4.1 Let sk =Ggk—v f (x*). There exists a constant ¢ such that for all
k,

E[* |55 =0, (4.6a)
E|IsF)? < o2, (4.6b)

Following the proof of Lemma 3.1 and also noting
Ep[ Gy — x’;k“)Ta’;k |xk] = Ef (xF — XK Tsk, 4.7

we immediately have the following result.

Lemma 4.1 (One-step analysis) Let {(x*, r*, AX)} be the sequence generated from
Algorithm 2 where P¥ is given in (2.15) with p, = p. Then,

ER[FOE — Foo) + 5 =0T (AT 4 pHH — 0 TAT A1
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Algorithm 2: Randomized Primal-Dual Block Coordinate Update
Method for Stochastic (RPDBUS) Programming

Step 1 Initialization: choose x9, A% and set parameters p, o’s
Step 2 fork =0,1,--- do

Step 3 Randomly select I C [N] with |I;| = n according to (U).
Step 4 Let xf“ = xf, Vi ¢ Iy, and for I = I, do the update

KT —argmin(G — AR, xp) Fur(xp) (4.4)
XIGX[
2 1Ar G — ) P g — b2
2 I I 1 2 1 1 Pk_Fé'
Update the residual r¥+1 = % + AI()CII€+l — x’;).
Step 5 Update the multiplier by
et ok (= W Zmakrt) e (4.5)
Noy

Step 6 end

A~ 1
+E1k(xk+1 _ X)T (P _ ,OATA + _) (xk-‘r] _ xk)
(074

L
_TfEIk ”xk _xk+1||2 + Elk(ka _xk)Tak

n
< (1 - N) [FOR) = Fa)+ F =0T (=ATab) + p(ek —x)TAT/4]. (4.8)
The following theorem is a key result, from which we can choose appropriate oy
to obtain the O (1/+/f) convergence rate.

Theorem 4.2 Let {(x*, AX)} be the sequence generated from Algorithm 2. Let 0 = v
and denote

(273

By =-———"8¥9H-——¥—, Vk.
ag(1-0)
(1 T )’O
Assume o > 0 is nonincreasing, and

Ax"=b, 20=0, (4.92)
P=Lsl+pATA, (4.9b)

_ 1-0 1—-6
1B (= DBt bt (= 0)b > 0. Vi, 4.9¢)

201 2 201k+1 2
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G o %P gvg % for somet. (4.9d)
2p o P

Let

t+1 0 t k
g QX 0D g (4.10)

t
a1 +0 ) ax
k=1

Then, under Assumptions 3.1, 3.2, 3.3, and 4.1, we have

(4140 Zak)E [FG") = F(x™) + y A% = b]]
k=1

oo 1
< (1-0)ag [F(xo) - F(x*)] S A PR e

" ap —9);31

2(X1 B

+Z "Euskn @11

The following proposition gives sublinear convergence rate of Algorithm 2 by
specifying the values of its parameters. The choice of o depends on whether we fix
the total number of iterations.

Proposition 4.3 Let {(x*, 2]} be the sequence generated from Algonthm 2 with P¥
given in (2.15), P satisfying (4.9b), and the initial point satisfying Ax* = b and
10 = 0. Let Cy be
1
Co = (1 = 0o F(*) = FON] + S IIx" = x*[1p,

+§‘—2 max{(0.5 + ¥ )2, 9}, 4.12)

where (x*, \*) is a primal-dual solution, and D, := oz()(l’3 —pATA) + 1.

1. Ifax = f‘/—%,‘v’k > 1 for a certain ag > 0, then fort > 2,

2Cy ao(logt + 2)o2
Oao/1 NG

2. Ifthe number of maximum number of iterations is fixed a priori, then by choosing
o = f’ Vk > 1 with any given ay > 0, we have

max {E ‘F()?’) — F(x

. EJAZ" —b|I} < . (4.13)

2Co 20{002

max {E |F(R)) — + .
(E]FE dandi T oV

, EJIAZ = b1} <

(4.14)
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Proof Whenoy = f‘/—%, we can show that (4.9c) and (4.9d) hold for # > 2; see Appendix

A.4. Hence, the result in (4.13) follows from (4.11), the convexity of F, Lemma 3.5
with y = max{1 + ||»*]|, 2||A*||}, and the inequalities

t
1 1
— > /1, - <logr+1.

k=1

When ¢y is a constant, the terms on the left-hand side of (4.9¢) and on the right-
hand side of (4.9d) are both zero, so they are satisfied. Hence, the result in (4.14)
immediately follows by noting Y j_; ax = ao+/7 and Y j_, oz,% < 20(8.

The sublinear convergence result of Algorithm 2 can also be shown if f is non-
differentiable convex and Lipschitz continuous. Indeed, if f is Lipschitz continuous
with constant L., i.e.,

1f ) = FDI < Lellx = yll, Vx, y,
then ||§f(x)|| < L¢, Yx, where @f(x) is a subgradient of f at x. Hence,

Ep (xg, —x) ) TV £ ()
= Eg (e, — x5) Vi £ + B (), = xp D TV, £
_ %(x _ xk)T@f(xk) T Elk(xk _ xk+1)T§f(xk+1)
+ Elk(-xk _ xk'H)T(%f(xk) _ 6f‘(xk+l))
< n k k k+1
< N(f(x)—f(x N+ ER[f&Y) — f(x™)]
+ ELF = xHT(V R = VEahth)

— N
z = (F0) = FOR) + E L0 = £

+ Elk (.Xk _ xk+1)—|—(6f(xk) _ 6f(xk+l)).

Now following the proof of Lemma 3.1, we can have a result similar to (4.8), and then
through the same arguments as those in the proof of Theorem 4.2, we can establish
sublinear convergence rate of O(1/ V).

5 Numerical Experiments

In this section, we test the proposed randomized primal-dual method on solving
three problems. The first one is the nonnegativity constrained quadratic programming
(NCQP):

1
min F(x) = —x'Ox+c'x, st Ax=b,x; >0,i=1,--- ,n, (5.1
xeR? 2

@ Springer



Randomized Primal-Dual Proximal Block Coordinate Updates 225

where A € R™*" and Q € R"*" is a symmetric positive semidefinite (PSD) matrix.
The second problem is the constrained Lasso:

1
min F(x) = —||Ax — b||> + t||x|l1 s.t. Cx =d, (5.2)
xeRP 2

where A € R™*? and C € R" P, and the third one is the log-barrier penalized
problem of a linear program:

min F(x,y) = c'x —pe’ logx — pe logys.t. Ax +y

X,y

:bv-xigul.vizls"'arh (5.3)

where A € R"*", The first two problems fall into the case in Theorem 3.6, i.e., multiple
x blocks and no y, and the third one falls into Theorem 3.7, i.e., multiple x blocks and
single y block. We perform all experiments on a Macbook Pro with 4 cores. The first
experiment demonstrates the parallelization performance of the proposed method, and
the rest ones compare it to other methods.

5.1 Parallelization

This test is to illustrate the power unleashed in our new method, which is flexible
in terms of parallel and distributive computing. We test the algorithm on NCQP (5.1),
and we set m = 200, n = 2 000 and generate Q = HH ", where the components
of H € R"™" follow the standard Gaussian distribution. The matrix A and vectors
b, c are also randomly generated. We treat every component of x as one block, and at
every iteration we select and update p blocks, where p is the number of used cores.
Figure 1 shows the running time by using 1, 2, and 4 cores, where the optimal value
F(x*) is obtained by calling Matlab function quadprog with tolerance 10~'°. From
the figure, we see that our proposed method achieves nearly linear speedup.

o 10" 10°

=

g

= 59

g0 Z 10°

a 3

) 2

2 10° 3

2 5 10°

O

2 10% S

¢} x

S 10710

810710

g

@

S 19718 . . . . 10715 . . . .
0 10 20 30 40 0 10 20 30 40

Running time/sec Running time/sec

Fig. 1 Nearly linear speedup performance of the proposed primal-dual method for solving (5.1) on a 4-
core machine. Left: distance of objective to optimal value |F(xk) — F(x™)|; Right: violation of feasibility
1axk —b]
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5.2 Comparison to Other Methods

In this set of experiments, we compare the proposed method to the linearized ALM
and the cyclic linearized ADMM. Note that the linearized ALM is a fully Jacobian
update method, while the cyclic linearized ADMM is fully Gauss—Seidel. Without
linearization, the former method reduces to the proximal Jacobi ADMM (see section
6.4) and the latter one to the direct multi-block ADMM (see section 6.3). All three
methods are tested on NCQP (5.1), the constrained Lasso (5.2), and also the log-barrier
penalized problem (5.3).

For the NCQP (5.1), we set m =1 000, n =5 000 and generate Q = HH T where
the components of H € R"* =39 follow standard Gaussian distribution. Note that
Q is singular, and thus (5.1) is not strongly convex. We evenly partition the variable
into 100 blocks. At each iteration of our method, we uniformly at random select one
block variable to update. Figure 2 shows the performance by the three compared
methods, where one epoch is equivalent to updating all blocks once. The optimal
value is computed via Matlab built-in function quadprog. From the figure, we see that
our proposed method is comparable to the cyclic linearized ADMM (L-ADMM) and
significantly better than the linearized ALM (L-ALM). Although the cyclic ADMM
performs well on this instance, in general it can diverge if the problem has more than
two blocks; see [19].

For the constrained Lasso (5.2), we set m = n = 200 and p = 2000. A and
C are generated according to the standard Gaussian distribution. A sparse vector
x° is generated with 20 nonzero entries. The locations of these nonzeros are chosen
uniformly at random, and their values follow the standard Gaussian distribution. Then,
weleth = Ax?+0.01€ andd = Cx?, where £ is generated by the standard Gaussian
distribution. We evenly partition the variable into 400 blocks. The same as the previous
test, at each iteration of our method, we uniformly at random select one block variable
to update. Figure 3 plots the results given by the three compared methods. The optimal
value is computed via CVX [43] with high-precision tolerance. From the figure, we see
that our proposed method is significantly better than the linearized ALM but slightly

o 10" 10°
2 —7— RPDBU =¥ RPDBU
z 5 -G L-ALM -G L-ALM
-g 10 =% - cyclic L-ADMM | | > 100 X Hag - — 3% - cyclic L-ADMM
g z
o =
2 10° 8
[ hal 5
2 s 10
€] o
5 2 4o 10
1070 z
E PV VNV VAV
£
S 1915 10715
0 100 200 300 400 500 0 100 200 300 400 500
number of epochs number of epochs

Fig.2 Comparison of the proposed RPDBU to the L-ALM and the cyclic L-ADMM on solving the nonnega-
tivity constrained quadratic programming (5.1). Left: distance of objective to optimal value | F/ Ky = F(x*) B
Right: violation of feasibility || Axk — b I
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102
DE]EBDE]EDE]EDDEBDE]BDE]ED&] - [{ZEL)“BAU

— %=~ cyclic L-ADMM

o

RPDBU
- L-ALM

distance of objective to optimal value

\ =
' 2
\ (2]
% — 3%~ cyclic L-ADMM 3 ,
107 1 5 10
\ c
\ S
\ T
\ g 1
10°® S 10
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Fig. 3 Comparison of the proposed RPDBU to the L-ALM and the cyclic L-ADMM on solving the con-
strained Lasso (5.2). Left: distance of objective to optimal value |F (xk) — F(x*)|; right: violation of
feasibility |Cx¥ — d||

worse than the cyclic linearized ADMM. However, the convergence of the cyclic
ADMM is not guaranteed. In addition, our method can be parallelized to have nearly
linear speedup, while the cyclic ADMM is intrinsically serial.

For the log-barrier penalized problem (5.3), we set m = 500, n = 2000. u is set
to one, and u; = 10 for all i. The entries of A follow standard Gaussian distribution,
and each entry of b is set as a positive number to ensure the existence of a feasible
solution. We evenly partition the x-variable into 400 blocks and treat y as a single
block. At each iteration, we uniformly at random choose one x block to update,
then perform an update to y, and finally renew the multipliers. The results by all
three methods are shown in Fig. 4, where the optimal solution is computed via CVX
with high-precision tolerance. The figure again demonstrates the significant better
performance of our method over the linearized ALM. The cyclic ADMM is slightly
better. However, note again that our proposed method has the capability of nearly linear
speedup by parallelization, while the cyclic ADMM can only be implemented in a serial
way.

*
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= RPDBU RPDBU
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Fig. 4 Comparison of the proposed RPDBU to the L-ALM and the cyclic L~-ADMM on solving the log-
barrier penalized problem (5.3). Left: distance of objective to optimal value | F (xk R yk ) — F(x*, y*)|; right:
violation of feasibility ||Axk + yk — bl
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6 Connections to Existing Methods

In this section, we discuss how Algorithms 1 and 2 are related to several existing
methods in the literature, and we also compare their convergence results. It turns out
that the proposed algorithms specialize to several known methods or their variants in
the literature under various specific conditions. Therefore, our convergence analysis
recovers some existing results as special cases, as well as provides new convergence
results for certain existing algorithms such as the Jacobian proximal parallel ADMM
and the primal-dual scheme in (1.9).

6.1 Randomized Proximal Coordinate Descent

The randomized proximal coordinate descent (RPCD) was proposed in [44], where
smooth convex optimization problems are considered. It was then extended in [45,46]
to deal with nonsmooth problems that can be formulated as

N
min f(vp, oo ) + ) uix), (6.1)
i=1
where x = (x1; - - - ; xn). Toward solving (6.1), at each iteration k, the RPCD method

first randomly selects one block iy and then performs the update:

(kL {argmiHXi (Vi f 5, xi) + Bl — xF I3 4 wi (), if i =i, 6.2)

i k . . .
x;, if i # iy,

where L; is the Lipschitz continuity constant of the partial gradient V; f(x). With
more than one block selected every time, (6.2) has been further extended into parallel
coordinate descent in [47].

When there is no linear constraint and no y-variable in (1.1), then Algorithm 1
reduces to the scheme in (6.2) if I, = {it}, i.e., only one block is chosen, and Pk =
L1, 2K =0, Vk, and to the parallel coordinate descent in [47] if Iy = {i,}, iy )
and Pk = blkdiag(LiI:I L ,L,-g I), A= 0, Vk. Although the convergence rate
results in [45-47] are non-ergodic, we can easily strengthen our result to a non-ergodic
one by noticing that (3.2) implies nonincreasing monotonicity of the objective if
Algorithm 1 is applied to (6.1).

6.2 Stochastic Block Proximal Gradient

For solving the problem (6.1) with a stochastic f, [41] proposed a stochastic block
proximal gradient (SBPG) method, which iteratively performs the update in (6.2) with
V; f (x¥) replaced by a stochastic approximation. If f is Lipschitz differentiable, then
an ergodic O(1/+/t) convergence rate was shown. Setting Iy = {ix}, Vk, we reduce
Algorithm 2 to the SBPG method, and thus our convergence results in Proposition 4.3
recover that in [41].
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6.3 Multi-block ADMM

Without coupled functions or proximal terms, Algorithm 1 can be regarded as a
randomized variant of the multi-block ADMM scheme in (1.6). While multi-block
ADMM can diverge if the problem has three or more blocks, our result in Theorem
3.6 shows that O (1/t) convergence rate is guaranteed if at each iteration, one randomly
selected block is updated, followed by an update to the multiplier. Note that in the
case of no coupled function and n = 1, (3.10) indicates that we can choose Pk =0,
i.e., without proximal term. Hence, randomization is a key to convergence.

When there are only two blocks, ADMM has been shown (e.g., [14]) to have an
ergodic O(1/t) convergence rate. If there are no coupled functions, (3.13) and (3.18a)
both indicate that we can choose P = ,oxATA, Q = ,oyBTB if0 =1, 1i.e., all x and
y blocks are selected. Thus, according to (2.15), we can set Pk =0, Qk =0, Vk, in
which case Algorithm 1 reduces to the classic 2-block ADMM. Hence, our results in
Theorems 3.7 and 3.8 both recover the ergodic O(1/t) convergence rate of ADMM
for two-block convex optimization problems.

6.4 Proximal Jacobian Parallel ADMM

In [20], the proximal Jacobian parallel ADMM (Prox-JADMM) was proposed to
solve the linearly constrained multi-block separable convex optimization model

N N
min Z ui (x;), s.t. Z Aixi = b. 6.3)
i=1 i=1
At each iteration, the Prox-JADMM performs the updates fori = 1, - - - , n in parallel:

. P 2 1
xf“ = arg min ui (xi)— (WK, A,'x,')—i-EHA,'x,'-i- E ijf—b||2+§||x,- —xikll%gi, (6.4)
Xi s
' J#i

and then updates the multiplier by

N
ARFL — Kk yp (Z A,JC;H'1 - b) , (6.5)
i=1

where P; > 0,Vi and y > 0 is a damping parameter. By choosing appropriate
parameters, [20] established convergence rate of order 1/¢ based on norm square of
the difference of two consecutive iterates.

If there is no y-variable or the coupled function f in (1.1), setting Iy = [N], Pk =
blkdiag(pr;rAl + P, ,pr;AN + Py) — prTA = 0, Vk, where P; are the
same as those in (6.4), then Algorithm 1 reduces to the Prox-JADMM with y = 1,
and Theorem 3.6 provides a new convergence result in terms of the objective value
and the feasibility measure.
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6.5 Randomized Primal-Dual Scheme in (1.9)

In this subsection, we show that the scheme in (1.9) is a special case of Algorithm
1. Let g be the convex conjugate of g* := h+1z, namely, g(y) = sup,(y, z) —h(z) —
tz(z). Then, (1.8) is equivalent to the optimization problem:

N
min le ui(x;) + g(—Ax),
i=
which can be further written as

N
i (X st A —0. 6.6
xtgl)l{r}y;uz(xz) +8(y), st Ax +y (6.6)

Proposition 6.1 The scheme in (1.9) is equivalent to the following updates:

H k q k k2 1 k)2 P
argmin(—2z%, A;x;) +u; (x;) + - 1A; (5 — x;7) + 807 + 5llx; — x5l T L=,
xlk'H =1 xeX; o o 2 RO ! 2 ! rlf%Ai A
x;‘, i # i,
(6.7a)
. 1
y = argmin g (1) = (3.2 4 -y + AxHE, (6.7b)
y
1
S ;(Axlﬁ-l 4kt (6.7¢)

wherer® = Ax*+y*. Therefore, itis a special case of Algorithm 1 applied to (6.6) with
the setting of Ir = {ix}, px = %, py = p = % and P¥ =t — %A,{A,-k, 0k =0, Vk.

While the sublinear convergence rate result in [36] requires the boundedness of X’
and Z, the result in Theorem 3.7 indicates that the boundedness assumption can be
removed if we add one proximal term to the y-update in (6.7b).

7 Concluding Remarks

We have proposed a randomized primal-dual coordinate update algorithm, called
RPDBU, for solving linearly constrained convex optimization with multi-block deci-
sion variables and coupled terms in the objective. By using a randomization scheme and
the proximal gradient mappings, we show a sublinear convergence rate of the RPDBU
method. In particular, without any assumptions other than convexity on the objective
function and without imposing any restrictions on the constraint matrices, an O (1/t)
convergence rate is established. We have also extended RPDBU to solve the problem
where the objective is stochastic. If a stochastic subgradient estimator is available, then
we show that by adaptively choosing the parameter oy in the added proximal term,
an O(1/4/t) convergence rate can be established. Furthermore, if there is no coupled
function f, then we can remove the proximal term, and the algorithm reduces to a
randomized multi-block ADMM. Hence, the convergence of the original randomized
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multi-block ADMM follows as a consequence of our analysis. Remark also that by tak-
ing the sampling set /; as the whole set and P* as some special matrices, our algorithm
specializes to the proximal Jacobian ADMM. Finally, we pose as an open problem
to decide whether or not a deterministic counterpart of the RPDBU exists, retaining
similar convergence properties for solving problem (1.1). For instance, it would be
interesting to know whether the algorithm would still be convergent if a deterministic
cyclic update rule is applied while a proper proximal term is incorporated.

A Proofs of Lemmas

We give proofs of several lemmas that are used to show our main results.

A.1 Proof of Lemma 3.1

We prove (3.2), and (3.3) can be shown by the same arguments. By the optimality

of xll‘:'l from (2.10) or equivalently (2.16), we have for any x;, € A},

(e = xEEDT (Vi £ @0 = AL 4o AL 4 Fug Y + Py e = 1))
>0, (A1)

where Vi, (x’;;’l) is a subgradient of uj, at x’;;’l, and we have used the formula of

rk+% given in (2.11). We compute the expectation of each term in (A.1) as follows.
First, we have

Ep (xg, — x) DTV £ ()

.
Ep (m - x',‘k) Vi f&5) + Ef (] —xp DTV £

= (e xk)T VI + By 6 =X DTV F( (A2)
< (7= 760) + B0 - gt + it ]
= n—N (f(x)—f(xk))

where the last inequality is from the convexity of f and the Lipschitz continuity of
Vi, f(x). Secondly,

Ep Gy —xpHT(=A[ 25

= Ep(xp — x5) T (=A[ 25 + Ef (), — x) "D T (= A 00
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-
% (x . xk) (—ATAR) 4+ Elk(xk — T (AT
n—N

N

(x - xk>T (AT + B — T (=ATHR. (A4

Similarly,

n—
)T ATk =

N
pxEg (xp, — xJ) px(x — x5 TATH

+ ocEq (x — xFHTATHE, (A.5)
For the fourth term of (A.1), we have

k+1\T k+1
Elk(xlk_-x[k ) Vulk(-x[k )

< EIk [ulk (xlk) —ur (x];k+l):|
= 5 1) = EguGe ) — ) 4 ug ()
= % [M(X) —~ u(xk)] + Ep [u(x*) — u(x¥ 1))
-N
_n = [u(x) - u(xk)] + Ep[u(x) — u(xFh), (A.6)

where the inequality is from the convexity of u, . Finally, we have
Ep(xp —xp TPy —xp ) = Ef (r = XM TP =56 A7)

Plugging (A.3) through (A.7) into (A.1) and recalling F(x) = f(x) + u(x), by
rearranging terms we have

E; [F(xk-H) —FO) + R — ) T(—ATAR) 4 pp (k! — x)TATrk]

LN L
+E, (xk+l _ x) PR+l — Ky _fEIk”xk — k2

2
N —n

< [F(xk) _F) + K — )T (AR 4 o,k — x)TATrk] . (A8)

Note

(xk+1 _ x)T(_AT)Lk) + ,ox(ka _ x)TATrk
_ (karl _ x)T(_ATAk) + px(xk+1 _ x)TATrkH
2.14
(= )(xk—H _ x)T(_ATAk+1) + (px — p)(xk+l _x)TATrk—H
_px(xk—i-l _ x)TATA(xk+1 _xk) _ px(xk+l _X)TATB(yk-H _ yk).
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Hence, we can rewrite (A.8) equivalently into (3.2). Through the same arguments, one
can show (3.3), thus completing the proof.

A.2 Proof of Lemma 3.3
Letting x = x*, y = y* in (3.8), we have for any A that

E[h(x*, y*, M)]
> E[0G5) = 06" ) + G =) (AT + G =) (-BTH)
+G. =0T (A% + BS — b)]
—E [cl)()?, $) — @ (x*, y*) + (b, Ax* + By* —b) — (A, A% + B — b)]
=E[®(&, §) — d(*, y*) — (A, AR + B — b)], (A.9)

where the last equality follows from the feasibility of (x*, y*). Forany y > 0, restrict-
ing A in B, we have

E[h(x*, y*, 1)1 < sup h(x™, y*, ).
reB,

y(Ax+By—b)

Hence, lettlng A= —m

€ B, in (A.9) gives the desired result.

A.3 Proof of Lemma 3.5
In view of (3.9), we have

E[(y — IX*IDIIA% + BY — b]]
< E[®(R,9) — (", y) +y[AX + By —b||] <e,

which implies

E|A% + BS — b|| < ﬁ and E[® (%, §) — d(x*, y)] <& (A.10)
y —
Denote a— = max(0, —a) for a real number a. Then, from (3.9) and (A.10), it follows
that
. . — « . . A"l
E(®(%,3) —@(x*, y")" < A" - E||A% 4+ By —b|| < PETETE

Noting |a| = a + 2a™~ for any real number a, we have
E|® (X, §) — P(x*, y")|

@ Springer



234

X.Gao et al.
< (M n 1) N (A11)
y — A%l
A.4 Proof of Inequalities (4.9¢) and (4.9d) with a; = %
We have /Bk = m, and
k—1 ok
— B+ (L =) Br+1 — —Br+1 — (1 — ) i
(675 Ok+1
_% i —(1-0) !
i k—1 (Vk— 1 -0k —1)
— _Vk—'_l —(1-0) 1
Vi (VEk+T—1-06)Vk)
= %O[W(k) Yk + 1]
By elementary calculus, we have
Y1 _Jk
v k) = Y& k=1 1
2= (Vk—(1-0)vEk—T1)
N Vk _—9) —1 (L 1-9)
Vi1 2(Vk— (1 —0)Wk—1)" \Vk  Vk—1
1

2k — D(Wk — (1 —0)Vk —1)
k—1 Vk 1 1—6
R Rl =]

NN
1 vk
- 1—6) - —Y_) <o.
20— YWk — (1= )VE=T) (( : «/k—1><

Hence, v (k) is decreasing with respect to k, and thus (4.9¢) holds.
When oy = f}—‘]’;, (4.9d) becomes

0 >‘( Vi —(1—9)) % —
201 7 I\Vr—1 p(WT—(1—=0)/i—1) pi

’
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which is equivalent to

S

WV

—l &t

N =
~
|
—_
\Y%
W o

This completes the proof.

B Proofs of Theorems

In this section, we give the technical details for showing all theorems. For simplicity
of notation, throughout the proofs of this section, we define P and Q as follows:

P=P—pATA, Q0=0-p,B'B. (B.1)
B.1 Proof of Theorem 3.6

Taking expectation over both sides of (3.2) and summing it over k = 0 through ¢,
we have

E[F(xt+l)—F(x)+(xt+l—x)T(—ATkt_H)] + (I—G)pr(xt_H _x)TATrl-‘rl
t—1
+0 Y CE[F(*) = Fx) + M = x)T(=ATaM )]

k=0
t
=3 p EGRTT = 0T AT B — 3
k=0
t L t
+ Y EGHT - T A — i) - Tf 3 E |k — Xk
k=0 =0
<(1—0) [F(xo) —FO)+ 0 —0)T(—ATAY) 4 o, (x° — x)TATrO] . (B2

where we have used % = 6, the condition in (3.17) and the definition of P in (B.1).
Similarly, taking expectation over both sides of (3.3), summing it over k = 0 through
t, we have

E[GO™H =G + ™ = » T (=BTA*]
(A =)y G =) BT
t—1
+9 Z E[G(yk+1) _ G(y) + (yk+l _ y)T(—BT)\.k+l)]
k=0

t t
~ L
+2 EGT =0 TOOM =y = =E Y B -y
k=0 k=0
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<U=-0[60N =6+ =N BT +p,00 = 0BT
t

+(1 —O)ZEpy(yk — ) TBTAGK! — x5y, (B.3)
k=0

Recall A¥H = 3k — prktl thus
1
Gl Tkt = Lt L Tk k. (B.4)
0

where 1 is an arbitrary vector and possibly random. Denote A'+! = A’ — p,. /1. Then,
similar to (B.4), we have

) - -
(}\'t-l—] _ )\‘)Trt-i-] — __()LH-I _ )\‘)T()\‘H-l _ )\‘l‘) (BS)

P

Summing (B.2) and (B.3) together and using (B.4) and (B.5), we have

E I:(p(xz-o—l’ yr+1) —P(x,y) + @'+ — w)TH(er) +L(X’+1 —TEH - A’)]
Px

t—1

40 Z E [(p(xk—kl’ VY Zp(x, y) + Y — w) T H @R
k=0

+l(kk+l — Tk - )Lk)]

0
<(1-6) [F(xo) “F@ 40— )T (=ATAY) + o, 0 — x)TATrO]

+1=0)[GON =GO+ 0" =T BT + 0,60 =) BT]

t t
+ Y EEH =) TATBOGM =35+ (1=0) Y 0y EGH — ) TBTAGH — x5

k=0 k=0
t L t
_ ZE(ka —0)TPOMT — Xk 4 =f ZE”xk — kL2
2
k=0 k=0
t L 1
=D EGHT = TOOM =y + Y B =R, (B.6)
k=0 k=0

where we have used @ (x, y) = F(x) 4+ G(y) and the definition of H given in (2.18).
When B = 0 and y* = y°, (B.6) reduces to

E [F(ler]) _ F(.x) + (d‘)l+1 _ U))TH(a)t+l) + Ioi(if‘l’l _ )\’)T(Xl“l’l _ }\’l)}
t—1

10 Z E [F(xkﬂ) — F) + @ — )T H@
k=0
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1
+_(}\'k+1 _ )\')T(A‘k-ﬁ-l _ )\‘k)}
1%

<SUA=O[FE) = Fe+ 60 =0T (=472 + pu(x* =0T AT/
t t
— Y ECH —x) TP — X+ % D E|xt xR
k=0 _

Using (2.21) and noting 6 = %, from the above inequality after canceling terms we
have

E [F(xt+1) —F)+ @'t — w)TH(u?H'l)]

+0) E [F(xk+1) — F(x) + Wkt = w)TH(wk+1)]

1 . . t—1
+§E |i”)\'t+l _ )\.”2 _ ||)\.O _ )\.”2 + ||)\.t+1 _ )\'IHZ + Z ”)\.k+1 _ )\'knz}
" k=0

<(1-6) [F(xo) —F@ 46— 0T (=ATAY) + o, (0 — x)TATrO]

t
1
t+1 2 0 2 k+1 k2
—ZE[nx — 23 = 0 = x )3+ Y R ||}~,}
k=0

t
f k k412
72 Ik — X512, (B.7)

For any feasible x, we note A' ! — A" = p, A(x'*! — x) and thus

1 -
— IR =22 = ol = x5, (B.8)

X

In addltlon since xkt1
P=P—p,AT A that

and x* differ only on the index set i, we have by recalling

k+1 k”

—Lf”.x —x k+1

_ ” k+1

k1 kg2
k= k% = |1k

_xlk”P _xlk”prlTkAlk

k+1

— Lyl — kg2, (B.9)

Plugging (B.8) and (B.9) into (B.7) and using (3.10) lead to
E I:F(xt+l) _ F(.X) + (l‘i)l+1 _ U))TH(II)I+1)]

19 Z [F(xk-i-l — F(x) + wht! — w)TH(wk-H)]
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<d-6) [F(xo) CFO) 4+ —0)T(—ATAY) 4 o, (0 — x)TATrO]

1 0 2 1 0 2
5 EIR = 417 4 I — x5

X

The desired result follows from A% = 0, and Lemmas 3.3 and 3.5 with y = max{0.5+
A1, 3]}

B.2 Proof of Theorem 3.7

It follows from (3.3) with py, = p and m = M that (recall the definition of 0 in
(B.1)) forany y € ),

L
GO*hH - G(y) — 7g||yk — YR+ O — ) T (=B TAR

+OM = ToH! — vk <o, (B.10)

Similar to (B.10), and recalling the definition of 7'*!, we have for any y € ),

GGTH -Gy - %W*‘ —Y'IP+ T =T (=BT
+OGF T = TOG! - ) <0, (B.11)
where
AL =T — p (Ax'T 4 BT — b, (B.12)
Adding (B.10) and (B.11) to (B.2) and using the formula of Ak give
E [F(x’+1) F() 4 (- x)T(—ATX’“)]

- T 1 -
+E <)\’t+l _ )\‘) <Axl+l + By[-i—l —b+ _()\’l-i-l _ )\l))

X

~ ~ L B
+9(yt+l _ y)TQ(yl-i-l _ yk)] _ 7gEv”yl‘-‘rl _ yt”2
t—1
+0 Y E[FOR) - P+ (M -0 T (—aTik )]
k=0
t—1
_ ZIOXE(-xk+1 _ X)TATB(yk+1 _ yk) _ pr(xt+1 _ X)TATB(S}1+1 _ yt)
k=0
t—1 I
+0) E [G(y"“) =GO = Y =P+ O = T =BT
k=0
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+( =T oG - yk)]
t—1
1
+0 Z E(}\.k—‘rl _ )\.)T <rk+1 + —()\.k+l _ )\.k))
k=0 p
<(1-0) [F(xo) —FOO)+ 0 —0)T(=ATAY) 4+ o, (0 — x)TATrO]
t L t
— ZE(xk-‘rl _ x)TP(ka _ xk) + 7f ZE”xk _xk+1”2' (B.13)
k=0 =0

By the notation in (2.18) and using (3.6), (B.13) can be written into
E I:qj(x[-l—l7 yl-l—l) _ (p(x’ y) + (lI)t+1 _ UJ)TH(IIJI+1)]

-1
40 Z E [qj(xk—ﬁ—l’ VY @ (x, y) + (k! — w)TH(wk+1)]
k=0

t—1
+6 ) EGT =T 00! =y +0EGT =T oG - )
k=0
t—1 1
k=0 p
1 - N 3 3
_IO)CE (p_(}"t _ )\.H_l)TB(yH_l _ yt) _ (yH-l _ y)TBTB(yH-l _ yt))
X
i i t—1
+ZEGH — )T (;\z+1 _ )Lz) + 2 ZE(Ak—H -7 ()\k+1 _ Ak)
14 14 =0
<-6) [F(xo) CFOO)+ 0 —0)T(—ATAY) 4 o, (0 — x)TATro]

t t
~ L
_ZE(ka _x)TP(ka _xk) + f ZE”xk _xk+1||2
k=0 2 k=0

L, L
8 k_ Jk+12 8 oy ot+l 2
—E£>Elyt - —E —y'2.
T 1y" =y + - Elly y
k=0
Now use (2.21) to derive from the above inequality that

E |:¢(xt+1’ 5}I+1) _ @(‘x’ y) + (u‘)l+1 _ U))TH(TI)I+1)1|
t—1
10 Z E |:q>(xk+1’ VY Z @ (x, ) + (k! — w)TH(wk—H)]
k=0

0 S+l 2 0 2
+5 (B =31 = 150 = 1)
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—1
0 | . 0
v ENTL — k12 & Zpist+l — 2
+2k§_0 ly y ||Q+ 7 Iy y IIQ

P .
+ 5 (15 = 0y = 1 = y1 )

pe o
+5 2 ENY T =y g+ SEIF T = Iy

k=0
—1

Jo T = -
— Z E_x <Ak _ )JC*{“]) B(yk+1 _ yk) _ E()\,l _ )\’Z‘Jrl)TB(yl‘Jr] _ yl)

k=0 P
0 Fi+l 2 0 2
s (BIZ =30 =12 = )

0 —1 0 _
20 2p
k=0
<(1—0) [F(xo) CFO)+ 0 —0)T(=ATAY) 4 oo (20 — x)TATrO]

1

—5 Bl =i = 1 = 1
1t Lf t

+ZE||xk _xk+1”35:| + = ZE”xk _ k2

k=0 k=0

oL, ‘. L, .
+ DBl = YR+ SRR -, (B.14)

k=0

Note that for k <t — 1,

Px ok kT proktl ks 4 Okl k2 Pkl k2
—Eok—a B - S k2 s — B -
p ( ) B(y Yo+ oy Il [ TE lly Yilgrg
and
- ~ 0 - .
—Of = AHTBG T =y + an’“ — MNP = —%uy’+l =V 1575

Because P, Q and p satisfy (3.13), we have from (B.14) that
E I:(p(xl-Fl’ 5)[4—1) _ ¢(X, y) + (ﬁ)l-i-l _ w)TH(ﬁ)l-Fl)iI

-1
10 Z E [¢(xk+1, VY — @ (x, y) 4 (kT — w)TH(wk-H)]
k=0
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<(1—0) [F(xo) —CFO)+ 0 —0)T(—ATAY) 4 o, (0 — x)TATrO]

L o > b0 2 P o 2 6 0 2
+§||x — x5+ Elly G+ %Ily —yllgrp+ ZEIM = All”
Similar to Theorem 3.8, from the convexity of @ and (2.23), we have

(1 +00E[®R', ) — d(x,y) + @' —w) H(w)]
<A=-0O[F&) - F@) + "= 0)T(=AT2") + pex% —x)TATF0]

Lo 2 0.0 2, P o 2 0 0 2
+§||x —x||};+§||y —Y||Q+%||y _y”BTB_’_ZE”)V —All7. (B.15)

Noting 2% = 0 and (x° — x) TAT#® < L[|Ix® — x|l ;74 + [Ir°]1%]. and using Lemmas
3.3 and 3.5 with y = max{0.5 + ||A*||, 3||A*||}, we obtain the result (3.16).

B.3 Proof of Theorem 3.8

Using (~3.6) an~d (3.7), applying (2.21) to the cross terms, and also noting the defi-
nition of P and Q in (B.1), we have

k=0
t
+ prE(karl _ x)TATB(yk+l
k=0

-1
—%E |:Z(}‘k+l _ A)T(AHI _ )\k) + (X’H _ )»)T(XHI _ )”t)i|

t
=Y+ A=Y pEGH - TBTAG! —xF)
k=0

t t
- L
_ ZE(ka _x)TP(ka _xk) + f ZE”xk _xk+1”2
k=0 2 k=0

t t
~ L
=BG = ToOMT =y + SRS T EI -y P
k=0 k=0
i t—1
_ _TE |:||At+1 AP =20 a2+ Z AT k2 i — Az|2:|
0

k=0

t t
1-6
+/;:( ZE()‘k AT gk ygky 4 ( )Py ZE()Lk—l ST AT — xky
k=0 k=0

t
Py Q2 —0)py
=P E (I = xlry = I =xllr ) + = D Bl =M,
k=0

t
1
1 2 0 2 k+1 k2
—215(||x’+ — I = 20 =l Y R -k ||,g)
k=0

L t
+7f]§E”xk _xk+1”2
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1 1
_‘E L ST R TIN  IT) k+1_ kg2
5 (ny yIg =y y||Q+§||y YU

(B.16)

Lg ; k k+1,2
+5E D EIY =y,

k=0
where we have used the conditions in (3.17). By Young’s inequality, we have that for

0<k<,
P 0
e B L R ] LA
P 2 2—-06

2 B17) w”yk“ — %7, (B.17)
BT P

p2—0p?
< ZIBOM =y 552

0 2 p?
and for 1 <k <1,

(1 — 0),0); ()\'k—l _ )\.k)TA(.Xk+1 _ xk) _ zi;

2 —0)p}
<=0 S it ik 2
0
¢in (1=0)2—-6)
2 e = (B.18)

Plugging (B.17) and (B.18) and also noting |A’T! — A7||2 > |A'F! — A7)|2, we can

upper bound the right-hand side of (B.16) by

0 ~ 6p
—5 B [IA! = 212 = 120 = 212] = 2 E (10 = x1r, — I =21, )
P 2
1-0)2-0)  2-0)p) v
+ — o + ol DI A
260 2
k=0
(2 Q)Py k+1
T ZEH — 5
k=0
1 t+1 2 0 2
—E (It = x% = 1 = 113
t Lf t
Dl - x"||§,> + 5 ) Bl =t
k=0 k=0
1 t+1 2 0 2 ’ k+1 k2
—EE(ny =yl = 10 =yl + DI =y
k=0
L t
8 k k412
+55 ) Bl =y
k=0
<31<8a> 1 6 0
< 2(||x —allh_y, gra T =I5 ) 3, I =A% (B.19)
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In addition, note that

t+1
nZux+ =il

1
9”xt+ _x”ATA =

N
DA = x)
i=1

N
k k+1 k k+1 k k+l
e =S, = DA — x| <n ) - ||ATA,
iely =
2 M
k k+1 k+1 k k+1
I =y g = D BiGE =] <m Y Iy - 575,
J€Jk j=

Hence, if P and O satisfy (3.18b), then (B.19) also holds.
Combining (B.6), (B.16), and (B.19) yields

E I:d)(xt+1’ yl+1) _ @(‘x, y) + (u‘)l+] _ U))TH(QI)I+1)]

t—1
10 Z E |:(D(xk+l’ VY Z @ (x, y) + (k! — w)TH(wk+1)]
k=0

<1-0)[06°)") - o, )]
(1 =0 [ =0T AT 4+ pex® =0 TATO + 60 = )T (=BT
+0,0° =) BT
Lo 2 0_ 2 O 130 _ 2
iy (100 =y, im0 = 2I) o+ 5 EIR® = AP, (B.20)

Applying the convexity of @ and the properties (2.23) of H, we have

(+60E [0, 5) = @0 y) + @ =) Hw))

2 A+ onE[0G 5 - o0 ) + @ - w)TH@ Y]

(2.23)
< E I:CD(.XH_I t+l) _ @(x’ y) + (IZ)H_l _ w)TH(l'[}H-l)]

t—1
+6 E [qs(xk“, VDY @ (x, y) 4+ (kL — w)TH(w"“)]. (B.21)
k=0

Now combining (B.21) and (B.20), we have

(+60E [0, 5 = @0 y) + @ =) Hw)|

<=0 |06 ) - o )]
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+1=0) [ =0T (AT + pea® =) AT+ (00 = 1) (=BT
+0,60 = 0BT/ ]

1 0 2 o 0 2

3 (0 = xl im0 = 9I) + 3 EIR® = A1P, (B.22)

By Lemmas 3.3 and 3.5 with y = max{0.5 + ||A*||, 3||A*||}, we have the desired
result.

B.4 Proof of Theorem 4.2

From the nonincreasing monotonicity of oy, one can easily show the following
result.

LemmaB.1 Assume 1~' = A0, It holds that

(1 -0)8 _ :
Ll el [ e e e P &
k=0

t—1

A Pr+1
-y o= [nx"“ M2 = 125 = 212 4 124 =42

=0 2%+l
ﬂk+1 _

t—1
o Br+1 A —=B, .k
— D o - Anz—Z—nxk e
k=0

2005 +1 P 2

t—1 t
aoB1 .o 2 UBr+1 .k ) (1 =Bk, .« 2
+—— A=A+ ) —— A = AT+ ) ———— A" — A
201 ,; 2041 g 2

t—1
0Bk+1 apfr (1 —-0)B
== I R ( - ) 120 = 117

=0 20[1 2

Ot 2

Q- 1ﬁk (I =0)Br+1  ufrrr (1 —0)Bk
—§ : o . 2% — A% (B.23)
20lk 2 2ak+1 2
By the update formula of A in (4.5), we have from (4.8) that

E [F(Xk+l) —F() + (5 = )T (AT Ak 4§kt A)Trk+l]

k+1 Ty k+1 k
+E |:()‘ 0T e —2h (1 — Q)+ p(xk+l 7x)TATrk+l

(1-0)«
(1 _ 2 k+l)p ay :|
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. L
+E(xk+1 _X)T (P + 7) (Xk+1 _xk) _ 7/”E”xk _ k1 ”2 + E(xk+1 _xk)Tak
o7

<(1-0)E [F(xk) —F) 4+ 0F =) T (AT 405 =0Tk 4

()\k _ )L)T()\k _ )\k—l):|
(l _ (1(;,2)10”() 0

+(1 = 0)pEGEF —x)TATH, (B.24)

where similar to (B.1), we have defined P = pP— pATA.
Multiplying o to both sides of (B.24) and using (4.2) and (2.21), we have
o E [F(xk+1) — F(x) 4 ! — w)TH(wkH)]
ok Pr+1
+ L[5 = a2 = 2K 4 R = ]
Ok+1

+E [(1 — Oy p (k! — x)TATr"“]

k2 k1 _ k2
b = x]3 + T — 2K 2]

Ok k+1 2
+7E[||x — x|l -

1
3 E [ =l = e ) -2

L
_ak fE”Xk —)Ck+1||2 +akE(.xk+1 —xk)TSk

2
< (1 —0)oyE [F(xk) — F(x) + (wk — w)TH(wk)]

B [ Y R VRN UL

+ar(1 —0)pEXr —x)TATF. (B.25)

Denote A'! = A — pr'*!. Then, for k = 1, it is easy to see that (B.25) becomes

Ot,E I:F(xl+1) _ F(X) + (,(I)T+1 _ w)TH(wl+1):|
Fo L B [IR = AP = A = A 1A = )]
2p
i 102 et w2 +1 g2
+2HE [ I+ =l — ' =l + e )
1
S E [ =l = x4 =]
L
_atz fE”xl _xl+1||2 +atE(.xt+1 _xt)T(Sl
< (1—0)a,E [F(x’) —F) + ' — w)TH(w’)]
1—-6
F 2P [ = = = 22 10— 2]

+a;(1—0)Epx' —x)TATF. (B.26)
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By the nonincreasing monotonicity of «x, summing (B.25) from k = O through 7 — 1
and (B.26) and plugging (B.23) give

a[EI:F(xt+1) F(x)+(“t+1 w)TH(,lI}l+l):|

t—1
e Y E [P = P + @ = w)TH@ )]

k=0
o ~ ~
+o L E (IR = AP = I = 2P+ 1 -2
2p
Or+1 t+1 k+1 k2
+—Elx +Z Elx" = x"15

1 t
S B[ — a2 = — x4 Y I - 2]
k=0

t 13
oL
_Z 5 fE||xk_xk+1”2+ZakE(xk+l _xk)T(Sk
=l k=0

< (1 —0)aoE [F(xo) —F(0) + (w® — w)TH(wO)]

o
ol = 0)p (e =) TATr + 22 — x|

t—1
0Br+1 a1 =01
—Z%Enx"“—xkn%( - E[2° = 4]?
k=0

— 201 2
) (at_lﬁ, ECIA P
2(11 2
3 Z (ak e A=Ofn _ ofen (- 9)ﬁk> ElWk — A, (B27)
20y 2 2041 2 o

From (4.9d), we have

L Y
0

- (atz_lﬁt a —9)@) T
o 2

In addition, from Young’s inequality, it holds that

1 2
Euxk“—x"||2+ozkE<x"+1 ) Tsk > ||6||
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Hence, dropping negative terms on the right-hand side of (B.27), from the convexity
of @ and (2.23), we have

t
<a,+1 +0 Zak> E [F()E’) — F() + @' — w)TH(zi)’)]

k=1
Ol;E [F(xt—H) _ F(x) + (&‘)t+1 _ w)TH(U‘Dt'i‘l)iI
t—1

Foare Y E[FOH = F) + @ —w)TH@ )]
k=0

< (=0 [ FG) = Fo + @® = w)TH @)

o 1
+(1 = 0)aop(x* =) TATH + 2 x4 S~ x)?

api  (1—0)B 0 2L % k2
+( )Enx AP+ DSBS, (B.28)

20[1 2 =0

Using Lemma 3.3 and the properties of H, we derive the desired result.

B.5 Proof of Proposition 6.1

Let (I +9¢) '(x) := arg min, ¢ (z) + % |z —x ||% denote the proximal mapping of
¢ at x. Then, the update in (1.9b) can be written to

Define y**! as that in (6.7b). Then,

1 1 ) 1
—yttl = = {argmmg(y) — 3, + =y + Axk“nZ}
n n y 2n
1 . n, 1 L TR
= —qargming(y) + ==y — (" — —Ax"T)|
n y 27y n

. n 1
= argmin g(ny) + 2 lly - (zk - —Axk+l> |12
y n

1 -1 1
(1 +9 (—g(n~)>> (zk - —Axk+]> .
n n
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Hence, using the fact that the conjugate of % g*is % g(n+) and the Moreau’s identity
(I+0p)"'+ U +03¢p*)" ' =1 for any convex function ¢, we have

g\ !
(o (5)) ()
n n
1 R k_ L,k
+{14+0|-g(n) 78— —Ax =75 — —Ax"".
n n n

Therefore, (6.7¢) holds, and thus from (1.9¢) it follows

Fhtl okl Z(Axkﬂ 1 ykth,

Substituting the formula of z¥ into (1.9a), we have for i = i,

. _ T
xf“ arg min(—z%, A;x;) + u; (x;) + Ellx,- - xf‘||2
x,eX,-
. T
— argmin(—2*, Aix) + L(Ax 4 5, Ai) i) + =l — xF)2
xieXi n 2’
= argmin(—z*, A;x;) + u;(x;) + i||Aixi + A;éix];ei Al
2
X,‘E.)(',' ’7

1 k
+ EHXi — X ”tl—%AiTA;’

which is exactly (6.7a). Hence, we complete the proof.
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