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Abstract The alternating direction method of multipliers (ADMM) recently has found
many applications in various domains whose models can be represented or reformu-
lated as a separable convex minimization model with linear constraints and an objective
function in sum of two functions without coupled variables. For more complicated
applications that can only be represented by such a multi-block separable convex
minimization model whose objective function is the sum of more than two functions
without coupled variables, it was recently shown that the direct extension of ADMM
is not necessarily convergent. On the other hand, despite the lack of convergence, the
direct extension of ADMM is empirically efficient for many applications. Thus we
are interested in such an algorithm that can be implemented as easily as the direct
extension of ADMM, while with comparable or even better numerical performance
and guaranteed convergence. In this paper, we suggest correcting the output of the
direct extension of ADMM slightly by a simple correction step. The correction step is
simple in the sense that it is completely free from step-size computing and its step size
is bounded away from zero for any iterate. A prototype algorithm in this prediction-
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correction framework is proposed; and a unified and easily checkable condition to
ensure the convergence of this prototype algorithm is given. Theoretically, we show
the contraction property, prove the global convergence and establish the worst-case
convergence rate measured by the iteration complexity for this prototype algorithm.
The analysis is conducted in the variational inequality context. Then, based on this
prototype algorithm, we propose a class of specific ADMM-based algorithms that
can be used for three-block separable convex minimization models. Their numerical
efficiency is verified by an image decomposition problem.

Keywords Convex programming - Alternating direction method of multipliers -
Splitting methods - Contraction - Convergence rate

Mathematics Subject Classification 90C25 - 90C30 - 90C33

1 Introduction

Many applications such as sparse and/or low-rank optimization, compressive sensing,
statistical learning, computer vision and large-scale distributed wireless network can
be modeled or reformulated as a convex minimization model with linear constraints
and a separable objective function in form of the sum of more than one function. In this
paper, inspired by some particular applications such as the robust principal component
analysis model with noisy and incomplete data in [35], the latent variable Gaussian
graphical model selection in [5] and the quadratic discriminant analysis model in [22],
we consider the special separable convex minimization model

min{f;(x) + 6o (y) +63(z2) | Ax+ By+Cz=b, x e X,ye YV, z€ Z}, (1.1)

where 6; : " — N are closed proper convex (not necessarily smooth) functions for
i=1,2,3; X CR1, Y C A2 and Z C R are closed convex sets; A € R™*1,
B € \"™*"2 and C € R™*"3; and b € N™. Let ny + ny + n3 = n. Throughout our
discussion, the solution set of (1.1) is assumed to be nonempty; and the matrices B and
C are assumed to be full column rank. In addition, the sets X', ) and Z are assumed
to be simple in sense of that the projections onto them under the Euclidean distance
can be easily computed.

Conceptually, the augmented Lagrangian method (ALM) in [20,30] is applicable
to (1.1), resulting in the scheme

k
xkrd 01(0)+62(3) + 63(2) — 05T (Ax + By + Cz — b)
= arg min
+L11Ax + By + Cz—b)?

)\,k+l — )Lk _ ﬂ(Axk+l + Byk+l + Czk+l _ b),

xeX,yey,ZEZ},

(1.2)

where 1 € N is the Lagrange multiplier associated with the linear constraints in
(1.1), B > 0 is a penalty parameter and || - || represents the />-norm throughout.
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For the direct application of ALM (1.2), each of the resulting subproblems requires
minimizing an objective function consisting of all 6;’s and a quadratic term in which
all the variables x, y and z are coupled. Usually, the (x, y, z)-subproblem in (1.2) is
not easy to solve. We are interested in the particular scenario where each function
0; in the objective has some particular structures and properties; and it is beneficial
to explore these structures/properties in algorithmic design. For example, for some
applications of the abstract model (1.1) arising in sparse- and/or low-rank-concerned
areas, 6;’s are simple in the sense that the following minimization problems may have
closed-form solutions for any 8 > 0 and x° € "1, y° € %2 and 20 € R

min {0100 + L e — <P}, min {200 + S 1y <117} and

: B
min {05(2) + 21z = 17} (1.3)
We are thus interested in such an algorithm whose subproblems are at most as difficult
as

. B . B
Ql)g{el(x>+5||Ax—p?||2}, gglg{é’z(y)JrEIIBy—Pgllz} and
- B 0,2
0 —||Cz — 14
Izlélzg{z(z)Jrzll z—p3i°} (1.4)

with pl(.) € N". Note that when the minimization problems in (1.3) have closed-
form solutions, solving (1.4) could be generally easy, especially for the case that
X =", Y = W2 and Z = N"3. For instance, if X = NR"!, the problem (1.4) can
be iteratively solved by linearizing the quadratic term in (1.4) because the linearized
subproblem reduces to the problem (1.3). This is indeed an implementation of the
forward-backward splitting method which was originated in [28]. To expose our main
idea of algorithmic design with easier notation, we just focus on the discussion of
designing an algorithm with subproblems in form of (1.4) and do not discuss its
linearized counterparts whose subproblems are in form of (1.3). Thus, for the (x, y, A)-
subproblem in (1.2), we naturally want to decompose it into three smaller and easier
ones in the Gauss—Seidel manner. That is, we may consider the following scheme
instead of (1.2):

1 = argmin{6; (x) — (W57 (Ax) + gqu + By +CF— b“2 |x € X}, (1.5a)
Y = argmin{6a(y) — 05T (By) + gH AR LBy ct —b|P Iy e, (1.5b)

! = argmin{63(z) — (kk)T(Cz) + g“Axk+1 + Byl 4 cz— b“2 lze 2}, (1.5¢)

M=k = gaxH 4 ByRH 4 cA T p). (1.5d)

Compared with the direct application of ALM (1.2), obviously the scheme (1.5) is
more implementable because its subproblems are significantly easier under our men-
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tioned simplicity assumption of 6;’s. The scheme (1.5) is indeed a direct extension
of the alternating direction method of multiplier (ADMM), which was originally pro-
posed in [12] (see also [4,10]) and recently has found many data-driven applications
including those mentioned. We refer to [3,7,11] for some review papers on ADMM.

In fact, the numerical efficiency of (1.5) has been demonstrated empirically in the
literature, see e.g. [29,35]. Without any further assumption, however, it was shown in
[6] that the scheme (1.5) is not necessarily convergent. In [15,17], we have proposed
some algorithms whose common feature is generating a new iterate by correcting the
output of (1.5) with some correction steps, instead of using the output of (1.5) directly.
With rigorously proved convergence, these algorithms still numerically perform less
efficiently than the direct extension of ADMM (1.5) mainly because their correction
steps need to determine step sizes iteratively with nonnegligible computation. The
purpose of this paper is to find algorithms that could be implemented as easily as
(1.5), while with comparable or even faster numerical performance and theoretically
provable convergence. More specifically, because of the obvious advantage of (1.5) in
exploiting the functions’ structures individually and its empirical efficiency, we want
to completely preserve the step of (1.5) but correct its output appropriately by a simple
correction to generate a new iterate. That is, we still follow the prediction-correction
algorithmic framework as those in [15, 17], using the output of (1.5) as a predictor; but
the correction step should be completely free from step-size computing and its step
size is bounded away from zero for all iterates.

We will propose a prototype algorithm, based on which a class of specific ADMM-
based algorithms for the model (1.1) can be easily obtained. A unified and easily
checkable condition to ensure the convergence of this prototype algorithm will also
be given. Indeed, the possible divergence of the direct extension of ADMM (1.5) can
be simply illustrated as that it does not satisfy this condition. Theoretically, we show
the contraction property, prove the global convergence and establish the worst-case
convergence rate measured by the iteration complexity for the prototype algorithm.
The analysis is conducted in the variational inequality context. Numerically, we show
the efficiency of this class of ADMM-based algorithms by an image decomposition
problem. With the possibility of numerical acceleration, the provable global conver-
gence and the estimate of the worst-case convergence rate measured by the iteration
complexity, we regard these algorithms some theoretical and numerical improvement
over the direct extension of ADMM (1.5).

The rest of this paper is organized as follows. We recall some known results in
Sect. 2 for further analysis. In Sect. 3, we propose a prototype algorithm in the context
of variational inequality reformulation of (1.1); and then a sufficient condition is given
to ensure the convergence of this prototype algorithm. We then show that the direct
extension of ADMM (1.5) does not satisfy this condition. In Sects. 4 and 5, we prove
the convergence of this prototype algorithm and establish its worst-case convergence
rate, respectively. We specify the prototype algorithm as a class of ADMM-based
specific algorithms for the model (1.1) in Sect. 6, and show their efficiency in solving
some image processing applications in Sect. 7. Finally, some conclusions are made
and some possible topics for future research are discussed in Sect. 8.
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2 Preliminaries

In this section, we recall some known results and definitions that will be used later.

2.1 Variational inequality reformulation

It is obvious that the model (1.1) is equivalent to the variational inequality: Finding
w* € §2 such that

VI(2,F,0): 0w) —0u*) +w—w)HTFw*) >0, YweR, @2.1)

where
X
X
u=1y|,. w= z ,o 0 = 01(x) + 62(y) + 63(2), (2.22)
¢ Y
—ATx
—BTA -
F(w) = T and =X x)YxZxNR", (2.2b)

Ax+By+Cz—b

with u € N, w € R and 2 C R"™. Obviously, the mapping F(w) defined in
(2.2b) is affine with a skew-symmetric matrix; it is thus monotone. We denote by £2*
the solution set of VI(£2, F, 0), and it is nonempty because of the nonemptyness of
the solution set of (1.1).

Our theoretical analysis will be conducted in the context of variational inequality.
This is a convenient theoretical tool making us present the analysis based on the
optimality condition of the model (1.1) and enabling us to take advantage of some
existing results in the literature. But we would emphasize that the variational inequality
reformulation is only for analysis purpose; we do not need to solve any variational
inequality to implement the algorithms to be proposed.

2.2 Definitions

For convenience, we give the following definition to differentiate the roles of different
coordinates of a variable in the iteration of an algorithm, see some similar discussions
in [3].

Definition 1 For an iterative algorithm solving VI(£2, F, 6), if some coordinates of
w are not involved in the iteration, then these coordinates are called intermediate
variables and those required by the iteration are called essential variables (denoted by
V).

Therefore, for the direct extension of ADMM (1.5), x is an intermediate variable

and v = (y, z, A) are essential variables. Accordingly, the intention of the notation vk,
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7%, v*, V and V* should be clear from the context. We thus have
v=(nz,h), V=YxZxR", ob =k EaN, o =GN E N, veenN;
v =y, AT, VI =0T AT (T, yT 2N ) e 27).

3 A prototype algorithm

In this section, we propose a prototype algorithm for VI(£2, F, 6) and give a condi-
tion ensuring its convergence. With this convergence-guaranteeing condition, we also
give an explanation for why the direct extension of ADMM (1.5) is not necessarily
convergent.

3.1 Algorithm

Recall that we denote by v the essential variables of an algorithm; meaning its iteration
essentially generating v ! with the given v*. Then, a prototype algorithm for solving
(2.1) can be summarized as follows.

A Prototype Algorithm for (2.1)
[Step 1.] With given v¥, find a vector ¥ € £2 and a matrix Q satisfying

Ow) — 0" + (w —HTF@* > v =HT00F =35, Ywe L2, B.la)
where the matrix Q has the property: Q7 + Q is positive definite.

[Step 2.] Determine a nonsingular matrix M and a positive scalar «; and generate
the new iterate v¥*! by

VR = ok —aM(vF — ). (3.1b)

Then, the convergence of the prototype algorithm (3.1) can be guaranteed if the
following condition is fulfilled.

Convergence Condition
For the matrices Q and M, and the step size « determined in (3.1), we define two
matrices H and G respectively as

H=0M! (3.22)
and
G=0"+0—-aM"HM. (3.2b)

Then, the prototype algorithm (3.1) is convergent if both H and G are positive
definite.
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Remark 1 1f v€ = §K, then @ is a solution point of (2.1) because of (3.1a) and the
definition of VI(£2, F, #). We thus can use ||v*¥ — 7¥|| < e as a stopping criterion to
implement a specific algorithm of the prototype (3.1), where € is a given tolerance.
On the other hand, if v¥ * 7% then setting w = w* in (3.1a) and using

0@) —0(u*) + (3" — w")T F@*) = 0@*) —u*) + (3" — w")' F(w*) =0,
we get
@ —vHTQ0* =35 >0, W e V.

Using Q = H M and the above inequality, we obtain

T
W — T HM@O, — i) = of — 5")%%]@" — 35, Vot e V. (33)

In some sense, the inequality (3.3) implies that the direction — M (v¥ — %) is beneficial
for reducing the proximity to the solution set V* in H-norm. Hence, the correction
step (3.1b) can also be explained as a contraction step which moves along the direction
—M (V% — §%) starting from v* towards V*.

3.2 The direct extension of ADMM (1.5) does not satisfy the convergence
condition

Now we show that the direct extension of ADMM (1.5) is also a special case of the
prototype algorithm (3.1) but the Convergence Condition is not satisfied. Thus an
explanation of the convergence failure is provided for (1.5). Recall that the model
(1.1) can be explained as the VI (2.1) with the specification given in (2.2).

First, the optimality condition of the iteration (1.5) can be summarized as the fol-
lowing VIs:

e X, 0, (x) — 0 (kY + (x — kDT (3.42)
(AT — BAXM £ By CZF =)} >0, Vrex,

Y €Y, 02(3) — B(FH) + (v — )T (3.4b)
{(=BTWF — BAXMH 4 By cF — b))} >0, Vyey,

e Z,05(2) — 3N + (2 — HT (3.4¢)
{(—=CTIk — B(AXKT! 4 BykHl 4 CHH — b))} > 0, Vze 2.

To see why the inequa}ities in (3.4) can be written as a special case of (3.1a), we
define Wk = (X%, 3%, ¥, 3% with

)zk k+1 yk k+1 Zk k+1 (353)
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and
M=k — BAxX*T! 4+ By + CcZf — b, (3.5b)

for the given (y¥, z€, A%) and the (x¥*1, y¥+1 zk+1) generated by the direct extension
of ADMM (1.5). Using (3.5), we can simplify the scheme (3.4) as (¥, 3*,7%) e
X x)YxZ,

01(x) — 01 G5 + (x =T {=ATiF >0, Vrxea, (3.6a)
6(») — ) + (v = T {=BTA* + BBTBGF - yH1} =0, Vyey, (3.6b)
63(z) — 63(Z) + (z = 2T {—CT ik

+BCTBGK =y +CcE =M =0, vz e 2. (3.6¢)

We now show in the next lemma that the inequalities in (3.6) are indeed a specific
implementation of the prototype algorithm (3.1). Recall that the essential variable of
the scheme (1.5)isv = (v, z, A).

Lemma 1 Let u*t! = (xk*1 yk+1 2k+1y be generated by the direct extension of
ADMM (1.5) from the given v* = (y¥, zF, A%); and W* be defined in (3.5). Then we
have

ke 2, o) — 0" + w—HTF@H > (v — T QRF - ),

Yw e 2, (3.7)
where
BBTB 0 0
o=|pBcTBpCcTc 0 |. (3.8)
-B —-C %1

Proof Using &% = x**1, ¥ = yk+1 and ¥ = z**!_ and the Eq. (3.5b), we have
- - . . B 1 .
(Aﬁ+4wk+c%—by—3@k—ﬁ)—0@k—%)+E@k—ﬁ)=a

which can be rewritten as

Kewm —iHT{AFk + BF* + CcZF —b) — BGF — y*) — C (K - 25
1 -
+Eoﬁ—xh}zo,vxemﬂ
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Combining (3.6) with the last inequality together, we get

x—FN\T [ [ —ATK

~k TYk

~ k K y—y —B )

wt e, Ou)—0@u)+ z—Zf _CTik
A — Ak AFK + Bk +czF —b

0
BBT B(7* —y")

T BCTBGF — 39 + BT CE - )
—BG* N~ CE =+ 0F =25

>0, Yw e 2.

3.9
Based on the above inequality and using the notation F(w) (see (2.2)) and matrix Q
(see (3.8)), the assertion of this lemma is proved. O

Now, we show that the direct extension of ADMM (1.5) can be written as a special
case of the prototype algorithm (3.1). With the definition Q in (3.8), we have

BBTB pBTC —BT BBTB O 0
oT+o=|BcTBpcTc-cT | +|o0 pcrco
1 1
-B  —C gl 0 0 i
BBTB 0 0
> 0 pBc’c o |,
0 0 }31

which means Q is positive definite whenever B and C are both full column rank.
Moreover, using (3.5), the A*T! updated by (1.5d) can be represented as

MH =3k — (AT 4 BF* + CZF —b)
=3[0k =3 - BBOF —FH - pc -] 310

Therefore, using (3.5), we can rewrite the direct extension of ADMM (1.5) as

yktt yk I 0 0\ [y -3
Zk+1 — Zk _ 0 I 0 Zk _ Zk ;
pLag Ak —BB —BC I Ak — 3k

which corresponds to the step (3.1b) with

I 0 0
M= 0 I 0 and a=1. @3.11)
BB —BC I

Indeed, the direct extension of ADMM (1.5) can be written in form of the prototype
algorithm (3.1).
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Now we demonstrate that the Convergence Condition is not satisfied by the direct
extension of ADMM (1.5). In fact, for the matrix M in (3.11), we have

I 00
M'=|l0 10
BB BC I
Thus, with easy algebra, we know
BBTB 0 0 I 00 BBTB 0 0
H=0oM '=|BCcTBBCTC 0 0 1 0]|=|BcTBpCcTCc o |,
-B  —C %1 BB BC I 0 0 %1

which is not symmetric. In addition, we have

G=0"+0-M"Q
I 0 —BBT\ (BBTB 0 0
o"+o-|0 1 —pcT BCTB BCTC 0

0 0 I -B —C %1
28BTB BBTC —BT 28BTB pBTC —BT
BCTB 28cTCc —cT | — | 28cTB28CcTC —-CT

2 1
—B -C 21 —B -C 4l
0 0 0
— | -pc’™B0O 0
0 0 %1

which is not positive definite even if B and C are both full column rank. Therefore, the
Convergence Condition is not satisfied by the direct extension of ADMM (1.5). This
may explain the possible failure in convergence for the direct extension of ADMM
(1.5).

4 Convergence

In this section, we show the contraction property for the sequence generated by the
prototype algorithm (3.1) and then prove its global convergence. Recall the iteration
of (3.1) only updates the essential variable v. We thus show the contraction property
only for the sequence of essential variable {v¥}.

We first prove a lemma. In the following, we use the notation ||v II%; := v’ Gv where
G is a positive definite matrix.

Lemma 2 For the sequence generated by the prototype algorithm (3.1) where the
Convergence Condition is satisfied. We have
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alf@) —0@@*) + w — T F@H} = = (Il — T = v = 08)1%)

o
5||v’< —MZ, vwe 2, @1

where H and G are defined in (3.2).

Proof Using Q = HM (see (3.2a)) and the update form (3.1b), the right-hand side of
(3.1a) can be written as

e 2, af0@w) - 0" + w — T F@"))
> (v —THOF = oFth, vw e 2. 4.2)

Applying the identity
@& Hie —d) = 3 (la — dlfy — la —clly) + 5 (le — el — Id — eliy),
to the right-hand side of (4.2) with
a=wv, e:f)k, c:vk, and d:vk+1,

we thus obtain

- 1
W —THE — ot = E(uv — v = v = oM1)

1 5 .
+5<||vk Al 7 vl 15 P % )
For the last term of (4.3), we have
ok — 55113, — oA — 513,
= v* — )3 — Ik =3 — F = oFThE,
(3.1b) - - ~
=7 = ok, — 10F = ) —aM F - 5113,
=20 — HTHM@F — 35 — 2% — T MT HM F — %)
C29 ok — 9T (QT + 0 — aMT HM)(V* — %)
(3.2b) ~
= oot — k3. (4.4)
Substituting (4.3) and (4.4) in (4.2), the assertion of this theorem is proved. O

Based on Lemma 2, we can prove the contraction property for the sequence {v¥}
generated by the prototype algorithm (3.1).
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Theorem 1 For the sequence {v¥} generated by the prototype algorithm (3.1) where
the Convergence Condition is satisfied, we have

T — v* )12, < lof — v* )13 — et — 1L, Yot e VR (4.5)
Proof Setting w = w* in (4.1), we get

Kk 2 k1 2 k _ k2 ~k
o = v*llg = 0 = vl = allv® = 3G + 20 {0@") — 6w

+@F — wHT F@h)}. (4.6)
Using the optimality of w* and the monotonicity of F(w), we have
0@@") —0(u*) + @ —wH) F@") = 0@") —0*) + @ —w*H) " Fw*) = 0.
The assertion (4.5) follows from (4.6) and the above fact directly. O

Recall that the matrix G defined in (3.2b) is assumed to be positive definite. It
follows from (4.5) that the sequence {v¥} is contractive with respect to V*. The con-
vergence of {v¥} generated by the prototype algorithm (3.1) thus follows the standard
framework of contraction methods, see e.g. [2]. In fact, in Section 5.1, its convergence
is also implied. In the following, for completeness, we still include the detail for the
case G > 0.

Theorem 2 For the sequence {vF} generated by the prototype algorithm (3.1) where
the Convergence Condition is satisfied with G > 0, it converges to some v which
belongs to V*.

Proof According to (4.5), it holds that {v¥} is bounded and

lim [[o* — %] = 0. 4.7
k—o00

So, {#¥} is also bounded. Let v*° be a cluster point of {#¥} and {#%/} is a subsequence
which converges to v>®°. Let {#*} and {t*/} be the induced sequences by {#*} and
(D%}, respectively. It follows from (3.1a) that

e R, 0 — 0@+ w— ') F@h) = v - ") eh — i),
YweS2.

Since the matrix Q is not singular, it follows from the continuity of 6(x) and F(w)
that

w® e R, ) —0w®) +w—w)TFw®) >0, VweR.

The above variational inequality indicates that w is a solution point of VI(£2, F, 0).

Moreover, it follows from (4.7) and the fact lim vk = v that the subsequence {v¥/}
J—00
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also converges to v™°. Finally, because of (4.5), we have
k+1 k
[V — v g < v = v¥ g

and thus {v} converges to v™°. The proof is complete. O

5 Worst-case convergence rate

In this section, we estimate the worst-case O (1/t) convergence rate measured by the
iteration complexity for the prototype algorithm (3.1), where 7 is the iteration counter.
Note that we follow the work [24,25] and many others to measure the worst-case
convergence rate in term of the iteration complexity. That is, a worst-case O(1/t)
convergence rate means that the accuracy to a solution point under certain criteria is
of the order O(1/¢) after ¢ iterations of an iterative scheme; or equivalently, it requires
at most O(1/¢) iterations to achieve an approximate solution with an accuracy of €.
Lemma 2 is again crucial for the analysis.

5.1 Convergence rate in the ergodic sense

We first show that a worst-case O(1/¢) convergence rate in the ergodic sense can be
established for the prototype algorithm (3.1) under the Convergence Condition.
Working on the reformulation VI(£2, F, 6) of the model (1.1), one advantage is that
a characterization of its solution set proposed in [9] becomes useful for establishing
the worst-case convergence rate in the ergodic sense for the prototype algorithm (3.1).

Theorem 3 The solution set of VI(S2, F, 0) is convex and it can be characterized as

2 = ({weQ: 6w —0a) +w—u) Fw) >0}. G.1)

wes2

Proof The proof is an incremental extension of Theorem 2.3.5 in [9], or see the the
proof of Theorem 2.1 in [18]. m]

Theorem 3 thus implies that w € §2 is an approximate solution of VI(£2, F, 0)
with an accuracy of € > 0 if it satisfies

O(u) — @) + Fw) (w — ) > —e, Yw € 2NDH),
where
D) = {ulllu—ul <1}.

Now, we show that after ¢ iterations of the prototype algorithm (3.1), we can find
w € £2 such that

0(ii) —O0(u) + (0 — w) F(w) <e, Yw e 2ND@), (5.2)
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with € = O(1/t), a worst-case O(1/t) convergence rate is thus established for the
prototype algorithm (3.1).
Prior to the proof, it is easy to see that the monotonicity of F implies that

(w — T Fw) = (w— " T F@b).

Notice that the matrix G defined in (3.2b) is positive definite. Substituting it in (4.1),
we obtain

i N i |

e 2, 0w — 0@ + w— " Fw) + sl = k12,
|

> v = VI3, Yw e 2. (5.3)

Theorem 4 For the sequence generated by the prototype algorithm (3.1) where the
Convergence Condition is satisfied and any integer t > 0, we have

(i) — 6 u) + (w, —w) F(w) < m”” =%, Ywe R, (54

where

~

Wy = —— Y k. (5.5

Proof First, because of (5.3), it holds that wk e 2 forall k > 0. Together with
the convexity of £2, (5.5) implies that w; € £2. Summing the inequality (5.3) over
k=0,1,...,t, we obtain

t t T 1
~k ~ k 02
(t+1)0(u)—];9(u )+((t+1)w—I§w ) Fw)+ 5y ="} = 0.
Yw € 2.

Using the notation of w;, we can rewrite the last inequality as

| [, _ . 1
H—llgmu)—e(u)-i-(wt—w) F(w)fm

lv =213, VYwe .
(5.6)

Since 6 (u) is convex and
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we have that
1 t
0@i,) < —— Y 0@h.
(”’)—r+1,;) (@)

Substituting it in (5.6), the assertion of this theorem follows directly. O

Therefore, because of (5.2), the conclusion (5.4) indicates that the prototype algo-
rithm (3.1) is able to generate an approximate solution point (i.e., w;) of VI(§2, F, 0)
with an accuracy of O (1/t) after ¢ iterations. That is, a worst-case O (1/¢) convergence
rate in the ergodic sense is established for the prototype algorithm (3.1).

5.2 Convergence rate in a nonergodic sense

In this subsection, we show that if the matrix G defined in (3.2b) is positive definite, a
worst-case O (1/t) convergence rate in a nonergodic sense can also be established for
the prototype algorithm (3.1). Note that a nonergodic convergence rate is generally
stronger than an ergodic convergence rate. We first need to prove the following lemma.

Lemma 3 For the sequence generated by the prototype algorithm (3.1) where the
Convergence Condition is satisfied, we have

a(vk o ﬁk)TMTHM{(Uk _ {)'k) _ (vk+1 _ ﬁk+l)}

(W — %) — @ — k)12 (5.7)

= (0T +0)"

N =

k+1in (3.1a), we have

Proof First, setting w = w
oG — 0@y + @F — T F@R) > @ — 9T 00k — 5. (5.8)

Note that (3.1a) is also true for k := k + 1. Thus, we also have

0(u) — 0 + (w — YT FEHY > (v — FHT QM — 3+, v e 0.

Setting w = w* in the above inequality, we obtain

Q(ﬁk) _ e(ﬁk"r]) + (ﬁ'jk _ Tj)k+1)TF(lj)k+1) 2 (ﬁk _ l‘}k+1)Q(Uk+1 _ 5k+1).
(5.9)

Adding (5.8) and (5.9) and using the monotonicity of F, we get

(5/{ _ 6k+l)T Q{(vk _ ﬁk) _ (vk+l _ ﬁk-i-l)} > 0. (510)
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Adding the term
{(l)k _ 5]() _ (vk+l _ 'Dk+1)}T Q{(vk _ ﬁk) _ (Uk+1 _ ,Dk-i-l)}
to both sides of (5.10), and using v’ Qv = %UT(QT + Q)v, we get
(Uk . Uk-‘rl)T Q{(Uk _ ﬁk) _ (Uk-i-l _ ﬁk+l)}
1

0T+0)

Substituting (V€ — v¥t1) = @M (V¥ — ©¥) in the left-hand side of the last inequality
and using Q = HM, we obtain (5.7) and the lemma is proved. O

Now, we are ready to prove (5.11), the key inequality in this section.

Theorem 5 For the sequence generated by the prototype algorithm (3.1) where the
Convergence Condition is satisfied, we have

IM @ — |y < IM@* =) u, YE > 0. (5.11)
Proof Setting a = M (vF — %) and ¢ = M (V! — 5%¥+1) in the identity
lally; — llell?, =2a" H(a — ¢) — lla — cli%,
we obtain

M@ — 5% — M@ — 55,
— 2(Uk _ ljk)TMTHM{(Uk _ ﬁk) _ (Uk+1 _ ﬁk+l)}
—IM{@* — %) — @ — T3,

Inserting (5.7) into the first term of the right-hand side of the last equality, we obtain

IM@* — 5513 — IM@* ! — 53,

v

1 - - ~ -
LA R G | 7 A (e e i )

1 N -
;M#—v%—w“*—%“mézm

where the last inequality is because of the positive definiteness of the matrix (Q7 +
Q) —aM THM > 0. The assertion (5.11) follows immediately. ]

Note that it follows from G > 0 and Theorem 1 there is a constant ¢cg > 0 such
that

e 2 e 1 LG /R U AP A )
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Now, with (5.12) and (5.11), we can establish the worst-case O (1/¢) convergence rate
in a nonergodic sense for the prototype algorithm (3.1).

Theorem 6 Let {v} and (0¥} be the sequences generated by the prototype algorithm
(3.1) under the Convergence Condition. For any integert > 0, we have

Mt_"'t 2<— 0_*2. 513
M (v v)IIH_(t+1)COIIv v Iy (5.13)
Proof First, it follows from (5.12) that
o
D aolMet = T3 < 10— v, Yot e Vr. (5.14)

k=0

According to Theorem 5, the sequence {||M (k- f)k)||%{} is monotonically non-
increasing. Therefore, we have

t
t+ DM =) <Y IMe* =595 (5.15)
k=0
The assertion (5.13) follows from (5.14) and (5.15) immediately. m]

Notice that V* is convex and closed (see Theorem 3). Letd := inf{[|v®—v*| g | v* €
V*}. Then, for any given € > 0, Theorem 6 shows that it needs at most |d?/coe | itera-
tions to ensure that || M (v — %) ||%1 < €. Recall that a solution point of VI(£2, F, 6) is
found if | M (v* — 5%))13, = 0 (see (3.7) and due to Q = HM). A worst-case O(1/1)
convergence rate in a nonergodic sense is thus established for the prototype algorithm
(3.1).

6 A class of ADMM-based algorithms for (1.1)

Now we present a class of specific ADMM-based algorithms for model (1.1) based
on the prototype algorithm (3.1). Other algorithms can also be generated if the matrix
M and the scalar « are chosen otherwise in (3.1).

As mentioned, because of the verified efficiency of the direct extension of ADMM
(1.5) in the literature, we stick to correcting the output of (1.5) via some correction step
in algorithmic design. Thus, the step (3.1a) is exactly the direct extension of ADMM
(1.5), meaning the matrix Q in (3.1a) can be chosen as the matrix defined in (3.8). In
this case, W is defined by (3.5). For the step (3.1b), we suggest choosing

I -1 -0)BT'B)~'BTC 0
M:=M()=|w(Tc)"'cTB I 0 | with z €0, 1].
—BB -pC I

6.1)
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Then, with different choices of 7, a class of specific algorithms for solving (1.1)
is proposed. We have to verify the Convergence Condition in order to ensure the
convergence of the proposed algorithms with Q and M defined in (3.8) and (6.1),
respectively. Also, we have to specify how to choose the constant step size « for the
step (3.1b). For convenience, we define the left-upper sub-matrix of Q by Qo, i.e.,

Qo 0 BBTB 0
QZ(—B—C %1) and thus QOZ(,BCTBﬁCTC>' (6.2)

Theorem 7 Let the matrices Q and M be given by (3.8) and (6.1), respectively. Let
H = QM_1 as defined in (3.2a). Then, for t € [0, 1], we have

Hy O
H = ( 0 %1), (6.3)
where
1 T 1]
Hoz[rDO +(1-1)0;" Do0; ] , (6.4)
Qo is defined in (6.2) and
_(BBTB 0
Do = ( 0 ﬁCTC> . (6.5)

In addition, the matrixes Ho and H are both symmetric and positive definite.

Proof For the matrix M defined in (6.1), we define its left-upper sub-matrix by My,
ie.,

_ My 0
M_(—ﬂB —,BCI)’

where

B 1 —(1-o(B"B)~'BTC
Mo = (t(CTC)]CTB I ) : (6.6)

Indeed,
Hy 0 My 0 HoM 0
HM_( 0 %1)(-;33 —,3CI>_<—B —ctir)
According to (6.2), in order to show HM = Q, we need only to verify that
HoMy = Q. (6.7)
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Note that (see (6.6))

_ I 0 I —(BTB)"1BTC

Observing the two parts in (6.8), the first part

I 0N\ _(BB"B 0 \'(BBTB 0 \_
«cToy-'c™B 1) 0 pCcTc gcTB pcTc )~ 0 Qo,

(6.9)
while the second part is
[ —BTB)"'BTC\ (1 (BTB)'BTC\
0 I ~—\o I
T(BBTB' 0 BBTB BTC\]"
- 0 Bcro)-! 0 pgcfc
=Dy 0l = 0y Dy. (6.10)

Substituting (6.9) and (6.10) into (6.8), we obtain
Mo=1D;' Qo+ (1—1)Qy" Do =(xDy' + (1 —1) Q5" Doy ") Qo-(6.11)

Indeed, using (6.4) and the last equation, we have My = H,, ! Qo and thus (6.7) is
verified. Note that

Hy'=tDy'+ (1 -0, " Do0, ",

which is a convex combination of the matrices D, and Qo D, Qo ! Recall that the
coefficient matrices B and C are assumed to be full column rank. Thus, both Dy Uand
Qo Do Qo are positive definite; and the symmetry and positive definiteness of H
follows immediately. Consequently, it follows from the definition of H in (6.3) that
H is positive definite. The proof is complete. O

Remark 2 Note that the coefficient matrices B and C are assumed to be full column
rank throughout our discussion. This assumption holds for most of the applications of
(1.1) found in the literature, such as those in [5,22,35] whose coefficient matrices are
actually all identity matrices. Even without this assumption, the convergence analysis
can be modified slightly and be representable in terms of the sequence { By, Cz*, A}
instead of {yk, z, Ak}, see, e.g., [8,16], for similar discussions.

Now, let us discuss how to specify the step size « and ensure the positive definiteness
of the G in (3.2b). Since both Q7 4+ Q and H are positive definite, we can define

a(r) == argmax{a | QT + Q —aMTHM > 0}, (6.12)

@ Springer



810 B. He, X. Yuan

and have a(t) > 0. Forany @ € (0, a(7)), the matrix QT + Q- aMTHM is positive
definite. In order to estimate the magnitude of «(7), we need the expression in the
following lemma.

Lemma 4 Let the matrices Q and M be given by (3.8) and (6.1), respectively, and
H = QM~". Then for any a« > 0, we have

o' +0—aM"HM

2(1 —a)BBTB —atpBTC(CTC)"'CBT (1 —a(l +1))BBTC —(1 — )BT
= (1—a(l+1)BCTB 21 —a)BCTCc -1 —-a)CT |.
~(1-)B —(1-a)C 2
(6.13)
Proof 1t follows from the definition of Q in (3.8) that

28BTB pBTC —BT

o"+o0=| BCTB 28cTCc -7 |. (6.14)
-B  —-C %1

Since Q = HM, we have

MTHM = 0™ M

BBTB gBTC —BT I —(1-0)BTB)~'BTCO
= 0 gcfc-cT r(cTcy-'cTB I 0

0 0 5l —BB —BC I
28BTB +BTCc(cTc)~'cBT (1 +1v)BBTC —BT
= (1+0)pctB 26c’c —cT . (6.15)
—B -C %I
Using (6.14) and (6.15), we get (6.13) and the assertion is proved. O

Theorem 8 Let the matrices Q and M be given by (3.8) and (6.1), respectively, and
H = QM. Then

1. ift =0, then
>0, for a=1;
G=0"+Q0—-—aM"HM =7 ’ 6.16
Q Q =0, Yae(0,1). ( )
2. inthe case t € (0, 1],
1
G=0"4+Q0—-aM"HM =0, for a = e (6.17)
T
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Proof 1f T = 0, it follows from (6.13) that

G=0"+0—-aM"HM
2(1 —a)BBTB (1 —a)BBTC —(1 — )BT
=| 0—a)BCTB 2(1 —a)BCTC —(1 —a)CT

—(1—-a)B —(1-0a)C 2—7“1

BT 0 0 20 —a)] (1 —a)] —(1—a)l B0 O
=p| 0 cT o 1-—a) 2(1—a)] —(1 —a)] 0C O

0 0 %1 —1=—a) —(1—a)] 2-a)l 00 }131

Since

20 —a) (I1-—a) —(1—w) >0, for =1

l-a) 20—a) (1 -

—(l—a)—(l—a) (2—0[) >O, VO[E(O,l),
the assertion (6.16) is proved. Now, we turn to prove the second part. Indeed, setting
o =1/(1+ 7)in (6.13), we obtain

2=8BTB - o pBTccToy"'eB” 0 — BT
2
G = 0 £=pclc —=ct
(14271)
T B =€ op!
BT 0 0
8 2t —rccToy~tc 0 —1I BO 0
=1 0o cT o 0 2t —tl 0C 0 |.
T 1
0 0 %1 —tl —tI (14+20)] 00 ﬁl
(6.18)
Obviously, it holds that I — C(CTC)~!CT > 0. Thus, we have
2t —zC(CcTo)"lec 0 —11 il 0 -1l
0 2711 -1l > 0 27l -1l >0,
—tl —tl (1+20)] —tl —tl (1+27)]

from which we know that G is positive definite for all T € (0, 1] and @ = ﬁ The

proof is complete. O

Theorems 7 and 8 mean the Convergence Condition is satisfied. Hence, the proto-
type algorithm (3.1) with Q in (3.1a) and M in (6.1) is convergent.

The proof of Theorems 7 and 8 also gives us the guidance of how to choose the
step size « for the step (3.1b). In fact, for any fixed T € (0, 1], according to (6.12)
and (6.17), we have a(t) > ﬁ, meaning the step size could be chosen easily and it
being bounded below away for any given t € (0, 1]. In fact, for some special values
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of 7, by a careful manipulation we can get tighter lower bounds of « (7). Note that we
have

oT+0—aMTHM

BT 0 0 Ql—a)—at)l (1 —a(l+1)] —(1—a)I\ (B O 0
=g 0 cTo A—a(l+NI 20-—a) —(1-a)l 0C 0 |.
0 O %1 —(1—-au)l —(1-u)l 1+20)1 004

In order to ensure Q7 + Q —aMT HM > 0, we can choose « such that

20 —a)—at 1l —a(l+1) —(1 —@)
l—a(l+7) 21l—a) —0—-—a)] >0.
—(1—a) —(1—-a) (1427)

In the following table, we list the lower bounds of « () for some values of t.
Now we are ready to present a class of specific ADMM-based algorithms for (1.1)
based on the prototype algorithm (3.1).

A Class of ADMM-based Algorithms for (1.1)
[Step 1.] With the given vk = (yk, z*, Ak), generate a vector Wk € 2 via

#* = argmin{0; (x)— 1" (Ax) +§HAx+Byk+Czk —b|*|x € X}, (6.19a)
5% = argmin{6,(y)— A" (By) +§||A5ck +By+CF—b|* |y € V), (6.19ab)

Zk :argmin{eg(z)—xT(CZ)+§|\ AT +BF*+Cz-b|*|z€ Z),  (6.19c)

Ak =k — BAF + B + CZF — b). (6.19ad)

[Step 2.] Generate the new iterate v¥+1 = (ykT1, &1 ) k+1y py

yk+l y/( 1 _(l_r)(BTB)leTC 0 yk_j]‘k
A=z | —al| cTo)"'CcTB I offzF-21,
pLan 2k 0 0 I 2Kk

(6.19b)

where T € [0, 1], @ € (0, «(7)) and «(7) is defined in (6.12).

Remark 3 As mentioned, for many applications of (1.1), the coefficient matrices are
identity matrices. Indeed, when B = C = [ xm, the step (6.19b) can be further
simplified as

yk-‘rl yk 1 _(1 _ 'L')I 0 yk _ yk
Zk+1 = Zk — Tl 1 0 Zk - Zk
Akl Ak 0 0 1) \ k- 3k
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Table 1 Tighter lower bounds

of «(t) for some values of © =0 1/3 1/4 1/3 1/2 2/3

a(m) > 1—¢ 7/8 6/7 4/5 3/4 5/8

In particular, if we choose 7 = %, then according to Table 1, we can just choose the
step size as %. The above step can be specified as

k! YN g 1 =3l 0\ [y =5
=12k 3 LY N A
pras 2k 0 0 1) \x-2xk
which is simple with almost no additional computation.
Remark 4 Note that the step (6.19b) can be written as
Byk 1 By I —(1-=101 0 B(y* — %)
ctt =k | —al o1 I 0] ciErk-25
PLas Ak 0 0 1] \ Ak -k

Meanwhile, what the step (6.19a) really needs is not (¥, Z5), but (By*, Cz¥). Thus,
for the general case where B # [ and C # I, in the step (6.19b) we can just
directly compute and store the vectors By**! and Cz¥*!, rather than y**+! and z¢+!
until the iteration is terminated. So, the inverses (B” B)"'BT C and (CTC)~'CT B in
(6.19b) are just for algebraically showing the correction step explicitly; and they can
be completely avoided in computation empirically. More specifically, the computation
load in the step (6.19b) consists of only two multiplications of matrix and vector (B5¥
and CZF ) and some additions in order of O (m). Thus the correction step (6.19b) is
extremely simple and its iteration-independent step size is bounded away from zero.
In this sense, we say that this class of algorithm (6.19a)—(6.19b) can be implemented
as easily as the direct extension of ADMM (1.5).

Remark 5 In addition to the convergence already proved rigorously, we will show later
that these algorithms (6.19) could even numerically outperform the direct extension
of ADMM (1.5). These features make them significantly different from some existing
splitting versions of the ALM such as [15, 17]. The outstanding numerical performance
of (6.19) could be explained intuitively as follows. Taking a look at the step (6.19b),
we see that this correction step does not change the output A% generated by the direct
extension of ADMM (6.19a); it actually only makes a balance between the variables
y and z to generate a new iterate.! Indeed, for the direct extension of ADMM (1.5),
there are two primal variables y and z that are essentially required by the iteration. The
scheme (1.5), however, treats these two essential primal variable differently—they are
updated consecutively and the update of z uses the newest y. This lack of symmetry

! For the ADMM scheme, the primal variables x and y play different roles —- x is an intermediate variable
which is not involved in the iteration and the only primal variable required by the iteration is y.
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in primal variables may also explain why it fails to guarantee the convergence of the
direct extension of ADMM (1.5). The step (6.19b) makes a balance between the output
of y and z generated by the direct extension of ADMM (6.19a), and it may be regarded
as a compensation to the loss of symmetry over y and z in (1.5). This may explain
the reason why sometimes the algorithms (6.19) outperform the direct extension of
ADMM (1.5), because the effort of balancing y and z may make the whole sequence
{yk, z¥, A%} converge to the solution set in a more balance way and thus on a faster
speed.

Remark 6 Note that we just need to check the convergence condition (3.2) when
implementing the proposed algorithm (6.19); and do not need to compute the matrices
H and G.

7 Numerical results

In this section, we apply the proposed algorithms (6.19) to test a concrete application
of the model (1.1) arising in image processing; and report the numerical results. Our
codes were written in MATLAB 7.9 and they were run on a Lenovo personal computer
with Intel Core (TM) CPU 2.30 GHZ and 8G memory.

7.1 An image decomposition model

We focus on the image decomposition model proposed recently in [33]. First, we
review some background of the image decomposition problem briefly. Let f € R”
represent a digital image. Note that in our discussion a two-dimensional image is
stacked as a one-column vector, e.g., in the lexicographic order, and the pixel values
of an image are re-scaled into the interval [0,1]. The goal of image decomposition
is to decompose an image into two meaningful components. Image decomposition
is an important problem in image processing and it plays a significant role in many
realms such as object recognition and biomedical engineering. A very useful task is
to decompose the target image f into two components w and v, i.e., f = u + v,
where 1 represents the cartoon part containing the structural component and sketchy
approximations of f and v is the texture part containing the oscillations and repeated
patterns of f. See more details in, e.g., [1,23,26,27,34,36]. Analytically, the cartoon
part i can be described as a piecewise smooth function and the texture part v is
typically an oscillating function. In addition to the data fidelity term || (1 4+ v) — f ||§,
we usually have to use other terms to mathematically characterize these two parts in
the objective function of an image decomposition model. For the cartoon part u, it
is standard to characterize it by the total variation semi-norm in [32]. To capture the
feature of the texture part v, in [33] it was suggest to first partition the texture part v
of an n1-by-ny (with n = n; - np) image orderly into a series of r-by-r (with r < n)
non-overlapping patches under some boundary condition; then stack each individual
patch as a column vector, denoted by w; € R (i=1,2,---,s5). Here,s = |'n/r2'|
with [-] rounding a scalar as the nearest integer towards infinity. By further realigning
all w;’s together, an r2-by-s matrix, denoted by V, is attained. The patch mapping
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2 . . . .
P R" - R, which describes the preceding process on rearranging the texture
part v of an image as a matrix V, is defined as

V=Pv=l[w,w, -, osl.

We refer to [33] for more details. Since the texture part of a target image possesses many
repeated patterns, the matrix V, i.e., Pv, can be analytically perceived as a low-rank
matrix. Accordingly, the following low-rank based model for image decomposition
was developed in [33]:

. 3 2
min__ TVl + 2Pl + 3|IK(M +v) — [z (7.1)

HERM ve

In (7.1), |||V - ||l denotes the total variation semi-norm in [32] in order to induce the
cartoon part u; || - ||« is the nuclear norm which is defined as the sum of all singular
values of a matrix in order to reflect the low-rank feature of the matrix Pv where v
is the texture part; K is a linear operator corresponding to certain corruption on the
target image f: (i) K = I with I being the identity matrix corresponds to the case
where the image f is clean without noise, (ii) K = S with S being a diagonal binary
matrix corresponds to the case where some pixels of f are missing (we assume that
the missing pixels admit zero values), and (iii) K = B with B being a convolutional
matrix associated with a spatially invariant point spread function corresponds to the
case where f is corrupted by some blur; the parameters 7; (i = 1, 2, 3) are positive
scalars to balance the three terms (piecewise constant feature of the cartoon part, low-
rank feature of the patched texture part and the data-fidelity of the decomposition) in
the objective function.

7.2 Reformulation of (7.1)

To solve the patched low-rank image decomposition model (7.1), we first reformulate
it as a special case of the model (1.1) and then delineate the subproblems when the
proposed algorithms (6.19) are applied.

Introducing the auxiliary variables z; € R" x R",z0 € R" 2xs and z3 € R", the
model (7.1) can be rewritten as

min 71 |[|z111l + T2 llz2ll« + $11Kz3 — f113

s.t. z1=Vu
7.2
722 ="Pv 7.2)
3 =pn+0v.

Thus, (7.2) is a special case of the abstract model (1.1) with the following specifica-
tions:

-x=u,y=v,z=I(21,22,23),and X, ), Z are all full Euclidean spaces.
— 01(x) =0,62(y) = 0and 63(z) = tilllz1llli + ©2llz2ll« + S 11Kz3 — fII5.

@ Springer



816 B. He, X. Yuan

— The coefficient matrices and the vector b are given by:

\% 0 -1 0 0
A=|0}), B=[|P], C=|0 -0 and b:=0.
1 1 0 0 —I

Now, let us analyze the main subproblems when the proposed algorithms (6.19) are
applied to solve the reformulation (7.2). Since the algorithms in (6.19) differs only in
the correction steps and they share the same ADMM subproblems, we only focus on
the detail of the resulting ADMM subproblems.

— The x-subproblem in (6.19), i.e., the fi-subproblem for (7.2), is

B w7 s

~ . 1

f* = argmin { = |Vp — K - =L + Bk k23
. Bil, 2 B3,

& (BIVIV 4 D = VT (B1zh +25) + B3zl — vF) + 24,

which has a closed-form solution. In fact, this system of equations can be solved
efficiently by using fast Fourier transform (FFT) or discrete cosine transform
(DCT) if the periodic or reflective boundary condition is employed for the deriva-
tive operator V (see more details in, e.g., [14, Chapter 7]).

— The y-subproblem in (6.19), i.e., the v-subproblem, reads as

2

+
2

B3
2

k
~k KM

_ . ) B
v = argmin 7"73\1—@ 5

2
uk+1+v—z§—
2

k
23
B3

_ 1
B+ Bs

[P (Bodh =45 + B3l — 1) 434 ]

See more details in [33].
— The zZ-subproblem in (6.19), i.e., the (Z1, Z2, Z3)-subproblem, is

~k o~k ~ky _ . 73 2
(71,225, 73 )—arg)rcnylg rl|||11|||1+r2||zzll*+EIIKzs—fllg

2
+& vik -z —)L—llc
2 A1
2
2 2
_ )\‘k _ _ )\‘k
Wiy DU | B U
2 P2, 2 B3,

and all the variables 71, z2 and 73 can be solved simultaneously as follows.
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— The z1-subproblem can be solved explicitly by the soft-thresholding operator

A
vik -z - =L
B1

e . Bi
4" = argmin tilllzilll + 5

)\k
. . ~k 1
= shrinky | V" — — ],

2
A1 Bi
where, for any ¢ > 0, the mapping shrink.(-) is defined as

shrink,(g) := g — min{c, |g|}%, Vg e R" x R",
8

and (%)i should be taken as 0 if |g|; = 0.
— The z>-subproblem can be solved explicitly by the singular value decomposi-

tion (SVD)
2
)\k
=Dn Pk - 22 s
5 P2 B2

Here, for any ¢ > 0, the mapping D, (-) is defined as

; s
Pk —z— 2

B2

. . B2
ok = argmin { 2flz2lx + =
2 2

D.(W):=USVT, VW e R7>, (7.3)

where U XV is the SVD of W, and %;; = max{%;; —c, 0} forall 1 <i < r?
and1 < j <s.
— The z3-subproblem is solved involving in the linear operator K

2
. ) T L Ak
Z* = argmin —3’||1<z3—f||%+é A — 7y — 2
5|2 2 B3|,
& (BKTK + Bsl)zs = KT f 4 g3(ik + 5 — 2% (7.4)

If K is the identity or diagonal matrix, then z3 in (7.4) can be attained directly.
If K is a convolutional matrix, then ¥ can be solved efficiently by using FFT
or DCT.

Therefore, when the proposed algorithms (6.19) are applied to solve the image
decomposition model (7.1), all the resulting subproblems are easy to solve. This fact
contributes much to the efficiency of the new algorithms, as we shall see in the next
subsection.
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Fig.1 Testimages. From left to right: 256 x 256 Circles.png, 256 x 256 Boy.png, 512 x 512 Tomjerry.png
and 256 x 256 Barbara.png

7.3 Numerical results

Now, we test different cases of (7.1) where K = I (the case where f is clean), K = S
(the case where some pixels of f are missing) and K = B (the case where f is
corrupted by blur). The images to be tested are displayed in Figure 1.

Note that our purpose is to numerically verify the efficiency of the algorithms in
(6.19) for a given case of the model (1.1); especially to see the difference of various
choices of the step size « for different values of 7. As mentioned, the direct extension
of ADMM (1.5) (“EADMM?” for abbreviation) is not necessarily convergent; but it
does work very well for many applications if it is indeed convergent. In fact, it usually
represents the fastest method among existing splitting methods originated from the
ALM in the literature. We thus use EADMM as the benchmark for comparison in
our experiments. Furthermore, we do not discuss how to determine the values of the
parameters (71, 72, t3) in the model (7.1), which is not the theme of this paper. Instead,
we simply follow the suggestion in [33, Theorems 3.3-3.6] to choose these parameters.
That is, we adopt 71 € [1072,1071], 7» € [1073, 1072] (their precise values will be
specified later when a particular case is discussed) and t3 = 1. For the patch size, i.e.,
the scalar r of the mapping P, it can be easily estimated by the number of spikes of
the target image f in the Fourier domain (see [33] for details). Empirically, the integer
r is chosen as 11 throughout all numerical simulations.

Some other set-ups of the experiments are as follows. (1) We adopt the periodic
boundary condition for all the images to be tested and thus the FFT will be used
for the resulting system of equations. (2) The SVD in (7.3) is executed by an efficient
MATLAB Mex interface for computing SVD via a divide-and-conquer routine (dgesdd)
implemented in LAPACK. (3) When the value of 7 is determined in (6.19b), the step
size « in this correction step can be chosen as any value in the interval (0, «(7)). Usually
we need to avoid smaller step size whenever possible. Thus we prefer larger values
of « close to a(t). For example, we can choose larger values of « according to the
methodology in Table 1. (4) The penalty parameter 8 is chosen by the cross-validation
technique. More specifically, as analyzed in [1], the quality of image decomposition
can be measured by the magnitude of the correlation between the cartoon p and texture
v obtained via an image decomposition model:

Corr(u, v) = cov(u, v) / Jvar(p) - var(v), (1.5)
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08 1

—©~— Obiective function value| —©- Objective function value|
—E—Corr(uy) —E— Corr(u,y)

Corr (u,v)
Objective function values
Corr (u,v)

Objective function values

Penalty B Penalty p

Fig. 2 The implementation of (6.19) with (t,«) = (1/5,7/8) to (7.1) with K = [ for Barbara, with
different B. Evolution of the objective function values and Corr(u, v) w.r.t. different 8. Left: for Barbara.
Right: for Tomjerry

Fig. 3 The implementation of (6.19) with (z,«) = (1/5,7/8) to (7.1) with K = [ for Barbaba, with
different 8. Decomposed cartoons (top row) and textures (bottom row)

where var(-) and cov(-, -) are the variance and covariance of two given variables,
respectively. Therefore, to determine an appropriate value of 8, we focus on the imple-
mentation of the algorithm in (6.19) with (r, ) = (1/5, 7/8) to the special case of
the model (7.1) with K = I. We take the Barbara and Tomjerry images in Fig. 1
as the tested images. A total number of 25 cases of § in the interval [1073, 10%] are
tested on the points 10~ where [ varies from —3 to 2 with an equal distance of 0.2.
For each selected value of 8, we run the algorithm by 1, 000 iterations and record
the objective function value for the model (7.1) and the magnitude of the correlation
Corr(u, v). The plots are displayed in Fig. 2. This figure indicates that values in the
interval (0.1, 1) can yield relatively lower objective function values and correlation
values. As a result, we hereafter fix the penalty parameter §; = 1 throughout our
experiments. In Fig. 3, the decomposed cartoon and texture parts are displayed for
some values of § in different levels of magnitude.
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Fig. 4 The implementation of (6.19) with different (z, «) to (7.1) with K = I, § = 1. Evolutions of the
objective function values w.r.t. the number of iterations (upper row) and computing time in seconds (lower
row). From left column to right column: for Circles, Boy, Barbara and Tomjerry images

7.3.1 The case of K = I

For the case K = I, the model (7.1) is for decomposing a clean image with-
out any degradation. The parameters (71, 72, 73) in (7.1) are fixed as (11, 12, 13) =
(0.01, 0.005, 1), as suggested in [33]. The initial iterates for implementing the algo-
rithms in (6.19) are taken as zeros.

In Fig. 4, we plot the evolutions of the objective function values for the model (7.1)
with respect to the number of iterations and computing time in seconds, for several
cases of the algorithms in (6.19) with different choices of 7. It is shown that that
the proposed algorithms can easily outperform EADMM. These plots also show that
a smaller value of T seems more preferable because it can yield a larger step size
a(7) for the correction steps in (6.19b). The decomposed cartoon and texture parts by
implementing the proposed algorithm with (z, &) = (1/5, 7/8) for 150 iterations are
displayed in Fig. 5.

7.3.2 The case of K = S

We now test the case of model (7.1) with K = S. That is, some pixels of the image
under test are missing. For succinctness, we only test the Barbara image with 9.12%
missing pixels and the Tomjerry image with 12.76% missing pixels. The degraded
images with missing pixels are shown in Fig. 6.

For this case, the parameters (t1, 72, t3) in (7.2) are chosen as (0.08, 0.005, 1), as
suggested in [33, Theorem 3.3-3.6]. All initial iterates for implementing the proposed
algorithms in (6.19) are taken as zeros.

In addition to the objective function value, we report the signal-to-noise ratio
(SNR) value in unit of dB which is commonly used to measure the quality of the
restored/reconstructed images. It is defined as
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Fig.5 Decomposed cartoon (top row) and texture (bottom row) parts by implementing (6.19) with (7, ) =
(1/5,7/8) to (7.1) with K = I for 150 iterations

Fig. 6 The case of (7.1) with K = S. Left: corrupted Barbara image; Right: corrupted Tomjerry image

I

SNR = 20log = ,
7=

where £ is the approximation of the ground truth f*. For the corrupted images listed
in Fig. 6, the SNR values are 10.88dB for Barbara image and 9.06dB for Tomjerry
image.

We plot the evolutions of the objective function value and the SNR value with respect
to the number of iterations and computing time in seconds in Fig. 7, for several cases
of the algorithms in (6.19) with different choices of t. The decomposed cartoon and
texture parts by the proposed algorithm with (z, @) = (1/5,7/8) for 150 iterations
are illustrated in Fig. 8. To see the quality of decomposition more clearly, we display
the images by superposing the obtained cartoon and texture components in the third
column of Fig. 8.
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Fig. 7 The implementation of (6.19) with different (z, @) to (7.1) with K = S, 8 = 1. Evolutions of the
objective function value and SNR value w.r.t. the number of iterations and computing time in seconds. Top
row: for Barbara. Bottom row: for Tomjerry

Fig.8 The decomposed cartoon (left column) and texture (middle column) parts by the proposed algorithm
with (7, @) = (1/5, 7/8) for 150 iterations; and the superposed (right column) images. Top row: for Barbara.
Bottom row: for Tomjerry

7.3.3 The case of K = B

Finally, we test the case of the model (7.1) with K = B. That is, the image f to
be decomposed is degraded by some blur. Again, for succinctness, we only test the
Barbara and Boy images with out-of-focus blur as shown in Fig. 9. For the corrupted
images listed in Fig. 9, the SNR values are 13.18dB for the corrupted Barbara image
and 24.18dB for the corrupted Boy image, respectively.
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Nl

Fig. 9 The case of (7.1) with K = B. Convolved Barbara (left) and Boy (right) images by out-of-focus
blur with radius 3
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Fig. 10 The implementation of (6.19) with different (7, ) to (7.1) with K = B, § = 1. Evolutions of the
objective function value and SNR value w.r.t. the number of iterations and computing time in seconds. Top
row: for Barbara. Bottom row: for Boy

For this case, the parameters (71, 72, t3) in (7.2) are chosen as (0.08, 0.005, 1), as
suggested in [33, Theorem 3.3-3.6]. All initial iterates for implementing the algorithms
in (6.19) are taken as zeros.

We plot the evolutions of the objective function value and SNR value with respect
to the number of iterations and computing time in seconds in Fig. 10, for several cases
of the algorithms in (6.19) with different choices of t. The decomposed cartoon and
texture parts by the proposed algorithm with (z, @) = (1/5,7/8) for 150 iterations
are illustrated in Fig. 11. To see the quality of decomposition more clearly, we display
the images by superposing the obtained cartoon and texture components in the third
column of Fig. 11.

8 Conclusions

We focus on a convex minimization model with linear constraints and an objective
function in form of the sum of three functions without coupled variables; and discuss
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Fig.11 The decomposed cartoon (left column) and texture (middle column) parts by the proposed algorithm
with (7, &) = (1/5, 7/8) for 150 iterations; and the superposed (right column) images. Top row: for Barbara.
Bottom row: for Boy

how to develop a class of splitting algorithms. We propose a new prototype algorithm
in the prediction-correction framework, which uses the output of the direct extension
of the alternating direction method of multipliers (ADMM) as a predictor and corrects
it by a simple correction step. A unified and easily checkable condition to ensure the
convergence of this prototype algorithm is also given, based on which the possible
divergence of the direct extension of ADMM can be easily explained. A class of specific
ADMM-based algorithms are easily developed based on this prototype algorithm.
These new algorithms can be implemented as easily as the direct extension of ADMM;
but they could be even faster numerically and they have proved convergence and
estimated worst-case convergence rates measured by the iteration complexity. They
expect to find various applications.

As mentioned in the introduction, we only discuss the case where the direct exten-
sion of ADMM (1.5) is completely preserved and thus the subproblems of the proposed
new algorithms are in form of (1.4). With the purpose of further simplifying the
subproblems as easy as (1.3), linearized versions of the proposed algorithms can be
developed. Such a linearized version treats the subproblems more sophisticatedly, and
it requires more meticulous analysis to prove its convergence and convergence rate.
The convergence analysis techniques in some references, e.g., [8,19,37,38], are useful
for considering linearized versions of the proposed algorithms. Also, to expose our
main idea more clearly, we only focus on the convex minimization model where there
are three functions in its objective; and it is interesting to consider extending this work
to the more general case where there are more than three functions in the objective.
To some extent, the analysis will follow the analytic framework in this paper. But
technically, the analysis for the general case should be more demanding and the con-
clusion should also be different. For example, the lower bound for the step size « in
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the prototype algorithm (3.1) is expected to be more conservative because of the more
general setting.
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