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A SEQUENTIAL UPDATING SCHEME OF THE LAGRANGE
MULTIPLIER FOR SEPARABLE CONVEX PROGRAMMING

YU-HONG DAI, DEREN HAN, XIAOMING YUAN, AND WENXING ZHANG

ABSTRACT. The augmented Lagrangian method (ALM) is a benchmark for
solving convex minimization problems with linear constraints. Solving the
augmented subproblems over the primal variables can be regarded as sequen-
tially providing inputs for updating the Lagrange multiplier (i.e., the dual
variable). We consider the separable case of a convex minimization problem
where its objective function is the sum of more than two functions without
coupled variables. When applying the ALM to this case, at each iteration we
can (sometimes must) split the resulting augmented subproblem in order to
generate decomposed subproblems which are often easy enough to have closed-
form solutions. But the decomposition of primal variables only provides less
accurate inputs for updating the Lagrange multiplier, and it points out the
lack of convergence for such a decomposition scheme. To remedy this diffi-
culty, we propose to update the Lagrange multiplier sequentially once each
decomposed subproblem over the primal variables is solved. This scheme up-
dates both the primal and dual variables in Gauss-Seidel fashion. In addition
to the exact version which is useful enough for the case where the functions
in the objective are all simple such that the decomposed subproblems all have
closed-form solutions, we investigate an inexact version of this scheme which
allows the decomposed subproblems to be solved approximately subject to
certain inexactness criteria. Some preliminary numerical results when the pro-
posed scheme is respectively applied to an image decomposition problem and
an allocation problem are reported.

1. INTRODUCTION

Let us start with the canonical convex minimization model with linear constraints
(1.1) min{0(x) | Az =0b, x € X},

where 6 : R™ — R is a closed proper convex function (could be nonsmooth),
AecR> be R and X C R™ is a nonempty closed convex set. A benchmark for
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solving (L)) is the augmented Lagrangian method (ALM) proposed in [28[39]:

{ 2"t = argmin {Ly (2, \¥) |z € X},

(12) )\kJrl — )\k _ H(Axk+1 _ b),

where Ly (x, \) denotes the augmented Lagrangian function of (LI):
(1.3) Lz, A) = 0(z) — AT (Az — b) + 3[| Az — b||%;

with A\ € R! the Lagrange multiplier and H € R'*! a positive definite matrix
playing the role of a penalty parameter. Usually, we can simply take H = § - I,
where I} is the identity matrix in R'! and 8 > 0 is a scalar. In [41], the ALM
was explained as an application of the proximal point algorithm (PPA) in [33] to
the dual of (1)), and some nice convergence properties were derived therein. It’s
worth mentioning that the convergence of ALM was established in the sense that the
sequence { \*} is convergent to \*, an optimal solution of the dual of (I.T)). Thus, we
can also understand the ALM iterative scheme ([2)) as that solving the augmented
subproblem over the primal variable is to provide an input (more specifically, the
gradient —H (Az*T! —b)) for updating the dual variable \. For more detail we refer
the reader to [41], where the ALM was actually explained as an application of the
gradient ascent method to the dual of (IT).

For applications in various areas, the abstract model (ILT]) can usually be specified
as concrete models with such a separable structure that the objective consists of
multiple individual objectives and each of them relies on its own decision variables.
That is, the objective function is the sum of more than one function without coupled
variables. But, all the decision variables are linked via some linear constraints (e.g.,
resource constraints). For many areas such as image processing and statistical
learning, the objective function of (L)) is composed of a data-fidelity term and
several regularization terms. We thus consider the most general separable form of

(CI):
(14)  min { 3 0,(x)

i=1

m
ZAll'l:b, ZL’Z'EXZ', 1=1,2,--- ,m},
=1

where 6; : R™ — R are all closed proper convex functions (could be nonsmooth);
X; C R™ are nonempty closed convex sets; 4; € R>*™; b € Rl and Z:’;l n; = n.
Our discussion is mainly inspired by the scenario where it is meaningful to indi-
vidually take advantage of 6;’s properties; we thus do not consider any algorithmic
design that ignores the separable structure of (L4). Each A; is further assumed to
be full column rank. The solution set of (I4]) is assumed to be nonempty.
Let the augmented Lagrangian function of (I4]) be
2

(15) EH(Il,.IQ, cee 7l‘m,)\) = 201(1‘1) - )\T <ZA11‘1 - b) + % ZAZI'L —-b
i=1 i=1 i=1 H
with A and H having the same meanings as in ([3]). Denoting x := (21,22, , Tm,)

and X := &) X Xa X -+ X X}y, the iterative scheme of ALM for ([4) reads as
x" ! = argmin { Ly (x,\*) | x € X'},
NAFL= NP — J(3 ) Attt —b).

Conceptually, this straightforward application of the ALM is capable of offering

an accurate input for updating the Lagrange multiplier provided that the mini-
mization problem over all primal variables can be solved exactly at each iteration.

(1.6)
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This ideal purpose of solving the x-subproblem in ([L.6]) exactly, however, is usually
not achievable. We thus have to make a trade-off between the solvability of the
x-subproblem in (L)) and its accuracy for the updating of the Lagrange multiplier.
In fact, many concrete applications of ([4]) share the common feature that each
function in the objective may have some specific properties. Thus, a natural idea
to improve the solvability of the x-subproblem in () is to decompose it into m
smaller subproblems so that each of these decomposed subproblems only involves
one 6;(x;) and thus the properties of ;’s could be used effectively in algorithmic
design. One success is the Douglas-Rachford alternating direction method of mul-
tipliers (ADMM) in [I8] for solving the special case of ([4) with m = 2. More
specifically, the ADMM decomposes the ALM subproblem at each iteration into
two smaller subproblems in Gauss-Seidel fashion, and its iterative scheme reads as

¥ = arg min {Lu (21,25, \%) | 21 € X1},
(1.7) 25t = argmin {EH(xlfH,:Eg,)\k) | 22 € Ao},
AL = \F — H (A2}t + Agai ™ — b)),
with
1
,CH(iEl,ZL'Q, )\) = 91(%1) + 02(%2) - )\T(All'l + AQZL’Q - b) + 5”/111’1 + AQZL’Q — b”%

The ADMM scheme (7)) enjoys the advantage that the generated subproblems
could have closed-form solutions provided that #; and 65 are special enough; thus it
is impressively efficient for some applications arising in areas such as image process-
ing, compressive sensing, computer vision, statistical learning; see, e.g., [5LI0L15]
for some recent review papers in which a number of novel applications of ADMM
and some important references can be found. Although the decomposed z1- and
x9-subproblems in (7)) provide an approximation to the all-in-one x-subproblem
in (L6l with x = (21, 22), the convergence of ADMM is still guaranteed; see, e.g.,
[121[131[26,27]. However, when the ADMM scheme (7)) is extended to the general
case of ([4) where m > 3, according to [6], the convergence may not hold. That
is, the iterative scheme

x’f“ = argmin{EH(xl,x§,~~ cak A\EY |3y € Xl},
1) o = argmin { Ly (2 H, - 2l w2k 2k N |2 € XD,
okt = arg min {EH(xlfH, xR e AR |2, € X},
k
)\kJrl — )\k _ H(Z;nzl ijj+1 _ b)

is not necessarily convergent under our setting of ([4l). We refer to [20,29] for the
convergence of this ADMM'’s extension ([L8) under additional assumptions. The
lack of convergence of (L8] can be intuitively understood as that the x-subproblem
in (6] is decomposed more than twice and thus it is not able to provide inputs
that are accurate enough for the updating of the Lagrange multiplier.

With the understanding of treating the output of the decomposed ALM sub-
problems as inputs for updating the Lagrange multiplier, one idea to overcome the
lack of convergence of (L) is to update the Lagrange multiplier A sequentially
right after each primal variable z; is updated. Let us start with the case of (L4)
where m = 2. For this case, a revised version of (I7l) which updates the Lagrange
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multiplier sequentially is

x’f“ = argmin {ﬁH(azl,x’g,/\k) | z1 € Xl},

" Mot = \F— H(Aj e 4 Agal — {?),
: w5t = argmin {Ly (@i 20, \ET2) | 25 € X},
Nl = kg H(Alx’f“ + Aguytt - b).

In (LY), both the primal and dual variables are updated in Gauss-Seidel fashion,
and one may expect that (L9) achieves faster convergence than (7)) because the
Lagrange multiplier is updated more timely. In the literature, the scheme (9] is
also called symmetric ADMM since the Lagrange multiplier is updated twice at
each iteration symmetrically with respect to the variables z1 and zo. In [14L[16],
it was analyzed that the scheme ([9) is actually an application of the Peaceman-
Rachford splitting method (PRSM) in [30,38], a very standard method in earlier
PDE literature. In [I7], it was stated that “very often PRSM is faster than the
Douglas-Rachford splitting method (DRSM) in [980]” (note that ADMM is only
an application of DRSM, as analyzed in [12]), and the efficiency of PRSM has been
verified numerically in existing literature such as [3}[16]. But in [I7,[30], it was
also stated that “PRSM is less stable than DRSM”, and the convergence analysis
of PRSM is in general much harder than DRSM. A counterexample illustrating
that the sequence generated by PRSM could only stay with a constant distance to
the solution set and thus is divergent was given in [§], and in [24], the reason for
divergence of ([C9) is explained from the perspective of contraction methods.

If we extend the iterative scheme (9]) straightforwardly to the general case ([L4)
with a generic m > 3, the scheme reads as

(1.10)
sc’f+11 = argmin {Ly(zy, a8, 2k, A7) |z € X1},
1 k+1 m
)\k+m = )\k — H(A11‘1+ + Zj:2 A]Iéc - b),
‘/I‘.ffl = argmlln{‘CH(xlf+1> 7I:f§j117xi7x§+17"' >xlrrgnu)‘k+ m ) |$7;6Xi},
i i— 7 1 m
Meta = NP H (Y Ayt T Ak —b),
NS = R (D At 4 Aak, — D),
. m—1
ol = iy {Lalenl s mpl o AR Lo € ),
AL = NP H (YT Ay = b).

Note that the scheme ([LI0) is a natural extension of (IL3]) for the case of (IL4]) where
m > 3, and it can be regarded as embedding a full Gauss-Seidel decomposition for
both the primal and dual variables into the scheme ([J)). However, according to
[23], the scheme (LI0) is also not necessarily convergent under the setting of our
discussion.

To obtain a scheme with provable convergence based on the scheme (LI0), our
strategy is to supplement a simple linear combination between the previous iter-
ate and the output of (ILI0). Thus, the new iterate is generated in a prediction-
correction fashion where the output of (IO can be regarded as a predictor of the
new iterate. Moreover, in our algorithmic design, we make the effort to simplify the
update of X\ before individual primal variables are solved at each iteration. That

i

is, when updating \**# | we ignore the quantities ij;?"’l with j =1,2,--- ;i —1
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and ijé? with j =i+ 1, -+ ,m and simplify it as

Ao = NS H (Al — A, i =1,2, 0 om— 1,

where the parameter p > 1 will be explained later. Furthermore, for the crossing
and quadratic terms in the objective of the z;-subproblem, we also ignore the
quantities A;z%" with j = 1,2,--+ i — 1 and A;ja¥ with j =i+1,--- ,m. For
example, the quadratic term

, 2
-1 k+1
3 HZ§:1 Aj T+ A+ 300 ijfHH
in the augmented Lagrangian function of (LI0Q) is altered to
o
5 ldizs = A I3

Theoretically, we can understand this simplification of the updating scheme as a
proximal point regularization where the proximity of the updated Lagrange multi-
plier to the previous one is controlled by the difference of the just-obtained primal
variable xf“, and the parameter u plays the role of controlling the weight of prox-
imity. Algorithmically, this succinctness consideration might be of interest in the
sense of saving storage and multiplication computation — thinking about huge-
scale applications of ([L4)) where the multiplication in the form of A;x* might also
be unaffordable. Finally, for the last time updating A**! when all the primal vari-
ables z; (i =1,2,--- ,m) are updated at each iteration and the Lagrange multiplier
is updated for (m — 1) times already, we coordinate all the updates and execute a
regular updating step for the Lagrange multiplier. That is, the A*+! step in (L10)
is retained.

The rest of this paper is organized as follows. Some necessary preliminaries for
further analysis are provided in Section 2. In Section 3, we delineate the sequential
updating scheme of the Lagrange scheme for solving (L)), and in Section 4, we
analyze its global convergence. In Section 5, we present an inexact version of the
sequential updating scheme of the Lagrange scheme and establish its convergence.
Then, in Section 6, we report some numerical results when the sequential updat-
ing scheme of the Lagrange scheme is applied to solve image decomposition and
allocation problems. Finally, some concluding remarks are given in Section 7.

2. PRELIMINARIES

In this section, we summarize some basic concepts and preliminaries that will be
useful in the subsequent sections.

For any vector € R", we denote by ||z|, == (3 i, |:1:i|p)1/p the p-norm. In

particular, ||z| := ||z|l2. Let 1 be the vector with all elements being one and
let I represent the identity matrix with appropriate dimension. For any vector
x = (21,22, -+ ,x,) € R™, diag(z) represents a diagonal matrix whose diagonal

elements are x;’s. Let 8™ be the set of n-by-n symmetric matrices, and S%, be
the set of positive definite matrices in S™. For any H € St ., ||z|g := VaTHzx
denotes the matrix norm of x. The smallest and largest eigenvalues of a matrix H
are denoted by eig,;,(H) and eig,,..(H), respectively.

Let 6 : R™ — (—o0, +00]. If the domain of # which is denoted by domé := {z €
R™ | 6(x) < +o0} is nonempty, then 6 is said to be proper. Let I'o(R™) denote the
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set of proper convex functions from R™ to (—oo,4o00]. For any 6 € I'o(R"™), the
proximity function of 6, denoted by prox,, is defined as (see, e.g., [7,[35])

(2.1) proxg(w) := argmin {0(y) + 3lly — =}, Vo e R

The subdifferential of § at z, denoted by 90(z) : R™ — 2R", is defined as
00(x) == {€ € R™ | 0(y) > 6(x) + € (y— ), Yy e R"}.

Let u:= (21,72, - ,Tm, A) and U := Xy X - x X, x RL. According to the first-
order optimality condition, (I4) can be characterized by the following variational
inequality problem (VIP): Find u* € U such that for some & € 96;(z}) (i =
1,2,--- ,m), the inequalities

(w1 — ) T{E&r = AT} > 0,
(z2 —a3)T{&5 — AZA"} > 0,
(VIP) ¢ eeees YuelU,
(@m — 25,){E — A A} 20,
(A= A)T(CE, Ay — 1) 20,
are satisfied. By denoting
86‘1 ($1) — A{)\
692(1‘2) — AgA
(2.2) Fluy:=| - ,
0, () — AL X

m

Dlimy Aii —b
the above VIP can be written as: Find u* € U such that for some 9* € F(u*),
(2.3) (u—u")T9* >0, Vuel.

We denote by U* the set of u* satisfying (23). Then, U* is nonempty if the solution
set of () is nonempty (see, e.g., [T1]).

Thanks to an anonymous referee, we will use the following lemma (the deter-
ministic version of Theorem 1 in [40]; see also [4]) to prove the convergence for the
proposed algorithm.

Lemma 2.1 ([0, Th. 1]). Let zx, Bk, & and (x be nonnegative sequences such
that

2kt < 21+ Br) + &k — G-
If 300 B < 00 and >y & < 00, then we have

i. limg_ o 25 exists and is finite;
.. o0
i ) gl Gr <00

3. A SEQUENTIAL UPDATING SCHEME OF THE LAGRANGE MULTIPLIER FOR ([L4])

In this section, we present a sequential updating scheme of the Lagrange multiplier

for solving (I4I).
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With a given H € 8t and p > 1, we define two (n + [)-by-(n + [) matrices as

uATHA, 0 e 0 0
(3.1) M = : : : : ,
pATHA, pALHA; -+ pATHA,, 0
0 0 e 0 H-!
2uATHA, pATHA, -+ uATHA, AT
pwATHA, 2uATHA, .- uAlTHA, AT
(3.2) N :=
uALTHA,  pATHA, - 2uAT HA,, AL
Ay Ag ve - A 2H!

These two matrices help us present theoretical analysis in compact notation later.
Note that when A;’s are assumed to be full column rank and g > 1, it is easy to
see that the matrix N defined in ([B2)) is positive definite.

The sequential updating scheme of the Lagrange multiplier for (I4) is summa-
rized as Algorithm [I

Algorithm 1: Sequential updating scheme of the Lagrange multiplier for (4]
Input: Choose > 1, v € (0,2), e >0, u® = (29,23, ,20,\%) e U,
i = (29,29, , 20, \0) e, He S, , and G € ST, Set k = 0.

1 while max {maxlgigm | Aizk — A;E |, | \F — S\kH} > e do
2 fori=1,2,--- ,m do
3 if i =1 then
1 | =X (D Agek - b).
5 else v
6 ‘ )\kJr z';bl = )\kJr z:”2 + [LH(Aifl.’Ef_l — Aiflfﬁf_l).
7 end
8 7 = arg mEin {91(901) — (VT Ay + LllAsz; — AleH%I}
T i
9 end
10 | A=X—H(", AzF—b).
1| o = [lut - At} / (2GTT M (u* —ab)|IZ).

12 uftt = u* — v, G M (uF - TF).
13 E=k+1.
14 end

Remark 3.1. We abuse slightly the notation “k + %” in Algorithm [T} it is not %k by
calculation. That is, M+ and A* are different.

Remark 3.2. In general, the Z;-subproblems require inner iterations to pursue ap-
proximate solutions, and this is the motivation for considering an inexact version
of Algorithm [I] in Section 4, which allows us to solve these subproblems approxi-
mately subject to certain approximate criteria. Even when these subproblems are
easy enough to have closed-form solutions for some specific applications (e.g., the



322 Y.-H. DAI, D. R. HAN, X. M. YUAN, AND W. X. ZHANG

example in Section 6), these subproblems usually dominate the computation of Al-
gorithm [, and the computation of the correction steps is often relatively much
cheaper (and it is completely computable and requires no optimization).

Remark 3.3. For the correction step in Line 12, the ay is a step size along the
descent direction —G~'M(u* — @*). We choose it judiciously according to the
formula in Line 11 because it helps us ensure the convergence of Algorithm [I] (see
Lemma [L2)). For the parameter 7, it is a relaxation (or scaling) factor, and the
restriction v € (0,2) is to ensure the contraction of Algorithm 1’s sequence (see
Theorem 3] theoretically and also to accelerate the convergence empirically. Our
experience is to choose an aggressive value close to 2, e.g., v &~ 1.5. For the matrix
G e Sﬁf, we can simply choose it as the identity matrix in practice.

The following lemma shows that it is reasonable to use the stopping criterion in
Line 1 of Algorithm [

Lemma 3.1. IfA;z¥ = A;3% (i=1,2,--- ,m) and \F = N then ok = (xh ak, -,
Tk AF) is a solution of VIP ([Z3).

Proof. The optimality condition of the ZF-subproblem in Line 8 is to find #¥ € X;
such that for some & € 96;(2¥) the following inequality holds:

i

(2 — #5)T {€F — AT 4 pATHA (3 - ab)} 20, val € X

Line 10 in Algorithm [ can also be written as
- m -
(N = AT {Z AZF —b+ H1 (WP — A’f)} >0, VN eRrh.
i=1

Consequently, the VIP characterization of Algorithm [Mis to find G* = (2%, 25, .-+,
7% ' A¥) such that for some ¢F € 90;(z5) (i =1,2,--- ,m),

of — ik \ T [ & — ATN w4 AT HA, (2% — o)

xh — 7k ek — ATNets 4+ p AT H Ao (25 — o)
(3.3) B [ >0, Yu' €u.
~ ~ m—1 .
x;";‘ - iE;fn gvkn - A%/\kJr m+ IUA;];LHAWL('I& - xlfn)
A=A S AEE — b+ HOL(AR = 2F)

Combining the schemes of M52 and AR in Lines 4, 6 and 10, we deduce that

(3.4)

- m
. Mo — H Y (Ajalk — AE), i=1,
AT = i=1 -
N — H Zl(ij? — A;i%) + pH zl(ijgz — A;Eh), i=2,3,- m.
Jj= Jj=
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Substituting ([B.4)) into VIP (B3] and rearranging terms, we have
(3.5)

Fk_ ATk
o -3\ % A%F%\k 4
oy — &k £ — Az A AT
Fk_ AT 3k +| 0 [ H X (A - A3))
xlm _ jfﬂ gnzz - m/\ AT J=
N — Ak ‘_1Ai:z~§ —b 0
pATHA, 0 e 0 0 o
- : : . : : e >0, Yu'el.
k _ sk
pATHA, pATHAy, - puATHA,, 0 Tm = Tm
0 0 o 0 H-1 e — £k
Defining
A
A .
n(u*, ak) = | H E (Ajacé? — Aji‘?)
Ar| T
0

and combining the definitions of F in ([222)) and M in 3), the inequality (B3] can
be condensed into

(3.6) (u —a")T{F@") +n(* a") - M@"-d"} >0, vu' eu.
If Ajzk = A;7F (i =1,2,--- ,m) and \F = MF it yields that
n(u*, a*) =0 and M(u* -a*) =o0.
Consequently, the inequality (B.6]) further reduces to
(' —aMTF@") >0, vu' eld,

which indicates that @* is a solution of VIP (Z.3). O

4. CONVERGENCE

We now establish the global convergence of Algorithm [ under some mild as-
sumptions. We first introduce a matrix Q € R"*! defined as

0 o --- 0 0
Q=|": e :
0 o --- 0O O
Ay Ay - A, O

Obviously, the matrices M in (B)), N in (32]) and @ above satisfy the relationship
(4.1) N=M+M"+Q+Q".
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Lemma 4.1. Let (z7,25, - ,z},) be an arbitrary solution of (4] and A" be the
corresponding Lagrange multiplier. Then for any given u*, the point 0% generated
by Algorithm [ satisfies

1
(4.2) (uf —u) "Mt — @) > St - a3

Proof. By adding ([23)) with u := a* to ([3.8) with u’ := u*, we deduce that

43) @ —u)T{F(u*) - F@") - nu*, o") + M@u* - a")} >o.

Because of the monotonicity of F(u) on U, the inequality (A3) can be written as
(@ — uw)TM (b — @) > (& — u)Ty(u”, a*)

= (A= MY (Aak — A;zh)

j:
(4.4) = (u* —a")"Qu* —a"),
where the first equality follows the fact that Y., A;z = b. Furthermore, we can
rewrite (@A) as
(u* —u)TMu* - a*) > (u* — a")T(M + Q)(u* — ah)

1
=S =) (M + MT+Q+ Q") (u" — 1Y)
1
_ 5(uk: _ ﬁk)TN(uk: _ ﬁk)
1 -
(45) = ot - R,
where the second equality is the consequence of ([E.T]). O

By the definition of ay in Line 11 of Algorithm [ it is obvious that ay > 0 for
all k’s. Moreover, we will prove in the following lemma that the sequence {ay} is
uniformly bounded away from zero; i.e., there exists a constant a,,;; > 0 such that
Q> Qi for all k’s.

Lemma 4.2. For the sequence {ax} generated by Algorithm [0, there exists a con-
stant amin > 0 such that ag > amin for all k> 0.

Proof. Since A;’s are assumed to be full column rank and g > 1, the matrix N
in (B2) is positive definite, i.e., the minimum eigenvalue eig,;,(N) > 0. By the
definition of oy, in Line 11 of Algorithm [Il we deduce that

[u? — @)% €igmin (V)
4.6 = =: Omin,
(46) U 9lG Mk — o) [% < 2MTG M)
which completes the proof. O

Remark 4.1. By the equation (£3]), we have that
St - @R = -V
= (ub =@M (b —aF) + (N = XT3 (Al — Aiah).
i=1
It is numerically preferred that this equation be employed for computing ay.

We now establish the global convergence of Algorithm[dlin the following theorem.
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Theorem 4.3. The sequence {u*} generated by Algorithm [l converges to a solution
of VIP [23]).
Proof. Tt follows from Line 12 of Algorithm [ that

[ — [ = u® — u|fE — 2yan(u” — u)TM(u* - a¥)

+7%0[GTIM (u* - a")|I

* 1 ~
< Ju* = w'llg = 592 = von[u” - @R

* 1 ~
(4.7) < Ju* = 'l = 592 = V)omn [u” - a3,

where the inequalities come from ([@2)) and (). The assumptions in Lemma 2]
are fulfilled (8, = 0 and &, = 0), and we conclude that

(i) lim |ju® —u*||¢ exists and is finite; (i) lim [Ju® —@*||y =0.
k—o0 k—o0
Since the matrix IV is positive definite as ;> 1, we have
(4.8) lim |A* —=A¥| =0 and lim ||zF —zF|=0, i=1,2,---,m.
k—o0 k—o0
By Lemma 31} we deduce that the sequence {@i*} converges to a solution of VIP
@3). Consequently, the sequence {(Z¥,75 - 7% )} converges to a solution of

4. O

5. AN INEXACT VERSION OF THE SEQUENTIAL UPDATING SCHEME
OF THE LAGRANGE MULTIPLIER

In this section, we consider an inexact version of the sequential updating scheme
of the Lagrange multiplier which allows the minimization subproblems in Algorithm
[ to be solved approximately subject to certain inexactness criteria. This consider-
ation is necessary when the objective functions 0;(x;)’s in (I4)) are in general forms,
and thus it is not possible to obtain closed-form solutions for the #¥-subproblems
in Algorithm [l In the following, we present an inexact version of Algorithm [I] and
establish its convergence rigorously.

Remark 5.1. To check the inexact criterion in Line 8 of Algorithm 2] which involves

the unknown exact solution Z¥, we can employ an existing algorithm in the liter-

7
ature that is suitable for the x;-subproblem and seek an approximate solution #¥
such that a certain error bound which can sufficiently guarantee the criterion in
Line 8 of Algorithm [2is satisfied. For example, according to [I1, Chapter 6], there

exists a function r; : R™ — R4 such that
(5.1) s = &[] < Cillri()ll, Vi € R™,

where C; > 0 represents a constant independent of i‘f and r;(x;) is computable

based on the generated iterates. Then, as long as an iterate £ generated by
iteratively solving the z;-subproblem satisfies

Irs@) < é/C,
it sufficiently ensures the inexact criterion in Line 8 of Algorithm Bl For how to

choose r;(x;) in (BJ)) for different scenarios, we refer the reader to, e.g., [ITL[31] for
details.
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Algorithm 2: An inexact version of Algorithm [II

Input: Choose u > 1, v € (0,2), € > 0, a sequence {é} € [0,1) satisfying

Yook < 4oo, u’ = (29,29, .-+ 28 A\) e U,
a0 = (29,29, ,29,A\°) €U, H € S|, and G € ST Set k= 0.
1 while max {maxlgigm | Ak — Agzk||, | AF — 5\k|\} > ¢ do
2 fori=1,2,--- ,m do
3 if i =1 then
4 | X (D Ayt - b).
5 else
6 | AR = ARESE i H (A — AadE ).
7 end
8 Find an 2¥ satisfying ||2F — 2| < é,
9 where 7F = arg wmelg {91(@) — (WHEOT Az + Ell Az — AleH%}

10 end

11| A= - H (ST Al - ).

12 | ap = (1— )t — a3/ (216 M (et — ab)2).
13 uFtt = ub — ya, G M (uF — aF).

14 k=k+1

15 end

Remark 5.2. The requirements €, > 0 and 2;0:0 € < 4oo imply that limg_, o, € =
0. Thus, with the given accuracy € > 0 in the inexact criteria, there exists an integer
K > 0 such that ¢, < € for all £ > K. Without loss of generality, we just assume
that €, < € for all £’s.

The following lemma, together with Lemma [B1] justifies the rationale of the
stopping criteria in Algorithm

Lemma 5.1. If the stopping rule in Line 1 of Algorithm B holds, then there exists
a constant v > 0 such that

max {maxlgigm | Azl — A;zk|], | Ak — X’“H} < Ve.
Proof. If the stopping rule in Line 1 of Algorithm 2] holds, i.e.,
max {maxi <y || s — Ak, [N = ¥} < e,
it follows that ||A;x% — A;2%|| < € for all i’s. By the triangle inequality, we have
[Aiaf — A@f|| < || Aixf — A@F|| + | A@} — Aidf|

< e+ || Al é
<+ JAile Vi

Recall the updates of \¥ and AF in Algorithms [l and 2 respectively. We have

A —XF = H ST (Ajak — Agah),

=1
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and as a consequence,
(5.2)

~ ~ m
I3k - 3k < HH S (At — Agh)
=1

< a2 (£ 14 -1t - 881) < e,
where ¢ = ||| (S [|4i]). Hence,
INF = NE[| <IN = AR 4 A = XF) < (L +a) e
The proof is completed by setting v := max {maxi<;<m (1 + || 4;|]),1 + <1} O
Compared to the ay in Algorithm [ the &y in Algorithm Bl is computed by
replacing (the unknown) @* with @* and by multiplying by a factor (1 — ¢&,). Ac-

cordingly, the lower boundedness of & can be proved analogously to Lemma
Specifically, it can be easily proved that

OAUC Z (1 - émax)amin = &min > 07 vk Z 07

where €pax = max €r and amipy is as in [@6). Moreover, followed by the fact that

|G M (0* — a¥)[|2 > eigy, (M7 G M) [u* —a¥|?,

Huk - ﬁk”?\l < eigmax( )”u - uk||2

we have

(1= é)llu® —a"% (1= éeigna(N)

2|G=IM (uk —aR)[|2, 2 el (MTG™IM)
eigmax(N) — &

2- eigmin(MTG_lM) e

which indicates that the sequence {ar} C [Gmin, Gmax] 18 bounded.

(5.3) ar =

Lemma 5.2. Let (x],23,--- , ) be an arbitrary solution of (L4) and \* be the
corresponding Lagrange multiplier. Then the sequences {u*} and {0*} generated
by Algorithm B satisfy

(54) (0" —u)M(u" - a*) >3 { 1—é ||u — 0¥} = (L4 N[ (m + F)ér
_€k||M||2 —u'?}.
Proof. First, notice the identity
(* —u)TM* —a*) = (u* —u)T M(u* — @) + (0% — u)TM(@" - ab).

Applying the assertion in Lemma [T to the first term of the right-hand side above,
we obtain

1
(5.5) (u* —u)T M (" - a*) > §||uk —a*|% + (u* —u)TM(@* - ab).
Using (5.2)), we get
(5.6) [a* —a*||* = Zl &5 = ZF|2 + AR = X2 < (m + 7)é
1=

For any two vectors a and b with the same dimension, the inequality

1
(5.7) 2a"b < o|al]® + E||b||2, Yo >0,
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holds. Then, by setting a := —M7T (u¥ —u*), b:= 0% — 4" and ¢ := & in (1), we
obtain

1
2(u” —u) "M@ —0") > —&l|MT (u" —u?)|? - gllﬁk —at|?

Y

R ok .
=&l MP? - [lu® —u? ~ g\luk —at|?

(5.8)

where the last inequality follows from (B.6]). Analogically, by setting a :=
—N%(uk —a*), b= N%(ﬁk — %) and ¢ := ¢ in (5.7), we obtain

V

=& M7 - fu® = ut? = (m o+ e,

1
2(u" — 6" NG - 0") > —&fu” —a|} - 7 IV [a* —a®|?

v

—élut =@} — IN[[(m + F)ér.
Consequently,
[u* =@} = [u® —a"|} +2(u” - @")T N (@ —aF) + [[o* - a¥|}
(5.9) > (1 - é&)llu® —a*|[} — [N](m + F)éx.
Combining (5), (B.8) and (E9), we obtain the assertion immediately. O

By Lemma [5.2] however, —G~*M (u* — 0*) cannot be guaranteed as a descent
direction of the implicit merit function §[u* — u*||%. Nevertheless, we are still
capable of proving the global convergence of Algorithm 2

We are now in the position of proving the global convergence of the proposed
algorithm.

Theorem 5.3. The sequence {u*} generated by Algorithm 2 converges to a solution
of VIP (23).

Proof. It follows from the scheme of u**! in Line 13 of Algorithm 2] that
(5.10)
[ — g = ub = ufE + yPagllaT M (et -0t
— 2véy (uf — u)T M (u* — ab)
< Jlu* =g +APaR NG M (b = 0b) G —yan [(1 - &)lln® —at|fy
~(L+ N[ (m + 7 )ér — | M][*exu® — ]
’Y&maxékHMHQ * 1 N .
< <1 + m [u? — w2 - 57(2 — ) @in[u® — @ (1%
+ Yamax (1 + [N [) (m + ),
where the inequalities are due to (54) and (B.3]), respectively. Specializing zj, :=
* Amaxér || M? N A
I, B = M G (14 NI+ )k, and G =

57(2 = 7)@min |u* — 0|, respectively, we know that the assumptions in Lemma
211 are fulfilled and we conclude that

(i) lim |ju® —u*||¢ exists and is finite; (i) lim [Ju® —a*||y =0.
k—o00 k—o0
Combining Line 8 of Algorithm 2 and (&.2]), we have

lim [[6* —a*| =0,
k—o0
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which indicates that the sequences {u*}, {i*} and {@*} are all bounded and they
share the same cluster points. Let @1 be a cluster point such that

(5.11) lim u® = lim @% = lim 0% = .

j—o0 j—o0 j—o0
It follows from the optimality condition that for #¥, there exists some £F € 96,(7¥)
such that the following inequality holds:

i—

(5.12)  (af — 2T {éf — ATAMS 4 AT H A (5 - xf)} >0, Vo€

Note that according to Line 11 of Algorithm 2] we have
(513) (N = AH)T {z Al —b+ H Y (\F — Ak)} >0, YN eRh
i=1

Taking the limit in (512)-(EI3) and using the upper semicontinuity of the subdif-
ferential operator and (5.I1J), it follows that for all¢ = 1,--- ;m, there exist & such
that

(f — )" {& — ATA} >0, Va| e Xx;,

and
o =07

which means that @ is a solution point of VIP ([Z3)).
Setting u* := u in (BI0) and applying again Lemma 2T we deduce that
limy, oo [[uf — 11| exists and it is finite. Since 1 is the cluster point of {u*},

we eventually conclude that the sequence {u*} converges to 11, which is a solution
point of VIP ([Z3). O

A;x; — b} >0, YN e Rl,
i=1

1=

6. NUMERICAL EXPERIMENTS

In this section, we test some applications of the abstract model (L4) and em-
pirically verify the efficiency of the proposed sequential updating scheme of the
Lagrange multiplier. For these applications, all the decomposed subproblems have
closed-form solutions. Thus, only Algorithm [ (“SUSLM” for short), the exact
version, is tested. We wrote our code by MATLAB 7.9, and all experiments were
conducted on a Lenovo personal computer with Intel Core (TM) CPU 2.30 GHZ
and 8G memory.

6.1. An image decomposition model. First, we test an image decomposition
model. A brief introduction to the image decomposition problem is as follows. For
a digital image f € R™ (the two- or higher-dimensional image is stacked as a one-
dimensional vector, e.g., in lexicographic order, and the pixel values of image are
re-scaled into [0,1]), the goal of image decomposition is to separate f = u+v where
u is the cartoon part which contains the geometry or sketchy approximation of f,
and v is the texture part which involves the oscillations or small scale repeated
patterns of f (see, e.g., [1,[34[36,44,[46]). Mathematically, the cartoon part of an
image can be described by a piecewise smooth (or piecewise constant) function,
and the texture part is commonly oscillating. We test the scenario considered in
[43], where a low patch-rank interpretation is used for the texture part. In [43],
an ni-by-ng (n = ny - ny) image v with textures is first partitioned orderly into
a series of r-by-r (r < n) small square patches (nonoverlapping) under a certain
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boundary condition. Then these small patches are vectorized individually as a
vector, denoted by w; € R with i = 1,2,---,1. Therein, | = [n/r?], where [-]
rounds a scalar as the nearest integer towards infinity. By further realigning those
vector w;’s together, an r2-by-I matrix, denoted by V, is obtained. The patch
mapping P : R" — RTQXZ, which depicts the foregoing procedure of rearranging an
image v as a matrix V, is defined as (see [43] for details)

V= Pov=[w,ws, - ,w).

Generally, the texture part of a target image possesses numerous small scale re-
peated patterns. Thus, the matrix V, also the Pv, can be viewed as being of low
rank. Accordingly, a low-rank based model for separating a target image f into
cartoon and texture was developed in [43] as
-

61 _win A1Vl nlPell + 2K ) - 7P,
where |||V - \Hl denotes the total variation norm (see, e.g., [42]) and induces the
cartoon part of f; || - ||« is the nuclear norm which is defined as the sum of all
singular values of a matrix and induces the texture part of f; 7; (i = 1,2,3) are
parameters to balance the three terms in the objective function; and K : R™ — R"™
is a linear operator. Different K’s correspond to image decomposition on different
target images: (i) for clean images, K = I where I is the identity matrix; (ii) for
images with missing pixels (herein we consider the case of missing pixels with zero
values), K = S where S is a binary matrix (also the so-called “mask” in image
inpainting) to represent missing pixels; (iii) for images with blurry pixels, K = B
where B is the convolutional matrix associated with a spatially invariant point
spread function; (iv) for images with both blurry and missing pixels, K = SB
where S is a mask and B is a convolutional matrix.

The model (G1]) can be reformulated as a special case of the abstract model
(T3). Specifically, by introducing the auxiliary variables z € R™ x R", y € Rrx!
and z € R™, the model (6.I]) can be rewritten as

, T
(6.2) mln{7'1|||a:|H1 + 72|y« + 53||Kz_f||2 | = Vu, y = Pu, z:u—i—v}.

Thus, the problem (G2]) is a special case of (I4) with m = 3 and the following
specifications:

o &y :=u, X2 : =0, x3 := (x,y,2), X; (i =1,2,3) are Euclidean spaces.
o O1(z1) =0, Oz(x2) =0 and O5(z3) == 71|||2|||, + 2llyll« + B K=z — f|*.
e The matrices in the linear constraint are

\Y 0 -1 0 0
Al = 0 ) A2 =P ) A3 = 0 -1 0 )
1 I 0 0 1

and the vector b is zero.

The proposed SUSLM is thus applicable to the model (61]). The decomposed Z1-,
Z9- and Zz-subproblems (i.e., the @-, ¥- and (Z, §, Z)-subproblems) by implementing
the SUSLM are further delineated as follows.

e The u-subproblem corresponds to the optimization problem

(6.3) @ = b + [PB(VTV + D) H(VTANTS a5,
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which can be easily solved by the fast Fourier transform (FFT) if the pe-
riodic boundary condition is exploited to the derivative operator V, or by
the discrete cosine transform (DCT) if the reflective boundary condition is
exploited (see, e.g., [2I, Chapter 7]).

e The v-subproblem is equivalent to the optimization problem

1 1
T = ok 4 (PTIASTE £ AET3) /(2u8).
e The Z-, y- and zZ-subproblems can be solved simultaneously as follows.
— The z-subproblem can be solved explicitly by the shrinkage operator

7 = shrink = (% = AT/ (uB)),

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

shrink.(g) := g — min{e, |g\}£7 Vg e R" x R",

91
and (7%); should be taken as 0 if |g|; = 0.

lg]
— The g-subproblem can be solved explicitly by the singular value de-

composition (SVD)

(W* — AT /().

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

7 =D

T2
nB

(6.4) D (M) :=USVT, YM e R™*™,

where UXVT is the SVD of M, and ¥;; = max{%;; — ¢,0} for all
1<i<mand1<j<n.
— The Z-subproblem is involved in the matrix K:

(6.5) = (KTK + uB) (KT = M5 4 upah).

If K is an identity, diagonal or downsampling matrix, then the Zz-
subproblem (6] can be solved directly since its coefficient matrix is
diagonal. If K is a convolutional matrix, then the Z-subproblem (6.5))
can be solved efficiently in the frequency domain as the u-subproblem
©.3).
For simplicity, we choose the matrices (see the Input in Algorithm [ G = I,
and H = 1I; with 8 > 0 a scalar.

In [43], it is suggested that the model (GI)) be solved by the split Bregman
method (SBM for short) proposed in [19]. To see the efficiency of SUSLM, we
compare it with the SBM in [43] and report the numerical results. Comparisons with
the alternating direction method with Gaussian back substitution (ADM-G) in [25]
and the alternating proximal gradient method (APGM) in [32] are also reported.
For the other methods to be compared, we also wrote the code by MATLAB 7.9,
and their parameters were chosen exactly as suggested in the original papers. We
refer the reader to [43] for the implementation details of the SBM. For the details
of the ADM-G subproblems, since they are similar to those of the SUSLM, we omit
them for succinctness. Now, we elaborate on the details of the APGM subproblems.
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First, we need to reformulate the problem (6.2)) as a special case of (L4]) with m = 2
and the following specifications:

o x1:= (u,v), 2 := (2,4, 2), X; (i =1,2) are Euclidean spaces.
° 91(:131) =0 and 92(,12) = 7'1|||$‘||1 + TQHyH* + %HKZ — f||2
e The matrices in the linear constraint are

vV 0 - 0 0
Al = 0 P 5 A2 = 0 —I 0
I 1 0 0 -I

and b = 0. Then, the APGM iterative scheme for (62)) is

28 = argmin {Ql(xl) + 2%”% — ¥ +r AT A2k + Agak — b — )\k/ﬂ)||2} )
28t = argmin {92(332) + 2%Hx2 — a2k AT (At 4 gk — b — /\k/B)HQ} ,
ARHL = \F — B(Ay 2T+ Agah ! — 1),
where r; < 1/eig,,..(AT A;) is the step size of the proximal gradient step and 8 > 0
is the penalty parameter. The x;-subproblems can be further specified as
whtt =k — g [VT(Vuk —zF = X\E/B) 4 (uF + o — 2k — )\’g/ﬁ)] ,
Pl = oF —py [PTHPOR — y* — N5 /B) + (uF + 0 — 28 — N5 /B)],
ht = ShI‘iIlk"'lBT’z (2% + ro(Vubtt — 2k — Xk /3))
Y =Dore (y* +r2(PoM —y* = N/B)|7)
2P = (BT + 1ors KTK) ™! [TgTQKTf + B(2F + ro(uFt? 4 oF L — 2k — /\’g/ﬂ))] .

We will test two scenarios for the model (GI)): K = I and K = S. Some synthetic
images and real images listed in Figures[Il2] will be tested. For the synthetic images
in Figure[Il cartoon and texture parts are superposed with a ratio of 7:3. We adopt
the periodic boundary condition for the images to be tested and thus the FFT will
be implemented. Also, we will implement an efficient MATLAB Mex interface via
a divide-and-conquer routine (dgesdd) implemented in LAPACK for the SVD in

We follow [43, Theorem 3.3-3.6] to choose the trade-offs in model (G1) as 71 €
[1072,107 Y], 7 € [1073,1072] and 73 = 1. Recall that r is the size of the patch
mapping P. It can be easily estimated by the number of spikes of the target image
f in the Fourier domain (see [43] for details). Empirically, as in [43], the integers
in the interval [5,15] are preferable for the scalar r to render promising numerical
results. We adopt r = 11 as the size of the patch mapping P throughout the
numerical simulations.

To implement the SUSLM, some parameters should be specified. As we have
mentioned, we simply take the penalty matrix H = 1. Numerically, the value of 8
is often tuned in order to result in better numerical results. We used the Boy image
in Figure[I] to tune the value of 8 and we found that the choice of 3 = 0.1 works well
for SUSLM. We thus fix 8 = 0.1 throughout the implementation of SUSLM. Then,
for the proximity parameter u, we found that u ~ 1 is good enough (see Figure )
and we thus fix it as u = 1 throughout. Finally, for the relaxation parameter -, we
take it as v = 1.9.
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Image cartoon texture synthetic image
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FIGURE 2. Real images. Left: 256 x 256 “Barbara.png”. Right:
250 x 248 “Weave.jpg”.
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Iteration No.

FIGURE 3. Performance of SUSLM with different values of the
proximal factor p.
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FIGURE 4. Evolutions of objective function values w.r.t. iterations
and computing time. From left column to right column: for Circles,
Boy and Tomjerry.

6.1.1. The case of K = I. For this case, the model (6] reduces to decomposing
clean images without noise or blur.

We first test the synthetic images in Figure [l The parameters (71,72, 73) in
model (6.1)) are fixed as (71,72,73) = (0.05,0.005,1), as suggested by Theorems
3.3-3.6 in [43]. We take the penalty parameters (A1, A2) = (1,1) (as suggested in
[43]) for the SBM; 8 = 10 and a = 1 for the ADM-G; g = 10, r; = 0.2 and
ro = 1 for the APGM. All the tested algorithms take zero as the initial point. We
run all algorithms for some iterations (100 iterations for 256-by-256 images and
150 iterations for 512-by-512 images) and plot the evolutions of objective function
values with respect to iterations and computing time in seconds in Figure[dl For
synthetic images, the ground-truth of cartoons and textures are known (see Figure
). We thus use the following criteria to measure the quality of the cartoons and
textures decomposed by the tested algorithms:

(6.6) Error(u) := |lu —u*|| and Error(v) := |v —v"|,

where u and v (pixel values are re-scaled in [0,1]) are the decomposed cartoons
and textures, respectively, and u* and v* are the corresponding ground-truths of
synthetic images in Figure[Il The evolutions of Error(u) and Error(v) with respect
to iterations and computing time in seconds are plotted in Figure In Figure
[6l we display the cartoons and textures decomposed by the SBM and SUSLM
(corresponding to the best and worst decompositions among all tested algorithms).

We now test the two real images in Figure Analogously, the parameters
(11,72, 73) in model ([G1)) are still fixed as (71, 72, 73) = (0.05,0.005, 1). The param-
eters (A1, A2) for the SBM; 8 and « for the ADM-G; 3, 1 and ro for the APGM
and S for the SUSLM are identical to those of the synthetic image case. The initial
points for all algorithms are taken as zero vectors. We run each algorithm for 150
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Error (u)
Error (u)
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Iteration No. CPU time (s)

Error (v)
Error (v)
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Iteration No. CPU time (s)
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FIGURE 5. Evolutions of Error(u) and Error(v) w.r.t. iterations
and computing time (test image: Circles).

FIGURE 6. Decomposed cartoons and textures of synthetic images.
From left column to right column: cartoons by SBM, textures by
SBM, cartoons by SUSLM, textures by SUSLM.

iterations for both images and plot the evolutions of objective function values with
respect to iterations and computing time in seconds in Figure [l We display the
decomposed cartoons and textures in Figure
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FIGURE 7. Evolutions of objective function values w.r.t. iterations
and computing time. Top row: for Barbara. Bottom row: for
Weave.

FIGURE 8. Decomposed cartoons and textures on real images.
From left column to right column: cartoons by SBM, textures by
SBM, cartoons by SUSLM, textures by SUSLM.

6.1.2. The case of K = S. We now test the model () with K = S i.e., the image
f to be decomposed has missing pixels. We test the 256-by-256 Barbara image in
Figure 2 (with 9.12% missing pixels) and the 512-by-512 Tomjerry image in Figure
[ (with 12.76% missing pixels). Both corrupted images are listed in Figure[@ The
signal-to-noise ratio (SNR), which is commonly used to measure the quality of
reconstructed images, is defined by SNR = 201logq || f*|I/|lf — f*|, where f* is the
true image and f is its approximation. For the corrupted images listed in Figure [0
the SNR values are 10.88dB for the corrupted Barbara image and 9.06dB for the
corrupted Tomjerry image.

The parameters (11, 72, 73) in ([6.2)) are chosen as (0.08,0.005, 1), as suggested by
Theorems 3.3-3.6 in [43]. The penalty parameters are fixed as (A1, A2) = (1,1) for
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FIGURE 9. Decomposed cartoons and textures on images with
missing pixels by SUSLM. From left column to right column: cor-
rupted image, cartoon, texture, cartoon+texture.

20 30 50
CPU time (s)

—e—SBM

—>sustMm || Z 15

0o 50 100 150 200 o 50

100 150 200
Iteration No. CPU time (s)

FicUrRE 10. Evolutions of SNR w.r.t. iterations and computing
time. Top row: for Barbara. Bottom row: for Tomjerry.

the SBM; 8 = 10 and o = 1 for the ADM-G; 8 =10, r; = 0.1 and ro = 1 for the
APGM; and 5 =1 for the SUSLM. All tested algorithms still take zero as the ini-
tial iterate. We illustrate the decomposed cartoons and textures by the SUSLM in
Figure [0 at 200 iterations for test images. Visually, the target images with corrup-
tions are basically separated as cartoons and textures. The reconstructions for the
missing pixels regions in cartoons are superior to those in textures. Additionally, by
superposing the decomposed cartoons and textures correspondingly, we derived the
reconstructed images, i.e., “cartoon+texture”, listed in Figure @ The SNR of the
reconstructed images in Figure [@ are 19.17dB for the Barbara image and 19.38dB
for the Tomjerry image. We plot the evolutions of SNR with respect to iterations

and computing time in seconds in Figure [[Q] which indicates the efficiency of the
SUSLM.
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6.2. Application to an allocation problem. In this subsection, we test an al-
location problem arising from market mechanisms (see, e.g., [BlB37.45]) and further
verify the efficiency of the SUSLM.

We consider an economic system in which n resources are allocated by using
m technological activities. The goal is to minimize the sum of cost functions of
all the activities, denoted by 6; (i = 1,2,--- ,m). The amount of each resource is
denoted by b; > 0 (j = 1,2,--- ,n), which justifies the nonnegativity and budget
constraints. As [5], the allocation problem can be modeled as

6.7)  min { i 0, ()

where 6; : R™ — R is the cost function of the i-th activity and the vector b =
(b1,ba, -+ ,by) € R™ represents all the resources.
The model (67 is a special case of (4] with

Ai::I and Xi::Ri;’ 7;:1,27~..,m'

Thus, the proposed SUSLM is applicable.

To specify the cost functions in ([6.7)), we follow the stencil functions listed in
[7, Table 10.2]. Note that we skip 5 of them because the proximity functions of
those scaled stencil functions are implicitly defined. More specifically, we list 12
stencil functions in Table [T (labeled as in [, Table 10.2]), denoted by ¢(s), whose
proximity functions possess closed-form solutions or can be efficiently computed
by solving polynomial equations. Note that for a one-dimensional stencil function
¢(s) in Table[d] it can be easily extended to an n-dimensional function ®(s) whose
proximity function can also be easily computed. Let us take the stencil function
¢(s) listed as item (ii) in Table [ as an illustrative example. Based on this ¢(s),
we can define

(6.8) B(s) = 3" dils0),

=1

m
in:bv IZERﬁv i_1527"'5m}a
i=1

where s = (51,82, ,8n), @ = (W1, W2, ,Wn), W = (W, Wy, -+ ,w,,) are vectors
in R™, and

w;8;, ifs; >0,
i(s) = { w,;S;, otherwise.

Particularly, if @ = —w = 1, we have ®(s) = ||s||1, which corresponds to the
standard [;-norm; otherwise, we have ®(s) = ||Ws||1, which corresponds to the
weighted /;-norm (the diagonal entry of W is w; if s; > 0 and w, if s; < 0). Similarly,
we can extend all the other functions listed in Table [l to n-dimensional functions
for the use of the cost functions {6;}!2; in the model (61). The parametric vectors,
e.g., W, w, k, etc., are chosen randomly by following some uniform distributions (see
the right column of Table [l with U(a,b) representing uniform distribution in the
interval [a, b]). The resource amount vector b in model ([6.7) is set as b := nl.

For the allocation problem (6.7), we will test the proposed SUSLM, the ADM-
G in [25], the APGM in [32], the scheme (L) (EADM) and the scheme (LI0)
(SEADM). Recall that both (L8) and ([I0) are not necessarily convergent, but
empirically they could perform well. For the involved parameters of these iterative
schemes, we chose 8 =1, r; =1/6 and ro = 1/6 for the APGM; f =1and a =1
for the ADM-G; 8 =1, p =1 and v = 1.8 for the SUSLM; 8 = 1 for the SEADM
and the EADM. All initial iterates are chosen as 1.
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TABLE 1. The stencil function ¢(s) for generating 6; in (G.7).

Label |Stencil function ¢(s) : R — (—o0, +0] Parameters
. 0, if s € [w,w]
! +00, otherwise W~ U(10%,10%)
Ny { ws, ifs>0 w ~ U(~102,-10%)
ii .
ws, otherwise
v K|s|?
2 : <
i Ks?, , if |s| _‘w/\/2/@ w~ U(1,5)
wV2k|s| —w?/2, otherwise ke~ U(L,5)
vii  |wls| + 7[s]? + K[s|? ’
, 7~ U(1,5)
; ws, ifs>0 ~U(1,5)
* +00, otherwise q ’
—wsl/4, ifs>0
X .
~+00, otherwise
. ws 1, ifs>0 w~ U(107,108)
xi .
+o00, otherwise q~U(1,5)
_ 2 i
iv kln(s) +75°/2 + as, 1fs>Q w~ U(L,5)
400, otherwise K~ U(1,5)
—kIn(s) +as+ws™ 1, ifs>0 ’
XV . T ~U(L,5)
400, otherwise
: q~ U(]-v 5)
v —kIn(s) +ws?, ifs>0 a~U(1,5)
v +00, otherwise ’
F~ U(10-%,10- )
. —kln(s —w) —FKln(@w—3s), ifse (w,w) |k~U1073,1071)
v +00, otherwise  |@ ~ U(10%,10%)
w ~ U(=103, —10%)

To compare the efficiency of different algorithms for solving the model (6.7,
we measure the quality of iterates by both the objective function value and the
constraint violation. More specifically, for the iterate xf , the constraint violation

is measured by

1+ ([l
Note that the nonnegativity constraint is satisfied automatically for all the se-
quences generated by the algorithms to be tested.

In Figure [[I] we plot the evolutions of the objective function values (Obj-Fun-
Val for short) with respect to the computing time for the cases of n where n =
100, 200, 300, 500, 800, 1000. Similar plots with respect to the iterations can also
be displayed, but we omit them for succinctness. The evaluations of the constraint
violation with respect to the computing time are plotted in Figure These figures
show that both the EADM and SEADM, though theoretically lack convergence,
perform well for the allocation problem (6.7). Furthermore, among the methods
with provable convergence, the proposed SUSLM performs the best.
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FiGUure 11. Evolutions of objective function values w.r.t. com-
puting time for variant n’s.
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FIGURE 12. Evolutions of the constraint violation measured by
(63) w.r.t. computing time for variant n’s.

7. CONCLUDING REMARKS

In this paper we focused on how to split the augmented Lagrangian method
(ALM) for a separable convex minimization problem with linear constraints and an
objective function in the sum of m functions without coupled variables. A sequential
updating scheme of the Lagrange multiplier was proposed. The new scheme splits
the ALM subproblem at each iteration into m smaller minimization problems such
that each of them only involves one function in the original objective. As most of
the ALM-based splitting methods in the literature, the new scheme preserves the
possibility of taking advantgae of the objective functions’ properties individually.
But it differs from the existing ALM-based splitting methods in that the Lagrange
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multiplier is updated timely (m times) once each block of primal variables are
solved. We derive both the exact and inexact algorithms based on the new scheme.
An image decomposition problem and a resource allocation problem have been
tested to demonstrate the numerical efficiency of the proposed sequential updating
scheme of the Lagrange multiplier.
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