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TWO-STEP FIXED-POINT PROXIMITY ALGORITHMS FOR MULTI-BLOCK
SEPARABLE CONVEX PROBLEMS*

QIA LI , YUESHENG XU t§ AND NA ZHANG #

Abstract. Multi-block separable convex problems recently received considerable attention. This class of
optimization problems minimizes a separable convex objective function with linear constraints. The algo-
rithmic challenges come from the fact that the classic alternating direction method of multipliers (ADMM)
for the problem is not necessarily convergent. However, it is observed that ADMM outperforms numerically
many of its variants with guaranteed theoretical convergence. The goal of this paper is to develop convergent
and computationally efficient algorithms for solving multi-block separable convex problems. We first charac-
terize the solutions of the optimization problems by proximity operators of the convex functions involved in
their objective function. We then design a two-step fixed-point iterative scheme for solving these problems
based on the characterization. We further prove convergence of the iterative scheme and show that it has
O(%) convergence rate in the ergodic sense and the sense of the partial primal-dual gap, where k& denotes the
iteration number. Moreover, we derive specific two-step fixed-point proximity algorithms (2SFPPA) from
the proposed iterative scheme and establish their global convergence. Numerical experiments for solving the

sparse MRI problem demonstrate the numerical efficiency of the proposed 2SFPPA.
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1. Introduction. We consider in this paper the convex minimization problem with linear constraints
and a separable objective function in the form of the sum of several convex functions. For a positive integer
d, by R? we denote the usual d-dimensional Euclidean space. The minimization problem we consider in this

paper has the form

(1.1) min {Z filxs) ZAﬂ?i =bx; e R" i=1,2,.. .,s} ,

=1 i=1

where f; : R" — R := RU {+00} is a proper lower semicontinuous convex function, A4; is a given m x n;
real matrix, n; is the dimension of variable x;, for : = 1,2,...,s and b € R™ is a given vector. Here, variable
x is decomposed into s blocks, that is z := (21, xa,...,2s).

Many problems arising from image processing and machine learning can be cast into the form of model
(1.1). For example, the total-variation based image denoising model [26, 28], sparse representation based
image restoration [3, 6, 7, 20], lasso regression [34] and support vector machines [9] are special cases of
problem (1.1) with s = 2. In addition, we also refer to [21, 23, 29, 33] for some applications of model (1.1)
with s > 3.
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The alternating direction method of multipliers (ADMM) [13] was originally proposed for solving problem
(1.1) with s = 2, and was recently widely used in the area of image processing [4, 14, 30, 35]. Since ADMM
requires inner iterations to solve its subproblems of ADMM, its linearized version (LADMM) was proposed
and was successfully used in applications [12]. As s > 3, one can directly extend the original ADMM
(LADMM) to problem (1.1). Without an additional assumption, however, it was recently shown in [8] that
the direct extension of ADMM to multi-block convex problems is not necessarily convergent, although it
may work well in practice. Very recently, there were some investigations [10, 17, 18, 22] on convergence of
the extension of ADMM under some additional assumptions. Some researchers dedicated to modify ADMM
or LADMM to make it convergent. For instance, the Jacobian-type ADMM was proposed in [11] for parallel
computing, the semi-proximal ADMM proposed in [18, 32] is for convex quadratic programming and conic
programming, the Gaussian back substitution technique was proposed in [15, 16] to make ADMM and
LADMM converge. It was shown in [15, 16] the attractiveness of the Gaussian back substitution technique
for theoretical analysis on convergence of ADMM-type algorithms. However, the numerical results show
that the correction step is time consuming and the ADMM (LADMM) with Gaussian back substitution
may require more iterations than the direct extension of ADMM (LADMM) to achieve the same objective

function value. Therefore, in this paper, we dedicate to establishing convergent and efficient algorithms.

As shown in [1, 19, 21, 24], the notion of proximity operators provides a useful tool for the algorithmic
development due to its firmly nonexpansive property. ADMM was shown in [19] a special case of the proximity
algorithms. Although the one-step fixed-point proximity algorithms proposed in [19] can be applied to model
(1.1) directly, they do not utilize the separable property of the objective function, that is, the variable
T1,%2,...,Ts are updated simultaneously. In contrast, ADMM takes advantage of the separability of the
objective function and utilizes the block-wise Gauss-Seidel technique. Thus, in order to develop convergent
algorithms for problem (1.1), we propose to develop two-step fixed-point proximity algorithms. The term
two-step means that when we update values of the next step, we not only use values of the current step but
also those of the previous step. In one of our previous papers [19], we designed a multi-step iterative scheme,
introduced the notions of weakly firmly nonexpansive operators and Condition-M (Semi-Condition-M), and
presented the convergence results of the multi-step scheme with the help of the notions. In this paper, we

will follow the idea of [19] to develop convergent two-step fixed-point proximity algorithms.

This paper has the following contributions. First, we present a characterization of the solutions of
problem (1.1) by fixed-points of a proximity related operator and develop a two-step fixed-point iterative
scheme based on the fixed-point equation. Second, we prove convergence of the proposed iterative scheme
by the notions of weakly firmly nonexpansive and Condition-M proposed in [19]. We prove that as long as
the matrices involved in the scheme satisfy Condition-M, which can be easily verified, the iterative scheme
converges and the sequence {(x¥,...,2%) : k € N} generated by the proposed algorithm converges to a
solution of problem (1.1). Third, we analyze the convergence rate of the proposed iterative scheme. We prove
that the scheme has O(%) ergodic convergence rate. In addition, the average of the sequence generated by
the proposed scheme has O(%) convergence rate in the sense of the primal-dual gap. Fourth, several specific
convergent algorithms are designed from the iterative scheme, including the two-step implicit and explicit
fixed-point proximity algorithms as well as their variants. Furthermore, we apply the proposed two-step
fixed-point proximity algorithm to the sparse MRI reconstruction problem. Numerical results show that the
proposed two-step fixed-point proximity algorithm performs as efficiently as the direct extension of LADMM,
which is not necessarily convergent.

We organize this paper in eight sections. In Section 2, we characterize the solutions of problem (1.1)
by fixed-points of a proximity related operator. Based on this characterization, we develop in Section 3 a

two-step iterative scheme and prove its convergence in Section 4. In Section 5, we analyze the convergence



rate of the proposed iterative scheme. We design several specific algorithms from the iterative scheme in
Section 6 and apply in Section 7 one of them to the sparse MRI reconstruction problem. We conclude this
paper in Section 8.

2. A Characterization of Solutions of the Minimization Problem. In this section we present a
characterization of solutions of model (1.1) in terms of a system of fixed-point equations via the proximity
operators of the functions involved in the objective function. The system of fixed-point equations will serve
as a basis for developing iterative schemes for solving the problem.

We now recall the notion of the proximity operator of a convex function. For z and y in R%, we denote
the standard inner product by (z,y) := ZieNd x;yi, where Ny := {1,2,...,d} and the standard ¢3-norm
by ||lz|2 := (z,2)%. By S¢ we denote the set of symmetric positive definite matrices. For an H € S¢ the
H-weighted inner product is defined by (x,y)n := (x, Hy) and the corresponding H-weighted fo-norm is
defined by ||z||m := <x,x>H%. For a d x ¢ matrix A, we define ||Al|2 as the largest singular value of A. By
['o(R?) we denote the class of all lower semicontinuous proper convex functions ¢ : R? — R. For a function
¢ € To(R?), the proximity operator of ¢ with respect to a given matrix H € Si, denoted by prox, y, is a
mapping from R? to itself, defined for a given point € R? by

1
(2.1) prox, g (r) := argmin{§||u —z|H+(u) ue Rd} .

In particular, we use prox,, for prox,, ;.
The proximity operator of a function is intimately related to its subdifferential. The subdifferential of a

function ¢ at a given vector x € R? is the set defined by
dp(x) :={y: y €RY and ¢(2) > ¢(z) + (y,z — x), for all z € R?}.

We remark that if a function ¢ € I'g(R?) is Fréchet differentiable at a point x € R? then dp(z) = {Vp(z)},
where Vp(z) is the Fréchet gradient of ¢. It is shown that for any H € Si, x € dom(p) and y € RY,

(2.2) Hy € dp(z) if and only if 2 = prox, y(z +y).

For a discussion of this relation, see, e.g., [2, Proposition 16.34] or [24].

The proximity operator plays a crucial role in convex analysis and applications (see, e.g., [25, 27]). Recall
that operator J is called firmly nonexpansive (resp., nonexpansive) with respect to a given matrix H € Si
if for all x,y € R?

|2 = Jyllfr < (Jo = Jy,2 —y)u (vesp., ||Jz = Jylu < |lo—ylla).

We remark here that the symmetric positive definite matrix H defines specific inner-product of the Hilbert
space R? and if H = I we do not specify the matrix H for simplicity. As shown in [2], the proximity operator
of a convex function is firmly nonexpansive and is contractive when the function is strongly convex.

We also need the notion of the conjugate function. The conjugate of ¢ € I'g(R?) is the function
¢* € To(RY) defined at y € R? by ¢*(y) = sup{(z,y) — ¢(z) : = € R}. A characterization of the
subdifferential of a function ¢ in I'g(R?) is that for x € dom(p) and y € dom(p*)

(2.3) y € Op(x) if and only if x € dp™(y).

The notion of the indicator function is also required. For a set S C R?, the indicator function on S, at point
x, is defined as

() 0, if x €8,
Ls(X) 1=
400, else.
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Moreover, we denote the smallest cone in R? containing S by cone(S). Then the relative interior of S (see
Definition 6.9 of [2]) is defined as

ri(S) := {x € S : cone(S — x) = span(S — z)}.
For simplicity, let n:=>"" ;n; and A :=[4; Ay ... A]. Then, problem (1.1) can be rewritten as

(2.4) min {Zfz(arl) +io(Az) 2, e R™M 1 € Ns} ,

i=1

where
(2.5) C := {b}.

Now, we are ready to characterize the solutions of model (1.1) with the help of (2.2) and (2.3).

THEOREM 2.1. Let f; € To(R™), A; an m X n; matriz for i € Ny and b € A(ri(dom(>_7_; fi))). If
x = (21,22,...,25) € R™ X R" x ... x R™ s a solution of problem (1.1), then for any 8 > 0 and «; > 0,
1 € Ng, there exists a vector y € R™ such that

(2.6) Tj = ProXes g, (z; — %A;ry), 1 € Ng,
(2.7) Y = proxg, - (y+ 8 Z Aixy).
i=1

Conversely, if there exist § >0, a; > 0 fori € Ny, x:= (x1,x2,...,25) ER™ xR™ X --- xR andy € R™
satisfying equations (2.6) and (2.7), then x is a solution of problem (1.1).

Proof.  We prove this theorem by applying Fermat’s rule that a vector x := (z1,z2,...,2s) € R" x
R™ x --- x R™ is a solution of model (1.1) if and only if the zero vector is in the subdifferential of the
objective function of model (1.1) evaluated at x.

Let  := (21, 22,...,25) € R™ x R" X --- X R be a solution of model (1.1). From Theorem 16.37 of
2], the chain rule of the subdifferential holds due to b € A(ri(dom(>_", f;))). Then by Fermat’s rule we
obtain

(2.8) 0 € dfi(xi) + Al Ove(Ax)

for i € Ng. Thus, there exists y € R™ such that y € dic(Ax) and —Ay € 9f;(z;) for i € Ng. The last
inclusion implies that for any o; > 0, 5 > 0, —%A:y € 9(% fi)(wi). Therefore, equation (2.6) follows
from (2.2). By (2.3), from y € Jic(Ax), we have that Az € 0u5(y). Hence, for any 5 > 0, we obtain that
BAz € 0(5)(y), which by (2.2) is equivalent to equation (2.7).

Conversely, suppose that there exist a; > 0, 8 > 0, y € R™ and x; € R™ for ¢ € N; satisfying the system
of fixed-point equations (2.6) and (2.7). The relation (2.2) ensures that y € dic(Az) and —A]y € Ofi(x;).
Clearly, these inclusions together ensure that the relation (2.8) holds. That is, the zero vector is in the
subdifferential of the objective function at (z1,...,xs). Again, by Fermat’s rule, (z1,...,zs) is a solution of
model (1.1). O

Theorem 2.1 characterizes a solution of problem (1.1) in terms of the system of fixed-point equations
(2.6) and (2.7). Through out this paper, for problem (1.1), we assume that b € A(ri(dom(>";_, fi))) and it
has at least one solution. With these assumptions and by Theorem 2.1, we know that fixed-point equations
(2.6) and (2.7) have at least one solution for any «; > 0, ¢ € Ny and § > 0. This makes it possible for us to
compute a solution of model (1.1) by developing fixed-point iterative schemes.



3. A Two-step Iterative Scheme. We develop in this section a two-step iterative scheme for solving
optimization problem (1.1) by using the system of fixed-point equations (2.6) and (2.7).

We begin with rewriting equations (2.6) and (2.7) in a compact form. To this end, we first introduce
an operator by integrating together the s + 1 proximity operators involved in equations (2.6) and (2.7).
Speciﬁcadlﬂy7 for given f; € To(R™), 1o € To(R™), a; > 0, § > 0, i € Ny, we define the operator T :=
T((L'Z:éi’fs’%"“’&) cR™M X o x R™ X R™ — R™ X -+« x R™ x R™ at a vector v := (z1,...,%s,y) €
R™ x .-« x R™ x R™ as follows:

(3.1) T(v) = (prox%f1 (1), ... ) ProXes g, (@s), proxg,. (y)).

Operator T couples all the proximity operators Proxay f., 1 € Ny and Proxg,s . In the following lemma, we

show that the operator 7 is the proximity operator of a new convex function

(3.2) D(v) := Z filwi) +10(y)

for v:= (21,...,xs,y) with respect to the matrix
: B B 1
3.3 R:=d —1u,. ., —1,,=1n ),

where 14 (resp. 0g4) is a d-dimensional vector with 1 (resp. 0) as its components for any d € N.

LEMMA 3.1. If operator T is defined by (3.1), then T is the prozimity operator of the function ® with
respect to the matriz R, that is, T = proxg g.

Here we omit the proof since one can complete it by referring to Lemma 3.1 of [19]. By Lemma 3.1, we

know that the operator T is firmly non-expansive with respect to the matrix R. Let

(3.4) P = diag <£1m,...,£1ns) .
aq Qg
With the help of the above notation, equations (2.6) and (2.7) can be reformulated in a compact form
(3.5) v=(T o E)(v),
where
I —PtAT
(3.6) E =
BA I

Theorem 2.1 together with equation (3.5) indicates that finding a solution of problem (1.1) essentially
amounts to computing a fixed-point of the operator 7 o . As discussed at the end of Section 2, the operator
T o E has at least one fixed-point. We next focus on developing efficient iterative schemes for finding a fixed-
point of the operator. As shown in [19], the matrix F is not nonexpansive due to the fact that || Elj2 > 1.

k+1 _ 0

Therefore, a simple fixed-point iteration v = (T o E)(v¥) for a given initial guess v°, may not yield a

convergent sequence {v* : k € N}, where N is the set of all natural numbers.

Our idea is to split the expansive matrix F into several terms, as in [19] and in [21]. Here, we split E as
(3.7) E=(E—R 'My)+ R 'M; + R My,
where M; € Rtm)x(ntm) for i —0,1,2 and My = M; + M,. Accordingly, equation (3.5) is equivalent to

v=T((E—R *My)v+ R "M+ R *Myv).



Thus, we propose the following two-step iterative scheme:
(3.8) VR =T ((B — R Mo)oF ! + R Mok + R MovP 1)

We point out here that although iterative scheme (3.8) is an implicit scheme for the whole vector v, it
becomes explicit by choosing My satisfying that E — R~ M is a strictly upper triangular or lower triangular
matrix. Further, we assume that there exists a unique v**! satisfying (3.8) for any v*, v*~1 € R"*™ in the
rest of this paper. We shall choose matrices My, M;, M5 in the next section so that iterative scheme (3.8)
converges.

To close this section, we remark that when My = 0 (in this case, My = M), the two-step iterative

scheme (3.8) reduces to a one-step iterative scheme
(3.9) M =T ((E — R Mo)v* ! + R Moo*) .

Many efficient algorithms can be obtained from (3.9) by specifying the matrix M. The reader is referred to
[19] for details.

4. Convergence Analysis of the Proposed Iterative Scheme. In this section, we study the
convergence of iterative scheme (3.8). By applying the notion of weakly firmly nonexpansive operators
and Condition-M, which were first introduced in [19], we prove that if the matrices My, M7, Ma satisfy
Condition-M, then the sequence {v* : k € N} generated from iterative scheme (3.8) converges to a solution
of equation (3.5). Hence, the sequence {z* : k € N} converges to a solution of model (1.1).

We begin with rewriting iterative scheme (3.8) in an explicit way. To this end, we introduce M :=
{ My, My, Ms}. We also define Ty : R"T™ x RV — R at (ug, ug) € R x R as w = Ty (u1,us)

with w satisfying
(4.1) w=T((E - R "My)w + R™"Myuy + R~ Maus).

The operator T\ is well-defined if the corresponding set M is carefully chosen. Here, the word “well-defined”
means that there exists a unique w € R"*™ satisfying (3.8) for any (u1,us) € R"t™ x R**™. With the help
of M and T, (3.8) can be rewritten as

(4.2) P = T (08, R L),

Now, we recall the notion of weakly firmly nonexpansive operators and Condition-M, which were intro-
duced in [19].

DEFINITION 4.1 (Weakly Firmly Nonexpansive). We say an operator T : R?*? — RY is weakly firmly
nonexpansive with respect to M, if for any (u;, w;, z;) € R x R4 x R? satisfying z; = T (us, w;) fori = 1,2,
there holds

(22 — 21, Mo(22 — 21)) < (22 — 21, M1 (u2 — uy) + Mo(we — wy)).

Next we describe the definition of Condition-M.
DEFINITION 4.2 (Condition-M). We say a set M := { My, M1, Mz} of dx d matrices satisfies Condition-
M, if the following three hypotheses are satisfied:
(i) Mo = My + My,
(i) H := Mo+ My is in S,
fiii) || -3 MyH |5 < 3.



We also need to review a property of weakly firmly nonexpansive operators established in [19].

THEOREM 4.3. Suppose that the operator T : R?? — RY is weakly firmly nonexpansive with respect to
M = { My, My, My} with dom(T) = R?? and the set of fived-points of T is nonempty. Let the sequence
{w* : k € N} be generated by w*™! = T(w*, wk=1) for any given w°,w' € R, If M satisfies Condition-M,
then {w* : k € N} converges. In addition, if T is continuous, then {w" : k € N} converges to a fived-point of
T.

By the above theorem, in order to ensure convergence of iterative scheme (4.2), it suffices to prove T
defined by (4.1) is weakly firmly nonexpansive and continuous. We show it in the next proposition. Before

doing this, we define a skew-symmetric matrix S4 for an m x n matrix A as

0 —AT

4.3 S =
(4 e

Then, E =1+ R~ '5,.

PROPOSITION 4.4. Let f; € To(R™), o; > 0 for i € Ny and 8> 0. Let M := {My, M1, Ms} be a set of
(n+m) x (n 4+ m) matrices and Tpaq be defined by (4.1). If Th is well-defined, then

(i) Tr is weakly firmly nonexpansive with respect to M,

(ii) Taq is continuous.

Proof. We first prove Item (i). It follows from the definition of T that for any (u;, w;, z;) € R"T™ x
R x RMT™ gatisfying z; = T (ug, w;), for i = 1,2, there holds

2z =T((E - R *My)z + R™'Myu; + R~ Mywy).
According to Lemma 3.1, T is firmly nonexpansive with respect to R. Thus, we observe that
llze — 21]|% < (22 — 21, (RE — M) (22 — 21) + My (ug — u1) + Ma(wa — wy)).
Since RE = R+ S4 and S4 is skew-symmetric, we have
(29 — 21, Mo(22 — 21)) < (22 — 21, M1 (ug — uy) + Ma(wy — wy)).

From Definition 4.1, we get Item (i).

We next prove Item (ii). From the definition of T\, for any sequence {(u*,w*, zF) € R"+m x R+™ x
R™™ : k € N} satisfying 2% = T (u¥, w¥) and converging to (u,w, z), we have that z¥ = T((E — My)z* +
R™!Mju¥+ R~ Mayw"). This with the continuity of 7 implies that z = 7 ((E — Mg)z+ R~ Mju+ R~ Maw).
Thus, z = T (u,w), proving Item (ii). O

We are now ready to prove convergence of the sequence generated from iterative scheme (3.8).

THEOREM 4.5. Let f; € To(R™), a; > 0 fori € Ny and 8 > 0. Let T and E be defined as (3.1) and
(3.6) respectively, M := { Mo, M1, Mz} be a set of (n+m) x (n+ m) matrices and Thy be defined by (4.1).
Let {v* : k € N} be generated by (3.8) for given points v°,vy. Suppose that Ty is well-defined. If M satisfies
Condition-M, then the sequence {v* : k € N} converges to a fized-point of T o E, and {z* : k € N} converges
to a solution of problem (1.1).

Proof. By the definition of Ty, operators Ty and T o E share the same set of fixed-points. By Propo-
sition 4.4, the operator T is weakly firmly non-expansive with respect to M and continuous. Therefore,
Theorem 4.3 ensures that the sequence {v* : k € N} converges to a fixed-point of T. By Proposition 2.1,
the sequence {z* : k € N} converges to a solution of problem (1.1). O

Theorem 4.5 shows that convergence of iterative scheme (3.8) relies completely on whether the matrices
set M used in scheme (3.8) satisfies Condition-M. We will develop in Section 6 specific convergent algorithms
by generating sets of { My, M1, M2} satisfying Condition-M.



5. Convergence Rate of the Proposed Two-step Iterative Scheme. In this section, we study the
convergence rate of the proposed fixed-point iterative scheme (3.8). We show that the proposed algorithm
1

has O(1) convergence rate in the ergodic sense and the sense of the partial primal-dual gap.

5.1. Ergodic O(%) Rate. We first study the convergence rate of the proposed algorithm (3.8) in the
ergodic sense. We prove in this subsection that the proposed iterative scheme (3.8) has O(4) convergence
in the ergodic sense. To this end, we first review a lemma presented in [31].

LEMMA 5.1. If a sequence {a* : k € N} satisfies: a* >0 and 3% a’ < +o0, then

(i) § im0’ = 0(3),

(it) minj<{a’} = o(%).

The main results of this subsection are presented in the next theorem.

THEOREM 5.2. Let f; € To(R™) and A; an m x n; matriz for i € Ng. Let a; > 0 for i € Ng and 8 > 0.
Let T and E be defined as (3.1) and (3.6) respectively. Let the sequence {v* : k € N} be generated from (3.8)
for any given v°, vt € R*"™. Suppose that Ty is well-defined. If M satisfies Condition-M, then

(i) the sequence {v* : k € N} has O(3) convergence in the ergodic sense, that is

k
1 : : 1
(5.1) =7 I = vllg = 0(3),
i=1
1 e running minimal of progress, min; 0?3, Ly convergence.
(i) th ing minimal of ini<p{[Jv"*" = ||}, has o)

Proof. By Lemma 5.1, we only need to prove
400 ) )
(5.2) > ot =03 < +oo.
i=1

By the definition of Ty, the sequence {v* : k € N} generated from (3.8) can also be generated by

0

(4.2) for the same given v°, v!. Since T is weakly firmly nonexpansive with respect to M and M satisfies

Condition-M, by Lemma 4.4 of [19], we have for any k > 3 that
. 1 SR
(5:3) e 17 < 21?17 + 23 [Ir[17 — 2(e?, Mar®) = (5 = 2| M][3) oI,
i=2

where e! := v — v for v a fixed-point of Ty, r' := v* —vi~! and M := H-Y/2M,H~1/2. By (iil) of Condition-
M, we have & — 2||M||3 > 0. Then (5.2) is obtained immediately from (5.3) and the fact that H € S}
d

5.2. Partial Primal-dual Gap O(%) Convergence Rate . In this subsection, we study the conver-
gence rate of the proposed iterative algorithm (3.8) in the sense of the partial primal-dual gap. We prove
that iterative scheme (3.8) has O(4) convergence rate in the sense of the partial primal-dual gap.

We first introduce the notion of the partial primal-dual gap for convex problem (1.1). To this end, we

review the primal-dual formulation of problem (1.1), that is
(5.4) min{max{z fi(zi) —o(y) + (Az,y)y cy e R™} r oy € R™ 4 € Ny}
i=1
One can refer to [2] for more details. For two bounded sets B; C R™ and By C R™, the partial primal-dual
gap for problem (1.1) at point v := (21,...,2s,y) € R" X -+ x R x R™ is defined as

OB, xB,(v) = max{330_, fi(z:) —5(y) + (Az,y) 1y € B}

(5:5) —min{ S50 i) — ii(y) + (Aa',y) 2’ € Bi}



We refer to [5] for more details on the partial primal-dual gap.

In order to analyze the convergence rate of iterative scheme (3.8), we define G : R"*™ x R"*™ — R by
(5.6) G(v,v") == ®(v) — (V') + (v, Sav),

where @ and Sa are defined as (3.2) and (4.3) respectively. For (v,v') € R"t™ x R"™™  where v/ :=
(xh,...,2l,y) ER™ X -+« x R"™ x R™ and v := (71, ...,%s,y) € R" X --- x R™ x R™, one can check that
(5.6) is equivalent to

Gu,0') =Y filw:) = o) + (Az,y) — (Z filay) =16 (y) + (Az', y)).

i=1

Therefore, in order to analyze the partial primal-dual gap at point v := (z,y) € R® x R™, we only need to
estimate the upper bound of G(v,v") for v € By x By. The next lemma presents an important estimation
of G(v**+1 v) for any v € R*+™,

LEMMA 5.3. Let f; € To(R™), A; an m x n; matriz, o; > 0 for i € Ng and § > 0. Let T and E be
defined as (3.1) and (3.6) respectively, M := {My, My, Mz} be a set of (n+ m) x (n + m) matrices. Let
{vk = (2F y*) e R® x R™ : k € N} be generated from iterative scheme (3.8). For all v € R"*™ there holds

(5.7) G(* v) < (Myo* + Movh=1 — MooF+t ok + — o).

Proof. From iterative scheme (3.8), Lemma 3.1 and (2.2), we have
R(E — R™'My — Do 4 Myo* + Mao*™1 € 9d (k).
Due to E = I + R™'S4, we obtain that
—MovFtt 4+ MywP + MyvP =1 + S0ftt e (’M)(UkH).
By the definition of subdifferential and the convexity of ®, we have for any v € R**™ that
O (P 4+ (MyoP + MovF ™t — Moo+ v — oF 1) (v — 0P Sa0h Tty < @ (v).
Since S4 is skew-symmetric, the above inequality is equivalent to
O(vFY) + (v, S0Pt — ®(v) < (MyvF + MpvP=1 — MowF 1 o1 — ).

Then, we obtain (5.7) immediately by the definition of G. O
K+1  k
We next study the partial primal-dual gap at vx = k:T"'U
LEMMA 5.4. Let {v* : k € N} be generated from iterative scheme (3.8). Under the same assumptions of

Lemma 5.3, if M satisfies Condition-M, then for all v € R"™™ there holds

2ot —vllf + 3llvt — Ol

(5.8) G(vk,v) < I )
K41 ’L}k
where H := My + Mz and v = =E2—

Proof. For simplicity, we define for k € N, ¥ := v* — v, 7% := v* — v*¥~1. By Lemma 5.3 and Item (i) of
Condition-M, we have

G v) < (MyeF 4 Maeb™1 by — (Myektt ef 1),
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Using H := My + M> and My = M + M>, the above inequality implies that
(5.9) G v) < Dy + Dy,

where Dy := —|| 1|2, + (k1 HeF) and Dy := (eF+1, Maebtt — 2MaeF + MaeF~1). By the relationship
Pkt = et — ek and (a, Hb) = 3 (||al|3; + |||} — @ — b]|3;) for a,b € R™™™, we obtain that

(5.10) Dy = 5 (=lle" M g+ lle™I5 = 17 15

N =

We also have
D2 — <€k+1,MQ(Tk+1 o Tk)>
(5.11) = (ML Mor*+y — (bF L Mor®y — (k| Mork),

where the first equahty is obtained by the relationship 7* = e* — ¢¥~1 and the second equality holds due to

ehtl = phtl ek Tet M := (H')Y2My(H')'/2. Then it follows that for any a > 0,

512 k+1 M < k+1 ||MH% k12
(5.12) 41 2y < 2t 3 4 LR g,

Thus, by (5.9), (5.10), (5.11) and (5.12), we have

1 1 12
G ) < 5(—Ile’“*1|\?{ + [le*17) - gl—a—"—"== 2)||lr %
HMH% k+112 k2 k+1 k+1 k k
(5.13) = (= T A+ P 5r) + (e Mar™ ) — (e, Mar™).

2a
Summing inequality (5.13) from k = 1 to k = K, we have

K41
G(v kt1 <l_ K412 102 —ll— HM”% k2
Z < Sl e +llells) — 5 —a - Z (57
1M]]3 K412 12 K+1 K+1 1 1
(5.14) o (Sl + i) + (e Mar™ ™) — (e, Mar).

By applying
k k M3, kg2
< =
(e, Mar®)| < Sle I + 15 Lt

for k= K+ 1 and k =1 to the last two terms of (5.14), we obtain that

1
ZG H10) < S (== )l F + (1 + a)le!IF)
1 |MH2 (e 1213
(5.15) —5(1—a—"=—2) Z 1%+ =2

Setting a = 1, it follows that 1 —a — % > 0 due to (iii) of Condition-M. This together with (5.15) yields

K
1 alle! |7

1)|2
il k+1 ) < H 5”7" |
(5.16) E G(v <

Since G(-,v) is convex, we conclude that G(vg,v) < % Zszl G(v**1 v), which together with inequality
(5.16) implies (5.8). O
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Now, we are ready to present the partial primal-gap convergence rate of the proposed algorithm (3.8) in
the next theorem.

THEOREM 5.5. Let {v* : k € N} be generated from iterative scheme (3.8). Under the same assumptions
of Lemma 5.3, if M satisfies Condition-M, then iterative scheme (3.8) has O(%) convergence rate in the
partial primal-dual gap sense, that is

1
OB, xB,(UK) = O(f)’
where B1 CR"™ and By C R™ are bounded and vy := % ?:21 LS

Proof. This is a direct consequence of Lemma 5.4 and the boundedness of sets B; and Bs. O

6. Specific Algorithms. In this section, we derive several specific two-step algorithms from the itera-
tive scheme (3.8) by choosing specific sets of (n +m) x (n +m) matrices M := { My, My, My} which satisfy
Condition-M.

6.1. First-order primal-dual Algorithms. In this subsection, we design a class of explicit one-step
algorithms, which only utilize the vectors of the current step to update the vectors of the next step. In such
case, My = 0 and Condition-M reduces to My = M; and M, € S’frm.

We begin with constructing M. If the matrix E — R™'Mj is strictly upper or lower triangular, then
the resulting algorithms will be explicit. By (3.6), My = M can be chosen as Z; or Zs with

7 P AT g _|P AT
1= 1 s L2 = 1 s
—A 51 A 31

where P is defined by (3.4). By simple calculations, one can obtain that ¢} (-) = (-, b) and thus proxg,: (y) =
y — Bb for y € R™. Then, iterative scheme (3.8) with respect to Z; and Zs become, respectively,

k+1 E_oai AT, kY

x; T =proxes , (zf — FA y"¥), €Ny,
(6.1) LT B V)

yk+1 = yk + 6(21:1 Ai(2xi+ - xf) - b)7
and

k41l _ ok s k

= + . Ale —b),

62) y y*+ B )

it = proxs g (af — AT (291~ y), i€ N,

We note that, algorithms (6.1) and (6.2) are actually special cases of the one-step first-order primal-dual
algorithm [5, 12, 19], which solves the following optimization problem

(6.3) min{ f(z) + g(Az) : z € R"}

with f € To(R"™), g € To(R™) and A an m x n matrix. Here, if we set z := (21,...,25), g ;== tc and f : R™ x
-+ x R™ — R defined at z as f(z) := >_7_, fi(x;), then problem (6.3) is exactly the optimization problem
(1.1). Clearly, algorithms (6.1) and (6.2) are special cases of the one-step first-order primal-dual algorithm
[5, 19] by the fact that prox; p(z) = (prox%f1 (1), .. ) ProXes g, (x5)). The corresponding convergence
results are presented in the following theorem.

THEOREM 6.1. Let f; € T'o(R™), A; an m X n; matriz, o; > 0 for i € Ny and f > 0. Let the
sequence {(x%,... 2% y*) 1 k € N} generated from (6.1) or (6.2) for any (29,...,2%,94°) € R* x R™. If
|AQ|l2 < 1, where @ = diag(\/arly,,...,/as1,,), then {(zf,... 2% y*) : k € N} converges and the
sequence {z* : k € N} converges to a solution of problem (1.1).
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We omit the proof since it can be obtained immediately by applying Lemma 6.2 in [19] and Theorem
4.5.

To close this subsection, we remark that both algorithms (6.1) and (6.2) do not take advantage of the
E+1
J

. We dedicate the next two subsections to developing new algorithms which make

separability of function f and vector x. More precisely, the information of x forj =1,...,2—11is not

k+1

9

used when we update x

use of the block-wise Gauss-Seidel technique to update blocks z1, ..., x2,y.

6.2. Convergent Implicit Two-step Proximity Algorithms. In this subsection, we propose a two-
step implicit fixed-point proximity algorithm from iterative scheme (3.8). We begin with constructing the
set of matrices M := { My, My, M2} by setting

(L1 —BA[A, —BATA; ... —BATA, 0]
0 L1 —BAJAs ... —BAJA, 0
0 0 L ... —BAJA, 0O
(6.4) My = ° _ ;
0 L1 0
1
| 0 0 0 0 1]
(L1 —28ATA; —2BA[As ... —2BATA, 0]
0 21 —28AJAs ... —2BAJA, 0O
0 0 L .. —28A7A, 0
(6.5) M := ? , :
0 0 0 L1 0
1
I 0 1]
[0 pATA, BATAs ... BATA, 0]
0 0  BAJAs ... BAJA, 0
0 0 0 ... BATA, 0O
(6.6) My =
0 0 0 0 0
|0 0 0 0 0 |

With this choice of matrices Mo, M1, Ma, noting that proxg,. (y) =y — Bb, iterative scheme (3.8) leads to

S
yk-l-l _ yk + B(Z Aix;ﬂ-ﬁ-l N b)
i=1
We then replace y**! by y* + B(3°7_, A2t ™ — b) as we update 2¥* for i € Ny in iterative scheme (3.8),

we obtain that

6.7) :v?'H = proxz; (:Ef - ajA;r( 5:1 Ayt 4 Zf:jH Ai(2aF — 2"y —b) — %A;yk),j € Ny,
Y =k 4+ B At = b).

We point out the connections of the proposed algorithm (6.7) with the proximal ADMM (PADMM). To

this end, we introduce the augmented Lagrangian function for (1.1)

S ﬁ S S
(68) ﬁ(l‘l, e ,l‘s,y) = Z fi(xi) + 5” ZAVTZ - b”g + <y, Z Az — b>
i=1 i=1 1=1
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The PADMM for (1.1) reads as

R
(6.9) J e
Yt =gk + BT AT —b).

k+1 k+1
1

= argmin{L(x ,...,:Cj_l,xj,xé?ﬂ,...,x’;,yk) + %Hx] —$§||% rx; € R}, j € N,

On the other hand, by the definition of proximity operator (2.1), the proposed algorithm (6.7) can be
equivalently rewritten as

k41
L

(6.10)  §y*tt =gk +BOCI, A - b),

Skl _ o k1 ko
;T =2z — =z, j €N,

k+1 k+1
1

= argmin{L(z ,...,:cj_l,a:j,jé?_,_l,...,:f?f,yk) + %H% —x?H% cxj € R}, j € N,

We can observe that our proposed algorithm (6.7) reduces to the PADMM if we set i?“ = x?“ for j € Ny
in (6.10). As shown in [8], convergence of ADMM directly applied to problem (1.1) with s > 3 is not
guaranteed. Also, it was shown in [18] that PADMM may not converge unless extra assumptions on f; for
i € Ny are added. However, algorithm (6.10) is ensured to converge without extra assumptions on f; for
i € Ng. We next establish the convergence result of algorithm (6.7).

PROPOSITION 6.2. Let Mo, My, My be defined as (6.4), (6.5) and (6.6). Let My := %Mg. If

1
(6.11) 0<a;<———, forieNy and 5 >0,
2|| Ma|l
then the set { Moy, My, Mz} satisfies Condition-M.
Proof. Clearly, we see that My = M+ Mo, that is, Item (i) of Condition-M holds. Define H := Mo+ M.
Then H = diag(o%lm, e aﬁlns, 1/51,,) is diagonal and symmetric. Item (ii) of Condition-M is trivial due

to a; > 0 for i € Ng and 8 > 0. We then prove the validity of Item (iii) of Condition-M. Since the last m

columns and rows of My are all zeros, we have that
|H Y2 My H 2y = | H Y2 M H 2],

where H := diag(o%lm, ...,21,.,0,,). By using hypothesis (6.11), we find that

g T s

~ ~ —~ 1
| H Y2 MyH 12 ||y < max{a; : i € Ng}||Mal2 < 3

which leads to Item (iii) of Condition-M. O

The convergence results of algorithm (6.7) is presented below.

THEOREM 6.3. Let f; € To(R™), A; an m X n; matriz, a; > 0 for i € Ng and 8 > 0. Let the sequence
{(z*,9%) : k € N} be generated from the algorithm (6.10) for any (z°,¢°), (z',y*) € R™ x R™. Let My be
defined as (6.6) and M, = %Mg. If the condition (6.11) is satisfied, then the sequence {x* : k € N} converges
to a solution of problem (1.1).

Proof. By Proposition 6.2 and Theorem 4.5, it suffices to prove Ta is well-defined when My, M7, M>
are defined by (6.4), (6.5) and (6.6). In this case, if w = Ta(u,v), where w = (w1,...,ws,wy),u :=
(Ut Us, Uy), 0 = (V1,...,0s,0y) € R™ x - x R™ X R™, then w, = u, + ijl Ajw; and each w; for

1 € Ng can be calculated by

||$i —ul||§ X € Rnl}

i—1 s
. B B
w; = argmin{ f;(x;) + 5” ; Ajw;j+ Ax; +j§1 Aj(2u;—vj) — bH% + (uy, A + S,

Since the objective function of the above optimization problem is strongly convex, T is well-defined. O
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To end this subsection, we point out that compared with algorithms (6.1) and (6.2), algorithm (6.7) takes
advantage of the separable structure of variable x and applies the block-wise Gauss-Seidel technique to blocks
Z1,...,%s,y. We also note that solving the subproblems involved in (6.7) may require inner iterations. In
practice, it will affect the computational efficiency of the algorithm (6.7). In the next subsection, we develop
an explicit two-step algorithm. As long as the proximity operators of f; for i € N have closed form solutions,

the algorithm can be implemented efficiently.

6.3. Convergent Explicit Two-step Proximity Algorithms. In this subsection, we propose a class
of explicit algorithms, which apply the block-wise Gauss-Seidel technique to blocks x1, ..., zs,y.
We begin with specifying the set of matrices M. We set

[L1-BATA;  —BAJ A, —BATAs ...  —BATA, 0
0 L1-BAJA;  —BAJAs ... —BAJ A, 0
0 0 L1-BAJA; ...  —BAJA, 0
(6.12) My = ° , :
0 0 0 .o ZI-pAlA. 0
1
I 0 0 0 0 1)
[L1-BATA;  —2BA] A, —2BAT A3 ...  —2BAl A, 0]
0 LI1-BAJA,  —2BAJAs ... —2BAJA, 0
0 0 L1 -pAJAs ... —2BAT A, 0
(6.13) M, = ’ , :
0 0 0 . Zr-pAlA; 0
i 0 0 0 0 51

and let Mz be defined as in (6.6). We can obtain an implicit algorithm by directly substituting (6.12), (6.13)
and (6.6) into the iterative scheme (3.8). As the same as the algorithm (6.7), it implies

yk-l-l _ yk + B(Z Aix§+1 N b)
=1

As in subsection 6.2, we replace y**! by y* + B(327_, Azt — b) when we update 2¥! for i € N,. This
leads to the following explicit algorithm

k41 _ k T(S—1 g4 k1 k
zy T = proxe o (xF —aj A (Qoio) Ay ™ + Ajai+

(6.14) (2SFPPA) S Ai2ef — a2t —b) = HATYE), G EeN,,
Y = R+ BT, At — D).

We point out here the relationship between the proposed algorithm (6.14) and the LADMM. To this end,
we first review the exact extension of LADMM to problem (1.1). For j € Ny, let J; : R™ x--- xR" xR™ —
R™ defined, at (z1,x2,...,Zs,Y), as J;(x1,...,2s,Yy) := B(A;»r Soi_  Aixi —b) + A;'—y. The direct extension
of LADMM to the multi-block problem is as follows

gt = arg min{ f;(x;) + (Jj(xlerl, . .,x?fll,:zrf, . .,x’;,yk),xj - xf}

J
(6.15) —i—%ﬂ_”xj —zk||3:z; e R}, jeN,,

Y = R+ B0 AT = D).



15

Using the above notations and the definition of proximity operators (2.1), the algorithm (6.14) can be

rewritten in its equivalent form

x?Jrl argmin{ f;(x;) + (Jj(xlerl, e ,:c?fll, x?,iéﬂ_’_l, . ,i’;,yk),xj — xf}

+o0-||z; — ak[|3 s z; € R™},j €N,

YR = R+ BT At ),
ijrl — 2Ik+1 _ .Ik.

(6.16)

Obviously, our proposed algorithm (6.14) reduces to the LADMM if we set #5T! = z¥*1 in (6.16). As
mentioned in [16], the direct extension of LADMM to the multi-block problem (1.1) is not necessarily
convergent. Nevertheless, the convergence of the proposed algorithm (6.14) is guaranteed. Next we present

the convergence results of the algorithm (6.14).
PROPOSITION 6.4. Let My, My and My be defined as in (6.12), (6.13) and (6.6). Let My := %Mg. If

1

(6.17) 4 <
| Aill5 + 2| M2

fori € Ny and (>0,
then the set { Moy, My, Mz} satisfies Condition-M.

Proof. Tt is clear that Item (i) of Condition-M is satisfied. Define H := My + Ms. Then H = diag(o%l -
BAT Ay, ..., O%I — BA] As,1/BI) is symmetric. In light of (6.17), we have that H € S’7"™. Hence, Item (ii)
of Condition-M holds. We next show Item (iii) of Condition-M. Similar to the proof of Proposition 6.2,

|H V2 Mo H V2| = || H VM H V2,

where H := diag(o%l — BAT Ay, ..., O%I — BAT A, 0). Hypothesis (6.17) leads to
=12y F—1/2 1 , v 1
||H MoH Hggmax T a2 11 € Ny HM2||2 < —.
o — Al 2

This completes the proof. O

The following theorem regards the convergence of algorithm (6.14).

THEOREM 6.5. Let f; € To(R™), A; an m X n; matriz, a; > 0 for i € Ng and 8 > 0. Let the sequence
{(z*,9%) : k € N} be generated from algorithm (6.14) for any (z°,4°), (x!,y') € R® x R™. Let My be defined
as (6.6) and M, = %Mz. If condition (6.17) is satisfied, then the sequence {z* : k € N} converges to a
solution of problem (1.1).

Proof. By Theorem 4.5 and Proposition 6.4, we only need to prove Tz is well-defined. In this case,
from algorithm (6.14), it is obvious that Ts can be computed explicitly. Therefore T, is well-defined. O

To close this subsection, we remark that when the proximity operators of f; for i € N have closed form
solutions, the two-step algorithm (6.14) may be more efficient than the two-step algorithm (6.7). This is
because the two-step algorithm (6.7) may require inner iterations to solve the subproblems involved, while

each step of algorithm (6.14) can be implemented efficiently by making use of the closed form.

6.4. Variants of algorithms (6.7) and (6.14). There is a wide variety of the choices of { Mg, M7, M2}
satisfying condition-M, including those of algorithms (6.7) and (6.14). In this subsection, we present other
choices of {My, My, Ms} satisfying condition-M. With these choices the two step iterative scheme (3.8)
reduces to a class of new algorithms, which can be viewed as variants of algorithms (6.7) and (6.14).

Modifications of diagonal blocks: The diagonal blocks of M; and My can be chosen in other ways.

We only present two examples in the following. For instance, the diagonal entries of M; in (6.5) can be
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chosen as ((6 + 1)0%1,11, 0+ 1)0%1713, %1,”) with 6 € [0,1) and correspondingly, the diagonal entries of
M> in (6.6) should be (—90%1,,1, ce —90%1713,07”). With such a choice of { My, My, M}, iterative scheme
(3.8) reduces to a variant of algorithm (6.7)
:c;?“ = proxe (zf + 02 — :v?_l) — ;A ( 521 Az !
+ i A2 — Fh) —b) — %A;yk),j € N,
g =yl BT A - D).

As a second example, the diagonal blocks of M; in (6.13) can be chosen as (aﬁll —2BAT A4, ..., O%I —

2B8A1 A, %I) Accordingly, the diagonal blocks of Ms in (6.6) should be (A Ay,..., Al Ay, 0) to make
My = M; + Ms. These matrices leads to a variant of algorithm (6.14)

k+1 j—1 k+1
ijr = prox%fj (.CL'éC — ajA;»r (Zgzl AixiJF
+Zf:j A;(2zF — a1y —b) — %A;yk), j € N,

K2

Y = R+ BT AT —b).

Modifications of nondiagonal blocks: We change the (i,7)-th block of My (defined by (6.4) or
(6.12)) for i > j from 0 to §BA A; and keep other blocks of My unchanged. In order to make My + Mo
symmetric, the matrix Ms should be chosen as 6 4+ 1 multiplying the original matrix Ms defined in (6.6).
Accordingly, the matrix M; can be determined by M; = My — M. Then we can derive the following two

algorithms from iterative scheme (3.8)

oyt = proxa, . (ak — oy AT (SIZ) Ai(af T+ 0T — b)) + Agal T
B
(6.18) + Y A2+ 0)ak — (0 +D)al ) —b) — LAY, jEN,,
M=k B0 AT - D),

J
(6.19) + 3 A2+ O)af — a7 —b) = FATY), jEN,,
Y = R+ B0 At D).

ZE = proxe; o (xé“ — ajA;»r (Zf;ll A (2P 40T — b)) + ijf

Hybrids of both algorithms: Both algorithms (6.7) and (6.14) share the same matrix M. Matrices
My for algorithms (6.7) and (6.14) are almost the same except the diagonal blocks. Let S; C N; and
Sa = N\S7. Suppose the subproblems of (6.10) for xf“, i € S can be solved efficiently. We also assume
inner iterations are required to solve the subproblems of (6.10) for xf“, i € So. We set the i-th diagonal
block of My to be O%I for i € S1 and to be O%I - BA;FAl- for i € S3. The nondiagonal blocks of M, are
chosen to be the same as in (6.4) and (6.12). We further choose the matrix M as in (6.6). Accordingly, the

matrix M; is determined by M7 = My — M. Then we obtain the following hybrid algorithm

:v;?Jrl = proxe (xé“ — ajA;»r( {:1 Awf“

30 Aiaf — 2T —b) = HATYR), if j e S,
:v;?-kl = proxy (gc;c - ajAjT( f;ll Aixiﬁ-l + ijf—i—

S A2l — a2l —b) = AT YF), if j € S,
Y = yF 4+ B0 AT = D).
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We point out here that convergence of the above algorithms is guaranteed. One can obtain the conver-
gence results by verifying that the corresponding set of matrices M := { My, My, My} satisfies Condition-M
and Ty is well-defined. We omit the details here since the proofs are similar to those of algorithms (6.7)
and (6.14).

7. Numerical Experiments. In this section, we demonstrate the efficiency of the proposed two-step
fixed-point proximity algorithms by applying 2SFPPA to the sparse Magnetic Resonance Imaging (MRI)
reconstruction problem [23]. We shall compare the performances of the proposed 2SFPPA with those of
other LADMM-type algorithms.

7.1. Sparse MRI problem. For convenience of exposition, we assume that an image considered has
a size of dy x dy. The image is treated as a vector in R%12 in such a way its (i, j)-th pixel corresponds to the
(i + (j — 1)d2)-th component of the vector in R%92. We set d := didz. Let K € RP*? (p < d) be a partial
Fourier transform matrix and b € R? represent the observed data. Then the general form of the sparse MRI

reconstruction model can be written as
min{F(u) : u € RY, Ku = b},

where F(-) : R — R is a sparse-promoting function. It is well-known that superior image reconstruction
can be obtained when F'(-) is chosen to be the hybrid of total variation and the ¢1-norm of the Haar wavelet
transform. Denote the Haar wavelet transform matrix by W € R%*? and define the ¢ x ¢ diagonal matrix
A :=diag(M1, ..., Ag) with A; > 0,7 € N,. We turn to considering the following specific sparse MRI problem

(7.1) min{p||ullrv + |[AWul|; : v € RY, Ku = b},

where i > 0 trades the total variation with sparsity of the wavelet coefficients Wu.
In order to apply the proposed algorithms, we need to reformulate problem (7.1). First, we rewrite

[l lrv to a function composed with a linear mapping. To this end, we recall the r x r difference matrix D,
by

(7.2) D, =

Through the matrix Kronecker product ®, we define the 2d x d matrix B by

Ia, ® Dq,

(7.3) B:=
Dg, ® 14,

Moreover, we define function 1 : R2¢ — R at y € R?? as

d

(7.4) V() =Y [y varid |, -

i=1

With the definition of matrix B (7.3) and the convex function v (7.4), the (isotropic) total variation of an

image x can be represented by

(7.5) lz||tv = ¥ (Bx).
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Moreover, we define ¢ : R? — R at y € R as ¢(y) := ||Ay||1. Then with help of the formula (7.5), function

¢ and the indicator function ¢y, problem (7.1) can be equivalently reformulated as

(7.6) min{up(Bu) + o(Wu) + ¢y (Ku) : u € R%}.

Recall the dual problem of (7.6) has a form of

(7.7) min{ (p1p)"(21) + " (22) + 1]y (23) - B'ai+ W ao+ K'zs =0,21 € R 25 € RY, 23 € RP).

By the definition of the Fenchel conjugate function, one can easily check that the Fenchel conjugate functions
in (7.7) have the form

()" =15y, " =ts,, and ([ () = (b, ),
where the sets S; C R%? and Sy C R? are defined as
St = {ll[yi> yarilll2 < p, Vi € Ng : y € R*}
and
Sz = {ly;| < A;,Vj € Ng:y e R}
Therefore, we obtain the following minimization problem
(7.8) min{cs, (z1) + ts,(x2) + (b,x3) : BTay + W' ay + K 23 = 0,21 € R?? 25 € RY, 23 € RP}.

Obviously, problem (7.8) is a special case of the multi-block problem (1.1) with the block number s = 3. Thus
we can directly apply 2SFPPA to solving problem (7.8). In particular, all the proximity operators of the
convex functions involved in (7.8) have closed forms. More precisely, the proximity operators prox g, and
proxez - are exactly the projection operator onto the sets S; and Ss respectively. The proximity operator

B

Proxas () is just the shift operator. We describe the 2SFPPA for the sparse MRI model in Algorithm 1.

Algorithm 1 (2SFPPA for the sparse MRI)
1: Given: observed data b in RP; > 0, A > 0, ay,9,a3 > 0 and 5 > 0
2: Initialization: 29 = Kb, 29 = xgl =0, 29 = a:;l =0,y0=0.

3: repeat
k . k— k—
4 Step 1: 27" «— Projg, (z§ — a1 B(BT 2k + W' (225 — 25 ) + KT (225 —2§7") + 59",

Step 2: 251! «— Projg, (a5 — axW (B 2™ + WTak + KT (22 — 257 1) + SyF)),

Step 3: ah ™! «— 2k — a3 K(BT 28 - WTah™ + KTak + %y’f) — 22,

10: Step 4: y*t1 «— ¥ + BB 2T 4 Wbt 4 K Takth).
11: until “convergence”
12: Write the output of —y* from the above loop as u.

7.2. Numerical results. In this subsection, we shall compare numerical results of the proposed 2SF-
PPA with those of the Jacobi-type LADMM (JADMM) (6.2), the LADMM and LADMM with Gaussian
back substitution (LADMMG) for the sparse MRI problem. All the experiments are conducted in Matlab
7.6 (R2008a) installed on a laptop with Intel Core i5 CPU at 2.5GHz, 8G RAM running Windows 7.
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(a)

Fi1G. 1. (a) Shepp-Logan phantom (b) Sample pattern.

In the experiment, we select the 256 x 256 “Shepp-Logan” phantom as the test image, see Fig.1 (a). The
observed data b is obtained by sampling the discrete Fourier transform of the phantom along 17 pseudo-radial
lines, as shown in Fig.1 (b). The Haar wavelet transform W € RP*? is chosen to be non-decimated and thus
we have that p = 4d. We assume that the upper d x d sub-matrix of W is formed by the low-pass filter while
the remaining 3d x d sub-matrix is formed by the high-pass filters. Accordingly, we set the diagonal entries

of the diagonal matrix A as follows

0, 7€ Ng,

=
%, 1€ Np\Nd.

We further take the regularization parameters p = 3 throughout the test. We measure the computational
efficiency of the compared algorithms by two criteria. One criterion is the relative error between values of
the objective function at each iteration and the optimal function value of problem (7.6). We remark that
the indicator function ¢, is involved in the objective function and the iterates u® = —y* may not always

satisfy Ku”* = b. Therefore, for fair numerical comparisons we compute the following relative error
k. k k * *
er = (F(u”) + 7||Ku” = b||a — F*)/F*,

where 7 > 0 is a penalty parameter and F* denotes the optimal function value. In practice, we set 7 = 1000
and run the LADMM for 5000 iterations to obtain an approximation of F*. The other one is that the relative
error between two successive iterates

E_ok—1
o =yl

i :
lly* 12
The quality of the reconstructed image is evaluated in terms of the peak signal-to-noise ratio (PSNR) defined
by
255v/d

PSNR = 1010g10 M

(dB),

where u* is the original image vector and u° is the recovered image vector.
For the JLADMM, we set

1
(7.9) (11:(12:(13:§and/3’:1.

For the LADMMG, LADMM, and 2SFPPA, we set

1 0.999999 0.999999
(7.10) ap=-—,0g = ————, a3 = ————, and f = 1.
8 w3 K113
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TABLE 1
Performance comparison for the sparse MRI. For a given error tolerance €, the first column in the bracket represents the
first iteration number k such that E’f < €, the second column and the third column in the bracket show the corresponding PSNR
and CPU time.

e=10"1 e=10"° e=10"9
JLADMM (3410, 65.68, 178.79) (= = ) (= = —)
LADMMG (1237, 63.71, 119.59) (3667, 69.43, 363.04) (=, — —)

LADMM (1140, 63.63, 64.46) (3452, 69.29, 201.41) (4778, 70.88, 279.21)
2SFPPA (1026, 63.61, 60.12) (3175, 69.18, 184.92) (4455, 70.78, 259.99)

TABLE 2
Performance comparison for the sparse MRI. For a given error tolerance €, the first column in the bracket represents the
first iteration number k such that 512“ < €, the second column and the third column in the bracket show the corresponding PSNR
and CPU time.

e=5x10"° e=5x10"6 e=5x10"7
JLADMM (646, 55.15, 33.15) (1388, 59.97, 71.79) (3416, 65.69, 179.15)
LADMMG (473, 57.68, 46.57) (928, 62.05, 89.70) (2451, 67.37, 242.11)
LADMM (468, 58.18, 26.76) (920, 62.44, 51.77) (2366, 67.42, 137.29)
2SFPPA (438, 58.26, 26.22) (909, 62.98, 53.50) (2305, 67.66, 133.94)

Besides, as suggested in [16], the parameter 6 involved in LADMMG is set to be 1. With such choice of
parameters, all the four algorithms achieve their best performance in terms of the convergence speed.

Table 1 and Table 2 summarize the numbers of iteration, PSNR values and CPU times when the three
algorithms achieve the given accuracy. We observe that the proposed 2SFPPA performs slightly better than
LADMM and much better than JLADMM and LADMMG in terms of computational time. The LADMMG
costs much more CPU time than LADMM and 2SFPPA due to the Gaussian back substitution step which
ensures convergence of the algorithm. The evolution of the objective function values and PSNR values with
respect to the CPU time and the number of iterations are shown in Fig.2. The sequence of function values
from 2SFPPA decreases faster to the minimum value than that from JLADMM and LADMMG. Similarly,
the sequence of PSNR values from 2SFPPA grows faster to the maximum value than that from JLADMM
and LADMMG. Overall, we conclude that 2SFPPA performs as efficiently as LADMM and much better
than JLADMM and LADMMG.

8. Conclusions. In this paper, we study the multi-block separable convex problem, which minimizes
the sum of several convex functions with linear constraints. We develop a two-step fixed-point iterative
scheme for solving the problem. We prove that the iterative scheme is convergent and has the convergence
rate of O(%) in the ergodic sense and the sense of the partial primal-dual gap, where k denotes the iteration
number. Based on the iterative scheme, we propose a class of convergent two-step algorithms for the multi-
block separable convex problem. Convergence analysis for the specific algorithms can be carried out by
verifying conditions on the matrices used to construct the algorithms. In the numerical experiments, we
applied our two-step algorithms to the sparse MRI problems. Numerical results show that our proposed
algorithms perform as efficiently as LADMM and outperform the JLADMM and LADMMG.
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