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available at the end of the article (Multiscale Model. Simul. 4(2):460-489, 2005) is equivalent to a gradient descent
method applied to a certain dual formulation which converges to the solution of the
regularized basis pursuit problem. The proposed method is based on an
extrapolation technique which is used in accelerated proximal gradient methods
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1 Introduction

Compressed sensing, an interesting research field involving how to obtain information,
acts as a crucial role in signal processing, image restoration, etc. The origin of its name is
based on the idea of encoding a large sparse signal exploiting a relatively small number of
linear measurements, then decoding the signal either through minimizing the 1-norm or
utilizing a combinational algorithm, a greedy algorithm, ezc. It resulted from elementary
analysis and approximation theory by Kashin [1], but was brought into the forefront by the
work of Candés et al. [2—4] and Donoho [5] who constructed specific methods and showed
their application prospects. The concrete model considered in compressed sensing is the
so-called basis pursuit problem [6, 7]

min ||x]; subject to Ax = b, 1.1)
xen

where A € W, b € N, It can be deemed a classical transform in the compressed sensing
field into the following NP-hard discrete optimization problem:

mi,n llxllo subject to Ax =b, (1.2)
xRN

where A € X", b € R, || - ||o denotes the number of nonzero elements.
In many practical circumstances, the data or signals are frequently represented by a few
matrices, which, in fact, is convenient for data processing and analysis. However, the data
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are often given with damage, loss or noise pollution, etc. In this case, how to restore the
original data is among the practical difficulties faced when solving the matrix reconstruc-
tion problem. Being similar to handling the original signal (vector form) in the compressed
sensing field, matrix remodeling refers to an original compressible or sparse representa-
tion matrix which can be exactly or approximately reconstructed with a proper model.
The matrix reconstruction problem can be classified with matrix completion (MC) [8, 9]
and matrix recovery (MR) [10, 11], which is met in various areas, e.g., a famous application
is the Netflix system [12] in matrix completion; while the matrix recovery problem orig-
inates from face image processing, background modeling and so forth, it can be applied
to image alignment as by Peng et al. [13]. Generally speaking, the matrix reconstruction
problem is written as

minrank(X) subjectto X € C, (1.3)

where X € W and C is a convex set. Normally, the following affine constrained mini-

mization problem can be considered:
minrank(X) subject to A(X) = b, (1.4)

where the linear map A : R — R, beRisa given vector.

The model emerges in many fields, such as determining a low-order controller for a plant
[14] and a minimum order linear system realization [15], and solving low-dimensional
Euclidean embedding problems [16]. A natural generalization in the sense of compressed
sensing, (1.4) can be formulated as the nuclear norm minimization problem

min || X« subject to A(X) = b, (1.5)

where || - || denotes the sum of singular values of the corresponding matrix. The matrix
completion problem

minrank(X) subject to X;; = M;j, (i,j) € 2, (1.6)
where X € N, M € """, Q is a certain index set, is considered as a special case of
(1.3). The idea is inspired by the method presented in [17, 18] etc. Now, we consider the
so-called regularized basis pursuit problem

min |jx|]; + d ||x||§ subject to Ax = b. 1.7)
xeRN 2

Adding the penalized term of the constraint condition to the objection function of the
regularized basis pursuit problem, we obtain

i Fol? + 1A - b2
min flxfly + 2 llxlly + 7 lAx — bl (1.8)
Particularly in [18], putting in the term in (1.7) yields the tractable object function, which

is a strictly convex function. Thus, the linearly constrained basis pursuit problem has a sole
solution and its dual problem is smooth. When p is sufficiently small, the solution to (1.7)
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is also the solution of (1.1). This exact regularization property of (1.7) was studied in [19,
20]. Problem (1.7) has a 2-norm in the regularizer term, thus it is considered less sensitive
to noise than the basis pursuit problem (1.1).

To solve (1.1), a linearized Bregman iteration method was presented in [21], which was
motivated by [22]. The idea of the linearized Bregman method is to combine a fixed point
iteration with the Bregman method in [23, 24], but the linearized Bregman method is a
bit slow in the convergence result. Hence, many accelerated schemes have been brought
up in various theses. For example, in [21] the kicking technique was introduced. Yin [19]
verified that the linearized Bregman method is equivalent to a gradient descent method
applied to the Lagrangian dual problem of (1.7). They improved the linearized Bregman
method, utilizing the Barzilai-Borwein line of searching [25], nonlinear conjugate gradi-
ent methods, and the method of limited memory BFGS [26]. Huang et al. [18] proposed
an accelerated linearized Bregman method which is based on the fact that the linearized
Bregman method is equivalent to the gradient descent method applied to a Lagrangian
dual of problem (1.7) and the extrapolation technique, which is adopted in the acceler-
ated proximal gradient methods [27] proposed by Nesterov et al. To solve problem (1.7),
Goldstein et al. [28] used an alternating split technique and its Lagrange dual problem.

Based on these studies, we extend the accelerated Bregman method to solve (1.7) in
which the object function might be not differentiable but have the ‘good’ performance
(convex and continuous). We put forward a new improvement formula based on the accel-
erated Bregman method. It can be proved to have the property that the modified Bregman
method is equivalent to the corresponding accelerated augmented Lagrangian method,
and the latter has a rapid convergence rate which can be deemed to be an improvement
of [17].

The rest of this article is organized as follows. In Section 2, we sketch the original
Bregman method and the linearized Bregman method which are useful for the subse-
quent analysis. In Section 3, we introduce the accelerated augmented Lagrangian method
(AALM), and we present our modified accelerated Bregman method (MABM). Section 4
is devoted to the convergence of the regularized basis pursuit problem and here we ana-
lyze the error bound of the MABM in detail. In Section 5, we give some conclusions and
discuss the research plans for our future work.

2 The original Bregman method and its linearized form

The Bregman method was introduced into image processing by Osher et al. in [23] for
solving the total-variation (TV)-based image restoration problems. Let ¢(-) be a Bregman
function, the Bregman distance [29] of the point u to the point v is defined as

D (u,v) := ¢(u) —o(v) = (pu—v), 2.1)

where p € d¢(v), the subdifferential of ¢ at v. Note that updating the formula for (1.7), this
Bregman iterative regularization procedure recursively solves

A
#*L = arg minDﬁk (x,45) + = || Ax - b||3 (2.2)
x 2

for k=0,1,..., starting with ° = 0, p° = 0. Since (2.2) is a convex programming problem,
the optimality conditions can be given by

0 € dp(x**!) - p* —2AT (b - Ax™), (2.3)
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from which we obtain the updated formula
pl=ph+ MT(b —Axk”). (2.4)

Hence, the Bregman iterative scheme is given by

x+1 := arg min, Dﬁk(x,xk) + 2[|Ax - blI3, (2.5)

prli= pr e AAT (b — Axk). '
By the following lemma, we get the equivalent form of (2.5)

A= argmin, g (x) + £ || Ax - b|I3, (2.6)

B = b+ (b - AxkH), '

starting with x° = 0, 5° = b.
For the sake of the requirement for the whole theoretical analysis, in the following, we

propose some significant equivalence results, and we give the detailed proofs.

Lemma 2.1 The Bregman iterative scheme, which is given by (2.5), will obtain the same

optimum point in the first term as (2.6) if
pr=2rAT(b" - b) (2.7)
holds, where A is a certain positive constant.
Proof From the first formula of (2.5) and the definition of Bregman distance (2.1), we get
K = argm1n<p (%) - go( ) (pk x—x >+ %HAx—bll%

= argming(x) — (AA” (6" - b), %) + %HAx— bl

= arg min ¢(x) —A(bk - b,Ax—b> + %||Ax—b||§ + %ku - b||§

= arg m1n<p (%) — HAx bk
therefore, we complete the proof. d
From the discussion above, we can give a crucial conclusion.
Theorem 2.2 The original Bregman iterative scheme (2.5) is equivalent to its variant (2.6).
Proof By induction, in fact, we only need to verify that (2.7) holds.

Ifk=0,p° =2AT(b° - b) = 0, (2.5) holds by the initial conditions p° = 0 and b° = b.
Now, we suppose that (2.7) holds for k — 1. Then

pr=pts AAT(b —Axk)
= 1AT (DK~ b) + 2AT (b - Ax)

Page 4 of 17
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where the first equality is from the second term of (2.5), and the third equality is from the
second term of (2.6). Therefore, the original Bregman iterative scheme (2.5) is equivalent
to its variant (2.6). O

Noting that [24, 30, 31] and the references therein, it was argued that the Bregman iter-
ative method is equivalent to the augmented Lagrangian method. The significance of this
statement will be demonstrated in our later analysis in Section 4.

For the following analysis, we define the Lagrangian function of (1.7),

L(x,0):= ¢o(x) + {(0,b - Ax),

where 0 € " is the Lagrangian multiplier. The corresponding augmented Lagrangian
function can be expressed as

A
L(x,0,1) = ¢(x) + (0,b— Ax) + E||Ax—b||§, (2.8)

where ¢(x) := [|x[l + 4 11x[3 and %||Ax — b||} is the penalty term.
The augmented Lagrangian iterative scheme is

(2.9)

&KL= argmin, (x) + (05, b — Ax) + 5| Ax - |13,
okl = ok 4 A (b — AxFY),

starting from o° = 0.

Lemma 2.3 The first item of the iterative sequence {x*} of (2.9) and that of (2.6) are equal

if

1
V=b+ o (2.10)

holds.

Proof From the first formula of (2.6) and (2.10), we get

k2

Ax—b—o—
A

A
£ = argming(x) + —‘
x 2

2

A
= arg min ¢(x) + 5 |Ax — b||§ + (ak,b —Ax).

The constant of the objective function does not affect the optimum point, so by com-
paring with the above equations, we get the conclusion. O

Theorem 2.4 The augmented Lagrangian iterative scheme (2.9) is equivalent to the
Bregman iterative method variant (2.6).
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Proof 1t is not difficult to see that the proof is the same as that of Theorem 2.2. Similarly,
by the mathematical induction, we simply show that (2.7) holds.

Ifk=0,0°=b+ %, (2.7) holds by the initial conditions 6° = 0 and ° = b. Now, we
suppose that (2.7) holds for n < k — 1. Then, when n = k,

b =p1 (b —Axk) =b+ %ak’l + (h —Axk)

=b+ lak’l + l(ok -o* N =b+ lak,
A A A
where the first equality is from the second term of (2.6), the second equality has its roots
in induction, and the third equality is derived from the second term of (2.9). Therefore,
the augmented Lagrangian iterative scheme (2.9) is equivalent to the Bregman iterative
method variant (2.6). Moreover, we can get the equivalence of (2.5) and (2.9) from the
two theorems above. O

For solving the subproblem of Bregman iterative method (2.2), different algorithms were
conceived in [27, 32, 33], however, these methods have to perform significant iterations
for solving the subproblem. In order to overcome the difficulties, the linearized Bregman
method is obtained by linearizing the last term in (2.2) into (AT (Ax* — b),x) (where A = 1)
and adding the /,-proximity term % lx — x]|2. The concrete scheme is

) k
akHL = arg min, D/, (x,2%) + (AT (Axk - b), %) + ﬁllx—xkllg, (2.11)
pl=pr v AT(AxA1 — b) — %(x — x5y

By the optimality conditions, we obtain the following formula:
1
0¢e 8¢(xk+1) - pF —AT(b —Axk) +— (x’“rl - xk).
14

That s, for the second term of (2.11) p**! € dp(x**1). In [7,19, 21], the linearized Bregman
method was analyzed;as y < ﬁ (where || - || denotes the spectral norm of the correspond-
ing matrix) the iterates of the linearized Bregman method converge to the solution of the
regularized basis pursuit problem

. 1 .
min [lx]|; + — [*]|3 subject to Ax = b.
xe” 2y

It has appeared in the accelerated Bregman algorithm in recent years, such as in [18] etc.
But we shall argue that the accelerated Bregman method has large room to advance. We
give some valid improvements on these accelerated Bregman methods. It can be verified
that the theoretical result as regards the proposed method has a rapid convergence rate of
O@/(k +1)?).

3 The modified accelerated Bregman method
In [24], the linearized Bregman algorithm could be written as follows.

Algorithm 3.1 (Linearized Bregman method (LBM))
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Step 0. Input: J(-), H(-), y > 0; initial point: xo,po.

Step 1. Initialize: k = 0, let x° = 0 and p° =

Step 2. Compute x<*1 := argminfo,k(x, ) (VH( ), ) + —||x 213,
Step 3. Set p**1:= p* — VH(x¥) - %(xk+1 —x5).

Step 4. Set k:=k +1, go to step 2.

For the iterative scheme above, H(x) = %||Ax — b||3. Next, we give its equivalence form
from the following lemma.

Lemma 3.2 The linearized Bregman method (LBM) in Algorithm 3.1 is equivalent to the
iterative scheme

- 1
xkHL = arg min, ¢(x) + 3 |l — yuk||%,

3.1
k= b+ AT (b — AxFY), 3.1)

starting from u® = ATb, where u* = p* + AT (b — Ax*) + %

Proof From step 3 of Algorithm 3.1, we have
1 N1
prt=pk + AT (b —Axk) - —(xk+1 —xk) == ZAT(b —Ax') - — &k, (3.2)
14 14
Thus, we denote

1
ub = pft gy ko ki A (b Ax
Y

~<|;_n
N
=}

then we simplify step 2 of Algorithm 3.1,

k+1 _ . k T k 1 k|2
Kk = argrrgcmgo(x)+(p ,x) = (AT (b - Ax"), x) + g”x—x 5

2

k
x— y[pk +AT(b—Axk) + x_]

. 1
= argmin g(x) + —
¥ 2y Y

2

) 1
= argmxln(p(x) + 5 ”x - yuk ”3
On the other hand,

Ltk+l :pk+1 +AT(b_Axk+l) + lxk+l
14

1 k+1 k T k+1 kel
— (T —a) + AT (b - Ax) +

=p + AT (b - Ax") -
14 Y

=p* + AT (b - Axr) + %xk + AT (b - Ax*)

=uF +AT(b —Axk+1),

where the second equality is from (3.2). So, step 2 and step 3 in Algorithm 3.1 can be
rewritten as (3.1). O
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Yin et al. presented all kinds of techniques, for example, line search, and L-BFGS and
BB steps, to accelerate the linearized Bregman method. It is interesting that for the latter
in [18] the accelerated linearized Bregman algorithm is argued for as follows.

Algorithm 3.3 (Accelerated linearized Bregman method (ALBM))
Step 0. Initialize:x® =x°=p® =p"=0,y >0,A>0,k=0.
Step 1. Compute x¥*! := arg minngk (2,5 + MAT (AT - b),x) + % [l — %53
Step 2. Set p**1:=pk — A AT(AX* — b) - %(x’“rl -%).
Step 3. Set ¥*1:= ! + (1 — oz )k,
Step 4. Set X! = ap**! + (1 — o )7,
Step 5. Set k:=k +1, go to step 1.

These methods motivated us to consider the following algorithm, and its acceleration
idea is based on the extrapolation technique proposed by Nesterov in [34, 35]; see also the

references therein.

Algorithm 3.4 (Modified accelerated Bregman method (MABM))
Step 0. Initialize:x° =p® =p°=0,20=1,1>0,k=0.
Step 1. Compute x¥*! := arg min, Dzk (x,25) + 1| Ax — b||3.
Step 2. Set p¥*1:= pk + AT (b — AxF).

Step 3. Set p**l:= (1 - %)};’kﬂ + %pk.

Step 4. Set tx1 = 3(,/1+ 967 +1).
Step 5. Set k:=k +1, go to step 2.

The basic idea of the equivalence between MABA and the corresponding AALM can
be traced back to [31]. Especially, we can see that our updated iterative for p* is obviously
better than the pre-iterative P* [17], since we consider a sufficient amount of information
about the former iterative. In this way, most of the better iterative efficiency could be ex-
pected, which is just our purpose in improving the method. Then we will be dependent
on a series of transformations in preparation for the convergence proof in Section 4.

Lemma 3.5 The MABM in Algorithm 3.4 is equal to the following iterative scheme:

- A
&5*1 = argmin, (%) + 5 |Ax - 05|13,

DL = pE 4 (b — Axk, (3.3)
S . 1- ﬂ)'[;la-l 4 1220 gk
: 7351 7351 ’

starting with b° = b.

Proof Recalling (2.7) and noting Theorem 2.2, we can prove that (2.7) holds for all k by
induction.

Ifk=0,p° = LAT(5° — b) = 0, (2.7) holds by the initial conditions p° = 0 and 4° = b. Now,
we assume that (2.7) holds for n < k — 1, then

P =p" +2AT (b - Ax") = 2AT (b - b) + AAT (b - Ax")
=2AT (6" — b+ b Ax") = 2AT (5" - b), (3.4)
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where the first equality is directly derived from step 2 of Algorithm 3.4, the first equality
is derived from the induction hypothesis, the fourth equality utilizes the second step of
(3.3).

Moreover, when 7 = k, we have

1-24\~, 1-2f
pkz(l_ k)pk+ kpk—l
L+l L+l

= (1— ﬂ)mT b* —b) + ﬂAAT(b"‘l -b)

tks1 L+l
1-24\~ 1-2¢ 1-2¢ 1-2¢
:MT[<1——k)bk—<1— k)b+ Kpht - kb]
7 38] 7 3%] ki1 7381
=2AT (B - b),

where the first equality is from step 3 of Algorithm 3.4, the second term is from (3.4) and
the induction hypothesis, the fourth equality is from the third term of (3.3), so (2.7) holds
for all k. Namely, the MABM in Algorithm 3.4 is equal to (3.3). O

Lemma 3.6 Iterative scheme (3.3) is equal to the following AALM iterative scheme:

&5+ = argmin, (x) + (0%, b — Ax) + 5 [|Ax — BX||3,
G5t = ok 4 (b — AxkHD), (3.5)
O’k+1 = (1 _ ﬂ)a’kﬂ + ﬂo_k’

7351 7351

starting from c° = 0, where o* € W™ is the Lagrangian multiplier.

Proof Itisnotdifficult to see that the idea has likeness to Theorem 2.4, we are just required
to verify that (2.7) holds. To this end, we proceed by mathematical induction.

Ifk=0,"=b+ %, (2.7) holds by the initial conditions 6° = 0 and 4° = b. Suppose that
(2.7) holds for n < k — 1, then, when n = k, we have

~ 1
b* =0+ (b —Ax") =b+ Xok_l +(b —Ax")
1 1. 1.
=b+ "+ —(G" - 0" =b+ =5,
A A A
where the first equality is from the second term of (3.3), the second equality stems from

induction, and the third equality is derived from the second term of (3.5).
Thus, we get

1-2¢ 1. 1-2¢ 1
= (1— k><b+—o”> + k(b+ —0”1)
L+l A tres1 A

1/1-2t,.., 1-2t
=b+—< L ko""1>

A k1 Lk+1

=b+—-0o".
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Therefore, AALM (3.5) is equivalent to iterative scheme (3.3). Moreover, we can get the
equivalence of the MABM in Algorithm 3.4 to AALM from the above two lemmas. [J

Theorem 3.7 The MABM in Algorithm 3.4 is equivalent to the corresponding AALM (3.5).

4 The convergence analysis

A practical challenge for the regularized basis pursuit problem is to offer an efficient
method to solve the non-smooth optimization problems. Many algorithms have been pro-
posed in recent years [36]. In these methods, some schemes of approximation that have
to do with the non-smooth norm term are usually employed. However, a fast global con-
vergence is difficult to guarantee. Due to the non-smooth nature of the 1-norm, a simple
method to solve these problems is the subgradient approach [37], which converges only
as O(ﬁ), where k is the iteration counter.

In this paper, we present an efficient method with fast global convergence rate to solve
the regularized basis pursuit problem. Particularly, we verify that this result is an extended
gradient algorithm with the convergence rate of O(ﬁ), like that for smooth problems.
Following the Nesterov method for accelerating the gradient method [34, 35], we show
that the MABM can be further accelerated to converge as O(1/(k + 1)?).

A series of lemmas in the following are to ensure the convergence rate of the MABM.

Lemma 4.1 Let (x",0") be generated by the augmented Lagrangian iterative scheme (2.9),
and let (x*,0*) be a globally optimal solution of the problem

min ¢(x) s.t. Ax = b, (4.1)

xen”
then the inequality

o(x") — o) = (0, A(x* ~x)) (4.2)
forany (x,0) = (", 0") and (x*,0*) holds.
Proof By the optimality conditions, we get

0e 3<p(x”) S MT(b —Ax”).
From the second term of (2.9), we obtain

ATo" € dp(x"). (4.3)
By the definition of subdifferential, we have

go(xk) > (p(x") + <o”,A(xk - x"))

So (4.1) holds for (x,0) = (",0"). Owing to the fact that (x*,0*) of (4.1) satisfies the KKT
condition, it is easy to obtain

0€dp(x*)-ATo* and Ax*=b.
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Compared with (4.3), inequality (4.2) holds for (x,0) = (x*,0*), which completes the
proof. d

Lemma 4.2 Let (x*, %) be generated by the augmented Lagrangian iterative scheme (2.9).
For any (x,0), the inequality

L(xk,ok) —L(x,0) > %”ak — gkt Hi - %(ak"l —o,0k 1 ok> (4.4)

holds.

Proof By the definition of the Lagrangian function and Lemma 4.1, we get the following
result:
L(x",0%) ~ L(x,0) = ¢(x") — p(x) — (0,0~ Ax) + (05, b —Axk>
> (U,A(xk —x)) —{o,b-Ax) + (ok,b —Axk)

= (ak —a,b—Axk)
1

_ —(o g _Gk—1>
A
1 1
_ : ”Uk _ okt Hi _ X(Uk-l — 0,0k _Uk>‘
The second inequality is derived from (4.2), and the third equality is from (2.9). O

From the fact that ATo* € dp(x*), ATo* € d¢p(x*), and the definition of subdifferential,

we have
o(x*) = o(«") + (0", A(x* - x")),
then
o(x*) (0%, Ax* - b) > (o) - [0, Ax" ~ B),
thus
L(x*,0%) > L(x", "), (4.5)
where we exploit the fact that Ax* = b.

Lemma 4.3 Let (xX,0%) be generated by the augmented Lagrangian iterative scheme (2.9),
then

[o* —o* 15 = [o* =0 ][5 [o* ~o* 3 - 20(L(x",0%) - L(x",6%)).

Proof Considering (4.4) and replacing (x, o) with (x*,0*), we get

2
2

k-1 k-1

o[ = o ~o* 40" o]

o

e R e B e
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< o* =5 + "t -0
- 2||O’k — okt ||j -2 (L(x*,0%) —L(xk,ak))

= [o* — ot - ot~ ot 20 (L (s 0%) ~L (2t 0)),
which completes the proof. d

Moreover, [|o% —o*|13 < [lo% —=o*|2 - |lo* — o*71||2 holds due to (4.5), this implies the

global convergence of (2.9). By summing the above inequality over k =1,2,...,n, we get

n
Yoot o ;= ot -7 (4.6)
k=1
Hence,
. 12
klirgonak ok 1“2 =0. (4.7)

Theorem 4.4 Let (x*,0%) be generated by the augmented Lagrangian iterative scheme

(2.9), then L(x*,0*) — L(x*,0*) = O(3).

Proof Noting (4.4) of Lemma 4.2 and substituting (x" 1, o) for (x,0), we get
n n n-1 n-1 1 n n-112
L(x ,o )—L(x ,O )ZX”U -0 Hz (4.8)

By multiplying with # — 1 and summing it over n = 1,..., k, we obtain

k
Z{(rz -1DL(x",0") = (n-1L(x"", ")}
n=1
k
= Z{nL(x”,a”) —(n- l)L(x"’l,a"’l) - L(x",a”)}
n=1
= kL(xk,a’) - ZL(x",o”)

k
=Y o o220
n=1

From the above inequality, we have

k
> L(x"0") <kL(xF,0"). (4.9)

n=1
On the other hand, it follows from Lemma 4.3 that

1

K k) _ n o _n
L(x*,0%) - L(x",0 )SZA

e P e R T
(”‘7 Ollp=0 =0 "= |0 -0 2)‘
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Summing the inequality over n =1,..., k, we obtain

k
Z(L(x*,a*) —L(x",0"))
n=1
k
=-) L(x",0") +nL(x*,0")
n=1
1 . n-1 *||2 n x|2 n n—-1112
<5 2 o™ =o* 5= llo" = o[~ o ~o"[})
n=1
1 0 * |2 k %112 X " el 12
=\’ ="y~ llo* o* ;= 3 lo” = o3 ). (4.10)
n=1

Combining (4.9) with (4.10), we get

k
—kL(xk,ok) +kL(x",0%) < —ZL(x”,o”) +kL(x*,0)

n=1
1 2 2 . 2
e (G B SR R Wy
n=1
1
< Ljooorfl

Consequently, we obtain

* * 1 % 1
L0 - L") = o -3 -0 )
This completes the proof. g

Comparing (2.9) with (3.5), we have the following two lemmas by replacing (x*, o) with
(K, 55).

Lemma 4.5 Let (x*,GX) be generated by the augmented Lagrangian iterative scheme (3.5).
For any (x,0), we have the inequality

L(xk,ffk) —L(x,0) > %”51( — okt Hi - %(ak"l —o,0k 1 - 8”‘). (4.11)

Lemma 4.6 Let (xX,5*) be generated by the augmented Lagrangian iterative scheme (3.5),
then

[ =" 2 Jor o [2- 5 - ot -2l 0) - LA EY). @12)

Theorem 4.7 Let (xX,5X) be generated by the augmented Lagrangian iterative scheme
(3.5), then

L(x*,a*) —L( k,Ek) = O(l/(k + 1)2).
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Proof We work from step 4 of Algorithm 3.4, i.e., ;1 = é(, /1+ 98 +1), where ty =1. By a
simple calculation, we have

tr (Btr — 2) = 387 (4.13)
and
k+2
b> % (4.14)

Based on Lemma 4.5, by replacing (x, ) with (x"71,5"1) and (x*,o*), setting k = 1, we

get the two inequalities

T L] HE L (R ! (4.15)
W, > %HG” — o™l ||§ - %(o”’l —o* 0" = 5"), (4.16)

where

By multiplying both sides of (4.15), (4.16) with 3¢, — 2 and 2, respectively, and adding the
two sides, we obtain

(3tn - 2)Wn - 3tnwn+l
3t”’ ~n n-1|2 1 * ~n-1 n-1 _n-1 ~n
ZT”O' -0 ||2+X<26 +(3t, -2)c" " =-3t,0" ", 6" -0 > (4.17)

For the sake of convenience, we denote

P,:=20%+ (3t, —2)5" ! — 44,5" + t,o"

and

Qn:=20%+(3t, —2)5" 1 —2£,6" —t,0" L.

By multiplying both sides of (4.17) with ¢,, we have

t,(3t, —2)w, — Btﬁwml
30, (~ 1y |2
> 26 (E" o)}

+ %(20* +(3t, —2)6" " = 3t,0" ", ty (0" = 5"))

= %(20* +(3t, — 25" = 38,6", ty (0" = 5"))

- ﬁ |26% + Bty - 25" - 46,5 + t,0™
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1 ~ ~
i ||20* +(3t, —2)5" 1t - 2t,5" — t,o"! ”Z
1 2 1 2
= H”Prtnz - E ”Qn”z’

where the second equality is derived from the fact that ||& + 8|3 — |« — B|15 = 4{«, B).
Then we have
Py~ Qu = [20% +(3t, —2)5" " — 4t,6" + tyo" ]
- [20* + (38, - 2)5" " = 26,6 — t,0" ]

= 2t,0"1 - 2¢,6"

tn+10n - (1 - ZtM)Un_l
tue1 + 2tn -1

= 2,0 - 2¢,

= KI(U”’1 —a"),

2tntrvfl
bper + 26, — 1

and the third equality is from the third iterative scheme of (3.5) and we make a transposi-
tion to the third term. Thus,

1 1 2
3ty 1wy — Btﬁwnﬂ = HHPnH% T ”Pn — (P, = Qu) ”2

= P - o (1B + 1P~ Q1)
> L, - Q2
- 4

K

n-1_ n||2
ot =5

4A

Summing the inequality over n =1,..., k, we get
kg ,
33wy — 3w = -y — 0"~ o 4.18
oVl kWk+l Z = 40 || H2 ( )

Then, combining (4.7), (4.14) with (4.18), we have

kK _
3t(2)w1 +Y allo” 1—0”||%

2
3¢2

Wil =

9t2wy + 3¢
(k+2)* "’

as k tends to infinity, where ¢ is an arbitrarily small positive number. Hence,
L(x*,0%) - L(x",5) = O(1/(k + 1)?).

Thus, we complete the convergence proof. g
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Remark The right formula of (4.18) exploits the fact that the choice of the penalty factor
A can be seen as a monotonically increasing sequence (such as 1) that depends on the
selection of # in Algorithm 3.4. In this way, we are not only able to guarantee the conver-
gence in the formula of K; divided by A, but also to play a critical role of punishment to
the constraint condition.

5 Conclusion

In this paper, we put forward the modified accelerated Bregman method (MABM) for
solving the regularized basis pursuit problem. We give some beneficial improvement tasks
on the basis of some recent literature on the accelerated Bregman method, and we perform
the theoretical feasibility analysis in detail. It can be showed that the proposed MABM has
a rapid convergence rate of O(1/(k + 1)?). We will devote our future study to combining
the advantages of LBM with our MABM as regards theory and numerical results.
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