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Abstract. An earlier paper proved the convergence of a variable stepsize Bregman operator
splitting algorithm (BOSVS) for minimizing φ(Bu) + H(u), where H and φ are convex functions,
and φ is possibly nonsmooth. The algorithm was shown to be relatively efficient when applied to
partially parallel magnetic resonance image reconstruction problems. In this paper, the convergence
rate of BOSVS is analyzed. When H(u) = ‖Au − f‖2, where A is a matrix, it is shown that for an
ergodic approximation uk obtained by averaging k BOSVS iterates, the error in the objective value
φ(Buk)+H(uk) is O(1/k). When the optimization problem has a unique solution u∗, we obtain the

estimate ‖uk − u∗‖ = O(1/
√
k). The theoretical analysis is compared to observed convergence rates

for partially parallel magnetic resonance image reconstruction problems where A is a large dense
ill-conditioned matrix.
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1. Introduction. In this paper, we develop a convergence rate analysis for the
variable stepsize Bregman operator splitting algorithm (BOSVS) to solve

min
u∈CN

φ(Bu) +H(u),(1.1)

where φ(·) and H(·) are convex real-valued functions, φ : Cl → R is possibly non-
smooth, H : CN → R is continuously differentiable, and B is an l × N matrix. In
our target application, magnetic resonance image reconstruction, u ∈ CN denotes an
image containing N pixels. Problems with the structure of (1.1) have received much
attention during the last decade; references include [4, 8, 11, 13, 14, 18, 20, 21, 26,
33, 39, 41, 42, 43, 44, 45, 46, 47, 48, 49, 51, 52].

Our analysis is based on the following split reformulation of (1.1):

(1.2) min
u∈CN , w∈Cl

Φ(u,w) := φ(w) +H(u) subject to Bu = w.

The paper will focus on the following form for H which arises in image reconstruction
problems:

(1.3) H(u) =
1

2
‖Au− f‖2,
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1536 W. W. HAGER, M. YASHTINI, AND H. ZHANG

where A ∈ CM×N describes the imaging device, f ∈ CM is the measured data, and
‖f‖2 = 〈f, f〉, where 〈·, ·〉 is the Euclidean inner product. By Lemma 3.1 in [19], if
φ(w) tends to infinity as ‖w‖ tends to infinity and (1.3) holds, then there exists a
solution to (1.1). Moreover, if φ is strictly convex and the null spaces of A and B
only intersect at the origin, then the solution of (1.1) is unique. In partially parallel
imaging [9], A is large, dense, and ill-conditioned. For efficiency, the evaluation of the
product Au must be kept to a minimum when solving (1.1).

The alternating direction method of multipliers (ADMM) [16, 17, 22] is a com-
mon approach for split formulations such as (1.2). In this approach, the augmented
Lagrangian is successively minimized over one variable, then the other, followed by
an update of the multiplier. More precisely, when H has the form (1.3) arising in
imaging, the iteration is

uk+1 = arg min

{
1

2
‖Au− f‖2 + ρ

2
‖wk −Bu+ ρ−1bk‖2 : u ∈ C

N

}
,

wk+1 = arg min
{
φ(w) +

ρ

2
‖w −Buk+1 + ρ−1bk‖2 : w ∈ C

l
}
,

bk+1 = bk − ρ(Buk+1 − wk+1).

The convergence rate of ADMM is O(1/k) [22, 28]. Notice that in each iteration
when uk+1 is computed, we need to solve a linear system with matrix (ATA+BTB),
where T denotes conjugate transpose. In applications such as partially parallel imag-
ing, this matrix is large and dense, and the algorithm is intractable computationally.
In order to deal with the high cost of an ADMM iteration in this context, a lineariza-
tion technique, the Bregman operator splitting scheme (BOS), was developed [49, 50],
where the quadratic term ‖Au‖2 was replaced by a linear approximation. BOS can be
viewed as a special case of the alternating direction proximal method of multipliers.
In this proximal perspective, the BOS update for uk+1 is

uk+1 = arg min

{
1

2
‖Au− f‖2 + ρ

2
‖wk −Bu+ ρ−1bk‖2 + 1

2
‖u− uk‖2Q : u ∈ C

N

}
,

where ‖u‖Q = 〈u,Qu〉 and Q = δI−ATA with δ > 0 a positive scalar. For this choice
of Q, the ATA term in ‖Au − f‖2 is canceled by the ATA term in ‖u − uk‖2Q, and
the intractable term in ADMM is eliminated. The convergence analysis for BOS ulti-
mately requires that δ be greater than the spectral radius of ATA (see Theorem 4.2 in
[50] or Theorem 5.6 in [36]). When this holds, BOS has the same O(1/k) convergence
rate as ADMM, but for ergodic iterates associated with the original iterates [36]. In
the imaging context, BOS is much faster than ADMM, even though the convergence
rate is the same, since it is no longer necessary to solve a large dense linear system.

In the variable stepsize Bregman operator splitting algorithm (BOSVS), intro-
duced in [9], the scalar δ in BOS is replaced by a parameter δk, which is evaluated
at each iteration through a line search process. Our line search process is loosely
related to the SpaRSA algorithm [1, 3, 5, 40], where the objective is linearized and
a proximal parameter is adjusted in each iteration to satisfy a line search condition.
The objective in the BOS update for uk+1 is not linear due to the ‖Bu‖2 term, but it
is partially linearized through the removal of the ‖Au‖2 term. Initially, δk in BOSVS
is given by the Barzilai–Borwein [2] formula

δk =
‖A(uk − uk−1)‖2
‖uk − uk−1‖2 ,
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which emerges when ATA is approximated by a multiple of the identity matrix. If
the line search condition is not satisfied, then δk is increased. By carefully controlling
the growth of δk, we are able to guarantee convergence while achieving much better
performance in partially parallel image reconstruction problems when compared to
the performance for a fixed δ greater than the spectral radius of ATA.

As noted earlier, the convergence analysis of BOS hinged on the positive definite-
ness of the proximal term, which required that δ be greater than the spectral radius
of ATA. In contrast, in BOSVS δk is typically less than the spectral radius of ATA
and the proximal term is indefinite, which requires a completely new analysis. Our
earlier work [9] established the convergence of BOSVS. In this paper, we establish an
O(1/k) convergence rate for the ergodic iterate

uk =
1

k

k∑
j=1

uj+1,

obtained by averaging k BOSVS iterates. If (1.1) has a solution u∗, then we prove
that

φ(Buk) +H(uk)− [φ(Bu∗) +H(u∗)] = O(1/k).

This is the same convergence rate which holds for the BOS ergodic iterates (see [36,
Thm. 6.2]); however, we observe better performance in practice through the use of an
indefinite proximal term. If the null spaces of A and B only intersect at the origin
and φ satisfies a strong convexity condition so that the solution of (1.1) is unique,
then we also show that

‖uk − u∗‖ = O
(

1√
k

)
.

The numerical experiments reveal that the error in the BOSVS iterates is highly
oscillatory, while the error in the ergodic iterates decays nearly monotonically.

The use of an ergodic mean in the analysis of gradient-type and/or proximal
point-based methods for convex minimization and monotone variational inequalities
dates back to at least the mid-seventies [6]. Applications of ergodic convergence
theory include the convergence rate of the Douglas–Rachford alternating direction
method [17] established in [22], the complexity result [27] of Monteiro and Svaiter
for the hybrid proximal extragradient algorithm, and the O(1/k) convergence result
[30] of Nemirovski for a prox-method. Also, in [24] Lan and Monteiro give an O(1/k)
convergence result for an augmented Lagrangian-type algorithm employing Nesterov’s
optimal method [31]. The analysis assumes that the objective function has a Lipschitz
continuous gradient, while we consider a nonsmooth objective in this paper.

Also, we point out the recent work of Chen, Lan, and Ouyang [10] on an accel-
erated primal-dual method for solving a class of deterministic and stochastic saddle
point problems. Their method achieves the same O(1/k) convergence rate as that of
Nesterov’s smoothing technique [32]. The error is measured relative to a perturbation-
based termination criterion of Monteiro and Svaiter [27]. The algorithm in [10] differs
from the BOSVS algorithm in the treatment of the constraint w = Bu. BOSVS
treats the constraint using an augmented Lagrangian approach (both a penalty and a
Lagrange multiplier), while in Algorithm 2 of [10] the constraint is handled through a
conjugate function. The algorithm in [10] involves a number of parameters that need
to be chosen in a careful, conservative way to obtain the convergence results. Since
BOSVS employs a line search, potentially larger and more aggressive steps can be
taken, especially at early iterations. Note that the analogue of the uk update in [10]
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1538 W. W. HAGER, M. YASHTINI, AND H. ZHANG

requires the evaluation of ∇H at an auxiliary point, which is not an iterate. Hence,
it would seem that if a line search were developed for the uk update in [10], then the
gradient would need to be evaluated at two points in each iteration. The algorithm in
[10] seems promising, but the comparison with BOSVS in performance for partially
parallel imaging, where φ corresponds to total variation regularization, is not clear.

The paper is organized as follows. Section 2 examines some general variational in-
equality formulations of nonsmooth minimization problems which provide the frame-
work for our analysis, while section 3 states the BOSVS algorithm and the prior
convergence analysis. In section 4 we derive new properties for BOSVS that enter
into the ergodic convergence analysis. The main convergence theory is developed
in section 5, while section 6 gives a numerical study of the convergence rate of the
BOSVS iterates and the ergodic means in partially parallel magnetic resonance image
reconstruction.

Notation. A superscript T denotes conjugate transpose, and 〈·, ·〉 is the Eu-
clidean inner product. If x and y ∈ CN , then 〈x, y〉 = xTy. We let ‖ · ‖ denote the
Euclidean norm given by ‖x‖ =

√〈x, x〉. If Q ∈ CN×N is a Hermitian matrix, then
we define

‖x‖2Q := 〈x,Qx〉.
If Q is also positive definite, then ‖ · ‖Q is a norm. However, in this paper, we also
use ‖ · ‖Q in cases where Q is indefinite. The smallest (most negative) eigenvalue of
Q is denoted λmin(Q). N (A) denotes the null space of the matrix A. Throughout
the paper, we let c denote a generic constant which has different values in different
equations. This constant is always independent of the iteration number k.

Throughout the paper, we work in CN . For each x ∈ CN , a real-valued convex
function F has a nonempty subdifferential set ∂F(x) with the property that for each
s ∈ ∂F(x) and for each y ∈ CN ,

(1.4) F(y) ≥ F(x) + Re 〈s, y − x〉.
Here Re stands for “real part.” If F is differentiable, then we also let∇F(x) denote the
gradient at x. The real part must be included in (1.4) since the associated support
hyperplane inequality should be formulated in R

2N , while we are working in the
complex space CN .

2. Some variational inequalities. Our analysis centers around some varia-
tional inequalities which we now develop. The following result follows from the anal-
ysis on page 102 of Nemirovski’s lecture notes [29].

Proposition 2.1. If F : CN → R and K ⊂ CN are both convex, then we have

(2.1) Re 〈y, x− x∗〉 ≥ 0 for all x ∈ K and y ∈ ∂F(x)

if and only if

(2.2) F(x∗) ≤ F(x) for all x ∈ K.

Let us consider the Lagrangian L : CN × Cl × Cl → R associated with (1.2):

L(u,w, b) = φ(w) +H(u)− Re 〈b, Bu− w〉,(2.3)

where b ∈ Cl is the Lagrange multiplier. Since L is convex with respect to u and w,
it follows that if u∗ and w∗ are optimal in (1.2), then there exists b∗ ∈ Cl such that

(2.4) L(u∗, w∗, b∗) = min{L(u,w, b∗) : u ∈ C
N , w ∈ C

l}.
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Conversely, if there exist u∗ ∈ CN , w∗ ∈ Cl, and b∗ ∈ Cl such that w∗ = Bu∗ and (2.4)
holds, then u∗ and w∗ are optimal in (1.2). By Proposition 2.1, (2.4) is equivalent to
the inequality

(2.5) Re 〈∇H(u)−BTb∗, u− u∗〉+Re 〈s+ b∗, w − w∗〉 ≥ 0

for all u ∈ CN , w ∈ Cl, and s ∈ ∂φ(w). Hence, if u∗ and w∗ are optimal in (1.2),
then there exists b∗ ∈ CN such that (2.5) holds. Conversely, if there exist u∗ ∈ CN ,
w∗ ∈ Cl, and b∗ ∈ Cl such that w∗ = Bu∗ and (2.5) holds, then (2.4) holds and u∗

and w∗ are optimal in (1.2).
Now, let us consider the closely related variational inequality

Re 〈∇H(u)−BTb∗, u− u∗〉+Re 〈s+ b∗, w − w∗〉(2.6)

+ Re 〈Bu∗ − w∗, b− b∗〉 ≥ 0

for all b ∈ Cl, u ∈ CN , w ∈ Cl, and s ∈ ∂φ(w). If (2.6) holds for some u∗ ∈ CN ,
w∗ ∈ Cl, and b∗ ∈ Cl, then from the last term in (2.6), we deduce that Bu∗ = w∗.
Hence, the last term in (2.6) vanishes and (2.5) holds. Consequently, u∗ and w∗ are
solutions of (1.2). Conversely, if u∗ and w∗ are solutions of (1.2), then (2.5) holds,
which implies that (2.6) holds since u∗ and w∗ are feasible in (1.2) and the last term
in (2.6) vanishes. Hence, (2.6) is equivalent to the existence of a solution (u∗, w∗) to
(1.2).

Finally, let us now consider another related variational inequality: Find u∗ ∈ CN ,
w∗ ∈ Cl, and b∗ ∈ Cl such that

Re 〈∇H(u)−BTb, u− u∗〉+Re 〈s+ b, w − w∗〉(2.7)

+ Re 〈Bu− w, b − b∗〉 ≥ 0

for all b ∈ Cl, u ∈ CN , w ∈ Cl, and s ∈ ∂φ(w). If (2.7) holds, then we can replace b
by b− b∗+ b∗ in the first two terms and rearrange to obtain (2.6). Conversely, if (2.6)
holds, then we can replace b∗ by b∗− b+ b and rearrange to obtain (2.7). Hence, (2.6)
and (2.7) are equivalent. We summarize these observations as follows.

Proposition 2.2. There exist u∗ ∈ CN , w∗ ∈ Cl, and b∗ ∈ Cl satisfying (2.7) if
and only if u∗ and w∗ are optimal in (1.2).

Note that the variational inequality (2.7) can also be expressed as

(2.8) Re 〈y, x− x∗〉 ≥ 0

for all x = (u,w, b) ∈ CN × Cl × Cl and y ∈ F (x), where

(2.9) F (x) = F (u,w, b) :=

⎡
⎣ ∇H(u)− BTb

∂φ(w) + b
Bu− w

⎤
⎦ .

We will show that x∗ in (2.8) can be replaced by the ergodic iterate at iteration k
if the right side of (2.8) is replaced by −c/k. Hence, the ergodic iterates satisfy a
perturbed variational inequality. This perturbed variational formulation becomes the
basis for our error analysis.

In contrast to (2.8), He and Yuan in [22] write (2.4) in the form of a variational
inequality, which in our setting amounts to finding x∗ = (u∗, w∗, b∗) ∈ CN × Cl × Cl

such that

(2.10) Φ(u,w)− Φ(u∗, w∗) + Re 〈x− x∗, F̄ (x∗)〉 ≥ 0
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for all x = (u,w, b) ∈ CN × Cl × Cl, where

F̄ (u,w, b) =

⎡
⎣ −BTb

b
Bu− w

⎤
⎦ .

Since 〈x − x∗, F̄ (x) − F̄ (x∗)〉 = 0, the inequality (2.10) is equivalent to finding x∗ =
(u∗, w∗, b∗) ∈ CN × Cl × Cl such that

(2.11) Φ(u,w)− Φ(u∗, w∗) + Re 〈x− x∗, F̄ (x)〉 ≥ 0

for all x = (u,w, b) ∈ CN ×Cl×Cl. In [22] the authors show that the ergodic iterates
satisfy a perturbed version of the inequality (2.11).

3. BOSVS. Algorithm 1 is the BOSVS algorithm of [9]. In BOSVS, the variable
bk is the approximation to a multiplier associated with the constraint Bu = w in the
split formulation (1.2), the parameter ρ is the penalty for constraint violation in
the augmented Lagrangian associated with (1.2), and Step 5 represents a first-order
multiplier update. β in Step 4 is a proximal regularization parameter connected with
the variable w. Step 3 allows some growth in the lower bounded Δk for δk when
δk > δk−1. In this paper, δ̂k of Step 2 is given by a safe-guarded version of the
Barzilai–Borwein [2] formula

(3.1) δ̂k = max

{
Δk,

‖A(uk − uk−1)‖2
‖uk − uk−1‖2

}

Bregman Operator Splitting with Variable Stepsize (BOSVS)

Parameters: τ, η > 1, β, C ≥ 0, ρ, δmin > 0, ξ, σ ∈ (0, 1), δ0 = 1.

Starting guess: w1 ∈ C
l, u1 ∈ C

N, b1 ∈ C
l. Set Q1 = 0 and Δ1 = δmin.

For k = 1, 2, . . .

Step 1. δ̂k = 1 if k = 1; otherwise, δ̂k is given by (3.1).

Step 2. Set δk = ηj δ̂k where j ≥ 0 is the smallest integer such that

Qk+1 ≥ − C
k2 where Qk+1 := ξkQk +Ωk with

Ωk := σ(δk‖uk+1 − uk‖2 + ρ‖Buk+1 − wk‖2)− ‖A(uk+1 − uk)‖2, and

uk+1 = argmin
u

{
δk‖u− uk + δ−1

k AT(Auk − f)‖2 + ρ‖wk −Bu+ ρ−1bk‖2
}
,

0 ≤ ξk ≤ min{ξ, (1− k−1)2}.
Step 3. If δk ≤ max{δk−1,Δk}, then Δk+1 = Δk; otherwise Δk+1 = τΔk.

Step 4. wk+1 = argminw

{
φ(w) +

ρ

2
‖w −Buk+1 + ρ−1bk‖2 +

β

2
‖w − wk‖2

}
.

Step 5. bk+1 = bk − ρ(Buk+1 − wk+1).

Step 6. If a stopping criterion is satisfied, terminate the algorithm.

End For

Alg. 1. The BOSVS algorithm.
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for k > 1. For k = 1, δ̂k can be chosen arbitrarily; we take δ̂1 = 1. In [9] we

proved a uniform bound on δk when δ̂k is chosen in this way. Typically, we start
by taking δmin small, in which case δ̂k = ‖A(uk − uk−1)‖2/‖uk − uk−1‖2 for small
k, which is less than the largest eigenvalue of ATA except in the very special case
where uk − uk−1 is aligned with a vector associated with the largest eigenvalue of
ATA. As a result, the associated proximal term in the alternating direction proximal
method of multipliers is typically indefinite. Step 2 amounts to a line search which
permits potential growth in δk. This line search is sufficient to guarantee convergence
as shown in [9], but typically δk remains smaller than the largest eigenvalue of ATA.
There is a minor change in the initialization of the BOSVS parameter C of Algorithm 1
compared to the initializations in [9]. In [9] we indicated C > 1 since we thought that
larger values of C would cause the line search to terminate more quickly and provide
better performance. However, for the convergence theory, we only need C ≥ 0. For
the ergodic convergence results, we need to bound ξk away from 1 in Step 2, while
this constraint was not needed for the global convergence of BOSVS. The iterates
(uk, wk, bk) of the BOSVS algorithm converge to both a solution and a multiplier
associated with the constraint in (1.2) as shown in [9].

Results for the BOSVS algorithm established in [9] are summarized in the follow-
ing theorem. In this section and in the remainder of the paper, we assume that H
has the special form (1.3) which arises in imaging.

Theorem 3.1. The BOSVS algorithm has the following properties:
1. If there exists a solution of (1.2), then the sequence xk = (uk, wk, bk) gen-

erated by BOSVS approaches a limit x∗ = (u∗, w∗, b∗), where the first-order
optimality conditions for (1.2) are satisfied. That is,

∇H(u∗)−BTb∗ = 0, −b∗ ∈ ∂φ(w∗), w∗ = Bu∗.

Moreover, (u∗, w∗) is a solution of (1.2) with b∗ a corresponding Lagrange
multiplier.

2. In Step 2 of BOSVS, the integer j is bounded uniformly in k and δk ≤
η‖A‖2/σ.

3. In Step 3 of BOSVS, Δk+1 = Δk except for at most logτ (‖A‖2/(σδmin))
iterations. Hence, δk ≤ δk−1 except in a finite number of iterations.

4. If the sequence xk = (uk, wk, bk) generated by BOSVS approaches a limit
x∗ = (u∗, w∗, b∗), then we have

∞∑
k=1

‖uk+1 − uk‖2 + ‖wk+1 − wk‖2 + ‖Buk+1 − wk‖2 < ∞.

4. Additional properties of BOSVS. We now establish a few additional prop-
erties of the BOSVS algorithm.

Lemma 4.1. If δk is chosen according to Step 2 of the BOSVS algorithm and the
matrix Gk is defined by

Gk := δkI −ATA,

where I is the N ×N identity matrix, then

‖uk+1 − uk‖2Gk
≥ −τk + θ‖uk+1 − uk‖2,

where θ = (1 − σ)δmin and

(4.1) τk =
C

k2
+ ξkQk + σρ‖Buk+1 − wk‖2.
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1542 W. W. HAGER, M. YASHTINI, AND H. ZHANG

Proof. In Step 2 of BOSVS, δk is accepted if

Qk+1 ≥ − C

k2
,(4.2)

where Qk+1 = ξkQk +Ωk, ξk ∈ [0, (1− k−1)2], and Ωk is defined by

Ωk = σ
(
δk‖uk+1 − uk‖2 + ρ‖Buk+1 − wk‖2

)
− ‖A(uk+1 − uk)‖2.

Hence, the inequality (4.2) can be written as

C

k2
+ ξkQk + σ

(
δk‖uk+1 − uk‖2 + ρ‖Buk+1 − wk‖2

)
− ‖A(uk+1 − uk)‖2 ≥ 0.

We rearrange this to obtain

C

k2
+ ξkQk +

(
δk‖uk+1 − uk‖2 − ‖A(uk+1 − uk)‖2

)
+ σρ‖Buk+1 − wk‖2

≥ (1− σ)δk‖uk+1 − uk‖2 ≥ (1− σ)δmin‖uk+1 − uk‖2,
since δk ≥ δmin for all k. In terms of Gk = δkI−ATA, this inequality can be expressed
as

C

k2
+ ξkQk + ‖uk+1 − uk‖2Gk

+ σρ‖Buk+1 − wk‖2 ≥ (1 − σ)δmin‖uk+1 − uk‖2.

Hence, the lemma holds with θ = (1− σ)δmin.

Numerically, we observe that the error in the iterates generated by BOSVS is
highly oscillatory. In the paper, we analyze the convergence rate of an ergodic sequence
associated with the BOSVS iterates. Let xk = (uk, wk, bk) be the BOSVS iterates,
and define a modified sequence x̄k = (ūk, w̄k, b̄k), where

ūk = uk+1, w̄k = wk+1, b̄k = bk − ρ(Buk+1 − wk).(4.3)

The associated ergodic mean xk is given by

(4.4) xk := (uk,wk,bk) =
1

k

k∑
j=1

x̄j .

The next lemma establishes a variational identity for the modified sequence (4.3).

Lemma 4.2. The BOSVS sequence xk = (uk, wk, bk) and the modified sequence
x̄k given in (4.3) satisfy

(4.5) Wk(x
k − x̄k) = ȳk

for some ȳk ∈ F (x̄k), where

Wk :=

⎡
⎢⎢⎣

Gk 0 0

0 (β + ρ)I 0

0 I ρ−1I

⎤
⎥⎥⎦ .

Here I is the l × l identity matrix.
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Proof. The u-subproblem in Step 2 of BOSVS is equivalent to

(4.6) uk+1 = argmin
u

{
2H(u) + ρ‖Bu− wk − ρ−1bk‖2 + ‖u− uk‖2Gk

}
,

where H(u) = 1
2‖Au − f‖2. These problems are equivalent since the objective func-

tions only differ by terms independent of u. Setting the derivative to 0 at uk+1 in
(4.6), we get

∇H(uk+1) + ρBT(Buk+1 − wk − ρ−1bk) +Gk(u
k+1 − uk) = 0.

Since ūk = uk+1 and b̄k = bk − ρ(Buk+1 − wk), this expression can be written as

∇H(ūk)−BTb̄k +Gk(ū
k − uk) = 0.(4.7)

The first-order optimality condition for Step 4 of BOSVS is

sk+1 + bk − ρ(Buk+1 − wk+1) + β(wk+1 − wk) = 0

for some sk+1 ∈ ∂φ(wk+1). We define s̄k := sk+1 and rewrite this in terms of b̄k and
w̄k = wk+1 to obtain

s̄k + b̄k + (β + ρ)(w̄k − wk) = 0.(4.8)

The definition of b̄k = bk − ρ(Buk+1 −wk) can be rearranged into the following form:

(Būk − w̄k) + (w̄k − wk) +
1

ρ
(b̄k − bk) = 0,(4.9)

where again w̄k = wk+1 and ūk = uk+1. Combine (4.7)–(4.9) to obtain⎡
⎢⎢⎣

∇H(ūk)−BTb̄k −Gk(u
k − ūk)

s̄k + b̄k − (β + ρ)(wk − w̄k)

(Būk − w̄k)− (wk − w̄k)− ρ−1(bk − b̄k)

⎤
⎥⎥⎦ = 0,

which is the same as (4.5).

Lemma 4.3. The component zk := (wk, bk) of the BOSVS sequence and the mod-
ified sequence z̄k := (w̄k, b̄k) defined in (4.3) satisfy

(4.10) ‖zk − z̄k‖2D − ‖zk+1 − z̄k‖2D = β‖wk − w̄k‖2 + 1

ρ
‖bk − b̄k‖2 ≥ 0,

where D is a positive definite matrix defined by

D :=

[
(β + ρ)I 0

0 ρ−1I

]
.

Proof. After substituting for D, the left side of (4.10) reduces to

(β + ρ)(‖wk − w̄k‖2 − ‖wk+1 − w̄k‖2) + ρ−1(‖bk − b̄k‖2 − ‖bk+1 − b̄k‖2)
= (β + ρ)‖wk − wk+1‖2 + ρ−1(‖bk − b̄k‖2 − ‖bk+1 − b̄k‖2),(4.11)

since w̄k = wk+1. By the definition of b̄k and by the formula for bk+1 in Step 5 of
BOSVS, it follows that

(4.12) bk+1 − b̄k = ρ(wk+1 − wk).

With this substitution in (4.11), we obtain (4.10).
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1544 W. W. HAGER, M. YASHTINI, AND H. ZHANG

Lemma 4.4. For all x = (u,w, b), we have

2Re
〈
x− x̄k,Wk(x

k − x̄k)
〉
+ ‖u− uk‖2Gk

+ ‖z − zk‖2D + τk

≥ ‖u− uk+1‖2Gk
+ ‖z − zk+1‖2D + θ‖uk+1 − uk‖2,

where τk is defined in (4.1).

Proof. By the definition of Wk, we have〈
x− x̄k,Wk(x

k − x̄k)
〉

(4.13)

=
〈
u− ūk, Gk(u

k − ūk)
〉
+
〈
z − z̄k, (D + E)(zk − z̄k)

〉
for all x = (u, z), where z = (w, b) and

E =

[
0 0
I 0

]
.

For any matrix G, we have

Re
〈
(a− b), G(c− d)

〉
(4.14)

=
1

2

(
‖a− d‖2G − ‖a− c‖2G + ‖c− b‖2G − ‖d− b‖2G

)
.

Applying this to the first term on the right side of (4.13) gives

Re
〈
u− ūk, Gk(u

k − ūk)
〉
=

1

2

(
‖u− uk+1‖2Gk

− ‖u− uk‖2Gk

)
+

1

2
‖uk − uk+1‖2Gk

,

since ūk = uk+1. By Lemma 4.1, it follows that

Re
〈
u− ūk, Gk(u

k − ūk)
〉
≥ 1

2

(
‖u− uk+1‖2Gk

− ‖u− uk‖2Gk

)

+
1

2

(
θ‖uk+1 − uk‖2 − τk

)
.(4.15)

By (4.12), it follows that

(D + E)(zk − z̄k) = D(zk − zk+1).

With this substitution, the last term in (4.13) becomes 〈z − z̄k, D(zk − zk+1)〉. We
apply (4.14) to obtain

Re
〈
z − z̄k, D(zk − zk+1)

〉
=

1

2

(
‖z − zk+1‖2D − ‖z − zk‖2D

)

+
1

2

(
‖zk − z̄k‖2D − ‖zk+1 − z̄k‖2D

)
.

By Lemma 4.3, we have ‖zk − z̄k‖2D − ‖zk+1 − z̄k‖2D ≥ 0; hence

Re
〈
z − z̄k, D(zk − zk+1)

〉
≥ 1

2

(
‖z − zk+1‖2D − ‖z − zk‖2D

)
.(4.16)

We combine (4.13), (4.15), and (4.16) to complete the proof.
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Lemma 4.5. In BOSVS, τk given in (4.1) satisfies τk ≥ 0 for each k and

(4.17)
∞∑
k=1

τk < ∞.

Proof. Since the BOSVS parameter C is nonnegative and Q1 = 0, we have

τ1 = C + σρ‖Bu2 − w1‖2 ≥ 0.

For k ≥ 2, Step 2 of BOSVS ensures that Qk ≥ −C/(k − 1)2. Since ξk ≤ (1− k−1)2,
we have

τk ≥ C

k2
+ ξkQk ≥ C

k2
− Cξk

(k − 1)2
≥ C

k2
− C(1− k−1)2

(k − 1)2
= 0.

Now, consider the series in (4.17):

∞∑
k=1

τk =

∞∑
k=1

C

k2
+

∞∑
k=1

σρ‖Buk+1 − wk‖2 +
∞∑
k=1

ξkQk.

The first sum on the right is clearly convergent, while the second sum is convergent
by Theorem 3.1, part 4. To complete the proof, we need to show that the last sum is
bounded from above. Recall that Qk+1 := ξkQk +Ωk and

Ωk = σ(δk‖uk+1 − uk‖2 + ρ‖Buk+1 − wk‖2)− ‖A(uk+1 − uk)‖2.

By the uniform bound on δk in part 2 of Theorem 3.1, we conclude that for some
constant c, we have

Ωk ≤ c(‖uk+1 − uk‖2 + ‖Buk+1 − wk‖2) := Ω̄k.

Working backwards,

Qk = ξk−1Qk−1 +Ωk−1

≤ ξk−1Qk−1 + Ω̄k−1

≤ ξk−1

(
ξk−2Qk−2 + Ω̄k−2

)
+ Ω̄k−1

≤
(

k−1∏
j=2

ξj

)
Ω̄1 +

(
k−1∏
j=3

ξj

)
Ω̄2 + · · ·+ Ω̄k−1.

Since 0 ≤ ξk ≤ ξ and Ω̄k ≥ 0, it follows that

ξkQk ≤ ξk−1Ω̄1 + ξk−2Ω̄2 + · · ·+ ξΩ̄k−1.

Hence,
∞∑
k=1

ξkQk ≤
( ∞∑

k=1

ξk

)( ∞∑
k=1

Ω̄k

)
.

Since ξ < 1, the geometric series in ξ is convergent, and by Theorem 3.1, part 4, the
series in Ω̄k is convergent. This completes the proof of (4.17).
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5. Ergodic convergence analysis of BOSVS. Let Bu and Bw denote the unit
balls centered at u∗ and w∗, and let Bb be the ball with center b∗ and radius

(5.1) r∗ = 1 +max {‖s+ b∗‖ : s ∈ ∂φ(w∗)}.

By [34, Thm. 23.4], ∂φ(w∗) is a bounded set, so r∗ is finite. Define B = Bu×Bw×Bb.
Note that u∗ ∈ Bu, w

∗ ∈ Bw, b
∗ ∈ Bb, and x∗ ∈ B. We now show that the ergodic

means xk defined in (4.4) obey a perturbed minimax property and satisfy a perturbed
version of the variational inequality (2.8).

Theorem 5.1. Suppose BOSVS converges to a solution (u∗, w∗) of (1.2) and an
associated multiplier b∗ for the constraint. If xk is the sequence of ergodic means
defined in (4.4), then there exists a constant c independent of k such that

(5.2) Re 〈y, x− xk〉 ≥ − c

k
for all x ∈ B and y ∈ F (x),

where F is defined in (2.9). Moreover, we have

(5.3) max{L(uk,wk, b) : b ∈ Bb} −min{L(u,w,bk) : u ∈ Bu, w ∈ Bw} ≤ c

k
.

Proof. Since BOSVS converges to x∗, it follows that the sequence x̄k also con-
verges to x∗, which implies that the ergodic sequence xk converges to x∗. By Lem-
mas 4.2 and 4.4, there exists ȳj ∈ F (x̄j) such that

2Re 〈ȳj , x− x̄j〉 ≥ (‖u− uj+1‖2Gj
− ‖u− uj‖2Gj

)

+ θ‖uj+1 − uj‖2 + (‖z − zj+1‖2D − ‖z − zj‖2D)− τj

for all x. Sum this from j = 1 to k to obtain

2Re
k∑

j=1

〈ȳj , x− x̄j〉 ≥
k∑

k=1

(
‖u− uj+1‖2Gj

− ‖u− uj‖2Gj

)

+ θ

k∑
k=1

‖uj+1 − uj‖2 + (‖z − zk+1‖2D − ‖z − z1‖2D)−
k∑

j=1

τj .

We drop the positive terms ‖uj+1 − uj‖2 and ‖z − zk+1‖2D and rearrange to obtain

Re
k∑

j=1

〈ȳj , x̄j − x〉

≤ 1

2

[
‖z − z1‖2D +

k∑
j=1

(
τj + ‖u− uj‖2Gj

− ‖u− uj+1‖2Gj

)]
.(5.4)

We now establish a uniform bound for the right side of (5.4); more precisely, it is
shown that there exists a constant c, independent of k and x ∈ B, such that

Re

k∑
j=1

〈ȳj , x̄j − x〉 ≤ c.(5.5)D
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For all x ∈ B, ‖z − z1‖2D is bounded uniformly. By Lemma 4.5, the τj sum in (5.4) is
bounded above, uniformly in k. Now consider the terms in (5.4) subscripted by Gj .
Since Gj = δjI −ATA, it follows that

‖u− uj‖2Gj
− ‖u− uj+1‖2Gj

= δj(‖u− uj‖2 − ‖u− uj+1‖2)

− ‖A(u− uj)‖2 + ‖A(u− uj+1)‖2.

Hence, we have

k∑
j=1

(
‖u− uj‖2Gj

− ‖u− uj+1‖2Gj

)
= δ1‖u− u1‖2 − δk‖u− uk+1‖2(5.6)

+

k∑
j=2

(δj − δj−1)‖u− uj‖2 − ‖A(u− u1)‖2 + ‖A(u− uk+1)‖2.

To establish (5.5), we need an upper bound for (5.6). Consequently, the negative
terms on the right side can be neglected. Since uj converges to u∗ and ‖u− u∗‖ ≤ 1,
‖A(u− uk+1)‖2 is bounded uniformly in k. Finally, consider the (δj − δj−1)‖u− uj‖2
term. By part 2 of Theorem 3.1, δj ≥ 0 is uniformly bounded, and by part 3 of
Theorem 3.1, δj ≤ δj−1 except in a finite number of iterations. The terms with
δj ≤ δj−1 are negative and can be neglected. Since uj converges to u∗ and ‖u−u∗‖ ≤ 1,
the positive terms are bounded uniformly in j, and since there are a finite number
of positive terms with δj > δj−1, (5.6) is bounded uniformly in k, which establishes
(5.5).

For any y ∈ F (x), we have

〈y, x̄− x〉 = 〈∇H(u)−BTb, ū− u〉+ 〈s+ b, w̄ − w〉+ 〈Bu − w, b̄ − b〉,

where s is any element of ∂φ(w). Since both H and φ are convex, they satisfy the
monotonicity conditions

Re 〈s, w̄ − w〉 ≤ Re 〈s̄, w̄ − w〉

and
Re 〈∇H(u), ū− u, 〉 ≤ Re 〈∇H(ū), ū− u〉

for all s̄ ∈ ∂φ(w̄) and s ∈ ∂φ(w). Utilizing these monotonicity conditions, we obtain

Re 〈y, x̄− x〉 ≤ Re 〈∇H(ū)−BTb, ū− u〉
+Re 〈s̄+ b, w̄ − w〉+Re 〈Bu− w, b̄ − b〉.

We replace b by (b − b̄) + b̄ in the first two terms on the right side of the inequality
and rearrange to deduce that

(5.7) Re 〈y, x̄− x〉 ≤ Re 〈ȳ, x̄− x〉

for all y ∈ F (x) and ȳ ∈ F (x̄).
We combine the monotonicity relation (5.7) with (5.5) to obtain

Re

k∑
j=1

〈y, x̄j − x〉 ≤ Re

k∑
j=1

〈ȳj , x̄j − x〉 ≤ c
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for all x ∈ B and y ∈ F (x). By the definition of the ergodic mean in (4.4), we have

Re 〈y,xk − x〉 =
(
1

k

)
Re

k∑
j=1

〈y, x̄j − x〉 ≤
(
1

k

)
Re

k∑
j=1

〈ȳj , x̄j − x〉 ≤ c

k

for all x ∈ B and y ∈ F (x). This yields (5.2).
Next, let us consider the minimax property (5.3). Since L(u,w, b) is convex in

(u,w) and concave (linear) in b, it follows that

L(uk,wk, b)− L(u,w,bk) = L
(
1

k

k∑
j=1

ūj ,
1

k

k∑
j=1

w̄j , b

)
− L

(
u,w,

1

k

k∑
j=1

b̄j

)

≤ 1

k

k∑
j=1

[
L(ūj , w̄j , b)− L(u,w, b̄j)

]
.(5.8)

By the definition of L in (2.3), we have

L(ūj , w̄j , b)− L(u,w, b̄j)
= H(ūj)−H(u) + φ(w̄j)− φ(w) − Re 〈b, Būj − w̄j〉+Re 〈b̄j , Bu− w〉.(5.9)

The convexity of H and φ implies that

(5.10) H(ūj)−H(u) ≤ Re 〈∇H(ūj), ūj − u〉,
and

(5.11) φ(w̄j)− φ(w) ≤ Re 〈s̄j , w̄j − w〉
for every s̄j ∈ ∂φ(w̄j). In the trailing terms of (5.9), we replace b by b− b̄j + b̄j and
we rearrange to obtain

〈b̄j , Bu− w〉 − 〈b, Būj − w̄j〉
= −〈BTb̄j , ūj − u〉+ 〈b̄j , w̄j − w〉+ 〈Būj − w̄j , b̄j − b〉.(5.12)

Combine (5.9)–(5.12) to obtain

L(ūj , w̄j , b)− L(u,w, b̄j) ≤ Re 〈ȳj , x̄j − x〉.
Hence, (5.5) and (5.8) imply that

L(uk,wk, b)− L(u,w,bk) ≤ 1

k

(
Re

k∑
j=1

〈ȳj, x̄j − x〉
)

≤ c

k
,

which yields (5.3).

Next, we analyze the error in the objective function and the error in the constraint.

Theorem 5.2. Suppose BOSVS converges to a solution (u∗, w∗) of (1.2) and an
associated multiplier b∗ for the constraint. If xk is the sequence of ergodic means
defined in (4.4), then there exists a constant c independent of k such that

(5.13) ‖wk −Buk‖ ≤ c√
k
,
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(5.14) H(uk) + φ(wk)−H(u∗)− φ(w∗) ≤ c√
k
,

and

(5.15) H(uk) + φ(Buk)−H(u∗)− φ(w∗) ≤ c

k
.

Proof. By the Cauchy–Schwarz and triangle inequalities, we have

‖wk −Buk‖2 =

∥∥∥∥∥1k
k∑

j=1

(w̄j −Būj)

∥∥∥∥∥
2

=
1

k2

∥∥∥∥∥
k+1∑
j=2

(wj −Buj)

∥∥∥∥∥
2

≤ 1

k2

(
k

k+1∑
j=2

‖wj −Buj‖2
)

=
1

k

k+1∑
j=2

‖wj −Buj‖2

=
1

k

[
k+1∑
j=2

‖wj−1 −Buj + (wj − wj−1)‖2
]

≤ 2

k

(
k+1∑
j=2

‖wj−1 −Buj‖2 +
k+1∑
j=2

‖wj − wj−1‖2
)
.(5.16)

By Theorem 3.1, part 4, the sums in (5.16) are bounded, uniformly in k. This estab-
lishes (5.13).

To establish (5.14), we make the choice u = u∗, w = w∗, and b = b∗ in (5.3) to
obtain

φ(wk) +H(uk)− Re 〈b∗, Buk −wk〉 − φ(w∗)−H(u∗) ≤ c

k
.

Combine this with (5.13) to obtain (5.14).
Finally, let us consider (5.15). Since

− lim
k→∞

Buk = lim
k→∞

wk = w∗,

it follows from [34, Cor. 24.5.1] that for k sufficiently large, there exists−vk ∈ ∂φ(Buk)
such that the distance from −vk to ∂φ(w∗) is less than 1. Choose k sufficiently large
and sk ∈ ∂φ(w∗) such that ‖vk + sk‖ ≤ 1. Consequently, we have

‖vk − b∗‖ ≤ ‖vk + sk‖+ ‖sk + b∗‖ ≤ 1 + ‖sk + b∗‖ ≤ r∗

by (5.1). Hence, vk ∈ Bb. We apply (5.3) with b = vk, u = u∗, and w = w∗ = Bu∗ to
obtain

(5.17) φ(wk) +H(uk)− Re 〈vk, Buk −wk〉 − φ(Bu∗)−H(u∗) ≤ c

k
.

Since −vk ∈ ∂φ(Buk) and φ is convex, it follows that

(5.18) φ(wk)− Re〈vk, Buk −wk〉 ≥ φ(Buk).

Combine (5.17) and (5.18) to obtain (5.15).
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When a strong convexity assumption holds, there is a convergence result for
ergodic means (uk,wk).

Theorem 5.3. Suppose BOSVS converges to a solution (u∗, w∗) of (1.2) and an
associated multiplier b∗ for the constraint. If N (A) ∩ N (B) = {0}, and φ(w) is
strongly convex at w∗ in the sense that there exists γ > 0 such that

φ(w) − φ(w∗) + Re 〈b∗, w − w∗〉 ≥ γ‖w − w∗‖2 for all w ∈ Bw,(5.19)

then (u∗, w∗) is the unique solution of (1.2) and there exists a constant c, independent
of k, such that the sequence of ergodic means xk defined in (4.4) satisfy

(5.20) ‖wk − w∗‖ ≤ c√
k

and ‖uk − u∗‖ ≤ c√
k
.

Proof. If (u∗, w∗) is the unique solution of (1.2) in Bu × Bw, then due to the
convexity of the objective function and constraint, (u∗, w∗) is the unique global mini-
mum. On the other hand, suppose that there exists a second solution (ũ, w̃) of (1.2).
Since Bũ− w̃ = 0 and Bu∗ = w∗, the objective function Φ of (1.2) satisfies

Φ(ũ, w̃)− Φ(u∗, w∗) = H(ũ)−H(u∗)

− Re 〈b∗, B(ũ− u∗)〉+ φ(w̃)− φ(w∗) + Re 〈b∗, w̃ − w∗〉,(5.21)

where H is defined in (1.3). Expanding H in a Taylor series around u∗ and taking
into account the fact that BTb∗ = −∇H(u∗) by the first-order optimality conditions,
we obtain

(5.22) H(ũ)−H(u∗)− Re 〈b∗, B(ũ− u∗)〉 = 1

2
‖A(ũ− u∗)‖2.

Combining (5.19), (5.21), and (5.22) yields

(5.23) Φ(ũ, w̃)− Φ(u∗, w∗) ≥ 1

2
‖A(ũ− u∗)‖2 + γ‖w̃ − w∗‖2.

Since Φ(ũ, w̃) = Φ(u∗, w∗), we conclude that w̃ = w∗ and ũ−u∗ ∈ N (A). Since Bu∗ =
w∗, Bũ = w̃, and w̃ = w∗, it follows that ũ − u∗ ∈ N (B). Since N (A) ∩ N (B) = 0,
we conclude that ũ = u∗. Hence, (u∗, w∗) is the unique solution of (1.2) and u∗ is the
unique solution of (1.1).

Substituting x = (u∗, w∗, b∗) in (5.3) gives

L(uk,wk, b
∗)− L(u∗, w∗,bk) ≤ c

k
.(5.24)

The left side of (5.24) is

φ(wk)− φ(w∗) +H(uk)−H(u∗)− Re
〈
b∗, B(uk − u∗)− (wk − w∗)

〉
(5.25)

since w∗ = Bu∗. Similarly to (5.22), we expand H in a Taylor series around u∗, we
drop the linear term by the first-order optimality conditions, and we utilize (5.19) to
obtain

L(uk,wk, b
∗)− L(u∗, w∗,bk) ≥ 1

2
‖A(uk − u∗)‖2 + γ‖wk − w∗‖2.
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Therefore, by (5.24), we have

(5.26)
1

2
‖A(uk − u∗)‖2 + γ‖wk − w∗‖2 ≤ c

k
.

This implies that

(5.27) ‖wk − w∗‖2 ≤ c

γk
.

Since N (A)∩N (B) = {0}, the smallest eigenvalue of ATA+BTB, denoted λmin,
is positive. Hence, we have

λmin‖uk − u∗‖2 ≤ ‖uk − u∗‖2ATA+BTB

= ‖A(uk − u∗)‖2 + ‖B(uk − u∗)‖2

= ‖A(uk − u∗)‖2 + ‖Buk −wk +wk − w∗‖2

≤ ‖A(uk − u∗)‖2 + 2‖Buk −wk‖2 + 2‖wk − w∗‖2.
We combine this with (5.13), (5.26), and (5.27) to complete the proof of (5.20).

6. Numerical results. In this section, we numerically explore the convergence
speed of the BOSVS algorithm and the sequence of ergodic means using image recon-
struction problems that arise in partially parallel imaging (PPI). We compare three
algorithms: BOS, BOSVS, and the ergodic version of BOSVS analyzed in this paper.
The algorithms were implemented in MATLAB. The PPI reconstruction problems
are described in detail in [9]. The regularization term φ is total variation regular-
ization, which was first introduced by Rudin, Osher, and Fatemi in [35]. Subse-
quent work on accelerated algorithms for total variation regularized problems includes
[7, 12, 23, 25, 37, 38]. Total variation regularization is defined by

(6.1) φ(Bu) = α‖u‖TV = α

N∑
i=1

‖(∇u)i‖,

where Bu = ∇u and (∇u)i is the vector of finite differences in the image along the
coordinate directions at the ith pixel in the image. The data sets used in our numerical
experiments, denoted data 1, data 2, and data 3, correspond to the reconstruction of
the PPI images shown in Figure 1, panels (a), (b), and (c). The PPI system used
in our experiments had 8 coils. For data 1 and data 2, we use a random Poisson
mask shown in Figure 1(d), while for data 3 we use a radial mask shown in panel (e).
In these figures, the illuminated pixels correspond to the components of the Fourier
transform that are recorded by the imaging device. The Poisson mask samples 25% of
the Fourier coefficients, while the radial mask samples 34% of the Fourier coefficients.
In our experiments, we used the following parameters:

α = 0.00001, ρ = 0.0001, τ = 1.01, η = 3, β = 0, δmin = 0.001,

C = 100, σ = 0.99, ξ = 0.8.

The parameter α, the weight for the total variation regularization term (6.1), is chosen
to achieve the best reconstructed image for the solution of (1.1) and the three images
in this test set. The penalty parameter ρ is taken relatively small since this value leads
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(a) (b) (c)

(d) (e)

Fig. 1. (a) Reference image for data 1. (b) Reference image for data 2. (c) Reference image
for data 3. (d) Poisson random mask used for data 1 and data 2 with 25% undersampling ratio.
(e) Radial mask used for data 3 with 34% undersampling ratio.

to faster convergence of the algorithms. The remaining parameters arise specifically
in BOSVS. Their values were based on our personal preferences; for example, σ and
ξ should be slightly less than 1 and τ should be slightly greater than 1. The proximal
term in w does not seem to provide any significant benefit, so we set β = 0.

Our evaluation of performance is based on the following estimates for the optimal
objective values obtained by running BOSVS for 100,000 iterations:

Φ(u∗, w∗) = 0.266540 for data 1,
Φ(u∗, w∗) = 1.0525 for data 2,
Φ(u∗, w∗) = 1.047221 for data 3.

Figure 2 plots the error in the objective function versus the number of multiplications
by either A or AT to achieve that error. Since A is a large dense matrix, the number
of multiplications by A or by AT should be proportional to the running time of the
algorithm if it were coded in a compiled language such as C or Fortran. In computing
the ergodic iterates, we skipped the first 10 of the 1000 iterates, and the averaging
starts at iteration 11.

In Figure 2, we see that after about 100 matrix multiplications, the most accurate
BOSVS iterates are about an order of magnitude more accurate than the BOS iter-
ates. Thus the indefinite proximal term associated with BOSVS provides a significant
improvement in the accuracy of the objective. On the other hand, the BOSVS iterates
possess significant oscillation, and the objective error can increase or decrease by an
order of magnitude in a few iterations. The ergodic iterates, which possess a guar-
anteed O(1/k) convergence rate, eliminate the oscillations. The ergodic iterates are
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Fig. 2. Plots of the objective error as a function of the number of multiplications by A or AT

to achieve the error for data 1, data 2, and data 3, respectively.

about half an order of magnitude more accurate than BOS iterates, and significantly
less accurate than the most accurate BOSVS iterates.

In Figure 3 we plot the logarithm of the error for the ergodic BOSVS iterates as a
function of the logarithm of the iteration number. In a log/log plot, a function of the
form y = ck−p would appear as a line with slope −p. The least squares fit to p for the
plots shown in Figure 3 is 1.6, 1.2, and 0.9 for data 1, data 2, and data 3, respectively.
Since our analysis gives an upper bound for the error of ck−1, the observed error
roughly follows our established upper bound.

7. Conclusion. The convergence rate of the variable stepsize Bregman opera-
tor splitting algorithm (BOSVS) was studied. This algorithm was motivated by the
alternating direction method of multipliers [15], the Barzilai–Borwein approximation
[2] to a Hessian in the objective function, and a regularization idea loosely related to
what is used in the SpaRSA algorithm [1, 3, 5, 40]. The algorithm is equivalent to
the alternating direction proximal method of multipliers with an indefinite proximal
term which is chosen by a line search technique. The analysis utilized the equiva-
lence between the nonsmooth convex optimization problem and a related variational
inequality. It was proved that the ergodic mean associated with k iterations of the
BOSVS algorithm has an objective error of O(1/k). Moreover, when the objective
function satisfies a strong convexity condition, then the solution error is O(1/

√
k).

In numerical experiments using image reconstruction problems arising in partially
parallel imaging (PPI) with total variation regularization, it was observed that the
objective error of the most accurate BOSVS iterates could be an order of magnitude
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Fig. 3. Plots of the objective error for the ergodic BOSVS iterates as a function of the iteration
number.

more accurate than the objective error of the BOS iterates where the proximal term is
positive semidefinite. While the error in the BOSVS iterates can oscillate, the error in
the ergodic BOSVS iterates decreases nearly monotonically with an guaranteed error
bound of O(1/k).
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Birkhäuser, Boston, 1995, pp. 323–331.

[38] C. R. Vogel and M. E. Oman, Iterative methods for total variation denoising, SIAM J. Sci.
Comput., 17 (1996), pp. 227–238, http://dx.doi.org/10.1137/0917016.

[39] Y. Wang, J. Yang, W. Yin, and Y. Zhang, A new alternating minimization algorithm for
total variation image reconstruction, SIAM J. Imaging Sci., 1 (2008), pp. 248–272, http://
dx.doi.org/10.1137/080724265.

[40] S. J. Wright, R. D. Nowak, and M. A. T. Figueiredo, Sparse reconstruction by separable
approximation, IEEE Trans. Signal Process., 57 (2009), pp. 2479–2493.

[41] C. Wu and X.-C. Tai, Augmented Lagrangian method, dual methods, and split Bregman it-
eration for ROF, vectorial TV, and high order models, SIAM J. Imaging Sci., 3 (2010),
pp. 300–339, http://dx.doi.org/10.1137/090767558.

[42] C. Wu, J. Zhang, and X.-C. Tai, Augmented Lagrangian method for total variation restoration
with non-quadratic fidelity, Inverse Probl. Imaging, 5 (2011), pp. 237–261.

[43] J. Yang, W. Yin, Y. Zhang, and Y. Wang, A fast algorithm for edge-preserving variational
multichannel image restoration, SIAM J. Imaging Sci., 2 (2009), pp. 569–592, http://dx.
doi.org/10.1137/080730421.

[44] J. Yang, Y. Zhang, and W. Yin, A fast alternating direction method for TVL1-L2 signal
reconstruction from partial Fourier data, IEEE J. Selected Topics Signal Process., 4 (2010),
pp. 288–297.

[45] M. Yashtini, W. W. Hager, Y. Chen, and X. Ye, Partially parallel MR image reconstruction
using sensitivity encoding, in Proceedings of the 2012 IEEE International Conference on
Image Processing, Orlando, IEEE, 2012, pp. 2077–2080.

[46] X. Ye, Y. Chen, and F. Huang, MR image reconstruction via sparse representation: Mod-
eling and algorithm, in Proceedings of the International Conference on Image Processing,
Computer Vision, and Pattern Recognition (IPCV), 2009, pp. 10–16.

[47] X. Ye, Y. Chen, and F. Huang, Computational acceleration for MR image reconstruction in
partially parallel imaging, IEEE Trans. Med. Imaging, 30 (2011), pp. 1055–1063.

[48] L. Ying, B. Liu, M. C. Steckner, G. Wu, M. Wu, and S.-J. Li, A statistical approach to
SENSE regularization with arbitrary k-space trajectories, Magn. Reson. Med., 60 (2008),
pp. 414–421.

[49] X. Zhang, M. Burger, X. Bresson, and S. Osher, Bregmanized nonlocal regularization for
deconvolution and sparse reconstruction, SIAM J. Imaging Sci., 3 (2010), pp. 253–276,
http://dx.doi.org/10.1137/090746379.

[50] X. Zhang, M. Burger, and S. Osher, A unified primal-dual algorithm framework based on
Bregman iteration, J. Sci. Comput., 46 (2011), pp. 20–46.

[51] M. Zhu and T. Chan, An Efficient Primal-Dual Hybrid Gradient Algorithm for Total Varia-
tion Image Restoration, Tech. Report 08-34, CAM UCLA, 2008.

[52] M. Zhu, S. Wright, and T. Chan, Duality-based algorithms for total-variation-regularized
image restoration, Comput. Optim. Appl., 47 (2010), pp. 377–400.

D
ow

nl
oa

de
d 

06
/0

6/
16

 to
 1

28
.2

27
.1

64
.2

03
. R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p

http://dx.doi.org/10.1137/130910774
http://dx.doi.org/10.1137/0917016
http://dx.doi.org/10.1137/080724265
http://dx.doi.org/10.1137/080724265
http://dx.doi.org/10.1137/090767558
http://dx.doi.org/10.1137/080730421
http://dx.doi.org/10.1137/080730421
http://dx.doi.org/10.1137/090746379

	Introduction
	Some variational inequalities
	BOSVS
	Additional properties of BOSVS
	Ergodic convergence analysis of BOSVS
	Numerical results
	Conclusion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


