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We consider the image denoising problem using total variation (TV) regularization. This problem
can be computationally challenging to solve due to the non-differentiability and non-linearity of the
regularization term. We propose an alternating direction augmented Lagrangian (ADAL) method,
based on a new variable splitting approach that results in subproblems that can be solved effi-
ciently and exactly. The global convergence of the new algorithm is established for the anisotropic
TV model. For the isotropic TV model, by doing further variable splitting, we are able to derive
an ADAL method that is globally convergent. We compare our methods with the split Bregman
method [16],which is closely related to it, and demonstrate their competitiveness in computational
performance on a set of standard test images.

Keywords: alternating direction method, augmented Lagrangian, split Bregman, total variation
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1. Introduction

In signal processing, total variation (TV) regularization is a very popular and effective
approach for noise reduction and has a wide array of applications in digital imaging.
The total variation is the integral of the absolute gradient of the signal. Using TV reg-
ularization to remove noise from signals was originally proposed in [30] and is based
on the observation that noisy signals have high total variation. By reducing the to-
tal variation of a noisy signal while keeping the resulting signal close to the original
one removes noise while preserving important details such as sharp edges. Other ex-
isting denoising techniques include median filtering and Tikhonov-like regularization,
lullrrg == ;(Vau)? + (Vyu)? of the desired solution u, where V,, and V,, are defined
below in (3). It is known that they tend to smooth away important texture details along
with the noise [34, 38].

For a 2-D signal v € R™ ™ such as an image, the total variation |[u|ry [30] of u can
be defined anisotropically or isotropically:

[ i [(Vaw)il + |(Vyu)il, (Anisotropic); |
[ullrv == S \/(qu)f + (Vyu)?, (Isotropic). ®

| D;jul|,, where D;u € R? denotes the discrete

Concisely, ||u||7y can be expressed as Y ;"]
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gradient of u at pixel i. Hence, ||u||7y is isotropic when p = 2 and is anisotropic when
p = 1. TV denoising (also called ROF (Rudin-Osher-Fatemi) denoising) corresponds to
solving the following optimization problem,

nm

. 1
min A Y |1 Diul + 5l bl @)

i=1

where p = 1 or 2; b € R™*™ is the noisy image, and the solution u is the desired denoised
image. || - || without a subscript denotes the lo-norm. We assume that all 2-D images
are in column-major vectorized form; hence, if one-dimensional index of (7, j) is k and
1 <i<n,1<j<m, the elements of Vu are given by

L U _ [ Vau

The anisotropic TV model that we consider in this paper is the four-neighbor form. Al-
gorithms for anisotropic TV denoising for other different sets of neighbors are presented
in [15].

Due to the non-differentiability and non-linearity of the TV term in problem (2), this
problem can be computationally challenging to solve despite its simple form. Hence,
much effort has been devoted to devise efficient algorithms for solving it. A number of
references are provided in Section 1 of [16]. In addition, Chambolle’s algorithm [6] solves
problem (2) with the isotropic TV-norm.

The approach that we develop in this paper for solving problem (2) is based on variable
splitting followed by the application, to the resulting constrained minimization problem,
of an alternating minimization algorithm (specifically, in our case, the alternating di-
rection augmented Lagrangian (ADAL) method). In contrast with previously proposed
variable splitting approaches for solving problem (2), our approach introduces two sets
of auxiliary variables, one to replace the solution image u and one to replace the vector
of gradients (Dyu,--- , Dppu). When the ADAL method is applied to the constrained
optimization problem that is derived from this variable splitting, the resulting subprob-
lems that must be solved at each iteration can be solved easily and exactly. Moreover,
for the anisotropic TV version of problem (2), convergence of our algorithm can be
proved, and for both the anisotropic and isotropic TV models, preliminary numerical
experiments indicate that the number of iterations required to obtain an accurate solu-
tion is quite small. By introducing a third set of auxiliary variables, we are also able to
derive an ADAL method for the isotropic TV model with guaranteed convergence.

Before outlining the organization of the remaining sections of the paper that contain
our main results, let us first review three previously proposed methods that use split-
variable alternating minimization approaches. All of these methods apply to the slightly
more general TV-based denoising/deblurring problem

. 1
min A3 | Dyl + 51K — b, @

where p is either 1 or 2, and K is a blurring (or convolution) operator.
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1.1. Closely Related Methods

In the straightforward variable splitting approach proposed in [1], a vector of auxiliary
variables w is introduced to replace u in the non-differentiable TV term in (4):

. 1
min A || Diwlly + 5|1 Ku - b (5)
s.t. w=u.

The algorithm SALSA (Split-Augmented Lagrangian Shrinkage Algorithm) in [1] then
obtains a solution to problem (4) by applying the ADAL method to problem (5), in which
the non-differentiable TV term A||®(w)||,, where ®;(w) = D;w, has been decoupled from
the quadratic fidelity term R(u) = 1|[Ku — b|? in the objective function. For the case
of isotropic TV regularization, SALSA uses five iterations of Chambolle’s algorithm to
compute the corresponding Moreau proximal mapping.

In [38], variable-splitting combined with a penalty function approach is applied to
problem (4) by introducing an auxiliary variable d; = D;u € R? for each pixel, yielding
the following approximation to problem (4)

, 1 5 1 5
inA D il + g 1w = b+ 523 s = Daalf (6)

Problem (6) is then minimized alternatingly with respect to w and u, with a continuation

scheme that drives the penalty parameter % gradually to a sufficiently large number.
This method is extended in [41, 43] to solve the multi-channel (color) image deblurring

problem. In [43], the TV regularization with 1-norm fidelity (TVL1) model

mgHAZ [ Diullp + [[Kw — b1
7

is considered. The same approach has also been applied to reconstruct signals from
partial Fourier data in the compressed sensing context [44]. These methods take full
advantage of the structures of the convolution operator and the finite difference operator
so that the subproblems can be solved exactly and efficiently, which is important for
fast convergence. A downside to this quadratic penalty approach is that when % is very
large, problem (6) becomes ill-conditioned and numerical stability becomes an issue.

Although our algorithm is closely related to the algorithms in [1] and [38] described
above, it is even more closely related to the split Bregman method [16], which is an
application of the variable splitting approach in [38] to the Bregman iterative regular-
ization method [24]. The Bregman iterative regularization method was first introduced
in [24] as a better (iterative) approach to the TV denoising/deblurring problem (4) than
directly applying an iterative solver to it. Subsequently, this method was extended in
[34] to the solution of /;-minimization problems that arise in compressed sensing and in
[22] to nuclear norm minimization problems that are convex relaxations of matrix rank
minimization problems.

The Bregman distance associated with a convex function E(-) between u and v is
defined as

Dl (u,v) = B(u) — E(v) —p" (u —v),

where p € 0E(v) and OFE(v) denotes the subdifferential of E(-) at the point v. The
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Bregman iteration for the unconstrained minimization problem

1
min F(u) + ;H(u),

where both functions E(-) and H(-) are convex, is

u* D) = arg min DY (u, u™) + %H(u)

= argmin E(u) — (u — u®)Tp®) 4 %H(u), (7)

p(k+1) — p(k) . VH(u(k-l-l)) (8)

Superscripts denote iteration indices to differentiate between the values of the variables
for the current iteration from those computed at the previous iteration. With the intro-
duction of an auxiliary variable d as in [38], the TV denoising/deblurring problem (4)
can be reformulated as the constrained problem

min Ad]ly + R(u) )

s.t. d=®(u),

. Now, converting problem (9) into an

where R(u) = %||Ku — b||?, and ®(u) = <§

2U
yU
unconstrained problem (by penalizing ||d — ®(u)||?), we obtain

. 1
min Aldlly + R(u) + ﬂlld — ®(u)]?,

(this is the same as problem (5)). Then, applying the general Bregman iteration (7)-(8)
with E(u,d) = \|d||1 + R(u) and H(u,d) = ||d — ®(u)||?, we obtain after simplification
the following specific Bregman iteration:

(u(k+1)7 d(k-i—l)) _ micllﬂ)\HdHl + R(u) + i”d — ®(u) — T(k)”2, (10)
PO+ — ) (@ (D)) — gl (11)

with #(© = 0. In [16], an approximate solution to (10) was proposed by alternatingly
minimizing the right-hand-side of (10) with respect to uw and d once. This yields the
following Split Bregman algorithm (Algorithm 1.1). ! For notational conciseness, the
superscripts are suppressed in the main steps. As is well known (e.g., see [42]), the Breg-
man iterative algorithm (10)-(11) is equivalent to applying the augmented Lagrangian
method [20, 25] to solve problem (9). Hence, the split-Bregman algorithm is equivalent
to applying the ADAL method to (9).

1.2. Organization of The Paper

The outline of the rest of the paper is as follows. We first briefly review the ADAL
method and its applications to linearly constrained optimization problems that arise

IThe Split Bregman method in its original form in [16] has an inner loop. We consider the simplified form, which
was used to solve TV denoising problems in [16].
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Algorithm 1.1 SplitBregman

1: Given u@, d© and r©.

2: for k=0,1,--- ,K do
3 u%minuR(u)—i—ﬁHd—cﬁ(u) —r|?
4 d <+ ming A||d||1 —I—ﬁHd—(P(u) — 72
5
6
7

<1+ (®(u) —d)
: end for
: return u

from variable splitting in Section 2. In Section 3.1, we describe our proposed variable-
splitting alternating direction augmented Lagrangian method for the anisotropic TV-
model and prove its global convergence in Section 3.2. We then discuss in Sections
3.3 and 3.4 the isotropic case and the difference between our algorithm and the split
Bregman method, respectively. In Section 3.5, we present a globally convergent variable-
splitting ADAL variant for the isotropic TV-model. In Section 4, we compare our algo-
rithms against the split Bregman method on a set of standard test images and demon-
strate the effectiveness of our methods in terms of denoising speed and quality.

2. The Alternating Direction Augmented Lagrangian Method

The ADAL method is also known as the alternating direction method of multipliers
(ADMM) and was first proposed in the 1970s [12, 14]. It belongs to the family of the
classical augmented Lagrangian (AL) method [20, 25, 29], which iteratively solves the
linearly constrained problem

min F(x) (12)

xT

s.t. Ax =0b.

The augmented Lagrangian of problem (12) is £L(z,v) = F(a:)+7T(b—A3:)+ﬁ | Az—b]|?,
where v is the Lagrange multiplier and p is the penalty parameter for the quadratic
infeasibility term. The AL method minimizes £(z, ) followed by an update to «y in each
iteration as stated in the following algorithm. We denote by k4. the user-defined maxi-
mum number of iterations or the number of iterations required to satisfy the termination
criteria.

Algorithm 2.1 AL (Augmented Lagrangian method)

1: Choose (.

2: for k=0,1,--- , kpee do
3. x < argming L(z,7)

4 vy = (Az = b)

5. end for

6: return x

For a structured unconstrained problem
min F(2) = f(x) + g(Az), (13)

where both functions f(-) and g(-) are convex, we can decouple the two functions by in-
troducing an auxiliary variable y and transform problem (13) into an equivalent linearly
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constrained problem

min f(z) + g(y) (14)
s.t. Ax = By,

where for (13), B = I. Henceforth, we consider the more general case of problem (14).
The augmented Lagrangian function for problem (14) is

Llw.y,7) = F(@) + 9(y) + 7 (By — Az) + inBy i

Exact joint minimization of £(z,y,~) with respect to both = and y is usually difficult.
Hence, in practice, an inexact version of the AL method (IAL) is often used, where
L(x,y,7) is minimized only approximately. Convergence is still guaranteed in this case,
as long as the subproblems are solved with increasing accuracy [29].

ADAL (Algorithm 2.2 below) is a particular case of IAL in that it finds the approxi-
mate minimizer of L(x,y,~y) by alternatingly optimizing with respect to x and y once.
This is often desirable because joint minimization of L£(x,y, ) even approximately can
be hard.

Algorithm 2.2 ADAL (ADMM)
1: Choose (.
2: for k=0,1, -, kpae do
3. x4 argming L(z,y,7)
4y < argminy, L(z,y,7)
5
6
7

747+ 4 (By — Az)
. end for
: return zx

The convergence of ADAL has been established for the case of two-way splitting as
above. This result, which is a modest extension of results in [9], is given in [10] and
contained in the following theorem.

THEOREM 2.1 Consider problem (14), where both f and g are proper, closed, convex
functions, and A € R™™ and B € R™ ! have full column rank. Then, starting with an
arbitrary p > 0 and 2° € R™, 4% € R!, the sequence {z*,y*, ¥} generated by Algorithm
2.2 converges to a primal-dual optimal solution pair ((m*,y*),’y*) to problem (14), if
(14) has one. If (14) does not have an optimal solution, then at least one of the sequences
{(z*, ")} and {v*} diverges.

It is known that p does not have to decrease to a very small value (it can simply
stay constant) in order for the method to converge to the optimal solution of problem
(14) [4, 23]. Inexact versions of ADAL, where one or both of the subproblems are solved
approximately have also been proposed and analyzed [9, 18, 42].

The versatility and simple form of ADAL have attracted much attention from a wide
array of research fields. ADAL has been applied to solve group sparse optimization prob-
lems in [8], semidefinite programming problems in [39] and matrix completion problems
with nonnegative factors in [40]. In signal processing/reconstruction, ADAL has been
applied to sparse and low-rank recovery, where nuclear norm minimization is involved
[21, 32, 45], and to the [1-regularized problems in compressed sensing [42]. ADAL-based
algorithms have also been proposed to solve a number of image processing tasks, such as
image inpainting and deblurring (SALSA and C-SALSA) [1-3, 36], motion segmentation
and reconstruction [28, 46|, in addition to denoising [1, 11, 16, 33]. In machine learning,
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ADAL and IAL-based methods have been successfully applied to structured-sparsity
estimation problems [26] as well as many others [5].

3. Our Proposed Method

3.1. Application to Anisotropic TV Denoising

We consider the anisotropic TV denoising model (2). The isotropic TV model will be
considered in Section 3.3. As in [16], we introduce auxiliary variables d, and d,, for the
discretized gradient components V,u and V,u respectively. Under reflective Neumann
boundary conditions, V,u = Du, where the discretization matrix D is an (nm—m)xnm
block diagonal matrix, each of whose m diagonal (n — 1) x n rectangular blocks is
upper bidiagonal with -1’s on its diagonal and 1’s on its super-diagonal. For simplicity,
henceforth we will assume that n = m. Consequently, V,u = Dv, where v = Pu, and
P is a permutation matrix so that v is the row-major vectorized form of the 2-D image.
(Recall that u is in the column-major form.) Hence, problem (2) is equivalent to the
following constrained problem

min Al + ldylla) + %Hu 2 .
s.t. dy = Du,
dy, = Dv,
v = Pu.

The augmented Lagrangian for problem (15) is

1
L(da, dy, w0, 1) = 5 lu=bl*+ (el +]1dy[|1)+7z (Du—da)+yy (Dv—dy)+7; (Pu—v)
1 1
+ —(||Du — dg||* + | Dv — dy,||?) + —||Pu — v||?. (16
5y I+ v+ 3] 1. (16)

T

d >, we solve the subproblem
y

To minimize £ with respect to d = <
. 1

it A(|da 1+ ldy 1) +77 (Du—do) + <Dv—dy)+2—m<||Du—dx||2+||Dv—dy\|2>- (17)

Problem (17) is strictly convex and decomposable with respect to d, and dy, so the

unique minimizer can be computed through two independent soft-thresholding opera-
tions

d:; = T(D’LL + [1Ye, A/LI),
dy = T(Dv + pyy, Apa),

where the soft-thresholding operator T is defined componentwise as

T (z, )i :== max{|z;| — A, 0}sign(z;).
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To minimize £ over u, we solve
min <[[u — b2 + AL Du+ ——|[Du — dy|2 + AT Pu+ ——||Pu—of?, (18
u 2 r 2u1 z 219 ’
which simplifies to the linear system
T H1 _ T T ( H1
DD + EJFM I')u= b+ D" (dy — p17z) + P T ) (19)

It is easy to verify that, since p; and po are both positive scalars, the matrix on the
left-hand-side of the above system is positive definite and tridiagonal. Hence, (19) can
be solved efficiently by the Thomas algorithm in 8nm flops [17]. We denote the solution
to the above tridiagonal system by u(dy, v, vz, Yz)-

Similarly, the sub-problem with respect to v simplifies to the tridiagonal system

<DTD + %I) v=DT(d, — p1yy) + pi2ys + %Pu. (20)

Its solution is denoted by v(dy,v, vy, 72).

With all the ingredients of the algorithm explained, we formally state this ADAL
method in Algorithm 3.1 below. Note that in line 7, the vectors of Lagrange multipliers
and scaled infeasibilities are combined into the vectors

Ve i(Du —dy)
Y= | and A= i(Dv—dy)
V= i(Pu — )

Algorithm 3.1 ADAL (Anisotropic TV Denoising)

1: Given w9, () X ~0),
2: for k=0,1,--- ,K do

30 dy < T(Du+ p1vye, A1)

4. v v(dy,u,Vy,7z), the solution of (20)
50 dy < T(Dv+ piyy, M)

6:  u < u(dy,v,vVz,72), the solution of (19)
7. o y+—v+A

8 end for

9: return 3(u+ PTv)

3.2. Convergence Analysis

We establish the convergence of Algorithm 3.1 by expressing problem (15) as an instance
of problem (14) and then showing that Algorithm 3.1 is, in fact, an ADAL method for
problem (14), employing two-way updates to the variables.

dy d
Detine X 1= (), ¥ o= (), ) = Aldel, and g() s= Al s + $u — o1
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Then, we can write problem (15) in the form of problem (14) as

i X Y 21
min f(X) +9(Y) (21)
s.it. AX = BY,
10 0D
where A= | 0D | e R¥™2mn and B= | I 0 | € R3mnx2mn,
071 0P

Observe that Lines 3 and 4 of Algorithm 3.1 exactly solve the Lagrangian subproblem
of (21) with respect to X - the subproblem is decomposable with respect to d, and v.
Similarly, Lines 5 and 6 of Algorithm 3.1 solve the Lagrangian subproblem with respect
to Y - the subproblem is decomposable with respect to d, and u. The matrices A and
B obviously have full column rank. Hence, the convergence of Algorithm 3.1 follows as
a result of Theorem 2.1.

3.3. The Isotropic Case

The isotropic TV denoising model differs from the anisotropic model in the defini-
tion of the TV norm. In this case, we define |[uli39 = Y, \/ Vou)? + (Vyu)? =

> l([Vauli, [Vyuli) ||, and the optimization problem to solve is
min Al|ul| 737 + —HU—bHZ' (22)
u

Note that [|u||f39 is the group lasso regularization on (V,u,V,u), with each group
consisting of ([Vyul;, [Vyul;). We introduce the same auxiliary variables and linear con-
straints defining them as in the previous section, except that the constraint coupling d,
and v becomes

d, = PTDv. (23)

This modification is necessary because d, and d, are now coupled by the isotropic TV
norm and the order of their elements have to match, i.e. column-major with respect to
the original image matrix. The subproblem with respect to d, and d, now becomes

mln/\ZH [)|1+72 (Du—dz )+, (P Dv—d, )+7(||Du .||+ PT Dv—d,|*),
(24)

which is a proximal problem associated with the group [lj o-norm ||d||;2 with d,
Vau,d, = Vyu, where the groups are defined as above. The solution to this subproblem

is thus given by a block soft-thresholding operation [7, 27, 37|, S (<l()) PT(F) D> <Z>

_l’_

141 <1x> , A1), where the block soft-thresholding operator is defined blockwise as
Y

S(x, \); := max{||z;|| — A, O}H ik
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and z; is the i-th block of z, i.e. ([Du + pu1vz)i, [PTDv + p17,)i) in our case. The
subproblem with respect to u is the same as (19), and that with respect to v is

(DTD + ﬂ]) v=D"P(dy — p17y) + pav- + 2L Pu. (25)
K2 K2
We state the ADAL method for the isotropic TV denoising in Algorithm 3.2, where
i (Du — dy)
because of (23), A = i(PTDv —dy)
i(Pu —v)

Algorithm 3.2 ADAL (Isotropic TV Denoising)
1: Given u(® () X\ ~O)

2: for k=0,1, -, kpee do
dy Du Yz
o (i) =5 (0 om (3) )

4. v < v(dy, u,Vy,7z), the solution of (25)
5 u <4 u(dyg,v,7Yz,7:), the solution of (19)
6: v v+A
7. end for

g return 3(u-+ PTv)

Due to the non-decomposability of problem (24) with respect to d, and d,, in this case,
Algorithm 3.2 cannot be interpreted as an algorithm that employs alternating updates
to two blocks of variables as in Section 3.1. Hence, the convergence analysis for the
anisotropic case cannot be extended to this case in a straightforward manner. However,
our experimental results in the next section show strong indication of convergence to
the optimal solution.

3.4. Comparison with The Split Bregman Method

Since the split Bregman method (Algorithm 1.1) is equivalent to the ADAL method
(Algorithm 2.2) [10, 31, 35] applied to the constrained problem

. 1
min (a1 + 1) + 5 1w — bl

s.t. d, = Vu,
dy = Vyu,

it is clear that the main difference between ADAL Algorithms 3.1 and 3.2 and the split
Bregman method comes from the introduction of the additional variable v = Pu in
problem (15). The split Bregman subproblem with respect to u (line 3 in Algorithm
1.1) can be simplified to the linear system

(1 + (V3 Ve + Yy Vy) oD = pub 4+ VE(AD — ) + V5 (@ =), (26)

whose left-hand-side matrix includes a Laplacian matrix and is strictly diagonally dom-
inant. Solving this linear system exactly in each iteration is relatively expensive. Hence,
one iteration of the Gauss-Seidel method is applied in [16] to solve (26) approximately.
Consequently, the condition for the convergence guarantee is violated in this case.
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In contrast, the subproblems with respect to v and u in ADAL have simpler structures
and thus can be solved exactly in an efficient manner as we saw in Section 3.1. The
splitting of u and v also leads to the establishment of the global convergence of Algorithm

3.1 in the anisotropic case. We surmised that this was a better approach for the TV
denoising problem; the results in the next section confirmed this.

3.5. A Globally Convergent ADAL Method for the Isotropic TV-Model

Let us introduce three sets of variables <§x> ,v, and w as follows:
Y

d, = Du, dy:PTDv, u=w, v=Puw.

The isotropic TV model then has the form of (21) with

g I00 D 0

x u 010 0 PTD

X = (;lj/ ,Y—<U>,A— 00 I ,and B = I 0
00P 0 I

When the augmented Lagrangian L£(X,Y,v) = L(dg,dy, w,u,v, Yz, Yys Yu, Vo) IS min-
imized with respect to X, the minimization is separable in terms of (d,,d,) and w.
Similarly, the minimization with respect to Y is separable in terms of « and v.

If we use the same penalty parameter ps for both constraints that involve w, then the
subproblems that one obtains for u, v, and w require sovling, respectively,

1
(DTD + <,U1 + &> I) u = i (b — Yu — —’w> + DT (dy — p1172), (27)
K2 H2
1
<DTD + ﬂ]) v = (—Pw — %) + DT P(dy — p1yy), (28)
2 M2
and
1
w = B (u+PTU+,u2(%+PT%)) . (29)
Y
We incorporate these procedures in Algorithm 3.3 below, where now v = zy , and
Yo
i(Du —dy)
L(PTDv —d,) .
A=| ™M i(w — ) . Note that both Algorithms 3.2 and 3.3 compute u, v,~,, and
u—f:(Pw —v)

vy- In addition, Algorithm 3.3 requires the computation of w,~,, and 7, whereas the
isotropic ADAL Algorithm 3.2 only requires computation of v,. Consequently, the new
convergent algorithm has slightly more work at each iteration.
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Algorithm 3.3 ADAL (Isotropic TV Denoising) - Convergent

1: Given u(® () X\ ~O),
2: for k=0,1, -, ke do

() s () v (72) o)

3:

4w < wu, v, Yy, Yu, by (29)

50 v 4= v(dy,w, Yy, Vo), the solution of (28)
6:  u < u(dy,w, Yz, V), the solution of (27)
7. o y+—v+A

8 end for

9: return 3 (u+ PTv + w)

3.6. Practical Implementation

It is often beneficial to associate a step-size 6 to the Lagrange multiplier updates, i.e.
v + v+ 0A at line 7 in Algorithms 3.1 and 3.3 and line 6 in Algorithm 3.2. The

convergence of this ADAL variant with 6 € (0, @) has been established in [13],[19],
and [39] under various contexts. In our implementation, we set § = 1.618.

In practice, we can often set u; = uo = p. In this case, we can save some scalar-vector
multiplications by maintaining 4 = uy instead of the « variables themselves. Then, for
example, (27) can be simplified to

(D'D+ (u+ 1)) u=pb—u—w+ D" (ds = 7).

All the steps in the proposed algorithms remain the same with this substitution, except
for the computation of A, which no longer involves division by pu.

In addition, if u is kept constant throughout the algorithms, we can factorize the
constant left-hand-sides of the tri-diagonal linear systems and cache the factors for
subsequent iterations. The factors are lower-triangular and are stored in the form of two
vectors representing the diagonal and the sub-diagonal of these factors. Then, we can
solve for u and v quickly through forward and backward substitutions, which require
5mn flops each. In our implementation, we used the LAPACK routines dpttrf (for
factorization) and dpttrs (for forward/backward substitutions).

We also developed a simple updating scheme for p, which decreases p by a constant
factor k after every J iterations, starting from i, bounded below by p, i.e.

i
K-

) = max(p,

<

Such an updating scheme allows different values of p to be applied at different stages of
convergence. From our computational experience in the next Section, this often led to
improved convergence speed. We denote this variant by “ADAL-y” and “ADAL-conv-u”
corresponding to ADAL (Algorithms 3.1 and 3.2) and Algorithm 3.3 respectively.

4. Experiments
We implemented our ADAL algorithms (Algorithms 3.1,3.2,and 3.3) in C++ with BLAS

and LAPACK routines. SplitBregman is in C with a Matlab interface. ' We ran all the
algorithms on a laptop with an Intel Core i5 Duo processor and 6G memory.

1Code downloaded from http://www.stanford.edu/ tagoldst/code.html.
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mandril.tif

Figure 1. The set of standard test images.

4.1. Test I'mages

We compared our ADAL algorithm with the split Bregman method on a set of six
standard test images: lena, house, cameraman, peppers, blonde, and mandril (see
Figure 1). They present a range of challenges to image denoising algorithms, such as
the reproduction of fine detail and textures, sharp transitions and edges, and uniform
regions. Each image is a 512 x 512 array of grey-scale pixels and is denoted by ug in
vectorized form.

4.2. Set-up

We constructed noisy images by adding Gaussian noise to the original images, i.e. b =
ug + €, where € ~ N(0,02) and b is the vectorized noisy image. We set o = 30, which
introduced a considerable amount of noise. The quality of the denoised image in the
k-th iteration, u(®) is measured by the normalized error with respect to a high quality
reference solution u*, i.e. n® = W, as well as the peak-signal-to-noise ratio
(PSNR). The PSNR of an image u with respect to the noiseless image ug, in the case
where the maximum pixel magnitude is 255, is defined as

255y/nm

PSNR is monotone decreasing with the [[u — |, i.e. a higher PSNR indicates better
reconstruction quality.

In practice, the algorithms can be stopped once an acceptable level of optimality
has been reached. For ADAL, we used the maximum of the relative primal and dual
residuals [5], denoted by € to approximately measure the optimality of the solution.
For each image, we computed a reference solution uw* and the corresponding PSNR
p* by running Algorithm 3.1 for the anisotropic TV model and algorithm 3.3 for the
isotropic TV model until the measure € fell below 1072, We then recorded the number
of iterations K required by each of the algorithms to reach a normalized error n*) less
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factor

Figure 2. Plots of ratios K}’;—(,f) and K}“{”—Ef)

as functions of § for isotropic ADAL on the image house. The optimal

P
point on the frontier is labeled in red.

than 10~°. We also recorded the number of iterations required to reach a PSNR p whose

u , was less than 10~ 3,

relative gap to p*, gap =

We set all initial values (u(o),v(o),w(o),v( )) to zeros. We tuned all the algorithms
under investigation for convergence speed with respect to both u* and p* to reach the
tolerance levels defined above, and the same set of parameters were used for all six
images. For ADAL, for both the anisotropic and isotropic TV models, we set p1 = pg so
that there was only one parameter to tune. We tried values of y from the set {0.15 : § =
;, 1,2,4,8,16} and found the value u = 0.2 to work best; the results reported below used
this value Figure 2 illustrates this selection using the image house as an example, by

féf) and K“(é) as functions of § for isotropic ADAL, where K, (0) is

the number of iterations needed to reduce the normalized error n®) below the tolerance
107 with p = 60.1, and K;; = ming{K,(6)}. K,(6) and K are defined similarly with
respect to p. For ADAL-u and ADAL-conv-u, we set k = 1.5,J = 50,2 = 0.5, and
p# = 0.05. For SplitBregman, we set u = %, which was the value of p from the set
{s T:0= 1 ,1,2,4,8,16}, chosen in the same manner as that for ADALL. In general, the
parameters produced fairly consistent performance on the set of different images.

plotting the ratios

4.3. Convergence Comparisons

We now present experimental results for both the anisotropic and the isotropic TV
models. “ADAL-conv” denotes the convergent ADAL Algorithm 3.3 for the isotropic
model. We also tested a version of SplitBregman, denoted by “SplitBregman2”, where
two cycles of Gauss-Seidel were performed to solve the linear system (26). In Table 1,
we report the number of iterations and the corresponding CPU time required by the
three algorithms to reach the stopping criterion discussed above. Figures 3 and 4 plot
the relative gaps with respect to the reference solution as a function of the iteration
number for all the algorithms.

In general, ADAL required fewer iterations than SplitBregman to reach the prescribed
relative gap with respect to the reference solution. The difference was particularly sig-
nificant at high accuracy levels, about 45% for the anisotropic model and 25% for the
isotropic model. We believe that ADAL benefits from the fact that it is able to solve
its subproblems exactly and efficiently, while the approximation made in the solution to
the linear system in the iterations of SplitBregman slows down the convergence as its
iterates approach the exact solution.

Figures 5 and 6 plot the relative gaps with respect to the reference PSNR as a function
of the iteration number. In terms of denoising speed, ADAL also requried fewer iterations
than SplitBregman to reach the denoising quality of the reference solution for both TV
models.
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Figure 3. Convergence plots of normalized errors w.r.t. the reference solution against iterations for the anisotropic
TV model.
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Figure 4. Convergence plots of normalized errors w.r.t. the reference solution against iterations for the isotropic
TV model.

SplitBregman?2 generally required about the same number of iterations as SplitBreg-
man to reach within the gap tolerance with respect to u*, while requiring half the
number of iterations as SplitBregman to reach the prescribed gap with respect to p*. It
appeared that the additional cycle of Gauss-Seidel in each iteration helped improve the
convergence speed initially but not in the later stages.

We note that ADAL was faster than ADAL-conv for the isotropic model. This appears
to be due to the need for ADAL-conv to make the norm of the difference between an
additional set of variables and what they are defined to be equal to small enough so as
to obtain high quality images.

We observe that the updating scheme for p improved the speed of convergence, es-
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Figure 5. Convergence plots of normalized errors w.r.t. the reference PSNR against iterations for the anisotropic
TV model.
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Figure 6. Convergence plots of normalized errors w.r.t. the reference PSNR against iterations for the isotropic
TV model.

pecially for the isotropic TV model. ADAL-y and ADAL-conv-p reduced the number
of iterations required by ADAL and ADAL-conv, to achieve the same normalized er-
rors on the six test images by an amount between 40% and 60%, and 60% and 67%,
respectivelly. We show in Figures 7, 9, 8, and 10 the solutions obtained by ADAL-u and
SplitBregman after the number of iterations specified in the ADAL-y row in Table 1.
In terms of CPU time, all of the algorithms required more time to reach the prescribed
relative gap with respect to the reference solution for the isotropic model than that for
the anisotropic model because of more iterations required. For the anisotropic model,
ADAL took less time than SplitBregman, and ADAL-y took the least, with the least
number of iterations. The apparent more per-iteration work for ADAL is due to the
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Model Algs lena cameraman mandril

iters | P-iters | CPU | iters | P-iters | CPU | iters | P-iters | CPU

Anisotropic ADAL 334 31 11.1 | 595 31 18.9 | 210 38 7.0
ADAL-p 291 11 9.2 360 14 11.5 | 232 14 7.4

SplitBregman | 584 47 12.5 | 1070 47 23.6 | 385 45 8.6
SplitBregman2 | 595 23 15.7 | 1093 23 29.0 | 394 23 10.8

Tsotropic ADAL 1036 33 37.2 | 1286 33 46.0 | 701 42 25.2
ADAL-p 472 14 17.1 | 531 15 19.3 | 396 16 14.5

ADAL-conv 1482 62 54.8 | 1826 62 67.0 | 1023 66 38.2
ADAL-conv-p | 587 25 22.1 | 666 26 25.2 | 482 25 18.3
SplitBregman | 1372 48 32.4 | 1767 49 41.6 | 983 47 23.2
SplitBregman2 | 1376 24 41.7 | 1779 25 53.5 | 996 23 29.4

blonde house peppers

Model Algs iters | P-iters | CPU | iters | P-iters | CPU | iters | P-iters | CPU
Anisotropic ADAL 370 40 12.0 | 621 28 20.7 | 279 28 9.4
ADAL-u 293 15 9.3 364 14 11.6 | 262 12 8.4

SplitBregman | 617 50 13.6 | 1126 49 25.6 | 504 46 11.2
SplitBregman2 | 619 25 17.2 | 1128 25 33.1 | 513 23 14.0

Tsotropic ADAL 929 44 34.1 | 1308 29 49.4 | 1043 29 43.4
ADAL-u 447 18 16.4 | 537 14 19.5 | 476 13 18.9

ADAL-conv 1320 68 51.5 | 1860 58 70.6 | 1518 57 68.1
ADAL-conv-u | 547 27 20.6 | 677 26 25.6 | 595 23 26.5
SplitBregman | 1292 50 30.4 | 1848 50 42.9 | 1368 47 33.7
SplitBregman2 | 1298 25 37.8 | 1856 25 55.6 | 1375 23 42.5

Table 1. Computational statistics. “iters” denotes the number of iterations to reach within a gap of le-5 w.r.t. the
reference solution. “P-iters” denotes number of iterations to reach within a gap of le-3 w.r.t. the reference PSNR. CPU
time is in seconds and corresponds to the “iters” column.

computation for the additional tridiagonal linear system and the Lagrange multiplier,
as compared to one sweep of Gauss-Seidel employed by SplitBregman. SplitBregman?2
required longer time than SplitBregman because of the additional sweep of Gaus-Seidel
per iteration with about the same number of iterations. The approximate total number
of flops per iteration! (including solving the linear systems, updating the Lagrange
multipliers, and performing the shrinkage operations) is 33 mn, 46 mn, and 44 mn for
SplitBregman, SplitBregman2, and ADAL respectively.

For the isotropic model, ADAL-u and ADAL-conv-u required the least amount of time
to reach the same level of accuracy, with about half the number of iterations required
by SplitBregman. On the other hand, ADAL took more time than SplitBregman in this
case, though still requiring less time than SplitBregman2. The driving factor here was the
greater number of iterations required than in the anisotropic case. ADAL-conv required
slightly more per-iteration work than ADAL due to the additional computation for w
and the Lagrange multiplier for the additional constraint introduced. The approximate
total number of flops per iteration is 34 mn, 47 mn, 48 mn, and 57 mn for SplitBregman,
SplitBregman2, ADAL, and ADAL-conv respectively.

1Depending on the implementation, the number of flops required may vary slightly.
P g p s P q y y slightly.
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noisy image, o= 30 A= 30 PSNR= 18.593 ADAL, ref sol, PSNR= 28.645 noisy image, o= 30 A= 30 PSNR= 18.590 ADAL, ref sol, PSNR= 29.030

ADAL, iters= 12, PSNR= 28.626 ADAL, iters= 14, PSNR= 29.042

ADAL, ref sol, PSNR= 23.798

-
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Figure 7. Comparison of reconstruction quality for lena, cameraman, mandril, and blonde with the
anisotropic TV model. Top left: noisy image. Top right: reference solution obtained by ADAL. Bottom left:
ADAL solution obtained after the corresponding number of iterations indicated in Table 1. Bottom right: Split-
Bregman solution obtained after the same number of iterations.

5. Conclusion

We have proposed new ADAL algorithms for solving TV denoising problems in image
processing. The key feature of our algorithms is their use of multiple variable splittings
which results in their ability to solve the ADAL subproblems exactly and efficiently. Our
first ADAL algorithm has a global convergence guarantee for the case of anisotropic TV
model, and the experimental results show that its iterates converge significantly faster
than those of SplitBregman. Even though the convergence guarantee of this ADAL
variant cannot be extended easily to the isotropic TV model, empirical results show
that with a simple updating scheme for p, it still compares favorably to SplitBregman
in convergence speed. We also proposed another ADAL variant for the isotropic TV
model that has a global convergence guarantee, with a slightly higher per-iteration
computational cost. Because of the additional variable splitting required to obtain the
convergence guarantee, the method also takes more iterations than the simpler isotropic
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noisy image, o= 30 A= 30 PSNR= 18.590 ADAL, ref sol, PSNR= 31.818 noisy image, o= 30 A= 30 PSNR= 18.603 ADAL, ref sol, PSNR= 29.108

ADAL, iters= 14, PSNR= 31.848 SplitBregman?, iters= 14, PSNR= 29.3 ADAL, iters= 12, PSNR= 29.130
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Figure 8. Comparison of reconstruction quality for house, and peppers with the anisotropic TV model. Top
left: noisy image. Top right: reference solution obtained by ADAL. Bottom left: ADAL-u solution obtained after
the corresponding number of iterations indicated in Table 1. Bottom right: SplitBregman solution obtained after
the same number of iterations.

ADAL variant.
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