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Abstract. A novel splitting method is presented for the £1-T'V restoration of degraded images
subject to impulsive noise. The functional is split into an £2-T'V denoising part and an £!-£2 deblur-
ring part. The dual problem of the relaxed functional is smooth with convex constraints and can
be solved efficiently by applying an Arrow—Hurwicz-type algorithm to the augmented Lagrangian
formulation. The regularization parameter is chosen automatically based on a balancing principle.
The accuracy, the fast convergence, and the robustness of the algorithm and the use of the parameter
choice rule are illustrated on some benchmark images and compared with an existing method.
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1. Introduction. In this work we consider restoring images degraded by blur-
ring and impulsive noise (e.g., salt-and-pepper noise). Specifically, the observed image
f is the convolution of a blurring operator with the true image and then is corrupted
by noise. The discrete image formation process can be written as

(1.1) f = Nipmp(Kuy),

where u; € X = R"*™ denotes the unknown true image (n the number of pixels in one
direction), K : X — X denotes the blurring matrix, and Ny, denotes the impulsive
noise formation mechanism. The special case K = I, the identity matrix, is known
as denoising.

Image restoration problems are frequently ill conditioned, and thus a direct so-
lution of the linear system (1.1) often does not yield meaningful solutions. Special
techniques are required for its stable and accurate solution. The now standard ap-
proach to overcoming ill-conditioning is regularization methods due to Tikhonov [27],
which consist of minimizing a regularized functional. In this paper, we consider a
regularization functional of the form

(P) muin {Ta(u) == || Ku — fHel +a HVU”él}’

where « is the regularization parameter determining the trade-off between the data fit-
ting term ||Ku — f||,, and the regularization term ||Vu||,,. The term ||Vu||,; denotes
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the discrete total variation seminorm. The total variation regularization can take
care of edges in the restored image and thus usually delivers much better results than
the standard smoothness regularization [24]. We refer the reader to the monographs
[8, 5] for an up-to-date account of the mathematical theory of and computational
techniques in image processing.

The ¢! data fitting in the functional 7, is motivated by the non-Gaussian nature
of the noise under consideration. For instance, the noise may follow a Laplace distri-
bution as in certain inverse problems arising in signal processing [3]. Noise models of
impulsive type, e.g., salt-and-pepper or random valued noise, arise in image process-
ing because of malfunctioning pixels in camera sensors, faulty memory locations in
hardware, or transmission in noisy channels [6]. Statistically, ¢! data fitting is more
robust to outliers than the more classical ¢? data fitting in the sense that a small
number of outliers has less influence on the solution [19, 9]. Consequently, function-
als involving ¢! data fitting have received growing interest in image processing, and
various interesting theoretical properties [2, 21, 7, 29, 1, 11] of the functional 7, have
been established, mostly in the context of image denoising.

The minimization of the functional 7, has been the topic of several recent investi-
gations. In [14], the problem was reformulated as a linear programming problem which
is solved by an interior point method, and [23] generalized the iteratively reweighted
least-squares method. More recently, a primal dual active set algorithm for mini-
mizing the functional J,, has been investigated [10]. Also, several splitting methods
were proposed [28, 16], which introduce two auxiliary variables in order to replace the
¢1-deblurring problem with an ¢2-deblurring (sub-)problem that can be solved either
in closed form or via fast transforms.

In this paper, we combine a splitting approach with convex duality techniques
to obtain a new and efficient algorithm for ¢!-T'V image restoration. Specifically,
we introduce only one splitting term to separate the ¢!-fitting and the TV penalty
term. In contrast to existing splitting methods [28, 16], our approach does not require
modifying the structure of the residual and the penalty term. The resulting relaxed
problem can be transformed using Fenchel duality into a quadratic programming
problem with a linear equality and simple box constraints, which can be solved very
efficiently using Arrow—Hurwicz-type methods [4, 22, 17]. Our numerical results show
that the new algorithm can outperform existing algorithms in terms of computing
time and accuracy. In addition, we propose a heuristic parameter choice rule based
on a balancing principle for choosing an appropriate regularization parameter « in
the functional 7, and derive an efficient fixed point algorithm for computing the
parameter. The authors are not aware of any existing parameter choice rule for ¢/!-
TV deblurring in the literature.

This paper is organized as follows. In the remainder of this section, we fix some
notation. In section 2, we introduce our splitting and investigate the properties of the
relaxed functional, including existence and its dual formulation. An Arrow—Hurwicz-
type algorithm for computing saddle points of the augmented Lagrangian formulation
of the dual problem is considered, and its convergence is established. In section
4, we describe a heuristic parameter choice rule based on a balancing principle and
investigate its efficient numerical computation and its convergence. Finally, numerical
results for some benchmark images are presented to illustrate the efficiency of the
algorithm and utility of the parameter choice rule. The new method is compared
with one state-of-the-art algorithm, fast total variation deconvolution (FTVd) [28],
for which the source code is available online, and the new choice rule is evaluated
against the optimal choice.
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Notation. We consider images as elements of the vector space X = R™*" with
n being the number of pixels in one direction. For v € X, we denote by u(i, ) the
intensity value of the image u on pixel (7,7). The discrete gradient V : X — Y :=
R2X7X™ with periodic boundary conditions is defined as

(Vu)(i, j) = ((Oeu)(i, ), (Byu)(i, 1)) ,
with (0u)(4,7) and (9yu) (s, j) given by

W) (i 1) — u(i+1,5) —u(i,j) ifi<n,
CRICE) {u(l j)—u(n,j) if i =mn,

Wiy < dubI 1) —ulg) iy <n,
(Gy)(i,J) {u( 1) —u(i,n) if j =n.

To define the dual problem for the total variation restoration problem, we need the
discrete divergence operator div. The operator div : Y — X is defined by duality,
i.e., imposing

(Vu,q)y = —(u,divg)x Vue X, ¢=(¢",¢*) €Y.
A simple computation gives

qa'(i,7) —q¢*(i —1,5) ifl1<i<n,

To)(i. i) —
(9 9) (i, 7) { Ynd)— g (Lg)  ifi=1,

?(,5) —¢*(i,j—1) ifl<j<n
07 q)(i, ) = ’ -
Gra)) {cﬁ(z,n) —601) =1
(div ) (i, ) = (07 a) (3 5) + (B @) (i 5)-
The isotropic discrete total variation seminorm ||Vul|,: is defined by
IVall =D I(Vu) @ ile = \/(%U)(i,j)z + (9yu)(i, 5)%,
1,5 ,J
and the anisotropic total variation seminorm is defined by

IVullp = 1(Va) (@)l = Y 10eu) (@, 5)] + [(9yw) (i, D] -

2% 4,9

The algorithm developed in this paper can be applied to both the isotropic and
the anisotropic total variation seminorm. Because the derivations and results for these
two cases are almost identical, we consider only the isotropic case unless otherwise
noted and avoid differentiating by notation.

Finally, we shall need the pointwise maximum norm for vectors ¢ = (¢*,¢*) € Y:

lallp = max (lq(i, j)I2) = max ((a" (5, 5), 4° 0, ) I2)
in the isotropic case and
lgll= = max (g7, 7)le0)
with |q(i, j)| . = max (|¢" (4, 4)],1¢%(4, 4)|) in the anisotropic case.

Throughout the paper, C' denotes some generic constant whose value may differ
at each appearance.
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2. Problem relaxation. We consider for g > 0 the following splitting of the
functional 7,:

1
P i { o) = K= Tl +a I ol + o hu ol }.

In this section, we will study the existence of a minimizer to the functional 7, ., the
convergence of the minimizer as p tends to zero, and its dual formulation.

2.1. Primal problem.

THEOREM 2.1. For each o > 0 and p > 0, the functional Ja., is convexr. Assume
that ker K Nker V = {0}; then problem (P,) has at least one minimizer (w,,v,).

Proof. First we show the convexity of the functional. Observe that the first and
second terms of the functional are obviously convex. The Hessian of ||u — v||§2 has
the nonnegative eigenvalues 0 and 2, which implies convexity.

It is easy to see that the functional 7, is continuous and proper. To establish the
existence of a minimizer, we need only to show that it is also coercive; i.e., Tu,u(u, v) —
+o00 as ||ul|2 + ||[v]|,2 = 00. We argue by contraposition. Let {(ux,vi)} C X x X be
a sequence such that

1
(2.1) Kk = flls + [Vl + 5 s =l < C.

In particular, we deduce that
(2.2) Vel < C.

Now by the discrete Poincaré inequality [5, Prop. 5.2.2, p. 236], there exists a C' > 0
such that

lok — Okl e < Cl|[ V|l pn £C

holds, where 7y, is the mean of the vector vy, i.e., U = # Z” vk (1, 7). Decompose
also ux = uy + (ur — ug); then appealing to inequality (2.1) again gives

g, — o2 = Il — o + (ur — @) — (v — 03|22 < C,
which together with the identity 3, -(ux (i, j) — @) = 0 implies
s, — vkll72 + | (ur — @) — (vx — )7 < C.

Therefore, we deduce that

(2.3) | — ]l < C
and
(2.4) lue — k7 < C.

Now the triangle inequality implies

K akllp < 1K (ue = w)llpn + 1 flln + [ EKur = Fllp
S K ez llun = @ll g + 1 f Il + (1K uk = fllp <C
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by appealing again to inequalities (2.1) and (2.4). Here, || K||s1 42 denotes the operator
norm of K between the normed spaces (X, |-|,:) and (X, |]|,2). By assumption,
constant functions are not in the kernel of K, and thus the above inequality implies
|ug| < C. Combining this inequality together with inequalities (2.2) and (2.3), we
deduce that

lurllpz + vkl < C

for all k. This shows the coercivity of the functional J,,,,. The existence of a minimizer
now follows directly from coercivity. O

The functional J,,, is not strictly convex, and thus in general uniqueness of a
minimizer (u,,v,) does not hold. However, we can show that the difference u, — v,
is uniquely determined.

PROPOSITION 2.2. Let a,pu > 0 be fized and (uy,v1) and (ug,vs) be two mini-
mizers of the functional Jy,,. Then uy —vi = ug — va holds.

Proof. By Theorem 2.1, J,,, is convex, and thus for any ¢ € [0, 1], we have

Ta,u(tur + (1 = tug, tvr + (1 — t)va) = tTa,u(ur,v1) + (1 — ) T, u(u2, v2).
Now by the convexity of the functional ||[Ku — f|, and ||Vv||s, we have

K (tur + (1= t)uz) = flle < t|[Kur = fllo + (1= 8)[[Kuz = fllor,
IV (tv1 + (1 =)o)l < E[Vur]len + (1 = O)[[Voa|ler-

Consequently the above identity yields
[#(ur —v1) + (1 = t)(uz —v2)|[7e = tlur — vr[| 72 + (1 — 1)z — v2 |22
for any t € [0, 1]. However, by the convexity of the functional || - ||%, we have
[t(ur —v1) + (1 =) (uz — v2) |72 < tllur — il + (1 =) [uz — v2]|Z..

By combining the above two inequalities, we deduce by appealing again to strict
convexity of the functional ||- H?g that uq; —v1 = us—ws. This concludes the proof. a

The next result shows the convergence of (u,,v,) as p tends to zero.

THEOREM 2.3. Let {ur} be a sequence tending to zero. Then the sequence
of minimizers {(up,,vu,)} to the functional Ju ., has a subsequence converging to
(u*,v*) with u* = v* being a minimizer of the functional Jy.

Proof. Let 4 be a global minimizer of the functional 7, (u). By the minimizing
properties of the pair (ug,vr) = (up,, vy, ) to the functional Jy ., , we have

1
(2.5) Tov s (Wh, v) = [[Kug = fllp + o [[Vor) p + T ok — vxllz2
S NEa = fllp + al[Vllp.

From this and the coercivity of the functional Jy,,,, we deduce that {(ug,v)} is
uniformly bounded independently of k. Therefore, there exists a subsequence of
{(uk,vx)}, also denoted by {(ux,vr)} and some (u*,v*), such that

(uk,vi) — (u*,v%).
By rearranging (2.5), we have

lue = villze < 20| K@ — fllp + al|Vallp — (1EKuk — fllp + al|[ Vo).
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Taking the limit as kK — oo, we obtain that
lu* — U*||§2 < limkinf |lug — kafg
< Jim 2ul|Ki = fllp +a |Vl — (1Kue = fll + o ol )] =0

by noting that ui — 0. Therefore, we deduce that v* = u*. Moreover, by taking the
limit in (2.5) as k — oo, we obtain

K™ = fllo + o [Vuflp < lim [[Kug = fllp + Jim o] Vog]|
: 1 - _
+ Jim o s = vellie < K@= fllg + [Vl

Therefore, u* is a minimizer of the functional 7, since @ is a global minimizer. 0

The preceding result suggests a continuation strategy in u, where we solve the
problem (P,) for fixed p, and take these solutions as an initial guess for solving
problem (P,) for a pgt1 < fik.

2.2. Dual problem. While problem (P,) is challenging to solve directly due

to the nonsmoothness of the two ¢! terms, we will show that the corresponding dual
problem is a quadratic minimization problem over a convex set:

1 H * 0112 o . 2
—||IK Zq _
(P;) Jcmin Kl + 7 l1divalle — (. f)

st [pllpe <1, [lqllgee < o, K*p —divg =0.

THEOREM 2.4. The dual problem of (P,,) is (P;;). Problem (P};) has at least one

o
minimizer (pu,q,) € X x Y. Moreover, any minimizer (pu,q,) of (P}) is related to

o
minimizers (uy,v,) of (Pu) by the extremality relations

,UK*pu = Uy — Uy,
—pdivg, = —uy, + vy,
0< <Kuu - f?p_pu>7
0< <V’Uu,q - qu>

for all p € X with ||p|l,« <1 and all ¢ €Y with ||g||ye < .
Proof. We apply Fenchel duality [12], setting

(2.6)

1
F: X xX =R, ]-'(u,v)=2—||u—v|\?z,
"
G: X xY >R, G(u,v) = [lu— fllp + vl

A X xX—>XxY, A(u,v) = (Ku, Vo).
We first calculate the Fenchel conjugate F* : X x X — RU {oco},
* 1
F*(p.q) = sup (u,p) + (v,4) — o |[u =]z
(u,v) 2,U
If p = —¢, then we have

§ 1
F*(p,q) = sup (u—v,p) — — |lu— v,
(u,v) 2p
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where the supremum is attained for p = %(u —v), yielding

" 1% 2 1% 2 1% 2
Frp.) = 5 llplle = 7 el + 5 allz

On the other hand, if p # —gq, then we can choose a sequence (ug,vy) for which
ug = v, so that F*(p, q) is unbounded. Hence,

. Bpll7 + & llgllz. ifp+g=0,
f(p7q):{;*o e e

otherwise.
The Fenchel conjugate of G can be computed term by term and is given by

G : X xY = RU{oo},  G(p,q) = (2, f) + Ljpll e <1} + L{lgll oo <0}

where Is denotes the indicator function of the set S.
The adjoint of the operator A is

A X XY - X x X, A (p,q) = (K*p, —divg).

Since the functionals F and G are convex lower semicontinuous, proper, and
continuous at 0, and K is a continuous linear operator, the Fenchel duality theorem
states that

(2.7) inf F(u,v) + G(A(u,v)) = sup —F*(A*(p,q)) — G"(=p, —q)

(u,v) (p,9)

holds and that the right-hand side of (2.7) has at least one solution.
Furthermore, the equality in (2.7) is attained at (u,vu), (Pu,qu) if and only if

A (P> ) € OF (ups vp),
—(Pp> 4u) € OG(A(up, vy)).

Since F is Fréchet-differentiable, the first relation of (2.7) follows by direct calculation.
From the definition of the subgradient, we immediately have that

—(Pu> qu) € 0G(A(up,vp)) & Alug,vu) € 0G™ (=pu, —qu)-
Subdifferential calculus then yields
Kuy — f € 0yj—p, |l <1}
Vo € 01—, oo <a}-

Recall that the subdifferential of the indicator function Ig of a set S coincides with
the normal cone at S (cf., e.g., [18, Ex. 4.21]). We thus obtain that

0 2 <Kuu - fap+pu>7
O 2 <VU#7Q+ Q,LL>

for all p with ||p|lee= < 1 and all ¢ with ||¢|ls~ < @, from which the second set of
relations follows. O

Regarding uniqueness of minimizers for the dual problem, we have the following
proposition.
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PROPOSITION 2.5. Assume that f € range K and that the solution (p,,q,) to
problem (P};) is such that g, is biactive. Then q,, is unique.
Proof. Let f be such that K f = f. Then the dual problem (P,;) can equivalently
be expressed as
. 1
min

- 3 _ 17
pEX,qEY 2 ‘\/ﬁdwq \/ﬁf
st [Ipllpee < 1, [Iqllgee <, K*p —divg =0.

1 2
o A

This is an optimization problem with convex cost and convex constraint, so the ¢
component of the minimizer must be of the form ¢, = G + ¢ for some ¢ € Y, where
c is a constant. Since g, is biactive by assumption, this constant must necessarily be
unique. O

3. Computation of minimizers. To compute a minimizer of the dual problem
(Py;) for fixed p > 0, we use a projected gradient descent-ascent method of Arrow—
Hurwicz type. While the projection onto the set given by the box constraints is easy
to compute, this is more difficult for the linear equality constraint K*p — divg = 0.
Therefore, we consider an augmented Lagrangian formulation of this constraint. The
augmented Lagrangian for any ¢ > 0 is defined as

* . * . & * .
L(p,q,\) = % 15 pl[7: +% div gl[7 = (p, )+ (A, K*p — div )+ [K7p —div qllze-
By setting
B(1):={pe X : |pllp= <1}, B(a):={q€Y: |qfl;= <o},
we therefore have to solve the saddle point problem

3.1 min sup L(p, g, ).
(3:1) pGB(l)ﬂGB(a)AeE (.. %)

The existence of a solution of the constrained problem (P};) immediately ensures
existence of a saddle point (p*, ¢*, \*) for (3.1), which can be computed using a variant
of the classical Arrow—Hurwicz method proposed by Popov [22]. Popov’s variant was
designed for finding a saddle point of general convexoconcave functions on a closed
convex domain. The main idea is to compute at each iteration a “leading” point
(p*, @, \¥), which can ensure the convergence of the algorithm. We employ a modified
variant, which uses different step lengths for the leading point in order to allow more
aggressive updates for the Lagrange multiplier.

To give the algorithm, we denote by Pp(. for ¢ > 0 the projection on the ball
B(c) in X (respectively, Y'), which is given pointwise via

(i, )

Py ()(i,7) = “max(c, [0, )

where r = 2 in the isotropic case and r = oo in the anisotropic case. We denote by
L, the Fréchet derivative of £ with respect to p, and similarly £, and L.

The complete procedure is given in Algorithm 1, where we have set ¢ = pu for
computational simplicity.

We have the following convergence result. The (technical) proof of this theorem
can be found in the appendix.
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Algorithm 1. Extrapolated gradient algorithm.

0" = Pp(a) (@1 —vqnl)

A= Ny

1: Set p¥ = A0 =p% = X0 =0 and ¢° = ¢° = 0; set step sizes v, Vg, V2, P
2: for k=1,...,N do
3. 77k =L (—kfl qkfl ;\kfl)
P b) 77
e
5: 77):‘6)\([)_77_7)\_)
6 pF=Ppay(@* ! — )
7
8
9

P = Peay(@F —wnl)
10: 7" = Pp(a)(q" —vqnl)
1 AP =N 4 pyank
12: end for
13: Set vV = AN + %K*pN, N = ANV — %diqu,
14: OUTPUT Approximate minimizer v, vV

THEOREM 3.1. For each p € (%, +00), there exists a positive number o > 0 such
that for all vy, Vg, vx € (0,70), the sequence {(p*,q", \*)} generated by Algorithm 1
converges to a saddle point of the functional L(p,q, \).

Once a saddle point (p*,¢*,\*) has been computed, the corresponding primal
variable u* (or v*) can be obtained using the extremality relations for the augmented
Lagrangian: Setting

1Y 2 M 2 * c 2
Fp,q) = 7 Il + 7 llallee + A, p+a) + 5 llp + dlle,

we have that (u*,v*) = OF (K*p*, — div ¢*) and K*p* = div ¢*, from which it follows
that

v =\ %(— div ¢*).
To see that this indeed yields the desired solution, we subtract these equalities to
obtain

* *

u —v

RS

(K*p* + div¢").
Using again the fact that K*p* = div ¢*, we have that
u* —v* = pK*p* = pdivg®

ie., (u*,v*), (p*,q") satisfies the extremality relations (2.6), and (u*,v*) is therefore
a solution of problem (P,).

4. Parameter choice rule. Our parameter choice rule is based on the following
balancing principle, recently derived by the authors using the model function approach
[9):

(4.1) (0 =D [[Kua = fllp = al[Vualp = 0.
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The underlying idea of the principle is to balance the data fitting term with the
regularization term, and the parameter ¢ > 1 controls the trade-off between them.
We point out that this principle does not require knowledge of the noise level. This
kind of balancing idea underlies a number of existing parameter choice rules for £2-¢2
formulations [13], e.g., the local minimum criterion and the L-curve criterion.

We shall denote by r(a) = (6 — 1) |[Kua — f|l; — a||Vual/,n the equation error.
We propose computing a solution a* to the balancing equation (4.1) by the following
simple fixed point algorithm:

||Ku0¢k — f”el

i [Vt [

To show its convergence, the following monotonicity result is useful.
LEMMA 4.1. The functions [|[Kuq — f||,n and |Vual|,x are monotonic in o in the
sense that for ay,as > 0, there hold

(1K uay = fllp = [Kuas = fllp)(or —a2) >0
and

(IVta 0 = IVttas || 1) (01 — az) < 0.
Proof. The minimizing property of u,, and uq, yields

[Kuay = fllp + ar [Vaa, [[p < K tay = fllp + a1 [[Vuas [l
[Kta, = fllp + a2 [Vua, |p < [ Kta, = fllp + a2 [[Vua, |-

Adding these two inequalities together gives the second estimate. The first one can
be obtained by dividing the two inequalities by «; and as and then adding them
together. O

The next lemma shows the theoretically interesting and practically desirable
monotonicity of the iteration (4.2).

LEMMA 4.2. The sequence of reqularization parameters {ax} by the fized point
algorithm is monotonic. Moreover, it is monotonically increasing if r(co) > 0 and
monotonically decreasing if r(ap) < 0.

Proof. By the definition of the iteration, we have

o W Buey = flle [ Koy = fllp
e o (0 1) ”vuak ||e1 (0 1) Hvu@t}g—l ||€1
(-1

Vol [Vt (1K ua, = Fllo (Ve e = 1Vta, )
ak—1 || g1 ag || et

+ (”Kuak - fHZl - ||Kuak—1 - fol) HvuakHél]'

By Lemma 4.1, the two terms both have the sign of (ax —ag—1), and thus the sequence
is monotonic. Now if r(ag) > 0, then by the definition of the iteration, we have

[Kuao — £l
o= (0 —1)——— > ap.
[Vt [l 2
This concludes the proof of the lemma. |
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THEOREM 4.3. If the initial guess og satisfies r(ag) < 0, the sequence {ay}
converges.

Proof. By Lemma 4.2, if r(ap) < 0, the sequence {ay} is monotonically decreas-
ing, and it is also bounded from below by zero, from which convergence follows. 0

Finally, we remark that the noise level can be estimated using the residual

_ 1Eu—flle

6est D)

n

5. Numerical results. We now illustrate the efficiency of the proposed method
and the parameter choice rule (referred to as balancing principle hereafter) for image
restoration problems. The algorithms described above were implemented in MAT-
LAB. For the operator K, the standard Gaussian low-pass filter provided by the
MATLAB Image Processing Toolbox (imfilter) was used. Unless stated otherwise,
the window size of the blurring kernel was fixed at 7 x 7 and the standard deviation
at 5. Although our approach applies to both isotropic and anisotropic TV penalty
terms, we shall present only results for the former, as the restoration results for the
latter are quite similar in all subsequent examples.

In addition to the corruption percentage d defined below, we also measure the
degradation of the blurred and noisy image using the noise level

K~ £l
T

)

To facilitate comparison, the quality of the restoration u, is measured by relative
error e, and peak signal-to-noise ratio (PSNR), which are, respectively, defined by
[ua — uellpe

Crel = — 77 PSNR = —20 1Og10

[t — uaHé2
l[well g '

We consider two types of impulsive noise. A very common noise model is salt-
and-pepper noise, where the noisy image f is given pixelwise as

1 with probability d/2,
fl,5) =<0 with probability d/2,
(Kut)(i,7) with probability 1 — d.

A more realistic noise model for many applications (e.g., charge-coupled device (CCD)
sensor pixels which are subject to possible cosmic ray bombardment of varying en-
ergy) is positive Gaussian random-valued additive noise. In this model, if a pixel is
corrupted, then the absolute value of a normally distributed random variable &(4, j)
with zero mean and standard deviation 0.5 is added to the data:

£, ) = (Kut)(4,5) +|£(i,7)| with probability d,
T (K, 5) with probability 1 — d.

The step sizes in all experiments were fixed as follows: 7, = (uLg)™t, 7, =
(uLaiv) ™, ya = 9pu, and p = %, where L = 1 and Lg;y = 8 denote the Lipschitz
constants of the discrete operators K and div. This choice of vy, is based on the
Lagrange multiplier update in the decomposition approach for the augmented La-
grangian method (cf. [15, Chap. VI]), while the choice of +, and =, is motivated by
their role in Nesterov’s optimal first-order gradient descent method [20]. Since the
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(a) Ramp (n = 256) (b) Cameraman (n = 256) (c) Lena (n = 512)

FiGg. 5.1. Test images.

algorithm is nonmonotonic, it was terminated after a fixed number of iterations. In all
our experiments, 40 gradient descent (ascent) iterations and 4 continuation iterations
proved sufficient for the desired results. The continuation parameters were chosen as
o = 1, prr1 = pr/10. In this way, the final relaxation parameter p is comparable
with that used in [28]. In all experiments, the final iterates in the continuation scheme
for p satisfied [uy — vullpe/|lupll,. =2 x 1075.

The choice of the relative weight ¢ in the fixed point iteration (4.2) is important.
The optimal choice depends on the noise type; i.e., for salt-and-pepper and impulsive
random valued noise, different choices can be advantageous. However, it should be
pointed out that in our experiments the choice was very robust with respect to the
noise level and the strength of the blurring. For the results presented below, it was
set as o = 1.01 for salt-and-pepper noise and ¢ = 1.04 for impulsive Gaussian noise.
The fixed point iteration was started with cg = 1 and stopped if the relative change
was smaller than 1 x 1072,

All computations were performed with MATLAB version 2009a on a single core
of a 2.4GHz workstation with 4 GByte RAM. MATLAB codes implementing the al-
gorithm presented in this paper can be downloaded from http://www.uni-graz.at/
~clason/codes/11tvsplitting.zip. We compared the proposed method to the fast total
variation deconvolution (FTVd) described in [28], using the freely available implemen-
tation from http://www.caam.rice.edu/~optimization/L1/ftvd/ (v3.01). For FTVd,
the default parameters set by the developers were taken.

5.1. Restoration quality and parameter choice. To show the capabilities
of the method, we first consider an academic test example for which a TV penalty
term is appropriate. The image consists of a flat box and a linear ramp (cf. Figure
5.1(a)).

Salt-and-pepper noise with corruption percentage d € {0.3,...,0.6} is added to
the blurred image, and the reconstruction for the parameter oy chosen by the balanc-
ing principle is compared to the optimal parameter «,, which is chosen by sampling
the interval [0.01, 1] uniformly in a logarithmic scale at 100 points and then selecting
the parameter with the lowest relative error e,;. The results are given in Table 5.1(a)
for a kernel size 7 x 7 and in Table 5.1(b) for a kernel size 15 x 15. The results for
impulsive Gaussian noise are given in Tables 5.1(c) and 5.1(d) for a kernel size 7 x 7
and 15 x 15, respectively. In the table, t5,; and ty¢, refer to the computing time for
the proposed method and FTVd, respectively. The noisy data, reconstructions using
the proposed method, and reconstructions using FTVd are shown in Figure 5.2 for
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TABLE 5.1
Results for ramp.

(a) Salt-and-pepper noise, kernel size 7 x 7

Noise Balancing parameter Optimal parameter FTVd (optimal) | CPU time
d é «a €rel PSNR «a €rel PSNR €rel PSNR | tspi triw

0.3 0.150 | 0.165 2.66e-3 56.83 | 0.156 2.65e-3 56.86 | 4.14e-3  52.99 | 4.19 5.30
0.4 0.200 | 0.217 4.18e-3 5291 | 0.148 3.92e-3 53.47 | 7.02e-3 48.40 | 4.18 5.53
0.5 0.248 | 0.266 1.29e-2 43.11 | 0.376 1.16e-2 44.08 | 2.46e-2  37.51 | 4.24 5.08
0.6 0.302]0.321 1.63e-2 41.09 | 0.376 1.58e-2 41.37 | 3.48e-2  34.50 | 4.59 7.69

(b) Salt-and-pepper noise, kernel size 15 x 15

Noise Balancing parameter Optimal parameter FTVd (optimal) | CPU time
d § o €rel PSNR o €rel PSNR €rel PSNR | tspi  treo

0.3 0.150 | 0.166 1.96e-2 39.50 | 0.272 1.65e-2 40.99 | 4.76e-2 31.79 | 4.84 8.39
0.4 0.198 | 0.217 2.00e-2 39.30 | 0.298 1.87e-2 39.91 | 5.17e-2 31.06 | 4.85 8.42
0.5 0.250 | 0.271 2.12e-2 38.81 | 0.313 2.09e-2 38.95 | 5.72¢-2  30.18 | 4.85 8.59
0.6 0.298 | 0.320 2.6le-2 37.00 | 0.298 2.60e-2 37.05 | 5.57e-2 30.42 | 4.89 9.57

(c) Gaussian noise, kernel size 7 X 7

Noise Balancing parameter Optimal parameter FTVd (optimal) | CPU time
d § o €rel PSNR o €rel PSNR €rel PSNR | tsp1  trew

0.3 0.119 | 0.490 5.95e-3 49.84 | 0.260 4.98e-3 51.38 | 1.03e-2 45.09 | 4.57 5.79
0.4 0.160 | 0.639 2.26e-2 38.25 | 0.599 2.22e-2  38.40 | 3.55e-2  34.33 | 4.59 7.20
0.5 0.197 | 0.799 6.34e-2 29.29 | 0.599 6.08e-2 29.67 | 8.40e-2 26.85 | 4.38 10.72
0.6 0.241 | 0.969 2.12e-1 18.80 | 0.870 2.12e-1  18.81 | 2.20e-1  18.48 | 4.39 10.52

(d) Gaussian noise, kernel size 15 x 15

Noise Balancing parameter Optimal parameter FTVd (optimal) | CPU time
d é « €rel PSNR « €rel PSNR €rel PSNR | top1  triw

0.3 0.121 | 0.500 3.25e-2  35.10 | 0.260 1.84e-2 40.04 | 4.86e-2 31.60 | 4.85 9.48
0.4 0.159 | 0.646 6.82e-2 28.66 | 0.285 3.13e-2 35.42 | 5.07e-2 31.24 | 4.92 16.55
0.5 0.200 | 0.845 9.74e-2 25.57 | 0.327 8.20e-2 27.06 | 1.03e-1 25.05 | 5.02 27.10
0.6 0.239 | 0.987 2.29e-1 18.12 | 1.000 2.29e-1  18.12 | 2.34e-1 17.95 | 5.28 25.71

the maximal noise level, d = 0.6. In the figure, o} and «, indicate the reconstructions
by the proposed method with the regularization parameter given by the balancing
principle and the optimal parameter, respectively, and FTVd refers to the restoration
obtained by FTVd with the optimal parameter.

Several observations on the numerical results are in order. First, as the noise
level § decreases, the accuracy of the reconstruction improves, which is the case for
both automatically determined and optimal regularization parameters. Second, the
automatically determined regularization parameter «; is close to the optimal one
«, for all the cases under consideration, and thus the resulting restored images are
comparable with those obtained with the optimal parameters. Therefore, the proposed
choice rule is indeed reasonable and practically useful. Furthermore, the experiments
indicate that one fixed value of ¢ can give reasonable restorations for noisy images with
from 7 x 7 to 15 x 15 blur and d = 0.3 to d = 0.6 corruption percentage, and thus the
choice of o seems insensitive to noise levels and size of blurring kernels. In practice, the
convergence of the fixed point iteration (4.2) is usually achieved within five iterations.
Although not presented, the estimate J.5; in all cases was very close to the exact
noise level §. Third, with the same « value, the accuracy of the proposed method is
slightly better than that of FTVd for both salt-and-pepper and impulsive Gaussian
noise. The differences can be clearly observed in the flat region. We point out that

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/25/14 to 143.50.47.57. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

SPLITTING ¢'-TV RESTORATION WITH PARAMETER CHOICE 1497

- |m

(a) blurred and noisy ) restoration () (c) restoration (ao) ) restoration (FTVd)

m|m[m

(e) blurred and noisy ) restoration () ) restoration (a) (h) restoration (FTVd)

OO0

(i) blurred and noisy j) restoration (ap) ) restoration (o) ) restoration (FTVd)

F1G. 5.2. Restorations of ramp with d = 0.6. (a)—(d): Salt-and-pepper noise, kernel size 7 X 7;
(e)—(h): Salt-and-pepper noise, kernel size 15 x 15; (1)—(1): Gaussian noise, kernel size 7 X 7.

the case of 60% Gaussian random-valued noise is very challenging and requires a very
large regularization parameter, rendering staircasing in the reconstruction inevitable.

By comparing Table 5.1(a) with Table 5.1(b), we observe that as the blurring
window size increases, the restorations deteriorate accordingly. The computing time
for our approach is relatively independent of the kernel size as a consequence of the
fixed number of iterations; see Tables 5.1(c) and 5.1(d).

5.2. Application to natural images. We next illustrate the performance of
our method for two benchmark realistic images.

The first real image is cameraman (n = 256; cf. Figure 5.1(b)). Reconstructions
using our method and FTVd are given in Table 5.2(a) for salt-and-pepper noise and in
Table 5.2(b) for impulsive Gaussian noise. Figure 5.3 shows the results for a represen-
tative noise level for each noise model. Again we observe that the reconstructions by
the automatically determined regularization parameter a; and those by the optimal
parameter «, are fairly close.

The second image, Lena, has size n = 512 (cf. Figure 5.1(c)). Here, we investigate
the effect of the blurring kernel size on the reconstruction accuracy and speed. Table
5.3(a) summarizes the results for a kernel size 7 x 7, and Table 5.3(b) for a kernel
size 15 x 15. See Figure 5.4 for the different reconstructions in case of d = 0.5. Note
that while FTVd gives slightly more accurate results for the larger kernel size, the
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TABLE 5.2
Results for cameraman.

(a) Salt-and-pepper noise, kernel size 7 x 7

Noise Balancing parameter Optimal parameter FTVd (optimal) | CPU time
d 4 o €rel PSNR o €rel PSNR €rel PSNR | top1  triw

0.3 0.149 | 0.046 8.5le-2 27.08 | 0.032 8.26e-2 27.34 | 7.40e-2 28.29 | 4.48 11.79
0.4 0.199 | 0.074 9.80e-2 25.85 | 0.042 9.25e-2 26.35 | 8.78e-2 26.81 | 4.46 10.74
0.5 0.251 | 0.109 1.13e-1 24.59 | 0.056 1.07e-1  25.08 | 1.04e-1  25.30 | 4.48 12.81
0.6 0.298 | 0.139 1.23e-1 23.86 | 0.107 1.22e-1 23.96 | 1.24e-1  23.83 | 4.45 12.01

(b) Gaussian noise, kernel size 7 X 7

Noise Balancing parameter Optimal parameter FTVd (optimal) | CPU time
d J [ €rel PSNR a €rel PSNR €rel PSNR tspl ttw

0.3 0.119 | 0.237 1.18e-1 24.21 | 0.049 9.71e-2 25.93 | 9.33e-2  26.28 | 4.38 9.30
0.4 0.158 | 0.374 1.4le-1 2272 | 0.142 1.29e-1 23.47 | 1.33e-1  23.20 | 447 9.46
0.5 0.195 | 0.638 1.84e-1 20.37 | 0.359 1.76e-1 20.78 | 1.81e-1  20.51 | 4.40 12.63
0.6 0.238 | 0.996 2.92e-1 16.37 | 0.498 2.82e-1 16.67 | 2.87e-1 16.53 | 4.40 11.18

(a) blurred and noisy  (b) restoration ()

(e) blurred and noisy (f) restoration (ay) (g) restoration (ao) (h) restoration (FTVd)

Fi1G. 5.3. Restorations of cameraman with kernel size 7 X 7. (a)—(d): Salt-and-pepper noise,
d =0.5; (e)-(h): Gaussian noise, d = 0.3.

performance in terms of computing time is worse by a factor of three to five.

5.3. Restoration of large images. In many scientific and engineering imaging
applications, relevant images are of very large size and call for fast algorithms. To show
the feasibility of using the proposed method for large-scale image restoration problems,
we consider denoising of scanning transmission electron microscopy (STEM) images.
Figure 5.5 shows a STEM image of a lingual nerve (size n = 2048), the same image
corrupted by impulsive Gaussian noise (d = 0.3, § = 0.120), and its reconstruction
using our method (o = 0.9, CPU time 180 seconds). The restored image agrees well
with the exact one, with a relative error e,o; = 9.02 x 1072 and PSNR = 27.30. A
close inspection of the restoration (Figures 5.5(d)-5.5(f)) indicates that the details of
the STEM image are excellently preserved, which is especially important in medical
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TABLE 5.3
Results for Lena.

(a) Salt-and-pepper noise, kernel size 7 x 7

Noise Balancing parameter Optimal parameter FTVd (optimal) CPU time
d 0 o €rel PSNR o €rel PSNR €rel PSNR | tep triw

0.3 0.151 | 0.063 6.29e-2 31.01 | 0.037 6.05e-2 31.35 | 5.43e-2  32.29 | 19.65 58.76
0.4 0.199 | 0.091 7.03e-2 30.05 | 0.049 6.71e-2 30.45 | 6.28e-2  31.03 | 19.48 51.37
0.5 0.250 | 0.123 7.81e-2 29.13 | 0.074 7.60e-2 29.37 | 7.36e-2  29.64 | 19.73 57.54
0.6 0.299 | 0.157 8.80e-2 28.10 | 0.135 8.76e-2 28.14 | 8.86e-2 28.04 | 19.64 54.96

(b) Salt-and-pepper noise, kernel size 15 x 15

Noise Balancing parameter Optimal parameter FTVd (optimal) CPU time
d d [ €rel PSNR [ €rel PSNR €rel PSNR tspl ttw

0.3 0.150 | 0.093 1.02e-1 26.84 | 0.024 9.59e-2  27.35 | 7.94e-2  28.99 | 22.09 72.50
0.4 0.201 | 0.131 1.07e-1  26.42 | 0.029 9.94e-2 27.03 | 8.40e-2  28.50 | 22.44 75.11
0.5 0.249 | 0.168 1.1le-1 26.06 | 0.035 1.04e-1 26.69 | 8.88e-2  28.02 | 22.13 85.13
0.6 0.300 | 0.210 1.16e-1  25.72 | 0.042 1.09e-1 26.26 | 9.54e-2  27.39 | 22.09 74.68

(a) blurred and noisy

(c) restoration (ao)

(e) blurred and noisy (f) restoration () (g) restoration (a,)  (h) restoration (FTVd)

Fic. 5.4. Restorations of Lena with salt-and-pepper noise and d = 0.5. (a)—(d): Kernel size
7 x 7; (e)-(h): Kernel size 15 x 15.

applications.

Remark 5.1. After the preparation of the original manuscript, the authors of the
package FTVd released a new version (version 4.0) [26], which replaces the penaliza-
tion approach for treating the constraints with an augmented Lagrangian approach
and applies the classical alternating direction method. This circumvents certain draw-
backs of the algorithm, thereby improving its computational efficiency. In our tests
(again, with the default parameters), the new version is faster than version 3.01, but
the margin depends on the noise level. For low noise levels, the performance is much
improved from version 3.01 to 4.0 and is largely comparable with our algorithm. For
higher noise levels, especially for impulsive Gaussian noise, the results achieved by
the newer version remain close to version 3.01, and thus our method still compares
favorably with version 4.0 in these situations.
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(b) noisy image

(d) true image (detail) (e) noisy image (detail) (f) restoration (detail)

F1G. 5.5. Denoising of STEM image.

6. Conclusion. We have presented a novel splitting approach for £}-T'V restora-
tion of blurred and noisy images, together with an automatic parameter choice rule.
Our numerical results indicate that the algorithm is very efficient and can deliver per-
formance competitive with state-of-the-art methods such as FTVd. Since other recent
methods [16, 10] are reported to yield results close to FTVd, our method compares
favorably to those as well. The main advantage of the proposed approach is the good
scaling with respect to problem size and difficulty, which makes it suitable for the
restoration of very large images, such as those occurring, for example, in microscopy
applications.

To the best of the authors’ knowledge, the proposed parameter choice rule is the
first such rule for £!-T'V image restoration. Furthermore, it is very easy to implement,
does not require knowledge of the noise level, and can yield results very close to or
only slightly worse than the optimal one.

The combination of splitting and duality techniques seems promising for the effi-
cient solution of a wide class of nonsmooth problems in image restoration. In partic-
ular, current work is concerned with its application to models with Poisson data.

Finally, it should be remarked that variants of the proposed algorithm, such as
using the leading point for the Lagrange multiplier update, or dispensing with leading
points altogether, could in some cases give better accuracy or performance, but their
theoretical convergence could not be ensured. It would be interesting to develop
convergence results for these more aggressive algorithms.

Appendix. Proof of Theorem 3.1.
Using the property of the projection operator Px on a convex set K C X, we
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have for all h € K and for all z € X that
(A1) (2 — Pxz,h— Pgz) <0
holds, from which it follows easily that
Ih = Przllz < |z = kil — |2 = Prezllze.

Let (p*

,q", A\*) be any saddle point of the functional L(p, g, A). To simplify notation,
let 28 = (

P*, ", \F). By taking h = p* and z = p¥ — v,L,(2¥), we find that

[p"T = p*[|7 < [Ip* — W Lp(Z®) — p* |12 — P" — 1Ly (ZF) — P12
= |p* = p*lI7> — lIp" — P17 — 29 (Lp (ZF), P — p7).

Analogously, we can derive that
19"t = a*1I7 < lla" = " [17 = llg* = ¢" T2 — 274 (Lq (%), 4" = ")
and
IAHE = X2 = A% = A7 — A = N 29 (£ (39), A — ),
Let
D(p.a; ) = vgllp = p* 1% +vnalla — ¢ + wrallA = X2

Then from the preceding three relations we have that

(A.2)
D(pk+1,qk+l,)\k+l) _ D(pk,qk,)\k)
< — vl = P15 — e nalld* T = @Fl1% — veva I = A%
— Va0 [(Lp(Z"), PP = p*) +(Lg(Z"), ¢" T — ¢*) — (LA(Z"), AT = A")]
< =3l =P 1% = e nalld™ = 1% — g = A%

= 29 [(Lp(27), DM = BF) + (Lq(27), " = @) — (LA (%), AFF1 — 2F)]
=— v [P = DM N1% + 1195 — 0¥ 115 — 200% — % Lp(2F1) — pF,pF T — M)
= 1 = @15 + 1d° — @ l1% — 206" — v Lg(ZF 1) = &, " — )]
_ _ ) L _
— V4 [H)\kﬂ — NN+ I = AR 2, — ;(Ak + pIALA(ZFTT) = AF AR 3R

_ (2_ 2) <)\k _Xk’/\kJrl _;\k>
p

W ¥en [(Lp(EFH) = L, (27), PP — BF) + (Lg(2F71) — Lq(29), ¢ — )
—(LA(Z571) = LA(Z9), MM =AM,

where, in deriving the second inequality, we have made use of the inequality
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<L;D(2k)apk _p*> =+ <£q(2k)aqk - q*> - <£A(Zk)a xk - )\*> Z 0.

Appealing again to inequality (A.1) with z = p* — 4,£,(2*71) and h = p*tl, we
obtain that

Similarly, we find that
<qk _ 7q£q(2k71) _ qk’qurl _ qk> <0,
and, by the definition of A*,
</\k + p"/)\ﬁ)\(ik_l) — j\k, Aett ;\k> =0.
Note also the elementary inequality
2[(AF = AP AEFL B <IN = M7+ A =

With the help of these inequalities, the Cauchy—Schwarz inequality, the Lipschitz
continuity of the Fréchet derivatives (with their Lipschitz constants denoted by Ly, L,
and Ly, respectively, and L = max{L,, Ly, L, }), and Young’s inequality 2ab < a’+b2,
inequality (A.2) can be simplified to (with ¢(p) =1 — |1 — %| >0 for p > 1/2)

D(pk+l,qk+l, /\k+l) _ D(pk,qk,)\k)

< — e [ = 4 + 15 = pF112] — v (16 = @13 + llg* — a¥112]
— c(p) g [IINFE = N + [INF = A 17]
+ 29700 (16557 = £ e 19 = e
1L, = L4 alla™ = g e
LAY = LA |AHE = 3] o]

< =g (1P = 581 + 15° = pF11%] — vona [d"* = @117 + lld* — a"1I7]
— () rpra IV = X + I3 — X8 2]
+ 295 (I = 7 ez + 16" — ¥l
It = a5 Ml + g = @l + X = X A = 3 2)
A(Lpllp™ ="l + Lol = @l + LalINF — X’“llez)}

< — 7 [(1 = L) 5 — ¥ + (1 = 37, L) [8° — p¥]1:]
—pn [(1 = 671} [g* = ¥ + (1 = BygD)lla* — ¥
—clorina | (1= 0mrs ) INFE = R + (1= 3y ) IR = ¥
+ 3L [l — PR + g — @ N - ]
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Summing the above inequality from N to M > N gives
A3
(D(])9M+1,qM+1 AM+1) _ D(pN qN7)\N)

M-

M
< — YN l (1—-9yL) Z MR 4+ (1= 37,L) Y |Ip* —p’“ll%]
k=N

M
— YA [ (1—97,L) Z M5+ (1=3v,L) > lld* —q’“l%]
k=N k=N

M—-1

e __L L RN, oL kK2,
(p)wpvql<1 ()>ZIIA A||z+(1 32 )ZM Au]

+ 3% YL (I =V % + 1l — dV I + AN — AN 1Z]
— g1 = 67 L) [IpM = M (1% — (1 — 67, L)l — g |17

L M+1  YM)2
— c(p)p7Y 1—6—) A — A7 |72
oy (10221 t

If the step sizes 7yp,7q, and 7y, satisfy the condition C( max{*yp,*yq,w} <1 (e,

Yo = 9(L))7 then the sequence {D(pM+1 ¢M+1 AM+1)1 i5 uniformly bounded. Thus
the sequence of iterates {(p™*1, ¢M+1 AM+1)} is uniformly bounded, and it contains
a convergent subsequence {(p*,q*, \¥)} — (p,§,A). We prove that (p,q,\) is a
saddle point. To this end, we first observe that it follows from inequality (A.3) that
the sequence {(pF*t1 — p*,¢F*+1 — g% A*+1 — XF)} converges to zero. Therefore, on
taking the limit as k; — +00, we get

(A.4) B =Py (B = 1Ly(B, 3, M),
(A.5) G = Pp()(@ = 1Le(5,3 V),
(A.6) A=A+ pnLa(B, G, ).

Since z = Pk (z) if and only if (x — z,v — z) < 0 for allv € K (cf. [25, Lem. 2.11]), we
find that (A.4) is equivalent to (£,(p,q,A),p — p) > 0 for all p € B(1). Analogously,
it follows from (A.5) and (A.6) that (L,(p,d,\),q — q) > 0 for all ¢ € B(a) and
L (P, q, /\) = 0. These are the necessary and sufficient conditions for the point (p, g, )\)
to be a saddle point of the functional £(p, g, A). Since the point (p*, ¢*, A*) has been
chosen from the set of saddle points arbitrarily, we can assume that (p*,q¢*, \*) =
(P, q, 5\) The whole sequence converges to this point. Indeed, for any £ > 0 there
exists N, such that

[\Dlm

31 YL [lp™ =™ + IIQNE - (INE_lllp + AN = AV THR] <

N ™

Consequently, it follows from inequality (A.3) that D(pM+1, ¢M+1 AM+1) < ¢ for all
M > N_ + 1. This proves the theorem. O
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