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Abstract. We consider in this paper the lg-norm based dictionary learning approach com-
bined with total variation regularization for the image restoration problem. It is formulated
as a nonconvex nonsmooth optimization problem. Despite that this image restoration model
has been proposed in many works, it remains important to ensure that the considered mini-
mization method satisfies the global convergence property, which is the main objective of this
work. Therefore, we employ the proximal alternating linearized minimization method whereby
we demonstrate the global convergence of the generated sequence to a critical point. The re-
sults of several experiments demonstrate the performance of the proposed algorithm for image
restoration.
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1 Introduction

Image restoration is one of the earliest and most classical linear problems in imaging. Generally,
the information in the image consists of a degraded representation of the original object and
one can roughly distinguish two sources of degradation, the process of image formation and
the process of image recording. The degradation due to the image formation process is usually
called the blur operation, which is a sort of band-limiting of the object. While the degradation
introduced by the recording process refers to the noise. Hence, image deblurring aims to recover
a clean image from its degraded form. For an observed image y the problem of image restoration
can be expressed by the following equation:

y=Hu+wv,
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where H is a linear operator that represents the degradation matrix, u is the original image,
and v represents the noise. In general, image restoration problem recovering u from y is known
as image deconvolution or image deblurring. When H is the identity operator, estimating u
from y is referred to as image denoising. The problem of estimating u from y is called a linear
inverse problem which, for most scenarios of practical interest, is ill-posed, either the direct
operator does not have an inverse or it is nearly singular with noise sensitivity, or due to the
ill-conditioning of H [35,36] . Therefore, in order to stabilize the recovery of w, it is necessary to
incorporate prior-enforcing regularization on the solution. For regularization methods, finding
and modeling appropriate prior knowledge of images is one of the most important concerns.
This is especially true whenever information is incomplete, damaged or degraded. Consequently,
variational models for image processing in general consist of two terms. The first term is fidelity
or data fitting term and the second one is a regularization term which is formulated as:

1
arg min §HHu —yl3 + AJ(w),
u

where the first term in the objective function represents the fidelity term that measures the
discrepancy between Hu and the observation y. Also, J(u) is the regularization term and \ is
a positive parameter used to balance the two terms for the minimization problem.

Several regularization models have been studied in the literature. Total variation approach,
first introduced for image denoising [13, 15], is based on minimizing certain energy function and
it has been widely used in the image restoration problem. The success of total variation based
methods for image processing is due to their ability to preserve edges in images. Since it was
introduced by [29], intensive research has focused on developing efficient methods to solve TV-
based minimization problem [9, 15, 22], where one of the main minimization difficulties is the
presence of the nonsmooth TV norm in the objective function. Another popular approach that
has been successfully used is the dictionary learning. In recent past decades, this unsupervised
leaning technique has been emerged as an efficient way to solve various computer vision tasks
such as: image recovery, super-resolution problem, image classification and speech separation
[18-20,28]. This success is mainly due to its good reputation in both theoretical research and
practical applications in different disciplines. Many methods for learning sparse representation
have been developed over the recent years. Among those methods, the KSVD [3] with OMP [27]
algorithm, the online dictionary learning and proximal based methods [3,7]. Recent models have
proposed a hybrid model where they combined the sparse representation with TV regularization
[25].  Concerning image restoration, as long as sparse representation allows well extracting
features from data, combined with total variation, the method performs excellent combination
of feature extraction and edge preservation.

This paper takes a step in this direction by considering image restoration model that contains
three terms, the nonconvex sparse representation prior, the total variation regularization and
the fidelity term. Regarding the resolution of this model, most classical strategy tended to focus
on using the alternating minimization method. This technique provides several sub-problems
to solve, where each sub-problem is solved separately by using some existing algorithms. The
most considered scenario is the use of KSVD algorithm to learn the dictionary matrix, the
orthogonal matching pursuit (OMP) to get the sparse approximation, while for total variation,
splitting variable techniques [, &, 16] are used to decouple the problem. To the best of our
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knowledge, no one has studied its global convergence. Therefore, the main aim of this work
is the study of convergence analysis by considering an appropriate minimization method with
multiple variables. Thereby, we demonstrate that the whole sequence generated by this method
globally converges to a critical point.

2 Problem statement

2.1 Dictionary learning framework

The dictionary learning model has led to a large success in image denoising before being ex-
tended to numerous applications in computer vision. Without making any a priori assumption
about the data except a parsimony principle, the method is able to produce an unsupervised
dictionary learning devoted to noise reduction. Since dictionary learning is often considered as
a computationally demanding process especially when the size of the data is large as the images,
it is often learned over image patches. Given an image in its vectorized form u € RY, we note
u; € R™ the vector representation of the square 2D image patch of size \/n x y/n pixels. The
image patch wu; is obtained by multiplication of u by a matrix R; of size n x N whose columns
are indexed by the image pixels. The lp-quasi norm is used to encode the sparsity of the patch
representation, 1" is the required sparsity level, and z is used to denote the set of sparse repre-
sentations {z;}; of all patches. Such an approach follows a methodology that allows the use of
different schemes for unsupervised learning dictionary and the sparse coding steps as well as it
is valid for the other reconstruction tasks. Formally, the dictionary learning model is given by
the minimization problem:

L
1
min - Rz — Dz|12 + ullzllo, .
DED,zeRK.n 2;” l iz + wllzlo (1)

where ||.||o is the sparsity measure defined as the number of nonzeros entries in the input, D is
referred to the dictionary, a matrix of values which gets us a sparse from z of the image patches.
The usual strategy to solve problem (1) is by using an alternating optimization procedure which
basically consists in alternatively learning the sparse approximation when the dictionary is con-
sidered fixed and then in updating the dictionary with the current sparse coefficients. The
cardinality constraint is used to enforce the sparsity. However, such sparsity constraint is non-
convex and the resulting problem is known to be NP-hard. The first and most obvious approach
to getting “pretty good” solutions to NP-Hard problems is to devise greedy algorithms. Greedy
algorithms has been developed to solve the lp-norm minimization in its current form [26, 27].
This algorithms attempt to solve the exact problem by different linear algebraic tools. The
greedy algorithms known to be easy to implement and computationally can be extremely fast.
The main principle is to detect or estimate the underlying support set of a given sparse vector
followed by evaluating the associated signal values. Among the mainly existing greedy algo-
rithms, the most used one is the OMP algorithm [27]. Differently, faced with the challenge of
the nonconvexity and the associated NP-hardness, a traditional workaround in literature has
been to modify the problem formulation itself for which existing tools can be applied. This is of-
ten done by relaxing the problem so that it becomes a convex optimization problem. Therefore,



16 S. Mohaoui, A. Hakim, S. Raghay

the [g-norm formulation can be relaxed and solved optimally with the {;-norm minimization, this
problem is known as the convex sparse coding problem. However, [p-regularization problem still
has some advantages over [j-regularization. The [;-norm may fail to recover sparse solutions
for some ill-posed inverse problems, and when dealing with large vectors, these methods are
computationally very expensive [33]. Hence, compared with the /;-norm, lp-norm can directly
recover sparser solutions. Fortunately, in recent years, a new process has permeated the fields
of machine learning and image processing, consists of directly solve the nonconvex problems
instead of relaxing them. In this vein, the so-called nonconvex optimization methods have been
consider. At first glance, however, this approach seems doomed to fail, given the NP-hardness
results. However in numerous deep and illuminating results, it has been revealed that if the
problem possesses some structure, such as sparsity or low rankness, then nonconvex optimiza-
tion methods are able to avoid NP-hardness as well as provide probably optimal solution (see
for more insight [34]). Furthermore, the recent development of proximal methods led to signifi-
cant advances in the design and analysis of algorithms, such as the iterative hard thresholding
algorithms [32] that operate directly on the [y regularized problem.

2.2 Image restoration by dictionary learning and TV model

Natural images and images encountered in real applications are structured and often have many
repetitive local patterns, in particular edges, smooth regions, and textures. The so-called nonlo-
cal self-similarity is among the most successful priors for image restoration properties. Evidently,
due to such properties, methods incorporating sparse representation and adaptive patch based
models have exhibited very good results. Therefore, we consider the patch based dictionary
learning model for image restoration model. Moreover, to overcome the artifacts sometimes
caused by the patch based priors, the TV regularization is added in the minimization model.
Hence, the restoration model is a sum of three terms, the fidelity term, the total variation reg-
ularization, and the nonconvex sparse representation prior. The minimization problem is given
as follows:

1
g, U= ylE gl Vel + 2 STIR0 - Dalf + salelo @)

In the expression (2), the first term is the fidelity term that controls the global proximity of
u to the blurred image y. The second term is the total variation prior defined by ||Vul1 =
|Vzulr + |[Vyuli with V = [V, V,] is the gradient operator in the discrete setting, whose two
components at each pixel (7, j) are defined as follows

(Vau)ij =

Uit1,5 — U5, for i < m,
0, for i = m,

Ui i+l — Ui, Tfor j <m,
(Vyu)iy = ¢ g
0, for j = n.

For the last two terms in equation (2), one controls the proximity of the patch Rju of the
reconstruction to the deblurred patch Dz; for each [, and the other one controls the sparsity of
the representation of the patches.
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Indeed such a model is rather difficult to solve, because it is neither convex nor smooth. The
recent development of proximal methods led to significant advances in the design and analysis
of algorithms for solving problems involving sum of nonsmooth convex or nonconvex functions
[12,23,24]. The recent paper [12] introduced a proximal alternating linearized minimization
algorithm denoted by PALM algorithm for solving a broad class of nonconvex and nonsmooth
minimization problems. The fundamental advantages of the presented PALM method is that it
only requires the objective function to be smooth at the term that uses all variables and that
this smooth part has component-wise Lipschitz continuous gradient for convergence. Moreover,
it has been proven that under certain conditions, each sequence generated by the PALM scheme
globally converges to a critical point.

3 Notation and preliminaries

For an extended real valued function f :R?Y — (—o0, +00], we say that f is proper if it is
never —oo and its domain defined by Dom(f) = {z € R? : f(z) < +oc0} is nonempty. For a
closed C € R", its indicator function I¢ is defined by:

0, if seC,
Ic(s) = {

oo, otherwise,

Let f:R? — (—o0, +o0] be a proper and lower semi-continuous function:A
(1) For a given € Dom(f), the Frechet sub-differential of f at x written 0f(z) is the set of all
vectors u € R? which satisfy:

lim fly) = fl@)- <wu,y—ax>

>0
yATy— ly — ||

- )

when & ¢ Dom(f) then Of(xz) = 0.
(2) The limiting sub-differential of f at z is defined as:

f (x) = {u e R", 3% — z, f(z¥) — f(z) and v* € Of (z*) — u; k — oo}. (3)

The sub-differential (3) reduces to the derivative of f (denoted byVf) if f is continuously
differentiable.

A necessary (but not sufficient) condition for z € R? to be a minimizer of f is 0 € df(z) and
a point that satisfies this condition is called limiting-critical or simply critical.

(3) For any subset S C R? and any point 2 € R? the distance from x to S is defined and
denoted by :

dist(z,S) = inf{||ly — z|j;y € S}.

Note that when S is empty, we have dist(x,S) = 4oo for all 2 € R%. Note also that for any real
extended valued function f on R? and any z € R%:

dist(xz,0f(x)) = inf{||ul|;u € Of(x)}.
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(4) Given z € R% and \ > 0, the prozimal operator associated to f is defined by:
A
Prox{(m) = arg min {f(u) + §||u — |3, ue Rd} :

When the function f is the indicator function of a nonempty and closed set X i.e for the function
Sx : RY — (=00, +00], the proximal map reduces to the projection operator onto X defined by

Py(z) =argmin {|lu—=z[3, uweXx}.

4 Image restoration via a proximal-based algorithm

4.1 Proximal alternating linearized minimization method

For many years, convex optimization which consists of minimizing a sum of convex or smooth
functions has been received great interest. Several works on such convex problems have provided
a sound theoretical foundation. Both, the theoretic and computing advantages created many
benefits to practical use. However, what deserves the special consideration is the fact that the
convex or smooth models are often approximations of nonconvex. A very well-known example
is the [y minimization norm in sparse recovery problems which is commonly relaxed as convex
[1-norm. Despite the numerical complexities arising with nonconvex regularization, a variety
applications have shown their importance in many disciplines. As a result, increasing alternating
methods have been paid to a broad nonconvex optimization problem. Among those methods, the
PALM scheme build on the Kurdyka-Lojasiewicz (KL) property allows to analyze various classes
of nonconvex nonsmooth problems as well as establishing the global convergence of the sequence
generated by PALM scheme. The KL property played a fundamental role on the convergence
analysis of PALM method. For our purpose, we review the method for the problems of the form:

min B(z,y,2) = Hiz,y,2) + F(2) + R(y) + G(z), @

where F : R" — (—o0, +00], R : R™ — (—o0, +00] and G : R? — (—o0, +00] are extended

valued, proper and lower semi-continuous functions. And H : R” xR™ xR¢ — R is C': smooth

function with Lipschitz gradient on any bounded set and convex with respect to either z,y or z.

At the k' iteration the PALM scheme updates the estimate of (z,v,z) alternatively by
solving the following linearized proximal problems:

tk
2P = argmin < V H (2", o, 2F), 2 —2F >+ ;Hx—mkﬂg + F(z),
x

. th
yt = arg min <V H(@F gk 2Ky —oF > gyl\yfykllg + R(y),
¢

k
A = argmin < Vo H (2 M 2R o — 2P >+ §Z||z—zk||% + G(2),
z

where t];, t’; and tlg are appropriately chosen step sizes. Using the the Prozimal operator, the
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minimization problems are equivalent to the following proximal problems:

k+1

1
x € Proxfé (zF — tkamH(mkaykﬁk))?

xT

1
yk+1 € PI‘OX% <yk - tikvyH(xk—i_aykuzk))u
Y

1
VZH(xk+la yk+1’ Zk))

1 G k
€ Proxy; (zF — m
z

4.2 PALM algorithm for the proposed restoration model

In this subsection, we describe an adaptation of the PALM algorithm to the suggested deblurring
model (2). In doing so, we first define the following sets:

= {u e R™™™ such that [ <u; <h},
C={zeRP suchthat |zx|lcc <M},
D={DeR" suchthat |[djlo<1 j=1,...,p}.

In order to express the image deblurring model as in the form of (4) we set:

H(u,D,z) = 3|Hu—yl3 + 5 3 | Riw — D3,
Fu) = m|[Vulls + L(u),

R(D) = Ip(D),

G(2) = psllzllo + Le(2),

(5)

where I, (u), Ip(D) and I¢(z) denotes the indicator functions of the sets x, D and C. The bound
constraints on uw model the situation where all pixel values have lower and upper bounds, for
example when v is an image with pixel values in the range [0,256] or [0,1]. While for z, the
bound constraint is to prevent some elements of sparse coefficients to have unusual large values.
To avoid the scenario that dictionary columns have arbitrary large norm which would lead to
small values of the sparse approximations, we restrict its column to have an ls-norm less or
equal than 1. Then to use PALM algorithm for solving (2), let D be the initial dictionary
and u(©) = y then for k£ = 0,1, ..

1
PLaR= Proxt(i (2F — tfkvzH(ékakﬂk))’ (6)
z
1 N
Dk+1 & ]‘:)I‘OXf;lC (Dk — t*kVDH(Zk+17Dk7uk))7 (7)
d
d
1
WF 1 e Proxt, (uf — tikqu(Zk+1’Dk+l7ak:))7 (8)
u

and 2", Ek, @ are the extrapolated points given by: 2F = zF=1 4 wlg(zk_l — 2F2), DF
DE=L 4 wk(DF=1 — DF=2) and 4% = w1 + wl (uF~1 — u#=2) respectively, with w? ; wh ; wk
Hence, the update (6), (7) and (8) can be explicitly obtained by direct minimization.
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Sparse Coefficients: Given the dictionary matrix D*, and the image u*, the task is to get
the sparse coefficient z* that satisfies (6), in which each iteration requires solving a minimization
problem. We define

el ="

V.H(55, DF,ub) = 2 = L2\ DT(DFEF — Riub),
l

1
24 24

and solve the minimization problem

1 1<
k+1 _ . k2 _ . k2
277 = argmin Sz —elly + psllzllo = argmin o > (zi—ef)® + pslszep (9)

i=1
Basically, one could solve the scalar problem due to the component wise property. The term
[(2) = psly;, 20y is the weighted ly penalty defined by

0, if Zi = 0,
Pla) = { ps, iz # 0.

Its proximity operator is a set valued mapping defined by:

{0}, if |z < v/2ps,
(0,2}, i z= 2,
{—\/%,O}, if Zi = — 2/,L3,

{Zi}, if ’Z,’ > \/m

By choosing /2u3 as the value of z; = +1/2u3, we get the Hard thresholding operator [30,32]
with a = +/2us

Proxp(z;) =

0, if |z <a,
zi if |z > a.

T = {

Hence, it is easy to see that the solution of (9) is

1
t—kvzH(z’f, DF uF)) = min (T, (2"

Zk+1 :PC(%(ZIC_ VZH(ék’Dk’uk),M)).

1
otk
Dictionary matrix: Given the obtained sparse approximation z¢*1 and the image u*, we
update the dictionary matrix by computing the proximal operator which corresponds to solving a
minimization problem. Since the proximity mapping over the indicator function is the projection
operator, thus the dictionary learning is obtained by

k+

1 .
Dk+1 _ PD(Dk _ t*kVDH(ZkJrl,Dk,Uk)),
d

where Pp denotes the Euclidean projection to D defined for any D as:

d;

(Po)i = ol i)

Vi=1,...,p.
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Image Reconstruction: The reconstruction step is to solve the denoising problem based
total variation:

1
Sk _ uk _ 7qu(zk’+l,Dk+17ﬁk’)

tk ’
) A
uFt = arg min w1l Vol + Iy (v) + §||U — "3, (10)
. A
WM = argmin pu |[Volly + 5o — s*f3.
vEY 2

Problem (10) is a very known denoising problem in the area of image processing. A variety of
methods and algorithms that cover the minimization of this problem efficiently were developed.
The classical method used for the minimization of total variation denoising problem is [15], where
the author proposed to consider a dual approach and a gradient based algorithm for solving the
resulting dual problem. In the same direction, the forward backward splitting (FBS) method
and its accelerated versions also used this dual approach. Following the same strategy, we first
form a dual formulation of the problem (10):

. A A
min p [Volly + 5 ljv = sl = max min (g, Vo) + llv= s*113. (11)
vex lglloo <1 vEX

Hence, for a given ¢, the minimal value of v satisfies: Px(sk 411 /AVTq), where V7 is the discrete
divergence (which is the negative adjoint of the gradient operator). Plugging this expression for
v back into the second part of (11), we get the dual problem:

" qu (18" + 1 AVTQUIZ — Py (8" + 1 /AVTq) — (8% + 1 /JAVT @) I3} (12)

Then, we simply minimize a quadratic function with an infinity-norm constraint using a recent
variation of FBS algorithm [22]. To do so, we only need to determine the gradient of the objective
function which is continuously differentiable. Thus, define A, (z) = ||z — Py (x)||3. Its gradient
is VA (z) = 2(x — Py(x)). Hence, the dual problem is reformulated as

P P L o /AVTQ) — Ay (5" + AV g) ).

The gradient of the dual objective function is given by

241

V(P (" + m/AV"g)).

Vh(q) = V(I (s" + m/AVT Q)13 = Ay(s" + 1 /AV"q)) =
The solution of the dual problem is obtained using a variant of FBS algorithm, in which resulting
scheme alternately performs gradient descent step ¢ = ¢—tVh(q), and then re-projects the result
back into the infinity-norm ball using the formula ¢;; ¢ij/max(1,¢;j). Once we obtain ¢* the
solution of (12), the optimal (denoised) image is then given by

ut = Py(sF + p/AVT %),
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To make the whole objective non-increasing, at the k' iteration we set w% = wk = wk =0 (i.e

no extrapolation) if B(u¥, D¥, 2%) > B(uf~—1, D=1 2+,

Algorithm 1: PALM algorithm for the combined deblurring model

Initialisation: Set D 2(0) and u( =y
for £k=1,2,3,..., Maxiter do
1. Sparse approximation step:

1
Zk+1 = m]n(%(z,’k — t?vZH(ik) Dk, uk); M)
z

2. Dictionary update step:

1 .
Dk+1 — PD(Dk _ tdeDH(Zk+l,Dk,uk)).
k

3. Reconstruction step:

Pt = P (8P + AV pY).

if B(uFtt DR 2R > B(uF, DF, 2%) then
Re-update uF*1, DFHL 2F+1 with 251 = 2k DR+l = DF | ghtl = ok

end

end

5 Convergence Analysis

Here, first we give some important definitions and results used in convergence analysis.

The Kurdyka Lojasiewicz property: This property plays a basic role in the convergence

analysis.
Let n € (0,400], we denote by W, the class of all concave and continuous functions ¢ :

(0, 4+00] — R which satisfy the following conditions

1. ¢(0) =0,

2. ¢ is C! on (0,71] and continuous at 0,

3. for all (0,7n) : ¢'(s) > 0.
Definition 1 (Kurdyka-Lojasiewcz property). Let f : R? — (—o0, +-00] be a proper and lower
semi-continuous function.

(i) The function f is said to have the Kurdyka-Lojasiewcz property at x € Dom(0f) where
Dom(9f) = {y € RY : Of(y) # 0} if there ewists n € (0,+00]|, a neighborhood U
of x and a function ¢ € ¥, such that the following inequality holds for all y € U U

[f(z) < f(y) < f(z) + 7]
@' (f(y) — f(x))dist(0,0f(y)) > 1.
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(ii) If f satisfies the KL property at each point of Dom(0f), then f is called a KL function.

Remark 1. A proper lower semi-continuous function F : R" — (—o0, +00] has the Kurdyka
Lajasiewicz property at any non critical point.

Definition 2 (Semi-algebraic sets and functions). A subset S of R™ is called semi-algebraic if
there exists a finite number of real polynomial functions Pj; and Q;; such that

S=U;Ni{z €eR"” Pj(x) =0 and Q;j(x) < 0}.
A function is called semi-algebraic if its graph
Graph(f) = {(z,t) € R" xR such that t= f(z)},
s a semi-algebraic set.

Semi-algebraic functions satisfy the Kurdyka-Lojasiewicz property (see [10], [11]) with ¢(s) =
s~ for  belong to [0,1) and some positive real number ¢. We have the following results.

Theorem 1 (Convergence result). The sequence s* = (2%, D¥,u¥) generated by Algorithm 1
converge to the critical point of problem (2) if the following conditions hold:

(1) The functions F', G and R are lower semi-continuous;
(2) H(z,D,u) is a C' function;
(3) B(z,D,u) is a KL function;

(4) The partials gradient V. H, VpH and V,H are globally Lipschitz with moduli L., Ly and
L., respectively;

(5) {s"}ren is a bounded sequence and the steps size must be such that t& > L,, th > Ly,
th > Ly;

(6) VH(z,D,u) is Lipschitz continuous on bounded subsets of R™ x R™ x R%,

Remark 1. Note that the KL property is an assumption on the class of function to be minimized
and does not depend on the structure of the considered algorithm. And as the goal is to
prove that the whole sequence converges to a critical point of B, the role of KL property is to
demonstrate that the generated sequence {s*} ey is a Cauchy sequence. (see [12] for the proof).

The convergence rate of the method is given through the following estimations. Thereby,
Algorithm 1 has at least sub-linear convergence rate.
If the desingularizing function ¢ of W is of the form ¢(s) = cs' =%, where ¢ is positive real number
and 60 belong to [0, 1), then the following estimations hold (for more detail see [5]).

(i) If = 0 then the sequence 2* converges in a finite number of steps.

(ii) If @ € [0,1/2] then there exist w > 0 and 7 € [0.1) such that ||s* — s*| < o7F.

(iii) If @ € [1/2,0) then there exist w > 0 such that ||s* — s*|| < f 2T,
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Proof of Theorem 1. We show that Algorithm 1 satisfies the conditions of Theorem 1.

(1), (2) Observe that x, C and D are closed sets and hence the indicator functions I, (u), Ip and
I¢ are lower semi-continuous, and indeed the |.||o is also lower semi-continuous. Hence,
the functions F, R and G are lower semi-continuous while the function H is a C' function.

(3) As we mentioned above, to prove the first condition, that is, the objective function satisfies
the Kurdyka-Lojasiwicz property in its effective domain, it is sufficient to prove that the
objective function is a semi-algebraic function, i.e., to prove that each term in the function
(4) defined via (5) is a semi-algebraic function.

(i)
(i)

(iii)

(iv)

H(u,D,z) = $|Hu—y||3 + 2>, ||[Riu — Dz} is a real polynomial functions and
thus by definition, H(u, D, z) is a semi-algebraic function.

F(u) = p1||Vul1 + I (u), where
x = My {u € R™ such that [ <wuy < h}
= QZZLZ UZ:Z {’LL € an such that U = 5}

which is a semi-algebraic set and the indicator function of a semi-algebraic set is a
semi-algebraic function.

n1

For w — ||lu||1, we set ¢ : s > 0 — s™2 where nj, ny are positive numbers. The
graph of ¢ is given by

Graph(yp) = {(s,t) € ]Ra_, o(s) = t} = {(s,t) € Ri, 5% = t}
={(s,t) eR?, ™ —t" =0} NR3.

Therefore Graph(y) is a semi-algebraic set, and hence ¢ is semi-algebraic function.
Consequently, the function ¢ : = — |z;|P Vi with fractional integers p = % is a
semi-algebraic function. Particularly, the function ¢ : x — ||z||P is a semi-algebraic
function for fractional integers p, since the sum of semi-algebraic functions is a semi-
algebraic function. In our case p = 1. Moreover, V : R™™ — R2"X™ ig 3 linear
operator and thus the composite function p o V : u — |[Vu|; is semi-algebraic.
Therefore, the function F'(u) is semi-algebraic.

For R(D) = Ip(D), we have
D={DeR" suchthat |djl2<1 Vj=1,...,p}

N
=n_, {D € RV*P such that Zd?k <1 } :
k=1
which is a semi-algebraic set and then the indicator function of D is also semi-

algebraic.

G(z) = p3l|zllo + Ic(2), where ||.||o is the sparsity term that counts the number of
nonzero elements of a vector z € RP. The graph of ||.||o is given by

p
Graph([|.[lo) = {(z,t) € R” x Ry, |[zflo =t} = {(M) ER" xRy, Y g0 = t} )
i=1
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(4)

where I, 20y = {1 if 7 € {z; # 0} and 0 otherwise}. We set
Je={I C{1,...,p} s.t |I| =t}, then we have

Graph(|.[lo) = {(z,t) e RP x Ry, H{z; #0,Vi=1,...,p}| =t}
= U?:o Ureg, {(z,t) st x; #0 forie I, x; =0 fori e I°}.

Thus Graph(]|.||o) is semi-algebraic. While for I¢(z) we observe that
C={z € RPsuch that ||zg]lec < M}=UM {2 |zllc =7},

which is a semi-algebraic set, hence the indicator function is semi-algebraic. Therefore
each term of the objective function is semi-algebraic function then it is KL function.

(i) [IV2H (21, D*,u?) = V. H (22, D*,u")|| < [(D*)TD"|2]|21 — 22| = L(D*)[l2][z1 — 22-
(ii) [VpH (2", Di,u*) = VpH(2*, Do, uF)|la < |2 (2%) T [Il|21 — 22/l = L(2¥)|lz1 — 22
(i) |Vt (2%, D*,ur) = V. H (2", D up)|| < (|H" Hl|2 + p2 3 [|R] Rill2) |21 — 22|
= L(H, R)[|z1 — 2,
where HT H is a circulant square matrix and RlTRl is a diagonal matrix its entries cor-

respond to image pixel locations and their values are equal to the number of overlapping
patches contributing at those pixel locations.

(5) The s* = (2, D* u*) is a bounded sequence since z* € C, D¥ € D and v* € x for any

k=1,2,.... In addition, the step sizes can be chosen as
th = max(y; L(D¥), 1) where v1 > 1, 1] > 0,

th = max(y2L(2%),15) where o > 1, 1 > 0,

th = max(y3L(H, R),13) where v3 > 1, 15 > 0.

(6) For the last condition in Theorem 1, as we have mentioned above, the function

1 2
H(z,D,u) = 5|1 Hu =yl + 52 5 | Ry — D,
l
is a smooth function. Moreover, the gradient of the objective function is given by
VH(z,D,u) = (H' (Hu—y) + p2 Z R (Riu— Dz), o Z(Dzl — Ruu)z o Z DT(Dz — Ryu)).
1 1 1

which has a Lipschitz constant on any bounded set, i.e., for all bounded sets S there exists
a constant C' > 0 such that {(z1, D1, u1), (22, D2,u2)} C S, we have

HVH(Z17D17UI) - VH(227D27UQ)‘| S CH(217D17U1) - (227D2,U2)”.

So the proof is completed. O
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6 Results and discussion

In this section, we present the experimental results of the proposed approach for image de-
blurring. For the experimental setting, first it should be noted that all implementations were
carried out using MATLAB R2015 in a desktop pc equipped with an intel core i3. The Algorithm
1 is evaluated on classical gray-level images: Barbara, House, Boats and Peppers. Through
all the experiments we use the Gaussian blur generated by the MATLAB function fspecial with
two standard deviation 1.6 and 2 and noise= v/2. For the comparison, some image restoration
approaches including TVMM [9] and BM3DDEB [17] have been implemented. The quality of
recovered images was evaluated by Peak signal to noise ration PSNR defined by

2552
PSNR =10 logw m,

where Lo
MSE = — 3N uo(i ) — uli, 4))

i=1 j=1
The ug and u are the original and recovered images respectively. On the other hand, the visual
comparison of reconstructed images obtained by the three approaches is presented in Figures
1, 2 and 3. It can be seen visually that Algorithm 1 present remarkable results with respect
to other algorithms in several images. Table 1 represents the obtained PSNR values of the two
cases fspecial(Gaussian, 25,1.6) and fspecial(Gaussian, 25, 2).

Table 1: The reconstruction PSNR values of the tested images using Gaussian blur.

Image H House ‘ Barbara H Boats ‘ Pepper
Gaussian blur, 0 = v/2 and s.v = 1.6

TVMM 33.05 24.62 30.33 26.63

BM3DDEB 32.87 28.19 30.63 27.48

Ours 33.41 26.07 30.99 27.72
Gaussian blur, ¢ = v/2 and s.v = 2

TVMM 31.95 24.15 28.80 25.75

BM3DDEB 31.10 24.35 29.05 26.14

Ours 32.33 24.36 29.52 26.60

7 Conclusion

In this paper, we interested in proximal methods for the minimization of image restoration
problem based dictionary learning and the total variation model. Therefore, an adaptation of
the proximal alternating linearized method for this nonconvex nonsmooth minimization problem
was presented. Thereby, we demonstrate that the generated sequence by the proposed algorithm
globally converges to a critical point at least in sub-linear rate. Numerical performance of
the proposed algorithm is evaluated by some experiments results of image deblurring problem
compared with two popular deblurring methods.
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Figure 1: Visual comparison of image deblurring on gray image Boats (256 x 256). From left to
right and to bottom: original image, noisy and blurred image by Gaussian blur with the standard
deviation of 1.6, the deblurred image by TVMM, BM3DDEB, and our proposed approach.

Figure 2: Visual comparison of image deblurring on gray image House (256 x 256). From left to
right and to bottom: original image, noisy and blurred image by Gaussian blur with the standard
deviation of 1.6, the deblurred image by TVMM, BM3DDEB, and our proposed approach.

Figure 3: Visual comparison of image deblurring on gray image Peppers (256 x 256). From
left to right and to bottom: original image, noisy and blurred image by Gaussian blur with
the standard deviation of 1.6, the deblurred image by TVMM, BM3DDEB, and our proposed
approach.
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