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Abstract. Image restoration is an important branch of image processing which has been studied extensively
while there are several methods to solve this problem by many authors with the challenges of computational
speed and accuracy of algorithms. In this paper, we present two methods, called “Inertial S-iteration
forward-backward algorithm (ISFBA)” and ”A fast iterative shrinkage-thresholding algorithm-Siteration
(FISTA-S)”, for finding an approximate solution of least absolute shrinkage and selection operator problem
by using a special technique in fixed point theory and prove weak convergence of the proposed methods
under some suitable conditions. Moreover, we apply our main results to solve image restoration problems.
It is shown by some numerical examples that our algorithms have a good behavior compared with forward-

backward algorithm (FBA), a new accelerated proximal gradient algorithm (nAGA) and a fast iterative
shrinkage-thresholding algorithm (FISTA).

1. Introduction

A recently emerging technique used in signal and image processing is compressive sensing (CS). An
important brance of image/signal processing is image restoration which is one of the most popular classical
inverse problems. Such problem has been extensively studied in various applications such as image de-
bluring, astronomical imaging, remote sensing, radar imaging, digital photography, microscopic imaging.
The image restoration problem can be explained in one dimensional vector by the following model:

Ax=b+w (1)
where x € RN*! is an original image, b € RM*! is the observed image, w is additive noise and A € RMN is
the blurring operation. In order to solve problem (1), we aim to approximate the original image, vector x,
by minimizing the additive noise, which is known as the least squares (LS) problem, by the following model:

min [|Ax — b3,

X

()

2010 Mathematics Subject Classification. 47H09; 90C25; 65F22

Keywords. S-iteration; forward-backward algorithm; nonexpansive operator; image restoration problem
Received: 20 February 2020; Revised: 05 November 2020; Accepted: 21 April 2021

Communicated by Vasile Berinde

Corresponding author: Suthep Suantai

Email addresses: 1im.bussaban@gmail.com (Limpapat Bussaban), akaewkhao@yahoo.com (Attapol Kaewkhao),
suthep.s@cmu.ac.th (Suthep Suantai)



L. Bussaban et al. / Filomat 35:3 (2021), 771-782 772

where ||-||, is l-norm defined by ||x||, = Zﬁil |xil>. The solution of (2) can be estimated by many iterations
e.g. Richardson iteration, see [26] for detail. However, the number of unknown variables is much more
than the observations which causes (2) to be ill-posed problem because of a huge norm result which is thus
meaningless, see [8] and [9]. Therefore, in order to improve ill-conditioned least squares problem, several
regularization methods, were introduced such as the R; and R; regularization methods. As in [8], the method of
quasisolution, called R, was introduced and studied by [11] while R, regularization method was suggested
by [18] and [7]. One of the most popular regularization methods is Tikhonov regularization suggested by
[24]. It is defined to solve the following minimization problem:

min [JAx — bl[3 + A [[Kx|[3 3)

where A > 0, is called regularization parameter, and K € RP*N  is called Tikhonov matrix. In the standard
form, K is set to be the identity. In statistics, (3) is known as ridge regression. For improving the original LS (2)
and classical regularization such as subset selection and ridge regression (3), a new method for estimation
a solution of (1) called least absolute shrinkage and selection operator (LASSO), was proposed and discussed by
[23] as follows:

min JAx — bl + A [l @)

where [|]l; is [;-norm defined by ||x||; = Zf\il |xi|. Moreover, the LASSO can be applied to regression problems
[23], image restoration problems [4], etc.

In general, (2)-(4) can be formulated in a general form by estimating the minimizer of sum of two
functions as follows:

min F(x) := f(x) + g(x), ®)

where g is a convex smooth (or possible non-smooth) function and f is a smooth convex loss function with
gradient having Lipschitz constant L. By using Fermat’s rule, Theorem 16.3 of [3], the solution of (5) can be
characterized as follows: X minimizing (f + g) if and only if 0 € dg(¥) + Vf(¥) where dg(¥) and V f(X) refer
to the subdifferential and gradient of g and f respectively. Moreover, Parikh and Boyd [17] showed that
problem (5) can also be interpreted as a fixed point problem: ¥ minimizing (f + g) if and only if

X = proxey(I = cVf)(X) = Jeag(I = cVf)(X), (6)

where ¢ > 0, I is an identity operator, prox., is the proximity operator of cg and J;, is the resolvent of
dg defined by J5, = (I + dg)~!, more description of these operators will be mentioned in Section 2. For
convenience, the equation (6) can be rewritten as:

% =Tx, 7)

where T := prox.(I — cVf) which is called forward-backward operator. It is observed that a solution of (7)
is a fixed point of T and T is a nonexpansive mapping when ¢ € (0, 2). The existence of a fixed point of
nonexpansive mappings was guaranteed by Browder’s theorem, see [1] for detail. In order to find a point
% satisfying (7), many researchers proposed various methods for finding the approximate solution. One of
most popular iterative methods, called Picard iteration process, was defined by:

Xpe1 = Ty, )]

where initial point x; is chosen randomly. In addition, other iterative methods for improving picard iteration
process have been studied extensively such as follows.
Mann iteration process [14] is defined by:

Xpr1 = 1 —ay)x, + a,Tx,,n>1, 9)
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where initial point x; is chosen randomly and {«,} is a sequence in [0, 1]. In case of o, = 1 for all n > 1, this
iteration process reduces to the Picard iteration process.
Ishikawa iteration process [10] is defined by:

{ Yn = 1- ﬁn)xn + ﬁnTxn/

(10)
X1 = (1 = ap)x, + anTyn/n >1,

where initial point x; is chosen randomly and {«,}, {8} are sequences in [0, 1]. This iteration process reduces
to the Mann iteration process when 8, = 0 for all n > 1.
S-iteration process [2] is defined by:

{ Yn = 1- ﬁn)xn + ﬁnTxn/

(11)
Xn+l = (1 - an)Txn + anTyn/n >1,

where initial point x; is chosen randomly and {a,}, {f.} are sequences in [0,1]. In 2017, Agqrwal, O’'Regan
and Sahu proved that this iteration process is independent of Mann and Ishikawa iteration process and
converges faster than both of them. However, the processes mentioned above have a badly convergence
rate. Thus, to speed up, the technique for improving speed and giving a better convergence behavior was
introduced firstly by Polyak [19] by adding an inertial step. The following classical iterative method for
finding a zero of sum of two operators, i.e. find x* € H such that x* € zer(Vf + dg) can be viewed as Mann
interation and it is known as
Forward-backward algorithm (FBA) is defined by:

{ Yn =Xn =YV,

12
Xp+1 = X + Qn(Jyagyn — Xn)- (12)

where xy € H, L is a Lipschitz constant of Vf, y € (0, %), 6=2- VZ—L and a sequence {a,} in [0, 0] such that
YoneN @n(0 — ay) = +o0.

The following iterative methods with inertial step can be used for improving performance of Forward-
backward algorithm.

A fast iterative shrinkage-thresholding algorithm (FISTA) [4], is defined by:

Yn = Txp,

2
1+ 144t 0 -1 (13)

n+1 5 /Yn =
2 tn+1

Xp+l = Yn + Qn(yn - ]/n—l)/

where x; = yo € R", ty = 1, T := prox, (I - 1Vf) and 6, is called inertial step size. FISTA was suggested
by Beck and Teboulle. They proved that rate of convergence of FISTA is better than that of ISTA and
applied FISTA to image deblurring problems [4]. The inertial step size 0,, of FISTA was firstly introduced
by Nesterov [16]. Generally, FISTA was modified for improving its performance by replacing t,,;. For
example, Chambolle and Dossal [6] turned out t,,,1 to be ** fora > 2, Liang and Schonlieb [12] interpolated

p+ Vs
2

ty+1 into a general form as t,41 =
theorem of FISTA.
A new accelerated proximal gradient algorithm (nAGA) [25], was defined by

where p,g > 0 and 0 < r < 4 and proved weak convergence

{ Yn =Xp + On(xn — xp-1), (14)

Xn+l = Tn[(l - an)yn + anTnyn]/

Iy — xp-1ll2

where {0,}, {a,} are sequences in (0, 1) and — 0. They proved a convergence theorem of nAGA

n
and applied this method for solving the non-smooth convex minimization problem with sparsity-inducing
regularizers for the multitask learning framework.
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Motivated by those works mentioned above, in this paper, an iterative method for sloving (5) is proposed
by employing the concepts of S-iteration process together with the inertial step for a countable family
of nonexpansive mappings. This paper is organized as follows: The basic concept and mathematical
background will be given in Section 2. A weak convergence theorem will be proved in Section 3. Moreover,
in Section 4, we apply the proposed method for solving image restoration problems.

2. Preliminaries and lemmas

Let H be a real Hilbert space with norm ||| and inner product (:|-). A mapping T : H — H is said to
be L-Lipschtiz operator if there exists L > 0 such that ||Tx - Ty” <L ”x - yH for any x,y € H. An L-Lipschitz
operator is called nonexpansive operator if L = 1. A mapping A : H — 2" is called monotone operator if

(x —ylu —v) >0, (15)

for any (x,u), (y,v) € graA, where graA = {(x,y) € HX H : x € H,y € Ax} is the graph of A. A monotone
operator A is called maximal monotone operator if the graph graA is not properly contained in the graph of
any other monotone operator. It is known that A is maximal monotone operator if and only if R(I+AA) = H
for every A > 0.

Let A : H — 2H be a maximal monotone operator and ¢ > 0. The resolvent of A is defined by Jo4 = (I4+cA)™!
where I is an identity operator. If A = Jf for some f € I'o(H), T'o(H) is denoted by the set of proper lower
semicontinuous convex functions from H to (—oco, +o0], then Jc4 = prox.s where proxy is proximity operator
[3] of f given by

, 1 2
proxg(x) = argminyeu(f(y) + 3 ”x - y” ). (16)
If f = ||ll,, then prox.s can be represented by

proxqyy, = sgn(x)max{|lx|l; - ¢, 0}, 17)

see chapter 24 in [3] for detial.

Let {T,,} and 7 be families of nonexpansive operators such that @ # F(7") c (., F(T,), where F(T") is
the set of all common fixed points of T € 7. Then, {T',} is said to satisfy NST-condition(I) with 7 [15, 20] if
for each bounded sequence {x,},

lim |[x, — Tyxyl| = 0 implies lim ||x, — Tx,||=0forall T € 7. (18)

If 7 is singleton, i.e. 7 = {T}, then {T} is said to satisfy NST-condition(I) with T.

Theorem 2.1. [5, Theorem 3.2] Let H be a Hilbert space. Let A : H — 2H be a maximal monotone operator and
B : H — H be an L-Lipschitz operator. Let ¢ € (0, %) and {c,} C (0, %) such that ¢, — c. Define T, = ], A(I — c,B).
Then, {T,} satisfies the NST-condition(I) with T, where T, = J.a(I — cB).

Lemma 2.2. [21] Let {a,}, {b,} and {0} be sequences of nonnegative numbers such that
Ay < (14 0,)a, +b,,¥n € N. (19)
If Y o1 0n <o0and Y, 4 by < oo, then lim,_,c a, exists.

Lemma 2.3 (Opial lemma). Let H be a Hilbert space and {x,} be a sequence in H such that there exists a nonempty
subset Q) of H satisfying the following conditions:

o forall y € QQ, lim, o “x,, - y“ exists,
o Any weak-cluster point of {x,} belongs to ().

Then, there exists x € Q) such that x,, — X.
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3. Main results

In this section, we propose an iterative method, called Inertial S-iteration forward-backward algorithm
(ISFBA), for finding a solution of (5) and prove a weak convergence theorem. First of all, we rewrite
problem (5) into a general problem, called a zero of sum of two operators problem, by finding ¥ such that

X € zer(A + B), (20)

where A,B : H — 2! are two set-valued operators and zer(A + B) := {x : 0 € Ax + Bx}. In this case, we
assume that A : H — 2! is a maximal monotone operator and B : H — H is an L-Lipschitz operator. Hence,
we prove, in general, a weak convergence theorem for a countable family of nonexpansive operators by
assuming NST-condition(I) as follows.

Theorem 3.1. Let H be a Hilbert space, {T,} be a family of nonexpansive operators and T be a nonexpansive operator
such that {T,} satisfies NST-condition(I) with T. Suppose that @ # F(T) c N> F(T,). Let {x,} be a sequence in H
generated by

Xp,X1 € H,

Yn =Xn + O (xn — Xu-1),

Zy = (1 - ,Bn)yn + ﬁnTnynr

Xn+l = (1 - an)Tn]/n + a,Thzy,

(21)

where0 <g<a, <1,0<s<B,<r<1,0<0,<land ), 6, < oco. Then, {x,} converges weakly to a point in
F(T).

Proof. Let x* € F(T) and let {x,} be a sequence in H generated by (21). Then,

v = x| <l = 1 + O Il = x| (22)
and
lzn =21 < (1= B) ||y = || + B | Tuyp = x| < ||y — x| - (23)
Thus,
e1 = 2N < (1= @) || Tuyn — x| + @ 1Tz — Xl
<(l-«a - x|+ apllz, — x°
( nzljyn nllzn = x|l o)
< ]
<l = 27 + Oy Ml — x01ll
Since |lx3 — x*|| < (1 + 260,,)K where K = max{||lx, — x*||, |lx1 — x*||} and by induction, we can obtain that
n
s = xl < K] J(1+26)). (25)

j=1

Since }.,~; 0, < oo and by limit comparison test, we get {x,} bounded. Hence, ), ; 6, |[x, — x,-1]| < oo. By
using Lemma 2.2 in (24), we obtain that lim,_, ||x, — x*|| exists. Thus, {x,} is bounded which implies that
{yx} is also bounded. From (21), we have

2 + 2
= lxn = X" + 0 (xn — xp-1)

[y =
= |ty — X1 + 02 [Ix — X1 l? + 20,0, — X720 — X0-1) (26)

2 2
< ey = 7|17 + Qi 1 = xp=1ll” + 20, lIxn — x| %0 — xp1ll -
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Then,
lzw = 21 = [|(1 = Bu) (Y = %) + BTy — X°)
= (1= B) |y = x| + B [T = x°
* — Bu(L = B) |y — T

2

= Bn(1 = Bn) ”yn - Tn]/n”z (27)
2

4

< [lyw -
and
st = ¥ = (1= @) [Ty = 2|+ 17020 = 1P = (1 = c00) || Ty = Tz
< (1= @) |[Tuyn = 2| + @u T,z - X1
*— (1 = ) [lyn = Tugal|

12 + 2
<l = 21 + 0211 = Xl + 20, 1w = %M1 1 = Xl = (X = Bu) |[yn = Tuiu||”-

(28)

<l -

Since lim,, e ||x; — x*|| exists, it follows that ||yn - Tnyn” — 0. Since {y,} is bounded and {T,} satisfies
NST-conditon(I) with T, we get ||yn - Tyn” — 0. From
o= Tl < o = = T+ 70 = T
<2 | = g + [l = T (29)
<20, Iy — x4l + ”yn - T]/n

7

we obtain ||x,, — Tx,|| — 0. Let w be a weak cluster point of {x,}. Then w € F(T) by demicloseness of I — T at
0. Hence, by using Opial lemma, we conclude that there exists ¥ € F(T) such thatx, = %. O

Corollary 3.2. Let H be a Hilbert space. Let A : H — 2! be maximal monotone operator and B : H — H be an
L-Lipschitz operator. Let c € (0, %) and {c,} c (0, %) such that ¢, — c. Define Ty, = [, a(l—c,B)and T = J.a(I —cB).
Suppose that O # F(T) c N> F(Ty,). Let {x,} be a sequence in H generated by (21). Then, {x,} converges weakly to a
point in zer(A + B).

Proof. Using Proposition 26.1(iv)(a) in [3], we obtain F(T) = zer(A + B) and {T,} and T are nonexpansive
operators for all n. Then, the proof is completed by Theorem 3.1 and Theorem 2.1. [

Corollary 3.3 (ISFBA). Let H be a Hilbert space. Let g € T'o(H) and f : H — R be convex and differentiable with
an L-Lipschitz continuous gradient, let ¢ € (0, %) and {c,} c (0, %) such that ¢, — c. Define T, = prox.,,(I — c,Vf)
and T = prox.,(I - cV f). Suppose that F(T) # 0. Let {x,} be a sequence in H generated by (21). Then, {x,} converges
weakly to a point in argmin(f + g).

Proof. Setting A := dgand B := Vf, then A is maximal monotone operator. We know that F(T) = N>° F(T,,) =
argmin(f + g) = zer(A + B). By Corollary 3.2, we obtain the required result. [
The following inspired from [4, 6], [12] and [13], by combining FISTA and S-iteration process.

Corollary 3.4 (FISTA-S). Let H be a Hilbert space. Let g € T'o(H) and f : H — IR be convex and differentiable with
an L-Lipschitz continuous gradient, let ¢ € (0, %) and {c,} € (0, %) such that ¢, — c. Define T, = proxc,,(I — ¢,V f)

and T = prox.,(I — cVf). Suppose that F(T) # 0. Let t; = 1 and t,1 = = 21 % LetNbea large positive number
and {y,} a summable positive real sequence. Define a sequence 6, by

-1
g, ={tm SN (30)
Yn,  Otherwise.

Then a sequence {x,} generated by (21) converges weakly to a point in argmin(f + g).
Proof. Since Y"1 v < 0, we get .21 0, < co. Thus, the proof is completed by Theorem 3.1. [J

Remark 3.5. Corollary 3.4 can be proved under the sequence 0,, defined as in (30) and the condition of 0,, in Theorem
(3.1), however, the proof with 0, given by (13) remains open question.
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4. Applications to image restoration problems

In this section, we apply our proposed algorithms (ISFBA and FISTA-S) to solve image restoration
problems. Moreover, we compare convergence behavior and efficiency of our algorithms with the classical
algorithm namely, forward-backward algorithm (FBA) and the popular algorithms namely, FISTA, nAGA,
introduced by Beck and Teboulle [4], Verma and Shukla [25], respectively. We set f(x) = %lle - bllé,
g(x) = Allxll; and assume that zer(Vf + dg) # 0 in Corollary 3.3. Then, we apply the proposed iterative
methods, ISFBA and FISTA-S, to solve image restoration problems. All numerical experimental results
are performed on Intel Core-i7 gen 8th with 8.00 GB RAM, windows 10, under MATLAB computing
environment.

Let x be an original image, b be an observed image and A be a blurring operator. Then (5) can be
rewritten as:

min [|Ax = bllz + Allxdl, (31)

where a regularization parameter A was choosen to be 5x 107. In this example, we consider two gray-scale
images, Cameraman and Lena with size of 256 x 256, as the original images, and apply ISFBA (Corollary
3.3), FISTA-S (Theorem 3.4) to evaluate image bluring with Gaussian blur of size 9 X9 and ¢ = 4. The
orignal image and observed image are ginven in Figure 1.

In this example, we use the structural similarity index (SSIM) [27] and the peak signal-to-noise ratio
(PSNR) [22], as a means of decision performance at x,, which are defined as follows

iy, pix + C1)(20y,x + C2)
(U3, + u2+Ci)(0% + 02+ Cy)’

SSIM(xy, x) = (32)
where {uy,, 0x,} and {uy, 0x} denote the mean intensity and standard deviation set of the deblerring image
x, and the original image x, respectively. oy, denote their cross correlation. C; and C, are small constants
value to avoid instability problem when the denominator is too close to zero.

2552
PSNR(x,) = 10log,, (m) , (33)
where MSE = 3 ||x, — x|[*. A higher PSNR indicates that the deblurring image is of higher quality, that
is, PSNR(x,) increases when the deblurring image x, tend to the original image x. In order to estimate a
solution of (31) by using ISFBA, FISTA-S, nAGA, FBA and FISTA, all controllers are setting in Table 1 and

then, we obtain the results of

|

Figure 1: Original images: cameraman(left), lena(right), and their observed images with PSNR 21.3673 dB and 23.8492 dB, respectively.

iteration 200, 1000, 2000 and 3000, respectively, in Figure 4 and illustration of behavior of PSNR and of
SSIM in Figure 2 and Figure 3, respectively. The quality of image produced by FBA (Mann iteration without
inertial step) needs a large number of iterations to reach quality of image produced by ISFBA (S-iteration
with inertial step). However, these iterations give a low quality (low PSNR value) and need a large number
of interations in computing process compared with FISTA-S, nAGA and FISTA. The images produced by
FISTA-S are of a better quality and lower iterations than those created by FISTA, nAGA.
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Method

Setting

ISFBA (21)

FISTA-S (Corollary 3.4)

— _ _ _1.55n _1
ay —ﬁn = 0.5,Cn = m,c =1

Vu = % and 0, defined as in (30)

a, =05,¢, = 220 =1

AGA (14 " 77T L+l T L

" (14) and 0, defined as in (13)
FBA (12) a,=05y=1

Table 1: Algorithms and their setting controls

778
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PSNR (dB)

ISFBA
o4 FISTA-S | _
nAGA
oo [ FBA |
FISTA
20 1 1 1 1 1
0 500 1000 1500 2000 2500 3000
Number of iterations
42 T T T T T
40 -
38
36 [
o)
T34
=
wn 321
o
30
ISFBA
28 FISTA-S|
nAGA
26 FBA B
FISTA
24 1 1 1 1 1
0 500 1000 1500 2000 2500 3000

Number of iterations

Figure 2: Comparision of efficiency of our algorithms with others using PSNR of cameraman (above) and lena (bottom)
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SSIM

0.3 ISFBA _
FISTA-S
nAGA

0.2 FBA 7
FISTA

0.1 Il Il Il Il Il

0 500 1000 1500 2000 2500 3000

] Number of iterations

SSIM

ISFBA
FISTA-S
0.5 nAGA .

FBA
FISTA

0.4 1 1 1 1 1
0 500 1000 1500 2000 2500 3000

Number of iterations

Figure 3: Comparision of efficiency of our algorithms with others using SSIM of cameraman (above) and lena (bottom)

780



L. Bussaban et al. / Filomat 35:3 (2021), 771-782 781

Figure 4: x00, X1000, X2000, ¥3000 of cameraman and lena estimated by ISFBA, FISTA-S, nAGA, FBA and FISTA, respectively (from left
to right)
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