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A DOUBLE PROJECTION ALGORITHM WITH INERTIAL EFFECTS FOR
SOLVING SPLIT FEASIBILITY PROBLEMS AND APPLICATIONS TO IMAGE
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Abstract. In this paper, we derive a new projection algorithm by incorporating inertial effects for solving
a split feasibility problem in real Hilbert spaces. We then establish a weak convergence theorem under
some suitable conditions. As an application, we apply our result to image restoration.
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1. INTRODUCTION

The main objective of this paper is to present a new projection algorithm for solving the split
feasibility problem (SFP), which was introduced by Censor and Elfving [1] and modeled as
seeking a point x* such that x* € C and Ax* € Q, where C and Q are nonempty, closed, and
convex subsets of real Hilbert spaces H; and H;, respectively, and A is a bounded linear operator
from H; to H,. The split feasibility problem appears in various fields of science and technology,
such as signal processing, image reconstruction, and intensity-modulated radiation therapy; see,
e.g., [2, 3, 4, 5] and the references therein.

For solving the SFP, many methods were developed, such as the CQ algorithm proposed by
Byrne [2], the relaxed CQ algorithm proposed by Yang [6], the half space relaxation projection
method proposed by Qu and Xiu [7]. One refers to [8, 9, 10, 11, 12] for recent various methods.
Set F(x) = A*(I — Pp)Ax, x € H;, where A* is an adjoint operator of A. In 2002, Byrne [2]
introduced the following iterative procedure for the SFP:

X1 = Po(xn + BuF (xn)),

where B, € (0,2/L), L is the largest eigenvalue of the matrix A*A, and Pc and Py are the
metric projections onto C and Q, respectively. Later, Yang [6] replaced these projections by the
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projections onto half spaces. Nevertheless, the stepsize of the proposed algorithms depend on
the operator norm which is not simple to compute in general.

In 2012, Zhao et al. [13] introduced the modified projection method for the SFP. Let x; € H,
% >0,¢€(0,1),ue(0,1),p € (0,1), and let y, = Pc(x, — BuF (x,)), where B, is chosen to
be the largest B € {¥,, ul, Yol?, ...} satisfying B||F (x,) — F (ya)|| < ft||xn — yn||- Define

X1 = Fe(yn = Ba(F (yn) = F (x0)))-

If Bul|F (xn41) — F(xn) || < pllXnt+1 — xnl|, then set %, = Y. Otherwise, set ¥, = B.

Recently, Dong et al. [14] presented an optimal choice of the step length of the projection
and contraction methods for solving the SFP. Choose ¥y > 0, £ € (0,1),7 € (0,2), and u € (0,1).
Take x| € H; and let y,, = Po(x, — By F (x)), where B, = y¢" and my, is the smallest nonnegative
integer such that B,||F (x,) — F (y»)|| < t|[xn — yn||- Define

Xn+1 = Xn — and(Xn,)’n),
where d(x,,yn) = (X4 — yn) — Bu(F (x,) — F(y,)) and

P = <xn _Ynad(xnayn» +Bn||(I—PQ)A(yn)||2
! 1d(n, y) |2 '

In 2017, Dang et al. [15] introduced double projection algorithms for solving the SFP, which
do not require the fixed stepsize and do not employ the same projection region at different
projection steps. Let x; € H; be arbitrarily and y > 0, £ € (0,1), A > 1, and ¢ € (0,2). Define

Yn = PC(xn - BnF(xn));

where 3, = v/ and m,, is the smallest nonnegative integer such that

(F (xn),%n = Yn) > A(F (xn) — F (Yn), Xn — Yn)-

Compute
Xnt1 = Po(Xn — 10 F (yn)),
where
(F (Yn),%n = Yn)
IFa)l>
In 1964, Polyak [16] introduced an inertial extrapolation for solving the smooth convex mini-

mization problem. Later, Nesterov [17] introduced a method of solving a convex programming
problem with convergence rate O(1/k?). Let xo,x; € H be arbitrarily and 0 < 6, < 1. Define

{yn =Xp+ 6n(xn _xn—l>7

an —

Xp+1 = Yn+ vi(yn)a

where f3 is a positive constant and the term 6, (x, — x,—) is called the inertial term. Since the
inertial term in the method speeds up the convergence, many inertial methods were extensively
studied; see, e.g., [18, 19, 20, 21, 22] and the references therein.

In this paper, motivated and inspired by the previous works, we propose a new projection
algorithm for solving the SFP and prove the weak convergence theorems under some suitable
assumptions in real Hilbert spaces. As applications, we apply our main result to an image
restoration.
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2. PRELIMINARIES

In this section, we collect some basic definitions and lemmas which are used in the sequel.
Let H) and H; be real Hilbert spaces with inner product (-, -) and norm || - ||. In what follows, we
use the following notations:

e the symbols — stands for the weak convergence.

e the symbols — stands for the strong convergence.

Recall that a mapping 7 : H] — H; is said to be

(1) nonexpansive if [|Tx —Ty|| < |[x—y||, Vx,y € H;.

(2) firmly-nonexpansive if (Tx — Ty,x —y) > || Tx — Ty||?, Vx,y € Hj.

We note that if 7' is firmly-nonexpansive, then / — 7 is also firmly-nonexpansive. In a real
Hilbert space H;, we know the following relations:

1 1 1
3) = Il + S I = S I — I, ¥y € Hy
and
Joux+ (1= a)yl|> = otlx]|* + (1 — o) |yl|* = (1 — &) lx — y||?, ¥,y € Hy and Vet € [0, 1].

A differentiable function f is convex if and only if there holds the inequality: f(z) > f(x)+
(Vf(x),z—x) for all z€ Hy. An element g € H is called a subgradient of f : Hl — R at x if
f(z) > f(x)+(g,z—x) for all z € H;, which is called the subdifferentiable inequality. A function
f: Hy — R is said to be subdifferentiable at x if it has at least one subgradient at x. The set of
subgradients of f at the point x is called the subdifferentiable of f at x, which is denoted by
df(x). A function f is said to be subdifferentiable if it is subdifferentiable at all x € H;. If a
function f is differentiable and convex, then its gradient and subgradient coincide. A function
f : Hy — R is said to be weakly lower semi-continuous (shortly, w-Isc) at x if x, — x implies
f(x) <liminf,_,c f(x,). We know that the orthogonal projection Pc from H; onto a nonempty
closed convex subset C C Hj is a typical example of a firmly nonexpansive mapping, which is
defined by Pcx = argminyec ||x — y||* for all x € H;.

Lemma 2.1. [23] Let C be a closed, convex, and nonempty subset of a real Hilbert space H,.
Then, for any x € Hy, the following assertions hold:

(1) (x—Pcx,z— Pcx) <O0forall z € C;

() ||Pex — Pey||* < (Pcx — Pey,x —y) for all x,y € Hy;

(3) |Pex—z||? < ||x—z2||* = || Pcx — x||* for all z € C.

From Lemma 2.1, the operator / — Fc is also firmly nonexpansive, where I denotes the identity
operator, i.e., for any x,y € Hy, (I — Pc)x— (I — Pc)y,x —y) > ||(I — Pc)x — (I — Pc)y|.

Lemma 2.2. [24] Let {a,}, {bn}, and {c,} be positive real sequences such that a,; < (1 +
Cn)an+bp,n > 1. If X% ¢, < +ooand X7 by < oo, then lim,,_, 4o ay, exists.

Lemma 2.3. [25] Let {a, } and {6,} be positive real sequences such that a, 1 < (1+ 6,)a, +
Onan—1,n> 1. Then, apy1 < K-TT,(1426;), where K = max{ay,as}. Moreover, if Y.>_; 6, <
+oo, then {ay} is bounded.

Lemma 2.4. [26] Let F be a mapping from a Hilbert space Hy to Hy. For any x € H| and o« > 0,
define x(a) = Po(x — aF (x)) and e(x, ) = x — x(a). Then, min{1,a}||e(x,1)]| < |le(x, )| <
max{1, a}le(x, 1)
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Lemma 2.5. [27] Let S be a nonempty subset of a real Hilbert space Hy, and let {x,} be a
sequence in Hy that satisfies the following properties:

(i) limy, e || X, — x|| exists for each x € S;

(ii) every sequential weak limit point of {x,} is in S.

Then {x,} converges weakly to a point in S.

Lemma 2.6. [28] Let C and Q be closed and convex subsets of real Hilbert spaces Hy and H»,
respectively. Let A : H| — H) be a bounded linear operator. Let f(x) = %H (I - Pp)Ax||?, x € H,.
Then Vf is ||A||*-Lipschitz continuous.

3. THE DOUBLE PROJECTION ALGORITHM

In this section, we present our new algorithm with the aid of the inertial technique. Assume
that the solution set of the split feasibility problem is nonempty and we denote by I'. We define
the function F : Hy — Hj as F(x) = A*(I — Pp)Ax, x € H;.

Algorithm 3.1. Select a point x; € H; arbitrarily, and choose y > 0, £ € (0,1), A > 1, and
t € (0,2). Let {6, },cn be a nonnegative sequence. Define

Wp = Xp+ 60, —x4-1), (3.1)
Yn = Pc(Wn—PuF (Wn)),
where f3, = v/ and m,, is the smallest nonnegative integer such that
(F(Wn),Wn = yn) 2 A(F (Wn) = F(yn),Wn = Yn)- (3.2)
Compute

Xn+1 = PC(Wn _tanF(yn)>7
where

(F(Yn);Wn —Yn)
1Fa)ll>

The following lemmas were proved in [15].

oy, =

Lemma 3.1. There exists a nonnegative number my,, satisfying (3.2) for all n > 1.

l
Lemma 3.2. TP < Bn < yforalln>1.

Theorem 3.1. Let {x,} be a sequence generated by Algorithm 3.1. If Y > _| 6, < oo, then {x, }nen
converges weakly to a solution in T

Proof. Let z € T'. Then z = Pc(z) and Az = Py(Az). It follows that F'(z) = 0. Using Lemma 2.1
(2), we see that
(F(yn),yn—2) = (F(yn) = F(2),yn—2)
= (A"(I—Pg)Ayn —A"(I - Pp)Az,yn —2)
> |[(1 = Po)Ayall?,
which implies that

(Fyn),wn—2) = (F(¥n),Wn—Yn) +(F(n),;yn—2)
(3.3)

Wi
/,.E
<0
S
=
S

|
<
S
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By (3.2), we see that

<F(yn)’wn_yn> = _<F(Wn)_F()’n)awn_}’n>+<F(Wn):wn_)7n>
> _%<F(Wn)7wn_yn>+<F<Wn>7wn_)’n>
= (1_%> <F(Wn)7wn_yn>' (34)
From definition of y, and Lemma 2.1 (1), we have
(FOun)own=33) = (B (8n) = w3 6 = =30
= 5710 (= B 00w = =300 =)
= %KPC(Wn_ﬁnF(Wn))_(Wn_BnF(Wn))awn_PC(Wn_ﬁnF(Wn)»
+<Wn_)’nawn_)’n>]
> -l =l (35)

Using (3.3) and Lemma 2.1 (3), we obtain

||xn+1_Z||2 < ||Wn_Z_tOCnF()’n)||2_ ||xn+1 —Wn "‘m‘nF()’n)Hz

= HWn_ZH2_Ztan<F(Yn)aWn_Z>‘l‘tzar%HF()’n)Hz
_Hanrl — Wy +tanF(yn)||2
[wn —2)|* = 260 (F (yn), W — yu) + 12047 | F () ||

_Hanrl — Wn +tanF(yn)||2'

IN

Note that
1 2 1 2 1 2
<xn_van_xn71>:§||xn_Z” —|-§||xn—xn,1|| —5||xn71—Z|| .

Combining (3.4), (3.5), and Lemma 3.2, we obtain

e~
< oy - Qv o CEOM 0 e i, )
S e o
< ooz (1o 1) Bl o, o

It follows that ||x,,+1 —z|| < |[|w, —z]|. On the other hand, we have

%41 — 2] [wn — 2|
||xn _Z“ + Gonn —Xn—1 “

(1+64)]xn — 2| + Onllxn—1 —2]|- (3.7)

IAIA A
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By Lemma 2.3, we obtain ||x,4+1 —z|| <TT’,(1+26;), where K = max{||x; —z||, ||x2 —z||}. Thus
{xn} is bounded. Since };>_; 6, < +o0 and {x, } is bounded, we have Y7 | 0,||x; — xn_1]| < +oe.
By Lemma 2.2 and (3.7), we obtain lim,_; ||x, — z|| exists. From definition of w,, we have

Iwa =zl = |Jxn—2z||* +26,(xn — 2,0 — Xp—1) + 621X — xp—1]|
< lxn — 2|12+ 260,120 — 2 |20 — X1 ||+ 62|20 — 201 || (3.8)
From (3.6) and (3.8), we conclude
s =2l < llaon = 2lI* + 26510 — 2l 1260 = X1 ]| + 65 |60 — 201 |17 (3.9)
1N 1 [[wn —all* 2
12017 ) 2 L 0P 0

From (3.9), it follows that
. 1N 1 [wn =yl
limt2-8)(1—= ) =————5 =0.
im0 (-7 ) e
Using the assumptions, we have

Y
e ||F(yn)|
Using Lemma 2.6, we know that {||F(y,)||} is bounded. Hence, it implies that
lim ||w, —y,|| = 0. (3.10)
n—soo
Furthermore, from (3.9) we obtain
nh_r)rolo |1%n+1 — Wy + 10, F (v)]| =0 (3.11)
and
F s Wi —
| F )| = EOn):wn ) Wi — Y|l — 0 as 1 — oo, (3.12)
1 ()|
From (3.11) and (3.12), we obtain
lim ||x,41 —wy|| = 0. (3.13)
n—soo
From (3.1), we have
lim ||w, —x,|| = 0. (3.14)
n—soo

From (3.13) and (3.14), we have ||x,+1 — X || < ||xp41 —wal| 4+ [[wn — xa]| = 0 as n — oo. In view
of (3.10) and (3.13), we conclude that ||x,+1 — yul| < [[Xn+1 — Wal| + [[Wn — yul| = 0 as n — co.
Since {x,} is bounded, there is a point x* of {x,} with a subsequence {x,, } converging to x*. It
follows that {x,, 41} also converges to x*.

Now, we prove that x* is in I". From (3.13) and (3.12), we have

Hxnk-H _PC(xnk-H)H = HPC(W”k _t”ka”kF(y”k)) _PC(xnk-H)H
||Wnk _tnkankF(ynk) _xnk+1 ||

Hwnk — Xny+1 H +tnkankHF(ynk)H
— 0Oask— oo,

IN A

which indicates that x* € C by the demiclosedness of Pc.
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Next, we prove that Ax* € Q. Define e, (w, 1) =w — Pc(wp, — UF (wp,)). From Lemma 2.4,
the definition of 3,, and (3.14), we have

. W =yl
1 1 < 1 L S a1
lim [len, (wn, D) < Am (1, B}
. Hwnk _ynkH
lim ———* =90 3.15
- kggo min{l,ﬁ} ’ ( )
where E = m. Using Lemma 2.1 (1) and noting that x* € C, we have, forall k =1,2,...,

(Wi, —F(Wn,) — Pc(Wy, — F (Wn)),x" — Pc(wy, — F (wn,))) <O0.

Thus (e, (Wn,, 1) — F(Wn, ), Wn, —x* — e, (Wy,, 1)) > 0, which implies from Lemma 2.1 (1) that,
forallk=1,2,...,

<Wnk - x*7e”k (W’lk7 1))

> ||enk(wnk>1)H2_<F(Wnk »€ny,

= |len( (I —Pp)Awy,, — (I — Pg)Ax" ,Aw,, — Ax™)

> len( 1(1 = Po)Awy, — (I — Po)Ax*||?

= Henk(wnk’l)Hz_<F(Wnk)7enk(wnk7l)>+H(I_PQ)AWWHZ' (3.16)

Since {w,, } is bounded, one asserts that {||F (w,, )|} is also bounded. From (3.15) and (3.16), we
obtain that limy_,., || ( — Pp)Awy,, || = 0. Hence, Aw,, — Ax*. Furthermore, we obtain Ax* € Q.
Finally, we conclude that the sequence {x,} converges weakly to a point in I" by Lemma 2.5.
This completes the proof. 0J

) e (
Wiy 1)H2 — (F(Wny), en, (W,
), e (

1
Wnk71)H2_<F(Wnk y €ny Wnk7l

Remark 3.1. From the viewpoint of convergence speed, our algorithm, which is based on the
inertial technique, mainly improves those of Zhao et al. [13], Dong et al. [14], and Dang et al.
[15].

4. NUMERICAL EXPERIMENTS

In this section, we present numerical experiments to an image debluring. Let C = [0,255]"
such that D = M x N, where M is the pixels of width and N is the pixels of height of color
image. Consider the minimization problem: min,cc |[Ax — y||2. This problem can be solved via
the SFP when Q = {y} and C = [0,255]”. We compare the following methods with xo = x| =
(1,1,1,...,1) e RV,

Method 1: The algorithm of Zhao et al. [13] with 1y =1,¢£=0.8, u = 0.1, and p =0.5;

Method 2: The algorithm of Dong et al. [14] with y=1,/=0.8, u =0.1,and r = 1.9;

Method 3: The algorithm of Dang et al. [15] withy=1,/=0.8,A =1.2,andt = 1.9;

Method 4: The algorithm 3.1 withy=1,/=0.8,A =1.2,andt = 1.9.

We consider three blur types with the images size 268 x 201 for RGB images as follows:

(i) Motion blur with motion length of 45 pixels and motion orientation 180°.

(i1) Gaussian blur of filter size 5 x 5 with standard deviation 5.

(iii) Out of focus with radius 7.

To measure the restored images, we use the Peak-signal-to-noise ratio (PSNR) [29] defined by

2552
PSNR = IOIOglo (M—SE')’
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where MSE= ||x,, — x||? such that x is an original image. We also use Structural Similarity Index
Measure (SSIM) [30] for measuring the similarity between two images. From the definitions, it
is clear that the high PSNR and SSIM values show the quality of restored images. All codes are
written in Matlab (version R2020b) on MacBook Pro M1 with ram 8 GB.

We obtain numerical results as follows:

TABLE 1. The comparison of PSNR and SSIM of the restored images

Motion blur Gaussian blur Out of focus
PSNR | SSIM | PSNR | SSIM | PSNR | SSIM
Method 1 | 30.4787 | 0.8688 | 39.6649 | 0.9722 | 33.0624 | 0.8948
Method 2 | 31.9010 | 0.9016 | 41.1588 | 0.9793 | 34.7088 | 0.9188
Method 3 | 25.7223 | 0.7487 | 36.4745 | 0.9467 | 29.8484 | 0.8234
Method 4 | 40.3784 | 0.9817 | 47.4718 | 0.9939 | 40.6514 | 0.9703

Methods

From Table 1, it appears that our algorithm (Method 4) is more efficient than the others
(Methods 1, 2, 3) because the PSNR and SSIM values of our algorithm takes the highest number
in the experiment for maximum 1,500 iterations. The following original RGB image was tested.

FIGURE 1. The original of RGB image

We next demonstrate the figures of blurred images and restored images.

5. CONCLUSIONS

In this paper, we proposed a new double projection algorithm with the inertial effects. Under
suitable conditions, a weak convergence theorem of the proposed algorithm was established.
Numerical experiments in an image restoration demonstrated that our algorithm has a higher
efficiency than other methods in terms PSNR and SSIM.
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(k) Out of focus image (1) PSNR=33.0624 (m) PSNR=34.7088 (n) PSNR=29.8484 (0) PSNR=40.6514

FIGURE 2. The restored images with PSNR values for each blurs using Methods
1,2,3, and 4 from left to right
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