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1. Introduction

In this work, we study the split feasibility problem (shortly, (SFP)) which is formulated as follows:
Find a point x* € C such that Ax™ € Q, (1.1)

where C and Q are nonempty closed convex subsets of real Hilbert spaces H, and H,, respectively,
and A : H; — H, is a bounded linear operator. This problem was first proposed by Censor and
Elfving [5] in Euclidean spaces (for recent results on the problem (SFP), see [10, 12, 13,25]). There
are some related topic for splitting problems see [14,17,22,24]. Many applications in real world such
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as image reconstruction, signal recovery and intensity-modulated radiation therapy (shortly, (IMRT))
can be seen as solving the problem (SFP).
Byrne [3,4] proposed the following projection algorithm for solving the problem (SFP):

Xps1 = Pe(xy — @A™ (I = P)Axy) (1.2)

where @ € (0,2/]|A*All), A* is the adjoint operator of A, P¢ and Py are projections onto C and Q,
respectively. This method is often called the CQ-algorithm. However, it is observed that, in general,
the projections P¢ and P, are not an easy task to be computed.

To eliminate this difficulty, Fukushima [15] introduced the level sets C and Q which are defined by

C={xeH :c(x)<0}, Q={yeH :q@) <0} (1.3)

where ¢ : Hi — R and g : H, — R are convex and subdifferential functions, and dc and dg are
bounded operators. Fukushima [15] also introduced a relaxed projection algorithm for solving
variational inequality problem and gave numerical experiments to support main result.

In 2004, Yang [27] presented a relaxed CQ-algorithm for solving the problem (SFP), by replacing
Pc and Py by P¢, and Py, respectively. In this case, Ci and Qy are defined by

Cy ={x € H; :c(x) <&, x— )}, (1.4)

where &, € dc(x;), and
O = {y € Hy : q(Axy) < (L, Axi = W)} (1.5)
where (. € 0g(Axy).
It is easily seen that C C C; and Q C O for all k > 1. We note that P, and Py, are easily computed
since these sets are half-spaces.
Precisely, Yang [27] proposed the following relaxed CQ-algorithm:

Xis1 = Pe, (e — ar(A™(I = Pg,)AXy)), (1.6)

where {a,} is a sequence in (0,2/||A*A|[), A" is the adjoint operator of A and C; and Q; are given
by (1.4) and (1.5), respectively.

Recently, Gibali et al. [16] (see also Qu and Xiu [20]) proposed the modification of the relaxed CQ-
algorithm by using the linesearch technique in real Hilbert spaces. For each k > 1, define a mapping
F k - H 1 — H2 by

1
Fi(x) = SllAx - Py Ax|?,  VFu(x) = A*(I - Py)Ax. (1.7)
They constructed the following algorithm:

Algorithm 1.1. Given constants y > 0, £ € (0,1) and u € (0, 1). Let x; be arbitrary in H;. For each
k > 1, calculate

Yk = P, (e — ax VE(xp)), (1.8)
where a; = y{™ and my is the smallest nonnegative integer such that
@llVF(xi) = VE Nl < pllxie = yell- (1.9)
Construct the next iterative step xi.; by
X1 = Pe,(x — e VE(yi). (1.10)
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There have been various methods invented for solving the problem (SFP) (see, for example, [5-12,
14-19,21,26]). Itis observed that, in each iteration, we have to find the integer m; such that (1.9) holds.
So it takes CPU time and number of iterations in convergence. It is our aim to design new linesearch
that takes CPU time less than Algorithm 1.1 and others.

Recently, Tian and Zhang [23] proposed a new regularized CQ algorithm without a priori knowledge
of the operator norm to solve the split feasibility problem and provided strong convergence theorem in
Hilbert spaces. Later, Dang et. al. [11] introduced inertial relaxed CQ algorithms for the split feasibility
problem and proved asymptotical convergence. In 2018, Dong et. al. [13] introduced the projection
and contraction methods for solving the split feasibility problem using the inverse strongly monotone
property of the underlying operator of the SFP.

Motivated by the previous works, we modify algorithm of Gibali et al. [16] and propose the
relaxed CQ-algorithm with the new linesearch in real Hilbert spaces and prove some weak
convergence theorems of the proposed method under mild assumptions. Finally, we give some
computational results to compare with the algorithms of Gibali et al. [16] and Yang [27]. Numerical
experiments show that our algorithm has a better performance than others.

2. Preliminaries

In this section, we give some definitions and lemmas which are used in the proof. Throughout this
paper, we use the following notations:

e — denotes the weak convergence;
o w,(xx) ={x : I(xt,) C (xx) such that x;,, — x} denotes the weak w-limit set of (xy).

Let H be a real Hilbert space. We recall the following definition.
(1) Amapping T : H — H is said to be firmly nonexpansive if, for all x,y € H,
(x=y,Tx—=Ty) > ||Tx - TylI*. (2.1)
(2) A function f : H — R is said to be convex if
fAx+ (1 =y <Af(x) + A =D f) (2.2)
forall A € (0,1) and for all x,y € H.

A differentiable function f is convex if and only if there holds the inequality:

f@) = f(0) +(Vf(x),z—x) (2.3)
forallz € H.
(3) Anelement g € H is called a subgradient of f : H — R at x if
f@) = f(x) +(gz—x) (2.4)
for all z € H, which is called the subdifferentiable inequality. The set of subgradients of f at x is
denoted by df(x).

(4) A function f : H — R is said to be subdifferentiable at x if it has at least one subgradient at x.
A function f is said to be subdifferentiable if it is subdifferentiable at all x € H.
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(5) A function f : H — R s said to be weakly lower semi-continuous (shortly, w-Isc) at x if x; — x
implies
fx) < likm inf f(x). (2.5)
(6) A projection of H onto a nonempty closed convex subset C C H is defined by

Pcx = argmin |Jx — y||? (2.6)
yeC

forall x € H.
Next, we give some useful lemmas for our proof.

Lemma 2.1. [2] Let C be a nonempty closed convex subset of a real Hilbert space H. Then, for any
x € H, the following assertions hold:

(1) (x = Pcx,z— Pcx) <0 forall z € C;

(2) IPcx = Peyl? < (Pex — Pey,x —y) forall x,y € H;

(3) [IPcx =zl < llx = 2IP? = [|[Pcx = xlf* for all z € C.

From Lemma 2.1, we see that the operator I — P is also firmly nonexpansive, where I denotes the
identity operator, i.e., for any x,y € H,

(I = Pc)x— (I =Py, x—y)y >l = Pe)x = (I = Po)yll™. (2.7)
Lemma 2.2. [1] Let S be a nonempty closed convex subset of a real Hilbert space H and {x,} be a
sequence in H satisfying the following properties:
(a) gim ||xx — x|| exists for each x € S;
(b) wyw(x) CS.

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

Now, we give our main results in this paper.
3. Main results

In this section, we introduce a new relaxed projection algorithm using the linesearch technique and
prove its weak convergence. We have already defined the mappings F; and VF; as in (1.7). Our
algorithm is generated by the following manner:

1
Algorithm 3.1. Given constants y > 0, £ € (0,1) and u € (0, 4_1) Let x; be arbitrary in H;. For each
k > 1, calculate

Vi = Pe,(xk — i VF (). 3.1
Construct the next iterative step xi,; by
Xir1 = P, vk — axVFi(yi)), (3.2)

where @ = y{™ and my is the smallest nonnegative integer such that

a max{||[VF(xie1) = VE I IVE (i) = VE (X))
< pulxeer = Yl + lye = xll)- (3.3)
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It 1s remarked that Algorithm 3.1 is based on extra-gradient type method which was firstly
introduced by Noor [28,29].
Following the proof line as in [20], we obtain the following lemma:

Lemma 3.2. Lety > 0, € € (0,1) and u € (0, i). Then, the linesearch (3.3) terminates after a finite
number of steps. In addition, we have the following:

4
B ocau<y (3.4)
L
forall k > 1, where L = ||A|*.
Proof. From [20], we know that
IVF(xie1) = VE Il < Lilxesr — yill (3.5)
and
IVE (i) = VE(xpll < Lllyx — xill. (3.6)

It follows that

max{[|VFi(xee1) = VEQOI, IVE () = VE oI}
< IVF(Xe1) = VEOI + V() = VE (ol
< L(er = Yill + llye = xelD)- (3.7

The second part is obtained by [20]. Hence the linesearch (3.3) is well-defined. This completes the
proof. O

In what follows, we denote S by the solution set of the problem (SFP) and also assume that S is
nonempty.

Theorem 3.3. The sequence {x;} generated by Algorithm 3.1 converges weakly to a point in S .

Proof. Letz € S. Since C C Cy and Q C O, it follows that z = Pc(z) = P¢,(z) and Az = Pp(Az) =
Py, (Az). Hence VFy(z) = 0. Using Lemma 2.1 (c), we get

X1 — 2P = 1Pc, (% — axVF()) — 2l
< e — axVEe) — 2l = lIxer — i + ax VE oIl
= |y — 2P + laxVE I = 2 VF), i — 2) = [1xeer — vl
NV Foll* = 201V Fe(y), Xicet — Vi)
= - Z||2 =2V F (i), Yk — 2) = i1 — yk||2
=204V F(V1)» Xis1 = Yi)- (3.8)

Also, we obtain

I1Pc, (xi — ax VFi(x0)) — zlI?
<l — axVF() = 2l = vk — 2 + a VE ()P

2
Iy — zll

A
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= |lxe — 2l + lewVFe(xo)llP = 200V F (), X = 2)
~Ilye = xll* = Nlax VF(xl” = 2 VF(xe), yie — Xi)
= lx — 2l = 20 VF(xi), x¢ — 2) = llye — il
=2, (VF(xi), yie — xi)- (3.9)

Due to (2.7) and VF(z) = 0, we have

20,V F(yi), yk — 2)

201 {VF () — VF(2), yk — 2)

201 (AT (I = Pg)Ayi — AT(I — Po)Az, yi — 2)

204{((I = Po )Ayr — (I — Pp,)Az, Ay — Az)

2l = Po)Ayll. (3.10)

\%

It also follows that
20V F(x1), Xk — 2) = 204 |[(I — P )AxlI”. (3.11)

From (2.3) and (3.8), we have

206V F (Y1), Xer1 — Vi)
20i{VF () = VF(Xps1), X1 — Yi) + 206V Fi(Xis1)s X1 — Vi)
20 IVF (i) = VFe DI Xke1 — yiell
1 1
+2C¥k(§||(1 — Po)Axl* - 5”(1 — Po)AyP)

=2a|IVF (i) = VE o DIxs1 = yiell
+ay|l(1 = P )AXi|I* — aull(I = Po Ayl (3.12)

\%

Also, we have

20(VF(x0), e — X)) = —2a¢|[VF (i) — VEllllyx — xxll
+ayll(I = Po AP — arll(I — Po)Ax:|. (3.13)

Combining (3.8)—(3.13), by Lemma 3.2, we obtain

11 — Z||2
<l — 2l = 20V F(xi), X — 2) = llye = 5ll” = 2 VF(x0), yie — xi)
=201 (VF (s i = 2) = 1kt = il = 20V (i), Xeer = i)
<l — 2l = 2aulid = Po)AxiI* = Iy — xell®
+2a;l[VF() — VF(xllllye — xill = el = Po)Ayill?
+aill(1 = Po)Axil” = 2aill(1 = Po Al = lIxker — il
+2a,IVE (k) = Vs DIt — yill + axll(d = Po ) Ayill*
<l = 2l = alld = Po)AxiP = iy — xell?

2| IVE: () = Ve = xell = 2.l = Po) AV = lxesr — yill®
20 |[VF (i) = VE e DXt = yell- (3.14)
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Using (3.3) and (3.4), we have

2
l1Xe+1 — 2l

ut
Il — 2l = 7= Po)Ax = llye = xll?

IA

ut
+2u(llxx+1 = Yell + llyx = xelDllyx — xill = 2f||(1 — Po)AWI?
~1x51 = Yell* + 201 — Yell + 1y = XDl s — Yl

ut
= -2’ - 7= Po)AxP = Iy = xell + 2l = yillllyie = xl

ul
+2ullye — x> = Zfll(l — Po)AYV = 13kt = Yill® + 2pllocesr — yall?
+2ullyr = Xellll X1 — el

IA

ut
llx — zll* - f”(l — Po A = vk = xill® + pallcess — yell?

+ullye = xell® + 2pullyc — xll” - 2%”(1 — P AV = lIxeer — yill?
+ 211 — Yill® + ellye = xell® + plloxeer — yil
= lx -zl - M{H(l — Po)Ax = (1 = 4y = xel P = (1 = 4p)l|xier — il
—Z%H(I — Po Ayl (3.15)
This implies that
X1 — 2l < [l = 2l (3.16)

and hence ]}im [lxz — z|| exists. Moreover, {x;} is bounded. From (3.15), we also have

;}ilg lyx — xll =0 (3.17)
and
]}Lrglo Xk — yell = 0. (3.13)
Moreover, we have
]}im (I = Pg,)Axl| = 0. (3.19)
So, we obtain
X = Xl = X1 = Y + Y — Xl
< e = yall + llye = xll — O (3.20)

as k — oo. Since {x;} is bounded, assume that w,,(x;) is nonempty. Let x* € w,,(x;). Then there exists
a subsequence {x, } of {x;} such that x;, — x*.
Now, we show that x* € §. Since x;,,; € C;, by the definition of Cy , we get

c(xk,) < €k, Xk, = X417 (3.21)
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where &, € dc(x,). By the boundedness of dc and (3.20), we have
c(xx,) < €k, MMlxe, = xk,1ll =0 (3.22)
as n — oo. By the w-Isc of ¢, x;, — x* and (3.22), it follows that
c(x") < linmJ)?f c(xi,) <0. (3.23)

Hence x* € C.
Next, we show that Ax* € Q. Since Py, (Axy,) € Oy,, we have

q(Axy,) < (M, Axx,, — Po, (Axg,)), (3.24)
where 7, € 0q(Axy,). So, we have
q(Axy,) < |lm llllAxy, — Pg,, (Axi,)ll — 0O (3.25)
as n — oo. Since x;, — x*, Ax;, — Ax". The w-Isc of ¢ and (3.25) imply that
q(Ax™) < linm_) glf q(Ax;,) < 0. (3.26)
Hence Ax™ € Q. Using Lemma 2.2, we conclude that the sequence {x;} converges weakly to a point in

S. This completes the proof. O

Remark 3.4. Algorithm 3.1 in Theorem 3.3 is quite different from that of Gibali et al. [16]. To be more
precise, the linesearch (3.3) is defined by a new way of two step method.

Remark 3.5. Theorem 3.3 is more convenient than the results of Yang [27] in practice. In fact, we do
not require the information of the operator norm which is not easy in computation.

4. Numerical experiments

In this section, we provide some numerical experiments in signal recovery to compare our algorithm
with those of Yang [27] and Gibali et al. [16]. In signal processing, the compressed sensing can be
formulated as inverting the equation system:

y=Ax+e, @.1)

where x € RY is a vector with m nonzero components to be recovered, y € R¥ is the observed or
measured data with noisy € and A : R — RY (M < N) is a bounded linear observation operator. Here
A is sparse and the range of it is not closed in most inverse problems and thus A is often ill-condition
and the problem is also ill-posed.

When x is a sparse expansion, to find solutions of the problem (4.1) can be seen as solving the
following LASSO problem:

1
min = ||y — Ax|* such that ||x||; < ¢, 4.2)
xeRN 2

where t > 0 is a given constant. The sparse vector x € R" is generated from the uniform distribution
in the interval [-2,2] with m nonzero elements. The matrix A € R™<V is generated from a normal
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distribution with mean zero and variance one. The observation y is generated by white Gaussian noise
with signal-to-noise ratio SNR=40. The process is started with # = m and initial point x; is picked
randomly.

Let C = {x € RY : ||x]l; <t} and Q = {y}. Then the minimization problem (4.2) can be seen as
the problem (SFP) and, since the projection onto the closed convex C does not have a closed form
solution, we make use of the subgradient projection. Define a convex function c(x) = |[|x]|; — ¢ and
denote the level set C; by:

Cr = 1{x:cxp) + (&, x — xx) < 0}, 4.3)

where &, € dc(x;). Then the orthogonal projection onto C; can be calculated by the following:

X, if c(x) + (€, x — x3) <0,
Pc,(x) = 4.4
&) {x - —C(xk)ﬁéfﬁ;x_m ) otherwise. “44)
The subdifferential dc at x; is
1, X > 0,
ac(xk) = [_19 1]’ Xk = 0’ (4‘5)
-1, X < 0.

In our experiment, we consider two cases as follows:

Casel: N =512, M =256 and m = 10;
Case 2: N =4096, M = 2048 and m = 100.

Next, we give some numerical results by using the relaxed CQ-algorithms defined by Yang [27],
Gibali et al. [16] and our algorithms (Algorithm 3.1).

The iteration is stopped when the following criteria is satisfied:
1 * 2 -5
MSE = Nllx - x| <107, (4.6)

where x* is an estimated signal of x.

1
In what follows, let @ = W in the C Q-algorithm by Yang [27]. Definey =2,¢{ =0.5and u = 0.2

in that of Gibali et al. [16]. Then the numerical results are reported as follows:

Remark 4.1. (1) In Figures 1 and 4, we see that the signal recovered by Algorithm 3.1 in both Case
1 and Case 2 has number of iterations and cpu time less than algorithm of Yang [27] and Gibali et
al. [16]. In the algorithm of Yang [27], the stepsize a; depends on the operator norm ||A|| whenever the
matrix has a large dimension, it may be compute very hard and has a costly cpu time. It is observed
that our new linesearch has a less cpu time than that of Gibali et al. [16].

(2) In Figures 2 and 5, we plot the error value of iterations. We see that the errors of Algorithm 3.1
decrease faster than those of other algorithms. Also, in Figures 3 and 6, the objective function values
obtained by Algorithm 3.1 have a better convergence behaviour than other algorithms.
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1 Original signal (N = 512, M = 256, 10 spikes)
T T T T

1 | | | | | | 1 | |
-1
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Measured values with SNR = 40
T T

| |
50 100 150 200 250

1 Recovered signal by CQ algorithm of Gibali et al. (113 iterations, CPU = 0.4660)
T T T T T T

| | | | | | | | | |
-1
50 100 150 200 250 300 350 400 450 500

Recovered signal hy CQ algonthm of Yang (46 neraﬂons CPU=1.1917)

1 T T l T
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p I ! r ! I ! !
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R | | I ‘1 | |
200 250 300 350 O

50 100 1 400 450 500

Recovered 5|gnal by Algorithm 3.1 (33 nerallons CPU = 02662

Figure 1. From top to bottom: original signal, observation data, recovered signal by Gibali

et al., Yang and Algorithm 3.1 with N = 512 and M = 256, respectively.

0.018— —A—— CQ algorithm by Gibali et al.
——k— Algorithm 3.1

0.016
——=—— CQ algorithm by Yang

0.014 -

0.012—

0.008 -

0.006 -

0.004 -

0.002

I I I I
o 50 60 70 80 90 100 110 120
Number of Iterations

Figure 2. MSE versus number of iterations in case N=512, M=256.
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Obijective function value
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¥ Algorithm 3.1

—&—— CQ algorithm by Gibali et al.

€Q algorithm by Yang

Number of Iterations

| $
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Figure 3. The objective function value versus number of iterations in case N=512, M=256.

QOriginal signal (N = 4096, M = 2048, 100 spikes)
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1500 2000 2500
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-20
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1 Recovered signal by CQ algorithm of Gibali et al. (197 iterations, CPU = 123.9576
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1 Recovered signal by CQ algorithm of Yang (77 iterations, CPU =701.3513)
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1 Recovered signal by Algorithm 3.1 (55 iterations, CPU = 63.0648)
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500 1000 1600 2000 2500 3000 3500 4000

Figure 4. From top to bottom: original signal, observation data, recovered signal by Gibali
et al., Yang and Algorithm 3.1 with N = 4096 and M = 2048, respectively.
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0.018 | —~—— CQ algorithm by Gibali et al. -

——— Algorithm 3.1
0.016

CQ algorithm by Yang
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0.012

% 0.01

=
0.008
0.006

0.004

0.002

L L L L i Y
o 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
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Figure 5. MSE versus number of iterations in case N=4096, M=2048.

——w%— CQ algorithm by Gibali et al.
—*— Algorithm 3.1

€Q algorithm by Yang

Obijective function value

o . . Y hdddrasisiinsss:
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Number of Iterations

Figure 6. The objective function value versus number of iterations in case N=4096, M=2048.

5. Conclusions

In this paper, we proposed the relaxed C Q-algorithm with new two steps by using a new linesearch
in real Hilbert spaces. The computation of matrix inverse and norm of operators is not required in
our algorithm. Also, we gave in a simple and novel way how the sequence generated by the method
weakly converges to a solution of the problem (SFP). All the results are compared to the relaxed C Q-

algorithms of Yang [27] and Gibali et al. [16]. Finally, we found that the proposed algorithm is effective
and outruns other known methods in the literature.
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