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Abstract

In this paper, basing on the forward-backward method and inertial techniques, we introduce
a new algorithm for solving a variational inequality problem over the fixed point set of
a nonexpansive mapping. The strong convergence of the algorithm is established under
strongly monotone and Lipschitz continuous assumptions imposed on the cost mapping. As
an application, we also apply and analyze our algorithm to solve a convex minimization
problem of the sum of two convex functions.
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1 Introduction

Let H be a real Hilbert space with an inner product (-, -) and the induced norm || - ||. Denote
weak and strong convergence of a sequence {x,} C H tox € H by x, — x and x, — x,
respectively. Let C be a nonempty closed convex subset in H, and F : H — H be a cost
mapping. The variational inequality problem VI(C, F) is to find a point x* € C such that

(F(x*),x —x*)>0, VxeC.

The problem VI(C, F) was introduced first by Kinderleher and Stampacchia in [12]. This
is an important problem that has a variety of theoretical and practical applications [16,
17]. Recently, there are very efficient algorithms for solving this problem. Some popular
methods for solving the problem VI(C, F) are found, for instance, in [13].

P< Pham Ngoc Anh
anhpn@ptit.edu.vn

Department of Scientific Fundamentals, Posts and Telecommunications Institute of Technology,
Hanoi, Vietnam

4\ Springer lanoi


http://crossmark.crossref.org/dialog/?doi=10.1007/s40306-021-00467-6&domain=pdf
http://orcid.org/0000-0003-3187-4993
mailto: anhpn@ptit.edu.vn

744 P.N. Anh

Let S : H — H be an operator. A fixed point of S is a point in H which is mapped to
itself by S, and the set of all fixed points of S is denoted by

Fix(8) :={x € H : x = Sx}.

In this paper, we consider the variational inequality problems with fixed point constraints
VIF(F, S), which consist of the following:

Find x* € Fix(S) such that (F(x*),x — x*) >0, x € Fix(S).

In the case S is the identity mapping, the problem VIF(F, §) is formulated in the form of
the problem VI(C, F). In the case F = 0, it is written in the form of the lexicographic
variational inequality problem when Sx := Prc[x — AG(x)], where A > 0,G : H — H,
Prc is the metric projection on C. Many other problems can be formulated as the form of
the problem VIF(F, §) [10, 11]. There are increasing interests in studying solution algo-
rithms for a monotone class of the problem VIF(F, §) such as parallel subgradient methods
[2], extragradient methods [4], subgradient extragradient methods [3], Krasnoselski-Mann
iteration method [18], hybrid steepest descent methods [24, 25], and other [18, 22, 23].

Let f : H — R be a convex and differentiable function with a £-coercive gradient V f,
ie, (x —y, VX)) =V > LIVSx) —VFO)II*Vx,y € H,andletg : H — Rbe
a proper lower semicontinuous and convex function. Consider the convex problem

min{ f (x) + g(x)}. (1.1)
xeH
It can be shown that x* is a solution point of the problem (1.1) if and only if it is
characterized by the fixed point equation
x* = prox.,(I —cV f)(x*),

where ¢ > 0, the proximal operator of f is defined by prox (x) = argmin{f (y) + Hy -

x||> : y € H} and [ is the identity operator. For solving the problem (1.1), the fixed point
equation leads to the following iteration:

X0 e, = prox,, (I — VN, kel (12)
—
backward step forward step

2
1),
solution of the problem (1.1). The iteration method (1.2) is known as the forward-backward
splitting. By using inertial techniques and the forward-backward splitting method, Beck and
Teboulle [6] proposed the fast iterative shrinkage-thresholding algorithm for solving the
problem (1.1) as follows:

Under the condition & € (0 Nakajo et al. [19] show that {x¥} converges strongly to a

k k_ 1 k
= —_ 7V ] .
e i
=y g (yF -y h),
14,/ 1+4¢2
where #;41 = Yk Or = @, x0 € #H and ty = 1. Then, the rate of convergence is
2 Tkt1

established and also applied to image restoration problems. In recent years, there have been
many authors who modified some forward-backward and inertial methods for solving the
other split type problems such as parallel inertial S-iteration forward-backward algorithm
[8] for regression and classification problems, inertial hybrid projection-proximal point
algorithms [1] for maximal monotone operators, inertial forward-backward algorithms [7]
for the minimization of the sum of two nonconvex functions, inertial proximal method [9]
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for solving Ky Fan minimax inequalities, inertial forward-backward algorithm [15] for
monotone inclusions, and other (see [20, 21] and the references therein).

It is worth noting from the above review that the convex minimization problem (1.1)
is related to the fixed point problem. Also, we know that a forward-backward operator
§ = prox,,(I — eV f) is nonexpansive in the case 0 < ¢ < %, ie., [|Sx — Sy| <
lx — yll., Vx,y € H. So the study on fixed point problems for the class of nonexpansive
operators plays an important role in creating optimization methods.

The purpose of this paper is to propose a new iteration algorithm by using the forward-
backward iteration scheme (1.3) and inertial techniques for solving the problem VIF(F, §),
where the cost mapping F is strongly monotone and Lipschitz continuous on . Further-
more, we prove a strong convergence result of the proposed algorithm under the condition
onto parameters. Subsequently, we apply the proposed algorithm to solving a convex
unconstrained minimization problem of the sum of two convex functions by using the
nonexpansiveness of the forward-backward operator S.

The paper is organized as follows. In Section 2, we present some definitions and lemmas
which will be used in the paper. Section 3 deals with a new inertial forward-backward
algorithm for solving the variational inequalities over the fixed point set of a nonexpansive
mapping VIF(F, S) and the proof of its strong convergence in a real Hilbert space 7. As an
application of our proposed algorithm, Section 4 is devoted to solve a convex unconstrained
minimization problem of the sum of two convex functions in .

2 Preliminaries

Denote weak and strong convergence of a sequence {x"} C H to x € H by x” — x and
x"™ — x, respectively.
We recall that a mapping S : H — H is said to be

—  Strongly monotone with constant 8 > 0 (shortly S-strongly monotone), if

(S@) = S(),x —y) = Blly —xl*, Vx,yeH;

Lipschitz continuous with constant L > 0 (shortly L-Lipschitz continuous), if
[Sx =Syl < Lllx —yll, Vx,yeH;

—  Contraction with constant L > 0, if S is L-Lipschitz continuous, where L < 1;

—  Nonexpansive, if S is 1-Lipschitz continuous.
For each x € H, there exists a unique point in C, denoted by Pr¢(x) satisfying
lx = Prc)|l < llx =yl VyeC.

The mapping Prc is usually called the metric projection of H on C. An important property
of Prc is nonexpansive on H.
Given a function g : H — ‘R, the proximal mapping of g on C is the mapping given by

. 1
Prox, ¢y(y) = argmin {g(x) + §||y - x||2 X € C} .
For any x € H, the following three claims in [5] are equivalent

(@) u = proxg c)(x);
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®) x—uedgu) ={w, eH:gx)—gu) > (w,,x —u), Vx € H};
© —uy—u) =gl —gu), VyeC.

Moreover, the proximal mapping of g on C is (firmly) nonexpansive and

Fix (prox(g’c)) ={xeC:gx)<gly), YyeC}.

Note that, if g is the indicator function on C (defined by dc(x) = 0 if x € C; otherwise
3¢ (x) = 400), then prox, ¢y = Prc.

Now we recall the following lemmas which are useful tools for proving our convergence
results.

Lemma 2.1 [20, Lemma 2.6] Let {sx} be a sequence of nonnegative real numbers and { py}
a sequence of real numbers. Let {o} be a sequence of real numbers in (0, 1) such that
> ke ok = 0o. Assume that

Sk+1 < (1 —ap)sk +okpr, k€N
Iflimsup;_, o, px; < 0 for every subsequence {si,} of {sk} satisfying

liminf(sg; +1 — s¢,) > 0,
1—>00

then limy_ o0 s = 0.

Lemma 2.2 [14, Demiclosedness principle] Assume that S is a nonexpansive self-mapping
of a nonempty closed convex subset C of a real Hilbert space H. If Fix(S) # @, then I — S
is demiclosed; that is, whenever {x*} is a sequence in C converging weakly to some ¥ € C
and the sequence {(I —S) (x*)} converges strongly to some y, it follows that (I — S)(x) = y.
Here I is the identity operator of H.

3 Algorithm and Its Convergence

For solving the variational inequalities over the fixed point set VIF(F, S), we assume the
mappings F and S, parameters satisfy the following conditions.

(A1) F is B-strongly monotone, L-Lipschitz continuous such that § > 0 and L > 0O;

(A2) S is nonexpansive;

(A3) The solution set of the problem VIF(F, S) is nonempty;

(As4) Forevery k > 0, the positive parameters B, Yk, Tk, Ak and {{x} satisfy the following
restrictions:

O<ci =B <ca<l,ux =<n,
o.¢]
0 1, L =0, = 00,
<Yk < ki)nolo)’k = Yk = 00 3.1)

lim % =0,y € (%%)a € (0. 1), J1— 2B+ 2L < 1—a.
— 00
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Algorithm 3.1 (Hybrid inertial contraction algorithm)
Initialization: Take x°, x' € H arbitrarily.
Iterative steps: k = 1,2, ...
Step 1. Compute an inertial parameter
: Tk ek _ k=1
min , ——————— ¢ If |x* —x 0,
o — {Mk T _XHH} i | I #
Uk otherwise.
Step 2. Compute
wk = xk —|—9k(xk —)Ck_l),
k= (1 -y Swk K — ok F(wk 3.2
== S+ y [w KF(wh)], (3.2)

XK= (1 = ) Swk + B SZE.
Step 3. Set k := k + 1 and return to Step 1.

A strong convergence result is established in the following theorem.

Theorem 3.2 Assume that the assumptions (A1)—(As) are satiSfied. Then, the sequence
{(xX} generated by Algorithm 3.1 converges strongly to a unique solution x* of the problem
VIF(F, S).

Proof Since F is B-strongly monotone and L-Lipschitz continuous on H, for each A > 0,

we have
lwk — ap F(wk) — [x* — M F(x)])1?
= [lwk — x*|* = 20 (F(w*) — F(x®), wh — x*) + 22| F(wh) — F(x™)|?
< fwk —x* 12 = 20 Bllwk — x* 12 + A7 L2 w* — x*)?

= (1 =208 + ALY |wh — x*|%.

(3.3)

It is well-known to see that F is strongly monotone, so the problem VIF(F, S) has a
unique solution, and a point x* € Fix(S) is a solution of the problem if and only if

x* = Prrixs)[x* — A F(x*)]. From the schemes (3.2) and (3.3), we get

I = x¥1 = (1 = ysw + i [wh = P @] -

+ (1 = yollSwk — x*]

IA

Yk ”wk — e F(wh) — x*

IA

IA

(1= ye(1 = SO)Tw* — x* | + el F (™),

Vellwk — A F(wb) — [x* = 2 F GO+ vkl F )+ (1= i) | Swk — Sx¥|]

Vi 1= 20 B + A2L2 | wk — x* || 4+ piedsc | F )|+ (1 = po)llw® — x|

(3.4)
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where &; 1= ,/1 —2Ax 8 + A]%Lz € (0, 1 — a). Combining this and (3.1), we obtain

||xk+1

—x*

(1= B Sw* + Sk — x*|

(1= BOISw* — Sx*|| + BillS* — Sx*|

< (1= Bollwh = x*|| + Bellz* — x*||

< 1= Beyi( — ST — x* || + Beyirac | F ()|

IA

281 F (x*
< 11 = Bt = 501 (I = x*ll + Bl — <)) +ﬁmw

0 28| F (x*
< [1 = Bime(1 = 81Ix* — x*[| + Bevi (fkux" — 1)+ M)

Br Vi L
6 2B F(x*
< = By = 81" — x|l + B (1 — 8p) ( Kk — xR 4 M) .
aBiyi aL

By using Step 1 and the conditions (3.1), we deduce

Ok _ Tk
0< —xF —x* 1< —— 50 ask— oo

~ Bvk C1Yk
This implies M = sup;, {aﬁikyk [[xF — XK1+ %@“*)H} < 4o00. Then,

Ia* T — x* | < [1 = Beyie(1 — 8)TIxE — x*|| + By (1 — 8)M
max[llxk —x*, M}.

IA

By mathematical induction, we deduce that
Ik — ) < max {e! =), M}, k=L
So, {x*} is bounded. From (3.2), it follows ||w¥ — x¥|| = O¢||x* — x*71|| < +o0. By using
(3.4), we also have that both {zF} and {w*} are bounded. By (3.3) and the relation
bx+yI* < x> +2(y, x +y), Vx,y€eH,
we get

llz5 — x*|I?

2
[0 = yoswt =) + k= A F@h) — o = M F )] = o F )|

IA

(1 = y) (Swk = x*) + plwh — 1 F(w) — (% — M F )12

2y M (F(x*), 25 — x*)

< (1= pollSwk — x*)2 + pillw® — e F(wh) — (% — m F ()12
=2y (F (x%), 28 — x¥)

< (1= yollw* = x*I + pidflw® — x*)|* = 2yhe(F (x¥), 2 — x*)

= [1-na =8 ]Ik =212 = 2P, 2 =2, (3.5)
From w* = x¥ 4+ 0, (x* — xF=1), it implies
e e e B D e e Al
e i B B [ e [ A A E X
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Combining (3.5) and (3.6), we have

”xk"rl _ x* ”2

= (1 = B (Swk — x*) + Br(SZF — 2|2

= (1= Bl Swh — Sx*|I* + Bl S* — Sx*|1> — Be(1 — Bl Swk — 522

< (1= Bollwh = x* 12+ Bellz* — x* |7 — (1 — Bo) | Swh — S2¥|1?

< (1= Bollwk = x*12 + Be(1 — y)lwk — x*1> + Bemdglw* — x*|1?
—2Bvihi(F(x¥), 28 — x*) — Be(1 = Bo | Sw* — 2%

= [1 = Byl — 8PINw* — x* |17 — 2B yicha (F(x*), 25 — x*)
—Bi(1 — o lISw* — 825

< 1= By — SPIXE — x* 12 + 02165 — X* 7112 + 26, 16 — ¥l 1x* — x5
—2Bihi(F(x¥), 26 — x*) — Be(1 — Bl Sw* — 2%

< 1= Beyi(1 = 8DIIxE = x* 112 = Be(1 = BOllSwE — S5 + Beye(1 — 8ok,

where

1 02 _ 20k _
o) = 5 4 = T =t =
1—8; | Brvk Bicvi

— D (F(x®), 25 — x*)}

0
< 7{ — 2 (F(x™*), 28 — x*) + (—"nx" — xk! ||) Orllx* — x*= 1
a2 —a) 1Yk
0
+2||xF — x| (—"uxk —x“n) }
C1Yk
It follows that

5T — x*)2 (3.7)

< [1 = Byl = 8DIx* — x*11? = Br(1 — BollSw* — SZFI* + Beyi(1 — 6D)o,

where o := sup, ox € (0, 00). Now we apply Lemma 2.1 for s; := lxk = x*|12, o 1=
Bryir(1 — 8,%) € (0, 1) and py := oy. Since (3.7), we have

Sk41 < (1 — o) sk + o pie-
Assume that {skl. } is a subsequence of {sx} such that

lim inf (sg; 41 — s%,) > 0.
1—>00

Combining this, (3.7), and (3.1), we obtain

KAngi @ Springer
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PN T ki _ ¢ ki 2
0 < c1(1 —cp)limsup | Sw Sz
i—00
< limsuppy, (1— ) HSw P Sk H
i—00
< limsup [ski = Ski+1 + B Vi (1 — 81%,-)0]
i—00
< limsup (sx, — sk;+1)
i—00

= —liminf (Sk,~+1 — Sk,»)
1—> 00
0.

Consequently,
lim Hkaf — sk H =0. (3.8)
11— 00
From the scheme (3.2), it follows
14 = Swkl| = pellw® — 2 F () = Swh,

and hence
Hz"f — swhi H _— Hwkf — g, F(whi) — Swhi

Then, using limy_, o, Y% = 0 and the boundedness of {wk}, we get

lim Hz"i — Suk H = 0. (3.9)
1—> 00
Since (3.8) and (3.9), we obtain
”zk" — Sz ’ < sz" — Swki ” + H Swki — §7ki H — 0, asi— oo. (3.10)

We next show that lim sup;_, ., px; < 0. Since the condition (3.1), we have

Pk = Ok
1 G
< —1 - 2}\k<F(x*),zk —x*) + <7k||xk _xk—1||> gk”xk _xk—IH
a2 —a) C1Yk
0
+2[1x" — x| <7k ¥ —xk‘1||> }
C1Vk
1 k _ k-1 Ik — x*
e R R e I
a2 —a) Yk C1 c1

Since Ay € (%, %), the boundedness of {x¥} and {yt}, it suffices to show that

lim sup(F (x*), x* — Z) < 0.
i—00
Since {z¥} is bounded, we can assume that there exists a subsequence {75} of {¥i} such that
zh —~ X and
limsup(F (x*), x* — 2) = lim (F(x*), x* — 2).
i—o00 =00
Applying Lemma 2.2 for the nonexpansive mapping S with (3.10), we deduce that x <
Fix(S). Thus
lim sup(F (x*), x* — ZK) = (F(x*), x* — %) < 0.
i—00

By Lemma 2.1, we can conclude that x* — x* as k — oo. The proof is complete. O
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4 Application to Convex Problems

In this section, we consider the minimization problem (1.1) in the form of the sum of two
convex functions in H. Let g : H — R U {+00} be proper lower semi-continuous and
convex. The proximal operator of g on C, in short prox,, is formulated as follows:

. 1 2
prox, (y) = argmin g(x)+§||y—x|| :xeCy, yeH.

It is well-known to see that prox, has the nonexpansiveness on H [5], i.e., || prox, () —

prox, (y2) |l < lly1 — y2ll forall y1, y» € H.
In this situation, we put the following assumptions:

(By) f : H — R is convex and differentiable, its gradient V f is L-coercive, i.e.,
(V) = Vi), x—y) = LIVfx) = Vf()|*forallx, y € H;

(By) g:H — RU {+00} is proper lower semicontinuous and convex;

(B3) The solution set £2 of (1.1) is nonempty;

(Bs) F :H — His B-strongly monotone and L-Lipschitz continuous.

By utilizing Algorithm 3.1, we obtain the following algorithm for solving the problem
(1.1).
Algorithm 4.1

Initialization: Take ¢ € (O, %) and two points O xleH arbitrarily.

Iterative steps: k = 1,2, ...
Step 1. Compute an inertial parameter

: Tk envk k=1
min , ——————— ¢ If |x* —x 0,
0, = {Mk Ik —xk—1||} if | Il #

Uk otherwise.
Step 2. Compute

wk — )Ck +9k()€k —Xk_l),

vk = prox,, [wh — eV £ (wh)]

=1 -y + [wk - )»kF(wk)],
=1 = gk + Brprox,, [F—eVfEH].

Step 3. Set k := k + 1 and return to Step 1.
A strong convergence result is established in the following theorem.

Theorem 4.2 Assume that the assumptions (B1)—(Bs) are satisfied. Under the conditions
B.l)ande € (O, %), the sequence {xk} generated by Algorithm 4.1 converges strongly to

a solution x™* of the convex problem (1.1) Moreover, x* = Pro[x* — e F(x™)].
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752 P.N. Anh

Proof For each x € H, set S(x) = proxgg[x — eV f(x)]. Foreach x, y € H, since prox,,

is

nonexpansive and the assumption (B7), we have

IS@) = SMI? = [[prox,,lx — eV f ()] — prox, [y — eV f (]|

< llx—eVfe) — [y —eVrmIIP

= llx =yl = 2e(x =y, V() = VL) + XV f(x) = VDI
< lx—yI* —eQe = OIVFx) — VLOMI?

< llx —yl%

where the last inequality is deduced from ¢ € (0, %) Then, S is nonexpansive on H. So,

the convergence results are deduced from Theorem 3.2 for the nonexpansive mapping S and
the cost mapping F'. O
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