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Abstract

The paper presents two inertial viscosity-type extragradient algorithms for finding
a common solution of the variational inequality problem involving a monotone and
Lipschitz continuous operator and of the fixed point problem with a demicontractive
mapping in real Hilbert spaces. Our algorithms use a simple step size rule which is
generated by some calculations at each iteration. Two strong convergence theorems
are obtained without the prior knowledge of the Lipschitz constant of the operator.
The numerical behaviors of the proposed algorithms in some numerical experiments
are reported and compared with previously known ones.

Keywords Variational inequality - Fixed point problem - Subgradient extragradient
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1 Introduction

Let C be a nonempty closed convex subset of a real Hilbert space 7 with the inner
product (-, -) and the induced norm || - ||. The main purpose of this paper is for find-
ing a common solution of variational inequality problems and fixed point problems
in real Hilbert spaces. The motivation for studying such problems is that it is pos-
sible to apply them to mathematical models whose constraints can be expressed as
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variational inequalities and/or fixed point problems. This situation occurs especially in
practical problems, such as signal processing, composite minimization problems, opti-
mal control problems and image restoration; see, e.g., [1-5]. Let us recall the involved
problems. The variational inequality problem (in short, VI) for operator A : 7 —
on C is to find a point p € C such that

(Ap,x — p) >0, VxeC. (VD)

Let VI(C, A) be the solution set of (VI). Variational inequalities theory arises in
various models for a large number of mathematical, engineering, physical and other
problems. In recent years, considerable interest has been shown in developing efficient
and implementable numerical methods of variational inequalities, see, e.g., [6—11]
and the references therein. There have been two general methods to study the mono-
tone variational inequality problem under mild conditions: regularized methods and
projection-type methods. In this paper, we focus on projection-based methods. The
simplest projection method to solve (VI) is the projected gradient method:

Xpt1 = Pc (xn — 14 AXp) .

Note that only one projection onto the feasible set is performed. However, the con-
vergence of the projected gradient method requires a slightly strong hypothesis that
the operator is strongly monotone or inverse strongly monotone. To avoid this strong
hypothesis, Korpelevich [12] introduced the extragradient method to solve saddle point
problems in Euclidean spaces. Indeed, the extragradient method is of the form:

:)’HZPC (xp — TAXy) , (1.1)

Xpt1 = Pc (xy — TAyn) ,

where operator A is monotone and L-Lipschitz continuous, P¢ is denoted by the
metric projection from .7 onto C and T € (0, 1/L). It is know that the sequence {x;}
generated by the process (1.1) converges to an element in VI(C, A) when the solution
set VI(C, A) is nonempty.

Note that calculating the projection onto a closed convex set C is equivalent to
finding the solution of the minimum distance problem. We point out that the extra-
gradient method requires to calculate two projections onto C in each iteration. This
may require a prohibitive amount of computation time when C is a general closed and
convex set. To overcome this shortcoming, Censor, Gibali and Reich [13] obtained
the subgradient extragradient method by modifying the extragradient algorithm. The
purpose of this modification is to replace the second projection on C with a projec-
tion onto a half-space. It is worth noting that the projection onto a half-space can be
calculated explicitly. Indeed, they obtained the following algorithm:

yn = Pc (xp — TAX,) ,
T,={xe| (xy —TAXy, — Yn,x — yu) <0}, (1.2)

Xn+1 = PTn (xp — TAy,) ,
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where 7 € (0,1/L) and the operator A is monotone and L-Lipschitz continuous.
If the solution set VI(C, A) is nonempty, then the sequence {x,} generated by (1.2)
converges weakly to a solution of (VI). The second method is the Tseng’s extragradient
method proposed by Tseng in [14]:

Yn = Pc (xp — TAXy) ,

(1.3)
Xnt1 = Yn — T (Ayn — AXy) ,
where 7 € (0, 1/L) and the operator A is monotone and L-Lipschitz continuous. The
subgradient extragradient method and the Tseng’s extragradient method only require
to calculate one projection onto the feasible set in each iteration.
Let U : C — C be a nonlinear mapping. A point x € 7 is called a fixed point of
mapping U if Ux = x. The set of fixed points of U is denoted by Fix(U). The fixed
point problem (shortly, FPP) is defined as follows:

find p € C suchthat Up=p. (FPP)

Our focus in this paper is to find a common solution of (VI) and (FPP). That is, we
find a point p such that

p € Fix(U) N VI(C, A). (VIFPP)

There are many numerical algorithms have been proposed for solving (VIFPP) in
infinite-dimensional spaces, see, e.g., [15-18] and the references therein. Takahashi
and Toyoda [19] proposed an iterative method for finding a solution of (VIFPP) as
follows:

Xpt1 = (I —ay) xp + U Pc (x4 — 1, AXy) (1.4)

where mapping A : C — J¢ is A-inverse strongly monotone and mapping U :
C — C is nonexpansive. They proved that the sequence {x,} generated by (1.4)
converges weakly to a solution of (VIFPP) under some conditions. Recently, under
the assumptions that mapping A is Lipschitz continuous monotone and mapping U is
nonexpansive, Censor, Gibali and Reich [20] proved that the iterative scheme generated
by their algorithm (1.5) converges weakly to a solution of (VIFPP). Their algorithm
is described as follows:

yn = Pc (xp — TAXy,) ,
Ty =1{x € | (xy — TAxp — Yn, X — yn) <0}, (1.5)
Xnt1 = Xy + (1 —0n) UPr, (xp — TAyy) .

We note that norm convergence is generally desirable than weak convergence

in infinite-dimensional spaces. Therefore, a natural question is how to design an
algorithm that provides strong convergence to solve the (VIFPP) in the sense of
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infinite-dimensional Hilbert spaces, when mapping A is only monotone and Lips-
chitz continuous. Kraikaew and Saejung [21] combined the subgradient extragradient
method and the Halpern method, and proposed an algorithm which is called the Halpern
subgradient extragradient method (shortly, HSEGM) for solving (VIFPP). Their algo-
rithm is of the form:

Yn = Pc (xp — TAXy) ,

T, ={xe| (x, —TAX; — yp, x — <0},
. = { | {xn n—Yn Yn) } (HSEGM)
Zn = opxo + (1 —ay) PT,, (xp — TAyn) ,

X1 = Buxn + (A =By Uzy,

where © € (0, 1/L), {ap} C (0, 1), limyoo 0y = 0, Y02 &ty = +00 and {B,} C
[a, b] C (0, 1), A is a monotone and L-Lipschitz continuous mapping and U : 7 —
¢ is a quasi-nonexpansive mapping. They proved that the sequence {x,} generated
by the iterative scheme (HSEGM) converges strongly to Pyy(c, a)nFix(v) (X0)-

In this paper, we focus on U is a demicontractive mapping, which covers the quasi-
nonexpansive mappings. Recently, Thong and Hieu [22] combined the subgradient
extragradient method and the Mann-like method, and proposed a modified subgradient
extragradient algorithm to find common solution elements of the variational inequality
problem solution set and the fixed point set of a demicontractive mapping. Indeed, their
algorithm is as follows:

yu = Pc (xp — TAXxy) ,

T, ={xe| (x, —TtAx; — yy, X — <0},
n { | {(xn n— Yn yn) < 0} (MSEGM)
Zn = Pr, (xp — TAyn) ,

Xnr1 = —an — B zn + BuUzn s

where T € (0, 1/L), {a,} C (0, 1), limy o0 0ty =0, Y 07 | &ty = +00, By € (a, b) C
O, (1 =2 (1 —ay)) forsomea > 0,b > 0, A : 7 —  is a monotone and
L-Lipschitz continuous mapping and U : 5 — . is a A-demicontractive mapping
such that (I — U) is demiclosed at zero. Assume that VI(C, A) N Fix(U) # @, they
proved that the iterative sequence {x,} generated by (MSEGM) converges strongly to
anelement p € VI(C, A)NFix(U), where ||p|| = min{||z|| : z € VI(C, A)NFix(U)}.

Note that the algorithms (HSEGM) and (MSEGM) need to know the prior knowl-
edge of the Lipschitz constant of the mapping A. However, in many cases, we cannot
obtain the prior knowledge of the operator A in advance. Recently, Thong and Hieu
[23] introduced two extragradient-viscosity algorithms for solving (VIFPP). They used
a simple rule to automatically update the step size and thus the Lipschitz constant of
the mapping is not required. Indeed, their algorithms are described as follows:

Y = Pc (xp — 1 Axy)

T, ={x €| (xp — 1, AXy — Vp, X — <0},

n { | {(xn nAXp — Yn Yn) } (VSEGM)
ZnZPT,l (xXp — T Ayn) ,

Xpp1 = oy f () + (1 —ay) [(A = B)zn + BuUza],
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and

yn = Pc (xp — 1 Axy)
Zn = Yn — Tn (Ayn — AXy) , (VTEGM)
Xpr1 = oy f(x) + (1 — o) [(A = Bu)zu + BuUzn],

where Algorithms (VSEGM) and (VTEGM) update the step size {t,,} by the following
rule:

: llxXn—=Ynll : _ .
Tnt+l = fmn { NAx,—Ay, > ™ f > if Axy = Ayn #0;
Ty, otherwise ,

where 9 > O, € (0,1),, C (0,1),8, C (a,1 —A) C (0,1), A is a mono-
tone and Lipschitz continuous mapping, U is a A-demicontractive mapping and f
is a contraction mapping. Under some mild assumptions, the sequences generated
by (VSEGM) and (VTEGM) converge strongly to ¢ € Fix(U) N VI(C, A), where
q = Prixw)nvic,4) (f(@))-

In recent years, the development of fast iterative algorithms has attracted enor-
mous interest, especially for inertial technology, which is based on discrete versions
of a second-order dissipative dynamic system (see [24,25] for more details). Many
researchers have constructed various fast iterative algorithms by using inertial tech-
nology, see, e.g., [26-31] and the references therein. One of the common features of
these algorithms is that the next iteration depends on the combination of the previous
two iterations. Note that this minor change greatly improves the performance of the
algorithm.

Motivated and inspired by the above work, in this paper, we introduce two inertial
extragradient algorithms for finding a common element of the solution set of the
monotone variational inequality problem and the fixed point set of a demicontractive
mapping in real Hilbert spaces. We provide a choice of step size rule which allows the
algorithms to work without the previously known information of the Lipschitz constant
of the mapping. Under suitable conditions, we prove that the sequences generated by
the suggested algorithms converge strongly to a solution of variational inequality
problems and fixed point problems. Some numerical experiments are presented to
support the theoretical results. Our numerical results show that the new algorithms
have a better convergence speed than the existing ones [21-23].

The remainder of this paper is organized as follows. In Section 2, we recall some
preliminary results and lemmas for further use. Section 3 analyzes the convergence
of the proposed algorithms. In Section 4, some numerical examples are provided to
illustrate the numerical behavior of the proposed algorithms and compare them with
other ones. Finally, we give a brief summary of the paper in Section 5, the last section.
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2 Preliminaries

Let C be a nonempty closed and convex subset of a real Hilbert space 7Z’. The weak
convergence and strong convergence of {x,} to x are represented by x,—x and x,, —
x, respectively. For each x, y € 7 and « € R, we have the following facts:

Lollx 4+ yl? = [Ix]1> + 2(x, y) + [Iy11%;
2. lx + 12 < Ixl? + 20y, x + y);
3. flax + (1 —a)yll> = allx[®> + (1 =) Iyl? —a(l —a)|x — y|>.

For every point x € 7, there exists a unique nearest point in C, denoted by Pc (x)
such that Pc(x) := argmin{||x — y||, y € C}. Pc is called the metric projection of 77’
onto C. Itis known that Pc is nonexpansive and Pc has the following basic properties:

o (x = Pc(x),y = Pc(x)) =0, Vy e C;
o [Pc(x) = P> < (Pc(x) = Pe(y),x —y), Vy € .

Definition 2.1 ( [32]) Assume that T : 2 — J¢ is a nonlinear operator with
Fix(T) # @. Then, I — T is said to be demiclosed at zero if for any {x,} in JZ,
the following implication holds:

xp—xand (I —T)x, - 0= x € Fix(T).

Definition 2.2 Recall that a mapping 7 : ¢ — 7 is said to be:

e L-Lipschitz continuous with L > 0 if

ITx =Tyl < Lllx—yll, Vx,ye.

n-strongly monotone if there exists > 0 such that

(Tx =Ty, x —y)=nlx=yll, Vx,yest.

n-inverse strongly monotone if there exists > 0 such that
(Tx = Ty,x —y) = | Tx = Ty|*, Va.ye .
e monotone if

(Tx =Ty, x—y) >0, Vx,yes.

quasi-nonexpansive if

ITx —z|| < llx —z|l, VzeFix(T),x € 7.

A-strictly pseudocontractive with 0 < A < 1 if

ITx — Tyl? < llx — yII> + AT = T)x — (I = T)y|?, Vx,y e 2.
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e [-demicontractive with 0 < B < 1if
ITx —zlI* < lx — zI* + BII — T)x|?, Vz € Fix(T),x € A,

or equivalently

g—1
2

(Tx —x,x —z) < lx — Tx|?, VzeFix(T),xe . (2.1)

Remark 2.1 From the above definitions, we have the facts that:

e The class of demicontractive mappings includes the class of quasi-nonexpansive
mappings.

e Every strictly pseudocontractive mapping with a nonempty fixed point set is demi-
contractive.

We need the following lemmas to prove the convergence of our algorithms.

Lemma 2.1 ( [21]) Let A : 5 —  be a monotone and L-Lipschitz continuous
mapping on C. Let S = Pc(I — nA), where u > 0. If {x,,} is a sequence in €
satisfying x,—q and x, — Sx, — 0, then ¢ € VI(C, A) = Fix(S).

Lemma 2.2 ([33])Let{p,} be apositive sequence, {q, } be a sequence of real numbers,
and {0y} be a sequence in (0, 1) such that ZZOZI 0, = 00. Suppose that

Pn+1 = Onqn + (1 - Un) Pn, Vn>1.

If imsup,_, o, qn, < O for every subsequence {pnk} of {pn} satisfying liminfy_ o
(Pnk+1 - pnk) > 0, then lim,_,» p, = 0.

Lemma23 Let U : 5 — I be a B-demicontractive with Fix(U) # @ and let
Uy, =0=XMNI+ AU, where > € (0,1 — B). Then:

(1) Fix(U) = Fix(U,);
2) Ux —z|* < llx —z|?> =2(1 = B =) I = U)x|I*, Vx € A,z e Fix(U);
(3) Fix(U) is a closed convex subset of I .

Proof (1) It is obvious.
(2) From the definition of U, and (2.1), we have

1Upx — 21> = I(1 = A)x + AUx — z]?
= [lx — z)|* + 2A(x —z, Ux — x) + A*||Ux — x|?
< Jx = zl* + A(B = D|[Ux — x||* + 2| Ux — x|
=llx—zI? =20 =B =N - U)x]|?*.

(3) Itis a consequence of Proposition 1 in [34].
O
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3 Main results

In this section, we introduce two new inertial extragradient algorithms for solving vari-
ational inequality problems and fixed point problems and analyze their convergence.
First, we assume that our proposed algorithms satisfy the following conditions.

(C1) The solution set Fix(U) N VI(C, A) # @.

(C2) The mapping A : .77 — 7 is monotone and L-Lipschitz continuous.

(C3) Themapping U : 7 — 57 is A-demicontractive such that (/ —U) is demiclosed
at zero.

(C4) The mapping f : & — S is p-contraction with constant p € [0, 1).

(C5) Let {¢,} be a positive sequence such that lim,,_, o ;—Z = 0, where {«,} C (0, 1)
satisfies lim,, o ¢, = 0 and ZZO:] o, = oo. Let {#,} be a real sequence in
(0, 1) such that {8,} C (a, 1 — 1) for some a > 0.

3.1 The viscosity-type inertial subgradient extragradient algorithm

Now, we introduce a viscosity-type inertial subgradient extragradient algorithm for
solving variational inequality problems and fixed point problems. The Algorithm 3.1
is of the form.

Algorithm 3.1 The viscosity-type inertial subgradient extragradient algorithm

Initialization: Take 6 > 0, t; > 0, i € (0, 1). Let xo, x| € .7 be arbitrary.
Iterative Steps: Calculate x,,4.| as follows:
Step 1. Given the iterates x, 1 and x,, (n > 1). Set w;, = x, + 6, (xn - xn,l), where

. €n .
— 6, if Y
e,,={mm{||xnxﬂ_1|; } if o 7 1 (3.1
0,

otherwise .

Step 2. Compute y, = Pc (wy; — T, Awy).
Step 3. Compute z, = Pr, (wp — Ty Ayy), where the half-space T}, is defined by

Ty :={x € | (wn — tnAwp — yn, x — yn) <0} .
Step 4. Compute x4 1 = e f (xn) + (1 — @) [(1 = Bu) 2n + BnUzn], and update
. wllwy — yull } .
miny ——— 1, ¢, if Aw, — Ay 0;
Tl = { 14w — Ayl ™ n = A (3.2)
T otherwise .

Setn :=n + 1 and go to Step 1.

Remark 3.1 Tt follows from (3.1) that

. Oy
lim — [lx, — xp—1ll = 0.
n—00 oy,
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Indeed, we have 8, || x, — x,—1|| < €, foralln > 1, which together with lim,,_, oo Z—Z =
0 implies that

.6 . €
lim —= ||x, — xp_1 ]| < lim —= =0.
n—>00 oy, n—>oo oy

The following lemmas are quite helpful to analyze the convergence of the algorithm.

Lemma 3.1 The sequence {t,} generated by (3.2) is a nonincreasing sequence and

lim 7, =7 > min[rl, E}.
n—00 L

Proof 1t follows from (3.2) that 7, < 7, foralln € N. Hence, {t,} is nonincreasing.
On the other hand, we get ||[Aw, — Ay,|l < L |lw, — yu| since A is L-Lipschitz
continuous. Thus,

lwy, — ynll

no.
——>—, if A Ay, ,
M A, — Ay, ~ L tn 7 Ay

which together with (3.2) implies that
: 3
7, > min {rl, Z} .

Therefore, lim, o, T, = T > min {rl, %} since the sequence {7,} is nonincreasing
and lower bounded. m|

Lemma 3.2 ( [35]) Assume that Condition (C2) holds. Let {z,} be a sequence gener-
ated by Algorithm 3.1. Then

T T
o = pI? < o = pI2 = (1= =) Iy = wall® = (1= =" ) 2w = yu?
Tn+1 Tn+l

(3.3)

forall p € VI(C, A).

Theorem 3.1 Assume that Conditions (C1)—(C5) hold. Then the sequence {x,} gen-
erated by Algorithm 3.1 converges to q € Fix(U) N VI(C, A) in norm, where

q = Prixnvice,a)(f(@)).

Proof Note that VI(C, A) is a closed convex subset, and Fix(U) is also a closed
convex subset by Lemma 2.3. Hence, the mapping Prixw)nvicc,a)(f) 1 J€ —
is a contraction. From the Banach contraction principle, there exists a unique point
q € J such that ¢ = Prix)nvi(c,a)(f(g)). In particular, g € Fix(U) N VI(C, A)
and

(f@) —q,z—¢q) <0, VzeFix(U)NVI(C, A).
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We divide the proof into four parts.
Claim 1. The sequence {x,} is bounded. Indeed, put ¢, = (1 — B,) 2, + B, U z,. From
Lemma 2.3 (ii), we have

Itn — ql* < llza — qI* = Ba (1 — 2 — B) 1 Uzy — zall* .

In view of Lemma 3.2 and {,} C (a, 1 — 1), we obtain

T T,
lw = aI? <y = g7 = (1= n=") lly = wall® = (1= =" lzw = yal?
Tn+1 Tn+1

n+
— B (1 =1 = B) Uz — zal* .
3.4

According to Lemma 3.1, we get

lim (l—u

n—oo

T
~ ):1—p,>0,
Tn+1

which implies that there exists no € N such that (1 — ut,fjrl) > 0, Vn > ng. By 3.4),
one has

ltn —qll < llwn —qll, Vn=ng. (3.5)
From the definition of w,, we can write

lwa — gl = X0 + On (X0 — xp—1) —qll

O 3.6)
< xn —qll + o - — llxp — xp—1l -
oy

ByRemark 3.1, we have an X — xp—1]l = Oasn — oo.Thus, there exists a constant
M > 0 such that

0
Xy = X1l < My, Vn>1. 3.7)
o

n

Combining (3.5), (3.6) and (3.7), we find

ltn —qll = llwp — gl < llxn —qll + @My, Vn=no. (3-8)
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Using (3.8), we obtain

lxn1 —qll = llan f (xn) + (1 —au) tn — ¢l
<anllf Gn) = f@I + ol f(g) —qll + (1 —an)ltn —qll
<app llxp —gll +anll f(@) — gl + (1 —ap) lw, — gl
I/ (q) —qll + M
)
IL—p

IA

[1 —an(l = p)]llxn —gqll +an(l —p

IIf(q)—q||+M1}

. s

I f(q) —qll + M
l—p

IA

max { I1v, = gl

IA

- < max | [x — g Lovnzno,

which implies that the sequence {x, } is bounded. So the sequences {w, }, { f (x)}, {yn}
and {z,,} are also bounded.
Claim 2.

Tn

(1 =) (1 - -

n+1

T,
) I = wal® + (1 = ) (1= =) llzu = yu”

n+1

+ (1= ay) B (1 =2 — Bu) 1Uzy — 2>

< lxn — gl = %01 — g |* + an| £ ) — qll* + 0 My

for some M, > 0. Indeed, it follows from (3.8) that

lwn = q1? < (lbn = gl + o M1)®
= otn — 12 + @ (281 15 — gl + 0 M7 (3.9)

< Il — q1I* + an M>
for some M3 > 0. Using (3.4) and (3.9), we have

01 — ql? = llan (f () — @) + (1 — ) (t — I
<o llf () —ql* + A —ap) llta — qll?
< anllf () — gl + lxn — qll?

T
anMy = (1 =) (1= =" 2

) lyn — wp

n+1

T
— (=) (1= =) 20 = 3

n+1

— (=) By (1 =4 = ) 1Uzs — 24> .
The desired result can be obtained by a simple deformation.
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Claim 3.
2 2 2
Fenet =gl = (= (L= ) o = g1 + (1= pen| 77— (£ @) = g 3001 = 9)
3M6,
—_— — Xp— A/ .
O e llxn — xn 1II], n = no

Indeed, by the definition of w,, one obtains

lwn — ql> = 1% 4 6n Gn — Xu—1) — qlI?
= |lxp — qlI* 4264 (X0 — g, X — Xn—1) + 62 x4 — xXp1 |12
< llxn — qlI> 4+ 3M6, |xy — xp—1ll ,
(3.10)

where M := sup,cy {llxn — gl , 6 llxp, — x4—1ll} > 0. Using (3.8) and (3.10), we get

041 — gl = llom £ () + (1 — ) ta — q 1
= llotn (f Gen) = F(@)) + (1 — o) (ta — @) + 0 (f (@) — DI
< llew (f () = £(@) + (1= ) (tn — DI* + 200 (£ (@) — q. Xnp1 — q)
<an lf Gn) = F@I7 + (1 =) l1tn — qlI* + 200 (£ (@) — . Xn41 — )

< ap Ixn—q I+ A=) 130 — g1 + 200 (£ (@) = @, X1 — @) + 3MBy X0 — X1l

2
= (1= = p)aw) on =gl + (1 = p)an [ 1= (@) ~ g, 0011~ )

+ =l | Ve,

@3.11)

Claim 4. The sequence {||x, — ¢ 1% converges to zero. Indeed, from Lemma 2.2 and
Remark 3.1, it suffices to show that lim sup,_, .. (f(¢) — ¢, X, +1 — q) < O for every
subsequence {||x,, — ¢q|l} of {llx, — ¢ll} satisfying

liminf (||, 41 — gl — llx, —qll) = 0. (3.12)
k—o00

For this purpose, we assume that {||x,, — ¢||} is a subsequence of {|x, — ¢||} such
that (3.12) holds. Then

timinf (41 = g2 = o, — 1)
k— 00

= liminf (et = gll = e = gll) (%1 — Il + lxne —¢l)] = 0.
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It follows from Claim 2 and Condition (C5) that

lim sup {(1 — ank)<1 — K g ) ”}’nk — Wpy ”2
k—o00 Tni+1
+ (1 - Olnk)(l - Mi) lzne = ”2
Tng+1
+ (1= o) (1= 2= ) [ Uz, = 2 |* ]

< timsop 5 [ s — a1 + o 7 1) — g + 0,1
k— 00
= —timinf [ +1 = g7 = |60 — a]*] <0,
k—o00

which implies that

klinolo ”w”k — Yng ” =0, and klinolo ”Z”k — Uz ” =0, and klinolo ”an — Yy ” =0.
(3.13)
Therefore, we get limg_, oo ||an — Wy, || = 0. According to the definition of wy, one
has
On,
Hx,,k — Wy, H =6y Hxnk — Xng—1 H = Oy o ”xnk — Xpy—1 H — 0, ask — oo.
nk
(3.14)
This together with limy_ oo |2, — wn, | = 0 yields that
lim |zy, — xp | =0. (3.15)
k—o00
From t,, = (1 — Bu;) Zng + Bny Uzny, One sees that
ltne = zni | = Bu [Uzn = zme | = 0 =2 [Uzny = 2| -
In view of (3.13), we get
lim |ty — zn. | =0. (3.16)
k—o00
From (3.15) and (3.16), we deduce that
nictr = g | = fomy £ (en) + (1= otny) tg = 20,
= “f (x,,k) — Xy H + (1 =) thk = Xy ” (3.17)

= oy, ”f(xnk) — Xny H + ||tnk — Zny H + Hznk — Xny || — 0, ask — 00.
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Since the sequence {x,, } is bounded, one infers that there exists a subsequence {x"k; }

of {x,, } such that x, G which further yields that

limsup(f(q) — q, Xn, —q) = jlggo(f(q) —q.xn, —q)={f(@) —q.2—q).

k—o00

(3.18)

From (3.14), one gets w,, —z. Combining (3.13), lim,_,« 7, = 7 and Lemma 2.1,
one concludes that z € VI(C, A). It follows from (3.15) that z,, —z. By the demi-
closedness of (I — U), we get that z € Fix(U). Thus, z € Fix(U) N VI(C, A).
Combining (3.18), the definition of ¢ and z € Fix(U) N VI(C, A), we obtain

limsup(f(g) — q,xn, —q)=(f(q) —q.z2—q) <0, (3.19)

k— 00

which, together with (3.17) and (3.19), yields that

lim sup (f(q) = ¢, Xne+1 — q)

k— 00
< limsup(f(q) — q. Xng41 — Xp,) + limsup(f (q) — g, xn, —q) (3.20)
k—00 k—00

=(f(@) —q.z2—q) <0.

Combining Claim 3, (3.20) and Remark 3.1, in the light of Lemma 2.2, we observe
that x, — g as n — o0. The proof of Theorem 3.1 is completed. O

In particular, considering when U = [ in Algorithm 3.1, where [ is the identity
operator, we can obtain a new algorithm to solve the variational inequality problem
(VI). More precisely, we have the following Corollary 3.1.

Corollary 3.1 Assume that mapping A : 7€ — F¢ is Lipschitz continuous and mono-
tone, and mapping f . & — I is p-contraction with constant p € [0, 1). Let
{en} be a positive sequence such that lim,,_, ;—Z = 0, where {a,} C (0, 1) satisfies
lim, o oy = 0 and Z?;il o = 00. Assume that the solution set of the variational

inequality problem is non-empty. Let xq, x| € 5 and the sequence {x,} be generated
by

Wy = Xp + Oy (Xn — Xn—1) ,

yn = Pc (W — 1 Awy) ,

in = PTn (W, — T Ayn) , (3.21)
Ty =1{x € | (wy — twAwy — Yn, x — yn) < 0},

Xpt1 = o f (xn) + (1 — o) 20,

where 6, and t, are defined in (3.1) and (3.2), respectively. Then the iterative
sequence {x,} generated by (3.21) converges to q € VI(C, A) in norm, where

q = Pvicc,a)(f(@)).
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3.2 The viscosity-type inertial Tseng’s extragradient algorithm

In this subsection, we introduce a viscosity-type inertial Tseng’s extragradient algo-
rithm for solving variational inequality problems and fixed point problems. Our
Algorithm 3.2 is as follows.

Algorithm 3.2 The viscosity-type inertial Tseng’s extragradient algorithm
Initialization: Take 6 > 0, t; > 0, u € (0, 1). Let x, x| € 5 be arbitrary.
Iterative Steps: Calculate x,,4 as follows:
Step 1. Given the iterates x,_1 and x, (n > 1). Set w;, = x;, + 6, (xn - xn,]), where 6, is defined in
3.1).
Step 2. Compute y, = Pc (wy; — T, Awy).
Step 3. Compute z,, = y, — t (Ayn — Awy).
Step 4. Compute x;, 1 = on f (xn) + (1 — o) [(1 — Bn) 2n + BnUzx], and update 7,1 by (3.2).
Setn :=n + 1 and go to Step 1.

The following lemma is very helpful for analyzing the convergence of the Algo-
rithm 3.2.

Lemma 3.3 ( [35]) Assume that Condition (C2) holds. Let {z,} be a sequence gener-
ated by Algorithm 3.2. Then

2
T,
I2n = pI> <y = pIP = (1= 1?3 ) g = 3l ¥p € VIC. 4).
n+l

and

T

n
lwn — yull -
Tn+1

Iz — yull S 1

Theorem 3.2 Assume that Conditions (C1)—(C5) hold. Then the sequence {x,} gen-
erated by Algorithm 3.2 converges to q € Fix(U) N VI(C, A) in norm, where

q = Prixanvic,a) (f ().

Proof We also divided the proof into four steps.
Claim 1. The sequence {x,} is bounded. Take t, = (1 — B,) z, + BnUz,. Combining
Lemma 2.3 (ii) and Lemma 3.3, we obtain

1w — gl <llzn — ql* = Bu (1 = 2 = Bu) 1Uzy — zul?

2
T,
< lwn = gl = (1= 125 ) o = 3l = B (L= &= B) Uz — 2l

Tn+1
(3.22)
2
By Lemma 3.1, there exists n1 € N such that 1 — uz% > 0,Vn > n;. From (3.22),
n+1
we have
ltn — qll < lwy —qll, Vn>=n;. (3.23)
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Using the same arguments with the Claim 1 in the Theorem 3.1, we get that the
sequence {x,} is bounded. Consequently, the sequences {w,}, { f (x»)}, {yn} and {z,}
are also bounded.

Claim 2.

2
T
(1= etn) (1= 12 Yl =3I 4 (1= ) B (1= 2= ) Uz = 2l
n+1

< lxn — qlI> = %01 — qI* + I f (xn) — qlI> + 0 Ma .

Indeed, using (3.9), (3.22) and (3.23), we have

a1 — gl < an ILf Gen) — ql* + (1 — ) Ity — qlI?

< If () = qlI> + X0 — qlI> + @y M
2 T} 2
— (1 —a) (1 —u %) lwn — vall
Tn+]

— (=) B (1 =2 = B) 1Uzy — zall*

where M5 is defined in Claim 2 of Theorem 3.1.
Claim 3.

X0t — gl < (1= (1 = p)ea) llxa — g7

2
+d - p)an[m (f@) —q.xn1—q)
3M6,
T el LR T | R
(I - p)ay

The desired result can be obtained by using the same arguments as in the Claim 3 of
Theorem 3.1.

Claim 4. The sequence {||x,, — ¢ ||} converges to zero. The proof is similar to the Claim
4 of Theorem 3.1. So we omit it here. O

As stated in Corollary 3.1, we have the following result by setting U = [ in
Algorithm 3.2.

Corollary 3.2 Let A, f, o, and €, be the same as in Corollary 3.1. Let xg, x| € H
and the sequence {x,} be created by

Wy = Xy + 0y (X — Xp—1) ,

= Pc (w, — 1, Aw,) ,
Yn C( n n n) (324)
Zn = Yn — T (Ayy — Awy) ,

Xpp1 = f(x0) + (1 — ) 2p s

where 0, and t,, are definedin (3.1) and (3.2), respectively. Then the iterative sequence
{x,,} formed by (3.24) converges to g € VI(C, A) innorm, where g = Pvic,a)(f(q)).
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4 Numerical examples

In this section, we provide some numerical examples to illustrate the numerical behav-
ior of the proposed algorithms (Algorithm 3.1 (shortly, iVSEGM) and Algorithm 3.2
(shortly, iVTEGM)) and also to compare them with some existing strongly convergent
algorithms, which including the Halpern subgradient extragradient method (HSEGM)
[21], the modified subgradient extragradient algorithm (MSEGM) [22, Algorithm 1],
the viscosity-type subgradient extragradient method (VSEGM) [23] and the viscosity-
type Tseng’s extragradient method (VTEGM) [23]. All the programs are performed in
MATLAB 2018a on a Intel(R) Core(TM) i5-8250U CPU @ 1.60GHz computer with
RAM 8.00 GB.

The parameters of all algorithms are set as follows. In all algorithms, we set «;, =
1/(n + 1) and B, = n/(2n 4 1). For the proposed algorithms and the algorithms
(VSEGM) and (VTEGM), we choose 71 = 1, u = 0.5 and f(x) = 0.5x. Take
6 =0.3,¢, = 100/(n+1)? in our proposed algorithms. For the algorithms (HSEGM)
and (MSEGM), we choose the step size as 7, = 0.99/L. In our experiment examples,
the maximum number of iterations 200 as a common stopping criterion. The solution
x* of the problems are known, so we use D,, = ||x,, —x™|| to measure the n-th iteration
error. The convergence of { D, } to 0 implies that {x, } converges to the solution of the
problem.

4.1 Theoretical examples
Example 4.1 Consider a nonlinear operator A : R> — R? defined by
Ax,y) = (x 4+ y+sinx; —x 4+ y+siny)

and the feasible set C is a box defined by C = [—1, 1] x [—1, 1]. It is easy to check
that A is monotone and Lipschitz continuous with the constant L = 3. Let E be a

2 x 2 matrix defined by
10
e=(10).

We consider the mapping U : R? — R2 by Uz = ||E||"'Ez, where z = (x, . Itis
obvious to see that U is 0-demicontractive and thus A = 0. The solution of the problem
is x* = (0, 0)". The initial values xo = x| are randomly generated by k*rand(2,1) in
MATLAB. The numerical results of all the algorithms with four different initial values
are described in Fig. 1.

Example 4.2 Consider the linear operator A : R — R™ (m = 50, 100, 150, 200)
in the form A(x) = Mx + g, where ¢ € R" and M = NN"+ Q + D, N is a
m x m matrix, Q is a m x m skew-symmetric matrix, and D is a m x m diagonal
matrix with its diagonal entries being nonnegative (hence M is positive symmetric
definite). The feasible set C is givenby C = {x e R" : =2 <x; <5,i=1,...,m}.
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||~ VTEGM o ||~ VTEGM
107~ MsEGM 07— MsEGM
——HSEGM ——HSEGM
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0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0 0.005 0.01 0.015 0.02 0.025 0.03
# Elapsed Time [sec] # Elapsed Time [sec]
(a) xo =x; = rand(2,1) (b) xo =x; =5rand(2,1)
10 10"
10°F 101
1070 1010
=107 =102
“
I I
i 1030 i 10730
H~ H_
Qo0 SRt
——iVSEGM —#*—iVSEGM
10° H—#+—iVTEGM 10 |—#—iVTEGM
—e—VSEGM —e—VSEGM
0| |~=VTEGM 0| |~ VTEGM
107 ——MSEGM 107 —<—MSEGM
—>—HSEGM —»—HSEGM
20 ; . . ; . . 0 2 . . 2 . .
10 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 10 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
# Elapsed Time [sec] # Elapsed Time [sec]
(¢) xo =x; = 10rand(2,1) (d) xo=x1 = 20rand(2,1)
Fig. 1 Numerical results of all algorithms for Example 4.1
It is clear that A is monotone and Lipschitz continuous with constant L = ||M]||. In

this experiment, all entries of N, D are generated randomly in [0, 2], Q is generated
randomly in [—2,2] and ¢ = 0. Let U : J# — ¢ be given by Ux := 0.5x. It is
easy to see that the solution of the problem in this case is x* = {0}. The initial values
xo = x1 are randomly generated by /Orand(2,1) in MATLAB. Figure 2 shows the
numerical behavior of all the algorithms in different dimensions.

Example 4.3 Finally, we consider our problem in the infinite-dimensional Hilbert
space S = L2([0, 1]) with inner product (x,y) = fol x(t)y(t)dt and norm
x|l == ( fol |x(1)|?d)! /2, Vx, y € . Let the feasible set be the unit ball C :=
{x € 7 : ||x|| < 1}. Define an operator A : C — by

1
(Ax)(t) = / (x() —G(t,5)g(x(s)))ds + h(t), tel[0,1], x €C,
0

where

2tse!ts 2te!
Gt,s) = 25 gx)=cosx, h(t)= —c _
eve? —1 eve? —1
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# Elapsed Time [sec] #Elapsed Time [sec]
(¢) m=150 (d) m =200

Fig.2 Numerical results of all algorithms for Example 4.2

It is known that A is monotone and L-Lipschitz continuous with L = 2 (see [36]).
The projection on C is inherently explicit, that is,

=i x| > 1;
— T ! ;
Pex) {x, if x|l < 1.

The mapping U : L2([0, 1) — L2([0, 17) is of form

1
(Ux)() :f tx(s)ds, tel0,]1].
0

A straightforward computation implies that U is 0-demicontractive. The solution
of the problem is x*(#) = 0. The maximum number of iterations 50 is used as
a common stopping criterion for all algorithms. Figure 3 shows the behaviors of
D,, = ||xn(t) — x*(¢)|| generated by all the algorithms with four starting points.

Remark 4.1 We have the following observations for Examples 4.1-4.3.

(1) From Example 4.1 and Example 4.2, we see that our proposed iterative schemes
outperformance the existing algorithms [21-23] in terms of the elapsed time and
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Fig.3 Numerical results of all algorithms for Example 4.3

accuracy. Since Example 4.3 occurs in an infinite-dimensional Hilbert space, it
can be seen from Fig. 3 that the proposed algorithms have a higher accuracy and
longer execution time. The increase in execution time is due to the fact that our
algorithms need to calculate the value of the inertial parameter in each iteration.

(2) It is worth noting that our algorithms are robust and converge very quickly. How-
ever, there are still some oscillations because the inertial selection is too large.

(3) The maximum number of iterations we choose is only 200. It is noted that the
iteration error of the Algorithm (HSEGM) is very big. In actual applications, it
may require more iterations to meet the accuracy requirements.

4.2 Applications to optimal control problems

We use the proposed Algorithms (3.21) and (3.24) to solve variational inequalities
that appears in optimal control problems. Assume that L, ([0, 7], R™) represents the
square-integrable Hilbert space with inner product (p, g) = fOT( p(t),q(t))dt and
norm || p|| = +/{p, p). The optimal control problem is described as follows:

p*(t) € Argmin{g(p) | p € V},
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where V represents a set of feasible controls composed of m piecewise continuous
functions. Its form is expressed as follows:

V=|{p®) e L (0,TLR"): pit) € [p; . p].i=1,2,....m} . (32

In particular, the control p(¢) may be a piecewise constant function (bang-bang type).
The terminal objective function has the form

g(p)=o(x(1)), (3.3)

where @ is a convex and differentiable defined on the attainability set. Assume that the
trajectory x(¢t) € L ([0, T]) satisfies the constraints of the linear differential equation
system:

x(1) = %X(I) =0MxM)+Wmp@), 0<t=<T, x(0)=x, (34

where Q(r) € R, W(r) € R"™™ are given continuous matrices forevery t € [0, T].
By the solution of problem (3.1)—(3.4), we mean a control p*(¢) and a correspond-
ing (optimal) trajectory x*(¢) such that its terminal value x*(7") minimizes objective
function (3.3). It is known that the optimal control problem (3.1)—(3.4) can be trans-
formed into a variational inequality problem (see [37]). We first use the classical Euler
discretization method to decompose the optimal control problem (3.1)—(3.4) and then
apply the proposed algorithms to solve the variational inequality problem correspond-
ing to the discretized version of the problem (see [5,38,39] for more details).

Next, we present several mathematical examples to illustrate the computational
performance of the proposed algorithms. Our parameters are set as follows. We set
N =100, 0, = 107*/(n +1),0 = 0.01, ¢, = 107*/(n + 1)>, 1y = 0.4, u = 0.1
and f(x) = 0.1x for the suggested Algorithms (3.21) and (3.24). The initial controls
po(t) = pi(t) are randomly generated in [—1, 1]. The stopping criterion is either
D, = |Ipnt+1 — pull < 10~4, or the maximum number of iterations is performed
1000.

Example 4.4 (Control of a harmonic oscillator, see [40])

minimize xp(37)

subject to  X1(f) = x2(t),
x2(t) = —x1(1) + p(1), Vi €[0,3n],
x(0) =0,
p@) € [—1,1].

The exact optimal control of Example 4.4 is known:

v | 1 r€l0.7/2)0Gr/2,5m/2);
r=g if te(m/2,3n/2)U(5m/2,37].
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Algorithm (3.21) and Algorithm (3.24) take 0.11806 seconds and 0.082014 seconds to
reach the allowable error, respectively. Fig. 4 shows the approximate optimal control
and the corresponding trajectories of the stated Algorithm (3.21).

We now consider an example in which the terminal function is not linear.

Example 4.5 (see [41])

minimize — x1(2) + (x2(2))? ,
subjectto X1 (f) = x2(t),
X (t) = p(), Vi €]0,2],
x1(0) =0, x20)=0,
p() € [=1,1].

The exact optimal control of Example 4.5 is

1, if re[0,1.2);

*
1) =
PO= 0 freanal.

Both Algorithm (3.21) and Algorithm (3.24) need to perform a maximum of 1000
iterations and they take 0.41784 and 0.34624 seconds, respectively. The approximate
optimal control and the corresponding trajectories of the suggested Algorithm (3.24)
are plotted in Fig. 5.

Remark 4.2 As can be seen from Example 4.4 and Example 4.5, the suggested algo-
rithms can be used to solve the optimal control problems described by the variational
inequality model, and they perform well when the terminal function is linear or non-
linear.

081 — ()]

p(t)

0 a2 3m/2 Smi2 3r
t

(a) Initial and optimal controls (b) Optimal trajectories

Fig.4 Numerical results of the proposed Algorithm (3.21) for Example 4.4
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* palt)
()]

08

p(t)

08 1

¢ ' t
(a) Initial and optimal controls (b) Optimal trajectories

Fig.5 Numerical results of the proposed Algorithm (3.24) for Example 4.5

5 Conclusions

In this paper, we introduced two new extragradient algorithms to solve variational
inequality problems and fixed point problems in real Hilbert spaces. The algorithms
are constructed around the inertial method, the viscosity method, the subgradient
extragradient method and the Tseng’s extragradient method. Strong convergence the-
orems of the proposed algorithms are established without the prior knowledge of the
Lipschitz constant of the operator. Some numerical experiments were conducted to
illustrate the performance of the proposed algorithms over previously known ones.
Our presented iterative schemes extended and improved some existing results in the
literature.
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