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Two hybrid algorithms for the variational inequalities over the common fixed points set
of nonexpansive semigroups are presented. Strong convergence results of these two hybrid
algorithms have been obtained in Hilbert spaces. The results improve and extend some
corresponding results in the literature.

1. Introduction

Let H be a real Hilbert space and C a nonempty closed convex subset of H. Recall that a
mapping T : C — C is called nonexpansive if

ITx = Tyl| < [lx -yl (1.1)

for every x,y € C. A family S = {T(7) : 0 < T < oo} of mappings from C into itself is called a
nonexpansive semigroup on C if it satisfies the following conditions:

(i) TO)x =xforallx € C,

(ii) T(s+t) =T(s)T(t) forall s, t >0,
(iii) [T(s)x -T(s)yll < llx -yl forall x,y € C,s >0,
(iv) for all x € C, s — T(s)x is continuous.

We denote by Fix(S) the set of all common fixed points of S, that is, Fix(S) = (Vo< e, FixX(T(7)).
It is known that Fix(S) is closed and convex.
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Approximation of fixed points of nonexpansive mappings has been considered
extensively by many authors, see, for instance, [1-18]. Nonlinear ergodic theorem for
nonexpansive semigroups have been researched by some authors, see, for example, [19-23].
Our main purpose in the present paper is devoted to finding the common fixed points of
nonexpansive semigroups.

Let F : C — C be a nonlinear operator. The variational inequality problem is
formulated as finding a point x* € C such that

VI(F,C): (Fx*,uv-x")>0, YveC. (1.2)

Now it is well known that VI problem is an interesting problem and it covers as diverse
disciplines as partial differential equations, optimal control, optimization, mathematical
programming, mechanics, and finance. Several numerical methods including the projection
and its variant forms have been developed for solving the variational inequalities and related
problems, see [24-41].

It is clear that the VI(F, C) is equivalent to the fixed point equation
x* = Pc[x* = uF(x")], (1.3)

where Pc is the projection of H onto the closed convex set C and y > 0 is an arbitrarily
fixed constant. So, fixed point methods can be implemented to find a solution of the VI(F, C)
provided F satisfies some conditions and y > 0 is chosen appropriately. The fixed point
formulation (1.3) involves the projection Pc, which may not be easy to compute, due to
the complexity of the convex set C. In order to reduce the complexity probably caused by
the projection Pc, Yamada [24] (see also [42]) recently introduced a hybrid steepest-descent
method for solving the VI(F,C).

Assume that F is an 5-strongly monotone and x-Lipschitzian mapping with « > 0, 17 >
0 on C. An equally important problem is how to find an approximate solution of the VI(F,C)
if any. A great deal of effort has been done in this problem; see [43, 44].

Take a fixed number y such that 0 < p < 217/x?. Assume that a sequence {\,} of real
numbers in (0, 1) satisfies the following conditions:

(C1) lim,, , x A, =0,
(Cz) Z;.lO:O )tn = o0,
(C3) limy, oo (X — Apy1) /A2 = 0.

Starting with an arbitrary initial guess xy € H, one can generate a sequence {x,} by
the following algorithm:

Xn+1 = Txy = Ay pF (Txy,), n>0. (1.4)

Yamada [24] proved that the sequence {x,} generated by (1.4) converges strongly to the
unique solution of the VI(F,C). Xu and Kim [30] proved the strong convergence of {x,}
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to the unique solution of the VI(F,C) if {\,} satisfies conditions (C1), (C2), and (C4):
limy, o An/Api1 = 1, or equivalently, lim, o, (A, — Aps1)/Ane1 = 1. Recently, Yao et al. [25]
presented the following hybrid algorithm:

Yn = Xn— M F (xn),
(1.5)
Xn+l = (1 - an)yn + aan]/n, n>0,

where F is a k-Lipschitzian and 7-strongly monotone operator on H and W,, is a W-mapping.
It is shown that the sequences {x,} and {y,} defined by (1.5) converge strongly to x* €
Ny F(T,), which solves the following variational inequality:

(Fx*,x-x")>0, Vxe ﬁF(Tn). (1.6)

n=1

Very recently, Wang [26] proved that the sequence {y,} generated by the iterative algorithm
(1.5) converges to a common fixed point of an infinite family of nonexpansive mappings
under some weaker assumptions.

Motivated and inspired by the above works, in this paper, we introduce two hybrid
algorithms for finding a common fixed point of a nonexpansive semigroup {T(7)},5 in
Hilbert spaces. We prove that the presented algorithms converge strongly to a common fixed
point x* of {T(T)},5o. Such common fixed point x* is the unique solution of some variational
inequality in Hilbert spaces.

2. Preliminaries

In this section, we will collect some basic concepts and several lemmas that will be used in
the next section.

Suppose that H is a real Hilbert space with inner product (:,-) and norm || - ||. For the
sequence {x,} in H, we write x, — x to indicate that the sequence {x,} converges weakly to
x. x, — x means that {x,} converges strongly to x. We denote by w,(x,) the weak w-limit
set of {x,}, thatis

Wy (xy) = {x € H : x,, — x for some subsequence {x,,} of {x,} }. (2.1)

Let C be a nonempty closed convex subset of a real Hilbert space H. A mapping F: C — C
is called x-Lipschitzian if there exists a positive constant x such that

[Fx = Fyl| < x|lx -y

, Yx,yeC. (2.2)

F is said to be 1-strongly monotone if there exists a positive constant 7 such that

2 ¥xyeC 2.3)

(Fx-Fy,x-y)>nllx-y
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The following equalities are well known:

=yl = llxI* - 2(x, y) + ||y ||,

(2.4)
[l A + (1 = Dy ||* = Al + (1 = D|y || = 2@ =V [|x -y

forall x,y € H and A € [0,1] (see [45]).
In the sequel, we will make use of the following well-known lemmas.

Lemma 2.1 (see [46]). Let C be a nonempty bounded closed convex subset of H and let S = {T(s) |
0 < s < oo} be a nonexpansive semigroup on C. Then, for any h > 0,

t t
% fo T(s)xds—T(h) <% J‘o T(s)x ds>

Lemma 2.2 (see [47]). Assume that T : H — H is a nonexpansive mapping. If T has a fixed point,
then I —T is demiclosed. That is, whenever {x,} is a sequence in H weakly converging to some x € H
and the sequence {(I — T)x,} strongly converges to some vy, it follows that (I — T)x = y. Here, I is
the identity operator of H.

lim sup
t= o yec

' =0. (2.5)

Lemma 2.3 (see [27]). Let {y,} bea real sequence satisfying 0 < lim inf, .y, <lim sup,_, yn <
1. Assume that {x,} and {z,} are bounded sequences in Banach space E, which satisfy the following
condition: xu41 = (1=Yn) Xu+Ynzn. Iflim sup, (| zne1=2all) = |Xns1—2xl]) <0, then lim,, _, o ||x,—
zq|l = 0.

Lemma 2.4 (see [48]). Let F be a x-Lipschitzian and n-strongly monotone operator on a Hilbert
space H with0 < n < kand 0 < t < 11/1(2. Then, S = (I - tF) : H — H is a contraction with

contraction coefficient T, = \/1 — t(2n — tx?).
Lemma 2.5 (see [49]). Let {a,} be a sequence of nonnegative real numbers satisfying

A < (1= Ay)an + 1,0, + Yo, n2>0, (2.6)

where {\,,} and {y,} satisfy the following conditions:
(i) Ay C [0,1] and 3775 Ay = 00,
(ii) im sup, 6, <0 or X710, < o0,
(iii) ¥, 2 0(n > 0), X2y Yn < 0.

Then, lim,, _, ,a, = 0.

3. Main Results

In this section we will show our main results.

Theorem 3.1. Let H be a real Hilbert space. Let S = {T(t) | 0 < 7 < oo} : H — H bea
nonexpansive semigroup such that Fix(S) #0. Let F be a «-Lipschitzian and n-strongly monotone
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operator on H with 0 < 11 < k. Let {y:} g be a continuous net of positive real numbers such that
lim; 0+ Yt = +oo. Putting 7 = /1 — (21 — tx2), for each t € (0,7/%>), let the net {x;} be defined by
the following implicit scheme:

L (" oy (1 = tF)x,1d
xt-ﬁjo (D)[(I - tF)x]dr. (3.1)

Then, ast — 0%, the net {x;} converges strongly to a fixed point x* of S, which is the unique solution
of the following variational inequality:

(Fx*,x*—u) <0, Vu € Fix(S). (3.2)
Proof. First, we note that the net {x;} defined by (3.1) is well defined. We define a mapping
1 (™ i
Px = —f T(t)[(I-tF)x]dr, te <0, —2>, x € H. (3.3)
Yt Jo K
It follows that

Yt
|Px - Pyl| < % L |T(7)[(I - tF)x] - T(7)[(I - tF)y]||dr

(3.4)
<||(I-tF)x - (I -tF)yl|.
Obviously, P is a contraction. Indeed, from Lemma 2.4, we have
|Pix =Pyl < |1 = tF)x = (= tEyy| < [lx -yl 35

for all x,y € C. So it has a unique fixed point. Therefore, the net {x;} defined by (3.1) is well
defined.
We prove that {x;} is bounded. Taking u € Fix(S) and using Lemma 2.4, we have

Yt
e — | = H% fo T(@)[(I - tF)x]dr - u

= “% f: T(T)[(I - tF)x¢]dr - % I: T(T)udt

1 ("
< —f IT(7)[(I - tF)x;]dT — T(T)ul||dT (3.6)
Yt Jo

< = tF)x; — |
< ||(I - tF)x; — (I — tF)u — tFu|

< yl|xr — u|| + t]| Fu]l.
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It follows that

t
1—Tt

lloer = ]| < [[Ful- (3.7)

Observe that

t 1
im =—. (3.8)
t—=0-1-7 7

Thus, (3.7) and (3.8) imply that the net {x;} is bounded for small enough ¢. Without loss of
generality, we may assume that the net {x;} is bounded for all t € (0,7/%?). Consequently,
we deduce that {Fx;} is also bounded.

On the other hand, from (3.1), we have

llxe = T ()] <

T(t)x; —T(T) <% f: T(T)xth>

1M 1 M 1 (M
+ —j T(7)xidT — x¢|| + T(T)(—f T(T)xth>——j T(7)x;dt
Yt Jo Yt Jo Yt Jo
1 ("
<2 '—j T(T)x:dT — x4
Yt Jo
+

T(7) (Yl J‘% T(T)xth> - Yl J‘% T(T)xdt

tJo tJo

= 2“% f: T(t)x;dt — Yl J‘Yt T(t)[(I - tF)]x/dr

tJo

T(T) (% f: T(T)xtd‘r> - % Jm T(t)x;dt

0

+

1"
<2l f IT()x: — T(@) [ - tF)x]
Yt Jo

T(7) (% f: T(T)xth> - % JWt T(T)xth‘

0

+

1

1 M Tt
< 2t||Foy]| + T(T)<—f T(T)xth> - —f T(7)xdr||.
Yt Jo Yt Jo
(3.9)
This together with Lemma 2.1 implies that
Jim Jloce = T(7)ox ]| = 0. (3.10)

Let {t,} C (0,1) be a sequence such thatt, — 0asn — oo. Put x, := x;,. Since {x,} is
bounded, without loss of generality, we may assume that {x,} converges weakly to a point
x € C. Noticing (3.10), we can use Lemma 2.2 to get X € Fix(S).
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Again, from (3.1), we have

Yi 2
s =l = Hlf T(0)[(I - tF)x/]dr -
Yt Jo

2
<

1" p
- fo [T()[(I - tF)x] - T(r)uldr

< (I = tF)x; — (I - tF)u — tFul]® (311)
< 2| — ul)* + 83| Ful|* + 2¢((I - tF)u — (I - tF)x;, Fu)
< 1|l — ul|* + || Ful|* + 2t {u — x;, Fu) + 26*(Fx; — Fu, Fu)
< || — ul|? + || Ful)® + 2t {u — x;, Fu) + 22| x; — ul|||Ful.
Therefore,
ll2ce — ul|* < iIIFull2 + (u—xi, Fu) + 2 [l — wll || Fue| (3.12)
t _1—Tt 1—Tt b 1—Tt ! ’
It follows that
y 2 - te - 2Pk S
[l — F||* < ﬁllﬁcll2 + 1o ’;t" (X = xn, FX) + 5 _"Ttn Il — X||[| Fx]|- (3.13)
Thus, x, — X implies that x, — X.
Again, from (3.12), we obtain
t2 2t 22k
[l = ul|* < ﬁllﬂtll2 + ﬁ(u — Xn, Fu) + %len = ul|[|Ful. (3.14)

ty tn

It is clear that lim, o, (t3/(1 = 7,)) = 0, limy, o (2, / (1 = 71,)) = 2/7, and lim,,_, ., (2t2x /(1 -
7;,)) = 0. We deduce immediately from (3.14) that

(Fu,x-u) <0, (3.15)

which is equivalent to its dual variational inequality

(FX,% - u) <0. (3.16)

That is, X € Fix(S) is a solution of the variational inequality (3.2).
Suppose that x* € Fix(S) and X € Fix(S) both are solutions to the variational inequality
(3.2); then

(Fx*,x* -Xx) <0,
(3.17)
(FX,Xx—x") <0.
Adding up (3.17) and the last inequality yields
(Fx* - Fx,x" - X) <0. (3.18)
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The strong monotonicity of F implies that x* = X and the uniqueness is proved. Later,
we use x* € Fix(S) to denote the unique solution of (3.2).

Therefore, X = x* by uniqueness. In a nutshell, we have shown that each cluster point
of {x;}(t — 0) equals x*. Hence x; — x*ast — 0. This completes the proof. O

Next we introduce an explicit algorithm for finding a solution of the variational
inequality (3.2).

Algorithm 3.2. For given x, € C arbitrarily, define a sequence {x,} iteratively by

Yn =Xn — Mo F(xy),

t

(3.19)

Xne1 = (1= an)yn + antl f ' T(t)y.dr, n>0,

0

where {1,} and {t,} are sequences in (0, o0) and {a,} is a sequence in [0, 1].

Theorem 3.3. Let H be a real Hilbert space. Let F be a x-Lipschitzian and n-strongly monotone
operator on H with0 < < «. Let S={T(1) |0 < 7 < oo} : H — H be a nonexpansive semigroup
with Fix(S) # 0. Assume that

(i) limsup, A, <n/x*and 372, A, = oo,
(i) limy, oty = 0o and limy, _, oo (k1 /tn) =1,

(iii) 0 < y < liminf, ., ca, <limsup, , a, <1, for somey € (0,1).

Then, the sequences {x,} and {y,} generated by (3.19) converge strongly to x* € Fix(S) if
and only if A, F (x,) — 0, where x* solves the variational inequality (3.2).

Proof. The necessity is obvious. We only need to prove the sufficiency. Suppose that
AnF(x,) — 0. First, we show that x,, is bounded. In fact, letting u € Fix(S), we have

4 b
||xn+1 - u” = "(1 - an)yn + t_n I T(T)yndT —u
n Jo

= “(1 —an) (Yn — 1) + ay <l ftn T(T)y,dT - u)
th Jo

1 ("
<(1-an)||yn —ul| + an —J‘ T(T)yndr —u (3.20)

tTl 0

1 ("
< (=)l =l + - [ T~ Tulr

< (1= ) |yn = ull + aullyn —u]|
= ||yn - u”-
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From condition (i), without loss of generality, we can assume that A, < a < 17/x? for all n. By
(3.19) and Lemma 2.4, we have

”yn - u” = |lxn — A F (%) — |

= (I = AuF)xy — (I = AyF)u — A Fu|

(3.21)
< 7, 1% — ull + Al Full,
where 1), = \/1 - A (2n - Aux?) € (0,1).
Then, from (3.20) and (3.21), we obtain
ll2ne1 — ull < 7, M2 — ull + An|| Full
=[1-QA-n)]lxn—ull+ (1 -7,) A (| Fuell
B A/ W1, (3.22)
Al Full
<maxy ||x, —ul|, .
1- Ty,
Since lim,, (A, /(1 = 7y,)) = 1/7, we have by induction
l[%n41 — ul| < max{|xo — ull, Ma||Full}, (3.23)

where M; = sup,{1,/(1 - 7),)} < oo. Hence, {x,} is bounded. We also obtain that {y,},
{T(T)yn}, and {Fx,} are all bounded.

Define x,41 = (1 — a,)x, + a,z, for all n. Observe that

||Zn+1 _ Zn” — Xn+2 — (1a_ ‘xn+1)xn+1 _ Xn+1 — (1 - an)xn
n+1 ay,
Q= @) yne + @ (1/tn) [ T(T) Y dT = (1 = As1)Xnst
Apvl
(1= @) yn + an(1/t) [ T(T)yndT — (1 - @)X,
_ o
_ [ (1t i T()yerdt = (1= @) st F () (3.24)
Ayt
an(1/ty) Ion T(7)yndt = (1 = an) A F(xn)
_ .~
< 1-an

1-a,
lAn1 F (xnsn) || + x [lAnF ()|

n

il

+

tn+1 t"
[ r@ynade - [ Ty
tn+l 0 tn 0
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Next, we estimate |[(1/t,.1) fé"” T(T)Ynndr — (1/t,) [ T(T)yadr|. As a matter of fact, we
have

tn+1 t"
J T(T)Yn+1rdr — tlf T(7t)y.dr

0 0

tn+1

n+l

(98] £
[ T@nadr - [T T@dr
0 tn+1 0

+

1 tni1 1 tn
| Twdr - L[ @
tn+1 0 tn 0

tn1

1 tn+1 1 tn
< ymst = vl + —j T(r)yndr - — f T(7)yndr
tn+1 0 tn 0

1 1 tn Ensl
o =wll+ = = | @]+ [ Tnae
tn+1 tn 0 n+l ”
t
< ||x,,+1 - )L,HlF(x,Hl) — Xy + )LnF(xn)” + nl - 1‘M2
n+
t
< ”xn+1 - xn” + ||)‘n+1p(xn+l)” + ”/\nF(xn)” + M2 f nl -1 ’
n+
(3.25)
where M» = sup, {2||IT(7)yxll} < oo. From (3.24) and (3.25), we have
1-v 1-v
1Zns1 = znll < Tll)‘n+1F(xn+1)|| + T“)‘nF(xn)” +[|xne1 = Xl + | Aner F i)
I Gon)l+ Ma 2 -1 (3.26)
tn1
1 1 t,
< = F(ene) | + = [ A F ()|l + [[2041 — x| + M2 -1f.
Y Y tn+1
Namely,
1 1 t,
|zne1 = Zall = lxne1 = Xnll < = | Xs1 F (xns)|| + = | A F (x0) || + M2 -1]. (3.27)
Y Y tna1
Since A, F(x,) — Oand (t,/tps1) -1 — 0, we get
limsup([|zn+1 = Zull = [|Xns1 = xal]) < 0. (3.28)

n—oo
Consequently, by Lemma 2.3, we deduce lim,, _, ; ||z, — x,|| = 0. Therefore,

Hm [l = x|l = lim |z, — x| = 0. (3.29)
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IT(7)xn = xu|| <

Next, we claim that lim,, _, . ||x,, — T(7)x,|| = 0. Observe that
1 ("
+ o f T(7)x,dt — x,,

T(7)x, — T(7) <tl f; T(r)xndr> O

T(r) <tl f; T(T)xnd7'> _ tl f; T(7)xdr

+
(3.30)
1 (M
<2f|— f T(T)x,dt — x,
tn 0
1 (' 1 (M
+||T(7){ — f T(T)x,dr ) — —f T(T)x,dT]||.
tn Jo tn Jo
Note that
1 (M 1 (M
xo= o [ T < 1o =t + 501 1 [ T
tn Jo tn Jo
1 (f
< lxn = xpeall + (1 — an) || Yn — t__[ T(T)x,dr
nJo
1 (M 1 (M
+a,||— J‘ T(t)x,dr — — I T(7)y.dt
tn 0 tTl 0
(3.31)
< ot = 2t [l + (1 = @) ||y = x|
1 (M
+(1=ay)||x, - t_I T(T)xndT || + ||y — % |
nJo
< lxn = xpaa || + ”]/n - xn”
1 (M
+(1—ay)||x, — — f T(7)x,dr ‘
tn 0
It follows that
1 (M 1
Xn= T(7)xndrt| < — ([0 = Xna1ll + ||y — xn||)
nJo 249
(3.32)

1
= a_(”xn = Xns1|l + A F (xn)]))

— 0.
By Lemma 2.1, (3.30), and (3.32), we derive

nhjr(}o”T(T)xn — x| =0. (3.33)
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Next, we show that limsup, , (Fx*,x* — x,) < 0, where x* = lim, _, ,,x;, and x;,
is defined by x;, = (1/ tn)f T(7)[(I - t,F)x,]dr. Since {x,} is bounded, there exists a
subsequence {x,,} of {x,} that converges weakly to w. It is clear that T(7)x,, — w. From
Lemma 2.2, we have w € Fix(S). Hence, by Theorem 3.1, we have

lim sup(Fx*, x* — x,) = hm(Fx X" —xp,) = (Fx*, x* —w) <0. (3.34)

n—oo

Finally, we prove that {x,} converges strongly to x* € Fix(S). From (3.19), we have

2

¢

* * 2 1 " *
%1 — x*[* < (1 - an) |yn — x*||” + an t_I T(T)ynd7 — x
nJo

. 1 (" .
< (A =an)lyn =" + an - L IT )y, -~ T()x"|*dr

< lyn — x|
= llotn = A F () = x|
= /(I = MuF)xy — (I = \yF)x* = L, Fx*|?
<7l = 7|2+ AR F ()
+ 205 ((I = 4uF)x™ = (I = Xy F)xp, F(x7)) (3.35)
<1y, |2 — ¥ [F + A2 | F ()| + 24, (x* = x,, FX*)
+ 240 (AnFxp, Fx*) — 202 || Fx*||?
< [1= (1 =m)]llxn = X7 + 240 (x" = x, Fx")
+ 2l A F Gea) [[| Fc™[| = A3 || Fx*|?

< [1= (@ =m)]llxn — x|

20| Fx*||
1-

2
+(1-7,) 1 (x* —xy, FX™) + | A F oy ||

n

= (1=6,)|%n — x*||* + 640,

where 6, = 1 -1, and 0, = 2A,/1 — 7y, )(x* — xp, Fx*) + QA ||Fx*||/ (1 = Ty,)) | A FXn]|-
Obviously, we can see that 3,77, 6, = o and limsup,_, o, < 0. Hence, all conditions of
Lemma 2.5 are satisfied. Therefore, we immediately deduce that the sequence {x,} converges
strongly to x* € Fix(S).

Observe that

lyn = || < |lyn = xul| + 1w = x*|| < [AuF (x) || + |l = x| — 0 (n — o). (3.36)
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Consequently, it is clear that {y,} converges strongly to x* € Fix(S). From x* =
lim; _, ox; and Theorem 3.1, we get that x* is the unique solution of the variational inequality

(Fx*,x* —u) <0, Vu e Fix(S). (3.37)

This completes the proof. O
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