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Abstract. Let C' be a nonempty closed convex subset of a real Hilbert space H. Let
F : C — H be a rk-Lipschitzian and n-strongly monotone operator with constants x,n > 0,
V,T : C — C be nonexpansive mappings with Fix(T') # () where Fix(T) denotes the fixed
point set of T', and f : C'— H be a p-contraction with coefficient p € [0,1). Let 0 < p < 2n/k?

and 0 < v <7, where 7 =1 — \/1 — (27 — pk?). For each s,t € (0,1), let x4, be a unique
solution of the fixed point equation z5; = Polsyf(xs:) + (I — suF)(tV + (1 — t)T)xs4]). We
derive the following conclusions on the behavior of the net {z,,} along the curve ¢ = ¢(s):

(i) if t(s) = O(s), as s — 0, then x,4(5) — 2o strongly, which is the unique solution of the
variational inequality of finding 2., € Fix(T") such that

([(WF —=~f) + 11 = V)]zoo,* — 200) > 0, Va € Fix(T).

(ii) if t(s)/s — o0, as s — 0, then z, ;) — To strongly, which is the unique solution of

some hierarchical variational inequality problem.
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1. Introduction

Let C' be a nonempty closed convex subset of a real Hilbert space H. Throughout this
paper, we write 2, — = to indicate that the sequence {x,} converges weakly to x. z,, — x
implies that {z,} converges strongly to . Let T': C — C be a nonexpansive mapping;
namely, || Tz — Ty| < ||z — y|| for all x,y € C. The set of fixed points of T" is denoted by the
set Fix(T) := {zx € C : Tx = x}. Tt is well known that if Fix(7T) # 0 then Fix(T') is closed
and convex. Given nonexpansive mapping V' : C' — C', consider the variational inequality (for
short, VI) of finding hierarchically a fixed point z* € Fix(T") of T with respect to V' such that

(I=V)z*,y—2a*) >0, VyeFix(T). (1.1)

Equivalently, =% = Ppyr)Va*; that is, 2 is a fixed point of the nonexpansive mapping
Pryixr)V, where Pk denotes the metric projection from H onto a nonempty closed convex
subset K of H. Let S denote the solution set of the the VI (1.1) and assume throughout
the rest of this paper that S # (). It is easy to see that S = Fix(Ppixr)V). The VI (1.1)
covers several topics investigated in the literature; see, e.g., [1,3,5,6,8,11,12]. Related iterative
methods for solving fixed point problems, variational inequalities and optimization problems
can also be found in [14-26].

Let f: C — C be a p-contraction and define, for s,¢ € (0,1), two mappings W; and f;,
by

Wy =tV+(1—-t)T and for=sf+(1—s)W;.

It is easy to verify that W, is nonexpansive and f,; is a [1 — (1 — p)s]-contraction.
Let x5, be the unique fixed point of f;;, that is, the unique solution of the fixed point
equation
Tor = Sf(xss) + (1 — s)Wixss. (1.2)

Moudafi and Mainge [7] initiated the investigation of the iterated behavior of the net {z;,}
as s — 0 firstly and ¢ — 0 secondly. They made the following assumptions:
(A1) for each t € (0, 1), the fixed point set Fix(WW;) of W; is nonempty and the set

{Fix(W,): 0 <t <1} = |J Fix(W)
te(0,1)

is bounded;
(A2) 0 £ S C || || = iminf, o Fix(W,) := {z : 32, € Fix(W;) such that z;, — z}.

Moudafi and Mainge [7] (see also [9]) proved that, for each fixed t € (0,1),as s — 0, z5; —
xy; moreover, as t — 0, x; — x,, which is the unique solution of the variational inequality of
finding x, € S such that

(I = f)Too,® —Too) >0, VreSs. (1.3)

The following theorem, due to Xu [10], improves Moudafi and Mainge’s result since it shows
that {z;} actually strongly converges to x,. Moreover, it does not need the boundedness
assumption of the set Use(o,1) Fix(W;).



Theorem 1.1 ([10, Theorem 3.2]). Let the above assumption (A2) hold. Assume also
that, for each ¢t € (0, 1), Fix(W;) is nonempty (but not necessarily bounded). Then the strong
lim,_,g 2z, =: x; exists for each ¢ € (0,1). Moreover, the strong lim, ,qz; =: z exists and
solves the VI (1.3). Hence, for each null sequence {s,} in (0,1), there is another null sequence
{t.} in (0,1) such that x,, .., as n — oo.

In [7,10], the authors stated the problem of the convergence of {z,,} when (s,t) — (0,0)
jointly. Very recently, Cianciaruso, Colao, Muglia and Xu [13] further investigated the behav-
ior of the net {z,,} along the curve t = t(s) and their results point to a negative answer to
this problem.

Theorem 1.2 ([13, Theorem 2.1]). Let H be a real Hilbert space and let C' be a nonempty
closed convex subset of H. Let V.T : C' — C be nonexpansive mappings with Fix(T) # (.
Let f: C — C be a p-contraction with p € [0,1). Assume that t; = O(s), as s — 0, and let
[ =limsup,_(ts/s). Then the net {x,;, }sec0,1) defined by

xs,ts = Sf(xs’ts) + (1 - S)Wts'xsyts7 (14)

strongly converges to z., € Fix(T") which is the unique solution of the variational inequality
of finding z,, € Fix(T) such that

([(I =)+ 1T =V)]zeo, & — 200) =0, Va € Fix(T). (1.5)

Theorem 1.3 ([13, Theorem 3.1]). Let H be a real Hilbert space and let C' be a nonempty
closed convex subset of H. Assume that V.T : C' — (' are nonexpansive mappings with
Fix(T) # 0 and f : C — C is a p-contraction with p € [0,1). Assume the condition (A2)
holds. Let ¢, = t(s) satisfy lim,_ots/s = co. Then the net {z¢, }sc(,1) defined by

Tst, = 5f(Tsr) + (1= )Wy xgs,,
strongly converges to x, € S which is the unique solution of the VI (1.3).

On the other hand, let F': H — H be a k-Lipschitzian and n-strongly monotone operator
with constants x,n > 0, and let T : H — H be nonexpansive such that Fix(7) # 0. In
2001, Yamada [11] introduced the so-called hybrid steepest-descent method for solving the
variational inequality problem: finding # € Fix(T") such that

(Ft,v —%) >0, VzeFix(T).
This method generates a sequence {z,} via the following iterative scheme:
Tpi1 = Txyp — Ay F(Txy), Yn >0, (1.6)

where 0 < p < 2n/k?, the initial guess zy € H is arbitrary and the sequence {\,} in (0,1)
satisfies the conditions:

A — 0, Z)\n:oo and Z|)\n+1—)\n| < 00.
n=0

n=0



A key fact in Yamada’s argument is that, for small enough A\ > 0, the mapping
Ty :=Tx — \uF(Tx), Yz H
is a contraction, due to the x-Lipschitz continuity and n-strong monotonicity of F.

In this paper, let C' be a nonempty closed convex subset of a real Hilbert space H. As-
sume F' : ' — H is a k-Lipschitzian and 7-strongly monotone operator with constants
k,m > 0, f : C — H is a p-contraction with coefficient p € [0,1) and T,V : C — C
are nonexpansive mappings with Fix(7T) # (). Let 0 < pu < 2n/k? and 0 < v < 7, where

T =1- \/ 1 — u(2n — uk?). Consider the hierarchical variational inequality problem (for
short, HVIP):

VI (a): finding z* € Fix(T) such that ((I —V)z*,z — z*) > 0, Vz € Fix(T);

VI (b): finding z* € S such that ((uF' —~vf)x*, 2 —x*) >0, Vx € S.
Here S denotes the nonempty solution set of the VI (a).

Motivated and inspired by the above hybrid steepest-descent method and hierarchical fixed
point approximation method, we define, for each s,t € (0,1), two mappings W; and f; by

Wy =tV +(1—-t)T and fo; = Pelsyf+ (I —suF)Wy.

It is easy to see that W, is a nonexpansive self-mapping on C'. Moreover, utilizing Lemma 2.5
in Section 2, we can see that fs; is a (1 — (7 — yp)s)-contraction. Indeed, observe that

[ foi(x) = foueWIl = 1Polsyf(@) + (I — suF)Wia] — Polsvf(y) + (I — sl )Wyl
< |[svf(x) + (I = spF)Wix] — [s7f(y) + (I — suF )Wy
< syllf(x) = fF)ll + [[( = suFYWr — (I — spF)Wyl|

syplle —yll + (1 — s7)[|z =yl

(1= (7 =p)s)llz — yl|.

A

Let z,; be the unique fixed point of fs; in C, that is, the unique solution of the fixed point
equation
zsr = Polsyf(zse) + (L — spF)Wi(zs.)]- (1.7)

We investigate the behavior of the net {z,;} (generated by (1.7)) along the curve ¢t = (s)
and our results give a negative answer to the problem put forth in [7,10]. Specifically, we
derive the following conclusions:

(i) if t(s) = O(s), as s — 0, then w45 — 20 € Fix(T'), which is the unique solution of
the variational inequality of finding z., € Fix(7") such that

((WF =7f) + 1 = V)]ze, 2 = 2x) 20, Vo € Fix(T).

(i) if t(s)/s — o0, as s — 0, then x4s) — Too € 5, which is the unique solution of the VI

(b).



In particular, if we put u =1, F'= 1 and v = 7 = 1 and let f be a contractive self-mapping
on C with coefficient p € [0, 1), then our results reduce to the above Theorems 1.2 and 1.3,
respectively. There is no doubt that our results cover the Theorems 1.2 and 1.3 as special
cases, respectively. In the meantime, our results also extend and improve Xu’s Theorem 3.2
[10].

2. Preliminaries

Let H be a real Hilbert space and C' be a nonempty closed convex subset of H. Recall
that the metric (or nearest point) projection from H onto C' is the mapping Po : H — C
which assigns to each point z € H the unique point Pox € C' satisfying the property

o = Poal| = inf llo — y|| = d(z,C).

Lemma 2.1. Let C' be a nonempty closed convex subset of a real Hilbert space H. Given
r € Hand z € C.
(i) That z = Pox if and only if there holds the relation:

(x—z,y—2) <0, VyedC.
(ii) That z = Poz if and only if there holds the relation:
lz = 2I* < llz = ylI* = lly — 2lI*, V¥yeC.
(iii) There holds the relation
(Pox — Pey,x —y) > |Pox — Poy?,  Va,y € H.
Consequently, Pr is nonexpansive and monotone.

Lemma 2.2 (See [2, Demiclosedness principle]). Let C' be a nonempty closed convex subset
of a real Hilbert space H and let T : C' — C be a nonexpansive mapping with Fix(7T") # (). If
{z,} is a sequence in C' weakly converging to x and if {(/ — T")x,} converges strongly to v,
then (I — T')x = y; in particular, if y = 0, then z € Fix(T).

The following lemmas are not difficult to prove.

Lemma 2.3. Let C be a nonempty closed convex subset of a real Hilbert space H,
f: C — H a p-contraction with coefficient p € [0,1), and F': C' — H a k-Lipschitzian and
n-strongly monotone operator with constants x,n > 0. Then for 0 < vp < un,

(x —y, (uF =)z — (uF =~ f)y) > (un —vp)||lz — y|*, Va,y € C.

That is, uF' — ~f is strongly monotone with constant un — vp.
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Lemma 2.4. There holds the following inequality in a real Hilbert space H:
lz+ylI* < ll2l® + 2(y,z +y), Va,ye H.

The following lemma plays a key role in proving strong convergence of our implicit hybrid
method.

Lemma 2.5 (See [8, Lemma 3.1]). Let A be a number in (0,1] and let g > 0. Let
F : C — H be an operator on C' such that, for some constants x,n > 0, F' is k-Lipschitzian
and n-strongly monotone. Associating with a nonexpansive mapping 7' : C' — C', define the
mapping T* : C — H by
Tz :=Tx — \uF(Tx), VaeC.

Then T? is a contraction provided pu < 21/x2, that is,

1T — Tyl < (1 = A7)llz —yll, Va,yeC,

where 7 =1 — \/1 — u(2n — pk?) € (0,1].

Remark 2.1. Put F' = I, where [ is the identity operator of H. Then x = n = 1 and
hence p < 2n/k? = 2. Also, put u = 1. Then it is easy to see that

rzl—\/l—u(2n—uﬁ2)=1-

In particular, whenever X > 0, we have Tz := Tz — \uF(Tz) = (1 — \)T'z.

3. On Convergence of {:Es,t}s,te(o,n

In this section we study the convergence of the net {z,,;} along the curve t = t(s) =: s,
where t; = O(s), as s — 0.

Theorem 3.1. Let C be a nonempty closed convex subset of a real Hilbert space H. Let
F : C — H be a k-Lipschitzian and n-strongly monotone operator with constants «,n > 0,
V,T : C'— C be nonexpansive mappings with Fix(T) # (), and f : C' — H be a p-contraction
with coefficient p € [0,1). Let 0 < u < 2n/k* and 0 < v < 7, where 7 = 1—\/1 — p(2n — pk?).
Assume that t, = O(s), as s — 0, and let I = limsup,_(t;/s). Then the net {z4, }sc01)
defined by

Tst, = PC[SVf(ms,ts) + ([ - SMF)Wths,ts]a (31)

where W, =tV 4 (1 — t,)T, strongly converges to a fixed point z,, of T" which is the unique
solution of the variational inequality of finding z,, € Fix(7T) such that

([(WE —~f) + 1T = V)]zoo, T — 200) > 0, Vax € Fix(T). (3.2)



Proof. First, let us show that the VI (3.2) has a unique solution. Indeed, it is sufficient
to show that the operator (uF — v f) + (I — V) is strongly monotone. Observe that

pn =7 & >1—\J1— p(2n — pk?)
& \/1—u(277—wf2) > 1 —un
& 1= 2um+pPk® > 1= 2un + pPn?
o k2> 772
S L]
and
([(uF =~ f) + U = V)|o = [(uF =~ f) +1(IT = V)]y,z —y)
=((uF = vfle = (pF —vfly,z —y) + (I = V)o — (I = V)y,x —y)
> ((pF —f)r — (uF —~vf)y,x —y)
> (un —yp)llz —yl?>, Y,y eC.
Since

0<p<v<T7<pm,

it follows that (uF —~f) + (I — V) is strongly monotone with constant un —vp > 0. So the
variational inequality (3.2) has only one solution. Below we use z,, € Fix(T") to denote the
unique solution of VI (3.2).

The remainder of the proof is divided into two steps.
The first step is to prove that the net {z,;, }sc(,1) is bounded. Indeed, set
Ysits = S/Yf(xs,ts) + (I - SIMF)VVthS,tsa

where Wy, = t,V + (1 — t5)T. Take a fixed p € Fix(T) arbitrarily. Then from (3.1) we obtain
that x5, = Poys., and

Ysts =D = 57f(wsp,) + (I — spF YWy sy, —p
= s(Vf(Tsr,) = nEWi,p) + (I — s YWy gy, — (I — spF)Wyp+ Wy p—p
= sV(f(s.) — f(p) +s(vf(p) — uFWi.p) + (I — spF YWy, ss, — (I — suF )W p
+ts(V — I)p.

Since Pg is the metric projection from H onto C, utilizing Lemma 2.1, we have

(Poysit, — Ysits, Poyst, —p) < 0.



Thus utilizing Lemma 2.5 we get

(PoYsits = Ysiter Polst, — D) + (Ysite — D Tsp, — D)
<ys,ts — D, xs,ts - p>
sY(f(@se,) = f(P), @su, — ) + (v f(p) — pEWy p, 254, — D)
+ <(I - S,UF)Wtsxs,ts - (I - SMF)WtSP, Tsity — p> + ts<(v - I)p7 Tsty, — P>
sV f(@se.) = Fzs e, — pll + s(vf(p) — pEWy p, 25t — D)
+ (I = sulF YWy 2y, — (I = sul YWy pll|7ss, — pll + t{(V — D)p, 244, — p)
< svpllzse, — plI> + 5(vf(p) — nFWyp, 25, — p) + (1 = s7) ||z, — pII
+ ts<(v - I)p7 Tsity — p)
= (1= s(7 = yp)|wss, — plI* + s{(vf(p) = pFWy,p, 54, — p)
+ ts<(v - ])p7 Tsty — p>7

which hence implies that

||:Bs,ts _pH2

[Nl

IN

t

752, = plI* < — W)Mf(p) — wEWyp,xr, = p) + (V= Dp, x4, = ). (3.3)
In particular,
1 ls
s —pl < — uF'W, —=|[(V = I)pl|]. 3.4
|52, — Pl < T_W[va(p) PEWepl + )pll] (3.4)
Note
[Wip = pll = &:/[(V = Dpll < [[(V = D)pll. (3.5)
Hence we have
IWepll < llpll + 1V = Dpl|.

Since ts = O(s), as s — 0, (3.4) implies the boundedness of {x,;,} and the first step is proved.

The second step is to prove that the net z;, — 2o € Fix(7T'), as s — 0, where z, is the
unique solution of the VI (3.2). Indeed, observe that

< sy f(wsp )| + (I = spF )Wy sy, — Ty,
S sV f(wp )|+ spl| FWy wgy, || + (Wi zse, — Ty,
= Y| f(@su )| + spl[ FWi o || + tl| Vs, — Twgy,]|-

Hxsyts - sz,ts

(3.6)

From (3.5) it follows that

|FWy sy, — Fpl| = |FWyxg,, — FWy p+ FWyp— Fp|
< k(||lzse, — pll + [[We,p — pl]) (3.7)
<

lllzss, = pll + 1V = Dpl]).

Since {xs4,} is bounded when s — 0, (3.7) implies the boundedness of { FW, x; }. Conse-
quently, noticing that {zs, } and {FW, xs,, } are bounded when s — 0 (hence t; — 0), we
conclude from (3.6) that

|xst, — Txsy,|| — 0. (3.8)
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We now claim that {z, }sc(,1) is relatively compact as s — 0 in the norm topology. To
see this, assume {s,} is a null sequence in (0,1). Without loss of generality, we may assume
that z,,, — @ which implies from (3.8) and Lemma 2.2 that z € Fix(T). It is clear that
FW,, &= F(t,,VZ + (1 —t,,)Z) — FZ as n — oo. This implies that as n — oo,

(vf(@) - pEWe, T2, — z)|
= |</Yf('/f) - /"LF{U\7 xsnytsn - ZE\) + <[’LF'/I\ - MFM/tan i'\7 'Tsnytsn - '/f>|
S|V f(@) = pFZ, 2, 0., — D)+ pl| FT = FW, 2|2, 0., — ZI] — 0.

tsn

We thus immediately get from (3.3) that z,, . — Z.
We next further claim that & = z,, the unique solution of the VI (3.2), which then
completes the proof. Indeed, observe that

1
([ - Wts)xsyts + /‘L(Fxsyts - FWthS,ts)'

1
(WF =7 f)zss, = ;(Pcyms — Yst,) — 3
Hence, utilizing Lemma 2.1 we deduce from the monotonicity of uF' — vf and I — W,, that

for any fixed p € Fix(T)

(WF =)D, w50, — ) < A(WF = 7f)Ts s, 50, — D)
= %<P0ys,ts ~ Ysitar PYsite — D) — %«I — Wi )%sty, Tst, — D)
+ M(Fxs,ts - Fmsxs,ts7xs,ts - p>
_i«l - Wts)xs,tsv Tsits — p> + M<Fxs,ts - FWtsxs,tsa Tsits, — p>
—i«f - Wts)ifs,ts — (I = W,)p, Tsits — p) — %((I - Wi )p, Tsits — P)
+ M(Fx&ts — FWi s, Tsp, — p>
% (I =W )ps Tsp, — ) + i Fwsy, — FWy w4, 05, — )
; <(V - I)p7 Tsity — p> + N(Fl’s,ts - FWtsIs,ts, Tsty — P>-

s

[IVAN

(3.9)

I IA

Now since z;, s, — T, we have
Fag o, —FWy, x5 4, = Fuag, . —Fltg, Vag, ., + (1 -t )Tvs,,, | — F2—F2=0.
So, putting s = s, and t = t,, in (3.9) and letting n — oo, we immediately conclude that
(WE =~ f)p, 2 —p) <KV = 1D)p,Z —p), Vp e Fix(T).

That is,
([(uF =~f) +UI =V)lp,z —p) <0, Vp e Fix(T).

Upon replacing the p in the last inequality with Z + a(q — Z) € Fix(T'), where o € (0,1) and
q € Fix(T), we get

((WF =~f) + 1T =V))(T + alg—2)),T —q) <0.
Letting o — 0, we obtain the VI

((uF =~f)+1I = V)2, —q) <0, VgeFix(T).
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We immediately see that Z satisfies the VI (3.2) and therefore we must have T = z,, since z
is the unique solution of (3.2). O

Remark 3.1. (i) If t; = o(s) (that is, [ = 0), then the above argument shows that the
net {xs,, } actually converges in norm to the unique solution of the variational inequality of
finding x, € Fix(T") such that

(UF — vf)Too,p — Too) >0, Vp € Fix(T), (3.10)

which is also the unique fixed point of the contraction Prixr) (I — puF +vf), Too = Prixr)({ —
wE 4+~ f)xo. In particular, if u =1, F =1, v =7 =1 and f is a p-contractive self-mapping
on C, then this is Theorem 3.2 in Xu [10].

(i) The net {s;}s1c(0,1) does not converge, in general, as (s,t) — (0,0) jointly, to the
unique solution zo € S of the VI (b) in Section 1. As a matter of fact, if {%s;}sic0)
converges to o, jointly as (s,t) — (0,0), then (by (3.10) we would have the relation and the
VI (b))

Too = Ps(l — pF +7f)T0 = Prixer)(I — pF + 7f) 2o

for all p-contraction f. In particular, if u =1, FF'=1 and v =7 =1, then zo, = Psf(2) =
Prixr) f(2) for all p-contraction f. This implies that S = Fix(7T") which is not true, in
general.

(iii) Consider the case of [ > 0. If z,, the unique solution of (3.10), belongs to S, then,
clearly, T, = 2o0. If x5 & 9, the following example shows that there are, in general, no links
among Zz.., S and zs. Take

T

C=[0,1], p=1, F=1, y=7=1, T=1, f(x) 5

Ve=1—2, [=1.

Then Fix(T") = [0, 1]. Moreover, the unique solution x, of the variational inequality of finding
Tso € [0, 1] such that
<(IU’F - 'Yf)xoo,z - ‘r00> > 07 Vz € [07 1]7

(tha’t is, <(‘[ - f)xooy = xoo> > 0, Vz € [07 1])
is 2o, = 0; the unique solution z., of the variational inequality of finding z., € [0, 1] such that
<[(IUF_7f)+Z<I_V)]ZOO>Z_ZOO> 207 Vz e [07 1]7

(that is, (((I —f)+ (I —=V)]200,2 — 200) =0, Vz€[0,1])

i$ zoo = 2, and the set S of solutions to the variational inequality of finding = € [0, 1] such
that
(I-=V)x,z—x) >0, Vzel0,1],

is the singleton {1}.

Remark 3.2. Compared with Theorem 2.1 of Cianciaruso, Colao, Muglia and Xu [13],
our Theorem 3.1 improves and extends their Theorem 2.1 [13] in the following aspects:
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(i) The (self) contraction f : C' — C in [13, Theorem 2.1] is extended to the case of
(possibly nonself) contraction f: C'— H on a nonempty closed convex subset C' of H.

(ii) The convex combination of (self) contraction f and nonexpansive mapping W, in the
implicit scheme (2.1) of Theorem 2.1 [13] is extended to the linear combination of (possibly
nonself) contraction f and hybrid steepest-descent method involving W, .

(iii) In order to guarantee that the net {z,,, } generated by the implicit scheme still lies
in C, the implicit scheme (2.1) in [13, Theorem 2.1] is extended to develop our new implicit
scheme (3.1) by virtue of the projection method.

(iv) The new technique of argument is applied to deriving our Theorem 3.1. For instance,
the characteristic properties (Lemma 2.4) of the metric projection play a key role in proving
the strong convergence of the net {;, }sc(0,1) in our Theorem 3.1.

(v) If weput pu =1, F =1 and v =7 =1 and let f be a contractive self-mapping on
C with coefficient p € [0, 1), then our Theorem 3.1 reduces to Theorem 2.1 [13]. Thus, our
Theorem 3.1 covers Theorem 2.1 [13] as a special case.

4. The Case of | = 0

In this section we examine the convergence of the net {l’s,ts}se(o,n along the curve where
ts/s — 00, as s — 0. We shall prove that the net converges strongly to a point z, € S which
is the unique solution of the VI (b) in Section 1.

Theorem 4.1. Let C' be a nonempty closed convex subset of a real Hilbert space H.
Assume that F': C' — H is a k-Lipschitzian and n-strongly monotone operator with constants
k,m >0, V.T : C — C are nonexpansive mappings with Fix(T) # 0, and f : C — H is a
p-contraction with coefficient p € [0,1). Assume there holds the condition (A2) in Section 1.
Let 0 < p < 2n/k? and 0 < v < 7, where 7 = 1 — \/1 — p(2n — pk?). Let ty = t(s) satisfy
lim,_ots/s = co. Then the net {4, }sc(0,1) defined by

'Tsats - PC[S,Yf(x&ts) + (I - SILLF)Wts‘rS,ts]? (41)

where Wy, = t,V + (1 — t,)T, strongly converges to z, € S which is the unique solution of
the VI (b).

Proof. The proof is divided into three steps, the first of which is to prove the boundedness
of {Zs¢, }se0,1). Indeed, let z € S. By condition (A2) there exists p, € Fix(Wj) such that
ps — 2z as s — 0. Now, set

Yst, = Y[ (xst,) + (L — spF )Wy xss,,

where Wy, = t,V 4+ (1 — t;)T. Then from (4.1) we obtain that x,;, = Poys;, and

Ysito — Pt = 5V (0sp,) + (I — suF YWy st — pr,
= SV(f(xS,ts) - f(pts)) + S(f)/f - IU“F)pts + ([ - s/’LF)Wtsxsyts - (I - SILLF)Wtspts'
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Since Pg is the metric projection from H onto C', utilizing Lemma 2.1, we have

<PCys,tS - ys,tsu PCys,ts - pts) S 0.

Thus utilizing Lemma 2.5 we get

2

(PoYst, — Ysite, PoYst, — Do) + (Yste — Doy Tsty, — Dr.)

<Z/s,ts — DPtos Tsty — pts>

sY(f (Tos) = F(Pe.)s Tote — D) + 8V — F )P, Tsp, — D)
+ ([ = suF YWy wgs, — (I — sl )We pi,, st — t,)
sYNf(se,) = F@eTse, — pe, |l + (O — E)peys Tty — D)
+ (I = suF )Wy xgs, — (I — spF YWy pe || 26,6, — i
sYpl s, — Pel® + (v f = WF)pry, Top, — po.) + (1 = 87)|| 250, — D2,
(1= s(7 = yp)lzs, — eI + sV = nF)pe,, Topy — Pr),

Hxs,ts — Dt

Al

IN

I IA

It follows that

||x57t5 _pts 2 S T_7p<(’yf_MF)pt5’xsyt5 _pts>' (42)

This implies immediately that
st — < —uF ) 4.3
s =Pl < — W)H(’yf 1E)pe, (4.3)

From (4.3) the boundedness of {x, }sc(0,1) follows since {p,} is bounded.

The second step is to prove that the set of weak cluster points of {4y, }se(0,1), Ww(Zst,), 1S
a subset of S; moreover, wy, (s, ) = ws(zsy,). First observe that the boundedness of {xs;,},
(3.8), and Lemma 2.2 imply that wy,(zs,,) C Fix(T).

Now let w € wy(7s4,) and assume that x, := z,,;, — w, where s, — 0. For convenience,
we write t, = t,, for all n; thus, ¢,/s, — oo as n — oo. Now, take a fixed 7 € Fix(T)
arbitrarily and set

Yn = 807V f(T0) + (I = suuF )Wy, 0,

where Wy, =t,V 4+ (1 —t,)T. Then from (4.1) we obtain that x, = Py, and

Yo =T = s,7(f(wa) = [(2) + (V[ (@) = pnFW,2) + (I = suuF )Wy, 20 — (I = s,uF)W,, 2
+t.(V = 1)z

Since Pg is the metric projection from H onto C, utilizing Lemma 2.1, we have

<P0yn _ynaPCyn _j:\) S 0.

13



Thus utilizing Lemma 2.5 we obtain that for a constant M > sup, {||(vf—uEW,;,)Z| ||xn—Z]| },

||xn - f||2 - <PC’yn - ymPC’yn - i'\> + <yn - /x\a Ly — §>
S <yn_£7xn_£>
= 3n7<f($n) - f(:f), Tp — §> =+ 3n<(7f - /LFth)ff, Ty — jj\>
+ (I = spuB YWy, 2y — (I — syuuF YWy 2,2, — Z) + t,((V — )T, 2, — T)
< syl f (o) = F@)lzn — 2| + sull(vf — nEW)Z |2, — 2]
+ H(I - Sn:uF)thxn - (] - SnMF)thf |||In - /x\H + tn<(v - I)f/ivwn - £>
suypllen — 2|2 + s M + (1 — s,7) ||wn — 2|2 + to((V — )T, 2, — )

I IA

(1 = s,(7 —vo)||20 — Z|* + £, ((V — DT, 2, — T) + 5, M.

It follows that

WM
(I - V)T,z, —7) < ° 0
as s, /t, — 0. But x,, = w, and we derive
(I -V)z,w—12) <0, VzeFix(T). (4.4)

Upon replacing the Z in (4.4) with w + a(Z — w) € Fix(T'), where a € (0,1) and 7 € Fix(T),
we get
(I=V)(w+a(—w)),w—2) <0.

Letting o — 0, we obtain the VI
(I —=V)w,w—2) <0 VI eFix(T).

Therefore, w € S.
Next using condition (A2) again, we have a sequence p;, € Fix(W;,) such that p;, — w.
Then in relation (4.2) we replace z and p;, with w and p;,, respectively, to derive

|20 — P, ||* < (Vf = UF)po, Tn — Dr,)- (4.5)

T=Ip
Now since (vf — uF)p, — (vf — pF)w and z, — p;, — 0, taking the limit in (4.5), we
immediately get z, — w. Hence w € wg(zs4,).

The third and final step is to prove that the net {5, } converges in norm to z, =
Ps(I —pf +vf)rs. It suffices to prove that each norm limit point w € wg(z,,) solves the VI
(b) in Section 1. We still use the same subsequence {x,} of the net {z,,,} such that z, — w
as shown in the second step. On the other hand, for every p € S, by condition (A2), we have,
for each n, py, € Fix(W;,) such that p;,, — p as n — oo. Observe that

1

1
(:uF - Vf)xn = ;(PCyn - yn) (I - th)xn + /L(Fxn - Fthxn)v

n n
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where y, = s,vf(x,) + (I — spuF )W, x, and z,, = Pcoy,. Utilizing Lemmas 2.1 and 2.5 we
deduce from the monotonicity of I — W, that

<(MF - Wf)xnaxn - ptn>
= %(Pcyn — Yn, PCyn _ptn> - %(([ - th)l'n,l'n - pm) + ,U<F:Un - Fth$n7xn - ﬁtn>
= TPy — yos Poyn — Br) — (I — Wi ) — (I = Wi, )P, T — B,
+ H<Fxn - Fthl’n, Ly — ﬁtn>
S /’L<Fxn - Fth.Tn,I'n _ﬁtn>'

Note that Fz,, — FW, z, = Fx, — F[t,Vz, + (1 —t,)Tx,] - Fw— Fw =0 as n — 0.
Passing to the limit as n — oo in the last inequality, we conclude that

(uF —vfHw,w —p) <0, VpeS.

This implies that w satisfies the VI (b) in Section 1. Hence w = x,, as required. O

Remark 4.1. Compared with Theorem 3.1 of Cianciaruso, Colao, Muglia and Xu [13],
our Theorem 4.1 improves and extends their Theorem 3.1 [13] in the following aspects:

(i) The (self) contraction f : C' — C in [13, Theorem 3.1] is extended to the case of
(possibly nonself) contraction f : C' — H on a nonempty closed convex subset C' of H.

(ii) The convex combination of (self) contraction f and nonexpansive mapping W;, in the
implicit scheme (3.1) of Theorem 3.1 [13] is extended to the linear combination of (possibly
nonself) contraction f and hybrid steepest-descent method involving W, .

(iii) In order to guarantee that the net {z,,, } generated by the implicit scheme still lies
in C, the implicit scheme (3.1) in [13, Theorem 3.1] is extended to develop our new implicit
scheme (4.1) by virtue of the projection method.

(iv) The new technique of argument is applied to deriving our Theorem 4.1. For instance,
the characteristic properties (Lemma 2.4) of the metric projection play a key role in proving
the strong convergence of the net {x,4, }sc(0,1) in our Theorem 4.1.

(v) If weput pu =1, F =1 and v =7 = 1 and let f be a contractive self-mapping on
C with coefficient p € [0, 1), then our Theorem 4.1 reduces to Theorem 3.1 [13]. Thus, our
Theorem 4.1 covers Theorem 3.1 [13] as a special case.
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