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1. Introduction

Let H be a real Hilbert space with inner product (-, -) and norm ||-||. Let C be a nonempty closed
convex subset of H, and let F : C — H be an operator. The classical variational inequality
problem: find u* € C such that

VI(F,C) (F(u*),v-u*)>0, YveC, (1.1)

was initially studied by Kinderlehrer and Stampacchia [1]. It is also known that the VI(F, C) is
equivalent to the fixed-point equation

u* = Pc(u* — pF(u*)), (1.2)

where Pc is the (nearest point) projection from H onto C, that is, Pcx = argminyecﬂx - y|| for
each x € H and where y > 0 is an arbitrarily fixed constant. If F is strongly monotone and
Lipschitzian on C and p > 0 is small enough, then the mapping determined by the right-hand
side of this equation is a contraction. Hence the Banach contraction principle guarantees that
the Picard iterates converge in norm to the unique solution of the VI(F,C). Such a method
is called the projection method. However, Zeng and Yao [2] point out that the fixed-point
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equation involves the projection Pc which may not be easy to compute due to the complexity
of the convex set C. To reduce the complexity problem probably caused by the projection Pc, a
class of hybrid steepest-descent methods for solving VI(F, C) has been introduced and studied
recently by many authors (see, e.g., [3, 4]). Zeng and Yao [2] have established the method of
two-step relaxed hybrid steepest-descent for variational inequalities. A natural arising problem
is whether there exists a general relaxed hybrid steepest-descent algorithm that is more than
two steps for finding approximate solutions of VI(F, C) or not. Motivated and inspired by the
recent research work in this direction, we introduce the following finite step relaxed hybrid
steepest-descent algorithm for finding approximate solutions of VI(F,C) and aim to unify the
convergence results of this kind of methods.

Algorithm 1.1. Let {zxf,k)} c [0,1), {J\Eik)} c (0,1), for k = 1,2,...,m, and take fixed numbers
t® € (0,2n/x2), k = 1,2,...,m. Starting with arbitrarily chosen initial points u\" € H, compute the
sequernces {uslk)} such that

D = gy, My (1- aill)) [Tui,z) AW

n+l n+l

tOF(Tu)],
ul = aPul) + (1 - a)[Tud) - A2 @ F(Tul))],

u,(f') = a,(f)uill) +(1- a,(f’)) [Tu,(f) - )Lil?lt(B)F(Tu,(f))], (1.3)

U = oD + (1= ) [Tld - 100 P (TuD)].

We will prove a strong convergence result for Algorithm 1.1 under suitable restrictions imposed
on the parameters.

2. Preliminaries
The following lemmas will be used for proving the main result of the paper in next section.

Lemma 2.1 (see [5]). Let {s,} be a sequence of nonnegative real numbers satisfying the inequality
Sn+1 < (1 - “n)sn tanTy +Yn, Yn2=0, (2.1)

where {a,}, {14}, and {y,} satisfy the following conditions:
(i) {an} € [0,1], Xioan = oo, or equivalently, [T;o(1 — an) = 0;
(ii) limsup, 7, <0;
(iii) {yn} C [0, 00), 35Z0¥n < 0.
Then lim,,_,,S, = 0.
Lemma 2.2 (see [6]). Demiclosedness principle: assume that T is a nonexpansive self-mapping on a
nonempty closed convex subset C of a Hilbert space H. If T has a fixed point, then I — T is demiclosed;

that is, whenever {x,} is a sequence in C weakly converging to some x € C and the sequence {(I-T)x,}
strongly converges to some y € H, it follows that (I — T)x = y. Here I is the identity operator of H.
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The following lemma is an immediate consequence of an inner product.

Lemma 2.3. In a real Hilbert space H, there holds the inequality
Ix + ylI? < lIxI” +2(y, x +y), Vx,y€H. (22)

Lemma 2.4. Let C be a nonempty closed convex subset of H. For any x,y € H and z € C, the
following statements hold:

(i) (Pcx —x,z— Pcx) > 0;

(i) [[Pex = Pyl < llx = ylI? = |Pcx - x + y = Pyl

3. Convergence theorem

Let H be a real Hilbert space and let C be a nonempty closed convex subset of H. Let F :
C — H be an operator such that for some constants x, 7 > 0, F is x-Lipschitzian and #-strongly
monotone on C; that is, F satisfies the conditions

[Fx - Fy|l <xlx-yl, VYx,yeC, (3.1)
(Fx-Fy,x-y) >nllx-yl?, Vx,yeC, '

respectively. Since F is 17-strongly monotone, the variational inequality problem VI(F,C) has a
unique solution u* € C (see, e.g., [7]).

Assume that T : H — H is a nonexpansive mapping with the fixed points set Fix(T) = C.
Note that obviously Fix(Pc) = C. For any given numbers A € (0,1) and p € (0,277/x2), we
define the mapping Tli‘ :H — H by

Tli‘x :=Tx-AMF(Tx), Vxe€H.
Lemma 3.1 (see [3]). Let T/f be a contraction provided that 0 < A < 1and 0 < p < 2n/x>. Indeed,

[Tix-Tly|| < 1-A7)llx-yll, Vx,ye€H, (3.2)

where T =1-1/1—-pu(2n - pux?) € (0,1).

We now state and prove the main result of this paper.

Theorem 3.2. Let H be a real Hilbert space and let C be a nonempty closed convex subset of H.
Let F : C — H be an operator such that for some constants x,1 > 0, F is x-Lipschitzian and 1-
strongly monotone on C. Assume that T : H — H is a nonexpansive mapping with the fixed points set

Fix(T) = C, the real sequences {2y, (2, fork =1,2,...,m,in Algorithm 1.1 satisfy the following
conditions:

() 32 la —a | < oo, fork =1,2,...,m;

(ii) limn_,wa,(f) =0and limnﬁwai,k) =1,fork=23,..., m
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(iii) limyoo Ay = 0, limy e, (A /00 ) =1, 3200 = oo;

n+1
(iv) /\,(11) > max{)tilk) :k=23,...,m}, foralln>1.
Then the sequences {u®) generated by Algorithm 1.1 converge strongly to u* which is the
unique solution of the VI(F, C).

Proof. Since F is n-strongly monotone, by [7], the VI(F, C) has the unique solution u* € C. Next
we divide the rest of the proof into several steps. O

Step 1. Let {u,&k) } is bounded for each k = 1,2,...,m. Indeed, let us denote that Tt)‘u* =Tu* -
AF(Tu*), then we have

(O]
Dyl = [P + (1 - (D)Tﬁ{’)l”uf)—u*ll

” un+1

<ol |+ (1 - a) T |

(3.3)
<al ) —u | + (- al) [T~ T |+ | T ]
<ap [l =l + (1= al?) [(1 =207 s =t + A2 VN F ) )],
where 70 =1 - \/1 —tM (25 - tMx2) € (0,1). Moreover, we also have
[l ) = aPul + (1 - )T |
R O Y Lo A e B L | R

<o) flun” =l + (1= ) [(1= G257 [l a0t + L2, F () |]

n+1
<ap flun) —u |+ (1= ) Ju” 'l + (1= @)L F ) |,

n+l

where 7@ =1 - \/1 -t@(2n - t@x2) € (0,1),and fork =2,3,...,m -1,

”ank)uill (1 _ “‘Elk))T n+1 1(1k+1) u*

|| u(k) u* 1K)

<a§lk)||u<1) u*|| + (1—ﬂ§lk))[||Tt<?” glk+1 Tt(gﬂ *” " ||T nﬂu —u ”]
< oDl = [+ (1= @) [(1= AR TO) [l = |+ A O F ) ]

<l = ||+ (= o) ™ — ||+ (1= )2V F @),

n+1

(3.5
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where 7(F) = 1 - \/1 -t (25 - t*)x2) € (0,1), and

i =] = [l + (1 -l )Tias? |
<l alh u |+ (1= ) [T = T |+ Tt = ]

<l — ||+ (U= ™) [(1= 0 [ =+ 2,2 || F )]

n+l

<l = || + L E @),

n+1

(3.6)

where 70" =1 - \/1 —tm (25 - tmx2) € (0,1).
Thus we obtain

(m-1)

[l =]

<@V ) | + (1l D) i |+ AV F ) |

n+1

<oy s = ||+ (L= V) [l =0+ L3 [ F Qo] + 4,70 € DY F () | ]

n+l n+l

<l = wt || + (1= al™ ) max (AT, A7V} (1) 4 (DY | F ()

n+l’ “"'n+l

||u(k) u*|| < ||u( —u*]|+(1- alk )max <Zt(])> | F(u*)

k<j<m
(3.7)
fork=2,3,...,m— 1. In particular,
m
1 2 () i *
o2 ) < )+ (0 - a2 max 10 <§tm> IF@I 68
Hence, substituting (3.8) in (3.3) and by condition (iv), we obtain
1 *
[
<ap flup” =l + (1= o) [(1 =407 [lug? =] + A0 6V ) ]
<l ! < (1=l (1) il |
(3.9)

+ max (10, 350 F ()| +Af;>1t“>||P<u*>||]

2<j<m =

<al|ul - w||+ (1-af )[(1 A 7Y — | + max (A7) ) Zt(f || F(u )||].

1<j<m n+1
By induction, it is easy to see that

|ul) —uw|| <M, vn>0, (3.10)
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where M = max | ||u(()1) = ||, (Z72t9) /T |[F (u)]]}. Indeed, for n = 0, from (3.9) we obtain

e — ] < a0l = (1 - o) [(1 ARO[l — 4 maa? <Zt<f>> IF (e >||]

1<j<m
<al!M+(1-al’)[(1-2P7O)M +1"TOM] = M.
(3.11)

Suppose that ||u(1) w*|| < M, for n > 1. We want to claim that ||u1(11+)1 —u*|| < M. Indeed,

iy = [} < o fJun” = || + (1 - “n))[(l L h )l - u||+ln+1Zf(”||F(u)||]

<al? M+ (1-a)[(1 =20 7)Y M + 00 7O M] =
(3.12)

Therefore, we have |[u" —u*|| < M, foralln > 0, and [|u'™ —u*| < M+)L](1T3T(1)M < (1+7MM,
for all n > 0. In this case, from (3.8), it follows that

[l - || < M+ max (A7 }2OM < 1+7D)M, V¥n>0,¥k=23,...,m-1. (3.13)

k<j<m

Step 2. Let ||un+1 Tun)ll — 0,n — co. Indeed by Step 1, { } is bounded for 1 < k < m and

So are {Tui,k)} and {F (Tu(k))} for1 < k < m. Thus from the conditions that hmnﬁman =0,
hmnﬂwai,k =1,fork=2,3,...,mand hm,Hoo)L b =0,wehave, fork=2,...,m,

l” = 3|

= [lat?ul) + (1 - al) (Tul - A HOF(Tul ™)) - uld|

i (3.14)
== (=) + (1= @) (Tuy™ = N0 OF (Tu™D)) |
< (@=ar?)lu || + (=) ([Tu™ || + 1O N E(Tu ™)) — 0
and so
g = Tus |
= o uy) + (1= ai?) (Tul? = AV E(Tul)) - Tul |
= ot (e = Tul?y + (1 - aP) ((Tu = Tu) = 2L O F(Tud))|| (3.15)

<al |ul = Tuld || + (1= aDY | Tul? = Tul || + (1 = a)AL D) F (Tl |

n+1

<aP||ul?) = Tudl || + |1l - uP]| + AV DN E(TuP)|| — 0 as n— oo.

n+l
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Step 3. Let ||u(1) - un)|| — 0, as n — oo. Indeed, we observe that

e -
_”a(m) nl) imiule)l ( (m)) <$lu£}) (1 a(m))T m))u ”
<l ) =l [+ [l - al - el + (1= ) T s - T |

m)
- )T ) - (- al) T Wl

<ol — w2 |+ e — ] ]+ (- ™) (U= G s — w2 |
e =@M T+ (1= )50 = (L= D" (| F(Tu,2) |

= (1= (=)L) s — w2,

@ = a™)A = (1= alDA [ E (T |+ [l = al] - (] T

<l =+ (1= ™) A0 = (L= DA ] | F(Tw,2y) |

n+1

o = a |- ([l )+ 1T D,
(3.16)

and, for2<k<m-1,
k (k
s = u |

k)
= o) -l + (1= )Tl - (1= )T WD)

(k)
<l =+ 1 = @ |l (1= @) T ) = T |

(1= YT - (1 - )T WD

< @l ~ )+ o~ | [l + (1 ) (1= A7) D D)

n+1

e~ o [T+ 1= a1 aE)a | T |

n+1

s =+ [ = ] (T

+(1-a?y(1-a®

n+1

TN [l = w0+ [ (1= @) - (1= a2 A0 | O E(TuED) ),
(3.17)
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™ =M1 < Nl =]+ ™ = a5 |- (a2 |

T ) + 1= a™) AT = (1= a ) A [ F (T,

n+1

ol < =+ 11 ) -

n+1

(1 a(m) )L(m)”tm)”FTu(l) ”

+] (1= a1 =l A D FTu | (3.18)
o =V ([ + 1T )

e = a3l |+ 1T 1),

m—1
e =21 < flun” =y [+ X511 =) = (1= a2 )40 [ O FTugs|

n+1

m-1
k k k
+;Ia2)—ai_)1|(ll(uf_)lll+||T“”II) ™ = a | (il + (1T 1)
=2

(3.19)

Hence it follows from the above inequalities (3.17)—(3.19) that

I, - P
”a(l) 1 _ 511)1 nl)1 (1 (1)>Tt(1ml 512) (1 (1) )Ttu u(2) ”
< al[ud —u®, [ + 0 = a®, |- u®, [+ (@ - )T - T
+|| (1- “ )Ttum 512)1 (1- “(1) )tl(>>“;(12)1”
< al? = uly [+ 0 = | sl + (- o) (@ =0T -y B2

L =l T+ 1= a0 - (1= a0 E )|

n+l

= o) [l = w2 |+ o = a2 () + 1T 50D

+(1- “1))(1 )‘ 17(1))”14(2) (2—)1”

H (- a )0 = = a )G | O F (T2 .

n+1
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Let us substitute (3.19) into (3.20), then we have

1
oty = s
< (o + (1= an) (=) s = w2 [ + Zla(k) a1 - (| + 1T, 50 )

+le<1 ) A0, — (1= )AL |0 | Pl |

+(1-al™)Am -

n+l

(1= a )ALt ETw |+ ™ = a5 [ () + [T 1)

= (1= (1-a)AP )|l — || + (1 - a)AD, 2D, + 5,

n+1
(3.21)
where
m—1
o = ey |- (s |+ TSP + o™ = a3 - (g ]+ 1T 1),
k=1
1 (m) <m> (m) | 4( 1)
= - 1- )l A M FT .
" (|< ) (e Tl | o2
- - T )
We put
¢ =sup ||u )|| n >0} +sup | ||Tu(k)|| n>0,k=1,2,...,m}
+sup{||FTu£,k)||:nZO,kzl,Z,...,m}, (3.23)
m
sl (S0 ) ireo 2
k=1
Then 6, < ZMZZQIMS() - (xflli)ll — 0, asn — oo, and
Cap-
v, < t
TA\E (1 - a7
(3.24)

B Ky 4 (k ®) \ y (K)
" <Z|<1 _“it)))‘iﬁl (1-a )1 A0 |+](1- “(1))“\n+1 (1 _“1(117)1))‘1(11” :
k=2
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From (ii)—(iv), we obtain v, — 0 as n — co. Furthermore, from (i), X516, < oo0. By Lemma 2.1,

1)

we deduce that ||u1(1+1 - ug,l)ll — 0asn— oo.

Step 4. Let ||u,(11) - Tuff) || — 0 as n — co. From Steps 2 and 3, we have

o = TP < = + = | 0 625)

n+1 n+l

as n — oo.

Step 5. Let lim supnﬁw(—F(u*),Tu,(qk) —u*)<0,fork=2,3,...,m. Let {Tufl?} be a subsequence
of {Tugll)} such that

lim sup( - F(u*),Tuf}) —-u*) = lim( - F(u*),Tufi) - u*). (3.26)
1—00

n—oo

Without loss of generality, we assume that Tuglli) — 1) weakly for some %)) € H. By Step 4,

we derive uflll.) — 1)) weakly. But by Lemma 2.2 and Step 4, we have #!) € Fix(T) = C. Since

u* is the unique solution of the VI(F, C), we obtain

limsup( - F(u*), Tu)) —u*) = ( - F(u*), @V - u*) <0. (3.27)

n—oo

From the proof of Step 2,
ITu? = Tu || < l” 0’| — 0, asn— oo, (3.28)

fork =2,3,...,m. Then

limsup( — F(u*), TulY) - u*) = limsup [( - F (), Tul) = Tul) + ( = F(u*), Tul) - u*)]
n—oo n—oo
<limsup( - F(u*),Tuﬁik) - Tuf?} + lim sup( - F(u*),Tu,(ql) - u*)
n—oo n—oo

= limsup( - F(u*), Tl - u*)
n—oo

<0,
(3.29)

fork=2,3,...,m.
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Step 6. Let u{ — u* in norm and so does {u{"} for k = 2,3,...,m. Indeed using Lemma 2.3
and (3.7) we get

M 2

n+1 u

[l
=l (=) + (1= ) (TP - ) |

<all )+ (1) T P

= o[l | (1= ) | (Tl = T ) + (T =) |
< agll)”uS) _u*||2 + (1 (1)) [”T n+1 T n+1 *” +2< t(ln>+1 * _u Tun)ﬂuf) _ u*>]

< aff)”u( —u || +(1- a(l))(l W T(l))znuf) - u*||2

n+1

+2tOAY (= F(u), Tul? = At OF(Tul) - u*)

2
< flu — |+ (1= ) (1~ AMT(”)Z[IIM ||+ (1= )max{a, [} <Zt >IIF(u*)|I]
j=2

+2(1 - a) A O~ Fw), Tul - A0t OF(Tul) - u*)

< (o + (1= ) (1= 007 D)) flun” = ||

+2(1-a)(1-a?) (1 -2, 70)? max (A7) ) <Zt<f>> 1F ) |||l = o

2<j<m

2
2)\2 1 2 () * 2
(=) (1-a?) (1= 07 0) <2H;>,; () > <Zt<’>> IF ()]
+ 26O (—F(ur), Tul) —w = A0 (O F(Tul))

m
< (1= (=)L) P o2(1-ad”) (1-ad) (1= 7 )? max{Aflll}<Zt‘f)>Mz

2<j< i

2 (7)
Oy (e A)<z>

+ 200 O F (), Tuld —ut = A OV F(Tul))

<(1-(1- “(1))1\21217 1))””( —u ” +(1- “(1))J\n+17
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[2t<1< F(u*), Tul —u =\ 1 OF (Tul))
X
Tl)(l—(x;l))

2(1 lx(z))(l )L(l_le 1))2max2§j§m{)‘:ﬁl}(Z}n:2t(j))M2
1
T(l))‘rﬁ—l

+

(1 - ) (1 - A0 7D (maxaeen { AL 1) (St D) M2
T(l)“\gl

<(1-(1- “(1)))‘213171))||”(1 ”” +(1- “(1))’\n+17(1)

[zt<l>< —F(u), Tuf) —ur - Y t(l)F(Tu(z)»
X

_ (2) ™ (12 N ) 2
Ta>(1—a,}>) <”(1 M de? ><Zt >M

a0t (gt ) (§0) o]

From (11) (111) and Step 5, we have hmnéwa( ) limnﬂoo)t,(qk) =0, fork =1,2,...,m and

hmnéman =1,fork=2,...,mlimsup, (-F(u*), Tu(2) *y <0,and {F(Tuf))} is bounded;
by Lemma 2.4, we conclude that

i 20 (= F(u), Tul —ur -1 t<1>P(Tu<2>)> 2(1 - a?) (1 - AL T (S0 ) M
1m sup (1 - a(l)) (1)

(1-a?)* (1= A7) (maxegem (1,01)) (St D)’ M2>
+

(3.30)

n—oo

gy
(1) 2(+D )L<1)
<hmsup2t—1 (= F), Tu —u* >+hmsupu (- F(u),-F(Tul))
n—ow T (1 - a;)) n—ow T (1 - )
<0+0=0.

(3.31)

Consequently from Lemma 2.1, we obtain ||u§11) — u*|| = 0 and hence it follows from ||u£,k) -
uP|| -0, fork=2,3,...,m, that [u® —u*| -0, fork =2,3,...,m
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