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1. Introduction and preliminaries

Variational inequalities introduced by Stampacchia [1] in the early sixties have had a great
impact and influence in the development of almost all branches of pure and applied sci-
ences and have witnessed an explosive growth in theoretical advances and algorithmic
development; see [1-11] and references therein. It is well known that the variational in-
equality problems are equivalent to the fixed point problems. This alternative equivalent
formulation is very important from the numerical analysis point of view and has played
a significant part in several numerical methods for solving variational inequalities and
complementarity; see [2, 4]. In particular, the solution of the variational inequalities can
be computed using the iterative projection methods. It is well known that the convergence
of the projection method requires the operator T to be strongly monotone and Lipschitz
continuous. Gabay [5] has shown that the convergence of a projection method can be
proved for cocoercive operators. Note that cocoercivity is a weaker condition than strong
monotonicity. Recently, Verma [8] introduced a system of nonlinear strongly monotone
variational inequalities and studied the approximation solvability of this system based on
a system of projection methods. Chang et al. [3] also introduced a new system of nonlin-
ear relaxed cocoercive variational inequalities and studied the approximation solvability
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of this system based on a system of projection methods. Projection methods have been
applied widely to problems arising especially from complementarity, convex quadratic
programming, and variational problems.

In this paper, we consider, based on the projection method, the approximation solv-
ability of a system of nonlinear relaxed cocoercive variational inequalities with three
different relaxed cocoercive mappings and three quasi-nonexpansive mappings in the
framework of Hilbert spaces. Solutions of the system of nonlinear relaxed cocoercive vari-
ational inequalities are also common fixed points of three different quasi-nonexpansive
mappings. Our results obtained in this paper generalize the results of Chang et al. [3],
Verma [8-10], Huang and Aslam Noor [6], and some others.

Let H be a real Hilbert space whose inner product and norm are denoted by (-,-) and
II - Il, respectively. Let C be a closed convex subset of H and let T': C — H be a nonlinear
mapping. Let P¢ be the projection of H onto the convex subset C. The classical variational
inequality denoted by VI(C, T') is to find u € C such that

(Tu,v—u) =0, VveC (1.1)

Recall the following definitions.
(1) T is said to be u-cocoercive [8, 10] if there exists a constant u > 0 such that

(Tx—=Ty,x—y) zuIITx—Tyllz, Vx,yeC (1.2)

Clearly, every u-cocoercive mapping T is 1/u-Lipschitz continuous.
(2) T is called v-strongly monotone if there exists a constant v > 0 such that

(Tx—Ty,x—y)=vlx—yl*, VxyeC (1.3)

(3) T is said to be relaxed (u,v)-cocoercive if there exist two constants u,v > 0 such
that

(Tx—Ty,x—y)=(—u)lITx - Tyl*+vllx—yll?>, Vx,y€C. (1.4)

For u = 0, T is v-strongly monotone. This class of mappings is more general than
the class of strongly monotone mappings. It is easy to see that we have the following
implication.

v-strongly monotonicity = relaxed (u,v)-cocoercivity.

(4) S: C — Cis said to be quasi-nonexpansive if F(S) # & and

ISx—pll < llx—pll, VxeC, peF(S). (1.5)

Next, we denote the set of fixed points of S by F(S). If x* € F(S) n VI(C, T), one can
easily see

x* =8x* = Pc[x* — pTx™] = SPc[x* — pTx™*], (1.6)

where p > 0 is a constant.
This formulation is used to suggest the following iterative methods for finding a com-
mon element of the set of the common fixed points of three different quasi-nonexpansive
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mappings and the set of solutions of the variational inequalities with three different re-
laxed cocoercive mappings.

Let T}, T», T5 : C X C X C — H be three mappings. Consider a system of nonlinear vari-
ational inequality (SNVID) problems as follows.

Find x*, y*,z* € C such that

(sTi(y*, 2%, x*) +x* — y*,x—x*) 20, VxeC(C, s>0, (1.7)
(tTr(z*,x*, y*)+y* —2z*,x—y*) 20, VxeC, t>0, (1.8)
(rTs(x*,y*,z%)+z" —x*,x—2z*) >0, VxeC,r>0. (1.9)

One can easily see that the SNVID problems (1.7), (1.8), and (1.9) are equivalent to
the following projection formulas

x* = Pcly* —sTi(y*,z%,x*)], s>0,
y* =Pclz* —tTh(z*,x*,y*)], t>0, (1.10)

z* = Pclx* —rT5(x*,y*,2%)], r>0,

respectively, where P¢ is the projection of H onto C.

Next, we consider some special classes of the SNVID problems (1.7), (1.8), and (1.9)
as follows.

(I) If r = 0, then the SNVID problems (1.7), (1.8), and (1.9) collapse to the following
SNVID problems.

Find x*, y* € C such that

(sTy(y*,x*,x*) +x* —y*,x—x*) =0, VxeC,s>0,
1.11
(tTh (x*,x*, y*) +y* —x*,x—x*) =0, VxeC, t>0. ( )

(II) If t = r = 0, then the SNVID problems (1.7), (1.8), and (1.9) are reduced to the
following nonlinear variational inequality NVI problems.
Find an x* € C such that

(T1(x*,x*,x*),x —x*) =0, VxeC (1.12)
(III) If Ty, T2, T5 : C — H are univariate mappings, then the SVNID problems (1.7),

(1.8), and (1.9) are reduced to the following SNVID problems.
Find x*, y* € C such that

(sTi(y*) +x* —y*,x—x*) =0, VxeC,s>0, (1.13)
(tTh(z*) +y* —z",x—y*) =0, VxeC(C, t>0, (1.14)
(rTs(x*) +z* —x*,x—2z*) 20, VxeC, r>0. (1.15)

(IV)If T, = T, = T5 = T': C — H are univariate mappings, then the SVNID problems
(1.7), (1.8), and (1.9) are reduced to the following SNVI problems.
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Find x*, y* € C such that

(sT(y*)+x*—y*,x—x*) >0, VxeC, s>0, (1.16)
(T (z*)+y*—z*,x—y*) >0, VxeC, t>0, (1.17)
(rT(x*)+z* —x*,x—2z*) >0, VxeC, r>0. (1.18)

2. Algorithms

In this section, we consider an introduction of the general three-step models for the pro-
jection methods, and its special form can be applied to the convergence analysis for the
projection methods in the context of the approximation solvability of the SNVID prob-
lems (1.7)—(1.9), (1.13)—(1.15), and SNVI problems (1.16)—(1.18).

Algorithm 2.1. For any xo, 9,20 € C, compute the sequences {x,}, {y»}, and {z,} by the
iterative processes

Zn1 = S3Pc[Xne1 — 7 T3 (Xns1> Yur1>20) |
VY1 = S$2Pclzni1 — tTa (Zns1> X015 V) | (2.1)
Xne1 = (1= ) X + @ S1Pcyn = ST1 (V> Zus %) |,
where {a,} is a sequence in [0,1] for all n = 0, and S, S,, and S; are three quasi-non-
expansive mappings.

(I) If T\, T», T5 : C — H are univariate mappings, then Algorithm 2.1 is reduced to the
following algorithm.

Algorithm 2.2. For any xo, 0,20 € C, compute the sequences {x,}, {y»}, and {z,} by the
iterative processes
Znr1 = S3Pc[xpe1 — T3 (xn41) |,
Y1 = SaPczni1 — tT2(2041) | (2.2)
Xne1 = (1= ) X0 + @ S1Pcyn — sT1 (yu) ],
where {a,} is a sequence in [0,1] for all n > 0, and S, S,, and S5 are three quasi-non-
expansive mappings.

(AT, =T,=T5=Tand S; =S, = S5 = S in Algorithm 2.2, then we have the fol-
lowing algorithm.

Algorithm 2.3. For any xo, 0,20 € C, compute the sequences {x,}, {y,}, and {z,} by the
iterative processes
Znt1 = SPc[Xni1 — 1T (Xp41) ]
Yn+1 = SPC [zn+l - tT(erl)]) (23)
Xn1 = (1= an)Xn + 4uSPCyn — T (yn) |,

where {a,} is a sequence in [0, 1] for all n > 0, and S is a quasi-nonexpansive mapping.
In order to prove our main results, we need the following lemmas and definitions.



Meijuan Shang etal. 5
LEMMA 2.4. Assume that {a,} is a sequence of nonnegative real numbers such that
a1 < (1=Ay)an+b,+cy, Vn=ng, (2.4)

where ng is some nonnegative integer, {\,} is a sequence in (0,1) with >,/ A, = o, b, =
o(An), and > cn < o, then lim, .« a, = 0.

Definition 2.5. A mapping T : C x C X C — H is said to be relaxed (u,v)-cocoercive in the
first variable if there exist constants u,v > 0 such that, for all x,x” € C,

(T(x,y,2) - T(x',y",2'),x=x") = (—w)||T(x,y,2) — T(x'
+vlx=x'lI>, Vy,y,z7 €C

(2.5)

Definition 2.6. A mapping T': C x Cx C — H is said to be y-Lipschitz continuous in the
first variable if there exists a constant ¢ > 0 such that, for all x,x" € C,

IT(x,y,2) = T(x',y",2)|| <ullx=x'Il, ¥V y,y,2,2 €C. (2.6)

3. Main results

TaeorEM 3.1. Let C be a closed convex subset of a real Hilbert space H. Let T1 : CX C X C —
H be a relaxed (uy,v1)-cocoerceive and y,-Lipschitz continuous mapping in the first vari-
able, T, : Cx Cx C — H a relaxed (ua,v,)-cocoerceive and p,-Lipschitz continuous map-
ping in the first variable, Tz : C X C X C — H a relaxed (u3,v3)-cocoerceive and ps-Lipschitz
continuous mapping in the first variable, and $,,S,,S3 : C — C three quasi-nonexpansive
mappings. Suppose that x*, y*,z* € C are solutions of the SNVID problems (1.7)—(1.9),
x*,y*,2% € F(81) N F(S;) N F(S3), and {x,}, {yn}, and {z,} are the sequences generated
by Algorithm 2.1. If {a,} is a sequence in [0, 1] satisfying the following conditions:
(i) Z =0 %n = 09,

(i) 0 < s,t,r < min{2(vy — wrpd)/ui, 2(va — uopd) /13, 2(v3 — usp3)/ud},

(iii) v1 > urp3, va > uap3 and vs > uspd,
then the sequences {x,}, {yn}, and {z,} converge strongly to x*, y*, and z*, respectively.

Proof. Since x*, y*, and z* are the common elements of the set of solutions of the SNVID
problems (1.7)—(1.9) and the set of common fixed points of S, S,, and S3, we have

* =8 Pc[y* —sTi(y*,z%,x*)], s>0,

y* =SPclz" —tTo(z%,x*,y*)], t>0, CRY
* = S3Pc[x* —rTs(x*J*,Z*)], r>0.

Observing (2.1), we obtain

||xn+1 —X*H = ||(1 - an)xn"'anSlPC[yﬂ _STl (y"’Z"’x")] —X*H

< (1= o) |en = x*[[ + aal[yn =y = s[ T2 (ys 2o 0) = Ti(y", 2%, x7) ]I
(3.2)
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By the assumption that T is relaxed (u;,v;)-cocoercive and y;-Lipschitz continuous in
the first variable, we obtain

19n = y* = S[T1 (yurzmsitn) = Tr (y%,2%,2%) ||
=lyn = ¥l = 25(yn = ¥, T1 (s 2uoX) = Th (y*,2%,x*))
+ 8[| Ty (s 2 n) = Ty (%, 2%, x%) ||
<llya =yl = 2L = wlITs (w2 n) = T =22 4 llyn =7 ] 3.3)
+ sy — I
<y = y*ll+2smpillyn = y* I = 25wllyn = y* | + iy = y* I
= 6y — I,

where 67 = 1 +s>u? — 2sv; + 2su 3. From the conditions (i) and (iii), we know 6; < 1.
Substituting (3.3) into (3.2) yields that

|1 =[] < (1= @) [[oen — x*[[ + 201 [y — y*1|. (3.4)

Now, we estimate
l[yur1 — ¥*|| = |IS2Pclzur1 — t T2 (zns1Xns1> ) | — ¥*|] (3.5)
< |21 — 2% = t{ To(Zns1Xns15 ¥u) — To (25, %%, y) 1] '

By the assumption that T is relaxed (u,,v,)-cocoercive and y»-Lipschitz continuous in
the first variable, we obtain

llzns1 — 2% = t{ T2 (zur1,Xns1, ya) — T (255, y*) ||
= ||Zn+1 —Z*HZ - 2t<zn+1 -z%, T2(2n+1)xn+l>yn) - Tz(Z*,X*,)/*)>
+t2||T2 menﬂa}’n) *x* >)’ ||
< ||zns1 —Z*|| —2t[ - Li2||T2 Zni1>Xnt1> Yn) — Tz(Z*>x*>)’*)||2 +v2||zni1 — Z*Hz]
+ 248|201 - ¥
< llzwer = 2*|I° + 2148|2001 = 2*| = 28l 2y = 2*|1” + 248|201 = 2%
< 03|20 — 2*|",

(3.6)

where 0% = 1+ t2u3 — 2tv, + 2tupp3. From the conditions (ii) and (iii), we know that 6, <
1. Substituting (3.6) into (3.5) yields that

lyner =¥l < Osllzns = 21, (3.7)

which implies that

lyn=y* |l = 62|20 — 27 (3.8)
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Similarly, substituting (3.8) into (3.4), we have
201 — x*|| < (1 = ) |0 — x*|| + @016, |z — 2*||. (3.9)

Next, we show that

||Zn+1 —Z*H = ||S3PC[xn+1 - rT3(xn+1y)/n+l>zn)] _Z*H (3.10)
< |J2ns1 = x* = [ T3 (Xns1> Yur1,20) — T(x*, y%,2°) ]|I. '

By the assumption that T3 is relaxed (u3,v3)-cocoercive and ys3-Lipschitz continuous in
the first variable, we obtain
1 = x* = [T (uets et zn) = Ts (6%, y%,2%) |
= {[ons1 = x*||* = 27 (xps1 = %%, Ts (Xt 1> Yus1,20) — T3 (5%, y*,2%) )
72| T3 (s, yns1,2n) = T (x*, y*,2%) |
< [l =" = 2r[ - usllTa xn+1,yn+1,zn) = T3 (6, %, 2%) [P+ va e = x*|I°]
P, — 7|1
= [l = |+ 2rusgid] [enr = x*|1° = 2rvs|lxer = %[ + 2443 e — x|
= 63 sens1 — x|,

(3.11)

where 63 = 1+ r2u3 — 2rvs + 2rusp3. From the conditions (ii) and (iii), we know that
65 < 1. Substituting (3.11) into (3.10), we obtain

||Zn+1 —Z*H < 93||xn+1 —x*H, (3.12)
which implies
l|zn — 2*|| < 65|10 — x*]|. (3.13)
Similarly, substituting (3.13) into (3.9) yields that

[xner = %[ < (1= otu) |xn — x| + 004010205 |0 — x|

(3.14)

< [1 - (Xn(l - 919293)] ||Xn —X*H.
Noticing that >, o, (1 — 0,6,05) = o and applying Lemma 2.4 into (3.14), we can get
the desired conclusion easily. This completes the proof. O

Remark 3.2. Theorem 3.1 extends the solvability of the SNVI of Chang [3] and Verma
[8] to the more general SNVID (1.7)—(1.9) and improves the main results of [3, Theorem
2.1], [8, Theorem 3.3] by using an explicit iteration scheme, Algorithm 2.1. The compu-
tation workload is much less than the implicit algorithms in Chang [3] and Verma [8].
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Moreover, Theorem 3.1 also extends the SNVID of Huang and Aslam Noor [6] to some
extent.

From Theorem 3.1, we can get the following results immediately.

THEOREM 3.3. Let C be a closed convex subset of a real Hilbert space H. Let T} : C —
H be a relaxed (uy,v1)-cocoerceive and y,-Lipschitz continuous mapping, T, : C — H a
relaxed (u,,v,)-cocoerceive and p,-Lipschitz continuous mapping, Ts : C — H a relaxed
(us3,v3)-cocoerceive and ps-Lipschitz continuous mapping, and S1,S,,S3 : C — C three quasi-
nonexpansive mappings. Suppose that x*, y*,z* € C are solutions of the SNVID problems
(1.13)—(1.15), x*,y*,z* € F(S1) N F(S2) N F(S3), and {x,}, {ya}, and {z,} are the se-
quences generated by Algorithm 2.2. If {a,} is a sequence in [0,1] satisfying the following
conditions:
(1) Z:o:() Ay = 0,

(ii) 0 < s,t,r <min{2(vy — wapt)/pi, 2(va — tapd)/15,2(v3 — usp3)/u3},

(iii) v > ul‘u%, vy > uzyg and vz > u3y§,
then the sequences {x,}, {yn}, and {z,} converge strongly to x*, y*, and z*, respectively.

Remark 3.4. Theorem 3.3 includes Theorem 3.5 of Huang and Aslam Noor [6] as a special
case and also improves the main results of Chang et al. [3] and Verma [8] by explicit
projection algorithms.

THEOREM 3.5. Let C be a closed convex subset of a real Hilbert space H. Let T : C — H
be a relaxed (u,v)-cocoerceive and y-Lipschitz continuous mapping and let S: C — C be a
quasi-nonexpansive mapping. Suppose that x*, y*,z* € C are solutions of the SNVI prob-
lems (1.16)—(1.18), x*, y*,z* € F(S), and {x,}, {yn}, and {z,} are the sequences generated
by Algorithm 2.3. If {a,,} is a sequence in [0, 1] satisfying the following conditions:
(i) Z:ozo ay = o9,

(i) 0 < s,t,7 < (2(v — up?))/u?,

(iii) v > up?,
then the sequences {x,}, {yn}, and {z,} converge strongly to x*, y*, and z*, respectively.
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