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Abstract

In this paper, we investigate a splitting algorithm for treating monotone operators.
Strong convergence theorems are established in the framework of Hilbert spaces.
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1 Introduction and preliminaries
In this article, we always assume that H is a real Hilbert space with inner product (-, -) and
norm | - || and C is a nonempty, closed, and convex subset of H.

Let S: C — C be a mapping. F(S) stands for the fixed point set of S. S is said to be

contractive iff there exists a constant @ € (0,1) such that
[Sx=Syll <allx-yll, Vx,yeC.

It is well known that every contractive mapping has a unique fixed point in metric spaces.

S is said to be nonexpansive ift
Sx =Syl < llx=yll, VxyeC.

If C is a bounded, closed, and convex subset of H, then F(S) is not empty, closed, and
convex; see [1] and the references therein. S is said to be strictly pseudocontractive iff there

exists a constant « € [0,1) such that
S —SylI> < lx—y]1* + kllx —y — Sx + Sy||>, Vx,yeC.

The class of strictly pseudocontractive mapping was introduced by Browder and Petryshyn
[2]. It is clear that the class of strictly pseudocontractive mappings include the class of
nonexpansive mappings as a special case. It is also not hard to see that strictly pseudocon-
tractive mapping is continuous.

Let A : C — H be a mapping. Recall that A is said to be monotone iff

(Ax—Ay,x—y)>0, Vx,yeC.
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A is said to be strongly monotone iff there exists a constant « > 0 such that
(Ax — Ay,x—y) > kllx—y|* Vx,yeC.

A is said to be inverse-strongly monotone iff there exists a constant « > 0 such that
(Ax — Ay,x —y) > k||Ax — Ay||>, Vx,yeC.

A is inverse-strongly monotone iff the inverse of A is strongly monotone. It is not hard to
see that every inverse-strongly monotone mapping is monotone and continuous. Let I be
the identity mapping on H. From [2], we know that / — S is inverse-strongly monotone iff
S is strictly pseudocontractive; for more details, see [2] and the references therein.

The classical variational inequality problem is formulated as finding a point x € C such
that

(y—x,Ax) >0, VyeC.

Such a point x € C is called a solution of the variational inequality. In this paper, we use
VI(C,A) to denote the solution set of the variational inequality. It is known that x is a
solution of the variational inequality iff x is a fixed point of the mapping Proj.(I — rA),
where Proj is the metric projection from H onto C, I is the identity and r is some posi-
tive real number. Recently, many authors studied solutions of inverse-strongly monotone
variational inequalities based on the equivalence; see [3—13].

Recall that a set-valued mapping B: H =% H is said to be monotone iff, for all x,y € H,
f € Bxand g € By imply (x —y,f — g) > 0. In this paper, we use B}(0) to stand for the zero
point of B. A monotone mapping B : H = H is maximal iff the graph Graph(B) of B is
not properly contained in the graph of any other monotone mapping. It is known that a
monotone mapping B is maximal if and only if, for any (x,f) e H x H, (x —y,f —g) > 0,
for all (y,g) € Graph(B) implies f € Bx. For a maximal monotone operator B on H, and
r > 0, we may define the single-valued resolvent J, : H — Dom(B), where Dom(B) denote
the domain of B. It is known that J, is firmly nonexpansive, and B(0) = F(J,).

One of the most important techniques for solving zero point problem of monotone op-
erators goes back to the work of Browder [14]. Many important problems have reformula-
tions which require finding zero points, for instance, evolution equations, complementar-
ity problems, mini-max problems, variational inequalities and fixed point problems. It is
well known that minimizing a convex function f can be reduced to finding zero points of
the subdifferential mapping A = 9f. One of the basic ideas in the case of a Hilbert space H is
reducing the above inclusion problem to a fixed point problem of the operator R4 defined
by R4 = (I + A)™, which is called the classical resolvent of A. If A has some monotonicity
conditions, the classical resolvent of A is with full domain and firmly nonexpansive. The
property of the resolvent ensures that the Picard iterative algorithm x,,,; = R4x, converge
weakly to a fixed point of R4, which is necessarily a zero point of A. Rockafellar introduced
this iteration method and call it the proximal point algorithm (PPA); for more details, see
[15] and [16] and the references therein.

It is known that PPA is only convergent and it was also pointed in [17] that it is often im-

practical since, in many cases, to solve the fixed point problem exactly is either impossible
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or of the same difficult as the original zero point problem. Therefore, one of the most inter-
esting and important problems in the theory of monotone operators is to find an efficient
iterative algorithm to compute their zero points. In many disciplines, including economics
[18], image recovery [19], quantum physics [20], and control theory [21], problems arises
in infinite dimension spaces. In such problems, strong convergence (norm convergence) is
often much more desirable than weak convergence, for it translates the physically tangible
property that the energy ||x, — x|| of the error between the iterate x, and the solution x
eventually becomes arbitrarily small. The important of strong convergence is also under-
lined in [22], where a convex function f is minimized via the proximal point algorithm:
it is shown that the rate of convergence of the value sequence {f(x,)} is better when {x,,}
converges strongly that it converges weakly. Such properties have a direct impact when
the process is executed directly in the underlying infinite dimensional space.

To improve the weak convergence of PPA, many authors considered lots of different
modifications; see [23—-36] the references therein. One of the classic results was estab-
lished by Solodov and Svaiter [33]. They obtained strong convergence theorems in Hilbert
space without any compact assumption but with the aid of the metric projection.

In this paper, we are concerned with the problem of finding an element in the zero
point set of the sum of two operators which are inverse-strongly monotone and a maxi-
mal monotone and in the fixed point set of a mapping which is strictly pseudocontractive.
Strong convergence theorems are established without the aid of the metric projections.
The organization of this paper is as follows. In Section 1, we provide an introduction and
some necessary preliminaries. In Section 2, a regularization iterative algorithm is investi-
gated. A strong convergence theorem is established without the aid of metric projections.
In Section 3, applications of the main results are discussed.

In order to prove our main results, we also need the following lemmas.

Lemma 1.1 [36] Let A: C — H be a mapping, and B: H = H a maximal monotone oper-
ator. Then F(J,(I - rB)) = (A + B)™1(0).

Lemma 1.2 [37] Let E be a Banach space and let A be an m-accretive operator. For ). > 0,
u>0,and x € E,we have J,x = J,(5x+ (11— £)J,x), where J, = (I + LA) " and ], = (I+ pnA)™.

Lemma 1.3 [38] Let {x,} and {y,} be bounded sequences in a Banach space E, and {8}
be a sequence in (0,1) with 0 < liminf,_, B, < limsup,,_, ., B, < 1. Suppose that x,., =
(L= Bu)yn + Buxn, V1 > 1 and

limsup(||yn+1 =Yl = %041 _xn”) =0.

n—00

Then lim,_, o ||y4 — %4l = 0.

Lemma 1.4 [39] Let {a,} be a sequence of nonnegative numbers satisfying the condition
a1 < (1 - ty)ay, + tyb, + ¢y, Vu > 0, where {t,,} is a number sequence in (0,1) such that
lim,, o0 £, = 0 and ZZZO t, = 00, {b,} is a number sequence such that limsup,_, b, <0,
and {c,} is a positive number sequence such thaty -, ¢, < 00. Then lim,_,  a, = 0.

Lemma 1.5 [40] Let S: C — C be a strictly pseudocontractive mapping with the constant
k €[0,1). Then S is Lipschitz continuous and I — S is demiclosed at zero. Define a mapping
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T:C— CbyTx:=ax+(1—a)Sxforeachx € C. Then, as a € [«,1), T is nonexpansive such
that F(S) = F(T).

2 Convergence analysis

Theorem 2.1 Let A: C — H be an «-inverse-strongly monotone mapping and let B be a
maximal monotone operator on H. Let S : C — C be a strictly pseudocontractive mapping
with the constant k € [0,1) and let f : C — C be a contractive mapping with the constant
B € [0,1). Assume that Dom(B) C C and F(S)N (A +B)71(0) is not empty. Let J,, = (I +r,B)™
and let {x,} be a sequence generated in the following process: xy € C and

Zn = af (%) + (1 = )%
Yn :]rn (Zn - rnAZn + en)’

X+l = ,ann + (1 - lsn)(ynyn + (1 - yn)Syn)1 Vn > 0,

where {a,}, {8,} and {y,} are real number sequences in (0,1) and {r,} is a positive real
number sequence in (0,2c). Assume that the control sequences satisfy the following restric-
tions:

() limy oo 0y =0, Y o0ty = 00;

(b) 0 <liminf,_, B, <limsup,_, . B.<1

(©) kK <yu<a<l,liMy oo |Vus1 — Vul = 0;

(d) O<b<r,<c<2aand . |ry—ry1] < 00;

() > o llenll < o0,
where a, b and c are three real numbers. Then {x,} converges strongly to a point x € F(S) N
(A + B)71(0), where % = Proj sy 5)1(0)f %)-

Proof First, we show that {x,} is bounded. Notice that / — r,A is nonexpansive. Indeed, we
have
2
|| I-rA)x—-(I - r,,A)y”
= [lx = ylI* = 27 (x - y, Ax = Ay) + 1, | Ax — Ay|®
< =1 = ru(2e = 1) |Ax — Ay|1%.

In view of the restriction (d), we find that  — r,A is nonexpansive. Fixing p € F(S) N (A +
B)71(0), we find that

llzw — pll < au Hf(xn) —PH + (1 —ay)llx, - pll
< (1-a,(1=B))llxn = pll + o [f @) - p| -

Putting Ty« := y,x + (1 — y,,)Sx for each x € C, we see from Lemma 1.5 that T}, is nonex-
pansive with F(T,) = F(S) for each n > 0. It follows that

”xn+1 —P|| =< ,Bn”xn _p” + (1 - ,Bn) ” Tn]rn (zn - VnAzn + en) —PH
< Bullxn = pll + (1= Bu)llzn — pll + (1= B llenll
< Bullxn = pll + (1 —a,(1- ,3))(1 - B)llxn = pll
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+a,(1- B |f () —p| + lleall

< (1- 1= B)A - B2) % - pll + @u(1 = B)[f ) - p| + llexl
< max{ . — pll, ”f(lngl_ﬁpn} + [lenll

If @) - pll
1-B

IA

maX{ %01 = plls } + llen-ll + [lenll

n

max{uxo —p, PP } 2l

IA

IA

max{nxo ~pl, ”f(p) ””} Z||el||<oo
i=0

This proves that the sequence {x,} is bounded, so are {y,} and {z,}. Notice that

2w = zyall < (1 —ap(l- ,B)) % = Xn-all + lotn — ot Hf(xn—l) —Xn-1 ”

Putting p, = z, — r,Az, + e,, we find that

lon = on-tll < 2w = Zu-1ll + 1r% = Tt lllAZ-1 || + llenll + ll€n-1ll
< (L= an(l = B)) 10 = Fnor || + ot — || f 1) = % |

+ 1 = rua[|AZna || + llenll + llenll.

It follows from Lemma 1.2 that

n-1 Vy-1
||J’n _yn—ln = ]rn1< - Pn t+ (1 — = )]r,,pn) _]r,,,lpn—l
T Tn

n-1 -1
=< : (pn - pn—l) + (1 - )(]rn Pn — pn—l)

n n

< | (on = pu-1) + (1 - n_l)(]rnpn — Pu)

|75 = 11l
< lon = puall + %”]rnpn — oull

= (1 —a,(l- 13)) %0 = %1l + fu

= %0 = Xl + s

where

Vruon = pall
S = lotn = ot | [ (1) = 2 | + 11 = r,,_1|(||Azn_1|| + = ) +lleull + llewll-

This implies that

”Tnyn n 1Vn- 1” =< ”Tnyn n_)’n—l” + ”Tnyn—l - Tn—lyn—ln

=< [ln = Xl +fn + 1V = Va1 1 SYn-1 = Y ll.
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In view of the restrictions (a), (c), (d), and (e), we find that

lim Sup(” Tnyn - Tn—l)’n—l” — [l%x _xn—lu) <0.

n—00

It follows from Lemma 1.3 that
lim || Ty, — x4l = 0. (2.1)
n— 00

This in turn implies that
lim ||%,41 — x4l = 0. (2.2)
n—00

Notice that

[%ni1 = pI* < Bulltn = pII* + A= B Tr, on = P>
< Bl —plI? + A= B |1 (2 = ruA 2, + €)= |
< Ballxn = pI? + (1= B) | @n — ruAzs) - (I =1, A)p|*
+ lleall (leall +2|| (zn = ruAzs) = (I = ruA)p|)
< Bull%n = pI* + (A= B)llzu — pII* = ru(1 = B) e = 1) | Az, — Apl|®
+lleall(lenll + 2] (zn — rndz,) - I - raA)p])

< Bullxn = pI? + au(1 = B |[f ) — 2| + (L= B) (A = )l — pI?
— (1= B)2a — 1) |Azy — AplI* + gus

where g, = [lexl|(lexll + 21|(zx — ruAz,) — (I = r,A)p)). It follows that

ru(1- ,3,,)(20[ —1)llAz, —AP||2
< tn =PI = Itn1 =PI + (1= B) [ G5) — p|* + g
< (1060 =PIl + 1t = PU) %41 = 2l + [ () — 2| * + i
In view of the restrictions (a), (b), (c), (d), and (e), we find from (2.2) that
lim ||Az, — Ap| = 0. (2.3)

Since J,, is firmly nonexpansive, we find that

/5, 0n —17”2 = </rn/0n -1, (20— 1Az, +e,) - (p— rnAp)>
1
= 5 (Wrupn =PI + | Gz = rAz, + €0) = (0 = raAp)|?
- ”(]rnpn —P) - ((Zn - rnAzn + en) - (10 - VnAP)) H2)

=

(Vs = I + | (I = 1222, = (1 = ruA)p | + s

N =
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~ o0 — 20 — €n + T4AZy — rnAP”Z)

=

(”]r,,pn —19||2 + ”Zn —P||2 +gn - ”]r,,pn —Zy — 6,,”2

N =

— lruAzy = 14 ApII* + 214l Az — AP |, o1 — 20 — €nll).
It follows that

”]rnpn —P||2 S ”Zn —P||2 +gn - ”]rnpn —Zy — 6,,”2

— IrnAzy = ruAp|® + 2llenll 5, 00 = 20 + 1wAZy — 1 AD||

2
=ay Hf(xn) —P” + (1= ap)llxn —17”2 + 80~ Wryon —2n — en||2

+2r,||Az, - Ap|| ”]rnpn —zp—eyll.
This implies that

%41 =PI < Bullotw — plII* + (L = B Tl o — pII>
< Bullxn = pI* + @ = B, o0 — I
2
S ”xn —P||2 + 0y “f(xn) —P” +gn - (1 - ﬂn)”]rnpn —Zp — 6,,”2

+21n||Azy — Ap|I1 1, o0 — 20 — enll-

It follows that

2
A= Br,on = 2n — €nll* < (10 =PIl + %001 =PI 190 — Xst | + 0t |[f () = P

+ 8y + 21y | Az — APy, 00 — 20 — €nll.

In view of the restrictions (a), (b), and (e), we find from (2.2) and (2.3) that lim,—. ||/, 0n —
zy — €|l = 0. This in turn implies that

lim ||/, 00 — zull = 0. (2.4)
n—00
Notice that

Nyn = xull < 1Y = 2zull + Iz — x4l

S ”yn - Zn” + 0y “f(xn) —Xn H .
It follows from (2.4) that
lim ||y, — x| = 0. (2.5)
n—oQ
On the other hand, we have

1T — %l < ” ()/nx,, +(1- yn)an) - (Vnyn +(1- )/n)Syn) ”
] (v + (L= 1)) =

< Vulyn = xull + (1- Vn)”syn = Sxull + 1 Tyn = Xull.
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Since S is Lipschitz continuous, we find from (2.1) and (2.5) that
lim ||T,x, —x,|| = 0. (2.6)
n—00

Notice that

”Syn _yn” =< ”Syn - Tnyn” + ”Tnyn - Tnxn“ + ”Tnxn _xn” + ”xn _yn”

= Vulyn = Synll + 21 yn = %ull + 1 Tun — %l
That is,
A = vISyn = yull < 2llyn = xull + | Ty — %l
In view of (2.5) and (2.6), we find from the restriction (c) that
Tim 1Sy~ yul = 0. (27)

Since Projr(s)n4.p)-1(0)f 18 contractive, we see that there exists a unique fixed point, say x.
Next, we show that limsup,_, . {(f(X) — X,2z, — X) < 0. To show it, we can choose a subse-

quence {z,,} of {z,} such that

hzrisolip(f(x) —X,2, — x) = ilirgo(f(x) — X, 2Zp; — x).
Since {z,,} is bounded, we can choose a subsequence {z,,L.]_ } of {z,,,;} which converges weakly
to some point x. We may assume, without loss of generality, that z,, converges weakly to x.
In view of (2.4), we find that y,,, also converges weakly to x. It follows from Lemma 1.5 that
x € F(S).
Now, we are in a position to show that x € (A + B)™}(0). Notice that y, = J,, (z, — r,Az, +
e,). It follows that

zy — ryAz, + e, € (I +1,B)y,.
That is,
Zy—Yy

L Az, + ey € By,,.
T

Since B is monotone, we get, for any (i, v) € B,

Z—
< w— "r In —Azn+en—v>zo.

n

Replacing # by n; and letting i — 0o, we obtain from (2.4) that

(x — u,—Ax—v) > 0.
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This gives —Ax € Bx, thatis, 0 € (A + B)(x). This proves that x € (A + B)™}(0). This complete
the proof that x € F(S) N (A + B)™1(0). It follows that

limsup{f (%) - &, 2, — ¥) < 0.
n—o0

Finally, we show that x, — x. Notice that

2w = ZII* < culf (%) — % 20 — %) + (1 = ) |0 — X[ 120 — %Il
S oy Hf(xn) —f(J_C) ” ”Zn _9_6” + (Jl,,(f(.?_c) _9-5: Zy _9_C>
+ (1 = a) oy = xllllzn — X[|

< 1—0[,,(1—,3)

=< > (ln = 211 + N1z = %1%) + ulf (%) - %, 2 - ).

This implies that
2w = %1% < (1 - @u(1 = B)) Il — %1% + 20, {f (%) - %, 2, — ).
It follows that

Iy = ZI? < || (20 = ruAz,) = (& = r,A%) + €|
< [ @n — r2AAzs) = G~ ruAR) | + lleal?
+2lleall|| (zn — ruAz,) — (& - r,AZ)||
< llzu = ZII* + Iy

< (1=l = B)) I = XI1? + 2004{f (%) = %, 20 = &) + B, (2.8)
where &, = |le,||(llex|l + 2|(z, — rnAz,) — (I — r,A)x]]). It follows from (2.8) that

[%ne1 = %1% < Bullxw = %1% + (1= BN Toyu — %117
< Bullow = XI* + (1= B)llyn — %I
< (1-a,1-B)1-B))llx, — x|
+20,(1 = B)|f (%) — %, 2 — X) + By

In view of the restriction (a), (b), and (e), we find from Lemma 1.4 that x,, — x. This com-
pletes the proof. O

If S is nonexpansive and y, = 0, then we have the following result immediately.

Corollary 2.2 Let A : C — H be an w«-inverse-strongly monotone mapping and let B be
a maximal monotone operator on H. Let S : C — C be a nonexpansive mapping and let
f: C— C be a contractive mapping with the constant 8 € [0,1). Assume that Dom(B) C C
and F(S)N (A +B)™1(0) is not empty. Let J,, = (I +r,B)™" and let {x,} be a sequence generated

Page 9 of 15
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in the following process: xy € C and

In = of (%) + (1 = ctn)xy,
Xl = ﬁnxn + (1 - ﬁn)S]rn (yn - rnAyn + en); Vn > 0¢

where {«,} and {B,} are real number sequences in (0,1) and {r,} is a positive real number
sequence in (0,2w). Assume that the control sequences satisfy the following restrictions:

() limy o0 0y =0, Y gty = 00;

(b) 0<liminf,_, B, <limsup,_ . B. <1

() 0<b<r,<c<2aand) o |rm—ru1|<00;

(d) 2020 llenll < 00,
where b and c are two real numbers. Then {x,} converges strongly to a point x € F(S)N (A +
B)71(0), where X = Proj (s, 5-1(0)f (%)-

3 Applications

Many nonlinear problems arising in applied areas such as image recovery, signal process-
ing, and machine learning are mathematically modeled as a nonlinear operator equation
and this operator is decomposed as the sum of two nonlinear operators. The central prob-
lem is to iteratively find a zero point of the sum of two monotone operators, that is,

0 € (A + B)(x).

Many real word problems can be formulated as a problem of the above form. For instance,
a stationary solution to the initial value problem of the evolution equation

u
06Fu+5,

uo = u(0)

can be recast as the inclusion problem when the governing maximal monotone F is of the
form F = A + B; for more details, see [41] and the references therein.
First, we give the following result.

Theorem 3.1 Let A : C — H be an a-inverse-strongly monotone mapping and let B be
a maximal monotone operator on H. Let f : C — C be a contractive mapping with the
constant B € [0,1). Assume that Dom(B) C C and (A + B)™(0) is not empty. Let ], = (I +
r,B)™ and let {x,} be a sequence generated in the following process: xo € C and

In = nf (%) + (1 — )X,
Xn+l = lsnxn + (1 - ,Bn)]rn (yn - VnAyn + en)r Vn > O:

where {«,,} and {B,,} are real number sequences in (0,1) and {r,} is a positive real number
sequence in (0,2a). Assume that the control sequences satisfy the following restrictions:

(a) limy—ooy =0, Y 00 oty = 00;

(b) 0 <liminf,_ o By <limsup,_, ., Bn<1;

() O<b<r,<c<2aand o |ry—ry1| < 00;

(d) Y2 llenll < o0,
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where b and c are two real numbers. Then {x,,} converges strongly to a point x € (A + B)™(0),
where x = Proj 4, p)-1(0)f (%)

Proof Put S = I, the identity on H. The desired conclusion can be obtained immediately.
Let H be a Hilbert space and f : H — (—00, +0o0] a proper convex lower semicontinuous
function. Then the subdifferential 9f of f is defined as follows:

) ={yeH:f&)=f(x) +(z—x)),z€H}, VxeH.

From Rockafellar [16], we know that df is maximal monotone. It is easy to verify that
0 € 9f(x) if and only if f(x) = min,cy f(y). Let Ic be the indicator function of C, i.e.,

0, xeC,
+00, x¢C.

Since I¢ is a proper lower semicontinuous convex function on H, we see that the subdif-
ferential d/c of I is a maximal monotone operator. Then y = (I + 3Ic)'x <= y = Proj x,
VxeH,yeC. 0

Theorem 3.2 Let A : C — H be an a-inverse-strongly monotone mapping. Let S: C — C
be a strictly pseudocontractive mapping with the constant k € [0,1) and letf : C — C bea
contractive mapping with the constant 8 € [0,1). Assume that F(S) N\ VI(C,A) is not empty.
Let {x,} be a sequence generated in the following process: xy € C and

Zy = ar(f(xn) + (1= o)y,
Yn = Proje(z, — rndz, + ey),

X1 = Buxn + (1 - ,Bn)()/nyn +(1- Vn)Syn)r Vn=>0,

where {a,}, {B,} and {y,} are real number sequences in (0,1) and {r,} is a positive real
number sequence in (0,2c). Assume that the control sequences satisfy the following restric-
tions:

(a) limy—oo @y =0, Y o0 aty = 00;

(b) 0<liminf, s B, <limsup,_ . B.<1;

(© k <y <a<Llimy oo |[Vus1 = Vul = 0

(d) 0<b<r,<c<2aand) ;. |ry—ry1|<00;

(©) X0 llenll <00,
where a, b, and c are three real numbers. Then {x,} converges strongly to a point x € F(S) N
(A + B)™(0), where X = Projsa. 510,/ (%)-

Proof Put Bx = 0. Next, we show that VI(C,A) = (A + 3Ic)~1(0). Notice that

x€(A+3I)(0) < O0ecAx+dlcx
— -Axedlcx
— (Ax,y—-x)>0

— «x€VICA).

We can conclude the desired conclusion immediately. O
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If S = I, the identity on H, then we find from Theorem 3.1 the following result immedi-
ately.

Corollary 3.3 Let A: C — H be an a-inverse-strongly monotone mapping. Let S: C — C
be a strictly pseudocontractive mapping with the constant k € [0,1) and letf: C — C bea
contractive mapping with the constant 8 € [0,1). Assume that F(S) N\ VI(C,A) is not empty.
Let {x,} be a sequence generated in the following process: xo € C and

In = “nf(xn) + (1 - Oln)xm
Xn+l = ,ann + (1 - ,Bn)PrOjC(yn - rnAyn + en)» Vn > 0,

where {a,,} and {B,,} are real number sequences in (0,1) and {r,} is a positive real number
sequence in (0,2w). Assume that the control sequences satisfy the following restrictions:

() limy oo, =0, o0 ay =00;

(b) 0<liminf,_, B, <limsup,_ . B. <1

() 0<b<r,<c<2aand o |ry—ry1| < 00;

(d) 2500 lleall < oo,
where b and c are three real numbers. Then {x,} converges strongly to a point x € VI(C,A),
where X = Projy;c 4)f (%).

Let F be a bifunction of C x C into R, where R denotes the set of real numbers. Recall
the following equilibrium problem:

Find x € C such that F(x,y) >0, VyeC. (3.2)

In this paper, we use EP(F) to denote the solution set of the equilibrium problem (3.2).
To study the equilibrium problems (3.2), we may assume that F satisfies the following
conditions:
(Al) F(x,x)=0forallx e C;
(A2) Fis monotone, i.e., F(x,y) + F(y,x) <0 forall x,y € C;
(A3) foreachx,y,z€C,

lim sup F(tz + (1 -t y) < F(x,y);
£l0

(A4) for eachx € C, y+> F(x,y) is convex and weakly lower semicontinuous.
Putting F(x,y) = (Ax,y — x) for every x,y € C, we see that the equilibrium problem (3.2)
is reduced to a variational inequality.

Lemma 3.4 [42, 43] Let C be a nonempty closed convex subset of H and let F : C x C — R
be a bifunction satisfying (Al)-(A4). Then, for any r > 0 and x € H, there exists z € C such
that

1
F(z,y)+-(y-2z-x)>0, VyeC.
r

Further, define

1
Trx:{zeC:F(z,y)+—(y—z,z—x)EO,VyeC} (3.3)
r

Page 12 of 15
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forallr >0 and x € H. Then, the following hold:
(@) T, is single-valued;

(b) T, is firmly nonexpansive, i.e., for any x,y € H,
I Tox = Toyl* < (T = Try,x - 9);

(c) F(T))=EP(F);
(d) EP(F) is closed and convex.

Lemma 3.5 [44] Let C be a nonempty closed convex subset of a real Hilbert space H, F a
bifunction from C x C to R which satisfies (A1)-(A4) and Ar a multivalued mapping of H
into itself defined by

H:F ) 2 — )V C: C’
Ay = {ze (y)=(y-x2),¥yeC}, x¢€ (3.4)
d, x¢C.

Then Ar is a maximal monotone operator with the domain D(Ar) C C, EP(F) = A7*(0) and
Tx=(I+rAp) %, VxeH,r>0,
where T, is defined as in (3.3).

Theorem 3.6 Let A: C — H be an a-inverse-strongly monotone mapping and let Fg be a
bifunction from C x C to R which satisfies (A1)-(A4). Let S : C — C be a strictly pseudocon-
tractive mapping with the constant k € [0,1) and let f : C — C be a contractive mapping
with the constant B € [0,1). Assume that F(S) N EP(F) is not empty. Let {x,} be a sequence

generated in the following process: xy € C and

2z = duf (%) + (1 = ),
Yn = Trn (20 — rnAz, + €y),

X+l = ﬁnxn + (1 - /Sn)(ynyn + (1 - yn)Syn); Vn > 0:

where {a,}, {B,}, and {y,} are real number sequences in (0,1) and {r,} is a positive real
number sequence in (0,2c). Assume that the control sequences satisfy the following restric-
tions:

() limy ooy =0, Y o0gaty = 00;

(b) 0 <liminf,_, B, <limsup,_, . B.<1;

(©) k <yp<a<l,lim, o | V1 — Vul = 0;

(d) O<b<r,<c<2aand o |ry—ry1| < 00;

(&) >no llenll <00,
where a, b, and c are three real numbers. Then {x,} converges strongly to a point x € F(S) N
EP(F), where x = Proj(s)nep(p) f (%)-

If S = I, the identity on H, then we find from Theorem 3.6 the following result on the
equilibrium problem immediately.
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Corollary 3.7 Let A: C — H be an a-inverse-strongly monotone mapping and let Fg be
a bifunction from C x C to R which satisfies (Al)-(A4). Let f : C — C be a contractive
mapping with the constant B € [0,1). Assume that EP(F) is not empty. Let {x,,} be a sequence
generated in the following process: xo € C and

Yn = anf(xn) + (1 - an)xm
Xp+1 = BnXn + (1- ,Bn)Trn (yn - rnAyn +tey), Yn=>0,

where {a,} and {B,,} are real number sequences in (0,1) and {r,} is a positive real number
sequence in (0,2w). Assume that the control sequences satisfy the following restrictions:

() limy ooy =0, Y o0ty = 00;

(b) 0 <liminf,_, o B, <limsup,_, ., B.<1;

() O<b<r,<c<2aand o |ry—ry1| < 00;

(d) 302 lleall <00,
where b and c¢ are two real numbers. Then {x,} converges strongly to a point x € EP(F),

where x = Projgpg) f (%).
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