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ABSTRACT. In this paper, we introduce and study a new iterative method which is based
on viscosity general algorithm and forward-backward splitting method for finding a com-
mon element of the set of common fixed points of multivalued demicontractive and quasi-
nonexpansive mappings and the set of solutions of variational inclusion with set-valued max-
imal monotone mapping and inverse strongly monotone mappings in real Hilbert spaces. We
prove that the sequence {z,} which is generated by the proposed iterative algorithm con-
verges strongly to a common element of two sets above. Finally, our theorems are applied
to approximate a common solution of fixed point problems with set-valued operators and
the composite convex minimization problem. Our theorems are significant improvements on
several important recent results.
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1. INTRODUCTION

Throughout this paper, we assume that H be a real Hilbert space with the inner product
(+,+) and norm ||.|| and C be a nonempty closed convex subset of H. An operator A : H — H
is said to be Lipschitz if there exists an L > 0 such that

(1.1) |Az — Ay|| < Ll|z — vy, V= € H.
A: H — H is said to be strongly positive if there exists a constant k& > 0 such that
(Az,z) > k||z||*, V = € H.

A is called k-strongly monotone if there exists k € (0,1) such that for each z,y € H such
that

(Az — Ay,x =y > kllz —y|*.
Remark 1.1. From the defintion of A, we note that strongly positive bounded linear operator

A is a || A||-Lipschitzian and k- strongly monotone operator.
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An operator A : H — H is said a-inverse strongly monotone if there exists a constant
a > 0 such that

(Ax — Ay, z —y)g > af|Ax — AyHQ, Vaz,y€ H.

It is immediate that if A is a- inverse strongly monotone, then A is monotone and Lipschitz
continuous.

Let A: D(A) € H — 2 be a multivalued operators. Recall that that A is called monotone
if (u—v,x—y) >0, (z,u), (y,v) € G(A), where

G(A) ={(z,u) : 2 € D(A), u € Ax}.

A monotone mapping A : H — 2 is said to be maximal if its graph G(A) is not properly
contained in the graph of any other monotone mapping.

Let A : H — H be a single-valued nonlinear mapping and M : H — 2 be a set-valued
mapping. The variational inclusion problem is as follows: Find x € H such that

(1.2) 0 € M(z)+ A),

where 6 is the zero vector in H. We denote the set of solution of this problem by S(M, A). If
A = 6 then problem (1.2) becomes the inclusion problem introduced by Rockafellar [24]. It is
known that (1.2) provides a convenient framework for the unified study of optimal solutions
in many optimization related areas including mathematical programming, complementarity,
variational inequalities, optimal control, mathematical economics, equilibria, game theory,
signal processing and machine learning. Also various types of variational inclusions problems
have been extended and generalized (see [1] and the references therein).

A popular method for solving problem (1.2) is the well-known forward-backward splitting
method introduced by Passty [21] and Lions and Mercier [13].The method is formulated as

(1.3) Tpp1 = ([ = M M) 1T = NyA)zn, Ay >0,

under the condition that Dom(M) C Dom(A). It was shown, see for example [6], that weak
convergence of (1.3) requires quite restrictive assumptions on A and M, such that the inverse
of A is strongly monotone or M is Lipschitz continuous and monotone and the operator A+ M
is strongly monotone on Dom(B). Tseng in [27] and Gibali and Thong in [29] extended and
improved results of G.H-G.Chen and R.T. Rockafellar [6].

Let (X, d) be a metric space, K be a nonempty subset of X and T : K — 2% be a multivalued
mapping. An element z € K is called a fixed point of T if x € T'xz. The fixed point set of T’
is denoted by Fiz(T) :={z € D(T) : x € Tx} where D(T) := {x € X : Tz # (0}. It is easy
to see that single-valued mapping is a particular case of multivalued mapping.

The theory of set-valued mappings has applications in control theory, convex optimiza-
tion, differential equations and economics. Fixed point theory for set-valued mappings has
been studied by many authors, (see, for example, Brouwer [4], Kakutani [11], Nash [18, 19],
Geanakoplos [9], Sow et al. [26]).

Interest in the study of fixed point theory for multi-valued nonlinear mappings stems, per-
haps, mainly from its usefulness in real-world applications such as Game Theory and Market
Economy and in other areas of mathematics, such as in Non-Smooth Differential Equations
and Differential Inclusions, Optimization theory. We describe briefly the connection of fixed
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point theory for multi-valued mappings with these applications.

Optimization problems with constraints. Let f : H — RU {400} be a proper convex
lower semicontinuous function and ¢ : H — 29 be a multivalued mapping. Consider the
following optimization problem:

min f(z)

(P)

0€ ¢(x).
It is known that the multivalued map, df the subdifferential of f, is maximal monotone (see,
e.g., [16]), where for z,w € H,

w e 8f($)<:>f(y)—f(x) > <y_x7w>7 v Yy e H
< x € argmin(f — (-, w)).
It is easily seen that, for x € H with 0 € ¢(z), = is a solution of (P) if and only if 0 €
e(x) NOf(x) or equivalently
e ThaNThe,

with Th := I —0f and Ty := I — p, where I where [ is the identity map of H. Therefore, x is a
solution of (P) if and only if x is a common fixed point of the multivalued mappings 77 and T5.

Let D be a nonempty subset of a normed linear space . The set D is called proziminal (see,
e.g., [20]) if for each z € E, there exists u € D such that

d(w,u) = inf{Jlz — yl| : y € D} = d(a, D),
where d(z,y) = ||z — y|| for all z,y € E. Every nonempty, closed and convex subset of a real
Hilbert space is proximinal. Let CB(D), K(D) and P(D) denote the family of nonempty

closed bounded subsets, nonempty compact subsets, and nonempty proximinal bounded sub-
sets of D respectively. The Hausdorff metric on CB(D) is defined by:

H(A, B) = max { sup d(a, B),sup d(b, A)}
acA beB
for all A,B € CB(D). A multi-valued mapping 7' : D(T) € E — CB(FE) is called L-
Lipschitzian if there exists L > 0 such that
(1.4) H(T,Ty) < Ljiz — y| Va,y € D(T).
When L € (0, 1), we say that T is a contraction, and T is called nonezpansive if L = 1.
A multivalued map T is called quasi-nonexpansive if
H(Tz,Tp) < ||z —p
holds for all x € D(T) and p € Fiz(T). In 2013, Chidume et al. [8] introduced the following

important class of multi-valued strictly pseudo-contractive mappings in real Hilbert spaces
which is more general than the class of multi-valued nonexpansive mappings.

Definition 1.2. [8] A multi-valued mapping 7 : D(T) C H — CB(H) is said to be k-strictly
pseudo-contractive, if there exists k € (0,1) such for all z,y € D(T'), we have

2
(1.5) (H(T2,Ty))" < o~ yl? + kil = w) ~ (y = V)| Yu € Ta, v € Ty.
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If k=11n (1.6), the map T is said to be pseudo-contractive.

Motivated by approximating fixed point of multivalued mappings, Hicks and Kubicek [23]
introduced the following important class of multivalued demicontractive mappings in real
Hilbert spaces which are more general than the class of multivalued quasi-nonexpansive map-
pings and are also related to the multivalued k-strictly pseudo-contractive-type.

Definition 1.3. [23] Let X be a real normed space. A multivalued mapping 7' : D(T") C
X — 2% is said to be demicontractive if Fiz(T) # () and for all p € Fiz(T),r € D(T) there
exists k € [0,1) such that

(1.6) (H(Ta:, Tp))2 < |lz = pl|* + kd(z, Tz)>.

If k=11n (1.6), the map T is said to be hemicontractive.

Remark 1.4. It is easily seen that any multivalued nonexpansive and quasi-nonexpansive
mapping are k-demicontractive for any k € [0,1). Moreover the inverse is not true (see, for
example Isiogugu and Osilike [22]).

Let T': H — P(H) be a multivalued map and Pr: H — CB(H) be defined by
Pr(z):={yeTx: |ly—z| =d(z,Tx)}.

Next is an example of a multivalued mapping 7' with Fix(T) # 0, Tp = {p} for all p € Tp
which Pr is a demicontractive-type but not a k-strictly pseudocontractive-type mapping.

Example 1.5. Let X = R (the reals with usual metric). Define T : [—1,1] — 2[=11 by

( 2 1
[—1,§xsin E]’ x € (0,1],

(1.7) Tz =< {0} =0,

*2 i *1 1 S [—1 O)
X sl x .
3 .’E, ’ ’

Then, clearly Fiz(T) = {0}. For each x € [-1,1],

2 1
{gm sin E}’ x #0,

(1.8) Prz = 0}, 20,

which is demicontractive-type but not k-strictly pseudocontractive-type (see for example [23]).

Recently, viscosity iterative algorithms for finding a common element of the set of fixed
points for single-valued nonexpansive mappings and the set of solutions of variational inequal-
ity problems have been investigated by many authors; (see, e.g., [15, 7] and the references
therein). For example, Moudafi [15] introduced the explicit viscosity approximation method
for nonexpansive mappings.
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Let C be a nonempty, closed and convex subset of a real Hilbert space H. Let f: C — C
be a contraction mapping and 7" be a single-valued nonexpansive mapping on C. Let {x,} be
a sequence defined by

o € C,
(1.9) { Tns1 = anf(@n) + (1 - an)Tay,

where {a,} is a sequence in (0,1). Then, the sequence {z,} generated by (1.9) converges
strongly to «* € Fixz(T), which is a unique solution of the following variational inequality:

(% — f(a"),2" —p) <0, Vpe Fix(T).

On other hand, iterative methods for single-valued nonexpansive mappings have been applied
to solve fixed points problems and variational inequality problems in Hilbert spaces, see,
e.g.,[28, 14] and the references therein. For example, Moudafi [15] introduced the explicit
viscosity approximation method for nonexpansive mappings. A typical problem is to minimize
a quadratic function over the set of the fixed points of a nonexpansive mapping on a real
Hilbert space H:

1
(1.10) min - (Ax,z) — (b, x).
zeFix(T)
In [28], Xu proved that the sequence {x,} defined by iterative method below with initial guess
xg € H chosen arbitrary:

(1.11) Tpy1 = anb+ (I — anA)Tzy, n>0,

converges strongly to the unique solution of the minimization problem (1.10), where T is a
nonexpansive mappings in H and A a strongly positive bounded linear operator. In 2006
Marino and Xu [14] extended Moudafi’s results [15] and Xu’s results [28] via the following
general iteration xg € H and

(1.12) Tpt1 = anYf(zn) + (I — anA) Ty, n >0,

where{ay, }nen C (0,1), A is bounded linear operator on H and T is a nonexpansive. Under
suitable conditions, they proved the sequence {z,} defined by (1.12) converges strongly to
the fixed point of T', which is the unique solution of the following variational inequality

(Az* —~vf(z¥),2* —p) <0, Vpe Fiz(T).

Motivated and inspired by the ongoing results in this field, we introduce a new iterative
algorithm and prove a strong convergence theorem for variational inclusion problem (1.2)
and the fixed point problem involving multivalued demicontractive and quasi-nonexpansive
mappings in Hilbert spaces without any compactness assumption. Finally, we apply our
convergence results to approximate a common solution of fixed point problems with set-valued
operators and the composite convex minimization problems.

2. PRELIMINARIES

In this section, we define some concepts and state few basic results that we will use in
sequel. Recall that the nearest projection Po from H to C assigns to each x € H, the unique
point Pox € C satisfying the property

|l = Poxl] < fly — x|
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for all y € C, which is equivalent to the following inequality
(2.1) (x — Pox, Pox—y) >0, Vy e C.

Let a set valued mapping M : H — 2H be a maximal monotone. We define a resolvent
operator J )J\V[ generated by M and A as follows:

JY = (I + M)V (z) Vo € H,

where ) is a positive number. It is easily to see that the resolvent operator J )J\V[ is single-valued,
nonexpansive and 1-inverse strongly monotone and moreover, a solution of the problem 1.2
is a fixed point of the operator J (I — AA) for all A > 0 (see, for example, [12]).

Lemma 2.1. [13] Let M : H — 2 be a maximal monotone mapping and A : H — H be a
Lipschitz and continuous monotone mapping. Then the mapping M+ A : H — 29 is mazimal
monotone.

Lemma 2.2 ([7]). Let H be a real Hilbert space. Then for any x,y € H, the following
inequalities hold:

lz +ylI? < llz]|* + 2{y, @ + y).
IAa + (1= Nyl* = Mlz]* + (1 = Nlyl* = (1 = MDAz - ylI*, X € (0,1).

Definition 2.3. Let H be a real Hilbert space and T : D(T) ¢ H — 2 be a multivalued
mapping. I — T is said to be demiclosed at 0 if for any sequence {x,,} C D(T') such that {z,}
converges weakly to p and d(z,,Tx,) converges to zero, then p € Tp.

Lemma 2.4 (Demiclosedness Principle, [4]). Let H be a real Hilbert space, K be a nonempty
closed and convex subset of H. Let T : K — CB(K) be a multivalued nonezpansive mapping
with convex-values. Then I — T is demi-closed at zero.

Lemma 2.5 ( [29]). Assume that {a,} is a sequence of nonnegative real numbers such that
an+1 < (1 — ap)an + anoy, for all n > 0, where {ay,} is a sequence in (0,1) and {o,} is a
sequence in R such that

[o¢] (o]
a an, =00, (b) limsup o, <0 or onQy| < oo. Then lim a, = 0.
()nz:% n (b) n~>oop n nzz;)|n nl il dn

Lemma 2.6. [30] Let H be a real Hilbert space and A : H — H be a k-strongly monotone and

L-Lipschitzian operator with k > 0, L > 0. Assume that 0 < n < %]; and T = 77( — LTQW)

Then for each t € <O,min{1, %}), we have
(T — tnAYz — (I — tnA)y]| < (1 — tr) & — y]|, Yo,y € H.

Lemma 2.7 (Song and Cho [25]). Let H be a real Hilbert space and T : H — P(H) be a
multi-valued map. Then the following are equivalent:

(1) x* € Fiz(T);

(i1) Pr(z*) = {=°};

(t91) z* € Fix(Pr). Moreover, Fix(T) = Fix(Pr).

Lemma 2.8. Let H be a real Hilbert space and A : H — H be an a-inverse strongly monotone
mapping. Then, I — A is nonexpansive mapping for all z,y € H and 0 € [0, 2a].
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Proof. For all x,y € H, we have

I —64)z — (I —0A)y|* = |(z—y) —0(Az — Ay)|
lz — yl* - 20{Az — Ay, — y) + || Az — Ay]|?
lz = ylI* + 6(6 — 20)|| Az — Ay|]>.

IN

‘We obtain the desired result. OJ

3. MAIN RESULTS

In this section, we prove some strong convergence theorems for finding a common element
of the set of solution of a variational inclusion problems and the set of solution of fixed point
problems involving set-valued operators.

Theorem 3.1. Let H be a real Hilbert space and K be a nonempty, closed convex subset of
H. Let A: K — H be an a-inverse strongly monotone operator and let B : H — H be an k-
strongly monotone and L-Lipschitzian operator. Let f : K — H be an b-Lipschitzian mapping
and M : H — 22 be a mazimal monotone mapping such that the domain of M is included in
K. Let Th : K — CB(K) be a multivalued B-demicontractive mapping and Ty : K — CB(K)
be a multivalued quasi-nonexpansive mapping such that ' := Fix(Ty) N Fix(Te)NS(M, A) # 0
and Tip = Top = {p} Vp € I'. For given zg € K, let {x,,} be generated by the algorithm:

Zn = J)]\\;[(I — Az,
Yn = ann + (1 - en)vna Up € T1Zn7

Wy, = Bnyn + (1 - Bn)um Up € T2yn7

Tn+1 = P (anVf(2n) + (I — noy B)wy),
where {\n}, {Bn}, {0n} and {an} be sequences in (0,1) satisfying the following conditions:
(7) lim a, =0, Zan =00, Ay € [a,b] C (0, min{1, 2a}).

n—oo
n—=

0
(i7) ILm inf 8,(1 — 3,) >0, 0, €]3,1] and ILm inf(1 —6,,)(0, — B8) > 0.

2k L?
Assume that 0 < n < T2 0 <~b< T, where T = n(k‘ - 777) and the mappings I — T and

I—Ty are demiclosed at origin. Then, the sequences {x,} and {z,} generated by (3.1) converge
strongly to x* € I, which is the unique solution of the following variational inequality:

(3.2) (nBx™ — yf(z*),2" —p) <0, Vpel.

Proof. From the choice of n and v, (nB — «f) is strongly monotone, then the variational

inequality (3.2) has a unique solution in I'. Below we use z* to denote the unique solution of
1

(3.2). Without loss of generality, we can assume «,, € <O,min{1 ,—}). We prove that the
T

sequence {x,} is bounded. Let p € I'. Then from Lemma 2.8, we have

lzn = pll = 173, (I = AnA)zn = p|| < [z — pll, ¥n > 0.
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By using (3.1), Lemma 2.2, Typ = {p} and T} is S-demicontractive, we have

9 2
lyn =2 = oz =)+ (1 = 02) (00— p)|
= Onllzn — pH2 + (1= 6n)|[vn — pH2 = (1= 0n)bnllvn — ZnH2
< Onllen — pH2 + (1 = 0n)H (T 20, Tlp)2 — (1= 0n)0nllvn — Zn||2
< Oallza =22 + (1= 0) (llzn = Bl + Bd(20, T120)2) = (1= 0n)00llvn — 2>
Hence,
(3.3) lyn — pIl < ll2n — pH2 — (1= 6,)(0n — B)|lvn — Zn”2

Since 6,, €], 1], we obtain,

(3.4) Iy = || < 120 — -

From (3.1) and fact that Thp = {p}, we have

Hwn _pH = Hﬁnyn + (1 - 5n)un _pH
S Bn”yn _p” + (1 - /Bn)”un _pH
< Bn”yn _pH + (1 - /Bn)H(TQymT2p)
< Ballyn —pll + (1 = Bn)llyn — 2l
< Nlyn —pll-
Therefore
(3.5) [wn = pll < lyn —pll < ll2n — 2l < llzn = pl|-

Hence, using Lemma 2.6, (3.1) and inequality (3.5), we have

|zne1 =l < ey f(2n) + (I = nanB)w, —p||
< an||f(zn) = f(P)| + (1 = Tan)||wn — pl| + a7 f(p) — nBp||
< (1= an(t =) ||lzn — pll + anllvf(p) — nBp||

vf(p) —nBp
< ma {[e, — pl, P02l
— by
By induction, it is easy to see that
vf(p) —nBp

I — pll < max {lzo — pl, =18y sy

T—by
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Hence, {z,} is bounded also are {f(x,)}, and {Bx,}.
By using Lemma 2.6 and inequality (3.3), we obtain

201 —pI* < llom(vf(zn) — nBp) + (I — nanB)(w, — p)|?

<l f(xa) = nBpl? + (1 = 7an)?|lw, — pl?
+ 2a,(1 = Tay)||vf(zn) — nBp||[lwn — pl|

< apllvf(wn) = nBpl* + (1 = 7o )?|lyn — pl?
+ 20n(1 = Tay)||vf(2n) — nBpl|||lw, — pll
<l f(xa) = nBpl? + (1 = 7an)? ||z — pl?
- (1 _Tan)Q(l _Hn)(en_ﬂ)an_anQ

+ 200 (1 = Tan)|vf (@) — nBp|[|zn — pl|.

Hence,

(1= 7an)*(1 = 0)(On — B)|vn — 2nll* < 2 — plI* = llzns1 — 2 + al7f (z0) — nBp]?
+20 (1 — 7o) |7 f(zn) — nBp|lzn — .

Since {z,,} and {f(z,)} are bounded, then there exists a constant C' > 0, we have

(3.6)  (1=7an)*(1 = 0n)(0n = B)llvn — 2ull* < llzn = plI* = l@nsr = pl* + el

Next, we prove that x, — z. To see this, let us consider two possible cases.
Case 1. Assume that the sequence {||z,, — p||} is monotonically decreasing sequence. Then
{||zr, — p||} must be convergent. Clearly, we have

(3.7) Tim | = pl2 = |ani1 — pl2] = 0.
It then implies from (3.6) that
(3.8) lim (1 = 0n)(6n = B)l|vn — 2nl* = 0.
Since li_>m inf(1 —6,,)(0, — B) > 0, we have
2
(3.9) lim ||z, —v,|| =0.
n—oo
Since v, € Tz,, it follows that
(3.10) li_)m d(zp, Thzp) = 0.
Observing that,
lyn — 2zull = [|0zn + (1 = On)vn — 2|

= ||0nzn + (1 — 0p)vy — Opzn — (1 — 0p) 2|
= (1_9n)‘|vn_zn”
< lon = 2l

Therefore, from (3.9) we get that

(3.11) lim ||zp, —ynl| = 0.
n—o0
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From (3.1), Lemmas 2.8 and 2.6, it follows that

|z n+1 — pII?

IN A

IN

IN +

+

Therefore, we have

llom (7f () — nBp) + (I — nanBp)(wy — p)|1?

apllvf(@n) = nBpl* + (1 = Tan)?ws — p|?

(
+20n(1 — Tan)||vf (@n) — nBpl||[wn — pll
apllvf(zn) = nBpl* + (1 = Tan)?||2n — pl®
+200 (1 = 7o) |7 f (2n) — nBp|lllyn — pll

apllvf(zn) = nBpl* + (1 — 7o) | IR (T = ApA)wn — JAL (T = X A)p|?
200, (1 — 7o) ||7f (2n) — nBpl[|lyn — pll
apllyf(@n) = nBpl? + (1 = 7an)?| |z — pl|* + a(b — 20) || Az, — Ap|!2]
20 (1 = o) |7.f (xn) — nBpllllyn — pl|-

(1- TO[n)QCL(2Oé —b)|| Az, — ApH2 < lzn = pH2 — |41 _pH2

+200, (1 = 1) |7 f () — 0 Bpl|[|ym — ||
200, (1 = 7)) |V f () — nBp|l[lyn — pl|-

Since, ay, — 0 as n — oo, inequality (3.7) and {z,} is bounded, we obtain

(3.12)

lim || Az, — Ap|/* = 0.
n—oo

Since J )]\\i is 1-inverse strongly monotone and (3.1), we have

l2n = pII?

So, we obtain

= ||J,J\‘§(I - )‘nA)xn - J%(I - )\nA)p||2
<Zn - D, (I - )\nA)xn - (I - )\nA)p>

_ % (17 = Xa A)an — (1 = Ay A)p?

IN

iz = Bl = I = M)z — (I = M A)p = (20— p)|]

IN

1
5 [l =PI+ l120 = pI2 = llzn = 2

+ 2)\n<zn — D, Az, — Ap> - /\n2”Axn - ApHQ} .

|20 — sz < ln _pH2 — [|zn — ZHHQ +2M\ (20 — p, Az, — Ap) — )\nQHAxn - APH2;

and thus

41 = pl”

IN A

o (vf (xn) — nBp) + (I — now Bp) (wy — p)||°
||y f(xn) —nBpl* + (1 — Tan)*|| 2 — pl?

+200, (1 = 7o) |V f (20) — nBpl||[|wn — pl|

IN

aplvf(@n) = nBp|? + l|lzn — pl|* = (1 = 7an)?[lzn — 2

—(1- Tan)2)\n2||A:nn — Ap”2
+ 20 (1 = 7o) (2 — p, Az — Ap) + 200 (1 — 7o) ||7.f (20) — nBpl|||wn — pl|.



ITERATIVE METHODS 85

Since, ay, — 0 as n — oo, inequalities (3.7) and (3.12), we obtain

(3.13) lim |z, — z,]|* = 0.

n—oo

From Lemma 2.2, (3.5) and the fact that T5 is quasi-nonexpansive, we have

lwn = pI* = N1Bnyn + (1 = Bu)un — plf>
= Bullyn —2lI” + (1 = Ba)llun = p* = (1 = Ba) Ballun — yal®
= Ballyn — p||2 + (1 = Bn) H(Toyn, T2p)2 — (1 = Bn)Bnllun — yn||2
<l = 2l = (1= Ba)Ballun — ynll*.

Hence,
lzns1 = plI* < llan(vf(@n) = nBp) + (I = nowBp)(wn = p)|*
< apllyf(an) = nBpl* + (1 = an)?wn —p|?
+2an (1 — an7)|[vf(zn) — nBp||[|wn — p||
< aiH/}/f(xn) - an”Q + (1 - anT)2Hmn _pH2
- (1- an7)2(1 — Bn)Bnllun — ynH2
+2an (1 — an7)||vf(zn) — nBpl|l|wn — p|.
Thus, we get
(1= an7)?Bu(1 = Bu)llyn — unll? < llzn = plI* = llzns1 = plI* + apllvf (@a) — nBpl?
(3.14) +2an(1 — an7)[7f (2n) — 0 Bp|l[[wn = pl-
Since {x,} is bounded, then there exists a constant B > 0 sucht that
(3.15) (1= anm)?Bu(1 = Ba)llun = ynl® < |20 = plI* = [2ns1 — P[> + nB.
It then implies from (3.15) and (3.7), that
(3.16) lim 3, (1 — Bn)|lun — ynll = 0.
n—oo

Since li_)m inf(1 — 5,,)8, > 0, we have

(3.17) Jim = yul| = 0.
Since u,, € Toyy,, it follows that
(3'18) ILm d(ynaTQyn) = 0.

Next, we prove that limsup(nBz* — vf(z*),2* — x,) < 0. Since H is reflexive and {z,} is

n—-+o0o

bounded, there exists a subsequence {x,, } of {z,} such that z,, converges weakly to ** in
K and

limsup(nBz* — vf(z*),2* —x,) = lm (nBzx* —yf(z"), 2" —xp,).

n—+00 k—+o00
From (3.10), (3.18) and the mappings I — T} and I — T are demiclosed, we obtain z** €
Fix(Ty)NFixz(T,). Let us show z** € S(M, A). Since A be an a-inverse strongly monotone, A
is Lipschitz continuous monotone mapping. It follows from Lemma 2.1 that M + A is maximal
monotone. Let (v,g) € G(M + A), i.e., g— Av € M(v). Since z,, = J%k (), — Anp Az, ), we
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have zy,, — Ap, @n, € (I + Ap, M)2zp,, i€, (Tn), = 2ny, — Any Ay, ) € M (2, ). By maximal

Ang.
monotonicity of M + A, we have
(v —2n,,9 — Av — )\—nk(:l;n,C — Zny, — A Ay, )) >0
and so
(v —="2n,,9) > (v—2n,,Av— T(xnk — Zn,, — A, Azp,))
k

1
= (v—zpn,, Av — Az, + Az, + )\—(xnk — Zny, — An, Axy,))
ng

1

> (v —zp,, Azn, — Az, ) + (U — 2zp,, T
ng

(':Unk - znk)>

It follows from ||z, — || — 0, |4z, — Azy|| — 0 and z,, — =** weakly that

li . _ k% >
Gm (v = zng,9) = (v—27,g) 20

and hence z** € S(M, A). Therefore, z** € I'. On other hand, the fact that z* solves (3.2),
we then have

limsup(nBa* — 7f(x%),a" —2,) = lim (nBa* - 7f(x"),2" — 24,)

n—+o00 k—+o0

= (nBx* —~f(z%), 2" — 2™) <0.
Finally, we show that z,, — x*.

|21 — 2> = [[Px(anyf(zn) + (I = nanB)w,) — z*|?

(v f(zn) + (I = napB)wn, — %, 2p41 — 27)

= (apyf(zn) + (I —nonB)w, — ™ — apyf(z¥)

apyf(z*) — apnBx™ + apnBx™, xp1 — 2¥)

(Oéﬂ”f(ffn) = f@) + (I — annB)(wp — l”*)||) [#n41 — 2]
+an(nBz® — v f(2%),2" — Tni1)

(1 = an(7 = 07))llzn — 2" |[lzntr — 27| + an(nBa™ — v f(27), 2" — Tn41)
(1 = an(T = by)lzn — 2> + 20 (nBa* — 7 f(2*), 2" — zp41).

IN

IN +

VANVAN

From Lemma 2.5, its follows that x,, — x*.

Case 2. Assume that the sequence {||z, — *||} is not monotonically decreasing sequence.
Set By, = ||z, — z*||? and 7 : N — N be a mapping for all n > ng (for some ng large enough)
by 7(n) = max{k € N: k <n, By < Bry1}. We have 7 is a non-decreasing sequence such
that 7(n) — co as n — 0o and B (,) < Br(n)41 for n > ng. Let i € N*, from (3.6), we have

(1 - Tar(n))Q(l - an)(ﬂn - B)Hzﬂ'(n) - UT(TL)H2 < aT(n)C'

Furthermore, we have

Hm (1= 70 )* (1 = 0r(0) Br(n) — B)|2r(n) — VeI = 0.

n—-+o0o
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Since 0., €]8, 1] and nh_)rgo inf 37,y (1 — Br(ny) > 0, we have

(3.19) JLH;O Zr(n) = Ur(n)|| = 0.
Since vy () € T127(n), it follows that
(3.20) Tim (270, Tizen) ) = 0.

By a similar argument as in case 1, we can show that ) is bounded in H and lim sup (nBx*—
7(n)—+oc0

vf(x"), 7" — 2r(,))) < 0. We have for all n > no,

0 < |@rmyr1—2 P = |2r ) —2* 1> < oy [— (T=b) |2y —2*[|*+2(nBa* = f (&), &% =2 () 1)),

which implies that

er(n) - m*HZ < - <an* - ’}/f(x*),l’* - xT(n)+1>'

— by
Then, we have
lim ||z,(,) — z*||? = 0.
n—0o0

Therefore,
lim BT(n) = lim BT(n)—i—l =0.

n—oo n—oo
Furthermore, for all n > ng, we have B_(,) < Byn)41 if n # 7(n) (that is, n > 7(n)); because
Bj > Bji1 for 7(n) +1 < j < n. As consequence, we have for all n > nyg,

0< B, < maX{BT(n), Br(n)—H} = BT(TL)“FI.

Hence, li_)rn B, =0, that is {z,,} converges strongly to z*. This completes the proof. (|
n [e.9]

We now apply Theorem 3.1 when multivalued mappings are nonexpansive mappings with
convex-values. In this case demiclosedness assumption is not necessary.

Theorem 3.2. Let H be a real Hilbert space and K be a nonempty, closed convex subset of
H. Let A: K — H be an a-inverse strongly monotone operator and let B : H — H be an k-
strongly monotone and L-Lipschitzian operator. Let f : K — H be an b-Lipschitzian mapping
and M : H — 2 be a mazimal monotone mapping such that the domain of M is included in
K. LetT, : K — CB(K) and Ty : K — CB(K) two multivalued nonexpansive mapping with
convez-values such that I' := Fix(Ty) N Fix(Te) NS(M,A) # 0 and Tip = Top = {p} Vp eT.
For given gy € K, let {x,} be generated by the algorithm:

2y = J)]\\:L[(I — Az,

Yn = enzn + (1 - en)vn’ Up € len,
(3.21)
Wnp = Bnyn + (1 - Bn)unv Up, € Toyn,

\ Tnt+1 = PK(an’Yf(xn) + (I - UOZnB)wn),
where {\n}, {Bn}, {On} and {a,} be sequences in (0,1) satisfying the following conditions:

(7) lim o, =0, Zan =00, Ay € [a,b] C (0, min{1, 2a}).
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(i1) li_}m inf 3,(1 = B,) >0, 0, €]3,1] and li_>m inf(1 —6,)(0, — ) > 0.
L%y

2
and {z,} generated by (3.21) converge strongly to x* € T, which is the unique solution of the

following variational inequality (3.2).

2k
Assume that 0 < n < T2’ 0 < b < 7, where T = n(k — ) Then, the sequences {x,}

Proof. Since every multivalued nonexpansive mapping is quasi-nonexpansive and demicon-
tractive, then, the proof follows Lemma 2.4 and Theorem 3.1. O

Now, using the similar arguments as in the proof of Theorem 3.1 and Lemma 2.7, we
obtain the following result by replacing 71, T% by Pr,, Pr, respectively and removing the
rigid restriction on I' ( T1p = Top = {p} Vp €.

Theorem 3.3. Let H be a real Hilbert space and K be a nonempty, closed convex subset
of H. Let A : K — H be an «a-inverse strongly monotone operator and let B : H — H be
an k-strongly monotone and L-Lipschitzian operator. Let f : K — H be an b-Lipschitzian
mapping and M : H — 2 be a mazimal monotone mapping such that the domain of M
is included in K. Let Ty : K — P(K) and Ty : K — P(K) two multivalued mappings.
Assume that Pr, is B-demicontractive mapping and Pr, is quasi-nonexpansive mapping such
that T' := Fix(Ty) N Fix(Tz) N S(M, A) # (0. For given zo € K, let {x,,} be generated by the
algorithm:

(2, = J)]\\;[(I — MA)xy,

Yn = Onzn + (1 - Hn)vna Up € Plem
(3.22)

Wp = Bnyn + (1 - Bn)un> Up € PTgyrn

Tn+1 = P (anVf(@n) + (I — nom B)wy),
where {\n}, {Bn}, {On} and {an} be sequences in (0,1) satisfying the following conditions:
(1) lim «, =0, Zan =00, An € [a,b] C (0, min{1, 2a}).

n=0
) li_}m inf 3,(1 - B,) >0, 6, €]8,1] and li_>m inf(1 —6,)(0, — ) >0,
2k L?n ,
Assume that 0 < n < T2’ 0 < ~vb < 7, where T = n(k — 7) and the mappings I — Pp,

and I — P, are demiclosed at origin. Then, the sequences {xy} and {z,} generated by (3.1)
converge strongly to x* € I, which is the unique solution of the following variational inequality

(3.2).

4. Application

In this section, we apply our main results for finding a common solution of fixed point
problems with set-valued operators and the composite minimization problem.

Problem 4.1. Let H be a real Hilbert space and K be a nonempty, closed convex subset of
H. We consider the following fixed point problem :

(4.1) find x € K such that x € Tyx N Thx,
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where T} : K — CB(K) be a multivalued S-demicontractive mapping and 75 : K — CB(K)
be a multivalued quasi-nonexpansive mapping. We denote the set of solutions of Problem 4.1
by Q9.

Problem 4.2. We consider the following the minimization of composite objective function
of the type

(4.2) min F(z) + (),

where F' : K — R U {+o0} is proper, convex and lower semi-continuous functional and
g : K — R is convex functional.

We denote the set of solutions of Problem 4.2 by €.

Many optimization problems from image processing [3], statistical regression, machine
learning (see, e.g., [31] and the references contained therein), etc can be adapted into the
form of (4.2).

Observe that problem 4.2 is equivalent to find x € K such that

(4.3) 0 € OF(z) + Vyg(x).
It is well known OF(x) is maximal monotone (see, e.g., Minty [16]).

Lemma 4.3. (Baillon and Haddad [2]) Let H be a real Hilbert space, g a continuously
Fréchet differentiable, convex functional on H and Vg the gradient of f. If Vg is é—Lipschitz
continuous, then Vg is a-inverse strongly monotone.

We obtain the following strong convergence results for problems 4.2 and 4.1.

Theorem 4.4. Let H be a real Hilbert space and K be a nonempty, closed convex subset
of H. Let g : K — R a continuously Fréchet differentiable, convex functional on K and Vg
is é-Lipschitz continuous. Let B : K — H be an k-strongly monotone and L-Lipschitzian
operator. Let f : K — H be an b-Lipschitzian mapping and F : K — R U {400} is proper,
convex and lower semi-continuous functional such that D(OF) C K. Let Ty : K — CB(K)
be a multivalued B-demicontractive mapping and Ty : K — CB(K) be a multivalued quasi-
nonexpansive mapping such that Q1 N Qg # O and Tip = Top = {p} Vp € Q1 N Q. For given
xo € K, let {x,} be generated by the algorithm:

Zn = Jff(f - )\nv.g)xnv
Yn = ann + (1 - Hn)wna Up € lena

Wn = Bnyn + (1 - Bn)um Up € Toyn,

Tnt1 = Pr(anyf(zn) + (I — nonB)wn),
where {\n}, {Bn}, {0} and {an} be sequences in (0,1) satisfying the following conditions:

(1) li_>m ap, =0, Zan =00, Ay € [a,b] C (0, min{1, 2a}).

0
(i1) li_}m inf 8,(1 — B,) >0, 6, €]58,1] and li_)m inf(1 —6,)(0, — ) > 0.

2k L?
Assume that 0 < n < T2’ 0 < b < 7, where T = n(k . Tn) and the mappings I — T
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and I — Ty are demiclosed at origin. Then, the sequences {x,} and {z,} generated by (4.4)
converge strongly to a common solution of Problem (4.2) and Problem (4.1), which solves the
following variational inequality:

(4.5) (nBx* —~yf(z¥),x* —p) <0, Vpe O NQo.
Proof. We set M = OF and Vg = A into Theorem 3.1. Then, the proof follows Theorem
3.1. ]

5. Conclusion

The problem of finding a common element of the set of common fixed points of multivalued
demicontractive and quasi-nonexpansive mappings and the set of solutions of variational in-
clusion with set-valued maximal monotone mapping and inverse strongly monotone mappings
has attracted much attention because of its extraordinary utility and broad applicability in
many branches of mathematical science and engineering. Our Theorem 3.1 presents a new
and different algorithm for solving simultaneously variational inclusion problem and fixed
point problem with respectively set-valued maximal monotone mapping and inverse strongly
monotone and multivalued demicontractive and quasi-nonexpansive mappings. Our result
improves and extends the corresponding results of Marino and Xu [14], Xu [28] Moudafi [15]
and many other recent results using forward-backward splitting method and general iterative
algorithm.
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