TAIWANESE JOURNAL OF MATHEMATICS
Vol. 12, No. 8, pp. 1883-1910, November 2008
This paper is available online at http://www.tjm.nsysu.edu.tw/

PROXIMAL POINT ALGORITHMS AND FOUR RESOLVENTS
OF NONLINEAR OPERATORS OF MONOTONE TYPE
IN BANACH SPACES

Wataru Takahashi

Abstract. In this article, motivated by Rockafellar’s proximal point algorithm
in Hilbert spaces, we discuss various weak and strong convergence theorems
for resolvents of accretive operators and maximal monotone operators which
are connected with the proximal point algorithm. We first deal with proximal
point algorithms in Hilbert spaces. Then, we consider weak and strong conver-
gence theorems for resolvents of accretive operators in Banach spaces which
generalize the results in Hilbert spaces. Further, we deal with weak and strong
convergence theorems for three types of resolvents of maximal monotone oper-
ators in Banach spaces which are related to proximal point algorithms. Finally,
in Section 7, we apply some results obtained in Banach spaces to the problem
of finding minimizers of convex functions in Banach spaces.

1. INTRODUCTION

Let H be a real Hilbert space. We know many problems in nonlinear analysis
and optimization which are formulated as follows: Find

€)) u € H such that 0 € Au,

where A is a maximal monotone operator from H to H. Such u € H is called a
zero point (or a zero) of A. A well-known method for solving (1) in a Hilbert space
H is the proximal point algorithm: x; € H and

2) Tp+l = Jp,Tn, n=12,...,

where {r,} C (0,00) and J,,, = (I +r,A)~!. This algorithm was first introduced
by Martinet [26]. In [39], Rockafellar proved that if liminf, ., 7, > 0 and
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A~10 # (), then the sequence {z,} defined by (2) converges weakly to a solution
of (1); see also Brézis and Lions [3] and Lions [24]. It was shown by Giiler [8]
that the sequence {x,} generated by this algorithm does not converge strongly in
general. On the other hand, we know three iterative methods for approximation of
fixed points of nonexpansive mappings in a Hilbert space.

Halpern [9] introduced the following iterative scheme to approximate a fixed
point of a nonexpansive mapping in a Hilbert space. For the proof, see Wittmann
[55] and Takahashi [45].

Theorem 1.1. ([55]). Let C be a closed convex subset of a Hilbert space H
and let T' be a nonexpansive mapping of C into itself such that the set F(T) of
fixed points of T is nonempty. Let P be the metric prjection of H onto F(T). Let
x € C and let {x,,} be a sequence defined by x1 = x and

Tl = @ + (1 — )Tz, n=1,2,...,
where {ay,} C [0, 1] satisfies
o o
nli_)rgloan =0, Z:lan = oo and Z:l |ap1 — Q| < 0.
n= n=

Then, {x,} converges strongly to Px € F(T).

Mann [25] also introduced the iterative scheme for finding a fixed point of a
nonexpansive mapping. For the proof, see Takahashi [45].

Theorem 1.2. ([33]). Let C be a closed convex subset of a Hilbert space H
and let T be a nonexpansive mapping of C' into itself such that F(T) is nonempty.
Let P be the metric projection of H onto F(T). Let x € C and let {x,} be a
sequence defined by r1 = x and

Tpgl = QT+ (1 —ap)Txy, n=12 ...,
where {x,} C [0, 1] satisfies

o0
0<a, <1 and Zan(l—an):oo.

n=1
Then, {x,} converges weakly to z € F(T), where z = lim,,_,oc Pz,
Nakajo and Takahashi [30] proved the following strong convergence theorem

for nonexpansive mappings in a Hilbert space by using the hybrid method in math-
ematical programming.
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Theorem 1.3. ([30]). Let C be a closed convex subset of a Hilbert space H
and let T be a nonexpansive mapping of C' into itself such that F(T) is nonempty.
Let P be the metric projection of H onto F(T). Let x1 =z € C and

Yn = anZp + (1 — ap) Ty,

Cn ={2€C:|lyn — 2| < [lan — 2|},

Qn ={2€C:{(x,— 2,21 —xy) >0},
Tnt1 = Po,non (1), n=1,2,...,

where {ay,} C [0, 1] satisfies limsup,,_, . o, < 1 and Pc,nq, is the metric pro-
Jjection of H onto Cy, N\ Q. Then, {x,} converges strongly to Pz, € F(T).

In this article, motivated by Rockafellar’s proximal point algorithm and three
iterative methods for approximation of fixed points of nonexpansive mappings, we
discuss various weak and strong convergence theorems for resolvents of accretive
operators and maximal monotone operators which are connected with Rockafellar’s
proximal point algorithm. In Section 3, we first discuss two proximal point algo-
rithms in Hilbert spaces modified by Kamimura and Takahashi. Further, we deal
with Solodov and Svaiter’s strong convergence theorem which was proved by us-
ing the hybrid method in mathematical programming. Then, we try to extend such
proximal point algorithms in Hilbert spaces to Banach spaces. These algorithms in
Banach spaces are connected with four resolvents for accretive operators and maxi-
mal monotone operators in Banach spaces. In Section 4, we prove weak and strong
convergence theorems for resolvents of accretive operators in Banach spaces which
generalize the results in Hilbert spaces. In Section 5, we deal with weak and strong
convergence theorems for two types of resolvents of maximal monotone operators
which are called metric resolvents and relative resolvents. In Section 6, we intro-
duce a new notion of resolvents of maximal monotone operators called generalized
resolvents which is different from metric resolvents and relative resolvents. Then,
we obtain weak and strong convergence theorems for such resolvents. Finally, in
Section 7, we apply some results obtained in Sections 5 and 6 to the problem of
finding minimizers of convex functions in Banach spaces.

2. PRELIMINARIES

Let E be a real Banach space with norm || - || and let E* denote the dual of E.
We denote the value of y* € E* at z € E by (z,y*). When {z,,} is a sequence in
E, we denote the strong convergence of {z,} to z € E by z,, — z and the weak
convergence by z, — x. The modulus  of convexity of F is defined by

. r+y
o(9 = nt {1 - 1 o < 1y < 1 e - 2
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for every € with 0 < € < 2. A Banach space F is said to be uniformly convex if
d(e) > 0 for every € > 0. Let C be a nonempty closed convex subset of a uniformly
convex Banach space E. Then we know that for any x € F, there exists a unique
element z € C such that ||z — z|| < ||z — y|| for all y € C. Putting 2 = Pc(z), we
call Po the metric projection of E onto C. The duality mapping J from E into
2F" is defined by

Jo={z" € B*: (z,2") = ||z|* = ||="||*}

for every x € E. Let U = {z € E : ||z|| = 1}. The norm of E is said to be
Gateaux differentiable if for each x,y € U, the limit

Lzt~ |
t—0 t

3)

exists. In the case, F is called smooth. The norm of FE is said to be uniformly
Gateaux differentiable if for each y € U, the limit (3) is attained uniformly for
x € U. It is also said to be Fréchet differentiable if for each z € U, the limit (3) is
attained uniformly for y € U. A Banach space E is called uniformly smooth if the
limit (3) is attained uniformly for =,y € U. It is known that if the norm of E is
uniformly Gateaux differentiable, then the duality mapping J is single valued and
uniformly norm to weak* continuous on each bounded subset of E. We know the
following result; see, for instance, [44].

Theorem 2.1. Let E be a smooth Banach space. Let C be a nonempty closed
convex subset of £, x1 € F and xg € C. Then xy = Pox1 if and only if

(o —y, J(x1 —20)) > 0
for all y € C, where J is the duality mapping of E.

Let E be a smooth Banach space. Following Alber [1] and Kamimura and
Takahashi [18], we denote by ¢ : E x E — [0, 00) the mapping defined by

¢z, y) = l|z|* = 2(z, Jy) + [|y]*

for all (z,y) € Ex E. Itis easy to see that (||z| —||y||)? < ¢(x,y) forallz,y € E.
Thus, in particular, ¢(x,y) > 0 for all x,y € E. We also know the following:

4) o(z,y) = ¢(x,2) + ¢(2,9) + 2(z — 2,z = Jy)

for all x,y,z € E. It is also easy to see that if ' is additionally assumed to be
strictly convex, then

(5 d(r,y) =0<+=z =y.
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Let C be a nonempty closed convex subset of a smooth, strictly convex and
reflexive Banach space E. Then, for all x € FE, there exists a unique z € C
(denoted by Ilox) such that
6 , ) = mi , ).

(6) ¢z, 2) = mind(y, )

The mapping o is called the generalized projection from E onto C. We know
the following theorem:

Theorem 2.2. ([1, 18]). Let C' be a nonempty closed convex subset of a smooth,
strictly convex and reflexive Banach space E and let (x,z) € E x C. Then the
following hold:

(a) z = Hcx if and only if (y — z,Jx — Jz) <0 forall y € C;
(0) ¢(z,Hex) + ¢(lcw, x) < ¢z, ).

A Banach space F is said to satisfy Opial’s condition [32] if for any sequence
{z,} C E, x,, = y implies

liminf ||z, — y|| < liminf||z,, — 2||
n—oo n—oo

for all z € E with z # y. A Hilbert space satisfies Opial’s condition.

Let C be a closed convex subset of £. A mapping 7: C' — F is said to be
nonexpansive if |Tz — Ty|| < ||z — y|| for all z,y € C. We denote the set of all
fixed points of T" by F(T'). A closed convex subset C' of E is said to have normal
structure if for each bounded closed convex subset K of C which contains at least
two points, there exists an element x of K which is not a diametral point of K, i.e.,

sup{[lz -yl :y € K} < §(K),

where §(K) is the diameter of K. We know that a closed convex subset of a
uniformly convex Banach space has normal structure. We know Kirk’s fixed point
theorem [20] for nonexpansive mappings.

Theorem 2.3. Let E be a reflexive Banach space and let C' be a bounded
closed convex subset of E2 which has normal structure. Let T be a nonexpansive
mapping of C into itself. Then, T has a fixed point in C.

Let I denote the identity operator on . An operator A C E x E with domain
D(A) ={z € E: Az # 0} and range R(A) = |J{Az : z € D(A)} is said to be
accretive if for each x; € D(A) and y; € Ax;, i = 1,2, there exists j € J(z1 —x2)
such that (y; — yo,j) > 0. If A is accretive, then we have

|21 — 22| < (|21 — 22 +7(y1 — v2) ||
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for all » > 0. An accretive operator A is said to satisfy the range condition if
D(A) N0 R(I +rA). If A is accretive, then we can define, for each r > 0, a
nonexpansive single valued mapping J,.: R(I+rA) — D(A) by J, = (I +rA)~L
It is called the accretive resolvent of A. We also define the Yosida approximation
A, by A, = (I — J,)/r. We know that A,z € AJ,x for all z € R(I 4+ rA) and
|Arz|| < inf{|ly|| : y € Az} for all z € D(A) N R(I +rA). We also know that
for an accretive operator A satisfying the range condition, A='0 = F(.J,.) for all
r > 0. An accretive operator A is said to be m-accretive if R(I +rA) = E for all
r > 0. Let C be a closed convex subset of £. Let D be a subset of C' and let P

be a mapping of C into D. Then P is said to be sunny if
P(Px +t(x — Pzx)) = Px

whenever Pz + t(x — Pz) € C for x € C and t > 0. A mapping P of C into C
is said to be a retraction if P2 = P. We denote the closure of the convex hull of
D by coD.

Theorem 2.4. Let E be a smooth Banach space and let C' be a nonempty
closed convex subset of E. Suppose that D C C and P is a retraction of C onto
D. Then P is sunny and nonexpansive if and only if

(x — Px,J(Pz —y)) >0
forall x € C and y € D, where J is the duality mapping of E.

A multi-valued operator A: E — 2¥" with domain D(A) = {z € E : Az # ()}
and range R(A) = |J{Az : z € D(A)} is said to be monotone if (x1—x2,y1—y2) >
0 for each z; € D(A) and y; € Ax;, i = 1,2. A monotone operator A is said to
be maximal if its graph G(A) = {(x,y) : y € Ax} is not properly contained in the
graph of any other monotone operator. The following theorems are well known; for
instance, see [45].

Theorem 2.5. Let E be a reflexive, strictly convex and smooth Banach space
and let A: E — 2" be a monotone operator. Then A is maximal if and only if
R(J 4+ rA)=FE* forall r > 0.

Theorem 2.6 Let E be a strictly convex and smooth Banach space and let
x,y€ E. If (x —y,Jx— Jy) =0, then x = y.

A duality mapping J of a smooth Banach space is said to be weakly sequen-
tially continuous if x,, — = implies that Jz, — Jz, where — means the weak*
convergence.
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3. PrRoOXIMAL POINT ALGORITHMS IN HILBERT SPACES

Let H be a Hilbert space. Then, from Theorem 2.5 we know that a monotone
operator A C H x H is maximal if and only if A is m-accretive. Motivated by
Rockafellar’s result [39], Kamimura and Takahashi [16] proved the following two
convergence theorems.

Theorem 3.1. ([16]). Let H be a Hilbert space and let A C H x H be a
maximal monotone operator with A=0 # 0. Let J, = (I +rA)~! for all r > 0
and let xo = x € H and let {x,} be a sequence generated by

yn%Jknxnv Tn+1 :anx+(1_an)yn7 n:1727"'7

under criterion ||y, — Jx, Tn|| < 6, where Y 0 (0, < o0 and {a,} C [0,1] and
{A\n} C (0, 00) satisfy

o0
lim a,, =0, E oy, = 00 and lim A, = oo.
n—oo 0 n—oo

n—

Then {x,} converges strongly to Px, where P is the metric projection of H onto
A~1o.

Theorem 3.2. ([16]). Let H be a Hilbert space and let A C H x H be a
maximal monotone operator with A=10 # 0. Let J. = (I +rA)~! forall r > 0
and let xo = x € H and let {x,} be a sequence generated by

Yn ~ J)\an,'n, Tn+1 :anxn—i—(l _an)ynv n = 1727"'7

under criterion ||y, — Jy, Tn|| < 0n, where >->7 (6, < 00 and {o,} C [0,1] and
{\n} C (0, 00) satisfy

lim sup «, < 1 and liminf A\, > 0.

n—oo n—00
Then {x,} converges weakly to A=10, where v = lim,, .o, Px,,.

Solodov and Svaiter [41] also proved the following strong convergence theorem
by the hybrid method in mathematical programming.

Theorem 3.3. ([41]). Let H be a Hilbert space and let A C H x H be a
maximal monotone operator. Let x € H and let {x ,} be a sequence defined by
ry =x € H,
Yn = Jr,Tn,
H, ={z€ H:{(z—yn,xn—yn) <0},

Wy ={z€ H:{(z—xp,x1—x5) <0},

Tn+1 :PHnﬁanlv n:1727"'7
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where {r,,} is a sequence of positive numbers. If A=10 # () and lim inf,, .o 7, > 0,
then {x,} converges strongly to P -1yx1.

Motivated by Kamimura and Takahashi [16], lemoto and Takahashi [13] ob-
tained the following theorem which generalizes Theorems 3.1 and 3.2, simultane-
ously. This theorem is a complete generalization of the theorems in [16].

Theorem 3.4. Let A : H — 2" be a maximal monotone operator with
A0 £ (). Let xg = x € H and let {x,,} be a sequence generated by

ro =2 € H,
Tn+1 :anx+/8nxn+7nyn7 n:071727"'7
under criterion ||y, — Jx, Tn|| < On. Then the following hold:
(1) Suppose that
o
lim o, =0, Zan =00, lim B, =0and lim A\, = oco.
n—oo =0 n—oo n—oo

Then {x,} converges strongly to Px, where P is the metric projection of H
onto A10.

(2) Suppose that

o0
Zan < 00, limsup 8, < 1 and liminf \,, > 0.

n=0 n—oo e
Then {x,} converges weakly to v € A~10, where v = lim,, o, Pxy,.

We also know that Xu [56, Theorems 5.1 and 5.2] proved strong and weak
convergence theorems which are related to Theorems 3.1 and 3.2.

4. PrROXIMAL POINT ALGORITHMS FOR ACCRETIVE OPERATORS

Let E be a Banach space and let A C E x E be an accretive operator with
domain D(A) = {z € E : Az # 0} and range R(A) = |J{Az: z € D(A)}. For
r>0and z € R(I +rA), define the resolvent of A as follows:

Jrx={z€ E:x € z+rAz}.

Then, as in Preliminaries, a single valued nonexpansive mapping J,.: R(I+1A) —
D(A) denoted by .J, = (I +rA)~! is called the accretive resolvent of A. We
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can also define the Yosida approximation A, by A, = (I — J,.)/r. We know that
Az € AJyx for all © € R(I +rA) and ||Ayz|| < inf{|y|| : y € Az} for all
x € D(A)N R(I + rA). An accretive operator A is said to be m-accretive if
R(I +1rA)=E for all r > 0. Reich [35] proved the following result:

Theorem 4.1. ([35]). Let E be a uniformly convex and uniformly smooth
Banach space and let A C E x E be an m-accretive operator such that A =10 is
nonempty. Then, for any x € F, the strong limit lim,_,, Jix exists and belongs to
A0, Define Qx = limy_,o Jyx. Then Q is a sunny nonexpansive retraction of
E onto A710.

We first obtain the following strong convergence theorem by the viscosity ap-
proximation method which generalizes Theorem 4.1.

Theorem 4.2. ([52]). Let E be a reflexive Banach space with a uniformly
Gateaux differentiable norm and let C be a nonempty closed convex subset of
E which has normal structure. Let A C E X E be an accretive operator with
A7L0 # 0 satisfying

D(A) c C c (R +1tA)

t>0

and let J; be the resolvent of A for t > 0. Let f be a contractive mapping of C
into itself. Then the following hold:

(1) Fort >0, J.f has a unique fixed point uy in C;

(2) if t — oo, then the net {u;} converges strongly to u € A~'0, where u =
Qa-10fu and Q 4-1 is a sunny nonexpansive retraction of C onto A ~10.

Using Theorem 4.2, we deal with the proximal point algorithm by the viscosity
approximation method for resolvents of accretive operators in Banach spaces.

Theorem 4.3. ([52]). Let E be a reflexive Banach space with a uniformly
Gateaux differentiable norm and let C be a nonempty closed convex subset of
E which has normal structure. Let A C E X E be an accretive operator with
A0 # O satisfying

D(A) c C c (R +1tA)
>0
and let J; be the resolvent of A for t > 0. Let f be a contractive mapping of C
into itself. Let {x,} be a sequence in C defined by x1 = x € C and

Tng1 = Qnf(xn) + (1 —ap)dy,zn, n=1,2,...,
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where {ay,} C (0,1) and {t,,} C (0, 00) satisfy

o0
lim a,, =0, E oy, =00 and lim t, = co.
n—oo 1 n—oo

n—

Then {x,,} converges strongly to u € A~10, where u = Q 410 f(u) and Q 41 is
a sunny nonexpansive retraction of C' onto A ~10.

As a direct consequence of Theorem 4.3, we have the following:

Theorem 4.4. Let E be a uniformly convex Banach space with a uniformly
Gateaux differentiable norm and let A C E X E be an m-accretive operator. Let
x1 =x € E and let {x,,} be a sequence generated by

Tpy1 = anx+ (1 — o) Jr,2n, n=12,...,

where {a,} C [0, 1] and {r,} C (0, 00) satisfy

o0
lim a,, =0, E oy, =00 and lim 7, = co.
n—oo 0 n—oo

n=

If A=10 # 0, then {x,,} converges strongly to an element of A =10,

Next, we prove a weak convergence theorem of Mann’s type for accretive op-
erators in a Banach space. Before stating the theorem, we need the following two
lemmas.

Lemma 4.5. ([S]). Let C be a closed bounded convex subset of a uniformly
convex Banach space E and let T be a nonexpansive mapping of C into itself. If

{z,} converges weakly to z € C and {x,, — Tx,} converges strongly to 0, then
Tz =z

Lemma 4.6. ([33]). Let E be a uniformly convex Banach space whose norm is
Fréchet differentiable, let C' be a closed convex subset of E and let {Ty, Ty, T5, ...}
be a sequence of nonexpansive mappings of C' into itself such that (\,_, F(T})
is nonempty. Let x € C and S, = T, T,_1---Ty for all n = 1,2,.... Then
the set (2, Co{Smx : m > n} NU consists of at most one point, where U =

Mnzo F(Tn).

For the proof of Lemma 4.6, see Takahashi and Kim [53]. Now we can prove
the following weak convergence theorem.
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Theorem 4.7. ([17]). Let E be a uniformly convex Banach space whose norm
is Frechet differentiable or which satisfies Opial’s condition, let A C E X E be an
accretive operator which satisfies the range condition, and let C' be a nonempty
closed convex subset of E such that D(A) C C' C (\,so R(U+71A). Letxy =z € C
and let {x,} be a sequence generated by

Tpg1 = QnZp + (1 — o), xn, n=12 ...,
where {ay,} C [0, 1] and {r,} C (0, 00) satisfy

limsupa, < 1 and liminfr, > 0.
n—00 n—00

If A=10 # 0, then {x,,} converges weakly to an element of A~10.
As a direct consequence of Theorem 4.7, we have the following:

Theorem 4.8. Let E be a uniformly convex Banach space whose norm is
Fréchet differentiable or which satisfies Opial’s condition and let A C E x E be
an m-accretive operator. Let v1 = x € E and let {x,} be a sequence generated

by
Tn+1 :anxn+(1_an)Jrnxn7 n=12,...,

where {ay,} C [0, 1] and {r,} C (0, 00) satisfy

limsupa, < 1 and liminfr, > 0.
n—00 n—00

If A=10 # 0, then {x,,} converges weakly to an element of A~10.

Recently, Ilemoto and Takahashi [14] proved the following theorem. The proof
is mainly due to Kamimura and Takahashi [17].

Theorem 4.9. Let E be a uniformly convex Banach space whose norm is
uniformly smooth and let A C E X E be an m-accretive operator. Let xo =x € B
and let {x,} be a sequence generated by

®) rg =2 € F,
8
Tnt1 = QT + Ban +WmaTnten, n=0,1,2,....

Assume that o, + B+ = 1 for all n € N, 3°°° |len|| < 0o and A710 # 0.
Then the following hold:
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(1) Suppose that

o

E a, =00, lim a, =0, lim 8, =0, and lim A\, = co.
0 n—oo n—oo n—oo

n—=

Then {x,} converges strongly to an element of A~10. Further, if Px =
limy,—o0 @, for each x € E, then P is a sunny nonexpansive retraction of £
onto A10.

(2) Suppose that

o0
Zan < 00, limsup g, < 1, and liminf \,, > 0.

n=0 oo e
Then {x,,} converges weakly to v € A~10.

Probelm. Can we prove a theorem of Solodov and Svaiter’s type for resolvents
of accretive operators in Banach spaces?

5. PROXIMAL POINT ALGORITHMS FOR MONOTONE OPERATORS

Let E be a smooth Banach space. Let C be a closed convex subset of F, and
let T be a mapping from C into itself. We denote by F'(T") the set of fixed points of
T. A point p in C is said to be an asymptotic fixed point of T [36] if C' contains a
sequence {x,, } which converges weakly to p and the strong lim,, oo (2, —T'zy,) = 0.
The set of asymptotic fixed points of 7" will be denoted by F'(T). A mapping T
from C into itself is called relatively nonexpansive [28]if F(T) # 0, F(T) = F(T)
and ¢(p, Tx) < ¢(p,z) for all x € C and p € F(T).

Let F be a reflexive, strictly convex and smooth Banach space, and let A be a
maximal monotone operator from E to E*. Using Theorems 2.5 and 2.6, we obtain
that for every » > 0 and x € E, there exists a unique =, € D(A) such that

Jx € Jx, +rAx,.

If Q@ = x,, then we can define a single valued mapping @, : E — D(A) by
Qr = (J +rA)~1J and such a Q, is called the relative resolvent of A. We know
that A=10 = F(Q,) forall r > 0; see [44, 45] for more details. For such resolvents,
we know the following convergence theorem.

Theorem 5.1. ([34]). Let E be a Banach space and let A C E x E* be a
maximal monotone operator with A=*0 # 0. If E* is strictly convex and has
a Frechet differentiable norm. Then, for each x € E, lim_. Q)x exists and
belongs to A~10.



Proximal Point Algorithms and Four Resolvents 1895

For x € F and r > 0, we also consider the following equation
0€ J(x, —x) +rAz,.

By Theorems 2.5 and 2.6, this equation has a unique solution z,. We denote J,. by
x, = J,x and such J, is also called the metric resolvent of A. We do not know
useful properties for metric resolvents; see [45]. On the other hand, we know the
following theorem [28] for relative resolvents of maximal monotone operators.

Theorem 5.2. Let E be a uniformly convex and uniformly smooth Banach
space, let A be a maximal monotone operator from E to E*, let Q, be the rel-
ative resolvent of A, where v > 0. If A0 is nonempty, then Q, is a relatively
nonexpansive mapping on E.

Kohsaka and Takahashi [21] also proved a strong convergence theorem of
Halpen’s type for relative resolvents of maximal monotone operators in a Banach
space.

Theorem 5.3. ([21]). Let E be a smooth and uniformly convex Banach space
and let A C E x E* be a maximal monotone operator. Let Q, = (J+rA)~1J for
all r > 0 and let {x,,} be a sequence difined as follows:

r1=x€F,
Tni1 = J HanJ(2) + (1 — an)J(Qr,2n)), n=1,2,...,

where {ay,} C [0, 1] and {r,} C (0, 00) satisfy

o
nli_)rgloan =0, Zan = oo and nli_)rgorn = 0.
n=1
If A=10 # 0, then {x,} converges strongly to II 41yx, where Iy is the gener-
alized projection of E onto A~10.

For the sake of getting a weak convergence theorem of Mann’s type for relative
resolvents of maximal monotone operators in a Banach space, we need the following
strong convergence theorem.

Theorem 5.4. ([15]). Let E be a smooth and uniformly convex Banach space.
Let A C E x E* be a maximal monotone operator such that A~'0 is nonempty,
let Q. = (J+71A)~YJ for all r > 0 and let II 4-1( be the generalized projection
of E onto A=10. Let {x,,} be a sequence defined as follows: x1 =z € E and

Tpt1 = J_l(anJ(xn) +(1—an)J(Qr,xn)), n=1,2,...,
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where {a,} C [0,1] and {r,} C (0,00). Then, the sequence {Il -1q(zy)} con-
verges strongly to an element of A~10, which is a unique element v € A~'0 such
that

lim ¢(v,2,) = min lim ¢(y, z,).
n—00 yeA—1lon—oo

Using Theorem 5.4, we can prove the following theorem in a Banach space
which generalizes the results of Rockafellar [39] and Kamimura and Takahashi
[16] in a Hilbert space.

Theorem 5.5. ([15]). Let E be a smooth and uniformly convex Banach space
whose duality mapping J is weakly sequentially continuous. Let A C E X E* be a
maximal monotone operator such that A =10 is nonempty, let Q, = (J +rA)~1J
for all v > 0 and let Il 51 be the generalized projection of E onto A~10. Let
{z,} be a sequence defined as follows: x1 = x € E and

Tni1 = J Hand (2n) + (1 — ) J(Qro1n)), n=1,2,...,
where {a,} C [0, 1] and {r,} C (0, 00) satisfy

limsupa, < 1 and liminfr, > 0.
n—oo n—00
Then, the sequence {x,} converges weakly to an element v of A~10, where v =
hmn_wo HA—lo(fI,'n).

As a direct consequence of Theorem 5.5, we obtain the following:

Theorem 5.6. Let E be a smooth and uniformly convex Banach space whose
duality mapping J is weakly sequentially continuous. Let A C E x E* be a
maximal monotone operator such that A =10 is nonempty, let Q, = (J +rA)~1J
for all r > 0 and let Il 51, be the generalized projection of E onto A~10. Let
{z} be a sequence defined as follows: x1 = x € E and

Tn41 :anxnv n:1727"'7

where {r,} C (0,00) satisfies liminf, .o r, > 0. Then, the sequence {x,}
converges weakly to an element v of A=10, where v = lim, oo I4-19(xy).

Problem. If E and E* are uniformly convex Banach spaces, does Theorem
5.6 hold without assumming that J is weakly sequentially continuous?

Now, we extend Solodov and Svaiter’s result [41] to that of a Banach space.
Kamimura and Takahashi [18] obtained the following strong convergence theorem
by using Theorem 2.2.
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Theorem 5.7. ([18]). Let E be a uniformly convex and uniformly smooth
Banach space and let A be a maximal monotone operator from E into E* such

that A=Y0 # 0. Let Q. = (J +1A)"YJ for all v > 0 and let {x,,} be a sequence
generated by

1 €F,

Yn = Qrpn,

H, ={z€ E:(z—ypn, Jr, — Jy,) < 0},
Wn ={z2€ E:{(z—zp, Jr1 — Ja,) <0},

Tn+1 :QHnﬁanlv n= 1727"'7

where {r,} is a sequence of positive numbers such that liminf ,,_,o r,, > 0. Then,
{zn} converges strongly to II \—1¢x1, where Il -1 is the generalized projection of
E onto A~10.

Matsushita and Takahashi [28] also proved the following strong convergence
theorem of Solodov and Svaiter’s type for relative resolvents of maximal monotone
operators by using an idea of Nakajo and Takahashi’s hybrid method.

Theorem 5.8. Let E be a uniformly convex and uniformly smooth Banach
space, let A be a maximal monotone operator from E to E*, let Q, be the relative
resolvent of A, where r > 0 and let {c,,} be a sequence of real numbers such that
0 < oy <1 andlimsup,,_, o, < 1. Suppose that {x,} is given by

r1 =z €F,

Yn = J_l(aann + (1 - an)Jern)v
H, = {z SO <75(2,yn) < qﬁ(z,xn)},

Wy, ={z€ E:(x, —z Jo— Jx,) >0},

Tn+1 :QHnﬁanv n= 1727"'7

where J is the duality mapping on E. If A=10 is nonempty, then {x,} converges
strongly to IT y—1yx, where I 41 is the generalized projection from E onto A 0.

Ohsawa and Takahashi [31] proved another extension of Solodov and Svaiter’s
result [41] by using the metric resolvents of maximal monotone operators and the
metric projection in Banach spaces.

Theorem 5.9. ([31]). Let E be a uniformly convex and smooth Banach space
and let A be a maximal monotone operator from E into E *. Suppose {x,} is the
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sequence generated by

1 €F,

Yn = Jrnxnv

Hy ={2€ E: (yo — 2, J(xy — yn)) > 0},
W, ={z€ E:{(x, — 2z, J(x1 —x,)) >0},

Tn+1 :PHnﬁanlv n:1727"'7

where {r,,} is a sequence of positive numbers. If A=10 # () and lim inf,, .o, 7, > 0,
then {x,} converges strongly to P -1gx1, where Py—1 is the metric projection of
E onto A~10.

Problem. Can we prove theorems of Halpern’s type and Mann’s type for metric
resolvents of maximal monotone operators?

6. PROXIMAL POINT ALGORITHMS FOR NEW RESOLVENTS

In this section, we introduce a new notion of resolvents of maximal monotone
operators in a Banach space. Then, we discuss weak and strong convergence theo-
rems for the resolvents. Let F/ be a smooth Banach space and let D be a nonempty
closed convex subset of E. A mapping R : D — D is called generalized nonex-
pansive [10] if F(R) # () and

¢(Rz,y) < ¢(z,y), VYxe D,Vye F(R),

where F'(R) is the set of fixed points of R. We can first get the following theorem
for generalized nonexpansive mappings.

Theorem 6.1. Let C' be a nonempty closed subset of a smooth and strictly
convex Banach space E. Let R¢ be a retraction of E onto C. Then R¢ is sunny
and generalized nonexpansive if and only if

(x — Rez, J(Rex) — J(y)) > 0
foreach x € E and y € C.

Compare this theorem with Theorems 2.1, 2.2 and 2.4. A point p in C' is said
to be a generalized asymptotic fixed point of T [12] if C' contains a sequence {z ,, }
such that Jz, — Jp and the strong lim, .o (Jz, — JTz,) = 0. The set of
generalized asymptotic fixed points of 7' will be denoted by F(T').
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Let FE be a reflexive, strictly convex and smooth Banach space and let B C
E* x E be a maximal monotone operator. For each A > 0 and = € E, consider the
set

Ryr:={z€ E:x €2+ ABJ(2)}.
Then R)x consists of one point. We also denote the domain and the range of R)
by D(R)) = R(I + ABJ) and R(R)) = D(B/J), respectively. Such R is called
the generalized resolvent of B and is denoted by

Ry = (I+ABJ)"".
We get some properties of Ry and (B.J) 0.

Proposition 6.2. Let E be a reflexive and strictly convex Banach space with a
Fréchet differentiable norm and let B C E* x E be a maximal monotone operator
with B=10 # (). Then the following hold:

(1) D(Ry) = E for each X\ > 0;

(2) (BJ)7'0 = F(R)) for each A\ > 0, where F(R)) is the set of fixed points
of Ry;

(3) (BJ)7t0 is closed;

(4) Ry is generalized nonexpansive for each A > 0.

Using Theorem 5.1, we get the following result.

Theorem 6.3. Let E be a uniformly convex Banach space with a Fréchet
differentiable norm and let B C E* x E be a maximal monotone operator with
B0 # (. Then the following hold:

(1) For each x € E, limy_, Ryx exists and belongs to (BJ) 10,

(2) if Rr := limy_oo Rax for each x € E, then R is a sunny generalized
nonexpansive retraction of E onto (BJ) ~10.

Next, we discuss proximal point algorithms for new resolvents of a maximal
monotone operator B C E* x E. We start with the following lemma. Compare
this lemma with the results in Kamimura and Takahashi [18], and Kohsaka and
Takahashi [21].

Lemma 6.4. Let F be a reflexive, strictly convex, and smooth Banach space,
let B C E* x E be a maximal monotone operator with B~10 # 0, and R, =
(I +rBJ)~t forall v > 0. Then

oz, Jrx) + d(Jrw,u) < ¢, u)
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forallr >0, u € (BJ)~'0, and x € E.

Now, we can prove the following strong convergence theorem, which is a gen-
eralization of Kamimura and Takahashi’s strong convergence theorem (Theorem
3.1).

Theorem 6.5. ([11]). Let E be a uniformly convex Banach space with a uni-
formly Gdteaux differentiable norm and let B C E* x E be a maximal monotone
operator. Let R, = (I +rBJ)~! for all v > 0 and let {x,,} be a sequence defined
as follows: x1 =x € E and

Tpt1 = ot + (1 —ap)Rp xpn, n=1,2,...,

where {ay,} C [0,1] and {r,} C (0, 00) satisfy limy,_.oc 0y = 0, D071 @, = 00,
and lim,, o, 7y, = 00. If B~10 # (), then the sequence {x,} converges strongly to
R J)—10(x), where R (p y)-1g is a sunny generalized nonexpansive retraction of £
onto (BJ)~10.

Next, we can prove the following weak convergence theorem, which is a gener-
alization of Kamimura and Takahashi’s weak convergence theorem (Theorem 3.2).

Theorem 6.6. ([11]). Let E be a smooth and uniformly convex Banach space
whose duality mapping J is weakly sequentially continuous. Let B C E* x E be
a maximal monotone operator, let R, = (I +rBJ)~! for all r > 0 and let {x,}
be a sequence defined as follows: x1 =z € E and

Tyl = apZp + (1 — )Ry, xn, n=1,2,...,
where {a,} C [0, 1] and {r,} C (0, 00) satisfy

limsupay, < 1 and liminfr, > 0.
n—00 n—00

If B710 # 0, then the sequence {x,,} converges weakly to an element of (B.J) 0.

Further, we can prove strong convergence theorems by hybrid methods for gen-
eralized nonexpansive mappings in Banach spaces. Before discussing them, we
need the following definitions and theorems. Let E' be a smooth and strictly convex
Banach space and let C' be a nonempty closed subset of E. Then, a sunny gener-
alized nonexpansive retraction of F onto C' is unique. Let C' is a nonempty closed
subset of /. Then, C is said to be a sunny generalized nonexpansive retract (resp.
generalized nonexpansive retract) if there exists a sunny generalized nonexpansive
retraction (resp. generalized nonexpansive retraction) of E onto C. Kohsaka and
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Takahashi [23] obtained the following results for sunny generalized nonexpansive
retractions in a Banach space.

Theorem 6.7. ([23]). Let E be a reflexive, strictly convex and smooth Banach
space and let C' be a nonempty closed subset of E. Then, the following conditions
are equivalent:

(1) C is a sunny generalized nonexpansive retract of E;
(2) C is a generalized nonexpansive retract of E;

(3) JC is closed and convex.

Theorem 6.8. ([23]). Let E be a reflexive, strictly convex and smooth Banach
space and let B C E* x E be a maximal monotone operator with B0 # (. Then,
B0 is a sunny generalized nonexpansive retract of E.

Ibaraki and Takahashi [12] also obtained the following result concerning the set
of fixed points of a generalized nonexpansiv mapping.

Theorem 6.9. ([12]). Let E be a reflexive, strictly convex and smooth Banach
space and let T' be a generalized nonexpansiv mapping from E into itself. Then,
F(T) is closed and JF(T) is colsed and convex.

As a direct consequence of Theorems 6.7 and 6.9, we obtain the following result.

Theorem 6.10. ([12]). Let E be a reflexive, strictly convex and smooth Banach
space and let T' be a generalized nonexpansiv mapping from E into itself. Then,
F(T) is a sunny generalized nonexpansive retract of E.

Further, Ibaraki and Takahashi [12] obtained the following results.

Lemma 6.11. Let E be a smooth and uniformly convex Banach space E, let
B C E* x E be a maximal monotone operator with B~10 # 0, and let R, be the
generalized resolvent of B for some r > 0. Then F(R,) = F(R,).

Lemma 6.12. Let D be a nonempty closed subset of a reflexive, strictly convex
and smooth Banach space E, let R be a sunny generalized nonexpansive retraction
of E onto D. Then F(R) = F(R).

Using these theorems and lemmas, Kohsaka and Takahashi [23] and Ibaraki and
Takahashi [12] proved the following strong convergence theorems.

Theorem 6.13. Let E be a uniformly convex Banach space with a uniformly
Gateaux differentiable norm and let B C E* x E be a maximal monotone operator
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such that B0 is nonempty. Let R, = (I +rBJ)~! for all r > 0 and let {z,}
be a sequence generated by r1 = x € E and

Yn = Ry, xp;
H, ={z€ FE:{(xy—yn,Jz — Jyn) <0}
Wy, ={z2€E:{(x—x,,Jz—Jx,) <0}
Tny1 = Ru,aw, (), n=1,2...,
where {r,} C (0,00) satisfies liminf,, r,, > 0 and Ry, nw, denotes the sunny
generalized nonexpansive retraction from E onto H ,\W,, for alln € N. Then {x,}

converges strongly to R(x), where R denotes the sunny generalized nonexpansive
retraction from E onto J ~'B710.

Theorem 6.14. (Ibaraki and Takahashi [12]). Let E' be a uniformly convex and
uniformly smooth Banach space, let B C E* x E be a maximal monotone operator
with B~Y0 # (0, let R, be the generalized resolvent of B for some v > 0, and let
{an} be a sequence of real numbers such that0 < «,, < 1 andlimsup,,_, ., oy, < 1.
Suppose that {x,} is given by

r1 =z € F,

Yn = Qpn + (1 - Oén)Rrxn)v

H, = {z S ¢(ynvz) < qﬁ(mn,z)},
W, ={z€ E:{(x—xy,, Jr, — Jz) > 0},

Tn+1 :RHannx, n:1,2,...,

where J is the duality mapping on E. Then {x,} converges strongly to R By-10%,

where R(pj)-19 is a sunny generalized nonexpansive retraction from E onto
(BJ)~to.

7. APPLICATIONS

In this section, we apply some results obtained in Sections 5 and 6 to find
minimizers of convex functions in Banach spaces. Let f : E — (—o0,o0] be a
proper convex lower semicontinuous function. Then the subdifferential Of of f is
as follows:

Of(z) ={v* € E*: f(y) > f(2) +(y — z,v"),Vy € E}, Vze€E.

Then, we know the following theorem which was proved by Rockafellar [41].
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Theorem 7.1. ([41]). Let E be a real Banach space and let f : E — (—00, c0]
be a proper convex lower semicontinuous function. Then, the subdifferential Of of
f is maximal monotone. [ |

Using Theorems 7.1 and 5.7, we obtain the following theorem.

Theorem 7.2. ([18]). Let E be a uniformly convex and uniformly smooth
Banach space and let f : E — (—o00, 00| be a proper convex lower semicontinuous
Sunction. Assume that {r,} C (0, 00) satisfies liminf,,_.c r, > 0 and let {x,} be
a sequence generated by

1 € F,
— argmin{f(2) + |27 — > (2, Jz,)}
yn —arglgélél ya 2rn ya rn Z, Iy, y
1
0=v,+ r—(Jyn —Jxn), vn € 0f(Yn),
n
Hn :{ZGE: <z_yn7vn> SO},

Wn ={2€ E:(z—zp,Jr; — Jz,) <0},

Tn+1 :QHannxl, n:1,2,....

If (Of)~10 # 0, then {x,} converges strongly to Qop)-10(x1), where Qag)-10 is
the generalized projection of E onto (0f) ~10.

Proof. Since f : E — (—00, 00| is a proper convex lower semicontinuous
function, by Rockafellar’s Theorem 7.1, the subdifferential 0f of f is a maximal
monotone operator. We also know that

1 1
yn = argmin{ /(=) + g =12l = =z, Jow)}

n

is equivalent to

1 1
0e af(yn) + T_Jyn — —Jxp.

n rn

So, we have v, € df(y,) such that 0 = v,, + %(Jyn — Jz,,). Using Theorem 5.7,
we get the conclusion. [

Using Theorems 7.1 and 5.9, we also obtain the following convergence theorem.

Theorem 7.3. ([31]). Let E be a uniformly convex and smooth Banach space
and let f : E — (—o00, 00| be a proper convex lower semicontinuous function.
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Assume that {r,} C (0,00) satisfies liminf, o7, > 0 and let {x,} be the
sequence generated by

T € E,
. 1
yn = argmin{ () + 5~z - znl|*},
H, ={z€ E: (y, — 2 J(xn —yn) > 0},
Wn ={z € E: (z, — 2z, J(z1 — 2,)) > 0},

Tn+1 :PHnﬁanh n:1,2,....

If (8f)710 # 0, then {x,,} converges strongly to Py -19(x1), where Pgp)-1q is
the metric projection of E onto (0f) ~10.

Proof. As in the proof, we know that

1
yn = argmin{f(z) + %Hz — 2,13}

is equivalent to
1
0€ af(yn) + T_J(yn - xn)
n

So, we have
0€ J(Yn — Tn) + 00 (Yn)-

Using Theorem 5.9, we get the conclusion. ]

)

Further, using Theorems 5.3 and 5.5, we have the following theorems of Halpern
type and Mann’s type.

Theorem 7.4. ([21]). Let E be a smooth and uniformly convex Banach space
and let f : E — (—o00, 00| be a proper lower semicontinuous convex function such
that (0f) 710 is nonempty. Let {x,} be a sequence defined as follows:

1=z € FE,
— arg min + X
Yn gyEE J\Y 2 Y T Y, n) S

Tnpr =J HanJr + (1 —an)Jy,), n=12,...,

where {a,} C [0, 1] and {r,} C (0, 00) satisfy

o0
lim a,, =0, E oy, =00 and lim r, = co.
n—oo 1 n—oo

n=
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Then, {x,} converges strongly to Q y)-19Z.

Theorem 7.5. ([15]). Let E be a smooth and uniformly convex Banach space
whose duality mapping J is weakly sequentially continuous. Let f : E — (—o00, 0]
be a proper lower semicontinuous convex function such that (0.f) =10 is nonempty.
Let {x,} be a sequence defined as follows:

=z €k,
arg min + X
Yn gyEE J\Y 2 Y rn Y, n) s

Tpyp1 = J HanJz, + (1 —an)Jy,), n=12,...,
where {ay,} C [0, 1] and {r,} C (0, 00) satisfy

limsupa, < 1 and liminfr, > 0.
n—00 n—0o0

Then, {x,} converges weakly to v € (9f)~'0. Further v = lim Qs -10(z),
where Q)10 is the generalized projection of E onto (Of) —10.

On the other hand, using the theorem (Theorem 6.6) for new resolvents of
maximal monotone operators, we obtain the following result.

Theorem 7.6. Let E be a smooth and uniformly convex Banach space whose
duality mapping J is weakly sequentially continuous. Let f : E* — (—o00, 00| be a
proper lower semicontinuous convex function such that (0f) ~1(0) # 0. Let {x,}
be a sequence defined as follows: x1 =x € F and

* . * 1 * 12 1 *
N ot = arg iy {107+ 5P = o) .

Tl = oty + (1 —an)J Yyl n=1,2,...,
where {ay,} C [0, 1] and {r,} C (0, 00) satisfy

limsupa, < 1 and liminfr, > 0.
n—00 n—00

Then the sequence {x,} converges weakly to an element of (0fJ) 0.

Proof. By Rockafellar’s Theorem 7.1, the subdifferential mapping 0f C E*x FE
is maximal monotone. If J,. is the generalized resolvent of 0 f for r > 0, then we
have, for z € F,

z€ Jpz+1rdfJJz
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and hence
1., 1 1., 1
0edfJrz+=J "Jhz—=2z=0(f+—|" 1" ==(2") ) JJrz.
r r 2r r
Thus, we have
JJ in {7+ -l I12 = 2 (2 0)
r2 = arg min — — —(z, .
z agy*eE* Y o Y , zZY

Therefore, J 'y} = J~JJ,, x, = J,, o, for all n € N. By Theorem 6.6, {z,}
converges weakly to an element of (9f.J)~10. ]

Finally, using Theorem 6.13, we have the following theorem:

Theorem 7.7. Let E be a uniformly convex Banach space with a uniformly
Gateaux differentiable norm and let f : E* — (—o00, 00| be a proper lower semicon-
tinuous convex function such that (0f) ~1(0) is nonempty. Let {x,,} be a sequence
generated by v1 =z € F and

1 1
_ 71 . * - *|2 & *
Yn =J (argy{rgg*{f(y )+ I = ey >})
H, ={z€FE: (xy—yn,Jz — Jyn) <0},
Wy, ={z€E:{(x—a, Jz—Jx,) <0},

Tnt1 = Ru,aw, (x), n=1,2...,

where {r,} C (0,00) satisfies liminf,, r,, > 0 and Ry, nw, denotes the sunny
generalized nonexpansive retraction from E onto H ,\W,, for alln € N. Then {x,}
converges strongly to R(x), where R denotes the sunny generalized nonexpansive
retraction from E onto J~1(0f)71(0).
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