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PROXIMAL POINT ALGORITHMS WITH BREGMAN
FUNCTIONS IN BANACH SPACES

FUMIAKI KOHSAKA AND WATARU TAKAHASHI

ABSTRACT. The proximal point algorithm is a well-known method for approxi-
mating a zero point of a given maximal monotone operator in Hilbert spaces. In
this paper, we propose two proximal-type algorithms with Bregman functions in
Banach spaces and, then, discuss the weak and strong convergence of the proposed
methods. Our results generalize the recently obtained weak and strong conver-
gence theorems due to Kohsaka—Takahashi and Kamimura-Kohsaka—Takahashi.
Applications to a convex minimization problem and a variational inequality prob-
lem are also included.

1. INTRODUCTION

A well-known method for approximating a zero point of a maximal monotone
operator defined in a Hilbert space is the proximal point algorithm first introduced
by Martinet [25] and generally studied by Rockafellar [37]. This is an iterative
procedure, which generates {x, } by 21 =z € F and

(1) Tpg1 = Iyt (n=1,2,...),

where {r,} C (0,00), T C E x E is a maximal monotone operator in a real Hilbert
space E and J, is the resolvent of T defined by J, = (I + rT)~! for all r > 0.
In 1976, Rockafellar [37] proved that if 7710 # () and liminf, 7, > 0, then the
sequence generated by this method converges weakly to an element of 77'0. In
particular, if T" is the subdifferential df of a proper lower semicontinuous convex
function f: E — (—o0, 00|, then (1) is reduced to

. 1
(2) rsr = argmind S(9) + 5~y —aal} (=12,

In this case, {z,,} converges weakly to a minimizer of f.

Later, many researchers have studied the convergence of the proximal point al-
gorithms in Hilbert spaces; see, for instance, [6, 7, 15, 18, 23, 26, 27, 30, 39] and
the references mentioned there. In particular, Motivated by the iterative meth-
ods for nonexpansive mappings of Halpern’s type [16, 38, 44] and Mann’s type
[24, 32], Kamimura and Takahashi [18] introduced the following two proximal-type
algorithms in Hilbert spaces:

(3) Tyl = anx1 + (1 —ap)dp,xn (n=1,2,...)
and
(4) Tpgl = QnTn + (1 —ap)Jp,zn, (n=1,2,...),
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where {a,} C [0,1] and {r,} C (0,00). They showed that the sequence generated
by (3) is strongly convergent to Px and the sequence generated by (4) is weakly
convergent to the strong lim, Pz,, where P denotes the metric projection (the
nearest point projection) from E onto T~'0 defined by

5 P(z) = i -
(5) (x) argygplgoHy x|

for all z € E. Subsequently, these results were generalized to accretive operators in
Banach spaces [19, 20]; see also Takahashi [40, 41].

Recently, Kamimura and Takahashi [21] generalized Solodov and Svaiter’s strong
convergence theorem [39] in a Hilbert space to that in a more general Banach space
including LP (1 < p < 00); see also Ohsawa and Takahashi [28] for another general-
ization of Solodov and Svaiter’s theorem. More recently, motivated by Kamimura
and Takahashi [21] and the convex combination based on Bregman distances due to
Censor and Reich [12], Kohsaka and Takahashi [22] and Kamimura, Kohsaka and
Takahashi [17] introduced the following proximal-type algorithms in a smooth and
uniformly convex Banach space:

(6) Tpi1 = J NanJ(x1) + (1 — an)J(Jr,20)) (n=1,2,...)
and
(7) Tn1 = J Hand(xn) + (1 — o) J(Jr,20)) (n=1,2,...),

where .J is the normalized duality mapping from E into E* and J, = (J+7T)~'J for
all > 0. If F is a Hilbert space, then J = I, where [ is the identity operator on F,
and hence (6) and (7) are reduced to (3) and (4), respectively. Then they generalized
the previous results due to Rockafellar [37] and Kamimura and Takahashi [18] to
maximal monotone operators in Banach spaces. They made use of the generalized
projection P from F onto 710 defined by

(8) P(z) = arg min {[ly|* —2{y, Jz) + [|z[*}
yeT—10

for all x € E. If F is a Hilbert space, then (8) is reduced to (5).

On the other hand, many researchers have studied the proximal point algorithm
with Bregman functions [5]; see, for instance, [3, 4, 7, 8, 9, 10, 13, 29, 33| and
the references mentioned there. In particular, Otero and Svaiter [29] dealt with a
hybrid proximal-type method with Bregman functions in reflexive Banach spaces.
Their result extends the previous results according to Solodov and Svaiter [39] and
Kamimura and Takahashi [21]. They made use of the Bregman projection P from
E onto T7'0 is defined by

(9) P(z) = arg i o) —g(2) =y — 2, Vg(@))}

for all x € E, where g is a Bregman function. In the case where g = || - ||? in a
smooth and uniformly convex Banach space, (9) is reduced to (8).

The purpose of the present paper is to generalize the weak and strong convergence
theorems in [17, 22] with Bregman functions in reflexive Banach spaces. We propose

the following proximal-type algorithms:

(10) Tpy1 = Vg (anVg(r1) + (1 — an)Vy(Jy,xy)) (n=1,2,...)
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and
(11) Tnt1 = Vg (anVg(zn) + (1 — an)Vy(Jr,zn)) (n=1,2,...),

where {a,} C [0,1], {rn} C (0,00), g : E — R is a Bregman function defined in a
reflexive Banach space E and J, = (Vg +rT)"'Vg for all r > 0. In the particular
case where g = || - [|2/2 in a smooth and uniformly convex Banach space, (10) and
(11) are reduced to the (6) and (7), respectively.

Our paper is organized as follows. In Section 2, we state several definitions and
known results. In Section 4, using some lemmas proved in Section 3, we prove that
the sequence generated by (10) converges strongly to P(z), where P is the Bregman
projection from E onto T7'0 (Theorem 4.1). In Section 5, we also prove that the
sequence generated by (11) converges weakly to the strong lim,, P(x,) (Theorem
5.2). The obtained results generalize the corresponding results due to Kohsaka and
Takahashi [22] and Kamimura, Kohsaka and Takahashi [17]. In Section 6, we apply
our results to a convex minimization problem and a variational inequality problem.
In Section 7, we give another proof of a lemma used in the definition of the resolvent
of a maximal monotone operator.

2. PRELIMINARIES

Throughout this paper, we denote the set of real numbers and the set of positive
integers by R and N, respectively. Let E be a (real) Banach space with the dual
space E*. We denote the value of z* € E* at x € E by (z,z*). We denote the
strong convergence and the weak convergence of a sequence {z,} of £ to z € E
by x, — x and x,, — x, respectively. We also denote the weak* convergence of a
sequence {z*} of E* to «* € E* by x = 2*. For p € (1,00), the duality mapping
Jp from FE into 2E" corresponding to the weight function w(t) = tP~! is defined by

(12) Jp(z) = {2* € E* : {,a") = ||al|l2*||, [|l=*]| = [|=["~"}

for all z € E. The mapping Jy is called the normalized duality mapping from E
into 2F" and it is denoted by J. If F is a Hilbert space, then J is coincident with
the identity operator I on E. A Banach space E is said to be strictly conver if
|(z +v)/2|| <1 whenever z,y € S and = # y, where S = {z € E : ||z| = 1}. The
space E is also said to be uniformly convez if for all € € (0, 2], there exists § > 0
such that z,y € S and ||z —y|| > ¢ imply ||[(z+y)/2|| < 1—4. It is well-known that
every uniformly convex Banach space is strictly convex and reflexive. A Banach
space F is said to be smooth if

" ety — e
t—0 t

exists for all z,y € S. The space F is also said to be uniformly smooth if the limit
(13) is attained uniformly in z,y € S. It is known that E is uniformly convex if
and only if E* is uniformly smooth. It is also known that if F is reflexive, then E
is strictly convex if and only if E* is smooth; see, for instance, Cioranescu [14] or
Takahashi [43] for more details.

For a set-valued mapping T : E — 2F" with domain D(T) = {z € E : Tx #
0} and range R(T) = Uycp T, we identify T with its graph G(T') defined by
G(T) = {(z,2*) € Ex E* : 2* € Tx}. The mapping T' C E x E* is said to be
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monotone if (x —y,x* — y*) > 0 whenever (x,z*), (y,y*) € T. It is also said to be
mazximal monotone if its graph is not contained in the graph of any other monotone
operator on E. If T' C F x E* is maximal monotone, then we can show that the
set T710={z € E:0 € Tz} is closed and convex. A function f : E — (—o0,q] is
said to be proper if the domain D(f) = {z € E': f(x) < oo} is nonempty. It is also
said to be lower semicontinuous if {x € E : f(x) < r} is closed for all » € R. The
function f is also said to be conver if

(14) flaz + (1 —a)y) <af(x)+(1—-a)f(y)

for all x,y € E and o € (0,1). It is also said to be strictly convex if the strict
inequality holds in (14) for all z,y € D(f) with x # y and « € (0,1). For a proper
lower semicontinuous convex function f : E — (—o0, 00|, the subdifferential Of of

f is defined by

Of(x) ={a" € E*: f(z) + (y —x,2") < f(y) (Vy € E)}
for all € E. Rockafellar’s theorem [34, 35] ensures that 0f C E x E* is maximal
monotone. If p € (1,00) and g is defined by g(z) = ||z||?/p for all x € E, then
0g = Jp. The following theorem is also well-known: If f : E — (—o0,00] is a
proper lower semicontinuous convex function and g : £ — R is a continuous convex
function, then 9(f + g) = Jdf + dg. For a proper lower semicontinuous convex
function f: E — (—o00, 00|, the conjugate function f* of f is defined by

fH(@7) = sup{(z,2") — f(x)}
zel

for all z* € E*. It is known that f(x)+ f*(z*) > (z,2*) for all (z,z*) € Ex E*. It
is also known that (x,z*) € Jf is equivalent to

(15) f@) + (&%) = (=, 27).
We also know that if f : F — (—o00,00] is a proper lower seimicontinuous function,
then f*: E* — (—o0,00] is a proper weak™ lower semicontinuous convex function;
see Phelps [31] or Takahashi [42] for more details on convex analysis.

Let g : E — R be a convex function. Then the directional derivative d* g(z)(y)
of g at x € F with the direction y € F is defined by

gz +ty) —g(x)
dr =1 .
9(x)(y) = lim ;
The function g is said to be Gateauz differentiable at z if d*g(x) € E* for allz € E.
In this case, we denote d*g(z) by Vg(z). The function g is also said to be Fréchet

differentiable at x € E if for all € > 0, there exists 0 > 0 such that ||y — z| < §
implies

9(y) — 9(x) — (y — 2, Vg(2))| < elly — =]
A convex function g : F — R is said to be Gateaux differentiable (Fréchet differ-
entiable, respectively) if it is Gateaux differentiable everywhere (Fréchet differen-
tiable at everywhere, respectively). We know that if a continuous convex function
g : E — R is Gateaux differentiable, then Vg is norm-to-weak* continuous. We
also know that if g is Fréchet differentiable, then Vg is norm-to-norm continuous;
see Butnariu and Iusem [10]. The mapping Vg is said to be weakly sequentially

continuous if z, — z implies Vg(z,) = Vg(2).
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Let F be a Banach space and let g : E — R be a convex and Gateaux differentiable
function. Then the Bregman distance [5, 11] corresponding to g is defined by

D(z,y) = g(x) — g(y) — (x —y,Vg(y))

for all x,y € E. It is obvious that D(z,y) > 0 for all z,y € E. The function g is
also said to be strongly coercive if

9(2n)

-
|zl

It is also said to be bounded on bounded sets if g(U) is bounded for each bounded
subset U of E. The following definition is slightly different from that in Butnariu
and Tusem [10]:

| zn|| — 00 =

Definition 2.1. Let E be a Banach space. Then a function g : £ — R is said to
be a Bregman function if the following conditions are satisfied:

(1) g is continuous, strictly convex and Gateaux differentiable;
(2) the set {y € E: D(z,y) < r} is bounded for all x € F and r > 0.

The following lemma follows from Butnariu and Iusem [10] and Zalinescu [46]:

Lemma 2.2. Let E be a reflexive Banach space and let g : E — R be a strongly
coercive Bregman function. Then

(1) Vg : E — E* is one-to-one, onto and norm-to-weak™® continuous;
(2) (z =y, Vyg(z) — Vg(y)) = 0 if and only if x = y;

(3) {x € E: D(x,y) <r} is bounded for ally € E and r > 0;

(4) D(g*) = E*, g* is Gateauz differentiable and Vg* = (Vg)~!;

If C is a nonempty closed convex subset of a reflexive Banach space E and
g : E — R is a strongly coercive Bregman function, then for each x € FE, there
exists a unique zg € C such that
D(xg,x) = min D(y, x).
(a0.2) = min D(y. )
The Bregman projection Pc from E onto C'is defined by Po(x) = z for all z € E.
It is well-known that z¢g = Po(x) if and only if

(16) {y — 0, Vg(z) — Vg(0)) <0
for all y € C. It is also known that Pc has the following property:
(17) D(u, Pcx) + D(Pcz,z) < D(u,x)

for all u € C' and = € E; see, for instance, Butnariu and Tusem [10] for more details.

Let E be a Banach space. The closed unit ball and the unit sphere of E are
denoted by B and S, respectively. We also denote rB the set {z € E : ||z|| < r} for
all » > 0. Then a function g : E — R is said to be uniformly convex on bounded sets
[46, pp.203, 221] if p,(t) > 0 for all 7, > 0, where p, : [0, 00) — [0, 00] is defined by

ag(z) + (1 — a)g(y) — glaz + (1 — a)y)

18 r(t) = in
(18) pr(t) z,y€rB, ||[z—y||=t, ac(0,1) a(l —a)
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for all t > 0. It is known that p, is a nondecreasing function. The function g is also
said to be uniformly smooth on bounded sets [46, pp.207, 221] if lim¢|g 0, (t)/t = 0
for all r > 0, where o, : [0,00) — [0, 00| is defined by
1—a)t 1-— —aty) —
19)  on(t) = sup ag(z + (1 = a)ty) + (1 — a)g(z — aty) — g(x)
zerB,yes, ac(0,1) a(l - a)

for all t > 0. We know the following theorems; see Zalinescu [46, Propositions 3.6.3,
3.6.4]:

Theorem 2.3. Let E be a reflexive Banach space and let g : E — R be a continuous
convez function which is strongly coercive. Then the following are equivalent:

(1) g is bounded on bounded sets and uniformly smooth on bounded sets;

(2) g is Fréchet differentiable and Vg is uniformly norm-to-norm continuous on
bounded sets;

(3) D(g*) = E*, g* is strongly coercive and uniformly convex on bounded sets.

Theorem 2.4. Let E be a reflexive Banach space and let g : E — R be a continuous
convez function which is bounded on bounded sets. Then the following are equivalent:

(1) g is strongly coercive and uniformly convex on bounded sets;

(2) D(g*) = E*, g* is bounded on bounded sets and uniformly smooth on
bounded sets;

(3) D(g*) = E*, g* is Fréchet differentiable and Vg* is uniformly norm-to-norm
continuous on bounded sets.

We also know the following theorem; see Zalinescu [46, Theorems 3.7.7, 3.7.8]:

Theorem 2.5. Let E be a Banach space, let p € (1,00) and let g = || - ||?/p. Then

(1) E is uniformly convez if and only if g is uniformly convex on bounded sets;
(2) E is uniformly smooth if and only if g is uniformly smooth on bounded sets.

Let E be a reflexive Banach space, let T C E X E* be a maximal monotone
operator and let g : E — R be a convex, continuous, strongly coercive and Gateaux
differentiable function which is bounded on bounded sets. Applying Lemma 7.1 in
Section 7, for all z € E and r > 0, there exists z € E such that

(20) Vg(x) € Vg(z) + 1Tz

see also Otero and Svaiter [29]. If g is additionally assumed to be strictly convex,
then Vg is strictly monotone, that is (x — y, Vg(x) — Vg(y)) = 0 implies = = y; see
Butnariu and Iusem [10, p.13]. Hence such a z is uniquely determined and hence
we can define the resolvent J, : E — D(T) of T' corresponding to g by J,xz = 2
for all z € E. In other words, J,. = (Vg + rT)~'Vg. The Yosida approzimation
A, : E — F is also defined by

Ar(z) = (Vg(z) = Vg(Jr)) /7

for all x € E. It is obvious that (J,z, A,x) € T for all z € E and r > 0. It is also
known that if 7710 is nonempty, then each J, has the following property:

(21) D(u, Jyx) + D(Jrz,z) < D(u,x)
for all u € T7!0 and x € E.
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3. LEMMAS

Using an idea by Kamimura and Takahashi [21], we first prove the following
lemma:

Lemma 3.1. Let E be a Banach space and let g : E — R be a Gateaux differentiable
function which is uniformly convex on bounded sets. If {x,} and {y,} are bounded
sequences in E and limy, D(zp,yn) = 0, then lim, ||z, — y,| = 0.

Proof. Let T be a positive real number such that ||z,| < r and ||y,| < r for all
n € N. Let p, be the function defined as in (18). Then we have

glaz + (1 —a)y) + a(l —a)p(|z —yl]) < ag(z) + (1 — a)g(y)
for all z,y € rB and a € (0,1). If ,y € rB and a € (0,1), then we have

9y +a(z —y)) —g(y)

< g(x) = g(y) = (1 = a)pr([lx = yl)).
Tending o — 0, we have
(r -y, Vg(y)) < g(x) —g(y) — pr(llz —yl))-
This implies that p, (|2, — ynl||) < D(2n,yy) for all n € N. Thus
Jim pr ([l = ynll) = 0.

Then we can show that lim, ||z, — yn| = 0. In fact, if not, we have g > 0 and
a subsequence {n;} of {n} such that ||z,, — yn,|| > €0 for all i € N. Since p, is
nondecreasing, we have p,(||xn, — yn,;||) > pr(eo) for all @ € N. Tending i — oo,
we have 0 > py -(€0). This contradicts to the uniform convexity of g on bounded
sets. g

We can also prove the following lemmas:

Lemma 3.2. Let E be a reflexive Banach space, let g : E — R be a strongly coercive
Bregman function and let V' be the function defined by

(22) Viz,z%) = g(x) — (z,27) + g"(z7)
forallx € E and x* € E*. Then

D(z,Vg*(z*)) = V(x,z")
for allx € E and x* € E*.

Proof. Let x € E and z* € E*. Since 2* = Vg(Vg*(2*)) = 0g(Vg*(z*)), it follows
from from (15) that

9(Vg'(a")) + g*(z*) = (Vg*(z7),z7).
Thus we have

D(z,Vg*(x7))

g9(x) = g(Vg" (2"
=g(x) + ( )
g

This completes the proof. O
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Lemma 3.3. Let E be a reflexive Banach space, let g : E — R be a strongly coercive
Bregman function and let V' be the function defined as in (22). Then
V(z,z2") + (Vg*(a¥) —x,y") < V(z,2" +y")
forallx € E and x*,y* € E*.

Proof. Let x € E be given and let p be the function defined p(z*) = V(z,2*) for
all z* € E*. Then we have Op(z*) = —x + Vg*(2*) for all 2* € E*. Hence we have
the desired inequality. O

4. STRONGLY CONVERGENT PROXIMAL-TYPE ALGORITHM
Now, we can prove the following strong convergence theorem:

Theorem 4.1. Let E be a reflerive Banach space, let T C E x E* be a maximal
monotone operator and let g : E — R be a strongly coercive Bregman function which
is uniformly convex on bounded sets and bounded on bounded sets. Let J. be the
resolvent of T' for all r > 0 and let {xy,} be a sequence generated by x1 =z € E and

Tnt1 = Vg (anVg(x) + (1 — an)Vg(Jy, xn)) (n=1,2,...),
where {a,} C [0,1] and {r,} C (0,00) satisfy lim, o, = 0, > 07, a, = 00 and

n=1

lim, 7, = oco. If T7'0 # (), then the sequence {x,} converges strongly to P(x),
where P is the Bregman projection from E onto T~10.

Proof. Put y,, = J,, x, for all n € N. By Lemma 3.2, we have

(23) D(Pz,xpt1) =V (Pz,a,Vg(x) + (1 — an)Vg(yn))
for all n € N. By Lemma 3.2 and the convexity of V in the second variable, we have
(24)

V(Pz,anVg(z) + (1 = an)Vg(yn)) < anV(Pz,Vg(2)) + (1 = an)V(Pz, Vg(yn))
= a,D(Pz,z)+ (1 — ap,)D(Pz,yy,)
Using (21), we have
(25) D(Px,yn) < D(Pz,xy).
It follows from (23), (24) and (25) that
D(Pzx,xp4+1) < anD(Px,z) + (1 — o) D(Px, )

for all n € N. Thus we have

D(Pz,x,) < D(Px,x)

for all n € N. By assumption, the set {y € F : D(Pz,y) < D(Px,z)} is bounded
and hence {z,} is bounded. It also follows from (25) that {y,} is bounded.
Put z, = xn41 for all n € N. We next show that
(26) limsup(z,, — Pz, Vg(z) — Vg(Px)) < 0.
n—oo
In fact, we have a subsequence {z,,} of {z,} and z € E such that z,, — z and
lim sup(z,, — Pz, Vg(z) — Vg(Px)) = (z — Px,Vg(x) — Vg(Px)).

n—oo
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In view of (16), to show (26), it is sufficient to show that z is an element of 7710.
By the definition of {z,}, we have

Vg(zn) = Vg(yn) = an(Vg(z) — Vg(yn))

for all n € N. Since g is bounded on bounded sets, Vg is also bounded on bounded
sets; see Butnariu and Iusem [9, p.16]. This implies that {Vg(y,)} is bounded.
Hence

lim [[Vg(zn) = Vg(yn)|| = 0.

Since g is strongly coercive and uniformly convex on bounded sets, it follows from
Theorem 2.4 that Vg* is uniformly norm-to-norm continuous on every bounded
subset of E*. Thus we have

Jim 2 —ynll = lim [[Vg"(Vg(zn)) = Vg™ (Vg(yn))] = 0.

This implies that {y,,} also converges weakly to z. On the other hand, we have
from lim,, r,, = oo that

Jim 4,20 =l [Vgen) = Vg(un)]| = 0.
If (w,w*) € T, then it follows from (yn, Ay, zn) € T" and the monotonicity of T that
(W= yp,w" — Ay x) >0
for all n € N. Tending n; — oo, we have
(w—z,w*) >0.

By the maximality of 7', we have z € T~0.
Fix € > 0. Then, using (26), we have m € N such that

(27) (xn, — Px,Vg(x) — Vg(Pz)) <¢
for all n > m. By Lemma 3.3, (25) and (27) we have
D(Px,xn41)
=V (Pz,anVg(x) + (1 — an)Vg(yn))
< V(Pz,anVg(z) + (1 = an)Vg(yn) — an(Vg(z) — Vg(Pr)))
— (Tnt1 — Pz, —an(Vg(z) — Vg(Px)))
< V(Pz,a,Vg(Px) + (1 — an)Vg(yn)) + ane
< a,V(Pz,Vg(Px))+ (1 — an)V(Pz,Vg(yn)) + ane
= (1= an)D(Px,yn) + ane
<e{l—(1—-an)}+ (1 —ay)D(Px,x,)
for all n > m. Using this, we can show that
D(Px,zn+1)
<e{l—(1—an)}+(1-an) [5{1 — (1= an-1)}+ (1 = an_1)D(Pz, zn_1)
=e{fl—-(1—an)(l —an-1)}+ (1 —an)(l —an—1)D(Pz,x,-1)
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<. 36{1— 1_2[(1—042‘)}4‘1_2[(1—041)D(P$Jm)

for all n > m. On the other hand, > 2, a; = oo implies [[72,(1 — ;) = 0. Hence
we obtain
limsup D(Px,x,) < €.

n—oo
and hence lim sup,, D(Pzx,z,) < 0. Thus lim, D(Px,z,) = 0. Using Lemma 3.1,
we have lim,, ||Px — x,|| = 0. This completes the proof. O

Using Theorem 4.1, we can prove the following strong convergence theorem in a
smooth and uniformly convex Banach space. In the case of p = 2, this corollary is
reduced to the strong convergence theorem due to Kohsaka and Takahashi [22].

Corollary 4.2. Let E be a smooth and uniformly convexr Banach space and let
T C E x E* be a mazimal monotone operator. Let p € (1,00), let J, be the duality
mapping from E into E* corresponding to the weight function w(t) = t*P~! and let
Qr = (Jp +rT)"1J, for allr > 0. Let {z,} be a sequence generated by v1 = x € E
and
Tnt1 = Jp_l(aan(x) + (1= ) Jp(Qr,7n)) (Rn=1,2,...),

where {ay,} C [0,1] and {r,} C (0,00) satisfy lim, o, = 0, > >, ap, = 00 and
lim, r, = co. If T7'0 # 0, then the sequence {x,} converges strongly to P(x),
where P is the Bregman projection from E onto T~'0 corresponding to the Bregman
function g = || - || /p.

Proof. Since F is strictly convex and smooth, g is also strictly convex and Géteaux
differentiable. It is obvious that ¢ is bounded on bounded sets and strongly coercive.
Let x € F and r > 0. Then we next show that A = {y € E : D(x,y) < r} is
bounded. In fact, if not, then A contains a sequence {y,} such that lim,, ||y,| = cc.
On the other hand, we have

D(x,yn) = 2P/ = lynll” /P — (2 — Yns Jp(yn))
= llz[["/p = lynll”/ — (z: Tp(yn)) + [[ynllll Tpynl
> [|lzl?/p + (1 = 1/p)llynll” = |z llyn "~
= [lz1”/p + llyu P~ (1 = 1/D) lyall — ||}

for all n € N. This implies that lim, D(x,y,) = oo. This is a contradiction.
Hence A is bounded and hence ¢ is a Bregman function in the sense of Definition
2.1. By Theorem 2.5, g is uniformly convex on bounded sets. We also know that
Vg* = (Vg)~ ! = J, L Therefore, we have the desired result from Theorem 4.1. O

5. WEAKLY CONVERGENT PROXIMAL-TYPE ALGORITHM

In this section, we first prove the following lemma;:

Lemma 5.1. Let E be a reflexive Banach space, let T C EX E* be a maximal mono-
tone operator such that T='0 # () and let g : E — R be a strongly coercive Bregman
function which is uniformly convexr on bounded sets and bounded on bounded sets.
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Let P be the Bregman projection from E onto T~10, let J, be the resolvent of T for
all ¥ > 0 and let {x,} be a sequence generated by xr1 == € E and
Tn+1 = vy*(O‘HVQ(xn) + (1 - O‘n)v9<JTnxn)) (n =12,... )7

where {an} C [0,1] and {r,} C (0,00). Then the sequence {P(xy)} converges
strongly to an element of T—10, which is the unique element z satisfying

lim D(z,2,) = min lim D(y,zy).
n— o0 yeT—10n—oo

Proof. Let u € T~10 be given. As in the proof of Theorem 4.1, we can show that
(28) D(u,xpt1) < anD(u,zy) + (1 — o) D(u, yp)
< D(u7 xn)

for all n € N. Hence the limit lim,, D(u, x,) exists and hence {z,} and {y,} are
bounded. By the definition of P and (28), we can show that

D(Pxn+17xn+1) S D(Pxnyl'n)

for all n € N and hence the limit lim,, D(Px,, x,) exits. If m > n, then it follows
from (17) and (28) that

(29) D(Pxy, Pry,) < D(Pxy, ) — D(Pp, )
< D(Pxp,xn) — D(Pxp, ).

Then we show that {Pz,} is a Cauchy sequence. In fact, if not, we have ¢g > 0
and subsequences {n;} and {m;} of {n} such that

(30) |Pxy, — Pam,|| > €o

for all i € N. It follows from (17) that {Px,} is bounded. Let r = sup, ||Px,|.
Then, as in the proof of Lemma 3.1, we have

(31) pr(||Pxy, — Pxy,||) < D(Pxy, Pxy,)

for all m,n € N. On the other hand, by the existence of lim,, D(Px,, z,) and (29),
we have ng € N such that

(32) D(Pxy, Pxy,) < pr(eo)
for all m,n € N with m > n > ng. Thus it follows from (31) and (32) that

pr(|P2y — Paw|)) < pr(eo)

for all m,n € N with m > n > ng. This contradicts to (30) and hence {Px,} is a
Cauchy sequence. Since 7710 is closed, {Px,} converges strongly to an element z
of T10.

We next show that z is a minimizer of the continuous convex function h : 7710 —
R defined by

h(y) = lim D(y,zn)
for all y € T710. If n € N and y € 7710, then we have
h(Pzy) = lim D(Pzp,xm) < D(Pxy,zn) < D(y,x,).
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Tending n — oo, we have
h(z) < lim D(y,xn) = h(y).

Thus z is a minimizer of h. We finally show that z is the unique minimizer of g. If
not, there exists y1,72 € 7710 such that y; # v and

h =h = in h(y) ="4.
(y1) (y2) yén{nlo (v)
['hen we have

oY) < Holn) + 9(w2)) — 2oallln — ),

where s = max{||y1]|, ||y2|/}. This implies that

h<y1+y2) — lim D<y1+y2,mn>

2 n—00 2
e o) ot~ (2 o )
< tim {2 (D1, 0) + Dz, 2a) = 3s(ln 3l }

1
= L= ps(llyr = w2l)-
Therefore we have h((y1 +v2)/2) < ¢ < h((y1 +y2)/2). This is a contradiction. O
Using Lemma 5.1, we next show the following weak convergence theorem:

Theorem 5.2. Let E be a reflerive Banach space, let T C E x E* be a maximal
monotone operator and let g : E — R be a strongly coercive Bregman function which
is uniformly smooth on bounded sets, uniformly convex on bounded sets and bounded
on bounded sets. Let J, be the resolvent of T for allr > 0 and let {x,} be a sequence
generated by r1 =x € E and

Tnt1 = Vg (anVg(zyn) + (1 — an)Vy(Jr,xn)) (n=1,2,...),

where {an} C [0,1] and {rn,} C (0,00) satisfy limsup,, o, < 1 and liminf, r, > 0.
If T710 # 0, then the sequence {x,} is bounded and each weak subsequential limit of
{xn} belongs to T=10. Further, if Vg is weakly sequentially continuous, then {x,}
converges weakly to the strong lim,, P(x,,), where P is the Bregman projection from
E onto T10.

Proof. Let u € T~'0 be given and put y,, = J,, x, for all n € N. Then, as in the
proof of Lemma 5.1, we can show that lim,, D(u, z,) exists and {x,} is bounded.
Using (21) and Lemmas 3.2 and 3.3, we can also show that

D(u,xpn+1) < anD(u,zy) + (1 — o) D(u, yp)
< anD(u,zy) + (1 — an)(D(u, ) — D(yn, xn))
= D(u,xn) — (1 — ap) D(Yn, zn)
for all n € N. Hence we have

(1 - Oén)D(yn, .Z'n) S D(”? ZCn) - D(ua xn—i—l)
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for all n € N. By the existence of lim,, D(u,x,) and limsup, a,, < 1, we have
lim,, D(yn, x,) = 0. Using Lemma 3.1, we obtain

(33) lim ||y, —z,| =0.
n—oo

Since g is bounded on bounded sets and uniformly smooth on bounded sets, by
Theorem 2.3, Vg is uniformly norm-to-norm continuous on every bounded subsets
of E and hence

Jim [[Vg(yn) — Vg(zn)| = 0.

By liminf, r, > 0, we have
: .1
Hm [[ Ay, zp ]| = lim —[|Vg(zn) = Vg(ya)ll = 0.
n n—oo 'y

Let {xy,} be a subsequence of {z,} converging weakly to an element w of E. Then
it follows from (33) that {yn,} is also weakly convergent to w. If (v,v*) € T, then
we have from (yy, Ay, x,) € T and the monotonicity of T that

<U - yn,v* - Arnxn> >0

for all n € N. Tending n; — oo, we have (v — w,v*) > 0. Since T is maximal, we
obtain w € T10.

We finally show that if Vg is weakly sequentially continuous, then {z,} converges
weakly to w = lim,, Px,,. By (16) and w € T~'0, we have

<w - Pxnyv.g(xn) - VQ(Pmn» < 0

for all n € N. Lemma 5.1 implies that {Pz,} is strongly convergent to an element
z of T710. Since {z,,} is weakly convergent to w and Vg is weakly sequentially
continuous, {Vg(zy,)} is also weakly convergent to Vg(w). Thus we have

(w—z,Vg(w) = Vg(2)) <0.

Using Lemma 2.2, we have w = z. Therefore {z,} converges weakly to z =
lim,, Pz,,. [l

If a, = 0 for all n € N in Theorem 5.2, we have the following corollary for the
proximal point algorithm of Rockafellar’s type [37]:

Corollary 5.3. Let E be a reflexive Banach space, let T C E X E* be a mazximal
momnotone operator and let g : E — R be a strongly coercive Bregman function which
is uniformly smooth on bounded sets, uniformly convexr on bounded sets and bounded
on bounded sets. Let J, be the resolvent of T for allrT > 0 and let {x,} be a sequence
generated by x1 = x € E and

Tpt1 = Jp, Ty (n=1,2,...),

where {an} C [0,1] and {r,} C (0,00) satisfy limsup,, o, < 1 and liminf, r, > 0.
If T710 # 0, then the sequence {x,} is bounded and each weak subsequential limit of
{xn} belongs to T=10. Further, if Vg is weakly sequentially continuous, then {x,}
converges weakly to the strong lim,, P(x,), where P is the Bregman projection from
E onto T~10.
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As in the proof of Corollary 4.2, we can deduce the following corollary from
Theorem 5.2. In the case of p = 2, this corollary is reduced to the weak convergence
theorem due to Kamimura, Kohsaka and Takahashi [17].

Corollary 5.4. Let E be a uniformly smooth and uniformly convexr Banach space
and let T'C E x E* be a mazimal monotone operator. Let p € (1,00), let J, be the
duality mapping from E into E* corresponding to the weight function w(t) = tP~1
and let Q, = (Jp + rT)"LJ, for all v > 0. Let {z,} be a sequence generated by
r1=x € FE and

Tn1 = Jp (o dp(@n) + (1= o) Jp(Qr,zn)) (n=1,2,...),

where {ay} C [0,1] and {r,} C (0,00) satisfy limsup,, o, < 1 and liminf, r, > 0.
If T710 # 0, then the sequence {x,} is bounded and each weak subsequential limit
of {xy} belongs to T10. Further, if J, is weakly sequentially continuous, then {z,}
converges weakly to the strong lim,, P(x,,), where P is the Bregman projection from
E onto T~0 corresponding to the Bregman function g = | - ||P/p.

6. APPLICATIONS

Using Theorem 4.1, we first study a convex minimization problem in a Banach
space.

Corollary 6.1. Let E be a reflexive Banach space, let f : E — (—o0,00] be a
proper lower semicontinuous convex function and let g : E — R be a strongly
coercive Bregman function which is uniformly convex on bounded sets and bounded
on bounded sets. Let {x,} be a sequence generated by x1 = x € E and

. 1
Yn = arg mmyeE{f(y) + Dy, wn)};
Tnt1 = Vg (@nVg(a) + (1 —an)Vg(yn)) (n=12,...),
where {a,} C [0,1] and {r,} C (0,00) satisfy lim, o, = 0, > 07, o, = 00 and

n=1

lim,r, = oco. If (Of)~1(0) # 0, then the sequence {x,} converges strongly to
Pog-10)(@).

Proof. By Rockafellar’s theorem [34, 35], f is a maximal monotone operator. Let
r > 0 and let J, be the resolvent of 0f. Then z, = J,x is equivalent to

0 € 0f () + - (Vglar) — V()

= 0(F + 19— Vo) (@),

which is also equivalent to

Ty = argr;éi};l{f(y) + %(9(?/) — (Y, VQ(@))}

= argr;gg{f(y) + %D(y, w)}.

This implies that y, = J,, x, for all n € N. Thus, by Theorem 4.1, we have the
desired result. O
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We next study a variational inequality problem in a Banach space. Let C be a
nonempty closed convex subset of a Banach space E and let A be a single-valued
monotone operator form C into E*. The operator A is said to be hemicontinuous
if it is continuous along each line segment contained in C' with respect to the weak*

topology of E*. A point u of C is said to be a solution to the variational inequality
for A if

for all y € C. We denote the set of all solutions to the variational inequality for A
by VI(C,A). The normal cone for C' at x € C'is also defined by
Ne(x)={2" € E* : (y —z,2") <0 (Vy € C)}.

Corollary 6.2. Let C' be a nonempty closed convex subset of a reflexive Banach
space E, let A : C' — E* be a single-valued, monotone and hemicontinuous operator
and let g : E — R be a strongly coercive Bregman function which is uniformly convex
on bounded sets and bounded on bounded sets. Let {x,} be a sequence generated by
r1=x € FE and

Yn = VI(Q A+ :n(Vg - Vg(ﬂfn)));
Tnt1 = Vg (a,Vg(x) + (1 — an)Veg(yn)) (n=1,2,...),

where {o,} C [0,1] and {r,} C (0,00) satisfy lim, o, = 0, > .07, @, = 00 and
lim, r, = oco. If VI(C,A) # 0, then the sequence {x,} converges strongly to
Py r(c,a)(%).

Proof. Let T'C E x E* be a set-valued mapping defined by

_ JAz+ Ne(x) (ze0);
(34) o= {V) (otherwise).

By Rockafellar’s theorem [36], T is a maximal monotone operator and 7710 =
VI(C,A). Let » > 0 and let J, be the resolvent of T. Then z, = J,z is equivalent
to

1 1
— Az, — ;Vg(xr) + ;Vg(ﬁﬁ) € No(xr),

which is also equivalent to

1 1
- ryA T - r) — Z
<y T, Az, + rVg(x ) rVg(x)> 0

for all y € C. Thus we have
1
Ty = VI(C’,A +—(Vg — Vg(:v)))
r
Hence y, = J,, x, for all n € N. Thus, by Theorem 4.1, we have the desired
result. O

As in the proofs of Corollaries 6.1 and 6.2, we have the following corollaries from
Theorem 5.2:
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Corollary 6.3. Let E be a reflexive Banach space, let f : E — (—o0, 0] be a proper
lower semicontinuous convex function and let g : E — R be a strongly coercive
Bregman function which is uniformly smooth on bounded sets, uniformly conver on
bounded sets and bounded on bounded sets. Let {x,} be a sequence generated by
r1=x € FE and

. 1
o = axgminyep{ f() + - D(y z0) |
Tp+1 = Vg (@nVg(an) + (1 —an)Vg(yn)) (n=1,2,...),
where {a,} C [0,1] and {r,} C (0,00) satisfy limsup,, &, < 1 and liminf, r,, > 0.
If (0f)71(0) # 0, then the sequence {xzy,} is bounded and each weak subsequential

limit of {xy,} belongs to (Of)~1(0). Further, if Vg is weakly sequentially continuous,
then {z,} converges weakly to the strong limy, Pp)-1(0)(2n)-

Corollary 6.4. Let C' be a nonempty closed convex subset of a reflexive Banach
space E, let A: C — E* be a single-valued, monotone and hemicontinuous operator
and let g : E — R be a strongly coercive Bregman function which is uniformly
smooth on bounded sets, uniformly convexr on bounded sets and bounded on bounded
sets. Let {x,} be a sequence generated by r1 == € E and

i =VI(C.A+ (Vg ~ Vglan) )

Tny1 = Vg (anVg(zn) + (1 — ) Vg(yn)) (n=1,2,...),

where {an} C [0,1] and {rp,} C (0,00) satisfy limsup,, o, < 1 and liminf, r, > 0.
If VI(C,A) # 0, then the sequence {x,} is bounded and each weak subsequential
limit of {xy} belongs to VI(C, A). Further, if Vg is weakly sequentially continuous,
then {x,} converges weakly to the strong lim, Py (¢ a)(Tn)-

7. APPENDIX

In this section, we give another proof of the existence of a solution to the equation
(20). Let E be a Banach space and let B : E — E* be a single-valued operator.
Then B is said to be coercive if
(zn, Bzn)

[1zn
We know the following lemma; see Barbu [2] and Takahashi [42]:

lzn|| — 00 = — 0.

Lemma 7.1. Let K be a nonempty closed conver subset of a reflexive Banach space
E and let A C E x E* be a monotone operator such that D(A) C K and 0 € D(A).
Let B : E — E* be a single-valued, monotone and hemicontinuous operator such
that B is bounded on bounded sets and coercive. Then there exists xo € K such that
(z — xo, 2" + Bxo) > 0 for all (z,2%) € A.

Using Lemma 7.1, we prove the following;:

Lemma 7.2. Let E be a reflexive Banach space and let T'C E x E* be a mazimal
monotone operator. Let g : E — R be a conver, continuous, strongly coercive and
Gateauz differentiable function which is bounded on bounded sets. Then

R(Vg+1rT)=E"
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all r > 0.

Proof. Let r > 0 and * € E* be given. Since T is maximal monotone, the graph of
T is nonempty. Fix (¢,¢*) € T. Then we can define a maximal monotone operator
ACE X E* by A(x) =T(x + q) for all z € E. We can also define a single-valued
monotone hemicontinuous operator B : E — E* by

B(x) = (ol +q) ")

for all x € E. By Butnariu and Iusem [9], Vg is bounded on bounded sets if and
only if g is bounded on bounded sets. Hence B is also bounded on bounded sets.

We

next show that B is coercive. If ||z,| — oo, then we have

9(zn +q) + (Y — (20 +q), Vg(zn + q)) < g(y)

for all y € F and n € N. Putting y = ¢, we have

(35)

(2n, Vg(2n + q)) > g(2n +q) — g(q)

for all n € N. Then it follows from (35) and the strong coercivity of g that

<ZnaBZn> o 1 ] <Zn7v.g(zn + Q) - CC*>

[EA [[2nl
- }{ 20 +all (20 Vg(za +9)) <me*>}
r Uzl 20 + 4l [[2nl
> }{ [zn +all g(zn+4q) —g(q) (me*>} e
r Uzl [l [[2nl

as n — o0o. Thus B is coercive. By Lemma 7.1, we have x¢ € E such that

(z —x9,2" + Bxg) > 0

for all (z,2*) € A. Since A is maximal monotone, we have (zg, —Bzg) € A. Thus

The

(1]

2]
B3l
4]
(5]

x* € Vg(xo+q) +rT(xzo + q).

refore we obtain R(Vg+rT) = E*. O
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