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Abstract

The work of H. Hundal (Nonlinear Anal. 57 (2004), 35-61) has revealed that the
sequence generated by the method of alternating projections converges weakly, but
not strongly in general. This paper seeks to design strongly convergent algorithms
by means of alternating the resolvents of two maximal monotone operators, A and
B, that can be used to approximate common zeroes of A and B. In particular,
methods of alternating projections which generate sequences that converge strongly
are obtained. A particular case of such algorithms enables one to approximate
minimum values of certain convex functionals under less restrictive conditions on
the regularization parameters involved.

1 Introduction and preliminaries

Let H be a real Hilbert space with scalar product (-, -) and induced norm ||-||. An operator
A: D(A) C H— 2" is called monotone if it satisfies the monotonicity property

(x—2'y—y) >0, V(x,y), (2, y) € A

Said differently, A is monotone if its graph is a monotone subset of the product space
H x H. If there does not exist a monotone operator A" whose graph properly contains
the graph of A, then A is referred to as a maximal monotone operator. For a maximal
monotone operator A, the resolvent of A, defined by .J 5‘ = (I +BA)7Y, is well defined on
the full space H and single-valued for every g > 0. Most importantly, .J 5‘ is nonexpansive,
meaning that for every z,y € H, the inequality ||.J5'z — Jg'y|| < || — y|| holds true.

We shall adopt the following notations: given a sequence (Z,)neny, No = {0,1,...}, (or
() in short), and a point © € H, z, — x (respectively, z,, — x) means that (x,)
converges strongly (resp. weakly) to z. The weak w—limit set of (z,) will be denoted by
wy((xy,)). This set is defined as follows:

wy((x,)) ={z € H | x,, — = for some subsequence (x,, )ken, Of (Tn)nen,} -
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The class of proper and convex functions from H into (—oo, o0] will be represented by
['(H). For any ¢ € I'(H), the subdifferential (operator) d¢ : H — H is defined by

Op(x) ={w € H| ¢p(x) — p(v) < (w,z —v), forall ve H},

and a point z € H minimizes ¢ € ['(H) iff (2,0) € Jp (meaning that z € D(Jp) and
0 € 0p(z)). Recall that the subdifferential of a proper, lower semicontinuous, convex
function is a maximal monotone operator. Given a closed convex subset C' of H, the
indicator function of C' is a (proper) convex and lower semicontinuous function which
assumes the value zero at x € C' and infinity outside C'. Its subdifferential is the normal
cone to C.

Now let K7 and K5 be two nonempty closed convex sets in H with nonempty intersection,
and consider the (convex feasibility) problem

find an x € H such that z € K1 N K. (1)

The roots of this problem goes as far back as the early 1930s when von Neumann showed
that in the case when K; and K, are subspaces, the sequence of alternating projections

H9$0|—>I1IPK1I0|—>232:Pszl'—>$3:PK1$2|—>I4:PK2563H"',

converges strongly to the point in the intersection of K; and K, that is nearest to the
starting point xy. For the proof of this result, see e.g., [4]. In 1965, Bregman [9] showed
that for two arbitrary closed convex sets K; and Ky with nonempty intersection, the
sequence (z,) generated by the method of alternating projections converges weakly to
some point in K3 N K5. The question on whether or not (x,,) converge strongly remained
open until recently when Hundal [11] constructed an example in ¢? showing that for any
starting point zy € ¢2, there exists a hyperplane K; and a cone K, such that K;NK, = {0}
and the sequence of alternating projections (x,,) converges weakly to zero, but not strongly.

It should be noted that projection operators coincide with resolvent operators of normal
cones. Therefore, a natural way of extending the method of alternating projections is
to consider two arbitrary maximal monotone operators, say A and B, instead of normal
cones, in which case the method of alternating (or composition of) resolvents is defined
as follows:

A B A B
H9x0|—>x1:J51$0|—>x2:J71x1r—)a:g:Jﬁzxng4:J72x3»—>-~-,

where (f3,,) and (7,) are sequences of positive real numbers. There seems to be already
many papers concerning this extension. In particular, for 8, =, = A > 0 for all n > 1,
Bauschke et al. [3] showed that the sequence generated from this method converges weakly
to a point of Fix J{JP — the fixed point set of the composition Ji'JP — provided this
set is not empty. In this paper, we investigate the convergence properties of the sequence
generated by the method of alternating resolvents defined above for the case when (/3,)
and (7,) are not constant sequences. More precisely, we consider the inexact iterative
method

Tonp1 = Jéi(xzn—l—en), forn=0,1,..., (2)
Top = Jﬁ(xzn,ljte’n), forn=1,2,..., (3)
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where xy € H is a given starting point and show that under summability condition on
(|lex]l) and (||€,]|), where (e,) and (€!,) are sequences of computational errors, the sequence
generated by it is weakly convergent to a point of A=1(0) N B~1(0) provided this set is
not empty, and that both (5,) and (v,) are bounded from below away from zero. In
order to obtain strong convergence results for general maximal monotone operators A
and B, a modification (following the idea from the case of a single maximal monotone
operator, cf., [7,8,13,15,16]) of this method is carried out, see Section 3 below. With
such a modification, the summability condition on the error sequences (e,) and (e},) is
also relaxed.

2 Preliminary Lemmas

In this section we collect the necessary tools needed to prove our main results. The first
lemma which is due to H. K. Xu [15] is basic, yet very useful.

Lemma 1 [15]. Let (s,) be a sequence of non-negative real numbers satisfying
Snr1 < (1 —ap)s, + anby, + ¢, n >0,

where (a,), (bn), (cn) satisfy the conditions: (i) (a,) C [0,1], with Y7  a, = oo, (ii)
limsup,, . b, <0, and (iii) ¢, > 0 for alln > 0 with Y~ ¢, < 0o. Thenlim, o s, = 0.

Weak convergence results are proved with the aid of the following known lemma due to
Z. Opial.

Lemma 2 (Z. Opial, (see, e.g., [14, p. 5])). Let F' be a nonempty subset of H. Assume
that the sequence (x,,) satisfies the conditions (1) lim, oo ||z — q|| = p(q) ezists for all
q € F, and (ii) any weak cluster point of (x,) belongs to F'. Then, there exists a point
p € F such that (x,) converges weakly to p.

Often, we shall use the following identity, the proof of which is well known and can easily
be reproduced.

Lemma 3 (Resolvent Identity). For any B, >0, and x € H, the identity

J[?x = Jf <%x + (1 — %) Jé‘x)

holds true, where A : D(A) C H — 2" is a mazimal monotone operator.

Lemma 4 [7]. For any sequence ( b,) of positive real numbers, the following conditions
are equivalent: (i) Y 0" |bay1 — by < 00 and 0 < liminf, oo b, (= limy,_ye0 by),

() Do Pti=el < oo, and (iff) 207, Prtel < oo,

We conclude this section by showing that whenever A (respectively, B) is strongly (and
maximal) monotone and (/3,,) (respectively, (7,)) is bounded from below away from zero,
with the error sequences (e,,) and (e!,) being bounded, then the sequence (z,,) generated by
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(2) and (3) is bounded. In fact, we prove this result for coercive operators of which strongly
monotone operators are particular cases. Recall that an operator A : D(A) C H — 2 is
called coercive if it satisfies the following condition

<777£ B UO)

1m EEETETE—
lel—oo, Emea  ||€]]

= o0, (4)
for some vy € H.

Proposition 1 Let F := A~(0) N B7'(0) # 0, where A and B are mazimal monotone
operators. Assume that the error sequences (e;,) and (€),) are bounded. If either (i) A is
coercive and ((3,) is bounded from below away from zero, or (ii) B is coercive and () is
bounded from below away from zero, then the sequence (x,) generated by (2) and (3) is

bounded.

Proof: (The proof of this result is essentially borrowed from the proof of Theorem 3.5 [14,
p. 152]). Fix p € F, and let C* be a positive constant such that

lleall + lleL]] < C*,  for allm > 0.
Then we have from (3), and the fact that the resolvent operator is nonexpansive

2201 = p + €l

”x2n_pH <
< Nwon_1 —pll +|le,|l, forall n > 1. (5)

Similarly, from (2) and the above estimate, we have

220 = pll + [|en]

|Tons1 —pl| <
< lwon—1 = pll + llenll + eyl ,  forall n.>1,

which implies that

[z2niall < Nwanall +2[pll +C7, forall n > 1.

Now let vy be the vector associated with the coercivity of A. Denote C; := C* + 2(]|p|| +
|vo||)- Then by (4) there exists a constant K* > 0 such that

(Em) e, |l > K implies {EEZ0 5 G (6)

1€ —woll — €

where € > 0 is the greatest lower bound of (3,,). If ||xe,.1|| < K* for all n > 0, then there
is nothing to do. So we assume that there is an index k such that ||xox41|| > K*. Then
multiplying

Top — Vo + € € Top+1 — Vo + LrpATopi
by the unit vector (zogr1 — vo)/||T2k+1 — vo||, and making use of (6), we get,

[22r41 = wvoll + Cr < flwak = voll + llexll < [lzar]l + [[voll + llell
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which implies that
2261l < llzarsr = voll + [Jvoll < flwarll + 2fvoll + llexl] = Cr -
On the other hand, from (5) we derive
[z2n]l < llzon-1ll + 2[pll + lle, |l for all n > 1,
so that

lzar—1ll + 2llvoll + 2llpll + [lexll + llexll — Cy
[z2r—1 [ + 2([[voll + [Ipl)) + €™ = C

= H9321~:—1|| .

| Zor41 ]|

Therefore, we have for each n > 1
[Z2n41 ] < max{K™ + C* + 2|[p|[, [|z2n-1} - (7)

Setting p, = max {K* + C* + 2||p||, ||z2n-1]|}, we deduce from (7) that the sequence (p,,)
is decreasing. Hence

sl < po < max {K* +C* + 2[pll, Jei]l}, for all n > 1,

showing that the subsequence (xg,1) of (z,) is bounded, and so is the subsequence (z3,)
of (z,,) (cf. (5)). Hence the sequence (x,,) itself is bounded. The proof of this result when
B is coercive and (7,) bounded from below away from zero is an analogue of the above
given proof. n

3 Main results

In this section, we analyze the convergence properties of sequences generated from the
method of alternating resolvents. To motivate our discussion, we begin with the following,
(perhaps expected), weak convergence result.

Theorem 1 Let A and B be mazimal monotone operators with F :== A~1(0)NB~1(0) # 0.
Let (x,,) be the sequence generated by (2) and (3), where B, v, € (0,00). Assume that
Yo ollen]] < oo and Y0 |lel|| < oo. If both (B,) and (v,) are bounded from below away
from zero, then (x,) converges weakly to some point of F for all xy € H.

Proof: It is worth pointing out that

Ton+1 -+ /BnAxQnJrl S Xop + €n, for n = O, 1, RN (8)
Ton + YnBToy D Xop_1+e€,, forn=12 ..., 9)

are equivalent forms of equations (2) and (3) respectively. Let us first note that if the set
F' is nonempty, then the sequence (||x, — p||) is convergent for any p € F', hence (z,,) is
bounded. Indeed, for any p € F', we have from (3)

|20 —pl| < |zon—1 — pl| + ||€L]|- (10)
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Similarly, from (2) we derive

| Ton+1 — pl| < ||w2n — ol + llenll,

which together with (10) implies that

n n—1
lzanes — 2l =D (el + llexl) < llwan-s —pll =D ekl + llexl)-
k=0 k=0

This shows that the sequence (||xg9,+1 — pl|) is convergent. Similarly, (||z2, —p||) is conver-
gent, with the same limit (see above). Consequently, the sequence (||, —p||) is convergent,
as claimed.

Now subtracting xs, from both sides of (8) (resp. 3,1 from both sides of (9)) and mul-
tiplying the resulting inclusion relation scalarly by x9,.1 — p (resp. by xs, — p) for some
p € F, we get upon the use of the monotonicity of A (resp. of B)

(Tont1 — Ton, Tont1 — P) < €y Ton1 —p),  and  (Tap — Top—1,T20 — P) < (€, Ton — D),
respectively. Equivalently, we have, for some positive constant C,

[@2n41 = Z2nl* + 220401 = PI* = l|z20 = p[|* < Cllenll,
and

220 = Tan—1[1* + [[220 = Pl = 2201 = p[I* < Clle |,

respectively. Adding these last two inequalities, and passing to the limit in the resulting
inequality, we arrive at

Tim [0 — ]| =0 (11)

Notice that from (8) and the fact that (5,) is bounded from below away from zero, we
have

Ton — Ton+1 + €n

Bn

Axonyq D —0 as n — oo,

which implies that w,((z2,41)) € A71(0). Similarly, we derive from (9) the relation
wy((Ta,)) € B7Y(0). Therefore by Opial’s lemma, there exists v € A7!(0) and w € B~1(0)
such that x9,.1 — v and xy, — w.

We finally show that v = w. Indeed, for all z € H, we have

(v —w, 2) = lm (Tonp1 —w,2) = M (Taps1 = Ton, 2) + M (22, —w,2) = 0.
Consequently, z,, = v € A71(0) N B~1(0). -



Remark 1 If, in addition, either A or B is strongly monotone, then we have strong
convergence to the unique element of F'. Assume without loss of generality that B is
strongly monotone with monotonicity constant ¢. Then, since (z,) is bounded, we have

from (9)

(Ton — Ton—1, Tan — P) + Yn(Bxan, T2, — p) < M€, |l

for some M > 0, where p is the unique point of B~(0), p € A~1(0). Using the strong
monotonicity of B, we have

220 = Ton—1[1* + |22 — PI* = [lw20—1 = PII* + 2c7l|l2n — pII* < 2M |le . (12)
On the other hand, since
[22n 41 = @on]l* + 22041 = PlI* = [[220 — P[I* < Clleal] (13)
for some positive constant C', we have
[Z2n 41 = 20 ||* + 207220 — PI? < a1 = plI* = [|22041 — pII* + Cllenll + 2M e, ||.

Summing this last inequality from n = 1 to n = oo and using the fact that ~, is bounded
from below away from zero, one derives the strong convergence of (z,) to p.

Remark 2 When v, — oo (in the case when B is strongly monotone) or 8, — oo (in the
case when A is strongly monotone), norm convergence of the error sequences (e,,) to zero
and boundedness of (e],) (respectively, norm convergence of (e},) to zero and boundedness
of (e,)) are enough to guarantee strong convergence of (x,) to the unique point p € F.
Indeed, we have from (12),

K

1
w—pl? < ————(||on_s — p|2 + 2M ||, |) < ————
|79, — (lz2n—1 = plI* +2M|le,[]) < sy

14 2¢y,
for some K > 0, where the last inequality follows from the fact that the sequences (z,)
and (e/,) are bounded. (For boundedness of (z,) consult Proposition 1 above). Therefore,
passing to the limit in the above estimate, we see that (zs,) is strongly convergent to
p. On the other hand, passing to the limit in (13), we also derive strong convergence
of (x9n11) to p. Consequently, the whole sequence (z,,) is strongly convergent to p, as
claimed. The other case is proved analogously.

Remark 3 In the case when (e,) and (e],) are zero for every n, then the sequence (z,)
converges to p at least at a linear rate, whenever both (3,) and (v,) are bounded from
below away from zero. In the event that B is strongly monotone and 7, — oo (resp. A is
strongly monotone and [, — 00), the rate of convergence is improved to superlinearity.
These facts follow from the two inequalities

|z2n — pl| < 1 and 22011 — D] < 1

[Z2n—2 — pll = VI+2ey,’ [22n—1 = pll = VI+ 2y’

which are a result of combining inequalities (12) and (13) with e,, = 0 = ¢/, for all n > 0.
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Remark 4 Strong convergence can also be obtained if in addition to the assumptions of
Theorem 1, either one of the resolvents J4 := (I + A)~! or J® := (I + B)~! is compact.
Indeed, if for instance the former resolvent is compact, then we may write (with the help
of the resolvent identity) equation (2) as

Topp1 = JA2,, where z, = i(:162n +e,) + (1 — i) Topi1.
Bn Bn
Since (z,) is bounded and J# is compact, there is at least one strongly convergent subse-
quence, say (Zan,+1), of (Xa,41). Let ¢ be the limit of (x9,, +1). Then from (11), we derive
Zan, — q. Therefore, a subsequence (z,,) of (z,) converges strongly to g. We note that
q € F, since wy((z,)) C F. On the other hand, lim ||z,, — p|| exists for all p € F, so this
limit is zero for p = ¢, i.e., (z,) converges strongly to g.

Remark 5 We have shown in Theorem 1 that if the sequences (||e,||) and (]|e,||) are
summable, and the parameters 3, and v, are bounded away from zero, then the sequence
generated from (2) and (3) converges weakly to a point of F' := A~1(0)N B~1(0), provided
that this set is not empty. Note that weak convergence of (x,,) (with 3, = v, = A for some
A > 0) was also shown in the paper of Bauschke et. al [3] where the set F' was replaced
by a generally larger set Fix J{!JP. However, in the particular case when A and B are
specialized to subdifferentials of indicator functions of closed and convex sets K; and K>
(that is, normal cones to K; and Ks, respectively), then p € K; N K, (equivalently, a
point p belongs to the set F') if and only if p is a fixed point of the composition mapping
Pk, Px,. Indeed, for A = dlk,, then p € A7'(0) & p = Jg'p = P,p for some § > 0.
Similarly, for B = dI,, we have p € B~'(0) < p = Pg,p. Therefore, p € A~ (0)NB~(0)
implies that p = Pk, Pk, p. Conversely, suppose that there exists a point p € H such that
p = Pk, Pk, p. Then it is obvious that p € Ks. It only remains to show that p € K;. For
this purpose, we derive from the inequality characterizing projections

(p— Pg,p,p—v) <0 forallve Ky, and (p— Pg,p,w— Pg,p) <0 forall we Kj.

Therefore, if K1 N Ky is not empty, then taking any point y € K; N K5 in place of v and
w in the above inequalities, we readily establish that p = Py, p. Hence p € K; as desired.

It is worth pointing out that the above remark shows that if K; N Ky # (), then the sets
K, N K, and Fix Pk, Pk, coincide. In the case when Ky N Ky = (), then either one of the
following three cases may occur: (a) Fix Pk, Pk, = K, or (b) Fix Pk, Px, = 0, or (c)
() # Fix P, Pk, C Ks. Indeed, taking K; and K, to be two parallel (and distinct) lines
in R?, then one can easily check that for any point x € Ky, we have Py, Px,x = x, and
the intersection of K and K, is the empty set. This verifies case (a). An easy way to
see the validity of case (b) is to consider the two closed and convex sets K7 = {z x y €
R? |z > 0 with zy > 1} and Ky = {z x y € R? | < 0 with — 2y > 1}. We leave it to
the reader to verify the other case.

The above discussion shows that the set Fix Pk, Pk, is in general larger than the set
K; N K5. One can easily prove that the set Fix Py, Pk, contains at least one element
if in addition to the convexity and closedness of K; and Kj, either one of K or K, is
bounded. We state this fact more formally in the next proposition.



Proposition 2 Let Ky and Ky be two nonempty, disjoint, closed, convex subsets of a real
Hilbert space H. Assume that either Ky or Ky is bounded. Then Fix Py, Py, # 0.

Since the sequence generated by the method of alternating resolvents (equations (2) and
(3)) is in general only weakly convergent, even in the case of the method of alternating
projections (see [11]), we modify this method in order to enforce strong convergence. Thus
we define the sequence (x,,) iteratively by

Topy1 = Jﬁi(anu + (1 — )2y +€,), forn=0,1,..., (14)
Tom = J,ﬁ(xgn_l +e), forn=1,2,..., (15)

where the points zg,u € H are given and e = 0 by convention. The idea is borrowed
from the regularization method for the case of a single maximal monotone operator (see
[13,16]). Besides producing strongly convergent sequences, such a modification works
well in the case when the error sequences (e,,) and (e!,) are not summable, see remark 6
below. Note also that from (14) and (15) with A = 0/, for K; = H, we reobtain the old
modified proximal point algorithm (introduced by Xu [15] and Kamimura and Takahashi
[12]) for z,, := w9,. Similarly, if B = 0lf, where Ky = H, we reobtain the regularization
method [16] which is in fact equivalent [6] to the old modified proximal point algorithm for
Ty, = Topy1. Moreover, from (14) and (15) with A = 0lk, and B = 0lk, where K; and
K5 are nonempty, convex and closed subsets of H, we recover the method of alternating
projections. With our modification, these algorithms become strongly convergent (under
suitable assumptions) as the following theorems show.

Theorem 2 Let A and B be mazimal monotone operators with A~*(0)NB~1(0) =: F # 0.
For arbitrary but fized vectors xo,u € H, let (x,) be the sequence generated by (14) and
(15), where oy, € (0,1) and Bp,vn € (0,00). Assume that (i) lim, .o @, = 0 with
Yoo g = 00, and either im,, oo a1 /0y, =1 01 Y7 a1 — @] < 00, and that (ii)
both (5,) and (7,) are bounded from below away from zero, with

Z |Bn41 — Bn| <00, and Z |Ynt1 — Tn| < 0.
n=0 n=1
If the error sequences (e,) and (€)) satisfy either one of the following conditions,
(a) Dontgllenll < oo, and 3207, fleq || < oo;
(b) > nto llenll < oo, and |le;[|/om — 0, with 3707 [lef 1y — e < oo;
(©) llenll/an — 0, and |le[|/om — 0, with 327 [le, 11 — €p]| < oo;
(d) llenll/an — 0, and 3277 Jlen || < oo,

then (z,) converges strongly to the point of F' nearest to u.

Proof: We shall prove the theorem only when the error sequences (e,) and (e!,) satisfy
either condition (c) or (d). The reader will find it easy to adapt the proof given below to
the other two cases.



The first step is to show that (x,,) is bounded. Take any p € F. Then from (14) and (15),
we have

Hx?n—i—l - pH < ||an(u —p+ en/an> + (1 — ) (T2, — p)”

€n
< anflu=pl+ 2 1= el - )
< 0,0+ (L= an)lfran s — il + 1)) (16

where the first inequality follows from the fact that the resolvent operator is nonexpansive,
and C'is a positive constant such that

sup{HU—pH—l-MMZO}SC.
(0%

n

Such a constant exists because the sequence (||e,||/a) is bounded. Applying induction
to (16), yields

n

|z2n1 —pl| <C [1 — H(l — )

k=0

n

+lzo — ol ]|
k

=0

n
(L—an)+ Y llell
k=1

Therefore, under condition (d), the subsequence (xg,1) of (x,) is bounded, and so is the
subsequence (z,). Consequently (x,,) is bounded.

In the case when both (|le,||/a,) and (]|} ]|/ax) are bounded, we have from (14) and (15)

lenl

n

T an{uu—pu+ }+<1—an>ux2n—pu

en el
< a {nu ol u} (1 ay) (nx%_l ol + a1l n”)
an an
S anC* + (1 - Oén)”xQn—l - p“? (17>

where C* is a positive constant such that
En e;z *
sup{Hu—pH—i‘u—l—uMIZO} < C".
QU QU
Applying induction to (17), we again derive that (z,) is bounded.

Next we show that the weak w—limit set of (z,) is contained in F, that is, wy((x,)) C F.
Using the resolvent identity, we have from (14)

|Tonts — Tonpal| = ||J§n+1(06n+1u + (1 = ang1)Tont2 + €ni1)

- J/I;iwl (%(Oxnu + (1 = an)zo, +€,) + (1 - Bgil)f@m—l) |

< ”%ﬂ = ) (T2nta = Ton) + (1 - %) (Tant2 — T2nt1)

b (s — 25 (0 = g+ £222) 4 oo (2ass ) |

< 501 an) |7z — ol + [1 - B2 | K

e e e | (15)
n n
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where K is a positive constant such that

€n+t1
An+1

Sup {Hu ~ Tonga t + |Z2nt2 — Tonsa| |0 > 0} <K.

We now estimate ||z, 12 — Ta, || as follows:

< H(:@n“ — Top_1) + (1 — 7311) (Tonto — Tong1 — €/n+1) + (6;+1 - 6%)

JE (25 e + ) + (1= 222 anin) = I (2201 + €))

lwans = wanll = |22 (522

In
Tn+1

< lz2ng1 — Ton—1]| + '1 - M + H€;~L+1 — e,

for some positive constant M. Therefore

| 2043 — Tons1]| T2 11 — Zon_1]| ‘ 1 1 Yn ,
< (11—« + — — | K4+1|1—- M
5n+1 ( n) Bn ﬂnJrl 571 Yn+1
Ayt (079 Qn || e H€;L+1 - e;l,”
+ — — K4+ = Entl _ €n o nr_, 2 nt
Bn-i—l /Bn ﬁn Ont1 an Bn 7

for some positive constant M’. Hence by Lemma 1 (and Lemma 4), we derive

“xQn—&—l — Top—1 H

B

As a matter of fact, ||z2,40 — T2,| = 0 as well. Now, multiplying the inclusion relation

-0 < ||-'L‘2n+1 — I’Qn_lu — 0.

Tont1 — Tonto + BnAToni1 D an(u — Top + €/t + Top — Tapia,
scalarly by 23,41 — p (where p € F') and using the monotonicity of A, we get
(Ton+1 — Tonta, Tons1 — P) < @K' + L2, — Toptal, (19)
for some positive constants K’ and L. Similarly, multiplying the inclusion relation
Tont2 — Tont1 + Yng1BTonta D €,
scalarly by zs,12 — p and using the monotonicity of B, we arrive at
(Tanta = Tony1, Tanga — ) < L'lel, 4], (20)

for some constant L' > 0. Adding the inequalities (19) and (20) and passing to the limit
in the resulting inequality yields

lim (2,1 — 2, = 0. (21)
Therefore passing to the limit in

(U — Tay) + oy — Tong1 + €n

Bn ’
11

Ax2n+1 > (22>



we see that wy((w2,41)) € A7Y(0). Similarly, we derive wy((z2,)) € B7(0). It then
follows from these two inclusion relations and (21) that w,((z,)) C F = A~1(0) N B~1(0).
This suffices to deduce that

limsup (v — Ppu, x, — Pru) < 0. (23)

n—oo

We remark that the set F' is closed and convex — being the intersection of two closed and
convex sets, therefore there exists a unique point ¢ € F such that ¢ = Ppu. From (14)
and (15), we have for ||e,||/a, — 0 and Y7, |lel|| < oo,

[zoni1 = qlI” < (1= ) (@an — q) + anlu — ¢ + en/a) ||’

(1= an)? |20 — ql* + ) lu — g+ en/au®
20, (1 — ) (U — q + en/an, Tan — q)

(1 — o) |w2n—1 — ql|* + C'||€, |

a, {anC’ +2(1 — ay) <u —q+ Z—n, Ton — C]>} ;

n

IN +

+

where C' is a positive constant such that

sup{
el

loomis —al? < (1= an)[wom s — gl]® + {C' <an N —) +

Qn

2

e
u—q—i—a—n

n

+ len |l + 2[|lz2n—1 — gl |2 > 1} <,

or

+ 2(1 —ay) <u—q—|—2—”,9@'2”—q>]7

n

in the case when ||e,||/a, — 0 and ||e/,||/an, — 0. Hence by Lemma 1, we have (in both
cases) ||Tan+1 — g — 0 as n — oo. Moreover, since Zo,11 — T2, — 0, we also have
|x2n — q|] — 0. Consequently, x,, — ¢ as n — oo. -

Example 1 The sequences

2 . 2n+1) .. .

—, if n is even —————=, if n is even
3n . 3n

—, if n is odd, , if n is odd
2n 2n

satisfy the conditions

o0

QOny1 Q@ : Wnt1 Bt
E T "l <oo, and lim [ = -2 =0,
=0 Bn-i—l 571 n—00 Oy, 571

but «, defined above does not satisfy neither lim,,_,, @,+1/a, = 1 nor ZZO:O |1 — | <
00.

12



The modification carried out in (14) and (15) is not the only possible one that can be
made. Alternatively, we could have opted to modify (3) instead of (2), we however do
not carry out such modification as it yields similar results to the ones obtained from (14)
and (15). The other possibility is to modify both (2) and (3), in which case the sequence
(x,,) is generated via the algorithm

Topy1 = Jﬁi(anu + (1 —an)zo, +6,), forn=0,1,..., (24)
Ton = JD(apu+ (1 — ap)aze-1 +¢),), forn=12,.., (25)

for given x¢,u € H. A consideration of (24) and (25) instead of (14) and (15) enables one
to dispense with the assumption >~ |le},.; — el || < co appearing in condition (c) and
(d) of Theorem 2.

Theorem 3 Let A and B be mazimal monotone operators with A~ (0)NB~1(0) =: F # 0.
Fiz xo,u € H, and let (z,,) be the sequence generated by (24) and (25), where o, € (0,1)
and By, € (0,00). Assume that (i) lim, e o, = 0 with Y .~ o, = 0o, and either
imy, o py1/on = 1 01 Y07 o1 — an| < 00, and that (ii) both (5,) and (v,) are
bounded from below away from zero, with

Z |Bn+1 - Bnl < o0, and Z |7n+1 - 7n| < 00.
n=0

n=1
If the error sequences (e,) and (€)) satisfy either one of the following conditions,
(a) 2ono llenll <00, and 3207, (e || < oo;
(b) 22no llenll < 00, and i€, ||/ an — 0;
(©) llenll/an — 0, and ||, [|/om — 0;
(d) llenll/awm =0, and 3207, [leg || < oo,
then (z,,) converges strongly to the point of F' nearest to u.
Proof: We prove the result only for the case when condition (c) is satisfied.

As before, we begin by showing that (z,) is bounded. As we have already seen in the
proof of the previous theorem

en
e <ol < an {lu=pl+ 220 0 0y, -,

Similarly, we have

%
low ol < an {llu=pll+ 120}t 1= allowns -,
Therefore

H$2n+1 - pH S anC* + (1 - an)Hxanl _p”7

13



where C* is a positive constant such that

€n «
ap {aa— i+ 120 B0
n>0 (07 (0

n

The boundedness of (z,) follows easily from the above inequality. Dividing (18) by
Br+1Yn+1, and noting that (,,) is bounded from below away from zero, we have

#2013 — Zoni1 ] [ €242 — $2n|| ’ /
< (1- —| K
6n+1'7n+1 ( n) 671'771—!—1 571—1—1 n
Oén—i-l / (679 e
+ K"+ L En 26
Bn-i—l Bn 671’771—1-1 Gnt1 an ( )
for some K’ > 0. On the other hand, a similar computation to (18) yields
l2nsa = a2l < (1= 00 ey — el + |1 - 222 K0
+ ama — Tn+1CGn K* + Tn+10n eiH—l i i 7 (27)
n Tn Qnt1 Ay,

for some positive constant K*.

Now dividing (27) by SnVn+1, and noting that (5,) is bounded from below away from
zero, we have

||$2n+2 - I2n|| < (1 _ Oén) ||$2n+1 - $2n—1|| 1 . i I
ﬂn'yn—l—l ﬂn'yn Tn+1 Tn
Q41 (079 (679 e e
+ - — | L+ — _ntl _ Cn
Yn+1 5717 Gntl an ]’

for some positive constant L. This last inequality together with (26) gives

|22nss = Toniall (1-a )sznﬂ — Zon1 LS O - L )
Brs1Vn+1 N Bnn Brn+1 Bn Tn+1 Tn
Qptq / Qpyq 679 7% e
+ - K — — L + Entl _ €en
Bn—i—l Bn Yn+1 Tn Bn/yn—i-l Ontl on
Qn eni1 €
" Bryn Nlomsran]’?

Hence by Lemma 1, we derive

H$2n+1 - 3727171“
BnVn

— 0 = ||x2n+1 - xZn—l“ — 07
where the equivalence is due to the fact that both (5,) and (,) are convergent.
Multiplying the inclusion relation

Tont2 — Tont1 + Ynr1Blonya 3 Oén+1(u — Topt1 + €In+1/04n+1)

14



scalarly by zs,,2 — p and using the monotonicity of B, we arrive at
(Tant2 — Tant1, Tapg2 — p) < A L7,
for some constant L* > 0. We have already shown in (19) that
(Tont1 — Tons2, Tops1 — D) < K+ L|220 — Tongal],

so that adding these two inequalities and passing to the limit in the resulting inequality,
we arrive at

lim ||z,41 — @] = 0.
n—oo

Therefore as in (22) we derive the inclusion relations wy((72,11)) € A71(0) and wy((x2,)) C
B~Y(0). Since x,41 — x, — 0, these inclusions imply that w,((z,)) C F, and hence

limsup (v — Ppu, x, — Pru) < 0.

n—oo

Finally, we show that x, — Prpu. From (24) we have

||5E2n+1 - PFUH2 < H(l - an)(f@n - PFU) + an(u — Pru+ en/O‘n)H2
= (1 —ap)?*||won — Prul|®* + o2 ||u—PFu+en/anH2
+ 20,(1 — ayp) (u— Ppu + e,/ ay, 2, — Ppu) . (28)

Similarly, we have from (25)

220 = Prul® < (1= ) |wan—s — Ppul® + o, |lu — Pru+ ¢, /o, |

+ 2a,(1 —ay) (u— Pru+ €, /a,, xon_1 — Pru),
which together with (28) gives
|22n+1 — Prull®* < (1 — ap)||w2n—1 — Prul|® + anbn,

where

n n

/
by = a,C1 4+ 2(1 — ) [<u — Pru + e—n,xgn — Ppu> + <u — Pru + e—”, Top_1 — Ppu>} ,
o a

for some positive constant C. Therefore by Lemma 1, we derive zs,,1 — Pru. Since
Tpt1 — T, — 0, we deduce strong convergence of (x,,) to Ppu. -

Perhaps we should conclude this section by briefly explaining how the algorithms presented
in this paper work under the error condition(s) |le,||/a, — 0 (and/or ||€,||/a, — 0) of
Theorem 2 (Theorem 3). The condition Y~ [le,|| < 0o needs no further elaboration as
it has been widely used by several authors.

15



Remark 6 The non summability condition on the sequence of computational errors
appearing in Theorem 2 was introduced by the authors in [6]. As explained in their paper
6], (see also [7] and [8]), such a condition renders the algorithm in question applicable
in approximating zeroes of maximal monotone operators for every sequence of errors
converging to zero in norm. In the current setting — where two nonlinear operators are
involved — for sequences of summable errors the algorithm works as expected, that is one
chooses the sequence («,) independent of the errors involved and execute the algorithm
as usual. However, as soon as the sequence of computational errors associated with either
one of the operators is norm convergent to zero and satisfy the condition >~ |le,|| = oo,
then an appropriate construction of the sequence of parameters («,) is carried out. Such
a construction always depends on the error sequence (e,) as it must meet the condition
llen||/an — 0 for Theorem 2 to be applicable. The process of finding common zeroes of two
maximal monotone operators by means of iterative processes thus entails dividing the error
sequences into two classes — the class of errors satisfying the condition ) |le,|| < oo
and the ones that satisfy the condition ), [le,|| = co — and constructing an algorithm
in accordance with the rules introduced and discussed in this section.

4 The case when A and B are subdifferentials

Let f,h: H — (—o0,00] be two proper, convex and lower semicontinuous functions. For
A = 0f and B = 0h, we note that if both 3, and =, are bounded below away from zero,
and the sequences (||e,||) and (||€},]|) are summable, then the sequence (z,) generated by
(2) and (3) converges weakly to the element of A~*(0) N B~1(0), provided this intersection
is nonempty. In addition, lim, . f(22,+1) = infzepy f(x), thus the subsequence (z2,41) of
(x,,) approximates minimum values of the convex functional f : H — (—o0, 0o]. Similarly,
the subsequence (x3,) is used to approximate minimum values of the convex functional
h: H — (—00,00]. Under the assumptions of Theorem 2 (respectively, Theorem 3), the
sequence generated by (14) and (15) (respectively, by (24) and (25)) converges strongly
to the common minimizer of f and ¢ which is closest to uw. This section further explores
the case when A and B are subdifferentials of proper, convex and lower semicontinuous
functions.

Theorem 4 Assume that f,h € T(H) are lower semicontinuous, with A~1(0)NB~1(0) =:
F # 0, where A = 90f and B = 0h. For any fized xy € H, let the sequence (x,,) be defined
iteratively by (24) and (25), where o, € (0,1) and B, € (0,00). Assume also that the
error sequences (e,) and (€)) satisfy either one of the following conditions

(&) >ono llenll < o0, and 3707, [len || < oo;
(b) = o llenl] < oo, and (||€)||/an) is bounded;
(c) both (||lenll/an), and (||e||/an) are bounded;

(d) (|lenll/an) is bounded, and > > |leL|l < .

]
n
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If (Bn) and (v,) are both increasing, and lim, oo, = 0, with > 2 a,B;" < oo,
> Y, - < 00, then

Jim f(zonsr) = Inf f(x), and  lim h(zy,) = inf h(y). (29)

n—o0

The limits in (29) also hold true if both (B,) and (v,) are bounded from below away from
zero, (By) (or (7)) is also bounded from above, and >~ o, < co. In this case, the
sequence (x,) is weakly convergent to some point in F.

Proof: We prove this result only for the case when condition (c) holds. The boundedness
of (z,) has already been shown in the proof of Theorem 3. Since

6naf(x2n+l) > an(u — Ton + en/an) + Ton — Ton+1, (30>
for all z € D(f), we have from the subdifferential inequality

280 (f(zant1) — f(2)) < 2(zan — Tant1, Tant1 — 2) + 200, (U — Top + €5/, Top1 — 2)

< lwon — 2I12 = llzanss — 2|1> = ||T2n — Tonsa |? + M,

where M, is a positive constant such that

sup {

In particular, for any v € F,

2

e
u—x2n+a—n + ||m2n+1—z||2|n20} < M,.

n

220 = Zonia|® < lwon — v]|* = 22041 — 0> + anM,.
Similarly, starting with
YnOh(Ton) D an(tu — Top_1 +€),/0n) + Ton—1 — Tap, (31)
we derive
220 = Zonal® < Nl7on-1 = v]|* = 220 — 0| + an Ky,
for some positive constant K,, which together with the previous estimate yields
220 = Zonial? < Nwon-1 = v]* = 22041 — v]* + Gy, (32)

for some positive constant C,. Dividing by 32 and using the fact that (/3,) is increasing,
we have upon summing from n =1 to n = 0o

= H«TQn - 132n+1||)2 . ||$L’2n - $2n+1H
-_ <0 = lim ————— = 0. 33
Z ( ﬁn n—oo ﬁn ( )

n=1

Therefore, passing to the limit in

f(zans1) — f(2)

IN



we get

limsup (f(x2n41) — f(2)) <0, forall z € D(f).

n—o0

This verifies the first part of (29). Similarly, passing to the limit in

Top—1 — Ton an Ky
hw2,) — h(w) < <—a$2n—w>+ )
() = ) Yo 2%

we get

limsup (h(za,) — h(w)) <0, for all w € D(h),

n—oo

verifying the second part of (29).

To prove the last part of the theorem, assume that (/3,) is bounded, plus the other
conditions specified in the statement. Then

i M@2n = T2l _

4 lim ”ZL‘Qn — I2n+1|| =0. (34)
n—00 ﬁn n— 00

Moreover, we have from (32)

n n—1
|2ne1 = 0> = Co > an < wan — > = C, Y
k=0 k=0

showings that for all v € F', the sequence (||x2,11 — v||) is convergent. Hence (||xe, — v||)
is also convergent.

On the other hand, from (30) and (31) we derive wy((z2n,41)) C A71(0) and wy((22,)) C
B71(0), respectively. These two inclusions together with (34) imply that w,((x,)) C
A71(0) N B71(0). Since the limit of the sequence (||z,, — v||) exists for all v € F', we have
via Opial’s lemma z,, — y for some y € F. The proof is similar for the case when (7,) is
bounded. -

Remark 7 Recall [14, Prop. 2.7, pg. 110] that for a proper, convex and lower semi
continuous function ¢ : H — (—00, +00], the operator (I + dp)~! is compact if and only
if the set

Ko, ={xe H||z|| <C, and ¢(z) < C}

is compact for every C' > 0. Note that the set K¢, is compact if and only if the set
Mp,, = {z € H|||z[|* + ¢(z) < D}

is compact for every D > 0. Therefore, using similar arguments to those contained in
Remark 4, one can show that for A = df and B = 0h, where f,h € I'(H) are lower
semicontinuous, the sequence (z,) generated by (24) and (25) converges strongly to a
common minimizer of f and h provided that both (3,) and (v, ) are bounded from below
away from zero, either Mp ; or Mp, is compact for all D > 0, >, < 0o, and either
(Bn) or (7,) is bounded from above.
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5 Applications to variational inequalities

Let K C H be a nonempty, convex, closed set and let A : D(A) C H — 2! be a maximal
monotone operator. Consider the problem

Find v € K N D(A) such that there exists z € Au: (z,v —u) >0 Vv € K. (35)

This is a variational inequality. It is easy to see that (35) is equivalent to the inclusion
relation

0 € Au+ 0l (u), (36)

where I is the indicator function of K. If the set F' := K N A7(0) is assumed to
be nonempty, then the method of alternating resolvents described above can be used to
approximate points of F' (which are solutions to (35)).

Example 2 Let Q be an open and bounded subset of the Euclidean space RY with a
smooth boundary 99Q. Let 3 : D(3) C R — 2% be a maximal monotone mapping, i.e., 3 is
the subdifferential of a proper, convex, lower semicontinuous function j : R — (—o0, +-00].
Consider the boundary value problem

—Au = f, in €,
(BVP) —% € B(u), on 08,
u>0in Q,

where f € L*(Q) is a given function, and % denotes the outward normal derivative of w.
Let H denote the space L?(2) equipped with its usual scalar product and norm. Define
A:DA)CH— H,

Av=—-Av — f,
D(A)={ve H} Q)| — & € B(v), a.a x € 90},

where H?()) is the usual Sobolev space. Operator A is maximal monotone, being the
subdifferential of the functional ® : H — (—o0, +0o0]

1
/ (—]Vv\z - fv) dx+/ j(w)do, if ve HYQ), j(v) € L'(09),
P(v) = o \2 20
400, otherwise,

which is proper, convex and lower semicontinuous. For details see, e.g., [1, Proposition
2.9, p. 62]). Let us assume that (BVP) has at least a solution u € H*(Q2). This means that
F := KN A7'(0) is nonempty, where K denotes the cone {v € H : v(z) >0 for a.a. x €
}. Tt is easy to imagine cases when this situation happens, and in general F' is not a
singleton. We consider a sequence (v,) generated by algorithm (2), (3), where A is the
operator just defined above, and B = 0lk. Clearly, for all v > 0, va = Prv =0T =
max{v,0}. For simplicity, we assume that g, = 7, = 1 for all n. Therefore, algorithm
(2), (3) reads

Vonpr = JHvan +ep), forn=0,1,..., (37)

Vo, = (Vo1 te)t, formn=12..., (38)
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where v is a given starting function. It is easy to check that J# is a compact operator,
so (v,) is strongly convergent in H = L*(2) to a point of F' := K N A~'(0), whenever
(en), (€],) are summable in norm (cf. Theorem 1 and Remark 4). In fact, the sequence
Yn ‘= Vopa1 generated by the difference equation

Yni1 = JA(y:[ +e,), n=0,1,..

with 7o a given starting function, converges strongly in H?(2) to a solution of (BVP),
under the summability condition on (e,). Here we have incorporated the error €/, into e,;
this is possible because P is a nonexpansive operator. In other words, (y,) is a solution
of the difference equation

{ Yns1 — AYny1 = f + y: + ey, in 0,

Oyn
_% € B(yn+1)7 on an

which allows us to derive strong convergence in H?({2) for (y,). Note that further con-
vergence results for this particular example may be obtained from our abstract results
above.
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