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Abstract

The Krasnoselskii-Mann iteration plays an important role in the approxima-
tion of fixed points of nonexpansive operators; it is is known to be weakly
convergent in the infinite dimensional setting. In this present paper, we pro-
vide a new inexact Krasnoselskii-Mann iteration and prove weak convergence
under certain accuracy criteria on the error resulting from the inexactness. We
also show strong convergence for a modified inexact Krasnoselskii-Mann iter-
ation under suitable assumptions. The convergence results generalize existing
ones from the literature. Applications are given to the Douglas-Rachford split-
ting method, the Fermat-Weber location problem as well as the alternating
projection method by John von Neumann.

1 Introduction

Let X be a normed space and 7" : X — X be a nonexpansive mapping, i.e., T’
satisfies
[Tz =Tyl < lo -yl Va,yeX.

We further denote the set of fixed points of T" by
F(T)={re X |Tx =z}

Note that, if T is actually a mapping from X to a subset K C X, then F(T)
automatically belongs to K. Prominent examples for nonexpansive mappings from
a Hilbert space X to a nonempty, closed, and convex set K C X are, for example,
the projection map, the proximal point map, and several composite maps which
involve at least one of these two mappings, see, e.g., [2] for more details.
Throughout this paper, we consider the real Hilbert space setting: H denotes a
real Hilbert space with scalar product (.,.) and induced norm ||-||. Our aim is to find
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a fixed point of a nonexpansive mapping 7" defined on H. Existence and uniqueness
results as well as many iterative schemes are well-known from the literature, cf.
[3, 5, 6, 7] and references therein for some relevant results in this direction. In
particular, one of the most famous fixed point methods is the Krasnoselskii-Mann
iteration from [19, 24] that starts at some given point x; € H and uses the recursion

Tpi1 = (1= X))z + NTx, Yn=12... (1)

for some suitably chosen scalars A, € [0,1]. The most general convergence result
for this procedure is due to Reich [26] and assumes that F'(T) is nonempty and the
scalars \,, satisfy the condition

D Al = Ay) = o0, (2)

then the iterates {x, } converge weakly to a fixed point of 7. This statement remains
true if T': K — K with a nonempty, closed, and convex set K C H, in which case it
follows immediately from (1) that the whole sequence {z,} remains in K provided
that the starting point x; is chosen from K.

Strong convergence of the Krasnoselskii-Mann iteration cannot be expected in
general, as noted by a counterexample in [15]. On the other hand, there exist a
couple of modified schemes which guarantee strong convergence results, see [5, 8] for
different examples. One of these schemes uses the recursion

Tng1 = anZp + BT x, + Spu, (3)

where T' : H — K is nonexpansive, K C H is nonempty, closed, and convex,
Qn, By 0n € [0, 1] are suitably chosen scalars satisfying a, + 5, + 0, = 1, and u
denotes a fixed element from K; for more details and conditions on the choice of
O, B, O, we refer to [9, 10, 18, 28] and the discussion in Section 4.

The overall convergence behaviour of the Krasnoselskii-Mann iteration from (1)
is therefore well-investigated and yields very satisfactory global convergence results.
On the other hand, this theory requires that T can be evaluated exactly. In general,
this is an unrealistic assumption because the evaluation of T' might involve the com-
putation of a projection or the solution of a nonlinear (convex) program. Combettes
[11] therefore considers the convergence of the inexact Krasnoselskii-Mann iteration

Topr1 = (L= X))z + (T, + €3) (4)

with a given starting point xy € H, where e, represents an error in the evaluation
of Tx,. He proves weak convergence of the sequence {z,} under the assumptions
that F'(T) is nonempty, A, € (0,1) satisfies (2), and the additional error condition

o
> Aullen| < oo
n=1

The same inexact Krasnoselskii-Mann scheme has been investigated recently by
Liang et al. [20] where additional results are presented, in particular, suitable rate
of convergence results are provided.



Apart from the error due to the inexact evaluation of T', implementations of the
Krasnoselskii-Mann iteration produce an additional error due to the finite precision
arithmetic of the computer. To get a complete picture of the practical numerical
behaviour of the Krasnoselskii-Mann iteration, we are therefore forced to analyse
the convergence properties of a scheme like

Toa1 = (1= A)zp + M\o(Tzy, + €) + g,

where, again, e, represents the error in the evaluation of T'z,, whereas €, denotes
the error resulting from the finite precision arithmetic. To keep the notation simple,
we can write this as

Tpi1 = (L= X))z + NTz + 1y

for some vector r,, that we call the residual since it represents the difference between
the exact Krasnoselskii-Mann iteration and its inexact counterpart.
Here we consider the more general inexact scheme

Tpil = QpTy + BnTxn + T, (5)

where «,,, 5, € [0,1] are suitable numbers satisfying «,, + 5, < 1, hence these two
numbers do not necessarily sum up to one, and r,, is again called the residual vector.
Despite the fact that this generalizes existing choices, it turns out in our subsequent
analysis that, to some extent, the particular choice o, + 3, < 1 also bridges the gap
between weak and strong convergence results.

Sometimes it is more convenient to consider the recursion

Tp+t1 = ATy + ﬁnTxn + Yn€n, (6)

where
Oy By Y € [0,1]  satisfy a4+ 6, + 70 =1 (7)

and the vector e, is called the error. Note that this iterative scheme is a special case
of (5) simply by setting r,, = y,e,. Our aim is to prove weak and strong convergence
results for these modified inexact Krasnoselskii-Mann iterations under suitable as-
sumptions which generalize the conditions known for the previously mentioned exact
and inexact versions of this fixed-point method.

The paper is therefore organized as follows: We first recall some basic definitions
and results in Section 2. The weak convergence of the iterative scheme from (5)
(and its special instance from (6), (7)) is then investigated in Section 3. Strong
convergence of a modified version is shown in Section 4. An application to the
Douglas-Rachford splitting method, the Fermat-Weber location problem, and the
alternating projection method by John von Neumann can be found in Section 5.
We conclude with some final remarks in Section 6.

Notation: Given a Hilbert space H, we denote by 2 the power set of H. An
operator A : H — 2" is sometimes called a multi-function. Given such a multi-
function, we write zer(A) for the set {x € H | 0 € Axz}. The projection of an
element x € H onto a nonempty, closed, and convex set C' C H is denoted by Pox.



2 Preliminaries

Here we state some basic properties that will be used in our convergence theorems.
We begin with the following lemma whose proof is elementary and therefore omitted.

Lemma 2.1. Let X be a real inner product space. Then the following statements
hold:

(a) llz+yl* < |lz* + 20y, z +y), Vo,yeX
(b) NItz + syl = t(t + s)||l=]* + s(t + s)[lyl]* — stlle —yl*, Va,y € X, Vst €R.

The following result is also well-known, see, e.g., [1]. Tt plays a central role in our
weak convergence result.

Lemma 2.2. Let {0,} and {v,} be nonnegative sequences satisfying > o, < o0
n=1
and Yo+1 < Yn +op,n=1,2,.... Then, {v,} is a convergent sequence.

The next result comes from [30] and will be exploited in our strong convergence
result.

Lemma 2.3. Let {a,} be a sequence of nonnegative real numbers satisfying the
following relation:

1 < (1 —ap)ay + anon + 9, n>1,
where
(a) {om} C[0,1], 32507, an = o0;
(b) limsup o, < 0;
(c) =0 (n>1),> 0 v < o0.
Then, a, — 0 as n — 0.

Let H be a real Hilbert space with inner product (.,.) and norm ||.||, and let K be
a nonempty, closed, and convex subset of H.
For any point v € H, there exists a unique point Pxu € K such that

[ = Prul] < flu—yll, Vye K.

Py is called the metric projection of H onto K. We know that Pk is a nonexpansive
mapping of H onto K. More precisely, Py is known to be firmly nonexpansive in
the sense that

(r —y, Pxx — Pry) > ||Pxx — Pryl® (8)

for all z,y € H. Furthermore, Pxx is characterized by the properties Pxx € K and
(x — Pkx,Pkx —y) >0, Vye K. (9)

We finally restate an important result which is due to Opial [25] and characterizes
the weak limit of a weakly convergent sequence in a Hilbert space.
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Theorem 2.4. (Opial)
Let H be a Hilbert space and {x,} be any sequence in H converging weakly to x.
Then the strict inequality

liminf||z, — z|| < liminf||z, — y||
n—o00 n—00
holds for all y # x.
An operator A : H — 2 with domain D(A) is said to be monotone if
(u—v,x—y) >0 Vo,y € D(A), ue Az,v e Ay.
We say that the monotone operator A is maximal monotone if its graph
G(A) :={(z,y) : x € D(A),y € Az}

is not properly contained in the graph of any other monotone operator.

3 Weak Convergence

This section investigates the weak convergence properties of the generalized inex-
act Krasnoselskii-Mann iteration from (5). The following is the main convergence
result and shows that we re-obtain the classical weak convergence of the exact
Krasnoselskii-Mann iteration under suitable conditions on the choice of a,, 3, and
the behaviour of r,. These conditions will be discussed in some more detail after
the proof of this result.

Theorem 3.1. Let K be a nonempty, closed, and convexr subset of a real Hilbert
space H. Suppose that T : H — K is a nonexpansive mapping such that its set of
fized points F(T') is nonempty. Let the sequence {x,} in H be generated by choosing
x1 € H and using the recursion

Tyl = ATy + BT, + 1, Y > 1, (10)
where T, denotes the residual vector. Here we assume that {c,} and {5,} are real
sequences in [0, 1] such that oy, + B, < 1 for all n > 1 and the following conditions
hold:

(a’) il anﬁn = 00y
() 3 lIral < oo

(c) 21(1 —ay — By) < 00.

Then the sequence {x,} generated by (10) converges weakly to a fized point of T'.



Proof. We divide the proof into four steps.

Step 1: We show that the limit lim,,_, ||z, — 2*|| exists for any given fixed point
x* € F(T). To this end, choose an arbitrary «* € F(T'). Then we obtain from (10)
and the nonexpansiveness of T that

||xn+1 - I*” = ”Qnmn + ﬁnTxn + T — x*”
= |lan(zn — ")+ Bu(Txp — %) + 1, — (1 — vy — Br)x™||

< anllan = 2| + Bl Ten — 2¥|| + [lrn — (1 — ci = Ba) 2’|

< allzn =28+ Bullzn — 27| + lrn — (1 — o — Bp)2”||

= (om + B llzn — 27| + llrn — (L = o — B) 2|

< (om+Ba)llzn — 2| + (1 = an = Bu)llrn — %[ + (i + Bp)[|7al
< =2+ (1 — o = Bo)M + [[ral],

for some M > 0 whose existence follows from condition (b) (note that, in general, the
exact value of M depends on the given fixed point x*, but that our subsequent anal-
ysis only requires that there exists such a constant for any given fixed point of T').
Applying Lemma 2.2 and using conditions (b) and (c), we have that 7}1_{20 |n — x|

exists. In particular, this implies that {z,} is bounded.

Step 2: Here we show that liminf||z,, — Tz,|| = 0 holds. Using Lemma 2.1, we
n—oo

obtain for an arbitrary z* € F(T) that

[
= o (xn — ) + B (T — ) + 1 — (1 — vy — ﬂn)x"‘H2

T (e — ) + BT — ) 2 — (10— A" s — )
2 (an + Ba)llan — 212 + Bulan + B [T = 12 = anBullen — Tau?
+2(rp, — (1 — o — Bn)2*, Tpp1 — 2*)
< (an+ﬁn)2”$n_$*H2 — BTy _T*THH2
+2<rn —(1—a, —Bn)x", Tpy1 — :13*>
< zn — 2% — anBllTn — Ta,||* + 2<7‘n — (1 —ap — Bn)r" xpy — x*>
zn — 2% — anBullrn — Tx,]|* +2(1 — oy, — 5n)<rn — 2%, Tpyq — x*>
+2(a, + Bn)<7“n, Tpi1 — a:*>
< o = 2P = anBallen = Taa|* + 2[(1 = an — Ba)[lra — 27|
+Han + Bo)lrall ] lwnss — 27|
< |77 — x*HQ — Py |Tn — Tmn”2 + Mi(1 = an — Bn) + Ma||ry|],

for some My, My > 0 (recall that {z,} is bounded in view of Step 1). This implies
that

anBallzn = Taal* < o — 2" |* = lns — 27| + Mi(1 = an = Ba) + Ma[rall, n > 1.

Therefore, by conditions (b) and (c), we have

> anBullzn = Toa|* < oy — 2|7+ MY (1= g — Ba) + My > ||| < 0.
n=1 n=1 n=1



Using assumption (a), we obtain lim inf||z, — Tz,|| = 0.
n—o0

Step 3: We now show that we actually have lim ||z, — Tz, || = 0. To this end, first
n—oo

observe that
Tpi1 — T = Bp(Txy — ) + 10 — (1 — aty — Br) o (11)
This implies
1T Zp11 — T |

= || Txps1 — Tay + Tay — (nzn + BTz, + 1) ||
Tzp1 —Txy + (1 — 6o)(Txy —xp) — 10+ (1 — apy — Br) x|

< | T2er = Taol| + (1= Bu)IT20 — 2all + (1 = an = Bu)za — 1o
< N@nss — @all + (1 = B0 — all + (1 = @ — Ba)n — 74
C 1Tz — wall + 20I(L — an — Ba)za — 7l

< | Tan = all + 21 = an — Ba) [all + 2ll7al

< T2 — zall + 2lirall + 2Ms(1 — a — Ba),

for some Mz > 0. Observe from conditions (b) and (c) that 2 > (||ra| + Ms(1 —
n=1

ay — Bn)) < 0. Applying Lemma 2.2 to the last chain of inequalities, we have that
lim ||z, — Tx,| exists. In view of Step 2, this yields lim ||z, — T'z,| = 0.
n—o0 n—oo

Step 4: In this final step, we prove the weak convergence of the sequence {z,} to a
fixed point of T'. Since {x,} is bounded by Step 1, there exists a subsequence {z,, }
of {z,} that converges weakly to some element p. We first show that p € F(T).
Assume the contrary that p # T'p. Using Opial’s Theorem 2.4 and the fact that
nh_}rgoﬂxn — Tz,|| = 0 by Step 3, we get

liminf||z,, —p| < liminf|z,, — 71|

IN

timinf (|7, — Ty, | + | T2, — Tp)
= liminf||Tz,, — Tp||
n—o0
< liminf||z,, —p|.
n—oo
This contradiction shows that p € F(T'). Suppose that the whole sequence {z,}
does not converge weakly to p. Then there exists another subsequence {z,,, } of

{z,} which converges weakly to some ¢ # p. As in in the case of p we must have
q € F(T). It therefore follows from Step 1 that lim ||z, — p|| and lim ||z, — ¢||
n—oo n—oo

exist. Let us denote these limits by d; := lim ||z, — p|| and dy := lim ||z, — ¢||,
n—oo n—oo

respectively. Exploiting Opial’s Theorem 2.4 once again, we obtain

di = ]jminf”l‘nk—pn < 1iminf||xnk—q|| = dy
k—o0 k—o0

= liminf||z,, —q| < liminf|z,, —pl| = di,
j—o0 J—00

which is a contradiction. Therefore, p = ¢ and the entire sequence {z,} converges
weakly to p. This completes the proof. O]



Let us discuss Theorem 3.1 to some extent in the following remark.

Remark 3.2. (a) Consider the exact Krasnoselskii-Mann iteration from (1) which
corresponds to the case r, = 0 as well as a,,, = 1 — \,,, 5,, = A, for suitable numbers
An € [0, 1]. It then follows that conditions (b) and (c) in Theorem 3.1 are automati-
cally satisfied. Furthermore, condition (a) reduces to (2), i.e. we re-obtain the usual
assumption for the convergence of the Krasnoselskii-Mann iteration as a special case
of our Theorem 3.1.

(b) Next consider the inexact Krasnoselskii-Mann iteration from (4) proposed by
Combettes [11]. This is also a special case of our recursion (10) by setting «,, :=
1 — Ay, B = Ay, and 1y, := A\e,,. It follows that condition (c¢) in Theorem 3.1 holds
automatically, whereas conditions (a) and (b) become

Z)\n(l —A\p) =00 and Z)\nHenH < 00,
n=1

n=1

which are precisely the convergence assumptions used by Combettes [11] (formally,
Combettes assumes that A\, € (0,1), whereas here A, can be taken from the closed
interval [0, 1]).

(c) Recall that our iterative scheme is more general than (1) and (4) because «,
and [, do not necessarily sum up to one. Theorem 3.1 still yields global conver-
gence provided that the sequences «,, 3, satisfy the conditions (a) and (c), where
(a) may be viewed as the counterpart of (2) and (c) tells us how fast «, + 3, has
to approach one, so that «,, and 3, asymptotically approach the numbers 1 — A,
and \,, respectively, in the classical Krasnoselskii-Mann iteration. Besides being
more general, the discussion in the subsequent section also shows that the possibil-
ity of allowing «,, + 3, < 1 brings the Krasnoselskii-Mann iteration much closer to
a strongly convergent modification.

(d) Formally, the standard Picard-iteration x,,; := Tz, is a special case of the
iterative scheme from (10). However, it is known that the Picard iteration is, in
general, neither weakly nor strongly convergent for nonexpansive mappings (take,
e.g., H=TR and Tz = —z). This fact is reflected by condition (a) in Theorem 3.1
which implies that we cannot take «,, = 0 for all or almost all n € N. This also
indicates that an assumption like condition (a) is necessary to verify at least weak
convergence of any Krasnoselskii-Mann-type iteration. O

We next present a couple of counterexamples to illustrate the necessity of the three
conditions (a), (b), and (c) in Theorem 3.1. The first counterexample shows that
Theorem 3.1 is not true if condition (a) fails, but conditions (b) and (c) are satisfied.

Example 3.3. Take T': R — R, Tz := max{0, —z}. Then 7' is nonexpansive and
has a unique fixed point x = 0. Consider the iteration

Tpi1 = QpZn + By Tan +1rn with 0, =—, a,=1-—— and r,:=0,
n n

so that we have )

Tp4+1 = (1 - ﬁ

1
Y, + 3 max{0, —z,}.



Note that the choices of a,, 8,, and r, satisfy conditions (b), (c¢) from Theorem 3.1,
whereas assumption (a) is violated since

1 =1 1 =1
Zanﬁn—zl (_E):gﬁ(l—ﬁ)§2ﬁ<m
Taking r1 = —1, a simple induction shows that the iterates x,, are given by z,, =
( for all n > 2. Hence z,, = ﬁ — 5 #0, Le. {x,} converges, but not to the
umque fixed point of T O

The next example establishes the fact that Theorem 3.1 is not true if condition (b)
fails, but conditions (a) and (c) are satisfied.

Example 3.4. As in the previous example, we take T : R — R, Tz := max{0, —z}.
We consider the recursion
1

1 1
Tpi1 = Xy + T2, + 1, with 8,=—, a,=1—— and r, = —,
n n n

so the iteration becomes
1 1 1
Tyt = (1 — =)z, + —max{0, —x,} + —.
1 ( n) n X } n

The choice of a,, 5, and 1, guarantee that conditions (a), (¢) of Theorem 3.1 hold,
whereas condition (b) is obviously violated. Using the starting point z; = —1, it is
not difficult to see that the sequence {z,} has the explicit representation z, =
for all n > 2. Clearly, we see that x,, — 1, but the limit point is not a fixed point

of T. O

The final counterexample shows that Theorem 3.1 may not hold if conditions (a),
(b) are satisfied, whereas condition (c) is violated.

Example 3.5. Let T: R — R be defined by Tx = —z + 2 for all x € R. Then it is

clear that T is nonexpansive and F(T') = {1}. Furthermore, let us take oy, 1= 3, 1=

\/m, and r,, := 0 for all n > 1. Then it is easy to see that El B = n;l n+r3 = 00,
] = 0 < oo, and 1l—a, —06,) = [ = oo. This implies that
5 5 )= (- )

conditions (a), (b) are satisfied, whereas condition (c) is violated in Theorem 3.1.
Now, for any initial point z; € R, our iterative scheme (10) becomes

Tpy1 = Ty + BT, + 1)
! + ! (—7n +2)
= L, —Tp
n+3 vn+3
1
Vn + 3( )
2
= — 0, n — oo.
vn+3
But 0 ¢ F(T'). Therefore, {z,,} does not converge to a fixed point of 7. O
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As a direct consequence of Theorem 3.1, we obtain the following corollary for the
iterative scheme from (6), (7).

Corollary 3.6. Let K be a nonempty, closed, and convexr subset of a real Hilbert
space H. Suppose that T : H — K 1is a nonexpansive mapping such that its set of
fized points F(T') is nonempty. Let the sequence {x,} in H be generated by choosing
x1 € H and using the recursion

Tn41 = Qplp + BnTxn + Ynén,

where e, denotes the error, and o, B, ¥, are nonnegative sequences satisfying o, +
Bn + Yn = 1 such that the following conditions hold:

(@) 3 0= ol = 00;
(b) ooz nllenll < oo;
(¢) 2 oniiYn < 00.
Then the sequence {x,} converges weakly to a fixed point of T.

Note that, if we assume {e, } to be bounded, then assumption (c) from Corollary 3.6
implies (b), so there is no need to force an extra condition like (b). On the other
hand, it is clear that the error e, might be difficult to control in practice. While
the scalars av,, B, v, can always be chosen such that the corresponding assumptions
hold, we usually cannot check whether assumption (b) is true. This might be possible
if it is known that the underlying problem satisfies a (local) error bound, but in
general this assumption just motivates that one has to evaluate the operator 1" at
x, with a sufficient accuracy.

A possible advantage of the iterative scheme from (6), (7) is outlined in the
following remark.

Remark 3.7. The exact Krasnoselskii-Mann iteration (1) is often applied to a
nonexpansive operator 17" : K — K, where K denotes a nonempty, closed, and
convex subset of a real Hilbert space H. The convergence proof coincides with the
one for operators T': H — H simply because the iteration itself guarantees that the
entire sequence {z,} remains in K provided that the starting point z; is chosen from
K. For our inexact iteration (6), (7) (and similar for the inexact iteration from (4)),
the situation is different: The new iterate x,; is defined as a convex combination of
ZTn, Tx,, and e,. But, in general, there is no reason why the error ¢, should belong
to K. Hence the sequence {x,} is usually not in K. Hence we have to assume that T
is an operator defined on the whole space H. In some situations, however, the result
might hold also for T": K — K, e.g., if zero belongs to the interior of K and the error
e, is sufficiently small (which is not a completely unreasonable assumption), then it
is likely that also e,, belongs to K, and then the whole sequence {x,} generated by
our inexact scheme belongs to K. Though this does not hold in general, we stress
that, of course, the weak limit always belongs to K simply because it was shown to
be a fixed point of T" in Theorem 3.1. O
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4 Strong Convergence

The Krasnoselskii-Mann iteration, applied to nonexpansive operators, is known to
be weakly convergent, but not strongly convergent in general. Strong convergence
results can be obtained either under significantly stronger assumptions, or for suit-
ably modified iteration schemes. Here we are interested in the latter approach.
There exist different ways to modify the standard method in order to guarantee
strong convergence, with different levels of generality. Since more general schemes
do not lead to better convergence results, at least not theoretically, we follow one of
the simplest approaches and consider an inexact version of the recursion

Tpil = Xy + BuTx, + dpu

for some fixed element u € K and suitable parameters a,, 8,0, € [0,1], cf. (3). We
postpone a discussion of existing results til the end of this section.

Here we obtain a strong convergence result for the approximation of fixed points
of a nonexpansive mapping using an inexact form of (3) and give sufficient conditions
on the iteration parameters. Before stating the formal result, let us recall that the
fixed-point set F(T) of a nonexpansive operator T' : H — K is known to be a
nonempty, closed, and convex set, see [2], so the projection onto this set is well-

defined.

Theorem 4.1. Let K be a nonempty, closed, and convexr subset of a real Hilbert
space H. Suppose that T : H — K 1is a nonexpansive mapping such that its set of
fized points F(T') is nonempty. Let the sequence {x,} in H be generated by choosing
x1 € H and using the recursion

Tpi1 = OpU + pxy, + B Tx, +1,, VN> 1, (12)

where u € K denotes a fixed vector, r,, represents the residual, and the nonnegative
real numbers o, B, 0, are chosen such that o, + B, + 9, < 1,n > 1, and

(a) lim 6, =0, > d, = oo,
n—00 n—=1

(b) liminfe, S, > 0;
n—0o0

(c) > (1 —an—Bn—06y) < oo, and
n=1

(@) 3 lIrall < co.

Then the sequence {x,} generated by (12) strongly converges to a point in F(T),
which is the nearest point projection of w onto F(T).

Proof. Let * € F(T). Then, we obtain from (12), the nonexpansiveness of 7" and
a, + B <1 -0, that

|21 — 27|
= H(Sn(u - .CE*) + O‘n<$n - m*) + @n(Txn - :E*) + Ty = (1 -y — By — 5n)x*H

11



Onllu — 2| + anllzn — 2| + Bul Tzn — *|| + [ra — (1 — an — B — d)27|
Opllu — ™| + (o + Bo)lzn — 2| + [lrn — (1 — o — B — )2

Onllu— 2" + (1 = 6n)l|lzn — 2™ + lIrn — (1 — an — B — 0n)2”||

Onllu — 2|+ (1 = 0n)llzn — 27| + (1 — an = B — o) |27 + [[m |

max{|lu — 2*||, lzn — 2"} + (1 = o = B — &) ||| + [|7all.

VAN VAN VAR VAN VAN

Using induction, it is not difficult to see that this implies
ln1 — 2| < max{Ju —2*|, ler — 2|} + > llrell + 121 D (1 — g — B — %)
k=1 k=1
for all n € N. This, in turn, yields
s~ < max{u—a*ll, o1 —2* 3+ 3 Irel+ e S (1= ax—Be—3p). (13)
k=1 k=1

In particular, it follows from assumptions (¢), (d) that the sequence {z,} is bounded
in H.

Let 2z := Pp(ryu; recall that this projection exists since £/(7") is nonempty, closed,
and convex. We now distinguish two cases.

Case 1: Suppose that there exists ny € N such that {||z, —z[/};2,,, is non-increasing.
Then {||z,, — 2|}, converges, and we therefore obtain

0 — 21l = lzss — 21 = 0, 7 — oo, (14)
Then from (12) and Lemma 2.1 (a), (b), we obtain that

(el
= |lan(xn — 2) + Bn(Txp — 2) + 6w —2) + 1 — (1 —ay — B — (5n)z|]2

Lem. 2.1 (a) 9
< |l (xn — 2) + Bn(Tz, — 2)||

+2<(5n(u —2)+r,— (1=, — B — 002, Tpg1 — z>

N (- Bl — 212+ Bulan + B 1T = 21 = anBallzn — Tanl?
+2<5n(u —2)+rn— (1=, — B —0n)2, Tpy1 — z>
< (O‘n+ﬁn)2|’xn_ZHZ_Oénﬁonn_TanZ
+2(6n(u—2) + 710 — (1 — ay — By — 00)2, Tn1 — 2)
< (1= 60)% |2 — 2|17 = cnfBallan — Tz, |?
+2<5n(u —2) )+, — (1=, — B —0n)2, Tng1 — z>
< (1_571)”5%_ZH?_anﬁonn_Txn”Q
+2<5n(u —2)+rn— (1 —an— B —0n)2, Tpy1 — z>
= (1 =0l — 2|I* = anBullrn — Ta,|)* + 25n<u — 2, Tpg1 — z>
+2<7‘n —(1—ap—Bn—0n)z, Tyr1 — z> (15)
< |zn — 2||* — nfnl|Zn —Txn||2+2§n<u—z,xn+1 —z>

+2(rp, — (1 — o = B — )2, Tpy1 — 2).

12



Using the boundedness of {z,}, this implies that

anPallzn = Tzall* < lon — 21° = llwns — 2I° + 0 M5
(1 = o — B — bn) Mg + [|7[| M7 (16)

for some Ms, Mg, M7 > 0. By condition (b), we can assume without loss of generality
that there exists € > 0 such that «, 3, > € for all n > 1. Hence, we obtain from (16)

together with (14) and conditions (a), (c), (d) that
lim ||z, — Tx,| = 0.
n—oo
Since {z,} is bounded, we can extract a subsequence {z,, } of {z,} such that

limsup(u — z, 2, — 2) = lim (u — z, 2, — 2)
n—00 k—o00
and {z,,} converges weakly to some element p. By following the same line of

arguments as in Theorem 3.1 above, we can show that p € F(T'). Hence, we obtain
from (9) that

limsup(u — z, 2,11 — 2) = limsup(u — z,z, — 2)
= lim (u—z,2,, —2)
k—ro0
= (u—2z,p—2)
< 0.

Now, we have from (15) that

21 = 27 < (1= 8u)l|lwn = 2)1* = awBallen — Tanll® + 200 (u — 2, 2041 — 2)
+2<rn —(1—ap—Bn—00)2, Tyt — Z>
< (1 =6n)|lwn — 2|* + 280 (u — 2,241 — 2)
+(1 — a — B — 0n) Mg + ||7|| M. (17)

Applying Lemma 2.3 in (17) and using conditions (a), (c), (d), we have that lim ||z, —

n—oo

z|| = 0. Thus, z,, = z = Ppryu for n — oo.

Case 2: Assume that there is no ny € N such that {|z, — z||};2,, is monotonically
decreasing. The technique of proof used here is adapted from [23]. Set T',, = ||z, —z]|?
for all n > 1 and let 7 : N — N be a mapping defined for all n > ngy (for some ng
large enough) by

7(n) :=max{k e N: k <n,T'y <Tyi1},

i.e. 7(n) is the largest number k in {1,...,n} such that I'; increases at k = 7(n);
note that, in view of Case 2, this 7(n) is well-defined for all sufficiently large n.
Clearly, 7 is a non-decreasing sequence such that 7(n) — oo as n — oo and

0<TI7m < Ty, Vn > ne.

13



After a conclusion similar to (16) (note that the first difference in that equation is
nonpositive in our current situation), it is easy to see that ||z-(n) — T@-(y| — 0.
Furthermore, using the boundedness of {x,} and conditions (a), (c), (d), we get

[Zr )1 = Trayll = 10r(n) (U = Trn)) + Brn) (TTr(n) = Tr(m))
ey = (L= Qr(n) = Brn) = Or(n)) Tr () |
< Grmyllu = eyl + Brawy 1T (n) — )|
ey = (1 = ey = Brny = Or(w)) Tr() |
— 0, n— oo. (18)

Since {z(,)} is bounded, there exists a subsequence of {x(,}, still denoted by
{Z7(n)}, which converges weakly to some p € F(T'). Similarly, as in Case 1 above
and exploiting (18), we can show that

limsup(u — 2, 7)1 — 2) < 0.
n— o0

Following (17), we obtain

lzrmr = 217 < (1= Grm)l|rm) — 211 + 207y (u = 2, Brmy1 — 2)
(L = () = Br(n) = Orn)) Mo+ (|77 [| M- (19)

By Lemma 2.3 and using conditions (a), (c), (d), we have from (19) that lim ||z, —
n—oo
z|| = 0 which, in turn, implies lim ||;(,)+1 — 2|| = 0. Furthermore, for n > ny, it
n—oo

is easy to see that I'y, < I';()41 if n # 7(n) (that is, 7(n) < n), because I'; > I'; 4
for 7(n) + 1 < j < n. As a consequence, we obtain for all sufficiently large n that
0<T, <Trmn41. Hence lim I';, = 0. Therefore, {x,,} converges strongly to z. This

n—o0

completes the proof. O

Let us have a closer look at the iterative scheme from (12). The only difference
compared to the recursion from (10) comes from the additional term d,u for some
u € K. Now assume that the zero vector belongs to K, and that we take u := 0 in
(12). Then this term vanishes, and the iteration (12) looks identical to the one from
(10), at least formally. However, it is important to note that these two schemes are
different even in this particular case, since condition (a) from Theorem 4.1 implies
that ¢,, cannot be chosen to be equal to zero for all n, and, in fact, is not allowed
to converge to zero too fast. This, in turn, has some influence on the choice of the
scalars o, and (3, which then have to be taken in a slightly different way as in the
weak convergence result from Theorem 3.1. Nevertheless, this observation indicates
that the choice «,, + 8, < 1 that is explicitly allowed in Theorem 3.1, is much closer
to the situation where we get strong convergence than the usual (and possibly more
natural) choice where a, + 3, = 1 for all n € N.

We next have a closer look at conditions (a)-(d) from Theorem 4.1. Due to the
previous discussion and the corresponding observations from the previous section,
the only assumption that needs to be discussed in some more detail is condition
(b). Using an idea of [27], we give the following example to establish that our

Theorem 4.1 fails if condition (b) is violated, i.e., if lim infa,, 3, = 0.
n—oo

14



Example 4.2. Let H be any real Hilbert space. Choose an arbitrary element y € H
such that y # 0 and ||y|| = 1, and define a subset K of H by K :={x € H : x =
Ay, A € [0,1]}, ie., K is the connecting line from the origin to the given point y.
Observe that K is a nonempty, closed, and convex subset of H. Then define the
mapping 7' : H — K by Tx = 0 for all x € K. Clearly, T' is nonexpansive, and
F(T)={0}.

Consider the iterative scheme (12) with

6n:%, oy, = (1—%)(1—%), ﬁn:%(l—%), r, =0 for all n > 1.
Then, it is clear that conditions (a), (c), and (d) are satisfied, but condition (b)
is violated. Now, take u := y € K, and let x; := u be the starting point. Since
T = 0,00 + B0 +0, =1, 21 € K, u € K, and T maps into the convex set K,
it follows by induction that the entire sequence {x,} generated by (12) belongs to
K. Consequently, we have the representation z,, = A,y for each n € N for some
An € [0,1]. Taking this into account, we can write (12) as

1 1 1 1 1

1
Tn1 = Y+ (1- 5)(1 - ﬁ)xn =yt (1- ﬁ)(l B ﬁ))‘”y'

Suppose ||z,|| < %, and that z, is not yet equal to the fixed point (this extra

27
condition holds automatically, e.g., if H = R and y = 1, since then we obviously

have z,, > 0 for all n € N). Then, we have

1
0< A\ =zl < =.

2
Hence,
1 1 1
fowall = (54 0= D)= )0 )
1 1
= (G- D= )l
1 1 1
1 1 1
1 2 1
= E+(1_5+_2))\n
n n
NEUIEN
n n
> A\, (since A\, < 1/2)
= Han

This implies that the sequence {z,} does not converge to 0, which is the unique
fixed point of T O
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In view of the weak convergence result from Theorem 3.1, one might expect that

condition (b) from Theorem 4.1 can be replaced by the weaker condition that

> anf, = oo. The following counterexample, however, shows that this is not
n=1
possible in general.

Example 4.3. Let H be an arbitrary Hilbert space, and let y, K, and T" be given
as in Example 4.2, and let us again take x; := u := y. Consider the recursion (12)
with the specifications

1

y Bn=—, 1, =0, Vn > 1.
2n

S|

Then we can clearly see that §,, — 0, >_ 0, = 00, ap+5,+0, = 1, and > a,, 3, = 0.

n=1 n=1
Hence, conditions (a), (c), and (d) are satisfied, whereas (b) is violated, and the

iterative scheme (12) becomes

1 1
Tpi1l = OpU + @y + BT, + 1, = —u+ (1 — —)xn.
2n n
Similar to the previous counterexample, one can argue that z, € K for all n € N,
so we can write z,, = A,y for some number A, € [0,1], and the recursion therefore

yields

1 1
lzniall = H%“Jf(l—;)xn
1 1
=[5+ =]
1 1
= (50 + (=22 lyl

Suppose that [|z,|| < 3, then A, = ||z,|| < 5. So,

1 1
n = — 1— =)\, >\, = ||z,
il = 5+ (1-2) ]

This implies that ||2,41]| > ||2,|| whenever ||z,|| < 1. Therefore, the sequence {z,,}
cannot converge to the unique fixed point 0. O

We close this section with a discussion of some related strong convergence results in
the following remark.

Remark 4.4. (a) Strong convergence of the (unperturbed) iterative scheme (3) was
shown by Yao et al. [31] under the following set of assumptions regarding the choice
of the real numbers ay,, B, 0, € (0,1): (i) a, + B + v = 1; (ii) lim, o d, = 0 and
> 0p = o0; (iii) limy, e B, = 0. Hence, using r, = 0 in our setting, it follows
that conditions (a), (¢), and (d) hold, whereas (b) is violated. In fact, Example 4.2
satisfies all conditions from Yao et al. [31], but the corresponding sequence {z,}
does not converge (strongly) to a fixed point. This shows that the main result from
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[31] does not hold under the stated assumptions.

(b) The main result by Hu [17] also considers the (unperturbed) recursion (3) and
proves strong convergence of the corresponding sequence {z, } under conditions on
the scalars a,, B, 0, which are even weaker than those noted in (a). In addition,
[17] requires a certain property of the underlying space which, however, holds auto-
matically in a Hilbert space. It therefore follows from Example 4.2 that the result
from [17] cannot hold.

(¢) Hu and Liu [16] consider the (unperturbed) iteration from (3) and verify strong
convergence under the following conditions (adapted to our setting): (i) oy, + B, +
Yn = 1 (this condition is not stated explicitly in [16], but implicitly used within
their proof); (ii) lim, e d, = 0 and > 7 0, = oo; (i) 0 < liminf, o @, <
limsup,,_,,, o, < 1. Using r,, := 0 in our framework, we see that conditions (a), (c),
and (d) in Theorem 4.1 obviously hold, whereas (b) is satisfied because we obtain
from (i), (ii), and (iii) that liminf,,_,, a,, 5, = liminf,, o @, (1—a,—3,) > 0. Hence
the assumptions used in [16] may be viewed as a special case of ours.

(d) The paper [10] by Cho et al. proves strong convergence of the slightly different
iteration
Tpt1 = 0pu+ (1 — 0p)Ynn + (1 — 0n)(1 — 45) Ty,

(adapted to our situation) under the assumptions that the real sequences {v,}, {6, }
satisfy the conditions (i) lim, o 6, =0and Y 7, d, = oo; (i) 0 < liminf, o v, <
limsup,,_,, 7n < 1. Setting a,, := (1 — 9,)Vn, Bn = (1 = 6,)(1 — ), and 7, := 0,
we may view this iteration as a special case of ours. Furthermore, it follows that
conditions (a), (c¢), and (d) from Theorem 4.1 hold automatically, whereas (i) and
(i) also yield liminf, o a3, = liminf, ,o(1 — 8,)*v,(1 — v,) > 0. Consequently,
the convergence result from [10] is a another special case of Theorem 4.1. O

5 Applications

This section presents three applications of our general theory. Since the (simpler)
Picard iteration x,; := Tz, is known to be (weakly) convergent for firmly nonex-
pansive operators T', while this is not true, in general, for nonexpansive mappings 7,
we are particularly interested in applications whose operator 1" is nonexpansive, but
not firmly nonexpansive. We therefore consider the Peaceman-Rachford Splitting
method in Section 5.1, whose relaxation leads to the Douglas-Rachford splitting
method for the sum of two maximally monotone operators. This method can be
generalized to finitely many maximally monotone operators in Section 5.2, which
then is applied to the Fermat-Weber location problem in Section 5.3. Finally, we
consider the alternating projection method by John von Neumann in Section 5.4.

5.1 Application to the Douglas-Rachford Splitting Method

This section presents an application of our theory to the Douglas-Rachford splitting
method for finding zeros of an operator 7" such that T is the sum of two maximal
monotone operators, i.e. T = A+ B with A, B : H — 2 being maximal monotone
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multi-functions on a Hilbert space H. The method was originally introduced in
[12] in a finite-dimensional setting, its extension to maximal monotone mappings in
Hilbert spaces can be found in [21].

Before we specialize our results to this method, let us first recall the basics
that are required to derive and analyze the Douglas-Rachford splitting method; for
the corresponding details, we refer, e.g., to the monograph [2] by Bauschke and
Combettes.

Let v > 0 be a fixed parameter, and let us denote by

Joa = +vA)"" and J,p:={I+yB)""

the resolvents of A and B, respectively, which are known to be firmly nonexpansive.
Furthermore, let us write

Rya=2J,4—1 and R,p:=2J,p—1

for the corresponding reflections (also called Cayley operators), and note that the
firm nonexpansiveness of the resolvents implies immediately that these reflections
are nonexpansive operators.

Since one can show that 0 € Tz for T'= A + B if and only if z = J,5(y), where
y is a fixed point of the nonexpansive mapping R,4R,p, a natural way to find a
zero of T' = A + B is therefore to apply the Krasnoselskii-Mann iteration to this
operator, which yields the iteration

Yn+1 = (]- - /\n)yn + An}%'yA}%’yByna n Z 17 (20)

which in turn gives an approximation in the original variables by setting z, :=
Jy5(yn). Note that this iteration requires only the evaluation of the resolvents of A
and B separately, not of their sum 7" = A + B. Recall that (20) is known as the
Douglas-Rachford splitting method, whereas the special case A\, = 1 for all n € N
gives the Peaceman-Rachford splitting method.

Using the definitions of the reflection operators, we may rewrite the iteration
(20) as

Ynt1 = (1 - )\n)yn + )\n (2J'yA(2J’yByn - yn) - 2J’yByn + yn)
= Un + 2)\n(J'yA(2J7Byn - yn) - JvByn)~ (21)

Similar to our previous sections, we now consider a more general setting and replace
1—\, and \, by a,, and (,,, respectively. This yields the following iterative method:

Yn+1 = Qp¥Yn + Bn (2J7A(2J'yByn - yn) - 2J’yByn + yn)
= (O-/n + Bn)yn + 2/8n(J7A(2J73yn - yn) - JvByn)~

Following Combettes [11], we also allow errors a,, and b, in the evaluation of the re-
solvents J, 4 and J, g, which finally gives our generalized Douglas-Rachford splitting
method:

Yn+1 = (an + ﬁn)yn + 2Bn(J'yA(2(J'yByn + bn) - yn) + An — (J'yByn + bn))

We want to investigate the weak and strong convergence properties of this iterative
scheme. We begin with the following weak convergence result.
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Theorem 5.1. Let H be a real Hilbert space. Let v € (0,00), let {a,} and {B,} be
real sequences in [0, 1] such that o, + B, < 1 for alln > 1. Suppose {a,} and {b,}
are sequences in H. Assume that 0 € ran(A + B). Let the sequence {y,} in H be
generated by choosing y; € H and using the recursion

Yn+1 = QplYn + 26n<J7A (2<J'yByn + bn) - yn) + an) - 2571(]73% + bn) + ﬂnyn (22)
for all n > 1. Suppose the following conditions hold:

(1) 5= anfhy = o0;
() 3 Bl + ul) < oo;

(c) gl(l —ay — Bn) < o0.

Then the sequence {y,} generated by (22) converges weakly to some point y € H
such that J,py € (A+B)~Y0), i.e. x := J,py is a solution of the monotone inclusion
problem for the operator T’ :== A+ B.

Proof. Using the notation of the reflection operator, we set
Tn = 2Bna, + ﬁnR'yA(RvByn + an) - BnRvA(R'yByn)a Vn > 1,
and define 7" := R, 4 R,p. Then we obtain

Yot = o+ 280 [ (2(S8Yn + 0n) = Yu) + an] = 26u(Jy5Yn +a) + Bubn
Y + Bn [QJ’YA(Q(J’YBZ/TL + 1) = Yn) = 2(J5BYn + bpn) + Yn + QCLn]
nYn + B [Rya(2(JyBYn + bn) — Yn) + 24,
= nYn + Pn [RWA(QJWB% — Yn + 2b,) + 2an]
Y + B [Rya(Ryyn + 2by) + 205, ]
nYn + 28nan + BnRVA(RVByn + an)
= QpYn + ﬁnR'yA(RwByn) +28,a, + BnRvA(R'yByn + an)
— By a(RyYn)
= anYn + BTy +7n.

Therefore, our iterative scheme (22) can be re-written as in Theorem 3.1, cf. (10).
Furthermore, by the nonexpansivity of R4, we obtain that

Z ]l = Z 128000 + BuBya(RypYn + 2bn) — BuRya(Rypyn)|
n=1

n=1

IN

2 Z ﬂnHanH + Z BnHR“/A(RvByn + an) - R’YA(RWByn)H
n=1 n=1

< 23 Bu(laull + all) < oo.
n=1
Using the fact that 0 € ran(A+ B), we have that F(T) # (). Since T is nonexpansive
as a composition of the two nonexpansive reflection operators, Theorem 3.1 implies

that {y, }°2, converges weakly to a fixed point of T', and this completes the proof. [
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Taking A as the normal cone operator in Theorem 5.1, we obtain the following
corollary from Theorem 5.1.

Corollary 5.2. Let H be a real Hilbert space and C a closed affine subspace of H.
Let B : H — 28 be a mazimal monotone operator. Let v € (0,00) and {ay,}, {8}
be real sequences in [0,1] such that oy, + B, < 1 for all n > 1. Suppose {a,},{bn}
are sequences in H. Assume that 0 € ran(N¢ + B). Let the sequence {y,} in H be
generated by choosing y; € H and using the recursion

for all n > 1. Suppose the following conditions hold:

(1) 5= anfhy = o0;
) 3 Bl + al) < oo;

() §1(1 — = B,) < 0.

Then the sequence { Pcy,} converges weakly to J,py.

Proof. Recall that N¢ is maximally monotone with Jy, = Pc, see, e.g., [2, Examples
20.41 and 23.4]. Now, set A := N¢ in Theorem 5.1 and note that YA = yN¢ = N¢
due to the cone property. Hence we have J,4 = Jn, = Pc. Therefore, the recursion
from (22) reduces to the one from (23). Consequently, it follows from Theorem 5.1
that the sequence {y,} generated by (23) converges weakly to some element y € H
which is a fixed point of the operator T' := R,4R,p. Since the projection operator
onto closed affine subspaces in weakly continuous, cf. 2, Prop. 4.11], we obtain that
the sequence Pry, is weakly convergent to Poy = Jy4y. Since y € F(T'), we may
invoke [2, Prop. 4.21] to see that Pcy = J,py, and this completes the proof. O]

By following the same line of arguments as in Theorem 5.1, we also obtain a strong
convergence result.

Theorem 5.3. Let H be a real Hilbert space. Let v € (0,00), let {a,}, {5}, and
{0} be real sequences in [0,1] such that a,, + Bn + 6, < 1 for all m > 1. Suppose
{a,} and {b,} are sequences in H. Assume that 0 € ran(A + B). Let the sequence
{yn} in H be generated by choosing y1 € H and using the recursion

for alln > 1, where u € H is a fized vector. Suppose the following conditions hold:
(a) limd, =0, §, = oo,
n—0o0 n=1
(b) liminfe, B, > 0;
n—oo
(C) Z(l _an_ﬁn_(sn) < 00, and
n=1

20



(@) 3 Bl + 1]} < o0

Then the sequence {y,} generated by (24) strongly converges to some point y € H
such that J,py € (A+ B)~1(0).

We next relate the previous theorems to some existing results from the literature.

Remark 5.4. (a) Consider the standard Douglas-Rachford method as given, e.g.,
in (21). This corresponds to a,, = 1 — A, B, = A\, and a,, = b, = 0 in the setting of
Theorem 5.1. Hence conditions (b), (¢) hold automatically, whereas condition (a)
becomes

i An(l—=A,) = 0. (25)

Most references present the Douglas-Rachford splitting method in a slightly different
way. In fact, setting v, := 2\, in (21), we obtain v, € [0,2] for all n € N, and
multiplying (25) by four, we see that (25) is equivalent to

Z Un(2 — 1) = 00,

n=1

which is the standard condition for the weak convergence of the Douglas-Rachford
splitting method, see, e.g., [2]. In this re-scaled version, the choices 1, < 1 and
v, > 1 are called underrelaxation and overrelaxation, respectively.

(b) Combettes [11] considers the iterative scheme

Ynt+1 = Yn + 2)\n<J'yA(2<nyByn + bn) - yn> + an) - 2)\n<nyByn + bn)7

which corresponds to the standard Douglas-Rachford method from (21) with errors
a, and b, in the evaluation of the resolvents J,4 and J,p, respectively. The weak
convergence result stated in [11] is a special case of Theorem 5.1 simply by setting
a, == 1— X\, and 3, := A, (or slightly adapted in the re-scaled version outlined in
comment (a)).

(c) Consider the Douglas-Rachford method from (21) in the re-scaled version with
Uy = 2\, as in comment (a). A typical implementation chooses an element 3, € H
as a starting point, and then computes z,, = J,5Yn, 2n = Jy 42T — Yn), Ynt1 =
Yn + Vn(2n — ) for all n > 1. The following inexact version (in finite-dimensional
spaces) can be found in [14] (and similarly in [29] in Hilbert spaces): Choose y; € H
and then

e compute x, such that ||z, — Jy5(ys)| < €n;
e compute 2, such that ||z, — Jy4(2z, — yn)|| < &y;

e set Ypp1 == yYp + Vn(zn - l’n)
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for all n > 1, where ¢,,¢, are nonnegative scalars which measure the degree of
inexactness in the evaluation of the two resolvents. Global convergence of this
inexact Douglas-Rachford method is shown under the assumptions

oo o0
0<infy, <supy, <2 €, < 00 &, < 00. 26
nzln_n;?n ) ;n 5 ;n ( )

Setting a,, := 2, — Jya(22, — Yn), bp := 2, — J,BYn, this method can be rewritten as

Yn+1 = Yn + Vn(zn - ajn)
= Yo+, [JVA(ZZL‘n —Yn) +a, — xn}
= Untlp [J'yA (2(J'yByn +bp) — yn) +ap — (J'yByn + bn)}a

which fits precisely within our framework (with v, = 2),,). Moreover, the assump-
tions (26) together with «v, := 1 — A, B, := A, obviously imply that all our conver-
gence conditions hold, hence the inexact Douglas-Rachford method from [14] is also
a special case of our framework.

(d) Consider our Theorem 3.1 and take a,, = 1 — A\, 8, = A\, 7 = 0 for all n > 1,
where A\, € [0,1], as well as the nonexpansive operator T := R,4R,p for some
v > 0. Then our iterative scheme (10) reduces to the recursion (26) in [32], and our
Theorem 3.1 reduces to Theorem 1 of that reference. Observe, however, that [32]
use the much stronger assumption 0 < inf,>; A\, < sup,~; A, < 1 on the choice of
the scalars \, as well as the maximal monotonicity of the operator A + B (recall
that the sum of two maximally monotone operators in monotone, but not necessarily

maximal monotone). Hence our results may be viewed as improvements of those
obtained in [32]. O

5.2 Extension to a Finite Number of Maximally Monotone
Operators

We now extend the previous section by finding a zero of a finite number of maximally
monotone operators; this is precisely the situation that occurs in our application to
the Fermat-Weber location problem in the following section.

Hence let H be a real Hilbert space and let A; : H — 27 be maximally monotone
for all i =1,...,m. Our aim is to find an element in zer(A4; + ...+ A,,). We know
how to do that for m = 2, and the basic idea for m > 2 is to re-cast this problem
as a zero-finding problem of two operators in a suitable product space. To this end,
we follow the idea described, e.g., in [2], and introduce the notation

H:=HXx...x H (m-times),
D:={(z,...,.2) eH|z € H},
j:H—-D, z+—(x,...,2),
B:=A x...xA,,.
Given any element x € H, we write x = (z1,...,2,,) with the blocks z; belonging

to the Hilbert space H. Recall that H is also a Hilbert space with scalar product

m

m 1/2
(X, ¥)u = Z(:{;i,yl) and induced norm  ||x||g := (Z H%HQ) _

i=1 =1
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Further note that D is a subspace of H. Then the following elementary properties
play a central role, see [2, Ex. 23.4 and Prop. 25.4] for their proofs.

Lemma 5.5. Let A; : H — 2" be mazimally monotone for all i =1,...,m. Then,
using the above notation, the following statements hold:

(a) The orthogonal complement of D is given by D+ = {u eH|> " u= O};

(b) The normal cone of D at a point x € D is given by Npx = D+ (and the empty
setifx D);

(c) The projection of x onto D is given by Ppx :‘](%(l‘l +...+ xm));

(d) The resolvent of Np is given by Jy,x = Ppx © JE @+t am);

(e) The resolvent J,g has the representation J,px = (JvAlxl, e J,YAmxm);

(f) It holds that j(zer(Ay + ...+ Ay,)) = zer(Np + B).

Lemma 5.5 reduces our problem to finding a zero of the sum of two maximally
monotone operators (note that both operators involved in statement (f) are known
or easy to see to be maximally monotone). Therefore, setting A := Np, we are
exactly in the situation of the previous section. Assuming, for the sake of simplicity,
that there are no errors a,, and b,, the generalized Douglas-Rachford method in the
product space can be written as

Xp = 'yB(Yn)a
Zp = JyA (2Xn - Yn>7
Yn+1 = (an + Bn)yn + 26n (Zn - Xn)

for all n = 1,2,..., where y; is a suitable starting point. In view of Lemma 5.5 (d),
we have J,o = Pp. Therefore, setting

Prn = PDyn qn ‘= PDXna

and using the linearity of the projection onto the linear subspace D, we have z, =
24, — Pn, hence the method can be rewritten as

Pn = PDym
Xp = JyBYn,
qn ‘= PDXTM

Yn+1 = (Oén + Bn)yn + 25n(2(]n — Pn — Xn)

for n =1,2,.... Noting that the block components of p, and q, are identical, and
setting y, =: (yn,l,...,yn,m),xn =: (xn,l,...,xn,m),pn = j(pn)sdn = j(qn), we
can exploit Lemma 5.5 and rewrite the iteration from the product space H in the
following way as an iteration in the Hilbert space H itself:

DPn = % Z:il Yn,iy
Tpi = JyaYns Vi=1,...,m,
, Yn, 277
n = % > ie1 Tnjis 27)
Yn+1,i = (an + Bn)yn,z + 2571(2%1 — DPn — xn,i) Vi = 17 U

Using Corollary 5.2, we then obtain the following convergence result.
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Theorem 5.6. Let H be a real Hilbert space, A; : H — 2% be mazimally monotone
operators for allt=1,...,m for some m > 2, and assume that 0 € mn(Al +...+
Ay). Furthermore, let {a,}, {83} be real sequences in [0,1] satisfying a, + B, < 1
for all n € N such that the following conditions hold:

(a) Y02 o fin = 00;
(b) > (1= — ) < 0.

Given any starting points y,; € H for alli =1,...,m, the iteration (27) generates
a sequence {p,} which converges weakly to a point in zer(Al +... 4+ Am).

We do not present a strongly convergent counterpart of the previous result since we
will apply Theorem 5.6 to the finite-dimensional Fermat-Weber location problem.

5.3 Application to the Fermat-Weber Location Problem

The classical Fermat-Weber problem in H := R" is given by the optimization prob-
lem

min f(z) := ZwZHx —a|, (28)
i=1

where w; > 0 are given weights, and a; € H are pairwise disjoint points, sometimes
called anchor points. Here, || - || stands for the Euclidean vector norm. The objec-
tive function f from (28) is convex and coercive, hence the problem always has a
nonempty and convex solution set. Note, however, that f is not differentiable at the
anchor points.

The Fermat-Weber problem is a famous model in location theory, and we refer
to [13, 22] for suitable surveys with some historical background, several applications
and generalizations. The most famous method for the solution of problem (28) is
Weiszfeld’s algorithm, see [4] for an extensive discussion. In principle, Weiszfeld’s
method is a fixed-point iteration, but not always well-defined and not necessarily
convergent, at least not without suitable modifications. Here we present another
fixed point method as a consequence of Theorem 5.6.

To this end, note that the objective function in (28) has the natural splitting

f(x) = filx)+ ...+ fu(x) with fi(z) = wi]|z — ail].
Furthermore, x* is a solution of (28) if and only if
0€df(z") =0fi(x™) + ...+ 0fm(x),

where
Of (x) == {s| fly) > f(x) + (s,y — ) Vy}

denotes the subdifferential of f at x, and the equation comes from the sum rule
for this subdifferential. Since each subdifferential df; is maximally monotone, see,
e.g., [2, Thm. 20.40], we see that we are in the situation discussed in Theorem 5.6
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with A; := df; for i = 1,...,m. In order to apply this result, first recall that the
subdifferential of each mapping f; is given by

2|z <w;b o if = ay,
dfi(x) :{ 7 |L|C|Li_ J (29)

Willo—ar] if x # a;.

In order to apply the generalized splitting method, we need to calculate the resol-
vents Ja, = Jyy, (note that we take, without loss of generality, v = 1 in the general
splitting scheme, since other choices of v can be incorporated by scaling the weights
w;). The following result tells us that these resolvents are very easy to compute
analytically. To this end, it is convenient to introduce the proximity operator Prox,
of a convex function g, defined by

) 1
Proxy(x) := argmin, {g(y) + 5”?! — ||*}.
Then the following result holds.
Lemma 5.7. Using the previous notation, we have

a; if [|o — ail| < w;

Jag,(x) = Proxy,(v) = { r—a;

T — wyT—2 otherwise
llz—ai]

(30)

foralli=1,... 5m.

Proof. Let g := f; for some i € {1,...,m}. Then the first equation is a general
result, see, e.g., [2, Ex. 23.3]. Since Prox, is the resolvent of a maximal monotone
mapping dg, it follows that Prox, is single-valued. Furthermore, observe that for all
x, it holds that

r—y€dygly) & x e (l+09)y < y=Prox,(x).

Therefore, it suffices to show that the function from (30) satisfies the condition
xr — Prox,(x) € dg(Prox,(z)), which is straightforward to see using the expression
(29) for the subdifferential of g = f;. This completes the proof. O

Application of Theorem 5.6 to the Fermat-Weber problem (28) yields the following
convergence result.

Theorem 5.8. Let m be an integer such that m > 2, aq,...,a,, € R" be pairwise
disjoint, and let fi(x) := wi||lx — a;||,i = 1,2,...,m. Let {«,} and {5,} be real
sequences in [0, 1] such that o, + B, < 1 for allm > 1. For each i = 1,2,...,m,
choose y;1 € R., and for alln > 1, set

1 )
bn = 231 Yn,i
;= P Yni =1,...
T r?vffzyn,z Vi ) » 1T, (31)
n = % Z Lniy
=1
Yn+1,: = (an + 6n)yn,z + 2ﬁn(2qn — Pn — xn,i) Vi = ]-) cee,me )

Suppose the following conditions hold:
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((L) il O‘nﬁn = 00y

(b) 2(1 — = B) < 0.

Then the sequence {p,} generated by (31) converges to a solution of Fermat-Weber
location problem (28).

Note that all statements from this section can easily be extended to a Hilbert space,
and the previous result then yields weak convergence to a solution. Note, however,
that typical applications of the Fermat-Weber problem are in finite dimensions.

5.4 Application to the Alternating Projection Method by
John von Neumann
Let A, B C H be two nonempty, closed, and convex subsets of a real Hilbert space

H, and suppose that AN B # (). Since the corresponding projection operators Py
and Pp are (firmly) nonexpansive, their composition

T := P4Pg

is nonexansive (but not firmly nonexpansive unless the underlying sets have some
additional properties, see, e.g., [6]). The fixed points of T" are precisely the elements
from the intersection A N B. The corresponding Picard iteration z,,, := Tz, is
known as the alternating projection method by John von Neumann. In order to
obtain a globally convergent variant, one can use the relaxation approach

Tt = (L= X))z + NTz, = (1 — A\y)xy + A\ Pa(Ppxy,).

Following our general scheme, we replace the scalars 1 — A\, and A\, by «,, and S,
respectively, and allow errors a, and b, in the computation of the projections P4
and Ppg. This results in the iteration

Tpi1 = ATy + Bo(Pa(Ppxn +by) +a,), n>1. (32)

Similar to the previous section, we now apply our general weak convergence result
from Theorem 3.1 to this particular application.

Theorem 5.9. Let H be a real Hilbert space, and let A, B C H be nonempty, closed,
and convez subsets such that ANB # (). Let {a,,} and {3,} be real sequences in [0, 1]
such that o, + B, < 1 for all n > 1. Furthermore, let {a,} and {b,} be sequences
in H. Let the sequence {x,} in H be generated by using the recursion (32) with an
arbitrary starting point x1 € H. Suppose the following conditions hold:

(a) Yoy anfn = 00
(0) 320y Ba(llanll + [1ball) < oo
(C) 22021(1 — O — 5n) < 0.
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Then the sequence {x,} converges weakly to an element of AN B.
Proof. Let T := P4Pg. Then we can rewrite the iteration (32) as
Tp+1 = OpTp + 6n (PA(PBl'n + bn) + an)

Qp Ty + BnPA(Pan) + Bn (PA<Pan + bn) - PA(Pan) + an)
anty, + B Tx, + 1,

with
Tn = 5n(PA(PBtTn + bn) — PA(Pan) + an).

Using the nonexpansiveness of the projection operator, we have

Irall < Ba(||Pa(Ppzy + by) — Pa(Ppy)]|| + llanl))
= Bulllonll + llanll)-

Condition (b) therefore yields

o0
> Il < oo
n=1

Since T' is nonexpansive, it follows that we are precisely in the situation of Theo-
rem 3.1, so we obtain weak convergence of the sequence {z,} to a fixed point of T
and, therefore, to an element in AN B. n

Using a similar way of reasoning, we can also prove the following strong convergence
result by applying Theorem 4.1.

Theorem 5.10. Let H be a real Hilbert space, and let A, B C H be nonempty,
closed, and convex subsets such that AN B # 0. Let {a,},{fn}, and {0,} be real
sequences in [0, 1] such that o, + B, + 6, < 1 for all n > 1. Furthermore, let {a,}
and {b,} be sequences in H. Let the sequence {x,} in H be generated by

Tpt1 = 6nu+anxn+ﬁn(PA<PB$n+bn) +a'n)> n > 17

using an arbitrary starting point x1 € H, where uw € H denotes a fixed vector.
Suppose the following conditions hold:

(a) lim, o 6, =0, > 07 0, = 00;
(b) liminf, . a, B, > 0;

(¢) 32521 Bullan]l + llball) < o0;
(d) >0 (1= — B —0,) < 00.

Then the sequence {x,} converges strongly to an element of AN B.
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6

Final Remarks

This paper presents both weak and strong convergence results for a generalized
Krasnoselskii-Mann iteration and applies the result to three particular applications.
The convergence theorems can be used to re-cover existing results, but the examples
and counterexamples provided as an illustration for our method also show that
some of the existing results in the literature are erroneous. Part of our future
reseach is devoted to the solution of (generalized) Nash equilibrium problems, where,
under certain assumptions, suitable reformulations lead to nonexpansive fixed-point
problems.
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