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Abstract

In this paper, we establish sublinear and linear convergence of fixed point iterations generated
by averaged operators in a Hilbert space. Our results are achieved under a bounded Holder
regularity assumption which generalizes the well-known notion of bounded linear regularity.
As an application of our results, we provide a convergence rate analysis for Krasnoselskii—
Mann iterations, the cyclic projection algorithm, and the Douglas—Rachford feasibility algorithm
along with some variants. In the important case in which the underlying sets are convex sets
described by convex polynomials in a finite dimensional space, we show that the Holder regularity
properties are automatically satisfied, from which sublinear convergence follows.
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1 Introduction

Consider the problem of finding a point in the intersection of a finite family of closed convex subsets
of a Hilbert space. This problem, often referred to as the convex feasibility problem, frequently arises
throughout diverse areas of mathematics, science and engineering. For details, we refer the reader
to the surveys [5,20], the monographs [6,23], any of [1,13,19], and the references therein.

One approach to solving convex feasibility problems involves designing a nonexpansive operator
whose fixed point set can be used to easily produce a point in the target intersection (in the simplest
case, the fixed point set coincides with the target intersection). The operator’s fixed point iteration
can then be used as the basis of an iterative algorithm which, in the limit, yields a desired solution.
An important class of such methods is the so-called projection and reflection methods which employ
various combinations of projection and reflection operations with respect underlying constraint sets.
Notable methods of this kind include the alternating projection algorithm [4,15,24], the Douglas—
Rachford (DR) algorithm [33,34,39], along with many extensions and variants [8,17,18,43]. Even
in settings without convexity [1-3,14,37,38], such methods remain a popular choice due largely to
their simplicity, ease-of-implementation and relatively — often surprisingly — good performance.
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The origins of the Douglas-Rachford (DR) algorithm can be traced to [33] where it was used
to solve problems arising in nonlinear heat flow. In its full generality, the method finds zeros of the
sum of two maximal monotone operators. Weak convergence of the scheme was originally proven
by Lions and Mercier [39], and the result was recently strengthened by Svaiter [41]. Specialized
to feasibility problems, Svaiter’s result implies that the iterates generated by the DR algorithm
are always weakly convergent, and that the shadow sequence converges weakly to a point in the
intersection of the two closed convex sets. The scheme has also been examined in [34] where
its relationship with another popular method, the proximal point algorithm, was revealed and
explained.

Motivated by the computational observation that the Douglas—Rachford algorithm sometimes
outperforms other projection methods, in the convex case many researchers have studied the actual
convergence rate of the algorithm. By convergence rate, we mean how fast the sequences generated
by the algorithm converges to their limit points. For the Douglas—Rachford algorithm, the first such
result, which appeared in [36] and was later extended by [9], showed that the algorithm converges
linearly whenever the two constraint sets are closed subspaces with a closed sum, and, further, that
the rate is governed exactly by the cosine of the Friedrichs angle between the subspaces. When
the sum of the two subspaces is not closed, convergence of the method — while still assured — need
not be linear [9, Sec. 6]. For most projection methods, it is typical that there exists instances
in which the rate of convergence is arbitrarily slow and not even sublinear or arithmetic [11,21].
Most recently, a preprint of Davis and Yin shows that indeed the Douglas—Rachford method may
converge arbitrarily slowly in infinite dimensions [22, Th. 9].

In potentially nonconvex settings, a number of recent works [35, 36, 40] have established local
linear convergence rates for the DR algorithm using commonly used constraint qualifications. When
specialized to the convex case, these results state that the DR algorithm exhibits locally linear
convergence for convex feasibility problems in a finite dimensional space whenever the relative
interiors of the two convex sets have a non-empty intersection. On the other hand, when such a
regularity condition is not satisfied, the DR algorithm can fail to exhibit linear convergence, even
in simple two dimensional cases as observed by [10, Ex. 5.4(iii)] (see Section 6 for further examples
and discussion). This therefore calls for further research aimed at answering the question: Can the
global convergence rate of the DR algorithm and its variants be established or estimated for some
reasonable class of conver sets without the above mentioned regularity condition?

The goal of this paper is to provide some partial answers to the above question, as well as
simple tools for establishing sublinear and linear convergence of the Douglas—Rachford algorithm
and variants. Our analysis is performed within the more general setting of fized point iterations
described by averaged nonexpansive operators. We pay special attention to the case in which
the underlying sets are convex basic semi-algebraic sets in a finite dimensional space. Such sets
comprise a broad sub-class of convex sets that we shall show satisfy Hélder reqularity properties
without requiring any further assumptions; they capture all polyhedra and all convex sets described
by convex quadratic functions. Furthermore, convex basic semi-algebraic structure can often be
relatively easily identified.

1.1 Content and structure of the paper

The detailed contributions of this paper are summarized as follows:

(I) We first examine an abstract algorithm which we refer to as the quasi-cyclic algorithm. This



algorithm covers many iterative fixed-point methods including various Krasnoselskii-Mann
iterations, the cyclic projection algorithm, and Douglas—Rachford feasibility algorithms. We
show that the norm of the successive change in iterates of the quasi-cyclic algorithm converges
with the order at least o(1/+/t) (Proposition 3.2). This is a quantitative form of asymptotic
regularity [5]. In the presence of so-called bounded Holder regular properties, sublinear and
linear convergence of the quasi-cyclic algorithm is then established (Theorem 3.6).

(IT) We next specialise our results regarding the quasi-cyclic algorithm, in particular, to the
Douglas—Rachford algorithm and its variants (Section 4). We show that the results apply,
for instance, to the important case of feasibility problems for which the underlying sets are
convex basis semi-algebraic in a finite dimensional space.

(ITT) We also examine a damped variant of the Douglas—Rachford algorithm. In the case where
again the underlying sets are convex basic semi-algebraic sets in a finite dimensional space,
we obtain a more explicit estimate of the sublinear convergence rate in terms of the dimension
of the underlying space and the maximum degree of the polynomials involved (Theorem 5.5).

The remainder of the paper is organized as follows: in Section 2 we recall definitions and
key facts used in our analysis. In Section 3 we investigate the rate of convergence of the quasi-
cyclic algorithm — which encompasses an averaged fixed point iteration — in the presence of Holder
regularity. In Section 4 we specialize these results to the classical Douglas—Rachford algorithm and
its cyclic variants. In Section 5 we consider a damped version of the Douglas—Rachford algorithm.
In Section 6 we establish explicit convergence rates for two illustrative problems. We conclude the
paper in Section 7 and mention some possible future research directions.

2 Preliminaries

Throughout this paper our setting is a (real) Hilbert space H with inner product (-, ). The induced
norm is defined by ||z| := /(z, z) for all z € H. Given a closed convex subset A of H, the (nearest
point) projection operator is the operator Po : H — A given by

Paz = argmin ||z — al.
acA
Let us now recall various definitions and facts used throughout this work, beginning with the notion
of Fejér monotonicity.

Definition 2.1 (Fejér monotonicity). Let A be a non-empty convex subset of a Hilbert space H.
A sequence (xy)ken in H is Fejér monotone with respect to A if, for all a € A, we have

g —all < g —all Yk €N,

Fact 2.2 (Shadows of Fejér monotone sequences [5, Th. 5.7(iv)]). Let A be a non-empty closed
convex subset of a Hilbert space H and let (xp)ren be Fejér monotone with respect to A. Then
Pa(zyr) — x, in norm, for some x € A.

Fact 2.3 (Fejér monotone convergence [4, Th. 3.3(iv)]). Let A be a non-empty closed convex subset
of a Hilbert space H and let (xg)ren be Fejér monotone with respect to A with xp, — x € A, in
norm. Then ||z — x| < 2dist(zg, A).



We now turn our attention to a Holder regularity property for usually finite collections of sets.

Definition 2.4 (Bounded Holder regular intersection). Let {C;}jey be a collection of closed convex
subsets in a Hilbert space H with non-empty intersection. The collection {C}} ey has a bounded
Holder regular intersection if, for each bounded set K, there exists an exponent v € (0,1] and a
scalar B > 0 such that

.
dist (z,N;je3Cy) < B <maj< d(z, Cj)) Vo € K.
€

Furthermore, if the exponent vy does not depend on the set K, we say the collection {C}}jecy is
bounded Hélder regular with exponent ~ (i.e., we explicitly specify the exponent).

It is clear, from Definition 2.4, that any collection containing only a single set trivially has
a bounded Hélder regular intersection with exponent v = 1. More generally, Definition 2.4 with
v = 1 is well-studied in the literature where it appears, amongst other names, as bounded linear
reqularity [5]. For a recent study, the reader is referred to [29, Remark 7]. The local counterpart
to Definition 2.4 has been characterized in [29, Th. 1] under the name of metric [y]|-subregularity.
We next turn our attention to a nonexpansivity notion for operators.

Definition 2.5. An operator T: H — H is:

(a) non-expansive if for all z,y € H,
1T (z) =T W)l < ll= —yll;
(b) firmly non-expansive if for all x,y € H,

IT(z) = TW)I* + I = T)(@) = (I = T)W)II* < llo = y*;

(c) a-averaged for some o € (0,1), if there exists a non-expansive mapping R: H — H such that

T=(01-a«a)l+aR.

The class of firmly non-expansive mappings comprises precisely the 1/2-averaged mappings, and
any a-averaged operator is non-expansive [6, Ch. 4]. The following fact provides a characterization
of averaged maps that is useful for our purposes.

Fact 2.6 (Characterization of averaged maps [6, Prop. 4.25(iii)]). Let T: H — H be an a-averaged
operator on a Hilbert space with o € (0,1). Then, for all z,y € H,

11—«
|

IT(z) = T()|* + (I =T)(z) = (I =T)W|* < llz - y]*.

(0}

Denote the set of fixed points of an operator T: H — H by
FixT={x € H|T(z) =x}.

The following definition is of a Holder regularity property for operators.



Definition 2.7 (Bounded Hélder regular operators). Let D be a subset of a Hilbert space H. An
operator T': H — H is bounded Holder regular if, for each bounded set K C H, there exists an
exponent v € (0,1] and a scalar p > 0 such that

d(z,FixT) < pllz — T(z)||7 Vz e K.

Furthermore, if the exponent v does not depend on the set K, we say that T is bounded Holder
regular with exponent 7 (i.e., we explicitly specify the exponent).

Note that, in the case when v = 1, Definition 2.7 collapses to the well studied concept of bounded
linear regularity [5] and has been used in [8] to analyze linear convergence of algorithms involving
non-expansive mappings. Moreover, it is also worth noting that if an operator T is bounded
Holder regular with exponent v € (0, 1] then the mapping x +— = — T'(x) is bounded Hélder metric
subregular with exponent . Holder metric subregularity — which is a natural extension of metric
subregularity — and Hoélder type error bounds, have recently been studied in [28,30-32].

Finally, we recall the definitions of semi-algebraic functions and semi-algebraic sets

Definition 2.8 (Semi-algebraic sets and functions [12]). A set D C R™ is semi-algebraic if

Jj=11i=1
for some integers l,s and some polynomial functions fi;, hij on R" (1 < i <[,1 < j<s). A
mapping F: R™ — RP is said to be semi-algebraic if its graph, gphF := {(z, F(z)) | x € R"}, is a

semi-algebraic set in R™ x RP,
The next fact summarises some fundamental properties of semi-algebraic sets and functions.
Fact 2.9 (Properties of semi-algebraic sets/functions). The following statements hold.
(P1) Any polynomial is a semi-algebraic function.
(P2) Let D be a semi-algebraic set. Then dist(-, D) is a semi-algebraic function.

(P3) If f, g are semi-algebraic functions on R™ and X € R then f + g, A\f, max{f, g}, fg are
semi-algebraic.

(P4) If f; are semi-algebraic functions, i = 1,...,m, and X\ € R, then the sets {z | fi(x) = \,i =
1,...,m}, {z| filx) <X\, i=1,...,m} are semi-algebraic sets.

(P5) If F: R™ — RP and G : RP — RY? are semi-algebraic mappings, then their composition G o F
s also a semi-algebraic mapping.

(P6) (Lojasiewicz’s inequality) If ¢, are two continuous semi-algebraic functions on a compact
semi-algebraic set K C R™ such that ) # ¢~1(0) C ¥~1(0) then there exist constants ¢ > 0
and 7 € (0,1] such that

(@)] < clé(@)” Va e K.

Proof. (P1) and (P4) follow directly from the definitions. See [12, Prop. 2.2.8] for (P2), [12,
Prop. 2.2.6] for (P3) and (P5), and [12, Cor. 2.6.7] for (P6). O



Definition 2.10 (Basic semi-algebraic convex sets in R™). A set C C R" is a basic semi-algebraic
convex set if there exist v € N and convex polynomial functions, g;,j = 1,...,7 such that C =

Any basic semi-algebraic convex set is clearly convex and semi-algebraic. On the other hand,
there exist sets which are both convex and semi-algebraic but fail to be basic semi-algebraic convex
set, see [15].

It transpires out that any finite collection of basic semi-algebraic convex sets has an intersection
which is boundedly Hélder regular (without requiring further regularity assumptions). In the
following lemma, B(n) denotes the central binomial coefficient with respect to n given by ([n%])
where [-] denotes the integer part of a real number.

Lemma 2.11 (Holder regularity of basic semi-algebraic convex sets in R™ [15]). Let C; be basic
convex semi-algebraic sets in R™ given by C; = {x € R" | g;5(x) < 0,5 =1,...,mi},i =1,...,m
where g;; are convex polynomials on R™ with degree at most d. Let 0 > 0 and K C R" be a compact
set. Then there exists ¢ > 0 such that

m ¥
diste(nlc7 C)<c (Z dist?(z, C,)> Ve € K,

i=1
where v = [min {w, B(n — 1)d”H -

We also recall the following useful recurrence relationship established in [15].

Lemma 2.12 (Recurrence relationship [15]). Let p > 0, and let {:}ren and {Bi}ien be two se-
quences of nonnegative numbers such that

Bry1 < Be(1—6:87) VteN.

Then

-1\ -
5t§(50_p+pz5i> vt € N.
i—0

[We use the convention that 3 = 400.]

3 The rate of convergence of the quasi-cyclic algorithm

In this section we investigate the rate of convergence of an abstract algorithm we call quasi-cyclic.
To define the algorithm, let J be a finite set, and let {T}};c; be a finite family of operators on a
Hilbert space H. Given an initial point 2% € H, the quasi-cyclic algorithm generates a sequence
according to
2= "wTy(a) VteN, (1)
JjEJ
where wj; >0 for all j € J, and >,y wj = 1.
The quasi-cyclic algorithm was proposed in [8] where linear convergence of the algorithm was
established under suitable regularity conditions. We note that, as we will see later, the quasi-cyclic



algorithm provides a broad framework which covers many important existing algorithms such as
Douglas-Rachford algorithms, cyclic projection algorithm and the Krasnoselskii-Mann method.
We first examine the complexity of the successive change of the sequence generated by the
quasi-cyclic algorithm. To establish this, we prove a more general result which shows that the
the successive change of a sequence generated by iterating averaged operators is at worst of order

o(1/V).
Proposition 3.1 (Complexity of the successive change). Let {T;}ien be a family of a-averaged

operators on a Hilbert space H with NienFix Ty # () and o € (0,1). Let 2° € H and set x't! = Tyt
for allt € N. Then there exists a sequence ¢ € [0,1] with ¢ — 0 such that

t+1 t €t [ . 0 T
T =t < dist(z”, MyenFixTy) Vit e N.
H H = \/m 1— ( teN t)

Proof. First of all, if 2° € NyenFix Ty, then 2t = 20 for all ¢ € N and so the conclusion follows
trivially. Thus, we can assume that 2° ¢ MienFix Ty, Fix * € NenFix Ty, For all t € N, since T
is a-averaged, Fact 2.6 with = 2! and y = 2* gives us that

a

1—
Iz = 22 + ——[la" = 2? < Jla* — 2|,

This implies that, for all t € N, ||z/*t! — 2*|| < ||2* — 2*]| < ... < [|2° — 2*|| and

1—a t t+112 0 %12
- D et = 2P < (2 — 2%
t=0

Since ||z* — 2*||? is nonincreasing, we have that

1 <& 1
||xn+1 _anQ < I § :”ﬂ?t _xt+1”2 < " <1 o > ||£L’0 _x*HQ'
n mn —
t=0

Thus, by replacing n with ¢ and taking infimum over all z* € N;enFix T, we see that

1 «o _
t+1 ¢ . 0 .
T —a| < dist(z”, NienFix T 2
| = Z=5\ T g At NeenFix Ty) (2)

Now, as 3% ||t — 2t||> < +oo, observe that -3 1 [|zN*+! — 2|2 — 0 as t — oo. Note

that, for each t € N

||:Et+2 _ xt—HH — HthL'H_l —Ttl‘tH < ||{L‘t+1 _ l,tH’

where the last inequality follows from the fact that T is an a-averaged operator (and in particular,
is nonexpansive). Then, we have

2t—1
tHth _$2t—1||2 < th—&-l _:CtHZ 4.+ ”th _:L,Qt—1||2 _ Z ||xN+1 _ .%'NHQ 50 ast— oo.
N=t

This implies that v/#||z? — 2'71|| — 0 as t — oo. Let

th—i—l _ l,tH

\/tl—l-il’ / ﬁdist(:no, ﬂtENFiX Tt)

Then, ¢, — 0 as t — co. Moreover, from (2), we see that ¢ € [0,1]. So, the conclusion follows. [

€t 1—




Corollary 3.2 (Complexity of quasi-cyclic algorithm). Let J be a finite set and let {Tj}jcs be a
finite family of a-averaged operators on a Hilbert space H with N;jc FixTj # 0 and a € (0,1). For
eacht € N, let wj; € R, j € J, be such that wj; > 0 and ZjEijvt =1. Let 2° € H and consider
the quasi-cyclic algorithm generated by (1). Then there exists a sequence ¢ € (0,1] with ¢, — 0

such that
o Ldist(mo NjesFixT;) VteN
/775 1 1—a s Uljed 7 .

”xt—i-l _ mt” <

Proof. Define T, = ng w;¢T;. As each Tj is an a-averaged operator, w;; > 0 and Zjeij,t =1,
it can be verified that T is also an a-averaged operator. Note that N;c;FixT; C MyenTs. Thus
the conclusion follows immediately by applying Proposition 3.1. O

Remark 3.3 (Comments on the convergence order of the successive change). Corollary 3.2 shows
that the norm square of the successive change, ||z+! —2t||?, generated by the quasi-cyclic algorithm
is at worst of the order o(1/t), whenever the operators Tj are averaged operators. As we shall see,
this proposition applies, in particular, to the classical Douglas—Rachford algorithm where an O(1/t)
complexity of ||z!*! — 2!||? has been proved recently for the DR algorithm (see [26,27]). Herein, we
obtain a slightly improved complexity result for a more general algorithm framework. Moreover, we
note that, very recently, an o(1/t) complexity of ||z/*! — 2!||? has also been established in [21] for
the forward-Douglas—Rachford splitting method under an additional Lipschitz gradient assumption.
We note that, as pointed out in [21, Section 1.4], this method is a special case of the Krasnoselskii—
Mann iterative method, and so, is a particular case of the quasi-cyclic algorithm.

We also note that the norm square of the successive change, ||z!™! — 2!||2, provides a straight-
forward numerical necessary condition for convergence of z* to a point in Nje Fix T} or not. Of
course ||ztt! — zf|| — 0 does not necessarily guarantee that the sequence {x'} converges!, and so,
the convergence order of the successive change is not enough to establish convergence of {z!}. <

To establish the convergence rate of the quasi-cyclic algorithm, we require the following two

lemmas.

Lemma 3.4. Let J be a finite set and let {T};};c; be a finite family of a-averaged operators on a
Hilbert space H with Njc FixTj # 0 and o € (0,1). For each t € N, let wj; € R, j € J, be such
that wjy > 0 and ZjeJ wjs = 1. Let 20 € H and consider the quasi-cyclic algorithm generated
by (1). Suppose that

o :=inf inf {w]t} > 0 where J.(t) ={j € J : w;; > 0} for each t € N.

teN jeJ o (t)
Then, for each j € J, we have that ||z* — T;(z")|| — 0 as t — oco.
Proof. Let y € N;e FixTj. Then, for all t € N, convexity of || - [|? yields
2 = yl? = 11w Ty = yl? < D wial Ti(a") = yl* < Jla' =y, (3)

JjEJ jedJ
where the last inequality follows by the fact that each T} is a-averaged (and so, is nonexpansive).
Thus (||z¢ — y||?)sen is a decreasing and hence convergence sequence. Furthermore,

Tim S || T3 () — y? = Jim [t~y (4)
]GJ

LA simple example is 0,2,1 %,%,1,“.7%,%,...,QJ,...



Since Tj is a-averaged for each j € J, Fact 2.6 implies, for all £ € N,
t 2  1—a 4 ]2 t 2
I15(2") = ylI" + ——lla” = Ti(@")II" < [l=" — Il
from which, for sufficiently large t, we deduce

11—«
ollz" — Tj(a")|* <

(@) < ' = yl* =Y wiel| Ty(=") — yll*
jeJ jedJ

Together with (4), this implies ||z — T;(z")|| — 0 for all j € J. O

The following proposition gives a convergence rate for Fejér monotone sequences which satisfy
an additional property, which property we will later show is satisfied in the presence of Holder
regularity.

Proposition 3.5. Let F' be a non-empty closed convex set in a Hilbert space H. Suppose the
sequence {x'} is Fejér monotone with respect to F and satisfies

dist?(z'*1, F) < dist?(z!, F) — 0 dist® (2!, F), Vt € N, (5)

for some & > 0 and 0 > 1. Then 2t — T for some T € F. Moreover, there exist M > 0 and

r € [0,1) such that
1
T 2(0-1)
Izt — 7] < Mt 0>1,
Mt 0 =1.
Further, when 6 = 1, 6 necessarily lies in (0, 1].

Proof. Let f; = dist?(«?, F) and p =60 — 1 > 0. Then (5) becomes

Bro1 < By (1 - wf) (6)

We now distinguish two cases based on the value of 6.
Case 1: Suppose 0 € (1,+00). Then Lemma 2.12 implies

1
71
B < (50p + (60— 1)5t> " forall teN.

1
So, we see that, there exists M; > 0 such that dist(z!, F) = /B < Myt 2@-1. In particular,
|zt — Pr(2t)| = dist(z?, F) — 0. By Fact 2.2, Pp(2!) — 7 for some Z € F and hence 2 — 7 € F.
This together with Fact 2.3 implies that

1
|zt — z|| < 2dist(2?, F) < 2Myt 20-D,

Case 2: Suppose § = 1. Then (6) simplifies to i1 < (1 — ), for all t € N. Moreover, this
shows that 0 € (0,1] and that

dist(:rt,F) = \/E < \/BT) <m>t
Then, by the same argument as used in Case 1, for some Z € F', we see that
|2t — Z|| < 2dist(z!, F) < 24/Bo(V1—6).
The conclusion follows on setting M = max{2M7,2+/Bo} and r = /1 —6 € [0,1). O



We are now in a position to state our first main convergence result, which we simultaneously
prove for both variants of the Holder regularity assumption (with and without the Holder exponents
being independent of the choice of bounded set).

Theorem 3.6 (Rate of convergence of the quasi-cyclic algorithm). Let J be a finite set and let
{Tj}jes be a finite family of a-averaged operators on a Hilbert space H with Njc FixT; # 0 and
a € (0,1). Foreacht e N, letw;jy € R, j € J, be such that wj; > 0 and Zjerj,t =1. Leta" € H
and consider the quasi-cyclic algorithm generated by (1). Suppose the following assumptions hold:

(a) For each j € J, the operator Tj is bounded Hélder reqular .

(b) {Fix T}};cs has a boundedly Hélder reqular intersection.

(¢c) o:=inf inf {w;.;} >0 where J.(t)={j € J:wj; >0} for eacht € N.
teNjeJy ()

Then there exists p > 0 such that x* — T € N;e FixTj # O with sublinear rate O(t~7).
Furthermore, if we assume the following stronger assumptions:

d') For each j € J, the operator T; is bounded Hoélder reqular with exponent v1 ; € (0,1];
J .
(V') {Fix Tj}jes has a bounded Hélder regular intersection with exponent 2 € (0, 1].

Then there exist M > 0 and r € [0,1) such that

b
Hwt _i'H < Mt 2=, y€(0,1),
M v =1,
where v 1= y1y2 and vy :=min{y, ; | j € J}.

Proof. Suppose first that the assumptions (a), (b) and (c) hold. Since Tj is a-averaged for each
j € J, Fact 2.6 implies that, for all z,y € H,

11—«

IT5(x) = T3 (w)II* + (I = Tj)(x) = (I = THW)* < [l= =yl

Set ' = Njc FixT;. Then, for all x € H and for all y € F,

(07

l—«

IT5(z) = wl* + lz = T5(@)|* < [l = y]I*.

Hence for all x € H and for all y € F,

1D wiaTi@) =yl = 1) wie(Ti(z) —y)I?

jeJ JjeJ
< 2wl Ti@) -yl
JjeJ
11—«
< Ywgale— i~ e - 1y(@)1?)
JjEJ
l1-«a
= ool - 2 Y wielle - B
Jje€J
11—« )
< o-ulP-o (F52) le-T@I view

10



where the first inequality follows from convexity of || - ||

Assumption (c). Setting z = 2! yields, for all y € F,

, and the final inequality follows from

1—« .
2"t —yllP < [la' —yll* — o 2" = Ty(a")|]* VjeJ.
(6]

In particular, the sequence (z!);cy is bounded and Fejér monotone with respect to F. Further,
setting y = Pp(a?) gives

l—«

dist?(z't F) < ||2!™! = Pp(2!)|? < dist*(z!, F) — o < > [zt = T;(=H)|> Vjed (7)

Let K be a bounded set such that {z' | t € N} C K. For each j € J, since the operator T} is
bounded Hélder regular, there exist exponents 1 ; > 0 and scalars p; > 0 such that

dist(z, Fix Tj) < pjlla — Tj(x)||" Vo € K. (8)
Setting v = min{yy; | j € J} gives
e = Tj(@) [ < [le = Ti(@)|[" Vo e Kn{z ||z —Ti(z)| <1}

By Lemma 3.4, there exists to € N such that ||z* — T;(2")|| <1 for all ¢ > o and j € J. Hence, for
all ¢ > tg, it follows from (7) and (8) that

1-— -2 2
o < a> p; "t dist (2!, Fix Tj) < dist?(z!, F) — dist*(2'*}, F) Vj € J.
«

Taking the maximum over all j € J and letting 1 = max{yp; | j € J}, we have

1-— _2 2
o < a) pomn ma}(distﬂ (2!, Fix T;) < dist?(z!, F) — dist? (=", F). (9)
a jE

Since {Fix T}}ecs has a bounded Holder regular intersection, there exists 5 > 0 such that

1 2/’Yl
3 dist® (!, F) < <r§13}< dist(z!, Fix Tj)> = max dist?/ 7 (!, Fix T}), (10)

where 0 := 1/(y172) > 1. Altogether, combining (9) and (10), we see that, for all ¢ > ¢,
dist?(z'*1, F) < dist?(2!, F) — 6 dist® (2!, F),

_2
where § := o(lfTa)u 7 71 > 0. Then, the first assertion follows from Proposition 3.5.

To see the second assertion, we suppose that the assumptions (a’), (b’) and (c¢) hold. Proceed
with the same proof as above, and note that the exponent v;; and 72 are now independent of the

choice of K, we see that the second assertion also follows. ]

Remark 3.7. Theorem 3.6 is a generalization of [8, Th. 6.1] which considered the case in which
the Holder exponents are independent of the bounded set K and given by v1; = 2 = 1, j =
1,....,m. O
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We next provide three important specializations of Theorem 3.6. The first result is concerned
with a simple fixed point iteration, the second with a Kransnoselskii-Mann scheme, and the third
with the method of cyclic projections.

Corollary 3.8 (Averaged fixed point iterations with Holder regularity). Let T be an «-averaged
operators on a Hilbert space H with FixT # 0 and « € (0,1). Suppose T is bounded Holder reqular.
Let 2% € H and set x't' = Tat. Then there exists p > 0 such that 2 — & € FixT # 0 with
sublinear rate O(t=°). Furthermore, if T is bounded Hélder reqular with exponent v € (0,1] then
there exist M > 0 and r € [0,1) such that

_ 8
2(1—7)
t_jHS{Mt 7, e (0,1),
’Y: .

Proof. The conclusion follows immediately from Theorem 3.6. O

Corollary 3.9 (Krasnoselskii-Mann iterations with Holder regularity). Let T be an a-averaged

operator on a Hilbert space H with FixT # () and o € (0,1). Suppose T is bounded Holder regular.

Let oy € (0,1) and let (M\)ten be a sequence of real numbers with oy := inlg{)\t(l — M)} > 0. Given
te

an initial point 2° € H, set
't =2t 4+ \(Ta! — 2t).

Then there exists p > 0 such that ' — T € FixT # 0 with sublinear rate O(t~"). Furthermore,
if T is bounded Hélder regular with exponent v € (0, 1] then there exist M > 0 and r € [0,1) such
that 5
Mt 20-7 0,1
th_'fHS 7y 7€(>)a
Mrt, v=1.

Proof. First observe that the sequence (z!);c is given by x!*! = Tya! where Ty = (1 — M) I + \T.
Here, 1 — A\t > 09 > 0 and A\t > 09 > 0 for all ¢ € N by our assumption.

A straightforward manipulation shows that the identity map, I, is bounded Hélder regular with
exponent y11 < 1. Since FixI = H, the collection {FixI,FixT} has a bounded Holder regular
intersection with exponent 1. The result now follows from Theorem 3.6. ]

The following result includes [15, Th. 4.4] and [5, Th. 3.12] as a special cases.

Corollary 3.10 (Cyclic projection algorithm with Holder regularity). Let J = {1,2,...,m} and
let {Cj}jes a collection of closed convex subsets of a Hilbert space H with non-empty intersection.
Given 2° € H set

t+

gt = chxt where j =t mod m.

Suppose that {C;}jes has a bounded Holder reqular intersection. Then there exists p > 0 such that
' = T € NjesC; # 0 with sublinear rate O(t=F). Furthermore, if the collection {C;} ;e is bounded
Hélder regular with exponent vy € (0, 1] there exist M > 0 and r € [0,1) such that

12



Proof. First note that the projection operator over a closed convex set is 1/2-averaged. Now, for
each j € J, C; = FixP¢;, and hence

d(x,C;) = d(x,FixPg,) = ||z — Pc,z| Vx e H.

That is, for each j € J, the projection operator P¢; is bounded Holder regular with exponent 1.
The result follows from Theorem 3.6. O

4 The rate of convergence of DR algorithms

We now specialize our convergence results to the classical DR algorithm and its variants, and so
obtain a convergence rate under the Hélder regularity condition. Recall that the basic Douglas—
Rachford algorithm for two set feasibility problems can be stated as follows:

Algorithm 1: Basic Douglas—Rachford algorithm
Data: Two closed and convex sets C, D C H
Choose an initial point 2° € H;
fort=0,1,2,3,... do

Set: 1 .
) + = PC(:E )7
2= Pp (29T — 2h), (11)
xt+1 — xt + (zt—i-l _ yt-i-l)'
end

Direct verification shows that the relationship between consecutive terms in the sequence (z') of
(11) can be described in terms of the firmly nonexpansive (two-set) Douglas—Rachford operator
which is of the form

1
TC,D = 5 (I + RDR0> s (12)

where [ is the identity mapping and R¢o := 2Pp — I is the reflection operator with respect to the
set C (‘reflect-reflect-average’) .

We shall also consider the following abstraction which chooses two constraint sets from some
finite collection at each iteration. Note that iterations (11) and (13) have the same structure.

Algorithm 2: A multiple-sets Douglas—Rachford algorithm
Data: A family of m closed and convex sets C1,Cs,...,C, € H
Choose a list of 2-tuples Q4,...,Q5 € {(i,7) : 4,7 =1,2,...,m and i # j} with
Uj’:lgj = {1, R ,m};
Choose an initial point 2° € H:;
fort=0,1,2,3,... do

Set the indices (i,7) := Qp where t' = ¢t mod m;
Set i .
y = Pg(ah),
ZtJrl — ch (2yt+1 o .Z't), (13)
P = gh g (2 g,
end
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The motivation for studying Algorithm 2 is that, beyond Algorithm 1, it include two further
DR-type schemes from the literature. The first scheme is the cyclic DR algorithm and is generated
according to:

" = (Te, o0 Tom1,Cm - TCoi0s Toycn)(2')  VEEN,

which corresponds the Algorithm 2 with s = m and Q; = (5, + 1), j = 1,...,m — 1, and
Q. = (m,1). The second scheme the cyclically anchored DR algorithm and is generated according
to:

= (TCLCm o Tey e TC1,C'2)($t) vVt eN,

which corresponds the Algorithm 2 with s = m —1and Q; = (1,5 +1), j = 1,...,m — 1. The
following lemma shows that underlying operators both these methods are also averaged.

X

Lemma 4.1 (Compositions of DR operators). Let s be a positive integer. The composition of s

Douglas—Rachford operators is Hilfavemged.

Proof. The two-set Douglas—Rachford operator of (12) is firmly nonexpansive, and hence 1/2-
averaged. The result follows by [6, Prop. 4.32]. O

As a consequence of Lemma 4.1 and Proposition 3.2, we now obtain the complexity of the
successive change for the many set DR algorithm. For convenience, in the following result, for a

set Q; = {(i],4})} with indices ¢{,4, € {1,...,m}, j =1,...,s, we denote
TQ]. = TCj i
117719

Corollary 4.2 (Complexity of the multiple-sets DR algorithm). Let Cy,Cy, ..., Cy, be closed convex
sets in a Hilbert space H with non-empty intersection. Let {Q;}_, and {(y', 2", 2")} be as used by
the multiple-sets Douglas—Rachford algorithm (13). Then, for each t € N, there erists a sequence
e — 0 with 0 < ¢ <1 such that

€t <\/§ dist (2, N_, Fix TQ].))
VE+1 '

Proof. Let J = {1}, Ty =T, Tq, , ..-Ta, and w1 = 1. From Lemma 4.1, T is s/(s+1)-averaged.
Note that ﬂjleix To, C Fix T. Thus, the conclusion follows by applying Proposition 3.1 with
a=s/(s+1). O

th+1 o xtH <

Remark 4.3. The previous corollary holds with s = m for the cyclic DR algorithm, and with
s = (m — 1) for the cyclically anchored DR algorithm. <&

Corollary 4.4 (Convergence rate for the multiple-sets DR algorithm). Let C1,Co, ..., Cy, be closed
convex sets in a Hilbert space H with non-empty intersection. Let {Qj}j-:l and {(yt, 2, 2%)} be
generated by the multiple-sets Douglas—Rachford algorithm (11). Suppose that:

(a) For each j € {1,...,s}, the operator Tq, is bounded Holder regular.
(b) The collection {FixTaq,};_, has a bounded Holder regular intersection.
Then there exists p > 0 such that x* — T € N;—FixTo, with sublinear rate O(t="). Furthermore,

suppose we assume the stronger assumptions:

14



(d') For each j € {1,...,s}, the operator Tq, is bounded Hélder regular with exponent 1 ;.
(V') The collection {Fix Tq,};_; has a bounded Hélder regular intersection with exponent 2 € (0,1].

Then there exist M > 0 and r € (0,1) such that

B T
ot s < { MO e,
Mr if y=1.

where 7y 1= 172 where y1 :=min{yy; | 1 < j < s}.
Proof. Let J = {1,2,...,s}. For for all j € J, set Tj = To, and

_]1 j=tmodm,
"7 10 otherwise. '

Since Tg;, is firmly nonexpansive (that is, 1/2-averaged), the conclusion follows from Corollary 4.4.
O

We next observe that bounded Holder regularity of the Douglas-Rachford operator Tp; and
Holder regular intersection of the collection {FixTq, }39-:1 are automatically satisfied for the semi-
algebraic convex case, and so, sublinear convergence analysis follows in this case without any further
regularity conditions. This follows from:

Proposition 4.5 (Semi-algebraicity implies Holder regularity & sublinear convergence). Let C1,
Cy, ..., Cy be basic conver semi-algebraic sets in R™ with non-empty intersection, given by

Cj={z eR" | gij(x) <0,i=1,...,m;}

where g;j, 1 = 1,...,mj, j = 1,...,m, are convex polynomials on R"™ with degree d. Let {Qj}j‘:l
be a list of 2-tuples with U;_,Q; = {1,...,m} Then,

(a) For each j € {1,...,s}, the operator Tq, is bounded Hélder regular. Moreover, if d =1, then
Tq, is bounded Holder regular with exponent 1.

(b) The collection {FixTaq,};_, has a bounded Holder regular intersection.

In particular, let {(yt, 2%, 2%)} be generated by the multiple-sets Douglas—Rachford algorithm (11).
Then there exists p > 0 such that x* — & € N_,Fix Tq, with sublinear rate O(t™").

Proof. Fix any j € {1,...,s}. We first verify that the operator Tq; is bounded Holder regular.
Without loss of generality, we assume that Q; = {1,2} and so, To, = T¢, ¢, where T¢, ¢, is
the Douglas-Rachford operator for C; and Cs. Recall that for each x € R", Ty o, (z) — 2 =
Pc,(Re, (z)) — P, (x). We now distinguish two cases depending on the value of the degree d of the
polynomials which describes Cj, j = 1, 2.

Case 1 (d > 1): We first observe that, for a closed convex semi-algebraic set C' C R"”, the
projection mapping x — Pc(x) is a semi-algebraic mapping. This implies that, for i = 1,2, x —
Pe,(z) and z — R, (z) = 2P¢,(z) — x are all semi-algebraic mappings. Since the composition of
semi-algebraic maps remains semi-algebraic ((P5) of Fact 2.9), we deduce that f: z — ||T¢, c, — 7|2
is a continuous semi-algebraic function. By (P4) of Fact 2.9, FixT¢, ¢, = {z | f(x) = 0} which is
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therefore a semi-algebraic set. By (P2) of Fact 2.9, the function dist(-, Fix T, ¢, ) is semi-algebraic,
and clearly dist(-, Fix T¢, ¢,)"1(0) = £71(0).

By the Lojasiewicz inequality for semi-algebraic functions ((P6) of Fact 2.9), we see that for
every p > 0, one can find g > 0 and v € (0, 1] such that

diSt(:E,FiXTCl,CQ) < ,u”:c — TCl,CQxH’Y Va € B(O,p).

So, the Douglas-Rachford operator T¢, ¢, is bounded Hélder regular in this case.

Case 2 (d = 1): In this case, both C; and Cy are polyhedral, hence their projections P, and
P, are piecewise affine mappings. Noting that composition of piecewise affine mappings remains
piecewise affine [42], we deduce that F': « — T, ¢, (x) — is continuous and piecewise affine. Then,
Robinson’s theorem on metric subregularity of piecewise affine mappings [44] implies that for all
a € R", there exist p > 0, € > 0 such that

dist(z, Fix T, ¢,) = dist(e, F~1(0)) < ul| F(2)]| = pllz — Ty ey ()| Vi € B(a,e).

Then, a standard compactness argument shows that the Douglas-Rachford operator T¢, ¢, is
bounded linear regular, that is, bounded Hélder regular with exponent 1.

Next, we assert that the collection {Fix Tq; };?:1 has a bounded Hélder regular intersection. To
see this, as in the proof of part (a), we can show that for each j = 1,... s, Fix Tg, is a semi-
algebraic set. Then, their intersection N?_;FixTq, is also a semi-algebraic set. Thus, P(x) =
dist(z, Nj_ FixTn,) and ¢(x) = maxi<;<sdist(z, Fix Ty, ) are semi-algebraic functions. It is easy
to see that ¢~1(0) = ¢)~1(0) and hence the Lojasiewicz inequality for semi-algebraic functions ((P6)
of Fact 2.9) implies that the collection {Fix Tq, }jzl has a bounded Holder regular intersection.

The final conclusion follows by Theorem 3.6. O

Next, we establish the convergence rate for DR algorithm assuming bounded Hoélder regularity
of the Douglas-Rachford operator T p. Indeed, by supposing that T¢ p is bounded Holder regular
with exponent vy € (0, 1], it is immediate from Proposition 3.2 and the firmly nonexpansive property
of Tep that dist(zf, Fix Tcp) converges to 0 at the order of o(t™2). Below, under the same
assumption we show a stronger result: 2! converges to z for some z € FixTr p at least in the order

of Ot 2017)) if v € (0,1), and 2! converges to Z linearly if v = 1.

Corollary 4.6 (Convergence rate for the DR algorithm). Let C, D be two closed convez sets in a
Hilbert space H with C N D # 0, and let To.p be the Douglas—Rachford operator. Let {(yt, 2, x')}
be generated by the Douglas—Rachford algorithm (11). Suppose that T p is bounded Hélder regular.
Then there exists p > 0 such that ' — = € FixTc p with sublinear rate O(t~"). Furthermore, if
Tc,p is bounded Holder reqular with exponent v € (0, 1] then there exist M > 0 and r € (0,1) such
that

v )
ot —af < § METT i € O.)
Mr if y=1.

Proof. Let J = {1}, T1 = T¢,p and w1 = 1. Note that T¢ p is firmly nonexpansive (that is, 1/2-
averaged) and any collection containing only one set has Holder regular intersection with exponent
one. Then the conclusion follows immediately from Theorem 3.6. O

Similar to Proposition 4.5, if C' and D are basic convex semi-algebraic sets, then DR algorithm
exhibits a sublinear convergence rate.
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Remark 4.7 (Linear convergence of the DR algorithm). We note that if H = R™ and riC' NriD # (),
then T p is bounded linear regular, that is, bounded Holder regular with exponent 1. Thus, the
Douglas—Rachford algorithm converges linearly in this case. This had been shown in [8]. Also, if
C and D are both subspaces such that C'+ D is closed (as is automatic in finite-dimensions), then
Tc,p is also bounded linear regular, and so, the DR algorithm converges linearly in this case as
well. This was been established in [9]. It should be noted that [9] deduced the stronger result that
the linear convergence rate is exactly the cosine of the Friedrichs angle. <&

5 The rate of convergence of the damped DR algorithm

We now investigate a variant of Algorithm 1 which we refer to as the damped Douglas—Rachford
algorithm. To proceed, let n > 0, let A be a closed convex set in H, and define the operator P’} by

1 2n
Pl = I P
A <2n+1 +277+1 A)’

where I denotes the identity operator on H. The operator PZ can be considered as a relaxation of
the projection mapping. Further, a direct verification shows that

lim P’ (z) =Pa(z) Vz € H,

n—+00

in norm, and

1
P (a) = proxy, (o) = argunin {disth () + 5Ly —alPp o€ 1 (14)
A yeH 277

where prox; denotes the proximity operator of the function f. The damped variant can be stated
as follows:

Algorithm 3: Damped Douglas—Rachford algorithm

Data: Two closed sets C, D C H

Choose n > 0 and step-size parameters A; € (0, 2];
Choose an initial point z° € H;
fort=0,1,2,3,... do

Choose A; € (0,2] with A\; > A and set:

y =P,
Zt+1 = P%(Qyt-‘rl _ xt)’ (15)

=gt N (2T — gt

end

Remark 5.1. Algorithm 2 can be found, for instance, in [6, Cor. 27.4]. A similar relaxation of the
Douglas-Rachford algorithm for lattice cone constraints has been proposed and analyzed in [16]. <

Whilst it is possible to analyze the damped Douglas—Rachford algorithm within the quasi-cyclic
framework, we learn more by proving the following result directly.
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Theorem 5.2 (Convergence Rate for the damped Douglas—Rachford algorithm). Let C, D be two
closed and convex sets in a Hilbert space H with C N D # (. Let X\ = infiey Ay > 0 with Ay € (0,2]
and let {(y, 2%, 2")} be generated by the damped Douglas—Rachford algorithm (15). Suppose that
the pair of sets {C,D} has a bounded Hdélder regular intersection. Then there exists p > 0 such
that x* — z € C N D with sublinear rate O(t™"). Furthermore, if the pair {C,D} has a bounded
Hélder regular intersection with exponent vy € (0, 1] then there exist M > 0 and r € (0,1) such that

. .
Jot =z < Mt v € (0.)
Mr if y=1.

Proof. Step 1 (A Fejér monotonicity type inequality for xt): Let 2* € C' N D. We first show that
2nA (dist?(y' ™, ©) + dist?(2't1, D)) < |2’ — 2*||? — |2 *! — 2*|2 (16)

To see this, note that, for any closed and convex set A, dist?(-, A) is a differentiable convex func-
tion satisfying V(dist?)(x, A) = 2(x — P4(z)) which is 2-Lipschitz. Using the convex subgradient
inequality, we have

217)\(dist2(yt+1 O) + dist*(z"1, D))
2

< 2 (dist?(y', ©) + dist? (211, D))

= 2\ (distQ(yHl C) — dist?*(z*, C) + dist?(z"™, D) — dist*(2*, D))

< g (W = Poyt),ytt — ) + (2 = Pp(eth), 2 — 1))

= g (W = PoyY), yt — o) 4 (2T = Pp (s, 2 — gt

HE = Pp (), — o)
_ 4n>\t(<yt+1 _ Pc(yt—l—l) + Zt+1 _ PD(ZH_I),yH_l _ .T*> + <Zt+1 _ PD(Zt+1),Zt+1 _ yt+1>)
= dn(M(™ = Po(y™) + 2T = Pp(Mh), gt —2t) + (T = Pp (), 2t —2f) (17)

where the last equality follows from the last relation in (15). Now using (14), we see that

, 1 1
= V(dist®(-, C) + %H =2 )y =2 (T = Pe(y™) + H(yt+1 —a'), and

1 1
— V(dist2(',D) + ?H X —(2yt+1 _ Q:t)”2)(zt+1) —9 (Zt—‘rl _ PD(ZH-I)) + 7(Zt+1 _ 2yt+1 + l‘t).
Ui Ui
Summing these two equalities and multiplying by A; yields
A 1
e (yt+1 o Pc(yt+1) + zt+1 _ PD(Zt—I—l)) — _2775(2154—1 _ t+1) — _27($t+1 _ .%'t).
Ui n

Note also that

1—-A
i e T B W Y A Y . t(xtH —zh).
t
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Substituting the last two equations into (17) gives

1
277)\(dist2(yt+1, C) + diSt2(2t+1, D)) S 477<Zt+1 . PD(Zt+1) o 27(yt+1 . CC*),iUtJrl o SUt>
n
1 1
_ 4n<_%(zt+l _ 2yt+1 + xt) o %<yt+l o x*)7$t+1 _ xt>

— _2<Zt+1 _ yt+1 + $t _ .%'*,.Tt+1 _ l‘t>

1—A
— _2<$t+1 o CC*,fIft+1 _ xt> _ 2 )\t t th+1 _ flftH

1—A
= (I = oI =t =t = ot — o) — 2= et — o

2—A
_ ”wt _95*”2 . th-ﬁ-l _x*HZ o 7tth+1 o

t
)\t H

X

Step 2 (establishing a recurrence for dist?(2?,C'N D)): First note that

1 2
= b+ n Po(zh).
2n+1 2n+1

yt+1 _ P”C(mt)

This shows that 3! lies in the line segment between z! and its projection onto C. So, Po(y'*!) =
Po(z') and hence,

1 \? 1 \?
st .0) = [ = Pee) P = (527 ) IPete) — o2 = (5 ) a0

Similarly, as

1 2n
t+1 :Pn 2 t+1 it — 2 t+1 it P 2 t+1 it
z p(2y ") 7277+1(y $)+277+1 p(2y z"),

t+1 t

the point 2! lies in the line segment between 2™ — 2! and its projection onto D. Thus Pp(2!™!) =

Pp(2y*! — 2') and so,

dist?(271, D) = |27 — Pp (24! — 2)||?

1 2
—(57) IPo2y ! = o) = g+t = o)

2
= dist®(2y"*" — 2, D).
<2n+1> 1S (y x? )

Now, using the non-expansiveness of dist(-, D), we have

2
dist?(z!, D) < <th — 2y — 2| + dist (2 - 2, D))

2
<2Ha¢t — Y| dist(2y T — 2t D))

4 2
= (2?7:7‘ 1dist(:ct, C) + dist(2y' ! — 2, D)>

< ¢ (dist2(a:t, C) + dist?(2y"t — 2, D)>,
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where ¢ = 2(max{2;]1%, 1})2, and where the last inequality above follows from the following ele-

mentary inequalities: for all o, z,y € Ry,

ar +y <max{a, 1}z +y), (z+y)*<2(2®+y?).
Therefore, we have

dist?(2y'™ — 2!, D) > ¢ dist?(2!, D) — dist?(2', ©).
So, using (16), we have

|zt — 2*)|? — ||at — 2|2 > Qn)\(distQ(ytH, C) + dist? (211, D))

1 2
= 2\ <2n - 1) <dist2(xt, C) + dist?(2y*! — o, D)).

Note that
dist?(2!, O) + dist?(2y'™! — 2t, D) > dist?(2t, C) + ¢ dist? (2, D) — dist?(z?, C) = ¢ dist?(z!, D)

and
dist?(2!, O) + dist?(2y'*! — 2!, D) > dist?(z!, O).

It follows that

1 2
|zt — z*)|? — |« —2*|2 > 2p (2 n 1> ¢t max{dist?(z!, ), dist? (!, D)}
n

2
_ 9y (2n1+1> ¢ L(max{dist(s", C), dist(z!, D)} (18)

In particular, we see that the sequence {x'} is bounded and Fejér monotone with respect to C'N D.
Thence, letting K be a bounded set containing {z!}, by bounded Holder regularity of {C, D}, there
exists u > 0 and v € (0, 1] such that

dist(z,C N D) < pmax{dist(z, C),dist(z, D)} Vz e K.
Thus there exists a 6 > 0 such that
|zt — | — ||zt — 2*||? > d dist? («!, C N D)

where 0 = % € [1,00). So, Fact 2.2 implies that Ponp(zf) — 7 for some £ € C N D. Setting
x

z* = Penp(at) in (18) we therefore obtain
dist?(2!*!, ¢ N D) < dist?(a!, ¢ N D) — 8dist® (z*, C' N D).
Now, the conclusion follows by applying Proposition 3.5 with 8 = 1/~. O

Remark 5.3 (DR versus damped DR). Note that Theorem 5.2 only requires Holder regularity of the
underlying collection of constraint sets, rather than the damped DR operator explicitly. A careful
examination of the proof of Theorem 5.2 shows that the inequality (17) does not hold for the basic
DR algorithm (which would require setting n = +00). O
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Remark 5.4 (Comments on linear convergence). In the case when 0 € sri(C — D), where sri is
the strong relative interior, then the Holder regularity result holds with exponent v =1 (see [5]).
The preceding proposition therefore implies that the damped Douglas—Rachford method converges
linearly in the case where 0 € sri(C' — D). &

We next show that an explicit sublinear convergence rate estimate can be achieved in the case
where H = R"™ and C, D are basic convex semi-algebraic sets.

Theorem 5.5 (Convergence rate for the damped DR algorithm with semi-algebraic sets). Let C, D
be two basic convex semi-algebraic sets in R™ with C N D # (), where C, D are given by

C={zeR"|gi(z)<0,i=1,...,m1} and D ={x e R" | hj(z) <0,j =1,...,ma}

where g;, hj, 1 =1,...,m1, j = 1,...,ma, are convexr polynomials on R"™ with degree at most d. Let
X = infieny At > 0 with A\¢ € (0,2] and let {(yt, 2, 2t) be generated by the damped Douglas—Rachford
algorithm (15). Then, ' — Z € C N D. Moreover, there exist M > 0 and r € (0,1) such that

v .
ot —a) < 4 M A0
Mr if d=1.

where y = [min {w, B(n— 1)d"}]*1 and B(n — 1), is the central binomial coefficient with

respect to n — 1 which is given by ([(nri_l)lm)-

Proof. By Lemma 2.11 with 6 = 1, we see that for any compact set K, there exists ¢ > 0 such that
for all x € K,

.
dist(z,CND) < c(dist(af, C) + dist(z, D))
< 27¢ max{dist(z, C), dist(z, D)}".

where v = [min{%, B(n — l)d”}]*l. Note that v = 1 if d = 1; while v € (0,1) if d > 1.

The conclusion now follows from Theorem 5.2. O

6 Examples

In this section we fully examine two concrete problems which illustrate the difficulty of establishing
optimal rates. We begin with an example consisting of two sets having an intersection which is
bounded Holder regular but not bounded linearly regular. In the special case where n = 1, it has
previously been examined in detail as part of [10, Ex. 5.4].

Ezample 6.1 (Half-space and epigraphical set described by ||z[|). Consider the sets
C={(x,r) eR"xR|r<0}and D= {(z,r) eR" xR | r > |(x1,...,2,)||%},

where d > 0 is an even number. Clearly, C N D = {Ogn+1} and riC NriD = (. It can be
directly verified that {C,D} does not has a bounded linearly regular intersection because, for
:ck.:(%,(),...,O) € R™ and rk:k—ld,

dist((xk,rk),C’ N D) =0 <]1€> and max{dist((azk,rk),C’),dist((azk,rk),D)} = —.
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Let Tc,p be the Douglas—Rachford operator with respect to the sets C' and D. We will verify
that T p is bounded Holder regular with exponent é. Granting this, by Corollary 4.4, the sequence
(z',r') generated by the Douglas-Rachford algorithm converges to a point in Fix T p = {Ogn } xR

-1
at least at the order of ¢2(¢-D | regardless of the chosen initial point
Firstly, it can be verified (see also [7, Cor. 3.9]) that

FixTep = C N D + Ne—p(0) = {Ogn} x Ry,
and so,
dist((z,r),FixT) = {
Moreover, for all (z,7) € R" x R,
(z,7) —Tep(z,r) =PpRe(z, 1)) — Po(x,r) = Pp(z, —|r|) — (z, min{r, 0}).
Note that, for any (z,s) € R” x R, denote (21, s*) = Pp(z,s). Then we have
5% = 59 and (2+ — 2) + dllsH 2 () - 5) 2 =0,

Let (a,v) = Pp(x,—|r|). Then, a = Og~ if and only if x = Ogn,

a— o = —dlla|*2(Ja|® + [rl)a and v = [|a]|
It follows that )
— . 1
= T PR T dla (19)
So,
(@,r) — Ten(e,r) = (~dla]*>(lall* + Ir)a, [a* - min{r,0})
(—dlla|=2(a|d +r)a, llald)  ifr >0
(=dllall=2(Ja|? = r)alalli =) ifr < 0.

Let K be any bounded set of R"*! and consider any (z,7) € K. By the nonexpansivity of the
projection mapping, (a,7y) = Pp(x,—|r|) is also bounded for any (x1,z2) € K. Let M > 0 be such
that ||(a,v)| < M and ||(z,r)|| < M for all (x,r) € K. To verify the bounded Hoélder regularity,
we divide the discussion into two cases depending on the sign of r.

Case 1 (r > 0): As d is even, it follows that for all (x,r) € K with x # Ogn

I(z,r) = Tep(z, )l _ dlla**"D(la]? +1)* + [la]* o>
(el (el I

1 2d
N <1+MMW*Q+ﬂMW4VO

1 2d
>
= <1+dM2d2+de1> ’

where the equality follows from (19). This shows that, for all (z,r) € K,

dist((z, ), Fix Te.p) < (1 + dM24=2 4 dM4Y) ||, 7) — Te,p(z, )| 4.
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Case 2 (r < 0): As d is even, it follows that for all (z,7) € K\{Ogn+1},

(1) = Tep@ )P _ (@ +lal@Y)(la] - )
2l + 72 e
laf* +r*
R
la][*? + 722 0r>—2
EEET
2d
1 2d | .2d yj2—2d
<1+da|l2d_2+d|a||d—2r|) [|||** + r2i M
B ERE

Y

: 1 M e
mm{<1+dM2d—2+de—1> M,

where the equality follows from (19). Therefore, there exists p > 0 such that, for all (z,r) € K,
dist((x, ), Fix Te.p) < ull(z,r) = Te.p(e.r)| 7.

Combining these two cases, we see that T p is bounded Hoélder regular with exponent é, and
so, the sequence (z!,7!) generated by the Douglas—Rachford algorithm converges to a point in

-1
FixTcp = {Orn} x R4 at least at the order of ¢2(@-1),
We note that, for n = 1, it was shown in [10] (by examining the generated DR sequence directly)

t

that the sequence x‘ converges to zero at the order ¢~ -2 where d > 2. Note that r* = |z*||9. It

follows that the actual convergence rate for (x!,r!) for this example is ¢t~ @2 in the case n = 1.

Thus, our convergence rate estimate is not tight for this example in the case n = 1. On the other
hand, as noted in [10], their analysis is largely limited to the 2-dimensional case and it is not clear
how it can be extended to the higher dimensional setting. <&

We now examine an even more concrete example involving a subspace and a lower level set of
a convex quadratic function in the plane.

Ezample 6.2 (Holder regularity of the DR operator involving a ball and a tangent line). Consider
the following basic convex semi-algebraic sets in R:

C={zreR?|z;=0}and D= {z e R?| ||z + (1,0)||> < 1},
which have intersection C'N' D = {0}. We now show that the DR operator T¢, p is bounded Hélder
regular. Since C' — D = [0,1] x R, by [7, Cor. 3.9], the fixed point set is given by
FiXTC’D =CnNnD+ NC_D(O) = (—O0,0] X {0}

We therefore have that
llz|| 21 >0,

dist(z, Fix T, p) = {’I o <0
2 1 > V.

Setting aw = 1/ max{1, ||z — (1,0)]|}, a direct computation shows that

I+ RpRc

T =
e (12

>x:(04—1—ax1,aac2), (20)
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and thus
lz = Topzl* = (1 — @) + 21(1 + ))? + (z2(1 — ))*. (21)
Now, fix an arbitrary compact set K and let M > 0 such that ||z| < M for all z € K. For all
x € K, there exists m € (0,1] such that « = 1/ max{1, |z — (1,0)||} € [m,1] for all z € K. By
shrinking m if necessary, we may assume that
vm?+2m > M m? .
2 - 1+m
We now distinguish two cases depending on a.
Case 1 (o =1): In this case, we have

le - (LO)| <1 = [lef? < 2a1.

(22)

In particular, this shows that 1 > 0. Now (21) gives
|z — Te,px|| = 221 > ||z||* = dist?(z, Fix Te p).

Case 2 (o < 1): Fix z € K. In this case, we show that

e = Te.0nll > 5" ﬂHP dist™(z, To, pe). (23)

m

2(1+m)
To do this, we further divide the discussion into two subcases depending on the sign of xy.

Subcase I (x1 > 0): In this case, dist(z, FixT¢ p) = ||z|. Note that
lz = Tepal® = ((1—a) +a1(1+a)* + (z2(1 - a))?

(21(1 4 @)* + (22(1 - ))?
(m® +2m)af + (1 - a)?||z|]?,
where the last inequality follows by the fact that o > m. So, the elementary inequality va? + b2 >
(a+b)/2 for all a,b > 0 implies that

AV

m2 + 2m 1-—«
o= Topal] > Y2220, 1oy, 24

From the definition of «, we see that

B e )[R S - R o R
[z = (1,0)]| [l = (L0)[[(lz = (1,0)[| + 1)
Asm<a<l,|lz—(1,0) < L. So,
m? m? m?
l—a> 72 2 = :
a_ler(xl 71+ ) 1+m 1+mI1

Then, by combining with (24), we deduce

m? +2m 1 9 m?
—T > VI A =
o = Tl 2 2 4 Dl ({2 - 1+mm)

m? vm?2 +2m
——||z|*> + z1 ||l
) 1+m

T 21+ m 2
2 2 2 2
SR (A L L VA
2(14+m) 2 1+m
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The claimed equation (23) now follows from (22).
Subcase II (z1 < 0): In this case, dist(x, FixTc p) = |z2| and

|z — Tepz| = \/((1 —a) +z1(1+))* + (w2(1 — )’
> (1-a)zs.
Similar to Subcase I, we can show that
2 2

2 2 m
— 92 >
(x] 1+ 5) > 1

1—a>
a_l—i-m

22

where the last inequality follows from x; < 0. Thus, (23) also follows in this subcase.
Combining the two cases we have

dist(z, Fix Te,p) < ||z — Te,px||? vz e K.

That is, T¢,p is bounded Hélder regular with exponent v = 1/3. Therefore, for this example,

Corollary 4.6 implies that the DR algorithm generated a sequence {z'} which converges to T €
FixTep = (—o0,0] x {0} at least in a sublinear convergence rate O(%). Let 2 = (2%,2%) and
T = (71,0) with #; < 0. As2!™! = T p(a?), by passing to the limit in (20), we have 71 = a—1—az;
where & = 1/ max{1, |z; — 1|}. If Z; <0, then |Z; — 1| > 1, and so, @ = 1/(1 — Z1). This implies
that 71 = (@ —1)/(1 + &) = 71/(2 — 1) and hence, 71 = 1 or ; = 0 which is impossible. This
shows that 71 = 0, and so, {x'} converges to Z = (0,0) at worst in a sublinear convergence rate
O(%) regardless the choice of the initial points.

We now illustrate the sublinear convergence rate by numerical simulation. To do this, we first
randomly generate an initial point in [—100, 100]?. We then ran the DR algorithm for this example

(starting with the corresponding random starting point) whilst tracking the value of v/t ||zt — Z|
—log(||z*—z||)
log(t)
From the first graph, we see that the value of v/t ||z — Z|| quickly decrease with increasing .
This supports the conclusion that ! converges at least in the order of O(1/+v/t). From the second

graph, the value of %"Z)—fll) appears to approach 1/2. This suggests that the actual sublinear

and . The experiment was repeated 200 times, and the results plotted in Figure 1.

convergence rate for this example is O(1/v/t), regardless of the choice of the initial point. &

Furthermore, the following example shows that, whenever the initial point is chosen in the
region specified below, the sequence in Example 6.2 converges with an exact order O(1/+/f) and
thus supports the conjectured rate of convergence.

Ezample 6.3 (The sequence in Example 6.2 with specific initial points). Consider the setting of
Example 6.2, and suppose that the initial point 2° = (ug,v9) € R__ x (0,1). If 2t = (us,v;) €
R__ x (0,1), then using (20) we deduce that

1_
P = T p(at) = — 9 (1) e R x (0,1).

(1 —u)? + v?

Inductively, the Douglas—Rachford sequence {x'} is contained in R__ x Ry,. By Example 6.2,
the sequence x' = (us,v;) — (0,0). Below we verify that the sequence with an exact sublinear

convergence order O(1/+/t).
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Figure 1: Numerical simulation results: (top) the successive change v/t ||z* — Z|| and (bottom) the
_ t_ 5
ratio W as a function of the number of iterations, t.
To see this, we note from u; < 0 that

(0 < (3
Vi1 = .
VI —u)2+vF 10}

Setting wy = v?, we deduce

wy 2 3
< =w — 0] .
Wi+1 1+ w, wy — wy + (Qut)
Since w; — 0, for sufficiently large ¢, we have
1, 1 1 1 L. 1 1 1
Wip1 < Wp — Wy = - > — liminf -] > =
2 Wiyl w2 —wy t—oo \ Wl Wy 2

It now follows that

2 t—1
lim inf A = lim inf i1 = liminf1 R = liminf1 LA > 1
t—o0 t t o 2

Ut t—oo  t wy t—00 Wy wo

Square rooting and inverting both sides we obtain

V2. (25)

li U <
imsup —— <
t—o00 1/\/%
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Now, recall that

1—uy (1 —u) — /(1 —ug)? + 02

U1 = s—1 = 5
(1 — u)? + 07 (1 — w)? + 07

2

(1 —ut)2+vt2((1 —u) + (1_Ut)2+”t2)'

Since /(1 — ug)? + v (1 — w) + /(1 — w)? +v7) — 2 as t — oo, whenever ¢ is sufficiently large
we have

0> upq > —v2. (26)

Combining (25) and (26), we see that there exists C' > 0 such that ||(uf, v!)|| < C% for all t € N.
In particular, this also shows that u; — 0.

Noting that U’;—tl =——1 s last— ocoand v; > 0, we therefore deduce that vy_1 < 2u;

(1—ut)? 407
for all sufficiently large ¢. Combining with (26), this yields

Ut > Ut o Ut Ut
VA —u) +of a0 )2 407 VIt 907 160 1+ 30

Vi1 =

As before, we set w; = vZ. Since w; — 0 and (1 + wt) (1 —10w) =1 —wy — 219wt2 405 wP <1,

we deduce
Wt

(1 + %wt)2

Proceeding as before, we obtain

Wit1 > > wt(l — 10wt) = Wiyl > Wt — 10wt2.

1
liminf ——

t—o00 1/\[ - 10

This shows that [|(ug, ve)|| > 15 2 T Altogether, we have proven that (u’,v*) — (0,0) with an exact

sublinear convergence order O(1/+/). &

7 Conclusions

In this paper, using a Holder regularity assumption, sublinear and linear convergence of fixed point
iterations described by averaged nonexpansive operators has been established. The framework
was then specialized to various fixed point algorithms including Krasnoselskii-Mann iterations, the
cyclic projection algorithm, and the Douglas—Rachford feasibility algorithm along with some vari-
ants. In the case where the underlying sets are basic convex semi-algebraic, in a finite dimensional
space, the results apply without any further regularity assumptions.

In particular, for our damped Douglas—Rachford algorithm, an explicit estimate for the sub-
linear convergence rate has been provided in terms of the dimension and the maximum degree of
the polynomials which define the convex sets. We emphasise that, unlike the for damped Douglas—
Rachford algorithm, we were not able to provide an explicit estimate of the sublinear convergence
rate for the classical Douglas—Rachford algorithm when the two convex sets are described by con-
vex polynomials. Our approach relies on the Lojasiewicz’s inequality which gives no quantitative
information regarding the Holder exponent. Providing explicit estimates is left as an open question
for future research.
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Another area for future research involves characterization of the convergence rate in the absence
of Holder regularity properties. For instance, it is known that the alternating projection method
can exhibit arbitrarily slow convergence when applied to two subspaces in infinite dimensional
spaces without closed sum [11]. As shown in [18, Cor. 3.1], if only two sets are involved and the
initial point is chosen in a specific way, the cyclic Douglas—Rachford method can coincide with
the alternating projection method, and so, it may exhibit arbitrarily slow convergence. On the
other hand, it was shown in Proposition 4.5 that the basic/cyclic Douglas—Rachford method enjoys
a sublinear convergence rate if the underlying sets are basic convex semi-algebraic sets in finite
dimensional spaces. It would be interesting to see whether an arbitrarily slow convergence can
happen for these two methods for general closed and convex sets in finite dimensional spaces.

Finally, the current definition of basic semi-algebraic convex sets only applies to finite dimen-
sional spaces. It would interesting to see if a suitable extension of the notion can be profitably used
in infinite dimensional spaces using, for instance, polynomials as defined in [25].
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