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Tight global linear convergence rate bounds
for Douglas—Rachford splitting

Pontus Giselsson

Abstract. Recently, several authors have shown local and global conver-
gence rate results for Douglas—Rachford splitting under strong mono-
tonicity, Lipschitz continuity, and cocoercivity assumptions. Most of
these focus on the convex optimization setting. In the more general
monotone inclusion setting, Lions and Mercier showed a linear conver-
gence rate bound under the assumption that one of the two operators is
strongly monotone and Lipschitz continuous. We show that this bound is
not tight, meaning that no problem from the considered class converges
exactly with that rate. In this paper, we present tight global linear con-
vergence rate bounds for that class of problems. We also provide tight
linear convergence rate bounds under the assumptions that one of the
operators is strongly monotone and cocoercive, and that one of the op-
erators is strongly monotone and the other is cocoercive. All our linear
convergence results are obtained by proving the stronger property that
the Douglas—Rachford operator is contractive.
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1. Introduction

Douglas—Rachford splitting [12,24] is an algorithm that solves monotone in-
clusion problems of the form

0¢c Az + Bx

where A and B are maximally monotone operators. A class of problems that
falls under this category is composite convex optimization problems of the
form

minimize f(z) + g(x) (1.1)
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where f and g are proper, closed, and convex functions. This holds since the
subdifferential of proper, closed, and convex functions are maximally mono-
tone operators, and since Fermat’s rule says that the optimality condition for
solving (1.1) is 0 € 9f(x) 4+ dg(x), under a suitable qualification condition.
The algorithm has shown great potential in many applications such as signal
processing [6], image denoising [32], and statistical estimation [5] (where the
dual algorithm ADMM is discussed).

It has long been known that Douglas—Rachford splitting converges un-
der quite mild assumptions, see [13,14,24]. However, the rate of convergence
in the general case has just recently been shown to be O(1/Vk) for the
fixed-point residual, [9,10,18]. For general maximal monotone operator prob-
lems, where one of the operators is strongly monotone and Lipschitz continu-
ous, Lions and Mercier showed in [24] that the Douglas—Rachford algorithm
enjoys a linear convergence rate. To the author’s knowledge, this was the
sole linear convergence rate results for a long period of time for these meth-
ods. Recently, however, many works have shown linear convergence rates for
Douglas—Rachford splitting and its dual version, ADMM, see [1,2,4,8,10,11,
15-17,19-22,28,30,33]. The works in [4,10,19,20,30] concern local linear con-
vergence under different assumptions. The works in [21,22,33] consider dis-
tributed formulations, while the works in [1,2,8,11,15-17,24,27,28,31] show
global convergence rate bounds under various assumptions. Of these, the
works in [1,2,16] show tight linear convergence rate bounds. The works in
[1,2] show tight convergence rate results for problem of finding a point in the
intersection of two subspaces. In [16] it is shown that the linear convergence
rate bounds in [17] (which are generalizations of the bounds in [15]) are tight
for composite convex optimization problems where one function is strongly
convex and smooth. All these results, except the one by Lions and Mercier,
are stated in the convex optimization setting. In this paper, we will provide
tight linear convergence rate bounds for monotone inclusion problems.

We consider three different sets of assumptions under which we pro-
vide linear convergence rate bounds. In all cases, the properties of Lipschitz
continuity or cocoercivity, and strong monotonicity, are attributed to the op-
erators. In the first case, we assume that one operator is strongly monotone
and the other is cocoercive. In the second case, we assume that one operator
is both strongly monotone and Lipschitz continuous. This is the setting con-
sidered by Lions and Mercier in [24], where a non-tight linear convergence
rate bound is presented. In the third case, we assume that one operator is
both strongly monotone and cocoercive. We show in all these settings that
our bounds are tight, meaning that there exists problems from the respective
classes that converge exactly with the provided rate bound. In the second and
third cases, the rates are tight for all feasible algorithm parameters, while in
the first case, the rate is tight for many algorithm parameters.

2. Background

In this section, we introduce some notations and define some operator and
function properties.
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2.1. Notation

We denote by R the set of real numbers and by R := R U {00} the extended
real line. Throughout this paper, H denotes a separable real Hilbert space.
Its inner product is denoted by (-, -), its induced norm by || - ||. We denote by
{¢;} | any orthonormal basis in H, where K is the dimension of H (possibly
00). The gradient to f: X — R is denoted by Vf and the subdifferential
operator to f : X — R is denoted by df and is defined as df(z1) =
{u | f(xa) > f(x1) + (u,z2 — x1) for all z3 € X'}. The conjugate function
of f is denoted and defined by f*(y) £ sup, {(y,z) — f(z)}. The power set
of a set X, i.e., the set of all subsets of X, is denoted by 2%. The graph of
an (set-valued) operator A : X — 2% is defined and denoted by gphA =
{(z,y) € X x Y | y € Azx}. The inverse operator A~! is defined through its
graph by gphA~! = {(y,z) € ¥ x X | y € Ax}. The identity operator is
denoted by Id and the resolvent of a monotone operator A is defined and
denoted by J4 = (Id + A)~!. Finally, the class of closed, proper, and convex
functions f : H — R is denoted by T'o(H).

2.2. Operator properties
Definition 2.1. (Strong monotonicity) Let o > 0. An operator A : H — 2
is o-strongly monotone if
(u—v,z—y) >0z -yl
holds for all (z,u) € gph(A) and (y,v) € gph(A4).
The operator is merely monotone if ¢ = 0 in the above definition.
In the following three definitions, we state some properties for single-valued

operators T : 'H — H. We state the properties for operators with full domain,
but they can also be stated for operators with any nonempty domain D C H.

Definition 2.2. (Lipschitz continuity) Let 8 > 0. A mapping T : H — H is
(B-Lipschitz continuous if

[Tz — Tyl < Bllz - yll
holds for all z,y € H.

Definition 2.3. (Nonezpansiveness) A mapping T : H — H is nonezpansive
if it is 1-Lipschitz continuous.

Definition 2.4. (Contractiveness) A mapping T : H — H is d-contractive if
it is §-Lipschitz continuous with ¢ € [0,1).

Definition 2.5. (Averaged mappings) A mapping T : H — H is a-averaged
if there exists a nonexpansive mapping R : H — H and « € (0, 1) such that
T=(1-a)ld+aR.

From [3, Proposition 4.25], we know that an operator T': H — H is
a-averaged if and only if it satisfies
22(1d = T)z — (1d = T)y||* + [Tz - Ty|* < ||z - y|? (2.1)
for all x,y € H.
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Definition 2.6. (Cocoercivity) Let § > 0. A mapping T : H — H is %—

cocoercive if
(Tz —Ty,x —y) > || Tz — Ty|*
holds for all z,y € H.

3. Preliminaries

In this section, we state and show preliminary results that are needed to
prove the linear convergence rate bounds. We state some lemmas that de-
scribe how cocoercivity, Lipschitz continuity, as well as averagedness relate
to each other. We also introduce negatively averaged operators, T', that are
defined by that —T is averaged. We show different properties of such op-
erators, including that averaged maps of negatively averaged operators are
contractive. This result will be used to show linear convergence in the case
where the strong monotonicity and Lipschitz continuity properties are split
between the operators.

3.1. Useful lemmas

Proofs to the following three lemmas are found in Appendix 8.

Lemma 3.1. Assume that 3 >0 and let T : H — H. Then %—cocoercim’ty of
Bld + T is equivalent to B-Lipschitz continuity of T .

Lemma 3.2. Assume that 3 € (0,1). Then %—cocoercim’ty of R: H—H is
equivalent to g-avemgedness of T=R+ (1-p)Id.

Lemma 3.3. Let T : H — H be d-contractive with 6 € [0,1). Then R =
(1 — a)Id + oT is contractive for all o« € (0, %) The contraction factor is
|1 —al+ ad.

For easier reference, we also record special cases of some results in [3]
that will be used later. Specifically, we record, in order, special cases of [3,
Proposition 4.33], [3, Proposition 4.28], and [3, Proposition 23.11].

Lemma 3.4. Let 5 € (0,1) and let T : H — H be %—cocoercive. Then (Id—T)

o B
is 5-averaged.

Lemma 3.5. Let T : H — H be a-averaged with o € (0, 3). Then (2T — 1d)
is 2a-averaged.

Lemma 3.6. Let A: H — 27 be mazimally monotone and o-strongly mono-
tone with o > 0. Then Ja = (Id + A)~! is (1 + o)-cocoercive.

3.2. Negatively averaged operators

In this section we define negatively averaged operators and show various
properties for these.

Definition 3.7. An operator T : H — H is #-negatively averaged with 6 €
(0,1) if =T is f-averaged.
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This definition implies that an operator T is f-negatively averaged if
and only if it satisfies

T=-((1-60)Id+6R)=(0—1)Id+0R

where R is nonexpansive and R := —R is, therefore, also nonexpansive. Since
—T is averaged, it is also nonexpansive, and so is 7.

Since negatively averaged operators are nonexpansive, they can be av-
eraged.

Definition 3.8. An a-averaged #-negatively averaged operator S : H — H is
defined as S = (1 — a)Id + oT where T : H — H is f-negatively averaged.

Next, we show that averaged negatively averaged operators are contrac-
tive.

Proposition 3.9. An «a-averaged 0-negatively averaged operator S : H — H
is |1 — 2a + ab| + ab-contractive.

Proof. Let T'= (6 —1)Id+6R (for some nonexpansive R) be the f-negatively
averaged operator, which implies that S = (1 — a)Id + aT. Then
ISz — Syl = (1 — a)Id + aT)z — ((1 — )Id + aT)y||
=||(1 - 2a+ ab)(z —y) + ab(Rz — Ry))||
<1 —2a+af|[|z -yl + abllz — y||
= (]1 —2a+ af| + ab) ||z — y|
since R is nonexpansive. It is straightforward to verify that |1—260+af|+af <

1 for all combinations of & € (0,1) and 6 € (0,1). Hence, S is contractive
and the proof is complete. ]

Next, we optimize the contraction factor w.r.t. a.

Proposition 3.10. Assume that T : H — H is 0-negatively averaged. Then
the « that optimizes the contraction factor for the a-averaged 0-negatively
1

averaged operator S = (1 —a)ld+aT is a = 5=5. The corresponding optimal

contraction constant s %.

Proof. Due to the absolute value, Proposition 3.9 states that the contraction

factor 6 of T can be written as
5_{1—2a+0z9+o¢9 ifag2

—(1-2a+ab)+ab ifa>

-
-

B}
B}

1
2

1

_{1—2(1—6)a if o< 5
2—

)21 if a >

B}
B}

where the kink in the absolute value term is at o = ﬁ. Since 6 € (0,1), we
get negative slope for av < ﬁ and positive slope for a > 2719. Therefore, the

optimal « is in the kink at o = 715, which satisfies a € (3, 1) since 6 € (0,1).

Inserting this into the contraction factor expression gives 20%9. This concludes

the proof. O
Remark 3.11. The optimal contraction factor % is strictly increasing in 6
on the interval 6 € (0,1). Therefore, the contraction factor becomes smaller
the smaller 6 is.
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We conclude this section by showing that the composition of an averaged
and a negatively averaged operator is negatively averaged. Before we state
the result, we need a characterization of #-negatively averaged operators 7.
This follows directly from the definition of averaged operators in (2.1) since
—T is f-averaged:

FoIAd + T)e — (Id + T)y|* + [Tz = Ty|* < [l =yl (3.1)

Proposition 3.12. Assume that Ty : H — H is 0-negatively averaged and
To : H — H is a-averaged. Then TyT, is A7 -negatively averaged where
_ _b «a
=131 1-a

Proof. Let kg = 1"%9 and ko = 725, then k = kg + ko We have

1(1d + TyTo)z — (Id + Ty To )y
=z = y) = (Toz — Tay) + (T — Tay) + (TyTaz — TyToy)|?
I(1d = To)z — (Id = To)y + (Id + Tp)Taz — (Id + Tp) Toy|?
< fette|[(Id — Ty)x — (Id — To)y|?
+ fete||(Id + Tp) Tox — (Id + Ty) Tayl®
< (ko + ko) (| — ylI” = | Taz — Tayl®)
+ (ko + ko) (| Taz — Tayl® — 1 ToTaz — ToToyl|*)
= (ko + ko) (|2 = y* = 1Ty Tz — TyTay|®)
= k(|lz =yl = 1Ty Tox — TyTayl?) (3.2)

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

t € [0,1], then, by convexity of || - ||?, we conclude that

. More precisely, let

lz +yll* = ltgz + (1 =) tyll* < tlz2l® + 1 - ) llyl®

= ¢llal® + = lyll*.
Letting t = —f2— € [0,1], which implies that 1 —¢ = —%¢— € [0, 1], gives
the first inequality in (3.2). The second inequality in (3.2) follows from (2.1)
and (3.1). The relation in (3.2) coincides with the definition of negative av-
eragedness in (3.1). Thus, TpT, is ¢-negatively averaged with ¢ satisfying

% = % This gives ¢ =

K
k+1

and the proof is complete. O

Remark 3.13. This result can readily be extended to show averagedness of
T =TTy ---Tx where T; are o;-(negatively) averaged for ¢ = 1,..., N. We
get that T'is f--negatively averaged with x = ZN —

i=1 Toa if the number of
negatively averaged T;:s is odd, and that T is —£—-averaged if the number

1+k
of negatively averaged T;:s is even. Similar results have been presented, e.g.,
in [3, Proposition 4.32] which is improved in [7]. Our result extends these
results in that it allows also for negatively averaged operators and reduces to

the result in [7] for averaged operators.
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4. Douglas—Rachford splitting

Douglas—Rachford splitting can be applied to solve monotone inclusion prob-
lems of the form

0 € Az + Bz (4.1)

where A, B : H — 2" are maximally monotone operators. The algorithm
separates A and B by only touching the corresponding resolvents, where the
resolvent Ju : H — H is defined as

Ja = (A+1d)7 %

The resolvent has full domain since A is assumed maximally monotone,
see [26] and [3, Proposition 23.7]. If A = df where f is a proper, closed, and
convex function, then J4 = prox, where the prox operator prox; is defined
as

prox;(z) = argmin, { f(z) + Lz — 2|} (4.2)

That this holds follows directly from Fermat’s rule [3, Theorem 16.2]
applied to the proximal operator definition.
The Douglas-Rachford algorithm is defined by the iteration

21 = ((1 — a)ld + aRARp)Z" (4.3)

where a € (0,1) (we will see that also & > 1 can sometimes be used) and
Ry : 'H — H is the reflected resolvent, which is defined as

Ra:=2J4—1d.

(Note that what is traditionally called Douglas—Rachford splitting is when
a = 1/2 in (4.3). The case with @ = 1 in (4.3) is often referred to as
the Peaceman—Rachford algorithm, see [29]. We will use the term Douglas—
Rachford splitting for all feasible choices of a.)

Since the reflected resolvent is nonexpansive in the general case [3,
Corollary 23.10], and since compositions of nonexpansive operators are non-
expansive, the Douglas—Rachford algorithm is an averaged iteration of a non-
expansive mapping when « € (0, 1). Therefore, Douglas—Rachford splitting is
a special case of the Krasnosel’skii-Mann iteration [23,25], which is known to
converge to a fixed-point of the nonexpansive operator, in this case R4 Rp,
see [3, Theorem 5.14]. Since an z € H solves (4.1) if and only if z = Jaz
where z = Ry Rpz, see [3, Proposition 25.1] this algorithm can be used to
solve monotone inclusion problems of the form (4.1). Note that to solve (4.1)
is equivalent to solving

0 € yAz + vBx

for any v € (0,00). Then we can define A, = vA and (4.1) can also be solved
by the iteration

= ((1 - a)ld+aRa, Rp,)2". (4.4)

Therefore, v is an algorithm parameter that affects the progress of the iter-
ations.
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The objective of this paper is to provide tight linear convergence rate
bounds for the Douglas—Rachford algorithm under various assumptions. Us-
ing these bounds, we will show how to select the algorithm parameters
and « that optimize these bounds. The first setting we consider is when A is
strongly monotone and B is cocoercive.

5. A strongly monotone and B cocoercive

In this section, we show linear convergence for Douglas—Rachford splitting in
the case where A and B are maximally monotone, A is strongly monotone,
and B is cocoercive; that is, we make the following assumptions.
Assumption 5.1. Suppose that:

(i) A: H — 2™ is maximally monotone and o-strongly monotone.
(ii) B: H — H is maximally monotone and %—cocoercive.

Before we can state the main linear convergence result, we need to
characterize the properties of the resolvent, the reflected resolvent, and the
composition between reflected resolvents. This is done in the following series
of propositions, this first of which is proven in Appendix 8.

Proposition 5.2. The resolvent Jg of a %-cocoercive operator B : 'H — H is

%—aver@ged.
This implies that also the reflected resolvent is averaged.

Proposition 5.3. The reflected resolvent of a %-cocoercive operator B : 'H —
H s

lfﬁ -averaged.
Proof. This follows directly from the Proposition 5.2 and Lemma 3.5. O

If the operator instead is strongly monotone, the reflected resolvent is
negatively averaged.

Proposition 5.4. The reflected resolvent of a o-strongly monotone and mazi-
mal monotone operator A: H — 2 is -negatively averaged.

1
140
Proof. From Lemma 3.6, we have that the resolvent J4 is (1 + o)-cocoercive.
Using Lemma 3.4, this implies that Id — J4 is ﬁ-averaged. Then us-

ing Lemma 3.5, this implies that 2(Id — J4) — Id = Id — 2J4 = —Ra
is H%U—avemged, hence R4 is H%U—negautively averaged. This completes the
proof. O

The composition of the reflected resolvents of a strongly monotone op-
erator and a cocoercive operator is negatively averaged.

Proposition 5.5. Suppose that Assumption 5.1 holds. Then, the composition
1

RARp is ;jﬁ -negatively averaged.
+=+0

o2
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Proof. Since R4 is H%—negatively averaged and Rp is %—averaged, see

Propositions 5.3 and 5.4, we can apply Proposition 3.12. We get that x =
1 B
ﬁ + _1% = % + 0 and that the averagedness parameter of the neg-

+o 17143
1
atively averaged operator R4 Rp is given by %_H = 1"7;'81 This concludes
o Th+

the proof. O

With these results, we can now show the following linear convergence
rate bounds for Douglas—Rachford splitting under Assumption 5.1. The the-
orem is proven in Appendix 8.

Theorem 5.6. Suppose that Assumption 5.1 holds, that o € (0,1), that v €
(0,00), and that the Douglas—Rachford algorithm (4.3) is applied to solve
0 € vAx + yBx. Then the algorithm converges at least with rate factor

1

o +B

1-2a+a—1%
1+,77+’y,3

1
~o T8
1 ‘
1+ ——++8

(5.1)

\/B/o+1/2

Optimizing this rate bound w.r.t. o and -y gives v = ﬁ and o = e
g

\B/o

B/o+1 ’

The corresponding optimal rate bound is

5.1. Tightness

In this section, we present an example that shows tightness of the linear
convergence rate bounds in Theorem 5.6 for many algorithm parameters.
We consider a two-dimensional Euclidean example, which is given by the
following convex optimization problem:

minimizef(x) + f*(x) (5.2)
where

f(a) = §ai, (5.3)
and z = (x1,x2), and § > 0. The gradient Vf = [x1, so it is cocoercive
with factor % According to [3, Theorem 18.15] this is equivalent to that f*
is %—Strongly convex and, therefore, f* is o := %—strongly monotone.

The following proposition shows that when solving (5.2) with f defined
in (5.3) using Douglas—Rachford splitting, the upper linear convergence rate
bound is exactly attained. The result is proven in Appendix 8.

Proposition 5.7. Suppose that the Douglas—Rachford algorithm (4.3) is ap-
plied to solve (5.2) with f in (5.3). Further suppose that the parameters -y

and « satisfy v € (0,00) and « € [c,1) where ¢ = % and that

20 = (0,29) with 2§ # 0. Then the 2* sequence in (4.3) converges ezactly
with rate (5.1) in Theorem 5.6.

So, for all v parameters and some « parameters, the provided bound is
tight. Especially, the optimal parameter choices v = # and a = -2 ble

© 2(1++/B/0)

give a tight bound.
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It is interesting to note that although we have considered a more general
class of problems than convex optimization problems, a convex optimization
problem is used to attain the worst case rate.

5.2. Comparison to other bounds

In [17], it was shown that Douglas—Rachford splitting converges as ~ Z; U:
ag

when solving composite optimization problems of the form 0 € vV f + 70y,

where V f is o-strongly monotone and %—cocoercive and the algorithm pa-

rameters are chosen as o = 1 and v = ﬁ In our setting, with 0f be-

ing o-strongly monotone and dg being %—cocoercive, we can instead pose
the equivalent problem 0 € ydf(x) + v9j(x) where f = f — |/ - [|* and
g=9+%0-IP
and Bﬁ—cocoercive. For that problem, [17] shows a linear convergence rate

of at least rate Y(Zr?/o~1 (

(B+0)/o+1

. Then 0 f is merely monotone and § is o-strongly monotone

when optimal parameters are used). This rate

turns out to be better than the rate provided in Theorem 5.6, i.e., 7”;/3:1,
o

which assumes that the strong convexity and smoothness properties are split
between the two operators. This is shown by the following chain of equiva-
lences which departs from the fact that the square root is sub-additive, i.e.,

that /B + o < /o ++/3 for 8,0 > 0:
VB+o—Vo<\/B
= VB+o)o—1<+/p/o
o VBra/o-1 . \[Bls (S \/67)

V(B+a)/o+1 = \/(B+o)/o+1 B/o+1

This implies that, from a worst case perspective, it is better to shift both
properties into one operator. This is also always possible, without increasing
the computational cost in the algorithm, since the prox-operator is just shifted
slightly:

prox. () = argmin, { f(x) + &l — 2|

= argmin, {f(2) - §llal|* + &l — 2/}

= argmin,, {f(:z:) + 1;30 ||z — 1_1Wz\|2}
1
= prox z).
P ﬁf(lﬂ" )

A similar relation holds for prox,; with the sign in front of yo flipped.

6. A strongly monotone and Lipschitz continuous

In this section, we consider the case where one of the operators is o-strongly
monotone and [(-Lipschitz continuous. This is assumption is stated next.
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Assumption 6.1. Suppose that:
(i) The operators A: H — H and B : H — 2’ are maximally monotone.
(ii) A is o-strongly monotone and S-Lipschitz continuous.

First, we state a result that characterizes the resolvent of A. It is proven
in Appendix 8.

Proposition 6.2. Assume that A : H — H is a mazimal monotone [3-
Lipschitz continuous operator. Then the resolvent Ja = (Id + A)~1 satisfies
2(Jaz = Jay,x —y) > o =yl + (1 = )| Jaz — Jayl*. (6.1)

This resolvent property is used when proving the following contraction
factor of the reflected resolvent. The result is proven in Appendix 8.

Theorem 6.3. Suppose that A : H — H is a o-strongly monotone and [3-
Lipschitz continuous operator. Then the reflected resolvent Ry = 2J4 —1d is

40 .
(1= m—cantmetwe.

The parameter v that optimizes the contraction factor for R4 is the

minimizer of h(y) := 1 — HWMW (vA is yo-strongly monotone and (-
Lipschitz continuous). The gradient Vh(’y) %, which implies
that the extreme points are given by v = . Since v > 0 and the gradient

is positive for v > % and negative for € (07%), v = % optimizes the
contraction factor. The corresponding rate is

\/17 \/1 20/ _ \/170/5 _ B/o—1
1+2'w+('vﬂ)2 1+o/B 1+0/8 B/o+1"

This is summarized in the following proposition.

Proposition 6.4. The parameter v that optimizes the contraction factor of

Blo—1
B/o+1°

R4 is given by v = % The corresponding contraction factor is

Now, we are ready to state the convergence rate results for Douglas—
Rachford splitting.

Theorem 6.5. Suppose that Assumption 6.1 holds and that the Douglas—
Rachford algorithm (4.3) is applied to solve 0 € ~Ax + vyBx. Let

0=4/1— MW’ then the algorithm converges at least with rate factor

|1 —al+ad (6.2)
for all « € (0, %) Optimizing this bound w.r.t. « and v gives a = 1 and
v = % and corresponding optimal rate bound gﬁi

Proof. 1t follows immediately from Theorem 6.3, Lemma 3.3, and Proposi-
tion 6.4 by noting that o = 1 minimizes (6.2). O

In the following section, we will see that there exists a problem from
the considered class that converges exactly with the provided rate.
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6.1. Tightness
We consider a problem where A is a scaled rotation operator, i.e,:
. |cosyp  —siny
A=d [sind) cos ) } (6.3)
where 0 < ¢ < § and d € (0, 00). First, we show that A is strongly monotone
and Lipschitz continuous.

Proposition 6.6. The operator A in (6.3) is dcos-strongly monotone and
d-Lipschitz continuous.

Proof. We first show that A is d cosy-strongly monotone. Since A is linear,
we have

(Av,v) = d{(cos vy — sin v, sin vy + cosPvs), (v1, v2))
= dcostp(v? +v3) = dcos v
That is, A is d cos ¢-strongly monotone. Since A is a scaled (with d) rotation

operator, its largest eigenvalue is d, and hence A is d-Lipschitz. This concludes
the proof. O

We need an explicit form of the reflected resolvent of A to show that the
rate is tight. To state it, we define the following alternative arctan definition
that is valid when tan§ = % and xz > 0:

arctan(y) ife>0,y>0
arctang (%) = arctan(%) +r ifz>0,y<0 (6.4)
% r>0,y=0

This arctan is defined for nonnegative numerators = only, and outputs an
angle in the interval [0, 7].

Next, we provide the expression for the reflected resolvent. To simplify
its notation, we let o denote the strong convexity modulus and ( the Lipschitz
constant of A, i.e.,

o = dcos, g =d. (6.5)
The following result is proven in Appendix 8.

Proposition 6.7. The reflected resolvent of vA, with A in (6.3) and v €
(0,00), is

B ~ 450 | cos& sing
Rya=,4/1 1+2v0+(vpB)? [— sin & cosf]

where o and 3 are defined in (6.5), and £ salisfies & = arctang (21 W)

with arctany defined in (6.4).

That is, the reflected resolvent is first a rotation then a contraction.
The contraction factor is exactly the upper bound on the contraction fac-
tor in Theorem 6.5. Therefore, the A in (6.3) can be used to show tight-
ness of the results in Theorem 6.5. To do so, we need another operator
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B that cancels the rotation introduced by A. For a € (0,1], we will need

R,aRvp = 4/1— mﬁ;’%[ and for a > 1, we will need RyaR\p =
1-— MWI . This is clearly achieved if R,p is another rotation op-

erator. Using the following straightforward consequence of Minty’s theorem
(see [26]) we conclude that any rotation operator (since they are nonexpan-
sive) is the reflected resolvent of a maximally monotone operator.

Proposition 6.8. An operator R : H — H is nonexpansive if and only if it is
the reflected resolvent of a mazximally monotone operator.

Proof. Tt follows immediately from [3, Corollary 23.8] and [3, Proposition 4.2].
O

With this in mind, we can state the tightness claim.

Proposition 6.9. Let v € (0,00), § = /1 — MW’ and & be defined

as in Proposition 6.7. Suppose that A is as in (6.3) and B is mazimally
monotone and satisfies either of the following:

0 o 01 5= By it R, = 26730

—sin (m — &) cos (m — &)
Then the z* sequence for solving 0 € yAz + yBx using (4.3) converges
exactly with the rate |1 — a| + ad.

(i) a € (1,125): B = By with Ryp, = [ cos (m — €) sin (r — 5)}

Proof. Case (i): Using the reflected resolvent R. 4 in Proposition 6.7 and that
a € (0,1], we conclude that

= (1 —a)* + aR AR, p2*

— (- ) +as [ cos¢ sinf} [cosﬁ —sinf} p

—siné cos&| |sin€ cosé
= (1—a)2" + ad2”
= |1 — alz" + ad2*

Case (ii): Using the reflected resolvent R, 4 in Proposition 6.7 and that o > 1,
we conclude that

K= (1~ a)* + aR AR, p2F

(- s 8, [l ) sniroo)]

—siné cos| |—sin (7 — &) cos (7w — &)
=(1—a)z" — as2”
=—(]1 - a|zk + aé)zk.

In both cases, the convergence rate is exactly |[1—a|+a4 /1 — MW'

This completes the proof. O
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F1GURE 1. Convergence rate comparison for general mono-
tone inclusion problems where one operator is strongly
monotone and Lipschitz continuous. We compare Theo-
rem 6.5 to [24], and an improvement to [24] which holds
when oo =1

Remark 6.10. It can be shown that the maximally monotone operator Bj
. . 0 —sin| .

that gives R, p, satisfies By = m [sin{ 0 5] if ¢ €[0,7) and By =

Ouo (that is, B is the subdifferential operator of the indicator function tg

of the origin) if £ = 7. Similarly, the maximally monotone operator Bs that

gives R,p, satisfles By = m [sigf B s(;nf} if € € (0,7] and By = 0 if
£€=0.

We have shown that the rate provided in Theorem 6.5 is tight for all
feasible v and .

6.2. Comparison to other bounds

In Fig. 1, we have compared the linear convergence rate result in Theorem 6.5
to the convergence rate result in [24]. The comparison is made with optimal
~-parameters for both bounds. The result in [24] is provided in the standard
Douglas—Rachford setting, i.e., with o = 1/2. By instead letting o = 1,
this rate can be improved, see [8] (which shows an improved rate in the
composite convex optimization case, but the same rate can be shown to hold
also for monotone inclusion problems). Also this improved rate is added to
the comparison in Fig. 1. We see that both rates that follow from [24] are
suboptimal and worse than the rate bound in Theorem 6.5.

7. A strongly monotone and cocoercive

In this section, we consider the case where A is strongly monotone and coco-
ercive; that is, we assume the following.
Assumption 7.1. Suppose that:

(i) The operators A: H — H and B: H — 2" are maximally monotone.
(ii) A is o-strongly monotone and j-cocoercive.
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The linear convergence result for Douglas—Rachford splitting will follow
from the contraction factor of the reflected resolvent of A. The contraction
factor is provided in the following theorem, which is proven in Appendix 8.

Theorem 7.2. Suppose that A : H — H is a o-strongly monotone and %-
cocoercive operator. Then its reflected resolvent Ra = 2J4 —1d is contractive

with factor /1 — 1—5-2?771«76‘

When considering the reflected resolvent of vA where v € (0,00), the
~-parameter can be chosen to optimize the contraction factor of R,4. The

operator yA is yo-strongly monotone and Wl—ﬂ—cocoercive, so the optimal v > 0

minimizes h(y) = 1 — Hgﬁjﬁ. The gradient of h satisfies Vh(y) =
4o (Boy®—1)

Bor2r20771)2 7 5O the extreme points of h are given by v = ir Slnce

~ > 0 and the gradient is negative for v € (0, \/[T) and positive for v > \/W

the parameter v = \/% minimizes the contraction factor. The corresponding

contraction factor is

/ _ 4yo U/ \VB/o—1
T 142y0+72 Uﬁ 1+\fﬁ 1+ 5041 .

This is summarized in the following proposition.

Proposition 7.3. The parameter v € (0,00) that optimizes the contraction

VB/o—1

. 1 ; 1 )
factor for Ry isy= e The corresponding contraction factor is T

Now we are ready to state the linear convergence rate result for the
Douglas—Rachford algorithm.

Theorem 7.4. Suppose that Assumption 7.1 holds and that the Douglas—
Rachford algorithm (4.3) is applied to solve 0 € ~Ax + vyBx. Let

0=,/1-— M,ﬁjﬁ, then the algorithm converges at least with rate factor

1—al+ad (7.1)
for all a € (0

Optimizing this bound w.r.t. @ and v gives a« = 1 and

VB/o-1

B/o+1 ’

2
am)

v = ﬁ and corresponding optimal rate bound

Proof. Tt follows immediately from Theorem 7.2, Lemma 3.3, and Proposi-
tion 7.3 by noting that o = 1 minimizes (7.1). O

7.1. Tightness

In this section, we provide a two-dimensional example that shows that the
provided bounds are tight. We let A be the resolvent of a scaled rotation
operator to achieve this. Let C be that scaled rotation operator, i.e.,

_ |cosy  —siny
C=c [simp cos 1 } (7.2)
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with ¢ € (1,00) and ¢ € [0,75). We will let A satisfy A = dJo for some
d € (0,00); that is

_ -1 d ccosp+1 csiny
A—d(C+I) - (1+CCOS’¢Y)2+CZSin2w _CSin’ll) CCOS'I/}—|—1 .

In the following proposition, we state the strong monotonicity and cocoer-
civity properties of A.

(7.3)

Proposition 7.5. The operator A in (7.3) is W

d(14ccos )
14+2ccos+c? -

-cocoercive and strongly

monotone with modulus

Proof. The matrix C in (7.2) is ccos¢-strongly monotone (see Proposition
6.6), so Jo is (1 + ccostp)-cocoercive (see [3, Definition 4.4]) and the opera-
tor A=d(I+C)tis W—cocoercive. Further, since C' is monotone and
c-Lipschitz continuous (see Proposition 6.6), the following holds (see Propo-
sition 6.2):

2(Jca = Jey,x —y) = llv —yl* + (1 = )| Jew = Jey|?. (74)
Since J¢ is (1 + ccos ))-cocoercive, we have
(Jox — Joy,x —y) > (1 + ccos) || Jox — Joy|?. (7.5)
We add (7.5) multiplied by —% (which is positive since ¢ € (1,00)) to
(7.4) to get
(2— F= ) ox — Joy.z —y) > |z -yl

that is, Jo is o-strongly monotone with

1 1+ ccos®p 1+ ccosv
o = =
9 _1-c 24 2ccost)—1+c2 1+2ccostp+c?’
1+4ccos
so A is strongly monotone with parameter d#% This concludes the
proof. O

This shows that the assumptions needed for the linear convergence rate
result in Theorem 7.4 hold. To prove the tightness claim, we need an expres-
sion for the reflected resolvent of A. This is easier expressed in the strong
convexity modulus, which we define as ¢ and the inverse cocoercivity con-
stant, which we define as (3, i.e.,

d(14ccos ) ﬂ _

= d
= T+2ccospte?’ = Trecoss (7.6)

The following results is proven in Appendix 8.

Proposition 7.6. The reflected resolvent R4 of vA, where A is defined in
(7.3) and v € (0,00), is given by

[ 4vo cosé —siné
A 1+ 2v0 +~203 [sin cos§

where o and § are defined in (7.6), and & satisfies & = arctans (21 W;(;ZU)>

with arctany defined in (6.4).
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Based on this reflected resolvent, we can show that the rate bound in
Theorem 7.4 is indeed tight. The proof of the following result is the same as
the proof to Proposition 6.9.

Proposition 7.7. Let v € (0,00), § = /1 — mﬁjﬁ, and let & be as de-

fined in Proposition 7.6. Suppose that A is as in (7.3) and B is mazimally
monotone and satisfies either of the following:

() o @ € (0,1]: B = By with Ryp, = [_Czlsfg Sg;ﬂ

. 2\ ‘ _ Jecos(m—&) —sin(m —¢§)

(i) a € (1, 135): B= By with Ryp, = |:Sin(71’ —8) cos(r—¢) |°
Then the z* sequence for solving 0 € yAz+~vBx using (4.3) converges exactly
with the rate |1 — a| + ad.

So, we have shown that the rate in Theorem 7.4 is tight for all feasible
algorithm parameters o and 7.

7.2. Comparison to other bounds

We have shown tight convergence rate estimates for Douglas—Rachford split-
ting when the monotone operator A is cocoercive and strongly monotone
(Theorem 7.4). In Sect. 6, we showed tight estimates when A is Lipschitz
and strongly monotone (Theorem 6.5). In [17], tight convergence rate esti-
mates are proven for the case when A and B are subdifferential operators
of proper closed and convex functions and A is strongly monotone and Lips-
chitz continuous (which in this case is equivalent to cocoercive). The class of
problems considered in [17] is a subclass of the problems considered in this
section, which in turn is a subclass of the problems considered in Sect. 6. The

. —
S os8f ]
& - .
g 06 - USRS |
0
S04l -
ég //// 7[17}
502} —m |
- - - -Theorem 6.5

0 ‘ : ‘ : L T T T

1 2 3 4 5 6 7 3 5 0

Ratio /o

FiGURE 2. Convergence rate comparison between Theo-
rems 6.5, 7.4, and [17]. In all, one operator has both regular-
ity properties. It is strongly monotone in all examples and
Lipschitz in Theorem 6.5, cocoercive in Theorem 7.4 (which
is stronger than Lipschitz), and a cocoercive subdifferential
operator in [17] (which is the strongest property). The worst
case rate improves when the class of problems becomes more
restricted
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optimal rates for these classes of problems are shown in Fig. 2. By restricting
the problem classes, the rate bounds get tighter. This is in contrast to the
case in Sect. 5, where a convex optimization problem achieved the worst case
estimate.

8. Conclusions

We have shown linear convergence rate bounds for Douglas—Rachford split-
ting for monotone inclusion problems with three different sets of assumptions.
One setting was the one used by Lions and Mercier [24], for which we pro-
vided a tighter bound. We also stated linear convergence rate bounds under
two other assumptions, for which no other linear rate bounds were previously
available. In addition, we have shown that all our rate bounds are tight for, in
two cases all feasible algorithm parameters, and in the remaining case many
algorithm parameters.
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Appendix A: Proofs to Lemmas in Section 3.1

Proof to Lemma 3.1

From the definition of cocoercivity, Definition 2.6, it follows directly that
Old + T is %-cocoercive if and only if %(ﬁld + T) is l-cocoercive. This,
in turn is equivalent to that 2%(61d +7)—-1d = %T is nonexpansive [3,
Proposition 4.2 and Definition 4.4]. Finally, from the definition of Lipschitz
continuity, Definition 2.2, it follows directly that %T is nonexpansive if and
only if T is (-Lipschitz continuous. This concludes the proof.

Proof to Lemma 3.2

Let T} = R— gld. Then Lemma 3.1 states that %—cocoercivity of T1+§Id =R

is equivalent to g—Lipschitz continuity of 71 = R — gId. By definition of Lip-
schitz continuity, this is equivalent to that T} = gTQ for some nonexpansive
operator Ty. Therefore, T = R+ (1—3)Id = T1 +(1—-5)Id = 8T, + (1 - £)1d.
Since 3 € (0,1), this is equivalent to that T is g-averaged. This concludes
the proof.
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Proof to Lemma 3.3

Let x and y be any points in H. Then
[Rx — Ry|| = [|(1 — a)e + aTz — (1 - a)y — oTy|
<[ =alllz =yl + laf [Tz - Ty]|
<[ —alllz =yl + [afd]le -y
= (1= al+|ald)[lz =yl
So R is (|1 — al|jz — y|| + |«|d)-Lipschitz continuous. The Lipschitz con-

stant is less than 1 if « € (0, %6) For such «, R is contractive. Since o > 0,
the contraction factor is (|1 — a| + «d). This concludes the proof.

Appendix B: Proofs to results in Section 5
Proof to Proposition 5.2

Since B is %—Cocoercive, it satisfies

(Bu — Bv,u —v) > 1||Bu — Bul>.

1
el
Adding ||Ju — v||? to both sides gives
(B+1d)u — (B +Id)v,u — v) > |ju — v|)?
+ %H(B +1Id)u — (B +Id)v — (u —v)||*.
Letting © = (B +1d)u and y = (B +1d)v implies that v = Jpx and v = Jpy.
Therefore, we get the equivalent expression
(@ =y, Jpx — Jpy) > |Jpz — Jpy|* + §lle —y — (Jpx — Jpy)|*.

Expansion of the second square gives

Bz —y,Jpx — Jpy)
> Bl Iz — Jeyl* + |z — ylI> — 2(x — y, Jpx — Jpy) + | Jpz — sy,

or equivalently

(B+2){x —y, Jpx = Jpy) = llz = y|* + (B+ 1| Jpz — Jpyl

2
& 820y Jpr— Jpy) > 5 lla - yl® + | Tse — Jpyl?

< (21— m))(x — v, JJpx — JpYy)
>(1-2

siille =yl + [ Tpe — Tayl>

This is, by [3, Proposition 4.25], equivalent to that Jp is %—&weraged.
This concludes the proof.
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Proof to Theorem 5.6
1
L 148
Since R,aRyp is fai’yl—negatively averaged, see Proposition 5.5, the

Yo
1

8

Douglas—Rachford iteration is defined by an a-averaged ﬁ—nega‘cively
Yo

averaged operator. The rate in (5.1) follows directly from Proposition 3.9.

The optimal parameters follow from Proposition 3.10. It shows that the rate

. .. metB Do . .
factor is increasing in 17"717 which in turn is increasing in 7%—1—75. There-
Yo
fore, this should be minimized to optimize the rate. The optimal v = ﬁ
1
ot 2\/B/o

gives negative averagedness factor — =
—o B+ 142+/B/o

. Proposition 3.10

Yo
further gives that the optimal averagedness factor is
_ 1 _ H42y/B/o _ 1/244/B/o
2/B/c 2424/8/c 14++/8/0c
C1+24/B/0

and that the optimal bound on the contraction factor is

2/B/o

2y/B/o+1 _ 24/B/c _ \/BJo
2/B/oc  242y/B/c  1++/B/c’

" 2y/B/o+1

This concludes the proof.

Proof to Proposition 5.7
The proximal and reflected proximal operators of f are trivially given by
1—
prox, ¢ (y) = (ﬁyhyz)v Ryp(y) = (ﬁyhyﬂ (B.1)

Linearity of the proximal operator and Moreau’s decomposition [3, Theo-
rem 14.3] imply that the reflected resolvent of f* is given by

Ry g« = 2prox, ;. —Id = 2(Id — yprox, -1, o (y'1d)) —1d
= —(2prox,—1; — 1d)
= —Ryay.
This gives the following Douglas—Rachford iteration:
= (1 - a)ld+ aRy Ry )2F
=(1-a) - aR,Yvaquk

_ k A=—B)A=y"'8) k _k
= (1- )t — o (UTSEEs At )

Since we start at a point z° = (0, 29), we will get zF = 0 for all ¥ > 1, and
the Douglas—Rachford iteration becomes

A = (1 - 2a) 2"

with contraction factor given by |1 — 2a.
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When « € [¢, 1), the absolute value term in (5.1) is nonpositive since

1 1
~o B I+ +8

(1-2a+aX7—)<0 & a> . = =c.
1+,Y7+“/ﬁ . 77+’Yﬁ 2+,77+7ﬁ

1
1+,77+’Yﬁ

Therefore, for such «, the rate in (5.1) is |1 — 2a|. This coincides with the
rate for the provided example for any v > 0, and the proof is completed.

Appendix C: Proofs to results in Section 6

Proof to Proposition 6.2

[B-Lipschitz continuity of A implies that SId + A is %—cocoercive7 see Lem-
ma 3.1. That is

(BId + A)u — (BId + A)v,u —v) > %H(ﬁld + A)u — (BId + A)v]?.
Using BId = 1d + (8 — 1)Id, this is equivalent to that
((Id + A)u — (Id + A)v, u — v) E%H(Id + A — (Id + A)v + (B — 1)(u — )2
+ (1= B)u— vl

Using that x = (Id + A)u if and only if u = (Id + A) 'z and y = (Id + A)v
if and only if v = (Id + A)~'y (that hold by definition of the inverse and
single-valuedness), this is equivalent to

(2 =y (d+ A) e — (1d+ 4)y)
> Blle —y+ (- D+ A) "o - (14 + 4) 'y
+ (1= A1+ 4) e — (1d+ 4) 'y

Identifying the resolvent J4 = (Id + A)~! and expanding the first square
give:

(Jar — Jay,z —y)
> gglle —y+ (8= 1)(Jaz — Jay)I* + (1 = B)[[Jaz — Jayl®
= g5 (e =yl +2(8 = 1){Jaz — Jay,z — y) + (3 — 1)*[[Jaz — Jay|]?)
+ (1= B)[[Jaz — Jay|?
By rearranging the terms, we conclude that
1+ ) (Jax = Jay,x —y) > 55 (o — yl* + (B = 1)*||Jaz — Jay|*)
+ (1= B)lJaz — Jayl?

= gl — | + CEEER g — P
= Flle = yl* + 55 1 Taw — Jayl*.

The result follows by multiplying by 23, since 1 + % = % This concludes
the proof.
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Proof to Theorem 6.3
We divide the proof into two cases, § > 1 and 5 < 1.
Case 3 >1
From [3, Proposition 23.11], we get that J4 is (1 4+ o)-cocoercive, i.e., that

(Jax — Jay,x —y) > (1 +0)||Jaz — Jayl|*. (C.1)
Adding (8% — 1)(> 0) of (C.1) to (14 o) of (6.1), we get

201 +0) + (8° = D) (Jaz—Jay,z —y) > (1 + 0)|lz — y|*
or equivalently
(Jaz—Jay, @ —y) 2 7555 lz — yl® (C.2)

since the || Jax — Jay|| terms cancel. We get

IRz — Rayl® = ||12Jaz — 2Jay — (z — )|
= 4| Jaz — Jay|?* = 4(Jax — Jay. @ —y) + o — y*
=< 4(% —D(Jaz = Jay,x —y) + |z -yl

15 (Jaz — Jay,x — y) + [la — y|?
< —1& megmlle -yl + e —y)?
=(1- m)”fﬂ—y\\z (C.3)

where (C.1) and (C.2) are used in the inequalities. Thus, the said result holds
for 5> 1.

Case 3 <1

To prove the result for § < 1, we define the set R of pairs of points (z,y) €
H x H as follows:

R:{(x,y) | (JAa:—JAy,x—y>zﬁ%ﬁzﬂm—mp}. (C4)

We also define the closure of the remaining pairs of points R. = (H x H)\R,
i.e.,

Re={(z.9) | Uaz = Jag.x —y) < T2mlle P} (CH)

Obviously, H x H C R + R, which implies that the contraction factor of the
resolvent is the worst case contraction factor for R and R.. We first show
the contraction factor for R. Since (C.2) is the definition of the set R in
(C.4), the contraction factor for (z,y) € R is shown exactly as in (C.3). For
(z,y) € Re, we have

|Raz — Ray|®> = [|2Jaz — 2Jay — (z — y)|?
= 4| Jax = Jay|? — 4(Jax — Jay,x —y) + |z -y
< 25 (2(Jaz — Jay, 2 —y) — [lz — y[*)
— 4(Jax — Jay,z —y) + |z —y|?

=4 (125 1) (az — Jap.w— ) + (1 125 2 — ol
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< (1- e + AL 3 ) o — )

—(1- 4(1420+6%)—4(148%)(1+0) |z ”2
- (1—8%)(1+20+5?) -y

. (1 _ A+80+46% —(4+45° +40+40 )) |z — y”Q

- (1-82)(1+20+0?)
_ 40(1—-4%) 2
= (1- =8 le =l

= (1~ i) o = wl?
where (6.1) is used in the first inequality and the definition of R, in (C.5) in

the second; that is, the worst case contraction factor is /1 — 1”407‘152 also

for 5 < 1.
It remains to show that the contraction factor is in the interval [0, 1).
We show that the square of the contraction factor is in [0,1). We have 1 —

2
1+24:+ﬂ2 = ;ggigz < 1. Further, since 0 < 3, we have 1—20+ 32 > 1—20+
0% = (1 —0)? > 0. So the numerator is nonnegative and the denominator

is positive, which gives a nonnegative contraction factor. This concludes the
proof.

Proof to Proposition 6.7
First, we compute the resolvent .J, 4. It satisfies
Fa= Tyt = [
B 1 [1+'ydcosw ~vdsin v }
1+ 2vydcosy) + (yd)? | —vdsiny 1+ ydcosy
1 14+~y0 ~Bsingy
14 2y0 + (v8)? {—’yﬂ siny 14 ~o }
The reflected resolvent is

Rya=2Jya—1

_ ; 1+~y0 — 714_270;(76)2 ~vBsin
14270 + (v5)? —yBsiny 1+ yo — L2oth)?
N [%(1 - (v8)?) ABsiny }
1+2y0 + (v3)2 | —Bsiny (1 —(v5)?)

where we have used
(1+70) + (v8)*sin® ¢ = (1 + B cosy))” + (1) sin v = 1+ 270 + (v8)*.
Since v sin is nonnegative, this implies

YBsing = /1 =20+ (18)2 = (1 +70)2 = 7/3? — o2,
Therefore, the reflected resolvent is

R, = 2 (1= (8% yp% - a2
AT 1 ¥ 290 + (15)2 7\/ﬂ2 — o2 1(1 - (8]
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Now, let us introduce polar coordinates of the elements:

d(cos€,sin€) = (31— (v8)?)1VF —o?) |

which gives reflected resolvent

B 20 cos& siné
LA el wr; epearay e [_ sin € cos g} : (C.6)

The angle £ in the polar coordinate satisfies

tané = DV ot

1-(vp)?
/32 _ 52
and since the numerator is nonnegative, £ = arctany (W where

arctang is defined in (6.4). For the radius § in the polar coordinate, we get
62 = 6%(cos® Y + sin? )
=1(1=(18)*)* +7*(5* - 0?)
(1=2(y8)* + (v8)") +7*(8* — o)
(1= 2y0 + (v8)*)(1 + 270 + (v6)*)

INEENTEEN|

and (since § > 0)

20 = /(1 =270 + (v8)*)(1 + 2v0 + (v6)?) (C.7)
It remains to compute the factor in (C.6). Using (C.7), we get
20 _ V(1 =290+ (38)?)(1 + 270 + (48)?)
1+2y0+ (v8)2 14 2y0 + (v6)?

1+ 2y0 + (v8)?

_ i 4o
- 1+ 2y0 + (v8)?

This completes the proof.

_ \/1 — 290 + (¥8)*

Appendix D: Proofs to results in Section 7

Proof to Theorem 7.2

We know from Lemma 3.6 and Definition 2.6 that J4 is (1 + o)-cocoercive,
i.e., that it satisfies

(Jaz — Jay,x —y) > (1 +0)||Jaz — Jayl? (D.1)

for all z,y € H. From Proposition 5.2, we know that J, is ﬁ—&weraged,
i.e., that it satisfies (see [3, Proposition 4.25(iv)])

2(1 — g5y (Jaz — Jay,x —y) = (1= f5) |z — y|* + || Jaz - JAZ/(||2 |
D.2
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forall z,y € H. Let a = ﬁ and § = 1-&%7 and define the set R of pairs of
points (z,y) € H x H as:
—a— 2_,2 2
R={(@,9) | (Jaz = Tay,w —y) 2 (§ + Cog 2o 2O |l — g2}
(D.3)

We also define the closure of set of remaining pairs of points R. = (H x H)\R,
i.e.,

—a—90 2_a?4(8 2
Re={(2.9) | (Jaz = Jay,o —y) < (§ + Umeg2ia bORE s y2h
(D.4)

Obviously, the contraction factor for R4 is the worst case contraction factor
for pairs of points in R and R..

Contraction factor on R

First, we provide a contraction factor for pairs of points in R. Since R4 =
2J4 — Id, we have

|Raz — Ray||* = 4] Jax — Jayl]® — 4{Jaz — Jay,x —y) + [lz — y||”
< (46 = 4)(Jaz — Jay,z — y) + |lz — y]?

1—a—§/2)%—a?+(5/2)*
< (40— 1) (5 + SR B0 ) 4 1) flo — )2

where § = = € (0,1) and @ = ﬁ and the inequalities follow from (D.1)

and the definition of R in (D.3).

Contraction factor on R,

Next, we provide a contraction factor for pairs of points in R.. Since R4 =
2J4 — Id, we conclude that

[Raz — Ray]*
= 4||Jaz — Jayl]* — 4(Jaz — Jay,z —y) + |z — y|?
< (4201 - o) = D)(Jaz = Jay,x —y) + (1 - 4(1 = 20)) = — y|®

< (41— 20) (§ + U Bg OB ) 11— 4480 Jlz — g,

where we have used that o € (0, 1), (D.2), and the definition of R, in (D.4).

Contraction factor of R 4

Here, we show that the contraction factors on R and R, are identical, and
we simplify the expression to get a final contraction factor for the reflected
resolvent R 4. That the contraction factors are identical is shown by verifying
that the difference between is zero:

4(1 - 20) (g I (1—&—6/2)27a2+(6/2)2> t1—448a

2(1—a—0/2)

s o (1—a=6/2)%*—a”+(5/2)?
—4(6 - 1) (5 + S ) -1

=4(2 —-2a—9) (% + (17a72%27);:?;2+)(5/2)2) — 4+ 8«
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=22-20—-0)+4((1—a—0/2)>—a*+(§/2)*) —4+8a

=22-20—06)5+4((1 - 20— 6+ ad + o+ (6/2)* — a® + (6/2)%)
— 4+ 8«

=46 —4ad — 26% +4 — 8a — 46 + 4ad + 20% — 4+ 8a = 0.

Next we simplify this contraction factor by inserting 6 = —— and a =

140
(1+ﬁ) We get

1—a—35§/2)2—a?+(5/2)*
4(5_1)( + 4 2(1/)o¢ 5/2)(/)>+1

o L (1-zimy - 2cks) ~(adm) +Haaks)'
4( 1+o 1) 2(1+0o) + 8 1 +1
2(1*72<1+6>*2<1+a))

— 1
- 4( ito 1)(2(11+n)

2 2 b
1*%*1%7*2(1“[;(1%)+<2(1€ra>> *(2(110))2*(2(1[1[3)) +<2(1£ra>)2> 41

2(1-

+ B 1
2(1+8) — 2(1+cr))

B
1- + +
=4 - S S = T4 2<1+v><1+a> PIEETIL 1
( S I

B
41 -5 - 2(1+a>)+2<1+")( 1+5 +2<1+a>(1+/3>+2(1+a)2)
= (l+o' +1

4(1+o)( m ‘m>

B(1+o)
— )+2((140)— —1+ + ~
— 4 - 1) 2(1+B) F )) ( ] 2(1+B) EleEs >)) i1

4(1+o)( ﬁfﬁ)

26(0+1)
=45 - 1)( 24202555 . )>+1

4(””) ~ XFB) ~ Z(iFe)

= 4( 14&0- 1)

28424280420 — 25(v+1> +1
1640148 (1= 30155~ 50y

— 1 o
=4(mz -1 2(2(1+0)<1+B)7@(1+0)7(1+6))> +1

— 1 242

=45 -1 (2(2+2a+2[3+2ﬂcyz[37[30717[1)) +1

_ 2(140)

—4(1?—1)(2(“27#%))4‘1

_ — 242

= 45%) (50 2ss ) +1

-1 — 4o
1+20+80 "

Taking the square root concludes the proof.

Proof to Proposition 7.6

We start by computing the resolvent and reflected resolvent of yA. The re-
solvent of vA is given by

J’yA = (I + ’YA)_
~yd(14ccos ) +1 ~ydc sin 1 -1
(1+ccos)2+c2sin? ¢ (1+ccos¥)2+c2sin? ¢
o ~ydc sin 1) yd(14ccos 1)) +1
(1+ccos)2+c2sin?y  (1+ccosp)2+c?sin? ¢
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-1

[ yd(1+ccos ) +1 ydcsin
_ | 1+2ccos yp+c? 1+2c cos p+c?
- _ __~dcsiny ~yd(1+ccos 1)) +1
1+2ccosp+c2  1+2ccosp+c?

-1

~yesin o
— o +1 14ccos

ydesin o
- 14ccos o + 1

[ oo+t ~yesino/d !
|—vesinyof/d  yo+1

_ 1 yo+1 —yeofBsiny/d
© (o) (yeofsing/d)? \yegBsiny/d  yo + 1

where o and [ are defined in (7.6). The reflected resolvent R. 4 is given by
Roa=2J,4—-1

_ 2
= (ot 1)+ (coBsim $/d)°

2 i 2
o +1 — ot tGeobsny/d) —yeoBsing/d 1
. (vo+1)*+(ycoBsiny/d)?

yeoBsiny/d vyo+1— 5

To simplify this expression, we note that
5/0_ _ d(14-2c¢ cos p4-c?) _ (142ccosp+c*£c? cos® o)
T d(l4ccos ¢)(14+ccosyp) —  (142ccos p+c? cos? ) T
c2(1—cos? ) 24 fB
=1+7 (1+ccos'¢)) =1+ (licstlsgsw)Q L+ - Sm

This implies that
(yo +1)? + (yeoBsine/d)* = 1+ 2y0 + (yo)*(1 + 2% sin® ¢ /d?)
=1+ 2y0 + 0By (D.5)
Using this equality, we can simplify the reflected resolvent expression:

s = e L0820 VP00,

- 2

2l 1+2y0+0By ’Y\/O' ﬁo'fy )

since yeoBsiny/d > 0. Now, let us write the matrix elements using polar
coordinates:

b(cos¢,sin€) = (51— o8v%), /(B = 0)).

This gives the reflected resolvent:

cos & —sin&} . (D.6)

R A= 20
v 142704057 |giné cosé
The angle £ in the polar coordinates satisfies
274/0(B—0)
tanf = W

1-0672

with arctany defined in (6.4). The radius ¢ in the polar coordinates satisfies
62 = 6%(cos? £ +sin” €)

= (540 +9%0(8 - 0)

The numerator is always nonnegative, so & is given by £ =arctany (MM)
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1o 282 4 LB 4 08y? — (0)?

=i+ 0627 + 7(0[}1 L (y0)?
11 =270 +7208)(1 + 270 +~%0))

and (since § > 0)

20 = /(1 — 2v0 + 120 6)(1 + 270 + 120 03). (D.7)
It remains to compute the factor in (D.6). Using (D.7), we conclude
25 V(@ =270 +720B)(1 + 2v0 + 720 3)
14+2y0 +0py2 14 2v0 + 208

1 —=2y0+~%0p
\[ 1+ 2y0 +~20p

_ N dyo
N 1+ 2v0 +7200"

This completes the proof.
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