ERGODIC BEHAVIOUR OF A DOUGLAS-RACHFORD OPERATOR AWAY
FROM THE ORIGIN

JONATHAM M. BORWEIN AND OHAD GILADI

ABSTRACT. Considering the Douglas-Rachford iteration scheme with respect to a line and a sphere
in R%, d > 2, it is shown that by smoothing the operator in a neighbourhood of the origin, it can be
approximated by another operator that satisfies a weak ergodic theorem. Other iteration schemes
are also discussed.

1. INTRODUCTION

1.1. Background and statement of the main result. In this note we consider the Douglas-
Rachford operator in R?, which is defined as follows. Given two sets A, B C R?, define
I+ RBRA
AB= ———(F .
2
Here I is the identity operator in R? and R4, Rp are the reflection operators with respect to A
and B, that is, Ry = 2P, — I, Rg = 2Pg — I, where for a given set A C R? P, denotes the
projection operator on A,

(1.1)

Paz = {y e a] o=l = int o - <11}

Here and in what follows, || - || denotes the Euclidean norm in R¢. In the general case, P4, Pp,
as well as R4, Rp, and Ty p can be multi-valued operators. One of the questions regarding the
Douglas-Rachford operator is the following. Given z € R, study the asymptotic behaviour of a
sequence {x,}>°; which is generated by the iterations of T4 p,

Tni1 € Tapry, = (Tap)'x, x =2 (1.2)

In the case where both A and B are convex, it is known that T4 p is single-valued and strictly
non-expansive, and the sequence {x,}5°, is norm convergent. See for example [GK90,Opi67]. In
the non-convex case, several attempts have also been made. One of the simplest non-convex cases
is when one of the sets is a line in R? and the other is the Euclidean unit sphere. Indeed, let | - ||
be the Euclidean norm in R¢. Fix a € [0, 1], and let a, b € R? be two independent vectors. Define
the following sets,

S={zeR?||z]| =1}, Lo={zecR’|z=2>Xa+ab)eR}. (1.3)
It can be assumed without loss of generality that a 1 b and that ||a|| = ||b]| = 1. Let ey, e, ..., ey,
be an orthonormal basis of R? such that e; = a and e, = b. Write z = Z?Zl rje; € R?, where
z; = (x,e;), (-,) being the standard inner product in R?. In such case, R;,, Rs are given

explicitly by

: 2
R,z = z1€e1 + (200 — z9)ey + ijej, Rgx = (m - 1) . (1.4)
=3
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As a result, the Douglas-Rachford operator is given by the following explicit formula,

Ton,o= e (o (1 ||>“””2)e2+2< ) e (1-5)

Note that T’ 1, is single-valued for every = # 0. It will always be assumed that d > 2. In the case
d =2, the sum in (1.4) and (1.5) is empty.

Remark 1.1. The sets defined in (1.3) can also be defined in an infinite dimensional Hilbert space.
In such case, (1.4) and (1.5) still hold true, but with an infinite sum in (1.5). See Section 5.2 for
a discussion of another iteration scheme in an infinite dimensional setting. o

Regarding the behaviour of the sequence defined in (1.2), it was shown in [BS11] that if « €
[0,1), then (1.2) is locally convergent around the two intersection points +£v/1 — a?a + ab. Later,
in [AAB13] a more detailed study of the asymptotic behaviour of the sequence (1.2) was studied
in the case d = 2. Recently, it was shown in [Benl5] that the sequence (1.2) converges for all
r € R? with (z,a) # 0 (the global convergence for the case o = 0 was already shown in [BS11]).
The result in [Ben15] holds true in an infinite dimensional setting as well. In particular, it follows
that for every z,y € R? such that (z,a), (z,a), are either both positive or both negative, and for
every € > 0, there exists N = N(x,y,¢) such that for all n > N, || T¢, = —Tg, y| <e. However,
given € > 0 and a set K C RY, the results in [Ben15] do not yield an estimate on N = N(K,¢)
such that for all n > N we have

sup [|Tg,. v — T yll <e. (1.6)
z,yeK

The type of convergence that appears in (1.6) is the main focus of this note. Recall first the
following notion.

Definition 1.1 (Weak ergodic theorem). Given a set K C R? an operator G : K — K is said to
satisfy a weak ergodic theorem if for every ¢ > 0, there exists N € N such that for all n > N, we
have

sup |G"x — G"y|| < e.

z,ye K

The main result below, Theorem 1.1, says that by somehow ‘smoothing out’ the problematic
behaviour of the Douglas-Rachford operator close to the origin, we can approximate it with another
operator that satisfies a weak ergodic theorem.

To fix some notation, given a normed space (X, || - ||) let Blz,r] be the closed ball around x
with radius 7, that is, Blz,r] = {y € X | |ly — || < r}. B(,r) will denote an open ball, that is,
Blz,r)={ye X | |ly—=z| <r}.

We are now in a position to state the main result.

Theorem 1.1. Assume that o, € [0,1), and v,e € (0,1). Assume that R,r € [0,00) are such
that R > ﬁ, r < ITTO‘. Then there exists a map G : R? — RY satisfying

(1—9) r
sup HT&La% — G(EH < 1— T & 2R+ —— + ﬁ7 (17)
z€B[0,R/2]\B(0,1—-3) 3 + 5 1— 5
and for every n € N satisfying
8 (5ir)
+ 2, 1.8
" log (1—2) (1.8)



we have,

sup |Gz — GMy|| < e. (1.9)
z,y€B[0,R/2]

Moreover, if H : B {O, R? — @R} — B [0, R? — @R} satisfies

sup |Gx — Hz|| <
xeB{o,\/RL%R]
then for every n € N satisfying (1.8), we have

sup ||H"x — H"y|| <e. (1.10)
2yEB[0,R/2]

5
200’

Theorem 1.1 as stated above is by no means optimal. The version above is presented for the
sake of simplicity. Also, note that when # = 0, we can choose r = v = 0. In such case Ts, =G
on R%\ B(0,1). Next, we consider a simple example to illustrate the use of Theorem 1.1.

Example 1.1. To consider a concrete example, let d = 2 and choose r = /B. In order to make

such a choice, we would have to assume that g < %. Also, in such case we have the following
trivial bounds,

r 2/B 1 I6] 1 1+\/B_ 1
sty Tty ML e vt
Hence, we have

(1- 0o 2 (-0 (- vB) s 25

3B -
5 Ty =5

If we choose v = /3, then we have

(L—u—yﬁ<1—vﬁ»fa+3¥§:(ﬁ—(l—v%))2R+ <8¢”R+———

g g
If we further assume that g < ® R)4, we have
2V 2B _ 3VB
8v/BR 14y < :
VB +1_ <p 1_ﬁ_1_5
Note that in order to use Theorem 1. 1 we need to assume R > =, in which case (8]1%) < (1770‘)2.
Hence, it is enough to assume R > — and 3 < @ R)4 Altogether, applylng Theorem 1.1, we have
that there exists G : RY — R? such that
3
sup | Ts L,z — Gzl < —— v
2€B[0,R/2)\B(0,1—5) 1-p
and for every n € N satisfying
loo (=£—
n Z og (64R> + 2’
log (1 — ‘/TB>

we have

sup ||G"z — G"y|| < e.
,y€B[0,R/2)

Note that this example is not optimal. It is merely an example of how Theorem 1.1 can be used.o
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1.2. Comparing new and old results. By (1.5), the sets {z € R? | (z,a) > 0}, {z €
R4 | (z,a) < 0}, are both invariant under Ts,,,. Indeed, the global convergence result in [Ben15]
holds in each half space separately. However, during the process of ‘smoothing’ T 1, in the proof
of Theorem 1.1, this invariance property is lost. See in particular Theorem 2.3 and the proof of
Theorem 2.1 below. This smoothing process is robust enough to yield a map on B[0, R/2] which
satisfies an ergodic theorem and which approximates T 1, on B0, R/2]\ B(0,1— ). However, we
do not how to preserve such invariance during the smoothing process, and it would be interesting
to find a way to do so.

Another difference between the results of [Benl5] and Theorem 1.1 is the following. While
Theorem 1.1 does not imply norm convergence as in [Ben15], it does show that as long as we avoid
approaching the origin, the Douglas-Rachford operator has Lipschitz behaviour that in turn can be
used to well approximate it with an operator that satisfies a weak ergodic theorem. Theorem 1.1
and particularly Theorem 2.1 below show that the Lipschitz behaviour of T, depends on the
distance from the origin, not on the particular location in the space. In particular, Theorem 1.1
would imply the following. Assume that K C {x € R4 ’ (x,a) # 0}. Let ¢ > 0, and choose
R,r, 8,7 in Theorem 1.1 such that the bound in (1.7) is smaller than €. By [Benl5] it is known
that the sequence {7¢y w}oe_, satisfies ||7¢ x| "7 1 for all x € K. Assume that it were
known further that there exists N' = N'(K,¢) such that Tg;, (K) € B0, R/2]\ B(0,1 — ) for
all m > N’. Then, Theorem 1.1 would yield a map G : R? — R% and N = N(e) such that for all
n > N, we have

sup | Ts L,z — Gzl <e, sup |Gz — GMy|| < e.
2€B[0,R/2]\B(0,1-8) 2,yeB[0,R/2]

Since {1, w}o_ni T8, T }e_n € B0, R/2]\ B(0,1— 3), we have in particular for all m > N’,
n>N,

sup [|G"Tg'y x — G"Tgy yl| <e. (1.11)
z,ye K
In other words, if we knew that the norm of the Douglas-Rachford iteration scheme converges to 1
uniformly on some sets, then that would imply a weak ergodic theorem, not for the operator Ts 1,
itself, but involving another operator which well approximates it. It would thus be interesting to
see whether N’ = N'(K, ) can be evaluated, at least for certain sets.
Note that even if (1.11) were true, it would not automatically imply a result involving T,
only. Indeed, in order to make (1.7) smaller than e, then since ﬁ + % > 1, we must have in
particular (1 — (1 —~)?)R < &, which means that

<1 — 1—}%3}%. (1.12)
Next, we have for v € K, n > N, m > N’,
|G Ty o —Tgima| < |G Tgy, x — GTgr™ 'al| + |GTg " e — Ty ™|
< Gl Ty o - TEm e + ¢
(2) (1 — %) |G Ty =T ] +¢, (1.13)

where in (x) we used fact that G is Lipschitz, as well as the fact that T¢;" 'z € B[0,R/2] \
B(0,1 — p) for all n > N, m > N’, and in (**) we used Remark 4.1 below. Altogether, by
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iterating (1.13), we have forx € K, n > N, m > N’,

I
&
/N
—_

I
/N
—_

[

b |2
N—

S
N——

n—1 &
nm _ gqm+m < ( _ z>
|G g o —Tgp x| <e E 1 5
k=0
By the choice of N in (1.8), we have

)
(-3 0-)* -5
2/ = 2 64R

Combining this with (1.12), we have

E (1 (1-3)) 220 )

which is not a good bound as ¢ — 0.

Organisation of the note. The proof of Theorem 1.1 is done in two steps. Firstly, it is shown
that by removing a ball around the origin, we can approximate the Douglas-Rachford operator
with another map which satisfies a Lipschitz condition. This is done in Section 2. Then it is shown
that Lipschitz maps can be approximated by operators that satisfy a weak ergodic theorem. This
is very similar to the main result in [RZ03]. See Section 3. The proof of Theorem 1.1 is presented
in Section 4. Finally, in Section 5, we briefly discuss how the tools in this note can be applied to
other iteration schemes.

2. LIPSCHITZ APPROXIMATION OF THE DOUGLAS-RACHFORD OPERATOR

The first step in the proof of Theorem 1.1 is to study of some aspects of the Lipschitz behaviour
of the Douglas-Rachford operator. Given two normed space (X, || - |x), (Y, - ||y), and a map
f: X =Y, define

@) = fW)lly
W%m—ig e —ulx (2.1)

A function f: X — Y is said to be Lipschitz if || f||;;, < co. The first auxiliary result in the proof
of Theorem 1.1 reads as follows.

Theorem 2.1. Assume that o, 5 € [0,1), and R, p € [0,00) are such that

p2+4 0\
> L - 24 5.
R_\/<2(1_a)) +p*+5

Assume that v is such that 0 < r < R — \/R2? — p2. Then there exists a map F : R? — R? which
satisfies the following properties.

(1) Bounded Lipschitz constant:

1 dp
Flly < —— 4+ -2 2.2
1Pl < 55+ 5 22)

(2) Approzimation of Tsr, on R\ B(0,1— f):

-
sup |Fo—Tsp, x| < 15 + B. (2.3)
z€R4\ B(0,1-5) - 5

(3) Invariance:
F(B[0,/R*—p?*]) € B[0,/R>— p?]. (2.4)
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We begin by showing that if we remove a neighbourhood of the origin, then the Douglas-
Rachford operator satisfies a Lipschitz condition, but with some error term. First we show that
the Douglas-Rachford operator satisfies a Lipschitz conditions on spheres and rays passing at the
origin.

Proposition 2.1. If ||z|| = ||y|| and x # 0, then

1 1
n%@ﬁ—ﬂMJHSmm{—ﬁl———}m—yw (2.5)
R

If y =tx, t € R\ {0}, then
I Ts o = TsLoyll < [l —yll. (2.6)
Proof. First, note that by (1.4), we have for all z,y € R?,
IR,z — Reyll = [lz =yl (2.7)
Assume first that ||z|| = ||y||. Then we have

(1.1 1 1 @71 1
1500 = Tsrayll < gllo =yl + SliBr. Bse — Re Rsyll =" Sllz =yl + 5| Rse — Rsyll
(1.4) 1

1 e =yl < { L 1}n H
= r—yl| <max{ — 1 — — 3 ||z —yl,
2 e

which proves (2.5). If y =tx, t € R\ {0}, we have

ol vl Mru

1 1
15,02 = Ts.rayll < 5lle —yll + 5[ Rsz — Rsyl|

- el H(mr )x‘(ﬁ%““)“

This proves (2.6) and the proof is complete. O

=t = Ullzll = [l = Iyll] < ll= =yl

Next, we show the ‘almost Lipschitz’ property of the Douglas-Rachford operator on the do-
main R?\ B(0,1 — 3).

Proposition 2.2. Assume that 3 € [0,1) and z,y € R\ B(0,1 — 3). Then

x _—
175, — Tsr,yll < % + B

Proof. Assume first that ||z| > 1, [|y|| > 1. In such case, we have that Rgx = Rppijz, Rsy =
Rpoayy. Since B[0,1] is a conver set, it is known that in such case, the reflection map is non-

expansive. See for example Theorem 12.2 in [GK90]. Thus,we have that ||Rsx — Rsy|| < ||z —y]|.
As before, we have ||Ry, x — Rr, y|| = ||z — yl| for all x,y € R%. Hence, we have

1 1
|Ts,por —Ts.yll < zllv =yl + §HRLQRS$ — Ry, Rsyl|
1 1
- §||flf—y||+§||RsJ?—Rsy|| <z —yl. (2.8)

Next, assume that ||z|| < 1, |ly|| < 1. Assume without loss of generality that ||z|| < ||y||. Note
that since ||z|| € [1 — 8, 1], we have

{ 1 1 1 } < 1
max ;1 — < .
] x| ] = 1=5
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Also, since ||z|, ly|| € [1 — 8,1], we have |[|z|| — ||ly||| < 3. Hence, we have

T
Tsr. <|| | > Ty

el ’
[yl
(28)7(26) { 1 1 } [yl Iz —yl
< { = b=l [y - 120 < B2 ey -
ERE E e
[l — yll
1—p
Finally, consider the case where ||z| < 1 < ||y||. In such case, there exists s € [0, 1] such that
|sz + (1 — s)y|| = 1. Therefore, we have

T
me—nhwshmw—n@(%#w+\

< + 8. (2.9)

T2 = Tsapll < WTs o — Topa s+ (1= )|l + [Tz 52 + (1 s)y) — Tyl
(2.8)2(2-9) |z — (sz+ (1 —s)y)|

+ 0+ [l(sz + (1= s)y) -yl

< =5
(1= s)llz =yl [l =y
= —yl| < ——=— . 2.1
= st st < =2 (2.10)
Combining (2.8), (2.9), and (2.10), the proof is complete. O

Next, we study some of the invariance properties of T’ 1. The following is a simple generalisa-
tion of Proposition 6.7 in [BS11].

Proposition 2.3. Assume that a € [0,1) and p > 0. Assume that ||z|| > 1 + O*+0"  Then

2(1—a)
ITs ozl < Vllzll” = p*.

Proof. First, note that if we assume that ||z| > 1+ % and since a € [0,1), we have

P p ?
H:v||21+5: (E—l) +V2p > p.

Hence, ||z||? — p* > 0. Next, by (1.5), we have

2 2 d
175,z £E||2= ad +o? 4 2amx,y 1—L + 1_L Zﬁ
o [ |z [z ) &=

7j=2
1 2\ o
2 2
=« +2aw2(1——)+1+<1——) 5
||l [zl ]z:; ’
1 1 \2 U4
§a2+2aw2(1——)—|—1+(1——> z?
[z [z Z ’

IN

2 1 L\ e
o +20m (1 —— ) +1+(1—-— )] [z
] ]

1
= o? 4 20, (1 — m) 4+ lz))* 4+ 2(1 — ||=]])

(63 8))
=a%qu+%1—wm(1—mﬂ).
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a+p

In particular, if ||z|| > 1+ S0y we have

(64 8))
1Tl < a? + all? +2(1 ] (1 - W) <o+ ol +201 = l2])(1 - a) < 2 - .

and the proof is complete. O

Proposition 2.4. Assume that o € [0,1). If ||z]| < 1+ a(er then

4
2(1 —a)

Proof. As in the proof of Proposition 2.3, we have

1T Lol <

axr
|Ts,ozl® < [l + a® + 2(1 — |lz]]) (1 - W) |

If ||z|| > 1, then since it was assumed that ||z| <1+ a( +p) we have

a? + p? pPP—at+2  p?P+4
T < 4/ 2 2 <14+ ———7 = < : 2.11
” S»LaxH — H'/'L.H _'_C( — H.TH +Oé — + 2(1 _ Oé) +Oé 2(1 _ O{) — 2(1 _ O[) ( )
If ||z|| <1, we have

p? 44
ITsr.xll < VizlP+a?+2<V3+a? <2< S a) (2.12)

-«
Combining (2.11) and (2.12), the result follows. O

Using Proposition 2.3 and Proposition 2.4, we can prove the following invariance property of
the operator Tsr,,.

Corollary 2.1. Assume that o € [0,1). If R, p > 0 are such that
2
p?+4
R> —_— 2
- \/<2<1—a>) e

Ts,r. (B[0, R]) C B[0,+/R? — p?].

then

Proof. If ||z|| < R and ||z|| > 1+ a( +p , then by Proposition 2.3 we have

HTS,LO;CH <Vl = p? < VR = p2.

Otherwise, if [|z| <1+ 5 +” , then by Proposition 2.4, we have

2(1—a
4
(Tonal < L2 < V=2

2(1-a)
and this completes the proof. O

Next, we show that if we consider the Douglas-Rachford operator on R?\ B(0,1 — /3), we can
extend it to all of R? while preserving some of its invariance properties. First, we would like to
extend the function so that its domain includes B[0,1 — §]. In order to do so, we use Kirszbraun’s
Theorem. See for example [BLOO].

Theorem 2.2. Assume that A C R? is a subset of Rd; Assume that f : A — R? is Lipschitz.
Then there exists f : RY — R? such that f| , = f and || f|ip = || fllip-
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Using Theorem 2.2, we deduce the following simple proposition.

Proposition 2.5. Assume thatr >0 and f : 0B|0, r]~—> R? is a Lipschitz map. Then there exists
a function f = BI0,v] — R such that f|,0 . = F. | Flup = | llps and

sup ||f(2)| < sup }Hf(af)HﬂL?“Hanp-

x€B(0,r] x€0B[0

Proof. Let f : B[0,7] — R? be the extension from Theorem 2.2. For every = € B[0, 7] there exists
y € 0BJ[0,r] such that ||x — y|| < r. Hence, we have

IF @) < 1T+ 1) = F)ll = 1FWI + 1 (2) = F)l
< F @I+ 7l flhip = 1F I+l fllip < sup ]Hf(y)!l + 71 f ip-

y€OB[0

0

Using Proposition 2.5, we can now extend T 1, from R?\ B(0,1—§) to all of R? while preserving
its Lipschitz and its invariance properties.

Proposition 2.6. Assume that o, 3 € [0,1). Then there exists a map T : R? — R such that
T‘Rd\B(O 1—g) = Ts.1,, and for all z,y € R¢,
|z —y||

Tr —Ty| <
|72 — Tyl < =

+ 5. (2.13)

2
Moreover, if we assume that R, p € [0,00) are such that R > \/<§%) + p? +5, then we have

T(B[0,R]) € B0,/ R? — p?]. (2.14)

Proof. Define T' so that its domain includes B [0,1 — f]. To do that, use Kirszbraun’s Theorem.
There exists f : B[0,1 — 3] — R? such that f|6B[0,175] = Tsr, and || fllup = HTS»LJ{)B[O,P
Then, define for z € R¢,

B}Hlip'

T — f(x) =z e B0,1-7]
Tsr, = ¢ B[0,1-p].

Clearly we have T|Rd\B( = Ts .. Note also that for every x,y € dB[0,1— ] we have by (2.5)

0,1-8)
1 1 1
T — T < 1-— —y| =
1 Ts,r.r — Ts,r.yll < max{l — 5 1_ ﬁ} |z =yl 1- 3
Assume that z,y € R%. We consider several cases. Assume first that z,y € B[0,1 — 3]. Then we
have

lz =yl

_ _ 1 _
72 = 7yl = 17(@) - Fw)l < T lle -l < =2 (2.15)

Next, assume that ||z|| > 1—3, ||y|| > 1—3. Then z,y € R?\ B(0,1— /) and so by Proposition 2.2,

we have

— X
IT = Tyl = | Top,z — Toyl) < =21 4 5 (2.16)

1—-p



Finally, we need to consider the case ||z|| <1 — f < ||ly||. In such case, there exists s € [0, 1] such
that [[sz + (1 — s)y|| = 1 — 5. Hence, we have

[Tw =Tyl < |[Te = T(sz+ (1= s)y)l + [T (sz + (1 = s)y) — Tyl
= [If(x) = fsz + (1 = $)y)| + 1T,z (52 + (1 = 5)y) = Ts,z.y|

< gl (s (1= sy + P22

1-43 1-43
_=Dlz—yll | slz—yl H —yll
= —_5 t 13 +B="r —5 + 4. (2.17)

Combining (2.15), (2.16), (2.17), inequality (2.13) follows. To prove the boundedness property,
note that if x € B[0,1 — ], then Tz = f(z) and so by Proposition 2.5, we have

1 (21
|Tz|| < sup ||Tsr,z|+ —g < V3+a2+1 < 3 < vV R? — p?, (2.18)
lz=1-8

where in (%) we used the fact that & < 1 and in (%) we used the fact that from the choice of R,
we have

(1—-a)
Finally, if 1 — 8 < ||z|| < R, then we have by Corollary 2.1,

[T)| = [ Ts Lozl < v B2 = p?. (2.19)

Combining (2.18) and (2.19), (2.14) follows, and this completes the proof. O

214 \?
NG 22\/(;—+> +5>Vit5=3.

Remark 2.1. Note that so far we have not used the fact the dimension is finite (Kirszbraun’s
Theorem holds in infinite dimensional Hilbert spaces). o

Proposition 2.6 shows how to construct a map on R? which is ‘almost Lipschitz’. However, in
order to use Theorem 3.1 below, we need to have Lipschitz functions. In order to achieve this, we
use the following Theorem, proved in [Beg99], which is a simplification of a result that appeared
in [Bou87]. See also Lemma 3.1 in [GNS12|. The following theorem holds only in finite dimensional
spaces.

Theorem 2.3. Assume that M, € [0,00). Assume that T : R? — R? satisfies for all z,y € R?
1Ty — Tx|| < M(|ly — | +9).
Then the map F : RT — R? defined by

1

F:v:—/ T(x+ y)dy,
Vol(B[0,7]) Jajo. ( )

18 a Lipschitz map with

do
1Pl < (145, ).

and for all v € RY,
|Fo—Tx| < M(r+9).
Using Theorem 2.3, we can prove Theorem 2.1.
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Proof of Theorem 2.1. Apply Theorem 2.3 to the map T from Proposition 2.6, with M = ﬁ and
d = B(1 — ). Then (2.2) follows immediately. Also, (2.3) follows from the fact that T = Ts
on R?\ B(0,1— ) combined with Theorem 2.3. To prove (2.4), note that if € B[0, /R? — p? |
and 7 < R —/R? — p?, then Blz,r] C B|0, R]. Hence, by (2.14) in Proposition 2.6, we have that

|Ty|| < \/R? — p? for all y € Blz,r]. Therefore, we have

1
I1Fall < gy [ ITuldy < VEE= 2
Vo Blz,r]

(B0, 7])
and this completes the proof. O

Remark 2.2. In [Bou87|, F'is defined using the Poisson semigroup

Cqr
Fua :/ P.(y)T(x+y)dy, P(y) = e
R (r2 + llyl]?)
cq being a normalisation constant. Note, however, that since P, is not compactly supported, using
this version of F' would not yield the desired invariance property (2.4). o

3. A WEAK ERGODIC THEOREM FOR SEQUENCES OF LIPSCHITZ MAPS

The second auxiliary result is a general weak ergodic theorem for sequences of Lipschitz maps
on a normed space. It is a straightforward modification of the main result in [RZ03]. Assume that
(X,]| -]|) is a Banach space and K C X is a closed, bounded and convex set. Let M > 1. For a
sequence of Lipschitz maps {F}}52,, F; : K — K, define the following set

Bu = {1515 | s 15y < ).
j—o0

Let # € K be a fixed vector, and let v € [0,1]. Given a Lipschitz map F' : K — K, define the
following operator:

Foo=(1—v)Fz+~6.
Note that since K is convex, we have F, : K — K. Inductively, for £ > 2, define

Fwmz = (F (;ﬁl))war = (1= F,a-nzr+v0 = (1 —~)Fa+ (1-(1- 7)]"’) 6. (3.1)

v v

The operation F' — F., is a smoothing operator, with some loss of precision. Next, define the weak
distance on Bys. Given {F};}32,, {G;}52, € By, define

duw({F}521,{G;}721) = sup sup || Fyz — Gzl
JjeN zeK

In [RZ03], the notion of strong distance is also defined. However, for the purposes of this note,
we will consider only weak distances between sequences of maps. For {F}}32, € By and r > 0,
let By, ({F};}32,,7) be the open ball around {Fj}22, with radius r (recall that the notation B[z, 7]
was used to denote the closed ball). A sequence {F}}52, is said to be constant if F; = F for all
jeN.

We are now in a position to state the second main auxiliary result.

Theorem 3.1. Let M > 1. Let (X, | -||) be a Banach space and K C X be a closed, bounded,
convez set. Then there exists a set F C By which is Gs in the weak-distance topology, which has
the following properties.

11



(1) For every v € (0,1), there exists k = k(v, M), such that for every {F;}52,, the sequence
{(F))ym }52, is in F, and we have

dEN ) ) < (1= B30 ) din (), (3:2)

(2) For every e > 0, there exists n € N such that if

€
{H;}22, € By, | {(F}) 0 2, ")
iSj=1 Iy L =1 100 (max{(l - ’Y)k SUP,eN HFjHliml})

then for every injective map 7 :{1,...,n} — N, we have
Sup (| Hrny -+ Hry @ = Hegy - Hry|| < e (3:3)
z,yeK

If {F}}32, is a constant sequence, then we can choose

o i 8
{H;}5%, € By, ({(Fj)v(’“) et %> ’

and (3.3) holds for every n satisfying

log <64diaEm(K))

n + 2. 3.4

® Tos(1-) o

Remark 3.1. The case M = 1 was studied in [RZ03] with a better bound in (3.2), in addition to
other properties which will not be studied here. o

Remark 3.2. If K/ C K and T : K — K’, then we can replace the term diam(K’) by diam(K")
in (3.2). o

We begin with the following simple proposition, which follows trivially from (3.1).
Proposition 3.1. Assume that F': K — K be a Lipschitz map, v € (0,1) and k € N. Then
sup ||F7(k>x — FxH < (1— (1 =~)*)diam(K),
zeK
120 lip = (1= )" 1 Fllips (3.5)
IF = Eywllip < (1= (1 =) F .
In particular,
A2 () 52) < (1= (1= 7)") diam (K).
The following is a simple modification of Lemma 2.1 in [RZ03].

Lemma 3.1. Assume that {F;}52, € By, M > 1, v € (0,1), and ¢ > 0. Assume that k € N is
given by
= |

Then there exists N € N such that for every n > N, every injective T : {1,...,n} — N, we have
sup ||(F7(n))7(k) R (FT(1)>,,/(I€).T — (FT(n)),Y(k) e (FT(1)>7(k)y|| < €. (37)

z,yeK

loghﬁ]\—%w ‘ W o 20

12



In the case where {F;}52 is a constant sequence, we can choose

log <d1am(K)>
~ log (1 — —)

Proof. First, by Lemma 3.1, [[(F}),m [l < (1 — )" Fjllip. Since {F;}32, € By, there exists
Jo € N such that if j > jo, then

- g
1Fp) iy < (1 =) (1= 2) 0.

By the choice of k, it follows that for all j > jo,

4o (3.8)

v
1CE )y lhip <1 =5 (3.9)

Next, continue as in Lemma 2.1 in [RZ03]. Choose j; > 2 sufficiently large such that

Jo J1
(sup||Fj||hp+1) (1—%) diam(K) < e, (3.10)
JEN

and let N =jo+j1+1. Let n> N, 7:{1,...,n} — N an injective map, and define
Er={je{l,....,n} | 7(j) <jo}, E2={1,...,n}\E\.

Since 7 is injective, it follows that |Ey| < jo, |F2| > ji1. Therefore, we have

H( Fro)o = (TTE0)0 )] < TT 1600l TT 1) 0 iy diaan(K)

7j=1 JjE€EEL JEES

| B2l
< (sup | Fl[1p + 1> (1 - 5) diam(K) < <SUP [[F5l|ip + 1)
JEN JjEN

which completes the proof of (3.7). In case {F}}32, is a constant sequence, we can choose jo = 0,
making F; an empty set. In order that j; satisfy (3.10), we can choose

log (dlam(K) )

Jo

<1 — %)jl diam(K) < ¢,

1= + L.
log (1 — 5)
Then, choosing N = j; + 1 completes the proof of (3.8). O
Proposition 3.2. Assume that M > 1. If k € N is chosen as in Lemma 3.1, then
1—9)
1-(1-9)f<1- (—.
(1-7)" < 7

In particular, for every {F} °, € By,

EN ) ) < (1= U570 ) dian().
Proof. Recall that k was chosen to be the smallest integer such that (1 — )kt < % Therefore,
we have 57 < (1 —~)F~2, which implies that 1 — (1 — )" <1 — % O
Lemma 3.2 (Lemma 2.2 in [RZ03]). Let € > 0. Assume that {F}}52, is a sequence of Lipschitz
maps. Assume also that there exists n € N such that for every injective T : {1,...,n} — N we
have

£
sup ||Fram) - Frayr — Fry - Frayyl| < 3
zyeK

13



Assume that

{H;}, € Ba, ({Fj};’il, - ) .

16 (max {supjEN | Flvip» 1})
Then for every injective T : {1,...,n} — N, we have

sup |[Hrm) - Hrayw — Hemy - Hryyl| < e
zyeK

We are now in a position to prove Theorem 3.1.
Proof of Theorem 3.1. Let {F;}32, € By, v € (0,1) and [ € N. By Lemma 3.1, there exist k =
k(y, M) and N = N({F};}32,,7,l) such that for every n > N and every injective 7: {1,...,n} —
N,

1
sup |[|[(Frn))ym - (Fr1)) @ — (Fry)ym - (Fry) oyl < 7k (3.11)
z,ye K
By Lemma 3.2, if

1
{H}2, € Bag, | {(F),m}2, "
5 =1 Iy S =1 16[(max{supjeNH(Fj)»y(k)Hlipa 1})

(3.5) 1
= Ba, [{(F))ym}is, 7]
< 1Y 16T ({0 = ) subyen 1l 1))
then
1

sUp || Hrn) - Hry@ = Heguy - Hrpyll < 7

z,yeK
Define F = (2, Fi, where

1
F = | l | l By ({(Fj),ym)}j-il ~ > )
w = {F;3527:0)
(F, 52, €Bar v€(0,1) 161 (max {(1 — v)* sup;en |5 lup, 1}) !

Then F is a countable intersection of open sets in the weak-distance topology. Also, for every
{F;}52, € Bu, by Lemma 3.2, we have

du({ )20 {(F) i ) < (1 - %) diam(K).

This completes the proof of (3.2). Let ¢ € (0,1), and choose | = ], and n > N{F; 32,7, 10).
Let

€
{H;}2, € By, | {(F}). 0}, !
it I Ti=1 500 (max{(l—/Y)ksupjeN [F 1}>

C B, <{(E)v<k>}§ol’ : ) |

161 (max { (1 = 7)* supje || Fllip, 1})"
Then by Lemma 3.2 and (3.11), we have that for every injective 7: {1,...,n} = N,

8
sup || Hrgm) - Hryx — Hegny - Hryy|| < + <,
z,ye K

l
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which proves (3.3). In case {F}}32, is a constant sequence, we have by the choice of ,
(1- v)ksug [Fllip = (1=7)"M € [(1=9)*1—7].
je
Hence, in this case we have max {(1 —~)* sup;cy || Fjllip, 1} = 1, and so we can choose

oo o0 €
{H}320 € Ba, ()00 505 )
Also, note that for (3.11) to hold true, by Lemma 3.1 we need to choose

S

Since [ > g, it is enough that we choose

- log <64diain(K)) Lo
n .
— log(1-3)

This proves (3.4) and completes the proof of Theorem 3.1. O

Remark 3.3. By (3.9) it follows that if {F}}22, is constant, then ||(F}),plip < 1 — 3 for all

jeN. o

4. PROOF OF THEOREM 1.1
First, we begin with the following trivial observations.

Proposition 4.1. Assume that o € [0,1). Assume that R > - and p = %. Then the

Rz\/<2€i—fi))2+p2+5, (4.1)

VR?—p?> R (4.2)

57
]__
R—VRE—p2> 40‘. (4.3)

Proof. Since R > %, we have 1 < %. Hence,

2raN ok - )R\’ (1-a)R _(1-a)R
<m) +p ‘|—5§( 2(1—&) > + +5

_9R* T(1-a)R
“16 T 1
and the last term is smaller than R? provided that R > 4(1 — «), which is assumed to be the case.
This proves (4.1). Next, in order to prove (4.2), note that it is equivalent to R > 2(1 — «), which
is assumed to be the case. Finally, to prove (4.3), note that we have
2

1 —
R — /RQ_p2>p__ 4047

T 2R
and the proof is complete. 0

following inequalities hold.

We are now in a position to prove Theorem 1.1.
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Proof of Theorem 1.1. If we choose R > ﬁ, and p = (1_20‘)R, then by (4.3) in Proposition 4.1,

any r > 0 satisfying r < 1770‘ also satisfies r < R — \/R? — p2. Also, again by Proposition 4.1,

2
we have R > \/ ( 2’(’ij i)) + p? 4+ 5. Hence, all the assumptions of Theorem 2.1 hold, and so there

exists F : R — R that satisfies (2.2), (2.3), (2.4). Next, let G = F,), as defined in (3.1), and

let

K = B[0,/R?— p?].
Then diam(K) < 2R. Also, by (4.2), we have B[0, R/2] C B[0,/R? — p?]. Thus, by part (1) of
Theorem 3.1 with M = ﬁ + %, we have

sup ||Fx — Gz| < sup |Fz — Gz|| < (
z€BI[0,R/2] z€B [0,\/R2——f72:| 1-8 2
Combining this with (2.3), we get
1—
sup | Tsp,x— Gzl < [ 1-— (1—7
xeB[O7R/2]\B(O’175)

This proves (1.7). Next, assuming that n € N satisfies (1.8), (1.9) follows from Theorem 3.1. To

prove (1.10), note that by the choice of p, we have
11—«
0,4/ R?* — R|.
’ 2

K =B[0,/R*—p*] =B

Thus, by part (2) of Theorem 3.1 and (4.2) in Proposition 4.1, we have

sup ||H"x — H"y|| < sup |H"x — H"y|| < e,
z,yeB[0,R/2] x,yeB[O,w/RQflfT"‘R]
and this completes the proof of Theorem 1.1. O
Remark 4.1. By Remark 3.3 it follows that ||G|, <1 — 1. o

5. OTHER ITERATION SCHEMES

5.1. Families of iteration schemes. The Douglas-Rachford operator, as defined in (1.1), is a
part of a bigger family of operators. Given A, B C R¢ and sy, s9, s3 € [0, 1], define

Tji§2753 =51+ (1 — 81) (SQI + (1 — SQ)RB> (83[ + (1 — Sg)RA) . (51)

As before, I denotes the identity operator. See [BST15] for a more detailed discussion of this
family of operators. The Douglas-Rachford operator defined in (1.1) corresponds to the case
s$1 = %, so = s3 = 0. Focusing on the case A = S, B = L, as defined in (1.3), we have the
following analogue of Proposition (2.1).

Proposition 5.1. Let sy, 89,83 € [0,1]. If ||z]| = ||y|| and ||z|| < 1, then

= — yll
]

T3 — Tg oy <

If y =tx, t € R\ {0}, then
1Tsp> e =Tyl < v = wll. (5-3)
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Proof. By (5.1) and the fact that || R, x — R, y| = ||x — yl|, we have
T30 — T2y < il — yll + (1= s1)(1 = s2)ss| Rez — Ryl
+ (1 —s1)s2(1 — s3)[|Rsx — Rsyl|| + (1 — s1)(1 — s2)(1 — s3)|| R, Rsx — R, Rsy|
= (s14+ (1 = s1)(1 = s9)s3) ]z — y]|
+ (1= s1)s2(1 = 83) + (L= s1)(1 = 52) (1 — s3)) [| Rz — Rsy]|
= sllz =yl + (1 = s)[| Rsz — Rsyl,
where s = 51 + (1 — s1)(1 — s9)s3. If ||z]| = ||y||, we have

ITs e = Tyl < sl =yl + (1 = )[Rz — Rsy]|

2
sl —yll+(1—s) m—l\nx—yn:(sm—s) 2

1D —

2 28—1+2—25_ 1

el — ] IRER

Now, since [|z|| < 1, we have

i—l':s+(1—s)(i—l>:25—1+(1—s)

| ]

s+ (1—s)

This proves (5.2). The proof of (5.3) is exactly as in the proof of Proposition 2.1, and so the proof
is complete. 0

Now with Proposition 5.1 in hand, we can deduce the following proposition, the same way
Proposition 2.2 was deduced from Proposition 2.1.

Proposition 5.2. Assume that ||z|| > 1— 5, ||y|| > 1 — 5, then

yll
+ p.
1-p B
While the family 7', has the same Lipschitz properties as the Douglas-Rachford operator,
an analogue result to Corollary 2.1 regarding the invariance would be more difficult to obtain, and
would not be discussed in this note.

o -
T3 = Tg oy <

5.2. Von-Neumann iteration scheme. Another interesting example arising from (5.1), is the
Von-Neumann operator, corresponding to the case s; = 0, s = s3 = % Since Ry = 2P, — I, the
Von-Neumann operator is given by

11
Ty%%x = PyPax. (5.4)

Focusing again on the case A = S, B = L, as defined in (1.3), we obtain the following explicit
formula,

x I &
PLQPSaZ‘ = mel + aeq + m Za:jej. (55)
j=3

Note that here we consider the infinite dimensional case (this is possible, as note in Remark 1.1).
As will be shown below, the result still holds in this case. For the Von-Neumann operator, we
have the following stronger result.

Proposition 5.3. Let H be a Hilbert space. Then for every x,y € H,
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In particular, if 5 € [0,1) and ||z|| > 1= 5, ||y|| > 1 — 5, then

P, Ps — Py, Pyl < 1224
1-p
Proof. By (5.5), we have
Py Pst — Py, Py = P, (i . i) . (5.6)
=l [lyll

Next, assume without loss of generality that ||z|| < ||y||. Then we have

1 vy |l 1 1
—||x—y||2—'——— e -1
]| lzll [yl ]| ][> Nlzlllyl]
2 1 2 2
Z Yol [B: || [l [[[[y]l (R [l
Therefore,
x Y 1
- < i—llz =yl (5.7)
‘ [l HyIIH [l
Combining (5.6) and (5.7), we have
T T 1
Pz Pee = eyl = | Py (5 - 120)| < | = i = e = o
[EII ]yl =]
and the proof is complete. 0

Proposition 5.3 implies the following.

Theorem 5.1. Let H be a Hilbert space and let o € [0,1]. Then there exists T : H — H such that
T ||ip = ﬁ, Tx = Py, Psx for all ||z|| > 1 — 3, and we have
T(H) C B[0,1+ vV1+a?]. (5.8)

Proof. The existence and Lipschitz property of T follow from Proposition 5.3 and Kirszbraun’s
Theorem (Theorem 2.2, which holds in the infinite dimensional case as well). To prove (5.8), note
that by (5.5), we have

||PLaPSZL'|| S vl—i—oﬂ. (59)

Hence, by Proposition 2.5 (which still holds true since Kirszbraun’s Theorem holds in the infinite
dimensional case), it follows that

1
swp |Tall < swp [Py Pall + 10 <14 VTF o, (5.10)
2€B[0,1-4] lz]=1-5 -
Since T‘H\B(O,lfﬂ) = Py Ps, combining (5.9) and (5.10) completes the proof. O

Applying Theorem 3.1 to the map obtained in Theorem 5.1 implies the following.

Theorem 5.2. Assume that H is a Hilbert space. Assume that a, f € [0,1), v,e € (0,1), and
R>1+4++1+4 a2 Then there exists a map G : H — H satisfying

sup  ||Pr Psz—Gz|| < (1—(1=8)(1—7)%) (2+2V1+a?). (5.11)

2€H\B(0,1-B)
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and for every n € N satisfying

- 1og (z)

" log (1-7)

+2, (5.12)

we have,

sup ||G"x — Gyl < e.
z,y€B[0,R]

Moreover, if H : B[0, R] — BI0, R] is such that

€
sup ||Gx — Hz|| < —,
zeBmJﬂH | 200

then for every n € N satisfying (5.12), we have

sup ||H"z — H"y|| <e.
z,y€B[0,R)]

Proof. By Remark 3.2 and (5.8), (5.11) follows. The rest of the proof follows from applying
Theorem 3.1 to the map obtained in Theorem 5.1. 0
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