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On Bauschke-Bendit—-Moursi modulus of
averagedness and classifications of
averaged nonexpansive operators
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Abstract. Averaged operators are important in Convex Analysis and Optimization Algorithms. In
this article, we propose classifications of averaged operators, firmly nonexpansive operators, and
proximal operators using the Bauschke-Bendit-Moursi modulus of averagedness. We show that if
an operator is averaged with a constant less than 1/2, then it is a bi-Lipschitz homeomorphism.
Amazingly the proximal operator of a convex function has its modulus of averagedness less
than 1/2 if and only if the function is Lipschitz smooth. Some results on the averagedness of
operator compositions are obtained. Explicit formulae for calculating the modulus of averagedness
of resolvents and proximal operators in terms of various values associated with the maximally
monotone operator or subdifferential are also given. Examples are provided to illustrate our results.

1 Introduction
Throughout, we assume that

X is a real Hilbert space with inner product (-,-) : X x X > R,

and induced norm | - ||. Let Id denote the identity operator on X. Recall the following
well-known definitions [6, 13].

Definition 1.1 LetT:X — X and y > 0. Then, T is

(i) nonexpansive' if

(VxeX)(VyeX) |[Tx-Ty|<|x-yl;
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For convenience, we shall assume that T has a full domain throughout the article while one can

generalize it to be on a proper subset of X.
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2 S. Song and X. Wang

(ii) firmly nonexpansive if
(VxeX)(VyeX) [Tx—Ty|*+[(1d-T)x-(1d-T)y[* < |lx - y[*
(iil) p-cocoercive if uT is firmly nonexpansive.

Definition 1.2 Let T : X - X be nonexpansive. T is k-averaged” if T can be repre-
sented as

T=(1-k)ld +kN,
where N : X — X is nonexpansive, and k € [0,1].

Averaged operators are important in optimization (see, e.g., [1, 3, 5, 6, 9, 10, 13-
15, 20, 24]). Firmly nonexpansive operators, being 1/2-averaged [6, Proposition 4.4],
form a proper subclass of the class of averaged operators. From the definition, we have
Id is the only 0-averaged operator. When k € (0,1], various characterizations of k-
averagedness (see [3, Proposition 2.2], 6, 13]) are available, including

1-k
(L) (VxeX)(VyeX) |\Tx—TyH2<\lx—yl\z—T\l(ld—T)x—(Id—T)y|\2>

and (Vx e X)(Vy e X)
(12)  |Tx-Ty|> <{x-y, Tx-Ty)+(1-2k)({x -y, Tx - Ty) - |x - y[?).

When k = 0, while the historic Definition 1.2 gives T' = Id (linear), characterization
(1.2) gives T = Id + v (afline) for some v € X, hence they are not equivalent in this case.
From (1.1) or (1.2) and the fact that Id is the only 0-averaged operator, we can deduce
that if an operator is ko-averaged, then it is k-averaged for every k > k. This motivates
the following definition, which was proposed by Bauschke, Bendit, and Moursi [5].

Definition 1.3 (Bauschke-Bendit-Moursi modulus of averagedness) Let T:X — X
be nonexpansive. The Bauschke-Bendit-Moursi modulus of averagedness of T is
defined by

k(T) :=inf{k € [0,1] | T is k-averaged}.
We call it the BBM modulus of averagedness.

It is natural to ask: How does the modulus of averagedness impact classifications
of averaged operators? In view of Definition 1.3, if T : X — X is firmly nonexpansive
then k(T) < 1/2. Based on this, we define the following, which classifies the class of
firmly nonexpansive operators using the modulus of averagedness.

Definition 1.4 (Normal and special nonexpansiveness) Let T': X — X. We say that
T is normally (firmly) nonexpansive if k(T) <1/2, and T is specially (firmly) nonex-
pansive if k(T) = 1/2.

2Usually, one excludes the cases k = 0 and k =1 in the study of averaged operators, but it is very
convenient in this article to allow these cases.
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Let Iy (X) denote the set of all proper lower semicontinuous convex functions from
X to (—o0, +00]. Recall that for f € [y(X), its proximal operator is defined by (Vx €
X) Ps(x) := argmin { f (u) + 3 lu- x|?}. For a nonempty closed convex subset C of

ueX
X, its indicator function is defined by 1¢(x) := 0 if x € C, and +o0 otherwise. If f = 1,

we write P¢ = Pc, the projection operator onto C. It is well known that P is firmly
nonexpansive [6], which implies k(Py) < 1/2. Some natural questions arise: Given f €
Io(X), when is P normally (or specially) nonexpansive? how can we calculate k(P )?
In [5], these problems are essentially solved in linear cases, or, in smooth case on the
real line.

The goal of this article is to classify averaged nonexpansive operators, including firmly
nonexpansive operators, via the Bauschke-Bendit-Moursi modulus of averagedness in
a general Hilbert space. We provide some fundamental properties of modulus of aver-
agedness of averaged mappings, firmly nonexpansive mappings and proximal mappings.
We determine what properties normally (or specially) nonexpansive operators possess by
using the monotone operator theory. One amazing result is that a proximal mapping of a
convex function has its modulus of averagedness less than 1/2 if and only if the function
is Lipschitz smooth. Many examples are provided to illustrate our results. Bauschke-
Bendit-Moursi modulus of averagedness turns out to be an extremely powerful tool in
studying averaged operators and firmly nonexpansive operators!

The rest of the article is organized as follows. In Section 2, we explore some basic
properties of the modulus function and show that a normally nonexpansive operator is
a bi-Lipschitz homeomorphism. In Section 3, averagedness of operator compositions
and some asymptotic behaviors of averaged operators are examined. In particular, the
limiting operator of an averaged operator is a projection if and only if its BBM modulus
is 1/2. In Sections 4 and 5, we investigate both normal and special nonexpansiveness
of resolvents and proximal operators. Our surprising results are Theorem 4.17 and
Theorem 5.3, characterizing normal and special resolvents and proximal operators. In
Section 6, we establish formulae of modulus of averagedness of resolvents in terms of
various values of maximally monotone operators. Finally, in Section 7, we extend a
modulus of averagedness formula on a composition of two projections by Bauschke,
Bendit, and Moursi in R? to general Hilbert spaces.
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2 Bijective theorem
2.1 Auxiliary results

This section collects preparatory results on modulus of averagedness used in later
proofs. For any operator T : X — X and any v € X, the operator T + v is defined by

(VxeX) (T+v)x:=Tx+v.

Proposition 2.1 Let T : X - X be nonexpansive and v € X. Then,

(i) k(T +v)=k(T).

(i) k(T(-+v))=k(T).

Proof (i): The result follows by combining (T +v)x — (T +v)y = Tx — Ty with
characterization (1.2).

(ii): The result follows by combining x-y=(x+v)—-(y+v) with
characterization (1.2). [
Proposition 2.2 Let T:X — X be nonexpansive. If k(T) >0, then T is k(T)-
averaged. Moreover, T is 3-averaged for every f € [k(T),1].

Proof Due to k(T) > 0, we can use characterization either (1.1) or (1.2). The right
hand side of (1.1) or (1.2) is a continuous and increasing function in term of k, thus
the result follows. u

Let FixT := {x € X | Tx = x} denote the set of fixed points of T: X - X. Our
following result characterizes k(T) = 0.

Proposition 2.3 Let T : X - X be nonexpansive. Then,

(2.1) k(T)=0< veX:T=1d+v.
If, in addition, FixT # @, then
(2.2) k(T)=0< T=1d.

Proof Suppose v e X : T =1d +v. Obviously k(Id) = 0. Thus, by Proposition 2.1,
k(T)=k(Id+v)=0.

Suppose k(T) = 0. Assume that for any v € X: T # Id + v. Then, there exist xg, yo €
X such that (T -1d)x # (T —1d) y,, whence | (T —1d)x, — (T —Id) yo|* > 0. Our
assumption implies T' # Id, and Id is the only 0-averaged operator, thus there exists a
sequence (k) nen in (0,1] such that T is k,-averaged and k, — 0. Now characteriza-

tion (1.1) implies that for any n € N:
5 p-Lhk

| (=T - (14-T) o,

I Tx0 = Tyol” < [[x0 = yo

ie.,

1
0< Ixo = yol” = [ T2 = Tyl + (1= = ) 1T = 1) = (T~ 1) .
Note that || (T - 1d)xe — (T —Id) yo|* > 0. Now letting n — oo yields 0 < —oo, which
is a contradiction.
When FixT # @, (2.2) follows from (2.1). [
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Proposition2.4 Let T : X — X be nonexpansive. Then, T is firmly nonexpansive if and
only if k(T) <1/2.

Proof “<”: When 0 < k(T) <1/2, apply Proposition 2.2. When k(T) = 0, apply
Proposition 2.3.
“=7: The assumption implies that T is 1/2-averaged. Hence, k(T) <1/2. ]

Example 2.5 If T: X — X is a constant mapping, i.e., (Ive X)(Vx e X) Tx =,
then k(T) =1/2.

Proof Because T'isfirmly nonexpansive, k(T) <1/2.By (1.2),if T is k-averaged, then
2k > 1,50 k(T) >1/2. Altogether, k(T) =1/2. ]

We end up this section with a fact on convexity.

Fact2.6 [5,Fact13] LetTi, T, : X — X be nonexpansive and A € [0,1]. Then, k(AT +
(1-M)Ty) < Ak(Th) + (1 - 1)k(T3). Consequently, T — k(T) is a convex function on
the set of averaged mappings, as well as on the set of firmly nonexpansive mappings.

Corollary2.7 Let T : X — X be nonexpansiveand A € [0,1]. Then, k(AT) < Ak(T) +
(1-1)/2.

Proof Let T, be zero mapping in Fact 2.6 and apply Example 2.5. [ ]
2.2 Bijective theorem

In this section, we will show that normally nonexpansive operator must be bijective
and bi-Lipschitz. First, we prove that normally nonexpansive operators must be bi-
Lipschitz and injective.

Lemma 2.8 Let T:X — X be normally nonexpansive. Then, T is a bi-Lipschitz
homeomorphism from X to ran T. In particular, T is injective.

Proof In view of Proposition 2.3, we may assume k(T) > 0. Then, T is k(T)-
averaged by Proposition 2.2, i.e.,

(VxeX)(VyeX) [Tx-Ty|*+(1-2k(T))|x-y|*
<2(1-k(T))(x -y, Tx - Ty).

Since k(T) < 3, there exists a € (0, 3) such that k(T) = 5 — . Substituting k(T)
in above inequality and using the Cauchy-Schwarz inequality, we have

|Tx = Ty|* + 20| x = y|? < (1+2a)(x -y, Tx = Ty),
|Tx = Ty|* + 20| x = yI? < (1+2a) (Jx = y| [ Tx = Ty]),
20 (= yl* = Ix =y | T = Tyll) < | = y| | Tx = Ty| = | Tx = Ty,
2allx =yl (Ix =y = 1 Tx = Ty|) < [Tx = Ty| (|x = y| = [ Tx = Tyl) .

Now if [x — y| = | Tx = Ty| = 0, then | Tx — Ty| = |x - y| > 2a|x — y|| since 2a < 1.
If [x — y| = | Tx — Ty|| # 0, then 2| x — y|| < | Tx — Ty||. Thus in both cases we have
2alx — y| <|Tx - Ty|. Combining it with | Tx — Ty|| < |x — y|, we have

2a)x = y| <[ Tx = Ty| < |x = y|.

i.e., T is a bi-Lipschitz homeomorphism from X toran T. [ ]
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Next, we make use of monotone operator theory to prove that normally nonexpan-
sive operators must also be surjective.

Fact 2.9 [6, Example 20.30] Let T:X — X be firmly nonexpansive. Then, T is
maximally monotone.

Fact 2.10 ((Rockafellar-Vesely) [6, Corollary 21.24]) Let A: X = X be a maximally
monotone operator such that lim| |, . inf | Ax| = +0o. Then, A is surjective.

Lemma 2.11 Let T : X - X be normally nonexpansive. Then, T is surjective.

Proof ByLemma2.8, T isbi-Lipschitz since T is normally nonexpansive. Thus, there
exists € > 0, such that ¢|x — y| < |Tx — Ty|. Let y = 0, then ¢| x| < | Tx — T0|. Using
the triangle inequality, we have

| x| > e]x|| = [ To].

Thus, lim |« | Tx|| = co. Combining Fact 2.9 with Fact 2.10 we complete the proof.
[

Theorem 2.12 (bi-Lipschitz homeomorphism) Let T : X — X be normally nonexpan-
sive. Then, T is a bi-Lipschitz homeomorphism of X. In particular, T is bijective.

Proof Combine Lemmas 2.8 and 2.11. [ ]

Taking the contrapositive of Theorem 2.12, we obtain a lower bound for modulus
of averagedness.

Corollary 2.13 Let T : X — X be nonexpansive. If T is not bijective, then k(T) > 1/2.

Remark 2.14 1In terms of compact operators (see, e.g., [23]), Theorem 2.12 implies
that X is finite-dimensional if and only if there exists a normally nonexpansive
compact operator on X.

Example 2.15 (Averagedness of projection) Let C be a nonempty closed convex set
in X and C # X. Then, P is specially nonexpansive.

Proof We have k(Pc) <1/2 since P is firmly nonexpansive. Now since C # X,
let xo € X\C. Because Pc (x9) € C and xo € X\C, we have P¢c (xy) # xo. However,
Pc (x0) = Pc (Pc (x0)). Thus, Pc is not injective. Therefore, Pc is specially nonex-
pansive by Corollary 2.13. Another way is to observe that P is not surjective. ]

Corollary 2.16  Let M € R™" be nonexpansive. If det(M) = 0, then k(M) > 1/2.

Remark 2.17 Consider the matrix

1{2 0
w(z0)
Then, one can verify that k(A) = 3/4 > 1/2. However, det(A) # 0 and thus A is a bi-
Lipschitz homeomorphism of R%. Hence, the converse of Theorem 2.12 fails. We will

show later that the converse of Theorem 2.12 does hold when T is a proximal operator
(see Theorem 5.3).
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3 Operator compositions and limiting operator

In this section, we examine the modulus of averagedness of operator compositions
and explore its asymptotic properties.

3.1 Composition

Proposition 3.1 Let Ty and T, be nonexpansive operators from X to X. Suppose one of
the following holds:
(i) Ty is not surjective.
(ii) Ty is not injective.
(iii) T is bijective and T, is not surjective.
(iv) Ty is bijective and T, is not injective.
Then, k(T T) > 1/2.
Proof Since Ti and T, are nonexpansive operators, we have T, T, is nonexpansive

as well. Each one of the four conditions implies that T;T; is not bijective. Now, use
Corollary 2.13. [ ]

Ogura and Yamada [20] obtained the following result about the averagedness of
operator compositions.
Fact 3.2 ([20, Theorem 3] (see also [15, Proposition 2.4])) Let Ty: X — X be oy-
averaged, and let T, : X — X be ay-averaged, where oy, a € (0,1). Set

+ay—2
T=TT, and “:w

1-a0,
Then, « € (0,1) and T is a-averaged.

Formulating this result here using the modulus of averagedness, we have the
following result.

Proposition 3.3 Let T\: X —>X and T,:X — X be nonexpansive. Suppose
k (Tl) k (Tz) # 1. Then,
(Tl) +k (Tz) -2k (Tl) k (Tz)

k
k(T\Ty) < 1-k(T)k(Ty)

Proof Leto(Ty,T») := k(Tl)+1k_(kT(2%_)i]E(T?))k(TZ). We consider five cases.

Case 1: k(T;) =1 for some i€ {1,2}. Then, ¢ (T}, T») =1. Since T) and T, are
nonexpansive, we have T T, is nonexpansive, i.e, k (T1T;) <1= ¢ (T}, T»).

Case 2: k(T;) € (0,1) for any i € {1,2}. Then, combining Proposition 2.2 and
Fact 3.2, we have T; T is ¢ ( Ty, Ty )-averaged. Thus, k (T1T2) < ¢ (T1, T2).

Case 3: k(T1) =0 and k (T3) € (0,1). Then, there exists v; € X such that T =
Id + v; by Proposition 2.3. Thus, T1 T = T, + viand k (11 Tz) = k (T, +v1) = k (T>) by
Proposition 2.1. While ¢ (T, T,) = k (T5) in this case, we have k (T, T5) = ¢ (T1, T2).

Case 4: k(Ty) € (0,1) and k (T;) = 0. Then, there exists v, € X such that T, =
Id + v, by Proposition 2.3. Thus, [yT> = Ty(- +v2) and k(T1Tz) =k (Ti(- +v2)) =
k (Ty) by Proposition 2.1. While ¢ (T3, T>) = k (T1) in this case, we have k (T; ;) =
¢ (T, To).
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Case 5: k(T7) =k (T;) = 0. Then, there exist v; € X and v, € X such that T =
Id + v; and T, = Id + v, by Proposition 2.3. Thus, [y T, = Id + v, + vy and k (T, T3) =
k (Id + v, + v1) = 0. While ¢ (T3, T>) = 0 in this case, we have k (1 T3) = ¢ (T1, T2).

Altogether, we complete the proof. ]

Proposition 3.4 Let C be a nonempty closed convex set in X and C + X. Then, for any
nonexpansive operator T : X — X:

1 1
S <k(ToPo) < ————
2 SK(Teke) < 53
and
<k(PooT) < ——
c° 2-k(T)

Proof Observe that P¢ is neither surjective nor injective in this case. Thus, by
Proposition 3.1, we have k(T o Pc) > 1/2 and k(P¢ o T') > 1/2. Now by Example 2.15,

k(T)+k(Pc)-2k(T)k(Pc) 1
1-k(T)k(Pc) S 2-Kk(T)’
Thus, by Proposition 3.3, we have k (T o P¢) < 5= k(T) andk (PcoT) < 5 kl(T),which
complete the proof. [ ]

Remark 3.5 Particularly, if welet T = Py and C = U, where U and V are both closed

linear subspaces, then k (PyPy) = ;? € [1 2] where cF € [0 1] (see [5, Corollary

3.3]). This coincides with the bounds we obtained as

W by Example 2.15.

We can generalize the results of two operator compositions to finite operator

compositions.
Proposition 3.6 Let m > 2 be an integer and let I = {1,...,m}. Foranyi € I, let T; be
nonexpansive from X to X. Suppose one of the following holds:

(i) Ty is not surjective.

(ii) T, is not injective.
(iii) T is bijective and T - - - Ty, is not surjective.
(iv) T, is bijective and Ty - - - Tp,_y is not injective.
Then, k (Ty---Ty,) 2 1/2.

Proof Apply Proposition 3.1. ]

Corollary 3.7 Let Cy, ..., C,, be nonempty closed convex sets in X. If C; # X or Cy, #
X, then k (P(jl .- 'PC,,,) 2 1/2.

The following result is about modulus of averagedness of isometries.
Proposition 3.8 Let A be a n x n orthogonal matrix and A # 1d. Then, k(A) = 1.

Proof Since A is orthogonal, we have ||[Ax — Ay| = [x - y|. On the other hand,
ran(Id —A) is not a singleton. Hence, k(A) = 1by using (1.1). |

Corollary 3.9 Let m > 1be an integerand let I = {1,...,m}. Foranyic I, let A; bea
n x n orthogonal matrix. Suppose that Ay - - - Ay, # Id. Then, k(Ay---Ap) =1
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3.2 Limiting operator

In this section, we discuss the asymptotic behavior of modulus of averagedness. Recall
that a sequence (X, ),y in a Hilbert space X is said to converge weakly to a point x in
Xif (Vy e X) limy_ oo (x4, ) = (x, y). We use the notation lim},_, . x,, for the weak

limit of (x, ),y Recall for a nonexpansive operator T : X — X, FixT is closed and
convex (see, e.g., [9, Proposition 22.9]).

Fact 3.10 [6, Proposition 5.16] Let « € (0,1) and let T : X — X be a-averaged such
that Fix T + @. Then, for any x € X, (T"x), . converges weakly to a point in Fix T.

In view of the above fact, we propose the following type of operator.

Definition 3.1 (Limiting operator) Let a € (0,1) and let T: X — X be a-averaged
such that Fix T # @. Define its limiting operator T : X — X by x + lim}, , ., T"x.

Remark 3.11 The full domain and single-valuedness of T, are guaranteed by
Fact 3.10. Hence, Teo : X — X is well defined.

Example 3.12

(i) [6, Example5.29] Let « € (0,1) andlet T : X — X be a-averaged such that FixT #
@. Suppose T is linear. Then, T, = Prixr.

(ii) [6, Proposition 5.9] Let a € (0,1) and let T : X — X be a-averaged such that
FixT + @. Suppose FixT is a closed affine subspace of X. Then, Teo = Prixr-

The limiting operator of an averaged mapping enjoys the following pleasing prop-
erties.

Proposition 3.13 Let a € (0,1) and let T : X - X be a-averaged such that FixT #
&, X. Then, the following hold:
(i) FixT = FixTo = ran T,.

(i) (Too)® = Too.
(iii) k (Tw) €[3.1].
Proof (i): If x ¢ FixT, then Teox # x since Toox € FixT by Fact 3.10. If x € FixT,
then Toox =lim), . T"x =lim),_, _ x = x. Thus, Fix T = Fix Ts. The equality FixT =
ran T, follows by using Fact 3.10 again.

(ii): For any x € X, TooX € ran Teo, thus Toox € Fix Ty, by (i). Therefore, (Too)zx =
Too (Toox) = TooX, which implies that (Two ) = Teo.

(iii): Since the norm is weakly lower-semicontinuous, we have

(VxeX)(VyeX) |[Toox-Twy| < lim inf IT"x - T"y]| .

As T: X — X is nonexpansive, by induction we have for any n € N, |[T"x - T"y| <
|x — y|. Altogether, T., is nonexpansive, which implies that k(T ) < 1. On the other
hand, we have ran T, = Fix T # X by (i) and the assumption, so T is not surjective.
Thus, k(Te ) > 1/2 by Corollary 2.13. ]

The modulus of averagedness provides further insights into the limiting operator.

Theorem 3.14 Let a € (0,1) and let T : X — X be a-averaged such that FixT + @, X.
Then, the following are equivalent:
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(i) Too = Prixr-
(ii) K (To) <1/2.
(i) K (To) = 1/2.

Proof (i) = (ii): Obvious.

(ii) = (i): The result follows by combining Proposition 3.13(i)&(ii) and the fact that
if T: X - X is firmly nonexpansive and T o T = T, then T = Pran7 (see [9, Exercise
22.5] or [8, Theorem 2.1(xx)]).

(ii) < (iii): Apply Proposition 3.13(iii). [

In the following, we discuss limiting operator on R. The following extends
[5, Proposition 2.8] from differentiable functions to locally Lipschitz functions. Below
d1 g denotes the Mordukhovich limiting subdifferential [12, 19, 22].

Lemma 3.15 Let g: R — R be a locally Lipschitz function. Then, g is nonexpansive if
and only if (Vx € R) 9. g(x) c [-1,1] in which case k(g) = (1-inf 9. g(R)) /2.

Proof The nonexpansiveness characterization of g follows from [12, Theorem 3.4.8].
Write g = (1- «)Id + aN, where a € [0,1] and N : R — R is nonexpansive. If a = 0,
the result clearly holds. Let us assume o > 0. Then, N(x) = (g(x) - (1- a)x)/a and
OLN(x) = (9Lg(x) — (1 - «))/a. N is nonexpansive is equivalent to

(VxeR) (drg(x)-(Q-a))/ac[-1,1]] < (VxeR)odrg(x)c[l-2a,1],

from which

o> 1-infd g(R)
2

and the result follows. ]

In Example 3.12 we see thatif T : X — X is a-averaged and linear with Fix T # &, X,
then k (Ts ) = 1/2. The following example shows that it is not true in nonlinear case.

Example 3.16 Let

0 ifx <0,
f(x):=4x ifo<x<l,
-ix+2 ifx>l

Then, f is (3/4)-averaged and Fix T = [0, 1]. However,

0 ifx<0orx >3,
foo(x) =4x ifo<x <,
-ix+3 ifl<x<3,

and k (fo) = 3/4.
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Proof By computation, we have

(0} fr<0 {0} ifx<0orx>3,
I x 5 .
0.1] fx =0 [0,1] ifx =0,
’ 7 1 if 1,
aLf(x) =1 {1} i£0 < x <1, and 9y o (x) = | I o <x<

{-1/2,1} ifx=1,
{-1/2} ifl<x<3,
[-1/2,0] ifx=3.

(12,1} ifx=1,
{-1/2}  ifx>1,

Applying Lemma 3.15, we obtain k(f) and k(fw ). ]

Next, we show that if T : X — X is firmly nonexpansive, a stronger condition than
averagedness, then on the real line it is true that k (T ) = 1/2.

Proposition 3.17 Let f : R — R be firmly nonexpansive such that Fixf + @, R. Then,
foo = Prixy. Consequently, k (foo) =1/2.

Proof Since f is firmly nonexpansive, we have f is nondecreasing and nonexpansive.
Now as Fixf ¢ R is closed and convex, it must be one of the form [a, +o0), (00, b] or
[a,b] witha, b € Rbecause Fix f # &, R. Since the proofs for all cases are similar, let us
assume that Fixf = [a, b]. When x > b, because f is nondecreasing, we have f(x) >
f(b) =b, f*(x) > f(b) = b, and an induction leads f"(x) > b. Then, foo(x) > b by
Fact 3.10. Since fo(x) € [a, b] by Fact 3.10 again, we derive that f.,(x) = b. Similar
arguments give fo (x) = a when x < a. Clearly, when x € [a, ], (Vn e N) f"(x) = x,
SO foo (x) = x. Altogether fo, = Prixs. ]

Motivated by Example 3.12 and Proposition 3.17, one might conjecture that
k (T ) =1/2 whenever k (T) < 1/2. However, this is not true in general. To find a
counter example, by Theorem 3.14, it suffices to find a firmly nonexpansive operator
such that its limiting operator is not a projection. We conclude this section with the
following example from [7, Example 4.2].

Example 3.18 Suppose that X=R* Let A=R(1,1) and B=

{(x,y) eR? |-y <x <2}.Forz = (x,y) € R?, we have P4 (2) = (32,32 ) and

(2,y) ifx>2,y>-2,
Py(z) = (2,-2) if y <min{x -4, -2},
’ (x=)/2-(x-y)f2) ifx-4<y<-x,
(x,y) if (x, y) € B.

Then, the Douglas-Rachford operator T = Id =P, + Pg(2P4 — 1d) is firmly nonexpan-
sive and has k(T.) > 1/2. By Theorem 3.14, it suffices to show Teo # Prixr. Indeed,
by [7, Fact 3.1] we have FixT = {s(1,1) | s € [0,2]} because of AnintB # @. Let z, =
(4,10), and (Vn € N) 2,41 = Tz,. Direct computations give

Z1 = (—1,7),22 = (—2,3),23 = (—1/2, 1/2), and Z4 = (0,0)

On the other hand, let z* = (2,2), then {z4,2z*} c FixT. Thus, Teozg = z4 while
PrixT20 # 24 a8 ||zo — 2*|| = 217 < || 2o — 24 = 24/29.
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4 Resolvent

Let A: X = X be a set-valued operator, i.e., a mapping from X to its power set. Recall
that the resolvent of A is J4 := (Id + A)™! and the reflected resolvent of A is Ry :=
2J4 — Id. The graph of A is graA := {(x,u) € X x X | u € Ax} and the inverse of A,
denoted by A7!, is the operator with graph gra A™ := {(u,x) € X x X | u € Ax}. The
domain of A is dom A := {x € X | Ax # @}. A is monotone, if

V(x,u),(y,v)egrad, (x-y,u—v)>0.

A is maximally monotone, if it is monotone and there is no monotone operator B :
X =3 X such that gra A is properly contained in gra B. Unless stated otherwise, we
assume from now on that

A:X = Xand B: X = X are maximally monotone operators.

Fact 4.1 (Minty’s theorem) [6, Proposition 23.8]) Let T : X — X. Then, T is firmly
nonexpansive if and only if T is the resolvent of a maximally monotone operator.

The goal of this section is to give characterizations of normal and special nonex-
pansiveness by using the monotone operator theory.

4.1 Auxiliary results

We first provide a nice formula for the modulus of averagedness of (1-A)Id + AT
in terms of the modulus of averagedness of T. The following is an adaption of
[6, Proposition 4.40]. For completeness, we include a simple proof.

Fact 4.2 Let T:X — X be nonexpansive and let A€ (0,1]. For a €[0,1], T is
a-averaged if and only if (1 - 1)Id + AT is Aa-averaged.

Proof Suppose T is a-averaged. Then, T = (1 - «)Id + aR with R being nonexpan-
sive. It follows that

(4.1) 1-MId+AT=(1-A)Id+A(1-a)ld + AaR
(4.2) =(1-2a)ld + AaR,

so that (1-A)Id + AT is Aa-averaged. Because A € (0,1], the reverse direction also
holds. |

Lemma 4.3 Let T : X — X be nonexpansive. Then, for every A € [0,1], we have
(4.3) k((1-M)Id+AT) = Ak(T).

Proof We split the proof into the following cases.

Case 1: A = 0. Clearly, (4.3) holds because k(Id) = 0.

Case 2: A > 0. We show (4.3) by two subcases.

Case 2.1: k((1- A)Id + AT) = 0. By Proposition 2.3, there exists v € X: (1- A)Id +
AT =1d + v such that T = Id + v/A. Then, k((1-A)Id + AT) = 0 = k(T) by Proposi-
tion 2.3 again.
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Case 2.2: k((1-1)Id+AT) > 0. On one hand, we derive k((1-A)Id+AT) <
Ak(T) by Fact 4.2. On the other hand, since (1-A)Id + AT is A-averaged, we have
0<k((1-1)Id+AT) < A. For every Be[k((1-A)Id+AT), 1], the mapping (1-
MId + AT is -averaged. Write 8 = Aa with a = /A € (0,1]. Fact 4.2 implies that T
is a-averaged, thus k(T) < /). Taking infimum over f gives k(T) < k((1-1)Id +
AT)/A ie, Ak(T) < k((1-A)Id + AT). Therefore, k((1- 1)Id + AT) = Ak(T).

Altogether, (4.3) holds. [}

Example 4.4 Let C be a nonempty closed convex set in X and C # X. Consider the
reflector to C defined by R¢ := 2P¢ — Id. Then, the following hold:

(i) k(Re) =1L

(ii) For A € [0,1], k((1-A)Id + AR¢)) = A.
(iii) For A € [0,1], k((1-A)Id + APc)) = A/2.
Proof Apply Example 2.15 and Lemma 4.3. [ ]
Remark 4.5 'This recovers [5, Example 2.3] for C = V, a closed subspace of X.

Example 4.6 Let A: X = X be maximally monotone. Consider the reflected resol-
vent of A defined by Ry := 2], —Id. Then, k(R4) =2k (J4) by Lemma 4.3. Con-
sequently, k (Ry) <1 (that is, R, is a-averaged for some « € [0,1)) if and only
if J4 is normally nonexpansive. Likewise, k (R4) =1 if and only if J4 is specially
nonexpansive.

The following result concerning the Douglas—Rachford operator (see, e.g., [6, 9])
is of independent interest.

Theorem4.7 Let U,V betwo closed subspaces of X, and U # V. Consider the Douglas-
Rachford operator
Id+ RyR
Tyy = %

Yhen, k(TU’V) = 1/2

Proof We have RyRy #1Id since U # V. Note both Ry and Ry are orthogonal.
Thus, k (RyRy) =1 by Corollary 3.9. Therefore, by Lemma 4.3, we have k(Ty,v) =
k(RURv)/2:1/2 ]

Remark 4.8 LetA, B: X = X be two maximally monotone operators. The Douglas—
Rachford operator related to (A, B) is
Id + R4R

TA)B = #.

It is interesting to know k( Ty, ) in general.

Next, we recall Yosida regularizations of monotone operators. They are essential
for our proofs in Section 4.2.

Definition 4.1 (Yosida regularization) For y > 0, the Yosida y-regularization of A is
the operator

-1

Y, (A) = (pld+ A7)
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For Yosida regularization, we have the classic identity: Y, (A) = u™* (Id - J,.4); see
[22, Lemma 12.14]. The following result is [6, Theorem 23.7(iv)]. Here, we take the
opportunity to give a detailed proof.

Proposition 4.9  For «, y > 0, the following formula holds

[o4

Id +

o+ a ,u+oc](“+“)A'

Jav,(a) =
Proof First,
aY,(A) = a(uld+ A_l)_1 =[(uld+A™") (oc_lld)]_1
= (a'pld + A‘l(oc_lld))_1 = (a'pld + (ocA)‘l)_l
= a—lﬂ((XA).

Thus, we only need to prove the formula holds for a = 1.

Let y € X, z=J(us1)a(y) and x = ﬁy+ ﬁz. We will prove x = Jy, , (y). We

havez= (p+D)x—puy,y—z = ”Tﬂ(x—z) and Y, (A) = i (1d - J,a). Thus,
u+1
z=Juma(y) ® y-ze(p+1)Az = T(X—Z) €(p+1)Az

o> x-ze(pA)ze z=Juax <= (p+1)x—puy = Juax

X —Juax
P2 = Y (A)(x) & x = Ty, ().

< y-x=

Combining Proposition 4.9 and Lemma 4.3, we have the following.

Corollary 4.10  For any « € [0,1), the following hold:

(i) ]aYI—a(A) = (1 — OC)Id + OC]A.
(i) k(Javi,(A)) = ak(Ja).
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Corollary 4.11 For yu > 0, the following hold:

@) Jy,(a) = #+1 Id + ﬁ](,m)A-
(i) kUyv,(a)) = 757kUuenya)-

Example 4.12 Let C be a nonempty closed convex set in X and C # X. Consider the
normal cone to C defined by N¢(x) := {u € X | sup..(c —x,u) <0} ifx € C,and @
otherwise. Then,

1
(44) (V‘M > 0) k(]Y‘u(NC)) = k(]‘u—l(ld,pc)) = m
In particular,
o
(4.5) (Va e (0.1) k(Jax-u(ve)) = kUa-a)110-p0)) = 5
Proof Apply Corollary 4.10 with A = N¢ to obtain
(4.6) Jv,(Ne) = Ju1(1d-Jung) = Jur(1d-pe)
__# 1 _
(47) _‘[,4+11d+‘u ](’M+I)Nc_‘“+11 +#+1INC
(4.8) s Lop
‘u +1 u+l
Using Lemma 4.3 and k(Pc) = 1/2 because C # X, we have
l
(]y‘l(ld Pc)) ( C) ( +1)
Finally, (4.5) follows from (4.4) by using ¢ = (1- «) /ax. ]

Remark 4.13 Observe that Corollary 4.11(i) shows that Y, (A) is the resolvent average
of monotone operators 0 and (u + 1)A (see, e.g., [4].

4.2 Characterization of normally averaged mappings

The Yosida regularization of monotone operators provides the key. Recall that T : X —
X is u-cocoercive with g > 0 if uT is firmly nonexpansive, i.e.,

(VxeX)(VyeX) (x—-y, Tx—Ty)>u|Tx-Ty|*

Fact 4.14 [6, Proposition 23.21 (ii)] T : X — X is p-cocoercive if and only if there exists
a maximally monotone operator A: X = X such that T = Y, (A).

Lemma 4.15 Let A: X 3 X be maximally monotone. Suppose that J, is normally
nonexpansive. Then, A is single-valued with full domain, and cocoercive.

Proof Ifk(Ja) = 0, Proposition 2.3 shows that J4 = Id + v for some v € X. Then, A :=
—v, which is clearly single-valued with full domain, and cocoercive. Hence, we shall
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assume 0 < k (J4) <1/2. Set

_Ja—(1-2k(Ja))d
2k (Ja) .

Then, J4 = (1-2k(J4))Id+2k(J4) N and N is nonexpansive with k(N) =1/2 by
Lemma 4.3. It follows from Fact 4.1 that N is firmly nonexpansive, i.e., there exists
a maximally monotone operator B : X = X such that N = Jg. Thus, by Corollary 4.10,
we have

N

Ja=(1-2k(Ja))Id+2k(Ja) N=(1-2k(Ja))Id+2k (J4) JB

= L2k () V) (B)-

Therefore, A =2k (Ja) Yi_2k(j,)(B). Since J5 is normally nonexpansive, we have
2k (Ja) € (0,1). Thus, 2k (Ja) Y1-2k(s,) (B), being a Yosida regularization, is a single-
valued, full domain, and cocoercive operator due to Fact 4.14. Hence, A is single-
valued with full domain, and cocoercive. [ ]

Lemma 4.16 Suppose A: X = X is single-valued with full domain, and cocoercive.
Then, ] 4 is normally nonexpansive.

Proof Since A is single-valued with full domain, and cocoercive, by Fact 4.14, there
exist a maximally monotone operator B : X = X and y > 0 such that A = Y,,(B). Since
B is maximally monotone, by Corollary 4.11, we have

1
Jv,(8) = ‘u%ld —J(u1)B = Ja-

+
1 u+1
Since B is maximally monotone and y + 1> 1, we have (¢ + 1) B is maximally mono-
tone as well. Thus, k(J(,+1y8) <1/2 by Fact 4.1. Now, Lemma 4.3 gives

1

—_ <
u+1

1
7

| =

1
k(Ja) = ﬁk (Jums) <

The main result of this section comes as follows.

Theorem 4.17 (Characterization of normally averaged mapping) Let A: X =3 X be
maximally monotone. Then, ] 4 is normally nonexpansive if and only if A is single-valued
with full domain, and cocoercive.

Proof Combine Lemmas 4.15 and 4.16. ]

In view of Fact 4.1, the characterization of special nonexpansiveness follows imme-
diately as well.

Example 4.18 Let A€S’,, the set of n x n positive definite symmetric matrices.

Then, k (J4) <1/2and k (J4-1) <1/2 by Theorem 4.17.

The following fact follows from [8, Theorem 2.1(i)&(iv)].
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Fact 419 Let T : X — X be firmly nonexpansive. Then, the following hold:
(i) T = Ja for a maximally monotone operator A: X = X.
(i) T is injective if and only if A is at most single-valued, i.e.,
(Vx € domA) Ax is empty or a singleton.
(iii) T is surjective if and only if domA = X.

Remark 4.20 Combining Theorem 4.17 and Facts 4.19 and 4.1, we recover Theo-
rem 2.12, since A being cocoercive implies Id + A being Lipschitz.

5 Proximal operator

Let f € [h(X). Recall that the proximal operator of f is given by
1
P (x) = argmin { £(u) + 3 | - x[2}.
ueX 2

that the Moreau envelope of f with parameter y >0 is defined by e, f(x):=
mingex(f(u) + ﬁ”u —x|?), and that the Fenchel conjugate of f is defined by

F*(y) =sup,x({x,y) = f(x)) for y e X. It is well known that Py = (Id + 9f)~",
where of is the subdifferential of f given by df(x):={ueX|(VyeX) f(y) >
f(x) +(u, y—x)} if x e domf, and @ if x ¢ domf. Also, Py is firmly nonexpansive,
ie, k(Ps) <1/2 (see, e.g., [6, 22]).

In this section, we will characterize the normal and special nonexpansiveness of
P ;. We begin with the following definition.

Definition 5.1 (L-smoothness) Let L € [0,+00). Then, f is L-smooth on X if f is
Fréchet differentiable on X and V f is L-Lipschitz, i.e.,
(VxeX)(VyeX) [Vf(x)-ViOI<Lix-yl.

Fact 5.1 ((Baillon-Haddad) [2] (see also [6, Corollary18.17]))  Let f € Iy (X). Suppose
fis Fréchet differentiable on X. Then, V f is u-cocoercive if and only if V f is y™'-Lipschitz
continuous.

For further properties of L-smooth functions, see [6, 11, 22]. We also need

Fact 5.2 ((Moreau) [6, Theorem 20.25]) Let f € Iy(X). Then, of is maximally
monotone.

The following interesting result characterizes a L-smooth function f via the
modulus of averagedness of Ps. It shows that for proximal operators not only can
Theorem 4.17 be significantly improved but also the converse of Theorem 2.12 holds.

Theorem 5.3 (Characterization of normal proximal operator) Let f € To(X). Then,
the following are equivalent:

(i) Py is normally nonexpansive.
(i) There exists L > 0 such that fis L-smooth on X.
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(iii) f* is 1/L-strongly convex for some L > 0.
(iv) P+ is a Banach contraction.
(v) Py is a bi-Lipschitz homeomorphism of X.

Proof “(i)<(ii)”: By Fact 5.2, df is maximally monotone. Let A =df in Theo-
rem 4.17 and combine it with Fact 5.1.

“(ii)<=>(iii)”: Apply [6, Theorem 18.15].

“(iii)<>(iv)”: Apply [18, Corollary 3.6].

“()=(v)”: Apply Theorem 2.12.

“(v)=(i)”: The assumption implies that (P;)™" =1d + 9f is full domain, single-
valued and Lipschitz, sois df = V f. By Fact 5.1, V f is co-coercive. It remains to apply
Theorem 4.17. [ ]

Remark 5.4 (1) Bi-Lipschitz homeomorphisms of a Euclidean space form an impor-
tant class of operators. For instance, Hausdorff dimension, which plays a central
role in fractal geometry and harmonic analysis, is bi-Lipschitz invariant (see [17]).
Theorem 5.3(i) < (v) thus provides a large class of such nonlinear operators.

(2) By endowing I (X) with the topology of epi-convergence (see, e.g., [21, Propo-
sition 3.5, Corollary 4.18]), Theorem 5.3 (i) <> (ii) implies that most convex functions
have their proximal mappings with modulus of averagedness exactly 1/2, in the sense
of co-meagerness (the complement of a meager set).

The characterization of special proximal operator follows immediately as well.
The following example shows that P; being only bijective does not imply that Py is
normally nonexpansive.

Example 5.5 Let X = R. Define

Inx ifx>e,
o(x) = %x if —e<x<e,
—In(-x) ifx<-e.
Then, the following hold:
(i) ¢ is a proximal operator of a function in Iy (R).
(ii) ¢ is a bijection.
(iii) ¢ is specially nonexpansive.
(iv) The inverse mapping of ¢:

e’ ify>l,
(9)'(y)=4ey if-1<y<],
-e7 ify<-l

is not Lipschitz.

Proof (i): ¢ is a proximal operator because it is nonexpansive and increasing (see
[6, Proposition 24.31]). (ii): Obvious. (iii): We have that ¢ is differentiable with

ifx > e,

=R =

if —e<x<e,

¢'(x) =
—% if x < —e.
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Thus, infyeg ¢'(x) =0. By Lemma 3.15 or [5, Proposition 2.8], k(¢)=(1-
infyer ¢'(x))/2 = 1/2. (iv): Direct calculations. ]
Corollary 5.6  Let f € Iy(X). Suppose domf # X. Then, Py is specially nonexpansive.

Proof Observe thatdom f # X implies dom df # X. Thus, f is not L-smooth for any
L > 0 and the result follows by Theorem 5.3. [ ]

Remark 5.7 When C is a nonempty closed convex subset of X and C # X, obviously
1c € Tp(X) and domc = C. By Corollary 5.6, P¢ is specially nonexpansive, which
recovers Example 2.15.

For the Moreau envelope, we have the following result.

Proposition 5.8 Let f € To(X) and let y, a > 0. Then,

a
(5.1) k(Pae,‘f) = u+ ak(P(;ﬁ-a)f)'
If, in addition, f is not Lipschitz smooth, then
1 «
k(P, = - .
( e"f) 2u+a
Proof By [9, Theorem 27.9], we have
7 a
Poo. f = Id+ ——P(ayf
uf Uta +#+“ (ura)f

It suffices to apply Lemma 4.3.
If, in addition, f is not Lipschitz smooth, then (¢ + «) f is not Lipschitz smooth so
that k(P(,.4)s) = 1/2 by Theorem 5.3. Use (5.1) to complete the proof. ]

Example 5.9 Let y, a > 0. Consider the Huber function defined by

L2

—|x if | x| <,
Hy X o [ <

Ixl =5 if x| > p.
It is well-known that H,, = e, | - | and that | - | is not Lipschitz smooth, Therefore, by
Proposition 5.8,

1 «

k(P == .
( oHy ) 2u+a

Example 5.10 Let C be a nonempty closed convex subset of X and C # X. Consider

the support function of C defined by o¢ : X - [-00, +00] : x = sup_.-(c, x). Then,

the following hold:

(i) If Cis a singleton, then k(P¢) =1/2and (VA > 0) k(Pj,.) = 0.

(ii) If C contains more than one point, then k(P¢) =1/2and (VA > 0) k(P4 ) =1/2.

Proof The fact that k(P¢) = 1/2 has been given by Example 2.15. Now observe that
the support function o¢ has Py, = Id — APc(-/A).

(i): We have P, = Id + v for some v € X. Then, apply Proposition 2.3.

(ii): The function Aac(x) is not Lipschitz smooth, since it is not differentiable at 0.
Apply Theorem 5.3 to derive k(P),.) = 1/2. ]
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6 Compute modulus of averagedness via other constants or values

In this section, introducing monotone value for monotone operators, cocercive value
for cocoercive mappings and Lipschitz value for Lipschitz mappings, we provide
various formulae to quantify the modulus of averagedness for resolvents and proximal
operators.

6.1 Monotone value and cocoercive value

Recall that we assume A : X = X is a maximally monotone operator. For y > 0, we say
that A is y-strongly monotone if A — yId is monotone, i.e.,

(V(x,u) egraA)(V(y,v) egrad) (x—y,u—v)>ulx-y|*

It is clear that if an operator is yo-strongly monotone (or cocoercive), then it is y-
strongly monotone (or cocoercive) for y < po. Observing this property, we define the
following functions for a maximally monotone operator.

Definition 6.1 (Monotone value) Suppose that A is strongly monotone. The mono-
tone value (or best strong monotonicity constant) of A is defined by

m(A) :=sup{y > 0| Ais y-strongly monotone}.
Otherwise, we define m(A) = 0.

Definition 6.2 (Cocoercive value) Suppose A is single-valued with full domain, and
cocoercive. The cocoercive value (or best cocoercivity constant) of A is defined by

c(A) := sup{u > 0| Ais y-cocoercive}.
Otherwise, we define c¢(A) = 0.

We present basic properties of monotone value and cocoercive value. Note an
operator is y-cocoercive if and only if its inverse is y-strongly monotone.

Proposition 6.1 Let y > 0. The following hold:
(i) (duality) m (A) = c(A™") and m (A™") = c (A).
(i) m(uA) = um(A) and c(uA) = p~'c(A).
(iii) c(A) = +o0 if and only if A is a constant operator on X.
(iv) m(A+ B) > m(A) + m(B) and
c ((A_1 + B_l)_l) > c(A) + ¢(B).
(v) (Yosida regularization) m(A + uld) = m(A) + p and c (Y, (A)) = c(A) + p.

Proof (i), (ii), (iii) and (iv) can be directly verified. (v): Since Y, (A) = (‘uId + A‘l)_l,
we have
c(Yu(A)) =c((pld+ A’l)_l) =m(uld+A™")
=u+m (A7) = pu+c(A).
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The following fact connects averaged operators with cocoercive mappings, and can
be directly verified.

Fact 6.2 [24, Proposition 3.4(iii)] Let T : X — X be nonexpansive and o € (0,1).
Then, T is a-averaged if and only if1d — T is 1/(2a)-cocoercive.

Proposition 6.3 Let T : X — X be nonexpansive. Then,

1
k(T) = ———.
() 2¢(Id-T)
Proof Combine Proposition 2.3 and Fact 6.2. [ ]

Corollary 6.4 Let T : X - X be normally nonexpansive. Then, Id — T is a Banach
contraction with constant 2k(T).

Proof By Proposition 6.3, Id - T is cocoercive with constant 1/(2k(T)). Using the
Cauchy-Schwarz inequality, we have that Id — T is Lipschitz with constant 2k(T). The
contraction property follows by 2k(T) < 1since T is normally nonexpansive. [ ]

Remark 6.5 Lemma 2.11 can also be proved by using Corollary 6.4 and the Banach
fixed-point theorem. Indeed, given a normally nonexpansive T and for any v € X, the
mapping x — x — Tx + v is a Banach contraction and, therefore, has a fixed point x,.
Then, x¢ = xo — Txo + v which implies that Tx, = v, therefore, T is surjective.

The following result connects the modulus of averagedness of a resolvent to the
co-coercivity of associated maximally monotone operator.

Proposition 6.6 (Modulus of averagedness via cocoercive value) Let A: X =3 X be

maximally monotone and o > 0. Then,

1 o
kJas) = 2a+c(A)

Proof In view of Proposition 6.1(ii), it suffices to prove the case when a = 1. Note
that Y;(A) = Id —J 4. By Proposition 6.1(v), ¢ (Id—J4) = c¢(A) + 1. Now apply Proposi-
tion 6.3. u

We have the following corollary in view of Proposition 6.1(i).

Corollary 6.7 (Modulus of averagedness via monotone value) Let A: X =3 X be
maximally monotone and o > 0. Then,

o

1
k(]ocA) = Em

The following example illustrates our formulae in this section.

Example 6.8 Supposethat A: X — X isaboundedlinear operator and that A is skew,
ie., (Vx € X){x, Ax) = 0. Then, A is maximally monotone, and the following hold:
(i) If A=0, then ¢(A) = +o0. Clearly,

1

1+00°

1
k(Ja) = k(1d) =0 = 5
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(ii) If A is not a zero operator, then c(A) = m(A) = m(A™") = c(A™!) = 0. Therefore,
the formulae give k(J4) = k(Ja-1) =1/2, which coincides with Theorem 4.17
because A and A is not cocoercive.

6.2 Lipschitz value

Definition 6.3 (Lipschitzvalue) LetT : X — X.The Lipschitz value (or best Lipschitz
constant) of T is defined by

((T):=inf{L>0|Vx,yeX,|Tx~-Ty|<L|x~-y|}.

Moreover, for a maximally monotone operator A : X = X, define /(A) = +o0 if A is
not single-valued with full domain.

The following formula connects Lipschitz value with cocoercive value. Note that
we follow the convention that inf @ = +00, (+00)™' = 0and 07! = +oo.

Lemma 6.9 ((A) < [c(A)]™
Proof Suppose c(A) € (0,+00). Then, A is c(A)-cocoercive and, therefore,
[c(A)]*-Lipschitz on X by the Cauchy-Schwarz inequality. Thus, /(A) < [c(A)]™.
Suppose ¢(A) = +oo. It follows from Proposition 6.1(iii) that A is a constant
operator. Thus, /(A) =0 = [c(A)] ™"
Suppose c(A) = 0. Then, £(A) < +oo = [c(A)] ™" ]
Fact 6.10 [6, Proposition 17.31] Let f be convex and proper on X, and suppose that
x € intdom f. Then, f is Gateaux differentiable at x < 0f (x) is a singleton in which

case 3 (x) = {Vf(x)}.
Proposition 6.11 ((df) = [c(df)]™".
Proof Suppose c(9f) € (0,+00). Then, df is singe-valued with full domain. Thus,

of = Vf by Fact 6.10. While Vf is ¢(df)-cocoercive, by applying Fact 5.1, we have
UV f)=[c(VHI™

Suppose ¢(df) = +oo. Then, df is a constant operator by Proposition 6.1. Thus,
«af) = 0= [c(af)]

Suppose c(df) = 0. If of is singe-valued with full domain, then again by applying
Facts 6.10 and 5.1, we have 9 f = V f is not Lipschitz, thus £(9f) = +oo = [c(af)] . If
df is not singe-valued, or not with full domain, then £(df) = +oo by the definition of
Lipschitz value. Thus, £(9f) = +00 = [c(af)]™". [

Now we are able to propose the following interesting formula for proximal opera-
tors.

Theorem 6.12 (Modulus of averagedness via Lipschitz value) Let f € [y(X). Then,

1 1
e

Proof By Fact 5.2, df is maximally monotone. The result follows by letting A = 0 f
in Proposition 6.6 and combining it with Proposition 6.11. [ ]

Using £(aT) = al(T) for a > 0, we obtain the following result.
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Corollary 6.13 Let f € Iy(X) be L-smooth on X for some L > 0 and let o > 0. Then,

1 al(Vf)
k(P“f)‘iuae(vf)‘

The following example illustrates our formulae in this section.

Example 6.14 Let C be a nonempty closed convex set in X and C # X. Consider the
distance function of C defined by d¢(x) : X — [—o00, +00] : x = infiec |x — ¢|. Then,
for any « > 0 the following hold:

() k(Praz) = 3k
(11) Cc (Id - Pc) =/ (Id - Pc) =1
(iii) Page isa bi-Lipschitz homeomorphism of X.

Proof (i): By [11, Example 6.65], P%dé = ﬁld + %Pc. Thus, we have k (P%dé) =

1+

2 k(Pc) = 3 1% by Lemma 4.3 and Example 2.15.
(ii): We have ¢ (Id — P¢) =1 by Proposition 6.3 and k(Pc) =1/2. On the other
hand, since d¢ € I (X) and V3d¢ = 1d - P¢ (see, e.g., [6, Corollary 12.31], we have
¢(Id - Pc) = £(Id - P¢) = 1by Proposition 6.11.
Consequently, Corollary 6.13 is verified by the results of (i) and (ii):

k(P )_1 al(Vid) 1 al(ld-Pc) 1 «a
7d¢ C21+al(Vid2)  21+al(ld-Pc) 21+a

(iii): By (i), k (Pgdg) = %ﬁ < %, ie., Pgdé is normally nonexpansive. The result

follows by Theorem 2.12. ]

7 Bauschke, Bendit, & Moursi’s example generalized

The following example on the modulus of averagedness of Py Py extends [5, Example
3.5] in R? to a Hilbert space. Instead of using [5, Theorem 3.2], we provide a much
simpler proof.

Example 71 Let 6 € (0, /2). In the product Hilbert space H = X x X, define
U=Xx{0}, V={(y,(tan8)y)|yeX}.
Then,

1+cos@

7.1 k(PyPy) = ———.
7D (PvPu) 2 +cosf

Proof We have

Id o L_1d tanfd 14
PU = [0 0]’ and PV = [1+ttaann991d ltat?l?eeld

1+tan2 6 1+tan2 6

so that

1
Id o
PVPU: [H—tgannéeld O]

1+tan2 6
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Put T = Py Py. Then, T is k-averaged if and only if
(72) (Vx € H0) | Tx|* + (1-2k)|x ] < 2(1 - k){x, Tx).
For x = (x1, x2) with x; € X, we have

1 tan 0 (Tx, x) EAL . tan 0
X = X1 x ], X, x) =
1+tan?0 " 1+tan26"" 1+tan’@ 1+tan?0

Substitute above into (7.2) to obtain

(X],Xz).

EAL tan 6
l1+tan’0 1+tan?0

B
1+tan%8

+(1—2k)(||x1|2+|x2||2)<2(1—k)( <x1,xz>),

which can be simplified to

—tan? 0 ) 2 tan 0
1) _ —_ ey — <
(73)  (2k 1)1+tan26|‘x1H +(1-2k)|x2]*-2(1 k)l+tan29<x1’x2> <0.

When x, = 0, this gives (2k —1)(-tan? §) < 0, so k > 1/2. If k = 1/2, this gives
tan 0

Vxp,x€eX) - ————
(V1,3 € X) 1+tan® @

<x1) x2) g 0)

which is impossible. Thus, k > 1/2. Dividing (7.3) by | x|* and applying the Cauchy-
Schwarz inequality, we have

2
(74) (zk—1)ta“29(|x1|) +2(1- k) tanf (i|x1”)+(2k—1)>0.

1+tan? 0\ x| I+tan? 0\ |x2]

Substituting t = |x; | /||x2| into (7.4) yields

tan? @ tan 6
2k-1)————— 2 +2(1- k) ——— (¢ 2k-1)>0
( )1+tan29 2 )1+tan26(i)+( )
which happens if and only if
2
tan 0 tan® 0
2(1-k)———— | <4(2k-1)*———
(( )1+tan29) ( )1+tan29

ie, (1-k)* < (2k -1)*(1 + tan?® 0). Taking square root both sides, we have 1 -k <
(2k —1)/ cos 0, so that k > (1+ cos 8)/(2 + cos 0). Hence,

1+ cosf
2+cosf’

K(T) =
]

Remark 7.2 Let U, V be two closed subspaces of J{. Recall that while the cosine of
Dixmier angle between U, V is defined by

(75) cp(U,V) = sup{(u,v) lueU,veV,|u| <L|v|< 1},
the cosine of the Friedrich angle between U, V is defined by

(7.6)
cr(U, V) = sup{(u,v) lueUn(UnV)LveVn(UnV),|u| <1, |v] € 1}.
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For more details on the angle between subspaces, see [5,16]. With U = X x {0}, V =
{(y,(tanB)y) | y € X} given in Example 71, for 6 € (0,7/2), we have UnV =0 so
that (Un V)* = H = X x X. Then,

(7.7)

CD(U, V) = CF(U, V)
08) = {((60), (5 (tan0))) | x e X,y e X, [x] <1, |(ys (tan6)y)] <1}
(79) ={(x,y)|xeX,ye X, |x| <L |y| < cos @} = cosb.

Hence, both the Dixmier and Friedrich angles between U and V are exactly 6.
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