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Abstract

We study the usage of regularity properties of collections of sets in con-
vergence analysis of alternating projection methods for solving feasibility
problems. Several equivalent characterizations of these properties are pro-
vided. T'wo settings of inexact alternating projections are considered and
the corresponding convergence estimates are established and discussed.
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1 Introduction

In this article we study the usage of regularity properties of collections of sets
in convergence analysis of alternating projection methods for solving feasibility
problems, i.e., finding a point in the intersection of several sets.

Given a set A and a point z in a metric space, the (metric) projection of x
on A is defined as follows:

Pu(z) = {a € A| d(z,a) = d(z, A)},



where d(z, A) := inf,c4 d(z,a) is the distance from = to A. If A is a closed
subset of a finite dimensional space, then P4(z) # 0. If A is a closed convex
subset of a Euclidean space, then P4(x) is a singleton.

Given a collection {A, B} of two subsets of a metric space, we can talk about
alternating projections.

Definition 1 (Alternating projections). {z,} is a sequence of alternating pro-
jections for {A, B} if

Tontl € PB(:C2n) and Topto € PA(I2n+1) (n = 0, 1, .. )

Investigations of convergence of the alternating projections to a point in the
intersection of closed sets in the setting of a Hilbert space, or more often a finite
dimensional Euclidean space, have long history which can be traced back to
von Neumann; see the historical comments in [10,19,22]. In the convex case,
the key convergence estimates were established by Bregman [6] and Bauschke
& Borwein [3]. In the nonconvex case, in the finite dimensional setting, linear
convergence of the method was shown by Lewis et al. [19, Theorem 5.16] under
the assumptions of the uniform regularity of the collection {A, B} and super-
reqularity of one of the sets; see the definitions and characterizations of these
properties in Section 2.

Throughout this paper, we assume that A and B are closed.

Theorem 2 (Linear convergence of alternating projections). Let X be a finite
dimensional FEuclidean space. Suppose that

(i) {A, B} is uniformly regular at T € AN B, i.e.,

¢:=sup{—(u,v) |u€ Na(zZ)NB, ve Np(z)NB} < 1; (1)

(ii) A is super-regular at T.

Then, for any ¢ € (¢,1), a sequence of alternating projections for {A, B} with
initial point sufficiently close to T converges to a point in AN B with R—linear

rate \/c.

N 4(Z) and Ng(%) in (1) stand for the limiting normal cones to the corre-
sponding sets at T; see definition (12) below.

Observe that — (u,v) in (1) can be interpreted as the cosine of the angle
between the cones N 4(Z) and —N ().

The role of the regularity (transversality-like) property (i) of {A, B} and
convexity-like property (ii) of A in the convergence proof is analysed in Drusvy-
atskiy et al. [10] and Noll & Rondepierre [22]. It has well been recognized that
the uniform regularity assumption is far from being necessary for the linear
convergence of alternating projections. For example, as observed in [10], it fails
when the affine span of AU B is not equal to the whole space.

The drawback of the uniform regularity property as defined by (1) from the
point of view of the alternating projections is the fact that it takes into account



all (limiting) normals to each of the sets while in many situations (like the one
in the above example) some normals are irrelevant to the idea of projections.

Recently, there have been several successful attempts to relax the discussed
above uniform regularity property by restricting the set of involved (normal)
directions to only those relevant for characterizing alternating projections. All
the newly introduced regularity properties still possess some uniformity in the
sense that they take into account directions originated from points in a neigh-
bourhood of the reference point and some estimate is required to hold uniformly
over all such directions.

Bauschke et al. [4,5] suggested restricting the set of normals participating in

(1) by replacing N 4(Z) and N g(&) with restricted limiting normal cones Nﬁ(a’c)
and Nﬁ(@) depending on both sets and attuned to the method of alternating

projections. For example, the cone Ni(i) consists of limits of sequences of
the type tx(by — ag) where tx > 0, by, € B, ay, is a projection of by on A, and
ar, — T; cf. definitions (17) and (18). Bauschke et al. also adjusted (weakened)
the notion of super-regularity accordingly (by considering joint super-restricted
regularity taking into account the other set) and, under these weaker assump-
tions, arrived at the same conclusion as in Theorem 2; cf. [4, Theorem 3.14] and
Theorem 15 below.

The idea of Bauschke et al. has been further refined by Drusvyatskiy et
al. [10, Definition 4.4] who observed that it is sufficient to consider only sequences
tr(bx — ax) as above with by — Z; cf. Definition 16 below. In this case, ay — &
automatically.

In [10], the authors suggested also another way of weakening the uniform
regularity condition (1). Instead of measuring the angles between (usual or
restricted in some sense) normals (and negative normals) to the sets, they mea-
sure the angles between vectors of the type a — b with a € A and b € B and
each of the cones N5*(b) and —N§*(a). At least one of the angles must
be sufficiently large when a and b are sufficiently close to Z; cf. [10, Defini-
tion 2.2]. Assuming this property and using a different technique, Drusvyatskiy
et al. produced a significant advancement in convergence analysis of projection
algorithms by establishing (see [10, Corollary 4.2]) R—linear convergence of al-
ternating projections without the assumption of super-regularity of one of the
sets (and with a slightly different convergence estimate). The idea is closely re-
lated to the more general approach, where the feasibility problem is reformulated
as a problem of minimizing a coupling function, and the property introduced
in [10] is sufficient for the coupling function to satisfy the Kurdyka-Lojasiewicz
inequality [1, Proposition 4.1].

The two relaxed regularity properties introduced in [10] are in general inde-
pendent; cf. Examples 21 and 22.

The next step has been made by Noll and Rondepierre [22, Definition 1].
They noticed that, when dealing with alternating projections, the main building
block of the method consists of two successive projections:

aleA, bEPB(al) and GQGPA(b) (2)



and it is sufficient to consider only the (proximal) normal directions determined
by a1 — b and b — as for all aq, b, as in a neighbourhood of the reference point
satisfying (2). In fact, in [22], a more general setting is studied which allows
for nonlinear convergence estimates under more subtle nonlinear regularity as-
sumptions.

Another important advancement in this area is considering in [19] of inezact
alternating projections. Arguing that finding an exact projection of a point
on a closed set is in general a difficult problem by itself, Lewis et al. relaxed
the requirements to the sequence {z,} in Definition 1 by allowing the points
belonging to one of the sets to be “almost” projections. Assuming that the other
set is super-regular at the reference point, they established in [19, Theorem 6.1]
an inexact version of Theorem 2.

In the next section, we discuss and compare the uniform regularity property
of collections of sets and its relaxations mentioned above. Several equivalent
characterizations of these properties are provided in a uniform way simplifying
the comparison.

The terminology employed in [4,5,10,19,22] for various regularity properties
is not always consistent. We have not found a better way of handling the situa-
tion, but to use the terms BLP W-restricted regularity, DIL-restricted reqularity,
and NR-restricted regularity for the properties introduced in Bauschke, Luke,
Phan, and Wang [4,5], Drusvyatskiy, Ioffe and Lewis [10], and Noll and Ronde-
pierre [22], respectively. The refined version of BLPW-restricted regularity due
to Drusvyatskiy et al. [10] is referred to in this article as BLPW-DIL-restricted
reqularity.

In Section 3, we study two settings of inexact alternating projections under
the assumptions of DIL-restricted regularity and uniform regularity, respec-
tively, and establish and discuss the corresponding convergence estimates.

Our basic notation is standard; cf. [9,21,24]. For a normed linear space X,
its topological dual is denoted X* while (-, -) denotes the bilinear form defining
the pairing between the two spaces. If X is a Hilbert space, X* is identified
with X while (-, ) denotes the scalar product. If dim X < oo, then X is usually
assumed equipped with the Euclidean norm. The open and closed unit balls and
the unit sphere in a normed space are denoted B, B and S, respectively. Bs(z)
stands for the open ball with radius § > 0 and center z. We use the convention

Bo(z) = {z}.

2 Uniform regularity and related regularity prop-
erties
In this section, we discuss and compare the uniform regularity property of col-

lections of sets and its several relaxations which are used in convergence analysis
of projection methods.



2.1 Uniform regularity

The uniform regularity property has been studied in [14-18]. Below we consider
the case of a collection {4, B} of two nonempty closed subsets of a normed
linear space.

Definition 3. Suppose X is a normed linear space. The collection {4, B} is
uniformly regular at T € AN B if there exist positive numbers « and § such that

(A—a—a)(\(B—b—y)[)(pB) #0
for all p € (0,9), a € ANBs(Z), b € BNBs(Z), and z,y € (ap)B.

The supremum of all a in Definition 3 is denoted 6[A4, B)(&) and provides
a quantitative characterization of the uniformly regularity property, the latter
one being equivalent to the inequality 0[A, B](Z) > 0. It is easy to check from
the definition that
. A—a. B—
BIAB|(7) = limint CeA=@B=H0O) (3)

al—q)i,bgi,pio P

where
0,[A, B](Z) := sup {7“ >0|(A—ux) ﬂ(B —y) me(i) #0, Ve, y € TIB}

and a 2 7 means that a — 7 with a € A.

The next proposition contains several characterizations of the uniform reg-
ularity property from [14-18]. In its parts (i) and (iii), Na(a) stands for the
Fréchet normal cone to A at a € A:

Na(a) := uGX*|limsupM§0 . (4)
PN P

Proposition 4. Let A and B be closed subsets of X.

(i) Suppose X is a normed linear space.
Metric characterization:

A _ . max {d(z, A —z),d(z, B —y)}
0[A, Bl(z) = lim inf
Wity d(z,(A=z)\(B—y))

()

{4, B} is uniformly reqular at T if and only if there exist positive numbers
a and § such that
ad (z, (A—=x) ﬂ(B - y)) <max{d(z,A—1z),d(z,B—y)} (6)

for all z € Bs(Z) and z,y € 6B.



(ii) Suppose X is an Asplund space.
Dual characterization.

d[A, B|(z) = nﬂ}mf{ lu+ || | u € Na(a), v e Ng(b),
p.
a€ ANB,(Z), be BNB(E), ||lul + |lv] = 1}. (7)

{A, B} is uniformly regular at T if and only if there exist positive numbers
a and § such that
a ([lull +[loll) < flu+ o (®)

foralla € ANBs(Z), b€ BNBs(Z), u € Na(a), and v € Np(b).

(iii) Suppose X is a Hilbert space.
Angle characterization. If either T € bd ANbd B or T € int (AN B), then

6°[4, B](z) = 5 (1~ ¢[4, B](2)) , (9)

N |

where
A, B(z) := nfgsup{ —(u,v) | u € Na(a) NS, v e Ng(b) NS,
p
a€ ANB,(z), be B mBa,,(g-;)}. (10)

Otherwise, é[A, B](z) =1 and ¢[A, B](z) = —c0.

{4, B} is uniformly regular at T if and only if ¢[A, B](Z) < 1, i.e., there
exist numbers o < 1 and § > 0 such that

—(u,v) < a (11)
for alla € ANBs(Z), b€ BNBs(Z), u € Na(a) NS, and v € Ng(b)NS.

Remark 5. 1. Regularity criteria (6) and (8) are formulated in terms of distances
in the primal space and in terms of Fréchet normals, respectively. This explains
why we talk about, respectively, the metric and the dual characterizations in
parts (i) and (ii) of Proposition 4. The term “angle characterization” in part
(iii) comes from the observation that — (u, v) in criterion (11) can be interpreted
as the cosine of the angle between the unit vectors u and —v.

2. Constant (3) is nonnegative while constant (10) can take negative values.
It is easy to see from (5) that [A, B)(z) < 1if & ¢ int (AN B) and 0[A, B)(&) =
oo otherwise. Similarly, |¢[A, B](Z)| < 1ifZ € bd ANbd B and ¢[A, B](Z) = —c0
otherwise.

3. Unlike [17], we assume in (5), (7), and (10) the standard conventions
that the infimum and supremum of the empty set in R equal +o0o0 and —oo,
respectively. As a result, an additional assumption that either £ € bd ANbd B
or T € int (AN B) is needed in part (iii) to ensure equality (9).



4. Equality (5) was proved in [13, Theorem 1] while equality (7) was es-
tablished in [15, Theorem 4(vi)]; see also [13, Theorem 4] for a slightly weaker
result containing inequality estimates. Equality (9) is a direct consequence
of [17, Theorem 2]. It can be also easily checked directly.

If dim X < oo, then representations (7) and (10) as well as the correspond-
ing criteria in parts (i) and (iii) of Proposition 4 can be simplified by using
the limiting version of the Fréchet normal cones (4). If, additionally, X is a
Euclidean space, then one can also make use of proximal normals.

Recall (cf., e.g., [21]) that, in a Euclidean space, the limiting (Fréchet) nor-
mal cone to A at T and the proximal normal cone to A at a € A are defined as
follows:

N (%) := Limsup Ny(a) = {x* =limazj, | 2} € Na(ax), ax A gﬁ}, (12)
A

a—T
NE*(a) := cone (P (a) —a) = {A\(z —a) | A > 0, a € Pa(z)}. (13)
Their usage is justified by the following simple observations:
NY(a) C Na(a) and N (z) = Limsup N5 (a). (14)
A _
a—x

Proposition 6. Let A and B be closed subsets of X.

(i) Suppose dim X < co.
Dual characterizations.

014, B](z) = inf {|lu+ ] | u € Na(2), v € Np(@), Jull +||vl| = 1}

_ lifginf{ lu+ ] | w e NE™(a), v e NE(b),
p

a € ANB,(Z), be BNB,), |lul + ||v] = 1}.

{A, B} is uniformly reqular at T if and only if one of the following two
equivalent conditions is satisfied:

(a) Na(@) N (-=Np(7)) ={0};
(b) there exist positive numbers o and 6 such that inequality (8) holds

true for all a € ANBs(Z), b € BNBs(Z), u € Ny (a), and v €
NE*(b).

(ii) Suppose X is a Fuclidean space.
Angle characterizations.

¢[A, B)(z) =sup {— (u,v) |u € No(Z) NS, v € Np(z)NS} (15)
= liirowup{ — (u,v) |u € Ny (a) NS, v e NF(b) NS,
p
a€ANB,(Z), be Bme(z)}.

{A, B} is uniformly reqular ot T if and only if one of the following two
equivalent conditions is satisfied:



(a) {(u,v) € (Na(@)NS) x (Np(Z)NS) | (u,v) = -1} = 0;

(b) there exist numbers o < 1 and 6 > 0 such that inequality (11) holds
true for all a € ANBs(z), b € BNBs(Z), u € NT(a) NS, and
veNE(b)NS.

Remark 7. 1. Condition (a) in part (i) of the above proposition is a ubiqui-
tous qualification condition in optimization and variational analysis; cf. basic
qualification condition [21] and transversality condition [10,20].

2. If one replaces S with B in representation (15), one will get nonnegative
constant (1). The relationship between the two constants is straightforward:
¢ = max{¢[A, B|(z),0}.

2.2 Super-regularity

In the next several subsections, we follow [19] and [4,5], respectively. Although
some definitions and assertions are valid in arbitrary Hilbert spaces, in accor-
dance with the setting of [19] and [4,5], we assume in these two subsections that
X is a finite dimensional Euclidean space.

Unlike the uniform regularity, the super-regularity property is defined for a
single set. The next definition contains a list of equivalent characterizations of
this property which come from [19, Definition 4.3, Proposition 4.4, and Corol-
lary 4.10], respectively.

Definition 8. A closed subset A C X is super-regular at a point € A if one
of the following equivalent conditions is satisfied:

(i) for any 7 > 0, there exists a 6 > 0 such that
(r—za,a—wa) <Az —zalllla —zal
for all x € Bs(Z), x4 € Pa(x), and a € ANBs(T);
(ii) for any 7 > 0, there exists a 6 > 0 such that
(u,z —a) <Allull |z —af (16)
for all x,a € ANBs(Z) and u € Na(a);
(iii) for any y > 0, there exists a § > 0 such that
(v —uy—)>—7lly -z
for all z,y € ANBs(Z) and u € Na(z) and v € Na(y).

Remark 9. 1. Super-regularity is a kind of local “near convexity” property,
refining or complementing a number of properties of this kind: Clarke reqularity
[7,24], amenability [24], proxz-regularity [23,24], and subsmoothness [2] (cf. first
order Shapiro property [25]). For a detailed discussion and comparing of the
properties we refer the reader to [19].



2. Super-regularity of one of the sets is an important ingredient of the
convergence analysis of projection methods following the scheme initiated in
Lewis et al. [19]; cf. Theorems 2 and 34. In fact, a weaker “quantified” version
of this property corresponding to fixing v > 0 in Definition 8 (and Definition 10
below), i.e., a kind of vy-super-regularity is sufficient for this type of analysis;
cf. [5, Definition 8.1] and [22, Definition 2] (The latter definition introduces
a more advanced Holder version of this property.) Of course for alternating
projections to converge, v must be small and the convergence rate depends on

5.

2.3 Restricted normal cones and restricted super-regu-
larity

There have been several successful attempts to relax the discussed above reg-
ularity properties by restricting the set of involved (normal) directions to only
those relevant for characterizing alternating projections.

The definitions of restricted normal cones to a set introduced in [5] take into
account another set and generalize proximal and limiting normal cones (13) and
(12) in the setting of a Euclidean space:

N 7P"(a) := cone ((P;'(a) N B) —a), (17)
NL(z) = Lim sup NB=Prox (), (18)

Sets (17) and (18) are called, respectively, the B-prozimal normal cone to A at
a € A and B-limiting normal cone to A at T. When B is the whole space, they
obviously coincide with (13) and (12) (cf. the representation of the limiting
normal cone given by the equality in (14)). Note that cones (17) and (18) can
be empty.

Similarly to (17), one can define also the B-Fréchet normal cone to A at
a € A:

N%(a) := N4(a) N cone (B — a)

and the corresponding limiting one. The following inclusions are straightfor-
ward:

NEP(a) ¢ N¥(a) € Na(a).

Definition 10. A closed subset A C X is B-super-regular at a point & € A if|
for any v > 0, there exists a ¢ > 0 such that condition (16) holds true for all
z,a € ANB;(z) and u € NY 7P (a).

Remark 11. As observed in [5], B-proximal normals in Definition 10 can be
replaced with B-limiting ones. Similarly, in Definition 8(ii) and (iii), one can
replace Fréchet normals with limiting ones.



2.4 BLPW-restricted regularity

The next definition introduces a modification of the property used in the an-
gle characterization of the uniform regularity in Proposition 4(iii). This new
property and its subsequent characterizations and application in convergence
estimate (Theorem 15) originate in Bauschke, Luke, Phan, and Wang [4,5]. We
are going to use for the regularity property of a collection of two sets discussed
below the term BLP W-restricted regularity.

Definition 12. A collection of closed sets { A, B} is BLPW-restrictedly regular
atz e AN B if

&[A, B)(z) = lim sup{ — (u,v) |u e N P(a) NS, v e Ny P(b) NS,
P
a€ ANB,(7), beBﬂBp(j)} <1, (19)

i.e., there exist numbers cv < 1 and § > 0 such that condition (11) holds for all
a€ ANB;(z), b€ BNBs(Z), ue N P%(a) NS, and v € Nj P(b) NS.

Proposition 13. (i) The following representation holds true:

&[4, B)(Z) = sup {— (u,0) |u e N(@) NS, ve Na(@) N S} . (20)

(ii) If either N4 (2)NS # 0 and Na(2)NS # 0, or N2 (2)NS = N g(2)NS = 0,
o é1[A, B)(z) = 1 — 262, B](),
where
1[4, B)(¥) = lim inf{ lu+ ] | ue NEP(a), v € NAP(),
a€ ANB,(Z), be BNB,(T), ||ull + |v] = 1}
= inf {[|lu+ o]l | ue N3(a), veNg®), u] + o] =1}

(iii) A collection of closed sets {A, B} is BLPW-restrictedly regular at T €
AN B if and only if one of the following conditions holds true:

Gy = sup{—(umHUGNﬁ(i)ﬂE, veNg(f)mE}<1, (21)
01[A, B)(z) > 0,
Ni@n (-Na@) < {0}, (22)

Remark 14. 1. The difference between formula (20) and definition of & in
(21) is that, in the latter one, closed unit balls are used instead of spheres.
As a result, ¢ is either nonnegative or equal —co. (The latter case is possible
because restricted normal cones can be empty.) At the same time, conditions

10



é1]A, B](Z) < 1 and & < 1 are equivalent and & can be used for characterizing
BLPW-restricted regularity. The inequality ¢; < & where ¢ is given by (1), is
obvious. It can be strict; cf. [5, Example 7.1].

2. In [5], a more general setting of four sets A, B, A, B is considered with
the A- and B-proximal and limiting normals cones in Deﬁmtlon 12 and Proposi-
tion 13 replaced by their A and B versions. As described in [4, Subsection 3.6],
this provides additional flexibility in applications when determining regularity
properties. To simplify the presentation, in this article we set A = Aand B = B.

3. Condition (22) is referred to in [5] as (A, B)-qualification condition while
constant (19) is called the limiting CQ number.

Theorem 15. Let X be a finite dimensional Euclidean space. Suppose that
(i) {A, B} is BLPW-restrictedly regular at T € AN B;
(ii) A is B-super-regular at T.

Then, for any ¢ € (¢1,1), a sequence of alternating projections for {A, B} with
initial point sufficiently close to T converges to a point in AN B with R—linear

rate \/c.

2.5 BLPW-DIL-restricted regularity

The concept of BLPW-restricted regularity was further refined in Drusvyatskiy,
Toffe and Lewis [10, Definition 4.4]. We are going to call the amended property
BLPW-DIL-restricted reqularity.

Definition 16. A collection of closed sets {A, B} is BLPW-DIL-restrictedly
regular at &z € AN B if

) B . (a —ba,b— ap)
A, B = lims - b, € P , € Py(b),
alA, BI(z) = limenp { — 7 T b € Pa(a), o € Pa®)

a€(A\B)NB,(z), be (B\A) me(@)} <1, (23)
i.e., there exist numbers o« < 1 and § > 0 such that
— (@ = ba,b—ap) < alla—bl[lb—a
forall a € (A\ B)NBs(Z), b€ (B\ A) NBs(Z), b, € Pr(a), and a, € Pa(b).

Remark 17. The property in Definition 16 is referred to in [10] as inherent
transversality.

An analogue of Proposition 13 holds true with constant 61 [A, B](Z) replaced
by

a— by b—
lla=bal ~ lIb— abll

6] A, B)(z) = ; lim 1nf{’

‘b EPB( ), abEPA(b)

€ (A\B)NB,(z), be (B\A) me(x)}

11



and appropriate limiting objects.
It is easy to see that a BLPW-restrictedly regular collection is also BLPW-
DIL-restrictedly regular, but the converse is not true in general.

2.6 DIL-restricted regularity

The next definition and its subsequent characterizations originate in Drusvy-
atskiy, Toffe and Lewis [10]. We are going to use for the regularity property of
a collection of two sets discussed below the term DIL-restricted regularity.

Unlike [10], if not specified otherwise, we adopt in this subsection the setting
of a general Hilbert space.

Definition 18. A collection of closed sets { A, B} is DIL-restrictedly regular at
Te ANBif

04]A, B)(z) := lim inf
pd0 a€(A\B)NB,(z), be(B\A)NB,(z)

max{d (HZ__Z” NA(a)> .d (”Z:Z” NB(b)> } >0, (24)

i.e., there exist positive numbers v and § > 0 such that

b—a a—"b
max{d (”ab”,NA(a)) ,d (”ab”,NB(b))} >y (25)
for all a € (A\ B)NBs(Z) and b € (B\ A) NBs(T).

Proposition 19. A collection of closed sets {A, B} is DIL-restrictedly regular
at T € AN B if and only if

b—a,u),{a—bv)}
u € Na(a)NS,
H(l—b” | A()

vENp(b) NS, ae(A\ B)NB,(z), be (B\A)mmap(gz)} <1, (26)

R B . min{(
é4[A, B)(Z) := lplfg sup {

i.e., there exist numbers a < 1 and § > 0 such that
min{(b — a,u),{a —b,v)} < afla —b||

Jor alla € (A\B)NBs(z), b € (B\A)NBs(Z), u € NA( )NS, andv € Np(b)NS.
Moreover, (¢4[A, B)())? + (04]A, B](2))? =

Remark 20. 1. If dim X < oo, then, as usual, the Fréchet normals in (24) and
(26) can be replaced by the proximal ones:

04]A, B](z) = lim inf
pl0 ae(A\B)mIB%p(z) be(B\A)NB,(z)

max{ o (=g Vi@ ) (g NE 0 )

12



min{(b — a,u),{a —b,v)}
[la = b

vENY(b)NS, a€(A\B)NB,(z), be (B\ A) ﬂ]B%,,(fc)}.

¢4[A, B](z) = lim sup{ | ue NY(a) NS,
p0

2. In [10], the property in Definition 18 is referred to as intrinsic transver-
sality.

The next two examples show that DIL-restricted regularity is in general
independent of BLPW-DIL-restricted regularity.

Ezample 21 (BLPW-DIL-restricted regularity but not DIL-restricted regularity;
Figure 1). Define a function f : [0,1] = R by

0, if t =0,
ft) =< —t+1/2nH ift e (1/2nFL 3/2nF2)
t—1/2", ift e (3/2"2,1/2"], n=0,1,...

and consider the sets: A = gph f and B = {(¢,t) : ¢ € [0,1]} and the point
z=(0,0) = AN B in R2. Suppose R? is equipped with the Euclidean norm.

be BN P (a)

Figure 1: BLPW-DIL-restricted regularity but not DIL-restricted regularity

It is easy to check that f is a continuous function and consequently A is
closed; f(1/2") =0, f(3/2""%) = -1/2"*2 n=0,1,...
Take any a € A\ B, b€ B\ A, b, € Pg(a), and a, € P4(b). Thanks to the
properties of the Fuclidean distance, we have
ap = (1/27,0),
be BNPy () ={(t.t) [t € [3/2""% 3/2" ]},
a—b, =k(1,-1)

for some n € N and k£ > 0. Then,

¢ T)=  max {=1,1),b —ap) _ L/ ﬂ
2[4, B)(z) beBmp;(ab){ 73l —anl } \/§<( 1,1),”1)_%”>7

13



where b := (3/2"%2 3/2"%2) and consequently,

VZvio . b

Hence, {A, B} is BLPW-DIL-restrictedly regular at Z.
Given ann € N, we choose a := (1/2",0) € A\B and b := (1/2"+1 1/27H1) ¢
B\ A. Then,

éQ[A,B](IE) _ <(7131)’(*133)> 2 0.

N (a) =Na(a) = {(t1, t2) : 12 > |ta]},
N7 (b) =Np(b) = R(1, -1),

and consequently,
a—0b=1/2""(1,-1) € Ng(b) N —Na(a).

It follows that é4[A, B](Z) = 1 and {A, B} is not DIL-restrictedly regular at
z. A

Ezample 22 (DIL-restricted regularity but not BLPW-DIL-restricted regularity;
Figure 2). Consider two sets:

A={(t,0):t >0} U{(¢t,—t) : t > 0},

B ={(t,0) : t > 0} U{(t,t): t > 0}

and the point # = (0,0) € AN B in R2. Suppose R? is equipped with the
Euclidean norm.

Figure 2: DIL-restricted regularity but not BLPW-DIL-restricted regularity

For any a = (t;,—t1) € A\ B and b = (t2,t2) € B\ A, we have

NY(a) =Na(a) = R(1,1),
NE%(b) =Np(b) = R(1,—1).

and consequently,

i 1
A B@) = s mdinfel 1y

=—=<
t1>0,t2>0 \/t%“—t% \/5
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Hence, {A, B} is DIL-restrictedly regular at Z.
For any a € A\ B, b€ B\ A, b, € Pg(a), and a, € P4(b), we have

b—ap b, —a

16— apll — lla—ball
Tt follows that é;[A, B](Z) = 1 and {A, B} is not BLPW-DIL-restrictedly regular
at z. A
The next fact was established in [10, Proposition 4.5].
Proposition 23. If dim X < oo, {A, B} is BLPW-DIL-restrictedly regular at

Z, and both sets A and B are super-reqular at T, then {A, B} is DIL-restrictedly
regular at .

Remark 24. The assumption of super-regularity of both sets in Proposition 23
is essential. Indeed, in Example 21, {A, B} is BLPW-DIL-restrictedly regular
and B is super-regular (in fact, convex), while A is not and {A, B} is not DIL-
restrictedly regular.

2.7 NR-restricted regularity

The next step in relaxing both BLPW- and DIL-restricted regularity properties
while preserving the linear convergence of alternating projections has been done
in Noll and Rondepierre [22]. In what follows, the resulting property is called
NR-restricted reqularity.

Definition 25. A collection of closed sets { A, B} is NR-restrictedly regular at
Te ANBif

¢s[A, B](z) := limsup
pl0

—b,a9 — b
{ <a1 ) a2 > |a1€A7bEPB(a1)7a2€PA(b)

lax = bl laz — ]|
ai,b,as € Bp(i‘),} <1,
i.e., there exist numbers a < 1 and ¢ > 0 such that
(a1 = b,a2 = b) < aljay — b [laz — b
for all ay € ANBs(Z), b € Pg(a1) NBs(Z), and ag € Pa(b) NBs(T).

Remark 26. 1. NR-restricted regularity property is not symmetric: NR-restric-
ted regularity of {A, B} does not imply that {B, A} is NR-restrictedly regular.

2. If {A, B} is BLPW- or DIL-restrictedly regular at Z, then it is NR-res-
trictedly regular at Z and the second implication can be strict [22, Propositions 1
and 2 and Example 7.6]. In fact, it is easy to check that NR-restricted regularity
is implied by BLPW-DIL-restricted regularity. Example 22 shows that NR-res-
tricted regularity can be strictly weaker.

3. Theorem 15 remains valid if the assumption of BLPW-restricted reg-
ularity is replaced by that of NR-restricted regularity and ¢; is replaced by
&3] A, B)(&).
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4. The property in Definition 25 is referred to in [22] as separable intersection.

5. In [22], a more general Holder-type property with exponent w € [0,2)
is considered. Definition 25 corresponds to that property with w = 0. For the
convergence analysis, the authors of [22] introduce also a Holder version of the
superregularity property.

3 Convergence for inexact alternating projec-
tions

In this section, we study two settings of inexact alternating projections under the
assumptions of DIL-restricted regularity and uniform regularity, respectively,
and establish the corresponding convergence estimates.

3.1 Convergence for inexact alternating projections under
DIL-restricted regularity

Given a point x and a set A in a Hilbert space and numbers 7 € (0,1] and
o € [0,1), the (7,0)-projection of x on A is defined as follows:

Py?(x) :={a€ Al 7|z —al <d(z,A), d(z —a,Na(a)) < ollz—al}. (27)

One obviously has Pi’a(x) = P4(z) for any o € [0,1). Observe also that the
above definition requires a to be an “almost projection” in terms of the distance
|l — a|| being close to d(z, A) and also 2 — a being an “almost normal” to A.

Definition 27 (Inexact alternating projections). Given 7 € (0,1] and o € [0, 1),
{z,} is a sequence of (7, 0)-alternating projections for {A, B} if

Tont+1 € P;U(Ign) and Tont2 € PIZ’U(JTQHJ,J) (n =0,1,.. )

The next statement is taken from [10, Theorem 5.3] where it is formulated in
the setting of a finite dimensional Euclidean space. It is a version of the general
metric space Basic Lemma from [12]. Recall that the (strong) slope [8] of f at
a point u € X with f(u) < +oo is defined as follows:

: flu) = F()
Vfl(u) := limsup ——————.
‘ f‘( ) u’—>u,u’§u d(u’,u)
Lemma 28 (Error bound). Let X be a complete metric space, f : X — R U
{+o0} a lower semicontinuous function, x € X with f(z) < +o0, > 0, and
a < f(x). Suppose that

f@)—a

V0w > S

W= (28)

inf
u€Bs (z), a<f(u)<f(z)
Then S(f,a) ={uve X | f(u) <a}#0 and
pd(x, S(f,a)) < f(z) — o
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If X is an Asplund space, then a standard argument based on the subdiffer-
ential sum rule (cf., e.g., [11, Proposition 5(ii)] or [10, Proposition 6.9]) shows
that the primal space slopes in the definition of g in (28) can be replaced by
the subdifferential slopes:

= nt - (0f|(w) (20)

u€Bs(z), a<f(u)<f(z

Here
Ofl(u) := inf ¥,
fl(w)= it e’
where Jf(u) is the Fréchet subdifferential of f at w and || - ||« is the norm on

X* dual to the norm on X participating in the definition of the primal space
slope. Note that in general |V f|(u) < |0f](u).

If X is a finite dimensional Euclidean space, then, instead of the Fréchet
subdifferentials, one can use the prozimal subdifferentials OP™ f(u):

= inf PrO* f|(u), 30
UGBa(w),a<f(u)§f(r)| f1t) (30)

where

OP™* fl(u) = inf z*.
sl =t e

The next statement is a consequence of Lemma 28. It extends slightly [10,
Theorem 3.1].

Proposition 29 (Distance decrease). Let A be a closed subset of a Hilbert space
X,a€A b¢ A 0>0, and a < |la —b||. Suppose that

b—u
inf d| ———,Na(u) | > 0. 31
WEARE; (a) <|u—b|| al )> (31)
lu=0||<[la—b]

Then d(b, A) < |la —b]| — pd.
Ifdim X < oo, then the Fréchet normal cones Na(u) in (31) can be replaced
by the prozimal ones N4 (u).

Proof. Consider the lower semicontinuous function f = d(-,b) 4+ ta, where ¢4
is the indicator function of A: t4(x) =0if z € A and ta(z) = +o0 if z ¢ A.
Then f(a) = ||a — b|| and

# A, 10£1(0) = (g Natw)

u—>b

1) =

[[u— b
for any u € A. It follows from the first part of Lemma 28 and representation
(29) that d(b,A) < « for any a € (|]la — b|| — ud, ||la — b||) and consequently,
d(b, A) < [|a = b]| — po.

If dim X < oo, then instead of representation (29) one can use representation
(30). O
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The next statement is essentially [10, Lemma 3.2].

Lemma 30. Any nonzero vectors x and y in a Hilbert space satisfy

1 (x,y
= 2 (el - 2(a) + )
nmw( EE

IR S AT Y ) ?
‘nmw(”” |wn) =0

Theorem 31 (Convergence of inexact alternating projections). Suppose that
{A, B} is DIL-restrictedly reqular at T, 0 < 0 < 04[A, B](Z) and 0 < 7 < 1.
Then, for any v < 04[A, B](Z) satisfying 0 <~y —o < 7T and

S EET]
[l [yl
where z 1= <ﬁ, HZ—H> ﬁ is the projection of ﬁ on Ry.
Proof.
2 2 2
[z —yll z _ el = 2(z,y) + [lyl? Ty
) —_— = — 5 _ 1 + —_—
[yl [l [yl ]| NIyl
)2

O

ci=7 1 —=9%+~0) < 1,

any sequence of (1, 0)-alternating projections for {A, B} with initial point suffi-
ciently close to T converges to a point in AN B with R—linear rate c.

Proof. By Definition 18, there exists a p > 0 such that condition (25) holds true
for all a € (A\ B) NB,(z) and b € (B\ A)NB,(z).

Let a € ANB, (Z) and b € P (a) N B, (Z) where p' := p/(1+2(y — 0)).
We are going to show that

(b, A) < (1=~ +70)[[b—al.
If b € A, the inequality holds true trivially. Suppose b ¢ A and denote 0 :
(v—0)|lb—a||. Consider any point u € ANBs(a). Since |[u—al| < (y—0o)|b—al|

7o — a|| < dp(a), we see that u ¢ B; in particular, a ¢ B and u # b. Let z
denote the projection of ”57:2” on R(a —b). Then |z]] < 1 and, employing
— —Z
[ = b]|

Lemma 30,
u—>b
T V2
e — a]

~ o—qf

IN

u=b +d(z, Np(b))

+o<(y—0o)+o=n.
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Since [Ju—z|| < lu—al[+[la—Z| <2(y—0)p'+p" = pand [|b—Z|| < p' < p, we
get from (25) that d <b_7“ NA(u)> > ~. It follows from Proposition 29 that

flu—bll
d(b,A) <|la—b| —v6 = (1 —~% +~v0)||a — b||. Hence,
a" = b <77'd(b,A) <clla—1b|| forall o € PLy7(b). (32)

Now we show that any sequence {x,} of (7,0)-alternating projections for

_ —1
{A, B} remains in B, (Z) whenever z¢ € B,/ (z) where p” := (Li + 1) o<
p'. Indeed,

lz1 = @oll < 77 d(z0, B) < 77 ||zo — |-
Let n € Nand z, € B, (Z), k =0,1,...n. It follows from (32) that
|zpsr — 2kl < Pl — w0l (k=0,1,...n), (33)

and consequently,
n
2ns1 = woll < Fllay — ol| <

k=0
-1

_ T _
e —all < (1= +1) lloo ol < .

Tl — ol

Thanks to (33), {xr} is a Cauchy sequence containing two subsequences belong-
ing to closed subsets A and B, respectively. Hence, it converges to a point in
AN B with R—linear rate c. O

Remark 32. 1. When inexact alternating projections are close to being exact,
i.e.,, 7 and o are close to 1 and 0, respectively (cf. definition (27)), then the
assumptions of Theorem 31 are easily satisfied (as long as 044, B](z) > 0)
while the convergence rate ¢ = 771(1 — 42 + y0) is mostly determined by the
term 1 —~2. Recall that v can be any number in (0,04[A, B](Z)). Thanks to
Proposition 18, 1 — 2 = (y)? where 4/ can be any number in (&[4, B)(Z), 1).

2. When dim X < oo, the special case 7 = 1 and ¢ = 0 of Theorem 31
recaptures [10, Theorem 2.3]. The proof given above follows that of [10, Theo-
rem 2.3].

3. It can be of interest to consider a more advanced version of inexact
alternating projections than the one given in Definition 27:

Ton+1 € P;l’al (.’L‘gn) and Tont2 € P£2’02 (-T2n+l) (n =0,1,.. .),

where 71,72 € (0,1] and 01,09 € [0,1). For instance, the projections on one of
the sets, say, A can be required to be exact, i.e., 7 = 1 and 09 = 0. Theorem 31
remains applicable to this situation with 7 := min{7, 75} and o := max{cy,02}.
It is possible to obtain a sharper convergence estimate taking into account dif-
ferent “inexactness” parameters for each of the sets. For that, one needs to
amend the definition of alternating projections by considering the selection of
the pair {Zo,11, Ton42} as a single two-part iteration.
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3.2 Convergence for inexact alternating projections under
uniform regularity

The motivation for the discussed below version of inexact projections comes
from [19, Section 6].

Given a point z and a set A in a Hilbert space and a number o € [0, 1), the
o-projection of x on A is defined as follows:

Pi(z):={a€A|ld(x—a,Na(a)) <o|lz—al}. (34)
Observe that
Pl(z)={ac A|xz—a€ Na(a)} D Pa(z)

and the inclusion can be strict even in finite dimensions. Furthermore, for any
o €[0,1), P§(x) can contain points lying arbitrarily far from z.

Definition 33 (Inexact alternating projections). Given a number o € [0, 1),
{z,} is a sequence of g-alternating projections for {4, B} if

Ton+1 € PE(z2,) and xony2 € PY(z2n41),
[Zn+2 = Tns1ll < Tnp1 —2nll (R=0,1,...). (35)

The role of the monotonicity condition (35) in Definition 33 is to compensate
for the lack of good projection properties of the o-projection operator (34). In
the case of standard alternating projections (cf. Definition 1), this condition is
satisfied automatically.

Theorem 34 (Convergence of inexact alternating projections under uniform
regularity). Suppose that {A, B} is uniformly regular at T, A is super-regular
at T and o € [0,1) satisfies

co = ¢[A, B](z)(1 — 0%) + 0® + 201 — 02 + 0 < 1.
Then, for any ¢ € (co,1), any sequence {x} of o-alternating projections for

{A, B} with initial points xo and x1 sufficiently close to T converges to a point

in AN B with R—linear rate /c.

Proof. Let ¢ € (¢, 1) and choose a ¢; > ¢[A, B](Z) and a v > 0 such that
c(l—0?)+0*+20+v)V1-024+0<ec. (36)

By Proposition 4(iii) and Definition 8(ii), there exists a 6 > 0 such that

—(u,v) < crlull [[o], (37)
(u, 2 —a) <Allull |lz —af (38)

for all z,a € ANBs(Z), b€ BNBs(Z), u € Na(a) and v € Ng(b).
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Let a1 € ANBs(Z), b € Pg(a1) NBs(Z) and ag € P{(b) N Bs(Z). We are
going to show that

laz = bl < ¢[|b — ay- (39)

By definition (34), for any € € (0,1 — o), there exist u € Na(az) and v €
Np(b) such that

Ib—az —ul < (0 +¢)[[b—azf| and a1 —b—v| < (0 +¢)far —0ll. (40)
Additionally, one can ensure that
[ull < V1—(0+¢)?[b—asf and [v]| <v1—(0+¢)?ag—bll. (41)
Indeed, take any u € N4(as2) satisfying the first inequality in (40). If v = 0,
the first inequality in (41) is satisfied too. Suppose u # 0 and consider u; :=
(b — az,u) W — the projection of b — as on Ru. Then
16— az]|* = [lur||* + b — az — ua %, (42)
[b— a2 —ur]] <|[|b—az —ul| < (0 +¢)|b— az| (43)
and there exists a ¢ € (0, 1] such that ug := tuy satisfies
[b—az — ual| = (0 + €)[|b — az|| (44)

(thanks to the continuity of the function ¢ — [|b — as — tuy||). Hence, us €
Na(ag), vector uy — ug is a projection of b — as — ug on Ru, i.e.,

16— az — uz||* = [lur — ua|* + (b — az — w||?, (45)
and, using (42), (45), (44), and (43),
[ug|| = [lua | = [Jur — ug]|

= Vb= a2]? = [Ib — az — w[]> = /(0 +€)[[b — az[* — [Ib - az — us []?
_ (1— (0 +)?)|Ib— as*
Vb= aall? = [b = az — us|[> + /(o + )2[[b — az]]* — [|b — a2 — w1 [|2

2 2
< (1= (e +))b—asf® _ VI= (0 +2)2|b— as]|.
V1= (o+e)*|b—asl
Similarly, given any v € Np(b) satisfying the second inequality in (40), one
can find a vo € Np(b) satisfying this inequality and, additionally, the second
inequality in (41).
Making use of (37), (40) and (41), we get

—(b—ag,a; — by = — (u,v) — (u,a; —b—0)
—(b—az —u,v) = (b—az —u,a1 —b—v)
< ciflulH o]l + fJull flar = b — ]|
+ 1o = az — ul ol + b — a2 = ull a1 — b — o]
< (01(1 —(04e)?)+2(0+e)(\/1—(0+¢)?)

+ (o +2)2) b~ azllllaz — .
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At the same time, making use of (38) and the first inequalities in (40) and (41),
we have

(b—as,a1 —az) = (u,a1 —az) + (b —as — u,a1 — az)
<Allulllar — az|| + (o +&)[|b — az|| [|a1 — az|
<(W1=(o+¢e)?+ (0 +e)lb—az llar — azl],

Adding the last two estimates and passing to limit as € | 0, we obtain
b= a2]? < (e1(1 = 0%) + 02 + 20+ 1)V1 = 02 +0) b = aa]| ar = b].

Thanks to (36), this proves (39).

Now we show that a sequence {z,} of o-alternating projections for {A, B}
remains in Bs(Z) if zo, 21 € B,(Z) where p := 1=¢6 < §. Let n € N and

xp € Bs(Z), k=0,1,...,2n. It follows from (39) that

lzor — zop_1|| < ||z — 20| (k=1,2,...,n), (46)
and consequently, employing also (35),

|Z2nt2 — zol| < ||T2n+2 — Tont1]l + |Z2nt1 — @ol| < |Z2nt2 — Tont1||

n
+ ) (w21 — z2ell + lz2r — z20-1]l) + |21 — o]
k=1

n
<2 ||zok — wap-1l + 2]lw1 — wol|
k=1

n
< ZchHxl — x| <
k=0

T llz — ol

Thus,

max{||zant2 — Z||, [|r2n41 — 2|} < max{||zani2 — zoll, [|[T2n+1 — w0}

+ ||lzo — z|| < 21 — xol| + [[zo — 2

1—c

3—c¢ 5—c¢
< —x =4
~“1l-c 17(:”%0 x||<1icp ’

|lz1 — || +

ie., Tont1, Tonyo € Bs(T).

Thanks to (46), {zx} is a Cauchy sequence containing two subsequences
belonging to closed subsets A and B, respectively. Hence, it converges to a
point in AN B with R—linear rate /c. O

Remark 35. 1. When the “inexactness” parameter o is small (cf. definition
(33)), then the assumptions of Theorem 34 are easily satisfied (as long as
¢[A, B](Z) < 1 and condition (35) holds) while the convergence rate is close
to the one guaranteed by Theorem 2 and [19, Theorem 6.1].
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2. One can also consider a more advanced version of inexact alternating
projections than the one given in Definition 33:

Ton+1 € Pgl (.Z'Qn) and Tont2 € PZQ (.’L‘2n+1), (n =0,1,.. )

where 01,09 € [0,1). Theorem 34 remains applicable to this situation with
o := max{o1,02} (cf. Remark 32.3).

3. Observe that, thanks to (39), for odd values of n, condition (35) is
improved in the proof of Theorem 34:

Hxn+2 - In+1H < C||xn+1 - an,

where ¢ < 1. However, the assumption is still needed to ensure that x,,42 is not
too far from Z and uniform and super-regularity conditions are applicable..

4. Constant ¢; in (37) is an upper estimate of the cosine of the angle ¢
between vectors u and —v while o + ¢ in (40) can be interpreted as an upper
estimate of the sine of the angles ¥, and 1o between vectors b — ay and u
and a; — b and v, respectively. One can use standard trigonometric identities
and inequalities (37) and (40) to obtain an upper estimate of the cosine of the
angle ¢ — ¥ — 12 between vectors b — as and b — a; and possibly improve the
convergence estimate in the statement of Theorem 34.

5. If both subsets A and B are super-regular, then in the proof of Theo-
rem 34, one can establish an analogue of (39) with subsets A and B interchanged:

1b2 = al| < ¢lla = ba,

where by € BN Bs(Z), a € P{(b1) NBs(Z) and bs € PZ(a) N Bs(Z). This
guarantees an improvement with rate ¢ on each iteration. As a result, one
obtains a better overall R—linear rate c.

6. The conclusion of Theorem 34 remains true if one replaces the assump-
tions of uniform regularity of {A, B} (and the regularity constant ¢[A, B](Z))
and super-regularity of A with BLPW-restricted regularity (and the regular-
ity constant ¢é1[A, B](Z)) and B-super-regularity, respectively, accompanied by
appropriate adjustments in the definition of o-projections.
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