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Abstract The method of alternating projections (MAP) is a common method for
solving feasibility problems. While employed traditionally to subspaces or to convex
sets, little was known about the behavior of the MAP in the nonconvex case
until 2009, when Lewis, Luke, and Malick derived local linear convergence results
provided that a condition involving normal cones holds and at least one of the sets
is superregular (a property less restrictive than convexity). However, their results
failed to capture very simple classical convex instances such as two lines in a three-
dimensional space. In this paper, we extend and develop the Lewis-Luke-Malick
framework so that not only any two linear subspaces but also any two closed convex
sets whose relative interiors meet are covered. We also allow for sets that are more
structured such as unions of convex sets. The key tool required is the restricted
normal cone, which is a generalization of the classical Mordukhovich normal cone.
Numerous examples are provided to illustrate the theory.
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1 Introduction

Throughout this paper, we assume that

X is a Euclidean space (1)

(i.e., finite-dimensional real Hilbert space) with inner product (-, -), induced norm
Il - I, and induced metric d.

Let A and B be nonempty closed subsets of X. We assume first that A and B
are additionally convex and that AN B # &. In this case, the projection operators
P, and Pp (a.k.a. projectors or nearest point mappings) corresponding to A and
B, respectively, are single-valued with full domain. In order to find a point in the
intersection A and B, it is very natural to simply alternate the operators P4 and
Pp resulting in the famous method of alternating projections (MAP). Thus, given a
starting point b _; € X, sequences (a,),eN and (b )N are generated as follows:

(Vn € N) a, := Pab,_1, b, := Pga,. (2)

In the present consistent convex setting, both sequences have a common limit
in AN B. Not surprisingly, because of its elegance and usefulness, the MAP has
attracted many famous mathematicians, including von Neumann [28] and Wiener
[29] and it has been independently rediscovered repeatedly. It is out of scope of
this article to review the history of the MAP, its many extensions, and its rich and
convergence theory; the interested reader is referred to, e.g., [5, 9, 13], and the
references therein.

Since X is finite-dimensional and A and B are closed, the convexity of A and B is
actually not needed in order to guarantee existence of nearest points. This gives rise
to set-valued projection operators which for convenience we also denote by P4 and
Pp. Dropping the convexity assumption, the MAP now generates sequences via

(Vl’l S ]N) a, € PAbn_l, b,, € PBd,,. (3)

This iteration is much less understood than its much older convex cousin. For
instance, global convergence to a point in A N B cannot be guaranteed anymore
[11]. Nonetheless, the MAP is widely applied to applications in engineering and
the physical sciences for finding a point in A N B (see, e.g., [27]). Lewis, Luke, and
Malick achieved a break-through result in 2009, when there are no normal vectors
that are opposite and at least one of the sets is superregular (a property less restrictive
than convexity). Their proof techniques were quite different from the well known
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Restricted Normal Cones and Alternating Projections: Applications 477

convex approaches; in fact, the Mordukhovich normal cone was a central tool in
their analysis. However, their results were not strong enough to handle well known
convex and linear scenarios. For instance, the linear convergence of the MAP for two
lines in IR? cannot be obtained in their framework.

The goal of this paper is to extend the results by Lewis, Luke and Malick to
make them applicable in more general settings. Their theory is unified with classical
convex convergence results. We even allow for sets that are unions of superregular (or
even convex) sets. The known optimal convergence rate for the MAP for two linear
subspaces is also recovered.

Our principal tool is the new restricted normal cone, which we carefully investi-
gated in the companion paper [6]. In a parallel paper [7], we apply our results to the
important problem of sparsity optimization with affine constraints.

The remainder of the paper is organized as follows. The theoretical machinery
from variational analysis underlying our main results is reviewed in Section 2. We
are then in a position to provide in Section 3 our main results dealing with the local
linear convergence of the MAP.

1.1 Notation

The notation employed in this article is quite standard and follows largely [8, 24—
26]; these books also provide exhaustive information on variational analysis. The
real numbers are R, the integers are Z, and N := {z c | 7> O}. Further, R, :=
[xeR|x>=0},Ryy :={xeR|x>0}and R and R__ are defined analogously.
Let R and S be subsets of X. Then the closure of S is S, the interior of S is int(S),
the boundary of S is bdry(S), and the smallest affine and linear subspaces containing
S are aff S and span S, respectively. The linear subspace parallel to aff S is par S :=
(aff §) — S = (aff §) — s, for every s € S. The relative interior of S, ri(S), is the interior
of S relative to aff(S). The negative polar cone of Sis $° = {u € X | sup (u, ) < 0}.
We also set §® := —S° and St := S9N S°. We also write R® S for R+ S :=
{r+s]|(rs) € Rx S} provided that R L S, i.c., (¥(r,s) € R x S) (r,s) = 0. We write
F: X = X,if Fis amapping from X to its power set, i.e., gr F, the graph of F, lies in
X x X. Abusing notation slightly, we will write F(x) = y if F(x) = {y}. A nonempty
subset K of X is a cone if (VA € Ry) AK := {1k | k € K} C K. The smallest cone
containing S is denoted cone(S); thus, cone(S) := R, - S:={ps | p € Ry,s € S}
if §+# @ and cone(d) := {0}. The smallest convex and closed and convex subset
containing S are conv(S) and conv (S), respectively. If z € X and p € Ry, then
ball(z; p) := {x € X | d(z, x) < p} is the closed ball centered at z with radius p while
sphere(z; p) := {x € X | d(z, x) = p} is the (closed) sphere centered at z with radius
p. If uand v are in X, then [u, v] := {(1 — Mu+ Av | A € [0, 1]} is the line segment
connecting u and v.

2 Auxiliary Theoretical Results
In this section, we fix some basic notation used throughout this article. We also collect

several auxiliary results from [6] that will be useful in the proof of the main results
on the MAP.
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2.1 Projections

Definition 2.1 (distance and projection) Let A be a nonempty subset of X. Then
dA:X—>]R:x|—>in£d(x,a) 4)
ac

is the distance function of the set A and
PA:X:;X:xn—>{aeA|dA(x)=d(x,a)} (5)

is the corresponding projection.
The following result is well known.

Proposition 2.2 (existence) (See, e.g., [6, Proposition 1.2].) Let A be a nonempty
closed subset of X. Then (Vx € X) P4(x) # @.

Example 2.3 (sphere) (See, e.g., [6, Example 1.4].) Let z € X and p € R44. Set S :=
sphere(z; p). Then

z+pﬁ, if x # z;

Vx e X) Ps(x) = .
, otherwise.

(6)

In view of Proposition 2.2, the next result is in particular applicable to the union
of finitely many nonempty closed subsets of X.

Lemma 2.4 (union) Let (A;)ic; be a collection of nonempty subsets of X, set A :=
Uics A let x € X, and suppose that a € P4 (x). Then there exists i € I such that a €
P 4, (x).

Proof Indeed, since a € A, there exists i € I such that a € A;. Then d(x,a) =
da(x) <du,(x) <d(x,a). Hence d(x, a) = d 4,(x), as claimed. O

The projection onto a nonempty closed convex set has very nice properties as we
point out next.

Fact 2.5 (projection onto closed convex set) Let C be a nonempty closed convex
subset of X, and let x, y and p be in X. Then the following hold:

(i) Pc(x) is a singleton.
(i) Pc(x) = pifandonlyifp € Candsup{C — p,x — p) <O.
(iii) [|Pc(x) — Pc()I* + [1dd —P)(x) — Ad—Po)(W 1> < llx — ylI*.
(i) 1Pcx) = Pel < [lx — ylI.
Proof (i) & (ii): [5, Theorem 3.14]. (iii): [5, Proposition 4.8]. (iv): Clear from (iii). O
2.2 Restricted Normal Cones

Let us start by reviewing the definitions of various normal cones from variational
analysis (see, e.g., [8, 10, 24-26] for further information and applications).
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Restricted Normal Cones and Alternating Projections: Applications 479

Definition 2.6 (normal cones) (See also [6, Definition 2.1].) Let A and B be non-
empty subsets of X, and let a and u be in X. If a € A, then various normal cones of
A at a are defined as follows:

(i) The B-restricted proximal normal cone of A at a is
N%(a) := cone ((B NnPla)— a) = cone ((B —a)n(P,'a— a)). (7
(ii) The (classical) proximal normal cone of A atais
NY(a) := N¥ (@) = cone (P}'a — a). (8)

(iii) The B-restricted normal cone N¥(a) is implicitly defined by u € N (a) if and
only if there exist sequences (a,),eN in A and (#,),eN in Nﬁ(an) such that
a, — a and u, — u.

(iv) The Fréchet normal cone N5 (a) is implicitly defined by u € N5*(a) if and only
if (Ve > 0) (A8 > 0) (Vx € ANball(a;d)) (u,x —a) < ellx —al.

(v) The normal convex from convex analysis N™ (a) is implicitly defined by u €
NS™(a) if and only if sup (u, A —a) < 0.

(vi) The Mordukhovich normal cone N 4(a) of A at a is implicitly defined by u €
N 4(a) if and only if there exist sequences (a,),eN in A and (4,),eN I N‘XOX (a,)
such that a, — a and u,, — u.

Ifa ¢ A, then all normal cones are defined to be empty.

In the convex case, all unrestricted normal cones coincide:

Lemma 2.7 (convex case) (See, e.g., [6, Lemma 2.4(vii)].) Let A be nonempty closed
convex subset of X, and let a € A. Then N (a) = N%™(a) = N *(a) = N%™(a) =
NA (a)

In the following two results, we revisit classical constraint qualifications and
provide characterizations in terms of normal cones.

Theorem 2.8 (two convex sets: restricted normal cones and relative interiors) (See
[6, Theorem 3.13].) Let A and B be nonempty convex subsets of X. Then the following
are equivalent:

i) riANriB#n.

(i) O0eri(B— A).

(iii) cone(B — A) = span(B — A).

(iv) Na(c)N(=Ng(c)) Ncone(B — A) = {0} for some c € AN B.

(v) Na(c)N(=Np(c)) Ncone(B — A) = {0} for every c € AN B.

(vi) Na(c) N (=Ng(c)) Nspan(B — A) = {0} for some c € AN B.
(vii) Na(c) N (=Ng(c)) Nspan(B — A) = {0} for everyc € AN B.
(viii) Nfo(AUB) ©n (—Ngf(AUB) (¢)) = {0} for somec € AN B.

(ix) fo(AUB) (on (—Nanf(AUB) (¢)) = {0} foreveryc e AN B.

x) NP 0) = (o)
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Corollary 2.9 (two convex sets: normal cones and interiors) (See [6, Corollary 3.14].)
Let A and B be nonempty convex subsets of X. Then the following are equivalent:

(i) 0eint(B— A).

(ii) cone(B— A) = X.
(iii) Na(c) N (=Np(c)) = {0} for somec e AN B.
(iv) Na(c) N (—=Ng(c)) = {0} for everyc € AN B.
(V) Na_p(0) = {0}

2.3 CQ and Joint-CQ Numbers

The notions of CQ and joint-CQ numbers can be viewed as quantifications of
constraint qualifications.

Definition 2.10 ((joint) CQ-number) (See [6, Definitions 6.1 and 6.2].) Let A, A,
B, B, be nonempty subsets of X, let c € X, and let § € R,,. The CQ-number at ¢

~

associated with (A, A, B, E) and § is

S ue NB@ay,ve —NAG®), llull <1, vl < 1,
65 :=65(A, A, B, B) ::sup{(u,v) 4 5 G lul = LIl }

la—cll <8,11b —c|l <.

©)

The limiting CQ-number at c associated with (A, Z B, E) is

6:=6(A, A, B, B):= laiigG,;(A,A, B, B). (10)

For nontrivial collections! A := (A))ics, A= (ADier, B = (B))jes, B:= (E‘,«)‘,‘EJ
of nonempty subsets of X, the joint-CQ-number at c € X associated with
(A, A, B,B)and § > 0is

95 = 95(./4, ./Z, B, BN) = sup 93(14,‘, ;{i» Bj, Ej), (11)
(i, pelxJ

and the limiting joint-CQ-number at ¢ associated with (A, A, B, g) is

0=0(A A B, B) = lim 6 (A, A B, B). (12)

The CQ-number is obviously an instance of the joint-CQ-number when [ and J
are singletons. When the arguments are clear from the context we will simply write
05 and 6.

Clearly,

05(A, A, B, B)=6;(B, B, A, A) and 0(A, A, B, B)=0(B, B, A, A). (13)

IThe collection (A;)je; is said to be nontrivial if T # D
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Note that, § — 6; is increasing; this makes 6 well defined. Furthermore, since 0
belongs to nonempty B-restricted proximal normal cones and because of the Cauchy-
Schwarz inequality, we have

ce ANBand0 <68 <8 = 0<60<6, <6; <1, (14)

1 2

while 65, and hence 6, is equal to —occ if ¢ ¢ AN B and § is sufficiently small (using
the fact that sup @ = —o0).

Example 2.11 (joint-CQ-number < CQ-number of the unions) (See [6, Ex-
ample 6.4].) Suppose that X =R?, let I:=J:={1,2}, A;:=R(,1,0), Ay :=
R(2,0,-1), B; :=R(0,1,1), B, :=R(1,0,0), c:=(0,0,0), and let § > 0. Further-
more, set A = (Ai)ieb B:= (B]')]'E_/, A= A1 U Az, and B := Bl U Bz. Then

05(A A B.B) = 7 < 1 =65(A, A, B, B). (15)

2.4 CQ and Joint-CQ Conditions

The notions of CQ and joint-CQ conditions are complementary to those of CQ
and joint-CQ numbers—while the former build on restricted proximal normals in
a neighbourhood of a point of interest, the latter rest on the restricted normal cone
at a point.

Definition 2.12 (CQ and joint-CQ conditions) (See [6, Definition 6.6].) Let ¢ € X.

(i) Let A, A, B and B be nonempty subsets of X. Then the (A, A, B, B)-CQ
condition holds at c if

NE)n (= Ni©) < (o). (16)

(11) Let A:= (A)er, ./Z(I: (Zi)iej, B .= (Bj)jej and 5 = EVEJ‘)]‘GJ be nontrivial
collections of nonempty subsets of X. Then the (A, A, B, B)-joint-CQ condition
holds at c if for every (i, j) € I x J, the (A;, A;, B}, Bj)-CQ condition holds at
c ie.,

VG, pelxT) Nf;(c) n(- Ng*;(c)) c {0}. (17)

Definition 2.13 (exact CQ-number and exact joint-CQ-number) (See [6,

Definition 6.7].) Let ¢ € X.

(i) Let A, A, B and l~3~be nonempty subsets of X. The exact CQ-number at ¢
associated with (A, A, B, B) is 2

a:=a(A, A, B, E) = sup {(u, v)

ue NBe),ve —NL©), [lull <1, |v] < 1}.

(18)

2Note thatif c ¢ AN B, then@ = sup & = —oo0.
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482 H.H. Bauschke et al.

(11) Let A := (A)jer, .,Z( = (Zi)iel, B .= (B/')/'E] and E = (Ej)jej be nontrivial col-
lections of nonempty subsets of X. The exact joint-CQ-number at c associated
with (A, B, A, B) is

a@:=a(A A B B) = sup @A, A, B, B). (19)
(i, HhelxJ

The next result relates the various condition numbers defined above.

Theorem 2.14 (See [6, Theorem 6.8].) Let A := (Apics, A= (A)ics, B (B,),e,
and B = (B,),ej be nontrivial collections of nonempty subsets of X. Set A U
and B =,

c associated with (A, A, B, B) by @ (see (19)), the joint-CQ-number at c associated
with (A, A, B, B) and § > 0 by 65 (see (11)), and the limiting joint-CQ-number at ¢
associated with (A, A, B, B) by 0 (see (12))). Then the following hold:

(1) Ifa < 1, then the (A, A, B, g)-CQ condition holds at c.
(i) @ < 8.

lEI

Bj, and  suppose that c € AN B. Denote the exact joint-CQ-number at

Now assume in addition that I and J are finite. Then the following hold:

(iv) @=6.
(v) The (A, A, B, B)-joint-CQ condition holds at ¢ if and only if & =8 < 1.

2.5 Examples

Example 2.15 (CQ-number quantifies CQ condition) (See [6, Example 7.2].) Let A
and B be subsets of X, and suppose that c € A N B. Let L be an affine subspace of
X containing A U B. Then the following are equivalent:

(i) NL@© Nn(=NL() =1{0}, ie., the (A, L, B, L)-CQ condition holds at ¢
(see (16)).
(i) Na(e)N(=Np(©)N(L—-c)={0}.
(iii) 6 < 1, where 0 is the limiting CQ-number at ¢ associated with (A, L, B, L)
(see (10)).

Example 2.16 (CQ condition depends on restricting sets) (See [6, Example 7.3].)
Suppose that X = IR?, and set A :=epi(|-|), B:=R x {0}, and ¢ := (0, 0). Then
we readily verify that N4(c) = fo(c) =—A, Nﬁ(c) = —bdry A, Np(c) = Ng(c) =
{0} x R, and N4 (c) = {0} x R. Consequently,
Ni@©N (= Nz(©)=1{0} x R_ while Nj(©)N(~N5(©)=1{0.0}. (20
Therefore, the (A, A, B, B)-CQ condition holds, yet the (A, X, B, X)-CQ condi-
tion fails.

The case of two spheres is very pleasant because the quantities can be computed
explicitly:

Proposition 2.17 (CQ-numbers of two spheres) (See [6, Example 7.4].) Let z, and
72 be in X, let py and p; be in R, ., set Sy := sphere(z;; p1) and S, := sphere(z; p2)
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and assume that ce S1 NSy Denote the limiting CQ-number at ¢ associated with
(81, X, 82, X) by 6 (see Definition 2.10), and the exact CQ-number at c associated
with (S1, X, S2, X) by « (see Definition 2.13). Then the following hold:

[{(zi —c, 22— )]

P12
(1) @ < 1 unless the spheres are identical or intersect only at c.

i) f=a=

Now assume that @ < 1, let ¢ € Ry, and set § := (\/(pl + 02)2 +4p1pre — (p1 +
02))/2 > 0. Then

T<Os<a+e, (1)

where 05 is the CQ-number at ¢ associated with (S, X, S», X) (see Definition 2.10).

Let us revisit the classical constraint qualification for two convex sets.

Proposition 2.18 (See [6, Proposition 7.5].) Let A and B be nonempty convex subsets
of X suchthat AN B # &, and set L = aff(A U B). Then the following are equivalent:

(i) nANriB#@.
(i) The (A, L, B, L)-CQ condition holds at some pointin AN B.
(iii) The (A, L, B, L)-CQ condition holds at every point in AN B.

We now turn to two linear subspaces.

Definition 2.19 (angles between two subspaces) Let A and B be linear subspaces
of X.

(i) (Dixmier angle) [17] The Dixmier angle between A and B is the number in
[0, Z] whose cosine is given by

co(A,B):=sup{|(a,b)||ac A,b e B,|la| <1, |b] < 1}. (22)

(ii) (Friedrichs angle) [18] The Friedrichs angle (or simply the angle) between A
and B is the number in [0, Z] whose cosine is given by

c(A,B):=co(AN(AN B, BN(AN B (23a)
ae AN(AN B, |a| <1,

= sup {l (a,b)| } (23b)
beBNn(ANB b <1

Let us state a striking connection between the CQ-number and the Friedrichs
angle.

Theorem 2.20 (CQ-number of two linear subspaces and Friedrichs angle) (See [6,
Theorem 7.12].) Let A and B be linear subspaces of X, and let § > 0. Then

05(A, A, B, B) =0;(A, X, B, B) =05(A, A, B, X) =c(A, B) < 1, (24)
where the CQ-number at 0 is defined as in (9).
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2.6 Regularities

Regularity is a notion of a set that generalizes convexity. We shall also use restricted
versions involving restricted normal cones.

Definition 2.21 (regularity and superregularity) (See [6, Definition 8.1].) Let A and
B be nonempty subsets of X, andlet c € X.

(i) Wesay that Bis (A, ¢, §)-regular atc € X if¢ > 0,8 > 0, and

(y,b) € Bx B,
ly—cll =é,llb—cl <3, = (u,y—>b) =elull-ly->bl. (25)
ue Njb)

If Bis (X, ¢, §)-regular at c, then we also simply speak of (e, §)-regularity.

(ii) The set B is called A-superregular at ¢ € X if for every ¢ > 0 there exists § > 0
such that Bis (A, ¢, §)-regular at c. Again, if B is X-superregular at c, then we
also say that B is superregular at c.

Remark 2.22 (See [6, Remark 8.2].) Several comments on Definition 2.21 are in
order.

(i) Superregularity with A = X was introduced by Lewis, Luke and Malick in
[20, Section 4]. Among other things, they point out that amenability and prox
regularity are sufficient conditions for superregularity, while Clarke regularity
is a necessary condition.

(ii) The reference point ¢ does not have to belong to B. If ¢ ¢ B, then for every
8 e ]0, dg(c) [, B is (0, §)-regular at c; consequently, B is superregular at c.

(iii) If € € [1, +o0[, then Cauchy-Schwarz implies that B is (e, +00)-regular at
every point in X.

(iv) Note that B is (A; U Ay, ¢, §)-regular at c if and only if B is both (Ajy, ¢, §)-
regular and (A,, ¢, §)-regular at c.

(v) If Bis convex, then it follows with Lemma 2.7 that B is (A, 0, +00)-regular at
c; consequently, B is superregular.

(vi) Similarly, if B is locally convex at c, i.e., there exists p € R4y such that BN
ball(c; p) is convex, then B is superregular at c.

(vii) If Bis (A,0,§)-regular at ¢, then B is A-superregular at c; the converse,
however, is not true in general (see Example 2.23 below).

Example 2.23 (sphere) (See [6, Example 8.3].) Let z € X and p € R,,. Set §:=
sphere(z; p), suppose that s € S, let ¢ € R;, and let § e R,,. Then S is (e, pe)-
regular at s; consequently, S is superregular at s (see Definition 2.21). However, S
is not (0, §)-regular at s.

The notion of joint-regularity is critical in our analysis of the MAP below.
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Definition 2.24 (joint-regularity) (See [6, Definition 8.6].) Let A be a nonempty
subset of X, let B := (Bj)je; be a nontrivial collection of nonempty subsets of X,
andletc € X.

(i) We say that Bis (A, ¢, §)-joint-regular at c if ¢ > 0, § > 0, and for every j € J,
Bjis (A, e, §)-regular at c.

(i) The collection B is A-joint-superregular at c if for every je J, B; is A-
superregular at c.

As in Definition 2.21, we may omit the prefix A if A = X.
In the convex case, we note that all regularity notions hold.

Corollary 2.25 (convexity and regularity) (See [6, Corollary 8.8].) Let B := (B))jes
be a nontrivial collection of nonempty convex subsets of X, let A C X, and let c € X.
Then B is (0, +00)-joint-regular, (A, 0, +00)-joint-regular, joint-superregular, and A-
joint-superregular at c.

Let us explicitly point out that these notions are about collections of sets rather
than their unions.

Example 2.26 (two lines: joint-superregularity # superregularity of the union) (See
[6, Example 8.9].) Suppose that d; and d, are in sphere(0; 1). Set B; := Rd,
B; := Rd,, and B := By U B,, and assume that B; N B, = {0}. By Corollary 2.25,
(B, By) is joint-superregular at 0. Let § € R, and set b := 8d; and y := 8d,. Then
ly—=0]=34, [[b —0|| =4, and 0 < ||y —b| =8|ld> — d|. Furthermore, Np(b) =
{d,}*. Note that there exists v € {d,}* such that (v, d») # 0 (for otherwise {d,}* C
{d)}* = B, C By, which is absurd). Hence there exists u € {d;}* = {b}* = Np(b)
such that |u|| =1 and (u, d,) > 0. It follows that (u,y —b) = (u,y) =8 (u,dy) =
(u, do) llulllly — b|l/ld2 — d,]|. Therefore, B is not superregular at 0.

3 The Method of Alternating Projections (MAP)

We now apply the machinery of restricted normal cones and associated results to
derive linear convergence results.

3.1 On the Composition of Two Projection Operators

The method of alternating projections iterates projection operators. Thus, in the next
few results, we focus on the outcome of a single iteration of the composition.
Lemma 3.1 Let A and B be nonempty closed subsets of X. Then the following hold:>

(i) Py(A~ B) Cbdry, 4,5(B) C bdry B.

3We denote by bdry,g 4, 5(S) the boundary of S C X with respect to aff(A U B).
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(iii) Ifb € Banda € P4b, then:

ae(bdtyA)N B & ae€e ANB = be B\ A = aecbdryA. (26)
(iv) Ifae Aandb € Pga, then:

bedtyB)NA & beB~A = ac€A~B = b ebdryB. (27)

Proof

(i): Take b € BN A and a € P4b. Assume to the contrary that there exists
8 € R4 such that aff(A U B) Nball(a; §) € A. Without loss of generality,
we assume that § < |b —all. Then @:=a+8(b —a)/||b —a| € A and thus
da(b) <d(@,b) <d(a,b) =d4(b), which is absurd.

(ii): Interchange the roles of A and B in (i).

(iii): If @ € (bdry A) . B, then clearly a € A . B. Now assume that a € A \ B. If
b € A,thena e P4b = {b} C B, which is absurd. Hence b € B . A and thus
(i) implies that a € P4(B ~\ A) C bdry A.

(iv): Interchange the roles of A and B in (iii). ]

Lemma 3.2 Let A and B be nonempty closed subsets of X, let c € X, let y € B, let
ae Pyy, let b € Ppa, and let § € R. Assume that d4(y) <8 and that d(y,c) <é.
Then the following hold:

(i) d(a,c) <28.
(i) d(b,y) <2d(a,y) <?28.
(iii) db,c) < 36.
Proof Since y € B, we have
d(a,b) =dp(a) < d(a,y) =da(y) <. (28)
Thus,
d(a,c) <d(a,y)+d(y,c) <8+ =24, (29)

which establishes (i). Using (28), we also conclude that d(b, y) < d(b,a) +d(a, y) <
2d(a, y) < 28; hence, (ii) holds. Finally, combining (28) and (29), we obtain (iii) via
db,c)<db,a)+d@a,c) <8§+28=36. O

Corollary 3.3 Let A and B be nonempty closed subsets of X, let p € Ry, and
suppose thatc € AN B. Then

P4 PpP4ball(c; p) € ball(c; 6p). (30)
Pr00f Let b_l € ball(c; p), ap € PAb_l, bo € PBLlo, and ay € PAb(). We have
d(ag,b_1)=da(b_1)<d(b_y,c)<p, so dg(ao) < d(ao,c) <d(ap,b_1)+db_1,¢) <

2p. Applying Lemma 3.2(iii) to the sets B and A, the points ag, by, a;, and § = 2p,
we deduce that d(a;, ¢) < 3(2p) = 6p. O

The next two results are essential to guarantee a local contractive property of the
composition.
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Proposition 3.4 (regularity and contractivity) Let A and B be nonempty closed
subsets of X, let A and B be nonempty subsets of X, let c € X, let e > 0, and let § > 0.
Assume that B is (A &, 38)-regular at c (see Definition 2.21). Furthermore, assume that
ye BN B thata € PA(y) N A that b € Pp(a), that ||y —c|| <6, and that d,(y) < 6.
Then

la—>bl < (B +28)lla— yll, (31)
where 035 the CQ-number at ¢ associated with (A, A, B, B) (see (9)).

Proof Lemma 3.2(i)&(iii) ylelds la —c| <268 and ||b — ¢| < 38. On the other hand,
y—ae NB(a) andb —a e —NA(b) by (7). Therefore,

(b—a,y—a)<0sllb —al-ly—al. (32)

Since a—b € NA(b) ly—cll <8, and ||b —c|| <38, we obtain, using the
(A e, 38)-regularity of B, that (a—b,y—b) <ella—>b| -|y—>b|. Moreover,
Lemma 3.2(ii) states that ||y — b || < 2|la — y||. It follows that

(a—b,y—>b)<2ella=>b]|-lla—yl. (33)

Adding (32) and (33) yields |la — b||> < (35 +2&)|la—b| - |la — y||. The result
follows. o

We now provide a result for collections of sets similar to—and relying upon—
Proposition 3.4.

Proposition 3.5 (joint-regularity and contractivity) Let A := (A))ic; and B:=
(Bj)jes be nontrivial collections of closed subsets of X, Assume that A = UlE I
and B := U]e] B are closed, and that c € AN B. Let A= (A )ics and B = (B])]E]
be nontrivial collectzons of nonempty subsets of X such that (Vi € I) P 4, ((bdry B) ~
A) C A, and(V]eJ)PB((bdryA)\B)CB Set A := U AandB—U
lete > 0 and let § > 0.

(i) Ifb € (bdryB)\ Aanda € Ps(b),then i€ I)ae Ps,(b) C A;N A'.
(i) Ifa e (bdry A) \ Bandb € Pg(a), then 3je J)b € Pg(a) € B;N B'.
(iii) Ifye€ B,ae Ps(y) and b € Pg(a), then:

iel ]e]

be(bdyB)~A)N| J(BNB) ¢ beB\A = acA~B. (34
jeJ

(iv) Ifxe A, b € Pp(x),anda € P,(b), then:

ae(bdry Ay~ B)n| J(LAiNA) & ac ANB = beBNA. (35)

iel

(v) Suppose that B is (A, e, 38)-joint-regular at ¢ (see Definition 2.24), that y €
((bdry B) \. A) N UjEJ(B,-ﬂ B)), that a € P4(y), that b € Pp(a), and that ||y —
cll 6. Then

b —all < (635 + 28)|la — y, (36)
where 035 is the joint-CQ-number at ¢ associated with (A, .Z, B, g) (see (11)).
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(vi) Suppose that A is (B, e, 38)-joint-regular at c (see Definition 2.24), that
x € ((bdry A) N\ B) N U,;(Ai N A)), that b € Pp(x), that a € P4(b), and that
lx —c|| <6. Then

la—>bll < O3 +2¢)|Ib — x|, (37)
where 055 is the joint-CQ-number at ¢ associated with (A, lev, B, g) (see (11)).

Proof

(i)&(ii): Clear from Lemma 2.4 and the assumptions.
(iii): Note that Lemma 3.1(iv)&(iii) and (ii) yield the implications

beB~NA & be(dryB)NA = ac A~B & ac(bdryA)\ B
= b GU(B]'HE]'), (38)
jel

which give the conclusion.

(iv): Interchange the roles of A and B in (iii).

(v):  There exists j € J such that y € B;N B; N ((bdry B) \ A). Let b’ € Pp,a.
Then

la—bl =dg(a) <dpa)=lla—"Db|. (39)

Since Bis (Z, €, 38)-joint-regular at ¢, it is clear that B is (Z, e, 38)-regular
at c. Since y € (bdry B) \ A and because of (i), there exists i € I such that
ae PuyC A;Since A; C A, it follows that (see also Remark 2.22(iv)) B;
is (A;, &, 38)-regular at c. Since y € B;N Bj,a € Pa,yN A;, b’ € Pp,a, and
da,(y) =da(y) =1|ly —al <|ly—cl|l <4, we obtain from Proposition 3.4
that

la—b'll < (635(Ay, As, Bj, B)) + 2¢)lla — y|. (40)

Combining with (39), we deduce that |la—b || < |la—b'|| < (B35+2¢)]la — |-
(vi): This follows from (v) and (13). ]

3.2 An Abstract Linear Convergence Result

Let us now focus on algorithmic results (which are actually true even in complete
metric spaces).

Definition 3.6 (linear convergence) Let (x,),cN be a sequence in X, let x € X, and
let y € [0, 1[. Then (x,),eN converges linearly to X with rate y if there exists u € R,
such that

(VneN) d(x,, %) < uy". (41)
Remark 3.7 (rate of convergence depends only on the tail of the sequence) Let

(xn)neN be a sequence in X, let x € X, and let y € ]0, 1[. Assume that there exists
no € N and o € R, such that

(Vn € {ng,ng+1,.. .}) d(x,, X) < woy". (42)
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Set 111 := max {d(x,,, X)/y™ | m € {0,1,...,n9 — 1}}. Then
(VneIN)  d(x,, X) < max{uo, u1}y", (43)

and therefore (x,),cn converges linearly to X with rate y.

Proposition 3.8 (abstract linear convergence) Let A and B be nonempty closed
subsets of X, let (ay)neN be a sequence in A, and let (b,),eN be a sequence in B.
Assume that there exist constants @ € R, and B € R, such that

y =af <1 (44a)
and
(Vvne N) d(ap+1,by) <ad(an, by) and d(ans1, bnyr) < Bd(@ns1, by). (44b)
Then (Vn € IN) d(ayy1, bnt1) < yd(an, b,) and there exists c € A N B such that

1
(Vn e N)  max {d(ay, c),d(b,, o)} < 1 -i__j

consequently, (ap)nenN and (b y),eN converge linearly to ¢ with rate y .

d(ag, bo) - y"; (45)

Proof Set § := d(ag, by). Then for everyn € N,
d(an, bn) < Bd(an, bp1) < apd(an-1,bp1) = yd(@y_1,bp1) <--- < y"8;  (46)
hence,
Ay, byt1) = d(by, any1) + d(@pi1, bpyr) < ad(by, an) + yd(an, by) (47a)
= (@ +y)d(an, by) < (@ +y)8y". (47b)

Thus (b ,)nen is a Cauchy sequence, so there exists ¢ € B such that b, — c. On the
other hand, by (46), d(a,, b,) — 0 and (a,),cn lies in A. Hence, a, — c and ¢ € A.
Thus,c € AN B.Fixn € N and let m > n. Using (47),

m—1

d(bp,bw) <Y dbi, b)) <Y dbi,bigr) <Y (@ +y)sy* =

k=n k>n k>n

(a +y)8y"
l—y
(48)
Hence, using (46) and (48), we estimate that
(@ +y)sy" _ (A +a)dy”
+ = :
11—y 1—
Letting m — +o0 in (48) and (49), we obtain (45). ]

d(an,bp) < d(an,bp) +dby, bm) < 8y" (49)
3.3 The Sequence Generated by the MAP
We start with the following definition, which is well defined by Proposition 2.2.

Definition 3.9 (MAP) Let A and B be nonempty closed subsets of X, letb_; € X,
and let

(Vl’l € N) a, € PA(bn—l) and bn € PB(u,,). (50)
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Then we say that the sequences (a,),eN and (b )N are generated by the method
of alternating projections (with respect to the pair (A, B)) with starting point b _;.

The MAP between
A=A UAj;and B,
ANB= {Cl, C2}

C1

7/ be by N

Our aim is to provide sufficient conditions for linear convergence of the sequences
generated by the method of alternating projections. The following two results are
simple yet useful.

Proposition 3.10 Let A and B be nonempty closed subsets of X, and let (a,) and (b )
be sequences generated by the method of alternating projections. Then the following
hold:

(i) The sequences (a,)nen and (b)uen lie in A and B, respectively.
() (V1 € N) lapss —bustll < ldnss — ball < la — bl
(iii) If{an}nen N B # @, or {bylnen N A # O, then there exists c € AN B such that
for all n sufficiently large, a,, = b, = c.

Proof

(i): This is clear from the definition.
(ii): Indeed, for every n € N, |layi1—bui1ll=dp(ani1) <llani1—bnll = da(by) <
”bn - an” USing (1)
(iii): Suppose, say that a, € B. Then b,, = Pga, = a, =: c € AN B and all subse-
quent terms of the sequences are equal to c as well. O
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3.4 New Convergence Results for the MAP

We are now in a position to state and derive new linear convergence results. In this

section, we shall often assume the following:

of nonempty closed subsets of X

A= U A;and B := U B are closed;

iel jel
ce AN B;
A= (A)ic;and B == (§]—)]-€] are collections
of nonempty subsets of X such that
(Vie I) Pa((bdry B)~ A) C A,
(Vje ) Pg,((bdry A)~ B) C B;
A= U’Z’ and B := UEI

iel jeJ

A := (A)ier and B := (B)) jes are nontrivial collections

(51)

Lemma 3.10 (backtracking MAP) Assume that (51) holds. Let (a,)nen and (b,)neN
be generated by the MAP with starting point b_,. Let n € {1,2,3,...}. Then the

following hold:

(i) If bn ¢ A, then_a, € ((bdry A) \ B) N J;c;,(Ai N ,Zi) and b, € ((bdry B) ~

A)NUje, (BN B)). ~
(it) Ifa, ¢ B, then a, € ((bdry A) \ B) N J,;(A;i N A)).
(iii)) Ifa, ¢ Bandn > 2, then b,_; € ((bdry B) ~ A)N Y

Proof

jeJ

(i):  Applying Proposition 3.5(iii) to b, € B, a, € P4b,_1, b, € Pga,, we

obtain

bpe€ BN A & b, e ((bdyB)~ A)N| J(BiNB)) = a, € A\ B.

jelJ

(52)

@ Springer



492 H.H. Bauschke et al.

On the other hand, applying Proposition 3.5(iv) to a,_1 € A, b, €
Pga,_1,a, € P4b,_,, we see that

ay € AN B & ay € ((bdry A) ~ B)n | J(4;n A)). (53)
iel
Altogether, (i) is established.
(ii)&(iii): The proofs are analogous to that of (i). m]

Let us now state and prove a key technical result.

Proposition 3.12 Assume that (51) holds. Suppose that there exist ¢ > 0 and § > 0
such that the following hold:

i Ais (B, s, 38)-joint-regular at c (see Definition 2.24) and set

. {1, if B is not known to be (A, e, 38)-joint-regular at c; (54)

2, ifBisalso (Z, g, 38)-joint-regular at c.

(i) 635 < 1 —2¢, where 055 is the joint-CQ-number at ¢ associated with (A, ,2( B, g)
(see Definition 2.10).

Set 0 := 035 + 2¢ € 10, 1[. Let (ay)nen and (by)ueN be sequences generated by the
MAP with starting point b _, satisfying

(1-06°)¢

by —cl = ——— -
6(2+6 —67)

(55)
Then (a,)nen and (b ,),eN converge linearly to some point ¢ € A N B with rate 6°;

in fact,

85(1+0)

E—c| <38 d (Vn>1 —¢|l, b, —¢|} < ———Z-9°@"D_ (56
[c—cll <8 and (Yn=1) max{la,—cl, b, cll}_2+9_9(, (56)

Proof In view of a; € P4, PgP4b_; and (55), Corollary 3.3 yields

gy — e < L0788
pi=la—cl < g —gn =5 (57)

Since ¢ € A N B, we have 655 > 0 by (14) and hence 6 > 0. Using (57), we estimate

(Yn>1) BO°" D+ B+ B(1+0) geﬁk <B+BU1+0) Eef’k (58a)
k=0 k=0

=B+ B(1+0) 11__90 (58b)

<prpi (580)

<3. (58e)

@ Springer



Restricted Normal Cones and Alternating Projections: Applications 493

We now claim that if

n—2
n=1 la,—bu| <po”" " and |a,—c| <p+pUA+0)Y 67 (59
k=0
then
@1 = buiill < 67 Nanes — bull < 07 llaw — bull < BO°", (60a)
n—1
lanir —cll < B+BA+6) ) 0°%. (60b)
k=0

To prove this claim, assume that (59) holds. Using (59) and (58), we first observe
that

max {[la, — cll, 1b, — cll} < by — anll + lla, — <l (61a)
n—2

<BO°"V + B+ BU+0) Y 07k <. (61b)
k=0

We now consider two cases:

Casel: b,e€ ANB. Then b, =a,y; = b, and thus (60a) holds. Moreover,
lans+1 — cll = ||b, — c|| and (60b) follows from (61a).

Case2: b, ¢ AN B. Then b, € B~ A. Lemma 3.11(i) implies a, € ((bdry A) \
B)NU,.;(Ain A) and b, € ((bdry B) N A)NU ey (B N B)). Note that

lan — c|| <8 by (61a), and recall that A is (B, ¢, 38)-joint-regular at ¢ by
(i). It thus follows from Proposition 3.5(vi) (applied to a,, b, a,) that

lans1 — bl < 6lla, — byl (62)

On the one hand, if o =1, then Proposition 3.10(ii) yields [laut1 —Dp1ll <
lans1 — bull = 0 as1 — byll. On the other hand, if ¢ =2, then B is (A, ¢, 38)-
joint-regular at ¢ by (i); hence, Proposition 3.5(v) (applied to b, a,+1, b ,+1) yields
lanst — busill < Ollansr — ball = 09~V a,y1 — b, Altogether, in either case,

lans1 = bnsill <67 lansr — ball. (63)
Combining (63) with (62) and (59) gives
lans1 = busill <67 g — bl < 67llay — byl < 67", (64)

which is (60a). Furthermore, (62), (59) and (61a) yield

lant1 —cll < lansr — bl + 116y —cll (652)
< Ollan = bl + 116, —cll (65b)

n—2
<0B0° "D+ po° "V + B+ (14 0) Y 67 (65¢)

k=0
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n—1
=B+BU+6)) 67, (65d)
k=0
which establishes (60b). Therefore, in all cases, (60) holds.

Since ||a; — b1|| = dp(ay) < |la; — c|| = B, we see that (59) holds for n = 1. Thus,
the above claim and the principle of mathematical induction principle imply that (60)
holds for every n > 1.

Next, (60a) implies

~vVn=1) llap1 —bull <0lla, —b,ll and  |lau4 — bppill < 90_1||an+1 —b,ll.

(66)

In view of (66) and |la; — b, || < B, Proposition 3.8 yields ¢ € A N B such that

_ _ 1+6 e
(vn = 1) max{llay =€l by = e} < T llar = ball - 677D (67)
146
< e (68)
s(1+6
< 7( 9 _gow-n, (69)
2460—-0°

On the other hand, (60b) and (58) imply (Vi > 1) |la,+; — c|| < §; thus, letting n —
+00, we obtain ||¢c — ¢|| < 8. This completes the proof of (56). ]

Remark 3.13 In view of Lemma 3.1(i)&(ii), an aggressive choice for use in (51) is
~iel A =bdry A; and (Vj € J) B = bdry B;.

Our main convergence result on the linear convergence of the MAP is the
following:

Theorem 3.14 (linear convergence of the MAP and superregularity) Assume that
(51) holds and that A is Bjomt superregular at c (see Definition 2.24). Denote
the lzmztmg joint-CQ-number at ¢ associated with (A, .A B, B) (see Definition 2.10)
by 6, and the the exact joint-CQ-number at ¢ associated with (A, A, B, B) (see
Definition 2.13) by «. Assume further that one of the following holds:

i) 6 <L
(ii) 1 and J are finite, and @ < 1.

Let 6 € ]5, 1[ and set ¢ .= (0 —0)/3 > 0. Then there exists 8§ > 0 such that the
following hold:

(iii) Ais (B, e, 38)-joint-regular at c (see Definition 2.24).
(iv) 035 §~§+ e < 1—2¢, where 055 is the joint-CQ-number at c¢ associated with
(A, A, B, B) (see Definition 2.10).

Consequently, suppose the starting point of the MAP b _, satisfies ||b_; —c|| < (1 —
0)5/12. Then (a,)nen and (b)neN converge linearly to some point in ¢ € A N B with
llc —c|| < 8 and rate 6:

BA+0)

(vn = 1) max{lla, —cll. |bn — €ll} = —

(70)
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Proof Observe that assumption (ii) is more restrictive than assumption (i) by
Theorem 2.14(iv). The definitions of B-]omt superregularity and of 6 allow us to
find § > 0 sufficiently small such that both (iii) and (iv) hold. The result thus follows
from Proposition 3.12 with o = 1. O

Corollary 3.15 Assume that (51) holds and that, for every i € 1, A, is convex. Denote
the limiting joint-CQ-number at ¢ associated with (A, A, B, B) (see Definition 2.10)
by 0, and assume that 0 < 1. Let 0 € ]9 1[ and let b _, the starting point of the MAP,
be sufficiently close to c. Then (a,)nen and (bp)nen converge linearly to some point
in AN B with rate 6.

Proof Combine Theorem 3.14 with Corollary 2.25. O

Example 3.16 (working with collections and joint notions is useful) Consider the
setting of Example 2.11, and suppose that A = Aand B = B. Note that A; is convex,
for every i € I. Then 6;5(A, A, B,B) <1=0s5(A, A, B, B) =0(A, X, B, X). Hence
Corollary 3.15 guarantees linear convergence of the MAP while it is not possible to
work directly with the unions A and B due to their condition number being equal to
1 and because neither A nor B is superregular by Example 2.26! This illustrates that
the main result of Lewis-Luke-Malick (see Corollary 3.25 below) is not applicable
because two of its hypotheses fail.

The following result features an improved rate of convergence 8> due to the
additional presence of superregularity.

Theorem 3.17 (linear convergence of the MAP and double superregularity) Assume
that (51) holds, that A is B-joint-superregular at ¢ and that B is A-joint-superregular
at ¢ (see Definition 2.24). Denote the limiting joint-CQ-number at ¢ associated with
(A, A, B, B) (see Definition 2.10) by 6, and the the exact joint-CQ-number at ¢
associated with (A, A, B, B) (see Definition 2.13) by &. Assume further that (a) 6 < 1,

or (more restrictively) that (b) I and J are finite, and @ < 1 (and hence 6 =@ < 1).
Let6 €10,1[ and ¢ := %. Then there exists § > 0 such that

(i) Ais (E, &, 38)-joint-regular at c;
(i) Bis (A, e, 38)-joint-regular at ¢; and
(iii) 63 <0+ &=0—2¢ < 1—2¢, where 05; is the joint-CQ-number at ¢ associated
with (A, A, B, B) (see Definition 2.10).

Consequently, suppose the starting point of MAP b _; satisfies |b_; —c|| < 21(2 9@5)

Then (a,)nen and (b ) nen converge linearly to some pointinc € A N Bwith |c —c| <
8 and rate 0°; in fact,

Vn= 1) max{|a, -l b, —ll} < %(92)"*‘. (71)

Proof The existence of § > 0 such that (i)—(iii) hold is clear. Then apply Proposi-
tion 3.12 with 0 = 2. O

In passing, let us point out a sharper rate of convergence under sufficient condi-
tions stronger than superregularity.
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Corollary 3.18 (refined convergence rate) Assume that (51) holds and that there exists
8 > 0 such that

(i) Ais (E, 0, 38)-joint-regular at c;
(i) Bis (A, O0,38)-joint-regular at ¢; and o
(ili) 0 < 1, where 0 := 6035 is the joint-CQ-number at ¢ associated with (A, A, B, B)
(see Definition 2.10).

Suppose also that the starting point of the MAP b _; satisfies |b_y —c| < él(z’_eés)

Then (a,)nen and (b ) new converge linearly to some pointinc € A N Bwith |c —c| <
8 and rate 0°; in fact,

(V= 1) max fllay — 2l by~ 2ll} = 722 (%) (72)

Proof Apply Proposition 3.12 with o = 2. O
Let us illustrate a situation where it is possible to make § in Theorem 3.17 precise.

Example 3.19 (the MAP for two spheres) Let z; and z, be in X, let p; and p, be
in R, set A := sphere(z;; p1) and B := sphere(z,; p2), and assume that {c} ; ANB ;Cé
AUB.Thena :=|(z; —c¢,z2 —¢)|/(p1p2) < 1. Let 6 € Ja, 1[. Then the conclusion
of Theorem 3.17 holds with?

Vo1 4+ p2)2+ p1p20 — @) — (p1 +p2) (@ —@p1 (O —@)p2
6 ’ 12 12

§ = min{ } (73)

Proof Combine Example 2.23 (applied with ¢ = (6 — @)/4 there), Proposition 2.17,
and Theorem 3.17. O

Here is a useful special case of Theorem 3.17:

Theorem 3.20 Assume that A and B are L-superregular, and that

Na(e)N (= Ng(©))N(L—-c)=1{0}, (74)
where L := aff(A U B). Then the sequences generated by the MAP converge linearly
to a point in A N B provided that the starting point is sufficiently close to c.
Proof Combine Example 2.15 with Theorem 3.17 (applied with I and J being
singletons, and with A = B = L). ]

We now obtain a well known global linear convergence result for the convex case’,

which does not require the starting point to be sufficiently close to A N B:

4Note that when @ approaches 1, then 8 approaches 0 which is consistent with the lack of linear
convergence of the MAP for two spheres intersecting in exactly one point.

5This result is part of the folklore and it can be traced back to [19] although it is not stated there
explicitly in this form. It also follows by combining [1, Proposition 4.6.1] with [2, Theorem 3.12].
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Theorem 3.21 (two convex sets) Assume that A and B are convex, and AN B # @.
Then for every starting point b_, € X, the sequences (a,),eN and (b ,)qeN generated
by the MAP converge to some point in A N B. The convergence of these sequences is
linear provided thatri A Nri B # .

Proof By Fact 2.5(iv), we have
(Vee ANB) lag—cll = lbo—cll = llay —cll = b1 —cl| = -+ (75)

After passing to subsequences if needed, we assume that ay, — a € A and by, —
b € B. We show that a = b by contradiction, so we assume that ¢ := |ja — b /3 > 0.
We have eventually max({|lax, — all, |bk, — DI} < €; hence |ax, — by,|l > ¢ eventu-
ally. By Fact 2.5(iii), we have

2

(76)
eventually. But this would imply that for all # sufficiently large, and for every m € IN,
we have |lag, — c||*> > me? + |lax,.,, — cl|* > me*, whichis absurd. Hence ¢ :=a=b ¢
A N B and now (75) (with ¢ = ¢) implies that a,, — ¢ and b, — ¢.

Next, assume that ri A Nri B # &, and set L := aff(A U B). By Proposition 2.18,
the (A, L, B, L)-CQ conditions holds at ¢. Thus, by Example 2.15, N4(c) N
(=Np(c)) N (L — ¢) = {0}. Furthermore, Corollary 2.25 and Remark 2.22(v)&(vii)
imply that A and B are L-superregular at ¢. The conclusion now follows from
Theorem 3.20, applied to suitably chosen tails of the sequences (a,),eN and (b,)neN-

O

2 2 2 2 2 .2
lak, —cll” = llak, = b, I” + 1bk, —cll” = & + llag,+1 —cll” = &~ + llag,,, —cll

Example 3.22 (the MAP for two linear subspaces) Assume that A and B are
linear subspaces of X. Since 0 € AN B =ri ANri B, Theorem 3.21 guarantees the
linear convergence of the MAP to some point in AN B, where b_; € X is the
arbitrary starting point. On the other hand, A and B are (0, +00)-regular (see
Remark 2.22(v)). Since (V86 € R,;) 05(A, A, B, B) = c¢(A, B) < 1, where ¢(A, B) is
the cosine of the Friedrichs angle between A and B (see Theorem 2.20), we obtain
from Corollary 3.18 that the rate of convergence is ¢>(A, B). In fact, it is well known
that this is the optimal rate, and also that lim, a, = lim, b, = Panp(b_1); see [12,
Section 3] and [13, Chapter 9].

Remark 3.23 (subspaces vs manifolds) It is tempting to explore the following state-
ment, which is a variant of Example 3.22.

Let A and B be C?* submanifolds of X, and let c € AN B such that
the Friedrichs angle between the tangent spaces at c is strictly positive. If
the starting point of the MAP is sufficiently close to c, then the sequences
generated by the MAP converge linearly to a pointin AN B.

Interestingly, this statement is false. First, we note that the Friedrichs angle is
always strictly positive by Theorem 2.20. Secondly, consider either (i) two spheres
intersecting in precisely one point; or (i) A = R x {0} and epi(p > p?) in X = R
In either case, A N B = {c} is a singleton, and the MAP does not converge linearly to
c unless the starting point is c itself.

We conjecture that the statement above is correct if the Friedrichs angle is re-
placed by the Dixmier angle. Unfortunately, this modified statement is of somewhat
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limited interest because the classical case of two linear subspaces is still not covered
(consider two linear subspaces A and B such that AN B 2 {0}; e.g., two planes
in R3).

Remark 3.24 For further linear convergence results for the MAP in the convex
setting we refer the reader to [2-4, 14-16], and the references therein. See also
[22, 23] for recent related work for the nonconvex case.

3.5 Comparison to Lewis-Luke-Malick Results and Further Examples
The main result of Lewis, Luke, and Malick arises as a special case of Theorem 3.14:

Corollary 3.25 (Lewis-Luke-Malick) (See [20, Theorem 5.16].) Suppose that N 4(c) N
(=Npg(c)) = {0} and that A is superregular at c € A N B. If the starting point of MAP
is sufficiently close to c, then the sequences generated by the MAP converge linearly
to a pointin AN B.

Proof Since Na(c) N (—=Np(c)) = {0}, we have 0 < 1. Now apply Theorem 3.14(i)
with A := B := (X), A := (A) and B := (B). O

However, even in simple situations, Corollary 3.25 is not powerful enough to
recover known convergence results.

Example 3.26 (Lewis-Luke-Malick CQ may fail even for two subspaces) Suppose
that A and B are two linear subspaces of X, and set L := aff(A U B) = A + B. For
c € AN B, we have

Ns(©)N(=Np()=A*NB*=(A+B)* =L (77)

Therefore, the Lewis-Luke-Malick CQ (see [20, Theorem 5.16] and also Corol-
lary 3.25) holds for (A, B) at c if and only if

Na(e) N (=Ng©) ={0} & A+B=X. (78)

On the other hand, the CQ provided in Theorem 3.20 (see also Example 3.22)
always holds and we obtain linear convergence of the MAP. However, even for two
lines in R?, the Lewis-Luke-Malick CQ (see Corollary 3.25) is unable to achieve this.
(Tt was this example that originally motivated us to pursue the present work.)

Example 3.27 (Lewis-Luke-Malick CQ is too strong even for convex sets) As-
sume that A and B are convex (and hence superregular). Then the Lewis-Luke-
Malick CQ condition is 0 € int(B — A) (see Corollary 2.9(i)) while the (A, aff(A U
B), B, aff(A U B))-CQ is equivalent to the much less restrictive condition ri A N
ri B # & (see Theorem 2.8).

3.6 The Flexibility of Choosing (Z . B)

Often, L = aff(A U B) is a convenient choice which yields linear convergence of the
MAP as in Theorem 3.20. However, there are situations when this choice for A and
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B is not helpful but when a different, more aggressive, choice does guarantee linear
convergence:

Example 3.28 ((E, E) = (A, B)) Let A, B, and c be as in Example 2.16, and let L :=
aff(A U B). Since A and B are convex and hence superregular, the (A, L, B, L)-CQ
condition is equivalent to ri A Nri B # & (see Proposition 2.18), which fails in this
case. However, the (A, A, B, B)-CQ condition does hold; hence, the corresponding
limiting CQ-number is less than 1 by Theorem 2.14(v). Thus linear convergence of
the MAP is guaranteed by Theorem 3.17.

The next example 111ustrates a 51tuat10n where the choice (A B) (A, B) fails
while the even tighter choice (A B) (bdry A, bdry B) results in success:

Example 3.29 ((A, B) = (bdry A, bdry B)) Suppose that X = R?, that A = epi(] -
|/2), that B = —epi(| - |/3), and that ¢ = (0, 0). Note that aff(A U B) = X andri AN
ri B = @. Then

N%(©) = NX(c) = Na(o) = {1, u2) € R* | up +2Juy| <0}, (79a)
N7 (©) = Nj (¢) = Np(c) = {(u, up) € R* | —us + 3|uy| < 0}, (79b)

and so the (A, A, B, B)-CQ condition fails because
NE(©) N (=N{(©) = {(ur, uz) € R* | us + 3lus| < 0} # {0}. (80)

Consequently, for either (Z, §) = (A, B) or (Z, §) = (X, X), Theorem 3.17 is
not applicable because @ =6 = 1: indeed, u = (0, —1) € Na(c) and v = (0, —1) €
—Npg(c),s01l = {(u,v) <a <1. o

On the other hand, let us now choose (A, B) = (bdry A, bdry B), which is justified
by Remark 3.13. Then

NE(©) = {(ur, u2) € R? |ty + 2Juy | = 0}, (81a)
N © = {1, 1) € R? | =t + 3Juy | = 0}, (81b)

NE(C) N (—Ng(c)) = {0} and the (A, A, B, §)-CQ condition holds. Hence, using
also Theorems 2.14(v), 3.21 and 3.17, we deduce linear convergence of the MAP.

However, even the choice (Z, l~3) = (bdry A, bdry B) may not be applicable to
yield the desired linear convergence as the following shows. In this example,
we employ the tightest possibility allowed by our framework, namely (A, B) =
(P4 ((bdry B) \. A), Pp((bdry A) \. B)).

Example 3.30 ((A, B) = (PA((bdry B) ~. A), Pg((bdry A) ~. B))) Suppose that X =
R?, that A = epi(| - |), that B = — A, and that ¢ = (0, 0). Then N%"™ ”(c) = bdry B =
—bdry A and N%™"(c) =bdry A; hence, the (A,bdry A, B, bdry B)-CQ condi-
tion fails because NbdryB( YN (= NbdryA(c)) bdry B # {0}. On the other hand,
if (4, B) = (P4((bdry B) \. A), Py((bdry A) \. B)), then NB = {0} = N = {0} be-
cause A = {c} = B. Thus, the (A, A B, B) CQ conditions holds. (Note that the
MAP converges in finitely many steps.)
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4 Conclusion

We use the technology of restricted normal cones developed in [6] to develop the
least restrictive sufficient conditions to date for linear convergence of the sequences
generated by the method of alternating projections applied to two sets A and
B. A key ingredient were suitable restricting sets (A and B). The unrestricted—
and hence least aggressive—choice (A B) = (X, X) recovers the framework by
Lewis, Luke, and Malick. The choice (A B) (aff(A U B), aff (A U B)) allows us to
include basic settings from convex analysis into our framework. Thus, the framework
provided here unifies the recent nonconvex results by Lewis, Luke, and Malick with
classical convex-analytical settings. When the choice (A B) (aff(A U B), aff(A U
B)) £alls, one may also try more aggressive choices such as (A, B) = (A, B) or
(A, B) = (bdry A, bdry B) to guarantee linear convergence. In a follow-up work [7]
we demonstrate the power of these tools with the important problem of sparsity
optimization with affine constraints. Without any assumptions on the regularity of
the sets or the intersection we achieve local convergence results, with explicit rates
and radii of convergence, where all other sufficient conditions, particularly those of
[20, 21], fail.
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