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NONCONVEX NOTIONS OF REGULARITY AND CONVERGENCE
OF FUNDAMENTAL ALGORITHMS FOR FEASIBILITY PROBLEMS*

ROBERT HESSE! AND D. RUSSELL LUKET

Abstract. We consider projection algorithms for solving (nonconvex) feasibility problems in
Euclidean spaces. Of special interest are the method of alternating projections (AP) and the Douglas—
Rachford algorithm (DR). In the case of convex feasibility, firm nonexpansiveness of projection
mappings is a global property that yields global convergence of AP and for consistent problems DR.
A notion of local subfirm nonexpansiveness with respect to the intersection is introduced for consistent
feasibility problems. This, together with a coercivity condition that relates to the regularity of the
collection of sets at points in the intersection, yields local linear convergence of AP for a wide class of
nonconvex problems and even local linear convergence of nonconvex instances of the DR algorithm.
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1. Introduction. In the last decade there has been significant progress in the
understanding of convergence of algorithms for solving generalized equations for non-
monotone operators, in particular those arising from variational problems such as
minimization or maximization of functions, feasibility, variational inequalities, and
minimax problems. Early efforts focused on the proximal point algorithm [32, 23, 12]
and notions of (co)hypomonotonicity, which is closely related to proz-regularity of
functions [33]. Other works have focused on metric regularity and its refinements
[2, 3, 24]. Proximal-type algorithms have been studied for functions satisfying the
Kurdyka—Lojasiewicz inequality in [4]. In a more limited context, the method of al-
ternating projections (AP) has been investigated in [27, 8] with the aim of formulating
dual characterizations of regularity requirements for linear convergence via the normal
cone and its variants.

The framework we present here generalizes the tools for the analysis of fixed-point
iterations of operators that violate the classical property of firm nonexpansiveness in
some quantifiable fashion. As such, our approach is more closely related to the ideas of
[32] and hypomonotonicity through the resolvent mapping; however, our application
to AP bears a direct resemblance to the more classical primal characterizations of reg-
ularity described in [5] (in particular what they call “linear regularity”). There are also
some parallels between what we call (S, ¢)-firm nonexpansiveness and e-enlargements
of maximal monotone operators [11], though this is beyond the scope of this paper.
Our goal is to introduce the essential tools we make use of with a cursory treatment of
the connections to other concepts in the literature, and to apply these tools to the AP
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and Douglas—Rachford algorithms, comparing our results to the best known results
at this time.

We review the basic definitions and classical definitions and results below. In
section 2 we introduce our relaxations of the notions of firm nonexpansiveness and
set regularity. Our main abstract result concerning fixed-point iterations of mappings
that violate the classical firm nonexpansive assumptions is in section 3. We specialize
in subsequent subsections to AP and the Douglas—Rachford algorithm. Our state-
ment of linear convergence of AP is as general as the results reported in [8], with
more elementary proofs, although our estimates for the radius of convergence are
more conservative. The results on local linear convergence of nonconvex instances
of Douglas—Rachford are new and provide some evidence supporting the conjecture
that, asymptotically, Douglas—Rachford converges more slowly (albeit still linearly)
than simple alternating projections. Our estimates of the rate of convergence for both
AP and Douglas—Rachford are not optimal but to our knowledge are the most general
to date.

We also show that strong regularity conditions on the collection of affine sets are
in fact necessary for linear convergence of iterates of the Douglas—Rachford algorithm
to the intersection, in contrast to AP, where the same conditions are sufficient but not
necessary [8]. This may seem somewhat spurious to experts since, as is well known,
the Douglas—Rachford iterates themselves are not of interest, but rather their shadows
or projections onto one of the sets [28, 7] are. Indeed, in the convex setting where
local is global, the shadows of the iterates of the Douglas—Rachford algorithm could
converge even though the iterates themselves diverge. This happens in particular
when the sets do not intersect but have instead best approzimation points [7, Theorem
3.13]. The nonconvex setting is much less forgiving, however. Indeed, existence
of local best approximation points does not guarantee convergence of the shadows
to best approximation points in the nonconvex setting [29], and so convergence of
the sequence itself is essential. As nonconvex settings are our principal interest, we
focus on convergence of the iterates of the Douglas—Rachford algorithm instead of the
shadows, in particular convergence of these iterates to the intersection of collections
of sets. We leave a fuller examination of the shadow sequences to future work.

1.1. Basics/notation. E is a Euclidean space. We denote the closed unit ball
centered at the origin by B and the ball of radius J centered at £ € E by Bs(z) :=
{z € E|||lx — Z|| <d}. When the §-ball is centered at the origin we write Bs. The
notation =2 indicates that this mapping in general is multivalued. The composition
of two multivalued mappings T1,T5 is pointwise defined by To Thx = Uyer,oToy. A
nonempty subset K of E is a cone if for all A > 0, AK := {M\k | k € K} C K. The
smallest cone containing a set  C E is denoted cone(sS).

DEFINITION 1.1. Let  C E be nonempty, x € E. The distance of x to 1 is
defined by

1.1 Q) := inf — .
(1.1) d(z,9Q) ;gﬂl\ﬂf yll

DEFINITION 1.2 (projectors/reflectors). Let Q C E be nonempty and x € E. The
(possibly empty) set of all best approximation points from x to 0 denoted Po(x) (or
Pqzx) is given by

(1.2) Po(z) :={y € Q| [lz —yll = d(z,Q)}.
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The mapping Po = ) is called the metric projector, or projector, onto 2. We call an
element of Pqo(x) a projection. The reflector Rg : E = E to the set Q) is defined as

(1.3) Rox :=2Pqgzx — x

for all x € E.

Since we are on a Euclidean space E convexity and closedness of a subset C C E is
sufficient for the projector (respectively, the reflector) to be single-valued. Closedness
of a set ) suffices for the set Q being proziminal, i.e., Pox # ) for all z € E. (For a
modern treatment see [6, Corollary 3.13].)

DEFINITION 1.3 (method of alternating projections). For two sets A, B C E we
call the mapping

(14) TAPQJ = PAPBQJ
the AP operator. The AP algorithm is the corresponding Picard iteration
(1.5) Tpy1 € Tapry,, n=0,1,2,...,

for xgy given.
DEFINITION 1.4 (averaged alternating reflections/Douglas—Rachford). For two
sets A, B C E we call the mapping

1
(1.6) Tprx = 5 (RaRpx + )

the Douglas—Rachford operator. We call the Douglas—Rachford algorithm, or simply
Douglas—Rachford, the corresponding Picard iteration

(17) Tpn41 € Tprrn, n=0,1,2,...,

for xqy given.

Ezxample 1.5. The following easy examples will appear throughout this work and
serve to illustrate the regularity concepts we introduce and the convergence behavior
of the algorithms under consideration.

(i) Two lines in R:

A= {($1,$2) € R? | XTo = 0} - R2,
B = {($1,$2) S R2 | T = $2} C R2.
We will see that AP and Douglas—Rachford converge with a linear rate to the
intersection.
(i) Two lines in R3:
A= {($1,$2,$3) S R3 | o = 0,23 = 0} C Rg,
B = {($1,$2,$3) S RB | Tl = T2,T3 = 0} C RS.
After the first iteration step AP shows exactly the same convergence behavior
as in the first example. Douglas—Rachford does not converge to {0} = AN B.
All iterates from starting points on the line {¢(0,0, 1) | ¢ € R} are fixed points

of the Douglas Rachford operator. On the other hand, iterates from starting
points in A 4+ B stay in A + B, and the case then reduces to example (i).
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(iii) A line and a ball intersecting in one point:

A= {((El,xg) ER2|{E2:0} CRQ,
B = {(z1,22) ER* | 2] + (z2 — 1)* < 1}.

AP converges to the intersection, but not with a linear rate. Douglas—
Rachford has fixed points that lie outside the intersection.
(iv) A cross and a subspace in R?:

A=Rx{0}U{0} xR,
B:{(xl,x2)€R2|x1:a}2}.

This example relates to the problem of sparse-signal recovery. Both AP and
Douglas—-Rachford converge globally to the intersection {0} = AN B, though
A is nonconvex. The convergence of both methods is covered by the theory
built up in this work.

(v) A circle and a line:

A={(z1,22) € R? | 25 = vV2/2} C R?,
B = {(xl,xg) ER? |22 423 = 1}.

This example is of our particular interest, since it is a simple model case of
the phase retrieval problem. So far the only direct nonconvex convergence
results for Douglas—Rachford are related to this model case; see [1, 10]. Local
convergence of AP is covered by [27, 8] as well as by the results in this work.

1.2. Classical results for (firmly) nonexpansive mappings. To begin, we
recall (firmly) nonexpansive mappings and their natural association with projectors
and reflectors on convex sets. We later extend this notion to nonconvex settings where
the algorithms involve set-valued mappings.

DEFINITION 1.6. Let Q@ C E be nonempty. T : Q — E is called nonexpansive if

(1.8) [Tz =Tyl < ||z -yl

holds for all x,y € Q.
T :Q — E is called firmly nonexpansive if

(1.9) 1Tz = Ty|* + |(Id = T)ae — (Id = T)yl* < ||z —y|

holds for all z,y € €.

LEMMA 1.7 (Proposition 4.2 in [6]). Let Q@ C E be nonempty and let T : Q — E.
The following are equivalent:

(i) T is firmly nonexpansive on ).

(ii) 2T — Id is nonezpansive on ).

(iii) ||Tz —Ty|* < (Tz —Ty,z —y) for all z,y € Q.

THEOREM 1.8 (best approximation property, convex case). Let C C E be
nonempty and convez, x € E, and T € C. The point T is the projection T = Po(x) if
and only if

(1.10) (x—z,y—Z)<0 VyeCl.

If C is an affine subspace, then (1.10) holds with equality.
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Proof. For (1.10) see Theorem 3.14 of [6], while equality follows from Corollary
320 0f [6]. O

THEOREM 1.9 ((firm) nonexpansiveness of projectors/reflectors). Let C be a
closed, nonempty, and convex set. The projector Po : B — E is a firmly nonexpansive
mapping and hence the reflector Rc is nonexpansive. If, in addition, C is an affine
subspace, then the following conditions hold:

(i) Pc is firmly nonexpansive with equality, i.e.,
(1.11)  [|Pcx — Peyl® + [[(Id — Pe)a — (Id — Po)y|* = |z — y|?

for all x € E.
(ii) For allz € E

(1.12) [Rox —cf| = [z =

holds for all c € C.

Proof. For the first part of the statement see [15, Theorems 4.1 and 5.5], [19,
Chapter 12], [20, Propositions 3.5 and 11.2], and [35, Lemma 1.1]. The well-known
refinement for affine subspaces follows by a routine application of the definitions and
Theorem 1.8. a

2. (S,e)-firm nonexpansiveness. Up to this point, the results have concerned
only convex sets, and hence the projector and related algorithms have all been single-
valued. In what follows, we generalize to nonconvex sets and therefore allow multi-
valuedness of the projectors:

LEMMA 2.1. Let A, B C E be nonempty and closed. Let x € E. For any element
x4 € Tprx there is a point T € RaRpx such that x4 = %(;ﬁ + z). Moreover, Tpgr
satisfies the following properties:

(i)

2 2 1 2 1,
21zt =y P+ Iz = 24) = (@ =yl = 5 lz =yl + S Iz =917,
where x and y are elements of E, x4 and y4 are elements of Tprx and Tpry,
respectively, and * € Ra4Rpx and y € RaRpy are the corresponding points
satisfying x4 = %(;ﬁ + ) and yy = %(g +vy).

(ii) For allz € E
(2.2) Tprr ={Pa(2z—z)—2z+=x | z € Ppx}.

Proof. By Definition 1.4

Ty € Tprx
<~ Ty € %(RARB$—|—$)
+— 2xy—x € RsRpz.

Defining & = 2z, — x yields 4 = %(;ﬁ + ), where & € RaRpx.
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(i) For zy € Tprx (respectively, y+ € Tpry) choose & € RaRpx (respectively,
y) such that x4 = (Z + x)/2 (respectively, y4). Then

2 2
lz4 —yell” + 1z —21) = (¥ —yi)ll

LS DR P 2+ 1 1. 1 +1~2
=|z2+-x—-y— = —x—-T— = =
¥ TRt T Q¥ TR 2t TRt T Q¥ TRy

1 o 1. o 1, 1,
=slle—yl"+51Z =917+ 5(E - g2 —y) = 5(F -G,z —y)

1 2 1. ~112
=5 lz—yl*+3 12 - 31>

(ii) This follows easily from the definitions. Indeed, we represent v € Rpx as
v =2z — x for z € Pgx so that

1
Thrr = {5 (RAU+$)

DS RB$}

= {% (Ra(2z — ) + )

z € PBQJ}

_ {% (2Pa(25—2) — (22 —a) + 1) | 2 ¢ PBx}

{Pa(2z—z)—z+=x |z € Pgx}. 0

Remark 2.2. In the case where A and B are convex, then as a consequence of
Lemma 2.1(i) and the fact that the reflector R onto a convex set €2 is nonexpansive,
we recover the well-known fact that Tpg is firmly nonexpansive and (2.1) reduces to

(2:3) ITorz = Toryl® + [[(Id = Tor) « — (Id = Tpr) y|*
=5l —yl* + 5 | RaRoz — RaRpyl?

while (2.2) reduces to

(2.4) Tprr = x + PyRgx — Ppux.

We define next an analogue to firm nonexpansiveness in the nonconvex case with
respect to a set S.

DEFINITION 2.3 ((S, ¢)-(firmly) nonexpansive mappings). Let D and S be non-
empty subsets of E and let T be a (multivalued) mapping from D to E.

(i) T is called (S,¢e)-nonexpansive on D if

(2.5) o+ — 24| < V1telz—2|
Vre D, V€S, Ve € Te, Vi, € Tx.

If (2.5) holds with e = 0, then we say that T is S-nonexpansive on D.
(ii) T is called (S,e)-firmly nonexpansive on D if

(26) oy —z4 P+l —2) —@—z)|P < (1 +2) ]z — 2|
Vee D, VxelS, Ve, €Ta, Vo €Tx.

If (2.6) holds with € = 0, then we say that T' is S-firmly nonexpansive on D.
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Note that, as with (firmly) nonexpansive mappings, the mapping 7" need not
be a self-mapping from D to itself. In the special case where S = FixT, mappings
satisfying (2.5) are also called quasi (firmly) nonexpansive [6]. Quasi nonexpansiveness
is a restriction of another well-known concept, Fejér monotonicity, to FizT. Equation
(2.6) is a relaxed version of firm nonexpansiveness (1.9). The aim of this work is
to expand the theory for projection methods (and in particular AP and Douglas—
Rachford) to the setting where one (or more) of the sets is nonconvex. The classical
(firmly) nonexpansive operator on D is (D, 0)-(firmly) nonexpansive on D.

Analogous to the relation between firmly nonexpansive mappings and averaged
mappings (see [6, Chapter 4] and references therein) we have the following relation-
ship between (S, €)-firmly nonexpansive mappings and their 1/2-averaged companion
mapping.

LEMMA 2.4 (1/2-averaged mappings). Let D,S C E be nonempty and T : D =
E. The following are equivalent:

(i) T is (S, e)-firmly nonexpansive on D.

(ii) The mapping T:D=E gien by

Tx:= 2Tz —xz) VYzeD

is (S, 2¢)-nonexpansive on D, i.e., T can be written as

(2.7) Tz =<(z+ fa:) Ve € D.

N =

Proof. For x € D choose x4 € Tx. Observe that by the definition of f, there is
a corresponding @ € Tz such that ;. = (x + &), which is just formula (2.7). Let z
be any point in S and select any z; € Tz. Then

2 2
lz4 — 240" + |z — 24 — (2 — 24)|

= 4@ +5) - $e+3)| + | —5) - 31— 3)|”

Ll =20 + 260 — 2,3 ) + |1 - 2]
+1[le =2 - 200 - 23— ) + |3 - 2]

2 ~ ~112
3 llz—2l" + 311z — 2|

! 2 2
< % |z —2||” + %(1 +2¢) ||z — 2|

= (L+¢) e — 2|,

where the inequality holds if and only if T is (S, 2¢)-nonexpansive. By definition, it
then holds that T is (S, €)-firmly nonexpansive if and only if T is (S, 2¢)-nonexpansive,
as claimed. d

We state the following theorem to suggest that the framework presented in this
work can be extended to a more general setting, for example, the adaptive framework
discussed in [5]. It shows that the (S,¢)-firm nonexpansiveness is preserved under
convex combination of operators.

THEOREM 2.5. Let Ty be (S, e1)-firmly nonexpansive and Ty be (S, e2)-firmly non-
expansive on D. The convex combination XT1+(1—N)Ts is (S, €)-firmly nonexpansive
on D, where e = max{e1,ea}.
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Proof. Let x,y € D. Let

ry € X1z + (1 - A)Tox and
Y+ € Ny + (1 = \) Ty

= x5 = /\azgrl +(1- /\)JJJr ,  where x$> ez, xf) € Tyr,
yr =Mt + (L= Ny, where y{V € Tuy, ¢ € Tuy.

By Lemma 2.4(ii) one has nonexpansiveness of the mappings given by 277z — x and
2Thx — x, x € D, that is,

2o =] - 25" — 4] | < vIFZE ol
H (227 — 2] — [24? — 4] H <VI+2es |z -yl

This implies

(224 — ) - (2y+ sl

- H( {M D A)ﬂff)} _“”) - (2 [Ay(ﬁ) +(1-\y (2] —y)H
= H/\([Ztg_l) _x} — [2y$) _yD —(1=X) ([2953_2) —x} _ {23/1) —y])H
e ] - )0 2] 2]

<VI+2e|z—y|.
Now using Lemma 2.4(i) the proof is complete. d

2.1. Regularity of sets. To ensure property (2.6) for the projector and the
Douglas—Rachford operator, we determine the inheritance of the regularity of the
projector and reflectors from the regularity of the sets A and B upon which we
project. We begin with some established notions of set regularity and introduce a
new, weaker form that will be central to our analysis.

DEFINITION 2.6 (prox-regularity). A nonempty (locally) closed set Q C E is
prox-regular at a point T € Q if the projector Pq is single-valued around T.

What we take as the definition of prox-regularity actually follows from the equiv-
alence of prox-regularity of sets as defined in [33, Definition 1.1] and the single-
valuedness of the projection operator on neighborhoods of the set [33, Theorem 1.3].

DEFINITION 2.7 (normal cones). The prozimal normal cone N&(Z) to a set
Q CE at a point T € Q is defined by

(2.8) NE(z) := cone(Py ' (7) — 7).

The limiting normal cone Nq(Z) is defined as any vector that can be written as the
limit of proximal normals; that is, v € Nq(Z) if and only if there exist sequences
(k) ken in Q and (vg)ken n Ng(xk) such that x;, — T and vy, — 7.

The construction of the limiting normal cone goes back to Mordukhovich (see
[34, Chapter 6, commentary]).
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PROPOSITION 2.8 (Mordukhovich). The limiting normal cone or Mordukhovich
normal cone is the smallest cone satisfying the two properties
1. PoY(®) € (I + No)(z), where Py (%) is the preimage set of T under Po;
2. for any sequence x; — T in Q any limit of a sequence of normals v; € Nq(z;)
must lie in Nq(Z).
DEFINITION 2.9 ((g, §)-(sub)regularity).
(i) A nonempty set Q C E is (g,0)-subregular at & with respect to S C E if

(2.9) (V2,7 — 2) <ellvall |7 — x|

holds for all x € Bs(£) N Q, & € SN Bs(2), v, € N& (x). We simply say Q is
(e,9)-subregular at & if S = {2}.

(ii) If S = Q in (3), then we say that the set Q is (e,d)-regular at &.

(iii) If for alle > 0 there exists a 6 > 0 such that (2.9) holds for all x, T € Bs(Z)N

and vy € No(z), then Q is said to be superregular.

The definition of (e, §)-regularity was introduced in [9, Definition 9.1] and is a gen-
eralization of the notion of superregularity introduced in [27, Definition 4.3]. More
details about (g,d)-regularity can be seen in [9]. Of particular interest is the fol-
lowing proposition. Preparatory to this, we remind readers of another well-known
type of regularity, Clarke regularity. To avoid introducing the Féchet normal which
is conventionally used to define Clarke regularity, we follow [27], which uses proximal
normals.

DEFINITION 2.10 (Clarke regularity). A nonempty (locally) closed set Q C E is
Clarke regular at a point T € Q if for all € > 0, any two points u, z close enough to
T with z € Q, and any point y € Po(u), satisfy (z — T, u—y) <ellz — Z||lv -yl

PROPOSITION 2.11 (prox-regular implies superregular, Proposition 4.9 of [27]).
If a closed set Q C E is proz-reqular at a point in 2, then it is superregular at that
point. If a closed set Q) C E is superregular at a point in 2, then it is Clarke reqular
at that point.

Superregularity is something between Clarke regularity and amenability or prox-
regularity. (e, d)-regularity is weaker still than Clarke regularity (and hence superreg-
ularity), as the next example shows.

Remark 2.12. (g,0)-regularity does not imply Clarke regularity

Proof.

210 2= {omem |25 0sl
For any
x_ € 0_Q:={(x1,22) | z2 = —x1, 1 <0} and
xq € 0+Q := {(21,0) | z1 > 0}
one has

No(@-) ={(A\X) | A e BT},
No(ay) = {(0,2) | A e RFY,

which implies N (0) = No(z_)UNgq(z4). Since N&'(0) = {0} the set 2 is not Clarke
regular at 0. Define v_ = (v/2/2,v/2/2) € No(x_), vy = (0,1) € No(x) and note

(v—,0—z_)=0 and (vy,0—24)=0
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to show that Q is (0, co)-subregular at 0. By the use of these two inequalities one now
has

o,y —x_) = (v_,24) <V2/2|xy |,

ez —24) = (v 2_) < V2/2 |l
and hence ) is (%2, 00)-regular. 0
Remark 2.13 (Example 1.5(iv) revisited). The set

(2.11) A:=Rx{0}Uu{0} xR

is a particularly easy pathological set that illustrates the distinction between our new
notion of subregularity and previous notions found in the literature. Note that for
z1 € Rx{0}, Na(x1) = N{(z1) = {0} xR and for 25 € {0} xR, N4(z2) = N (22) =
R x {0} and that N4(0) = A and N4 (0) = 0, which implies that at the origin A is
not Clarke regular and therefore is neither superregular nor prox-regular there. In
fact, it is not even (g,d)-regular at the origin for any ¢ < 1 and any 6 > 0. The
set A is, however, (0,00)-subregular at {0}. Indeed, for any z; € R x {0} one has
v1 € Na(z1) = {0} x R and therefore (v1, 27 — 0) = 0. Analogously for 22 € {0} x R,
vy € Na(x2) = R x {0}, and it follows that (ve,z2 — 0) = 0, which shows that A is
(0, 00)-subregular at 0.

2.2. Projectors and reflectors. We show in this section how (.5, €)(firm) non-
expansiveness of projectors and reflectors is a consequence of (sub)regularity of the
underlying sets.

THEOREM 2.14 (projectors and reflectors onto (e, §)-subregular sets). Let Q C E
be nonempty closed and (g, 0)-subregular at & with respect to S C QNBs(Z) and define

(2.12) U .= {CE cE | Pozx C Bg(:ﬁ)}.

(i) The projector Pq is (S, &1)-nonexpansive on U, that is,
(Ve e U) (Va4 € Poz) (Vz € 5)

(2.13) ey =2l < V14ér |z -2,

where &1 1= 2 + £2.
(ii) The projector Py is (S, €2)-firmly nonexpansive on Bs(Z), that is, (Vo € U)
(Vzy € Pox) (VT € 5)

(2.14) lzs = 2 + llz — o+ |* < (1 + &) [|lz — 2|,

where &y := 2¢ + 22,
(iii) The reflector Rq is (S, €s)-nonexpansive on Bs(&), that is,
(Vzx e U) (Yot € Roz) (VZ € 5)

(2.15) ey — 2| < V14&s |z -2,

where €3 := 4e + 4e2.

Proof.

(i) The projector is nonempty since € is closed. Then by the Cauchy—Schwarz
inequality
(2.16) oy — 2 = (@ — 2,2y —2) + (24 — 2,24 — T)

<o =2l ey — 2| + {2y — 2,24 — 7).
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Now for z € U we have also that x4 € Bs(#) and thus, by the definition of
(e, §)-subregularity with respect to S, (Vz € U) (Vzy € Poz) (VT € S)
(2.17) (ry —z, 24 —7) <ello —aq| [lo4 — 2|

<ellz — 2| lay — 2.
Combining this with (2.16) yields (Vz € U) (Va1 € Pox) (VT € 5)

[+ — 2| < (1+¢) |z -z
=1+ @e+e?) ||z — 7|

as claimed.
(ii) Expanding and rearranging the norm yields (Va € U) (Vx4 € Pox) (VZ € S)

(2.18)
|y — 2l + [|lz — 24
=z —z)* + o -z 4+ 7 — 2y |?
= oy —2)* + o — 2 + 20z — 2,7 — 21) + oy — 2

=2|lzy — 2|+ |z - 2" + 2 (21 — 2,7 — x4) $2 {0 — 34, T — 24)

—— o3| <elo—a|llos—3]

—_n2 _
<l = zf|” + 2¢ [log. — 2| [l — 24 ],

where the last inequality follows from the definition of (g, §)-subregularity
with respect to S. By definition, ||z — 24| = d(z,Q) < || — Z||. Combining
(2.18) and (2.13) yields (Vz € U) (Va1 € Pox) (VT € 5)

s — 2+ lle — o4 |* < (1420 (1 +2)) [l — ).

(iii) By (ii) the projector is (S,2e + 2¢2)-firmly nonexpansive on U, and so by
Lemma 2.4(ii) R = 2Pq — Id is (S, 4¢ + 4¢?)-nonexpansive on U.
This completes the proof. a

Note that &, < €2 (¢ > 0) in the above theorem; in other words, the degree
to which classical firm nonexpansiveness is violated is greater than the degree to
which classical nonexpansiveness is violated. This is as one would expect since firm
nonexpansiveness is a stronger property than nonexpansiveness.

We can now characterize the degree to which the Douglas—Rachford operator
violates firm nonexpansiveness on neighborhoods of (g, d)-subregular sets.

THEOREM 2.15 ((S,€)-firm nonexpansiveness of Tpr). Let A,B C E be closed
and nonempty. Let A and B be (€4,0)- and (ep,d)-subregular, respectively, at & with
respect to S C Bs(2) N (AN DB). Let Tpr : E = E be the Douglas—Rachford operator
defined by (1.6) and define

(2.19) U:={z€E| Pgz CBs(Z) and PaRpz C Bs(%)}.
Then Tpr is (S, €)-firmly nonexpansive on U, where

(2.20) E=24a(l4ca)+2p(l+ep)+8a(l+eca)ep(l+ep).
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That is, (Vx € U) (Vo4 € Tprx) (VT € 5)
(2.21) 2y — 2 + 2 — 24 * < (1 +8) [l= — z|*.

Proof. Define Uy := {z | Paz C Bs(2)}. By Theorem 2.14(iii) (Vy € Ua) (VT €
Ray) (VZ € 5)

(2.22) 17—z < /1 +dea(l +2a)lly — 2| -

Similarly, define Up := {z | Ppz C Bs(Z)} and again apply Theorem 2.14(iii) to get
(Vx € Ug) (Vy € Rpz) (Vz € 5)

(2.23) ly —z|| < /1+4ep(1+¢B) |z —Z|.

Now, we choose any x € Up such that Rgz € Uyb, that is, x € U, so that we can
combine (2.22)-(2.23) to get (Vz € U) (VZ € RaRpx) (VT € 5)

(2.24) |Z —Z|| < /1+4ea(l +ea)/1+4ep(l+¢ep) |z — |
=V1+4+2€|z—2z|.

Note that R4RpZ = RpZ = T since T € AN B, so (2.24) says that the operator
T := RaRp is (S,é)-nonexpansive on U. Hence by Lemma 2.4 Tpp = %(Tv +1)is
(S, 2é)-firmly nonexpansive on U, as claimed. O

If one of the sets above is convex, say, B for instance, the constant £ simplifies to
€ =2e4(1+4¢e4) since B is (0, 00)-subregular at Z.

3. Linear convergence of iterated (S, €)-firmly nonexpansive operators.
Our goal in this section is to establish the weakest conditions we can (at the moment)
under which the AP and Douglas-Rachford algorithms converge locally linearly. The
notions of regularity developed in the previous section are necessary but not sufficient.
In addition to regularity of the operators, we need regularity of the fixed point sets
of the operators. This is developed next.

Despite its simplicity, the following lemma is one of our fundamental tools.

LEMMA 3.1. Let DCE, SCFiaT,T:D=3E, andU C D. If

(a) T is (S,¢e)-firmly nonexpansive on U and

(b) for some X\ > 0, T satisfies the coercivity condition

(3.1) lo —ay|| > Ad(x,S) Vap €Tz, Yeel,
then
(3.2) d(z4,5) <v/(Q+e—-A)d(x,S) VazyeTx, Vel

Proof. For « € U choose any x4 € Tz, and define T := Pgx. Combining equations
(3.1) and (2.6) yields

(b)
—2 —11\2 —n2 2
e = 2" + (Mle = z[)” < [log =27 + [l — 24 ]
(@)
< (L+e) = -z,
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which immediately yields
(3.3) 24 —2|* < (1+e=X) [lz — 2|,

Since T € S by definition one has d (x4, S) < ||z+ — Z||. Inserting this into (3.3) and
using the fact ||z — Z|| = d (x, S) then proves (3.2). O

3.1. Regularity of intersections of collections of sets. To this point, we
have shown how the regularity of sets translates to the degree of violation of (firm)
nonexpansiveness of projection-based fixed-point mappings. What remains is to de-
velop sufficient conditions for guaranteeing (3.1). For this we define a new notion
of regularity of collections of sets which generalizes through localization two well-
known concepts. The first concept, which we call strong regularity of the collection,
has many different names in the literature, among them linear regularity [27]. We
will use the term linear regularity of the collection to denote the second key con-
cept upon which we build. Our generalization is called local linear regularity. Both
terms “strong” and “linear” are overused in the literature but we have attempted, at
the risk of some confusion, to conform to the usage that best indicates the heritage
of the ideas.

DEFINITION 3.2 (strong regularity, Kruger [25]). A collection of m closed,
nonempty sets Qq,Qa, ..., Qy, is strongly regular at T if there exists an a > 0 and a
0 > 0 such that

(3.4) (M2 (i —wi —a;)) NB, # 0

for all p € (0,0], w; € QNBs(Z), a; € Bap, 1 =1,2,...,m.
THEOREM 3.3 (Theorem 1 in [26]). A collection of closed, nonempty sets Q1,a, . ..
Q. is strongly regular at T if and only if there exists a k >0 and a § > 0 such that

)

(3.5) d (3:, N7y (925 — QJJ)) < K, max
forallx € Bs(z), z; €Bs, i =1,...,m.

THEOREM 3.4 (Theorem 1 in [25]). A collection of closed sets 1,Qa,...,Qy CE
is strongly regular (3.4) at a point T € M;Q; if the only solution to the system

(3.6) > vi=0  withv; € No,(z) fori=1,2,...,m

i=1
isv; =0 fori=1,2,...,m. For two sets Qy,Qs C E this can be written as
(3.7) N, (2) N =Na, () = {0}

and is equivalent to the previous definition (3.4).

DEFINITION 3.5 (linear regularity). A collection of closed, nonempty sets €,
Qa,...,Qy, is locally linearly regular at & € N2, Q; on Bs(2) (6 > 0) if there ewists
a k> 0 such that for all x € Bs(Z),

(3.8) d(z,NQ) <k max d(z,Q).

i=1,....m

The infimum over all k such that (3.8) holds is called regularity modulus. If there is
a k > 0 such that (3.8) holds for all § > 0 (that is, for all x € E) the collection of
sets is called linearly regular at .
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Remark 3.6. Since (3.8) is (3.5) with z; = 0 for all j = 1,2,...,m, it is clear
that strong regularity implies local linear regularity (for some ¢ > 0) and is indeed a
much more restrictive notion than local linear regularity. What we are calling local
linear regularity at & has appeared in various forms elsewhere. See, for instance, [22,
Proposition 4], [31, section 3], and [26, equation (15)]. Compare this to (bounded)
linear regularity defined in [5, Definition 5.6]. Also compare this to the basic constraint
qualification for sets in [30, Definition 3.2] and strong regularity of the collection in
[26, Proposition 2], also called linear regularity in [27].

Remark 3.7. Based on strong regularity (more specifically, characterization (3.7))
Lewis, Luke, and Malick proved local linear convergence of AP in the nonconvex
setting, where both sets A, B are closed and one of the sets is superregular [27]. This
was refined later in [8]. The proof of convergence that will be given in this work is
different from the one used in [27, 8] and more related to the one in [5]. Convergence is
achieved using (local) linear regularity (3.8), which is described in [16, Theorem 4.5] as
the precise property equivalent to uniform linear convergence of the cyclic projection
algorithms. However, the rate of convergence achieved by the use of linear regularity
is not optimal, while the one in [27, 8] is in some instances. An adequate description
of the relation between the direct/primal techniques used here and the dual approach
used in [27, 8] is a topic of future research.

THEOREM 3.8 (linear regularity of collections of convex cones). Let 21,8q,.. .,
Q. be a collection of closed, nonempty, convex cones. The following statements are
equivalent:

(i) There is a 6 > 0 such that the collection is locally linearly regular at & €

N7, on Bs(2).

(ii) The collection is linearly regular at & € NJL;€2;.

Proof. See [5, Proposition 5.9]. O

Ezample 3.9 (Example 1.5 revisited). The collection of sets in Example 1.5(i)
is strongly regular at 0 (¢ = v/2/2) and linearly regular at (x = v/2/4). The same
collection of sets embedded in a higher-dimensional space is still linearly regular but
loses its strong regularity. This can be seen by shifting one of the sets in Example
1.5(ii) in the xs-direction, as this renders the intersection empty. This shows that
linear reqularity does not imply strong regularity. The collection of sets in Example
1.5(iii) is neither strongly regular nor linearly regular. The collection of sets in Exam-
ple 1.5(iv) is strongly regular at the intersection. One has Np(0) = {(A\,—A)| A € R}
and by Remark 2.13 N4(0) = A and this directly shows N4(0) N —Ng(0) = {0}. In
Example 1.5(v) one of the sets is nonconvex, but the collection of sets is still well
behaved in the sense that it is both strongly and linearly regular. It is worth empha-
sizing, however, that the set A in Example 1.5(iv) is not Clarke regular at the origin.
This illustrates the fact that collections of classically “irregular” sets can still be quite
regular at points of intersection.

3.2. Linear convergence of AP. In the case of the AP operator, the connec-
tion between local linear regularity of the collection of sets and the coercivity of the
operator with respect to the intersection is natural, as the next result shows.

PROPOSITION 3.10 (coercivity of the projector). Let A, B be nonempty and
closed subsets of E, & € S := AN B and let the collection {A, B} be locally linearly
regular at & on Bs(Z) with constant k for some § > 0. One has

lx —z4] > vd(z,S) Vi € Pgz, Vo € ANB;s(2),

where v = 1/k.
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Proof. By the definition of the distance and the projector one has, for x € A and
any 4 € Pgz,

le - a4 = d(, B)

=max d(z,B),d(z,A)
——

=0
>vyd(z,S).

The inequality follows by Definition 3.5 (local linear regularity at & on Bs(&) with
constant k), since z € Bs(Z). O

THEOREM 3.11 (projections onto a (g, d)-subregular set). Let A, B be nonempty
and closed subsets of E and let & € S := AN B. If

(a) B is (g,9)-subregular at & with respect to S and

(b) the collection {A, B} is locally linearly regular at & on Bs(Z),
then

(3.9) d(x4,8) <\1+é—~2d(x,S) Vai € Pgzx, Ve €U,
where v = 1/k with k the reqularity modulus on Bs(%), &€ = 2¢ + 22, and
(3.10) Uc{ze AnB;s(%) | Pex C Bs(2)}.

Proof. Since B is (g,6)-subregular at & with respect to S one can apply Theo-
rem 2.14 to show that the projector Pgp is (5,2 + 2¢2)-firmly nonexpansive on U.
Moreover, condition (b) and Proposition 3.10 yield

|y — || > ~vd(z,S) Vzi € Pgx, Yz € U.

Combining (a) and (b) and applying Lemma 3.1 then gives

d(x4,5) </1+2—~%d(x,S) Vi € Pgx, Vx € U. 0

COROLLARY 3.12 (projections onto a convex set [21]). Let A and B be nonempty,
closed subsets of E. If
(a) the collection {A, B} is locally linearly reqular at & € AN B on Bs(&) with
regularity modulus k > 0 and
(b) B is convez,

then
(3.11) d(z4,S) </1—=~2d(z,S) Vry € Pz, Vo€ ANBs(),
where v = 1/k.

Proof. By convexity of B the projector Pp is nonexpansive and it follows that
Ppx € Bs(2) for all € Bs(Z). Saying that B is convex is equivalent to saying that
B is (0, +00)-regular and hence € = 0 in Theorem 3.11. O

COROLLARY 3.13 (linear convergence of AP). Let A, B be closed nonempty sub-
sets of E and let the collection {A, B} be locally linearly regular at & € S := AN B
on Bs(Z) with regularity modulus k > 0. Define v := 1/k and let z9 € A. Generate
the sequence {Tp tnen by

(312) Tont1 € Ppxs, and Tont2 € PA$2n+1 Vn = 0, 1, 2, R
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(a) If A and B are (¢,0)-subreqular at & with respect to S and & := 2e +2e2 < 42,
then

d(x2n+25‘9)§(1_72+é)d(x2nas) vn:oalvza"'

for all xg € Bs/o(2) N A.
(b) If A is (g,0)-subreqular with respect to S, B is conver, and & := 2e + 22 <
(2 =7*)/(1 =), then

d(x2n+25‘s) S \/1 _72 +é\/1 _ryzd(xQHaS) Vn = 051725"'

for all zo € Bs/o(2) N A.
(¢) If A and B are convex, then

d(a:Zn-‘rQaS)S(1_72)d(x2n73) vn:oalvza"'

for all zo € Bs(2) N A.
Proof. (a) First one has to show that all iterates remain close to & for z( close
to Z, that is, we have to show that all iterates remain in the set U defined by (3.10).
Note that for any xo € B;/2(2) and z; € Ppxo one has

lzo — 1] = d (0, B) < [[z0 — Z||
since £ € B. Thus
lzr — 2| < lxo — z1]| + |lwo — &) < ||wo — Z|| + [Jxo — 2] <6,

which shows that Pgzo C Bs(2) for all xo € Bs/2(#). One can now apply Theorem
3.11 to conclude that

d(ﬂJl,S) < \/1—’}/2+5d($0,5).

The last equation then implies that z1 € Bs/2(2) as long as 4* > & and therefore the
same argument can be applied to x; to conclude that

(3.13) d(z2,59) < V/1—72+&d(x1,5).

Combining the last two equations, (a) then follows by induction.
(b) Applying Corollary 3.12 yields

d(xlas)g \/1_’72 d(x07s)

and analogous to (a) note that (3.13) is still valid for € < (2y —4?)/(1 — +?). By
£ < (2y —~+%)/(1 —~?) it follows that

VI 4+6V1 =72 </1=2+ (27— 7?)/(1 —7?)V1 -2
<VI=2y+792+ (27 —7?)
<1

and therefore by induction (b) follows.
(c¢) The proof is an immediate consequence of Corollary 3.12. O
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3.3. Linear convergence of Douglas—Rachford. We now turn to the
Douglas—Rachford algorithm. This algorithm is notoriously difficult to analyze and
our results reflect this in considerably more circumscribed conditions than are required
for the AP algorithm. Nevertheless, to the best of our knowledge the following conver-
gence results are the most general to date. The first result gives sufficient conditions
for the coercivity condition (3.1) to hold.

LEMMA 3.14. Let the collection of closed subsets A, B of E be locally linearly
reqular at & € S := AN B on Bs(&) with constant k > 0 for some § > 0. Suppose fur-
ther that B is a subspace and that for some constant ¢ € (0, 1) the following condition
holds:

z € Bs(%), y = Ppx, u€ Na(z)NB _
(3.14) 2 Pa(2y — ) and v e Np(y)NB = (u,v) > —c.
Then Tpr satisfies
Vo
(3.15) o - a4l = Y= d(x,S) Vay € Tpra, Vael,
where
(3.16) U C{xeBs(&)| PARgx C Bs(2)}.

Proof. In what follows we will use the notation Rpx for 2y — x with y = Ppx,
which is unambiguous, if a slight abuse of notation, since B is convex. We will use
(3.14) to show that for all € U with y = Ppx and z € P4Rpx,

(3.17) lz — 24 * = ||z — gl
> (1= 0|z = Rpz|® + [Rpz — y|*].

We will then show that for all x € U with y = Pgx and z € P4 Rpx
2 2 1 2
(3.18) Iz = Rpz||” + | Rpz —ylI” = —d (Rpe, 5)".

Combining inequalities (3.17) and (3.18) yields

1—c¢
2

[ = d(Rpz,8)° Vazel.

Let & € Pg(Rpz) and note that d(Rpz,S) = ||[Rpx — Z||. Since B is a sub-
space, by (1.12) one has d (Rgz,S) = |Rgx — Z|| = ||z — Z||. Moreover, ||z — Z|| >
minges ||z — y|| = d(z,5), hence

e — ]| >

Vlﬁ_cd(x,S) VeelU

as claimed.
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What remains is to prove (3.17) and (3.18) for all x € U with y = Pz and
z € P,Rpx.

Proof of (3.17). Using Lemma 2.1, (2.2), one has for € Bs(2) with y = Ppx
and z € P4Rpx

(3.19) lz—ay|* =z - y|?
= ||z — Rz + Rgz — y|*

:||z—RBa:||2—|—||RBa:—y||2—|—2<z—RBx, Rpr —y >
€-Na(z) =y—z€-Np(y)

(3.14) ) )
= 2 |z = Rpa|” + |Rpz —y|” — 2c||z — Rpz|| |[Rpz — y|

= (1= 9[llz = Rpa|* + | Rpx — y*]
+e[llz = Ruzl + | Raz — yI* ] - 2¢|= - Rpal | Raz — y]
2 2
=1 =o)[llz = Rpal” + |Rpz — y|I]
2
+e[llz — Rpzll - | Rpz -yl ]
> (1= )[ ||z - Rpa|® + |Rpx —y* ].

Proof of (3.18). First note that if x € Bs(Z), since B is a subspace, by (1.12)
Rpxr C Bs(#) and by convexity of Bs(#) it follows that y = Ppx C Bs(Z) and
hence (3.14) is localized to Bs(Z) (to which the dividends of linear regularity of the
intersection extend) as long as PaRpz C Bs(Z), that is, as long as z € U. By

definition of the projector ||Rpz — y|| > ||Rsx — Pe(Rpx)|. Local linear regularity
at & with radius § and constant x yields for x € U with y = Pgx and z € PyRpx

(3.20) |z — Rpz|* + |Rpx — y||> > |2 — Rpz|® + |Rpz — PpRpax|
= d(Rpx,A)*> +d(Rpz, B)
(3.8) 1
> —d(Rp, S)?.

This completes the proof of (3.18) and the theorem. O

Remark 3.15. The coercivity constant in (3.15) is not tight, even if x were
chosen to the regularity modulus of the intersection. Remember, by linearity, that
y = Pgx = PgRpz. We use the inequality [||z — Rpz|| — |Rpz —y[|]* > 0 in line
(3.19), while we use ||z — Rpz||” + |Rpz — y||° > max{||z — Rpz|®, |Rpz — y||°} in
line (3.20). If the first inequality is tight, then this is the worst possible result in
the second inequality, since ||z — Rpx| = ||Rpz — y||, that is, this second inequality
is satisfied not only strictly, but the inequality is as large as it can possibly be.
On the other hand if the second inequality is tight this means |z — RB;ch2 =0 or
|Rpz —y|* = 0 and this means that the first inequality is strict. In any event, it is
impossible to achieve equality in the argumentation of the proof. This is a technical
limitation of the logic of the proof and does not preclude improvements.

Lemma 3.14 with the added assumption of (g, d)-regularity of the nonconvex set
yields local linear convergence of the Douglas—Rachford algorithm in this special case.

THEOREM 3.16. Let the collection of closed subsets A, B of E be locally linearly
reqular at & € S := AN B on Bs(&) with constant k > 0 for some 6 > 0. Suppose
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further that B is a subspace and that A is (g, 0)-regular at & with respect to S. Assume
that for some constant ¢ € (0,1) the following condition holds:

z€ ANBs(Z), ue Na(z)NB
T

(3:21) y € BN Bs(2), UGNB(y)ﬂIB} = (wv) > -—c

If x € Bs/o(2), then

d(x4,5)<1+é-nd(z,S) Vaiy€Tpgre

with 1 := % and & = 2e + 2.

Proof. First one has to show requirement (3.16). Since & € ANB note that for any
r € B;s)o(2) for all z € PaRpx by definition ||z — Rpz| = d(Rpx, A) < ||[Rpx — ||
and by (1.12) ||Rpx — Z|| = ||« — &|| holds. This now implies

Iz = 2| < ||z = Rpz| + |[Rpz — 2| < 2|z — &[| <4,

and therefore z € Bs(%).
Now for B a subspace (3.21) and (3.14) are equivalent, and so by Lemma 3.14
the coercivity condition (3.1)

(3.22) o — x| =

v 1/{‘ 4 (. S)

is satisfied on Bs/2(Z). Moreover, since A is (g, d)-regular and B is (0, 0o)-regular, by
Theorem 2.15 Tpg is (S, é)-firmly nonexpansive with £ = 2¢(1 + ¢), that is, (Va €
Bg/g({fi)) (var € TDRﬁ) (Vi € S)

lzs = 2)° + o — 2+ |* < (14 8) |z — 2.

Lemma 3.1 then applies to yield (Vaz € Bs/2(2)) (Vo4 € Tpr)

d(zy,S) <V1+é—-nd(x,5),

where 7 := 1;2‘3. d

The next lemma establishes sufficient conditions under which (3.21) holds.

LEMMA 3.17 (See [27, Theorem 5.16]). Assume B C E is a subspace and that
A C E is closed and super-reqular at & € AN B. If the collection {A, B} is strongly
regular at &, then there is a § > 0 and a constant ¢ € (0,1) such that (3.21) holds on
Bs(Z).

Proof. Condition (3.14) can be shown using (3.7). For more details see [27]. 0

We summarize this discussion with the following convergence result for the
Douglas—Rachford algorithm in the case of an affine subspace and a superregular
set.

THEOREM 3.18. Assume B C E is a subspace and that A C E is closed and
superregular at & € S := AN B. If the collection {A, B} is strongly linearly reqular at
S, then there is a § > 0 and an € > 0 such that (3.21) holds for some c € (0,1), A is
(e, 0)-subregular at & and

(1-0¢ 2
(3.23) pea 2e + 2¢°.
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Hence

d(zy,S)<¢d(z,S) Vay€Tppe,

with & = \/1+ 2 +2¢2 — 059 < 1 for all & € By ().

Proof. Strong regularity of the collection implies linear regularity with constant x
on Bs, (%) (see Remark 3.6). Lemma 3.17 guarantees the existence of constants dz > 0
and ¢ € (0,1) such that (3.21) holds on By, (Z). Now, by superregularity at &, for any
¢ there exists a d3 such that A is (g, 3)-subregular at . In other words, for ¢ and
 determined by the regularity of the collection {A, B} at &, we can always choose €
(generating a corresponding ds radius) so that (3.23) is satisfied on B, (£). Then for
§ := min {41, d2, I3}, the requirements of Theorem 3.16 are satisfied on Bs(Z), which
completes the proof of linear convergence on Bs/o(Z). 0

Remark 3.19. Example 1.5(v) has been studied by Borwein and coauthors [1, 10],
who achieve global characterizations of convergence with rates. Our work does not
directly overlap with [1, 10] since our results are local, and the order of the reflectors is
reversed: we must reflect first across the subspace, then reflect across the nonconvex
set; Borwein and coauthors reflect first across the circle.

3.4. Douglas—Rachford on subspaces. We finish this section with the fact
that strong regularity of the intersection is necessary, not just sufficient for conver-
gence of the iterates of the Douglas—Rachford algorithm to the intersection in the
affine case.

COROLLARY 3.20. Let N, M be two affine subspaces with N N\ M # (). Let A be
the subspace parallel to N and B be the subspace parallel to M. Douglas—Rachford
converges for any starting point xo € E with linear rate to the intersection N N M if
and only if A+ N B+ = {0}.

Proof. Without loss of generality for £ € N N M by shifting the subspaces by &
we consider the case of linear subspaces A, B. By (3.7), on subspaces the condition
A+ N B+ = {0} is equivalent to strong regularity of the collection {4, B}.

If the intersection is strongly regular and A and B are subspaces, then the re-
quirements of Theorem 3.18 are globally satisfied, so Douglas—Rachford converges
with linear rate

(1-¢

e=1- 5= <,
where ¢ € [0,1) (compare (3.14)) now becomes
(3.24) ¢ = max(u, v), ue A, |lul|=1, ve B, || =1,

and k is an associated global constant of linear regularity, the existence of which
follows by Theorem 3.8.
On the other hand, for £ € AN B by [7, Theorem 3.5] we get the characterization

FixTpr = (AﬂB) +NA73(0)
=(ANB)+ (Na(z)N—=Np(z))
=(ANB)+ At n B,

and so the fixed-point set of Tpr does not coincide with the intersection unless the
collection { A, B} is strongly regular. In other words, if the intersection is not strongly
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regular, then convergence to the intersection cannot be linear, thus proving the reverse
implication by the contrapositive. O

Remark 3.21 (Friedrichs angle [18]). We would like to make a final remark about
connection between the notion of the angle of the sets at the intersection and the
regularity of the collection of sets at points in the intersection. The operative notion
of angle is the Friedrichs angle. For two subspaces A and B the Friedrichs angle is
the angle «(A, B) in [0, 7/2] whose cosine is defined by

(3.25) cr(A, B) = sup {I(x, )|

reAN(ANB)L, |z <1
yeEBNANB), |yl <1f’

The Friedrichs angle being less than 1 is not sufficient for convergence of Douglas—
Rachford. This can be seen by Example 1.5(ii). The Friedrichs angle in this example is
the same as in Example 1.5(i), but for x¢ ¢ R? x {0} the Douglas-Rachford algorithm
does not converge to {0} = AN B. Another interesting observation is that if, on the
other hand, A+ N B+ = {0}, then (A*+ N BY)* = E, which implies that cz (A, B+)
coincides with (3.24) and by [14, Theorem 2.16] cg(At, B+) then coincides with
cr(A,B). So if the Douglas—Rachford algorithm on subspaces converges linearly,
then the rate of convergence is dependent on the Friedrichs angle. A detailed analysis
regarding the relation between the Friedrichs angle and linear convergence of AP can
be found in [17, 16].

4. Concluding remarks. In the time that has passed since first submitting our
manuscript for publication we learned about an optimal linear convergence result for
Douglas—Rachford applied to #; optimization with an affine constraint using different
techniques [13]. The modulus of linear regularity does not recover optimal convergence
results (see Remark 3.7), but we suspect this is an artifact of our proof technique.
The question remains whether there is a quantitative primal definition of an angle
between two sets that recovers the same results for AP as [8]. This could also be
useful to achieve optimal linear convergence results for Douglas-Rachford in general.
Also, as we noted in the introduction, it is well known that the fixed-point set of the
Douglas—Rachford operator is in general bigger than the intersection of the sets, and
Corollary 3.20 stating that the iterates converge to the intersection if and only if the
collection of sets is strongly regular is a consequence of this. In the convex case, the
shadows of the iterates still converge. We leave a fuller investigation of the shadows
of the iterates and the angles between the sets at the intersection in the nonconvex
setting to future work.

Another direction of future work will be to extend this analysis more generally to
fixed-point mappings built upon functions and more general set-valued mappings, but
also in particular proximal operators and reflectors. The generality of our approach
makes such extensions quite natural. Indeed, local linear regularity of collections of
sets can be shown to be related to strong metric subregularity of set-valued map-
pings which guarantees that condition (3.1) of Lemma 3.1 is satisfied. Of course, the
difficulty remains to show that the mappings are indeed metrically subregular.

REFERENCES

[1] F. A. ArtracHO AND J. BORWEIN, Global Convergence of a Non-conver Douglas—Rachford
Iteration, arXiv:1203. 2392, 2012.

[2] F. A. ArrACHO, A. DONTCHEV, AND M. GEOFFROY, Convergence of the proximal point method
for metrically regular mappings, ESAIM Proc., 17 (2007), pp. 1-8.



Z T T =

=

~ = =

=

o - - B

ROBERT HESSE AND D. RUSSELL LUKE

. A. ARTACHO AND M. GEOFFROY, Uniformity and inexact version of a proximal method for
metrically regular mappings, J. Math. Anal. Appl., 335 (2007), pp. 168-183.

. ATTOUCH, J. BOLTE, P. REDONT, AND A. SOUBEYRAN, Prozimal alternating minimiza-
tion and projection methods for nonconvex problems: An approach based on the Kurdyka-
Lojasiewicz inequality, Math. Oper. Res., 35 (2010), pp. 438-457.

. H. BAUSCHKE AND J. M. BORWEIN, On projection algorithms for solving convex feasibility
problems, SIAM Rev., 38 (1996), pp. 367-426.

. H. BAUSCHKE AND P. L. COMBETTES, Convex Analysis and Monotone Operator Theory in
Hilbert Spaces, Springer, New York, 2011.

. H. BAUSCHKE, P. L. COMBETTES, AND D. R. LUKE, Finding best approzimation pairs relative
to two closed convex sets in Hilbert spaces, J. Approx. Theory, 127 (2004), pp. 178-314.

. H. BAuscHKE, D. R. Lukg, H. M. PHAN, AND X. WANG, Restricted normal cones and the
method of alternating projections: Applications, Set-Valued Variational Anal., 21(2013),
pp. 475-501.

. H. BAuscHKE, D. R. Lukge, H. M. PHAN, AND X. WANG, Restricted normal cones and
the method of alternating projections: Theory, Set-Valued Variational Anal., 21(2013), pp.
431-473.

. M. BORWEIN AND B. SimMs, The Douglas—Rachford algorithm in the absence of converity, in

Fixed-Point Algorithms for Inverse Problems in Science and Engineering, Optim. Appl.,
49 Springer, New York, 2011, pp. 93-109.

. S. BURACHIK AND A. N. IuseM, Set-Valued Mappings and Enlargements of Monotone Op-
erators, Optim. Appl. 8, Springer, New York, 2008.

. L. COMBETTES AND T. PENNANEN, Prozximal methods for cohypomonotone operators, SIAM
J. Control Optim., 43 (2004), pp. 731-742.

. DEMANET AND X. ZHANG, Eventual Linear Convergence of the Douglas-Rachford Iteration

for Basis Pursuit, arXiv:1301.0542[math.NA]J, 2013.

. DEUTSCH, The Angle Between Subspaces of a Hilbert Space, in Approximation Theory,
Wavelets and Applications, S. Singh, ed., NATO Sci. Ser. 454, Springer, 1995, pp. 107—
130.

. DEUTSCH, Best Approzimation in Inner Product Spaces, Springer, New York, 2001.

. DEUTSscH AND H. HUNDAL, The rate of convergence for the cyclic projections algorithm III:
Regularity of convex sets, J. Approx. Theory, 155 (2008), pp. 155-184.

. DEUTscH AND H. HUNDAL, The rate of convergence for the cyclic projections algorithm III:
Regularity of convex sets, J. Approx. Theory, 155 (2008), pp. 155-184.

. FRIEDRICHS, On certain inequalities and characteristic value problems for analytic functions
and for functions of two variables, Trans. Amer. Math. Soc., 41 (1937), pp. 321-364.

. GOEBEL AND W. A. KIrRK, Topics in Metric Fized Point Theory, Cambridge University
Press, Cambridge, UK, 1990.

. GOEBEL AND S. REICH, Uniform Convexity, Hyperbolic Geometry, and Nonexpansive Map-
pings, Pure Appl. Math., 83, CRC Press, Boca Raton, FL, 1984.

. G. GuBIN, B. T. PoLyak, AND E. RAIK, The method of projections for finding the common

point of convex sets, Comput. Math. Math. Phys., 7 (1967), pp. 1-24.
. D. IoFFE, Metric reqularity and subdifferential calculus, Russian Math. Surveys, 55 (2000),
pp. 501-558.
. TuseMm, T. PENNANEN, AND B. SVAITER, Inezact versions of the proximal point algorithm
without monotonicity, STAM J. Optim., 13 (2003), pp. 1080-1097.
KLATTE AND B. KUMMER, Optimization methods and stability of inclusions in Banach
spaces, Math. Program. B, 117 (2009), pp. 305-350.
Y. KRUGER., Weak stationarity: Eliminating the gap between necessary and sufficient con-
ditions, Optimization, 53 (2004), pp. 147-164.
. Y. KRUGER, About regularity of collections of sets, Set-Valued Anal., 14 (2006), pp. 187-206.
.S. LEwis, D. R. LUKE, AND J. MALICK, Local linear convergence for alternating and averaged
nonconvex projections, Found. Comput. Math., 9 (2009), pp. 485-513.
. L. LioNs AND B. MERCIER, Splitting algorithms for the sum of two nonlinear operators,
SIAM J. Numer. Anal., 16 (1979), pp. 964-979.
. R. LUKE, Finding best approzimation pairs relative to a convex and a prox-regular set in a
Hilbert space, STAM J. Optim., 19 (2008), pp. 714-739.
. MORDUKHOVICH, Variational Analysis and Generalized Differentiation, 1: Basic Theory,
Grundlehren Math. Wiss., Springer, New York, 2006.



FUNDAMENTAL ALGORITHMS FOR NONCONVEX FEASIBILITY 2419

H. V. NGAI AND M. THERA, Metric inequality, subdifferential calculus and applications, Set-
Valued Anal., 9 (2001), pp. 187-216.

T. PENNANEN, Local convergence of the proximal point algorithm and multiplier methods with-
out monotonicity, Math. Oper. Res., 27 (2002), pp. 170-191.

R. A. PoriQuiN, R. T. ROCKAFELLAR, AND L. THIBAULT, Local differentiability of distance
functions, Trans. Amer. Math. Soc., 352 (2000), pp. 5231-5249.

R. T. ROCKAFELLAR AND R. J.-B. WETS, Variational Analysis, Grundlehren Math. Wiss.,
Springer, New York, 1998.

E. H. ZARANTONELLO, Projections on convex sets in Hilbert space and spectral theory, in
Contributions to Nonlinear Functional Analysis, E. H. Zarantonello, ed., Academic Press,
New York, 1971, pp. 237-424.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


