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Abstract. We study the convergence of an iterative projection/reflection algorithm originally proposed for solving what
are known as phase retrieval problems in optics. There are two features that frustrate any analysis of iterative methods
for solving the phase retrieval problem: nonconvexity and infeasibility. The algorithm that we developed, called Relaxed
Averaged Alternating Reflections (RAAR), was designed primarily to address infeasibility, though our strategy has advantages
for nonconvex problems as well. In the present work we investigate the asymptotic behavior of the RAAR algorithm for the
general problem of finding points that achieve the minimum distance between two closed convex sets in a Hilbert space with
empty intersection, and for the problem of finding points that achieve a local minimum distance between one closed convex set
and a closed proz-regular set, also possibly nonintersecting. The nonconvex theory includes and expands prior results limited
to convex sets with nonempty intersection. To place the RAAR algorithm in context, we develop parallel statements about the
standard alternating projections algorithm and gradient descent. All the various algorithms are unified as instances of iterated
averaged alternating proximal reflectors applied to a sum of regularized maximal monotone mappings.
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1. Introduction. Projection algorithms are simple yet powerful iterative techniques for finding the
intersections of sets. Perhaps the most prevalent example of a projection algorithm is the alternating
Projections Onto Convex Sets (POCS) dating back to von Neumann [54]. This and algorithms like it have
been applied in image processing [19], medical imaging and economics [14], and optimal control [27] to
name a few. For a review and historical background see [4]. The theory for these algorithms is limited
mainly to convex setting and to consistent feasibility problems, that is problems where the set intersection
is nonempty; if the intersection is empty the problem is referred to as an inconsistent feasibility problem.
Examples abound of practitioners using these methods for nonconvex and/or inconsistent problems. We
have in recent years been particularly interested in projection algorithms in crystallography and astronomy
[6, 39], and more recently in inverse scattering [34, 33, 15, 12, 11]. Until now, we have been forced to rely
on convex heuristics to justify certain strategies [7, 38] for want of an adequate nonconvex theory. In the
absence of a nonconvex theory, practitioners resort to ad hoc stopping criteria and other strategies to get
their algorithms to work according to user defined criteria. Depending on the algorithms, iterates tend to
either stagnate at an undesirable point, or “blow up”. We are particularly interested in those algorithms
that appear to be unstable. Using convex heuristics we were able to provide plausible explanations [8] and
remedies [38] for algorithmic instabilities, however a general theory was not pursued.

Our goal in this paper is two-fold: first to prove the convergence in the convex setting of an algorithm
that we have proposed to solve inconsistent feasibility problems [38], and second to modify the theory to
accommodate nonconvexity. Our algorithm, called relaxed averaged alternating reflections (RAAR), can be
viewed as a relaxation of a fixed point mapping used by Lions and Mercier to solve generalized equations
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involving the sum of maximal monotone mappings [37] and which is an extension of an implicit iterative
algorithm by Douglas and Rachford [24] for solving linear partial differential equations.

In Section 2 we analyze the RAAR algorithm in the convex setting. Our task here is to characterize the
fixed point set of the mapping, as well as to verify the assumptions of classical theorems. Our main result
for this section is Theorem 2.7 which establishes convergence of the RAAR algorithm with approximate
evaluation of the fixed point operator and variable relaxation parameter. The novelty of our mapping is that
it addresses the crucial instance of inconsistent feasibility problems. Inconsistency is a source of instability
for more conventional strategies. To place our new algorithm in the context of better-known strategies,
we show in Proposition 2.5 that RAAR, alternating projections and gradient descent are all instances of
iterated alternating averaged proximal reflectors — the Lions-Mercier algorithm — applied to the problem of
minimizing the sum of two regularized maximal monotone mappings.

In Section 3 we expand our convex results to accommodate nonconvexity. In addition to characterizing
the fixed point set, we formulate local, nonconvex versions of convex theorems, in particular formulations
where prox-regularity is central. Our main result in this section is Theorem 3.12 which establishes local
convergence of nonconvex applications of the RAAR slgorithm. While the nonconvex theory includes the
convex case, we present both separately to highlight the places where nonconvexity requires extra care, and
to make the nonconvex theory more transparent. The nature of nonconvexity requires focused attention to
specific mappings, however we generalize wherever possible. Failing that, we detail parallel statements about
the more conventional alternating projection algorithm; this also allows comparison of our algorithm with
gradient descent methods for solving nonlinear least squares problems.

Our analysis complements other results on the convergence of projection algorithms for consistent non-
convex problems [22, 36, 35]. In particular we point out that the key assumption that we rely upon for
convergence, namely a type of local nonexpansiveness of the fixed point mapping, does not appear to yield
rates of convergence as are achieved in [36, 35] using notions of regularity of the intersection. On the other
hand, regularity, in addition to assuming the intersection is nonempty, is a strong condition on the intersec-
tion that, in particular, is not satisfied for ill-posed inverse problems, our principal motivation.

To close this subsection we would like to clarify the relationship of the present work to previous work on
the phase retrieval problem in crystallography and astronomy that has been a major motivation for these
investigations. The results developed in this work apply in principle to the finite-dimensional phase retrieval
problem (that is, discrete bandlimited images), so long as certain regularity of the fixed point mapping,
namely local firm nonexpansiveness, can be determined. Such an investigation is beyond the scope of this
work. The infinite dimensional phase retrieval problem, on the other hand, as studied in [13] does not fall
within the theory developed here because the sets generated by the magnitude constraints are not weakly
closed [39, Property 4.1], hence not prox-regular.

1.1. Basic Tools and Results. We begin with the central tools and basic results that we will use in
our analysis. Throughout this paper H is a real Hilbert space with inner product (-, -) and induced norm
|| - ]| For A, B C H closed, the underlying problem is to

find x € ANB. (1.1)

Note that it could happen that AN B = @, in which case one might naturally formulate the problem as a
nonlinear least squares problem

(L dist % () + 3 dist 3 () (1.2)

N |

minimize J(x) =
x
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where dist ¢(z) is the distance of the point = to a set C:

dist ¢(z) := Clgg |z — cl.

If z, is a locally optimal point then 0 € 9J(x.) where 0 denotes the subdifferential [17, 51, 18, 30, 31, 32, 43].
Another characterization of a locally optimal point x, is to associate it with a best approzimation pair (a,b)
satisfying b € Pgx, C Ppa and a € Pax, C Pab where P¢ is the projection defined by:

Pex:=argmin oz —c|={y € C CH ||z —y| =dist ¢(x) }.

If C is convex then the projection is single-valued. If in addition C' is closed and nonempty, then Pox is
characterized by [23, Theorem 4.1]

Pocx e C and (c— Pox,x — Pox) <0 forallceC. (1.3)

If C is not convex, then, the projection, if it exists, is a set. If the projection exists and is single-valued near
all points in C, then C' is said to be proxz-regular [49]. The relationship between the subdifferential of the
squared distance function to a prox-regular set C' and the projection is shown in [49, Proposition 3.1] to be

9 (dist 2C(ac)) = 2(x — Pox) (1.4)

for z in a neighborhood of C. If C is convex this relationship holds globally. In particular, for A and B
prox-regular and x in a proximal neighborhood of both sets, we have

dJ(u) = L ((z — Paz) + (z — Ppx)).

Ezample 1.1 (gradient descent and averaged projections). Consider the steepest descent iteration with
step length X\, where P4 and Pg are single-valued:

Tnt1 = Tp — Ap0J (2y,)
= (1= A)Zn + And (Pazy + Ppay). (1.5)

In other words, gradient descent for least squares minimization is a relaxed averaged projection algorithm.
We will come back to this particular algorithm below. O

Projection algorithms seek to find an element in A N B, or best approximation thereof, by iterated
projections, possibly with some relaxation strategy, onto A and B separately. The example above interprets
the steepest descent algorithm as a relaxed averaged projection algorithm. Another elementary projection
algorithm is the well-known alternating projections algorithm: Given o € H generate the sequence {zp, }nen
by

Ty = (PAPB) Tp—-1- (16)
Ezample 1.2 (averaged projections and alternating projections). A standard formulation in the prod-
uct space [46] identifies the averaged projections (and hence steepest descent) given by (1.5) with alternat-

ing projections. To see this, consider the product space H X H with inner product ((z1,22), (y1,y2)) =
L ((x1,y1) + (22, 92)). Let C={(z,y) e HxH |z =y} and D = {(z,y) E Hx H |z € A,y € B}, then

PcPp(z,z) = (2(Pa+ Pp)z, 5(Pa + Pg)z) .
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Our focus in this paper is on the convergence of projection algorithms, but the above example serves to
emphasize that convergence results about such algorithms can be very broadly applied.

When AN B = & we say that the feasibility problem (1.1) is inconsistent. The distinction between
inconsistent and consistent feasibility problems has profound implications for the stability and convergence
of numerical algorithms. It is convenient to define difference set B — A. The gap between the sets A and B
is the point in B — A closest to the origin. Specifically,

G:=B-A, g := Pg0, E:=An(B—-yg), and F:=((A+g)NB, (1.7)

where B — A denotes the closure of B — A. Note that these definitions only make sense when A and B are
convex. We will generalize these sets in Section 3. Basic characterizations are given in [3, 8]. We note that
if ANB # @, then E = F = AN B. Even in the case where AN B = &, the gap vector g is unique and
always well-defined. A useful characterization of the gap vector g is via the normal cone mapping of G: for
G convex —g € Ng(g) where N¢(g) is the defined by

(1.8)

No: a1o {yeH |{c—g,y) <0 forallce G}, ifgeGqG;
¢ g a, otherwise.

Ezample 1.3 (projections and normal cone mappings for convex sets ). If C' is convez, then the normal
cone mapping is the subdifferential of the (infinite) indicator function, ¢, of the set C':

o) = {O forzeC (1.9)
oo else
Otec(x) = Neo(x) (1.10)
(I 4+ pN¢g) tx = Pox for all p > 0. (1.11)

The mapping (I + Nc)~t is called the resolvent of the normal cone mapping, or equivalently in this case,
the resolvent of Ovc. Specializing to C = AN B, the indicator function of the intersection is the sum of the
indicator functions of the individual sets,

LA+B =tA t B

and, for A and B convez, the resolvent (I + (N + NB))_1 is the projection onto AN B supposing this is
nonempty. In other words, an element of AN B is a zero of Otang. The parameter p in (1.11) is interpreted
as a step size consistent with backward-stepping descent algorithms (see [25]). O

We compare throughout this work the asymptotic properties of alternating projections to more recent
projection strategies. A common framework in the convex setting that provides an elegant synthesis of these
algorithms is through operator splitting strategies for solving

migier%ize fi(x) + fa(x) (1.12)

where f; and fy are proper, lower semi-continuous (l.s.c.) convex functions from H to R U {oc}. The
subdifferentials 0f; are then mazimal monotone [44, Proposition 12.b.], that is, gph df; cannot be enlarged
in H x ‘H without destroying monotonicity of df; defined by

(vo —vi,x0 —x1) >0 whenever vy € 0f;(z1), v € Of;(x2).
We then seek points that satisfy the inclusion for the sum of two maximal monotone mappings:

0 e 6f1(x) + afg(l‘) (1.13)
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Tterative techniques for solving (1.13) are built on combinations of forward- and backward-stepping mappings
of the form (I — X3f;) and (I + A\Jf;)~! respectively. For proper, Ls.c. convex functions f; Moreau [44]
showed the correspondence between the resolvent (I + A9f;)~! and the argmin of the regularized mapping
/j centered on z. In particular, define the Moreau envelope, e,r, and the proximal mapping, prox, s, of a
function f by

ex g = inf {f(w) + %|w — q:|2} and  prox, ;x := argmin,, {f(w) + %|w — x|2} .
Then by [44, Proposition 6.a] we have
prox; y & = Joy,x = (x—i-afj(x))*l (1.14)
where Jpy, is the resolvent of df;. The Moreau envelope at zero, ey 70, is perhaps better known as Tikhonov

regularization [53, 52].

Maximal monotonicity of df; is equivalent to firm nonerpansiveness of the resolvent Jyy, whose domain
is all of H [42]. A mapping T : dom T =X — X is nonexpansive on the closed convex subset X C H if

Tz —Ty| < |z —y| foral zyeX; (1.15)
we say that T is firmly nonexpansive on X when
|Tx — Ty|? < (x —y, Tz —Ty) forall z,y € X. (1.16)
Firmly nonexpansive mappings also satisfy the following convenient relation:
Tz — Ty +|(I -T)x — (I -T)yl* < |z —y|* forall z,yeX (1.17)
For more background see [28, Theorem 12.1] and [23, Theorem 5.5].

Ezample 1.4 (projections onto and reflections across convex sets). Let C' be a nonempty closed convez set
in H. The projection onto C is firmly nonexpansive on H [23, Theorem 5.5] and the corresponding reflection,
defined by Rc := 2Pc — I is nonexpansive. O

The following central result upon which we build concerns the convergence of iterated nonexpansive
mappings allowing for approzimate evaluation of dynamically relaxed mappings with variable step sizes. Our
formulation follows [20] which is a generalization of an analogous result in [25]. Both [25] and [20] synthesize
previous work of Rockafellar [50], Gol’stein and Tret’yakov [29], and are also related to work of Martinet
[40, 41] and Brezis and Lions [10] concerning resolvents of maximally monotone mappings. The theorem is
formulated for a common relaxation of the fixed point mapping 7. For any arbitrary nonexpansive mapping
T, the standard relaxation of the iteration x,+; = Tz, is to a Krasnoselski-Mann iteration [9] given by

Tnt1 = U(T, A\p)xn = ATz + (1= Ap)xn, 0< A, <2 (1.18)

By Example 1.1, gradient descent for the squared distance objective (1.2) with step length A, is equivalent
to a Krasnoselski-Mann relaxation of the averaged projection mapping T := % (Ps + Pg). In general, the
Krasnoselski-Mann relaxation does not change the set of fized points of T denoted Fix T'.

LEMMA 1.5. Let T = (I + pS)~! (p > 0) be firmly nonexpansive with dom T = H. Then Fix T = & if
and only if there is no solution to 0 € Sx.

Proof. T with dom T = H is firmly nonexpansive if and only if it is the resolvent of a maximally
monotone mapping F : H — 27 [42]. Direct calculation then shows that Fix T = @ is equivalent to
{reH|Fr=0}=02.0
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THEOREM 1.6 (inexact evaluation of firmly nonexpansive mappings). Let T be a firmly nonexpansive
mapping on H with dom T = H. Given any xo € H, let the sequence {x, }nen be generated by

Tpp1 =1 =A)zn + A (T +€,) Yn >0 (1.19)

where {Ap tnen C10,2[ and {€,}nen C H are sequences with

Z len] <00, A =1inf X, >0, Ay =sup), <2. (1.20)
n=0 n20 n20

Then if T possesses a fized point, x, converges weakly to a fived point of T. Convergence is strong if any
one of the following hold:

e lim dist iy T(xn) =0

e int FixT # @

e T is demicompact at 0: that is, for every bounded sequence {x,}nen with Tx, — x, converging
strongly to y, the set of strong cluster points of {xp }nen is nonempty.

If T is firmly nonexpansive with dom T = H and Fix T = &, then {x, }nen is unbounded.

Proof. All but the last statement is the content of Theorem [20, Theorem 5.5]. To show that x,, is
unbounded if T does not have a fixed point for T" firmly nonexpansive with dom T = H, we note that by
Lemma 1.5 Fix T' = @ if and only if there is no solution to 0 € F'xz where T is the resolvent of the maximally
monotone mapping F'. The result now follows from [25, Theorem 3]. O

For the remainder of this paper we will be concerned with applying the above results to particular instances
of the mapping T for convex and nonconvex settings. Our principal task, therefore, is to characterize Fix (T")
and to modify the above theory to accommodate nonconvexity. To account for realistic limitations in
computing accuracy we consider fixed point iterations where T is only approximately evaluated. With this
in mind, and in the context of (1.12), we compare the following approximate algorithms:

ALGORITHM 1.7 (approximate alternating proximal mappings). Choose xg € H. For n € N set

Tptr1 = (1= Ap)Zn + An (proxl’f1 (profo2 xn) + Gn) . (1.21)

ALGORITHM 1.8 (approximate averaged alternating proximal reflections). Choose x¢g € H. Forn € N set

An
Ty = (1= Ap)zy + > (Rf, (Rpyxn + €n) + pn + Tp) (1.22)

where Ryx = 2prox, y « — .

The parameter ), is the Krasnoselski-Mann relaxation parameter, and the terms p, and €, account for
the error made in the calculation of each of the resolvents separately.

The exact version of Algorithm 1.8 was proposed by Lions and Mercier [37] who adapted the Douglas-
Rachford [24] algorithm to solving 0 € F4+G for general maximal monotone mappings F' and G. Convergence
results for the application of this algorithm hinge on the following assumption:

ASSUMPTION 1.9. There exist x € H, a € Of1(x), and b € 0fz(x) such that a + b= 0.
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The key result of Lions and Mercier adapted to our setting is that, if Assumption 1.9 holds, then the sequence
of iterates {x, }nen generated by Algorithm 1.8 with €, = p, = 0 for all n converges weakly to T € H as
n — oo such that =, = Jyz,T solves (1.12) [37, Theorem 1].

Ezample 1.10 (specialization of (1.12) to convex feasibility). Let f1 =14 and fo = in (1.12) where A
and B are conver. Then following Example 1.8 we have

prox; g prox; g, = PaPp (1.23)
3(Rp Ry, +1) = 5(RaRp + 1) (1.24)

Specialization of Algorithm 1.7 to this setting yields the classical alternating projection algorithm. Con-
vergence of the exact algorithm was obtained in [16, Theorem 4] under the assumption that either (a) one of
A or B is compact, or (b) one of A or B is finite dimensional and the distance between the sets is attained.
In other words, AN B can be empty. Rates of convergence, however, appear to require a certain reqularity
of the intersection [35].

Specialization of Algorithm 1.8 yields the Averaged Alternating Reflection algorithm studied in [8]. It
follows immediately from Example 1.4 that 5(RaRp~+I) is firmly nonezpansive (see also [8, Proposition 3.1]).
Assumption (1.9) reduces to ANB # @. If ANB = @ then by Theorem 1.6 we have |2(RaRp +I)z,| — 00
as n — o0o0. Nevertheless, as long as there exist nearest points in B to A, then the sequences { Pexy, }nen
and {PAPpx, }nen are bounded with weak cluster points belonging to the sets F and E defined by (1.7) [8,
Theorem 3.13]. Indeed, regardless of whether or not AN B = &, the set Fix (Taar + g) is closed and convex
and [8, Theorem 3.5]

F+ Ng(g) C Fix(Taar +9) Cg+ F+ Ng(g). (1.25)

In other words, if AN B = & then Taar does not have fixed points, but rather has fixed directions or
velocities. Examples 3.7 and 3.8 of [8] show that the upper and lower bounds on this fixed point set are tight,
consistent with the case AN B # &. The salient point here is that convergence of this algorithm is contingent
on the consistency of the feasibility problem. O

Generalizations of Lions and Mercier’s results to approximate evaluation of the resolvents of maximally
monotone mappings have been investigated in [25, 20, 21]. The following theorem, adapted from [21], is a
specialization of Theorem 1.6 to Algorithms 1.7 and 1.8.

COROLLARY 1.11 (specialization to Algorithms 1.7 and 1.8). Let fi and fo be proper, l.s.c. convex
functions from H to RU {oo}, let {pntnen and {€,}nen be sequences in H, and let {\,}nen be a sequence
in 10, 2.

(i) Let E := Fix prox; j, prox; y, # @ and {enfnen and {\n}nen satisfy (1.20). Then every sequence
{Zntnen of Algorithm 1.7 converges weakly to a point in E. Ifint E # @ then convergence is strong.

(ii) If Assumption 1.9 holds and {\, }nen CJO,2[ with Y gy An(2—Ay) = 00 and Y . An (ol + llenl]) <
00, then the sequence {xy}nen generated by Algorithm 1.8 converges weakly to T € H as n — o0
such that x. = Jas, T solves (1.12). If Assumption 1.9 does not hold, then the sequence {Tp}nen
generated by Algorithm 1.8 is unbounded.

Proof. (i) is an immediate specialization of Theorem 1.6. For (ii), all but the last statement is [21,
Corollary 5.2] with v = 1. The last statement of (ii) follows from Theorem 1.6 since 3(Ry, Ry, + I) is firmly
nonexpansive. 0
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2. Convex Analysis. For this section we will assume that the sets A and B are closed and convex.
Denote

Tap:=PaPg and Tyagr:= %(RARB+I) (21)

discussed in Example 1.10. As discussed in Example 1.10 the existence of fixed points of Ty p is independent
of whether or not the feasibility problem is consistent. Indeed, it is easy to see that Fix Typ = FE for E
defined by (1.7). This is not the case for Taar. We will argue in the nonconvex setting that the fact that
Taar has no fixed points if AN B = @ has tremendous algorithmic potential since it means that averaged
alternating reflections will not get stuck in a local minimum. Other algorithms for solving feasibility problems
do not suffer from such instabilities with inconsistent problems (alternating projections for instance), but
for nonconvex problems, this stability is at the cost of getting caught in local minima. It is this resilience of
the AAR algorithm in nonconvex applications that first attracted our attention and, we believe, warrants a
closer look. In the next section we compare the behavior of these algorithms in the convex setting.

2.1. Relaxations/Regularizations. In this subsection we consider relaxations of T4 ar whose asso-
ciated mappings have fixed points independent of whether or not AN B = @. The common relaxation that
we have already discussed is of the form

U(T,\) ;=T +(1 -\, 0<X\<2 (2.2)

for the generic mapping 7. If the mapping T is firmly nonexpansive (for instance Tap or Taapr) then this
property is preserved under the relaxation U(T,3) for 8 €]0,1[. Krasnoselski-Mann iterations have been
extensively studied in Hilbert spaces and more general normed spaces [9] so there is ample theory to draw
from for the study of the relaxation U(T, 3).

An advantage and disadvantage of this relaxation is that the fixed points of U(T', \) are the same as those
of T. In particular, since Taar has a fixed point if and only if AN B # @, it follows immediately that the
same holds for U(Taar,\): for inconsistent problems neither mapping has a fixed point. To remedy this we
consider the following alternative relaxation:

V(T,B) =BT+ (1-B)Ps, 0<pB<1. (2.3)

Like the Krasnoselski-Mann relaxation, for A and B convex and T firmly nonexpansive, then V(T 3) is
also firmly nonexpansive since it is the convex combination of firmly nonexpansive mappings. Hence if
Fix V(Taar, ) is nonempty, then the associated approximate fixed point iteration converges to the fixed
point set according to Theorem 1.6. One of the principal advantages of this relaxation is that, as we show
in Lemma 2.1, Fix V(T4ag, ) is independent of whether or not the associated problem (1.1) is feasible.
Moreover, the relaxation parameter 3 can be used to exert some control on the iterates (see Subsection 2.2).

In characterizing the fixed points we note that the relaxation V(T4ar, ) is fundamentally different than
the standard relaxation U(T4ar,A) which has little qualitative effect on the set of fixed points. The two
are independent and may be used together without any redundancy of effect. There can, however, be
diminishing returns to the addition of parameters to algorithms of this sort. For our application we have
found no significant advantage to employing relaxations of the form (2.2). Nevertheless, by Example 1.1, for
cases where the relaxation is related to a step length in a gradient descent algorithm, then optimization of
An in (2.2) can clearly lead to improved performance. We therefore retain this relaxation and, for the sake
of generality, consider nested relaxations of the form

UV (U(Taar, M), 8) 5 2) = XV (U(Tanr, M), B) + (1 — A2)I, where Ay €]0,2[. (2.4)

The next theorem is a generalization of [38, Theorem 2.2] where we determined the fixed points of the
mapping V(Taar,3) alone. The following analysis of the nested relaxations demonstrates the relative
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importance of the relaxation strategies. This is discussed in greater detail following the proof of the next
observation.

LEMMA 2.1 (characterization of fixed points). Let 8 € ]0,1[ and A1, Az € ]0,2[. Then

B
157

where F' and g are defined by (1.7). Moreover, Fix U (V (U(Taar, 1), 03),A2), is closed and convexr and, for
every © € Fix U (V (U(Taar, 1), 8),A2), we have the following:

Fix U(V (U(TAAR,/\l),B),)\g) =F

(2.5a)

A
x = Ppx — %g; (2.5b)
Pgxr — PaRpx = g; (2.5¢)
Ppx e FF and PyPpzckFE. (2.5d)
In the special case where 3 =1, we have
F+ Ng(g) C Fix(U(Taar, ) +A\g) C g+ F + Na(g). (2.5¢)
By comparison,
Fix UV (U(Tap, A1), 0),X2) = F — (g. (2.6)

Proof. For all § € [0,1], since Fix (AT + (1 — A\)I) = Fix T for any mapping T , the fixed point set is
invariant with respect to the outer relaxation (A2V (U(T, A1)) + (1 — A2)I), so without loss of generality we
ignore this relaxation.

Equation (2.6) follows immediately from Fix Tqp = E.
What remains, then, is to show (a) that F — 22 < Fix V (U(Taagr, M), 8) and, conversely, (b) that

(1-p)
Fix V(U(Taar, M), 8) C F — (lﬁ:\é)g'

We first establish the inclusion F' — fj‘bg C Fix V(U(Taar, 1), 8). Pick f € F and let x = f — 'ffgg
and define e := f — g. Now, since f € F and g € P50, then e € E and —yg € Np(f) and vg € N4(e) for all

~v > 0. Hence Pgz = f and Pa(e + 7vg) = e, thus

B
g%

Rpr=2Pgx—z=f+

and

PyRpx = Pa <f+ fjlﬂg) =Py <e+ Hf(_/\151)g> =e=f—g.

Hence Ppx — PaRpx = g. This together with the observation that

r —Taarr = Pgx — P4Rpx forallxz € H (2.7)

implies @ — SU (Taar, M)z — (1= B)Ppx = BA1(x — Taarz) + (1 —B)(z — Ppz) = BAg+ (1= B)(z— f) = 0.
Thus, as claimed, F — {24 g C Fix (8U(Taar, M) + (1 — 8)Pp).
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We show next that Fix(8U(Taar, 1) + (1 — B)Pg) C F — l’w‘ég. To see this, pick any z €
Fix (BU(Taar, M)+ (1 —B)Pp). Let f = Pgx and y =  — f. Recall that

PA(Qf—JZ) :PA(QPBI—I) :PARBI. (28)
This, together with the identity (2.7) yields
PA(Qf—QC)Zf—i—TAARJJ—x. (2.9)

For our choice of x we have SU(Taar, M)z + (1 — B)Ppx = BA\Taarz + Bz — fhx + (1 — B)Ppx = =,
which yields

1—
Tpapr —x = ﬂ)\lﬁ(x_PBx). (2.10)
Then (2.9) and (2.10) give
B p
Pa(2f — 2.11
a2f —a) = f+ oL@ =+ L (2.11)
Now, for any a € A, since A is nonempty, closed and convex, we have
<a’_PA(2f_u)?(2f_u)_PA(Zf_u» <0, (2'12)

and hence

02 (a= (1 + 50w -0 (1+755))
(o= (r aw) v T0)

_ B -1 +1 a 1-8BNM-1)+1) ,

Here we have used (2.12), (2.11) and the fact that y = 2 — f. On the other hand, for any b € B, since B is
a nonempty closed convex set and f = Ppx, we have

(2.13)

(b— Ppx,x — f) <0, (2.14)
which yields
b—fryy=®-f z—[f)<0. (2.15)
Note that for 8 € ]0, 1] and A; € ]0, 2] the numerator (A — 1) +1 > 0, thus (2.13) and (2.15) yield

(b—a, y) < - \yl2 <0. (2.16)

1-—
B
Now take a sequence {an}nen in A and a sequence {by, }nen in B such that g, = b, — a, — g. Then

1—
(gn, y) < —ﬁTlﬂLy\Q <0 forallneN. (2.17)

Taking the limit and using the Cauchy-Schwarz inequality yields

AL
lyl < 7= 6lg| (2.18)



PROX-REGULAR BEST APPROXIMATION 11
Conversely, © — (BU(Taar, M)z + (1 — 8)Ppx) = BA\ (f — Pa(2f —2))+ (1 —B)y =0 gives

BA1 BA1
vl = 2L - Paes - )| = 2L (2.19)
Hence |y| = fi‘;|g| and, taking the limit in (2.17), y = —lﬁi‘ég, which confirms the identity (2.5b). From
(2.8) and (2.11) with y = —lﬁj‘llgg it follows that f — P4Rpx = g which proves (2.5¢) and, by definition,

implies that Pgxz = f € F and P4Ppx € E. This yields identity (2.5d) and proves (2.5a). The closedness
and convexity of the fixed point set then follows from the fact that F' is closed and convex. (More generally,
the fixed point set of any nonexpansive map defined everywhere in a Hilbert space is closed convex; see [28,
Lemma 3.4]).

For the special case where 3 = 1, a straightforward calculation shows that Fix(Taar + g) =
Fix (U(Taar,A) + Ag). Since, by [8, Theorem 3.5], we have
F + Ng(g9) C Fix(Taar +9) C g+ F + Na(g), (2.20)

the result follows immediately, which completes the proof. O

Remark 2.2. Lemma 2.1 shows that the inner relaxation parameter \1 has only a marginal effect on the
set of fixed points of Taar compared to the B relaxation, which, provided g # 0, is unbounded as 8 — 1; it
has no effect on the set of fixed points of Tap. The outer relaxation parameter Ao has no effect on either
mapping. In stark contrast to these, the relaxation parameter (8 in the relazation V (T, ) has a profound
impact on the set of fized points of Taar and marginal impact on the fized points of Tap. Indeed, from
(2.20) and (2.5a) it is clear that, for all0 < < 1, Fix V(Taar, ) C Fix(Taar + 9), thus, by definition,
23 —Taarzs = g where x3 € Fix V(Taar, 5). More interestingly, however, the fized point set becomes vastly
larger at B = 1. Similarly, at B = 0 the fized point set becomes all of B.

Having characterized the fixed points of V(Ta4ag, 3) we turn our attention to inexact Relaxed Averaged
Alternating Reflections (RAAR) iterations:

ALGORITHM 2.3 (inexact RAAR algorithm). Choose zo € H and the sequence {8y }nen C|0,1[. For

n €N set
€n
Tpt1 = % (Ra(Rxn+€n)+ pn+an)+ (1 —05n) (Pan + ?l) . (2.21)

The analogous algorithm to this for inexact alternating projections is the following.

ALGORITHM 2.4 (inexact alternating projection algorithm). Choose xg € H and the sequence {n, }nen C
10,1[. For n € N set

For fixed relaxation parameter (3, additional insight into the relaxation V(T4agr,3) and the Krasnoselski-
Mann-relaxed alternating projection algorithm is gained by considering regularizations of iterated proximal
mappings applied to (1.12).

PROPOSITION 2.5 (unification of algorithms).

(i) Algorithm 1.8 applied to (1.12) with

g

=5 dist 3(z) and  fo(z) = 1p(x) (2.23)

fi(z) =
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and A, = 1 for all n is equivalent to Algorithm 2.3 with B, = 3 for all n.
(ii) Algorithm 1.8 applied to (1.12) with

fi(z) = 3 dist 2(x), and folx) = 1 dist 2 (2) (2.24)

and relazation parameter A\, is equivalent to Algorithm 2.4 with n, = A\, /2.
(iii) Algorithm 1.8 applied to (1.12) on the product space with f1 and fo defined by

filz,y) = %dist %(az, y), and fa(x,y) = %dist %,(ac, Y) (2.25)

for C ={(zx,y) e HxH|z=y}, D ={(z,y) eEHxH|z€Aye B}, ¢, = p, =0 for all n
and relaxzation parameter X, is equivalent to gradient descent with step length A\, /2 applied to the
nonlinear least squares problem (1.2).

Proof. (i) Let

p 2
= ——dist d =
file) = g dist o). and fala) = (o)
then prox; ;,(z) = Ppz and a short calculation yields prox;  (z) = x+ B(Paz —z). The result then follows
upon substituting these expressions into (1.22) with A, = 1 for all n and p,, of Algorithm 1.8 replaced by
pn of (2.21) scaled by 5.

(ii) A similar calculation shows that when fi(x) = % dist % (), and fo(x) = ﬁ dist % (z) the recur-

sion (1.22) is equivalent to

Tn+1 = (]— - )\n)xn + A ((1 - 5)PAyn + 5(26 - ]-)Pan + 2(5 - ﬂQ)fn + (ﬂ - %)Gn + %pn) (226)

where y, = (1 — 28)z, + 26Ppx, + €,. In particular, when S = 1/2 we have z,y; = (1 — %)xn +

%(PA (Ppxy + €,) + pn), the Krasnoselski-Mann relaxation of approximate alternating projections given by
(2.22) with relaxation parameter 1, = A, /2 for all n.

(iii) We use the product space formulation as in Example 1.2. By (ii) of this theorem, Algorithm 1.8, with
relaxation parameter A, applied to (1.12) where f; and fo are defined by (2.25), is equivalent to alternating
projections on the product space — Algorithm 2.4 with x,,11 = (1—\,,/2)x,, + A, /2PcPpxy,. But by Example
1.2 alternating projections is equivalent to Krasnoselski-Mann-relaxed averaged projections on the product
space with relaxation parameter A, /2. To complete the proof we note that, by Example 1.1, Krasnoselski-
Mann-relaxed averaged projections on the product space with relaxation parameter A\, /2 is equivalent to
gradient descent with step length A, /2 applied to the nonlinear least squares problem (1.2). O

In other words, V(Taar, ) is not a relaxation of T4 g but rather the exact instance of Algorithm 1.8
applied to (1.12) with f; and fo defined by (2.23). Similarly, alternating projections are also an instance of
Algorithm 1.8, which, in turn, yields the equivalence of this algorithm to gradient descent.

Proposition 2.5 yields a proof of the next theorem by direct application of Corollary 1.11 with A\, = 1 for
all n.

THEOREM 2.6 (the inexact RAAR algorithm with fixed 3). Let {pn}nen and {€, }nen be sequences in H
such that Y o |lpnll + llenll < 00, and fix 3 €]0,1[, xo € H, and N\, = 1 for all n. If F defined by (1.7) is
nonempty, then the sequence {x,}nen generated by Algorithm 2.3 with 3, = (8 for all n converges weakly to
T €H as n — oo such that x. = PgT solves

ming{@ize 2(1‘i5) dist % (z) + vp(x). (2.27)
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If F = @, then the sequence {xy }nen generated by (2.21) is unbounded.

Proof. The result follows from Corollary 1.11(ii) once the equivalence of the condition F' # & to As-
sumption (1.9) is established. To see this, note that by Proposition 2.5 the recursion (2.21) is equivalent
to (1.22) with A, = 1 for all n applied to (2.27). Moreover, for f; = ﬁdis‘ci(m) and fo = tp,
Ofi(x) = %(x — Pax) and Jfz(z) = Np(z) (see (1.10) and (1.4)), so the existence of points x € F' implies
that %(x — Pjz) = %g € —Np(x), hence Assumption (1.9) holds. Conversely, the existence of points
x € Hand a € 0f1(z) and b € Jfa(x) such that a +b = 0 implies that, for such z, %(m — Pax) € —Np(z),
hence x € F, which completes the proof. O

While the above theorem takes advantage of regularizations to reinterpret the relaxation (2.3), it does not
easily allow us to verify the effect of variable 3. To account for variable (3,, we take a different approach.

THEOREM 2.7 (the inexact RAAR algorithm with variable ). Fiz 8 € ]0,1[ and xy € H. Let
{Bn}nen be a sequence in |0,1[, and {x,}neny € H be generated by Algorithm 2.3 with corresponding er-
rors {€n tnen, {pntnen C H. Define

Vn = 2|Bn — Bl|(Pa — I)Rpan|. (2.28)
If F # @& and
D lenl + pnl 4+ vn < +o00, (2.29)
neN

then {x, }nen converges weakly to a point x. € F — Bg/(1 — ).

Proof. The mapping V(Taar, ) = 8Taar + (1 — B)Pg. Then V(Taarg, ) is firmly nonexpansive as
a convex combination of the two firmly nonexpansive mappings Tx4r and Pg. Accordingly, the mapping
R =2V (Taar,)—1 is nonexpansive since V(T4 ar, ) is firmly nonexpansive if and only if 2V (Taar,8) — I
is nonexpansive [28, Theorem 12.1]. Moreover, it follows from Lemma 2.1 that Fix R = Fix V(Taarg, 3) =
F — Bg/(1 - B) # &. Setting r, = 22,41 — Tp, an elementary calculation shows that

[ — Ran| < fn|Ra (Rpan + €n) — RaRpan| + Bolpn| + (1 = Bn)len] + 280 — B |(Pa = I)Rpaa|. (2.30)
Now, since R4 is nonexpansive
|Ra (Rpxp + €n) — RaRpx,| < |6y
and from (2.28)
rn = Raen| < |pn| + [€n] + va. (2.31)
The recursion (2.21) can thus be rewritten as
o €H and i1 = %xn + %rn for all n € N, (2.32)

where, from (2.29) and (2.31),
Z |rn, — Ry| < +o00. (2.33)
neN

It then follows from [20, Theorem 5.5(i)] that {z, }ren converges weakly to a fixed point of R, which proves
the result. O
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Analogous results for the important case of the RAAR algorithm with § = 1, that is, the AAR algorithm,
have been treated extensively in [8]. Surprisingly, the proof techniques for these two cases are distinct and
it appears that a unification is not readily available.

A more detailed picture of the behavior of iterates of the exact RAAR algorithm can be obtained in the
following restricted setting.

COROLLARY 2.8 (exact RAAR algorithm in Euclidean space). Let H be Fuclidean space. Fiz 3 € ]0,1]
and let

290 €R™ and xp11 =V (Tanr,8)xn for allm € N.

Suppose that F' # &. Then {x,}nen converges to some point x € F — Bg/(1 — B) and furthermore,

(1) Pan - PAPan — g5
(i) Pgxy,, — Ppx and PsPpx, — PaPpx;
(iii) Pgx — PaPgx = g, hence Pgx € F and P4Ppz € E.

Proof. The convergence of {x,, }nen follows from Theorem 2.7 (with €, = p, = v, := 0); denote the limit
by x. From (1.7) we can write x € F — 3g/(1 — 3) asx = f — Bg/(1 — ), where f = Pgx € F (see also [8,
Proposition 2.4.(ii)]). Since the mappings Pa, Pg, R4, Rp are continuous, (ii) follows. Next, using (2.5c¢),
we have

Pgx, — PARgxr, — Pgx — PyRpx = g. (2.34)
Hence
‘g| S |PB-Tn_PAPB-Tn| S |PB-rn_PARan| - |g|a (235)

and thus |Pgx, — PaPpx,| — |g|. Now (i) follows from [8, Proposition 2.5]. Taking the limit in (i) yields
(iii). O

We would like to note in closing this subsection that the duality theory for (1.12) with f; and f5 given by
(2.23) has been detailed in [2, Section 2]. The connection between algorithms (1.8) and (1.7) and (2.3) allows
for an attractive synthesis in the convex setting. However, at this time the nonconvex theory is much less
developed than the convex theory. A notable exception is the recent work of Moudafi [45], who studies the
convergence of the prox-gradient method in a prox-regular setting. Nevertheless, the view of the parameter
0 as a weight in a regularized objective does not, in our opinion, lead to a natural justification for dynamic
0By as does the interpretation of this parameter as a relaxation. This is discussed in greater detail in the
next section.

2.2. Controlling the iterates. The implementation of the RAAR algorithm that we studied in [38]
was motivated by the following observation that indicates that the relaxation parameter G might be used to
steer the iterates.

PROPOSITION 2.9. Let © € H and suppose that F' # &.

(i) dist (m, Fix V(TAp,ﬁ)) = dist (x,F —|—ﬁg) for all B € (0,1].
(i) If AN B # o, then dist (m,Fix V(TAAR,ﬁ)) = dist (ac,A N B) for all B € ]0,1[; otherwise,
limg 1 dist (z,Fix V(Taag, 8)) = +oc.

Proof. The proof of (i) follows immediately from (2.6). To see (ii), note that if AN B # &, then g =0
and Fix V(Taagr, ) = AN B, which proves the first part of the statement. Now assume AN B = & and
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fix fo € F. Then g # 0 and F is contained in the hyperplane {x € H | (x — fo, g) =0} [3, Lemma 2.2(v)].
Hence, it follows from Lemma 2.1 that

Fix V(Taar,B) = F — %g C {x cH ‘ <:1: + %g - fo, g> = 0} = Hpg. (2.36)
Accordingly,
+ % _f ) —
dist (. Fix V(Taar, ) > dist (. Hy) = s - il Lot - =R gl o)

which proves the second assertion of part (ii). O

By Proposition 2.9, for any estimate x,, “close” to Fix V(Taar, (), there is a §,41 such that z,, is com-
paratively distant to Fix V(Taar, Ont+1). It will become clear in the next section that it is the proximity
to the set F, rather than Fix V(Taag, ), that is critical to the quality of an iterate x,,. We therefore use
the relaxation parameter (3, to control the step size of an iterate toward the set F. By comparison, the
relaxation parameter 0 has very little effect on the iterates x,, of the alternating projection algorithm. The
next proposition shows that by varying [ the step size can be regulated in the direction of the gap vector g.

PROPOSITION 2.10. Let x € H satisfy |x — xzp,| < 6 where x5, € Fix V(T4ar,01), d >0 and 51 €10, 1].
Then, for all B2 € 10,1, we have

V(Taar, B2)x — (fﬁ1 - 1%51 g)‘ <0, (2.38)

where fg, = Ppxg, € F.
Proof. This was proved in [38, Proposition 2.3] O

This ability to control the step lengths with the relaxation parameter stands out next to other relaxed
projection algorithms. For this reason descent algorithms are often preferred since there is ample theory for
determining optimal step sizes.

3. Nonconvex analysis.

3.1. Prox-regular Sets. In this section A is still convex, but we allow the set B to be nonconvex.
Such a situation is encountered in the numerical solution to the phase retrieval problem in inverse scattering
[39, 6, 38], and is therefore of great practical interest. Indeed, our results form the basis for proving local
convergence of some phase retrieval algorithms for inconsistent (noisy) problems which, to our knowledge,
would be the first such results. The central notion for getting a handle on this situation is prox-regularity
as developed by Poliquin and Rockafellar[48, 47]. Prox-regular sets were, to our knowledge, first introduced
by Federer [26] though he called them sets of positive reach, and are characterized as those sets C' for which
the projection is locally single-valued and continuous from the strong topology in the domain to the weak
topology in the range [49, Theorem 3.1]. The main difficulty for our analysis is that prox-regularity is a local
property relative to elements of the set B while the fixed points of the mapping V (T, 3) lie somewhere in
the normal cone to B at the local best approximation points of this set. A localized normal cone mapping
is obtained through the truncated normal cone mapping

Ne(z)Nint B(0,r) xze€C

%] z¢C (8-1)

Ni(z) = {



16 D. RUSSELL LUKE

where B(0, ) is the closed ball of radius r centered on the origin. The principal result we draw from can be
found in [49], Corollary 2.2 and Proposition 3.1.

LEMMA 3.1 (properties of prox-regular sets). Let C' C H be is proz-reqular at T. Then for some r > 0
and a neighborhood of T, denoted N (T), the truncated normal cone mapping N(. is hypomonotone on N (T),
that is, there is a o > 0 such that

(Y1 — Y2, 71 — x2) > —0|x1 — 22>  whenever y; € N&(z;) and z; € N(T).

As suggested by Proposition 2.9 we can control to some extent the location of the fixed points of V(T )
by adjusting the parameter 5. In particular, note that for 5 = 0 we have V(T,0) = Pg hence we can adjust
0 so that the fixed points remain in prox-neighborhoods of the best approximation points in B.

The next result is a prox-regular analog of (1.3).

LEMMA 3.2. For C proz-regular at T there exist € > 0 and o > 0 such that whenever x € C' and v € N¢(x)
with |z — T| < € and |v| < € one has

(' —x,0) <ola’ —x* foralaz' €C with|r —z| <e (3.2)

Proof. Since C' is prox-regular at Z, by Lemma 3.1 the truncated normal cone mapping N{(z) is hy-
pomonotone on a neighborhood N (), that is, there are ¢ > 0 and € > 0 such that

(x' — z,v) < ola’ — x|,
whenever v € N¢(x), and 0 € N¢o(2') with |v] < e and |2’ —z| <e. O
A stronger version (with different proof) of the above proposition can be found in [49, Proposition 1.2]
For this prox-regular setting we must define local versions of the sets G, E, and F defined in (1.7).

DEFINITION 3.3 (local best approximation points). For A convex and B nonconvex, a point f € B is a
local best approximation point if there exists a neighborhood N'(f) on which |f — Paf| < |b — Pab| for all
be BNN(f). For such a point, we define

Gun(py = (BON(f))—A  and for g:= f — Paf € Pg,;,0
Enip(9) =ANBON)) —9), Fnplg) = (A+g)N(BAN()). (3.3a)

If |f — Paf| < |b—Pab| for allb € B then f € B is a global best approximation point. Whether or not such
a point exists, the following sets are well defined

G:=B—-A and for g € Pg0
E(g):=An(B—-yg), F(g):=(A+g)NB. (3.3b)

From the above definition it is immediate that any global best approximation point is also a local best
approximation point. Note that Pg, ,,0 and P;0 are now possibly sets of gap vectors since, for A convex
and B prox-regular, G = B — A is not in general convex. For any g1, g2 € Pc,,,0, although it may happen
that g1 # go, it is still the case that |g1| = |g2|, hence the (local) gap between the sets A and B in the
nonconvex setting is still well defined.

We will assume the following throughout the rest of this work.
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ASSUMPTION 3.4 (prox-regularity of G). The set G is proz-reqular at all g € Pg0 and for every local
best approximation point f € B, the set Gy is prox-reqular at the corresponding point gy := f — Paf €
Pe ;0.

Ezample 3.5. Consider the example in R? where A = {(0,z2) for xa € [~2,€]} for e > 0 and

z1 = +/1— a3 for x5 >0,
=-1

for xzo € [0, —1],

xr1 = —
x1=—/1— (22 +1)2  forze € [-2,-1]

The corresponding set G is not prox-reqular everywhere. In particular, if € = 0 it is not proz-regular at the
point (—/3/2,1/2) since the projection onto G is multivalued along the line segment (—/3/2,1/2) + 7(1,0)
for all T € [0,4/3/2]. For this example, however, this is the only point in G where proz-regularity fails. Since
A and B intersect at the point (0,—2), the global gap vector is (0,0), and F = E = {(0,—2)}. Fach of the

vectors in the set {(.’Ehl'g) € R? ’xl =+/1—123 foray >0, }, on the other hand, is a local gap vector

relative to some neighborhood of points in B. At the point f = (0,1), for example, all of these vectors are local
gap vectors of the set Gr(py where N'(f) is a disk of radius V2. The corresponding local best approzimation
points in B are Fyy)(g) = {g} while the local best approzimation points in A, Ex ) (g) = {(0,0)} for
all g € {(:El, 1y) € R? |x% + 22 =1 for xo > 0}. We call this collection of best approzimation points a fan,
characterized by the nonuniqueness of the gap vector. We shall disallow such regions in what follows. Indeed,
if in the definition of A we set 0 < € < 1, then there is no such fan region and the unique best approximation
point in B corresponding to (0,¢) € A is f = (0,1) with corresponding unique gap vector g = (0,1 —¢€). O

B = (371,5(}2) € R?

The next fact is an adjustment of [8, Proposition 2.5] for B prox regular.

PROPOSITION 3.6. Let A be closed convex and B proz-regular subsets of H. Suppose that {a,}nen and
{bn}nen are sequences in A and B NN (f), respectively with f a local best approzimation point, N(f) a
suitable neighborhood and by, — a,, — g = f — Paf € Pg,.,,0. Then the following hold.

(i) by — Paby — g while Ppay — an, — Gar(py C Pay,,,0-
(ii) The cluster points of {an}nen and {Paby}nen belong to Ens)(g). The cluster points of {bn}nen
belong to Fyr(5)(g). Consequently, the cluster points of the sequences
{(an; b")}neN’ {(PAb'ru bn)}nEN
are local best approximation pairs relative to (A, B),
(iii) If g is the unique gap vector on N'(f), that is if Pg,.,,0 = g, then

by —an —g < bn — an| — |g].
Proof. Since

|br, — an| > max{|bn — Paby,|, |Pa, — an|}
> min {|bn — Paby,|, |Pean, — an|}
> |gl,

we conclude that {|bn — PAbn|}n€N and {|PBan — an|}nGN both converge to |g| for any g € PG, ;0. Since
A is convex, Pb, is single-valued and continuous, hence b, — Pab, — g. Since B is prox-regular Pp is
possibly set-valued and lim,, ., Pga, — a, = GN(f) a subset of PGN(f)O. Hence (i) holds. Let a € A be
a cluster point of {an}nen, say an, — a. Then b,, — g+a € BON(f)N(9+ A) = Fnx(s(g), hence
a€ AN(BNN(f) —g) = Ex(s)(g). The arguments for {b, }nen and {Paby}nen are similar. Finally, (iii)
follows from (i) and the fact that g is the unique gap vector. O
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Remark 3.7. Convergence of |b, — an| — |g| does not in general imply that b, — a,, — g. To see this,
consider B and A in Example 3.5 with e = 0. Construct the sequences a,, := (0,—1/n) and b, := (—=1,—1/n)
for all n and let g = (0,1). Now, a, — (0,0), b, — (—1,0) and b, — a,, — (—1,0) = g # g, even though
both belong to Pg ;)0 and |by, — an| — |g| when f = (0,1) and N(f) a disk of radius V2. Note also that
Pga, — (—1,0) while Pga = {(z1,22) € R? |23 +23 =1 andx2 >0}.

3.2. Relaxed Averaged Alternating Reflections: prox regular sets. The difference between
Tap and Taagr is in the control exerted on the fixed points of the respective mappings by the relaxation
strategy V(T,3). As shown in (2.6) in the case of T4p, the relaxation 8 € (0,1] simply shifts the set of
fixed points from best approximation points in A to their corresponding points in B. In the nonconvex
setting this shift property is restricted to local best approximation points. Hence, the relaxation parameter
does not change in any significant way the set of fixed points and, in particular, it does not change the
correspondence between the set of local best approximation points and the fixed points of V(T4p,3). For
Taar the relaxation parameter in (2.21) the nonconvex situation is quite different. Indeed, as we show in
Lemma 3.8, the relaxation parameter G can be chosen to limit the set of local best approximation points
that correspond to fixed points of V(Tar, ), thus eliminating bad local best approximation points.

Before proceeding with the prox-regular versions of Theorem 2.7 and Corollary 2.8, we need to define
what we mean by V(T, 8)z in the case when Ppx is multi-valued. We shall define this as

V(Tap,B)x :={v=0Pab+(1-p5)b | be Ppx}. (3.4a)
Vit eim {2 i ]
aar, ) i= v =" (Ra@b—a)+ )+ (1= @b | be Ppr . (3.4b)

LEMMA 3.8 (characterization of fixed points). For A closed and convex and B proz-regular, suppose that
Assumption 3.4 holds and define V(Taar,3) by (3.4b) for (8 €]0, 1] fixzed. Then

Fix V(Taar, ) C {f — L(f — Paf) | f € B is a local best approzimation poim‘} (3.5a)

1-p

and the two sets are equal for all B < 1/2. Moreover, for every x € Fix V(Taar, ), there is a local best
approzimation point f and corresponding gap vector g with

x € Ppx — %gf, (3.5b)
g5 € Ppx — PARpx. (3.5¢)

By comparison, for all 8 €]0, 1] fized,
Fix V(Tap,B) ={f —B(f — Paf) | f € B is a local best approzimation point} . (3.6)

Proof. The proof is almost identical to that of Lemma 2.1. We skip most of the details and point only to
the main differences.

To prove (3.5a)-(3.5¢) we must take account of two issues: first, that Pp might not be single-valued
at all x € Fix V(Taar,) and the relation (2.14) does not hold for B prox-regular. The possible multi-
valuedness of Pgz is handled by choosing f € Pgx for a given « € Fix V(Taag, 8) and setting y = =z — f.
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The corresponding gap vector is uniquely determined by gy = f — Pa(f). This changes (2.8) and (2.9) to
inclusions

PA(Qf*l‘) € PyRpzx and PasRpxr — Ppx =Taapr — T (37)

by (2.7). The second equation is actually an expression of set equality. When Tyag is restricted to the
selection f € Ppx, which we write as Taarg| , this yields

Pa(2f —x) — f =Taag|sz —x. (3.8)
For « € Fix (V(Taar,8)) equations (3.7) and (3.8) give
(1 =08)(@ = f) = B(Taarly —x) = B(Pa2f — ) = f) (3.9)
hence, with y = x — f,
[+ %y = Pa(2f — x). (3.10)

This is the same result as (2.11) for the selection f € Pgz. As with (2.13), using (2.12) and (3.10) we have,
for any a € A nonempty, closed and convex,

1, 1-p
5< a+f, y)+ 3

On the other hand, since B is nonempty prox-regular and f € Pgxz, by Lemma 3.2 we have
(b—f.o—f) <olf b (3.12)
where  — f € Ng(f), and 0 € Ng(b) for b close enough to f. This yields (compare to (2.15))

b—foy)y=0~f a—f)<alp—f (3.13)

ly* <o. (3.11)

Now, (3.11) and (3.13) yield

- Pwp <ol b - o (314)

The right hand side is nonpositive for all b close enough to f. The rest of the proof follows the proof of
Lemma 2.1 with the caveat that the sequence b, — f be chosen close enough to f that

: 1-5
5

(b—a, y) <(0—f, y)

ol|f — by ly* <0 for all n.

The identities (3.5b)-(3.5¢) follow immediately since f € Pgx is a local best approximation point.

To prove that the set inequality in (3.5a) is not, in general, tight we show that, given a local best
approximation point f € B and corresponding gap vector gy,

f- %gf € Fix V(Taagr,8) ifandonlyif fe€ Pp <f - 1—ﬁﬁgf> . (3.15)

The “easy” implication is that the left hand side of (3.15) implies the right hand side (expand 0 €
(I =V (Taar,B)) (f — %gf) in terms of Pg and P4 and “solve” for Pg (f — %gf)). The other im-

plication follows exactly as in Lemma 2.1 with the generalization to inclusions since the projection onto B
need not be single-valued.
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Finally, to show that set equality holds in (3. 5[) for all 5 < 1/2 note that, for any local best approximation
point f € B with B prox-regular, f € Pp(f 6gf ) for all 8 € [0,1/2] where gy is the corresponding gap
vector. The result then follows from (3.15).

For T4 p, since the parameter § simply shifts the fixed point within the gap of a local best approximation
pair as [ ranges from 0 to 1, the fixed points of V(T4 p, ) coincide precisely with the local best approximation
points of A and B, whence (3.6). O

COROLLARY 3.9. Fix V(Taar,08) = @ for all B > 0 if and only if B does not contain a local best
approximation point.

Proof. This follows immediately from (3.5). O

Remark 3.10. Note that, while in the case of Taar all local best approrimation points correspond to
fized points of V(Taar,B) for B € [0,1/2], this is not the case for § > 1/2. Indeed, by (3.15) of Lemma
3.8, the fized points of V(Taar, ) consist only of local best approximation points for which f — %gf 18
in a proxzimal neighborhood of B. This certainly will not hold for all 5 € [1/2,1]. One might envision an
algorithmic strategy for filtering out certain local best approximation points by choosing B large enough.
Of course, how such a filtering might work in practice depends entirely on local proximal properties the set
B. The point is that by simply increasing (3, one can avoid local minima. This is a potentially powerful
algorithmic tool for global projection algorithms for nonconvex problems.

We finish this section with nonconvex versions of Theorem 2.7 and Corollary 2.8. The convex results
exploited the firm nonexpansiveness of the fixed point mapping, or equivalently maximal monotonicity. We
show that, for the nonconvex problem, if this property holds locally, then local versions of the results of
Section 2.1 follow. This is not an empty assumption as Example 3.5 illustrates. Indeed, for the sets defined
there with ¢ > 0, an elementary calculation of V(T4agr,1/2)x for points & on convex neighborhoods of
(0,¢) € Fix V(Taar,1/2) (not even very small neighborhoods) shows that 2V (Taag, 1/2)—1I is nonexpansive,
hence V(Taar,1/2) is locally firmly nonexpansive.

One consequence of such an assumption is the following.

PROPOSITION 3.11. For either T = Taar or T = Tap, if V(T, ) is firmly nonexpansive on a neighbor-
hood N (zo) of xog € Fix V(T,3) then go = Ppxg — PaPpxo is the unique gap vector on N (xo), that is, for
all x € Fix V(T,8) N N(zo) one has Ppx — PyPgx = Ppxg — PaPpxo. Moreover, Py is single-valued on
N(xo)

Proof. We prove the statement for T'= Ty ar as the proof for T' = T4 p is almost identical. Let z; be any
fixed point on N (zg) with corresponding gap vectors g1 € Ppxy — P4Ppzy and let b; € Ppxj, for j =0, 1.
Then by Lemma 3.8 x; = b; — ﬁgj, j =0,1. Since P4 is nonexpansive we have

|91 — go|> = |b1 — bo|® + |Pabi — Pabo|® — 2 (b1 — by, Pabi — Pabg) < |b1 — bo|*> — |Paby — Pabo|> (3.16)
and

|Paby — Pabo| < [by — bol. (3.17)

If |Paby — Pabg| = |by — bo| then by (3.16) g1 = go. If, on the other hand, |Pab; — Pabg| < |b1 — bo]

then |y1 — xo| < |x1 — 9| where y; := by — (% + e) g1 for some € > 0 small enough. A straightforward
calculation shows that

1—
Ry, = by — (55 + (26— 1)e> g1 and  Rxo = xg
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where R := 2V (Taagr,3) —I. So for 8 < 1, |y1 — zo| < |Ry1 — Rxp| which contradicts the assumption that
V(Taar, 8) is firmly nonexpansive. It must hold, then, that |Psby — Pabg| = |b1 — bo| hence g1 = go.

To see that the projection Pp is single-valued on A (zg), consider any z € A (o) and the corresponding
vectors y1 = by — x and yo = by — = with b; € Ppx (j = 1,2). The same argument as above above applies
here with A replaced by {z} to show that y; = yo since V(Taar, () is firmly nonexpansive, hence by = bo.
Since x was arbitrarily chosen, this completes the proof. O

The inexact RAAR Algorithm 2.3 is modified in the obvious way to inclusions for B prox-regular. For
variable relaxation parameters, we then have the following generalization of Theorem 2.7.

THEOREM 3.12 (inexact prox-regular RAAR algorithm, variable 3). For A closed and convex and B
prox-regular, suppose that Assumption 3.4 holds. Let 8 € ]0,1[ be small enough that Fix V(Taar, ) # @.
Suppose that V(Taar,B) is firmly nonexpansive on a conver neighborhood N (T) of T € Fix V(Taar, 3)
with dom V(Taar,3) = H. Choose xo € N(T), let {Bn}tnen be a sequence in 10,1, and {x, }neny C H be
generated by Algorithm 2.3 with corresponding errors {€, }nen, {Pntnen C H. Define

Vn = 2|Bn — B||(Pa — I)Rpan| (3.18)
and suppose that
> enl + lpnl +vn =M (3.19)
neN

for M € R small enough that {x,}neny CN(T). Then {x,}nen converges weakly to a point in

: _ p
Fix V(Taar, 8) NN (Z) C {f— m(f —Paf) | f € Fpon) ¢ -
where Fp, nr(z) denotes the set of best approxzimation points in B corresponding to the projected neighborhood
PN (Z). Convergence is strong if any one of the following hold:

o limdist i V(Taar,B) (zn) = 0;
o int Fix V(Taar,0) # @
e V(Taar, ) is demicompact at 0.

Proof. Let R = 2V (Taar,B) — I and note that Fix R = Fix V(Taar, ), which, by assumption, is
nonempty. Moreover, it follows from Lemma 3.8 that

Fix RNN(Z) = Fix V(Taagr, 8) NN () C {f - %(f —Paf) | f € Fron } .
Following the proof of Theorem 2.7, let r,, = 22,41 — x,, and rewrite the recursion (2.21) as
o €H and z,qq = %azn + %7'” for all n € N, (3.20)
where, from (3.19) and
Irn = Razn| < |pn| + len| + vn, (3.21)
it holds that
> lrn = Rag| < M (3.22)

neN
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for M small enough that {z,}nen C N (Z). Since V(Taar, 3) is firmly nonexpansive on this neighborhood
with dom V(Taarg, 3) = H then R is nonexpansive on the same neighborhood with dom R = H. The result
then follows from [20, Theorem 5.5]. O

A more detailed picture of the behavior of iterates of the exact RAAR algorithm can be obtained in the
following restricted setting.

COROLLARY 3.13 (exact prox-regular RAAR algorithm in Euclidean space). Let H be Fuclidean space.
For the assumptions of Theorem 3.12, fix 8 € ]0,1[ small enough that Fix V(Taar, 3) # & and let

xo € N(Z) and xpy1 =V (Taar, )z, foralln €N

where T € Fix V(Taar, ) with corresponding local best approzimation point f = PpT and gap vector gy =
J = Paf. Then {x,}nen converges to a point x € Fxp(gr) — Bgy/(1 — B) and

(1) PBIn - PAPan — gf;
(ii) Pgz, — Ppx and PyPpx, — PsPpx;
(ili) Ppx — PaPpx = gy, hence Ppx € F(5)(gy) and PaPpx € En(5)(9y)-

Proof. The convergence of {x,, }nen follows from Theorem 3.12 (with p,, := v, := 0); denote the limit by
x. From (3.3a) we can write x € Fy(5)(97)—Bgs/(1-08) asx = f—Bgs/(1— ), where f = Ppx € Fxr(s)(95)
(see also [8, Proposition 2.4.(ii)]). Since the mappings P4, Pg, Ra, Rp are continuous, (ii) follows. Next,
using (3.5¢), we have

Ppx, — PA\Rpx, — Ppx — PARpx = gy. (3.23)
Hence
lg¢| < |Ppxp — PAPpxy| < |Ppy — PARpT,| — |9yl (3.24)

and thus |Pgx,, — PaPpx,| — |gs|. Now (i) follows from Proposition 3.6 and Proposition 3.11. Taking the
limit in (i) yields (iii). O

4. Conclusion and Open Problems. In this work we have laid some groundwork for a comprehensive
theory of the asymptotic behavior of projection algorithms in prox-regular settings, with particular focus
on the RAAR algorithm. The RAAR algorithm has many attractive features, namely that it is robust for
consistent and inconsistent problems, the relaxation parameter can be interpreted as a step length and thus
can be optimized, and moreover, the relaxation parameter can be used to avoid “bad” local minima. In
the convex setting the RAAR algorithm, together with the classical alternating projections and averaged
projections algorithms, can be viewed as instances of the classical Lions-Mercier /Douglas-Rachford algorithm
applied to the problem of minimizing the sum of two maximal monotone mappings, hence the analysis of
the RAAR algorithm can be broadly applied. We conjecture that these correspondences carry over to the
nonconvex setting, however the details of this correspondence are beyond the scope of the present study.

The analytical tools that we use derive from analogs in convex theory. As one would expect from nonconvex
problems, our most general results are local in nature. Our hope is that this analysis can serve as a guide to
the analysis of similar algorithms. For the purpose of proving the convergence of the RAAR algorithm for the
phase retrieval problem in crystallography, it remains to be shown that the fixed point mapping V(Taar, 3) is
firmly nonexpansive on a neighborhood of a fixed point. This question would be quickly resolved by sufficient
conditions under which firm nonexpansiveness holds in nonconvex settings. Less restrictive notions of firm
nonexpansiveness, namely quasi-1/2-averaged mappings as studied in [5, 20], could also be quite fruitful
here. Another key assumption for our results was the prox-regularity of the set G sy = BNON(f) — A
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at local best approximation points f. We conjecture that this assumption as well as the assumption of
local firm nonexpansiveness of the corresponding reflection can be removed on neighborhoods of local best
approximation points. The assumption that one of the sets is convex, not just prox-regular, was useful for
our proofs, but is probably not necessary in general. With the exception of what we called fan regions,
local best approximation points will by definition be in the proximal neighborhood of the other set. We
therefore conjecture that these results can be extended to two prox-regular sets. Finally we note that our
use of hypomonotonicity defined in Lemma 3.1 might be relaxed to approximate monotonicity of the closed
set C at a point Z € C defined by

(1 — Y2, x1 — x2) > —0l|zy — 22| whenever y; € Ni(z;) and z; € N (T).

for all 0 > 0. By [35, Corollary4.11] this is equivalent to the super-regularity of C [35, Definition 4.4], a
weaker condition than prox-regularity. This generalization would immediately extend our results to sets
with other types of regularity such as subsmooth sets [1].

Acknowledgments The author would like to thank the anonymous reviewers for their thoughtful
comments, particularly with regard to the interpretation of RAAR as a regularization rather than relaxation.
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