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Abstract Alternating projection (AP) of various forms, including the parallel AP
(PAP), real-constrained AP (RAP) and the serial AP (SAP), are proposed to solve
phase retrieval with at most two coded diffraction patterns. The proofs of geometric
convergence are given with sharp bounds on the rates of convergence in terms of a
spectral gap condition. To compensate for the local nature of convergence, the null
initialization is proposed to produce good-quality initial guess. Numerical experiments
show that the null initialization is more accurate than the spectral initialization and that
AP converges faster to the true object than other iterative schemes such as the Wirtinger
flow (WF). In numerical experiments AP with the null initialization converges globally
to the true object.
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1 Introduction

With wide-ranging applications in science and technology, phase retrieval has recently
attracted a flurry of activities in the mathematics community (see a recent review

Communicated by Peter G. Casazza.

B Albert Fannjiang
fannjiang @math.ucdavis.edu

1 Department of Applied Mathematics, National Chung Hsing University, Taichung 402, Taiwan

2 Department of Mathematics, University of California, Davis, CA 95616, USA

Birkhauser


http://crossmark.crossref.org/dialog/?doi=10.1007/s00041-017-9536-8&domain=pdf

720 J Fourier Anal Appl (2018) 24:719-758

[53] and references therein). Chief among these applications is the coherent X-ray
diffractive imaging of a single particle using a coherent, high-intensity source such as
synchrotrons and free-electron lasers.

In the so-called diffract-before-destruct approach, the structural information of the
sample particle is captured by an ultra-short and ultra-bright X-ray pulse and recorded
by a CCD camera [16,17,54]. To this end, reducing the radiation exposure and damage
is crucial. Due to the high frequency of the illumination field, the recorded data are the
intensity of the diffracted field whose phase needs to be recovered by mathematical
and algorithmic techniques. This gives rise to the problem of phase retrieval with
non-crystalline structures.

The earliest algorithm of phase retrieval for a non-periodic object (such as a single
molecule) is the Gerchberg—Saxton algorithm [33] and its variant, error reduction [31].
The basic idea is alternating projection (AP), going all the way back to the works of
von Neumann, Kaczmarz and Cimmino in the 1930s [21,37,55]. And these further
trace the history back to Schwarz [52] who in 1870 used AP to solve the Dirichlet
problem on a region given as a union of regions each having a simple to solve Dirichlet
problem.

For any vector y let |y| be the vector such that |y|[j] = |y[j]|, V. In a nutshell,
phase retrieval is to solve the equation of the form b = |A*x(| where xg € X € C”"
represents the unknown object, A* € CN*" the diffraction/propagation process and
b*> € RV the diffraction pattern(s). The subset X' represents all prior constraints on
the object. Also, the number of data N is typically greater than the number n of
components in x.

Phase retrieval can be formulated as the following feasibility problem

Find € A*XNY, YV:={yeC":|y|=b). (1)
From 3 the object is estimated via pseudo-inverse
%= (A"T3. 2
Let Py be the projection onto A*X and P; the projection onto ) defined as

Z

, zeCN
|z]

Pz=b0O

where © denotes the Hadamard product and z/|z| the componentwise division. Where
z vanishes, z/|z| is chosen to be 1 by convention. Then AP is simply the iteration of
the composite map

P1Pyy 3
starting with an initial guess y(! = A*x™M x( ¢ x.

The main structural difference between AP in the classical setting [21,37,55] and
the current setting is the non-convexity of the set ), rendering the latter much more
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difficult to analyze. Moreover, AP for phase retrieval is well known to have stagnation
problems in practice, resulting in poor reconstruction [31,32,43].

In our view, numerical stagnation has more to do with the measurement scheme
than non-convexity: the existence of multiple solutions when only one (uncoded)
diffraction pattern is measured even if additional positivity constraint is imposed on
the object. However, if the diffraction pattern is measured with a random mask (a
coded diffraction pattern), then the uniqueness of solution under the real-valuedness
constraint is restored with probability one [28]. In addition, if two independently coded
diffraction patterns are measured, then the uniqueness of solution, up to a global phase
factor, holds almost surely without any additional prior constraint [28] (see Proposition
1.1).

The main goal of the present work is to show by analysis and numerics that under
the uniqueness framework for phase retrieval with coded diffraction patterns of [28],
AP has a significantly sized basin of attraction at x¢ and that this basin of attraction
can be reached by an effective initialization scheme, called the null initialization. In
practice, numerical stagnation of AP disappears under the uniqueness measurement
schemes of [28].

Specifically, our goal is two-fold: (i) prove the local convergence of various versions
of AP under the uniqueness framework of [28] (Theorems 5.7, 6.3 and 7.3) and (ii)
propose a novel method of initialization, the null initialization, that compensates for the
local nature of convergence and results in global convergence in practice. In practice
AP with the null initialization converges globally to the true object.

1.1 Set-up

Let us recall the measurement schemes of [28].
Letxo(n),n = (ny,no,...,n4) € 74, be a discrete object function supported in

M={0<m =M,0<my <M, ...,0<mg <My}

We assume d > 2.
Define the d-dimensional discrete-space Fourier transform of xq as

Z xoMe MY w = (wq,..., wy) € [0, 119 4)
neM

However, only the intensities of the Fourier transform, called the diffraction pattern,
are measured

M
> 2 xom+mxomye Y M= (M, ... My)
n=—M meM
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which is the Fourier transform of the autocorrelation

Rm) = Y xo(m+ n)xo(m).
meM

Here and below the over-line means complex conjugacy.
Note that R is defined on the enlarged grid

M={m,....mg) €2 —My <my < My, -, —Myq < mq < My}

whose cardinality is roughly 2¢ times that of M. Hence by sampling the diffraction
pattern on the grid

1 2 2M;

E:[(wl,...,wd)|u)j=0, , s }
2M;+1 2M; + 1 2M; +1

we can recover the autocorrelation function by the inverse Fourier transform. This is

the standard oversampling with which the diffraction pattern and the autocorrelation

function become equivalent via the Fourier transform [44,45].

A coded diffraction pattern is measured with a mask whose effect is multiplicative
and results in a masked object of the form xo(n) = xo(n)u(n) where {©(n)} is an
array of random variables representing the mask. In other words, a coded diffraction
pattern is just the plain diffraction pattern of a masked object.

We will focus on the effect of random phases ¢ (n) in the mask function pu(n) =
|i|()e!®™ where ¢ (n) are independent, continuous real-valued random variables
and |u|(n) # 0, Vn € M (i.e. the mask is transparent).

For simplicity we assume |p|(n) = 1, Vn which gives rise to a phase mask and an
isometric propagation matrix

(1 —mask) A* = c® diag{u}, 5)

i.e. AA* = [ (with a proper choice of the normalizing constant c), where & is the over-
sampled d-dimensional discrete Fourier transform (DFT). Specifically ® e CIMIXIM
is the sub-column matrix of the standard DFT on the extended grid M where IM] is
the cardinality of M.

If the non-vanishing mask p does not have a uniform transparency, i.e. ||(n) #
1, Vn, then we can define a new object vector || ®© xo and a new isometric propagation
matrix

A = cd diag{i}
|l

with which to recover the new object first.
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When two phase masks w1, o are deployed, the propagation matrix A* is the
stacked coded DFTs, i.e.

. [ diag{u}
(2-mask case) A® =c¢ |: ® diag {Mz}:| . (6)

With proper normalization, A* is isometric.

We convert the d-dimensional (¢ > 2) grid into an ordered set of index. Letn = | M|
and N the total number of measured data. In other words, A € CN*".

Let X be a nonempty closed convex set in C" and let

[x]x = arg min [|x" — x| (7
x'eX

denote the projection onto X.
Phase retrieval is to find a solution x to the equation

b=|A*x|, xeA. ®)

We focus on the following two cases.

(i) One-pattern case A* is given by (5), X = R" or R’
(ii) Two-pattern case A* is given by (6), X = C" (i.e. [x]x = x).

For the two-pattern case, AP for the formulation (1) shall be called the parallel AP
(PAP) as the rows of A* and the diffraction data are treated equally and simultaneously,
in contrast to the serial AP (SAP) which splits the diffraction data into two blocks
according to the masks and treated alternately.

As the vectorized version of the original object supported in M C Z4, xq is a line
object if the convex hull of the original object support in R? is a line segment.

Now we recall the uniqueness theorem of phase retrieval with coded diffraction
patterns.

Proposition 1.1 [28] (Uniqueness of Fourier phase retrieval) Suppose that x is not
a line object and that x is a solution of the phase retrieval problem (8) for either
the one-pattern or two-pattern case. Then x = €' xq for some constant 0 € R with
probability one.

Remark 1.2 The main improvement over the classical uniqueness theorem [36] is that
while the classical result works with generic (thus random) objects Proposition 1.1
deals with a given deterministic object. By definition, deterministic objects belong to
the measure zero set excluded in the classical setting of [36]. It is crucial to endow
the probability measure on the ensemble of random masks, which we can manipulate,
instead of the space of unknown objects, which we cannot control.

The proof of Proposition 1.1 is given in [28] where more general uniqueness
theorems can be found. Proposition 1.1 is the basis of the measurement schemes
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studied in the present work and can further be used to identify any fixed point
xx of AP with the true solution if the norm condition ||xg|| = ||b]|| is satisfied
(Remark 4.3).

Phase retrieval solution is unique only up to a constant of modulus one no matter
how many coded diffraction patterns are measured. Thus a reasonable error metric for
an estimate x of the true solution x is given by

min ||’ % — xo]. 9)
6eR

Our framework and methods can be extended to more general, non-isometric mea-
surement matrix A* as follows. Let A* = QR be the QR-decomposition of A* where
Q is isometric and R is upper-triangular. Indeed,

0 = A*(AA")~1/2 (10)

if A (and hence R) is full-rank. Now we can define a new object vector Rx and a new
isometric measurement matrix Q with which to recover Rx first.

1.2 Comparison with Other Work in Literature

Much of recent mathematical literature on phase retrieval focuses on generic frames
and random measurements, see e.g. [1-5,11,12,22,24,27,35,42,47,50,53,53,56,57,
59]. Among the mathematical works on Fourier phase retrieval e.g. [7,13-15, 18,26,
28-30,36,38,39,43,46,49,51,58], only a few focus on analysis and development of
efficient algorithms.

Despite the theoretical appeal of a convex minimization approach to phase retrieval
[12,14,15], the tremendous increase in dimension results in impractically slow com-
putation for large problems. Recently, new non-convex approaches become popular
again because of their computational efficiency among other benefits [13,46,47].

One purpose of the present work is to compare these newer approaches with AP,
arguably the simplest of all non-convex approaches. An important difference of the
measurement schemes in these papers from ours is that their coded diffraction patterns
are not oversampled. In this connection, we emphasize that reducing the number of
coded diffraction patterns is crucial for the diffract-before-destruct approach and it is
better to oversample than to increase the number of coded diffraction patterns. Another
difference is that these newer iterative schemes such as the Wirtinger flow (WF) [13]
are not of the projective type. In Sect. 8, we provide a detailed numerical comparison
between AP of various forms and WF.

More important, to compensate for the local nature of convergence we develop a
novel procedure, the null initialization, for finding a sufficiently close initial guess.
The null initialization is significantly different from the spectral initialization pro-
posed in [11,13,47]. In Sect. 2.4 we give a theoretical comparison and in Sect. 8
a numerical comparison between these initialization methods. We will see that the
initialization with the null initialization is more accurate than with the spectral ini-
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tialization and AP with the null initialization converges faster and produces more
accurate results than the Fourier-domain Douglas—Rachford algorithm studied in
[18].

As pointed out above, there are more than one way of formulating phase retrieval,
especially with two (or more) diffraction patterns, as a feasibility problem. While PAP
is analogous to Cimmino’s approach to AP [21], SAP is closer in spirit to Kaczmarz’s
[37]. SAP converges significantly faster than PAP but produces less accurate results
in the presence of measurement noise (Sect. 8). In Sects. 5 and 7 we prove that both
schemes are locally convergent to the true solution with bounds on rates of conver-
gence. For phase retrieval with a Gaussian random measurement, local convergence for
PAP was proved in [47,56]. SAP with Fourier measurements were tested numerically
in [29,58] but its convergence was not proved.

Among the vast literature on AP, we mention only the most relevant literature and
refer the reader to the reviews [6,25] for a more complete list of references. Von
Neumann’s convergence theorem [55] for AP with two closed subspaces is extended
to the setting of closed convex sets in [10,20] and, starting with [33], the application
of AP to the non-convex setting of phase retrieval has been extensively studied [7,8,
31,32,43].

In [41] local convergence theorems were developed for AP for non-convex prob-
lems. However, the technical challenge in applying the theory in [41] to phase retrieval
lies precisely in formulating the precise conditions of the measurement schemes and
verifying the main assumption of linear regular intersection therein.

In contrast, in the present work, what guarantees the geometric convergence and
gives an often sharp bound on the convergence rate (as demonstrated in Fig 7) is the
spectral gap condition which can be readily verified under the uniqueness framework
of [28] (see Propositions 5.4 and 6.1 below).

Reference [49] (Corollary 12) asserts the existence of a local basin of attraction of
the feasible set (1) which includes AP in the one-pattern case and PAP in the two-
pattern case (but not SAP). From this and the uniqueness theorem (Proposition 1.1)
convergence to the true solution, up to a global phase factor, follows (i.e. a singleton
with an arbitrary global phase factor). However, Corollary 12 of [49] asserts a sublinear
power-law convergence with an unspecified power. In contrast, we prove a linear
convergence and give a spectral gap bound on the convergence rate for various versions
of AP, including SAP which is emphatically not covered by [49].

Indeed, as further elaborated in Sect. 9, general purpose theorems for AP without
regard to the design of measurement schemes can only guarantee a sub-optimal sense
of convergence.

The paper proceeds as follows. In Sect. 2, we discuss the null initialization versus
the spectral initialization. In Sect. 3, we formulate AP of various forms and in Sect. 4
we discuss the limit points and the fixed points of AP. We prove local convergence to
the true solution for the PAP in Sect. 5 and for the real-constraint AP in Sect. 6. In Sect.
7 we prove local convergence for the SAP. In Sect. 8, we present numerical experiments
and compare our approach with the Wirtinger flow and its truncated version [11,13].
In Sect. 9, we discuss the pros and cons of our results and point out the open problems
to be further studied.
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2 The Null Initialization

For a nonconvex minimization problem such as phase retrieval, the accuracy of the
initialization as the estimate of the object has a great impact on the performance of
any iterative schemes.

The following observation motivates our approach to effective initialization. Let
I be a subset of {1,..., N} and I its complement such that b[i] < b[j] for all
i €l,je l..Inotherwords, {b[i] : i € I}arethe “weaker” signalsand {b[j]: j € I.}
the “stronger” signals. Let | /| be the cardinality of the set /. Then {a; }; <7, the columns
of A, are nearly orthogonal to xq if |/|/N is sufficiently small (see Sect. 2.4). This
suggests the following constrained least squares solution

: 2.
X € argmin 4 Y " afx[* 1 x € X, x|l = [|xo]
iel

may be a reasonable initialization. Note that xy,y is not uniquely defined as axpy,

with || = 1, is also a null vector. Moreover, there may be more than one linearly
independent null vectors.
We pause to emphasize that the constraint ||xpy|] = ||xo|| is introduced for ease

of comparison and is completely irrelevant when used in conjunction with AP since
the AP map F (see (32) below for definition) is scaling-invariant in the sense that
F(cx) = F(x), for any ¢ > 0. Also, in many imaging problems, the norm of the true
object, like the constant phase factor, is either recoverable by other prior information
or irrelevant to the quality of reconstruction.

Denote the sub-column matrices consisting of {a;};c; and {a;} ;. by A; and Ay,
respectively.

Define a dual vector x4y, as

xaua € argmax {47 %1% 5 x € &, el = ol | (an
Like xpul1, Xdual 1 not uniquely defined.

2.1 Isometric A*

For isometric A*, select any

Xnull € arg min Z |a;kx|2 x e X, |xl= by - (12)

iel
Since for an isometric A*

2 2 2
IA7x 117+ A7 x17 = lIx]®,
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we have

{Xnut} = {Xduat}, 13)

i.e. the set of null vectors is the same as the set of dual vectors. Egs. (13) and (12) can
be used to construct a null vector from A ICAZ by the power method.

Let 1. be the characteristic function of the complementary index /. with |I.| = y N.
The default choice for y is the median value y = 0.5. Below x;apg denote random
initialization whose pixels are given by, e.g. independent uniform random variables
over [0, 1].

Algorithm 1: The null initialization

1 Random initialization: x; = x;anq
2 Loop:

3fork=1:kmnax — 1do

4 xp < A(le © A*xp);

1 /
5| X1 < Dgla /Il lxll
6 end
7 Output: Xqual = Xk, %011/ Xrand -

In the case of nonunique xqy41, the output of Algorithm 1 will depend on the (random)
initialization xang. As shown in Sect. 8, the null initialization is remarkably accurate
(Figs. 2 and 4) and stable with respect to measurement noise (Fig. 9).

2.2 Non-isometric A*

When A* is non-isometric such as the standard Gaussian random matrix (see below),
the power method is still applicable with the following modification.

For a full rank A, let A* = QR be the QR-decomposition of A* where Q is
isometric and R is a full-rank, upper-triangular square matrix. Let z = Rx, zo = Rxg
and zpyr = Rxnun in Eq. (8). Clearly, zpyy is a null vector for the isometric phase
retrieval problem b = |Qz] in the sense of (12).

Let I and I, be the index sets as above. Let

Z €arg max 101zl (14)
Z|I|l=
Then
Xnull = ﬂR_12
where
llxoll
=T
IR—zl
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may be an unknown parameter in the non-isometric case. As pointed out above, when
Xnuil With an arbitrary parameter S is used as initialization in conjunction with AP, the
first iteration of AP would recover the true value of 8 as AP is totally independent of
any real constant factor.

2.3 The Spectral Initialization

Here we compare the null initialization with the spectral initialization used in [13] and
the truncated spectral initialization used in [11].

Algorithm 2: The spectral initialization

1 Random initialization: x| = x;anq
2 Loop:

3fork=1:kmnax — 1 do

a | xp < A(bI? © A*xp);

1 /
5| X1 < [ da/llxg)x
¢ end
7 Output: xspec = Xjpa 17011/ 1 Xpand ll-

The key difference between Algorithms 1 and 2 is the different weights used in
step 4 where the null initialization uses 1. and the spectral vector method uses |b|?
(Algorithm 2). The truncated spectral initialization uses a still different weighting

Kespee = argmax |4 (1 © b © A%x ) | (1s)

where 1; is the characteristic function of the set
{i : JA™x[i]] < T|Ib|)}

with an adjustable parameter 7. Both y of Algorithm 1 and t of (15) can be optimized
by tracking and minimizing the residual ||b — |A*xt]]|.

As shown in the numerical experiments in Sect. 8 (Figs. 2 and 4), the choice of
weight significantly affects the quality of initialization, with the null initialization as
the best performer (cf. Sect. 2.4).

Moreover, because the null initialization depends only on the choice of the index
set I and not explicitly on the variation in the components of b, the method is noise-
tolerant and performs well with noisy data (Fig. 9).

2.4 Error Bound

As in [11,13] we assume for the rigorous error bound that the measurement matrix
is given by the complex Gaussian case A = N(A) + iI(A), where the entries of
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N(A), IJ(A) are i.i.d. standard normal random variables. The following error bound is
in terms of the closely related error metric

2 4 2
025 — Xnun X I~ = 2llx0lI™ — 21xgxnunl (16)

which has the advantage of being independent of the global phase factor.
According to [19], for

n<|Il<N<|I? (17)
we have the error bound
%028 — Xnunxin 1> < collxoll*111/N (18)

with probability at least

1 —crexp (—c2|1|2/N)

where the constants ¢y, ¢, are independent of the parameters in (17). Namely, the right
hand side of (18) can be made arbitrarily small with probability close to 1.

In comparison, the performance guarantees for the spectral initialization in [47],
[13] (Theorem 3.3) and [11] (Proposition 3) deal with a fixed level of relative error,
independent of N.

We mention by passing that the initialization by the resampling techniques ([47] and
[13], Theorem 5.1) requires in practice a large number of coded diffraction patterns
and does not apply to the present set-up.

3 Alternating Projections

First we introduce some notation and convention that are frequently used in the sub-
sequent analysis.
The vector space C"* = R” ®g iR” is isomorphic to R*" via the map

G(v) = [m(”)} . YvecC" (19)

J(v)
and endowed with the real inner product
(,v) = Rw*v) = Gw)'Gw), u,veC". (20)
We say that u and v are (real-)orthogonal to each other (denoted by u L v) iff (i, v) =
0. The same isomorphism exists between C and R?V.
Let y © y’ and y/y’ be the component-wise multiplication and division between

two vectors y, y’, respectively. For any y € CV define the phase vector w € CV with
wljl = y[j1/1y[j]l where |y[j]| # 0. When |y[j]| = O the phase can be assigned any

Birkhauser



730 J Fourier Anal Appl (2018) 24:719-758

value in [0, 2 ]. For simplicity, we set the default value y[j]/|y[j]| = 1 whenever
the denominator vanishes.

It is important to note that for the measurement schemes (5) and (6), the mask
function by assumption is an array of independent, continuous random variables.
Hence the components of yg = A*x( are continuous random variables. Therefore
b = |yo| almost surely vanishes nowhere. However, we will develop the AP method
without this assumption and without specifically appealing to the structure of the
measurement schemes (5) and (6) unless stated otherwise.

Let A* be any N x n matrix, b = |A*xg| and

1 1 . 1
F() = SIA"] = bI? = SIA|? = 3 _bljllajxl + 51617 1)

jeJ
where
J :={j:b[j] > 0}.
As noted above, for our measurement schemes (5) and (6), J = {1, 2, ..., N} almost
surely.

In view of (21), the only possible hinderance to differentiability over the reals for
F is the sum-over-J term. Indeed, we have the following result.

Proposition 3.1 The function F(x) is infinitely differentiable in the real and imagi-
nary parts of x in the open set

{xeC":laix| >0, YjelJ). (22)

In particular, for an isometric A*, F (x) is infinitely differentiable in the neighborhood
of xo defined by

llxo — x|l < rjnel}l bljl. (23)
Proof Observe that
la¥x| = lafxo — @} (xo — x)| = blj] — |a}(xo — )| = bLj] — x — xoll,
and hence |a;?x| > 0 if ||xo — x|l < b[j]. The proof is complete. m]

Consider the smooth function

1 1 o 1
fOeu) = 1A% —u© bJ* = SIA*x|* — _Zm(x*ajbmum) + 511612
jeJ
(24)
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where x € C" and
ue U :={wlil) € CV:|uli]] =1, Vi}. (25)
We can write
F(x) = min f(x, u) (26)
uel
which has many minimizers if x*a;b[j] = 0 for some j. Since
v (x. 25 ) 2o 27)
x,— | =
! |A%x|
we select by convention the minimizer u = A*x/|A*x| where again u[j] = 1 if
a;-‘x = 0. Define the complex gradient
of (e, u) . 9f(x, u)
\% Ju) = =AA*x— A b 28
xf(x,u) o T e x—AmODb) (28)
and consider the alternating minimization procedure
u® = arg min f(x(k), u), (29)
uel
x®*D = argmin £ (x, u®) (30)
xeX
each of which is a (constrained) least squares problem.
By (27) and (28), the minimizer (30) is given by
A*x®
k+1) _ Axy\T(,, (0 k) _
X =AY W™ ob), uv = AT (31
where the pseudo-inverse
T sy —1
(A")" = (AA") A
of A* becomes A if A* isometric which we assume henceforth.
Eq. (31) can be written as the fixed point iteration
A*
KD = F®) - Fx) = |:A <b® a )} . (32)
X

|A%x|

In the one-pattern case, (32) is exactly Fienup’s Error Reduction algorithm [31].

The AP map (32) can be formulated as the projected gradient method [34,40]. In

the small neighborhood of xo where F(x) is smooth (Proposition 3.1), we have

*

|A*x|

VF(x) = Vi f(x,u) = AA*x — A(b O u), with u =

(33)
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and hence
Fx)=[x—-VFX)]x. (34)

The object domain formulation (32) is equivalent to the Fourier domain formulation
(3) by the change of variables y = A*x and letting

R

Piy = A*[Aylx. Py=0b0 o

where F(x) is not differentiable, the right hand side of (33) is an element of the
subdifferential of F'. Therefore, the AP map (32) can be viewed as the generalization
of the projected gradient method to the non-smooth setting.

We shall study the following three versions of AP. The first is the PAP

A*x
f(x)=A<b® |A*x|) (35)

to be applied to the two-pattern case. The second is the real-constrained AP (RAP)

Foy=la(bo A X =R", R" 36
ofbe)] v

to be applied to the one-pattern case.

The third is the SAP defined as follows. Following [29] in the spirit of Kaczmarz,
we partition the measurement matrix and the data vector into parts and treat them
sequentially.

Let A;", b;,l = 1,2, be the individual masked measurement matrices and data,
respectively. We can write

A} —=by
A*: ? « 5 b: ? Wlth bl:|A7<x0|’ l=1,2,
754 52

where A}, [ =1, 2, are isometric.
Let y € CV be written as y = [yir, y;— 17. Instead of (1), we now formulate the
phase retrieval problem as the following feasibility problem

Find e N, (AfXnY), Vi:={w:|ul=b 37)

As the projection onto the non-convex set A7 X' N ) is not explicitly known, we use
the approximation instead

For=a (o5 Y 1—10 (38)
lx_ 1 1 |A7<)C| E) - ) b
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and consider the SAP map

F(x) = Fa(Fi(x)). (39)
In contrast, the PAP map (35)
Fx)y=A (b ©) Ax ) = 1(5"'1()6) + F2(x)) (40)
|A*x| 2

is the arithmetic average of 1 and J,. By Proposition 1.1, xq is the only fixed point
of both 7 and F> (see Sect. 4 for definition).

4 Fixed Points

We study the fixed points of PAP and RAP.
Following [29] we consider the the generalized AP (PAP) map

A*
Fox)=|Albooo L2 , X=C"orR"orR" (41)
1A%x] ) |y
where
ceU, o[j]l=1, ifajfx*;éO. (42)

We call x, a fixed point of AP if there exists
o eU={u= ®li]) € CN : |uli]| =1, Vi}
satisfying (42) such that the fixed point equation
Xy = Fo (X5) (43)

holds [29]. In other words, the definition (43) allows flexibility of phase where A*x,
vanishes.

The following result identifies any limit point of the AP iterates with a fixed point
of AP.

Proposition 4.1 The AP iterates x© = F*(x () with any starting point xV, where
F is given by (35) or (36), is bounded and every limit point is a fixed point of AP in
the sense (42)—(43).

Proof Due to (26) , (29) and (30),

0< F(x(k-i-l)) — f(x(k'H), u(k+1)) < f(x(k'H), u(k)) < f(x(k),u(k))
= F(x®), Vi, (44)

and hence AP yields a non-increasing sequence { F' (x (k))},‘:il.
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For an isometric A*,

Vifx,u)=x —Au ©b),

and
A*x
Fx)y=[x—-—Vif(x,wly, u= x|
implying
XD = [x® — v P ], (45)

Now by the convex projection theorem (Proposition B.11 of [9]).
(x® =V fa® u®) —xEFD x —xEFD) <0, vxex (46)
Setting x = x® in Eq. (46) we have
[ — XD |2 < (v, £, g @) x® — y&+D) 47)

Furthermore, the descent lemma (Proposition A.24 of [9]) yields

1 2
f(x(k“), u(k)) < f(x(k), u(k))+(x(k+1)—x(k), fo(x(k), u(k))>+§||x(k+1)_x(k) ” .
(48)
From Eq. (44), Egs. (48) and (47), we have
F(x(k)) _ F(x(k-i-l)) > f(x(k), u(k)) _ f(x(k+l), u(k))

1 2
> (x® 6D g p® 0y §||x(k+]) NG

v

%Hx(k“) OIS (49)

As a nonnegative and non-increasing sequence, { F (x (k))},fil converges and then (49)
implies

lim [x*D —x®| = 0. (50)

k—o00
By the definition of x® and the isometry of A*, we have
|x®] < A @ u®D)| < 11bl,
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and hence {x®®} is bounded. Let {x*/ )}?‘;1 be a convergent subsequence and x, its
limit. Eq. (50) implies that

lim x®+D = x,.
j—o0
If A*x, vanishes nowhere, then F is continuous at x,. Passing to the limit in
Fx®Dy = x®i+D we get F(x,) = x.. Namely, x, is a fixed point of F.
Suppose a;x, = 0 for some /. By the compactness of the unit circle and further

selecting a subsequence from the previous subsequence, still denoted by {x*/)}, we
have

A*x k) A*xy

li = 51
jggo |A*x k)| |A* x| ©o ©1)

for some o € U satisfying (42) which is to account for the difference in the limit on
the left hand side and a;"x, /|a; x| = 1 on the right (by our convention). Now passing
to the limit in F(x %)) = x*i*D we have

Xy = Fu(xy)

implying that x, is a fixed point of AP. O

Since the true object is unknown, the following norm criterion is useful for distin-
guishing the phase retrieval solutions from the non-solutions among many coexisting
fixed points.

Proposition 4.2 Let F be the AP map (32) with isometric A*. If a fixed point x,. of AP
inthe sense (42)—(43) satisfies ||x«|| = ||b||, then x is a phase retrieval solution almost
surely. On the other hand, if x, is not a phase retrieval solution, then || x.| < ||b]|.

Remark 4.3 1f the isometric A* is specifically given by (6) or (5), then by Propositions
4.2 and 1.1 we can identify any fixed point x, with the unique phase retrieval solution
X, if the norm condition ||x.|| = ||b]| is satisfied.

Proof By the convex projection theorem (Proposition B.11 of [9])
lvlxll < llvll, YveC” (52)

where the equality holds if and only if v € X'. Hence

™ [A(A*x* 0bo )} H
X = u
: |A* x| x

A*xy
=g @ e
A*x
=3 Iyessrieldcl] (53)
*
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Clearly ||x«|| = ||p|| holds if and only if both inequalities in Eq. (53) are equalities.
The second inequality is an equality only when
*

A% xy

ObOu=A*"z forsomez e C". (54)
| A%* x|

By Eqgs. (52) and (54) the first inequality in Eq. (53) becomes an equality only when
ze X.
Since AA* = [ the fixed point equation (43) implies 7 = x, and

A*xy 0bo A
u = X
|A* x| .
Thus b = |A*x,|. O
5 Parallel AP
Define
. A*x
B, = Adiag |:|A*x|:| (55)
N(By
BXZI:SEB iil (56)

When x = x¢, we will drop the subscript x and write simply B and B.
Whenever F(x) is twice-differentiable at x, we have as before

_0F(x)  9F(x)

VF(x) = l
IN(x) a3 (x)
A*x
=AA*X—-DbOu), u= (57)
[A*x]|
and
V2F(x)¢ == V(VF(x), ¢)

IN(x) 03(x)
Recall from (20) that (u, v) := R(u*v).

Proposition 5.1 Suppose |a7x| > O0forall j € J ={i:bli] > 0} (ie. F(x) is
smooth at x by Proposition 3.1). Forall ¢ € C", we have

(VF(x),¢) = R(x*¢) — b R(BEY), (59)
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and
(¢. VEF)g) = 121> = (3 (Bft) . pr © 3 (Bi2))
= llII> = (B! G(=it), px ©® B] G(~i?)) (60)
with
oxljl= lim _ bl j=1,...,N.

>0t € + |a;‘x|’

Proof Rewriting (21) as

1 1 I
F(x):§||A*x||2—j§f,-<x>+Enbnz, fi@) = bljlla}x],  (61)

we analyze the derivative of each term on the right hand side of (61).
Since AA* = I, the gradient and the Hessian of || A*x || /2 are x and I, respectively.
For f;, we have Taylor’s expansion in real and imaginary parts of x in the complex

form
2

[ +€0) = f(x) +e(V ). ) + %(c, V2L + 06 (62)

where b1
J .
(Vfix),¢) = |a*x|(a;fx,a;‘¢), jel (63)
J
and
~ 2
b1 Sf(a*fx)w I(a*x) X .
(6. V2 fi0e) = = IS - —N@l)| L el (64)
Iajx| |ajx| |ajx|
Observe that
a;x * * . .
W7aj§ =NRBOUL jel
J
and
NR(a*x) J(a*x)
|a*’x ;) — |a*’x | N(ajo) = SBO1 =B G=iDljl, jel
J J
which, together with (62) and (64), yield the desired results (59) and (60). O

Next we investigate the conditions under which V2 F (xp) is positive definite.
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5.1 Spectral Gap

Let Ay > A2 > -+ > A2y > Aoyl = --- = Ay = 0 be the singular values of
with the corresponding right singular vectors {n; € RV },1(\7:1 and left singular vectors

{& e R .
Proposition 5.2 We have L1 = 1, 1y, = 0, n; = |A*x¢| and

£ = Gxg) = [m(m) S(x0) }

S(x()) j| ’ §2n = G(_l.X()) = [_gt(xo)
Proof Since

A*
B'x = Q" A%y, Q= diag| -
[A*xo]

we have

RB*xo] = BT &1 = |A"xol, S[B*x0] = BT 62y =0
and hence the results.
Proposition 5.3

A2 = max{||S[B*u]|l : u € C",iu L xo, [lul| = 1}
= max{||B ul :u € R* u L &, u| = 1}.

Proof Note that
S[B*ul = BT G(~iu).
The orthogonality condition iu L x¢ is equivalent to

G(xg) L G(—iu).

(65)

(66)

Hence, by Proposition 5.2, &; is the maximizer of the right hand side of (66), yielding

the desired value A,.

O

We recall the spectral gap property that is a key to local convergence of the one-

pattern and the two-pattern case.

Proposition 5.4 [18] Suppose xo € C" is not a line object. For A* given by (5) or (6)
with independently and continuously distributed mask phases, we have ho < 1 with

probability one.

Remark 5.5 We emphasize that Proposition 5.4 does not assume any object constraint

besides the assumption of non-line object even in the one-pattern case (5).
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Proposition 5.6 Let
Ao (x) = max{||I(Biu)| :u € C", (u,ix) =0, |[u] = 1}. (67)
Let y be a convex combination of x and xo with (xg, x) > 0. Then
|3BE(x —x0))| = [B] G(=ix — xo)) | < 2207)x — xol. (68)
Proof Since (xg, x) > 0,
X

cri= vyl 2y x0) >0, 2=yl 2y, x) >0 (69)

and we can write the orthogonal decomposition

Xo=cy+y, x=ay+n (70)
with some vectors yy, y» satisfying (y1, ) = (y2, y) = 0.
By (55),
S(Byy) =3(A%yh =0
and hence

N(BE(x — x0)) = I(BL (2 — 1))
from which it follows that
llx = xol THIS(BE (x — xo)| < lly2 = vi I~ ISBE (2 — vl < A2 (v)
by the definition (67). The derivation of (68) is complete upon observing that

A(By(x = x0)) = By G(~i(x — x0))-

5.2 Local Convergence

We state the local convergence theorem for arbitrary isometric A*, not necessarily
given by the Fourier measurement.

Theorem 5.7 (PAP) For any isometric A*, let b = |A*xg| and F be given by (35).
Suppose Ay < 1 where Ay is given by (66).

Forany given() <€ < 1— X%, if x D is sufficiently close to xo then with probability
one the AP iterates x ¥tV = FK(x(D) converge to xo geometrically after global phase
adjustment, i.e.

a5+ o] < (33 + ) ®x® — xo] Vi a

where a® := arg ming {||ax® — xol| : || = 1}.
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Proof By Proposition 3.1 and the projected gradient formulation (34), we have F (x) =
x — VF(x).
From the definition of «®*1 we have

(k1) (k+1) (k)  (k+1)

— 0] = [a®x0D o]

< [a®x® = VF@Px®) —xg + VFxo)|  (72)

[

Let g(x) =x — VF(x) and y (f) = xo + t (x — x0). By the mean value theorem,

1
§() — gx0) = [0 [ = V2P o) ] x = xopar (73)

and hence with x = «® x® the right hand side of (72) equals

1
H / (I = V2F(y ) (@®x® — xo)dt
0

1
= H/o By ) (py ) © B;(,)G(—i(ot(k)x(k) — x0)))dt

by (60), and is bounded by

1
” /O B)/(t)((,oy(t) —17) @B, G(—i(@®x® — xo))>dt

1
+ H / By (1 F0) B;(I)G(—i(a(k)x(k) — xo))> dt (74)
0
where 1; is the indicator of J = {j : b[j] > 0}.
Since «® is chosen to minimize
||a(k)x(k) — X0 H2 = ||x(k) ||2 + |lxoll® = 2(a(k)x(k), x0),
we have
xi(@®x®y >0, vk (75)

First we claim that for any given € > 0 and sufficiently small la®x® — xo| we
have

HBW’ (1, OB G(—i(a®x® - xo))) H < 03 +€/2)a®x® — xo|.  (76)

We postpone the proof of the claim till the end.
By the above claim we bound (74) by

( sup oy — 1/lleo + )»% + €/2> Hot(k)x(k) — )Co”.
te(0,1)
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For any € > 0, if x(I is sufficiently close to xg, then by continuity

sup loy@y —1slloo < €/2, (77)
1e(0,1)

and we have from above estimate
||oz(2)x(2) — X0 “ < ()»% + e)”a(l)x(l) — X0 ||
By induction and the assumption that )% + € < 1, we have
ot XD — 0] £ 63 4 Ja 2 — o]

from which (71) follows.

Now let us prove the above claim.

Let & (¢) and 11 (¢) be the leading singular (unit) vectors for B;r(t) and B, (), respec-
tively. As in Proposition 5.2, we have

Gy @) |A%y ()]

SO=1600 "0 = avor

The the continuous dependence of £(¢) and n(¢) on o) x ) implies that for any
§>0

sup [|§1(r) —§1(0)]| <61, sup I () —ni(O)]| <& (78)
1€[0,1] 1€[0,1]

if la®x® — x| is sufficiently small. Likewise, for any given §> > 0,

A2(t
plz()

su — 1] < 8. (79)
ref0.1] A3(0)

We note that A2(0) > 0 since By, is full-rank.
By (75)

(ot(k)x(k), ixo> = <xo, ioe(k)x(k)> =0 (80)
and hence

(y(t), —i(a®x® — xo)) = t(a(k)x(]‘), —i(a®x® — x0)>
+ (1 = D)xo, =i (@Px® — xp)) = 0.

So the following quantity

G(—i(@®x® — x0))
G (=i (a®x® — xp))|
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is orthogonal to & (¢). By (68), ||B;(,)w|| < Ay (t) so we can write

1, 0 B)yw = (cim (@) + cani ()2 (0)

for some constants ¢, ¢y € R, c% + c% < 1, and some unit vector 1, (t) € RN

orthogonal to 7 (¢). Indeed,
ciha() = (17 © mi(@), B) yw).
On the other hand, by the orthogonality between & (¢) and w,

(m (). By w) = (Byym (1), w) = (£1(1), w) =0.

Moreover, for any ¢ € [0, 1],

1Ly ©m@) —m@OI = 1y ©m@) —nO + @) — ni 0l

= Im @ — 0O + I (@) — 1Ol
=2[n1 (@) —m©O)]

and hence by (78)

sup [[1; © mi(@) —m@) 2 < 28;.
t€l0,1]

The estimates (81), (82) and (83) imply
ler] < 281/22(0).

Finally, combining (84) and (79), we obtain

1B, (1 © Blyw) | = 1By (cim® + can i)z (e)

— 220/} + 1By (O

< ha()y/ei + 313

< 23(0)+¢/2
by choosing 81, §» properly. The proof of the claim is complete.

6 Real-Constrained AP

In the case of xp, x € R" (or R"}), we adopt the new definition
Ao o= max{[|I(BMull :u € R, [lu]| = 1} = |S(BY)||
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which differs from the definition (67) of A, in that u has all real components and
hence the condition (u,ixg) = 0 is always satisfied. Since the test function u is
more restricted in (86) we have ig < Aj defined in (66) in the one-pattern case. The
spectral gap property A> < 1 holds even with just one coded diffraction pattern for
any complex object.

Proposition 6.1 [18] Let xo € C" be not a line object. For A* given by (5) with
independently and continuously distributed mask phases,

Ay = max{||S[B*ul|l :u € C",iu L xo, lul]l =1} < 1
and hence )y < 1 with probability one.

Following verbatim the proof of Proposition 5.6, we have the similar result.

Proposition 6.2 Let xo, x € R" (or R, ) with x;, x > 0. Let y be a convex combina-
tion of x and x¢. Then

IS(By (x — x0))|| < A ()llx = xol (87
where
M(y) = max{[|S(By)ull : u € R", [lu]l = 1}.

The following convergence theorem is analogous to Theorem 5.7.

Theorem 6.3 (RAP) For any isometric A*, let b = |A*xg| and F be given by (36).
Suppose ko < 1 where A, is given by (86).

Forany given() <€ < 1— X%, if x D is sufficiently close to xo then with probability
one the AP iterates x ¥tV = FK(x(D) converge to xo geometrically after global phase
adjustment, i.e.

D2 64D o] < B3+ 0 Jla®x® —xo] W (58)

where a® = x®*xq/|x®*xo| and «® =1 if xg € RY.

Proof From the definition of «**1 | we have
”a(k+l)x(k+l) _ on < ||a(k)x(k+1) — X0 ” (89)
Recalling (34), we write
LKD) [x(lo _ VF(xuo)]X
By the properties of linear projection,

a® &+ [a(k)x(k) _ VF(a(k)x(k))]X (90)
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and hence the right hand side of (89) equals

[[®x® — VF@ )], ~ [x0 - VEGo)] |
< [a®x® —VF(@®Px®) —xg + VFxo)|. O

The rest of the proof follows verbatim that of Theorem 5.7 from (73) onward, except
with A; replaced by X,. O

7 Serial AP

To build on the theory of PAP, we assume, as for two coded diffraction patterns,
A= I:\%Al, %Az] where A} € CN/2xn are isometric and let b; = |Afxo| € RN/2,
By applying Theorem 5.7 separately to F; and J>, we get the following bound

Ha(k+1)x(k+1) _ )C()” < (()‘éZ))\gl))z + e)”a(k)x(k) — X0 ”’ Vk, (92)
where
A*
3 = max{IX[Bulll 1 u € C",iu L xo. lull =1}, B = Adiag { fa } ’
[A7 X0l

I=1,2.

But we can do better. By the projected gradient formulation (34), we have F;(x) =
x—VFi(x),l =1,2.Let dF; be the Jacobian matrix of ;. Similar to the calculation
in Proposition 5.1, we have

G(dFi§) = G(iBI3(B[§))
| =8B | T . n
= [?R(Bl) ]B, G(—i&), VeEe(C".
Equivalently, we have

G(—idFi§) = BBl G(—i&), Ve eC™

Hence, by the isomorphism C" = R2" via G(—i &), we can represent the action of
dF; on R?" by the real matrix

BB = [zt((g;)) } [.%(BlT ) 3B )] (93)

and the Jacobian matrix of F>F) by

D := B,B, BiB] (94)
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which is the product of the Jacobian matrices of F;, and F7. Define
IDI L = max{||Dg|| : & e R, & L&, ||&]| = 1}. 95)

We have the following bound.

Proposition 7.1
2), ()2
DI = (A7257)".

Remark 7.2 By Proposition 6.1, 1 < 1,71 = 1,2, and hence | D], < 1.

Proof Since & = G(xp) is the fixed point for both BlBIr and BB, the set {€ €
R?" : £ 1 &} is invariant under both. Hence, by the calculation
|B2B] BiBl €| = |B:B €' & = BiB[ &
2
< (W) E
2 2
< (157)° (1) g

the proof is complete. O

We now prove the local convergence of SAP.

Theorem 7.3 (SAP) Let A = [%A " \%Az] with isometric A% and A%, b = | A*xo
and F be given by (39). Suppose | D||L < 1 where || D] 1 is given by (95).

For any given 0 < € < 1 — | D|L, if xV is sufficiently close to xo then with
probability one the AP iterates x ¥V = F*(x(D) converge to xo geometrically after
global phase adjustment, i.e.

Jo DD — | < (PN + ]« ®x® — x|, Vk (96)
where a® := argming {|jax® — xo|| : || = 1}.
Proof At the optimal phase o® adjustment for x®), we have
S‘(xga(k)x(k)) =0
and hence
(®x® —xq,ixg) = (@®x® ixg) = R((@PxP)"ixo) = 0 97)

which implies that

wh® = —i(oz(k)x(k) — xo)
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is orthogonal to the leading right singular vector &1 = G(xg) of Bf,1 =1, 2:
g L Gw®), Vk (98)

cf. Proposition 5.2.
We have fork =1,2,3, ...

|« DV HF ) = x| < [a®FFI©) o
= |RF1@Ox®) = BFi(x0)|
= [DG@™) | +o(w®])
k) k)
s”%gl IDE N |w® + o(|w @],

where D defined in (94) is the Jacobian matrix of J,F|, and hence
[w ) < 1Dl L w® | + o ®]). (99)

By induction on k with wV sufficiently small, we have the desired result (96). O

8 Numerical Experiments
8.1 Test Images

Let C, B and P denote the 256 x 256 non-negatively valued Cameraman, Barbara and
Phantom images, respectively (Fig. 1).

For one-pattern simulation, we use C and P for test images. For the two-pattern sim-
ulations, we use the complex-valued images, Randomly Signed Cameraman—Barbara
(RSCB) and Randomly Phased Phantom (RPP), constructed as follows.

(a) | (b (©

Fig. 1 Test images: a Cameraman, b Barbara, ¢ Phantom
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RSCB  Let {8r(n) = £1} and {B;(n) = %1} be i.i.d. Bernoulli random variables.
Let

x0=BrOC+ip; ©B.
RPP Let {¢)(n)} be i.i.d. uniform random variables over [0, 27 ] and let
xo=PO e'?.
We use the relative error (RE)

RE = min |xo— ex|/|xoll
0€[0,2m)

as the figure of merit and the relative residual (RR)
RR = [[b — |A%x]|/ [l xoll

as a metric for setting the stopping rule.

8.2 Wirtinger Flow

WEF is a two-stage algorithm proposed by [13] and further improved by [11] (the
truncated version).

The first stage is the spectral initialization (Algorithm 2). For the truncated spectral
initialization (15), the parameter T can be optimized by tracking and minimizing the
residual ||b — |A*xg]||.

The second stage is a gradient descent method for the cost function

N
Fy(x) = 3|||A*x|2 - b?|? (100)

where a proper normalization is introduced to adjust for notational difference and
facilitate a direct comparison between the present set-up (A* is an isometry) and that
of [13]. A motivation for using (100) instead of (21) is its global differentiability.

Below we evaluate these two stages separately and use the notation WF to denote
primarily the second stage defined by the WF map

(k)
N
fw(x(k)) = x® _ VFW(x(k))

xD)2
k s® k)2 2 k
S L L R (N (|A*x< 2 — |b| ) O A*x( >) _ o1
llx D]
fork = 1,2,..., with s® is the step size at the k-th iteration. Each step of WF

involves twice FFT and once pixel-wise operations, comparable to the computational
complexity of one iteration of PAP.
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In [13] (Theorem 5.1), a basin of attraction at xo of radius O (n~'/?) is established
for WF for a sufficiently small constant s*) = 5. No explicit bound on s is available.
A disadvantage of WF is that the iterates diverge if the stepsize is too large (see Sect.
8.6 for more details).

For comparison, consider the projected gradient formulation of PAP

Fx®y = x® _ vE®) (102)

b
_ k) _ _ * (k)
=x A((l |A*x(k)|)®Ax )

which is well-defined if supp(b) < supp(A*x). Eq. (102) implies a constant step size
1.
In addition, it may be worthwhile to compare the “weights” in V Fy, and VF:

b

N (lA*x(k)|2 — |b|2> = N|A*x® 2 (1 - W) in VFy (103)

versus

Notice that the factor N|A*x®|? in (103) is approximately Nb? if x® ~ x. Like
the truncated spectral initialization, the truncated Wirtinger flow seeks to reduce the
variability of the weights in (103) by introducing 3 new control parameters [11].

8.3 One-Pattern Experiments

Figure 2 shows that the null initialization x,, is more accurate than the spectral vector
Xspec and the truncated spectral vector xispec in approximating the true images. For
the Cameraman (resp. the Phantom) RR (x,,11) can be minimized by setting y ~ 0.70
(resp. y ~ 0.74). The optimal parameter 72 for Xtspec in (15) is about 4.1 (resp. 4.6).

Next we compare the performances of PAP and WF [13] with xy,; as well as the
random initialization xpq. Each pixel of xpunq is independently sampled from the
uniform distribution over [0, 1].

To account for the real/positivity constraint, we modify (101) as

Fox®) = |:x(k) — VFW(x(k))j| , X=R" R (105)

S
M2
1O N

As shown in Fig. 3, the convergence of both PAP and WF is faster with x,,y than
Xrand- In all cases, PAP outperforms WF.

Also, the median value y = 0.5 for initialization is as good as the optimal value. The
convergence of PAP with random initial condition x,pg suggests global convergence
to the true object in the one-pattern case with the positivity constraint.

Birkhduser



J Fourier Anal Appl (2018) 24:719-758 749

© M s T

Fig. 2 Initialization with one pattern of the Phantom (a RE(xspec) = 0.9604, b RE(xt-spec) = 0.7646, ¢
RE(xpu) = 0.5119, d RE(xpyp) = 0.4592) and the Cameraman (e RE(xspec) = 0.8503, f RE(xt-spec) =
0.7118, g RE(xpy1) = 0.4820, (h) RE(xpy)) = 0.4423)
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Fig. 3 Semi-log plot of RE versus iteration in the one-pattern case with the a Cameraman and b Phantom.
WEF is tested with the optimized step size s = 0.2

8.4 Two-Pattern Experiments

We use the complex images, RSCB and RPP, for the two -pattern simulations.

Figure 4 shows that xp,1 is more accurate than the xspec and x¢_spec in approximating
xg. The difference in RE between the initializations with the median value and the
optimal values is less than 3%.

Figure 5 shows that for the two-pattern case PAP outperforms WF, both with the
null initialization.

As Fig. 6 shows, SAP converges much faster than PAP and takes about half the
number of iterations to converge to the object. Different samples correspond to different
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(d) (e) D)

(®

Fig. 4 Initialization with two patterns for RSCB (a, d) RE(xt-spec) = 1.3954, (b, €) RE(xpy;1) = 0.5736,
(¢, f) RE(xpy) = 0.5416) and RPP (2)RE(xt-spec) = 1.3978, (h) RE(xyyy) = 0.7399, (i) RE(xpun) =
0.7153)

realizations of random masks, showing robustness with respect to the ensemble of
random masks. SAP with the null initialization also outperforms the Fourier-domain
Douglas—Rachford algorithm [18].

Figure 7 shows the semi-log plot of RE versus iteration for the (a) one-pattern
and (b) two-pattern cases. The dotted lines represent the geometric series {):%k }%&01,
{235)2%, and ||D||¥ (the pink line in (a) and the red and the blue lines in (b)), which
track well the actual iterates (the black-solid curve in (a) and the blue- and the red-
solid curves in (b)), consistent with the predictions of Theorems 5.7, 6.3 and 7.3. In
particular, SAP has a better rate of convergence than PAP (0.7946 vs 0.9086).
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Fig. 6 Semi-log plot of RE versus iteration of PAP and SAP in the two-pattern case (y = 0.5)
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Fig.7 RE on the log scale versus iteration with a one pattern and b two patterns (PAP in red, SAP in blue).
The solid curves are the AP iterates and the dotted lines are the geometric series predicted by the theory
(Color figure online)
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Fig.8 Semi-log plot of RE versus iteration of SAP, PAP and WF with two patterns and the null initialization
(y = 0.38 and 0.4 for RSCB and RPP, respectively)

8.5 Oversampling Ratio

Phase retrieval with just one coded diffraction pattern without the real/positivity con-
straint has many solutions [28] and as a result AP with the null initialization does not
perform well numerically.

A natural question then is, Would happen if we measure two coded diffraction
patterns each with fewer samples?

The amount of data in each coded diffraction pattern is measured by the oversam-
pling ratio

_ Number of data in each coded diffraction pattern

)

Number of image pixels

which is approximately 4 in the standard oversampling.

For the two-pattern results in Fig. 8, we use p = 1.65, 1.96 (respectively for
RSCB and RPP) and hence N =~ 3.3n, 3.92n (respectively for RSCB and RPP). For
n =256 x256,3.3n &~ 2.16269 x 10°, 3.92n 2 2.56901 x 103 are both significantly
less than (2/n — 1)> = 2.61121 x 10, the number of data in a coded diffraction
pattern with the standard oversampling.

As expected, convergence is slowed down for both methods (much less so for SAP)
as the oversampling ratio decreases. Nevertheless, both SAP and PAP converge rapidly
to the true solution, reaching machine precision, within 500 and 1200 iterations, while
WEF fails to converge within 4000 steps for RSCB and stagnates after 3000 iterations
for RPP.

8.6 Noise Stability

We test the performance of AP and WF with the Gaussian noise model where the noisy
data is generated by
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Fig. 9 RE versus NSR of the null initialization (y = 0.5)

bnoisy = |A*x¢ + complex Gaussian noise|.
The noise is measured by the Noise-to-Signal Ratio (NSR)

”bnoisy — [A*x0lll2
A*xoll2

NSR =

As pointed out in Sect. 2.3, since the null initialization depends only on the choice of
the index set / and does not depend explicitly on b, the method is more noise-tolerant
than other initialization methods.

Let Xnunt be a unit leading singular vector of A;, . In order to compare the effect of
normalization, we normalize a null vector in two different ways

Case 1. xpun = O5||bn0isy|| - Xdual (106)
Case 2. xpun = o|lxo|l - Xqual (107)

and then compute their respective relative errors versus NSR. As shown in Fig. 9, the
slope of the increase in RE versus NSR is less than 1 in all cases. Remarkably, the slope
is much smaller than 1 for small NSR when the performance curves are strictly convex
and independent of the way of normalization. In particular, the difference between the
two cases is not noticeable until NSR > 0.1. For larger NSR, however, the proper
normalization with ||xp|| (Case 2) can significantly reduce the error.

The difference between the initialization errors of RPP and RSCB would disappear
by and large after the AP iteration converges, indicating the null initialization enters
the basin of attraction of the noisy feasibility set for both images, see Fig. 11.

Next, we compare the performance of AP and WF with the null initialization in the
noisy case. Noisy data would affect the choice of step size for WF. For example, in
contrast to the noiseless case shown in Fig. 5, the WF iterates diverge, respectively,
with s = 0.2 for RSCB at NSR = 0.3 and with s = 0.15 for RPP at NSR = 0.2. We
choose a smaller step size s = 0.1 with which all subsequent WF iterations converge
eventually.

Birkhauser



754

J Fourier Anal Appl (2018) 24:719-758

—8— AP (NSR=0.1)
—A— AP (NSR=0.2)

.M WF (NSR=0.1)
..A.. WF (NSR=0.2)

--@-+ WF (NSR=0.3)

0.6

0.5

--W-- WF (NSR= 0.1)
4. WF (NSR= 0.2)

—m— AP (NSR=0.1)
—4— AP (NSR=0.2)

—e— AP (NSR= 0.3)

@+ WF (NSR=0.3)

—o— AP (NSR= 0.3)

= = - .

5] n o VA

= = .

o PO | [ T @ eeerperanas @ ieeeeneens 4

= & & = - o L g \ g

= =

= = e

° o, o

~ L 7 R B9 7 VP P Aeeidiiinniinnns A il 0.2 FERC Y R E— 7 — /N — -
R A N :,

Weeeereenennnnnnd Beeennnnnnnnnnnns [ R o 0.1 L Y S e [T 1
& & L, & L
1 1 1 1 1 1 1 1
0 200 400 600 800 1,000 0 200 400 600 800 1,000
iteration iteration
(a) (b)
0.8 | —m—SAP (NSR=0.1) -m- PAP (NSR=0.1) 0.9 colid: SAP_dashed: PAP dotted: WF |

—A— SAP (NSR=0.2) - 4- PAP (NSR=0.2)
—8— SAP (NSR=0.3) - @- PAP (NSR= 0.3)
M-+ WF (NSR= 0.1)
<A WF (NSR= 0.2)
..@:: WF (NSR= 0.3)

relative error
relative error

1 1 | 1 1 |
400 600 800 500 1,000 1,500
iteration iteration

(o) d)

Fig. 10 Relative error versus iteration with (a, b) one and (¢, d) two patterns at NSR = 0.1, 0.2, 0.3 (The
step size of WFis s = 0.1.)

1
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Figure 10 shows the RE versus iteration of AP and WF at NSR = 0.1, 0.2, 0.3.
Convergence is achieved well within 500 iterations for both AP and WF in (a), (b) and
(c). For RPP in (d), convergence is slowed down at higher NSR, especially for WF.
We observe that while SAP converges the fastest but PAP achieves the lowest error
except for RPP at NSR = 0.3 where PAP has not yet converged in 2000 iterations. The
improved accuracy of PAP over SAP may be explained by the averaging effect in (40).

Figure 11 shows the RE of AP and WF with the null initialization with 500 iterations
for the one-pattern case and 1000 iterations for the two-pattern case. In view of Fig.
10, Fig 11a, b and c exhibit fully convergent error curves while the error curves in Fig.
11(d) are fully convergent only for NSR < 0.2.

Clearly, AP consistently achieves a smaller error than WF, with a noise amplification
factor slightly above 1. For RPP, WF, PAP and SAP fail to converge in 1000 steps
beyond 20, 25 and 28% NSR, respectively, hence the scattered data points. Increasing
the maximum number of iterations can bring the upward “tails” of the curves back to
roughly straight lines as in other plots.

As in Fig. 9, if ||xo|| is known explicitly, we can apply AP with the normalized
noisy data
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Fig. 11 RE versus NSR with one (fop row, 500 iterations) and two (bottom row, 1000 iterations) patterns
(The step size of WFis s = 0.1.)
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and improve the performance shown in Figs. 10 and 11. And the improvement is
particularly significant for larger NSR. For simplicity of presentation, the results are
omitted here.

9 Conclusion and Discussion

Under the uniqueness framework of [28] (reviewed in Sect. 1.1), we have proved local
geometric convergence for AP of various forms and characterized the convergence rate
in terms of a spectral gap. Other literature either demands a large number of coded
diffraction patterns [13,14] or asserts sublinear convergence [49]. More importantly,
we have demonstrated the null initialization to be an effective initialization method
with numerical performance superior to the spectral initialization and its truncated
version [11,13]. In practice AP with the null initialization is a globally convergent
algorithm for phase retrieval with one or two coded diffraction patterns.
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Of course, a positive spectral gap does not necessarily lead to a significantly sized
basin of attraction for the true object. By Remark 5.5 AP with just one coded diffrac-
tion pattern without the realness constraint still has a positive spectral gap and thus
converges geometrically if the initialization is sufficiently close to the true object.
However, the null initialization with one coded pattern without the realness constraint
is evidently outside of the basin of attraction of AP (not shown). This is likely because
the corresponding phase retrieval has many solutions and thus no initialization method
can possibly succeed. On the other hand, AP with one coded diffraction pattern under
the realness constraint converges globally with randomly selected initial guess (Fig.
3) because the uniqueness of solution is restored.

This observation points to the importance of the design of measurement scheme
besides the choice of algorithm (e.g. AP vs WF). Results that do not take the measure-
ment scheme into account (e.g. [41,49]) are likely to be sub-optimal in both theory
and practice.

A reasonable question is, How much can the measurement scheme be relaxed from
that of [28]? Fig. § gives a tentative answer to one aspect of the question: the number
of measurement data may be reduced by as much as half and still maintains a good
numerical performance. Another aspect of the question is about the type of masks to
be used in measurement: indeed, besides the fine-grained (independently distributed)
masks discussed in Sect. 1.1, the coarse-grained (correlated) masks can have a good
numerical performance as well (see [29,30]).

A shortcoming of the present work is that we were unable to provide a useful
estimate for the size of the basin of attraction for AP; our current estimate is pessimistic
due to technical difficulty (not shown). Another is that we were unable to give an error
bound for AP in the case of noisy data. And finally it remains an open problem to
prove global convergence of our approach (AP + the null initialization).

These questions are particularly enticing in view of superior numerical perfor-
mances that strongly indicate a large basin of attraction, a high degree of noise tolerance
and global convergence from randomly selected initial data.
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