IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 66, NO. 2, JANUARY 15,2018

479

Sparse Phase Retrieval via Truncated Amplitude Flow

Gang Wang
Georgios B. Giannakis

Abstract—This paper develops a novel algorithm, termed
SPARse Truncated Amplitude flow (SPARTA), to reconstruct a
sparse signal from a small number of magnitude-only measure-
ments. It deals with what is also known as sparse phase retrieval
(PR), which is NP-hard in general and emerges in many science
and engineering applications. Upon formulating sparse PR as an
amplitude-based nonconvex optimization task, SPARTA works it-
eratively in two stages: In stage one, the support of the underlying
sparse signal is recovered using an analytically well-justified rule,
and subsequently a sparse orthogonality-promoting initialization
is obtained via power iterations restricted on the support; and in
the second stage, the initialization is successively refined by means
of hard thresholding based gradient-type iterations. SPARTA is
a simple yet effective, scalable, and fast sparse PR solver. On the
theoretical side, for any n-dimensional k-sparse (k < n) signal
x with minimum (in modulus) nonzero entries on the order of
(1/vE)||x||2, SPARTA recovers the signal exactly (up to a global
unimodular constant) from about k2 log n random Gaussian mea-
surements with high probability. Furthermore, SPARTA incurs
computational complexity on the order of k?n log n with total
runtime proportional to the time required to read the data, which
improves upon the state of the art by at least a factor of k. Fi-
nally, SPARTA is robust against additive noise of bounded sup-
port. Extensive numerical tests corroborate markedly improved
recovery performance and speedups of SPARTA relative to existing
alternatives.

Index Terms—Nonconvex optimization, support recovery, itera-
tive hard thresholding, compressive sampling, linear convergence
to the global optimum.
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1. INTRODUCTION

N MANY fields of engineering and applied physics, one is
I often tasked with reconstructing a signal from the (squared)
modulus of its Fourier (or any linear) transform, which is also
known as phase retrieval (PR). Such a task arises naturally in
applications such as X-ray crystallography, microscopy and pty-
chography, astronomy, optics, as well as array and coherent
diffraction imaging. In these settings, optical sensors and de-
tectors such as charge-coupled device cameras, photosensitive
films, and human eyes record only the intensity (squared mag-
nitude) of a light wave, but not the phase. In particular, solu-
tion to PR has led to significant accomplishments, including
the discovery in 1953 of DNA double helical structure from
diffraction patterns, and the characterization of aberrations in
the Hubble Space Telescope from measured point spread func-
tions [2]. Due to the absence of Fourier phase information,
the one-dimensional (1D) Fourier PR problem is generally ill-
posed. It can be shown that there are in fact exponentially many
non-equivalent solutions beyond trivial ambiguities in the 1D PR
case [3]. A common approach to overcome this ill-posedness is
exploiting additional information on the unknown signal such as
non-negativity, sparsity, or bounded magnitude [4]-[6]. Other
viable solutions consist of introducing redundancy into the mea-
surement transforming system to obtain over-sampled and short-
time Fourier transform measurements [7], random Gaussian
measurements [8]-[10], and coded diffraction patterns using
structured illumination and random masks [8], [11], [12], just
to name a few; see [11] for contemporary reviews on the theory
and practice of PR.

Past PR approaches can be mainly categorized as con-
vex and nonconvex ones. A popular class of nonconvex ap-
proaches is based on alternating projections including the semi-
nal works by Gerchberg-Saxton [13] and Fienup [5], [14], [15],
alternating minimization with re-sampling (AltMinPhase) [6],
(stochastic) truncated amplitude flow (TAF) [10], [16]-[19] and
the Wirtinger flow (WF) variants [8], [9], [20], [21], trust-
region [22], proximal linear algorithms [23]. See also discus-
sion on other approaches in [2], [11], [24], [25]. Specifically, the
WF variants and the trust-region methods minimize the inten-
sity (modulus squared) based empirical risk, while AltMinPhase
and TAF cope with the amplitude-based empirical risk. The con-
vex alternatives either rely on the so-called Shor’s relaxation to
obtain semidefinite programming (SDP) based solvers abbrevi-
ated as PhaseLift [26] and PhaseCut [27], or solve a basis pursuit
problem in the dual domain as in PhaseMax [28], [29], [33].

Nevertheless, in various applications, especially those related
to imaging, the underlying signal is naturally sparse or admits a
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sparse representation after some known and deterministic linear
transformation [30]. For example, astronomical imaging centers
around sparsely distributed stars, while electron microscopy
deals with sparsely distributed atoms or molecules. As PR of
sparse signals is of practical relevance, SDP, AltMinPhase,
and WF recovery methods have been generalized to sparse PR
producing solvers termed compressive phase retrieval via lifting
(CPRL) [31], sparse AltMinPhase [6], thresholded Wirtinger
flow (TWF) [32], SparsePhaseMax [33]. CPRL in particular,
accounts for the sparsity by adding an /¢;-regularization term
on the wanted signal to the original PhaseLift formulation.
The other two approaches are two-stage iterative counterparts
consisting of a (sparse) initialization, and a series of refinements
of the initialization with gradient-type iterations. The greedy
sparse phase retrieval (GESPAR) algorithm is based on a fast 2-
opt local search [4]. A probabilistic approach is developed based
on the generalized approximate message passing (GAMP) algo-
rithm [34]. Majorization-minimization algorithms are devised
in [35]. Assuming noise-free Gaussian random measurements,
CPRL recovers any k-sparse n-dimensional (k < n) signal
exactly from! O(k?logn) measurements at computational
complexity O(n?) [36]. Sparse AltMinPhase and TWF, on the
other hand, require (Q(k2 logn) measurements [6], [32], and
SparseAltMinPhase incurs complexity O(k?*nlogn) [6].

Building on TWF and TAF, we propose here a novel sparse
PR algorithm, which we call SPARse Truncated Amplitude flow
(SPARTA). Adopting an amplitude-based nonconvex formula-
tion of the sparse PR, SPARTA emerges as a two-stage iterative
solver: In stage one, the support of the underlying signal is es-
timated first using a well-justified rule, and subsequently power
iterations are employed to obtain an initialization restricted on
the recovered support; while the second stage successively re-
fines the initialization with a series of hard thresholding based
truncated gradient iterations. Both stages are conceptually sim-
ple, scalable, and fast. Moreover, we demonstrate that SPARTA
recovers any k-sparse n-dimensional real-/complex-valued sig-
nalz (kK < n) with minimum nonzero entries (in modulus) on
the order of (1/V/k)||z||» from O(k? log n) measurements. Fur-
ther, to reach any given solution accuracy € > 0, SPARTA in-
curs total computational cost of O(k*nlognlog(1/¢)), which
improves upon the state-of-the-art by at least a factor of k. This
computational advantage is paramount in large-scale imaging
applications, where the basis factor n log n is large, typically on
the order of millions. In addition, SPARTA can be shown robust
to additive noise of bounded support. Extensive simulated tests
demonstrate markedly improved exact recovery performance (in
the absence of noise), robustness to noise, and runtime speedups
relative to the state-of-the-art algorithms.

The remainder of this paper is organized as follows. Sec-
tion II reviews the sparse PR problem, and also presents known
necessary and sufficient conditions for uniqueness. Section III
details the two stages of the proposed algorithm, whose analytic
performance analysis is the subject of Section IV. Finally, nu-
merical tests are reported in Section V, proof details are given in

I'The notation ¢(n) = O(g(n)) means that there is a constant ¢ > 0 such
that [¢(n)| < c|g(n)].
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Section VI, and conclusions are drawn in Section VII. Support-
ing lemmas are presented in the Appendix.

Regarding common notation used throughout the paper,
lower- (upper-) case boldface letters denote column vectors (ma-
trices) of suitable dimensions, and symbol 7" () as superscript
stands for matrix/vector transposition (conjugate transposition).
Calligraphic letters are reserved for sets, e.g., S. For vectors,
|I-||2 represents the Euclidean norm, while ||- ||y denotes the £,
pseudo-norm counting the number of nonzero entries. Finally,
the ceiling operation [-] returns the smallest integer greater than
or equal to the given number, and the cardinality |S| reports the
number of elements in the set S.

II. SPARSE PHASE RETRIEVAL

Succinctly stated, the sparse PR task amounts to reconstruct-
ing a sparse * € R" (or C") given a system of phaseless
quadratic equations taking the form [37]

¥ = [{ai, )|,

where {;}7", are the observed modulus data, and {a;}",
are known sensing (feature) vectors. The sparsity level k < n
is assumed known a priori for theoretical analysis purposes,
while numerical implementations with unknown & values will
be tested as well. Alternatively, the data can be given in modu-
lus squared (i.e., intensity) form as {y; = |(a;, z)|*}" ;. It has
been established that m = 2k generic? (e.g., random Gaussian)
measurements as in (1) are necessary and sufficient for uniquely
determining a k-sparse solution in the real case, and m > 4k — 2
are sufficient in the complex case [39]. In the noisy scenario,
stable compressive PR requires at least as many measurements
as the corresponding compressive sensing problem since one
is tasked with even less (no phase) information. Hence, stable
sparse PR requires at least O(klog(n/k)) measurements as in
compressive sensing [40]. Indeed, it has been recently demon-
strated that O(klog(n/k)) generic measurements also suffice
for stable PR of a real-valued sparse signal [41].

For concreteness of our analytical results, the present
paper focuses on the real-valued Gaussian model, which as-
sumes independently and identically distributed (i.i.d.) stan-
dard Gaussian sensing vectors a; ~ N(0,1,),i=1,..., m,
and € R”. Nevertheless, our proposed algorithm works also
for the complex-valued Gaussian model with « € C" and
iid. a; ~CN(0,1,):=N(0,1,/2)+ jN(0,I,/2). Given
{(ai,;)}", and assuming also the existence of a unique k-
sparse solution (up to a global sign), our objective is to develop
simple yet effective algorithms to provably reconstruct any k-
sparse n-dimensional signal & from a small number (far less
than n) of phaseless quadratic equations as in (1).

Adopting the least-squares criterion (which coincides with
the maximum likelihood one when assuming additive white
Gaussian noise in (1)), the problem of recovering a k-sparse so-
lution from phaseless quadratic equations naturally boils down
to that of minimizing the ensuing amplitude-based empirical

1<i<m, subjectto |zl <k (1)

21t is not within the scope of this paper to explain the meaning of generic
vectors. Interested readers are referred to [38].
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loss function

1 m

minimize {(z) := — » (i
[[zllo=k 2m —

- |aiTz|)2 : (2)

Clearly, both the objective function and the ¢;-norm con-
straint in (2) are nonconvex, which render the optimization
problem NP-hard in general [42], and thus computationally in-
tractable. Besides nonconvexity, another notable challenge here
involves the non-smoothness of the cost function. It is worth em-
phasizing that (thresholded) Wirtinger alternatives dealt with
the smooth counterpart of (2) based on squared magnitudes
{y; = |al z|*}7,, which was numerically and experimentally
shown to be less effective than the amplitude-based one even
when no sparsity is exploited [10], [43]. Although focusing on
a formulation similar to (but different than) (2), sparse AltMin-
Phase first estimates the support of the underlying signal, and
performs standard PR of signals with dimension k. More impor-
tantly, sparse AltMinPhase relying on alternating minimization
with re-sampling entails solving a series of least-squares prob-
lems, and performs matrix inversion at every iteration. Numer-
ical tests suggest that a very large number of measurements are
required to estimate the support exactly. Once wrong, sparse Alt-
MinPhase confining the PR task on the estimated support would
be impossible to recover the underlying sparse signal. On the
other hand, motivated by the iterative hard thresholding (IHT)
algorithms for compressive sensing [44], [45], an adaptive hard
thresholding procedure that maintains only certain largest en-
tries per iteration during the gradient refinement stage turns out
to be effective [32]. Yet both sparse AltMinPhase and TWF were
based on the simple spectral initialization, which was recently
shown to be less accurate and robust than the orthogonality-
promoting initialization [10].

Broadening the TAF approach and the sparse PR solver TWF,
the present paper puts forth a novel iterative solver for (2) that
proceeds in two stages: S1) a sparse orthogonality-promoting
initialization is obtained by solving a PCA-type problem with
a few simple power iterations on an estimated support of the
underlying sparse signal; and, S2) successive refinements of
the initialization are effected by means of a series of truncated
gradient iterations along with a hard thresholding per iteration to
set all entries to zero, except for the k ones of largest magnitudes.
The two stages are presented in order next.

III. ALGORITHM: SPARSE TRUNCATED AMPLITUDE FLOW

In this section, the initialization stage and the gradient refine-
ment stage of SPARTA will be described in detail. To begin, let
us introduce the distance from any estimate z € R” to the solu-
tion set {+a} C R” to be dist(z, ) := min{||z + x||2, ||z —
x||2 }. Define also the indistinguishable global phase constant in
the real case as

0, llz—==zl <[z 4z,
0(z) = , ®
w, otherwise.
Hereafter, assume « to be the fixed solution to problem (1) with
¢(z) = 0; otherwise, one can replace z by ze'? but the constant
phase shift shall be dropped for notational brevity. Assume also
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without loss of generality that ||| = 1, which will be justified
and generalized shortly.

A. Sparse Orthogonality-Promoting Initialization

When no sparsity is exploited, the orthogonality-promoting
initialization proposed in [10] starts with a popular folklore
in stochastic geometry: High-dimensional random vectors are
almost always nearly orthogonal to each other [46]. The key
idea is approximating the unknown x by another vector that is
most orthogonal to a carefully chosen subset of sensing vectors
{a;}ieq, where Z° C [m] := {1, 2, ..., m} is some index
set to be designed next. It is well known that the orthogonality
between two vectors can be interpreted by their squared nor-
malized inner-product (a? z)?/(||a;|3||z||3). Intuitively, the
smaller the squared normalized inner-product between two vec-
tors a; and x is, the more orthogonal they are to each other. Upon
evaluating the inner-product between each a; and «x for all pairs
{(a;,z)}™,, one can construct Z° to include the indices of
{a;}’s corresponding to the |Z°|-smallest squared normalized
inner-products with . Therefore, it is natural to approximate x
by computing a vector z° most orthogonal to the set Z° of sens-
ing vectors [10]. Mathematically, this is equivalent to solving a
smallest eigenvector (defined to be the eigenvector associated
with the smallest eigenvalue of a symmetric positive definite

matrix) problem
“)
(IIOI Z Iaz|2>

The smallest eigenvalue (eigenvector) problem can be solved

minimize 27 Yz := 2z
[=]l.=1

by fully eigen-decomposing ‘Il—ﬂ‘ Diem % at computational
ill2
complexity O(n?) (assuming [Z°| to be on the order of n).
Upon defining Z° to be the complement of the set Z° in [m],
. a; aT a; a Qa; aT
one can rewrite Y, . 7o H(;] = > cim] Tarf? — Yoiero Hal, 7
Recall that for i.i.d. standard Gaussian sensing vectors {a; ~
N(0,1,)},, the following concentration result holds [47]

a”
_ Z |:G/70122:| _ %In, (5)

laill3
where E[-] denotes the expected value. It follows from (5) that
the smallest eigenvector problem in (4) can be approximated by
the largest (principal) eigenvector

Haq\b

2) .= arg max 27Yz:= 27
llzll2=1

z (6)

|Z'O| Z

||a7||2

whose solution can be well approximated with a few (e.g.,
100) power iterations at a much cheaper computational com-
plexity O(n|Z°]) [than O(n?) required for solving (4)]. When
|||z # 1 is unknown, 2° from (6) can be scaled by the norm
estimate of @ to obtain 2° = /31" y;/mz® [8], [10]. If
m/n is large enough, it has been shown that the orthogonality-
promoting initialization can produce an estimate of any given
constant relative error [10].

When x is a priori known to be k-sparse with k < n, one
may expect to recover  from a significantly smaller number
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(< n) of measurements. The orthogonality-promoting initial-
ization (and spectral based alternatives) requiring m to be on the
order of n would fail in the case of PR for sparse signals given a
small number of measurements [6], [8]-[10], [20]. By account-
ing for the sparsity prior information with the ¢ regularization,
the same rationale as the orthogonality-promoting initialization
in (4) would lead to

mHinHimilze 27Yz subjectto ||z, = k. @)
zllo=

The problem at hand is NP-hard in general due to the combi-
natorial constraint. Additionally, it can not be readily converted
to a (sparse) PCA problem since the number of data samples
available is much smaller than the signal dimension n, thus
hardly validating the non-asymptotic result in (5). Although at
much higher computational complexity than power iterations,
semidefinite relaxation could be applied [48]. Instead of cop-
ing with (7) directly, we shall take another route and develop
our sparse orthogonality-promoting initialization approach to
obtain a meaningful sparse initialization from the given limited
number of measurements.

1) Exact Support Recovery: Along the lines of sparse Alt-
MinPhase and sparse PCA [49], our approach is to first
estimate the support of the underlying signal based on a
carefully-designed rule; next, we will rely on power iterations
to solve (6) restricted on the estimated support, thus ensuring
a k-sparse estimate 2% € R”; and, subsequently we will scale

% by the = norm estimate />, y;/m to yield a k-sparse
orthogonality-promoting initialization z°.

Starting with the support recovery procedure, assume without
loss of generality that « is supportedon S C [n] := {1, ..., n}
with |S| =k <« n. Consider the random variables Z; ; :=

a7, j=1,...,n. Recalling that for standardized Gaussian
variables, we have E[a} ;] = 3, Ela7 ;] = 1, the rotational in-
variance property of Gaussian distributions confirms for all
1 <7 <nthat

E(Z.)] = E[(]@)a?,] = E[a};a? + (a7 @))%

0,7 ]
=325 + |/ 13
=225 + ||lz|)3 ®)

where x,; € R"~! is obtained by deleting the j-th entry from
x € R"; and likewise for a; ;; € R" 1. If j € S, then z; # 0
yielding E[Z; ;] = ||z|j3 + 2:17 in (8). If on the other hand
J ¢ S.,itholdsthatz; = 0, whlchleadstoIE[ Ziil= x5 =
[|[|5. It is now clear that there is a separation of 27 in the ex-
pected values of Z; ; for j € S and j ¢ S. As long as the
gap 2J£‘J2 is sufficiently large, the support set S can be recov-
ered exactly in this way. Specifically, when all E[Z; ;] values
are available, the set of indices corresponding to the k-largest
E[Z; ;] values recover exactly the support of x. In practice,
{E[Z; ;]} are not available. One has solely access to a num-
ber of their independent realizations. Appealing to the strong
law of large numbers, the sample average approaches the en-
semble one, namely, Z; ; := (1/m) .1, Zi; — E[Zi j] asm
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increases. Hence, the support can be estimated as

S := {1 < j < nlindices of top-k instances in {Z; ;}/_, }
(€))
which will be shown to recover S exactly with high proba-
bility provided that O(k? logn) measurements are taken and
the minimum nonzero entry Z,j, := min;ecg |:cJ| is on the or-
der of (1/v/k)||z||>. The latter is postulated to guarantee such
a separation between quantities having their indices belong-
ing or not belonging to the support set. It is worth stressing that
k*logn < nwhen k < n, hence largely reducing the sampling
size and also the computational complexity.
2) Orthogonality-Promoting Intialization: When the esti-
mated support in (9) turns out to be exact, i.e., S=8 , one can
rewrite 1; = |a? x|= |a7_T$a:$|,i =1, ..., m,where aLSERk

includes the j-th entry a; ; of a; if and only if j € S; and like-
wise forzg € R¥. Instead of seeking directly an n-dimensional
initialization as in (7), one can apply the orthogonality-
promoting initialization steps in (4)—(6) on the dimensionality
reduced data {(a; ¢, ;) }, to produce a k-dimensional vector

~0 )
Zi:i=a Za (10)
$
s ® syt \IOI % Z Hazslla
and subsequently reconstruct a k-sparse n-dimensional initial-

ization 2" by zero-padding Eg at entries with indices not belong-

ingto S. Similarly, in the case of |||, # 1, 2” in (10) is rescaled
by the norm estimate of x to obtain 2° = /> | y;/m z°. We
also note that our proposed algorithm can recover the underlying
sparse signal when S # S, as long as 2" is sufficiently close to
x regardless of support mismatch, which is described further in
Lemma 3.

B. Thresholded Truncated Gradient Stage

Upon obtaining a sparse orthogonality-promoting initializa-
tion 2%, our approach to solving (2) boils down to iteratively
refining 2° by means of a series of k-sparse hard thresholding
based truncated gradient iterations, namely,

=Hy (2" — nVi(2"), t=0,1,... (11)

where ¢ is the iteration index, p > 0 a constant step size, and
Hy (u) : R — R" denotes a k-sparse hard thresholding oper-
ation that sets all entries in u to zero except for the k entries
of largest magnitudes. If there are multiple such sets compris-
ing the k-largest entries, a set can be chosen either randomly
or according to a predefined ordering of the elements. Similar
to [10], the truncated (generalized) gradient V4, (2') is

1 al 2!
ty . Tt 7
)= - E (a 2\ — |a,th|) a; (12)

ettt

Vﬁtr (Z

where the index set is defined to be

san :—{1<z<m’a z|>1}
\a x| 1+~

13)

for some v > 0 to be determined shortly, where {|a? z| = 1;}
are the given modulus data.
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Algorithm 1:
(SPARTA).
1: Input: Data {(a;; ;) }7", and sparsity level k;
maximum number of iterations 7" = 1, 000; step size
= 1, truncation thresholds [Z°| = [¢m], and v = 1.
2: Set S to include indices corresponding to the k-largest
instances in { 1" | ¥7a; ; |2/m};.l:1
3: Evaluate Z to consist of indices of the top-|Z°| values
in {¢;/|la; sll2}i2, with a; ¢ € R removing entries of

SPARse Truncated Amplitude flow

a; € R" not belonglng to S; and compute the principal
eigenvector 2 € R¥ of matrix

IIUI Z lla, 5lI3

wnz

based on 100 power iterations.

4: Tnitialize 2° as \/> | 7 /m 2°, where 2° € R is

obtained by augmenting z% in Step 3 with zeros at

entries with their indices not in S.
5: Loop: Fort =0toT — 1

al 2!

el -8 S (ol - ngr)e)
i GII+1 2

where 71 = {1 <i < mllal 2"| > ¢; /(1 +7)},and

Hi(u) : R — R” sets all entries of w to zero except

for the k-ones of largest magnitudes.

6: Output: 27 .

It is clear now that the difficulty of minimizing our noncon-
vex obj ective function reduces to that of correctly estimating the
signs of a’ x by a! 2! /|al z!| at each iteration. The truncation
rule in (13) was shown capable of eliminating most “bad” gra-
dient components involving erroneously estimated signs, i.e.,

T2t /|a¥ 2| # aT x/|al z|. This rule improved performance
of TAF [10] considerably. Recall that our objective function
in (2) is also non-smooth at points z € R" obeying a’ z = 0.
Evidently, the gradient regularization rule in (13) keeps only the
gradients of component functions (i.e., the summands in (2))
that bear large enough |a? z!| values; this rule thus maintains

a’ z' away from 0 and protects the cost functlon in (2) from
belng non-smooth at points satisfying a/ z = 0. As a conse-
quence, the (truncated) generalized gradient employed in (12)
reduces to the (truncated) gradient at such points, which also
simplifies theoretical convergence analysis.

IV. MAIN RESULTS

The proposed sparse phase retrieval solver is summarized
in Algorithm 1 along with default parameter values. Given
data samples {(a;;;)}™, generated from i.id. {a;}/"; ~
N(0,1I,) sensing vectors, the following result establishes the
statistical convergence rate for the proposed SPARTA algorithm
in the case of v = +oc¢.
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Theorem 1 (Exact recovery): Fix x € R" to be any k-sparse
(k < n) vector of the minimum nonzero entry on the order of
(1/VE)||z||2, namely, 22, = (Cy/k)|z|3 for some number
Cy > 0. Consider the m noiseless measurements v; = |a/ x|
fromi.i.d. a; ~ N(0,1,),1<i<m.Ifm > Cok?log(mn),
Step 3 of SPARTA (tabulated in Algorithm 1) recovers the sup-
port of x exactly with probability at least 1 — 6/m. Further-
more, there exist numerical constants x4, iz > 0 such that with a
fixed step size pu € [u, fi], and a truncation threshold v = +o0,
successive estimates of SPARTA obey

dist(2', x) < L (1—v)

t=0,1,...
10 s Ly

]l (14)
which holds with probability exceeding 1 — ¢;me=“F —7/m
provided that m > Cy|Z°| > Cyk?log(mn). Here, co, ci,
Cy, C5, and 0 < v < 1 are some numerical constants.

Proof of Theorem 1 is deferred to Section VI with supporting
lemmas presented in the Appendix. We typically take parameters
[Z°| = [¢m], and o = 1, which will also be validated by our
analytlcal results on the feasible region of the step size. The
constant Cy depends on C1, v on p and C, and p and i rely
on both C; and Cj. In the case of PR of unstructured signals,
existing algorithms such as TAF ensures exact recovery when the
number of measurements m is about the number of unknowns
n,i.e., m 2 n.Hence, it would be more meaningful to study the
sample complexity bound for PR of sparse signals when m < n.
To this end, the sample complexity bound m > Cyk? log(mn)
in Theorem 1 can often be rewritten as m > C k? log n for some
constant Cjj > Cj and large enough n. Regarding Theorem 1,
three observations are in order.

Remark 1: SPARTA recovers exactly any k-sparse signal @
of minimum nonzero entries on the order of (1/v/%)| 2|2 when
there are about k? log n magnitude-only measurements, which
coincides with the number of measurements required by the
state-of-the-art algorithms such as CPRL [31], sparse AltMin-
Phase [6], and TWF [32].

Remark 2: SPARTA converges at a linear rate to the glob-
ally optimal solution x with convergence rate independent of
the signal dimension n. In other words, for any given solution
accuracy € > 0, after running at most T = log(1/¢) SPARTA
iterations (11), the returned estimate z” is at most ¢||x ||, away
from the global solution z.

Remark 3: SPARTA enjoys a low computational complex-
ity of O(k?nlogn), and incurs a total runtime of O(k*n log
nlog(1/€)) to produce an e-accurate solution. The runtime is
proportional to the time O(k?nlogn) taken to read the data
{(@i,1;)}"™ . To see this, recall that the support recovery in-
curs computatlonal complexity O(k?nlogn + nlogn), power
iterations incur complexity O(k*nlogn), and thresholded trun-
cated gradient iterations have complexity O(k?nlogn); hence,
leading to a total complexity on the order of k?n logn. Given
the linear convergence rate, SPARTA takes a total runtime of
O(k*nlognlog(1/e)) to achieve any fixed solution accuracy
e> 0.

Besides exact recovery guarantees in the case of noiseless
measurements, it is worth mentioning that SPARTA exhibits
robustness to additive noise, especially when the noise has
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Fig. 1. Empirical success rate versus m/n for & € R" with n = 1,000

and k& = 10 nonzero entries using: i) TAF without exploiting sparsity [10]; ii)
TWEF [32]; iii) SPARTAO with the exact number of nonzeros unknown, and k
taken as an upper limit [y/n] = 32; and iv) SPARTA with & = 10.

bounded values. Numerical results using SPARTA for noisy
sparse PR will be presented in the ensuing section.

V. NUMERICAL EXPERIMENTS

Simulated tests evaluating performance of SPARTA relative
to truncated amplitude flow (TAF) [10] (which does not exploit
the sparsity) and thresholded Wirtinger flow (TWF) [32] are
presented in this section. For fair comparisons, the algorithmic
parameters involved in all schemes were set to their suggested
values. The initialization in each scheme was obtained based
upon 100 power iterations, and was subsequently refined by
T = 1,000 gradient iterations. In all reported experiments, the
true k-sparse signal vector x € R™ or C" was generated first
usingx ~ N(0,I,,) orCN (0, I,,), followed by setting (n — k)
of its n entries to zero uniformly at random. For reproducibility,
the Matlab implementation of SPARTA is publicly available at
https://gangwg.github.io/SPARTA/.

The first experiment evaluates the exact recovery performance
of various approaches in terms of the empirical success rate over
100 independent Monte Carlo trials, where the true signals are
real-valued. A success is declared for a trial provided that the
returned estimate incurs a relative mean-square error defined as

dist(2?, x)

Relative MSE :=
(B4

less than 10~°. We fixed the signal dimension ton = 1,000, and
the sparsity level at £ = 10, while the number of measurements
m/n increases from 0.1 to 3 by 0.1. Curves in Fig. 1 clearly
demonstrate markedly improved performance of SPARTA over
state-of-the-art alternatives. Even when the exact number of
nonzero elements in «, namely, k£ is unknown, setting k in
Algorithm 1 as an upper limit on the theoretically affordable
sparsity level (e.g., [\/n ] when m is about n according to
Theorem 1) works well too (see the magenta curve, denoted
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Fig. 2. Empirical success rate versus sparsity level k for & € R" with m =

n = 1,000 fixed using: i) TAF; ii) TWF, and iii) SPARTA.

SPARTAQ). Comparison between TAF and SPARTA shows the
advantage of exploiting sparsity in sparse PR settings.

The second experiment examines how SPARTA recovers real-
valued signals of various sparsity levels given a fixed number of
measurements. Fig. 2 depicts the empirical success rate versus
the sparsity level k, where k equals the exact number of nonzero
entries in x. The results suggest that with a total of m = n phase-
less quadratic equations, TAF representing the state-of-the-art
for PR of unstructured signals fails, as shown by the blue curve.
Although TWF works in some cases, SPARTA significantly
outperforms TWEF, and it ensures exact recovery of sparse sig-
nals with up to about 25 < \/n ~ 32 nonzero entries (due to
existence of polylog factors in the sample complexity), hence
justifying our analytical results.

The next experiment validates the robustness of SPARTA
against additive noise present in the data. Postulating the noisy
Gaussian data model 1; = |a] z| + 1; [6], we generated i.i.d.
Gaussian noise according to 7; ~ N(0, 0.1%), i =1, ..., m.
From Fig. 1, it is clear that to achieve exact recovery, SPARTA
requires about m = 6k2 = 600 measurements, TAF about 3n =
3, 000 measurements, and TWF much more than 3,000. In this
case, parameters were taken as n = 1,000, m = 3,000, and
k = 10, with the number of measurements large enough to guar-
antee that TWF and TAF also work. It is worth mentioning that
SPARTA can work with a far smaller number of measurements
than m = 3, 000. As seen from the plots in Fig. 3, SPARTA per-
forms only a few gradient iterations to achieve the most accurate
solution among the three approaches, while its competing TAF
and TWF require nearly an order more number of iterations to
converge to less accurate estimates.

To demonstrate the stability of SPARTA in the presence of
additive noise, the relative MSE is plotted as a function of the
signal-to-noise (SNR) values in dB. Our experiments are based
on the additive Gaussian noise model v; = |a? | + n; with a
10-sparse signal z € R":°°0 and the noise  := [11 - -~ 9 ]”
N(0,0%1,,), where the variance o is chosen such that cer-
tain SNR := 101og;o S/, 1)/, values are achieved. The

~
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Fig. 3. Convergence behavior in the case of noisy data with n = 1,000,

m = 3,000, and k£ = 10 using: i) TAF; ii) TWF; and iii) SPARTA.
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Fig. 4. Relative MSE versus SNR for SPARTA with the AWGN model.

ratio m/n takes values {1, 2, 3}, and the SNR in dB is varied
from 5 dB to 55 dB. Averaging over 100 Monte Carlo realiza-
tions, Fig. 4 demonstrates that the relative MSE for all m/n
values scales inversely proportional to SNR, hence corroborat-
ing the stability of SPARTA in the presence of additive noise.

The last experiment tested the efficacy of SPARTA in the
complex-valued setting, where the underlying 10-sparse sig-
nal & € C2%990 was generated using @ ~ CN(0, T30 000) =
N (0, I20,000/2) + jN(0,I20,000/2), and the design vectors
a; ~ CN(0, I 00) for1 <4 <1,000. The relative MSE ver-
sus iteration count was plotted in Fig. 5, which validates the
scalability and effectiveness of SPARTA in recovering complex
signals. In terms of runtime, SPARTA recovers exactly a 20,000-
dimensional complex-valued signal from 1,000 magnitude-only
measurements in a few seconds.

SPARTA converges much faster (both in time and in the num-
ber of iterations required to achieve certain solution accuracy)
than TWF and TAF in all reported experiments. Moreover,
all numerical experiments were implemented with MATLAB
R2016a on an Intel CPU @ 3.4 GHz (32 GB RAM) computer.
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Fig. 5. Relative MSE versus iteration count for SPARTA in the complex-
valued setting.

VI. PROOF OF THEOREM 1

The proof of Theorem 1 will be provided in this section.
To that end, we will first evaluate the performance of our
sparse orthogonality-promoting initialization. The following re-
sult demonstrates that if the number of measurements is suffi-
ciently large (on the order of k% within polylog factors), Step 1
of the SPARTA algorithm 1 reconstructs the support of  exactly
with high probability.

Lemma 1: Consider any k-sparse signal € R" with sup-
port S and minimum nonzero entries Zyi, := minjcs ;| on
the order of (1/v/k)||z||». For any 6 > 0, if {a;}/", are i.i.d
standard Gaussian, i.e., a; ~ N (0, I,), Step 3 in Algorlthm 1
recovers S exactly with probability at least 1 — 6/m provided
m > Cyk? log(mn) for some absolute constant Cy > 0.

Proof of Lemma 1: As elaborated in Section III-A, there is a
clear separation in the expected values E[Z; ;] = E[+} a7 ;] for
jeSandj ¢ S;thatis,

E[Z ;] =E [(aiT:c)Qa?vj] =F [a;{jx; + (az/jx/j)za?‘j]

C(lelt ig¢s -
|5 + 223, j€S.
Consider the case of j € S first. Based on E[a 2]’] (2p — 1!

with p being a positive integer and the symbol ” denoting the
double factorial, Z; ; has second-order moment

E[Z?] :]E[(aT:c)4 4 ]

@i j
= ]E[a7 ]xj + (17 Ja7 l+] Hw/]HZ + 60‘7 jl']a'l L] ||:B/jH2:|
= 1052 + 9l + 9023 =/, I3

=9||x||3 + 24z} + 7227 ||z ||3 (16)

where £ € {1, 2, ..., n} is some index from different than j.
Letting Z; := ||@||5 + 227 — Z; ; for all j € S, it holds that
Z; < ||z|3 + 222 < 3||z||3. Furthermore, one has E[Z;] = 0,
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and
E[Z]] = ||zl + 4] + 423 |l|l3 + E[Z]]
— (2ll]3 + 42%)E[Z: ;]
= 8||z||5 + 6827 ||x||3 + 20x]
< 96|13

Appealing to Lemma 4, one establishes for all j € S that

( Z/wz 2] |£BH2 +2£E ) 6)

< TTL62
ex _—— .
=P\ T 10203

Taking € = x? minjes x? < :c? leads to

min

1 m mx4 )
P _ < < _ min .
r (m; i 7] ”wHQ +xm1n> eXp( 192”33”421)
Recalling our assumption that 2 ; isonthe orderof (1/k)||z||3,
ie, 22, = (C1/k)||z||3 for certain constant C; > 0, the fol-
lowing holds with probability at least 1 — 1/m forall j € S

m

1
min — E
JES M 4

i=1

provided that m > Cyk? log(mn) for some absolute constant
Cy > 0.

Now let us turn to the case of j ¢ S, inwhich >_1" | Z; ; =
Sl Yiai; is a weighted sum of x7 random variables. Ac-
cording to Lemma 5, it holds that

(o
>w2+%m(r+)m<n>

1
m

P AT
i=1

) > 2/e (Z 1/14> + 26max1/)2
(18)
< exp(—e). (19

In addition, for any constants €, ¢’ > 0, Chebyshev’s inequality
together with the union bound confirms that

Pr (Z Ui > (3m+ J%We/)llw||%> <1/(€)*  (19a)
i=1

Pr (max v > 6”||a;|2> < 2mexp(—€"/2). (19b)
1<i<m
Take € :=log(mn) in (18), € := /m and €’ := 4log(mn)

in (19). Then, with probability at least 1 — 4 /m, the next holds
forallj ¢ Sandm > C’

1 & 2
aqu?(a?’j—ng% log(mn)\/3m + V96my/m| z|3
i=1

8 2 2
— (1
+ = (log(mn))’? 3

<8 log(mn)

[E1E (20)
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for some absolute constant C’ > 0 depending on n.
On the other hand, the rotational invariance property of
laf z[* =

d
Gaussian distributions asserts that wQ lalszs|? =

a; jl|z||3 [26], in which the symbol £ means that terms involved
on both sides of the equality enjoy the same distribution. Since

the x? variables a%‘j are sub-exponential, an application of Bern-
stein’s inequality produces the tail bound

1 m
prQnEZﬁle€>§emxmém> ey

i=1

for any € € (0, 1), which can also be easily verified with a di-
rect tail probability calculation from the tail probability of stan-
dard Gaussian distribution. Choosing € := /16 log(m)/m with
m > C' gives rise to

1 — logm
=Yty < (1 B g
i=1

which holds true with probability at least 1 — 1/m for all j €
[m]. Putting results in (20) and (22) together leads to

(22)

m

log(mn) 9
T e L

max
j¢SC[m]

which holds with probability exceeding 1 — 5/m for large
enough m.

The last inequality taken collectively with (17) suggests that
there exists an event I, on which with probability at least 1 —
6/m, the following holds

m

- 14+ 2L
mip St = (14 ) el

I
> (1 12 Og(m"))|w§
m

> — 24
max Z via (24)
provided that m > Cyk? log(mn) such that Cy > 144/C? with
‘Tnnn - (Cl/k)”mHQ u

Upon obtaining the support of the underlying sparse signal,
SPARTA subsequently employs the orthogonality-promoting
initialization on the reduced-dimension data {(¢;,a, ¢)}.

Based on results in [10, Proposition 1], the estimate z% =

V2oL, 97 /mZ} obtained from Step 3 in Algorithm 1 sat-
isfies dist(2%,25) < (1/10)[|z4l|> with high probability pro-
vided that m/k is sufficiently large and k large enough as well.
Putting together this result, Lemma 1, and Step 4 in Algorithm
1 leads to the following lemma, which formally summarizes the
theoretical performance of our proposed sparse orthogonality-
promoting initialization.

Lemma 2: Let zg = />~ ¥7 /m 2" be given by Step 4,
and 2 obtained through the sparse orthogonality-promoting
initialization Step 3 in Algorithm 1. With probability at least
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1—(m+6)exp(—k/2) —
dist(zg, x)

7/m, the following holds
< (1/10)[|[|

provided that m > C{k for some absolute constant Cjy > 0.
The proof can be directly adapted from [10, Proposition 1],
and hence it is omitted.
Lemma 3: Take a constant learning parameter u € (j, fi).

(25)

There exists an event of probability at least 1 — clm —<k such
that on this event, starting from an initial estimate 2" satlsfylng
dist(2", &) < (1/10)]|z||2, successive estimates by Step 1 with

~v = +o0 in Algorithm 1 obey
(1/10)(1 = )" |||z, (26)

if m > C{j(3k)log(n/(3k)). Here, u, fig, co, c1, C{ >0 are
certain universal constants. B

It is worth noting that Step 5 of Algorithm 1 guarantees
linear convergence to the globally optimal solution x as long
as the initial guess 2" lands within a small neighborhood of z,
regardless of whether 2" estimates exactly the support of x or
not.

Proof of Lemma 3 To start, let us establish a bit of notation,
which will be used only in this section. Define for all ¢ > 0

m 7— f
t+1 ¢ M Z z
df+ = zf _ = ( ¢z T - )

m |a; 2|

which represents the estimate prior to the hard thresholding op-
eration in (11). With S and S’ denoting the support set of « and
2!, respectively, the reconstruction error  — z'*! is therefore
supported on the set ©'*! := SU St and likewise, & — 2!
is supported on ©' := S U S'. In addition, define the difference
between sets ©' and ©'*! as O \ ©'*!, which consists of all
elements of © that are not elements of ©'*!. It is then clear
that |S| = |S'| = k, |©!] < 2k, and |©' \ O] < 2k as well
as |0 UO'!| < 3k for all t > 0. When using these sets as
subscript, for instance, dg:, we mean vectors formed by delet-
ing all but those elements from the vector other than those in
the set.

The proof of Lemma 3 will be mainly based on results in [10],
and [44], [45]. The former helps establishing the so-termed local
regularity condition that will be key to proving linear conver-
gence of iterative optimization algorithms to the globally opti-
mal solutions of nonconvex optimization problems [8], while the
latter two offer a standard approach to dealing with the nonlinear
hard thresholding operator involved in our proposed SPARTA
algorithm. Specifically, based on the triangle inequality of the
vector 2-norm, one arrives at

dist(2', ) < t=0,1,...

lzors = 26 [l = [|lzors = doity +deiis = 2610 [l
<llors = dgihill, + |76 — it |,

27)

where in the last inequality the first term denotes the distance

of xgi+1 to the estimate d’@fil before hard thresholding, and

the second denotes the distance between dO,+l and its best k-

41 has cardinality equal to k.

t+1
O[+l

approximation zOH. because z

Qt+1
t+1

The optimality of z(;;!, implies || 257!, —dg! i [l2 < |zere

487

df)f 1|2 Plugging the latter inequality back into (27) yields
o — 25t ||, < 2l|wer —dgiti |, (28)

Define the estimation error A! := o —
stituting

z'. Rewriting and sub-

i
dtt =2 - E (al 2" —alz)a;
m

i=1

into (28) leads to

fll o2 <

2)?41 7*2047’7/ a,L()1+l

m T
1 a; x
mz<a zt| >|zw|az@’l

- Jaa|

2

h()1+l

m
H Z T t
_ E = az-ﬁ(_)xﬂaiv(_)m h(__)prl
i=

m
M Z T ¢
— E ‘ ai,(_)wl aiﬁ@t\®1+l h@f\@f+l

m ’T t 7'
D o (L A
m = \[aT2|  |alal |

2
m

t M Z T ¢
h@f“ — E ai,(_)t+la/i,@t+lh@t+l
i=1

2

m

H Z T t
E - a; gt+1 ai_(_)f\(_)prl h(;)t\(_)t+l
i=

2
m T_t

LS (o

f

mi:l ‘a’iz|
T

where the equality follows from re-expressing a’ h! = a; o

+ a?a:

(29)

|a7m|) |ai7w|ai7@f+1
! 2

hiy = CLZTOH hiy + GZ@t\@m hﬁ_),\(_)m since h! =z — 2!
is supported on ©'. The last inequality is readily obtained with
triangle inequality of the £5-norm.

The task now remains to establish upper bounds for the three
terms appearing on the right hand side of (29), which will be
the subject for the rest of this section. Toward this end, let us
recall the concept of the so-called restricted isometry property
(RIP) condition in compressive sampling [50]. For each integer
s=1,2, ...k, define the isometry constant 0 < d, < 1 of a
matrix & € R™*" as the smallest quantity such that the follow-
ing holds for all k-sparse vectors v € R" [45], [50]:

(1=6)|lvll3 < [[®oll5 < (1+6)lvll3 (30)

For Gaussian matrix A € R™*" whose entries are i.i.d. stan-
dard normal variables, then \/%A satisfies the RIP with con-

stant ds;, < € with probability at least 1 — e %", provided that
m > Cje 2(3k)log(n/(3k)) for certain universal constants
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cf),C’{ > 0 [50], [45, Eq. (1.2)]. Furthermore, if C ; {1, 2,
., n} is a set of 3k indices or fewer, the following proper-
ties of A hold true [45, Prop. 3.1]:
P1) ||AZuly < /(1 + 831)m]|ulls, for all uw € R™;
P2) (1 oy )mlfv]s < ||A,CA,<v||2 < (1+ by )mlv]la,
for all at most 3k-sparse vectors v € R"”;
P3) ||AL Ap|ls < 634, where B and D are disjoint sets of
combined cardinality not exceeding 3k;
P4) ||AL pApup — I||2 < b3
Having elaborated on the properties of RIP matrices, we are
ready to derive bounds for the three terms on the right hand side
of (29). Regarding the first term, it is easy to check that

m

t H }: T t
h@f{l - E aiﬁ(—)“rla/i_’@t\lh@t\l
i=1

2

m
H Z T t
= |<I— E a,;_’(_)ul Cll-"(_)rﬂ h(_)r+|

i=1

2

m

I— — E a;. @ma, ,ot+1

< max {1 — p, pA — 1}Hh(—)’+1 I,

< Hh%w I

(3D

where A, A > 0 are the largest and smallest eigenvalue of (1/m)
Sty @i eral o, respectively. Specifically, the two in-
equalities in (31) are obtained based on the definition of the
induced 2-norm (i.e., the spectral norm) of matrices.

Next, we estimate the eigenvalues A and ). Using P2, it clearly
holds that

_ 1 &
A= )\max (
m =

> ai e aZ@M> <1+ 8o (32)
due to |©'*!| < 2k. For the same reason, it further holds that

i=1
A= Ami iia- al >1-4 (33)
A min m 7,00+ i,0t+1 = 2k -

i=1
Taking the results in (32) and (33) into (31) yields

m

K Z T t
E ‘ a,;_(_)zﬂai’(_)m h(_)r+|
i=1 2

w(l — dox )y p(1 4+ dag) —1}Hh0f+‘ ||2 (34)

For the second term in (29), since |©' ™ U ©!| < 3k, the next
holds with high probability

hoon —

< max{l —

m

1
E T t
E ai’(_)[+1ai,(_)1\(_)r4h(_)f\(_)t+l

i=1

2

m

1
§ : T

E 4 1ai7(_)r+1 ai_’(_),\(,)ul
i=

ht_[ t+1
) H e,

1 m
2 : T t
I— — a; ot+1yet A; gt+1 et Hh@t\@rﬂ
m—= ’ ) 2
i=

< §3tht@t\@1+l H2 (35)
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in which the first inequality arises again from the definition of
the matrix 2-norm. Deriving the second inequality involves the
approximate orthogonality result, while the last result can be
obtained by appealing to P4.

Consider now the last term in (29). For convenience, de-

fine A@m = aj e - @y @] With \®t+1| < 2k, and
Tt
t Sh ol e (BE
also v’ := [v} - W |7 with v} := (W T m‘)|a x| for
1 =1, ..., m. Upon rearranging terms, the induced matrix 2-

norm definition implies that
m Tt

1 Z a; z alx a7 |
— Txla
m la 2| |a;[:c\ @i 5,60

i=1

2

1
= A8, (36)

1
< ||l—= :
< |45 LIzl

Property P1 confirms that the largest singular value of AeHl €
R™*2k satisfies sde(Ag,H) < (1 + doy, )+/m with high prob-
ability. Therefore, the following holds with high probability

1 & [ alz alx
—Z — ZT |ai793\a7; o+
m “ a7z |aTx| ’
i=1 4 4 92
1 t
< (1 +52k)ﬁ”’v ||2 (37)
For convenience, define the event
T T
a’z a’'x
Kii=< —— #* —L— 5. 38
= # o) 9
Then, it follows that
Ly, 1 e/alz alz \° ;
— ||v"||, = — — a: x
=52 (e ) 1o
<4- e i laTx| - |aTh!|- 1k
— m — 2 2 i
40 1 /21
<9\/1+61'<61+10\/ )H t||2 39)

where the first inequality follows upon substituting \a x| <

|a7 h!| on the event K;, and using (% ‘Tﬁ) < 4. The

last inequality can be obtained by elplpea‘ling to Lemma 6 in
the Appendix adapted from [51, Lemma 7.17], which holds
for all (2k)-sparse vectors h € R™. This result has also been
employed in the recent sparse phase retrieval approach reported
in [52]. Here, we set ¢y = 1/101in (44), and ¢; > 0 can take any
sufficiently small values.

Plugging the inequality in (39) into (37) leads to

1 &/ alzt  alzx T
— Z 7t T \ai w|a,;’@¢+1
mi— lal2!|  |a] x| )

40 1 21
< (1+ ) - %W (a0 + 35/ 55 ) IRl

= (14 da1)c] |

(40)
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where the constant is defined as

40 1 /21
= 2V .( Afw—)
¢ gVita-(at Va0

Substituting the three bounds in (34), (35), and (40) into (29),
we obtain

R, < 2max {l — (1 — da1), (14 62) — 1} || Ay

+ 2t g [y + 2001+ 821,

< Qﬂmax{max{l — p(1 = o), (L + dop) — 1},
(635, R |2 + 20(1 + b1 )| |1,

< Q[ﬁmax{max{l — p(1 = dap), p(1 + dop) — 1},

sk b+ p(1+ 52/«)4 R,

= p||h! 41)

(2
where the second inequality follows from

il + [horoees [l < V2[R,

over disjoint sets ©'™' and ©! \ ©'*. To ensure linear con-
vergence, it suffices to choose a constant step size p > 0 such
that

p= 2[\/§max { max {1 — (1 = dap), p(1 + d25) — 1},
,u(53k} + p,(l + (SQk)C] < 1.

For sufficiently small 63, > 0 and €¢; > 0, one has v :=
1—p€(0,1), which justifies the linear convergence result
in (14). |

Theorem 1 can be directly deduced by combining
Lemmas 1, 2, and 3. In fact, Lemma 1 guarantees exact support
recovery so that the orthogonality-promoting initialization can
be effectively performed on the equivalent dimension-reduced
data samples. Lemma 2, on the other hand, guarantees that the
sparse initialization attained based on the dimensional-reduced
data lands within a small neighborhood of the globally opti-
mal solution (this region is also termed basin of attraction; see
e.g., [9], [53] for more discussion) with high probability. Start-
ing from any point within the basin of attraction, Lemma 3
confirms that successive iterates of SPARTA will be dragged
toward the globally optimal solution at a linear rate provided
that the step size and the truncation threshold are appropriately
selected.

VII. CONCLUDING REMARKS

This paper contributed a sparse truncated amplitude flow
(SPARTA) algorithm for solving PR of sparse signals. SPARTA
initially recovers the support of the underlying sparse signal,
which is used to obtain a sparse orthogonality-promoting ini-
tialization using power iterations restricted on the estimated sup-
port; subsequently, SPARTA refines the initialization by means
of hard thresholding based truncated gradient iterations to en-
sure overall simplicity and scalability. SPARTA enjoys provably
exact recovery as soon as the number of noiseless Gaussian
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measurements exceeds a certain bound. In contrast to state-of-
the-art algorithms, such as AltMinPhase and TWF, SPARTA re-
quires the same sample size but can afford lower computational
complexity. Simulated tests corroborate markedly improved re-
covery performance and computational efficiency of SPARTA
relative to existing alternatives.

A few timely and pertinent extensions can be listed at this
point. Instead of enforcing the ¢y -pseudonorm constraint and the
hard thresholding operation in SPARTA, it is worth investigating
sparse PR by minimizing the empirical risk function (2) with
convex or nonconvex sparsity-promoting regularization terms,
e.g., the (reweighted) ¢;-norm of the optimization variables.
Developing stochastic optimization algorithms for both stages
amenable to large-scale implementations is pertinent. General-
izing SPARTA and our analytical results to robust sparse PR
and symmetric matrix recovery with possibly outliers constitute
worthwhile future directions too [21], [54], [55].

APPENDIX
SUPPORTING LEMMAS

Lemma 4 ([56]): For ii.d. zero-mean random variables
Xq, Xo, ..., X, if there exists some nonrandom constant
b > 0 such that X; < b for 1 <i <m, and E[X?] = v, then
the following holds

2
Pr(Xi+--+ X, >y < min(exp (_y) ,Co — c0<I>(y)>
202 o
(42)
for 02 := mmax(b*, v?), and the cumulative distribution func-
tion of the standard normal distribution ®(-), where one can take
Cy = 25.

Lemma 5 ([57]): Let Xy, Xo, ..., X,, be i.i.d. Gaussian
random variables with zero mean and variance 1, and by, b,
..., by, be nonnegative. The following inequality holds for any
e>0

T
Pr > bi(X7 1) >2 (Zzﬂ) Ve+2 <1r33x b> ¢
i=1 i=1 sesm

< exp(—¢). (43)

Lemma 6 [51, Lemma 7.17]: For any k-sparse x € R" sup-
ported on S, assume noise-free measurements 1; = |a’ x| gen-
erated from i.i.d. Gaussian sampling vectors a; ~ N(0,1,),
i=1,2,..., mFixingany e; > 0, and forall (2k)-sparse h €
R", the following holds with probability at least 1 — 3e~“™

1 & alz alx T T
w2 (ars ~ fara) e elal
3

i=1 i

V14 e /21 9
<2— +1/— h 44
=1 €1 20/’0 |R2 (44)

forall z € R" obeying ||z — |2 < po||x||2, provided that m >
c6(2s) log(n/(2s)) for some fixed numerical constants ¢;, cg >
0. Here, py = 1/10.

The proof of Lemma 6 can be found in [51, Page 30].




490

ACKNOWLEDGMENT

The authors would like to thank the anonymous reviewers for
their thorough review and all constructive comments and sug-
gestions, which helped to improve the quality of the manuscript.
The authors also thank Prof. Xiaodong Li for sharing the codes
of the thresholded Wirtinger flow algorithm.

(1]

(2]

(3]

[4]

[3]
(6]

(71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

REFERENCES

G. Wang, G. B. Giannakis, J. Chen, and M. Ak¢akaya, “SPARTA: Sparse
phase retrieval via truncated amplitude flow,” in Proc. IEEE Int. Conf.
Acoust. Speech Signal Process., New Orleans, LA, USA, Mar. 5-9 2017,
pp- 3974-3978.

Y. C. Eldar, N. Hammen, and D. G. Mixon, “Recent advances in phase
retrieval [lecture notes],” IEEE Signal Process. Mag., vol. 33, no. 5,
pp. 158-162, Sep. 2016.

E. Hofstetter, “Construction of time-limited functions with specified au-
tocorrelation functions,” IEEE Trans. Inf. Theory, vol. I1T-10, no. 2,
pp. 119-126, Apr. 1964.

Y. Shechtman, A. Beck, and Y. C. Eldar, “GESPAR: Efficient phase re-
trieval of sparse signals,” IEEE Trans. Signal Process., vol. 62, no. 4,
pp. 928-938, Feb. 2014.

J. R. Fienup, “Phase retrieval algorithms: A comparison,” Appl. Opt.,
vol. 21, no. 15, pp. 2758-2769, Aug. 1982.

P. Netrapalli, P. Jain, and S. Sanghavi, “Phase retrieval using alternating
minimization,” IEEE Trans. Signal Process., vol. 63, no. 18, pp. 4814—
4826, Sep. 2015.

T. Bendory, Y. C. Eldar, and N. Boumal, “Non-convex phase retrieval
from STFT measurements,” IEEE Trans. Inf. Theory, vol. 63, no. 12, pp.
1-18, Dec. 2017.

E.J. Candes, X. Li, and M. Soltanolkotabi, “Phase retrieval via Wirtinger
flow: Theory and algorithms,” IEEE Trans. Inf. Theory, vol. 61, no. 4,
pp. 1985-2007, Apr. 2015.

Y. Chen and E. J. Candes, “Solving random quadratic systems of equations
is nearly as easy as solving linear systems,” Commun. Pure Appl. Math.,
vol. 70, no. 5, pp. 822-883, Dec. 2017.

G. Wang, G. B. Giannakis, and Y. C. Eldar, “Solving systems of ran-
dom quadratic equations via truncated amplitude flow,” IEEE Trans. Inf.
Theory, vol. 63, no. 12, pp. 1-22, Dec. 2017.

E.J. Candes, Y. C. Eldar, T. Strohmer, and V. Voroninski, “Phase retrieval
via matrix completion,” SIAM Rev., vol. 57, no. 2, pp. 225-251, May 2015.
E. J. Candes, X. Li, and M. Soltanolkotabi, ‘“Phase retrieval from coded
diffraction patterns,” Appl. Comput. Harmon. Anal., vol. 39, no. 2,
pp- 277-299, Sep. 2015.

R. W. Gerchberg and W. O. Saxton, “A practical algorithm for the determi-
nation of phase from image and diffraction,” Optik, vol. 35, pp. 237-246,
Nov. 1972.

P. Chen, A. Fannjiang, and G.-R. Liu, “Phase retrieval with one or two
diffraction patterns by alternating projection with null initialization,” J.
Fourier Anal. Appl., pp. 1-40, Mar. 2017.

1. Waldspurger, “Phase retrieval with random Gaussian sensing vectors by
alternating projections,” arXiv:1609.03088, 2016.

G. Wang and G. B. Giannakis, “Solving random systems of quadratic
equations via truncated generalized gradient flow,” in Proc. Adv. Neural
Inf. Process. Syst., Barcelona, Spain, 2016, pp. 568-576.

G. Wang, G. B. Giannakis, and J. Chen, “Scalable solvers of random
quadratic equations via stochastic truncated amplitude flow,” IEEE Trans.
Signal Process., vol. 65, no. 8, pp. 1961-1974, Apr. 2017.

Y. Chi and Y. M. Lu, “Kaczmarz method for solving quadratic equations,”
1EEE Signal Process. Lett., vol. 23, no. 9, pp. 1183-1187, Sep. 2016.

G. Wang, G. B. Giannakis, Y. Saad, and J. Chen, “Solving most high-
dimensional systems of random quadratic equations,” arXiv:1705.10407,
2017.

H. Zhang, Y. Zhou, Y. Liang, and Y. Chi, “Reshaped Wirtinger flow and
incremental algorithm for solving quadratic system of equations,” J. Mach.
Learn. Res., to be published, 2018.

Y. Li, Y. Sun, and Y. Chi, “Low-rank positive semidefinite matrix recovery
from corrupted rank-one measurements,” IEEE Trans. Signal Process.,
vol. 65, no. 2, pp. 397408, Jan. 2017.

J. Sun, Q. Qu, and J. Wright, “A geometric analysis of phase retrieval,” in
Proc. Int. Symp. Inf. Theory, Barcelona, Spain, Jul. 2016, pp. 2379-2383.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]

[48]

[49]

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 66, NO. 2, JANUARY 15,2018

J. C. Duchi and F. Ruan, “Solving (most) of a set of quadratic equalities:
Composite optimization for robust phase retrieval,” arXiv:1705.02356,
2017.

H. Chang, S. Marchesini, Y. Lou, and T. Zeng, “Variational phase retrieval
with globally convergent preconditioned proximal algorithm,” 2017.

C. Qian, N. D. Sidiropoulos, K. Huang, L. Huang, and H. C. So, “Phase
retrieval using feasible point pursuit: Algorithms and Cramer-Rao bound,”
IEEE Trans. Signal Process., vol. 64, no. 20, pp. 5282-5296, Oct. 2016.

E.J. Candes, T. Strohmer, and V. Voroninski, “PhaseLift: Exact and stable
signal recovery from magnitude measurements via convex programming,”
Appl. Comput. Harmon. Anal., vol. 66, no. 8, pp. 1241-1274, Nov. 2013.
1. Waldspurger, A. d’ Aspremont, and S. Mallat, “Phase recovery, maxcut
and complex semidefinite programming,” Math. Program., vol. 149, no. 1,
pp. 47-81, 2015.

T. Goldstein and S. Studer, “PhaseMax: Convex phase retrieval via basis
pursuit,” arXiv:1610.07531v1, 2016.

P. Hand and V. Voroninski, “An elementary proof of convex phase re-
trieval in the natural parameter space via the linear program phasemax,”
arXiv:1611.03935, 2016.

K. Jaganathan, Y. C. Eldar, and B. Hassibi, “Phase retrieval: An overview
of recent developments,” Opt. Compressive Sens., arXiv:1510.07713,
2015.

H. Ohlsson, A. Y. Yang, R. Dong, and S. S. Sastry, “CPRL-An extension
of compressive sensing to the phase retrieval problem,” in Proc. Adv.
Neural Inf. Process. Syst., Stateline, NV, USA, 2012, pp. 1367-1375.

T. Cai, X. Li, and Z. Ma, “Optimal rates of convergence for noisy sparse
phase retrieval via thresholded Wirtinger flow,” Ann. Statist., vol. 44, no. 5,
pp. 2221-2251, 2016.

P. Hand and V. Voroninski, “Compressed sensing from phaseless Gaussian
measurements via linear programming in the natural parameter space,”
arXiv:1611.05985, 2016.

P. Schniter and S. Rangan, “Compressive phase retrieval via generalized
approximate message passing,” IEEE Trans. Signal Process., vol. 63,1n0. 4,
pp. 1043-1055, Feb. 2015.

T. Qiu and D. P. Palomar, “Undersampled sparse phase retrieval via
majorization-minimization,” /[EEE Trans. on Signal Process., vol. 65, no.
22, pp. 5957-5969, Nov. 2017.

X. Li and V. Voroninski, “Sparse signal recovery from quadratic mea-
surements via convex programming,” SIAM J. Appl. Math., vol. 45, no. 5,
pp. 3019-3033, Sep. 2013.

M. L. Moravec, J. K. Romberg, and R. G. Baraniuk, “Compressive phase
retrieval,” Proc. SPIE, vol. 6701, 2007, Art. no. 670120.

A. Conca, D. Edidin, M. Hering, and C. Vinzant, “An algebraic charac-
terization of injectivity in phase retrieval,” Appl. Comput. Harmon. Anal.,
vol. 38, no. 2, pp. 346-356, Mar. 2015.

M. Akcakaya and V. Tarokh, “Sparse signal recovery from a mixture of
linear and magnitude-only measurements,” IEEE Signal Process. Lett.,
vol. 22, no. 9, pp. 1220-1223, Sep. 2015.

M. Iwen, A. Viswanathan, and Y. Wang, “Robust sparse phase retrieval
made easy,” Appl. Comput. Harmon. Anal., vol. 42, no. 1, pp. 135-142,
Jan. 2017.

Y. C. Eldar and S. Mendelson, “Phase retrieval: Stability and recovery
guarantees,” Appl. Comput. Harmon. Anal., vol. 36, no. 3, pp. 473-494,
May 2014.

P. M. Pardalos and S. A. Vavasis, “Quadratic programming with one
negative eigenvalue is NP-hard,” J. Global Optim., vol. 1, no. 1,
pp. 15-22, 1991.

L.-H. Yeh et al.,Experimental robustness of Fourier ptychography phase
retrieval algorithms,” Opt. Express, vol. 23, no. 26, pp. 33214-33240,
Dec. 2015.

T. Blumensath and M. E. Davies, “Iterative hard thresholding for com-
pressed sensing,” Appl. Comput. Harmon. Anal., vol. 27, no. 3, pp. 265—
274, Nov. 2009.

D. Needell and J. A. Tropp, “CoSaMP: Iterative signal recovery from in-
complete and inaccurate samples,” Appl. Comput. Harmon. Anal., vol. 26,
no. 3, pp. 301-321, May 2009.

T. Cai, J. Fan, and T. Jiang, “Distributions of angles in random packing on
spheres,” J. Mach. Learn. Res., vol. 14, no. 1, pp. 1837-1864, Jan. 2013.
R. Vershynin, “Introduction to the non-asymptotic analysis of random
matrices,” arXiv:1011.3027, 2010.

A.d’Aspremont, L. El Ghaoui , M. I. Jordan, and G. R. Lanckriet, “A direct
formulation for sparse PCA using semidefinite programming,” STAM Rev.,
vol. 49, no. 3, pp. 434448, Jul. 2007.

A. A. Amini and M. J. Wainwright, “High-dimensional analysis of
semidefinite relaxations for sparse principal components,” Ann. Statist.,
vol. 37, pp. 2877-2921, 2009.



WANG et al.: SPARSE PHASE RETRIEVAL VIA TRUNCATED AMPLITUDE FLOW

[50] E.lJ. Candes and T. Tao, “Decoding by linear programming,” IEEE Trans.
Inf. Theory, vol. 51, no. 12, pp. 4203-4215, Dec. 2005.

M. Soltanolkotabi, “Structured signal recovery from quadratic measure-
ments: Breaking sample complexity barriers via nonconvex optimization,”
arXiv:1702.06175, 2017.

G. Jagatap and C. Hedge, “Phase retrieval using structured sparsity: A
sample efficient algorithmic framework,” arXiv:1705.06412, 2017.

D. Park, A. Kyrillidis, C. Caramanis, and S. Sanghavi, “Finding low-rank
solutions to matrix problems, efficiently and provably,” arXiv:1606.03168,
2016.

H. Zhang, Y. Chi, and Y. Liang, “Provable non-convex phase retrieval with
outliers: Median truncated Wirtinger flow,” Proc. Int. Conf. Mach. Learn.,
New York, NY, USA, vol. 48, 2016.

S. Lu, M. Hong, and Z. Wang, “A nonconvex splitting method for sym-
metric nonnegative matrix factorization: Convergence analysis and op-
timality,” IEEE Trans. Signal Process., vol. 65, no. 12, pp. 3120-3135,
Jun. 2017.

V. Bentkus, “An inequality for tail probabilities of martingales with differ-
ences bounded from one side,” J. Theor. Probab., vol. 16, no. 1, pp. 161-
173, Jan. 2003.

B. Laurent and P. Massart, “Adaptive estimation of a quadratic functional
by model selection,” Ann. Statist., vol. 28, pp. 1302-1338, Oct. 2000.

[51]

[52]

(53]

[54]

[55]

[56]

(571

Gang Wang (S’12) received the B.Eng. degree
in electrical engineering and automation from the
Beijing Institute of Technology, Beijing, China, in
2011. He is currently working toward the Ph.D. de-
gree in the Department of Electrical and Computer
Engineering, University of Minnesota, Minneapolis,
MN, USA.

His research interests include high-dimensional
statistical signal processing, stochastic and noncon-
vex optimization with applications to autonomous en-
ergy grids, and deep learning. Mr. Wang received a
National Scholarship from China in 2014, the Student Travel Awards from the
NSF (2016) and NIPS (2017), and a Best Student Paper Award at the 2017
European Signal Processing Conference.

Liang Zhang (S’ 14) received the B.Sc., and M.Sc.
degrees in electrical engineering from the Shanghai
Jiao Tong University, Shanghai, China, in 2012 and
2014, respectively. Since 2014, he has been work-
ing toward the Ph.D. degree in the Department of
Electrical and Computer Engineering, University of
Minnesota, Minneapolis, MN, USA. His research in-
terests include algorithm development for large-scale
optimization problems, and optimal control of power
systems.

491

Georgios B. Giannakis (F’97) received the Diploma
in electrical engineering from the National Techni-
cal University of Athens, Athens, Greece, in 1981,
and the M.Sc. degree in electrical engineering, M.Sc.
degree in mathematics, and Ph.D. degree in elec-
trical engineering from the University of Southern
California, Los Angeles, CA, USA, in 1983, 1986,
and 1986, respectively. From 1987 to 1998, he was
at the University of Virginia, and since 1999, he has
been a Professor at the University of Minnesota, Min-
neapolis, MN, USA, where he holds an Endowed
Chair in Wireless Telecommunications, a University of Minnesota McKnight
Presidential Chair in ECE, and serves as the Director of the Digital Technol-
ogy Center. His research interests include communications, networking, and
statistical signal processing—subjects on which he has published more than
400 journal papers, 700 conference papers, 25 book chapters, two edited books,
and two research monographs (h-index 128). His current research focuses on
learning from big data, wireless cognitive radios, and network science with
applications to social, brain, and power networks with renewables. He is the
(co)inventor of 30 patents issued.

Dr. Giannakis is the (co)recipient of eight best paper awards from the
IEEE Signal Processing (SP) and Communications Societies, including the G.
Marconi Prize Paper Award in Wireless Communications. He also received
Technical Achievement Awards from the SP Society (2000), from EURASIP
(2005), a Young Faculty Teaching Award, the G. W. Taylor Award for Dis-
tinguished Research from the University of Minnesota, and the IEEE Fourier
Technical Field Award (2015). He is a Fellow of EURASIP, and has served the
IEEE in a number of posts, including that of a Distinguished Lecturer for the
IEEE-SP Society.

Mehmet Akcakaya (M’10) received the B.Eng. de-
gree in electrical engineering from McGill Uni-
versity, Montreal, QC, Canada, in 2005, and the
S.M. and Ph.D. degrees from Harvard University,
Cambridge, MA, USA, in 2010. From 2010 to 2015,
he was with the Harvard Medical School. He is cur-
rently an Assistant Professor at the University of Min-
nesota, Minneapolis, MN, USA. His research inter-
ests include signal processing, medical image pro-
cessing, theory of inverse problems, and magnetic
resonance imaging. His work on the use of sparsity-
based techniques in accelerating MRI has received a number of recognitions.

Jie Chen (SM’12) received the B.S., M.S., and Ph.D.
degrees in control theory and control engineering
from the Beijing Institute of Technology, Beijing,
China, in 1986, 1996, and 2001, respectively. From
1989 to 1990, he was a visiting scholar at the Califor-
nia State University, Long Beach, California, USA.
From 1996 to 1997, he was a research fellow in the
School of Engineering at the University of Birming-
ham, Birmingham, UK. He is currently a Professor
of control science and engineering at the Beijing In-
stitute of Technology. He is also the Head of the State
Key Laboratory of Intelligent Control and Decision of Complex Systems (Bei-
jing Institute of Technology), China. He serves as a Managing Editor for the
Journal of Systems Science & Complexity (2014-2017) and an Associate Editor
for the IEEE TRANSACTIONS ON CYBERNETICS (2016-2018) and several other
international journals. His main research interests include intelligent control and
decision in complex systems, multi-agent systems, and optimization methods.
He has (co-)authored 3 books and more than 200 research papers.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


