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Abstract

The problem of estimating an unknown signal, xo € R”, from a vectory € R™
consisting of m magnitude-only measurements of the form y; = |a;x¢|, where
a;’s are the rows of a known measurement matrix A, is a classical problem known
as phase retrieval. This problem arises when measuring the phase is costly or
altogether infeasible. In many applications in machine learning, signal processing,
statistics, etc., the underlying signal has certain structure (sparse, low-rank, finite
alphabet, etc.), opening of up the possibility of recovering xo from a number of
measurements smaller than the ambient dimension, i.e., m < n. Ideally, one
would like to recover the signal from a number of phaseless measurements that
is on the order of the "degrees of freedom" of the structured xy. To this end,
inspired by the PhaseMax algorithm, we formulate a convex optimization problem,
where the objective function relies on an initial estimate of the true signal and
also includes an additive regularization term to encourage structure. The new
formulation is referred to as regularized PhaseMax. We analyze the performance
of regularized PhaseMax to find the minimum number of phaseless measurements
required for perfect signal recovery. The results are asymptotic and are in terms of
the geometrical properties (such as the Gaussian width) of certain convex cones.
When the measurement matrix has i.i.d. Gaussian entries, we show that our
proposed method is indeed order-wise optimal, allowing perfect recovery from a
number of phaseless measurements that is only a constant factor away from the
optimal number of measurements required when phase information is available.
We explicitly compute this constant factor, in terms of the quality of the initial
estimate, by deriving the exact phase transition. The theory well matches empirical
results from numerical simulations.

1 Introduction

Recovering an unknown signal or model given a limited number of linear measurements is an
important problem that appears in many applications. Researchers have developed various methods
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with rigorous theoretical guarantees for perfect signal reconstruction, e.g. [, [16} 38} 43]. However,
there are many practical scenarios in which the signal should be reconstructed from nonlinear
measurements. In particular, in many physical devices, measuring the phase is expensive or even
infeasible. For instance, detection devices such as CCD cameras and photosensitive films cannot
measure the phase of a light wave and instead measure the photon flux [22]].

The fundamental problem of recovering a signal from magnitude-only measurements is known as
phase retrieval. It has a rich history and occurs in many areas in engineering and applied sciences
such as medical imaging [[15], X-ray crystallography [27], astronomical imaging [17]], and optics [45].
Due to the loss of phase information, signal reconstruction from magnitude-only measurements can
be quite challenging. Therefore, despite a variety of proposed methods and analysis frameworks,
phase retrieval still faces fundamental theoretical and algorithmic challenges.

Recently, convex methods have gained significant attention to solve the phase retrieval problem. The
first convex-relaxation-based methods were based on semidefinite programs [7, [10] and resorted
to the idea of lifting [2, 8, 23| 36] the signal from a vector to a matrix to linearize the quadratic
constraints. While the convex nature of this formulation allows theoretical guarantees, the resulting
algorithms are computationally inefficient since the number of unknowns is effectively squared. This
makes these approaches intractable when the system dimension is large.

Introduced in two independent papers [3} [19]], PhaseMax is a novel convex relaxation for phase
retrieval which works in the original n-dimensional parameter space. Since it does not require lifting
and does not square the number of unknowns, it is appealing in practice. It does, however, require
an intial estimate of the signal. Preliminary theoretical analysis [3, 13} 19} 21] indicates the method
achieves perfect recovery for an order optimal number of random measurements. The exact phase
transition for PhaseMax has been recently computed in a sequence of papers, first for the case of real
measurements [14] and then for the case of complex ones [35]].

Non-convex methods for phase retrieval have a long history [18]]. Recent non-convex methods start
with a careful initialization [25} 26} 28] and update the solution iteratively using a gradient-descent-
like scheme. Examples of such methods include Wirtinger flow algorithms [9} [12} [37], truncated
amplitude flow [46], and alternating minimization [29}49]. Despite having lower computational cost,
precise theoretical analysis of such algorithms seems very technically challenging.

All the aforementioned algorithms essentially demonstrate that a signal of dimension n can be
perfectly recovered through m > Cn amplitude-only measurements, where C' > 1 is a constant that
depends on the algorithm as well as the measurement vectors. However, many interesting signals
in practice contain fewer degrees of freedom than the ambient dimension (sparse signals, low-rank
matrices, finite alphabet signals, etc.). Such low-dimensional structures open up the possibility of
perfect signal recovery with a number of measurements significantly smaller than n.

1.1 Summary of contributions

In this paper we propose a new approach for recovering structured signals. Inspired by the PhaseMax
algorithm, we introduce a new convex formulation and investigate necessary and sufficient conditions,
in terms of the number of measurements, for perfect recovery. We refer to this new framework as
regularized PhaseMax. The constrained set in this optimization is obtained by relaxing the non-convex
equality constraints in the original phase retrieval problem to convex inequality constraints. The
objective function consists of two terms. One is a linear functional that relies on an initial estimate of
the true signal which must be externally provided. The second term is an additive regularization term
that is formed based on a priori structural information about the signal.

We utilize the recently developed Convex Gaussian Min-Max Theorem (CGMT) [39] to precisely
compute the necessary and sufficient number of measurements for perfect signal recovery when the
entries of the measurement matrix are i.i.d. Gaussian. To the extent of our knowledge, this is the first
convex optimization formulation for the problem of structured signal recovery given phaseless linear
Gaussian measurements that provably requires an order optimal number of measurements. In this
paper we focus on real signals and real measurements. The complex case is more involved, requires
a different analysis, and will be considered in a separate work. Through our analysis, we make the
following main contributions:



e We first provide a sufficient recovery condition, in Section[3.1} in terms of the number of
measurements, for perfect signal recovery. We use this to infer that our proposed method is
order-wise optimal.

e We characterize the exact phase transition behavior for the class of absolutely scalable
regularization functions.

e We apply our findings to two special examples: unstructured signal recovery and sparse
recovery. We observe that the theory well matches the result of numerical simulations for
these two examples.

1.2 Prior work

Phase retrieval for structured signals has gained significant attention in recent years. A review of all
of the results is beyond the scope of this paper, and we instead briefly mention some of the most
relevant literature for the Gaussian measurement model. Oymak et. al. [30] analyzed the performance
of the regularized PhaseLift algorithm and observed that the required sample complexity is of a
suboptimal order compared to the optimal number of measurements required when phase information
is available. For the special case of sparse phase retrieval similar results have been reported in [24]]
which indicates O(k?log(n)) measurements are required for recovering of a k-sparse signal, using
regularized PhaseLift. Recently, there has been a stream of work on solving phase retrieval using non-
convex methods [6,47]]. In particular, Soltanolkotabi [37] has shown that amplitude-based Wirtinger
flow can break the O(k?log(n)) barrier. We also note that the paper [20] analyzed the PhaseMax
algorithm with ¢; regularizer and observed that it achieves perfect recovery with O(k log(n/k))
samples, provided a well-correlated initialization point.

2 Preliminaries

2.1 Problem setup

Let xo € R"™ denote the the underlying structured signal. We consider the real phase retrieval
problem with the goal of recovering x from m magnitude-only measurements of the form,

yi=la;xol, i=1,2,...,m, (1)

where {a; € R"}, is the set of (known) measurement vectors. In practice, this set is identified
based on the experimental settings; however, throughout this paper (for our analysis purposes) we
assume that the a;’s are drawn independently from a Gaussian distribution with mean zero and
covariance matrix L,. In order to exploit the structure of the signal we assume f(-) is a convex
function that measures the "complexity" of the structured solution. The regularized PhaseMax
algorithm also relies on an initial estimate of the true signal. Here, xiy;; is used to represent this initial
guess. Our analysis is based on the critical assumption that both x;,;; and x are independent of all
the measurement vectors. The constraint set in generalized PhaseMax is derived by simply relaxing
the equality constraints in (1)) into convex inequality constraints. We introduce the following convex
optimization problem to recover the signal:

% =argmin Ly (X) = —Xinit' X + Af(x)
xer )
subjectto:  |a] x| <y;, for 1 <i<m.

The function f is assumed to be sign invariant, i.e., f(x) = f(—x) forall x € R™ (—x has the
same "complexity" as x.) Note that because of the global phase ambiguity of measurements in (IJ),
we can only estimate xo up to a sign. Up to this sign ambiguity, we can use the normalized mean

S 2
squared error (NMSE), defined as %, to measure the performance of the solution. In this paper

we investigate the conditions under which the optimization program (2)) uniquely identifies the true
signal, i.e., X = X (up to the sign). Our results are asymptotic which is valid when m, n — oco.

2.2 Background on convex analysis

Our results give the required number of measurements as a function of certain geometrical properties
of the descent cone of the objective function. Here, we recall these definitions from convex analysis.



Definition 1. (Descent cone) For a function R : R™ — R the descent(tangent) cone at point X is
defined as,
Tr(x) = cone({z € R" : R(x+z) < R(x)}) , 3)

where cone(S) denotes the closed conical hull of the set S.

Definition 2. Let S be a closed convex set in R™. For x € R” the projection of x on S, denoted by
Is(x), is defined as follows,

Is(x) := argmin||x —y|| , “)
YES
where || - || is the Euclidean norm. The distance function is defined as: dists(x) = ||x — ILs(x)]].

Definition 3. (Statistical dimension) [lI]] The statistical dimension of a closed convex cone C in R™
is defined as,

d(C) = Eg [IMe(e)I’] . 5)
where g € R" is a standard normal vector.

The statistical dimension canonically extends the dimension of linear spaces to convex cones. This
quantity has been extensively studied in linear inverse problems. It is well-known that as n —
0o, m > d(Tp, (xo)) is the necessary and sufficient condition for perfect signal recovery under
noiseless linear Gaussian measurements [11}138]]. Our analysis indicates that given phaseless linear
measurements, the regularized PhaseMax algorithm requires O(d(T},, (x¢))) measurements for
perfect signal reconstruction. Therefore, it is order-wise optimal in that sense.

3 Main Results

In this section we present the main results of the paper which provide us with the required number of
measurements for perfect signal recovery in the regularized PhaseMax optimization (2). This gives
the value mo = mo(n, Xg, Xinit, A), such that the regularized PhaseMax algorithm uniquely identifies
the underlying signal xq with high probability whenever m > my.

In Section[3.1] we find sufficient conditions for recovery of the underlying signal. Theorem I|provides
an upper bound on the number of measurements that is equal to a constant factor times the statistical
dimension of the descent cone, d(77, (xo)). Therefore, even though our analysis is not exact in this
section, it leads us to the important observation that our proposed method is order-wise optimal in
terms of the required sample complexity for perfect signal reconstruction.

In Section[3.2] we provide an exact analysis for the phase transition behavior of regularized PhaseMax
when the regularizer is an absolutely scalable function. We apply this result to the case of unstructured
phaseless recovery as well as sparse phaseless recovery to compute the exact phase transitions. We
then compare the result of theory with the empirical results from numerical simulations.

3.1 Sufficient recovery condition

Let P := WXOXOT and P+ := I — P denote the projectors onto the span of x and its orthogonal

complement, respectively, where || - || denotes the ¢5-norm of the vectors. We also define d(™) :=
d(Tr, (x0)) as the statistical dimension of the descent cone of the objective function at point xg. Our
analysis rigorously characterizes the phase transition behavior of the regularized PhaseMax in the
large system limit, i.e., when n — oo, while m and d(™ grow at a proportional ratio § = SGy- 0
is often called the oversampling ratio. Here, the superscript (n) is used to denote the elements of a
sequence. To streamline the notations, we often drop this when understood from the context.
Theorem [I] provides sufficient conditions for the successful recovery of xq. The recovery threshold
depends on A and the initialization vector, X;,;;. We define py,y := Xinit | X0 to quantify the caliber
of the initial estimate. Due to the sign invariance property of the solution, we can assume without
loss of generality that p;,; > 0. Before stating the theorem, we shall introduce the function
R() : (2, +OO) — R+.



Figure 1: R(x) for different values of z. R is a monotonically decreasing function.

Definition 4. For x > 2, R(x) is the unique nonzero solution of the following equation:

T

t2 (1 + t*)atan(t) —t) . (6)

™

Figure [I|depicts the evaluation of the function R(z) for different input values x. As observed, R(x)
is a decreasing function with respect to x, and it approaches zero as x grows to infinity. It can be
shown that for large values of the input , R(x) decays with the rate %

Theorem 1 (Sufficient recovery condition). For a fixed oversampling ratio § > 2, the regularized
PhaseMax optimization @) perfectly recovers the target signal (in the sense that lim P{||%x — x¢| |2 >
n—oo

e|lxol|*} = 0, for any fixed € > 0) if,
ILadl

R(6) < )
vedLx (xo) |IPVI|

)

where QL) (xo) denotes the sub-differential set of the objective function Ly(+) at point xg.

It is worth noting that 9L (xo) is a convex and compact set, and it can be expressed in terms of the
sub-differential of the regularization function Jf(xg) as following,

aL)\(Xo) = {)\u — Xipit - U € 8f(x0)} . (8)

Observe that since R(-) is a monotonically decreasing function, the inequality (7)) gives a lower bound
for the oversampling ratio J. Indeed, we can restate the result in terms of this lower bound as the
following corollary:

Corollary 1. Ifthere exist a fixed constant T > 0 such that,

sup |[Pv]|
vEdL (x0) I[PV

)

then the regularized PhaseMax optimization @) has perfect recovery for 6 > C, where C is a
constant that only depends on T.

Proof. It is an immediate consequence of Theorem|I|by choosing C' = R~*(7) and noting that R(-)
is monotonically decreasing. O

This result indicates that if Xj,;; and A are chosen in such a way that the inequality (9) is satisfied
for some positive constant 7, then one needs m > C'd(™) measurement samples for perfect recovery,
where C'is a constant and d(™) (= d) is the statistical dimension of the descent cone of the objective
function at point x¢. As motivating examples, we use Theorem [I|to find upper bounds on the phase
transition when x( has no structure or it is a sparse signal.

Example 1: Assume the target signal x( has no a priori structure. The objective function in this case
would be L(x) = —Xinit' X, and OL(xq) = {—Xini } It can be shown that the statistical dimension is
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Figure 2: Phase transition regimes for the regularized PhaseMax problem in terms of the oversampling ratio
6 and pinit = Xinit | X0, for the cases of xo with (a) no structure and (b) sparse signal recovery . The blue lines
indicate the theoretical estimate for the phase transition derived from Theorem 2] The red line in (a) correspond
to the upper bound calculated by Theorem[T] In the simulations we used signals of size n = 128. The result is
averaged over 10 independent realization of the measurements.

d™ = n — 1/2. Due to the absence of the regularization term in this case, without loss of generality
we can assume ||Xo|| = ||Xinit|| = 1. Theorem|[I|provides the following sufficient condition for perfect
recovery:

|| P i | _ Pinit
L. Al /7 2
||P letH 1-— pinit
This indicates O(n) measurements is sufficient for perfect recovery as long as piix > po, where
po > 0 1is a constant that does not approach zero as n — oo. The exact phase transition for
the unstructured case (PhaseMax) has been derived in [14] which is compatible with this result.
Figure |Zka) shows the result of numerical simulation for different values of § and pjni;, when n = 128.

As depicted in the figure, the sufficient recovery condition from Theorem|T]is approximately a factor
of 2 away from the actual phase transition.

> R(9) . (10)

Example 2: Let x, be a k-sparse signal. In this case we use || - ||; as the regularization function.
We show in Sectionthat it A > ﬁ, then d™ < Cklog(n/k), for some constants ¢,C > 0.

This matches the well-known order for the statistical dimension derived in the compressive sensing

literature [38§].

Moreover, in order to satisfy the condition in Corollary |1/ we need to have I ii(;nlt‘ > (1+ €)A, for
1

some € > 0. Therefore, x¢ can be perfectly recovered having O(klog(n/k)) samples when the

hyper-parameter A is tuned properly, i.e., Lk <A o Figure a) compares this upper bounds

[1xoll
with the precise analysis that we will show in Section As depicted in this figure, the sufficient
recovery condition is a valid upper bound on the phase transition, but it is not sharp.

3.2 Precise phase transition

So far, we have provided a sufficient condition for perfect signal recovery in the regularized PhaseMax.
In this section we give the exact phase transition, i.e., the minimum number of measurements my
required for perfect recovery of the unknown vector x. For our analysis, we assume that the function
f(x) is absolutely homogeneous (scalable), i.e., f(7 - x) = |7| - f(x), for any scalar 7. This covers a

large range of regularization functions such as norms and semi-norms. Let OL ,\L(xo) C R"™ denote
the projection of the sub-differential set into the orthogonal complement of x, i.e.,

OLx"(x0) = {PTu:u e dLy(x0)}, (11)

which is a convex and compact set. To state the result in a general framework, we require a further
assumption on functions Lf\n) ().
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Figure 3: (a) Comparing the upper bounds on the phase transition, derived by Theorem (dashed lines) and
the precise phase transition by Theorem (solid lines), for three values of the sparsity factor s = k/n. (b) The
phase transition behavior as a function of the regularization parameter ), derived from the result of Theorem El

Assumption 1 (Asymptotic functionals) We say Assumption 1 holds if the following uniform conver-
gences exist, as n — 0o,

1
B - E[% h' HaLx*(xo)(\fﬁh)}

E[distaw(xo)(jﬁh)] LUNNGY (12)

ULif') F\(B), and,

where h € R™ has i.i.d. standard normal entries and F, G : R; — R denote the functions that
the sequences uniformly converge to.

One can show that, under some mild conditions on the regularization function f(-), Assumption 1
holds and also F)\(8) = G(8)GA(8), where G/ (-) denotes the derivative of the function G (-).

This assumption especially holds for the class of separable regularizers, where f(v) = >, f(v;)
(e.g. £1 norm for the case of sparse phase-retrieval). Later in this section, we will see validity of
this assumption for two examples discussed earlier in Section[3] Our precise phase transition results
indicate the required number of measurements as the solution of a set of two nonlinear equations
with two unknowns. We define a new parameter o := % , where agpy = % indicates the exact
phase transition of the regularized PhaseMax optimization. The following theorem gives an implicit

formula to derive avgp.

Theorem 2 (Precise phase transition). Let X be the solution to the regularized PhaseMax optimization
@) with the objective function Ly(X) = —Xuii' X + Af(x), where the convex function f(-) is
absolutely homogeneous and Assumption 1 holds. The regularized PhaseMax optimization would
perfectly recover the target signal x if and only if:

1. a > g, Where iy, is the solution of the following system of non-linear equations with
two unknowns, « and f3,

{—Gx(ﬂ) Li(x0) = tan( 73 Fx(8)) (GX(B) — BFA(B)) ,

tan(Z Fy(8)) (Gr(B) + I FA(A) La(xo)) = SFA(B) Ga(8), )

2. and, Lx(x¢) < Lx(0) =0.
where the functions F(-) and G \(-) are defined in (12).

A few remarks are in place for this theorem:

[Solving equations (T3)] The system of nonlinear equations (I3)) only involves two scalars 8 and
a, and the functions F(8) and G»(3) are determined by the objective function L (x). For our
numerical simulations in the examples of Section [3.2.1] and Section [3.2.2] we used a fixed-point



iteration method that can quickly find the solution given a proper initialization.

[Tuning A] Theorem [2| requires the objective function to satisfy Ly(xo) = Af(X0) — pumit <
0. Therefore, it is necessary to choose A in such a way that A < pinit/ f(x0). Some additional
assumptions on the unknown vector x enables us to calculate the proper range for \. For instance,
if we consider a random ensemble for xy where the non-zero entries of xq are Gaussian (or other)
random variables, E[f(x()] gives a reasonable estimation on f(xg) that can help us choosing A
appropriately. We will see an example of such case in section[3.2.2] Figure[3[b) shows an example of
how the phase transition of the regularized PhaseMax, or equivalently the required sample complexity,
behaves as a function of the hyper-parameter \.

In the next sections, we use the result of Theorem 2]to compute the exact phase transition for the case
of unstructured signal as well as the sparse signal recovery. Since the regularizer f(x) is absolutely
scalable, for both examples, we assume that ||xg|| = 1.

3.2.1 Unstructured signal recovery

When there is no a priori information about the structure of the target signal, we use the following
optimization (PhaseMax) for signal recovery:

X =argmin L(x) = —Xinit | X
x€ER™ (14)
subject to: \a?x\ <y, for 1<i<m.
Due to the absence of the regularization term, without loss of generality we can assume ||Xini|| = 1.

Moreover, L(xg) = —piix Which indicates that the second condition in Theorem. To apply the
result of our theorem, we first compute explicit formulas for the functions F(3), and Gx(3), as

follows,
EB) =B, Ga(®)= /8 +1- 2. as)

We can now form the system of nonlinear equations (I3) as follows,

VB +1 = piy 2% = tan(})
tan(%) (/B2 + 1 — piy — ™22) = Z/B% + 1 — piy -

Finally, solving equations yields the following necessary and sufficient condition for perfect
recovery,

(16)

— > 11— 2 17
atan(n/a) Pinic > an

which also verifies the result of [14]].

Figure [2{a) shows the result of numerical simulations of running the PhaseMax algorithm for different
values of pi,; and §. The intensity level of the color of each square in Figure [2] represents the
error of PhaseMax in recovering xg. As seen in the figure, although our theoretical results has been
established for the asymptotic setting (when the problem dimensions approach infinity), the blue
line, which is derived from (T7)), reasonably predicts the phase transition for n = 128. The sufficient
conditions that is derived from Theorem [T]is also depicted by the red line in the same figure.

3.2.2 Sparse recovery

We consider the case where the target signal x is sparse with k£ non-zero entries. The convex function
fx)= ﬁ [|x||,, which is known to be a proper regularizer that enforces sparsity [41], is used in the

regularized PhaseMax optimization to recover Xy,

A

~ . T

X =argmin L) (X) = —Xpie X+ —||x

ramin L () =~ + =[x, .
subject to: \aiTx\ <y, for 1<i<m.

To streamline notations, we assume the non-zero entries of xq are the first k& entries and decompose
A

v , .
vector v € R" as v = {v Ac:| , where v& € R¥ denotes the first k entries of v, and v&° € R*~*

is the remaining n — k entries. As m,n — oo, we would like to apply the result of Theorem



to compute the exact phase transition. Due to the rotational invariance property of the Gaussian
distribution, it can be shown that multiplying the last (n — k) entries of Xy, by a unitary matrix
U e R(n=F)x(n=k) does not change the phase transition behavior in (Z). Hence, we can assume the
entries of xiAnii have Gaussian distribution, i.e.,
A

Xinit = [:Z:ﬂ ,and xiy = \/ﬁ x|l & »
where g € R™~F has standard normal entries. This observation enables us to establish the following
lemma:

19)

Lemma 1. Consider the optimization problem (18) to recover the k-sparse signal xo. We assume the

entries of Xy, are distributed as in (19) and define p := ﬁsign(on)TxA where sign(-) denotes

init’
the component-wise sign function. Then, Assumption 1 holds with:

Fx(B)=B(s+2(1—s)- Q(%) )
/ﬁQ + Hxl,,ist

GX(B) = s - (8% + ) + IIximall> — 2AV/55 — L2 (x0)

H A2 A

Kinit ) . EH[ shrink2 (H, W
B2+ Hue

1—s
where Q(-) is the tail distribution of the standard normal distribution, H has standard normal
distribution and s := k/n is the sparsity factor. The shrinkage function shrink(-,-) : R x Ry — R
is defined as:

+(1-9)(8*+ )] (20)

shrink(x,7) = (|Jz| — 7)1{|z| > 7} . (1)

It is worth noting that the function shrink(-, -) also appeared in computing the statistical dimension
for ¢, regularization (see Section@) which indicates some implicit relation to avype.

We have numerically computed the solution of the nonlinear system (20). Figure 2(a), and Figure
[2Ib) shows the error of regularized PhaseMax over a range of pinic and 0. The comparison between
our upper bound derived from Theorem|[T]and precise analysis of Theorem [2]is depicted in Figure [3(a)
for three values of the sparsity factor s = 0.05,0.1,0.2. Observe that the upper bound is only a
constant factor away from the precise phase transition, while its derivation involves simpler formulas.
Finally, Figure[3]b), illustrates impact of the regularization parameter A on the phase transition of
the regularized PhaseMax optimization for four values of pj,;;. The values of A in this figure are
piniL\/H

lI>oll

normalized by which is the maximum acceptable value of A in the regularized PhaseMax.

4 Conclusion and Future Directions

In this paper, we introduced a new convex optimization framework, regularized PhaseMax, to
solve the structured phase retrieval problem. We have shown that, given a proper initialization,
the regularized PhaseMax optimization perfectly recovers the underlying signal from a number
of phaseless measurements that is only a constant factor away from the number of measurements
required when the phase information is available. We explicitly computed this constant factor.

An important (yet still open) research problem is to investigate the required sample complexity to
construct a proper initialization vector, Xj,;;. As an example, for the case of sparse phase retrieval, even
though our analysis indicates that O(k log %) is the required sample complexity of the regularized
PhaseMax optimization, the best known initialization technique [6] needs O(k? logn) samples to
generate a meaningful initialization, which is suboptimal. An important future direction is to study
initialization techniques that break this sample complexity barrier, or to use information theoretic
arguments (as in [28]) to show that the sample complexity for the initialization cannot be improved.

To form the objective function in the regularized PhaseMax, we exploited some a-priori knowledge
about the structure of the underlying signal. In many practical settings such prior information is
not available. There has been some interesting recent publications (e.g. [4}48]) which introduce
efficient algorithms to learn the structure of the underlying signal. An interesting research direction
is to investigate new optimization framework that does not rely on the prior information about the
structure of the underlying signal.
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5 Appendix

5.1 Convex Gaussian min-max theorem

Our analysis is based on the recently developed Convex Gaussian Min-max Theorem (CGMT) [39,
40]). The CGMT associates with a Primary Optimization (PO) problem an Auxiliary Optimization
(AO) problem from which we can investigate various properties of the primary optimization, such as
phase transitions. In particular, the (PO) and the (AO) problems are defined respectively as follows:

- ; T
P(G) = Join - max u Gw + ¢ (u,w), (22a)
#(g,h) := min max ||wllgTu — [ju]h"w + ¢ (u, w), (22b)

wESw u€S,

where G € R™*" g € R™ h € R", Sy, C R",;S, C R™ and ¢ : R™ x R™ — R. Denote
wo = Wo(G) and wy := Wy (g, h) any optimal minimizers in (22a) and (22b)), respectively. The
following lemma is a result of CGMT [39].

Lemma 2. Consider the two optimizations 22a) and (22b). Let S, Sy be convex sets where at least
one of them is compact, Y be continuous and convex-concave on Sy, X Sy, and, G, g and h all have
entries iid standard normal. Suppose there exist a unique o such that in the limit of n — oo it holds
in probability that || w (g, h)|| — «. Then, the same holds for wg (G) and we have ||we (G)|| — o

CGMT essentially replaces the optimization in (22a) with the one in (22b) (which we refer to as the
Auxiliary Optimization) which is simpler to analyze. This is the main step in our proofs.

5.1.1 Convergence analysis of the Auxiliary Optimization

After applying CGMT in the proof of Theorem[2] we aim to analyze the auxiliary optimization. In
this path, we replace several functions with their limits in probability. This can be done through
the same tricks used in section A.4 of [39] and Lemma B.1 in the same paper. Here, we state the
following lemma without proof.

Lemma 3 (Min-convergence — Open Sets). Consider a sequence of proper, convex stochastic
Sfunctions M, : (0,00) — R, and, a deterministic function M : (0,00) — R, such that:

1. M, (x) L M (), for all x > 0,
2. there exists z > 0 such that M (x) > inf,~o M (x) for all x > z.
Then, inf,~o M, (x) Ly inf,0 M(x).

The objective function in our optimization problems satisfy the assumptions of this lemma at the
points that we replace them with their limits.

5.2 Proof of Theorem[]

In order to establish the result we use the following lemma which provides an equivalent optimization
that has the same error performance as PhaseMax, and is the key ingredient in deriving the main
results of the paper.

Lemma 4 (Equivalent Optimization). Consider the regularized PhaseMax problem introduced in
Section2.1} As n — oo, the error performance converges in probability as follows:

A 2
<|X_X0||> —(Iw*|*+ (1 -5%)?) =5 0. (23)

2
HXOH

Here s* € R, and w* € R™ are the unique optimizers of the following optimization program,

mip  min = (%0 4+ W) + Af (5o + W) @)

subject to: h'w > /mca(s,||w]]) |
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where h € R™ has i.i.d. standard normal entries and the function cq : R x Ry — R is defined as,

cal(s,r) = %[((1 +5)2 4 12) atan( : 5+ (1= 9)? +1?) aran(5 . -2 Q)

The full technical details of obtaining this result is explained in Section[Sg} In short, to show the
equivalence, we start from (2)) and define new variables s := x! x and w = PTx. Then reformulate it
as an unconstrained optimization using Lagrange multipliers. The result is a consequence of applying
CGMT (Lemma[2] see Appendix [5.1) with some simplifications.

Consider the following optimization:

mip  min = (%0 4+ W) + A (50 + W) 26)

subject to: h™w > \/m cq(s, ||w]]) .

The result of Lemmald]established that as n — oo, the error performance of the regularized PhaseMax
converges to the error performance in (26). The following corollary indicates the necessary and
sufficient condition for perfect recovery:

Corollary 2. Asn — 00, Xq is the unique solution of the regularized PhaseMax optimization, if and
only if (s*,w*) = (1, 0) be the unique optimizer of the equivalent optimization (26).

Proof. This is an immediate result of Lemma[d] noticing that ||X — xo|| = 0 is the condition for
perfect recovery. O
Let us proceed onwards with analyzing (26). For simplicity, we assume ||xg|| = 1. Define a new

function f(-) : R" — R as follows,

f(x) = f(xo0) + vergfa(}){(o)vT(x —Xp) - 27

8 f(xo) is the sub-differential set of function f at point xo which is a convex and compact set. f(-) is
basicly the first-order approximation of the regularization function f(-) at point xo. This replacement
cannot be done in general, but since we are only investigating the phase transition regime where the
norm of the error, || X — X/, approaches to zero, we may perform this exchange. To investigate the
phase transition behavior in (26)), we bound 1 — s and ||w/|| to a small neighborhood of 0. Therefore,
it is valid to replace f with f in that small neighborhood around x(. Reformulating the optimization
using this replacement would give us the following,

. T T
min max — Xinit ' (8X0 + W) +Af(x0) +Av' ((s —1)xg + W
sER,w_Lxo veED f(x0) it ( 0 ) f< O) (( ) 0 ) (28)

subject to: h'w > \/m ca(s, ||w]]) .

We add the constant term, X' Xo — A f(x0), to the objective function and reformulate the maxi-
mization in terms of OL(xo) as follows,

min max (s —)xjv+w'v
seER,wLlxg veIL(xq) (29)

subject to: h'w > /mca(s, |[w]]) .

If |s| > 1 in (29), we have the following inequalities:

[Iw]* d(Tz(x0)) = (h"w)* = m cals, [[wl]) > %HWII2 - (30)

The first inequality is due to the fact that x — xg = (s — 1)xg + w is in T, (xg) (the descent cone
of the objective at point x). The second inequality appeared as a constraint in the optimization
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problem (29). The last inequality is true since cq(s,r) > 72/2, when |s| > 1. Therefore, using
the assumption § = “ > 2, it can be shown that the feasible set of (29) is nonempty if and only if
ls] < 1.

Since the regularized PhaseMax optimization is convex, in order to show that s* = 1 and w* = 0 are
the unique optimizers of (29), it is sufficient to check the optimality condition in a small neighborhood
of (s* = 1,w* = 0). We also use the following approximation of the function cq4(s, r) which is
valid in a small neighborhood around the point (s, r) = (1,0):

1
ca(s,r) = ;[((1 — )2+ r2)atan(1 i )—r(1—3)]. 31
Next, for fixed |s| < 1, we will find an upper bound for r := ||w]|| such that s and w satisfy the
constraint in (29). We use the following inequalities:
2 d(Tr(x0)) > (h"w)? > m cq(s,r) = 2 > § cals,r) . (32)

Replacing the approximation (31)) for cq(s,r), when s 1 1 we have,

r<R(O)(1-s), (33)

where R(4) is the unique nonzero solution of the following nonlinear equation:

t? = %((1 + tH)atan(t) — t) . (34)

We are now at the stage to establish the result of Theorem Assume Vv € JL(xg) achieves the
supremum in (7) (Note that v always exist because the set 9L (x() is compact). v then satisfies the
following conditions:

1. xIv<o,
2. ||[Pv]| > R(8) |[PLv]| .

We have the following inequalities:

min max (s—Dxjv+w'v > min (s—1)xv+w'v
|s|<1,wlxo vEOL(x0) |s]<1,wlxq (35)
> min (1 s)||[PY]|— [jw] [[P*¥]],

|s]<1,wLlxq
where for the first inequality, we used the fact that maximization over v gives a larger value compare
to choosing the specific vector v. The second inequality we used Cauchy-Schwarz to bound w'v

from below. When s 1 1 we use the approximation (32) which bounds ||w|| from above. Therefore,
we have:

(1= 9)[[P]| = [[w] [Pv]| > (1= s)(|[PV]| = R(6)|[P+¥]]) > 0. (36)

And this would give the final result that s* = 1, w* = 0 is the unique solution of (29). The perfect
recovery in the generalized PhaseMax follows from the result of Corollary 2}

5.3 Proof of Lemmald]

Define matrix A € R™*” with i row equal to the measurement vector a;, for i = 1,2,..., m. Let
y := |Axg| € R™ denote the measurement values. To streamline our analysis, we assume ||Xo|| = 1.
One can rewrite the constraint set of the optimization problem (2)) as followings,

|Ax| <y & —Ax+y>0,and Ax+y >0, (37)
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where all the inequalities are component-wise. Exploiting the Lagrange multipliers, we can reformu-
late the generalized PhaseMax optimization as,

: T T T
min max, —Xine X +Af(X)+(p—n) Ax—(n+n)'y, (38)

where 41; and 7; are Lagrange multipliers for the inequalities a] x < y; and a]x > —y;, respectively.
Assume y; > 0 (which happens almost surely), these two inequalities cannot be active at the same
time. Therefore, at least one of u; and n; must be equal to 0, for every ¢ = 1,2,..., m. Hence,
we have p 4+ n = |pu — m|. Here | - | denotes the component-wise absolute value function. Define
v := p —1n € R™ and rewrite the optimization in terms of v gives the following,

: T T T
min max  — Xine x+ Af(x)+v Ax — |v|'|Axg] . (39)

Since the term |v|T|Axg| depends on the matrix A, it is not possible to apply the CGMT to the
bilinear form v’ Ax. In order to apply CGMT, we use the following key decomposition for x:

X = 8Xg + W, (40)

where s = x]x € R is a scalar and the vector w = P1x € R™ is orthogonal to xo. We can rewrite
the optimization problem (39) in terms of s and w,

min ~ max  — it — Xinit' W + Af(sx0 + W) + ViAW + svI Axg — |[v|T|Axol,
seR, wlxg veR™

(41)
where pinie = Xinit | X0. Next, we use the following property of Gaussian matrices.

Lemma 5. Let G € R™*"™ be a random matrix with i.i.d. standard normal entries, and u,v € R"
are such that u L v. The random vectors Gu and Gv are independent.

Proof. Let G = [g; j]mxn and define a = Gu, and b = Gv. Since G has Gaussian entries a, b
are Gaussian vectors in R™. Therefore, to show their independence it is sufficient to show that
]E[abT] = 0m><7n~

_ upvr =0, if 1=
Ela;b;] = E E upvr Elgix g51] = {Ozk_l I i#? ; (42)
k=11=1 ’

where we used the fact that u' v = ZZ=1 upvr = 0.

O

Using the result of Lemma, the random vectors Axy and Aw are independent. So, we are allowed
to change the matrix A in the bilinear form v Aw with its independent copy H € R™*" which also
has i.i.d. standard normal entries. We also define q = Axy € R™, which is independent of H. Note
that since A has i.i.d. normal entries and ||xo|| = 1, the entries of q also has i.i.d. standard normal
distribution. We can rewrite the optimization as follows:

: T t T T
oin max P — X W+ Af(sX0 + w) + vIHW +sviq — |v]T]q|. (43)

Now, we would like to apply the CGMT framework in Lemma [2] to equation (3), in order to
replace the bilinear form vT Hw with two linear forms ||v||hTw + v'g||w]||. But this lemma
requires the set that we optimize w over to be compact. In order to be able to apply CGMT, we
enforce an "artificial" bound on the norm of w. Note that our goal is to prove that eventually, W
converges to a finite number o*. We define K, = a* + A for some A > 0 and also the compact
set Sw = {w|w L x¢, ||[w] < K,}. Let W™ to be the optimizer to the version of where we
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optimize w over Sy,. It is simple to verify that if || w'*™?|| 2y o, then [Iw]] 2, o*. This means that
if in the final equation, we get a unique finite solution for the asymptotic behaviour of ||W|| (which is
what we do) , the proof goes though and we can apply CGMT.

Now that this concern is taken care of, the following corollary will be the result of applying CGMT
to the equation (@3).

Corollary 3. Let X be the unique optimizer of the generalized PhaseMax algorithm ). As n — oo
the error performance converges in probability as follows:

N 2
("‘"‘”) (WP (= s 20 44)

2
1o

where s*, W* are the unique optimizers of the following (auxiliary) optimization:

min max  — Spiir — Xinit ' W + A (sxo+w) — ||V||hTW + VTg||wH +sviq— |V|T|q\ .
seR, wlxg veR™
(45)

h € R" and g € R™ are random vectors with i.i.d. standard normal entries.

We proceed onwards with analyzing @3]). Observe that if we fix |v|, then the optimal v satisfies
sign(v) = sign(||w||g + sq) (sign(-) are component-wise functions) which simplifies the optimiza-
tion to the following,

min - max  — Spiit — Xinit' W + Af(sx0 + w) — ||[v|[hTw + |v|T(| sq + ||w]||g | — |al),
seR, wlxg veR™
(46)

By fixing the norm of v and optimizing over its direction, the optimization problem (46)) can be
reduced to the following:

min — S$Pnit — Xinit | W + Af(sx0 + w)
seR, wlxg (47)

subject to: - h'w > [|{] sq + [|wllg | - lal}+Il,
where, for a vector c, we let {c}; denote the component-wise positive part function, with i entry

equal to max(0, ¢;). Next, note that q and g are independent vectors in R"™ with i.i.d. standard
normal entries. We introduce the function cq(s, r) as follows:

Definition 5. The function cq : R x Ry — R is defined as,

ca(s,r) = Ex, x,[{|sX1 +Xa| — [Xq[}3] (48)
where X1, X5 i N(0,1).

The next result creates a connection between the norm of the vector {|sq + ||w||g| — |q|}+, which
appears in the constraint of (¢7), and the function cq.

P
Lemma 6. L [|{ sq+ lwllg | — laf}+ > 5 ca(s, [[wl). when m — .

Proof. Define the vector u € R’ as,

u:={|sq+||wllg|—lal}+ - (49)

The entries of u are i.i.d and E[u?] = cq(s, ||w]|), for 1 < i < m. Therefore, the weak law of large
number gives the following:

1 2 1 & 2 P 2
il 2 Efv? wl|) . 50
[l ;_luz — Efu;] = ca(s, [|w]]) (50

17



O

To conclude the proof of Lemma] we exploit the result of Lemma 6] to replace ||{|sq + ||w||g| —
la|}+]| in @7, which gives us the following optimization:

min min = (X0 £ W) + A (%0 + W) .

subject to: h'w > /mca(s, ||w]]) .

Due to lack of space, we are not going through the technical details of obtaining the convergence
result in (31). The point-wise convergence of the objective functions, for fixed values of s and ||w||,
follows from Lemma(f] To show the uniform convergence, we appeal to the convexity of the objective
function. The corresponding convergence of the optimal cost follows from the uniform convergence.

The following lemma gives an explicit formula for the function cq in terms of its two input arguments.

Lemma 7.
1 t t
= ~[((1 2 4 42 1—38)2+¢2 — 2t]. 2
ca(s,t) 7T[(( +s)°+t )amn<1+s) +((1—s5)"+t )atan(li ) — 2t] (52)
Proof.
Cd(S,t) = E[{‘le + thl — |X1|}i] (53)
1 oo oo
= f/ e_ﬁ/Z/ €_m§/2(t$2 — (1 = 8)x1)? dao day (54)
T Jo 1IS$1
L[ —z2/2 em —x3/2 2
+ — e N e 2/ % (tag + (1 + 8)a1)” dag dry
™ Jo —00

where, due to symmetry, we have computed the expectation only for X; > 0 and multiplied the result
by two. In order to compute the integral change of variable and use the polar coordinates (r, #) in the
x122-plane. Recall that we have x1 = 7 cos(#), and x5 = rsin(f). Applying the change of variables
would result the following:

/ / - /2 (tsin(f) — (1 — s) cos())? dr do (55)
atan(1 =2)
/2
—i— / - /2 (tsin(h) — (14 s) cos(#))? dr df
alan( 1er)
2 7\'/2
= 7/ (tsin(h) — (1 — s) cos(0))? do + f/ (tsin(f) — (1 + s) cos(#))? db
i dtdn(l g a atan( 1'?)
(56)
2 12+ (1 —s)? t(1—s), 22+ (1+s)? t(1+s)
—;[ 5 atan(l_s)— 5 ]+;[ 5 atan(1+s)— 5 ]
(57
_ 1 2, 42 a2 42 _
= 7T[((1+8) + %) atan(1 +s) +((1—s)+1¢t°) atan(1 — 8) 2t] . (58)
We derived (56) using the fact that f 3¢~ /2qp = 2. Computing each of the integrals with respect

to 6 would result in (37), and the final result in (58) is derived by simplifying the terms in (57).
O

5.4 Proof of Theorem 2|

We start from the equivalent optimization derived as the result of Lemma] defined as,
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. . T
min min A (8X0 + W) — SPinit — Xinit' W 59
sER weR™ w Lxo f( 0 ) Pinit 1nit ( )

subject to: h™w > \/m ca(s, ||w]|) . (60)

One key idea to analyze the optimization is to replace f(sxo + w) with its first-order linear approxi-
mation around the point xy. Let f denotes the approximation function,

; T

f(x) = f(xo0) T emax v (x —xo) - (61)
Here, 0f(xg) denotes the sub-differential of f(-) at point xo which is well-defined for convex
functions and is a compact and convex set. Replacing f(-) with its approximation, enables us to
precisely analyze the conditions for perfect signal recovery in the equivalent optimization (60) which
determines the precise phase transition in the regularized PhaseMax optimization. This approximation
is tight when the norm of the error approaches zero (which occurs in perfect recovery). We refer the
interested reader to [31]] for more details.

Therefore, for the rest of this section, we will analyze the following optimization,

. T T
min max f(x0) + Av" (sx0 + W — X0) — SPinit — Xinit W
seR vENI f(x0)
weR™ wlxg

subject to: h'w > \/m ca(s,||w]]) (62)

Next, we use the dual variable /3 to rewrite (62)) as

. T T BT s
_ — $Pinit — Xini _ " n el , ]
E-nelur@l ve%?‘)((xo) f(x0) + Av* (sx0 + W — X0) — SPinit — Xinit' W Tn w + \F\/m cals,||wl])

weR”™ wlxg B>0
(63)

In the next step, we would like to switch the minimization over w with the maximization over 3.
But since the objective function is not convex with respect to w, such an exchange wouldn’t be a
direct result of the Sion’s min-max theorem. However, note that the initial optimization satisfies the
conditions of the Sion’s min-max theorem. In the asymptotic settings, using the same techniques as
in [39] (see section A.2.4 in the appendix of the paper), one can show that changing the order of min
and max does not change the solution of the optimization problem.

Hence, we are now able to first do the minimization over w. To do this, we define r := ||w|| and
buy fixing  we are computing the minimization with respect to the direction of w. The following
optimization is the result of minimization over the direction of w:

min  max (1 — 8)(Pinic — VTXO) —7r- ||Pl()\V — Xinit — %h)ll + BV aca(s,r), (64)

sER v/ (x0) Vn
r= B>0

where as defined in Section a = 7 is the oversampling ratio, and P+ =1 xx] is the projection
to the orthogonal subspace of x.

Up to this point, the result is valid for every convex function f(-). But in order to continue our
analysis, we need the following lemma which restricts us to a specific class of functions, i.e., the
class of absolutely scalable functions.

Lemma 8. Ler f : R™ — R be a convex function such that for all x € R and o > 0, f(a x) =
a f(x). Then, forall v € 0f(x),
vix=f(x),

where Of (x) is the set of sub-differentials of function f at point x.

Proof. Since f is convex, for all v € Jf(x) and any € < 1, we have

(1= f() = F((1 = )x) = f(x) —ev'x. (65)
Thus, € f(x) < ev'x. Choosing ¢; = 1/2 and ¢ = —1/2 yields v'x = f(x) which concludes the
proof. O
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If we apply Lemma [8| to the objective function in (64)), we can replace v'x( with f(x¢) for all
v € 0f(xg), which gives the following optimization,

I%iﬂré}%lgé{ — (1 =8)L(x0) — veAPLaL(x )||v - ThH + By a ca(s,r) (66)

Recall that (1 — s) and r > 0 respectively represent the norm of the error in the direction of x( and
its orthogonal complement. Therefore, the perfect recovery in our optimization corresponds to the
case where the optimizers are r* = 0 and s* = 1, and we are interested in the phase transition ratio
«* for which this happens.

We use the following approximation of the objective function near the point (r, s) = (0, 1), which
was introduced earlier in (3T)),

ca(s,r) = %[((1 — )+ ratan(—) — (1~ 5)]. 67)

We idefine the new variable ¢ :=
from thatas r | 0 and s 1 1, the value of cq(s,r) will only depends on the ratio .

Isnglﬂé}%lgéi U(s,t,8) = —(1—s)L(xq) — t(1 — s) 'diSt)\aLL(xO)(\fﬁh) + B(1 — s)yv/a((1 + t2)atan(t) — t)

(68)

where 0L+ (xg) = PLOL(x¢) and dists(x) is the distance function defined in Definition 1. Since
we have a convex-concave objective function over three scalars, we can write the first order optimality
conditions for the solutions to (68),

9 —
%\I}(Sa ta ﬁ)’(s*zl,t*.ﬂ*) =0
U(s,t, B)| (emy e gy =0 (69)
Q‘II(S7 t7 B)|(s*:1,t*7[3*) =0
We would like to find the conditions (on «) under which the solution to (69) happens at s* = 1.
Therefore, we aim to solve the system of nonlinear equations (69), for three unknowns ¢, 3 and 6.

These equations can be written in the following form,

Sln)? — HaLL(xo)(\fh)

_ . —
t- dlStAaLL(XO)(%h) + \/a((l + t?)atan(t) —t) =0
L(xo) +1t- diStAaLl(xg)(\fﬁh) — B\/a((l F 2)atan(t) — t) = 0

o B B t atan(t)/a _
dlStkaLi(xo)(\/ﬁh) + \/a((l n t2)atan(t) = t) =0 (70)

Next, we are going to exploit the conditions of assumption 1 (see Section [3.2). Using theorem
5.2.2. in [44], both the functions distyg 1,1 (x,) (%h) and fHaLL(XO) ( \ﬁfh) converge point-wise
to their expected value. Moreover, from assumption 1, we know that both E[distygy 1 (xo)(%h)] and
]E[\'L—;Ha LL(XO)(%h)] converge uniformly to G () and 5 — F (), respectively. Therefore, using

the same arguments as in [39], we can replace distygp, + (x,)( \/ﬁfh) with F\(8) in the optimization
(68). and then apply the result of theorem 7.17 in [34], we can show that F3 (3) = GA(8) G5 (B).
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Therefore, we are able to use the functions F), and G to rewrite the system of non-linear equa-

tions (70):

F/\(B) 2 —
—t- RO Va((1+t?)atan(t) —t) =0
L(x0) +t - GA(B) — By/a((1 + t?)atan(t) —t) =0
_Gy(B) + B t atan(t)/a —0 a1

Va((1 + t?)atan(t) —t)

By combining the first and third equations, we will get

t= tan(O%F)\(ﬁ)) (72)

Finally, using in reduces the number of equations to 2, and yields the following system of
non-linear equations.

{Gw) [ = tan(J5 FA(B)) (GX(B) — BFA(B))

tan( 25 Fy(8)) (G (8) — ZLFA(8)) = 25 FA(8) GA(8) 7

This concludes the proof.

5.5 Computing the statistical dimension for the /; regularization

In this section we bound the statistical dimension of the descent cone of the objective function of (2)),
where f(-) = | - ||1 is used for regularization. We assume that the underlying signal, X, is k-sparse
and define function L) : R™ — R as follows,

Ly(x) := —Xinit | X + Ay, (74)

In order to derive an upper bound for the statistical dimension d(7TT,, (X)), we first introduce another
summary parameter for convex sets called the Gaussian width.

Definition 6. (Gaussian width) [44)]] The Gaussian width of a subset T C R"™ is defined as,
w(T) =Esup(x,g), where g~ N(0,1). (75)
x€T

We use the following proposition which indicates the relationship between the Gaussian width and
statistical dimension of a convex cone.

Proposition 1. (Proposition 10.2 in [1|]) Let C C R™ be a convex cone. Then

Wwiecns" ) <dC) <w*CnS"H 41, (76)
where S"~1 C R™ is the unit sphere.

The Proposition [I| shows that in order to bound the statistical dimension of a convex cone, we need to
bound the squared Gaussian width of that cone. Hence, in the remaining we will bound the squared
Gaussian width. We shall briefly review some known properties of Gaussian width of convex cones.

5.5.1 Some properties of Gaussian width

The Gaussian width is one of the intrinsic volumes of a body studied in combinatorial geometry. It is
invariant under translation and unitary transformation and has deep connections to convex geometry.
While discussing all the properties of Gaussian width is beyond the scope of this paper, we refer the
interested reader to [33] 42, 144]] and references therein.

Inspired by [38.[11]], here we bound the Gaussian width of a cone via the distance to its polar cone.
Before stating the proposition, we recall the definition of the polar cone.
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Definition 7. (Polar cone) Let C C R"™ be a non-empty convex cone. The polar cone of C, denoted
by C*, is defined as follows,
C*={zeR":(z,x) <0 forallx €C} . (77)

The following proposition establishes a connection between the Gaussian width of the cone C and its
polar cone C*:

Proposition 2. (Proposition 3.6 in [l[1]]). Let C be any non-empty convex cone in R", and let
g ~ N(0,1) be a random Gaussian vector. Then we have the following bound.:

w(CNS™ 1) < Egldist(g,C*)] , (78)
where the dist(-, ) function here denotes the Euclidean distance between a point and a set.

Applying Jensen’s inequality will result in the following,

W (C NS < Egldist®(g,C*)] . (79)

This is very useful in bounding the Gaussian width of the descent cone of a convex function due to
the following lemma:

Lemma 9. [32] For a convex function f : R™ — R,

(Ty(x))" = cone(9f (x)) , (80)
where Of (x) is the sub-differential set of function f at point X.

The polar cone of T(x) is also called the normal cone, Ny(x), at point x. Exploiting the above
results, we can bound w?(T(x0) N S™ 1) in terms of the squared distance to the normal cone at
point xg, i.e., we have the followings,

d(Tr, (%0)) < w(Tr, (x0) NS™™ 1) +1 < E,[dist*(g, cone(OLy(xp))] + 1 . (81)

For simplicity in the remaining formulations we omit the sub-script A and denote the objective
function by L. Let A denote the set of coordinates where xq is non-zero. The sub-differential set of
the function L (defined in (74)) can be formally characterized as follows,

OL(x0) = {—Xnit + LV :v € R" s.t. v[i] = sign(x¢[i]) fori € A, |v[i]] < 1forie A°}.

Vk
(82)

Here A° := [n] — A represents the zero entries of xg. Without the loss of generality, we are going
to assume that the first k entries of xy are non-zero, while the rest are zero. Then, cone of the
sub-differential can be written as

A
cone(0f(x)) = {f - (—Xinit + ﬁv) vl k] =1, |v[k+1:n]]| <1, 5> 0}. (83)

The squared distance to the normal cone can be formulated as the following optimization:
dist® (g, Nz (x0)) = min( > _(g[i] + tximu[i] — tAsign(xoli]))? (84)

>0

=" iea

+  min  (gf] + txinulj] — Muj)?)
JEAC, |u;|<t

Define z := z(t) = g + tx;ni. We can rewrite the equation as follows,
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dist? (g, N1 (x0)) = min(> (zi] — tAsign(xo[i]))” (85)
T dEA

+ 3 shrink(z[j], tA)?) ,

JjEA®

z+T, z<-T
where the function shrink(+, -) is defined as, shrink(xz,T) =<, —T <2 <T . This function
z—T, x>T
is known as /1 -shrinkage function and is used in sparse denoising. Taking the expectation with respect
to g will provide us with the quantity we would like to bound. We are bounding the expectation of
the squared distance by bounding each of the two terms of the sum. For the first term, we have:

E[Y (zli] — tAsign(xoli]))?] = k + 13 (\k — ||xin|1*) — 2tAsign(x0) xi0y (86)
iEA

Bounding the expectation of the second term in (83]) is more involved. Using the same techniques as
Appendix C in [11]], we can show the following:

2(71—]-1;)03691j (_tz)\z
oL TS

E[ Y shrink®(z[j], tA)] < ) 87

jEAE

A2
where 0% := 1 + ﬁ%'

Using the result of equations and (87), we can see that when A > 7> then by choosing

/2log & .
t = ; S % , both of the terms in the sum are bounded by C'k log % where ¢ and C' are constants
that are independent of the problem’s parameters.

Therefore, when A > ﬁ (where k is the number of non-zero entries), the statistical dimension of

T, (X0) is bounded by Ck log %. Using the result of Theorem |1} we can conclude that for the sparse
phase retrieval problem the required sample complexity of the regularized PhaseMax is O(k log 7).
This indicates that regularized PhaseMax is order-wise optimal.
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