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Abstract

The blind deconvolution problem seeks to recover a pair of vectors from a set of
rank one bilinear measurements. We consider a natural nonsmooth formulation of
the problem and show that under standard statistical assumptions, its moduli of weak
convexity, sharpness, and Lipschitz continuity are all dimension independent. This phe-
nomenon persists even when up to half of the measurements are corrupted by noise.
Consequently, standard algorithms, such as the subgradient and prox-linear methods,
converge at a rapid dimension-independent rate when initialized within constant rel-
ative error of the solution. We then complete the paper with a new initialization
strategy, complementing the local search algorithms. The initialization procedure is
both provably efficient and robust to outlying measurements. Numerical experiments,
on both simulated and real data, illustrate the developed theory and methods.

1 Introduction

A variety of tasks in data science amount to solving a nonlinear system F'(z) = 0, where
F:R? — R™ is a highly structured smooth map. The setting when F' is a quadratic map
already subsumes important problems such as phase retrieval [12,37,47], blind deconvolution
[4133.136/,49], matrix completion [13,18,48], and covariance matrix estimation [15,35], to name
a few. Recent works have suggested a number of two-stage procedures for globally solving
such problems. The first stage—initialization—yields a rough estimate zy of an optimal
solution, often using spectral techniques. The second stage—Ilocal refinement—uses a local
search algorithm that rapidly converges to an optimal solution, when initialized at zy. For
a detailed discussion, we refer the reader to the recent survey [16].
The typical starting point for local refinement is to form an optimization problem
min f(z) := h(F(x)), (1.1)
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where h(-) is a carefully chosen penalty function and X is a constraint set. Most widely-
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used penalties are smooth and convex; e.g., the squared fy-norm h(z) = 3||z||3 is ubiquitous
in this context. Equipped with such penalties, the problem is smooth and therefore
gradient-based methods become immediately applicable. The main analytic challenge is
that the condition number % of the problem often grows with the dimension of
the ambient space d. This is the case for example for phase retrieval, blind deconvolution,
and matrix completion problems; see e.g. [16] and references therein. Consequently, generic
nonlinear programming guarantees yield efficiency estimates that are far too pessimistic.
Instead, a fruitful strategy is to recognize that the Hessian may be well-conditioned along
the “relevant” set of directions, which suffice to guarantee rapid convergence. This is where
new insight and analytic techniques for each particular problem come to bare (e.g. [37,39,49]).

Smoothness of the penalty function A(-) in is crucially used by the aforemention
techniques. A different recent line of work [6,20,21},25] has instead suggested the use of
nonsmooth convex penalties—most notably the ¢;-norm h(z) = ||z||;. Such a nonsmooth
formulation will play a central role in our work. A number of algorithms are available for

nonsmooth compositional problems (1.1)), most notably the subgradient method
Tip1 = proj (T — ayvy) with vy € Of (24),

and the prox-linear algorithm

. 1

Ty = argmin h(F(wt) + VF(x)(x — xt)> + |z — 2|l3.
TEX 2at

The local convergence guarantees of both methods can be succinctly described as follows.

Set X* := argmin, f and suppose there exist constants p, u, L > 0 satisfying:

e (approximation) ‘h(F(y)) — h(F(a:) +VE(z)(y — l’))‘ < Blly — «f|3 for all z € X,
e (sharpmness) f(z) —inf f > p - dist(z, X*) for all z € X,
e (Lipschitz bound) |[|v|[z < L for all v € 9f(x) with dist(z, X™) < £.

Then when equipped with an appropriate sequence «; and initialized at a point z, satis-
fying dist(xg, X*) < ﬁ, both the subgradient and prox-linear iterates will converge to an
optimal solution of the problem. The prox-linear algorithm converges quadratically, while
the subgradient method converges at a linear rate governed by the ratio £ € (0,1).

A possible advantage of nonsmooth techniques can be gleaned from the phase retrieval
problem. The papers |25 Corollary 3.1,3.2], [21, Corollary 3.8] recently, showed that for the
phase retrieval problem, standard statistical assumptions imply that with high probability
all the constants p, u, L > 0 are dimension independent. Consequently, completely generic
guarantees outlined above, without any modification, imply that both methods converge at
a dimension-independent rate, when initialized within constant relative error of the optimal
solution. This is in sharp contrast to the smooth formulation of the problem, where a more
nuanced analysis is required, based on restricted smoothness and convexity. Moreover, this
approach is robust to outliers in the sense that analogous guarantees persist even when up
to half of the measurements are corrupted by noise.



In light of the success of the nonsmooth penalty approach for phase retrieval, it is in-
triguing to determine if nonsmooth techniques can be fruitful for a wider class of large-scale
problems. Our current work fits squarely within this research program. In this work, we
analyze a nonsmooth penalty technique for the problem of blind deconvolution. Formally, we
consider the task of robustly recovering a pair (w,z) € R® x R from m bilinear measure-
ments:

where 7 is an arbitrary noise corruption with frequency pgy = w that is at most one
half, and ¢; € R% and r; € R% are known measurement vectors. Such bilinear systems and
their complex analogues arise often in biological systems, control theory, coding theory, and
image deblurring, among others. Most notably such problems appear when recovering a pair
(u,v) € C™ x C™ from the convolution measurements y = (Lu) * (Rv) € C™. When passing
to the Fourier domain this problem is equivalent to that of solving a complex bilinear system
of equations; see the pioneering work [4]. All the arguments we present can be extended to
the complex case. We focus on the real case for simplicity.
In this work we analyze the following nonsmooth formulation of the problem:

m

min f(w,z) = % Z (6, w) (s, ) — il (1.3)

Hw”%”xH?SV\/M i=1

where v > 1 is a user-specified constant and M = ||wZ " ||p. Our contributions are two-fold:

1. (Local refinement) Suppose that the vectors ¢; and r; are both i.i.d. Sub-Gaussian
and satisfy a mild growth condition (which is automatically satisfied for Gaussian ran-
dom vectors). We will show that as long as the number of measurements satisfies
m 2 (1512;5121)2 ln(l_;pfaﬂ), the formulation ((1.3) admits dimension independent con-
stants p, L, and p with high probability. Consequently, subgradient and prox-linear
methods rapidly converge to the optimal solution at a dimension-independent rate
when initialized at a point xy with constant relative error %

results also hold under more general incoherence assumptions.

< 1. Analogous

2. (Initialization) Suppose now that ¢; and r; are both i.i.d. Gaussian and are inde-
pendent from the noise 7. We develop an initialization procedure that in the regime

m 2 dy + dy and pgy € [0,1/10], will find a point zq satisfying % < 1, with
high probability. To the best of our knowledge, this is the only avai{able initializa-
tion procedure with provable guarantees in presence of gross outliers. We also develop
complementary guarantees under the weaker assumption that the vectors (¢;,7;) cor-
responding to exact measurements are independent from the noise 7; in the outlying
measurements. This noise model allows one to plant outlying measurements from a

completely different pair of signals, and is therefore computationally more challenging.

The literature studying bilinear systems is rich. From the information-theoretic perspec-
tive [17,29,134], the optimal sample complexity in the noiseless regime is m 2 d; + dy if no
further assumptions (e.g. sparsity) are imposed on the signals. Therefore, from a sample
complexity viewpoint, our guarantees are optimal. Incidentally, to our best knowledge, all



alternative approaches are either suboptimal by a polylogarithmic factor in dy, ds or require
knowing the sign pattern of one of the underlying signals |3}4].

Recent algorithmic advances for blind deconvolution can be classified into two main
approaches: works based on convex relaxations and those employing gradient descent on a
smooth nonconvex function. The influential convex techniques of [3,/4] “lift” the objective to
a higher dimension, thereby necessitating the resolution of a high-dimensional semidefinite
program. The more recent work of [1,[2] instead relaxes the feasible region in the natural
parameter space, under the assumption that the coordinate signs of either w or z are known a
priori. Finally, with the exception of [4], the aforementioned works do not provide guarantees
in the noisy regime.

Nonconvex approaches for blind deconvolution typically apply gradient descent to a
smooth formulation of the problem [27,133,137]. Since the condition number of the prob-
lem scales with dimension, as we mentioned previously, these works introduce a nuanced
analysis that is specific to the gradient method. The authors of [33] propose applying gradi-
ent descent on a regularized objective function, and identify a “basin of attraction” around
the solution. The paper [37] instead analyzes gradient descent on the unregularized objec-
tive. They use the leave-one-out technique and prove that the iterates remain within a region
where the objective function satisfies restricted strong convexity and smoothness conditions.
The sample complexities of the methods in [27,133,|37,|37] are optimal up to polylog factors.

The nonconvex strategies mentioned above all use spectral methods for initialization.
These methods are not robust to outliers, since they rely on the leading singular vec-
tors/values of a potentially noisy measurement operator. Adapting the spectral initialization
of [25] to bilinear inverse problems enables us to deal with gross outliers of arbitrary mag-
nitude. Indeed, high variance noise makes it easier for our initialization to “reject” outlying
measurements.

The outline of the paper is as follows. Section [2] records basic notation we will use
throughout the paper. Section |3 reviews the impact of sharpness and weak convexity on the
rapid convergence of numerical methods. Section {4 establishes estimates of weak convexity,
sharpness, and Lipschitz moduli for the blind deconvolution problem under both determinis-
tic and statistical assumptions on the data. Section [5|introduces the initialization procedure
and proves its correctness even if a constant fraction of measurements is corrupted by gross
outliers. The final Section [6] presents numerical experiments illustrating the theoretical re-
sults in the paper.

2 Notation

The section records basic notation that we will use throughout the paper. To this end, we
always endow R? with the dot product, (x,3) = 2"y, and the induced norm ||z||; = \/{(z, z).
The symbol S denotes the unit sphere in R¢, while B denotes the open unit ball. When
convenient, we will use the notation B? to emphasize the dimension of the ambient space.
More generally, B, (z) will stand for the open ball around = of radius r. We define the
distance and the nearest-point projection of a point = onto a closed set Q@ C R by

dist(x, Q) = inf ||z — y|]s and projg(z) = argmin lx — yll2,
yEQ yEQ



respectively. For any pair of real-valued functions f,g: R? — R, the notation f < g means
that there exists a positive constant C such that f(z) < Cg(x) for all z € R?. We write
f=<gifboth f <gand g < f.

We will always use the trace inner product (X,Y) = Tr(X7Y) on the space of matrices
R4*d2 - The symbols ||A]|op, and ||A||r will denote the operator and Frobenius norm of A,
respectively. Assuming d < m, the map o: R>*™ — Ri returns the vector of ordered
singular values o1(A) > 03(A) > -+ > 04(A). Note the equalities ||A||r = ||o(A)]|2 and
[Allop = 01(4).

Nonsmooth functions will appear throughout this work. Consequently will use some
basic constructions of generalized differentiation, as set out for example in the monographs
8,138,142, 45]. Consider a function f: R? — R U {+oo} and a point x, with f(z) finite.
Then the Fréchet subdifferential of f at Z, denoted by df(z), is the set of all vectors v € R?
satisfying

)z f@) + v,y —z) +ollly—zll)  asy—w (2.1)

Thus, a vector v lies in the subdifferential 0f(x) precisely when the function y — f(x) +
(v,y — ) locally minorizes f up to first-order. We say that a point = is stationary for f
whenever the inclusion, 0 € 0f(z), holds. Standard results show for convex functions f the
subdifferential df(x) reduces to the subdifferential in the sense of convex analysis, while for
differentiable functions f it consists only of the gradient 0f(x) = {V f(z)}.

Notice that in general, the little-o term in may depend on the base-point z, and the
estimate therefore may be nonuniform. In this work, we will only encounter functions
whose subgradients automatically satisfy a uniform type of lower-approximation property.
We say that a function f: R? — R U {+oo} is p-weakly conve if the perturbed function
z — f(x) 4+ &]jz||3 is convex. It is straightforward to see that for any p-weakly convex
function f, subgradients automatically satisfy the uniform bound:

f) 2 @)+ y—a) = Ely—al}  VoyeR, e of()

We will comment further on the class of weakly convex functions in Section

2
We say a that a random vector X in R? is n-sub-gaussian whenever E exp <<”n—)§)> < 2 for

all vectors u € St. The sub-gaussian norm of a real-valued random variable X is defined
to be ||X ||y, = inf{t > 0 : Eexp (%) < 2}, while the sub-ezponential norm is defined by

| X ||y, = inf{t > 0: Eexp (@) < 2}. Given a sample y = (y1, ..., Yn), we will write med(y)

to denote its median.

3 Algorithms for sharp weakly convex problems

The central thrust of this work is that under reasonable statistical assumptions, the penalty
formulation (1.3)) satisfies two key properties: (1) the objective function is weakly convex and
(2) grows at least linearly as one moves away from the solution set. In this section, we review

"'Weakly convex functions also go by other names such as lower-C?, uniformly prox-regularity, paraconvex,
and semiconvex.



the consequences of these two properties for local rapid convergence of numerical methods.
The discussion mostly follows the recent work [20], though elements of this viewpoint can
already be seen in the two papers [21}25] on robust phase retrieval.

Setting the stage, we introduce the following assumption.

Assumption A. Consider the optimization problem,

min f(z). (3.1)

zeX
Suppose that the following properties hold for some real u, p > 0.

1. (Weak convexity) The set X is closed and convex, while the function f: R? — R is
p-weakly convex.

2. (Sharpness) The set of minimizers X* := argmin f(x) is nonempty and the inequality
reX

f(z) —inf f > p - dist (z, X") holds for all z € X.

The class of weakly convex functions is broad and its importance in optimization is well
documented [5,40,43,|44,|46]. Tt trivially includes all convex functions and all C'-smooth
functions with Lipschitz gradient. More broadly, it includes all compositions

f(@) = h(F(x)),

where h(-) is convex and L-Lipschitz, and F(-) is C'-smooth with $-Lipschitz Jacobian.
Indeed then the composite function f = h o F' is weakly convex with parameter p = Lf;
see e.g. [24, Lemma 4.2]. In particular, our target problem (|1.3)) is clearly weakly convex,
being a composition of the ¢; norm and a quadratic map. The estimate p = LS on the
weak convexity constant is often much too pessimistic, however. Indeed, under statistical
assumptions, we will see that the target problem has a much better weak convexity
constant. The notion of sharpness, and the related error bound property, is now ubiquitous
in nonlinear optimization. Indeed, sharpness underlies much of perturbation theory and
rapid convergence guarantees of various numerical methods. For a systematic treatment of
error bounds and their applications, we refer the reader to the monographs of Dontchev-
Rockafellar [22] and Ioffe [28], and the article of Lewis-Pang [31].

Taken together, weak convexity and sharpness provide an appealing framework for deriv-
ing local rapid convergence guarantees for numerical methods. In this work, we specifically
focus on two such procedures: the subgradient and prox-linear algorithms. To this end, we
aim to estimate both the radius of rapid converge around the solution set and the rate of
convergence. Our ultimate goal is to show that when specialized to our target problem ([1.3)),
with high probability, both of these quantities are independent of the ambient dimensions
dy and dy as soon as the number of measurements is sufficiently large.

Both the subgradient and prox-linear algorithms have the property that when initialized
at a stationary point of the problem, they could stay there for all subsequent iterations.
Since we are interested in finding global minima, and not just stationary points, we must
therefore estimate the neighborhood of the solution set that has no extraneous stationary
points. This is the content of the following simple lemma |20, Lemma 3.1].

6



Lemma 3.1. Suppose that Assumptz’on holds. Then the problem (3.1) has no stationary
points x satisfying
2
0 < dist(x; X*) < il
p
Proof. Fix a critical point x € X ¢ X'*. Letting «* := proj y-(x), we deduce p - dist(z, X*) <
flx)— f(z*) < £-||lx—2*||* = £-dist*(z, X*). Dividing by dist(z, X'*), the result follows. O

The estimate 27“ of the radius in Lemma is tight. To see this, consider minimizing
the univariate function f(z) = |[\?z? — 1| on the real line X = R. Observe that the set of
minimizers is X* = {i%}, while z = 0 is always an extraneous stationary point. A quick
computation shows that the smallest valid weak convexity is p = 2A? while the largest valid
sharpness constant is u = A.

We therefore deduce dist(0, X*) = % = 27”. Hence the radius of the region 27” that is
devoid of extraneous stationary points is tight.

In light of Lemma [3.1] let us define for any v > 0 the tube

T, = {zeRd: dist(z, X™) gv-%}. (3.2)
Thus we would like to search for algorithms whose basin of attraction is a tube 7, for some
numerical constant v > 0. Due to the above discussion, such a basin of attraction is in
essence optimal.

We next discuss two rapidly converging algorithms. The first is the Polyak subgradient
method, outlined in Algorithm|[I] Notice that the only parameter that is needed to implement
the procedure is the minimal value of the problem . This value is sometimes known;
case in point, the minimal value of the penalty formulation is zero when the bilinear
measurements are exact.

Algorithm 1: Polyak Subgradient Method
Data: z, € R?
Step k: (k> 0)
Choose (i € Of(xy). If ¢, = 0, then exit algorithm.
f(zg) — miny f
).
[kl

The rate of convergence of the method relies on the Lipschitz constant and the condition
measure:

Set Tpi11 = pProjy (mk -

L :=sup{||¢| : ¢ € Of(z),x € T1} and =2

A straightforward argument |20, Lemma 3.2] shows 7 € [0, 1]. The following theorem appears
as [20, Theorem 4.1], while its application to phase retrieval was investigated in [21].

Theorem 3.2 (Polyak subgradient method). Suppose that Assumption |A| holds and fix a
real v € (0,1). Then Algorithm |1| initialized at any point xy € T, produces iterates that
converge QQ-linearly to X*, that is

dist*(zpr1, X*) < (1= (1 —7)7°) dist*(z, X*)  VEk > 0. (3.3)

7



When the minimal value of the problem is unknown, there is a straightforward
modification of the subgradient method that converges R-linearly. The idea is to choose
a geometrically decaying control sequence for the stepsize. The disadvantage is that the
convergence guarantees rely on being able to tune estimates of L, p, and pu.

Algorithm 2: Subgradient method with geometrically decreasing stepsize

Data: Real A > 0 and ¢ € (0, 1).

Step k: (k> 0)
Choose (i, € 0g(xy). If ¢, = 0, then exit algorithm.
Set stepsize oy, = A - ¢~.

Update iterate x;1; = projy (:pk — ak”g—:”>.

The following theorem appears as |20, Theorem 6.1]. The convex version of the result
dates back to Goffin [26].

Theorem 3.3 (Geometrically decaying subgradient method). Suppose that Assumption

holds, fix a real v € (0,1), and suppose T < ﬁ Set A := % and q := /1 — (1 —~)712.
Then the iterates xj generated by Algorithm |2, initialized at a point xy € T, satisfy:
2,2

dist? (zj; X*) < V,ol; (1 —(1- 7)7’2)

k

vk > 0. (3.4)

Notice that both subgradient algorithms (1| and [2| are at best locally linearly convergent,
with a relatively cheap per-iteration cost. As the last example we discuss an algorithm that
is specifically designed for convex compositions, which is locally quadratically convergent.
The caveat is that the method may have a high per-iteration cost, since in each iteration
one must solve an auxiliary convex optimization problem.

Setting the stage, let us introduce the following assumption.

Assumption B. Consider the optimization problem,

min f(z) := h(F(x)). (3.5)

reX
Suppose that the following properties holds for some real u, p > 0.

1. (Convexity and smoothness) The function h(-) and the set X" are convex and F(-)
is differentiable.

2. (Approximation accuracy) The convex models f.(y) := h(F(x) + VF(z)(y — x))
satisfy the estimate:

@) — L) < 2y -2 Ve,yex.

3. (Sharpness) The set of minimizers X* := argmin f(x) is nonempty and the inequality
zeX

f(z) —inf f > p - dist (z, X") holds for all z € X.

8



It is straightforward to see that Assumption [B] implies that f is p-weakly convex; see
e.g. |24, Lemma 7.3]. Therefore Assumption [Blimplies Assumption .

Algorithm (3| describes the prox-linear method—a close variant of Gauss-Newton. For a
historical account of the prox-linear method, see e.g., [10,24,32] and the references therein.

Algorithm 3: Prox-linear algorithm

Data: Initial point xy € RY, proximal parameter 3 > 0.
Step k: (k> 0)

Set xpyq < argmin {h (F(zx) + VE(zg)(zr — 25)) + g”x - ka?} :

reX

The following theorem proves that under Assumption[B] the prox-linear method converges
quadratically, when initialized sufficiently close to the solution set. Guarantees of this type
have appeared, for example, in [11,2323,25]. For the sake of completeness, we provide a
quick argument.

Theorem 3.4 (Prox-linear algorithm). Suppose Assumption @ holds. Choose any B > p
and sety := p/B. Then Algorithm@ initialized at any point xy € T, converges quadratically:

dist (w1, %) < 2 - dist*(wy, X)) Vk > 0.

Proof. Consider an iterate x and choose any x* € projy.(zx). Taking into account that the
function x — f,, (v) + §||x — x||? is strongly convex and ., is its minimizer, we deduce

B

ﬁ 6 * * *
(ka(l’kﬂ) + §H$k+1 — ) + §ka+1 —2*|? < fa(a¥) + §H$ — a||%.

Using Assumption [B]2, we therefore obtain

/8 * * *
F@rn) + Sllwne — 27|17 < f@) + Blla™ — i )*
Rearranging and using sharpness (Assumption [B]3), we conclude
p - dist (21, &) < floper) — f(2*) < B - dist? (2, &),

as claimed. O

4 Assumptions and Models

In this section, we aim to interpret the efficiency of the subgradient and prox-linear algo-
rithms discussed in Section [] when applied to our target problem (L1.3). To this end, we
must estimate the three parameters p, 1, L > 0. These quantities control both the size of the
attraction neighborhood around the optimal solution set and the rate of convergence within
the neighborhood. In particular, we will show that these quantities are independent of the
ambient dimension d;, d; under natural assumptions on the data generating mechanism.



It will be convenient for the time being to abstract away from the formulation ([1.3)), and
instead consider the function

1
g(w,2) = — | A(ws") = g,

where A: R4*42 — R™ is an arbitrary linear map and y € R™ is an arbitrary vector. The
formulation (1.3)) corresponds to the particular linear map A(X) = (¢ Xr;)™,. Since we
will be interested in the prox-linear method, let us define the convex model

~

o 1 R
Gw) (0, 8) = —[|A(wz" +w(E —2)" + (@ —w)a') —ylh.

Our strategy is as follows. Section [4.1] identifies deterministic assumptions on the data, A
and y, that yield favorable estimates of p, u, L > 0. Then Section shows that these
deterministic assumptions hold with high probability under natural statistical assumptions
on the data generating mechanism.

4.1 Favorable Deterministic Properties

The following property, widely used in the literature, will play a central role in our analysis.

Assumption C (Restricted Isometry Property (RIP)). There exist constants ¢y, co > 0 such
that for all matrices X € R%*% of rank at most two the following bound holds:

1
allXllr < —[AX)L < eflX]e.

The following proposition estimates the two constants p and L, governing the performance
of the subgradient and prox-linear methods under Assumption [C|

Proposition 4.1 (Approximation accuracy and Lipschitz continuity).
Suppose Assumption [( holds and let K > 0 be arbitrary. Then the following estimates hold:

— (0, 2)]|2 Vi€ R Vw, b € R®,
lg(w, ) — g(i,3)| < V26, K - |[(w, ) = (@, %)l Va,& € KB,w, & € KB.

Proof. To see the first estimate, observe

l9(W, ) — gwm (W, 2)| = % HA(wch) — y”l — % HA(wa +w(d—z) + (b —w)a') - yHl

1 . R .
< - A" —wz" —w(@ —z)" — (b — w)xT)Hl

= L JJA((w @) - 8))

< ¢y H(w—w)(m—j)THF

I

Ca « .
<3 (lw = @|3 + [z = 2[13) ,

10



where the last estimate follows from Young’s inequality 2ab < a? + b*. Now suppose w, 0 €
KB and x,z € KB. We then successively compute:

T

o 1 . .
l9(w, x) = g1, 2)| < —[A(wz" —d3")|h < collwa’ — i |x

= oofl(w — )z +a(r — )" |
< oollzfl2llw — @2 + e2f|@][2]lz — 22
< \/§CQK ’ H(’LU,JT) - (UA},QA?)HQ
The proof is complete. n

We next move on to estimates of the sharpness constant p. To this end, consider two
vectors W € RY and 7 € R%, and set M := ||zw’||r = ||Z|2 - ||@T||2. Without loss of
generality, henceforth, we suppose ||w||s = ||Z|l2. Our estimates on the sharpness constant
will be valid only on bounded sets. Consequently, define the two sets:

S, :=vVM - (B" xB®), & :={(aw,(1/a)z): 1/v < |a| <v}.

The set S, simply encodes a bounded region, while S} encodes all rank-1 factorizations of the
matrix wz " with bounded factors. We begin with the following proposition, which analyzes
the sharpness properties of the idealized function

(z,w) = |wz" —0Z"|p.
The proof is quite long, and therefore we have placed it in Appendix [A.T]

Proposition 4.2. For any v > 1, we have the following bound

|wz" —wz" || p > dist ((w, ), S;) for all (w,x) € S,.

VM
2v2(v +1)

Thus the function (z,w) — |[wz " —wZ " ||p is sharp on the set S, with coefficient W%

We note in passing that the analogue of Proposition for symmetric matrices was proved
in [49, Lemma 5.4].

The sharpness of the loss g(+,-) in the noiseless regime (i.e. when y = A(wz')) is now
immediate.

Proposition 4.3 (Sharpness in the Noiseless Regime). Suppose that Assumption @ holds
and that equality, y = A(wz "), holds. Then for any v > 1, we have the following bound:

_ cl\/M . %
g(w,z) — g(w,z) > mdlst((w,a:),Sy) for all (w,x) € S,.

Proof. Using Assumption [C] and Proposition [4.2] we deduce

avM
2V2(v + 1)

as claimed. 0

o 1 T

g(w,z) = g(w,7) = —[|A(wz" —wz")[1 > erfws’ —wz'|p >

dist((w,:p),S;k),

11



Sharpness in the noisy case requires an additional assumption. We record it below.
Henceforth, for any set Z, we define the restricted linear map Az: R4 *% — Rl by setting
Azr(X) = (A(X))iez-

Assumption D (Z-outliner bounds). There exists a set T C {1,...,m}, vectors w € R%,
T € R®, and a constant c3 > 0 such that the following hold.

(C1) Fquality y; = A(wx"); holds for alli ¢ T.

(C2) For all matrices X € R"*% of rank at most two, we have

1 1
sl Xl < — Az (X) s = — Al (1)

Combining Assumption |D| with Proposition [4.2| quickly yields sharpness of the objective
even in the noisy setting.

Proposition 4.4 (Sharpness in the noisy regime). Suppose that Assumption @ holds. Then

o 03\/M . "
g(w,x) — g(w,z) > mdwt((w,x),&,) for all (w,x) € S,.

Proof. Defining n = A(wz”) — y, we have the following bound:

g(w,x) — g(w, )
= (A (wx” — @) + il ol
= % (IIA(wa —wz )i+ (|(Alwa” —wz")), + ] = [(Adws" —wz"),| - |m|)>
> % (IIA(wch — ") -2 [(Alwa” - wa)A)
= LS (A —w) | - L3 (A — )
T C3 M . *
> czllwz' —wz'||p > mdwt((w,x),&,),

where the first inequality follows by the reverse triangle inequality, the second inequality
follows by Assumption [(C2), and the final inequality follows from Proposition . The

proof is complete. O

To summarize, suppose Assumptions|C|and [D]are valid. Then in the notation of Section
we may set:

csv M
=cy, L =covv2M, = —
p=e ’ : 2v2(v + 1)

12



Consequently, the tube radius of 7y is 27“ = 2—; . % and the the linear convergence rate

of the subgradient method is governed by 7 = & = In particular, the local search

e 4 (v+1>2
algorithms must be initialized at a point (x,w), whose relative distance to the solution set

dist((@w).S) i upper bounded by a constant. We record this conclusion below.
T Y

Corollary 4.5 (Convergence guarantees). Suppose Assumptions @ and @ are valid, and
consider the optimization problem

1
1 ,r)=—|A - .
in g(w, ) mll (wr') —ylh

Choose any pair (o, o) satisfying
dist((wo, zo), S}) < 3

Valknranys - 4\/§CQ<V+1>‘

Then the following are true.

1. (Polyak subgradient) Algorithm (1] initialized (9, yo) produces iterates that converge
linearly to S, that is
2

dlStz((wlmxk)aS)t) < 1 _ Cg ' . C3
ol S \' B 7) B

24/ || wz
2. (geometric subgradient) Set \ := —16?:/5 ‘L (T+H1F)2 and q = /1 — —32 pARIE Then the
CQV v C.

iterates x generated by Algom'thm@ initialized at (wg,xo) converge linearly:

Vk > 0.

L, . ) k 2
dlSt ((éUf;,xk)aSV) S 1 _ C3 . 63 Vk Z 0
[0z ||» 323(v + 1) 32c3(v + 1)2
3. (prox-linear) Algorithm [3 with 8 = p and initialized at (wo, o) converges quadrati-
cally:
dist((wg, z), S;)) < 9—2" @ vk > 0.
[oz T 2Vl + 1)

4.2 Assumptions under generative models

In this section, we present natural generative models under which Assumptions [C] and
are guaranteed to hold. Recall that at the high level, we aim to recover the pair of signals
(w,x) based on given corrupted bilinear measurements y. Formally, let us fix two disjoint
sets Zi, € [m] and Z,y C [m], called the inlier and outlier sets. Intuitively, the index set
T:, encodes exact measurements while Z,,; encodes measurements that have been replaced
by gross outliers. Define the corruption frequency pg.g := |I°‘” ; henceforth, we will suppose
Prait € [0,1/2). Then for an arbitrary, potentially random sequence {& 1}, we consider the

measurement model:
&,U_J T’i,f if ¢ GIm,
(IS 4
& if 1 € Zout.

13



In accordance with the previous section, we define the linear map A: R4*% — R™ by
A(X) = (6] Xr;)™,. To simplify notation, we let L € R™*% denote the matrix whose rows,
in column form, are ¢; and we let R € R™*% denote the matrix whose rows are r;. Note
that we make no assumptions about the nature of ;. In particular, & can even encode exact
measurements for a different signal.

We focus on two measurement matrix models. The first model requires both matrices L
and R to be random. For simplicity, the reader may assume both are Gaussian with i.i.d.
entries, though the results of this paper extend beyond this case. The second model allows
semi-deterministic matrices, namely deterministic L and Gaussian R with i.i.d. entries. In
the later parts of the paper, we will put further incoherence assumptions on the deterministic
matrix L.

Random matrix models.

M1 The vectors ¢; and r; are i.i.d. realizations of n-sub-gaussian random vectors ¢ € R%
and r € R%_ respectively. Suppose moreover that ¢ and r are independent and satisfy
the nondegeneracy condition,

inf P67 Xr| > o) > po, (4.3)

X: rank X <2
X F=1

for some real pg,pg > 0.

M2 The matrix L is arbitrary and the matrix R is standard Gaussian.

Some comments are in order. The model is fully stochastic, in the sense that ¢; and
r; are generated by independent sub-gaussian random vectors. The nondegeneracy condition
essentially asserts that with positive probability, the products ¢" Xr are non-negligible,
uniformly over all unit norm rank two matrices X. In particular, the following example shows
that Gaussian matrices with i.i.d. entries are admissible under Model [M1] In contrast, the
model is semi-stochastic: it allows L to be deterministic, while making the stronger
assumption that R is Gaussian.

Example 4.1 (Gaussian Matrices Satisfy Model [M1)). Assume that ¢ and r are standard
Gaussian random vectors in R% and R, respectively. We claim this setting is admissible
under To see this, fix a rank 2 matrix X having unit Frobenius norm. Consider now a
singular value decomposition X = oyujv, + oausv, , and note the equality, 0? + 02 = 1. For
each index i = 1,2 define a; := (¢,u;) and b; := (v;,7). Then clearly a;,as, by, by are i.i.d.
standard Gaussian; see e.g. [51, Exercise 3.3.6]. Thus, for any ¢ > 0, we compute

IP’(|€TX7“| > ¢) = P(|lo1a1b1 + g2a2bs| > ¢) = E (P(|o1a1b1 + 02a2bs| > ¢ | a1, a2)) .

Notice that conditioned on ay, as, we have oiaib; + oaasby ~ N(0, (01a;)? + (02a2)?). Thus
letting z be a standard normal, we have

P({TXr|>¢)=E (1[»(\/(01@)2 ¥ (09022 > ¢ | al,aQ))

=P(/(01a1)* + (0202)?|2] 2 ¢)
> P(oy]arz| > ¢) > P(|agz| > V2¢).

Therefore, we may simply set 1o = median(|a;2|)/v/2 and py = 3.

14



4.2.1 Assumptions [C] and [D] under Model

In this section, we aim to prove the following theorem, which shows validity of Assumptions[C|
and [D] under [M1], with high probability.

Theorem 4.6 (Measurement Model [M1)). Consider a set T C {1,...,m} satisfying |Z| <
m/2. Then there exist constants ci, ¢z, cs, ¢y, cs5,c6 > 0 depending only on g, po,n such that

the following holds. As long as m > Eggf;)l) In <02 + 175{%), then with probability at

least 1 — 4 exp (—cs (1 — 2|Z|/m)* m), every matrizv X € R"*% of rank at most two satisfies

1
Xl < A < el Xl (1.0
and . 17|
Mz GOl ~ 4O 2 o (1= 221 ) (4.5)

Due to scale invariance, in the proof we only concern ourselves with matrices X of rank
at most two satisfying || X||r = 1. Let us fix such a matrix X and an arbitrary index set
Z CA{1,...,m} with |Z| < m/2. We begin with the following lemma.

Lemma 4.7 (Pointwise concentration). The random variable |(T Xr| is sub-exponential with
parameter v/2n%. Consequently, the estimate holds:

popo < EICT X S (4.6)

Moreover, there exists a numerical constant ¢ > 0 such that for any t € (0,v/2n%], we have
. .1 2 .
with probability at least 1 — 2exp(—%m) the estimate:

%‘”AIC(X)HI — JAz(X)[[ = E[[JAze(X)[ls — [ Az(X) 1] | < ¢ (4.7)

Proof. Markov’s inequality along with (4.3]) implies
El6"X7| > po - P07 Xr| > po) > popo,

which is the lower bound in (4.6). Now we address the upper bound. To that end, suppose
that X has a singular value decomposition X = o,U; VIT + UQUQVQT. We then deduce

"X llyy = 167 (1O VE" + 02UaVy') 7llyy = lloadl, Un)(Va,r) + 02 (C, Uz)(Va, ) [,
< au[[{6, U Vi, 1)l + ool (6, Ua) (Va, ) [l
< o[ Ul Ve, 7) [l + 0al[{€; Uzl [ Vo, 7) [
< (014 02)n* < \/5772,
where the second inequality follows since || - ||, is a norm and || XY ||y, < || X || [|Y |y 51
Lemma 2.7.7]. This bound has two consequences: first [¢T Xr| is a sub-exponential random

variable with parameter v/2n? and second E[¢T Xr| < v/2n?, see [51, Exercise 2.7.2]. The
first bound will be useful momentarily, while the second completes the proof of (4.6]).
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Next define the sub-exponential random variable

Y_ 1 1
O =T X =BT Xry]) ified.

Standard results (e.g. [51, Exercise 2.7.10]) imply ||Y;||4, < v/2n? for all i. Using Bernstein in-
equality for sub-exponential random variables, Theorem , to upper bound P ( % > Y > t)
completes the proof. O

Proof of Theorem[{.6. Choose ¢ € (0,v/2) and let N be the (e/v/2)-net guaranteed by
Lemma [C.2] Let & denote the event that the following two estimates hold for all matri-
ces in X € N:

1Az (Ol ~ A2l ~ E[JAz (Ol — A=) | <1, (43)

% ACO 1 = E[JAC)]1]

<t. (4.9)

Throughout the proof, we will assume that the event £ holds. We will estimate the proba-
bility of £ at the end of the proof. Meanwhile, seeking to establish RIP, define the quantity

1
¢y = sup — [ A(X)[.
XeSy T

We aim first to provide a high probability bound on cs.
Let X € S5 be arbitrary and let X, be the closest point to X in A'. Then we have

1 1 1
A < A + A = X)),

1 1

< TRIA)I £+ AR - X)) (410)
1 1

< CBJAOI + o+ EJAK = X+ JAK = X)), (411)

where (4.10) follows from (4.7) and (4.11)) follows from the triangle inequality. To simplify
the third term in (4.11)), using SVD, we deduce that there exist two orthogonal matrices

X1, X5 of rank at most two satisfying X — X, = X; + X5. With this decomposition in hand,
we compute

1 1 1
— AKX = X )| < — AKX — | A(X
—IMAC My < AKX+ [l AX)])
< o(|Xillr + [ Xellr) < V26| X = Xi|lr < eoe, (4.12)

where the second inequality follows from the definition of ¢, and the estimate || Xi||r +
1 X2l < V2|[(X1, X2)|lF = V2|| X1 + Xa||r. Thus, we arrive at the bound

1 1
—[ACOI: < —EJAX)|ls +t + 2eze. (4.13)
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As X was arbitrary, we may take the supremum of both sides of the inequality, yielding
¢ < Lsupxeg, E[A(X)||1 + ¢ + 2c2¢. Rearranging yields the bound

o SuPxes, EJAX) [ +1
Co S .
1— 2

Assuming that € < 1/4, we further deduce that

2
co <6 :=— sup E|AX)]|: + 2t, (4.14)

m xes,
establishing that the random variable ¢; is bounded by ¢ in the event £.
Now let Z denote either Z = () or Z = Z. We now provide a uniform lower bound on
Mz (X[l = S IAZ(X) 1. Indeed,
1 1
LAz (Ol — A

1 1
= Az (X)) + Az (X = X[l = — [l Az (X) + Az (X = X)L

> Az (X — A X) I — A~ Xl (115)
> B[ Az (X0 s~ A (X — 1~ A — X, (4.16)
> B[ Az ()l — JAOI] ¢~ - (BIAC ~ Xl + A - X)) (417
> CE[Az (0l — [Az(X)]h] ~ 1 - 20¢ (4.18)

where (4.15]) uses the forward and reverse triangle inequalities, (4.16]) follows from (4.8)), the
estimate (4.17)) follows from the forward and reverse triangle inequalities, and (4.18)) follows
from (4.12) and (4.14)). Switching the roles of Z and Z¢ in the above sequence of inequalities,

and choosing € = t/45, we deduce

1 3t
— sup |[[Az(X) [l = [[Az(X) s = E[[l Az (X)L = [A(X) L] | = 5
m xes,
In particular, setting 1= (), we deduce
1 3t
— sup |[AX) L —E[JAX)]L] ] < 5
m xes,
and therefore using (4.6)), we conclude the RIP property
3t 1 3t
popo — — < — A Sv° + =, VX € S,. (4.19)
2 m 2
Next, let Z = 7 and note that
1 Il —|T 2|7
B4z (0 - b0 = E Bt 2 o (1- 2.
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Therefore every X € S5 satisfies

o7\ 3t

Az (0 = LA 2 o (1= 22) = 3 (4.20

Setting ¢ = 2 min{opo/2, popo(1 — 2|Z|/m)/2} = popo(1 —2|Z|/m) in [{@.19) and ([4.20), we
deduce the claimed estimates (4.4) and (4.5). Finally, let us estimate the probability of £.
Using Lemma and the union bound yields

P(&°) < Z P{ (48] or fails at X }

XeN

t2
< 4N exp (—C—4m)
n
9 2(d1+d2+1) Ct2
<4(- exp | ——m
€ n
ct?
=dexp (2(dy +da +1)In(9/€) — —m
n*

where the second inequality follows from lemma and c is a constant.
Then we deduce since 1/e = 45/t < 2+ n?/(1 —2|Z|/m).

4 221_M2
P@ﬂS%m<m¢+@+anﬁ_ €2 )_C%m( w) )

1=2|Z|/m Int
18n*cy (di+da+1) In(cot 52— cu2p2(1—21Zly2
Hence as long as m > e 1: 22+2()1 gé—‘;;—?lf/m)7 we can be sure P(gc) < dexp <_4“0p01(8+m)m)‘
CHoPo\ 1~ —p
The result follows immediately.
O

Combining Theorem [4.6] with Corollary [4.5] we obtain the following guarantee.

Corollary 4.8 (Convergence guarantees). Consider the measurement model (4.2) and sup-
pose that model [M1] is valid. Consider the optimization problem

1 m
min = — E fz,w ry, T —?Jz'|-
(x,w)ESl, m “—

Then there exist constants cq, 02, 3, Cq, C5, Cg > 0 depending only on g, po,n such that as long

1)
asm>cl(§dl%ln<02+

- 2pf - and you choose any pair (xo,yo) with relative error

diSt((wo, ZL'()), S:) < Ce (1 - 2pfail)

VIeeTe 7~ 4V2e(v +1)

then with probability at least 1 — 4exp (—c3(1 — 2pgan)?>m) the following are true.

(4.21)
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1. (Polyak subgradient) Algorithm 1] initialized (z,yo) produces iterates that converge
linearly to S, that is

k
dist®((wr, zx), S}) <(i_ cg (1 — 2pa)’ g (l- 2ptait)” vk >0
|0z || F - 32¢ (v + 1)* 32¢¢ (v + 1)2 -
. . 2 (1—-2pgai)) /|| wz T c2(1—2pgain)?
2. (geometric subgradient) Set \ := alt 165%0%)”(”!1)2 7 and q == /1 — éécg(—‘y—’i&.

Then the iterates xy generated by Algom’thm@ initialized at (wo, o) converge linearly:

k
dist2((wk,xk),Sj) < 1— C% (1 — 2pfai])2 ) C% (1 — 2pfai])2 Vk >0
|wz || F - 32¢ (v + 1)* 32¢¢ (v + 1)? -

3. (prox-linear) Algorithm [3 with 8 = p and initialized at (wy,zo) converges quadrati-

cally:

dist ((wg, zx), X*) < g2t C6 (1 — 2pgan) Vi > 0

VI]wozT|| g - 2\/505@4—1) -

Thus with high probability, if one initializes the subgradient and prox-linear methods at

a pair (wg,xg) satisfying disi(/(ﬁ;g\)\f;) < Zf/%c_j’; f_fi)), then the methods will converge to the

optimal solution set at a dimension independent rate.

4.2.2 Assumptions [C] and [D] under Model

In this section, we verify Assumptions [C] and [D] under Model and an extra incoherence
condition. Namely, we impose further conditions on ¢, /¢, singular values of L (p > 1)

Opmin(L) = inf |[Lwl, and Opmax(L) = sup ||Lwl,,

weSd—1 wesSd—1

which intuitively guarantee that the entries of any vector in {A(X) | rank(X) < 2} are
“well-spread.”

Proposition 4.9 (Measurement Model [M2)). Assume Model[M2 and fiz an arbitrary index
Z CA{1,...,m}. Define the parameter

A= 71.min (L) 20 00 max (L) \/gg

2y/Tm Tm’

and suppose A > 0. Then there exist numerical constants cq,co,c3 > 0 such that with
probability

0% inl L)
1-4 dy +dy + 1)1 ( (1 al,max@))) . Oimin |
exp (Cl( 1+do+1)In{cy (14 p— c3 Ug,max(L)
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every matriz X € R"*% of rank at most two satisfies

(252 4+ 1)01 max (L)

2\/mm

2] ) < Ljacol <

and

1 1
— Az (X) s = — [ Az(X)] = A X (4.23)

Proof. The argument mirrors the proof of Proposition and therefore we only provide a
sketch. Fix a unit Frobenius norm matrix X of rank at most two. We aim to show that for
any fixed Z C {1,...,m}, the following random variable is highly concentrated around its
mean:

Z; = A (X~ 14X
To that end, fix a singular value decomposition X = sjujv; + saugvy . We then compute
(A(X)), = 0] (s1urv] + squguy )1y = 31<€Z,u1>/{ ) 4 so(l;, u2>?<2),
where u; and uy are orthogonal, s? + s3 = 1, and ril),ﬂ@) are i.i.d. standard normal ran-

dom variables. This decomposition, together with the rotation invariance of the normal
distribution, furnishes us with the following distributional equivalence:

(AX)), D 1l ) 2 + (526, u0))? 7o,

where 7; is a standard normal random variable. Consequently, we have the following expres-
sion for the expectation:

B2 =2 SVl m)P T (ol )2 \/51 IRV CIRT ) FATATAYES

ielc iel

We now upper/lower bound this expectation. The upper bound follows from the estimate

3/201max
B2 <B | -IAXN < 2 Ol + Vel - e

The lower bound uses the following two dimensional inequality ”\Z/Hﬁl < |Izll2 < ||z|l1, which

holds for all z € R?:

B (2] =\ 2 S Vil P Galle i) — 4 2 3 Gl i)+ (ol wa)

icZe it
VGl - 2y 2 VP Galf )7
TIm “ 7 v v m ~ 2 2
1= ic
1 2|7
= Jem (Isalll Zunlly + [sall| Luzllr) — 2 E%iﬂ?fm 161l

min L 2 j,-
. Tmin(L) _Q%M(L)\ﬁu,
VTm ’ T m
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In particular, setting 7 = (), we deduce

O01,min L 1 23/20 max L
Zinll) o L)), < 20l 2]
VTm m /Tm
To establish concentration of the random variable Z;, we apply a standard result (The-
orem [C.5) on the concentration of weighted sums of mean zero independent sub-gaussian
random variables. In particular, to apply Theorem[C.5 we write Y; = |r;| — E|r;|, and define
weights

(4.24)

a; =

1 /il u)? + (so(liun))? ifi ¢ 2,
m | =/ (s1(l, w )2 + (5265, uz))? ifi € L.
Noticing that |||7;| — E|7i|||¢, < K, where K > 0 is an absolute constant, and

||a||g = % Z <(81<f1~,u1>)2 + (32<£i7u2>)2> < 20'2,m—aX(L)

=1

9

m2

it follows that for any fixed unit Frobenius norm matrix X of rank at most two, with
ct’m?

probability at least 1 — 2exp (—m
2,max

) , we have

% Az (X[l = 1Az (X)]lx = E[[[[ Az (X)[ls = Az (X) L]} < ¢ (4.25)

We have thus established concentration for any fixed X. We now proceed with a covering
argument in the same way as in the proof of Theorem 4.6, To this end, choose € € (0, v/2)
and let A be the (¢/v/2)-net guaranteed by lemma Let £ denote the event that the
following two estimates hold for all matrices X € N:

Az GO = A=l — E Az (O — 401 < ¢,

LAl — G0 <

Throughout the proof, we will assume that the event £ holds. By exactly the same covering
argument as in Theorem , setting € = t/40 with 0 = 2 supy g, E[|A(X)]|1 +2t, we deduce

Az Ol = A0l ~ E Az ()l ~ 1420 | < 5

— sup
m xes,

where either Z = () or Z = Z.
In particular, setting Z = () and using the bound (4.24]), we deduce

01 min(L> 3t 1 23/20'1 max(L) 3t
i A X)), < T omaxA) 2
VTm 2~ mHA( M = VTm + 2

for all X € S,. In turn, setting Z = Z we deduce
1 1 3t
— || Aze(X)|1 — — X)|h > E (X)) — X)) — =
Az (Xl = [ AZ(X) [l 2 E [l Az (X) [l = [|Az(X)]] = 5
2|z 3t

min L
s Qi) o oy 2R3
Vm ’ Tm 2
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Setting ¢ := Ol?)T;é@L)’ the estimates (4.22) and (4.23)) follow immediately. Finally, estimating
the probability of £ using the union bound quickly yields:

. 01 max(L) U% min(L)
_ ZhmaxA\ =) ) ) ZLmint™ )
P(E°) < 4dexp (C1(d1 +dy +1)In <C2 (1 + 1o (L) )) “ 03 max (L)

The result follows. O

5 Initialization

Previous sections have focused on local convergence guarantees under various statistical
assumptions. In particular, under Assumptions[C|and [D] one must initialize the local search

procedures at a point (w, z), whose relative distance to the solution set % is upper
Tw F

bounded by a constant. In this section, we present a new spectral initialization routine
(Algorithm []) that is able to efficiently find such point (w,z). The algorithm is inspired
by [25, Section 4] and [52].

Before describing the intuition behind the procedure, let us formally introduce our as-
sumptions. Throughout this section, we make the following assumption on the data gener-
ating mechanism, which is stronger than Model [M1}

M1 The entries of matrices L and R are i.i.d. Gaussian.

Our arguments rely heavily on properties of the Gaussian distribution. We note, however,
that our experimental results suggest that Algorithm [4] provides high-quality initializations
under weaker distributional assumptions.

Recall that in the previous sections, the noise £ was arbitrary. In this section, however,
we must assume more about the nature of the noise. We will consider two different settings.

N1 The measurement vectors {(¢;,r;)}™, and the noise sequence {;}, are independent.

N2 The inlying measurement vectors {(¢;, ;) }icz, and the corrupted observations {&; }iez, .,
are independent.

The noise models and differ in how an adversary may choose to corrupt the
measurements. Model allows an adversary to corrupt the signal, but does not allow
observation of the measurement vectors {(¢;,7;)}7,. On the other hand, Model allows an
adversary to observe the outlying measurement vectors {(¢;, ;) }icz,., and arbitrarily corrupt
those measurements. For example, the adversary may replace the outlying measurements
with those taken from a completely different signal: y; = (.A([E%T))Z for 1 € Zoys.

We can now describe the intuition underlying Algorithm [l Throughout we denote
unit vectors parallel to w and z by w, and Z,, respectively. Algorithm [4] exploits the
expected near orthogonality of the random vectors ¢; and r; to the directions w, and
T4, respectively, in order to select a “good” set of measurement vectors. Namely, since
E [(¢;,0,)] = E[{r;,Z,)] = 0, we expect minimal eigenvectors of L™ and R™?® to be near
w, and 7, respectively. Since our measurements are bilinear, we cannot necessarily select
vectors for which |(¢;, w,)| and |(r;, Z,)| are both small, rather, we may only select vectors
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Algorithm 4: Initialization.
Data: y € R™, L € R™*%4 R ¢ RM*%
% < {i | |ys| < med(Jy])}
Form directional estimates:

init 1 T init 1 T
LM 23 e Gl R™ 4= o> rea it
W < argmin cga, 1 p' L™'p,  and T 4 argmin ega,-1 ¢ R™Mq.

Estimate the norm of the signal:

m

—~ 1
M < argmin G(B) := — y; — B, w)(r;, 1),
e (B) = — ;\ {li, w)(ri, )]
o —1/2 _(1/2
wo < sign(M) ’M w, and  xg ‘M z.

return (wy, xo)

for which the product |(¢;,w,)(r;, Z.)| is small, leading to subtle ambiguities not present
in [25, Section 4] and [52]; see Figure [I} Corruptions add further ambiguities since the noise
model allows a constant fraction of measurements to be adversarially modified.

Y

Figure 1: Intuition behind spectral initialization. The pair ¢;,r; will be included since both
vectors are almost orthogonal to the true directions. fs, ro is unlikely to be included since 75
is almost aligned with x*.

Formally, Algorithm 4] estimates an initial signal (wg, z¢) in two stages: first it constructs
a pair of directions (w, ) which estimate the true directions

_ 1 _ 1
Wy = ——W and T, 1= T
[]]2

23



(up to sign); then it constructs an estimate M of the signed signal norm + M, which corrects
for sign errors in the first stage. We now discuss both stages in more detail, starting with the
direction estimate. Most proofs will be deferred to Appendix [B] The general proof strategy
we follow is analogous to [25, Section 4] for phase retrieval, with some subtle modifications
due to asymmetry.

Direction Estimate. In the first stage of the algorithm, we estimate the directions w,
and ,, up to sign. Key to our argument is the following decomposition for model (which

will be proved in Appendix |B.1)):

init __ |Ibel| — init _ \Ibel\ — =T
L [d1 MWW, + AL, R Id2 YoXi T, + AR,

where 71,72 2 1 and the matrices Ay, Ar have small operator norm (decreasing with (d; +
dy)/m), with high probability. Using the Davis-Kahan sin 6 theorem [19], we can then show
that the minimal eigenvectors of L™ and R™* are sufficiently close to {+w,} and {+Z,},
respectively.

Proposition 5.1 (Directional estimates). There exist numerical constants ¢y, ¢y, C > 0, so
that for any pea € [0,1/10] and t € [0, 1], with probability at least 1 — ¢y exp (—camt), the

following hold:
max{di,d2} N
\/ T+ t) under Model and
C - ( pran + /il t) under Model [N2.

Norm estimate. In the second stage of the algorithm, we estimate M as well as correct
the sign of the direction estimates from the previous stage. In particular, for any (w,z) €
S4=1 x S%-1 define the quantity

. ~~T T
min ‘wx — swra” <
se{%1}

‘ F

o s R
o= (0 ) 2 15 el .

where ¢5 and ¢g are as in Theorem . Then we prove the following estimate (see Ap-

pendix B.2)).

Proposition 5.2 (Norm Estimate). Under either noise model, |N1| and |N2, there exist
numerical constants ci,...,ce > 0 so that if m > Clldg;f:g; co + , then with

probability at least 1 — 4 exp (—c3(1 — 2pgaqn)?m), we have that any minimizer M of the func-
tion

Z lyi — B{C:, D) (T, 7))

—

satisfies ||]\/4\| — M| < dM. Moreover, if in this event § < 1, then we have sign(M) =
argmin,c oy | 0T — sw,z] || .
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Thus, the preceding proposition shows that tighter estimates on the norm M result from
better directional estimates in the first stage of Algorithm [l In light of Proposition we
next estimate the probability of the event § < 1/2; which in particular implies with high
probability sign(M) = argmin .y ||0Z" — s,z || .

Proposition 5.3 (Sign estimate). Under either Model and [N, there exist numerical
constants ¢y, ¢1, ca, c3 > 0 such that if ppy < co and m > c3(dy+ds), then the estimate holds.ﬂ

P >1/2) <ciexp(—com).

Proof. Using Theorem and Propositions [p.1, we deduce that for any ¢ € [0,1], with

probability 1 — ¢; exp (—comt) we have

C - ( g/ mextdnda) | t> under Model [N}, and
C - | Prail + 1/ % - t) under Model [N2]

Thus under model it suffices to set t = (20)72 — %. Then the probabil-
ity of the event 6 < 1/2 is at least 1 — ¢; exp (—c2((2C)?m — max{d;,ds})). On the
other hand, under model it suffices to assume 2Cppy < 1 and then we can set ¢ =
((2C)™" = pran)® — max{%) The probability of the event § < 1/2 is then at least
1—cy(exp (—e2(m((2C) ™! — prai)? — max{d;,ds}))). Finally using the bound max{d;,ds} <
di +dy < g yields the result. O

0 <

Step 3: Final estimate. Putting the directional and norm estimates together, we arrive
at the following theorem.

Theorem 5.4. There exist numerical constants cg, ¢y, ca,c3,C > 0 such that if pr.y < co and
m > c4(dy + dg), then for all t € [0, 1], with probability at least 1 — ¢y exp (—cgmt) , we have

o . max{di,d2} \/
wozd —wzT]|, ; C- |/ 7o +t) under Model[NT|, and
__T J—
|0z || p C - prain + 1 /W + t) under Model [N2.

Proof. Suppose that we are in the events guaranteed by Propositions |5.1 and Then
noting that

wo = sign(M)|M|"?®, =y = |M|"/?z,

%In the case of model one can set ¢g = 1/10.
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we find that

lwozy — @zl =

sign(M)|M|oz" — Mw,z,]
F

= M ||@7" — sign(M)w,z, + 'M’T_M@f
F
<M H@fT — sign(]/\/[\)w*x*T ’F + Mo
Y (2 n L) min |65 — s,z
ce(1 — 2prai) ) se{+1} F
where c; and ¢4 are defined in Theorem Appealing to Proposition [5.1] the result follows.
O

Combining Corollary and Theorem [5.4] we arrive at the following guarantee for the
stage procedure.

Corollary 5.5 (Efficiency estimates). Suppose either of the models[N1| and[NZ. Let (wo, zo)
be the output of the initialization Algorithm . Set M = ||lwox] ||r and consider the opti-
mization problem

min  gw,z) = %HA(WT) —ylh. (5.2)

lzll2,wlle<V2M

Set v = 4/ % and notice that the feasible region of (5.2)) coincides with S,. Then there
exist constants cg, ¢y, o, c3,¢5 > 0 and cq € (0,1) such that as long as m > c3(dy + dy) and
DPrail < Co, the following properties hold with probability 1 — ¢, exp(—czm)ﬂ

1. (subgradient) Both Algorithms |1l and |9 (with appropriate \,q) initialized (xq,yo)
produce iterates that converge linearly to S, that is

dist2((wk, Ty),SF)

||1I),f‘T||F S Cy (1 - C4)k vk 2 0.

2. (prox-linear) Algorithm [3 initialized at (wo,xo) (with appropriate B > 0) converges
quadratically:
dist((wg, xx), S}))

lwz T[]

<es-27% WE>0.

Proof. We provide the proof under model The proof under model is completely
analogous. Combining Proposition [5.2] Proposition [5.3] and Theorem [5.4 we deduce that
there exist constants cq, ¢1, ¢o, 3, C such that as long as m > c3(dy + dz2) and pgy < ¢, then
for any t € [0, 1], with probability 1 — ¢; exp (—camt), we have

M
S|

<6<
Vi =

1
<5 (5.3)

‘ —~

3In the case of model one can set ¢g = 1/10.
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and

HwoxOT — IDET”F - C\/max{dl,dz} e
M m

In particular, notice from (5.3)) that 1 < v < v/3 and therefore the feasible region S, contains
an optimal solution of the original problem (L.3). Using Proposition [4.2] we have

|wozy —wz"||p > dist ((wo, z0), S).

VM
2v2(v + 1)

Combining the estimates, we conclude

dist((wo, o), S)) |wory — 0z ||p \/max{dl,dg}
< < _— .
Niri < 2V2(r+1) i < 2V2(v +1)C — +t

Thus to ensure the relative error assumption (4.21)), it suffices to ensure the inequality

2v2(v + 1)C\/M 1t < M7
m 48/ 2¢s5(v + 1)

where c5, cg are the constants from Corollary . Using the bound v < /3, it suffices to set

o (06(1 — 219)>2 _ max{dy, da}

16v/3¢5C m
Thus the probability of the desired event becomes 1 — co(exp (—c3(cym — max{d;,dy})) for
some constant c¢4. Finally, using the bound max{d;,d>} < dy + dy < o and applying
Corollary completes the proof. m

6 Numerical Experiments

In this section we demonstrate the performance and stability of the prox-linear and subgradi-
ent methods, and the initialization procedure, when applied to real and artificial instances of
Problem ([1.3). All experiments were performed using the Julia [7] programming language.

Subgradient method implementation. Implementation of the subgradient method for
Problem ([1.3)) is simple, and has low per-iteration cost. Indeed, one may simply choose the
subgradient

%f;sign«&,wxx,m —y) (<x,n> m - (lyw) [OD € Of (w, 1),

where sign(t) denotes the sign of ¢, with the convention sign(0) = 0. The cost of computing
this subgradient is on the order of four matrix multiplications. When applying Algorithm 2]
choosing the correct parameters is important, since its convergence is especially sensitive to
the value of the step-size decay ¢; the experiment described in Section [6.1.2] which aided
us empirically in choosing g for the rest of the experiments, demonstrates this phenomenon.
Setting A = 1.0 seemed to suffice for all the experiments depicted hereafter.
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Prox-linear method implementation. Recall that the convex models used by the prox-
linear method take the form:

T

1
Fa (W, 2) = —[|A(wez +wile — )"+ (w = we)a)) =yl (6.1)

Equivalently, one may rewrite this expression as a Least Absolute Deviation (LAD) objective:

1 & w—w
f(wk,ﬂfk)(wvx) = E Z ’\( <$kv Tl>£zT ‘ <€i’wk>"ﬂiT )1 ($ o ZL‘:) - (yz - <£mqﬁk><xka TZ)Z
=1 :\:4, f =7;
1
— Az =, .
|4z ~ gl

Thus, each iteration of Algorithm [3|requires solving a strongly convex optimization problem:

1 _ 1 2
sver = arguin { 4z — gl + oo 213}

ZESV

Motivated by the work of [25] on robust phase retrieval, we solve this subproblem with
the graph splitting variant of the Alternating Direction Method of Multipliers, as described
in [41]. This iterative method applies to problems of the form

i =gl + o [l=
rz%l;{flm Ylh 2a22

s.t. t= Az.

Yielding the following subproblems, which are repeatedly executed:

) 1 2, P 2
7 arzgegluln {% 2115 + 3 |z — (21 — /\k>||2}

) 1 N p 2
t « argmin { — |t — gill, + & It — (tx —
argt m{m” y”l 9 H (k Vk)“2}

Zt — ]d1+d2 AT o ]d1+d2 AT 2+ A
t+ A —]m O 0 t/ + 1%
>\+ $— A+(Z/—Z+>,V+ < V+<t,—t+),

where A € R“*% and v € R™ are dual multipliers and p > 0 is a control parameter. Each
above step may be computed analytically. We found in our experiments that choosing a = 1
and p ~ % yielded fast convergence. Our stopping criteria for this subproblem is considered
met when the primal residual satisfies ||(z4, t4) — (z,8)|| < ex- (Vdi + do + max {||z|, , [|t]|,})
and the dual residual satisfies [|(Ay, v4) — (A, v)|| < €+ (Vdi + ds + max {||A]|,, ||v[|,}) with
€ = 27k,

6.1 Artificial Data

We first illustrate the performance of the prox-linear and subgradient methods under noise
model with i.i.d. standard Gaussian noise §. Both methods are initialized with Al-
gorithm [4 We experimented with Gaussian noise of varying variances, and observed that
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higher levels did not adversely affect the performance of our algorithm. This is not surprising,
since the theory suggests that both the objective and the initialization procedure are robust
to gross outliers. We analyze the performance with problem dimensions d; € {400, 1000}
and dy = 500 and with number of measurements m = ¢ - (dy + dg) with ¢ varying from 1 to
8. In Fig. 2] and [3| we have depicted how the quantity

lwnze — @27,

lwz ]|z

changes per iteration for the prox-linear and subgradient methods. We conducted tests in
both the moderate corruption (pgiy = .25) and high corruption (pp.; = .45) regimes. For
both methods, under moderate corruption (pg; = .25) we see that exact recovery is possible
as long as ¢ > 5. Likewise, even in high corruption regime (pp; = .45) exact recovery is still
possible as long as ¢ > 8. We also illustrate the performance of Algorithm [I] when there is no
corruption at all in Fig. 2] which converges an order of magnitude faster than Algorithm [2]

In terms of algorithm performance, we see that the prox-linear method takes few outer
iterations, approximately 15, to achieve very high accuracy, while the subgradient method
requires a few hundred iterations. This behavior is expected as the prox-linear method con-
verges quadratically and the subgradient method converges linearly. Although the number
of iterations of the prox-linear method is small, we demonstrate in the sequel that its total
run-time, including the cost of solving subproblems, can be higher than the subgradient
method.

6.1.1 Number of matrix-vector multiplications

Each iteration of the prox-linear method requires the numerical resolution of a convex opti-
mization problem. We solve this subproblem using the graph splitting ADMM algorithm, as
described in [41], the cost of which is dominated by the number of matrix vector products
required to reach the target accuracy. The number of “inner iterations” of the prox-linear
method and thus the number of matrix vector products is not determined a priori. The
cost of each iteration of the subgradient method, on the other hand, is on the order of 4
matrix vector products. In the subsequent plots, we solve a sequence of synthetic problems
for dy = dy = 100 and keep track of the total number of matrix-vector multiplications per-

wz | —oZ |
formed. We run both methods until we obtain ” L < 107°. Additionally, we keep

[T,
track of the same statistics for the subgradient method. We present the results in Fig. [4]
We observe that the number of matrix-vector multiplications required by the prox-linear
method can be much greater than those required by the subgradient method. Additionally,
they seem to be much more sensitive to the ratio R
6.1.2 Choice of step size decay

Due to the sensitivity of Algorithm [2| to the step size decay ¢, we experiment with different
choices of ¢ in order to find an empirical range of values which yield acceptable perfor-
mance. To that end, we generate synthetic problems of dimension 100 x 100 and choose
q € {0.90,0.905,...,0.995}, and record the average error of the final iterate after 1000 itera-
tions of the subgradient method for different choices of m = c-(d;+dy). The average is taken
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Figure 2: Dimensions are (dy, dy) = (400,500) in the first column and (d;, d2) = (1000, 500)
in the second column. We plot the error Hwkxz — waH r / ||@DQ_UTH Vs iteration count. Top
row is using Algorithm [2] with pgy; = 0.25. Second row is using Algorithm [2] with pgy = 0.45.
Third row is using Algorithm [T| with pg; = 0.
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Figure 3: Dimensions are (di, ds) = (400,500) in the first column and (d;, d2) = (1000, 500)
in the second column. We plot the error Hwkx; — u_):ETH n/ ||zDa_:T|| » Vs iteration count for
an application of Algorithm (3| in the two settings: ppy = 0.25 (top row) and pgy = 0.45
(bottom row).

over 50 test runs with A = 1.0. We test both noisy and noiseless instances to see if corruption
of entries significantly changes the effective range of ¢. Results are shown in Fig. [f|

6.1.3 Robustness to noise

We now empirically validate the robustness of the prox-linear and subgradients algorithms
to noise. In a setup familiar from other recent works [4,25], we generate phase transition
plots, where the x-axis varies with the level of corruption pg,;, the y-axis varies as the ratio
dl’j: ph changes, and the shade of each pixel represents the percentage of problem instances
solved successfully. For every configuration (peq,m/(d; + dz)), we run 100 experiments.

Noise model - independent noise Initially, we experiment with Gaussian random
matrices and (di,d») € {(100,100), (200, 200)}, the results for which can be found in Fig. [6]
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Figure 5: Final normalized error Hwkx; — ﬂ)ET” / ||71@T|| » for Algorithm 2| with different
choices of ¢, in the settings pgy = 0 (left) and pg.y = 0.25 (right).

The phase transition plots are similar for both dimensionality choices, revealing that in
the moderate independent noise regime (pg.y < 25%), setting m > 4(d; + ds) suffices. On the
other hand, for exact recovery in high noise regimes (pgy ~ 45%), one may need to choose
m as large as 8 - (dy + ds).

We repeat the same experiment in the setting where the matrix L is deterministic and has
orthogonal columns of Euclidean norm /m, and R is a gaussian random matrix. Specifically,
we take L to be a partial Hadamard matrix, from the first d; columns of an m x m Hadamard
matrix. In that case, the operator v — Lv can be computed efficiently in O(mlogm) time
by 0-padding v to length m and computing its Fast Walsh-Hadamard Transform (FWHT).
Additionally, the products w +— LTw can also be computed in O(mlogm) time by taking
the FWHT of w and keeping the first d; coordinates of the result.
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The phase transition plots can be found in Fig.[7] A comparison with the phase transition
plot in Fig. [6] shows a different trend. In this case, exact recovery does not occur when the
noise is above pr, >~ 20% and m is in the range {1,...,8}.

Noise model - arbitrary noise We now repeat the previous experiments, but switch
to noise model [N2| In particular, we now adversarially hide a different signal in a subset of
measurements, i.e., we set

wzyaw@m% i ¢ T,

<€i> U_Jimp> <jjimp> 712'> 1€ Iout7

where in the above (Wimp, Zimp) € R™ x R% is an arbitrary pair of signals. Intuitively, this
is a more challenging noise model than [N1] since it allows an adversary try to trick the
algorithm into recovering an entirely different signal. Our experiments confirm that this
regime is indeed more difficult for the proposed algorithms, which is why we only depict the
range pri € [0,0.38] in Figs. [§ and [9] below.

6.2 Performance of initialization on real data

We now demonstrate the proposed initialization strategy on real world images. Specifically,
we set w and T to be two random digits from the training subset of the MNIST dataset |30].
In this experiment, the measurement matrices L, R € R1I6789x784 have ii.d. Gaussian en-
tries, and the noise follows Model with peg = 0.45. We apply the initialization method
and plot the resulting images (initial estimates) in Fig. [I0} Evidently, the initial estimates
of the images are visually similar to the true digits, up to sign; in other examples, the fore-
ground appears to be switched with the background, which corresponds to the natural sign
ambiguity. Finally, we plot the normalized error for the two recovery methods (subgradient
and prox-linear) in Fig. [11]

6.3 Experiments on Big Data

We apply the subgradient method for recovering large-scale real color images W, X € R™*"*3,
In this setting, pgy = 0.0 so using Algorithm [1] is applicable with miny f = 0. We “flatten”
the matrices W, X into 3n? dimensional vectors w, x. In contrast to the previous experiments,
our sensing matrices are of the following form:

HS, HS!
L=|: |.R=| :
HS, HS,

where H € {—1,1}"*? //d is the d x d symmetric normalized Hadamard matrix and S; =
diag(&y, ..., &), € ~iia {—1,1} is a diagonal random sign matrix. The same holds for S!.
Notice that we can perform the operations w — Lw, x — Rz in O(kdlogd) time: we first
form the elementwise product between the signal and the random signs, and then take its
Hadamard transform, which can be performed in O(dlog d) flops. We can efficiently compute
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p+— LTp, ¢ — R7q, required for the subgradient method, in a similar fashion. We recover
each channel separately, which means we essentially have to solve three similar minimization
problems. Notice that this results in dimensionality d; = dy = n?, m = kn? for each channel.

We observed that our initialization procedure (Algorithm {4)) is extremely accurate in this
setting. Therefore to better illustrate the performance of the local search algorithms, we
perform the following heuristic initialization. For each channel, we first sample @, 7 ~ S?1,
rescale by the true magnitude of the signal, and run Algorithm [1| for one step to obtain our
initial estimates wy, xg.
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Figure 10: Digits 5,6 (top) and 9,6 (bottom). Original images are shown on the left,
estimates on the right. Parameters: pgy = 0.45,m = 16 - 784.
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Figure 11: Relative error vs iteration count on mnist digits for subgradient method (left)
and prox-linear method (right).

An example where we recover a pair of 512x 512 color images using the Polyak subgradient
method (Algorithm (1)) is shown below; Fig. [12|shows the progression of the estimates wy, up
until the 90-th iteration, while Fig. [13| depicts the normalized error at each iteration for the
different channels of the images.
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Appendix A Sharpness

A.1 Proof of Proposition

Without loss of generality, we assume that M = 1 (by rescaling) and that @ = e¢; € R%
and T = e; € R® (by rotation invariance). Recall that the distance to 8* may be written
succinctly as

dist((w, z),S;) = \/ inf — {Jlw — aw[f + ||lz — (1/a)z [|5}.

(1/v)<le|<v

Before we establish the general result, we first consider the simpler case, dy = dy = 1.
Claim 1. The following bound holds:

1
juz =112 75 (= a4 e = (1)),

)<|al<v
for all w,z € [—v, v].

Proof of Claim. Consider a pair (w,z) € R? with |w|,|z| < v. It is easy to see that without
loss of generality, we may assume w > |z|. We then separate the proof into two cases, which
are graphically depicted in Figure [14]
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Figure 14: The regions K;, K5 correspond to cases 1 and 2 of the proof of Claim [1}, respec-
tively.

Case 1: w—x < # In this case, we will traverse from (w, z) to the S} in the direction
(1,1). See Figure First, consider the equation

wr — V2w + z)t +2/2 =1,
in the variable ¢ and note the equality
wr — V2w + )t +12/2 = (w — t/V2)(x — t/V2).
Using the quadratic formula to solve for t, we get

t=v2(w+z) — 2w+ )% — 2wz —1).

Note that the discriminant is nonnegative since (w+x)? — (wzr —1) = w? + 2* +zw+1 > 1.
Set a = (w — t/+/2) and note the identity 1/a = (z — t/+/2). Therefore,

(1/a)(w —a) +a(z = 1/a) + (v = a)(z = 1/a)]
= |(x = t/V2)(t/V2) + (w = t/V2)(t/V2) + /2]
i 4 ;
7|(w~|—x) —t/V?2| = E\/Q(w—i—x) — 2wz —1) >

Observe now the equality

|lwe — 1] =

o=

|t] 1 2 2\1/2
= (Jw—a + |z —1/a])V2
5= (w—al +lz=1/af)

Hence it remains to bound «a. First we note that a > 0,1/« > 0, since

a+1/a=(w—t/V2)+ (x—1t/V2)

= —(w+2) +2y/(w+2)? — (wr — 1) 2 0.

In addition, since w > z, we have @ = w — t/v/2 > 2 — t/y/2 = 1/a. Since @ and 1/« are
positive, we must therefore have « > 1 > 1/v. Thus, it remains to verify the bound a < v.
To that end, notice that

V2 —1

v

1/a:x—t/\/§zw—t/\/_

= 0 —

2_ 2_
Therefore, “— L> . L Since the function t — == is increasing, we deduce a < v.
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Case 2: w—1x > “—. In this case, we will simply set a = v. Define
5 N 1/2 w—v r—1/v
t=((w—v)?+(x-1/v)?*)"", a=—, and b= P
Notice that proving the desired bound amounts to showing |wz — 1] > -. Observe the

following estimates

1 2
a,b<0, b<a, d+v¥=1  and t<-— rvy
(a+0) v
where the the first inequality follows from the bounds w < v and v > w > z4+v—1/v, second
inequality follows from the bound w — x > (v* — 1) /v, the equality follows from algebraic
manipulations, and the third inequality follows from the estimate w + x > 0. Observe

lwx — 1] = |(v + ta)(1/v + tb) — 1] = |[t*ab + tvb + ta/v|.

Thus, by dividing through by ¢, we need only show that

|tab + vb+ a/v| > % (A1)

To prove this bound, note that since 20> > a?+0b* = 1, we have the —vb—a/v > —vb > 1/\/5
Therefore, in the particular case when ab = 0 the estimate follows immediately. Define
the linear function p(s) := —(ab)s — vb — a/v. Hence, assume ab # 0. Notice p(0) > 1//2.
Thus it suffices to show that the solution s* of the equation p(s) = 1/+/2 satisfies s* > ¢. To
see this, we compute:

(a—l—b)(

1 1 a b 1 1
> (i )
1 1 V2 (a® +b%) — (|a| + [b])
= @) <y+y<1+ b ))
1 1 V2 — (|a| + [b])
~ (a+b) v V2ab

1

S

where the first inequality follows since v > 1 and the second inequality follows since a?+b? =

1L and v2(/(a,b)[l2 > [|(a,b)[l1, as desired. O
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Now we prove the general case. First suppose that ||wz" — @0z "||p > 1/2. Since ||w —
W] < (r+1) and ||z — z|2 < (v + 1), we have

dist((w, 2),S8) < V2(v+1) < 22w + D) ||wz" — 0z ||,

which proves the desired bound.
On the other hand, suppose that |wx" — @z " ||p < 1/2. Define the two vectors:

W = (wy,0,...,0)" € R® and = (x1,0,...,0)" € R®,

With this notation, we find that by Claim [I] there exists an « satisfying (1/v) < |a| < v,
such that the following holds:

|lwz" —wz"||% = |lwe" — @z + 03" —wz'||%
= [lwa" — @z ||F + |0z" — oz |7
. 1, . _ N _
> lwe" — @& + 5 (lo = ez + 17 — (1/e)z||7) -
We now turn our attention to lower bounding the first term. Observe since |wyx — w171| <
|wa? — wz”||p < 1/2, we have

|w1x1| Z |Uj1i’1| — |’LU1ZL‘1 — w1f1| Z (1/2)|wlj1| = 1/2,

Moreover, note the estimates, v|wi| > |z1|jw| > 1/2 and v|xq| > |z1||wi| > 1/2, which
imply that |wy| > 1/2v and |z1| > 1/2v. Thus, we obtain the lower bound

lwa" — @z} = [[(w - @)z’ + @@ —2)" + (w— ) (z - 2)" |
= |z1*llw — @) + w1 lle = 2 + | (w — @) (z — 2) "I

> |1 flw — @[3 + [wr [Pl — 23
1)’ =112 =112
> 55 ) (lw=al3+lz—2[3).
Finally, we obtain the bound

. L, _ - _
lwa" —wz |7 > lwe" — @3 || + 5 (10 — awf + 12 = (1/0)z]F)

v

1\?2 3 3 1, . ~ . _
(5) ([lw— @3 + ||z — &3) + 3 ([l — awl; + |7 — (1/a)z|3)

. 1) ) ) o ) ,
> in {5 () (=t = 2141 - ol 1 - e

v

_ (zi)z - dist?((w, ), S¥).

By recalling that 1/2v > 1/2v/2(v + 1), the proof is complete.
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Appendix B Initialization

B.1 Proof of Proposition

As stated in Section [5], we first verify that L and R™* are nearby matrices with minimal

eigenvectors equal to w, and Z,. Then we apply the Davis-Kahan sin 6 theorem [19] to prove

that the minimal eigenvectors of L™ and R™* must also be close to the optimal directions.
Throughout the rest of the proof, we define the sets of “selected” inliers and outliers:

T =T, N7 and T =T, NI

out

We record the relative size of these parameters as well, since they appear in the bounds that

follow:
1

1
sel o sel
and Sour = — |Z5e| -

Sin = — T
m

in

Theorem B.1. There exist numerical constants ¢y, co,c3,cq,¢5 > 0, so that for any pr. €
[0,1/10] and t € [0, 1], with probability at least 1 — ¢y (exp (—camt) the following hold:

1. Under noise model [Nl
Lmlt (Sln + Sout)[ch f)/lw*u_);r + Ala let (Sln + Sout)[dz ’YQi‘*‘TI + A27

where v, > c3 and vy > ¢4 and

max{dy, ds} 4t
— :

max{||Aillop; [[Azllop} < 5 (

2. Under noise model[N2
LMY = S ly, — )] + Ay, R™ = Sy, — 707,2, + As,
where v, > ¢z and vy > ¢4 and

max{dy, ds} N t)

m

max{[|A1op, [[Azllop} < Drait + €5 (

Proof. Without loss of generality, we only prove the result for L®i; the result for R™ follows
by a symmetric argument.

Define the projection operators Py, := w,w, and let Pli := I —w,w, . Then decompose
L™ into the sums of four matrices Yj, Y:, Y, Y3, as follows:

it (Z Pw*ggTPw*_i_ Z Pw*ggTPJ_ _|_PJ- ETPw* Z PJ-EKTPJ- + Z EET)

i€Zse! ieZse! i€ i€zseh
. / (. (. N——
Vv Vv Vv
m-Yp m-Y7 m-Ya m-Y3
(B.1)
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We will now study the properties of these four matrices under both noise models.
First, note that in either case we may write Yy = yow,w, , where

1
Yo ‘= E Z (Kjw*)z
ieTse!
In addition, we will present a series of Lemmas showing the following high probability devi-
ation bounds:

d o /d
M= Sin — %o Z L ”}/1||Op S Ela and ||}/2 - Sin(Idl - w*wI)Hop 5 El

Finally, our bounds on the term Y3 as well as the definition of A; depend on the noise model
under consideration. Thus, we separate this bound into two cases:

Noise model [N1 Under this noise model, we have

d
||Y3 - Sout]d1||0p 5 %1

Thus, we set A; = Y] + (Yg — Sin(lg, — U_J*U_);r)) + (Y5 — Sout1ay ) -

Noise model [N2] Under this noise model, we have

/d
HYZ’;Hop Spfail"i‘ _1
m

Thus, we set Ay = Y; + (Yo — Sin(Ig, — W] )) + 5.
Therefore, under either noise model, the result will follow immediately from the following
four Lemmas. We defer the proofs for the moment.

Lemma B.2. There exist constants c, cy,co > 0 such that for any pey € [0,1/10] the follow-
ing holds:

P(Sin—yo>c¢)>1—crexp(—com).

Lemma B.3. Fort > 0, we have

diy — 1 mt2 m
(i 2B ) <o () v (-5).

Lemma B.4. There exist numerical constants C,c > 0 such that for any t > 0 we have

d
P <HY2 — Sin(1g, — U_J*?DI)HOP > C4/ El +t> < 2exp(—cmt).
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Lemma B.5. There exist constants Cy, Cs, c1,co > 0 such that for any t > 0 the following
hold. Under the noise Model[N1], we have the estimate

d
P <HY3 — Soutday [lop = €34/ El + t> < 2exp(—cymt),

while under the noise model [NZ we have

/d
P <||Y3H0p 2 Prail T €1 El + t> < 2exp(—comt).

The proof of the the theorem is complete. O

We now apply the Davis-Kahan sin § theorem [19] as stated in Lemma [C.1] Throughout
we assume that we are in the event described in Theorem [B.1]

Proof of Proposition[5.1. We will use the notation from Theorem We only prove the
result under [N1] since the proof under is completely analogous. Define matrices V| =
VW0, — (Sin+ Sout) g, and Vo = Y97, 2] — (Sin + Sous ) 14,- Matrix V; has spectral gap v, and
top eigenvector w,, while matrix V5 has spectral gap v, and top eigenvector z,. Therefore,
since —L™¢ =V, — A; and —R™' =V, — Ay, Lemma implies that

\/§ H Ay “op

V2||A
min ||0 — sw,l|s < ﬂ and min ||7 — sZ,lls < ——.
se{+1} 1 se{£1} Y2

We will use these two inequalities to bound minge(i1y [|[0Z" — sw,Z] || . To do so, we need
to analyze s, = argming || — sw,|| and sy = argming iy |7 — sZ,||. We split the
argument into two cases.

Suppose first s; = s5. Then

e = 19@ = 527.) " = (@0, — 19)7, [P < |17 = 5272 + [0 — 5180

~ 2v2max{[|Alop, [| A2 flop}

|w2" — .z

- min{vyy, 72} 7
as desired.
Suppose instead s; = —so. Then
107" + 0,2 ||p = |[0(F — 527,) " + (W, + 520)Z] || r < |7 — $2Z |2 + [0, — 512

2\/§maX{||A1||op, ||A2||op}
min{7y1, 72}

as desired. Bounding max{||A1||op, [[Az|/op} using Theorem completes the proof.

Y

O

The next sections present the proof of Lemmas B.5. We next set up the notation.
For any sequence of vectors {w;}7; in R?, we will use the symbol w; 2.4 to denote the vector
in R4! consisting of the last d — 1 coordinates of w;.
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We will use the following two observations throughout. First, by rotation invariance we
will assume, without loss of generality, that w, = e; and z, = e;. Second, and crucially,
this assumption implies that Z5% depends on {/;}", only through the first component. In
particular, we have that {¢; 9.4, }7, and Zt are independent. Similarly, {r; .4, }/™, and Z5
are independent as well.

B.1.1 Proof of Lemma [B.2]
Our goal is to lower bound the quantity
Sin — v _t 2(1_g2 )
in 0 m i,1/°
iezsel

To prove a lower bound, we need to control the random variables ¢7, on the set Z5¢'.
Before proving the key claim, we first introduce some notation. First, define

Geail = 5 — 2Pgail
T 8(1 = pran)’

which is strictly less than one since pg; < 1/2. Let a,b ~ N(0, 1) and define Qg.; to be the
Jrai-quantile of the random variable |ab|. In particular, the following relationship holds

rait = P (|ab] < Qrai) -
Additionally, define the conditional expected value
wiail = E [a® | |ab] < Qpail] -

Rather than analyzing Z5 directly, we introduce the following set 79, which is simpler to

analyze:
T = {i € T | |6] 0.2]ri| < Qpan} -
Then we prove the following claim.

Claim 2. There exist numerical constants ¢, K > 0 such that for all ¢ > 0 the following
inequalities hold true:

1
1 IIlsr? | > 1- 2pfa11
: 2

m =

2. P ( < DI ) 1 —exp <——3(1_1§gf"’“)m> ;
6251m m
3. P <| = 10000) < exp (—m) ’
4. P <|Z | zeIQ ﬁz 1 > Wrail + t) < exp <—cmin {;(_227 %} sl 2pfml))+exp ( = 1§€faﬂ)m> :
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Before we prove the claim, we show it leads to the conclusion of the lemma. Assuming
we are in the event

6251m 1 , _ 101

0
1< 10000 " |Z9) i = g0
eI

in

E=T

:@

<~ Wrail )

it follows that

S—yo:% Z(l—@g) > Isel Zf 1_22pfail _ Ze

ieZse! zeIQ izl

| V

11’1

o 1= 2p 631351

> 0.04644344.
=7 1000000 kel = V-046443

where the first three inequalities follow by the definition of the event £. The fourth inequality

follows by the definition of £ and Lemma [C.13] which implies wg; < .56 when pg; = .1 and

that the difference is minimized over pg; € [0,.1] at the endpoint ppy = .1. To get the

claimed probabilities, we note that by Lemma [C.13| we have wg,; > .5 for any setting of prai.
Now we prove the claim.

Proof of the Claim. We separate the proof into four parts.
Part [Il By definition, we have

T _ 0T T - T 0T | % - B 0T % 1= 9
m m m m m 2 '

Part |2 By the definitions of Z5' and 79, the result will follow once we show that

3(1 — 2pgas
( Pr. l>m).

P (med({]y:[}i") 2 QM) < exp (_ 160

To that end, first note that

m . m
med ({|v:|}") m1n{| Zl{|yz| <ly;l} > E}
i=1
- | Zin|
Wil <yl 2 o7
{\ ; ol < lil} = 57—
< T < > 0 [Zin|
min < |y;| : j € Tin, Z H{ly| < ly;l}
— ( pfa11>
< 7 1 < > ‘Im’
min < |y;| : j € Tin, Z Uyl < ly;l}
ez, ( pfall)

= quant_ 1 ({[yil}iez.)

2(1—
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where the first equality follows since 2(1| ‘;fl 5= (1 lp f;?)sl = m/2, the first inequality follows

since the minimum is taken over a smaller set, and the second inequality follows since the
sum is taken over a smaller set of indices. Therefore, we find that

P (med({|vi|};") > QM) < P (quant 1 ({lwiltiez,) = QfaﬂM)

2(1—psai1)

=P (quant+ ({lvil/M}iez,) > Qfail) ;
2(1—prair)
and our remaining task is to bound this probability.
To bound this probability, we apply Lemma to the i.i.d. sample {|y;|/M: i € Ty},
which is sampled from the distribution of D of |ab| where a,b ~ N(0,1) and a,b are inde-
pendent. Therefore, using the identities (for i € Z;,)

5 — 2Prail

= P (sl /M < Quan) = ray = L
(lyil /M < Qran) = gran S0 = pra)

and choosing p := (2(1 — pgi)) " < ¢, we find that

P (quant 1 ({lwil/M}iez,) > Qf;m) < exp

2(17pfail)

—p)? )
2(q — p/3+2Q(1—Q)

(3
» (35w)
3(1 — 2pga)m
( )

8 1- pfall 2 + 18q)

2 ai

where we have used the identity ¢ — p = % = (1 — ¢)/3 in the first equality. This

completes the bound and implies that Iﬁ D 75! with high probability, as desired.

Part |3} Since {|y;|/M: i € T;,} is an ii.d. sample from the distribution of |ab| where
a,b ~ N(0,1) are independent, we have for each i € Z;,, that

P (i€ Z2) = P (yil/M < Qua) = P (|ab] < Qu) = gra.

Therefore, E [|IQ|] = Grait| Zin| < 8512—;;?‘1)(1 — Prait) M < gm. Finally, we apply Hoeffding’s

inequality (Lemma [C.3)) to the i.i.d. Bernoulli random variables 1{i € Z{} — E[1{i € Z\" }]
(i € Tiy) to deduce that

6251m m om m
P <78 <zl - 2 ) <P (o < 78] - B
10000 10000 8 10000

. (1/10000)2m ) _ ( m )
ex I — ex —
=P T2 =) ) =P T

as desired.
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Part [l First write

| Zle_wbﬂ—f-t

eIQ
<P | g 2 2 e [ 2 3 Zﬁu_wfaﬂﬂandzﬁzszl
| | EZQ | EIQ
1—2 al _ .
<P | | Z fz | > Wea + T and | | > w + exp (_3(1 lggfall)m> 7
eI

in

sel
where first inequality follows from Part |2/ and the bound % > %. Thus, we focus on
bounding the first term.
To that end, notice that

1-2 al
P Zﬂzl>wfaﬂ+tand| |>M
| |eI_Q 2

28“ 1—-2 al
- Zgll—wfall+t| ]>w }P(Eﬁﬂz%)

GIQ

Observe that for any index ¢ € Z;,, and t > 0, we have P (622,1 >tlie Iﬁ) =P(a®>>t]]ab] < Qpn),

where a,b ~ N(0, 1) are independent. In addition, we have ¢g.y = P(|ab] < Qi) = % >

5/8 > 1/2, where we have used the fact that gg; is an increasing function of pg,y. Therefore,
applying Lemma |[C.10] we have the following bound:
P <£§,1 >t|ie Iﬁ) < 2exp(—t/2K))  forallt>0and i€ T,

where K7 is a numerical constant. In particular, by Theorem [C.7] and the identity wgy =
E[a* >t | |ab|] < Qtap], we have the following bound

2Dtai . 2t 1 — 2P
Zg“—“faﬂ”" > i SeXp(‘cmm{ﬁ?}w)

EIQ

for numerical constants ¢ and K, as desired.

The proof is complete. O
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B.1.2 Proof of Lemma [B.3
Our goal is to bound the operator norm of the following matrix:

}/1_ Z (Pw*EETPJ_ _’_PJ_ggTPw* — Z&l 61€Z2d+€z2d61)

lGIbel ZGIsel

Simplifying, we find that

_ 0 )‘;—:dl R 0 di
le N |:/\2:d1 0 for A= % ZiEIisﬁl gi,lfi,Q:dl € R™

Evidently, ||Yi|lop < [|[A2:4, |5, s0 our focus will be to bound this quantity. We will bound this
quantity through the following claim, which is based on Gaussian concentration for Lipschitz
functions.

Claim 3. Consider the (random) function F : R™*(41=1) 3 R given by

1
F(al,...,am) = ||— Z €i71ai

Then Fis j = L, /3. 7w €7, Lipschitz continuous and

~ o mt?
n < \/_— {gll i= 1az1sn1> < eXp (_?> :

2

P (F(€1,2:d7 s 7€m,2:d) Z 2

Moreover, the following bound holds:

P (ﬁz %) <exp (-7 ).

Proof of Claim. Forany A= [a1 ... ap] € R™ @ Dand B=[b ... b,]€R™* A"
we have

1 . el \m 1 . sel | \m P
[F(A)=F(B)| < —|[(A=B)(lia1{i € Tz < —(A=B)llopl| (€124 € TNl < 0l A=B s,

which proves that F is 7j-Lipschitz. Therefore, since for all ¢ the variables ¢;; and ¢; 2.4, are
independent, standard results on Gaussian concentration for Lipschitz functions (applied

conditionally), Theorem , imply that

m sel
}1 1 Ill’l

F<€1,2:d7 s 7€m,2:d) T {El 7«};)1 171-151’?17>

P (F(gl,Q:th B ugm,Q:d) —E \/—

< ( mt2>
<exp|——]).
8

2
nN<—{l;
\/mv{l,
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Thus, the first part of the claim is a consequence of the following bound:

E F(€1,2:d7 cee 7€m,2:d) F(£1,2:d7 o aETVL,Q:d)2 - — {él ’L}

n \/m =17 ~in \/—

2
i< 2 qn g zs] <\|E

ieIsel

in

We now turn our attention to the high probability bound on 7.
To that end, notice that the (random) function F: R™ — R given by

1 1
E = — P—— 144 Isel m )
(CL) m Z a; m”(a’l {Z € in )z:1||2
i€z
is m~'-Lipschitz continuous. Moreover, we have that E [E(¢1;, ..., 01,4)] < ZE[[|(¢1,:)7]|2] <

m~'/2. Therefore, by Gaussian concentration we have

- 2 1
P (n > 7) > P (E(@,i, o lg) —E[E(tu . )] > —) <exp (-2,

m

as desired. O

To complete the proof, observe that

dy — 1
P(HAQ:dIHQz%/ : +t)
m

1 di — 1
=P{|—= Cirlipa,| =2 +1
mzezz:l m
mn 2
1 di — 1 - 2 - 2 - 2
<P|l|— l;10; 5. > 24/ tin< —=|P(n< — Pln>—
= mi;l 144.2:d, - + n — (77 m)+ <77 m>
in 2
d1—1 2 m
<P|F(iog ... Lhoa)>2 e 2 (__>’
< ((1,2.d 2:d) > o +t|n \/m>+exp 5

where the second inequality is due to Claim[3] Finally, by Claim[3] the conditional probability
is bounded as follows

P <F(€1,2:d7 R 7£m,2:d) > 2

- EIisfl’{éi,l};ll P (F(gl,Z:da ce 7‘€m,2:d) Z 2

< ( mt2>
<exp|——],
8

which completes the proof.

< T Alahit pfffl)]

92

m Isel

1=17"in



B.1.3 Proof of Lemma [B.4]
Observe the equality

= X [0 0 )

icTeel 4,2:dy
Therefore, we seek to bound the following operator norm:

1
V2 = S (I = exel) ||, = || = D Gz ling, — L)

m
ieTse! op

Using the tower rule for expectations and appealing to Corollary [C.12] we therefore deduce

m

P (HYQ — S (Is, — ere])]|,, = C il H)

d
< Egpea [P <||Y2 — Sin (Ia, — e1ef ) || , =0/ Lt = I) < 2exp(—cmt),
in (&) m
as desired.
O
B.1.4 Proof of Lemma [B.5
Noise model Under this noise model, we write
1
HYE’) - SoutIdluop = E Z gzgj - Sout[d1
ieTsel op

The proof follows by repeating the conditioning argument as in the proof of lemma [B.4]
Noise model Observe that

1 S| < 1 doutl| < 1 Sl - 1)+ L d oI,

ity = 1t = 1%
m; 3¢ M ier M ez 1 M ier 1
1€ out op out op out op out op
| SOl = 1)+ prai
m ity di fail -
1€ Lout op

Appealing to Corollary [C.12] the result follows immediately. O
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B.2 Proof of Proposition

We will assume that [[w2" — w0, 2] || < [w2" + 0,2 ||p. We will show that with high
probability, |]\7 — M| < §M, and moreover in this event if 6 < 1, we have M > 0. The other
setting ||wi? — w,z] ||p > ||wz" + w,Z] || can treated similarly.

We will use the guarantees of Proposition [4.6] In particular, there exist numerical con-

% In <02 + m), then with proba-

bility at least 1 — 4 exp (—03(1 — %)%n) we have

stants ¢y, ...,cs > 0 so that as long as m >

1
al| X||r < =) AX)||L < 5| X]||r for all rank < 2 matrices X € R%*%
m
and
1 1
CG( pfl)” ‘|F—mi§|z 7”| ml;\l T’! or all rank < 2 maftrices c

Throughout the remainder of the proof, suppose we are in this event. Define the two uni-
variate functions

1 m

= — (14 a)Me] 07 " ry),
m
1 & —

= —(1+a)M¢; woT
m

By construction, if a* minimizes g(- ) then (14 a*)M minimizes G. Thus, to prove the claim
we need only show that any minimizer a* of g satisfies —§ < a* < 4.
To that end, first note that g(0) and g(0) are close:

13(0) — g(0)] < % Sz — fwz]r| < esM|jozE" - wo.2] |, (B.2)

=1

Therefore, setting s = ¢g (1 — 2prap), we obtain

1 & I
g(a) = — (1 +a)Mt] w7 r
mi=
1 T 1 PR
= Z Tz — (14 a) M @7 Ty + — — (14 a)Me] @7 "r;
m : m .
ZEIm ZGIout
1 1
> To~T | L T~
= Twz"r; — (1 +a) M @07 r, - Z Tz r; — (14 a)Me] 07" r,
1€Lin 1€7out
1
+— ,— 0wz 7,
m

zIGIOut
> g(0) + ps| (1 + a)Mwz" — w0z | p
> 3(0) 4+ ps|| (1 + a)M©z" — wz'||p — csM H@EET - w@IHF
> 9(0) 4 psla| M — (usM + csM) ||0z" — 0,z |,
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where the second inequality follows from Theorem the third inequality follows from
Equation (B.2), and the fourth follows from the reverse triangle inequality. Thus, any
minimizer a* of § must satisfy

ja*| < (1 + %) @2 —w,z] ||, =6,
3

as desired. Finally suppose § < 1. Then we deduce M = (14 |a*)M > (1 —§)M > 0. The
proof is complete.

Appendix C Auxiliary Lemmas

C.1 Technical Results

This subsection presents technical lemmas we employed in our proofs. The first result we
need is a special case of the celebrated Davis-Kahan sin # Theorem (see [19]). For any two
unit vectors uy,v; € S define 0(uy,vy) = cos™(|{ug, v1)|).

Lemma C.1. Consider symmetric matrices X, A, Z € R™" where Z = X + A. Define
d to be the eigengap \(X) — Xo(X), and denote the first eigenvectors of X,Z by uy, vy,
respectively. Then

1 All
Emin{”u —vlly, lu+ vy} < V1= (ur,v1)? = [sinO(uy,v1)| < %-

Additionally, we need the following fact about e-nets over low-rank matrices, which we
employ frequently to prove uniform concentration inequalities.

Lemma C.2 (Lemma 3.1 in [14]). Let S, := {X € R"*% | rank(X) <r, | X | =1}. There
exists an e-net N (with respect to || - ||r) of S, obeying

N 9 (d1+d2+1)7“
< | - .
()

C.2 Concentration Inequalities

In this subsection, we first provide a few well-known concentration inequalities about sub-
gaussian and sub-exponential random variables.

Theorem C.3 (Hoeffding’s Inequality - Theorem 2.2.2 in [51]). Let X1,..., Xy be indepen-
dent symmetric Bernoulli random variables. Then for any t > 0, we have

P (i){ > t) < exp (—%) :

i=1
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Theorem C.4 (Bernstein’s Inequality - Theorem 2.8.4 in [51]). Let Xy,..., Xy be indepen-
dent mean-zero random variables, such that for | X;| < K for all i. Then for any t > 0, we

have
t2
P >t <2 -
== eXp( 2(02+Kt/3)>

here o = Y E[X?] is the variance of the sum.

N

>

i=1

Theorem C.5 (Sub-gaussian Concentration - Theorem 2.6.3 in [51]). Let X,..., Xn be
independent, mean zero, sub-gaussian random variables and (ay,...,ay) € RY. Then, for

every t > 0, we have
ct?
P > 1) < 2exp <__)
( ) K72

Theorem C.6 (Sub-exponential Concentration - Theorem 2.8.2 in [51)). Let Zy,...,Z,
be an independent, mean zero, sub-exponential random variables and let a € R™ be a fized
vector. Then, for any t > 0 we have that

- t2 t
P a; Z; < —t | <exp (—cmin{ , })
(Z ) K7al}3’ Kllall~

where K := max; || Z;||y, and ¢ > 0 is a numerical constant.

N

Z CLZ‘XZ‘

i=1

where K = max; || X;||y,-

Theorem C.7 (Corollary 2.8.3 in [b1]). Let Xy,...,X,, be independent, mean zero, sub-
exponential random variables. Then, for every t > 0, we have

13
m

P >t < 2e p{— 1 —22 -
X CTn 1min
i1 K ’ K

where ¢ > 0 is a numerical constant and K := max; || X;]|y, -

Theorem C.8 (Theorem 5.6 in [9]). Let X = (X1,...,X,n) be a vector of n independent
standard normal random variables. Let f : R™ — R denote an L-Lipschitz function. Then,
for every t > 0, we have

P(£(X) — Ef(X) > 1) < exp (—%) |

The following concentration inequalities deal with quantiles of distributions:

Lemma C.9. Let X;,...,X,, be an i.i.d. sample with distribution D, choose (), to be the q
population quantile of the distribution D, that is ¢ =P (X, < Qy), and let p € (0,1) be any
probability with p < q. Then,

2(q —p)/3+2¢(1—q)
where quant ,({X;}%,) denotes the p-th quantile of the sample {X;}.

P<quantp<{xi}:zl>z@q>Sexp( mia —p) )
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Proof. It is easy to see that the following holds, quant ({X;};") > @, if, and only if,
L3 H{X; < Qg} < p. Notice that 1{X; < Q,} ~ B(g) are i.i.d. Bernoulli random
variables and thus Var(1{X; < Q,}) = ¢(1 — ¢). Then, the result follows by applying Bern-
stein’s inequality (Theorem (C.6) to % X, <Q,) —q. O

Lemma C.10. Let a,b be i.i.d. sub-gaussian random variables. For any Q > 0 such that
q = P(Jab] < Q) > 1/2, consider the random variable ¢* defined as a* conditioned on the
event |ab| < Q, namely for all t

P(*<t)=P(a* <t]lab| <Q).
Then, ¢? is a sub-exponential random variable, in other words for all t > 0 we have that
P(c® >t) < 2exp(—t/2K)
where K is the minimum scalar such that P (a®> > t) < 2exp(—t/K).

Proof. Let us consider two cases. Suppose first ¢t < 2K log2. Then we have that 1 <
2exp(—t/2K) and therefore the stated inequality is trivial.
Suppose now t > 2K log2. Then we have that

t
V4 >log2 <= exp(t/K —t/2K) > 2 <= exp(—t/2K) > 2exp(—t/K).

With this we can bound the probability

P(?>t)= %]P’ (a®1{]jab] < Q} > t) < lp (a*>1) < gexp(—t/K)

(=)

<Adexp(—t/K) < 2exp(—t/2K),
as claimed. n

The following Theorem from [50] is especially useful in bounding the operator norm of
random matrices:

Theorem C.11 (Operator norm of random matrices). Consider an m x n matriz A whose
rows A; are independent, sub-gaussian, isotropic random vectors in R™. Then, for every

t >0, one has
n
§01/—+t> >1—2exp(—cmt),
m
op

where C' depends only on K := max; [|A|,,,

P (HiAAT —1,
m

Proof. The Theorem is a direct Corollary of [50, Theorem 5.39]. Specifically, the concavity
of the square root gives us /a +vb < v/2v/a + b, implying that

oL/ <ova /2y L
m m m m
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Additionally, [50, Theorem 5.39] gives us that

t
AAT — <O ) > 1 2exp (—ct?).
(Hm nop_C’ m+\/m>_ exp( c)

Setting ¢’ = Cv/mt and a bit of relabeling, along with the square root inequality, gives us
the desired inequality. O

Let us record the following elementary consequence.

Corollary C.12. Let ay,...,a, € R? be independent, sub-gaussian, isotropic random vec-
tors in R™ and let T C {1,...,m} be an arbitrary set. Then, for every t > 0, one has

1 d
—Z(aiaj—fd) <Oy —+t] >1—2exp(—cmt),
m m

i€T op

where C' depends only on K = max; [|A;|,,,

Proof. Consider the matrix A € RZ*? whose rows are the vectors a; for i € Z. Then we
deduce

7] - Z‘“ -

ZI | L, 7
S el | Y
m || [Z] ‘

1
EZ(aiaz—'F_[d) =
op

i€ op
Appealing to Theorem we therefore deduce for any v > 0 the estimate
1 T Z| | d [dIZ] | ~[Z]?
— a; — 1, < == <O — + —,
m Z((I a; d) = 'm |Z| + 7> m2 + m2
1€ op
holds with probability 1—2exp(—c|Z|y). Now for any ¢ > 0, choose =y such that, Cﬂf; + = V‘ZP =
L 4 ¢, namely y = \ZIQ[ (1— |I‘) + t]. Noting
d z
Zly = m - — B I
[ m
completes the proof. O

Recall that we defined the functions g (prai) = % and Qrai(grai) given as the gai-

quantile of |ab| where a, b are i.i.d. standard normal. Furthermore we defined w,y = E[a? |
|ab] < Qpan]-
Lemma C.13. The function w : [0,1] — Ry given by

prait — E[a” | |ab] < Qgan]

1s nondecreasing. In particular, there exist numerical constants cy,co > 0 such that for any
0 < pran < 0.1 we have
€1 < Wrajl < Co,

where the tightest constants are given by ¢; = w(0) > 0.5 and ¢y = w(0.1) < 0.56.
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Proof. The bulk of this result is contained in the following claim.
Claim 4. Let 0 < @ < @' be arbitrary numbers, then

Pa®>>t|]ab]| < Q) <Pa*>t||ab] < Q) VteR.

We defer the proof of the claim and show how it implies the lemma. Observe that the
functions pry — @i and ¢mi — @i are nondecreasing, thus it suffices to show that the
function @ + E[a? | |ab| < Q] is nondecreasing. Let 0 < Q < @’

Efa? | |ab| < Q] = /OOO Pla? > t | |ab| < Q)dt < /OOO Pla? > t | |ab| < Q')dt = Ela? | |ab| < Q],

where the inequality follows from the claim and the equalities follow from the identity E[X] =
fooo P(X > t)dt for nonnegative random variables X. Hence w is a nondecreasing function.

The above implies that for any pg; € [0,0.1] we have w(0) < wgy < w(0.1). Note that
w(0) is positive since it is defined by a positive integrand on a set of non-negligible measure.
The bounds on w(0) and w(0.1) follow by a numerical computation. In particular we obtain
that with @ = 0.6 the probability P(Jab] < @) > 0.6679 > 2/3 = ¢n(0.1). Then computing
numerically (with precision set to 32 digits) we obtain w(0.1) < E[a? | |ab] < Q] < 0.56.
Similarly we find that if we set @@ = 0.5 we get P(|ab] < Q) < 0.5903 < 5/8 = @gu1(0). Then
evaluating we find w(0) > E[a? | |ab] < Q] > 0.5.

Proof of the claim. The statement of the claim is equivalent to having that for any ¢t € R
the function h; : R, — R given by
P(a? < t;]abl < Q)

P(lab] < Q)

Q+—

is nonincreasing. Our goal is to show that A, < 0. In order to prove this result we proceed
as follows. Define

T oo rQ/x
9@ = FPat < Q) = [ [ expl(~(s* + )/ dy
o Jo
and
. Vi
@ =32 <t <@ = [ [ expl(-(a? + )/ dy
o Jo
Observe hy = fi/g. Thus it suffices to show f/g — fig’ < 0. Invoking Leibniz rule we get
: 0 [V 2
H@ =g [ [ e+ )2 dyds
oQ Jo Jo

Vi Qe , i
= — exp(—(z” + 2 T
/0 90 J, p(—( y©)/2) dy

Vi
- / ~exp(—(a? + Q2/4%)/2) do.
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Repeating the same procedure we get ¢'(Q) = fooo %exp(—(:zc2 +@Q?/2%)/2) dx. Some algebra
reveals we want to show

Vit 1

(oot QU2 ) (5 dexp(—(a?+Q2/s%)/2)
fo\[ oQ/m exp(—(z* +y?)/2) dy diU) <f0 /= exp(—(22 +y2)/2) dy d:r)

3 (t) = <
It is enough to show that the function £(¢) is monotonically increasing. Define

Vit Vi rQ/x
Gt) = [ Fen(—le 4@ a2 and ve)= [ [T ew(—(ate) 2 dy e,

Thus we have

1 Q/Vt
Got) = o=+ @ 0/2)  and U0 = ooz [ exn=(e+ 7))

2t

Again, {(t) = (o(t)/¥q(t), hence we need to show (p1hg > (g After some algebra, this
amounts to proving

Vi rQ/z
[ [ et sty
o Jo
Vit Q/VE
> ([ S ep@ = @) [ epl(- )y ).
0 0
The inequality is true if in particular the same holds for the integrands, i.e.
Q/x NG 2 2 Q/VE
/ exp(—y*/2)dy > X (— (Cj © ) /2> / exp(—y?/2) dy
0

Since = < v/, the previous inequality holds if

2
1 exXp (-%)
— —

T [ exp(—y2/2)dy

is increasing. By taking derivatives and reordering terms we see that this is equivalent to

Q—a* (O 2 2 /0,2
| exptoa 21y + exp(-@220%) = 0
Qx 0
Since exp(—y?/2) is decreasing, we have
_ 2 rQ/z _ 2
[T el 2y = L L exn(@? 20 2 — exn(-@720?)

proving the claim. O

Thus the proof is complete. O
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