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Abstract

In modern “Big Data” applications, structured learning is the most widely employed
methodology. Within this paradigm, the fundamental challenge lies in developing prac-
tical, effective algorithmic inference methods. Often (e.g., deep learning) successful
heuristic-based approaches exist but theoretical studies are far behind, limiting under-
standing and potential improvements. In other settings (e.g., recommender systems)
provably effective algorithmic methods exist, but the sheer sizes of datasets can limit
their applicability. This twofold challenge motivates this work on developing new an-
alytical and algorithmic methods for structured learning, with a particular focus on
parsimony in measurements and computation, i.e., those requiring low storage and com-
putational costs.

Toward this end, we make efforts to investigate the theoretical properties of models
and algorithms that present significant improvement in measurement and computation
requirement. In particular, we first develop randomized approaches for dimensionality
reduction on matrix and tensor data, which allow accurate estimation and inference
procedures using significantly smaller data sizes that only depend on the intrinsic di-
mension (e.g., the rank of matrix/tensor) rather than the ambient ones. Our next effort
is to study iterative algorithms for solving high dimensional learning problems, includ-
ing both convex and nonconvex optimization. Using contemporary analysis techniques,
we demonstrate guarantees of iteration complexities that are analogous to the low di-
mensional cases. In addition, we explore the landscape of nonconvex optimizations that
exhibit computational advantages over their convex counterparts and characterize their

properties from a general point of view in theory.
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Chapter 1

Introduction

In many data science applications the available data can be quite diverse, exhibiting
characteristics of large scale (large number of observations) and multiple perspectives
(high dimensionality), but also potentially containing uncertainties from various sources.
For example, Facebook alone has over 1 billion active users sharing more than 5 billion
pieces of data daily (messages, images, posts, comments and etc.), and there exist tens
of millions of fake profiles (by Statista!). Traditional inference methods often perform
relatively poorly in these challenging environments due to limits on computing, storage,
and their lack of robustness to the nature of uncertainties present in contemporary
datasets. This necessitates new inference methods that can effectively draw inferences
from such unwieldy data.

Structured learning can provide a natural advantage when dealing with these chal-
lenging tasks. By leveraging the fact that the datasets themselves, or the nature of
the data corruptions, adhere to some form of low-complexity model (e.g., natural re-
dundancy in user preference data manifests as low rank structure in large arrays of
preferences, while corruptions are often relatively few in number, or sparse), structured
learning methods can sometimes cast large scale inference tasks into problems of learning
only the parameters of these low-complexity models. This insight can enable potentially
significant improvements over more naive, traditional approaches that do not directly
exploit such low-complexity models.

Tremendous advances have been made in past decades in developing algorithms for

! Available at https://www.statista.com/topics/751/facebook/.
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specific learning problems, for example, state-of-the-art results are now obtained using
deep learning and neural networks in computer vision and natural language process-
ing. However, other than for a small set of problems, the theoretical understanding
of structured learning methods are rather limited and often far behind practitioners
achievements. Even in settings where provably effective structured learning algorithmic
methods do exist, their utility can be limited by the sheer size of the datasets on which
they are to be deployed. For example, in recommendation systems where partially ob-
served arrays of users preferences comprise the available data (as in the so-called Netflix
problem), fitting low-rank models to enormous arrays (corresponding to millions of users
preferences for potentially tens of thousands of items, or more) can be computationally
prohibitive.

The challenges outlined above are pervasive and timely within the structured learn-
ing paradigm, and serve as the essential motivation for the work comprising this dis-
sertation. Specifically, motivated by the lack of theoretical understanding for many
successful methods in structured learning, we aim to develop new analytical methods to
facilitate theoretical comprehension of these techniques. Such exercises are not purely
academic; rigorous theoretical understanding of well-performing algorithms not only
helps us understand their mechanism(s), but also (more importantly) can provide es-
sential new insights that may be used to improve them. A complementary thrust of
our efforts is focused on developing new structured learning methods that are explicitly
designed with an eye toward reduced computational cost and storage requirements.

Our approach to this end consists of comprehensive analyses to investigate various
measurement reduction, modeling, and computational efficient algorithms for solving
the problems described above. In a first series of works, we utilize a careful, judicious
reduction in the available data that are ultimately input to the inference engine (Chapter
2 and Chapter 3). In another thrust, we develop efficient iterative algorithms for high
dimensional learning problems and study their convergence behavior that achieve same
complexities with low dimensional problems (Chapter 4 and Chapter 5). Next, we
shred light on some fundamental properties of nonconvex problems that demonstrate
superiority over their convex counterparts (Chapter 6). The details of the topics to be

discussed are listed as following:
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e In Chapter 2, we study a randomized approach for dimension reduction on ma-
trices. In particular, we examine the problem of locating outlier columns in a
large, otherwise low-rank, matrix. We propose a simple two-step adaptive sensing
and inference approach and establish theoretical guarantees for its performance;
our results show that accurate outlier identification is achievable using very few
linear summaries of the original data matrix — as few as the squared rank of the
low-rank component plus the number of outliers, times constant and logarithmic
factors. We demonstrate the performance of our approach experimentally in two
stylized applications, one motivated by robust collaborative filtering tasks, and
the other by saliency map estimation tasks arising in computer vision and auto-
mated surveillance, and also investigate extensions to settings where the data are

group-structured, noisy, or possibly incomplete.

e In Chapter 3, we further study randomized approaches for dimensionality reduc-
tion on low-rank tensor regression based on least square problems. This is moti-
vated by the fact that the effective number of parameters in a structured tensor is
significantly smaller than the its size. We consider the CANDECOMP /PARAFAC
decomposition and the Tucker decomposition for tensors. For both models, we
show how to apply data dimensionality reduction techniques based on sparse ran-
dom projections to reduce the problem to a much smaller one, for which if a tensor
is a near-optimum to the smaller least square problem, then it is also a near-
optimum to the original one. Leveraging the randomized sketching techniques,
we obtain significant reduction in dimensionality and sparsity in the sketching
matrix for ordinary least squares regression. In addition, we provide a number of

numerical simulations supporting our theory.

e In Chapter 4, we consider analyzing first order algorithms for solving high dimen-
sional sparse learning problems with guarantees. Many machine learning tech-
niques sacrifice convenient computational structures to gain estimation robust-
ness and modeling flexibility. However, by exploring the modeling structures, we
find these “sacrifices” do not always require more computational efforts. To shed
light on such a “free-lunch” phenomenon, we study the square-root-Lasso (SQRT-

Lasso) type regression problem. Specifically, we show that the nonsmooth loss
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functions of the SQRT-Lasso type regression ease tuning effort and gain adaptiv-
ity to inhomogeneous noise, but is not necessarily more challenging than Lasso to
solve. We can directly apply proximal algorithms (e.g. proximal gradient descent,
proximal Newton, and proximal quasi-Newton algorithms) without worrying the
nonsmoothness of the loss function. Theoretically, we prove that the proximal al-
gorithms combined with the pathwise optimization scheme enjoy fast convergence
guarantees with high probability. Numerical evaluations are provided to support

our theoretical results.

In Chapter 5, we study second order algorithms for solving nonconvex high di-
mensional learning problems. In particular, we propose a difference of convex
(DC) proximal Newton algorithm for solving nonconvex regularized sparse learn-
ing problems in high dimensions. Our proposed algorithm integrates the proxi-
mal Newton algorithm with multi-stage convex relaxation based on DC program-
ming, and enjoys both strong computational and statistical guarantees. Specif-
ically, by leveraging a sophisticated characterization of sparse modeling struc-
tures/assumptions (i.e., local restricted strong convexity and Hessian smoothness),
we prove that within each stage of convex relaxation, our proposed algorithm
achieves (local) quadratic convergence, and eventually obtains a sparse approx-
imate local optimum with optimal statistical properties after only a few convex

relaxations. Numerical experiments are provided to support our theory.

In Chapter 6, we propose a general theory for studying the landscape of nonconvex
optimization with underlying symmetric structures for a class of machine learn-
ing problems (e.g., low-rank matrix factorization, phase retrieval, and deep linear
neural networks). In particular, we characterize the locations of stationary points
and the null spaces of Hessian matrices of the objective function through the lens
of invariant groups. As a major motivating example, we apply the proposed gen-
eral theory to characterize the global landscape of the nonconvex optimization in
certain low-rank matrix factorization problems. In particular, we illustrate how
the rotational symmetry group gives rise to infinitely many nonisolated strict sad-
dle points and equivalent global minima of the objective function. By explicitly

identifying all stationary points, we divide the entire parameter space into three
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regions: the region containing the neighborhoods of all strict saddle points, where
the objective has negative curvatures; the region containing neighborhoods of all
global minima, where the objective enjoys strong convexity along certain direc-
tions; and the complement of the above regions, where the gradient has sufficiently

large magnitudes. We further extend our result to the matrix sensing problem.

e In Chapter 7, we provide all detailed discussion of the analyses presented in the

thesis.
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Chapter 2

Outlier Identification via

Randomized Approaches

2.1 Introduction

We address a matrix outlier identification problem. Suppose M € R™*"2 ig a data

matrix that admits a decomposition of the form
M=L+C,

where L is a low-rank matrix, and C' is a matrix of outliers that is nonzero in only
a fraction of its columns. We are ultimately interested in identifying the locations of
the nonzero columns of C, with a particular focus on settings where M may be very
large. The question we address here is, can we accurately (and efficiently) identify the
locations of the outliers from a small number of linear measurements of M?

Our investigation is motivated in part by robust collaborative filtering applications,
in which the goal may be to identify the locations (or even quantify the number) of
corrupted data points or outliers in a large data array. Such tasks may arise in a
number of contemporary applications, for example, when identifying malicious responses
in survey data or anomalous patterns in network traffic, to name a few. Depending on
the nature of the outliers, conventional low-rank approximation approaches based on

principal component analysis (PCA) [1,2] may be viable options for these tasks, but
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such approaches become increasingly computationally demanding as the data become
very high-dimensional. Here, our aim is to leverage dimensionality reduction ideas along
the lines of those utilized in randomized numerical linear algebra, (see, e.g., [3,4] and the
references therein) and compressed sensing (see, e.g., [5-7]), in order to reduce the size of
the data on which our approach operates. In so doing, we also reduce the computational
burden of the inference approach relative to comparable methods that operate on “full
data.”

We are also motivated by an image processing task that arises in many computer
vision and surveillance applications — that of identifying the “saliency map” [8] of a
given image, which (ideally) indicates the regions of the image that tend to attract
the attention of a human viewer. Saliency map estimation is a well-studied area, and
numerous methods have been proposed for obtaining saliency maps for a given image
— see, for example, [9-13]. In contrast to these (and other) methods designed to iden-
tify saliency map of an image as a “post processing” step, our aim here is to estimate
the saliency map directly from compressive samples — i.e., without first performing full
image reconstruction as an intermediate step. We address this problem here using a
linear subspace-based model of saliency, wherein we interpret an image as a collection
of distinct (non-overlapping) patches, so that images may be (equivalently) represented
as matrices whose columns are vectorized versions of the patches. Previous efforts have
demonstrated that such local patches extracted from natural images may be well ap-
proximated as vectors in a union of low-dimensional linear subspaces (see, e.g., [14]).
Here, our approach to the saliency map estimation problem is based on an assumption
that salient regions in an image may be modeled as outliers from a single common
low-dimensional subspace; the efficacy of similar models for visual saliency has been
established recently in [15]. Our approach here may find utility in rapid threat detec-
tion in security and surveillance applications in high-dimensional imaging tasks, where
the goal is not to image the entire scene, but rather to merely identify regions in the
image space corresponding to anomalous behavior. Successful identification of salient
regions could comprise a first step in an active vision task, where subsequent imaging
is restricted to the identified regions.

Innovations and Our Approach. We propose a framework that employs dimen-

sionality reduction techniques within the context of a two-step adaptive sampling and
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inference procedure [16-18|, and our approach is based on a few key insights. First,
we exploit the fact that the enabling geometry of our problem (to be formalized in the
following section) is approximately preserved if we operate not on M directly, but in-
stead on a “compressed” version ®M that has potentially many fewer rows. Next, we
use the fact that we can learn the (ostensibly, low-dimensional) linear subspace spanned
by the columns of the low rank component of ® M using a small, randomly selected
subset of the columns of ®M. Our algorithmic approach for this step utilizes a recently
proposed method called Outlier Pursuit (OP) [19] that aims to separate a matrix Y

into its low-rank and column-sparse components using the convex optimization

Lgl,icn(l) ILyllx +MCyllie st Y = Ly + Cpyy (2.1)
where || L]/« denotes the nuclear norm of L) (the sum of its singular values), ||C1)|l1,2
is the sum of the {3 norms of the columns of Cy), and A > 0 is a regularization parameter.
Finally, we leverage the fact that correct identification of the subspace spanned by the
low-rank component of ®M facilitates (simple) inference of the column outliers.

We analyze two variants of this overall approach. The first (depicted as Algorithm 1)
is based on the notion that, contingent on correct identification of the subspace spanned
by the low-rank component of ®M, we may effectively transform the overall outlier
identification problem into a compressed sensing problem, using a carefully-designed
linear measurement operator whose net effect is to (i) reduce the overall n; x ny matrix
to a 1 X ng vector whose elements are (nominally) nonzero only at the locations of
the outlier columns, and (i7) compressively sample the resulting vector. This reduction
enables us to employ well-known theoretical results (e.g., [20]) to facilitate our overall
analysis. We call this approach Adaptive Compressive Outlier Sensing (ACOS).

The second approach, which we call Simplified ACOS (SACOS) and summarize as
Algorithm 2, foregoes the additional dimensionality reduction in the second step and
identifies as outliers those columns of ®M having a nonzero component orthogonal to
the subspace spanned by the low-rank component of ®M. The simplified approach
has a (perhaps significantly) higher sample complexity than ACOS, but (as we will see
in Section 2.3) benefits from an ability to identify a larger number of outlier columns

relative to the ACOS method. In effect, this provides a trade-off between detection



Algorithm 1 Adaptive Compressive Outlier Sensing (ACOS)

Assume: M € R™M*"2
Input: Column sampling Bernoulli parameter v € [0, 1], regularization parameter A >
0, Measurement matrices ® € R™*™ A € RPX"2 measurement vector ¢ € RIX™
Initalize: Column sampling matrix S = I. 5, where
S ={i:s; =1} with {s;}ic[n,) i.i.d. Bernoulli(~y)
Step 1
Collect Measurements: Y(;) = ®MS

Solve: {L1y,Cy} = argming, [ Lll« + AlC|

1,2 s.t. Y(l) = L(l) + C(l)
Let: E(l) be the linear subspace spanned by col’s of E(l)

Step 2
Compute: PE(I)’ the orthogonal projector onto 2(1)

Set: P~, 21— P
£3) Lay

Collect Measurements: yo) = ¢ Pz @M AT
1)

Solve: €= argmin, lc|1 s.t. ye) = cA”
Output: Zo = {i : ¢ # 0}

performance and sample complexity for the two methods. We also investigate extensions
to settings where the data are group-structured, noisy, or possibly incomplete [21-24].

Related Work. Our effort here leverages results from Compressive Sensing (CS), where
parsimony in the object or signal being acquired, in the form of sparsity, is exploited
to devise efficient procedures for acquiring and reconstructing high-dimensional objects
[5—7,20]. The sequential and adaptive nature of our proposed approach is inspired by
numerous recent works in the burgeoning area of adaptive sensing and adaptive CS (see,
for example, [25-42] as well as the summary article [43] and the references therein). The
column subsampling inherent in the first step of our approaches is also reminiscent of
the data partitioning strategy of the divide-and-conquer parallelization approach of [44]
(though our approach only utilizes one small partition of the data for the first inference
step).

Our efforts here utilize a generalization of the notion of sparsity, formalized in terms
of a low-rank plus outlier matrix model. In this sense, our efforts here are related to
earlier works in Robust PCA [45,46] that seek to identify low-rank matrices in the
presence of sparse impulsive outliers, and their extensions to settings where the outliers

present as entire columns of an otherwise low-rank matrix [19,47-54]. In fact, the
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Algorithm 2 Simplified ACOS (SACOS)

Assume: M € R™*x"2
Input: Column sampling Bernoulli parameter v € [0, 1], regularization parameter A >
0, Measurement matrix ¢ € R™*™
Initalize: Column sampling matrix S = I. 5, where
S ={i:s; =1} with {s;};c[n,) i.i.d. Bernoulli(vy)
Step 1
Collect Measurements: ¥ = &M
Form: Y(;) =YS
Solve: {L(1), C(1)} = argminy, |, ¢, [| L) ll« + AllCy

1,2 s.t. Yv(l) = L(l) + C(l)
Let: E(l) be the linear subspace spanned by col’s of E(l)

Step 2
Compute: PE(1>’ the orthogonal projector onto E(l)

. p.. AT _ p.
Set: Ppy 21— Py
F Yoy =Psa Y
OTI: X (2) ZE
Form: ¢ with ¢; = [[(Y{g)).ll2 for all i € [ng]
Output: Z¢o = {i:¢; #0}

computational approach and theoretical analysis of the first step of our approach make
direct utilization of the results of [19].

We also note a related work [55], which seeks to decompose matrices exhibiting some
simple structure (e.g., low-rank plus sparse, etc.) into their constituent components from
compressive observations. Our work differs from that approach in both the measurement
model and scope. Namely, our linear measurements are formed via simple row and
column operations on the matrix and our overall approach is adaptive in nature, in
contrast to the non-adaptive “global” compressive measurements acquired in [55], each
of which is essentially a linear combination of all of the matrix entries. Further, the
goal of [55] was to exactly recover the constituent components, while our aim is only to
identify the locations of the outliers. We discuss some further connections with [55] in
Section 2.5.

A component of our numerical evaluation here entails assessing the performance of
our approach in a stylized image processing task of saliency map estimation. We note
that several recent works have utilized techniques from the sparse representation liter-

ature in salient region identification, and in compressive imaging scenarios. A seminal
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effort in this direction was [56], which proposed a model for feature identification via the
human visual cortex based on parsimonious (sparse) representations. More recently, [57]
applied techniques from dictionary learning [56, 58] and low-rank-plus-sparse matrix
decomposition [45,46] in a procedure to identify salient regions of an image from (un-
compressed) measurements. Similar sparse representation techniques for salient feature
identification were also examined in [59]. An adaptive compressive imaging procedure
driven by a saliency “map” obtained via low-resolution discrete cosine transform (DCT)
measurements was demonstrated in [60]. Here, unlike in [57,59], we consider salient fea-
ture identification based on compressive samples, and while our approach is similar in
spirit to the problem examined in [60], here we provide theoretical guarantees for the
performance of our approach. Finally, we note several recent works [61,62] that propose

methods for identifying salient elements in a data set using compressive samples.

2.2 Main Results

2.2.1 Problem Statement

Our specific problem of interest here may be formalized as follows. We suppose M €
R™*"2 admits a decomposition of the form M = L + C, where L is a low-rank matrix
having rank at most r, and C' is a matrix having some k& < ngs nonzero columns that we
will interpret as “outliers” from L, in the sense that they do not lie (entirely) within the
span of the columns of L. Formally, let £ denote the linear subspace of R™ spanned by
the columns of L (and having dimension at most ), denote its orthogonal complement
in R™ by £+, and let P; and P,. denote the orthogonal projection operators onto £
and L', respectively. We assume that the nonzero columns of C are indexed by a set
Zc of cardinality k, and that ¢ € Z¢ if and only if ||P,1C. ;[ > 0. Aside from this
assumption, the elements of the nonzero columns of C' may be arbitrary.

Notice that without loss of generality, we may assume that the columns of L are zero
at the locations corresponding to the nonzero columns of C' (since those columns of L
can essentially be aggregated into the nonzero columns of ', and the resulting column
will still be an outlier according to our criteria above). We adopt that model here, and

assume L has a total of nj nonzero columns' with n; < ns — k, which allows for the

! As we will see, the conditions under which our column subsampling in Step 1 succeeds will depend
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case where some ng — (ng, + k) > 0 columns of M itself may be zero.
Given this setup, our problem of interest here may be stated concisely — our aim is

to identify the set Z¢o containing the locations of the outlier columns.

2.2.2 Assumptions

It is well-known in the robust PCA literature that separation of low-rank and sparse
matrices from observations of their sum may not be a well-posed task — for example,
matrices having only a single nonzero element are simultaneously low rank, sparse,
column-sparse, row-sparse, etc. To overcome these types of identifiability issues, it is
common to assume that the linear subspace spanned by the rows and/or columns of
the low-rank matrix be “incoherent” with the canonical basis (see, e.g., [19,45-47]).
Incoherence assumptions are also common in matrix completion analyses; see, e.g., [63].

In a similar vein, since our aim here is to identify column outliers from an otherwise
low-rank matrix we seek conditions that make the low-rank and outlier components
distinguishable. To this end, we assume an incoherence condition on the row space
of the low-rank component L. We formalize this notion via the following definition
from [19].

Definition 1 (Column Incoherence Property). Let L € R"*"2 be a rank r matrix with
at most ny < ng nonzero columns, and compact singular value decomposition (SVD)
L =UXV* where U is n; xr, X isr x r, and V is ng x r. The matrix L is said to

satisfy the column incoherence property with parameter py, if
r
max ||V*eil|3 < pz—,
7 nr
where {e;} are basis vectors of the canonical basis for R"2.

Note that pr, € [1,nr/r]. The lower limit is achieved, for instance, when all elements
of VV* have the same amplitude, while the upper limit is achieved, for instance, if any one
element of V* is equal to 1. For our purposes here, an undesirable scenario occurs when

one of the directions in the span of the columns of L is defined by only a single vector

on the number of nonzero columns in the low-rank component, since any all-zero columns are essentially
non-informative for learning the low-rank subspace. Thus, we make the distinction between ns and nr,
explicit throughout.
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of L, so that distinguishing that vector from a column outlier becomes ambiguous. In
those cases we have that max; ||V *¢;||3 = 1. Thus, assuming that L satisfies the column
incoherence property with small p7, is sufficient to prevent such undesirable scenarios.

With this, we may state our assumptions concisely, as follows: we assume that the

components L and C of the matrix M = L+C satisfy the following structural conditions:
(c1) rank(L) = r,

(c2) L has nz, nonzero columns,

(c3) L satisfies the column incoherence property with parameter uy, and

(C4) |IC| =k, where Zp = {Z : ||P£icz,i”2 > 0, L:,i = 0}

2.2.3 Recovery Guarantees and Implications

Our main results identify conditions under which the procedures outlined in Algorithm 1
and Algorithm 2 succeed. Our particular focus is on the case where the measurement

matrices are random, and satisfy the following property.

Definition 2 (Distributional Johnson-Lindenstrauss (JL) Property). An m x n matrix
® is said to satisfy the distributional JL property if for any fixed v € R™ and any
e€(0,1),

Pr (| [|®l3 —[[vll3 | > ello]3 ) < 2™/, (2.2)

where f(€) > 0 is a constant depending only on e that is specific to the distribution of
.

Random matrices satisfying the distributional JL property are those that preserve
the length of any fixed vector to within a multiplicative factor of (1+e¢) with probability
at least 1—2¢~™f(9). By a simple union bounding argument, such matrices can be shown
to approximately preserve the lengths of a finite collection of vectors, all vectors in a
linear subspace, all vectors in a union of subspaces, etc., provided the number of rows
is sufficiently large. As noted in [64], for many randomly constructed and appropriately
normalized @, (e.g., such that entries of ® are i.i.d. zero-mean Gaussian, or are drawn

as an ensemble from any subgaussian distribution), f(e) is quadratic? in € as € — 0.

Tt was shown in [65], for example, that f(¢) = €2/4 — ¢3/6 for matrices whose elements are appro-
priately normalized Gaussian or symmetric Bernoulli random variables.
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This general framework also allows us to directly utilize other specially constructed fast
or sparse JL transforms [66,67].

With this, we are in position to formulate our first main result. We state it here as

a theorem; its proof appears in Section 7.1.1.

Theorem 1 (Accurate Recovery via ACOS). Suppose M = L + C, where the compo-
nents L and C satisfy the structural conditions (c1)-(c4) with

1
k< —— 2.3
=31+ 121 rpg) (2:3)
For any 0 € (0,1), if the column subsampling parameter ~y satisfies
2001og(8) 600(1 + 121rur)log(8) 107wz log(8r
vzmax{ Og((;), (1+121rpr) og((;), rpz log (%) ’ (2.4)
ny, no ny,

the measurement matrices are each drawn from any distribution satisfying (2.2) with

. 5(r + 1) + log(k) + log(2/0)
- f(1/4)

(2.5)

and
11k + 2klog(na/k) + log(2/0)

P= F(1/4) ’

the elements of ¢ are i.i.d. realizations of any continuous random variable, and for

(2.6)

any upper bound k,, of k£ the regularization parameter is set to A = ﬁ, then the

following hold simultaneously with probability at least 1 — 34:

e the ACOS procedure in Algorithm 1 correctly identifies the salient columns of C
(i.e., Ic= Zc), and

e the total number of measurements collected is no greater than (%) ymmna + p.

It is interesting to compare this result with that of [19], which established that
the Outlier Pursuit procedure (2.1) succeeds in recovering the true low-rank subspace
and locations of the outlier columns provided M satisfy conditions analogous to (c1)-
(c4) with k < ngo/(1 + (121/9) rur). The sufficient condition (2.3) on the number of

recoverable outliers that we identify for the ACOS procedure differs from the condition
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identified in that work by only constant factors. Further, the number of identifiable
outliers could be as large as a fixed fraction of no when both the rank r and coherence
parameter py are small.

It is also interesting to note the sample complexity improvements that are achiev-
able using the ACOS procedure. Namely, it follows directly from our analysis that for
appropriate choice of the parameters v, m, and p the ACOS algorithm correctly iden-
tifies the salient columns of C' with high probability from relatively few observations,
comprising only a fraction of the measurements required by other comparable (non-
compressive) procedures [19] that produce the same correct salient support estimate
but operate directly on the full (n; x mg) matrix M. Specifically, our analysis shows

that the ACOS approach succeeds with high probability with an effective sampling

num obs __ (r+logk)(na/nr)urrlogr (r+logk) klog(na/k)
rate of e = O ( max{ i | + =

), which may
be small when r and k are each small relative to the problem dimensions (and ny, ~ na,
so that L does not have a large number of zero columns outside of Z¢).

Another point of comparison for our result comes from the related work [47], which
addresses a different (and in a sense, more difficult) task of identifying both the column
space and the set of outlier columns of a matrix M = L + C from observations that
take the form of samples of the elements of M. There, to deal with the fact that
observations take the form of point samples of the matrix (rather than more general
linear measurements as here), the authors of [47] assume that L also satisfy a row
incoherence property in addition to a column incoherence property, and show that
in this setting that the column space of L and set of nonzero columns of C' may be
recovered from only O (n2r2y,2 log(ng)) observations via a convex optimization, where
w € [1,n1/r] is the row incoherence parameter. Normalizing this sample complexity by
nineo facilitates comparison with our result above; we see that the sufficient conditions
for the sample complexity of our approach are smaller than for the approach of [47]
by a factor of at least 1/r, and, our approach does not require the row incoherence
assumption. We provide some additional, experimental comparisons between our ACOS
method and the RMC method in Section 2.3.

We may also obtain performance guarantees for Algorithm 2 (in effect, using a
simplified version of the analysis used to establish Theorem 1). This yields the following

corollary.
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Corollary 1 (Accurate Recovery via SACOS). Suppose M = L + C, where the com-
ponents L and C' satisfy the structural conditions (c¢1)-(c4) with k as in (2.3). Let the
measurement matrix ® be drawn from a distribution satisfying (2.2), and assume (2.4)

and (2.5) hold. If for any upper bound ky;, of k the regularization parameter is set to

A= 7\/%, then the following hold simultaneously with probability at least 1 — 24:

e the SACOS procedure in Algorithm 2 correctly identifies the salient columns of C
(i.e., i.c = Ic), and

e the total number of measurements collected is no greater than mns.

We leave the proof (which is straightforward, using the lemmata in the following

section) to the interested reader.

2.3 Experimental Evaluation

In this section we provide a comprehensive experimental evaluation of the performance of
our approaches for both synthetically generated and real data, the latter motivated by a
stylized application of saliency map estimation in an image processing task. We compare
our methods with the Outlier Pursuit (OP) approach of [19] and the Robust Matrix
Completion (RMC) approach of [47], each of which employs a convex optimization to
identify both the subspace in which the columns of the low rank matrix lie, and the
locations of the nonzero columns in the outlier matrix. We implement the RMC method
using an accelerated approximate alternating direction method of multipliers (ADMM)
method inspired by [68] (as well as [19,69]). We implement the OP methods (as well
as the intermediate execution of the OP-like optimization in Step 1 of our approach)
using the procedure in [47]. We implement the ¢;-regularized estimation in Step 2 of
our procedure by casting it as a LASSO problem and using an accelerated proximal

gradient method [69].

2.3.1 Synthetic Data

We experiment on synthetically generated n; x ng matrices M, with n; = 100 and
ng = 1000, formed as follows. For a specified rank r and number of outliers k, we let

the number of nonzero columns of L be ny = ny — k, generate two random matrices
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Figure 2.1: Outlier recovery phase transitions plots for ACOS (white regions correspond
to successful recovery). Each row of the figure corresponds to a different level of com-
pression of rows of M, where m = 0.1nq,0.2n7 and 0.3n1, respectively, from top to
bottom. Each column corresponds to a different level of compression of rows of M in
Step 2 of Algorithm 1, with p = 0.1ns,0.2no and 0.3ne9, respectively, from left to right.
The fraction of observations obtained (as a percentage, relative to the full dimension)
is provided as a caption below each figure. As expected, increasing m (top to bottom)
facilitates accurate estimation for increasing rank r of L, while increasing p (left to
right) allows for recovery of increasing numbers k of outlier columns.

U € RuX" and V € R™*" with i.i.d. A (0,1) entries, and we take L = [UV7T 0,,,xx].
We generate the outlier matrix C' as C' = [0y, xn, W] where W € R™*F has i.i.d. N(0,7)
entries (which are also independent of entries of U and V). Then, we set M = L+ C.
Notice that the outlier vector elements have been scaled, so that all columns of M have

the same squared /o norm, in expectation. In all experiments we generate ¢, ®, and A
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with i.i.d. zero-mean Gaussian entries.

Our first experiment investigates the “phase transition” behavior of our ACOS ap-
proach; our experimental setting is as follows. First, we set the average sampling rate by
fixing the column downsampling fraction v = 0.2, and choosing a row sampling parame-
ter m € {0.1n1,0.2n1,0.3n; } and column sampling parameter p € {0.1ng,0.2n2,0.3n2}.
Then, for each (r, k) pair with r € {1,2,3,...,40} and k € {2,4,6,...,100} we generate
a synthetic matrix M as above, and for each of 3 different values of the regularization
parameter A € {0.3,0.4,0.5} we perform 100 trials of Algorithm 1 recording in each
whether the recovery approach succeeded?® in identifying the locations of the true out-
liers for that value of A, and associate to each (r, k) pair the (empirical) average success
rate. Then, at each (r, k) point examined we identify the point-wise maximum of the
average success rates for the 3 different values of A; in this way, we assess whether re-
covery for that (r, k) is achievable by our method for the specified sampling regime for
some choice of regularization parameters. The results in Figure 2.1 depict the outcome
of this experiment for the 9 different sampling regimes examined. For easy comparison,
we provide the average sampling rate as fraction of observations obtained (relative to
the full matrix dimension) in the caption in each figure.

The results of this experiment provide an interesting, and somewhat intuitive, illus-
tration of the efficacy of our approach. Namely, we see that increasing the parameter m
of the matrix ® in Step 1 of our algorithm while keeping the other sampling parameters
fixed (i.e., moving from top to bottom in any one column) facilitates accurate recovery
for increasing ranks r of the matrix L. Similarly, increasing the parameter p of the
matrix A in Step 2 of our algorithm while keeping the other sampling parameters fixed
(i.e., moving from left to right in any one row) facilitates accurate recovery for an in-
creasing number k of outlier columns. Overall, our approach can successfully recover the
locations of the outliers for non-trivial regimes of r and & using very few measurements
— see, for instance, panel (i), where ~ 30 outlier columns can be accurately identified in

the presence of a rank ~ 30 background using an effective sampling rate of only ~ 6.3%.

3We solve the optimization associated with Step 2 of our approach as a LASSO problem, with 10
different choices of regularization parameter p € (0,1). We deem any trial a success if for at least one
value of p, there exists a threshold 7 > 0 such that min;ez, [Ci(p)] > T > max;gz,, [¢;(p)| for the
estimate ¢(u) produced in Step 2. An analogous threshold-based methodology was employed to assess
the outlier detection performance of the Outlier Pursuit approach in [19].
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Figure 2.2: Outlier recovery phase transitions plots for SACOS (white regions corre-
spond to successful recovery). The row sampling parameters are m = 0.1ny, 0.2n;, and
0.3n1 respectively, from left to right. Increasing m in SACOS enables accurate estima-
tion for larger rank and increasing numbers of outlier columns. The sampling rate is
provided below each plot.
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Figure 2.3: Outlier recovery phase transitions plots for RMC. The average sampling
rates are 5%, 10% and 20%, from left to right. Note that the vertical (k) scale in
panels (a) and (b) matches that of Figure 2.1, while the scale on panel (¢) matches
that of Figure 2.2. Further, comparing panels (a) and (b) here with Figure 2.1 shows
that ACOS outperforms RMC at low sampling rates, while comparing panels (b) and
(c) here with panels (a) and (b) of Figure 2.2 shows that SACOS yields correct outlier
identification for a larger portion of the parameter space than RMC for the same average
sampling rates.

We adopt a similar methodology to evaluate the Simplified ACOS approach, except
that we set k € {20,40,60,...,980} (and the parameter p is no longer applicable, since
there is no additional compression in Step 2 for this method). The results are shown in
Figure 2.2. As noted above the SACOS approach has a higher average sampling rate
than ACOS for the same m, but the results show this facilitates recovery of much larger
numbers k of outlier columns (notice the difference in the vertical scales in Figures 2.1

and 2.2). Overall, we may view ACOS and SACOS as complementary; when the number



20

num obs

nins s a primary focus,

k of outlier columns is relatively small and low sampling ratio
ACOS may be preferred, while if the number k of outlier columns is relatively large,
SACOS is more favorable (at the cost of increased sample complexity).

We also compute phase transition curves for RMC using a similar methodology to
that described above. The results are provided in Figure 2.3 . We observe* that RMC
approach is viable for identifying the outliers from subsampled data provided the sam-
pling rate exceeds about 10%, but even then only for small values of the rank r. As
alluded in the discussion in previous sections, the relative difference in performance is
likely due in large part to the difference in the observation models between the two ap-
proaches — the RMC approach is inherently operating in the presence of “missing data”
(a difficult scenario!) while our approach permits us to observe linear combinations of

any row or column of the entire matrix (i.e., we are allowed to “see” each entry of the

matrix, albeit not necessarily individually, throughout our approach).

2.3.2 Real Data

We also evaluate the performance of our proposed methods on real data in the context
of a stylized image processing task that arises in many computer vision and automated
surveillance — that of identifying the “saliency map” of an image. For this, we use
images from the MSRA Salient Object Database [12]°.

As discussed above, our approach here is based on representing each test image as a
collection of (vectorized) non-overlapping image patches. We transform each (color) test
image to gray scale, decompose it into non-overlapping 10 x 10-pixel patches, vectorize
each patch into a 100 x 1 column vector, and assemble the column vectors into a matrix.
Most of the images in the database are of the size 300 x 400 (or 400 x 300), which here
yields matrices of size 100 x 1200, corresponding to 1200 patches. Notice that we only
used gray scale values of image as the input feature rather than any high-level images
feature — this facilitates the use of our approach, which is based on collecting linear
measurements of the data (e.g., using a spatial light modulator, or an architecture like

the single pizel camera [70]).

4Our evaluation of RMC here agrees qualitatively with results in [47], where sampling rates around
10% yielded successful recovery for small r.

5 Available online at http://research.microsoft.com/en-us/um/people/jiansun/SalientObject/
salient_object.htm.


http://research.microsoft.com/en-us/um/people/jiansun/SalientObject/salient_object.htm
http://research.microsoft.com/en-us/um/people/jiansun/SalientObject/salient_object.htm
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Figure 2.4: Outlier recovery phase transitions plots for ACOS for noisy settings (white
regions correspond to successful recovery). Rows correspond to ¢ = 0.001, 0.0005
and 0.0001 respectively, from top to bottom; columns correspond to the settings m =
0.1n1, p = 0.1ng; m = 0.2ny, p = 0.2ng; and m = 0.3n1, p = 0.3n9 respectively,
from left to right. The fraction of observations obtained is provided below each column.
As in Figure 2.1, larger m and p promote accurate recovery for increasing rank r and
numbers k of outlier columns. Here, however, increasing noise variance degrades the
estimation results, especially with respect to the number &k of outliers that can be
accurately identified.

Here, our experimental approach is (somewhat necessarily) a bit more heuristic than
for the synthetic data experiments above, due in large part to the fact that the data here
may not adhere exactly to the low-rank plus outlier model. To compensate for this, we
augment Step 1 of Algorithm 1 and Algorithm 2 with an additional “rank reduction”
step, where we further reduce the dimension of the subspace spanned by the columns

of the learned E(l) by truncating its SVDs to retain the smallest number of leading
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singular values whose sum is at least 0.95 x ||E(1)||*. Further, we generalize Step 2 of
each procedure by declaring an image patch to be salient when its (residual) column
norm is sufficiently large, rather than strictly nonzero. We used visual heuristics to
determine the “best” outputs for Step 2 of each method, selecting LASSO parameters
(for ACOS) or thresholds (for SACOS) in order to qualitatively trade off false positives
with misses.

We implement our ACOS and SACOS methods using three different sampling regimes
for each, with the fixed column downsampling parameter v = 0.2 throughout. For
ACOS, we examine settings where m = 0.2n1, 0.1ny and 0.05n; with p = 0.5ny, which
result in average sampling rates of 4.5%, 2.5% and 1.5%, respectively. For SACOS, we
examine settings where m = 0.2n;, 0.05n; and 0.03nq, resulting in average sampling
rates of 20%, 5% and 3%, respectively. As before, we generate the ® and A matrices to
have i.i.d. zero-mean Gaussian entries. We compare our approaches with two “bench-
marks” — the Graph-based visual saliency (GBVS) method from the computer vision
literature [11] and the OP approach (both of which use the full data) — as well as with
the RMC approach at sampling rates of 20% and 5%.

The results of this experiment are provided in Figure 2.5. We note first that the OP
approach performs fairly well at identifying the visually salient regions in the image,
essentially identifying the same salient regions as the GBVS procedure and providing
evidence to validate the use of the low-rank plus outlier model for visual saliency (see
also [15]). Next, comparing the results of the individual procedures, we see that the
OP approach appears to uniformly give the best detection results, which is reasonable
since it is using the full data as input. The RMC approach performs well at the 20%
sampling rate, but its performance appears to degrade at the 5% sampling rate. The
SACOS approach, on the other hand, still produces reasonably accurate results using
only 3% sampling. Moreover, ACOS provides acceptable results even with 1.5-2.5%
sampling rate.

We also compare implementation times of the algorithms on this saliency map esti-
mation task. Table 2.1 provides the average execution times (and standard deviations)

for each approach, evaluated over 1000 images in the MSRA database®. Here, we only

5Timing comparisons were done with MATLAB R2013a on an iMac with a 3.4 GHz Intel Core i7
processor, 32 GB memory, and running OS X 10.8.5.
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execute each procedure for one choice of regularization parameter, and we also include
the additional “rank reduction” step discussed above for the ACOS and SACOS meth-
ods. Overall, we see the ACOS approach is up to 4x faster than the GBVS method
and 15x faster than the OP and RMC methods, while the SACOS approach could re-
sult overall in relative speedups of 100x over GBVS and 300x over the OP and RMC
methods. Overall, our results suggest a significant improvement obtained via ACOS
and SACOS for both detection consistency and timing, which may have a promising

impact in a variety of salient signal detection tasks.
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Method GBVS opP RMC RMC SACOS SACOS SACOS ACOS ACOS ACOS
Sampling 100% 100% 20% 5% 20% 5% 3% 4.5% 2.5% 1.5%

..f"'

Figure 2.5: Detection results for the MSRA Salient Object Database for various meth-
ods. Our ACOS approach produces results comparable to the “full sampling” OP
method using an average sampling rate below 5%. The performance of the RMC ap-
proach appears to degrade at low sampling rates.
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Table 2.1: Timing analysis for detection experiments on 1000 images from MRSA
Database. Each entry is the mean execution time in seconds with the standard de-
viation in parenthesis.

Method GBVS OP RMC RMC SACOS SACOS ACOS ACOS
Sampling  100% 100% 20% 5% 20% 3% 4.5% 1.5%

Step 1 0.9926 29441 26324 2.7254  0.0538  0.0074  0.0533  0.0105
(0.274) (0.385) (0.323) (0.366) (0.012)  (0.002) (0.012) (0.003)

Step 2 - - - - 0.0015  0.0009 0.2010  0.2065
- - - - (0.001)  (0.001) (0.067) (0.069)

2.4 Extensions

2.4.1 Group Structure

We also consider the task of locating salient group-structured features [21]. Let G €
R!1%?2 denote the original image panel, and let F' € R"***2 denote the output of a linear
operator applied to G. In what follows, the linear operators we will consider correspond
to filters that extract specific features from the image G (e.g., vertical or horizontal
edge detectors, or Laplacian of Gaussian filters, which detect edges at any orientation).
Now, we reinterpret F' as a different matrix, by first decomposing it into ne patches of
size s1 X s, vectorizing each patch into a njx1 column vector where ny; = s1s9, and
assembling the column vectors into a matrix M € R™*"2, We denote the collection
of the locations of the outlier columns as a set Zo C {1,2,...,n2}. Here, we assume
that k = |Z¢| < ng; i.e., that the number of outlier columns is (perhaps much) smaller
than the number of columns of M. Further, we assume that the elements of Zo occur

” which may be formalized for our purposes as follows. Suppose that the set

in “groups,’
{1,2,...,n9} is partitioned into J disjoint subsets, each of size B = ny/J. Then, we
assume that the elements comprising Zo correspond to only a small number of the J
subgroups of column indices.

Our aim here is to estimate Z¢o from a small number of linear observations of M.
To this end, we adopt the two-step adaptive compressive sensing approach outlined in

Algorithm 3. Our analysis in the next section establishes performance guarantees for

this approach.



25

Algorithm 3 Salient Feature Detection via Group Adaptive Compressive Sensing
(GACS)
Input: M € R™*" ~ € [0,1], \; >0, ® € R™X™1 A € RP*™2 and ¢ € RPX™
Initalize: Column sampling matrix S = I. s, where

S ={i: S; =1} with {Si}ic[n,) 1i.d. Bernoulli(y)
Step 1

Collect Measurements: Y(;) = ®MS

Solve: {L(1),Cr)} = argming, | o, [L)ll« + Al|Cayllr2 st Yy = Ly + Cy

Let: /3(1) be the linear subspace spanned by col’s of Z(l)
Step 2

Collect Measurements: y2) = ¢ Pz OMAT

6

Solve: ¢ = argmin, Zj:l lcjllz s-b. y2) = cAT
Output: Saliency segmentation Fr € R"*?2 where the i-th patch is assigned with 1 if ¢; # 0;
otherwise 0if ¢; = 0,7 =1,2,...,n9

The following result quantifies the performance of the GACS approach under the

structural assumptions outlined above.

Theorem 2. Given any § € (0,1/3), suppose M = L + C, where the components L

and C satisfy the structural assumptions above with

k <na/(cirpr), (2.7)

v > corpp logr/ng, (2.8)

m > c3(r + log k), (2.9)
k ng — k

> k+ —1 2.10

p>cy ( e > ; (2.10)

where ¢; — ¢4 are some constants depending on §. Let ® € R™*" have i.i.d. N (0,1/m)
entries, A € RP*"2 have ii.d. N(0,1/p) entries, and let elements of ¢ € R!*™ be

i.i.d. realizations of any continuous random variable. For any upper bound ky;, of k the

3
TVku’
probability at least 1 — 3d: (i) the GACS procedure in Algorithm 3 correctly identifies

regularization parameter is set to A = then the following hold simultaneously with

the salient columns of C (i.e., Ic = Zc), and (ii) the total number of measurements

collected is no greater than (%) ymna + p.
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Notice that the effective sampling rate here is

ning ning ning

k na—k
#obs _ ((T—{—logk)(ng/nL)qulogr . k+ s log "2 >

which could be much smaller than 1, indicating that accurate outlier identification may
be achieved using significantly downsampled data.
Visual Experimental Results.

In this section, we provide visual experimental results to demonstrate the efficacy of

the extensions that we examine here. The image database we used here (and the next
section) is MSRA10K [71], where carefully manually labeled ground truth is provided
for each image.
Sampling Low-Level Features: We examine several low-level features, including
pixel-level features on the color (Red, Green, and Blue) planes, Laplacian of Gaussian
filters (LoG), and horizontal and vertical edge-emphasizing filters (referred to here by the
acronyms HE and VE, respectively). Since our overall approach allows for incorporation
of any linear operator mapping of the original image G to the feature image F', each
of these low-level features are valid within our overall framework (provided that the
acquisition modality acquires and operates on the conventional RGB color panels).

In addition, we also investigate a variant of our approach that can be used to identify
salient features in other color spaces (e.g., HSI, or the hue-saturation-intensity space).
Strictly speaking, this transformation would fall outside of our specified observation
model, since the mapping from RGB to the HSI space is nonlinear and thus cannot
be directly incorporated into our sampling structure. To overcome this limitation here,
we consider applying this nonlinear transformation on the compressed observed data,
when seeking to locate salient features in these color spaces. More formally, suppose
that M,, My and M, denote the reshaped matrices from red, green and blue panels,
respectively, of an image. We can consider transforming the compressed measurements
that result from step 1 of our approach to the HSI color space by applying the RGB
to HSI transformation to the stacked color panels ®M,.S, ®M,S and PM,;S. In what
follows, we refer to this approach as “Stacked HSI.”

We demonstrate several saliency detection results using these different features; the

results appear in Figure 2.6. Overall, we observe (as expected) that different low-level
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features are receptive to different types of features. What is interesting here is that
these features are accurately unveiled from the under sampled data resulting from our

approach.

(a) (e) (f) & (M

Figure 2.6: Gray scale saliency map estimate via low-level image features, including
RGB (c)-(e), stacked HSI (f)-(h), LoG (i), HE (j) and VE (k). Original images the their
ground truth are given in (a) and (b) respectively. We set v = 0.2, m = 0.2n; and p =
0.5n9 with the sampling rate of 4.5% for nqy = 100 and ns = 1200.

Grouping Effect: We provide some visual evidence of the grouping effect in Figure
2.7 using square-shaped groups in the feature space with side lengths ¢ = 1,2, and
3. Notice that ¢ = 1 corresponds to no grouping effect. It is evident that grouping

adjacent features does show improvement due to its robustness to background noise

ngk

and lower sample demands (p = O(k + \f log ) may be considerably smaller than
p = O(klognsy) when B is large) compared with that without grouping.

Comparison with Existing Saliency Detection Methods: We compare our ap-
proach with other state-of-art methods, including global based (GB) [11], region contract
(RC) [71], self-resemblance (SeR) [72], frequency tuned (FT) [73], low rank (LR) [15],
spectral residual (SR) [74] and spatially weighted dissimilarity (SWD) [75] methods,
whose saliency maps are provided in the MSRA10K database. For our approach GACS,
we set m = 0.1n7, which results in an average sampling rate of 2.5%. A set of selected
results are shown in Figure 2.8. We observe that our results are visually comparable,

or even better than the results from some state-of-art methods that extract high level

features, using only a few (2.5%) linear measurements.
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Figure 2.7: Detection results with the grouping effect. Column (a) - (e) are the original
image, ground truth, detection result without grouping effect and with grouping effects
(9 = 2 in (d) and 3 in (e)) respectively. We set v = 0.2, m = 0.1n; and p = 0.5ng,
which corresponds to the sampling rate of 2.5%.

(a)

Quantitative Experimental Results: We also provide some quantitative experi-
mental evidence to validate our approach. For all evaluations in this section, we use
non-overlapping feature patches of size s; = s9 = 10, fix v = 0.2, Ay = 0.4 and p =
0.5 no, and solve a constrained version of the optimization in Step 2 using 100 turning

parameters Ao. For each Ao, we obtain the saliency segmentation F7 and compare it to

(*41)PR
(FP+R)

We follow [15,71,73] and set 32 = 0.3. For each image, we choose the feature (from R,
G, B, H, S, I, LoG, HE and VE) that returns the highest maximum F-measure. For all

the ground truth to calculate P = Precision, R = Recall and F-measure =

experiments, the precision and recall curves are averages over the tested set of images,
and the maximum average F-measure is provided with the average precision and recall
values. In practice, the image background is not exactly low-rank, so a “rank reduction”
step is applied in Step 1 that retains the smallest number of leading singular values of
L whose sum is at least 0.95x|| L.

Grouping: We start with an evaluation of the grouping effect. A random subset of
2,000 images from the MSRA10K database is selected as the test set and the average
sampling rate is 4.5% with m = 0.2n;. The group size is chosen from g € {1,2,3,4,5,6}.
Note that g = ¢ here indicate the use of all group sizes 1< g < ¢ and we choose the g
that returns the highest maximum F-measure for each image.

The plot of precision-recall curves and the average precision, recall and F-measure
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Figure 2.8: Detection results for the MSRA10K Salient Object Database for various
methods. From (a) to (j), it corresponds to the original image, ground truth, SR, SeR,
GB, FT, SWD, LR, RC and GACS respectively. For GACS, the results corresponds to
S, G, LoG, I, R, H respectively from top to bottom.

over the choices of group sizes are provided in Figure 2.9 (a). The observation is that the
grouping procedure (i.e. g > 2) does show a considerable enhancement. On the other
hand, when g > 4, the improvement becomes minor, which coincides with our observa-
tion that g = 2 or 3 gives the best performance most of the time. For computational
efficiency, we fix g = 3 for the rest our experimental investigations.

Comparisons: We run a thorough test on the entire database (i.e., 10,000 images)
for all 8 other approaches and ours, with the precision-recall curves and the average
precision, recall and F-measure results demonstrated in Figure 2.9 (b). Though, our
approach here is not giving the best performance across all tested methods, it is inspiring

to see that GACS is comparable to the stat-of-art using only 2.5% measurements.
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Figure 2.9: Comparison results on the MSRA10K database with (a) different grouping
sizes (¢ = 1,...,6), (b) different methods (GB ,RC, SeR, SR, SWD, FT and LR), and
(c) different levels of missing entries (po = 1, 0.7, 0.5 and 0.3 respectively from left to
right). The precision-recall curves (top row) and average precision, recall and F-measure
(bottom row) are demonstrated.

2.4.2 Noisy Observations

We demonstrate the outlier detection performance of our approaches under the scenario
when M is contaminated by unknown random noise or modeling error. Formally, we
consider the setting where L and C are as above, but

M=L+C+N, (2.11)

where N has i.i.d. N(0,0?) entries.
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Figure 2.10: Outlier recovery phase transitions plots for SACOS for noisy settings (white
regions correspond to successful recovery). Rows of the figure correspond to o = 0.03,
0.02 and 0.01 respectively, from top to bottom; columns correspond to m = 0.1nq, 0.2nq,
and 0.3n; respectively, from left to right. The fraction of observations obtained is
provided below each column. In this case, increasing noise variance results in a decrease
in both the rank r as well as the number k of outliers that can be accurately identified.

We first investigate the performance of the ACOS method, following a similar ex-
perimental methodology as in Section 2.3 to generate L and C, except that now we
renormalize each column of (L + C) to have unit Euclidean norm (essentially to stan-
dardize the noise levels). We consider three different noise levels (o = 0.001, 0.0005 and
0.0001), three pairs of the row sampling parameter m and the column sampling param-
eter p (m = 0.1ny, p = 0.1ng; m = 0.2ny, p = 0.2ny; and m = 0.3n1, p = 0.3n2)
and for each we fix the column downsampling fraction to be v = 0.2; the corresponding
sampling ratios are 2.1%, 4.2% and 6.3%, respectively. We again perform 100 trials

of Algorithm 1 and record the success frequency for each (using the same criteria for
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success as in Sect. 2.3.1). The results are given in Figure 2.4.

It can be observed from the results that increasing m and p promote accurate esti-
mation of outlier column indices for increasing rank r and numbers k of outlier columns,
which is exactly what we have seen in Figure 2.1 for the noiseless case. However, the
presence of noise degrades the estimation performance, albeit gracefully. This is rea-
sonable, since in Step 2 of Algorithm 1, the measurements y, might be perturbed more
seriously as the energy of noise increases, which results in more difficult recovery of true
supports of ¢. Under this scenario, we will require larger p to enable better recovery of
the underlying true supports.

We also evaluate the SACOS procedure in noisy settings for three choices of m
(m = 0.1n1, 0.2n; and 0.3n2) and fixed column downsampling fraction v = 0.2. Here, we
again normalize columns of (L+C'), but consider three higher noise levels, corresponding
to 0 = 0.03, 0.02 and 0.01. The results are presented in Figure 2.10. Here, we again
observe a graceful performance degradation with noise. Notice, however, that higher
level of variances of noise can be tolerated for SACOS compared with ACOS, which is

an artifact of the difference between the inference steps of the two procedures.

2.4.3 Missing Data

We also describe and demonstrate an extension of our SACOS method that is amenable
to scenarios characterized by missing data. Suppose that there exists some underlying
matrix M that admits a decomposition of the form M = L+ C with L and C as above,
but we are only able to observe M at a subset of its locations. Formally, we denote by
2 C [n1] x [ng] the set of indices corresponding to the available elements of M, and let
Pq(-) be the operator that masks its argument at locations not in €2. Thus, rather than
operate on M itself, we consider procedures that operate on the sampled data Po(M).

In this setting, we can modify our SACOS approach so that the observations obtained
in Step 1 are of the form Y{;) = ®Po(M)S, where (as before) S is a column selection
matrix but ® is now a row subsampling matrix (i.e., it is comprised of a subset of rows
of the n; X ny identity matrix) containing some m rows. The key insight here is that
the composite operation of sampling elements of M followed by row subsampling can be
expressed in terms of a related operation of subsampling elements of a row-subsampled
version of M. Specifically, we have that ®Po(M) = Pq, (®M), where Pqo, (-) masks the
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same elements as P (-) in the rows selected by ®.

Now, given Y(;), we solve a variant of RMC [47]

{L(1), C1)} = argmin || Lyyl|s + A Cpy)
L1),Cay

1,2 s.t. Y(l) = PQq) (L(l) + C(I))

in an initial step, identifying (as before) an estimate f(l) whose column span is an
estimate of the subspace spanned by the low-rank component of ®M.

Then (in a second step) we perform the “missing data” analog of the orthogonal
projection operation on every column j € [ng]| of ®Pq(M), as follows. For each j € [n2],
we let Z; € [m] denote the locations at which observations of column j of ®Pq(M) are
available, and let (®Pqo(M))z,,; be the sub vector of (®Po(M)).; containing only the
elements indexed by Z;. Similarly, let (E(l))zj7; be the row submatrix of E(l) formed

by retaining rows indexed by Z;. Now, let PE(l) denote the orthogonal projection onto
i

the subspace spanned by columns of (E(l))zj,: and compute the residual energy of the
j-th column as ||(I — PE(l).)(¢PQ(M))Ij’j

J
j-th column of ®Py(M) is only computed over the nonzero entries of that column, an

2. Overall, the orthogonal projection for the

approach motivated by recent efforts in subspace detection with missing data [76,77].
We evaluate this approach empirically using the same data generation methods as
above, and using an independent Bernoulli model to describe the subsampling operation
Pq(+) (so that each (i, 7) € Q independently with probability pq). We consider noise-free
settings, fix the column subsampling parameter v = 0.2, and examine three different
row-sampling scenarios (m = 0.1n1, 0.2n; and 0.3n;) in each choosing subsets of m rows
uniformly at random from the collection of all (’:ﬁ) sets of cardinality m. The results
are in Figure 2.11. Again, increasing m and p permits accurate estimation of outlier
column indices for increasing rank r and numbers k of outlier columns. Further, we do
observe the performance degradation as the number of missing entries of M increases.
For noisy observation and missing entry cases, we provide detailed theoretical anal-

yses in [22].
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Figure 2.11: Outlier recovery phase transitions plots for a “missing data” variant of the
SACOS method (white regions correspond to successful recovery). Rows correspond to
available data fractions of pn=0.3, 0.5 and 0.7 respectively, from top to bottom; columns
corresponds to row sampling parameters m = 0.1n1, 0.2n1, and 0.3n, respectively, from
left to right.

2.5 Discussion

It is illustrative here to note a key difference between our approach and more conven-
tional compressive sensing (CS) tasks. Namely, the goal of the original CS works [5-7]
and numerous follow-on efforts was to exactly recover or reconstruct a signal from
compressive measurements, whereas the nature of our task here is somewhat simpler,
amounting to a kind of multidimensional “support recovery” task (albeit in the pres-

ence of a low-rank “background”). Exactly recovering the low-rank and column-sparse
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components would be sufficient for the outlier identification task we consider here, but
as our analysis shows it is not strictly necessary. This is the insight that we exploit
when operating on the “compressed” data ®M instead of the original data matrix M.
Ultimately, this allows us to successfully identify the locations of the outliers without
first estimating the original (full size) low-rank matriz or the outliers themselves. For
some regimes of uy, r and k, we accomplish the outlier identification task using as few
as O ((r + logk)(urrlogr) + klog(na/k)) observations.

Along related lines, it is reasonable to conjecture that any procedure would require
at least 72 + k measurements in order to identify k outliers from an r-dimensional
linear subspace. Indeed, a necessary condition for the existence of outliers of a rank-r
subspace, as we have defined them, is that the number of rows of M be at least r + 1.
Absent any additional structural conditions on the outliers and the subspace spanned
by columns of the low-rank matrix, one would need to identify a collection of r vectors
that span the r-dimensional subspace containing the column vectors of the low-rank
component (requiring specification of some O(r?) parameters) as well as the locations
of the k outliers (which would entail specifying another k parameters). In this sense,
our approach may be operating near the sample complexity limit for this problem, at
least for some regimes of ur, r and k.

It would be interesting to see whether the dimensionality reduction insight that we
exploit in our approach could be leveraged in the context of the Compressive Princi-
pal Component Pursuit (Compressive PCP) of [55] in order to yield a procedure with
comparable performance as ours, but which acquires only non-adaptive linear measure-
ments of M. Direct implementation of that approach in our experimental setting was
somewhat computationally prohibitive (e.g., simulations at a 10% sampling rate would
require generation and storage of random matrices having 10° elements). Alternatively,
it is interesting to consider implementing the Compressive PCP method not on the full
data M, but on the a priori compressed data ®M. Our Lemma 6 establishes that the
row compression step preserves rank and column incoherence properties, so it is plausi-
ble that the Compressive PCP approach may succeed in recovering the components of
the compressed matrix, which would suffice for the outlier identification task. We defer

this investigation to a future effort.
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Table 2.2: Computational complexities of outlier identification methods. The stated
results assume use of an accelerated first order method for all solvers (see text for
additional details).

Method Complexity
05 O (IT - [ning - min{ni, na}])
RMC O (IT - [ning - min{ni,n2}|)

ACOS O(IT

1 [m(yng) min{m, yna}] + IT3 [pna])
SACOS O (IT,

[m(yn2) min{m, yna}] +m?ns)

We also comment briefly on the computational complexities of the methods we ex-
amined. We consider first the OP and RMC approaches, and assume that the solvers
for each utilize an iterative accelerated first-order method (like those mentioned in the
first part of Section 2.3). In this case, the computational complexity will be dom-
inated by SVD steps in each iteration. Now, for an nj; X ns matrix the computa-
tional complexity of the SVD is O(nings - min{ni,na}); with this, and assuming some
IT iterations are used, we have that the complexities of both OP and RMC scale as
O (IT - [n1ng - min{n;,n2}]). By a similar analysis, we can conclude that the complexity
of Step 1 of the ACOS and SACOS methods scales like O (IT - [m(yng) - min{m, yna}]),
where IT; denotes the number of iterations for the solver in Step 1. If we further as-
sume an iterative accelerated first-order method for the LASSO in Step 2 of the ACOS
approach, and that I'Ts iterations are used, then the second step of the ACOS approach
would have overall computational complexity O (ITs - [png])). Along similar lines, Step
2 of SACOS would entail O(m?2ng+mnsg) = O(m?ns) operations to compute the orthog-
onal projections and their 5 norms. We summarize the overall complexity results in
Table 2.2. Since we will typically have v small, m < ny, and p < ngy in our approaches,
the computational complexity of our approaches can be much less than methods that
operate on the full data or require intermediate SVD’s of matrices of the same size as
M.

Note that we have not included here the complexity of acquiring or forming the
observations in any of the methods. For the ACOS method, this would comprise up to
an additional O (mny(ynz)) operations for Step 1 and O(m? 4 mny + ning + ngp) =

O(mny 4+ ning + ngp) operations for Step 2, where the complexity for the second step
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is achieved by iteratively multiplying together the left-most two factors in the overall
product, and using the fact that m < n;. Similarly, observations obtained via the
SACOS approach could require up O(mnjng) operations. On the other hand, depending
on the implementation platform, forming the observations themselves could also have
a negligible computational effect e.g., in our imaging example when linear observations
are formed “implicitly” using a spatial light modulator or single pixel camera [70].
Finally, we note that further reductions in the overall complexity of our approach may
be achieved using fast or sparse JL embeddings along the lines of [66,67].

Finally, it is worth noting” that the performance in our our visual saliency application
could likely be improved using an additional assumption that the salient regions be
spatially clustered. This could be implemented here using group sparse regularization
(e.g. [78]) in Step 2 of ACOS, or by directly identifying groups of nonzero elements in
Step 2 of SACOS. We defer investigations along these lines to a future effort.

"Thanks to David B. Dunson and Alfred O. Hero for these suggestions.



Chapter 3

Sketching of Low-Rank Tensor

Regression

3.1 Introduction

For a sequence of D-way design tensors A; € RPL**PD _j € [n] = {1,...,n}, we observe

noisy linear measurements of an unknown D-way tensor © € RP1**PD given by
b; = (Ai, ©) + z;, forall i€ [n], (3.1)

where {z;}'; corresponds to the noise in each observation, and (4;,0) =
vec(A;) Tvec(©), with vec(X) denoting the vectorization of a tensor X. Given the
design tensors {A;}!" ; and noisy observations {b;}7 ;, a natural approach for estimat-
ing the parameter © is to use the Ordinary Least Square (OLS) estimation for tensor

regression, i.e., to solve

n

min > (b — (A4;,0))°. (3.2)

OERPLX - XPD
Tensor regression has been widely studied in the literature. Applications include com-
puter vision [79-81], data mining [82], multi-model ensembles [83], neuroimaging anal-
ysis [84,85], multitask learning [86,87], and multivariate spatial-temporal data analy-

sis [88,89]. In these applications, modeling the unknown parameters as a tensor is what

38
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is needed, as it allows for learning data that has multi-directional relations, such as in
climate prediction [90], inherent structure learning with multi-dimensional indices [86],
and hand movement trajectory decoding [81].

Due to the high dimensionality of tensor data, structured learning based on low-rank
tensor decompositions, such as CANDECOMP/PARAFAC (CP) decomposition and
Tucker decomposition models [91,92] have been proposed in order to obtain tractable
tensor regression problems. As discussed more below, requiring the unknown tensor to
be low-rank significantly reduces the number of unknown parameters. As natural convex
formulations based on the nuclear norm are known to be computationally expensive
[93, 94], nonconvex heuristics for low-rank tensor recovery are often used in practice
[83,86,88].

We consider low-rank tensor regression problems based on the CP decomposition
and Tucker decomposition models. For simplicity, we first focus on the CP model, and
later extend our analysis to the Tucker model. Suppose that © admits a rank-R CP

decomposition, that is,
R
0= 6"0-00, (3.3)
r=1

where Gc(lr) € RPd for all r € [R] and o is the outer product of vectors. For convenience,

we denote the set of factors for low-rank tensors by
Spr= {[[@1,...,90]] L 0=V, 0% e RP*E for all d € [D]}.
Then we can rewrite model (3.1) in a compact form
b=AOp©®---©0O1)lg+ 2, (3.4)

where b,z € R, A = [vec(A;),---,vec(A,)]" € RoxIliara) 15 = [1,...,1] € RF is
a vector of all 1s, ® is the Kronecker product, and ® is the Khatri-Rao product'. In

addition, the OLS estimation for tensor regression (3.2) can be rewritten as the following

!These are defined below in the section of notation.
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nonconvex problem in terms of low-rank tensor parameters [[01,...,Op]],
min || A9 — b||3, 3.5
uin 40~ bl 3.5)

where Sop g = {(@D ©--©0)lg eRIE P . [[0,...,0p] € SD,R}.

The number of parameters for a general tensor © € RPL**PD ig H?Zl pg, which
may be prohibitive even for small values of {pd}g):l. The benefit of the low-rank model
(3.3) is that it dramatically reduces the degrees of freedom of the unknown tensor from
Hfl):l pg to deDzl p4, where we are typically interested in the case when R < pg for
each d € [D]. For example, a typical MRI image has size 2563 ~ 1.7 x 107, while
using the low-rank model with R = 5, we reduce the number of unknown parameters to
256 x 3 x 5 ~ 4 x 103 < 107. This significantly increases the applicability of the tensor
regression model in practice.

Nevertheless, solving the tensor regression problem (3.5) is still expensive in terms of
both computation and memory requirements, for typical settings, when n > R-ZdD:1 Dd,
or even n > Hc?zl pq- In particular, the per iteration complexity is at least linear in
n for popular algorithms such as block alternating minimization and block gradient
descent [95,96]. In addition, in order to store A, it takes n - HdD:1 pq words of memory.
Both of these aspects are undesirable when n is large. This motivates us to consider
data dimensionality reduction techniques, also called sketching, for the tensor regression
problem.

Instead of solving (3.5), we consider the Sketched Ordinary Least Square (SOLS)

estimation problem, defined as

ﬁer‘xglégﬁ |®AY — b3, (3.6)
where ® € R™*" is a random matrix specified below. Importantly, ® will satisfy two
properties discussed below, namely (1) m < n so that we significantly reduce the size
of the problem, and (2) ® will be very sparse so that it can be applied very quickly.
Naively applying existing analyses of sketching techniques for least squares regression
requires m = 2 (HdD:1 pd) (for a survey, see, e.g., [97]), which is prohibitive. Here, we

use a sparse Johnson-Lindenstrauss transformation (SJLT) as our sketching matrix,
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with constant column sparsity and dimension m = ) <R . 25):1 pd), up to logarithmic
factors. We show that with high probability, simultaneously for every ¥ € S p g, we
have ||®AY — ®b||3 = (1 + ¢€)|| AV — b||2, which implies that any solution to (3.6) has
the same cost as in (3.5) up to a (1 + €)-factor. In particular, by solving (3.6) we
obtain a (1 €)-approximation to (3.5). Our result is the first non-trivial dimensionality
reduction for this problem, i.e., dimensionality reduction better than (ngl pd>, which
is trivial by ignoring the low rank structure of the tensor, and which achieves a relative
error (1 + €)-approximation.

Our analysis is based on a careful characterization of Talagrand’s functional for the
parameter space of low-rank tensors. Our sketching dimension m almost meets the
intrinsic dimension of low-rank tensors, and is thus nearly optimal. We further provide
numerical evaluations on both synthetic and real data to demonstrate the empirical
performance of sketching based estimation.

Notation. For scalars z,y € R, we denote x = (1 £e)y if x € [(1 —¢)y, (1 + ¢)y],
xS (2)y if ¢ < (>)cy for some universal constant ¢ > 0, and = ~ y if both z < y and
x 2 y hold. We also use standard asymptotic notation O(-) and (-). Given a positive

integer n, let [n] = {1,...,n}. Given a vector v € RP, we denote |v]1 = Y.b_; |uvil,
[v]13 = >°F_, v2, and ||v]|eo = maX;epy |vi|. Given d vectors v1 € RP*, ... vy € RP4, we

denote vy 0 -+ 0 vy € RPL*"XPd a5 a tensor formed by the outer product of vectors.
Given a matrix A € R™*" we denote its spectral norm by [|A||2, we let span(A) C R™
be the subspace spanned by the columns of A, we let opax(A) and opin(A) be the
largest and smallest singular values of A, respectively, and k(A4) = omax(A)/Tmin(A)
be the condition number. We use nnz(A) to denote the number of nonzero entries
of A. We use P4 as the projection operator onto span(A). Given two matrices A =
[ai,...,an) € R™*™and B = [by,...,by) € RP*, A®QB = [a1®B,...,a,®B] € R"P*™
denotes the Kronecker product, and A ® B = [a1 ® by,...,a, ® b,] € R™*™ denotes
the Khatri-Rao product with n = ¢q. We let B,, C R"™ be the unit sphere of R", i.e.,
B, ={x €R" : |jz||]2 =1}. We also let P(-) be the probability of an event and E(-) the

expectation of a random variable. Without further specification, we let [[pg = Hle Pd
D



42
3.2 Dimensionality Reduction for CP Decomposition

3.2.1 Background
We start with a few important definitions.

Definition 3 (Oblivious Subspace Embedding). Suppose II is a distribution on m x n
matrices ®, where m is a function of parameters n, d, and €. Further suppose that with
probability at least 1 — §, for any fixed n x d matrix A, a matrix ® drawn from II has
the property that ® is a (14 ¢) subspace embedding for A, i.e., |[®Az|2 = (1+¢)| Az|3
for any € X C R% Then we call IT an (¢,6) oblivious subspace embedding (OSE) of
X.

An OSE & preserves the norm of vectors in a certain set X after linear transfor-
mation by A. This is widely studied as a key property for sketching based analyses
(see [97] and the references therein). We want to show an analogous property when X

is parameterized by a low-rank tensor model.

Definition 4 (Leverage Scores). Given A € R™? let Z € R™ 9 have orthonormal
columns that span the column space of A. Then (?(A) = |e Z||3 is the i-th leverage

score of A.

Leverage scores play an important role in randomized matrix algorithms [98-100].
Calculating the leverage scores naively by orthogonalizing A requires O(nd?) time. It is
shown in [101] that the leverage scores of A can be approximated individually up to a
constant multiplicative factor in O(nnz(A)logn + poly(d)) time using sparse subspace

embeddings.

Definition 5 (Sparse Johnson-Lindenstrauss Transforms). Let o;; be independent
Rademacher random variables, ie., P(o;; = 1) = P(oy; = —1) = 1/2, and let
dij + Q5 — {0,1} be random variables, independent of the o;;, with the following

properties:

e );; are negatively correlated for fixed j, i.e., for all 1 <i; < ... <ip <m,

k k .
E (H 5it,j> <T[E®G:;) = (%) ;

t=1
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e There are s = Y., §;; nonzero ¢;; for a fixed j;
e The vectors (0;;)1", are independent across j € [n].

Then ® € R™*" is a sparse Johnson-Lindenstrauss transform (SJLT) matrix if ®;; =

1 5.5
%O-U(Sl]'

The SJLT has several benefits [97,102,103]. First, the computation of ®x takes only
O(nnz(z)) time when s is a constant. Second, storing ® takes only sn memory instead
of mn, which is significant when s <« m. This can often further be reduced by drawing
the entries of ® from a limited independent family of random variables. We will use
an SJLT as the sketching matrix in our analysis and our goal will be to show sufficient
conditions on m and s such that the analogue of the OSE property holds for low-rank

tensor regression.
Definition 6 (Talagrand’s Functional). Given a (semi-)metric p on R™ and a bounded
set § C R"™, Talagrand’s vyo-functional is

o0

(S, p) = inf supd 2772 p(z,S,), 3.7
28,0 = 5t w37 gl 1)

where p(z,S,) is a distance from z to S, and the infimum is taken over all collections

{8,322, such that Sy C S; C ... C S with |Sp| = 1 and |S,| < 22",

A closely related notion of vo-functional is the Gausssian mean width,

G(S) = Egsup(g, x),
€S

where g ~ N, (0, I,). For any bounded S C R"™, G(S) and 72(S, || - ||2) differ multiplica-
tively by at most a universal constant in Euclidean space. Both of these quantities are
widely used [104]. Finding a tight upper bound on the 7,-functional for the parameter

space of low-rank tensors is a key part of our analysis.

Definition 7 (Finsler Metric). Let E, E’ C R™ be p-dimensional subspaces. The Finsler

metric of £ and F' is

prin(E, E') = [|Pg — Pg||2,
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where Pp is the projection onto the subspace E.

The Finsler metric is the semi-metric used in the yo-functional in our analysis. Note
that ppin(E, E') < 1 always holds for any F and E’ [105]. See further discussion in
Section 3.2.

For convenience, we introduce the following notation. Given a D-way tensor © =
25:1 99") 0---0 Og) € RPIXXPD | where Ol(f) € RPd for all d € [D] and r € [R], we

consider fixing all but GY) for r € [R], and denoting

(r) (1) (R)
0 [ 0 X R,
AP0} [A v, AN ] e R R

where

PD

o ™ 4 Gds) | ) (i)
AN = Z Z AUDs52) | 07,05

Jp=1 j2=1

A= [A(l""’l)’ A(l,...,2)’ L ’A(pD7---,p2) c Rx11pa

95;311 is the jg4-th entry of 95;), and AUD--72) € R™P1 for all jy € [pg], d € [D]\{1}. The
above parameterization allows us to view tensor regression as preserving the norms of
vectors in an infinite union of subspaces, described in more detail below.

We provide sufficient conditions for the SJLT matrix & € R™*"™ to preserve the cost
of all solutions for tensor regression, i.e., bounds on the sketching dimension m and the

per-column sparsity s for which

E sup ’||<I>a:|]§ —1|<e (3.8)
® zeT
where ¢ is a given precision, T = gy {z € £ : |z|]2 = 1}, and
(r) (r)
V= U span A{e\l ,A{¢\1 }] .

6 erva yre(R), de[DI\{1)

Note that by linearity, it suffices to consider x with [|z|[s = 1 in the above, which
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explains the form of (3.8). Also note that (3.8) implies for all ¥ € Sgp g, that

|®AY — ®b||3 = (1 +&)[| A0 — b]3, (3.9)

which allows us to minimize the much smaller sketched problem to obtain parameters
¥ which, when plugged into the original objective function, provide a multiplicative
(1 + €)-approximation.

We need the following theorem for embedding an infinite union of subspaces. All

proofs can be found in the appendix.

Theorem 3. Let 7 C B, and ® € R™*" be an SJLT matrix with column sparsity s,

and

py = sup dim <span [A{Q{? 7A{¢§T1>}]> .

6" eRrra vre(R),
de[D]\{1}

Then (3.8) holds if m and s satisfy

m Z (v3(V, prin) + pv +10g N (V, prin, €0)) - (log? m)(log® n)e 2, (3.10)
o 2 1
s [/ (log N'(V, pFin, t))1/2 dt} + a2 1og®? N(V, prin, €0) + €2py log -
0 0
- (log® m)(log® n)e 2, (3.11)
~ {9(7‘) {d)(r)}
where G2 is the largest leverage score of any |AU\ S AW\ S| €V and N(V, ppin, t) is

the covering number of V with radius ¢ under the Finsler metric.

The proof of Theorem 3 is provided in Appendix 7.2.1. Theorem 3 is based on recent
work on a unified theory of dimensionality reduction [106,107]. Note that the parameter
space for the tensor regression problem (3.1) is a subspace of RIl?a je., Sop,r C RIIPa,
Therefore, a naive application of sketching requires m > []pg/c? in order for (3.8) to
hold [108]. However, [[pg can be very large and is far larger than the intrinsic number
of degrees of freedom of the parameter space Sgp g, which is R pg. In the sequel, we
provide a careful analysis of dimensionality reduction in terms of v2(V, ppin), py, and

NV, pFin, o), where sufficient conditions m = Q(R>  py) and s = Q(1) are achieved,
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up to logarithmic factors [109].

3.2.2 Base Case: Rank-1 and Two-Way Tensors

We start with the base case when R =1 and D = 2, i.e., the parameter space is Sz 1.
Then the parameter admits the decomposition © = 6, o f. For notational convenience,
we let © = wowv, where v € RP* and v € RP2, and let AY = Y 2, A@D v, where
A =[AD AP} € R*P2P1 with A®) € R™P for all i € [py]. Consequently, the

observation model (3.4) can be written as
b=Alv®u)+z=A+z,
and the corresponding OLS and SOLS using an SJLT matrix & € R™*™ are, respectively,

min _ ||AY%u — b5 and min || ®A%u — ®b|3.
vERP2 uCRP1 vERP2 uCRP1

Next, we show the following theorem, which provides sufficient conditions for the

base case S 1.

Theorem 4. Suppose the leverage scores of A are bounded, i.e., max;c|y] 2(A) < 1/p3.
Let

Ax — Ay
T= " | x=v1QU,Y = V2 D U, Ui, us € R
{HACL“—Asz 1@ UL,y = v2 @ ug, U, u2 }
and ® € R™*" is an SJLT matrix with column sparsity s. Then (3.8) holds if m and s
satisfy
m > &% (p1 + p2) log ((p1 + p2)k(A))(log* m)(log® n), (3.12)
5 > e 2log?(p1 + pa)(log® m)(log® n). (3.13)

The proof of Theorem 4 is provided in Appendix 7.2.2. From Theorem 4, when
m = Q(p1 + p2) and s = Q(1), (3.9) holds.
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3.2.3 Extension to General Ranks

We extend our analysis to the general case of two-way tensors with general rank,

i.e., the parameter space is Sop for R > 1. In this case, we have © =
SR ™ o v where u € RPY and v(") € R for all » € [R], and Al =
(82, A0, 502 AOP] | where A = [AD,.., AC2)] € R7XP2Pt and AD) €

R™*P1 for all i € [pe]. Consequently, the observation model (3.4) can be written as
b= AL [uT )

and the corresponding OLS and SOLS using an SJLT matrix & € R™*™ are, respectively,

min HA{”M} [u(l)T .. .u(R)T}T — b‘ 2, and
() eRP2 2
u(") €RP1 Vre[R]
min H@A{U(T)} [u(l)—r . u(R)T] . <I>bH2.
v(") eRP2 2

(") eRP1 Vre[R]
Our next theorem provides sufficient conditions for S g.

Theorem 5. Suppose R < p9/2 and the leverage scores of A are bounded, i.e
max;ef, (7 (A) < 1/(R?p3). Let

x*Zv{)@ul Y = Zv”@ug ,ul), §”)eRp1, VTE[R]}

Ax —
T e
{HA:c S

and ® € R™*" is an SJLT matrix with column sparsity s. Then (3.8) holds if m and s
satisfy

m 2 e *(log" m)(log® n)R (p1 + p2) log (R(p1 + p2)k(A)),
s 2 e *(log® m)(log® n) log® (R(p1 + p2)K(A)) .

The proof of Theorem 5 is provided in Appendix 7.2.3. From Theorem 5, we have
that when m = Q(R(p1 + p2)) and s = Q(1), (3.9) holds using an SJLT matrix ®. The
extra condition of R < py/2 is not restrictive, as in applications of low-rank tensors,

typically R < minge(p) pa-
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3.2.4 Extension to General Tensors

We first extend our analysis to general tensors with rank 1, i.e., the parameter space
is now Sp,1 for D > 2. In this case, we have © = 61 o --- o fp, where 0; € RP? for all

d € [D]. Consequently, the observation model (3.4) can be written as
b:A.(9D®...®91)+Z:A{9\I}.914_2’

and the corresponding OLS and SOLS using an SJLT matrix ® € R™*"™ are, respectively,

2 2
min A{0\1}91 — bH and min @A{e\l}ﬁl — @b” .
0; ERPi 2 0; cRPi 2
Vie[D] Vie[D]

Our next theorem provides sufficient conditions for Sp ;.

Theorem 6. Suppose the leverage scores of A are bounded, i.e., max;e[, 2(A) <

2
1/ <ZdD:2pd> . Forany 9 =0p®---®0 € Sop1 and ¢ = ¢p ® - ® 91 € Sep,1,
04, pq € RPd for all d € [D], let

A9 — Ay
T=0 " 7
{HM—Asz

V=0p® - @6, p=0¢p® - ® @1, 04, g € RP?, VdG[D]}

and ® € R™*" is an SJLT matrix with column sparsity s. Then (3.8) holds if m and s
satisfy

D D
m 2 e 2(log' m)(log” n) (Z palog (Dfa(A) Zpd>> ,

d=1 d=1
s > e 2(log® m)(log® n) log? (Zpd>

The proof of Theorem 6 is provided in Appendix 7.2.4. From Theorem 6, we have
that when m = (ZdD:1 pd> and s = (1), (3.9) holds using an SJLT matrix P.
3.2.5 Extension to General Ranks and Tensors

Finally, we provide our guarantees for general tensors with general ranks, i.e., the pa-

rameter space is Sp g for D > 2 and R > 1. We have the observation model (3.4)
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as
R T
b=A-> 05w w0+ ZA\l- AT }.[9§1)T...9§R)T +z,

and the corresponding OLS and SOLS using an SJLT matrix & € R™*™ are, respectively,

2
(r) T
min A{e\l -[951)T...0§R)T] —bl| , and
6" erpi 9
vie[D],r€[R]
2
(r) T
min @A{e\l}‘[eim...e&mq — | .
0" crpi 5
Vi€[D],r€[R)

Our most general theorem for CP decomposition is the following, providing sufficient

conditions for Sp g.

Theorem 7. Suppose R < maxgpy/2 and the leverage scores of A are bounded, i.e.,

2
MaX;e[p] 2(A) <1/ <R2 (ZdDZQ pd> > Let

Ad — Ap (r) (r) S
T = =) 02607, 0=) ¢p®
{nfw Aglls Z Loy 2 D
07,6 € B,,, Vr € [R],d e [D]}

and ® € R™*" is an SJLT matrix with column sparsity s. Then (3.8) holds if m and s
satisfy

D D
m 2 =(log" m)(log® MRS palog (DRH(A) Zpd> ,

d=1 d=1
s > e 2(log® m)(log® n) log? (Zpd>

The proof of Theorem 7 is provided in Appendix 7.2.5. From Theorem 7, we have
that when m = Q (R Zc?:lpd> and s = Q(1), (3.9) holds using an SJLT matrix ®.

These complexities are optimal, up to logarithmic factors, for the CP decomposition
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model, since they meet the number of degrees of freedom of the CP model. The extra
condition of R < maxgpg/2 is not restrictive, as we are interested in low-rank tensors

satisfying R < minge[p) pa-

3.3 Dimensionality Reduction for Tucker Decomposition

We start with a formal description of the Tucker model. Suppose © admits the following

Tucker decomposition:

0= Z Z (r1,-..rp) -0 o0 lP), (3.14)

ri=1 rp=1
where Hé”) € RPd for all rq € [Ry]. Letting

(r1,eo rp)
[% (rp) (r2)
.]Dy 7.]2 . D .
AT Z Z Al DJD 02,j2’

Jjp=1 Jjo=1

{ra} R R —
A{e\ld }: [i i Aeilly " '9(177'2,---,7"D), """" ’

7‘2:1 ’!’D:1

R2 RD 0(7‘1 ,,,,, D)
Z Z A \ g(Rl,’I”Q, 7TD) )
ro=1 rp=1

then the observation model (3.4) can be written as

b_AZ Z (s D) 007 & 0 4

r1=1 rp=1

(r1,..s rp)
= Z ZAQ\11 7 '9(7"1,...,7“D)-19§T1)+z
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and the corresponding OLS and SOLS using an SJLT matrix ® € R™*"™ are, respectively,

2
(r) T
min {6 { 1T...«9§R)T} —b
6" eRrps
Vi€[D],re[R]

min @A{GG)} : [6’?” e GgR)T} : — ®b

6" eRrpi
Vi€[D],r€[R)

, and
2

2
Our next theorem provides sufficient conditions for the general Tucker decomposition
model.

Theorem 8. Suppose H§:1 R4 < maxgpy/2 and the leverage scores of A are bounded,
2
Le., max;ep, (2(A) <1/ (2522 Rapa + [T, pd) . Let

AY — Ay - (rp) (r1)
p— TD ) Tl
T = {HM Aol =) - Zglrl,..., p)- 03P @20,
1= 1 TD= 1
Ry
Z ZQ2T17~-7 )¢%D)®®¢§T1)’
ri=1 rp=1

G(Td ,d) (ra) c de, VTd S [Rd],d c [D]}

and ® € R™*" is an SJLT matrix with column sparsity s. Then (3.8) holds if m and s
satisfy

m > e 2(log* m)(log® n)Cy - log | CoDr(A)

5 > e 2(log® m)(log® n) log? Cy,

where Cy = ZdD:I Rgpg + HdDzl Dd-
The proof of Theorem 8 is provided in Appendix 7.2.6. From Theorem 8, we have
that when m = (D(Zc?:]_ Rapq + ngl pd)) and s = Q(D), then (3.8) holds for the

Tucker decomposition model using an SJLT matrix, provided that [] R4 is not too large

compared with max,pg, which is typical in applications of low rank tensors in which
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the goal is to use small values of the R4 when faced with large values of the py. Thus,

the solution to the SOLS is a (1 + €)-approximation to the OLS.

3.4 Flattening Leverage Scores

The analysis above depends on a bound on the leverage scores of the design matrix A.
This might be restrictive if we have no control on the design A. In the sequel, we apply
a standard idea [110,111] to flatten the leverage scores of a deterministic design A based

on the Walsh-Hadamard matrix. An SRHT matrix is defined as

o=,/ 2PHY, (3.15)
m

where the components ¥, H and P are generated as:
(G1) ¥ is an n x n diagonal matrix, where 3;; = 1 or -1 with equal probabilities 1/2.

(G2) H is an n x n orthogonal matrix generated from a Walsh-Hadamard matrix scaled
by n~1/2,

(G3) P is an m x n SJLT matrix, with column sparsity bounded by s.

Note that computing a matrix-vector product with H takes O(nlogn) instead of n?
time. Thus, one can compute HX A for an n x d matrix A in O(ndlogn) time, which is
well-suited for the case in which A is dense, e.g., nnz(A) = O(nd). The purpose of the
matrix product HY is to uniformize the leverage scores before applying our SJLT P.

We next give a standard lemma for flattening the leverage scores, included for com-
pleteness. Without loss of generality, we assume that n = 2¢ for a positive integer g,

implying that a Walsh-Hadamard matrix exists.

Lemma 1. Suppose H and ¥ are generated as in (G1) and (G2). Given any real value
0 € (0,1) and an n x d matrix A with rank(A) = r, we have with probability at least
1-4,

max (7(HLA) < %.

i€[n] n
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The proof of Lemma 1 is provided in Appendix 7.2.7. Applying this with the bound

2
MaX;e|p] Z(HXA) <1/ <R2 (25):2 pd) > of Theorem 7 gives:

Proposition 1. Suppose H and ¥ are generated as in (G1) and (G2). For low-rank
tensor regression (3.4), where A € Rr*I1iZ1P4 s the matricization of all tensor designs,

if n satisfies

n> R2 (Zpd>2 rank(A) - log (nlaagk(A))

then with probability at least 1 — §, we have

2
2&}}(62(H2A ) <1/ [ R? (Zpd>

Combining Theorem 7 and Proposition 1, we achieve (3.8), provided n is sufficiently
large. Here we use that for all z, || HXAx||2 = ||Az||2 since HY is an isometry.

In the worst case, rank(A) = HdD:1 pg, which requires n =
Q <R2 (ZdDZQ pd)Q-HC?:lpd) In overconstrained regression, it is often assumed
that the number n of examples is at least a small polynomial in rank(A) [97], which
implies this bound on n. Also, if, for example, A; is sampled from a distribution with
a rank deficient covariance, one may even have rank(A4) < Hfl):l Dd-

One should note that computing PHX A takes (nlogn) Hfl)zl pq time, provided the
column sparsity s of P is O(1). This is O(nnz(A)logn) time for dense matrices A,
i.e., those with nnz(A4) = Q(nd), but in general, unlike our earlier results, is not
O(nnz(A)logn) time for sparse matrices. Analogous results can be obtained for the

Tucker decomposition model, which we omit.

3.5 Experiments

We study the performance of sketching for tensor regression through numerical experi-
ments over both synthetic and real data sets. For solving the OLS problem for tensor
regression (3.2), we use a cyclic block-coordinate minimization algorithm based on a

tensor toolbox [112]. Specifically, in a cyclic manner for all d € [D], we fix all but
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one O4 of [[©1,...,0p]] € Spr and minimize the resulting quadratic loss function
(3.2) with respect to ©;, until the decrease of the objective is smaller than a predefined
threshold 7. For SOLS, we use the same algorithm after multiplying A and b with an

SJLT matrix ®. All results are run on a supercomputer due to the large scale of the
data.

6
T T T 10 :
1051 & —— SOLSm N —-— SOLSn,
B \ T,
‘\é - = SOLS ny \\ XN — = SOLS n,
™_ e SOLS ns Vo Ss . e SOLS n;
0t % SN
o 100 o, ~-= OLS n 0 i %N —- oS
> N > LY RN
£ ‘\\",‘-’§ — — OLS ns g \ -,‘\ . = = OLS ny
. K
2 \;.S:\ ...... OLS ns 2 10 \ iy Ty OLS ns
o) } RN o =\
10 5 NIV " \
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SoEn S AR
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(a) o =0 (b) 0. =1

Figure 3.1: Comparison of SOLS and OLS for different settings on synthetic data.
The vertical axis corresponds to the scaled objectives ||Ad%y; g — bl|3/n for SOLS and
| A9k g — b|3/n for OLS, where 9* is the update in the ¢-th iteration. The horizontal
axis corresponds to the number of iterations (passes of block-coordinate minimization
for all blocks). For both the noiseless case o, = 0 and noisy case o,
ny = 10°, and n3 = 10% respectively.

1, we set ng = 10%,

For synthetic data, we generate the low-rank tensor O as follows. For every d € [D],
..,0p]] €
.., ar uniformly and
independently from [1,10]. Then © is formed by © = Zle arégr) 0---0 Qg). The

sequence of n tensor designs are generated independently with i.i.d. MN(0,1) entries

we generate R orthonormal columns to form ©, = [9&1), ceey GgR)] of [[©1,.

Sp,r independently. We also generate R positive real scalars as, .

for 10% of the entries chosen uniformly at random, and the remaining entries are set
to zero. This allows for fast calculation of the leverage scores of matrix A, as well as
memory savings. We also generate the noise z to have i.i.d. A(0,02) entries, and the
generation of the SJLT matrix ® follows Definition 5. For both OLS and SOLS, we use
random initializations for O, i.e., ©,4 has i.i.d. N(0, 1) entries for all d € [D].

We compare OLS and SOLS for low-rank tensor regression under both the noiseless

and noisy scenarios. For the noiseless case, i.e., o, = 0, we choose R = 3, p1 = p3 = p3 =
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Table 3.1: Comparison of SOLS and OLS on CPU execution time (in seconds) and
the optimal scaled objective over different choices of sample sizes and noise levels on
synthetic data. The results are averaged over 50 random trials, with both the mean
values and standard deviations (in parentheses) provided. Note that we terminate the
program after the running time exceeds 3 x 10* seconds.

Variance of Noise o,=0 o, =1
Sample Size n = 10% n = 10° n =108 n=10* | n=10° n =108
OLS 182.96 3536.9 | >3x10* | 166.02 | 26204 | >3 x 107
Time (72.357) (1627.0) (NA) (5.6942) | (769.81) (NA)
SOLS 123.43 132.81 134.10 122.641 126.09 127.98
(37.452) (38.653) (36.406) | (34.408) | (35.719) | (33.339)
OLS < 10710 < 10710 < 10710 0.9089 0.9430 0.9440
Objective (<1070 | (<« 10719 | (< 10719) | (0.0217) | (0.0182) | (0.0137)
SOLS < 10710 < 10710 < 10710 0.9414 0.9854 0.9891
(< 10710) | (<10710) | (< 10719) | (0.0264) | (0.0227) | (0.0232)

Table 3.2: Comparison of SOLS and OLS on CPU execution time (in seconds) and the
optimal scaled objective over different choices of ranks on the MRI data. The results
are averaged over 10 random trials, with both the mean values and standard deviations

(in parentheses) provided.

Rank R = R = R=10

98244 | 8137.2 | 26851

OLS | "o | o169 | (saon)

Time 19631) 36469) 76173
SOLS ' : :

(68.180) | (145.79) | (356.76)

s | om0 | | s

Objective (1% 047) (1i 992) (7'3968)

soLs | -~ ' '
(0.1561) | (0.1538) | (0.0975)

100, m = 5 x R(p1 +p2+p3) = 4500, and s = 200. Different values of n € {10%,10°,10°}
are chosen to compare both statistical and computational performances of OLS and

SOLS. For the noisy case, the settings of all parameters are identical to those in the
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noiseless case, except that o0, = 1. We provide a plot of the scaled objective versus the
number of iterations for some random trials in Figure 3.1. The scaled objective is set
as ||A¥4q s — bll3/n for SOLS and ||Adh; g — b|3/n for OLS, where ¥ o and 9% q
are the updates in the ¢-th iterations of SOLS and OLS respectively. Note the we are
using || ®A¥sors — ®b||3/n as the objective for solving the SOLS problem, but looking
at the original objective || A¥soLs — b||3/n for the solution of SOLS is ultimately what
one is interested in. Moreover, the gap between ||®Adsors — ®b||3/n and ||A¥soLs —
b||3/n is very small in our results (< 1%). The number of iterations is the number
of passes of block-coordinate minimization for all blocks. We can see that OLS and
SOLS require approximately the same number of iterations for comparable decrease of
objective. However, since the SOLS instance has a much smaller size, its per iteration
computational cost is much lower than that of OLS.

We further provide numerical results on the running time (CPU execution time) and
the optimal scaled objectives in Table 3.1. Using the same stopping criterion, we see
that SOLS and OLS achieve comparable objectives (within < 5% differences), matching
our theory. In terms of the running time, SOLS is much faster than OLS, especially
when n is large. For example, when n = 10%, SOLS is orders of magnitude faster than
OLS while achieving a comparable objective function value. This matches our discussion
on the computational cost of OLS and SOLS. Note that here we suppose the rank is
known for our simulation, which can be restrictive in practice. We observe that if we
choose a moderately larger rank than the true rank of the underlying model,then the
result is similar to what we discussed above. Smaller values of the rank result in a much
deteriorated statistical performance for both OLS and SOLS.

In addition, we examine sketching for tensor regression on a real dataset of MRI
imaging [113]. The dataset consists of 56 frames of a human brain, each of which is of
dimension 128 x 128 pixels, i.e., p1 = p2 = 128 and p3 = 56. The generation of design
tensors {A;} and linear measurements b follows the same settings as for the synthetic
data, with o, = 0. We choose three values of R = 3,5, 10, and set m = 5x R(p1+p2+p3)-
The sample size is set to n = 10 for all settings of R. Analogous to the synthetic data,
we provide numerical results for SOLS and OLS on the running time (CPU execution
time) and the optimal scaled objectives. Again, we have that SOLS is much faster than

OLS when they achieve comparable optimal objectives, under all settings of ranks.



Chapter 4

On Fast Convergence of Proximal
Algorithms for SQRT-Lasso

Optimization

4.1 Introduction

Many statistical machine learning methods can be formulated as optimization problems

in the following form
n%in L) +R(0), (4.1)

where £(#) is a loss function and R(6) is a regularizer. When the loss function is smooth
and has a Lipschitz continuous gradient, (4.1) can be efficiently solved by simple prox-
imal gradient descent and proximal Newton algorithms (also requires a Lipschitz con-
tinuous Hessian matrix of £(6)). Some statistical machine learning methods, however,
sacrifice convenient computational structures to gain estimation robustness and model-
ing flexibility or the other way round [114-118]. Taking SVM as an example, the hinge
loss function gains estimation robustness, but sacrifices the smoothness (compared with
the square hinge loss function). However, by exploring the structure of the problem, we

find that these “sacrifices” do not always require more computational efforts.

57
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Advantage of SQRT-Lasso over Lasso. To shed a light of such a “free-lunch” phe-
nomenon, we study the high dimensional square-root (SQRT) Lasso regression prob-

lem [115,119]. Specifically, we consider a sparse linear model in high dimensions,
y=X0" +¢,

where X € R™*? is the design matrix, y € R” is the response vector, ¢ ~ N(0,0°I,)
is the random noise, and 6* is the sparse unknown regression coefficient vector. To

estimate 0, [120] propose the well-known Lasso estimator by solving

—Lasso

1
[ :argémn EHy—X@H%—1—)\|_E,SSOH9H17 (4.2)

where A\ .ss0 is the regularization parameter. Existing literature shows that given

logd
Alasso X O ) (4'3)
n
—L . .. . . . . . . .
6°*° is minimax optimal for parameter estimation in high dimensions. Note that

the optimal regularization parameter for Lasso in (4.3), however, requires the prior
knowledge of the unknown parameter o. This requires the regularization parameter
to be carefully tuned over a wide range of potential values to get a good finite-sample
performance.

To overcome this drawback, [115] propose the SQRT-Lasso estimator by solving

—SQRT

1
0 = argmin %Hy—XQHZ"‘)\SQRTHGHh (4.4)

OcRd

. L —SQRT
where Asqrt is the regularization parameter. They further show that 6 Q is also

minimax optimal in parameter estimation, but the optimal regularization parameter is

logd
)\SQRT = i . (4.5)

Since (4.5) no longer depends on o, SQRT-Lasso eases tuning effort.
Extensions of SQRT-Lasso. Besides the tuning advantage, the regularization se-

lection for SQRT-Lasso type methods is also adaptive to inhomogeneous noise. For
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example, [116] propose a multivariate SQRT-Lasso for sparse multitask learning. Given
a matrix A € R¥9 let A,; denote the k-th column of A, and A;, denote the i-th row

of A. Specifically, [116] consider a multitask regression model
Y =XO0"+W,

where X € R™*? is the design matrix, ¥ € R™ ™ is the response matrix, Wy ~
N(O, Uiln) is the random noise, and ©* € R¥™ is the unknown row-wise sparse coeffi-
cient matrix, i.e., ©* has many rows with all zero entries. To estimate ©*, [116] propose
a calibrated multivariate regression (CMR) estimator by solving

~CMR 1

m
0 = argmin — ||}/*k_X®*kH2+)\CMR||@||1,27
QERde \/ﬁkzl

where ||O]|12 = 2?21 1©;||2. [116] further shows that the regularization of CMR ap-
proach is adaptive to o}’s for each regression task, i.e., Yy, = X O3, +W,;, and therefore
CMR achieves better performance in parameter estimation and variable selection than
its least square loss based counterpart. With a similar motivation, [121] propose a node-
wise SQRT-Lasso approach for sparse precision matrix estimation. Due to space limit,
please refer to [121] for more details.

Existing Algorithms for SQRT-Lasso Optimization. Despite of these good prop-
erties, in terms of optimization, (4.4) for SQRT-Lasso is computationally more chal-
lenging than (4.2) for Lasso. The /5 loss in (4.4) is not necessarily differentiable, and
does not have a Lipschitz continuous gradient, compared with the least square loss in
(4.2). A few algorithms have been proposed for solving (4.4) in existing literature, but
none of them are satisfactory when n and d are large. [115] reformulate (4.4) as a second
order cone program (SOCP) and solve by an interior point method with a computa-
tional cost of O(nd>5log(e~1)), where € is a pre-specified optimization accuracy; [118]
solve (4.4) by an alternating direction method of multipliers (ADMM) algorithm with a
computational cost of O(nd?/¢); [119] propose to solve the variational form of (4.4) by
an alternating minimization algorithm, and [122] further develop a coordinate descent
subroutine to accelerate its computation. However, no iteration complexity is estab-

lished in [122]. Our numerical study shows that their algorithm only scales to moderate
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Table 4.1: Comparison with existing algorithms for solving SQRT-Lasso. SOCP:
Second-order Cone Programming; TRM: Trust Region Newton; VAM: Variational Al-
ternating Minimization; ADMM: Alternating Direction Method of Multipliers; VCD:
Coordinate Descent; Prox-GD: Proximal Gradient Descent; Prox-Newton: Proximal
Newton.

Algorithm Theoretical Guarantee Empirical Performance
[115] SOCP + TRM O(nd3®log(e™ 1)) Very Slow
[119] VAM N.A. Very Slow
[118] ADMM O(nd?/e) Slow
[122] VAM + CD N.A. Moderate
Ours Pathwise Prox-GD O(ndlog(e™1)) Fast
Ours Pathwise Prox-Newton + CD O(sndloglog(e1)) Very Fast

Remark: [122] requires a good initial guess of o to achieve moderate performance.
Otherwise, its empirical performance is similar to ADMM.

problems. Moreover, [122] require a good initial guess for the lower bound of 0. When
the initial guess is inaccurate, the empirical convergence can be slow.

Our Motivations. The major drawback of the aforementioned algorithms is that
they do not explore the modeling structure of the problem. The ¢ loss function is
not differentiable only when the model are overfitted, i.e., the residuals are zero values
y — X0 = 0. Such an extreme scenario rarely happens in practice, especially when
SQRT-Lasso is equipped with a sufficiently large regularization parameter Asqrt to
yield a sparse solution and prevent overfitting. Thus, we can treat the /5 loss as an
“almost” smooth function. Moreover, our theoretical investigation indicates that the
£y loss function also enjoys the restricted strong convexity, smoothness, and Hessian
smoothness. In other words, the ¢ loss function behaves as a strongly convex and
smooth over a sparse domain. An illustration is provided in Figure 4.1.

Our Contributions. Given these nice geometric properties of the fo loss func-
tion, we can directly solve (4.4) by proximal gradient descent (Prox-GD), proximal
Newton (Prox-Newton), and proximal Quasi-Newton (Prox-Quasi-Newton) algorithms
[123,124]. Existing literature only apply these algorithms to solve optimization problems

in statistical machine learning when the loss function is smooth. Our theoretical analysis
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General: Smooth

\

Extreme: Nonsmooth

D

Figure 4.1: The extreme and general cases of the f» loss. The nonsmooth region
{0 : y — X0 = 0} is out of our interest, since it corresponds to those overfitted regression
models

shows that both algorithms enjoy strong convergence guarantees [125]. Specifically, the
Prox-GD algorithm achieves a local linear convergence and the Prox-Newton algorithm
achieves a local quadratic convergence. To further ensure global strong convergence,
we combine these two algorithms with the pathwise optimization scheme, which solves
(4.4) with a decreasing sequence of regularization parameters, A\g > ... > Ay with
AN = AsqQrT. The pathwise optimization scheme helps yield sparse solutions and avoid
overfitting throughout all iterations. Besides sparse linear regression, we extend our
algorithms and theory to sparse multitask regression and sparse precision matrix es-
timation. Extensive numerical results show our algorithms uniformly outperform the
competing algorithms.

Hardness of Analysis. We highlight that our local analysis with strong convergence
guarantees are novel and highly nontrivial for solving the SQRT-Lasso problem using
simple and efficient proximal algorithms. First of all, sophisticated analysis is required
to demonstrate the restricted strong convexity /smoothness and Hessian smoothness of
the £ loss function over a neighborhood of the underlying model parameter 8* in high
dimensions. These are key properties for establishing the strong convergence rates of
proximal algorithms. Moreover, it is involved to guarantee that the output solution of
the proximal algorithms do not fall in the nonsmooth region of the ¢5 loss function.
This is important in guaranteeing the favored computational and statistical properties.
In addition, it is highly technical to show that the pathwise optimization does enter
the strong convergence region at certain stage. We defer all detailed analysis to the
appendix.

Notations. Given a vector v € R?, we define the subvector of v with the j-th entry
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removed as v\; € R4=1. Given an index set Z C {1,...,d}, let T be the complementary
set to Z and vz be a subvector of v by extracting all entries of v with indices in Z.
Given a matrix A € R¥4, we denote A,; (Ag«) the j-th column (k-th row), Ay as
a submatrix of A with the i-th row and the j-th column removed and A\;; (A, ;) as
the j-th column (i-th row) of A with its i-th entry (j-th entry) removed. Let Apax(A)
and Apin(A) be the largest and smallest eigenvalues of A respectively. Given an index
set Z C {1,...,d}, we use Az7 to denote a submatrix of A by extracting all entries of
A with both row and column indices in Z. We denote A = 0 if A is a positive-definite
matrix. Given two real sequences {A,},{a,}, we use conventional notations A, =
O(ayn) (or Ap, = Q(ay)) denote the limiting behavior, ignoring constant, @ to denote
limiting behavior further ignoring logarithmic factors, and Op(-) to denote the limiting
behavior in probability. A, < a, if A, = O(ay) and A,, = Q(a,) simultaneously. Given
a vector x € R? and a real value A > 0, we denote the soft thresholding operator
$a(x) = [sign(ay) max]a;| — A, 0}J2_,.

4.2 Algorithm

We review the Prox-GD and Prox-Newton algorithms. For convenience, we denote
Fa(0) = L(0) + AllO]]1,

where L(0) = ﬁ“y — X0||2. Since SQRT-Lasso is equipped with a sufficiently large
regularization parameter A\ to prevent overfitting, i.e., y — X6 # 0, we treat £(f) as a
differentiable function in this section. Formal theoretical justifications will be provided

in the next section.

4.2.1 Proximal Gradient Desccent Algorithm

Given 0 at ¢-th iteration, we consider a quadratic approximation of F. A\(0) at 6 = o)

as

L
Qx(6,00) = £(00) + VLOD)T(0 - 00) + =~ 0 — 0D+ Ao, (46)
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where L) is a step size parameter determined by the backtracking line search. We then

take

0D = argmin (6, 6) =5 (6 — TECL)).
0

(t)

For simplicity, we denote #(+1) = Tre+, L, (0. Given a pre-specified precision ¢, we

terminate the iterations when the approximate KKT condition holds:

wA(@®) = min  [|[VLEOD) + Agllee < €. (4.7)
g€d6®|y

4.2.2 Proximal Newton Algorithm

Given 0®) at t-th iteration, we denote a quadratic term of 6 as
16 — ot H2v2£(9(t)) = (6 — g(t))Tvzﬁ(g(t))(g _ g(t)),
and consider a quadratic approximation of Fy(#) at § = () is
1

Qx(0,01) = L) + VLOD) (0 = 00) + 110 = 093 gy + MO (48)

We then take
9(+05) — argmin Q, (6, 01). (4.9)
0
An additional backtracking line search procedure is required to obtain
9(t+1) — e(t) + nt(e(tJrO.S) o H(t)),

which guarantees Fy(6¢+Y) < F\(#®). The termination criterion for Prox-Newton is
same with (4.7).

Remark 1. The ¢; regularized quadratic problem in (7.160) can be solved efficiently
by the coordinate descent algorithm combined with the active set strategy. See more

details in [126]. The computational cost is O(snd), where s < d is the solution sparsity.
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Algorithm 4 Prox-GD algorithm for solving the SQRT-Lasso optimization (4.4). We
treat L£(0) as a differentiable function.
Input: y, X, )\, &, Lipax >0
Initialize: 09, t < 0, L) + L., L© « L©)
Repeat: t —t+1
Repeat: (Line Search)
o) 7'Z<t>7A(9(t’1))
If Fr(01) < Qx(6™, 01D
Then L) «+ %
Until: Fy(0®) > 0, (61, 9(t-1)
L0 e min{2D 0 Lo, 1O 1O
o) 7-L(t>,)\(9(t71))
Until: wy(AV) < e
Return: 6 « 6

Details of Prox-GD and Prox-Newton algorithms are summarized in Algorithms 4
and 5 respectively. To facilitate global fast convergence, we further combine the pathwise

optimization [127] with the proximal algorithms. See more details in Section 4.4.

Remark 2. We can also apply proximal quasi-Newton method. Accordingly, at each
iteration, the Hessian matrix in (4.8) is replaced with an approximation. See [128] for

more details.

4.3 Computational Analysis

We start with defining the locally restricted strong convexity/smoothness and Hessian

smoothness.

Definition 8. Let B, = {6 € R? : ||§ — 6*||3 < r} for some constant » € RT. For
any v,w € B, satisfying ||[v — w|lo < s, L is locally restricted strongly convex (LRSC),
smooth (LRSS), and Hessian smooth (LRHS) respectively on B, at sparsity level s, if
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Algorithm 5 Prox-Newton algorithm for solving the SQRT-Lasso optimization (4.4).
We treat £(0) as a differentiable function.
Input: y, X, A\, ¢
Initialize: 0¥, ¢ < 0, u + 0.9, a « &
Repeat: t —t+1
6®) « argmin, Q,(6,0¢1)
AOD)  gt) _ g(t—1)
Y1 4 VL (00D)T 260 4+ A (00 — 64 V])
N1, g+ 0
Repeat: g < ¢+ 1 (Line Search)
e < pt
Until 7y, (049 +n,A00) < Fy (047D) + aney,
00 — 1) 4 AP
Until: wy(AW) <e
Return: 6 « 6

there exist universal constants p;, pi, Ls € (0,00) such that

LRSC: £(0)~ £(w)~VL(w) (0~ w)> 22 |[v — wl}
LRSS: L(v)—L(w)-VL(w) (v — w)< f\v — wlf3,

LRHS: sup v (VEL(v) — V2L(w))v < Ly|jv — w'||3, (4.10)

[[ullo<s,[lul2=1

— ot

Ps

We define the locally restricted condition number at sparsity level s as kg

LRSC and LRSS are locally constrained variants of restricted strong convexity and
smoothness [129,130], which are keys to establishing the strong convergence guarantees
in high dimensions. The LRHS is parallel to the local Hessian smoothness for analyzing
the proximal Newton algorithm in low dimensions [124]. This is also close related to
the self-concordance [131] in the analysis of Newton method [132].

Next, we prove that the £9 loss of SQRT-Lasso enjoys the good geometric properties

defined in Definition 8 under mild modeling assumptions.

logd
n

Lemma 2. Suppose ||0*]|o = s* and A = C

, then with high probability, we have

c :
A2 ZVLE) o
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Moreover, given each row of the design matrix X independently sampled from a sub-
Gaussian distribution with the positive definite covariance matrix Xx € R**¢ with
bounded eigenvalues. Then for
n > Cys™ logd,

L(0) satisfies LRSC, LRSS, and LRHS properties on B, with high probability. Specifi-
cally, (4.10) holds with

C C C
+ 3 4 ) 5
Pseyos = o Psrt2s > o and L1205 < o
5 2 2)g* _Crs*? + :
where § > C@(ﬁs*+2§ + Kgo423)s" and r > - 5. C1,...,C7 € R™ are generic con-
s* 425
stants.

Lemma 2 guarantees that with high probability: (i) A is sufficiently large to eliminate
the irrelevant variables and yields sufficiently sparse solutions [133,134]; (ii) LRSC,
LRSS, and LRHS hold for the #5 loss of SQRT-Lasso such that fast convergence of the
proximal algorithms can be established.

4.3.1 Linear Convergence of Prox-GD

For notational simplicity, we denote
S*={j : 07#£0}, S ={j : 07=0}, and By " =B, n{0 R : |0 —0"|o < 5"+ 3}

To ease the analysis, we provide a local convergence analysis when # € B +35. The

convergence of Prox-GD is presented as follows.

Theorem 9. Suppose \, X, and n satisfy conditions in Lemma 2. Given [|§(0) —6*3 <

r, we have sufficiently sparse solutions throughout all iterations, i.e.,
16)s.llo < 5% + 5.

Moreover, given € > 0, we need at most

K3 0z8" N2
T=0 <H3*+2§ lOg <s+z;
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iterations to guarantee that the output solution 0 satisfies

. 1 T
0-0|2=0 (1— ) exs™ | and
10 -2 ( o

T
Fa(d) — Fr(0) =0 <<1 B 8f<cs:*l+2§> 6)\8*> ’

where 0 is the unique sparse global optimum to (4.4) with

0]+ ]l0 < s* + 3.

Theorem 9 guarantees that the Prox-GD algorithm achieves a local linear conver-
gence to the unique sparse global optimum to (4.4).
4.3.2 Quadratic Convergence of Prox-Newton

We then present the convergence analysis of the Prox-Newton algorithm as follows.

Theorem 10. Suppose A, X, and n satisfy conditions in Lemma 2. Given |[|§(0) —6*||3 <

r, we have sufficiently sparse solutions throughout all iterations, i.e.,
10W]s.llo < 5" + 3.

Moreover, given € > 0, we need at most

3P 403
T=0 (loglog <p56+25>>

iterations to guarantee that the output solution 0 satisfies

2T

A n -LS"< 5 *
6—-0|2=0 _+2 e and
2
2p5 125

2T

~ — LS* S *
O —F@) =0 | =22 ) axs* |,
205+ 125
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where 0 is the unique sparse global optimum to (4.4).

Theorem 10 guarantees that the Prox-Newton algorithm achieves a local quadratic

convergence to the unique sparse global optimum to (4.4).

Remark 3. Our analysis can be further extended to the proximal quasi-Newton algo-
rithm. The only technical difference is controlling the error of the Hessian approximation

under restricted spectral norm.

4.4 Global Fast Convergence via Pathwise Optimization

Scheme

In this section, we explain how the pathwise optimization scheme extends the local fast
convergence guarantees established in Section 3 to the global setting. The pathwise opti-
mization is essentially a multistage optimization scheme for boosting the computational
performance [126,127,130].

Specifically, we solve (4.4) using a geometrically decreasing sequence of regularization
parameters

Ao > AL > > Ay,

where Ay is the target regularization parameter of SQRT-Lasso. This yields a sequence

of output solutions

bios Oy, Oy
also known as the solution path. At the K-th optimization stage, we choose é[ K—1] (the
output solution of the (K — 1)-th stage) as the initial solution, and solve (4.4) with
A = Ak using the proximal algorithms. This is also referred as the warm start initial-
ization in existing literature [127]. Details of the pathwise optimization is summarized
in Algorithm 6.
Before we proceed, we first characterize the statistical properties for the output

solutions of the proximal algorithms.

Theorem 11. Suppose A, X, and n satisfy conditions in Lemma 2. If the output

solution @ satisfies log d
w}\(é) <e= O(%),

n
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Algorithm 6 The pathwise optimization scheme for the proximal algorithms. We solve
the optimization problem using a geometrically decreasing sequence of regularization
parameters.

Input: Y, X, N, )‘[N]7 E[N}

1
Initialize: 6o < 0, Agj < [ VL(0)loo, 1 ¢ (%) .
For: K=1,...,N
AlK] S MAK 1] 9[(1(?] < Oy €] < €[N
(0)
(K

é[K] — PrOX—Alg <y,X,)\[K],9 },E[K])

End For
Return: 0y,

then we have:

16— 6%|]> = Op (m/s lzgd) and [|6— 0*[|s = Op <as*,/1"id> .

Moreover, we have

os*logd R \|y—Xé]|2
— L A

’(}g|:(9p( , where ¢ = n

Theorem 11 guarantees that the output solution 6 obtained from Algorithm 4 and
5 achieves the minimax optimal rate of convergence in parameter estimation [135,136].
Moreover, Theorem 11 implies that with sufficiently large regularization parameter, the

mean square error satisfies
1 A112 2
~ly - X613 = (o) > 0.

This guarantees that the obtained model is not overfitted, and the output solution is
far from the nonsmooth region of the /5 loss, i.e., the set {6 : y — X6 = 0} .

As can be seen in Algorithm 3, the pathwise optimization scheme starts with

XTy
Vnllyll2

MZWMWM:H

)
o0

which yields an all zero solution HA[O} = 0 (null fit). As the regularization parameter
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Output Solution for Ay

| Fast Convergence Region ‘ Overfitted Region

Figure 4.2: A geometric illustration for the fast convergence of the proximal algorithms.
The proximal algorithms combined with the pathwise optimization scheme suppress the
overfitting and yield sparse solutions along the solution path. Therefore, the nonsmooth
region of the /5 loss, i.e., the set {0 :y — X6 = 0}, is avoided, and LRSC, LRSS, and

LRHS enable the proximal algorithms to achieve fast convergence.

gradually decreases, the number of nonzero coordinates gradually increases. Throughout
stages, the regularization parameters are sufficiently large to suppress the overfitting and
yield sparse solutions along the solution path. Thus LRSC, LRSS, and LRHS are also
expected to hold along the entire solution path, and the proximal algorithms achieve
fast convergence. Note that when the design X is normalized, we have \g = O(d),

which implies that the total number N of regularization parameter satisfies
N = O(logd).

A geometric illustration of the pathwise optimization is provided in Figure 5.3.

4.5 Extension to CMR and SPME

We extend our algorithm and theory to calibrated multivariate regression (CMR, [116])

and sparse precision matrix estimation (SPME, [121]). Due to space limit, we only
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provide a brief discussion and omit the detailed theoretical deviation.
Extension to CMR. Recall that CMR solves
CMR 1 &
g = argmin— ||Y*k—X@*kHQ—I—)\CMRH@HLQ.
geRdxm \/ﬁ ;
Similar to SQRT-Lasso, we choose a sufficiently large Acmr to prevent overfitting. Thus,

we can expect

IYie — XOukll2 # 0 for all k=1,...,m,

and treat the nonsmooth loss of CMR as a differentiable function. Accordingly, we
can trim our algorithms and theory for the nonsmooth loss of CMR, and establish fast
convergence guarantees, as we discussed in §4.4.

Extension to SPME. [121] show that a d X d sparse precision matrix estimation prob-
lem is equivalent to a collection of d sparse linear model estimation problems. For each
linear model, we apply SQRT-Lasso to estimate the regression coefficient vector and the
standard deviation of the random noise. Since SQRT-Lasso is adaptive to imhomoge-
nous noise, we can use one singular regularization parameter to prevent overfitting for
all SQRT-Lasso problems. Accordingly, we treat the nonsmooth loss function in every
SQRT-Lasso problem as a differentiable function, and further establish fast conver-
gence guarantees for the proximal algorithms combined with the pathwise optimization

scheme.

4.6 Numerical Experiments

We compare the computational performance of the proximal algorithms with other com-
peting algorithms using both synthetic and real data. All algorithms are implemented in
C++ with double precision using a PC with an Intel 2.4GHz Core i5 CPU and 8GB mem-
ory. All algorithms are combined with the pathwise optimization scheme to boost the
computational performance. Due to space limit, we omit some less important details.

Synthetic Data: For synthetic data, we generate a training dataset of 200 samples,
where each row of the design matrix X;,is independently from a 2000-dimensional nor-
mal distribution N(0,3X) where X;; = 1 and Xj; = 0.5 for all k£ # j. We set s* = 3
with 07 = 3, 65 = —2, and 0} = 1.5, and 67 = 0 for all j # 1,2,4. The response vector
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Figure 4.3: The objective gap v.s. the number of iterations. We can see that the
Prox-GD (Left) and Prox-Newton (Right) algorithms achieve linear and quadratic con-
vergence at every stage respectively.

Table 4.2: Computational performance of Prox-GD on synthetic data under different
choices of variance o, the number of stages N, and the stopping criterion ey. The
training time is presented, where each entry is the mean execution time in seconds over
100 random trials. The minimal mean square error (MSE) is 2|y — Xé[K] |2, where é[K]
is the optimal solution that attains min Fy, () for all stages K =1,..., N

N EN Min. EN Min.
7 10 ° 0° 10°° MSE | ¢ 107 0" 10°° MSE
T | 03718 | 0.3721 | 0.3647 0.2850 | 0.2951 | 0.2886
0.1 [ 10 | 0.2749 | 0.2764 | 0.2804 | 0.0132 | 0.5 | 0.1646 | 0.1698 | 0.1753 | 0.3054
30 | 0.3364 | 0.3452 | 0.3506 0.2207 | 0.2247 | 0.2285
T | 02347 | 02478 | 02618 04317 | 0.4697 | 0.4791
1 [ 10 | 0.1042 | 0.1031 | 0.1091 | 1.1833 | 2 [ 0.1661 | 0.1909 | 0.2110 | 4.2197
30 | 0.2172 | 0.2221 | 0.2199 0.2701 | 0.2955 | 0.3134

Table 4.3: Timing comparison between multiple algorithms on real data. Each entry

is the execution time in seconds. All experiments are conducted to achieve similar

suboptimality.
Data Set SQRT-Lasso Lasso
A I Brox-GD | Newton | ADMM | ScalReg | CD | Alt.Min | PISTA
Greenhouse 5.812 1.708 1027.590 | 3180.747 | 14.311 99.814 5.113
DrivFace 0.421 0.426 18.879 124.032 3.138 17.691 0.414

is generated by y = X60* + ¢, where ¢ is sampled from N (0, 0°T).

We first show the fast convergence of the proximal algorithms at every stage of
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Table 4.4: Timing comparison between multiple algorithms for sparse precision matrix
estimation on biology data under different levels of sparsity recovery. Each entry is the
execution time in seconds. All experiments are conducted to achieve similar subopti-
mality. Here CD failed to converge and the program aborted before reaching the desired
suboptimality. Scalreg failed to terminate in 1 hour for Estrogen.

Sparsity Arabidopsis
Prox-GD | Newton | ADMM | ScalReg | CD | Alt.Min
1% 5.099 1.264 | 292.05 411.7 | 12.02 | 183.6
3% 6.201 2.088 339.2 426.1 18.18 217.7
5% 7.122 2.258 366.7 435.5 | 28.60 | 256.9
Sparsity Estrogen
1% 108.24 3.099 1597 >3600 | 136.2 | 634.2
3% 130.93 7.101 1846 >3600 | 332.0 | 662.2
5% 143.54 10.12 2029 >3600 | 588.4 | 739.5
Sparsity Lymph
1% 3.709 0.625 256.4 354.9 7.208 120.2
3% 4.819 0.905 289.1 355.3 | 10.51 | 130.6
5% 4.891 1.123 310.2 358.7 14.95 148.9
Sparsity Leukemia
1% 8.542 2.715 331.3 610.2 173.3 239.2
3% 10.562 3.935 384.7 766.1 | 174.3 | 285.1
5% 10.768 4.712 442.5 1274 288.9 | 333.6

Table 4.5: Timing comparison between multiple algorithms for calibrated multivariate
regression on synthetic and real data with different values of Ay. Each entry is the
execution time in seconds. All experiments are conducted to achieve similar subopti-
mality. Here CD failed to converge and the program aborted before reaching the desired
suboptimality.

Ay Synthetic (o = 1) DrivFace
Prox-GD | Newton | ADMM | CD | Prox-GD | Newton | ADMM | CD
\/log d/n 0.2964 0.0320 14.83 2.409 9.562 0.2186 158.9 12.77
2\/10g d/n 0.1725 0.0213 2.230 2.227 8.688 0.1603 129.4 20.42
4\/log d/n 0.0478 0.0112 1.868 1.366 1.824 0.0924 94.37 19.17
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the pathwise optimization scheme. Here we set ¢ = 0.5, N = 200, Ay = \/m,
ex =100 forall K =1,..., N. Figure 4.3 presents the objective gap versus the number
of iterations. We can see that the proximal algorithms achieves linear (prox-GD) and
quadratic (prox-Newton) convergence at every stage. Since the solution sparsity levels
are different at each stage, the slopes of these curves are also different.

Next, we show that the computational performance of the pathwise optimization
scheme under different settings. Table 4.2 presents the timing performance of Prox-GD
combined with the pathwise optimization scheme. We can see that N = 10 actually leads
to better timing performance than N = 1. We can also see that the timing performance
of Prox-GD is not sensitive to 0. Moreover, we see that the minimal residual sum of
squares along the solution path is much larger than 0, thus the overfitting is prevented
and the Prox-GD algorithm enjoys the smoothness of the ¢5 loss.

Real Data: We adopt two data sets. The first one is the Greenhouse Gas Observing
Network Data Set [137], which contains 2921 samples and 5232 variables. The second
one is the DrivFace data set, which contains 606 samples and 6400 variables. We
compare our proximal algorithms with ADMM in [118], Coordinate Descent (CD) in
[122], Prox-GD (solving Lasso) in [130] and Alternating Minimization (Alt.Min.) [119]
and ScalReg (a simple variant of Alt. Min) in [138]. Table 4.3 presents the timing
performance of the different algorithms. We can see that Prox-GD for solving SQRT-
Lasso significantly outperforms the competitors, and is almost as efficient as Prox-GD
for solving Lasso. Prox-Newton is even more efficient than Prox-GD.

Sparse Precision Matrix Estimation. We compare the proximal algorithms with
ADMM and CD over real data sets for precision matrix estimation. Particularly, we use
four real world biology data sets preprocessed by [139]: Arabidopsis (d = 834), Lymph
(d = 587), Estrogen (d = 692), Leukemia (d = 1,225). We set three different values for
An such that the obtained estimators achieve different levels of sparse recovery. We set
N =10, and eg = 10~ for all K’s. The timing performance is summarized in Table
4.4. Prox-GD for solving SQRT-Lasso significantly outperforms the competitors, and
is almost as efficient as Prox-GD for solving Lasso. Prox-Newton is even more efficient
than Prox-GD.

Calibrated Multivariate Regression. We compare the proximal algorithms with
ADMM and CD for CMR on both synthetic data and DrivFace data. For synthetic
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data, the data generating scheme is the same as [116]. Table 4.5 presents the timing
performance. Prox-GD for solving SQRT-Lasso significantly outperforms the competi-
tors, and is almost as efficient as Prox-GD for solving Lasso. Prox-Newton is even more
efficient than Prox-GD. CD failed to converge and the program aborted before reaching
the desired suboptimality.

4.7 Discussion and Conclusions

We show that although the loss function in the SQRT-Lasso optimization problem is
nonsmooth, we can directly apply the proximal gradient and Newton algorithms. When
further combined with the pathwise optimization scheme, these algorithms enjoy strong
guarantees. Our results corroborate that exploiting modeling structures of machine
learning problems is of great importance from both computational and statistical per-
spectives.

Moreover, we remark a gap in our computational theory. In Section 4.3, we prove
the restricted strong convexity, smoothness, and Hessian smoothness hold over a neigh-
borhood of 8*. However, to rigorously establish global fast convergence, we actually
need these conditions to hold along the solution path. We highly suspect that this
gap is only an artifact of our proof technique, because our empirical results show the
proximal algorithms indeed achieve fast convergence along the entire solution path of
the pathwise optimization. We will look for more powerful analytic tools and defer a

sharper characterization to the future effort.



Chapter 5

On Quadratic Convergence of DC

Proximal Newton Algorithm

5.1 Introduction

We consider a high dimensional regression or classification problem: Given n indepen-
dent observations {z;,y;}7_; C R? x R sampled from a joint distribution D(X,Y), we
are interested in learning the conditional distribution P(Y|X) from the data. A popular

modeling approach is the Generalized Linear Model (GLM) [140], which assumes

T p* T p*
P(Y|X;0%) x exp <YX 0 —P(X 6 )>,

c(o)

where ¢(0) is a scaling parameter, and 9 is the cumulant function. A natural approach
to estimate 6* is the Maximum Likelihood Estimation (MLE) [141], which essentially
minimizes the negative log-likelihood of the data given parameters. However, MLE
often performs poorly in parameter estimation in high dimensions due to the curse of
dimensionality [142].

To address this issue, machine learning researchers and statisticians follow Occam’s
razor principle, and propose sparse modeling approaches [115,120, 143-145]. These
sparse modeling approaches assume that * is a sparse vector with only s* non-zero
entries, where s* < n < d. This implies that only a few variables in X are essentially

relevant to modeling, which is actually very natural to many real world applications,
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such as genomics and medical imaging [116,146,147]. Numerous empirical results have
corroborated the success of sparse modeling in high dimensions. Sparse modeling ap-
proaches usually obtain a sparse estimator of #* by solving the following regularized

optimization problem,

0 = argmin £(0) + R, (0), (5.1)
HcRd

where £ : R — R is a twice differentiable convex loss function (e.g., negative log-
likelihood or pseudo-likelihood), Ry,,, : R? — R is a sparsity-inducing decomposable
regularizer, i.e., Ry, (0) = 2?21 Tage (07) With 7y R — R, and gy > 0 is the reg-
ularization parameter. Most of the existing sparse modeling approaches can be cast as
special examples of (5.1), such as sparse linear regression [120], sparse logistic regres-
sion [143], and sparse Poisson regression [144].

For convex regularizers, e.g., Rigt(0) = Aigt||0]]1 [120], we can obtain global op-
tima in polynomial time and characterize their statistical properties. However, convex
regularizers incur large estimation bias, since they induces too large penalty for the
coefficients with large magnitudes. To address this issue, several nonconvex regulariz-
ers are proposed, including the minimax concave penalty (MCP, [148]), smooth clipped
absolute deviation (SCAD, [149]), and capped ¢;-regularization [150]. The obtained
estimator (e.g., hypothetical global optima to (5.1)) can achieve faster statistical rates

of convergence than their convex counterparts in parameter estimation [134,151-153].

Related Work: Despite of these superior statistical guarantees, nonconvex regulariz-
ers raise greater computational challenge than convex regularizers in high dimensions.
Popular iterative algorithms for convex optimization, such as proximal gradient de-
scent [123,154] and coordinate descent [155-157], no longer have strong global conver-
gence guarantees for nonconvex optimization. Therefore, establishing statistical prop-
erties of the estimators obtained by these algorithms becomes very challenging, which
explains why existing theoretical studies on computational and statistical guarantees
for nonconvex regularized sparse modeling approaches are so limited until recent rise of
a new area named “statistical optimization”. Specifically, machine learning researchers
start to incorporate certain structures of sparse modeling (e.g. restricted strong convex-

ity, large regularization effect) into the algorithmic design and convergence analysis for
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nonconvex optimization. This further motivates a few recent progresses: [151] propose
proximal gradient algorithms for a family of nonconvex regularized estimators with a
linear convergence to an approximate local optimum with suboptimal statistical guar-
antees; [152,158] further propose homotopy proximal gradient and coordinate gradient
descent algorithms with a linear convergence to a local optimum with optimal statis-
tical guarantees; [150, 153] propose a multistage convex relaxation based (also known
as Difference of Convex (DC) Programming) proximal gradient algorithm, which can
guarantee an approximate local optimum with optimal statistical properties. The com-
putational analysis in [153] further shows that within each stage of the convex relaxation,
the proximal gradient algorithm achieves a (local) linear convergence to a unique sparse

global optimum for the relaxed convex subproblem.

Motivation: The aforementioned approaches only consider first order algorithms, such
as proximal gradient descent and proximal coordinate gradient descent. The second or-
der algorithms with theoretical guarantees are still largely missing for high dimensional
nonconvex regularized sparse modeling approaches, but this does not suppress the en-
thusiasm of applying heuristic second order algorithms to real world problems. Some
evidences have already corroborated their superior computational performance over first
order algorithms (e.g. glmnet [159] and picasso [160]). This further motivates our at-

tempt towards understanding the second order algorithms in high dimensions.

Our Contribution: We study a multistage convex relaxation based proximal Newton
algorithm for nonconvex regularized sparse learning [161]. This algorithm is not only
highly efficient in practice, but also enjoys strong computational and statistical guar-
antees in theory. Specifically, by leveraging a sophisticated characterization of local
restricted strong convexity and Hessian smoothness, we prove that within each stage of
convex relaxation, our proposed algorithm maintains the solution sparsity, and achieves
a (local) quadratic convergence, which is a significant improvement over the (local) lin-
ear convergence of the proximal gradient algorithm in [153] (See more details in later
sections). This eventually allows us to obtain an approximate local optimum with opti-
mal statistical properties after only a few number of convex relaxation stages. Numerical
experiments are provided to support our theory. To the best of our knowledge, this is
the first of second order based approaches for high dimensional sparse learning using

convex/nonconvex regularizers with strong statistical and computational guarantees.
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Organization: The rest of this paper is as follows: In Section 5.2, we introduce the ba-
sic assumptions of the objective function and our algorithm; In Section 5.3, we present
both statistical and computational theories that guarantee the convergence of our pro-
posed algorithm; In Section 5.4, we provide numerical experiments to support our theo-
ries; In Section 5.5, we detailedly explain why our second order algorithm is superior to
the existing first order algorithms in practice, and discuss the extensions of our method-
ology and theory to proximal sub-sampled Newton and Quasi-Newton algorithms; The
proof sketches of our theories are presented in Section 7.4.1; The technical lemmas and

supplementary materials are presented in Appendix.

Notations: Given a vector v € R% we denote the set of index for non-zero entries
as supp(v), the number of non-zero entries as [[v[lo = >_; 1(v; # 0), the p-norm as

lvll, = (Z;-lzl [vj|P)/P for a real p > 0, ||v]|oo = max;|v;|, and the subvector with the

J-th entry removed as v\; = (v1,...,0j—1,Vj41,- - ,vq)" € R Given an index set
AC{l,...d}, A={j|je{l,.,d}, j¢& A} is the complementary set to .A. We
use v4 to denote a subvector of v indexed by A. Given a matrix A € R¥™? we use

A, (Ags) to denote the j-th column (k-th row) and Amax(A) (Amin(A4)) as the largest
(smallest) eigenvalue of A. We define ||A|Z = > |Asj[13 and [|Afl2 = \/Amax(ATA).
We denote A\; ; as the submatrix of A with the i-th row and the j-th column removed,
Avij (A3 ;) as the j-th column (i-th row) of A with its i-th (j-th) entry removed,
and Ay 4 as a submatrix of A with both row and column indexed by A. If A is a
positive semidefinite matrix, we define ||v|4 = VT Av as the induced seminorm for
vector v. We use conventional notation O(-), (),0(-) to denote the limiting behavior,
ignoring constant, and Op(-) to denote the limiting behavior in probability. Cq,Co, ...

are denoted as generic positive constants.

5.2 DC Proximal Newton Algorithm

Throughout the rest of the paper, we assume: (1) £(f) is nonstrongly convex and

twice continuously differentiable, e.g., the negative of log-likelihood function for the
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generalized linear model (GLM); (2) £(0) takes an additive form, i.e.,

£O) =~ S 40)
=1

where each ¢;(0) is associated with an observation (z;,y;) for i = 1,...,n. Take GLM as

an example, we have

6:(0) = p(x] 0) — yiw] 0,

where 9 is the cumulant function.

For nonconvex regularization, we use the capped ¢; regularizer [150] defined as

d
Rorge (0) =D 71ge(65) = Aige Y min{[05], BAigt}, (5.2)
j 1

J=1 J=

where 3 > 0 is an additional tuning parameter'. Our algorithm and theory can also be
extended to the SCAD and MCP regularizers in a straightforward manner [148, 149].
As shown in Figure 5.1, 7y, (#;) can be decomposed as the difference of two convex

functions [132],

A(0;) = 65| — max{A|6;| — 8A?,0} .

convex convex

Figure 5.1: The capped ¢; regularizer is the difference of two convex functions. This
allows us to relax the nonconvex regularizer based the concave duality.

'The capped ¢1 regularizer is also independently proposed by [162] with a different name — “Truncated
¢1 Regularizer”.
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This motivates us to apply the difference of convex (DC) programming approach to
solve the nonconvex problem. We then introduce the DC proximal Newton algorithm,
which contains three components: the multistage convex relaxation, warm initialization,
and proximal Newton algorithm.
(I) The multistage convex relaxation is essentially a sequential optimization frame-
work [150]2. At the {K + 1}-th stage, we have the output solution from the previous
stage 615}, For notational simplicity, for all j = 1,...,d, we define a regularization

vector \IE+1} € RY ag
T ~
A = (AP where A < g1 (169 < By

Let ® be the Hadamard (entrywise) product. We solve a convex relaxation of (5.1) at

0 = 01K} as follows,

g = argmin Fy (41 (6), where Fyeon (6) = £(0) + INETY 0], (5.3)
feRd

where |MEH} @9, = Z?zl /\j{KH}\Hj]. One can verify that [AET1} @ 6| is essen-

tially a convex relaxation of Ry, (0) at 6 = 915} based on the concave duality in DC

programming.

Remark 4. We emphasize that g{K} denotes the unique sparse global optimum for
(5.3) (The uniqueness will be elaborated in later sections), and 01K} denotes the output
solution for (5.3) when we terminate the iteration at the K-th convex relaxation stage.

The stopping criterion will be explained later.

(IT) The warm initialization is the first stage of DC programming, which solves the

{1-regularized counterpart of (5.1),

7™ = argmin £(0) + Ag 1011 (5.4)
OcRd

This is an intuitive choice for sparse statistical recovery, since the ¢;-regularized esti-

mator can give us a good initialization, which is sufficiently close to *. Note that (5.4)

2The DC programming approach is also independently proposed by [162] as heuristics, and their
statistical theory is still based on the hypothetical global optima.
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equivalent to (5.3) with A;{l} = Mgt for all j = 1,...,d, which can be viewed as the
convex relaxation of (5.1) by taking 01°} = 0 for the first stage.

(IITI) The proximal Newton algorithm proposed in [124] is then applied to solve
the convex subproblem (5.3) at each stage, including the warm initialization (5.4). For
notational simplicity, we omit the stage index {K} for all intermediate updates of 6,
and only use (t) as the iteration index within the K-th stage for all K > 1. Specifically,
at the K-th stage, given ) at the t-th iteration of the proximal Newton algorithm, we

consider a quadratic approximation of (5.3) at 9 as follows,

Q(0;0W, AEY) = £(6W) + (6 — 6M) TV L(0W) + fue 0122 o0y + N @O,
(5.5)

where [|6 — 0|2 = (6 —0D)TV2L(0M) (6 — 61). We then take

V2L(00)) T
i+a) = argmin Q(6; 0, XKD,
0
Since £(0) = 1 377 | £;() takes an additive form, we can avoid directly computing the

d by d Hessian matrix in (5.5). Alternatively, in order to reduce the memory usage when

d is large, we rewrite (5.5) as a regularized weighted least square problem as follows

Q(0;0M N}y = Zw 2 4 A} © 6]]; + constant, (5.6)

where w;’s and z;’s are some easy to compute constants depending on o, Ei(e(t))’s,

x;’s, and y;’s.

Remark 5. Existing literature has shown that the ¢;-regularized quadratic problem in
(5.6) can be efficiently solved by coordinate descent algorithms in conjunction with the

active set strategy [158]. See more details in [159] and Appendix 7.4.2.

For the first stage (i.e., warm initialization), we require an additional backtracking

line search procedure to guarantee the descent of the objective value [124]. Specifically,
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we denote
AQWD — plt+3) _ (1)

Then we start from 7, = 1 and use a backtracking line search procedure to find the
optimal 7, € (0,1] such that the Armijo condition [163] holds. Specifically, given a
constant p € (0.9,1), we update 1, = p? from ¢ = 0 and find the smallest nonnegative
integer ¢ such that

Faor (09 + 9. 000) < Fy 0y (09) + amerys,

where a € (0, 1) is a fixed constant and

.
w=VL (9@)) A0 1 A e (9“) + M(t)) = A @00,

We then set 0(+1 ag 941 = () 4, AG®) and terminate the iterations for the smallest
t when the following approximate KKT condition holds:

wa (69) = min VLEOY) AT O gl < e
where ¢ is a predefined precision parameter. Then we set the output solution as
611} = 9. Note that 611} is then used as the initial solution for the second stage
of convex relaxation (5.3). The proximal Newton algorithm with backtracking line
search is summarized in Algorithm 7.

Such a backtracking line search procedure is not necessary at K-th stage for all
K > 2. In other words, we simply take n; = 1 and 00¢+D) = 9) 4 Ag() = o(t+3) for
all t > 0 when K > 2. This leads to more efficient updates for the proximal Newton
algorithm from the second stage of convex relaxation (5.3). We summarize our proposed

DC proximal Newton algorithm in Algorithm 8.
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Algorithm 7 Proximal Newton Algorithm (ProxNewton)

Input: 0(0), Atgts €
Initialize: ¢ < 0, A" Mg, ¢ 0.9, a ¢ 1
Repeat:
fl+3) argming Q(6; 0®, A1)
AO®)  glt+3) _ p(®)
v VL (g(t))T CAPWD 4 H)\{l} ® (g(t) + Ag(t)) I — ”)\{1} ® 6)(t)H1
n—1,qg+0
Repeat:
ne < pd
qg+—q+1
Until Fyy (09 + 5 A00) < Fyy (09) + ameye
9t — 9 4, AG®)
t—t+1
Until w)\{l}(Q(t)) <e
Return: 6.

Algorithm 8 DC Proximal Newton Algorithm
Input: é{o}’ Aigts B, €
Warm Initialization: 6{1} « ProxNewton(é{O}, Atgt, €), K 1
Repeat:
\ES1) { 0, if |9§K}’ > BAtgt
/ Atgt, if |93{-K}’ < BAgt
£ 0, 60 = §ii)
Repeat:
6(t+1) « argming Q(6; 8 NE+1}
t+—t+1
Until OJ)\{K+1}(9(t)) <e¢
PIE+1} ()
K+ K+1
Until Convergence
Return: 915},

5.3 Computational and Statistical Theories

Before we present our theoretical analysis, we first introduce some preliminaries, includ-
ing important definitions and assumptions. We define the largest and smallest s-sparse

eigenvalues of the Hessian matrix as follows.
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Definition 9. Given any positive integer s, we define the largest and smallest s-sparse

eigenvalues of V2£(#) as

T2 T2
f = sup v' VL(O)v and p- = inf v V/L(@)v.

p
CRRY lollo<s  vTw

l[vllo<s
Moreover, we define ks = pi/p; as the s-sparse condition number.

The sparse eigenvalue (SE) properties are widely studied in high dimensional sparse
modeling problems, and are closely related to restricted strong convexity/smoothness
properties and restricted eigenvalue properties [134, 164-166]. For notational conve-
nience, given a parameter #c R? and a real constant R > 0, we define a neighborhood

of 8 with radius R as
B0, R)= {6 cR! | ] —0ll> < R}.

Our first assumption is for the sparse eigenvalues of the Hessian matrix over a sparse

domain.

Assumption 1. Given 0 € B(6*, R) for a generic constant R, there exists a generic

constant Cj such that V2£(0) satisfies the SE properties with parameters p_. 405 and

p:* o5 satisfying
— Jr . ~ 2 o Jr —
0 < Pgeioz < Povyos < +oo with 2> Cokgeioz s° and  Ke125 = Pl 95/ Pge 05

Assumption 1 requires that V2£(6) has finite largest and positive smallest sparse
eigenvalues, given that 6 is sufficiently sparse and close to 6*. Similar conditions
are widely applied in the analyses of efficient algorithms for solving high dimensional
learning problems, such as proximal gradient and coordinate gradient descent algo-
rithms [130, 145, 152,158,167]. A direct consequence of Assumption 1 is the restricted
strong converity/smoothness of L£(#) (RSC/RSS, [142]). Given any 0,6 € R?, the
RSC/RSS parameter can be defined as

5(0",0)=L(0") — L(0) —VLEO) (0 — ).
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For notational simplicity, we define
S={j|0;#0}and S={j | 0; =0}.

The following proposition connects the SE properties to the RSC/RSS property.

Proposition 2. Given 0,0" € B(6*, R) with ||f5]o < § and [|05[o < 5, £(0) satisfies

1 _ 1
5P s2sll0 — 0113 < 8(0',0) < 5 pl 510" — 01,

The proof of Proposition 2 is provided in [142], and therefore is omitted. Proposition
2 implies that £(0) is essentially strongly convex, but only over a sparse domain (See
Figure 5.2).

The second assumption requires V2£(6) to be smooth over the sparse domain.

Assumption 2 (Local Restricted Hessian Smoothness). Recall that § is defined in
Assumption 1. There exist generic constants Lg+i25 and R such that for any 6,60" €
B(6", R) with [|65]lo < 5 and [|6%][lo < 5, we have

sup v (V2L(O') — V2L(0))v < L2510 — 012,
veEQ, [jv|l2=1

where © = {v | supp(v) C (supp(6) Usupp(#"))}.

Assumption 2 guarantees that V2£(6) is Lipschitz continuous within a neighborhood
of 0* over a sparse domain. The local restricted Hessian smoothness is parallel to the
local Hessian smoothness for analyzing the proximal Newton method in low dimensions
[124], which is also close related to the self-concordance [131] in the analysis of Newton
method [132].

In our analysis, we set the radius R as

_ Peri2;
R_72Ls*+25 ) (5.7)

Note that 2R = 25%2; is the radius of the region centered at the unique sparse global

minimizer of (5.3) for quadratic convergence of the proximal Newton algorithm, which
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Restricted Strongly Convex

|

Nonstrongly Convex —

Figure 5.2: An illustrative two dimensional example of the restricted strong convexity.
L(0) is not strongly convex. But if we restrict # to be sparse (Black Curve), £(0)
behaves like a strongly convex function.

will be further discussed later. This is parallel to the convergent radius in low dimensions
[124], except that we restrict the parameters over the sparse domain.

The third assumption requires Ayt to be chosen appropriately.

Assumption 3. Given the true modeling parameter 6%, there exist generic constant

(1 such that

logd
n

Mgt = C1 > 4[[VL(O") ] co-

Moreover, for large enough n, we have
V8§ Agt < CaRpgios.

Assumption 3 guarantees that the regularization is sufficiently large to eliminate
irrelevant coordinates such that the obtained solution is sufficiently sparse [133,134].
In addition, Mg can not be too large, which guarantees that the estimators are close
enough to the true model parameter. The above assumptions are deterministic. We
will verify these assumptions under GLM in the statistical analysis.

Our last assumption is on the predefined precision parameter ¢ as follows.

Assumption 4. For each stage of solving the convex relaxed subproblem (5.3) for all

K > 1, we set

C A
e = 23 < 28t

Ve

for some generic small constant Cs.

Assumption 4 guarantees that the output solution 61K} at each stage for all K > 1

has a sufficient precision, which is critical to our convergence analysis of multistage
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convex relaxation.

5.3.1 Computational Theory

We first characterize the convergence for the first stage of our proposed DC proximal

Newton algorithm, i.e., the warm initialization for solving (5.4).

Theorem 12 (Warm Initialization, K = 1). Suppose that Assumptions 1 ~ 4 hold
with R defined in (5.7). After sufficiently many iterations 7' < oo, the following results
hold for all ¢t > T

(t) _ g+ (t) o 1BAZs”
[0V — 0%l < R and Fyuy(0') < Fyyy (0°) + ——,
4pge 05

which further guarantee

- —{1 Lgyo5 =11
m=1, 0] <5 and 00D — 5, < S o o3,
s*+25

where 80 is the unique sparse global minimizer of (5.4) satisfying Hg{gl }Hg < § and

1
O.))\{l}(a{ }) = 0. Moreover, we need at most

T +loglog (3p) 1 5/¢)

iterations to terminate the proximal Newton algorithm for the warm initialization (5.4),

where the output solution 011} satisfies

18AtgtV/5*

106" 0 < 5 @) <& and [0 -7 < =
s*+4-28

The proof of Theorem 12 is provided in Appendix 7.4.1. Theorem 12 implies:

(1) The objective value is sufficiently small after finite T" iterations of the proximal
Newton algorithm, which further guarantees solutions to be sparse as well as good

computational performance in all follow-up iterations.

(2) The solution enters the ball B(6*, R) after finite T iterations. Combined with the

sparsity of the solution, it further guarantees that the solution enters the region of
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quadratic convergence. Thus the backtracking line search stops immediately and

output n; =1 for all t > T.

(3) The total number of iterations is at most O(T" + loglog(1/¢)) to achieve the ap-
proximate KKT condition wj ) () < &, which serves as the stopping criterion

of the warm initialization (5.4).

Remark 6. To eliminate the notational ambiguity, we emphasis again the difference
between 81 and §(1: ™ is the unique sparse global minimizer of (5.4) that satisfies
the KKT condition, i.e., W)\{l}(g{l}) = 0; 61 is the output solution of Algorithm 7
that satisfies the approximate KKT condition, i.e., wy (é{l}) < ¢ for some predefined
e > 0. Notations g{K} and 015} with the same interpretations above are also used for

later stages K > 2.

Given these good properties of the output solution 611} obtained from the warm
initialization, we can further show that our proposed DC proximal Newton algorithm
for all follow-up stages (i.e., K > 2) achieves better computational performance than
the first stage. This is characterized by the following theorem. For notational simplicity,
we omit the iteration index { K} for the intermediate updates within each stage for the

multistage convex relaxation with K > 2.

Theorem 13 (Stage K, K > 2). Suppose Assumptions 1 ~ 4 hold with R defined in
(5.7). Then within each stage K > 2, for all iterations t = 1,2, ..., we have

1690 <5 and [|6D —6*|2 < R,
which further guarantee

me=1, 000 — g5y < 25525 100 U ang 0 (00H)) < Fypo (00),
s*4+28

where 857 is the unique sparse global minimizer of (5.3) at the K-th stage satisfying

”E{g{}”o < § and w/\{K}(g{K}) = 0. Moreover, we need at most

loglog (3p7 55/€)-
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iterations to terminate the proximal Newton algorithm for the K-th stage of convex
relaxation (5.3), where the output solution §{5} satisfies ||9A§K}||o < 5, wy (0K <

€, and

105 — 0%[l2 < Cy | IVL(O)sl2 + Atgr, [ D LU0 < BAege) + Vs

JjES

+ 50751161 — %5,

for some generic constants Cy and Cj.

e —

—enm———

Neighborhood of 6* : B(6%,R) // coeEEes < \\\ .
plo) L N
Initial Solution for Warm Initialization : . O\
Output Solution for Warm Initialization 1},"' ‘ \
L ;! ."é{z} ’."“"'\\ -\
Output Solution for the 2" Stage | ~E |
: N HI !
= ! Sea o |
. N e _
Output Solution for the Last Stage — = - 7" G . ) !
P W . \‘.\ ‘_-." Ll '/ y
( A Region of Quadratic Convergence \'\‘\ . o P
'\ /‘/ . \ » ) ‘_,'/’/
N A ~ T - o

Figure 5.3: A geometric interpretation of local quadratic convergence: the warm initial-
ization enters the region of quadratic convergence (orange region) after finite iterations
and all follow-up stages remain in the region of quadratic convergence. The final es-
timator #157} has a better estimation error than the estimator #{1} obtained from the
convex warm initialization.

The proof of Theorem 13 is provided in Appendix 7.4.1. A geometric interpretation
for the computational theory of local quadratic convergence for our proposed algorithm
is provided in Figure 5.3. Within each stage of the convex relaxation (5.3) for all K > 2,

Theorem 13 implies:

(1) The algorithm maintains a sparse solution throughout all iterations ¢ > 1. The
sparsity further guarantees that the SE properties and local restricted Hessian

smoothness hold, which are necessary conditions for the fast convergence of the
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proximal Newton algorithm.

(2) The solution is maintained in the region B(6*, R) for all t > 1. Combined with the
sparsity of the solution, we have that the solution enters the region of quadratic
convergence. This guarantees that we only need to set the step size 7, = 1 and
the objective value is monotone decreasing without the sophisticated backtracking
line search procedure. Thus, the proximal Newton algorithm enjoys the same fast

convergence as in low dimensional optimization problems [124].

(3) With the quadratic convergence rate, the number of iterations is at most
O(loglog(1/¢)) to attain the approximate KKT condition w,(xy (0®)) < ¢, which

is the stopping criteria at each stage.

5.3.2 Statistical Theory

Recall that our computational theory relies on deterministic assumptions (Assump-
tions 1 ~ 3). However, these assumptions involve data, which are sampled from certain
statistical distribution. Therefore, we need to verify that these assumptions hold with
high probability under mild data generation process (e.g., GLM) in high dimensions in

the following lemma.

Lemma 3 (GLM). Suppose that z;’s are i.i.d. sampled from a zero-mean distribution

with covariance matrix Cov(x;) = X such that 0o > cpax > Amax(X) > Anin(X) >
cmin > 0, and for any v € R% v'z; is sub-Gaussian with parameter at most al|v]|3,
where ¢max, Cmin, and a are generic constants. Moreover, for some constant My, > 0, at

least one of the following two conditions holds:

(1) The Hessian of the cumulant function ¢ is uniformly bounded: ||¢)”||oc < My, or

(2) The covariates are bounded ||z;||c < 1, and

E[Hi}fwﬂ(xT‘g*) +ul’] < My for some p > 2.

Then Assumptions 1 ~ 3 hold with high probability.

The proof of Lemma 3 is provided in Appendix 7.4.5. Given that these assumptions
hold with high probability, the computational theory holds, i.e., the proximal Newton
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algorithm attains quadratic rate convergence within each stage of convex relaxation
with high probability. We then further establish the statistical rate of convergence for

the obtained estimator in parameter estimation.

Theorem 14. Suppose the observations are generated from GLM satisfying the con-
ditions in Lemma 3 for large enough n such that n > Cys*logd and 5 = C5/cpin is a
constant defined in (5.2) for generic constants Cy and Cjs, then with high probability,

the output solution 01K} satisfies

Hé{K} —0*||2 < Cg /i + /5/ logd + C70.7K /s* logd
- n n n

for generic constants Cs and C7, where s’ = >~ s 1(|07] < BAtgt)-

Theorem 14 is a direct result combining Theorem 13 and the analyses in [150]. As
can be seen, s is essentially the number of non-zero 6;’s with smaller magnitudes than
BAtgt, which are often considered as “weak” signals. Theorem 14 essentially implies that
by exploiting the multi-stage convex relaxation framework, our DC proximal Newton
algorithm gradually reduces the estimation bias for “strong” signals, and eventually
obtains an estimator with better statistical properties than the £;-regularized estimator.

Specifically, let K be the smallest integer such that after K stages of convex relaxation

C-0.7% \/8* 0gd < Cg max \/i*\/S,logd
Y. n > L6 TL’ n 9

which is equivalent to requiring K= O(loglog d). This implies the total number of the

we have

proximal Newton updates is at most
O (T +loglog(1/e) - (1 4+ loglogd)) .

In addition, the obtained estimator attains the optimal statistical properties in param-

eter estimation:

A{f{}_ * < i Sllogd A1} e < S*IOgd
10 9”2—0P(‘/n+’/ - ) vs. |é eyyZ_OP(@/ = ) (5.8)
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Recall that §{} is obtained by the warm initialization (5.4). As illustrated in Figure 5.3,

this implies the statistical rate in (5.8) for [|[#{5} — 6%||, obtained from the multistage
convex relaxation for the nonconvex regularized problem (5.1) is a significant improve-
ment over [|§{'} — *||y obtained from the convex problem (5.4). Especially when s’

is small, i.e., most of non-zero 0;’s are strong signals, our result approaches the oracle

bound® Op(y/s*/n) [149] as illustrated in Figure 5.4.

n

Slow Bound: Convex Op ( s'logd )

Estimation Error ||§”q -0,

Oracle Bound: Op (\/%)

Percentage of Strong Signals *3°

Figure 5.4: An illustration of the statistical rates of convergence in parameter esti-
mation. Our obtained estimator has an error bound between the oracle bound and the
slow bound from the convex problem in general. When the percentage of strong signals
increases, i.e., s’ decreases, then our result approaches the oracle bound.

5.4 Experiments

We compare our DC Proximal Newton algorithm (DC+PN) with two competing algo-
rithms for solving nonconvex regularized sparse logistic regression problems.They are
accelerated proximal gradient algorithm (APG) implemented in the SPArse Modeling
Software (SPAMS, coded in C++, [168]), and accelerated coordinate descent (ACD) algo-
rithm implemented in R package gcdnet (coded in Fortran, [169]). We further optimize

the active set strategy in gcdnet to boost its computational performance. To integrate

3The oracle bound assumes that we know which variables are relevant in advance. It is not a realistic
bound, but only for comparison purpose.
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these two algorithms with the multistage convex relaxation framework, we revise their
source code.

To further boost the computational efficiency at each stage of the convex relaxation,

, we apply the pathwise optimization for all algorithms [158,159]. Specifically, we use

M

a geometrically decreasing sequence of regularization parameters {)\[m] = Oém)\[o]}m:l,

where o € (0,1) is a shrinkage ratio, and Aig = Appy)- For each Ap,), we apply the
corresponding algorithm (DC+PN, DC+APG, and DC+ACD) to solve the nonconvex
regularized problem (5.1). The value of Ay is chosen to be the smallest value such
that the corresponding solution is zero. Moreover, we initialize the solution for a new
regularization parameter A, ;1) using the output solution obtained with A,). Such a
pathwise optimization scheme has achieved tremendous success in practice [159,170,171],
and we refer [158] for more involved theoretical analysis.

All three algorithms are compared in wall clock time and objective values with
Atgt = i\/logm. Our DC Proximal Newton algorithm is implemented in C with
double precisions, and called from R by a wrapper. Our comparison contains 3 datasets:
“madelon” (n = 2000,d = 500, [172]), “gisette” (n = 2000,d = 5000, [172]), and two
simulated datasets: “sim_1k” and “sim_10k”. For the simulated data sets, we choose
n = 1000 and d = 5000, and generate each x; independently from a d-dimensional
normal distribution A (0, %), where X, = 0.5=* for all j,k = 1,...,d. We generate
y ~ Bernoulli(1/[1 + exp(—x; 6*)]), where 6* has all 0 entries except randomly selected

20 entries. The non-zero entries are independently sampled from U(0, 1).

Table 5.1: Quantitive timing comparisons for on nonconvex-regularized sparse logis-
tic regression. DC+PN denotes our proposed DC proximal Newton algorithm; ACD
denotes the coordinate descent algorithm combined with the active set strategy; APG
denotes the accelerated proximal gradient algorithm. The average values and standard
errors (in parentheses) of timing performance (in seconds) are presented.

madelon gisette sim_1k sim_10k
DCLPN 1.51(£0.01)s 5.35(+0.11)s 1.07(£0.02)s 8.82(+0.04)s
obj value: 0.52 | obj value: 0.01 | obj value: 0.01 | obj value: 0.01
DC+ACD 5.83(£0.03)s | 18.92(£2.25)s | 9.46(+0.09) s | 19.1(£+0.56) s
obj value: 0.52 | obj value: 0.01 | obj value: 0.01 | obj value: 0.01
DOLAPG 1.60(+0.03)s 207(+2.25)s 17.8(£1.23) s | 222(£5.79) s
obj value: 0.52 | obj value: 0.01 | obj value: 0.01 | obj value: 0.01
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The experiments are performed on a personal computer with 2.6GHz Intel Core i7
and 16GB RAM. For each algorithm and dataset, we repeat the algorithm 10 times
and we report the average values and standard errors of the wall clock time in Table
5.1. The stopping criteria for each algorithms are tuned such that they attains similar
optimization errors. As can be seen in Table 5.1, our DC Proximal Newton algorithm
significantly outperforms the competing algorithms in terms of the timing performance.
We then illustrate the quadratic convergence of our DC proximal Newton algorithm
within each stage of convex relaxation using the “sim” datasets. Specifically, we provide
the plots of gap towards the optimal objective of the K-th stage, i.e., log(F)x} (6®) —
Frix) (g{K})), for K =1,2,3,4 in a single simulation in Figure 5.5. We see that our DC

proximal Newton algorithm achieves quadratic convergence, which is consistent with

our theory.
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Figure 5.5: Timing comparisons in wall clock time. Our DC proximal Newton algo-
rithm demonstrates superior quadratic convergence (consistent with our theory), and
significantly outperforms the DC proximal gradient algorithm.

5.5 Discussions and Future Work

We first provide detailed discussions on the superior performance of our DC proximal
Newton in our experiment, and then discuss potential variants — DC proximal sub-

sampled Newton or Quasi-Newton algorithm.
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5.5.1 Drawbacks of first order algorithms

There exist two major drawbacks of existing multi-stage convex relaxation based first

order algorithms:

(1)

(2)

The first order algorithms have significant computational overhead in each iter-
ation, e.g., for GLM, computing gradients requires frequently evaluating the cu-
mulant function and its derivatives. This often involves extensive non-arithmetic
operations such as log and exp functions, which naturally appear in the cumulant
function and its derivates and are computationally expensive. To the best of our
knowledge, even if we use some efficient numerical methods for calculating exp
in [173,174], the computation still needs at least 10 — 30 times more CPU cycles
than basic arithmetic operations, e.g., multiplications. Our proposed DC Proximal
Newton algorithm cannot avoid calculating the cumulant function and its deriva-
tives, when computing quadratic approximations. The computation, however, is

much less intense, since the convergence is quadratic.

The first order algorithms are computationally expensive with the step size selec-
tion. Although for certain GLM, e.g., sparse logistic regression, we can choose the

step size parameter as
1 n
~ AL T
N~ A ax —E xix; |-
n-
=1

However, such a step size often leads to very poor performance. In contrast, as
our theoretical analysis and experiments suggest, the proposed DC proximal New-
ton algorithm needs very few line search steps, which saves much computational

efforts.

Some recent papers on proximal Newton or inexact proximal Newton also demon-

strate local quadratic convergence guarantees, such as [175,176]. However, their condi-

tions are much more stringent than the SE properties in terms of the dependence on the

problem dimensions. Specifically, their quadratic convergence can only be guaranteed

on a much smaller ball/neighborhood. For example, the constant nullspace strong con-

vexity in [175], which plays the same role as the smallest sparse eigenvalue p_. 4oz in our

analysis, is as small as 1/d. Thus, they can only guarantee the quadratic convergence



97
in a region with radius O(1/d), which is very small in high dimensions. However, in our
analysis, p_._ ,; can be a constant, which is (almost) independent of d [142] and much
larger than O(1/d). A similar issue that the quadratic region is too small exists in [176]

as well.

5.5.2 Extension to sub-sampled or Quasi-Newton algorithms

Our methodology can be further extended to proximal sub-sampled Newton or Quasi-
Newton algorithms using either BFGS-type or subsampled Hessian matrices. Taking the
Proximal sub-sampled Newton algorithm as an example, we replace the Hessian matrix
with an approximate Hessian matrix in each proximal Newton iteration. Suppose that
at the t-th iteration of the K-th stage, we randomly select a mini-batch xX® c {1,...,n}
of m samples from the data with equal probability (i.e., |[X¥®)] = m). We then consider

an alternative quadratic approximation

Q(Q; 9(15)7 )\(K), X(t))

1
=LOW)+ (0 —0NTTLOD) + 50— emlléwm + A5 o0, (5.9)

7X(t))

where H(6®), X®) is the subsampled Hessian matrix

AW, x0) = L S v2(00).
M e

By exploiting the additive nature of £(6), we can further rewrite (5.9) as

R 1
Q(0; 0 N x®y = — Z wi(z] 0)2 + "0 + |ME © 6]y + constant,  (5.10)
iex(®)

where g € R% and w; € R for all i € X®) are some easy to compute constants depending
on 0B, £;(0®)s, z;’s, and y;’s. Similar to (5.6), (5.10) only requires O(md) memory
usage and can be efficiently solved by coordinate descent algorithms in conjunction
with the active set strategy, soft thresholding, and residual update. See more details
in Appendix 7.4.2. Note that the line search procedure is needed for the proximal

sub-sampled Newton algorithm throughout all iterations and stages.
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The sub-sampled Hessian matrices preserve the spectral behaviors when the batch
size m is large enough (e.g. m = Q(s*logd)). Thus, restricted strong convexity, smooth-
ness, and Hessian smoothness hold, and similar theoretical results are expected to hold.
A major difference is that we get slower convergence (e.g. superlinear or linear depending
on the batch size m) instead of quadratic convergence. This is a fundamental trade-
off between Proximal Newton and proximal sub-sampled Newton (or Quasi-Newton)

algorithm in both low and high dimensions. We will leave this for further investigation.



Chapter 6

Global Optimization Landscape
of Nonconvex Matrix

Factorization

6.1 Introduction

We consider a low-rank matrix estimation problem. Specifically, we want to estimate
M* € R™™ with rank(M*) = r < min{n, m} by solving the following rank-constrained
problem

H}Vi[n f(M) subject to rank(M) <r, (6.1)

where f : R"*™ — R is usually a convex and smooth loss function. Since solving (6.1)
has been known to be NP-hard in general, significant efforts have been also devoted to

studying a convex relaxation of (6.1) as follows,
m]\/i[n f(M) subject to ||M]||. <, (6.2)

where 7 is a tuning parameter and || M]||. is the sum of all singular values of M, also
known as the nuclear norm [177-180].

Although there have been a number of algorithms proposed for solving either (6.1)

99
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or (6.2) in existing literature [181-183|, all these algorithms are iterative, and each
iteration needs to calculate a computationally expensive Singular Value Decomposition
(SVD), or an equivalent operation for finding the dominant singular values/vectors.
This is very prohibitive for large-scale problems. In practice, most of popular heuristic
algorithms resort to factorizing M to a product of smaller matrices, i.e, M* = UV T,
where U € R™" and V € R™*", also known as the factorized form. Then instead of

solving (6.1) or (6.2), we solve the following nonconvex problem

XeRnxril,igleme FXYT), (6.3)
where scalable algorithms can iteratively update X and Y very efficiently. The
reparametrization of the low rank matrix in (6.3) is closely related to the Burer-
Monteiro factorization for semidefinite programing in existing literature. See more
details in [184,185].

Tremendous progress has been made to provide theoretical justifications of the
popular nonconvex factorization heuristic algorithms for general classes of functions
[186-190]. A wide family of problems can be cast as (6.3). Popular examples include
matrix sensing [186,188,191-194], matrix completion [195-200], (sparse) principle com-
ponent analysis (PCA) [201-204], and factorization machine [205,206]. Recent efforts
are also made when the observation is a superposition of low-rank and sparse ma-
trices [207,208]. Moreover, extensions to low-rank tensor estimation and its related
problems, such as independent component analysis (ICA) and topic modeling, are also
studied [199,209-211].

The factorized form M = XY T makes (6.3) very challenging to solve. First, it yields
infinitely many nonisolated saddle points because of the existence of invariant rotation
group. For example, if some (X, Y) pair is a saddle point, then for any orthogonal matrix
d € R, ie., @07 = I, (X®,Y®) is also a saddle point since XY T = X®(Y ).
For the same reason, there exist infinitely many local/global minima as well for r > 1.
Second, although f(M) is convex on M, f(XYT) is not jointly convex in X and Y
(even around a small neighborhood of a global optimum). To address these challenges,
various techniques are developed recently. Extensive contemporary works focus on the

local convergence rate analysis based on local geometric properties of the optimization
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problem using generalization of convexity/smoothness of f, such as local regularity
condition [192,198,212,213] and local descent condition [188,207]. However, careful
initialization is required in this type of approaches. Another line of works on solving
the factorized problem (6.3) focus on the optimality conditions that guarantees global
convergence using random initialization [193,199]. However, since only partial results
on the landscape of optimization are discussed, e.g., only stationary points (i.e., saddle
points and local minima) are characterized without discussing their neighborhood or the
rest region of the parameter space, no explicit global convergence rate can be guaranteed.

In addition to the approaches discussed above, another more clear yet more chal-
lenging scheme is to characterize the global landscape of the nonconvex optimization
problem, based on which the global convergence analysis becomes possible. Without
further distinction, we use “landscape” to denote the the geometry of the objective
function in the optimization problem, i.e., the characterization of all stationary points
and the explicit geometry of the objective function on the entire parameter domain (e.g.,
the characterization of regions Ri, Re, and R3 defined below). Nevertheless, there
are few works that discuss the global landscape of the nonconvex optimization (6.3)
in such an explicit manner. One of the earliest works that study the global landscape
of nonconvex optimization in this sense is on the phase retrieval problem [214], which
can be viewed as a special case of (6.3). Such global landscape on optimization can
further help provide global convergence rate analysis using popular iterative algorithms
without careful initialization [187,214-216]. However, existing works have not discussed
the intrinsic reasons of difficulties that present in the nonconvex matrix factorization
problems, e.g., the generation of saddle points.

To shed light on the nonconvex matrix factorization problems (6.3), our study here
consists of two major parts to answer two questions of our interest [217]: (I) Why are
there saddle points and how to identify them effectively? (II) How do the saddle points
impact the geometry of the optimization problem? To answer the first question, we
study a generic theory for characterizing the landscape of a general class of functions
with underlying symmetric structures. Based on a new symmetry principle, we iden-
tify stationary points for those functions with invariant groups, which characterizes the
underlying principle of generating saddle points in nonconvex matrix factorization prob-

lems. Moreover, we characterize the null space of the Hessian matrices of the stationary
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points via the tangent space. We further provide concrete examples to demonstrate
our proposed theory. To the best of our knowledge, this is the first effort to provide a
generic framework for characterizing geometric properties of a large class of functions
with symmetric structure.

To answer the second question, we establish a comprehensive analysis for global
landscape of the low-rank matrix factorization problem based on our proposed generic
theory. Specifically, we consider a symmetric positive semidefinite (PSD) matrix M* =

UUT = 0, and solve the following problem

1
min F(X), where F(X) = ~||M* — XX |2 (6.4)
XeRnXr 4

Here we only consider the PSD matrix for simplicity, and the extension to the general
rectangular case is straightforward (see more details in Section 6.2). Though (6.4) has
been viewed as an important foundation of many popular matrix factorization problems
such as matrix sensing and matrix completion, the global landscape of F(X) in (6.4) is
not very clear yet. Based on our generic theory, we explicitly identify all saddle points
and global minima of F(X). Further, we show that the entire parameter space can be

described as one the three regions as follows.

(R1) The region that contains neighborhoods of all saddle points, where any associated
Hessian matrix of the objective has negative eigenvalues. This so-called strict
saddle property guarantees that many commonly used iterative algorithms cannot

not be trapped in those saddle points.

(R2) The region that contains neighborhoods of all global minima, where the objective
is only strongly convex along certain trajectories, otherwise is nonconvex, unless

r = 1. We specify these directions explicitly, along which F(X) is strongly convex.

(R3) The complement of regions R and Ry in R™*" where the gradient has a suffi-
ciently large norm. Together with R and Rg, a convergence of (6.4) to a global
minimum is guaranteed for many commonly used iterative algorithms without

special initializations.

Moreover, we further connect our analysis on (6.4) to the matrix sensing problem,

which can be considered as a perturbed version of (6.4). Using a suboptimal sample



103
complexity, we establish analogous global geometric properties to (6.4) for the matrix
sensing problem. These strong geometric properties imply the convergence to a global
minimum of the matrix factorization problem in polynomial time without careful initial-
ization for several popular iterative algorithms, such as the gradient descent algorithm,
the noisy stochastic gradient descent algorithm, and the trust-region Newton’s algo-
rithm.

After the initial release of our paper, several concurrent and follow-up works have
appeared. In specific, [218] extend our analysis to the general rectangular matrices using
the lifting formulation and achieve analogous results to ours. Another related work
is [219], which provide a unified geometric analysis based on the strict saddle property
for several popular nonconvex problems, including matrix sensing, matrix completion,
and robust PCA. By partially applying the result in [219], we further demonstrate a
sharper result for matrix sensing in terms of the sample complexity, with some sacrifice
in the properties of the optimization landscape as a tradeoff. Further discussions will
be provided in Section 6.3.3 and 6.5.1.

The rest of the paper is organized as follows. In Section 6.2, we provide a generic
theory of identifying stationary points and the null space of their Hessian matrices, along
with several concrete examples. In Section 6.3, a global geometric analysis is established
for the low-rank matrix factorization problem. In Section 6.4, we extend the analysis to
the matrix sensing problem, followed by a further discussion in Section 6.5. All proofs
are deferred to Appendix.

Notation. Given an integer n > 1, we denote [n] = {1,...n}. Let O, = {¥ €
R™>" . WU = UTW = [} be the set of all orthogonal matrices in R™*". Given a
matrix A € R™™ and a subspace £ € R", let Pz(A) be the orthogonal projection
operation of A onto £, and £ be the complement of £ in R™. Denote £4 as the
column space of A. We use A, ) and A(;,) to denote the k-th column and the j-th
row respectively, A; ) to denote the (j, k)-th entry, and As to denote a column-wise
sub matrix of A indexed by a set S C [m]. Let 0;(A) be the i-th largest singular value,
||A|l2 be the spectral norm (largest singular value), and ||A||r be the Frobenius norm.
Given two matrices A, B € R™™, denote (A, B) = Tr(A'B) = > A B When
A € R™ " ig a square matrix, we denote Apmax(A) and Apin(A) as the largest and smallest

eigenvalues respectively. Given a vector a € R", let a(; be the i-th entry. We use a
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subscript A; (a;) to denote the i-th matrix (vector) in a sequence of matrices (vectors).
Denote E(X) as the expectation of a random variable X and P(X’) as the probability of
an event X'. We use ® as the kronecker product, and preserve Cy,Cs, ... and ¢y, co, . ..

for positive real constants.

6.2 A Generic Theory for Stationary Points

Given a function f, our goal is to find the stationary point. Rigorous mathematical

definitions are provided as follows.
Definition 10. Given a smooth function f : R"™ — R, a point z € R" is called:
(i) a stationary point, if Vf(z) = 0;

(ii) a local minimum (or maximum), if x is a stationary point and there exists a
neighborhood B C R" of x such that f(z) < f(y) (or f(z) > f(y)) for any y € B;

(iii) a global minimum (or maximum), if = is a stationary point and f(z) < f(y)
(or f(z) = f(y)) for any y € R™;

(iv) a strict saddle point, if x is a stationary point and for any neighborhood B C R™
of z, there exist y, 2 € B such that f(2) < f(x) < f(y) and Amin(V2f(2)) < 0.

A visualization of different types of stationary points are provided in Figure 6.1. In
general, finding the stationary point requires solving a large system V f(z) = 0, which
can be computationally challenging. However, when f has special structures, we can
develop new principles to find the set of stationary points conveniently.

In this paper, we consider a class of functions with invariant groups, for which we
provide a generic theory to determine the stationary point using the symmetry principle.
This covers the low-rank matrix factorization problem as a special example. Moreover,
we can characterize the null space of the Hessian matrix at the stationary point by
leveraging the tangent space. This will further help us to determine the saddle point

and local/global minimum (see more details in Section 6.3).
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Figure 6.1: Examples of a strict saddle point, a local minimum, and a global minimum.

6.2.1 Determine Stationary Points

For self-containedness, we start with a few definitions in group theory [220] as follows.

Definition 11. A group G is a set of elements together with a binary operation {-}

that satisfies the following four properties:

Closure: for all ai,a9 € G, we have a1 - as € G;

Associativity: for all a1, a9, a3 € G, we have (a1 - a2) - a3 = aj - (az - a3);

Identity: there exists an identity element e € G such that e-a =a and a-e =a

for all a € G;

Inverse: for any a € G, there exists an inverse element a~t e Gsuchthata-a= !t =e

and a™!-a=e.
Definition 12. A commutative group is a group that also satisfies
e Commutativity: for all a;,as € G, we have a1 - a2 = az - a1.

Definition 13. A field is a set with two binary operations {+, -}, addition (denoted
{+} and multiplication {+, -}, both of which satisfy associativity, identity ({+} is as-
sociated with identity 0 and {-} is associated with identity 1), inverse, commutativity,

and

e Distributivity: for all a1, a2,a3 € G, we have a; - (a2 + ag) = (a1 - a2) + (a1 - a3).
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Definition 14. A subset H of a group G is a subgroup if H is itself a group under the
operation induced by G.

Definition 15. The set of all invertible n X n real matrices with determinant 1, together
with the operations of ordinary matrix multiplication and matrix inversion, is a special

linear group of degree n over a field, denoted as SL,,(R).

Definition 16. Given a function f : R™ — R, a subgroup G of a special linear group

SL,,(R) is an invariant group if G satisfies f(z) = f(g(z)) for all z € R™ and g € G.

Remark 7. We define the invariant group in terms of the special linear group rather
than the general linear group because we want to preserve the volume for linear trans-

formations.
Definition 17. A point zg is a fized point of a group G if g(xg) = xg for all g € G.

Definition 18. Given a linear space X, let ) and Z be subspaces of X'. Then X is the
direct sum of Y and Z, denoted as X = Y® Z,if wehave X ={y+2z : ye Y,z € Z}
and Y N Z = {0}.

Note that the direct sum we used throughout this paper is the internal direct sum
since ) and Z are subspaces rather than spaces. We then present a generic theory of

determining stationary points as follows. The proof is provided in Appendix 7.5.1.

Theorem 15 (Stationary Fixed Point). Suppose f has an invariant group G and G has

a fixed point zg. If we have
G(R™) 2 Span{g(z) —z : g€ G,z € R™} =R™,

then zg is a stationary point of f.

By Theorem 15, we can find a stationary point of functions with invariant groups
given a fixed point. Refined result can be obtained for subspaces when we consider a
decomposition R™ = Y @ Z, where )Y and Z are orthogonal subspaces of R". This

naturally induces a subgroup of G as

Gy={gy : 99(y) =9(y®0),9€G,ycV,0€ Z}.
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Obviously, Gy is a subgroup of a special linear group on ). Moreover, yg,, = Py(zg) € Y
is a fixed point of Gy, where Py is a projection operation onto ). We then have the

following corollary immediately from Theorem 15.

Corollary 2. If yg,, is a fixed point of Gy and

2" (yg,) € arg zero V. fygy @ 2),

where arg zero, V. f(yg,, © 2) is the set of zero solutions of V. f(y @ z) by fixing y = yg,,,
then g(yg,, © 2*) is a stationary point for all g € G.

Given a fixed point in a subspace, we have from Corollary 2 that the direct sum of the
fixed point and any zero solution of the partial derivative of the function with respect
to the orthogonal subspace is also a stationary point. This allows us to recursively
use Theorem 15 and Corollary 2 to find a set of stationary points. We call such a
procedure the symmetry principle of stationary point. Here, we demonstrate some

popular examples with symmetric structures.

Example 1 (Low-rank Matrix Factorization). Recall that given a PSD matrix M* =
UUT for some U € R™ ", the objective function with respect to variable X € R™*"

admits
1 *
f(X) = ZIIXXT — M*||z. (6.5)

Given g = ¥, € O,, let g(X) = XV,, then we have f(X) = f(g(X)). It is easy to see
that the rotation group G = O, is an invariant group of f and Xg = 0 is a fixed point.
Theorem 15 implies that 0 is a stationary point.

The gradient of f(X) is

VFX)=(XXT - M*)X.

We consider the subspace ) C Ly of the column space of U and Xg,, = 0y. Applying
Corollary 2 to Y = {0} and Z = Ly, we have UV, is a stationary point, where ¥, € O,.
Analogously, applying Corollary 2 again to YV = Ly, , € Ly and Z = Ly, C Ly, we
have U,V, is a stationary point of f(X), where ¥, € O,, U, = ®XSO" and U,_, =
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®X(I - S)OT given the SVD of U = ®X.OT, and S is a diagonal matrix with arbitrary
s entries being 1 and the rest being 0 for all s € [r]. This will be discussed in further
details in Section 6.3. Note that the degree of freedom of W, in U, ¥, is in fact s(s—1)/2
instead of r(r — 1)/2, since Uy is of rank s.

The result can be easily extended to general low-rank rectangular matrices. For
X, U eR"™ and Y,V € R™*", we consider the function

f(X,Y) HXYT M*||%. (6.6)

Using the similar analysis for the symmetric case above, we have (X,Y) = (0,0) and
(X,Y) = (U¥,,VV,) are both stationary points. Moreover, given the SVD of UV T =
®XO", we have (X,Y) = (®X,SV,, ©X,57,) is a stationary point, where 135 = X,
and S is a diagonal matrix with arbitrary s entries being 1 and the rest being 0, for all
s € [r]. Some early works also quantify the stationary points for the low-rank matrix
factorization scenario, e.g., [221]. But as our following examples indicate, our generic
theory goes beyond the low-rank matrix factorization, which also covers a wide class of

problems.

Example 2 (Phase Retrieval). Given ii.d. complex Gaussian vectors {a;}/"; in C"

and measurements y; = |al-Hu| of complex vector u € C" for i = 1,...,m, where 2 is
the Hermitian transpose, a natural square error formulation of the objective of phase

retrieval with respect to variable z € C™ [213,214] is

1 m
" 2m
z:l

— laj'z[?)
For simplicity, we consider the expected objective of h as

f(x) = E(h(2)) = ll=ll3 + lullz = ll3]lul3 - l="ul?,

It is easy to see that f has an invariant group G = {ew : 0 €]0, 27?)} and zg =0 is a
fixed point. Then Theorem 15 implies that 0 is a stationary point.
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The gradient of f(x) is

V() = Qll=l3T = [[wll3T — uutt)z ,
2|37 = [ull3] — uut)z
where T is the complex conjugate. Consider a coordinate-wise subspace Y C C" of
degree k < n, where for any y € ), y shares identical entire with x in certain k
coordinates and has zero entries otherwise. Applying Corollary 2 to Y = {0}, i.e.,
k = 0, we have that ue? is a stationary point for any § € [0,27). For Y # {0},
ie, k> 0, we have 2*(0y) € D = {z € Z : au=0, 2y =0, ||z = [lull2/V2}.

0

Applying Corollary 2 again, we have ze” is a stationary point for any z € D and

0 € [0,2m).
Example 3 (Deep Linear Neural Networks). Given data W € R™0*™ and Y € R"2*™

we consider a square error objective of a feedforward deep linear neural network of L
layers [222],

1
f(Xy,...,X1) = 5||XLXL_1 L XaW =Y,

where X; € R™*™-1 js the weight matrix in the [-th layer for all I € [L]. We can see
that for any [ € [L — 1], f has orthogonal groups G; = Oy, as the invariant groups and
Xg, = 0is a fixed point. Theorem 15 implies that 0 is a stationary point.

The blockwise structure naturally leads to a derivation of further stationary points
by fixing all but one block. Specifically, given some [ € [L — 1], we fix all the other
blocks [L — 1]\{l}, then the gradient of f(X1,...,X) with respect to X; is

lef(Xla s 7XL) = AT(AXZB - Y)BTa

where A = XL s ‘Xl+1 and B = Xl—l © 'X1W. Solving Vle(Xl, e ,XL) = 0, we
have that X is a stationary point if X satisfies

X, =(ATA)"ATYBT(BBT)" + (I —(ATA)"ATA)Q, +Q:(I - BB"(BB")7),

where D~ is a generalized inverse of the matrix D and @Qq1,Q2 € R™*™-1 are
arbitrary matrices.  Denote the space £ = {(I — (ATA)"ATA)Q, + Q:(I —
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BBT(BBT)™) : Q1,Q2 € R™*™M-1}. We consider a subspace Y C L, then
Corollary 2 implies that (Xl+1\I/nl,\Il;zrle) is a pair of stationary point, where X; =
2*(0y) = (ATA)"ATYBT(BB")” + U for any U € £\Y and ¥,, € 9,,. More-
over, for Y = L, we have 2*(0y) = (ATA)"ATYBT(BB")~ and Corollary 2 implies
that (XZH\I/,LZ,\Il,zl(ATA)*ATYBT(BBT)*) is also a pair of stationary point, where

U, € Op,. Extension to more general deep learning architecture is also studied [223].

6.2.2 Null Space of Hessian Matrix at Stationary Points

We now discuss the null space of the Hessian matrix at a stationary point, which can
be used to further distinguish between saddle point and local/global minimum. Our
intuition is that the null space of the Hessian matrix should contain the vectors tangent

to the invariant group G. We start with a few definitions in manifold [224] as follows.

Definition 19 (Manifold). Given positive integers m and k, we call a subset M C R™
as a smooth k-dimensional manifold (or a smooth k-submanifold) if every point
x € M has an open neighborhood & C such that & N M is diffeomorphic to an open
subset B C R¥, i.e., there exists a function f : X N M — B such that f is bijective, and

f and f~! are smooth.

Definition 20 (Tangent Space). Let M C R™ be a smooth k-dimensional manifold.
Given z € M, we call v € R™ as a tangent vector of M at z if there exists a smooth
curve v : R - M with v(0) = 2 and v = 7/(0). The set of tangent vectors of M at z is
called the tangent space of M at z, denoted as

ToM = {7'(0) : v:R — M is smooth , 7(0) = v}.

A visualization of the manifold and the tangent space is provided in Figure 6.2. The
following theorem shows that the null space of the Hessian matrix at a stationary point
x contains the tangent space of the set G(x) = {g(x) : ¢g € G}. The proof is provided
in Appendix 7.5.1.

Theorem 16. If f has an invariant group G and H,, is the Hessian matrix at a stationary
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Figure 6.2: A graphical illustration of a manifold M and a tangent space T, M at some
point x on the manifold. v is a tangent vector at x and ~ is the corresponding smooth
curve.

point z, then we have
T,G(x) C Null(H,).

In the following, we demonstrate examples discussed in Section 6.2.1 to instantiate
Theorem 16.

Example 4 (Low-rank Matrix Factorization). Remind that for low-rank matrix fac-
torization in Example 1, f has an invariant group G = £,., which is also a smooth sub-
manifold in R™*" of dimension r(r—1)/2. Given any X € R"*" let v: R — O,(X) be a
smooth curve, i.e., for every ¢t € R there exists ¥, € O, such that v(t) = ¢,(X) = XU,
and v(0) = go(X) = X. By definition, for any ¢ € R, we have

V()" = XX

Differentiating both sides, we have v/(¢t)y(t)" +~(t)y' ()T = 0. Plugging in ¢t = 0, we

have
Y(O0)XT +X4'(0)" =0.
Then we can see that

TxO.(X)={XE : E€R™" E=—-E"}.
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By Example 1, we have that U; ¥, is a stationary point for Y = Ly7._, € Ly. Theorem 16
implies that for any skew symmetric matrix £ € R"™*" we have U;V¥, E belongs to the
null space of the Hessian matrix at UsW,. Similar to ¥,, the dimension of TxO,(X)
at X = UsVU, F depends on s since Uy is of rank s. Specifically, the dimension of the
tangent space is at least s(s —1)/2+4 (n— (r — s))(r — s), where s(s —1)/2 is the degree
of freedom of the set of £ and (n — (r — s))(r — s) is degree of freedom of U,V,..

Example 5 (Phase Retrieval). For phase retrieval in Example 2, f has an invariant
group G = {e” : 6 €[0,27m)}. Given any z € C", let v : R — G(z) be a smooth curve,
i.e., for every t € R there exists 6 € [0,27) such that v(t) = 2 and v(0) = z. Then

for any ¢t € R, we have

VO3 = lll3.

Differentiating both sides, we have v/(¢)"~(t) + v(t)!'7/(t) = 0. Plugging in t = 0, we

have
7'(0)z = —2"/(0).
Then we can see that

T,G(x) = ix.

0

By Example 2, we have ue' is a stationary point for all § € [0,27). Theorem 16 implies

that iue’ belongs to the null space of Hessian matrix at ue®.

Example 6 (Deep Linear Neural Networks). For the deep linear neural networks in
Example 3, f has an invariant group G, = O, for any | € [L — 1]. Using the same
analysis in Example 4, we have that for any skew symmetric matrix £ € R"*" the
pair (X; 11V, E, ET\IIL (ATA)"ATYBT(BB")™) belongs to the null space of Hessian
matrix for a stationary pair (Xl+1‘I’n“‘I’TTL, (ATA)-A'YB"(BB')").
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6.3 A Geometric Analysis of Low-Rank Matrix Factoriza-

tion

We apply our generic theories to study the global landscape of the low-rank matrix
factorization problem. Our goal is to provide a comprehensive geometric perspective to
fully characterize the low-rank matrix factorization problem (6.4). Finding all stationary
points is the keystone, based on which we can further identify strict saddle points and
global minima. This scheme has been adopted in geometry based convergence rate
analyses to guarantee that iterative algorithms do not converge to the strict saddle
point [187,214-216]. The landscape of the low-rank matrix factorization problem is also
discussed briefly in [225], but no rigorous analysis is provided.

In particular, the zero of the gradient VF(X) and the eigenspace of the Hessian
matrix V2F(X) are keys to our analysis. Given VF(X) and V2F(X), our analysis

consists of the following major arguments:

(pl) identify all stationary points by finding the solutions of VF(X) = 0, which is

further used to identify the strict saddle point and the global minimum,

(p2) identify the strict saddle point and their neighborhood such that V2F(X) has a
negative eigenvalue, i.e. Apin(V2F(X)) <0,

(p3) identify the global minimum, their neighborhood, and the directions such that
F(X) is strongly convex, i.e. Apin(V2F(X)) > 0, and

(p4) verify that the gradient has a sufficiently large norm outside the regions described
in (p2) and (p3).

The analysis can be further extended to other problems, such as matrix sensing and
matrix completion, which are considered as perturbed versions of (6.4). For simplicity,
we first consider the PSD matrix M* = UU'. Then we explain how to extend to a

rectangular matrix, which is straightforward.
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6.3.1 Warm-up: Rank 1 Case

We start with the basic case of r = 1 to obtain some insights. Specifically, suppose

M* = uu', where u € R”, then we consider

1
HelIiRI}l F(x), where F(x) = ZHuuT —zx ||} (6.7)

The gradient and the Hessian matrix of F(z), respectively, are

VF(x) = (zz' —uu)z € R" and

V2F(z) = 2zx" + ||z|3 - I, — uu' € R™", (6.8)

In the rank 1 case, the invariant group is G = 91 = {1, —1}. We then provide the
key arguments for the rank 1 setting in the following theorem. The proof is provided in

Appendix 7.5.2.

Theorem 17. Consider (6.7) and define the following regions:

A 1
R 2 fy R <yl < Slull ).
Ro 2y eRm  min y—wblo < Ll b, and
IS8t -8
Rs 24y R . yla > 2 lullas min fly — wiblls > llulla .
2 PED 8
Then the following properties hold.

(pl) z =0, u and —u are the only stationary points of F(z).

(p2) * = 0 is a strict saddle point, where V2F(0) is negative semi-definite with
Amin(V2F(0)) = —|jul|3. Moreover, for any x € Ry, V2F(x) contains a nega-

tive eigenvalue, i.e.

1
Amin(V2F(2)) < —§IIUH§-

(p3) For # = +wu, z is a global minimum, and V2F(z) is positive definite with

Amin(F (7)) = |Jul|3. Moreover, for any # € Rq, F(z) is locally strongly convex,
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i.e.
2 1 2

(p4) For any x € R3, we have

Julld

IV F@2 >

The rank 1 setting is intuitive since there is only one strict saddle point and 2 isolated

global minima. It is also important to notice that
RiURyUR3 =R".

Thus, the entire space R™ is parameterized by one of the regions: (I) the neighborhood
of the strict saddle point, where the Hessian matrix V2F(z) has negative eigenvalues;
(IT) the neighborhood of the global minima, where F(x) is strongly convex; and (III)
the gradient V.F(x) has a sufficiently large norm. To better understand the landscape,
we provide a visualization of the objective function F(z) in Figure 6.3 (a and b). We
1
-1
strict saddle point and x = +u are global minima, which matches with our analysis.

—1
set u=[1 —1]", thus M* = uu' = [ ) ] It is easy to see that z = [0 0] " is a

6.3.2 General Ranks

We then consider the general setting of » > 1, where M* = UU ", U € R™*". Charac-
terizing the global landscape becomes much more involved as neither the strict saddle
point nor the global minimum is isolated. Recall that we consider

1
min F(X), where F(X) = ~||M* — XX "|3. (6.9)
XGRnXT 4
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Figure 6.3: The visualization of objective functions F(X) for » =1 (a and b) and r = 2
(c and d) using contour plots. In the case r = 1, the global minima are z = [z(y) 93(2)]T =
[1 —1]" and [~1 1]7. In the case r = 2, the global minima are X = [(X(1,1) Xa2)¥ =
[1 — 1]V for all ¥ € Oy, i.e. any X with || X||2 = v/2 is a global minimum. Note that
UUT =1 —1]1 —1]T =2is
not low-rank in fact, and X = [0 0] is not a strict saddle point but a local maximum.

we can only visualize X € R'*? when r = 2. Here M*

For notational convenience, for any matrix X, we define:

VAN
Uy = in | X —UW d
x = arg min | |2 an

Ky 2

T T
X(*,I)X(*,l) X(*,2)X(*,1)
XX XXl
| XXy Xea X

(6.10)
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Further, we introduce two sets:

X ={X =®%,0, : U has the SVD U = ®%;04, (83 — %)%, =0,02 € O,} and
Z/[:{XGX : 22221}.

The set X contains all strict saddle points, and U is the set of all global minima,
which will be proved in the following theorem. Specifically, for any X that has a strict
subset of the column bases of U and identical corresponding singular values, X is a
strict saddle point of F. This indicates that the strict saddle points are not isolated,
and there are infinite many of them due to rotations (their measures in R"*" are zero).
On the other hand, when X is different from U only by a rotation, X is also a global
minimum of F.

By algebraic calculation, the gradient and the Hessian matrix of F(X), respectively,

are

VF(X)=(XX" - M*)X € R and (6.11)
VFX)=Kx+ 1L, XX ' +X'X®I,—I,® M* € R"™*"™, (6.12)

The gradient (6.11) and the Hessian matrix (6.12) for the general rank r > 1 reduce
to (6.8) when r = 1. We provide the key arguments for the general rank setting in the
following theorem. The proof is provided in Appendix 7.5.3.

Theorem 18. Consider (6.9) for the general rank r > 1 and define the following regions:

1
Ri 2 {Y ERMT 1 (V) < 50,(0), VY e < 4“UUT”F}’

2
A . o (U)
Ro =Y e R™" YUYy <
2 {re i I 0wl <
) A nxr 1 , a2 (U)
=<YeR 2o (Y) > -0 (U), Y -UV¥ ;
R3 { € or(Y) > 5or(U), min [[Y —U ||2>801(U)

IYYT|p < 4HUUT”F}7 and

Ry Sy e R VYT lp > 4UUT |}
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Then the following properties hold.

(pl) For any X € X, X is a stationary point of F(X).

(p2) For any X € X\U, X is a strict saddle point with Apin(VEF(X)) < —\2

max

(1 -

¥3). Moreover, for any X € Ri, V2F(X) contains a negative eigenvalue, i.e.

Amin(V2F(X)) < —

(p3) For any X € U, X is a global minimum of F(X), and V2F(X) is positive semidef-
inite, which has r(r —1)/2 zero eigenvalues with the minimum nonzero eigenvalue

at least o2(U). Moreover, for any X € Ro, we have
1
2 VEF(X)z > cop(U)]#]3

for any z 1 &, where &€ C R™ " is a subspace spanned by all eigenvectors of
V2F(Kg) associated with negative eigenvalues, where £ = X — UUx and Uy
and K are defined in (6.10).

(p4) Further, we have

o, (U)
|VF(X)|r > 9o, (0) for any X € Ry and

3
IVF(X)|r > ZJ%(X) for any X € RY.

The following proposition shows that any X € R™ " belongs to one of the four
regions above. The proof is provided in Appendix 7.5.7.

Proposition 3. Consider the four regions defined in Theorem 18, we have
R1URyURLURS =R™.

Different from the rank 1 setting, we have one more region RY%, where the gradient
has a sufficiently large norm. When r = 1, we have ©1 = {1, —1}. Thus & reduces to
{0} and U reduces to {u, —u}, which matches with the result in Theorem 17. From (p2)
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of Theorem 18, we have that X is approximately rank deficient in R, since o,(X) <
30,(U). From (p3) of Theorem 18, we have that F(X) is convex at a global minimum,
rather than strongly convex. Moreover, in the neighborhood of a global minimum, F(X)
is only strongly convex along certain directions. Analogous results are also provided in
previous literature. For example, [192] (in the analysis of Theorem 3.2) show that for

any X that satisfies | X — UW¥x||2 < ¢10,(U), we have the Regularity Property:
(VF(X),X —UUx) > c0(U)|| X —U¥x |2 +c3|UUT — XX T3, (6.13)

where ¢y, co, and c3 are positive real constants. This indicates that when X is close
to a global minimum, F(X) is only strongly convex along the direction of £ = X —
UV¥x (Procrustes difference). But our results are much more general. Specifically,
we guarantee in (p3) of Theorem 18 that F(X) is strongly convex along all directions
that are orthogonal to the subspace spanned by eigenvectors associated with negative
eigenvalues of V2F (Kg) for Kp = X—UWx. As we have shown in the analysis, there are
at most r(r —1)/2 such directions potentially associated with the negative eigenvalues of
V2F(Kg). In other words, there are at least nr —r(r—1)/2 such directions, where F(X)
is strongly convex. In the following lemma, we further show that F(X) is nonconvex in

any neighborhood of a global minimum. The proof is provided in Appendix 7.5.7.

Proposition 4. Let B.(U) = {X : ||[X — U2 < ¢} be a neighborhood of U with

radius € > 0. Then F(X) is a nonconvex function in B.(U).

We provide a visualization of the objective function F(X) in Figure 6.3 (c and d)
by setting r = 2 and U = [1 — 1]. The observation is that any X satisfying X = UV,
is a global minimum, where ¥y € 5. Moreover, if we restrict X to be a convex
combination of any two distinct global minima, then F(X) is nonconvex, as we have
shown in Proposition 4. Note that we can only visualize the case of X € R2, which
results in a full rank M* = UU" = 2 here. Thus X = [0 0] is a not strict saddle point

in this degenerated example.

6.3.3 General Rectangular Matrices

We further discuss briefly on the scenario where the low-rank matrix is a general rect-
angular matrix. Recall that for M* = UV T € R™ ™ for some U € R™" and V € R"™*",
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we consider

Xewxrgi;leﬂwxr}"(X,Y), where F(X,Y) = %HM* - XY |3 (6.14)

Compared with the PSD matrix scenario (6.9) with M* = 0, it has one more issue
of scaling invariance for the general rectangular matrix (6.14). Specifically, in addition
to the rotation invariance as in the PSD case, when we multiply X and divide Y by an
identical (nonzero) constant, F(X,Y") is also invariant. This results in a significantly
increasing complexity of the structure for both strict saddle points and global minima.
Moreover, the scaling issue also leads to a badly conditioned problem, e.g., when || X ||%
is very small and ||Y||% is very large with XY T fixed.

For ease of discussion, we provide an example when n = m = r = 1. Suppose
M* = 1, then the objective in (6.14) is F(z,y) = 2(1 — 2y)®. The corresponding

Hessian matrix is

20y — 1 x?

V2F(z,y) = ! v 2zy —1 ] .
It is easy to see that any (x,y) satisfying zy = 1 is a global minimum, which makes the
structure of the global minimum much more complicated than the PSD matrix case with
rank 7 = 1 (only two global minima points in Figure 6.3). A visualization of F(x,y)
is provided in Figure 6.4 (panel a and b). On the other hand, the problem becomes
poorly conditioned, i.e., Amax(V2F(z,¥))/Amin(V2EF(2,y)) — oo when [|z||2 — 0 and
llyll2 — oo with zy = 1.

To avoid such a scaling issue, we consider a regularized form as follows,

1 A
i X.Y), wh XY)=-|IM*—XYT|2+2IXTX - YTY|2.
XGRnxnr/l’l;leRMXT f/\( ? )’ where 'F)‘( ) ) D) H HF =+ 4 H HF

(6.15)

where A\ > 0 is a regularization parameter. Such a regularization has been considered
in related problems of low-rank matrix factorization [192,207], which enforces positive
curvature when X and Y have similar spectrum to avoid the scaling issue discussed

above.
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Taking the example discussed above again, we have the regularized objective as

Falz,y) =31 —ay)* + %(ZL‘Q —4%)? and the corresponding Hessian matrix as

(1—=Ny?+3x 22 2(1—Nay—1

V2F\(z,y) = .
3(z:9) 201 = Nay —1 (1 —N)a?+3)\2

With a proper value of A\, Fy(z, y) has strong convexity in the neighborhood of z =y = 1
and r = y = —1, resulting in a much simplified structure of global minima, analogous
to the PSD rank r = 1 case. A visualization of of F)(z,y) with A = 0.5 is provided in
Figure 6.4 (panel ¢ and d). Compared with the objective F without a regularization,
the regularized objective F) is much better conditioned even when one of ||z||2 and ||y/||2
is very small and the other is very large.

We remark that after the initial release of our paper, [218] provide an extension of
our analysis to the case of general rectangular matrices using the lifting formulation.
Specifically, they show U'U = V'V (Lemma 3 therein) at stationary points in the
noiseless case, which implies that the stationary points are not affected by the regular-
ization function in (6.15). Beyond stationary points, careful characterization is required
to deal with the regularization, which is a fourth order polynomial on the factors (sim-
ilar to the loss function). Consequently, they achieve analogous geometric result to our

Theorem 18 for the asymmetric case.

6.4 Matrix Sensing via Factorization

We extend our geometric analysis to the matrix sensing problem, which can be consid-
ered as a perturbed version of the low-rank matrix factorization problem. For simplicity,
we first introduce the noiseless scenario and the noisy setting is discussed later, both of

which preserve the entire landscape of optimization in the matrix factorization problem.

6.4.1 Matrix Sensing as a Perturbed Matrix Factorization Problem

We start with a formal description of the matrix sensing problem. For all i € [d],

suppose A; € R™*™ has i.i.d. zero mean sub-Gaussian entries with variance 1, then we
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Figure 6.4: The visualization of objective functions F(z,y) with u = v =1 (a, b) and
Fx(z,y) withu=v=1and A = 0.5 (c, d). For f(z,y), any (z,y) that satisfies zy = 1
is a global minimum. For F)(z,y), z =y = 1 and x = y = —1 are the only global
minima.

observe

where M* € R™ " is a low-rank PSD matrix with Rank(M*) = r. Denote M* = UU T,
where U € R™", then yg;y = (A;, UU T and we recover U by solving

d
. 1 «
min F(X), where F(X) = - l§:1<Ai,XXT — M*)2 (6.16)
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The gradient and the Hessian matrix of F'(X), respectively, are

d

VE(X) = — S (A, XXT = M) - (A; + A))X and (6.17)
2d &
1 d
2 _ - 4 T M* . (A T
VIF(X) = Qd;L@(AZ,XX M*) - (A;+ A])
.
+ vec ((Ai—l—A;-r)X) - vec ((Ai—kA;r)X) . (6.18)

We first show the connection between the matrix sensing problem and the low-
rank matrix factorization problem in the following lemma. The proof is provided in
Appendix 7.5.7.

Lemma 4. We have E(F(X)) = F(X), E(VF(X)) = VF(X), and E(V?F(X)) =
V2F(X).

From Lemma 4, we have that the objective (6.16), the gradient (6.17), and the
Hessian matrix (6.18) of the matrix sensing problem are unbiased estimators of the
counterparts of the low-rank matrix factorization problem in (6.9), (6.11), and (6.12) re-
spectively. We then provide a finite sample perturbation bound for the gradient and the

Hessian matrix of the matrix sensing problem. The proof is provided in Appendix 7.5.7.

Lemma 5. Suppose N > max{|| XX — M*||Z, | X||Z,1}. Given 6 > 0, if d satisfies

d = Q(N max{nr,/nrlog(nr)}/d),

then with high probability, we have
[V2F(X) — V2F(X)|2 <6 and ||[VF(X)— VF(X)|r < 0.

From Lemma 5, we have that the landscape of the gradient and the Hessian matrix
of low-rank matrix factorization is preserved for matrix sensing with high probability
based on the concentrations of sub-Gaussian designs {Ai}gzl, as long as the sample size
d is sufficiently large. These further allow us to derive the key properties (pl) — (p4)

for matrix sensing directly from the counterparts of low-rank matrix factorization in
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Theorem 18. We formalize the result in the following Theorem. The proof is provided

in Appendix 7.5.4.

Theorem 19. Consider (6.16) for the general rank r > 1. If d satisfies

d > C - max {nr®, ny/rlog(n), rv/nrlog(nr)},

where C' > 0 is a generic real constant, then with high probability, we have the following

properties.
(pl) For any X € U U {0}, X is a stationary point of F(X).
(p2) X = 0 is a strict saddle point with Amin(F(0)) < —Z||U||3. Moreover, for any

X € Ry, V2F(X) contains a negative eigenvalue, i.e.

Amin(V2F(X)) < —

(p3) For any X € U, X is a global minimum, and V2F(X) is positive semidefinite.
Moreover, for any X € Ra, we have

1
2 VEF(X)z > 1507 (U)]123

for any z L &, where &€ C R™™" is a subspace is spanned by all eigenvectors of
V2F(Kg) associated with negative eigenvalues, where £ = X — U¥x and Uy
and Kp are defined in (6.10).

(p4) Further, we have
o, (U) /
[VF(X)|r > 80y (0) for any X € R3 and
1
[VF(X)||p > Zai’(X) for any X € Rj.

From Theorem 19, we have that the landscape of the low-rank matrix factorization
problem is preserved for the matrix sensing problem given a sufficiently large sample

size d. This is to say, F'(X) has a negative curvature in the neighborhoods of strict
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saddle points, strong convexity along certain directions in the neighborhoods of global
minima, and a sufficiently large norm for the gradient in the rest of domain. On the
other hand, due to random perturbations by sensing matrices {Ai}le, the set of strict
saddle points in X\U reduces to {0}, while the rest of the points in X'\U are nearly
strict saddle.

6.4.2 Noisy Observation

We further consider a noisy scenario of the matrix sensing problem. Specifically, suppose

{Ai}?zl are random matrices described above, then we observe
Yy = (A, M*) + 25 for all i € [d],

where {z(; }Z 1 are independent zero mean sub-Gaussian random noise with variance

o2. Consequently, denoting M* = UU T we recover U by solving

d
. 1 T . 2
min F(X), where F(X) = — §_ j < A, XXT - MYy — z(i)> . (6.19)

We then provide the key properties (pl) — (p4) for the noisy version of the matrix
sensing problem in the following corollary. The proof is provided in Appendix 7.5.5.

Corollary 3. Consider (6.19) for the general rank r > 1. Given € > 0, if d satisfies

Co? - max {nr?, ny/rlog(n), r/nrlog(nr)}

d>

where C' > 0 is a generic real constant, then with high probability, we have that prop-

erties (pl) — (p4) in Theorem 19 hold, as well as the following estimation error
1M — M*|[E = O (€%)

where M = XX T for X = argminy F(X) in (6.19).

Compared with Theorem 19, the sufficient sample complexity for preserving the key
properties (pl) — (p4) of the landscape in Corollary 3 has one more dependence on the

variance of noise, which is a natural result for noisy measurements. We remark that
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preserving the global landscape is more challenging than guaranteeing the convergence
to a local minimum within the optimal distance to the true model parameter, which
only requires a local analysis in a neighborhood of the true model parameter. Existing
results only discuss some local geometry instead of the global one as we do, such as the

strict saddle points and the neighborhood of true model parameter [188,193].

6.5 Discussion

We provide further discussion on extending our analysis for matrix sensing to achieve
the optimal sample complexity by relaxing the geometric properties as a tradeoff. In
addition, we make some comments on how the geometric analysis in this paper can

imply strong convergence guarantees for several popular iterative algorithms.

6.5.1 From Suboptimal to Optimal Sampling Complexity for Matrix

Sensing

The sampling complexity is O(nr?) for matrix sensing when we preserve the entire
landscape of the matrix factorization problem (6.9). If we relax the properties of opti-
mization landscape to be preserved, the optimal complexity O(nr) can be attained. In
specific, consider the noiseless scenario by solving (6.16). Then we have the following

geometric properties for matrix sensing. The proof is provided in Appendix 7.5.6.

Theorem 20. Consider (6.9) for the general rank r > 1 and define the following regions:

A nxr . JT(U) JE(U)
= . — <
R 2 {y err s i v - 0wl > T wRm)l < O
Ra 2 {YGR”X’" : min [|[Y - UVY|, < UT(U)}, and
Ve, 4
JAY nxr . : _ or(U) UE(U)
Rg_{YeR o [ - 0wy > R > 20

If d satisfies

d>C -nr,
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where C' is a generic real constant, then with high probability, we have the following

properties.
(pl) For any X € U U {0}, X is a stationary point of F'(X).
(p2) [Direct result from [219]] For any X € R4, including the strict saddle point X = 0,

V2F(X) contains a negative eigenvalue, i.e.

Amin(V2F(X)) < —=02(U).

(p3) For any X € U, X is a global minimum, and V?F(X) is positive semidefinite.
Moreover, for any X € Rg with Wx defined in (6.10), we have

2
U
(VF(X), X — Uly) > :(U) IX — UDx |+

- IVFCO13.

20([U1l;

(p4) Further, for any X € R3, we have

o} (U)

F(X
IVFEOe > T

It is immediate from Theorem 20 that we have
RiURsUR3 =R".

When d = Q(nr), weaker properties of optimization landscape can be obtained.
First of all, unlike Ry of Theorem 18, it is not clear whether there is (approximate)
rank deficiency in R from Theorem 20. Since the rank deficiency is a key reason for
generating strict saddle points, we face a gap in the geometric interpretation. Moreover,
in the neighborhood of global minima in (p3), we have the regularity property (6.13). As
we have discussed after Theorem 18, this is a weaker result than (p3) therein, which can
guarantee the strong convexity in a larger number of directions. We suspect that this
is a tradeoff between the optimal sample complexity and strong geometric properties
(though this may be a proof artifact). In addition, the characterization of both regions

R1 and R3 in Theorem 20 depend on both problem parameter X and sensing matrices
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{A;}L | (embedded in VF(X)). This makes the regions less explicit than R; and R
in Theorem 19, which only on X.

We further address a brief comparison with [192,219]. Our Theorem 20 has slightly
stronger geometric guarantees than [192,219] under the same conditions. In specific,
due to a refined analysis, our neighborhood of global minima Ro characterized via
the spectral norm of the Procrustes difference is larger than the corresponding region

in [192,219] characterized via the Frobenius norm, i.e., for all rank(U) > 1, we have

o (U)
4

Y € R™" : min ||Y — U¥], <
{ € q{réglrll Ip < 1

U
} c {Y €R™ : min |Y — U¥||, < i )}.
e,
Moreover, [192] only provide a local geometric property in the neighborhood of global
minima Ry using the regularity property. In contrast, we provide a global one in The-

orem 20.

6.5.2 Convergence of Iterative Algorithms

Here are some comments on the convergence guarantees. With the explicit geometry
of the objective function, it is straightforward to provide convergence guarantees using
many popular iterative algorithms, even without special initializations. A few examples

of recent progress on related nonconvex problems are listed as follows.

e A trust-region type of algorithm is proposed in [214] to solve a specific type of
nonconvex problem, i.,e., phase retrieval. Similar to our analysis, the authors
explicitly divide the whole domain into three overlapping regions R1, Ro, and R,
based on which they show a sufficient decrease of objective in R and R3 and
an overall R-quadratic convergence to a global minimum. Another closely related
algorithm is the second-order majorization type of algorithm proposed in [226],
which finds an e-second-order stationary point x. for a predefined precision € > 0,

ie.,

IVf(ze)llz < e and V2f(ze) = —V/Bel

for general lower bounded objective f that has a Lipschitz gradient and a 2(-

Lipschitz Hessian. The algorithm is based on iteratively solving a cubic-regularized
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quadratic approximation of the objective function using gradient descent steps,

and an overall sublinear convergence guarantee is provided.

e A gradient descent algorithm is analyzed in [215,216] for twice-continuously differ-
entiable functions with a Lipschitz gradient. The authors provide an asymptotic
convergence guarantee of Q-linear convergence to a local minimum if all saddle

points are strict saddle.

e A noisy stochastic gradient descent algorithm is proposed in [187] for so-called
strict saddle problems, i.e., any point the given objective function is in R (neg-
ative curvature in neighborhood of strict saddle points), R3 (the gradient has
a sufficiently large norm), or a strongly convex neighborhood containing a lo-
cal minimum. The authors show a sufficient decrease of objective for each noisy
stochastic gradient step in R; and R3, and an overall R-sublinear convergence to

a local minimum.

The algorithms discussed above can be extended to solve the matrix factorization
type of problems considered in this paper, with convergence guarantees. Note that
for those requiring a local strong convexity, such as [187], the analysis does not apply
directly here for the matrix factorization type of problems in general. This can be

settled by applying the Polyak-Lojasiewicz condition instead [227,228].

6.5.3 Extension to Matrix Completion

Finally, we comment on a closely related problem — matrix completion, where we expect
similar global geometric properties to hold. Specifically, given a entry-wise observed
matrix Po(M™*) € R™*" for M* = 0, where Po(M;;) = 0 if (4,j) ¢ @ and Po(M};) =
M;; if (i, 5) € Q for some subset Q C [n] x [n], we solve

1

Xn;&in H(X)+ R(X), where H(X) = = |Po(M* — XX ")|3. (6.20)
c nxr p

where p = || /n? is the sampling rate and R(X) is a regularization function to enforce

low coherence of X (see more details in [197,199]). Similar to the matrix sensing

problem, (6.20) can be also considered as a perturbed version of the low-rank matrix
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factorization problem (6.4). It is easy to see that if Q is uniformly sampled over all

subsets of [n] x [n] for a given cardinality, then we have
E(H(X)) = ||M* = XX |3

However, because the entry-wise sampling model is more challenging than the random
linear measurement model and the incoherence of the low-rank matrix is generally re-
quired, the extra regularization term is inevitable for the matrix completion problem.
This leads to a much more involved perturbation analysis for (6.20) than that of matrix
sensing. For example, [197] establish the geometric analysis around the global minimiz-

ers; [199] show that there exists no spurious local optima.



Chapter 7

Proofs for All Analyses

7.1 Proofs for Chapter 2

7.1.1 Proof of Theorem 1

First, we note that in both of the steps of Algorithm 1 the prescribed observations are
functions of M only through ®M; stated another way, M never appears in the algorithm

in isolation from the measurement matrix ®. Motivated by this, we introduce
M2 &M =®L+®C =L+C, (7.1)

to effectively subsume the action of ® into M. Now, our proof is a straightforward
consequence of assembling three intermediate probabilistic results via a union bounding
argument. The first intermediate result establishes that for M = L+ with components
L and C satisfying the structural conditions (¢1)-(c4), the components L and C of M
as defined in (7.1) satisfy analogous structural conditions provided that m, the number
of rows of @, be sufficiently large. We state this result here as a lemma; its proof appears

in Appendix 7.1.2.

Lemma 6. Suppose M = L + C, where L and C satisfy the structural conditions
(c1)-(c4). Fix any ¢ € (0,1), suppose ® is an m X n; matrix drawn from a distribution
satisfying the distributional JL property (2.2) with m satisfying (2.5) and let M=L+C
be as defined in (7.1). Then, the components L and C satisfy the following conditions

131
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simultaneously with probability at least 1 — §:

(€1) rank(L) =,
(€2) L has ny, nonzero columns,
(e3) L satisfies the column incoherence property with parameter pr, and

(c4) Z5 2 {i: ||P£16:7i”2 > O,E:,i = 0} = Z¢, where L is the linear subspace of R™
spanned by the columns of E, and Pz, denotes the orthogonal projection onto the

orthogonal complement of L in R™.

The second intermediate result guarantees two outcomes — first, that Step 1 of
Algorithm 1 succeeds in identifying the correct column space of L (i.e., that E(l) = Z)
with high probability provided the components L and C of M as specified in (7.1) satisfy
the structural conditions (¢1)-(¢4) and the column sampling probability parameter
be sufficiently large, and second, that the number of columns of the randomly generated
sampling matrix S be close to yny. We also provide this result as a lemma; its proof

appears in Appendix 7.1.3.

Lemma 7. Let M = L+C be an m x ng matrix, where the components Land C satisfy

the conditions (¢1)-(c4) with k satisfying (2.3). Fix ¢ € (0,1) and suppose the column

sampling parameter -y satisfies (2.4). When A = - \/7 for any Ky, > [Z5|, the following
hold simultaneously with probability at least 1 —d: S has |S| < (3/2)yn2 columns, and

the subspace E( 1) resulting from Step 1 of Algorithm 1 satisfies L(l) =L.

Our third intermediate result shows that the support set of the vector ¢ produced
in Step 2 of Algorithm 1 is the same as the set of salient columns of C provided that
E( 1 = £ and that p, the number of rows of A, is sufficiently large. We state this result

here as a lemma; its proof appears in Appendix 7.1.4.

Lemma 8. M = L + C be an m x no matrix, where the components L and C satisfy
the conditions (¢1)-(¢4) for any k < ng, and suppose E(l) = £, the subspace spanned
by the columns of L. Let ®M = M in Step 2 of Algorithm 1. Fix ¢ € (0, 1), suppose A
is a p X ng matrix drawn from a distribution satisfying the distributional JL property

(2.2) with p satisfying (2.6), and suppose the elements of ¢ are i.i.d. realizations of
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any continuous random variable. Then with probability at least 1 — § the support
Ts = {i:¢; # 0} of the vector € produced by Step 2 of Algorithm 1 satisfies Zg = I5.

Our overall result follows from assembling these intermediate results via union
bound. In the event that the conclusion of Lemma 6 holds, then so do the requi-
site conditions of Lemma 7. Thus, with probability at least 1 — 20 the conclusions of
Lemmata 6 and 7 both hold. This implies that the requisite conditions of Lemma 8
hold also with probability at least 1 — 2§, and so it follows that the conclusions of all
three Lemmata hold with probability at least 1 — 34.

7.1.2 Proof of Lemma 6

We proceed using the formalism of stable embeddings that has emerged from the dimen-

sionality reduction and compressive sensing literature (see, e.g., [229]).

Definition 21 (Stable Embedding). For ¢ € [0,1] and U,V C R", we say ® is an
e-stable embedding of (U, V) if

(1= llu—v[3 < [@u— B3 < (1+¢)llu—v]3 (7.2)

for all u €e Y and v € V.

Our proof approach is comprised of two parts. First, we show that each of the four

claims in the lemma follow when ® is an e-stable embedding of

(L,Uiez{C.i} U{0}) (7.3)

for any choice of € < 1/2. Second, we show that for any § € (0,1), generating ® as a
random matrix as specified in the lemma ensures it will be a v/2/4-stable embedding of
(7.3) with probability at least 1 — 6. The choice of v/2/4 in the last step is somewhat
arbitrary — we choose this fixed value for concreteness here, but note that the structural
conclusions of the lemma follow using any choice of € < 1/2 (albeit with slightly different

conditions on m).
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Part 1

Throughout this portion of the proof we assume that & is an e-stable embedding of
(7.3) for some € < 1/2, and establish each of the four claims in turn. First, to establish
that rank(®L) = r = rank(L), we utilize an intermediate result of [64], stated here as a

lemma (without proof) and formulated in the language of stable embeddings.

Lemma 9 (Adapted from [64], Theorem 1). Let L be an n; X ng matrix of rank r, and
let £ denote the column space of L, which is an r-dimensional linear subspace of R™. If
for some € € (0,1), ¢ is an e-stable embedding of (£, {0}) then rank(®L) = r = rank(L).

Here, since ® being an e-stable embedding of (7.3) implies it is also an e-stable
embedding of (£, {0}), the first claim (of Lemma 6) follows from Lemma 9.

Next we show that ®L has ny nonzero columns. Since @ is a stable embedding of
(£, {0}), it follows that for each of the nz, nonzero columns L. ; of L we have ||®L. ;|3 >
(1 —¢€)||L.;|[3 > 0, while for each of the remaining ny — nz, columns L. ; of L that are
identically zero we have ||®L. ;|3 = 0 so that ®L. ; = 0.

Continuing, we show next that ®L satisfies the column incoherence property with
parameter uy. Recall from above that we write the compact SVD of L as L = UXV™,
where U is nq1 x 7, V is no X r, and X is an r X r nonnegative diagonal matrix of singular
values (all of which are strictly positive). The incoherence condition on L is stated in
terms of column norms of the matrix V* whose rows form an orthonormal basis for the
row space of L. Now, when the rank of ®L is the same as that of L, which is true here
on account of Lemma 9, the row space of ®L is identical to that of L, since each are
r-dimensional subspaces of R™2 spanned by linear combinations of the columns of the
V*. Thus since the rank and number of nonzero columns of ®L are the same as for L,
the coherence parameter of ®L is just ur, and the third claim is established.

Finally, we establish the last claim, that the set of salient columns of ®C' is the same
as for C. Recall that the condition that a column C.; be salient was equivalent to the
condition that ||P,1C.;||2 > 0, where P, is the orthogonal projection operator onto
the orthogonal complement of £ in R™. Here, our aim is to show that an analogous
result holds in the “projected” space — that for all i € Z¢ we have HP((D o)t ®C.il2 >0,
where ®L is the linear subspace spanned by the columns of ®L. For this we utilize

an intermediate result of [229] formulated there in terms of a “compressive interference
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cancellation” method. We state an adapted version of that result here as a lemma

(without proof).

Lemma 10 (Adapted from [229], Theorem 5). Let V; be an r-dimensional linear sub-
space of R™ with r < n, let V5 be any subset of R™, and let Vy = {Pvlu) :v € Vol
where PvlJ_ is the orthogonal projection operator onto the orthogonal complement of V;
in R™. If ® is an e-stable embedding of (V1, V2 U {0}), then for all v € Vs,

~ 6 ~
Py @01 > (1= 1) I, (7.4

where Pgy,)1 is the orthogonal projection operator onto the orthogonal complement of

the subspace of R" spanned by the elements of ®V) = {®v: v € Vi }.

Before applying this result we first note a useful fact, that ® being an e-stable em-
bedding of (V1, VaU{0}) is equivalent to ® being an e-stable embedding of (V1, VoU{0}),
which follows directly from the definition of stable embeddings and the (easy to ver-
ify) fact that {v1 — o :v1 € V1,02 € Vo U{0}} = {v1 —wva:v1 € V1,00 € Vo U{0}}.
Now, to apply Lemma 10 here, we let Vi = L, Vo = Uiz {C.;}, and Vy =
Uiezo{ P2 C.i}. Since @ is an e-stable embedding of (7.3), we have that for all i € Z¢, ,,
[1Pory (PC).ill5 > (1 - %_E) |PzLC.;||3. Since e < 1/2, the above result implies
| Pog)r ®C.illz > 0 for all i € Z¢, while for all j ¢ Zc we have C.; = 0, imply-
ing that ®C.; = 0 and hence [[Pg.)1®C.jll2 = 0. Using this, and the fact that
the nonzero columns of ®L coincide with the nonzero columns of L, we conclude that
Zoc = {i: |Paor)r ®C.ll2 > 0,(PL).; = 0} is the same as Zc.

Part 2

Given the structural result established in the previous step, the last part of the proof
entails establishing that a random matrix ® generated as specified in the statement
of Lemma, 6 is an 1/2/4-stable embedding of (7.3). Our approach here begins with a
brief geometric discussion, and a bit of “stable embedding algebra.” Appealing to the
definition of stable embeddings, we see that ® being an e-stable embedding of (7.3) is
equivalent to ® being such that

(1= 9llvl3 < [Pvll3 < (1 +€)llv]3 (7.5)
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holds for all v € LU L — C.;, where L — C.; denotes the r-dimensional affine

subspace of R™ comprised of all elements taking the form of a vector in £ minus the

i€lo

fixed vector C.;. Thus, in words, establishing our claim here entails showing that a
random ¢ (generated as specified in the lemma, with appropriate dimensions) approx-
imately preserves the lengths of all vectors in a union of subspaces comprised of one
r-dimensional linear subspace and some |Z¢| = k, r-dimensional affine subspaces.
Stable embeddings of linear subspaces using random matrices is, by now, well-studied
(see, e.g., [64,229,230], as well as a slightly weaker result [231, Lemma 10]), though
stable embeddings of affine subspaces has received less attention in the literature. For-
tunately, using a straightforward argument we may leverage results for the former in
order to establish the latter. Recall the discussion above, and suppose that rather than
establishing that (7.5) holds for all v € LUJ;c7,, £ — C.; we instead establish a slightly

stronger result, that (7.5) holds for all v € LU L?, where for each i € Z¢, L'

1€T,

denotes the (r + 1)-dimensional linear subspace of R”lc spanned by the columns of the
matrix [L C.;]. (That the dimension of each £¢ be r + 1 follows from the assumption
that columns C.; for i € Zc be outliers.) Clearly, if for some i € Z¢ the condition (7.5)
holds for all v € £, then it holds for all vectors formed as linear combinations of [L C. ],
so it holds in particular for all vectors in the r dimensional affine subspace denoted by
L —C. ;. Further, that (7.5) holds for all v € £ for any i € Z¢ implies it holds for linear
combinations that use a weight of zero on the component C. ;, so in this case (7.5) holds
also for all v € L.

Based on the above discussion, we see that a sufficient condition to establish that ®
be an e-stable embedding of (7.3) is that (7.5) hold for all v € ;7 L; in other words,
that ® preserve (up to multiplicative (1 + €) factors) the squared lengths of all vectors
in a union of (up to) k unique (r + 1)-dimensional linear subspaces of R"!. To this end
we make use of another result adapted from [64], and based on the union of subspaces

embedding approach utilized in [230].

Lemma 11 (Adapted from [64], Lemma 1). Let Ule V¢ denote a union of k linear
subspaces of R™, each of dimension at most d. For fixed ¢ € (0,1) and § € (0,1),

suppose ® is an m X n matrix satisfying the distributional JL property with

- dlog(42/€) + log(k) + log(2/9)
B fe/V2)

(7.6)



137
Then (1 — €)||v]2 < [|®v]12 < (1 + €)||v]|3 holds simultaneously for all v € [J¥_, V* with
probability at least 1 — 4.

Applying this lemma here with d = » + 1 and € = v/2/4, and using the fact that
log(84+y/2) < 5 yields the final result.

7.1.3 Proof of Lemma 7

Our approach is comprised of two parts. In the first, we show that the two claims of

Lemma 7 follow directly when the following five conditions are satisfied
(al) S has (1/2)yn2 < |S| < (3/2)yn2 columns,

(a2) LS has at most (3/2)ynz, nonzero columns,

(a3) CS has at most (3/2)yk nonzero columns,

(a4) o3(V*S) < (3/2)y, and

(a5) oF(V*8) > (1/2),

where the matrix V* that arises in (ad)-(a5) is the matrix of right singular vectors from
the compact SVD L = USV* of L, and Ui(v*S) denotes the i-th largest singular value
of V*S. Then, in the second part of the proof we show that (al)-(a5) hold with high
probability when S is a random subsampling matrix generated with parameter ~ in the
specified range.

We briefly note that parameters (1/2) and (3/2) arising in the conditions (al)-
(ab) are somewhat arbitrary, and are fixed to these values here for ease of exposition.
Analogous results to that of Lemma 7 could be established by replacing (1/2) with any
constant in (0, 1) and (3/2) with any constant larger than 1, albeit with slightly different

conditions on .

Part 1

Throughout this portion of the proof, we assume that conditions (al)-(a5) hold. Central

to our analysis is a main result of [19], which we state as a lemma (without proof).
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Lemma 12 (Outlier Pursuit, adapted from [19]). Let M = L+ C be an 7 X fip matrix

whose components L and C' satisfy the structural conditions

(€1) rank(L) = 7,

(¢2) L has n; nonzero columns,

(€3) L satisfies the column incoherence property with parameter i, and

(€4) |Zp| = {i : ||Pz.C.illa > 0,L.; = 0} = k, where £ denotes the linear subspace
spanned by columns of L and Pz is the orthogonal projection operator onto the
orthogonal complement of £ in R™,

with
1

b < <1 + (121/9) mL> fiz- (77)

3

7\/ kub

For any upper bound ky, > k and A\ = any solutions of the outlier pursuit

procedure

{L, O} = argmin HL(I)H* + )‘HC(I)HLZ st. M= L(l) + C(l), (7.8)
L Ca

are such that the columns of L span the same linear subspace as the columns of L,
and the set of nonzero columns of C is the same as the set of locations of the nonzero

columns of C.

Introducing the shorthand notation L = LS ,C = CS , and ng = |S|, our approach
will be to show that conditions (al)-(a5) along with the assumptions on M ensure that
(€1)-(¢4) in Lemma 12 are satisfied for some appropriate parameters 7, nj, pj, and k
that depend on analogous parameters of M.

First, note that (a5) implies that the matrix V*S has rank r, which in turn implies
that L has rank . Thus, (¢1) is satisfied with #* = . The condition (¢2) is also satisfied
here for n; no larger than (3/2)yny; this is a restatement of (a2).

We next establish (¢3). To this end, note that since L has rank r, it follows that the
r-dimensional linear subspace spanned by the rows of L = USV*S is the same as that

spanned by the rows of V*S. Now, let STV denote the r-dimensional linear subspace
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of R™ spanned by the columns of STV and let Pgyry; denote the orthogonal projection
operator onto STy, Then, bounding the column incoherence parameter of L entails
establishing an upper bound on max;e(s,] | Pyrys€ill3, where e; is the i-th canonical basis
vector of R™2. Directly constructing the orthogonal projection operator (and using that

V*S is a rank r matrix) we have that

2

STV (V*SSTV) V*Se;

max e = max
icli H STy Z”Q i€[na) 9

2

—~

a)
< max

e sTv(ﬁﬂssTv)‘lv*q

2
~ 2
() o1(V*S) r (9 (6 r
< |\ 5= ) - = HL
a2(V*S) nr Y nr
where (a) follows from the fact that for any ¢ € [fg] the vector Se; is either the zero
vector or one of the canonical basis vectors for R"2, (b) follows from straightforward

linear algebraic bounding ideas and the column incoherence assumption on L, and (c)

follows from (a4)-(a5). Now, we let n; denote the number of nonzero columns of L,

and write
6 r (nj r
— — | =) <9ur,— 7.9
mas [ Psryel < () - (BE) < ol (7.9
where the last inequality uses (a2). Thus (€3) holds with
= 9pL (7.10)

Next, we establish (¢4). Recall from above that L has rank 7, and is comprised of
columns of E; it follows that the subspace £ spanned by columns of L is the same as the
subspace £ spanned by columns of L. Thus, |1Pz1Cill2 = [|[Pz.C.il|2, so to obtain an
upper bound on k we can simply count the number & of nonzero columns of C' = Cs.
By (al), (a3), (2.3), and the fact that # = r, we have
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which, combined with (7.10), implies

)

i{< ]. o _3ku,fl2
S \1+(121/9) fup ) 2 g

Finally, we show that the two claims of Lemma 7 hold. The first follows directly
from (al). For the second, note that for any k., > k we have that kay 2 kyp > k.

Thus, since A = and (€1)-(¢4) hold, it follows from Lemma 12 that the

optimization (7.8) produces an estimate J?J whose columns span the same linear subspace
as that of L. But, since L has rank r and its columns are just a subset of columns of
the rank-r matrix E, the subspace spanned by the columns of L is the same as that

spanned by columns of L.

Part 2

The last part of our proof entails showing (al)-(a5) hold with high probability when
S is randomly generated as specified. Let &, ...,E&5 denote the events that conditions
(al)-(ab), respectively, hold. Then Pr ( {ﬂg’zl EZ}C ) < Z?Zl Pr(&¢), and we consider
each term in the sum in turn.

First, since |S| is a Binomial(ng,7) random variable, we may bound its tails us-
ing [232, Theorem 2.3 (b-c)]. This gives that Pr(|S| > 3yn2/2) < exp(—3yn2/28)

and Pr (|S| < yn2/2) < exp(—yn2/8). By union bound, we obtain that Pr(&£f) <
exp (—3yn2/28) + exp (—yn2/8).

Next, observe that conditionally on |S| = s, the number of nonzero columns
present in the matrix LS is a hypergeometric random variable parameterized by a
population of size ny with ny positive elements and s draws. Denoting this hy-
pergeometric distribution here by hyp(ng,nr,s) and letting H|s| ~ hyp(nz,nr,|S|),
we have that Pr(&§) = Pr (H|3| > (%) 'ynL). Using a simple conditioning argument,
Pr(&5) < Zgg{g}gi{lﬂ Pr (Hy > (3) yny) Pr(|S| = s)+Pr (||S| — ynz| > (3) yn2), and
our next step is to simplify the terms in the sum. Note that for any s in the range of



141
summation, we have Pr (Hs > (%) ’ynL) =Pr (Hs > (%) ynr, (ﬂ», and thus

sno

(o (3m) o () (2)) o (25

(o) nr,

< exp (—%) ;
where (a) utilizes the largest value of s to bound the term yngy/s, (b) follows from an
application of Lemma 15 in Appendix 7.1.5, and (¢) results from using the smallest value
of s (within the range of summation) to bound the error term. Assembling these results,
we have that Pr(€S) < exp (—ynr/200)+exp (—yng/24) +exp (—yn2/18), where we use
the fact that the probability mass function of |S| sums to one, and another application
of [232, Theorem 2.3(b,c)].

To bound Pr(&5), we discuss the following two cases: Case 1. By construction, E is

a Hypergeometric random variable, parameterized by the population size no, the total
number of draws f2 and the total positive elements k, denoted here by Hyp(ng, na, k).

Then we have that

-3 -3 vk
3)= = < — < —— .
Pr(&35)=Pr (kz > 2fyku> <Pr (k: > 2fyk> <exp ( 200)
When + satisfies (2.4), we have Pr(&5) < % provided k satisfies

200. (6 ns
log () <k <hy=o2
7 Og(a) == 3(1 + 121rpy)

Case 2. Now consider k£ < 23—010g(g). Let k; and ky be Hypergeometric random
variables with distributions Hyp(ng, 1o, k1) and Hyp(ne, 12, ka) respectively, where ky >
ko. Our analysis relied upon a stochastic ordering property of Hypergeometric random

variables; we establish that result here as a lemma.

Lemma 13 (Adapted from Theorem 1 of [233] for Hypergeometric distribution). Let
X1 ~ Hyp(ng,ng, k1) and Xy ~ Hyp(ng, ng, k2) be Hypergeometric random variables,
whose distributions are parameterized by identical population ns and draws ng with k;

and kg positive elements respectively, where k; > ky. Then for any x € [0, 00), we have
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Pr(X, < z) > Pr(X; <x). (7.11)

Proof of Lemma 13. Theorem 1 of [233] provides a general result of stochastic ordering
for Hypergeometric distributions. Specifically, for X; ~ Hyp(ng,no, k1) and Xo ~
Hyp(ng,ng, k2), (7.11) holds for any x € [0, 0c0) if and only if the left tail condition

no — fLQ no > no — 'fLQ ng (7 12)
ko — ki ki )\ ki —k ks ‘

and the right tail condition

no — ﬁQ no < no — ’fLQ ng (7 13)
ko — k* ki ) T\ ki —k* ko '

hold simultaneously, where k, and k* are the minimum and maximum supports of

Hyp(ng, nia, k1) and Hyp(ne, na, k) respectively, defined as

ke = min{k) : (Hyp(ng, N9, k?l) + Hyp(ng, 2, kg))(k) > 0}
= min{(n2 — (n2 — k1)), (2 — (n2 — k2))+ },
kE* = max{k : (Hyp(ng, no, k1) + Hyp(na, 12, k2))(k) > 0}

= max{min{ng, k1 }, min{ng, ko } }.

Here we only need to verify that if k1 > ko, then (7.12) and (7.13) hold simultaneously,
which then implies (7.11). Note that all arguments below are for the case when z is a
non-negative integer. But same results hold for any real = because a Hypergeometric
random variable is discrete and for any non-negative integer y and a real x € [y, y + 1),
a Hypergeometric random variable X satisfies Pr(X < z) = Pr(X <vy).

We first verify (7.12) when ki > ko. Let (z)+ = max{z,0}. By definition we have,

kv = min{(n2 — (n2 — k1)), (N2 — (n2 — k2))+}
B { Mg + ko —mng, if ng+ky > no

0, 0.W.

When k, = no + ko — na, we have
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no — N9 no9 _ T — 12 n2
kJQ — ks ]{21 g — N9 kl
(™)1 "2 =2 " =0,
kq ng — N + ki — ko k2

where the last equality holds since no — 119 < ny — s + k1 — ko and x choose y is 0, if

x < y. When k, =0, we have
ng—ﬁg ng n2—ﬁ2 no
L)) () ()
ng — N9 no a ng — N2 n2
(o)) (o) ()
:(n2—ﬁ2)"'(n2—ﬁ2—7€2+1)XRQ"'(n2—k1+1)
(ng —ng)---(n2—n2—k1+1)  mng-- (ng—ka+1)

>1

Therefore, (7.12) holds by combining the two scenarios.

To verify (7.13), we use analogous arguments. Specifically, we have from definition,

ki, if k1 <n
k* = max{min{ng, k1 }, min{ng, ko }} = { 1, L kK1 <ng ‘

79, 0.W.

When k* = k1, we have
N9 — N9 no _ ng — N2 n2
/‘Jl —k* kg kl - kl k?
e TN e Y B
ko ko — k1 k1
where the last equality holds since k1 > k9 and x choose y is 0, if y < 0.

When k* = ng, we have two different cases: (i) ko < na < k1 and (ii) ng < ko < ki.

In Case (i), we have similar argument as when k* = k;. In Case (ii), we have
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ng — N ng — Ng ng
k1 — ki—nz )\ ks
ng — N2 ng — ng ng
ko — k* ko — 1o k1
_ (n2 —ng)-- 2—n2—(k1—n2)+1)an"'(nz—k‘2+1)
(TLQ—TLQ) (ng—ng—(kg—ng)—Fl) n2-~(n2—k‘1+1)

(TLQ — k‘g) (n2 — k1 + 1)
(TLQ — N9 — (kjg — ng)) (TLQ — N9 — (kjg — 712) + 1)
)
)

_ (ng —ka)---(no— k1 +1
(TLQ — kig) (TLQ — k‘l + 1

=1.

Therefore, (7.13) holds by combining the two scenarios.
Using the general result, since (7.12) and (7.13) hold, we have Pr(Xs < z) >
Pr(X; < z) for any z € [0, 00). O

Then by Lemma 13, which is based on the stochastic ordering ideas from [233], we
have Pr(ky < z) > Pr(k; < z) for any x € [0,00). This, coupled with the analysis from
Case 1 above, implies that Pr(€5) < ¢ in this case as well.

Finally, we can obtain bounds on the largest and smallest singular values of VS
using the Matrix Chernoff inequalities of [234]. Namely, letting Z = V*S we note
that the matrix ZZ* may be expressed as a sum of independent positive semidefinite
rank-one 7 x r Hermitian matrices, as ZZ* = V*SSTV = > sZ(V*Z)(‘N/’z)*, where the
{s;};2, are i.i.d. Bernoulli(y) random variables as in the statement of Algorithm 1 (and,

s? = s;). To instantiate the result of [234], we note that /\max(sz(f/t)(f/*z)*) < H‘A}*z ;

prr/np = R almost surely for all i, where the last inequality follows from the incoher-
ence assumption (¢3) (as well as (¢1)-(¢2)). Further, direct calculation yields fimin =
Aumin (E(ZZ7]) = Amin(7]) = 7 20d s 2 Ama (E[Z27]) = Amax(1]) = 7, where the
identity matrices in each case are of size r x r. Thus, applying [234, Corollary 5.2]
(with 0 = 1/2 in that formulation) we obtain that Pr(&§) = Pr (a% (V*S) > 37/2) <
r-(9/10)7¢ , and Pr(€¢) = Pr (02 (778) <7/2) <7 (9/10) ™ .

Putting the results together, and using a further bound on Pr(&f), we have
Pr( N} ) < exp (~3ah) +2exp (—%2) +2exp (= 3) +- () 70 +r-(55)
which is no larger than 0 given that 7 satisfies (2.4) (in particular, this ensures each
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term in the sum is no larger than §/5).

7.1.4 Proof of Lemma 8

First, note that since E(l) = £, we have that P71 Mz”g > 0 for all ¢+ € Zx, and
(1)

P71 M,Hg = 0 otherwise. This, along with the fact that the entries of ¢ be i.i.d.
(1)
realizations of a continuous random variable, imply that with probability one the 1 x ng

vector ! £ ¢ Pz M is nonzero at every i € I and zero otherwise. Indeed, since for
(1)

each 7 € I5 the distribution of x; = quELl Mz is a continuous random variable with
nonzero variance, it takes the value zero with probability zero. On the other hand,
for j ¢ Tz, x5 = ¢Pf<i1)]\zvj = 0 with probability one. With this, we see that exact
identification of Z5 can be accomplished if we can identify the support of z from linear
measurements of the form y = (y(g))T = Azx.

To proceed, we appeal to (now, well-known) results from the compressive sensing
literature. We recall one representative result of [20] that is germane to our effort below.
Here, we cast the result in the context of the stable embedding formalism introduced

above, and state it as a lemma without proof.

Lemma 14 (Adapted from Theorem 1.2 of [20]). Let x € R"” and z = Az. If A is an

e-stable embedding of (U(n), {0}) for some € < v/2 — 1 where Z/I(n) denotes the union
2k 2k

of all (27}6) unique 2k-dimensional linear subspaces of R™ spanned by canonical basis

vectors, and x has at most k nonzero elements, then the solution Z of
argmin ||z[[; s.t. z = Az. (7.14)
x

is equal to x.

Now, a straightforward application of Lemma 11 above provides that for any § €
(0,1), if

> 2k log(42/€) + log (,},) + log(2/6)
B fe/V2)
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sufficient to ensure that with probability at least 1 —§, A is a (v/2/4)-stable embedding
of (Z/{( nys {0}). Since v/2/4 < v/2 — 1, the result follows.

2
7.1.5 An Upper Tail Bound for the Hypergeometric Distribution

Let hyp(N, M, n) denote the hypergeometric distribution parameterized by a population
of size N with M positive elements and n draws, so H ~ hyp(N, M,n) is a random
variable whose value corresponds to the number of positive elements acquired from n
draws (without replacement). The probability mass function of H ~ hyp(N, M,n) is
Pr(H = k) = (]I\f) (]\:L:JIL/[)/(]X) for k € {max{0,n + M — N},...,min{M,n}}, and its
mean value is E[H] = nM/N.

It is well-known that the tails of the hypergeometric distribution are similar to
those of the binomial distribution for n trials and success probability p = M/N. For
example, [235] established that for all ¢ > 0, Pr(H — np > nt) < e‘2t2", a result
that follows directly from Hoeffding’s work [236], and exhibits the same tail behavior
as predicted by the Hoeffding Inequality for a Binomial(n,p) random variable (see,
e.g., [232]). Below we provide a lemma that yields tighter bounds on the upper tail of
H when the fraction of positive elements in the population is near 0 or 1. Our result is

somewhat analogous to [232, Theorem 2.3(b)] for the Binomial case.

Lemma 15. Let H ~ hyp(N, M,n), and set p = M/N. For any € > 0,

eznp

Pr(H > (1+¢)np) < e 20+/3), (7.16)

Proof. We begin with an intermediate result of [235], that for any ¢ > 0 and h > 1,
Pr(H —pn > tn) < (001 —p+ hp))" . (7.17)

Now, for the specific choices t = ep and h = 1 + € we have

np (b) Znp

b —_——_—
e 20+e/3)

n (a)
Pr(H —np > enp) < ((1 + )~ (FIr(1 4 Ep)) < ((1 i 6)—(1+e)ee)

where (a) follows from the inequality 1+ x < e* (with x = ep), and (b) follows directly
from [232, Lemma 2.4]. O
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7.2 Proofs for Chapter 3

7.2.1 Proof of Theorem 3
From the main result in [107], we have that (3.8) holds if m and s satisfy
m 2 e~ *(log”m)(log® n)¥3(V, prin) + € ~*(log" m) (log® n) (py +log N'(V, prin, €0))
sz <d2 log? N (V, prin, €0) + €2py log;0 + [/080 (log N'(V, prin, t))"/? dt} 2)
- (log* m)(log® n)e ™2 + e 2 (log® m) (log* n),
which can be obtained from (3.10) and (3.11).

7.2.2 Proof of Theorem 4

We start with an illustration that the set 7 can be reparameterized to the following set

with respect to tensors with orthogonal factors:

T = U {reF : ||z|2 =1}, where V= U{span[A”l,A”]} and
EeV W

W= {v1,v2 € By, with (v1,v2) = 0}.

Suppose (v1, v2) # 0, then let vo = awvy + Bz for some «, € R and a unit vector z € RP2,

where (v1,z) = 0. Then we have

Av— Ay  Auy— A%uy AV — APy
[Az — Aylla — [|AVur — A%2ulls — [[AV1ug — AeviFBzu
AVtyy — A% — APZy, AV (ug — aug) — A*(Bug)

[Avruy — Aviuy — APZuglly — [|AY (ur — aus) — A% (Bua) |2’

which is equivalent to (v1,v2) = 0 by reparameterizing z as vs.
Next, by Theorem 3, we need to upper bound py, v3(V, prin), and N (V, prin, €0)-
These will be addressed separately as follows.

Part 1: Bound py. For notational convenience, we denote A"»"2 = [A"t A¥2]. Tt is
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straightforward that

py = sup dim {span (A"*"?)} < 2p;. (7.18)
v1,v2€Bpy ,(v1,v2)=0
Part 2: Bound 73 (V, prin)- By the definition of yo-functional in (3.7) for the Finsler

metric, we have

Y2(V, pFin) = lnf sup Qk/ AUI,U2 Vk
( p 1n) Ve} o avr UQGVkZO )

where Vy, is an eg-net of Vy, i,e., for any AY1:*2 € V there exist U1, 2 € By, with (v1,72) =
0, |lv1 —01|l2 < Mk, and ||va —Da|2 < Mk, such that A2 € Vi, and ppi, (AV1V2, AV12) <
Ek-

From Lemma 20, we have ppi,(A%0"2, Vi) < 2k(A)ng for ||vg — o1l < m and
lva — D2|l2 < nr. On the other hand, we have that ppi,(A?*"2, V) < 1 always holds.

Therefore, we have
pFin(AY2 V1) < min{2k(A)n, 1}.

Let k' be the smallest integer such that 2k(A)nr < 1. Then we have

k/
Y2(V, pFin) <22k/2,0F (A2 V) <> b2y Z 2%/ prin (AV2 Vy). (7.19)
k=0 k=0 k=k'+1

Suppose that 79 = 1. Then we have [Vy| = 1. For & > 1, we have n; < 1 and
Vi| < (3/mk)P? [237]. By the definition of admissible sequences in the ;-functional,
we require |Vi| < 22" Without loss of generality, suppose that for all k¥ < &/, we have

Vi < 22" < (3/m:)P2. Then we have 2¥/2 < /py log %, which implies

K’ K /2

2 1
PP Nk \/ : (7.20)
=0 - Nk
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For k > k', suppose we choose ng11 = 77,%. Then we have

3 P2 3 2p2 2
() =) =)= (721

which implies [Vi1] < 22" as long as [Vii1| < (3/m64+1)P2 holds. In other words, we
have [Vy,| < 22 if we choose 1j41 = n? for all k > k'. Suppose K’ is the smallest integer

p2 /
such that when we choose 111 = m, then (77;5)“) < 22" holds. This implies

k

(7.21) holds and pgin(AV1V2, V) < (1/2)2" " for all k > '. Then we have

[e'e) o , e 1 2t ’ 1
Z 2k/2 . pFin(AvthaVk) — 2k /2 . 2275/2 . <2> < 2k /2 S M’ (7.22)
t=1

k=k'+1

where the first inequality is from the Cauchy condensation test > ;°, 2t/2 . (%)Qt <
237 (%)t = 1 and the second inequality is from (7.20).
Combining (7.19), (7.20), and (7.22), we have

Y (V, prin) < p2log (7.23)

Nk '

From Lemma 20, suppose we choose a small enough £y such that g9 < 2k(A)ny.
Then (7.23) implies

R(A)
€0

% (V, prin) < p2log (7.24)

Part 3: Bound N (V, ppin, o). From our choice from Part 2, gy € (0, 1) is a constant.
Then it is straightforward that

2p2
N(V, pFin; €0) < (3> : (7.25)

€0
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This implies

/ " log N'(V, prin, )] V24t < / " (log (3/7) it (7.26)
0 0

€0
< \/172/ (—logt)/% dt <Let w = (—logt)1/2)
0
(—logeo)'/? —logeg)!/2 (—logeo)
= \/172/ 2w267w2dw — \/272 <|:w . 67w2j|( g €0) _/ erdw>

—00 —o0 —00

_ (—log;zso)l/2 1
< \/172[w~e “’2}_00 = g04/p2 log - (7.27)

From Lemma 18, we have

6 = max £(A™"™) < max £(4) < 1/p}. (7.28)
1€|n €n

Combining (7.18), (7.24)—(7.28), and Theorem 3, we have that the claim holds if

k(A)

1
m e’ <P2 log + p1 + p2log 50> (log" m)(log® n),

€0

1 1
s§>¢e2 <10g2 —+ ed(p1 + p2) log s) (log® m)(log® n).
0 0

Taking €9 = 1/(p1 + p2), we finish the proof. Note that since 2k(A)n > 1/2, we only
require ppin (A2, Vi) < 1/2 in Part 2. Thus the choice g9 = 1/(p1 + p2) is valid here.

7.2.3 Proof of Theorem 5

(r) (r) (r)
Denote A{vi } = A{vl },A{v2 } e R™2Ep1 We illustrate that the set 7 can be
reparameterized to the following set with respect to tensors with partial orthogonal

factors:

T= U {reE : |z]|a=1}, where V= Uspan (A{”lm}> and
EeV ~

W = {Vi €[2], r,q€[R], q#T, UZ(T) € Bp,, <U§T),U£T)> = (vi(r),vgq)> = 0}.
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Suppose for all r € [R], ér) = oz(r)vy) + B0z for some o, 3") € R and unit vectors
2(") € RP2, where <’U§ ) 2 ") = 0. Then we have

Az — Ay ( A% (r)) XR:( A7 Aa<r>vgr>+ﬁ<r>z<r>,ug>)

r=1

I
WE

\3
Il
—

2

(A”Y) _ (UY) _ a(r)u;r)> _ Azm _ (5(7»)’&;7’))).

which is equivalent to <v§r), vg)> = 0 by reparameterizing 2() as vér).

I
M=

(Avﬁr) Y) _ Aa(T')Uir) ( ) AB(7> 2(r) u(,,,))

~z
Il
—_

1
M=

\3
I
—

Using a similar argument, we show the general scenario. For any r € [R], r > 2,

w.l.o.g., suppose

T

UY) = agr’l)vgl) + Z aY’i)zy) and vé D= (T 1 —l— Z ﬁlm (@) Z Bg’j)zgj).

i—2 j=1

where alm),ﬁlm 7ﬁ2m € R are real coefficients and <v§ ),z£z)> = <v§ )7zél)> =
<z§ ),z§])> = 0 for any 4,j € [r]. For R = 1, the argument is identical to the one

above. For 2 < R < py/2, we have
R (r) (r)
Aa;—AyzZ(A“l : () —AY2 . (’”))
r=1

.u2

R
(r,1),,(1) r (rs2) (4) (r,1) (1) (ryi) ( ) (rd)
= Z (Aal v i a2 .ugr) — AR iz B +2 2515 (’")>

<

(r)

1L,1) (1 1L,1)_(1
+AU§1) ] gr)_A(Lﬁ )vg)-l-ﬁé )zé )) -

(Avﬁl) . (agr,l)ugl) 17‘1 ) ZAzl . (a(lr,i)ugi) . By,z)ugz))
N ZAZ . < 7.7) ( ))) +AU§1) ) Y) _ A(Bgl,l)v§1)+5§1,l)zél)> -ug)7

R
=2

<

which is equivalent to (UET),vi(q)) = 0 and <v§r),vér)> =0 for all i € [2], r € [R], and
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q # r by reparameterizing zY) as vgi) and z(j ) as vé )
Next, analogous to Theorem 4, we analyze upper bounds on py, 3(V, prin), and
N(V, prin, €0), and obtain the result from Theorem 3.

Part 1: Bound py. It is straightforward that

(r)
py =sup dim {span (A{Ui }>} < 2Rp;. (7.29)

w

Part 2: Bound 2(V, ppin). The yo-functional in this case is

o0

VoV, prin) = . inf sup ZQT/Q * PFin <A{UET)}7Vk> 7

Vit A{UET)}EV =0

where V}, is an e;-net of Vy.

Following the same argument in Part 2 of the proof for Theorem 4, we have from
Lemma 21 that if &’ is the smallest integer such that 2Rk(A)n < 1 and we choose
M1 = 7 RK( 7> then we choose a small enough ¢ such that g9 < 2R&(A)ng,

Rk(A)

Y5 (V, prin) S Rp2log (7.30)

Part 3: Bound N (V, prin,€0). It is straightforward that

3 2Rp2
NV, prin, €0) < <> .

€0

Following the same argument in Part 3 of the proof for Theorem 4, we have

€0 1
/ log N'(V, ppin, £)]/2dt < €04/ Rp2log e (7.31)
0 0

From Lemma 19, we have

)
a’ = 2%@2 <A{ }> < ?écﬁcf?( ) < 1/(R?*p3). (7.32)
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Combining (7.29) — (7.32) and Theorem 3, we have that the claim holds if

Rr(A)
€0

1
mZe R <p2 log +p1 + palog 8) (log* m)(log® n),
0

1 1
s> e ? (10g2 =t e2R(p1 + p2) log 80) (log® m)(log® n).

We finish the proof by taking g9 = Note that this choice of ¢ satisfies the

1
R(p1+p2)°
requirement in Part 2.

7.2.4 Proof of Theorem 6

Denote 19\1 =0p®---®0s, o\ = dp®- - @9 and AP\ — [A{e\l}7 A{‘i’\l}} c RX2p1
We illustrate that the set 7 can be reparameterized to the following set with respect to

tensors with partial orthogonal factors:

T= U {zreE : |zll2 =1}, where V:Uspan (Aﬁ\lv‘P\l) and
EeY W

W = {Vd € [D]\{l}, Oa, Pa € dev Jdi e [D]\{l} s.t. <917¢z> - 0}7

W.l.o.g., suppose ¢p = aflp + [z for some «, 3 € R and a unit vector z € RPP, where
(0p, z) = 0. Then we have

AD — Ap — afoulg, — ala
=Al0p®---®02® 1y )01 — A((abp + B2) @pp_1 @ - @ 2 @ Ip, ) P1

=Allp®- - @001y )01 —A(ablp @ - @ P2 @ I, )p1 — A(fz @ -+ @ 2 @ Ip, )1

=APp 1@ @0 —app 1@ @ ¢P1) — A (pp_1® - D ¢1),

This is equivalent to (fp, ¢p) = 0 by reparameterizing z as ¢p.

Next, analogous to Theorem 4, we analyze upper bounds on py, 72(V, prin), and
N(V, prin, €0), and obtain the result from Theorem 3.
Part 1: Bound py. It is straightforward that

py = s)1/1~vp dim {span (Aﬁ\l’“”\l)} < 2p1. (7.33)
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Part 2: Bound 13(V, ppin). The yo-functional in this case is

o
BVoprn) = inf sup D2 py (AN D),
VidiZo a™ieviey 0

where V}, is an e;-net of Vy.
Following the same argument in Part 2 of the proof of Theorem 4, we have from
Lemma 22 that if k" is the smallest integer such that 2k(A) ((1 + )P —1) < 1, then

we choose g small enough such that
where the second inequality is from the binomial expansion. Then we have

Dk(A)
€0 '

D
(7.34)

%V, prin) S D pa-log
d=2

Part 3: Bound N (V, pgin,co)- It is straightforward that

3 225:21%
NV, prin, €0) < <> .

€0
Following the same argument in Part 3 of the proof for Theorem 4, we have

D

1
> palog —. (7.35)
€0

€0
/ log N'(V, prim, £)]/24t < 6
0 d=2

From Lemma 18, we have

I 2
&? = max (? <A19\1’“’\1> < max/(?(A) <1/ (Zpd) . (7.36)

i€[n] i€[n] =
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Combining (7.33) — (7.36) and Theorem 3, we have that the claim holds if

D
Dk(A
m e <p1 +§jpd-1og il )> (log* m) (log® n),
€0

1 1
s2e” <log — +&5 Zpd log — ) (log® m)(log® n).
€0

d=1

We finish the proof by taking ¢y = ﬁ. Note that this choice of € satisfies the
d=1Pd

requirement in Part 2.

7.2.5 Proof of Theorem 7

A SN IR U SR ) .
Denote AV\U#S = | 4 , AU S We illustrate that the set 7 can be reparam-

eterized to the following set with respect to tensors with partial orthogonal factors:

T=U{zeE : |zla=1}, where szspan( AV w\?})
w

Ecy

W= {¥re[Rl,de DN1},60,6]) € Byi¥r.a € [R], i € [D\{1} s4.401”, 6(”) = 0
vr e [R—1].q € [R\IF), 3.k € [D\{1} s.t. (657,61 = (6, 6{7) = 0}.

For R =1, the argument is identical to the analysis in Theorem 6. For any r € [R],

r > 2, w.l.o.g., suppose
0 =) S o) = A S 4 3
i=2

where agr’i),ﬁY’i),ﬂg’j) € R are real coefficients and <9(D),z§1)> = <9(Dl),z§i)> =
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<Z§i)72§j)> =0 for any 4,j € [r]. Then for 2 < R < py/2, we have

R R
Aﬂ—A(p:A-Z<Hg)®---®0g")®fm>0(r— S (e wel 01, )6l
= r=1
R
=4y ( Vg +Z ) 0(’”)+A - @o)
r=2
R
AZ(( o 4‘2:51M +Z/327J ) ®¢1T))
r=2
a,
1

(o

R
(1) r r r T T r
=3 (Vo) 0 w0l - B Ve)) @ w6l

1)9 +5211) ))@@qﬁ

Sl (oo o) 50 o of)
r=2 =2
R r ) )

S (el o)
r=1 j=1

where ag’l) = 1. This is equivalent to ((9(DT), ¢g)> =0, <9g) gl )> =0, and <(;5(T) gb%)} =0
for all r € [R] and g # [R]\[r], by reparameterizing zy) and zé 7) as Hg) and ¢ )’ properly.
The remaining pairs of orthogonality in W can be checked analogously by repeating the
argument above.

Part 1: Bound py. It is straightforward that

{ 9 SD(T)}
py = sup dim { span AL < 2Rp;. (7.37)
w

Part 2: Bound 13(V, ppin). The yo-functional in this case is

o0

(")
Y (V, prin) = inf sup 22”2 PFin <A{19\1 A0 } Vk,)
VrtiZo )
AUM AL fey

where V}, is an e;-net of Vy.

Following the same argument in Part 2 of the proof for Theorem 4, we have from
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Lemma 23 that if & is the smallest integer such that 2Rk (A) ((1+nw)? —1) < 1, then

we choose £p small enough such that
e < 2RDk(A)ny < 2Rr(A) (1 +m)P - 1),

where the second inequality follows from the binomial expansion. Then we have

D

RDk(A

BV o) 3 pa 1og0(). (7.38)
d=2

Part 3: Bound N (V, ppin,€0). It is straightforward that

3 QRZ(?:gpd
NV, prin, €0) < () .

€0

Following the same argument in Part 3 of the proof for Theorem 4, we have

€0 D 1
/ log N'(V, prin, t)]'/?dt < 0| R palog —. (7.39)
0 = €0

From Lemma 18, we have

D 2
&% = max (7 (Aﬁ\l"pV) < max/3(A) <1/ (RZpd> . (7.40)

i€[n] 1€[n] =

Combining (7.37) — (7.40) and Theorem 3, we have that the claim holds if

D
RDk(A
m > e *R (pl + Zpd -log :0()> (log* m)(log® n),

d=2

1 1
s2e” (10g - + &R Zpd log 0) (log® m)(log® n).

d=1

We finish the proof by taking g = ﬁ. Note that this choice of ¢ satisfies the
d=1Pd

requirement in Part 2.
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7.2.6 Proof of Theorem 8

glral @{Td}} {G{Td} {¢{Td} .
Denote AU\ *7\1 = |AUNM S ALV . We illustrate that the set 7 can be
reparameterized to the following set with respect to tensors with partial orthogonal

factors:

{rat A{raq}
T= U {x e E : |z]]2 =1}, where V= USpan <A{19\1 Sy > and
EcV w

W ={¥rq € [Rad € [DI\{1},65, 6" € By V14, aa € [Ra], 3d € [D\{1}
st. (050 ¢l — 0:Vry € [Ry — 1), qq € [Ra)\[rd], 3d, t € [D]\{1}
st (057,057) = (6, 6y = 0}

Repeating the argument in the proof of Theorem 7, we have the equivalence of T
and the set above.

Part 1: Bound py. It is straightforward that

{,ﬂ{’"d}’(p{rd}}
py =supdim q span [ ALY TV < 2Rip1. (7.41)

w

Part 2: Bound 722(1), PFin)- The 7o-functional in this case is

3 (V, prin) = _inf sup S pgy [ ALY T SV
WdiZo {ﬁ{rd},w{rd}} P
ALN TN ey
where Vj, is an ex-net of V.
Following the same argument as in Part 2 of the proof for Theorem 4,

we have from Lemma 24 that if % is the smallest integer such that
2k(A) (1 +ne)P — 1) \/TI5., Ra < 1, then we choose g small enough such that




159

where the second inequality follows from the binomial theorem. Then we have

AWITE, R
5V, pFin) S (Z Rgpq + de) -log D)y iz ‘. (7.42)

€0

Part 3: Bound N (V, pFin, €0)- It is straightforward that

3\ 2(22s Rapa+T17., pa)
N(V, prin, €0) < () ’

€0

Following the same argument in Part 3 of the proof for Theorem 4, we have

. D D 1
/ [logN(V, PFin, t)]l/th < eg <Z Rapq + H pd> log . (7.43)
0 d=2 d=1 0

From Lemma 18, we have

i€[n] i€n]

a’ = maxé2 (Aﬁ\h%’v) < max€2 ) <1/ (Z Rapq + de> . (7.44)

Combining (7.37) — (7.40) and Theorem 3, we have that the claim holds if

& & Dr(A)/TTis Ra
mZe? | Ripi+ (Z Rapa + H pd) -log (log* m)(log® n),

€
d=2 d=1 0

s2e” (log — 4 €5 (Z Rapq + H pd> log — > (log® m)(log® n).

We finish the proof by taking eg = ST R p1+]_[ p—. Note that this choice of ¢ satisfies
d=1"tdPd d=1Pd

the requirement in Part 2.
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7.2.7 Proof of Lemma 1

Given a unit vector y € R", let Zj, = HjyXppyr for all j € [n]. Then from the

independence of Hj; and X, we have

E(Zjk) = E(HjkZkeyx) = E(Hjx) - E(Ckk) - yx = 0,
2

Var(Zjx) < E(kaziky,%) = E(HJZ )-E(22,) - yi = .

From the Azuma-Hoeffding inequality, for any ¢t > 0 we have

nt? nt?
P 1) < 2exp (_) ~ gexp (_) |
( - ) 25 b1 U] 2

n
> i
k=1
, we have

21 2nr
2108 () ) _ 5o <log (5)> _5
n 2nr nr

2nr
By taking ¢t = %

P

n
Z ij >
k=1

By a union bound, we have

2log (2
P (s, > 2288

Suppose A = UQ, where U € R™ " has orthonormal columns. Then we have for all

i € [n] and k € [r],
2
(HSA) = (HSU) < r- (eiTHEUek) .

Using a union bound again, we finish the proof by

2r log (2
P (maxf?(HZA) > rogW) <P <maxr-

i€[n] n o i€[n]

2 2rlog (2
eZHEUekH > TOg(é)) <6

o) n -
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7.2.8 Intermediate Results

Here we introduce all intermediate results applied in our main analysis.

Lemma 16. Suppose for A = [AD), A®) . AM] ¢ R cach A® € R™ P is a

column-wise sub-matrix of A. Given a vector v € R™, we have

m

S Ay,

i=1

< [[Allz[[v]l2-
2

Proof. This is an extension of the Cauchy-Schwartz inequality. We have >, Ay, =
A(v ® I,), where ® is the Kronecker product. This implies

m

Z A(i)vi

i=1

= [[A(v @ L)ll2 < | All2llv @ Lpll2 = [[All2]lv[l2-
2

O]

Lemma 17. Given two sequences of unit vectors {¢;}" ; and {¢;}I'_;, where ¢;,1; €

RPi with ||¢; — 1i||2 < € for all i € [n], we have

(o1 @@ @y —th1 @2 @+ @Ypl2 < (1+¢)" — 1.

Proof. Suppose for all i € [n], we have 1); = ¢1 + z; for some vector x; € RPi. Then we

have

H¢1®"'®¢n_wl®"'®¢nu2:H¢1®"'®¢n_<¢1+xi)®"'®(wn+xn)”2
n n n

<Y @@z @dula+d, Y 610 @n@ - @x; @ @ bl
i=1 i=1 j=1,ji

4+t |z @ @ @p|2

(1)) (e
1 2 n

where the last inequality is from the fact that v ® u|l2 = ||v||2]jul|2 for any vectors v

and u. O
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Lemma 18. Suppose that A € R ITi-1Pa has leverage scores (2(A) for all i € [n].
Then for any vi,v2 € RP2, the leverage scores of AV"2 = [AY AY2] € R"¥?PL are

bounded by £2(Av1:v2) < £2( A).

Proof. Let Z have orthonormal columns and have the same span as the column space of
A. Then we have ¢2(A) = |, Z|3 for all i € [n]. Since the column space of A¥1"2 is a
subspace of the column space of A, we can always find a column sub-matrix Z; € R"*?P1

of Z such that Z; spans the column space of A">¥2. Therefore, for each i € [n], we have
GA2) = llef 2113 < llef Z|3 = £(A).

O]

Lemma 19. Suppose A € R*ITi=1Pd hag leverage scores (7(A) for all i € [n]. Then
(r)
for any Uz‘(r) € RP2 4 € [2], r € [R] with R < p2/2, the leverage scores of A{U" } =

(r)
[M”, VG S ,Avém} € R"<2Rp1 are bounded by 2 (A{”i }) < 2(A).

Proof. Let Z have orthonormal columns and have the same span as the column space
of A. Then we have (2(A) = ||,/ Z|3 for all i € [n]. Since the column space of A{U’m}
is a subspace of the column space of A, as the column space of each A'“z(r) is a subspace
of the column space of A, we can always find a column sub-matrix Z; € R?*2EP1 of Z

(r)
such that Z; spans the column space of A{U" } Therefore, for each i € [n], we have
2 [ 4{v7} T2 T2 _ g2
G| ALY = lle; Zullz < lle; Z|2 = € (A).

O

Lemma 20. For any vi,v2 € B,,, suppose (v1,v2) = 0, and 01,72 € B, are vectors

such that ||v; — T1]|2 < no and ||vg — Ta||2 < 1p. Then we have

prin([A", A%2], [A™, A™2]) < 2k(A)1o.
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Proof. Denote A2 = [A"1 A¥2]. From a perturbation bound for orthogonal projec-

tions given in [238], we have

prm( AV, AT2) < AT Z Ao

4
- O’min(Avl’w) (7 5)
We first provide an upper bound on the numerator as
e P2 P2
| AVv2 — A2 ||y = ‘ ZA(l) (Ul,i —U1,4), ZA(Z) (va; — 1)2,1')]
i=1 i=1 2
D2 ) p2 )
<12 A (v, —71,)|| + > AD (vg; —T2)|| < 20max(A)n0, (7.46)
i=1 2 =1 2

where the last inequality is from Lemma 16.

Next, we provide a lower bound on the denominator. Let [u{ ,uq ] be a unit vector

corresponding to the smallest singular value of AY"Y2) where uy,us € RP!., Then we
have

Av1v2 u1

Omin(A77?) = = [[A(v1 ® u1 + v2 @ u2)|l2

2
> Omin(A)||v1 ® uy + vy ® usgl|2

u2

= Umin(A)\/||U1 @ urll3 + [lva @ ug |3 + 2(v1 ® u1,v2 ® uy)

p2 PpP1
= omin(A) | lwl3 + luzll3 +2) 0 viiur jugjua
i=1 j=1
= Omin(4A) \/1 + 2(vy, v2) (u1, u2) = omin(A), (7.47)

where the last equality is from the condition (v;,v2) = 0. We finish the proof by
combining (7.45), (7.46), and (7.47).
O

Lemma 21. For all ¢ € [2] and 7 € [R], 0" e Bp,. Suppose for all i € [2], r € [R]

)

q € [R\{r}, we have (vi(r) v(q)) = <’U§T),U§T)> = 0. Further suppose for all i € [2

()

— 5

(r)
and r € [R], ") e By, is a vector such that ||vzm - EET)HQ < np. Denote A{vi } =

(2
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O B o(R)
AVt AV T A2 L, AY2 7| Then we have

(r) =(r)
prn <A{“i j,al }> < 2Rw(A)no
Proof. From the perturbation bound for orthogonal projection given in [238], we have

L)t

(r) =(r)
PFin (A{Ui },A{”i }) < 5 (7.48)
Omin <A{vl }>
We first upper bound the numerator as
(r) =(r)
HA{”i }_A{“i }
2
4 (o) ) A (B R N2 4 (D) D)
:H Sy () =) 3y (o — ) 30 4y ()~ )
j=1 Jj=1 J=1
SYNACERD
>4 (”zj — Vg )]
Jj=1 2
R || p2 R P2
<y Z 5 (o) =T D01 45 (o) - 21)) | < 2Romax(Am,  (7.49)
r=1||j=1 5 r=1|j=1 5
where the last inequality is from Lemma 16.
Next, we provide a lojv_ver bound on the denominator. Let
[ugl)T,...,ugR)T,ugl)T,...,ugR)T € R2BP1 be a unit vector corresponding to

(r)
the smallest singular value of A{U'i }, where ulm € RP1 for all i € [2] and r € [R]. Then
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we have

Omin <A{1}Z(r)}) = HA{UY)} [Ugl)—r7 .. ,UgR)T, U,gl)—r, e ,ugR)T] T
R
A (Z o @ul” + 0" @ u(r)>
2

R
Z ( + v(r) & u(r))

2

> omin(A
r=1 2
R
~ onin(A JzQ\ o) )HZZZU”
r=1 =1j=1k
2 R-1 R p2 p1
232, ) ol o

I
—
e
Il

1

2 R
= omin(4 \ll+22 (vy" ,vz ul ,u2 —1—22 Z Z 72 Er)7uz(tJ)>

i=1 r=1 g=r+1

7 r=1 g=r+1 j=1

R—-1

= omin(4), (7.50)

where the last equality uses the conditions that for all i € [2] and r € [R], (v,

)

<UY),U§T)> = 0 for ¢ € [R]\{r}. We finish the proof by combining (7.48), (7.49), and
(7.50).

(7°)7 U§Q)> —

O]

Lemma 22. For all d € [D|\{1}, 04, ¢4 € B,,. Suppose there exists an i € [D]\{1}
such that (6;, ;) = 0. Further suppose for all d € [D]\{1}, 04, ¢4 € By, are vectors such
that [|0g — 042 < 1o and ||¢pg — Pyll2 < 1mo- Then we have

i ([A1 AT a0 A H) <200 (0.

Proof. Let AV\v#\1 = [A{e\l},A{¢\1}] € R™"*?P1 From the perturbation bound for

orthogonal projection given in [238], we have

HAﬁ\mou — AWPH

O'mm(A \1rP\1 )

prin (AT\191, A7) < 2, (7.51)
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We denote thjD = ZJD B ?22:1. We first provide an upper bound on the

numerator:

Jatver - 477

2

[ Z AUDsd2) (Opjp -+ 024 —Opjp, - 0245)
J2rip

Z AUD,--2) ¢D b P2 — aD,jD .. .52’].2) ]

J2:Jp

2

< Z AUDs72) (Op,jp 0250 — OD,jp -+~ 02,5)

Jj2Jp 2

Z AUDs-d2) (6Djp ¢2,j2—¢p,jD"'¢2,jz)

Jj2Jp 2

< omax(A) - (||0p® @0 —0p @+ @0, + |dp @ @ b2 — dp @ -+ @ Byl[,)
< 20max(A) (1 +m0)P 7t = 1), (7.52)

where the second inequality is from Lemma 16 and the last inequality is from Lemma 17.

Next, we provide a lower bound on the denominator. Let [u{ ,uq ] be a unit vector

corresponding to the smallest singular value of A”\1""\1 where u1,us € RP*. Then we
have
=[A(0p®-- @0 ur+¢p @ @ 2 R ua) |2

AN [ u1 ]
u
2 1ls

> omin(A)|[0p @ -+ @02 @ui + dp @ -+ @ g @ uz|2

Omin (Aﬁ\mo\l) —

=Omm(A)\/IIGD@@'--®92®U1H%+H¢>D®'--®¢2®U2||§
+2(0p ® - @02 @ U1, pp @ -+ @ P2 @ ug)

p1
= omin(A) [ lur 3+ w23 +2 > Y b O25u1 - Dy - b255t2,
J2jp j1=1

= Omin(A)V/1+2(0p, 6p) - - (02, $2) (U1, us) = Tumin(A), (7.53)

where the last inequality is from (6;, ¢;) = 0 for some ¢ € {2,...,D}. We finish the
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proof by combining (7.51), (7.52) and (7.53).
O

Lemma 23. For all d € [D]\{1} and r € [R], Gg),d)g) € Bp,. Suppose that for any
r,q € [R], there exists an i € [D]\{1} such that <9§T),¢§q)> = 0, and further, for all
r € [R—1], ¢ € [R]\[r], there exist j,k € [D]\{1} such that (9](-”,9](9)) = 0 and
<gb,(:), gb,(f)) = 0. Further suppose for all d € [D]\{1} and r € [R], éf[),&f[) € By, are
vectors such that HBS") - 5&” |2 < mo and H¢L([) — &(f) l2 < mo. Then we have

. <[A{ o) A{¢§Q>}] | [A{e§q>} {¢{1>}D < 2Rw(A) (1 4+70)° " — 1).

) (r (r)
Proof. Denote A{ \ »%0\1} = [A{e\l} A{¢ ] € R™*2Ep1 From the perturbation

bound on orthogonal projection given in [238], we have
(r) —(r
e} _ 4Rl

Omin (A{ﬁiq)’cp\l }>

2 (7.54)

PFin < {19(1 "p\l} {5@’5& }> <
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We denote 30, =300 --- 3% We first upper bound the numerator as

A{ﬂ\l - A{’W) 27

Dy 1 1 7(1) (1)
= Z AUDssd2) (9537)”3 . 95}2 —0p), 0y 32> o

J2Jp
. . R R R — R
> A0 (o, A, L),
J2+Jp
iDseees] 1 1 —(1) —(1)
Z AUD»d2) | <¢(D,)jp o éd)'z —dpjip 2,j2> N
J2-JD
iDyeosd R —(R —(R
5 o1 (o o), 7ED)
J2+Jp 9
- j i (r) (r) () ()
<D || D AUpe) (HD,J‘D 035, —ODp 92732)
r=1||j2-Jp 9

+ Z AUDs32) <¢g,)jp - ¢g:]2 D,JD 52,]2)

J2-+jD 9
< Omax(A (ZHG ) -5 @ 08y )

+H¢D ®"'®¢2 _¢D ®"'®$gr) 2)

< 2Romax(A) (1 +m0)" 7" = 1), (7.55)

where the second inequality is from Lemma 16 and the last inequality is from Lemma 17.

[ LT (T (T (R)T]T
Uq

Next, we lower bound the denominator. Let R L R 2 S 1) ] S

(r) ()
R2EP1 he a unit vector corresponding to the smallest singular value of A{ﬁ\l A1 }, where
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ufn € RP! for all 7 € [2] and r € [R]. Then we have

_— <A{’9\1 vm}) H AURATY T T T o)

1 9 2 g ey 2
2
(Z‘m@’ @0 ou) +op) o -®¢§”®ug)>
2
R
> onin(A)| 360 0068 @ul) + 6% @0 ¢ @l
r=1 2
< |2 (r)  (r)
:Umin(A) Z<Hu1 >+QZZ Z 6 JD. 2J2u1]1
r=1 =1qg=1j

R-1 R
r) (r) (1) gl (a) , ()
d)D:]D ¢232 2]1 22 Z Z ( Dijp 25U D 0232u131

=r+1j1-Jp

(r) () (q) , (q)
+¢D»]D P2 ,U2j, ¢DJD T P2,5, U 27]1)

= omin(4 \ll+2zz b D gg‘)’ gq)><u§r),ug4)>

r=1q=1
R-1 R
49 Z Z <<6(D7“)7 9(D11)> . <9§T)7 9§Q)><U§T)7U§Q)> + <¢g)7 ¢%1)> e <¢g“)7 gQ)><ug”)7 qu)>)
r=1 g=r+1
= O'min(A)v (756)

where the last inequality is from the conditions on (9( and qb(r) We finish the proof by
combining (7.54), (7.55), and (7.56). O

Lemma 24. For all d € [D]\{1} and r € [R], 0(([‘1) (ra) ¢ B, Suppose that for any
Td,qd € [Ral, d € [R]\{1}, there exists an i € [D]\{l} such that < ; ,(b ) 0, and
for all r € [R — 1], q € [R]\]r], there exist j,k € [D]\{1} such that <9]( ),GJ(Q)> =0 and
<¢,(€r),¢,gq)> = 0. Further suppose for all d € [D]\{1} and r € [R], 9d ,gi) € B,, are

vectors such that ||0§T) - @&r) ll2 < mo and Hgbg) - 6((;) ll2 < np. Then we have

PFin <[A{9<r> A{&’f}} , [A{G(\Tl)},A{¢(\?}]> < 2k(A) ((L+no)P 71 - @
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o o)

{ra} {ra}
, 0
Proof. Denote A{ EEAY A{ M },A{¢\1 } € R™2Fip1 - From the perturba-

tion bound for orthogonal projection given in [238], we have

19{7‘d}7¢{rd} E{Td}7¢{rd}
g B

< (A { ﬁgd}’@gd}}>
Omin

2. (7.57)
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We denote 30, =300 --- 3% We first upper bound the numerator as

A{ﬁ&d}, {;d}} A{Egd}@gd}}

2
1 (1) 1)
— || 3= Ao '(53)jD"'9§,g)'2_GDJD”'HM)’“ :
J2-JD
. 1 R (1) 7(R2)
S Alp-io). (QQJD. .95,],3)_9]3@...92;),,”,
j2ip
o (Rp)  —(1)
Z fl(jD7 7]2) : ( D]D ¢2]2 DJDD ¢27]2) ge ey
j2ip
i R R —(Rp)  —(Ra)
> Al ’”)‘( Do Bt — By B, >]
j2ip 2

Rs
<3 3| S A (o) k) ) 953

ro=1 rp=1||j2:jp 9

JDyd2) | _ ~=(rp)
Z Al ( D,JD ¢212 D,jp " ¢2,Jz>

Jj2Jp

Ra Rp
< Omax(4) - (Z Z HQ([;D)@)._'@)%TQ)_9(5D)®“.®§g"2) 2

ro=1  rp=1

D
<2 H Rd : UmaX(A) ((1 + nO)D_l - 1) ) (7'58)
d=2

2

_i_HngD)®®¢g“2)_¢( ) ®¢(T2

where the second inequality is from Lemma 16 and the last inequality is from Lemma 17.

Next, we provide a lower bound on the denominator. Let
[ugl)—r,...,ugRl)T,uél)T,...,ugRl)T € R2?MiP1 be a unit vector corresponding to

glra} {Td}
the smallest singular value of A{ a }, where ugrl) € RP for all ¢ € [2] and
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71 € [R1]. Denote 3, = Zn 1 Zflf:l. Then we have
{ra} {ra} {ra} {ra} T
Omin (A{ﬁ\l AL }> = A{ﬂ\l P } [ugl)T, ... ,ugRl)T, ugl)T, . ,ugRl)T}
2
A ( S e 000 ou™ + 0P @ @ ¢l (”)>
T1y..sTD 2
> omn(A)|| Y 5P @ 0ol ou 4ol @ 0o @ uf
T1,.-+,T"D 2

s

—own(), | 3 ([ [7) 2 XX S ooty
T1,--sTD T1,--s'D q1,--,9D j1-*JD

gr2),,(r1) plap) (@2),,(a1)
(bD,JD' 2]2 27J1+ Z Z Z (DJD” 2322u1311 HD?D' 9,;2 1,J11

T1,-TD q1,--,4D j1-JD

(r2),, q1)
+¢D]D. ¢232 2731 ng]D‘ ¢2,J2 27]1)

- Umln \J H Rd +2 Z Z (‘ID <0§T2)7 ¢( )><U§T1) ué‘]l)>

T15--sTD q1,---54D

£ (570570 0 ) ) (05 o)

T1,--TD 41,.--,4D

(165,65l )

D
= omin(A), | [ [ Ra> (7.59)
d=2

where the last inequality is from the conditions on Hg) and qbg). We finish the proof by
combining (7.57), (7.58), and (7.59).

O]
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7.3 Proofs for Chapter 4

7.3.1 Proof of Lemma 2
Part 1. We first show the claim on A\. By y = X60* 4+ € and (7.64), we have

XT(X0* —y) XTe
VL0 = = — . 7.60
)= Ty =%6s ~  vall (7.60)

Since € has i.i.d. sub-Gaussian entries with E[¢;] = 0 and E[¢?] = o2 for alli = 1,...,n,

then from [239] we have

1 n
P [He”% < naﬂ < exp (—3—2> , (7.61)

W

By [134], we have the following result.

Lemma 25. Assume X satisfies ||x;[|2 < /n for all j € {1,...,d} and € has i.i.d.

zero-mean sub-Gaussian entries with E[w?] = o2 for all i = 1,...,n, then we have

P [;yx%uoo > 20 lgd} <2d'.

Combining (7.60), (7.61) and Lemma 25, we have ||[VL(0")|w < 44/logd/n with
probability at least 1 — 2d~' — exp (—%)

Part 2. Next, we show that LRSC, LRSS, and LRHS holds. First, for correlated
sub-Gaussian random design with the covariance satisfying the bounded eigenvalues, we
have from [240] that the design matrix X satisfies the RE condition with high probability

given n > c¢s*logd, i.e.,

logd, 15 _ |1 Xv]3
Vo013 = i 22 oy < X012
n n
log d Xl
A REPRL LT P e ) (7.62)

where ¥min, Ymax, Ymin, Ymax € (0,00) are generic constants. The RE condition has
been extensively studied for sparse recovery [133,166,241].
We divide the proof into three steps.
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Step 1. When X satisfies the RE condition, i.e.

log d | log d

Xv
| ||2 < YPmax||v HQ + Pmax——

Yanin[[0[13 — @min—— 0[] < lvl3,

Denote s = s* + 23. Since ||v]|o < s, which implies ||v|| < s||v||3, then we have

slogd Xv slogd
(o = o222 015 < BB < (g 280 o,

Then there exists a universal constant ¢; such that if n > ¢15* logd, we have

||
wmlnH H2 — < meaxH H2 (763)

Step 2. Conditioning on (7.63), we show that £ satisfies LRSC and LRSS with high
probability. The gradient of £(#) is

_ 1 Iy — X0||2 T oy — X0) T T_ XT(X0—y)
VE(G)—\/E<( 8(y—X¢9)) < 50 >> = nlls — X6l (7.64)

The Hessian of £(0) is

C19(-XT3) 1 (y = X0)(y — X0)"
VO = o T el —Xals (I‘ Ty~ X0[2 )X' (7.65)

For notational convenience, we define A = v — w for any v,w € B}. Also denote
the residual of the first order Taylor expansion as 0L(w + A, w) = L(w + A) — L(w) —
VL(w)"A. Using the first order Taylor expansion of £(6) at w and the Hessian of £(6)
n (7.65), we have from mean value theorem that there exists some « € [0, 1] such that
IL(w+A,w) = fll&l\ ATXT (I HEHQ) XA, where { = y—X(w+aA). For notational
simplicity, let‘s denote z = X (v — 0*) and 2 = X (w — 6*), which can be considered as

two fixed vectors in R™. Without loss of generality, assume ||2|2 < ||Z||2. Then we have

n02

12113 < 1IZ[13 < 2¢maxnlw — 6*[3 < —
4
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Further, we have
E=y—Xw+aA)=e—X(w+aA—-0)=e—az—(1—a)Z, and XA =:2-2%

We have from [239] that

nd?

P [llel3 < no®(1 - 5)] < exp (—16) , (7.66)

Then by taking § = 1/3 in (7.66), we have with probability 1 — exp (—1%414),

) . . 4 1 1
[€ll2 > [lell2 = aflzlla = (1 = @)[|Z]|2>]le]l2 — ||2|!225\/ﬁ<7 - 5\/50 > 1\/50- (7.67)

We first discuss the RSS property. From (7.67), we have

ATXT (1- 5 xa  (IxAl)3 - 220
5L+ Avw) — [HE _ [HE
’ vnll€]2 Vnll€]l2

2
XA _ 8t
Vil = o

Next, we verify the RSC property. We want to show that with high probability, for

1A]3

any constant a € (0,1)

.
HéHXA‘ < VT=a|| XA, (7.68)
2

Consequently, we have

§§T T 2
ATXT(I-222 ) XA = XA3 - [ =—XA) >a|XA|3.
1€113 1€]]2

This further implies

SL(w+ A w) = L ATxT <1 — ‘S‘ET> XA > wimmnmg. (7.69)
’ vlél €115 ~2lgll2/vn



176

Since ||2||2 < ||Z]|2, then for any real constant a € (0, 1),

& — _pfllemaz—0-anT —_—
P[ e 2| = FHXAHz] _P[ ||6—oz73—(1—a),§”2( )| < VI—alz =2,
: e—)T(2-%

(Z)IP[( He)— (Z'HQ ) SMHz_gM

B[ (TEe-n-T-0) <0 -l 2Bl - 21

o Trs = 2
@1@”(6 (2 Z)) F 212 - 262

12 = £ll2

< (1= a)(llell3 + 12113 —26Té)] : (7.70)

where (ii) is from dividing both sides by ||v||3, and (i) is from a geometric inspection and
the randomness of ¢, i.e., for any « € [0,1] and ||2||2 < ||Z]|2, we have ‘ﬁ(z - z)‘ <
(—az—(1-a)®)T /.
o (o)l %)

inequality above. Let‘s first discuss one side of the probability in (7.70),

. The random vector ¢ with i.i.d. entries does not affect the

T/ .. 2
€' (2—-2Z . . . .
Pl (g - 2T < (- @)l + 40— 27
12 — Z[|2
2 ET(?3 —Z) ? 2112 T,
=P |A—-a)lelz > | 77— ) +alllzlz—2¢ 2) (7.71)
12 — 2|2
Since € has i.i.d. sub-Gaussian entries with E[¢;] = 0 and E[¢?] = o2 for all i =
1,...,n, then GHTZ(;Z;'E) and €' 2 are also zero-mean sub-Gaussians with variances o2 and

02||#|13 respectively. We have from [239] that

né>
P [|lell3 < no*(1 —6)] < exp <_16> , (7.72)
Trs = 2 9
P (6(22)> > no?6?| < exp (_n&) , (7.73)
12— |2 2
2,252
Ple"2 < —no?s| < exp (—”0> . (7.74)
[ ] 201213

Combining (7.72) — (7.74) with ||2||3 < no?/4, we have from union bound that with
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probability at least 1 — exp (—@"4) — exp (—1"78) — exp ( 128) >1—3exp ( ),

Ty . 2
— 1 1
lel2 > 2no2, (SE=ZDY < L2 _ mic L
3 12— 2|2 64 16

l\?

This implies for a < 3/5, we have ﬁXA < V1 —a||XAll2. For the other side of
(7.70), we have

FTEDNT 2 0T s (el I 2T
PI(Tpgr) +IeIB 25 2~ - lelB + 13 2ea]
e(z—2\
=Plu—am¢%z—(ugﬂg)-—@—amu@—2J@]
er(z-2\
zP[u—aw¢%z(”;w;)—wmuﬁ—zJa]. (7.75)

Combining (7.70), (7.71) and (7.75), we have (7.68) holds with high probability, i.e.,
for any r > 0,

" n
[ ih XA‘ <1 |XA||2] >1—6exp (—m)

Now wo bound ||£]|2 to obtain the desired result. From [239], we have

2 2 _né?\ _ _n
P [|lell3 > no?(1+6)] < exp < 18 ) = exp < 72) , (7.76)

where we take 0 = 1/2. From £ = ¢ — az — (1 — «)Z, we have

(@) [3n
Hﬂb<HH2+MVM+%1—aW4b<H|b+Hﬂ2f\/ -0+ vﬁd (7.77)

where (i) is from |Z]|2 < ||Z]|2 and (ii) is from (7.76) and ||Z]|3 < no?/4. Then by
the union bound setting a = 1/2, with probability at least 1 — 7exp (—TL), we have
OL(w+ A,w) > %HAH% Moreover, we also have r = &Z’ﬁ > 5% (640N /thmin )
s* (8/\//75_*+§)2 for large enough n > ¢;s* logd, where A = 24,/logd/n.

Step 3. Given the proposed conditions, we have that £ satisfies the LRHS property
by combining the analysis in [242].
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7.3.2 Intermediate Results of Theorem 9

We introduce some important implications of the proposed assumptions. Recall that
§* = {j : 07 # 0} be the index set of non-zero entries of §* with s* = [S*| and
S =1{j: 07 = 0} be the complement set. Lemma 2 implies RSC and RSS hold
with parameter p_. . and p;i o5 Tespectively. By [243], the following conditions are

equivalent to RSC and RSS, i.e., for any v, w € R? satisfying ||[v — w||g < s* + 25,

prepasllo = wl3 < (v = w) VL) <l gsllv — w3, (7.78)
1 1
—— VL) = VLwW)|3 < (v—w) ' VL(w) < ——||VL(w) = VL(w)|[5. (7.79)
Psx 123 Ps* 123

From the convexity of /1 norm, we have

[l = wlh > (v —w)Tg, (7.80)

where g € d||w||;. Combining and (7.78) and (7.80), we have for any v, w € R? satisfying
lv —wllo < s* + 28,

FA(v) = Fa(w) = (v = w) 'VA(w) > pgllv = wll, (7.81)
Remark 8. For any ¢ and k, the line search satisfies

LO < LW < Ly, L< LW <LO <2L and pl,,. < LW < LW <2pf . (7.82)

where L = min{L : |[VL(v) — VL(w)|]2 < L|| — yl|2, Vv, w € R9}.

We first show that when 6 is sparse and the approximate KKT condition is satisfied,
then both estimation error and objective error, w.r.t. the true model parameter, are

bounded. This is formalized in Lemma 26, and its proof is deferred to Appendix 7.3.8.

Lemma 26. Suppose conditions in Lemma 2 hold. If 6 satisfies ||f5+[lo < 5 and the
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approximate KKT condition mingeg)g), [|VL(0) + Agllo < A/2, then we have

1(0 = 0%)5[l1 < 5[(6 — 0%)s]]1, (7.83)
. 20/5*

10 = 6%l < ——, (7.84)
Ps*423
12)s*

10 — 6"y < ——, (7.85)
ps*+2§
6A2s*

Fa(0) = Fa(07) < (7.86)

Psx 123

Next, we show that if 6 is sparse and the objective error is bounded, then the
estimation error is also bounded. This is formalized in Lemma 27, and its proof is

deferred to Appendix 7.3.8.

Lemma 27. Suppose conditions in Lemma 2 hold. If § satisfies ||fs+[lo < 5 and the
objective satisfies Fy(0) — Fi(6%) < f_)‘ﬁ, then we have

s* 4235
N 4N/ 3s* N 24)\s*
|0 — 0%l < — , (7.87) |0 —6%||1 < — . (7.88)
Ps+4235 Ps*423

We then show that if 6 is sparse and the objective error is bounded, then each
proximal-gradient update preserves solution to be sparse. This is formalized in

Lemma 28, and its proof is deferred to Appendix 7.3.8.

Lemma 28. Suppose conditions in Lemma 2 hold. If § satisfies [|05-[o < 5, L sat-
isfies L < 2p. and the objective satisfies Fy(0) — Fy(6%) < 1)6_’\&, then we have

*425°
s* 4235

| (TzA(0))5 llo < 5.

Moreover, we show that if 6 satisfies the approximate KKT condition, then the
objective has a bounded error w.r.t. the regularizaSuppose conditions in Lemma 2
holdtion parameter A. This characterizes the geometric decrease of the objective error
when we choose a geometrically decreasing sequence of regularization parameters. This

is formalized in Lemma 29, and its proof is deferred to Appendix 7.3.8.

Lemma 29. . If § satisfies w)(0) < \/2, then for § = argming F) (), we have F)(0) —
]_—)\(9) < 24A(:),\(9)8*‘

T Pgryos
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Furthermore, we show a local linear convergence rate if the initial value 8 is
sparse and satisfies the approximate KKT condition with adequate precision. Besides,
the estimation after each proximal gradient update is also sparse. This is the key
result in demonstrating the overall geometric convergence rate of the algorithm. This

is formalized in Lemma 30, and its proof is deferred to Appendix 7.3.8.

Lemma 30. Suppose conditions in Lemma 2 holds. If the initialization 6(©) satisfies

10©)]|p < 5. Then with § = argmingy Fy(6), for any t = 1,2, ..., we have ||§®)||o < 5 and
_ t _

Fr(00) — Fr(0) < (1 -~ 1 ) (FA(69) — F\(@)).

81‘65*+25

Finally, we introduce two results characterizing the proximal gradient mapping op-
eration, adapted from [123] and [130] without proof. The first lemma describes sufficient

descent of the objective by proximal gradient method.

Lemma 31 (Adapted from Theorem 2 in [123]). For any L > 0,
L 2
O (Te(0),0) < P (0) = S5 1TeA(0) = Oll2.
Besides, if £() is convex, we have
. L 2
Q1 (77(0),0) < min 73 (x) + = x — 0], (7.59)
Further, we have for any L > L,
L
IA(Tea(0)) < Qa(Tea(0),0) < Fo(0) = 5 [1TeA(0) — 0l5- (7.90)

The next lemma provides an upper bound of the optimal residue w(-).

Lemma 32 (Adapted from Lemma 2 in [130]). For any L > 0, if L is the Lipschitz
constant of VL, then

wx (ToA(0)) < (L4 S(0)) [T A(0) — 0]l2 < 2L||Tp A(0) — 0|2,

where Sr,(0) = ”Vﬁ(ﬁff?g;:%s(e) l2 5 4 local Lipschitz constant, which satisfies Sg,(6) <

L.
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7.3.3 Proof of Theorem 9

We demonstrate the linear rate when the initial value () satisfies wy ((?)) < % with

1(0)5+[lo < & The proof is provided in Appendix 7.3.6.

Theorem 21. Suppose conditions in Lemma 2 hold. Let 6 = argming F)(#) be the
optimal solution with regularization parameter A. If the initial value 6(°) satisfies

wy(0)) < 3 with H(Q(O))g*Ho < §, then for any t = 1,2,. .., we have H(H(t))g*

_ t * ®)
||9(t) - 0”% < (1 _ 1 > 24)\87(.&))\(92 ) and
Bhs+ 125 (P5+423)

1 P 245wy (A1)
8ks* 425

OS§7

Fr(0®) — Fr(0) < (1 - , (7.91)

Psx 123

In addition, to achieve the approximate KKT condition wA(G(t)) < g, the number of

proximal gradient steps is no more than

log (96 (1 + kg po3) )\2S*f€s*+2§/52)
log (8ks+125/(8ks 125 — 1))

(7.92)

. . e . BKg* 423
From basic inequalities, since kg+425 > 1, we have log (m) >

log (1 + lerl > 8nsi+2§' Then (7.92) can be simplified as
O (/is*+2§ (log (K§*+2§>\28*/62))).

As can be seen from Theorem 21, when the initial value #(%) satisfies wy(6(?)) < %
with H(Q(O))g*Ho < §, then we can guarantee the geometric convergence rate of the
estimated objective value towards the minimal objective.

Next, we need to show that when 6y € B;, the approximate KKT holds for 6y),
which is also sparse. We demonstrate this result in Lemma 33 and provide its proof in

Appendix 7.3.7.

Lemma 33. Suppose conditions in Lemma 2 hold.s. If %\/5% > Aand ||0—0%2 <7
holds, then we have wy () < 4y/r and ||f5+[lo < 5.

Combining the results above, we finish the proof.
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7.3.4 Proof of Theorem 10

We present a few important intermediate results that are key components of our main
proof. The first result shows that in a neighborhood of the true model parameter 6*,
the sparsity of the solution is preserved when we use a sparse initialization. The proof

is provided in Appendix 7.4.3.

Lemma 34 (Sparsity Preserving Lemma). Suppose conditions in Lemma 2 hold with
e < %. Given 0®) € B(0*, R) and Heg)Ho < 3, there exists a generic constant C; such
that

* 2 %
le‘i and  F\(0D) < F\(6%) + 15A7s™

105 Do < 5, [0EHD — 0y < —.
Ps* 23 Apge 03

Denote B(0,7)={¢ € R? : ||¢ — 0|2 < r}. We then show that every step of prox-
imal Newton updates within each stage has a quadratic convergence rate to a local
minimizer, if we start with a sparse solution in the refined region. The proof is provided
in Appendix 7.4.3.

Lemma 35. Suppose conditions in Lemma 2 hold. If 8®) ¢ B (0*,r) and Hﬁ(t)gHO <3,
then for each stage K > 2, we have

190+ Gy < 242590 _ g2,
ps*+2§

In the following, we need to use the property that the iterates () e B(0,2r) in-
stead of 00) ¢ B (0*,r) for convergence analysis of the proximal Newton method. This
property holds since we have 8() ¢ B(#*,r) and 6 € B(6*,r) simultaneously. Thus
0 c B (9, 27“), where 2r = % is the radius for quadratic convergence region of the
proximal Newton algorithm.

The following lemma demonstrates that the step size parameter is simply 1 if the

the sparse solution is in the refined region. The proof is provided in Appendix 7.4.3.

Lemma 36. Suppose conditions in Lemma 2 hold. If §®) € B(0,2r) and [|6®)5]o < 3
at each stage K > 2 with % <a< %, then 7, = 1. Further, we have

FA(0Dy < Fr (0D + i%.
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Moreover, we present a critical property of ;. The proof is provided in Ap-
pendix 7.4.3.

Lemma 37. Denote A9 = g(t) — gt+1) and
2=V (60) 200 1 | (60 1 200) [~ A (99 |1

Then we have v < —HA9 ® Hvzﬁ O®)y

In addition, we present the sufficient number of iterations for each convex relax-
ation stage to achieve the approximate KKT condition. The proof is provided in Ap-
pendix 7.4.3.

Lemma 38. Suppose conditions in Lemma 2 hold. To achieve the approximate KKT
condition w) (H(t)) < ¢ for any € > 0 at each stage K > 2, the number of iteration for

proximal Newton updates is at most

3% 103
log log <p5+25>
€

Combining the results above, we have desired results in Theorem 10.

7.3.5 Proof of Theorem 11

Part 1. We first show that estimation errors are as claimed. We have that w)\(é(o)) <
A/2. By Theorem 21, we have for any ¢ = 1,2,..., “(6[(24.1])3*”0 < 5. Applying
Lemma 26 recursively, we have

2 12
AWV 16— 67|, < 1225

Ps 425 Ps 425

16— 6%[l2 <

Applying Lemma 2 with A = 24,/logd/n and p_. 4oz = Ymin then by union bound, with

80

probability at least 1 — 8 exp (—&) —2d~!, we have

R 4 *log d A 23040s*+/log d
667 < 2 "W and [ ] < PRIV OR
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Part 2. Next, we demonstrate the result of the estimation of variance. Let 6 =

argming F) () be the optimal solution. Apply the argument in Part recursively, we have

- 23040s*+/logd/n
8- 6] < viegd/n (7.93)
wmin
Denote cq, co, ... as positive universal constants. Then we have

L£(0) = £0%) < AU10"[lx = 19112) < AU05- 1 = [1O)s+llr = 1O)z-[11)

= — . @) ogs*logd
SAmefemwlngfenlscf—zé2, (7.94)

where (i) is from the value of A and ¢; error bound in (7.93).

On the other hand, from the convexity of £(6), we have

LO) = L(07) = (0 67)TVLE") = ~[IVLEO)l|<]|10 — 6l

Q _ (i1) *logd
S —eo\[G— 0] > —c?,%, (7.95)

where (i) is from Lemma 2 and (ii) value of A and ¢; error bound in (7.93). By definition,

we have

_ ly=X0ll2  ellz.

L(6) — L(0") NG NG (7.96)
From [239], we have for any ¢ > 0,
2 2
P [ ”1‘2 — o2 > 025] < 2exp (—”{2) . (7.97)

Combining (7.94), (7.95), (7.96) and (7.97) with 6% = W, we have with high
probability,

’Hy—\/)ﬁ(%_a' :0<U3*10gd>_ (7.98)

n

From Part 1, for n > c¢4s*logd, with high probability, we have [|§ — 6% <

W = 2\/227%’ then § € B+ and Hé — 0|0 < s* +25. Then from the
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analysis of Theorem 21, we have

wA(OF) < (1 + ke 125) \/4P:*+25 (FA(0®) — Fr(9)) <e.

This implies

62

Fa(0W) — F\(0) <

< : (7.99)
Ape oz (1+ Ko y25)°

On the other hand, from the LRSC property of £, convexity of /1 norm and optimality

of 0, we have
fA(Q(t)) - —7'—/\(5) = P;+2§||é - 5”% (7.100)

Combining (7.99), (7.100) and Lemma 2, we have

)-8 8pt 0z 4
X0 —0)ll2 < Ps +25H0 _ Q*HQ < _2 € < de )
Vn o TPg 195 (1+ Fseyos) — (14 Ke4+25) V¥min
(7.101)
Combining (7.98) and (7.101), we have
o= X0 |ly= Pl IOl |l e
\/ﬁ N \/’ﬁ \/ﬁ B \/ﬁ (1 + ’is*+2§) Vv ¢min

Ife< 05% for some constant cs, then we have the desired result.

7.3.6 Proof of Theorem 21

Note that the RSS property implies that line search terminate when L® satisfies
Parsos < LV < 2055 25 (7.102)

Since the initialization 0(©) satisfies w)(0(¥)) < 4 with H(H(O))g*Ho < &, then by

Lemma 26, we have Fy(8(0) — F\(6*) < 62" Then by Lemma 28, we have

Pex 195
1(0W)5]l0 < 5.
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By monotone decrease of Fy(6®") from (7.90) in Lemma 31 and recursively applying
Lemma 28, [|(0®)z+|jo < § holds in (7.91) for all t = 1,2, ...

For the objective error, we have

200 -5 L (1- o) (500 - 20)

8Ks* 425

(id) 1 E2aNs*w, (1)

< (1— ) NG (7.103)
8his 123 Ps*423

where (i) is from Lemma 30, and (ii) is from Lemma 29 and wy(8¢F1)) < \/2 < A,
which results in (7.91).
Combining (7.103), (7.81) with V.Fy(#) = 0, we have
1

16 818 < - (5(69) - 26 - VD) < 1
Ps 423

1 >t 24s*wy (1)
8kis 123 (P +2§)2

For wy (A1) of (t + 1)-th iteration, we have

w}\(ﬁ(t+1))

@) /- (i) /-
< (L9 + 550 (89)) 69 =60y < (L0 + g5 ) 100 = 69

iii + v + _
@ o (1 . png) 60+ _ g0, 2 0 (1 . ps*+gg> \/ 2 (FA(00) — Fy(0(+D))

Ps=125 Ps*125 L)

—~

v

< (1 + Kgry2s) \/4P;+2§ (FA(00) = FA(0))

=

(vi) 1\’
< (14 Ksx423) \/96)\25*,%5*+25 (1 — > , (7.104)

8K 23

where (i) is from Lemma 32, (ii) is from S;, (6®) < p;t+2§, (iii) is from pi. o5 < LW

in (7.102), (iv) is from (7.90) in Lemma 31, (v) is from L") < 2p%, , in (7.102) and

monotone decrease of Fy(#®)) from (7.90) in Lemma 31, and (vi) is from (7.103) and
+
ons =

Then we need wy(f) < e < A/4. Set the R.H.S. of (7.104) to be no greater than

€, which is equivalent to require the number of iterations k to be an upper bound of
(7.92).
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7.3.7 Proof of Lemma 33

Part 1. We first show that given [|§(*) — 6*||2 < 7, w\(AV) < 4/7 holds. From
Lemma 32, we have

wr(0M) < 2L]16D — 9O, < 4]0 — 6% )5 < 4/

Part 2. We next demonstrate the sparsity of §. From A > 6||VL(0)| 0, then we

have

Hz €S |ViL(6)| > 2}’ =0. (7.105)

Denote S; = {z €S |ViL(6) — ViL(6%)] > %} and 3; = |S;|. Then there exists
some b € R? such that [|b]joc = 1, ||bllo < 51 and b" (VL(0) — VL(6*)) > 2’\% Then
by the mean value theorem, we have for some 6§ = (1 — a)f + af* with a € [0,1],
VL) — VLO") = V2L(O)A, where A = 0 — 0*. Then we have

; O - -
% <BTVELD)A < \/bTV2L(0)by ATV L(G)A

(? \/Elp;_l \/AT(VE(G) — VL(6%)), (7.106)

where (i) is from the generalized Cauchy-Schwarz inequality, (ii) is from the definition
of RSS and the fact that [|blla < /31|bllc = +/31. Let g achieve mingey|gy, Fa(0).

Further, we have

AT(VLO) = VLO") < AIIVLED) = VLO ) oo < [AIIVLE) oo + [ VLO) o)
. () 28X\s* A A 14)\2s*
< NAI IV oo + IVLB) + Aglloo + Allglloe) < = (5 + 5 +2) £ =2,
3105*—}—5 Ps15

(7.107)

where (i) is from HAE*Hl < %HAS*”l and ||Ag«|l; < 33#, condition on A, ap-

5

¥+
proximate KKT condition and ||g||lcc < 1. Combining (7.106) and (7.107), we have
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/z 14
2 <4/ pp51 , which further implies
*JFS

32;)?1 s*

¢
fiary
INA

D517 < 32k4e 938" < &. (7.108)
Ps 45

For any v € R? that satisfies ||v||g < 1, we have

5 s
ZG}Q{ L [VLRL(07)] 6}U31

Then we have |Sy| < |S1| < 5. Since for any i € S and ’Viﬁ( + UZ} < 52 we can
find g; that satisfies |g;| < 1 such that V;L£(0) + %vi + Ag; = 0 which 1mphes 0; =0,

5A
<=t =0.

S IVLL(0) + ivi

SQZ{iGS* 1

then we have

Hz eS: ‘Vﬂl(@) + zvi

This implies || So| < 3.

7.3.8 Proofs of Intermediate Lemmas in Appendix 7.3.2
Proof of Lemma 26

We first bound the estimation error. From Lemma 2, we have the RSC property, which

indicates

L(0) > LO) + (0 — 6% VLE) + (o 105/2]0 — 073, (7.109)
L(O%) > L0) + (07— 0) VLO) + (py05/2) 0 — 7[5, (7.110)

Adding (7.110) and (7.109), we have
(0 —07) VL) > (0~ 07)"VLE") + oy o510 — 075 (7.111)

Let g € 0||0|l1 be the subgradient that achieves the approximate KKT condition,
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then

1
(0= 0")" (VLO) + Ag) < [10 = 0" [1 [IVL(O) + Aglloe < 5A0 = 071 (7.112)
On the other hand, we have from (7.111)
(0= 0") " (VLO) +XAg)=(0 — 0%) TVLEO) + pypslld — 0°15 + g " (0 67), (7.113)

Since |0 — 6*||, = [|(0 — 0%)s-

1+ (0 —0%)5+ |1, then

(0 —60%)"VLE) = — (0 — 0)s L 1£(0") oo — (6 — 65

L0 oo (7.114)

Besides, we have

(0
(0—0")Tg=9g3(0 = 0")s + gg=(0 — 0" )5 > —lgs+[|oo | (0 — 0%)5+ 11 + 95O
(i1

> —[[(0 = 0%)s-

(it

) * *
1+ llgs<ll =" =10 = 0%)s+[ls + (0 = 07)5+Ilr, (7.115)

where (i) and (iii) is from 0%. =0, (ii) is from ||gs+||cc <1 and g € 9|0

Combining (7.112), (7.113), (7.114) and (7.115), we have

1 * - * * *
GO = 07111 = poll0 = 07115 = A+ L0 loo) 10 = 0%)s+[1s

+ A= 1L o)1 (0 = 6) 51

This implies

_ . 1 . .
P 2sll0 = 0715+ (GA = 1L0") )10 — 6")5

< (5241201 ) 10 - 05

1 (7.116)

which results in (7.83) from p_.  ,; > 0 and Lemma 2 as

SAHIIL(07) [l

10 — 0%)5+ |1 <
s IN= L0607

10 = 6%) sl
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Combining A — [[£(0%)|oc > 0, 3A + || £(6%)||oc < 2X and (7.116), we have estimation

errors in (7.84) and (7.85) as

Paesasll0 — 07113 < 2M[[(0 — 6%)s+ |1 < 2AV/s5¥[|6 — 6%[|2 and
10 — 6% [l < 6[1(8 — 6%)s+[l1 < 6/5*[|0 — 6% |2.

Next, we bound the objective error in (7.86). We have

(@) )
FA(0) = Fal07) < ~(VLO) +29) (0" = 0) < |IVLEO) + Aglloo|0° = Ol < 510" = 0]
. (i) .
1+ 1(0° = 0)g<]l1) < 3M[(6* —0)s-
(i11) GA2g*

<BAWH(0F = O)sella < ——,
Psx 125

1 *
= SO~ 0)s- 1

where (i) is from the convexity of F)(6) with subgradient V.L(6)+ \g, (ii) is from (7.83),
and (iii) is from (7.84).

Proof of Lemma 27

Assumption Fy(0) — Fa(6*) < 6X*s*/p_. o5 implies

N N 6A2s*
L(0) = L£007) + A([[0]lL = 107]1) < ——. (7.117)
P 423
We have from the RSC property that
£(6) = £(67) + (0 — ") VLE") + P2 o — 03 (7.118)
Then we have (7.117) and (7.118),
ps: S * 6)\25* * * *
T”IIH* 0 3<——— (0 —0")TVLO") + A0l — [10]]1)- (7.119)

Psx 125
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Besides, we have

(0= 07)"VLE") = [0 = 07)s[1LNLE) oo = (0 = 0%)5= L[ L)l and  (7.120)
1671 = 1161l = [165-1lx = lI6s=[l = [I(6 = 6")5-

< [0 = 0%)s- ]Iy — [[(0 = %)z |1 (7.121)

1

Combining (7.119), (7.120) and (7.121), we have

6A2s*

p;* s * * *
=g - 9*||3 < + (IVLO) oo + M0 — 6%)se]1
2 Ps* 23

+ (IVLO)loo = MO = 0)5 1. (7.122)

We discuss two cases as following:
Case 1. We first assume ||6 — 6*||; < 222" Then (7.122) implies

Psx 103
Per 195 wig () BAZs* . .
72” 16— %13 < —— + (IVLO")|loo + N[0 — 6%) 5+ II1
s*+25
(i) 6A2s* 3 . 24)\%s*
< — +§)\||(9—9 s+l < —.
Psxy25 Psx 125

where (i) is from |[VL(0*)|lsc — A < 0 and (ii) is from |[VL(0*)||lsc + A < 3A. This

indicates

4V/35°A
16— 6% < 222 (7.123)

ps*+2§

Case 2. Next, we assume ||§ — 6*||; > :_2&. Then (7.122) implies

s*423
Pessig — g3

< (IVLO) oo + MO = 0%)s+ 1 + (IVLEO) oo = MO = 0%)5+[11 + %AHH =0

= (I9LO)ow + SN0~ 65 1+ (IVLEO) oo — 5N 16— 65

(@)
< (0 - 0)sll1 < 2VEA (0 — 6)s-

2, (7.124)
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where (i) is from [|[VL(0")||lco + A < 2X and ||[VL(0*)|| — 3A < 0. This indicates

VRVERDY
16— 6y < 22 (7.125)
P12
Besides, we have
O . . 24 \s*
10 —60"[l1 < 6[](0 — 0%)s+[l1 < 6Vs*[|(0 — 0 )s+[l2 < P (7.126)
s*+25

where (i) is from |[VL(0%)[|ec + A < 2X and (7.124).
Combining (7.123) and (7.125), we have desired result (7.87). Combining the as-
sumption in Case 1 and (7.126), we have desired result (7.88).
Proof of Lemma 28
Recall that the proximal-gradient update can be computed by the soft-thresholding

operation,

(Tea(0)), = sign(6;) max {|91| —A/L,0} Vi=1,....,d,

0, we consider

where § = § — VL(0)/L. To bound || (T (9))5

) 1 1 L )
0=0— L VLO) =0 ZVLEO) + 1 (VLO") = VLEO)).

We then consider the following three events:
Ay = {z €S 6] > A/(3L)} : (7.127)

Ay = {2 €S |(VLO)/L)i| > /\/(6L)} , (7.128)

Az = {z €S |(VLO")/L —VLO)/L),| > )\/(2L)} : (7.129)
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Event A;. Note that for any i € S, |6;] = |6; — 67|, then we have

3L . . .. 3L .
A < 3 S = 071 1000~ 0] 2 MGL) < 53 10071 < SN0 =0l
€S ieS”
(i) 72Ls*
<= (7.130)
Psx 125

where (i) is from (7.88) in Lemma 27.

Event As. By Lemma 2, we have

0< |4 <) %I(Vﬁ(ﬁ*)/L)@-! L(|(VL(O")/L)i| > A/(6L))
z'es*
=> —| (VL(6*)/L);]-0=0, (7.131)
ieS"

which indicates that |As| = 0.
Event Aj. Consider the event A = {i:|(VL(0*) — VL(0)),| > \/2}, which satisfies
As C A. We will provide an upper bound of ]fl\, which is also an upper bound of |Ajz].
Let v € R? be chosen such that, v; = sign {(VL(0*)/L — VL(0)/L),} for any i € A, and
v; =0 for any i ¢ A. Then we have

T(VL(0) = VLO) = > v (VLO)/L = VLO)/L); = Y |[(VLO*) = VL®O)),]
icA icA
> M A|/2. (7.132)

On the other hand, we have

(@)
T(VLO") = VLEO)) < ol VLEO") = VLO) 2 < \/|A] - [VLEO") = VLEO) |2

(i) -
< Paeros/ 1Al (10— 072, (7.133)

where (i) is from [|v]]2 < 1/|A] max{i : |4;]} < 1/|A]|, and (i) is from (7.78) and (7.79).
Combining (7.165) and (7.166), we have

= (@) =
MA| < 208 o \JIA 116 = 67||2 < 8Akge 1251/ 35*] 4
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+
where (i) is from (7.87) in Lemma 27 and definition of kg«y25 = Pat425 - Considering

Ps* 125

As C A, this implies

|As| < |A| < 196K2. 555" (7.134)
Now combining Even Ay, Ay, Az and L < 2,0:; 4oz in assumption, we close the proof

as

72Ls*

s*428

0 < |Az] + A2 + [A3] <

| (Tz,A(0))5 + 196“§*+2§5*

Proof of Lemma 29

Let g = argmingeg)g, £ + M6]|1, then wy = [[VL + Aglleo. By the optimality of § and

convexity of Fy, we have

FA(0) = Fa(0) < (VL+Ag) " (0 —0) < |[VL+ Agllooll® — 01
< (wA(0)) 10— 0]l (7.135)

Besides, we have

_ _ (@) _
16 = B[l < 116 = 0%[lx + 116 = 0[] < 6 (1(6 — )=l + (0 — 0%)s1l1)

(i) 24\s*
) < =22 (7.136)

<6vs* ([0 — 0")sella + (B — 7).
Ps* 123

where (i) and (ii) are from (7.83) and (7.84) in Lemma 26 respectively. Combining
(7.135) and (7.136), we have desired result.

Proof of Lemma 30

Our analysis has two steps. In the first step, we show that {0('5)};’20 converges to the
unique limit point @. In the second step, we show that the proximal gradient method

has linear convergence rate.
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Step 1. Note that (+1) = 77 (M), Since Fy(0) is convex in 6 (but not strongly
convex), the sub-level set {6 : Fy(0) < Fr(A(?)} is bounded. By the monotone decrease
of F\(6®)) from (7.90) in Lemma 31, {#V}22, is also bounded. By BolzanoWeierstrass
theorem, it has a convergent subsequence and we will show that 6 is the unique accu-
mulation point.
Since F)y () is bounded below,
Jim 0040 0012 < 5 - i [75,(000) = 7 (69)] <o
By Lemma 32, we have limj,_,c wy(#®)) = 0. This implies limy,_,~, ) satisfies the KKT
condition, hence is an optimal solution.
Let § be an accumulation point. Since § = argmingy Fy(6), then there exists some

g € 9]|0||1 such that

VFA(B) = £2(0) + Ag = 0. (7.137)

By Lemma 28, every proximal update is sparse, hence Hgg* llo < §. By RSC property in
(4.10), if [|65+]lo < 3, i.e.,][(0 — 0)5-

0 < 5, then we have

L) —LO) > (60—-0)TVL®) + %He — 0|3, (7.138)
From the convexity of ||f]|; and g € 9||0||1, we have
10]x = 116]ly > (60— 0) " g. (7.139)
Combining (7.138) and (7.139), we have for any ||f5 (o < 3,

FA(0) = FA(0) = L(0) + A0l — (£(0) — Allo]]1)

ya yal Ps* 125 Fn2 @ Psr425 )
> (0-0)7 (L@ +2g) + 20 - B3 2 U= o g3 20, (T.140)

where (i) is from (7.137). Therefore, # is the unique accumulation point, i.e.

limg_,00 ) = 6.
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Step 2. The objective Fy(8¢+1) satisfies

]:')\(e(t-‘rl ) < Q ( t+1 e(t))

i i(t)
(@) min £(0) + VLOO)T(0 - 00) + 210 = 0013 + Aolls. (7.141)

where (i) is from (7.90) in Lemma 31, (ii) is from the definition of Oy in (4.6). To
further bound R.H.S. of (7.141), we consider the line segment S(6,60%)) = {# : 6 =
af + (1 —a)f a € [0,1]}. Then we restrict the minimization over the line segment
(0,61,

i@

FAOEDY < min - £00D)+VLOD)T (0 —0D) + 22110 — D12 + A||6]|1. (7.142)
0€S(0,0(0) 2

Since [|f5+[lo < § and HG@HO < 3, then for any 6 € S(6,0®"), we have [05+[lo < & and
16 — 6))-

we have

£(0) > £0D) +vLO) T (9 — 6D + pS*“S 16 — 0|2
> LOD) +vLODYT (6 —00). (7.143)

Combining (7.142) and (7.143), we have

7 (1)
L
FA(0UD) < min  L(6) + =216 — 0P34 A[|6])x
9e5(8,00) 2
B 2~(
= min F(af + (1 —a)f®) + —2-1j§ — 012
a€(0,1]
0 _ t & o2
< min afA(0)+(1—04).7-",\(9())+ 160 — 9()”

a€gl0,1]
< min F00) ~ o (F00) - F0)) + = (ﬂw“)) - FA(0))
a€0,1] p 5% 125
7 (t)
I _
= min F0W)—a|1- Oi A (J:/\(@(t)) - ]:/\(9)) ) (7.144)
ac[0,1] Ps 425

where (i) is from the convexity of Fy and (ii) is from (7.140).
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Minimize the R.H.S. of (7.144) w.r.t. «, the optimal value a = % results in
A

FAOD) < Fy(09) - B2 (F,(09) - 70(0)) - (7.145)
4L

Subtracting both sides of (7.145) by Fy(6), we have

F(t
)
(@) Poxioz _
< 1— =22 ) (A (0W) — Fr0)) (7.146)
< 8Ps+*+25> < )

where (i) is from Remark 8. Apply (7.146) recursively, we have the desired result.

7.3.9 Proof of Intermediate Results for Theorem 10

We also introduce an important notion as follows, which is closely related with the SE

properties.

Definition 22. We denote the local ¢; cone as
6(8,19,1"):{2},0 :SCM, ‘M| < s, ||U./Vli||1 < 19||UM||17 He - ‘9*H2 < ’I"}.

Then we define the largest and smallest localized restricted eigenvalues (LRE) as

v V2L(0)w
Yhor =8 { UL C<s,z9,r>},
_ . v V2L(0)v
Voo, = 1ur719f {T)TU : (v,0) € C(s, 19,7“)} )

The following proposition demonstrates the relationships between SE and LRE. The
proof can be found in [244], thus is omitted here.

Proposition 5. Given any 6,6 € C(s,9,r) N B(6*,r), we have

sy, <ps <eay,, and ezl < pf <eaply
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where c1, c3, c3, and ¢4 are constants.

Proof of Lemma 44

We first demonstrate the sparsity of the update. Since 8(*1 is the minimizer to the

proximal Newton problem, we have
V2L (0 — 9y 1 wL(0®) + At =,

where £+ € 9|9t

It follows from [153] that if conditions in Lemma 2 holds, then we have min, ALY
A/2 for some set 8’ O S with |S'| < 2s*. Then the analysis of sparsity of can be
performed through A directly.

We then consider the following decomposition

V2L(HW) (0D — ) 1 vLeW)

= V2L (WD — %) + V2LOW) (6" — 01) + VLOWD) — VLO") + VL(O").
1%] Va V3 Vy

Consider the following sets: A; = {j €S : [(Vi);| > /\/4}, for all i € {1,2,3,4}.
Set As. Suppose we choose a vector v € R? such that v, =
sign {(VZ,C(O(t))(G* - H(t)))j} for all j € Ay and v; = 0 for j ¢ Ay. Then we have

vIV2LEOW) (0" — 00) = Y v (VELOW) (07 — o)),
JjEA2
= I(VLOW)(0" = 61));] > A As| /4. (7.147)

jEA2

On the other hand, we have

UTVQK(H(':))(Q* _ H(t)) < HU(V2£(9(t)>)1/2H2H(V2£(0(t)))1/2<9* . e(t))H2
@) (i)
= p;r*+2§||v‘|2”9* - H(t)||2 < mp$+zg\\9* - 9<t)”2

@)
< C'\/| Ag|kgr 4250V 5%, (7.148)



199
where (i) is from the SE properties, (44) is from the definition of v, and (#i7) is from [|§(*) —
0*|l2 < C'A\V's*/pgi o5 Combining (7.147) and (7.163), we have |Ag| < Cor2., 555™.
Set A;. Consider the event A = {i: ‘(V/J(G(t)) — V/J(@*))i‘ > \/4}, which satisfies
Az C A. We will provide an upper bound of |A|, which is also an upper bound of |As].
Let v € R? be chosen such that v; = sign{(Vﬁ(H(t)) - V/J(H*))i} for any i € A, and
v; = 0 for any i ¢ A. Then we have

o’ (vz(a@) - vz:(a*)) =Y (v,c(e@)) - vg(e*))i = ‘ (vz(a@) - vz(a*))i
icA icA

> \Al/4. (7.149)

On the other hand, we have

(%) =
0T (VLOD) = VLOY)) < vl VLOW) = VLE) |2 = \/1A]- [VLOD) = TL0)e
(i2) =
< o 1AL 69— 0]l (7.150)

where (i) is from |Jv|lz < 1/|A| max{i : |A;]} < /|A|, and (i) is from the mean value
theorem and the SE properties.
Combining (7.149) and (7.150), we have

N = (@) .
NAL < 4p% o5\ 1A - 6 = 07]]2 < 8y 25/ 357 A

where (i) is from ||§() —0*||y < C'A\V's* [ gu o5 and definition of ke o5 = ph o5/ P y0s-
Considering Az C A, this implies |A3z| < |A] < C3K2. o58*.
Set A4. By conditions in Lemma 2 and A > 4||VL(0%)||, we have

0< Vil < 32 JUTLEN] - LITEE ] > A/ (@) = 3 TITEE )] -0=0,

ieS” ieS”



200

Set A;. From Lemma 50, we have Fy (01 < Fy (%) — 6*||;. This implies

+ %HQ(HI)

£OUD) — £ < M0~ [0 1) + 2 ) — 67y

= wwyul 0%~ 105 1) + 2+ — 67
216870~ 03l — S0 — 03 . (7.151)
where the equality holds since 0:;& = 0. On the other hand, we have
L)~ £0) 2 TEE)E 0> L) [0+ — 67,
2R = 28t ol - 3188~ 03 .
(7.152)

where (7) is from the convexity of £ and (i7) is from conditions of Lemma 2. Combining
(7.168) and (7.169), we have

(t+1) (t+1)
||9 "= 05 1 <3105 — 051,

which implies that (1) — g%, 0(+1) € C(s*,3,7) with respect to the set S’. Then we

choose a vector v € R? such that v; = sign{(vzﬁ(ﬁ(t))(e(tﬂ) -

0*));} for all j € A
and v; =0 for j ¢ A;. Then we have

v—l—v2£(9(t))(9(t+l) - 0*) _ Z vj(vZﬁ(e(ﬂ)(e(H-l) - 0*))]

JEA2

= (V2LE) (Y —6%));] = A Al /4.

(7.153)
jeA2

On the other hand, we have

oI VELEW) (O — %) < [o(VPLOW) V|2 (V2L(EW)) 200 — )2

(4) D) .
= clp$+2§||v||2||0(t+1) =02 < ary |A2|Ps+*+2§||9(t+1) — 672
(idi)

< o/ Arlkse 2sAVs*, (7.154)
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where (i) is from the SE properties and Proposition 6, (ii) is from the definition of v,

and (i47) is from [¢HD — g%, < C'\s*/py. i ss. Combining (7.153) and (7.170), we
have |A;] < C1/€§*+2§S*.

Combining the results for Set A; ~ A4, we have that there exists some constant C

such that

t+1 ~
165 o < Corlep55™ < 5.

This finishes the first part. The estimation error follows directly from Lemma 51.

Proof of Lemma 45
For notational simplicity, we introduce the following proximal operator,
1
proxt9(9) = argmingr(¢") + g7 (0" — 0) + 50" ~ 3.

Then we have

(t+1) V2L(0W),vL(0W) (1)
0 - Xnil(ew) (0 )

By Lemma 44, we have
1 -
1650 < 5.

By the KKT condition of function min Fy, i.e., —VL() € 873{\1 (0), we also have

V2L(61),VL(O) (@)

0= prOXRi 1@)

By monotonicity of sub-gradient of a convex function, we have the strictly non-

expansive property: for any 6,60 € R, let u = proxi9 () and v = prox’ ’g/(ﬁ’ ), then

(w=0) HO-0) = (u=0)" (9-9) = u—v-
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Thus by the strictly non-expansive property of the proximal operator, we obtain
AT _ _
160D — B2, (e<t+1> - 0) [v%(a@) (0@ - 9) + (vzw) - vz:(9<t>))]
< [o+D) — 9;\2Hv25(9<t>) (0“) fé) + (vc( ) H (7.155)

Note that both [|[§*+1)||o < 5 and ||0]jo < 5. On the other hand, from the SE properties,

we have
604D B2, = (0470 = B)TV2L@OY ~8) 2 g ps|0 D — B3 (7.156)

Combining (7.171) and (7.172), we have

ot -7 < - Hv%c o) (69 =) + (VL@ - vLon))|
o
[ e e @) -we )] - 0) o]
< [+ (-0 - (o) )
s*+25 Y0
< Lorgos 9<t>_5‘2
2P 03 2’

where the last inequality is from the local restricted Hessian smoothness of £. Then we

finish the proof by the definition of r.

Proof of Lemma 46

Suppose the step size n; < 1. Note that we do not need the step size to be ; = 1 in
Lemma 44 and Lemma 45. We denote A8®) = §(t+1/2) _ 9(©)  Then we have

(“)
2

2

o] £ o -] o -1,

-3

‘e(t 9H L y03

205 105 2

(zzz

He(t (7.157)

where (i) is from triangle inequality, (i7) is from Lemma 45, and (i) is from
o - < < g

- s* 4235
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By Lemma 44, we have HAH(t)EHO < 25. To show 7, = 1, it is now suffice to

demonstrate that
1
FAOUD) = FA(0) < Jne
By expanding F), we have

Fa(0D +A00) — F(0W) = £(6W 4+ A0D) — £(0D) + R (0 + A0y — RS (91))

() .oz 3
< VLEHD)T A0 + %A(e)(t))Tv?ﬁ(e)Ae(t) + 7L56+25 A9<t>H2

+ROY + AWy — R (0W)

(i1) 1 Loy 93 3 (iii) 1 Loz

b g [ o Bt o
< gt =g A0, < e g e A0 1297
(i<v) L Loz AH(t)H Yt (2) 1%7

T \2Z Opg; 2 4

where (i) is from the restricted Hessian smooth condition, (ii) and (iv) are from
Lemma 47, (iii) is from the same argument of (7.172), and (v) is from (7.173), vy < 0,
and Hﬁ(t) — 5“2 <r< 25*712; This implies A+ = g(t+1/2),

Proof of Lemma 47

We denote H = V2L(®). Since A8 is the solution for

min VL (9“)) AW HA&“ H +RY (00 + 20)

then for any n; € (0,1], we have
mVL (9<t>) A0 HAH H L RO <9<t> o, M(t))

> VL (9@) NG HAQ H + R <9<t>+ M(t))
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By the convexity of Rf\l, we have

VL (W)T AGO ¢ ”52 HAW Hi] + RS (00 + 200 + (1 )RS (0)

> VL (W)T A0 % HAW H; + RO (9“) + A9<t>) .
Rearranging the terms, we obtain
(1—m) <V£ (9<t>)T 200+ RY (60 — 29 - RY: (9@))) + 1_277? HAH“) HZ <0

Canceling the (1 — 7;) factor from both sides and let 7; — 1, we obtain the desired

inequality,
2
< —|lAe® H .
w< = as],
Proof of Lemma 48
We first demonstrate an upper bound of the approximate KKT parameter w). Given

the solution A~ from the (¢ — 1)-th iteration, the optimal solution at ¢-th iteration

satisfies the KKT condition:
V2L D) (0® — 0Dy 1 vLeE V) + 0e® =0,

where £®) € 9(|§®)]||;. Then for any vector v with |[v][2 < ||lv|l1 = 1 and ||v]jg < s* + 23,

we have

(VLODY + XD Ty = (vLOD) To — (V2L D) (0D — =Dy vt Ty
= (VLOW) = vL@O) T — (V2L D) (0D — gt=D))Ty

2 Jwszaon o, s

i H(vzﬁ(e(tq)))m(@(t) _ 9(1&1))“2 ) HUT(vzﬁ(g(tq)))uz’L

@
< 2pg 105

oo _ 9<t—1>’

7.158
- (7.158)
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where (i) is from mean value theorem with some § = (1 — a)0%=D + a0® for some
a € [0,1] and Cauchy-Schwarz inequality, and (i7) is from the SE properties. Take the
supremum of the L.H.S. of (7.174) with respect to v, we have

[v200) + 20| <2085 0 - 0| . (7.159)

Then from Lemma 45, we have

HH(HD ) EHQ _ (QL;_HS> 1+4+244+..42071 Hg(O) _QHET . (M Hg(o) _0H2> 2t |
s*+23

By (7.175) and (7.173) by taking A9¢—1) = 9®) — g(=1) we obtain
wy (Q(t)) < 2p:*+2§

J
+ s*425
< 3Pget23 (2,0 i

s*+235

90 — G(t_l)Hg < 3P;CF+2§ Hg(t—l) B 5”2

;
)

By requiring the R.H.S. equal to € we obtain

30Tk 10
log <p85+23>

3P4 25 25125
t = log - :loglog< €+2 ) — loglog <L *HQZB?—@H )
log <L ps*+2§ > s*4+25 9

S*-‘r2§||'9(0)_§||2

(i) 305 0z 30 oz
< loglog <p5€+25> —loglog 4 < loglog <p5+23> ,
£

where (i) is from the fact that [|0(©) — ||, <r= ;LS*%

Lemma 39. Given wy(8®)) < 2, we have

A
FAO) < Fa0") + 710 — 071
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Proof. For some ¢() = argmingc o) IVLEO®) + A|oo, we have

Il1

—
.
~

Fa(07)

v

) F(60) — (VLED) + 2e0)T (00 — 6°)
Fa0D) = [VLOD) + AW |00 — 673

it)
Fa(o" )—*IIH — 0"l

Ve IV

where (i) is from the convexity of F) and (ii) is from the fact that for all ¢ > 0,
Fr(0®) < Fr(04V) and wy(§¥) < 2. This finishes the proof. O

Lemma 40 (Adapted from [153]). Suppose ||9(§t)\|0 < 5 and wy (W) < %. Then there
C13\¢87_
p

s* 4235

exists a generic constant ¢; such that [|§®) — 6%, <

7.4 Proofs for Chapter 5

7.4.1 Proofs of Main Results

We provide proof sketches for the main results of Theorem 12 and 13 in this section.

Proof of Theorem 12

We provide a few important intermediate results. The first result characterizes the
sparsity of the solution and an upper bound of the objective after sufficiently many

iterations as follows. The proof is provided in Appendix 7.4.4.

Lemma 41. Suppose that Assumptions 1 ~ 4 hold. After sufficiently many iterations
T < 00, the following results hold for all ¢t > T

1502 s*
Heg)no <5 and Fyu (Q(t)) < Fa (07) + R

4pge 4o
We then demonstrate the parameter estimation and quadratic convergence condi-

tioning on the sparse solution and bounded objective. The proof is provided in Ap-
pendix 7.4.4.
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Lemma 42. Suppose that Assumptions 1 ~ 4 hold. If ||0g)||o < 5, and Fyy (00) <
2 s*

Fyay(0%) + T)‘%, we have
Pox 123
18\ ¥ 73 L5 )
60— 7y < BNV g gy, < Lo g gy
Py 195 Psr+23

Moreover, we characterize the sufficient number of iterations for the proximal New-
ton updates to achieve the approximate KKT condition. The proof is provided in
Appendix 7.4.4.

Lemma 43. Suppose that Assumptions 1 ~ 4 hold. If ||9(§T)||0 < &, and Fyy (0) <

15)2, s* . .
Fry (0%) + 2Me® gt some iteration T, we need at most

40 % 105
305 o5
T, < loglog (ﬁm)
€

extra iterations of the proximal Newton updates such that w1 (6’<T+T1)) <

Mgt
= .
Combining Lemma 41 ~ 43, we have desired results in Theorem 12.

Proof of Theorem 13

We present a few important intermediate results that are key components of our main
proof. The first result shows that in a neighborhood of the true model parameter 6*,
the sparsity of the solution is preserved when we use a sparse initialization. The proof

is provided in Appendix 7.4.3.

Lemma 44 (Sparsity Preserving Lemma). Suppose that Assumptions 1 and 2 hold
with e < %. Given %) € B(#*, R) and Heg)no < 3, there exists a generic constant C
such that

Cl Atgt \/57

104 g < 5 and (00D — 6% <
Ps*125

We then show that every step of proximal Newton updates within each stage has
a quadratic convergence rate to a local minimizer, if we start with a sparse solution in

the refined region. The proof is provided in Appendix 7.4.3.
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Lemma 45. Suppose that Assumptions 1 ~ 4 hold. If 6®) e B (0*, R) and He(t)gHo <3,
then for each stage K > 2, we have

o+ — g, < Lewas gy GURYe
Psx 423

In the following, we need to use the property that the iterates () e B(g{K}, 2R)
instead of 8®) € B(6* R) for convergence analysis of the proximal Newton method.
This property holds since we have §() € B(*, R) and gt € B(6*, R) simultaneously.
Thus ) € B <§{K}, 2R>, where 2R = %ﬁ is the radius for quadratic convergence
region of the proximal Newton algorithm.

The following lemma demonstrates that the step size parameter is simply 1 if the

the sparse solution is in the refined region. The proof is provided in Appendix 7.4.3.
Lemma 46. Suppose that Assumptions 1 ~ 4 hold. If §(*) € B(g{K}, 2R) and ||0®5]|o <
§ at each stage K > 2 with i <a< %, then 1, = 1. Further, we have
1
-7:,\{K} (9(t+1)) < ]:)\{K} (e(t)) + Z%-
Moreover, we present a critical property of ;. The proof is provided in Ap-
pendix 7.4.3.

Lemma 47. Denote A9®) = g(t) — gt+1) 4nd
T
w=VL (9“)) A0 4 K g (9@) + Ae@) I — MK @ (9(0) .

Then we have v < —HAG(t)szQE(Q(t)).

In addition, we present the sufficient number of iterations for each convex relax-
ation stage to achieve the approximate KKT condition. The proof is provided in Ap-
pendix 7.4.3.

Lemma 48. Suppose that Assumptions 1 ~ 4 hold. To achieve the approximate KKT

condition wy(x} (H(t)) < ¢ for any € > 0 at each stage K > 2, the number of iteration
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for proximal Newton updates is at most

30505
log log <p55+28>

We further present the contraction of the estimation error along consecutive stages,

which is a direct result from oracle statistical rate in [153].

Lemma 49. Suppose that Assumptions 1 ~ 4 hold. Then there exists a generic constant

c1 such that the output solutions for all K > 2 satisfy

[0 = 0%ll2 < ex | IVLO)sll2 + At [> D051 < BA) + V5™ | + 0761 — 6.
jeS

Combining Lemma 44 ~ Lemma 47, we have the quadratic convergence of the prox-

imal Newton algorithm within each convex relaxation stage. The rest of the results in

Theorem 13 hold by further combining Lemma 48 and recursively applying Lemma 49.

7.4.2 Coordinate Descent Algorithms with the Active Set Strategy

We first provide a brief derivation of the quadratic approximation (5.5) into a weighted
least square problem. For notational convenience, we omit the indices {K} and (t)
for a particular iteration of a stage. Recall that we want to minimize the following

{1-regularized quadratic problem

Af = argmin AOTVL(6) + %AGTVQL‘(@)AG FIA® (04 A0 (7.160)
AO

For GLM, we have

n

1
£0) = > 0(a]0) - i 0.
i=1
where 1 is the cumulant function. Then we can rewrite the quadratic function

AGTVL(0) + 2A0TV2L(9)Af in subproblem (7.160) as a weighted least squares form
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[159]:
LS (2 (- 0/wT0)) T 80+ (T 0) (T 50)?)

=1
n

1
=3, g w;(z — ;] AG)* + constant,
n
i=1

(T _ yi—¢' (=] 0)
where w; = ¢"(z,; 0), z; = W, and the constant term does not depend on A#.
This indicates that (7.160) is equivalent to a Lasso problem with reweighted least square

loss function:

. 1 &
Af) = argmin > wilzi — x A+ A © (0 + AD)]s. (7.161)
Af i=1

By solving (7.161), we can avoid directly computing the d x d Hessian matrix V2£(f)
in (7.160) and significantly reduce the memory usage when d is large.

We then introduce an algorithm for solving (7.161) leveraging the idea of active
set update. The active set update scheme is very efficient in practice [159] with rigid
theoretical justifications [158]. The algorithm contains two nested loops. In the outer
loop, we separate all coordinates into two sets: active set and inactive set. Such a
partition is based on some heuristic greedy scheme, such as gradient thresholding (also
called strong rule, [245]). Then within each iteration of the middle loop, the inner loop
only updates coordinates in the active set in a cyclic manner until convergence, where
the coordinates in the inactive set remain to be zero. After the inner loop converges,
we update the active set based on a greedy selection rule that further decreases the
objective value, and repeat the inner loop. Such a procedure continues until the active
set no longer changes in the outer loop. We provide the algorithm description as follows
and refer [158] for further details of active set based coordinate minimization. We use
(p) to index the p-th iteration of the outer loop, and (p,[) to index the [-th iteration of
the inner loop at the p-th iteration of the outer loop.

Inner Loop. The active set A and inactive set A, are respectively set as

A%{] : 0]7&0}:{1717]277.78} and AJ_<_{,7 : ]géA}?
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where j; < j2 < ... < js. A coordinate-wise minimization of (7.161) is performed
throughout the inner loop. Specifically, given 8 at the I-th iteration of the inner

loop, we solve (7.161) by only considering the j-th coordinate in the active set and fix

the rest coordinates in a cyclic manner for all j = j1, j2, ..., js, i.€.,
. 1 &
Af; = argmin - S wilzi— Y wp Al — x A0+ N(0; + Aby)|. (7.162)
Ag; AN keA kA
Then we update 9§p’l+1) = Gj(p’l) +Aéj. Solving (7.162) has a simple closed form solution

by soft thresholding, i.e.,

S(E >0 widi, Aj)

Af; +—
J i 2
7 i1 Wi L35

where 0;; = 2 — Y pe a k2 TikA0k and S(a,b) = sign(a) max{|a| — b, 0} for real values
a and b. Moreover, the residual d;; can be updated efficiently. Specifically, after the
update of Aéj for the j-th coordinate, then for the next non-zero coordinate, e.g., 7' € A,

we update the residual as
5ij’ = 51']' — :L‘;;Aéj + :Uij/AQj/.

This reduces the computational cost of updating each coordinate from O(s) to O(1),

only with an increase of the memory cost O(s) for maintaining the previous updates of
Ab;.

Given a convergence parameter a € (0,1), we terminate the inner loop when
[0PHD — gD, < a.

Outer Loop. At the beginning of the outer loop, we initialize the active set AO) ag

follows
O g5 |V, L0 .90
A {J - IV;L0607)] > A -v)AtU{j : 0]- # 0},

where V;L£(0?)) is the j-th entry of VL((?)), v € (0,0.1) is a thresholding parameter,
and the inactive set is .AS?) ={j:j¢ A0}



212

Suppose at the p-th iteration of the outer loop, the active set is A®. We then
perform the inner loop introduced above using A®) until the convergence of the inner
loop and denote #®P+1) = 9D which is the output of the inner loop. Next, we describe

how to update the active set A®) using the following greedy selection rule.

e We first shrink the active set as follows. The active coordinate minimization (inner
loop) may yield zero solutions on A®). We eliminate the zero coordinates of #(P+1)

from A® | and update the intermediate active set and inactive set respectively as
1
APTD) e AP gD 20} and AVTY {1 g APTYY,
e We then expand the active set as follows. Denote

jP = argmax |V;£(0%V)].

1
jeAer?)

The outer loop is terminated if

IV LOPTD)] < (1+ )N,

where § < 1 is a real positive convergence parameter, e.g., § = 107°. Otherwise,

we update the sets as
APHD o AFPHD G [} and AP A(f%)\{j(p)},
7.4.3 Proof of Intermediate Results for Theorem 13
For notational convenience, we denote
RE(O) = [A© 6.

We also introduce an important notion as follows, which is closely related with the

SE properties.
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Definition 23. We denote the local ¢; cone as
C(SvﬁvR):{vﬂe 1S C M, ’M’ < s, HvMi”l < ﬁHUMHL H9 - G*HQ < R}

Then we define the largest and smallest localized restricted eigenvalues (LRE) as

v V2L(0)v
ViR = sup {UTU() 1 (v,0) € C(s,ﬁ,R)} ,
_ . [(vTV2L(9)v
Vso.r = zngf {vTv (v,0) € C(s,ﬁ,R)} )

The following proposition demonstrates the relationships between SE and LRE. The

proof can be found in [142], thus is omitted here.

Proposition 6. Given any 0,6 € C(s,9, R) N B(6*, R), we have

- — - + + +
Clws,ﬁ,R < Ps < Czl'bs,ﬁ,R’ and 6317[)5,19,1% < Ps < 641/)5,19,1%'

where c1, c2, c3, and ¢4 are constants.

Proof of Lemma 44

We first demonstrate the sparsity of the update. For notational convenience, we omit
the stage index {K}. Since 8¢+ is the minimizer to the proximal Newton problem, we

have
V2LOW) (00D — 9y L v LoDy + 1o D =,

where ¢ € 9||9¢+1)]|;.

It follows from [153] that if Assumption 3 holds, then we have min, g TN} = Agge/2
for some set 8’ D S with |§’| < 2s*. Then the analysis of sparsity of can be performed
through gt directly.
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We then consider the following decomposition

V2L(OW) (0D — ) 1 vLW)

= V2L (0D — %) + V2LOW) (6" — 01) + VLOD) — VLOY) +VL(O").
-~ s N——
1 Va V3 Vi

Consider the following sets:
Ai={i €8 (V] = dgw/4}, for alli € {1,2,3,4}.

Set A;. We have Ay = {j €S [(V2L(0W)(6* — 0®));| > )\tgt/ll}. Consider a subset
S’ C Ay with |8’ = s/ < 5. Suppose we choose a vector v € R? such that ||v]joe = 1
and ||v|o = " with s'\gi /4 < vTVZLOD)(0* — 1), Then we have

Mgt /4 < 0T VRLOW) (0" = 0) < [[o(T2LOW))3[5]|[(VELOD))2 (07 - 01)]l2

Q I + *_ g S e +ip* _ pt)
< \/PaeasPullv]l2[10 = 02 < (/8" pl 0sp i |07 — 01|l

(iii) C’ \/ S'Pj* +2§P§L/ Atgt Vs*
< , (7.163)

Ps* 423

where (i) is from the SE properties, (i) is from the definition of v, and (éii) is from
101 — 0% |2 < C'\gtV/s*/psi sz Then (7.163) implies

+ + ok
> Copgeyo5Psr$

< St < w100

where the last inequality is from the fact that s’ = |S’| achieves the maximum possible
value such that s’ < § for any subset 8" of Ay. (7.164) implies that s’ < §, so wo must

have &’ = Aj to attain the maximum. Then we have
|Ag| = 8’ < Cok?Zio5s™

Set As. We have A3 = {j €S ‘(VE(O('?)) - Vﬁ(@*))i‘ > )\tgt/él}. Suppose we choose
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a vector v € R? such that ||v]|e = 1, ||v]jo = |A3] and

T (vz:w(t)) _ vz:(e*)) -3 (v,ﬁ(e(t)) _ Vﬁ(@*))i
1€A3
-3 ‘(vg ) _ v (o ) ‘ > AigtlAs| /4. (7.165)

1€A3

Then we have
(@)
T(VEEOD) = VL(07) < ol VLED) = VEE) 2 < VIAlIVEE®D) = VLO"),
(i7)
< ol yos VA [109 — 672, (7.166)

where (7) is from the definition of v, and (ii) is from the mean value theorem and
analogous argument for As.
Combining (7.165) and (7.166), we have

(@)
Mgt As] < 4pf o5 V/IAsl - 110 — 07 |2 < 8Aighise25/35%| As]

where (i) is from [0® — 6*|ls < C'A\gtV/'s*/psios and definition of kg o5 =

p;i+2§/ps_*+2§. This implies
| As| < C3’<3§*+2§3*
Set A;. By Assumption 3 and Aygy > 4(|VL(0*)||, we have

0Vl < 3 5 I(TLE ) LITLOD > e/ (4)

iES

= Z (VL(O"));] -0 =0, (7.167)
Atgt
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Set A;. From Lemma 50, we have Fy (1)) < .7:,\(9*)—1—%H9(t+1) —6*||y. This implies

A
L) — £07) < Mg (10" 1~ [0 ) + 2 o+ e

)\ *
= N (1031 = 105 1 = 168+ 1) + 2400+ - 0°],

5/\ 3/\
B |05 — 051 — ZE 05 — 0% Ih- (7.168)

where the equality holds since 65, = 0. On the other hand, we have
1

Q
LOY) = L£(6%) = VLE) (0T —6%) > —||eL(6") |6 — 671
(i)
S g4 gy = Mg gy M) gy (7169)
where (7) is from the convexity of £ and (i) is from Assumption 3. Combining (7.168)

and (7.169), we have
165" = 0%, I < 3165 ~ 65 I,

which implies that #(+1) — g* € C(s*,3, R) with respect to the set S’
We have Ay = {j €S [(V2LOW) (0" — 0t+D)),| > Atgt/4}. Consider a subset
S’ C Ay with |S'| = s’ < § and a vector v € R? similar to that in A;. Then we have

S hige/4 < 0TVELOD)OHD = 6%) < [lo(V2LOD))2 o] (V2LOD))2 (00D — 67)2

9 + i o ey @ n Figx _ p(t+1)
Par125Py Iv][2]|0% — 6 l2 < c14/8' P posp |0 — 0 ll2

(iii) C2 \/m Aegt V5™
¥ (7.170)

9

Psx 125

where (7) is from SE condition and Proposition 6, (ii) is from the definition of v, and
(#44) is from [|@0FD) — g*||y < C' Mgt V'5*/puo5- Following analogous argument in for

Ay, we have

A1 < CikGn 4958
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Combining the results for Set A1 ~ A4, we have that there exists some constant C

such that

t+3 -
1657 g < Co?p58™ < 3.

From Lemma 46, we further have that the step size satisfies ; = 1, then we have
f(t+1) = g(t+3) . The estimation error follows directly from Lemma 51.
Proof of Lemma 45

For notational simplicity, we introduce the following proximal operator,
1
proxt1(0) = argming r(0') + g7 (' = 0) + 510’ — 0l%.

Then we have

V2L(00),vL(6®) (0(t)> ‘

) —
= proxRil 60

By Lemma 44, we have
165l < 5.

By the KKT condition of function min F,(xy, i.e., —Vﬁ(g{K}) € (97?,?{}(} (g{K}), we also

have

_ 2 (t) 2K,
g} _ mev c(e®),ve@ ™) (G{K}) ‘

¢ (K}
R;{K}(G )

By monotonicity of sub-gradient of a convex function, we have the strictly non-

ezpansive property: for any 0,60 € R, let u = proxfl’g (0) and v = proxﬁ ’gl(9’ ), then

(w=0) HO-0)~(u=0)" (9-9) = u—lj-
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Thus by the strictly non-expansive property of the proximal operator, we obtain

60+ Y2, o
< (9(t+1) _ H{K}) [Vz £6D) (g(t) _ g{K}) n (v L@ v E(Qw))}
|

< g+ —gtid Hsz%w(ﬂ ) (00 =" + (ve@™) - vee®)) j .

- (7171)

Note that both ||#(+1)], < 5 and H@‘{K}HO < 5. On the other hand, from the SE

properties, we have
00D — 5N, = 0 ) T2 @ oD — 51

_ —{K
> pasll0@D — 83, (7.172)

Combining (7.171) and (7.172), we have

Hg(t+1) _ g{K}H

< p;% Hv2£(0(t)) (e(t) —E{K}> " (Vﬁ(é{K}) B vﬁ(e(t))) H2

= ps*1-|—25 1 [VQE (9('5) +7 <§{K} _ 9(t)>> _v2r (Q(t))} ) <§{K} _ 9“)) dr 2
< Ps*m/ H v?g +7 (g{K} _ g@))) _vr (9(t)):| . @{K} B G(t))szf
< Lsvvas F10) _Q{K}H

205495 2’

where the last inequality is from the local restricted Hessian smoothness of £. Then we
finish the proof by the definition of R.
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Proof of Lemma 46
Suppose the step size n; < 1. Note that we do not need the step size to be 5, = 1 in
Lemma 44 and Lemma 45. We denote A0® = 9t+3) — 9®) Then we have

o] £ o] Joh -3

v ‘e@) {K}H L Losas

2p5 125

o0 _ K} H2
2

(zzz

< 5l

(7.173)

where (7) is from triangle inequality, (i) is from Lemma 45, and (i) is from
He(t) _E{K}H <R< Py LOEST

s* 4235
By Lemma 44, we have

o], <2

To show 7, = 1, it is now suffice to demonstrate that

1
Foirey (0042)) = Fyiiey (00) < e

By expanding F)(x}, we have

]:)\{K} (e(t) + Ae(t)) - -FA{K} (Q(t))
= LW+ 200) — £(OW) + R e, (00 + A0D) — R, (01)

%) VLOOYT A0 4 %A(Q(t))TVQE(Q)AQ( ) 56+2s

Aft H + R (00 + A9

_ Rf\l{K} (g(t))
(47) 1 L *195 3 (4d1) 1 L “193
<y = 425 || A g |* < 2 | Ap® ‘AO(“‘
ST pmnt g H 2 6 s ‘ ‘ v2£(0) ‘ ‘2
(iv) B (v)
< L_ LS,HS AQ(t)H v < }’Vtv

2 6pg oz 2 4

where (i) is from the restricted Hessian smooth condition, (ii) and (iv) are from

Lemma 47, (4i7) is from the same argument of (7.172), and (v) is from (7.173), v, < 0,
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and Hg(t) _ é{K}H <R< zifs This implies ¢+ = f(+3).

Proof of Lemma 47

We denote H = V2L£(0®). Since A8 is the solution for

min VL ((M) A HM@) H + Rl (00 + 20)

then for any n; € (0, 1], we have

VL (9“>) - AG® HA@ H +RA{K} (0 + mae®)

2w (00) 200 oo, o 20
By the convexity of R%,, we have
VL (9“)) g 4 HA@ t>” Ry (00 + 209 ) + (1= n) R, (01)
> VL (9(15)) CAO® 4 H AY t)H + RO, (g(t) i M(t)) ,
Rearranging the terms, we obtain
(1— ) (w (9<t>)T A0+ Ry (69— 200) - Ril{K}(H(t))) + 1_2”? HAG(t) HZ
<0

Canceling the (1 — 7¢) factor from both sides and let 1, — 1, we obtain the desired

inequality,
s,
H

Proof of Lemma 48

We first demonstrate an upper bound of the approximate KKT parameter w,(x}. Given

the solution A~ from the (¢ — 1)-th iteration, the optimal solution at ¢-th iteration
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satisfies the KKT condition:

V2L (00 — 0Dy 1 vL@etY) £ ME o O = o,

where €®) € 9(|§®)||;. Then for any vector v with |[v]j2 < ||lv|l1 = 1 and ||Jv]jg < s* + 23,

we have

(VLEOW) + M @ )Ty
= (VLODY) "o — (V204 D) (60 — gDy 4 vLeD)) Ty

= (VLOY) = vL@D) o — (V2L D)0 — gt=1))Ty

2 irei@tion o |

vT(V2L(0))2 )

+ H(v2£(9(t—1)))%(9(t) _ 9(1&—1))“2 ) HUT(V2£(9(t—1)))%

2
)

+
< 2ps* +25

o) _ 9<t—1>H :

, (7.174)

where (i) is from mean value theorem with some § = (1 — a)8¢~D 4+ af® for some
a € [0,1] and Cauchy-Schwarz inequality, and (i7) is from the SE properties. Take the
supremum of the L.H.S. of (7.174) with respect to v, we have

[VL@®) + 25 0 60| <2k,

o _ 9“—1)“2 . (7.175)

Then from Lemma 45, we have

gD _ gl Y 1+2+4+...+2t91(0)_0{K} 2T< Lo o5 o _ ) ot
| <o | o=z L) -

By (7.175) and (7.173) by taking A¢—D = #(t) — g(t=1) e obtain
WAK} (9(t)) <200 0s

L+ y05
+ s*+25
< 3P po3 (2;)‘ i

s*+25

o) — 9(#1)”2 < 30512

2t
90 5| ) |
2

pt—=1) _ g{K}H
2
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By requiring the R.H.S. equal to € we obtain

log (3pj*+2§)
g
= loglog (
20 % o=
1 s*425

205+ 495
oo 7T,

+
t = log 3P 105

) — loglog
Ly 125
e 2| 00—

(i) 3pt s RY A
< log log (%—1—25) —loglog 4 < loglog <p5+28> ,
€ €

where (i) is from the fact that HH(O) — §{K}H <R= ;L;iﬁs
2 s* 423

7.4.4 Proof of Intermediate Results for Theorem 12
Proof of Lemma 41

Given the assumptions, we will show that for all large enough ¢, we have
t+1 -
165Vl < 5.

Following the analysis of Lemma 46, Lemma 47, and Appendix 7.4.7, we have that
the objective F, 1 has sufficient descendant in each iteration of proximal Newton step,
which is also discussed in [175]. Then there exists a constant 7" such that for all t > T,

we have
A
Frey (09) < Fron (0%) + S50 = 071,

where [|0®) — 0*||; < cAgVs™ /P 45 from similar analysis in [153]. The rest of the
analysis is analogous to that of Lemma 44, from which we have HQg) lo < 5.
Proof of Lemma 42

The estimation error is derived analogously from [153], thus we omit it here. The claim

of the quadratic convergence follows directly from Lemma 45 given sparse solutions.
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Proof of Lemma 43

The upper bound of the number of iterations for proximal Newton update is obtained

by combining Lemma 41 and Lemma 48. Note that

log <3pj’;+2g>
2P 5% 195 ‘
8 (Ls*+2§H9<Tj12)9{1}H2>

Then we obtain the result from HG(TH) — 5{1}H2 <R= 2'?%

Ty <log

7.4.5 Proof of Theorem 14

It is demonstrated in [242] that Assumptions 1 ~ 3 hold given the LRE properties
defined in Definition 23. Thus, combining the analyses in [242] and Proposition 6, we
have that Assumptions 1 ~ 3 hold with high probability. Assumption 4 also holds
trivially by choosing € = ﬁ for some generic constant c. The rest of the results follow

directly from Theorem 13 and the analyses in [150].

7.4.6 Further Intermediate Results

Lemma 50. Given wx (A15}) < %, we have that for all ¢ > 1 at the {K + 1}-th

stage,
A A
Wy {K+1} (e(t)) < % and ]:)\{K+1}(9(t)) < Frxsny (67) + %HGM — 01
Proof. Note that at the {K + 1}-th stage, 8(©) = 015}, Then we have

wyrciy (0@) = min VL) + AMEF o ¢
£€0]6©|s

(2)

< min [[VLOD) + A @ gl + [ — A 0 ¢
£€l|0©]y

(i1) W) Nggt  Atgt . Mgt

(
< WK} (6(0)) + H)‘{K+1} - /\{K}Hoo < ? + ? < T’

where (7) is from triangle inequality, (i7) is from the definition of the approximate KKT
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condition and ¢, and (i) is from wyxy (00) = wyxy (AIEY) < % and |[AEHL —
MET o < 2

For some ¢ = argmingc gy g, IVLOD) + AME+ €|, we have

(i)

Fyirerny (0%) > Fyprerny (00) = (VLEOD) + MEH 0 cO)T (90 — g*)
> Fyirceny (00) — [[VLOD) + AET 0 O] 100 — 67|
(42) by

> Fyurany (00) — %”9@) — 0|1

where (i) is from the convexity of Fy(x+13 and (i7) is from the fact that for all ¢ > 0,
IVLOD) + AMEF @ ¢ < 28 This finishes the proof. N

Lemma 51 (Adapted from [153]). Suppose Heg)uo < 5 and wyx (0W0) < At Then

there exists a generic constant ¢; such that

c1 gtV S*

Psx 195

16 — 6|2 <

7.4.7 Global Convergence Analysis

For notational convenience, we denote F = F) and R = Ril in the sequel. We first

provide an upper bound of the objective gap.

Lemma 52. Suppose the F(0) = R(#) + L(#) and L(0) satisfies the restricted Hessian

smoothness property, namely, for any 6, h € R?

d oo T2 2
%V L0+ Th)|r=0 X C\/R"V2L(O)h - V°L(6),

for some constant C. Let Af be the search direction and let 64+ = 6 + 7A# for some
€ (0,1]. Then
F(04) S FO) + [-7+ O] 1201l
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Proof. From the convexity of R, we have

F(01) — F(0)

— L(01) — L(0) + R(0:) — R(6)

< L(04) — L(O) + TR(O + AB) + (1 — 7)R(0) — R(6)
= £(04) — £(0) + 7 (R(0 + AG) — R(6))

=VLO)"  (TAO) + 7 (RO + AO) —R(0)) + 7 / T(Ae)Tv%(e + aAB) Abda.
0

By Lemma 47 and the restricted Hessian smoothness property, we obtain

F(0+) — F(0)
< =7 Abllgap@y + 7 / (A0)TV2L(0 + aAf) Abda
0
= —7[[Ab] g2 ) +T/ da/ dzi(AH)Tvzﬁ(QJrzAO)AO
0 o dz
+7 / da(A0)TV2L(0)A6
0

= (=7 +00) |180]1%2(9) -

Next, we show that Af # 0 when 6 have not attained the optimum.

Lemma 53. Suppose the F(0) = R(0)+L(0) has a unique minimizer, and £(0) satisfies
the restricted Hessian smoothness property. Then AW =0 if and only if 6 = g.

Proof. Suppose A#f is non-zero at . Lemma 52 implies that for sufficiently small 0 <
T<1,
FO+7A00) — F(O) <0.

However F(6) is uniquely minimized at §, which is a contradiction. Thus Af = 0 at 6.
Now we consider the other direction. Suppose Af = 0, then 6 is a minimizer of F.

Thus for any direction h and 7 € (0, 1], we obtain

1
VL(®) (th) + §TZhTHh +R(0 +7h) — R(#) > 0.
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Rearrange, we obtain
1
RO+ 7h) — R(0) > —7VL(O) Th — 5TQhTHh

Let DF(0,h) be the directional derivative of F at € in the direction h, thus

F(0 4 7h) — F(0)

DF(0,h) = lim
T—0 T
— lim TVLO)Th+ O(2) + R(0 + Th) — R(0)
- T—0 T
. TVLO) h+O(r?) —7VLO) "h— 372 Hh
> lim =0
T—0 T
Since F is convex, then 6 is the minimizer of F. ]

Then, we show the behavior of ||Af||; and R(6 + Af) when A6 # 0.

Lemma 54. Suppose at any point 6 € RY, we have VL(6) € span (V2L£(0)). If A0 # 0
then either
|AG]|; >0 or RO+ A0) <R(H).

Proof. Recall that A6 is obtained by solving the following sub-problem,

Af = argmin R(6 + AB) + VL) A0 + || A3, .
A6l

If ||Ad]|;; = 0 and Af # 0, then
AG L span(H) and VL(0)TAG = 0.

Thus
R(6+ A0) <R(6).
Notice that R (6 + Af) # R (), since otherwise Af = 0 is a solution. O

Finally, we demonstrate the strict decrease of the objective in each proximal Newton

step.
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Lemma 55. Suppose at any point 6§ € RY, we have VL(6) € span (V2L£(0)). If A0 # 0
then
F(O+TA0) < F(0),

for small enough 7 > 0.

Proof. By Lemma 54, if A # 0, then either |Af]|; > 0 or R(6 + Af) — R(0) < 0. If
it is the first case, then by Lemma 47,

vy =VLO) A+ RO+ AO) — R(0) < — ||Ad]|; < 0.
It is the second case, then VL() T Af = 0 and
v=TR(O+ A0) —R(f) <0.
Moreover, we have

F(O+TA0) — F(0)
=L(0+71A0) — L(O) + RO+ TA0) —R(0)
<7TVL®B) " AH+ T;AHTHAH +O(1%) + R(O + TAH) — R(0)
<TVLO)TAO+ TR0 + AG) + (1 — 7)R(0) — R(6) + T;MTHM + O(%)
=71(y+ O(1)).
where the first inequality is from the restricted Hessian smoothness property. Thus

F(@+7A0) — F(0) < 0 for sufficiently small 7 > 0. O

Since each step, the objective is strictly decreasing, thus the algorithm will eventually

reach the minimum.
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7.5 Proofs for Chapter 6

7.5.1 Proofs of Results in Section 6.2
Proof of Theorem 15

From the directional derivative of f at xg, for any x, we have

0= lin% flzg + tg(x))t— flzg +tz)
t—

T
— V/(2g) (g(x) - @),
which implies zg is a stationary point.

Proof of Theorem 16

Given any v € T,G(z), there exists a smooth path v : (—1,1) — G(z) with v(0) = =
and v = +/(0). We consider the function ¢(t) = f(vy(t)). By chain rule, we have

C(t) = V()T (8) and £7(t) = o/ (1) VA F(y(0)7' (1) + VF(4(2) A (2).  (7.176)

Furthermore, since G is the invariant group, we have ¢(t) = f(v(t)) = const and ¢'(t) =
¢"(t) =0 for any t € (—1,1). Since z is stationary, Vf(7(0)) = Vf(z) = 0 and we plug
it into (7.176) to have

0= £"(0) =~(0) V2 (7(0)7'(0) = v Hyv,
which implies that v € Null(H,). This completes our proof.

7.5.2 Proof of Theorem 17

We separate the analysis into four intermediate components, one for each claim. We first
identifies the stationary point of F(z) in the following lemma. The proof is provided in
Appendix 7.5.2.

Lemma 56. 0, u and —u are the only stationary points of F(z), i.e., VF(x) = 0.

Next, we characterize two types of stationary points. We show a stronger result

in the following lemma that z = 0 is a strict saddle point, and V2F(z) has both
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positive and negative eigenvalue in the neighborhood of = 0. The proof is provided

in Appendix 7.5.2.

Lemma 57. x = 0 is a strict saddle point, where V2F(0) is negative semi-definite with
Amin (F(0)) = —||lul|3. Moreover, for any x € Ry, V2F () contains positive eigenvalues

and negative eigenvalues, i.e.
1
Amax(VAF(2)) 2 |2l and - Amin(V2F(2)) < =5 [Jul3.

Moreover, we identify that x = +u are global minima, and F(z) is strongly convex

in a neighborhood of x = fu. The proof is provided in Appendix 7.5.2.

Lemma 58. For = +u, z is a global minimum, and V2F(z) is positive definite with

Amin(V2F(x)) = ||ul|3. Moreover, for any x € Ra, F(x) is locally strongly convex, i.e.
2 Lo
Amin(V2F(2)) = llullz.

Finally, we show that outside the regions R; and Rg, the gradient V.F(s) has a
sufficiently large norm. The proof is provided in Appendix 7.5.2.

Lemma 59. For any = € R3, we have
lull3
IVF@) > 12
Combining Lemma 56 — Lemma 59, we finish the proof.

Proof of Lemma 56

We provide an algebraic approach to determine stationary points here. Without loss of

generality, we assume ||u||2 = 1. Then we write

r=aau+w,
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where a € R is a constant and w ' u = 0. Accordingly, we solve

(zz" —wu)z = [(cu+ w)(ou+w) " —uu'](au +w)

T —uu")(ou 4+ w)

= [ 2uu” + awu” + auvw " + ww
= o’u+ o’w + auw|3 + wlw|3 — au

= (e’ + alw|} - a) +w(a® + w]3) = 0.

1. Suppose a = 0, which implies u'2 = 0. Thus we must have (zz'" —uu')z =
z||z||3 = 0, which further implies = 0 is a stationary point.

2. Suppose ||w||2 = 0, which implies w = 0. Thus we must have (zz' —uu')z =
(a® — a)u = 0, which further implies & = —1 or 1, i.e., x = —u and = = u are

stationary points.
3. Suppose a # 0 and w # 0. We then require
2+ |w|3—-1=0 and o+ |jw|3=0.
This conflict with each other, which implies there is no stationary point when
a # 0 and w # 0.

The results are identical to those by applying generic theories in Section 6.2 directly.

Proof of Lemma 57

We first show that o = 0 is a strict saddle point, by verifying that Ay, (V2F(0)) < 0 and
for any neighborhood B of 2z = 0, there exist y1, y2 € B such that F(y1) < F(0) < F(y2).
From (6.8) we have V2F(0) = —uu'. For any z € R™ with [|z]|2 = 1, we have

2TVEF(0)2 = (2" w)® = —|lul3,

where the last inequality is from Cauchy-Schwarz. Then we have V2F(0) is negative
semi-definite. The minimal eigenvalue is Apin(V2F(0)) = —||u||3 with the corresponding
eigenvector u/||ul|2 and the maximal eigenvalue is Apax(V2F(0)) = 0 with the corre-

sponding eigenvector z that satisfies u' z = 0.
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Let y; = au, where a € [0, 1], and yo be any vector that satisfies y5 u = 0. Then we

have

1 1-a? 1
Fln) = slhm” — a3 = L T3 < T3 = F(0) ana

1
Fly) = 1 (luuT 13+ 1203) = F(0).

Therefore, we have F(y1) < F(0) < F(y2), which implies = 0 is a strict saddle point.

Next, we show that for any |[z[2 < %||lull2, V2F(z) has both positive and nega-
tive eigenvalues. Given a point , let zmax(2) and zmin(z) denote the eigenvectors of
Amax(V2F (z)) corresponding to the largest and smallest eigenvalues respectively. Then

for any x € Ry, V2F(x) has at least a positive eigenvalue since
Zmax () VEF () 2max (%) > 2 (0) VAF (2) 2max (0) = 2(2max (0)2)? + [|[[3 > [|[[3.

On the other hand, we have zmin(0) = u/||ull2 and Apin(V2F(0)) = —||lu|3 from the
previous discussion. Then for any x € Ry, V2F () has at least a negative eigenvalue
since

Zimin (2) VAF (2) 2min(2) < 20in (0)VAF (2) 2min(0) = 2(20in (0)2)? + [[]3 — [Ju13

1
< 3Jlzllz — fJullz < = ull3.

Proof of Lemma 58

We only discuss the scenario when x = u. The argument for z = —u is similar. From
the Hessian matrix V27 (z) in (6.8), we have V2F(u) = uu' + ||u||3-I,,. For any z € R"

with ||z]|2 = 1, we have
2IVPF(u)z = (2T w)” + 3 = Jlul,

then Amin(V2F(u)) = ||ul|? with the corresponding eigenvector z satisfying u'z = 0.

Therefore, V2F (u) is positive definite and 2 = u is a local minimum of F(x). Moreover,
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T = u is a also a global minimum since

F(u) = min F(x) = 0.

z€R™

On the other hand, let x = v + e. For any = € Ro, we have

’zT (V2F(z) — V2F(u)) z‘ - ‘ZT (2(u ve)ute) + ||zl In — 2un’ — fJull?- In> z‘

= ’zT (2(6€T +eu’ +ue') + (||e)|3 +2e ) - In> z‘
o1
< =

< (3llell3 + 6llell2flull2) - 1212
which further implies
1
2 V2F(x)z > 2" VEF(u)z — ‘ZT (V2]:(x) - V2]-"(u)) z’ > gHUH%

Proof of Lemma 59

Let x = au + Bw|ull2, where a, 3 € R, w'u = 0 and |Jw|]z = 1. Then we have

IVF(@)3 = [|(za" —uu")z|3 = [|(® + B2)|[ull3 - (cu+ Bwllull2) — allul} - ul3
= [l(e® +aB? — a)|ull3 - u+ B(a® + B%)||ull§ - w3
=[(a® + aB? — @)? + %(a’® + B2)%|ull§

Then region R3 is equivalent to the following set

1 1
X, = {x:ozu—l—ﬁw“u”z | a? + 5% > Z,(04—1)2+62 > 64}
By direct calculation, the infimum of ||VF(x)|2 subject to x € A, is obtained when

L Il
a—0and 8 — 3, ie., [[VF(x)|2 > 52

7.5.3 Proof of Theorem 18

The proof scheme is identical to that of the rank 1 case in Theorem 17. However,
the analysis is much more challenging due to the nonisolated strict saddle points and

minimum points.
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First, we identify the stationary points of F(X) in the following lemma. The proof
is provided in Appendix 7.5.3.

Lemma 60. For any X € X, X is a stationary point of F(X).

Next, we characterize two types of stationary points. We show a stronger result
in the following lemma that for any X € X, it is a strict saddle point, where the
Hessian matrix has both positive and negative eigenvalues. Further, the Hessian matrix
has a negative eigenvalue in the neighborhood of X € X. The proof is provided in
Appendix 7.5.3.

Lemma 61. For any X € X\U, X is a strict saddle point with

Amin(V2F (X)) < =\

max

(21— ¥2) and Apax(VZF(X)) > 2X2 (39).

Moreover, for any X € Ry, V2F(X) contains a negative eigenvalue, i.e.

or(U)

Amin(V2F(X)) < — i

Moreover, we show in the following lemma that for any X € U, it is a global min-
imum, and F(X) is only strongly convex along certain directions in the neighborhood
of X € U. The proof is provided in Appendix 7.5.3.

Lemma 62. For any X € U, X is a global minimum of F(X), and V2F(X) is positive
semidefinite, which has exactly r(r — 1)/2 zero eigenvalues with the minimum nonzero

eigenvalue at least 02(U). Moreover, for any X € Ro, we have
1
2 VEF(X)z > 2ot (U)]#]3

for any z L &€, where & C R™*" is a subspace is spanned by all eigenvectors of V2F(Kf)
associated with the negative eigenvalues, where ¥ = X — UV x and ¥x and K are
defined in (6.10).

Finally, we show in the following lemma that the gradient VJF(X) has a sufficiently
large norm outside the neighborhood of stationary points. The proof is provided in
Appendix 7.5.3
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Lemma 63. The gradient VF(X) has sufficiently large norm in R% and R%, i.e.,

o, (U)

IVF(X)|lr > 901(0) for any X € Rf, and
3

|IVF(X)||r > Za%(X) for any X € RY.

Combining Lemma 60 — Lemma 63, we finish the proof.

Proof of Lemma 60

We provide an algebraic approach to determine stationary points here. We denote
X = ®%05 + W, where W' ® = 0. Accordingly, we solve

(XXT —UUNX = [(22205 + W) (D20, + W) — UU (9905 + W)
= 00, (02320, + W W) 4+ W (0,220, + WTW) — 0%2%,0, = 0.

1. Suppose ¥ = 0, which implies
WW'W =o.

The solution to the equation above is W = 0, which indicates that X = 0 is a

stationary point.

2. Suppose W = 0, which implies
(X2 - 238,05 =0.

The solution to the equation above is (Z% — Z%)Eg, which indicates that ®X90,
is a stationary point for any Oy € O, and Yo = X1Ipask, Where Iyask is setting
arbitrary number of diagonal elements of the identity matrix as 0 at arbitrary
locations (include 2" combinations). This includes X = 0 and X = UV for any

¥ € 9, as special examples.

3. Suppose 39 # 0 and W £ 0. Since ® and W have orthogonal column spaces, we
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then require
02320, + W'W =0,
which further implies
dY25,0, = 0.
The solution to the equation above is 39 = 0, which conflicts with the assumption.

This finishes the proof.

The results are identical to those by applying generic theories in Section 6.2 directly.

Proof of Lemma 61

For notational convenience, denote X = X \U. Associate each X € X with a rank
deficient set S C [r], S # (), which is equivalent with saying that 3o = 31D, where D
is a diagonal matrix with D;; = 0 for all i € S, and Dj; = 1 for all j € S = [r]\S. Let

s € S be the smallest index value in S and 5 € S be the smallest index value in S.

Part 1. We first show that the rank deficient stationary points are strict saddle points,

i.e., their eigenvalue satisfies

If S =10, ie, X =0, then \pax(V2F(X)) > 0.
).

We start with the proof of Apin(V2F(X)). Remind that

T T T
X(*J)X(*J) X(*,2)X(*71) X(*,T)X(*J)
o X(*,l)X(T* 2) X(*,Q)X(T* 2) X(*,T)X(T* 2)
X — . . .
i X(*J)X(—l;,r) X(*Q)X(—l;r) X(*,r)X(—l;’r) ]

Let X4 1)y -5 X(«,) be the columns of X. Since X is rank deficient, then there exists a
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unit vector w = [wi, ..., w,]" € R", ||w|j2 =1, such that w' X T Xw = 0. Let ¢, be the
s-th column of ®, which satisfies ¢] X (x) = 0 for any i € [r] from the construction of X,

and z = [le, ...,z 1T € R™ be a vector by taking the i-th subvector as z; = wi¢s € R™

»r

for all i € [r], then
Ain(VZF(X) < 2" V2F(X)z =2 (Kx + L9 XX+ X' X1, -, oUU ")z
:iiw@wUWIXwﬂX&w%+¢IXXR%+uFXTXw—¢IUUﬂm
6,J
=0+0+0—0%(U) = —c2(U).

The proof of A\pax(V2F(X)) follows analogous analysis. Let a unit vector w =

[wi,...,w;]" € R" be the singular vector of X X corresponding to the largest singular
value 02(U), and ¢z be the 5-th column of ®, i.e., ] XX "5 = ¢pJ UU " ¢p5 = 02(U). Let
z=1[2,...,2]" € R be a vector by taking the i-th subvector as z; = w)¢s € R

for all i € [r], then
Amax(VEF(X) > 2 "VF(X)z =2 (Kx + L@ XX + X' X®I, - L,oUU ")z
= z’“: w(i)w(j)d);X(*,j)X(—;i)(b? + e XX s+ w0 X Xw— ¢ UU ¢5
2%
= 02(U) + 02(U) + 03(U) — 03(U) = 203(U).

When X = 0, let w € R" be any unit vector and ¢ € R™ be a unit vector that

satisfies @' ® = 0. Construct z € R™ as the same way above, then

Amax(VEF(X) > 2" V2F(X)z =2 (Kx + L@ XX + X' X @1, - ,oUU ")z
=Y wawi o XenXlyd+o XX o+w X Xw—-9¢'UUT¢
2

—04+0+0—-0=0.

Next, we show that for any neighborhood B of X € X , there exist Y7,Ys € B such
that F(Y7) < F(X) < F(Y2). Suppose X = ®X1D09 and E; = ®X1 D109, where
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D+ Dy = I, then (Ey, X) = 0. Given a € [0,v/2], let Y1 = X + aFEy, then we have

1
Fvi) = vy - 0T

1
= 1 (IXXT —UUT |} + | BB |} +2(* BB, XX T —UUT))

1

=F(X)+ Z(&@E%quﬁ, 20¥iD ¢ —2052D,37)
4 2 2

=F(X)+ (o7 —2a7) 1 a )cI>E‘1*D1<I>T

< F(X).

Similarly, let Es = &)i(:), where ® € R"*" has orthogonal columns satisfying TP =
0, Y € R™7 is any diagonal matrix with nonnegative entries, and O € R™ is any

orthogonal matrix. Given « > 0, let Y5 = X + aF», then we have
1 1
F(¥o) = 7Yy —0UT |} = 7 (XX —UUT |} + o' | B2 I}) = F(X).

Part 2. Next, we show that for any X in a neighborhood of saddle points, the Hessian
matrix V2F(X) has a negative eigenvalue. Given any X* € X with the associated
rank deficient set S* C [r], S # 0, let X = X* + E. For any s € S*, let ¢, be the
corresponding singular vector of U, i.e., the s-th column of ®, w € R” be the singular
vector of X T X associated with the smallest singular value, and z € R™ be a unit vector

with the i-th subvector as z; = w; @5 for all i € [r], then
Anin(VEPF(X) < 2" V2F(X)z =2 (Kx + Lo XX+ X' X1, - L, oUU")z
- Z wiiywi)be X)X ayds + 0 XX s +w! X T Xw — ] UUT ¢
i,J

= (¢ Bw")? + ¢ EET ¢ + 02(X) — o2(U)
< 2||pJ B[+ 02(X) — o2(U). (7.177)

We claim that from (7.177), if 0,(X) < $0,(U), we have

Amin (VEF(X)) < —iaf(U).
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The discussion is addressed by the following cases. Let L4 denote the column space
of ® and Lg. be the column space of ®gs-.
Case 1: Suppose X is rank deficient, i.e., 0,.(X) = 0. Without loss of generality, we can
argue that F is also rank deficient. Otherwise, if F is full rank, then there exist some
subspace in columns of X* eliminated by the corresponding subspace in columns of F.
Therefore, we can consider the rank is deficient in both X* and E in that particular
subspace. Then there exists a subspace £ C L such that E = P, (E)+ (I —Pr,)(E).
We can always find a s € S* such that ¢, € Lg\L1, i.e., ¢ Pr,x = 0 for any x € R”,
such that

05 B =] (Pr,(B) + (I = Pr,)(E)) = 0.
This further implies

Amin(V2F(X)) € —03(U) < o7 (V).

Case 2: Suppose X has full column rank, and the singular vector y associated with the
smallest singular value o,(X) satisfies ||Pg, (y)|2 = 0 without loss of generality. This
implies that for any singular vector § of X, there exists s € S* such that ¢/ (§) = 0.
This further implies ¢ E = 0, then combining with (7.177) we have

Amin(VF(X)) < 02(X) — 02(U) < —202(0)

Case 3: Suppose X has full column rank, and the singular vector y associated with
the smallest singular value o,(X) satisfies ||Pz, (y)|l2 € (0,1]. This implies that there
exists s € S* such that ||¢] E|2 < o,(X) without loss of generality because there exists
a potential subspace of E that is orthogonal to ¢s. If the singular vector associated with
smallest singular value of X is not closest to ¢, for any s € S* C [r], then it must be
closest to some other s’ € [r]\S8*. Then we can always consider the rank is deficient for
s’ without loss of generality and the same argument above holds. This further results
in

Auin(V2F(X)) < 302(X) — 02(U) < — 102 (0).
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Proof of Lemma 62

It is obvious that for any X € U, F(X) = 0, thus it is a global minimum since F(Y) > 0
for any Y € R™*". Without loss of generality, let X = U, i.e., ¥ = I, then we have

[ 77T T T 7]
U(*,l)U(*:l) “n U(*,l)U(*Q) An U(*,I)U(*ﬂ”) Iy
T T T
V2F(U) = Ky + V)V In UpyUtn) I oo UpgyUtnry - In
T T T
L U(*,T‘)U(*vl) “In U(*,r)U(*72) An - U(*,T)U(*J’) Iy |

Part 1. We first characterize the eigenvectors associated with zero eigenvalues of

V2F(U). For any i and j chosen from 1, ...,7, where i < j, we define a vector v(hi) e R

as
U(Lj) = [OTa ceeey _U(—;J) PR} U(—;Z) JERES) OT]T/\/”U(*,])Hg + HU(*J,)H%a
—— ~——
i-th block 7-th block
where —U, ;) is the i-th block of v and U(s,iy is the j-th block of v(#3) . Then we
can verify

i) T ij
VD 2O - (1T 13 + 1T 113)

_ T T T T T T
= U j)Utrg) " Uty Utssi) = Uty Uts) * Uy Uty = Utniy Uiy = Uy Ut
T T T T T T T
+ UeiyUtsi) * U Uty + U Uiy * Uiy Uty = U Uty = Uiy Uty

T T T T .
~UaiUsi) U j)Utni) T Uiy Uty U jy Uty = 0,

which implies that v(*7) is an eigenvector of V2F (U) and the associated eigenvalue is 0.
We then prove the linear independence among all v(9)g by contradiction. Assume

that all v(%9)’s are linearly dependent. Then there exist a(;5)’s with at least two nonzero

/[/hj)
a(; j)’s such that

> =o.

i<j
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This further implies that for any ¢ < k < j, we have

(i k) Uiy = (i, j) U, gy = 0.

Since U, j) and U, ;) are linearly independent, we must have o ) = a5 = 0. This
is contradicted by our assumption. Thus, all v are linearly independent, i.e., we
can obtain all 7(r — 1)/2 eigenvectors associated with zero eigenvalues of V2F(U) by
conducting the orthogonalization over all v(#7). Meanwhile, this also implies that F (X)
is not strongly convex at X = U.

We then show that the minimum nonzero eigenvalue of V2F(U) is lower bounded
by o2(U). We consider a vector

2=z, .2 ] €R™,

which is orthogonal to all v(7) i.e., for any i < j, we have

Meanwhile, we also have

ZIVPFU)z=2"U'U®I)z+ Z(Z;U(*,i))Z + QZ(ZJTU(*,@)(ZJU(*J))

=1 i<k
_ zT(UTU ® 1)z + Z(ziTU(*,i))Q + QZ(ZJ-TU(*yk)h
i=1 i<k

=2 (U'U®Dz+2"IToUU")z.

We can construct a valid z as follows: let w = [wy,...,w,]T € R" be the eigenvector
associated with the smallest eigenvalue of UTU, and y be a vector, which is orthogonal

to all U, ;)’s. Then we take
Z; = w(i)y.

It can be further verified that z"v(“/) = 0 for any (i, ), and z" (I @ UU ")z = 0. Since
both UTU®I and I®@UU " are PSD matrices, then we have from the Weyl’s inequality
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that the minimum nonzero eigenvalue A\ (V2F(U)) of V2F(U) satisfies

min

)\-I—

min

(VZFO) > M (UTUD =2"UTU®ID)z = \uin(U'U) = o2(U).

min

Part 2. Next, we characterize the neighborhood of the global minima. Let £ = X —U.
We then have

2 (V2F(X) = V2F(U))z
=2 (I, @ UE" +EU"+EE"Y+(U'E+E'"U4+E"E)® 1,4+ Kg+ E1 + E»)z,

where El and Eg are defined as

[ T T T
E(*,l)U(*,l) E(*,Q)U(*J) T E(*,r) U(*J)
T T T
B = E(*,l)U(*,z) E(*J)U(*z) E(*,T)U(*z)
1= . . . . )
T T T
L E(*vl)U(*,r) E(*72)U(*,r) e E(*,T)U(*,r) J
Uy Bly Ve Bl Uty B 1)
T T T
5 _ | VenEer UeaBis Ut B )
2 - . . .
L U(*J)E(—l:k,r) U(*,2)E(—;7») tee U(*,T)E(Tk,r) ]
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Meanwhile, we have

2" (I, @ UET + EUT + EE"))z| < |[UET + EU" + EET||2) 2|13
< 2o (U) B2 + IE13)]1213,

2" (UTE+E"U4+E"E)® L)z| <|[U'E+ E"U + E"E|2|2|3
< 201(U)||Ell2 + | E|13)]I2[13,

‘ZT (El + E2> Z‘ = DA Be Ul + D2 Unp Bl

] ]

=2 ZZ;FE(*J)U(—!;J)Zi =2 ZZZ-TEUTZi
1,J 7

<201 (U)|1Ell2 Y |1zl = 200 (U) | Bl 213
j=1

where the second equality comes from z,| Uls,jy = ijU(*,i) for all 4, j’s by constructing z
as in Part 1.
We then characterize the eigenvectors associated with negative eigenvalues of Kp.

For any ¢ and j chosen from 1, ..., 7, where i < j, we define

—— ——

i-th block j-th block

where the i-th block of w(*J) is —E( and the j-th block of w(J) is E(+)- Then we

have

2
2(BloBos) = 2B 313
w
1B l13 + 1 B I3

A

(4,9)

)

which implies that w7 is an eigenvector of Ky and the associated eigenvalue A is
nonpositive by the Cauchy-Schwarz inequality.
We then prove the linear independence among all w(“7)’s by contradiction. Assume

that all w(7)’s are linearly dependent. Then there exist a(; j)’s with at least two nonzero

Z?])
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a(; j)’s such that

Za wi) —

1<j

This further implies that for any ¢ < k < j, we have
) By = @By = 0.

Since E, ;) and E, ;) are linearly independent, we must have a(; ;) = ) = 0. This
is contradicted by our assumption. Thus, all w(%/)’s are linearly independent, i.c., we
can obtain all 7(r — 1)/2 eigenvectors associated with negative eigenvalues of Kg by
conducting the orthogonalization over all w(9)’s.

We consider to construct z analogous to that in Part 1, which is orthogonal to all

w7)’s. Then we have
2 T3 = z-TE(*,j) — zTE(*ji) =0 for any 7 and j.

This further implies

EenEly Ee2Bl B B )

T E(*l)E(*z) E(*,2)E(T*,2) E(*r) (%,2)

ya . . z
EanEL,y BepBl, 0 BunBl,) |

_Zz E(*])E*Z Zz EujhE *])zz—z (I, EET)z.
7]

Note that 0 < 27 (I, ® EE")z < o2(E)||2||3, which implies |Kg|2 < 03(E). Thus,
there exists no other eigenvector associated with negative eigenvalues of K g besides all
w(9)’s. Meanwhile, we also have
T 2 2 2
2B 5 E)” = 2B 21 B ) 12 2| Eq i) 311 B )13

Amin(Kg) = min —— > —max
mn i.j 1B lI5 + 1B ll3 g 5+ 1Eu i3
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Combining all results above, we need

o2(U
1Bl < o0
such that
ST (VEF(X) = VEF)2] < 6o Bl + 313 < 22D
This implies that
o7 (U)

2 V2F(X)z > 2"VEF(U)z — |2 (V2F(X) — VEF(U))z| > T?Hz”g,

since z is orthogonal to the eigenvectors corresponding to the zero eigenvalues of V2F(U)

by the way of its construction.

Proof of Lemma 63

Part 1. We first discuss X € Rj. Recall that VF(X) = (XX' —UUT)X. For
notational simplicity, let U = UV x, where ¥y = argmingep, || X — U¥|2.

Let the compact SVD be X = @121@]—, ®1, e R™™7, X1, 35 € R™". Then we have
XX —UUT)XIE = (XX —UUT)XE 2 [(XXT =0T 02(X). (7.178)
Moreover, we claim that

IXXT —UUT |2 >2(vV2 - 1)e%(U) - min | X —Uw|2. (7.179)

We then demonstrate (7.179). Let E = X — UUx with Ux = argmingep || X — U¥||3
and the SVD of UT X be UT X = AXBT, then we have Ux = ABT. This implies

X'UUxy =BYB' =0, UTX = 0.
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Further, we have ETUWx is symmetric since
E'UUx =X"UUx -V U UV =0 U'X -V U UVx =V U'E.

Without loss of generality, we assume Wy = I, then we have X 'U > 0 and E'U =
UTE. Substituting X = U + E and denoting o = 2(v/2 — 1)o2(U), we have

0 < Amax ((XXT . UUT>T (XXT - UUT)> ~ 0 max ((X )T (x - U))
< Amax <<XXT - UUT)T (XXT - UUT) —a(X—U)T (X - U))
= Amax <<ETE>2 +4ETEETU +2(ETU)* 4+ 2UTUETE — aETE>
— Aumax ((ETE + \/iETU)2 +(A-2V2)E"EETU+2U UETE - aETE) .
This implies we only need to show that
Amax ((ETE +V2ETU? + (4—-2V2)ETEE'U +2U UE'E — aETE> > 0.

It is sufficient to show that (4 —2v/2)ETU +2U U — al, = 0. From E = X — U and
XTU = 0, we have

(4-2V2)ETU+20TU —al, = (4 —2V2)X U +2(vV2 - 1)U U — al, = 0,

provided 2(v/2 — 1)UTU — al, = 0, which is satisfied by the choice of c.
2

Combining (7.178), (7.179), and mingep, || X — U¥|j2 > 8‘:;"1((%)), we have

Or

ot oRU)
6402(U) ~ 8102(U)’

I(XXT —UUT)X|2 > 2(v2 - D)o (U)

Part 2. Next, we discuss X € RS.
Let U = @121®1T and X = @222@; be the SVDs, then we have a lower bound of
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[VF(X)X T||r when X and U has the same column space, i.e,

IVFO)X T lp = IXXTXXT —UUTXXT|p = || @250 — &1 270, Dy23D||p

= IS4 + [ S30] @332 — 2Tr(®,570] @,250])

3 3
>\ IS4 + 1535303 — 2Te(53mg) = /IS8R = SIXXTXX e, (7.180)

where the last inequality is from the definition of R” that ||X3||Z > 16(|X%||% and the

minimum is achieved when (£1);; = 3(X2);; for all i € [r]. Further, we have
IVFX)X p < o1(X)IVFX)|r and | XXTXX||p > 07(X). (7.181)
Combining (7.180) and (7.181), we have the desired result.

7.5.4 Proof of Theorem 19

The proofs are based on the analysis of the general rank r > 1 case in Theorem 18,
combined with the concentration properties of sub-Gaussian matrices {4;}% ;.

First, we identify the stationary points of F'(X) in the following lemma. The proof
is provided in Appendix 7.5.4.

Lemma 64. For any X € &/ U {0}, X is a stationary point of F/(X).

Next, we characterize two types of stationary points. We show in the following
lemma that X = 0 is the only the strict saddle point, and the Hessian matrix has
negative eigenvalues in the neighborhood of X with high probability if d is large enough.
The proof is provided in Appendix 7.5.4

Lemma 65. For any X € Ry, if max{| XX —UU"|}, |X|}, 1} < N; holds
for some constant IN; and the number of linear measurements d satisfies d =
Q (Ninr/o2(U)), then with probability at least 1 — exp (—Cinr) for some constant

C1, V2F(X) contains a negative eigenvalue, i.e.

Amin(VZF (X)) < — <

Moreover, X = 0 is a strict saddle point with Amin(F(0)) < —Z[| U3



247

Moreover, we show in the following lemma that any X € U is a global minimum,

and F'(X) is only strongly convex along certain directions in the neighborhood of X € U
with high probability if d is large enough. The proof is provided in Appendix 7.5.4.

Lemma 66. For any X € U, X is a global minimum, and V2F(X) is positive semidef-
inite. Moreover, for any X € Ry, if max {| XX " — UU ||}, 4||U||%, 1} < N, holds for
some constant N9 and d satisfies d = (Ngnr/ o2(U )), then with probability at least
1 — exp (—Canr) for some constant Csy, we have
1
2 VEF(X)z > 1507 (U)123
for any 2z 1 &£, where & C R™ " is a subspace is spanned by all eigenvectors of V2F(Kp)

associated with the negative eigenvalues, where F = X — UV x and Vx and K are
defined in (6.10).

Finally, we show in the following lemma that the gradient VF(X) is sufficiently
large norm outside the neighborhood of X with high probability if d is large enough.
The proof is provided in Appendix 7.5.4.

Lemma 67. For any X € Rj, if max {|XXT —UUT |2, max || X &} < N3 holds
for some constant N3 and d satisfies d = Q (N3y/nrlog(nr)o1(U) /o (U)), then with

probability at least 1 — (Csnr) ™" for some constant C, we have

o, (U)

IVF(X)|r > m-

Moreover, for any X € RY, if d = Q (n/rlog(n)), then with probability at least 1 —
(Cyn)~? for some constant Cy, we have
L 5
[VEX) e > Sof ().
For X € Ry, N; < (||XXTHF—|-||UUT||F)2 < 25|UU"||3. Similarly, we have
Ny < 25|UUT||A and N3 < 25|UUT||Z2. Then combining |[UUT|% < rof(U) and

Lemma 64 — Lemma 67, if d satisfies

g <max {0‘1:(20('2}1)7«2’ @(U)raég)log(m)m Jrlog (n)}> |

r
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with probability at least 1 — 2 exp (—Csnr) — (Csnr) ™" — (Cyn) 2, we have the desired

results.
Proof of Lemma 64
Recall that the gradient F'(X) is
T
VE(X)= > (A, XXT -UUT) - (4 + A])X.

2d 4
=1

It is easy to see that X € U U {0} is a stationary point of F'(X). Note that due to
the perturbation of the linear mapping A, X € X'\U is not a strict saddle point.

Proof of Lemma 65
We only need to verify

a7 (U)

r

8 9

Ainin(V2F (X)) = Amin (V2F(X))| < [V2F(X) = V2F(X)2 <

where the first inequality is from Weyl’s inequality and the second inequality holds with
high probability at least 1 — exp (—cnr) if d = Q(Nynr/c2(U)) by taking 6 = o2(U)/8
in Lemma 5. Similarly, we have Apin(V2F(0)) < —% |U||% with high probability, which
finishes the proof.

Proof of Lemma 66

First of all, it is easy to see that for any X € U, F(X) = 0 attains the minimal
objective value of F', thus X is a global minimum. From (6.18), we have V2F(U) =
vec((A; + AU - vec((A; + A )U) T, which is positive semidefinite.

The rest of the analysis is analogous to the proof of Lemma 65, where we only need

to verify

’)\max(VQF(X)) - )\max(v2]:(X))’ < ||V2F(X) - V2J—"(X)||2 <

Now we only need to verify the bound of No. Let ¥ = argmingcp, | X — U¥||» and
U =UV, then ||U||g = ||U||r and 03(U) = 04(U) foralli = 1...,r. From mingep, || X —
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2(U
UY|s < ;(;1(((])), we have

IX = Ullr < V7| X = U2 < Vron(U) <

This implies
IXIe < 1X = Ulle + IU[le < 2]U|lp-
Following the analysis of Lemma 65, we finish the proof.

Proof of Lemma 67

Part 1. We first discuss X € Rj. By taking 6 = %(U[})

we have that if d = Q (Nsy/nrlog(nr)o1(U)/or(U)), then with probability at least

1-— (anr)il,

in the analysis of Lemma 5,

or(U)

IVEX)|r > [VF(X)||r — ||[VF(X) - VF(X)|lr > m'

Part 2. Next, we discuss X € R%. Remind that from (7.180) we have

3
IVFX)X g > Z||XXTXXT|\F. (7.182)
Moreover, we have
1 d
VE(X)XT = y > (A XXT—UUT) - (Ai+ ADXXT)2.
=1

11

Ignore the index i for II for convenience. Consider the (7, k)-th entry of I, ie.

(A, XXT-UUT)- (Agi +AEZ j))XX(Z k)/2. Analogous to the analysis in Part 1, since A

has i.i.d. zero mean sub-Gaussian entries with variance 1, we have (4, XX T —UU T) and
(Ag + AEZ j))X X (Tk ) are also zero mean sub-Gaussian entries with variance bounded
by |[XXT —UUT|% and ||XX(T*7,€)||% respectively.

It is easy to check E(VF(X)X') = VF(X)X'. By Lemma 77, we
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have II is sub-exponential with variance proxy upper bounded by N, =

max {||XX—r ~UU |3, ||XX(T*k)||%} Then by the concentration of sub-exponential

random variables,

cdt
P (|(VF(X)X ) — (VFOX )| > t) < exp <—]1V4> .
This implies
T T 2 ngt
IP’(HVF(X)X CVFX)X||p > t) <nPexp (2%
N4n
= ex —63—dt+210 n (7.183)
- P N4n & ' '
On the other hand, we have
IXX (. le < XX T s,
and
IXXT = U0 [lp < XX e + 10U e < 21X X s,
which implies

N, = max {HXXT —UUT|3, ||XX(T*7,€)||%} < 4| XX T2 (7.184)

Let X = UxXxOx be the SVD of X, then

T T
IXXTIR = 155 01F =D of(X) < \|r ) of(X) = VP XX XX T [p. (7.185)
i=1 i=1

Combining (7.183), (7.184), and (7.185), then if ¢ = L[| XX XXT|p and d =
Q (ny/rlog(n)), with probability at least 1 — (c4n)~2, we have

1
IVFX)X e 2 [VFX)X '~ [VEX)X T = VF(X)X||p 2 ZHXXTXXTIIF-
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Combining with

IVE(X)X T|lp < oy(X)IVF(X)|p and [XXTXX[|p > of(X),
we have the desired result.

7.5.5 Proof of Corollary 3

For completeness of the analysis, we provide the intermediate results for Corollary 3 as

in the analysis for Theorem 19. Recall that for the noisy scenario, we observe
Yy = (Ais M) + 25,

where {z(i)}le are independent zero mean sub-Gaussian random noise with variance

o2. Denoting M* = UU ", we have the corresponding objective, gradient, and Hessian

matrix as
d
F(X)= L > (AL XXT-UUT) - 4 ’ (7.186)
Ad 1 (%)) >
=1
d
1
VE(X) =22 ((AZ-, XXT - UuUT) - z(i)) (A + AD)X, and (7.187)
=1

d
VIR(X) = 5o > 1 (A XXT —U0T) — =) - (A + A])
i=1
+ vee ((Ai n Aj)x) - vee ((Ai + AT )X) L (7.188)

We first show the connection between the noisy model and low-rank matrix factor-

ization in the following lemma.

Lemma 68. We have E(F(X)) = F(X)+2%, E(VF(X)) = VF(X), and E(V2F(X)) =
V2F(X).

We have from Lemma 68 that the objective F'(X) for noisy model (7.186) differs from
the unbiased estimator of the objective F(X) for low-rank matrix factorization (6.9)
only by a quantity depending on o,. Moreover, the gradient (7.187) and the Hessian

matrix (7.188) of the noisy model are unbiased estimators of the counterparts of the
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low-rank matrix factorization problem in (6.11) and (6.12) respectively. These further
allow us to derive the lemmas below directly from the counterparts of the low-rank
matrix factorization problem in Theorem 18, using the concentrations of sub-Gaussian
quantities {4;}¢ ; and {Z(,;)}?Zl. The proofs of the lemmas below are analogous to those
of Lemma 64 — Lemma 67, thus we omit them here.

First, we identify the stationary points of F'(X) in the following lemma.
Lemma 69. For any X € &/ U {0}, X is a stationary point of F(X).

Next, we show in the following lemma that X = 0 is the only the strict saddle point,
and the Hessian matrix has negative eigenvalues in the neighborhood of X with high

probability if d is large enough.

Lemma 70. For any X € Ry, if max{|XXT —UUT|} 402, X[} 1} < M
holds for some constant N; and the number of linear measurements d satisfies d =
Q (Ninr/o2(U)), then with probability at least 1 — exp (—Cynr) for some constant C,

V2F(X) contains a negative eigenvalue, i.e.

Amin(VZF (X)) < — <

Moreover, X = 0 is a strict saddle point with Ay (F(0)) < —%HUH%

Moreover, we show in the following lemma that any X € U is a global minimum,
and F'(X) is only strongly convex along certain directions in the neighborhood of X € U
with high probability if d is large enough.

Lemma 71. For any X € U, X is a global minimum, and V2F(X) is positive semidef-
inite. Moreover, for any X € Ry, if max {|| XX — UU"||3 + 02, |U[|3, 1} < N holds
for some constant N, and d satisfies d = Q (Nanr/c2(U)), then with probability at least
1 — exp (—Canr) for some constant Cy, we have

L 5

2 V2F(X)z > —o

for any z L &£, where £ C R™ " is a subspace is spanned by all eigenvectors of V2F(Kx)

associated with the negative eigenvalues, where £ = X — UV .
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Finally, we show in the following lemma that the gradient VF(X) is sufficiently
large norm outside the neighborhood of X with high probability if d is large enough.

Lemma 72. For any X € R}, if

wax { XX = UUT [} + 02, x| Xllp, o @)/3(0) | <

holds for some constant N3 and d satisfies d = Q (N3y/nrlog(nr)o1(U)/or(U)), then

with probability at least 1 — (C’gnr)_l for some constant C'3, we have

o, (U)

IVF(X)|r > m'

Moreover, for any X € RY, if d = Q(ny/rlog(n)), then with probability at least 1 —

(Cyn) ™2 for some constant Cy, we have
L 5
[VEX)e > Lot(x).

In terms of the estimation error, the result follows directly from combining [192]
(Lemma 5.3) and [188] (Corollary 2) for the sub-Gaussian case. Note that X is the
optimal solution here. Note that the statistical rate here is consistent with the result

for general noisy setting [246].

7.5.6 Proof of Theorem 20

First, (pl) follows directly from Lemma 64. It is also immediate that for any X € 4U{0},
we have VF(X) = 0, which implies X is a stationary point of F(X). Moreover, for any
X € U, we have F(X) = 0, which implies X is a global minimum.

Then, we have from [247,248] that when A; has i.i.d. zero mean sub-Gaussian entries
with variance 1 and d > cnr, then with high probability, we have that for any matrices

My, M of rank at most 6r,

SHN

d
S (A, M2~ IML 3] < o M2 (7.189)
=1

Note that Uy = argmingco || X — UUx|z = argmingcq || X — U\I’XHg = ABT, where
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the SVD of UT X = AXBT.

Then we demonstrate (p2). Here we state an intermediate result to be used later.
Lemma 73 (Lemma 6 in [219]). Given X,U € R™" and F = X — UV¥x, where

Uy is defined in (6.10), we have |EET|A < 2| XXT —UUT|% and |E[2 <
2
sviem XX T —UUT .

Let z = [E(T* 1),...,E(T* ] ERYE =X —~U¥x, and Uy is defined in (6.10), then

2 V2F(X)z
d
_ T i ) T _ Ty . ) T
=z <2d;Ir®(Al,XX Uu'y-(Ai+ Al
+ vec((A; + A X) - vec((A; + AI)X)T>2
- 1zd: <A» EET>2 —3<A- bodl —UUT>2
_di:1 9 (2]

d
2 , T T AT
+= ;mz, xXxT —uUT) <(AZ +AX, E> (7.190)

(3) 2 2

< (1+p0) |BET|| =301 = p0) | XXT —0UT|| +4IVF(X)ILIE],
(@) 1

< —302(O) Bl + 4 IV F(X), B,

where (i) is from (7.189) and Fenchel’s duality theorem, and (¢i) is from Lemma 73 by
taking p1 < 15 and || B, < [|E]p.

On the other hand, we have from (7.190) and Lemma 73 by taking p; < % that

T2 T 2 T T 2
STVIF(X)2E(1+ p0) | BET|| =30 — o) | XX = UUT|| +4IVF(X)p | Bl

1
< —gaf(U) IEIE + 41V FCO g | Bl - (7.191)

o3(U or(U
For [|[VF(X)||p < 2 and || ||, > 20

, we have from (7.191) that

1
2IVPFR(X)z < —gaf(U) Il
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which implies Apin(VZF(X)) < —£02(U). Since we have

e, = 20 ¢ i = =0,

then it follows that Amin(VZF(X)) < —£02(U) also holds in R;.

To demonstrate (p3), we have the following intermediate results from [192].

Lemma 74 (Lemma 5.7 in [192]). Given X,U € R™", and E = X — UV x, where Ux
is defined in (6.10), with || E|p < UTA(IU), then with high probability, we have

1 2 2\ _ o2(U) | 2
X).E) — — (|lxx7 = TH HEXTH > Zr\Y) 2 fHXXT— TH .
(VF(X). E) 20(H ouT |+ ) =Bl + ¢ U |

Lemma 75 (Lemma 5.8 in [192]). Given X,U € R"*", E = X — U¥x, where Ux is
defined in (6.10), with || E||p < !9z, and any V' € R™", then with high probability, we

have
1
(VF(X) = VF(X0),V)| < HXXT - UUTHF HVXTHF .
Lemma 76 (Lemma 5.9 in [192]). Given any X € R™*", with high probability, we have

IVEOE -

2 1
xXx' — TH >
| YU e = 271,

Then we have

(VF(X),E)=(VF(X),E)+(VF(X)—-VF(X),E)

2 w1+ e vu], ],

Y R B+ 2% <HXXT - UUTH; + HEXTHD (7.192)

where () is from Lemma 75 and (i7) is from the inequality of arithmetic and geometric
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means. Then we have

@ o2(U 1 2
(VF(X),E) > 51 VB2 + s HXXT - UUTHF
(“) 0'2(U) 2 2
> g2 ¢ VF(X)
1 IElE 07X, IVE(X)|g
(Z“) 0'2(U) 2 2
> 2N BR 4+ ——— [VF(X)| .
1 IElw 20707, | e

where (i) is from Lemma 74 and (7.192), (i) is from Lemma 76, and (zi¢) is from

(4)
IX15 < 31Ul given |E]y < 7 [[U]],-

7.5.7 Further Intermediate Results
Proof of Proposition 3

Consider the following regions:

(1>

~ 1
R {Y ER™ | o (V) < 2O'T(U)},

Ra

1>

2 U)
Y € R™" | min Y — U0y < T d
{ < | goin | I < 801(U)}’ an

~ A 1 ) a2(U)
21y eR™ |0, (Y) > =0, (U), Y —U® " .
R { R0, (V) > JonU), uin [[¥ ~U ||2>801(U)}

Then it is obvious to see that 751 U ﬁg U 753 = R™ ", Moreover, we immediately have
Ri = RiNRYE and Ry = Rz NRYL. Since for X € Ry, we have for any i € [r],

loi(X) — o (U)| < UTéU),

IXXT||r < 2|UUT||p always holds, i.e., Ry C R4~ thus Ry = Ro N RYL also holds.

Then we have

RIURyURY = (ﬁluﬁguﬁg) NRIL = RYE.



Proof of Proposition 4

For any a € (0,1) and ¥ € O,, ¥ # I, we have

FlaU + (1 — a)UT) = i”(aU (1= a)U)alU + (1 — )T — UUT |2

a?(1 — «a)?
= s wT - 2n)uT R

>0=aF(U)+(1—-a)FUY).
Proof of Lemma 4

We first demonstrate the objective function. By the definition of F'(X), we have

F(X) =E(F(X <4dz — (A, XX ))? )

== ZJE ( (A, UUT) — <Ai,XXT>)2
d d

4d <
=1

_ 6 oUT _xxTy2 o b AT T vy
_4d§E<Az,UU XX )= ZE<vec(Al) vec(UU ' — XX ))

d
= i ZE <vec(UUT — XXT)Tvec(A Yvec(A4;) VeC(UUT XXT)>

1
= Zvec(UUT xXxHT

Q.M—‘

d
Z vec(A;)vec(4;) ") - vec(UUT — XX T)

1
= llvec(UUT = XX )| = 1|UUT = XX |,

1
4
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Next, we demonstrate the gradient and the Hessian matrix. From the independence

of A;’s, we have

E(VF(X)) = -E ((Ai,XXT —UUTY - (A + AI)X)

N — N

E(V2F(X)) = E(IT @ (A, XX —UUTY - (A + A])

+ vec ((Ai + AJ)X) - vec ((Ai + AI)X)T > .
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We ignore the index ¢ and denote A; as A for the convenience of notation. The proof is

analyzed by entry-wise agreement.

For the (j, k)-th entry of gradient VF(X), we have

1

1
=5t (Z Ay XXT =UU )0y D (Agy + A(lJ))X(z,k))

s,t l

@1
= 5B (Z Al (XXT = UU )Gy Xw + Af (XX T - UU T)<l,j>X(l,k)>
l

1
=3 (Z E(A7 ) (XXT = UUT) g X + E(AG ) (XX T - UUT)(L]-)X(Z,;C))
l

(i) 1 T T - T
D) <Z<XX —UU )pXar + (XX —UU )aj)Xaw
]

= (XXT -UUNX(p), (7.193)

where (i) is from the independence and zero mean of entries of A, and (i7) is from
2
o°=1.

We use double index for the Hessian matrix, i.e., denote (jk, st) as the ((k — 1)n +

4, (t — 1)n + s)-th entry of V2F(X). We discuss by separating the two components of
V2F(X). For the first component,

E((4,XXT—UUT) - (A+AT)p)
=E (Z Ay (XXT =UU ) (opy - (AGia) + A(kw))
s,t
= B (A (XXT = U0 )y + Al (XXT = U0 ) )
=2(XXT —UU")n)

Therefore, we have

1
SE (IT @ (A, XXT —UUTY - (4; + AZT)) — Lo (XX —UU"). (7.194)
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For the second component

E (Vec((A + ANX) - vec((A+ ANHX )?jk,sw)

=E (vec((A + AT X () - vee((A + AT)(s,*>X<*,t>>T>

=K ( (Z AGnXam + Y AmpX (mk)) : <Z A X + D AmaX (m,t>> ) :
1 m m

l

Ky Koy -+ Kp
) Ko Ko -+ Ko T ,
Remind that Kx = ) ) ‘ ) , where Kj; = X(*Jﬁ)X(* B If j # s, we
L Klr K2'r’ te Krr i

have

E (vec((A + AT)X) - vec((A + AT)X)(TJ.,C,%Q

_ 2 _ (T

= B4 g X (o X (i) = 2X (X = (XX ® I + Kx) ey (7199)

If j = s, we have
E (vec((A +ANX) vee((A+ AT X )?jm)

2 2 2
=E (Z AL XanXan + Y Alwgy Xom kX + 243 5 XX (m))
l m

T T
= 20X X + Xu X)) = (XX @ L+ KX)(ijt) . (7.196)

Combining (7.194), (7.195), and (7.196), we have
E(V2F(X) (jk.st)) = V2F(X) (jk.s1)-

Proof of Lemma 5

From Lemma 4, we have that E(VF(X)) = VF(X) and E(V?F(X)) = V2F(X). We
start with an intermediate result to show that the product of two sub-Gaussian random

variables is a sub-exponential random variable.
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Lemma 77. Suppose X and Y are two zero mean sub-Gaussian random variables with
variance proxies U% and a% respectively. Let o2 = max{a%,a%}, then XY is a sub-
exponential random variable with variance proxy o2, i.e. there exist some constant ¢

such that for all ¢ > 0,
P(|XY —E(XY)| > t) < exp (—ct/o?). (7.197)

Proof. By the definition of sub-exponential random variables [237], we have that if Z is

a centered sub-exponential random variable, we have
1 p\1/p 2
12|y, = sup —(E[Z|P)/* = c107,
p>1D

where | Z||y, is the sub-exponential norm of Z and ¢% is the proxy of the variance of

Z. Using basic inequalities, we have

1 1 1 1
XY [l = sup —(E(XY)P)7 < supp~ 2 (EXP)rp 3 (EYP)> = 0109 < cao>.
p>1D p>1

where ¢y is a constant and the last equality holds since X and Y are sub-Gaussian
random variables. Thus, XY is a sub-exponential random variable with variance proxy
o2, Then for general uncentered sub-exponential XY, we have that (7.197) holds for

all ¢ > 0 for some constant c. O

Part 1: The perturbation result of the Hessian matrix is discussed first. To bound

|V2F(X) — V2F(X)||2, we first bound |2 V2F(X)z — 2T V2F(X)z| for any unit vector

z € R, and apply e-Net argument. Let z = [le, ez | € R™ be a unit vector,

»r
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where z; € R” for all¢=1,...,r, then
2 V2F(X)z

d
.11 , T T (A1 AT
— 2 <2dZIr®(A,,XX UuTy (A + A

i=1

+ vec((A; + A X) - vee((A; + AZ)X)T> z

d r
S SIS T Al A XXT -
=1 t=1

I

2
1~ 1 .
td Z 2 (Z z(Ai + 4 )X(*,t)> : (7.198)

=1 t=1

11;

On the other hand,

JIVEF(X)z =" (IT ®(XXT - UUT)> izt (XTX ® I, + KX) 2.

I II

From the analysis of Lemma 4, we have E(I;) = I and E(IT;) = II.

We ignore the index ¢ of A; for convenience. To bound L-, we have

SO A (A ATz (A XXT U
t=1

I
n n T n o n

T T
=2 25) 2 AR D (X X -UU )(.k) Agim) -
j=1 k=1 t=1 j=1 k=1 S

111 VI

Since A has i.i.d. zero mean sub-Gaussian entires with variance 1, then I0I is also a
zero mean sub-Gaussian with variance upper bounded by 1 since ||z|| = 1, and VI is
also a zero mean sub-Gaussian with variance upper bounded by | XX T — UU "||2. By

Lemma 77, we have each I; is sub-exponential with proxy o7 = max{1, | XX —UU"||3}.
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Then, from the concentration of sum of sub-exponential random variables, there exist

some constant ¢; such that

(

On the other hand, I1; is sub-exponential with variance proxy upper bounded by

1A,
- -1
a2t

> t1> < exp (— Cl(jd2t1> . (7.199)

1

03 = || X% since >, zi(A; + A;F)X(*’t) is a zero mean sub-Gaussian, then from the
concentration of sum of sub-exponential random variables, there exist some constant cy

such that

1 d
EZL—H

Let t; = tp = §/4, then combining (7.198), (7.199), and (7.200), for N1 > max {o?, 03},

we have

P <)ZT(V2F(X) - V2]:(X))z‘ > g) < exp <—C::§6> + exp (_c:;lé) < 2exp <_C5d5

g3

dt
> @) < exp (—Cz 22> . (7.200)

1 2 N
(7.201)
Using the e-Net, we have
IV2F(X) = VRl = sup |-T(VAF(X) - VEF(X))Z]
< (1—2¢)"! sup ‘ZT(VQF(X) - VQ}"(X))z‘ . (7.202)

2€N:

Combining (7.201) and (7.202), if we take ¢ = 1/4, then the covering number of a unit
sphere of R can be bounded as |[N;| < 10" < exp (3nr), we have

P(|V?F(X) - V2PF(X)|2>0) <P < sup

ZEN1/4

dd dd
< 2|V 4] exp <_C5Nl> < 2exp (3nr - C5N1> .

T(V2R(X) — v2f(X))z] > 5)
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If d = Q(Nynr/d), then with probability at least 1 — exp (—cgnr), we have

[V2F(X) = V2F(X)|2 < 6.
Part 2: The perturbation result of the gradient is discussed then. Remind that

VF(X) =

d
(A, XXT —UU") - (4 + ADHX .

Ul
N |

=1

i
Ignore the index i for I for convenience. Consider the (J, k)-th entry of I ie.,

%(A, XXT—UU") - (AGay + AL ) X )
Analogous to the analysis of Part 1, since A has i.i.d. zero mean sub-Gaussian entries
with variance 1, we have (4, XX ' — UU") and (Agey + A&j))X(*’k) are also zero
mean sub-Gaussian entries with variance bounded by |XX T — UUT|% and 1 X iy I3
respectively.

By Lemma 77, we have that Iis sub-exponential with variance proxy upper bounded
by

N > max { |XXT = UUT|E, |Xqpl }-
Then by the concentration of sub-exponential random variables,

cidt
P (IVF(X) (k) — VF(X) iyl > t) < exp <]1\72) '

This implies

P(|VF(X) - VF(X)|r >t) <nrexp (—j\g%) = exp (_N?\C/i% + log(nr)) .

Let § = ¢, then if d = Q (Nay/nr log(nr)/8), with probability at least 1 — (conr)™t, we
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have
IVF(X) - VFX)|r <6
Combining Part 1 and Part 2, we have the desired result.

Proof of Lemma 68

We first demonstrate the objective function. By the definition of F(X), we have
d
F(X)=E(F(X)) = <4d§:: — (A, XX T))? )
2
( A UUTY + 2 — (Az-,XXT>>
E ( A, UUT - XXT) + z(z))g
B (vee

2
vec(A) Tvec(UUT — XX 1) + z(i))

(2 5 (vec UU' — XXT) VeC(Ai)VeC(Ai)TVEC(UUT _ XXT) n Z(2¢)>
=1
d 2

=1
2

1 1 2
= lvec@UT = XXT)3 + %2 = 2|UUT — XX TR+ =2,

where (i) from the fact that z(;) has zero mean and is independent of A;.

Next, we demonstrate the gradient and the Hessian matrix. From the independence
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of A;’s, we have

E(VF(X)) = -E (((AZ-,XXT —uUTy - z(i)) (A + AZ)X)

N~ N

E(V:F(X)) = E(Ir ® ((A,-,XXT —-UU") - z(i)) (A + A

+ vec ((AZ +AiT)X) - vec ((Al +A,-T)X>T>.

We ignore the index i and denote A; (z(;)) as A (2) for the convenience of notation. The

proof is analyzed by entry-wise agreement.
For the (j, k)-th entry of gradient VF(X), we have

1
E(VF(X)ga) = 5E (A XXT = 00T) = 2) - (A + A7)0 X))

(0 1

s,t !
(i)
= (XXT-UU)X
where (7) is from the zero mean of z and (i) is from (7.193) in the proof of Lemma 4.
We use double index again for the Hessian matrix, i.e., denote (jk, st) as the ((k —
)n+j, (t—1)n+ s)-th entry of V2F(X). We discuss by separating the two components
of V2F(X). For the first component,

E(((4XXT-00T)=2) - (A+ A )

=E (Z An(XXT =UU ) (o) - (A + A(mﬂ)

s,t

2 T T 2 T T
=k (A(Jyk) (XX —UU ) p) + Al (XX —UU )(k,j))

=2(XXT —UU")jn).

The rest of the analysis is identical to that of Lemma 4.
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