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Summary

High dimensionality is often considered a “curse” for machine learning algorithms, in
a sense that the required amount of data to learn a generic model increases exponen-
tially with dimension. Fortunately, most real problems possess certain low-dimensional
structures which can be exploited to gain statistical and computational tractability. The
key research question is “How”. Since low-dimensional structures are often highly
non-convex or combinatorial, it is often NP-hard to impose such constraints. Recent
development in compressive sensing and matrix completion/recovery has suggested a
way. By combining the ideas in optimization (in particular convex optimization theory),
statistical learning theory and high-dimensional geometry, it is sometimes possible to
learn these structures exactly by solving a convex surrogate of the original problem.
This approach has led to notable advances and in quite a few disciplines such as signal
processing, computer vision, machine learning and data mining. Nevertheless, when the
data are noisy or when the assumed structures are only a good approximation, learning

the parameters of a given structure becomes a much more difficult task.

In this thesis, we study the robust learning of low-dimensional structures when there
are uncertainties in the data. In particular, we consider two structures that are common
in real problems: “low-rank subspace model” that underlies matrix completion and Ro-
bust PCA, and “union-of-subspace model” that arises in the problem of subspace clus-
tering. In the upcoming chapters, we will present (i) stability of matrix factorization and
its consequences in the robustness of collaborative filtering (movie recommendations)

against manipulators; (ii) sparse subspace clustering under random and deterministic

Xiii



SUMMARY

noise; (iii) simultaneous low-rank and sparse regularization for subspace clustering; and
(iv) Proximal Alternating Robust Subspace Minimization (PARSuMi), a robust matrix
recovery algorithm that handles simultaneous noise, missing data and gross corruptions.
The results in these chapters either solve a real engineering problem or provide interest-
ing insights into why certain empirically strong algorithms succeed in practice. While
in each chapter, only one or two real applications are described and demonstrated, the
ideas and techniques in this thesis are general and applicable to any problems having

the assumed structures.
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Chapter 1

Introduction

We live in the Big Data Era. According to Google CEO Eric Schmidt, the amount of
information we create in 2 days in 2010 is the same as we did from the dawn of civiliza-
tion to 2003 [IZOﬂ On Facebook alone, there are 1.2 billion users who generate/share
70 billion contents every month in 2012[128]. Among these, 7.5 billion updates are
photos [72]]. Since a single digital image of modest quality contains more than a million
pixels, a routine task of indexing these photos in their raw form involves dealing with
a million by billion data matrix. If we consider instead the problem of recommend-
ing these photos to roughly 850 million daily active users [72]] based on the “likes”
and friendship connections, then we are dealing with a billion by billion rating matrix.
These data matrices are massive in both size and dimension and are considered impos-
sible to analyze using classic techniques in statistics[48]]. The fundamental limitation in
the high dimensional statistical estimation is that the number of data points required to
successfully fit a general Lipschitz function increases exponentially with the dimension
of the data [48]]. This is often described metaphorically as the “curse of dimensionality”.

Similar high dimensional data appear naturally in many other engineering problems
too, e.g., image/video segmentation and recognition in computer vision, fMRI in medi-
cal image processing and DNA microarray analysis in bioinformatics. The data are even

more ill-posed in these problems as the dimension is typically much larger than number

! That’s approx. 5 x 10?* binary bit of data according to the reference.



INTRODUCTION

of data points, making it hard to fit even a linear regression model. The prevalence of
such data in real applications makes it a fundamental challenge to develop techniques

to better harness the high dimensionality.

The key to overcome this “curse of dimensionality” is to identify and exploit the
underlying structures in the data. Early examples of this approach include principal
component analysis (PCA)[78] that selects an optimal low-rank approximation in the
£5 sense and linear discriminant analysis (LDA)[88]] that maximizes class discrimina-
tion for categorical data. Recent development has further revealed that when the data
indeed obey certain low-dimensional structures, such as sparsity and low-rank, the high
dimensionality can result in desirable data redundancy which makes it possible to prov-
ably and exactly recover the correct parameters of the structure by solving a convex
relaxation of the original problem, even when data are largely missing (e.g., matrix
completion [24]) and/or contaminated with gross corruptions (e.g., LP decoding [28]]
and robust PCA [27]). This amazing phenomenon is often referred to as the “blessing

of dimensionality”[48].

One notable drawback of these convex optimization-based approaches is that they
typically require the data to exactly follow the given structure, namely free of noise and
model uncertainties. Real data, however, are at best well-approximated by the structure.
Noise is ubiquitous and there are sometimes adversaries intending to manipulate the sys-
tem to the worst possible. This makes robustness, i.e. the resilience to noise/uncertainty,

a desideratum in any algorithm design.

Robust extensions of the convex relaxation methods do exist for sparse and low-
rank structures (see [49][22[][[L55]]), but their stability guarantees are usually weak and
their empirical performances are often deemed unsatisfactory for many real problems
(see our discussions and experiments in Chapter [5)). Furthermore, when the underlying
dimension is known in prior, there is no intuitive way to restrict the solution to be of
the desirable dimension as one may naturally do in classic PCA. Quite on the contrary,
rank-constrained methods such as matrix factorization are widely adopted in practice

but, perhaps due to its non-convex formulation, lack of proper theoretical justification.



1.1 Low-Rank Subspace Model and Matrix Factorization

For other structures, such as the union-of-subspace model, provable robustness is still
an open problem.

This thesis focuses on understanding and developing methodology in the robust
learning of low-dimensional structures. We contribute to the field by providing both
theoretical analysis and practically working algorithms to robustly learn the parameter-
ization of two important types of models: low-rank subspace model and the union-
of-subspace model. For the prior, we developed the first stability bound for matrix
factorization with missing data with applications to the robustness of recommenda-
tion systems against manipulators. On the algorithmic front, we derived PARSuMi,
a robust matrix completion algorithm with explicit rank and cardinality constraints that
demonstrates superior performance in real applications such as structure from motion
and photometric stereo. For the latter, we proposed an algorithm called Lasso-SSC that
can obtain provably correct subspace clustering even when data are noisy (the first of its
kind). We also proposed and analyzed the performance of LRSSC, a new method that
combines the advantages of two state-of-the-art algorithms. The results reveal an inter-
esting tradeoff between two performance metrics in the subspace clustering problem.

It is important to note that while our treatments of these problems are mainly the-
oretical, there are always clear real problems in computer vision and machine learning
that motivate the analysis and we will relate to the motivating applications throughout

the thesis.

1.1 Low-Rank Subspace Model and Matrix Factorization

Ever since the advent of compressive sensing[50][30][28l], the use of ¢; norm to pro-
mote sparsity has received tremendous attention. It is now well-known that a sparse
signal can be perfectly reconstructed from a much smaller number of samples than what
Nyquist-Shannon sampling theorem requires via £; norm minimization if the measure-
ments are taken with a sensing matrix that obeys the the so-called restricted isometry

property (RIP) [SO][20]. This result can also be equivalently stated as correcting sparse



INTRODUCTION

errors in a decoding setting [28] or as recovering a highly incomplete signal in the con-
text of signal recovery[30].

In computer vision, sparse representation with overcomplete dictionaries leads to
breakthroughs in image compression[1], image denoising[52]], face recognition[|148]],
action/activity recognition[33[] and many other problems. In machine learning, it brings
about advances and new understanding in classification [[74], regression [85]], clustering
[53]] and more recently dictionary learning [[125]].

Sparsity in the spectral domain corresponds to the rank of a matrix. Analogous to
£1 norm, nuclear norm (a.k.a. trace norm) defined as the sum of singular values is a
convex relaxation of the rank function. Notably, nuclear norm minimization methods
are shown effective in completing a partially observed low-rank matrix, namely ma-
trix completion[24] and in recovering a low-rank matrix from sparse corruptions as in
RPCA[27]). The key assumptions typically include uniform random support of obser-
vations/corruptions and that the underlying subspace needs to be incoherent (or close to
orthogonal) against standard basis[32][114].

Motivating applications of matrix completion are recommendation systems (also
called collaborative filtering in some literature)[[14} [126]], imputing missing DNA data
[[60], sensor network localization[123]], structure from motion (SfM)[68]] and etc. Sim-
ilarly, many problems can be modeled in the framework of RPCA, e.g. foreground
detection[64], image alignment[[112], photometric stereo[[149] in computer vision.

Since real data are noisy, robust extensions of matrix completion and RPCA have
been proposed and rigorously analyzed[22, [155]]. Their empirical performance however
is not satisfactory in many of the motivating applications[[119]. In particular, those with
clear physical meanings on the matrix rank (e.g., SfM, sensor network localization and
photometric stereo) should benefit from a hard constraint on rank and be solved better
by matrix factorizatiorﬂ This intuition essentially motivated our studies in Chapter |3
where we propose an algorithm to solve the difficult optimization with constraints on

rank and /o norm of sparse corruptions. In fact, matrix factorization has been success-

'where rank constraint is implicitly imposed by the inner dimension of matrix product.
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fully adopted in a wide array of applications such as movie recommendation [87]], StM
[68, [135] and NRSfM [111]. For a more complete list of matrix factorization’s appli-
cations, we refer the readers to the reviews in [122] (for machine learning) and [46](for
computer vision) and the references therein.

A fundamental limit of the matrix factorization approach is the lack of theoreti-
cal analysis. Notable exceptions include [[84] which studies the unique recoverability
from a combinatorial algebraic perspective and [76] that provides performance and con-
vergence guarantee for the popular alternating least squares (ALS) method that solves
matrix factorization. These two studies however do not generalize to noisy data. Our
results in Chapter [2] (first appeared in [142]) are the first robustness analysis of matrix
factorization/low-rank subspace model hence in some sense justified its good perfor-

mance in real life applications.

1.2 Union-of-Subspace Model and Subspace Clustering

Building upon the now-well-understood low-rank and sparse models, researchers have
started to consider more complex structures in data. The union-of-subspace model ap-
pears naturally when low-dimensional data are generated from different sources. As a
mixture model, or more precisely a generalized hybrid linear model, the first problem to
consider is to cluster the data points according to their subspace membership, namely,
“subspace clustering”.

Thanks to the prevalence of low-rank subspace models in applications (as we sur-
veyed in the previous section), subspace clustering has been attracting increasing at-
tention from diverse fields of study. For instance, subspaces may correspond to mo-
tion trajectories of different moving rigid objects[353], different communities in a social
graph[[77/] or packet hop-count within each subnet in a computer network[59].

Existing methods on this problem include EM-like iterative algorithms [[18,/137], al-
gebraic methods (e.g., GPCA [140]]), factorization [43]], spectral clustering [35]] as well
as the latest Sparse Subspace Clustering (SSC)[53) 156} [124]] and Low-Rank Represen-
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tation (LRR)[96, 98]]. While a number of these algorithms have theoretical guarantee,
SSC is the only polynomial time algorithm that is guaranteed to work on a condition
weaker than independent subspace. Moreover, prior to the technique in Chapter 3] (first
made available online in [143]] in November 2012), there has been no provable guar-
antee for any subspace clustering algorithm to work robustly under noise and model
uncertainties, even though the robust variation of SSC and LRR have been the state-of-
the-art on the Hopkins155 benchmark dataset[[136] for quite a while.

In addition to the robustness results in Chapter [3] Chapter | focuses on developing
a new algorithm that combines the advantages of LRR and SSC. Its results reveal new
insights into both LRR and SSC as well as some new findings on the graph connectivity

problem [104].

1.3 Structure of the Thesis

The chapters in this thesis are organized as follows.

In Chapter [2] Stability of Matrix Factorization for Collaborative Filtering, we
study the stability vis a vis adversarial noise of matrix factorization algorithm for noisy
and known-rank matrix completion. The results include stability bounds in three differ-
ent evaluation metrics. Moreover, we apply these bounds to the problem of collaborative
filtering under manipulator attack, which leads to useful insights and guidelines for col-
laborative filtering/recommendation system design. Part of the results in this chapter
appeared in [[142].

In Chapter [3|Robust Subspace Clustering via Lasso-SSC, we considers the prob-
lem of subspace clustering under noise. Specifically, we study the behavior of Sparse
Subspace Clustering (SSC) when either adversarial or random noise is added to the un-
labelled input data points, which are assumed to follow the union-of-subspace model.
We show that a modified version of SSC is provably effective in correctly identifying
the underlying subspaces, even with noisy data. This extends theoretical guarantee of

this algorithm to the practical setting and provides justification to the success of SSC in
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a class of real applications. Part of the results in this chapter appeared in [[143]].

In Chapter 4 When LRR meets SSC: the separation-connectivity tradeoff, we
consider a slightly different notion of robustness for the subspace clustering problem:
the connectivity of the constructed affinity graph for each subspace block. Ideally, the
corresponding affinity matrix should be block diagonal with each diagonal block fully
connected. Previous works such consider only the block diagonal shapeE] but not the
connectivity, hence could not rule out the potential over-segmentation of subspaces. By
combining SSC with LRR into LRSSC, and analyzing its performance, we find that
the tradeoff between the ¢; and nuclear norm penalty essentially trades off between
separation (block diagonal) and connection density (implying connectivity). Part of the
results in this chapter is submitted to NIPS[145] and is currently under review.

In Chapter |S|PARSuMi: Practical Matrix Completion and Corruption Recov-
ery with Explicit Modeling, we identify and address the various weakness of nuclear
norm-based approaches on real data by designing a practically working robust matrix
completion algorithm. Specifically, we develop a Proximal Alternating Robust Sub-
space Minimization (PARSuMi) method to simultaneously handle missing data, sparse
corruptions and dense noise. The alternating scheme explicitly exploits the rank con-
straint on the completed matrix and uses the ¢y pseudo-norm directly in the corruption
recovery step. While the method only converges to a stationary point, we demonstrate
that its explicit modeling helps PARSuMi to work much more satisfactorily than nuclear
norm based methods on synthetic and real data. In addition, this chapter also includes
a comprehensive evaluation of existing methods for matrix factorization as well as their
comparisons to the nuclear norm minimization-based convex methods, which is inter-
esting on its own right. Part of the materials in this chapter is included in our manuscript
[[144] which is currently under review.

Finally, in Chapter [] Conclusion and Future Work, we wrap up the thesis with
a concluding discussions and then list the some open questions and potential future

developments related to this thesis.

'also known as, self-expressiveness in [56] and subspace detection property in [124].
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Chapter 2

Stability of Matrix Factorization

for Collaborative Filtering

In this chapter, we study the stability vis a vis adversarial noise of matrix factorization
algorithm for matrix completion. In particular, our results include: (I) we bound the gap
between the solution matrix of the factorization method and the ground truth in terms
of root mean square error; (II) we treat the matrix factorization as a subspace fitting
problem and analyze the difference between the solution subspace and the ground truth;
(IIT) we analyze the prediction error of individual users based on the subspace stability.
We apply these results to the problem of collaborative filtering under manipulator attack,
which leads to useful insights and guidelines for collaborative filtering system design.

Part of the results in this chapter appeared in [142].

2.1 Introduction

Collaborative prediction of user preferences has attracted fast growing attention in the
machine learning community, best demonstrated by the million-dollar Netflix Chal-
lenge. Among various models proposed, matrix factorization is arguably the most
widely applied method, due to its high accuracy, scalability [[132] and flexibility to

incorporating domain knowledge [87]. Hence, not surprisingly, matrix factorization
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is the centerpiece of most state-of-the-art collaborative filtering systems, including the
winner of Netflix Prize [[12]]. Indeed, matrix factorization has been widely applied to
tasks other than collaborative filtering, including structure from motion, localization in
wireless sensor network, DNA microarray estimation and beyond. Matrix factoriza-
tion is also considered as a fundamental building block of many popular algorithms in

regression, factor analysis, dimension reduction, and clustering [[122].

Despite the popularity of factorization methods, not much has been done on the
theoretical front. In this chapter, we fill the blank by analyzing the stability vis a vis ad-
versarial noise of the matrix factorization methods, in hope of providing useful insights

and guidelines for practitioners to design and diagnose their algorithm efficiently.

Our main contributions are three-fold: In Section we bound the gap between
the solution matrix of the factorization method and the ground truth in terms of root
mean square error. In Section [2.4] we treat the matrix factorization as a subspace fitting
problem and analyze the difference between the solution subspace and the ground truth.
This facilitates an analysis of the prediction error of individual users, which we present
in Section [2.5] To validate these results, we apply them to the problem of collaborative
filtering under manipulator attack in Section Interestingly, we find that matrix
factorization are robust to the so-called “targeted attack”, but not so to the so-called
“mass attack” unless the number of manipulators are small. These results agree with

the simulation observations.

We briefly discuss relevant literatures. Azar et al. [4] analyzed asymptotic perfor-
mance of matrix factorization methods, yet under stringent assumptions on the fraction
of observation and on the singular values. Drineas et al. [S1] relaxed these assumptions
but it requires a few fully rated users — a situation that rarely happens in practice. Srebro
[126]] considered the problem of the generalization error of learning a low-rank matrix.
Their technique is similar to the proof of our first result, yet applied to a different con-
text. Specifically, they are mainly interested in binary prediction (i.e., “like/dislike”)
rather than recovering the real-valued ground-truth matrix (and its column subspace).

In addition, they did not investigate the stability of the algorithm under noise and ma-

10



2.2 Formulation

nipulators.

Recently, some alternative algorithms, notably StableMC [22] based on nuclear
norm optimization, and OptSpace [83]] based on gradient descent over the Grassman-
nian, have been shown to be stable vis a vis noise [22, 82]]. However, these two methods
are less effective in practice. As documented in Mitra et al. [101], Wen [146] and many
others, matrix factorization methods typically outperform these two methods. Indeed,
our theoretical results reassure these empirical observations, see Section [2.3]for a de-

tailed comparison of the stability results of different algorithms.

2.2 Formulation

2.2.1 Matrix Factorization with Missing Data

Let the user ratings of items (such as movies) form a matrix Y, where each column
corresponds to a user and each row corresponds to an item. Thus, the ij" entry is the
rating of item-i from user-j. The valid range of the rating is [—k, +k]. Y is assumed
to be a rank-r matrix[l, so there exists a factorization of this rating matrix Y = UV7,
where Y € R™*" U € R™", V € R™™". Without loss of generality, we assume

m < n throughout the chapter.

Collaborative filtering is about to recover the rating matrix from a fraction of entries
possibly corrupted by noise or error. That is, we observe ffij for (ij) € Q the sampling
set (assumed to be uniformly random), and Y=Y+E being a corrupted copy of Y,
and we want to recover Y. This naturally leads to the optimization program below:

1 ~ 12
min 5 HPQ(UVT —Y)H
vV F 2.1)
subject to HUVT]M} <k,

'In practice, this means the user’s preference of movies are influenced by no more than  latent factors.

11
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where P, is the sampling operator defined to be:

Yij if(i,5) €
[Poa(Y)];; =14 . 2.2)
0 otherwise.

We denote the optimal solution Y* = U*V*T and the error A = Y* — Y.

2.2.2 Matrix Factorization as Subspace Fitting

As pointed out in Chen [37]], an alternative interpretation of collaborative filtering is
fitting the optimal r-dimensional subspace N to the sampled data. That is, one can

reformulate (2.1) into an equivalent form'}

mlnf ZH (I —P)yi||? = ZyZ (I —P))y;, (2.3)

where y; is the observed entries in the i*" column of Y, N is an m x r matrix repre-
senting an orthonormal basi of N, N; is the restriction of NNV to the observed entries in
column i, and P; = N;(NI N;)~1NT is the projection onto span(N;).

After solving (2.3), we can estimate the full matrix in a column by column manner

via (Z4). Here y; denotes the full i column of recovered rank-r matrix Y*.
yi = NN/ Ni) ™ Nj'y; = Npinv (N;)y;. (24)

Due to error term E, the ground truth subspace N9 can not be obtained. Instead,
denote the optimal subspace of (2.1)) (equivalently (2.3)) by N*, and we bound the gap
between these two subspaces using Canonical angle. The canonical angle matrix © is

an 7 x r diagonal matrix, with the 7*” diagonal entry 0; = arccos o;((N9")T N*).

The error of subspace recovery is measured by p = || sin ©||2, justified by the fol-

IStrictly speaking, this is only equivalent to (21 without the box constraint. See the discussion in
appendix for our justifications.
’It is easy to see N = ortho(U) for U in @.1)

12
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lowing properties adapted from Chapter 2 of Stewart and Sun [130]:

P94 — PN ||y = sin ©||2 = sin b;.

2.2.3 Algorithms

We focus on the stability of the global optimal solution of Problem (2.1). As Prob-
lem (2.1)) is not convex, finding the global optimum is non-trivial in general. While this
is certainly an important question, it is beyond the scope of this chapter. Instead, we

briefly review some results on this aspect.

The simplest algorithm for (2.1) is perhaps the alternating least squares method
(ALS) which alternatingly minimizes the objective function over U and V' until conver-
gence. More sophisticatedly, second-order algorithms such as Wiberg, Damped New-
ton and Levenberg Marquadt are proposed with better convergence rate, as surveyed
in Okatani and Deguchi [[109]. Specific variations for CF are investigated in Takéacs
et al. [133] and Koren et al. [87]]. Furthermore, Jain et al. [76] proposed a variation of
the ALS method and show for the first time, factorization methods provably reach the
global optimal solution under a similar condition as nuclear norm minimization based

matrix completion[32].

From an empirical perspective, Mitra et al. [101]] reported that the global optimum
is often obtained in simulation and Chen [37] demonstrated satisfactory percentage of
hits to global minimum from randomly initialized trials on a real data set. To add to the
empirical evidence, we provide a comprehensive numerical evaluation of popular matrix
factorization algorithms with noisy and ill-conditioned data matrices in Section of
Chapter[5] The results seem to imply that matrix factorization requires fundamentally

smaller sample complexity than nuclear norm minimization-based approaches.

13
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2.3 Stability

We show in this section that when sufficiently many entries are sampled, the global
optimal solution of factorization methods is stable vis a vis noise — i.e., it recovers a
matrix “close to” the ground-truth. This is measured by the root mean square error
(RMSE):

1
MSE = —||Y*-Y 2.
RMSE = — V" - V]| 26

Theorem 2.1. There exists an absolute constant C, such that with probability at least

1 —2exp(—n),
1
1 |E|r nrlog(n)\ %
RMSE < ——||Po(BE)||F + +Ck | ———=) .
1/]Q|‘ (E)| Vmn 19

Notice that when |©2| > nrlog(n) the last term diminishes, and the RMSE is es-
sentially bounded by the “average” magnitude of entries of F, i.e., the factorization

methods are stable.

Comparison with related work

We recall similar RMSE bounds for StableMC of Candes and Plan [22]] and OptSpace
of Keshavan et al. [82]:

32min (m,n) 1
tableMC: RMSE < (| 222Uy b (B = ||Po(E 2.7
StableMC: RMSE < [0 o)+ —— [Pa(B) . @)
OptSpace: RMSE < C? 77§‘2/‘;||PQ(E)||2. (2.8)

Albeit the fact that these bounds are for different algorithms and under different assump-

tions (see Table for details), it is still interesting to compare the results with Theo-

rem n We observe that Theorem is tighter than (2.7)) by a scale of y/min (m,n),
and tighter than (2.8)) by a scale of \/n/log(n) in case of adversarial noise. However,

the latter result is stronger when the noise is stochastic, due to the spectral norm used.

14
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Rank constraint | Y; ; constraint | o constraint | incoherence | global optimal
Theorem fixed rank box constraint | no no assumed
OptSpace fixed rank regularization | condition weak not necessary
number
NoisyMC relaxed to trace implicit no strong yes

Table 2.1: Comparison of assumptions between stability results in our Theorem [2.1}
OptSpace and NoisyMC

Compare with an Oracle

We next compare the bound with an oracle, introduced in Candes and Plan [22], that is
assumed to know the ground-truth column space N a priori and recover the matrix by
projecting the observation to N in the least squares sense column by column via (2.4)).

It is shown that RMSE of this oracle satisfies,

RMSE ~ /1/]Q]|| Po(E)| ¢ (2.9)

Notice that Theorem 2.1 matches this oracle bound, and hence it is tight up to a constant

factor.

2.3.1 Proof of Stability Theorem

We briefly explain the proof idea first. By definition, the algorithm finds the optimal
rank-r matrices, measured in terms of the root mean square (RMS) on the sampled

entries. To show this implies a small RMS on the entire matrix, we need to bound their

gap
1

Vil

To bound 7(€2), we require the following theorem.

T(Q) £ 1Pa(Y = Y™)|r -

1 ~
—— Y =Y.

Theorem 2.2. Let £(X) |Po(X — Y| and £(X) X — V||p be

— _1 .
- v = v

the empirical and actual loss function respectively. Furthermore, assume entry-wise

constraint max; j | X; j| < k. Then for all rank-r matrices X, with probability greater

15
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than 1 — 2 exp(—n), there exists a fixed constant C such that

5 nrlog(n)y 1
sup [£(X) = £(X)] < Ck(T) .

Indeed, Theorem 2.2 easily implies Theorem [2.1]

Proof of Theorem[2.1) The proof makes use of the fact that Y is the global optimal of

).

1

1 ~
RMSE=——|Y*—-Y|lr= —|Y*—-Y + F
1 ~ 1
<———|Y*-Y —||F
< I+ el Ele
91 |[Po(Y* = Y)|F +7(Q) + L 1E||
b _ - L
= F Jmn'
Sl Ry P @)+ 2|
b _ - b
VR F Jmn'E
1 1
=——|Pa(E)||r +7(Q) + —| E|| .

Here, (a) holds from definition of 7(£2), and (b) holds because Y * is optimal solution of

(2-1). Since Y* € S, applying Theorem [2.2] completes the proof. O

The proof of Theorem[2.2)is deferred to Appendix [A.T|due to space constraints. The

main idea, briefly speaking, is to bound, for a fixed X € S,

Y

(X)) = (£(OP] = g IPalX = D) = X = T3

using Hoeffding’s inequality for sampling without replacement; then bound ‘ﬁ(X ) —
£(X)| using

Lx) -0 </

(£(X))? = (£(X))2;

and finally, bound sup y g, |£(X) — £(X)]| using an e—net argument.
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2.4 Subspace Stability

In this section we investigate the stability of recovered subspace using matrix factor-
ization methods. Recall that matrix factorization methods assume that, in the idealized
noiseless case, the preference of each user belongs to a low-rank subspace. Therefore,
if this subspace can be readily recovered, then we can predict preferences of a new user
without re-run the matrix factorization algorithms. We analyze the latter, prediction
error on individual users, in Section [2.5]

To illustrate the difference between the stability of the recovered matrix and that of
the recovered subspace, consider a concrete example in movie recommendation, where
there are both honest users and malicious manipulators in the system. Suppose we
obtain an output subspace N* by (2.3)) and the missing ratings are filled in by (2.4).
If N* is very “close” to ground truth subspace IV, then all the predicted ratings for
honest users will be good. On the other hand, the prediction error of the preference of
the manipulators — who do not follow the low-rank assumption — can be large, which
leads to a large error of the recovered matrix. Notice that we are only interested in
predicting the preference of the honest users. Hence the subspace stability provides a

more meaningful metric here.

2.4.1 Subspace Stability Theorem

Let N,M and N*,M* be the r-dimensional column space-row space pair of matrix Y’
and Y* respectively. We’ll denote the corresponding m x r and n X r orthonormal basis
matrix of the vector spaces using N,M,N*,M*. Furthermore, Let © and ¢ denote the
canonical angles Z(N*, N) and Z(M*, M) respectively.

Theorem 2.3. When Y is perturbed by additive error E and observed only on €, then

there exists a A satisfying | A|| < %HPQ(E)HF + |El|F + /mn |7(Q)|, such that:

. V2, ot : V2ot
Isin ©ff < ==[(P*A)[J;  [[sin @[ < ==[|(P*"AT),
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where || - || is either the Frobenious norm or the spectral norm, and § = o, i.e., the r'"

largest singular value of the recovered matrix Y*.

Furthermore, we can bound § by:

o —Alls <5< o+ A2
o — PN Al <6< o™ 4 [IPYU A,

ol —IPMAT], <6< odh [PCAT,
where Y =Y +PNA and Yo = Y + (PMAT)T,

Notice that in practice, as Y* is the output of the algorithm, its 7" singular value
d is readily obtainable. Intuitively, Theorem [2.3|shows that the subspace sensitivity vis
a vis noise depends on the singular value distribution of original matrix Y. A well-

conditioned rank-r matrix Y can tolerate larger noise, as its 7 singular value is of the

similar scale to ||Y||2, its largest singular value.

2.4.2 Proof of Subspace Stability

Proof of Theorem In the proof, we use || - || when a result holds for both Frobenious
norm and for spectral norm. We prove the two parts separately.

Part 1: Canonical Angles.

Let A = Y* — Y. By Theorem , we have ||A]| < %HPQ(E)HF + |E||lF +
vmmn |7(2)|. The rest of the proof relates A with the deviation of spaces spanned by
the top 7 singular vectors of Y and Y* respectively. Our main tools are Weyl’s Theorem

and Wedin’s Theorem (Lemma[A.4]and [A.5]in Appendix [A.6).

We express singular value decomposition of Y and Y in block matrix form as in

(A.10) and (A.T1) of Appendix and set the dimension of 1 and 3; to be r x 7.

Recall, rank(Y') = r, so ¥ = diag(o1,...,0r), X2 = 0, 5 = diag(oy, ...,0.). By
setting fg to O we obtained Y, the nearest rank-r matrix to Y*. Observe that N* = il,

M* = (R))T.

18
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To apply Wedin’s Theorem (Lemma[A.5)), we have the residual Z and S as follows:
Z=YM"—N'%;, S=Y'N'-ME,

which leads to

121l 1Y = A)M™ — N*5q || = [AM7],

ISIl = (¥ = A)Y'N* = M7, = [ATN"].

Substitute this into the Wedin’s inequality, we have

[ATN'|? + AM|?

JTsmaP+ Tsmel < ANV ,

(2.10)

where ¢ satisfies (A.12) and (A.13)). Specifically, § = ¢. Observe that Equation (2.10)

implies

NNV RS>
Isinef < “Z1Al; [sina] < LAl

To reach the equations presented in the theorem, we can tighten the above bound by

decomposing A into two orthogonal components.
V=Y +A=Y +P"A+PV A =V¥ 4+ PV A 2.11)

It is easy to see that column space of Y and Yy are identical. So the canonical angle ©
between Y* and Y are the same as that between Y* and Yy Therefore, we can replace
A by PN A to obtain the equation presented in the theorem. The corresponding result

for row subspace follows similarly, by decomposing AT to its projection on M and M.
Part 2: Bounding 6.

We now bound 4, or equivalently o;. By Weyl’s theorem (Lemma|[A.4),

|0 —or| <[|A]2.
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Moreover, Applying Weyl’s theorem on Equation (2.1T)), we have
16— o] < |[PyrAl2.

Similarly, we have

16 — 02| < [Py AT o

This establishes the theorem. O

2.5 Prediction Error of individual user

In this section, we analyze how confident we can predict the ratings of a new user y €

N9 based on the subspace recovered via matrix factorization methods. In particular,

we bound the prediction ||g* — y||, where §* is the estimation from partial rating using

(2.4), and y is the ground truth.

Without loss of generality, if the sampling rate is p, we assume observations occur

. . n .
in first pm entries, such that y = with y; observed and y- unknown.
Y2

2.5.1 Prediction of y With Missing data

Theorem 2.4. With all the notations and definitions above, and let N1 denote the re-
striction of N on the observed entries of y. Then the prediction for y € N9 has

bounded performance:

_ 1
9" =yl < (1+—) plyll,

Omin

where p = || sin O (see Theorem2.3)), o in is the smallest non-zero singular value of

N (r*" when Ny is non-degenerate).
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Proof. By (2.4)), and recall that only the first pm entries are observed, we have

_ : y1—e1 .
" = N - pinv(Ny)y; = ) =y+e.
Y2 — €2

Let y* be the vector obtained by projecting y onto subspace N, and denote y* =

() Y1 — el
= =y — e, we have:

(7 Y2 — €2

§* =N - pinv(N1)(y] + e1)

=N - pinv(Ny)y] + N - pinv(Ny)er = y* + N - pinv(Ny )e;.
Then

15" = oll =lly" = y+ N - pinv(N)es

1
—llexll < pllyll + —

Omin Omin

<lly* -yl + lexl]-

Finally, we bound e; as follows
leall < llell = lly — y*Il < (B —B¥)y|| < pllyll,

which completes the proof.

Suppose y & N9 and y = P94y + (I — P9"d)y := y97¢ + yQ"dL, then we have
d N d+ dt
l[ex]] < [P =Pyl + lly || < pllyll + vy I,

which leads to

mwn

. 1 [y
g — v < (1 + ) pllyll + —=—.
Om, o

wm
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2.5.2 Boundon o,,;,

To complete the above analysis, we now bound o0,,;,. Notice that in general 0,,;,, can
be arbitrarily close to zero, if IV is “spiky”. Hence we impose the strong incoherence
property introduced in Candes and Tao [26] (see Appendix [A.3]for the definition) to

avoid such situation. Due to space constraint, we defer the proof of the following to the

Appendix

Proposition 2.1. If matrix Y satisfies strong incoherence property with parameter i,

then:

N|=

Omin(N1) > 1 — (% +(1 —p)uﬁ) i

For Gaussian Random Matrix

Stronger results on o,y,;, is possible for randomly generated matrices. As an example,
we consider the case that Y = UV where U, V are two Gaussian random matrices of

size m x r and r X n, and show that o, (N1) = |/p.

Proposition 2.2. Let G € R™*" have i.i.d. zero-mean Guassian random entries. Let
N be its orthonormal basisp_-l Then there exists an absolute constant C' such that with

probability of at least 1 — Cn~19,

Tomin(N1) > \/5 2] —C,/logm.
m m m

Due to space limit, the proof of Proposition [2.2]is deferred to the Appendix. The

main idea is to apply established results about the singular values of Gaussian random
matrix G [e.g., 45,116} [121]], then show that the orthogonal basis IV of G is very close
to G itself.

We remark that the bound on singular values we used has been generalized to ran-
dom matrices following subgaussian [[116] and log-concave distributions [95]]. As such,

the the above result can be easily generalized to a much larger class of random matrices.

! Hence N is also the orthonormal basis of any Y~ generated with G being its left multiplier.
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2.6 Robustness against Manipulators

In this section, we apply our results to study the “profile injection™ attacks on collab-
orative filtering. According to the empirical study of Mobasher et al. [102], matrix
factorization, as a model-based CF algorithm, is more robust to such attacks compared
to similarity-based CF algorithms such as kKNN. However, as Cheng and Hurley [40]
pointed out, it may not be a conclusive argument that model-based recommendation
system is robust. Rather, it may due to the fact that that common attack schemes, effec-
tive to similarity based-approach, do not exploit the vulnerability of the model-based

approach.

Our discovery is in tune with both Mobasher et al. [102]] and Cheng and Hurley
[40]. Specifically, we show that factorization methods are resilient to a class of common

attack models, but are not so in general.

2.6.1 Attack Models

Depending on purpose, attackers may choose to inject "dummy profiles” in many ways.
Models of different attack strategies are surveyed in Mobasher et al. [103]. For con-
venience, we propose to classify the models of attack into two distinctive categories:

Targeted Attack and Mass Attack.

Targeted Attacks include average attack [89], segment attack and bandwagon at-
tack [[103]. The common characteristic of targeted attacks is that they pretend to be the
honest users in all ratings except on a few targets of interest. Thus, each dummy user
can be decomposed into:

e=ed 4 g,

where e9"? ¢ N and s is sparse.

Mass Attacks include random attack, love-hate attack [[103]] and others. The com-

mon characteristic of mass attacks is that they insert dummy users such that many en-
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tries are manipulated. Hence, if we decompose a dummy user,

L
e = egnd + egnd ,

where e9"? = PNe and €90 = (I —PN)e € N1, then both components can have large

magnitude. This is a more general model of attack.

2.6.2 Robustness Analysis

By definition, injected user profiles are column-wise: each dummy user corresponds to
a corrupted column in the data matrix. For notational convenience, we re-arrange the
order of columns into [ Y | E'], where Y € R"*" is of all honest users, and E € R™*"e
contains all dummy users. As we only care about the prediction of honest users’ ratings,
we can, without loss of generality, set ground truth to be [Y | £9"¢] and the additive

error to be [0 | E9"4" |. Thus, the recovery error Z = [Y* — Y | E* — E94],

Proposition 2.3. Assume all conditions of Theorem hold. Under "Targeted At-

tacks”, there exists an absolute constant C, such that

(n—|—7"L6)7“10g(n+ne)>‘11 ‘ (2.12)

RMSE < 4k, [2mesle | o < Q

€2
Here, Syqx is maximal number of targeted items of each dummy user.

Proof. In the case of “Targeted Attacks”, we have (recall that k = max; ; |Yi ;|)
1
BT || F < Z [sill < V/NeSmaa(2k)2.
i=1,...,n¢

Substituting this into Theorem [2.1] establishes the proposition. 0

Remark 2.1. Proposition essentially shows that matrix factorization approach is
robust to the targeted attack model due to the fact that s,,4, 1s small. Indeed, if the
sampling rate |Q2|/(m(n + n.)) is fixed, then RMSE converges to zero as m increases.

This coincides with empirical results on Netflix data [12]. In contrast, similarity-based
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algorithms (kNN) are extremely vulnerable to such attacks, due to the high similarity

between dummy users and (some) honest users.

It is easy to see that the factorization method is less robust to mass attacks, simply
because | E9"" || is not sparse, and hence Syqz can be as large as m. Thus, the right
hand side of may not diminish. Nevertheless, as we show below, if the number
of "Mass Attackers” does not exceed certain threshold, then the error will mainly con-

centrates on the ' block. Hence, the prediction of the honest users is still acceptable.

Proposition 2.4. Assume sufficiently random subspace N (i.e., Propostion holds),
L ‘«“ »» . E }/Z 12
above definition of “Mass Attacks”, and condition number k. If n. < KT‘/E(%) and
Q| = pm(n + ne) satisfying p > 1/m*, furthermore individual sample rate of each
users is bounded within [p/2,3p/ 2] then with probability of at least 1 — ecm ™10, the

RMSE for honest users and for manipulators satisfies:

3 1/4
RMSEy < Cyrk (W) , RMSEg < 228
pin VP

for some universal constant ¢, C1 and Cs.

The proof of Proposition [2.4] deferred in the appendix, involves bounding the pre-
diction error of each individual users with Theorem and sum over Y block and F/
block separately. Subspace difference p is bounded with Theorem [2.T]and Theorem 2.3

together. Finally, oy, is bounded via Proposition [2.2]

2.6.3 Simulation

To verify our robustness paradigm, we conducted simulation for both models of attacks.
Y is generated by multiplying two 1000 x 10 gaussian random matrix and n. attackers
are appended to the back of Y. Targeted Attacks are produced by randomly choosing
from a column of Y and assign 2 “push” and 2 “nuke” targets to 1 and -1 respectively.
Mass Attacks are generated using uniform distribution. Factorization is performed us-

ing ALS. The results of the simulation are summarized in Figure[2.T|and[2.2] Figure[2.]

"This assumption is made to simplify the proof. It easily holds under i.i.d sampling.
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compares the RMSE under two attack models. It shows that when the number of attack-
ers increases, RMSE under targeted attack remains small, while RMSE under random
attack significantly increases. Figure compares RMSEgr and RMSEy under ran-
dom attack. It shows that when n, is small, RMSEy <« RMSEg. However, as n,
increases, RMSEy grows and eventually is comparable to RMSE . Both figures agree
with our theoretic prediction. Additionally, from Figure we can see a sharp tran-
sition in error level from honest user block on the left to the dummy user blocks on
the right. This agrees with the prediction in Proposition [2.4] and the discussion in the
beginning of Section Lastly, Figure illustrates the targeted attack version of
Figure 2.2] From the curves, we can tell that while Proposition [2.3] bounds the total-
RMSE, the gap between honest block and malicious block exists too. This leads to an

even smaller manipulator impacts on honest users.

2.7 Chapter Summary

This chapter presented a comprehensive study of the stability of matrix factorization
methods. The key results include a near-optimal stability bound, a subspace stability
bound and a worst-case bound for individual columns. Then the theory is applied to the
notorious manipulator problem in collaborative filtering, which leads to an interesting
insight of MF’s inherent robustness.

Matrix factorization is an important tool both for matrix completion task and for
PCA with missing data. Yet, its practical success hinges on its stability — the abil-
ity to tolerate noise and corruption. The treatment in this chapter is a first attempt to
understand the stability of matrix factorization, which we hope will help to guide the
application of matrix factorization methods.

We list some possible directions to extend this research in future. In the theoretical
front, the arguably most important open question is that under what conditions matrix
factorization can reach a solution near global optimal. In the algorithmic front, we

showed here that matrix factorization methods can be vulnerable to general manipu-
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Total RMSE Comparison for two attack models RMSE, vs RMSE_ for Random Attack
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Figure 2.3: An illustration of error dis- Figure 2.4: Comparison of RM SEinY -
tribution for Random Attack, n, = 100, block and E-block for targeted attacks.
p=0.3.

lators. Therefore, it is interesting to develop a robust variation of MF that provably
handles arbitrary manipulators.

Later in Chapter [D] we provide further study on matrix factorization, including
empirical evaluation of existing algorithms, extensions to handle sparse corruptions and
how the matrix factorization methods perform against nuclear norm minimization based

approaches in both synthetic and real data.
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Chapter 3

Robust Subspace Clustering via

Lasso-SSC

This chapter considers the problem of subspace clustering under noise. Specifically,
we study the behavior of Sparse Subspace Clustering (SSC) when either adversarial or
random noise is added to the unlabelled input data points, which are assumed to lie
in a union of low-dimensional subspaces. We show that a modified version of SSC is
provably effective in correctly identifying the underlying subspaces, even with noisy
data. This extends theoretical guarantee of this algorithm to the practical setting and
provides justification to the success of SSC in a class of real applications. Part of the

results in this chapter appeared in [[143]].

3.1 Introduction

Subspace clustering is a problem motivated by many real applications. It is now widely
known that many high dimensional data including motion trajectories [42], face im-
ages [8], network hop counts [59]], movie ratings [[153] and social graphs [77] can be
modelled as samples drawn from the union of multiple low-dimensional subspaces (il-
lustrated in Figure [3.1)). Subspace clustering, arguably the most crucial step to under-

stand such data, refers to the task of clustering the data into their original subspaces
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Figure 3.1: Exact (a) and noisy (b) data in union-of-subspace

and uncovers the underlying structure of the data. The partitions correspond to different
rigid objects for motion trajectories, different people for face data, subnets for network

data, like-minded users in movie database and latent communities for social graph.

Subspace clustering has drawn significant attention in the last decade and a great
number of algorithms have been proposed, including K-plane [[18], GPCA [140], Spec-
tral Curvature Clustering [35], Low Rank Representation (LRR) [96] and Sparse Sub-
space Clustering (SSC) [53]. Among them, SSC is known to enjoy superb empirical
performance, even for noisy data. For example, it is the state-of-the-art algorithm for
motion segmentation on Hopkins155 benchmark [136]. For a comprehensive survey

and comparisons, we refer the readers to the tutorial [[139]].

Effort has been made to explain the practical success of SSC. Elhamifar and Vidal
[54] show that under certain conditions, disjoint subspaces (i.e., they are not overlap-
ping) can be exactly recovered. Similar guarantee, under stronger “independent sub-
space” condition, was provided for LRR in a much earlier analysis[79]. The recent
geometric analysis of SSC [124] broadens the scope of the results significantly to the
case when subspaces can be overlapping. However, while these analyses advanced our
understanding of SSC, one common drawback is that data points are assumed to be ly-
ing exactly in the subspace. This assumption can hardly be satisfied in practice. For
example, motion trajectories data are only approximately rank-4 due to perspective dis-

tortion of camera.

In this chapter, we address this problem and provide the first theoretical analysis of
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SSC with noisy or corrupted data. Our main result shows that a modified version of SSC
(see (3.2)) when the magnitude of noise does not exceed a threshold determined by a
geometric gap between inradius and subspace incoherence (see below for precise defi-
nitions). This complements the result of Soltanolkotabi and Candes [[124] that shows the
same geometric gap determines whether SSC succeeds for the noiseless case. Indeed,
our results reduce to the noiseless results [[124] when the noise magnitude diminishes.
While our analysis is based upon the geometric analysis in [[124], the analysis is
much more involved: In SSC, sample points are used as the dictionary for sparse re-
covery, and therefore noisy SSC requires analyzing noisy dictionary. This is a hard
problem and we are not aware of any previous study that proposed guarantee in the case
of noisy dictionary except Loh and Wainwright [100] in the high-dimensional regres-
sion problem. We also remark that our results on noisy SSC are exact, i.e., as long as
the noise magnitude is smaller than the threshold, the obtained subspace recovery is
correct. This is in sharp contrast to the majority of previous work on structure recovery
for noisy data where stability/perturbation bounds are given —i.e., the obtained solution
is approximately correct, and the approximation gap goes to zero only when the noise

diminishes.

3.2 Problem Setup

Notations: We denote the uncorrupted data matrix by Y € R™*¥ where each column

of Y (normalized to unit vector) belongs to a union of L subspaces
81 U8 U...US8 .

Each subspace 8y is of dimension dy and contains N, data samples with Ny + No +
... + N, = N. We observe the noisy data matrix X = Y + Z, where Z is some
arbitrary noise matrix. Let Y(©) e R™Ne denote the selection of columns in Y that
belongs to 8, and let the corresponding columns in X and Z be denoted by X ()
and Z(). Without loss of generality, let X = [X(1), X X ()] be ordered. In
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addition, we use subscript “—i” to represent a matrix that excludes column i, e.g.,

X(_ZZ-) = [:L‘SZ),. x(é) 2 ,;UE@}

e X T Calligraphic letters such as X, Y, represent the

set containing all columns of the corresponding matrix (e.g., X and Yy (9),

For any matrix X, P(X) represents the symmetrized convex hull of its columns,
ie., P(X) = conv(+X). Also let iP(_Zz = T(X(_é)) and Q(_Zg = CP(Y_(?) for short. Pg
and Projg denote respectively the projection matrix and projection operator (acting on
a set) to subspace S. Throughout the chapter, || - || represents 2-norm for vectors and
operator norm for matrices; other norms will be explicitly specified (e.g., || - ||1, || - [|oo)-

Method: Original SSC solves the linear program
min ||¢ll1 st x;=X_i¢ 3.1
¢

for each data point x;. Solutions are arranged into matrix C' = [cq, ..., ], then spectral
clustering techniques such as Ng et al. [[106] are applied on the affinity matrix W =
|C| + |C|*. Note that when Z # 0, this method breaks down: indeed (3.1) may even

be infeasible.

To handle noisy X, a natural extension is to relax the equality constraint in (3.1))

and solve the following unconstrained minimization problem instead [56]:
. A 2
min lleill + §||x1 — X_iail” (3.2)

We will focus on Formulation (3.2)) in this chapter. Notice that coincide with
standard LASSO. Yet, since our task is subspace clustering, the analysis of LASSO
(mainly for the task of support recovery) does not extend to SSC. In particular, existing
literature for LASSO to succeed requires the dictionary X_; to satisfy RIP [20] or the

Null-space property [49], but neither of them is satisfied in the subspace clustering

setuplT]

In the subspace clustering task, there is no single “ground-truth” C' to compare the

!There may exist two identical columns in X _;, hence violate RIP for 2-sparse signal and has maxi-
mum incoherence pu(X_;) = 1.
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Figure 3.2: Illustration of LASSO-Subspace Detection Property/Self-Expressiveness
Property. Left: SEP holds. Right: SEP is violated even though spectral clustering is
likely to cluster this affinity graph perfectly into 5 blocks.

solution against. Instead, the algorithm succeeds if each sample is expressed as a linear
combination of samples belonging to the same subspace, as the following definition

states.

Definition 3.1 (LASSO Subspace Detection Property). We say subspaces {S;}}_, and
noisy sample points X from these subspaces obey LASSO subspace detection property
with A, if and only if it holds that for all i, the optimal solution c; to with parameter
A satisfies:

(1) c; is not a zero vector, (2) Nonzero entries of c; correspond to only columns

of X sampled from the same subspace as x;.

This property ensures that output matrix C' and (naturally) affinity matrix W are
exactly block diagonal with each subspace cluster represented by a disjoint blockE] The
property is illustrated in Figure For convenience, we will refer to the second re-
quirement alone as “Self-Expressiveness Property” (SEP), as defined in Elhamifar and
Vidal [56].

Models of analysis: Our objective here is to provide sufficient conditions upon
which the LASSO subspace detection properties hold in the following four models.

Precise definition of the noise models will be given in Section[3.3]

"Note that this is a very strong condition. In general, spectral clustering does not require the exact
block diagonal structure for perfect classifications (check Figure @] in our simulation section for details).
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o fully deterministic model
e deterministic data+random noise
e semi-random data+random noise

o fully random model.

3.3 Main Results

3.3.1 Deterministic Model

We start by defining two concepts adapted from [Soltanolkotabi and Candesfs original

proposal.
Definition 3.2 (Projected Dual Directio. Let v be the optimal solution to

1
max (z,v) — ﬁI/TV, subject to: || X700 < 1;
v

and § is a low-dimensional subspace. The projected dual direction v is defined as

Pgv
U(.CU,X,S, )\) é W

Definition 3.3 (Projected Subspace Incoherence Property). Compactly denote projected
dual direction vy) = v(xz@, X(_EZ»),Sg, \) and VO = [vy), ey v%ﬁ]. We say that vector

set Xy is p-incoherent to other points if

> 1(Xy) ;= ma V(@T o0~
> pu(Xp) yey\{;eH yll

Here, 1 measures the incoherence between corrupted subspace samples X, and
clean data points in other subspaces. As ||y|| = 1 by definition, the range of p is
[0, 1]. In case of random subspaces in high dimension, p is close to zero. Moreover, as
we will see later, for deterministic subspaces and random data points, x is proportional

to their expected angular distance (measured by cosine of canonical angles).

'This definition relate to (3.8), the dual problem of (3.2), which we will define in the proof.
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X
X3
-Xo X5

-x,

Figure 3.3: Illustration of inradius and data distribution.

Definition[3.2]and[3.3]are different from their original versions proposed in Soltanolkotabi

and Candes [124] in that we require a projection to a particular subspace to cater to the

analysis of the noise case.

Definition 3.4 (inradius). The inradius of a convex body P, denoted by r(P), is defined

as the radius of the largest Euclidean ball inscribed in P.

The inradius of a Q(Q describes the distribution of the data points. Well-dispersed
data lead to larger inradius and skewed/concentrated distribution of data have small

inradius. An illustration is given in Figure [3.3]

Definition 3.5 (Deterministic noise model). Consider arbitrary additive noise Z to 'Y,

each column z; is characterized by the three quantities below:
d := max ||z 01 := max ||Pg, | 92 1= max ||Pg1 2|
7 i,0 i, £
Theorem 3.1. Under deterministic noise model, compactly denote

e = p(Xy), re:= min r(Q(E)-) r= min 1.

(i €X,} v ¢=1,..L
If e < rpforeach £ =1, ..., L, furthermore

5< min LK)
¢=1,..,L 3ry + 8rp + 2

then LASSO subspace detection property holds for all weighting parameter X in the
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range
1

(r—61)(1 — 38) — 30 — 262"
2r V min Te — Wy — 2(51
2(r+1) =1,,L0(1+8)(3+2ry—261)’

A >

A<

which is guaranteed to be non-empty.

Remark 3.1 (Noiseless case). When § = 0, i.e., there is no noise, the condition reduces
to py < 1y, precisely the form in Soltanolkotabi and Candes [124|]. However; the latter
only works for the the exact LP formulation (3.1)), our result works for the (more robust)

unconstrained LASSO formulation (3.2) for any \ > %

Remark 3.2 (Signal-to-Noise Ratio). Condition § < % can be interpreted as
the breaking point under increasing magnitude of attack. This suggests that SSC by
(13.2) is provably robust to arbitrary noise having signal-to-noise ratio (SNR) greater

than @(ﬁ) (Notice that 0 < r < 1, we have 31 + 8r +2 = ©(1).)

Remark 3.3 (Geometric Interpretation). The geometric interpretation of our results is
give in Figure On the left, Theorem 2.5 of Soltanolkotabi and Candes [[124)] sug-
gests that the projection of external data points must fall inside the solid blue polygon,
which is the intersection of halfspaces defined by dual directions (blue dots) that are
tangent planes of the red inscribing sphere. On the right, the guarantee of Theorem[3.1]
means that the whole red sphere (analogous to uncertainty set in Robust Optimization
(13 15]]) of each external data point must fall inside the dashed red polygon, which is

smaller than the blue polygon by a factor related to the noise level.

Remark 3.4 (Matrix version of the algorithm). The theorem suggests there’s a single

A that works for all x;, X_; in (3.2). This makes it possible to extend the results to the
compact matrix algorithm below

. A 2

min O] + 51X - X[}

(3.3)
s.t. diag(C) =0,
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{y+zlyeYs,|z| <8}
@

{y+zlyeYs,|2] <6}

Figure 3.4: Geometric interpretation and comparison of the noiseless SSC (Left) and noisy
Lasso-SSC (Right).

which can be solved numerically using alternating direction method of multipliers (ADMM) [l17)].
See the appendix for the details of the algorithm.

3.3.2 Randomized Models

We analyze three randomized models with increasing level of randomness.

e Determinitic+Random Noise. Subspaces and samples in subspace are fixed; noise

is random (according to Definition 3.6).

e Semi-random+Random Noise. Subspace is deterministic, but samples in each sub-

space are drawn uniformly at random, noise is random.

e Fully random. Both subspace and samples are drawn uniformly at random; noise is

also random.

Definition 3.6 (Random noise model). Our random noise model is defined to be any
additive Z that is (1) columnwise iid; (2) spherical symmetric; and (3) ||z;|| < & with

high probability.

Example 3.1 (Gaussian noise). A good example of our random noise model is iid Gaus-

sian noise. Let each entry Z;j ~ N (0,0 /\/n). It is known that

6log N
n

0 :=max ||z <1/1+ o
(2

37



ROBUST SUBSPACE CLUSTERING VIA LASSO-SSC

with probability at least 1 — C'/N? for some constant C (by Lemma @

Theorem 3.2 (Deterministic+Random Noise). Under random noise model, compactly

denote 1y, v and iy as in Theorem[3.1} furthermore let

6log N +2logmaxyd, _ C'log(N)
€:= < .
n — maxy dy - Vn

Ifr > 3¢/(1 — 6€) and py < ry forall { =1, ..., k, furthermore

then with probability at least 1 — T/N, LASSO subspace detection property holds for

all weighting parameter X in the range

1
(r —de)(1 —36) — 35 — 26%°
2r Vv min ry — pp — 20€
82(r+1) =1L 6(140)(3+ 2ry — 2d¢)’

A >

A<

which is guaranteed to be non-empty.

Remark 3.5 (Margin of error). Compared to Theorem Theorem considers a
more benign noise which leads to a much stronger result. Observe that in the random
noise case, the magnitude of noise that SSC can tolerate is proportional to vy — Ly — the
difference of inradius and incoherence — which is the fundamental geometric gap that
appears in the noiseless guarantee of Soltanolkotabi and Candes [lI124]. We call this

gap the Margin of error.

We now analyze this margin of error. We start from the semi-random model, where

the distance between two subspaces is measured as follows.

Definition 3.7. The affinity between two subspaces is defined by:

aff (S, 8¢) = \/cos2 0,&? + ...+ cos? gl(cr;in(dk,dz))’
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where 6?,(;2 is the it" canonical angle between the two subspaces. Let Uy, and U, be a set

of orthonormal bases of each subspace, then aff 8y, 8;) = UL Uy||p.

When data points are randomly sampled from each subspace, the geometric entity
1(X,) can be expressed using this (more intuitive) subspace affinity, which leads to the

following theorem.

Theorem 3.3 (Semi-random+random noise). Suppose Ny = rpdy + 1 data points are
randomly chosen on each 8y, 1 < ¢ < L. Use € as in Theorem and let c(k) be a

positive constant that takes value 1/ V'8 when k is greater than some numerical constant

Ko- If
log Ky
2

aff (S, 8¢)
Vg

and c(kg)+/1og ke /2dy > 3¢/ (1 — 6¢) for each ¢, furthermore

1 . [c(ke)VIog kg
0 < -—minq ————>—
9 ¢ v/ 2dy

c(ke)

tl LN,(N, 1 4
max og [LNy(Ny + 1)] (3.4)

aff(Sk, S¢)
- log [LN,(N;, 4+ 1)] 2k 28
ﬁi’%t og [LNy(Ny + 1)] :

Vdidy

then LASSO subspace detection property holds for some /\F_-I with probability at least

1= % = Sy Neexp(—de(Ne = 1)) = 15 Yz mpngny xp(—1/4).

Remark 3.6 (Overlapping subspaces). Similar to Soltanolkotabi and Candes [124]],
SSC can handle overlapping subspaces with noisy samples, as subspace affinity can

take small positive value while still keeping the margin of error positive.

Theorem 3.4 (Fully random model). Suppose there are L subspaces each with dimen-
sion d, chosen independently and uniformly at random. For each subspace, there are
kd + 1 points chosen independently and uniformly at random. Furthermore, each mea-
surements are corrupted by iid Gaussian noise ~ N (0,0 /+/n). Then for some absolute

constant C, the LASSO subspace detection property holds for some \ with probability

"The A here (and that in Theorem has a fixed non-empty range as in Theorem and which
we omit due to space constraints.
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Application Cluster rank
3D motion segmentation [42]] rank = 4
Face clustering (with shadow) [8§]] rank =9
Diffuse photometric face [154]] rank = 3
Network topology discovery [59] rank = 2
Hand writing digits [[70] rank = 12
Social graph clustering [[77]] rank =1

Table 3.1: Rank of real subspace clustering problems

at least 1 — % — Ne~Vrd if

2

c*(k)logk 1 \/logka \/GlogN

R 0BR d = - .
S 2lgn T T <C(”’) 2d n

Remark 3.7 (Trade-off between d and the margin of error). Theorem [3.4) extends our

results to the paradigm where the subspace dimension grows linearly with the ambient
dimension. Interestingly, it shows that the margin of error scales é( 1/d), implying a
tradeoff between d and robustness to noise. Fortunately, most interesting applications

indeed have very low subspace-rank, as summarized in Table[3.1]

Remark 3.8 (Robustness in the many-cluster setting). Another interesting observation
is that the margin of error scales logarithmically with respect to L, the number of clus-
ters (in both log k and log N since N = L(kd + 1)). This suggests that SSC is robust

even if there are many clusters, and Ld > n.

Remark 3.9 (Range of valid )\ in the random setting). Substitute the bound of inradius
r and subspace incoherence . of fully random setting into the \’s range of Theorem|3.3]

we have the the valid range of \ is

Civd <AL _Gn
Vlog K o\/dlog(dL)’

for some constant C1, Co. This again illustrates that the robustness is sensitive to d but

(3.5)

not L.
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3.4 Roadmap of the Proof

In this section, we lay out the roadmap of the proof for Theorem [3.1]to[3.4] Instead of
analyzing (3.2) directly, we consider an equivalent constrained version by introducing

slack variables:
) A ¢
Py : min il + §Hei\|2 s.t. :1:5 ) — X_ici+e;. (3.6)

The constraint can be rewritten as

4 {4
yZ( )+ zl( ) = (Y_i+Z_)ci + e (3.7
The dual program of (3.6)) is:
1
Dy: max (x;,v) — ﬁVTV st (X)) v|e < 1. (3.8)
v

Recall that we want to establish the conditions on noise magnitude 9, structure of the
data (i and r in deterministic model and affinity in semi-random model) and ranges of
valid A such that by Definition[3.1} the solution ¢; is non-trivial and has support indices
inside the column set X (_ZZ) (i.e., satisfies SEP).

We focus on the proof of Theorem and and briefly explain the randomized
models. Indeed, Theorem [3.3| and [3.4] follow directly by plugging to Theorem [3.2] the
bound of r and p from Soltanolkotabi and Candes [124]] (with some modifications). The
proof of Theorem [3.1]and [3.2] constitutes three main steps: (1) proving SEP, (2) proving

non-trivialness, and (3) showing existence of proper A.

3.4.1 Self-Expressiveness Property

We prove SEP by duality. First we establish a set of conditions on the optimal dual
variable of Dy corresponding to all primal solutions satisfying SEP. Then we construct

such a dual variable v as a certificate of proof.
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34.1.1 Optimality Condition

Define general convex optimization:
. Ay o
min ||c|l; + §HeH st. xz=Ac+e. 3.9
ce

We state Lemma [3.1 which extends Lemma 7.1 in Soltanolkotabi and Candes [124]].

The proof is deferred to the appendix.

Lemma 3.1. Consider a vectory € R% and a matrix A € RN If there exists a triplet
(c,e,v) obeying y = Ac+ e and c has support S C T, furthermore the dual certificate

vector v satisfies
ATy = sgn(cs), v=2»e, AL sVl <1, ||ALv|o <1,

then any optimal solution (c*,e*) to (3.9) obeys ck.. = 0.

The next step is to apply Lemmawith T = :L‘Ee) and A = X _; and then construct

atriplet (¢, e, ) such that dual certificate v satisfying all conditions and c satisfies SEP.

Then we can conclude that all optimal solutions of (3.6)) satisfy SEP.

3.4.1.2 Construction of Dual Certificate

To construct the dual certificate, we consider the following fictitious optimization prob-
lem that explicitly requires that all feasible solutions satisfy SE (note that one can not

solve such problem in practice without knowing the subspace clusters).

. A
Pro min flegfly + 5”%”2
G € (3.10)
s.t. yl@ + zi(e) = (Y_(? + Z(_ei))cl@ + e;.

This problem is feasible. Moreover, it turns out that the dual solution of this fictitious

problem v is a good candidate as our dual certificate. Observe that v automatically

"To be precise, it’s the corresponding ¢; = [0, ..., 0, (cl(.@)T, 0,...,0]7 that satisfies SEP.
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satisfies the first three conditions in Lemma[3.1] and we are left to show that for all data
point z € X\ X,
|(z,v)| < 1. 3.11)

Let v; and v5 be the projection of v to subspace 8y and its complement respectively.
The strategy is to provide an upper bound of |(z, v)| then impose the inequality on the
upper bound.

[z, )| =y + z,v)| < [y, v1)| + [y, v2)| + [{z, V)]
(3.12)

Sp(Xo)llwall + lyllllv2lll cos(£(y, v2))| + [zl lIw[l] cos(£(z, )]

To complete the proof, we need to bound ||v;|| and ||v2|| and the two cosine terms (for
random noise model). The proof makes use of the geometric properties of symmetric

convex polytope and optimality of solution. See the appendix for the details.

3.4.2 Non-trivialness and Existence of )\

The idea is that when ) is large enough, trivial solution c¢* = 0, e* = xl@ can never

occur. This is formalized by setting

0) 1

A
OptVal(Dg) = (z\”, ) — U 5||:c§.f>|\2. (3.13)

7 0

Notice that (3.13)) essentially requires that A > A and (3.12)) requires A < B for some
A and B. Hence, existence of a valid A requires A < B, which leads to the condition
on the error magnitude 4 < C' and completes the proof. While conceptually straight-
forward, the details of the proof are involved and left in the appendix due to space

constraints.

3.4.3 Randomization

Our randomized results consider two types of randomization: random noise and random

data. Random noise model improves the deterministic guarantee by exploiting the fact
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that the directions of the noise are random. By the well-known bound on the area of
spherical cap (Lemma [B.4)), the cosine terms in diminishes when the ambient
dimension grows. Similar advantage also appears in the bound of ||v1|| and ||v2| and
the existence of A.

Randomization of data provides probabilistic bounds of inradius 7 and incoherence
w. The lower bound of inradius 7 follows from a lemma in the study of isotropy con-

stant of symmetric convex body [2]. The upper bound of ,u(f)C(_gg

) requires more effort.
. : . o () . o

It involves showing that projected dual directions v; ” (see Definition [3.2)) distributes

uniformly on the subspace projection of the unit n-sphere, then applying the spherical

cap lemma for all pairs of (vz@, y). We defer the full proof in the appendix.

3.5 Numerical Simulation

To demonstrate the practical implications of our robustness guarantee for LASSO-SSC,
we conduct three numerical experiments to test the effects of noise magnitude 9, sub-
space rank d and number of subspace L. To make it invariant to parameter, we scan
through an exponential grid of A ranging from \/n x 1072 to \/n x 103. In all ex-
periments, ambient dimension n = 100, relative sampling x = 5, subspace and data
are drawn uniformly at random from unit sphere and then corrupted by Gaussian noise
Zij ~ N(0,0/+/n). We measure the success of the algorithm by the relative violation

of Self-Expressiveness Property defined below.

. Cli s
RelViolation (C, M) = M
2 jyen [Clig

where M is the ground truth mask containing all (¢, j) such that x;, z; € X for some
¢. Note that RelViolation (C, M) = 0 implies that SEP is satisfied. We also check that
there is no all-zero columns in C', and the solution is considered trivial otherwise.

The simulation results confirm our theoretical findings. In particular, Figure
shows that LASSO subspace detection property is possible for a very large range of A

and the dependence on noise magnitude is roughly 1 /o0 as remarked in (3.5)). In addition,
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3.6 Chapter Summary

the sharp contrast of Figure [3.8 and [3.7]demonstrates precisely our observations on the
sensitivity of d and L in Remark[3.7)and [3.§]

A remark on numerical algorithms: For fast computation, we use ADMM im-
plementation of LASSO solvelﬂ It has complexity proportional to problem size and
convergence guarantee [17]. We also implement a simple solver for the matrix version
SSC (3.3) which is consistently faster than the column-by-column LASSO version. De-

tails of the algorithm and its favorable empirical comparisons are given in the appendix.

Gaussian noise: o
0.2 04 0.6 0.8

Gaussian noise: o
0.2 0.4 06

Figure 3.5: Exact recovery under noise. Figure 3.6: Spectral clustering accuracy
Simulated with n = 100,d = 4,L = for the experiment in Figure 3.5 The rate
3,k = b with increasing Gaussian noise of accurate classification is represented in
N(0,0/4/n). Black: trivial solution grayscale. White region means perfect
(C = 0); Gray: RelViolation > 0.1; classification. It is clear that exact sub-
White: RelViolation = 0. space detection property (Definition [3.1)

is not necessary for perfect classification.

3.6 Chapter Summary

We presented the first theoretical analysis for noisy subspace clustering problem that
is of great practical interests. We showed that the popular SSC algorithm exactly (not
approximately) succeeds even in the noisy case, which justified its empirical success
on real problems. In addition, we discovered a fundamental trade-off between robust-

ness to noise and the subspace dimension, and we found that robustness is insensitive

"Freely available at:
http://www.stanford.edu/"boyd/papers/admm/
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# of subspace: L Rank of subspace: d
40 60 80 10 20 30 40 50 60

Figure 3.7: Effects of number of sub- Figure 3.8: Effects of cluster rank
space L. Simulated with n = 100,d = d. Simulated with n = 100,L =
2,k = 5,0 = 0.2 with increasing 3,k = 5,0 = 0.2 with increasing

L. Black: trivial solution (C = 0); d. Black: trivial solution (C' = 0);
Gray: RelViolation > 0.1; White: Gray: RelViolation > 0.1; White:
RelViolation = 0. Note that even at RelViolation = 0. Observe that beyond
the point when dL = 200(subspaces a point, subspace detection property is not
are highly dependent), subspace detection possible for any A.

property holds for a large range of .

to the number of subspaces. Our analysis hence reveals fundamental relationships of
robustness, number of samples and dimension of the subspace. These results lead to
new theoretical understanding of SSC, as well as provides guidelines for practitioners
and application-level researchers to judge whether SSC could possibly work well for
their respective applications.

Open problems for subspace clustering include the graph connectivity problem
raised by Nasihatkon and Hartley (which we will talk about more in Chapter [)),
missing data problem (a first attempt by Eriksson et al. [59]], but requires an unrealistic
number of data), sparse corruptions on data and others. One direction closely related to
this chapter is to introduce a more practical metric of success. As we illustrated in this
chapter, subspace detection property is not necessary for perfect clustering. In fact from
a pragmatic point of view, even perfect clustering is not necessary. Typical applications
allow for a small number of misclassifications. It would be interesting to see whether

stronger robustness results can be obtained for a more practical metric of success.
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Chapter 4

When LRR Meets SSC: the

Separation-Connectivity Tradeoff

We continue to study the problem of subspace clustering in this chapter. The motivation
deviates from the robustness to noise, but instead address the known weakness of SSC:

the constructed graph may be too sparse within a single class.

This is the complete opposite of another successful algorithm termed Low-Rank
Representation (LRR) that exploits the the same intuition of “Self-Expressiveness” as
SSC. LRR often yields a very dense graph, as it minimizes nuclear norm (aka trace
norm) to promote a low-rank structure in contract to SSC that minimizes the vector ¢1

norm of the representation matrix to induce sparsity.

We propose a new algorithm, termed Low-Rank Sparse Subspace Clustering (LRSSC),
by combining SSC and LRR, and develops theoretical guarantees of when the algorithm
succeeds. The results reveal interesting insights into the strength and weakness of SSC
and LRR and demonstrate how LRSSC can take the advantages of both methods in pre-
serving the “Self-Expressiveness Property” and “Graph Connectivity” at the same time.

Part of the materials in this chapter is included in our submission[1435].
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4.1 Introduction

As discussed in the previous chapter, the wide array of problems that assume the struc-
ture of a union of low-rank subspaces has motivated various researchers to propose algo-
rithms for the subspace clustering problem. Among these algorithms, Sparse Subspace
Clustering (SSC) [53], Low Rank Representation (LRR) [98]], based on minimizing
the nuclear norm and ¢; norm of the representation matrix respectively, remain the top
performers on the Hopkins155 motion segmentation benchmark dataset[136[]. More-
over, they are among the few subspace clustering algorithms supported with theoretic
guarantees: Both algorithms are known to succeed when the subspaces are indepen-
dent [98| [140]. Later, [56] showed that subspace being disjoint is sufficient for SSC to
succeecﬂ, and [124]] further relaxed this condition to include some cases of overlapping
subspaces. Robustness of the two algorithms has been studied too. Liu et. al. [97]]
showed that a variant of LRR works even in the presence of some arbitrarily large out-
liers, while Wang and Xu [[143]] provided both deterministic and randomized guarantees
for SSC when data are noisy or corrupted.

Despite LRR and SSC’s success, there are questions unanswered. LRR has never
been shown to succeed other than under the very restrictive “independent subspace”
assumption. SSC’s solution is sometimes too sparse that the affinity graph of data from
a single subspace may not be a connected body [[104]]. Moreover, as our experiment with
Hopkins155 data shows, the instances where SSC fails are often different from those
that LRR fails. Hence, a natural question is whether combining the two algorithms lead
to a better method, in particular since the underlying representation matrix we want to
recover is both low-rank and sparse simultaneously.

In this chapter, we propose Low-Rank Sparse Subspace Clustering (LRSSC), which
minimizes a weighted sum of nuclear norm and vector 1-norm of the representation
matrix. We show theoretical guarantees for LRSSC that strengthen the results in [[124].

The statement and proof also shed insight on why LRR requires independence assump-

! Disjoint subspaces only intersect at the origin. It is a less restrictive assumption comparing to
independent subspaces, e.g., 3 coplanar lines passing the origin are not independent, but disjoint.
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tion. Furthermore, the results imply that there is a fundamental trade-off between the
interclass separation and the intra-class connectivity. Indeed, our experiment shows
that LRSSC works well in cases where data distribution is skewed (graph connectivity
becomes an issue for SSC) and subspaces are not independent (LRR gives poor separa-
tion). These insights would be useful when developing subspace clustering algorithms
and applications. We remark that in the general regression setup, the simultaneous nu-
clear norm and 1-norm regularization has been studied before [115]]. However, our focus
is on the subspace clustering problem, and hence the results and analysis are completely

different.

4.2 Problem Setup

Notations: We denote the data matrix by X € R™*Y where each column of X

(normalized to unit vector) belongs to a union of L subspaces
S1USU...US8L.

Each subspace ¢ contains N, data samples with Ny + Ny + ... + N, = N. We observe
the noisy data matrix X. Let X (&) € R"*Ne denote the selection (as a set and a matrix)
of columns in X that belong to 8§, C R", which is an dy-dimensional subspace. Without
loss of generality, let X = [X(1), X3 . X ()] be ordered. In addition, we use | - || to
represent Euclidean norm (for vectors) or spectral norm (for matrices) throughout the
chapter.

Method: We solve the following convex optimization problem

LRSSC: mcin IC]l« + A|C]1 st. X =XC, diag(C)=0.
4.1)
Spectral clustering techniques (e.g., [1L06]]) are then applied on the affinity matrix W =
|C| + |C|T where C is the solution to (#.I)) to obtain the final clustering and | - | is the

elementwise absolute value.
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Criterion of success: In the subspace clustering task, as opposed to compressive sens-
ing or matrix completion, there is no “ground-truth” C' to compare the solution against.
Instead, the algorithm succeeds if each sample is expressed as a linear combination of
samples belonging to the same subspace, i.e., the output matrix C' are block diagonal
(up to appropriate permutation) with each subspace cluster represented by a disjoint

block. Formally, we have the following definition.

Definition 4.1 (Self-Expressiveness Property (SEP)). Given subspaces {Sg}é::l and
data points X from these subspaces, we say a matrix C obeys Self-Expressiveness
Property, if the nonzero entries of each c; (i column of C) corresponds to only those

columns of X sampled from the same subspace as x;.

Note that the solution obeying SEP alone does not imply the clustering is correct,
since each block may not be fully connected. This is the so-called “graph connectivity”
problem studied in [[104]]. On the other hand, failure to achieve SEP does not necessar-
ily imply clustering error either, as the spectral clustering step may give a (sometimes
perfect) solution even when there are connections between blocks. Nevertheless, SEP is
the condition that verifies the design intuition of SSC and LRR. Notice that if C' obeys

SEP and each block is connected, we immediately get the correct clustering.

4.3 Theoretic Guanratees

4.3.1 The Deterministic Setup

Before we state our theoretical results for the deterministic setup, we need to define a

few quantities.

Definition 4.2 (Normalized dual matrix set). Let {A1(X)} be the set of optimal solu-

tions to

max (X, A1> S.t. ||A2||OO < )\, ||XTA1 — A2 — AgH < 1, diagJ‘(Ag) = 0,
A1,A2,A3
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where || - || oo is the vector Lo, norm and diag™ selects all the off-diagonal entries. Let
AN = [vf,...,v5] € {Ai1(X)} obey v € span(X) for every i = 1, ...,N. For every
A =[v1,....,un] € {A1(X)}, we define normalized dual matrix V' for X as

V0 2 | 2]

[l vl

and the normalized dual matrix set {V(X)} as the collection of V(X) for all A €
{A(X)}

Definition 4.3 (Minimax subspace incoherence property). Compactly denote V) =

V(X (ﬁ)). We say the vector set X is u-incoherent to other points if

2 0= 0y IV e

The incoherence p in the above definition measures how separable the sample
points in 8, are against sample points in other subspaces (small p represents more
separable data). Our definition differs from Soltanokotabi and Candes’s definition of
subspace incoherence [124] in that it is defined as a minimax over all possible dual di-
rections. It is easy to see that p-incoherence in [[124} Definition 2.4] implies p-minimax-
incoherence as their dual direction are contained in {V(X)}. In fact, in several inter-
esting cases, 1 can be significantly smaller under the new definition. We illustrate the

point with the two examples below and leave detailed discussions in the appendix.

Example 4.1 (Independent Subspace). Suppose the subspaces are independent, i.e.,
dim(81 @ ... & 8) = >y 1 dim(Sp), then all X©® are O-incoherent under our
Definition This is because for each X (©) one can always find a dual matrix V) ¢
{V(Z)} whose column space is orthogonal to the span of all other subspaces. To contrast,
the incoherence parameter according to Definition 2.4 in [124]] will be a positive value,

potentially large if the angles between subspaces are small.

'If this is not unique, pick the one with least Frobenious norm.

51



WHEN LRR MEETS SSC: THE SEPARATION-CONNECTIVITY TRADEOFF

Example 4.2 (Random except 1 subspace). Suppose we have L disjoint 1-dimensional
subspaces in R” (L > n). 81,...,81,_1 subspaces are randomly drawn. §Sj, is chosen
such that its angle to one of the L — 1 subspace, say 81, is w/6. Then the incoher-
ence parameter 11(X (1)) defined in [124] is at least cos(7/6). However under our new

definition, it is not difficult to show that (X (E)) < 2/%1) wih high probabilit

n
The result also depends on the smallest singular value of a rank-d matrix (denoted

by 04) and the inradius of a convex body as defined below.

Definition 4.4 (inradius). The inradius of a convex body P, denoted by r(P), is defined

as the radius of the largest Euclidean ball inscribed in P.

The smallest singular value and inradius measure how well-represented each sub-
space is by its data samples. Small inradius/singular value implies either insufficient
data, or skewed data distribution, in other word, it means that the subspace is “poorly

represented”’. Now we may state our main result.

Theorem 4.1 (LRSSC). Self-expressiveness property holds for the solution of (4.1)) on
the data X if there exists a weighting parameter X\ such that for all ¢ = 1, ..., L, one of

the following two conditions holds:

,LL(X(Z))(I + )\\/ﬁﬁ) < )\mkin 0d, (X(fll)’ (4.2)
or  u(XO)(1+ ) < Aminr(conv(£X ), “3)

where X_j, denotes X with its k' column removed and oq,(X (_2) represents the d@h

(0)

(smallest non-zero) singular value of the matrix X ;.

We briefly explain the intuition of the proof. The theorem is proven by duality. First
we write out the dual problem of (.1),

Dual LRSSC :

max <X, A1> S.t. ||A2||oo <A, HXTA1 — Ay — Ag” <1, diagL(Ag) =0.
A1,A2,A3

"The full proof is given in the Appendix. Also it is easy to generalize this example to d-dimensional
subspaces and to “random except K subspaces”.
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This leads to a set of optimality conditions, and leaves us to show the existence of a
dual certificate satisfying these conditions. We then construct two levels of fictitious
optimizations (which is the main novelty of the proof) and construct a dual certificate
from the dual solution of the fictitious optimization problems. Under condition (#.2)) and
(#@.3), we establish this dual certifacte meets all optimality conditions, hence certifying
that SEP holds. Due to space constraints, we defer the detailed proof to the appendix

and focus on the discussions of the results in the main text.

Remark 4.1 (SSC). Theorem can be considered a generalization of Theorem 2.5 of
[124]. Indeed, when A — oo, (4.3) reduces to the following

(X9 < mlgn r(conv(:i:X(_Eli)).

The readers may observe that this is exactly the same as Theorem 2.5 of [[124]], with the
only difference being the definition of 4. Since our definition of p(X (12)) is tighter (i.e.,
smaller) than that in [124]], our guarantee for SSC is indeed stronger. Theorem §.T]also
implies that the good properties of SSC (such as overlapping subspaces, large dimen-

sion) shown in [[124] are also valid for LRSSC for a range of A greater than a threshold.

To further illustrate the key difference from [124], we describe the following sce-

nario.

Example 4.3 (Correlated/Poorly Represented Subspaces). Suppose the subspaces are
poorly represented, i.e., the inradius r is small. If furthermore, the subspaces are highly
correlated, i.e., canonical angles between subspaces are small, then the subspace inco-
herence p’ defined in [124]] can be quite large (close to 1). Thus, the succeed condition
u' < r presented in [[124] is violated. This is an important scenario because real data
such as those in Hopkins155 and Extended YaleB often suffer from both problems, as
illustrated in [S7, Figure 9 & 10]. Using our new definition of incoherence y, as long

as the subspaces are “sufficiently independent’ﬂ (regardless of their correlation) p will

"Due to space constraint, the concept is formalized in appendix.
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assume very small values (e.g., Example 4.2), making SEP possible even if r is small,

namely when subspaces are poorly represented.

Remark 4.2 (LRR). The guarantee is the strongest when A\ — oo and becomes super-
ficial when A — 0 unless subspaces are independent (see Example [4.1)). This seems
to imply that the “independent subspace” assumption used in [97, 98] to establish suf-
ficient conditions for LRR (and variants) to work is unavoidablem On the other hand,
for each problem instance, there is a A* such that whenever A > \*, the result satisfies

SEP, so we should expect phase transition phenomenon when tuning .

Remark 4.3 (A tractable condition). Condition (4.2)) is based on singular values, hence
is computationally tractable. In contrast, the verification of (.3) or the deterministic
condition in [[124]] is NP-Complete, as it involves computing the inradii of V-Polytopes
[67]. When A — oo, Theorem . T|reduces to the first computationally tractable guaran-

tee for SSC that works for disjoint and potentially overlapping subspaces.

4.3.2 Randomized Results

We now present results for the random design case, i.e., data are generated under some

random models.

Definition 4.5 (Random data). “Random sampling” assumes that for each ¢, data
points in X are iid uniformly distributed on the unit sphere of 8y. “Random sub-
space” assumes each Sy is generated independently by spanning dy iid uniformly dis-

tributed vectors on the unit sphere of R"™.

Lemma 4.1 (Singular value bound). Assume random sampling. If d; < N, < n, then

there exists an absolute constant C such that with probability of at least 1 — N, [10,

L [Ne log Ny . 1 [N,
O’dz(X)Z2< @301\5)’ or simply OdZ(X)Zzl\/d»g’

if we assume Ny > Cady, for some constant Cs.

'Our simulation in Section also supports this conjecture.
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Lemma 4.2 (Inradius bound [2| [124]]). Assume random sampling of Ny = kydy data

points in each 8y, then with probability larger than 1 — Ele Nye—VdeNe

r(conv(:l:X_E,)g)) > c(ky) loié’?)

for all pairs (£, k).

Here, c(ky) is a constant depending on k. When kg is sufficiently large, we can take

c(ke) = 1/V/8.

Combining Lemma4.1)|and Lemma 4.2} we get the following remark showing that

conditions (4.2)) and (4.3)) are complementary.

Remark 4.4. Under the random sampling assumption, when ) is smaller than a thresh-
old, the singular value condition (4.2)) is better than the inradius condition (.3)). Specifi-
cally, o4,(X) > % % with high probability, so for some constant C' > 1, the singular

value condition is strictly better if

C (VA - iog (/) ¢

A< , or when Nyislarge, A\ < .
VN (1 + /Tog (Ng/dg)) 1+ \/log (N¢/dy)

By further assuming random subspace, we provide an upper bound of the incoher-

ence U.

Lemma 4.3 (Subspace incoherence bound). Assume random subspace and random
sampling. It holds with probability greater than 1 — 2/N that for all ¢,

n

Combining Lemma.T|and Lemma[4.3] we have the following theorem.

Theorem 4.2 (LRSSC for random data). Suppose L rank-d subspace are uniformly
and independently generated from R", and N/L data points are uniformly and in-
dependently sampled from the unit sphere embedded in each subspace, furthermore

N > CdL for some absolute constant C, then SEP holds with probability larger than
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1—-2/N —1/(Ca)', if

n 1

< W’ for all \> . (44)

VE (fomtm 1)

The above condition is obtained from the singular value condition. Using the inra-

dius guarantee, combined with Lemma .2 and 4.3] we have a different succeed con-

nlog(k)
96 log N

1

nlogk _l'
96d log N

condition on d is slightly better than (4.4)) by a log factor but the range of valid \ is

dition requiring d < for all A > Ignoring constant terms, the

significantly reduced.

4.4 Graph Connectivity Problem

The graph connectivity problem concerns when SEP is satisfied, whether each block of
the solution C' to LRSSC represents a connected graph. The graph connectivity problem
concerns whether each disjoint block (since SEP holds true) of the solution C' to LRSSC
represents a connected graph. This is equivalent to the connectivity of the solution of
the following fictitious optimization problem, where each sample is constrained to be

represented by the samples of the same subspace,
min 1CO|, + XN|CO|; st XO =XOC®  diag(C?) = 0. (4.5)
c

The graph connectivity for SSC is studied by [[104] under deterministic conditions
(to make the problem well-posed). They show by a negative example that even if the
well-posed condition is satisfied, the solution of SSC may not satisfy graph connectivity
if the dimension of the subspace is greater than 3. On the other hand, graph connectivity
problem is not an issue for LRR: as the following proposition suggests, the intra-class

connections of LRR’s solution are inherently dense (fully connected).

Proposition 4.1. When the subspaces are independent, X is not full-rank and the data

points are randomly sampled from a unit sphere in each subspace, then the solution to
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LRR, i.e.,
m(}n IC|l« st. X =XC,

is class-wise dense, namely each diagonal block of the matrix C' is all non-zero.

The proof makes use of the following lemma which states the closed-form solution

of LRR.

Lemma 4.4 ([98]). Take skinny SVD of data matrix X = ULV, The closed-form

solution to LRR is the shape interaction matrix C = VVT.

Proposition then follows from the fact that each entry of V' V7 has a continuous
distribution, hence the probability that any is exactly zero is negligible (a complete
argument is given in the Appendix).

Readers may notice that when A — 0, (.5)) is not exactly LRR, but with an addi-
tional constraint that diagonal entries are zero. We suspect this constrained version also

have dense solution. This is demonstrated numerically in Section [4.6|

4.5 Practical issues

4.5.1 Data noise/sparse corruptions/outliers

The natural extension of LRSSC to handle noise is
.1 )
min §HX—XC||%+51||CH*+52||CH1 s.t. diag(C) = 0. (4.6)

We believe it is possible (but maybe tedious) to extend our guarantee to this noisy ver-
sion following the strategy of [[143]] which analyzed the noisy version of SSC. This is
left for future research.

According to the noisy analysis of SSC, a rule of thumb of choosing the scale of 51

and S5 is

57



WHEN LRR MEETS SSC: THE SEPARATION-CONNECTIVITY TRADEOFF

where A is the tradeoff parameter used in noiseless case (4.1)), o is the estimated noise
level and N is the total number of entries.

In case of sparse corruption, one may use ¢; norm penalty instead of the Frobenious
norm. For outliers, SSC is proven to be robust to them under mild assumptions [[124],

and we suspect a similar argument should hold for LRSSC too.

4.5.2 Fast Numerical Algorithm

As subspace clustering problem is usually large-scale, off-the-shelf SDP solvers are
often too slow to use. Instead, we derive alternating direction methods of multipliers
(ADMM) [17], known to be scalable, to solve the problem numerically. The algorithm
involves separating out the two objectives and diagonal constraints with dummy vari-
ables Cy and J like

Jmin G+ ACel

st. X=XJ, J=Cy— diag(Cg), J = (1,

4.7)

and update J, C1, C and the three dual variables alternatively. Thanks to the change of
variables, all updates can be done in closed-form. To further speed up the convergence,
we adopt the adaptive penalty mechanism of Lin et.al [94]], which in some way ame-
liorates the problem of tuning numerical parameters in ADMM. Detailed derivations,
update rules, convergence guarantee and the corresponding ADMM algorithm for the

noisy version of LRSSC are made available in the appendix.

4.6 Numerical Experiments

To verify our theoretical results and illustrate the advantages of LRSSC, we design
several numerical experiments. In all our numerical experiments, we use the ADMM
implementation of LRSSC with fixed set of numerical parameters. The results are given
against an exponential grid of A values, so comparisons to only 1-norm (SSC) and only

nuclear norm (LRR) are clear from two ends of the plots.
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4.6 Numerical Experiments

4.6.1 Separation-Sparsity Tradeoff

We first illustrate the tradeoff of the solution between obeying SEP and being connected
(this is measured using the intra-class sparsity of the solution). We randomly generate L
subspaces of dimension 10 from R5Y. Then, 50 unit length random samples are drawn
from each subspace and we concatenate into a 50 x 50L data matrix. We use Relative
Violation [[143]] to measure of the violation of SEP and Gini Index [75] to measure the

intra-class sparsityﬂ These quantities are defined below:

Z(i,j)géjv[ Cli

RelViolation (C,M) = =—>F———,
Z(i J)EM Clij

where M is the index set that contains all (¢, j) such that z;, z; € S, for some .

Ginilndex (C, M) is obtained by first sorting the absolute value of Cjjcyy into a

non-decreasing sequence ¢ = [c1, ..., ¢jy], then evaluate

| M|
Ginilndex (vec(Cy)) = 1 — 22 HCk (
k=1

|M|—k+1/2>.

Al M

Note that RelViolation takes the value of [0, co] and SEP is attained when RelViolation
is zero. Similarly, Gini index takes its value in [0, 1] and it is larger when intra-class
connections are sparser.

The results for L = 6 and L = 11 are shown in Figure .1l We observe phase
transitions for both metrics. When A = 0 (corresponding to LRR), the solution does not
obey SEP even when the independence assumption is only slightly violated (L = 6).
When A is greater than a threshold, RelViolation goes to zero. These observations match
Theorems and On the other hand, when A is large, intra-class sparsity is high,
indicating possible disconnection within the class.

Moreover, we observe that there exists a range of A where RelViolation reaches zero

yet the sparsity level does not reaches its maximum. This justifies our claim that the

"We choose Gini Index over the typical £y to measure sparsity as the latter is vulnerable to numerical
inaccuracy.
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Figure 4.1: Illustration of the separation-sparsity trade-off. Left: 6 subspaces. Right: 11
subspace.

solution of LRSSC, taking A within this range, can achieve SEP and at the same time
keep the intra-class connections relatively dense. Indeed, for the subspace clustering

task, a good tradeoff between separation and intra-class connection is important.

4.6.2 Skewed data distribution and model selection

In this experiment, we use the data for L = 6 and combine the first two subspaces
into one 20-dimensional subspace and randomly sample 10 more points from the new
subspace to “connect” the 100 points from the original two subspaces together. This is
to simulate the situation when data distribution is skewed, i.e., the data samples within
one subspace has two dominating directions. The skewed distribution creates trouble
for model selection (judging the number of subspaces), and intuitively, the graph con-
nectivity problem might occur.

We find that model selection heuristics such as the spectral gap [141] and spectral
gap ratio [90] of the normalized Laplacian are good metrics to evaluate the quality of
the solution of LRSSC. Here the correct number of subspaces is 5, so the spectral gap is
the difference between the 6! and 5" smallest singular value and the spectral gap ratio
is the ratio of adjacent spectral gaps. The larger these quantities, the better the affinity
matrix reveals that the data contains 5 subspaces.

Figure[d.2|demonstrates how singular values change when A increases. When A = 0

(corresponding to LRR), there is no significant drop from the 6 to the 5" singular
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value, hence it is impossible for either heuristic to identify the correct model. As A
increases, the last 5 singular values gets smaller and become almost zero when A is
large. Then the 5-subspace model can be correctly identified using spectral gap ratio.
On the other hand, we note that the 6! singular value also shrinks as ) increases, which
makes the spectral gap very small on the SSC side and leaves little robust margin for
correct model selection against some violation of SEP. As is shown in Figure the
largest spectral gap and spectral gap ratio appear at around A = 0.1, where the solution
is able to benefit from both the better separation induced by the 1-norm factor and the

relatively denser connections promoted by the nuclear norm factor.

Spectral Gap
Spectral Gap Ratio

0 I I L I L L I
290 292 294 295 293 3000 302 304 306 308 310

Figure 4.2: Last 20 singular values of the nor- Figure 4.3: Spectral Gap and Spec-
malized Laplacian in the skewed data experi- tral Gap Ratio in the skewed data
ment. experiment.

4.7 Additional experimental results

4.7.1 Numerical Simulation
Exp1: Disjoint 11 Subspaces Experiment

Randomly generate 11 subspaces of dimension 10 from R?°. 50 unit length random
samples are drawn from each subspace and we concatenate into a 50 x 550 data matrix.
Besides what is shown in the main text, we provide a qualitative illustration of the

separation-sparsity trade-off in Figure
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Figure 4.4: Qualitative illustration of the 11 Subspace Experiment. From left to right, top
to bottom: A = [0,0.05, 1, 1e4], corresponding RelViolation is [3.4, 1.25, 0.06, 0.03] and
Gini Index is [0.41, 0.56, 0.74, 0.79]

62



4.7 Additional experimental results

Exp2: when exact SEP is not possible

In this experiment, we randomly generate 10 subspaces of rank 3 from a 10 dimensional
subspace, each sampled 15 data points. All data points are embedded to the ambient
space of dimension 50.

This is to illustrate the case when perfect SEP is not possible for any A. In other
word, the smallest few singular values of the normalized Laplacian matrix is not exactly
0. Hence we will rely on heuristics such as Spectral Gap and Spectral Gap Ratio to
tell how many subspaces there are and hopefully spectral clustering will return a good
clustering. Figure [4.5] gives an qualitative illustration how the spectral gap emerges
as A increases. Figure [4.6] shows quantitatively the same thing with the actual values
of the two heuristics changes. Clearly, model selection is much easier in the SSC-
side comparing to the LRR side, when SEP is the main issue (see the comparison in

Figure 4.7).

ns
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Figure 4.5: Last 50 Singular values of the normalized Laplacian in Exp2. See how the
spectral gap emerges and become larger as \ increases.

Exp3: Independent-Skewed data distribution

Assume ambient dimension n = 50, 3 subspaces. The second and the third 3-d sub-

spaces are generated randomly, each sampled 15 points. The first subspace is a 6-d
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Figure 4.6: Spectral Gap and Spectral Gap Ratio for Exp2. When perfect SEP is not
possible, model selection is easier on the SSC side, but the optimal spot is still somewhere
between LRR and SSC.

Figure 4.7: Illustration of representation matrices. Left: A = 0, Right: A = 1e4. While it
is still not SEP, there is significant improvement in separation.
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Figure 4.8: Spectral Gap and Spectral Gap Ratio for Exp3. The independent subspaces
have no separation problem, SEP holds for all A\. Note that due to the skewed data distri-
bution, the spectral gap gets quite really small at the SSC side.

subspace spanned by two random 3-d subspaces. 15 data points are randomly gener-
ated from each of the two spanning 3-d subspaces and only 3 data points are randomly
taken from the spanned 6-D subspace two glue them together.

As a indication of model selection, the spectral gap and spectral ratio for all A is
shown in Figure While all experiments return clearly defined three disjoint compo-
nents (smallest three singular values equal to O for all \), the LRR side gives the largest
margin of three subspaces (when A = 0, the result gives the largest 4th smallest singular
value). This illustrates that when Skewed-Data-Distribution is the main issue, LRR side

is better than SSC side. This can be qualitatively seen in Figure

Exp4: Disjoint-Skewed data distribution

In this experiment, we illustrate the situation when subspaces are not independent and
one of them has skewed distribution, hence both LRR and SSC are likely to to encounter
problems. The setup is the same as the 6 Subspace experiment except the first two
subspaces are combined into a 20-dimensional subspace moreover 10 more random

points are sampled from the spanned subspace. Indeed, as Figure [4.2] and [4.3] suggest,
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Figure 4.9: Illustration of representation matrices. Left: A = 0, Right: A = le4. The 3
diagonal block is clear on the LRR side, while on the SSC side, it appear to be more like 4
blocks plus some noise.
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Figure 4.10: Illustration of model selection with spectral gap (left) and spectral gap ratio
(right) heuristic. The highest point of each curve corresponds to the inferred number of
subspaces in the data. We know the true number of subspace is 5.

taking A\ somewhere in the middle gives the largest spectral gap and spectral gap ratio,

which indicates with large margin that the correct model is a 5 Subspace Model.

In addition to that, we add Figure here to illustrate the ranges of A\ where two
heuristics give correct model selection. It appears that “spectral gap” suggests a wrong
model for all A despite the fact that the 5! “spectral gap” enlarges as A increase. On
the other hand, the “spectral gap ratio” reverted its wrong model selection at the LRR
side quickly as X increases and reaches maximum margin in the blue region (around
A = 0.5). This seems to imply that “spectral gap ratio” is a better heuristic in the case

when one or more subspaces are not well-represented.
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4.7.2 Real Experiments on Hopkins155

To complement the numerical experiments, we also run our NoisyLRSSC on the Hop-
kins155 motion segmentation dataset[136]. The dataset contains 155 short video se-
quence with temporal trajectories of the 2D coordinates of the feature points summa-
rizing in a data matrix. The task is to unsupervisedly cluster the given trajectories into
blocks such that each block corresponds to one rigid moving objects. The motion can
be 3D translation, rotation or combination of translation and rotation. Ground truth is
given together with the data so evaluation is simply by the misclassification rate. A few

snapshots of the dataset is given in Figure [d.11]

4.7.2.1 Why subspace clustering?

Subspace clustering is applicable here because collections of feature trajectories on a
rigid body captured by a moving affine camera can be factorized into camera motion

matrix and a structure matrix as follows

T11 e T1n M1

where M; € R?**4 is a the camera projection matrix from 3D homogeneous coordinates
to 2D image coordinates and S; € R* is one feature points in 3D with 1 added at the
back to form the homogeneous coordinates. Therefore, the inner dimension of the ma-
trix multiplication ensures that all column vectors of X lies in a 4 dimensional subspace

(see [69, Chapter 18] for details).

Depending on the types of motion, and potential projective distortion of the image
(real camera is never perfectly affine) the subspace may be less than rank 4 (degenerate

motion) or only approximately rank 4.
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Figure 4.11: Snapshots of Hopkins155 motion segmentation data set.

4.7.2.2 Methods

We run the ADMM version of the NoisyLRSSC (C.22) using the same parameter
scheme (but with different values) proposed in [S7] for running Hopkins155. Specifi-
cally, we rescaled the original problem into:
. «a 2
Jmin o X = XJ|7 + aBi]|Ci]l + aB2 Ca|ln

s.t. J=Cy—diag(Cq), J=Ci,
and set

oy 1 A
O[_/.LZ’ ﬁl_l_i_/\v ﬁ2_ .

with o, = 15000 and

[ = minmax (z;, ;).
]

Numerical parameters in the Lagrangian are set to u2 = pu3 = 0.1a. Note that we have
a simple adaptive parameter that remains constant for each data sequence.

Also note that we do not intend to tune the parameters to its optimal and outperform
the state-of-the-art. This is just a minimal set of experiments on the real data to justify
how the combinations of the two objectives may be useful when all other factors are

equal.

'In [571, they use o, = 800, but we find it doesn’t work out in our case. We will describe the
difference to their experiments on Hopkins155 separately later.
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Figure 4.12: Average misclassification rates vs. \.

4.7.2.3 Results

Figure[d.12]plots how average misclassification rate changes with A\. While it is not clear
on the two-motion sequences, the advantage of LRSSC is drastic on three motions.

To see it more clearly, we plot the RelViolation, Gini index and misclassification of
all sequence for all X in Figure Figure and Figure respectively. From
Figure and [.T5] we can tell that the shape is well predicted by our theorem and
simulation. Since a correct clustering depends on both inter-class separation and intra-
class connections, it is understandable that we observe the phenomena in Figure {.13]
that some sequences attain zero misclassification on the LRR side, some on the SSC
side, and to our delight, some reaches the minimum misclassification rate somewhere

in between.

4.7.2.4 Comparison to SSC results in [57]

After carefully studying the released SSC code that generates Table 5 in [57], we re-
alized that they use two post processing steps on the representation matrix C' before
constructing affinity matrix |C| + |C7| for spectral clustering. First, they use a thresh-
olding step to keep only the largest non-zero entries that sum to 70% of the ¢; norm

of each column. Secondly, there is a normalization step that scales the largest entry in

69



WHEN LRR MEETS SSC: THE SEPARATION-CONNECTIVITY TRADEOFF

0.001

0.01

0.1

05

]

100

10000

20 40 60 g0
Data Sequence Index

100 120 140

Figure 4.13: Misclassification rate of the 155 data sequence against \. Black regions refer
to perfect clustering, and white regions stand for errors.
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Figure 4.14: RelViolation of representation matrix C' in the 155 data sequence against \.
Black regions refer to zero RelViolation (namely, SEP), and white regions stand for large
violation of SEP.
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Figure 4.15: Ginilndex of representation matrix C' in the 155 data sequence against \.
Darker regions represents denser intra-class connections, lighter region means that the con-
nections are sparser.
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each column to one (and the rest accordingly). The results with 4.4% and 1.95% mis-
classification rates for respectively 3-motion and 2-motion sequences essentially refer
to the results with postprocessing.

Without postprocessing, the results we get are 5.67% for 3-motions and 1.91% for
2-motions. Due to the different implementation of the numerical algorithms (in stop-
ping conditions and etc), we are unable to reproduce the same results on the SSC end
(when A is large) with the same set of weighting factor, but we managed to make the
results comparable (slightly better) with a different set of weighting even without any
post-processing steps. Moreover, when we choose A such that we have a meaningful
combination of /1 norm and nuclear norm regularization, the 3-motion misclassification
rate goes down to 3%.

Since the Hopkins155 dataset is approaching saturation, it is not our point to con-
clude that a few percentage of improvement is statistically meaningful, since one single
failure case that has 40% of misclassification will already raise the overall misclassifi-
cation rate by 1.5%. Nevertheless, we are delighted to see LRSSC in its generic form

performs in a comparable level as other state-of-the-art algorithms.

4.8 Chapter Summary

In this chapter, we proposed LRSSC for the subspace clustering problem and provided
theoretical analysis of the method. We demonstrated that LRSSC is able to achieve per-
fect SEP for a wider range of problems than previously known for SSC and meanwhile
maintains denser intra-class connections than SSC (hence less likely to encounter the
“graph connectivity” issue). Furthermore, the results offer new understandings to SSC
and LRR themselves as well as problems such as skewed data distribution and model se-
lection. An important future research question is to mathematically define the concept
of the graph connectivity, and establish conditions that perfect SEP and connectivity

indeed occur together for some non-empty range of \ for LRSSC.
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Chapter 5

PARSuMi: Practical Matrix
Completion and Corruption

Recovery with Explicit Modeling

Low-rank matrix completion is a problem of immense practical importance. Recent
works on the subject often use nuclear norm as a convex surrogate of the rank func-
tion. Despite its solid theoretical foundation, the convex version of the problem often
fails to work satisfactorily in real-life applications. Real data often suffer from very
few observations, with support not meeting the random requirements, ubiquitous pres-
ence of noise and potentially gross corruptions, sometimes with these simultaneously
occurring. This chapter proposes a Proximal Alternating Robust Subspace Minimiza-
tion (PARSuMi) method to tackle the three problems. The proximal alternating scheme
explicitly exploits the rank constraint on the completed matrix and uses the ¢y pseudo-
norm directly in the corruption recovery step. We show that the proposed method for
the non-convex and non-smooth model converges to a stationary point. Although it is
not guaranteed to find the global optimal solution, in practice we find that our algorithm
can typically arrive at a good local minimizer when it is supplied with a reasonably good

starting point based on convex optimization. Extensive experiments with challenging
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synthetic and real data demonstrate that our algorithm succeeds in a much larger range
of practical problems where convex optimization fails, and it also outperforms vari-
ous state-of-the-art algorithms. Part of the materials in this chapter is included in our

manuscript [144] that is currently under review.

5.1 Introduction

Completing a low-rank matrix from partially observed entries, also known as matrix
completion, is a central task in many real-life applications. The same abstraction of
this problem has appeared in diverse fields such as signal processing, communications,
information retrieval, machine learning and computer vision. For instance, the miss-
ing data to be filled in may correspond to plausible movie recommendations [[61}, [87],
occluded feature trajectories for rigid or non-rigid structure from motion, namely SfM
[19] 168]] and NRSfM [111]], relative distances of wireless sensors [[107], pieces of un-

collected measurements in DNA micro-array [60], just to name a few.

50 100 150 200 250 300

Figure 5.1: Sampling pattern of the Dinosaur sequence: 316 features are tracked over 36
frames. Dark area represents locations where no data is available; sparse highlights are
injected gross corruptions. Middle stripe in grey are noisy observed data, occupying 23%
of the full matrix. The task of this chapter is to fill in the missing data and recover the
corruptions.

The common difficulty of these applications lies in the scarcity of the observed data,

uneven distribution of the support, noise, and more often than not, the presence of gross
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corruptions in some observed entries. For instance, in the movie rating database Netflix
[14], only less than 1% of the entries are observed and 90% of the observed entries
correspond to 10% of the most popular movies. In photometric stereo, the missing data
and corruptions (arising from shadow and specular highlight as modeled in Wu et al.
[149]]) form contiguous blocks in images and are by no means random. In structure
from motion, the observations fall into a diagonal band shape, and feature coordinates
are often contaminated by tracking errors (see the illustration in Figure[5.1). Therefore,
in order for any matrix completion algorithm to work in practice, these aforementioned
difficulties need to be tackled altogether. We refer to this problem as practical matrix

completion. Mathematically, the problem to be solved is the following:

Given €, W, forall (i, ) € Q,
find  W,Q,

s.t. rank(W) is small; card(§2) is small;

[Wij — Wyl is small V(i, j) € Q0.

where (2 is the index set of observed entries whose locations are not necessarily se-
lected at random, 2 € represents the index set of corrupted data, W e Rmxm s
the measurement matrix with only /Wijeg known, i.e., its support is contained in €2.
Furthermore, we define the projection Pq : R™*™ R/ so that iPQ(/W) denotes the

vector of observed data. The adjoint of Pg, is denoted by Pg,.

Extensive theories and algorithms have been developed to tackle some aspect of
the challenges listed in the preceding paragraph, but those tackling the full set of chal-
lenges are far and few between, thus resulting in a dearth of practical algorithms. Two
dominant classes of approaches are nuclear norm minimization, e.g. Candes and Plan
[21], Candes and Recht [24]], Candes et al. [27], Chen et al. [39]], and matrix factor-
ization, e.g., Buchanan and Fitzgibbon [[19]], Chen [36]], Eriksson and Van Den Hengel
[58]], Koren et al. [87], Okatani and Deguchi [108]]. Nuclear norm minimization meth-

ods minimize the convex relaxation of rank instead of the rank itself, and are supported
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by rigorous theoretical analysis and efficient numerical computation. However, the con-
ditions under which they succeed are often too restrictive for it to work well in real-life
applications (as reported in Shi and Yu [119] and Jain et al. [76]). In contrast, matrix
factorization is widely used in practice and are considered very effective for problems
such as movie recommendation [87]] and structure from motion [111} [135] despite its
lack of rigorous theoretical foundation. Indeed, as one factorizes matrix W into uvT,
the formulation becomes bilinear and thus optimal solution is hard to obtain except
in very specific cases (e.g., in Jain et al. [76]]). A more comprehensive survey of the

algorithms and review of the strengths and weaknesses will be given in the next section.

In this chapter, we attempt to solve the practical matrix completion problem un-
der the prevalent case where the rank of the matrix W and the cardinality of Q are
upper bounded by some known parameters r and Ny via the following non-convex,
non-smooth optimization model:

min 3| Po(W — W+ B)|* + 3|P5(7)*

s.t. rank(W) <r, W e R™*" (6.1

|Ello < No, | Bll < Kp, E € R

where R} " denotes the set of n x n matrices whose supports are subsets of 2 and || - ||
is the Frobenius norm; K is a finite constant introduced to facilitate the convergence
proof. Note that the restriction of E to R} ™" is natural since the role of E is to capture
the gross corruptions in the observed data Wz‘jeg. The bound constraint on F is natural
in some problems when the true matrix W is bounded (e.g., Given the typical movie
ratings of 0-10, the gross outliers can only lie in [-10, 10]). In other problems, we
simply choose K to be some large multiple (say 20) of /Ny x median((PQ(W)), SO
that the constraint is essentially inactive and has no impact on the optimization. Note
that without making any randomness assumption on the index set {2 or assuming that
the problem has a unique solution (W*, E*) such that the singular vector matrices of

W* satisfy some inherent conditions like those in Candes et al. [27]], the problem of
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practical matrix completion is generally ill-posed. This motivated us to include the
Tikhonov regularization term %HCP@(W) |? in (5.1)), where Q denotes the complement
of €2, and 0 < A < 1 is a small constant. Roughly speaking, what the regularization
term does is to pick the solution 1V which has the smallest ||P5(WW)| among all the
candidates in the optimal solution set of the non-regularized problem. Notice that we
only put a regularization on those elements of W in {2 as we do not wish to perturb
those elements of W in the fitting term. Finally, with the Tikhonov regularization and

the bound constraint on || E||, we can show that problem (5.1) has a global minimizer.

By defining H € R™*" to be the matrix such that

1 if(4,5) € Q
Hij = (5.2)
VA (4, ) € Q,

we can rewrite the objective function in (5.1) in a compact form, and the problem be-
comes:

min | Ho (W +E—W)|?2
W,E

s.t. rank(W) <r, W e R™*" (5.3)

IEllo < No, |1E|| < Kg, E € RG™™.

TP

In the above, the notation “o” denotes the element-wise product between two matrices.

We propose PARSuMi, a proximal alternating minimization algorithm motivated by
the algorithm in Attouch et al. [3] to solve (5.3). This involves solving two subprob-
lems each with an auxiliary proximal regularization term. It is important to emphasize
that the subproblems in our case are non-convex and hence it is essential to design ap-
propriate algorithms to solve the subproblems to global optimality, at least empirically.
We develop essential reformulations of the subproblems and design novel techniques
to efficiently solve each subproblem, provably achieving the global optimum for one,
and empirically so for the other. We also prove that our algorithm is guaranteed to con-

verge to a limit point, which is necessarily a stationary point of (5.3). Together with

77



PARSUMI: PRACTICAL MATRIX COMPLETION AND CORRUPTION
RECOVERY WITH EXPLICIT MODELING

the initialization schemes we have designed based on the convex relaxation of (5.3)), our
method is able to solve challenging real matrix completion problems with corruptions
robustly and accurately. As we demonstrate in the experiments, PARSuMi is able to
provide excellent reconstruction of unobserved feature trajectories in the classic Ox-
ford Dinosaur sequence for SfM, despite structured (as opposed to random) observation
pattern and data corruptions. It is also able to solve photometric stereo to high pre-
cision despite severe violations of the Lambertian model (which underlies the rank-3
factorization) due to shadow, highlight and facial expression difference. Compared to
state-of-the-art methods such as GRASTA [71], Wiberg ¢; [58] and BALM [46], our

results are substantially better both qualitatively and quantitatively.

Note that in (5.3) we do not seek convex relaxation of any form, but rather constrain
the rank and the corrupted entries’ cardinality directly in their original forms. While it
is generally not possible to have an algorithm guaranteed to compute the global optimal
solution, we demonstrate that with appropriate initializations, the faithful representation
of the original problem often offers significant advantage over the convex relaxation
approach in denoising and corruption recovery, and is thus more successful in solving

real problems.

The rest of the chapter is organized as follows. In Section[5.2] we provide a compre-
hensive review of the existing theories and algorithms for practical matrix completion,
summarizing the strengths and weaknesses of nuclear norm minimization and matrix
factorization. In Section [5.3] we conduct numerical evaluations of predominant ma-
trix factorization methods, revealing those algorithms that are less-likely to be trapped
at local minima. Specifically, these features include parameterization on a subspace
and second-order Newton-like iterations. Building upon these findings, we develop the
PARSuMi scheme in Section [5.4] to simultaneously handle sparse corruptions, dense
noise and missing data. The proof of convergence and a convex initialization scheme
are also provided in this section. In Section [5.5] the proposed method is evaluated on
both synthetic and real data and is shown to outperform the current state-of-the-art al-

gorithms for robust matrix completion.
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5.2 A survey of results

5.2.1 Matrix completion and corruption recovery via nuclear norm mini-

mization

MC[32] | RPCA [27] | NoisyMC [22] [S]tgl;l]eRPCA RMC[93] | RMC[39]
Missing data Yes No Yes No Yes Yes
Corruptions No Yes No Yes Yes Yes
Noise No No Yes Yes No No
Deterministic 2 No No No No No Yes
Deterministic No No No No No Yes

Table 5.1: Summary of the theoretical development for matrix completion and corruption
recovery.

Recently, the most prominent approach for solving a matrix completion problem is

via the following nuclear norm minimization:

min {[| W]l
w

Po(W — W) = 0} : (5.4)

in which rank(X) is replaced by the nuclear norm || X||. = >, 0;(X), where the latter
is the tightest convex relaxation of rank over the unit (spectral norm) ball. Candes and
Recht [24] showed that when sampling is uniformly random and sufficiently dense, and
the underlying low-rank subspace is incoherent with respect to the standard bases, then
the remaining entries of the matrix can be exactly recovered. The guarantee was later
improved in Candes and Tao [29], Recht [114] and extended for noisy data in Candes

and Plan [21]], Negahban and Wainwright [[105]] relaxed the equality constraint to
[Pa(W W) <.

Using similar assumptions and arguments, Candes et al. [27] proposed solution to the
related problem of robust principal component analysis (RPCA) where the low-rank

matrix can be recovered from sparse corruptions (with no missing data). This is formu-
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lated as

min {IWle + XIBl [ W+ B =7} (5.5)

Using deterministic geometric conditions concerning the tangent spaces of the ground
truth (W, E), Chandrasekaran et al. [34] also established strong recovery result via the
convex optimization problem (3.5)). Noisy extension and improvement of the guarantee
for RPCA were provided by Zhou et al. [155] and Ganesh et al. [63] respectively. Chen
et al. [39] and Li [93] combined and (5.5) and provided guarantee for the following

min {IIW||*+AHEH1 ‘PQ(W+E—W)=0}- (5.6)

In particular, the results in Chen et al. [39] lifted the uniform random support assump-
tions in previous works by laying out the exact recovery condition for a class of deter-

ministic sampling (2) and corruptions Q) patterns.

We summarize the theoretical and algorithmic progress in practical matrix com-
pletion achieved by each method in Table [5.1} It appears that researchers are moving
towards analyzing all possible combinations of the problems; from past indication, it

seems entirely plausible albeit tedious to show the noisy extension
min { W .. + A E|l | [[Pa(W + E - W)| < 0} (5.7)

will return a solution stable around the desired W and E under appropriate assumptions.

Wouldn’t that solve the practical matrix completion problem altogether?

The answer is unfortunately no. While this line of research have provided profound
understanding of practical matrix completion itself, the actual performance of the con-
vex surrogate on real problems (e.g., movie recommendation) is usually not competitive
against nonconvex approaches such as matrix factorization. Although convex relax-
ation is amazingly equivalent to the original problem under certain conditions, those
well versed in practical problems will know that those theoretical conditions are usually

not satisfied by real data. Due to noise and model errors, real data are seldom truly
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low-rank (see the comments on Jester joke dataset in Keshavan et al. [81]]), nor are they
as incoherent as randomly generated data. More importantly, observations are often
structured (e.g., diagonal band shape in SfM) and hence do not satisfy the random sam-
pling assumption needed for the tight convex relaxation approach. As a consequence
of all these factors, the recovered W and E by convex optimization are often neither
low-rank nor sparse in practical matrix completion. This can be further explained by
the so-called “Robin Hood” attribute of /; norm (analogously, nuclear norm is the ¢;
norm in the spectral domain), that is, it tends to steal from the rich and give it to the
poor, decreasing the inequity of “wealth” distribution. Illustrations of the attribute will
be given in Section[5.5]

Nevertheless, the convex relaxation approach has the advantage that one can design
efficient algorithms to find or approximately reach the global optimal solution of the
given convex formulation. In this chapter, we take advantage of the convex relaxation
approach and use it to provide a powerful initialization for our algorithm to converge to

the correct solution.

5.2.2 Matrix factorization and applications

Another widely-used method to estimate missing data in a low-rank matrix is matrix
factorization (MF). It is at first considered as a special case of the weighted low-rank
approximation problem with {0, 1} weight by |Gabriel and Zamir| in 1979 and much
later by Srebro and Jaakkola [[127]. The buzz of Netflix Prize further popularizes the
missing data problem as a standalone topic of research. Matrix factorization turns out to
be a robust and efficient realization of the idea that people’s preferences of movies are
influenced by a small number of latent factors and has been used as a key component in
almost all top-performing recommendation systems [87]] including BellKor’s Pragmatic
Chaos, the winner of the Netflix Prize [86].

In computer vision, matrix factorization with missing data is recognized as an im-
portant problem too. Tomasi-Kanade affine factorization [135], Sturm-Triggs projective

factorization [131]], and many techniques in Non-Rigid SfM and motion tracking [[111]
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can all be formulated as a matrix factorization problem. Missing data and corruptions
emerge naturally due to occlusions and tracking errors. For a more exhaustive survey of
computer vision problems that can be modelled by matrix factorization, we refer readers

to Del Bue et al. [46].

Regardless of its applications, the key idea is that when W = UV, one ensures
that the required rank constraint is satisfied by restricting the factors U and V' to be in
R™*" and R™" respectively. Since the (U, V') parameterization has a much smaller
degree of freedom than the dimension of W, completing the missing data becomes a
better posed problem. This gives rise to the following optimization problem:

min % HTQ(UVT - W)H2 (5.8)

or its equivalence reformulation
(1 = 12] oy
min 5HiPQ(UV(U) —W)H UTU =1, (5.9)

where the factor V' is now a function of U.

Unfortunately, (5.8) is not a convex optimization problem. The quality of the solu-
tions one may get by minimizing this objective function depends on specific algorithms
and their initializations. Roughly speaking, the various algorithms for may be
grouped into three categories: alternating minimization, first order gradient methods
and second order Newton-like methods.

Simple approaches like alternating least squares (ALS) or equivalently PowerFac-
torization [68]] fall into the first category. They alternatingly fix one factor and minimize
the objective over the other using least squares method. A more sophisticated algorithm
is BALM [46], which uses the Augmented Lagrange Multiplier method to gradually im-
pose additional problem-specific manifold constraints. The inner loop however is still
alternating minimization. This category of methods has the reputation of reducing the
objective value quickly in the first few iterations, but they usually take a large number

of iterations to converge to a high quality solution [19].
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First order gradient methods are efficient, easy to implement and they are able to
scale up to million-by-million matrices if stochastic gradient descent is adopted. There-
fore it is very popular for large-scale recommendation systems. Typical approaches
include Simon Funk’s incremental SVD [61]], nonlinear conjugate gradient [127] and
more sophisticatedly, gradient descent on the Grassmannian/Stiefel manifold, such as
GROUSE [[7] and OptManifold [[147]. These methods, however, as we will demonstrate
later, easily get stuck in local minimeﬂ

The best performing class of methods are the second order Newton-like algorithms,
in that they demonstrate superior performance in both accuracy and the speed of con-
vergence (though each iteration requires more computation); hence they are suitable
for small to medium scale problems requiring high accuracy solutions (e.g., SfM and
photometric stereo in computer vision). Representatives of these algorithms include the
damped Newton method [[19], Wiberg(¢2) [108]], LM_S and LM_M of Chen [36] and
LM_GN, which is a variant of LM_M using Gauss-Newton (GN) to approximate the
Hessian function.

As these methods are of special importance in developing our PARSuMi algorithm,
we conduct extensive numerical evaluations of these algorithms in Section [5.3]to un-
derstand their pros and cons as well as the key factors that lead to some of them finding
global optimal solutions more often than others.

In addition, there are a few other works in each category that take into account the
corruption problem by changing the quadratic penalty term of (5.8) into ¢;-norm or

Huber function

. T T/
min H(PQ(UV W)H1 , (5.10)
. T _ T/
min (;ﬂHuber((UV —W)ij). (5.11)
1))€

Notable algorithms to solve these formulations include alternating linear programming

(ALP) and alternating quadratic programming (AQP) in Ke and Kanade [80], GRASTA

'Our experiment on synthetic data shows that the strong Wolfe line search adopted by Srebro and
Jaakkola [127] and Wen and Yin [147] somewhat ameliorates the issue, though it does not seem to help
much on real data.
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[71] that extends GROUSE, as well as Wiberg ¢; [58] that uses a second order Wiberg-
like iteration. While it is well known that the ¢;-norm or Huber penalty term can bet-
ter handle outliers, and the models and are seen to be effective in some
problems, there is not much reason for a “convex” relaxation of the ¢y pseudo-norm}
since the rank constraint is already highly non-convex. Empirically, we find that ¢;-
norm penalty offers poor denoising ability to dense noise and also suffers from “Robin
Hood” attribute. Comparison with this class of methods will be given later in Sec-
tion[5.5] which shows that our method can better handle noise and corruptions.

The practical advantage of £y over ¢; penalty is well illustrated in Xiong et al. [[151]],
where |Xiong et al.| proposed an ¢y-based robust matrix factorization method which deals
with corruptions and a given rank constraint. Our work is similar to Xiong et al. [151]] in
that we both eschew the convex surrogate £1-norm in favor of using the £y-norm directly.
However, our approach treats both corruptions and missing data. More importantly, our
treatment of the problem is different and it results in a convergence guarantee that covers
the algorithm of Xiong et al. [151] as a special case; this will be further explained in

Section[5.4

5.2.3 Emerging theory for matrix factorization

As we mentioned earlier, a fundamental drawback of matrix factorization methods for
low rank matrix completion is the lack of proper theoretical foundation. However,
thanks to the better understanding of low-rank structures nowadays, some theoretical
analysis of this problem slowly emerges. This class of methods are essentially designed

for solving noisy matrix completion problem with an explicit rank constraint, i.e.,

i { g a0 -

rank(W) < r} . (5.12)

From a combinatorial-algebraic perspective, Kiraly and Tomioka [84] provided a suf-

ficient and necessary condition on the existence of an unique rank-r solution to (5.12)).

'The cardinality of non-zero entries, which strictly speaking is not a norm.
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Figure 5.2: Exact recovery with increasing number of random observations. Algo-
rithms (random initialization) are evaluated on 100 randomly generated rank-4 matrices of
dimension 100 x 100. The number of observed entries increases from 0 to 50n. To account
for small numerical error, the result is considered “exact recovery” if the RMSE of the re-
covered entries is smaller than 10~2. On the left, CVX [66], TFOCS [11] and APG [134]
(in cyan) solves the nuclear norm based matrix completion (5.4), everything else aims to
solve matrix factorization (3.8). On the right, the best solution of MF across all algorithms
is compared to the CVX solver for nuclear norm minimization (solved with the highest nu-
merical accuracy) and a lower bound (below the bound, the number of samples is smaller
than r for at least a row or a column).

It turns out that if the low-rank matrix is generic, then the unique completability de-
pends only on the support of the observations €2. This suggests that the incoherence and
random sampling assumptions typically required by various nuclear norm minimization
methods may limit the portion of problems solvable by the latter to only a small subset
of those solvable by matrix factorization methods.

Around the same time, Wang and Xu [142] studied the stability of matrix factor-
ization under arbitrary noise. They obtained a stability bound for the optimal solu-
tion of around the ground truth, which turns out to be better than the corre-
sponding bound for nuclear norm minimization in Candes and Plan [21] by a scale of
\/min (m,n) (in Big-O sense). The study however bypassed the practical problem of
how to obtain the global optimal solution for this non-convex problem.

This gap is partially closed by the recent work of Jain et al. [[76], in which the
global minimum of can be obtained up to an accuracy e with O(log 1/¢) iterations
using a slight variation of the ALS scheme. The guarantee requires the observation to

be noiseless, sampled uniformly at random and the underlying subspace of W needs
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to be incoherent—basically all assumptions in the convex approach—ryet still requires
slightly more observations than that for nuclear norm minimization. It does not however
touch on when the algorithm is able to find the global optimal solution when the data is
noisy. Despite not achieving stronger theoretical results nor under weaker assumptions
than the convex relaxation approach, this is the first guarantee of its kind for matrix
factorization. Given its more effective empirical performance, we believe that there is
great room for improvement on the theoretical front. A secondary contribution of the
results in this chapter is to find the potentially “right” algorithm or rather constituent

elements of algorithm for theoreticians to look deeper into.

5.3 Numerical evaluation of matrix factorization methods

To better understand the performance of different methods, we compare the following

attributes quantitatively for all three categories of approaches that solve or 5.9

Sample complexity Number of samples required for exact recovery of random uni-
formly sampled observations in random low-rank matrices, an index typically

used to quantify the performance of nuclear norm based matrix completion.

Hits on global optimal[synthetic] The proportion of random initializations that lead
to the global optimal solution on random low rank matrices with (a) increasing

Gaussian noise, (b) exponentially decaying singular values.

Hits on global optimal[SfM] The proportion of random initializations that lead to the
global optimal solution on the Oxford Dinosaur sequence [19] used in the StM

community.

The sample complexity experiment in Figure [5.2] shows that the best performing
matrix factorization algorithm attains exact recovery with the number of observed en-
tries at roughly 18%, while CVX for nuclear norm minimization needs roughly 36%

(even worse for numerical solvers such as TFOCS and APG). This seems to imply that

' As a reference, we also included nuclear norm minimization that solve (5.4) where applicable.
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Figure 5.3: Percentage of hits on global optimal with increasing level of noise. 5 rank-4
matrices are generated by multiplying two standard Gaussian matrices of dimension 40 x 4
and 4 x 60. 30% of entries are uniformly picked as observations with additive Gaussian
noise N(0,0). 24 different random initialization are tested for each matrix. The “global
optimal” is assumed to be the solution with lowest objective value across all testing algo-
rithm and all initializations.

the sample requirement for MF is fundamentally smaller than that of nuclear norm min-
imization. As MF assumes known rank of the underlying matrix while nuclear norm
methods do not, the results we observe are quite reasonable. In addition, among dif-
ferent MF algorithms, some perform much better than others. The best few of them
achieve something close to the lower boun(ﬂ This corroborates our intuition that MF

is probably a better choice for problems with known rank.

From Figure [5.3] and [5.4] we observe that the following classes of algorithms,
including LM _X series [36]], Wiberg [[108], Non-linear Conjugate Gradient method
(NLCG) [127] and the curvilinear search on Stiefel manifold
(OptManifold [147]) perform significantly better than others in reaching the global op-
timal solution despite their non-convexity. The percentage of global optimal hits from
random initialization is promising even when the observations are highly noisy or when

the condition number of the underlying matrix is very largeﬂ

!The lower bound is given by the percentage of randomly generated data that have at least one column
or row having less than r samples. Clearly, having at least r samples for every column and row is a
necessary condition for exact recovery.

*When o = 3.5 in Figure " singular value is almost as small as the spectral norm of the input
noise.
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Figure 5.4: Percentage of hits on global optimal for ill-conditioned low-rank matrices.
Data are generated in the same way as in Fig. with o = 0.05, except that we further
take SVD and rescale the i*" singular value according to 1/a’. The Frobenious norm is
normalized to be the same as the original low-rank matrix. The exponent « is given on the
horizontal axis.

The common attribute of the four algorithms is that they are all applied to the model
which parameterize the factor V' as a function of U and then optimize over U
alone. This parameterization essentially reduces the problem to finding the best sub-
space that fits the data. What is slightly different between them is the way they avoid
local minima. OptManifold and NLCG adopt a Strong Wolfe line search that allows the
algorithm to jump from one valley to another with long step sizes. The second order
methods approximate each local neighborhood with a convex quadratic function and
jump directly to the minimum of the approximation, thus rendering them liable to jump
in an unpredictable fashiorﬂ until they reach a point in the basin of convergence where
the quadratic approximation makes sense.

The difference in how the local minima are avoided appears to matter tremendously
on the SfM experiment (see Figure [5.5). We observe that only the second order meth-
ods achieve global optimal solution frequently, whereas the Strong Wolfe line search
adopted by both OptManifold and NLCG does not seem to help much on the real data
experiment like it did in simulation with randomly generated data. Indeed, neither ap-

proach reaches the global optimal solution even once in the hundred runs, though they

! albeit always reducing the objective value due to the search on the Levenberg-Marquadt damping
factor
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Figure 5.5: Accumulation histogram on the pixel RMSE for 100 randomly initialized
runs are conducted for each algorithm on Dinosaur sequence. The curve summarizes how
many runs of each algorithm corresponds to the global optimal solution (with pixel RMSE
1.0847) on the horizontal axis. Note that the input pixel coordinates are normalized to
between [0, 1] for experiments, but to be comparable with [19], the objective value is scaled
back to the original size.

are rather close in quite a few runs. Despite these close runs, we remark that in applica-
tions like SfM, it is important to actually reach the global optimal solution. Due to the
large amount of missing data in the matrix, even slight errors in the sampled entries can
cause the recovered missing entries to go totally haywire with a seemingly good local
minimum (see Figure[5.6). We thus refrain from giving any credit to local minima even

if the RMSEigiple error (defined in (5.13)) is very close to that of the global minimum.

||(PQ(Wrecovered - W) H

vid

Another observation is that LM_GN seems to work substantially better than other

RMSEyisible := (5.13)

second-order methods with subspace or manifold parameterization, reaching global
minimum 93 times out of the 100 runs. Compared to LM_S and LM_M, the only differ-
ence is the use of Gauss-Newton approximation of the Hessian. According to the anal-
ysis in Chen [38]], the Gauss-Newton Hessian provides the only non-negative convex
quadratic approximation that preserves the so-called “zero-on-(n — 1)-D” structure of a
class of nonlinear least squares problems, for which (3.8]) can be formulated. Compared

to the Wiberg algorithm that also uses Gauss-Newton approximation, the advantage of
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(a) Local minimum (b) Global minimum

Figure 5.6: Comparison of the feature trajectories corresponding to a local minimum and
global minimum of @), given partial uncorrupted observations. Note that RMSE,sible =
1.1221pixels in [(a)] and RMSEyigpie = 1.0847pixels in [(b)] The latter is precisely the
reported global minimum in Buchanan and Fitzgibbon [19], Okatani and Deguchi
and Chen [36]. Despite the tiny difference in RMSEigip1e, the filled-in values for missing
data in[(a)) are far off.

LM_GN is arguably the better global convergence due to the augmentation of the LM
damping factor. Indeed, as we verify in the experiment, Wiberg algorithm fails to con-
verge at all in most of its failure cases. The detailed comparisons of the second order
methods and their running time on the Dinosaur sequence are summarized in Table[5.2}
Part of the results replicate that in Chen [36]]; however, Wiberg algorithm and LM_GN
have not been explicitly compared previously. It is clear from the Table that LM_GN is
not only better at reaching the optimal solution, but also computationally cheaper than
other methods which require explicit computation of the Hessiarﬂ

To summarize the key findings of our experimental evaluation, we observe that: (a)
the fixed-rank MF formulation requires less samples than nuclear norm minimization
to achieve exact recovery; (b) the compact parameterization on the subspace, strong
line search or second order update help MF algorithms in avoiding local minima in high
noise, poorly conditioned matrix setting; (c) LM_GN with Gauss-Newton update is able
to reach the global minimum with a very high success rate on a challenging real STM

data sequence.

"Wiberg takes longer time mainly because it sometimes does not converge and exhaust the maximum
number of iterations.
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Proximal Alternating Robust Subspace Minimization for (5.3)

DN Wiberg LM_S LM_M LM_GN
No. of hits at global 2 46 42 32 93
min.
No. of hits on stop- 75 47 99 93 98
ping condition
Average run 324 837 147 126 40
time(sec)
No. of variables (m+n)r (m-r)r mr (m-1)r (m-r)r
Hessian Yes Gauss-Newton Yes Yes Gauss-Newton
LM/Trust Region Yes No Yes Yes Yes
Largest Linear sys- | [(m + n)r]” |Q| x mr mr x mr | [(m—r)r] [(m —r)r]?
tem to solve

Table 5.2: Comparison of various second order matrix factorization algorithms

We remark that while getting global optimal solution is important in applications
like SfM, it is much less important in other applications such as collaborative filtering
and feature learning etc. In those applications, the data set is bigger, but sparser and
noisier and the low-rank model itself may be inaccurate in the first place. Getting a
globally optimal solution may not correspond to a better estimate of unobserved data
(aka smaller generalization error). Therefore, getting a somewhat reasonable solution
really fast and making it online updatable are probably more important priorities. In
this light, incremental algorithms like SimonFunk and GROUSE would be more appro-

priate, despite their inability to attain globally (perhaps even locally) optimal solution.

5.4 Proximal Alternating Robust Subspace Minimization for

(5.3)

Our proposed PARSuMi method for problem (5.3]) works in two stages. It first obtains a
good initialization from an efficient convex relaxation of (3.3]), which will be described
in Section This is followed by the minimization of the low rank matrix W and
the sparse matrix £ alternatingly until convergence. The efficiency of our PARSuMi
method depends on the fact that the two inner minimizations of W and F admit efficient

solutions, which will be derived in Sections and respectively. Specifically,
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in step k, we compute W**1! from

1 _
min S| o (W — W + BV + 21 o (W — w2
w2 2 (5.14)
subjectto rank(W) <,

and E*T1 from

1 _
min L|[H o (W - W + B)|? + 2B - B2
E 2 2 (5.15)
subjectto  ||E|lo < No, ||E|| < Kg, FE € R?;X”,

where H is defined as in (5.2). Note that the above iteration is different from applying
a direct alternating minimization of (5.3). We have added the proximal regularization
terms || H o (W — W¥)||? and |E — E*||? to make the objective functions in the sub-
problems coercive and hence ensuring that W**1 and E**! are well defined. As is
shown in Attouch et al. [3]], the proximal terms are critical to ensure the critical point
convergence of the sequence. We provide the formal critical point convergence proof of

our algorithm in Section[5.4.4]

5.4.1 Computation of W**! in (5.14)

Our solution for (5.14) consists of two steps. We first transform the rank-constrained
minimization (5.14)) into an equivalent (which we will show later) subspace fitting prob-

lem, then solve the new formulation using LM_GN.

Motivated by the findings in Section [5.3] where the most successful algorithms
for solving are based on the formulation (5.9), we will now derive a similar
equivalent reformulation of (5.14). Our reformulation of is motivated by the
N-parametrization of (5.12)) due to Chen [36]], who considered the task of matrix com-

pletion as finding the best subspace to fit the partially observed data. In particular, Chen
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proposes to solve (5.12) using

.1 . .
min {2 Z Wl (I — ;)i
(2

NTN = I} (5.16)

where N is a m X r matrix whose column space is the underlying subspace to be
reconstructed, N; is N but with those rows corresponding to the missing entries in
column ¢ removed. P; = Nz‘NfL is the projection onto span(NV;) with NZ-Jr being the
Moore-Penrose pseudo inverse of IV;, and the objective function minimizes the sum of
squares distance between w; to span(N;), where w; is the vector of observed entries in

the " column of W

5.4.1.1 N-parameterization of the subproblem (5.14)

First define the matrix H € R™*"™ as follows:

_ VITB (i) €
Hij = (5.17)

VAR if (i,5) € Q.

Let B* € R™*" be the matrix defined by
T (Wij — Efy + B1WE) if (i,)) € @

)\/8 k . ..
/7)\+;\51 Wi if (i,7) & .

B, — (5.18)

Define the diagonal matrices ID; € R™*™ to be
D; = diag(H;), i=1,...,n (5.19)

where H; is the ith column of H. It turns out that the N-parameterization for the

regularized problem (5.14) has a similar form as (5.16)), as shown below.

Proposition 5.1 (Equivalence of subspace parameterization). Let Q;(N) = D; N(NTD?N)~!NTD;,

which is the m x m projection matrix onto the column space of D; N. The problem (5.14))
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is equivalent to the following problem:

1 n
m]\l]n f(N):= iz IBf — Qi(N)Bf|?
pa (5.20)

subjectto NTN =1, N e R™*"

where BY is the ith columns of BX. If N, is an optimal solution of (5.20), then W*+1,

whose columns are defined by
W =D Qi(NL)BY, (5.21)

is an optimal solution of (5.14).

Proof. We can show by some algebraic manipulations that the objective function in

(5.14) is equal to
1 = k|2
§HH o W — B¥||* + constant
Now note that we have
{W € R™" | rank(W) <7} = {NC | N e R™*",C ¢ R™*" NTN = I}.
Thus the problem (5.14)) is equivalent to
min{f(N) | NTN =1I,N e R™*"} (5.22)
where
1 k2
f(N) = min g[|H o (NC) — BF||".

To derive (5.20) from the above, we need to obtain f(/N) explicitly as a function of N.
For a given N, the unconstrained minimization problem over C' in f(/N) has a strictly

convex objective function in C, and hence the unique global minimizer satisfies the
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following optimality condition:

NT(HoH)o(NC)) = NT(Ho B*). (5.23)
By considering the ith column C; of C, we get

NTDINC; = NTD,BF, i=1,...,n. (5.24)

Since N has full column rank and D! is positive definite, the coefficient matrix in the

above equation is nonsingular, and hence
C; = (NTD?N)"*NTD; BE.

Now with the optimal C; above for the given IV, we can show after some algebra ma-

nipulations that f (V) is given as in (5.20). O

We can see that when 31 | 0 in (5.20), then the problem reduces to (5.16), with
the latter’s «; appropriately modified to take into account of E¥. Also, from the above
proof, we see that the /N-parameterization reduces the feasible region of W by restrict-
ing W to only those potential optimal solutions among the set of W satisfying the
expression in (5.21). This seems to imply that it is not only equivalent but also advan-
tageous to optimize over IV instead of W. While we have no theoretical justification
of this conjecture, it is consistent with our experiments in Section [5.3| which show the
superior performance of those algorithms using subspace parameterization in finding
global minima and vindicates the design motivations of the series of LM_X algorithms

in Chen [36].

5.4.1.2 LM_GN updates

Now that we have shown how to handle the regularization term and validated the equiv-
alence of the transformation, the steps to solve (5.14)) essentially generalize those of

LM_GN (available in Section 3.2 and Appendix A of Chen [38]]) to account for the gen-
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eral mask H. The derivations of the key formulae and their meanings are given in this

section.

In general, Levenberg-Marquadt solves the non-linear problem with the following

sum-of-squares objective function

L) == Y llvi — fil@)]?, (5.25)

i=1ln

N

by iteratively updating = as follows:
x4 a4+ (JTT+ AN

where J = [J1;...; Jy] is the Jacobian matrix where J; is the Jacobian matrix of f;; r
is the concatenated vector of residual r; := y; — f;(x) for all i, and \ is the damping
factor that interpolates between Gauss-Newton update and gradient descent. We may
also interpret the iteration as a Damped Newton method with a first order approximation

of the Hessian matrix using H ~ J71J.

Note that the objective function of (5.20) can be expressed in the form of (5.25) by

taking z := vec(N), data y; := BY, and function

Proposition 5.2. Let T € R™ ™" be the permutation matrix such that vec(XT) =

Tvec(X) for any X € R™*". The Jacobian of fi(x) = Q;(N)y; is given as follows:
Ji(x) = (Afy:)" @ (I = QD) + [(Dirs)" @ AT, (5.26)

Also JTJ =310 IV T, JTr =30 Jry, where

) =11

JET = (ATyiy!l A) @ (Di(I — Q)D;) + TT[(Direr! ;) ® (AT A;)]T(5.27)

7

Jlr, = Vec(]D)m(A;fryi)T). (5.28)

(2
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In the above, ® denotes the Kronecker product.

Proof. Let A; = D;N(NTD?N)~1. Given sufficiently small § N, we can show that the

directional derivative of f; at IV along é NV is given by
fI(N+0N) = (I -Q)Di0NAy; + ASNTD;r;.
By using the property that vec(AX B) = (BT ® A)vec(X), we have

vee(f{(N +N)) = [(ATy)T @ (I — Qi)Dy)Jvec(5N)

+[(Dr:)T @ Ag]vec(SNT)

From here, the required result in (5.26)) follows.

To prove (5.27), we make use the following properties of Kronecker product: (A ®
B)(C ® D) = (AC) ® (BD) and (A ® B)T = AT @ BT. By using these properties,
we see that JiT J; has 4 terms, with two of the terms contain the Kronecker products
involving D; (I — Q;)A,; or its transpose. But we can verify that Q;A; = A; and hence
those two terms become 0. The remaining two terms are those appearing in after

using the fact that (I — Q;)? = I — Q;. Next we prove (5.28). We have
I i = vee(Di(I — Qi)ri(A yi)") + T vee(A] rir] i)

7

By noting that A;fpri = 0 and Q;r; = 0, we get the required result in (5.28). O

The complete procedure of solving (5.14) is summarized in Algorithm|I]

5.4.2 Sparse corruption recovery step (5.15)

In the sparse corruption step, we need to solve the {yg-constrained least squares mini-
mization (5.13)). This problem is combinatorial in nature, but fortunately, for our prob-

lem, we show that a closed-form solution can be obtained. Let x := P (FE). Observe
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Algorithm 1 Leverberg-Marquadt method for (5.14)

Input: W, Ek W* Q, objective function £(z) and initial N*; numerical parameter
A p> 1
Initialization: Compute y; = Bf‘ fori =1,...,n, and 20 = vec(N*), j = 0.
while not converged do
1. Compute J'r and J7J using (5.28) and(5.27).
2. Compute Az = (JTJ + AI)~tJTr
while £(z + Az) < L£(z) do
(D) A= pA.
) Az = (JTJ+ X))~ LTy
end while
3.0=\/p.
4. Orthogonalize N = orth[reshape(2’ + Az)].
5. Update 27! = vec(N).
6. Iterate j =5+ 1
end while
Output: N**1 = N, W*+1 using (5.21) with N*+1 replacing N,.

that (5.15) can be expressed in the following equivalent form:
min { |l = b]1* | lallo < No, |l2]]* - K% <0} (5.29)
x

where b = Po(W — WL 4 By EF) /(1 + ).

Proposition 5.3. Let I be the set of indices of the Ny largest (in magnitude) component

of b. Then the nonzero components of the optimal solution x of (5.29) is given by

Kgbr/||br| if[jbr|| > Kg
- (5.30)
by if o7l < K.

Proof. Given a subset I of {1,...,|Q2|} with cardinality at most Ny such that by # 0.
Let J = {1,...,|Q|}\I. Consider the problem (5.29) for 2 € Rl supported on I, we

get the following:

or = min {flr = brl? + by | 2|2 = K3 < 0},
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Algorithm 2 Closed-form solution of (5.15))

Input: W, Wk+l gk Q.
1. Compute b using (5.29).

2. Compute x using (5.30).
Output: £ = B3 ().

which is a convex minimization problem whose optimality conditions are given by
er = by +pxr =0, p(llzr|? = Kz) =0, p>0

where p is the Lagrange multiplier for the inequality constraint. First consider the

case where . > 0. Then we get z; = Kpgb;/||bs

,and 1 + p = ||br]|/KE (hence
|b7]| > Kg). This implies that v; = ||b||> + K% — 2||b7|| K. On the other hand, if

p = 0, then we have 7 = by and v; = ||by||?> = ||b]|? — ||bs||*. Hence

1b]]* + K7, — 2||br|| K if ||br]] > Kg
vr =
[6]1% — |61 if [|bs]] < K.

In both cases, it is clear that v; is minimized if ||b7|| is maximized. Obviously ||by]]
is maximized if I is chosen to be the set of indices corresponding to the Ny largest

components of b. O

The procedure to obtain the optimal solution of is summarized in Algo-
rithm We remark that this is a very special case of ¢y-constrained optimization;
the availability of the exact closed form solution depends on both terms in (3.15]) be-
ing decomposable into individual (7, j) term. In general, if we change the operator
M — HoMin to a general linear transformation (e.g., a sensing matrix in
compressive sensing), or change the norm || - || of the proximal term to some other norm

such as spectral norm or nuclear norm, then the problem becomes NP-hard.
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Algorithm 3 Proximal Alternating Robust Subspace Minimization (PARSuMi)

Input:Observed data /I/I7 sample mask 2, parameter r, N. Initialization W and E°
(typically by Algorithm [5|described in Section[5.4.5)), & = 0.

repeat
1. Solve (5.14) using Algorithm with ¥, E¥,N*, obtain updates W**! and
Nk+1

2. Solve (5.13) using Algorithm 2] with W*+1, E¥ obtain updates E*+1.
until |[WETL — WF|| < ||W¥|| - 1076 and | E*! — E¥|| < ||E¥|| - 1076
Output: Accumulation points W and E

5.4.3 Algorithm

Our Proximal Alternating Robust Subspace Minimization method is summarized in Al-
gorithm [3] Note that we do not need to know the exact cardinality of the corrupted
entries; Ny can be taken as an upper bound of allowable number of corruption. As a
rule of thumb, 10%-15% of || is a reasonable size. The surplus in Ny will only label a
few noisy samples as corruptions, which should not affect the recovery of either W or

E, so long as the remaining |©2| — Ny samples are still sufficient.

5.4.4 Convergence to a critical point

In this section, we show the convergence of Algorithm [3]to a critical point. This critical
point guarantee is of theoretical significance because as far as we know, our critical point
guarantee produces a stronger result compared to the widely used alternating minimiza-
tion or block coordinate descent (BCD) methods in computer vision problems. A rele-
vant and interesting comparison is the Bilinear Alternating Minimization(BALM) [46]
work, where the critical point convergence of the alternating minimization is proven in
Xavier et al. [150]. The proof is contingent on the smoothness of the Stiefel manifold.
In contrast, our proposed proximal alternating minimization framework based on At-
touch et al. [3] is more general in the sense that convergence to a critical point can be
established for non-smooth and non-convex objective functions or constraints.

We start our convergence proof by first defining an equivalent formulation of (5.3))

in terms of closed, bounded sets. The convergence proof is then based on the indicator
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functions for these closed and bounded sets, which have the key lower semicontinuous
property.
Let Ky =2 H/V[7H + K. Define the closed and bounded sets:

W = {WeR™" |rank(W) <r, |HoW| < Ky}
& = {EeRF"[|Elo < No, [[E] < Kg}.
We will first show that (3.3)) is equivalent to the problem given in the next proposition.
Proposition 5.4. The problem (5.3)) is equivalent to the following problem:

min f(W,E) := |H o (W + E - W)|?
(5.31)
st. WeW,EcE.

Proof. Observe the only difference between (5.3) and (5.31) is the inclusion of the
bound constraint on ||H o W in (5.31). To show the equivalence, we only need to
show that any minimizer (W*, E*) of (5.3]) must satisfy the bound constraint in W. By

definition, we know that
* * 1 = 2

Now for any (W, E)) such that rank(W) < r, E € € and |H o W|| > Ky, we must

have

[Ho(W+E-W)[|>|HoW|—|Ho(E-W)|

> Kw—[[E[ = [W] = [[W].

Hence f(W,E) > %HWHQ = f(0,0). This implies that we must have ||H o W*|| <
K. O

Let X and Y be the finite-dimensional inner product spaces, R"*" and R} ™", re-
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spectively. If we define f : X — RU {o0}, g : Y = R U {oo} to be the following

indicator functions,

0 ifreWw
flx) = ow(z) =

00 otherwise

0 ifyeé
gy) = dely) =

00 otherwise

then we can rewrite (5.31) as the following equivalent problem:

minimize{L(z,y) := f(x) + g(y) + q(,y)} (5.32)

where
1 2
alw,y) = 5l A+ By — |

and A : X — X, B : Y — X are given linear maps defined by A(z) = H o z,
B(y) = Hoy,and c = W. Note that in this case, f are g are lower semicontinuous

since indicator functions of closed sets are lower semicontinuous [[117].

Consider the proximal alternating minimization outlined in Algorithm [4] as pro-
posed in Attouch et al. [3]. The algorithm alternates between minimizing x and y,
but with the important addition of the quadratic Moreau-Yoshida regularization term
(which is also known as the proximal term) in each step. The importance of Moreau-
Yoshida regularization for convex matrix optimization problems has been demonstrated
and studied in Bin et al. [16], Liu et al. [99]], Yang et al. [152]. For our non-convex, non-
smooth setting here, the importance of the proximal term will become clear when we
prove the convergence of Algorithm [ The positive linear maps S and 7" in Algorithm
correspond to (H o H )o and the identity map respectively. Note that our formulation
is slightly more general than that of Attouch et al. [3]] in which the positive linear maps

S and T are simply the identity maps.
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Algorithm 4 Proximal alternating minimization

Imput:(zo,y0) € X x Y
repeat
1. zhtt = argmin{L(a:?yk) + %Hx — azk||%}
2. yF! = argmin{L(z"*1, y) + Zly — v* (13}
until convergence
Output: Accumulation points T and y

In the above, S and T are given positive definite linear maps, and ||z — z¥||% = (z —
¥, S(z —aM)). lly — v*IIF = (v — v T(y — "))

In Attouch et al. [3], the focus is on non-smooth and non-convex problems where
q(z,y) is a smooth function with Lipschitz continuous gradient on the domain {(x,y) |
f(x) < 00,9(y) < oo}, and f and g are lower semicontinuous functions (not nec-
essarily indicator functions) such that L(z,y) satisfy a key property (known as the
Kurdyka-Lojasiewicz (KL) property) at some limit point of {(z*,y*)}. Typically the
KL property can be established for semi-algebraic functions based on abstract mathe-
matical arguments. Once the KL property is established, convergence to a critical point
is guaranteed by virtue of Theorem 9 in Attouch et al. [3]|1_1 The KL property also allows
stronger property to be derived. For example, Theorem 11 gives the rate of convergence,
albeit depending on some constants which are usually not known explicitly.

For our more specialized problem (5.31)), the KL property can also be established,
although the derivation is non-trivial. Here we prefer to present a less abstract and sim-
pler convergence proof. For the benefit of those readers who do not wish to deal with
abstract concepts, Theorem [5.1]is self-contained and does not require the understanding
of the abstract KL property. Our result is analogous to that in Section 3.1 in Attouch
et al. [3]] which proved a weaker form of convergence to a critical point without invoking
the KL property. But note that our proposed algorithm ] involves the more general pos-
itive linear maps (||.||s and ||.||7) in the proximal regularization. We therefore provide
Theorem [5.1] for this more general form of proximal regularization.

There are four parts to Theorem Part(a) establishes the non-increasing mono-

!Thus, the critical point convergence for BALM follows automatically by identifying the Stiefel man-
ifold as a semialgebraic object and therefore satisfying the KL property.
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tonicity of the proximal regularized update. Leveraging on part(a), part(b) ensures the
existence of the limits. Using Part(a), (b) and (c), (d) then shows the critical point

convergence proof.

Theorem 5.1. Let {(z*,y*)} be the sequence generated by Algorithm 4| Then the
following statements hold.

(a) Forall k > 0,

1 9 1 2
§ka+1 — zills + §Hyk+1 —ukl7
(5.33)

< L(zg, yr) — L(Tkt1, Yrr1)

(0) 330 sllwnrn — zull3 + 3llynrr — yillF < oo. Hence limy,_yoq |21 — 2] = 0 =

(c) Let Axpyy = A*B(y"! — oF) — S(zpr — ax) and Aypyy = =T (Y1 — yr)-
Then

(Azpy1, Ayry1) € OL(Thy1, Yrr1) (5.34)

where OL(x,y) denotes the subdifferential of L at (x,vy).

(d) The sequence {(x*,y*)} has a limit point. Any limit point (Z,9) is a stationary

point of the problem (5.31). Moreover, limy_, o, L(xk, yr) = L(Z,y) = infy L(xg, yx)-

Proof. (a) By the minimal property of xx1, we have

1
L(xpt1,yx) + inlHl — x|

1
= (F@ne) + a@rrnve) + 3 lare - 2eld) + glm)

IN

(6 + a6, ) + 5l — ellZ) + g

1
= L&ye) + 5l —mly vEeX (5.35)
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Similarly, by the minimal property of yx1, we have
1 2 1 2
L(zpt1, Y1) + iHka —yllr < L(zgr,m) + §H77 —ykllp  Vm € Y(5.36)

By taking & = zy in (5.33) and n = yy, in (5.36)), we get the required result.

(b) We omit the proof since the results are easy consequences of the result in (a). Note
that to establish limy_, ||zx+1 — zk|| = 0, we used the fact that ||z — xglls — 0

as k — oo, and that S is a positive definite linear operator. Similar remark also applies
to {yk+1 _ yk}
(c) The result in (5.34) follows from the minimal properties of 1 and yx1 in Step 1

and 2 of Algorithm [] respectively.

(d) Because || H oz*|| < Ky and ||y*|| < Kg, the sequence {(2*, y*)} is bounded and

hence it has a limit point. Let (zj/, yx/) be a convergent subsequence with limit (z, ).

From (5.35), we have V £ € X

limsup F o) +a(®.5) < 1) +a(€.7) + 1 €~ 7%

k' —o00

By taking £ = Z, we get lim supys_, . f(xx) < f(Z). Also, we have lim infy o f(xp) >
f(z) since f is lower semicontinuous. Thus limy/_, ., f(xx) = f(Z). Similarly, by us-

ing (5.36), we can show that limy/ o, g(yx) = g(7). As a result, we have
lim L(zp,yw) = L(Z,9).
k'—o0

Since { L(xy, yx) } is a nonincreasing sequence, the above implies that limy oo L(zg, yx) =

L(z,y) = infy, L(zk, yr). Now from (c), we have
(Azp, Ayp) € OL(xpr,ypr), (Azpr,Ayp) — (0,0).

By the closedness property of O L [41, Proposition 2.1.5], we get 0 € L(z, 7). Hence

(z,y) is a stationary point of L. O
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5.4.5 Convex relaxation of (5.3) as initialization

Due to the non-convexity of the rank and ¢y cardinality constraints, it is expected that
the outcome of Algorithm [3]depends on initializations. A natural choice for the initial-

ization of PARSuM i is the convex relaxation of both the rank and £, function:
min {f(W, E) + MWl +A|E|L | W € R E € Rgm} (5.37)

where f(W,E) = 3|H o (W + E - W)

1 2
=3 s

- ||« is the nuclear norm, and X and -y are
regularization parameters.

Problem can be solved efficiently by the quadratic majorization-APG (ac-
celerated proximal gradient) framework proposed by Toh and Yun [134]. At the kth
iteration with iterate (W%, E¥), the majorization step replaces with a quadratic
majorization of f(W, E), so that W and E can be optimized independently, as we shall
see shortly. Let G¥ = (H o H) o (W* 4+ E* + W). By some simple algebra, we have

FOW,B) — FOVE,BY) = J|[H o (W — T + B~ )|

+ (W —W*+ E - EF GF)

IN

W —W*|2+ |E - E¥|?+ (W —-W*+ E— EF GF)

W — W*||2 + ||E — E*||> + constant

where Wk = Wk — G*/2 and EF = E* — G*/2. At each step of the APG method,
one minimizes (5.37) with f(W, E) replaced by the above quadratic majorization. As
the resulting problem is separable in W and E, we can minimize them separately, thus

yielding the following two optimization problems:

1 — A
W*+ = argmin S - W2 + L (5.38)

1 ~
EF = argmin S| E — E¥|* + %HEHl (5.39)

The main reason for performing the above majorization is because the solutions to
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(5.38)) and (5.39) can readily be found with closed-form solutions. For (5.38)), the min-
imizer is given by the Singular Value Thresholding (SVT) operator. For (5.39), the
minimizer is given by the well-known soft thresholding operator [47]. The APG algo-
rithm, which is adapted from Beck and Teboulle [9] and analogous to that in Toh and

Yun [134], is summarized below.

Algorithm 5 An APG algorithm for (5.37))

Input: Initialize W' = W9 =0, EC =E°=0,tg =1,k =0
repeat P
1. Compute G* = (H o H) o (W* + E¥ + W), Wk, E¥.
2. Update W**1 by applying the SVT on W in (538). B
3. Update E**1 by applying the soft-thresholding operator on E* in (5.39).
4. Update tjqq = 5(1+ /1 +483).
5. (Wh+L, Bh+ly = (Wh+L ph+l) 4 ?c—l(wkﬂ — Wk, ERHL _ Bk
k+1
until Convergence
Output: Accumulation points W and E

As has already been proved in Beck and Teboulle [9], the APG algorithm, including
the one above, has a very nice worst case iteration complexity result in that for any given
e > 0, the APG algorithm needs at most O(1//e) iterations to compute an e-optimal
(in terms of function value) solution.

The tuning of the regularization parameters A and + in is fairly straightfor-
ward. For \, we use the singular values of the converged W as a reference. Starting
from a relatively large value of A\, we reduce it by a constant factor in each pass to ob-
tain a W such that its singular values beyond the rth are much smaller than the first r
singular values. For v, we use the suggested value of 1/ \/m from RPCA [27].
In our experiments, we find that we only need a ballpark figure, without having to do a

lot of tuning. Taking A = 0.1 and v = 1/4/max(m, n) serve the purpose well.

5.4.6 Other heuristics

In practice, we design two heuristics to further boost the quality of the convex initial-

ization. These are tricks that allow PARSuMi to detect corrupted entries better and are
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always recommended.

We refer to the first heuristic as “Huber Regression”. The idea is that the quadratic
loss term in our matrix completion step (5.14) is likely to result in a dense spread of es-
timation error across all measurements. There is no guarantee that those true corrupted
measurements will hold larger errors comparing to the uncorrupted measurements. On
the other hand, we note that the quality of the subspace N* obtained from LM_GN is
usually good despite noisy/corrupted measurements. This is especially true when the
first LM_GN step is initialized with Algorithm [5] Intuitively, we should be better off
with an intermediate step, using N k+1 to detect the errors instead of W T1, that is,

keeping N**1 as a fixed input and finding coefficient C' and E simultaneously with

1 —~
minimize =||H o (N*T1C =W + E)|?
E,C 2

(5.40)
subjectto || E|lo < No.
To make it computationally tractable, we relax (5.40) to
o1 =
minimize [ H o (N**1C = W + E)|* + no|| B (5.41)

where 79 > 0 is a penalty parameter. Note that each column of the above problem can
be decomposed into the following Huber loss regression problem (F is absorbed into

the Huber penalty)

minimize Z Huber,, /m, (Hij(<Nk?+1 Cj)i — WZ])) (5.42)

7 i=1

Since N**! is known, can be solved very efficiently using the APG algorithm,
whose derivation is similar to that of Algorithm [5] with soft-thresholding operations on
C and E. To further reduce the Robin Hood effect (that haunts all /; -like penalties) and
enhance sparsity, we may optionally apply the iterative re-weighted Huber minimization
(a slight variation of the method in Candes et al. [31]]), that is, solving (5.42) for l,,q4

iterations using an entrywise weighting factor inversely proportional to the previous
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iteration’s fitting residual. In the end, the optimal columns C}’s are concatenated into

the optimal solution matrix C* of (5.41)), and we set
Wk—‘rl _ Nk+10*.

With this intermediate step between the W step and the FE step, it is much easier for the
FE step to detect the support of the actual corrupted entries.

The above procedure can be used in conjunction with another heuristic that avoids
adding false positives into the corruption set in the E step when the subspace NV has
not yet been accurately recovered. This is achieved by imposing a threshold 7 on the
minimum absolute value of E*’s non-zero entries, and shrink this threshold by a factor
(say 0.8) in each iteration. The “Huber regression” heuristic is used only when n > 7,
and hence only in a very small number of iteration before the support of £ has been
reliably recovered. Afterwards the pure PARSuMi iterations (without the Huber step)
will take over, correct the Robin Hood effect of Huber loss and then converge to a high
quality solution.

Note that our critical point convergence guarantee in Section is not hampered
at all by the two heuristics, since after a small number of iterations, n < ng and we

come back to the pure PARSuMi.

5.5 Experiments and discussions

In this section, we present the methodology and results of various experiments designed
to evaluate the effectiveness of our proposed method. The experiments revolve around
synthetic data and two real-life datasets: the Oxford Dinosaur sequence, which is rep-
resentative of data matrices in SfM works, and the Extended YaleB face dataset [91]],
which we use to demonstrate how PARSuMi works on photometric stereo problems.
In the synthetic data experiments, our method is compared with the state-of-the-art
algorithms for the objective function in (5.10) namely Wiberg ¢; [58]] and GRASTA
[71]. ALP and AQP [80] are left out since they are shown to be inferior to Wiberg ¢;
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in Eriksson and Van Den Hengel [58]. For the sake of comparison, we perform the
experiment on recovery effectiveness using the same small matrices as in Section 5.1 of
Eriksson and Van Den Hengel [38]]. Other synthetic experiments on Gaussian noise and
phase diagram are conducted with more reasonably-sized matrices.

For the Dinosaur sequence, we investigate the quantitative effectiveness by adding
realistic large errors to random locations of the data and checking against the known
ground truth for F, and the qualitative effectiveness by looking at the trajectory plot
which is revealing. We have normalized image pixel dimensions (width and height) to
be in the range [0,1]; all plots, unless otherwise noted, are shown in the normalized
coordinates. For the Extended YaleB, we reconstruct the full scale 3D face shape of all
38 subjects. Since there are no known locations for the corruption, we will carry out a
qualitative comparison with the results of the nuclear norm minimization approach (first
proposed in Wu et al. [149] to solve photometric stereo) and to BALM [46] which is a
factorization method with specific manifold constraints for this problem.

Given the prevalence of convex relaxation of difficult problems in optimization, we
also investigate the impact of convex relaxation as an initialization step. The fact that the
initialization result is much less than desired also serves to vindicate our earlier state-
ment about the relative merits of the nuclear norm minimization and the factorization
approach.

In all our experiments, r is assumed to be known and Ny is set to 1.2 times the true
number of corruptions. In all synthetic data experiments, ~ is fixed as 1/y/mn for the
initialization (3]) and A is automatically tuned using a binary search like algorithm to
find a good point where the (r + 1) singular value of W is smaller than a threshold.
In all real experiments, A is set as 0.2. Our Matlab implementation is run on a 64-bit

Windows machine with a 1.6 GHz Core i7 processor and 4 GB of memory.

5.5.1 Convex Relaxation as an Initialization Scheme

We first investigate the results of our convex initialization scheme by testing on a ran-

domly generated 100 x 100 rank-4 matrix. A random selection of 70% and 10% of the
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Figure 5.7: The Robin Hood effect of Algorithm |5|on detected sparse corruptions FEryit.
Left: illustration of a random selection of detected E vs. true E. Note that the support is
mostly detected, but the magnitude falls short. Right: scatter plot of the detected E against
true E (perfect recovery falls on the y = =z line, false positives on the y-axis and false
negatives on the x-axis).

entries are considered missing and corrupted respectively. Corruptions are generated
by adding large uniform noise between [—1,1]. In addition, Gaussian noise N (0, o)
for 0 = 0.01 is added to all observed entries. From Figure we see that the convex
relaxation outlined in Section [5.4.5 was able to recover the error support, but there is
considerable difference in magnitude between the recovered error and the ground truth,
owing to the “Robin Hood” attribute of £1-norm as a convex proxy of £y. Nuclear norm
as a proxy of rank also suffers from the same woe, because nuclear norm and rank are
essentially the ¢; and £y norm of the vector of singular values respectively. As clearly
illustrated in Figure [5.8] the recovered matrix from Algorithm [5| has smaller first four
singular values and non-zero singular values beyond the fourth. Similar observations

can be made on the results of the Dinosaur experiments, which we will show later.

Despite the problems with the solution of the convex initialization, we find that it is
a crucial step for PARSuMi to work well in practice. As we have seen from Figure
the detected error support can be quite accurate. This makes the E-step of PARSuMi

more likely to identify the true locations of corrupted entries.
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Figure 5.8: The Robin Hood effect of Algorithm |5|on singular values of the recovered
Whnit.. Left: illustration of the first 4 singular values. Note that the magnitude is smaller
than that of the ground truth. Right: The difference of the true and recovered singular values
(first 20). Note that the first 4 are positive and the rest are negative.

5.5.2 Impacts of poor initialization

When the convex initialization scheme fails to obtain the correct support of the error,
the “Huber Regression” heuristic may help PARSuMi to identify the support of the cor-
rupted entries. We illustrate the impact by intentionally mis-tuning the parameters of
Algorithm [5] such that the initial £ bears little resemblance to the true injected cor-
ruptions. Specifically, we test the cases when the initialization fails to detect many of
the corrupted entries (false negatives) and when many entries are wrongly detected as
corruptions (false positives). From Figure we see that PARSuMi is able to recover
the corrupted entries to a level comparable to the magnitude of the injected Gaussian
noise in both experiments. Note that a number of false positives persist in the second
experiment. This is understandable because false positives often contaminate an entire
column or row, making it impossible to recover that column/row in later iterations even
if the subspace is correctly detectecﬂ To avoid such an undesirable situation, we prefer
“false negatives” over “false positives” when tuning Algorithm[5] In practice, it suffices

to keep the initial E relatively sparse.

"We may add arbitrary error vector in the span of the subspace. In the extreme case, all observed
entries in a column can be set to zero.
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Figure 5.9: Recovery of corruptions from poor initialization.

In most of our experiments, we find that PARSuMi is often able to detect the cor-
ruptions perfectly from a simple initializations with all zeros, even without the “Huber
Regression” heuristic. This is especially true when the data are randomly generated with
benign sampling pattern and well-conditioned singular values. However, in challeng-
ing applications such as SfM, a good convex initialization and the “Huber Regression”

heuristic are always recommended.

5.5.3 Recovery effectiveness from sparse corruptions

For easy benchmarking, we use the same synthetic data in Section 5.1 of Eriksson
and Van Den Hengel [58]] to investigate the quantitative effectiveness of our proposed
method. A total of 100 random low-rank matrices with missing data and corruptions
are generated and tested using PARSuMi, Wiberg ¢; and GRASTA.

In accordance with Eriksson and Van Den Hengel 58], the ground truth low rank
matrix Weounduth € R™ ", m = 7,n = 12,r = 3, is generated as Wroundtrun =
UVT, where U € R™*",V € R™ " are generated using uniform distribution, in the
range [-1,1]. 20% of the data are designated as missing, and 10% are added with cor-
ruptions, both at random locations. The magnitude of the corruptions follows a uniform

distribution [—5,5]. Root mean square error(RMSE)is used to evaluate the recovery
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Figure 5.10: A histogram representing the frequency of different magnitudes of RMSE in
the estimates generated by each method.
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Out of the 100 independent experiments, the number of runs that returned RMSE values

RMSE := (5.43)

of less than 5 are 100 for PARSuMi, 78 and 58 for Wiberg ¢; (with two different initial-
izations) and similarly 94 and 93 for GRASTA. These are summarized in Figure
We see that our method has the best performance. Wiberg ¢; and GRASTA performed
similarly, though GRASTA converged to a reasonable solution more often. In addition,
our convex initialization improves the results of Wiberg ¢; and GRASTA, though not

significantly.

5.5.4 Denoising effectiveness

An important difference between our method and the algorithms that solve (e.g.,
Wiberg /1) is the explicit modelling of Gaussian noise. We set up a synthetic rank-4 data
matrix of size 40 x 60, with 50% missing entries, 10% sparse corruptions in the range
[—5, 5], and Gaussian noise N(0, o) with standard deviation o in the range [0,0.2]. The
amount of missing data and corruptions are selected such that both Wiberg ¢; and PAR-
SuMi can confidently achieve exact recovery in noise-free scenario. We also adapt the

oracle lower bound from Candes and Plan [21]] to represent the theoretical limit of re-
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Figure 5.11: Effect of increasing Gaussian noise: PARSuMi is very resilient while
Wiberg /1 becomes unstable when noise level gets large. GRASTA is good when noise
level is high, but not able to converge to a good solution for small o even if we initialize it
with Algorithm 3}

covery accuracy under noise. Our extended oracle bound under both sparse corruptions

and Gaussian noise is:

RMSEyrqce = 0 (5.44)

where p is the number of observed entries and e is the number of corruptions in the

observations.

We see from Figure that under such conditions, Wiberg ¢; is able to tolerate
small Gaussian noise, but becomes unstable when the noise level gets higher. In con-
trast, since our method models Gaussian noise explicitly, the increasing noise level has
little impact. In particular, our performance is close to the oracle bound. Moreover,
we observe that GRASTA is not able to achieve a high quality recovery when the noise

level is low, but becomes near optimal when ¢ gets large.

Another interesting observation is that Wiberg ¢; with convex relaxation as initial-
ization is more tolerant to the increasing Gaussian noise. This could be due to the better

initialization, since the convex relaxation formulation also models Gaussian noise.
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5.5.5 Recovery under varying level of corruptions, missing data and noise

The experiments conducted so far investigate only specific properties. To gain a holistic
understanding of our proposed method, we perform a series of systematically parame-
terized experiments on 40 x 60 rank-4 matrices (with the elements of the factors U, V'
drawn independently from the uniform distribution on [—1, 1]), with conditions ranging
from 0-80% missing data, 0-20% corruptions of range [-2,2], and Gaussian noise with
o in the range [0,0.1]. By fixing the Gaussian noise at a specific level, the results are
rendered in terms of phase diagrams showing the recovery precision as a function of
the missing data and outliers. The precision is quantified as the difference between the
recovered RMSE and the oracle bound RMSE. As can be seen from Figure our
algorithm obtains near optimal performance at an impressively large range of missing
data and outlier at o = 0.01[1]

For comparison, we also displayed the phase diagram of our convex initialization

in Figure |5.12(b)| and that for GRASTA from two different initialization schemes in

Figure [5.12(c) and [5.12(d), Wiberg ¢; is omitted because it is too slow. Without the

full non-convex machinery, the relaxed version is not able to reconstruct the exact ma-
trix. Its RMSE value grows substantially with the increase of missing data and outliers.
GRASTA is also incapable of denoising and cannot achieve a high-precision recovery

result even when there is neither missing nor corrupted data (at the top left corner).

5.5.6 SfM with missing and corrupted data on Dinosaur

In this section, we apply PARSuM i to the problem of SfM using the Dinosaur sequence
and investigate how well the corrupted entries can be detected and recovered in real
data.

To simulate data corruptions arising from wrong feature matches, we randomly add

sparse error of the range [—2,2 to 1% of the sampled entries. This is a more realistic

'The phase diagrams for other levels of noise look very much like Figure we therefore did not
include them.

*In SfM data corruptions are typically matching failures. Depending on where true matches are, error
induced by a matching failure can be arbitrarily large. If we constrain true match to be inside image frame
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Figure 5.12: Phase diagrams (darker is better) of RMSE with varying proportion of miss-
ing data and corruptions with Gaussian noise o = 0.01 (roughly 10 pixels in a 1000 x 1000
image).

(and much largelﬂ) definition of outliers for STM compared to the [-50,50] pixel range
used to evaluate Wiberg ¢; in Eriksson and Van Den Hengel [58]. In fact, both algo-
rithms work almost perfectly under the condition given in Section 5.2 of Eriksson and
Van Den Hengel [58]]. An evaluation on larger corruptions helps to show the differing
performance under harsher condition.

We conducted the experiment 10 times each for PARSuMi, Wiberg ¢; (with SVD
initialization) and GRASTA (random initialization as recommended in the original pa-

per) and count the number of times they succeed. As there are no ground truth to com-

[0, 1](which is often not the case), then the maximum error magnitude is 1. We found it appropriate to at
least double the size to account for general matching failures in SfM, hence [—2, 2].

11-50,50] in pixel is only about [-0.1,0.1] in our normalized data, which could hardly be regarded as
“gross” corruptions.
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PARSuMi Wiberg 41 GRASTA
No. of success 9/10 0/10 0/10

Run time (mins): | 2.2/2.9/5.2 | 76/105/143 | 0.2/0.5/0.6
min/avg/max

Min RMSE (original 1.454 2.715 229
pixel unit)
Min RMSE exclud- 0.3694 1.6347 21.73

ing corrupted entries

Table 5.3: Summary of the Dinosaur experiments. Note that because there is no ground
truth for the missing data, the RMSE is computed only for those observed entries as in
Buchanan and Fitzgibbon [19].

pare against, we cannot use the RMSE to evaluate the quality of the filled-in entries.
Instead, we plot the feature trajectory of the recovered data matrix for a qualitative
judgement. As is noted in Buchanan and Fitzgibbon [19]], a correct recovery should
consist of all elliptical trajectories. Therefore, if the recovered trajectories look like that
in Figure[5.6(b), we count the recovery as a success.

The results are summarized in Table [5.3] Notably, PARSuMi managed to cor-
rectly detect the corrupted entries and fill in the missing data in 9 runs while Wiberg ¢;
and GRASTA failed on all 10 attempts. Typical feature trajectories recovered by each
method are shown in Figure[5.13] Note that only PARSuM i is able to recover the ellip-
tical trajectories satisfactorily.

For comparison, we also include the input (partially observed trajectories) and the

results of our convex initialization in Figure[5.13(a) and[5.13(b)|respectively. Due to the

Robin Hood attribute of nuclear norm, the filled-in trajectories of the convex relaxation
has a significant bias towards smaller values (note that the filled-in shape tilts towards
the origin). This is because nuclear norm is not as magnitude insensitive as the rank
function. Smaller filled-in data usually lead to a smaller nuclear norm.

Another interesting and somewhat surprising finding is that the result of PARSuMi
is even better than the global optimal solution for data containing supposedly no corrup-
tions (and thus can be obtained with {5 method) (see Figure which is obtained
under no corruptions in the observed data)! In particular, the trajectories are now closed.

The reason becomes clear when we look at Figure [5.14(b)l which shows two large

spikes in the vectorized difference between the artificially injected corruptions and the
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Figure 5.13: Comparison of recovered feature trajectories with different methods. It is
clear that under dense noise and gross outliers, neither convex relaxation nor ¢, error mea-
sure yields satisfactory results. Solving the original non-convex problem with [(b) as an
initialization produces a good solution.

recovered corruptions by PARSuMi. This suggests that there are hitherto unknown cor-
ruptions inherent in the Dinosaur data. We trace the two large ones into the raw images,
and find that they are indeed data corruptions corresponding to mismatched feature
points from the original dataset (see Figure [5.15)); our method managed to recover the

correct feature matches (left column of Figure [5.15).

The result shows that PARSuMi recovered not only the artificially added errors,
but also the intrinsic errors in the data set. In Buchanan and Fitzgibbon [19], it was
observed that there is a mysterious increase of the objective function value upon closing
the trajectories by imposing orthogonality constraint on the factorized camera matrix.
Our discovery of these intrinsic tracking errors explained this matter evidently. It is also

the reason why the /o-based algorithms find a global minimum solution that is of poorer
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Figure 5.14: Sparse corruption recovery in the Dinosaur experiments: The support of all
injected outliers are detected by Algorithm [3] (see [(a)), but the magnitudes fall short by
roughly 20% (see [(b)). Algorithm [3]is able to recover all injected sparse errors, together
with the inherent tracking errors in the dataset (see the red spikes in .

quality (trajectories fail to close loop).
To complete the story, we generated the 3D point cloud of Dinosaur with the com-
pleted data matrix. The results viewed from different directions are shown in Fig-

ure

5.5.7 Photometric Stereo on Extended YaleB

Another intuitive application for PARSuMi is photometric stereo, a problem of recon-

structing the 3D shape of an object from images taken under different lighting con-
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(b) Zoom-in view: recovered matching error in frame 15

Figure 5.15: Original tracking errors in the Dinosaur data identified (yellow box) and
corrected by PARSuMi (green box with red star) in frame 13 feature 86 [(a)]and frame 15
feature 144[(b)}

ditions. In the most ideal case of Lambertian surface model (diffused reflection), the
intensity of each pixel is proportional to the inner product of the surface normal 7 as-
sociated with the pixel and the lighting direction [ of the light source. This leads to the

matrix factorization model

[, Il = p ( Lili ... Lyl ) = pAT B, (5.45)

T
Qplp

where I; represents the vectorized greyscale image taken under lighting j, p is the
Lambertian coefficient, «; is the albedo of a pixel 4, and L; is the light intensity in
image j. The consequence is that the data matrix obtained by concatenating vectorized

images together is of rank 3.

Real surfaces are of course never truly Lambertian. There are usually some local-
ized specular regions appearing as highlights in the image. Moreover, since there is no
way to obtain a negative pixel value, all negative inner products will be observed as
zero. This is the so-called attached shadow. Images of non-convex object often also
contain cast shadow, due to the blocking of light path. If these issues are teased out,
then the seemingly naive Lambertian model is able to approximate many surfaces very

well.

Wu et al. [149] subscribed to this low-rank factorization model in (5.43) and pro-

posed to model all dark regions as missing data, all highlights as sparse corruptions and
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Figure 5.16: 3D point cloud of the reconstructed Dinosaur.

then use a variant of RPCA (identical to (5.6)) to recover the full low-rank matrix. The
solution however is only tested on noise-free synthetic data and toy-scale real examples.
Del Bue et al. [46] applied their BALM on photometric stereo too, attempting on both
synthetic and real data. Their contribution is to impose the normal constraint of each
normal vector during the optimization. Del Bue et. al. also propose using a sophisti-
cated inpainting technique to initialize the missing entries in the image, which is likely
to improve the chance of BALM converging to a good solution. Later we will provide a
qualitative comparison of the results obtained by BALM, our convex initialization and
PARSuMi. Note that the method in Wu et al. [[149] is almost the same as our initializa-
tion, except that it does not explicitly handle noise. Since they have not released their
source code, we will simply use Algorithm [5] to demonstrate the performance of this

type of convex relaxation methods.

Methodology: To test the effectiveness of PARSuMi on full scale real data, we run
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through all 38 subjects in the challenging Extended YaleB face database. The data ma-
trix for each subject is a 32256 x 64 matrix where each column represents a vectorized
x X y image and each row gives the intensities of a particular pixel across all 64 lighting
conditions. After setting the shadow and highlight as missing data by thresholdingﬂ
about 65% of the data are observed, with the sampling distribution being rather skewed
(for some images, only 5-10% of the pixels are measured). In addition, subjects tend
to change facial expressions in different images and there are some strange corruptions
in the data, hence jeopardizing the rank-3 assumption. We model these unpredictable

issues as sparse corruptions.

(a) Cast shadow and attached shadow are recovered. Re- (b) Facial expressions are set to normal.
gion of cast shadow is now visible, and attached shadow
is also filled with meaningful negative values.

(c) Rare corruptions in image acquisition are recovered. (d) Light comes from behind (negative 20 degrees to the
horizontal axis and 65 degrees to the vertical axis).

Figure 5.17: Illustrations of how PARSuMi recovers missing data and corruptions. From
left to right: original image, input image with missing data labeled in green, reconstructed
image and detected sparse corruptions.

Results: PARSuMi is able to successfully reconstruct the 3D face of all 38 subjects
with little artifacts. An illustration of the input data and how PARSuMi recovers the
missing elements and corruptions are shown in Figure and the reconstruction of
selected faces across genders and ethnic groups are shown in Figure [5.18] We remark
that the results are of high precision and even the tiny wrinkles and moles on the faces
can be observed. Furthermore, we attach the results of all 64 images of Subject 10 in

the Appendix (Figure[D.T)) for further scrutiny by interested readers.

'In our experiment, all pixels with values smaller than 20 or greater than 240 are set as missing data.
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Figure 5.18: The reconstructed surface normal and 3D shapes for Asian (first row), Cau-
casian (second row) and African (third row), male (first column) and female (second col-
umn), in Extended YaleB face database.(Zoom-in to look at details)

We compare PARSuMi, BALM and our convex initialization using Subject 3 in the
YaleB dataset since it was initially used to evaluate BALM in Del Bue et al. [@]ﬂ
The results are qualitatively compared in Figure[5.19] As we can see, both BALM and
Algorithm [5| returned obvious artifact in the recovered face image, while PARSuMi’s
results looked significantly better. The difference manifests itself further when we take
the negative of the recovered images by the three algorithms (see Figure [5.19(c)). From
(5.43), it is clear that taking negative is equivalent to inverting the direction of lighting.
The original lighting is —20° from the left posterior and 40° from the top, so the in-
verted light should illuminate the image from the right and from below. The results in
Figure clearly show that neither BALM nor Algorithm [5]is able to recover the
missing data as well as PARSuMi. In addition, we reconstruct the 3D depth map with
the classic method by Horn [73]] and show the side face in Figure [5.19(d)] The shape
from PARSuMi reveals much richer depth information than those from the other two

algorithms, whose reconstructions appear flattened.

"The authors claimed that it is Subject 10 [46], Figure 9], but careful examination of all faces shows
that it is in fact Subject 3.
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(d) Comparison of reconstructed 3D surface (albedo rendered)

Figure 5.19: Qualitative comparison of algorithms on Subject 3. From left to right, the
results are respectively for PARSuMi, BALM and our convex initialization. In|[(a)]and
they are preceded by the original image and the image depicting the missing data in green.

5.5.8 Speed

The computational complexity of PARSuMi is cheap for some problems but not for
others. Since PARSuMi uses LM_GN for its matrix completion step, the numerical cost
is dominated by either solving the linear system (J7.J + AI)§ = Jr which requires
the Cholesky factorization of a potentially dense mr X mr matrix, or the computation
of J which requires solving a small linear system of normal equation involving the
m x r matrix N for n times. As the overall complexity of O(max(m?r3, mnr?))

scales merely linearly with number of columns n but cubic with m and r, PARSuMi
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is computationally attractive when solving problems with small m and r, and large n,
e.g., photometric stereo and SfM (since the number of images is usually much smaller
than the number of pixels and feature points). However, for a typical million by million
data matrix as in social networks and collaborative filtering, PARSuMi will take an
unrealistic amount of time to run.

Experimentally, we compare the runtime between our algorithm and Wiberg ¢;
method in our Dinosaur experiment in Section [5.5.6] We see from Table [5.3] that there
is a big gap between the speed performance. The near 2-hour runtime for Wiberg ¢;
is discouragingly slow, whereas ours is vastly more efficient. On the other hand, as an
online algorithm, GRASTA is inherently fast. Examples in He et al. [[71]] show that it
works in real time for live video surveillance. However, our experiment suggests that
it is probably not appropriate for applications such as SfM, which requires a higher
numerical accuracy.

We note that PARSuMi is currently not optimized for computation. Speeding up
the algorithm for application on large scale dataset would require further effort (such
as parallelization) and could be a new topic of research. For instance, the computation
of Jacobians J; and evaluating objective function can be easily done in parallel and
the Gauss-Newton update (a positive definite linear system of equations) can be solved
using the conjugate gradient method; hence, we do not even need to store the matrix in
memory. Furthermore, since PARSuMi seeks to find the best subspace, perhaps using
only a small portion of the data columns is sufficient. If the subspace is correct, the
rest of the columns can be recovered in linear time with our iterative reweighted Huber
regression technique (see Section[5.4.6). A good direction for future research is perhaps

on how to choose the best subset of data to feed into PARSuM.i.

5.6 Chapter Summary

In this chapter, we have presented a practical algorithm (PARSuMi) for low-rank ma-

trix completion in the presence of dense noise and sparse corruptions. Despite the
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non-convex and non-smooth optimization formulation, we are able to derive a set of
update rules under the proximal alternating scheme such that the convergence to a crit-
ical point can be guaranteed. The method was tested on both synthetic and real life
data with challenging sampling and corruption patterns. The various experiments we
have conducted show that our method is able to detect and remove gross corruptions,
suppress noise and hence provide a faithful reconstruction of the missing entries. By
virtue of the explicit constraints on both the matrix rank and cardinality, and the novel
reformulation, design and implementation of appropriate algorithms for the non-convex
and non-smooth model, our method works significantly better than the state-of-the-art
algorithms in nuclear norm minimization, £ matrix factorization and ¢; robust matrix

factorization in real life problems such as SfM and photometric stereo.

Moreover, we have provided a comprehensive review of the existing results pertain-
ing to the “practical matrix completion” problem that we considered in this chapter. The
review covered the theory of matrix completion and corruption recovery, and the theory
and algorithms for matrix factorization. In particular, we conducted extensive numer-
ical experiments which reveals (a) the advantages of matrix factorization over nuclear
norm minimization when the underlying rank is known, and (b) the two key factors that
affect the chance of /2-based factorization methods reaching global optimal solutions,
namely “subspace parameterization” and “Gauss-Newton” update. These findings pro-
vided critical insights into this difficult problem, upon the basis which we developed

PARSuMi as well as its convex initialization.

The strong empirical performance of our algorithm calls for further analysis. For
instance, obtaining the theoretical conditions for the convex initialization to yield good
support of the corruptions should be plausible (following the line of research discussed
in Section [5.2.1), and this in turn guarantees a good starting point for the algorithm
proper. Characterizing how well the following non-convex algorithm works given such
initialization and how many samples are required to guarantee high-confidence recovery

of the matrix remain open questions for future study.

Other interesting topics include finding a cheaper but equally effective alternative
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to the LM_GN solver for solving (5.20)), parallel/distributed computation, incorporating
additional structural constraints, selecting optimal subset of data for subspace learning
and so on. Step by step, we hope this will eventually lead to a practically working robust

matrix completion algorithm that can be confidently embedded in real-life applications.
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Chapter 6

Conclusion and Future Work

This thesis investigates the problem of robust learning with two prevalent low-dimensional
structures: low-rank subspace model and the union-of-subspace model. The results are
encouraging in both theoretical and algorithmic fronts. With the well-justified robust-
ness guarantee, the techniques developed in this thesis can often be directly applied to
real problems, even under considerable noise and model inaccuracy. In this chapter,
we briefly summarize the contribution of the thesis and then list the open questions for

future research.

6.1 Summary of Contributions

In Chapter [2] and [3] we considered two empirically working yet theoretically unsup-
ported methods, matrix factorization and the noisy variant of SSC. By rigorous analysis
of each method with techniques in compressive sensing, convex optimization, and statis-
tical learning theory, we are able to understand their behaviors under noise/perturbations
hence justify their good performance on real data. Furthermore, the results clearly iden-
tifies the key features of the problems that can be robustly solved and those that are
more sensitive to noise thereby providing guidelines to practitioners, in particular, in
designing collaborative filtering systems or doing clustering analysis of high dimen-

sional data. In the context of machine learning, the main result in Chapter [2 can be
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considered a generalization bound with natural implication on sample complexity (how
many iid observations are needed).

In Chapter ] we proposed a method that build upon the two arguably most success-
ful subspace clustering methods (LRR and SSC). We demonstrated that their advantages
can be combined but not without some tradeoff. The ¢; penalty induces sparsity not only
between classes but also within each class, while the nuclear norm penalty in general
promotes a dense connectivity in both instances too. Interestingly, the analysis suggests
that perfect separation can be achieved whenever the weight on ¢; norm is greater than
the threshold, thus showing that the best combination in practice is perhaps not the pure
SSC or LRR but is perhaps a linear combination of them, i.e., LRSSC.

In Chapter[5] we focused on modelling and corresponding non-convex optimization
for the so-called “Practical Matrix Completion” problem. It is related to Chapter [2|in
that it seeks to solve a fixed rank problem. The problem is however much harder due
to the possible gross corruptions in data. Our results suggest that the explicit modelling
of PARSuMIi provides substantial advantages in denoising, corruption recovery and in
learning the underlying low-rank subspace over convex relaxation methods. At a point
where the nuclear norm and ¢;-norm approaches are exhausting their theoretical chal-
lenges and reaching a bottleneck in practical applications, it may be worthwhile for the

field to consider an alternate path.

6.2 Open Problems and Future Work

The works in this thesis also point to a couple of interesting open problems. These could

be the future directions of research.

Theoretical foundation for matrix factorization

We studied the robustness of matrix factorization in Chapter[2]and showed that its global
optimal solution has certain desirable properties, the most daunting problem: under

what conditions the global optimal solution can be obtained and how to obtain it is still
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an open question.

As a start, Jain et al. [76] analyzed the performance of ALS for the noiseless case,
but there is an apparent gap between their assumptions and what empirical experiments
showed. In particular, our evaluation in Section [5.3] suggests that ALS may not be
the best approach for solving MF. Further improvement on the conditions in [76] and
to allow for noise are clearly possible and should reveal good tricks to improve the

performance of MF in practical problems.

Graph connectivity and missing data in subspace clustering

For the problem of subspace clustering, our results for LRSSC guarantee self-expressiveness
at points when the solution is intuitively and empirically denser than SSC, yet there is
still a gap in quantifying the level of connection density and in showing how dense a

connectivity would guarantee that each block is a connected-body.

Missing data is another problem for subspace clustering techniques that exploit the
intuition of self-expressiveness (SSC and LRR). A sampling mask like matrix comple-
tion in the constraint essentially makes the problem non-convex. Eriksson et al. [59]
proposed the first provable algorithm for the missing data problem in subspace cluster-
ing using a bottom-up nearest neighbor-based approach, however require an unrealistic
number of samples for each subspace, which could hardly be met in practice due to time
and budget constraints. Advances on this missing data problem could potentially lead
to immediate applications in the community clustering of social networks and motion

segmentation in computer vision.

What we find interesting in this thesis is that we can use the same techniques (with
minor adaptations) for simple structures like low-rank and sparsity to devise solutions
for more sophisticated structures such as union-of-subspace model. Therefore, the key
elements for solving the connectivity problem and missing data problem are probably

already out there in the literature awaiting discovery.
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General manifold clustering problem

From a more general point of view, the subspace clustering problem can be considered
a special case of the manifold clustering problem. Is is possible to provably cluster
data on general manifolds using the same intuition of “self-expressiveness” and with
convex optimizatiorﬂ? On the other hand, could the rich topological structures of some
manifolds (see [3]]) be exploited in the problem of clustering?

This direction may potentially result in a uniform theory of clustering and unsuper-
vised learning and go well beyond the current solutions such as k-means and spectral

clustering [5]].

Scalability for the big data: algorithmic challenges

As we have shown in this thesis, exploiting the low-dimensional structures is the key to
gain statistical tractability for big and high dimensional data. It remains a computational
challenge to actually solve these structure learning problems for internet-scale data in a
reasonable amount of time.

Proposals such as matrix completion/RPCA as well as Lasso-SSC and LRSSC in-
troduced in this thesis are typically just a convex optimization formulation. While one
can be solved them in polynomial time with off-the-shelf SDP solvers, large-scale appli-
cations which often requires linear or even sub-linear runtime. Our proposed numerical
solvers for our methods (ADMM algorithms for Matrix-Lasso-SSC in Chapter |3 and
LRSSC in Chapter @) could scale up for data matrices in the scale of tens of thousands,
but is still considered impropriate for problems in the scale of millions and billions as
described in the very beginning of this thesis.

It is therefore essential to adopt techniques such as divide-and-conquer for batch
processing and incremental updates that minimizes memory cost. The algorithmic and
theoretical challenge is to design large-scale extensions that can preserve the robustness
and other good properties of the original methods. Results in this front will naturally

attract avid attention in the emerging data industry.

"Elhamifar and Vidal [55] explored this possibility with some empirical results.
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Appendix A

Appendices for Chapter 2

A.1 Proof of Theorem 2.2 Partial Observation Theorem

In this appendix we prove Theorem [2.2] The proof involves a covering number argu-
ment and a concentration inequality for sampling without replacement. The two lemmas

are stated below.

Lemma A.1 (Hoeffding Inequality for Sampling without Replacement [[118]]). Let X =
[X1, ..., X,] be a set of samples taken without replacement from a distribution {x1, ...z }

. A A .
of mean u and variance 02. Denote a £ max; x; and b £ min; x;. Then we have:

1 @ 2nt?
Pr(l= >~ Xi—ul > 1) < 2exp(~ o

=1 (1_%)(5—@2)' (A.D)

Lemma A.2 (Covering number for low-rank matrices of bounded size). Let S, = {X €
R™MX"2 : rank(X) < r, || X||p < K}. Then there exists an e-net S, for the Frobenius

norm obeying

[Sr(e)] < (9K fe)tratr,

This Lemma is essentially the same as Lemma 2.3 of [23]], with the only difference
being the range of || X ||r: instead of having | X ||z = 1, we have | X||r < K. The

proof is given in the next section of Appendix.
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Proof of Theorem[2.2] Fix X € S,. Define the following to lighten notations

_ L
]

u(X) = X~ VE = (£(X)*

(X) |Pa(X = Y)|I% = (£(X))?,

Notice that {(Xl — ﬁ-j)Q} ~form a distribution of nm elements, w is its mean, and @
ij

is the mean of |(2| random samples drawn without replacement. Hence, by Lemma

(A2)

mn 2
Pr(la(X) — u(X)| > t) < 2exp (_ 2|Qmnt >

(mn — Q| + 1) M?

where M £ max;;(X;; — }/;ij)g < 4Kk2. Apply union bound over all X € S,(e), we

have

. > 5 2|Qmnt?
Pr( sup |a(X)—u(X)| >1t) <2|5.(e exp(— >
(1 [03) = u(X)] > 1) <28l (-~

Equivalently, with probability at least 1 — 2 exp (—n).

sup |a<5<>—u<f<>rs\/Af<n+log|ér<e>|>( ]

XeS,(e) [Q  mn " mn|Q

Notice that || X || p < y/mnk. Hence substituting Lemmainto the equation, we get:

sup (X)) — u(X)
XeSr(e)

M2 Oky/mn\ (1 1 1o\]E
<[ (rromansirion®22) (- v )| e

where we define £(€2) for convenience. Recall that a(X) = (£(X))? and u(X) =

(L£(X))2. Notice that for any non-negative a and b, a®> + b> < (a + b)?. Hence the
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following inequalities hold for all X € S,.(e):

which implies

sup [£(X) = £(X)| < VE(9Q).

XeS,
To establish the theorem, we need to relate S, and ST(E). For any X € S, there exists
c(X) € S,(¢) such that:

X —c(X)lr <6 [[Pa(X —c(X))|r <&

which implies,

1 ‘ ~
) =—= X =Y|Fr —[le(X) - YIF‘<
— \ |

L(X) - (X =V)||r = [[Pale(X) = Y)|r| < :
1£(X) = Lol m\m )l = | Pae(X) >||F\_m
Thus we have,

sup [£(X) = £(X)|

XeSy

< sup {I1L(X) = £(e(X))| + [£(e(X)) = LX) + £ (e(2)) = £(e(X))]}

XesS,

+ et sup L (X)) — £(e(X)
S i 2 00 0= g e VRO
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Substitute in the expression of £(€2) and take € = 9k, we have,

r € 22nrlo n/e 1
sup |£(X) = £(X)| <2— + <M21g(9’f/>>

XeS, VALY 2 €2

() < )

\ﬁ

for some universal constant C'. This complete the proof. O

A.2 Proof of Lemma[A.2: Covering number of low rank ma-

trices

In this appendix, we prove the covering number lemma used in Appendix As

explained in the main text of this thesis, this is an extension of Lemma 2.1 in [23]].

Proof of LemmalA.2] This is a two-step proof. First we prove for || X ||z < 1, then we
scaleitto || X||r < K.

Step 1: The first part is almost identical to that in Page 14-15 of [23]. We prove
via SVD and bound the €/3-covering number of U, ¥ and V individually. U and V are
bounded the same way. So we only cover the part for of » X r diagonal singular value
matrix 2.

Now [|X|| < 1 instead of ||X|| = 1. diag(X) lying inside a unit r-sphere (denoted
by A). We want to cover this r-sphere with smaller r-sphere of radius €/3 (denoted
by B). Then there is a lower bound and an upper bound of the (¢/3)-covering number

N(A,B).

< N(A,B) < N(A,B) = N(A,

o | &y
o | oy

)

B <vol(A+B/2)
277  wol(B/2)

where N (A, B) is the covering number from inside, and M (A, B) is the number of

separated points. Set B = 5 — & because B is symmetrical (an n-sphere).
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A.2 Proof of Lemma A.2|: Covering number of low rank matrices

1 )”<N(A,B)§(1+€/6

(6/73 - €/6

)7‘

We are only interested in the upper bound of covering number:

N(A,B) < (L4 6/e) < (6/c + ) = (9/)

The inequality is due to the fact that ¢/3 < 1 (otherwise covering set B > A).
In fact, we may further tighten the bound by using the fact that all singular values are
positive, then A is further constrained in side the first orthant. This should reduce the

covering number to its 2%
Everything else follows exactly the same way as in [23], Page 14-15].

Step 2: By definition, if || X || = 1, then a finite set of (9/¢)(™1+72+1" elements

are sufficient to ensure that, for every X € S,., it exists an X € 5,, such that
IX — X|lp<e
Scale both side by K, we get:
|IKX - KX||r < Ke
let B = Ke, then the -net covering number of the set of || X || = K is:
|Sp] < (9/e) Mt = (9k/ g)(ratrat )y

Revert the notation back to ¢, the proof is complete. O
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A.3 Proof of Proposition 2.1;: o,,;, bound

In this appendix, we develop proof for Proposition 2.1} As is explained in main text of
the thesis, 0,,,;, can be arbitrarily small in generaﬂ unless we make assumptions about
the structure of matrix. That is why we need strong incoherence property[26] for the
proof of Proposition [2.1] which is stated below.

Strong incoherence property with parameter p, implies that exist w1, us < p, such

that:

Al There exists j1q1 > 0 such that for all pair of standard basis vector e; and e;
(overloaded in both column space and row space of different dimension), there
is:

r N r N
<eiaPU€j>_E1i=j ﬁlﬁlﬁ; <€iaPV€j>_ﬁlizj §M17

A2 There exists uo > 0 such that for all 7, j, the ”sign matrix” E defined by £ =
UVT satisfies: |Ei j| = pa VT

mn

To interpret Al, again let singular subspace U be denoted by a orthonormal basis

matrix N, Py = NNT 1fi = 7, we have

r— T

r—+ r
< il = P < VT (A3)
m m

When i # j, we have _m/r <nln; < %‘/;

m

Proof of Proposition Instead of showing smallest singular value of Ny directly, we
find the 0y,42(N2) or || N2||, and then use the fact that all 0,,,;,(N) = 1 to bound
Omin(N1) with their difference.

Let Ny be of dimension k x 7. ||Na|| = || N

, so the maximum singular value

equals to max,, || V4 u|| with u being a unit vector of dimension k. We may consider &

!Consider a matrix N with first r rows identity matrix and the rest zero(verify that this is an orthonor-
mal basis matrix). If no observations are taken from first r-rows of user y then all singular values of the
N1 will be zero and (2.4) is degenerate.
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a coefficient with k = [c1, ca, ...cx]T. It is easy to see that A+ + cz =1.

INTw|? =u? NoNTw = (eynt + eond + ... + epnd)(ciny + cong + ... + ey
=(AnTny + ... +cining) +2 Z cicjnfnjr
1<j

Z (c) max Inall® + Z 2|cicyl max nin;
=1,k i<j "

IN

<max |[n|* + Y (¢ + &) maxnn;
(2 ) . %,
1<)

= max |[n]|* + (k= 1) Y (cf) maxn]n;
7 4,7
i=1,....k

=max ||n;||* + (k — 1) maxn/ n;
1 l,]

TRV VT T T
m m m m

The second inequality is by a 4+ b? > 2ab and last inequality is by the strong incoher-

ence condition.

Similarly, using the min; ||n;]|? and min; ; ||n;||* we have a lower bound of | N4 ul|? >

r _

- k’“T\/F But his bound is not useful/trivial because it decreases with the increase of

k, which counters the intuition.

Now, we may express the bound of max singular value sigma in terms of sample

rate p of N7 (hence sample rate of Ny is (1 — p))

omaz(N2) < (% +( —P)/m/?);

The desired bound on minimum singular value of N is hence 1 — 0y, (N2) = 1 —

(Z + (1= p)p/r) 2.
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A4 Proof of Proposition 2.2: 7,,,, bound for random matrix

Proof. Without loss of generality we can assume k > r (otherwise the theorem holds
trivially), and normalize G such that E||G||% = r. Indeed, random matrix theory [e.g.,
45, 116, [121]] asserts that G is close to an orthonomal matrix, as the following lemma,

adapted from Theorem II.13 of Davidson and Szarek [45]], shows:

Lemma A.3. With probability of at least 1 — 2+,
2log(1 2log(1
1o 5 S ) < (@) <14 | o[ 2108 )
m m m m

G
Now let G = ! such that GG; is of dimension k£ x r. Notice that by
Go

Lemma [A.3] we conclude that there exists an absolute constant such that with prob-

ability 1 — C'm ™19,

1
IG1 — M| < |G = N|| < /= + ¢y 222
m m

To see this, take compact SVD of G = USVT Uism x r, S and V are both r x r. In

particular, U is orthonormal and V' is a rotation matrix. Let N = UVT, then N is an
orthonormal basis of G. Furthermore, G — N = USVT — UVT = U(S — L, )VT
implies |G — N|| = |0maz(G) — 1].

Then using the fact that G is again Gaussian random matrix, we apply Lemma|A.3]

on (G to obtain

1
r (ammm <SR cf,/ogm> -
m m m

This implies that with probability 1 — 2C"m =19

1
Omin(N1) > Omin(G1) — [Gr — Nyl > 4/ 2 — 2, [ —acr /18T
m m m
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A.5 Proof of Proposition 2.4: Weak Robustness for Mass At-
tack

Proof of Proposition[2.4} First observe ||(E 9”‘“)“ r < ky/mn.. Note by assumption,
sample rate in F block is capped at 3p/2, thus HPQ(EQ"”“) lr < ky/ 22 2 mn.. Apply

Theorem[2.1] we obtained Frobenious norm error:
1 gndt gnd+
[A][F < %IIPQ(E NE -+ I1(E)F + [7(Q)]

(\/>+ Vky/mie + Chy/m(n + 12) <’m“l|cg)2g’ )i'

Simplify the equation by absorbing small terms into constant, we get:

1
3 i
|Allp < Ck | g + (nlg<n>> ]

p

By Theorem 2.3}
”I[Dgnd o IP)N* ” < \/i”?‘ _
and ¢ is greater than o, — o1 (Eg"dL ).

With condition number x:

JmnE[Y, 2
o — RAERS > Ylr _ /mnE[Yi| Ad)
K Iif KA/T
> V/mnE[Y; ;201 (ET) S VIE[Y; ;Poy (E9)

/7| B9t || p - ktir/r/Ne
nd+ nE|Y,]|
o1 (BN g /e (A.5)

Substitute n. into (A3), we get o, > n'/4e1(EI), or rather o (E9m) <
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o, /n'/%. Together with (A4),

(1= 1/n'/4)/mnE[Y,
NG

5> (1—-1/n"e, =

It follows that

1
n3rlog(n)\ 4
1Al Ck [,ﬁmnﬁ <4 o ))] RAJT
<
55T (L= 1) B,
1 N kk (r3 log(n) > i
ntt o VEY P\ pn

Ckk <T3 log(n)>1/4 (A7)

<
VE[Y ;2 pn

(A.6)

To reach (A.6), we substitute n, with its maximum value, which cancels out the

E|Y;;|% K, v/r in § and k as well. (1 — 1/n'/4) is absorbed into the constant C'. In

the second term in the square brackets, n3/4 is canceled out by (mn)l/ 2 with the ratio
. k r° log(n)
\/n/m absorbed into constant term. Also note that JEV.E >1,k>1, > 1,
so the second term is larger than nll/ < and we may reach (A.7).
Apply Theorem 2.4
2Ckk|y r3log(n 1/4
Omin\/ E’}/;,j pn
o gonay < 20kR]e Y] (P log(m) " flem || _ Cllem |
le” — e || < + = . (A9
Omin\/ E’}/i,j 2 pn Omin Omin

Now let us deal with ,,;,. By assumption, all user have sample rate of at least
£. By Proposition and union bound, we confirm that for some constant ¢, with
probability greater than 1 — cn ™19, o > \/g (relaxed by another v/2 to get rid of

the small terms) for all users.
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Summing (A.8)) over all users, we get:

" =Y|r

3 1/4
>l -y = 2 () ol
allusers | ’]| p allusers

2v2Ckk r310g(n)>1/4 < r3log(n >1/4
< /mnE|Y; ;|2 < Cirky/
- pED@JP( pn mnEfYi;[* < Ciky/mn

1/4
so RMSEy < Cikk (%) is proved.

ndJ‘
Similarly from (A.9), RMSEER < C’%\/» < CT

A.6 SVD Perturbation Theory

The following theorems in SVD Perturbation Theory [129]] are applied in our proof of
the subspace stability bound (Theorem [2.3).

1. Weyl’s Theorem gives a perturbation bound for singular values.

Lemma A.4 (Weyl).

60 —oil <|[Ell2,i=1,...n

2. Wedin’s Theorem provides a perturbation bound for singular subspace. To state
the Lemma, we need to re-express the singular value decomposition of Y and Y in

block matrix form:

Y 0
Ry
Y= ( Ly Ly Ls) 0 % (A.10)
Ry
0 0
S0 )
. L ) Ry
Y:<L1 Ly L3) 0 3 K (A.11)
Ry
0 0
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Let ® denotes the canonical angles between span(L;) and span(L1); let © denotes

the canonical angle matrix between span(R;) and span(R;). Also, define residuals:
Z=YRF - L%, S=YTL—RIS,.

The Wedin’s Theorem bounds ¢ and © together using the Frobenious norm of Z and

S.

Lemma A.5 (Wedin). If there is a 6 > 0 such that

min | (1) — o(22)| > 6, (A.12)
min o () > 0, (A.13)
then
1Z11% + IS1%
VIlsin®[3 + [[sin O[3 < - (A.14)

Besides Frobenious norm, the same result goes for ||-||2, the spectral norm of everything.

Lemmal[A.5(Wedin’s Theorem) says that if the two separation conditions on singular

value (A.12)) and (A.T3) are satisfied, we can bound the impact of perturbation on the

left and right singular subspace simultaneously.

A.7 Discussion on Box Constraint in (2.1)

The box constraint is introduced due to the proof technique used in Section [2.3] We
suspect that a more refined analysis may be possible to remove such a constraint. As for
results of other sections, such constraint is not needed. Yet, it does not hurt to impose
such constraint to (2.3)), which will lead to similar results of subspace stability (though
much more tedious in proof). Moreover, notice that for sufficiently large k, the solution

will remain unchanged with or without the constraint.
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A.7 Discussion on Box Constraint in (2.1))

On the other hand, we remark that such the box constraint is most natural for the
application in collaborative filtering. Since user ratings are usually bounded in a pre-
defined range. In real applications, either such box constraint or regularization will be

needed to avoid over fitting to the noisy data. This is true regardless whether formulation

@.1)) or (2.3)) is used.
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A.8 Table of Symbols and Notations

For easy reference of the readers, we compiled the following table.

Table A.1: Table of Symbols and Notations

Y m x n ground truth rating matrix.

E m X n error matrix, in Section dummy user matrix.

Y Noisy observation matrix Y=Y +E.

Y+ U, v* Optimal solution of 1) Y* = U*V*T

()%, (), (-)9md Refer to optimal solution, noisy observation, ground truth.

1,7 Item index and user index

T Rank of ground truth matrix

Q The set of indices (4, j) of observed entries.

1Y) Cardinality of set .

Pq The projection defined in (2.2)).

k [k, k] Valid range of user rating.

A Frobenious norm error | Y* — Y| p

N, N+t Denote subspace and complement subspace

N,N+t Orthonormal basis matrix of N, N+

N; Shortened N with only observed rows in column ¢

Yi Observed subset of column ¢

PN Projection matrix to subspace N

P; Projection matrix to shortened subspace span(V;)

T The gap of RMSE residual in the proof of Theorem

L, z Loss function in Theorem?

p Bounded value of || sin(O)]| of Theorem

) The " singular value of Y* used in Theorem

S The collection of all rank-r m x n matrices.

o Coherence parameter in Proposition

Smaz Sparse parameter in Proposition

K Matrix condition number used in Proposition

D Sample rate — (Jﬁnc) used in Proposition

C,c,Cq,Cs, c’ Numerical constants

T3y Omins Omaz it", minimum, maximum singular value.

0; it" canonical angle.

0,0 Diagonal canonical angle matrix.

[ Either absolute value or cardinality.

I 12 2-norm of vector/spectral norm of matrix.

| 1le Frobenious norm of a matrix.

|-l In Theoremmeans both Frobenious norm and
spectral norm, otherwise same as || - ||o.
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Appendix B
Appendices for Chapter 3

B.1 Proof of Theorem 3.1

Our main deterministic result Theorem [3.1]is proved by duality. We first establish a set
of conditions on the optimal dual variable of Dy corresponding to all primal solutions
satisfying self-expression property. Then we construct such a dual variable v, hence

certify that the optimal solution of Fj satisfies the LASSO Subspace Detection Property.

B.1.1 Optimality Condition

Define general convex optimization:
. Ay o
min |||y +§HeH st. x=Ac+e. (B.1)
ce

We may state an extension of the Lemma 7.1 in|Soltanolkotabi and Candes/'s SSC Proof.

Lemma B.1. Consider a vector y € R* and a matrix A € RN [f there exists triplet
(c,e,v) obeying y = Ac+ e and c has support S C T, furthermore the dual certificate
vector v satisfies

ATy = sgn(cg), v = )e,

A s lloo < 1, ATer]loo < 1,

then all optimal solution (c*, e*) to (B.I) obey ¢} = 0.
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Proof. For optimal solution (c¢*, €*), we have:

el + g\le*H2 = lleslln + llernsell + llezelln + %He*H2
>|lesll + (sgn(es), cs = es) + llernsell + llepell + %HeH2 + (e, e —e)
=lleslls + (v, As(cs = es)) + llernsell + [lerelln + %II@H2 +{pe—e)
=llesll + %H@H2 +llezasells = (v, Arase(crnge)) + lleelly = (v, Are(eze))

(B.2)

Tosee 5 ||e*[|2 > 3 |le]|>+()e, e*—e), note that right hand side equals to A (—3e'e + (e*)Te),
which takes a maximal value of %He* |2 when e = e*. The last equation holds because

both (¢, e) and (c¢*, e*) are feasible solution, such that (v, A(c* — ¢)) + (v,e* —e) =

(v, Ac* + e* — (Ac + €)) = 0. Also, note that ||cs||1 + 3 le]|> = [|lc[li + 5l

With the inequality constraints of v given in the Lemma statement, we know
(v, Atnse(cinge)) = (ATngets (¢rnse)) < [ATngerllsollengellt < llerngellr-
Substitute into (B.2), we get:
* A *12 A 2 T *
el + S e[ = flells + S el + (1 = [[Azerlloo)llezellr,

where (1 — ||AL.v||«) is strictly greater than 0.

Using the fact that (¢*, e*) is an optimal solution,

e[l +3lle*lI* < llell + 3lell.
Therefore, ||c}c|[1 = 0 and (c, e) is also an optimal solution. This concludes the proof.

O

Apply Lemma (same as the Lemma in Section with x = xy) and
A = X_,;, we know that if we can construct a dual certificate v such that all conditions
are satisfied with respect to a feasible solution (c,e) and c satisfy SEP, then the all
optimal solution of (3.6)) satisfies SEP, in other word ¢; = {O, .., 0, (cge))T, 0,...,0 !

By definition of LASSO detection property, we must further ensure ||cl(£) it #0
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to avoid the trivial solution that wgg) = ¢*. This is a non-convex constraint and hard

to impose. To this matter, we note that given sufficiently ng) |1 # 0 never

occurs.
Our strategy of avoiding this trivial solution is hence showing the existence of a A

such that the dual optimal value is smaller than the trivial optimal value, namely:
1 2 _ Ay (02
OptVal(Dy) = (z;,v) — 5“1/” < §Ha:Z [|“. (B.3)

B.1.2 Constructing candidate dual vector v

A natural candidate of the dual solution v is the dual point corresponding to the optimal

solution of the following fictitious optimization program.

A
P : I(Izl)in ”CZ@HI + 5”%”2 s.t. (e) + 2 = (Y. _(f-) + Z(_éi))cl@ +e  (B4)

i €

1
Dy max (z\”,0) - —Tv st (XD Ty < 1. (B.5)

v ¢ 2\
This optimization is feasible because yl@ € span(Yf?) = 8y so any cl(-z) obeying
(Z) Y_(f) E ) and corresponding e; = z; Z(_ZZ) cl@) is a pair of feasible solution. Then

by strong duality, the dual program is also feasible, which implies that for every optimal

solution (¢, e) of with ¢ supported on .S, there exist v satisfying:

O DE + (ZEDEe <1, v =1,

(YNE + (2% = sgn(es).

This construction of v satisfies all conditions in Lemma with respect to

7,0, ..., 0] with cge) =c,
(B.6)

except

H[X17 "'7X€—1aXf+1> "'7XL]TZ/HOO <1
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i.e., we must check for all data point 2 € X \ X¥,
{2, v)] < 1. (B.7)

Showing the solution of v also satisfies (B.7) gives precisely a dual certificate as
required in Lemma B.T] hence implies that the candidate solution associated with
optimal (¢, e) of (B.4) is indeed the optimal solution of (3.6).

B.1.3 Dual separation condition

In this section, we establish the conditions required for to hold. The idea is to

provide an upper bound of |{z, )| then make it smaller than 1.

First, we find it appropriate to project v to the subspace S, and its complement
subspace then analyze separately. For convenience, denote vy := Pg, (v), 12 := st(y).

Then

[{z,v)| =y + 2, )| < [y )| + [y, v2)| + [(z,0)]
(B.8)

<p(Xo)llnll + [yl cos(£(y, va))| + [zl [V ]I cos(£(z, ).

To see the last inequality, check that by Definition , |{y, H%HH < ().

Since we are considering general (possibly adversarial) noise, we will use the re-
laxation |cos(#)| < 1 for all cosine terms (a better bound under random noise will

be given later). Now all we have to do is to bound ||v1]| and ||v2|| (note ||v| =

Vilnl? + flvall? < flwafl + flv2l).

B.1.3.1 Bounding v/ ||

We first bound ||v1 || by exploiting the feasible region of v in (B.3).

XN Ty <1
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()

—7 "

T

is equivalent to z; v < 1 for every x; that is the column of X Decompose the

condition into

yz-Tl/l + (Pgezi)Tyl + Z;-TVQ <1.

Now we relax each of the term into
yiTyl + (szzi)Tul <1- z;fyg <1+ 6w (B.9)

The relaxed condition contains the feasible region of v in (B.5).
It turns out that the geometric interpretation of the relaxed constraints gives a upper

bound of ||v|.

Definition B.1 (polar set). The polar set X° of set X € R? is defined as
K = {y eRY: (z,y) < 1forallz € fK}.

By the polytope geometry, we have

1Y 4 Ps, (Z)) w1 ]loo < 1+ 812
@) () ° (B.10)
Y 4+ Ps (Z_-)
pas c |P ¢ £ ? = JO.
”1 < 1+ 8val]

Now we introduce the concept of circumradius.

Definition B.2 (circumradius). The circumradius of a convex body P, denoted by R(P),

is defined as the radius of the smallest Euclidean ball containing P.

The magnitude ||| is bounded by R(T°). Moreover, by the the following lemma
we may find the circumradius by analyzing the polar set of T instead. By the property
of polar operator, polar of a polar set gives the tightest convex envelope of original set,
i.e., (X°)° = conv(X). Since T = conv (iW) is convex in the first place,

the polar set of T is essentially 7.
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Lemma B.2. For a symmetric convex body P, i.e. P = —P, inradius of P and circum-

radius of polar set of P satisfy:

r(P)R(P°) = 1.

Lemma B.3. Given X =Y + Z, denote p := max; ||Psz;

, furthermore Y € 8 where

S is a linear subspace, then we have:
r(Projs(P(X))) > r(P(Y)) —p

Proof. First note that projection to subspace is a linear operator, hence Projg(P(X)) =

P(PsX). Then by definition, the boundary set of P(PgX) is
B ={y|y="PsXc;|lc]h =1}

Inradius by definition is the largest ball containing in the convex body, hence r(P(Ps X)) =

minyes ||y||. Now we provide a lower bound of it:
[yl = [[Yell = IPs Zel| > r(P(Y)) — ZjIIPSZleCjI > r(P(Y)) = pllelr-
This concludes the proof. O

A bound of ||| follows directly from Lemma[B.2]and Lemma [B.3}

l 4
o]l <(1 + 8]l REPEYY + P, (2)))

144w S R Y I . 2 [N
r(@PYY +85,(2Y))  r(Projs,(P(xY))) ~ r(Q%) —a

7

This bound unfortunately depends ||2||. This can be extremely loose as in general, v
is not well-constrained (see the illustration in Figure[B.2]and[B.3). That is why we need
to further exploit the fact v is the optimal solution of (B.3)), which provides a reasonable

bound of |||
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B.1.3.2 Bounding ||v»||

By optimality condition: v = Ae; = A(z; — X_;c) and vy = )\Psz_ (x; — X_ic) =
)\]P)SZL(ZZ‘ — Z_;c) so

wall < A (IPsz 2ill + 1Py Z-iell) < MIPszzill + 3 lesllIPs 21
jeSs

< Allellr + 1)d2 < A([lefl1 + 1)0 (B.12)

Now we will bound ||c||;. As c is the optimal solution, |[c|[1 < [c[1 + 5/le]® <

|€[|1 + 3 |é||? for any feasible solution (¢, &). Let & be the solution of

g =y, (B.13)

Incin llel|1 st ; _l

then by strong duality, ||¢[|; = max, {<V, yy)) | H[Y_(?]TI/HOO < 1} . By Lemma

optimal dual solution ¥ satisfies ||7|| < r(Tlf) It follows that ||¢|; = (ﬁ,yﬁ‘% =
1y 1 B
1211 < 7.

On the other hand, & = 2~ 2z, s0 [|€]12 < (||| + 5, 121111&1)? < (5+[2:6)2,

—1

2
thus: ||c[i < (el + 3[|é]|? < —ar + 362 [1 + 1} . This gives the bound we

T(Q‘ii) T‘(Q{i)
desired:
1 A 1 ?
<\ + 262 |14+ ——| +1]|5¢
I2ll < ""(Qefi) 2 T(Qei)

2
1 ) 1

By choosing A satisfying

2
NP< ——= B.14
~1+1/r(Q%) (B.19
the bound can be simplified to:
la]] < 2X0 ! +1 (B.15)
o= T(Qg—i) '
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B.1.3.3 Conditions for |(x,v)| < 1

Putting together (B.8), (B.11) and (B.15]), we have the upper bound of |(z, v)|:

(@, 0)] < (u(Xe) + [Bs, 2Dl + (]l -+ sz 2Dllve
_ ) + 8 <(M(xe) +61)3

+1 +5> 12

Tr(Q) —ar \ (L) -4
(X)) + 01 1 200%(1(%Xp) + 1) 1
005 g () B (1)

For convenience, we further relax the second r(Q° ) into 7(Q%,) — ;. The dual

separation condition is thus guaranteed with

((Xe) + 01+ 2A5(1 4 8) + 2262 (1(X) + 81)
r(Q%,) — &
2002 (1(Xe) + 61)
r(Q%)(r(Q%;) — o)

+2X6(1 +6) + <1

Denote p := AJ(1 + ), assume § < 7(Q%,), (1u(X;) + 61) < 1 and simplify the form

with

A2 (u(X) + 81) AP +0) 2%
Q) o ) (@) e " r(@) &

we get a sufficient condition
p(Xe) +3p+ 01 < (1= 2p) (r(QL,) — 61). (B.16)

To generalize (B.16)) to all data of all subspaces, the following must hold for each ¢ =
1,..., k:

1(Xe) +3p + 61 < (1 —2p) < min  r(QY) - 51> . (B.17)
{i:z;€X (D}

This gives a first condition on ¢ and A\, which we call it “dual separation condition”
under noise. Note that this reduces to exactly the geometric condition in [[124]’s Theo-

rem 2.5 when 6 = 0.

170



B.1 Proof of Theorem |ﬁ|

B.1.4 Avoid trivial solution

In this section we provide sufficient conditions on A such that trivial solution ¢ = 0,
0

,/ is not the optimal solution. For any optimal triplet (c, e, ) we have v = e,

) | ?)

e =22

,soe;«éwl(-

a condition: ||v| < )\Hari | implies that optimal ||e]| < H%@

equality constraint, X(fi)c = $Z(-Z) — e # 0, therefore ||c||; # 0. Now we will establish

. By the

the condition on A such that ||v|| < )\nge) Il

An upper bound of ||v|| and a lower bound of )\H:I:Z@) || are readily available:

1 1 4]
< <————— 20| ——+1 1+ ——F -
”V” = HVIH + HVQH = T(Q{i) — 5 + (T(in) + ) ( + T(Qéi) _ 51>

1+ 3X\6 + 2)52

)~ b + 2)6,

Y4 l l
Az = A = 1290 = A - ).

So the sufficient condition on A such that solution is non-trivial is

1+ 3X0 + 2062
SO0 TEAY L ors < A(1 = 8).
rQ )~ 1-9)

Reorganize the condition, we reach

1
o (r(Qg—z‘) —61)(1 —36) — 36 — 262" (B.13)

For the inequality operations above to be valid, we need:

T(QZ_Z) — (51 >0
(r(Q%,) —61)(1 —36) —36 — 262 > 0

Relax §; to § and solve the system of inequalities, we get:

<37’+4—\/9r2+207’+167 2r

0 = .
2 3r+4++v9r2 +20r + 16

Use v9r2 + 20r + 16 < 3r + 4 and impose the constraint for all x(e), we choose to

%
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impose a stronger condition forevery £ =1, ..., L:

min; T’(Qe_i)

) .
< 3minir(Q€i) +4

(B.19)

B.1.5 Existence of a proper \

Basically, (B.17), (B.18)) and (B.14) must be satisfied simultaneously forall ¢ =1, ..., L.

Essentially gives condition of A from below, the other two each gives a condition
from above. Denote ry := ming; .. vy r(Q(fZ) e := f1(Xz), the condition on A is:

1
A > MAXY s 5535 -5

. To—pe—261 2ry
A < miny (5(1+5)(3+2r5—261) \ 52(w+1))

Note that on the left

1 1
max

‘ {(m —61)(1 —38) — 36 — 252} ~ (maxgre — 01)(1 — 30) — 36 — 26%

On the right

. 2ry 2ming ry
min = .
14 52(’/“g + 1) 52(ming Ty + 1)

Denote r = miny ry, it suffices to guarantee for each /:

A > :
(r—61)(1—35)—35—267 (B.20)

ro—pp—201 2r
A < oGz ¥ (D)

To understand this, when § and p is small then any A values satisfying ©(r) < A <

©(r/d) will satisfy separation condition. We will now derive the condition on § such

that (B.20)) is not an empty set.
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B.1.6 Lower bound of break-down point

(B.19) gives one requirement on ¢ and the range of (B.20) being non-empty gives an-
other. Combining these two leads to lower bound of the breakdown point. In other
word, the algorithm will be robust to arbitrary corruptions with magnitude less than this
point for some \. Again, we relax §; to J in to get:

1 < Tp— g —28
(r—0)(1—386)—30—242 0(140)(3+2r,—29)

1 < 2r
(r—0)(1—38)—36—242 02(r+1)"

The first inequality in standard form is:
AS* + B&* +Co+D <0 with

A=0
B:—(GT—W—F'?—/M)
C =3rr+6r;+ 2r — 3uer +3 — 4uy

D = —r(re — pu)

This is an extremely complicated 3" order polynomial. We will try to simplify it im-
posing a stronger condition. First extract and regroup py in first three terms, we get
(6% — 40 — 3r8) e which is negative, so we drop it. Second we express the remaining
expression using:

f(r,6)8 <r(r—p),

where f(r,8) = —(6r — ry + 7)d + 3rer + 6r, + 27 + 2. Note that since 6 < 1, we
can write f(r,8) < f(r,0) = 3rer 4+ 6ry 4+ 2r + 2 < 3r7 + 8r¢ + 2. Thus, a stronger
condition on § is established:

5 < r(re — pig)

_— B.21
37“% + 8ry + 2 ( )

173



APPENDICES FOR CHAPTER 3

The second inequality in standard form is:
(1 —7)8% + (6r* +8r)5 — 2r* < 0

By definition » < 1, we solve the inequality and get:

—3r2—4r—rv/9r24+22r+18
J > T

§ < —3r2—4r+rv/9r24+22r+18

1—r

The lower constraint is always satisfied. Rationalized the expression of the upper con-

straint, 1 — r gets cancelled out:

22

6 < .
3r2 +4r +rvV/9r2 +22r + 18

It turns out that (B.19) is sufficient for the inequality to hold. This is by

VOr2 4 22r + 18 < /92 + 24r + 16 = 3r + 4.

Combine with (B.2]) we reach the overall condition:

- 7‘2(7”e ) L, 7“2(7“4 — ) (B.22)
3ry +8rp+ 2 3r+4  3ry+8rp+2

The first expression is always smaller because:

o Ty - Ty - r(re — pe)
3r+4 — 3rrp+4ry — 3rrp+4ry+3rp+2 3T§—|—8Tg—|—2.

Verify that when (B.22)) is true for all ¢, there exists a single A for solution of (3.2)
to satisfy subspace detection property for all x;. The proof of Theorem [3.1] is now

complete.
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B.2 Proof of Randomized Results

In this section, we provide proof to the Theorems about the three randomized models:

o Determinitic data+random noise
e Semi-random data+random noise
o Fully random

To do this, we need to bound 91, cos(Z(z,v)) and cos(£(y,v2)) when the Z fol-

lows Random Noise Model, such that a better dual separation condition can be obtained.

Moreover, for Semi-random and Random data model, we need to bound r(Q(_gz) when
data samples from each subspace are drawn uniformly and bound p(X,) when sub-
spaces are randomly generated.

These requires the following Lemmas.

Lemma B.4 (Upper bound on the area of spherical cap). Let a € R™ be a random

vector sampled from a unit sphere and z is a fixed vector. Then we have:

—nez

Pr(la”z] > €||z]|) < 2e2

This Lemma is extracted from an equation in page 29 of Soltanolkotabi and Candes
[[124], which is in turn adapted from the upper bound on the area of spherical cap in Ball
[6]. By definition of Random Noise Model, z; has spherical symmetric, which implies
that the direction of z; distributes uniformly on an n-sphere. Hence Lemma [B.4] applies
whenever an inner product involves z.

As an example, , we write the following lemma

Lemma B.5 (Properties of Gaussian noise). For Gaussian random matrix Z € RN,

if each entry Z; j ~ N (0, ﬁ) then each column z; satisfies:

L Pr(|z)? > (1 4 t)a?) < ez lost+D)-1)

77162
2. Pr(|(zi,2)] > ellzill=]) < 2¢ 7%
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where z is any fixed vector(or random generated but independent to z;).

Proof. The second property follows directly from Lemma as Gaussian vector has

uniformly random direction.
To show the first property, we observe that the sum of n independent square Gaus-

sian random variables follows X2 distribution with d.o.f n, in other word, we have
2 2 2 00,
lz:ll™ = 120" + oo + 1 Zal” ~ x5 ().
By Hoeffding’s inequality, we have an approximation of its CDF [44]], which gives us
Pr(||zi]* > a0®) = 1 — CDF 2 (a) < (ae'™)%.
Substitute o« = 1 + ¢, we get exactly the concentration statement. O

By Lemma 0 = max; ||z;]|| is bounded with high probability. ¢; has an even
tighter bound because each 8 is low-rank. Likewise, cos(Z£(z,v)) is bounded to a
small value with high probability. Moreover, since v = e = A(z; — X_;c), 1o =
)\st_(Zi — Z_;c), thus vy is merely a weighted sum of random noise in a (n — dy)-
dimensional subspace. Consider y a fixed vector, cos(Z(y, 2)) is also bounded with
high probability.

Replace these observations into and the corresponding bound of ||z | and

||2]|. We obtained the dual separation condition for under Random noise model.

Lemma B.6 (Dual separation condition under random noise). Let p := \é(1 + ) and

6log N + 2log maxy dy < C'log(N)
€:=
n — maxy dy - \/ﬁ
for some constant C. Under random noise model, if for each ¢ =1, ..., L

$(Xe) + 3pe + e < (1 — 2pe) (maxr (") — de),

—1
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then dual separation condition holds for all data points with probability at least
1-7/N.

Proof. Recall that we want to find an upper bound of |{x, v/)|.

(@, )| <pllll + [lyllllv2llf cos(£(y, va))| + llzll|1wl]| cos(£(z, v))] (B.23)

Here we will bound the two cosine terms and 67 under random noise model.

As discussed above, directions of z and v, are independently and uniformly dis-
tributed on the n-sphere. Then by Lemma[B.4]

Pr <cos(£(z,u)) > 61°§N> < &
Pr (cos(L(y,m2)) > /55 ) < %
P <cos(4(z,y2)) > 61°§N> < %

Using the same technique, we provide a bound for §;. Given orthonormal basis U of
Sp, Ps,z = UUTz, then

Uz = U2 < > [UFz]
i=1,...,dg

Apply Lemma B 4] for each ¢ , then apply union bound, we get:

21og dy + 6log N 2
Pr(HPSZZ\>\/ ngZGOg 5><

Since 47 is the worse case bound for all L subspace and all NV noise vector, then a union

bound gives:
2logd log N 2L
Pr 51>\/ ogdy +6log S <=
n N2

Moreover, we can find a probabilistic bound for ||/ || too by a random variation of
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which is now

yl v+ (Ps,zi)Tvn < 1— 2] vy <14 6a|val|| cos £(z, 12)|. (B.24)

Substituting the upper bound of the cosines, we get:

6log N 6log N
<
(@l < pllnll + lyllleally [ =g + 2l —
L+ 6l |/ 52 1
HV1H S T(Q[ ) _ 51 ’ HVQH S 2)\6 T(Q[ ) + 1
—1 —1

. Y4 . 6log N42log maxy dy .
Denote r := 1(Q%,), € := \/ e and p = p(Xy) we can further relax

the bound into

5 5€)26%¢ (1 1 1
)| P06 009207 (10N L onse (Lan) £ one2e (L 41
r—ed r—ed r r r

<u+(56+3)\5(1+(5)6
- r—ed

+2X0(1 + 0)e.

Note that here in order to get rid of the higher order term ﬁ, we used § < r and

P
2
it + de < 1 to construct (’; (té_egi)e < %< as in the proof of Theorem 3.1} Now impose

the dual detection constraint on the upper bound, we get:

e+ 3X(1+0)e
r — ¢

2X0(1 +0)e + < 1.
Replace p := AJ(1 + §) and reorganize the inequality, we reach the desired condition:

p~+ 3pe + de < (1 — 2pe)(r — Je).

There are N? instances for each of the three events related to the consine value, apply

union bound we get the failure probability % + % < % This concludes the proof. [
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B.2.1 Proof of Theorem

Lemma has already provided the separation condition. The things left are to find
the range of \ and update the condition of 4.

The range of \: Follow the same arguments in Section and Section [B.1.5] re-
derive the upper bound from the relationship in Lemma and substitute the tighter
bound of §; where applicable. Again let 7, = min; 7(Q",), e = u(X¢) and r =
ming ry. We get the range of \ under random noise model:

1
(r—0e)(1 —39) — 36 — 262

\< mi e — py — 20¢€ v 2T
e:nil,l.{l,L €d(1+0)(3 + 2ry — 20¢) 6% (r+1)

A >

(B.25)

Remark B.1. A critical difference from the deterministic noise model is that now under
the paradigm of small p and 9, if § > €, the second term in the upper bound is actually
tight. Then the valid range of \ is expanded an order to ©(1/r) < X\ < O(r/§?).

The condition of J: Re-derive using 01 < €0, we get:

r

0< ————
3r+3+e€

(B.26)

Likewise, we re-derive (B.21)) from the new range of A in (B.23)). The first inequality
in standard form is,
AS*+ B&* +C5+D <0 with
A = 6€% — 6e,
B = —(3¢ 4+ 4€® + ery — 2rp + 6er + 240 — 3pug€),

C = 3rpr + 3rp 4+ 3erp 4+ 3€ + 2er — 3upr — g — €lp,

D = —r(rg — ),

\

apply the same trick of removing the negative y term and define

f(r,0) :=As*+ Bs +C
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such that the 3"?-order polynomial inequality becomes f(r,6)d < r(r; — j1¢).Rearrange

the expressions and drop negative terms, we get

f(r,6) <B§+C

=— [3e+ 4€2 + 2e(ry — pug) + 6er| & + 2(r¢ — 110)8
+ [3(r¢ — pe)r + 3(re — o) + 3€(re — pe) + 2€r + 3¢
+ (re — pe)€d + 2pped — puge

<3(r¢ — pe)r + 5(re — ) + 4de(ry — pro) + 2er + 3e.

Therefore, a sufficient condition of J is

7(re — f1e)

o< .
3(re — pue)r +5(re — pe) + de(re — pug) + 2er + 3e

(B.27)

When r > ry — g, we have (ry — pg)/r < 1. Then

Ty — He e §< Ty — e
(re— ) +5+€(4+24+3/r) 3r+5+e(6+3/r)

(B.27) < 5<3

When r < ry — py, we have r/(ry — ) < 1. Since r < ry,

r r
= 0<
3r+5+ed+2+4+3/(re— ) 3r+5+¢€(6+3/r)

B27) <« <

Combining the two cases, we have:

o min{r,re — pe}
3r+5+¢€6+3/r)

(B.28)

For the second inequality, the quadratic polynomial is now
(1 + 51 — 67€)6% + (612 + 2€r + 61)5 — 212 < 0.

Check that 1 4+ 57 — 6re > 0. We solve the quadratic inequality and get a slightly
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stronger condition than (B.26)), which is

r

s< "
S 3 ydte

(B.29)

Note that (B.28) = (B.29), so (B.28)) alone is sufficient. In fact, when €(6r + 3)/r < 1

or equivalently > 3¢/(1 — 6¢), which are almost always true, a neater expression is:

5 - min{rire — pur)
3r +6
Finally, as the condition needs to be satisfied for all ¢, the output of the min function at
the smallest bound is always ry — 1y This observation allows us to replace min{r, 7, —

pe} with simple (¢ — 4u), which concludes the proof for Theorem 3.2

B.2.2 Proof of Theorem

To prove Theorem [3.3] we only need to bound inradii r and incoherence parameter s

under the new assumptions, then plug into Theorem

Lemma B.7 (Inradius bound of random samples). In random sampling setting, when

each subspace is sampled Ny = rkydy data points randomly, we have:

B log (k)

Pr< c(ky) 4

L
< T(Q(_gz)for all pairs (,1) p > 1 — ZNee—dié}*B
(=1

This is extracted from Section-7.2.1 of Soltanolkotabi and Candes [124]. k, =
(N¢ — 1)/dy is the relative number of iid samples. ¢(x) is some positive value for all
k > 1 and for a numerical value ko, if K > kg, we can take c¢(k) = ﬁ. Take 5 = 0.5,

we get the required bound of 7 in Theorem [3.3]

Lemma B.8 (Incoherence bound). In deterministic subspaces/random sampling setting,
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the subspace incoherence is bounded from above:

aff (Se,, Se,)

v/ de,/do,
1

1 ¢
or all pairs(£1,0s) with £ £}>1—— —— ¢ 1
for all pairs(fy, o) with &, 7 o § = L2€§2(N41+1)Nh

Pr{u(X;) < t (1og[(N, +1)Np,] + log L)

Proof of Lemma The proof is an extension of the same proof in Soltanolkotabi and
)

i

Candes [124]. First we will show that when noise z
(0

)

is spherical symmetric, and clean
()

data points y ;. also

has iid uniform random direction, projected dual directions v

follows uniform random distribution.

Now we will prove the claim. First by definition,

Ps

. [V . %1
Psvll [l

ol = (@, X1, 8,,3)
v is the unique optimal solution of D (B.3). Fix A\, D; depends on two inputs, so we
denote v(z, X) and consider v a function. Moreover, v; = Pgv and vy = Pgiv. Let
U € n x d be a set of orthonormal basis of d-dimensional subspace & and a rotation

matrix R € R%*?, Then rotation matrix within subspace is hence U RU™ .

x1:=Psz =y +2 ~URUTy + URUT 2,

To :=Ps1x = 29

As y is distributed uniformly on unit sphere of 8, and z is spherical symmetric noise(hence
z1 and z9 are also spherical symmetric in subspace), for any fixed ||« ||, the distribution
is uniform on the sphere. It suffices to show the uniform distribution of v; with fixed
[[1]]-

Since inner product (z,v) = (x1,v1) + (x2,12), we argue that if v is optimal

solution of

1
max (x,v) — ﬁuTu, subjectto: || X7 v|le < 1,
v
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then the optimal solution of R-transformed optimization

1
max (URUT xy 4 29,v) — ﬁuTu,

subject to:  |[(URUTX; + Xo) vl <1,
is merely the transformed v under the same R:

V(R) = v(URUTz + 25, URUT X + X3)

= URU v (2, X) 4 vo(x, X) = URUT v + 1s. (B.30)
To verify the argument, check that v7v = v(R)Tv(R) and
(URUTz1 + 29,v(R)) = (URUT 21, URUT ) + (z1,1) = (z,v)

for all inner products in both objective function and constraints, preserving the optimal-

ity.

By projecting (B.30) to subspace, we show that operator v(x, X, S) is linear vis a

vis subspace rotation U RU T je.,

Ps,v(R) URUT v T
v(R) = z = =URU"v. B.31
B) = Bs,r®)] ~ TURTTw] (831

On the other hand, we know that
v(R) = v(URUT z1 + 20, URUT X 4+ X3, 8) ~ v(z, X, 8), (B.32)

where A ~ B means that the random variables A and B follows the same distribution.
When ||z || is fixed and each columns in X; has fixed magnitudes, U RUT 1 ~ z1 and
URUT X, ~ X;. Since (1, X1) and (x5, X») are independent, we can also marginal-

ize out the distribution of x5 and X by considering fixed (z2, X2). Combining (B.31)
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and (B.32), we conclude that for any rotation R,
v(R) ~ URUTH.

O

. over ||z, ||, every column’s magnitude

)

)

Now integrate the marginal probability of v
of X* ;; and all (22, Xs), we showed that the overall distribution of v;"’ is indeed uni-
formly distributed in the unit sphere of 8.

After this key step, the rest is identical to Lemma 7.5 of Soltanolkotabi and Candes
[124]. The idea is to use Lemma [B.4(upper bound of area of spherical caps) to bound

pairwise inner product and Borell’s inequality to bound the deviation from expected

consine canonical angles, namely, || U WTy® |7/ v/ dy. O

B.2.3 Proof of Theorem 3.4

The proof of this theorem is also an invocation of Theorem [3.2] with specific inradii
bound and incoherence bound. The bound of inradii is exactly Lemma with § =
0.5, k¢ = K, d¢y = d. The bound of incoherence is given by the following Lemma that

is extracted from Step 2 of Section 7.3 in Soltanolkotabi and Candes [124].

Lemma B.9 (Incoherence bound of random subspaces). In random subspaces setting,

the projected subspace incoherence is bounded from above:

6log N 2
ney>1——.
fora }_ N

Pr {,u(.')Cg) <

Now that we have shown that projected dual directions are randomly distributed in
their respective subspace, as the subspaces themselves are randomly generated, all clean
data points y and projected dual direction v from different subspaces can be considered
iid generated from the ambient space. The proof of Lemma [B.9] follows by simply
applying Lemma and union bound across all N2 events.

By plug in these expressions into Theorem [3.2] we showed that it holds with high

probability as long as the conditions in Theorem [3.4]is true.
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B.3 Geometric interpretations

In this section, we attempt to give some geometric interpretation of the problem so that
the results stated in this chapter can be better understood and at the same time, reveal
the novelties of our analysis over Soltanolkotabi and Candes [[124]]. All figures in this
section are drawn with “geom3d” and “GBT7.3” in Matlab.

We start with an illustration of the projected dual direction in contrast to the original
dual direction[[124]].
Dual direction v.s. Projected dual direction:

An illustration of original dual direction is given in Figure [B.T|for data point y. The

Ay, 4)

“+ao

Dual Point Dual Direction

Figure B.1: The illustration of dual direction in Soltanolkotabi and Candes [[124]].

projected dual direction can be easier understood algebraically. By definition, it is the
projected optimal solution of (B.3) to the true subspace. To see it more clearly, we plot
the feasible region of v in Figure [B.2] (b), and the projection of the feasible region in
Figure [B.3] As is not an LP (it has a quadratic term in the objective function),
projected dual direction cannot be easily determined geometrically as in Figure [B.1]
Nevertheless, it turns out to be sufficient to know the feasible region and the optimality
of the solution.
Magnitude of dual variable v:

A critical step of our proof is to bound the magnitude of ||v1| and ||v2]|. This
is a simple task in the noiseless case as Soltanolkotabi and Candes merely take the

circumradius of the full feasible region as a bound. This is sufficient because the feasible
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Figure B.2: Illustration of (a) the convex hull of noisy data points, (b) its polar set and (c)
the intersection of polar set and ||v»| bound. The polar set (b) defines the feasible region
of (B:5). It is clear that 15 can take very large value in (b) if we only consider feasibility.
By considering optimality, we know the optimal v must be inside the region in (c).

region is a cylinder perpendicular to the subspace and there is no harm choosing only
solutions within the intersection of the cylinder and the subspace. Indeed, in noiseless
case, we can choose arbitrary 15 because Y7 (1) + o) = Y71y,

In the noisy case however, the problem becomes harder. Instead of a cylinder, the
feasible region is now a spindle shaped polytope (see Figure [B.2(b)) and the choice of
12 has an impact on the objective value. That is why we need to consider the optimality
condition and give ||2|| a bound.

In fact, noise may tilt the direction of the feasible region (especially when the noise
is adversarial). As ||v2|| grows, ||v1]| can potentially get large too. Our bound of ||v ||
reflects precisely the case as it is linearly dependent on ||| (see (B.11))). We remark
that in the case of random noise, the dependency on ||v2|| becomes much weaker (see
the proof of Lemma [B.6).

Geometrically, the bound of v, can be considered a cylinderﬂ (¢ constrained in the

81 and unbounded in 8 subspace) that intersect the spindle shaped feasible region, so

'In the simple illustration, the cylinder is in fact just the sandwich region |z| < some bound.
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06

06

0.4

0z

-0z

04

0B

08

05

Figure B.3: The projection of the polar set (the green area) in comparison to the projection
of the polar set with ||v2|| bound (the blue polygon). It is clear that the latter is much
smaller.

that we know the optimal v may never be at the tips of the spindle (see Figure and

IB.3). Algebraically, we can consider this as an effect of the quadratic penalty term of v
in the (B.3]).

The guarantee in Theorem 3.1

The geometric interpretation and comparison of the noiseless guarantee and our
noisy guarantee are given earlier in Figure Geometrically, noise reduces the suc-
cessful region (the solid blue polygon) in two ways. One is subtractive, in a sense that
the inradius is smaller (see the bound of ||v1||); the other is multiplicative, as the entire
successful region shrinks with a factor related to noise level (something like 1 — f(9)).

Readers may refer to (B.16)) for an algebraic point of view.

The subtractive effect can also be interpreted in the robust optimization point of
view, where the projection of every points inside the uncertainty set (the red balls in
Figure must fall into the successful region (the dashed red polygon). Either way, it
is clear that the error Lasso-SSC can provably tolerate is proportional to the geometric

gap r — u given in the noiseless case.
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B.4 Numerical algorithm to solve Matrix-Lasso-SSC

In this section we outline the steps of solving the matrix version of Lasso-SSC below

((3.3) in the Chapter|3)
, A
min ||C]l + 511X - XC|}
(B.33)
s.t.  diag(C) =0,
While this convex optimization can be solved by some off-the-shelf general purpose
solver such as CVX, such approach is usually slow and non-scalable. An ADMM [[17]]
version of the problem is described here for fast computation. It solves an equivalent
optimization program
) A
min [Cll + 31X = X J|7
(B.34)
st.  J=C —diag(C).
We add to the Lagrangian with an additional quadratic penalty term for the equality

constraint and get the augmented Lagrangian

A .
L =IO + 51X = XT|E+ ST = €+ diag (O]

+tr(AT(J — C + diag(0))),

where A is the dual variable and p is a parameter. Optimization is done by alternat-
ingly optimizing over J, C' and A until convergence. The update steps are derived by
solving 0£/90J = 0 and 0L£/0C = 0, it’s non-differentiable for C' at origin so we
use the now standard soft-thresholding operator[47]. For both variables, the solution is
in closed-form. For the update of A, it is simply gradient descent. For details of the
ADMM algorithm and its guarantee, please refer to Boyd et al. [[17]. To accelerate the
convergence, it is possible to introduce a parameter p and increase p by 1 = pu at every
iteration. The full algorithm is summarized in Algorithm [6]

Note that for the special case when p = 1, the inverse of (A\YTY + uI) can be
pre-computed, such that the iteration is linear time. Empirically, we found it good to

set 4 = A and it takes roughly 50-100 iterations to converge to a sufficiently good
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Algorithm 6 Matrix-Lasso-SSC

Input: Data points as columns in X € R tradeoff parameter )\, numerical
parameters fio and p.
Initialize C =0, J =0,A =0,k =0.
while not converged do
1. Update J by J = AXTX + pp 1) " 'OAXTX + 11, C — A).
2. Update C' by C" = SoftThresh 2 (4 A ), C = C' — diag(C").
3. Update Aby A = A+ pg(J — C)
4. Update parameter i1 = plik.
5. Iterate k =k + 1;

end while
Output: Affinity matrix W = |C| + |C|T

points. We remark that the matrix version of the algorithm is much faster than column-
by-column ADMM-Lasso especially for the cases when N > n. See the experiments.
We would like to point out that Elhamifar and Vidal [57] had formulated a more
general version of SSC to account for not only noisy but also sparse corruptions in the
Appendix of their arxiv paper while we were preparing for submission. The ADMM
algorithm for Matrix-Lasso-SSC described here can be considered as a special case of

the Algorithm 2 in their paper.
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Figure B.4: Run time comparison with increas-
ing number of data. Simulated with n = 100,d =
4, L = 3,0 = 0.2, k increases from 2 to 40 such
that the number of data goes from 24- 480. It appears
that the matrix version scales better with increasing

number of data compared to columnwise LASSO.
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Figure B.6: Run time comparison with increas-
ing dimension of data. Simulated with k = 5,d =
4, L = 3,0 = 0.2, ambient dimension n increases
from 50 to 1000. Note that the dependence on di-
mension is weak at the scale due to the fast vector-
ized computation. Nevertheless, it is clear that the

matrix version of SSC runs faster.
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Figure B.5: Objective value comparison with
increasing number of data. Simulated with n =
100,d = 4,L = 3,0 = 0.2, k increases from 2
to 40 such that the number of data goes from 24-
480. The objective value obtained at stop points of

two algorithms are nearly the same.
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Figure B.7: Objective value comparison with in-

creasing dimension of data. Simulated with Kk =
5,d = 4,L = 3,0 = 0.2, ambient dimension n
increases from 50 to 1000. The objective value ob-
tained at stop points of two algorithms are nearly the

same.



Appendix C

Appendices for Chapter 4

C.1 Proof of Theorem 4.1] (the deterministic result)

Theorem[.T]is proven by duality. As described in the main text, it involves constructing
two levels of fictitious optimizations. For convenience, we illustrate the proof with only
three subspaces. Namely, X = [X W x @ x (3)] and 81 8o 83 are all d-dimensional
subspaces. Having more than 3 subspaces and subspaces of different dimensions are

perfectly fine and the proof will be the same.

C.1.1 Optimality condition

We start by describing the subspace projection critical in the proof of matrix completion
and RPCAJ25] 27]. We need it to characterize the subgradient of nuclear norm.
Define projection Pr (and Pp.1) to both column and row space of low-rank matrix

C (and its complement) as
Pr(X)=UUTX + xvVvT —vUuTxvvT,

Pri(X)=T-UUDHXT-VVT),

where UUT and V'V are projections matrix defined from skinny SVD of C' = ULV T,
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Lemma C.1 (Properties of Pr and P, ).

(Pr(X),Y) = (X, Pr(Y)) = (Pr(X),Pr(Y))

(Pro(X),Y) = (X, Pro(Y)) = (Pro(X), Pro(Y))

Proof. Using the property of inner product (X,Y) = (X, YT) and definition of ad-
joint operator (AX,Y) = (X, A*Y'), we have

(Pr(X),Y)=WUTX,Y)+(XVVTY)—(wUTxvvTY)
—WwuTx,y)+(wvTxT yTy —(wvvTxT (wuTy)T)
= (X, UUTY) + (X7, vvTyT) - (XT, vvTyTuuT)
= (X, UUTY) + (X, YVVT) — (X, UUTYVVT) = (X, Pr(Y)).

Use the equality with X = XY = Pp(Y), we get
(X, Pr(Pr(Y))) = (Pr(X), Pr(Y)).

The result for P,.. is the same as the third term in the previous derivation as [ — UUT

and I — V'V are both projection matrices that are self-adjoint. O

In addition, given index set D, we define projection P p, such that

[Pp(X))i; = Xij, if (i,7) € D;
[Pp(X)];; =0, Otherwise.

Pp(X) =

For example, when D = {(i,7)|i = j}, Pp(X) = 0 < diag(X) = 0.

Consider general convex optimization problem
éll%l |Cy|[« + M||Ce|l1 st. B=AC,, Cy=0Cs Pp(Cy)=0 (C.1)
1,2

where A € R™ ™ is arbitrary dictionary and B € R™ " is data samples. Note that
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when B = X, A = X, (CI) is exactly @.1).

Lemma C.2. For optimization problem (C.I)), if we have a quadruplet (C, A1, Ao, A3)
where C; = Cy = C'is feasible, supp(C) = Q C Q, rank(C) = r and skinny SVD of
C=UxvT (X is an r X r diagonal matrix and U, V are of compatible size), moreover

if A1, Ao, A3 satisfy

@ Pr(ATA; — Ay — A3) =UVT @ [Asg]a = Asgn([Cla) O [A2)ge < A

@ [Pro(ATA = A2 = A3)[ <1 @ [Ag]geyg S A © Ppe(A3) =0
then all optimal solutions to (C.1)) satisfy supp(C) C Q.

Proof. The subgradient of ||C||, is UV + W for any Wy € T and ||W;|| < 1. For
any optimal solution C* we may choose W such that ||| = 1, (W, P C*) =

|| P C*||«. Then by the definition of subgradient, convex function ||C'||. obey

[C*[l« > [|IC]lx + (UVT + Wy, C* = C)
= (UVT, Pp(C* = C)) + (UVT, Pp (C* = C)) 4+ (W1, C* = C)
= (UVT,Pp(C* = C)) + [|PpLC*.. (C2)

To see the equality, note that (UVT, P, (A)) = 0 for any compatible matrix A and the

following identity that follows directly from the construction of 1, and Lemma[C.]]
(W1,C*=C) = (Pp W1, C*=C) = (W1, Ppo(C*=C)) = (W1, PpLC*) = ||PrLC7s.

Similarly, the subgradient of A||C'||; is Asgn(C')+Wa, for any W5 obeying supp(WWz) C
Q¢ and |[|[W2]|s < A. We may choose W» such that | W3 || o = A and ([Wa]qe, Cfe) =
1Ce

1, then by the convexity of one norm,

ACH = ACI+AQIC, €F = C) = A[Cl1+ (Asgn(Ca), Cg — Ca) + Al Coell1.-
(C.3)
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Then we may combine (C.2)) and (C.3)) with condition () and ) to get

IC* [+ AICH 11 = [IC]l + (UVT, Pp(C* = C)) + [|Pra (CF) | + AlIC s
+ (Asgn(Ca), Cq — Ca) + Al|Coe[ln
= [|Cllx + (Pr(ATA1 — Az — Ag), P(C* = O) + [P (C)l« + AC]1

+ (A2, Cq — Ca) + M[Coye gl + ACE - (C4)
By Lemma [C.I] we know

Pr(ATA; — Ay — A3), Pr(C* = C))

ATAL — Ay — A3, Pr(Pr(C* = C)))

A, APp(C*)) — (Mg + A3, Pp(C*)) — (A1, AC) + (Ay + A3, C)

(
(
(ATAy — Ay — A3, Pp(C*)) — (ATA] — Ay — A3, Pr(C))
(
(

A1, AC* — AC) — (A1, AP1(C*)) + (Mg + A3, C) — (Mg + As, Pp(C*))
= — (A1, AP71 (C*)) 4+ (A + A3, C) — (Mg + A3, C*) + (Ag + Az, Ppi (C*))
= — (ATA) — Ay — A3, Pri(CF)) — (Ao + A3, C*) + (Ay + A3, C)

= — (Pri(ATA] — A2), Pri(CF)) — (Ao + A3, C*) + (Ay + A3, C)

= — (Pr(ATA] — A2), Pri(CF)) = (Mg, C*) + (Ao, O).

Note that the last step follows from condition (6) and C, C'*’s primal feasibility. Substi-
tute back into (C.4)), we get

1C* (|« + Al[C*[lx
>[[Cll + AMCI + 1P (CH) [« = (Pra(ATAL = Ay — Ag), Ppa (CF))
+ AMCGenallt = ([A2]gengs Coena) T AICENI — ([A2]ge, CF.)
>[[Cll« + AICIh = (1 = [|Pre (AT AL — Ag = Ag) )| s (CF)|«

(A = [TA2]genalloo) [Coengllt + (A = ll[A2]gelloo) [ Ce lln
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Assume Cgc # 0. By condition @), () and (2), we have the strict inequality
1C7]l + AT > (IC]« + AlC]1-

Recall that C* is an optimal solution, i.e., [|C*[l« + A||C*|l1 < ||C|l« + A[|C|1. By

contradiction, we conclude that Céc = 0 for any optimal solution C"*. O

C.1.2 Constructing solution

Apply Lemma with A = X, B = X and guarantees the Self-Expressiveness
Property (SEP), then if we can find A; and As satisfying the five conditions with respect
to a feasible C, then we know all optimal solutions of (4.1)) obey SEP. The dimension
of the dual variables are A; € R™*N and Ay € RV*N,
First layer fictitious problem

A good candidate can be constructed by the optimal solutions of the fictitious pro-

grams fort =1,2,3

Pr:  min OO + AP st XD = xc?, ¢ =), pp ¢!y =o.

C{i),céz)
(C.5)
Corresponding dual problem is
D;: _max <X(i),A§i)>
A A A (C.6)

st A oo < A, [XTAY =AY — AP <1, Ppe(af)) =0

where Agi) e R"*Ni and Agi), Ag) € RN*Ni | D; is the diagonal set of the it N; x N;

block of Cy). For instance for i = 2,

0 0
CF) = é§2) ) D2 - (Z>]) I 7& 0 )
0] 0
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The candidate solution is C' = [Cfl) Cf) C’f‘g)}. Now we need to use a second
layer of fictitious problem and the same Lemma with A = X, B = X to show

that the solution support () is like the following

v 0 0
= o |, c?P=[e&2 |, c®=| o |. @
0 0 sy

Second layer fictitious problem

The second level of fictitious problems are used to construct a suitable solution.

Consider fori =1, 2, 3,

Py:  min [|CUV]], + AICS (L
(i) ~(i)
a1".Cy (C.8)

st. X0 =xOD 60 Z &0 diag(¢?) = 0.

which is apparently feasible. Note that the only difference between the second layer fic-
titious problem and the first layer fictitious problem is the dictionary/design
matrix being used. In (C.3), the dictionary contains all data points, whereas here in
(C.8), the dictionary is nothing but X () jtself. The corresponding dimension of rep-
resentation matrix C’fi) and CN'Y) are of course different too. Sufficiently we hope to

establish the conditions where the solutions of (C.8) and (C.5)) are related by (C.7).
The corresponding dual problem is
Dp:  max (X0 AY)
i o)
st JAD e < A, NIX@TAD — A9 — AP < 1, diag* (Agj')) _0

where ]Xgi) c R™Ni and ]\gi)’[\g) € RNixN;i_
The proof is two steps. First we show the solution of (C.8)), zero padded as in (C.7)

are indeed optimal solutions of (C.5)) and verify that all optimal solutions have such

shape using Lemma The second step is to verify that solution C' = {Cfl) C{z) C{?’) }
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is optimal solution of (.T].

C.1.3 Constructing dual certificates

To complete the first step, we need to construct Agi), Agi) and Agi) such that all condi-
tions in Lemma are satisfied. We use ¢ = 1 to illustrate. Let the optimal solutiorﬂ
of (C.9) be Agl), Agl) and Agl). We set

Aél) Aél)
AD RO A |y ad A= |
Ay 0

As  defines the first block now, this construction naturally guarantees @) and 3. (©
follows directly from the dual feasibility. The existence of A, and A obeying D2

is something we need to show.

To evaluate (I) and ), let’s first define the projection operator. Take skinny SVD
cW = SOy,

o oo
=] o |=| o |swEoy
0 0

'Tt need not be unique, for now we just use them to denote any optimal solution.
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For condition (T) we need

The first row is guaranteed by construction. The second and third row are something

we need to show. For condition 2)

Pro((XO) AP — Ry — A3
H?TL (XTA( ) A( ) A3 X(Q)} A(l) )(I V(l T
XOTAY — A (T - %)
<P (XD AL — Ry — Ag)| + mX@J A&” — A+ X@)AY — ay

o)V (VINT = 0, the complement projection ([X(Q)]T]Xgl)—

=

Note that as ([X(2)]T/~Xgl)—
Ao)(I — VO (VYT AW — A,). The same goes for the third row. In fact,

T]Xgl) — Ag)|| = 1, then for both (I) and ) to hold, we need

in worst case, H‘.Pfll ([X W]
DA, =0, xX®) AW A, =o0. (C.10)

In other words, the conditions reduce to whether there exist A, A, obeying entry-wise

box constraint \ that can nullify [X (2)]T]\§1) and [X (3)]T1~\§1).
In fact, as we will illustrate, (C.10) is sufficient for the original optimization (4.1)

too. We start the argument by taking the skinny SVD of constructed solution C'.

C; 0 0 U 0 0 > 0 0 Vi 0 0
C=|1 0 C 0 =] 0 U, 0 0 3 0 0 V, 0
0 0 Cs 0 0 Us 0 0 X3 0 0 Vs
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C.1 Proof of Theorem|ﬂ| (the deterministic result)

Check that U, V' are both orthonormal, ¥ is diagonal matrix with unordered singular

values. Let the block diagonal shape be (2, the five conditions in Lemma are met

with
]\gl) A¢(12) Ag?’) A :()’1) 0
M= (RD AP AP ), Mo=| AP BP AP | M=| o AP
A A® A 0 0

as long as Agi), Ag) and Agi) guarantee the optimal solution of (C.3) obeys SEP for each
1. Condition @) @ (5 and (6) are trivial. To verify condition (T) and (2),

XOP AP - AV - A X O) AP — AP XOP AP — A
= xRV AL x@PAP AP AP (xR - AP
T~ T ~ T ~ ~ -
(X®)T AP — AfY XOAP - AP xOP AP - A - AP
s _ 3@ (1)
XWPAY — A5 — Ay 0 0
T+ (2 1 (2 (2
= 0 (X@)'A® AP — &Y 0
0 0 X A® _ 3P _ §®)

Furthermore, by the block-diagonal SVD of C, projection P7 can be evaluated for
each diagonal block, where optimality condition of the second layer fictitious problem

guarantees that for each ¢
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It therefore holds that

oV o 0
@O Pr(XTA— Ay — Ag) = 0 UVl 0 =Uv7’,
0 0 UV
@ |[Pr(XTAL - A9)|
Ppe ((XV) AT - &) 0 0
= 0 P (X AP - AD) 0
T ~ ~
0 0 P (X AP - AF)

= max [[Ps (XD AY — A0 < 1.

1=1,2,3
C.1.4 Dual Separation Condition

Definition C.1 (Dual Separation Condition). For X @, if the corresponding dual opti-
mal solution /igi) of (C.9) obeys ||[X(j)]T/~\§i)||oO < A forall j # i, then we say that

dual separation condition holds.
Remark C.1. Definition [C.T|directly implies the existence of A,, A, obeying (C.10).

Bounding ||[X U >]TA§“ || is equivalent to bound the maximal inner product of ar-
bitrary column pair of X ) and Agi). Let 2 be a column of X () and v be a column of

Y

* v * j : (e i
(v = Il o) < v VO T 2]loe < max HPrOJsi(Ay))ekag:lxa\};i VT 2|
where V() = [”’;—1”7 - ”Z*i”] is a normalized dual matrix as defined in Definition
1 N;

and ey, denotes standard basis. Recall that in Definition v* is the component of v

inside 8; and v is normalized such that |[v*|| = 1. It is easy to verify that [/N\gl)]* =

Projs, (./N\gl)) is minimum-Frobenious-norm optimal solution. Note that we can choose
]\5“ to be any optimal solution of (C.9)), so we take ]\ﬁ” such that the associated V() is

the one that minimizes max,cx\x, || VO 2| so.
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Now we may write a sufficient dual separation condition in terms of the incoherence

w in Definition [4.3]
(z,v) < max A el 2(2:) < A. (C.11)

Now it is left to bound maxy, || [Agi)]*ek || with meaningful properties of X ().

C.1.4.1 Separation condition via singular value

By the second constraint of (C.9), we have

12 XA — A5 — AP = max (X O)AY — A7 — A )ex | := o]
(C.12)

Note that maxy, ||([X (i)]Tﬁgi) - /N\gi) - [N\g))ek || is the 2-norm of a vector and we con-

veniently denote this vector by v. It follows that

" \/‘vk‘g Y loi2 > D il = okl (C.13)

i#k itk

where v, denotes the k" element and v_j, stands for v with the k' element removed.
For convenience, we also define X_j, to be X with the k" column removed and X}, to
be the k" column vector of X.

By condition 6) in Lemma ]\i(’)i) is diagonal, hence Agi)ek = [0, cey [f\gi)ek]k, ey 0

and [Aéi)ek]_k = 0. To be precise, we may get rid of Aéi) all together

T

ol = max | (XUTAD = (A7) ) x|

Note that maxy, || Xe|| is a norm, as is easily shown in the following lemma.
Lemma C.3. Function f(X) := maxy, | Xeg| is a norm.

Proof. We prove by definition of a norm.
(1) f(aX) = max; [|[aX]e[| = maxy(|a|[| X¢[l) = [la] f(X).
(2) Assume X # 0 and f(X) = 0. Then for some (4, j), X;; = ¢ # 0, s0 f(X) > |¢]
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which contradicts f(X) = 0.

(3) Triangular inequality:

F(X1 + X2) = max([|[X1 + Xolxll) < max(]|[Xa]xl + [[[X]xl])

< max([[Xui, ) + max([|[Xa]r,[l) = £(X2) + F(X2).

0
Thus by triangular inequality,
ol = max (X CTIAD e | - max||TAS]7] -y |
>0q, (X)) max A er]| = AW/DN; — 1 (C.14)

where o4, (X (_111) is the 7t (smallest non-zero) singular value of X (_211 The last inequal-

ity is true because X (_Z,)f and [[\gi)]* belong to the same d;-dimensional subspace and

the condition ||/~X§i) loo < A. Combining (C.12)(C.13) and (C.14), we find the desired

bound
1+ AVN; —1 14+ AV/N;
0d; (X(—Zl)g) 0d; (X(—Zl)g)

max [} ex]| <

The condition (C.11)) now becomes

(z,v) < PN p(1+AV/N) < Aog, (X)), (C.15)

Udz(X(—ll)c)

Note that when X () is well conditioned with condition number K,

i 1 i
00(X0) = = IXElle = (/v N/d:.

To interpret the inequality, we remark that when pur+/d; < 1 there always exists a A
such that SEP holds.
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C.1.4.2 Separation condition via inradius

This time we relax the inequality in towards the max/infinity norm.

- A (C.16)
This is equivalent to forall k = 1, .., N;

N T .
X)) villoo < 14 A, vi € (14 A)conv(£X))e,
T .
X D) vl < 142, vi € (1+ A)feonv(+X ")),

=

T .
X)) v lloo < 1+ A, vy, € (1+ N)eonv(=X))]°,

where P represents the polar set of a convex set P, namely, every column of ]\g“ in
(C.11) is within this convex polytope [conv(+X (_Z,)g)}o scaled by (1+ ). A upper bound

follows from the geometric properties of the symmetric convex polytope.

Definition C.2 (circumradius). The circumradius of a convex body P, denoted by R(P),

is defined as the radius of the smallest Euclidean ball containing P.

The magnitude ||v*|| is bounded by R([conv(£+X (_l,)g)]") Moreover, by the the fol-
lowing lemma we may find the circumradius by analyzing the polar set of [conv(+X (f,)g)]o
instead. By the property of polar operator, polar of a polar set gives the tightest convex
envelope of original set, i.e., (K°)° = conv(X). Since conv(:tX(_i,)c) is convex in the

first place, the polar set is essentially conv(+X (f,)g)

Lemma C.4. For a symmetric convex body P, i.e. P = —P, inradius of P and circum-

radius of polar set of P satisfy:
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By this observation, we have forall j =1, ..., N;

i 1+ A
51 < (1 M R(conv(2X D) = —— 2
r(conv(£X",))
Then the condition becomes
1+ A i
pd+ )(.) <X & p(l+A) < Ar(conv(£X D)), (C.17)
r(conv(:l:ka))

which reduces to the condition of SSC when A\ is large (if we take the w definition in
[124]).
With (C.15) and (C.17), the proof for Theorem [.1]is complete.

C.2 Proof of Theorem 4.2 (the randomized result)

Theorem is essentially a corollary of the deterministic results. The proof of it
is no more than providing probabilistic lower bounds of smallest singular value o
(Lemma [@.T)), inradius (Lemma 4.2)) and upper bounds for minimax subspace inco-
herence ;¢ (Lemma [4.3)), then use union bound to make sure all random events happen
together with high probability.

C.2.1 Smallest singular value of unit column random low-rank matrices

We prove Lemma [.1] in this section. Assume the following mechanism of random

matrix generation.
1. Generate n x r Gaussian random matrix A.
2. Generate r x N Gaussian random matrix B.
3. Generate rank-r matrix AB then normalize each column to unit vector to get X.

The proof contains three steps. First is to bound the magnitude. When n is large,

each column’s magnitude is bounded from below with large probability. Second we
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show that if we reduce the largest magnitude column to smallest column vector, the
singular values are only scaled by the same factor. Thirdly use singular value bound of

A and B to show that singular value of X.

20,(X) > 0,(AB) > 0,(A)o,(B)

Lemma C.5 (Magnitude of Gaussian vector). For Gaussian random vector z € R", if

each entry z; ~ N (0, ﬁ), then each column z; satisfies:

P?"((l o t)0'2 < ||Z”2 < (1 + t)O'Q) >1— e%(log(t—&—l)—t) o e%(log(l—t)-i—t)

Proof. To show the property, we observe that the sum of n independent square Gaussian

random variables follows X2 distribution with d.o.f n, in other word, we have
2

g
21 = [a1 ] 4 oo fznl® ~ X ().

By Hoeffding’s inequality, we have a close upper bound of its CDF [44], which gives

us

w3

Pr(||z]|* > ac?) =1 — CDF,2 (o) < (ce!™) fora > 1,

Pr(||2||* < Bo*) = CDF,2 (8) < (Be'™7)2 for 3 < 1.

Substitute « = 1+ ¢ and 8 = 1 — ¢, and apply union bound we get exactly the concen-

tration statement. O

To get an idea of the scale, when ¢ = 1/3, the ratio of maximum and minimum || ||
is smaller than 2 with probability larger than 1 — 2 exp(—n/20). This proves the first
step.

By random matrix theory [e.g., 45 [116] [121]] asserts that (G is close to an orthonor-

mal matrix, as the following lemma, adapted from Theorem II.13 of [45], shows:

Lemma C.6 (Smallest singular value of random rectangular matrix). Let G € R™*"
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has i.i.d. entries ~ N (0,1/+/n). With probability of at least 1 — 2+,

1—\/:—\/210%1(1/7) < 0rin(G) < Oman(G) < 1+\/Z+\/210g7(:/7).

Lemma C.7 (Smallest singular value of random low-rank matrix). Let A € R™ ",

B € RN, r < N < n, furthermore, A;; ~ N(0,1/\/n) and B;; ~ N(0,1/v/N).

Then there exists an absolute constant C such that with probability of at least 1 —n~'°,

log IV
0. (AB) 21—31/%—0,/ O%V ‘.

The proof is by simply by o,.(AB) > 0,(A)o,(B), apply Lemma[C.5]to both terms

1
10 -
2]

and then take v =

Now we may rescale each column of AB to the maximum magnitude and get AB.
Naturally,
0-(AB) > 0,(AB).

On the other hand, by the results of Step 1,

1

0,(X) > 0,(AB) > %UT(E) > Lon(AB).

Normalizing the scale of the random matrix and plug in the above arguments, we get

Lemma[.T]in Chapter[C]

C.2.2 Smallest inradius of random polytopes

This bound in Lemma is due to Alonso-Gutiérrez in his proof of lower bound of
the volume of a random polytope[2, Lemma 3.1]. The results was made clear in the
subspace clustering context by Soltanokotabi and Candes[124, Lemma 7.4]. We refer

the readers to the references for the proof.
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C.2.3 Upper bound of Minimax Subspace Incoherence

The upper bound of the minimax subspace incoherence (Lemma [4.3) we used in this
chapter is the same as the upper bound of the subspace incoherence in [124]]. This is
because for by taking V' = V'*, the value will be larger by the minimax deﬁnitimﬂ For
completeness, we include the steps of proof here.

The argument critically relies on the following lemma on the area of spherical cap

in [6].

Lemma C.8 (Upper bound on the area of spherical cap). Let a € R™ be a random

vector sampled from a unit sphere and z is a fixed vector. Then we have:

77162

Pr (ja"2] > e]2])) < 2¢73

With this result, Lemma [4.3] is proven in two steps. The first step is to apply
Lemma to bound (v}, z) and every data point = ¢ X (), where v} (a fixed vector)
is the central dual vector corresponding to the data point z; € X (see the Defini-
tion . When € = 4/ GI%W), the failure probability for one even is % Recall that
v} . The second step is to use union bound across all = and then all v;'. The total number

of events is less than N2 so we get

6log N

2
with probability larger than 1 — N

C.2.4 Bound of minimax subspace incoherence for semi-random model

Another bound of the subspace incoherence can be stated under the semi-random model
in [[124], where subspaces are deterministic and data in each subspaces are randomly
sampled. The upper bound is given as a [og term times the average cosine of the canon-
ical angles between a pair of subspaces. This is not used in this chapter, but the case

of overlapping subspaces can be intuitively seen from the bound. The full statement is

"We did provide proof for some cases where incoherence following our new definition is significantly
smaller.
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rather complex and is the same form as equation (7.6) of [[124]], so we refer the readers
there for the full proof there and only include what is different from there: the proof

that central dual vector ;" distributes uniformly on the unit sphere of 8.

Let U be a set of orthonormal basis of 8. Define rotation Rg, := URU T with
arbitrary d X d rotation matrix R. If A* be the central optimal solution of (C.9), denoted

by OptVal(X (), it is easy to see that
Rs,A* = OptVal(Rs, X“).

Since X () distribute uniformly, the probability density of getting any X (©) is identical.
For each fixed instance of X (¥, consider R a random variable, then the probability
density of each column of A* be transformed to any direction is the same. Integrating
the density over all different X (©), we completed the proof for the claim that the overall
probability density of v (each column of A*) pointing towards any directions in 8; is

the same.

Referring to [[124], the upper bound is just a concentration bound saying that the
smallest inner product is close to the average cosines of the canonical angles between
two subspaces, which follows from the uniform distribution of v and uniform distri-
bution of x in other subspaces. Therefore, when the dimension of each subspace is
large, the average can still be small even though a small portion of the two subspaces

are overlapping (a few canonical angles being equal to 1).

C.3 Numerical algorithm

Like described in the main text, we will derive Alternating Direction Method of Multi-
pliers (ADMM)|[[17] algorithm to solve LRSSC and NoisyLRSSC. We start from noise-

less version then look at the noisy version.
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C.3.1 ADMM for LRSSC

First we need to reformulate the optimization with two auxiliary terms, C' = C = Cs
as in the proof to separate the two norms, and J to ensure each step has closed-form

solution.

min ||Cl||* + )\HCQHl sit. X = XJ, J = 02 — diag(Cg), J = Cl
C1,Ca,J
(C.18)

The Augmented Lagrangian is:

£ =lIC s+ MCalls + BH1X = XTF + B2 = Co + diag(Co) [} + 211 - il

+tr(AT(X — X 7)) 4+ tr(AL(J — Cy 4 diag(Cy))) + tr(AT(J — 1)),

where 11, po and ps are numerical parameters to be tuned. By assigning the partial
gradient/subgradient of J, Cy and (1 iteratively and update dual variables A1, Ao, A3

in every iterations, we obtain the update steps of ADMM.

T = [ XTX + (o + p)T] " [ XTX + paCy + psCh + XTAy — Ay — Ag]
(C.19)
Define soft-thresholding operator 753(X) = (|X| — 3)4sgn(X) and singular value soft-
thresholding operator I15(X) = Ung(X)VT, where USVT is the skinny SVD of X.

The update steps for C; and Cs followed:

A A
Co =7 <J + 2) , Cy=09— diag(CQ), Ci=1I.1 <J + 3) . (C.20)
Mo 125) Hn3 M3

Lastly, the dual variables are updated using gradient ascend:

AM=M+m(X—-XJ), A=A+ pa(J—0Cs), As=Asz+ us(J—Ch).
(C2D1
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Algorithm 7 ADMM-LRSSC (with optional Adaptive Penalty)

Input: Data points as columns in X € R™ ¥ tradeoff parameter )\, numerical

parameters ugo) , ugo), ,uéo) and (optional pg, tmazs 75€)-
Initialize C; = 0,Cy =0,J =0,A;1 =0, Ay =0and A3 = 0.
Pre-compute XTX and H = [,ulXTX + (p2 + Mg)]] ! for later use.
while not converged do
1. Update J by (C.19).
2. Update Cy, Cs by (C.20).
3. Update A1, Ag, Az by (C.21).
4. (Optional) Update parameter (ui,p2,u3) = p(p1, p2, u3) and the pre-
computed H = H/p where

i (e /1, po), i max(y/AlICL — OP )/ X |IF < €
p 1, otherwise.

end while
Output: Affinity matrix W = |Cy| + |Cy|T

The full steps are summarized in Algorithm [/} with an optional adaptive penalty step
proposed by Lin et. al[94]. Note that we deliberately constrain the proportion of 1, po
and p3 such that the [,ulX TX + (g + p3)I ] ! heed to be computed only once at the

beginning.

C.3.2 ADMM for NoisyLRSSC

The ADMM version of NoisyLRSSC is very similar to Algorithm [/|in terms of its
Lagrangian and update rule. Again, we introduce dummy variable C, C5 and J to

form
min | X — XJ||% + B1[|C1ls + B2||Collx
C1,C2,J (C.22)
s.t. J=Cy—diag(Cq), J=C1.

Its Augmented Lagrangian is

1 .
L =[Gl + A Cally + 51X = X[} + 2T = Co + diag(C)][}

+ %HJ — C1||% + tr(AL (T — Cy + diag(Cy))) + tr(AT(J — C1)),
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and update rules are:

T = [XTX + (2 + us)] " [XTX + p12Co + psCy — Ay — Ag] (C.23)

A A
Cy =g <J + 2) . Oy = Cy —diag(Cy), Cy=TIIp <J 4 3> . (C24)
no 2 u3 u3

Update rules for Ay and A are the same as in (C.21I). Note that the adaptive penalty
scheme also works for NoisyLRSSC but as there is a fixed parameter in front of X7 X
in (C.23) now, we will need to recompute the matrix inversion every time pg, (3 get

updated.

C.3.3 Convergence guarantee

Note that the general ADMM form is

121211 f(x)+g(2) st. Azr+ Bz=c. (C.25)

)

Inour case, z = J, z = [C1, Ca], f(2) = 3| X — X |}, 9(2) = Bu]|Culls + B2 Celln
and constraints can be combined into a single linear equation after vectorizing J and
[C1, Ca]. Verify that f(z) and g(z) are both closed, proper and convex and the unaug-
mented Lagrangian has a saddle point, then the convergence guarantee follows directly

from Section 3.2 in [17].

Note that the reason we can group C; and Cs is because the update steps of C'; and
(5 are concurrent and do not depends on each other (see (C.20) and (C.24) and verify).
This trick is important as the convergence guarantee of the three-variable alternating

direction method is still an open question.
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C.4 Proof of other technical results

C4.1 Proof of Example 4.2| (Random except 1)

Recall that the setup is L disjoint 1-dimensional subspaces in R™ (L > n). 81, ...,87_1
subspaces are randomly drawn. 8y, is chosen such that its angle to one of the L. — 1
subspace, say 81, is /6. There is at least one samples in each subspace, so N > L.

Our claim is that

Proposition C.1. Assume the above problem setup and Definition then with prob-

ability at least 1 — 2L /N*

6log(L)
<24 ——=.
o= n

Proof. The proof is simple. For x; € 8 with £ = 2,....L — 1, we simply choose
v; = v;. Note that v; is uniformly distributed, so by Lemma and union bound,

the maximum of |(x, ;)| is upper bounded by 2 M%(N) with probability at least 1 —
Q(JLV:S)Q. Then we only need to consider v; in 81 and 8p,, denoted by v and v. We

may randomly choose any 11 = v] + Vf- obeying v; L 8, and similarly vy, 1 8;.

By the assumption that /(81,81) = 7/6,

1
= = — 7= =2

Also note that they are considered a fixed vector w.r.t. all random data samples in

6log(N)

32, ..,81, so the maximum inner product is 2 >

, summing up the failure proba-

bility for the remaining 2L — 2 cases, we get

log(N _ —9)2
6198(N)  ith probability 1 — 22— 2 _ 2E=2)" _, 2L

ps2 N3 N2 N3

C.4.2 Proof of Proposition 4.1 (LRR is dense)

For easy reference, we copy the statement of Proposition 4.1| here.
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Proposition C.2. When the subspaces are independent and X is not full rank and the
data points are randomly sampled from a unit sphere in each subspace, then the solution

to LRR is class-wise dense, namely each diagonal block of the matrix C'is all non-zero.

Proof. The proof is of two steps. First we prove that because the data samples are
random, the shape interaction matrix VV7 in Lemma is a random projection to a
rank-d; subspace in R™¢. Furthermore, each column is of a random direction in the
subspace.

Second, we show that with probability 1, the standard bases are not orthogonal to
these N, vectors inside the random subspace. The claim that V'V is dense can hence
be deduced by observing that each entry is the inner product of a column or row[] of
VVT and a standard basis, which follows a continuous distribution. Therefore, the

probability that any entries of V'V’ being exactly zero is negligible. O

C.4.3 Condition (4.2) in Theorem [4.1]is computational tractable

First note that (X (Z)) can be computed by definition, which involves solving one
quadratically constrained linear program (to get dual direction matrix [V(Z)]*) then find-

ing p(X (Z)) by solving the following linear program for each subspace

min H[V(z)]TWHm s.t. Pl"OjgéV(e) - [V(Z)]*7
v©

where we use X () to denote [X (1), ..., X (=1 x (D) x (L),

To compute o4,(X (_2), one needs to compute Ny, SVD of the n x (N; — 1) ma-
trix. The complexity can be further reduced by computing a close approximation of
o4, (X (f,l) This can be done by finding the singular values of X ) and use the follow-

ing inequality

04, (X)) > 04, (X)) — 1.

This is a direct consequence of the SVD perturbation theory [129, Theorem 1].

'Tt makes no difference because VV7 is a symmetric matrix
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C.5 Table of Symbols and Notations

Table C.1: Summary of Symbols and Notations

Il 1le
Spford=1,..,L
n,dy

X

X

C

A B
Ai,Ag, Ag

(£)
v, Vi, V;

T, r(conv(:I:X(_e,l))
RelViolation(C, M)
Ginilndex(vec(Cx))
Q,Q,MD

Ux,v

Either absolute value or cardinality.

2-norm of vector/spectral norm of matrix.

1-norm of a vector or vectorized matrix.

Nuclear norm/Trace norm of a matrix.

Frobenious norm of a matrix.

The L subspaces of interest.

Ambient dimension, dimension of 8;.

n X Ny matrix collecting all points from 8.

n x N data matrix, containing all X (©).

N x N Representation matrix X = X C'. In some context, it may also
denote an absolute constant.

Tradeoff parameter betwenn 1-norm and nuclear norm.
Generic notation of some matrix.

Dual variables corresponding to the three constraints in (C.I)).
Columns of a dual matrix.

Central dual variables defined in Definition

Normalized dual direction matrix, and the set of all V(X)) (Defini-
tion @

An instance of normalized dual direction matrix V(X (©)).
Volumns of the dual direction matrices

Incoherence parameters in Definition

d*" singular value (of a matrix A).

X © with k*" column removed.

Inradius (of the symmetric convex hull of X (_2).

A soft measure of SEP/inter-class separation.

A soft measure of sparsity/intra-class connectivity.

Some set of indices (4, j) in their respective context.

Usually the compact SVD of a matrix, e.g., C.

Continued on next page
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C’y), C’Q(e) Primal variables in the first layer fictitious problem.
C’fe), C~,2(15) Primal variables in the second layer fictitious problem.
Age), Ay), Agf) Dual variables in the first layer fictitious problem.

[\5‘% ]\g@, /N\:(f) Dual variables in the second layer fictitious problem.
U0, s v Compact SVD of C'(¥),

U, s v Compact SVD of C(®).

diag(-)/diag™(-) Selection of diagonal/off-diagonal elements.

supp(-) Support of a matrix.

sgn(+) Sign operator on a matrix.

conv(+) Convex hull operator.

()° Polar operator that takes in a set and output its polar set.
span(-) Span of a set of vectors or matrix columns.

null(-) Nullspace of a matrix.

PrlPri Projection to both column and row space of a low-rank matrix / Pro-

jection to its complement.

Pp Projection to index set D.

Projg(+) Projection to subspace S.

581, B2 Tradeoff parameters for NoisyLRSSC.

L1y the, 13 Numerical parameters for the ADMM algorithm.
J Dummy variable to formulate ADMM.
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Appendix D

Appendices for Chapter 5

D.1 Software and source code

The point cloud in Fig. [5.16 are generated using VincentSfMToolbox [113]. Source
codes of BALM, GROUSE, GRASTA, Damped Newton, Wiberg, LM_X used in the
experiments are released by the corresponding author(s) of [46l|[7][71][19][108]] and
[36ﬂ For Wiberg ¢1 [58], we have optimized the computation for Jacobian and adopted
the commercial LP solver: cplex. The optimized code performs identically to the re-
leased code in small scale problems, but it is beyond the scope for us to verify for
larger scale problems. In addition, we implemented SimonFunk’s SVD ourselves. The
ALS implementation is given in the released code package of LM_X. For OptManifold,
TFOCS and CVX, we use the generic optimization packages released by the author(s)
of [147][10][65] and customize for the particular problem. For NLCG, we implement
the derivations in [[127]] and used the generic NLCG package[110].

D.2 Additional experimental results

"For most of these software packages, we used the default parameter in the code, or suggested by the
respective authors. More careful tuning of their parameters will almost certainly result in better perfor-
mances.
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(b) Input images with missing data (in green)

(a) The 64 original face images

(d) Sparse corruptions detected

(c) The 64 recovered rank-3 face images

Figure D.1: Results of PARSuMi on Subject 10 of Extended YaleB. Note that the facial

of missing data.

Also note that the sparse corruptions detected unified the irregular facial expressions and
recovered and recovered those highlight and shadow that could not be labeled as missing

expressions are slightly different and some images have more than 90%
data by plain thresholding.
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